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Introduction

Previous	total-synthesis	example

Danishefsky,	S.	J.	et	al.	J.	Am.	Chem.	Soc.	2004,	126,	14358.

l Oxidized	FG	was	installed	at	early	stage.
l C-C	bond	 formation	 reaction	makes	core	skeleton	of	illicium	sesquiterpene.	
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Introduction

Maimone’s	synthesis	strategy	by	oxidation
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seco-prezizaane	

Direct	C-H	or	C-C	functionalization	 of	seco-prezizaane	skeleton	would	make	
short	and	diverse	synthesis	of	illicium	sesquiterpene.	
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Proposed	biosynthetic	pathway	
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cyclase

alkyl
shift

C-C
scission

-OPP
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$52	USD/kg
Fukuyama,	Y.;	Huang,	 J.-M.	Bioactive	Natural	
Products	 (Part	L);	Studies	in	Natural	Products	
Chemistry;	Atta-ur-Rahman,	Ed.;	2005,	Vol.	32,	
p	395.	
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Synthesis	strategy
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$52	USD/kg

l Introduce	position-selective	hydroxyl	groups	based	on	nearby	
hydroxyl	groups	or	carboxylic	acids.	(Redox-relay)

l Skeletal	rearrangement by	ring	expansion and	C−C	cleavage	.	
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Synthesis	strategy
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Synthesize	differently	according	to	oxidation	order	and	location.

radical-mediated
C-14	methyl	oxidation

Fe-catalyzed
C-4	methine	activation
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Pseudoanisatin

Key	reaction
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11

(1) C-14	oxidation	by	Suarez’s	 radical-based	method.

(2) Introduction	of	hydroxyl	group	 to	C-7	through	 acyloxylation	with	CuBr2.

(3) α-Ketol	rearrangement.

(4) Regioselective	oxidation	reaction	using	 intramolecular	carboxylic	acid	as	directing	group
at	C-4	position.

Carbon	to	be	oxidized
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K.	Hung,	M.	L.	Condakes,	T.	Morikawa,	T.	J.	Maimone,	J.	Am.	Chem.	Soc.,	2016,	138,	16616	
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Synthesis	scheme
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  6 %  R1 = H,   R2 = H
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Reaction	mechanism
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1,5-hydrogen	transfer	
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b. Me3OBF4,
proton sponge

97 %

R.	Baker,	M.A.	Brimble,	J.A.	Robinson,	Tetrahedron	Lett.	,	1985,	26,	2115.	



Pseudoanisatin

Suarez’s	radical-based	method

16J.I.	Concepcion,	C.G.	Francisco,	R.	Hernandez,	J.A.	Salazar,	E.	Suarez,	Tetrahedron	Lett.	,	1984,	25,	1953.

Entry Alcohol
(1	eq)

PhI(OAc)2/I2
(eq)

Time
(min.)

Temperature
(℃)

Product(Yield %)

1 1 1.1/1.0 50 40 2	(90)
2 1 1.1/0.0 120 40 No	reaction
3 3 1.1/1.0 30 25 4	(53)
4 6 1.1/0.5 40 40 7	(90)
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Pseudoanisatin

Reaction	mechanism

17[O]	was	installed	to	two	different	position	 by	3	steps	using	C-6	-OH
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electron	transfer	
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cf)	substrate	scope	of	oxidative	lactonization	(Maimone,	T.	J.	et	al.	JACS,	2019,	141,	3083.)	

Stereoselective
oxidation
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electron	transfer	
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Miyake,	H.;	Nishimura,	A.;	Yago,	M.;	Sasaki,	M.	Chem.	Lett.	2007,	36,	332.	
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37 % combined
C-H [O]

20 %  R1 = Me, R2 = TBS
11 %  R1 = H,   R2 = TBS
  6 %  R1 = H,   R2 = H

Site-selective
oxidation

M.	A.	Bigi,	S.	A.	Reed,	M.	C.	White,	J.	Am.	Chem.	Soc.,	2012,	134,	9721.	



Pseudoanisatin

C-H	oxidation	by	iron	complexes

21M.	A.	Bigi,	S.	A.	Reed,	M.	C.	White,	J.	Am.	Chem.	Soc.,	2012,	134,	9721.	

L.	Gómez,	 I.	Garcia-Bosch,	A.	Company,	J.	Benet-Buchholz,	A.	Polo,	X.	Sala,	X.	Ribas,	M.	Costas,	
Angew.	Chem.	Int.	Ed.,	2009,	48,	5720.	

cat3	=	[Fe(CF3SO3)2((S,S,R)-mcpp)]	



Pseudoanisatin

C-H	oxidation	by	iron	complexes
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M.	A.	Bigi,	S.	A.	Reed,	M.	C.	White,	
J.	Am.	Chem.	Soc.,	2012,	134,	9721.	



