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ABSTRACT:	 A	 copper	 hydride	 (CuH)-catalyzed	 regio-	 and	 enantioselective	 hydroboration	 of	 1-trifluoromethylseleno	
(SeCF3)-alkenes	with	H–Bpin	has	been	developed.	The	regio-	and	enantioselective	hydrocupration	of	an	in	situ	generated	CuH	
species	is	followed	by	a	boration	reaction	to	successfully	construct	a	SeCF3-	and	Bpin-substituted	chiral	carbon	center.	The	
key	to	success	is	the	appropriate	choice	of	tBu-modified	biphosphine	ligands,	which	enables	an	overwhelmingly	high	reaction	
efficiency.	

Due	to	the	remarkable	effects	of	fluorine	atoms,	organoflu-
orine	compounds	have	become	staples	in	the	field	of	phar-
maceutical	 and	 pesticide	 development.1	 Among	 them,	 tri-
fluoromethyl	chalcogen	XCF3	(X	=	O,	S,	or	Se)	groups	show	
great	promise	in	medicinal	chemistry.	The	introduction	of	
these	 functional	groups	 into	parent	molecules	can	signifi-
cantly	enhance	biological	activities	such	as	metabolic	stabil-
ity	and	cell	membrane	permeability.2	Over	the	past	decades,	
numerous	 OCF3-2c	 and	 SCF3-containing2a,2b,3	 compounds	
have	been	synthesized,	and	their	biological	properties	were	
extensively	studied.	However,	the	chemistry	of	trifluorome-
thylseleno	(SeCF3)	compounds	remains	largely	unexplored	
(Scheme	 1a),4	 despite	 their	 comparable	 lipophilicity	
(Hansch	parameter,	πR	=	1.29)4b	to	that	of	SCF3	(πR	=	1.44)	
and	OCF3	(πR	=	1.04).5	Given	that	compounds	containing	se-
lenium	 atoms	 typically	 exhibit	 antimicrobial	 and	 antioxi-
dant	properties,6	advancement	of	SeCF3	chemistry	holds	the	
promise	of	making	substantial	contributions	to	innovative	
drug	design.	Recently,	 there	have	been	successive	reports	
on	 the	 synthesis	 of	 optically	 active	 SCF3-	 7	 and	 OCF3-
containing8	compounds.	In	contrast,	the	synthesis	of	enan-
tioenriched	chiral	SeCF3	compounds	remains	largely	elusive.	
Meanwhile,	C(sp²)–SeCF3	compounds	are	relatively	easy	to	
synthesize,	and	several	examples	of	the	synthesis	of	1-tri-
fluoromethylselenoalkenes,	which	 have	 a	 SeCF3	 group	 on	
the	 alkene	moiety,	 have	 been	 reported	 using	 alkenyl	 bo-
ronic	 acids9	 or	 alkenyl	 halides10	 as	 starting	 materials	
(Scheme	1b).	We	have	also	developed	modular	synthesis	of	
1-trifluoromethylselenoalkenes	using	 stable	and	commer-
cially	available	Se	powder.10b	However,	to	date,	there	is	no	
example	of	 functionalization	of	 the	C=C	bond	 in	SeCF3-al-
kenes.	Herein,	we	report	a	copper	hydride	(CuH)-catalyzed	

regioselective	and	enantioselective	hydroboration	of	1-tri-
fluoromethylselenoalkenes	 with	 pinacolborane	 (H–Bpin;	
Scheme1c).	Our	blueprint	is	shown	in	Scheme	1c.	The	start-
ing	SeCF3-alkene	undergoes	regio-	and	enantioselective	in-
sertion	into	in	situ	generated	chiral	CuH	species11	to	form	an	
α-SeCF3	alkylcopper	intermediate.	A	subsequent	stereospe-
cific	boration	reaction	with	H–Bpin	enables	the	asymmetric	
construction	of	a	SeCF3-	and	Bpin-substituted	chiral	carbon	
center.	Such	a	chiral	building	block	with	SeCF3	and	Bpin	in	a	
gem	relationship	is	disclosed	for	the	first	time.	
Scheme	 1.	 Synthetic	 Approach	 to	 SeCF3-Containing	
Compounds	
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We	 have	 recently	 achieved	 related	 synthesis	 of	 SCF3-

