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Abstract 

Asymmetric and Organometallic Catalysis Mediated by a Chiral Supramolecular Host 

by 

Casey Jameson Brown 

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Professor Robert G. Bergman, Co-Chair 

Professor Kenneth N. Raymond, Co-Chair 

Chapter 1.  An overview of supramolecular catalysis is presented with attention to the 

diverse strategies used in developing these materials.  Different strategies for the design and 

preparation of chiral supramolecular structures are described along with their applications to 

enantioselective binding and catalysis. The intrinsically chiral M4L6
12-

 supramolecular assembly 

developed by the Raymond group is introduced, and its catalytic scope is reviewed. 

 

Chapter 2.  The development of an asymmetric variant of the aza-Cope transformation is 

presented.  Application of the resolved Ga4L6
12-

 assembly to this catalytic transformation gives 

modest but significant enantioselectivity (up to 64% ee) with a varied scope of allyl 

enammonium cations.  This represents the first reported example of asymmetric supramolecular 

catalysis with substantial enantioselectivity and catalytic turnover.  Use of a relatively unreactive 

substrate allowed characterization of a host-substrate complex by X-ray diffraction, giving 

insight into the means of enantiodifferentiation by the chiral host.  Additionally, the structure of 

the M4L6
12-

 assembly was modified by substituting other trivalent cations (Fe
3+

, Al
3+

) into the 

M4L6
12-

 host, modulating the enantioselectivity of the rearrangement.  Efforts to emulate 

allosteric regulation using externally associated chiral cations are also described. 

 

Chapter 3. The engineering of a high-turnover supramolecular catalyst containing a 

cationic ruthenium complex is described.  The RuCp(PMe3)(MeCN)2
+
 cation, an allyl alcohol 

isomerization catalyst, was incorporated into the Ga4L6
12-

 assembly.  While encapsulated, the 

organometallic complex experiences only mild rate attenuations, while maintaining its 

remarkably high activity.  This hybrid catalyst is capable of more than 1000 turnovers, eclipsing 

other known supramolecular catalysts.  The kinetics of catalysis are also analyzed, revealing 

inhibition both by acetonitrile and the allyl alcohol substrates.  The protection offered by 

encapsulation in the assembly also allowed the preparation of the larger RuCp*(PMe3)(MeCN)2
+
 

complex, which is both stable and catalytically active.  Preliminary investigations of this 

complex are described. 

 

Chapter 4. Cationic gold(I) catalysts encapsulated inside assembly 1 are applied as 

supramolecular catalysts. In the presence of the Ga4L6 assembly, R3PAuX (X = Cl, Br) 

complexes have been found to lose their halide ligand and reside in the nanovessel’s cavity as the 



2 

 

free cation. This host-guest complex is catalytically active in both the hydroalkoxylation and 

hydroamination of allenes, generating cyclic, chiral ethers and amines. The rate of catalysis for 

the bound gold cation is observed to be higher than that for the bulk-solution gold species by 

about an order of magnitude. Efforts to incorporate this gold catalyst into the resolved Ga4L6
12-

 

assembly are detailed, though this family of organometallic catalysts has thus far been 

incompatible with the resolved Ga4L6
12-

 assembly. 
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Introduction 
 Supramolecular chemistry aims to exploit intermolecular bonding as a new basis for 
selective reactivity.  Synthetic chemists have historically focused upon the formation or scission 
of covalent bonds to construct molecular architectures.  While intermolecular bonds are more 
fragile than covalent bonds and their formation is reversible, the study of these supramolecular 
interactions has lead to a diverse body of strategies for the design of increasingly complex 
supramolecular assemblies which exploit these reversible interactions in order to construct stable 
architectures.  The exploitation of these supramolecular interactions provides the promise of 
chemoselectivity based not upon the inherent reactivity of functional groups but instead 
structural recognition. We view supramolecular chemistry as an opportunity to construct 
catalysts that emulate the selectivity of enzymes using these noncovalent forces to control 
chemical reactions. 
 An early and illustrative example of the selectivity which can be achieved with 
supramolecular bonding is the application of crown ethers in the selective binding of alkali metal 
cations.  The individual interactions between the electronegative oxygen atoms and the alkali 
metal cation are weak, but their combined effect results in strong binding, with stability constants 
of 107 possible with the binding of alkali metal cations.  More notably, the discrimination 
between these species based on size is exquisite and has been characterized crystallographically 
(Figure 1.1).1 Crown ether 4,7,13,16,21-pentaoxa-1,10-diazabicyclo[8.8.5]tricosane binds to both 
K+ and Na+ cations, but provides an appropriately sized coordination environment for the Na+ 
cation while it cannot completely enclose the K+ cation. These studies demonstrated the potential 
for fine selectivity based on host-guest complementarity.  Following Pedersen’s seminal reports 
on the synthesis of these polyethers,2,3 there was an explosion in the development and application 
of these materials and other small covalent oligomers, and these compounds saw application as 
synthetic receptors,4-8 phase transfer catalysts,9,10 and as enantioselective receptors and 
catalysts.11-15 

 
Figure 1.1 The encapsulation of Na+ (left) and K+ (right) cations in 4,7,13,16,21-pentaoxa-1,10-
diazabicyclo[8.8.5]tricosane, with SCN- as the counteranion. 
 
 In designing supramolecular assemblies for applications in catalysis, the development of 
larger and more complex hosts has been a vital prerequisite. Enzymes and other natural receptors 
have solved this problem by employing sequence-specific polymers which adopt complex three-
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dimensional structures rich with functional groups.  For these biomacromolecules, their structure 
is dependent on both their sequence and the supramolecular forces which control the higher-
order structure of these biopolymers, including hydrogen bonding, van der Waals contacts, and 
hydrophobic effects. Supramolecular chemistry offers an alternative approach for the design of 
ornate three-dimensional structures, using programmed elements of symmetry and 
complementarity paired with these weak intermolecular forces. While we cannot accurately 
predict the three-dimensional structures of biopolymers a priori, these symmetric supramolecular 
assemblies are tractable for structural prediction and, more importantly, synthetic modification.  
 This introductory chapter will provide an overview of the design of hosts for 
supramolecular catalysis with particular attention toward supramolecular coordination 
complexes. In particular, this class of rationally-designed supramolecular hosts has been adapted 
for applications in asymmetric supramolecular catalysis, which is critical for establishing the 
context of the work presented in Chapter 2. We do not aim here to comprehensively review 
supramolecular reaction chemistry or even that of these coordination complexes, but rather to 
provide illustrative examples which show why these compounds have been uniquely successful 
as supramolecular catalysts. While other, related catalysts with programmed structures have been 
developed, including catalytic antibodies, metal-organic frameworks, and dendrimers, these 
examples are beyond the scope of this work and will not be reviewed here. The specific 
properties of the Ga4L6

12- assembly (1) developed by Raymond and co-workers will be discussed 
at the close of the chapter, including its ability to both mediate and catalyze chemical 
transformations. 
 
Hosts for Supramolecular Catalysis 

 

 Among the first examples of reactivity promoted by the cavity of a supramolecular host 
were groundbreaking studies by Mock et. al.16,17 The authors used the cyclic hexamer 
cucurbit[6]uril to demonstrate that the specific complementarity between host and guest could be 
applied in the acceleration and control of chemical reactions. Cucurbiturils are a family of 
macrocyclic oligomers formed by the copolymerization of formaldehyde, glyoxal, and urea 
(Figure 1.2).  Cucurbiturils prefer cationic substrates as the ring of electronegative oxygen atoms 
interacts favorably with positive charge. Azide 3 and alkyne 4 both contain pendant ammonium 
groups that promote their encapsulation in 2, with the functional groups predisposed to a 1,3-
dipolar cycloaddition inside the host cavity (Figure 1.3). 
 

 
Figure 1.2 Structure of the cyclic oligomer cucurbit[6]uril, represented schematically at the 
right. 

2 
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Figure 1.3 a) Catalysis of the cycloaddition of azide 3 with alkyne 4 in aqueous formic acid, 
resulting in regioisomers 5a and 5b. b) In the cavity of cucurbit[6]uril, only regioisomer 4a is 
formed. 
 
 Quantitative kinetic study of this catalytic system revealed important enzyme-like 
features.  Firstly, it is possible to saturate the supramolecular catalyst – under high concentrations 
of 3 and 4, the rate depends only upon the concentration of 2. The rate-limiting step for turnover 
is release of the product from the host, also a common feature in enzymatic catalysis.18 Most 
remarkably, it was possible to independently measure the binding energies of azide 3 to the host 
alone and the host-alkyne complex 4 ⊂ 2 (where ⊂ denotes encapsulation within the host cavity).  
The binding of 3 to form the ternary [(4•3) ⊂ 2] complex exceeds the corresponding dissociation 
constant by a factor of 120, indicating that the transition state for the cycloaddition is more 
tightly bound that the ground state [(4•3) ⊂ 2] complex. The discrepancy is assigned to strain in 
accommodating both substrates in the host cavity, and this compressed state is more reactive and 
further improves the catalytic activity of 2 in this cycloaddition. 

This work by Mock and co-workers revealed many of the defining attributes of 
supramolecular chemistry decades before the modern intense efforts, and the aforementioned 
limitations of the cucurbituril system have emerged as perennial problems in supramolecular 
catalysis.  One reason for the limited application of supramolecular hosts in catalysis was the 
relative paucity of host structures capable of selectively binding complex and reactive substrates.  
The elaboration of covalent supramolecular architectures like crown ethers and spherands 
becomes much more difficult as the structures get more elaborate, and this impedes their 
application as catalytic materials.  Ultimately, further development in supramolecular catalysis 
requires straightforward synthetic access to larger supramolecular complexes.  Not long after 
Mock’s pioneering investigations, the first supramolecular coordination cages were synthesized, 
laying the foundation for new studies in supramolecular catalysis. 
Supramolecular Coordination Cages 

3 4 

5a 5b 

[(4•3) ⊂ 2] [5b ⊂ 2] 

a) 

a) 

b) 
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 Symmetry in the Design of Supramolecular Assemblies. In 1988, Saalfrank and 
coworkers were studying the application of doubly-metalated organic species as versatile 
synthons. Ditopic bis-magnesium malonate 6 (Figure 1.4) was prepared from the condensation of 
diethyl malonate with oxalyl chloride, using methylmagnesium bromide as the metalating agent. 
The remarkable simplicity of all NMR spectra of the metal salt suggested its high symmetry, and 
X-ray diffraction experiments revealed a highly symmetric ‘adamantoid’ complex.19 
 

 

 
Figure 1.4 a) Synthesis of magnesium salt 6 containing a ditopic malonate ligand and 
magnesium(II) and ammonium cations. b) Schematic structure of ‘adamantoid’ magnesium 
coordination complex 6, showing only one of six ligands for clarity. 
 
 This structure has higher symmetry (Td) than its components, the C2-symmetric malonate 
and the C3-symmetric octahedral magnesium centers. While this particular compound was 
prepared serendipitously, its preparation 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 for encapsulated molecules, but with larger ligands this – and many other polyhedra – 
can be prepared. The only requirement for application of this methodology is that components 
are selected that contain the elements of symmetry present in the polyhedral compound. 
 Many other examples of macrocyclic coordination compounds would be developed in the 
years following Saalfrank’s discovery.20-23 A breakthrough in the host-guest chemistry of these 
molecules came with the report of the encapsulation of 1,3,5-trimethoxybenzene in D2O by a 
molecular square by Fujita and co-workers.24 Fujita’s molecular square self-assembles from two 
components – a cationic, capped (en)Pd2+ fragment (en = ethylenediamine) and bipyridyl 
bridges, which combine in a 4:4 stoichiometry to form 7 (Figure 1.5).  This combination of a 
rigid, linear ligand and a metal complex enforcing a 90° bite angle enforces the square geometry, 
and creates a cavity large enough for small organic molecules. Encapsulated 1,3,5-

6 

a) 

b) 
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trimethoxybenzene can be observed directly by 1H NMR, as the encapsulated guest resonances 
are shifted strongly upfield due to interaction with the quadripolar aromatic walls of the ligands. 
 

 
 

Figure 1.5 Fujita’s cationic molecular square. The cavity of this supramolecular assembly is 
large enough to accommodate a single molecule of 1,3,5-trimethoxybenzene. 
 
A major advantage of this methodology is its modularity: the geometrical constraints of both 
metal complexes and the organic linkers can be designed to favor particular shapes. This 
powerful principle has been applied in the preparation of a formidable array of two-dimensional 
and three-dimensional discrete supramolecular coordination complexes, which have been 
excellently reviewed.21,25,26  
 
 Catalysis by Supramolecular Coordination Cages. The design of supramolecular 
receptors and catalysts has a deep philosophical link, as catalysts can be thought of as binding to 
the transition state of a chemical reaction in a manner analogous to substrate-receptor 
association.27 While hosts such as molecular square 7 only have space for single, simple 
molecules, larger coordination cages can be applied as catalysts.  The coordination-cage 
assembly methodology above was applied to develop a catalytic host via the preparation of two 
three-dimensional coordination cages based upon the Pd(en)2+ fragment, linking them with 
tripodal pyridyl ligands, rather than the linear linkers used above.  Two distinct cages were 
produced using trispyridyl ligands with different connectivities, giving either an octahedral (8) or 
square-pyramidal (9) architecture (Figure 1.6). 

7 
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Figure 1.6 Pd-capped octahedral coordination cages used as catalysts by Fujita and co-workers. 
Adapted from reference 27. 
 

The walls of these coordination cages have favorable π-stacking interactions with 
aromatic guests, and for this reason the Diels-Alder reaction of 9-hydroxymethylanthracene (10) 
and N-cyclohexylmaleimide (11) was studied within these cages.28  For the closed octahedral 
cage 8, the [10•11 ⊂ 8]12+ complex forms stably at room temperature and does not undergo 
cycloaddition efficiently below 80 °C (Figure 1.7). At 80 °C, the Diels-Alder reaction of the 
encapsulated substrates proceeds; the orientation of the substrates is controlled by encapsulation, 
and the product of the cycloaddition is the unusual regioisomer 12.  

 

 
 

 

Figure 1.7 Catalysis of the Diels-Alder addition of 10 and 11 within the cavity of octahedral 
supramolecular assembly 8 (host represented schematically). 
 

