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Diverting non-haem iron catalysed aliphatic C-H
hydroxylations towards desaturations

Marinus A. Bigi, Sean A. Reed and M. Christina White*

Carboxylate-ligated, non-haem iron enzymes demonstrate the capacity for catalysing such remarkable processes as
hydroxylations, chlorinations and desaturations of inert, aliphatic C-H bonds. A key to functional diversity is the enzymes’
ability to divert fleeting radicals towards different types of functionalization using active site and/or substrate
modifications. We report that a non-haem iron hydroxylase catalyst [Fe(PDP)] can also be diverted to catalytic, mixed
hydroxylase/desaturase activity with aliphatic C-H bonds. Using a taxane-based radical trap that rearranges under
Fe(PDP) oxidation to furnish a nortaxane skeleton, we provide the first direct evidence for a substrate radical using this
class of stereoretentive hydroxylation catalysts. Hydroxylation and desaturation proceed by means of a short-lived radical
that diverges in a substrate-dependent manner in the presence of carboxylic acids. The novel biomimetic reactivity
displayed by this small molecule catalyst is harnessed to diversify natural product derivatives as well as interrogate their

biosynthetic pathways.

range of important compounds, from petrochemicals to

pharmaceuticals. Because of this, the catalytic dehydrogena-
tion of alkanes in a selective manner to give olefins is a reaction with
tremendous potential value!. Breakthroughs in this area with small-
molecule catalysts have occurred primarily in the realm of organo-
metallic alkane activation, and make use of low valent, late tran-
sition metal catalysts (such as Ir, Rh) to promote C-H activation
at the metal centre?3. In particular, tandem systems in which
alkane dehydrogenation is followed by secondary reactions such
as alkene metathesis have led to promising methods for the syn-
thesis of petroleum-based fuels®. A complementary approach is
that found in biological systems where high valent, first-row
transition metal catalysts effect C-H activation using reactive
oxo ligands on the metal. This approach is inherently highly
compatible with dense functionality and therefore holds potential
for the synthesis and derivatization of natural products and
medicinal compounds.

Nature has evolved a series of carboxylate-ligated non-haem iron
enzymes that catalyse oxidative reactions of alkanes with remarkable
selectivity and scope®”’. Relatively minor changes in the ligand
environment of the high-energy metal oxidant [Fe(oxo)] are
thought to control the fate of the substrate-derived carbon-centred
radical generated subsequent to C-H activation, leading to a wide
range of transformations, including dehydrogenation, hydroxy-
lation and chlorination®®. Additionally, a single enzyme is some-
times able to catalyse different classes of reactions depending on
the chemical properties of the substrate. For example, clavaminate
synthase 2 (CS2) (ref. 10), a non-haem iron hydroxylase, switches
from hydroxylation to mixed hydroxylase/desaturase activity
upon removal of the remote guanyl group to expose a primary
amine on the proclavaminic substrate (Fig. 1a)!!. In these enzymatic
systems, it is hypothesized that substrate-dependent switches
between hydroxylation and desaturation are due to either (i) the
character of the carbon-centred radical and its tendency to
undergo further oxidation to a carbocation or (ii) the orientation
of the radical with respect to the reactive iron centre and the result-
ing favourable alignment of the adjacent C-H bond for abstraction

O lefins are powerful intermediates in the synthesis of a diverse

(Fig. 1b)®12. Using these postulates as a guide, one may envision
achieving preparatively useful levels of mixed hydroxylase/desatur-
ase activity with a small-molecule catalyst. The ability to predictably
generate useful yields of several oxidized products from a common,
complex starting material could streamline syntheses of natural
product analogues with diverse physical properties and bioactivities.

