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ABSTRACT:	The	ligand	screening	process,	in	which	an	optimal	ligand	for	a	reaction	of	interest	is	identified	from	an	enor-
mous	and	diverse	set	of	candidate	molecules,	is	of	particular	importance	in	the	development	of	transition	metal	catalysis.	
Conventionally,	this	process	has	been	performed	by	experimental	trial-and-error	cycles,	which	require	significant	time	and	
resources.	Herein,	we	report	a	novel	strategy	called	“virtual-ligand-assisted	(VLA)	screening”	that	enables	practical	in	silico	
ligand	screening	based	on	the	transition	state	theory.	We	developed	a	virtual	 ligand,	PCl*3,	which	parameterizes	both	the	
electronic	and	steric	effects	of	monodentate	phosphorus(III)	ligands	in	quantum	chemical	calculations,	and	used	it	to	assess	
how	these	effects	perturb	the	energy	profile	of	a	reaction.	This	parameter-based	ligand	screening	approach	allowed	us	to	
identify	the	optimal	electronic	and	steric	effects	for	a	reaction	of	interest,	thereby	affording	guiding	principles	for	rational	
ligand	design.	The	VLA	screening	strategy	was	demonstrated	for	the	selectivity-determining	step	of	the	rhodium-catalyzed	
hydroformylation	 of	 a	 terminal	 olefin,	 and	 phosphorus(III)	 ligands	with	 potentially	 high	 linear	 or	 branched	 selectivities	
were	designed.	These	 findings	 indicate	 that	VLA	screening	 is	a	promising	approach	 for	streamlining	the	 ligand	screening	
process.		

1.	INTRODUCTION	
Over	the	past	several	decades,	the	development	of	tran-

sition-metal-catalyzed	 reactions,	 such	 as	 hydroformyla-
tion,1	 olefin	metathesis,2	 asymmetric	 hydrogenation,3	 and	
cross-coupling	 reactions,4	 has	 become	 a	 central	 research	
topic	 in	synthetic	chemistry.	These	advances	 in	 transition	
metal	 catalysis	 have	 significantly	 contributed	 to	 progress	
in	 broad	 scientific	 and	 technological	 fields.	 Considerable	
attention	has	been	paid	to	the	design	of	superior	catalysts,	
including	introducing	organic	ligands	such	as	organophos-
phorus	 compounds	 and	 N-heterocyclic	 carbenes	 (NHCs),	
which	 often	 enhance	 catalytic	 activity	 and	 selectivity.1–5	
The	effects	of	such	ligands	on	metal	center	reactivity	have	
been	well	 studied,	and	 it	 is	widely	accepted	 that	both	 the	
electronic	and	steric	aspects	of	a	ligand	change	the	reactiv-
ity	of	a	metal	center.6–8	Because	the	extent	of	perturbation	
provided	 by	 a	 ligand	 (electronic	 and	 steric	 effects)	 is	 in-
trinsically	 determined	 by	 its	 chemical	 structures,	 ligand	
screening	 (or	 ligand	 design),	 in	 which	 many	 candidate	
molecules	 are	 examined	 to	 find	 an	optimal	 ligand	 for	 the	
reaction	 of	 interest,	 is	 recognized	 as	 one	 of	 the	most	 im-
portant	 processes	 in	 the	 development	 of	 transition	metal	
catalysis.	
Conventionally,	 this	 process	 has	 been	 conducted	

through	experimental	 trial-and-error	cycles.	A	 ligand	can-
didate	is	designed,	prepared,	and	evaluated	in	the	reaction	
of	 interest.	 Then,	 based	 on	 the	 experimental	 results,	 the	

next	candidate	is	designed.	In	many	cases,	bottlenecks	oc-
cur	 in	 the	preparation	and	evaluation	of	 individual	 ligand	
candidates.	Therefore,	to	streamline	this	process,	chemical	
libraries	 for	 representative	 classes	 of	 ligands	 and	 high-
throughput	 screening	 techniques	 have	 been	 developed.9	
More	recently,	many	attempts	have	been	made	to	acceler-
ate	 the	 screening	 process	 using	 informatics	 techniques.10	
In	this	approach,	experimental	results	are	stored	as	a	data	
set,	 and	 the	 relationship	 between	 ligand	 chemical	 struc-
ture	and	reaction	performance	 is	 investigated.	Regression	
analysis,	 which	 has	 been	 adopted	 in	 many	 such	 studies,	
allows	chemists	to	rapidly	capture	important	but	nonintui-
tive	ligand	features,	thus	minimizing	the	number	of	exper-
imental	trials	required	to	find	optimal	ligands.		
An	 ab	 initio	 approach	 based	 on	 transition	 state	 theory	

(TST)	has	also	been	intensively	studied	(Figure	1a).11–14	In	
this	approach,	the	performance	of	each	ligand	candidate	is	
evaluated	 based	 on	 quantum	 chemical	 calculations,	 and	
the	 optimal	 ligand	 is	 identified	 as	 the	 candidate	 that	 re-
sults	in	the	best	energy	profile	for	the	reaction	(e.g.,	a	low	
activation	barrier).	TST-based	ligand	screening	can	be	the-
oretically	 conducted	 in	 silico	 without	 any	 experimental	
work.	 Thus,	 this	 approach	 is	 not	 only	 time	 and	 resource	
efficient	 but	 may	 also	 enable	 de	 novo	 catalyst	 design,	
which	is	often	regarded	as	a	“holy	grail”	 in	computational	
chemistry.11	



 

	

Figure	1.	(a)	Schematic	illustration	of	TST-based	ligand	screening	and	associated	inherent	problems.	(b)	Workflow	for	typical	TST-
based	ligand	screening	and	VLA	screening	processes.	

However,	there	are	still	limited	reports	on	ligand	screen-
ing	 using	 the	 TST-based	 approach,11–14	 probably	 for	 the	
following	reasons.	First,	the	structural	possibilities	for	lig-
ands	are	 almost	 infinite	 (Figure	1a,	 right).	 In	 general,	 be-
cause	a	transition	metal	complex	has	many	conformational	
possibilities,	 numerous	 attempts	 and	 huge	 amounts	 of	
computational	 resources	 are	 required	 to	 determine	 the	
energy	profile	of	a	reaction,	even	for	a	single	ligand	candi-
date.	In	addition,	considering	the	enormous	variety	of	po-
tential	 ligand	 structures,	 it	 is	 unrealistic	 to	 evaluate	 all	
candidates	individually.	Therefore,	screening	must	be	con-
ducted	by	selecting	a	 limited	number	of	 ligands	as	 repre-
sentative	candidates	(Figure	1b,	top).	Such	heuristic	choic-
es	 not	 only	 cause	 truly	 optimal	 ligands	 to	 be	 overlooked	
but	 also	 narrow	 the	 chemical	 space	 to	 be	 explored,	 as	
known	 and	 readily	 available	 ligands	 tend	 to	 be	 uncon-
sciously	 selected.	 Recently,	 to	 address	 this	 issue,	 high-

throughput	 computational	 techniques13	 and	 data-driven	
candidate	selection14	have	been	intensively	investigated.	
The	second	obstacle	in	TST-based	ligand	screening	is	the	

complexity	 of	 the	 reaction	mechanism	 (Figure	 1a,	 right).	
Because	almost	all	calculations	for	transition	metal	cataly-
sis	are	currently	performed	based	on	mechanistic	assump-
tions	by	 chemists,	 the	obtained	 results	 are	potentially	bi-
ased	or	incorrect.	Therefore,	to	ensure	the	reliability	of	the	
results,	TST-based	screening	requires	either	extensive	as-
sessment	of	the	potential	energy	surface	(PES)	by	chemists	
or	 experimental	 validation	 of	 the	 obtained	 mechanism.	
This	 process	 not	 only	 decreases	 the	 practicality	 of	 TST-
based	ligand	screening	but	may	also	overlook	both	nonin-
tuitive	 productive	 and	 unproductive	 paths	 that	 operate	
when	the	ligand	structure	is	modified.	In	theory,	this	prob-
lem	 can	be	 (at	 least	 partially)	 avoided	by	performing	 lig-
and	screening	based	on	a	reaction	path	network	generated	