Within the cavity of 8, however, the cycloaddition was not efficiently catalytic due to the 
strong binding of 12 within the cavity of 8, exacerbated by slow exchange of 12 through the 
pores of the cage. Remarkably, this problem was averted through the use of open cage 9. With 
only 10% catalyst loading, near-quantitative conversion to the cycloadduct was observed. While 
substrate 10 has good complementarity with the flat aromatic walls of 9, the cycloaddition breaks 
the planarity of the anthracene system, promoting dissociation of the product 12 to allow 
catalytic turnover. This was the first example of a supramolecular coordination cage efficiently 

8 9 

[(10•11) ⊂ 8]12+
 [12 ⊂ 8]12+

 
11 10 
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discerning between substrate and product, allowing weak product binding and efficient 
catalysis.28  
 Another rationally designed system with 
tetrahedra designed by Raymond and coworkers. Echoing the structure of Saalfrank’s 
adamantoid cages, the Ga4L6

12

naphthalene) incorporates a ditopic ligand with catecholate moieties separated by planar 
aromatic spacers, chelated to octahedral trivalent metal centers
salt and deprotonated ligand are combined in a 4:6 stoichiometry, the tetrahedral assembly forms 
spontaneously. 
 

Figure 1.8 Schematic (left) and space
developed by Raymond and co-workers.

 
While topologically similar to the cages developed in the Fujita group, assembly 

substantially greater versatility as a host due to the increased hydrophobicity of the cavity.  
Where octahedral assembly 8 has large apertures and relies on favorable 
to drive guest encapsulation, tetrahedral host 
and neutral organic species. Cationic species are strongly bound 
due to the favorable coulombic interaction
effect also drives encapsulation of cationic guests
species in aqueous solution.30  The cavity of the assembly can vary from approximately 250 to 
400 Å3 in volume,31 and guests as small as NMe
encapsulated by 1. 
 The first application of 
enammonium salts (Figure 1.9).
assembly, displacing the more weakly bound NMe
1, the double bonds of the molecule which must come together for electrocyclization to take 
place are forced into close proximity, effectively restricting the substrate to a more reactive 
population of conformations. Electrocyclization affords
guests inside 1, though the presence of NMe

C

discerning between substrate and product, allowing weak product binding and efficient 

Another rationally designed system with broad catalytic scope is the family of
tetrahedra designed by Raymond and coworkers. Echoing the structure of Saalfrank’s 

12- tetrahedron 1 (L = 1,5-bis(2,3-dihydroxybenzoylamino
a ditopic ligand with catecholate moieties separated by planar 

aromatic spacers, chelated to octahedral trivalent metal centers (Figure 1.8).29 
ligand are combined in a 4:6 stoichiometry, the tetrahedral assembly forms 

 

Schematic (left) and space-filling (right) models of tetrahderal Ga4L
workers. The requisite elements of symmetry are highlighted.

While topologically similar to the cages developed in the Fujita group, assembly 
substantially greater versatility as a host due to the increased hydrophobicity of the cavity.  

has large apertures and relies on favorable π-stacking interactions 
to drive guest encapsulation, tetrahedral host 1 can encapsulate a wide range of monocationic 

Cationic species are strongly bound in a variety of polar solvents, 
due to the favorable coulombic interaction with the 12- charge of the host. The hydrophobic 
effect also drives encapsulation of cationic guests, and is itself sufficient to bind uncharged 

The cavity of the assembly can vary from approximately 250 to 
and guests as small as NMe4

+ and as large as Co(Cp*)

The first application of 1 as a catalyst was the aza-Cope electrocyclization of allyl 
enammonium salts (Figure 1.9).32 Allyl enammonium cations are tightly bound within the 
assembly, displacing the more weakly bound NMe4

+ cation readily. Once bound in the cavity of 
, the double bonds of the molecule which must come together for electrocyclization to take 

place are forced into close proximity, effectively restricting the substrate to a more reactive 
Electrocyclization affords iminium ions that are strongly bound

though the presence of NMe4
+ promotes their extrusion from the

C3 

C2 

8 
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The requisite elements of symmetry are highlighted. 
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hydrolyzed, the product aldehydes cannot compete with the starting material (or the NMe4
+ 

cation) for encapsulation in the host cavity, enabling efficient turnover. 
 

 
 

Figure 1.9 The aza-Cope electrocyclization of allyl enammonium cations as catalyzed by 1. 
 

The scope of this catalysis was general, particularly in comparison to other 
supramolecular catalytic systems – seven different substrates all showed significant rate 
accelerations, up to 864-fold, while displaying high conversion and catalytic turnover.33 This 
same principle was later extended to the more challenging propargylic enammonium substrates, 
further demonstrating the scope and versatility of this catalytic system.34 
 The binding preference of host 1 for cationic species was subsequently applied toward 
the perturbation of chemical equilibria. Iminium cations, normally unstable in aqueous solution, 
can be formed inside the cavity of 1, owing their increased thermodynamic stability in the host to 
the exclusion of H2O and the favorability of encapsulating cationic guests.35 Similarly, 
encapsulation of amines within 1 drastically increases their basicity (up to ~4.5 pKa units),36 
favoring the protonated and cationic ammonium species. This capability was later exploited in 
the proton-catalyzed hydrolysis of orthoformates (Figure 1.10).37-39 



CHAPTER 1 
 

10 

 

 

 

Figure 1.10. The hydrolysis of orthoformates as catalyzed by supramolecular assembly 1. 
Adapted from reference 32. 
 

Normally stable as the neutral form in basic aqueous solution, in the cavity of assembly 
1, protonation becomes more favorable due to the preference for cationic guests within the host. 
Hydrolysis of the protonated species is then possible inside the assembly cavity, followed by 
base- or acid-catalyzed hydrolysis of the ester.  The product carboxylates are anionic, and do not 
interact with the assembly, so this system is also free from product inhibition. This methodology 
was further extended to include the hydrolysis of acetals.38 
 Following the success of these two strategies, they were combined in the catalysis of the 
Nazarov cyclization of pentamethylcyclopentadienol to prepare Cp*H.40 This combines the 
features of both aforementioned catalytic transformations in 1: protonation of the substrate is 
favored within the cavity of 1, and the subsequent electrocyclization is favored by the 
constrained environment of the host interior (Figure 1.11). This synergistic catalysis results in 
the highest rate accelerations observed thus far in a supramolecular catalyst, up to 2.1-million 
fold. Recognition of the transition state, which is theorized to contain a cationic π-system which 
should interact favorably with the interior of 1, is also implicated in this high catalytic activity. 
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Figure 1.11 The Nazarov cyclization as catalyzed by 1. 
 
 A related but very different strategy for engineering supramolecular coordination 
compounds is the inclusion of catalytic sites in the ligand portion of the assembly. Two examples 
will be presented here to illustrate this approach and its important practical distinctions from the 
above examples.41 The first example is the engineering of porphyrin-containing hosts structured 
around phosphine ligand 13 (Figure 1.12). This tris-pyridyl phosphine can be coordinated to a 
triad of Zn2+-porphyrins, creating a cavity with a single phosphine to act as a ligand for transition 
metal complexes. The organometallic complex chosen to impart catalytic activity was 
Rh(acac)(CO)2, and the supramolecular catalyst [(13)3(14)]Rh(CO)3H] was thus active in the 
hydroformylation of alkenes. 
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Figure 1.12 Supramolecular organometallic catalyst [(13)3(14)]Rh(CO)3H]. 
 

This supramolecular catalyst displayed substantially different activity and selectivity in 
comparison to the porphyrin-free catalyst system, using 1-octene as a model hydroformylation 
substrate (Figure 1.13).  If PPh3 is used as the ligand for the rhodium complex, the catalyst 
displays a turnover frequency (TOF) of only 6 h-1, while the supramolecular catalyst 
(13)314Rh(CO)3H has a TOF of 126 h-1. Additionally, the selectivity for branched 
hydroformylation product 15 versus linear aldehyde 16 is different: the PPh3Rh(CO)3H complex 
gives a 3:1 ratio of the linear:branched products, while the supramolecular catalyst 
[(13)3(14)]Rh(CO)3H] gives inverted selectivity, favoring the branched aldehyde 15 in a 3:2 
ratio. Binding to the cavity of this supramolecular host thus created a sufficiently different spatial 
environment for the rhodium center that the selectivity of this transition-metal catalyzed reaction 
was significantly altered. 
 
 

 
 
Figure 1.13 Hydroformylation of 1-octene catalyzed by supramolecular rhodium catalyst 
[(13)314]Rh(CO)3H. 
  

A related strategy for the incorporation of catalytic activity into supramolecular hosts is 
exemplified by Hupp and co-workers use of metalloporphyrins as subunits for the construction 
of supramolecular assemblies. By constructing metalloporphyrins that also contain coordinating 
substituents, the individual components sort thermodynamically, forming the most stable. Instead 
of taking advantage of the symmetries of individual components, the thermodynamics of the 
metal-ligand interactions drive the assembly of metalloporphyrins 17-19 to form a large, discrete 

13 14 

[(13)314]Rh(CO)3H 

15 16 
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assembly with multiple cavities containing catalytic sites (Figure 1.14).42 The inclusion of the 
well-studied Mn-porphyrin catalyst into component 18 incorporates oxidative catalytic activity 
into the host. 

 

 

 
 

Figure 1.14 Hupp’s self-sorting metalloporphyrin assemblies. Adapted from reference 42. 
 
Assembly 20, containing two 17 and two 18 units, has large torsional flexibility about the 

central zinc porphyrins. This manifests catalytically in weak encapsulation and a high 
background rate due to catalysis outside the assembly cavity. The introduction of a third 
porphyrin, 19, partitions the large inner space of 20 into two smaller and identical cavities, 
drastically rigidifying the modified host 21. The reactivity of this rigid host was studied in the 
epoxidation of cis-stilbene and substituted styrene 22 (Figure 1.15). The manganese porphyring, 
when incorporated into the supramolecular box 21, discerns between cis stilbene and bulkier 
substrate 15, oxidizing the smaller substrate preferentially. 
 

17 

18 

19 

(17)2(18)2 = 20 
(17)2(18)219 = 21 
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Figure 1.15 Size-selective epoxidation within metalloporphyrin cage 21. 
 
 Host 21 demonstrates how powerful self-assembly can be in the preparation of complex, 
nanoscale materials. The size selectivity demonstrated in the above examples is arguably the 
hallmark of supramolecular catalysis. While, as in earlier examples, symmetry can be a potent 
tool in the design and preparation of supramolecular metallohosts, it is also possible to prepare 
complex catalytic materials from simpler components by using the diverse array of metal-ligand 
interactions to control assembly. However, while this strategy has generated a diverse range of 
host structures with unique activity and selectivity, the adaptation of this technology to 
asymmetric synthesis has proved particularly challenging, due largely to a dearth of chiral 
supramolecular coordination compounds. Recently, development of chiral supramolecular 
catalysts and their application in asymmetric catalysis has emerged as an important goal. 
 

Enantioselective Supramolecular Catalysts 

 
 While supramolecular catalysts’ ability to impart unusual regioselectivity had been 
demonstrated as early as Mock’s studies in cucurbituril catalysis, the application of 
supramolecular assemblies to enantioselective transformations has remained an important but 
elusive goal. Enzymes, made from chiral monomers, display exquisite enantioselectivity as a 
rule, and emulating that quality with enzyme mimics constructed from achiral components is a 
substantial challenge. Two distinct strategies can be envisioned for the creation of an 
enantioselective supramolecular catalyst: the use of chiral components to assemble chiral hosts, 
or the creation of elements of chirality during the self-assembly process. Both strategies have 
been used to prepare chiral hosts for catalysis, though neither strategy has yet yielded a highly 
enantioselective catalyst. 
 Chiral Catalysts from Chiral Components. The first reported examples of 
enantioselective reaction chemistry within a supramolecular coordination cage employed chiral 
building blocks to prepare chiral host structures. Fujita’s supramolecular coordination cages 8 
and 9 contain no intrinsic elements of chirality, and the saturated platinum centers are not 
themselves capable of catalytic activity. The capping ethylenediamine units on the metal centers, 
however, can be replaced with chiral diamines to yield cage 23 (Figure 1.16). While the element 
of chirality is on the periphery of the cage structure, the walls of the assembly distort slightly 
because of this substitution.43 
 

22 5.5:1 ratio of cis-stilbene:22 
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Figure 1.16 Fujita’s chiral supramolecular coordination cage 23. 
 
This cage was applied to the photochemical 2+2 cycloaddition of fluoranthrene 24 and 
maleimide 11, which produces a four-membered ring with multiple chiral centers (Figure 1.17). 
The transformation is carried out on the isolated host-guest complex [24•11 ⊂ 23]12+, which 
gives the product complex upon irradiation, in 33% overall yield and 50% ee. 
 

 

 

 

 

Figure 1.17 Asymmetric photodimerization of fluoranthrene 24 with maleimide 11 to give 25 
inside chiral supramolecular assembly 23. Adapted from reference 43. 
 

As the first asymmetric reaction mediated by a chiral supramolecular host, this work 
represented an important advance in supramolecular catalysis.  The potential for chiral space to 
provide asymmetric induction is tantalizing, but this system suffers from a lack of catalytic 
turnover and very limited scope (three other examples, none with >20% ee). It is perhaps 
intuitive that decoration of the assembly exterior would have only limited influence on the 
interior space of a supramolecular host. 
 Another example of enantioselective catalysis with supramolecular coordination cages 
was reported by Hupp and co-workers, using metalloporphyrin boxes (Figure 1.14). These 
modified boxes incorporated catalytic sites (18) as before, but instead included chiral monomer 

23 

24 11 [24•11 ⊂ 23]12+
 [25 ⊂ 23]12+
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26 to render the assembly chiral.  The catalyst was similar to the metalloporphyrin box discussed 
earlier (see Figure 1.14), but the tin porphyrin 26 used a chiral ligand, rendering the pentameric 
assembly 27 chiral (Figure 1.18).42 This chiral host was then evaluated as an enantioselective 
catalyst. The host is catalytically competent in the oxidation of methyl p-tolyl sulfide, and does 
so enantioselectively (Figure 1.19). 

This has the advantage over supramolecular cage 23 of being a truly catalytic system, but 
the enantioselectivity is very mild, likely due to the small size of the chiral ligand relative to the 
large cavities in host 27. Thus, both of these reported systems leave much room for improvement 
in the design of enantioselective supramolecular catalysts. For these hosts to see application in 
asymmetric synthesis, systems with significant scope and enantioselectivity must be prepared. 

 

 

 

 

Figure 1.18 The incorporation of chiral metalloporphyrin 26 enabled the preparation of chiral 
metalloporphyrin box 27.  Adapted from reference 40. 

18 

26 

(17)2(18)226 = 27 
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Figure 1.19 Asymmetric oxidation of methyl p-tolyl sulfide by chiral metalloporphyrin box 27. 
 