Pseudoanisatin

C-H	oxidation	by	iron	complexes
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M.	A.	Bigi,	S.	A.	Reed,	M.	C.	White,	
J.	Am.	Chem.	Soc.,	2012,	134,	9721.	
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Synthesis	scheme
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(+)-pseudoanisatin
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14
Redox-relay
C6 →	C11,	C14

Redox-relay
C11 →	C7

11

7

α-ketol
rearrangement

Redox-relay
C11 →	C4

Pseudoanisatin

Summary	of	Pseudoanisatin	 synthesis

Redox-relay
C4 →	C3

11

4

3

l (+)-Pseudoanisatin	was	synthesized	by	fully	oxidative strategy.
l Is	this	strategy	applicable	for	other	illicium	sesquiterpenes?
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Majucin

Key	reaction
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(1) C-4	selective	oxidation	by	Suarez’s	radical-based	method.

(2) C-7	&	C-12	oxidation	by	SeO2	 without	H2O.

(3) α-ketol	rearrangement.

(4) C-10	oxidation.

Carbon	to	be	oxidized
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M.	L.	Condakes,	K.	Hung,	S.	J.	Harwood,	T.	J.	Maimone,	J.	Am.	Chem.	Soc.,	2017,	139,	17783	
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C6 →	C11,	C14 C11 →	C4

Majucin

First	trial:	C6 →	C11,	C14 →	C4

a. PhI(OAc)2, 
I2, hν
73 %

b. Me3OBF4,
proton sponge

97 %

43 %

34 %
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C6 →	C11,	C14 C11 →	C4

Majucin

First	trial:	C6 →	C11,	C14 →	C4

a. PhI(OAc)2, 
I2, hν
73 %

b. Me3OBF4,
proton sponge

97 %

43 %

34 %



Majucin

Synthesis	scheme
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Majucin

Reaction	mechanism
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KBrO3

A.	Tenaglia,	E.	Terranova,	B.	Waegel	,	J.	Org.	Chem., 1992,	57,	5523.	



Majucin

C-H	oxidation	by	RuO4

32

A.	Tenaglia,	E.	Terranova,	B.	Waegel	,	
J.	Org.	Chem., 1992,	57,	5523.	
E.	McNeill	and	J.	Du	Bois,	
J.	Am.	Chem.	Soc., 2010,	132,	10202.	
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Reaction	mechanism	
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Reaction	mechanism
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34K.	Hung,	M.	L.	Condakes,	L.	F.	T.	Novaes,	S.	J.	Harwood,	T.	Morikawa,	Z.	Yang,	T.	J.	Maimone,	
J.	Am.	Chem.	Soc.,	2019,	141,	3083.
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Synthesis	scheme
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Majucin

Reaction	mechanism
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Reaction	mechanism
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Majucin

Reaction	mechanism
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Reaction	mechanism
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Oxidation Reduction

Ru-2	=	[Ru2(PEt3)6(OTf)3][OTf]	

Results and discussion
Development of catalysts and conditions for the selective
oxidation of hindered secondary alcohols. Several sequential
phases of catalyst development described in the Supplementary
Information led to a new ruthenium complex (Fig. 1a and
Supplementary Section 2). The precursor Ru(DMSO)4(OTf)2
(DMSO, dimethylsulfoxide; OTf, SO2CF3) was generated in
acetone solvent and treated with various phosphine ligands to give
potential catalysts. The complexes that result from the addition of
unhindered alkylphosphines PEt3, PMePh2 and PEt2(p-Me2N–Ph)
all gave active catalysts for the dehydrogenation of the hindered
model alcohol diisopropylcarbinol. Thereafter, a synthesis of a
series of catalyst precursors lacking DMSO ligands was developed
(Ru-1, Ru-2 and Ru-3), and the activity of these complexes was
found to be an order of magnitude greater than that of the system
generated in situ. The initial results of the oxidation of a model
hindered alcohol are shown in Fig. 1b. In contrast to prior
transition-metal catalysts that do not oxidize such hindered
secondary alcohols, this ruthenium complex converted
dicyclohexylcarbinol into the corresponding ketone at room
temperature in only three hours. The same oxidation also
occurred when 1,4-cyclohexanedione or trifluoroacetophenone

was used as a stoichiometric oxidant and the reaction was run in
trifluoroethanol solvent.

