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The properties of coordination complexes are dic-

tated by both the metals and the ligands. The use

of molecular receptors as second-sphere ligands

enables significant modulation of the chemical and

physical properties of coordination complexes. In

this minireview, we highlight recent advances in

functional systems based on molecular receptors as

second-sphere coordination ligands, as applied in

molecular recognition, synthesis of mechanically

interlocked molecules, separation of metals, cataly-

sis, and biomolecular chemistry. These functional

systems demonstrate that second-sphere coordina-

tion is an emerging and very promising strategy for

addressing societal challenges in health, energy, and

the environment.

Keywords: catalysis, coordination complexes, me-

chanically interlocked molecules, metal recovery,

molecular recognition, supramolecular chemistry

Introduction
Coordination chemistry,1 the investigation of linking

ligands directly to a central atom—most often a metal

center—is at the heart of modern inorganic, organic, and

materials chemistry. The specific combinations of ligands

and metals dictate the structures and properties of the

resulting coordination complexes, which are applied in

numerous technologies, including metal–organic frame-

works (MOFs),2–16 optical andmagnetic materials,17,18 catal-

ysis,19,20 and biomedical theranostics.21–24 In the resulting

coordination complexes, the ligands linked directly to the

metal center are referred to (Figure 1) as the first sphere

of coordination for the metal.25–28 Meanwhile, another set

of ligands can bind to the first-sphere ligands of the

coordination complex through noncovalent bonding

interactions, leading to second-sphere adducts. Thus, sec-

ond-sphere coordination ofmetal centers affords adducts

that are essentially complexes of complexes.

The concept of second-sphere coordination

(Figure 1c) was advanced in the first instance by Chem-

istry Nobel Prize Laureate Alfred Werner29,30 in 1913. He

showed that this concept could explain a number of

experimental observations that could not be under-

stood solely on the basis of first-sphere coordination.29

These observations included (1) the formation of

adducts between amines and coordinatively saturated

complexes such as [M(acac)3]
n+, (2) the presence of

solvents in the crystal structures of many coordination

complexes, and (3) the solvent and counterion-

dependent properties associated with the optical rota-

tions of chiral coordination complexes.
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Beginning in the early 1980s, we sought to gain insight

into the nature of second-sphere coordination by investi-

gating the interactions between transition-metal com-

plexes and synthetic molecular receptors.31 Crown

ethers are well-known to form complexes with primary

alkylammonium ions, [RNH3]
+, through hydrogen bonding

and ion-dipole interactions.32–34 It occurred to us that the

geometric and electronic (stereoelectronic) features of

an [RNH3]
+ ion closely resemble (Figures 1a and 1b) those

of a transition-metal ammine complex,35 [MLx(NH3)]
n+.

The recognition of this similarity led to our initial investi-

gations of crown ether receptors as second-sphere

ligands, resulting in the isolation of a novel series

of adducts between crown ethers and transition-

metal complexes,36–39 whose superstructures were quickly

established by X-ray crystallography. Figure 2 presents a

collage [(a)–(s)] of some of the solid-state super-

structures that are reproduced from a review25 that was

published in Angewandte Chemie on “Second-Sphere

Coordination—A Novel Rôle for Molecular Receptors” in

1986. The review was the first one to be published in the

chemical literature with a copious use of color: at that

time, it cost us the equivalent of £10,000. One of the most

remarkableexamples (Figures2jand2k)wasthe 1∶1 adduct
formed38 between dibenzo[30]crown-10 (DB30C10) and

[Pt(bpy)(NH3)2]
2+. The fascinating feature of this super-

structure is that, in addition to the three pairs of [N–H⋯O]

hydrogen bonds between the oxygen atoms in the crown

ether and thehydrogenatomsof theNH3 ligands, there are

close, complementary [π⋯π] stacking (charge transfer)

interactions between the two π-electron-rich aromatic

(catechol) rings in the receptor molecule and the π-elec-
tron-poor2,2′-bipyridine ligand in theplatinum-basedsub-

strate.Thissecond-spherecoordinationadductwasshown

by 1H NMR spectroscopy to exist as a stable complex in

solution as well as in the solid state.38 The high stability of

this adduct is sustained by multiple weak interactions

between the receptor and the ligands on the transition-

metal complex. In contrast, conventional second-sphere

ligands, such aswater or alcohols, only formweak adducts

with metal complexes through monovalent binding, and

thewell-defined superstructures observedcrystallograph-

ically in the solid state are not sustained in solution. For

example, in the crystal superstructure38 of a lanthanum

complex [La(tptz)(NO3)3(H2O)]•2C2H5OH, the two etha-

nol molecules form hydrogen bonds with the coordinated

H2O molecule. Although the solid-state superstructure is

well-defined, there isnosuggestionthat itexists insolution.

Molecular receptors, when employed as second-sphere

ligands, lead to the formation of stable, robust, and pre-

dictable adducts in contrast to those adducts formed by

weakly binding ligands observed only in the solid state.

It may be noted that the superstructure of the bipyr-

idine-based second-sphere adduct shown in Figure 2 as a

space-filling representation (j) and as a ball-and-stick

representation (k) provided (Box 1) inspiration for sub-

sequent research into complex formation between

dibenzo-crown ethers and the dicationic bipyridinium

herbicides Diquat, derived from 2,2′-bipyridine, and Para-

quat, derived from 4,4′-bipyridine. The success of the

latter investigation in turn led to the discovery of

the tetracationic cyclophane, cyclobis(paraquat-p-

phenylene), known as Blue Box, which has since proved

a hugely valuable component in developing the field of

mechanically interlocked molecules (MIMs) and eventu-

ally artificial molecular machines (AMMs).

Following our initial work on using synthetic mole-

cular receptors to bind coordination complexes, there

was a surge in the study of second-sphere coordination.

Numerous macrocyclic and polycyclic crown ethers,39–50

cyclodextrins (Figures 3a and 3b),51–65 calixarenes

Figure 1 | Structural formulas depicting the similarity of

the three-point binding models for (a) a primary alkyam-

monium ion [RNH3]
+ and (b) a transition-metal ammine.

(c) Graphical representation of the concept of second-

sphere coordination. A transition metal (M) is coordinat-

ed with first-sphere ligands L1, which interact with sec-

ond-sphere ligands L2 through noncovalent bonding

interactions. Adapted with permission from ref 35. Copy-

right 1983 Royal Society of Chemistry.
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(Figure 3e),66–71 resorcinarenes (Figure 3d),72 pillararenes

(Figure 3f),73 cucurbiturils (Figure 3c),74 and cyclo-

phanes75–79 all proved to be efficient second-sphere

ligandsandeven, in someexamples, acted simultaneously

as both first- and second-sphere coordination ligands

(Figure 2i).80–83 As a result, many second-sphere coordi-

nation adducts were discovered by exploiting the whole

range of noncovalent bonding interactions, including

hydrogen bonding, charge transfer, [π⋯π] stacking, hy-

drophobic effects, and van der Waals interactions. Sum-

maries of these early investigations of second-sphere

coordination chemistry may be found in several

reviews,25–28,84–90 published by us as well as by other

groups.

Over the past two decades, there has been a resurgence

of interest in second-sphere coordination. Advances in

supramolecular, organic, inorganic, biomolecular, and

materials chemistry have created91,92 new demands for

molecular receptors capable of binding a wide range of

substrates, constructingMIMs, separating differentmetals,

andcatalyzingorganic reactions. In suchcontexts, second-

spherecoordinationhasemergedasavaluablestrategy for

solving previously intractable problems. This minireview

highlights many new adducts based on molecular recep-

tors as second-sphere coordination ligands.

Molecular Recognition
Second-sphere coordination can be applied to the

design and construction of new supramolecular com-

plexes by incorporating noncovalent binding sites into

ligands, followed by their coordination to transition

metals. The metal ion can participate in molecular recog-

nition by a receptor molecule either indirectly via second-

sphere coordination or directly via simultaneous first- and

second-sphere coordination, targeting specific sub-

strates by tailored receptor-substrate and metal-ligand

interactions.