substituted	alkylboronates	using	a	1-trifluoromethylthioal-
kene	as	a	starting	platform,12	where	the	choice	of	ligand	had	
a	significant	impact	on	reaction	efficiency.	Therefore,	we	in-
itially	investigated	ligand	effects	for		
Table	1.	Optimization	Studies	 for	CuH-Catalyzed	Regi-
oselective	 Hydroboration	 of	 Compound	 1a	 with	 H–
Bpina	

 
entry ligand solvent yield (%)b 

1 dppbz toluene 13 

2 MeO-dppbz toluene 1 

3 p-tBu-dppbz toluene 2 

4 p-CF3-dppbz toluene 2 

5 tBu-dppbz toluene 88 (71) 

6 TMS-dppbz toluene 22 

7 CF3-dppbz toluene 12 

8 DTBM-dppbz toluene 64 

9 tBu-dppbz THF 81 

10 tBu-dppbz DMF 89 

aConditions:	 compound	 1a	 (0.20	 mmol),	 H–Bpin	 (0.70	
mmol),	Cu(OAc)2	 (0.020	mmol),	 ligand	(0.020	mmol),	 sol-
vent	(0.30	mL),	room	temperature,	18	h,	and	N2.		b	Estimated	
by	1H	NMR.		The	isolated	yield	is	given	in	parentheses.			

the	 non-enantioselective	 hydroboration	 of	 1-trifluorome-
thylselenoalkene	 1a	 (Table	 1).	 In	 the	 presence	 of	 the	
Cu(OAc)2	 precatalyst	 and	bis(diphenylphosphino)benzene	
(dppbz)	ligand,	the	reaction	of	compound	1a	with	H–Bpin	
gave	the	desired	hydroborated	product	2a	 in	13%	 1H	nu-
clear	magnetic	resonance	(NMR)	yield	(entry	1).	The	yield	
was	poor,	but	the	reaction	dominantly	gave	product	2a	with	
a	high	regioselectivity.	Inspired	by	the	previous	hydrobora-
tion	of	SCF3-substituted	alkenes,12	we	then	tested	modified	
dppbz-type	ligands.	In	the	case	of	SCF3-alkenes,	the	favora-
ble	dispersion	interaction	between	the	remote	tBu	group	on	
the	ligand	and	the	SCF3	group	facilitated	the	hydrocupration	
step.	A	similar	effect	was	observed	even	with	SeCF3-alkene.	
While	 para-substituted	 dppbz	 ligands	 led	 to	 decreased	
yields	(entries	2-4),	the	use	of	tBu-dppbz	dramatically	im-
proved	the	product	yield	(entry	5).	On	the	other	hand,	other	
meta-substituted	dppbz	 ligands,	 including	TMS-,	CF3-,	and	
DTBM-dppbz,	resulted	in	lower	yields	(entries	6-8).	When	
tetrahydrofuran	 (THF)	 or	N,N-dimethylformamide	 (DMF)	
was	used	as	the	solvent,	product	2a	was	obtained	in	simi-
larly	high	yields.	We	selected	toluene	as	the	optimal	solvent	
due	 to	better	 reproducibility.	Additional	 observations	 are	
noted:	other	common	mono-	and	bidentate	phosphine	lig-
ands	decreased	the	yield.	While	tBu	modification	improved	
the	reaction	efficiency	also	in	other	ligand	skeletons,	none	
surpassed	the	performance	of	tBu-dppbz.	Other	Cu	salts	and	
solvents	were	also	 tested,	but	 all	 resulted	 in	 lower	yields	
(see	the	Supporting	Information	for	more	details).	
After	establishing	the	optimal	reaction	conditions	(entry	

