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ABSTRACT:	The	development	of	BINOL-derived	Brønsted	acid	catalysts	has	been	profoundly	guided	by	rational	design,	with	
carefully	implemented	structural	changes	leading	to	unique	generations	of	catalysts	with	enhanced	reaction	capabilities.	This	
approach	to	catalyst	optimization	has	promoted	the	integration	of	knowledge	gathered	in	optimizing	prior	eras	of	Brønsted	
acids	and	ultimately,	the	molecular	features	that	have	contributed	to	the	success	of	previous	designs	are	preserved.	Of	these,	
the	large	substituents	at	the	3	and	3’	positions	of	the	BINOL	backbone	are	the	most	critical	with	almost	every	newly	developed	
structure	possessing	this	feature.	However,	imidodiphosphorimidate	(IDPi)	catalysts	are	not	synthetically	well-suited	to	con-
tain	the	same	sterically	bulky	groups	associated	with	the	high	selectivity	imparted	by	previously	implemented	catalyst	struc-
tures.	Herein,	we	have	leveraged	the	moderate	size	(as	compared	to	TRIP	and	9-anthryl)	but	high	applicability	of	the	9-phe-
nanthryl	substituent	to	synthesize	a	sterically	demanding	IDPi.	Using	computed	descriptors,	we	survey	the	catalyst	properties	
of	known	structures	to	demonstrate	this	catalyst	to	be	both	unique	and	one	of	the	bulkiest	IDPi	yet	synthesized.	The	applica-
bility	of	the	catalyst	was	evaluated	in	the	construction	of	stereochemically	dense	spirocycles	generated	via	an	asymmetric	
Prins-semipinacol	reaction	sequence.	Transition	state	calculations	were	deployed	to	interrogate	the	origins	of	the	superior	
enantioselectivity	and	these	demonstrate	the	mechanistic	hallmarks	of	the	9-phenanthryl	substituent	can	be	generalized	to	a	
genuinely	different	class	of	Brønsted	acid	catalyst.	Ultimately,	providing	the	basis	for	the	development	of	general	catalyst	
design	principles	and	the	translation	of	“privileged”	substituents	across	unique	eras	of	Brønsted	acid	catalysts	structures.	

Introduction	
The	structure	of	chiral	organocatalysts	continues	to	evolve	
with	 each	notable	 design	 gaining	 enhanced	 function	 over	
enantioselective	 bond	 construction. 1 - 2 	Asymmetric	
Brønsted	 acid	 catalysis	 exemplifies	 this	 where	 iterative	
changes	 to	 the	 catalyst	 structure	 has	 enabled	marked	 in-
creases	in	selectivity	and	reactivity	for	a	diverse	set	of	or-
ganic	 transformations.3-5	Indeed,	 these	 efforts	 have	 led	 to	
generations	of	rational	catalyst	designs	that	have	developed	
from	 simple	modifications	 of	 the	 catalyst	 substituents6	to	
the	 introduction	 of	 strongly	 acidic	 dimeric	 catalyst	 struc-
tures	 (Figure	 1).7 -8 	Despite	 this	 significant	 progression	 in	
structure,	new	Brønsted	acid	catalysts	typically	retain	the	
key	molecular	features	that	have	led	to	a	good	performance	
with	 older	 designs.	 For	 example,	N-triflyl	 phosphoramide	
catalysts	were	introduced	to	overcome	the	reactivity	barri-
ers	 associated	with	weakly	 basic	 carbonyl	 substrates	 but	
contain	the	same	sterically	bulky	groups	associated	with	the	
high	selectivity	imparted	by	BINOL-derived	phosphoric	ac-
ids.9	Likewise,	List’s	imidodiphosphates	(IDP)	enable	highly	
enantioselective	 transformations	 of	 difficult	 substrates	
through	 the	 strict	 conformational	 confinement	 generated	
by	 the	 two	binaphthol	units	and	constrained	by	 the	same	
large	substituents	at	the	3	and	3’	positions.		

This	 leads	 to	 the	 questions:	 1)	 Considering	 the	
commonality	 in	 catalyst	 substituent	 structure	 across	 dis-
tinct	eras	of	Brønsted	acid	catalyst	can	similar	reasons	for	
stereocontrol	be	invoked?	If	so,	2)	how	can	this	information		

  

 
Figure 1. The evolution of Brønsted acid catalysts for enanti-
oselective bond construction.  