Figure 2 | A sampling of solid-state superstructures of 1∶1 adducts between transition-metal complexes andmacrocyclic

receptors taken directly from the 1986 review on second-sphere coordination published in Angewandte Chemie, where

the superstructures are presented with space-filling or ball-and-stick models for (a) [{trans-Pt(PMe3)Cl2(NH3)}2•l8C6];

(b) [{cis-Pt(NH3)2Cl2•dma}2•l8C6]; (c and d) [Cu(NH3)4(H2O)•18C6]n
2n+; (e) [Rh(cod)(NH3)2•DB21C7]+; (f) [Rh(nbd)

(NH3)2•DB24C8]+; (g) [diammine-1,1-cyclobutanecarboxylatoplatinum(II)-α-CD]; (h) [Pt(en)2•18C6]n
2n+; (i)diamminebis-

(1,5-cyclooctadiene)(μ-l,4-l0,l3-tetraoxa-7,l6-diazacyclooctadecane-N7,N16)-dirhodium bis(hexafluorophosphate); (j and

k) [Pt(bpy)(NH3)2•DB30C10]2+; (l) [SnCl4(H2O)2•18C6][H2O]2; (m) [{trans-Ir(CO)(CH3CN)(PPh3)2}2•18C6]
2+; (n) [Rh

(cod)(NH3)2•α-CD]+; (o) [Mn(H2O)6•18C6]n
n+ (ClO4

− salt); (p and q) [trans-Pt(PMe3)Cl2(NH3)•DB18C6]; (r) [Rh(cod)

(NH3)2•DB24C8]+; (s) [Rh(cod)(NH3)2•DB30C10]+. The X-ray superstructure (j and k) of [Pt(bpy)(NH3)2•DB30C10]2+

insidethehighlightedrectanglewillbediscussed inBox 1.Adaptedwithpermission fromref25.Copyright 1986JohnWiley

and Sons.
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Box 1. | A 40-year research trail illustrating how one observation in 1981 led to another line of research and so

on—and how this dynamic is as sustained over four decades.

1981 Pt Complex

1989 [2] Catenane

1983 Diquat

1987 Paraquat

1988 Blue Box

(h)

1994 Olympdane

1997 [7] Catenane

(i)

Degenerate
Recognition

Sites

4+

–––
4+

4+

Stoppers

Stoppers

1991 Molecular Shuttle

2000 Molecular Electronics

2010 Trisradical Complex

2015 Molecular Pump

2020 Polyrotaxane Synthesizer1994 Molecular Switch

– e– + e–

Acid Base

0

+2 V

–2 V

(j)

(k)

(l)

(m)

(n)

2007 160 Kbit Memory

PolyDB6+

PolyDB6+

In the middle of a 20-year (1970-1990) sojourn at Sheffield University, I (JFS) 
availed myself of the opportunity to spend a three-year period from 1978–1981 on               
secondment at the ICI Corporate Laboratory in Runcorn, Cheshire in the United 
Kingdom. There, I met Howard Colquhoun and together we asked ourselves the               
question — would transition metal complexes (TMCs) with ammine ligands bind to 
crown ethers (CEs)? The answer was a resounding yes, so much so that we 
became very quickly involved in an intensive program of research relating to the   
adducts formed between TMCs and CEs. One of these 1:1 adducts — which was to 
grace (a) the front cover of Angewandte Chemie in black-and-white in 1981 —            
between Pt(bipy)(NH3)2

2+ and dibenzo[30]crown-10 (DB30C10) caught our              
attention because of the donor-acceptor interactions — reflected in the yellow color 
of the adduct in acetonitrile solution — between the -electron rich catechol rings on 
the CE and the -electron deficient bipyridine ligand coordinated to the Pt-metal 
center. At the time, Imperial Chemical Industries (ICI) was marketing a 1:1 mixture 
of Diquat and Paraquat worldwide as a wipe-out weed killer and so we asked        
ourselves the obvious question — would DB30C10 form a 1:1 complex with Diquat 
and (b) it did! The next question we faced was — which CE would form a 1:1                        
complex with Paraquat? The answer, which was far too long in coming, was a       
constitutional isomer of DB30C10 — namely, bisparaphenylene[34]crown-10 
(BPP34C10) which was shown (c) in 1987 to form a 1:1 complex with Paraquat. We 
had put blue inside red: now we had to put red inside blue — a goal which sent us 
in the direction of synthesizing cyclobis(paraquat-p-phenylene) (CBPQT4+ or the 
little blue box) in 1988: its 1:1 complex with 1,4-dimethoxybenzene was published 
(d) in two back-to-back communications in Angewandte Chemie in 1988. The                 
template-directed synthesis of the first (e) donor-acceptor [2]catenane followed hard 
on the heels of these two communications, on this occasion being granted   
front-cover status on the October issue of Angewandte Chemie in 1989. On 1 June, 
1991 our first (f) molecular shuttle — a degenerate [2]rotaxane with two -donating 
hydroquinone recognition sites for the CBPQT4+ ring on the rod component of a 
dumbbell — was published in the Journal of The American Chemical Society. A 
non-degenerate counterpart, which can be switched (g) either chemically or        
electrochemically and incorporating benzidine and biphenyl recognition sites for the 
CBPQT4+ ring, was described in Nature in 1994. In the same year, we reported the 
template-directed synthesis of a [5]catenane, also known as (h) Olympiadane, and 
three years later in 1997 published in a communication, (i) a branched [7]catenane, 
both appearing in Angewandte Chemie. In 2000, a bistable [2]catenane, in which 
the CE ring incorporates a tetrathiafulvalene (TTF) and a 1,5-dioxynaphthalene 
(DNP) unit was introduced into a molecular switch tunnel junction (MSTJ) and (j)      
reported in Science,  along with its mechanically interlocked CBPQT4+ ring. A 
bistable [2]rotaxane, in which the CBPQT4+ ring undergoes redox-promoted     
switching between TTF and DNP units was used in 2007 to create a 160-kbit 
memory at a density of 1011 bits per square centimeter: this milestone (k) in            
molecular electronics was announced in Nature. In 2010, we described an                
intellectually disruptive discovery in  Nature Chemistry. The ability of CBPQT4+ ring, 
when reduced to its bisradical dication (CBPQT2•+) to form (l) a strong 1:1 trisradical 
tricationic complex with methyl viologen radical cation, led to the design and         
synthesis of a pumping cassette, based on 3,5-dimethylpyridinium, bipyridinium and 
isopropylphenylene units. The pumping cassette was subsequently to serve as a 
key component in the operation of a (m) molecular pump, described in Nature            
Nanotechnology in 2015, and a (n) polyrotaxane synthesizer, published in Science 
in 2020. 
The observation of donor-acceptor interactions in a 1:1 adduct formed between a 
transition metal ammine carrying a bipyridine ligand and a crown ether containing a 
couple of catechol units led to a sequence of events during four decades that could 
have not been foreseen in 1981, yet can be recalled and rationalized in 2021, such 
is the nature of research when its progress is left to its own devices with minimum  
intervention on the part of others, with the exception of countless collaborators 
whose involvement was scientifically driven. 

(a)

(b)

(c)

(d)

(e)

(f)

(g)
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Loeb et al.50,80–83,93,94 have demonstrated the design and

synthesis of several molecular receptors that interact

with substrates through second-sphere interactions. One

example involves80,94 a family of thiacyclophane recep-

tors that recognize DNA nucleobases. The molecular

recognition displayed by these receptors involves several

different types of interaction, including (1) first-sphere

coordination from a N atom of the nucleobase substrate

to a Pd(II) metal center, (2) second-sphere hydrogen

bonding between a NH2 group of the substrate and

polyether O atoms of the receptors, and (3) [π⋯π] stack-
ing between the π-electron-rich aromatic spacing units of

the receptors and the π-electron-poor aromatic rings of

the substrates. Single-crystal X-ray analyses of two

adducts involving a receptor binding either with adenine

or guanine—the latter as a BF3 adduct—reveals that

all three interactions mentioned above exist in these

adducts with near-ideal interaction parameters

(Figures 4a and 4c). The molecular recognition of cyto-

sine was realized by a receptor having coordination sites

for Pd(II) and polyether functional groups. Single-crystal

X-ray analysis (Figure 4b) reveals that adduct formation

between this receptor and cytosine is sustained by direct

first-sphere coordination from a N atom of cytosine to

the Pd(II) metal center, aided and abetted by hydrogen-

bonding interactions between the NH2 group of cytosine

and polyether O atoms of the macrocyclic receptor.

These adducts between the DNA nucleobases and their

receptors have been proved to exist both in the solid

state and in solution. The same principles have been

applied81–83 in designing synthetic receptors for molecular

recognition of other substrates, including barbiturates,

amino acids, amines, and hydrazinium ions.

Huc et al.95–98 have presented (Figure 5a) the chemical

community with several examples of molecular recogni-

tion through second-sphere coordination using molecu-

lar capsules formed by metal-coordination-directed

folding of a helical oligomer. A key chain segment,

Figure 3 | Representative examples of solid-state superstructures for second-sphere coordination adducts reported

by other researchers. (a) Tubular and space-filling representation of a 2∶2∶1 adduct of γ-cyclodextrin•12-crown-4•K+.