 Chirality Created During Self-Assembly. The Ga4L6

12- tetrahedron 1 prepared by 
Raymond and co-workers is an example of the aforementioned alternative strategy for preparing 
chiral supramolecular coordination compounds. Rather than incorporating chiral components, 
assembly 1 is a chiral host made from only achiral components. Binding of the three catecholate 
ligands to the trivalent metal center creates a helical element of chirality (Figure 1.20), either ∆ 
(right-handed) or Λ (left-handed).  
 

 
 
Figure 1.20 Chirality in the coordination of three catecholate ligands in an octahedral geometry 
around a metal center, as in supramolecular coordination cage 1.  
 

Assembly 1 has four vertices, and mechanical coupling between them prevents any 
isomer with a mixture of ∆ and Λ chirality, and as a result only the ∆∆∆∆ and ΛΛΛΛ structures 
are observed. This supramolecular assembly thus exists as a pair of enantiomers, though the 
components of the assembly are themselves achiral. In the presence of a chiral guest, 
diastereomeric host-guest complexes are formed, which can be distinguished readily by 1H NMR 
(Figure 1.21).  
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Figure 1.21 Stereochemical relationships between a chiral guest and assembly 1. 

 
The diastereoselectivity of 1 was first studied using cationic half-sandwich iridium 

complex 28. Complex 28 is bound tightly by 1, and [28 ⊂ 1]11- reacts with aldehydes at room 
temperature to form chiral complexes 29a-j. The degree of selectivity varies significantly 
depending on the size and shape of the aldehyde (Table 1).44-46 
 The modest scope of this reaction demonstrates the size- and shape-selectivity of 
assembly 1, as aldehydes bearing more than five carbons are unreactive with [28 ⊂ 1]11-, while 
isobutyraldehyde does react to form [29g ⊂ 1]11-. Diastereoselectivities range from very slight to 
modest (up to 40% de), competitive with the aforementioned enantioselectivities with other 
supramolecular coordination cages. 
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Table 1. Scope and Diastereoselectivity of C-H Activation of Aldehydes by [28 ⊂ 1]11-
 

 

 

R Product Diastereoselectivity (de)
a
 

Me 29a 60:40 (20) 
Et 29b 65:35 (30) 

nPr 29c 70:30 (40) 
nBu 29d n.r.b 
Ph 29e n.r.b 

iPr 29f 55:45 (10) 
iBu 29g 58:42 (4) 
sBu 29h n.r.b 
tBu 29i n.r.b 

ade = (% major diastereomer - % minor diastereomer). Diastereomeric ratios evaluated by 1H 
NMR integration. bn.r. indicates that no C-H activation was observed. 
 
 
 Chiral recognition of organometallic complexes was later extended to half-sandwich 
ruthenium complexes 30a-g (Table 2).47 Like the products of the above C-H activation reaction, 
these diene complexes are chiral and can be distinguished by the host enantiomers. Here the 
levels of diastereoselectivity observed in the [30a-g ⊂ 1]11- complexes are significantly 
improved, with a 70% diastereomeric excess measured for the [30b ⊂ 1]11- complex. 
 

 

 

 

 

  

[28 ⊂ 1]11-
 [29a-i ⊂ 1]11-
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Table 2. Scope and Diastereoselectivity of Binding of Cationic Ruthenium Complexes in 1. 

 

R1 R2 Complex de
a
 

Me H 30a 4 
Et H 30b 70 
iPr H 30c 26 
nPr H 30d 64 
H Me 30e 15 

H Et 30f 18 
H nPr 30g 17 

ade = (% major diastereomer - % minor diastereomer). Diastereomeric ratios evaluated by 1H 
NMR integration. 
 
 At the time of its report, this work represented the highest degree of diastereoselectivity 
or enantioselectivity with a chiral host.48?50 While this strong diastereoselectivity is not general 
across the scope of encapsulation, these experiments demonstrated that slight variations in 
substrate shape can have strong effects on chiral recognition within 1. In particular, the dramatic 
loss of selectivity when transposing the diene substituent, as in the case of complexes 30b and 
30f, highlights the consequence of small changes in substrate shape.  
 The use of chiral assembly 1 as an enantioselective catalyst first requires separation of the 
∆∆∆∆- and ΛΛΛΛ- enantiomers. The resolution of 1 was accomplished using the chiral, cationic 
base (S)-N’-methylnicotinium (S-nic+) in excess during the synthesis of the assembly.51 In the 
presence of the S-nic cation, the ∆∆∆∆-isomer of 1 becomes almost completely insoluble in 
methanolic solution, and precipitates as the KH3(S-nic)7[S-nic ⊂ ∆∆∆∆-1] salt. This is ascribed 
to the external coordination of the protonated [H(Snic)]2+ species, similar to what has been 
observed with closely related chiral helicates.52 The ΛΛΛΛ-isomer, in contrast, remains 
completely soluble and can be precipitated as the K6(S-nic)5[S-nic ⊂ ∆∆∆∆-1] by the addition of 
acetone. For each isomer, this strongly bound S-nic+ cation can be exchanged for NMe4

+ or K+, 
although the potassium salt K12[1] is extremely difficult to isolate and racemizes readily without 
a more strongly bound guest. The resolution and isolation of each the two enantiomers of the 
host presents the tantalizing possibility of applying 1 in enantioselective binding and catalysis. 
 

Conclusions and Outlook 

 
 The discussion of supramolecular hosts based on metal-ligand coordination presented 
here demonstrates the versatility of these modular structures. This synthetic method is 
immensely powerful for the rapid construction of large, symmetric structures suitable for the 

30 [30 ⊂ 1]11-
 



CHAPTER 1 
 

21 
 

encapsulation of a broad variety of organic substrates. Increased reaction rates and improved or 
different selectivity are possible with supramolecular catalysts, due to their unique ability to 
discriminate between guests of different sizes and shapes. Within this subclass of supramolecular 
catalysts, there are many complementary strategies for host design and imbuing these assemblies 
with catalytic activity.  
 However, despite the versatility of this class of catalysts, their application in asymmetric 
catalysis remains an important goal. Work to date has been severely limited in both catalytic 
turnover and the degree of enantioselectivity. Chapter 2 describes the application of tetrahedral 
assembly 1, in its enantiopure form, to the aza-Cope cyclization, achieving the goal of 
asymmetric supramolecular catalysis for the first time with any supramolecular assembly. 
Chapter 3 discusses the study of an encapsulated cationic ruthenium(II) catalyst for the 
isomerization of allyl alcohols and well as mechanistic investigations to understand the impact of 
encapsulation upon the activity of the encapsulated catalyst. In Chapter 4, the encapsulation of 
gold(I) catalysts within host 1 will be detailed, and the hydroalkoxylation and hydroamination of 
allenes with this system will be discussed. 
  



CHAPTER 1 
 

22 

 

References: 

 
(1)  Mathieu, F.; Metz, B.; Moras, D.; Weiss, R. J. Am. Chem. Soc. 1978, 100, 4412-4416. 
(2)  Pedersen, C. J. J. Am. Chem. Soc. 1967, 89, 2495-2496. 
(3)  Pedersen, C. J. J. Am. Chem. Soc. 1967, 89, 7017-7036. 
(4)  Lee, J. W.; Samal, S.; Selvapalam, N.; Kim, H.-J.; Kim, K. Acc. Chem. Res. 2003, 36, 621-630. 
(5)  Sessler, J. L.; Camiolo, S.; Gale, P. A. Coord. Chem. Rev. 2003, 240, 17-55. 
(6)  Schmidtchen, F. P.; Berger, M. Chem. Rev. 1997, 97, 1609-1646. 
(7)  Breslow, R.; Dong, S. D. Chem. Rev. 1998, 98, 1997-2012. 
(8)  Breslow, R.; Doherty, J. B.; Guillot, G.; Lipsey, C. J. Am. Chem. Soc. 1978, 100, 3227-3229. 
(9)  Bricout, H.; Caron, L.; Bormann, D.; Monflier, E. Catalysis Today 2001, 66, 355-361. 
(10)  Manfred T., R. Catalysis Today 1998, 42, 399-411. 
(11)  Chao, Y.; Weisman, G. R.; Sogah, G. D. Y.; Cram, D. J. J. Am. Chem. Soc. 1979, 101, 4948-4958. 
(12)  Chao, Y.; Cram, D. J. J. Am. Chem. Soc. 1976, 98, 1015-1017. 
(13)  Kyba, E. B.; Koga, K.; Sousa, L. R.; Siegel, M. G.; Cram, D. J. J. Am. Chem. Soc. 1973, 95, 2692-

2693. 
(14)  Kyba, E. P.; Siegel, M. G.; Sousa, L. R.; Sogah, G. D. Y.; Cram, D. J. J. Am. Chem. Soc. 1973, 95, 

2691-2692. 
(15)  Breslow, R.; Hammond, M.; Lauer, M. J. Am. Chem. Soc. 1980, 102, 421-422. 
(16)  Mock, W. L.; Irra, T. A.; Wepsiec, J. P.; Manimaran, T. L. J. Org. Chem. 1983, 48, 3619-3620. 
(17)  Mock, W. L.; Irra, T. A.; Wepsiec, J. P.; Adhya, M. J. Org. Chem. 1989, 54, 5302-5308. 
(18)  Cleland, W. W. Acc. Chem. Res. 1975, 8, 145-151. 
(19)  Saalfrank, R. W.; Stark, A.; Peters, K.; von Schnering, H. G. Angew. Chem. Int. Ed. 1988, 27, 851-

853. 
(20)  Merlau, M. L.; del Pilar Mejia, M.; Nguyen, S. T.; Hupp, J. T. Angew. Che. 2001, 113, 4369-4372. 
(21)  Leininger, S.; Olenyuk, B.; Stang, P. J. Chem. Rev. 2000, 100, 853-908. 
(22)  Stang, P. J.; Olenyuk, B. Acc. Chem. Res. 1997, 30, 502-518. 
(23)  Stang, P. J.; Olenyuk, B.; Muddiman, D. C.; Smith, R. D. Organometallics 1997, 16, 3094-3096. 
(24)  Fujita, M.; Yazaki, J.; Ogura, K. J. Am. Chem. Soc. 1990, 112, 5645-5647. 
(25)  Linton, B.; Hamilton, A. D. Chem. Rev. 1997, 97, 1669-1680. 
(26)  Jones, C. J. Chem. Soc. Rev. 1998, 27, 289-300. 
(27)  Pauling, L. Am. Sci. 1948, 36, 50-58. 
(28)  Yoshizawa, M.; Tamura, M.; Fujita, M. Science 2006, 312, 251 -254. 
(29)  Caulder, D. L.; Powers, R. E.; Parac, T. N.; Raymond, K. N. Angew. Chem. Int. Ed. 1998, 37, 1840-

1843. 
(30)  Biros, S. M.; Bergman, R. G.; Raymond, K. N. J. Am. Chem. Soc. 2007, 129, 12094-12095. 
(31)  Pluth, M. D.; Johnson, D. W.; Szigethy, G.; Davis, A. V.; Teat, S. J.; Oliver, A. G.; Bergman, R. G.; 

Raymond, K. N. Inorg. Chem. 2008, 48, 111-120. 
(32)  Fiedler, D.; Bergman, R. G.; Raymond, K. N. Angew. Chem. Int. Ed. 2004, 43, 6748-6751. 
(33)  Fiedler, D.; van Halbeek, H.; Bergman, R. G.; Raymond, K. N. J. Am. Chem. Soc. 2006, 128, 

10240-10252. 
(34)  Hastings, C. J.; Fiedler, D.; Bergman, R. G.; Raymond, K. N. J. Am. Chem. Soc. 2008, 130, 10977-

10983. 
(35)  Dong, V. M.; Fiedler, D.; Carl, B.; Bergman, R. G.; Raymond, K. N. J. Am. Chem. Soc. 2006, 128, 

14464-14465. 
(36)  Pluth, M. D.; Bergman, R. G.; Raymond, K. N. J. Am. Chem. Soc. 2007, 129, 11459-11467. 
(37)  Pluth, M. D.; Bergman, R. G.; Raymond, K. N. J. Am. Chem. Soc. 2008, 130, 11423-11429. 
(38)  Pluth, M. D.; Bergman, R. G.; Raymond, K. N. Acc. Chem. Res. 2009, 42, 1650-1659. 



CHAPTER 1 
 

23 
 

(39)  Pluth, M. D.; Bergman, R. G.; Raymond, K. N. Science 2007, 316, 85-88. 
(40)  Hastings, C. J.; Pluth, M. D.; Bergman, R. G.; Raymond, K. N. J. Am. Chem. Soc. 2010, 132, 6938-

6940. 
(41)  Kleij, A. W.; Reek, J. N. H. Chem. Eur. J. 2006, 12, 4218-4227. 
(42)  Lee, S. J.; Cho, S.-H.; Mulfort, K. L.; Tiede, D. M.; Hupp, J. T.; Nguyen, S. T. J. Am. Chem. Soc. 

2008, 130, 16828-16829. 
(43)  Nishioka, Y.; Yamaguchi, T.; Kawano, M.; Fujita, M. J. Am. Chem. Soc. 2008, 130, 8160-8161. 
(44)  Fiedler, D.; Leung, D. H.; Bergman, R. G.; Raymond, K. N. Acc. Chem. Res. 2005, 38, 349-358. 
(45)  Leung, D. H.; Fiedler, D.; Bergman, R. G.; Raymond, K. N. Angew. Chem. Int. Ed. 2004, 43, 963-

966. 
(46)  Leung, D. H.; Bergman, R. G.; Raymond, K. N. J. Am. Chem. Soc. 2006, 128, 9781-9797. 
(47)  Fiedler, D.; Leung, D. H.; Bergman, R. G.; Raymond, K. N. J. Am. Chem. Soc. 2004, 126, 3674-

3675. 
(48)  Nuckolls, C.; Hof, F.; Martín, T.; Rebek, J. J. Am. Chem. Soc. 1999, 121, 10281-10285. 
(49)  Rivera, J. M.; Martín, T.; Rebek, J. J. Am. Chem. Soc. 2001, 123, 5213-5220. 
(50)  Scarso, A.; Shivanyuk, A.; Hayashida, O.; Rebek, J. J. Am. Chem. Soc. 2003, 125, 6239-6243. 
(51)  Terpin, A. J.; Ziegler, M.; Johnson, D. W.; Raymond, K. N. Angew. Chem. Int. Ed. 2001, 40, 157-

160. 
(52)  Yeh, R. M.; Ziegler, M.; Johnson, D. W.; Terpin, A. J.; Raymond, K. N. Inorg. Chem. 2001, 40, 

2216-2217. 
 
