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acid source, this cage enabled a multistep, one-pot synthesis with 
acid-sensitive reagents such as imine-based helicate-8. Helicate-8 
underwent ligand substitution with pyridyl aldehydes that are 
in  situ deprotected by host-7, to give non-brominated helicate-9. 
Another example of a host containing activating groups for cataly-
sis is the supramolecular trigonal prism synthesized by Mukherjee 

and co-workers54. Host-10 self-assembles from six equivalents 
of urea-containing pyridyl ligands, six equivalents of Pdii, and  
six equivalents of a shorter ligand to “clip” the supramolecular 
prism together (Fig. 2b). Hydrogen bonding interactions from  
the urea functionalities activated Michael additions of nitro- 
olefins to 1,3-dimethylbarbituric acid and Diels–Alder reactions of 
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Fig. 2 | Organic transformations promoted by supramolecular hosts. a, Acetal hydrolysis catalysed by acid-functionalized host-7, followed by helicate 
substitution reaction to generate helicate-9. b, Self-assembled host-10 containing urea activating groups, and the 1,4-addition to nitro-olefins, promoted 
by the urea functionalities. c, Supramolecular host for a catalytic Diels–Alder reaction, illustrating the selectivity for the smaller diene in the Diels–Alder 
reaction with para-quinone. d, Tandem reaction catalysed by hosts 12 and 13 to generate Diels–Alder adduct 14 selectively in one pot. e, Top: encapsulation 
of aryl amides enforces a twisted-cis conformation within host-15. Bottom: the twisted-cis conformation of encapsulated amides accelerates hydrolysis.
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Supramolecular Chemistry Host-Guest Chemistry

Host-Guest interaction : Many noncovalent bonds
・ electrostatic interactions
・ dipole-dipole interactions
・ hydrogen bond
・ hydrophobic interactions

fragile and reversible

Stronger with multiple bonds

Paul J. Lusby, et al., J. Am. Chem. Soc. 2018, 140, 2862.            Joost N. H. Reek, et al., J. Am. Chem. Soc. 2015, 137, 2680.



molecular hosts, despite the first examples of asymmetric
induction by supramolecular hosts appearing decades ago.28,29

2. EARLY EXAMPLES OF SUPRAMOLECULAR HOSTS
IN CHEMISTRY AND CATALYSIS

Pedersen’s seminal papers on alkali metal complexes of crown
ethers are among the roots of supramolecular chemistry as a
distinct discipline.30,31 Because the cavities of crown ethers are
not strongly hydrophobic, these early supramolecular hosts were
not ideal candidates for the encapsulation of organic substrates,
instead demonstrating high affinities for alkali metal cations
appropriate for their cavity size. Among contemporary molecular
structures with defined cavities, cyclodextrins saw the earliest
successful applications as simple enzyme models. Cyclodextrins
are naturally occurring cyclic oligomers of α-D-glucopyranoside
monomers, soluble in water but containing a defined, hydro-
phobic interior (Figure 1). For the most commonly applied α-,

β-, and γ-cylodextrins (6, 7, or 8 glucose units, respectively), the
host cavity is ∼5.6−8.8 Å in diameter. The upper and lower rims
of these cylindrical structures contain a network of hydroxyl
groups, while the walls of the toroidal molecule bound a
hydrophobic cavity. Lyophilic binding of organic substrates of
appropriate size was observed in aqueous solution as well as
organic solvents, with the orientation of guest molecules
controlled by both steric constraint and the polar seam of
hydrogen bonds at the cavity boundary.
Cyclodextrins had much to recommend them as supra-

molecular enzyme mimics: their structure had been unambigu-
ously described by X-ray diffraction studies, and their nonspecific
hydrophobic cavities allowed inclusion of varied organic small
molecules.32 Kinetic studies of the decarboxylation of cyano-
acetic acids by Cramer and Kampe33 demonstrated that organic
reactions could be accelerated by inclusion in the cyclodextrin
cavity. This catalysis was specific to β-cyclodextrin; the smaller α-
cyclodextrin could not encapsulate substrates in a productive
conformation. Rate accelerations observed in this study were
very small (kcat/kuncat = 15), particularly in comparison to
enzymatic catalysts. This is due to the nonspecific nature of the
host−guest interactions in comparison to those in enzymatic
catalysts with their richer variety of functional groups. Studies by
Bender and co-workers29,34 established similar findings in the
study of ester hydrolysis by cyclodextrins. In the presence of the
cyclodextrin host, hydrolysis showed enzymelike kinetics:
formation of a host−substrate complex followed by substrate
conversion to product. Study of the rates of a variety of these
esters within the α-, β-, and γ-cyclodextrins demonstrated that
the rate of ester hydrolysis was found to vary not only with the

substrate’s hydrophobicity but also with its shape, and rate
accelerations (kcat/kuncat) as high as 250-fold were observed.
Encapsulation of substrates can also have powerful con-

sequences for the regioselectivity of host-mediation trans-
formations. Breslow and Campbell,35 studying the chlorination
of anisole by hypochlorous acid, found that cyclodextrins could
be used to manipulate the distribution of products. In the
absence of any host, chlorination of anisole gives a mixture of o-
and p-chloroanisole. Encapsulation of anisole within α-cyclo-
dextrin, however, shields the ortho sites from substitution due to
the specific orientation within the host cavity (Figure 2). The

product ratio is dictated by the relative amounts of bound and
unbound substrate; by measurement of the association constant
and the product distribution, the relative rate of reaction for
encapsulated anisole could be measured. For this transformation,
kcat/kuncat was 5.6 ± 0.8, a measurable but small acceleration of
the reaction inside the host cavity. This study importantly
demonstrated the potential for simple host structures to echo the
properties of enzymatic catalysts, though the catalysis was not
particularly efficient. Additionally, while this reaction can also be
catalyzed enzymatically, the selectivity of the cyclodextrin-
catalyzed reaction is superior,36 highlighting the opportunity
for supramolecular enzyme mimics to complement the chemical
versatility of enzymes.
With enzymes typically being orders of magnitude more active

than these models, efforts to improve these supramolecular
enzyme mimics varied both the substrate and host structure.
Cyclodextrins’ amenability to specific chemical modification is a
marked advantage of these host structures and continues to be a
rich area of exploration.11,37 In efforts to improve the activity of
cylcodextrins in catalyzing ester hydrolysis, Breslow et al.38

modified β-cyclodextrin through the addition of N-methyl-
formamide substituents along one of the cavity edges. These
nonpolar substituents were themselves encapsulated, trans-
forming the toroidal cyclodextrin into a bowl-shaped pocket in
order to disfavor dissociation of the substrate. For smaller
substrates, including m-nitrophenyl acetate, this modification
produced rate enhancements of about an order of magnitude.
However, for larger substrates, the occupation of part of the
cavity instead retarded the rate of reaction. Breslow’s studies
demonstrated that high rate enhancements could be obtained by
use of substrates that formed particularly strong inclusion
complexes.39 Ferrocene-based substrates were deacylated most
efficiently by native β-cyclodextrin, giving as high as million-fold
non-catalytic rate enhancements.121

One limitation of the supramolecular catalysis presented thus
far is the absence of bimolecular reactions combining two organic
substrates. While hydrolytic and substitution reactions have great

Figure 1. (Left) Schematic and (right) space-filling structures of α-
cyclodextrin, a cyclic hexamer of glucose and early host applied in
supramolecular catalysis.

Figure 2. Chlorination of anisole encapsulated by α-cyclodextrin.

Chemical Reviews Review

DOI: 10.1021/cr4001226
Chem. Rev. 2015, 115, 3012−3035
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molecular hosts, despite the first examples of asymmetric
induction by supramolecular hosts appearing decades ago.28,29

2. EARLY EXAMPLES OF SUPRAMOLECULAR HOSTS
IN CHEMISTRY AND CATALYSIS

Pedersen’s seminal papers on alkali metal complexes of crown
ethers are among the roots of supramolecular chemistry as a
distinct discipline.30,31 Because the cavities of crown ethers are
not strongly hydrophobic, these early supramolecular hosts were
not ideal candidates for the encapsulation of organic substrates,
instead demonstrating high affinities for alkali metal cations
appropriate for their cavity size. Among contemporary molecular
structures with defined cavities, cyclodextrins saw the earliest
successful applications as simple enzyme models. Cyclodextrins
are naturally occurring cyclic oligomers of α-D-glucopyranoside
monomers, soluble in water but containing a defined, hydro-
phobic interior (Figure 1). For the most commonly applied α-,

β-, and γ-cylodextrins (6, 7, or 8 glucose units, respectively), the
host cavity is ∼5.6−8.8 Å in diameter. The upper and lower rims
of these cylindrical structures contain a network of hydroxyl
groups, while the walls of the toroidal molecule bound a
hydrophobic cavity. Lyophilic binding of organic substrates of
appropriate size was observed in aqueous solution as well as
organic solvents, with the orientation of guest molecules
controlled by both steric constraint and the polar seam of
hydrogen bonds at the cavity boundary.
Cyclodextrins had much to recommend them as supra-

molecular enzyme mimics: their structure had been unambigu-
ously described by X-ray diffraction studies, and their nonspecific
hydrophobic cavities allowed inclusion of varied organic small
molecules.32 Kinetic studies of the decarboxylation of cyano-
acetic acids by Cramer and Kampe33 demonstrated that organic
reactions could be accelerated by inclusion in the cyclodextrin
cavity. This catalysis was specific to β-cyclodextrin; the smaller α-
cyclodextrin could not encapsulate substrates in a productive
conformation. Rate accelerations observed in this study were
very small (kcat/kuncat = 15), particularly in comparison to
enzymatic catalysts. This is due to the nonspecific nature of the
host−guest interactions in comparison to those in enzymatic
catalysts with their richer variety of functional groups. Studies by
Bender and co-workers29,34 established similar findings in the
study of ester hydrolysis by cyclodextrins. In the presence of the
cyclodextrin host, hydrolysis showed enzymelike kinetics:
formation of a host−substrate complex followed by substrate
conversion to product. Study of the rates of a variety of these
esters within the α-, β-, and γ-cyclodextrins demonstrated that
the rate of ester hydrolysis was found to vary not only with the

substrate’s hydrophobicity but also with its shape, and rate
accelerations (kcat/kuncat) as high as 250-fold were observed.
Encapsulation of substrates can also have powerful con-

sequences for the regioselectivity of host-mediation trans-
formations. Breslow and Campbell,35 studying the chlorination
of anisole by hypochlorous acid, found that cyclodextrins could
be used to manipulate the distribution of products. In the
absence of any host, chlorination of anisole gives a mixture of o-
and p-chloroanisole. Encapsulation of anisole within α-cyclo-
dextrin, however, shields the ortho sites from substitution due to
the specific orientation within the host cavity (Figure 2). The

product ratio is dictated by the relative amounts of bound and
unbound substrate; by measurement of the association constant
and the product distribution, the relative rate of reaction for
encapsulated anisole could be measured. For this transformation,
kcat/kuncat was 5.6 ± 0.8, a measurable but small acceleration of
the reaction inside the host cavity. This study importantly
demonstrated the potential for simple host structures to echo the
properties of enzymatic catalysts, though the catalysis was not
particularly efficient. Additionally, while this reaction can also be
catalyzed enzymatically, the selectivity of the cyclodextrin-
catalyzed reaction is superior,36 highlighting the opportunity
for supramolecular enzyme mimics to complement the chemical
versatility of enzymes.
With enzymes typically being orders of magnitude more active

than these models, efforts to improve these supramolecular
enzyme mimics varied both the substrate and host structure.
Cyclodextrins’ amenability to specific chemical modification is a
marked advantage of these host structures and continues to be a
rich area of exploration.11,37 In efforts to improve the activity of
cylcodextrins in catalyzing ester hydrolysis, Breslow et al.38

modified β-cyclodextrin through the addition of N-methyl-
formamide substituents along one of the cavity edges. These
nonpolar substituents were themselves encapsulated, trans-
forming the toroidal cyclodextrin into a bowl-shaped pocket in
order to disfavor dissociation of the substrate. For smaller
substrates, including m-nitrophenyl acetate, this modification
produced rate enhancements of about an order of magnitude.
However, for larger substrates, the occupation of part of the
cavity instead retarded the rate of reaction. Breslow’s studies
demonstrated that high rate enhancements could be obtained by
use of substrates that formed particularly strong inclusion
complexes.39 Ferrocene-based substrates were deacylated most
efficiently by native β-cyclodextrin, giving as high as million-fold
non-catalytic rate enhancements.121

One limitation of the supramolecular catalysis presented thus
far is the absence of bimolecular reactions combining two organic
substrates. While hydrolytic and substitution reactions have great

Figure 1. (Left) Schematic and (right) space-filling structures of α-
cyclodextrin, a cyclic hexamer of glucose and early host applied in
supramolecular catalysis.

Figure 2. Chlorination of anisole encapsulated by α-cyclodextrin.
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p-selective chlorination reaction

Cavities are hydrophobic.

Guest : organic molecules

Ronald Breslow and Peter Campbell, J. Am. Chem. Soc. 1969, 91, 3085.

Host for organic molecules

Structure known by X-rays.

Easy to synthesize derivatives

Various organic molecules are encapsulated.
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▶② Reactions using cyclodextrin derivativies
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▶③ Application to Catalytic Reactions
Both guest and product have affinity to HostProblem

Dissociation of products from Host
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A deep cavitand catalyzes the Diels–Alder reaction of bound maleimides†
Richard J. Hooley and Julius Rebek Jr.*

Received 28th August 2007, Accepted 21st September 2007
First published as an Advance Article on the web 4th October 2007
DOI: 10.1039/b713104f

A deep cavitand catalyzes Diels–Alder reactions of bound maleimides via activation of the dienophile by
interaction with the organized hydrogen bonding network at the cavitand rim. Rapid in–out exchange
of reactant and product allows efficient turnover. The increase in steric bulk of the reaction product
lessens its binding affinity, reducing (and in some cases completely eliminating) product inhibition.

Introduction

Selective binding of a substrate, followed by activation of that
species for reaction and subsequent product release from the active
site are the core features of catalysis, enzymatic or otherwise.1

Enzymes have exquisite selectivities for transition states, but
this property is difficult to attain in most synthetic mimics2

and product inhibition,3 particularly for condensation reactions,
thwarts catalysis. Building steric hindrance into products can
facilitate displacement by reactants and stimulate turnover. This
tactic has led to acceleration4 of cycloadditions in nonhydroxylic
media using capsules. Even catalysis was recently observed using
a bowl-shaped, metal–ligand receptor in water by Fujita et al.5

Here we report the application of this method of reducing product
inhibition to cavitands in organic solvents.

Cavitands such as 1 are vase-like structures capable of binding
neutral and cationic guests that fill the appropriate amount of its
space.6 The base of the cavitand presents an electron-rich p surface
to guests. At the rim, eight secondary amides stabilize the vase-like
conformation shown and also provide a polar environment and
organized H-bonding sites for guests. The amides can rotate to
present hydrogen bond donors and acceptors to guests held within.
For example, this region of organized solvation can stabilize the
buildup of positive charge during quaternization of bound amine
nucleophiles,7 or stabilize the negative charge in the formation of
Meisenheimer complexes.8 Earlier results with stoichiometric re-
actions led us to the possibility of catalyzing Diels–Alder reactions.
Many cycloadditions of electron deficient olefins and anthracenes
occur under mild conditions and are performed in the absence
of catalyst at room temperature or below. Simple hydrophobic
association can increase effective concentrations in water and has
produced accelerations and catalysis.5,9 Lewis acid catalysis is well-
known to accelerate the Diels–Alder reaction, but Brønsted acids
have also been used as catalysts especially in recent times.10 Suitably
reactive dienophiles include N-alkylmaleimides: a number of these
show strong binding affinity (102–104 M−1, see Table 1) for cavitand
1 in mesitylene-d12. This solvent fits awkwardly into the cavitand
and does not compete well with intended guests.11 As shown in

The Skaggs Institute for Chemical Biology and the Department of Chemistry,
The Scripps Research Institute, La Jolla, CA, 92037, USA. E-mail: jrebek@
scripps.edu; Fax: +1 858.784.2876; Tel: +1 858.784.2250
† Electronic supplementary information (ESI) available: Tabulated kinetic
data. See DOI: 10.1039/b713104f

Fig. 1, molecular modeling indicates that medium-sized cyclic
alkyl groups such as adamantanes position the reactive maleimide
for its carbonyl groups to make good contacts with the organized
H-bonding network at the cavitand rim. The maleimides’ double
bonds remain exposed above the receptor for reaction. The in–
out exchange rate for species of this type is on the order of 2 s−1,
far faster than the cycloaddition rate.6b The rapid exchange of
product and reactant positions the receptor to act as a catalyst,
not just a promoter of the reaction. In addition, cycloaddition
to this olefin would increase the steric bulk of the product with
respect to reactant, lowering its binding affinity and reducing
product inhibition. The proposed reaction mechanism is shown
in Fig. 2.

Fig. 1 The deep cavitand used as catalyst; minimized representation of
the complex of 1 and adamantyl maleimide 4, illustrating the proximity of
the maleimide to the organized solvation of the amide rim.

Fig. 2 Reaction mechanism.

This journal is © The Royal Society of Chemistry 2007 Org. Biomol. Chem., 2007, 5, 3631–3636 | 3631
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Noncovalent microenvironment catalysts
・ Inspired by enzymes
・ High chemoselectivity
・ High stereoselectivity

organotransition metal catalysts

・ Accelerate difficult reactions
・ Developed regardless of biology

Integrating them will lead to the development of supramolecular chemistry.

Different environments from bulk solutions

Shifts in equilibria to generate reactive species

Dramatic increase in effective concentration

Conformational control over the Guest
Advantage

Existing Problems
Host structure is rigid.

Difficult to synthesize Host with complex structure
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Metallosupramolecular Host : the use of metal−ligand bonding

EtO

O

OEt

O

1) MeMgI
2) (COCl)2
3) NH4Cl/H2O

of this condensation, however, was remarkably simple. This
suggested that the metal salt was highly symmetric, and X-ray
diffraction experiments revealed a tetrahedral “adamantoid”
complex.
While this particular compound was prepared serendipitously,

its synthesis demonstrated that metal−ligand coordination could
be used as an organizing force for the construction of symmetric
coordination cages with well-defined inner spaces. This
particular ligand is much too small to create an inner cavity
large enough to encapsulate organic substrates, but with larger

ligands this and many other polyhedra can be prepared. To
extend this observation to a general strategy, components are
selected that contain the elements of symmetry present in the
polyhedral compound. Individual components must be rigid in
order to block the formation of unwanted geometries and
stoichiometries; as long as the metal−ligand bonding is labile, the
most thermodynamically favorable structure will be the
dominant species.51,52

Employing these supramolecular coordination cages in the
manipulation of chemical transformations requires the con-

Figure 6. (a) Synthesis of magnesium salt containing a ditopic malonate ligand and Mg2+ and ammonium cations. (b) Schematic structure of
“adamantoid” magnesium coordination complex 13, showing only one of six ligands for clarity.

Figure 7. Fujita’s cationic molecular square. The cavity of this supramolecular assembly is large enough to accommodate a single molecule of 1,3,5-
trimethoxybenzene.

Figure 8. Pd-capped coordination cages used as catalysts by Fujita and co-workers. Cage structures reprinted with permission from ref 63. Copyright
2006 AAAS.

Chemical Reviews Review

DOI: 10.1021/cr4001226
Chem. Rev. 2015, 115, 3012−3035

3016

[NH4+]4

Mg2+

Hans Georg von Schnering, et al., Angew. Chem., Int. Ed. Engl. 1988, 27, 851.

Self-assembles into the most stable structure because of reversible bonding

Easy to synthesize derivatives

More flexible structure than a host consisting only of covalent bonds

Organizing force for the construction of symmetric coordination cages

▶ First reported metal-ligand self-assembling supramolecule

cavity

Possibility to function as Host

too small for organic molecule
Larger Ligands
Larger Metals



limitations by generating internal microenvironments that are
distinct from bulk solution. Upon encapsulation, guests are
influenced by the host at the molecular level via these
microenvironments, not parameters defined at the macroscopic
level. Common manifestations of this control include (i)
segregation of guests from solvent and nonencapsulated
constituents, (ii) conformational control over the guest, (iii)
shifts in equilibria to generate reactive species, and (iv) dramatic
increases in effective concentrations upon binding multiple
guests. These phenomena, among others, control the relative
energetics of the ground and transition states of substrates and
ultimately grant new opportunities to achieve a wealth of
homogeneous applications including catalysis,1 reactive inter-
mediate stabilization,2 chemical sensing,3 and the mimicry of
biological processes such as signal transduction,4 multicatalytic
cascades,5 configurationally adaptive binding,6 and information
transfer.7

Supramolecular chemists draw inspiration from nature’s
precise chemistry.8 In biological systems, complex reactions
featuring high uncatalyzed energetic barriers proceed efficiently
with excellent selectivities, despite limited temperature control
and an abundance of reactive species. Enzymes’ exquisite
command over substrates is achieved by the isolation of
substrates into customized active sites. The parallels between
enzymatic active sites and the microenvironments of supra-
molecular hosts are self-evident, as both rely on molecular
recognition, substrate isolation, and conformational control.
Thus, the development of supramolecular chemistry neces-
sitates the interpretation and application of insights gleaned
from enzymatic catalysis.
The broad range of supramolecular architectures applied to

catalysis spans from early covalent structures to self-assembled
systems constructed via a number of assembly motifs.8−11 In this
Account, we survey recent advancements within a fruitful
collaboration between the Toste, Raymond, and Bergman
groups studying self-assembled metal−ligand tetrahedra with
well-defined, isolated cavities. In contrast to previous topical
reviews, we focus on the divergent reactivities achieved, as well
as the development of complex multicatalytic systems and
mechanistic probes. To demonstrate the strategies employed in
our pursuit of catalysis, we begin with a discussion of the
structural characteristics of the tetrahedron and revisit select
host−guest studies to give context to crucial insights regarding
the effects of encapsulation. We then connect lessons learned
from those works to recent developments in utilizing the host
itself as a catalyst to access new products via divergent
reactivities. Generally, our approaches aim to exploit intrinsic
host properties established from earlier work, such as electro-
static effects, confinement effects, and solvent exclusion. Finally,
more complex examples that involve multicatalytic reaction
cascades with biological and synthetic systems, as well as
examples where broader mechanistic insights can be obtained
from studying reactions with diversified catalysts, are discussed.