be	leveraged	for	the	development	of	selective	catalyst	struc-
tures?	And	3)	Do	these	catalysts	bearing	“privileged”	sub-
stituents	 facilitate	 reactions	 that	 have	 not	 yet	 been	 ren-
dered	highly	enantioselective?	We	confront	these	questions	
in	this	present	study,	and	report	the	results	of	a	highly	acidic	
and	strongly	confined	acid	catalyst	bearing	9-phenanthryl	
substituents	 for	 the	enantioselective	 synthesis	of	 spirocy-
cles	 via	 a	 Prins-semipinacol	 rearrangement.	 DFT	 calcula-
tions	reveal	that	the	stereocontrolling	features	of	the	9-phe-
nanthryl	substituent	can	be	generalized	to	a	different	class	
of	Brønsted	acid	catalyst.		
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The	 context	 for	 this	 study	 is	 in	 the	 area	 of	 imidodiphos-
phorimidate	(IDPi)	catalysts,10	as	this	type	of	catalyst	struc-
ture	has	not	yet	benefitted	from	the	knowledge	gathered	in	
optimizing	previous	eras	of	Brønsted	acids.	In	other	words,	
the	substituents	at	the	3,3’	positions	are	usually	distinctive	
showing	little	structural	overlap	with	the	previous	genera-
tions	of	Brønsted	acids.	To	our	knowledge,	the	effect	of	in-
cluding	the	large	3,3’	groups	typically	associated	with	ear-
lier	catalyst	designs	has	not	been	assessed,	although	this	is	
largely	because	the	chiral	framework	tends	not	to	be	syn-
thetically	well-suited	to	containing	functionality	that	places	
additional	 steric	 bulk	proximal	 to	 the	phosphorous	 atom.	
The	synthesis	of	these	catalysts	are	challenging	usually	re-
lying	on	a	dimerization	step	which	is	strongly	influenced	by	
the	steric	properties	of	the	3,3’-substituents,	if	these	are	too	
big	unsatisfactory	yields	are	obtained	or	the	reaction	may	
fail	to	proceed	altogether.11	However,	it	might	be	possible	to	
attach	moderately	sized	substituents	that	have	previously	
worked	well	with	earlier	catalyst	designs	and	leverage	the	
resulting	IDPi	for	selective	catalysis.			
 

Results	and	Discussion.			
	
Trends	 and	 Molecular	 Descriptors.	 To	 implement	 this	
“privileged”	substituent	approach	for	prioritizing	the	cata-
lysts	to	be	synthesized,	key	evaluation	criteria	will	need	to	
be	defined.	In	this	context,	the	structure	of	the	substituents	
at	the	3,3′	positions	of	the	BINOL	backbone	have	a	consid-
erable	effect	on	the	stereochemical	outcome	of	many	reac-
tions,	and,	usually,	large	steric	bulk	is	required	for	high	en-
antioselectivity.12-14	Of	these	the	most	general	Brønsted	acid	
structures	possess	either	very	large	alkyl	groups	at	the	2,	4	
and	6	positions	of	the	aromatic	ring	or	contain	extended	p-
systems	(i.e.	9-anthryl	or	9-phenanthryl).	As	such,	catalysts	
bearing	 these	 “privileged”	 Brønsted	 acid	 substituents	
should	be	selected	first	for	synthesis	and	screening.			How-
ever,	IDPi	catalysts	containing	excessive	steric	demands	at	
the	3,3’	positions	are	not	readily	synthetically	accessible.	On	
this	 basis,	we	 questioned	what	 is	 the	 largest	 “privileged”	
Brønsted	acid	substituent	that	can	be	incorporated	into	the	
IDPi	catalyst	framework?	To	answer	this	question,	we	con-
sidered	the	size	of	3,3’	aromatic	groups	common	to	many	
Brønsted	 acids	 using	 two	different	measures	 of	 steric	 re-
quirements	(i)	rotation	barrier	for	a	phenyl	group,	and	(ii)	
A	Remote	Environment	Angle:	AREA(θ),	a	measure	of	space	
less	 close	 to	 the	 catalyst	 site.12	At	 this	 initial	 stage	 of	 the	
study	we	are	only	concerned	about	the	steric	 features	ex-
hibited	by	a	portion	of	the	IDPi	catalyst	such	that	these	val-
ues	do	not	need	 to	be	obtained	 from	 the	whole	molecule	
structure.	Indeed,	rotational	barriers	for	a	phenyl	group	are	
derived	 from	the	energy	required	 for	rotation	around	the	
central	 C–C	 bond.	 Because	 the	 interaction	 between	 the	R	
groups	and	the	hydrogens	on	the	opposing	aryl	ring	are	re-
sponsible	 for	 the	 destabilization	 of	 the	 eclipsed	 confor-
mation	this	descriptor	can	only	account	for	nearby	sterics.	
In	contrast,	the	angle	measurement	AREA(θ),	is	sensitive	to	
increases	in	the	steric	demands	remote	from	the	aromatic	
ring	with	substituents	that	crowd	access	to	the	phosphorus	
resulting	in	smaller	values.	To	estimate	if	the	incorporation	
of	certain	substituents	could	lead	to	a	structure	that	would	
be	both	well	performing	and	synthetically	tractable,	we	next	

considered	how	these	groups	fit	and	operate	within	existing	
catalyst	space.	Visual	inspection	of	reported	IDPi	catalysts,	
shows	that	3,3’	substituents	only	display	a	large	structural	
variation	in	the	remote	positions	of	the	aromatic	ring.	Alt-
hough	 IDPis	bearing	ethyl	and	methyl	groups	at	 the	2,4,6		
positions	of	the	3,3’-aromatic	ring	are	known,	their	catalytic	
performance	has	not	yet	been	evaluated.	Therefore,	the	im-
pact	of	introducing	steric	demands	at	positions	close	to	the	
phosphorous	is	less	clear,	however,	it	is	expected	to	lead	to	
highly	 reactive	and	selective	catalysts	based	on	 the	 infor-
mation	 gathered	 from	 structurally	 familiar	 catalyst	 types.		
Key	data	is	summarized	in	Figure	2B.	These	results	indicate	
that	among	the	substituents	that	have	worked	with	previ-
ous	Brønsted	acids	the	9-phenanthryl	is	the	only	group	that	
bears	steric	demands	similar	to	known	IDPi	structures	(i.e.	
those	bearing	1-naphthyl	and	2-naphthyl	substituents).		
	