Although numerous small-molecule non-haem iron hydroxylase
catalysts have appeared in the literature, complexes capable of effect-
ing desaturation are much less common. Of the few approaches
reported, the majority require stoichiometric, preformed metal oxi-
dants and/or the presence of excess substrate'*!4. Moreover, mixed
hydroxylase/desaturase reactivity outside enzymatic systems has
previously only been observed for hydrocarbon substrates with rela-
tively weak, activated C-H bonds, probably a result of a mechanistic
requirement for a stabilized radical or cationic intermediate!>®. The
presumed intermediates generated in these systems benefit from
w-stabilization (that is, R is a heteroatom or mr-system; Fig. 1b),
leading to the proposal that this added stability allows desaturation
to compete with the usual oxygenation reactivity. Such an approach
to desaturation is clearly unsuitable for aliphatic C-H bonds due to
the lack of adjacent stabilizing functional groups. Nevertheless,
when faced with the challenge of aliphatic C-H desaturation, inspi-
ration may be drawn from the second hypothesis described above
(that is, the relative orientation of the substrate radical and metal
centre promotes desaturation via a second hydrogen abstraction).
If correct, it implies that desaturase activity caused by modification
of the radical/catalyst orientation would not be limited to a rela-
tively stabilized carbon-centred radical, and therefore might lead
to a reaction with enhanced generality.

We recently disclosed a series of preparatively useful, site-selec-
tive aliphatic C-H oxidations of 2° and 3° C-H bonds using the
non-haem iron catalyst Fe(PDP) 1 and H,O, as terminal
oxidant!”"!°, These studies allowed us to delineate the electronic,
steric and stereoelectronic rules governing the reaction outcome.
In particular, we have shown that sites that are proximal to elec-
tron-withdrawing groups are deactivated towards oxidation by the
highly electrophilic metal oxidant thought to be generated from 1
and H,0, (that is, Fe(ox0)), while sterically hindered C-H bonds
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Figure 1| Substrate-dependent mixed hydroxylase/desaturase reactivity of non-haem iron catalysts with aliphatic C-H bonds. a, Substrate-dependent
switch from hydroxylase to mixed hydroxylase/desaturase activity with a non-haem iron enzyme. Clavaminate synthase 2, a hydroxylase, provides a mixture
of hydroxylated and desaturated products when the terminal guanidine functionality of its standard substrate is removed. b, Postulated mechanisms for
diverting hydroxylase to desaturase activity. €, Substrate-dependent switch from hydroxylase to mixed hydroxylase/desaturase activity with a small-molecule,
non-haem iron catalyst. Hydroxylase catalyst Fe(PDP) 1 provides a mixture of hydroxylated products (lactones) and products resulting from a desaturation/
epoxidation/lactonization sequence (hydroxylactones) with aliphatic C-H bonds in carboxylic acid substrates. For a description of the iterative addition

reaction conditions (that is, 3 x [Fe(PDP), H,0,1), see Methods.

are shielded from the bulky oxidant. Moreover, we have validated
the predictive nature of these rules in complex molecular settings.
In the course of these studies, we found that acetic acid (AcOH)
was a critical additive for enhancing reactivity while maintaining
site-selectivity of the catalyst®*?2. Moreover, when the carboxylic
acid moiety was incorporated into the substrate, it showed the
capacity for directing the site of oxidation to favour the formation
of y-butyrolactones (that is, five-membered ring lactones), presum-
ably by coordinating to the Fe centre and effecting intramolecular
C-H oxidation. While examining the capacity of the carboxylic
acid directing group for overcoming the aforementioned electronic,
steric and stereoelectronic biases in C-H oxidations with Fe(PDP)
(M. A. Bigi and M. C. White, manuscript in preparation), we routi-
nely observed the generation of novel ‘double oxidation’ products
beside the expected lactone products.

As a result of our investigations into the origins of these pro-
ducts, we now present our discovery that Fe(PDP) catalyses sub-
strate-dependent, dual hydroxylase/desaturase activity on aliphatic
substrates containing carboxylic acids. Mechanistic studies suggest
that, similar to enzymatic systems, both products arise from a
common pathway via a very short-lived (lifetime <1 x 10~ '"s)
one-electron intermediate. This intermediate may diverge based
on its orientation relative to the catalyst, a factor influenced by the
intramolecular nature of the reaction. The first direct evidence for
a carbon-centred substrate radical with this class of stereoretentive,
iron hydroxylation catalysts is provided through a unique taxane-
based radical trap that rearranges under Fe(PDP) oxidation con-
ditions to furnish a nortaxane skeleton. Finally, the predictable
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mixed hydroxylase/desaturase activity of Fe(PDP) is proven
capable of rapidly furnishing useful quantities of novel lactone
and hydroxylactone compounds from a carboxylic acid-containing
natural product derivative. The observation of mixed hydroxylase/
desaturase products with aliphatic substrates, their substrate-depen-
dent formation, and the rearrangement of the taxane skeleton to
furnish the nortaxane skeleton all represent novel reactivity for a
small-molecule oxidation catalyst.

