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Beyond	hydrogen	bonding:	Recent	trends	in	outer	sphere	
interactions	in	transition	metal	catalysis	
Jonathan	Trouvé	and	Rafael	Gramage-Doria*

Homogeneous	catalytic	reactions	are	typically	controlled	by	the	stereoelectronic	nature	of	the	 ligand(s)	that	bind	 to	the	
metal(s).	This	so-called	first	coordination	sphere	effects	have	been	taken	into	advantage	for	the	efficient	synthesis	of	fine	
chemicals	relevant	for	industrial	and	academic	laboratories	since	more	than	half	a	century.	Such	level	of	catalyst	control	
has	significantly	upgraded	 in	the	 last	decades	by	mastering	additional	 interactions	beyond	the	first	coordination	sphere.	
This	so-called	second	coordination	sphere	effects	are	mainly	inspired	by	the	action	mode	of	nature’s	catalysts,	enzymes,	
and,	in	general,	rely	on	subtle	hydrogen	bonding	for	the	exquisite	control	of	activity	and	selectivity.	In	order	to	span	the	
scope	of	this	powerful	strategy	to	challenges	that	cannot	be	solved	by	purely	hydrogen	bonding,	a	variety	of	less	common	
interactions	have	been	 successfully	 introduced	 in	 the	 last	 few	years	 for	 fine	 chemical	 synthesis.	 This	 review	 covers	 the	
latest	and	most	exciting	developments	of	this	newly	flourishing	area	with	a	particular	focus	to	highlight	how	this	type	of	
interactions	can	be	rationally	implemented	to	control	the	reactivity	in	a	remote	fashion,	that	is,	far	away	from	the	active	
site	as	enzymes	also	do.	

1. Introduction.
The	 fundamental	 understanding	 of	 transition	metal	 reactivity	
is	at	the	core	of	the	design	of	efficient	homogeneous	catalysts	
with	 relevance	 for	 small	 molecule	 synthesis.1	 Consequently,	
new	chemical	reactions	that	are	useful	from	drug	discovery	at	
small	 scale	 to	 implementation	 in	 large	 industrial	 plants	 have	
been	disclosed.2	Furthermore,	the	last	decades	have	witnessed	
tremendous	advancements	that	established	the	importance	of	
ligand	 design	 for	 controlling	 the	 reactivity	 outcome	 in	
homogeneous	 catalysis.3	 As	 such,	 careful	 fine-tuning	 of	 the	
stereolectronic	 parameters	 of	 the	 ligand,	 that	 is	 the	 first	
coordination	 sphere,	 has	 direct	 consequences	 in	 catalyst	
performance	(Figure	1a).4	For	example,	the	P-M-P	bite	angle	in	
diphosphane-ligated	 rhodium	 catalysts	 is	 an	 important	
parameter	 to	 control	 the	 linear:branched	 ratio	 of	 the	
aldehydes	formed	in	the	hydroformylation	of	terminal	olefins.	
Analogously,	 the	 rate	 of	 reductive	 elimination	 in	 phosphane-
ligated	 palladium	 catalysts	 is	 largely	 determined	 by	 the	
electronic	nature	of	the	phosphorus	centre.5		
	 On	 the	other	hand,	Nature’s	 catalysts	 (enzymes)	exploit	 a	
number	 of	 different	 strategies	 to	 control	 activity	 and	
selectivity.	Most	of	them	are	based	on	dynamic	and	reversible	
events	 occurring	 in	 locations	 remote	 from	 the	 active	 site	 to	
adapt	their	spatial	conformation	to	the	substrate	with	the	aim	
to	precisely	pre-organize	it	for	reaching	a	given	selectivity	or	to	
protect	 the	 active	 site	 in	 a	 hydrophobic	 pocket	 inside	 the	

whole	 protein.6	 Chemists	 have	 forever	 been	 fascinated	 to	
mimic	these	features	in	homogeneous	catalysis	as	it	may	lead	
to	 new	 reactivities	 in	 abiological	 systems.7-8	 Initially,	 catalyst	
encapsulation	via	covalent	chemistry	or	hydrophobic	effects,9-
13	 and	 later,	 by	 means	 of	 supramolecular	 coordination	
chemistry,14-16	 led	 to	 catalytic	 systems	 featuring	 enhanced	
catalyst	 stability	 together	 with	 new	 chemical	 trajectories.	
These	 strategies	 laid	 the	 foundation	 of	 supramolecular	
catalysis	that	are	based	on	second	coordination	sphere	effects	
aiming	 at	 overcoming	 the	 limitations	 and	 span	 the	 scope	 of	
traditional	ligands.17-20		
	 Alternatively,	 and	 much	 inspired	 from	 the	 hydrogen	
bonding	 in	 DNA	 base	 pairs,	 transition	 metal	 catalysts	 have	
incorporated	hydrogen	bonding	recognition	sites	in	the	second	
coordination	 sphere	 (Figure	 1b).	 Thereafter,	 the	 use	 of	
hydrogen	bonding	for	the	formation	of	self-assembled	ligands	
as	well	as	 the	positioning	of	substrates	around	the	active	site	
in	 a	 restricted	 conformation	 has	 been	 extensively	 explored	
with	remarkable	reactivity	patterns.21-26	
	 In	 order	 to	 surpass	 this	 existing	 knowledge	 and	 tackle	
issues	that	cannot	be	addressed	by	the	current	approaches,	it	
is	important	to	rationally	design	catalytic	systems	with	original	
action	 modes.27	 In	 this	 context,	 exploiting	 interactions	
different	 than	 hydrogen	 bonding	 occurring	 far	 from	 the	 first	
coordination	 sphere	 of	 the	 transition	 metal	 catalyst	 is	 an	
attractive	 concept	 that	 has	 received	 increasing	 attention	
(Figure	 1c).	 The	 most	 developed	 and	 studied	 interactions	
include	 dipole/dipole	 (those	 involving	 π	 aromatic	 systems,	
halogen	 bonding),	 electrostatic	 (ion	 pairing,	 cation···crown	
ethers)	 and	 dative	 covalent	 bonds	 (Lewis	 pairing,	
metal···nitrogen	 bonding).	 The	 energy	 associated	 to	 these	
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interactions,	which	can	be	as	small	as	1	kcal/mol,	are	enough	
to	 stabilize	 unique	 intermediates	 in	 transition	metal	 catalysis	
that	 allows	 access	 to	 otherwise	 unfavourable	 reaction	
pathways,	 thereby	opening	a	new	chemical	 space	 (Figure	1d-
e).	 In	 this	 survey,	 a	 particular	 focus	 is	 devoted	 to	 those	
interactions	 taking	 place	 significantly	 far	 away	 from	 the	 first	
coordination	 sphere	 of	 the	 metal	 catalyst	 and	 that	 do	 not	
impart	any	stereoelectronic	effect	in	the	active	site	.	However,	
their	 manifolds	 provide	 interesting	 entries	 into	 new	 ways	 of	
substrate	 pre-organization	 and	 customizing	 new	 self-

assembled	 ligands.	 The	 present	 review	 covers	 the	 major	
advances	 accomplished	 in	 the	 last	 five	 years,24	 in	 which	 the	
benefits	 of	 harnessing	 such	 uncommon	 interactions	 in	
transition	 metal	 catalysis	 in	 a	 remote	 fashion	 have	 been	
undoubtedly	 validated	 by	 means	 of	 extensive	 control	
experiments	 and/or	 substantial	 computational	 modelling.	
Examples	 involving	 secondary	 sphere	 interactions	 for	
promoting	catalysis	of	small	molecules	(H2,	CO2,	O2,	N2H4,	etc.),	
typically	 via	 electrocatalysis	 are	 beyond	 the	 scope	 of	 this	
review	and	they	have	been	surveyed	elsewhere.28-34	

Figure	1.	 The	 relevance	of	 first	 and	 second	 coordination	 sphere	effects	 in	 transition	metal	 catalysis.	 (a)	 Schematic	 representation	of	 the	 first	
coordination	sphere	in	a	transition	metal	catalyst.	(b)	DNA-inspired	hydrogen	bonding	features	in	the	second	coordination	sphere	of	a	transition	
metal	catalyst	 to	exert	control	 in	 the	reactivity.	 (c)	Several	examples	of	unconventional	 interactions	 that	control	 the	activity	and	selectivity	 in	
transition	metal	catalysts	through	the	second	coordination	sphere.	This	type	of	interactions	can	be	used	for	ligand	self-assembly	(d)	or	substrate	
pre-organization	(e).	

2. Ion-pairing.
2.1.	Ion	pairing	for	substrate	pre-organization.	

Electrostatic	 interactions,	 a	 sub-class	 of	 non-covalent	
interactions,	 between	 cationic	 and	 anionic	 amino	 acid	
residues,	cofactors	and/or	substrates	are	prevalent	in	enzymes	
for	 accessing	 unique	 reaction	 pathways	 due	 to	 their	
reversibility.35-36	 However,	 implementation	 of	 such	 type	 of	
non-covalent	interactions	in	transition	metal	catalysis	requires	
to	 careful	 master	 them	 at	 the	 molecular	 level,	 especially	 in	
order	to	prevent	undesired	aggregated	species.	One	strategy	is	
based	on	 the	use	of	electrostatic	 interactions	 to	pre-organize	
substrates	 in	 a	 precise	 conformation	 around	 the	 catalytically	
active	metal	 site.37	 In	 this	 context,	 the	Ooi	 group	 showcased	
the	unique	potential	of	phosphine	ligands	covalently	appended	
with	 chiral	 quaternary	 ammonium	 motifs	 for	 the	 palladium-
catalyzed	 construction	 of	 contiguous	 all-carbon	 quaternary	

stereocentres.38	 The	 asymmetric	 reactions	 studied	 were	
designed	 in	 a	way	 that	 the	 remote	 chiral	 ammonium	moiety	
from	 the	 ligand	 was	 ion-pairing	 with	 the	 in	 situ	 generated	
carbanion	from	the	substrate	 in	the	 intermediate	prior	to	the	
cycloaddition	 to	 the	 palladium-coordinated	 π-allyl	 fragment	
(Scheme	 1).	 In	 particular,	 this	 was	 applied	 to	 the	 highly	
enantio-	 and	 diastereoselective	 asymmetric	 [3+2]	 annulation	
of	 5-vinyloxazolidinones	 and	 activated	 trisubstituted	 alkenes.	
Fine-tuning	of	the	chiral	ammonium-phosphine	substituents	in	
the	ligands	enabled	a	similar	palladium-catalyzed	reaction	but	
using	N-protected	primary	imines	instead	of	alkenes.39	Ligands	
lacking	the	ammonium	group	led	to	poor	reactivity	and	almost	
no	selectivity.	
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Scheme	1.	An	ammonium-containing	phosphine	ligand	pre-organizes	a	
substrate	in	a	chiral	pocket	for	highly	asymmetric	palladium	catalyzed	
reactions.	

