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ABSTRACT:	Ligand	engineering	is	one	of	the	most	important,	but	labor-intensive	processes	in	the	development	of	transition	
metal	catalysis.	Historically,	this	process	has	been	streamlined	by	the	invention	of	ligand	descriptors	such	as	Tolman’s	elec-
tronic	parameter	and	the	cone	angle.	Analyzing	reaction	outcomes	in	terms	of	these	parameters	has	enabled	chemists	to	find	
important	factors	for	designing	optimal	ligands.	However,	typical	strategies	for	these	analyses	largely	rely	on	regression	ap-
proaches,	which	often	requires	many	experimental	data	to	understand	non-intuitive	trends.	Here,	we	introduce	the	virtual	
ligand-assisted	optimization	(VLAO)	method,	a	novel	computational	approach	 for	 ligand	engineering.	 In	 this	method,	 im-
portant	 features	of	 ligands	are	 identified	by	simple	mathematical	operations	on	equilibrium	structures	and/or	 transition	
states	of	interest,	and	derivative	values	of	arbitrary	objective	functions	with	respect	to	ligand	parameters	are	obtained.	These	
derivative	values	are	then	used	as	a	guiding	principle	to	optimize	ligands	within	the	parameter	space.	The	VLAO	method	was	
demonstrated	in	the	optimization	of	monodentate	and	bidentate	phosphine ligands including asymmetric quinoxaline-based lig-
ands. In addition, we successfully found a highly selective ligand for the α-selective hydrogermylation of a terminal ynamide accord-
ing to the suggested design principle by the VLAO method. These	results	would	imply	the	potential	utility	of	the	VLAO	method	
in	optimizing	wide	variety	of	ligands	in	transition	metal	catalysis.

INTRODUCTION 
Ligand	plays	one	of	the	most	important	roles	in	the	tran-

sition	metal	catalysis.	During	the	last	few	decades,	many	so-
phisticated	 ligands	which	enable	unprecedented	 transfor-
mations	with	high	efficiency	have	been	developed.1	Except	
for	serendipity,	development	of	such	ligands	depends	on	ra-
tional	ligand	engineering.2	Ligand	engineering	is	a	process	
where	a	molecular	structure	of	a	ligand	is	optimized	to	max-
imize	reaction	yield,	selectivity	and/or	rate.	To	streamline	
this	process,	various	electronic	and	steric	parameters	which	
describe	 inherent	 properties	 of	 ligands	 have	 been	 intro-
duced,	and	correlation	between	these	parameters	and	out-
comes	 of	 the	 reaction	 have	 been	 investigated	 (Figure	 1a,	
left).3-6	For	historical	example,	Tolman	and	coworkers	have	
conducted	a	pioneering	work	in	this	field,	where	Tolman’s	
electronic	parameter	(νCO)	and	the	cone	angle	(θ)	were	in-
troduced	as	metrics	for	electronic	and	steric	properties	of	
monodentate	phosphorous(III)	ligands.3	They	revealed	that,	
by	 plotting	 a	 measurable	 function	 F	 (i.e.,	 reaction	 yield)	
against	 these	 parameters	 (so-called	 Tolman’s	 plot),	 the	
electronic	and	steric	characters	of	 the	reaction,	which	are	

used	as	the	guidelines	for	designing	optimal	ligands,	can	be	
understood	as	the	slope	of	the	function	with	respect	to	each	
parameter	(ΔF/ΔνCO and	ΔF/Δθ).	Their	research	has	estab-
lished	the	fundamental	strategy	of	ligand	engineering,	and	
most	of	recent	ligand	discoveries	have	been	achieved	by	(at	
least	unconsciously)	analyzing	reaction	outcomes	in	terms	
of	ligand	parameters	(i.e.,	ΔF/Δp, where	p	is	an	arbitrary	pa-
rameter).2	 Notably,	 many	 advanced	 electronic/steric	 pa-
rameters	 have	 been	 recently	 developed,	 largely	 owing	 to	
the	emergence	of	computational	tools,	enabling	highly	so-
phisticated	design	of	ligand	molecules.4–6	

However,	regardless	of	the	simplicity	of	its	fundamental	
strategy,	ligand	engineering	is	still	a	time-consuming	and	la-
bor-intensive	process.	This	stems	from	the	difficulty	in	eval-
uating	the	effect	of	a	single	ligand	parameter	on	a	reaction	
outcome	(Figure	1a,	right).	Because	all	electronic	and	steric	
parameters	 are	 inherently	 determined	 by	 the	 molecular	
structure	of	a	 ligand,	modification	of	 the	molecular	struc-
ture	would	perturb	all	parameters,	rather	than	a	single	pa-
rameter	of	interest.	Hence,	even	if	structures	of	ligands	are	
systematically	modified	(e.g.,	PEt3,	PiPr3	and	PtBu3),	what	is	
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observed	from	experimental	results	is	not	the	effect	of	a	sin-
gle	parameter	of	interest	but	the	sum	of	contributions	of	all	
parameter	changes	(ΔF).	In	other	words,	it	is	not	possible	
to	directly	evaluate	the	slope	of	the	objective	function	be-
cause	none	of	parameters	(p)	can	be	treated	as	an	independ-
ent	 variable.	Therefore,	 the	 slope	needs	 to	be	guessed	by	
comprehensively	 analyzing	 reaction	 outcomes	 obtained	
from	 evaluation	 of	 many	 ligand	 molecules.3	 It	 should	 be	
noted	that	correlation	between	F	and	p	is	not	always	simple,	
and	hence	a	lot	of	time	and	resources	are	often	required	to	
collect	 a	 plenty	 amount	 of	 experimental	 data	 for	 under-
standing.	 Therefore,	 informatics	 techniques	 including	 re-
gression	analysis	to	rapidly	capture	important	parameters	
for	 a	 given	 reaction	 are	becoming	promising	 tools	 in	 this	
field.7,8	

Herein,	we	report	the	virtual	 ligand-assisted	optimiza-
tion	 (VLAO)	 method,	 a	 fundamentally	 new	 in	 silico	 ap-
proach	for	ligand	engineering	(Figure	1b).	In	this	method,	
the	electronic	and	steric	characters	of	the	reaction	are	esti-
mated	based	on	quantum	chemical	calculations	and	the	fol-
lowing	simple	mathematical	operations,	rather	than	regres-
sion	 analysis	 of	 experimental	 data.	 This	 computational	
method	 is	 based	 on	 the	 use	 of	 the	 virtual	 ligand	 (VL),9,10	
which	was	introduced	in	our	previous	study	about	the	vir-
tual	ligand-assisted	screening	(VLAS).9	A	VL	is	a	dummy	lig-
and	for	quantum	chemical	calculations	to	approximate	elec-
tronic	and	steric	properties	of	a	real	ligand.	Whereas	elec-
tronic	and	steric	parameters	of	a	real	ligand	are	inherently	
determined	by	its	chemical	structure	(see	above),	parame-
ters	in	a	VL	(pVL)	can	be	independently	tuned.	In	the	VLAS	

method,	this	feature	of	VLs	was	exploited	to	systematically	
investigate	 the	 entire	parameter	 space	 to	 find	 an	optimal	
parameter	for	the	reaction	of	interest.9	On	the	other	hand,	
the	VLAO	method	takes	advantage	of	this	feature	to	mathe-
matically	analyze	electronic	and	steric	characters	of	a	reac-
tion.	As	shown	in	Figure	1b	(left),	energies	of	an	equilibrium	
structure	 (EQ)	 and	 transition	 state	 (TS)	 calculated	 using	
VLs	can	be	differentiated	in	terms	of	parameters	in	the	VLs	
(𝑑𝐸!/𝑑𝒑"#).	Given	that	a	reaction	outcome	such	as	reaction	
yield,	selectivity	or	rate	can	be	described	as	a	function	of	en-
ergies	of	EQ	and	TS,11,12	we	can	calculate	derivative	values	
of	 such	 an	 objective	 function	 in	 terms	 of	 VL	 parameters	
(𝑑𝐹/𝑑𝒑"# )	 using	𝑑𝐸!/𝑑𝒑"# .	 This	 value	 is	 exactly	 the	 ex-
treme	forms	of	ΔF/Δp,	which	is	pursued	in	typical	ligand	en-
gineering	study.2,7,8	Hence,	this	would	suggest	a	rational	di-
rection	in	which	VL	parameters	should	be	tuned	to	maxim-
ize	(minimize)	the	objective	function	(F).	Then,	we	report	a	
gradient-driven	optimization	of	 ligands	within	 the	VL	pa-
rameter	space	(Figure	1b,	right).	Based	on	calculated	deriv-
ative	 values	 (𝑑𝐹/𝑑𝒑"#),	 the	 parameters	 in	 a	 VL	 are	 opti-
mized	 by	 conjugate	 gradient	 (CG)	 method	 to	 maximize	
(minimize)	the	objective	function	F.	This	results	in	a	VL	with	
optimal	parameters	to	achieve	the	target	reaction	most	effi-
ciently,	which	can	be	used	as	a	rational	guideline	for	design-
ing	optimal	ligand	molecules.	The	VLAO	strategy	was	firstly	
demonstrated	 in	 three	 reported	 examples	 of	 ligand	 engi-
neering,	 where	 monodentate,	 bidentate	 or	 asymmetric	
phosphine	ligands	are	optimized.	Then,	the	VLAO	strategy	
was	employed	to	experimentally	find	a	highly	selective	lig-
and	for	the	α-selective hydrogermylation of a terminal ynamide.	

