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ABSTRACT:	Radical	fragment	coupling	reactions	that	unite	intricate	subunits	have	become	an	important	class	of	transfor-
mations	within	the	arena	of	complex	molecule	synthesis.	This	Perspective	highlights	some	of	the	early	contributions	in	this	
area,	as	well	as	more	modern	applications	of	radical	fragment	couplings	in	the	preparation	of	natural	products.	Additionally,	
emphasis	is	placed	on	contemporary	advances	that	allow	for	radical	generation	under	mild	conditions	as	a	driving	force	for	
the	implementation	of	radical	fragment	couplings	in	total	synthesis.

INTRODUCTION 
Convergent	total	synthesis	strategies	that	allow	the	late-

stage	 union	 of	 complex	 fragments	 are	 powerful	 from	 a	
strategic	standpoint	as	they	increase	the	overall	efficiency	
of	 a	 synthetic	 sequence	 permitting	 larger	 amounts	 of	 a	
target	molecule	to	be	prepared.1	As	such,	bimolecular	cou-
pling	 reactions	 that	 can	 unite	 structurally	 elaborate	 frag-
ments	in	high	efficiency	are	of	particular	importance	in	the	
synthesis	of	complex	molecules.	Some	of	the	most	power-
ful	methods	 for	 the	 union	 of	 complex	 fragments	 are	 car-
bonyl	addition	reactions	such	as	the	venerable	Wittig	reac-
tion	 and	 modern	 variants	 including	 the	 nickel-catalyzed	
addition	 of	 organochromium	 reagents	 (Nozaki–Hiyama–
Kishi	 coupling).2	 In	 addition,	 transition	 metal-catalyzed	
cross-coupling	reactions	(using	Pd,	Ni,	Fe,	etc.),	and	alkene	
and	 alkyne	 cross-metathesis	 have	 found	 wide	 utility	 for	
joining		complex	fragments.3	These	methods	are	among	the	
most	 indispensable	 transformations	 in	 modern	 synthetic	
organic	chemistry	and	have	been	used	in	countless	prepa-
rations	of	complex	molecules	over	the	past	several	decades	
(see	Scheme	1	for	three	salient	examples4	

Scheme	 1.	 Three	 examples	 of	 strategically	 powerful	
fragment-coupling	 reactions	 in	 the	 total	 synthesis	 of	
complex	natural	products.	
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In	 contrast	 to	 the	 methods	 just	 discussed,	 bimolecular	

coupling	 reactions	 of	 carbon-centered	 radicals	 have	 seen	
limited	use	to	unite	structurally	complex	fragments	in	con-
vergent	syntheses	of	complex	molecules.	This	perspective	
highlights	some	of	the	early	contributions	in	this	area,	and	
examines	in	more	depth	recent	developments	in	the	use	of	
carbon	radicals	to	unite	structurally	complex	fragments	to	
form	 new	 C(sp3)–C(sp3)	 bonds.	 Advantages	 and	 current	
limitations	 of	 this	 radical-based	 approach	 to	 fragment	
coupling	are	discussed,	and	various	opportunities	 for	 fur-
ther	developments	in	the	area	are	highlighted.		

ATTRACTIVE FEATURES OF USING CARBON-
CENTERED RADICALS IN SYNTHESIS 

Despite	the	concept	of	trivalent	carbon	being	introduced	
by	 Gomberg	 with	 his	 discovery	 of	 triphenylmethyl	 in	

1900,5	 free-radical	 reactions	 did	 not	 receive	 much	 atten-
tion	in	the	synthesis	of	structurally	elaborate	"small"	mole-
cules	 until	 nearly	 eight	 decades	 later.6	 For	 many	 years,	
free-radical	reactions	were	considered	by	organic	chemists	
to	be	unpredictable	and	prone	to	forming	complex	reaction	
mixtures.	However,	beginning	 in	 the	1980s	driven	by	pio-
neering	 contributions	by	Barton,	Giese,	Curran,	Beckwith,	
and	others,	new	methods	to	generate	carbon	radicals	and	a	
quantitative	 understanding	 of	 their	 reactivity	 led	 to	 C–C	
bond-forming	 reactions	 of	 carbon	 radicals	 becoming	 an	
important	tool	in	organic	synthesis.	Controlling	their	reac-
tivity	by	employing	carbon	radicals	in	intramolecular	bond	
constructions	became	a	powerful	strategy	for	synthesizing	
structurally	complex	molecules	such	as	natural	products.7,8		
The	past	decade	has	witnessed	an	increase	in	the	use	of	

radical	reactions	in	the	construction	of	complex	molecules.	
That	 carbon	 radicals	 are	 highly	 reactive,	 yet	 are	 notably	
tolerant	of	the	protic	functionality	typically	found	in	natu-
ral	 products,	 provided	 one	 motivation	 for	 these	 recent	
developments.8	Another	stimulus	was	 the	recent	develop-
ment	of	many	mild	methods	to	form	carbon	radicals.	These	
include:	 (a)	 generation	 using	 visible-light	 photoredox	 ca-
talysis	from	redox-active	esters,	halides,	carbonyl	ketones,	
carboxylic	 acids,	 borates,	 silicates,	 1,4-dihydropyridines	
and	alcohols9,10;	 (b)	 from	epoxides	using	 titanium	 reduct-
ants11;	 (c)	 from	 redox-active	 esters	 using	 nickel	
catalysis8c,12;	 (d)	 from	 alkenes	 by	 metal-catalyzed	 hydro-
gen-atom	 transfer8c,13,14;	 and	 (e)	 	 from	 a-alkoxy	 and	
acyltellurides8e,15.		One	upshot	of	these	developments	is	the	
increasing	use	of	carbon	radicals	 in	 fragment	coupling	re-
actions.	
The	 reaction	 of	 a	 nucleophilic	 carbon	 radical	 with	 an	

electron-deficient	 double	 bond—often	 referred	 to	 as	 the	
Giese	 reaction—is	 regularly	 employed	 in	 the	 fragment	
coupling	of	carbon	radicals.16	These	reactions	are	typically	
exothermic	 and	 irreversible	 and	 have	 early	 transition	
states	that	resemble	the	reactants.	For	example,	the	transi-
tion	state	for	the	addition	of	a	tert-butyl	radical	to	methyl	
vinyl	 ketone	 is	 computed	 to	 proceed	 through	 a	 forming	
bond	 of	 2.55	 Å	 (Figure	 1).17	These	 early	 transition	 states	
are	ideally	suited	for	joining	sterically	bulky	fragments.18		
 

 
Figure 1. The long forming-bond in the transition state for 
the addition of a nucleophilic tertiary carbon radical (tert-
butyl radical) to the p-bond of electron-deficient alkene 
(methyl vinyl ketone). 

