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ABSTRACT:	Solid-state	photodecarbonylation	is	an	attractive	but	underutilized	methodology	to	forge	hindered	C–C	bonds	
in	complex	molecules.	This	study	discloses	 the	use	of	 this	 reaction	 to	assemble	 the	vicinal	quaternary	stereocenter	motif	
present	 in	bis(cyclotryptamine)	alkaloids.	Our	strategy	was	enabled	by	experimental	and	computational	 investigations	of	
the	role	of	substrate	conformation	on	the	success	or	failure	of	the	solid-state	photodecarbonylation	reaction.	This	informed	
a	crystal	engineering	strategy	 to	optimize	 the	key	step	of	 the	 total	 synthesis.	Ultimately,	 this	endeavor	culminated	 in	 the	
successful	 synthesis	 of	 the	 bis(cyclotryptamine)	 alkaloid	 “psychotriadine,”	which	 features	 the	 elusive	 piperidinoindoline	
framework.	Psychotriadine,	a	previously	unknown	compound,	was	identified	in	the	extracts	of	the	flower	Psychotria	colora-
ta,	suggesting	it	is	a	naturally	occurring	metabolite.		

INTRODUCTION	
Photochemistry	has	become	an	increasingly	powerful	tool	in	

modern	 organic	 synthesis.1	 One	 particularly	 interesting	 class	 of	
photochemical	 transformations	 with	 great	 potential	 involves	
reactions	 conducted	 in	 the	 crystalline	 solid	 state.	 Such	 transfor-
mations	are	attractive	because	of	the	opportunity	to	control	vari-
ous	selectivities	(stereo-,	regio-,	and	chemo-),	potential	for	scala-
ble	 green	 chemistry,	 and	 ability	 to	 form	 strained	 or	 congested	
frameworks.2		

Our	 laboratory	has	been	particularly	 interested	 in	photode-
carbonylation	 reactions	 that	 occur	 in	 the	 crystalline	 solid	 state,	
and	we	 have	 demonstrated	 their	 potential	 for	 the	 stereospecific	
assembly	of	vicinal	quaternary	centers	 (Figure	1a).2a,3	The	 intro-
duction	of	vicinal	quaternary	stereocenters	has	remained	a	long-
standing	 challenge	 in	 organic	 synthesis.4	 An	 attractive	 approach	
to	 this	motif,	1,	 is	 via	 direct	 coupling	 of	 two	 prochiral	 aliphatic	
radicals	2.	In	turn,	radicals	2	can	be	generated	from	the	photode-
carbonylation	 of	 hexasubstituted	 ketone	3.	 Whereas	 in	 solution	
the	 coupling	 of	 prochiral	 radicals	 can	 lead	 to	 complex	 product	
mixtures,	the	corresponding	process	in	the	crystalline	solid	state	
can	result	in	high-yielding	stereospecific	recombination.2a	Despite	
promising	 investigations	 into	 fundamental	 reactivity,	 this	 solid-
state	approach	has	seen	little	use	in	natural	product	synthesis3c,d,e	
and	has	not	been	used	to	construct	complex	alkaloids.	Moreover,	
the	 understanding	 of	 how	 substrate	 conformations	 relate	 to	 the	
success	 or	 failure	 of	 solid-state	 photodecarbonylation	 reactions	
has	remained	underexplored.	
		With	 the	 aforementioned	 motivations	 in	 mind,	 we	 sought	 to	
evaluate	 solid-state	 photodecarbonylation	 chemistry	 in	 the	 con-
text	 of	 the	bis(cyclotryptamine)	 alkaloids	 (Figure	1b).	This	 class	
of	natural	products,	arising	from	common	biosynthon	8,	 features	
vicinal	 quaternary	 stereocenters	 and	 has	 been	 popular	 amongst	
synthetic	 chemists	 for	many	decades.5	 In	 addition,	 this	 family	of	
small	molecules	possesses	a	rich	history,	stemming	from	the	iso-
lation	report	of	calycanthine	(4)	in	1888	and	the	subsequent	dis-
covery	of	related6	natural	products	(e.g.,	5	and	6),	representing	a	
total	 of	 four	unique	 constitutional	 isomers.7	 Interestingly,	 a	 fifth	
piperidinoindoline	isomer	7	was	proposed	by	Robinson	in	1954,	 

 

Figure 1. Solid-state photodecarbonylation to introduce vici-
nal quaternary stereocenters and overview of select 
bis(cyclotryptamine) alkaloids. 

but	 has	 never	 been	 isolated	 from	 a	 natural	 source.8,9	 Given	 the	
widespread	interest	in	these	compounds	and	their	complex	struc-
tures	 bearing	 vicinal	 quaternary	 stereocenters,	 we	 deemed	 the	
bis(cyclotryptamine)	 alkaloids	 an	 ideal	 arena	 to	 test	 the	 solid-
state	photodecarbonylation	methodology.	
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				Our	laboratory	recently	described	the	successful	application	of	
solid-state	photodecarbonylation	chemistry	in	the	total	synthesis	
of	 a	 bis(cyclotryptamine)	 alkaloid.10	 Here,	 we	 disclose	 our	 full	
investigation	of	the	key	photodecarbonylation	step,	including	the	
evaluation	 of	 11	 different	 crystalline	 substrates.	 By	 analysis	 of	
substrate	 conformation	 via	 X-ray	 structures	 and	 computational	
modeling,	 we	 provide	 the	 physical	 organic	 underpinnings	 that	
explain	 the	 success	 or	 failure	 of	 the	 key	 photodecarbonylation	
step.	 These	 efforts	 demonstrate	 that	 the	 transformation	 can	 be	
optimized	 by	 manipulating	 the	 crystalline	 conformation	 of	 the	
necessary	hexasubstituted	ketone	substrate.	Ultimately,	our	crys-
talline	conformation-based	approach	enabled	the	formation	of	the	
challenging	 vicinal	 quaternary	 stereocenters	 present	 in	 biosyn-
thon	8.	These	efforts	culminated	in	the	total	synthesis	of	a	natural	
product	 that	 had	 previously	 been	 overlooked	 in	 plant	 isolations	
and	 features	 the	 final,	 elusive	 piperidinoindoline	 scaffold	 of	 the	
bis(cyclotryptamine)	alkaloids.	
 
