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Oxodealkenylative cleavage of alkene C(sp3)—C(sp?) bonds: A
practical method for introducing carbonyls into chiral pool
materials

Andrew J. Smaligol@l, Jason Wul@, Nikolas R. Burtonl@, Allison S. Hackerl®, Aslam C.
Shaikhl®, Jason C. Quintanal®, Ruoxi Wangl®, Changmin Xiel@, Ohyun Kwonl(@l
[[Department of Chemistry & Biochemistry, University of California — Los Angeles, Los Angeles
CA 90095-1569, United States

Abstract

Herein we report a one-pot protocol for the oxodealkenylative introduction of carbonyl
functionalities into terpenes and terpene-derived compounds. This transformation proceeds via
Criegee ozonolysis of an alkene, reductive cleavage of the resulting a-alkoxy hydroperoxide,
trapping of the generated alkyl radical with TEMPO, and subsequent oxidative fragmentation with
MMPP. Using readily available starting materials from chiral pool, a variety of carbonyl-
containing products have been accessed rapidly in good yields.
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Natural products have had a longstanding influence on both the natural world and society.[!]
In particular, they have played an important role in drug development, with approximately
65% of FDA-approved small-molecule drugs being, in some way, dependent on natural
products.[2] Nature’s chiral pool is also frequently exploited in enantiospecific synthesis,
especially in the total synthesis of small and complex molecules of biological relevance.[3!
One interesting facet relevant to these context is the prevalence of alkenes (39.9%) relative
to that of ketones (15.9%), enones (6.0%), and aldehydes (2.4%) found in natural products
(Scheme 1).[4] With the chiral pool materials being useful in many types of chemical
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processes, a simple method for the conversion of natural alkenes into carbonyl-containing
compounds would be highly valuable.

In 2004, Inokuchi and Kawafuchi reported a simple protocol for the conversion of alkyl
halides to carbonyl-containing compounds (Scheme 1).[] This process involves Sy2
displacement of an alkyl halide with the anion of 2,2,6,6-tetramethylpiperidin-1-yl
(TEMPO) and subsequent m-chloroperoxybenzoic acid (/mCPBA)-mediated oxidation of the
O-alkyl TEMPO intermediate to give the corresponding carbonyl compound. While only a
few natural products contain halide functionalities (chloride, 1.8%; bromide, 1.5%), terpenes
and terpenoids are abundant.[®] Because these natural alkenes can be converted into O-alkyl
TEMPO intermediates through redox-based radical processes, we envisioned that it is
possible to prepare carbonyl compounds from terpene-derived starting materials.

In this paper, we report a simple one-pot protocol for the cleavage of an alkene C(sp3)-
C(sp?) bond followed by formation of a C=0 bond. The reaction involves several steps:
ozonolysis of an alkene 1, Fe(Il)-mediated single-electron-transfer (SET)-based reduction of
the intermediate a-alkoxy hydroperoxide, alkoxy radical-induced g-fragmentation, trapping
of the resultant alkyl radical with a persistent radical TEMPO,[”] and subsequent oxidation,
ultimately providing the carbonyl-containing product 2 (Scheme 1). This transformation
proceeds under mild reaction conditions and open to the air, employs common terpenes and
terpene derivatives as starting materials, and is tolerant of functional groups that are
typically prone to degradation and/or reaction in acidic, basic, and/or oxidative conditions
(e.g., B-hydroxy ketones, acetals, enones, ketones, alcohols). Furthermore, the initial oxidant
(0zone) is renewable, the ferrous salt (FeSO4-7H,0) is plentiful,[8] and the terminal oxidant
(MMPP) is less expensive and more stable than similar peracids.[®]

Our strategy relies on the decomposition of organic peroxides using ferrous salts, a process
that has been known for over 100 years.[1%] Pertinent to this study, the first explicit mention
of radical intermediates in the Fe(ll)-mediated degradation of a-alkoxy hydroperoxides (and
the formation of alkyl radical dimers) came from Hawkins in 1955 (Scheme 2).[11a] |_ater,
Kumamoto, De La Mare, Rust, and Kochi described the trapping of these alky! radicals with
cupric species to form alkyl halides or alkenes.[110.] Although Criegee had in 1949 reported
the formation of a-alkoxy hydroperoxides through ozonolysis of alkenes in alcoholic
solvents,[12] it was not until 1964 that Murai, Sonoda, and Tsutsumi combined this method
of hydroperoxide generation with the established iron/copper couple to produce dimer and
halide products from alkenes.[11d] In 1980, Schreiber applied these findings in the synthesis
of the natural product (z)-recifeiolide and in the conversion of (-)-dihydrocarvone to (+)-6-
methylcyclohex-2-enone.[11€] Since then, many groups have employed this strategy in total
synthesis and in the preparation of various biologically relevant molecules.[13] Furthermore,
several recent reports have expanded upon these pioneering studies to establish a number of
other useful functionalization protocols involving radical-based fragmentations of a-alkoxy
hydroperoxides.[14]