	

Figure	1.	Schematic	illustration	of	ligand	engineering	processes.	(a)	The	fundamental	strategy	and	difficulties	in	typical	ligand	engi-
neering.	(b)	The	strategy	in	the	virtual	ligand-assisted	optimization	method.	

THEORY AND METHOD 

Differentiation of Energy with Respect to VL parameters 
In	 the	 virtual	 ligand	method,	 penalty	 functions	 corre-

sponding	 to	electronic/steric	approximation	are	added	 to	

the	electronic	energy.9	Therefore,	the	potential	energy	sur-
face	(PES)	is	given	as	follows:	

𝐸(𝑸, 𝒑"#, 𝒒"#) = 𝐸$%$&(𝑸) + 𝑉"#(𝑸, 𝒑"#, 𝒒"#), 	
where	 𝐸$%$& 	is	 the	 electronic	 energy	 determined	 by	 an	
atomic	coordinate	𝑸,	and	𝑉"#	is	the	penalty	function	deter-
mined	by	𝑸,	electronic/steric	parameters	𝒑"#	and	 internal	
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parameters	qVL	in	the	VL.	Assuming	that	𝒒"#	is	optimized	at	
every	update	of	𝑸	by	microiteration	(vide	infra),	we	can	de-
scribe	the	energy	of	an	EQ	as	follows:	

𝐸'((𝒑"#) = 𝐸(𝑸∗(𝒑*+), 𝒑"#, 𝒒"#∗ (𝑸∗(𝒑*+), 𝒑*+)). 	
Here,	𝒒"#∗ (𝑸, 𝒑*+)	is	 the	 internal	parameters	minimizing	E	
with	given	𝑸	and	𝒑"#,	i.e.,		

𝒒"#∗ (𝑸, 𝒑"#) = argmin
𝒒!"

[𝐸(𝑸, 𝒑"#, 𝒒"#)],	

and	 𝑸∗(𝒑*+) 	is	 the	 local	 minimum	 of	 a	 function	 𝑸 ↦
𝐸(𝑸, 𝒑"#, 𝒒"#∗ (𝑸, 𝒑"#))	in	a	neighborhood	of	an	initial	guess.	
The	derivative	of	𝐸'(	with	respect	to	VL	parameters	can	be	
calculated	as	follows:	

𝑑𝐸-.(𝒑"#)
𝑑𝒑𝐕𝐋

=	
𝜕𝐸
𝜕𝒑"#

(𝑸∗, 𝒑"#, 𝒒"#∗ )

+
𝜕𝐸
𝜕𝑸

(𝑸∗, 𝒑"#, 𝒒"#∗ )
𝑑𝑸∗

𝑑𝒑"#
(𝒑"#)

+
𝜕𝐸
𝜕𝒒"#

(𝑸∗, 𝒑"#, 𝒒"#∗ )
𝜕𝒒"#∗

𝜕𝒑"#
(𝒑"#).	

At	the	local	minima,	the	atomic	coordinate	𝑸∗	and	the	inter-
nal	parameter	𝒒"#∗ 	are	optimized	so	that	the	first-order	de-
rivatives	of	the	energy	are	zero,	i.e.,	

𝜕𝐸
𝜕𝑸

(𝑸∗, 𝒑"#, 𝒒"#∗ ) = 0,	

𝜕𝐸
𝜕𝒒"#

(𝑸∗, 𝒑"#, 𝒒"#∗ ) = 0.	

Therefore,	the	equation	above	can	be	rewritten	as	
𝑑𝐸-.(𝒑"#)
𝑑𝒑"#

=
𝜕𝐸
𝜕𝒑"#

(𝑸∗, 𝒑"#, 𝒒"#∗ )	

=
𝜕𝑉"#
𝜕𝒑"#

(𝑸∗, 𝒑"#, 𝒒"#∗ ).		

This	equation	claims	that	if	the	penalty	function	in	the	VL	
(𝑉"#)	is	differentiable,	the	energy	of	a	local	minima	can	be	
differentiated	with	respect	to	electronic/steric	parameters,	
regardless	of	what	approximation	is	used.	Similarly,	the	en-
ergy	of	a	TS	can	be	differentiated	as	follows:	

𝑑𝐸12(𝒑"#)
𝑑𝒑"#

=
𝜕𝑉"#
𝜕𝒑"#

(𝑸∘, 𝒑"#, 𝒒"#∗ ),	

where	𝑸∘	is	the	atomic	coordinate	of	the	corresponding	TS.	
It	should	be	noted	that,	throughout	this	study,	the	electronic	
energies	 of	 EQs	 and	 TSs	were	 used	 instead	 of	 the	 corre-
sponding	Gibbs	free	energies	because	of	the	difficulty	in	dif-
ferentiating	 the	 thermal	 correction	 term.	 Although	 this	
could	 cause	 some	errors	 in	 the	 computational	prediction,	
we	believe	that	this	approximation	does	not	affect	the	big	
picture	of	phenomena	discussed	in	this	paper,	allowing	us	
to	draw	at	least	qualitative	conclusions.		

Virtual Ligand Used in This Study 
In	this	paper,	we	adopted	a	newly	developed	VL	for	all	

calculations.	In	this	virtual	ligand,	a	substituent	is	replaced	
with	a	Cl	atom	having	some	penalty	functions	(denoted	as	
Cl*).	For	example,	as	previously	reported,9	a	monodentate	
phosphorus(III)	ligand	PR3	can	be	approximated	using	PCl*3	
moiety.	In	addition,	the	new	method	is	applicable	for	multi-
dentate	phosphorus(III)	ligands.	For	example,	as	described	
later,	1,2-bis(diphenylphosphino)ethane	(dppe)	and	its	de-
rivatives	can	be	approximated	by	Cl*2PCH2CH2PCl*2	moiety.	

The	penalty	 functions	 for	 the	Cl*	atoms	are	 formulated	 in	
the	following	part	of	this	section.	