■ PROPERTIES OF THE HOST
The featured supramolecular host is self-assembled from six
bisbidentate ligands 1 and four metal ions to form a cage with
metal−triscatecholate vertices. The tetrahedron has ligands
spanning the six edges, as evidenced by crystallographically
obtained geometric parameters and its T symmetry (Figure
1a).12 This architecture was predesigned by fixation of the C2-
axis of symmetry of ligand 1 about the C3-axis of the metal−
triscatecholates, as well as the geometry of the 1,5-naphthalene

substitution pattern in 1 (Figure 1b).13 While several III and IV
oxidation state metal hosts have been prepared, Ga(III) is most
commonly used to generate 2 [K12(Ga416)]. Because each
Ga(III)−triscatecholate has a formal trianionic charge, 2 is
overall dodecaanionic. By virtue of this high charge, the host is
soluble in water and polar organic solvents. In terms of size, the
host falls just within the nanoscale regime, measuring about 13 Å
from vertex to vertex.
For catalysis, the most pertinent feature of the host is the

microenvironment within. Like many enzymatic active sites, this
microenvironment excludes the bulk solution by virtue of the
tightly geared hydrocarbon walls. The 1,5-substitution pattern of
the naphthalene in 1 sets the metal-binding catecholamide
(CAM)moieties apart, enabling the arene walls of 2 to “breathe”
via amide bond rotation about the C−N bond to accommodate
guests of variable sizes and shapes, including spherical, prolate,
and cylindrical, as evidenced by NMR spectroscopy, high
resolution mass spectrometry, UV−vis spectroscopy, and single-
crystal X-ray diffractometry.12 Below the size exclusion limit,
cationic guests are often strongly bound (log Ka up to 4.61) due
to electrostatic enthalpic and solvation-related entropic driving
forces, while neutral guests are bound by the hydrophobic
effect.14,15 The exceptional flexibility of 2 bears consequences
for the kinetics andmechanism of host−guest association. Guest
encapsulation and self-exchange are known to proceed through
an aperture dilation mechanism, rather than host rupture by
partial ligand dissociation.16 This mechanism constitutes an
additional parallel with biological systems, wherein enzymes
accommodate their substrates by architectural deformation and
configurationally adaptive binding.
A useful metric for studying enzyme structures is the rates of

amide hydrogen−deuterium exchange. These exchange kinetics
measurements provide a quantitative characterization of the
stereoelectronic factors that influence dynamic protein−water
interactions, as well as hydrophobic, noncovalent interactions
within the active site. Although 2 is water-soluble, the
microenvironment of this host is highly hydrophobic due to
the naphthalene walls. To compare with proteins, we studied
amide hydrogen−deuterium exchange kinetics of 2 at various
pD values and with different guests (Figure 2).17 These
experiments confirmed that the hydrophobic character of the
interior mimics those of well-isolated active sites and revealed
that the internalized amide protons of 2 react with encapsulated
water through acid-, base-, and water-mediated mechanisms.
The acid-mediated pathway is significantly favored compared to
natural systems due to the high anionic charge of the host. In
many biological systems, rates of proton transfer define
enzymatic activities and correlate with the degree of solvent
exclusion. This study not only divulged proton transfer reactions
within 2 that mimic enzymes, but also revealed that this
technique is useful for studying synthetic catalysts.

Figure 1. (a) Crystal structure of tetrahedral host 2. (b) Schematic
representation of host 2 [K12(Ga416)].
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▶ Metal-ligand self-assembling Host supramolecule

Kenneth N. Raymond, et al., Inorg. Chem. 2009, 48, 111.
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▶ Iminium formation in water under basic conditions

Iminium formation in basic water

Kenneth N. Raymond, et al., J. Am. Chem. Soc. 2006, 128, 14464.

Kenneth N. Raymond, et al., Eur. J. Org. Chem. 2004, 4552.
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Kenneth N. Raymond and F. Dean Toste, et al., J. Am. Chem. Soc. 2018, 140, 6591.
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Kenneth N. Raymond and F. Dean Toste, et al., J. Am. Chem. Soc. 2018, 140, 6591.

Kenneth N. Raymond, et al., J. Am. Chem. Soc. 2010, 132, 6938.
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In conclusion, the development of octaanionic catalyst Si-3 as
an isostructural analog of dodecaanionic catalyst Ga-1 has
enabled a unique experimental investigation that allows us to
connect supramolecular structural features with specific
mechanisms of reactivity. A Ga-1- and Si-3-catalyzed aza-
Cope rearrangement in which the substrate experiences no
change in charge proceeded at comparable rates, demonstrating
the dominant effect of constrictive binding over host charge on
the observed rate acceleration. The catalytic abilities of hosts
Ga-1 and Si-3 were then compared in a mechanistically distinct
Nazarov cyclization, in which the neutral substrate undergoes
an increase in charge to access cationic transition states. The
significant consequences (680-fold difference in rate constants,
kobs) of reducing host charge from 12− in Ga-1 to 8− in Si-3
stand as an experimental validation of the significant stabilizing
effect of the anionic host charge in reactions that feature a
buildup of cationic charge. Though charge and electrostatic
effects have been highlighted in catalysis,41−43 this is the first
example in which these effects have been experimentally
defined in a synthetic microenvironment system.
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▶ Effect of N Substitution on Reactivity

amine product (3) was observed in conjunction with the
appearance of benzaldehyde, suggesting the intermediacy of an
iminium species resulting from hydride abstraction alpha to
nitrogen, which undergoes hydrolysis.
The observation of quantitative deuterium incorporation

from the cyclization of amine 2-d3, in addition to the
appearance of benzaldehyde in the cyclization of 2i, is
consistent with a mechanism involving an aza-Prins cyclization
with subsequent transannular 1,5-hydride transfer from the N-
methyl group to the nascent tertiary carbocation (Scheme 1).
We hypothesize that this divergent reactivity is the result of the
constrictive binding of the cluster cavity which favors more
compact transition states. This constrictive binding results in a
preference for the more compact axial orientation of the double
bond in the transition state of the cyclization. Consequently,
after cyclization, the carbocation in the intermediate is
preorganized in close proximity to the N-methyl C−H bonds,
facilitating a 1,5-through-space hydride transfer. Hydrolysis of
the resulting iminium ion in bulk solution affords 3.11 The
relative configuration of product 5, with the methyl group in
the axial position as determined by 1,3-diaxial NOE
interactions, supports this hypothesis (Figure S1). This
diastereomer likely reflects a transition-state conformation
that places the methyl group in an equatorial position and
the double bond in an axial position followed by a ring flip of
the product to place the more sterically demanding isopropyl

group in the equatorial position. In the absence of the unique
cavity environment (i.e., in bulk solution), the enthalpically
favored equatorial olefin orientation in the transition state
should predominate. Because the carbocation resulting from
cyclization in bulk solution lacks the proximity to the N-methyl
group and solvent seclusion necessary for hydride transfer to
occur, it is rapidly sequestered by water to form alcohol 4. This
emergent mechanistic pathway is notable because of the fact
that it is too high in energy to be observed in the absence of the
constrictive microenvironment of the cluster’s interior binding
pocket.
Having proposed a mechanism for the formation of 3

consistent with the experimental observations, we varied the
substitution at nitrogen in order to gain further insight (Table
1). Parent N-methyl substrate 2a underwent full conversion

with 3 equiv of formaldehyde and 20 mol % cluster in a 25%
MeOD in D2O solvent mixture at room temperature in 40 h.
Increasing the chain length of N-alkyl substitution led to a
sharp decrease in conversion: N-ethyl, -propyl, and -butyl
substrates proceeded to 53, 43, and 9% conversion,
respectively. These data are consistent with size exclusion
imposed by the congested interior of the cluster. Branching
alpha to the amine inhibits reactivity completely, even at
elevated temperatures (Table 1, entries 6 and 7); however,
removal of the methyl group on the carbon backbone partially
restored reactivity for the N-isopropyl substrate (Table 1, entry
8). One possible explanation for this phenomenon is that
doubly α-branched substrates are simply too bulky to undergo
the condensation with formaldehyde to form the initial
iminium ion which precludes further reaction. N-benzylamine
2i (Table 1, entry 9) showed only trace reactivity, but by
warming the reaction mixture to 60 °C, 51% conversion was
achieved after 40 h. However, 2-methoxybenzylamine 2j (Table
1, entry 10) did not react, even at elevated temperatures. This
observation is again consistent with substrate specificity
through size exclusion from the cluster cavity. Unexpectedly,
N-trifluoroethyl substitution (Table 1, entry 11) led to
complete consumption of the starting material, but no hydride
transfer was observed. Instead, elimination product 6 was
observed exclusively.12 This is most likely due to decreased

Scheme 1. Divergent Selectivity of Cluster-Catalyzed Aza-
Prins Cyclization

Scheme 2. Deuterium Labeling Study

Table 1. Effect of N Substitution on Reactivity

apD 8.0, [PO4
3−] = 100 mM. bCalcluated by ratio of extracted product

to starting material by 1H NMR spectroscopy. cConversion at 60 °C.
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warming the reaction mixture to 60 °C, 51% conversion was
achieved after 40 h. However, 2-methoxybenzylamine 2j (Table
1, entry 10) did not react, even at elevated temperatures. This
observation is again consistent with substrate specificity
through size exclusion from the cluster cavity. Unexpectedly,
N-trifluoroethyl substitution (Table 1, entry 11) led to
complete consumption of the starting material, but no hydride
transfer was observed. Instead, elimination product 6 was
observed exclusively.12 This is most likely due to decreased

Scheme 1. Divergent Selectivity of Cluster-Catalyzed Aza-
Prins Cyclization

Scheme 2. Deuterium Labeling Study

Table 1. Effect of N Substitution on Reactivity

apD 8.0, [PO4
3−] = 100 mM. bCalcluated by ratio of extracted product

to starting material by 1H NMR spectroscopy. cConversion at 60 °C.

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.5b01261
J. Am. Chem. Soc. 2015, 137, 9202−9205

9203

▶ Deuterium Labeling Study
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▶ Phosphine ligand effects
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((DMPE)CuBr, 2; Scheme 1) to undergo iodoarene carbon−
iodine oxidative addition. Although this copper−phosphine

complex is an atypical catalyst for traditional Ullmann-type
coupling reactions, it proved to be an ideal species for this
investigation due to its high stability under aqueous conditions,
which arises from its low solubility in water. In contrast, the
amine-ligated analogues rapidly disproportionated in aqueous
media, rendering direct comparison between the host-
mediated system and the potential background organometallic
reaction spectroscopically challenging. Due to the low
solubility of 2, no reactivity was observed upon combination
with iodobenzene in water, even after long reaction times and
heating. More interesting still is the lack of reactivity in
conventional organic solvents (such as methylene chloride and
acetonitrile), where both 2 and iodobenzene are fully soluble.
Given these negative controls in both aqueous and organic

media, we sought to determine if reactivity was possible under
the influence of supramolecular host 1. It has been
demonstrated previously that 1 functions as a halide abstractor
toward neutral organometallics, promoting encapsulation of

the resulting cationic species.10 Combining a small excess of 2
with 1 resulted in a heterogeneous mixture. Removal of
remaining solid by filtration after 30 min yielded a 1:1
host:guest complex, as indicated by diagnostic upfield shifted
resonances for encapsulated 3 (Figure 2a).
Addition of iodobenzene to 3 resulted in new upfield shifts

in the 1H NMR spectrum corresponding to simultaneous
encapsulation of the copper complex and iodobenzene (I,
Figure 2b).20−22 Over the course of 12 h at room temperature,
full conversion of the starting material to a new product was
observed with concomitant loss of symmetry in both
encapsulated 3 and the host (Figure 2c). A 2D NOESY
experiment of the product indicated correlation between the
aromatic peaks and one set of DMPE methyl peaks. This
observation provided initial support for copper phosphonium
4, where an aryl-dimethylphosphonium ion had formed at one
phosphine, while the other remained coordinated to the
copper center (by analogy to the {1H}31P shift of the starting
material).23 Further evidence of an aryl phosphonium
copper(I) species was obtained by independently preparing
ethyldimethyl (phenyl)phosphonium 5 (see Supporting
Information, p S6) and subjecting it to the M4L6 assembly.
The {1H}31P NMR shift of the encapsulated phosphonium 5
was identical to that of one of the phosphine signals of the
asymmetric DMPE backbone of aryl phosphonium copper
species 4. Lastly, electrospray ionization mass spectrometry
(ESI-MS) confirmed encapsulated 4, predominantly detected
in the −3 and −4 charge states (see Supporting Information, p
S22), verifying that the species is monocationic, with the
iodide (from iodobenzene) still ligated to copper.
While the resulting Cu(I)−I phosphonium product (4) was

unexpected, it implies room-temperature carbon−iodine
oxidative addition with encapsulated 3 followed by rapid
aryl−phosphine reductive elimination via a putative Cu(III)
intermediate (II, Scheme 1). Lack of reactivity in control
studies indicated that reaction progress is specific to cage 1 and
raises the question as to the exact role of the host in this
transformation and whether the same reactivity could be

Scheme 1. Proposed M4L6-Mediated Mechanism for
Formation of Asymmetric Aryl Phosphonium 4

Figure 2. (a) Encapsulation of copper(I) complex 3 in a 1:1 host:guest ratio determined by 1H NMR (500 MHz, 25 °C). (b) Coencapsulation of
aryl iodide and 3.20 (c) Encapsulated product 4 after oxidative addition and rapid reductive elimination of iodobenzene.
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olefin, but significantly faster (1 h versus 12 h) than
supramolecular catalyst 1. To verify that this reactivity
difference was due to host encapsulation of 2, a standard
control reaction was performed: to in situ formed 1 was added
strongly binding guest Et4N+ (as salt [Et4N][Cl]), resulting in
ejection of 2 and Et4N-blocked host.28 With the cavity of the
host blocked, complex 2 maintained the same levels of
reactivity (>99% conversion, 1 h) since it was no longer
encapsulated demonstrating that encapsulation does modify
reactivity.
Further experiments showed that catalyst 2 efficiently

hydrogenated the compounds shown in entries 1−7 in Table
1 within 1 h. In contrast, 1 hydrogenates a methyl-substituted
substrate (Table 1, entry 2), but ethyl-substituted substrates
show only minor conversions with cis- giving slightly higher
conversions than trans- (Table 1, entries 3 and 4). Performing
the same reaction with Et4N-blocked host yields full
conversion of these substrates, further demonstrating that the
lack of reactivity is a result of the host prohibiting reactivity at
the encapsulated organometallic catalyst.
This trend continued upon moving the double bond another

carbon unit away from the terminal position, leading to no
detectable conversion of the allylic alcohol (Table 1, entry 5).
To demonstrate that alcohols were not the only substrates
tolerated under these conditions, additional functional groups
were tested (Table 1, entries 6−8). Each showed good
conversion. Notably, carboxylic acid (Table 1, entry 8) remains
reactive even under pH 8.0 buffered conditions. Encapsulation
of a carboxylate anion with the anionic cage would be
unfavorable, suggesting substrate encapsulation is not a
requirement for hydrogenation.29 Moreover, catalyst 2 gave
incomplete conversion in the presence of the carboxylic acid.
This stark difference in reactivity between supramolecular

supported and free catalyst offered promise for realizing
selective olefin hydrogenation.
A competition experiment was then performed to determine

if 1 could discriminate between methyl- and ethyl-substituted
olefins (3 and 5, respectively). Good conversion of methyl-
olefin (3) was observed while ethyl-olefin starting material (5)
was recovered in high yield (Figure 2a). In the analogous

control reaction without supramolecular host, full conversion
of both substrates occurred rapidly to yield hexanol 4 (Figure
2b). Based on this selectivity, along with the lack of reactivity
of allylic alcohol (Table 1, entry 5) it was proposed that
catalyst control with 1 should be able to override inherent
allylic alcohol directed rhodium hydrogenation. A competition
between allylic alcohol 6 and methyl-olefin 3 with free catalyst
2 showed good selectivity for hydrogenation of 6 over 3 at an
early time point (Figure 2c). In contrast, good conversion of 3
and recovery of 6 was observed in the presence of catalyst 1,
demonstrating the ability of the supramolecular scaffold to
overcome native catalyst selectivity (Figure 2d).
To expand this strategy of selective hydrogenation, alkyne

substrates were investigated. As with alkene hydrogenation,
methyl substituted alkyne 7 was readily converted by catalyst 1.
Under room temperature conditions, cis-alkene 8 was

Table 1. Screening of General Hydrogenation Reactivity for
Simple Olefinic Substrates by Catalyst 1

a12h reaction time. bReactions performed at 50 °C.

Figure 2. Competition experiments to demonstrate divergent
selectivity of free catalyst 2 compared to the supramolecular
supported catalyst 1. (a) Supramolecular supported size-selective
hydrogenation of methyl- vs ethyl-olefin. (b) Catalyst 2 shows no
selectivity between methyl- vs ethyl-olefin. (c) Allylic alcohol-directed
hydrogenation results in selective hydrogenation of substrate 6 over 3
at early reaction times. (d) Supramolecular supported catalysis
overrides native allylic alcohol directing effect and selectively
hydrogenates 3.

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.9b05604
J. Am. Chem. Soc. 2019, 141, 11806−11810

11807

10 mol%

[Rh][BF4] 10 mol%

P
Rh(COD)

P
BF4

[Rh][BF4]

▶ Difference in reactivity by olefin position

C Buffer (pH 8.0)

c

F. Dean Toste, et al., J. Am. Chem. Soc. 2019, 141, 11806.

Only olefins at specific positions can be selectively reduced.
Anionic substrates are also acceptable.

olefin, but significantly faster (1 h versus 12 h) than
supramolecular catalyst 1. To verify that this reactivity
difference was due to host encapsulation of 2, a standard
control reaction was performed: to in situ formed 1 was added
strongly binding guest Et4N+ (as salt [Et4N][Cl]), resulting in
ejection of 2 and Et4N-blocked host.28 With the cavity of the
host blocked, complex 2 maintained the same levels of
reactivity (>99% conversion, 1 h) since it was no longer
encapsulated demonstrating that encapsulation does modify
reactivity.
Further experiments showed that catalyst 2 efficiently

hydrogenated the compounds shown in entries 1−7 in Table
1 within 1 h. In contrast, 1 hydrogenates a methyl-substituted
substrate (Table 1, entry 2), but ethyl-substituted substrates
show only minor conversions with cis- giving slightly higher
conversions than trans- (Table 1, entries 3 and 4). Performing
the same reaction with Et4N-blocked host yields full
conversion of these substrates, further demonstrating that the
lack of reactivity is a result of the host prohibiting reactivity at
the encapsulated organometallic catalyst.
This trend continued upon moving the double bond another

carbon unit away from the terminal position, leading to no
detectable conversion of the allylic alcohol (Table 1, entry 5).
To demonstrate that alcohols were not the only substrates
tolerated under these conditions, additional functional groups
were tested (Table 1, entries 6−8). Each showed good
conversion. Notably, carboxylic acid (Table 1, entry 8) remains
reactive even under pH 8.0 buffered conditions. Encapsulation
of a carboxylate anion with the anionic cage would be
unfavorable, suggesting substrate encapsulation is not a
requirement for hydrogenation.29 Moreover, catalyst 2 gave
incomplete conversion in the presence of the carboxylic acid.
This stark difference in reactivity between supramolecular

supported and free catalyst offered promise for realizing
selective olefin hydrogenation.
A competition experiment was then performed to determine

if 1 could discriminate between methyl- and ethyl-substituted
olefins (3 and 5, respectively). Good conversion of methyl-
olefin (3) was observed while ethyl-olefin starting material (5)
was recovered in high yield (Figure 2a). In the analogous

control reaction without supramolecular host, full conversion
of both substrates occurred rapidly to yield hexanol 4 (Figure
2b). Based on this selectivity, along with the lack of reactivity
of allylic alcohol (Table 1, entry 5) it was proposed that
catalyst control with 1 should be able to override inherent
allylic alcohol directed rhodium hydrogenation. A competition
between allylic alcohol 6 and methyl-olefin 3 with free catalyst
2 showed good selectivity for hydrogenation of 6 over 3 at an
early time point (Figure 2c). In contrast, good conversion of 3
and recovery of 6 was observed in the presence of catalyst 1,
demonstrating the ability of the supramolecular scaffold to
overcome native catalyst selectivity (Figure 2d).
To expand this strategy of selective hydrogenation, alkyne

substrates were investigated. As with alkene hydrogenation,
methyl substituted alkyne 7 was readily converted by catalyst 1.
Under room temperature conditions, cis-alkene 8 was

Table 1. Screening of General Hydrogenation Reactivity for
Simple Olefinic Substrates by Catalyst 1

a12h reaction time. bReactions performed at 50 °C.