Results
When a series of carboxylic acid substrates were evaluated for C-H
hydroxylation reactivity under standard Fe(PDP)/H,0, conditions,
in addition to the anticipated butyrolactone products, unexpected
hydroxylactone products were observed (Fig. 1c). In Fe(PDP)-cata-
lysed hydroxylations, sites that are proximal to electron-withdrawing
esters are deactivated towards oxidation. Moreover, 1° C-H bonds
are thought to be inert to these conditions. Given these precedents,
we hypothesized that the observed double-oxidation products did
not arise from multiple C-H oxidation events but rather from
olefins generated in situ by the Fe(PDP) catalyst via desaturation.
Under Fe(PDP)/H,0O, reaction conditions, desaturation pro-
ducts would be rapidly oxidized to epoxides?’, and subsequent
intramolecular lactonization would generate the observed
hydroxylactone products (Fig. 2). In accord with this proposal,
exposure of alkene 10 to the standard Fe(PDP) reaction conditions
afforded hydroxylactone 9 in 73% yield (Fig. 2a). The same double-
oxidation product was furnished from C-H oxidation of analogous
alkane 8. For reactions that generate stereogenic centres at carbon,
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Figure 2 | Double-oxidation products arise from desaturation products
(olefins) in a substrate-dependent manner. a, Oxidation of aliphatic
carboxylic acid substrate 8 and analogous alkenoic acid 10 furnishes
hydroxylactone 9 in identical enantiomeric excess (13% e.e.). The
enantioenrichment of the hydroxylactone products generated using the other
catalyst antipode, Fe(S,S-PDP), was equal and opposite (see Supplementary
Information). b, Substrate 11, lacking a carboxylic acid, does not afford
detectable quantities of epoxide 14 (analysis done by gas chromatography
and crude "H NMR analysis), the product expected if desaturation activity is
operative in the intermolecular C-H oxidation reaction.

interrogation of the resulting stereochemistry is a sensitive mechan-
istic probe. Therefore, to further investigate the viability of olefin
intermediates, we measured the enantioenrichment of the hydroxy-
lactone products generated using the chiral Fe(PDP) catalyst from
both alkanoic acid 8 and alkenoic acid 10. Under conditions
mimicking those of the catalytic aliphatic C-H oxidation, the stereo-
chemical outcome with the olefin starting material was identical to
that observed from alkane 8: hydroxylactone 9 was generated with
13% e.e. favouring the same enantiomer. Collectively, these results
demonstrate for the first time that a small-molecule non-haem Fe
catalyst is capable of performing both hydroxylase and desaturase
activity with unactivated, aliphatic C-H bonds.