  



CHAPTER 1 
 

24 

 

 



CHAPTER 2 
 

25 

 

 

 

 

 

 

 

Chapter 2 

Asymmetric Supramolecular Catalysis of the Aza-Cope Cyclization 

  



CHAPTER 2 
 

26 

 

Introduction 
 Nanoscale molecular flasks have increasingly been used to promote novel reactivity or 
impart powerful selectivity through precise noncovalent interactions with substrate molecules.1,2 
The use of metal-ligand coordination for the rapid preparation of large assemblies has led to a 
class of supramolecular hosts with diverse structures and applications.3-5 Encapsulation of 
substrate molecules within these host structures may stabilize reactive species or, conversely, 
promote substrate reactivity. The interior spaces of these materials have also been demonstrated 
to impart remarkable size and shape selectivity. Employing supramolecular assemblies in 
asymmetric catalysis, however, remains an important and challenging endeavor. While a few 
examples of chiral supramolecular coordination compounds exist, examples remain rare among 
this class of materials.1,6-9 Furthermore, there are very few reports of the application of these 
materials to asymmetric catalysis.10,11 While chiral supramolecular assemblies might be expected 
to conduct highly enantioselective catalysis, this has not yet been demonstrated.12 This begs the 
question of whether new chiral hosts could display improved asymmetric induction in catalytic 
transformations.   

Raymond and coworkers have developed [Ga4L6]
12- assembly 1,3 a self-assembling 

supramolecular structure capable of catalyzing a variety of chemical transformations, including 
the aza-Cope rearrangement13,14 and the hydrolysis of orthoformates15,16 and acetals.17,18  
Importantly, 1 is chiral due to the helical twist adopted by the three bidentate catecholate ligands 
coordinated to each gallium center (Figure 2.1).  Mechanical coupling between the four vertices 
enforces the same helical configuration (∆ or Λ) at each metal center. As a result, two 
enantiomeric forms of 1 exist, ∆∆∆∆ and ΛΛΛΛ.  Though 1 is synthesized as the racemate, 
addition of (-)-N’-methylnicotinium iodide (S-nicI) causes the spontaneous resolution of the two 
enantiomers, allowing access to ∆∆∆∆-[S-nic ⊂ 1], (where ⊂ denotes encapsulation) or ΛΛΛΛ-
[S-nic ⊂ 1].19  Ion exchange chromatography allows isolation of each enantiomer as the 
tetramethylammonium salt.20 This offers a unique opportunity for the application of assembly 1 
as an enantioselective catalyst. While very few chiral supramolecular hosts have been prepared, 
the resolution of the host enantiomers provides a unique opportunity to explore supramolecular 
hosts as chiral nanoscale materials for enantioselective synthesis.  In this chapter, we will 
demonstrate that 1 is capable of enantioselective catalysis with significant scope and 
enantioselectivity, unique among other supramolecular catalysts.  
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Figure 2.1  (left) Space-filling model  of [Ga4L6]

12- assembly 1, sighted down the molecular 3-
fold axis. (right) Schematic of assembly 1.  Only one ligand is shown for clarity.   
 
Results and Discussion 

 
 The Enantioselective aza-Cope cyclization. For this study, the aza-Cope rearrangement 
of enammonium substrates was selected (Figure 2.2) to evaluate 1 as an enantioselective catalyst.  
Encapsulation of enammonium substrates within 1 enforces a reactive conformation.14 The 
product iminium ions are vulnerable to hydrolysis, producing neutral aldehydes which are 
weakly encapsulated in 1.  As long as R1 is different from R2, the rearrangement generates a 
chiral center and could be enantioselective within chiral assembly 1. Additionally, reactivity 
compatible with (NMe4)121 is required because obtaining suitable quantities of the enantiopure 
potassium salt of 1 is not practical.20 Enammonium substrates 2 are more tightly bound than 
NMe4

+, allowing efficient catalysis within (NMe4)121. Enantiopure supramolecular assembly 1  
was thus applied to catalysis of the aza-Cope rearrangement, achieving unprecedented 
enantioselectivities for host-guest catalysis.  
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Figure 2.2 The aza-Cope electrocyclization of allyl enammonium cations as catalyzed by 1. 
 

 A series of allyl enammonium tosylates  (2-8) were synthesized as published in a prior 
report.13 These prochiral substrateswere treated with catalytic amounts of (NMe4)12[∆∆∆∆-1] to 
explore the possibility of asymmetric induction in the host-catalyzed aza-Cope rearrangement. 
High catalyst loadings (20-35%) were used to avoid precipitation of the catalyst-substrate 
complexes. Lower catalyst loadings (3%) could be used in a mixed MeOH/DMSO solvent 
system, with identical yields and selectivities.  Slower reaction times and difficulty separating 
the products from the reaction mixtures, however, made this less desirable. The chiral product 
aldehydes were extracted into d8-toluene solution and were analyzed by chiral GC. 
Enantioselectivities of 60% or higher were observed for the cis-ethyl (2) and trans-isopropyl (7) 
salts (Table 2.1). 
 Small changes in substrate size and shape produced large variation in the 
enantioselectivity of rearrangement within ∆∆∆∆-1. The enantioselectivity obtained with 
substrate 3 (64% ee) declined rapidly with addition of a single carbon (5, 9% ee) or changing the 
geometry of the double bond (4, 25% ee). Shape selectivity was demonstrated by the different 
enanitoselectivities observed for isopropyl-substituted substrate 7, which exhibited much higher 
enantioselectivity than its isomer, n-propyl-substituted substrate 6.  
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Table 2.1 Evaluation of Asymmetric Induction in the Aza-Cope Rearrangement Catalyzed by 1. 

 
Substrate R1 R2 Yield (%)

a

 ee 

2 H Me 45 0 
3 Et H 58 64 
4 H Et 69 25 
5 Pr H 68 9 
6 H Pr 21 23 
7 H iPr 74 60 
8

b
 H nBu 82 6 

aYields measured by 1H NMR with CHCl3 as an internal standard after extraction of the reaction 
mixture into d8-toluene. b35% catalyst loading. 
 
 Lower temperatures improved the enantioselectivity of the rearrangement. Substrate 7 
was used to test the rearrangement down to 5 °C (Table 2.2). A steady decline in the yield and 
longer reaction times were observed at lower temperatures, but the enantioselectivities improved 
significantly, up to 78% ee.  
 
Table 2.2  Aza-Cope Rearrangement of 7 at Lower Temperatures. 

 
Temperature (°C) Reaction Time Yield (%)

a

 ee 

50 2 hr 74 60 
40 4 hr 67 67 
30 20 hr 60 71 
15 4 days 29 76 
5 8 days 49 78 

aYields measured by 1H NMR with CHCl3 as an internal standard. 
 
 A remarkable element of this catalysis is the substantial difference in selectivity 
comparing catalysis to product binding. Using the racemic potassium salt of the assembly, the 
product iminium ions can be observed bound to the interior of the assembly and the 
diastereoselectivity can be evaluated by 1H NMR. For this scope of substrates, however, the 
highest diastereomeric excess amongst the encapsulated iminium cations was 20% for substrate 
8.14 The discrepancy between he binding and product-forming selectivity suggests that the 
product iminium ions must exchange before hydrolysis in the absence of NMe4

+ cations. This is 
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a Curtin-Hammett situation in which the distribution of products in the enantioselective 
rearrangement is controlled by the energy difference between the transition states which lead to 
the two product enantiomers; the diastereoselectivities of binding for the product are much 
smaller, reflecting a small energy difference for the iminium host-guest complexes. The low 
diastereoselectivities led us to predict poor enantioselectivity in the rearrangement using the 
resolved cluster.14 The substantial enantioselectivity was thus a somewhat suprising result.   

Scope and Selectivity of the Aza-Cope Rearrangement. Optimization of this 
enantioselective catalysis posed specific challenges. Alteration of the catalyst structure has been 
shown to interfere with the self-assembly of these M4L6 hosts, and the solubility and chemical 
activity are also negatively impacted.3,6 Because of the size and shape specificity observed with 
1, it was hypothesized that the enantioselectivity could be improved if a well matched substrate 
could be found. In order to expand the scope of this reaction, an expeditious synthetic route was 
designed to afford new allyl enammonium cations (Figure 2.3). This synthetic strategy used a 
Horner-Wadsworth-Emmons olefination21,22 followed by reduction to prepare a broader variety 
of trans-allyl alcohols. Tosylation or bromination of these alcohols followed by alkylation of 
N,N-dimethyliso-butenylamine allowed a variety of trans-allylic alcohols to be prepared and 
subsequently incorporated into the desired allyl enammonium salts 9-16. Cyclopropyl and 
cyclobutyl-bearing substrates were not accessible by this method due to the instability of the 
allylic tosylates and bromides. For the aromatic allyl alcohols, the intermediate allylic tosylates 
were also thermally unstable, but allylic bromides can be used as the electrophiles to prepare 15 

and 16. The allyl enammonium salts prepared are summarized in Table 2.3. The largest 
substrates have generally lower synthetic yields, as the final alkylation did not proceed cleanly 
and so HPLC was required to obtain salts 14, 15 and 16 in satisfactory purity. 

 

 

 

Figure 2.3 Synthesis of allyl enammonium susbtrates 9-16. 

9 10 11 12 

13 14 15 16 
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Allyl enammonium cations 9-16 were each tested for encapsulation within assembly 1 in 
D2O. 1H NMR analysis of a 1:1 mixture of 1 and any salt revealed that all fifteen compounds are 
encapsulated within the host. This was evidenced by a diagnostic shift of the 1H NMR 
resonances for the encapsulated cation by 1-3 ppm upfield due to proximity to the aromatic walls 
of 1. Most of the substrates were bound quantitatively; only the largest substrates 14 and 16 are 
bound weakly enough that both the encapsulated and unencapsulated species were observed.  

Each of the host-guest complexes was then heated at 50 oC to determine whether 
electrocyclization could occur in the host cavity. Most of the encapsulated cations underwent the 
aza-Cope rearrangement quantitatively over 2 h under these conditions, while substrates 11, 12, 
and 15 did not react over 24 h even at elevated temperature (70 ºC). The enantiopure assembly 
∆∆∆∆-1 was then applied to carry out the electrocyclization enantioselectively. The results of 
these experiments are summarized in Table 2.3. 

 
Table 2.3 Enantioselectivity in the Aza-Cope Rearrangement Catalyzed by ∆∆∆∆-1. 

 
Substrate Catalyst Loading (%) Yield (%)

a
 ee (%) 

9 35 82 6 
10 35 80 50 
13 35 94 12 
14 35 50 52 
16 50 12 60 

aYields measured by 1H NMR with CHCl3 as an internal standard after extraction in d8-toluene.  

 
The scope of this reaction was larger than earlier reported,14 demonstrating the versatility of 1 in 
contrast to most supramolecular catalysts.  However, this extended substrate scope did not yield 
the desired improvement in enantioselectivity.  Novel substrates 10, 14, and 16 all underwent the 
∆∆∆∆-1-catalyzed aza-Cope rearrangement with good enantioselectivity (> 3:1 enantiomeric 
ratio), but it became clear with this more complete screen that this strategy was not capable of 
improving the selectivity into a synthetically useful regime (> 90% ee). As varying the terminal 
substituents of the olefin did not significantly improve the enantioselectivity, substrates with 
different substitutional patterns were targeted. 
 By expanding the pattern of susbtituton of the allyl enammonium substrate to include 
internal substituents, new substrate structures were envisioned which were expected to fit inside 
the cavity of 1. To test this hypothesis, four enammonium salts 17-20 were targeted (Figure 2.4). 
Substrates 17-19 were prepared from the appropriate esters, which are commercially available 
(Scheme 2.5). Chiral substrate 20 was inaccessible via this synthetic route, as cyclohexenyl 
tosylate is not reactive in the alkylation of N,N-dimethylisobutenylamine. Even at higher 
temperatures, the formation of 20 was not observed; instead, only decomposition of the tosylate 
was detected.  
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Figure 2.4 Synthesis of allyl enammonium salts with novel substitutional patterns. 
 

These salts were then tested for encapsulation and rearrangement within Ga4L6. Each of 
the three prepared substrates 17-19 was quantitatively bound by 1 and found to rearrange inside 
the assembly. Substrate 17 offered a direct comparison to evaluate the effect of the internal 
substitution, and while the enantioselectivity (12% ee) was higher than the corresponding 
monosubstituted substrate 2 (4% ee), the difference was slight.  Substrate 18, with the opposite 
olefin geometry, also underwent the rearrangement with slight enantioselectivity (14% ee). 
Substrate 19 is structurally very similar to 17, but the substitutents are tied in a five-membered 
ring. Rearrangement of 19 inside ∆∆∆∆-1 afforded a higher level of enantioselectivity than that 
observed with the other two internally substituted enammonium cations (24% ee), but the 
asymmetric induction was still much less than that of the most successful terminally-substituted 
compounds. Combined with the earlier experiments varying the terminal substitutent, these 
experiments represented a thorough exploration of structures compatible with the limited space 
in the cavity of 1. As we were not able to improve the enantioselectivity in this system by 
modification of the substrate structure, this led us to conclude that greater asymmetric induction 
was not achievable by substrate alteration.  
 Crystallographic Characterization of a Host-Substrate Complex. An important 
benefit of discrete molecular catalysts is the ability to study the means of selectivity and catalysis 
and then to improve the system via rational design. While 1H NMR studies have provided 
evidence for the closed, chair-like conformation of the allyl enammonium substrates within 1,14 
precise structural information would be useful for interpretation of the observed 
enantioselectivity trends. More precisely, it is important to assign these selectivities to either the 
preferential binding of a prochiral ground state or to the stabilization of one prochiral transition 
state. Early efforts to elucidate the basis of selectivity via crystallographic characterization of a 
catalyst-substrate complex were hampered by the rearrangement being competitive with 

17 18 19 20 

20 

17-19 
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crystallization; as a result, crystals contained a mixture of starting material and products and 
diffracted poorly. 
 Benzyl-substituted substrate 16 offered a unique opportunity to address this challenge.  
By far the largest substrate that is competent in this catalytic transformation, this substrate 
displays a much slower rate of reaction within the assembly than smaller enammonium cations.  
Importantly, this substrate also displays a high level of enantioselectivity compared with that of 
the other reported cations (60% ee). Gratifyingly, the slow diffusion of acetone into an aqueous 
solution of 1 and 16 yielded single crystals suitable for characterization by X-ray crystallography  
(Figure 2.5).  

