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Over	millennia,	Nature	has	evolved	exquisite	synthetic	pathways	that	combine	
isoprenes	into	chains,	folds	them	into	carbocycles,	and	then	oxidizes/rearranges	
them	into	vast	complexity	(>50,000	members).		While	laboratory	chemical	synthesis	
can	sometimes	emulate	this	process,	room	exists	for	additional	approaches	that	can	
also	programmably	lead	to	molecular	diversity.		Here	we	show	that	from	simple	
phenols	using	1)	prenylation,	2)	dearomatization/prenyl	migration,	and	3)	
epoxidation/radical	cyclization,	we	can	predictably,	reliably,	and	expeditiously	
make	polycyclic	terpene	frameworks;	critically,	step	three	uses	the	first	cooperative	
bimetallic	catalyst	to	effect	cyclization	of	epoxy	enones	under	H2.		Indeed,	our	
approach	has	led	to	the	stereocontrolled	formation	of	bicyclic,	linear,	angular,	
clovane,	and	propellane-based	architectures	with	functional	groups	that	allow	
further	manipulation;	for	example,	these	motifs	can	be	repurposed	for	ring	
contractions.		Of	note,	several	formal	total	syntheses	have	been	achieved	in	routes	
that	are	as	concise	as,	and	often	shorter	than,	previous	efforts.			

	

Nature	has	evolved	highly	efficient	pathways	to	fashion	diverse	terpenes	from	
common	building	blocks	through	unified	synthetic	approaches	based	on	cyclase/oxidase	
logic.1-4	Given	that	model	for	efficient	diversity	generation,	we	became	interested	in	
developing	similarly	effective	sequences	that	use	components	other	than	isoprene	units	
and	that	involve	different	chemical	transformations.			

Specifically,	as	shown	in	Figure	1,	we	hoped	that	differentially	patterned	phenol	
derivatives	1–3	could	afford	distinct	terpene	architectures	in	a	systematic	and	predictable	
manner.5		Indeed,	if	these	phenols	were	furnished	with	an	isoprene	unit	in	the	form	of	a	
prenyl	sidechain,	we	hoped	that	the	known,	but	rarely	employed,	para-selective	Claisen	
rearrangement6	could	afford	dearomatized	materials	such	as	4,	5,	and	7.		And,	if	that	
rearrangement	were	conducted	under	suitable	reductive	conditions,	structures	such	as	6	
and	8	could	also	result	in	the	same	pot,	with	their	more	accessible,	less-substituted,	alkenes	
no	longer	present.			

From	here,	a	site-specific	epoxidation	of	the	exocyclic,	trisubstituted	alkenes	in	4–8	
would	allow	access	to	a	reactive	handle	by	which	to	utilize	Giese	chemistry7	to	generate	



tertiary	carbon-centered	radicals.8		These	radicals	should	add	to	the	β	carbons	of	the	
enones	in	a	5-exo-trig	manner	and	forge	the	new	five-membered	rings	in	9–14.			These	
rings	would	contain	both	a	gem-dimethyl	group	and	a	secondary	alcohol	with	contiguous	
tertiary	and/or	quaternary	stereogenic	centers	that	are	challenging	to	fashion	with	other	
methods.9		For	dienones	(like	5	and	7),	the	cyclization	should	occur	selectively	at	the	more	
accessible	of	the	two	alkenes,	while	in	those	substrates	where	one	enone	has	already	been	
reduced	(like	6	and	8),	cyclization	onto	the	remaining	enone	should	be	achievable	despite	
the	steric	encumbrance.		While	examples	of	such	cyclizations	are	well	documented	with	
simple	enones,10,11	and	illustrated	by	our	recent	synthesis	of	the	conidiogenones,12	it	was	
unclear	how	well	they	would	work	with	dienones	where	rearrangements13	could	restore	
aromaticity	prior	to	cyclization.		In	addition,	these	cyclizations	typically	require	
superstoichiometric	quantities	of	metal	species	to	achieve,	with	the	most	common	
promoter	being	the	Nugent–RajanBabu	reagent;14	as	such,	we	hoped	to	develop	a	catalytic	
version,	especially	if	the	few	procedures	of	this	type	known15	could	not	rise	to	the	occasion.		