Products arising from desaturation have not previously been
observed in intermolecular Fe(PDP) C-H oxidations, suggesting
that this novel, dual reactivity is substrate-dependent. In support of
this, acylated alcohol 11, lacking a carbonyl directing group, failed to
form the epoxide product expected from a desaturation pathway
(Fig. 2b). To evaluate if desaturation products arising from non-car-
boxylic acid-containing substrates are degraded more rapidly, and
therefore not detectable under these conditions, alkene 13 was
exposed to the C-H oxidation conditions. Catalyst Fe(PDP) 1, like
the closely related Fe(mep) epoxidation catalyst?, is a capable promo-
ter of epoxidations of unactivated alkenes with H,O,: Fe(PDP)-cata-
lysed oxidation of alkene 13 furnished epoxide 14 in 60% yield. This
result strongly supports the substrate-dependent nature of the mixed
oxygenase/ desaturase reactivity of Fe(PDP), which is highly reminis-
cent of that observed with non-haem iron enzymes (Fig. 1a).
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We next sought to determine how olefin intermediates were
generated during Fe(PDP)-catalysed oxidations. Guided by early
mechanistic proposals in the enzymatic desaturation literature®,
we investigated the possibility that desaturation resulted from a
simple hydroxylation/dehydration sequence. Carboxylate-directed
Fe(PDP) C-H oxidations are thought to involve a high valent iron
oxo carboxylate oxidant 15 (Fig. 3a)*2. C-H oxidations from puta-
tive intermediate 15 may proceed by means of a concerted insertion
pathway to directly furnish hydroxyacid intermediates, and, sub-
sequently, such hydroxyacids could either lactonize or undergo
dehydration to give olefins. To test the validity of the lactonization/
dehydration proposal, we evaluated alkanoic acid 16 and a tentative
oxidation intermediate, hydroxyacid 20, under standard Fe(PDP)
reaction conditions. Alkanoic acid 16, in addition to the expected
C-H oxidation product spirolactone 17 (28% yield), furnished desa-
turation products 18 and 19 in substantial combined yields (37%)
(Fig. 3a). Exposure of 17 to the standard reaction conditions
failed to provide more than trace quantities of 18 and 19 (3%
total; see Supplementary Information). Moreover, when hydroxy-
acid 20 was exposed to identical conditions as 16, only minor
amounts of desaturation products were produced (6% total),
which may arise through over-oxidation of lactone 17 or a minor
dehydration pathway. We next evaluated oxidation of alkanoic
acid 16 using an electrophilic oxidant, methyl(trifluoromethyl)di-
oxirane (TFDO), known to proceed via a concerted C-H oxidation
pathway to directly furnish hydroxylated compounds®.
Significantly, oxidation of 16 using TFDO also resulted in only
minor amounts of desaturation products (5% total), closely match-
ing levels observed under Fe(PDP) conditions when starting from
hydroxyacid 20. These results demonstrate that the desaturation
activity observed with Fe(PDP) does not involve dehydration of
a hydroxyacid intermediate. Moreover, the results suggest that a
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Figure 3 | Experiments probing a dehydration pathway in the formation of
olefin intermediates. a, Although treatment of 16 with Fe(PDP) (1) affords a
significant amount of double oxidation products 18 and 19, only low levels of
these products are observed on treatment of the hydroxyacid 20 under the
same conditions. b, Oxidation using TFDO also only provides low levels of
the double oxidation products. Taken together these reactions indicate

that desaturation products in Fe(PDP) oxidations do not arise from a
dehydration pathway.
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Figure 4 | Experiments probing the existence of a carbon-centred radical. Proposed mechanism for dual hydroxylase/desaturase activity in Fe(PDP)

oxidation. Hydrogen abstraction by an Fe(oxo)carboxylate generates a carbon-

centred radical that diverges to either hydroxyl rebound furnishing lactones or

further oxidation generating desaturation products. 0 labelling studies indicate that an iron peracid intermediate is not generated under the reaction
conditions and that the C-H lactonization reaction occurs via initial hydroxylation, rather than direct radical rebound with its appended carboxylate (see
Supplementary Information). a, Rearrangement of taxane 22 to nortaxane 23 provides evidence for a carbon-centred radical generated under Fe(PDP)
conditions. b, The stereoretentive nature of 3° C-H lactonization and lack of ring-opened products originating from the cyclopropane probe 27 indicates that

the carbon-centred radical is very short-lived (<1x 10" "s).

concerted C-H oxidation pathway is not involved in the mixed
hydroxylase/desaturase activity observed with Fe(PDP).

So far, no definitive, direct evidence for carbon-centred radical
intermediates in stereoretentive C-H oxidations with small-mol-
ecule non-haem iron complexes such as Fe(PDP) has been reported.
This is in large part due to the fact that these complexes rapidly
oxidize aromatic functionality, rendering them incompatible with
Newcomb’s hypersensitive aryl-substituted cyclopropane radical
clocks (maximum ring-opening rate constant of 4 x 10" s™")%,
Given the precedent for radical-induced rearrangements in the
taxane skeleton via Barton-McCombie deoxygenation at Cl
(ref. 25), we wondered if we could obtain direct evidence for a
radical intermediate through oxidation of taxusin derivative 22
with Fe(PDP) (Fig. 4a). Gratifyingly, on oxidation of 22 with
Fe(PDP), we observed 11(15 — 1)-abeotaxane 23 (nortaxane struc-
ture) as the major product (structure confirmed by X-ray crystallo-
graphy; see Supplementary Information). We propose that
rearrangement occurs via hydrogen abstraction (I-1), followed by
a Wagner—Meerwein-type rearrangement (I-2), and finally
hydroxyl rebound to form 23 (Fig. 4a). Significantly, exposure of
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independently prepared C1 hydroxylated compound 24 to these
reaction conditions did not result in any rearranged products,
ruling out a C-H hydroxylation/cationic rearrangement mechan-
ism?. Notably, numerous biologically active nortaxanes are
known in nature?”, although they are proposed to arise from an
alternative cationic pathway during the cyclase phase of Taxol bio-
synthesis?®. Given our results, and the fact that nortaxanes have been
isolated from fungal P450 oxidations of related taxanes®’, an alterna-
tive biogenic hypothesis may be put forth: late-stage P450 mediated
C-H oxidations at C1 during the oxidase phase of taxane biosyn-
thesis generates a carbon-centred radical intermediate at C1 that
may diverge either via OH rebound to provide an oxidized taxane
(as seen in Taxol) or rearrangement followed by rebound to
provide a nortaxane product.