 

by	systematic	automated	reaction	path	search	methods15,16	
instead	 of	 a	 few	 reaction	 paths	 proposed	 by	 chemists	 or	
validated	 in	specific	 cases.	However,	 these	algorithms	are	
often	 too	 computationally	 demanding	 for	 practical	 use,	
especially	 in	 the	 case	 of	 transition	metal	 catalysis,	where	
the	 large	 number	 of	 atoms	 in	 an	 organic	 ligand	must	 be	
considered.	
Considering	 this	 background,	we	 herein	 report	 an	 effi-

cient	quantum	chemical	 calculation	method,	namely,	 “vir-
tual-ligand-assisted	 (VLA)	 screening”,	 to	 realize	 practical	
TST-based	 ligand	screening	(Figure	1b,	bottom).	A	virtual	
ligand	is	a	“dummy”	ligand	for	quantum	chemical	calcula-
tions	 that	 reproduces	 the	 reactivity	 (e.g.,	 the	 activation	
barrier	of	a	reaction)	of	the	corresponding	transition	metal	
complex	 by	 imitating	 the	 electronic	 and/or	 steric	 effects	
associated	with	 the	 real	 ligand.	 In	 a	pioneering	work,	 Sa-
kaki	and	coworkers	developed	PC#(R)3,	a	virtual	ligand	that	
represents	 the	 electronic	 effect	 of	 the	 trialkylphosphine	
ligand	 (PR3)	 by	 tuning	 the	 quantum	 capping	 potential	
(C#(R))	to	reproduce	the	lone	pair	orbital	energy	of	PR3.17	As	
PC#(R)3	treats	the	ligand	substituents	(R)	implicitly,	energy	
calculations	 for	 the	 corresponding	 transition	 metal	 com-
plex	 can	be	performed	rapidly,	 regardless	of	 the	approxi-
mated	 ligand.	 Inspired	 by	 this	 work,	 we	 anticipated	 that	
developing	a	virtual	 ligand	that	reproduces	both	the	elec-
tronic	 and	 steric	 effects	 of	 a	 ligand6–8	would	dramatically	
reduce	the	computational	costs	not	only	for	energy	calcula-
tions	but	also	for	geometry	optimization,	including	transi-
tion	state	determination.	Such	a	virtual	ligand	would	allow	
the	 application	 of	 automated	 reaction	 path	 search	meth-
ods15,16	to	transition	metal	catalysis,	thereby	enabling	TST-
based	ligand	screening	to	be	performed	based	on	an	unbi-
ased	reaction	path	network	that	 includes	both	productive	
and	unproductive	paths.	Moreover,	by	using	the	electronic	
and	 steric	 effects	 of	 the	 virtual	 ligand	 as	 parameters	 and	
tuning	them	to	optimize	the	energy	profile	of	the	reaction	
rather	than	to	reproduce	a	specific	ligand,	ligand	screening	
can	 be	 realized	 virtually	without	 heuristically	 selecting	 a	
few	 representative	 candidates	 (Figure	 1b,	 bottom).	 It	
should	 be	 noted	 that	 the	 screening	 process	 is	 conducted	
based	 on	 continuous	 electronic	 and	 steric	 parameters	 in-
stead	 of	 discontinuous	 chemical	 structures.	 This	 parame-
terization	 enables	 the	 determination	 of	 the	 optimal	 elec-
tronic	and	steric	effects	of	ligands	at	the	minimum	point	of	
a	 function	 (e.g.,	 activation	 barrier)	 of	 these	 parameters,	
thus	providing	guiding	principles	for	the	molecular	design	
of	 optimal	 (real)	 ligands.	 Furthermore,	 VLA	 screening	 al-
lows	 exploration	 of	 the	 entire	 space	 determined	 by	 the	
electronic	 and	 steric	 parameters	 without	 any	 constraints	
originating	 from	real	 ligands,	such	as	synthetic	accessibil-
ity	 or	 stability.	 Therefore,	 it	 is	 possible	 to	 find	 novel	 lig-
ands	both	within	and	outside	the	known	chemical	space	of	
ligands.	Here,	as	a	proof	of	concept,	we	developed	a	virtual	
ligand	 for	one	of	 the	most	 common	 ligand	classes,	mono-
dentate	 phosphorus(III)	 compounds,	 and	 performed	 VLA	
screening	 for	 the	 regioselective	 hydroformylation	 of	 ter-
minal	olefins.	
	

2.	THEORY	AND	METHOD	
2.1.	Approximation	of	Electronic	Effects	

First,	a	newly	developed	method	 for	approximating	 the	
electronic	 effects	 of	 phosphorus(III)	 ligands	 is	 described.	
Although	 many	 descriptors	 for	 the	 electronic	 effects	 of	
phosphorus(III)	 ligands	 have	 been	 proposed,6,7	 we	 focus	
on	 Tolman’s	 electronic	 parameter	 (TEP).7a	 The	 TEP	 of	 a	
ligand	(L),	which	is	defined	by	the	frequency	of	the	A1	C–O	
vibrational	 mode	 (νCO)	 of	 corresponding	 (pseudo-)C3V	
symmetric	complex	LNi(CO)3,	 can	be	determined	both	ex-
perimentally	and	computationally.7b	The	TEP	captures	the	
net	electronic	effect	(i.e.,	donation	and	back-donation)	of	a	
ligand,7b	whereas	 the	 lone	pair	orbital	 energy,	which	was	
used	 as	 the	 electronic	 descriptor	 in	 Sakaki’s	 virtual	 lig-
and,17	reflects	only	the	electron-donating	ability.	Therefore,	
we	assumed	that	the	electronic	effects	of	a	phosphorus(III)	
ligand	can	be	approximated	well	in	quantum	chemical	cal-
culations	by	reproducing	the	calculated	TEP	with	a	virtual	
ligand.	 Extensive	 attempts	 to	 develop	 such	 a	 system	 re-
vealed	that	a	wide	range	of	TEP	values	can	be	reproduced	
using	 a	 trichlorophosphine-based	 virtual	 ligand,	 PCl*3	
(Figure	2,	see	Figure	S1	 for	details).	 In	 this	virtual	 ligand,	
the	 Cl	 atoms	 are	 placed	 under	 the	 harmonic	 potential	
(keep	potential):	
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where	k,	ri,	and	r0	are	the	force	constant,	distance	between	
the	 P	 and	 Cl	 atoms,	 and	 equilibrium	 distance	 of	 the	 har-
monic	potential,	respectively.	The	k	value	was	set	to	4.48	×	
103	kcal/(mol	Å2)	(2.0	a.u.).	We	performed	geometry	opti-
mization	 and	 harmonic	 vibrational	 frequency	 analyses	 of	
(Cl*3P)Ni(CO)3	 complexes	with	r0	values	of	1.2–2.2	Å.	The	
TEP	 value	 (νCO)	 of	 PCl*3	 was	 found	 to	 be	 proportional	 to	
the	r0	value	in	the	νCO	range	of	2156–2226	cm−1	(Figure	2).	
Notably,	 the	calculated	TEP	values	(at	 the	same	computa-
tional	 level)	 for	 highly	 electron-rich	 PtBu3	 and	 electron-
deficient	 PF3	 were	 2175	 and	 2224	 cm−1,	 respectively.	
These	 results	 suggest	 that	 PCl*3	 can	 reproduce	 the	 elec-
tronic	 effects	 of	 a	 broad	 range	of	 phosphorus(III)	 ligands	
by	appropriately	tuning	the	r0	value.	