(b) Tubular and space-filling representation of a 4∶5 adduct of β-cyclodextrin•ferrocene. (c) Tubular and ball-and-stick

representation of a 1∶1 adduct of cucurbit[6]uril•[Yb(OH2)8]
3+[ReO4]

−. (d) Tubular and space-filling representation

of a 1∶1 adduct of resorcinarene•ferrocene. (e) Tubular and space-filling representation of a 1∶1 adduct of

[Cu(NC5H5)2(H2O)4•calix[4]arene sulfonate]. (f) Tubular and space-filling representation of a 1∶1 adduct of

(n-octyl)MgBr(THF)2•pillar[5]arene.

Figure 4 | Stick representations of the X-ray superstruc-

tures of thiacyclophane receptors complexed with

(a) adenine, (b) cytosine, and (c) guanine (BF3) through

a combination of several interactions, including (1) first-

sphere coordination from N atoms to Pd(II) metal center,

(2) second-sphere hydrogen bonds between the NH2

group of the substrate and polyether O atoms of the

receptors, and (3) [π–π] stacking between the electron-

rich aromatic spacing units of the receptors and the

electron-poor aromatic rings of the substrates.
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pyridazine–pyridine–pyridazine (pyz–pyr–pyz), was in-

troduced into the oligomer.95 This segment exists in an

anti–anti conformation that is favored by repulsion be-

tween the endocyclic N atoms, directing the oligomer

into an extended conformation instead of a capsular

shape. As a result, this oligomer displays no propensity

for molecular recognition in the absence of metal ions.

Coordination of transition-metal ions Cu+, Cu2+, and Ag+,

as well as the alkali metal ions Na+ and K+, induces folding

of the oligomer into a capsular shape by favoring a syn–

syn conformation for the pyz–pyr–pyz segment.96 In all

cases, the metal ions were positioned on one side of the

cavity wall, leaving its coordination sphere occupied

partially by solvent molecules and available to bind a

guest. The first-sphere coordination between guests and

the metal centers can enhance the binding affinity of the

helix, while the second-sphere interaction between the

guest and the inner wall of the capsule leads to shape and

size selectivity. Moreover, interaction of the oligomer

with a hydrated Ca2+ or Ba2+ ion occurs entirely in the

second sphere, via hydrogen bonding between ion-

coordinated water and oligomeric N atoms, but still

results95 in a helical geometry for the oligomeric complex.

As an extension of these earlier reports, the same

authors demonstrated molecular recognition of

carbohydrates97 in organic solvents using foldamer-type

molecular capsules, by taking advantage of first- and

second-sphere coordination. Depending on the nature

of the metal center, the molecular capsules show differ-

ent binding affinities and diastereoselectivities toward a

range of carbohydrates, including D/L-threitol, xylitol,

D/L-mannopyranose, D/L-glucopyranose, D/L-galactopyr-

anose, and D/L-fructopyranose. For example, the Cu2+

complex of the foldamer binds D-threitol 14 times more

strongly than its K+ counterpart. X-Ray crystal

superstructure analysis of the adducts between a

Cu2+-coordinated capsule and D/L-mannopyranose

reveals (Figures 5b and 5c) that the substrate is associ-

ated with the capsule through second-sphere coordina-

tion, which involves hydrogen bond formation between

the foldamer ligand and the hydroxy groups of the man-

nopyranose. The Cu2+ center adopts a square pyramidal

geometry, coordinating with three N atoms of the pyz–

pyr–pyz segment and the O atoms of two H2Omolecules.

The D-mannopyranose assumes the β-pyranose configu-

ration in the solid state. In contrast, this molecule

exists predominantly (97%) in the α-pyranose form in

CHCl3/Me2SO (4∶1, v/v) solution. The authors also

reported the single-crystal superstructure of an adduct

between D/L-threitol and a smaller analog of the molecu-

lar capsule coordinated with a Cu2+ ion. Here, the Cu2+

center interacts with the substrate through second-

sphere coordination involving solvents—a H2O and a

MeOH molecule—that are coordinated directly to the

metal ion. As an extension of such molecular recognition,

the authors also developed a new strategy98 to prepare

the foldamer capsule shells around a [2Fe–2S] cluster.

The foldamer shell influences the structural and spectro-

scopic properties of the metal cluster, including desym-

metrization and confinement of part of its first

coordination sphere within the foldamer cavity.

Leigh et al.99–102 have reported molecular recognition

of chloride anions through second-sphere coordination

using molecular knots. These molecular knots were syn-

thesized (Figure 6a) by transmetallation of a Zn(II) infused

pentafoil (51) knot with tetrafluoroborate salts of Co(II),

Cu(II), and Ni(II).99 The resulting metallated knots exhibit

second-sphere coordination of a single chloride anion

within the central cavity of the knot by utilizing both

multiple [CH⋯Cl−] hydrogen bonds and electrostatic

interactions. X-ray crystal superstructures of these trans-

metallated pentafoil knots reveal (Figures 6b–6d) that five

of the 15 bipyridine groups form an inner cavity lined with

10 electron-poor H atoms that form an array of hydrogen

bonds with the chloride anion located inside the cavity.

This type of second-sphere coordination is the first exam-

ple exhibited inmolecular-knot geometry. The diameter of

the central cavity varies depending on the metal cation:

3.3 Å for Fe(II), Zn(II), and Ni(II), and 3.5 Å for Co(II). The

metal-to-metal distance in the distorted cobalt knot is,

however, smaller than those in the case of iron, nickel, and

Figure 5 | (a) Schematic illustration of molecular recog-

nition through second-sphere coordination using helical

molecular capsules formed by metal-coordination-

directed folding. (b) Stick-and-sphere representation

of X-ray crystal superstructure of an adduct between a

β-D-mannopyranose and a helical foldamer ligand associ-

ated with Cu2+. (c) A zoomed-in view of the substrate

associated with the capsule through second-sphere co-

ordination, which involves hydrogen-bond (dashed lines)

formation between the foldamer ligand and the hydroxyl

groups of the β-D-mannopyranose. The Cu2+ center

adopts a square pyramidal geometry, coordinating with

three nitrogen atoms of the pyz–pyr–pyz segment and

two O atoms of two H2O molecules. Adapted with per-

mission from ref 97. Copyright 2018 Royal Society of

Chemistry.
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zinc pentafoil knots. In contrast, the metal–metal–metal

angle is higher in cobalt compared with those in the other

three metallic pentafoil knots. These conformational

changes in the knotted ligands lead to different distances

between the chloride anion and the metal ions in these

knot complexes. As a result, the binding affinities for

chloride anion through second-sphere coordination and

electrostatic interaction vary with different M(II) ions over

nearly three orders of magnitude, from Ka = 8 × 104 M−1

(Cu2+ knot) to Ka = 3.3 × 107 M−1 (Fe2+ knot) in MeCN.

Construction of Mechanically
Interlocked Molecules
The synthesis of MIMs103–108 such as catenanes,109–122 rotax-

anes,123–132 and suitanes133–139 has become a field with in-

tense research activity on account of the potential of

such molecules to act as molecular machines.140–153 Sev-

eral effective synthetic strategies for synthesizing MIMs

have been achieved, based on the template effect.154–156

Figure 6 | (a) Graphical illustration and structural formulas of various pentafoil knotted complexes synthesized by

transmetalation of Zn(II) infused pentafoil (51) knot with tetrafluoroborate salts of Co(II), Cu(II), and Ni(II). The

resulting metallated knots exhibit second-sphere coordination of a single chloride ion within the central cavity of the

knot, providing [CH⋯Cl−] hydrogen bonding and electrostatic interactions. (b) Ball-and-stick representations of

the X-ray crystal superstructures of chloride complex using the pentafoil knots sustained by the coordination with