	 The	ammonium···anion	pair	interaction	was	utilized	by	the	
Zhang	group	for	substrate	pre-organization	 in	the	asymmetric	
rhodium-catalyzed	 hydrogenation	 of	 1,1-disubstituted	
terminal	olefins	containing	carboxylic	acids.40-41	Planar-	and	P-
chiral	 ferrocene-derived	 ligands	 comprising	 both	 a	 rhodium-
coordinating	 phosphane	 fragment	 and	 a	 tertiary	 amine	 unit	
were	 developed.	 The	 former	 served	 as	 an	 internal	 base	 for	
deprotonation	of	the	carboxylic	acid	group	from	the	substrate	
and	further	non-covalent	binding	site	to	the	latter	(Scheme	2).	
A	 broad	 scope	 was	 demonstrated	 and	 impressive	 turnover	
numbers	 (up	 to	 20000)	 were	 reached	 with	 >99%	
enantioselectivity.	 An	 extension	 to	 substrates	 containing	
phosphoric	 acids	 in	 place	 of	 carboxylic	 acids	 led	 to	 high	
enantioselectivities	 thanks	 to	 the	 ammonium···phosphate	
anion	 pair	 interaction	 in	 this	 case.42	 The	 same	 group	 also	
reported	 ferrocene-derived	 phosphane	 ligands	 featuring	 a	
thiourea	 moiety	 that	 can	 undergo	 protonation	 under	 acidic	
conditions	(i.e.	HCl).	In	combination	with	rhodium	or	iridium,	a	
variety	 of	 asymmetric	 hydrogenations	 were	 reported	 with	 a	
chloride-assisted	 ion	 pairing	 with	 cationic	 substrates	 or	
cationic	intermediates.43-46	

Scheme	 2.	 The	 secondary	 ammonium···carboxylate	 interaction	
controls	 the	 asymmetric	 rhodium-catalyzed	 hydrogenation	 of	
carboxylic	acid	olefins.	

	 The	 reversed	 possibility,	 which	 is	 the	 incorporation	 of	
cationic	 ammonium	 groups	 into	 substrates	 and	 anionic	
moieties	 in	 the	 ligand	 scaffold,	 was	 pioneered	 by	 the	 Phipps	
group.	 In	 order	 to	 tackle	 the	 very	 difficult	 regio-selective	

iridium-catalyzed	 C-H	 bond	 borylation	 of	 arenes,	 a	 bipyridine	
derivative	 ligand	 containing	 a	 peripheral	 sulfonate	motif	 was	
successfully	 applied	 with	 quaternized	 benzylamines	 and	
anilines	 as	 substrates,	 respectively.47	 In	 this	 scenario,	 the	
cationic	ammonium	group	from	the	substrate	underwent	 ion-
pairing	with	the	sulfonate	group	from	the	ligand	enforcing	the	
iridium-catalyzed	 C-H	 bond	 borylation	 selectively	 to	 occur	 in	
the	meta	 position	 of	 the	 arene	 ring	 (Scheme	 3).	 The	 same	
ligand	 under	 comparable	 reaction	 conditions	 led	 to	 similar	
levels	 of	 meta-selectivity	 with	 substrates	 containing	 the	
ammonium	 group	 two	 or	 three	 bonds	 away	 from	 the	 arene	
ring.48	 Similar	 observations	 were	 reported	 with	 substrates	
containing	 cationic	 phoshonium	 groups.49	 In	 the	 absence	 of	
this	 outer	 sphere	 interaction,	 the	 selectivity	 drops	 to	 the	
expected	 statistical	 1:1	 mixture	 of	meta	 and	 para-borylated	
products.		

Scheme	 3.	 The	 meta-selectivity	 in	 iridium-catalyzed	 C-H	 bond	
borylation	 is	 achieved	 due	 to	 secondary	 sulfonate···ammonium	
interactions	between	the	ligand	and	the	substrate.	

	 The	 same	 group	 devised	 a	 complementary	 strategy	 for	
para-selective	 C-H	 bond	 borylations	 employing	 sulfonated	
substrates	 containing	 cationic	 tetrabutylammonium	
counterions	 and	 a	 simple	 bipyridine	 ligand.50	 The	 perfect	
match	 between	 the	 sulfonate	 site	 and	 the	 bulky	 ammonium	
cation,	 both	 within	 the	 substrate,	 leaves	 exclusively	 the	
aromatic	 para-C-H	 bond	 accessible	 for	 functionalization	
(Scheme	4).	Moreover,	the	regioselectivity	outcome	was	fine-
tuned	by	the	size	of	the	ammonium	group.	For	instance,	with	a	
small	 tetramethylammonium	anion	a	para:meta	 ratio	of	3.5:1	
was	 obtained,	 whereas	 a	 larger	 tetrahexylammonium	 anion	
led	 to	an	exceeding	13:1	 ratio.	This	 is	a	unique	case	 in	which	
remote	 ion-pairing	 controls	 regio-selectivity	 due	 to	 steric	
effects,	although	it	cannot	be	strictly	considered	as	an	example	
of	 substrate-to-catalyst	 pre-organization	 as	 the	 previous	
examples.	 It	 is	relevant	to	note	that	Smith,	Malezcka,	and	co-
workers	 described	 a	 very	 similar	 reaction	 design	 by	 remote	
ammonium···sulfonate	 anion	 pairing	 applied	 to	 alcohol-
derived	sulfates	and	amine-derived	sulfamates,	respectively.51		
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	Scheme	 4.	 The	 para-selectivity	 in	 iridium-catalyzed	 C-H	 bond	
borylation	 is	 reached	 owing	 to	 secondary	 sulfonate···ammonium	
interactions	between	the	substrate	and	an	external	ammonium	salt	

	 An	 increasing	 level	 of	 complexity	 was	 conceived	 by	
combining	 a	 threefold	 ion	 pairing	 as	 shown	 by	 the	 Phipps	
group.	 The	 design	 brings	 together	 both	 anionic	 catalyst	 and	
substrate	 with	 the	 help	 of	 an	 alkali	 metal	 cation.52	 A	
Buchwald’s	 type	 sulfonate-containing	 phosphine	 ligand	
enabled	 remote	 ion-pair	 interaction	 with	 the	 in	 situ	
deprotonated	N-triflate-containing	substrates	via	additional	K+	
ion	 pairing,	 the	 latter	 originating	 from	 the	 base	 (Scheme	 5).	
This	 strategy	 was	 successfully	 utilized	 in	 site-selective	
palladium-catalyzed	 cross-couplings	 of	 3,4-dichloroarenes,	 in	
which	 the	 differentiation	 of	 reactivity	 for	 both	 chlorides	 is	
impossible	 with	 classical	 systems.	 Excellent	 levels	 of	 site-
selectivity	 in	 favour	 of	 the	 reactivity	 at	 the	 meta	 chloride	
position	 were	 reached	 due	 to	 the	 high	 pre-organization	
encountered	 between	 the	 substrate	 and	 the	 catalyst.	
Consequently,	 the	 remaining	 chloride	 substituent	 can	 readily	
undergo	 post-functionalizations,	 thereby	 highlighting	 an	
excellent	orthogonal	reactivity.	The	same	type	of	dichlorinated	
substrates	were	also	studied	 in	palladium-catalyzed	C-H	bond	
arylation	 with	 fluorinated	 pyridine	 derivatives	 in	 which	 this	
threefold	 ion	 pairing	 was	 responsible	 for	 the	 observed	meta	

site-selectivity.53	

Scheme	 5.	 The	 palladium-catalyzed	 meta-selective	 arylation	 of	 1,2-
dichlorobenzene	 derivatives	was	 possible	 exploiting	 a	 threefold	 ionic	
network.	

	 In	 subsequent	 studies,	 second	 coordination	 sphere	
electrostatic	 interactions	 involving	 potassium	 cations	 were	
exploited	 by	 the	 group	 of	 Chattopadhyay	 in	 regioselective	
iridium-catalyzed	 C-H	 bond	 borylations	 using	 a	 bipyridine	
ligand	 containing	 a	 quinolone	moiety.54	 This	 functional	 group	
underwent	tautomerization	and	deprotonation	under	catalytic	
conditions	 in	 order	 to	 recognize	 ester	 substrates	 via	
electrostatic	interaction	with	the	cationic	alkali	metals.	Indeed,	

in	 the	 presence	 of	 catalytic	 amounts	 of	 a	 potassium	 source,	
the	 iridium-catalyzed	 C-H	 bond	 borylation	 was	 found	 to	 be	
para-selective	 (Scheme	 6).	 The	 same	 strategy	 applied	 to	
aromatic	 amides	 led	 to	 meta-selective	 borylated	 products,	
which	was	rationalized	due	to	distorted	K+···O=C	non-covalent	
interactions	 or	 through	 K+···π	 amide	 non-covalent	
interactions.55	 It	 is	 relevant	 to	 note	 that	 electrostatic	
interactions	 involving	 alkali	 cations	 (Li+,	 Na+,	 K+,	 Cs+)	 from	
(in)organic	bases	and	anionic	sites	of	substrates	are	known	to	
decrease	 to	 some	 extent	 the	 key	 transition	 states	 energy	
according	 to	 theoretical	 calculations.	 Most	 of	 these	 types	 of	
interactions	 occur	 nearby	 to	 the	 first	 coordination	 sphere	 of	
the	 catalyst	 or	 they	 directly	 change	 the	 reactivity	 of	 the	
substrate,	 as	 such,	 they	 are	 typically	 postulated	 a	 posteriori	
due	 to	 the	 difficulty	 to	 anticipate	 the	 directionality	 of	 these	
interactions.56-66	

Scheme	6.	An	anionic	 ligand	 interacts	with	a	neutral	 arene	 substrate	

via	 K+···oxygen	 lone	 pair	 interactions,	 thus	 controlling	 the	
regioselectivity	in	iridium-catalyzed	C-H	bond	borylation.	