RESULTS AND DISCUSSION 
Retrosynthetic Analysis 

Our	 retrosynthetic	 analysis	 of	 common	biosynthon	8	 is	 de-
picted	in	Figure	2.	It	was	envisioned	that	8,	or	a	dehydrated	syn-
thetic	 congener	 thereof,	 would	 arise	 from	 late-stage	
bis(amination)	and	reduction	of	 intermediate	9.	 In	 turn,	9,	bear-
ing	 the	 requisite	 vicinal	 quaternary	 stereocenters,	 would	 be	 ac-
cessed	via	 a	key	 solid-state	photodecarbonylation	of	hexasubsti-
tuted	ketone	11	via	the	intermediacy	of	radical	pair	10.	Although	
both	radical	centers	would	be	stereochemically	labile	in	interme-
diate	10,	 it	was	anticipated	that	the	rigidity	of	the	crystalline	lat-
tice	would	affect	the	transfer	of	stereochemical	information	from	
11	 to	9.	Finally,	11	would	be	constructed	rapidly	by	the	conver-
gent	 coupling	 of	 two	 equivalents	 of	 lithium	 enolate	 12	 with	 an	
equivalent	of	phosgene	(13).	
 

 

Figure 2. Retrosynthetic analysis of biosynthon 8. 

At	the	outset	of	this	research	pursuit,	it	was	anticipated	that	
a	major	challenge	in	our	synthetic	strategy	would	be	the	prepara-
tion	 of	 9	 bearing	 amines	 on	 the	 ortho	 position	 of	 the	 aromatic	
rings.	 Introduction	 of	 protected	 amines	 at	 this	 position	 early	 in	
the	synthesis	would	be	ideal,	but	the	steric	crowding	imparted	by	
ortho	 substituents	 in	 close	 proximity	 to	 the	 quaternary	 centers	
would	make	the	assembly	of	 the	corresponding	ketone	challeng-
ing.11	Additionally,	it	was	envisioned	that	the	increased	steric	bulk	
resulting	 from	these	substituents	may	also	hinder	C–C	bond	 for-
mation	from	radical	pair	10.	To	address	these	concerns,	two	clas-

ses	of	ketone	substrates,	ortho	C–H	(11a–c)	and	ortho	C–X	(11d–
f)	 (Figure	2),	 that	would	be	synthetically	accessible	 from	a	com-
mon	route	were	 targeted.	 It	was	hypothesized	 that	 the	photode-
carbonylation	 of	 ketones	11a–c	would	 occur	 selectively	 and	 the	
resulting	products	9a–c	could	be	functionalized	by	directed	ortho	
C–H	metalation/amination.	 It	 was	 predicted	 that	 ketones	11d–f	
could	 be	 competent	 substrates	 for	 photodecarbonylation	 to	 ac-
cess	9d–f,	and	that	the	ortho-Cl,	-Br,	and	-OMe	substituents	could	
function	as	synthetic	handles	for	a	metal-catalyzed	amination.12 
Synthesis and Photodecarbonylation of Crystalline Ketones 

Photodecarbonylation	substrates	11a–c	were	prepared	 in	a	
straightforward	 manner	 from	 readily	 available	 diesters	 14	
(Scheme	 1).13	 Malonic	 esters	 14	 were	 subjected	 to	 a	 two-step	
alkylation/reductive	 cyclization	 sequence	 to	 furnish	 pyrroli-
dinones	15	in	good	yield.	N-methylation	of	15	under	basic	condi-
tions	 provided	 16	 in	 60–87%	 yield.	 In	 turn,	 N-
methylpyrrolidinones	16	were	cleanly	converted	to	17	via	a	one-
pot	protocol	 involving	ester	 saponification	and	 subsequent	acid-
mediated	decarboxylation.	 Finally,	 treatment	 of	 lactams	17	with	
LiHMDS	 provided	 the	 corresponding	 enolates,	 which	 were	 cou-
pled	with	phosgene	 (13)	 to	deliver	ketones	11	 in	49–64%	yield	
and	with	high	diastereoselectivity.	While	11a	was	a	high-melting	
crystalline	solid,	11b	was	a	viscous	oil	at	room	temperature	(and	
therefore	not	 a	 candidate	 for	 a	 solid-state	photodecarbonylation	
reaction).14	 However,	 after	 efficiently	 cleaving	 the	 aryl-methyl	
ethers	of	11b	using	BBr3,	we	were	delighted	to	find	that	phenolic	
ketone	11c	was	a	crystalline	solid. 
Scheme 1. Synthesis	of	ketone	substrates	11a–c.	

 
 

The	 preparation	 of	 ketones	11d–f	 is	 shown	 in	 Scheme	 2.13	
The	 beginning	 of	 this	 synthetic	 sequence	 mirrored	 that	 for	 ke-
tones	11a–c.	A	two-step	annulation	of	malonic	esters	14	and	sub-
sequent	N-methylation	 cleanly	 furnished	 pyrrolidinones	 16.	 Sa-
ponification	of	the	ester	in	16,	followed	by	decarboxylation,	pro-
vided	enolate	precursors	17	 in	79–90%	yield.	Unfortunately,	we	
observed	 that	 the	 reaction	of	17d–f	with	phosgene	 (13)	did	not	
provide	 ketone	 11	 and	 instead	 resulted	 in	 substantial	 non-
specific	decomposition	(not	shown).	To	circumvent	this	issue,	we	
constructed	acid	chloride	18	in	a	two-step	sequence	from	pyrrol-
idinone	16.	This	electrophile	was	then	efficiently	coupled	with	the	
lithium	enolate	derived	from	17	to	provide	ketones	11d–f	in	good	
to	excellent	yields	and	with	high	diastereoselectivity.	
			Once	we	had	prepared	ketones	11a–f,	we	next	turned	our	atten-
tion	to	evaluating	their	reactivities	in	the	key	solid-state	photode-
carbonylation	 reaction	 that	 forges	 the	vicinal	quaternary	 stereo-
centers	 present	 in	 the	bis(cyclotryptamine)	 alkaloids	 (Figure	3).	
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In	 exploring	 the	 photodecarbonylation	 of	 these,	 a	wide	 range	 of	
reactivity	was	observed.	Substrates	11a	and	11c	were	irradiated 
Scheme 2. Synthesis	of	ketone	substrates	11d–f.	