Electronic Approximation 
For	approximation	of	electronic	properties	of	phospho-

rus(III)	ligands,	we	focused	on	the	local	Tolman’s	electronic	
parameter	 (LTEP)13	 and	 the	 pyramidalization	 parameter	
proposed	by	Gavrish.14	 In	 a	VL,	 these	properties	 of	 phos-
phine	ligands	were	reproduced	by	two	potential	functions,	
the	keep	potential	and	the	keep	angle	potential	(Figure	2).	
The	keep	potential	is	a	harmonic	potential	on	P–Cl*	distance	
and	formulated	as	follows:	

𝑉4$$5 = ;
1
2𝑘4$$5(𝑟6 − 𝑟7)

6∈𝐂𝐥∗
,	

where	𝑟6	is	a	distance	between	i-th	Cl*	atom	and	phosphorus	
atom	bonded	to	the	Cl*	atom.	The	𝑘4$$5	and	𝑟7	are	the	force	
constant	and	the	equilibrium	distance	of	the	harmonic	po-
tential,	 respectively.	The	𝑘4$$5	value	was	set	 to	4.48	×	103	
kcal/	(mol	Å2)	(2.0	au)	as	previously	reported.9	On	the	other	
hand,	the	keep	angle	potential	is	a	harmonic	potential	on	the	
angle	between	a	P–Cl*	bond	and	a	direction	of	the	lone	pair	
orbital,	which	is	formulated	as	follows:	

𝑉4$$5	<=>%$ = ;
1
2𝑘4$$5	<=>%$(𝜙6 −𝜙7)

6∈𝐂𝐥∗
,	

where	𝜙6	is	an	angle	between	i-th	P–Cl*	bond	and	the	direc-
tion	of	the	lone	pair	orbital,	which	is	defined	based	on	the	
directions	of	three	substituents	on	the	phosphorous	atom.	
The	𝑘4$$5	<=>%$	and	𝜙7	are	 the	 force	constant	and	 the	equi-
librium	angle	of	the	harmonic	potential,	and	the	𝑘4$$5	<=>%$	
value	was	set	to	1.79	×	104	kcal/	(mol	Å2)	(8.0	au).	By	care-
fully	tuning	𝑟7	and	𝜙7	in	a	VL, both the LTEP and the pyrami-
dalization parameter	of real phosphorus(III) ligands can be re-
produced (see Figure S1 for detail). It	should	be	noted	that,	
although	the	𝑟7	and	𝜙7 values to reproduce electronic effects 
of a given ligand slightly changes depends on the	choices	of	
the	force	constants	(𝑘4$$5and	𝑘4$$5	<=>%$),	this	would	not	af-
fect	the	accuracy	of	the	approximation	as	long	as	the LTEP 
and the pyramidalization parameter	are reproduced.	

	

Figure	2.	Definitions	of	𝑟6	and 𝜙6 in	the	keep	and	keep	angle	po-
tentials	for	electronic	approximation.	

Steric Approximation 
In	the	VL	used	in	this	study,	the	steric	effect	of	a	substit-

uent	is	reproduced	using	the	“ovoid-based”	Lennard–Jones	
potential	 (hereafter,	 called	as	 the	ovoid	LJ	potential).	The	
ovoid	has	seven	geometrical	parameters	a1,	a2,	b1,	b2,	c1,	c2	
and	d,	which	define	size,	 shape,	and	position	of	 the	ovoid	
(Figure	 3a).	 Size	 and	 shape	 of	 the	 ovoid	 are	 defined	 by	
stitching	one-eighth	surface	of	eight	ellipsoids	which	have	
either	a1	or	a2,	b1	or	b2	and	c1	or	c2	as	their	axis	(Figure	3b).	
The	position	of	the	ovoid	is	defined	by	the	parameter	d	and	
the	Cl*	atom,	where	the	center	of	the	ovoid	is	located	on	the	
direction	of	the	P–Cl*	bond,	and	distance	between	P	and	the	
center	of	the	ovoid	is	defined	by	d.	By	carefully	selecting	the	
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seven	parameters,	geometrical	features	of	real	substituents	
can	be	reproduced	using	the	ovoid	(Figure	3c,	see	Figure S2 
and S3	for	the	detailed	procedure	and	other	examples).	

In	quantum	chemical	calculations,	the	steric	effect	of	a	
substituent	 was	 reproduced	 by	 calculating	 the	 [12,6]-Le-
nard–Jones	potential	based	on	the	ovoid.	According	to	the	
description	 of	 nonbonded	 interactions	 in	 the	 universal	
force	field	(UFF)	model,15	the	penalty	value	corresponding	
to	the	steric	interaction	between	i-th	ovoid	and	j-th	counter-
part	(either	an	atom	or	an	ovoid)	was	calculated	as	follows:	

𝑉#?
6@ = 𝜀6@ CD

𝜎6@
𝑟6@
F
AB

− 2D
𝜎6@
𝑟6@
F
C

G,	

where	𝑟6@	is	the	distance	between	i-th	ovoid	and	j-th	coun-
terpart.	The	𝜀6@  and	𝜎6@  are the geometric means of the	well	
depth	or	the	van	der	Waals	distance	of	i-th	and	j-th	particles,	
respectively.	For	normal	atoms,	homonuclear	parameters	of	
the	well	depth	and	the	van	der	Waals	distance	in	the	UFF	
scheme15	 were	 adopted.	 For	 the	 ovoid,	 these	 parameters	
were	calculated	as	follows.	Apparently,	 the	van	der	Waals	
distance	 is	 correlated	with	 the	 van	 der	Waals	 radius.	 As-
suming	that	the	distance	where	the	homonuclear	LJ	poten-
tial	becomes	zero	is	close	to	the	diameter	of	the	correspond-
ing	atom	(Figure	4a),	this	correlation	can	be	formulated	as	
follows:		

2𝑟DEF =
1
√2$ 𝜎,	

where	𝑟DEF	is	the	van	der	Waals	radius,	and	𝜎 is	the	homo-
nuclear	parameters	of	the	van	der	Waals	distance	in	the	UFF	
scheme.	Indeed,	as	shown	in	Figure	4b,	this	relationship	was	
confirmed	for	non-metallic	elements	up	to	the	third	period.	

Therefore,	the	van	der	Waals	distance	of	the	ovoid	can	be	
calculated	based	on	its	“radius”.	The	“radius”	of	the	ovoid	(i)	
from	the	viewpoint	of	the	counterpart	(j)	varies	depending	
on	 their	 relative	 configuration	 (Figure	4c).	 Therefore,	 the	
intersection	of	the	surface	of	the	ovoid	and	the	line	connect-
ing	 the	 centers	of	 them	was	determined,	 and	 the	van	der	
Waals	radius	of	the	ovoid	was	calculated	as	the	distance	be-
tween	the	center	of	the	ovoid	and	the	intersection.	Then,	the	
van	der	Waals	distance	of	the	ovoid	was	calculated	accord-
ing	to	the	above	equation.	The	well	depth	of	the	ovoid	was	
set	 to	 be	 0.4	 kcal/mol	 after	 numerically	 testing	 0–1.0	
kcal/mol	(see	Figure S4 for	detail).	

The	overall	 penalty	 for	 steric	 interactions	were	 calcu-
lated	as	 the	summation	of	penalties	 for	every	ovoid-atom	
and	ovoid-ovoid	pair.	The	formulation	is	as	follows:	

𝑉#? =;;𝑉#?
6@

@∈𝐒6∈𝐎

+; ; 𝑉#?
6@

@∈𝐎,@J66∈𝐎

,	

where	𝐎	is	a	set	of	ovoids,	and	𝐒	is	a	set	of	normal	atoms.	
Exceptionally,	and	as	is	the	case	in	the	UFF	model,15	ovoid-
atom	 interactions	 for	pairs	 that	are	bonded	 to	each	other	
(1,2	interactions)	or	bonded	to	a	common	atom	(1,3	inter-
actions)	were	assumed	to	be	zero.		

The	 overall	 penalty	 for	 steric	 interactions	 (𝑉#?)	 varies	
depending	on	the	configuration	of	the	ovoids.	Therefore,	the	
rotations	of	the	ovoids	around	P–Cl*	axis,	which	are	corre-
sponding	to	the	rotations	of	substituents,	were	considered	
as	 shown	 in	 Figure	 4d.	 The	 rotation	 angles	 of	 all	 ovoids	
𝒒"# = (𝑞A, 𝑞B, … , 𝑞K) 	were	 optimized	 so	 that	 the	 overall	
penalty	(𝑉#?)	is	minimized.	The	detailed	algorithm	for	opti-
mization	 and	 workflow	 of	 microiteration	 is	 described	 in	
Figure S5.	
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Figure	3.	The	ovoid	used	for	the	ovoid	LJ	potential.	(a)	Seven	geometrical	parameters	which	defines	the	size,	shape,	and	position	of	
the	ovoid.	(b)	Eight	ellipsoids	constituting	the	ovoid.	(c)	Examples	and	comparisons	of	geometrical	parameters	for	tBu,	iPr,	Ph	and	o-
tol	groups	bonded	to	a	phosphorous	atom.	In	(c),	all	parameters	are	reported	in	angstroms.