	
	
Figure	2.	 (A)	Catalyst	parameters	evaluated	in	this	study.	
Steric	 parameter	 (1)	 measures	 nearby	 bulk	 while	 (2)	
AREA(q),	accounts	for	steric	effects	distant	from	the	phos-
phoric	acid	moiety.	(B)	Determining	the	synthetic	feasibility	
of	larger	and	more	general	catalyst	groups.	Note	IDPis	bear-
ing	 the	substituents	 in	 the	grey	box	have	been	previously	
synthesized.	(C)	Synthesis	and	structural	analysis	of	an	IDPi	
catalyst	structure	containing	large	9-phenantryl	groups.		
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For	example,	the	structural	descriptors	show	that	the	prox-
imal	steric	effect	exerted	by	9-phenanthryl	will	be	similar	to	
that	of	the	1-naphthyl	substituent	while	the	remote	steric	
bulk	is	measured	to	be	comparable	to	the	2-naphthyl	group.		
This	may	be	surprising	and	it	is	possible	that	the	perceived	
significantly	larger	size	of	a	9-phenanthryl	substituent	has	
inhibited	the	investigation	of	these	catalysts	thus	far.	Intri-
guingly,	 this	 comparison	also	 suggests	 that	 installing	 a	9-
phenanthryl	substituent	upon	the	IDPi	framework	could	al-
low	access	to	one	of	the	bulkiest	catalyst	structure	yet	pre-
pared	(i.e.	most	catalysts	contain	hydrogen	atoms	at	the	2	
and	6	positions	of	the	3,3’-aromatic	ring,	see	SI).			
Motivated	by	the	structural	uniqueness	afforded	by	this	

catalyst	we	attempted	to	synthesize	the	novel	IDPi	bearing	
a	9-phenanthryl	group.	The	List	group	has	reported	several	
ways	that	enable	access	to	this	catalyst	motif	with	the	most	
common	approach	involving	dimerization	of	the	3,3’-substi-
tuted	BINOL-derivatives	in	the	presence	of	an	ammonia	sur-
rogate.15-17	This	factor,	combined	with	the	observation	that	
particular	IDPis	containing	substituents	with	similar	steric	
features	can	be	accessed	in	this	manner,	prompted	us	to	ex-
plore	the	reactivity	of	the	requisite	3,3’-substituted	BINOL-
derivative.	Using	this	procedure	we	synthesized	IDPi	2a,	ob-
taining	 59%	 yield	 after	 7	 days	 (Figure	 2C).	 This	 result	 is	
comparable	to	the	synthesis	of	other	IDPis	which	typically	
require	 prolonged	 reaction	 times	 of	 3–4	 	 days. 18 - 19 	At-
tempted	improvements	to	the	catalyst	synthesis	focused	on	
employing	 a	 recent	 strategy	 developed	 by	 the	 List	 group	
which	have	shown	impressive	outcomes	in	accessing	steri-
cally	hindered	catalysts.11	Unfortunately,	our	efforts	in	ap-
plying	this	method	to	the	synthesis	of	2a	did	not	yield	desir-
able	results.	Structural	crystallographic	analyses	of	the	im-
idodiphosphorimidate	2a	 reveals	 a	 highly	 confined	 chiral	
pocket	 created	 by	 the	 two	 BINOL	 backbones	 and	 con-
strained	by	the	large	3	and	3’	substituents	(Figure	2C).		
	
Catalytic	application.	Having	produced	a	Brønsted	acid	

confined	within	a	sterically	demanding	chiral	cavity,	we	ex-
amined	the	catalyst’s	aptitude	to	enforce	high	levels	of	en-
antiofacial	discrimination	for	a	continuous	series	of	selec-
tive	reactions.	Because	a	single	chiral	catalyst	must	enable	
stereocontrol	over	discrete	reaction	events	this	approach	to	
chiral	molecule	construction	 is	much	 less	common	and	to	
our	knowledge,	no	examples	have	been	reported	with	IDPis.	
These	 factors	make	 sequential	 reactions	 an	 appealing	 as-
sessment	 of	 the	 catalyst’s	 ability	 to	 facilitate	 a	 difficult	
chemical	 transformation.	 In	 this	 context,	 we	 identified	 a	
Prins-semipinacol	rearrangement	as	a	stringent	test	that	in-
volves	structurally	unique	reactive	intermediates	and	bond	
forming	steps	 to	produce	stereochemically	dense	spirocy-
cles.	In	accord	with	previous	studies,20-22	we	surmised	that	
upon	exposure	of	an	aldehyde	with	a	homoallylic	alcohol	an	
acid-catalyzed	cyclocondensation	would	generate	a	carbo-
cation	and	trigger	a	stereoselective	skeletal	rearrangement	
through	the	migration	of	the	s-bond.	Central	to	the	utility	of	
this	reaction	sequence	is	the	mechanistic	requirement	that	