The reactions of a series of primary and secondary alcohols and
mixtures of primary and secondary alcohols with acetone as the
hydrogen acceptor and Ru-2 as the catalyst are shown in Fig. 1c.
These results show that the oxidation of secondary alcohols
occurs over the oxidation of primary alcohols. The individual reac-
tions of primary alcohols occur to a low conversion over a time that
leads to the full conversion of secondary alcohols, and reactions with
a mixture of primary and secondary alcohols preferentially convert
the secondary alcohol into the ketone.

Selective oxidation of polyol natural products to ketone
derivatives. Figure 2 summarizes the transfer dehydrogenation of
13 polyol natural products and three methyl esters of natural
products. This figure shows the products from the oxidation
reactions and the configuration of the alcohol unit that underwent
oxidation. These reactions occur with several classes of natural
products, including steroids, diterpenoids, sesquiterpenoids,
iridoids, carbohydrates, alkaloids and macrolides, which shows the
broad applicability of the catalyst system. The ruthenium catalysts
we developed display a remarkable selectivity for the oxidation of
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Results and discussion
Development of catalysts and conditions for the selective
oxidation of hindered secondary alcohols. Several sequential
phases of catalyst development described in the Supplementary
Information led to a new ruthenium complex (Fig. 1a and
Supplementary Section 2). The precursor Ru(DMSO)4(OTf)2
(DMSO, dimethylsulfoxide; OTf, SO2CF3) was generated in
acetone solvent and treated with various phosphine ligands to give
potential catalysts. The complexes that result from the addition of
unhindered alkylphosphines PEt3, PMePh2 and PEt2(p-Me2N–Ph)
all gave active catalysts for the dehydrogenation of the hindered
model alcohol diisopropylcarbinol. Thereafter, a synthesis of a
series of catalyst precursors lacking DMSO ligands was developed
(Ru-1, Ru-2 and Ru-3), and the activity of these complexes was
found to be an order of magnitude greater than that of the system
generated in situ. The initial results of the oxidation of a model
hindered alcohol are shown in Fig. 1b. In contrast to prior
transition-metal catalysts that do not oxidize such hindered
secondary alcohols, this ruthenium complex converted
dicyclohexylcarbinol into the corresponding ketone at room
temperature in only three hours. The same oxidation also
occurred when 1,4-cyclohexanedione or trifluoroacetophenone

was used as a stoichiometric oxidant and the reaction was run in
trifluoroethanol solvent.

The reactions of a series of primary and secondary alcohols and
mixtures of primary and secondary alcohols with acetone as the
hydrogen acceptor and Ru-2 as the catalyst are shown in Fig. 1c.
These results show that the oxidation of secondary alcohols
occurs over the oxidation of primary alcohols. The individual reac-
tions of primary alcohols occur to a low conversion over a time that
leads to the full conversion of secondary alcohols, and reactions with
a mixture of primary and secondary alcohols preferentially convert
the secondary alcohol into the ketone.

Selective oxidation of polyol natural products to ketone
derivatives. Figure 2 summarizes the transfer dehydrogenation of
13 polyol natural products and three methyl esters of natural
products. This figure shows the products from the oxidation
reactions and the configuration of the alcohol unit that underwent
oxidation. These reactions occur with several classes of natural
products, including steroids, diterpenoids, sesquiterpenoids,
iridoids, carbohydrates, alkaloids and macrolides, which shows the
broad applicability of the catalyst system. The ruthenium catalysts
we developed display a remarkable selectivity for the oxidation of
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the catalyst to generate acetal 2o in an 84% yield. Treatment of the
acetal product with Ir-1 and ammonium formate salts (NH3RO2CH
for R = H, Ph) led to N-substituted lactam derivatives 2p and 2q in
78 and 77% yields, respectively.

Epimerization of alcohol units in polyol natural products. Our
system not only catalyses the transfer of hydrogen from hindered
alcohols to acetone with isopropanol as the by-product, but it
also catalyses the reverse transfer of hydrogens from isopropanol
to hindered ketones, such as pinacolone (Fig. 1d). This result
suggested the potential to epimerize a single hydroxy group in
complex polyols with a single catalyst. For example, the ketone
generated from the dehydrogenation of fusidic acid methyl ester
was reduced by catalytic Ru-2 and isopropanol to give 3-epi-
fusidic acid methyl ester (4a) in an 80% yield, with the
remaining material identified as the parent fusidic acid methyl
ester (Fig. 5a). Similarly, ouabain, which was oxidized selectively
with acetone, was reduced with isopropanol catalysed by Ru-2 to
form 1-epi-ouabain (4b) in 90% yield. With other polyols, such

as D-glucal and andrographolide, reduction of the ketone
regenerated the starting natural product.