 
Figure 2.5. Crystal structure of [16 ⊂ 1]11- (left) and the guest as it appears inside the assembly 
(right).  Solvent molecules and countercations are omitted for clarity. C grey, Ga yellow, H 
white, N blue, O red. 
 
 For many previously characterized host-guest complexes, external counterion effects 
have a dramatic impact on the structure of host-guest complexes and the crystal lattice itself. 23 
In contrast, only water was observed interacting with the walls of 1, and the K+ and Na+ 
counterions instead form a seam between the assembly vertices of adjacent complexes, 
mitigating the Coulombic repulsion between these highly charged supramolecular hosts (Figure 
2.6). The combination of these innocuous counterion effects and the large inter-assembly 
distances (~7.5 Å between naphthalene walls, with only water in the space between) led us to 
conclude that the solid-state structure could accurately reflect the solution-state structure of the 
host-guest complex. Additionally, the 1H NMR spectrum of [16 ⊂ 1]11- was consistent with a 
single conformer in solution, as predicted by the ordered guest orientation observed in the crystal 
structure. This is in stark contrast to the ground-state binding of the product iminium ions, which 
display poor diastereoselectivity bound to the assembly. 
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Figure 2.6. Crystal packing diagram highlighting solvent channels between Ga4L6 units in the 
crystal structure of [16 ⊂ 1]11-. C grey, K pink, Ga yellow, H white, N blue, O red. Red spheres 
and small clusters correspond to solvent molecules, which are disordered. 
 

Many features of this host-guest complex are chemically significant.  First, the substrate 
was perfectly ordered inside the cavity of 1.  Examination of the electron density difference map 
did not yield any residual electron density which could feasibly be interpreted as alternate 
conformations or even significant disorder. Given that the catalytic rearrangement of 16 yields 
both product enantiomers, this was surprising. The ΛΛΛΛ-enantiomer of 1 thus was able to 
select for this pro-(S) conformation with greater fidelity than the transition state which leads to 
the major product enantiomers. We also conclude that the ground-state difference in energies is 
at least 2-3 kcal/mol, as we do not observe the minor diastereomer. This implies that the 
transition state is very different from the ground state, ultimately lacking some component of the 
high ground state stereoselectivity. 

The conformation of the substrate is also notable, as it is not precisely a chair-like 
conformation as has been suggested by 2D-1H NMR studies.14 Weak intermolecular forces 
appear to determine the guest orientation within 1. The cationic ammonium center is pressed into 
the aperture of the assembly. This is counterintuitive, as the negatively charged vertices would be 
expected to have favorable coulombic interactions with the cationic nitrogen of 16. Instead, π-
stacking appears to dominate the orientation of 16, as the phenyl ring and allyl π-system are each 
stacked against one of the naphthalene walls.  The result is that the carbon atoms which must 
approach each other to form the σ-bond during the electrocyclization are 4.35 Å apart. The long 
distance between these carbon atoms is consistent with the relative intertness of 16 in 
comparison to other allyl enammonium cations. It is also possible that ground-state conformation 
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does not reflect the conformation that actually leads to the product enantiomer, but may be a 
non-productive conformation that instead prevents formation of that product.  In order to address 
this concern, efforts to assign the absolute configuration of the product from rearrangement of 16 
within the ΛΛΛΛ-assembly were made. 

 This is a challenging proposition; the product aldehyde is not a known compound, and so 
no enantioselective route was available in the literature to prepare the enantiopure product with 
known absolute configuration. Furthermore, the enantioenriched products of the 1-catalyzed 
rearrangements are produced in very small quantities due to the high mass of 1 and the high 
catalyst loading required, particularly for the rearrangement of 16 which requires a catalyst 
loading of 50%. The product aldehydes are also not crystalline, so obtaining crystallographic 
data to assign the absolute configuration has not been possible.  A route to circumvent these 
issues was devised (Figure 2.7), incorporating the enantiopure t-butylsulfinimine group to create 
diastereomeric products which could be separated and hydrolyzed to give access to the desired 
enantiopure aldehydes. 

 

 

 
Figure 2.7 Proposed preparation of diastereomeric sulfinimines for the resolution of the 
aldehyde product derived from 16. 
 

Sulfinimine 21 was prepared, and the product diastereomers were readily distinguished 
by 1H and 13C NMR. Unfortunately, the isolation of either diastereomer by column 
chromatography or HPLC was not successful. Because the desired enantiopure aldehyde was not 
obtained, it is uncertain whether the prochiral conformation observed in the solid state 
corresponds to the major enantiomers in the ΛΛΛΛ-1-catalyzed rearrangement. It remains an 
important goal to find a suitable route to this material so that the absolute configuration of the 
product of this supramolecular asymmetric catalysis can be assigned. 
 Other Metal Assemblies. An alternative strategy for improving the enantioselectivity of 
supramolecular assembly 1 is the alteration of the host structure. Other M4L6 assemblies have 
been prepared by the Raymond group, substituting the 1,5-diaminonaphthalene spacer for 1,6-
diaminopyrene or 2,6-diaminoanthracene. Unfortunately, for these alternative assemblies, guest 
templation is required for their synthesis and their resolution is not known. Exposure to the S-
nicotinium cation does not cause differential precipitation of either the ∆∆∆∆- or ΛΛΛΛ-
enantiomers of these assemblies, as it does for assembly 1. In contrast to traditional 
homogeneous transition metal catalysts, synthetic modification of the ligand is not 
straightforward and has deleterious consequences for the formation of supramolecular 
assemblies. 
 The substitution of other trivalent metals (Fe3+ or Al3+) for Ga3+ in assembly 1, however, 
does not interfere with self-assembly of these tetrahedra. Furthermore, the resolution of the Fe4L6 
and Al4L6 assembly is possible using the same resolving agent. Incorporation of Al3+ instead of 

21 
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Ga3+ into the assembly maintains the metal-ligand geometry, while contracting the metal-ligand 
bond lengths due to aluminum’s smaller van der Waals radius. This is reflected in the CD 
spectrum of the Al4L6 complex, which has the same shape and magnitude as the Ga4L6 assembly 
(Figure 2.8). In contrast, the Fe4L6 has a CD spectrum with similar shape but lesser magnitude, a 
reflection of the lesser helical twist on an octrahedral Fe3+ center. In order to investigate the 
effects of the metal-ligand geometries on the enantioselectivity, the ∆∆∆∆-Al4L6 and ∆∆∆∆-
Fe4L6 assemblies were prepared and tested in the asymmetric aza-Cope rearrangement. 
 

 
Figure 2.8 CD spectra of the resolved gallium (green), aluminum (blue), and iron (red) M4L6 
assemblies.24 
 
 The effect of metal-ligand bond lengths on the enantioselectivity was evaluated using the 
∆∆∆∆-Al4L6 assembly.  The enantioselectivities obtained with the scope of substrates available 
is presented in Table 2.4. 
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Table 2.4 Enantioselectivity in the Aza-Cope Rearrangement Catalyzed by ∆∆∆∆-Al4L6. 
 

  
 
Substrate R1 R2 ee ∆∆∆∆ee (vs. Ga4L6) 

2 H Me 4 0 
3 Et H 26 -38 
4 H Et 32 +7 
5 Pr H 36 +13 
6 H Pr 42 +33 
7 H iPr 66 +6 
7

a
 H iPr 80 +2 

8 H nBu 10 +4 
9 H sBu 39 -11 

10 H iBu 4 -8 
13 H cyclopentyl 52 0 
14 H Cy 1 -59 
16 H Bn --b --b 

aConducted at 5 ºC. bNo detectable conversion. 
 
It is clear that there is no completely general effect upon the enantioselectivity by the 

shortening of the metal-ligand bonds. The enantioselectivities obtained with Al4L6 were 
generally higher than those observed with Ga4L6. The lower selectivity for 3 was anomalous, as 
all of the other achiral substrates with four-carbon or smaller substituents displayed significant 
improvements in selectivity. For chiral substrate 9, the selectivity was a combination of the 
enantioselectivities of rearrangement for each of the two diastereomeric host-substrate 
complexes, complicating comparison with the achiral substrates. The largest susbtrates, 14 and 
16, showed no enantioselectivity and trace or no conversion; the small contraction at each metal 
center was sufficient to exclude these bulky guests. In general, the contraction of the vertices in 
the Al4L6 assembly seems to incrementally improve the enantioselectivity in the aza-Cope 
rearrangement. 
 Examination of catalysis by the Fe4L6 allowed us to then examine the effect of the metal-
ligand geometry on the enantioselectivity of the rearrangement. The twist angle of the iron 
assembly is significantly smaller than that of the other trivalent M4L6 assemblies, as is evident 
from the CD spectrum of the three resolved assemblies (Figure 2.8).42 The ∆∆∆∆-isomer of 
Fe4L6 was prepared, and the enantioselectivities were measured for this series of substrates 
(Table 2.5). 
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Table 2.5 Enantioselectivity of the Aza-Cope Rearrangement in ∆∆∆∆-Fe4L6. 

 
Substrate R1 R2 ee ∆∆∆∆ee (vs. Ga4L6) 

2 H Me 4 +1 

3 Et H 32 -38 

4 H Et 14 -11 

5 Pr H 22 +13 

6 H Pr 41 +18 

7 H iPr 45 -15 

8 H nBu 22 +18 

9 H sBu 36 -14 

10 H iBu 5 -7 

13
a H cyclopentyl 50 -2 

14
a H Cy 33 -27 

a35% catalyst loading. 
 We might expect that the ‘less chiral’ Fe4L6 assembly should simply display less 
selectivity than its more strongly-twisted counterparts, but these results demonstrated that this 
hypothesis is inaccurate. It is possible for the change in cavity shape to favor new reactive 
conformations or significantly destabilize those favored in the other assemblies. The highest 
enantioselectivity observed in this assembly (45% ee) was lower than that of the Ga4L6 and 
Al4L6 catalysts. In contrast, for the less-selective substrates (6, 8) the Fe4L6 assembly showed a 
modest improvement in selectivity for a few substrates (∆ee up to +18%). 
 These results demonstrated the remarkable effect of very small changes in structure using 
supramolecular catalysts. A large scope of supramolecular coordination cages have been 
prepared and applied as catalysts, incorporating a wide variety of metals as structural elements. 
Few studies have explored the effects of metal substitution on catalysis,1,2 and this is the first 
study examining the consequences on asymmetric induction. While the structural consequences 
of metal substitutions were relatively slight, the effect on the enantioselectivity were significant. 
Moreover, none of the three M4L6 assemblies was optimal for all of these enammonium cations; 
instead, these three metals provide distinct chiral host structures which can be tested in future 
work to determine which provides the highest enantioselectivity for any catalytic transformation.  

Solvent Effects in the Aza-Cope Rearrangement.  Once studies of the effects of host 
and substrate structures on the enantioselectivity of the aza-Cope rearrangement were complete, 
we turned to an investigation of solvent effects. Solvent effects on host-guest binding and 
reactivity remain largely unexplored, though preliminary work indicates that the host may be 
more rigid in solvents such as methanol or DMF.25  
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 In order to investigate whether the enantioselectivity of Ga4L6 is affected by the solvent, 
the rearrangement of substrate 7 was examined in MeOH and DMF. Experiments using methanol 
as the solvent showed no change in the enantioselectivity at 50 ºC compared to D2O.  
Interestingly, while the enantioselectivity was unchanged relative to the aqueous reaction at this 
temperature, the enantioselectivity was static in methanol as the temperature was lowered, 
remaining at 60% ee even at 5 ºC.  While methanol can used at much lower temperatures, this 
did not offer a route to improved enantioselectivity. 
 When DMF was used as the solvent for the rearrangement of 7, a pronounced loss of 
enantioselectivity was observed (42% ee).  While this change in enantioselectivity was not in the 
desired direction, it suggests that the solvent environment does have a significant impact upon 
the enantioselectivity engendered by assembly 1. In order to determine the scope of this effect, a 
larger range of allyl enammonium cations were tested in DMF (Table 2.6). 
 
Table 2.6. Enantioselectivity in the Aza-Cope Rearrangement Catalyzed by ∆∆∆∆-Ga4L6 in 
DMF. 
 

  
 
 

 

 

 

 

 

 

 

 

 

 

 

a35% catalyst loading. 
 

Interestingly, all but one substrate displayed significantly reduced enantioselectivity; only 
n-butyl substituted substrate 8 showed any improvement in enantioselectivity. Additionally, 
substrate 14 showed a complete loss of enantioselectivity because it failed to encapsulate in 
DMF; this weakly bound species instead rearranged in free solution, resulting in low and racemic 
conversion. Use of DMF as the solvent had a broadly deleterious effect on the 
enantioselectivities, suggesting that an increased external pressure has a negative impact on the 
host’s selectivity. 

 

Substrate R1 R2 ee ∆∆∆∆ee (vs. D2O) 
2 H Me 4 0 
3 Et H 18 -46 
4 H Et 2 -23 
5 Pr H 1 -22 
6 H Pr 2 -7 
7 H iPr 42 -18 
8

a H nBu 25 +19 

9
a H iBu 1 -11 

13
a H cyclopentyl 27 -23 

14
a H Cy 2 -58 
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 Allosteric Regulation of the Aza-Cope Cyclization. The structure of enzymes can be 
modulated by allosteric regulators, small molecules which bind to a remote site on the protein 
and change the protein’s conformation via the binding event. 45 This property has rarely been 
observed in abiotic supramolecular structures or catalysts.46  Because the binding of cinchona 
alkaloid salts to the exterior of assembly 1 is known, a series related cations were chosen to 
examine the possibility of allosteric regulation of this reactivity (Figure 2.8). 
 

 
 

 

Figure 2.8 Chiral cations selected for the investigation of allosteric regulation using catalyst 1. 

22 23 24 25 

26 27 28 29 
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Before investigation of these salts as allosteric regulators, their ability to associate with 
the exterior of 1 was evaluated.  In aqueous solution, each of these cations was found to 
precipitate assembly 1 from aqueous solution nearly quantitatively. In contrast, dissolution in a 
mixed solvent system of 8:1:1 CD3OD:d6-DMSO:D2O allowed a 1:1 mixture of chiral salt:1 to 
remain in solution, and 1H NMR clearly indicated association of the chiral cation to the 
assembly, evidenced by downfield shifts of the cation resonances (Figure 2.9). 
 

 Figure 2.9 1H NMR spectra of a) 22 and b) 22 and 1 in CD3OD/d6-DMSO/D2O. The downfield 
shift of 22 due to external association is shown by dashed blue lines. 
 