Although we cannot exclude the possibility of two distinct path-
ways accounting for oxygenation and desaturation, we favour the
simplest conclusion that Fe(PDP) C-H hydroxylations and desa-
turations uniformly proceed via a single pathway that diverges at
a common carbon-centred radical intermediate. Based on the lack
of involvement of hydroxyacid intermediates in the desaturation
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process and the direct evidence for a carbon-centred radical inter-
mediate in the intermolecular Fe(PDP) C-H hydroxylation, we
propose that Fe(PDP) C-H oxidations proceed via a hydrogen
abstraction pathway. Significantly, such a pathway is also consistent
with what is proposed for analogous enzymatic systems (vide supra)
and other small-molecule non-haem iron oxidation catalysts based
on extensive spectroscopic investigations of the iron catalyst inter-
mediates™. Under this mechanistic scenario, the high valent iron
oxo carboxylate oxidant effects hydrogen abstraction to form a
carbon-centred radical intermediate 21 that undergoes either
hydroxyl rebound to give oxygenation products or a second oxi-
dation to furnish olefin products (Fig. 4).

Perhaps the most intriguing question that this study raises
centres around the mechanistic basis for the substrate-dependent
switch between the hydroxylation and desaturation reaction path-
ways with Fe(PDP). As previously described for non-haem iron
enzymatic systems, olefin formation may occur through additional
hydrogen abstraction or through one-electron oxidation to a cat-
ionic intermediate, followed by deprotonation (Fig. 1b). A possible
factor controlling the reaction outcome may be the differing ligand
environments of the iron oxidant depending on the functionality
present on the substrate. For example, the carboxylic acid-promoted
desaturation activity with Fe(PDP) may arise if carboxylate ligation
to the iron centre alters the rate of the -OH rebound step. A slower
rebound would extend the lifetime of the carbon-centred radical and
may promote an alternative pathway. To probe this mechanistic
scenario, we sought to evaluate the lifetime of the carbon-centred
radical in  the intramolecular lactonization  reactions.
Intermolecular C-H hydroxylations with Fe(PDP) to furnish ter-
tiary alcohol products have been shown to proceed with complete
stereoretention, indicating a very rapid ~OH rebound step (that
is, the carbon-centred radical must have a lifetime shorter than
1x 107 '%s, two orders of magnitude shorter than the lifetime
required to observe epimerization: 1 x 10 % to 1 x 107 5)17:3031,
We found that oxidation of enantioenriched alkanoic acid 25
(98% e.e.) also proceeded with complete retention of stereo-
chemistry to furnish lactone 26 in 98% e.e. (Fig. 4b). These results
suggest that the substrate-dependent desaturation pathway observed
with carboxylic acids does not arise from an alkyl radical substan-
tially longer-lived than that generated in the intermolecular
system. Moreover, an ester-substituted cyclopropane probe 27
(ring-opening rate constant of ~1 x 10'' s™')?? containing a car-
boxylic acid directing group failed to generate detectable quantities
of ring-opened products. The stereoretention of 3° C-H lactoniza-
tion and the lack of ring-opened products generated from the cyclo-
propane radical probe experiment dictates that hydroxyl rebound
with Fe(PDP) is extremely rapid; that is, it must occur with a rate
constant faster than 1 x 10" s™". The fact that mixed hydroxylase/
desaturase activity can operate in such a narrow rate window with
aliphatic substrates is novel for a small-molecule catalyst.