	

Figure	4.	(a)	Schematic	illustration	of	the	homonuclear	LJ	po-
tential.	 (b)	 Correlation	 between	 	𝑟DEF 	and	𝜎 .(c)	 Definition	 of	
the	van	der	Waals	radius	of	the	ovoid.	(d)	Definition	of	an	inter-
nal	parameter	𝑞6	corresponding	to	the	rotation	of	a	substituent.	

Calculation of Derivatives 
All	 derivative	 values	 including	 the	 gradient,	 Hessian	

(with	respect	to	the	atomic	coordinate	𝑸)	arisen	from	the	
penalty	function	(𝑉#?),	as	well	as	derivatives	of	energy	with	
respect	to	VL	parameters	(𝑑𝐸6/𝑑𝒑"#),	were	calculated	using	
PyTorch	module	for	Python.16	In	the	Hessian	calculation,	the	
so-called	 effective	 Hessian17	 was	 calculated	 to	 take	 the	
quadratic	 couplings	 between	 an	 atomic	 coordinate	𝑸	and	
internal	parameters	𝒒"#	into	account.	

RESULT AND DISCUSSION 

Case Study 1: Optimization of Monodentate Phosphine 
As	 a	 proof-of-concept	 study,	we	 firstly	 focused	on	 the	

Cu-catalyzed	1,3-dipolar	cycloaddition	of	azomethine	ylide	
1	with	methacrylonitrile	2	reported	by	Houk,	Overman	and	
coworkers	(Figure	5a).18	They	reported	 that	 the	choice	of	
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phosphine	ligands	largely	affects	diastereoselectivity	of	the	
reaction.	For	example,	whereas	a	32:68	mixture	of	(endo)-3	
and	(exo)-3	was	obtained	when	PPh3	was	employed,	the	se-
lectivity	was	improved	up	to	10:90	by	using	PCy3	as	a	ligand.	
They	analyzed	the	origin	of	diastereoselectivity	by	DFT	cal-
culations	and	revealed	that	a	steric	repulsion	between	the	
nitrile	group	in	2	and	PCy3	destabilizes	the	TS	for	the	endo	
cycloaddition,	resulting	in	the	selective	formation	of	the	exo	
cycloadduct.	

To	check	if	the	VLAO	method	can	reproduce	this	ligand	
engineering,	we	performed	quantum	chemical	calculations	
using	the	VL.	First,	the	VL	parameters	were	tuned	to	repro-
duce	 PPh3	 (hereafter,	 this	 parameter	 set	 is	 referred	 as	
pVLPh):	 Electronic	 parameters	𝑟7 	and	𝜙7  were tuned to be 
1.606 Å and 64.215°, respectively, to reproduce both LTEP and 
pyramidalization parameter	of PPh3 (2174.5 cm–1 and 7.14 de-
gree1/2). Steric parameters in the ovoid LJ-potential were set to 
reproduce the steric effect of PPh3, where a1, a2, b1, b2, c1, c2 
and d were tuned to fit geometric feature of the phenyl group 
bonded to a phosphorous atom as shown in Figure 3c. Then, 
geometry optimizations of transition states for the 1,3-dipolar	
cycloaddition	 were	 performed	 using thus-tuned VL, and 
(endo)-TS was calculated to be more stable than (exo)-TS by 
0.44 kcal/mol (Figure 5b). The exo selectivity (𝜉LMN) was esti-
mated based on the following equation: 

𝜉LMN =
exp(−𝐸LMN

‡

𝑅𝑇 )

exp(−𝐸LMN
‡

𝑅𝑇 ) +	exp(−
𝐸LPQN
‡

𝑅𝑇 )
× 100, 

where	𝑅 	and	𝑇	are	 the	 gas	 constant	 and	 the	 temperature.	
The	temperature	was	set	to	be	300.0	K.	The	𝐸LMN

‡ 	and	𝐸LPQN
‡ 	

are	 the	electronic	 energies	of	 (exo)-TS	 and	 (endo)-TS,	 re-
spectively.	 According	 to	 this	 equation,	 the	 exo	 selectivity	
was	 calculated	 to	 be	 32.5%,	 which	 is	 slightly	 underesti-
mated	 comparing	 to	 the	 experimental	 result	 using	 PPh3	
(68%).	 With	 the	 structure	 of	 (endo)-TS	 and	 (exo)-TS	 in	
hand,	 we	 then	 performed	 the	 differentiation	 of	 the	 elec-
tronic	 energy,	 and	 the	 derivative	 of	 the	 exo	 selectivity	 in	
terms	of	VL	parameters	was	calculated	(see	SI	 for	the	de-
tailed	 formulation).	The	derivative	 values	with	 respect	 to	
parameters	a1,	a2,	b1,	b2,	c1,	c2	and	r0	were	shown	in	Figure	
5b	(right).	The	positive	derivative	values	for	steric	parame-
ters	(a1,	a2,	b1,	b2,	c1	and	c2)	imply	that	the	exo	selectivity	can	
be	improved	by	increasing	the	steric	bulk	of	the	substituent.	
Judging	from	the	magnitude	of	derivative	values,	it	turned	
out	that	the	parameters	for	thickness	(b1,	b2)	and	length	(c2)	
of	the	ovoid	has	larger	impacts	on	the	exo	selectivity.	As	for	
the	 electronic	 parameter	 (r0),	 a	 small	 negative	 derivative	
was	obtained.	Because an increase of 𝑟7 value makes the VL 
electron-deficient (see Figure S1), this result implies	that	elec-
tron-donating	 ligands	 would	 increase	 the	 exo	 selectivity.	
Because	Cy	group	is	apparently	thicker	and	more	electron-
donating	than	Ph	group,	these	results	are	qualitatively	con-
sistent	with	 ligand	engineering	by	Overman	et.	 al.,	where	
the	exo	selectivity	was	improved	by	the	use	of	PCy3.	

Then,	we	have	performed	the	optimization	of	VL	param-
eters	(Figure	5c).	In	this	case,	the	objective	function	(F)	was	
set	to	be	the	exo selectivity (𝜉LMN)	corrected	by	an	additional	
penalty	function	(P)	to	constrain	the	ranges	of	parameters	
(see	below),	and	seven	VL	parameters	(r0,	a1, a2, b1, b2, c1 and 