This	 perspective	 will	 highlight	 the	 recent	 use	 of	 bimo-
lecular	 reactions	 of	 carbon-centered	 radicals	 to	 link	 sp3	
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carbons	 in	 pivotal	 steps	 in	 the	 synthesis	 of	 structurally	
complex	 natural	 products.	 These	 advances	will	 be	 placed	
in	context	by	 initially	considering	some	early	examples	of	
fragment	coupling	reactions	of	carbon	radicals.	

EARLY EXAMPLES OF FRAGMENT COUPLING 
USING CARBON-CENTERED RADICALS 
An	 early	 example	 in	 which	 a	 structurally	 elaborate	 al-

kene	is	coupled	with	a	primary	carbon	radical	was	report-
ed	by	Zard	 in	2002	 (Scheme	2).19By	employing	 xanthates	
such	as	1	in	the	presence	of	lauroyl	peroxide	(3),	the	vinyl	
group	of	pleuromutilin	(2)	was	 functionalized	 to	generate	
pleuromutilin	analogs	such	as	N-acyloxazolidinone	4.	Sev-
eral	 other	 xanthates	were	also	 shown	 to	be	 competent	 in	
this	 fragment	 coupling,	 generating	 a	 variety	 of	 valuable	
pleuromutilin	derivatives	harboring	functionalities	such	as	
nitriles,	esters,	ketones,	and	benzothiazoles.	This	example	
highlights	 the	 mild	 nature	 of	 radical	 chemistry,	 which	 in	
this	case	took	place	in	the	presence	of	several	unprotected	
functionalities	 including	an	alcohol,	a	ketone,	and	a	glyco-
late	ester.	

Scheme	 2.	 Zard’s	 radical	 functionalization	 of	 pleu-
romutilin	(2).	

 
Early	demonstrations	of	the	utility	of	Giese	coupling	re-

actions	 of	 secondary	 carbon	 radicals	 are	 provided	 in	 the	
total	syntheses	of	prostaglandin	F2a	(PGF2a, 11) by	Stork	
and	 Keck	 (Scheme	 3).20	 Both	 syntheses	 employed	 the	
Ueno-Stork	strategy	of	initiating	radical	cyclizations	from	a	
mixed	 iodoacetal	precursor.	 In	Stork’s	key	step,	mixed	 io-
doacetal	 5	 was	 exposed	 to	 catalytic	 (Bu)3SnH	 under	 UV	
irradiation	 to	 occasion	 5-exo	 radical	 cyclization	 onto	 the	
adjacent	double	bond.20a	The	resulting	secondary	radical	7	
was	 then	 trapped	 by	a-silylenone	6	 to	 furnish	 ketone	 8,	
whose	 a-silyl	 functionality	 allowed	 for	 regioselective	 in-
troduction	 of	 unsaturation	 in	 the	 lower	 side	 chain	 of	
PGF2a precursor	9.	 The	 fragment	 coupling	 step	 occurred	
selectively	 from	the	 convex	 face	of	 intermediate	7	 to	 fur-
nish	product	8,	 thus	establishing	 the	 trans	relationship	of	
the	prostaglandin	side	chains.	Shortly	thereafter,	Keck	and	
coworkers	published	an	alternative	route	to	prepare	enone	
9.20b	 Starting	 from	 iodoacetal	 5,	 but	 now	 employing	 b-
stannylenone	10	as	the	coupling	partner,	the	authors	were	
able	to	directly	form	enone	9	in	good	yield.	

Scheme	 3.	 Radical	 cyclization/bimolecular	 coupling	
sequences	utilized	 in	the	total	synthesis	of	PGF2a.	 (a)	
Stork’s	 original	 synthesis	 of	 enone	 9.	 (b)	 Keck’s	 ap-
proach	 employing	 a	 b-stannylenone	 as	 the	 coupling	
partner.	

 
In	 the	examples	discussed	thus	 far,	 the	alkene	coupling	

partner	 was	 unsubstituted	 at	 the	 site	 of	 C–C	 bond	 for-
mation.	An	 early	 example	of	coupling	a	 secondary	radical	
with	a	more	substituted	alkene	acceptor	is	found	in	Araki's	
1988	 formal	 synthesis	 of	 the	 nucleoside	 antibiotic	 show-
domycin	 (Scheme	 4).21	 Using	 xanthate	 12	 as	 a	 ribo-
furanosyl	 radical	 precursor	 in	 the	 presence	 of	 (Bu)3SnH,	
catalytic	AIBN	and	a	large	excess	of	dimethyl	maleate	(13)	
led	to	the	formation	of	C-ribofuranosyl	product	14	in	62%	
yield.	In	a	number	of	subsequent	steps,	coupled	product	14	
intercepted	a	known	intermediate	in	an	early	synthesis	of	
showdomycin	(15).	

Scheme	4.	Araki’s	ribofuranosyl	radical	addition	in	the	
formal	synthesis	of	showdomycin	(15).	