any	 selectivity	 imparted	 in	 the	 semipinacol	 step	 is	 rein-
forced	not	eroded	by	the	catalyst	structure.	Specifically,	this	
would	ensure	high	levels	of	diastereoselectivity	for	the	over-
all	process	regardless	of	the	stereochemistry	set	in	the	first	
key	catalytic	step.	With	this	mechanistic	print	in	mind,	our	
investigation	began	by	subjecting	homoallylic	alcohol	3	with	
aldehyde	4a	to	the	reaction	conditions	shown	in	Table	1.	A	
catalyst	evaluation	showed	popular	IDPi’s	to	provide	insuf-
ficient	 enantioselectivities	while	 our	 sterically	 bulky	 IDPi	
provided	encouraging	results	(Table	1	entries	1-4	and	11).	
In	more	detail,	catalyst	structures	2b-2h	have	all	proved	to	
be	 valuable	 in	 generating	 a	 diverse	 range	 of	 chiral	 com-
pounds	with	high-levels	of	stereoselectivity.	Ultimately,	each	
catalyst	has	been	confirmed	to	be	optimal	 for	at	 least	one	
reaction	 type	 rendering	 these	 structures	 as	 important	
benchmarks	for	evaluating	2a	in	this	reaction.		
	
Table	1.	Optimization	of	the	Prins-semipinacol	reaction	se-
quence.a			

	
	

aReactions were run with the following conditions: 3 (14.2 mg, 
0.1 mmol, 1.0 eq), the aldehyde 4a or 4b (0.12 mmol, 1.2 eq)  
IDPi (2.5 mol%), solvent (0.5 mL). All reactions proceed with 
>99:1 dr. bIsolated yields given. cEnantioselectivities (ee) were 
measured by SFC. dReactions run with 5 mol% catalyst loading. 
See the Supporting Information for further details. 
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Scheme 1. Various aldehyde substrates tested with the optimal conditions.a  

	

	
	

a Reaction conditions: 3 (14.2 mg, 0.1 mmol, 1.0 eq), the aldehyde 4a-4ee (0.12 mmol, 1.2 eq)  IDPi (5 mol%), CHCl3 (0.5 mL). All 
reactions proceed with >99:1 dr. Isolated yields given. Enantioselectivities (ee) were measured by SFC. Absolute configurations 
confirmed by the X-ray crystallographic analysis after recrystallization of 5q. The stereochemistry of the remainder of the entries is 
assigned by analogy. b Reactions were conducted at 0 oC for 14 days. c Reactions were conducted at -20 oC for 12 days. d Reactions 
were conducted at rt for 7 days.
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While	extended	commentary	could	be	provided	about	each	
individual	result,	significant	conclusions	pointed	to	the	crit-
ical	 nature	 of	 having	 a	 large	 catalyst	 substituent	 that	 can	
also	 engage	 in	 attractive	 noncovalent	 interactions.	 This	 is	
further	confirmed	by	the	poor	result	obtained	with	the	ste-
rically	 bulky	 catalyst	 2f	 (rotation	 barrier	 21.6	 kcal/mol,	
AREA(q)	of	61o).	Further,	these	observations	with	IDPis	are	
consistent	 with	 our	 previous	 studies	 focused	 on	 under-
standing	 chiral	 phosphoric	 acids	 trends.	 These	 demon-
strated	catalysts	that	bear	large	alkyl	groups	at	the	2,	4	and	
6	positions	of	the	aromatic	ring	primarily	control	the	prod-
uct	 outcome	 through	 steric	 contacts.	While	 catalysts	 con-
taining	extended	p-systems	like	9-pheanthryl	do	not	rely	on	
a	single	set	of	noncovalent	interactions	to	impart	enantioin-
duction.	In	other	words,	because	these	catalysts	bear	large	
groups	 with	 polarizable	 surfaces,	 they	 can	 facilitate	 high	
levels	 of	 enantioselectivity	 by	 engaging	 in	 both	 attractive	
and	repulsive	noncovalent	contacts.	These	results	could	im-
ply	that	this	is	a	key	mechanistic	feature	of	the	group	rather	
than	a	particular	catalyst	structure.	In	returning	to	the	opti-
mization,	we	discovered	that	switching	the	solvent	to	CHCl3	
and	lowering	the	temperature	allowed	the	spircocycle	to	ob-
tain	 in	82%	ee	 (Table	1	entry	10).	Motivated	by	 these	re-
sults,	 further	 improvements	 to	 the	 enantioselectivity	was	
achieved	by	decreasing	the	temperature	from	0	oC	to	-20	oC	
but	this	tactic	was	limited	to	more	reactive,	electron	rich	al-
dehydes	(Table	1	entry	13).	Having	developed	optimal	con-
ditions	for	this	new	enantioselective	Prins-semipinacol	re-
arrangement	sequence,	we	next	examined	the	scope	of	the	
aldehyde	component.	As	shown	in	Scheme	1,	variations	of	
the	aryl	component	were	generally	well	tolerated,	although	
products	 bearing	 strongly	 electron	withdrawing	 substitu-
ents	were	generated	with	lower	enantioselectivities	due	to	
the	higher	temperature	requirement.	This	lower	reactivity	
with	electron	poor	substrates	is	notable	and	consistent	with	
a	cationic	charge	developing	in	the	rate	determining	step.		
	