Initially, we used the hydroxy ketone 1a to examine the conditions necessary for the
conversion of an alkene to a ketone (Table 1). The optimal temperature for the addition of
TEMPO and ferrous sulfate (added as a 5% wt/vol agueous solution) was —78 °C, followed
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by warming to room temperature (entries 1-4). The reaction itself was extremely rapid and
typically complete within a minute of the addition of the iron salt. Using 1.0 equivalent of
TEMPO gave a slightly lower yield (versus 1.5 equiv, entry 5), while no benefit was gained
when using 2.0 equivalents (entry 6). For the conversion of the G-alkyl TEMPO adduct to

ketone, it was
03, MeOH, =78 °C;

: TEMPO, FeSO,7H,0, temp; t
: oxidant, 0°C A
e ;OH . o ;QH: "0

1a 3 |2a
’;i: *OTEMP
o & OTE

1aa/1aa’

also found that MMPP performed better than mCPBA (the oxidant reported by Inokuchi and
Kawafuchi) and other commonly used oxidizing agents such as hydrogen peroxide, urea
hydrogen peroxide (UHP), and potassium peroxymonosulfate (Oxone™) (entries 7-11).
Furthermore, the water-solubility of MMPP allowed simple work-up conditions and facile
removal of by-products. The highest yield of 2a was achieved when employing 2.5
equivalents of MMPP (entries 12—15). One reason for the use of excess MMPP was to
ensure the oxidation of TEMPO hydroxyl to TEMPO free radical, a process supported by
the observation that MMPP-mediated oxidation of pure 1aa to give 2a was accompanied by
the regeneration of TEMPO. An attempt to convert the intermediate a-alkoxy hydroperoxide
directly to oxygenated products by trapping the alkyl radical with O, in the presence of
PhSiH5 produced the ketone 2a in 24% yield (entry 16).[14f.15]

Under the optimized conditions, a number of terpenes and terpene derivatives were
subjected to the oxodealkenylation (Scheme 3). The S-hydroxy-decalinones 1a and 1b gave
their products in yields of 87 and 75%, respectively, while the dimethyl ketal 1c gave the
corresponding ketone in 95% yield. (+)-Nootkatone (1d) also cleanly provided the expected
enedione 2d in 82% yield. Although cis-(-)-limonene oxide (1e) initially generated the
desired epoxy-ketone product, this species was unstable during work-up and purification and
underwent conversion to the y-hydroxy enone 2e in 81% yield. Subsequently, we found that
treatment of the crude mixture with triethylamine promoted clean conversion to the -
hydroxy enone product 2e. (-)-Dihydrocarveol (1f) and the ethylene glycol acetal of trans-
(+)-dihydrocarvone (1g) produced their corresponding ketone products in yields of 80 and
75%, respectively. Markedly, the hydroxy ketone 2f, which is used in the synthesis of INK1
and JNK?2 inhibitors, has previously been accessible only through a resolution-based
method.[16] After basic workup (similar to 2e), the carvone-derived S-hydroxy epoxide 1h
supplied the dihydroxyenone 2h in 61% yield. The diol 1i smoothly furnished the g-hydroxy
ketone 2i in 83% yield, while the carvone-derived hydroxy ketone 1j gave its corresponding
hydroxydione product 2j in 50% yield. Notably, one of the OH groups in the diol 1i was
converted into the acetate during the ozonolysis/reductive fragmentation; this reaction
amounts to selective mono-oxidation of one OH group of a putative triol, accompanied by
chemoselective protection of another, demonstrating the potential power of the current
reaction. The carvone-derived phosphine oxide (1k) and the limonene oxide-derived
phosphine oxide (11) both gave their respective ketone products in yields of 60 and 82%,
respectively. Applying this transformation to exo-cyclic methylene and endo-cyclic alkenes
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generated some unique scaffolds. (£)-Sabinene (1m) fragmented to form its supposed
primary radical, with subsequent trapping and oxidation providing the cyclopropane
aldehyde 2m in 58% yield. Methyleneadamantane (1n) was also able to generated its keto
ester 2n in 87% yield. Applying the oxodealkenylation to a more complex terpene, we found
that (+)-aromadendrene (10) underwent less discriminative radical scission to give the
ketone 20 and the aldehyde 20" (1.3:1 r.r) in a combined yield of 82%. Finally,
oxodealkenylative cleavage of (+)-a-pinene (1p) produced the cyclobutanone 2p and the
ketoaldehyde 2p” in 67% yield. Notably, with the exception of 2d,[17] 2¢,[18] 2f,[16] (+)-2g,
[19] and 2n,[20] all of these ketone, a,B-enone, and aldehyde products are new, yet they
contain multiple stereocenters, a breadth of complexity, and arise from readily accessible
starting materials.

To demonstrate the utility of this methodology, several studies were performed (Scheme 4).
First, a gram-scale reaction employing the ethylene glycol-protected trans-(+)-
dihydrocarvone (1g) was shown to be efficient, supplying the mono-protected
cyclohexane-1,3-dione 2g in an isolated yield of 75% (714 mg). Next, it was shown that
reductive N-O bond cleavage of the O-alkyl TEMPO adduct 1fa derived from (-)-
dihydrocarveol (1f) furnished the cis-diol 3 in 92% yield. This sequence appears to be a
convenient method for the introduction of OH groups into terpenes and terpenoids. We also
performed several mechanistic studies. Subjecting (15)-(+)-3-carene (1q) to the
oxodealkenylation reaction conditions resulted in the generation of the transient cyclopropyl
carbinyl radical, with subsequent ring opening and then trapping with TEMPO, supplying
the aldehyde 1qga in a yield of 50%.