 
A	 striking	early	 example	of	 forming	 contiguous	quater-

nary	 centers	 by	 the	 union	 of	 presumed	 tertiary	 carbon	
radical	intermediates	was	described	by	Scott	and	cowork-
ers	in	their	one-step	synthesis	of	the	cyclotryptamine	alka-
loids	 (±)-chimonanthine	 (16)	 and	 meso-chimonanthine	
(17)	 (Scheme	5).22	 In	 this	 biomimetic	 approach,	 the	mag-
nesium	 salt	 of	 Nb-methyltryptamine	 was	 oxidatively	 di-
merized	 by	 reaction	 with	 FeCl3	 to	 produce	 (±)-
chimonanthine	 (16)	 in	 19%	 yield	 along	 with	 7%	 of	 the	
achiral	 isomer,	 meso-chimonanthine	 (17).	 Diindolenines	
18	and	19	are	presumed	intermediates	in	this	reaction.	
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Scheme	 5.	 Scott’s	 biomimetic	 radical	 dimerization	 of	
Nb-methyltryptamine	 in	 the	 total	 synthesis	 of	 (±)-
chimonanthine	(16)	and	meso-chimonanthine	(17).	

 
The	 early	 examples	 that	we	 highlighted,	 among	 others,	

form	the	foundation	upon	which	modern	radical	fragment	
coupling	reactions	are	built.	Whereas	classical	radical	pre-
cursors	 such	 as	halides,	Barton	esters,	 or	 xanthates	were	
often	 activated	 by	 reaction	 with	 stoichiometric	 tin	 rea-
gents	 in	 conjunction	with	ultraviolet	 irradiation,	 a	 chemi-
cal	 initiator	 or	 heat,	modern	methods	 for	 generating	 car-
bon	 radicals	 tend	 to	 be	 milder,	 produce	 less	 byproducts,	
and	often	proceed	 at	ambient	 temperature.9-15	The	devel-
opment	of	these	more	attractive	methods	 for	radical	gen-
eration,	and	the	realization	that	under	appropriate	condi-
tions	 the	 coupling	 partners	 can	 be	 employed	 in	 stoichio-
metric	 or	 near	 stoichiometric	 amounts,	 are	 key	 advances	
in	fragment	couplings	reactions	of	carbon	radicals	report-
ed	over	the	past	10	years.	In	the	remainder	of	this	perspec-
tive,	we	will	highlight	recent	examples	of	natural	product	
total	 syntheses	 that	 typically	 employ	 a	 structurally	 com-
plex	sp3	carbon	radical	in	a	fragment	coupling	step.	Exam-
ples	will	 be	discussed	 in	 the	order	of	 increasing	 substitu-
tion	of	the	newly	formed	C(sp3)–C(sp3)	sigma	bond.		

RECENT EXAMPLES OF FRAGMENT 
COUPLING OF CARBON-CENTERED 
RADICALS IN TOTAL SYNTHESIS 
A	 nickel-mediated	 decarboxylative	 Giese	 coupling	 to	

unite	 primary	 and	 secondary	 carbons	 is	 a	 key	 step	 in	
Baran’s	recently	reported	divergent	construction	of	pyrone	
diterpenes.23	 Scheme	6	highlights	 this	 strategy	 as	 applied	
in	 the	 total	 synthesis	 of	 subglutinols	 A	 (22)	 and	 B	 (23).	
The	carboxylic	acid	of	intermediate	20	is	first	converted	to	
a	 redox-active	 N-(acyloxy)phthalimide	 (NHPI)	 ester.10a-c	
This	 step	 is	 followed	 by	 a	 nickel-catalyzed	 radical	 decar-
boxylation	and	reductive	coupling	with	an	excess	of	methyl	
acrylate	to	generate	product	21	 in	44%	yield	and	4:1	dia-
stereoselectivity.12	 	 This	 radical-based	 method,	 which	 re-
sults	in	overall	inversion	of	configuration	at	C-4,	allows	for	
facile	access	to	an	axial	substituent	that	had	been	difficult	
to	install	in	earlier	approaches.		
Scheme	 6.	 Radical	 1,4-addition	 employed	 in	 the	 con-
struction	 of	 subglutinols	 A	 (22)	 and	 B	 (23)	 by	 Baran	
and	coworkers.	

	
This	 strategy	 for	 promoting	 Giese	 reactions	 of	 carbon	

radicals	 generated	 by	 Ni-	 or	 Zn-catalyzed	 reduction	 of	
NHPI	 esters24	was	optimized	by	 the	Baran	 group	to	 form	
C–C	bonds	on	DNA	under	conditions	conducive	to	the	syn-
thesis	 of	 DNA-encoded	 (DEL)	 libraries.25	 Although	 struc-
turally	 complex	 tertiary	 radicals	 were	 not	 involved,	 this	
study	merits	mention	because	of	the	demanding	nature	of	
the	coupling	partner.	During	 initial	studies	 to	define	reac-
tion	 conditions	 appropriate	 for	 DEL	 synthesis	 (dilute,	
aqueous,	 nanoscale,	etc.),	 it	was	discovered	 that	 the	 reac-
tion	could	be	carried	out	in	the	absence	of	the	nickel	cata-
lyst.	This	procedure	 is	 illustrated	 in	 the	 coupling	of	DNA-
bound	acrylamide	24	with	NHPI	ester	25	 in	the	presence	
of	Zn	nanopowder	to	generate	coupled	product	36	in	54%	
yield	 (Scheme	7).	The	coupling	of	 carbon	radicals	 formed	
by	photoredox	catalyzed	decarboxylation	of	a-aminoacids	
with	DNA-tagged	Michael	acceptors	was	reported	at	nearly	
the	same	time	by	Pfizer	researchers.26	

Scheme	7.	Giese	reaction	of	DNA-bound	acrylamide	24	
with	a	secondary	radical	derived	from	NHPI	ester	25.	

	

An	example	of	coupling	 tertiary	and	primary	carbons	 is	
found	 in	 Reisman's	 synthesis	 of	 (–)-maoecrystal	 Z	 (30)	
(Scheme	 8).27	 In	 this	 synthesis,	 the	 left	 two	 rings	 of	 30	
were	constructed	early		in	the	synthetic	route	by	reaction	
of	epoxide	27	with	O.5	equiv	of	Cp2TiCl2	and	excess	zinc11	
to	form	an	a-alkoxymethyl	tertiary	radical,	which	coupled	
with	 10	 equiv	 of	 acrylate	28	 	 to	 generate	 spirocyclic	 lac-
tone	29	in	74%	yield.	The	high	stereoselectivity	realized	in	
this	reaction	was	a	result	of	the	tertiary	cyclohexyl	radical	
reacting	 from	 its	 least-hindered	 face	 opposite	 the	 si-
loxymethyl	side	chain.		