Collectively these results support the hypothesis that the intra-
molecular nature of the oxidation with carboxylic acid substrates
has a strong impact on the orientation of the radical during the
rebound step and promotes a dehydrogenation pathway. However,
we cannot exclude the possibility that a carbonyl oxygen may be
important for lowering the activation energy required for formation
of a carbocationic intermediate through an as-yet undefined stabiliz-
ing interaction. Investigations into the substrate and catalyst require-
ments for promoting desaturation over hydroxylation are ongoing
and are likely to illuminate these outstanding questions.

Although promiscuity in reaction pathways to generate intrac-
table mixtures of oxidized compounds is not a desirable goal in
synthesis, a small-molecule catalyst that mimics the ‘selective prom-
iscuity’ seen in enzymatic systems could be highly enabling. We
therefore set out to evaluate if Fe(PDP) oxidations of complex car-
boxylic acid-containing substrates would persist in furnishing both
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(S,S)-
Fe(PDP) 1

30,R=H 31, 38% 32, 39% (1.6:1 a:f)
Picrotoxinin idation =
derivative Total C—H oxidation = 77%

30, R=H, TFDO, 31 and 32 not observed
33, R = Me, 31 and 32 not observed, recovered starting material

Figure 5 | Rapid diversification of carboxylic acid natural product
analogues. Fe(PDP)-catalysed C-H oxidation of picrotoxinin carboxylic acid
analogue 30 provides useful quantities of chemically diverse compounds
lactone 31 and hydroxylactones 32. Treatment of 30 with TFDO, an oxidant
not capable of carboxylic acid coordination, failed to generate 31 or 32.
Moreover, Fe(PDP)-catalysed oxidation of the corresponding methyl ester 33
resulted in only recovered starting material.

hydroxylation and desaturation products and could do so in useful
yields. Carboxylic acids and their corresponding esters are common
motifs in many natural products and medicinally important
compounds, providing ample opportunity for such late-stage
diversification with Fe(PDP) 1. Picrotoxinin, a naturally occurring
sesquiterpenoid containing two lactones, is a potent GABA receptor
antagonist that has become a nearly indispensible tool in
neurochemistry®. Through a short synthetic sequence (see
Supplementary Information), the bridgehead lactone was opened
to reveal a latent carboxylic acid-containing compound 30.
Exposure of 30 to the standard reaction conditions produced
novel lactone and hydroxylactone compounds with a combined oxi-
dation yield of 77% (Fig. 5). Owing to large differences in their phys-
ical properties (for example, polarities and hydrogen bonding
capacity), the two compounds can be readily separated using stan-
dard column chromatography to afford pure lactone 31 in 38%
yield and hydroxylactones 32 in 39% yield. Significantly, treatment
of 30 with TFDO, an electrophilic oxidant not thought capable of
coordinating to the carboxylic acid directing group, did not
furnish any lactone or hydroxylactone products. Furthermore,
exposure of the corresponding methyl ester derivative 33 to stan-
dard Fe(PDP) conditions led only to recovery of unreacted starting
material, a result likely due to the highly electronically deactivated
and rigid structure of the picrotoxinin core.

Discussion

An intriguing parallel may be drawn between this work and the
strategies by which biological systems, using a single ferrous active
site, divert fleeting radical intermediates to a range of oxidized pro-
ducts. We have demonstrated that a small-molecule, non-haem iron
hydroxylation catalyst is capable of effecting mixed hydroxylase/
desaturase activity with aliphatic substrates containing carboxylic
acids. Mechanistic studies suggest that the observed dual activity
ensues from a short-lived alkyl radical (<1 x 10~ ' s) that diverges
in a substrate-dependent manner towards either hydroxyl functio-
nalization to furnish lactone products or further oxidation to gener-
ate desaturation products. We provide the first direct evidence for a
carbon-centred radical intermediate in non-haem small-molecule
iron catalysis using a taxane-based radical probe 22 to furnish the
rearranged nortaxane skeleton. Significantly, this suggests an
alternative biogenic hypothesis for taxanes: a carbon-centred
radical intermediate generated during the oxidase phase may
diverge to undergo either direct hydroxylation or rearrange-
ment/hydroxylation. Previously, such divergent reactivities with
inert C-H bonds, operating in a narrow rate window from fleeting
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carbon-centred substrate radicals, had been limited to enzymatic
catalysis. Our results underscore that, due to mechanistic similarities
with oxidation enzymes found in nature, the biomimetic small mol-
ecule Fe(PDP) catalyst has the capacity to interrogate natural
product biosynthesis performed by such enzymes.