Scheme 2. Miscellaneous experiments 

 

Indeed,	substrates	with	even	greater	electron	withdrawing	
capabilities	(e.g.	CN	and	NO2)	failed	to	react	at	room	temper-
ature.	A	similar	lack	of	reactivity	was	discovered	when	as-
sessing	 various	 aliphatic	 substrates	 (see	 SI	 for	 more	 de-
tails).	Exploration	of	styrenyl	aldehydes	showed	less	sensi-
tivity	to	the	electronic	features	of	the	aromatic	ring	having	
produced	high	levels	of	enantioselectivity	across	a	diverse	
set	substrates.	To	round	out	this	aldehyde	survey,	we	exam-
ined	the	use	of	heteroaromatics	in	the	reaction	relay.	When	
progressing	to	this	substrate	class,	we	obtained	some	of	the	
highest	 enantioselectivities	 observed	 thus	 far	 in	 any	 IDPi	
catalyzed	reaction.	Aldehydes	bearing	sterically	demanding	
substituents	also	proved	less	selective	and	this	may	reflect	
the	 inability	 of	 our	 strictly	 confined	 acid	 to	 efficiently	 ac-
commodate	 large	 substrates.	The	exquisite	 selectivity	 im-
parted	by	our	confined	catalyst	is	highlighted	on	comparing	
the	 diastereoselectivity	 created	 in	 the	 semipinacol	 rear-
rangement	under	achiral	and	chiral	conditions.	More	specif-
ically,	the	data	presented	in	Scheme	2	shows	that	the	cata-
lyst	control	matches	the	 inherent	stereoselectivity	prefer-
ence	and	were	possible,	enriches	the	selectivity.	Further	re-
action	 insight	 was	 obtained	 from	 evaluating	 several	 de-
signed	homoallylic	alcohols.	The	failure	of	these	systems	to	
react	supports	the	crucial	role	of	ring	strain	relief	in	driving	
the	reaction	forward.	To	focus	our	efforts	on	shortening	the	
long	 reaction	 times	 we	 evaluated	 increasing	 the	 catalyst	
loadings	with	a	small	set	of	representative	structures.	Dou-
bling	the	amount	of	catalyst	employed	dramatically	short-
ened	the	reaction	times	and	afforded	products	in	compara-
ble	yields	and	enantioselectivities	(Scheme	3).	Importantly,	
the	catalyst	could	be	recovered	from	these	processes	and	re-
used	without	loss	of	efficiency.	
	

Scheme 3. Shortening reaction times with increased catalyst 
loading.a 

a Reactions were run with IDPi (10 mol%) under otherwise 
identical conditions to those shown in Scheme 2.  

One	limitation	to	acknowledge	is	that	variations	to	the	al-
lylic	alcohol	3	are	not	possible	as	highlighted	by	the	results	
in	Scheme	2B.	Accordingly,	we	sought	to	expand	the	utility	
of	the	products	in	a	set	of	synthetic	elaborations	(Scheme	4).	
Visual	analysis	of	the	X-ray	structure	of	5q	shows	the	dis-
tinctive	feature	that	both	prochiral	faces	of	the	ketone	are	
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relatively	 unhindered.	 This	 suggests	 that	 the	 spirocycles	
would	react	with	little	substrate	diastereocontrol.	As	such	
our	 diversification	 studies	 focused	 on	 molecular	 changes	
that	did	not	introduce	a	third	stereocenter.	As	a	first	assess-
ment	we	questioned	if	the	spirocycle	could	be	readily	con-
verted	into	an	indole	enabling	a	direct	scaffold	hop	of	me-
dicinal	compounds.	The	model	spirocycle	5e	was	found	to	
undergo	conversion	 to	 the	desired	product	 in	good	yields	
when	 exposed	 to	phenylhydrazine	 and	 acetic	 acid	 at	 high	
temperatures.	Additionally,	we	assessed	5e	under	standard	
Baeyer-Villiger	 oxidation	 conditions	 to	 afford	 chiral	 δ-lac-
tone	7.	Quinoline	8	also	represents	an	important	heterocy-
clic	 compound	 and	 we	 	 could	 access	 this	 motif	 via	 the	
Friedländer	 synthesis.	 Following	 these	 successful	 results,	
the	 last	 product	 diversification	 reaction	 focused	on	 intro-
ducing	new	functional	handles	for	potential	further	manip-
ulation.	 Chloroformylation	 of	 5e	 by	 employing	 the	 Vils-
meier-Haack	reagent	led	to	structure	9	in	good	yields.	As	ex-
pected,	 ketone	 reduction	 with	 NaBH4	 and	 Grignard	 addi-
tions	 proceed	with	 no	 levels	 of	 diastereocontrol	 (see	 SI).	
Overall,	 the	 transformations	 highlighted	 in	 Scheme	 4	 en-
compass	 a	 significant	 expansion	 in	 spirocyclic	 chemical	
space.	
		