c2) were optimized to maximize F.	The	parameter	set	which	
reproduce	PPh3	 (pVLPh)	was	used	as	 the	 initial	parameter.	
The	penalty	function	P	constrains	VL	parameters	to	be	opti-
mized	within	 “realistic”	 ranges.	For	example,	 the	range	of	
electronic	parameter	𝑟7	was	set	to	be	1.2–2.4	Å,	which	co-
vers	the	electronic	effect	between	PtBu3	and	P(CF3)3.	When	
the	𝑟7	value	approaches	to	the	lower	or	upper	limit,	a	posi-
tive	penalty	was	subtracted	from	the	objective	function	be-
cause	real	 ligand	molecules	with	such	a	high	electron-do-
nating	or	electron-withdrawing	ability	are	rarely	found	(see	
Figure	S6	for	the	detailed	formulation	of	P).	Similarly,	 the	
ranges	of	steric	parameters	were	set	to	be	1.0–6.0	Å	for	a1,	
a2,	b1,	b2	and	c1,	and	1.0–3.514	Å	for	c2.	The	upper	limit	of	c2	
(3.514	Å)	was	set	considering	the	steric	parameter	d	(3.214	
Å).	The	parameter	optimization	was	performed	by	the	CG	
method.	At	each	iteration,	the	VL	parameters	were	updated	
based	on	the	CG	calculated	using	the	derivative	value	of	F	
(𝑑𝐹/𝑑𝒑"# ),	 and	 geometry	 optimizations	 of	 (exo)-TS	 and	
(endo)-TS	were	performed.	The	exo	selectivity	(𝜉LMN)	as	well	
as	the	objective	function	(F)	were	then	computed	and	plot-
ted	 in	 Figure	 5c	 (crosses	 and	 open	 circles,	 respectively)	
along	with	corresponding	VL	parameters	(dotted	lines).	Af-
ter	each	line	search,	the	maximum	absolute	values	among	
the	gradient	components	and	the	displacement	components	
were	 calculated,	 and	 the	 convergence	 was	 determined	
when	each	of	these	values	was	less	than	1	Å–1	and	0.1	Å,	re-
spectively.	In	addition,	the	objective	function	(F)	was	moni-
tored	at	each	iteration,	and	the	calculation	was	terminated	
when	the	F	value	exceeds	99%.	This	criterion	was	set	to	pre-
vent	VL	parameters	from	vibrating	in	a	subspace	where	the	
F	value	 is	close	 to	 its	upper	 limit	 (100%).	As	a	result,	 the	
calculation	was	converged	at	after	17	iterations,	and	the	F	
value	was	improved	from	32.5%	to	99.7%.	The	ovoid	in	the	
VL	at	the	first	and	last	iterations	(ITR.	0	and	ITR.	17)	were	
visualized	on	Figure	5c	(middle).	While	the	electronic	fea-
ture	(expressed	by	the	color	of	the	ovoid)	has	been	slightly	
changed,	 the	 thickness	of	 the	ovoid	was	 increased	signifi-
cantly	(about	0.8	Å	in	total).	To	check	how	this	steric	change	
affects	the	exo	selectivity,	steric	interactions	between	each	
ovoid	in	the	VLs	and	methacrylonitrile	2	were	analyzed.	In	
(endo)-TS,	 two	 repulsive	 interactions	 (Int-1	 and	 Int-2)	
were	found:	Int-1	is	the	repulsion	between	the	hydrogen	at	
the	terminal	olefin	(H36)	and	the	ovoid	1,	and	Int-2	is	that	
between	 the	 nitrogen	 at	 the	 nitrile	 group	 (N42)	 and	 the	
ovoid	2.	As	summarized	in	the	table,	these	repulsive	inter-
actions	 increased	as	 the	VL	became	bulkier.	 In	particular,	
Int-2	increased	by	0.32	kcal/mol	before	and	after	optimiza-
tion	(0.05	kcal/mol	at	ITR.	0	and	0.37	kcal/mol	at	ITR.	17).	
Similar	two	repulsive	interactions	were	also	found	in	(exo)-
TS:	One	is	the	repulsion	of	the	hydrogen	at	the	terminal	ole-
fin,	and	the	other	is	that	of	the	hydrogen	at	the	methyl	group.	
However,	 these	 repulsive	 interactions	did	not	 increase	as	
much	 as	 Int-2	did	 in	 the	 (endo)-TS	when	 the	VL	 became	
bulkier.	Indeed,	the	repulsion	of	the	hydrogen	at	the	termi-
nal	olefin	or	 the	methyl	group	were	calculated	 to	be	0.14	
and	0.06	kcal/mol	even	after	optimization	of	VL	parameters	
(ITR.	17).	Thus,	the	steric	change	in	the	VL	effectively	desta-
bilized	only	(endo)-TS,	resulting	in	the	increase	of	exo	selec-
tivity.	 This	 result	 is	 fully	 consistent	with	 the	 ligand	 engi-
neering	by	Houk	and	Overman	et.	al.18	
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Figure	5.	The	VLAO-based	engineering	of	monodentate	phosphine	ligands.	(a)	General	scheme	of	the	Cu-catalyzed	1,3-dipolar	cy-
cloaddition	of	azomethine	ylide	1	to	methacrylonitrile	2.	(b)	Evaluation	of	the	exo	selectivity	and	its	derivative	values	using	the	VL	
tuned	to	reproduce	PPh3.	(c)	Optimization	of	the	VL	parameters	to	increase	the	objective	function	F.	In	right	panel	of	(c),	the	ovoids	
corresponding	to	one	of	the	VLs	are	omitted	for	clarity.	

Case Study 2: Optimization of dppe-type Ligand 
The	VLAO	method	can	be	applied	not	only	monodentate	

but	also	multidentate	phosphine	ligands.	As	a	proof-of-con-
cept	study,	we	focused	on	the	reductive	elimination	of	tri-
fluorotoluene	from	a	palladium(II)	diphosphine	complex	5	
(Figure	6a).19	 In	general,	 this	reaction	 is	very	challenging,	
and	 diphosphine	 ligands	 with	 a	 large	 bite	 angle,	 such	 as	
Xantphos,	had	been	thought	to	be	necessary	to	promote	the	
desired	 reductive	 elimination.	 Therefore,	 1,2-bis(diphe-
nylphosphino)ethane	and	its	analogues	(dppe-type	ligands),	
which	have	relatively	small	bite	angles,	had	been	thought	to	
be	unsuitable	 for	 this	reaction.	However,	upon	a	sophisti-
cated	ligand	engineering	based	on	quantum	chemical	calcu-
lations,	Schoenebeck	and	coworkers	have	reported	that	the	
desired	reductive	elimination	can	be	effectively	accelerated	

by	the	dfmpe	ligand,	which	is	a	dppe-type	ligand	with	CF3	
substituents.19	 Indeed,	 the	 activation	 energy	 for	 the	 reac-
tion	using	dfmpe	ligand	was	calculated	to	be	25.4	kcal/mol	
(at	 the	ωB97XD/Def2-SVP	 level),	 which	 is	 much	 smaller	
than	 that	 calculated	 using	 dppe	 (35.4	 kcal/mol).	 The	 key	
principles	of	their	ligand	design	were	1)	the	low	steric	de-
mand	of	 substituents	on	 the	phosphorous	atoms,	2)	 large	
repulsion	of	the	ligand	with	the	Ph	and	CF3	groups	on	the	
Pd(II)	center,	and	3)	highly	electron-withdrawing	property	
of	 the	 ligand.	 The	 second	 and	 third	 principles	 are	 in	 line	
with	the	generally	accepted	trends	for	reductive	elimination,	
whereas	the	first	criterion	is	less	intuitive	because	bulky	lig-
ands	were	considered	to	accelerate	reductive	elimination.	
Also,	 it	 should	be	noted	 that	 the	 first	 and	 second	 criteria	
generally	contradict	each	other	because	the first criterion re-
quires small substituents while the second one does large 
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substituents. Schoenebeck and coworkers elegantly met both re-
quirements by introducing a small but highly polarized CF3 
group into the ligand. 

We	performed	quantum	chemical	calculations	using	the	
VL	to	check	if	this	ligand	engineering	can	be	reproduced	by	
the	VLAO	method	(Figure	6b).	In	this	case,	to	approximate	
dppe-type	ligands	by	a	virtual	ligand,	1,2-bis(dichlorophos-
phino)ethane	was	used	as	the	dummy	moiety,	and	the	pen-
alty	functions	(the	keep	potential,	the	keep	angle	potential	
and	 the	 ovoid	 LJ	 potential)	were	 added	 to	 four	 Cl	 atoms.	
Firstly,	to	reproduce	dppe	with	thus-prepared	virtual	ligand,	
geometry	optimizations	of	the	palladium(II)	complex	4	and	
TS45	were	performed	using	the	VL	parameters	tuned	to	re-
produce	PPh3	(pVLPh).	As	a	result,	the	activation	energy	(ΔE‡)	
was	calculated	to	be	36.1	kcal/mol	which	is	consistent	with	
the	value	calculated	using	the	actual	dppe	molecule	(Figure	
6a,	35.4	kcal/mol).	We then performed the differentiation of 
the electronic energy of 4 and TS45, and the derivative values of 
the activation energy (ΔE‡) was calculated (see	SI	for	the	de-
tailed	formulation). The derivative values with respect to pa-
rameters a1, a2, b1, b2, c1, c2 and 𝑟7 were shown in Figure 6b 
(right). As for the electronic parameter (r0), a large negative de-
rivative value was obtained. Because an increase of 𝑟7  value 
makes the VL electron-deficient (see Figure S1), this result is 
consistent with the third criterion for the ligand design by 
Schoenebeck and coworkers (see above). Regarding the steric 
parameters (a1, a2, b1, b2, c1 and c2), small negative derivative 
values were computed, implying that increase of steric bulk 
would slightly decrease the activation energy. Because the first 
and second criteria for the ligand design would generally de-
mand opposite steric features (see above), the small absolute 
values for steric parameters might be a result of the cancelling 
out of these irreconcilable effects.  