Finally,	if	needed,	we	expected	that	the	core	six-membered	ring,	with	its	
strategically	positioned	ketone	and	neighboring	methylene	derived	from	a	carbon	of	the	
original	phenol,	could	be	induced	to	undergo	ring	contraction	(via	a	Wolff	or	Favorskii	
rearrangement,	for	example).12,16		We	would	thus	have	controlled,	programmable,	and	
divergent17	access	to	bicyclic,	clovane,	linear,	angular,	and	propellane-type	ring	systems	
relevant	to	hundreds	of	terpenoid	natural	products	(with	15–21	being	representative	
cases),	from	a	common	set	of	starting	materials	and	reaction	processes.18		

Herein,	we	show	that	this	design	can	be	realized,	with	key	discoveries	being	a	one-
pot	reductive	dearomatization	procedure	and	the	identification	of	a	catalytic	system	that	
can	achieve	the	radical	cyclization	with	equal	facility	as	stoichiometric	promoters.		The	
sequence	has	broad	scope	and	functional	group	tolerance,	and	its	power	is	highlighted	by	
several	formal	total	syntheses	of	natural	products	as	well	as	by	the	preparation	of	natural	
product	analogs.	These	syntheses	proceed	with	stepcounts	equivalent	or	reduced	
compared	to	those	of	previous	efforts,	many	of	which	generated	only	a	single	terpene-
based	architecture.18		We	believe	our	overall	process	provides	important	complementarity	
both	to	Nature’s	synthesis	of	terpenes,	and	to	other	recent	examples	of	terpene	polycycle	
synthesis	via	radical	cyclizations.19-22 

	

Results	and	Discussion	

We	began	by	exploring	the	scope	of	the	initial	dearomatization	using	bulky	
aluminum	Lewis	acids	such	as	MABR	and	MAD	(22	and	23,	respectively,	Figure	2)	as	
developed	by	Yamamoto.6,23,24	This	reaction	has	been	rarely	employed	despite	its	potential;	
to	the	best	of	our	knowledge	there	has	been	only	one	use	(with	one	substrate),	in	natural	
product	synthesis,	racemically	by	Danishefsky25	and	asymmetrically	by	Lawrence.26		As	
such,	we	have	more	fully	explored	the	scope	of	the	dearomatization	with	22	and	23,	and	as	
denoted	below,	have	developed	a	related	reaction,	a	one-pot	reductive	dearomatization,	in	
which	one	of	the	enones	is	reduced	to	afford	compounds	like	6	and	8.		This	reductive	
dearomatization	is	complementary	to	existing	oxidative	allylative	dearomatizations	of	



phenols	as	mediated	by	hypervalent	iodine	reagents,	such	as	phenyliodine	diacetate	
(PIDA);27	the	major	disadvantage	of	this	method	is	poor	functional	group	compatibility	as	
well	as	the	site-selectivity	in	the	allylation	(i.e.	ortho-	vs.	para-selectivity).	

As	shown	in	Figure	2,	in	all	cases	examined	(see	SI	for	the	synthesis	of	the	
prenylated	starting	materials)	the	para-Claisen	rearrangement	performed	well	using	22	as	
the	preferred	promoter.		The	conditions	were	mild	enough	that	TBS-protected	primary	
alcohols	(34–36),	TMS-protected	tertiary	alcohols	(32),	Boc-protected	amines	(38),	and	
even	free	alcohols	(46)	were	tolerated.		Aryl	halides	worked	as	well,	affording	vinylic	
halide	products	30	and	31,	as	did	the	4-membered	ring	of	32	(which	can	potentially	afford	
a	spirocyclic	system	after	a	semi-pinacol	rearrangement).28			