Figure 2. Competition experiments to demonstrate divergent
selectivity of free catalyst 2 compared to the supramolecular
supported catalyst 1. (a) Supramolecular supported size-selective
hydrogenation of methyl- vs ethyl-olefin. (b) Catalyst 2 shows no
selectivity between methyl- vs ethyl-olefin. (c) Allylic alcohol-directed
hydrogenation results in selective hydrogenation of substrate 6 over 3
at early reaction times. (d) Supramolecular supported catalysis
overrides native allylic alcohol directing effect and selectively
hydrogenates 3.
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▶ Application to Alkyne
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observed, and high conversion was realized upon warming the
reaction mixture (Figure 3a, 9). In agreement with the results

observed above, ethyl alkyne 10 was unreactive. A direct
competition experiment between methyl- and ethyl-alkyne (7
and 10, respectively) showed selectivity for conversion of the
methyl-alkyne (Figure 3b). Hydrogenation with 2 displays
minimal selectivity and rapidly hydrogenates both 7 and 10.
From these competition experiments, it was proposed that

the supramolecular supported catalyst should be able to
selectively hydrogenate a sterically accessible alkene in the
presence of an inherently more reactive alkyne. This would
provide support for the ability of this catalyst to perform site
selective hydrogenation when cross reactivity is a concern.
When subjecting a mixture of 10 and 11 to catalyst 2, alkyne
hydrogenation was more rapid than that of the alkene.
However, supramolecular catalyst 1 provides good conversion
of alkene 11 and recovery of 10 (Figure 3c), providing another
example of catalyst control that is different from reactivity of
the free catalyst.
With the goal of performing site-selective hydrogenation on

a substrate containing multiple sites of unsaturation, dieneol 12
was explored. Upon subjecting 12 to supramolecular hydro-
genation conditions, the major product was cis-3-hexen-1-ol
13, which is challenging to produce under standard rhodium
hydrogenation conditions.30−32 In contrast, free catalyst 2
provided a mixture of products that eventually converged to
fully hydrogenated hexanol.
The selective formation of 13 was proposed to occur via a

1,4-hydride addition mechanism (Figure 4a). In this reaction
sequence, the steric confinement provided by the host cavity is
proposed to force the intermediate rhodium bound mono-
alkene (I) into a cis-orientation to minimize steric clash with

the walls, leading to host-selected product 13. To further
support the 1,4-addition mechanism, the analogous reaction
was performed with deuterium gas. From this reaction, the
doubly deuterated cis-product (14) was exclusively observed.
Interestingly, the product of this transformation was a single
isomer indicating good regioselective and diastereoselective
deuterium addition within the host (Figure 4b).33

To further demonstrate that site-selective hydrogenation
could be realized through catalyst control, polyenol 15, where
the olefins are not in conjugation as above, was investigated
(derived from lineolenic acid). Selective hydrogenation of any
point of unsaturation on 15 would be challenging due to a lack
of directing groups and similar reactivity. This proved to be the
case upon subjecting 15 to hydrogenation with catalyst 2.
Hydrogenation gives multiple intermediate products at early
time points that rapidly converged to the fully hydrogenated
alcohol. However, subjecting 15 to host-supported hydro-
genation conditions gave minor conversion even with heating
and extended reaction times (Figure 5). This lack of reactivity
is in agreement with previous experiments indicating no
reactivity at ethyl-substituted olefins.
To overcome this lack of reactivity, the larger pyrene-walled

supramolecular host 16 was investigated.34 In analogy to our
observations with the naphthalene host, 2 is a good guest
within 16. Performing hydrogenation of 15 with this larger
supramolecular host provided good conversion of the starting
material to yield the monohydrogenated product 17. This
product was verified by direct analogy to authentic material
(see Supporting Information for details). Increasing the
catalyst loading gave complete conversion to provide the
singly hydrogenated product 17 in 74% yield (Figure 5a).
Interpreting the larger size of host 16 to be the reason for

increased reactivity is reasonable. However, the increased size
does not mean that 16 fully encapsulates the substrate during
the reaction, whereas the smaller host cannot. Instead, it is
proposed that 16 is able to allow enough of the guest to enter
and undergo hydrogenation at the metal center while some
portion of the substrate remains outside of the host. This is in

Figure 3. Supramolecular supported catalyst selectively hydrogenates
alkynes based on size-exclusion. (a) Hydrogenation of methyl-alkyne
7 provided cis-alkene 8 at room temperature and heating afforded fully
hydrogenated 9. (b) Competition between methyl- and ethyl-alkyne
(7 and 10, respectively) provided size-selective hydrogenation of 7
and full recovery of 10. (c) Methyl-alkene 11 was selectively
hydrogenated with full recovery of ethyl-alkyne 10.

Figure 4. (a) Supramolecular host supported hydrogenation of
trans,trans-2,4-hexadiene-1-ol (12) to cis-3-hexen-1-ol (13). (b)
Under dideuterium conditions, selective 1,4-addition was observed
to yield a single major isomer 14.
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▶ Use of larger host

agreement with similar conversions observed with two
carboxylic acid substrates of different alkyl lengths (Figure
5b), which are proposed to undergo conversion in this way due
to unfavorable coulombic interactions.
In conclusion, we have demonstrated the ability of a

supramolecular-supported hydrogenation catalyst to perform
site-selective hydrogenation. With this catalyst, hydrogenation
of alkenes is dictated by the steric profile of the substrate (as
well as the microenvironment of the metal catalyst), enabling
selective reactivity that is not observed with the parent
hydrogenation catalyst. Moreover, selective olefin hydro-
genation of inherently more reactive alkynes can be realized
when these substrates differ by only a methyl-substituent. This
site-selectivity allowed for the monohydrogenation of the fatty
alcohol of lineolenic acid which contains three points of
unsaturation. This high size- and site-selectivity, as well as the
lack of requirement for full encapsulation of the substrate,
provide a promising tool for performing precise transformation
on complex substrates.
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Results and discussion
Effects of host structure on product selectivity

Differences in selectivity were examined by varying the struc-
tures of both hosts and substrates. It has been established that
host catalysts oen exhibit strict substrate selectivity based on
guest size.34,35 Following this precedent, the interaction of host
and substrate size was tested by examining the effect of
increasing host cavity volume on reaction stereoselectivity.
Earlier reports have documented the difficulty of preparing
pyrene-core host (!)-3 in the absence of a strongly-bound
template.36 However, treatment of reaction mixtures containing
appropriate metal and ligand components with KOH and
acetone allowed for the isolation of (!)-3 and 4, in analogy with
the procedure reported for the preparation of solvent-occupied
(!)-1.37 Previously, D4-1 mediated enantioselectivities of up to
78% in the aza-Cope rearrangement of enammonium cations
and 69% in intramolecular Prins reactions were observed, a
result which attests to the potentially high degree of enantio-
differentiation between D4-1 and catalytically relevant
substrates.31,38 These examples of molecular recognition have
been attributed to predominantly steric and p-interactions, as
chiral induction is thought to proceed through contact of guest
with naphthalene spacers. Given this precedent, the investiga-
tions reported herein were focused on a class of substrates that
differ in their alkyl substituents at the b-position but are other-
wise identical with regard to functional groups. This modica-
tion was aimed at avoiding the introduction of additional
functional groups39–41 in the substrate that could dramatically
alter the mechanism or stability of these compounds. Toward
this end, terpene derivatives 5a–c were separately treated with
catalysts in either pure phosphate buffer solution or MeOD-d4/

100 mM phosphate buffer cosolvent. Aer heating, the organic
portions of the reaction mixtures were extracted and product
distributions measured by 1H NMR integration. During these
trials product ratios were found to be insensitive to moderate
changes in cosolvent composition, temperature, time and pD.

Initially, differences in product selectivity resulting from the
choice of host chelator were examined by comparing product
mixtures following treatment of various substrates with (!)-1
and 2. The extent to which enantiopure 2 distinguishes between
enantiomers (S)-5a and (R)-5a was tested. Note that this exper-
iment is not possible with resolved (!)-1 due to the presence of
residual NMe4+, which inhibits catalysis.31,42,43 Product ratios
varied between these treatments, with a higher trans selectivity
observed between D4-2 and (R)-5a (trans/cis: 69/31, entry 3a)
than with D4-2 and (S)-5a (trans/cis: 48/52, entry 2a). The aver-
aged product trans/cis selectivity resulting from these treat-
ments (58/42) is similar to that resulting from treatment of
racemic 5a with host (!)-1 (65/35, entry 1a). In order to achieve
similar levels of conversion under otherwise identical condi-
tions, it was necessary for catalyst loadings of D4-2 to vary by a
factor of two between treatments of (R)-5a and (S)-5a, an
observation which suggests a moderate degree of recognition
between D4-2 and enantiomers of 5a. Likewise, trans/cis ratios
were within error between treatments of (!)-1 or D4-2 with 5c,
although a difference in selectivity between (!)-3 and L4-4
(entries 4a and 5a) with substrate (!)-5a was observed for
reasons that are unclear. Nonetheless, in the majority of trials
completed, varying the host chelator did not affect product
selectivities by more than a small margin.

Next, product distributions from naphthalene-based cata-
lysts were compared to those resulting from treatment with
larger pyrene analogues (!)-3 and 4. In contrast to the selectivity
observed from catalysis by D4-2, treatment of 5c with pyrene-
basedL4-4 resulted in the rapid formation of trans product with
high selectivity (trans/cis: 98/2: entry 4b), demonstrating that
increasing host cavity size through the use of a larger spacer can
enhance stereoselectivity for trans products. In contrast, the
high trans selectivities in entries 8a and 9a reect the stereo-
chemical preference of substrate 5b due to a substantial 1,3-
diaxial repulsion. When corrected for catalyst concentration,
cyclization of 5c by L4-4 proceeds more efficiently than that of
D4-2 based on pseudo-rst-order ts to the levels of conversion
presented in Scheme 1 (krel z 5; DDG‡ ¼ 1 kcal mol#1). This
preference for trans products was also observed between treat-
ment of (!)-5a with naphthalene host (!)-1 and pyrene
analogues (!)-3 and L4-4 (entries 1a, 4a and 5a). From these
results, it is clear that exchanging a naphthalene for a pyrene
spacer can affect a change in product diastereoselectivity that is
consistent among different substrates (5a and 5c), as well as
different hosts ((!)-3, L4-4).

Collectively these observations suggest that the nature of
chelator (CAM or TAM) used has little effect on the diaster-
eoselectivity of this reaction. An exception to this trend results
when the enantiopure hosts D4-2 or D4-4 interact in a diaste-
reomeric fashion with substrate enantiomers (i.e. (S)- and (R)-
5a). In contrast, the choice of spacer has a clear effect on
product distributions, as is apparent from product selectivities

Fig. 1 K12Ga4L6 assemblies discussed in this work. Spheres represent
Ga3+ centers and lines represent ligands as depicted (CAM ¼ cat-
echolamide, TAM ¼ terephthalamide, Nap ¼ naphthalene, Pyr ¼ pyr-
ene). Only one ligand enantiomer is shown for 2 and 4. Potassium ions
are omitted for clarity.

1384 | Chem. Sci., 2015, 6, 1383–1393 This journal is © The Royal Society of Chemistry 2015
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Results and discussion
Effects of host structure on product selectivity

Differences in selectivity were examined by varying the struc-
tures of both hosts and substrates. It has been established that
host catalysts oen exhibit strict substrate selectivity based on
guest size.34,35 Following this precedent, the interaction of host
and substrate size was tested by examining the effect of
increasing host cavity volume on reaction stereoselectivity.
Earlier reports have documented the difficulty of preparing
pyrene-core host (!)-3 in the absence of a strongly-bound
template.36 However, treatment of reaction mixtures containing
appropriate metal and ligand components with KOH and
acetone allowed for the isolation of (!)-3 and 4, in analogy with
the procedure reported for the preparation of solvent-occupied
(!)-1.37 Previously, D4-1 mediated enantioselectivities of up to
78% in the aza-Cope rearrangement of enammonium cations
and 69% in intramolecular Prins reactions were observed, a
result which attests to the potentially high degree of enantio-
differentiation between D4-1 and catalytically relevant
substrates.31,38 These examples of molecular recognition have
been attributed to predominantly steric and p-interactions, as
chiral induction is thought to proceed through contact of guest
with naphthalene spacers. Given this precedent, the investiga-
tions reported herein were focused on a class of substrates that
differ in their alkyl substituents at the b-position but are other-
wise identical with regard to functional groups. This modica-
tion was aimed at avoiding the introduction of additional
functional groups39–41 in the substrate that could dramatically
alter the mechanism or stability of these compounds. Toward
this end, terpene derivatives 5a–c were separately treated with
catalysts in either pure phosphate buffer solution or MeOD-d4/

100 mM phosphate buffer cosolvent. Aer heating, the organic
portions of the reaction mixtures were extracted and product
distributions measured by 1H NMR integration. During these
trials product ratios were found to be insensitive to moderate
changes in cosolvent composition, temperature, time and pD.

Initially, differences in product selectivity resulting from the
choice of host chelator were examined by comparing product
mixtures following treatment of various substrates with (!)-1
and 2. The extent to which enantiopure 2 distinguishes between
enantiomers (S)-5a and (R)-5a was tested. Note that this exper-
iment is not possible with resolved (!)-1 due to the presence of
residual NMe4+, which inhibits catalysis.31,42,43 Product ratios
varied between these treatments, with a higher trans selectivity
observed between D4-2 and (R)-5a (trans/cis: 69/31, entry 3a)
than with D4-2 and (S)-5a (trans/cis: 48/52, entry 2a). The aver-
aged product trans/cis selectivity resulting from these treat-
ments (58/42) is similar to that resulting from treatment of
racemic 5a with host (!)-1 (65/35, entry 1a). In order to achieve
similar levels of conversion under otherwise identical condi-
tions, it was necessary for catalyst loadings of D4-2 to vary by a
factor of two between treatments of (R)-5a and (S)-5a, an
observation which suggests a moderate degree of recognition
between D4-2 and enantiomers of 5a. Likewise, trans/cis ratios
were within error between treatments of (!)-1 or D4-2 with 5c,
although a difference in selectivity between (!)-3 and L4-4
(entries 4a and 5a) with substrate (!)-5a was observed for
reasons that are unclear. Nonetheless, in the majority of trials
completed, varying the host chelator did not affect product
selectivities by more than a small margin.

Next, product distributions from naphthalene-based cata-
lysts were compared to those resulting from treatment with
larger pyrene analogues (!)-3 and 4. In contrast to the selectivity
observed from catalysis by D4-2, treatment of 5c with pyrene-
basedL4-4 resulted in the rapid formation of trans product with
high selectivity (trans/cis: 98/2: entry 4b), demonstrating that
increasing host cavity size through the use of a larger spacer can
enhance stereoselectivity for trans products. In contrast, the
high trans selectivities in entries 8a and 9a reect the stereo-
chemical preference of substrate 5b due to a substantial 1,3-
diaxial repulsion. When corrected for catalyst concentration,
cyclization of 5c by L4-4 proceeds more efficiently than that of
D4-2 based on pseudo-rst-order ts to the levels of conversion
presented in Scheme 1 (krel z 5; DDG‡ ¼ 1 kcal mol#1). This
preference for trans products was also observed between treat-
ment of (!)-5a with naphthalene host (!)-1 and pyrene
analogues (!)-3 and L4-4 (entries 1a, 4a and 5a). From these
results, it is clear that exchanging a naphthalene for a pyrene
spacer can affect a change in product diastereoselectivity that is
consistent among different substrates (5a and 5c), as well as
different hosts ((!)-3, L4-4).

Collectively these observations suggest that the nature of
chelator (CAM or TAM) used has little effect on the diaster-
eoselectivity of this reaction. An exception to this trend results
when the enantiopure hosts D4-2 or D4-4 interact in a diaste-
reomeric fashion with substrate enantiomers (i.e. (S)- and (R)-
5a). In contrast, the choice of spacer has a clear effect on
product distributions, as is apparent from product selectivities

Fig. 1 K12Ga4L6 assemblies discussed in this work. Spheres represent
Ga3+ centers and lines represent ligands as depicted (CAM ¼ cat-
echolamide, TAM ¼ terephthalamide, Nap ¼ naphthalene, Pyr ¼ pyr-
ene). Only one ligand enantiomer is shown for 2 and 4. Potassium ions
are omitted for clarity.
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Results and discussion
Effects of host structure on product selectivity

Differences in selectivity were examined by varying the struc-
tures of both hosts and substrates. It has been established that
host catalysts oen exhibit strict substrate selectivity based on
guest size.34,35 Following this precedent, the interaction of host
and substrate size was tested by examining the effect of
increasing host cavity volume on reaction stereoselectivity.
Earlier reports have documented the difficulty of preparing
pyrene-core host (!)-3 in the absence of a strongly-bound
template.36 However, treatment of reaction mixtures containing
appropriate metal and ligand components with KOH and
acetone allowed for the isolation of (!)-3 and 4, in analogy with
the procedure reported for the preparation of solvent-occupied
(!)-1.37 Previously, D4-1 mediated enantioselectivities of up to
78% in the aza-Cope rearrangement of enammonium cations
and 69% in intramolecular Prins reactions were observed, a
result which attests to the potentially high degree of enantio-
differentiation between D4-1 and catalytically relevant
substrates.31,38 These examples of molecular recognition have
been attributed to predominantly steric and p-interactions, as
chiral induction is thought to proceed through contact of guest
with naphthalene spacers. Given this precedent, the investiga-
tions reported herein were focused on a class of substrates that
differ in their alkyl substituents at the b-position but are other-
wise identical with regard to functional groups. This modica-
tion was aimed at avoiding the introduction of additional
functional groups39–41 in the substrate that could dramatically
alter the mechanism or stability of these compounds. Toward
this end, terpene derivatives 5a–c were separately treated with
catalysts in either pure phosphate buffer solution or MeOD-d4/

100 mM phosphate buffer cosolvent. Aer heating, the organic
portions of the reaction mixtures were extracted and product
distributions measured by 1H NMR integration. During these
trials product ratios were found to be insensitive to moderate
changes in cosolvent composition, temperature, time and pD.

Initially, differences in product selectivity resulting from the
choice of host chelator were examined by comparing product
mixtures following treatment of various substrates with (!)-1
and 2. The extent to which enantiopure 2 distinguishes between
enantiomers (S)-5a and (R)-5a was tested. Note that this exper-
iment is not possible with resolved (!)-1 due to the presence of
residual NMe4+, which inhibits catalysis.31,42,43 Product ratios
varied between these treatments, with a higher trans selectivity
observed between D4-2 and (R)-5a (trans/cis: 69/31, entry 3a)
than with D4-2 and (S)-5a (trans/cis: 48/52, entry 2a). The aver-
aged product trans/cis selectivity resulting from these treat-
ments (58/42) is similar to that resulting from treatment of
racemic 5a with host (!)-1 (65/35, entry 1a). In order to achieve
similar levels of conversion under otherwise identical condi-
tions, it was necessary for catalyst loadings of D4-2 to vary by a
factor of two between treatments of (R)-5a and (S)-5a, an
observation which suggests a moderate degree of recognition
between D4-2 and enantiomers of 5a. Likewise, trans/cis ratios
were within error between treatments of (!)-1 or D4-2 with 5c,
although a difference in selectivity between (!)-3 and L4-4
(entries 4a and 5a) with substrate (!)-5a was observed for
reasons that are unclear. Nonetheless, in the majority of trials
completed, varying the host chelator did not affect product
selectivities by more than a small margin.

Next, product distributions from naphthalene-based cata-
lysts were compared to those resulting from treatment with
larger pyrene analogues (!)-3 and 4. In contrast to the selectivity
observed from catalysis by D4-2, treatment of 5c with pyrene-
basedL4-4 resulted in the rapid formation of trans product with
high selectivity (trans/cis: 98/2: entry 4b), demonstrating that
increasing host cavity size through the use of a larger spacer can
enhance stereoselectivity for trans products. In contrast, the
high trans selectivities in entries 8a and 9a reect the stereo-
chemical preference of substrate 5b due to a substantial 1,3-
diaxial repulsion. When corrected for catalyst concentration,
cyclization of 5c by L4-4 proceeds more efficiently than that of
D4-2 based on pseudo-rst-order ts to the levels of conversion
presented in Scheme 1 (krel z 5; DDG‡ ¼ 1 kcal mol#1). This
preference for trans products was also observed between treat-
ment of (!)-5a with naphthalene host (!)-1 and pyrene
analogues (!)-3 and L4-4 (entries 1a, 4a and 5a). From these
results, it is clear that exchanging a naphthalene for a pyrene
spacer can affect a change in product diastereoselectivity that is
consistent among different substrates (5a and 5c), as well as
different hosts ((!)-3, L4-4).

Collectively these observations suggest that the nature of
chelator (CAM or TAM) used has little effect on the diaster-
eoselectivity of this reaction. An exception to this trend results
when the enantiopure hosts D4-2 or D4-4 interact in a diaste-
reomeric fashion with substrate enantiomers (i.e. (S)- and (R)-
5a). In contrast, the choice of spacer has a clear effect on
product distributions, as is apparent from product selectivities

Fig. 1 K12Ga4L6 assemblies discussed in this work. Spheres represent
Ga3+ centers and lines represent ligands as depicted (CAM ¼ cat-
echolamide, TAM ¼ terephthalamide, Nap ¼ naphthalene, Pyr ¼ pyr-
ene). Only one ligand enantiomer is shown for 2 and 4. Potassium ions
are omitted for clarity.
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Results and discussion
Effects of host structure on product selectivity

Differences in selectivity were examined by varying the struc-
tures of both hosts and substrates. It has been established that
host catalysts oen exhibit strict substrate selectivity based on
guest size.34,35 Following this precedent, the interaction of host
and substrate size was tested by examining the effect of
increasing host cavity volume on reaction stereoselectivity.
Earlier reports have documented the difficulty of preparing
pyrene-core host (!)-3 in the absence of a strongly-bound
template.36 However, treatment of reaction mixtures containing
appropriate metal and ligand components with KOH and
acetone allowed for the isolation of (!)-3 and 4, in analogy with
the procedure reported for the preparation of solvent-occupied
(!)-1.37 Previously, D4-1 mediated enantioselectivities of up to
78% in the aza-Cope rearrangement of enammonium cations
and 69% in intramolecular Prins reactions were observed, a
result which attests to the potentially high degree of enantio-
differentiation between D4-1 and catalytically relevant
substrates.31,38 These examples of molecular recognition have
been attributed to predominantly steric and p-interactions, as
chiral induction is thought to proceed through contact of guest
with naphthalene spacers. Given this precedent, the investiga-
tions reported herein were focused on a class of substrates that
differ in their alkyl substituents at the b-position but are other-
wise identical with regard to functional groups. This modica-
tion was aimed at avoiding the introduction of additional
functional groups39–41 in the substrate that could dramatically
alter the mechanism or stability of these compounds. Toward
this end, terpene derivatives 5a–c were separately treated with
catalysts in either pure phosphate buffer solution or MeOD-d4/

100 mM phosphate buffer cosolvent. Aer heating, the organic
portions of the reaction mixtures were extracted and product
distributions measured by 1H NMR integration. During these
trials product ratios were found to be insensitive to moderate
changes in cosolvent composition, temperature, time and pD.

Initially, differences in product selectivity resulting from the
choice of host chelator were examined by comparing product
mixtures following treatment of various substrates with (!)-1
and 2. The extent to which enantiopure 2 distinguishes between
enantiomers (S)-5a and (R)-5a was tested. Note that this exper-
iment is not possible with resolved (!)-1 due to the presence of
residual NMe4+, which inhibits catalysis.31,42,43 Product ratios
varied between these treatments, with a higher trans selectivity
observed between D4-2 and (R)-5a (trans/cis: 69/31, entry 3a)
than with D4-2 and (S)-5a (trans/cis: 48/52, entry 2a). The aver-
aged product trans/cis selectivity resulting from these treat-
ments (58/42) is similar to that resulting from treatment of
racemic 5a with host (!)-1 (65/35, entry 1a). In order to achieve
similar levels of conversion under otherwise identical condi-
tions, it was necessary for catalyst loadings of D4-2 to vary by a
factor of two between treatments of (R)-5a and (S)-5a, an
observation which suggests a moderate degree of recognition
between D4-2 and enantiomers of 5a. Likewise, trans/cis ratios
were within error between treatments of (!)-1 or D4-2 with 5c,
although a difference in selectivity between (!)-3 and L4-4
(entries 4a and 5a) with substrate (!)-5a was observed for
reasons that are unclear. Nonetheless, in the majority of trials
completed, varying the host chelator did not affect product
selectivities by more than a small margin.