	

N
H

NHMe MeMgI, FeCl3

Et2O

N
H

NMe

MeN

HN
H

H
Nb-methyltryptamine

(±)-chimonanthine (16)
19%

N
H

NMe

MeN

HN
H

H

meso-chimonanthine (17)
7%

+

N

NHMe

MeHN

N

N

NHMe

MeHN

N

+

18 19

via:

H
HO

O
OTES

H
H

O

H

OTES H

OTES

H
H

O

H

OTES

CO2Me

4
4

20 21

subglutinol A (22)

1. DCC, NHPI, CH2Cl2
2. methyl acrylate (10 equiv),

    [Ni], Zn, LiCl, MeCN

44%, dr = 4:1
over 2 steps

H

H
H

O

HO

O

OH

subglutinol B (23)

H

H
H

O H

O

O

OH

+

H
N

O

N

O

+
N

Bz

O

O

PhthN

25
(60 equiv)

Zn nanopowder (6.5 mg)

pH 6.5 buffer:DMSO
(3:2, 0.1 mM)

54%

H
N

O

N

O

26

N
Bz

24
(10 nmol)

[DNA headpiece]

[DNA headpiece]

OTBS

O

OCH2CF3

O
+

Cp2TiCl2
collidine•HCl

Zn, THF
74% O O

HO

27 28 29

O O

HO
OAc CHO

maoecrystal Z (30)



5	

 

Scheme	 8.	 Reisman's	 synthesis	 of	 maeocrystal	 Z	 (30)	
from	Giese	coupling	of	a	tertiary	radical	formed	by	Ti-
promoted	reductive	opening	of	an	epoxide	

Radical	 fragment	 coupling	 reactions	 that	 unite	 two	 di-
substituted	carbon	stereocenters	are	key	steps	in	the	total	
syntheses	 of	 polyoxins	 J	 and	 L	 reported	 by	 Inoue	 and	
coworkers	 in	2017	 (Scheme	9).28	These	 structurally	 com-
plex	 and	 densely	 functionalized	 nucleoside	 antibiotics	
share	 ribofuranosyl	a-amino	 acid	 and	 carbamoylated	 tri-
hydroxynorvaline	fragments	and	differ	only	in	substitution	
at	 C-5	 of	 the	 pyrimidine	 nucleobase.	 The	 coupling	 of	 a-
alkoxyradicals,	 generated	 from	 a-alkoxyacyl	 tellurides	
upon	exposure	to	O2	and	BEt3,8e,15	with	a		camphorsultam-
derived	glyoxylic	oxime	ether	33	was	employed	to	assem-
ble	 two	 fragments	 of	 these	 natural	 product	 targets.	 The	
union	of	nucleoside	acyltellurides	31	and	32	with	3	equiv	
of	 oxime	 ether	33	 produced	 adducts	 34	 and	35	 in	 good	
yields	with	full	control	of	the	newly	created	vicinal	stereo-
centers.	A	 similar	 coupling	 of	 acyltelluride	36	 and	 oxime	
ether	 33	 (2	 equiv)	 produced	 the	 protected	 trihydroxy-
norvaline	 fragment	37	 in	81%	yield,	and	again	with	com-
plete	control	of	the	newly	formed	stereocenters.	In	subse-
quent	 steps,	34	 and	35	were	united	with	 fragment	37	 to	
eventually	yield	polyoxins	J	(38)	and	L	(39).		
Scheme	9.	Key	steps	in	the	synthesis	of	polyoxins	J	(38)	
and	L	(39)	by	Inoue	and	coworkers.	

 
The	ability	to	generate	carbon	radicals	 in	complex	 frag-

ments	harboring	a	high	degree	of	heteroatom	functionali-
ty—including	 oxygen	 substituents	 at	 the	 b-carbon—and	
the	capacity	to	form	fully	substituted	carbon	stereocenters	
in	 the	union	are	notable	advantages	of	employing	carbon	
radicals	 in	 fragment	 coupling	 reactions.	 In	 the	 remaining	
sections,	we	will	highlight	recent	examples	 in	which	 frag-
ment	 couplings	 of	 structurally	 elaborate	 trisubstituted	
carbon	 radicals	were	 utilized	 in	 the	 construction	 of	 com-
plex	natural	products.	In	a	recent	total	synthesis	of	ryano-
dol	(43)	by	Inoue	and	coworkers,	the	tetracyclic	trisubsti-
tuted	 carbon	 radical	 41	 harboring	 nine	 oxygen	 substitu-
ents	 is	generated	 from	thionocarbonate	precursor	40	and	
allylated	with	allyltributylstannane29	to	form	the	fully	sub-

stituted	 C-11	 stereocenter	 of	 product	 42	 in	 66%	 yield	
(Scheme	 10).30	 In	 a	 series	 of	 subsequent	 steps,	 the	 allyl	
substituent	 was	 elaborated	 to	 construct	 the	 remaining	
cyclohexane	ring	of	ryanadol	(43)	as	well	as	the	structural-
ly	 related	 natural	 products	 ryanodine,	 3-epi-ryanodol,	
ciennzeylanol,	and	cinncassiol	B.	
Scheme	10.	Key	step	 in	the	synthesis	of	ryanodol	(43)	
by	Inoue	and	coworkers.	