In	all	cases,	although	racemic	starting	materials	were	generally	used	(exceptions	
were	the	precursors	to	45	and	46),	the	reaction	process	was	fully	diastereoselective,	with	
the	prenyl	sidechain	ultimately	occupying	the	same	face	as	the	large	group	of	those	pre-
existing	centers.		We	believe	that	outcome	is	governed	by	minimizing	any	steric	clash	
between	the	original	chiral	center	within	the	substrate	and	the	complexed	aluminum	
reagent	(see	SI	for	additional	schemes	illustrating	these	outcomes).29	Whether	these	events	
proceed	either	via	a	direct	and/or	stepwise	migration	pathway	remains	unknown	as	also	
denoted	by	Yamamoto;	minor	amounts	of	aromatized	side-products	(of	general	type	26)	
were	observed	on	occasion.6	

While	dearomatization	with	22	or	23	was	broad	in	scope,	the	one-pot	reductive	
dearomatization	proved,	to	our	delight,	to	be	achievable	as	well.		Specifically,	if	we	
completed	the	initial	prenyl	migration	at	–78	°C	and	then	added	a	stoichiometric	amount	of	
L-Selectride,	we	obtained	selectively	reduced	adducts	like	6,	8,	28,	37,	41,	42,	44,	and	46.	
For	unsymmetrical	dienones,	the	more	accessible	alkene	was	reduced	preferentially.	
Finally,	certain	non-prenyl	substituents	also	migrated	effectively,	including	the	crotyl	motif	
within	47	(albeit	in	a	modest	yield,	Yamamoto	has	also	reported	one	example	of	such	a	
migration)6	and	the	more	complex	geranyl	chain	within	48.		

With	these	dearomatized	products	in	hand,	we	next	probed	our	ability	to	fold	them	
into	an	array	of	terpene	architectures	—	by	epoxidizing	them,	then	opening	the	epoxides	
with	Ti(III)	and	letting	the	resulting	radicals	add	intramolecularly	(5-exo-trig	)	to	the	β-
carbon	of	an	enone	(top	of	Figure	3).		For	epoxidation	we	used	mCPBA,	while	for	initial	
probes	of	the	radical	cyclizations	we	used	superstoichiometric	amounts	of	the	Nugent–
RajanBabu	reagent	(3	to	3.5	equiv	as	generated	from	Cp2TiCl2	and	Zn	in	THF	at	23	°C).14	In	
all	cases,	the	less	encumbered	C=C	bond	of	the	dienone	served	as	the	radical	acceptor	and	
no	rearrangements	were	observed.		With	a	monosubstituted	dienone	such	as	30,	the	
presence	of	a	bulky	group	on	one	of	the	dienone	olefins	at	the	site	of	cyclization	effected	
complete	regiochemical	control,	while	more	remote	substitution	(29)	had	little	effect	(~1:1		
selectivity).		For	those	substrates	that	were	pre-reduced,	the	remaining	(more	hindered)	
enone	reacted	smoothly	to	generate	angular	structure	12	as	well	as	the	highly	congested	
propellane	architectures	14,	58,	59,	and	61	possessing	four	to	five	contiguous	tertiary	
and/or	quaternary	centers.		Overall,	there	was	good	diastereocontrol	in	many	cases	(the	
major	diastereomer	is	drawn,	with	the	configuration	confirmed	by	X-ray	crystallography	in	
many	cases).		As	shown	graphically	in	the	Supporting	Information	section,	we	believe	the	



origin	of	this	diastereoselectivity	is	different	for	symmetrical	and	unsymmetrical	dienones.		
For	the	former,	radical	cyclization	appears	to	be	the	diastereo-determining	step,	with	the	
major	diastereomer	resulting	via	a	transition	state	that	minimizes	syn-pentane	interactions.	
For	the	latter,	the	diastereoselectivity	appears	to	reflect	the	initial	diastereomeric	ratio	
obtained	from	the	epoxidation	step,	one	dictated	by	a	minimization	of	steric	hindrance	of	
the	reactive	conformer	through	A1,3	strain.30		