5	 in	 Table	 1),	 we	 examined	 the	 scope	 of	 1-trifluorome-
thylselenoalkenes	1	 (Scheme	2).	 In	addition	to	compound	
1a,	various	alkyl-substituted	SeCF3-alkenes	were	applicable.	
The	substrate	1b	with	longer	alkyl	chain	was	also	coupled	
with	H–Bpin	to	yield	the	corresponding	hydroborated	prod-
uct	2b	 in	62%	yield.	The	reaction	with	substrates	bearing	
ester	(2c),	benzyl	ether	(2d),	and	nitrile	(2e)	groups	at	the	
terminus	 of	 the	 alkyl	 chain	was	 also	 possible.	 The	 cyclo-
hexyl-	and	piperidyl-substituted	1-trifluoromethylselenoal-
kenes	(1f	and	1g)	could	be	successfully	employed	to	pro-
vide	products	2f	and	2g	in	77	and	60%,	respectively.	Using	
a	 substrate	 derived	 from	 Boc-protected	 L-phenylalanine,	
product	2h	was	obtained	in	a	moderate	yield	without	ero-
sion	of	the	enantiopurity	of	the	amino	acid	framework.	In	
addition,	 the	 reaction	with	 aryl-conjugated	 SeCF3-alkenes	
was	possible	to	give	the	desired	products	with	high	regiose-
lectivity	(2i-2k).	In	cases	of	biphenyl-	and	naphthyl-substi-
tuted	alkenes,	the	use	of	DMF	as	a	reaction	solvent	instead	
of	toluene	was	necessary	to	obtain	the	hydroborated	prod-
ucts	 in	acceptable	yields	(2l	and	2m).	The	structure	of	2l	
was	 confirmed	 by	 X-ray	 analysis	 of	 single	 crystals	 (CCDC	
2416779).	 Unfortunately,	 the	 reaction	with	 electron-defi-
cient	 aromatic-	 or	heteroaromatic-ring-substituted	SeCF3-
alkenes	was	unsuccessful:	both	conversion	and	regioselec-
tivity	of	the	reaction	were	decreased	(see	the	Supporting	In-
formation	for	details).	
Scheme	 2.	 Products	 of	 CuH-Catalyzed	 Regioselective	
Hydroboration	 of	 1-Trifluoromethylselenoalkenes	 1	
with	H–Bpina	
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aConditions:	 compound	 1	 (0.20	 mmol),	 H–Bpin	 (0.70	
mmol),	Cu(OAc)2	 (0.020	mmol),	 tBu-dppbz	 (0.020	mmol),	
toluene	(0.30	mL),	room	temperature,	18	h,	and	N2.	Isolated	
yields	are	shown.	b	On	a	1.0	mmol	scale.	c	From	compound	
(Z)-1h.	d	In	DMF	(0.30	mL).	e	Estimated	by	1H	NMR.		
We	next	moved	our	attention	to	the	asymmetric	synthesis	

using	 a	 chiral	 biphosphine	 ligand	 instead	 of	 tBu-dppbz	
(Scheme	3a).	After	intensive	ligand	screening,	we	found	that	
(R)-DTBM-SEGPHOS	 efficiently	 provided	 the	 desired	 hy-
droborated	products	with	high	enantioselectivity.	The	en-
antiomeric	 ratio	 of	 the	 product	 was	 estimated	 by	 chiral	
high-performance	 liquid	chromatography	(HPLC)	analysis	
of	 2-Bdan	 after	 derivatization	 using	 the	 reported	 trans-
esterification	method.13	The	Bdan	derivatives,	being	more	
ultraviolet	(UV)-detectable	and	polar,	allowed	for	the	easier	
separation	of		
Scheme	 3.	 CuH-Catalyzed	 Regio-	 and	 Enantioselective	
Hydroboration	of	1-Trifluoromethylselenoalkenes	1a	

 
aConditions:	 compound	 1	 (0.20	 mmol),	 H–Bpin	 (0.70	
mmol),	 Cu(OAc)2	 (0.020	 mmol),	 (R)-DTBM-SEGPHOS	
(0.020	mmol),	THF	(0.30	mL),	room	temperature,	4	h,	and	
N2.	Isolated	yields	are	shown.	b	On	a	1.0	mmol	scale.	c	From	
compound	(Z)-1h.	d	Using	(S)-DTBM-SEGPHOS.	e	The	stere-
oselectivity	was	estimated	by	the	ratio	of	its	diastereomeric	
signals	on	19F{1H}	NMR.	