Next, product distributions from naphthalene-based cata-
lysts were compared to those resulting from treatment with
larger pyrene analogues (!)-3 and 4. In contrast to the selectivity
observed from catalysis by D4-2, treatment of 5c with pyrene-
basedL4-4 resulted in the rapid formation of trans product with
high selectivity (trans/cis: 98/2: entry 4b), demonstrating that
increasing host cavity size through the use of a larger spacer can
enhance stereoselectivity for trans products. In contrast, the
high trans selectivities in entries 8a and 9a reect the stereo-
chemical preference of substrate 5b due to a substantial 1,3-
diaxial repulsion. When corrected for catalyst concentration,
cyclization of 5c by L4-4 proceeds more efficiently than that of
D4-2 based on pseudo-rst-order ts to the levels of conversion
presented in Scheme 1 (krel z 5; DDG‡ ¼ 1 kcal mol#1). This
preference for trans products was also observed between treat-
ment of (!)-5a with naphthalene host (!)-1 and pyrene
analogues (!)-3 and L4-4 (entries 1a, 4a and 5a). From these
results, it is clear that exchanging a naphthalene for a pyrene
spacer can affect a change in product diastereoselectivity that is
consistent among different substrates (5a and 5c), as well as
different hosts ((!)-3, L4-4).

Collectively these observations suggest that the nature of
chelator (CAM or TAM) used has little effect on the diaster-
eoselectivity of this reaction. An exception to this trend results
when the enantiopure hosts D4-2 or D4-4 interact in a diaste-
reomeric fashion with substrate enantiomers (i.e. (S)- and (R)-
5a). In contrast, the choice of spacer has a clear effect on
product distributions, as is apparent from product selectivities

Fig. 1 K12Ga4L6 assemblies discussed in this work. Spheres represent
Ga3+ centers and lines represent ligands as depicted (CAM ¼ cat-
echolamide, TAM ¼ terephthalamide, Nap ¼ naphthalene, Pyr ¼ pyr-
ene). Only one ligand enantiomer is shown for 2 and 4. Potassium ions
are omitted for clarity.
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resulting from treatment of 5a–c with hosts (!)-1 and 2
compared to (!)-3 and 4. Generally, it was observed that trans
selectivity increases with cavity size, which may also accompany
an improvement in catalytic efficiency. Consistent with these
observations, gas-phase DFT calculations. Suggest that the
barrier for the cyclization of 5a is slightly lower for the transition
state leading to the major trans product compared to that
leading to the corresponding cis product.40 Based on these
results, it is likely that the constrictive cavities of (!)-1 and 2
may destabilize the transition state leading to trans products, an
effect that also results in higher selectivity for cis products
relative to analogous reactions in larger hosts (!)-3 and 4.

Effect of host and guest size on enantioselective catalysis

The relationship between guest volume and catalyst enantiose-
lectivity was investigated in the kinetic resolution of chiral starting
material. In a catalytic kinetic resolution, the relative reaction
rates of substrate enantiomers can be expressed as a selectivity

factor (s; eqn (1)),44 which is determined by DDG‡ between dia-
stereomeric transition states. It was hypothesized that if the size
of substrates was increased, an increase in smay be observed due
to increased steric interactions between encapsulated substrate
and the aromatic walls ofL4-2, which are presumably the surfaces
that induce enantioselectivity in these reactions.31,38

Toward this end, selectivity factors were measured for chiral
starting materials 5a and 5b (1 : 1 MeOD-d4/100 mM phosphate
buffer cosolvent, pD 5.00, 25 "C). While L4-2 exhibited low
chiral discrimination for 5a (s ¼ 1.8; DDG‡ ¼ 0.35 kcal mol$1),
selectivity increased for larger substrate 5b (s ¼ 4.45; DDG‡ ¼
0.88 kcal mol$1). Following this observation, product ee's
resulting from the cyclization of 5c with hosts D4-2 and L4-4
were compared. In the latter case, an analogous trend was
observed; product enantioselectivity was greater when a smaller
cavity was used (entry 2b, 61% ee; DDG‡ ¼ 1.14 kcal mol$1;
Scheme 1)31 relative to a larger one (entry 4b, $33% ee; DDG‡ ¼
0.56 kcal mol$1; Scheme 1). In further support of this notion, a
smaller degree of recognition (indicated by small differences in
product selectivity and conversion) was observed between
enantiomers of 5a and hostD4-4 (entries 6a and 7a) compared to
analogous trials with smaller host D4-2 (entries 2a and 3a).
While these observations are consistent with the notion that the
magnitude of host-mediated enantioinduction increases with
guest size (or decreases with host cavity size), it should be noted
an analogous trend was not observed between two previously
reported achiral Prins substrates.31

s ¼ kfast
kslow

¼ e
DDG
RT

‡

(1)

Mechanistic considerations

In order to determine the role of catalyst, substrate and bulk
solution acidity on reaction rate, the order in (!)-1, 5c andD+ were
determined using initial rate measurements (1H NMR spectros-
copy). Because this reaction proceeds initially by a reversible
encapsulation pre-equilibrium, saturation of catalyst by substrate
is possible in principle. In practice, however, saturation by 5c was
not observed due to the low affinity of this substrate for (!)-1 or 2
and the limited solubility of substrate in MeOD-d4/phosphate
buffer cosolvent. Consequently, the rate of reaction was measured
to be rst-order in (!)-1 as well as substrate 5c. In contrast, a
0.4(1)-order dependence was measured between kobs and D+ over
the pD range 6.9–8.0. Taken together, these experiments
demonstrate that the (!)-1-catalyzed cyclization of 5c obeys the
empirical rate law: rate ¼ kobs[substrate][host][D+]0.4(1), which at
constant pD reduces to rate ¼ kobs[substrate][host]. These
measurements and subsequent observations described below are
consistent with the mechanisms proposed in Scheme 2.

Investigation of the catalytic steps
Aldehyde-hydrate (Khyd) and encapsulation (K1) pre-equilibria

Under aqueous conditions, aldehyde-containing substrates
underwent reversible hydration, a process which was observed

Scheme 1 General conditions effective in the cyclizations of (a) chiral
substrates 5a–c and (b) achiral substrate 5cwith catalysts 1–4. a50mM
phosphate buffer, pH 7.50; b100 mM phosphate buffer, pD 8.00; c1 : 1
MeOD-d4/100 mM phosphate buffer, pD 8.00; d1 : 1 MeOD-d4/100
mM phosphate buffer, pD 5.00; eproduct not observed by 1H NMR
spectroscopy or GC-MS. fA single trans product was exclusively
formed; the relative stereochemistry at the 1-position (–Me/–nPr)
could not be unambiguously determined. Selectivity measurements
have an estimated error of #3%.
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▶ Diastereoselectivity

Smaller cavity
Trans conformation destabilized

Diasteroselectivity : Large Host

▶ Enantioselectivity

resulting from treatment of 5a–c with hosts (!)-1 and 2
compared to (!)-3 and 4. Generally, it was observed that trans
selectivity increases with cavity size, which may also accompany
an improvement in catalytic efficiency. Consistent with these
observations, gas-phase DFT calculations. Suggest that the
barrier for the cyclization of 5a is slightly lower for the transition
state leading to the major trans product compared to that
leading to the corresponding cis product.40 Based on these
results, it is likely that the constrictive cavities of (!)-1 and 2
may destabilize the transition state leading to trans products, an
effect that also results in higher selectivity for cis products
relative to analogous reactions in larger hosts (!)-3 and 4.

Effect of host and guest size on enantioselective catalysis

The relationship between guest volume and catalyst enantiose-
lectivity was investigated in the kinetic resolution of chiral starting
material. In a catalytic kinetic resolution, the relative reaction
rates of substrate enantiomers can be expressed as a selectivity

factor (s; eqn (1)),44 which is determined by DDG‡ between dia-
stereomeric transition states. It was hypothesized that if the size
of substrates was increased, an increase in smay be observed due
to increased steric interactions between encapsulated substrate
and the aromatic walls ofL4-2, which are presumably the surfaces
that induce enantioselectivity in these reactions.31,38

Toward this end, selectivity factors were measured for chiral
starting materials 5a and 5b (1 : 1 MeOD-d4/100 mM phosphate
buffer cosolvent, pD 5.00, 25 "C). While L4-2 exhibited low
chiral discrimination for 5a (s ¼ 1.8; DDG‡ ¼ 0.35 kcal mol$1),
selectivity increased for larger substrate 5b (s ¼ 4.45; DDG‡ ¼
0.88 kcal mol$1). Following this observation, product ee's
resulting from the cyclization of 5c with hosts D4-2 and L4-4
were compared. In the latter case, an analogous trend was
observed; product enantioselectivity was greater when a smaller
cavity was used (entry 2b, 61% ee; DDG‡ ¼ 1.14 kcal mol$1;
Scheme 1)31 relative to a larger one (entry 4b, $33% ee; DDG‡ ¼
0.56 kcal mol$1; Scheme 1). In further support of this notion, a
smaller degree of recognition (indicated by small differences in
product selectivity and conversion) was observed between
enantiomers of 5a and hostD4-4 (entries 6a and 7a) compared to
analogous trials with smaller host D4-2 (entries 2a and 3a).
While these observations are consistent with the notion that the
magnitude of host-mediated enantioinduction increases with
guest size (or decreases with host cavity size), it should be noted
an analogous trend was not observed between two previously
reported achiral Prins substrates.31

s ¼ kfast
kslow

¼ e
DDG
RT

‡

(1)

Mechanistic considerations

In order to determine the role of catalyst, substrate and bulk
solution acidity on reaction rate, the order in (!)-1, 5c andD+ were
determined using initial rate measurements (1H NMR spectros-
copy). Because this reaction proceeds initially by a reversible
encapsulation pre-equilibrium, saturation of catalyst by substrate
is possible in principle. In practice, however, saturation by 5c was
not observed due to the low affinity of this substrate for (!)-1 or 2
and the limited solubility of substrate in MeOD-d4/phosphate
buffer cosolvent. Consequently, the rate of reaction was measured
to be rst-order in (!)-1 as well as substrate 5c. In contrast, a
0.4(1)-order dependence was measured between kobs and D+ over
the pD range 6.9–8.0. Taken together, these experiments
demonstrate that the (!)-1-catalyzed cyclization of 5c obeys the
empirical rate law: rate ¼ kobs[substrate][host][D+]0.4(1), which at
constant pD reduces to rate ¼ kobs[substrate][host]. These
measurements and subsequent observations described below are
consistent with the mechanisms proposed in Scheme 2.

Investigation of the catalytic steps
Aldehyde-hydrate (Khyd) and encapsulation (K1) pre-equilibria

Under aqueous conditions, aldehyde-containing substrates
underwent reversible hydration, a process which was observed

Scheme 1 General conditions effective in the cyclizations of (a) chiral
substrates 5a–c and (b) achiral substrate 5cwith catalysts 1–4. a50mM
phosphate buffer, pH 7.50; b100 mM phosphate buffer, pD 8.00; c1 : 1
MeOD-d4/100 mM phosphate buffer, pD 8.00; d1 : 1 MeOD-d4/100
mM phosphate buffer, pD 5.00; eproduct not observed by 1H NMR
spectroscopy or GC-MS. fA single trans product was exclusively
formed; the relative stereochemistry at the 1-position (–Me/–nPr)
could not be unambiguously determined. Selectivity measurements
have an estimated error of #3%.
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pH 8 H2O, 100 mM K3PO4,
50% MeOH, 16 h

N CO2Et
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evidence that the cavity of this supramolecular assembly is
essential for the multicomponent reaction observed. We
envision that this reaction could inspire the development of
more complex reactions with supramolecular assemblies to
enable the unique secondary environment of these hosts to
dictate selectivity as well as take advantage of chemistry in
aqueous media.
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▶ Mechanism

molecular assembly 1. Three-component couplings of this type
have been seldom promoted by supramolecular hosts36−38 and
are exceedingly rare within a self-assembled container
molecule.
Given our previous results employing iminium intermediates

in reactions catalyzed by 1, we first sought to identify a
nucleophile that would be compatible with the host and the
reaction conditions, and which could be employed in a
multicomponent reaction. These efforts identified ethyl-
diazoacetate (EDA) as a nucleophile that met these require-
ments and showed a propensity to bind to host 1. Next, we
examined the amine component required for formation of the
electrophilic iminium component with formaldehyde, in the
presence of 1 and EDA. While basic amines (BnNH2 and
IPrNH2) and amides (AcNH2) did not afford any desired
azirdine, we found that aniline and aqueous formaldehyde (37
wt %) coupled with EDA to form N-phenylaziridine 2a in an
aza-Darzens reaction, promoted by catalytic amounts of host 1
(Scheme 2a). Building on this initial result, we sought to find

optimal reaction conditions and explore the scope of this
reaction. While poor solubility of the reaction components
precluded reactivity in water, and pure methanol gave poor
reactivity due to the lack of a hydrophobic driving force for the
encapsulation of reagents within the host, using a 50% (v/v)
methanol/pH 8 water mixture, N-phenylaziridine (2a) was
isolated in good yield and at low catalyst loading (82%,
Scheme 2b). Substitution on the aniline ring was tolerated for
both electron-withdrawing and -donating groups at both the
para (2b,c) and meta positions (2d,e), providing the
corresponding N-phenylaziridines in moderate yield. As a

control experiment, the cavity of 1 was blocked with an
equivalent of tetraethylammonium chloride, a strongly binding
guest, which lowered the yield of the reaction to 10% after 24
h. This result demonstrates the necessity of the host cavity for
the reaction to proceed efficiently (Scheme 2c).
These initial results encouraged us to explore the generation

of more complex products where diastereomeric selectivity
could be investigated. Acetaldehyde was first selected as a
coupling partner, which could undergo the reaction with
aniline and EDA to provide disubstituted N-phenylaziridines
where the formation of both cis- and trans-aziridines would be
possible (Scheme 3a). The presence of 5 mol % 1 with aniline,

acetaldehyde, and EDA gave the N-phenyl trans-aziridine (3)
as the major diastereomer (20:1, 1H NMR) in 68% yield. This
selectivity for the trans diastereomer was maintained for
propanal (4) and butanal (5); however, yields and selectivity
for the trans product diminished when pentanal (6) was
employed. The lack of reactivity with pentanal was attributed
to the increased size of this substrate preventing coencapsu-
lation within 1 and subsequent reactivity. The high selectivity
(20:1) for the trans-aziridine in this Aza-Darzens reaction
catalyzed by 1 was surprising, as literature examples for this
reaction typically provide the cis-aziridine as the major isomer
when α-diazo esters are employed as nucleophiles.31

In contrast, when the reaction was performed with Et4N+-
blocked 1, only minor background conversion (ca. 7%) to the
aziridine product was observed (Scheme 3b). Further
investigation of the product revealed that the cis-aziridine
was formed in the uncatalyzed process as opposed to the trans-
aziridine generated when the host cavity was not blocked. This
reversal in selectivity between the host-catalyzed and back-
ground reactions demonstrates that the confined interior of the
host not only accelerates the reaction but also overrides the
inherent diastereoselectivity of the uncatalyzed process.
Several substitutions on the aniline ring were tolerated at the

meta and para positions, all of which were selective for the
disubstituted N-phenyl trans-aziridine (Scheme 4). Both
electron-rich and -deficient rings were reactive, and there was

Scheme 2. (a) Initial Screening for Multicomponent Aza-
Darzens Reaction, (b) Scope of Monosubstituted Aziridines
(Reported As Isolated Yields) and (c) Blocked Host
Control (Reported as NMR Yield)

Scheme 3. (a) Effect of n-Aldehyde Substituent on
Reactivity and (b) Blocked Host Control (Reported as
NMR Yields)
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molecular assembly 1. Three-component couplings of this type
have been seldom promoted by supramolecular hosts36−38 and
are exceedingly rare within a self-assembled container
molecule.
Given our previous results employing iminium intermediates

in reactions catalyzed by 1, we first sought to identify a
nucleophile that would be compatible with the host and the
reaction conditions, and which could be employed in a
multicomponent reaction. These efforts identified ethyl-
diazoacetate (EDA) as a nucleophile that met these require-
ments and showed a propensity to bind to host 1. Next, we
examined the amine component required for formation of the
electrophilic iminium component with formaldehyde, in the
presence of 1 and EDA. While basic amines (BnNH2 and
IPrNH2) and amides (AcNH2) did not afford any desired
azirdine, we found that aniline and aqueous formaldehyde (37
wt %) coupled with EDA to form N-phenylaziridine 2a in an
aza-Darzens reaction, promoted by catalytic amounts of host 1
(Scheme 2a). Building on this initial result, we sought to find

optimal reaction conditions and explore the scope of this
reaction. While poor solubility of the reaction components
precluded reactivity in water, and pure methanol gave poor
reactivity due to the lack of a hydrophobic driving force for the
encapsulation of reagents within the host, using a 50% (v/v)
methanol/pH 8 water mixture, N-phenylaziridine (2a) was
isolated in good yield and at low catalyst loading (82%,
Scheme 2b). Substitution on the aniline ring was tolerated for
both electron-withdrawing and -donating groups at both the
para (2b,c) and meta positions (2d,e), providing the
corresponding N-phenylaziridines in moderate yield. As a

control experiment, the cavity of 1 was blocked with an
equivalent of tetraethylammonium chloride, a strongly binding
guest, which lowered the yield of the reaction to 10% after 24
h. This result demonstrates the necessity of the host cavity for
the reaction to proceed efficiently (Scheme 2c).
These initial results encouraged us to explore the generation

of more complex products where diastereomeric selectivity
could be investigated. Acetaldehyde was first selected as a
coupling partner, which could undergo the reaction with
aniline and EDA to provide disubstituted N-phenylaziridines
where the formation of both cis- and trans-aziridines would be
possible (Scheme 3a). The presence of 5 mol % 1 with aniline,

acetaldehyde, and EDA gave the N-phenyl trans-aziridine (3)
as the major diastereomer (20:1, 1H NMR) in 68% yield. This
selectivity for the trans diastereomer was maintained for
propanal (4) and butanal (5); however, yields and selectivity
for the trans product diminished when pentanal (6) was
employed. The lack of reactivity with pentanal was attributed
to the increased size of this substrate preventing coencapsu-
lation within 1 and subsequent reactivity. The high selectivity
(20:1) for the trans-aziridine in this Aza-Darzens reaction
catalyzed by 1 was surprising, as literature examples for this
reaction typically provide the cis-aziridine as the major isomer
when α-diazo esters are employed as nucleophiles.31

In contrast, when the reaction was performed with Et4N+-
blocked 1, only minor background conversion (ca. 7%) to the
aziridine product was observed (Scheme 3b). Further
investigation of the product revealed that the cis-aziridine
was formed in the uncatalyzed process as opposed to the trans-
aziridine generated when the host cavity was not blocked. This
reversal in selectivity between the host-catalyzed and back-
ground reactions demonstrates that the confined interior of the
host not only accelerates the reaction but also overrides the
inherent diastereoselectivity of the uncatalyzed process.
Several substitutions on the aniline ring were tolerated at the

meta and para positions, all of which were selective for the
disubstituted N-phenyl trans-aziridine (Scheme 4). Both
electron-rich and -deficient rings were reactive, and there was

Scheme 2. (a) Initial Screening for Multicomponent Aza-
Darzens Reaction, (b) Scope of Monosubstituted Aziridines
(Reported As Isolated Yields) and (c) Blocked Host
Control (Reported as NMR Yield)

Scheme 3. (a) Effect of n-Aldehyde Substituent on
Reactivity and (b) Blocked Host Control (Reported as
NMR Yields)
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no major effect on selectivity. As previously observed when
pentanal was used as a coupling partner, size exclusion also
appears to play a role in the aniline component. For example,
the formation of 3-methylaniline-derived trans-aziridine
occurred in 53% yield in 24:1 trans selectivity (4b), while
minimal reactivity was observed in the host-catalyzed reaction
of 3,5-dimethylaniline (4f).
The experiments with 3,5-dimethylaniline (Scheme 4, 4f)

and pentanal (Scheme 3b, 6) are consistent with the
hypothesis that the iminium must be small enough to fit
within the host for the reaction to proceed efficiently.
Therefore, the size limitation of the third component, the α-
diazo ester, was examined using a larger tert-butyl ester as the
nucleophilic component of the Aza-Darzens reaction (Scheme
5a). This larger α-diazo ester gave only an 11% yield of the

disubstituted N-phenylaziridine (7); moreover, in the presence
of a stoichiometric amount of tetraethylammonium as an
inhibitor, 7% yield of the aziridine was obtained (Scheme 5b).
Taken together, these observations suggest that for the
reaction to proceed efficiently, and with high selectivity for
the trans-aziridine, all three components of this transformation
must fit within the cavity of the supramolecular host.
To further explore the synthetic applications of this

transformation, the formation of trisubstituted aziridines
from substituted α-diazo esters was investigated. The reaction
of α-ethyl substituted α-diazo ester, acetaldehyde, and aniline,

catalyzed by 1, gave the trisubstituted N-phenylaziridine in
70% yield, with excellent selectivity for the trans-(Me, CO2Et)-
diastereomer as determined by 1D NOE correlation (Scheme
6, 8b). Further substitution of the α-diazo ester was tolerated

to some degree; however, yields diminished when the longer α-
propyl substituted α-diazo ester was employed (8e), again
demonstrating the impact of the nucleophile’s size on this
transformation.
In order to gain insight into the mechanism of the three-

component coupling, a series of in situ NMR experiments were
conducted. First, we examined the binding of the separate
components with the supramolecular host 1. Thus, a mixture
of aniline, aldehyde, and 1 showed only an equilibrium
between the aniline/aldehyde and the corresponding hemi-
aminal, without observable signals for imine either in solution
or within the cavity of the host. While it might be anticipated
that encapsulation of a cationic protonated imine/aniline
might be favorable in the dodecanionic host, the low basicity of
the aniline and the unfavorable equilibrium for imine
formation in water are apparently not overcome by this
association. In contrast, a mixture of 1 and α-diazo ester
resulted in noticeable broadening of the signals associated with
the α-diazo ester, consistent with a rapid and reversible, on the
NMR time scale, binding of this guest. Second, kinetic analysis
was performed to examine the kinetic profile of the
components (see Supporting Information). The reaction
showed first-order kinetics in aldehyde and saturation kinetics
in α-diazo ester. Saturation kinetics in α-diazo ester is
consistent with a preequilibrium host−guest complex, while
the first-order kinetics in aldehyde suggests that preequilibrium
for iminium ion encapsulation is not relevant to the
functioning catalytic processes. On the basis of these
experiments, we propose that the Aza-Darzens reaction
catalyzed by 1 proceeds via initial encapsulation of the α-
diazo ester within the cavity of 1 (Scheme 7). This initial
binding equilibrium is followed by rate-determining encapsu-
lation of an equivalent of an in situ generated iminium ion,
driven by the anionic charge of 1, to provide intermediate III.
Inside the assembly the α-diazo ester undergoes nucleophilic
addition to the iminium ion, followed by intramolecular
nucleophilic displacement of an equivalent of nitrogen, to yield
the protonated aziridine V. It is then proposed that the
aziridine leaves the host and is deprotonated in the bulk pH 8
solution, regenerating the catalyst.
In conclusion, a rare example of a three-component reaction

within a supramolecular host is reported. This Aza-Darzens
reaction within 1 displays divergent reactivity from the
uncatalyzed background reaction, giving the trans isomer of
the disubstituted N-phenylaziridine. The reaction proceeds
with low yield when the host cavity is blocked, and larger
substrates proceed with minimal conversion, providing