Outside	of	this	stereochemical	control	feature,	critical	more	generally	to	the	overall	
design	is	the	ability	to	differentiate	radical	stability	from	the	epoxide.		For	example,	similar	
substituents	on	the	two	epoxide	carbons	(e.g.,	in	the	crotyl	substrate	47)	gave	a	low	yield	of	
the	desired	cyclized	product	(63)	with	significant	amounts	of	its	rearomatized	counterpart	
64.		Of	note,	the	2,2-disubstituted	terminal	olefin	49	(not	prepared	by	dearomatization,	see	
SI	for	details)	led	to	the	formation	of	a	four-membered	ring	product	via	the	more	stable	
tertiary	carbon-centered	radical.		Finally,	although	not	obtained	via	a	direct	prenyl	
migration	pathway,	substrate	50	highlights	that	six-membered	rings	can	result	as	well.		
Many	of	the	products	in	Figure	3	were	obtained	on	gram	scale,	illustrating	the	facility	of	the	
chemistry	and	the	potential	of	the	developed	sequence	for	complex	molecule	synthesis	
(vide	infra).	

	 We	then	sought	to	develop	a	catalytic	variant	of	the	stoichiometric	Ti(III)	reaction	in	
Figure	3.		As	one	reflection	of	the	challenge	of	effecting	such	chemistry	in	these	systems,	
efforts	using	other	approaches	to	catalysis	as	developed	by	Gansäuer	(entries	1	and	2	in	
Figure	4a)15	were	unsuccessful.	Pleasingly,	however,	the	use	of	10	mol	%	each	of	
CpCr(CO)3H	(73),	NaCpCr(CO)3,	and	Cp2Ti(OMs)2	in	benzene,	at	70	°C,31	provided	an	~1:1	
mixture	of	the	desired	product	51	and	an	undrawn	epoxide-derived	O-cyclized	product	in	
47%	yield	each	(entry	3).	Performing	the	reaction	at	a	lower	temperature	(50	°C)	gave	only	
the	desired	product,	but	the	yield	was	low	even	following	an	extended	reaction	time	
(entries	4	and	5).		Pleasingly,	more	dilute	conditions	at	70	°C	afforded	51	in	85%	isolated	
yield,	with	no	appreciable	amount	of	the	O-cyclized	material	(entry	6).		We	believe	this	
reaction	occurs	with	opening	of	the	epoxide	by	the	Ti	catalyst	(Figure	4c),	effecting	
cyclization	to	intermediate	A.	HAT	onto	the	oxoallylic	radical	of	A	can	then	generate	B,	
which	can	undergo	protonation	by	HCpCr(CO)3	to	provide	the	product.		A	bimetallic	Cr-Ti	
complex	72	recently	synthesized	by	our	group32	also	proved	to	be	an	active	catalyst,	albeit	
in	reduced	yield	(entry	7).	The	catalytic	variant	of	this	reaction	has	excellent	scope,	
behaving	similarly	(in	terms	of	yield	and	dr	when	applicable)	to	the	stoichiometric	system	
in	Figure	3.		The	catalytic	reaction	can	also	be	conducted	smoothly	on	a	gram	scale.		

Finally,	to	test	the	power	of	our	overall	sequence	in	complex	molecule	synthesis,	we	
targeted	a	number	of	natural	products	and	analogs.		Simple	oxidation	of	51,	shown	in	
Figure	5,	afforded	74.		This	material	was	previously	used	to	synthesize	cis-
preisothapsadiene	(15),33	with	our	stepcount	to	74	being	half	that	previously	reported.		
Alternatively,	Barton–McCombie	deoxygenation	of	the	alcohol	in	51,	followed	by	a	diazo	
transfer	and	photochemical	Wolff	rearrangement,	gave	a	ring	contracted	ester	which	upon	
isomerization	with	DBU	generated	the	α,β-unsaturated	ester	75.		Efforts	to	attempt	other	
ring	contractions,16	such	as	methods	using	Ti(NO3)3	and	a	Favorskii	reaction	using	PIDA,	
were	not	fruitful.		Compound	75	could	then	be	converted	in	two	steps	via	a	Weinreb	amide	



into	76,	a	compound	that	Paquette	had	shown	could	be	easily	converted	into	Δ9(12)-
capnellene	(77).34			Similarly,	the	deoxygenation	of	66	completed	a	6-step	synthesis	of	78,	a	
material	previously	prepared	in	nine	steps	during	a	total	synthesis	of	ambrox	(79).35			
Finally,	prenyl	migration	with	80	under	our	reductive	conditions,	and	subsequent	epoxide	
formation,	afforded	81	—	giving	us	access	to	this	intermediate	used	for	
isocyanoneopupukeanane	(82)	in	half	the	earlier	stepcount.36					