2.2.	Ion	pairing	for	catalyst	(and	substrate)	self-assembly	

Besides	the	use	of	ion	pairing	for	substrate	pre-organization,	it	
is	also	possible	 to	exploit	 it	 for	 the	self-assembly	of	catalysts.	
Following	their	pioneering	contribution	regarding	ion-pair	self-
assembled	 ligands	 for	 asymmetric	 palladium	 catalysis,67	 the	
Ooi	 group	 reported	 further	 applications	 of	 this	 design	 by	
combining	 achiral	 phosphine	 ligands	 appended	 with	 cationic	
ammonium	 groups	 and	 deprotonated	 chiral	 phosphoric	
acids.68	By	these	means,	the	control	of	the	E/Z	selectivity	and	
the	 enantioselectivity	 was	 achieved	 for	 the	 palladium-
catalyzed	 allylation	 of	 benzofuranones	 with	 1,2-disubstituted	
allylic	 carbonates	 (Scheme	 7).	 A	 clear	 advantage	 of	 this	
strategy	is	that	there	is	no	requirement	to	covalently	introduce	
chiral	elements	 in	the	phosphine	 ligand.	 In	addition,	owing	to	
the	 straightforward	 in	 situ	 preparation	 of	 these	
supramolecular	 ligands,	 they	 were	 smartly	 used	 in	 a	
deconvolution	 strategy	 in	 which	 mixtures	 of	 ligands	 were	
employed	for	rapid	searching	of	the	optimal	catalytic	system.69	
This	 was	 shown	 for	 the	 palladium-catalyzed	 asymmetric	
allylation	of	3-benzylbenthiophenone	derivatives,	 in	which	12	
chiral	 acids	 and	 12	 achiral	 phosphine	 ligands	 were	 used.	
Compared	 to	 the	 144	 experiments	 that	 would	 have	 been	
conducted	 individually,	 the	 best	 conditions	 (ee	 up	 to	 94%)	
were	 found	 with	 only	 16	 experiments	 applying	 this	
combinatorial	 screening.	 Further	 application	 to	 palladium-
catalyzed	 branched-selective	 decarboxylative	 allylations	 was	
also	addressed	using	achiral	anions.70	
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Scheme	 7. A self-assembly	 ligand	 by	 secondary	
ammonium···phosphate	 interaction	 leads	 to	 highly	 asymmetric	
palladium-catalyzed	transformation.	

	 Recently,	 the	 Phipps	 group	 assessed	 a	 similar	 ion	 pair	
strategy	 applied	 to	 very	 challenging	 asymmetric	 iridium-
catalyzed	 C-H	 bond	 borylation.71	 They	 employed	 an	 anionic	
sulfonated	 bipyridine	 ligand	 combined	 with	 a	 chiral	 cation	
derived	 from	 dihydroquinine	 (Scheme	 8).	 In	 addition,	 the	
sulfonate	 group	 in	 the	 ligand	 served	 as	 well	 for	 hydrogen	
bonding	 with	 the	 substrate	 to	 control	 the	 regioselectivity	
within	 the	 arene	 ring.72	 In	 this	 manner,	 a	 large	 number	 of	
chiral-at-carbon	 and	 chiral-at-phosphorus	 compounds,	
respectively,	were	 obtained	with	 excellent	 enantioselectivies.	
The	 association	 constant	 for	 this	 type	 of	 assemblies	 was	
estimated	 to	 be	 24	 M-1.	 This	 rather	 low	 value	 explains	 that	
small	differences	 in	 the	 structure	of	both	 the	 ligands	and	 the	
substrates	lead	to	dramatic	differences	in	the	reactivity.	

Scheme	 8.	 A	 chiral	 cation	 self-assembles	 with	 an	 anionic	 catalyst	
resulting	 in	 iridium-catalyzed	 C-H	 bond	 borylations	 with	 excellent	
enantioselectivity	(green	dashed	lines	indicate	hydrogen	bonding)	

	 An	interesting	electrostatic	interaction	was	rationalized	for	
the	 outcome	 of	 the	 ruthenium-catalyzed	 cross-
dehydrogenative	coupling	of	arene	carboxylic	acids	by	Baidya	
and	 co-workers.73	 The	 role	 of	 DBU	 (1,8-
diazabicyclo[5.4.0]undec-7-ene)	as	the	base	was	not	to	directly	
participate	in	the	C-H	activation	event	but	rather	to	handle	the	
carboxylate	 anion	 via	 ion-pairing	 prior	 to	 the	 concerted	

metalation	deprotonation	step	(Scheme	9).	Consequently,	the	
energy	 required	 to	 access	 the	 key	 transition	 state	 was	
significantly	 reduced	 by	 >50	 kcal/mol	 with	 respect	 to	 that	
required	 without	 the	 DBU	 remote	 ion	 pairing	 effect.	 With	
other	bases,	the	reactivity	of	the	catalyst	was	suppressed.	

Scheme	 9.	 Ruthenium-catalyzed	 cross-dehydrogenative	 coupling	 of	
arene	 carboxylic	 acids	 enabled	 by	 remote	 ion-pairing	 in	 the	 base-
assisted	C-H	bond	activation	step.	

	 A	 very	 original	 case	 for	 simultaneous	 pre-organization	 of	
both	 substrates	 and	 catalysts	 was	 shown	 by	 the	 Reek	 group	
thanks	 to	 multiple	 ion	 pairing	 inside	 coordination-driven	
spheres.74	 Up	 to	 24	 cationic	 guanidinium	 binding	 sites	 were	
endohedrically	 oriented	 and	 served	 as	 a	 platform	 to	 interact	
with	 both	 anionic	 sulfonate-containing	 gold	 catalysts	 and	
carboxylate-containing	 substrates	 (Scheme	 10).	 The	 binding	
was	 two	 orders	 of	 magnitude	 higher	 for	 sulfonates	 than	 for	
carboxylates	 inside	 these	 spheres.	 As	 a	 result,	 the	 gold	
catalysts	 were	 well	 fixed	 whereas	 the	 carboxylate	 substrates	
were	more	dynamic	enabling	their	entrance	and	release,	which	
is	 important	 for	 successful	 turnovers	 in	 catalysis.	 An	 on/off	
catalyst	 switch	 was	 showcased	 by	 using	 a	 more	 competitive	
sulfonate	 binder	 as	 well	 as	 a	 preliminary	 application	 to	
substrate-selective	 catalysis.	 This	 strategy	 also	 enabled	 to	
increase	the	gold	concentration	in	the	spheres	at	>1	M,	which	
was	 used	 to	 study	 the	 effect	 of	 local	 gold	 concentrations	 in	
several	 gold-catalyzed	 cycloisomerization	 reactions.75	 The	
same	 type	 of	 guanidinium-containing	 spheres	 were	 used	 to	
encapsulate	up	to	12	sulfonate-containing	copper	catalysts	via	
ion	 pairing.76	 This	 supramolecular	 design	 favoured	 an	
unexpected	 dinuclear	 catalytic	 pathway	 that	 translated	 into	
reactions	 with	 increased	 rates	 and	 turnover	 numbers	
compared	to	the	reactions	in	the	bulk.	
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Scheme	 10.	 Coordination-driven	 spheres	 self-assemble	 both	
sulfonated	 gold	 catalysts	 and	 anionic	 substrates	 providing	 enhanced	
reactivities	when	 compared	 to	 the	 bulk	 catalyst	 in	 solution.	 Adapted	
with	permission	from	Springer	Nature	Limited.	

3. Cation...crown	ether	interactions.
3.1.	Cation...crown	ether	interactions	as	cofactors	or	regulating	
agents.	

One	of	 the	major	breakthroughs	of	 supramolecular	chemistry	
was	the	discovery	by	Nobel-laureate	Pedersen	of	crown	ethers	
ability	to	bind	to	alkali	metal	cations	via	multiple	electrostatic	
interactions	 between	 the	 cation	 and	 the	 crown	ether	 oxygen	
lone	pairs.77-78	The	association	constants	 for	 this	 type	of	non-
covalent	 interactions	 depend	 on	 the	 nature	 of	 the	 crown	
ether,	 i.e.	 the	 number	 of	 oxygen	 atoms	 available	 for	 binding	
and	 the	 spatial	 conformation,	 or	 the	 presence	 of	 additional	
heteroatoms.79	 In	 this	 context,	 the	 merger	 of	 these	 non-

covalent	 interactions	with	 transition	metal	 catalysis	 has	 been	
in-depth	 reviewed.80-82	 Aiming	 to	 highlight	 herein	 only	 those	
recent	 examples,	 in	 which	 a	 clear	 control	 by	 the	 second	
coordination	sphere	is	evident,	the	contributions	from	Fan	and	
Vidal-Ferran,	 independently,	 are	 remarkable	 (Figure	 2).	 They	
reported	 a	 number	 of	 chiral	 bis-phosphite	 ligands	 containing	
distal	oligo(ethyleneglycol)	backbones	of	different	lengths	and	
shapes.	 The	 overarching	 concept	 is	 that	 the	 flexible	 crown	
ether	 chain	will	 fold	 in	 the	 presence	 of	 Group	 1	 alkali	metal	
cations	bringing	nearby	 the	 two	donor	phosphorus	 atoms	 (P)	
for	 coordination	 to	 a	 transition	metal	 centre	 (M).	Moreover,	
the	 geometry	 adopted	 in	 the	 remote	 binding	 of	 the	 alkali	
cation	 to	 the	 crown	 ether	 translates	 into	 a	 different	
coordination	 mode	 within	 the	 active	 site,	 for	 instance,	
providing	 different	 P-M-P	 bite	 angles	 that	 affect	 the	 activity	
and	selectivity	of	 the	catalysis.	 In	particular,	 this	strategy	was	
successfully	 illustrated	 in	 asymmetric	 rhodium-catalyzed	
transformations	 (hydroformylation,	 hydrogenation)83-86	 and	
asymmetric	palladium-catalyzed	allylic	substitutions.87	Related	
versions	for	copper	and	gold	catalysis,	respectively,	have	been	
identified	 recently.88-89	 Overall,	 these	 alkali	 cations	 might	 be	
considered	 as	 regulating	 agents	 analogous	 to	 the	 cofactors	
that	appear	 in	enzymes,	as	they	modify	the	catalyst	reactivity	
far	 from	 the	 active	 site	 (allosteric	 effect).90	 A	 similar	
supramolecular	design	based	on	a	chelating	diphosphane	and	
a	 pyridine-containing	 crown	 ether	 has	 been	 successfully	
applied	 in	 asymmetric	 rhodium-	 and	 iridium-catalyzed	
hydrogenations.91
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Figure	2.	Chiral	bisphosphite	ligands	appended	with	a	crown	ether	self-fold	in	the	presence	of	different	cations	(K+,	Rb+,	La3+	or	Cs+)	 leading	to	
highly	asymmetric	transformations	under	rhodium	catalysis	(hydroformylation,	hydrogenation)	or	palladium	catalysis	(allylic	alkylation).	

	 This	supramolecular	strategy	was	demonstrated	viable	also	
for	 asymmetric	 Henry	 reactions	 between	 nitromethane	 and	
benzaldehydes	when	using	 Jacobsen-type	 chromium(III)	 salen	
complexes	 as	 catalytically	 active	 sites.92	 As	 the	mechanism	 is	
strongly	supported	to	be	dinuclear,93	the	presence	of	catalytic	
amounts	of	K+	brings	closer	the	two	chromium	centres,	leading	
a	13-fold	enhance	in	the	reactivity	(Scheme	11).	