 
in	the	solid-state	and	proceeded	smoothly	to	provide	9a	and	9c	in	
59%	 and	 35%	 yield,	 respectively.15	 Although	 identifiable	 side	
products	 were	 not	 observed	 from	 the	 photodecarbonylation	 of	
11c,16	the	reaction	of	11a	also	gave	rise	to	products	17a	and	19a	
(Figure	 3,	 top),	 presumably	 via	 a	 competing	 radical	 pair	 dispro-
portionation	 process.17	 Unfortunately,	 ortho-substituted	 ketones	
11d–f	performed	poorly	in	the	desired	C–C	bond	formation.	Solid-
state	irradiation	of	ketones	11d	and	11e	resulted	in	9%	and	8%	
yields	of	9d	and	9e,	respectively,	while	 irradiation	of	ketone	11f	
gave	no	identifiable	recombination	product	9f.18	As	was	the	case	
for	 ketone	11a,	 the	 photodecarbonylation	 of	 ketones	11d–f	 dis-
played	 a	 competitive	 disproportionation	 reaction	 pathway	 that	
was	the	major	reaction	outcome	for	these	substrates.19	

Interestingly,	we	noted	a	correlation	between	the	relative	se-
lectivity	 of	 radical	 pair	 10	 undergoing	 recombination	 over	 dis-
proportionation	to	the	size	of	the	ortho-substituent	(quantified	by	
the	 A-value).20	 Ketones	 11a	 and	 11c	 bearing	 only	 a	 hydrogen	
atom	 (A-value	 =	 0)	 at	 the	 ortho	position	 underwent	 recombina-
tion	 to	 give	9a	 and	9c,	 respectively,	 as	 the	major	 products.	 Ke-
tones	11d–f,	bearing	ortho-substituents,	displayed	lower	yields	of	
9d–f,	 and	 showed	 a	 higher	 incidence	 of	 disproportionation.	 In-
trigued	by	 these	 results,	we	 sought	 to	understand	 the	 structural	
factors	 that	 guide	 the	 outcome	 of	 the	 solid-state	 photodecar-
bonylation	reaction.	

Based	 on	 close	 inspection	 of	 substrate	 X-ray	 crystal	 struc-
tures,	we	offer	the	analysis	shown	in	Figure	4	to	explain	the	sensi-
tivity	of	 the	photodecarbonylation	reaction	 to	aromatic	substitu-
ents.	We	postulate	that	radical	pair	10	is	prevented	from	forming	
a	C–C	bond	due	to	steric	clash	between	the	ortho-substituent	on	
one	radical	 fragment	and	 the	aromatic	 ring	on	 the	other	 (Figure	
4a).	The	proposed	repulsive	interactions	can	further	be	observed	
in	 the	X-ray	 crystal	 structures	of	 the	 substrates	 (Figure	4b	&	 c).	
For	 ketones	11d–f,	 steric	 congestion	 is	 observed	 in	 the	 interac-
tion	 between	 the	 ortho-substituent	 on	 one	 half	 of	 the	 molecule	
and	 the	 aryl	 ring	 on	 the	 other	 (interaction	 depicted	 with	 a	 red	
arrow).	 Notably,	 such	 interactions	 are	 not	 present	 in	 ketones	
without	ortho	functionality	(i.e.,	11a	and	11c).21	Since	the	radical	
centers	in	10	must	move	closer	to	one	another	by	approximately	
1.2	Å	to	generate	a	C–C	bond,	these	close	interactions	in	the	sub-
strate	 are	 likely	 to	 become	 strongly	 repulsive	 at	 the	 transition	
state.	 It	 is	 important	to	note	that	reactions	that	take	place	 in	the	
crystalline	solid	state	are	governed	by	the	topochemical	principle	
and	favor	reaction	pathways	with	minimal	atomic	motion.22	As		
 

Figure 3. Photodecarbonylation of ketones 11 (yields resulting 
from decarbonylation of substrates 11c–f determined using 
qNMR). 

 

Figure 4. Crystalline conformation dictates radical–radical re-
combination trajectory. 

such,	 the	 conformational	 features	 observed	 in	 the	 X-ray	 crystal	
structures	 of	 the	 substrate	 are	 likely	 to	 also	 be	 present	 in	 the	
reactive	intermediates	and	transition-state	structures. 
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		Given	 the	 efficiency	 of	 the	 solid-state	 photodecarbonylation	 of	
11a	 to	give	9a,	we	pursued	a	C–H	 functionalization	approach	 to	
install	 the	requisite	ortho-C–N	bonds	in	9a	 (Scheme	3).23	We	hy-
pothesized	 that	 the	 pyrrolidinone	 oxygens	may	 function	 as	 con-
venient	 directing	 groups	 for	 either	 transition	 metal-catalyzed	
ortho	 functionalization24	 or	 directed	 lithiation.25	 Unfortunately,	
despite	extensive	experimentation,	we	were	unable	to	functional-
ize	the	arene	and	most	attempts	either	returned	starting	material	
or	resulted	in	substantial	non-specific	decomposition.	Interesting-
ly,	we	found	that	the	use	of	alkyllithium	bases	resulted	in	depro-
tonation	of	the	N-methyl	groups	on	9a	to	give	the	corresponding	
primary	 carbanion	 (not	 shown).26	 In	 order	 to	 circumvent	 this	
issue,	 we	 sought	 to	 construct	 a	 derivative	 of	 9a	 with	 cleavable	
protecting	groups	on	the	nitrogen.	This	would	allow	for	the	intro-
duction	 of	 N-substituents	 that	 would	 not	 undergo	 competitive	
activation.	
Scheme 3. Attempted directed ortho-metalation / functionali-
zation. 