As	shown	in	Figure	6,	this	general	strategy	also	offers	expedient	access	to	clovane	
and	propellane-type	natural	products	and	their	analogs.		For	the	former,	dehydration	of	55	
followed	by	conjugate	reduction	and	methylation	gave	83,	where	we	expected	that	the	new	
alkene	could	facilitate	eventual	access	to	targets	such	as	85	and	86.	Of	these	steps,	enone	
reduction	proved	the	most	problematic	due	to	the	presence	of	the	adjoining	quaternary	
center;	indeed,	efforts	using	solely	L-Selectride	or	the	“hot”	Stryker's	reagent37	gave	1,2-
reduction	or	low	yield	of	desired	product,	respectively.		Pleasingly,	the	conditions	
developed	for	our	reductive	dearomatization	(i.e.,	MAD	and	L-Selectride),	effected	the	
desired	conjugate	reduction	in	good	yield.		Finally,	the	pendant	OTBS	group	within	83,	
following	silyl	cleavage	and	Dess–Martin	periodinane	oxidation,	permitted	an	aldol	closure	
to	generate	the	final	ring	of	84,	thereby	affording	a	fully	decorated	skeleton	of	the	clovane	
natural	product	family.		For	the	propellane	natural	products	(Figure	6),	differential	
protection	of	the	hydroxyls	of	57	and	58,	followed	by	diazoketone	synthesis/Wolff		
rearrangement,	afforded	the	desired	ring-contracted	esters	as	a	mixture	of	regio-	and	
stereoisomers	(one	confirmed	by	X-ray;	see	SI).		Nucleophilic	demethylation,	nickel-
catalyzed	decarboxylation,38	and	Dess–Martin	periodinane-mediated	oxidation	gave	91	—	
thereby	affording	formal	access	to	epi-modhephene	(92).39		Of	note,	we	obtained	
intermediate	91	in	14	steps,	a	level	of	efficiency	that	compares	favorably	to	the	length	of	
the	previous	route	(20	steps);	it	was	also	obtained	in	reasonable	quantity	(170	mg).		An	
added	deprotection	step	afforded	93,	a	subtly	different	variant	of	an	intermediate	
successfully	advanced	to	the	dichrocephones	(94	and	95)	by	Christmann.40	

	

Conclusion	

This	work	provides	a	programmable,	consistent,	but	ultimately	divergent	sequence	
to	access	various	terpene-based	architectures	within	the	triquinane	family	of	natural	
products	using	precursors	distinct	from	those	employed	by	Nature.		To	reach	that	objective,	
we	offer	significant	extensions	of	previously	developed	methods,	and	combine	them	in	
novel	ways	with	unique	condition	sets	to	achieve	the	final	sequences.		Of	particular	
significance	are	a	one-pot	dearomatization/reduction	protocol	that	directly	affords	enones	
and	an	effective,	cooperative	catalytic	system	for	the	cyclization	of	epoxy	enones	with	H2	as	
the	terminal	reductant.		At	the	end,	a	range	of	complex	architectures	is	accessible,	most	in	
shorter	stepcounts	than	previous	efforts	and	many	in	gram	scale	quantities.		Prenyl	groups	
are	part	of	our	process,	just	as	Nature	often	uses	isoprene	units,	though	the	overall	design	
is	clearly	distinct.		Time	will	tell	if	there	are	advantages	to	our	approach	over	the	pathways	
that	Nature	has	developed,	though	we	believe	the	added	efficiency	in	our	formal	total	
syntheses	indicates	that	optimism	is	warranted.		
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	Figure 2 | Redox neutral and reductive dearomatizations.  (a) General process, (b) mechanistic considerations, and (c) overall scope.
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Figure 4 | Exploration of cooperative catalysis to achieve the radical cyalization.  (a) Optimization of conditions, (b) structures of metal complexes, (c) proposed mechanism, 
and (d) scope of the catalytic condition.
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