Scheme	 11.	 The	 chromium-catalyzed	 asymmetric	 Henry	 reaction	 is	
feasible	 due	 to	 remote	 interactions	 between	 K+	 and	 a	 crown	 ether	
moiety	in	the	dinuclear	catalyst.	

	 Interestingly,	 this	 type	 of	 interactions	 were	 used	 for	
switching	 ON/OFF	 the	 catalytic	 activity.	 The	 Fan	 group	
developed	 (S)-Aza-CrownPhos	 supramolecular	 ligand	
consisting	on	a	phosphoramidite	backbone,	which	is	known	to	
be	 a	 suitable	 ligand	 for	 metal-catalyzed	 asymmetric	
hydrogenations,	 appended	 with	 crown	 ether	 including	 a	
nitrogen	 heteroatom.94	 They	 showed	 that	 the	 coordination	
geometry	 around	 the	 phosphorus	 bis-ligated	 rhodium	 centre	
was	controlled	by	 the	presence	or	absence	of	sodium	cations	
(Scheme	 12).	When	 Na+	 cations	 were	 in	 the	 reaction	media,	
they	bound	the	heterocyclic	crown	ether	 leaving	the	rhodium	
centre	available	 for	engaging	 in	asymmetric	hydrogenation	of	
dehydroamino	 acid	 esters	 (ON	 state).	 On	 the	 other	 hand,	 in	
the	 absence	 of	 Na+	 cations,	 the	 phosphorus	 bis-ligated	
rhodium	 centre	 was	 simultaneously	 interacting	 with	 both	
heterocyclic	 crown	 ethers,	 thereby	 inhibiting	 its	 catalytic	
activity	 (OFF	 state).	 The	 power	 of	 this	 strategy	 was	 further	
demonstrated	 by	 an	 in	 situ	 switch	 of	 reactivity	 following	
sequential	 addition	 of	 Na+	 (ON	 state)	 and	 [2.2.2]cryptand	 as	
Na+	scavenger	(OFF	state)	in	a	couple	of	cycles.		

Scheme	12.	The	addition	and	removal	of	Na+	alternatively	leads	to	an	
in	situ	control	of	the	activity	(ON/OFF)	of	a	rhodium	catalyst.	

3.2.	Cation...crown	ether	interactions	for	substrate	pre-
organization.	

Following	 the	 foundational	 work	 in	 palladium	 catalysis	 using	
crown	 ether	 functionalized	 ligands	 by	 Ito	 and	 Sawamura	 for	
substrate	 pre-organization,95	 in	 2017,	 Costas	 and	 co-workers	
built	 up	 the	 first	 supramolecular	 metal	 catalyst	 exhibiting	
control	in	the	site-selectivity	via	substrate	pre-organization	by	
means	 of	 cation···crown	 ether	 interactions.96	 A	 bispyridine-
bipyrrolidine-coordinated	manganese	 complex	was	 covalently	
equipped	with	 two	remote	crown	ether	 receptors	 featuring	a	
site-selectivity	(>50%)	for	the	C8	and	C9	oxidation	of	aliphatic	
ammonium	 salts,	 which	 is	 outstanding	 considering	 that	 the	
reactivity	of	 all	 the	aliphatic	C-H	bonds	are	energetically	 very	
similar.	This	unusual	reactivity	was	a	direct	consequence	of	the	
suitable	 size	 and	 shape	 complementarity	 between	 the	
ammonium···crown	ether	recognition	site	and	the	catalytically	
active	 manganese	 site	 (Scheme	 13).	 The	 transition	 state	 for	
this	 system	 may	 adopt	 a	 very	 large	 20-membered	 cycle,	
showing	 that	 even	 if	 the	 substrate	 recognition	 and	 the	
catalytically	 active	 sites	 are	 significantly	 wide	 apart,	 the	
selective	 catalysis	 can	 take	 place.	 Application	 towards	
substrate-selectivity	 employing	 mixtures	 of	 substrates	 was	
disclosed.97	 Related	 iron	 and	 manganese	 catalysts	 were	
employed	 in	 the	highly	predictive	oxidation	of	 steroids	at	 the	
challenging	 C15	 and	 C16	 positions	 (Scheme	 13,	 framed).98	
Conventional	 catalysts	 will	 oxidize	 the	 most	 reactive	 C25	
position	or	they	will	rather	form	statistical	mixture	of	products	
in	 other	 cases,	 thus	 these	 supramolecular	 catalysts	 serve	 to	
reverse	classical	selectivities.	
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Scheme	13.	The	substrate-preorganization	via	ammonium...crown	ether	interactions	within	a	manganese	catalyst	 is	responsible	for	the	remote	
selectivity	observed	in	the	oxidation	of	alkanes.	

4. π	interactions.
4.1.	CH...π	interactions.	

Reactions	 controlled	 by	 aromatic	 π	 interactions	 have	
witnessed	 a	 tremendous	 impact	 in	 organic	 synthesis	 and	 in	
asymmetric	 organocatalysis	 in	 particular.99	 The	 rational	
influence	of	such	subtle	 interactions	(typically	<3	kcal/mol	for	
the	 simplest	 case)	 in	homogeneous,	 transition	metal	 catalysis	
is	 still	 underexploited	 and	 it	 is	 usually	 detected	 a	 posteriori.	
This	 was	 the	 case	 for	 the	 seminal	 contribution	 from	 Noyori	
unraveling	 the	 unexpected	 role	 of	 CH···π	 interactions	 for	
stabilizing	 the	 enantio-determining	 transition	 state	 in	 the	
ruthenium-catalyzed	 transfer	 hydrogenation	 of	 aromatic	
ketones	 that	boosted	 further	 research	 in	similar	directions.100	
Examples	 of	 metal-catalyzed	 reactions	 controlled	 by	 non-
covalent	 π	 interactions	 in	 the	 first	 coordination	 sphere	 are	
known,101-105	but	they	are	beyond	the	scope	of	this	review.	In	
2018,	the	group	of	Mezzetti	described	a	thorough	computer-	
	

	
guided,	 rational	 design	 of	 P-stereogenic	 iron	 pincer	 catalysts	
for	 the	 asymmetric	 hydrogenation	 of	 acetophenone	 taking	
benefit	 from	 CH···π	 interactions	 occurring	 in	 the	 second	
coordination	 sphere.106	 A	 modest	 enantiomeric	 excess	 was	
observed	 for	one	of	 the	 iron	 catalysts	which	was	 rationalized	
by	the	presence	of	a	single	of	these	non-covalent	interactions	
between	 a	 CH	 bond	 from	 the	 ligand	 and	 the	 aromatic	 ring	
from	the	substrate	compatible	with	the	well-accepted	Noyori’s	
bifunctional	 mechanism	 (Scheme	 14,	 left).	 Similar	 findings	
were	 identified	 replacing	Fe(II)	by	Mn(I),	although	the	system	
was	 less	 active.107	 In	 a	 very	 recent	 contribution,	 the	 same	
group	 developed	 an	 elegant	 Mn(I)	 catalyst	 derived	 from	 a	
(NH)2P2	macrocyclic	 ligand	 (Scheme	14,	 right)	 to	access	 the	R	
enantiomer	with	 excellent	 enantioselectivity	 (>99%	ee)	 and	 a	
broad	functional	group	tolerance.108	This	time,	multiple	CH···π	
non-covalent	 interactions	 between	 the	 substrate	 and	 the	
ligand	were	at	play	(Scheme	14,	right).	

Scheme	 14.	 The	 CH···π	 interactions	 stabilize	 transition	 states	 in	 iron-	 and	 manganese-catalyzed	 asymmetric	 hydrogenation.
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	 Analogously,	 Korenaga	 and	 co-workers	 reported	 a	
rhodium-catalyzed	 asymmetric	 1,4-addition	 of	 arylboronic	
acids	 to	 coumarin	 in	which	 a	 fluorinated	MeO-BIPHEP	 ligand	
was	computationally	identified	on	the	basis	of	exclusive	CH···π	
interactions	 between	 the	 ligand	 and	 the	 coumarin	 substrate	
(Scheme	15).109		

Scheme	 15.	 A	 rhodium-catalyzed	 asymmetric	 1,4-addition	 was	
controlled	by	remote	CH···π	interactions.	

	 Although	CH···π	interactions	are	rather	weak	non-covalent	
interactions,	they	turned	out	to	be	significantly	relevant	when	
associated	 with	 other	 non-covalent	 interactions,	 typically,	
hydrogen	 bonding.	 For	 instance,	 this	 was	 demonstrated	 by	
Sigman	 and	 co-workers	 in	 the	 palladium-catalyzed	
enantioselective	 1,1-diarylation	 of	 benzyl	 acrylates	 (Scheme	
16),110	 and	 by	 Toste,	 Sunoj	 and	 co-workers	 in	 the	 palladium-
catalyzed	 enantioselective	 Heck-Matsuda	 arylation	 of	 a	
spyrocyclic	pentene	(Scheme	17).111	Sunoj	and	co-workers	also	
identified	 similar	 features	 a	 posteriori	 in	 the	 asymmetric	
amination	of	alcohols	by	means	of	in	situ	dual	catalysis	utilizing	
a	phosphoric	acid	organocatalysts	and	a	Cp*Ir(diamine)	as	the	
transition	 metal	 catalyst.112	 Similarly,	 Baudoin,	 Clot	 and	 co-
workers	 found	 that	 CH···π	 interactions	 played	 a	 key	 role	 in	
intramolecular,	 asymmetric	 Pd-catalyzed	 functionalization	 of	
C(sp3)-H	bonds.113	

Scheme	 16.	 The	 palladium-catalyzed	 enantioselective	 1,1-diarylation	
of	 benzyl	 acrylates	 is	 assisted	 by	 a	 combination	 of	 remote	 CH···π	
interactions	and	hydrogen	bonding.	Adapted	with	permission	from	the	
American	Chemical	Society.	

Scheme	 17.	 Multiple	 weak	 interactions,	 some	 involving	 CH···π	
interactions,	 lead	 to	 highly	 asymmetric	 palladium-catalyzed	 Heck-
Matsuda	 arylation.	 Adapted	 with	 permission	 from	 the	 American	
Chemical	Society.	

4.2.	π...π	interactions.	