Scheme 4. Elaboration of the Prins-semipinacol spirocyle prod-
ucts. 

 
a)	5e	(0.1	mmol,	1.0	eq),	PhNHN2HCl	(0.15	mmol,	1.5	eq),	
HOAc	(0.25	mL),	120	oC,	4	h.	(b)	5e	(0.1	mmol,	1.0	eq),	m-
CPBA	(0.15	mmol,	1.5	eq),	NaHCO3	(0.3	mmol,	3.0	eq),	DCM	
(2.0	mL),	rt,	24	h.	(c)		5e	(0.1	mmol,	1.0	eq),	2-aminobenzal-
dehyde	(0.15	mmol,	1.5	eq),	KOH	(1	mmol,	10		eq),	EtOH	(1.0	
mL),	80	oC,	4	h.	(d)	POCl3(0.1	mL),	DMF	(0.1	mL),	0	oC,	15	
min;	5e	(0.1	mmol,	1.0	eq),	DCM	(2.0	mL),	rt,	24	h.	All	reac-
tions	proceed	with	no	erosion	in	selectivity.	Isolated	yields	
given.	Enantioselectivities	(ee)	were	measured	by	SFC. 

Mechanistic	 Studies.	 The	 first	 part	 of	 the	 study	 accom-
plished	two	of	our	three	initial	goals;	i.e.,	developed	a	selec-
tive	catalyst,	IDPi	2a,	to	facilitate	a	challenging	reaction	that	
had	yet	to	be	accomplished	asymmetrically.	Of	note,	this	cat-
alyst	 was	 thoughtfully	 designed	 by	 transferring	 well-per-
forming	substituents	between	unique	eras	of	Brønsted	acid	
catalyst	structures	and	the	feasibility	for	synthesis	analyzed	
by	considering	its	size	relative	to	other	groups.	However,	the	
final	goal,	to	establish	if	the	same	set	of	enantiodetermining	
discriminants	 that	are	a	well-recognized	 feature	of	9-phe-
nanthryl	derived	phosphoric	acids,	a	earlier	Brønsted	acid	

catalyst	design,	 also	 extend	 to	 this	 catalyst	 structure,	was	
not	yet	realized.	As	a	result,	we	next	evaluated	the	reaction	
mechanism	with	the	aim	of	revealing	the	noncovalent	inter-
actions	at	the	core	of	enantioinduction.	In	considering	the	
complexity	of	the	transformation,	i.e.,	the	cyclization	or	the	
rearrangement	could	be	enantiodetermining	and	the	large	
size	of	the	structures	that	are	required	to	be	evaluated,	we	
limited	our	analysis	to	the	steps	that	follow	the	formation	of	
the	oxonium	ion	while	also	employing ONIOM(wB97XD/6-
31G(d,p):UFF) as	the	calculation	method.	This	type	of	calcu-
lation	allows	larger	systems	like	IDPi’s	to	be	explored	effi-
ciently	without	having	the	analysis	 limited	to	a	 few	struc-
tures	 or	 a	 portion	 of	 the	 reactive	 systems.23 	While	 these	
computational	methods	have	been	shown	to	give	reliable	re-
sults	 in	 various	 settings	 including	 those	 involving	 IDPi’s	 -		
we	were	aware	of	 the	possibility	of	error.24-28	Accordingly,	
the	lowest	energy	structures	found	in	the	enantiodetermin-
ing	step	using	this	method	were	submitted	to	full	DFT	ge-
ometry	optimizations	functionals	to	confirm	the	validity	of	
our	ONIOM	results.	The	results	of	full	DFT	calculations	can	
be	found	in	the	Supporting	Information	and	show	that	inter-
pretation	of	ONIOM	structures	and	energies	to	be	accurate.		
	 Evaluation	of	 the	potential	 energy	 surface	 shows	
that	the	cyclization	event	proceeds	with	an	energy	barrier	
of		13.6	kcal/mol.	This	value	is	significantly	higher	than	the	
computed	barrier	of	5.7	kcal/mol	found	for	the	rearrange-
ment	step.	Low	energy	transition	state	(TS)	structures		
	

	
	
Figure	 3.	Determining	 the	 origin	 of	 enantioinduction	 (A)	
with	ONIOM	calculations	and	(B)	with	experimental	rates.	
	