 
 

In	pursuit	of	a	derivative	of	9a	with	cleavable	N-substituents,	
ketone	precursor	20	 (Figure	5)	was	prepared.27	To	our	surprise,	
inspection	of	the	X-ray	crystal	structure	of	20	revealed	a	different	
ketone	 conformation	 compared	 to	 our	 previous	 observations,	
leading	us	 to	suspend	our	efforts	 toward	C–H	activation,	and	 in-
stead	focus	on	manipulating	the	conformation	of	the	ketone	sub-
strate	 to	 optimize	 the	 solid-state	 photodecarbonylation	 reaction	
(Figure	 5).	 As	 noted	 previously,	 it	 is	 likely	 that	 the	 solid-state	
conformations	of	ketones	11d–f	prevent	successful	decarbonyla-
tive	C–C	bond	 formation	due	 to	a	growing	steric	 clash	 in	 radical	
pair	10.	Based	on	the	striking	change	in	crystalline	conformation	
between	11a	 and	20	(Figure	5a),	we	hypothesized	 that	 the	con-
formation	of	ortho-functionalized	ketone	21	could	also	be	altered	
by	modifying	 the	N-substituents.	 An	 alternative	 conformation	 of	
21	could	lead	to	hypothetical	radical	pair	22	that	does	not	feature	
a	 steric	 clash	 that	 prevents	 the	 formation	 of	 23.	 Therefore,	 we	
sought	to	explore	whether	conformational	manipulation	could	be	
used	 to	 give	 a	 ketone	 that	 both	 includes	 ortho-	 aryl	 halides	 or	
pseudohalides	 for	 late-stage	 metal-catalyzed	 amination	 and	 the	
ability	 to	 undergo	 efficient	 solid-state	 photodecarbonylation	 to	
forge	the	desired	vicinal	quaternary	stereocenters.	

In	 order	 to	 prepare	 ketones	 21	 bearing	 modifiable	 N-
substituents,	 we	 conducted	 the	 synthetic	 sequence	 depicted	 in	
Scheme	 4.28	 First,	 ortho-chloro	 and	 ortho-bromo	 pyrrolidinones	
15	 were	 cleanly	 converted	 to	 para-methoxybenzyl	 (PMB)	 pro-
tected	 substrates	 24	 under	 basic	 conditions.	 At	 this	 point	 the	
synthesis	diverged.	Esters	24	were	saponified	and	then	thermally	
decarboxylated	 to	 provide	25	 in	 79–90%	 yield.	 Esters	24	 were	
also	converted	to	acid	chlorides	26	by	a	two-step	saponification	/	
dehydrochlorination	 protocol.	 Pyrrolidinones	 25	 were	 then	
deprotonated	with	LiHMDS	and	the	resultant	enolates	were	cou-
pled	with	acid	chlorides	26	to	furnish	PMB-protected	amides	27.	
As	was	 observed	 in	 the	 construction	 of	11,	 formation	 of	27	 oc-
curred	 with	 exquisite	 diastereoselectivity,	 presumably	 due	 to	 a	
highly	 ordered	 transition	 state	 mediated	 by	 Li+	 chelation.27	 In	
efforts	to	cleave	the	PMB	protecting	groups,	ketones	27	were	then	
treated	with	ceric	ammonium	nitrate	(CAN),	which	unexpectedly	
furnished	 a	mixture	 of	 imide	 products	28	 and	29.	 Interestingly,	
ketones	28	 and	29	were	both	high-melting	point	 crystalline	sol-
ids.	Given	this	observation,	we	then	sought	to	test	their	efficiency	
in	the	solid-state	photodecarbonylation	reaction.	
 

 

Figure 5. Conformational change could enhance chemoselectivity 
of the photodecarbonylation reaction. 

 
Scheme 4. Synthesis of ketones 28 and 29. 

 
 

The	 results	 of	 the	 solid-state	photodecarbonylation	of	 sym-
metric	chloride-containing	ketone	28d	are	depicted	in	Figure	6a.	
We	were	pleased	to	find	that	initial	efforts	toward	the	conversion	
of	28d	 to	30d	proceeded	smoothly	and	with	retention	of	stereo-
chemistry,	as	verified	by	single-crystal	X-ray	diffraction.	Further-
more,	a	competing	disproportionation	reaction	pathway	was	not	
observed	in	the	photodecarbonylation	of	28d.	This	result	validat-
ed	our	hypothesis	that	exchanging	the	N-substituents	could	alter	
the	 chemoselectivity	 of	 the	 photodecarbonylation	 reaction,	 pre-
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sumably	due	 to	 the	new	conformation	of	28d	 relative	 to	ketone	
11d.	 Furthermore,	 the	 efficiency	 of	 the	 reaction	 demonstrated	
that	 solid-state	 photodecarbonylation	 is	 a	 competent	 transfor-
mation	to	forge	the	vicinal	quaternary	stereocenter	motif	present	
in	the	bis(cyclotryptamine)	alkaloids.	

	

	

Figure 6. Solid-state photochemistry of ketones 28d and 28e (the 
R-groups on imides 28d and 28e were removed from the X-ray 
renderings for clarity). 

Despite	initial	success,	it	was	found	that	the	solid-state	pho-
todecarbonylation	 reaction	 was	 difficult	 to	 reproduce	 with	 new	
batches	of	28d	(Figure	6a).	While	exposure	of	28d	 to	ultraviolet	
light	 initially	 led	 to	 full	 consumption	 of	 starting	material	within	
24–48	h,	similar	irradiation	of	new	samples	of	28d	only	resulted	
in	 recovered	 starting	material.	 After	 verifying	 the	 robustness	 of	
the	light	source	and	ruling	out	the	possibility	of	impurities	being	
present	 in	 the	 substrate,	 it	was	 realized	 that	a	new,	more	 stable	
polymorph	of	28d,	 termed	 “unreactive	polymorph,”	had	 formed.	
Single-crystal	X-ray	diffraction	revealed	that	this	new	polymorph	
adopts	 a	 different	 conformation	 than	 the	 “reactive	 polymorph”	
(see	X-ray	crystal	structures	in	Figure	6a).	Unfortunately,	once	the	
unreactive	polymorph	was	present,	it	was	exceedingly	difficult	to	
prepare	 the	 reactive	 polymorph,	 despite	 extensive	 screening	 of	
crystallization	conditions.	These	results	suggest	that	the	reactive	
polymorph	 was	 likely	 formed	 kinetically,	 while	 the	 unreactive	
polymorph	was	thermodynamically	favored.29	Trace	quantities	of	
the	more	 stable	and	unreactive	polymorph	can	act	 as	 seed	crys-
tals	 in	subsequent	recrystallization	attempts,	 thereby	preventing	
further	preparation	of	the	reactive	polymorph.30	

Due	to	the	poor	reaction	reproducibility	stemming	from	the	
conformational	polymorphism	of	28d,	we	turned	our	attention	to	
evaluating	 the	ortho-bromo	 substrate	28e	 (Figure	 6b).	Whereas	
two	 conformationally	 distinct	 polymorphs	 were	 observed	 for	
28d,	 we	 only	 identified	 a	 single	 polymorph	 of	28e.	 The	 confor-
mation	of	28e	observed	in	the	X-ray	structure	was	almost	identi-

cal	 to	 that	 of	 the	 28d	 unreactive	 polymorph.	 As	 was	 expected	
based	on	the	similar	conformation,	28e	was	also	unreactive	under	
solid-state	irradiation.		