	
Over	 the	past	 decade,	 advances	 in	 the	 field	 of	 photore-

dox	catalysis	have	led	to	a	number	of	attractive	methods	to	
generate	 architecturally	 elaborate	 carbon	 radicals.9,10	 In	
2013,	 Li	 and	 coworkers	 reported	 the	 total	 syntheses	 of	
drimentines	 A,	 F	 (48)	 and	 G	 and	 indotertine	 A	 from	 a	
common	 intermediate	 generated	 by	 a	 fragment	 coupling	
reaction	mediated	by	photoredox	catalysis	 (Scheme	11).31	
Single-electron-transfer	 reduction	 of	 bromoindoline	 44	
promoted	 by	 the	 excited	 state	 of	 Ir(III)	 photocatalyst	46	
led	 to	 homolysis	 of	 the	C–Br	bond.	The	 resulting	 tertiary	
radical	intermediate	added	to	a	slight	excess	of	decalone	a-
methyleneketone	 45	 to	 generate	 an	 a-carbonyl	 radical,	
which	was	 reduced	 by	 Ir(II)	 or	 Et3N	 to	 generate	 coupled	
product	47.	Further	elaboration	of	47	gave	drimentines	A,	
F	(48),	G,	and	indotertine	A.	
Scheme	11.	Key	step	in	the	divergent	total	synthesis	of	
drimentines	 A,	 F	 (48)	 and	 G	 and	 indotertine	 A	 by	 Li	
and	coworkers.	

	
Among	the	most	challenging	radical	couplings	are	those	

that	combine	tertiary	and	secondary	carbons	to	form	new	
quaternary	and	tertiary	carbon	stereocenters.	In	2012,	our	
laboratory	 employed	 such	 a	 tactic	 to	 prepare	 the	 rear-
ranged	spongian	diterpenoid	(–)-aplyviolene	(55)	(Scheme	
12).32	After	initially	discovering	that	the	union	of	a	tertiary	
cuprate	derived	by	reductive	decyanation	of	hydroazulene	
nitrile	49	with	cyclopentenone	50	took	place	unexpectedly	
from	the	more	sterically	hindered	concave	 face	of	 the	cis-
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perhydroazulene	 fragment	 to	 form	 51	 (Scheme	 12a),	we	
turned	 to	 examine	 a	 tertiary	 radical	 as	 the	 nucleophilic	
partner	 of	 the	 critical	 fragment	 coupling.	 For	 the	 radical	
precursor	we	 employed	 an	NHPI	 ester,	which	 Okada	 and	
coworkers	had	shown	in	1988	would	undergo	decarboxy-
lative	fragmentation	to	form	carbon	radicals	when	exposed	
to	 a	 catalytic	 amount	 Ru(bpy)3Cl2,	 a	 Hantzsch	 ester,	 and	
visible-light.10a,10b	These	 esters	are	attractive	 carbon	radi-
cal	precursors	for	several	reasons,	including	their	stability	
and	potential	 crystallinity,	which	 contrasts	 to	more	 tradi-
tional	precursors	such	as	Barton	esters.	With	slight	modifi-
cations	 to	 Okada’s	 original	 conditions,	 crystalline	 NHPI	
ester	 52	 coupled	 with	 1.5	 equiv	 of	 enone	 53,	 forming	
product	54	 in	 61%	 yield	 with	 bond	 formation	 occurring	
exclusively	 from	 the	 less-hindered	 face	 of	 the	 cis-
perhydroazulene	 tertiary	 radical	 to	 correctly	 set	 the	 C-8	
and	C-14	 stereocenters	 of	 aplyviolene	 (55)(Scheme	12b).	
The	 major	 byproduct	 of	 this	 coupling	 was	 the	 dechloro	
analogue	of	adduct	54,	which	is	likely	produced	by	pho-
toredox-catalyzed	reduction	of	53.32	Thus,	the	congest-
ed	σ-bond	linking	the	quaternary	C-8	and	tertiary	C-14	
stereocenters	of	54	was	formed	in	nearly	80%.	The	high	
efficiency	of	this	demanding	bond	construction	prompt-
ed	 us	 to	 explore	 more	 generally	 the	 use	 of	 fragment	
coupling	reactions	of	tertiary	carbon	radicals.		
Scheme	12.	Fragment-coupling	strategies	employed	by	
Overman	 and	 coworkers	 in	 the	 synthesis	 of	 (–)-
aplyviolene	 (55).	 (a)	 Coupling	 of	 a	 tertiary	 organocu-
prate	 with	 a	 cyclopentenone	 yielding	 51,	 the	 unde-
sired	 epimer	 of	 the	 coupled	 product.	 (b)	 Fragment	
coupling	 using	 a	 tertiary	 radical	 generated	by	 visible	
light	 photoredox	 catalysis,	 yielding	 the	 desired	 epi-
mer,	the	coupled	product	54.	

	
In	2015,	 our	 laboratory,	 in	 collaboration	with	 the	Mac-

Millan	group	at	Princeton,	developed	a	procedure	in	which	
tert-alkyl	hemioxalate	salts	derived	 from	tertiary	alcohols	
are	employed	as	precursors	of	tertiary	radicals	under	pho-
toredox	 catalysis	 conditions.10k	 The	 only	 byproducts	 pro-
duced	 from	 these	 precursors	 upon	 radical	 formation	 are	
two	 equivalents	 of	 CO2,	 in	 contrast	 to	 an	 equivalent	 of	

phthalimide	and	a	pyridine	that	are		generated	using	Oka-
da’s	 conditions.	 The	 hemioxalate	 salt	 approach	was	 illus-
trated	 in	 an	 eight-step	 enantioselective	 total	 synthesis	 of	
trans-clerodane	 60	 (Scheme	 13).10k,33	 Reaction	 of	 trans-
decalone	56,	which	is	available	in	4	steps	and	84%	ee	from	
3-methylcyclohex-2-en-1-one,	with	MeMgBr	provided	ter-
tiary	 alcohol	57	 in	 86%	yield	as	 a	 single	epimer	 (Scheme	
13).34	Activation	of	 this	 tertiary	alcohol	 by	one-pot	acyla-
tion	with	methyl	 chlorooxoacetate	 and	 selective	 saponifi-
cation	with	CsOH	furnished	cesium	hemioxalate	58	in	90%	
yield.	 The	 reaction	 of	 this	 intermediate	 with	 1	 equiv	 of	
vinylbutenolide	59	 in	 the	presence	of	 Ir	 photocatalyst	46	
and	visible-light	gave	 trans-clerodane	60	 in	78%	yield	af-
ter	treatment	with	DBU	to	conjugate	the	minor	amount	of	
the	 b,g-unsaturated	 lactone	 regioisomer	 produced	 in	 the	
fragment	coupling	reaction.	 trans-Clerodane	60	was	used	
to	prepare	other	trans-clerodane	diterpenoids	such	as	(–)-
solidagolactone	(61).33	
Scheme	13.	Eight-step	enantioselective	total	synthesis	
of	 trans-clerodane	 diterpenoid	 60	 by	 Overman	 and	
coworkers.	