(b) Co2+, (c) Ni2+, and (d) Zn2+. The binding affinities for Cl− anions are determined by the second-sphere coordination

and electrostatic interactions with different M(II) ions.
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One of these strategies involves the coordination of

organic ligands to transition metals to promote the for-

mation of mechanically interlocked structures.157–168

Second-sphere coordination, as an extension of this

strategy, can also be employed to advance the effective

synthesis of MIMs. Wisner et al.169–173 demonstrated the

use of second-sphere coordination to prepare several

MIMs such as rotaxanes and catenanes. For example, this

group described the synthesis of [2]pseudorotaxanes in

a single step employing second-sphere coordination.169

An isophthalamide-based tetralactam macrocycle, serv-
ing as the second-sphere ligand, establishes four sets of
hydrogen bonds with the two chloride first-sphere
ligands in a trans-palladium dichloride complex, leading
to formation of a pseudorotaxane. It was found that the
stability of the pseudorotaxane diminishes markedly as
the size of the halide ligand increases from Cl < Br < I. In a
subsequent investigation, these authors reported170 the
synthesis of a [2]rotaxane based on the same system. To
produce the mechanically interlocked architecture
shown in Figure 7a, 4-(3,5-di-tert-butylbenzyloxy)-pyri-
dine was employed as the ligand, on the basis that its
terminal groups are sterically demanding and function as
stoppers to prevent the dethreading of the tetralactam
macrocycle. The rotaxane was obtained in 89% isolated
yield simply by mixing the tetralactam macrocycle, the
ligands, and trans-bis(benzonitrile)palladium(II) dichlor-
ide in CHCl3 at room temperature. The resulting rotaxane
is soluble in CHCl3 and remains stable over time as well as
under column chromatographic conditions. The struc-
ture of the rotaxane was confirmed by X-ray crystallo-
graphic analysis, which revealed (Figure 7b) that the
amide groups of the isophthalamide subunits in the
macrocycle establish four sets of hydrogen bonds with
the chloride ligands of the palladium(II) metal complex,
providing the driving force for rotaxane formation. Fol-
lowing these investigations, these same authors ex-
plored172 the stabilities of a series of pseudorotaxanes
by varying the metals and the para-substituted pyridine
ligand. They found that the hydrogen bond-accepting
ability of the chloride ligands can be tuned by varying
the electron-donating/-withdrawing nature of the para-
substituted pyridine coligands. Moreover, the stability of
the pseudorotaxane in CHCl3 solution decreases slightly
when the Pd(II) ion is replaced by Pt(II). Replacing chlo-

ride by thiocyanate in the first coordination sphere led to

the formation (Figure 7c) of a series of (pseudo)rotax-

anes by second-sphere coordination (hydrogen bond-

ing) between the thiocyanate ligands and the amide units

of the macrocycle.171 The directional nature of the thiocy-

anate ligands affords a doubly degenerate binding ge-

ometry, leading to a rotaxane (Figure 7c) in which the

ring shuttles back and forth 3300 times a second in

solution at 15 °C.

In another example, Wisner et al.173 demonstrated

the construction of catenanes (Figure 8a) using

simultaneous first- and second-sphere coordination. An

acyclic bidentate ligand that resembles a three-quarter

unit of a previously employed tetralactam macrocycle

was designed and synthesized. This ligand coordinates

directly to a PdCl2 unit in a trans arrangement, and the

resulting product comprises (Figure 8a) a pair of cate-

natedmacrocycles, each incorporating the metal subunit

trans-PdCl2L2 in its scaffold. The catenation is driven by

mutual recognition of the PdCl2L2 subunit in one ring by

its orthogonally positioned partner. The catenane was

synthesized in 87% isolated yield simply by heating a

solution of an equimolar amount of Pd(PhCN)2Cl2
and the trans-bidentate ligand. X-ray crystallographic

analysis of the catenane reveals (Figure 8b) that a

template effect is manifested in the interaction

between both the PdCl2 subunits and their opposing

macrocyclic cavities. Eight pairs of [NH⋯Cl] hydrogen

bonds were found between the first-sphere Cl− ligands

and the amide units of the second-sphere ligand.

A reversible transformation between catenane and

macrocycle was also demonstrated by varying the sol-

vent polarity. Transformation of the catenane into

two individual macrocycles was observed when the

sample was dissolved in the mixed solvent system

(CD3)2SO/CDCl3 as a result of competitive binding of

the polar solvent with the NH groups of the macrocycle.

The catenane re-forms when the macrocycle is redis-

solved in CDCl3.

Metal Separation
Second-sphere coordination of transition-metal com-

plexes could lead to changes in solubility of the resulting

adducts, which can be utilized for the separation of metal

ions. We demonstrated (Figure 9c) the separation of

copper from cobalt using35 this principle in 1983. We

found that 18C6 formed (Figure 9a) a 1∶1 polymeric

adduct with [Cu(NH3)4(H2O)][PF6]2, leading to precipi-

tation from aqueous solution. X-ray structural investiga-

tion revealed that each macrocycle is involved in no

fewer than 10 hydrogen bonds with the ammine ligands.

A similar adduct obtained (Figure 9b) from the cobalt(III)

complex [Co(NH3)6][PF6]3, requires the addition of a

two-molar excess of 18C6 to its aqueous solution in order

to form a crystalline orange precipitate. When one molar

equivalent of 18C6 was added to a solution containing

one molar equivalent of each of [Co(NH3)6][PF6]3 and

[Cu(NH3)4(H2O)][PF6]2, the 1∶1 copper adduct was pre-

cipitated exclusively in >90% yield. A simple filtration

separated the precipitated copper adduct from the co-

balt-containing solution. The 18C6 ligand was recovered

by treating the 1∶1 adduct with HCl solution, yielding

aqueous copper(II) and insoluble [NH4][PF6]•18C6.

The ammonium hexafluorophosphate adduct with 18C6
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could be used again in separating [Cu(NH3)4(H2O)]2+

from [Co(NH3)6]
3+.

In a similar fashion, just as ammine ligands on transi-

tion metals bind to crown ethers, aqua ligands coordi-

nate25 to electropositive metals through oxygen

[M←OH2]
n+, showing an enhanced dipole and increased

acidity of the ligand. Crown ethers,25,174 macrocyclic

polyamines,175 and acyclic trisulfonate ligands176–178 have

all been reported as receptors for aqua complexes of

Mn3+, Co2+, Th4+, U4+, Sn4+, Er3+, and so on. The resulting

adducts show different solubilities and propensities for

crystallization, properties that can be utilized for

metal separation. Shimizu et al.176 have shown (Figure 10)

that 1,3,5-tris(sulfomethyl)benzene trianions can be

employed as second-sphere ligands for aqua com-

plexes. The methylsulfonate groups on this ligand adopt

a cis–cis–cis orientation, that is, they are all on the same

side of the benzene core. The convergently oriented

Figure 7 | (a) Structural formula and (b) tubular and space-filling representations of X-ray solid-state superstructure of

a rotaxane constructed by second-sphere coordination. The amide groups of the isophthalamide subunits in the

macrocycle establish four sets of hydrogen bonds with the chloride ligands of the palladium(II) metal complex,

providing the driving force for the [2]rotaxane formation. (c) X-ray solid-state structure of a [2]rotaxane formed by

second-sphere coordination between the thiocyanate ligands and the amide units of the macrocycle. The directional

nature of the thiocyanate ligands affords a degenerate binding geometry, leading to a degenerate [2]rotaxane shuttle

where the ring moves back and forth along the dumb-bell shaped axle 3300 times a second in CDCl3 solution at 15 °C.

Adapted with permission from ref 170. Copyright 2006 Royal Society of Chemistry.
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sulfonate groups interact with aqua ligands through

hydrogen bonds. The authors found177,178 that trivalent

cations (Fe3+, Cr3+, and Al3+) can be sandwiched

(Figures 10a–10c) between two of the ligands, forming

1∶2 adducts. Each ligand participants in the formation of

six hydrogen bonds with the aqua ligands. This trisulfo-

nate ligand also forms (Figures 10d–10f) 1∶1 adducts

when divalent cations (Cu2+, Mg2+, and Zn2+) are used.

The 1∶2 adducts, however, showed a better propensity

to form crystals. Competitive crystallization was per-

formed when equal molar amounts of the ligand,

Fe(NO3)3, and Zn(NO3)2 were combined in an aqueous

solution. Diffusion of MeOH into this mixture afforded

only yellow crystals of the 1∶1 adduct between the ligand

and Fe3+ aqua complex, leaving all the Zn2+ in solution.

This group also has demonstrated179–181 the construction

of porous materials by embracing second-sphere coor-

dination to aqua ligands.

One of the most commercially successful processes for

gold mining involves the cyanide protocol. A critical step

in this protocol is to strip Au(CN)2
− ions from the surface

of carbon into an aqueous solution under harsh condi-

tions,182–184 involving high temperatures (95–140 °C), high

pressures (70–400 kbar), and concentrated solutions of

cyanide and hydroxide. There is a demand to develop

new technologies that allow the operation of this proto-

col to occur under much milder conditions. We have, at

Northwestern University (NU), demonstrated185 that sec-

ond-sphere coordination between α-cyclodextrin (α-CD)

and KAu(CN)2 can be used to facilitate the separation.