located	at	the	rearrangement	step	suggests	that	the	reaction	
features	a	SN2’-like	displacement	of	 the	catalyst	structure.	
While	 these	 structures	where	 the	 catalyst	directly	 attacks	
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the	electrophile	have	been	observed	in	other	systems	it	 is	
typically	 associated	 with	 catalyst	 decomposition.	 Subse-
quent	HRMS	analysis	(see	SI	for	details)	confirmed	the	pres-
ence	of	int2	providing	strong	evidence	for	this	pathway.	An-
other	potentially	valuable	piece	of	information	would	be	the	
measurement	of	a	secondary	kinetic	 isotope	effect	(SKIE).	
This	task	was	accomplished	using	4e	and	the	corresponding	
4eD	as	a	probe.	If	the	cyclization	step	was	rate-determining,	
we	should	observe	an	inverse	SKIE	(Kh/KD	<	1,	due	to	hy-
bridization	change	of	sp2	to	sp3)	or	no	effect.	The	KIE	was	
measured	to	be	1.06	which	could	suggest	that	the	formation	
of	the	oxonium	ion	is	the	rate	determining	step.	This	would	
also	explain	the	rate	dependencies	observed	with	electron	
withdrawing	substituents	and	explain	the	lack	of	reactivity	
with	aliphatic	substrates	(see	SI).	Further,	the	barrier	for	cy-
clization	using	4aD	was	evaluated	computationally	and	this	
was	found	to,	as	expected,	lead	to	an	inverse	SKIE	(i.e.	com-
puted	barrier	 to	 cyclization	 is	 slightly	 lower	 for	4aD	 than	
4a).	Overall,	 taken	 together	 the	computations	and	mecha-
nistic	experiments	support	an	enantiodetermining	cycliza-
tion	 event.	 Further,	 the	 calculations	 corroborate	 both	 the	
observed	high	levels	of	enantio-	and	diastereoselectivity	as	
well	as	the	sense	of	induction	(Figure	3).	
To	gain	further	insight	into	how	the	optimal	IDPi	imparts	

such	high	 levels	of	enantioselectivity	we	 further	analyzed	
the	key	Prins	reaction	event	(Table	2	and	Figure	4).	We	cal-
culated	the	lowest	energy	TS	structure,	TS1-Si,	to	bind	to	the	
catalyst	 through	 two	 hydrogen	 bonding	 interactions.	 The	
lower	energy	of	a	TS	which	establishes	hydrogen	bonding	
interactions	with	both	the	alcohol	and		the	oxonium	hydro-
gen	 is	 expected,	 as	 double	 coordination	 modes	 are	 most	
likely.29	Comparable	TS	structures	could	be	located	in	which	
the	 reactants	 establish	 only	 one	 of	 the	 hydrogen	bonding	
contacts,	 TS2-Si,	 and	 these	would	 also	 lead	 to	 the	 experi-
mentally	observed	enantiomer	but	are	higher	in	energy.		
In	addition,	we	identified	TS	structures	similar	to	TS1-Si	

which	features	the	interaction	from	the	catalyst	to	the	oxo-
nium	 proton,	 TS1-Re,	 but	 affords	 the	 competing	 product.	
Further	 visual	 analysis	 reveals	 the	most	 important	differ-
ence	between	TS(Si)	and	TS(Re)	is	the	absolute	location	and	
orientation	of	the	9-phenanthryl	groups	relative	to	the	sub-
strate.	Visualization	of	TS(Si)	shows	that	both	structures	po-
sition	the	substrate	to	maximize	CH−π	interactions	with	the	
aromatic	groups.	In	contrast,	TS(Re)	forces	the	substrate	to	
occupy	 the	 empty	 space	 between	 the	 large	 9-phenantryl	
substituents.	This	 is	consistent	with	 the	primary	determi-
nants	 of	 enantioselectivity	 arising	 from	 these	 competing	
pathways	being	attractive	noncovalent	interactions	with	the	
3,3’	 catalyst	 substituents	 and	 the	 substrate. 30 	This	 is	 in	
agreement	with	 the	 catalyst	 trends	 observed	with	 earlier	
Brønsted	acid	designs	bearing	 the	same	 large,	polarizable	
substituents.	 Excitingly,	 this	 suggests	 that	 the	 9-phenan-
thryl	 groups	 do	 not	 have	 specific	 interactions	 when	 ap-
pended	 to	 a	 different	 Brønsted	 catalyst	 framework,	 even	
when	placed	in	unique	reaction	settings.				
The	 reasons	 for	 the	 energy	 differences	 between	 TS(Si)	

and	TS(Re)	were	further	investigated	using	distortion-inter-
action	analysis	 (Table	2).31	The	equation	ΔΔE‡	=	ΔΔEint	–	
ΔΔEdistortCat	 −	ΔΔEdistortSub	 allows	 the	 relative	 energy	
difference	between	the	three	TS	structures	to	be	understood	