	
The	ability	 to	 carry	out	 fragment	coupling	of	 a	 tertiary	

alcohol	by	way	of	a	hemioxalate	salt	intermediate	in	a	sin-
gle	 step	was	 illustrated	recently	 in	 our	 total	 syntheses	of	
the	 rearranged	 spongian	 diterpenoids	 (+)-cheloviolene	 A	
(65)	 and	 (+)-cheloviolene	 B	 (67)	 (Scheme	 14).35	 These	
diterpenoids	 contain	 a	 cis-dioxabicyclo[3.3.0]octan-3-one	
fragment	 attached	 to	 the	C-8	 quaternary	 carbon	 of	 a	 cis-
perhydroazulene	moiety.	Although	the	configuration	at	C-8	
is	 identical	 in	 these	 two	 natural	 products,	 the	 cis-
dioxabicyclo[3.3.0]octan-3-one	units	are	enantiomeric.	The	
key	 challenge	 in	 these	 total	 syntheses	 is	 stereoselective	
formation	of	the	C-8/C-14	s-bond	that	links	the	two	chiral	
bicyclic	 fragments.	 The	 critical	 fragment	 coupling	 step	 in	
the	synthesis	of	(+)-cheloviolene	A	is	illustrated	in	Scheme	
14a.	The	 enantiopure	 alcohol	62	 is	 first	 converted	 to	 the	
corresponding	 tertiary	 potassium	 oxalate	 salt	 by	 sequen-
tial	 treatment	 with	 oxalyl	 chloride	 and	 aqueous	 K2HPO4.	
Addition	of	1	equiv	of	chlorobutenolide	63	derived	from	D-
menthol,35	photocatalyst	46	and	irradiation	with	blue	LEDs	
promotes	 stereoselective	 fragment	 coupling.	 Finally,	 the	
chlorine	 substituent,	 whose	 presence	 leads	 to	 a	 higher	
yield	 in	 the	coupling	reaction,	 is	removed	 in	 situ	 by	 addi-
tion	 of	 tri-(n-butyl)amine	 and	 further	 irradiation	 to	 pro-
mote	 photoredox-catalyzed	 reductive	 dechlorination	 to	
give	 product	 64	 in	 76%	 yield	 as	 a	 single	 stereoisomer.	
Construction	 of	 the	 cis-dioxabicyclo[3.3.0]octan-3-one	
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fragment	was	accomplished	 in	 four	additional	steps,	com-
pleting	 the	 enantioselective	 total	 synthesis	 of	 (+)-
cheloviolene	A	(65).	One	advantage	of	synthetic	strategies	
that	 involve	the	 late-stage	union	of	two	enantiopure	 frag-
ments	 is	 the	 easy	 modification	 of	 the	 synthetic	 route	 to	
provide	diastereomeric	products.	Thus,	identical	fragment	
coupling	of	tertiary	alcohol	62	with	the	enantiomeric	chlo-
robutenolide	 (ent-63)	 gave	 the	diastereomeric	adduct	66	
in	68%	yield,	which	in	four	additional	steps	provided	(+)-
cheloviolene	B	(67).35b	
Scheme	14.	Key	steps	in	the	enantioselective	total	syn-
theses	of	(+)-cheloviolene	A	(65)	and	(+)-cheloviolene	
B	(67)	by	Overman	and	coworkers.	

	
	
One	final	example	of	uniting	a	trisubstituted	radical	with	

a	 radical	 acceptor	 to	 forge	 contiguous	 carbon	 stereocen-
ters	is	found	in	the	first	step	of	a	radical	cascade	sequence	
we	employed	to	accomplish	a	second-generation	total	syn-
thesis	of	a	(+)-chromodorolide	B	(70).36	The	pivotal	union	
of	NHPI	ester	68	with	1	equiv	of	chlorobutenolide	ent-63	
was	realized	by	irradiation	with	blue	LEDs	in	the	presence	
of	 Ir	 photocatalyst	 46	 and	 a	 Hantzsch	 ester,	 followed	 by	
addition	of	 tri-(n-butyl)amine,	to	give	pentacyclic	product	
69	 in	57%	yield	with	high	stereoselectivity	(Scheme	15a).	
This	reaction	could	also	be	performed	in	similar	yield	with	
the	 organic	 photocatalyst,	 4CzIPN,37	 eliminating	 the	 need	
for	 the	 expensive	 Ir	 catalyst.	 Four	 contiguous	 stereocen-
ters	are	formed	in	this	cascade	reaction,	which	is	believed	
to	proceed	 in	 the	manner	outlined	 in	 Scheme	15b.	 In	 the	
fragment	 coupling	 step,	 the	 acetonide	 radical	 generated	
from	 NHPI	 ester	 68	 reacts	 with	 good	 stereoselectively	
from	 the	 face	 of	 the	 acetonide	 radical	 proximal	 to	 the	
trans-hydrindane	 fragment17	 and	 from	the	 face	of	 the	bu-
tenolide	opposite	to	the	alkoxy	substituent	to	produce	 in-
termediate	71	and	 form	the	C-12	and	C-13	stereocenters.	
This	 intermediate	 then	undergoes	5-exo	 cyclization	 selec-
tively	from	a	geometry	that	positions	the	chlorine	substit-
uents	 anti,	 avoiding	 a	 destabilizing	 chlorine–chlorine	 in-
teraction,	 to	yield	 intermediate	72	and	set	 the	C-8	and	C-
14	 stereocenters.	 The	 cascade	 is	 terminated	 by	 b-
fragmentation	of	 the	hydrindane	radical	72	 and	the	C-14	

chloride	 substituent	 is	removed	 in	 situ	 by	photocatalyzed	
reduction	to	yield	product	69.			
Scheme	15.	The	central	step	 in	the	second-generation	
total	 synthesis	 of	 (–)-chromodorolide	 B	 by	 Overman	
and	coworkers.	(a)	The	central	fragment	coupling	cas-
cade	 reaction,	 and	 (b)	 the	 two	 radical	 intermediates	
likely	involved	in	the	formation	of	product	69.		