Regarding	 transition	 metal	 catalysis	 exclusively	 directed	 by	
secondary	 π···π	 interactions,	 the	 group	 of	 Schomaker	 and	
Berry	 reported	an	 interesting	 silver-catalyzed	nitrene	 transfer	
highlighting	 such	 feature.114	 The	 highly	 regio-	 and	
diasteroselective	 intramolecular	 C-H	 bond	 amination	 was	
largely	driven	by	π···π	stacking	between	the	aromatic	benzylic	
group	 from	 the	 substrate	 and	 one	 of	 the	 pyridine	 rings	
attached	 to	 the	 catalytically	 relevant,	 cationic	 silver	 centre	
(Scheme	 18).	 Such	 level	 of	 understanding	 enabled	 the	
successful	 utilization	 of	 this	 catalyst	 with	 challenging	
substrates	 to	 discriminate	 between	 energetically	 comparable	
C-H	bonds.	
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Scheme	18.	 The	 site-	 and	 diastereo-selectivity	 in	 silver-catalyzed	 C-H	
bond	aminations	is	guided	by	remote	π···π	interactions.	

	 In	a	subsequent	study,	a	similar	strategy	was	implemented	
by	 Chang	 and	 co-workers	 in	 a	 site-selective	 ruthenium-
catalyzed	C-H	bond	functionalization.115	A	mechanism-assisted	
design	 allowed	 the	 identification	 of	 a	 ruthenium-coordinated	
phenanthroline	derivative	as	an	unprecedented	 ligand	for	the	
selective	 intramolecular	 C-H	 bond	 amidation	 in	 the	 benzylic	
position	over	a	tertiary	one	in	the	same	substrate	(Scheme	19).	
The	 relevance	 of	 remote	 π···π	 stacking	 in	 the	 second	
coordination	sphere	of	the	catalyst	between	the	substrate	and	
the	ligand	was	evidenced	by	in-depth	mechanistic	studies	and	
theoretical	 calculations.	 Very	 recently,	 Sawamura	 and	 co-
workers	 reported	 a	 remote	 C(sp3)-H	 borylation	 at	 the	 γ	
position	of	aliphatic	amides	and	esters.116	In	the	presence	of	a	
chiral	phosphite	and	a	urea-functionalized	 ligand,	the	 iridium-
catalyzed	 C-H	 borylation	 circumvented	 the	 classical	 reactivity	
patterns	 at	 α	 and	 β	 position	 due	 to	 a	 combination	 of	
secondary	 π···π	 interactions	 and	 hydrogen	 bonding	 (Scheme	
20).	 A	 previous	 design	 comprised	 π···π	 interactions	 between	
the	 ligand	 and	 a	 pyridine-containing	 substrate	 also	 for	
asymmetric	iridium-catalyzed	borylation.117	

Scheme	19.	The	π···π	interactions	between	the	aromatic	fragments	in	
the	 ligand	and	 the	substrate	dictate	 the	site-selectivity	 in	 ruthenium-
catalyzed	C-H	bond	amidations.	

Scheme	 20.	 Remote	 enantio-selectivity	 in	 the	 iridium-catalyzed	 C-H	
bond	borylation	with	a	ligand	self-assembling	by	π···π	interactions.		

4.3.	Cation...π	interactions.	

In	 the	 last	 decades,	 cation···π	 interactions	 have	been	 studied	
by	 many	 research	 groups	 interested	 in	 organocatalysis,	 fine	
chemistry	 and	 organometallics.118-120	 Unfortunately,	 little	 is	
known	 to	 benefit	 from	 this	 type	 of	 interaction	 in	 transition	
metal	homogeneous	catalysis.	The	group	of	Walsh	reported	an	
appealing	 palladium-catalyzed	 benzylic	 arylation	 of	 toluene	
derivatives	 controlled	 by	 remote	 K+···π	 non-covalent	
interactions.121	The	palladium-coordinated	NIXANTPHOS	ligand	
was	 responsible	 for	 this	 unique	 action	 mode	 thanks	 to	 the	
remote	binding	of	nitrogen	to	potassium	in	such	a	way	that	the	
aromatic	 toluene	 ring	 binds	 to	 the	 latter	 (Scheme	 21).	 This	
translates	into	a	unique	transition	state	including	a	network	of	
multiple	 interactions	 to	 access	 the	 key	 benzylic	 C-H	 bond	
activation/deprotonation	 step	 prior	 to	 the	 cross-coupling	
palladium	 events	with	 the	 aryl	 bromide	 coupling	 partner.	 An	
expansion	 of	 this	 methodology	 towards	 aryl	 chlorides	 was	
shown	by	the	same	group	using	nickel	catalysis	and	Na+	for	the	
remote	cation···π	interaction.122	

Scheme	 21.	 The	 palladium-catalyzed	 benzylic	 arylation	 was	 possible	
due	to	remote	K+···π	interactions.	
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	 Analogously,	 a	 posteriori	 computational	 studies	 have	
revealed	 that	 Cs+···π	 non-covalent	 interactions	were	 involved	
in	key	intermediates	for	several	palladium-catalyzed	C-H	bond	
functionalizations123-126	 and	 nickel-catalyzed	 C-O	 bond	
functionalizations,127	although	it	remains	difficult	to	categorize	
them	 as	 secondary	 interactions.	 The	 Miller	 group	 also	
postulated	 that	 distal	 Cs+···π	 non-covalent	 interactions	 may	
explain	 the	 high	 enantioselectivity	 observed	 in	 some	 copper-
catalyzed	 reactions	 using	 peptide-based	 ligands	 (Scheme	
22).128-129	 A	more	 complex	 threefold	 cation···π···π	 interaction	
was	evoked	in	a	silver-catalyzed	cycloisomerization.130

Scheme	 22.	 The	 copper-catalyzed	 enantioselective	 desymmetrization	
of	 diarylmethane-based	 aryl	 bromides	 via	 secondary	 Cs+···π	
interactions.	

5. Halogen	bonding.
In	 the	 last	 decade,	 organic	 transformations	 mediated	 by	
halogen	 bonding	 have	 received	 increasing	 attention.131-132	
However,	 their	 use	 in	 transition	 metal	 catalysis	 remains	
extremely	 rare	 to	 date	 since	 the	 pioneering	 discoveries	 from	
Charette’s	 group	 in	 2009	 demonstrating	 that	 chiral,	 Davies’	
rhodium	cyclopropanation	catalysts	undergo	an	intramolecular	
halogen	 bonding	 network	 responsible	 for	 the	 all-up	
conformation	that	accounts	for	the	excellent	enantioselectivity	
observed	employing	this	type	of	catalysts.133-134	It	was	not	until	
2018	 that	 Vidal-Ferran	 and	 co-workers	 reported	 the	 first	
example	 of	 a	 rationally-designed	 supramolecular	 rhodium	
catalyst	 taking	 benefit	 from	 a	 unidirectional	 intermolecular	
halogen	 bonding.135-136	 Iodo-containing	 phosphanes	 and	 2-
pyridylphosphane	self-assemble	 in	the	presence	of	a	rhodium	
complex	 leading	 to	 heteroleptic	 rhodium-carbonyl	 complexes	
featuring	 N···I	 halogen	 bonding.	 The	 iodine	 atom	 was	
additionally	involved	in	coordination	to	the	square-planar	Rh(I)	
atom.	 These	 cationic	 rhodium	 complexes	 were	 remarkably	
stable	 in	 solution	 and	 in	 the	 solid	 state.	 Application	 to	
hydroboration	of	alkynes	demonstrated	that	these	systems	are	
similarly	 reactive	 as	 [Rh(CO)(PPh3)3]

+,	 although	 a	 different	
regio-selectivity	(linear/branched)	was	observed	(Scheme	23).	

Scheme	 23.	 The	 N···I	 halogen	 bonding	 is	 used	 to	 self-assemble	 a	
rhodium	catalyst	that	leads	to	high	activity	and	branched-selectivity	in	
the	hydroboration	of	alkynes.	

	 Halogen	 bonding	 can	 be	 rationally	 utilized	 for	 fixing	 a	
substrate	 in	 a	 precise	 conformation	 as	 Chevalier	 and	 co-
workers	 showed.	They	 reported	a	highly	 selective	 ruthenium-
catalyzed	 1:1	macrocyclization	 enabled	 by	 a	 halogen-bonded	
template	 comprising	 a	 tetra(iodoperfluorophenyl)	 ether	
scaffold.137	 The	 template	 was	 previously	 developed	 by	
Metrangolo	 and	 Resnati	 and	 was	 known	 for	 giving	 rise	 to	 a	
highly	pre-organized	conformation	because	of	π···π	stacking	as	
well.138	In	the	catalytic	system,	the	tetra(iodoperfluorophenyl)	
ether	 scaffold	 was	 bound	 to	 the	 bisallyl-functionalized	 N-
heterocycle	 substrate	 via	 N···I	 halogen	 bonding	 in	 a	 1:2	
stoichiometry,	thereby	locating	the	terminal	alkene	fragments	
at	 close	 enough	 proximity	 for	 the	 ruthenium	 catalyst	 to	
perform	selectively	the	1:1	olefin	metathesis	reaction	followed	
by	 in	 situ	 hydrogenation	 with	 NaBH4	 (Scheme	 24).	
Interestingly,	 the	 reaction	 required	 only	 catalytic	 amounts	 of	
template	 and	 the	 catalytic	 outcome	 was	 correlated	 with	 the	
strength	 of	 the	 N···X	 halogen	 bonding	 utilizing	 other	
tetra(haloperfluorophenyl)	 ether	 scaffolds.	 Excellent	 isolated	
yields	 in	 the	 range	of	90%	were	obtained	 for	 this	 challenging	
dimerization,	which	under	classical	reaction	conditions	should	
have	formed	substantial	amounts	of	oligomeric	side-products.	

Scheme	 24.	 A	 tetra(iodoperfluorophenyl)	 ether	 template	 pre-
organizes	 two	 substrates	 via	 N···I	 halogen	 bonding	 prior	 to	 the	
ruthenium-catalyzed	olefin	metathesis	macrocyclization.	