	



 

Figure	2.	Approximation	of	the	electronic	effects	of	phospho-
rus(III)	ligands	using	newly	developed	virtual	ligand	PCl*3.		

2.2.	Approximation	of	Steric	Effects	
In	 this	 section,	 a	newly	developed	method	 for	 approxi-

mating	 the	 steric	 effects	 of	 phosphorus(III)	 ligands	 is	 de-
scribed.	 Among	 the	 various	 descriptors	 for	 the	 steric	 ef-
fects	of	phosphorus(III)	ligands,6,8	we	focused	on	the	cone	
angle,	 which	 was	 also	 investigated	 in	 Tolman’s	 seminal	
work.6a	The	cone	angle,	θ,	of	a	symmetric	phosphorus(III)	
ligand	corresponds	 to	 the	apex	angle	of	a	cone	 that	origi-
nates	 from	 a	metal	 center	 located	 2.28	 Å	 from	 the	 phos-
phorus	atom	and	just	touches	the	van	der	Waals	surface	of	
the	outermost	ligand	atoms.	It	 is	widely	accepted	that	the	
steric	 effect	 of	 a	 ligand,	 or	 the	 degree	 of	 steric	 repulsion	
between	the	ligand	and	substrates	around	the	metal	center,	
correlates	well	with	the	ligand	cone	angle.6a,b	Therefore,	to	
reproduce	the	steric	effects	of	phosphorus(III)	ligands	with	
a	virtual	 ligand,	we	designed	a	cone-shaped	repulsive	po-
tential	 (cone	 potential)	 (Figure	 3a).	 First,	 based	 on	 the	
cone	 angle	 definition,6a	 we	 constructed	 a	 cone	with	 apex	
angle	θ	located	2.28	Å	from	the	phosphorus	atom	of	PCl*3.	
Then,	the	steric	repulsion	between	the	ligand	and	the	sub-
strates	was	reproduced	by	placing	every	atom	in	substrate	
S	 (i.e.,	 all	 atoms	 except	 for	 the	metal	 and	 those	 in	 PCl*3)	
under	a	repulsive	potential,	as	follows:	
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where	ri	is	the	distance	between	atom	i	(in	S)	and	the	cone	
surface;	 di	 is	 the	 distance	 between	 atom	 i	 and	 the	 cone	
apex;	φi	 is	 the	angle	defined	by	the	phosphorus	atom,	the	
apex,	and	atom	i;	the	potential	function,	Vcone,	is	determined	
with	reference	to	the	repulsive	term	of	the	Lennard–Jones	
potential;	 and	 constants	 ε,	σ,	 and	a	are	 determined	 using	
another	 steric	 descriptor,	 He8_steric	 (Figure	 3b).6b	
He8_steric,	which	was	proposed	by	Harvey	and	coworkers,	
is	defined	by	the	interaction	energy	between	the	phospho-
rus(III)	ligand	and	a	ring	of	eight	helium	atoms.	The	helium	
atoms	are	held	in	regular	positions	on	a	circle	of	radius	2.5	
Å,	whereas	the	phosphorus	atom	in	the	ligand	is	fixed	2.28	
Å	 from	 the	 center	 of	 the	 ring.	 Harvey	 and	 coworkers	 re-
vealed	 that	 the	He8_steric	 value	 for	 a	phosphorus(III)	 lig-
and	(Ester)	is	correlated	with	its	cone	angle	(θ),	as	shown	in	
Figure	3b	(blue	dots).6b	Using	the	definitions	of	He8_steric	
and	cone	potential,	 the	Ester	value	exerted	by	the	cone	po-
tential	of	PCl*3	with	cone	angle	θ	can	be	numerically	calcu-
lated	as	follows:	
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Constants	ε,	σ,	and	a	were	optimized	using	a	grid	search	so	
that	the	relationship	between	Ester	and	θ	of	the	cone	poten-
tial	in	the	above	equations	reproduced	the	correlation	be-
tween	Ester	and	θ	in	real	systems	(blue	dots,	Figure	3b).	The	
grid	search	was	performed	for	ε	values	in	the	range	of	1–

11	kcal/mol	with	a	0.1	kcal/mol	step	width,	σ	values	in	the	
range	of	1–11	Å	with	a	0.1	Å	step	width,	and	a	values	in	the	
range	of	0–2	with	a	0.01	step	width.	As	a	result,	constants	ε,	
σ,	and	a	were	optimized	as	7.4,	7.0,	and	1.24,	respectively,	
with	a	coefficient	of	determination	(R2)	of	0.87.	The	plot	of	
Ester	against	θ	for	the	cone	potential	with	the	optimal	con-
stants	is	shown	in	Figure	3b	(orange	line).	

	

Figure	3.	(a)	Cone	potential	definition	for	approximating	ste-
ric	 effects.	 (b)	 Optimization	 of	 the	 cone	 potential	 function	
based	on	He8_steric.6b		

2.3.	Ligand–Ligand	Repulsion	
To	accurately	describe	transition	metal	complexes	bear-

ing	 multiple	 phosphorus(III)	 ligands,	 the	 repulsion	 be-
tween	a	pair	of	virtual	ligands	PCl*3	(i.e.,	ligand–ligand	re-
pulsion)	 must	 be	 evaluated.	 In	 this	 study,	 the	 repulsion	
between	the	virtual	ligands	was	represented	by	the	repul-
sion	between	two	cones	(Figure	4,	top).	However,	this	re-
pulsion	 is	 slightly	 more	 complicated	 to	 implement	 than	
repulsion	between	a	cone	and	an	atom	(Figure	3a)	because	
the	magnitude	of	ligand–ligand	repulsion	reflects	not	only	
the	distance	between	the	two	ligands	but	also	their	relative	
configuration.	 Therefore,	 we	 treated	 the	 repulsion	 be-
tween	 two	 virtual	 ligands	 using	 the	 following	 simplified	
model	 (Figure	 4,	 bottom).	 First,	 instead	 of	 repulsion	 be-