enantiomers	 on	 a	 chiral	 stationary	 phase.	 The	 substrate	
scope	is	shown	in	Scheme	3b,	including	the	isolated	yields	
of	all	Bpin	products,	along	with	the	overall	 isolated	yields	
and	enantiomeric	ratios	after	 their	derivatization	to	Bdan	
forms.	 SeCF3	 alkenes,	 including	 those	 with	 primary	 alkyl	
groups	 and	 some	 common	 functional	 groups,	 yielded	 the	
desired	hydroborated	products	in	good	yields	with	high	en-
antioselectivity	(2a–2e).	The	substrate	bearing	a	sterically	
demanding	cyclohexyl	substituent	was	converted	to	prod-
uct	2f	in	86%	yield	and	successfully	transformed	into	com-
pound	2f-Bdan	with	a	96:4	enantiomeric	ratio	 (er).	Simi-
larly,	 piperidyl-substituted	 substrates	 2g	 and	 2g-Bdan	
were	obtained	in	high	yields	with	95:5	er.	The	reaction	with	
compound	(Z)-1h,	derived	from	Boc-protected	L-phenylal-
anine,	produced	product	2h	in	a	moderate	yield	with	a	96:4	
diastereomeric	 ratio	 (dr).	 In	 the	 reaction	with	 compound	
1h,	 a	match-mismatch	 phenomenon	was	 observed;	 using	
(R)-DTBM-SEGPHOS	 lowered	 the	 diastereoselectivity	 to	
87:13	 (Scheme	S4	of	 the	Supporting	 Information).	On	 the	
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other	hand,	when	using	Ar-conjugated	SeCF3-alkene	1k,	the	
desired	product	2k	was	obtained	in	an	only	24%	yield	but	
with	high	enantioselectivity	(95:5	er).	The	absolute	config-
urations	 of	 compounds	2e-Bdan	 and	2f-Bdan	 were	 con-
firmed	 to	 be	 S	 by	 X-ray	 crystallographic	 analysis	 (CCDC	
2421793	 and	 CCDC	 2416780),	 and	 the	 configurations	 of	
other	compounds	were	assigned	by	analogy.	Furthermore,	
it	 was	 confirmed	 that,	 even	 when	 compound	 (Z)-1f	 was	
used,	compound	(S)-2f-Bdan	was	obtained	as	the	major	en-
antiomer	 (84:16	 er;	 Scheme	 S3	 of	 the	 Supporting	 Infor-
mation).	The	Bpin	moiety	of	enantioenriched	compound	2a	
could	 successfully	 react	 with	 a	 vinyl	 Grignard	 reagent	 to	
give	the	corresponding	vinylation	product	3	with	high	ste-
reochemical	 fidelity	 (Scheme	 3c).14	 Unfortunately,	 other	
transformations,	 including	 cross-coupling-type	 reactions,	
remained	unsuccessful	(see	the	Supporting	Information	for	
details).	
Our	preliminary	calculations	shed	 light	on	why	 the	 tBu	

substituent	 on	 the	phosphine	 ligand	was	 effective	 for	 the	
hydrocupration	 of	 SeCF3-substituted	 alkenes	 (Scheme	 4).	
All	geometries	of	intermediates	and	transition	states	were	
optimized	by	density	 functional	 theory	(DFT)	calculations	
using	the	Gaussian	16	program.15	The	long-range	and	dis-
persion	corrected	ωB97X-D	functional16	with	a	standard	6-
31G(d)	basis	set	(LanL2DZ	basis	set	for	Cu	and	Se)	was	em-
ployed	 for	 geometry	optimizations	 in	THF	using	 the	SMD	
solvation	model.17	Single-point	energies	were	calculated	us-
ing	the	6-311+G(d,p)	basis	set	(SDD	basis	set	for	Cu	and	Se)	
in	THF.	A	modeled	substrate	1n	was	used	for	the	calcula-
tions.	The	relative	Gibbs	free	energy	of	the	hydrocupration	
step	 was	 calculated	 using	 dppbz	 and	 tBu-dppbz	 ligands	
(Scheme	4a).	In	the	case	of	the	simple	dppbz	ligand,	the	hy-
drocupration	 of	 compound	 1n	 proceeds	 through	 a	 four-
membered	transition	state	TS1	to	form	the	alkylcopper	in-
termediate	 INT1,	 with	 an	 activation	 barrier	 of	 16.8	
kcal/mol.	On	the	other	hand,	with	the	tBu-dppbz	ligand,	the	
reaction	proceeds	via	transition	state	TS2	to	form	interme-
diate	INT2,	with	an	activation	barrier	of	13.7	kcal/mol.	The	
structure	 of	 transition	 state	TS2	 is	 shown	 in	 Scheme	 4b,	
where	the	F	atom	of	the	SeCF3	group	and	the	H	atom	of	tBu	
on	the	ligand	are	in	close	proximity	(2.80	Å).	The	non-cova-
lent	interaction	(NCI)	plot	of	transition	state	TS2	reveals	a	
C–H/C–F	interaction	between	the	SeCF3	group	and	the	tBu	
group.	Importantly,	it	is	suggested	that	favorable	dispersion	
interactions	 contribute	 to	 the	 stabilization	 of	 transition	
state	TS2,	thereby	accelerating	the	reaction.18	
Scheme	4.	DFT	Calculations	for	Hydrocupration	of	Com-
pound	1n	with	dppbz	and	tBu-dppbz	Ligands	