The	 dramatically	 different	 behavior	 of	 28d	 (reactive	 poly-
morph)	relative	to	28d	(unreactive	polymorph)	and	28e	is	likely	
controlled	by	substrate	conformation	in	the	crystalline	solid	state	
(Figure	 6c).	 Solid-state	 photodecarbonylation	 requires	 stabiliza-
tion	of	 the	breaking	C–C	sigma	bonds	by	neighboring	π-systems.	
The	 extent	 of	 these	 hyperconjugative	 interactions	 in	 substrate	
28d	 (both	 reactive	 and	unreactive	polymorphs)	 and	28e	 can	be	
correlated	to	the	dihedral	angle	between	the	breaking	C–C	sigma	
bond	and	the	nearest	C–C	bond	of	the	aromatic	π-system.	A	dihe-
dral	 angle	 of	 90°	 is	 ideal,	 allowing	 for	maximum	orbital	 overlap	
(see	bonds	highlighted	in	blue).	Alternatively,	if	the	dihedral	angle	
is	0°,	the	C–C	σ-bond	and	π-system	will	be	orthogonal,	resulting	in	
no	electronic	stabilization	(see	bonds	highlighted	in	red).	In	con-
sidering	substrate	28d	(unreactive	polymorph)	and	28e,	the	rele-
vant	dihedral	 angles	 are	82°	 and	18°	 in	 the	 former	 and	85°	 and	
20°	 in	the	 latter.	The	smaller	of	 the	two	dihedral	angles	 for	each	
substrate,	 18°	 and	 20°,	 presumably	 leads	 to	 negligible	 orbital	
overlap	 and	 failed	 bond	 homolysis.	 On	 the	 other	 hand,	 the	 rele-
vant	dihedral	angles	in	28d	(reactive	polymorph)	are	64°	and	68°,	
which	we	 surmise	 provide	 sufficient	 orbital	 overlap	 to	 facilitate	
decarbonylation.	

Having	 explored	 the	 reactivity	 of	 symmetric	 ketones	28	 in	
solid-state	 photochemistry,	 we	 next	 investigated	 non-
symmetrical	ketones	29	(Figure	7).	To	our	delight,	both	29d	and	
29e	underwent	productive	photodecarbonylation.	Upon	exposure	
to	UV	 light	and	subsequent	pyrrolidinone	deprotection,	29d	 and	
29e	 efficiently	 provided	31d	 and	31e,	 respectively.	 Unlike	 sub-
strate	28d,	 the	solid-state	transformations	of	29d	and	29e	were	
reproducible	 even	 when	 performed	 on	 >300	 mg	 scale.31	 These	
results	 were	 consistent	 with	 our	 understanding	 of	 the	 role	 of	
solid-state	conformation	and	photochemical	lability	of	the	ketone	
carbonyl.	 The	 relevant	 dihedral	 angles	 between	 breaking	 C–C	
bonds	 and	 the	 nearest	 C–C	 bond	 of	 the	 aromatic	 π-system	 (see	
bonds	 highlighted	 in	 blue	 in	 the	 microelectron	 diffraction	 (mi-
croED)	structures)	are	66°	and	68°	 for	29d,	and	70°	and	72°	 for	
29e.32	These	values,	which	were	similar	to	those	seen	in	the	reac-
tive	polymorph	of	28d,	presumably	provide	enough	hyperconju-
gative	stabilization	to	the	breaking	C–C	bonds	to	facilitate	decar-
bonylation.	 Fortuitously,	 we	 have	 only	 observed	 reactive	 poly-
morphs	of	29d	and	29e.	

 

Figure 7. Solid-state photochemistry of ketones 29d and 29e (the 
R-groups on imides 29d and 29e were removed from the X-ray 
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renderings for clarity). Crystal structures obtained by both X-ray 
diffraction and microcrystal electron diffraction (microED). 

 
Computational Analysis of C–C Bond Formation 

In	 order	 to	 better	 understand	 the	 role	 of	 substrate	 confor-
mation	 in	 reaction	 selectivity,	 we	 conducted	 a	 computational	
study	of	the	radical	pairs	10a	and	10c–f	(Figures	8	and	9).	At	the	
outset,	we	 recognized	 that	 effective	 computational	 simulation	of	
the	 crystalline	 lattice	 would	 be	 critical	 in	 achieving	 meaningful	
results.	While	 gas-phase	 and	 simple	 solvation	models	 would	 be	
unlikely	 to	 accurately	 simulate	 the	 crystalline	 environment,	 full	
density	 functional	 theory	 (DFT)	 treatment	 of	 the	 crystalline	 lat-
tice	 would	 be	 untenable	 due	 to	 prohibitive	 computational	 cost.	
Therefore,	 the	 ONIOM33	 approach	 within	 the	 hybrid	 QM/MM34	
method	 was	 employed,	 in	 order	 to	 estimate	 the	 intermolecular	
interactions	within	 the	crystal	 lattice	environment.35	The	central	
part	 consisted	 of	 a	 single	 radical	 pair	 computed	 with	 the	
unrestricted	 open-shell	 dispersion-corrected	 𝜔B97X-D/6-
311G(d,p)	 level	 of	 theory.36	 The	 surrounding	 shell	 of	molecules,	
extracted	 from	 the	 experimentally	 determined	 crystal	 structure,	
was	computed	with	the	electronically	embedded	UFF	force	field.37	

 

Figure 8. QM/MM hybrid approach to model radical–radical 
recombination in the crystalline solid state. “Ball-and-stick” rep-
resentation was used for the atoms treated by the DFT method 
(𝜔B97X-D/6-311G(d,p) level of theory) and a “wireframe” repre-
sentation for the atoms in the low-level layer (UFF). 