 

tween	 two	 virtual	 ligands,	 repulsion	 between	 one	 virtual	
ligand	 (e.g.,	 a	 ligand	 containing	 a	 Pi	 atom)	 and	 the	 phos-
phorus	 atom	 of	 another	 virtual	 ligand	 (Pj)	 is	 evaluated.	
Because	Pj	is	located	inside	the	cone,	which	is	subjected	to	
a	 repulsive	 force,	 this	 evaluation	 will	 always	 underesti-
mate	 the	 ligand–ligand	 repulsion.	 To	 correct	 for	 this	 sys-
tematic	error,	we	defined	a	larger	cone	(red	cone,	Figure	4)	
that	shares	the	apex	and	axis	of	the	original	cone,	and	the	
ligand–ligand	 repulsion	was	 estimated	 based	 on	 the	 cor-
rected	cone,	as	follows:	
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where	ε,	σ,	and	a	are	the	constants	determined	 in	Section	
2.2;	 Pvirt	 contains	 all	 the	 phosphorus	 atoms	 of	 the	 virtual	
ligands	 in	 the	system;	rij	 and	dij	 are	 the	distance	 from	the	
phosphorus	 atom	 subjected	 to	 the	 repulsive	 force	 (Pj)	 to	
the	surface	and	apex	of	the	corrected	cone,	respectively;	φij	
is	the	angle	defined	by	the	two	phosphorus	atoms	and	the	
apex	of	 the	cone	 including	Pi;	and	b	 is	a	constant	 that	de-
termines	 the	 relative	 size	of	 the	 corrected	cone.	To	avoid	
doubly	 counting	 ligand–ligand	 repulsions	 (i.e.,	 repulsion	
from	Pi	to	Pj	and	from	Pj	to	Pi),	the	magnitude	of	the	repul-
sive	 potential	 was	 halved.	 The	 constant	 b	 was	 set	 to	 1.7	
based	 on	 the	 optimized	 structure	 of	
HRh(CO)(ethylene)(PR3)2	 complexes	 (see	 Figure	 S2	 for	
details).	

	

Figure	 4.	 Simplified	 model	 for	 approximating	 ligand–ligand	
repulsion	using	virtual	ligands.	

3.	RESULTS	AND	DISCUSSION	
3.1.	Validation	of	Electronic	Effect	Approximation	
The	 oxidative	 addition	 of	 chlorobenzene	 to	 a	 palladi-

um(0)	phosphine	complex18	was	chosen	as	the	target	sys-
tem	 to	 validate	 the	 electronic	 effect	 approximation	 for	
phosphorus(III)	 ligands	 using	 virtual	 ligand	 PCl*3	 (Figure	

5).	The	oxidative	addition	of	aryl	chloride	is	known	to	pro-
ceed	 through	 three-membered	 transition	 state	TSAB	 after	
the	formation	of	prereactive	complex	A	(Figure	5a,	top).18b–
d	We	 optimized	 the	 geometries	 of	 intermediate	A,	 transi-
tion	state	TSAB,	and	product	B	with	six	different	phospho-
rus(III)	ligands	(PtBu3,	PMe3,	PPh3,	PH3,	P(OMe)3,	and	PF3),	
and	 then	 calculated	 activation	 energy	 ΔE‡	 (energy	 differ-
ence	between	A	and	TSAB)	and	reaction	energy	ΔE	(energy	
difference	between	A	and	B)	for	each	real	system.	The	ob-
tained	ΔE‡	and	ΔE	values	were	plotted	against	the	TEP	val-
ues	(νCO)	of	the	ligands	(blue	dots,	Figure	5a).	Notably,	de-
spite	large	differences	in	cone	angle,	the	ligands	with	simi-
lar	 νCO	 values	 exhibited	 comparable	 ΔE‡	 and	 ΔE	 values	
(compare	 PH3	 with	 P(OMe)3	 or	 PMe3	 with	 PPh3),	 which	
implies	 that	 electronic	 effects	 are	 of	 significance	 for	 this	
reaction.	A	series	of	calculations	were	also	performed	us-
ing	 six	virtual	 ligands,	 each	of	which	was	 tuned	 to	 repro-
duce	the	electronic	effect	of	a	real	ligand	(orange	dots,	Fig-
ure	5a).	Specifically,	the	r0	value	for	the	keep	potential	of	a	
virtual	ligand	was	set	to	reproduce	the	TEP	value	(νCO)	of	a	
real	ligand	using	the	relationship	between	νCO	and	r0	(Fig-
ure	2),	whereas	 the	 steric	 effect	 approximation	using	 the	
cone	potential	was	not	considered	so	that	the	“pure”	elec-
tronic	effects	of	the	ligands	could	be	discussed.	The	ΔE‡	and	
ΔE	values	calculated	using	the	virtual	ligand	showed	good	
agreement	with	those	determined	for	the	real	systems.	As	
shown	 in	 Figure	5a	 (right),	 linear	 regression	of	 the	 ener-
gies	 (ΔE‡	and	 ΔE)	 calculated	 for	 the	 virtual	 and	 real	 sys-
tems	yielded	a	very	high	coefficient	of	determination	(R2	=	
0.993).	 In	 addition,	 the	 regression	 line	 (red	 dashed	 line)	
nearly	coincided	with	the	diagonal	(blue	dashed	line),	rep-
resenting	an	exact	prediction.	
To	our	delight,	in	addition	to	the	energies,	the	optimized	

geometries	of	both	 the	ground	and	 transition	states	were	
reproduced	well	using	the	virtual	ligand.	As	representative	
examples,	 the	optimized	structures	of	TSAB	with	electron-
rich	PtBu3	 and	electron-deficient	PF3	 are	 shown	 in	Figure	
5b	(TSAB(PtBu3)	and	TSAB(PF3),	respectively).	For	compari-
son,	 the	 structures	 of	TSAB	 featuring	 PCl*3	 with	 r0	 values	
set	to	reproduce	the	electronic	effects	of	PtBu3	and	PF3	are	
also	 shown	 (TSAB(PCl*3,	 r0	 =	 1.47	 Å)	 and	TSAB(PCl*3,	 r0	 =	
2.15	 Å),	 respectively).	 A	 comparison	 of	 TSAB(PtBu3)	 and	
TSAB(PF3)	shows	that	these	two	structures	differ	largely	in	
the	distance	between	the	C1	and	Cl	atoms	(dC1–Cl),	the	angle	
defined	by	the	C1,	Pd,	and	Cl	atoms	(∠C1–Pd–Cl),	and	the	dis-
tance	 between	 the	 Pd	 and	 P	 atoms	 (dPd–P).	 In	 contrast,	
comparisons	 of	TSAB(PCl*3,	 r0	 =	 1.47	 Å)	with	TSAB(PtBu3)	
and	TSAB(PCl*3,	r0	=	2.15	Å)	with	TSAB(PF3)	show	that	 the	
structures	optimized	with	the	virtual	ligand	are	quite	simi-
lar	to	those	optimized	with	the	corresponding	real	 ligand.	
The	 root-mean-square	 deviations	 (RMSDs)	 of	 the	 atomic	
positions	 determined	 after	 removing	 the	 substituents	 on	
the	phosphorus	atom	were	0.029	for	TSAB(PCl*3,	r0	=	1.47	
Å)	and	TSAB(PtBu3)	and	0.004	 for	TSAB(PCl*3,	r0	 =	2.15	Å)	
and	 TSAB(PF3).	 These	 results,	 as	 well	 as	 those	 shown	 in	
Figure	 5a,	 suggest	 that	 the	 electronic	 effects	 of	 phospho-
rus(III)	 ligands	 are	 successfully	 reproduced	 and	 parame-
terized	by	virtual	 ligand	PCl*3.	 It	should	be	noted	that	the	
computational	 costs	 for	 calculating	 the	 transition	 metal	
complexes	were	dramatically	 reduced	because	 regardless	
of	 the	 number	 of	 ligand	 atoms	 (e.g.,	 40	 atoms	 for	 PtBu3),	
the	ligand	could	be	replaced	with	only	four	atoms	(PCl3).	