partly	on	the	basis	of	the	energy	required	to	distort	the	cat-
alyst	and	substrate	structures	to	the	TS	geometry,	shown	as	
the	two	ΔΔEdistort	terms.	The	interactions	between	the	cat-
alyst	 and	 substrate	 often	 represent	 a	 myriad	 of	 contacts	
with	the	total	contribution	appearing	as	ΔΔEint	in	the	equa-
tion.	The	IEFPCM(CHCl3)-wB97XD/6-311G(d,p)	calculated	
difference	 in	 substrate	 distortion	 energy	 between	 TS(Si)	
and	TS(Re)	is	small.	However,	the	computed	distortion	en-
ergy	 difference	 for	 the	 catalyst	 fragment	 is	 significant.	 In	
fact,	the	catalyst	structure	must	distort	considerably	more	
to	achieve	the	low	energy	TS(Si)	structures.	The	nature	of	
this	 distortion	 is	most	 easily	 visualized	by	overlaying	 the	
catalyst	structures.	Briefly,	TS1-Si	requires	reorganization	
of	the	9-phenanthryl	groups	to	accommodate	the	substrate	
in	the	catalyst	pocket.	This	is	indicated	in	Figure	4B,	where	
some	of	the	catalyst	groups	of	the	green	(TS2-Si)	and	blue	
(TS1-Si)	 structures	 take	 different	 positions.	 Overall,	 this	
clear	difference	in	ΔΔEdistortCat	implies	that	the	stabiliza-
tion	of	TS1-Si	relative	to	both	TS2-Si	and	TS1-Re	can	be	un-
derstood	on	the	basis	of	 favorable	 interaction	energies,	 in	
agreement	 with	 our	 visual	 analysis	 of	 the	 competing	 TS	
structures.	The	ΔΔEint	values	demonstrate	these	construc-
tive	contacts	between	catalyst	and	substrate	are	greater	in	
TS1-Si	than	TS2-Si	which	is	unsurprising	since	TS2-Si	lacks	
the	second	strong	hydrogen	bonding	contact	between	 the	
catalyst	and	the	oxonium	proton.	Therefore,	the	high	levels	
of	 enantioselectivity	 and	 overall	 sense	 of	 stereoinduction	
can	be	explained	by	differences	in	attractive	noncovalent	in-
teractions.	Ultimately,	demonstrating	that	the	principles	un-
derlying	effective	asymmetric	catalysis	involving	9-phenan-
thryl	 derived	 Brønsted	 acid	 structures	 are	 fundamentally	
the	same.			
	

Table	2.	Results	from	distortion-interaction	analysis	cal-
culated	with	IEFPCM(CHCl3)-wB97XD/6-311G(d,p)	sin-
gle	point	energy	evaluations.	All	relative	energies	reported	
in	kcal	mol-1.	
 

Conclusion. 

We	have	achieved	an	enantioselective	Prins-semipinacol	re-
action	 using	 a	 sterically	 bulky	 IDPi	 designed	 through	 the	
careful	 evaluation	 of	 catalyst	 properties	 and	 investigated	
the	unique	capacity	of	 this	catalyst	architecture	 to	 impart	
high	levels	of	stereocontrol.	Computational	studies	demon-
strate	 attractive	 noncovalent	 interactions	 from	 aromatic	
groups	on	the	catalyst	and	substrate	to	determine	the	enan-
tioselectivity,	a	distinctive	feature	of	the	9-phenanthryl	sub-
stituent	in	Brønsted	acid	catalysis.	These	findings	suggest	a	
probable	general	phenomenon,	whereby	various		

	

 

ΔΔE‡ ΔΔEdistortCat ΔΔEdistortSubΔΔEint

TS2-Si

4.7 12.7 -8.0 0

1.7 4.3 -2.5 -0.1

TS1-Re

0 0 0 0TS1-Si
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Figure	4.	(A)	Competing	TS	structures	for	the	Prins	reaction	of	homoallylic	alcohol	3	with	aldehyde	4a	and	catalyzed	by	IDPi.	
ONIOM(wB97XD/6-31G(d,p):UFF).	Solvent	energies	were	derived	from	single	point	energies	with	IEFPCM(CHCl3)	model	at	
the	wB97XD/6-311G(d,p)	 level.	 Grayed-out	 regions	were	 treated	with	 UFF,	 and	 the	 full-color	 regions	were	 treated	with	
wB97XD	/6-31G(d,p).	All	energies	quoted	in	kcal	mol-1.	Key	hydrogen	bonding	features	shown	in	the	gray	box.	(B)	Superim-
posed,	TS1-Si	and	TS2	-Si	catalyst	structures	demonstrating	the	shifting	of	the	9-phenanthryl	groups.
	

 

TS1-Si: ΔΔG = 0, ΔΔGsol = 0

A

B

TS2-Si: ΔΔG = +2.3, ΔΔGsol = +2.0 TS1-Re: ΔΔG = +1.7, ΔΔGsol = +1.6
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mechanistically	unrelated	transformations	may	be	found	to	
perform	in	the	same	manner	when	key	catalyst	groups	are	
conserved	between	distinct	eras	of	organocatalyst	designs.	
Our	ongoing	and	future	studies	are	directed	toward	the	gen-
eralization	 of	 substituent	 effects	 and	 leveraging	 this	 as	 a	
platform	for	catalyst	design.	
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