Using	 this	methodology,	we	 investigated	 the	 recombination	
barriers	 for	radical	pairs	10	 in	the	solid	state	(Figure	9).	Radical	
pairs	 10	 were	 generated	 computationally	 by	 removing	 the	 car-
bonyls	from	ketone	11	and	then	performing	an	energy	minimiza-
tion	 calculation.	 Interestingly,	 the	 success	 of	 the	 ground-state	
optimization	 for	 radical	 fragments	 was	 critically	 dependent	 on	
embedding	 them	 in	 their	 respective	 crystal	 cavities.	 In	 the	 gas	
phase,	 the	 radical	 pair	would	 spontaneously	 recombine	 to	 form	
the	C–C	bond.	However,	when	conformationally	restrained	by	the	
crystal	 cavity,	 the	 radical	 pair	 was	 an	 energetic	 minimum	 and	
existed	as	a	discrete	species.	Transition	states	for	the	recombina-
tion	reaction	were	then	identified	for	each	of	the	radical	pairs	 in	
their	 respective	 lattices.	 Radical	 pairs	 10a	 and	 10c,	 which	 lack	
ortho	 substitution,	 displayed	 the	 lowest	 barriers	 of	 4.8	 and	 1.7	
kcal/mol,	 respectively.	 Recombination	 barriers	 for	 ortho-
functionalized	ketones	11d–f	were	uniformly	higher,	with	values	
between	6.1	and	6.8	kcal/mol.	Given	the	successful	calculation	of	

transition	states	for	C–C	bond	formation	from	radical	pairs	10,	we	
were	additionally	interested	in	probing	the	competing	dispropor-
tionation	 process.	 The	 results	 of	 these	 calculations	 suggest	 that	
hydrogen	 atom	 tunneling	 may	 be	 responsible	 for	 the	 observed	
disproportionation	(for	further	discussion,	see	SI).	
 

 

Figure 9. Computational investigation of radical pair 10. 

After	 determining	 the	 recombination	 barriers	 for	 radical	
pairs	 10,	 we	 turned	 our	 attention	 to	 radical	 pair	 21d	 (arising	
from	decarbonylation	of	ketone	28d)	(Figure	10).	For	this	calcula-
tion,	 we	 used	 the	 coordinates	 derived	 from	 the	 reactive	 poly-
morph	of	28d.	Whereas	 radical	pairs	10	 all	displayed	small,	but	
non-negligible	barriers	to	C–C	bond	formation,	the	corresponding	
process	for	radical	pair	21	was	barrierless.	In	fact,	all	attempts	at	
energy	minimization	 of	21	 resulted	 in	 radical	 recombination	 to	
form	the	C–C	bond.	This	result	was	consistent	with	experimental	
results	 described	 previously,	which	 demonstrated	 that	 photode-
carbonylation	of	ketone	28d	(reactive	polymorph)	led	to	efficient	
C–C	bond	formation	(Figure	6a).	
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Figure 10. Computational investigation of radical pair 21. 

Based	on	the	computational	results	depicted	in	Figures	9	and	
10,	 and	 the	 experimental	 results	 previously	 discussed,	we	were	
able	to	draw	a	number	of	conclusions	about	the	key	photodecar-
bonylation	 reaction.	 Conformational	 restriction	 can	 sometimes	
lead	 to	activation	barriers	 for	recombination.	 In	 the	photodecar-
bonylation	reaction	of	ketones	11a	and	11c–f,	the	computational-
ly	generated	radical	pairs	10a	and	10c–f	were	not	energetic	min-
ima	 unless	 they	were	 confined	 by	 the	 crystalline	 lattice.	 This	 is	
consistent	with	our	hypothesis	that	in	the	solid	state,	unfavorable	
ground-state	substrate	conformations	can	lead	to	repulsive	inter-
actions	 in	 the	course	of	 the	reaction,	 realized	by	 the	presence	of	
an	 activation	 barrier.	 Comparatively,	 the	 reactive	 polymorph	 of	
ketone	28d	likely	undergoes	a	barrierless	recombination	due	to	a	
favorable	ground	state	conformation.	This	is	reflected	both	by	the	
barrierless	 recombination	 observed	 in	 computational	 analysis,	
and	 by	 the	 high-yielding	 formation	 of	 photoproduct	 30d.	 Addi-
tionally,	the	magnitude	of	the	barrier	to	radical	recombination	for	
radical	pairs	derived	from	ketones	11	is	related	to	the	presence	of	
an	 ortho-substituent.	 The	 computational	 results	 clearly	 show	 a	
higher	 activation	 energy	 for	 recombination	 when	 an	 ortho-
substituent	is	present	(6.1–6.8	kcal/mol)	and	a	diminished	barri-
er	 for	 radical	 pairs	 that	 lack	 ortho	 substitution	 (1.7–4.8	
kcal/mol).38	

	
Summary	of	the	Optimization	and	Mechanistic	Analysis	of	the	
Solid-State	Photodecarbonylation	Reaction	

The	 optimization	 and	 analysis	 en	 route	 to	 the	
bis(cyclotryptamine)	 alkaloids	 gave	 insight	 into	 the	 role	 of	 sub-
strate	 conformation	 on	 the	 success	 or	 failure	 of	 the	 solid-state	
photodecarbonylation	 reaction.	 It	 was	 found	 that	 the	 perfor-
mance	of	the	transformation	was	highly	sensitive	to	remote	sub-
stituent	 effects.	While	 low-yielding	 for	N-methyl	 ketones	11d–f,	
the	 solid-state	 photodecarbonylation	 reaction	 of	N-acyl	 ketones	
28d	 and	29d,e	 gave	up	 to	61%	yield	of	 the	desired	vicinal	qua-
ternary	 stereocenter-containing	 product.	 We	 hypothesize	 that	
changes	to	the	solid-state	conformation	of	the	substrate	underpin	
these	dramatic	substituent	effects	on	photodecarbonylation.	This	
hypothesis	was	further	supported	computationally	through	study	
of	the	C–C	bond	forming	events	for	radical	pairs	10a,	10c–f,	and	