 

	

Figure	5.	Validation	of	the	electronic	effect	approximation	with	virtual	ligand	PCl*3	using	the	oxidative	addition	of	aryl	chloride	to	
palladium(0)	species	as	a	model	reaction.		

3.2.	Validation	of	Steric	Effect	Approximation	
Intramolecular	C–H	activation	through	a	concerted	met-

alation–deprotonation	 (CMD)	 mechanism	 from	 arylpalla-
dium	C	(Figure	6a)19	was	chosen	as	the	model	reaction	to	
validate	the	approximation	of	steric	effects	with	the	virtual	
ligand.	 In	contrast	 to	 the	oxidative	addition	of	 chloroben-
zene	(Section	3.2),	where	the	steric	effect	of	the	phospho-
rus(III)	 ligand	was	negligible,	 this	 reaction	 is	 expected	 to	
be	 sensitive	 to	 both	 electronic	 and	 steric	 effects	 because	
the	 palladium	 atom	 adopts	 a	 sterically	 crowded	 square-
planar	configuration.	First,	we	optimized	the	geometries	of	
C,	D,	 and	TSCD	with	 15	 different	 real	 phosphorus(III)	 lig-
ands	(see	Figures	S3	and	S4	 for	chemical	structures),	and	
then	 calculated	 activation	 energy	 ΔE‡	 (energy	 difference	
between	C	 and	TSCD)	and	reaction	energy	ΔE	 (energy	dif-
ference	between	C	and	D)	for	each	real	system.	These	val-
ues	 were	 plotted	 against	 the	 TEP	 values	 (νCO)	 and	 cone	
angles	(θ)	of	the	ligands	(circles,	Figures	6b	and	c,	left).	In	

these	 plots	 (so-called	 Tolman’s	maps),6a	 the	 position	 of	 a	
circle	 represents	 the	 electronic	 and	 steric	 effects	 of	 a	 lig-
and,	and	its	color	corresponds	to	the	calculated	ΔE‡	or	ΔE	
value.	Subsequently,	the	geometries	of	C,	D,	and	TSCD	were	
also	 optimized	 with	 virtual	 ligand	 PCl*3.	 To	 evaluate	 the	
effects	of	electronic	and	steric	parameters	on	ΔE‡	or	ΔE,	20	
virtual	 systems	 were	 examined,	 with	 the	 r0	 value	 of	 the	
keep	potential	set	to	1.4,	1.6,	1.8,	or	2.0	Å	and	the	θ	value	of	
the	cone	potential	set	 to	120,	140,	160,	180,	or	200°.	The	
geometry	 optimization	of	 complex	D,	which	 feature	PCl*3	
with	r0	and	θ	values	of	2.0	Å	and	200°,	respectively,	failed	
because	 of	 ligand	 dissociation.	 Hence,	 ΔE‡	 and	 ΔE	 were	
calculated	 for	 the	 remaining	 systems	 and	 plotted	 in	 Fig-
ures	 6b	 and	 c	 (crosses)	 after	 converting	 the	 r0	 value	 of	
each	virtual	ligand	to	νCO	using	the	relationship	in	Figure	2.	
Then,	 the	contour	maps	 in	Figures	6b	and	c	were	created	
by	 interpolating	 these	data	points.	The	ΔE‡	 and	ΔE	values	
for	each	real	ligand	were	predicted	using	the	contour	maps,	
and	the	errors	between	these	values	(ΔE‡virtual)	and	those		



 

	

Figure	6.	Validation	of	 the	 steric	 effect	 approximation	with	 virtual	 ligand	PCl*3	 using	 intramolecular	C–H	activation	 at	 palladi-
um(II)	species	as	a	model	reaction.	

calculated	 using	 the	 corresponding	 real	 systems	 (ΔE‡real)	
are	 denoted	 at	 the	 top	 right	 of	 each	 circle.	 Finally,	 the	
ΔE‡virtual	 values	 were	 plotted	 against	 the	 ΔE‡real	 values	 to	
quantify	the	performance	of	the	virtual	ligand	(Figures	6b	
and	c,	right).	
As	shown	in	Figure	6b	(left),	in	both	the	real	and	virtual	

systems,	 ligands	 with	 a	 low	 TEP	 value	 and	 a	 small	 cone	
angle	tended	to	have	a	small	ΔE‡	value,	except	for	two	out-
liers	 among	 the	 real	 systems	 (P(o-tol)3	 and	P(CHFCl)3,	 as	
discussed	 below	 in	 detail).	 Linear	 regression	 of	 ΔE‡virtual	
and	 ΔE‡real	 after	 removing	 the	 two	 outliers	 (Figure	 6b,	
right)	 yielded	 a	 sufficient	 R2	 value	 (0.75)	 ,	 although	 the	
regression	line	(red	dashed	line)	deviated	from	the	diago-
nal	(blue	dashed	line)	to	some	extent.	Although	the	predic-
tion	of	ΔE‡	by	the	virtual	system	is	not	quantitatively	cor-
rect,	these	results	imply	that	the	virtual	ligand	captures	the	
steric	and	electronic	effects	of	the	real	ligands	qualitatively.	
The	 systematic	 deviation	 of	 ΔE‡virtual	from	 ΔE‡real	 suggests	
that	 the	 current	 virtual	 ligand	 model	 omits	 some	 im-
portant	factors	that	exist	in	real	ligands,	probably	because	
the	steric	effect	approximation	was	overly	simplified	(see	
the	below	discussion	for	extreme	examples).	Thus,	there	is	
likely	still	scope	for	further	improvement.		