Typically, we found that the combination of Criegee ozonolysis and SET-based
fragmentation, and subsequent trapping of the alkyl radical intermediates converted the
terpenoid starting materials cleanly to their desired products. Nevertheless, in some cases
(primarily when employing cycloalkenes), we also observed side products. To investigate the
pathways leading to these side products, we isolated all of the detectable products from the
reaction of (+)-a-pinene (1p). Through NMR spectroscopic and mass spectrometric
analyses, we identified the products as the O-alkyl TEMPO adducts 1pa and 1pa’, the
ketoester 4, and the G-alkyl TEMPO adduct 5 (1pa+1pa’/4/5, 5.4:1.6:1). These products
arose through two possible molozonide (A) fragmentation pathways.[2] In the major
pathway, the tertiary a-alkoxy hydroperoxide B is generated. When treated with a ferrous
species, the resulting alkoxy radical can undergo B-scission smoothly to give the desired O-
alkyl TEMPO adducts 1pa and 1pa’ (which, upon oxidation, provides the cyclobutanone
2p). In the minor pathway, the secondary a-alkoxy hydroperoxide C is generated.
Secondary alkyl hydroperoxides are prone to Fe(ll)-catalyzed dehydration to produce
carboxylic esters 4.122] This transformation occurs through SET from Fe(ll), cleavage of the
0O-0 bond to form the alkoxy radical intermediate, and a-hydrogen abstraction by Fe(l11)
hydroxide. Alternatively, g-fragmentation of the alkoxy radical D and subsequent trapping
of the alkyl radical E gives the O-alkyl TEMPO adduct 5 (which, upon oxidation, gives the
product 2p”).
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In summary, we have developed a practical one-pot method for converting the C(sp3)-C(sp?)
bonds of alkenes into C=0 groups in a variety of terpenes, terpenoids, and terpenoid-derived
compounds from the chiral pool. The ease of operation enables the rapid generation of
complex molecules suitable for further functionalization from abundant plant-based natural
products. We have also found that this oxodealkenylation reaction is scalable, and that the
intermediate O-alkyl TEMPO adduct can be converted into the corresponding alcohol
through reductive cleavage of the N-O bond. Furthermore, our mechanistic studies have
demonstrated the various types of byproducts that can arise during ozonolysis of terpenes
and Fe(Il)-mediated radical fragmentations of a-alkoxy hydroperoxides.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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functional group occurrence in natural products
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Scheme 1.
Prevalence of functional groups in natural products, halide-to-carbonyl conversion, and the

oxodealkenylative process. Magnesium bis(monoperoxyphthalate) hexahydrate, MMPP.
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ferrous-mediated radical fragmentations of a-alkoxy hydroperoxides
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Scheme 3.
Examples of oxodealkenylation. Reaction conditions: alkene 1 (0.5-2.0 mmol, 1.0 equiv) in

MeOH (0.025 M), TEMPO (1.5 equiv), ag. FeSO4-7H,0 (5% wt/vol, 1.2 equiv), MMPP
(2.5 equiv). See the Sl for further experimental details. [a] Isolated yields after SiO,
chromatography. [b] The crude reaction mixture was treated with EtsN during workup.
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gram-scale reaction
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Scheme 4.
Synthetic utility and mechanistic studies of the oxodealkenylation. See the Sl for

experimental details.
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Table 1.
Optimization of the conditions for the oxodealkenylation.

RS W Wl

1 15 - —78tort 91 -
L] 15 - -78tort 9 -
N 15 - 0 85 -
9 15 - rt 92 -
5Ldl 1.0 - -78tort 79 -
o/l 2.0 - -781tort 93 -
LLd] 15 MCPBA (1.2) -78tort - 33
8[0’] 15 H,0, (1.2) -78tort - Trace
ofdl 15 UHP (L2)  -78tort - 0
w15 MMPP (1.2) -78tort - 53
11[a’] 15 Oxone™ (1.2) -78tort - Trace
LA 15 MMPP (L5) -78tort - 62
YL/ ¥ MMPP (2.0) -78tort - 78
wuld 15 MMPP (2.5) -78tort - 84
s 15 MMPP (3.0) -78tort - 81
1608/ - 0, Otort - 24

fa]

further experimental details.

11,
e
/e,

solated yield.

g. FeSO4-7H20 (5% wt/vol)

[8]2.5 equiv FeSO4-7H20 and 2.5 equiv PhSiH3.
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ield based on NMR spectral analysis, using 1-chloro-2,4-dinitrobenzene as the internal standard.
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Reaction conditions: alkene 1a (0.100 mmol, 1.0 equiv) in MeOH (0.025 M), FeSO4:7H20 (1.2 equiv). See the Supporting Information (SI) for
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