Thus, single-crystal X-ray analysis reveals that α-CD and

KAu(CN)2 form a 1∶1 adduct (Figures 11a and 11b) under

slow evaporation conditions and a 2∶1 adduct by slow

diffusion of EtOH into an aqueous solution. In both cases,

adduct formation in the solid state is sustained by multi-

ple [C–H⋯π] and [C–H⋯anion] interactions between cy-

anide ligands in the first coordination sphere and α-CD in

the second sphere. The K+ counterions link the α-CD tori

in the crystal by forming (Figure 11c) coordinative [K+⋯O]

bonds with glucose residues.

In aqueous solution, the existence of the 1∶1 adduct

between KAu(CN)2 and α-CD was demonstrated by 1H

NMR titration and isothermal titration calorimetry. The

binding affinity was determined to be on the order of

104 M−1. Adduct formation in an aqueous solution is driven

by a favorable enthalpy change that overcomes a minor

entropic penalty. This 1∶1 adduct formation between KAu

(CN)2 and α-CD in aqueous solution is highly selective.

When β- or γ-CD are used, the binding affinities dropped

to around 102 and 101 M−1, respectively. Although

KAg(CN)2 was also found to form a 1∶1 adduct with

α-CD in aqueous solution, the binding affinity is an order

of magnitude lower than that of KAu(CN)2. This property

of second-sphere coordination can be applied

(Figure 11d) to the stripping of gold from the surface of

activated carbon into aqueous solution at room temper-

ature. Moreover, the stripping process is selective for

Au(CN)2
− in the presence of Ag(CN)2

−, making this new

Figure 8 | (a) Structural formula and (b) tubular and space-filling representations of X-ray solid-state structure of a

catenane constructed by second-sphere coordination. The catenation formation is driven by themutual recognition of

the PdCl2L2 subunit in one ring by its orthogonally disposed partner. Eight pairs of [NH⋯Cl] hydrogen bonds were

found between the first-sphere Cl ligands and the amide units of the second-sphere ligand. Adapted with permission

from ref 173. Copyright 2007 John Wiley and Sons.
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carbon-in-pulp process particularly attractive for mining

gold ores with a high silver-content. In principle, molec-

ular recognition processes could be integrated into

commercial gold-mining protocols and lead to signifi-

cantly reduced costs, energy consumption, and environ-

mental impact.

We at NU have also developed186,187 an eco-friendly gold

recovery protocol based on the serendipitous discovery

of adduct formation between α-CD and KAuBr4. In an

attempt to grow a CD-MOF188–191 using KAuX4 (X = Cl/Br),

we observed instantaneous formation of a brown precip-

itate (Figure 12a) on adding an aqueous solution of

KAuBr4 to a solution of α-CD in water. The X-ray super-

structure of crystals from this precipitate revealed

a 1∶2 second-sphere adduct between KAuBr4 and α-CD
(superstructure at left in Figure 12b), forming a one-

dimensional polymeric {[K(OH2)6][AuBr4]⊂(α-CD)2}n
superstructure.186 The first-sphere ligands H2O and Br−

are encapsulated by the second-sphere ligand α-CD. The
α-CDs are packed alternately in head-to-head and tail-to-

tail fashion, leading to the formation of closely packed,

one-dimensional channels. The K+ is coordinated by six

H2O ligands, forming an octahedrally coordinated

[K(OH2)6]
+ ion which is sandwiched between the sec-

ondary faces of two α-CDs. This type of encapsulation is

unusual considering the fact that here a fully hydrated K+

ion is buried inside a hydrophobic binding cavity. The

hydrophobic AuBr4
− ion with a square-planar coordina-

tion geometry is encapsulated between the primary

faces of two α-CDs, where each primary face is occupied

with a Br− ligand. The hydrophobic effect, plus [C–H⋯Br–

Au] hydrogen bonds between AuBr4
− and the 12 H-5 and

H-6 atoms on the primary faces of α-CDs, provide the

driving forces for second-sphere coordination of AuBr4
−

with α-CDs. It is also worth mentioning that, inside the

one-dimensional channel formed by α-CD, the two first-

sphere coordination complexes line up with alternate

positive and negative charges, stabilizing the overall

superstructures by electrostatic interactions.

The coprecipitation process between α-CD and

KAuBr4 is highly selective. No precipitate is obtained

when α-CD is replaced with β- or γ-CD, which do not

encapsulate the [K(OH2)6]
+ counterion complex. Al-

though these larger cyclodextrins fail to induce forma-

tion of the low-solubility superstructure with KAuBr4,

they do afford (Figure 12b) some more soluble com-

plexes. Also, the use of KAuCl4 does not induce copre-

cipitation with α, β, or γ-CD, though again, more soluble

complexes can be isolated. The highly selective precipi-

tation of KAuBr4 with α-CD can even be achieved in the

presence of other coordination complexes, including

PtX4
2− and PdX4

2− (X = Cl/Br). The gold recovery effi-

ciency is highly dependent on the counterions of AuBr4
−,

with the K+ ion delivering by far the highest yield (∼80%)

Figure 9 | A cyclic process for the separation of Cu2+

from Co3+ based on second-sphere coordination. When

one molar equivalent of 18C6 was added to a solution

containing one molar equivalent each of [Co(NH3)6]

[PF6]3 and [Cu(NH3)4(H2O)][PF6]2, the 1∶1 copper

adduct was precipitated exclusively in >90% yield. A

simple filtration can separate the precipitated copper

adducts from the cobalt-containing solution. The 18C6

ligand can be recovered by treating the 1∶1 adduct

with HCl solution, which yields aqueous copper(II) and

insoluble [NH4][PF6]•18C6. The ammonium hexafluor-

ophosphate adduct with 18C6 could be used again

in separating [Cu(NH3)4(H2O)]2+ from [Co(NH3)6]
3+.

Adapted with permission from ref 25. Copyright 1986

John Wiley and Sons.
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of precipitated complex. Gold recovery decreases to 0%,

41%, and 61% for Na+, Rb+, and Cs+, respectively.187 Hydrat-

ed counterions are not found in the crystal structures of

these latter complexes, the alkali metal ions being instead

coordinated by oxygen atoms of the cyclodextrin’s glu-

cose residues. Temperature also plays an important

role in the recovery yield, with lower temperatures lead-

ing to decreased solubility of the adducts: the gold

recovery yield reaches 94% when the coprecipitation is

carried out at 0 °C.

A laboratory-scale gold-recovery process has been de-

veloped (Figure 13) based on this highly selective, simple,

fast, and efficient coprecipitation method. Two scrap

gold-bearing alloys containing 58 wt % of Au and 42 wt

% of other metals (Zn, Cu, and Ag) were converted into

HAuBr4 by dissolving them in a mixture of the concen-

trated acids HBr and HNO3 and then neutralizing the

solutions with aqueous KOH. When α-CD was added to

both solutions, coprecipitation occurred immediately in

the presence of other metal ions, including Zn2+ and Cu2+.

The coprecipitated adduct—containing the recovered

gold—was separated by filtration and then treated with

a reductant, specifically Na2S2O5, to afford the recovered

metal. The gold recovery from the two samples of gold

scrap resulted in 89% yield with 97% purity and 92% yield

with 95% purity.186 For a larger, industrial-scale gold-re-

covery process, KAuBr4 can be generated in situ using an

etchant solution that is either composed of KBr, Br2, and

H2O (Figure 13a) or KBr, O3, and H2O2 (Figure 13b). This

gold recovery process is much more environmentally

benign in comparison with the universally accepted cya-

nide process. In view of the economic feasibility of the

process, a startup company, Cycladex, was established in

2014. The Cycladex process has several advantages over

the cyanide protocol, including faster leaching times,

higher gold recovery efficiency, reduced environmental

concerns, lower cost, and lower capital expenditure. The

Taogroup192,193 andour ownNU-based team194 discovered,

simultaneously and independently, that cucurbit[n]urils

(CB[n], n = 5–8) are superior second-sphere ligands for

AuX4
− (X = Cl/Br) and lead194 to instant coprecipitation

(Figure 14a) of the adduct from aqueous solution. Instead

Figure 10 | Tubular and space-filling representation of 2∶1 adducts between acyclic sulfonate ligand and

(a) [Fe(OH2)6]
3+, (b) [Cr(OH2)6]

3+, and (c) [Al(OH2)6]
3+. Tubular and space-filling representation of 1∶1 adducts

between acyclic sulfonate ligand and (d) [Cu(OH2)6]
2+, (e) [Zn(OH2)6]

2+, and (f) [Mg(OH2)6]
2+. A competitive

crystallization can be employed to separate Fe3+from Zn2+. Equimolar amounts of the acyclic sulfonate ligand,