Similarly,	 the	 contour	 map	 for	 ΔE	 qualitatively	 repro-
duced	the	trend	in	the	real	systems	(Figure	6c).	In	both	the	
real	 and	 virtual	 systems,	 the	 electronic	 effects	 of	 the	 lig-
ands	were	found	to	be	small,	and	ligands	with	a	large	cone	
angle	tended	to	have	a	large	ΔE	value.	The	regression	line	
for	ΔEvirtual	and	ΔEreal	had	an	R2	value	of	0.64,	implying	good	
correlation	between	these	values.	
Nevertheless,	the	predictions	of	ΔE‡	and	ΔE	for	P(o-tol)3	

and	P(CHFCl)3	were	not	 successful,	 even	qualitatively,	 for	
the	 following	reasons.	First,	 the	cone	angle	 seems	 to	pro-
vide	an	 inaccurate	description	of	 the	steric	effect	 for	P(o-
tol)3.	As	described	in	Section	2.2,	virtual	ligand	PCl*3	simu-
lates	 the	 steric	 effect	 of	 the	 phosphorus(III)	 ligand	 using	
the	cone	potential	obtained	from	the	cone	angle	of	the	lig-
and.	By	definition,6a	 the	cone	angle	of	P(o-tol)3	was	deter-
mined	by	the	hydrogen	atoms	of	the	methyl	groups	(Figure	
6d,	 top).	 However,	 according	 to	 the	 steric	 map20	 of	 P(o-
tol)3,	cavities	exist	between	the	three	methyl	groups,	which	
can	be	occupied	by	 substrates	or	other	 ligands.	Thus,	 the	
cone	 angle	 determined	 using	 the	 hydrogen	 atoms	 (202°)	
likely	overestimates	the	steric	effect	of	P(o-tol)3.	Indeed,	in	
the	 optimized	 structure	 of	 TSCD	 with	 P(o-tol)3,	 the	 car-
bonate	anion	was	found	located	in	a	cavity	(Figure	6d,			



 

	

Figure	7.	Validation	of	steric	effect	approximation	with	virtual	ligand	PCl*3	using	the	insertion	of	ethylene	from	a	rhodium(I)	com-
plex	as	a	model	reaction. 

middle),	 which	would	 cause	 the	 “effective”	 cone	 angle	 of	
P(o-tol)3	to	be	much	smaller	than	202°.	If	the	cone	angle	of	
P(o-tol)3	 is	 assumed	 to	 be	 similar	 to	 that	 of	 PPh3	 (165°),	
the	predictions	of	ΔE‡	and	ΔE	seem	to	be	successful.	In	con-
trast,	the	large	errors	in	the	ΔE‡	and	ΔE	value	predicted	for	
P(CHFCl)3	 seem	 to	 originate	 from	 a	 hydrogen	 bond	 be-
tween	 the	 ligand	and	a	carbonate	anion.	 In	 the	optimized	
geometry	 of	TSCD	 with	 P(CHFCl)3,	 the	 distance	 of	 2.06	 Å	
was	observed	between	a	hydrogen	atom	in	the	ligand	and	
an	oxygen	atom	in	the	carbonate	anion	(Figure	6d,	bottom).	
This	value	is	significantly	smaller	than	the	sum	of	the	van	
der	Waals	 radii	 of	 hydrogen	 and	 oxygen	 atoms	 (2.72	 Å),	
indicating	the	existence	of	attractive	interactions.	Because	
the	current	virtual	 ligand	model	 is	not	designed	to	repro-
duce	attractive	interactions	such	as	hydrogen	bonds,	C–H–
π	 interactions,	 and	π–π	 interactions	between	 ligands	 and	
substrates,	 the	existence	of	such	 interactions	causes	 large	
prediction	errors.21	

The	 insertion	 of	 ethylene	 from	 rhodium	 hydride	 com-
plex	E	 to	 give	 alkylrhodium	 complex	F	 (Figure	 7a)22	was	
also	 investigated	 to	 further	 verify	 the	 approximation	 of	
electronic	 and	 steric	 effects	 with	 the	 virtual	 ligand.	 Be-
cause	these	rhodium	complexes	have	two	phosphorus(III)	
ligands,	 ligand–ligand	 repulsion	 between	 two	 virtual	 lig-
ands	 (introduced	 in	 Section	 2.3)	 needs	 to	 be	 considered	
along	with	ligand–substrate	repulsion.	Geometry	optimiza-
tion	was	performed	and	activation	energy	ΔE‡	and	reaction	
energy	ΔE	were	 evaluated	 for	 24	phosphorus(III)	 ligands	
(real	 systems,	 see	 Figures	 S5	 and	 S6	 for	 chemical	 struc-
tures)	as	well	as	for	PCl*3		(virtual	systems)	with	20	sets	of	
electronic	 and	 steric	 parameters	 (Figures	 7b	 and	 c).	 The	
trends	 for	 ΔE‡	 and	 ΔE	 calculated	 using	 the	 real	 systems	
were	 successfully	 reproduced	 by	 the	 virtual	 systems.	 In	
both	 the	 real	 and	 virtual	 systems,	 ΔE‡	 tends	 to	 be	 small	
when	an	electron-deficient	 and	bulky	 ligand	 is	 employed,	
whereas	ΔE	tends	to	be	small	(exothermic	reaction)	when	
an	 electron-donating	 and	 less	 bulky	 ligand	 is	 employed.	
Gratifyingly,	 the	prediction	of	ΔE‡	using	 the	virtual	 ligand	
seemed	to	be	quantitatively	correct	in	this	case.	Specifical-

ly,	 the	 linear	 regression	 of	 ΔE‡virtual	 and	 ΔE‡real	 afforded	 a	
regression	line	(R2	=	0.83)	that	coincided	with	the	diagonal,	
showing	perfect	correspondence	(Figure	7b).		
Considering	 the	results	 shown	 in	Figures	6	and	7,	both	

the	electronic	and	steric	effects	of	phosphorus(III)	ligands	
are,	 at	 least	 qualitatively,	 reproduced	 and	 parameterized	
by	 virtual	 ligand	 PCl*3	 through	 the	 TEP	 and	 cone	 angle	
values. 
	

3.3.	 VLA	 Screening	 for	 the	 Regioselective	 Hydroformyla-
tion	of	Terminal	Olefins	
With	 the	 approximation	 of	 the	 electronic	 and	 steric	 ef-

fects	of	phosphorus(III)	ligands	by	virtual	ligand	PCl*3	val-
idated,	 we	 demonstrated	 the	 use	 of	 VLA	 screening	 to	
achieve	 the	 rhodium-catalyzed	 regioselective	 hydro-
formylation	of	terminal	olefins	(Figure	8a).1,22–24	This	reac-
tion	is	considered	to	occur	through	the	coordination	of	an	
olefin	 to	 rhodium	complex	G	 followed	by	 the	 insertion	of	
the	olefin	from	complex	H,	as	proposed	by	Wilkinson	and	
coworkers.22a	When	 a	 terminal	 olefin	 is	 employed	 as	 the	
substrate,	two	regioisomeric	products	(branched	and	line-
ar	 products)	 can	 be	 formed.	 When	 olefin	 insertion	 pro-
ceeds	 via	TSHI	 to	 give	 alkylrhodium	complex	 I,	 the	 corre-
sponding	branched	product	is	obtained.	In	contrast,	when	
olefin	 insertion	proceeds	 through	TSHJ,	 the	 linear	product	
is	obtained.	 It	 is	 reasonable	and	widely	accepted	 that	 the	
regioselectivity	 of	 the	 reaction	 is	 determined	 during	 the	
insertion	of	 the	olefin	 from	complex	H.	 Therefore,	we	as-
sumed	that	the	regioselectivity	was	kinetically	determined	
by	 the	 difference	 in	 the	 Gibbs	 energies	 of	 TSHI	 and	 TSHJ	
(see	 Figures	 S7	 and	 S8	 for	 theoretical	 support)	 and	 con-
ducted	 VLA	 screening	 to	 design	 phosphorus(III)	 ligands	
that	 realize	 the	 regioselective	 hydroformylation	 of	 termi-
nal	olefins.	
As	 mentioned	 in	 the	 introduction,	 when	 performing	