	 The	 groups	 of	 Arai	 and	 Yamanaka	 demonstrated	 the	
relevance	 of	 halogen	 bonding	 for	 the	 zinc-catalyzed	
asymmetric	 iodolactonization.139	 By	 means	 of	 control	
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experiments	 and	 thorough	 theoretical	 calculations,	 a	 key	
halogen	 bonding	 between	 I2	 and	 both	 reagents,	 the	
carboxylate-containing	 alkene	 substrate	 and	 N-
iodosuccinimide	(NIS),	was	proved	(Scheme	25).	This	revealed	
that	the	true	iodinating	agent	was	I2	and	not	the	expected	NIS	
with	 a	 catalytic	 cycle	 that	 regenerates	 I2	 every	 turnover.	 As	
such,	catalytic	amounts	of	I2	were	enough	to	reach	high	levels	
of	 activity	 and	 asymmetric	 induction	 for	 this	 zinc-catalyzed	
transformation.	 Importantly,	 the	 key	 transition	 state	 of	 the	
reaction	was	accessible	with	a	decrease	of	>10	kcal/mol	owing	
to	 the	 secondary	 halogen	 bonding.	 Very	 recently,	 Kitamura	
and	co-workers	reported	a	highly	enantioselective	ruthenium-
catalyzed	 intramolecular	 cyclization	 of	 N-tethered	 pyrroles	
facilitated	 by	 secondary	 halogen	 bonding	 between	 a	 chloride	
substituent	 from	 the	 ligand	 and	 the	 aromatic	 cloud	 of	 the	
pyrrole	unit	(Scheme	26).140

Scheme	 25.	 The	 zinc-catalyzed	 asymmetric	 iodolactonization	 is	
dictated	via	a	unique	I···I···I···N	halogen	bonding	network	(blue	dashed	
lines	indicate	hydrogen	bonding).	

Scheme	26.	 The	 ruthenium-catalyzed	allylative	 cyclization	of	pyrroles	
tethered	 at	 N(1)	 with	 allylic	 alcohols	 exploiting	 secondary	 halogen	
bonding.	

6. Lewis	adducts.
6.1.	Lewis	adducts	for	substrate	pre-organization.	

In	 contrast	 to	 the	 previously	 described	 array	 of	 non-covalent	
interactions,	 the	 next	 ones	 cannot	 be	 categorized	 as	 non-
covalent	but	dative,	however,	they	share	the	reversible	nature	

of	 the	 interaction,	 which	 makes	 them	 suitable	 for	 reaching	
turnovers	 in	 catalysis.	 For	 instance,	organocatalysis	exploiting	
Lewis	 acid···base	 adducts	 formation	 is	 well	 recognized	 in	
organic	 synthesis,141	 however	 their	 rational	 use	 in	 transition	
metal	 catalysis	 is	 poorly	 developed.142	 Thereby,	 their	
successful	 application	 in	 transition	 metal	 catalysis	 is	
exemplified	 by	 the	 major	 breakthroughs	 reported	 by	 the	
groups	 of	 Kanai	 and	 Nakao,	 respectively.	 They	 designed	
different	bipyridine	derivative	ligands	appended	with	a	remote	
Lewis	 acid	 site	 enabling	 transient	 interaction	 with	 substrates	
comprising	 Lewis	 base	 functionalities.143-144	 After	 substantial	
ligand	optimization,	well-defined	boron-containing	acidic	sites	
turned	out	to	be	suitable	for	interacting	with	sulfide	fragments	
from	 thioanisole	 substrates	 and	 nitrogen	 atoms	 from	 2-
substituted	pyridine	substrates,	 respectively.	When	applied	 in	
iridium-catalyzed	 aromatic	 C-H	 bond	 borylations,	 ortho-
borylated	thioanisoles	(Scheme	27,	top)	and	meta-borylated	2-
substituted	pyridines	 (Scheme	27,	bottom)	selectively	 formed	
due	to	the	 ideal	pre-organization	of	 the	substrate	around	the	
catalyst	to	reach	this	regioselectivity.	That	corresponds	to	the	
completely	 reversed	 regioselectivity	 that	 is	 obtained	 with	 a	
system	lacking	the	remote	Lewis	acid	functionality.	

Scheme	27.	Bipyridine	 ligands	appended	with	boron	sites	control	 the	
regioselectivity	of	iridium-catalyzed	aromatic	C-H	bond	borylations	via	
secondary	B···S	and	B···N	interactions	

	 In	 the	 same	 vein,	Nakao	 and	 co-workers	 also	 showed	 the	
aptitude	 of	 aluminium-containing	 fragments	 to	 act	 as	 Lewis	
acidic	sites	for	this	type	of	catalysis.144	In	particular,	benzamide	
derivatives	gave	rise	to	meta-selective	borylated	products	due	
to	 the	 unique	 interaction	 between	 the	 carbonyl	 from	 the	
amide	group	and	the	aluminium	centre	within	the	highly	pre-
organized	ligand-to-substrate	key	intermediate	(Scheme	28).	
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Scheme	 28.	 A	 bipyridine	 ligand	 substituted	 with	 an	 aluminium	 site	
guides	 the	 meta-selectivity	 of	 iridium-catalyzed	 aromatic	 C-H	 bond	
borylations	via	secondary	Al···O=C	interactions.	

6.2.	Lewis	adducts	beyond	ligand	design.	

Interestingly,	 in	some	cases,	 the	Lewis	acid	 functionality	does	
not	 need	 to	 be	 covalently	 attached	 to	 the	 ligand,	 but	 just	
present	 in	 catalytic	 amounts	 in	 the	 reaction	 mixture.	 In	 this	
way,	 the	 Nakao	 group	 showed	 that	 benzamide	 and	 pyridine	
derivatives,	 respectively,	were	able	 to	reversibly	 interact	with	
aluminium-based	Lewis	acids	(i.e.	methylaluminium	bis(2,6-di-
tert-butyl-4-methylphenoxide	 =	 MAD),	 leaving	 the	 remote	
para-C-H	 bond	 exclusively	 available	 for	 borylation	 with	 an	
iridium	 catalyst.145	 In	 this	 case,	 the	 formation	 of	 the	 Lewis	
adduct	between	the	acid	and	the	substrate	sterically	protects	
the	C-H	bonds	in	ortho	and	meta	position	(Scheme	29).	

Scheme	 29.	 The	 para-selectivity	 of	 the	 iridium-catalyzed	 C-H	 bond	
borylation	of	aromatic	esters	 is	 reached	thanks	to	secondary	Al···O=C	
interactions.	

	 A	 complementary	 approach	 revealed	 a	 posteriori	 by	 the	
group	 of	 Chattopadhyay	 relied	 on	 B···N	 secondary	
interactions.146	 Benzaldehyde	 derivatives	 in	 situ	 formed	 the	
corresponding	 imines	 with	 over-stoichiometric	 amounts	 of	
primary	amines	that	were	further	engaged	in	iridium-catalyzed	
C-H	 bond	 borylation	 using	 3,4,7,8-tetramethyl-1,10-
phenanthroline	 (TMP)	 as	 the	 ligand	 (Scheme	 30).	 Control	
experiments	 suggested	 that	 the	meta-selectivity	 observed	 in	
the	 products	 was	 originating	 from	 secondary	 interactions	

between	the	Lewis	base	nitrogen	atom	from	the	substrate	and	
the	Lewis	acid	boron	centre	belonging	to	an	equatorial	iridium-
ligated	pinacolato	boron	moiety.	A	similar	reaction	design	was	
conceived	 through	 remote	 B···S	 interactions	 with	 aromatic	
substrates	 bearing	 a	 X-CH2-SMe	 (X	 =	 O	 or	 NAc)	 pendant	
fragment.147	 This	 methodology	 allowed	 access	 to	 ortho-C-H	
borylated	phenol	and	anilines	after	deprotection	of	the	sulfide-
containing	moiety.	

Scheme	 30.	 The	 secondary	 B···N	 interactions	 are	 exploited	 for	 the	
iridium-catalyzed	meta-C-H	bond	borylation	of	aromatic	imines.	

7. M...N	coordination.
7.1.	Zn...N	coordination	for	catalyst	assembly.	

Zn···N	 coordination	 between	 zinc(II)-porphyrins	 and	 nitrogen	
scaffolds	 have	 been	 largely	 utilized	 in	 supramolecular	
chemistry,	material	sciences	and	physical	processes	(i.e.	charge	
transfer).148-149	 Interestingly,	 in	2001,	 the	Reek	group	 showed	
that	this	type	of	interaction	can	be	exploited	for	encapsulating	
a	 rhodium	 catalyst	 within	 a	 trispyridylphosphine	 via	 Zn···N	
coordination	leading	to	branched	selectivity	and	high	turnover	
frequencies	 (up	 to	 400)	 in	 the	 hydroformylation	 of	 terminal	
olefins.150	Since	then,	this	type	of	secondary	interactions	have	
been	utilized	for	the	construction	of	effective	metal	catalysts,	
which	 have	 been	 reviewed.151	 Typically,	 the	 association	
constants	 for	 the	binding	between	nitrogen	 scaffolds	and	Zn-
porphyrinoids	(or	related	zinc	derivatives)	lie	in	the	range	103-
105	M-1	depending	on	stereoelectronics.	 In	order	to	provide	a	
recent	 overview	 here,	 it	 is	 worthy	 to	 mention	 the	 design	 of	
new	 zinc	 scaffolds	 to	 tune	 the	 second	 coordination	 sphere	
around	 the	 rhodium	 active	 site	 and	 its	 implication	 in	
hydroformylation	 catalysis.	 For	 instance,	 zinc-porpholactones	
bind	to	the	nitrogen	atoms	of	tris(meta-pyridyl)phosphine	one	
order	 of	 magnitude	 higher	 than	 their	 corresponding	
tetraphenylporphyrin	version.152	This	resulted	in	an	increase	of	
catalyst	 stability	 (even	 in	 the	 presence	 of	 polar	 and	
coordinating	solvents)	and	higher	branched-selectivity	 for	 the	
industrially	 relevant	 rhodium-catalyzed	 hydroformylation	 of	
propene	 (Scheme	 31).	 Zinc-porphyrins	 bearing	 peripheral	 C-
chiral	 moieties	 were	 used	 to	 create	 a	 secondary	 chiral	
environment	 around	 the	 active	 rhodium	centre,	 however	 the	
level	of	enantioinduction	in	the	obtained	chiral	aldehydes	was	
modest	 (up	 to	 33%	 ee).153	 The	 same	 tris(meta-
pyridyl)phosphine	 ligand	 was	 able	 to	 interact	 with	 three	
Nolte’s	 zinc-porphyrin	 clips	 only	 in	 the	 presence	 of	
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methylviologen	 derivatives	 as	 co-factors	 (Scheme	 32).154	 The	
formers	 led	 to	 a	 charge-transfer	 complex	 within	 the	 clip	
leaving	the	zinc	centre	available	for	a	strong	exo-coordination	
to	 the	 nitrogen	 atoms	 of	 the	 phosphine	 ligand.155	 In	 the	
presence	 of	 rhodium,	 a	 confined	 active	 catalyst	 is	 formed,	
which	 displays	 high	 activity	 and	 selectivity	 for	 branched	
aldehydes	in	the	hydroformylation	of	terminal	olefins.	In	other	
words,	the	active	catalyst	forms	only	in	the	presence	of	the	co-
factor,	which	is	rather	novel	for	abiological	catalysis.		