Fe(NO3)3, and Zn(NO3)2 were combined in an aqueous solution. Diffusion of methanol into this mixture afforded

only yellow crystals of the 1∶1 adduct between the ligand and Fe3+ aqua complex, leaving all the Zn2+ in solution.
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of encapsulating the AuX4
− ions inside the binding cavity,

cucurbiturils interact with AuX4
− through their outer sur-

faces. The X-ray superstructure of an adduct between

CB[6] and HAuCl4 reveals that each CB[6] is associated

(Figure 14b) with four AuCl4
− ions through a combination

of [Au–Cl⋯C=O] ion-dipole and [Au–Cl⋯H–C] hydrogen-

bonding interactions between the Cl atoms in AuCl4
− and

the methine hydrogen atoms on the outer surface of CB

[6]. The solid-state superstructure of the adduct between

CB[6] and HAuBr4 is quite different from that of the

adduct between CB[6] and HAuCl4. The AuBr4
− anions

exhibit two types of bindingwithCB[6]molecules. Oneof

the AuBr4
− anion is connected with two CB[6] molecules

located (Figure 14c) in adjacent layers, as a result of

[Au–Br⋯H–C] interactions. The other AuBr4
− anion inter-

acts with five CB[6] molecules through [Au–Br⋯H–C]

hydrogen-bonding and [Au–Br⋯C=O] interactions.

Gold recovery using CB[6] is highly efficient: the yield is

between 93% and 96% depending on the halide ligands of

AuX4
− and its counter cations. Additionally, a laboratory-

scale gold-recovery protocol has been developed using a

yellow gold-bearing alloy wire, which contains 58 wt % of

Au and 42 wt % of Cu, Zn, and Ag. The gold portion of the

alloy wire was converted to a solution of HAuCl4 by

dissolving it in a mixture of HCl and H2O2. When an

aqueous solution of CB[6] is added to this gold-contain-

ing solution, coprecipitation of the adduct between CB[6]

and HAuCl4 occurs immediately. Elemental analysis

revealed that 99.8%of the gold present in the rawmaterial

was recovered, and its purity is 98.1%. The CB[6] can be

recovered by recrystallization, providing yet another op-

portunity to develop more efficient processes for gold

recovery.

Gong et al.195 have reported a tetracationic imidazolium

cyclophane, which acts (Figure 15a) as a receptor to

coprecipitate square-planar coordination complexes

of noble metals—AuCl4
−, PtCl4

2−, and PdCl4
2−—from

aqueous solution. Single-crystal X-ray superstructures

(Figures 15b–15d) of the adducts formed between this

receptor and AuCl4
−, PtCl4

2−, and PdCl4
2− were obtained.

Although the formation of these adducts involves

[C–H⋯Cl–M] hydrogen-bonding, anion-π, and electro-

static interactions, the coordination complexes do not

have strong directional preferences or shape selectivity

for the structurally flexible cyclophane. The coprecipita-

tion is thus driven primarily by the formation of hydro-

phobic ion pairs in aqueous solution.

Smith et al.196 have developed a precise molecular

recognition process (Figure 16) for the square planar ions

[AuX4]
− (X = Cl/Br) using a durene-based tetralactam

macrocycle. The cavity of this receptor is preorganized

(Figures 16a and 16b) with four convergent hydrogen-

bond donors to interact with the electronegative halide

ligands. Meanwhile, the receptor possesses a pair of

parallel arene units (durene residues) as π-electron
donors to interact with the electropositive metal center.

Several single-crystal X-ray superstructures were

obtained (Figures 16c and 16d) of the adducts between

this receptor and coordination complexes of precious

metals, including AuX4
− (X = Cl/Br), PtCl4

2−, and

Pd2Cl6
2−, which confirmed the presence of the hydrogen

bonds and [metal⋯π] interactions. These second-sphere

coordination adducts were also shown to exist in solu-

tion, with 1H NMR titrations indicating that their stability

in solution depends on the nature of both the halide

ligands and the metals. The binding affinity of AuCl4
−

(Ka = 7.8 × 104 M−1) is about 30 times stronger than that

of AuBr4
− (Ka = 2.5 × 103 M−1). When the metal center is

changed fromAu(III) to Pt(II), the binding affinity (X = Cl)

was decreased by a factor of 3900 to Ka = 20 M−1,

highlighting the critical role of [metal⋯π] interactions.

Addition of the receptor to a solution of HAuCl4 or

HAuBr4 in an organic solvent led to instant coprecipita-

tion of the adducts. In subsequent work, Jiang et al.197

have developed a similar 2,3-dibutoxynaphthalene-

based tetralactam macrocycle that can capture AuCl4
−

from organic solution. Molecular modeling suggests that

Figure 11 | (a) Space-filling and (b) tubular representa-

tions of the X-ray superstructure of an adduct between

α-CD and the Au(CN)2
− anion. (c) Stick and space-filling

representation of the crystal packing between Au(CN)2
−

anions and α-CDs, showing the positions of K+ cations and

Au(CN)2
− anions. (d) Graphical illustration of gold strip-

ping from the surface of activated carbon into aqueous

solution using α-CD at room-temperature. Adapted with

permission from ref 185. Copyright 2021 American Chem-

ical Society.
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Figure 12 | (a) Selective formation of a coprecipitate α-CD•KAuBr4. The brown precipitate formed instantly when

adding an aqueous solution of KAuBr4 into a solution of α-CD in H2O. (b) Stick and space-filling representation of the X-

ray superstructures of α-CD•KAuBr4, β-CD•KAuBr4, γ-CD•HAuBr4, α-CD•KAuCl4, β-CD•KAuCl4, and γ-CD•HAuCl4. The

major reason for the adduct co-precipitation between α-CD and KAuBr4 is that they form a one-dimensional polymeric

{[K(OH2)6][AuBr4]⊂(α-CD)2}n superstructure. Adapted with permission from ref 186. Copyright 2013 Springer Nature.
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adduct formation is sustained by the same patterns of

noncovalent bonding interactions.

In an effort to direct the molecular recognition process

toward a practical gold-recovery technology, Smith

et al.198 have developed (Figures 16e and 16f) an acyclic

system that can be made to work in a similar manner to

their tetralactam macrocycle196 for the coprecipitation of

gold halides. The acyclic amides can be rendered soluble

in either organic or aqueous solvents, depending on the

constitution of the solubilizing R groups. These acyclic

receptors and the gold(III) halide complexes coprecipitate

instantly from solution. X-ray diffraction analysis of the

recrystallized coprecipitates reveals (Figures 16g and 16h)

a similar pattern of noncovalent-bonding interactions to

the binding of the gold halides by the tetralactam macro-

cycle involving an array of hydrogen bonds in addition to

[Au⋯π] interactions. These acyclic receptors with low

molecular weights can be prepared cheaply on a large

scale, rendering them attractive molecules for the devel-

opment of next-generation gold-recovery technologies.

Catalysis
Natural enzymes perform catalytic reactions at lightning

speeds and with high substrate selectivities using a po-

tent catalytic center within a nanoconfined pocket91,199

constructed by chain-folding of a protein molecule. The

superstructure of an enzyme-binding pocket not only

dictates the substrate selectivity but also isolates the

catalytic center from other reactive sites. This compart-

mentalization of different catalytic centers enhances200

the stability of a given catalytic center and extends its

functional lifetime. Following pioneering research by

Breslow et al.201–208 in the 1970s using cyclodextrins and

their derivatives, there have been continued efforts to

develop enzyme analogues that allow catalytic reactions

to be performed in confined nanoenvironments.91,199

Significant advances have been made in creating

these artificial enzymes, as summarized209–219 in several

excellent reviews. It turns out that second-sphere coor-

dination has been exploited widely as an emerging strat-

egy for designing artificial enzymes by encapsulating

catalysts inside molecular containers, leading to high

efficiencies and excellent regio- and stereoselectivities

being achieved at the catalytic centers.

Sollogoub et al. 220 have demonstrated a good example

of regioselectivity that involves switching using covalent

N-heterocyclic carbene-capped α- and β-cyclodextrins as
second-sphere coordination ligands, encapsulating a

Cu(I)Cl catalyst. The resulting catalysts, α- and β-CD-

CuCl, were investigated (Figure 17a) for copper-cata-

lyzed hydroboration of substituted and unsubstituted

terminal and internal phenylalkynes. It was found that

α-CD-CuCl results in excellent selectivity for the linear

products (Figure 17b), yielding a branched-to-linear

(B/L) ratio of 9∶91. By contrast, the β-CD-CuCl catalyst

leads mainly to branched products, with a B/L ratio of

90∶10. The changed shape of the cavity promotes, not

only a regioselectivity switch, but also a mechanistic

switch. Density functional theory (DFT) calculations indi-

cate that the cavity of α-CD-CuCl promotes an orthogonal

approach of acetylene, leading to a linear product. The

larger cavity of β-CD-CuCl favors instead a parallel ap-

proach, inwhich the alkyneprojects directly into the cavity.