We postulate that the intramolecular nature of Fe(PDP) C-H
activation with carboxylic acid substrates alters the orientation of
the substrate radical during the hydroxyl rebound step and diverts
reactivity towards a second hydrogen abstraction to furnish olefin
intermediates. Knowledge of the subtle substrate/catalyst inter-
actions required for promoting desaturation will aid in the develop-
ment of new metal catalysts for aliphatic C-H desaturation.
Additionally, we have demonstrated that this predictable dual
hydroxylase/desaturase activity persists in complex natural
product settings and directly furnishes novel, diverse compounds
in useful yields. Identification of other common functionalities
capable of catalyst coordination should expand the reaction scope
and overall utility of this powerful transformation. We anticipate
that the ability of this reaction, and others like it, to alter hydro-
carbon cores and provide direct access to diverse structures will con-
tribute to reinvigorating the use of natural products as a source of
new therapeutics®.

Methods

C-H oxidation of picrotoxinin derivative 30. Into a 40 ml borosilicate vial was
added acid 30 (71.4 mg, 0.21 mmol, 1.0 equiv.), followed by 5 mol% Fe(S,S-PDP) 1
(10.3 mg, 0.011 mmol, 0.05 equiv.), 0.32 ml CH,CN and a magnetic stir bar. While
the resulting deep-red solution stirred, a solution of H,0, (50 wt% in H,O, 14.5 pl,
0.25 mmol, 1.2 equiv.) in 1.9 ml CH;CN was added over a period of 1 min (dropwise
addition for 45 s, followed by streamwise addition for 15 s), generating an amber-
brown solution. Stirring followed for 10 min at ambient temperature, then a solution
of 5 mol% 1 (10.3 mg, 0.011 mmol, 0.05 equiv.) in 0.2 ml CH;CN was added in one
burst. A second solution of H,0O, (50 wt% in H,O, 14.5 pl, 0.25 mmol, 1.2 equiv.) in
1.9 ml CH;CN was added as before and stirred for 10 min. Following this stirring
period, a second solution of 5 mol% 1 (10.3 mg, 0.011 mmol, 0.05 equiv.) in 0.2 ml
CH,CN was added in one burst, followed by a third solution of H,0, (50 wt% in
H,0, 14.5 pl, 0.25 mmol, 1.2 equiv.) in 1.9 ml CH;CN. The reaction was stirred for a
final 10 min and was analysed by thin layer chromatography (TLC). The crude
reaction mixture was filtered through a short silica plug (100% EtOAc) and 'H
nuclear magnetic resonance (NMR) analysis indicated a mixture of hydroxylactone
diastereomers (run 1, 1.6:1 d.r.; run 2, 1.5:1 d.r.; average, 1.6:1 d.r. (32/32, 'H
NMR, acetone-d;). Flash chromatography with silica gel (gradient, 20% — 30% —
50% acetone /hexanes) was used to isolate the lactone product as white crystals (run
1: 26.1 mg, 0.077 mmol, 37% yield; run 2, 74.2 mg scale: 29.1 mg, 0.086 mmol, 39%
yield; average: 38% yield), together with a mixture of hydroxylactones 32a and 323
(run 1: 29.6 mg, 0.084 mmol, 40% yield; run 2: 29.7 mg, 0.084 mmol, 38% yield;
average: 39% yield). The hydroxylactone diastereomers could be separated by MPLC
(gradient, 0 — 50% acetone/hexanes) to obtain pure samples for

spectroscopic analysis.