The enantioselectivity of this rearrangement in the presence of these large cations was then 
investigated.  Substrates 7 and 13 were selected for the investigation of this possible means of 
modulation. Because the initial experiments suggested a small change in enantioselectivity, these 
experiments were repeated; it became clear upon repetition that any modulation is likely within 
experimental error and is not reproducible (Table 2.7). Use of a primarily DMSO or CD3OD 
solvent system did not significantly affect the enantioselectivity.  
 

 

a) 

b) 
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Table 2.7 Modulation of the enantioselective aza-Cope rearrangement by externally associated 
chiral cations. 

Chiral Cation 
8:1:1 CD3OD:d6-DMSO:D2O 8:1:1 d6-DMSO:CD3OD:D2O 
7 (ee) 13 (ee)a 7 (ee) 13 (ee) 

None 58% 50% 58% 49% 
22 58% 50% 60% 50% 
23 58% 48% 60% 49% 
24 58% 52% 60% 50% 
25 58% 55% 60% 50% 
26 58% 57% 59% 49% 
27 58% 54% 59% 51% 
28 58% 55% 59% 50% 
29 58% 62% 59% 49% 
aRepetition of these experiments did not yield the same variation in enantioselectivity. 
 
These results suggest that any structural changes due to the binding of external cations are small 
and do not aid in the discrimination between prochiral structures in this rearrangement.  While it 
would be interesting to demonstrate abiotic allosteric regulation in supramolecular systems, 
catalysis of the aza-Cope by assembly 1 does not appear to be an ideal system for these studies. 
  
Conclusion and Outlook 

 
These results demonstrate that supramolecular catalysts can achieve significant 

enantioselectivity while maintaining catalytic turnover. Pericyclic reactions such as the aza-Cope 
rearrangement present a particular challenge for asymmetric catalysis because coordinating 
groups on the substrate are required in order to allow association of a chiral Lewis acid.26  
Assembly 1 is able to render this pericyclic reaction enantioselective by confining the reaction to 
a chiral space, rather than by interacting specifically with a moiety on the substrate. This is an 
attractive feature of supramolecular reaction vessels and is an important aspect of this 
complementary catalytic strategy. While the cavity of 1 is primarily bounded by rigid, achiral 
naphthalenes, the helically chiral metal centers produce good asymmetric induction in this 
rearrangement. Much like in enzymes, precise structural control of the active site is achieved 
indirectly through noncovalent interactions.  These results demonstrate the promise of chiral 
supramolecular assemblies in asymmetric catalysis. 

 The Ga4L6 assembly catalyzes this transformation with modest enantioselectivity (up to 
78% ee) and good scope (13 examples), superior to that of most other reported supramolecular 
catalysts. Extension of the substrate scope allowed crystallization of a host-substrate complex for 
selective (60% ee) allyl enammonium cation 16, revealing the specific host-guest interactions 
that affect the conformation of this encapsulated substrate in the ground state. Use of other 
trivalent metals in the M4L6 architecture modulates the enantioselectivity, with the Al4L6 
assembly offering generally higher enantioselectivities (up to 80% ee) while the ‘less chiral’ 
Fe4L6 assembly improves the enantioselectivity for some substrates. While studies in methanol 
show enantioselectivity similar to that in aqueous solution, the use of DMF causes a modest 
decline in enantioselectivity for most substrates. The use of externally associated chiral cations 
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did not significantly affect the asymmetric induction in this catalysis. While this demonstrates 
that significant enantioselectivity has been achieved using supramolecular catalysts, there 
remains room for improvement and this continues to be a vital goal. 
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Experimental 

 General.  All reagents were used from commercial sources and were used without further 
purification unless otherwise noted.  Solvents were degassed by sparging with dry nitrogen.  The 
host assembly K12[Ga4L6] and (S)-methylnicotinium iodide were synthesized using modified 
literature procedures, detailed below.  Boron tribromide was purified by distillation prior to use, 
distilling off Br2 first (at 60 oC, atmospheric pressure).  All NMR spectra were recorded using 
either Bruker AV-500, DRX-500, AV-600, or AV-400 MHz spectrometers at the indicated 
frequencies. All 1H NMR chemical shifts are reported in parts per million (δ) relative to residual 
protic solvent resonances. Multiplicities of 1H NMR resonances are reported as s = singlet, d = 
doublet, t = triplet, m = multiplet and br = broad).  Because 1D 13C{1H} NMR lacks the 
sensitivity to detect 13C{1H} resonances of encapsulated guests, HSQC experiments were used to 
record all guest 13C{1H} resonances.  Because this method observes 13C{1H} resonances through 
the proton channel, quaternary carbons are not observed.  Host-guest complexes containing 
encapsulated neutral guests or cationic phosphine-carbonyl adducts are stable in solution, but 
decompose during isolation, thereby prohibiting EA, MS, or melting point analysis.  All 1H 
NMR resonances for naphthalene hydrogens of 1 are reported as ArH. 
 Resolution of Ga4L6.  H4L (1.25 g, 2.90 mmol, 6.0 equiv) and (S)-N’-methylnicotinium 
iodide (1.77 g, 5.80 mmol, 12.0 equiv) were suspended in 40 mL MeOH and the solution was 
degassed for 15 minutes.  KOH (1.0 M in MeOH, 5.32 mL, 5.32 mmol, 11 equiv) added by 
syringe, and solution was sparged with N2 for 5 minutes, becoming yellow and homogeneous. 
[Note: Addition of additional base causes incomplete precipitation and poor resolutions.  
Satisfactory results have only been obtained with between 10.8 and 11 equiv of base.]  Addition 
of Ga(acac)3 (711 mg, 1.94 mmol, 4.0 equiv) resulted in a color change to orange and rapid 
precipitation of ∆∆∆∆-KH3(S-nic)Ga4L6.  The reaction mixture was stirred overnight.  The 
orange solid was then isolated by filtration over a medium glass frit, giving ∆∆∆∆-KH3(S-
nic)Ga4L6 (923 mg, 41%).  The volume of the filtrate was reduced to 15 mL under vacuum, and 
degassed acetone (60 mL) was added until the formation of an orange precipitate.  This 
precipitate was isolated by filtration over a fine glass frit to give ΛΛΛΛ-K6(S-nic)6Ga4L6 (894 
mg, 42%).  Both samples were dried under vacuum overnight.  (Spectra have been previously 
reported, and are unchanged.) 
 General procedure for preparation of α,βα,βα,βα,β-unsaturated esters via the Horner-
Wadsworth-Emmons Reaction.  An oven-dried 250 mL roundbottom flask was charged with a 
stir bar and 26.2 mmol (1.05 equiv.) of NaH. The NaH was suspended in 20 mL anhydrous THF, 
and this suspension was cooled to 0 oC in an ice bath, then fitted with a pressure-equalizing 
addition funnel.  The addition funnel was charged with a solution of triethylphosphonoacetate 
(25.0 mmol, 1.0 equiv) in 15 mL dry THF. The solution of triethyphosphonoacetate was then 
added dropwise to the suspension of NaH over 15 minutes. The ice bath was removed, and the 
solution was stirred for 30 minutes, becoming homogeneous and pale yellow. The addition 
funnel was then charged with a solution of the appropriate aldehyde (25.0 mmol, 1.0 equiv) in 
dry THF (15 mL).  The solution of aldehyde was added slowly, and the resulting solution was 
heated to reflux for 3 hours and stirred at room temperature overnight, separating into a two-
phase mixture containing a waxy oil and a pale yellow solution. 
 The reaction mixture was quenched by the addition of 5 mL of 1 M NH4Cl in H2O was 
added and this mixture was stirred rapidly for 15 minutes. Solvents were removed in vacuo, and 
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a yellow oil was obtained. 50 mL H2O and 50 mL Et2O were then added, and an organic layer 
was separated.  The organic portion was washed with H2O (30 mL), brine (30 mL), and the 
combined aqueous layers were extracted with 50 mL Et2O.  These organics were combined, 
dried (MgSO4), filtered, and concentrated.  Flash column chromatography using 5% EtOAc in 
hexanes afforded the product esters as clear oils (80-85% yield). 
 General procedure for reduction of α,βα,βα,βα,β-unsaturated esters to allyl alcohols.  An 
oven-dried 250 mL roundbottom flask was charged with a stir bar, anhydrous THF (20 mL) and 
DIBAL as a 1.0 M solution in toluene (30 mmol, 2.9 equiv.)  This solution was cooled to -78 oC 
under an atmosphere of nitrogen. The α,β-unsaturated ester was added via syringe all at once, 
and this mixture was stirred at -78 oC for 3 hours, and the solution was allowed to warm 
overnight. The resulting solution was cooled to 0 oC and diluted with 100 mL Et2O.  0.5 mL 10% 
w/w NaOH in H2O was added dropwise by syringe, and this solution was stirred 15 minutes and 
the ice bath was removed. 1 mL H2O was added, and the mixture was stirred 15 minutes more.  
Anhydrous Na2SO4 was added, and the mixture was stirred 15 minutes. This suspension was then 
filtered, and the filter cake washed extensively with H2O and Et2O. An organic layer was 
separated, washed with H2O (30 mL), brine (30 mL), and the combined aqueous layers were 
extracted with 50 mL Et2O.  These organics were combined, dried (Na2SO4), filtered, and 
concentrated.  Flash column chromatography using 20% EtOAc in hexanes afforded the product 
esters as clear oils (62-74% yield). 
 General procedure for the preparation of allylic tosylates from allylic alcohols. The 
allyl alcohol (3.00 mmol, 1.0 equiv) dissolved in 40 mL anhydrous THF in an oven-dried 250 
mL roundbottom flask. This clear solution was cooled to -78 °C, and n-BuLi (3.30 mml, 1.1 
equiv, as a 1.0 M solution in hexanes) was added via syringe. The solution was stirred for 15 
minutes, and then tosyl chloride (3.00 mmol, 1.0 equiv) was added as a solid. Chilled petroleum 
ether (~0 oC) was then added to dilute this solution (approx. 50 mL added), and the solution was 
transferred to a separatory funnel. This organic solution was washed with 50% saturated 
NaHCO3 solution (2x 40 mL), water (40 mL), and brine (40 mL). The combined aqueous 
fractions were then combined and washed with 50 mL of the chilled petroleum ether. The 
organics were combined, dried (Na2SO4), filtered, and concentrated in vacuo to give a pale 
yellow oil. The sample was analyzed by 1H and 13C {1H} NMR, and was carried forward without 
further purification (95-100% yield). 
 General procedure for the preparation of allylic bromides from allylic alcohols.     
An oven-dried 100mL Schlenk flask was charged with 25 mL anhydrous Et2O and a stir bar 
under N2 atmosphere.  The allyl alcohol (1.57 mmol, 1.0 equiv) was added via syringe, and the 
clear, colorless solution was cooled in an ice bath for 15 minutes. PBr3 (2.04 mmol, 1.3 equiv) 
was added via syringe, the solution stirred for one hour, and the solution was then allowed to 
warm to room temperature and stirred overnight. 
 In the morning, the solution was poured into a separatory funnel containing ~50 mL 
crushed ice, and allowed to melt while quenching the excess PBr3. This solution was shaken, and 
the aqueous layer was separated.  The organics were washed with water (2x20 mL) and brine (20 
mL). The combined aqueous fractions were washed with Et2O (30 mL), and the combined 
organics were dried (MgSO4), filtered, and concentrated to give a pale yellow oil. This 
compound was then purified by flash column chromatography on silica gel (9:1 hexanes:EtOAc), 
yielding the bromide as a clear oil (62-75% yield). 
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 General procedure alkylation of allylic tosylates or bromides to prepare allyl 

enammonium salts.  The allylic bromide or tosylate (0.88 mmol, 1.0 equiv) was dissolved in ~5 
mL dry CH3CN in an oven-dried 100-mL roundbottom flask. This clear, colorless solution was 
cooled to 0 oC in an ice bath, and the solution was stirred while adding the enamine (0.97 mmol, 
1.1 equiv) dropwise via syringe. The solution was stirred in the ice bath for one hour before 
being transferred a 4 °C cold storage room, still in the ice bath. The reaction was stirred 
overnight. (In the preparation of substrates 14-16, the alkylation proceeded more slowly and 
required 40 h rather 18 h.) 
 The solution was removed from the cold room and placed in a new ice bath, and was 
concentrated under high vacuum.  After ~20 min of evacuation, a viscous pale oil is present in 
the flask. This was dissolved in ~2 mL CH2Cl2 and transferred to a tared 20 mL scintillation vial, 
and was again concentrated to an oil.  The oil was washed with four portions of Et2O (anhydrous, 
Bergman stills). For substrates 2-11, this washing yielded a crystalline white solid which was 
isolated by filtration (64-98% yield). For substrates 12-16, washing resulted in a viscous oil 
which was impure, and purification by reverse-phase HPLC was used to isolate the pure allyl 
enammonium salt (24-55% yield).  
 General procedure for evaluation of asymmetric induction in the Aza-Cope 

rearrangement in D2O.  Under a nitrogen atmosphere, 500 µL of a 1.5 mM solution of ∆∆∆∆-
Ga4L6 (7.5 µmol) in 100 mM NMe4Cl is used to dissolve 15.0 µmol of the enammonium 
tosylate, and the solution is transferred to an NMR tube and sealed with a rubber septum.  The 
mixture is heated in an oil bath at 50 oC for two hours, giving a cloudy yellow solution.  The tube 
is allowed to cool to room temperature, then is extracted twice with 500 µL portions of d8-
toluene.  The combined organic solutions are evaluated by 1H NMR with a chloroform standard 
to obtain the yield.  Gas chromatography over a chiral stationary phase allows resolution of the 
product enantiomers and quantification of the enantiomeric induction.  For substrates 2 and 3, 
and isothermal procedure at 50 oC was used, while substrate 4 was cleanly resolved using a 
temperature gradient from 60 oC with a temperature increase of 0.25 oC/min. 
General procedure for evaluation of asymmetric induction in the Aza-Cope rearrangement 

in DMF.  Under a nitrogen atmosphere, 500 µL of a 0.1 mM solution of ∆∆∆∆-Ga4L6 (0.5 µmol) 
in DMF is used to dissolve 10-30 µmol of the enammonium tosylate, and the solution is 
transferred to an NMR tube and sealed with a rubber septum.  The mixture is heated in an oil 
bath at 50 oC overnight (18 h), remaining homogeneous.  The tube is allowed to cool to room 
temperature, then two drops of D2O are added to hydrolyze the product iminium ion.  This 
solution is then heated at 50 oC for 30 minutes, and the solution extracted with 1 mL hexanes.  
Gas chromatography over a chiral stationary phase (β-Dex 225, Chiradex™) allows resolution of 
the product enantiomers and quantification of the enantiomeric induction.  For substrates 2 and 3, 
and isothermal procedure at 50 oC was used, while substrate 4 was cleanly resolved using a 
temperature gradient from 60 oC with a temperature increase of 0.25 oC/min. 
Synthesis of product aldehydes for isolation.  In an NMR tube, ~125 mg of enammonium salt 
was dissolved in a minimum volume of H2O (~250 µL) and the tube was sealed under vacuum.  
The tube was heated in an oil bath for 20 h. and allowed to cool to room temperature.  A layer of 
oil was then present above the water, and was extracted as the pure aldehyde products (24-52% 
yield). 
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1H NMR (500 MHz, d8-toluene): δ  9.18 (s, 1H, CHO), 5.46 (dt, J = 8.5, 15.0 Hz, 1H, vinyl 

CH), 4.95 (m, 2H, 2 vinyl CH), 2.03 (m, J = 7.5 Hz, 1H, CHC3), 0.75 (br s, 9H, 3 CH3). 
13C{1H} 

NMR (125 MHz, d8-toluene) δ 204.4, 137.5, 118.0, 51.8, 48.2, 22.3, 17.6, 12.6.  IR(oil, neat): 
3079, 2975, 2938, 2879, 2809, 2698, 1722, 1701, 1638, 1461, 1419, 1400, 1372, 1323, 1281, 
1244, 1197, 1168, 1130, 1046, 998, 916, 894, 830, 757. 