Then,	we	performed	the	optimization	of	VL	parameters.	
In	this	case,	the	objective	function	(F)	was	set	to	be	the	sum	
of	the activation energy (ΔE‡)	and	the	range	confining	penalty	
function	(P),	and	seven	VL	parameters	(r0,	a1, a2, b1, b2, c1 and 
c2) were optimized to minimize F.	As	in	the	previous	example,	
the	parameter	set	which	reproduce	dppe	(pVLPh)	was	used	
as	 the	 initial	 parameter,	 and	 the ranges of VL parameters 
were set to be 1.2–2.4 Å for 𝑟7, 1.0–6.0 Å for a1, a2, b1, b2 and 
c1, and 1.0–3.514 Å for c2. The results are summarized in the 
bottom of Figure 6b. The calculation converged after nine iter-
ations, and steric parameters (a1, a2, b1, b2, c1 and c2) changed 
little. Instead, the electronic parameter r0 changed significantly, 
converging at 2.345 Å, which is close to the upper limit (2.4 Å). 
The activation energy (ΔE‡) with the optimized parameter was 
calculated to be 14.9 kcal/mol, which is much lower than the 
calculated values for dfmpe or 1,2-bis(difluorophos-
phino)ethane (Figure 6a). This result could indicate that, if 
dppe-type ligands with even more electron-deficient substitu-
ents are synthesized, the desired reductive elimination can be 
further accelerated. Although designing such a highly electron-
deficient molecule is not an easy task, this might be achieved 
by introducing unique design strategies for electron-withdraw-
ing ligands, such as the use of cationic substituents20 or replac-
ing phosphorous atoms with arsenic21. 

 

Figure	6.	The	VLAO-based	engineering	of	dppe-type	 ligands.	
(a)	General	scheme	of	the	reductive	elimination	of	PhCF3	from	
Pd(II)	complex	4.	(b)	Evaluation	of	the	activation	energy	and	its	
derivative	values	(top)	and	optimization	of	the	VL	parameters	
to	minimize	F	(bottom).	

Case Study 3: Optimization of Asymmetric Ligand 
In	the	two	examples	above,	all	substituents	in	a	VL	were	

described	 by	 common	 electronic	 and	 steric	 parameters,	
thereby	 enabling	 design	 of	 symmetric	 phosphine	 ligands	
such	as	PR3	and	R2PCH2CH2PR2.	Because	electronic	and	ste-
ric	parameters	can	be	set	independently	for	each	substitu-
ent,	the	VLAO	strategy	would	also	be	applicable	to	engineer-
ing	of	asymmetric	phosphine	ligands.	To	prove	this,	we	fo-
cused	on	the	Cu-catalyzed	asymmetric	hydroboration	of	al-
iphatic	 terminal	 alkenes	 reported	 by	 Ito	 and	 coworkers	
(Figure	7a).22	The	hydroboration	of	 terminal	alkene	6	po-
tentially	affords	three	isomeric	products,	namely	(S)-7,	(R)-
7	and	8.	Ito	and	coworkers	found	that,	this	reaction	can	be	
catalyzed	with	high	regio-	and	enantioselectivity	when	(S)-
quinox-tBu3,	 a	 C1-symmetric	 quinoxaline-based	 diphos-
phine	 ligands,	was	used.	Then,	 the	authors	conducted	de-
tailed	analyses	of	origin	of	observed	selectivities	based	on	
both	 computational	 and	 experimental	 methods	 and	
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established	a	design	principle:	Whereas	the	regioselectivity	
is	affected	by	R2	and	R4,	the	enantioselectivity	is	determined	
by	R2	and	R3	(Figure	7a,	right).	According	to	this	guideline,	
the	 authors	 then	 designed	 and	 synthesized	 an	 unprece-
dented	asymmetric	 ligand,	namely	 (S)-quinox-tOctAd2.	 In-
deed,	this	ligand	enabled	the	hydroboration	of	6	in	excellent	
regio-	and	enantioselectivity	(92	and	99%,	respectively).	

To	 reproduce	 this	 ligand	 engineering	 with	 the	 VLAO	
method,	we	calculated	eight	TSs	of	 the	borylcupration	ac-
cording	to	Ito’s	computational	analysis	(Figure	7b).	These	
TSs	correspond	to	eight	reaction	routes	of	borylcupration,	
where	an	olefine	(1-butene)	approaches	to	the	Cu–B	bond	
from	any	of	the	four	directions	(denoted	by	A,	B,	C	or	D)	to	
give	either	the	branched	product	7	or	the	linear	product	8	
(denoted	by	subscript	b	or	l).	Out	of	the	four	routes	to	give	
the	branched	product,	Ab	and	Db	give	the	major	enantiomer	
(S)-7,	whereas	Bb	and	Cb	afford	the	minor	enantiomer	(R)-
7.	The	regio-	and	enantioselectivity	of	the	reaction	are	de-
termined	 by	 the	 relative	 energies	 of	 these	 TSs,	 and	 the	
branch	selectivity	(bs)	and	enantiomeric	excess	(ee)	can	be	
estimated	as	follows:	

bs =
∑ exp(− 𝐸6

‡

𝑅𝑇)6RS%,T%,U%,V%

∑ exp(−
𝐸6
‡

𝑅𝑇)6RS%,T%,U%,V%,S&,T&,U&,V&

× 100,	

ee =
∑ exp(− 𝐸6

‡

𝑅𝑇)6RS%,V% −∑ exp(− 𝐸6
‡

𝑅𝑇)6RT%,U%

∑ exp(−
𝐸6
‡

𝑅𝑇)6RS%,V% +∑ exp(−
𝐸6
‡

𝑅𝑇)6RT%,U%

× 100,	

where	𝑅 	and	𝑇	are	 the	 gas	 constant	 and	 the	 temperature,	
respectively.	The	temperature	was	set	to	be	233.15	K.	The	
𝐸6
‡ 	is	 the	 electronic	 energy	 of	 a	 TS	 corresponding	 to	 the	
route	 i.	 In	this	case,	the	VL	with	the	2,3-bis(dichlorophos-
phino)quinoxaline	moiety	was	used	to	reproduce	quinoxa-
line-based	 diphosphine	 ligands.	 As	 shown	 in	 Figure	 7b	
(middle),	the	electronic	and	steric	parameters	of	each	sub-
stituent	were	set	independently,	with	those	of	the	Me	group	
(pVLMe)	for	R1	and	those	of	the	tBu	group	(pVLtBu)	for	R2–R4,	to	
reproduce	 (S)-quinox-tBu3	 as	 a	whole.	 It	 should	 be	 noted	
that,	 considering	high	symmetry	of	Me	and	 tBu	groups	as	
well	 as	 the	 potential	 difficulty	 in	 optimizing	 many	 inde-
pendent	 parameters,	 steric	 parameters	 corresponding	 to	
width	and	thickness	of	each	substituent	were	set	to	be	sym-
metric	(i.e.,	a1	=	a2	and	b1	=	b2	in	each	substituent).	Geometry	
optimizations	 of	 eight	 TSs	 using	 thus-prepared	 VL	 were	
performed,	and	the	branch	selectivity	and	the	enantiomeric	
excess	were	calculated	to	be	97.9%	and	82.9%,	respectively.	
These	 values	 are	 reasonably	 consistent	 with	 the	 experi-
mental	results	(bs	=	72%	and	ee	=	87%)	though	the	branch	
selectivity	 is	 slightly	 overestimated.	 With	 the	 optimized	
structures	of	eight	TSs	in	hand,	we	then	calculated	the	de-
rivative	 values	 of	 the	 branch	 selectivity	 and	 the	 enantio-
meric	excess	in	terms	of	VL	parameters	(see	SI	for	the	de-
tailed	 formulation).	The	derivative	 values	with	 respect	 to	
steric	parameters	corresponding	to	width	and	thickness	of	
each	ovoid	were	shown	in	Figure	7b	(right).	In	this	table,	the	
a1–i	and	b1–i	represent	the	width	and	thickness	parameters	
for	the	i-th	ovoid	(Ri).	As	for	the	derivative	values	of	R1	(a1–
1	and	b1–1),	whose	effect	was	not	discussed	in	Ito’s	report,	
intuitive	results	were	obtained:	An	increasing	steric	bulk	of	
R1	 increases	 the	 branch	 selectivity	 and	 decreases	 of	 the	