21d,e.	 Additionally,	 a	 key	 stereoelectronic	 relationship	 between	
the	 conformation	 of	 the	 substrate	 and	 the	 photolability	 of	 the	
ketone	carbonyl	was	identified.	This	led	to	dramatically	different	
reactivity	of	two	polymorphic	forms	of	28d,	the	failed	reaction	of	
28e,	 and	 efficient	 decarbonylative	 C–C	 bond	 formation	 from	
29d,e.	Ultimately,	this	optimization	employed	crystal	engineering	
of	 the	 solid-state	 conformation	 to	 improve	 the	 key	 step	 of	 our	
synthetic	 endeavor.	 To	 our	 knowledge	 this	 is	 the	 first	 use	 of	 a	
crystal	engineering-based	optimization	in	a	natural	product	total	
synthesis	campaign.	
 
Total Synthesis of a Bis(Cyclotryptamine) Alkaloid with the 
Piperidinoindoline Framework 

Having	optimized	 the	solid-state	photochemical	methodolo-
gy	to	assemble	the	daunting	vicinal	quaternary	stereocenter	mo-
tif,	 we	 were	 poised	 to	 elaborate	 31	 to	 access	 members	 of	 the	
bis(cyclotryptamine)	alkaloid	family.	We	first	 focused	our	efforts	
on	 synthetic	 elaboration	 of	 31d	 (Scheme	 5).	 It	 was	 found	 that	
treatment	 of	 31d	 with	 sodium	 hydride	 and	 iodomethane	 fur-
nished	N-methylamide	 9d	 in	 85%	 yield.	 Next,	 we	 attempted	 to	
install	 the	 requisite	 nitrogen	 substituents	 on	 the	 aromatic	 rings	
through	 a	 metal-catalyzed	 double	 amination	 reaction.	 Although	
robust	 methods	 for	 amination	 of	 hindered	 aryl	 chlorides	 have	
been	 reported,39	 attempts	 at	 amination	 of	 9d	 were	 uniformly	
unsuccessful.	We	 surmise	 that	 the	 dense	 steric	 encumbrance	 of	
the	 vicinal	 quaternary	 stereocenters	 and	 the	 potential	 for	 the	
amide	carbonyls	in	9d	to	chelate	catalysts	in	a	bidentate	fashion	is	
responsible	for	the	poor	reactivity.	
Scheme 5. Failed cross-coupling attempts using 
bis(arylchloride) 9d. 

 
 

Unabated	by	the	difficulty	of	functionalizing	the	C–Cl	bond	of	
9d,	we	turned	our	efforts	to	the	potentially	more	reactive	ortho-
bromo	variant,	9e	(Scheme	6).	Efficient	N-methylation	of	31e	was	
realized	 through	a	base-mediated	alkylation	 to	provide	9e.	After	
subjecting	 9e	 to	 a	 variety	 conditions	 to	 effect	 amination	 of	 the	
aryl	 bromides,	 it	 was	 found	 that	 a	modification	 of	Ma’s	 copper-
catalyzed	 azidation	 conditions	 yielded	 the	desired	double	 azida-
tion	 product,	 33.40	 We	 then	 subjected	 33	 to	 LiAlH4	 to	 enact	 a	
global	reduction	in	an	effort	to	access	an	equivalent	of	biosynthon	
8,	 and	 thereby	 the	bis(cyclotryptamine)	 framework.	To	our	 sur-
prise,	under	strongly	reducing	conditions,	33	underwent	a	skele-
tal	rearrangement	to	provide	piperidinoindoline	36.41	While	there	
are	several	mechanistic	possibilities	 to	explain	 this	reaction,	one	
plausible	 pathway	 involves	 double	 azide	 reduction	 to	 give	 34,	
followed	 by	 Lewis	 acid-mediated	 transamidation	 to	 generate	
bis(oxindole)	 35.	 Finally,	 reductive	 cyclocondensation	 of	35	 re-
sulted	 in	 formation	 of	 piperidinoindoline	 36.	 Although	 single-
crystal	 X-ray	 diffraction	 ultimately	 confirmed	 the	 structure,	 we	
were	 initially	 unsure	 if	 the	 correct	 structural	 assignment	 of	 36	
was	 the	 piperidinoindoline	 depicted.	 As	 shown	 in	 Scheme	 7,	 it	
was	plausible	that	intermediate	34	could	have	undergone	double	
cyclodehydration	 to	 provide	 dehydrobhesine	 (37),	 followed	 by	
monoamidine	reduction	to	give	bhesine	(38).42	
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Scheme 6. Cross-coupling and assembly of “dihydropsychotri-
adine” 36. 

 
 
Scheme 7. Possible competing pathway to give 37 or 38 (not 
observed). 

 
Scheme 8. Total synthesis of “psychotriadine” 39. 

 
	
		Before	we	ultimately	obtained	the	single-crystal	X-ray	structure	
of	36,	we	sought	to	confirm	the	structural	identity	of	36	by	oxidiz-
ing	 the	 aminal	 to	 the	 corresponding	amidine	 (Scheme	8).	To	ac-
complish	 this	 transformation,	36	was	 converted	 to	 bis(amidine)	
39	 under	 Ley–Griffith	 oxidation	 conditions.43	 Initially	 surmising	
that	we	may	have	generated	dehydrobhesine	(37),	we	compared	
our	 synthetic	 material	 to	 an	 authentic	 sample	 of	 37	 extracted	
from	 the	 leaves	 of	 the	 Psychotria	 colorata	 flower.44	 Upon	 NMR	
spectroscopic	 analysis,	 it	 was	 observed	 that	 the	 natural	 sample	
contained	 a	 7:1	mixture	 of	37	 and	 a	 second,	 unknown	 isomeric	

alkaloid.	 Surprisingly,	 the	 spectrum	of	our	 synthetic	material	39	
matched	that	of	the	unknown	alkaloid	present	in	the	natural	ma-
terial.	 Based	 on	 this	 analysis,	 and	 the	 unambiguous	 crystallo-
graphic	 characterization	 of	 36,	 we	 propose	 that	 our	 synthetic	
material	bears	 the	depicted	piperidinoindoline	 scaffold.	Further-
more,	 its	presence	in	the	extracts	of	Psychotria	colorata	suggests	
it	 is	 a	 naturally	 occurring	 alkaloid	 that	 we	 have	 termed	 “psy-
chotriadine.”	
 