Scheme 4. Effect of Aryl Substitution on Disubstituted
Aziridine Synthesis (Reported as NMR Yields)

Scheme 5. (a) Effect of Bulky Ester on Aza-Darzens
Reaction and (b) Blocked Host Control (Reported as NMR
Yields)

Scheme 6. Trisubstituted Aziridine Synthesis (Reported as
NMR Yields)
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the SI). Optimized conditions for host synthesis required slow
addition of the base by a syringe pump while heating the
reaction mixture to 72 °C in ethanol. After cooling,
precipitation with diethyl ether enabled the isolation of the
hosts by filtration as yellow powders (Figure 2). 1H NMR of
these hosts with the addition of a strongly bound guest,
tetraethylammonium, exhibited the diagnostic upfield shifts of
an encapsulated guest, and ESI HRMS confirmed the
formation of Ga4L6 species for all supramolecular hosts. 1H
NMR shows the formation of a single high symmetry host
species, consistent with the formation of a single diastereomer
of host (R, ΔΔΔΔ). In addition, binding experiments using a
chiral ammonium guest as a chiral shift reagent show the guest
to be a single encapsulated species, providing further evidence
that these nine new hosts assemble as a single diastereomer.
Circular dichroism (CD) spectrophotometry images of these
hosts are consistent with the CD spectra of reported host 1
(see the SI).
The new library of hosts was subjected to aza-Darzens

conditions with the goal of benchmarking reaction selectivity
to determine the effect of the external chiral amides on host
cavity-mediated catalysis. Unexpectedly, the aza-Darzens
reaction catalyzed by host 4, which bears the chiral amide
derived from (R)-1-aminotetraline, provided aziridine 3a in
high selectivity (−95% ee) but with absolute stereochemistry
opposite to that formed in the host 1 (R, ΔΔΔΔ)-catalyzed
process (Scheme 2). NMR experiments investigating the
chemical shift of encapsulated R-α-methylbenzylammmonium
and S-α-methylbenzylammmonium salts revealed that the
cavity of host 4 has the sense of chirality opposite to that of
host 1 (R, ΔΔΔΔ) (see the SI). We infer from these

observations that host 4 assembles as the (R, ΛΛΛΛ)
diastereomer, therefore generating an enantiopure cavity of
opposite supramolecular chirality to host 1 (R, ΔΔΔΔ). The
1H NMR spectrum of host 4 revealed a highly fluxional species
with broadened signals for the aromatic walls of the host at
room temperature. Despite the fluxional nature of the
assembly, the peak of the bound guest remained sharp,
consistent with a highly defined binding pocket, while the
external amides’ conformation remains more poorly defined
(see the SI).
Hosts 5−9 derived from (R) chiral amines provided the

same major enantiomer of product as host 1 (R, ΔΔΔΔ) with
similarly excellent selectivity and yield for aziridine 3a (>98%
yield, >98% ee). However, an interesting effect was observed
when 4-methoxyaniline was used as a coupling partner instead
of aniline (Figure 3). This substrate provided divergent
reactivity across the catalyst series for the 4-methoxyaniline-
derived aziridine (3d), with host 1 affording 90% ee for
aziridine 3d, while host 9 gave the lowest selectivity (61% ee).
We hypothesize that this differential selectivity is due to the
increased size and linear nature of 4-methoxyaniline, rendering
it more difficult to encapsulate within the host. Indeed, when

Figure 2. Nine new Ga(III)-containing enantiopure hosts prepared from structurally related biscatecholate ligands.

Scheme 2. Asymmetric Aza-Darzens Condensation
Catalyzed by Host 4
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4-methylaniline and 4-chloroaniline were subjected to the
reaction, disparate selectivity for aziridines 3e and 3f was
observed across the catalyst series. A similar trend in selectivity
for aziridine 3c of weaker magnitude was observed when the
smaller 4-fluoroaniline was used in the reaction. In contrast,
when 3-methylaniline was employed as a coupling partner,
similar high enantioselectivity was observed for aziridine 3b
across the catalyst series. This observation is consistent with 3-
methylaniline occupying a more compact configuration
compared to 4-methylaniline, making it more readily
accommodated across the series of catalysts. As a result, the
largest 4-substituted substrates lead to the greatest differences
in observed selectivity across the catalyst series.
Since the larger substrates provide the lowest yields, they

could potentially experience a greater degree of background
reactivity, leading to diminished selectivity and disparate
selectivity across the host series. To determine if the
diminished selectivity was a function of the background
uncatalyzed process outpacing the more selective host-
catalyzed process, the reaction was examined with an increased
catalyst loading of host 9, the least selective catalyst (Figure
4a). Under these conditions, an increase in NMR yield was
observed; however, the selectivity remained modest. Conduct-
ing the same experiment with the stoichiometric addition of a
competing strongly bound unreactive guest, tetraethylammo-
nium, revealed poor reactivity, suggesting that the difference in
observed selectivity between hosts 1 and 9 cannot be explained
by a background process alone. Interestingly, NMR studies of
bound cationic salts showed that the cavities of hosts 1 and 7
represent different chemical environments as evidenced by the
different chemical shifts observed for the bound internal guest
despite nearly identical binding constants (Figure 4b). This
result suggests that these hosts present different chemical
environments, detectable by 1H NMR, to the encapsulated
guests.
The difference in selectivity and cavity chemical environ-

ment across the host series is significant as the hosts only vary

at the apex position, which is distal to the active site. We
hypothesized that the observed differences in enantioselectivity
originate from how readily the host accommodates the
enantiodetermining transition state and that these differences
might be reflected by host flexibility. Since the movement of
the aperture of the host is mechanically coupled to the external
amides, any differences in interactions between the external
chiral amides are expected to translate to the aperture and the

Figure 3. Divergent selectivity in enantiopure host-catalyzed aza-Darzens reaction.

Figure 4. (a) Increased catalyst loading for the host-9-catalyzed aza-
Darzens reaction provides similar enantioselectivity as 2 mol %
catalyst loading of host 9. Host 9 blocked by a strongly bound guest
NEt4Cl background experiment provides little to no reactivity. (b) A
1:1 binding competition experiment between hosts 1 and 7 for a
cationic guest. Encapsulated guest signals are in the negative region of
the NMR and show differing chemical signals for each host.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c04182
J. Am. Chem. Soc. 2022, 144, 11425−11433

11428

Divergent Selectivity in Enantiopure Hosts

31

4-3

Kenneth N. Raymond and F. Dean Toste, et al., J. Am. Chem. Soc. 2020, 142, 733.

p-substituent
Difficult to enter the cavity
Decrease in both yield and ee

The differences in reactions between 
supramolecules are striking.

Stereoselective Reaction by Host Size and Flexibility



Relationship between Flexibility and Enantioselectivity

32

4-3

Kenneth N. Raymond and F. Dean Toste, et al., J. Am. Chem. Soc. 2020, 142, 733.

active site of the host. This effect is expected to be exaggerated
for larger guests, which require increased aperture deformation
to both allow for encapsulation and accommodate the bond-
forming event. Indeed, it is only for the largest 4-substituted
substrates that differences in host selectivity are observed,
suggesting that host flexibility may play a key role in reaction
selectivity.
To address this hypothesis, the kinetics of binding of a

number of model cationic salts were measured using selective
inversion recovery NMR (SIR NMR) as a probe to benchmark
host flexibility in the transition state. Similar exchange kinetics
across the host series are observed when smaller cationic guests
were used, consistent with the similar selectivity that we
observed for smaller substrates (see the SI). This result
prompted us to synthesize cationic salt 13, which could be a
suitable model for the substrates in the aza-Darzens
condensation. Salt 13 contains a chiral center and a large 4-
substitution on its aromatic ring, mimicking the substrates that
demonstrate the largest differences in selectivity across the
catalyst series. This salt was readily encapsulated in the
supramolecular hosts and displayed differing chemical shifts
between the chiral hosts in the encapsulated region of the 1H
NMR (see the SI). Using SIR NMR, the rate of exchange of
model salt 13 with the supramolecular host (10:1 guest:host
ratio) was measured. A difference in exchange rate was
observed across the catalyst series, and this difference
correlated to the observed selectivity in the aza-Darzens
condensation when 4-methoxyaniline was used as a coupling
partner (Figure 5). The trend shows that the hosts that
exchanged guest 13 the fastest were those that provided the
highest degree of selectivity in the aza-Darzens reaction.

Using the rate of exchange as an indirect measurement of
host flexibility in the transition state, we concluded that the
most flexible hosts provide the highest degree of selectivity.
Unfortunately, host 9 was not soluble under the exchange
conditions. Using pure CD3OD to enable solvation of the
host/salt exchange system, the least selective host 9 exchanged
at a slower rate than our most selective host 1 (see the SI),
consistent with the measurements in CD3OD/D2O (pD 8, 100

mM K3PO4) mixtures. To validate the correlation of flexibility
and selectivity and to gain a better understanding of
substituent effects on host structure, hosts 10−12 (Figure 2)
bearing aromatic substitution were subjected to aza-Darzens
condensation with 4-methoxyaniline as the coupling partner,
and the exchange rates of hosts 10−12 with the model salt 13
were measured. Hosts 10 and 11 fit the correlation of
selectivity to the host exchange rate; however, despite being a
competent catalyst for the synthesis of aziridine 3d (76% ee,
53% yield), host 12 is insoluble under SIR NMR conditions,
precluding the exchange rate measurement.
To further study host flexibility, ion mobility−mass

spectrometry experiments were performed. The arrival-time
distributions of all empty clusters show only one narrow, single
peak, indicating the presence of one well-defined, distinct gas-
phase conformation for all hosts. Interestingly, arrival-time
distributions of supramolecular hosts with encapsulated achiral
PEt4+guest clearly indicate the presence of two distinct gas-
phase conformation for all hosts. These findings provide
further evidence for the flexible nature of these supramolecular
catalysts, which increases with the introduction of a suitable
guest into the system (see the SI).58−60

Single crystals of host 9 suitable for X-ray diffraction
measurements were grown from DMSO/benzene solvent
systems in the presence of 8 equivalents of tetraethylammo-
nium chloride. The crystal structure of 9 revealed a unique
packing motif in that one potassium ion is bound partly by the
carbonyl oxygens of two different host molecules, generating a
polymeric chain in the solid state. The crystal structure of 9
confirmed the structure being a highly symmetric tetrahedron,
with each corner adopting Δ chirality enforced by the external
(R)-naphthyl amides (Figure 6). The cavity size of host 9 is

similar to the cavity size of host 1, with host 9 having an
average Ga−Ga distance of 12.7 Å and host 1 having an
average Ga−Ga distance of 12.6 Å.37 An overlay of the crystal
structures of host 1 and host 9 revealed similar cavity structure
and size (see the SI). The similarity in cavity size and shape
between host 1, the most selective and flexible host, and host
9, the least selective host, provides further evidence that the
observed differences in the host are more than a ground-state
effect as the external chiral amides affect overall host flexibility
in the transition state for guest encapsulation.
SIR NMR experiments revealed that the most flexible ligand

scaffolds provided the highest selectivity in the aza-Darzens
condensation, and XRD analysis of host 9 suggested that the

Figure 5. Correlation of reaction enantioselectivity to host flexibility
as measured by SIR NMR exchange kinetics of model salt 13.

Figure 6. Single crystal XRD structure of host 9 (R, ΔΔΔΔ).
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▶ Relationship between metal ions and host flexibility

observed effect is not due to differing cavity size or shape.
Since little change in cavity structure was observed in the
crystal structure of the least selective host, host 9, we
hypothesize that host flexibility could be altered by other
means besides ligand substitution. A host synthesized from
other group 13 atoms, aluminum or indium, instead of gallium
should show little to no difference in cavity structure or size,
but this change could potentially have effects on host flexibility.
Since aperture dilation is mechanically coupled to the corners
of the host, host deformation should proceed to some degree
via distortion of the octahedral metal corners to a pseudo-
octahedral orientation about gallium. As the indium−oxygen
bonds in the triscatecholate should be longer than the
gallium−oxygen bonds, we envisioned that hosts based on
indium might more readily accommodate distortions at the
metal corners in the transition state and also show lower
energy barriers for guest encapsulation. Conversely, a host
synthesized from aluminum should destabilize distortions of
the triscatecholate, which in turn should decrease the flexibility
of the host and raise the kinetic barrier for guest encapsulation.
With this strategy in mind, we prepared indium-based host 14
and aluminum-based host 15.
The indium- and aluminum-based hosts 14 and 15 readily

assembled under modified conditions, employing In(acac)3
and Al(acac)3 rather than Ga(acac)3, using 1-propanol as
solvent to facilitate higher reaction temperatures, and
increasing the temperature of the reaction to 82 and 97 °C,
respectively (Scheme 3). Precipitation with ether provides

hosts 14 and 15 in excellent yield, and ESI HRMS confirms the
composition of these new hosts. Despite hosts 1, 14, and 15
being composed of identical ligands, differences in the cavity
chemical environment can be observed by comparing the
chemical shift of encapsulated guests (see the SI). In addition,
the indium-based host 14 exchanged model guest 13
considerably faster than its gallium-based counterpart,
confirming the hypothesis that indium would lower the barrier
for guest exchange (Figure 5). When subjected to the aza-
Darzens condensation reaction with 4-methoxyaniline as the
coupling partner, the aziridine product was formed with 96%
ee and in 93% yield, making host 14 the most selective in the
catalyst series. Likewise, host 15 with aluminum-based corners
exchanged model guest 13 at a slower rate than host 1 despite
being composed of identical ligands, suggesting that aluminum

generates a more rigid architecture (Figure 5). When host 15
was employed as a catalyst for the aza-Darzens reaction, it
proved to be less selective than the gallium- and indium-based
hosts, providing aziridine in 77% ee and 47% yield.
The best-in-class catalyst, indium-derived host 14, was used

to investigate the scope of the asymmetric transformation
(Scheme 4). The racemic host-2-catalyzed aza-Darzens

condensation requires that all components of the reaction
must be small enough to encapsulate within the host for the
reaction to proceed effectively.53 Investigating the scope of the
host 14-mediated asymmetric transformation revealed that
substrate size again played a key role in the host-catalyzed
reaction. High selectivity was maintained for 3-substituted
anilines as well as aldehydes of different lengths. Similarly, 4-
substituted anilines are also tolerated in the reaction, with the
smaller 4-fluoro-substituted aniline providing the highest yields
and selectivity. One notable outlier was the use of form-
aldehyde as a coupling partner, which provided good reactivity
but diminished enantioselectivity.

■ CONCLUSIONS
Enantiopure host 1 is a competent catalyst for asymmetric aza-
Darzens condensation, providing enantioselectivity of up to
98% ee and excellent yields. This high degree of selectivity is
remarkable, considering that host 1 contains no high-
performing chiral ligand, catalyst or directing functional
group, with enantioinduction being the result of supra-
molecular chirality. The aza-Darzens condensation was used
as a tool to probe the effect of host architecture on reaction
enantioselectivity, and nine new gallium-based supramolecular
hosts were synthesized. Studying these new hosts revealed that
reactions involving larger substrates lead to disparate reactivity,
suggesting that these hosts have differing flexibilities to
accommodate the transition state. Indeed, the observed
selectivity in the aza-Darzens condensation was correlated to
the exchange rate of a model non-reactive cationic salt,
revealing that the most flexible hosts are the most selective for
the condensation reaction. The observation that flexibility
correlates to selectivity and that the crystal structure of host 9
shows little difference in cavity volume compare to 1 prompted
the synthesis of hosts containing other group 13 metals,
indium-based host 14, and aluminum-based host 15.
Aluminum-based host 15 was less flexible and selective than
gallium-based host 1, while indium-based host 14 was the most
flexible and selective catalyst in this class. This study highlights

Scheme 3. Synthesis of In(III)- and Al(III)-Derived Hosts

Scheme 4. Scope of aza-Darzens Reaction Catalyzed by
In(III)-derived Host 14
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increasing the temperature of the reaction to 82 and 97 °C,
respectively (Scheme 3). Precipitation with ether provides
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ee and in 93% yield, making host 14 the most selective in the
catalyst series. Likewise, host 15 with aluminum-based corners
exchanged model guest 13 at a slower rate than host 1 despite
being composed of identical ligands, suggesting that aluminum

generates a more rigid architecture (Figure 5). When host 15
was employed as a catalyst for the aza-Darzens reaction, it
proved to be less selective than the gallium- and indium-based
hosts, providing aziridine in 77% ee and 47% yield.
The best-in-class catalyst, indium-derived host 14, was used
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must be small enough to encapsulate within the host for the
reaction to proceed effectively.53 Investigating the scope of the
host 14-mediated asymmetric transformation revealed that
substrate size again played a key role in the host-catalyzed
reaction. High selectivity was maintained for 3-substituted
anilines as well as aldehydes of different lengths. Similarly, 4-
substituted anilines are also tolerated in the reaction, with the
smaller 4-fluoro-substituted aniline providing the highest yields
and selectivity. One notable outlier was the use of form-
aldehyde as a coupling partner, which provided good reactivity
but diminished enantioselectivity.

■ CONCLUSIONS
Enantiopure host 1 is a competent catalyst for asymmetric aza-
Darzens condensation, providing enantioselectivity of up to
98% ee and excellent yields. This high degree of selectivity is
remarkable, considering that host 1 contains no high-
performing chiral ligand, catalyst or directing functional
group, with enantioinduction being the result of supra-
molecular chirality. The aza-Darzens condensation was used
as a tool to probe the effect of host architecture on reaction
enantioselectivity, and nine new gallium-based supramolecular
hosts were synthesized. Studying these new hosts revealed that
reactions involving larger substrates lead to disparate reactivity,
suggesting that these hosts have differing flexibilities to
accommodate the transition state. Indeed, the observed
selectivity in the aza-Darzens condensation was correlated to
the exchange rate of a model non-reactive cationic salt,
revealing that the most flexible hosts are the most selective for
the condensation reaction. The observation that flexibility
correlates to selectivity and that the crystal structure of host 9
shows little difference in cavity volume compare to 1 prompted
the synthesis of hosts containing other group 13 metals,
indium-based host 14, and aluminum-based host 15.
Aluminum-based host 15 was less flexible and selective than
gallium-based host 1, while indium-based host 14 was the most
flexible and selective catalyst in this class. This study highlights
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bonding distance : Al-O < Ga-O < In-O

flexibility : 15 < 2 < 14

observed effect is not due to differing cavity size or shape.
Since little change in cavity structure was observed in the
crystal structure of the least selective host, host 9, we
hypothesize that host flexibility could be altered by other
means besides ligand substitution. A host synthesized from
other group 13 atoms, aluminum or indium, instead of gallium
should show little to no difference in cavity structure or size,
but this change could potentially have effects on host flexibility.
Since aperture dilation is mechanically coupled to the corners
of the host, host deformation should proceed to some degree
via distortion of the octahedral metal corners to a pseudo-
octahedral orientation about gallium. As the indium−oxygen
bonds in the triscatecholate should be longer than the
gallium−oxygen bonds, we envisioned that hosts based on
indium might more readily accommodate distortions at the
metal corners in the transition state and also show lower
energy barriers for guest encapsulation. Conversely, a host
synthesized from aluminum should destabilize distortions of
the triscatecholate, which in turn should decrease the flexibility
of the host and raise the kinetic barrier for guest encapsulation.
With this strategy in mind, we prepared indium-based host 14
and aluminum-based host 15.
The indium- and aluminum-based hosts 14 and 15 readily

assembled under modified conditions, employing In(acac)3
and Al(acac)3 rather than Ga(acac)3, using 1-propanol as
solvent to facilitate higher reaction temperatures, and
increasing the temperature of the reaction to 82 and 97 °C,
respectively (Scheme 3). Precipitation with ether provides

hosts 14 and 15 in excellent yield, and ESI HRMS confirms the
composition of these new hosts. Despite hosts 1, 14, and 15
being composed of identical ligands, differences in the cavity
chemical environment can be observed by comparing the
chemical shift of encapsulated guests (see the SI). In addition,
the indium-based host 14 exchanged model guest 13
considerably faster than its gallium-based counterpart,
confirming the hypothesis that indium would lower the barrier
for guest exchange (Figure 5). When subjected to the aza-
Darzens condensation reaction with 4-methoxyaniline as the
coupling partner, the aziridine product was formed with 96%
ee and in 93% yield, making host 14 the most selective in the
catalyst series. Likewise, host 15 with aluminum-based corners
exchanged model guest 13 at a slower rate than host 1 despite
being composed of identical ligands, suggesting that aluminum

generates a more rigid architecture (Figure 5). When host 15
was employed as a catalyst for the aza-Darzens reaction, it
proved to be less selective than the gallium- and indium-based
hosts, providing aziridine in 77% ee and 47% yield.
The best-in-class catalyst, indium-derived host 14, was used

to investigate the scope of the asymmetric transformation
(Scheme 4). The racemic host-2-catalyzed aza-Darzens