 
1H NMR (500 MHz, d8-toluene): δ  9.18 (s, 1H, CHO), 5.21 (dt, J = 10.0, 17.0 Hz, 1H, vinyl 
CH), 4.95 (dd, J = 10.0, 2.5 Hz, 1H, vinyl CH), 4.83 (dd, J = 17.0, 2.0 Hz, 1H, vinyl CH), 1.70 
(td, J = 12.0, 2.5 Hz, 1H, CHC3), 1.15 (m, J = 6.0, 2.5 Hz, CH2), 0.91 (m, J = 7.0, 2.5 Hz, 1H, 
CH2), 0.79 (s, 3H, CH3), 0.79 (s, 3H, CH3), 0.73 (s, 3H, CH3), 0.91 (t, J = 6.0 Hz, 3H, Et CH3). 
13C{1H} NMR (125 MHz, d8-toluene) δ (host) 204.4, 137.5, 118.0, 51.8, 48.2, 22.3, 17.6, 12.6.  
IR(oil, neat): 3078, 2968, 2934, 2876, 2807, 2697, 1725, 1639, 1464, 1420, 1398, 1380, 1367, 
1198, 1134, 1058, 999, 916, 849, 786, 770. 

 
1H NMR (500 MHz, d8-toluene): δ  9.20 (s, 1H, CHO), 5.25 (dt, J = 10.0, 17.0 Hz, 1H, vinyl 
CH), 4.96 (dd, J = 10.0, 2.0 Hz, 1H, vinyl CH), 4.83 (dd, J = 15.0, 2.0 Hz, 1H, vinyl CH), 1.88 
(br t, J = 10.0 Hz, 1H, CHC3), 1.27 (br m, 1H, Pr CH2CH2), 1.05 (br m, 3H, Pr CH2CH2), 0.81 (t, 
J = 7.0 Hz, 3H, Pr CH3), 0.81 (s, 3H, CH3), 0.76 (s, 3H, CH3). 

13C{1H} NMR (125 MHz, d8-
toluene) δ (host) 204.4, 137.5, 117.7, 49.6, 48.2, 31.7, 21.2, 17.6, 14.1.  IR (oil, neat): 3078, 
2960, 2933, 2873, 2697, 1726, 1704, 1638, 1465, 1420, 1398, 1380, 1367, 1196, 1164, 1131, 
999, 916, 877, 833, 789, 741. 

 
1H NMR (500 MHz, d8-toluene): δ  9.26 (s, 1H, CHO), 5.38 (dt, J = 10.0, 17.0 Hz, 1H, vinyl 
CH), 4.98 (dd, J = 10.0, 2.5 Hz, 1H, vinyl CH), 4.82 (dd, J = 17.0, 2.0 Hz, 1H, vinyl CH), 1.76 
(dd, J = 10.5, 5.0 Hz, 1H, CHC3), 1.52 (qd, J = 7.0, 2.0 Hz, 1H, iPr CH), 0.87 (s, 3H, CH3), 0.76 
(s, 3H, CH3), 0.73 (d, J = 7.0 Hz, 3H, iPr CH3), 0.71 (d, J = 7.0 Hz, 3H, iPr CH3). 

13C{1H} NMR 
(125 MHz, d8-toluene) δ (host) 204.7, 135.5, 118.4, 56.3, 48.4, 28.4, 23.4, 22.1, 18.4.  IR(oil, 
neat): 3076, 2962, 2874, 2695, 1724, 1637, 1468, 1422, 1387, 1368, 1194, 1003, 916, 874, 817, 
780, 773. 
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1H NMR (500 MHz, d8-toluene): δ  9.22 (s, 1H, CHO), 5.26 (dt, J = 10.0, 17.0 Hz, 1H, vinyl 
CH), 4.97 (dd, J = 10.0, 2.0 Hz, 1H, vinyl CH), 4.85 (dt, J = 17.0, 2.0 Hz, 1H, vinyl CH), 1.76 
(dt, J = 10.0, 2.5 Hz, 1H, CHC3), 1.52 (qd, J = 7.0, 2.0 Hz, 1H, iPr CH), 0.87 (s, 3H, CH3), 0.76 
(s, 3H, CH3), 0.73 (d, J = 7.0 Hz, 3H, iPr CH3), 0.71 (d, J = 7.0 Hz, 3H, iPr CH3). 

13C{1H} NMR 
(125 MHz, d8-toluene) δ (host) 204.7, 135.5, 118.4, 56.3, 48.4, 28.4, 23.4, 22.1, 18.4.  IR (oil, 
neat): 3078, 2959, 2931, 2873, 2860, 2696, 1726, 1639, 1466, 1420, 1398, 1379, 1367, 1193, 
999, 916, 849, 784, 729.  
 
 

O

OEt

 
1H NMR (500 MHz, CDCl3):   5.73 (dt, J = 15.0, 6.5 Hz, 1H, sp2 C-H), 5.23 (dd, J = 15.0, 7.5 
Hz, 1H, sp2 C-H), 4.08 (d, 2H, CH2OH), 1.56 (br s, 1H, CH2OH), 1.43 (m, J = 4.5 Hz, 1H, cPr 
CH), 0.74 (dq, J = 8.0, 1.5 Hz, cPr CH2), 0.40 (dq, J = 8.0, 1.5 Hz, cPr CH2). 

13C{1H} NMR (125 
MHz, CDCl3)  137.8, 127.0, 64.4, 14.8, 7.4. 

 
1H NMR (500 MHz, CDCl3):   5.73 (dt, J = 15.0, 6.5 Hz, 1H, sp2 C-H), 5.23 (dd, J = 15.0, 7.5 
Hz, 1H, sp2 C-H), 4.08 (d, 2H, CH2OH), 1.56 (br s, 1H, CH2OH), 1.43 (m, J = 4.5 Hz, 1H, cPr 
CH), 0.74 (dq, J = 8.0, 1.5 Hz, cPr CH2), 0.40 (dq, J = 8.0, 1.5 Hz, cPr CH2). 

13C{1H} NMR (125 
MHz, CDCl3)  137.8, 127.0, 64.4, 14.8, 7.4. 

 
1H NMR (500 MHz, CDCl3): δ  6.86 (m, J = 7.5 Hz, 1H, sp2 C-H), 5.77 (br d, J = 15.5 Hz, 1H, 
sp2 C-H), 4.18 (d, 2H, Et CH2), 2.20 (br s, 1H, sBu CH), 1.39 (m, 2H, sBu CH2), 1.05 (t, J = 6.5 
Hz, sBu CH3), 0.88 (t, J = 6.5 Hz, sBu CH3). 

13C{1H} NMR (125 MHz, CDCl3) δ 135.6, 127.1, 
62.4, 14.8, 13.1, 9.4. 

 
1H NMR (500 MHz, CDCl3): δ  5.61 (m, J = 6.5 Hz, 2H, sp2 C-H), 4.15 (d, J = 6.5 Hz, 2H, 
CH2OH), 2.08 (m, J = 6.5 Hz, 1H, sBu CH), 1.49 (s, 1H, CH2OH), 1.33 (q, J = 7.0 Hz, 2H, sBu 
CH2), 0.98 (d, J = 6.5 Hz, sBu CH3), 0.88 (t, J = 7.0 Hz, sBu CH3). 

13C{1H} NMR (125 MHz, 
CDCl3) δ 138.0, 127.2, 63.9, 37.9, 29.4, 19.8, 11.6. 
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1H NMR (500 MHz, CDCl3): δ  7.75 (d, J = 13.0 Hz, 2H, OTs), 7.12 (d, J = 13.0 Hz, 2H, OTs) 
5.94 (m, J = 12.5 Hz, 1H, sp2 C-H), 5.82 (s, 1H, sp2 C-H), 5.38 (m, J = 7.5 Hz, 1H, sp2 C-H), 
4.28 (d, J = 12.0 Hz, 2H, +NCH2), 2.31 (s, 6H, +NMe2), 2.31 (s, 3H, OTs), 2.07 (m, 1H, sBu 
CH), 1.93 (s, 3H, CH3), 1.77 (s, 3H, CH3), 1.75 (m, 2H, cyPt CH2), 1.61 (m, J = 6.0 Hz, 2H, cyPt 
CH2), 1.31 (m, J = 6.5 Hz, 2H, sBu CH2), 0.94 (dd, J = 7.0, 2.0 Hz, 3H, sBu CH3), 0.80 (t, J = 
7.0 Hz, Et CH3). 

13C{1H} NMR (125 MHz, CDCl3) δ 161.5, 146.4, 134.5, 132.3, 98.2, 45.4, 
39.9, 15.1, 14.2, 13.1, 10.3. 
 

 
1H NMR (500 MHz, CDCl3): δ  6.92 (dd, J = 13.0, 6.5 Hz, 1H, sp2 C-H), 5.76 (dd, J = 13.0, 1.0 
Hz, 1H, sp2 C-H), 4.17 (q, J = 6.5 Hz, 2H, Et CH2), 2.56 (m, 1H, cyPt CH), 1.80 (m, 2H, cyPt 
CH2), 1.70 (m, J = 6.0 Hz, 2H, cyPt CH2), 1.59 (m, J = 6.5 Hz, 2H, cyPt CH2), 1.37 (m, J = 6.5 
Hz, 2H, cyPt CH2), 1.26 (t, J = 5.0 Hz, Et CH3). 

13C{1H} NMR (125 MHz, CDCl3) δ 166.9, 
153.4, 60.1, 42.8, 32.3, 25.2, 14.2. 
 

 
1H NMR (500 MHz, CDCl3): δ  5.66 (m, J 2H, sp2 C-H), 4.11 (d, J = 6.5 Hz, 2H, Et CH2OH), 
2.46 (m, 1H, cyPt CH), 1.80 (br m, 2H, cyPt CH2), 1.68 (br m, J = 6.0 Hz, 2H, cyPt CH2), 1.59 
(br m, J = 6.5 Hz, 2H, cyPt CH2), 1.32 (br m, J = 6.5 Hz, 2H, cyPt CH2). 

13C{1H} NMR (125 
MHz, CDCl3) δ 138.0, 127.1, 63.9, 43.3, 32.3, 25.1. 
 

 
1H NMR (500 MHz, CDCl3): δ  7.87 (d, J = 13.0 Hz, 2H, OTs), 7.12 (d, J = 13.5 Hz, 2H, OTs) 
6.06 (m, J = 13.5 Hz, 1H, sp2 C-H), 5.80 (s, 1H, sp2 C-H), 5.40 (m, J = 13.0 Hz, 1H, sp2 C-H), 
4.29 (d, J = 12.0 Hz, 2H, +NCH2), 3.45 (s, 6H, +NMe2), 2.31 (s, 3H, OTs), 2.48 (m, 1H, cyPt 
CH), 1.94 (s, 3H, CH3), 1.79 (s, 3H, CH3), 1.75 (m, 2H, cyPt CH2), 1.61 (m, J = 6.0 Hz, 2H, cyPt 
CH2), 1.58 (m, J = 6.5 Hz, 2H, cyPt CH2), 1.26 (m, J = 6.5 Hz, 2H, cyPt CH2), 1.26 (t, J = 5.0 
Hz, Et CH3). 

13C{1H} NMR (125 MHz, CDCl3) δ 162.2, 144.1, 133.1, 131.0, 98.5, 44.6, 38.9, 
15.1, 14.4, 13.0, 10.4. 
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1H NMR (500 MHz, CDCl3): δ  6.94 (dd, J = 7.5, 1.5 Hz, 1H, sp2 C-H), 5.80 (dd, J = 16.5, 1.5 
Hz, 1H, sp2 C-H), 4.19 (q, J = 7.0 Hz, 2H, Et CH2), 2.09 (dt, 2H, J = 9.5, 1.5 Hz, iBu CH2), 1.76 
(m, 1H, J = 7.5 Hz, iBu CH), 0.93 (d, 6H, J = 7.5 Hz, iBu (CH3)2). 

13C{1H} NMR (125 MHz, 
CDCl3) δ 167.1, 148.7, 122.7, 68.5, 66.5, 60.6, 41.9, 28.2, 22.8, 15.7, 14.7. 
 

 
1H NMR (500 MHz, CDCl3): δ  5.66 (m, J = 13.0, 7.0, 2H, sp2 C-H), 4.11 (d, J = 5.0 Hz, 2H, Et 
CH2OH), 1.96 (t, J = 6.5 Hz, 2H, iBu CH2), 1.64 (br m, J = 6.0 Hz, 1H, iBu CH), 0.90 (d, J = 6.5 
Hz, 6H, iBu (CH3)2). 

13C{1H} NMR (125 MHz, CDCl3) δ 132.6, 130.4, 64.2, 42.0, 28.6, 22.7. 
 

 
1H NMR (500 MHz, CDCl3): δ  7.72 (d, J = 13.0 Hz, 2H, OTs), 7.15 (d, J = 13.0 Hz, 2H, OTs) 
6.09 (m, J = 7.5, 1.5 Hz, 1H, sp2 C-H), 5.81 (br s, 1H, sp2 C-H), 5.42 (m, J = 7.5, 1.5 Hz, 1H, sp2 
C-H), 4.30 (d, J = 7.5 Hz, 2H, +NCH2), 3.46 (s, 6H, +NMe2), 2.22 (s, 3H, OTs), 1.95 (d, J = 1.5 
Hz, 3H, CH3), 1.79 (d, J = 1.5 Hz, 3H, CH3), 1.66 (m, J = 6.5 Hz, 1H, iBu CH), 0.87 (d, J = 6.5 
Hz, iBu (CH3)2). 