enantiomeric	excess.	 If	 the	Me	group	 in	(S)-quinox-tBu3	 is	
replaced	 with	 a	 bulkier	 substituent,	 steric	 repulsion	 be-
tween	the	ligand	and	the	alkyl	chain	in	the	olefin	would	in-
crease,	 thereby	resulting	 in	 the	selective	 formation	of	 the	
branched	product	 through	routes	Ab,	Bb,	Cb	 or	Db.	On	 the	
other	hand,	because	 the	Me	group	 is	 the	only	 substituent	
which	 breaks	 symmetry	 of	 the	 ligand,	 replacing	 it	 with	
larger	substituents	would	make	the	whole	ligand	(pseudo)	
C2	symmetric,	resulting	in	the	decreased	enantioselectivity.	
Regarding	the	effects	of	R2–R4	(a1–2,	b1–2,	a1–3,	b1–3,	a1–4	and	
b1–4)	on	the	enantioselectivity	(𝑑ee/𝑑𝑝),	the	calculate	deriv-
ative	values	were	consistent	with	the	trend	reported	by	Ito	
et.	al.:	The	enantioselectivity	 is	mainly	determined	by	 the	
size	of	R2	and	R3,	and	contribution	of	R3	is	greater	than	that	
of	R2	 (see	the	magnitude	of	 the	derivative	values).	On	the	
other	hand,	the	effect	of	these	substituents	on	the	regiose-
lectivity	was	relatively	small	comparing	to	those	on	the	en-
antioselectivity	and	was	not	entirely	consistent	with	the	re-
ported	trends.	Whereas	Ito	and	coworkers	reported	that	the	
regioselectivity	is	affected	by	the	bulk	of	R2	and	R4,	the	de-
rivative	values	(𝑑bs/𝑑𝑝)	imply	that	not	only	these	substitu-
ents	but	also	R3	have	contribution	to	the	regioselectivity.	To	
see	 the	 origin	 of	 this	 contribution,	 steric	 interactions	 be-
tween	the	ovoid	corresponding	to	R3	and	substrates	(i.e.,	1-
butene	and	Bpin)	in	the	TS	for	the	route	Al,	which	is	the	most	
favorable	reaction	path	to	give	the	 linear	product	8,	were	
analyzed	(Figure	7c,	left).	As	a	result,	it	was	found	that	the	
strongest	 interaction	 is	 the	 repulsion	 between	 the	 ovoid	
and	the	hydrogen	atom	at	the	olefin	(H26).	Thus,	increasing	
bulk	of	R3	(a1–3	or	b1–3)	would	enhance	this	repulsive	inter-
action,	destabilizing	the	corresponding	TS.	This	will	in	turn	
cause	the	selective	formation	of	the	branched	product,	re-
sulting	in	the	positive	derivative	values	for	a1–3	and	b1–3.	Ac-
tually,	 this	 interaction	 was	 also	 found	 in	 the	 optimized	
structure	 for	 the	 corresponding	 TS	 reported	 by	 Ito	 and	
coworkers.	The	shortest	interatomic	distance	between	the	
hydrogen	atom	and	the	tBu	group	corresponding	to	R3	was	
calculated	to	be	2.34	Å	(Figure	7c,	right).	This	value	is	com-
parable	to	the	shortest	interatomic	distances	between	the	
Bpin	moiety	and	the	tBu	groups	corresponding	to	R2	or	R4,	
on	which	the	importance	of	R2	and	R4	was	discussed	based.	
Because	C1-symmetric	quinox-type	ligands	which	have	dif-
ferent	substituents	at	R3	and	R4	positions	are	synthetically	
unavailable,	the	importance	of	R3	could	have	been	masked	
by	 that	 of	 R4	 and	 overlooked.	 Hence,	 the	 VLAO	 approach	
which	enables	systematic	analyses	of	ligand	effects	can	be	a	
powerful	tool	for	 identifying	unapparent	but	valuable	fac-
tors	for	ligand	engineering.	To	evaluate	overall	importance	
of	each	substituent,	the	derivative	values	of	the	sum	of	the	
branch	 selectivity	 and	 enantioselectivity	 were	 calculated	
(𝑑(bs + ee)/𝑑𝑝).	Based	on	this	result,	criteria	for	each	sub-
stituent	 to	 improve	both	regio-	and	enantioselectivity	are	
suggested:	R1	should	be	smaller	than	Me	group,	R2	and	R3	
should	be	larger	than	tBu	group,	and	R4	has	the	smallest	im-
pact	 on	 the	 selectivity.	 As	Me	 group	 is	 the	 smallest	 alkyl	
group,	 and	 R4	 must	 be	 the	 same	 substituent	 as	 R3	 (see	
above),	 these	criteria	would	be	consistent	with	the	 ligand	
engineering	 by	 Ito	 and	 coworkers,	 where	 (S)-quinox-tOc-
tAd2	was	 identified	as	 the	optimal	 ligand,	 considering	 the	
synthetic	accessibility	of	ligands.		

Finally,	the	optimization	of	the	VL	parameters	were	per-
formed	(Figure 7d).	The	objective	function	(F)	was	set	to	be	
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the	sum	of	the branch selectivity (bs) and enantiomeric excess 
(ee) corrected by the	range	confining	penalty	 function	(P).	
The	parameter	 set	which	 reproduce	 (S)-quinox-tBu3	were	
used	as	the	initial	guess,	and	eight	steric	parameters	(a1–1, 
b1–1, a1–2, b1–2, a1–3, b1–3, a1–4 and b1–4)	were	optimized.	The 
ranges were set to be 1.0–6.0 Å for all parameters. The results 
are summarized in Figure 7d, in which the objective function 
(F), the branch selectivity (bs) and the enantiomeric excess (ee) 
are plotted with dots, crosses and open circles, respectively. As 
expected from the derivative values at the initial step (Figure 
7b), bulk of the ovoids corresponding to R2 and R3 (a1–2, b1–2, 
a1–3 and b1–3) increased significantly, while the parameters for 
R4 remained almost constant. On the other hand, despite the 
negative derivative values at the initial step (Figure 7b), bulk of 

the ovoid corresponding to R1 (a1–1 and b1–1) converged at 
slightly bigger values than those for Me group. This is probably 
because, as optimization proceeds, R1 became no longer the 
only substituent which breaks symmetry of the ligand unlike it 
was at the first step of the optimization (see above), allowing R1 
to be a larger substituent. Overall, the optimization terminated 
after 13 iterations, where the branch selectivity and the enanti-
omeric excess were estimated to be extremely high (99.9% and 
99.4%, respectively). As the optimized VL parameters demand 
substituents R1–R4 to have different size and shape to each other, 
real ligand molecules which meet these criteria would be out of 
the current synthetic scope. However, we believe that the 
VLAO method can accelerate discovery of useful ligands by 
motivating chemists to explore such untapped chemical spaces. 

	

Figure	7.	The	VLAO-based	engineering	of	asymmetric	ligands.	(a)	General	scheme	of	the	Cu-catalyzed	asymmetric	hydroboration	of	
terminal	olefin.	(b)	Evaluation	of	branch	selectivity	(bs),	enantiomeric	excess	(ee)	and	their	derivative	values.	(c)	Finding	of	an	im-
portant	interaction	to	improve	regioselectivity.	(d)	Optimization	of	the	VL	parameters	to	maximize	F.	

Experimental Validation 
With	the	potential	utility	of	the	VLAO	method	proved	by	

reproducing	the	reported	ligand	engineering	processes,	we	
then	 performed	 the	 experimental	 validation	 of	 the	 VLAO	

method.	 For	 this	 purpose,	 we	 have	 focused	 on	 the	 palla-
dium-catalyzed	 hydrogermylation	 of	 ynamide	9	 reported	
by	 Blanchard,	 Houk,	 Bizet	 and	 coworkers.23	 The	 hy-
drogermylation	 of	 9	 affords	 two	 regioisomeric	 products,	
namely	 α-product 10	 and	 β-product	 11,	 and	 the	
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regioselectivity	can	be	controlled	by	ligands	(Figure	8a).	For	
example,	 hydrogermylation	 of	 9a	 using	 bis[2-(diphe-
nylphosphino)phenyl] ether (DPEPhos) affords the α-product 
selectively, whereas the β-product is exclusively formed when 
PMetBu2 is employed as the ligand. On the contrary, hy-
drogermylation of 9b, which has a terminal alkyne moiety, 
tends to give the β-product preferentially, and, to the best of our 
knowledge, no α-selective ligands have been reported. Hence, 
we aimed to find α-selective ligands by the VLAO method. First, 
using the virtual ligand reproducing PPh3, selectivity-determin-
ing TSs, namely α-TS and β-TS, were calculated, and the α se-
lectivity 𝜉W was estimated to be 40.7%. according to the follow-
ing equation:	