condensation requires that all components of the reaction
must be small enough to encapsulate within the host for the
reaction to proceed effectively.53 Investigating the scope of the
host 14-mediated asymmetric transformation revealed that
substrate size again played a key role in the host-catalyzed
reaction. High selectivity was maintained for 3-substituted
anilines as well as aldehydes of different lengths. Similarly, 4-
substituted anilines are also tolerated in the reaction, with the
smaller 4-fluoro-substituted aniline providing the highest yields
and selectivity. One notable outlier was the use of form-
aldehyde as a coupling partner, which provided good reactivity
but diminished enantioselectivity.
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Enantiopure host 1 is a competent catalyst for asymmetric aza-
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98% ee and excellent yields. This high degree of selectivity is
remarkable, considering that host 1 contains no high-
performing chiral ligand, catalyst or directing functional
group, with enantioinduction being the result of supra-
molecular chirality. The aza-Darzens condensation was used
as a tool to probe the effect of host architecture on reaction
enantioselectivity, and nine new gallium-based supramolecular
hosts were synthesized. Studying these new hosts revealed that
reactions involving larger substrates lead to disparate reactivity,
suggesting that these hosts have differing flexibilities to
accommodate the transition state. Indeed, the observed
selectivity in the aza-Darzens condensation was correlated to
the exchange rate of a model non-reactive cationic salt,
revealing that the most flexible hosts are the most selective for
the condensation reaction. The observation that flexibility
correlates to selectivity and that the crystal structure of host 9
shows little difference in cavity volume compare to 1 prompted
the synthesis of hosts containing other group 13 metals,
indium-based host 14, and aluminum-based host 15.
Aluminum-based host 15 was less flexible and selective than
gallium-based host 1, while indium-based host 14 was the most
flexible and selective catalyst in this class. This study highlights
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olefin, but significantly faster (1 h versus 12 h) than
supramolecular catalyst 1. To verify that this reactivity
difference was due to host encapsulation of 2, a standard
control reaction was performed: to in situ formed 1 was added
strongly binding guest Et4N+ (as salt [Et4N][Cl]), resulting in
ejection of 2 and Et4N-blocked host.28 With the cavity of the
host blocked, complex 2 maintained the same levels of
reactivity (>99% conversion, 1 h) since it was no longer
encapsulated demonstrating that encapsulation does modify
reactivity.
Further experiments showed that catalyst 2 efficiently

hydrogenated the compounds shown in entries 1−7 in Table
1 within 1 h. In contrast, 1 hydrogenates a methyl-substituted
substrate (Table 1, entry 2), but ethyl-substituted substrates
show only minor conversions with cis- giving slightly higher
conversions than trans- (Table 1, entries 3 and 4). Performing
the same reaction with Et4N-blocked host yields full
conversion of these substrates, further demonstrating that the
lack of reactivity is a result of the host prohibiting reactivity at
the encapsulated organometallic catalyst.
This trend continued upon moving the double bond another

carbon unit away from the terminal position, leading to no
detectable conversion of the allylic alcohol (Table 1, entry 5).
To demonstrate that alcohols were not the only substrates
tolerated under these conditions, additional functional groups
were tested (Table 1, entries 6−8). Each showed good
conversion. Notably, carboxylic acid (Table 1, entry 8) remains
reactive even under pH 8.0 buffered conditions. Encapsulation
of a carboxylate anion with the anionic cage would be
unfavorable, suggesting substrate encapsulation is not a
requirement for hydrogenation.29 Moreover, catalyst 2 gave
incomplete conversion in the presence of the carboxylic acid.
This stark difference in reactivity between supramolecular

supported and free catalyst offered promise for realizing
selective olefin hydrogenation.
A competition experiment was then performed to determine

if 1 could discriminate between methyl- and ethyl-substituted
olefins (3 and 5, respectively). Good conversion of methyl-
olefin (3) was observed while ethyl-olefin starting material (5)
was recovered in high yield (Figure 2a). In the analogous

control reaction without supramolecular host, full conversion
of both substrates occurred rapidly to yield hexanol 4 (Figure
2b). Based on this selectivity, along with the lack of reactivity
of allylic alcohol (Table 1, entry 5) it was proposed that
catalyst control with 1 should be able to override inherent
allylic alcohol directed rhodium hydrogenation. A competition
between allylic alcohol 6 and methyl-olefin 3 with free catalyst
2 showed good selectivity for hydrogenation of 6 over 3 at an
early time point (Figure 2c). In contrast, good conversion of 3
and recovery of 6 was observed in the presence of catalyst 1,
demonstrating the ability of the supramolecular scaffold to
overcome native catalyst selectivity (Figure 2d).
To expand this strategy of selective hydrogenation, alkyne

substrates were investigated. As with alkene hydrogenation,
methyl substituted alkyne 7 was readily converted by catalyst 1.
Under room temperature conditions, cis-alkene 8 was

Table 1. Screening of General Hydrogenation Reactivity for
Simple Olefinic Substrates by Catalyst 1

a12h reaction time. bReactions performed at 50 °C.

Figure 2. Competition experiments to demonstrate divergent
selectivity of free catalyst 2 compared to the supramolecular
supported catalyst 1. (a) Supramolecular supported size-selective
hydrogenation of methyl- vs ethyl-olefin. (b) Catalyst 2 shows no
selectivity between methyl- vs ethyl-olefin. (c) Allylic alcohol-directed
hydrogenation results in selective hydrogenation of substrate 6 over 3
at early reaction times. (d) Supramolecular supported catalysis
overrides native allylic alcohol directing effect and selectively
hydrogenates 3.
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evidence that the cavity of this supramolecular assembly is
essential for the multicomponent reaction observed. We
envision that this reaction could inspire the development of
more complex reactions with supramolecular assemblies to
enable the unique secondary environment of these hosts to
dictate selectivity as well as take advantage of chemistry in
aqueous media.
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▶ Phosphine ligand effects
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Energetic Analysis of Me3P vs. Et3P reductive elimination 

	
Figure S7. Reaction coordinate Diagrams for reductive elimination. We are assuming the starting 
complexes have the same energy. (They are not isomers.) The binding energy can also be examined 
based on the rate law:  
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suggesting that equilibration via Pt(IV)/Pt(IV) methyl transfer
is possible under catalytic conditions. This phenomenon was
used in the preparation and isolation of 26.
These observations were surprising given that 26 and 27 are

not detectable as intermediates in the dual catalytic reaction.
However, treatment of 26 with the supramolecular catalyst 2
leads to rapid consumption of the trans- starting material,
affording a mixture of cis- isomer 5 and reductive elimination
product 6, along with ethane, explaining its low concentration
under catalytic conditions (eq 17).

The reaction was too rapid for accurate monitoring by 1H
NMR at the catalytically relevant temperature of 45 °C, but at
25 °C a rate of 2.0 × 10−2 s−1 was measured for the combined
isomerization/reductive elimination process. For comparison,
the pseudo-first-order rate of oxidative addition of methyl
iodide to 6 at 45 °C was measured to be 4.38 × 10−4 s−1. This
disparity clearly suggests that the failure to detect 26 under
catalytic conditions is due to its rapid consumption in the
presence of the supramolecular catalyst.
Taken together, these observations suggest an overall

mechanism for the process in which the trans-isomers of the
Pt(II) and Pt(IV) complexes lie on cycle, with 5 serving as a
readily engaged off-cycle resting state and reservoir (Figure 15).
Oxidative addition precedes transmetalation, and 26 is rapidly
engaged by the supramolecular catalyst.38 This mechanism is

consistent with the observed platinum speciation and suggests
that as the concentration of tetramethyltin decreases, the
reaction undergoes a shift in the turnover-limiting step (from
oxidative addition to transmetalation) and concomitant change
in the on-cycle resting state (from 6 to 25). Additionally
consistent is the observation that 6 is a competent precatalyst
for this process.39 Further support is garnered from flooding
experiments; when a 10-fold excess of methyl iodide is
introduced, 6 is no longer detectable as a persistent
intermediate, whereas introduction of a 10-fold excess of
tetramethyltin allows 27 to build to detectable levels under
catalytic conditions. This mechanism can be used to model the
observed concentrations of each platinum species, as well as the
tin and alkyl halide species observed under the reaction
conditions, using the modeling program COPASI.40 Table S1
shows the fitted parameters, and Figure S14 shows the
agreement of the model with the measured Pt complexes,
with the behavior well recapitulated by the proposed
mechanism.39

■ IDENTIFICATION OF AN ACIDOLYSIS SIDE
REACTION

In addition to the desired cross-product, ethane, small amounts
of methane-d1 were detected by GC-MS of the reaction
headspace. Upon examining several potential sources of this
side product, it was observed that treatment of 24 with
supramolecular complex 1 results in the formation of ethane,
methane-d1, and 23 (eq 18). This reaction is not inhibited by

Figure 15. Proposed mechanism for the dual catalytic cross-coupling.39
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position to palladium black with no iodobenzene activation.
Despite significantly improved solubility in dichloromethane,
no reaction was observed between iodobenzene and 6, and
heating (100 °C) eventually resulted in decomposition.
Addition of a halide abstractor to the reaction mixture in
dichloromethane resulted in rapid decomposition, which again
precluded reactivity with iodobenzene (Table 3).

Combining palladium dimer 6 with the host provided
quantitative encapsulation of a unique monomeric cationic Pd
species 7 (Figure 3a). In analogy to our observations using Cu
complex 2, it is proposed that dimer cleavage and palladium
uptake by the host occurs with concomitant loss of chloride to
yield a stabilized palladium cation, which is presumably
solvated within the host. Upon addition of iodobenzene (5
equiv), encapsulated 7 was consumed, and two distinct species
formed. The identity of the products, 8 and 9, was verified by
direct analogy to authentically prepared phosphonium salts.
The generation of these products is indicative of iodoarene

oxidative addition and subsequent Csp3−P or Csp2−P
reductive elimination to give 8 and 9, respectively. In addition
to phosphonium products, toluene was detected by 1H NMR
spectroscopy and GC/MS analysis upon workup, thus
supporting the intermediacy of a putative Pd(IV) complex
that can also undergo Csp2−Csp3 reductive elimination.
As the Pd(0)/Pd(II) redox cycle may also be a possible

mechanism for the production of the species observed above,
additional control experiments were performed to determine if
this cycle was operative. Generation of encapsulated 8 and
palladium black occurs without the addition of iodobenzene
over extended times. Since reductive elimination provides a
source of Pd(0) that, although very insoluble, could result in
Pd(0) reactivity and subsequent product formation, additional
control experiments were performed. A sample of 7 was
allowed to stand for 24 h, yielding full conversion of the
starting material to Pd(0) and encapsulated 8. Introduction of
iodobenzene to this mixture resulted in no formation of 9, and
only residual iodobenzene was detected by 1H-NMR or GC/
MS analysis, suggesting that oxidative addition/reductive
elimination is occurring within host 1 from a Pd(II) species.
In conclusion, the ability of supramolecular host 1 to

stabilize a reactive cationic organometallic in the presence of a
well-encapsulated iodoarene guest has demonstrated reactivity
that occurs selectively within the host cavity. The observation
that oxidative addition with simple Cu(I) and Pd(II) salts
occurs under mild conditions in water illustrates that
supramolecular cages can provide access to host-selective
reaction trajectories.

Table 3. Reaction Conditions and Results for Control
Experiments

entry halide abstractor solvent result

1 NaBArF D2O Pd(0), trace 8
2 D2O no conversion
3 NaBArF DCM Pd(0), trace 8
4 DCM no conversion

Figure 3. (a) 1H NMR analysis (500 MHz, 25 °C) of palladium(II) monomer 7 encapsulated in host 1. (b) Coencapsulation of aryl iodide and 7.
(c) 1H NMR analysis after addition of iodobenzene, indicating encapsulation of phosphonium products 8 and 9.
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observed, and high conversion was realized upon warming the
reaction mixture (Figure 3a, 9). In agreement with the results

observed above, ethyl alkyne 10 was unreactive. A direct
competition experiment between methyl- and ethyl-alkyne (7
and 10, respectively) showed selectivity for conversion of the
methyl-alkyne (Figure 3b). Hydrogenation with 2 displays
minimal selectivity and rapidly hydrogenates both 7 and 10.
From these competition experiments, it was proposed that

the supramolecular supported catalyst should be able to
selectively hydrogenate a sterically accessible alkene in the
presence of an inherently more reactive alkyne. This would
provide support for the ability of this catalyst to perform site
selective hydrogenation when cross reactivity is a concern.
When subjecting a mixture of 10 and 11 to catalyst 2, alkyne
hydrogenation was more rapid than that of the alkene.
However, supramolecular catalyst 1 provides good conversion
of alkene 11 and recovery of 10 (Figure 3c), providing another
example of catalyst control that is different from reactivity of
the free catalyst.
With the goal of performing site-selective hydrogenation on

a substrate containing multiple sites of unsaturation, dieneol 12
was explored. Upon subjecting 12 to supramolecular hydro-
genation conditions, the major product was cis-3-hexen-1-ol
13, which is challenging to produce under standard rhodium
hydrogenation conditions.30−32 In contrast, free catalyst 2
provided a mixture of products that eventually converged to
fully hydrogenated hexanol.
The selective formation of 13 was proposed to occur via a

1,4-hydride addition mechanism (Figure 4a). In this reaction
sequence, the steric confinement provided by the host cavity is
proposed to force the intermediate rhodium bound mono-
alkene (I) into a cis-orientation to minimize steric clash with

the walls, leading to host-selected product 13. To further
support the 1,4-addition mechanism, the analogous reaction
was performed with deuterium gas. From this reaction, the
doubly deuterated cis-product (14) was exclusively observed.
Interestingly, the product of this transformation was a single
isomer indicating good regioselective and diastereoselective
deuterium addition within the host (Figure 4b).33

To further demonstrate that site-selective hydrogenation
could be realized through catalyst control, polyenol 15, where
the olefins are not in conjugation as above, was investigated
(derived from lineolenic acid). Selective hydrogenation of any
point of unsaturation on 15 would be challenging due to a lack
of directing groups and similar reactivity. This proved to be the
case upon subjecting 15 to hydrogenation with catalyst 2.
Hydrogenation gives multiple intermediate products at early
time points that rapidly converged to the fully hydrogenated
alcohol. However, subjecting 15 to host-supported hydro-
genation conditions gave minor conversion even with heating
and extended reaction times (Figure 5). This lack of reactivity
is in agreement with previous experiments indicating no
reactivity at ethyl-substituted olefins.
To overcome this lack of reactivity, the larger pyrene-walled

supramolecular host 16 was investigated.34 In analogy to our
observations with the naphthalene host, 2 is a good guest
within 16. Performing hydrogenation of 15 with this larger
supramolecular host provided good conversion of the starting
material to yield the monohydrogenated product 17. This
product was verified by direct analogy to authentic material
(see Supporting Information for details). Increasing the
catalyst loading gave complete conversion to provide the
singly hydrogenated product 17 in 74% yield (Figure 5a).
Interpreting the larger size of host 16 to be the reason for

increased reactivity is reasonable. However, the increased size
does not mean that 16 fully encapsulates the substrate during
the reaction, whereas the smaller host cannot. Instead, it is
proposed that 16 is able to allow enough of the guest to enter
and undergo hydrogenation at the metal center while some
portion of the substrate remains outside of the host. This is in

Figure 3. Supramolecular supported catalyst selectively hydrogenates
alkynes based on size-exclusion. (a) Hydrogenation of methyl-alkyne
7 provided cis-alkene 8 at room temperature and heating afforded fully
hydrogenated 9. (b) Competition between methyl- and ethyl-alkyne
(7 and 10, respectively) provided size-selective hydrogenation of 7
and full recovery of 10. (c) Methyl-alkene 11 was selectively
hydrogenated with full recovery of ethyl-alkyne 10.

Figure 4. (a) Supramolecular host supported hydrogenation of
trans,trans-2,4-hexadiene-1-ol (12) to cis-3-hexen-1-ol (13). (b)
Under dideuterium conditions, selective 1,4-addition was observed
to yield a single major isomer 14.
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agreement with similar conversions observed with two
carboxylic acid substrates of different alkyl lengths (Figure
5b), which are proposed to undergo conversion in this way due
to unfavorable coulombic interactions.
In conclusion, we have demonstrated the ability of a

supramolecular-supported hydrogenation catalyst to perform
site-selective hydrogenation. With this catalyst, hydrogenation
of alkenes is dictated by the steric profile of the substrate (as
well as the microenvironment of the metal catalyst), enabling
selective reactivity that is not observed with the parent
hydrogenation catalyst. Moreover, selective olefin hydro-
genation of inherently more reactive alkynes can be realized
when these substrates differ by only a methyl-substituent. This
site-selectivity allowed for the monohydrogenation of the fatty
alcohol of lineolenic acid which contains three points of
unsaturation. This high size- and site-selectivity, as well as the
lack of requirement for full encapsulation of the substrate,
provide a promising tool for performing precise transformation
on complex substrates.
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by 1H NMR spectroscopy. Evidence for the assignment of the
hydrate was obtained by varying the proportion of MeOD-d4 to
phosphate buffer cosolvent. While the hydrate C–H resonance
was absent in pure MeOD-d4, the ratio of hydrate to aldehyde
integrals increased with increasing proportion of aqueous
phosphate buffer. During these experiments, the sum of alde-
hyde to hydrate resonances remained constant and was equal to
the sum of corresponding alkene C–H resonances. Extraction of
this mixture into CDCl3 and subsequent analysis by 1H NMR
spectroscopy resulted in the quantitative recovery of aldehyde,
conrming that hydration is reversible. The magnitude of the
aldehyde-hydrate ratio also varied considerably between
substrates; the ratio of aldehyde to hydrate was lower for less
hydrophobic substrates in aqueous solution.45 Following these
qualitative experiments, it was next investigated whether
substrate-dependent Khyd pre-equilibria could affect guest
binding and catalysis.

To determine the effect of encapsulation on aldehyde-
hydrate equilibria, homogenous solutions of (!)-5a and 5c were
treated with host (!)-1. 1H NMR analysis revealed signicant
broadening of aldehyde C–H resonances, indicating guest
exchange.33,46,47 In contrast, hydrate resonances underwent no
such broadening, indicating a negligible degree of encapsula-
tion between hydrates of (!)-5a, 5c and (!)-1. This result is

attributable to the higher solvation of hydrate compared to
aldehyde in the aqueous cosolvent employed. Increasing the
ratio of (!)-1 to 5c resulted in an increase in the integrals of the
encapsulated aldehyde resonances, accompanied by a decrease
in the integral of the corresponding unencapsulated aldehyde
resonance and R(OH)2C–H hydrate resonance. These results
conrm that encapsulation perturbs the aldehyde-hydrate
equilibrium by selective encapsulation of aldehyde over
hydrate.

It was hypothesized that the encapsulation of substrate
aldehyde is driven by the hydrophobic effect, a process that has
been shown to be controlled entropically by the release of
encapsulated solvent.48,49 In order to examine this effect, the
inuence of organic cosolvent on catalysis was investigated.
Previously, the use of organic cosolvents had been observed to
inhibit the (!)-1-catalyzed hydrolysis of orthoformates, an effect
which results from the lower affinity of host and guest in
nonaqueous solvents due to attenuation of the hydrophobic
effect.46,50,51 In contrast to purely aqueous conditions where the
appearance of broad upeld resonances conrms a comparably
high degree of guest association, guest binding is attenuated in
a 1 : 1 (v/v) aqueous phosphate buffer/MeOD-d4 cosolvent.
Under homogenous conditions, encapsulated aldehyde, unen-
capsulated aldehyde and total host concentrations were

Scheme 2 Proposed mechanisms for host-catalyzed Prins cyclizations, where stepwise (k1, k2) or concerted (k3) pathways are plausible.
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NH2

R1 H

O R2

N2

OEt

O 5 mol%

pH 8 H2O, 100 mM K3PO4,
50% MeOH, 16 h

N CO2Et
R1

R2(racemic)

molecular assembly 1. Three-component couplings of this type
have been seldom promoted by supramolecular hosts36−38 and
are exceedingly rare within a self-assembled container
molecule.
Given our previous results employing iminium intermediates

in reactions catalyzed by 1, we first sought to identify a
nucleophile that would be compatible with the host and the
reaction conditions, and which could be employed in a
multicomponent reaction. These efforts identified ethyl-
diazoacetate (EDA) as a nucleophile that met these require-
ments and showed a propensity to bind to host 1. Next, we
examined the amine component required for formation of the
electrophilic iminium component with formaldehyde, in the
presence of 1 and EDA. While basic amines (BnNH2 and
IPrNH2) and amides (AcNH2) did not afford any desired
azirdine, we found that aniline and aqueous formaldehyde (37
wt %) coupled with EDA to form N-phenylaziridine 2a in an
aza-Darzens reaction, promoted by catalytic amounts of host 1
(Scheme 2a). Building on this initial result, we sought to find

optimal reaction conditions and explore the scope of this
reaction. While poor solubility of the reaction components
precluded reactivity in water, and pure methanol gave poor
reactivity due to the lack of a hydrophobic driving force for the
encapsulation of reagents within the host, using a 50% (v/v)
methanol/pH 8 water mixture, N-phenylaziridine (2a) was
isolated in good yield and at low catalyst loading (82%,
Scheme 2b). Substitution on the aniline ring was tolerated for
both electron-withdrawing and -donating groups at both the
para (2b,c) and meta positions (2d,e), providing the
corresponding N-phenylaziridines in moderate yield. As a

control experiment, the cavity of 1 was blocked with an
equivalent of tetraethylammonium chloride, a strongly binding
guest, which lowered the yield of the reaction to 10% after 24
h. This result demonstrates the necessity of the host cavity for
the reaction to proceed efficiently (Scheme 2c).
These initial results encouraged us to explore the generation

of more complex products where diastereomeric selectivity
could be investigated. Acetaldehyde was first selected as a
coupling partner, which could undergo the reaction with
aniline and EDA to provide disubstituted N-phenylaziridines
where the formation of both cis- and trans-aziridines would be
possible (Scheme 3a). The presence of 5 mol % 1 with aniline,

acetaldehyde, and EDA gave the N-phenyl trans-aziridine (3)
as the major diastereomer (20:1, 1H NMR) in 68% yield. This
selectivity for the trans diastereomer was maintained for
propanal (4) and butanal (5); however, yields and selectivity
for the trans product diminished when pentanal (6) was
employed. The lack of reactivity with pentanal was attributed
to the increased size of this substrate preventing coencapsu-
lation within 1 and subsequent reactivity. The high selectivity
(20:1) for the trans-aziridine in this Aza-Darzens reaction
catalyzed by 1 was surprising, as literature examples for this
reaction typically provide the cis-aziridine as the major isomer
when α-diazo esters are employed as nucleophiles.31

In contrast, when the reaction was performed with Et4N+-
blocked 1, only minor background conversion (ca. 7%) to the
aziridine product was observed (Scheme 3b). Further
investigation of the product revealed that the cis-aziridine
was formed in the uncatalyzed process as opposed to the trans-
aziridine generated when the host cavity was not blocked. This
reversal in selectivity between the host-catalyzed and back-
ground reactions demonstrates that the confined interior of the
host not only accelerates the reaction but also overrides the
inherent diastereoselectivity of the uncatalyzed process.
Several substitutions on the aniline ring were tolerated at the

meta and para positions, all of which were selective for the
disubstituted N-phenyl trans-aziridine (Scheme 4). Both
electron-rich and -deficient rings were reactive, and there was

Scheme 2. (a) Initial Screening for Multicomponent Aza-
Darzens Reaction, (b) Scope of Monosubstituted Aziridines
(Reported As Isolated Yields) and (c) Blocked Host
Control (Reported as NMR Yield)