TST-based	ligand	screening,	it	is	desirable	to	obtain	a	reac-
tion	 path	 network	 and	 consider	 all	 important	 transition	
states	that	could	be	involved	in	the	reaction.	Therefore,	we		



 

	Figure	8.	Hydroformylation	of	a	terminal	olefin	and	automated	reaction	path	search	for	a	model	system	to	find	the	transition	state	
that	determines	the	regioselectivity.	

performed	 an	 automated	 reaction	 path	 search	 using	 the	
single-component	 artificial	 force-induced	 reaction	 (SC-
AFIR)	method	(Figure	8b).15	The	search	was	executed	with	
a	model	system,	in	which	1-pentene	and	rhodium	complex	
G	with	one	virtual	PCl*3	ligand	were	employed	as	inputs	at	
the	B3LYP/LanL2DZ	level	(see	Figures	S9	and	S10	for	dis-
cussion	of	the	case	in	which	complex	G	has	two	phospho-
rus(III)	ligands).	In	this	calculation,	the	electronic	and	ste-
ric	parameters	of	the	virtual	ligand	were	set	to	reproduce	
those	of	a	representative	phosphine	ligand,	PPh3.	The	reac-
tion	path	network	shown	in	Figure	8b	(left)	was	obtained,	
in	which	each	node	represents	one	locally	stable	structure	
(EQ)	on	the	PES	at	the	computational	level	adopted	in	the	
automated	 search	 and	 each	 edge	 corresponds	 to	 an	 ap-
proximated	 transition	state	 (PT)	connecting	 two	EQs.	No-
tably,	 the	virtual	 ligand	enables	us	 to	perform	automated	
reaction	 path	 searches	 for	 a	 transition	metal	 complex	 by	
avoiding	the	huge	quantum	chemical	calculation	cost	asso-
ciated	 with	 phosphorus(III)	 ligands	 (e.g.,	 34	 atoms	 for	

PPh3).	The	virtual	 ligand	also	reduces	 the	number	of	con-
formational	 isomers	for	the	phosphorus(III)	 ligand,	which	
significantly	reduces	 the	gradient	calculations	required	 in	
the	 reaction	path	 search.	With	 the	 reaction	path	network	
in	hand,	we	extracted	the	reaction	paths	corresponding	to	
the	insertion	of	1-pentene	and	refined	them	at	the	ωB97X-
D/SDD,	 6-31+G*	 level	 (Figure	 8b,	 right).	 Insertion	 was	
found	to	proceed	from	trigonal	bipyramidal	complex	(e)-H	
or	 (a)-H	 to	 obtain	 four	 alkylrhodium	 complexes	 (trans-I,	
cis-I,	 trans-J,	 and	 cis-J).	 From	 (e)-H,	 in	 which	 the	 virtual	
ligand	occupies	an	equatorial	position,	four	different	reac-
tion	paths	resulting	in	each	of	the	alkylrhodium	complexes	
were	found	along	with	the	corresponding	transition	states	
(TSHI-1,	TSHI-2,	TSHJ-1,	and	TSHJ-2,	see	Figure	S11	for	their	
geometries).	On	 the	other	hand,	 from	 (a)-H,	 in	which	 the	
virtual	 ligand	is	 located	at	an	apical	position,	only	two	re-
action	paths	were	obtained,	which	were	are	connected	 to	
cis-I	and	cis-J	 through	TSHI-3	and	TSHJ-3,	respectively	(see	
Figure	S11	for	their	geometries).	Based	on	these	results,		



 

	Figure	9.	Design	of	phosphorus(III)	ligands	for	regioselective	hydroformylation	based	on	VLA	screening	and	computational	vali-
dation.	

we	supposed	that	the	activation	energies	for	the	insertion	
of	1-pentene	 to	give	branched	alkylrhodium	 I	 (ΔG‡branched)	
and	linear	analogue	J	(ΔG‡linear)	can	be	given	as	follows:		

𝛥𝐺;1<,*=">
‡ = min{𝐺(TSHI-1), 𝐺(TSHI-2), 𝐺(TSHI-3)}

− 	min	{𝐺P(e)-HS, 𝐺P(a)-HS} 
𝛥𝐺3$,"<1

‡ = minU𝐺PTSHJ-1S, 𝐺PTSHJ-2S, 𝐺(TSHJ-3)V
− 	min	{𝐺P(e)-HS, 𝐺P(a)-HS} 

where	G(X)	is	the	Gibbs	energy	of	X.	With	the	current	pa-
rameters	of	the	virtual	ligand	(r0	=	1.62	Å	and	θ	=	165°),	for	
example,	ΔG‡branched	and	ΔG‡linear	were	calculated	to	be	13.8	
and	13.5	kcal/mol,	respectively.		
Considering	these	results,	we	examined	the	effect	of	the	

electronic	 and	 steric	 parameters	 of	 the	 virtual	 ligand	 on	
the	ΔG‡branched	and	ΔG‡linear	values	as	well	as	the	regioselec-
tivity	 of	 the	 reaction	 (Figure	 9a).	 Based	 on	 the	 above-
obtained	structures,	geometry	optimization	and	harmonic	
vibrational	frequency	analyses	of	(e)-H,	(a)-H,	TSHI-1,	TSHI-

2,	TSHI-3,	TSHJ-1,	TSHJ-2,	and	TSHJ-3	were	performed	for	20	
virtual	systems	(r0	=	1.4,	1.6,	1.8,	or	2.0	Å,	and	θ	=	120,	140,	
160,	180,	or	200°).	In	these	calculations,	several	transition	
state	 geometries	were	not	 obtained.	Hence,	 the	ΔG‡branched	
and	ΔG‡linear	values	were	calculated	according	to	the	equa-
tions	 above	 assuming	 that	 these	 transition	 states	 are	 not	
energetically	 favored.	 The	 obtained	 results	 are	 plotted	
against	the	electronic	and	steric	parameters	of	 the	virtual	
ligand,	and	the	contour	maps	in	Figure	9a	were	construct-
ed.	The	left	and	middle	contour	maps	represent	the	effects	
of	 the	 electronic	 and	 steric	 parameters	 on	 ΔG‡branched	 and	
ΔG‡linear,	whereas	the	right	contour	map	corresponds	to	the	
regioselectivity	(ΔΔG‡	=	ΔG‡branched	−	ΔG‡linear)	of	the	reaction.	
Although	 the	 energies	 predicted	 with	 the	 virtual	 ligand	
might	only	be	qualitatively	correct,	 the	contour	maps	can	
indicate	trends.	ΔΔG‡	was	found	to	be	positive	in	almost	all	
the	 examined	 parameter	 space,	 implying	 the	 preferential	
formation	 of	 the	 linear	 product.	 This	 result	 is	 consistent	
with	 reported	 experimental	 results,	 where	 the	 linear	