Lactone [(+)-31]. "H NMR (500 MHz, CDCl,) § 5.10 (dd, /= 11.8, 3.8 Hz, 1H),
4.62 (d, J= 4.0 Hz, 1H), 2.80 (d, J= 15.0 Hz, 1H), 2.76 (d, J= 7.5 Hz, 1H), 2.68
(bs, 1H), 2.50 (dd, J = 14.5, 6.5 Hz, 1H), 2.30-2.35 (m, 1H), 2.19 (dd, J= 12.3,
5.8 Hz, 1H), 2.13 (s, 3H), 1.95 (dd, J= 13.3, 5.3 Hz, 1H), 1.59 (td, = 13.5, 5.8 Hz,
1H), 1.53 (s, 3H), 1.35 (s, 3H), 1.34 (s, 3H); *C NMR: (125 MHz, CDCL,) § 178.5,
173.7, 170.0, 84.5, 84.2, 79.8, 70.8, 55.0, 54.1, 48.3, 44.0, 35.3, 28.7, 28.5, 20.7, 20.5,
19.1; IR (film, cm™"): 3,489 (broad), 2,954, 2,922, 2,854, 1,780, 1,739 (2 peaks),
1,464, 1,377, 1,263, 1,240, 1,174, 1,120, 1,072, 1,036; HRMS (ESI) m/z calc’d for
C,;H,,0, [M + H]*: 339.1444, found 339.1448; [a]3 = +130.1° (c = 1.22, CHCL,).

Hydroxylactone [(+)-32«]. "H NMR (500 MHz, CDCL,) 8 5.48 (dd, J = 12.0,

3.5 Hz, 1H), 4.66 (d, ] = 4.0 Hz, 1H), 3.86 (d, ] = 12.5 Hz, 1H), 3.72 (d, ] = 12.5 Hz,
1H), 3.48 (d, 14.5 Hz, 1H), 2.75 (d, ] = 7.5 Hz, 1H), 2.56 (dd, ] = 14.5, 12.0 Hz, 1H),
2.30-2.38 (m, 1H), 2.19 (dd, J=12.5, 6.0 Hz, 1H), 2.17 (s, 1H), 2.13 (s, 3H), 1.88
(dd, J=13.3, 5.3 Hz, 1H), 1.58 (td, = 13.5, 6.0 Hz, 1H), 1.43 (s, 3H), 1.35 (s, 3H);
3C NMR: (125 MHz, CDCl,) & 178.7, 175.0, 170.2, 85.5, 84.4, 80.2, 70.9, 66.1, 55.2,
54.0, 48.7, 43.6, 34.6, 28.6, 24.3, 20.9, 19.2; IR (film, cm™'): 3,473 (broad), 2,947,
2,929, 2,873, 1,763, 1,751, 1,462, 1,379, 1,329, 1,286, 1,236, 1,178, 1,119, 1,066, 1,038;
HRMS (ESI) m/z calc’d for C,,H,,04Na [M + Na]*: 377.1212, found 377.1205;
[a] = +132.7° (c = 0.32, EtOH).

Hydroxylactone [(+)-323]. 'H NMR (500 MHz, CDCl,) 8 5.11 (dd, J=11.3,

3.8 Hz, 1H), 4.65 (d, ] = 4.0 Hz, 1H), 3.78 (d, ] = 12.5 Hz, 1H), 3.58 (d, ] = 12.5 Hz,
1H), 2.88 (AB,, Av=34.9 Hz, ], = 15.0 Hz, 1H), 2.87 (AB,, Av =224 Hz, J,, =
15.0 Hz, 1H), 2.77 (d, J = 7.5 Hz, 1H), 2.31-2.39 (m, 1H), 2.20 (dd, J = 12.5, 6.0 Hz,
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1H), 2.13 (s, 3H), 1.94 (dd, J = 13.5, 6.0 Hz, 1H), 1.66 (bs, 2H); 1.64 (td, J = 13.5,
6.0 Hz, 1H), 1.37 (s, 3H), 1.32 (s, 3H); *C NMR: (125 MHz, CDCL,) & 178.4, 173.5,
170.0, 86.3, 84.1, 79.9, 70.7, 67.4, 55.1, 54.1, 47.9, 37.4, 35.3, 28.5, 20.8, 19.2, 15.9; IR
(film, cm ™ "): 3,464, 2,929, 2,872, 2,854, 1,765, 1,749, 1,462, 1,377, 1,329, 1,284,
1,236, 1,186, 1,115, 1,070, 1,036, 982; HRMS (ESI) m/z calc’d for C,,H,,04Na
[M + Na]*: 377.1212, found 377.1220; [a]5 = +104.7° (c = 0.47, EtOH).

Received 13 September 2010; accepted 9 December 2010;
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