Scheme 3. (a) Effect of n-Aldehyde Substituent on
Reactivity and (b) Blocked Host Control (Reported as
NMR Yields)
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molecular assembly 1. Three-component couplings of this type
have been seldom promoted by supramolecular hosts36−38 and
are exceedingly rare within a self-assembled container
molecule.
Given our previous results employing iminium intermediates

in reactions catalyzed by 1, we first sought to identify a
nucleophile that would be compatible with the host and the
reaction conditions, and which could be employed in a
multicomponent reaction. These efforts identified ethyl-
diazoacetate (EDA) as a nucleophile that met these require-
ments and showed a propensity to bind to host 1. Next, we
examined the amine component required for formation of the
electrophilic iminium component with formaldehyde, in the
presence of 1 and EDA. While basic amines (BnNH2 and
IPrNH2) and amides (AcNH2) did not afford any desired
azirdine, we found that aniline and aqueous formaldehyde (37
wt %) coupled with EDA to form N-phenylaziridine 2a in an
aza-Darzens reaction, promoted by catalytic amounts of host 1
(Scheme 2a). Building on this initial result, we sought to find

optimal reaction conditions and explore the scope of this
reaction. While poor solubility of the reaction components
precluded reactivity in water, and pure methanol gave poor
reactivity due to the lack of a hydrophobic driving force for the
encapsulation of reagents within the host, using a 50% (v/v)
methanol/pH 8 water mixture, N-phenylaziridine (2a) was
isolated in good yield and at low catalyst loading (82%,
Scheme 2b). Substitution on the aniline ring was tolerated for
both electron-withdrawing and -donating groups at both the
para (2b,c) and meta positions (2d,e), providing the
corresponding N-phenylaziridines in moderate yield. As a

control experiment, the cavity of 1 was blocked with an
equivalent of tetraethylammonium chloride, a strongly binding
guest, which lowered the yield of the reaction to 10% after 24
h. This result demonstrates the necessity of the host cavity for
the reaction to proceed efficiently (Scheme 2c).
These initial results encouraged us to explore the generation

of more complex products where diastereomeric selectivity
could be investigated. Acetaldehyde was first selected as a
coupling partner, which could undergo the reaction with
aniline and EDA to provide disubstituted N-phenylaziridines
where the formation of both cis- and trans-aziridines would be
possible (Scheme 3a). The presence of 5 mol % 1 with aniline,

acetaldehyde, and EDA gave the N-phenyl trans-aziridine (3)
as the major diastereomer (20:1, 1H NMR) in 68% yield. This
selectivity for the trans diastereomer was maintained for
propanal (4) and butanal (5); however, yields and selectivity
for the trans product diminished when pentanal (6) was
employed. The lack of reactivity with pentanal was attributed
to the increased size of this substrate preventing coencapsu-
lation within 1 and subsequent reactivity. The high selectivity
(20:1) for the trans-aziridine in this Aza-Darzens reaction
catalyzed by 1 was surprising, as literature examples for this
reaction typically provide the cis-aziridine as the major isomer
when α-diazo esters are employed as nucleophiles.31

In contrast, when the reaction was performed with Et4N+-
blocked 1, only minor background conversion (ca. 7%) to the
aziridine product was observed (Scheme 3b). Further
investigation of the product revealed that the cis-aziridine
was formed in the uncatalyzed process as opposed to the trans-
aziridine generated when the host cavity was not blocked. This
reversal in selectivity between the host-catalyzed and back-
ground reactions demonstrates that the confined interior of the
host not only accelerates the reaction but also overrides the
inherent diastereoselectivity of the uncatalyzed process.
Several substitutions on the aniline ring were tolerated at the

meta and para positions, all of which were selective for the
disubstituted N-phenyl trans-aziridine (Scheme 4). Both
electron-rich and -deficient rings were reactive, and there was

Scheme 2. (a) Initial Screening for Multicomponent Aza-
Darzens Reaction, (b) Scope of Monosubstituted Aziridines
(Reported As Isolated Yields) and (c) Blocked Host
Control (Reported as NMR Yield)

Scheme 3. (a) Effect of n-Aldehyde Substituent on
Reactivity and (b) Blocked Host Control (Reported as
NMR Yields)
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no major effect on selectivity. As previously observed when
pentanal was used as a coupling partner, size exclusion also
appears to play a role in the aniline component. For example,
the formation of 3-methylaniline-derived trans-aziridine
occurred in 53% yield in 24:1 trans selectivity (4b), while
minimal reactivity was observed in the host-catalyzed reaction
of 3,5-dimethylaniline (4f).
The experiments with 3,5-dimethylaniline (Scheme 4, 4f)

and pentanal (Scheme 3b, 6) are consistent with the
hypothesis that the iminium must be small enough to fit
within the host for the reaction to proceed efficiently.
Therefore, the size limitation of the third component, the α-
diazo ester, was examined using a larger tert-butyl ester as the
nucleophilic component of the Aza-Darzens reaction (Scheme
5a). This larger α-diazo ester gave only an 11% yield of the

disubstituted N-phenylaziridine (7); moreover, in the presence
of a stoichiometric amount of tetraethylammonium as an
inhibitor, 7% yield of the aziridine was obtained (Scheme 5b).
Taken together, these observations suggest that for the
reaction to proceed efficiently, and with high selectivity for
the trans-aziridine, all three components of this transformation
must fit within the cavity of the supramolecular host.
To further explore the synthetic applications of this

transformation, the formation of trisubstituted aziridines
from substituted α-diazo esters was investigated. The reaction
of α-ethyl substituted α-diazo ester, acetaldehyde, and aniline,

catalyzed by 1, gave the trisubstituted N-phenylaziridine in
70% yield, with excellent selectivity for the trans-(Me, CO2Et)-
diastereomer as determined by 1D NOE correlation (Scheme
6, 8b). Further substitution of the α-diazo ester was tolerated

to some degree; however, yields diminished when the longer α-
propyl substituted α-diazo ester was employed (8e), again
demonstrating the impact of the nucleophile’s size on this
transformation.
In order to gain insight into the mechanism of the three-

component coupling, a series of in situ NMR experiments were
conducted. First, we examined the binding of the separate
components with the supramolecular host 1. Thus, a mixture
of aniline, aldehyde, and 1 showed only an equilibrium
between the aniline/aldehyde and the corresponding hemi-
aminal, without observable signals for imine either in solution
or within the cavity of the host. While it might be anticipated
that encapsulation of a cationic protonated imine/aniline
might be favorable in the dodecanionic host, the low basicity of
the aniline and the unfavorable equilibrium for imine
formation in water are apparently not overcome by this
association. In contrast, a mixture of 1 and α-diazo ester
resulted in noticeable broadening of the signals associated with
the α-diazo ester, consistent with a rapid and reversible, on the
NMR time scale, binding of this guest. Second, kinetic analysis
was performed to examine the kinetic profile of the
components (see Supporting Information). The reaction
showed first-order kinetics in aldehyde and saturation kinetics
in α-diazo ester. Saturation kinetics in α-diazo ester is
consistent with a preequilibrium host−guest complex, while
the first-order kinetics in aldehyde suggests that preequilibrium
for iminium ion encapsulation is not relevant to the
functioning catalytic processes. On the basis of these
experiments, we propose that the Aza-Darzens reaction
catalyzed by 1 proceeds via initial encapsulation of the α-
diazo ester within the cavity of 1 (Scheme 7). This initial
binding equilibrium is followed by rate-determining encapsu-
lation of an equivalent of an in situ generated iminium ion,
driven by the anionic charge of 1, to provide intermediate III.
Inside the assembly the α-diazo ester undergoes nucleophilic
addition to the iminium ion, followed by intramolecular
nucleophilic displacement of an equivalent of nitrogen, to yield
the protonated aziridine V. It is then proposed that the
aziridine leaves the host and is deprotonated in the bulk pH 8
solution, regenerating the catalyst.
In conclusion, a rare example of a three-component reaction

within a supramolecular host is reported. This Aza-Darzens
reaction within 1 displays divergent reactivity from the
uncatalyzed background reaction, giving the trans isomer of
the disubstituted N-phenylaziridine. The reaction proceeds
with low yield when the host cavity is blocked, and larger
substrates proceed with minimal conversion, providing

Scheme 4. Effect of Aryl Substitution on Disubstituted
Aziridine Synthesis (Reported as NMR Yields)

Scheme 5. (a) Effect of Bulky Ester on Aza-Darzens
Reaction and (b) Blocked Host Control (Reported as NMR
Yields)

Scheme 6. Trisubstituted Aziridine Synthesis (Reported as
NMR Yields)
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molecular assembly 1. Three-component couplings of this type
have been seldom promoted by supramolecular hosts36−38 and
are exceedingly rare within a self-assembled container
molecule.
Given our previous results employing iminium intermediates

in reactions catalyzed by 1, we first sought to identify a
nucleophile that would be compatible with the host and the
reaction conditions, and which could be employed in a
multicomponent reaction. These efforts identified ethyl-
diazoacetate (EDA) as a nucleophile that met these require-
ments and showed a propensity to bind to host 1. Next, we
examined the amine component required for formation of the
electrophilic iminium component with formaldehyde, in the
presence of 1 and EDA. While basic amines (BnNH2 and
IPrNH2) and amides (AcNH2) did not afford any desired
azirdine, we found that aniline and aqueous formaldehyde (37
wt %) coupled with EDA to form N-phenylaziridine 2a in an
aza-Darzens reaction, promoted by catalytic amounts of host 1
(Scheme 2a). Building on this initial result, we sought to find

optimal reaction conditions and explore the scope of this
reaction. While poor solubility of the reaction components
precluded reactivity in water, and pure methanol gave poor
reactivity due to the lack of a hydrophobic driving force for the
encapsulation of reagents within the host, using a 50% (v/v)
methanol/pH 8 water mixture, N-phenylaziridine (2a) was
isolated in good yield and at low catalyst loading (82%,
Scheme 2b). Substitution on the aniline ring was tolerated for
both electron-withdrawing and -donating groups at both the
para (2b,c) and meta positions (2d,e), providing the
corresponding N-phenylaziridines in moderate yield. As a

control experiment, the cavity of 1 was blocked with an
equivalent of tetraethylammonium chloride, a strongly binding
guest, which lowered the yield of the reaction to 10% after 24
h. This result demonstrates the necessity of the host cavity for
the reaction to proceed efficiently (Scheme 2c).
These initial results encouraged us to explore the generation

of more complex products where diastereomeric selectivity
could be investigated. Acetaldehyde was first selected as a
coupling partner, which could undergo the reaction with
aniline and EDA to provide disubstituted N-phenylaziridines
where the formation of both cis- and trans-aziridines would be
possible (Scheme 3a). The presence of 5 mol % 1 with aniline,

acetaldehyde, and EDA gave the N-phenyl trans-aziridine (3)
as the major diastereomer (20:1, 1H NMR) in 68% yield. This
selectivity for the trans diastereomer was maintained for
propanal (4) and butanal (5); however, yields and selectivity
for the trans product diminished when pentanal (6) was
employed. The lack of reactivity with pentanal was attributed
to the increased size of this substrate preventing coencapsu-
lation within 1 and subsequent reactivity. The high selectivity
(20:1) for the trans-aziridine in this Aza-Darzens reaction
catalyzed by 1 was surprising, as literature examples for this
reaction typically provide the cis-aziridine as the major isomer
when α-diazo esters are employed as nucleophiles.31

In contrast, when the reaction was performed with Et4N+-
blocked 1, only minor background conversion (ca. 7%) to the
aziridine product was observed (Scheme 3b). Further
investigation of the product revealed that the cis-aziridine
was formed in the uncatalyzed process as opposed to the trans-
aziridine generated when the host cavity was not blocked. This
reversal in selectivity between the host-catalyzed and back-
ground reactions demonstrates that the confined interior of the
host not only accelerates the reaction but also overrides the
inherent diastereoselectivity of the uncatalyzed process.
Several substitutions on the aniline ring were tolerated at the

meta and para positions, all of which were selective for the
disubstituted N-phenyl trans-aziridine (Scheme 4). Both
electron-rich and -deficient rings were reactive, and there was

Scheme 2. (a) Initial Screening for Multicomponent Aza-
Darzens Reaction, (b) Scope of Monosubstituted Aziridines
(Reported As Isolated Yields) and (c) Blocked Host
Control (Reported as NMR Yield)

Scheme 3. (a) Effect of n-Aldehyde Substituent on
Reactivity and (b) Blocked Host Control (Reported as
NMR Yields)
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molecular assembly 1. Three-component couplings of this type
have been seldom promoted by supramolecular hosts36−38 and
are exceedingly rare within a self-assembled container
molecule.
Given our previous results employing iminium intermediates

in reactions catalyzed by 1, we first sought to identify a
nucleophile that would be compatible with the host and the
reaction conditions, and which could be employed in a
multicomponent reaction. These efforts identified ethyl-
diazoacetate (EDA) as a nucleophile that met these require-
ments and showed a propensity to bind to host 1. Next, we
examined the amine component required for formation of the
electrophilic iminium component with formaldehyde, in the
presence of 1 and EDA. While basic amines (BnNH2 and
IPrNH2) and amides (AcNH2) did not afford any desired
azirdine, we found that aniline and aqueous formaldehyde (37
wt %) coupled with EDA to form N-phenylaziridine 2a in an
aza-Darzens reaction, promoted by catalytic amounts of host 1
(Scheme 2a). Building on this initial result, we sought to find

optimal reaction conditions and explore the scope of this
reaction. While poor solubility of the reaction components
precluded reactivity in water, and pure methanol gave poor
reactivity due to the lack of a hydrophobic driving force for the
encapsulation of reagents within the host, using a 50% (v/v)
methanol/pH 8 water mixture, N-phenylaziridine (2a) was
isolated in good yield and at low catalyst loading (82%,
Scheme 2b). Substitution on the aniline ring was tolerated for
both electron-withdrawing and -donating groups at both the
para (2b,c) and meta positions (2d,e), providing the
corresponding N-phenylaziridines in moderate yield. As a

control experiment, the cavity of 1 was blocked with an
equivalent of tetraethylammonium chloride, a strongly binding
guest, which lowered the yield of the reaction to 10% after 24
h. This result demonstrates the necessity of the host cavity for
the reaction to proceed efficiently (Scheme 2c).
These initial results encouraged us to explore the generation

of more complex products where diastereomeric selectivity
could be investigated. Acetaldehyde was first selected as a
coupling partner, which could undergo the reaction with
aniline and EDA to provide disubstituted N-phenylaziridines
where the formation of both cis- and trans-aziridines would be
possible (Scheme 3a). The presence of 5 mol % 1 with aniline,

acetaldehyde, and EDA gave the N-phenyl trans-aziridine (3)
as the major diastereomer (20:1, 1H NMR) in 68% yield. This
selectivity for the trans diastereomer was maintained for
propanal (4) and butanal (5); however, yields and selectivity
for the trans product diminished when pentanal (6) was
employed. The lack of reactivity with pentanal was attributed
to the increased size of this substrate preventing coencapsu-
lation within 1 and subsequent reactivity. The high selectivity
(20:1) for the trans-aziridine in this Aza-Darzens reaction
catalyzed by 1 was surprising, as literature examples for this
reaction typically provide the cis-aziridine as the major isomer
when α-diazo esters are employed as nucleophiles.31

In contrast, when the reaction was performed with Et4N+-
blocked 1, only minor background conversion (ca. 7%) to the
aziridine product was observed (Scheme 3b). Further
investigation of the product revealed that the cis-aziridine
was formed in the uncatalyzed process as opposed to the trans-
aziridine generated when the host cavity was not blocked. This
reversal in selectivity between the host-catalyzed and back-
ground reactions demonstrates that the confined interior of the
host not only accelerates the reaction but also overrides the
inherent diastereoselectivity of the uncatalyzed process.
Several substitutions on the aniline ring were tolerated at the

meta and para positions, all of which were selective for the
disubstituted N-phenyl trans-aziridine (Scheme 4). Both
electron-rich and -deficient rings were reactive, and there was

Scheme 2. (a) Initial Screening for Multicomponent Aza-
Darzens Reaction, (b) Scope of Monosubstituted Aziridines
(Reported As Isolated Yields) and (c) Blocked Host
Control (Reported as NMR Yield)

Scheme 3. (a) Effect of n-Aldehyde Substituent on
Reactivity and (b) Blocked Host Control (Reported as
NMR Yields)
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no major effect on selectivity. As previously observed when
pentanal was used as a coupling partner, size exclusion also
appears to play a role in the aniline component. For example,
the formation of 3-methylaniline-derived trans-aziridine
occurred in 53% yield in 24:1 trans selectivity (4b), while
minimal reactivity was observed in the host-catalyzed reaction
of 3,5-dimethylaniline (4f).
The experiments with 3,5-dimethylaniline (Scheme 4, 4f)

and pentanal (Scheme 3b, 6) are consistent with the
hypothesis that the iminium must be small enough to fit
within the host for the reaction to proceed efficiently.
Therefore, the size limitation of the third component, the α-
diazo ester, was examined using a larger tert-butyl ester as the
nucleophilic component of the Aza-Darzens reaction (Scheme
5a). This larger α-diazo ester gave only an 11% yield of the

disubstituted N-phenylaziridine (7); moreover, in the presence
of a stoichiometric amount of tetraethylammonium as an
inhibitor, 7% yield of the aziridine was obtained (Scheme 5b).
Taken together, these observations suggest that for the
reaction to proceed efficiently, and with high selectivity for
the trans-aziridine, all three components of this transformation
must fit within the cavity of the supramolecular host.
To further explore the synthetic applications of this

transformation, the formation of trisubstituted aziridines
from substituted α-diazo esters was investigated. The reaction
of α-ethyl substituted α-diazo ester, acetaldehyde, and aniline,

catalyzed by 1, gave the trisubstituted N-phenylaziridine in
70% yield, with excellent selectivity for the trans-(Me, CO2Et)-
diastereomer as determined by 1D NOE correlation (Scheme
6, 8b). Further substitution of the α-diazo ester was tolerated

to some degree; however, yields diminished when the longer α-
propyl substituted α-diazo ester was employed (8e), again
demonstrating the impact of the nucleophile’s size on this
transformation.
In order to gain insight into the mechanism of the three-

component coupling, a series of in situ NMR experiments were
conducted. First, we examined the binding of the separate
components with the supramolecular host 1. Thus, a mixture
of aniline, aldehyde, and 1 showed only an equilibrium
between the aniline/aldehyde and the corresponding hemi-
aminal, without observable signals for imine either in solution
or within the cavity of the host. While it might be anticipated
that encapsulation of a cationic protonated imine/aniline
might be favorable in the dodecanionic host, the low basicity of
the aniline and the unfavorable equilibrium for imine
formation in water are apparently not overcome by this
association. In contrast, a mixture of 1 and α-diazo ester
resulted in noticeable broadening of the signals associated with
the α-diazo ester, consistent with a rapid and reversible, on the
NMR time scale, binding of this guest. Second, kinetic analysis
was performed to examine the kinetic profile of the
components (see Supporting Information). The reaction
showed first-order kinetics in aldehyde and saturation kinetics
in α-diazo ester. Saturation kinetics in α-diazo ester is
consistent with a preequilibrium host−guest complex, while
the first-order kinetics in aldehyde suggests that preequilibrium
for iminium ion encapsulation is not relevant to the
functioning catalytic processes. On the basis of these
experiments, we propose that the Aza-Darzens reaction
catalyzed by 1 proceeds via initial encapsulation of the α-
diazo ester within the cavity of 1 (Scheme 7). This initial
binding equilibrium is followed by rate-determining encapsu-
lation of an equivalent of an in situ generated iminium ion,
driven by the anionic charge of 1, to provide intermediate III.
Inside the assembly the α-diazo ester undergoes nucleophilic
addition to the iminium ion, followed by intramolecular
nucleophilic displacement of an equivalent of nitrogen, to yield
the protonated aziridine V. It is then proposed that the
aziridine leaves the host and is deprotonated in the bulk pH 8
solution, regenerating the catalyst.
In conclusion, a rare example of a three-component reaction

within a supramolecular host is reported. This Aza-Darzens
reaction within 1 displays divergent reactivity from the
uncatalyzed background reaction, giving the trans isomer of
the disubstituted N-phenylaziridine. The reaction proceeds
with low yield when the host cavity is blocked, and larger
substrates proceed with minimal conversion, providing

Scheme 4. Effect of Aryl Substitution on Disubstituted
Aziridine Synthesis (Reported as NMR Yields)

Scheme 5. (a) Effect of Bulky Ester on Aza-Darzens
Reaction and (b) Blocked Host Control (Reported as NMR
Yields)

Scheme 6. Trisubstituted Aziridine Synthesis (Reported as
NMR Yields)
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S4g. (0.38 g, 0.51 mmol, 84% yield from 0.61 mmol starting material) 1H NMR (600 MHz, DMSO-
d6) δ 12.93 (s, 2H), 11.96 (s, 2H), 11.01 (s, 2H), 9.26 (d, J = 7.8 Hz, 2H), 8.05 – 7.90 (m, 4H), 7.71 – 
7.56 (m, 6H), 7.53 – 7.40 (m, 4H), 7.24 – 7.13 (m, 4H), 5.31 – 5.19 (m, 2H), 1.54 (d, J = 7.1 Hz, 6H). 
13C NMR (151 MHz, DMSO) δ 168.17, 166.41, 161.15 (d, J = 242.6 Hz), 150.42, 148.19, 140.11 (d, 
J = 2.8 Hz), 133.37, 128.65, 128.11 (d, J = 8.1 Hz), 126.13, 122.42, 120.24, 119.87, 117.28, 117.12, 
116.73, 115.09 (d, J = 21.4 Hz), 48.00, 21.82. 19F NMR (565 MHz, DMSO-d6) δ -115.95. 

S4h. (0.39 g, 0.51 mmol, 83% yield from 0.62 mmol starting material) 1H NMR (600 MHz, DMSO-
d6) δ 13.01 (s, 2H), 11.95 (s, 2H), 11.00 (s, 2H), 9.22 (d, J = 7.9 Hz, 2H), 8.02 – 7.93 (m, 4H), 7.70 – 
7.59 (m, 6H), 7.31 (d, J = 7.9 Hz, 4H), 7.16 (d, J = 7.9 Hz, 4H), 5.26 – 5.17 (m, 2H), 2.29 (s, 6H), 1.53 
(d, J = 7.0 Hz, 6H). 13C NMR (151 MHz, DMSO) δ 168.07, 166.42, 150.45, 148.18, 140.90, 136.00, 
133.38, 128.91, 128.65, 126.13, 126.03, 122.42, 120.24, 119.81, 117.23, 117.15, 116.74, 48.30, 
21.81, 20.63. 