CONCLUSIONS 

We	have	completed	the	first	total	synthesis	of	a	naturally	oc-
curring	bis(cyclotryptamine)	alkaloid	featuring	the	elusive	piper-
idinoindoline	scaffold	and	have	confirmed	 its	natural	occurrence	
in	the	Psychotria	colorata	flower.	These	studies	demonstrate	that	
all	 five	of	 the	 structurally	distinct	bis(cyclotryptamine)	 ring	 sys-
tems	originally	proposed	by	R.	B.	Woodward	and	Robert	Robin-
son	are,	in	fact,	seen	in	natural	products.	Essential	to	the	success	
of	this	endeavor	was	the	use	of	the	solid-state	photodecarbonyla-
tion	 reaction	 to	 stereoselectively	 forge	 the	daunting	vicinal	 qua-
ternary	stereocenter	motif	and	a	 fortuitous	 reductive	 rearrange-
ment	of	bis(azide)	33	to	give	piperidinoindoline	36.		

Psychotriadine	 (39)	marks	 the	most	 complex,	 synthetically	
challenging	natural	product	accessed	by	solid-state	photochemis-
try	 to	date.	 In	deploying	 the	key	photodecarbonylation	 reaction,	
two	 primary	 hurdles	 were	 faced:	 poor	 chemoselectivity	 for	 re-
combination	and	a	lack	of	substrate	reactivity.	Both	of	these	chal-
lenges	were	 overcome	 by	manipulation	 of	 the	 substrate	 confor-
mation.	To	our	knowledge,	this	is	the	first	use	of	crystal	engineer-
ing	 to	 optimize	 a	 reaction	 in	 a	 total	 synthesis	 endeavor.45	While	
these	efforts	showcase	the	power	of	crystal	engineering	as	a	tool	
to	optimize	solid-state	reactions,	the	unpredictability	of	crystalli-
zation	 remains	 a	 major	 challenge.	 As	 is	 reflected	 in	 this	 work,	
optimization	 of	 the	 crystalline	 conformation	 of	 a	 substrate	 cur-
rently	 relies	 on	 trial-and-error	 based	 experimentation.	 Although	
the	use	of	easily	modifiable	motifs	expedites	this	process,	de	novo	
prediction	 of	 crystal	 conformation	 represents	 the	 ideal	 solution.	
As	such,	 the	advent	of	 computational	prediction	of	 crystal	 struc-
tures	would	offer	a	rapid	means	of	predictive	control	of	reactivity	
and	selectivity	in	solid-state	organic	reactions.46		
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39	 For	 a	 review	 of	 catalytic	 amination	 of	 aryl	 halides,	 see,	
Heravi,	M.	M.;	Kheilkordi,	Z.;	Zadsirjan,	V.;	Heydari,	M.;	Malmir,	M.	
 



	

 

Buchwald-Hartwig	 Reaction:	 An	 Overview.	 J.	 Organomet.	 Chem.	
2018,	861,	17–104.		

40	Unfortunately,	despite	extensive	efforts,	33	could	not	be	ful-
ly	 purified	 and	 was,	 therefore,	 carried	 forward	 directly	 in	 the	
subsequent	step.	

41	Note	that	the	double	azidation	reaction	to	convert	9e	to	33	
was	 challenging	 to	 enact	 and	 resulted	 in	 <	 35%	yield	 (based	on	
1H	NMR	analysis	of	 the	semi-pure	material).	As	such,	 the	reduc-
tive	cyclization	 to	convert	33	 into	36	 likely	 took	place	 in	>	75%	
yield.		

42	The	observed	1H	and	13C	NMR	and	spectra	of	36	were	not	
identical	 to	 the	 published	 spectra	 of	 bhesine	 (38).	We	 hypothe-
sized	 that	we	may	have	either	produced	an	aminal	 isomer	of	38	
or	subtle	changes	in	solvent	acidity	may	have	shifted	the	1H	and	
13C	resonances.	For	the	 first	 isolation	of	38,	 see,	Balayer,	A.;	Sé-
venet,	T.;	Schaller,	H.;	Haudi,	A.	H.	A.;	Chiaroni,	A.;	Riche,	C.;	Païs,	
M.	Dihydroquinoline-type	Alkaloids	from	Bhesa	Paniculata,	Celas-
traceae.	Nat.	Prod.	Lett.	1993,	2,	61–67.	
 

 

43	 Oxidation	 conditions	 adapted	 from:	 Higuchi,	 K.;	 Sato,	 Y.;	
Tsuchimochi,	M.;	 Sugiura,	K.;	Hatori,	M.;	Kawasaki,	 T.	 First	Total	
Synthesis	of	Hinckdentine	A.	Org.	Lett.	2009,	11,	197–199.	

44	Verotta,	L.;	Pilati,	T.;	Tató,	M.;	Elisabetsky,	E.;	Amaor,	T.	A.;	
Nunes,	D.	S.	Pyrrolidinoindoline	Alkaloids	from	Psychotria	colora-
ta.	J.	Nat.	Prod.	1998,	61,	392–396.	

45	We	anticipate	 that	 the	 rapid	 structural	 determination	 ena-
bled	 by	 microED	 technology	 will	 streamline	 the	 use	 of	 crystal	
engineering-based	 reaction	 optimization	 in	 future	 studies.	 Only	
two	 structures	 (29d	 and	29e)	 were	 obtained	 using	microED	 in	
this	 report	 because	 the	 requisite	 technological	 capabilities	were	
not	available	to	us	until	the	end	of	this	study.		

46	 Computational	 prediction	 of	 crystal	 structures	 has	 been	
recognized	as	an	unsolved	problem	in	 the	 field	of	computational	
chemistry.	 For	more	discussion,	 see	 the	 following	 review:	Houk,	
K.	N.;	Liu,	F.	Holy	Grails	for	Computational	Organic	Chemistry	and	
Biochemistry.	Acc.	Chem.	Res.	2017,	50,	539–543.	
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