	
	
Uniting	 two	different	 tertiary	 carbons	 to	 form	 contigu-

ous	 stereogenic	 quaternary	 carbon	 atoms	 is	 a	 daunting	
challenge	 in	 stereoselective	 synthesis.38	 In	 2017,	 Movas-
saghi	and	Lindovska	reported	 the	convergent	and	 enanti-
oselective	total	syntheses	of	several	oligo	cyclotryptamine	
alkaloids	 by	 way	 of	 unsymmetrical	 bis-	 and	 tris-diazine	
cyclotryptamine	 intermediates,	 which	 upon	 photoextru-
sion	of	N2	generate	two	radicals	that	combine	to	form	chal-
lenging	C–C	s-bonds.	This	clever	 strategy	 is	 illustrated	 in	
Scheme	 16	 for	 the	 total	 synthesis	 of	 (–)-hodgkinsine	 B	
(76).39	 Utilizing	 previously	 developed	 conditions,	 a	 thin	
film	of	nonacyclic	bis-diazine	73	was	photolyzed	at	380	nm	
to	cleave	the	more	labile	C3a’–C3a”	diazine	forming	a	pair	
of	 tertiary	 carbon	 radicals	 that	 unite	 to	 give	74,	 thereby	
forming	the	sterically	crowded	contiguous	C-3a'	and	C-3a'	
quaternary	 stereocenters.	 	Further	photolysis	 of	74	 using	
higher	 energy	300	nm	 light	 fragments	 the	 second	diazine	
unit	 to	 afford	 the	 desired	 trimer	 75	 in	 51%	 yield.	 The	
complete	stereocontrol	realized	in	both	bond	formations	is	
a	result	of	selective	reaction	of	the	benzylic	tertiary	radical	
from	the	convex	face	of	the	cyclotryptamine	fragment	and	
coupling	 of	 the	 radicals	 prior	 to	 their	 diffusion	 from	 the	
radical	pair	cage.	Coupled	product	75	was	then	elaborated	
to	 (–)-hodgkinsine	 B	 (76),	 completing	 its	 synthesis	 in	 a	
notable	7	 steps	 from	 readily	 available	precursors.	Movas-
saghi	 and	 Lindovska	 demonstrated	 the	 generality	 of	 this	
convergent	and	directed	 assembly	approach	by	also	 com-
pleting	enantioselective	total	syntheses	of	(–)-hodgkinsine,	
(–)-calycosidine,	(–)-quadrigemine	C,	and	(–)-psycholeine.	
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Scheme	 16.	 Key	 fragment-coupling	 steps	 in	 the	 total	
synthesis	of	(–)-hodgkinsine	B	(76)	by	Movassaghi	and	
Lindovska.	

 
SUMMARY AND FUTURE OUTLOOK 
The	examples	discussed	in	this	Perspective	highlight	the	

utility	of	bimolecular	reactions	of	carbon-based	radicals	to	
unite	 structurally	 complex	 fragments	 by	 forming	 new	
C(sp3)–C(sp3)	s-bonds	 in	 the	key	steps	of	natural	product	
total	 syntheses.	These	 studies	 demonstrate	 that	 even	 de-
manding	C(sp3)–C(sp3)	s-bonds	that	unite	tertiary	and	sec-
ondary	carbons,	or	two	tertiary	carbons,	can	be	fashioned	
using	carbon	radicals	under	mild	conditions	with	high	se-
lectivity.	 In	 addition,	 the	 critical	 ability	 to	 join	 fragments	
using	equal,	or	nearly	equal,	amounts	of	the	two	addends	is	
now	 demonstrated	 in	 a	 few	 cases.32,34,35	 The	 potential	 for	
future	developments	in	this	area	to	elevate	carbon	radical	
fragment-coupling	processes	 into	 the	small	set	of	broadly	
reliable	 reactions	 for	 joining	 structurally	 complex	 frag-
ments	in	convergent	synthesis	is	apparent.	
In	 light	 of	 the	 tremendous	 breadth	 of	 carbon	 radical	

chemistry,6-8	it	is	also	evident	in	our	discussion	that	only	a	
limited	variety	of	reactions	have	been	employed	to	date	to	
couple	 structurally	elaborate	 carbon	radicals	with	carbon	
acceptors	 to	 fashion	 new	 C(sp3)–C(sp3)	 s-bonds.	 For	 ex-
ample,	all	the	recent	examples	we	considered	involved	the	
reaction	 of	 a	 carbon	 radical	with	 a	p-bond;	with	but	 one	
exception,	it	was	a	p-bond	of	an	alkene.	Moreover,	the	ma-
jority	 of	 such	 alkene	 couplings	 were	 of	 a	 single	 polarity	
type—Giese	 reactions	 in	 which	 an	 electron-rich	 carbon	
radical	 is	 united	 with	 an	 electron	 poor	 alkene.	 Another	
feature	of	note	is	that	stereoselection	in	each	case	we	con-
sidered	resulted	from	substrate	control,	with	the	prochiral	
radical	 carbon	 and	 the	 prochiral	 sp2-carbon	 it	 engaged	
reacting	 from	 their	 respective	 sterically	 most	 accessible	
faces.	
It	is	easy	to	anticipate	many	future	developments	in	the	