 
Finally,	we	investigated	the	origin	of	the	high	reactivity	of	

SeCF3-substituted	alkenes	through	control	experiments	us-
ing	the	corresponding	SCF3-alkene.	The	optimized	structure	
of	 SeCF3-alkene	 1n,	 obtained	 using	 DFT	 calculations,	 is	
shown	in	Scheme	5a.	The	C=C	bond	and	the	Se–C(F3)	bond	
adopt	a	perpendicular	configuration	with	a	dihedral	angle	
of	 82.0°.	 In	 contrast,	 the	 corresponding	 SCF3-alkene	 1n-
SCF3	has	a	C–C–S–C(F3)	dihedral	angle	of	-126.1°.	In	addi-
tion,	 the	 calculated	 lowest	 unoccupied	 molecular	 orbital	
(LUMO)	 of	 compound	1n	 is	 significantly	 localized	 on	 the	
SeCF3	 unit.	 The	 LUMO	 level	 is	 1.19	 eV,	 indicating	 higher	
electrophilicity	compared	 to	1n-SCF3	 (1.56	eV).	These	re-
sults	suggest	that	the	high	reactivity	of	SeCF3-alkenes	is	at-
tributed	to	effective	overlap	between	the	π*	orbital	of	the	
alkene	and	the	σ*	orbital	of	the	Se–C(F3)	bond.	Thus,	SeCF3-
alkenes	are	expected	to	exhibit	higher	reactivity	compared	
to	SCF3-alkenes.	Theoretical	calculations	also	indicate	that	
the	 activation	 barrier	 for	 the	 hydrocupration	 of	 SeCF3-al-
kene	is	lower	than	that	of	SCF3-alkene	(Scheme	5b;	13.7	ver-
sus	 14.8	 kcal/mol).19	 Indeed,	when	 a	 competitive	 experi-
ment	was	conducted	using	1	equiv	of	H–Bpin	with	1a	and	
1a-SCF3,	product	2a	was	preferentially	obtained	(Schemes	
5c	and	Table	S11	of	the	Supporting	Information).	Moreover,	
kinetic	studies	of	the	reaction	with	SeCF3-	and	SCF3-alkenes	
further	support	the	higher	reactivity	of	SeCF3-alkenes	(Fig-
ure	S5	of	the	Supporting	Information).	
Scheme	5.	 Comparison	of	 SeCF3-	 and	 SCF3-Substituted	
Alkenes	in	Structure	and	Reactivity	
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In	summary,	we	have	developed	a	CuH-catalyzed	regio-	

and	enantioselective	hydroboration	of	1-trifuroromethylse-
lenoalkenes	with	H–Bpin.	The	appropriate	copper	catalyst	
enables	the	asymmetric	construction	of	a	chiral	carbon	cen-
ter	substituted	with	SeCF3	and	Bpin.	Our	preliminary	calcu-
lation	studies	suggest	that	the	tBu	substituent	of	the	ligands	
facilitates	 the	 reaction	 through	 favorable	 interaction	with	
the	 SeCF3	 group.	 Moreover,	 experimental	 and	 computa-
tional	comparison	studies	with	SeCF3-	and	SCF3-alkenes	un-
cover	 the	 origin	 of	 the	 higher	 reactivity	 of	 SeCF3-alkene.	
More	detailed	mechanistic	studies	and	additional	synthetic	
applications	of	SeCF3-substituted	alkenes	are	ongoing	in	our	
laboratory.	
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