 

product	 is	 the	major	 product	 in	 the	 hydroformylation	 of	
unactivated	terminal	olefins	such	as	1-pentene.23	Further-
more,	for	the	hydroformylation	of	1-hexane	using	PPh3	and	
its	derivatives	(P(p-R-C6H4)3,	R	=	NMe2,	OMe,	F,	Cl,	and	CF3),	
Moser	 et	 al.	 have	 shown	 experimentally	 that	 the	 ratio	 of	
linear	 products	 increases	 as	 the	 electron-donating	 ability	
of	 the	 ligand	decreases.23b	The	contour	map	 for	ΔΔG‡	 also	
reproduced	 this	 experimental	 result.	 Based	 on	 the	 TEP	
values	 and	 cone	 angles	 of	 these	 triarylphosphines,	 the	
ΔΔG‡	value	for	each	ligand	was	estimated	using	the	contour	
map	 (gray	 circles,	 Figure	 9a).	 The	 ΔΔG‡	 value	 (or	 linear	
selectivity	of	 the	 reaction)	was	 found	 to	 increase	with	an	
increase	 in	 the	 TEP	 value	 (or	 decrease	 in	 the	 electron-
donating	ability),	except	for	that	of	P(p-NMe2-C6H4)3,	which	
was	also	an	outlier	in	Moser’s	report	(table,	Figure	9a).23b	
Based	on	the	VLA	screening	results,	we	then	attempted	

to	design	phosphorus(III)	 ligands	 that	show	high	regiose-
lectivity.	According	 to	 the	 contour	maps	 in	Figure	9a,	 lig-
ands	with	high	νCO	and	small	θ	values	should	result	in	low	
activation	barriers	(ΔG‡branched	and	ΔG‡linear)	and	high	linear	
selectivity	 (ΔΔG‡).	 Therefore,	 we	 designed	 five	 phospho-
rus(III)	 ligand	candidates	 that	are	expected	to	meet	 these	
criteria	 (1–5,	 Figure	 9b).	 It	 should	 be	 noted	 that,	 taking	
advantage	of	 the	 in	silico	screening,	 the	stability	and	syn-
thetic	 accessibility	 of	 the	 candidates	were	 not	 taken	 into	
consideration.	The	ΔΔG‡	value	for	each	candidate	was	then	
predicted	 using	 the	 contour	map	 in	 Figure	 9a	 (white	 cir-
cles)	based	on	 the	TEP	value	and	cone	angle	 (ΔΔG‡predicted,	
Figure	9b).	As	expected,	all	these	candidates	were	predict-
ed	to	have	positive	ΔΔG‡	values,	 implying	 the	preferential	
formation	 of	 the	 linear	 product.	 To	 validate	 these	 results	
computationally,	 ligands	 1–3,	 which	 were	 predicted	 to	
have	 the	 largest	ΔΔG‡	 values,	were	 chosen,	 and	geometry	
optimization	of	the	corresponding	structures	to	(e)-H,	(a)-
H,	 TSHI-1,	 TSHI-2,	 TSHI-3,	 TSHJ-1,	 TSHJ-2	 and	 TSHJ-3	 was	
conducted	 with	 real	 ligands.	 The	 ΔΔG‡	 values	 were	 then	
calculated	based	on	these	results	(ΔΔG‡calculated,	Figure	9b).	
Good	 agreement	 was	 confirmed	 between	 ΔΔG‡predicted	 and	
ΔΔG‡calculated,	suggesting	that	ligands	1–3	have	potential	for	
the	linear-selective	hydroformylation	of	terminal	olefins.	

Similarly,	 we	 designed	 phosphorus(III)	 ligands	 that	
should	 enable	 branched-selective	 hydroformylation.	 As	
described	above,	the	hydroformylation	of	unactivated	ter-
minal	olefins	generally	affords	linear	isomers	as	the	major	
product,	 with	 few	 reports	 on	 the	 branched-selective	 hy-
droformylation	 of	 these	 compounds.24	 Nevertheless,	 the	
contour	map	in	Figure	9a	implies	that	negative	ΔΔG‡	values	
can	be	achieved	when	electron-rich	and	bulky	 ligands	are	
employed,	 resulting	 in	 branched-selective	 reactions.	With	
the	aim	of	developing	ligands	for	branched-selective	reac-
tions,	we	designed	phosphorus(III)	ligands	6–10.	The	ΔΔG‡	
values	of	these	ligands	were	predicted	based	on	their	TEP	
values	 and	 cone	 angles	 (black	 circles,	 Figure	 9a	 and	
ΔΔG‡predicted,	 Figure	9b),	 and	 these	 results	were	 confirmed	
by	 real	 system	 calculations	 for	 ligands	 6–8	 (ΔΔG‡calculated,	
Figure	9b).	The	ΔΔG‡calculated	value	for	8	was	negative	(−1.0	
kcal/mol),	whereas	those	of	6	and	7	were	positive.	Conse-
quently,	 ligand	8	was	 suggested	 to	have	potential	 for	 the	
branched-selective	 hydroformylation	 of	 unactivated	 ter-
minal	olefins	such	as	1-pentene.	
	

4.	CONCLUSIONS	
In	 summary,	 we	 proposed	 a	 virtual-ligand-assisted	

(VLA)	 screening	 method	 to	 realize	 practical	 TST-based	
ligand	 screening	 for	 the	 development	 of	 transition	metal	
catalysis	and	catalysts.	To	achieve	this,	we	developed	PCl*3	
as	 a	 virtual	 ligand	 that	 parameterizes	 the	 electronic	 and	
steric	effects	of	phosphorus(III)	ligands.	This	virtual	ligand	
not	only	reduced	the	computational	resources	required	for	
quantum	 chemical	 calculations	 of	 transition	 metal	 com-
plexes	but	also	enabled	a	parameter-based	exploration	of	
phosphorus(III)	 ligands	 by	 optimizing	 the	 electronic	 and	
steric	 parameters	 of	 the	 reaction	 of	 interest.	 In	 combina-
tion	with	an	automated	reaction	path	search	using	the	SC-
AFIR	method,	we	demonstrated	VLA	screening	 for	 the	re-
gioselective	hydroformylation	of	terminal	olefins,	success-
fully	designing	phosphorus(III)	ligands	that	can	potentially	
achieve	linear-	or	branched-selective	hydroformylation.	As	
VLA	screening	can	be	conducted	 in	 silico	without	any	ex-
perimental	work,	this	approach	may	be	able	to	streamline	
ligand	 screening,	 which	 is	 the	 most	 important	 but	 time-	
and	 resource-consuming	 process	 in	 the	 development	 of	
transition	metal	catalysis.	Attempts	to	improve	the	virtual	
ligand	model	to	enable	quantitative	predictions	and	to	ap-
ply	this	concept	to	other	representative	classes	of	organic	
ligands,	 such	as	bidentate	phosphines	and	NHCs,	 are	 cur-
rently	in	progress.	
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