In a subsequent investigation, the same authors

reported221 another example (Figure 17c) of

Figure 13 | Flow diagrams of gold recovery based on the formation of the insoluble 1∶1 adduct between α-CD and

[K(OH2)6]
+[AuBr4]

−. KAuBr4 can be generated in situ using an etchant solution that is either composed of (a) KBr, Br2,

and H2O or a greener oxidant (b) KBr, O3, and H2O2. Red arrows indicate the flow direction of the gold recovery.

Na2S2O5 = Sodium metabisulfite.
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Figure 14 | (a) Rapid formation of coprecipitates CB[6]•MAuX4 (M = H/K, X = Cl/Br) from a mixture of CB[6] and

MAuX4 in aqueous solution. (b) Ball-and-stick representation of X-ray superstructure of the adduct between CB[6]

and AuCl4
−. Each CB[6] is associated with four AuCl4

− anions through a combination of [Au–Cl⋯C=O] ion-dipole

interactions and [Au–Cl⋯H–C] hydrogen-bonding interactions between the Cl atoms in AuCl4
− and the methine

hydrogen atoms on the outer surface of CB[6]. (c) Ball-and-stick representation of X-ray superstructure of the

adduct between CB[6] and AuBr4
−. The AuBr4

− anions exhibit two types of binding with CB[6] molecules. One of the

AuBr4
− anion is associated with two CB[6] molecules located in adjacent layers as a result of [Au–Br⋯H–C]

interactions. The other AuBr4
− anion interacts with five CB[6] molecules through the [Au–Br⋯H–C] hydrogen-

bonding and [Au–Br⋯C=O] interactions. Adapted with permission from ref 194. Copyright 2020 American Chemical

Society.
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regioselective catalysis using these two cyclodextrin-

based catalysts for the hydrosilylation of α,β-unsaturated
enones. The very reactive monomeric hydride (L)CuH is

stabilized inside the cavity, leading to the high efficien-

cies exhibited by these two catalysts. Remarkably, exclu-

sive 1,2-addition is observed using α-CD-CuCl, with good

enantiomeric excesses. In contrast, the β-CD-CuCl cata-

lyst, with its larger binding cavity, promotes the full

reduction of the substrate. The difference in selectivity

for these two catalysts can be attributed to the difference

in the sizes of the binding cavities, which control the

accessibility of the substrate to the catalytic Cu(I) center.

Additionally, the interactions between CDs and their

substrates favor 1,2-addition for α-CD-CuCl and 1,4-addi-

tion for β-CD-CuCl. This example demonstrates the ability

of the two cyclodextrin-based ligands to stabilize the

reactive catalytic center and select for different orienta-

tions of the substrate, resulting in highly effective catal-

ysis with excellent regioselectivities.

The Raymond, Bergman, and Toste triumvirate211,216,222–224

at UC Berkeley have investigated numerous catalysts

within confined nanospaces by exploiting a family of

polyanionic tetrahedral cages that function as second-

sphere ligands for the encapsulation of catalysts com-

posed of coordination complexes. For example, they have

reported (Figure 18a) a rare example of site-selective

hydrogenation of alkenes, promoted223 by a catalyst

composed of a naphthalene-based gallium(III) cage

(“Naph-Cage”) encapsulating a cationic (DMPE)Rh(COD)

precursor (DMPE = 1,2-bis(dimethylphosphino)ethane;

COD = 1,5-cyclooctadiene). Using this cage-encapsulated

catalyst, the authors observed high conversions of alkenes

where the doublebond is remote from the hydroxyl group,

as in 5- and 4-hexen-1-ols. Conversely, little or no conver-

sion of the double bonds more proximate to the hydroxy

groups presented in 3- and 2-hexen-1-ols was observed

under the same conditions. Moreover, the free Rh catalyst

operating in bulk solution led to a quantitative conversion

ofall hexen-1-ol substrates, regardlessof thepositionof the

C=C double bond. The site-selectivity of this cage-encap-

sulatedcatalyst hasbeenattributed topreferential binding

of the more lipophilic alkyl end of the pendant alcohol

substrate within the cavity. In a further demonstration of

site-selective hydrogenation, the authors showed223 that

the fatty alcohol of lineolenic acid (Figure 18b), which

contains three points of unsaturation, undergoes only

Figure 15 | (a) Rapid formation of coprecipitates cyclophane•MX4
n− (M = Au/Pt/Pd, n = 1 or 2) in aqueous solution. Ball-

and-stick representations of X-ray superstructures between cyclophane and (b) AuCl4
−, (c) PtCl4

2−, and (d) PdCl4
2−.

These noble-metal coordination complexes do not have strong directional preference or shape selectivity for the

structurally flexible cyclophane. The coprecipitation is driven primarily by the formation of hydrophobic ion pairs in an

aqueous solution. Adapted with permission from ref 195. Copyright 2018 Elsevier.
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monohydrogenation (74% yield) of the terminal double

bond in the presence of a larger pyrene-based cage (“Pyr-

Cage”). This example shows that supramolecular catalyst-

directed regioselectivity, based on second-sphere coordi-

nation, can overcome any inherent selectivity deriving

from the substrate or a nonencapsulated catalyst.

Second-sphere coordination of transition-metal cata-

lysts has also been shown to enhance enantioselective

transformations. Reek et al.225 have reported the encap-

sulation of a chiral Rh complex in an achiral supramolec-

ular cage (Figure 19a) formed by coordination-driven

self-assembly of a macrocyclic dipalladium complex and

a tetracarboxylate zinc porphyrin. The resulting encap-

sulated catalyst is highly active in the case of the hydro-

formylation of styrene and derivatives (Figure 19b),

which were converted into aldehydes with a much higher

chiral induction—up to 71% e.e.—than with the free

Rh catalyst. The stereoselectivity demonstrated by

the encapsulated catalyst is based on controlling the

second-sphere coordination by way of the structural

constraints imposed by the cage. The same group has

also described several examples in which second-sphere

coordination is able to control regioselectivity in hydro-

formylation reactions.226–230

MOFs can be synthesized with a wide range of nodes

and linkers,2–16 making them an attractive platform for

systematic engineering of second-sphere interactions.

Inspired by the effectiveness of biological catalytic

conversion of carbon dioxide to the glucose precursor

glyceraldehyde-3-phosphate, performed in compart-

mentalized organelles, Tsung et al.231 have investigated

(Figure 20) the influence of second-sphere coordination

on catalytic reactivity in the hydrogenation of carbon

dioxide to methanol, using MOF UiO-66 as the second-

sphere ligand to encapsulate a transition-metal catalyst.

This catalytic system is composed of three components:

(1) a ruthenium PNP pincer complex (green) to carry out

the hydrogenation of carbon dioxide to formic acid, (2)

the Zr6(OH)4O4 metal nodes of the MOF to convert

formic acid to formate ester, and (3) a second ruthenium

Figure 16 | (a) Schematic illustration of binding AuX4
− with cyclophane through two sets of directional interactions,

that is, hydrogen bonding and Au-aromatic stacking. (b) The structural formula of a durene-based tetralactam

macrocycle. Ball-and-stick representations of the X-ray solid-state superstructure of the adducts of macrocycle with

(c) AuCl4
− and (d) AuBr4

−. (e) Schematic illustration of binding AuX4
− with acyclic ligands through two sets of

directional interactions (hydrogen bonding and Au-aromatic stacking). (f) The structural formula of a durene-based

acyclic ligand. Ball-and-stick representations of the X-ray solid-state superstructure of the adducts of a durene-based

acyclic ligand with (g) AuCl4
− and (h) AuBr4

−. Adapted with permission from ref 196. Copyright 2018 American

Chemical Society.