nature	of	the	coupling	partner	of	the	carbon-centered	radi-
cal.	 Besides	expansions	 to	 the	range	of	C=Y	p-bonds	used	
in	 fragment	 couplings,	 enormous	 opportunities	 for	 em-
ploying	 organometallic	 intermediates	 having	C(sp3)–M	s-
bonds	 are	 evident.	 The	 foundation	 for	 such	 radical-polar	

coupling	processes	has	been	established	by	numerous	pio-
neering	recent	 studies	 of	metal-catalyzed	 substitution	re-
actions	 that	 proceed	 by	 way	 of	 radical	 intermediates.40	
Nickel	catalysis	 plays	a	prominent	role	 in	 these	discover-
ies,	 although	 catalysis	 by	 complexes	 of	 other	 group	 (10)	
and	 group	 (11)	 metals	 are	 plausible.	 Such	 C(sp3)–C(sp3)	
couplings	 of	 organometallic	 intermediates	 generated	 in	
situ	 from	 halide	 or	 related	 precursors,	 or	 preformed	 in-
termediates	 such	as	 organozinc	 and	organoboron	 species	
are	possible.	The	participation	of	radical	 intermediates	 in	
such	processes	has	already	been	demonstrated,	via	radical	
generation	 by	 either	 single-electron	 transfer	 from	 metal	
complexes40a-d	or	by	photoredox	catalysis40e.	Only	a	hint	at	
what	 the	 scope	 of	 radical-polar	 cross-coupling	 reactions	
that	 form	C(sp3)–C(sp3)	s-bonds	 is	currently	 available.	 In	
addition,	which	 of	 these	 processes	 are	 sufficiently	 robust	
to	 allow	 them	 to	 be	 incorporated	 in	 late-stage	 fragment	
coupling	remains	to	be	defined.	
Another	 area	 that	will	 no	 doubt	 see	 future	 advances	 is	

the	 generation	 of	 carbon-centered	 radicals	 from	 unfunc-
tionalized	 precursors	 via	 C–H	 activation.	 In	 recent	 years,	
progress	has	been	made	in	this	field	by	the	groups	of	Mac-
millan,	 Doyle,	 Nicewicz,	 Alexanian,	 Barriault	 and	
others.10h,41	However,	 nearly	 all	 of	 the	 reported	 examples	
involve	 activation	 of	 weak	 a-C–H	 bonds	 of	 alcohols	 or	
ethers.	Future	developments	in	C–H	activation	for	the	for-
mation	of	a	wider	variety	of	carbon-centered	radicals	will	
likely	have	a	significant	future	impact.	
Opportunities	to	 impart	external	control	of	stereoselec-

tion	 in	 bimolecular	 reactions	 of	 carbon-based	 radicals	 to	
form	C(sp3)–C(sp3)	s-bonds	are	 also	 apparent.	MacMillan	
and	Fu	have	demonstrated	that	high	 levels	of	enantiocon-
trol	can	be	achieved	in	such	processes	by	employing	chiral	
bis(oxazoline)	nickel	complexes,	particularly	in	the	enanti-
oselective	 decarboxylative	 arylation	 of	 a-amino	 acids.42	
Moreover,	 a	 key	 area	 for	 future	 development	will	 be	 the	
extension	of	this	strategy	to	 the	enantioselective	coupling	
of	tertiary	radicals	to	forge	quaternary	centers,	a	pioneer-
ing	 example	 of	 which	 was	 recently	 reported	 by	 Fu	 and	
coworkers.43	
Even	in	the	area	of	coupling	of	structurally	elaborate	nu-

cleophilic	 carbon	 radicals	 with	 electrophilic	 alkenes,	 the	
scope	 is	currently	quite	 limited.	For	example,	 in	 our	 own	
studies	we	have	seen	that	the	coupling	of	tertiary	radicals	
with	 cyclopent-2-en-1-ones	 or	 butenolides	 are	 often	 effi-
cient,	 whereas	 identical	 Giese	 reactions	 with	 cyclic	 six-
carbon	 or	 greater	 radical	 acceptors	 are	 poor,	 as	 are	 cou-
pling	reactions	that	would	fashion	two	contiguous	quater-
nary	carbon	centers.	Thus,	the	ability	to	activate	the	elec-
trophilic	radical	acceptor	is	a	key	advance	that	remains	to	
be	developed	and	would	greatly	expand	the	utility	of	 this	
class	of	radical	fragment	couplings.	
While	many	of	examples	highlighted	 in	this	Perspective	

rely	on	the	mild	conditions	afforded	by	visible-light	photo-
redox	catalysis	for	carbon	radical	generation,	the	majority	
of	these	examples	rely	on	expensive	precious	metal	Ru	and	
Ir	bipyridyl	complexes.	For	this	reason,	the	need	to	devel-
op	more	 sustainable	 catalysts	 to	promote	 these	reactions	
is	apparent.	Organic	photosentitizers	are	expected	to	play	
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a	prominent	role	in	newly	developed	photoredox	method-
ologies,	as	their	utility	has	already	been	demonstrated	by	a	
variety	of	groups.44	Another	viable	alternative	 is	to	utilize	
inorganic	 semiconductors	 as	 heterogeneous	 photocata-
lysts.	 While	 further	 development	 of	 these	 materials	 for	
their	 use	 in	 organic	 synthesis	 is	 required,	 their	 possible	
utility	 has	 recently	 been	 demonstrated	 by	 the	 groups	 of	
König,	Pericàs,	Scaiano	and	Yoon.45	With	the	ability	to	easi-
ly	recover	and	reuse	 inorganic	semiconductors,	 these	ma-
terials	are	expected	 to	have	a	significant	 impact	 in	the	 fu-
ture	development	of	more	sustainable	catalytic	protocols.	
Looking	 forward,	 it	will	 be	exciting	 to	 see	 the	develop-

ment	and	 further	utilization	of	 carbon-based	radical	 frag-
ment	couplings	in	natural	product	total	synthesis.	With	the	
mild	conditions	and	wide	array	of	methodologies	available	
to	synthetic	chemists,	we	expect	these	carbon-based	radi-
cal	 fragment	 couplings	 to	 become	 even	 more	 powerful	
tools	for	the	construction	of	complex	molecules.	
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