A one-step epimerization also occurred in some cases. For
example, the site-selective epimerization of fusidic acid methyl
ester at the C3 position catalysed by Ru-2 occurred in an 84%
yield, whereas that of ouabain occurred at the C1 position in a
60% yield (Fig. 5b and Supplementary Section 4). Although
Shvo’s catalyst, which is widely used for dynamic kinetic resol-
utions15, also catalysed the epimerization of fusidic acid methyl
ester at 70 °C to give 84% of the C3 epimer, it did not react with
ouabain up to the decomposition temperature of 100 °C. The com-
bination of (Ph5Cp)Ru(CO)Cl and KO

tBu, which also has been used
to epimerize simple alcohols16,17, did not react with either of these
molecules (Supplementary Section 4).

Comparison with alternative methods for alcohol oxidation
applied to polyol natural products. Although the catalytic
oxidation of alcohols has been the subject of much research, few
studies targeted the oxidation of complex polyols. Instead, most
studies focused on the reactions of unhindered benzylic and
allylic alcohols, linear alkanols or cyclohexanols18–22. In the most
recent and arguably most impressive example, a series of
polyglycosides were oxidized by Waymouth’s catalyst in 30–60%
yields at the terminal sugar23. Prior to this study, the polyketide
antibiotic mupirocin methyl ester was oxidized by the
combination of TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxyl),
NaOCl and KBr to give only a 31% yield of a monooxidation
product24, and the labdane diterpene forskolin was oxidized by
stoichiometric CrO3/pyridine in an 80% yield25, whereas another
labdane diterpene, andrographolide, was oxidized to the 3-ketone
in only a 5% yield under the optimized conditions26. These
studies illustrate that the conditions developed for the reaction of
one structure do not translate into the oxidation of another
structure of the same or different class, and some molecules have
resisted selective oxidation under all known conditions27–29.

To assess in more detail the suitability of known procedures with
classical stoichiometric reagents and modern catalysts for the selec-
tive oxidation of a broader range of polyols, we conducted reactions
on several representative densely functionalized structures shown in
Fig. 3: andrographolide, ouabain, mupirocin methyl ester and
kirenol (Supplementary Section 5). Each of these four natural pro-
ducts gave mixtures of products with classical reagents, and no con-
ditions gave a significant yield of the ketone product obtained from
the reaction with Ru-1 or Ru-2 as the catalyst and acetone as the
hydrogen acceptor. The reactions we conducted with simple pub-
lished substrates occurred as described with both classical reagents.
However, the reactions under these conditions with the four selected
natural products gave complex mixtures. Andrographolide reacted
with Dess Martin periodinane (DMP) to oxidize the primary
alcohol over the secondary alcohols to generate a mixture of 49%
aldehyde, 35% keto-aldehyde and only 3% of the ketone. N-bromo-
succinimide in acetone, tested because of the selective oxidation of
simple bile acids28, gave a complex mixture. Swern oxidation
converted 65% of andrographolide into an unknown structure
that lacks a ketone or aldehyde, and Oppenhauer conditions with
trifluoroacetone catalysed by AlEt2OEt gave little to no conversion.
The oxidation of mupirocin, ouabain methyl ester and kirenol
also gave mixtures of products with these oxidation systems. The
reaction of mupirocin with DMP gave an unselective oxidation to
a complex mixture of products (at least five), the 1H NMR spectrum
of which contained multiple new olefin resonances that signalled
elimination processes. The reaction of the same substrate with
AlEt2OEt/trifluoroacetone or the Swern reagent formed a mixture
of many products with a low selectivity. The oxidation of ouabain
with DMP formed one or more aldehyde products in 45% yield
from the oxidation of the primary alcohol, along with multiple
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Majucin

Summary	of	Majucin	synthesis

Redox-relay
C6 →	C11,	C14

Redox-relay
C11 →	C4

Redox-relay
C11 →	C10

Redox-relay
C4 →	C3

Redox-relay
C6 →	C7,	C12
α-ketol

rearrangement

l (-)-Majucin	was	synthesized	by	fully	oxidative strategy.	
l The	strategy	of	pseudoanisatin	 is	applicable	for	majucin.
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l Skeletal	rearrangement	by	α-ketol	rearrangement.	(only	one	step)
l Two	compounds	 could	be	synthesized	using	 the	same	strategy.
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