S4i. (0.37 g, 0.44 mmol, 78% yield from 0.56 mmol starting material) 1H NMR (600 MHz, DMSO-
d6) δ 12.41 (s, 2H), 11.67 (s, 2H), 11.01 (s, 2H), 9.75 (d, J = 9.3 Hz, 2H), 7.98 (d, J = 8.5 Hz, 2H), 7.85 
(d, J = 7.3 Hz, 2H), 7.74 (d, J = 8.6 Hz, 2H), 7.71 – 7.63 (m, 6H), 7.60 (d, J = 8.6 Hz, 2H), 7.52 – 7.42 
(m, 6H), 6.19 – 6.09 (m, 2H). 13C NMR (151 MHz, DMSO) δ 167.70, 167.23, 149.28, 148.13, 133.09, 
132.71, 129.34, 129.23, 128.81, 128.42, 126.09, 123.65, 124.72 (q, J = 281.8 Hz), 121.27, 119.28, 
118.93, 117.91, 117.60, 53.62 (q, J = 30.6 Hz). 19F NMR (565 MHz, DMSO-d6) δ -72.05 (d, J = 9.0 
Hz). 

 

Ligand S4a (0.075 mmol, 6 equiv.) and Ga(acac)3 (18.4 mg, 0.05 mmol, 4 equiv.) were 
dissolved/suspended in degassed wet ethanol (4 mL, 200 uL added H2O) and heated to 72 
°C.  After 15 minutes, KOH (12.6 mg, 0.225 mmol, 18 equiv.) as a solution in wet ethanol (2 mL, 
100 uL added H2O) was added slowly at 0.015 mL/min via syringe pump to the heterogeneous 
reaction.  Upon complete addition of KOH, the yellow reaction mixture became a homogeneous 
solution, and the reaction was allowed to cool to rt. The host was then precipitated via addition 
of diethyl ether (15 mL) to the stirring solution.  The yellow solid was then collected by filtration 
and washed with diethyl ether (15 mL) to give the desired supramolecular complex. 
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Gong et al.[34] reported the first highly cis-selective and
enantioselective DR between diazoacetamides and aldehydes
catalyzed by a BINOL/titanium (IV) complex. N,N-Dimethyl
diazoacetamide and N-benzyl diazoacetamide showed no
reactivity and decomposed under the reaction conditions.
However, as depicted in Scheme 13, the reaction of N-phenyl
diazoacetamide (31) with aromatic and aliphatic aldehydes 1
using a chiral titanium complex, formed in situ from (R)-BINOL
(32) and Ti(OiPr)4, as the catalyst, afforded a,b-epoxy amides 33
in moderate to very good chemical yields, total control of cis-
diastereoselectivity, and excellent enantiomeric purity. The use
of this catalyst system favored the formation of the (S,S)-
epoxide. The method tolerated a wide range of structurally
varied aldehydes, including aromatic, unsaturated, and aliphatic
aldehydes. The chiral BINOL-zirconium complex reported by
Kobayashi et al.,[35] where the chelating titanium atom has been
replaced by zirconium atom, a storable and air-stable catalyst
system, has been used as catalyst in the asymmetric DR by
Gong group’s.[36] Studies on the relationship between the
BINOL-derived ligands used in this reaction shown that 3,3’-
substituents have considerable impact on the stereochemistry.
Thus, 3,3’-diiodobinaphthol ligand 34 in combination with
tetrabutoxyzirconium, catalyzed the reaction of N-phenyl diazo-

acetamide (31) with aromatic, heteroaromatic, and aliphatic
aldehydes 1, delivering cis-a,b-epoxy amides 35 which pre-
ferred the (R,R)-epoxide enantiomer with an excellent enantio-
control of up to 99 % ee (Scheme 13). In addition to the benefits
connected with the storable and air-stable characteristics, this
methodology supplied a stereochemically complementary alter-
native to the titanium-catalyzed version. In 2013, Sun et al.[37]

described a highly enantioselective DR between N-phenyl
diazoacetamide (31) and aliphatic and aromatic aldehydes 1
mediated by a (+)-pinanediol (36)-Ti(OiPr)4 system (Scheme 13).
The cis-a,b-epoxy amides with (R,R)-configuration were ob-
tained in high yields and moderate to excellent enantioselectiv-
ities (up to 99 % ee). To approach valuable enantioenriched
oxirane derivatives, in 2017, the Wong group[38] presented a
contribution on the catalytic asymmetric DR of aldehydes 1 and
N-phenyl diazoacetamide (31) using hydroxytetraphenylene
(37) (R)-DHTP as chiral ligand (Scheme 13). When treated with
Ti(OiPr)4, (R)-DHTP ligand (37) formed in situ a chiral Lewis acid
titanium complex and mediated the formation of a series of
a,b-epoxy amides 33 in moderate to excellent yields (40–99 %),
excellent diastereoselectivities (only the cis-isomer was ob-
served), and enantioselectivities of up to 99 % ee. This approach
tolerated a broad range of structurally varied aldehydes 1, such

Scheme 12. Lewis acid-catalyzed asymmetric DR of a-bromo ketones and isatins.

Scheme 13. Catalytic enantioselective DR between diazoacetamides and aldehydes.
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compound involved in this reaction. For example, while cis-
aziridine derivatives were obtained from the asymmetric
catalytic aziridination reaction of imines with EDA (60) or even
vinyl diazomethyl ketones,[65] the diastereoselectivity was totally
reversed when diazoacetamides were used. Indeed, as depicted
in Scheme 25, a highly effective trans-aziridination reaction of
diazoacetamides with N-Boc aromatic aldimines has been
achieved by the Maruoka group.[66] Using an auxiliary chiral
dicarboxylic acid 75, enantiomerically pure trans-aziridines 76
have been obtained with excellent enantioselectivities, ranging
from 89 to 99 % ee. The trans-selectivity should derive from the
preference of a rotamer in which the carboxamide group and

the aryl group of the N-Boc imine adopt antiperiplanar
orientation. A synclinal orientation would be disfavored by the
steric repulsion (Scheme 25). Likewise, Zhong et al.[67] reported
an approach to trans-aziridines in excellent yields (81–97 %) and
enantioselectivities (88–98 % ee) from N-Boc imines and diazo-
acetamides mediated by BINOL-derived chiral phosphoric acids.
The shortcomings of these two methods include the fact that
examples of N-Boc imines derived from aliphatic aldehydes
were not included. However, trans-configured aziridines 78
were obtained in good yields and very good enantioselectivities
of up to 99 % ee, through the boron-catalyzed aziridination
reaction of N-BUDAM or N-MEDAM aliphatic and aromatic
imines 66 with diazoacetamides 77 (Scheme 26).[68]

Despite the continuous progress over the last two decades,
almost all of the research described is applicable only to the
synthesis of mono- and disubstituted aziridines. In this context,
Maruoka et al.[69] reported the first catalytic asymmetric method
from diazoacetamides to the enantioselective synthesis of
trans-trisubstituted aziridines straightforwardly, following two
different routes. Catalyzed by a chiral N-triflyl phosphoramide
(S)-81, the first one employs a-diazo-N-acyloxazolidinones 80
(R1 = Alk) and several N-Boc aldimines 79 (R = H) to afford trans-
trisubstituted aziridines 82 in 69–91 % yield and ee’s of up to
95 % (Scheme 27). As an alternative option for the construction
of these trans-aziridines, the authors considered a substrate
combination of N-Boc ketimine 79 (R = CO2R2) and a-unsubsti-
tuted a-diazocarbonyl compounds 80 (R1 = H). In the presence
of the same chiral catalyst (S)-81, aziridines 83 were prepared in
74–92 % yield and enantioselectivities ranging from 84 to 98 %
ee (Scheme 27). The Wulff group also prepared trans-trisubsti-
tuted aziridines with excellent diastereo- (>99 : 1 trans/cis) and
enantioselectivities (83–98 % ee) when electron-poor N-Boc
aldimines 79 (R = H) reacted with a-diazo-N-acyloxazolidinones

Scheme 23. Borate catalysts species B1, B2 and B3 generated from VAPOL and VANOL ligands and B(OPh)3.

Scheme 24. Suggested SN2-like mechanism for boron-mediated aziridination
reaction.
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this catalytic asymmetric process has been well exemplified by
Wulff’s group in the preparation of antibiotic (!)-chloroamphe-
nicol, which was prepared in four steps in an optically pure
form starting from p-nitrobenzaldehyde,[54] and later, in the
synthesis of BIRT-377, a leukointegrin LFA-1 antagonist devel-
oped as an agent for the treatment of immune and inflamma-
tory disorders.[55] Afterwards, this efficient asymmetric aziridina-
tion was also exploited by Chen et al.[56] for the total synthesis
of the antibacterial florfenicol.

In contrast to VANOL and VAPOL which are similarly
effective for this transformation, the use of linear biaryls such as
BINOL ligands gave poor induction in the chiral aziridine

synthesis.[53a] However, Wipf et al.[57] suggested that increasing
the steric bulk at the 3,3’-positions of BINOL ligands would
improve the facial control in this aziridination reaction. Indeed,
this group examined the introduction of different bulky arene
substituents at the 3,3’-positions of BINOL ligands and found
that, in particular, 64 as chiral ligand with 2-phenylnaphthalene
moiety afforded N-Bh aziridines 65 with a significant
enhancement of the enantiocontrol of the process (Scheme 21).

This chemistry has been widely explored in terms of the
nature and structural design of catalysts, the influence of N-
substitution in imine partner and the relevance of diazocarbon-
yl compound. In an effort to discover a protecting group for
the nitrogen atom of aziridines, allowing its easy removal for
the access to N-H-aziridines without any ring-opening side
reactions and affording high asymmetric inductions, Wulff et al.
turned their attention to the effect of different substituents on
the N-diaryl unit of imine derivative. This revision led to the
classification of N-protecting groups better than the benzhydryl
group, in terms of asymmetric induction and overall yields of
aziridines 67, affording cleaner and faster reactions
(Scheme 22). The N-protecting groups examined were dianisyl-
methyl (DAM),[58] tetra-tert-butyldianisylmethyl (BUDAM),[59] tet-
ramethyldiphenylmethyl (MEDPM)[60] and tetramethyldianisyl-
methyl (MEDAM).[60] The results showed that the N-MEDAM
imines 66 were found to be superior to, not only the N-DAM
imines, but also to the formerly reported N-benzhydryl and N-
BUDAM imines, in particular for the imines derived from
aliphatic aldehydes. For instance, as shown in Scheme 22,
aromatic (R = Ph) and aliphatic (R = tBu) N-MEDAM imines 66
gave better yields and enantioselectivities in the asymmetric
aziridination reaction than those observed for their counter-

Scheme 19. Catalytic asymmetric one-pot ADR catalyzed by ProPhenol ligands.

Scheme 20. Catalytic asymmetric aziridination mediated by chiral boron acid
with biaryl VAPOL and VANOL ligands.
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parts N-protected imines. Although acid-mediated cleavage of
MEDPM group was difficult to achieve, p-methoxy substituted
benzhydryl protecting groups such as DAM, BUDAM and
MEDAM were readily cleaved from aziridines 67 without ring-
opening side reactions.

Regarding the nature and structure of the catalyst, mecha-
nistic studies through spectroscopic analyses (1H and 11B NMR)
and high-resolution mass spectrum have been performed
disclosing the presence of two species which have been
identified as mesoborate 68 and pyroborate 69 in ratios
ranging from 1 : 3–5 (Scheme 23).[61] Studies with catalysts
enriched either in B1 or B2 species led to the conclusion that

the active catalyst in the VAPOL or VANOL mediated asymmet-
ric aziridination reaction is B2 species, since this gave consid-
erably higher enantioselectivities and rates than the B1 catalyst.
In 2009, further investigations by Wulff’s group[62] proposed
that the active catalyst is not a Lewis acid, as suggested before,
but a boroxinate based Brønsted acid 70 (B3) derived from the
treatment of a mixture of 68 and 69 with 1 equivalent of imine
(Scheme 23). This is an ion pair consisting of a boroxinate anion
and a protonated iminium. Subsequently, the crystal structure
of the active catalyst was elucidated by X-ray diffraction
analysis, providing critical understandings into molecular recog-
nition between the catalyst and its substrates.[63]

The mechanism of the chiral VANOL-BOROX Brønsted acid
mediated aziridination reaction of EDA (60) and imines 71 was
examined through an experimental kinetic isotope effects and
theoretical calculations combined study.[52] As a result, Wulff’s
group suggested the implication of a stepwise mechanism,
where reversible formation of a diazonium ion intermediate
(gauche-72/anti-72) antecedes to SN2-like ring closure to form
cis-aziridine 67 with simultaneous elimination of N2

(Scheme 24). A very recent report examines the role of borate
esters of BINOL as chiral catalyst in the aziridination reaction.[64]

Analyzing the structures of borate esters of BINOL, that were
produced with different stoichiometric combinations of BINOL
and B(OPh)3 in the presence or absence of a base, pyroborates,
spiroborates and boroxinate species can be generated. Wulff’s
group found that borate species derived from BINOL were not
inferior catalysts than those of VAPOL and VANOL. Under the
reaction conditions, BINOL forms a boroxinate and spiroborate
species that give opposite asymmetric inductions in the
aziridination reaction.

Another relevant aspect in this asymmetric Brønsted acid
catalyzed aziridination reaction is the structure of the diazo

Scheme 21. Catalytic asymmetric aziridination catalyzed by chiral binaphthol
borate.

Scheme 22. Boron-catalyzed “aza-Darzens like” reaction of aliphatic and aromatic N-protected imines.
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parts N-protected imines. Although acid-mediated cleavage of
MEDPM group was difficult to achieve, p-methoxy substituted
benzhydryl protecting groups such as DAM, BUDAM and
MEDAM were readily cleaved from aziridines 67 without ring-
opening side reactions.

Regarding the nature and structure of the catalyst, mecha-
nistic studies through spectroscopic analyses (1H and 11B NMR)
and high-resolution mass spectrum have been performed
disclosing the presence of two species which have been
identified as mesoborate 68 and pyroborate 69 in ratios
ranging from 1 : 3–5 (Scheme 23).[61] Studies with catalysts
enriched either in B1 or B2 species led to the conclusion that

the active catalyst in the VAPOL or VANOL mediated asymmet-
ric aziridination reaction is B2 species, since this gave consid-
erably higher enantioselectivities and rates than the B1 catalyst.
In 2009, further investigations by Wulff’s group[62] proposed
that the active catalyst is not a Lewis acid, as suggested before,
but a boroxinate based Brønsted acid 70 (B3) derived from the
treatment of a mixture of 68 and 69 with 1 equivalent of imine
(Scheme 23). This is an ion pair consisting of a boroxinate anion
and a protonated iminium. Subsequently, the crystal structure
of the active catalyst was elucidated by X-ray diffraction
analysis, providing critical understandings into molecular recog-
nition between the catalyst and its substrates.[63]

The mechanism of the chiral VANOL-BOROX Brønsted acid
mediated aziridination reaction of EDA (60) and imines 71 was
examined through an experimental kinetic isotope effects and
theoretical calculations combined study.[52] As a result, Wulff’s
group suggested the implication of a stepwise mechanism,
where reversible formation of a diazonium ion intermediate
(gauche-72/anti-72) antecedes to SN2-like ring closure to form
cis-aziridine 67 with simultaneous elimination of N2

(Scheme 24). A very recent report examines the role of borate
esters of BINOL as chiral catalyst in the aziridination reaction.[64]

Analyzing the structures of borate esters of BINOL, that were
produced with different stoichiometric combinations of BINOL
and B(OPh)3 in the presence or absence of a base, pyroborates,
spiroborates and boroxinate species can be generated. Wulff’s
group found that borate species derived from BINOL were not
inferior catalysts than those of VAPOL and VANOL. Under the
reaction conditions, BINOL forms a boroxinate and spiroborate
species that give opposite asymmetric inductions in the
aziridination reaction.

Another relevant aspect in this asymmetric Brønsted acid
catalyzed aziridination reaction is the structure of the diazo

Scheme 21. Catalytic asymmetric aziridination catalyzed by chiral binaphthol
borate.

Scheme 22. Boron-catalyzed “aza-Darzens like” reaction of aliphatic and aromatic N-protected imines.
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Kenneth N. Raymond and F. Dean Toste, et al., J. Am. Chem. Soc. 2020, 142, 733.

4-methylaniline and 4-chloroaniline were subjected to the
reaction, disparate selectivity for aziridines 3e and 3f was
observed across the catalyst series. A similar trend in selectivity
for aziridine 3c of weaker magnitude was observed when the
smaller 4-fluoroaniline was used in the reaction. In contrast,
when 3-methylaniline was employed as a coupling partner,
similar high enantioselectivity was observed for aziridine 3b
across the catalyst series. This observation is consistent with 3-
methylaniline occupying a more compact configuration
compared to 4-methylaniline, making it more readily
accommodated across the series of catalysts. As a result, the
largest 4-substituted substrates lead to the greatest differences
in observed selectivity across the catalyst series.
Since the larger substrates provide the lowest yields, they

could potentially experience a greater degree of background
reactivity, leading to diminished selectivity and disparate
selectivity across the host series. To determine if the
diminished selectivity was a function of the background
uncatalyzed process outpacing the more selective host-
catalyzed process, the reaction was examined with an increased
catalyst loading of host 9, the least selective catalyst (Figure
4a). Under these conditions, an increase in NMR yield was
observed; however, the selectivity remained modest. Conduct-
ing the same experiment with the stoichiometric addition of a
competing strongly bound unreactive guest, tetraethylammo-
nium, revealed poor reactivity, suggesting that the difference in
observed selectivity between hosts 1 and 9 cannot be explained
by a background process alone. Interestingly, NMR studies of
bound cationic salts showed that the cavities of hosts 1 and 7
represent different chemical environments as evidenced by the
different chemical shifts observed for the bound internal guest
despite nearly identical binding constants (Figure 4b). This
result suggests that these hosts present different chemical
environments, detectable by 1H NMR, to the encapsulated
guests.
The difference in selectivity and cavity chemical environ-

ment across the host series is significant as the hosts only vary

at the apex position, which is distal to the active site. We
hypothesized that the observed differences in enantioselectivity
originate from how readily the host accommodates the
enantiodetermining transition state and that these differences
might be reflected by host flexibility. Since the movement of
the aperture of the host is mechanically coupled to the external
amides, any differences in interactions between the external
chiral amides are expected to translate to the aperture and the

Figure 3. Divergent selectivity in enantiopure host-catalyzed aza-Darzens reaction.

Figure 4. (a) Increased catalyst loading for the host-9-catalyzed aza-
Darzens reaction provides similar enantioselectivity as 2 mol %
catalyst loading of host 9. Host 9 blocked by a strongly bound guest
NEt4Cl background experiment provides little to no reactivity. (b) A
1:1 binding competition experiment between hosts 1 and 7 for a
cationic guest. Encapsulated guest signals are in the negative region of
the NMR and show differing chemical signals for each host.
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化学（株））で徹底的に検討された一方，大塚製薬系の

アース製薬（株）では，コバルト錯体による触媒的不斉

合成による菊酸誘導体の製㐀を目指して研究開発が進

められた。 結果として，これらの触媒的不斉合成は，

安価なピレスロイド系殺虫剤の製㐀法としては成立し

なかったものの，この触媒反応系により高付加価値の

医薬品（シラスタチン 図７左）が上市されるに至った。

触媒的不斉合成反応の研究分野は，日本の有機合成化

学のお家芸的な得意分野になり，2001 年の野依良治先

生のノーベル化学賞の受賞として結実した。なお，野依

先生の不斉触媒は，高砂香料工業（株）で商業化され，

同社磐田工場でメントール（図７右）が年産 1,000 ト

ン規模で製㐀されている。 

 

５ 不斉合成と反応温度 

前節までの解説では，鏡像異性体のそれぞれを L-型

もしくは D-型と表現した。この立体化学の表記法は，

基準となる糖質化合物から仮想的な化学変換に基づい

て命名されるもので，一般性に乏しいため，現在では３

次元的な分子構㐀から一定の規則に基づいて機械的に

命名する R/S表記法が IUPAC（国際純正および応用化

学連合）によって定められている。不斉合成の選択性は，

(S)体と(R)体の分子数から鏡像体過剰率（Enantiomeric 
Excess, %ee）で評価される（式１）。 

 

 

全く選択性がない場合（図３）では，0%ee であり，

完全な選択性が実現された場合には，100%ee である。

一方，1884年に提唱されたArrhenius の式によれば，鏡

像体過剰率(%ee）は反応㏿度定数 k を介して関係付け

られる。すなわち，鏡像体過剰率は反応温度(T)の関数

として表現される（式２）。 

実際，触媒的不斉合成反応は反応温度に極めて敏感

である。低温ほど高い選択性が期待できることから不

斉合成研究の黎明期には，室温では気体のジメチルエ

ーテルを液体窒素で冷却液化させて反応溶媒とし，反

応温度マイナス 123℃で高いエナンチオ選択性を達成

する工夫などがなされた。その後、不斉触媒と反応設計

の技術が進化し，1990 年代後半には室温程度の反応温

度で高い選択性を達成できるようになったが，現在で

も，不斉合成反応の触媒や反応設計では，高いエナンチ

オ選択性を達成するために低温条件は必ず検討する。

このように，鏡像体過剰率（エナンチオ選択性, %ee）
は，反応系の「温度計」であり，エナンチオ選択性が同

じであれば、反応経路に変化がない限り，同一の反応温

度(T)を保証する。 

エナンチオ選択性と反応温度の関係に基づいて，筆

者らは 2010年，触媒的不斉合成反応にマイクロ波照射

を併用することにより，熱的効果と非熱的効果を分離

して観測することに成功した 3)。すなわち，反応温度を

一定に維持しながらマイクロ波照射すると，エナンチ

オ選択性は保持して反応㏿度が向上することを見出し

た。反応㏿度向上が反応系の温度上昇によるものであ

れば、エナンチオ選択性が低下するはずである。その後、

適用する反応系の検討により，エナンチオ選択性を維

持しながら数百倍の㏿度向上が観測されることを見出

した 4)（図８）。 

 

６ 光学活性体：偏光と不斉 

有機化学に詳しい読者は，なぜ「光学活性」という

用語がここまで出ないのか不思議に感じたに違いない。

不斉炭素原子を持つ化合物の溶液に平面偏光を透過さ

せると，偏光面の角度が変わることが古くから知られ

ていた。これを旋光度という。通常はナトリウムの D
線のオレンジ色の光か水銀ランプの 365 nm 光を使う

が，この特性が「光学活性」であり，パスツールが選り

分けた結晶は，それぞれ偏光面を回転させる方向が左
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