MINI REVIEW

DOI: 10.31635/ccschem.021.202101286
Corrected Citation: CCS Chem. 2022, 4, 755–784
Previous Citation: CCS Chem. 2021, 3, 3436–3465
Link toVoR:https://doi.org/10.31635/ccschem.021.202101286

772

https://doi.org/10.31635/ccschem.021.202101286
https://doi.org/10.31635/ccschem.021.202101286


PNN pincer complex (orange) to catalyze hydrogenation

of the formate ester to methanol. The final product,

methanol, was only observed in these cascade hydro-

genation reactions when the two ruthenium complexes

were separated from each other by encapsulating the

PNP catalyst into the cavity of the MOF, illustrating the

importance of component separation for efficient catal-

ysis. The beneficial effects of the second-sphere coordi-

nation were investigated extensively for the first catalyst

in this cascade process. The synthetic flexibility of the

MOF UiO-66 allowed the authors to modify the linkers

with different substituents, leading to a series of

functionalized MOF UiO-66. They found that when a

primary ammonium functional group, [Ar-NH3]
+, is

employed, the resulting UiO-66-NH3
+ significantly

improves the catalytic efficiency for hydrogenation of

carbon dioxide to formic acid. Mechanistic investigations

revealed that the arylammonium group functions as a

general Brønsted acid. Consequently, the resulting cata-

lyst system provides access to high catalytic perfor-

mance by manipulating second-sphere interactions.

The authors obtained the highest reported turnover

number (TON) (19,000) and turnover frequency (TOF)

(9100 h−1) for hydrogenation of carbon dioxide to

Figure 17 | (a) Covalent N-heterocyclic carbene-capped α- and β-CDs as second-sphere coordination ligands, which

encapsulate a Cu(I)Cl catalyst. (b) Copper-catalyzed hydroboration with substituted and unsubstituted terminal

and internal phenylalkynes using α- and β-CD-CuCl. The use of α-CD-CuCl results in excellent selectivity for the

linear products, yielding a B/L ratio of 9∶91. In contrast, the β-CD-CuCl catalyst leads to the branched products

with a B/L ratio of 90∶10. (c) Hydrosilylation of α,β-unsaturated enones catalyzed by α- and β-CD-CuCl. Exclusive

1,2-addition using α-CD-CuCl with good enantiomeric excesses was observed. The β-CD-CuCl catalyst was found to

promote the full reduction of the substrate. Adapted with permission from ref 220. Copyright 2017 John Wiley and

Sons.
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methanol. Furthermore, the recyclable nature of this

system allowed the authors to achieve a cumulative TON

of 100,000 after 10 reaction cycles.

Biomolecular Chemistry
Biological macromolecules have long been known to

bind to transition-metal complexes, most notably, per-

haps, the metal-based anticancer drugs cisplatin,25,52

[cis-(Pt(NH3)2(Cl)2], and carboplatin53,54 that complex

with DNA and inhibit its replication and transcription.

These drugs react with the guanine bases of DNA in

the major groove, initially via aquation, with loss of

halide or carboxylate ligands, followed by direct

(first-sphere) coordination of the metal center by gua-

nine nitrogen atoms that displace the coordinated wa-

ter. Over the past decade, however, it has also been

established that kinetically inert complexes of rutheni-

um(II) with heterocyclic ligands such as 2,2′-bipyridine

(bipy), phenanthroline (phen), and dipyridophenazine

(dppz) are able to bind to double-helical DNA by a

second-sphere mechanism (Figure 21), involving inter-

calation of a heterocyclic ligand between successive

pairs of nucleobases, without a great deal of base

specificity.232

Figure 18 | (a) The structural formula of a Naph-Cage,

which can encapsulate the Rh catalyst, (DMPE)Rh(COD),

for the site-selective hydrogenation of olefins. High con-

versions of olefins inwhich the double bond is remote from

the hydroxyl group (5- and 4-hexen-1-ol) are seen. Mean-

while, little or no conversion of more proximate double-

bonds (3- and 2-hexen-1-ol) was observed under the same

catalytic conditions. (b) The structural formula of a Pyr-

Cage which encapsulates a Rh catalyst, catalyzing mono-

hydrogenation of the fatty alcohol of lineolenic acid that

contains three points of unsaturation. Adapted with per-

mission from ref 223. Copyright 2019 American Chemical

Society.

Figure 19 | (a) Ball-and-stick representation of a chiral Rh

complex in an achiral supramolecular cage formed from

coordination-driven self-assembly of macrocyclic dipalla-

dium complex and tetracarboxylate zinc porphyrins.

(b) Hydroformylation of styrene and derivatives, which

were converted into formyl products with a very high chiral

inductionofupto71%e.e. catalyzedby theencapsulatedRh

catalyst, significantly outperforming the free Rh catalyst.

Figure 20 | A host–guestmulticomponent catalyst system

for the hydrogenation of carbon dioxide to MeOH engi-

neered by second-sphere coordination. In this system, the

green ruthenium complex 1@UiO-66-NH3
+ carries out the

hydrogenation of CO2 to HCO2H, the blue Zr6(OH)4O4

nodes of the MOF converts formic acid to formate ester,

and the orange 2@UiO-66 carries out the hydrogenation

of formate ester to MeOH. Adapted with permission from

ref 231. Copyright 2021 American Chemical Society.
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Single-crystal X-ray studies of such systems, using

double-stranded DNA oligomers (typically decamers or

dodecamers), have revealed a wide range of binding

geometries (Figure 22), depending to some extent on

the base pairs involved but mainly on the detailed struc-

ture and chirality of the metal complex.233–235 Given the

opposite charges of the DNA host (strongly anionic) and

the metal complex guest (di-cationic), together with the

relatively low polarity of the heterocyclic ligands and the

coplanarity of the base pairs, it seems likely that electro-

static forces, hydrophobic effects, and [π⋯π] stacking

interactions all play significant roles in the second-sphere

binding of these complexes to DNA.

Ruthenium complexes of the type shown in Figure 21

are known sensitizers for photooxidation of DNA. This

observation can be turned to advantage in photody-

namic cancer therapy where only targeted tissue is

destroyed. Recent studies of single crystals of a DNA

oligomer bound to such a photosensitizing ruthenium

complex, using both X-ray crystallography and ultra-

fast (picosecond) infrared (IR) laser spectroscopy,

have shown236 for the first time how light absorption

by the metal complex and consequent electron trans-

fer from the readily oxidized guanine base are related

to DNA damage. Such damage represents the first

step in killing a tumor cell. Guanine residues are also

important in the specialized drug target known as the

G-quadruplex, which has a large planar aromatic sur-

face and which correspondingly has a strong affinity

for large aromatic ligands. This type of unit is particu-

larly easy to oxidize and so there is much scope for

donor–acceptor matching in the design of new thera-

peutic agents.236

Summary and Outlook
Second-sphere coordination has emerged as a strategy

to access many functional systems in molecular recogni-

tion, construction of MIMs, metal separations, catalysis,

and biomolecular chemistry. The noncovalent bonding

interactions between the second-sphere ligands and co-

ordination complexes can fine-tune the chemical, physi-

cal, electrochemical, and photochemical properties of

the resulting adducts, leading to numerous opportunities

in creating new technologies.

As one of the future directions for this chemistry,

second-sphere coordination can be employed to develop

new protocols for the sustainable separation of metals.

Currently, most of the effort has been focused on new

strategies for gold separation by second-sphere coordi-

nation, but similar principles can undoubtedly be applied

Figure 21 | Representative DNA-binding complexes

[Ru(LL)3]
2+, with illustrative modes of intercalation into

DNA between nucleobase pairs. L = Phen, bpy.

Figure 22 | Summary of the main binding modes of the

two enantiomers of [Ru(L)2dppz)]
2+ with duplex DNA

(L=phenanthrolineortetraazaphenanthroline,TAP).Λ form

is shown in blue and Δ form in green. The specific binding

mode adopted is dependent on the DNA sequences in-

volved, so that the symmetrical intercalation mode, for

example, has so far been foundonly at theduplex sequence

TA/TA. This sequence specificity arises from π–π stackingof

phenanthroline with the adenosine (A) residues.
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to the separation of other metals. Second-sphere coor-

dination can facilitate the crystallization, precipitation,

leaching, and chromatographic separation in metal-pu-

rification processes, leading to selective, efficient, and

green separation technologies for metals.

In the solid state, MOFs have provided a versatile

platform for the operation of AMMs by harnessing the

concept of second-sphere coordination. Some elegant

examples of mechanically interlocked MOFs with ma-

chine-like dynamics have been demonstrated.237–241 The

operation of these molecular machines in the solid state

may well provide an important route for the realization of

advanced technologies in gas storage, drug delivery, and

molecular separations.

Looking to the longer term, the marriage between

supramolecular and coordination chemistry can clearly

generate new pathways for tackling societal challenges

in health, energy, and the environment. We envision that

this field will attract more and more attention from mul-

tidisciplinary researchers, who will unleash the potential

of this concept to advance chemistry, medicine, materi-

als, and environmental science.
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