Scheme	 31.	 The	 tris(meta-pyridyl)phosphine-ligated	 rhodium	 catalyst	
displays	high	branched	selectivity	and	activity	in	the	hydroformylation	
of	olefins	upon	peripheral	binding	to	zinc(II)	porpholactone	via	Zn···N	
interactions.	

Scheme	 32.	 The	 association	 of	 a	 cofactor	 (4,4’-dimethylviologen)	
within	Nolte’s	zinc(II)	porphyrin	clip	enables	remote	Zn···N	interactions	
with	 the	 tris(meta-pyridyl)phosphine-ligated	 rhodium	catalyst	 leading	
to	high	activity	and	selectivity	in	the	hydroformylation	of	olefins.		

	 Tris(meta-pyridyl)phosphine	ligand	was	also	identified	as	a	
suitable	ditopic	 ligand	 to	bind	 to	a	 [FeFe]	hdyrogenase	mimic	
leaving	 the	 nitrogen	 atoms	 available	 for	 interacting	 with	 a	
tetrahedral	 cage	 comprising	 zinc-porphyrin	 derivatives	 via	
Zn···N	coordination	(Scheme	33).156	The	system	was	applied	in	
the	 electrocatalytic	 proton	 reduction	 (H2	 evolution	 reaction),	
which	is	the	half	reaction	of	water	splitting	and	it	is	a	relevant	
catalytic	 process	 for	 green	 clean	 energies.	 Besides	 high	
stability,	 this	 system	significantly	decreased	 the	overpotential	
of	 the	 catalysis	 by	 150	 mV	 when	 compared	 to	 the	 non-
confined	one,	which	is	an	important	step	towards	the	design	of	
artificial	catalysts	that	compete	with	natural	enzymes.	
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Scheme	33.	An	 iron-based	hydrogenase	mimic	 (for	proton	 reduction)	
featuring	a	tris(meta-pyridyl)phosphine	ligand	is	encapsulated	inside	a	
zinc(II)	porphyrin-based	tetrahedral	cage	via	Zn···N	interactions.		

	 Other	 types	 of	 ditopic	 ligands	 different	 than	 tris(meta-
pyridyl)phosphine	 were	 developed.	 For	 instance,	 tris(para-
pyridyl)phosphine	 was	 revealed	 appropriate	 for	 its	 twofold	
encapsulation	 inside	 Nitschke’s	 tetrahedral	 self-assembly	
made	 up	 from	 zinc-porphyrin	 derivatives	 via	 Zn···N	
coordination.157	The	design	enables	 the	 in	 situ	 formation	of	a	
hydroformylation	 rhodium	 catalyst	 that	 features	 substrate	
selectivity	in	which	even-numbered	olefins	were	more	reactive	
than	odd-numbered	ones	 (Scheme	34).	 The	 same	 tetrahedral	
assembly	 was	 used	 to	 encapsulate	 an	 [FeFe]	 hydrogenase	
mimic	 containing	 a	 pyridylphosphole	 moiety	 via	 Zn···N	
coordination.158	The	system	was	applied	in	the	light-harvesting	
hydrogen	 evolution	 reaction,	 in	 which	 the	 zinc-porphyrins	
served	 as	 photosensitizers	 allowing	 electron	 transfer	 to	 the	
encapsulated	 iron	 catalyst	 upon	 excitation	 (Scheme	 34).	
Secondary	Zn···N	coordination	also	drives	the	encapsulation	of	
a	 chiral	 rhodium-coordinated	 phosphoramidite	 ligand	 inside	
Ribas’s	 tetrahedral	 cage	 comprising	 zinc-porphyrins	 (Scheme	
35).159	The	corresponding	catalyst	exhibited	one	of	the	highest	
activities	(up	to	1600	TOF)	and	enantioselectivities	(up	to	79%	
ee)	for	mono-ligated	rhodium	species	in	the	hydroformylation	
of	 styrene	derivatives.	Overall,	 the	above-described	examples	
show	 the	 impact	 of	 the	 second	 coordination	 sphere	 in	 the	
catalysis,	 as	 the	 substrate	 can	 access	 only	 very	 selected	
geometrical	conformations	during	the	catalytic	events.	

Scheme	34.	An	 iron-based	hydrogenase	mimic	 (for	proton	 reduction)	
featuring	 a	 bis(para-pyridyl)phosphole	 ligand	 and	 a	 tris(para-
pyridyl)phosphine-ligated	rhodium	catalyst	 (for	hydroformylation)	are	
confined	 in	 a	 zinc(II)	 porphyrin-based	 tetrahedral	 cage	 via	 Zn···N	
interactions.		
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Scheme	 35.	 A	 bis(meta-pyridyl)phosphoramidite-ligated	 rhodium	
catalyst	(for	hydroformylation)	is	confined	in	a	zinc(II)	porphyrin-based	
cage	via	Zn···N	interactions.		

7.2.	Zn...N	coordination	for	substrate	pre-organization.	

Alternatively	 to	 the	previous	 approach,	 seminal	 contributions	
from	 the	 Sanders	 group	 revealed	 the	 reversible	 nature	 of	

Zn···N	 coordination	 within	 dimers	 and	 trimers	 of	 zinc-
porphyrins	 for	accelerating	and	controlling	product	 selectivity	
in	 organic	 Diels-Alder	 transformations.160-161	 It	 was	 not	 until	
2017	 that	 this	 property	was	 successfully	 utilized	 in	 transition	
metal	catalysis.	It	was	shown	that	the	reactivity	of	chloro-	and	
bromo-pyridines	 in	 palladium-catalyzed	 Suzuki	 and	 Heck	 was	
strongly	 affected	by	 the	presence	of	 zinc-containing	 scaffolds	
in	 the	 reaction	 mixture.162	 Increased	 reaction	 rates	 and	
reactivity	were	observed	 for	 those	substrates	able	 to	 interact	
with	the	zinc-containing	scaffolds	because	they	were	involved	
in	secondary	Zn···N	coordination	whilst	 the	palladium	catalyst	
was	operating.	On	the	other	hand,	the	substrates	that	did	not	
interact	with	zinc-scaffolds	led	to	catalyst	deactivation	by	over-
coordination	 of	 the	 substrate	 (or	 product)	 to	 the	 palladium	
centre.	 The	 catalytic	 activity	 of	 palladium	 was	 roughly	
correlated	 with	 the	 strength	 of	 the	 secondary	 Zn···N	
coordination,	 being	 higher	 with	 zinc-salphen	 than	 with	 zinc-
tetraphenylporphyrin	 (Scheme	36,	 left).	 Such	 effect	 required,	
at	least,	one	equivalent	of	zinc	scaffold.	A	catalytic	version	was	
further	 developed	 customizing	 a	 zinc-tetraphenylporphyrin	
with	 four	 rigid	 nitrile	 groups	 in	 the	 periphery	 pointing	 to	 the	
porphyrin	core.	In	this	supramolecular	ligand,	there	was	space	
enough	 for	pyridine	derivatives	 to	bind	 to	 the	 zinc	 centre	via	
Zn···N	 coordination	 whereas	 the	 peripheral	 nitrile	 groups	
coordinate	 to	 the	 catalytically	 active	 palladium	 centre.163	 In	
this	 manner,	 it	 was	 possible	 to	 perform	 substrate-selective	
catalysis	 for	 differentiating	 the	 reactivity	 between	 ortho-,	
meta-	 and	 para-bromopyridine	 in	 Suzuki-Miyaura	 coupling	
reactions.	 The	 supramolecular	 catalyst	 was	 fit	 perfectly	 for	
meta-bromopyridine	 (Scheme	 36,	 right),	 a	 feature	 that	 was	
highlighted	 in	 competition	 experiments.	 Consequently,	 these	
studies	established	that	the	reversibility	and	dynamic	nature	of	
secondary	 Zn···N	 coordination	 are	 useful	 to	 design	
supramolecular	 catalysts	 to	 address	 reactivity	 issues	 arising	
from	nitrogen-containing	chemicals.	

Scheme	36.	The	Zn···N	coordination	between	the	zinc(II)-porphyrin	or	zinc(II)-salphen	with	halopyridine	substrates	indirectly	increase	the	lifetime	
of	the	palladium	catalyst	to	perform	a	Heck	reaction	(left	)	and	a	supramolecular	palladium	catalyst	featuring	a	zinc(II)	porphyrin	as	a	substrate	
recognition	site	for	halopyridine	substrates	(right).		
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7.3.	Pd...N	coordination	for	substrate	pre-organization.	

The	group	of	Yu	has	pioneered	the	use	of	highly	sophisticated	
and	covalently-linked	directing	groups	to	position	a	palladium	
active	 catalyst	 far	 beyond	 the	 classical	 ortho-selectivity	 for	
aromatic	C-H	bond	 functionalizations.164	 It	 is	 relevant	 to	note	
that	transition	metal-catalyzed	distal	C-H	bond	activations	are	
typically	 ensured	 by	 directing	 groups,	 which	 impose	 issues	
associated	 to	 the	 introduction	 and	 removal	 of	 the	 directing	
group,	besides	the	extensive	efforts	devoted	to	trial-and-error	
screening	 to	 search	 for	 the	 optimal	 catalytic	 system.165-166	 In	
2017,	 the	Yu	group	disclosed	an	approach	based	on	so-called	
supramolecular	 templates	 that	 do	 not	 require	 the	 use	 of	
covalently-linked	directing	groups.	These	templates	feature	(1)	
a	 substrate	 recognition	 site	 based	 on	 a	 palladium-chelating	
unit	 and	 (2)	 a	 coordinating	 group	 based	 on	 nitriles	 or	
heterocyclic	motifs	 to	bind	 the	active	palladium	catalyst.	 This	
design	 is	 particular	 useful	 for	 addressing	 difficult	 regio-
selective	 C-H	 bond	 functionalizations	 of	 nitrogen-containing	
heterocycles.	The	substrate	interacts	with	the	recognition	site	
via	secondary	Pd···N	coordination,	thus	pre-disposing	a	remote	
C-H	bond	at	 close	proximity	 to	 the	 active	palladium	 site.	 The	
distance	and	the	geometry	between	both	binding	and	catalytic	
sites	 are	 key	 parameters	 for	 the	 success	 of	 the	 catalysis	
(Scheme	 37).	 For	 instance,	 this	 strategy	 was	 applied	 to	
palladium-catalyzed	 olefinations	 of	 C-H	 bonds	 located	 at	 the	
meta-position	 of	 the	 phenyl	 group	 belonging	 to	 3-
phenylpyridine	 derivatives	 under	 catalytic	 conditions.167	 C-H	
bond	 olefination	 at	 the	 C-5	 position	 of	 quinoline	 derivatives	
was	also	demonstrated	at	the	expenses	of	using	stoichiometric	
amounts	of	the	palladium	template	(Scheme	38).167		

Scheme	37.	The	remote	palladium-catalyzed	C-H	bond	olefination	of	3-
phenylpyridines	 is	 possible	 owing	 to	 a	 supramolecular	 ligand	
containing	a	palladium	fragment	serving	 for	substrate	recognition	via	
reversible	Pd···N	coordination.	