𝜉W =
exp(− 𝐸W

‡

𝑅𝑇)

exp(− 𝐸W
‡

𝑅𝑇) +	exp(−
𝐸X
‡

𝑅𝑇)
× 100,	

where	𝐸W
‡ 	and	𝐸X

‡	are	the	electronic	energies	of	α-TS	and	β-
TS,	respectively	(Figure	8b).	The	temperature	was	set	to	be	
333.15	K.	Then,	 the	𝜉W	were	differentiated	with	respect	 to	
the	electronic	and	steric	parameters	(see	SI	for	the	detailed	
formulation),	and	optimization	of	 these	parameters	based	
on	 the	CG	method	was	performed.	Again,	 the	α selectivity 
corrected by the	 range	 confining	penalty	 function	 (P)	was	
used	as	the	objective	function,	and	the	optimization	was	ter-
minated	when	this	value	exceeded	99%.		As	a	result,	the	cal-
culation	was	terminated	after	17	iterations,	and	the	initial	
and	 resulting	 ovoids	 were	 depicted	 in	 Figure	 8b	 (right).	
While	b1	parameter	slightly	increased	(2.050	Å),	b2	and	c2	
parameters	decreased	(1.377	Å and 2.707	Å, respectively),	
resulting	in	a	thinner	and	shorter	ovoid	than	the	initial	one.	
As	for	electronic	effect,	𝑟7 parameter decreased significantly, 
converging at 1.301 Å, which is close to the lower limit (1.2 Å).	
Overall,	the	VLAO	method	implied	that	the	α selectivity	can	
be	largely	improved	by	the	use	of	thinner	and	shorter	sub-
stituents	with	stronger	electron-donating	ability	comparing	
to	Ph	group.	

With	the	suggestion	by	the	VLAO	in	hand,	we	then	aimed	
at	finding	α-selective ligands (Figure 8c). Considering the re-
quirement for electron-donating ligands, we prepared six phos-
phine ligands including PMe3, PEt3, PCy3, PCp3 (Cp = cyclo-
pentyl), L1 and L2. Whereas trialkylphosphine ligands (PMe3, 
PEt3, PCy3 and PCp3) were chosen because they are well known 
to exhibit strong electron-donating nature, L1 and L2 were de-
signed so that they have stronger electron-donating ability than 
PPh3 while keeping the steric effect unchanged as much as pos-
sible. The α selectivities for each ligand were then predicted. It 

should be noted that, whereas some of real ligands (e.g., PCy3 
and PCp3) are very flexible, the VL parameters for a given lig-
and were determined based on a single conformer of 
R3PNi(CO)3 (see SI for detail). Hence, the VL only reproduces 
a snapshot of a ligand and cannot describe conformational flex-
ibility (except for rotation of P–R bonds). In this study, to avoid 
this inherent limitation of the VL method, the prediction of the 
α selectivity for a given ligand was performed as follows. First, 
upon a systematical conformation search by the SC-AFIR 
method24, the most stable conformer of R3PNi(CO)3 were deter-
mined. Then, all conformers with relative energies lower than 
1.0 kcal/mol were chosen, and VL parameters for each of these 
conformers were determined (see Table S2– S5). After that, the 
calculations of α-TS	and	β-TS	using each set of VL parameters 
were performed, and the α selectivity of the ligand was esti-
mated as the average value of those for each conformer 
weighted by the Boltzmann distribution of R3PNi(CO)3. As a 
result, the α selectivities were estimated to be 88.4% for PMe3, 
36.5% for PEt3, 4.2% for PCy3, 29.5% for PCp3, 54.1% for L1 
and 98.7% for L2, respectively. As expected, both L1 and L2 
were predicted to exhibit higher α selectivity than PPh3 (40.7%). 
On the contrary, the α selectivities of PEt3, PCy3 and PCp3 were 
predicted to be lower than PPh3 despite their high electron-do-
nating ability. This is because these alkyl groups are much 
thicker than the phenyl group, making corresponding ligands 
sterically unfavorable. It is important to noted that the α selec-
tivity of PCp3 (29.5%) differs significantly from the value esti-
mated from only the most stable conformer (98.5%). This result 
highlights the importance of the contributions from not only the 
most stable but also thermally accessible conformers of a ligand. 

Then, the experiments using these ligands as well as PPh3 
were performed, and the observed yields and selectivities were 
summarized in the table (Figure 8c). To our surprise, PPh3 ex-
hibit higher α selectivity than DPEPhos, which was determined 
as the optimal ligand for α-selective hydrogermylation of 9a 
(Figure 8a). The observed selectivities were plotted against pre-
dicted values (Figure 8c), and a modertate correlation for all 
ligands were confirmed (R2 = 0.59). Overall, the highest ob-
served α selectivity was 73% for L2, and this value this value 
did not change when the catalyst loading was reduced to 1.5 
mol%. Notably, L2 is less commercially available compared to 
other typical triarylphosphines probably because it is rapidly 
oxidized when the solution is exposed to air. Hence, it is un-
likely to be included as an initial candidate for random screen-
ing of ligands. The VLAO method rapidly suggested important 
features of ligand, enabling us to find such an elusive ligand 
with a minimum number of experimental trials. 
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Figure	8.	Experimental	validation	of	the	VLAO-based	ligand	engineering.	(a)	General	scheme	of	the	Pd-catalyzed	hydrogermylation	
of	ynamides.	(b)	Evaluation	of	the α selectivity	(𝜉W)	and	optimization	of	VL	parameters.	(c)	Discovery	of	α-selective	ligand.	aPR3•HBF4	
(40	mol%)	and	Cs3CO3	(100	mol%)	were	used	instead	of	PR3.	bCalculated	using	VL	parameters	derived	from	the	most	stable	confor-
mation	of	R3PNi(CO)3.	c1.5	mol%	Pd2dba3	and	12	mol%	L2	were	used.	

CONCLUSION 
In	 conclusion,	we	 have	 reported	 the	 virtual	 ligand-as-

sisted	optimization	(VLAO)	method,	a	rational	strategy	for	
ligand	engineering.	In	this	method,	the	electronic	and	steric	
effects	of	phosphine	ligands	on	the	reaction	outcome	can	be	
mathematically	 quantified	 by	 differentiating	 energies	 of	
equilibrium	 structures	 and	 transition	 states	 in	 terms	 of	
electronic	and	steric	parameters	 in	the	virtual	 ligand.	The	
obtained	derivative	values	can	be	used	as	a	rational	princi-
ple	of	ligand	optimization.	Indeed,	the	VLAO	method	repro-
duced	 reported	 design	 for	 monodentate,	 bidentate	 and	
asymmetric	phosphine	ligands.	In	addition,	an	optimal	lig-
and	for	the	α-selective hydrogermylation of terminal ynamide 
9b was rapidly designed and discovered based on the guiding 
principle by the VLAO method.	

On	the	other	hand,	because	of	a	large	number	of	param-
eters	in	the	virtual	ligand,	it	is	not	a	simple	task	to	transfer	

the	optimized	parameters	to	a	real	molecule.	Therefore,	the	
discussions	 about	 ligand	 engineering	 in	 this	 paper	 were	
only	qualitative.	In	addition,	as	showcased	by	the	example	
of	PCp3	(Figure	8c),	because	a	single	set	of	VL	parameters	
cannot	 describe	 conformational	 flexibility	 of	 a	 ligand,	 the	
prediction	must	be	made	carefully	(e.g.,	use	the	Boltzmann	
weighted	average).	We	believe	that	these	drawbacks	can	be	
overcome	once	a	machine	learning	model	that	maps	VL	pa-
rameters	to	the	chemical	space	of	ligands	while	considering	
conformational	flexibility	is	established.	The	optimized	pa-
rameters	can	be	then	utilized	as	quantitative	guides	to	pick	
up	promising	candidates	from	databases25	such	as	the	lig-
and	 knowledge	 base	 (LKB)	 and	 the	 kraken.	 Execution	 of	
such	informatic	processing	is	one	of	the	tasks	in	the	near	fu-
ture.	
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