Scheme	 38.	 Stoichiometric	 amounts	 of	 a	 C1-symmetric	 palladium	
template	 enabled	 the	 palladium-catalyzed	 C-H	 bond	 olefination	 of	
quinolines	at	the	C5	position.	

	 Such	 methodology	 was	 corroborated	 by	 Maiti’s	 group	
using	 C2-symmetric	 templates168	 and	 further	 expanded	 to	
thiazole	substrates	(Scheme	39).169	The	same	group	employed	
allylic	alcohols	as	coupling	partners	for	the	palladium-catalyzed	
C-H	 bond	 alkylation	 at	 the	 C-5	 position	 of	 quinoline	 and	
thiazole	derivatives,	and	at	 the	C-7	position	 for	benzothiazole	
and	 benzoxazole,	 respectively.	 This	 time,	 the	 reaction	 was	
enabled	by	a	C1-symmetric	template	(Scheme	40).170	All	these	
regio-selectivities	 cannot	 be	 achieved	 with	 ligands	 or	
templates	lacking	the	well-designed	recognition	site	within	the	
second	coordination	sphere.	

Scheme	 39.	 A	 C2-symmetric	 palladium	 template	 displayed	 C5-
selectivity	 for	 the	 palladium-catalyzed	 C-H	 bond	 olefination	 of	
thiazoles.		
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Scheme	 40.	 A	 C1-symmetric	 palladium	 template	 enabling	 distal	 C-H	
bond	selectivity	for	different	heterocycles.		

	 Such	 level	of	sophistication	was	upgraded	by	merging	 this	
template	strategy	with	the	Catellani	reaction,	which	consists	in	
employing	 a	 Pd/norbornene	 catalytic	 system	 to	 functionalize	
one	C-H	bond	away	from	the	first	C-H	bond	activation.171	As	a	
consequence,	 remote	 C-H	 bond	 arylations	 of	 quinoline	
derivatives	at	the	C-6	position	were	reached	(Scheme	41).	The	
exquisite	control	of	regio-selectivity	is	astonishing	as	there	are	
very	little	stereoelectronic	differences	between	the	C-6	and	C-
7	position	within	the	quinoline	skeleton.	

Scheme	41.	 The	C-H	bond	arylation	at	 the	C6	position	of	quinolines	was	addressed	using	a	palladium	template	and	a	mediator	 (NBE-CO2Me)	
exploiting	secondary	Pd···N	coordination.		

	 Due	 to	 the	 almost	 irreversible	 nature	 of	 the	 Pd···N	
interaction,	 this	 approach	 requires	 the	 use	 of	 significant	
amounts	 of	 expensive	 and	 scarce	 palladium	 (>100	 mol%	
considering	 the	 template	 and	 the	 catalyst).	 Nevertheless,	 it	
provides	access	to	regio-selectivities	impossible	to	get	with	any	
other	 catalytic	 system	 to	 date.	 Furthermore,	 it	 is	 possible	 to	
recycle	 and	 recover	 the	 template	 by	 treatment	 with	 4-
dimethylaminopyridine,	 which	 coordinates	 stronger	 to	 the	
palladium	 template	 than	 the	 substrates	 and	 the	 products,	
followed	by	a	mild	acidification.167-171	It	is	relevant	to	note	that	
the	success	of	these	strategies	relies	also	on	the	non-negligible	
roles	 of	 mono-protected	 amino	 acids	 co-ligands,	 silver	 salts	
and	hexafluoroisopropanol	as	solvent.	

8. Conclusions	and	perspectives.
In	 summary,	 the	 above-described	 range	 of	 secondary	
interactions	 smartly	 combined	with	 transition	metal	 catalysts	
are	 efficient	 tools	 to	 provide	 unprecedented	 possibilities	 to	
control	 activity	 and	 selectivity	 for	 organic	 transformations.	
These	 interactions	 are	 rather	 versatile.	 Indeed,	 they	 can	 be	
weak	 enough	 for	 substrate	 pre-organization	 in	 a	 reversible	
manner,	or	much	stronger	which	make	 them	relevant	 for	 the	

self-assembly	 of	 new	 ligand	 systems.	 The	 above-surveyed	
catalytic	 systems	 complement	 the	 traditional	 ones	 by	
increasing	 or	 reversing	 selectivities	 (i.e.	 site,	 regio,	 stereo,	
enantio,	 diastereo)	 as	 well	 as	 by	 accessing	 otherwise	
unfavoured	products.	New	concepts,	similar	to	those	occurring	
in	 Nature,	 emerged	 from	 these	 systems.	 For	 example,	 some	
catalysts	 display	 size-,	 shape-	 or	 substrate-selectivity,	 which	
are	 difficult	 features	 to	 disclose	 with	 more	 classical	
homogeneous	 catalysts.	 In	 addition,	 several	 cases	 showcased	
high	 catalyst	 lifetime	 with	 notable	 turnover	 numbers	 and	
others	 displayed	 an	 in	 situ	 on/off	 control	 of	 reactivity,	which	
are	 truly	 relevant	 for	 application	 purposes.	 Unfortunately,	
many	 examples	 still	 suffer	 from	 a	 detailed	 understanding	 of	
the	strength	of	such	interactions	under	catalytic	conditions	as	
well	 as	 kinetic	 studies	 that	 should	 help	 further	 rational	
developments.	 This	 knowledge	 might	 be	 useful	 for	 devising	
appropriate	 reaction	 conditions	 in	 which	 solvent	 properties	
and	 temperature	 are	 likely	 the	 most	 practical	 aspects	 for	
accessing	the	compatibility	of	the	different	components	during	
the	catalysis.	
	 The	 majority	 of	 the	 supramolecular	 catalysts	 herein	
discussed	 are	 based	 on	 scarce	 second	 and	 third	 row	 late	
transition	metals	(Pd,	Rh,	Ir,	Ru,	etc.).	Therefore,	it	will	be	also	
convenient	 to	 turn	 the	 attention	 to	 more	 abundant	 and	
affordable	first	row	transition	metals	that	have	recently	shown	
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interesting	 catalytic	 performances,172-173	 in	 particular	 those	
derived	 from	 Fe,	 Cu,	 Co,	 Mn	 and	 Ni.	 On	 the	 other	 hand,	 it	
remains	difficult	to	fully	predict	the	action	mode	of	these	new	
catalysts	 which	 translates	 usually	 in	 significant	 efforts	 still	
devoted	to	trial-and-error	screening	to	search	for	the	optimal	
ones.	 In	 order	 to	 overcome	 this	 undesired	 consequence,	
incorporation	 of	 deconvolution	 strategies,174-175	 high-
throughput	 experimentation,176-177	 or	 exploiting	 dynamic	
combinatorial	chemistry,178	which	are	already	well-established	
strategies	in	molecular	catalysis,	may	play	an	important	role	in	
the	 future	 for	 this	 type	 of	 supramolecular	 catalysis.	
Furthermore,	 it	 will	 be	 interesting	 to	 disclose	 the	 first	
examples	 of	 homogeneous	 transition	 metal	 catalysis	
controlled	by	well-defined,	secondary	anion···π	interactions,179	
which	 are	 so	 far	 elusive	 to	 date	 although	 known	 for	
organocatalysis.180	 Additional	 interactions	 such	 as	 London,	
dispersion	 interactions	 or	 inductive	 effects,	 which	 could	 be	
considered	 more	 subtle	 and/or	 exotic	 interactions	 than	 the	
ones	 described	 in	 this	 review,	 may	 account	 for	 future	
developments,181-183	 although	 they	 appear	 to	 remain	
extremely	 difficult	 to	 apply	 for	 prediction	 of	 catalytic	
outcomes.184	Taking	into	account	the	entire	above-mentioned,	
one	 can	 only	 expect	 a	 bright	 future	 for	 transition	 metal	
catalysts	 controlled	 by	 secondary	 interactions	 beyond	
hydrogen	 bonding,	 and	 span	 the	 future	 possibilities	 of	
supramolecular	catalysis.	
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The	implementation	of	interactions	beyond	hydrogen	bonding	in	the	2nd	coordination	sphere	of	transition	metal	homogeneous	catalysts	is	
rare.	However,	it	has	already	shown	great	promise	in	the	last	five	years	providing	unprecedented	tools	to	control	the	activity	and	selectivity	
as	it	is	herein	discussed.	

Biographies	

Jonathan	 Trouvé	 obtained	 his	 MSc	 in	 Organic	 Chemistry	 from	 the	 University	 of	 Caen	 (France)	 in	 2019	 under	 the	 supervision	 of	 Dr.	
Bénédicte	Lepoittevin	and	Dr.	Jerôme	Baudoux	with	a	research	project	on	zwitterionic	polymers.	Currently,	he	is	pursuing	his	PhD	under	
the	supervision	of	Dr.	Rafael	Gramage-Doria	 in	 the	University	of	Rennes	 (France)	 focusing	on	supramolecular	and	bio-inspired	transition	
metal	catalysis.	

Rafael	 Gramage-Doria	 received	 his	 PhD	 from	 the	 University	 of	 Strasbourg	 (France)	 with	 Dr.	 Dominique	 Matt	 and	 Prof.	 Dominique	
Armspach.	After	a	postdoctoral	fellowship	with	Prof.	Joost	N.	H.	Reek	at	the	University	of	Amsterdam	(Netherlands)	and	later,	with	Prof.	
Takashi	Ooi	at	Nagoya	University	 (Japan),	he	 joined	 in	2015	the	 Institute	of	Chemical	Sciences	of	 the	University	of	Rennes	 (France)	as	a	
CNRS	 researcher	 where	 he	 obtained	 his	 Habilitation	 diploma	 (2019).	 His	 research	 activities	 include	 transition	 metal	 catalysis	 for	 fine	
chemicals	and	green	chemistry	applications,	C-H	bond	functionalization,	supramolecular	and	coordination	chemistry,	and	supramolecular	
and	bio-inspired	catalysis.	

M
L L

D A

Ligand self-assembly

R S

M

L D

Substrate pre-organization

R S A

Cation+ Anion-

Cation+

O O

O

OO

O

M

N δ-

δ+

A
δ+

A = H, Ph, cation

LA BA
δ+ δ-

LA = Lewis acid 
BA = Bronsted acid

I

N δ-

δ+

Acc
ep

ted
 m

an
us

cri
pt