13C{1H} NMR (125 MHz, CDCl3) δ 162.4, 144.1, 133.1, 131.0, 98.5, 44.6, 
38.9, 24.6, 22.5, 13.0. 
 

 
1H NMR (500 MHz, CDCl3): δ  9.21 (s, 1H, CHO), 5.26 (m, J = 11.5 Hz, 1H, sp2 C-H), 4.95 
(dd, J = 11.5 Hz, 1H, sp2 C-H), 2.37 (m, J = 7.5 Hz, 1H, β CH), 1.62 (m, J = 7.5 Hz, 1H, iBu 
CH), 1.29 (s, 3H, CH3), 1.26 (s, 3H, CH3), 0.91 (s, 6H, CH3). 

13C{1H} NMR (125 MHz, CDCl3) 
δ 206.7, 136.2, 117.9, 56.4, 41.0, 39.8, 26.3, 23.1, 20.5, 19.9. 
 

 
1H NMR (500 MHz, CDCl3): δ  6.98 (pentet, J = 7.5 Hz, 1H, sp2 C-H), 5.78 (dt, J = 15.5, 1.5 Hz, 
1H, sp2 C-H), 4.16 (q, J = 7.5 Hz, 2H, Et CH2), 0.92 (s, 9H, tBu (CH3)3), 0.87 (t, J = 6.5 Hz, 3H, 
OEt CH3). 

13C{1H} NMR (125 MHz, CDCl3) δ 141.8, 123.0, 64.8, 35.9, 28.2. 
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1H NMR (500 MHz, CDCl3): δ  5.66 (br d, 1H, sp2 C-H), 5.55 (br d, J = 5.5, 1H, sp2 C-H), 4.08 
(d, J = 3.5 Hz, 2H, Et CH2OH), 1.48 (br s, 1H, OH), 1.00 (s, 9H, tBu (CH3)3). 

13C{1H} NMR 
(125 MHz, CDCl3) δ 132.6, 130.4, 64.2, 42.0, 28.6, 22.7. 
 

 
1H NMR (500 MHz, CDCl3): δ  7.72 (d, J = 13.0 Hz, 2H, OTs), 7.15 (d, J = 13.0 Hz, 2H, OTs) 
6.09 (m, J = 7.5, 1.5 Hz, 1H, sp2 C-H), 5.81 (br s, 1H, sp2 C-H), 5.42 (m, J = 7.5, 1.5 Hz, 1H, sp2 
C-H), 4.30 (d, J = 7.5 Hz, 2H, +NCH2), 3.46 (s, 6H, +NMe2), 2.22 (s, 3H, OTs), 1.95 (d, J = 1.5 
Hz, 3H, CH3), 1.79 (d, J = 1.5 Hz, 3H, CH3), 1.66 (m, J = 6.5 Hz, 1H, iBu CH), 0.87 (d, J = 6.5 
Hz, iBu (CH3)2). 

13C{1H} NMR (125 MHz, CDCl3) δ 145.1, 143.2, 135.8, 130.4, 128.2, 69.8, 
59.2, 42.9, 28.3, 24.0, 18.4. 

 
1H NMR (500 MHz, CDCl3): δ  6.74 (dd, J = 9.0, 6.5 Hz, 1H, sp2 C-H), 5.79 (dd, J = 16.5, 1.5 
Hz, 1H, sp2 C-H), 4.19 (q, J = 7.0 Hz, 2H, OEt CH2), 1.97 (m, 1H, J = 4.5 Hz, 3-pentyl CH), 
1.50 (m, 2H, J = 7.5, 2.5 Hz, 3-pentyl CH2), 1.36 (m, 2H, J = 7.5 Hz, 3-pentyl CH2), 1.30 (t, 3H, 
J = 7.0 Hz, OEt CH3), 0.88 (d, 6H, J = 7.5 Hz, 3-pentyl (CH3)2). 

13C{1H} NMR (125 MHz, 
CDCl3) δ 175.0, 153.7, 121.7, 60.5, 46.4, 27.1, 14.7, 12.1. 
 

 
1H NMR (500 MHz, CDCl3): δ  5.60 (dt, J = 15.5, 6.0, 2H, sp2 C-H), 5.41 (dt, J = 15.5, 9.0, 2H, 
sp2 C-H), 4.12 (br d, J = 6.0 Hz, 2H, CH2OH), 1.78 (m, J = 6.5 Hz, 1H, 3-pentyl CH), 1.42 (m, 
2H, J = 7.0 Hz, 3-pentyl CH2), 1.40 (br s, 1H, OH), 1.24 (m, 2H, J = 6.5 Hz, 3-pentyl CH2), 0.83 
(d, 6H, J = 7.5 Hz, 3-pentyl (CH3)2). 

13C{1H} NMR (125 MHz, CDCl3) δ 137.4, 129.4, 63.9, 
45.8, 27.4, 11.7. 
 

 
1H NMR (500 MHz, CDCl3): δ  7.84 (d, J = 8.0 Hz, 2H, OTs), 7.18 (d, J = 8.0 Hz, 2H, OTs) 
5.90 (dd, J = 15.5, 9.0 Hz, 1H, sp2 C-H), 5.84 (br s, 1H, sp2 C-H), 5.46 (dt, J = 15.0, 7.5 Hz, 1H, 
sp2 C-H), 4.38 (d, J = 7.5 Hz, 2H, +NCH2), 3.54 (s, 6H, +NMe2), 2.38 (s, 3H, OTs), 2.02 (d, J = 
1.5 Hz, 3H, CH3), 1.86 (d, J = 1.5 Hz, 3H, CH3), 1.80 (br s, 2H), 1.50 (m, J = 7.5 Hz, 2H, 3-
pentyl CH2), 1.34 (m, J = 7.5 Hz, 2H, 3-pentyl CH2), 0.85 (t, J = 7.5 Hz, 6H, 3-pentyl (CH3)2). 
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13C{1H} NMR (125 MHz, CDCl3) δ 143.6, 140.5, 139.2, 135.1, 129.7, 128.1, 120.7, 68.6, 58.7, 
47.0, 27.6, 24.4, 18.1, 12.1. 
 

 
1H NMR (500 MHz, CDCl3): δ  6.92 (dd, J = 13.0, 6.5 Hz, 1H, sp2 C-H), 5.76 (dd, J = 13.0, 1.0 
Hz, 1H, sp2 C-H), 4.18 (q, J = 6.5 Hz, 2H, Et CH2), 2.13 (m, 1H, cyPt CH), 1.78 (m, 2H, cyPt 
CH2), 1.68 (m, J = 6.0 Hz, 2H, cyPt CH2), 1.29 (m, J = 6.5 Hz, 2H, cyPt CH2), 1.15 (m, J = 6.5 
Hz, 2H, cyPt CH2), 0.86 (t, 4H, J = 5.0 Hz, Et CH3). 

13C{1H} NMR (125 MHz, CDCl3) δ 154.6, 
119.1, 60.4, 40.7, 31.9, 26.1, 26.0, 14.5. 
 

 
1H NMR (500 MHz, CDCl3): δ  5.66 (m, J 2H, sp2 C-H), 4.11 (d, J = 6.5 Hz, 2H, Et CH2OH), 
2.46 (m, 1H, cyPt CH), 1.80 (br m, 2H, cyPt CH2), 1.68 (br m, J = 6.0 Hz, 2H, cyPt CH2), 1.59 
(br m, J = 6.5 Hz, 2H, cyPt CH2), 1.32 (br m, J = 6.5 Hz, 2H, cyPt CH2). 

13C{1H} NMR (125 
MHz, CDCl3) δ 139.5, 126.6, 64.3, 60.7, 40.5, 33.0, 31.8, 26.4, 26.3, 23.0, 14.4. 
 

 
1H NMR (500 MHz, CDCl3): δ  7.82 (d, J = 8.0 Hz, 2H, OTs), 7.16 (d, J = 8.0 Hz, 2H, OTs) 
6.11 (dd, J = 15.0, 6.5 Hz, 1H, sp2 C-H), 5.82 (s, 1H, sp2 C-H), 5.41 (m, J = 15.0 Hz, 1H, sp2 C-
H), 4.33 (d, J = 7.5 Hz, 2H, +NCH2), 3.50 (s, 6H, +NMe2), 2.31 (s, 3H, OTs), 12.05 (m, 1H, Cy 
CH), 1.99 (s, 3H, CH3), 1.85 (s, 3H, CH3), 1.76 (m, 2H, Cy CH2), 1.27 (m, J = 6.0 Hz, 2H, Cy 
CH2), 1.18 (m, J = 6.5 Hz, 2H, Cy CH2), 1.08 (m, J = 6.5 Hz, 2H, Cy CH2), 0.98 (t, J = 5.0 Hz, 
Et CH3). 

13C{1H} NMR (125 MHz, CDCl3) δ 162.2, 143. 8, 129.3, 131.0, 98.5, 44.6, 32.7, 26.3, 
26.1, 21.7, 10.4. 
 

 
1H NMR (500 MHz, CDCl3): δ  9.26 (s, 1H, CHO), 5.34 (dt, J = 10.0, 2.0 Hz, 1H, sp2 C-H), 4.94 
(dd, J = 10.0, 2.0 Hz, 1H, sp2 C-H), 2.38 (dd, J = 18.0, 7.0 Hz, 1H, β CH), 1.65 (m, J = 7.0 Hz, 
1H, Cy CH), 1.32 (t, J = 7.5 Hz, 2H, Cy CH2), 1.25 (t, J = 7.5 Hz, 2H, Cy CH2), 1.19 (m, J = 7.0 
Hz, 2H, Cy CH2), 1.12 (t, J = 7.0 Hz, 1H, Cy CH), 0.94 (t, J = 7.0 Hz, 2H, Cy CH2), 0.89 (s, 3H, 
CH3), 0.75 (s, 3H, CH3). 

13C{1H} NMR (125 MHz, CDCl3) δ 209.1, 135.5, 118.0, 60.0, 45.5, 
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41.0, 32.2, 26.4, 25.9, 21.2, 20.7. 

 
1H NMR (500 MHz, CDCl3): δ  7.42 (d, J = 8.0 Hz, 2H, Bn C-H), 7.35 (d, J = 8.0 Hz, 2H, Bn C-
H), 7.28 (d, J = 8.0 Hz, 1H, Bn C-H), 6.53 (d, J = 16.0 Hz, 1H, sp2 C-H), 6.35 (dt, J = 16.0, 7.0 
Hz, 1H, sp2 C-H), 4.21 (q, J = 7.0 Hz, 2H, Et CH2), 3.28 (dd, 2H, J = 7.0, 1.5 Hz, Bn CH2), 1.32 
(t, 1H, J = 7.0 Hz, OEt CH3). 

13C{1H} NMR (125 MHz, CDCl3) δ 172.0, 137.3, 133.8, 129.0, 
128.0, 126.7, 122.3, 61.2, 38.9, 14.6. 
 

 
1H NMR (500 MHz, CDCl3): δ  7.30 (d, J = 7.5 Hz, 2H, Bn C-H), 7.22 (d, J = 7.5 Hz, 1H, Bn C-
H), 7.19 (d, J = 7.5 Hz, 2H, Bn C-H), 5.87 (dt, J = 16.5, 1.5 Hz, 1H, sp2 C-H), 5.71 (dtt, J = 15.0, 
5.5, 1.5 Hz, 1H, sp2 C-H), 4.13 (dd, J = 6.0, 1.0 Hz, 2H, CH2OH), 3.40 (d, 2H, J = 6.5 Hz, Bn 
CH2), 1.32 (br s, 1H, OH). 13C{1H} NMR (125 MHz, CDCl3) δ 140.0, 131.6, 130.3, 128.5, 
128.4, 126.1, 63.5, 38.6. 
 

 
1H NMR (500 MHz, CDCl3): δ  7.30 (t, J = 7.5 Hz, 2H, Bn), 7.23 (br d, J = 7.0 Hz, 1H, Bn), 
7.13 (t, J = 7.5 Hz, 2H, OTs) 6.45 (dt, J = 15.0, 7.0 Hz, 1H, sp2 C-H), 5.79 (br s, 1H, sp2 C-H), 
5.54 (sextet, J = 7.0 Hz, 1H, sp2 C-H), 4.57 (d, J = 7.5 Hz, 2H, +NCH2), 3.48 (s, 6H, +NMe2), 
1.98 (s, 3H, CH3), 1.80 (s, 3H, CH3), 0.87 (d, J = 6.5 Hz, iBu (CH3)2). 

13C{1H} NMR (125 MHz, 
CDCl3) δ 141.4, 140.0, 136.3, 129.0, 128.6, 125.7, 127.6, 125.3, 69.3, 48.8, 38.8. 
 

 
 
1H NMR (500 MHz, d8-toluene): δ  9.28 (s, 1H, CHO), 5.32 (m, J = 2.0, 10.0 Hz, 1H, vinyl 

CH), 4.83 (dq, J = 1.0, 10.0 Hz, 1H, vinyl CH), 4.56 (br d, J = 10.0 Hz, 1H, vinyl CH), 2.55 (br 
d, J = 13.0 Hz, 1H, Bn CH2), 2.26 (br t, J = 10.0 Hz, 1H, CHC3), 2.18 (dd, J = 1.5, 13.0 Hz, 1H, 
Bn CH2), 0.90 (d, J = 2.5 Hz, 3H, CH3), 0.82 (d, J = 2.5 Hz, 3H, CH3). 

13C{1H} NMR (125 
MHz, d8-toluene) δ 204.4, 137.5, 118.0, 51.8, 48.2, 22.3, 17.6, 12.6.   
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1H NMR (500 MHz, CDCl3): δ  7.80 (d, J = 8.0 Hz, 2H, OTs), 7.18 (d, J = 8.0 Hz, 2H, OTs), 
6.03 (d, J = 7.0 Hz, 1H, sp2 C-H), 5.89 (s, 1H, sp2 C-H), 4.31 (br s, 2H, +NCH2), 3.48 (s, 6H, 
+NMe2), 2.38 (s, 3H, OTs), 1.99 (d, J = 1.0 Hz, 3H, CH3), 1.81 (d, J = 1.0 Hz, 3H, CH3), 1.76 (s, 
3H, CH3), 1.70 (d, J = 1.0 Hz, 3H, CH3). 

13C{1H} NMR (125 MHz, CDCl3) δ 144.0, 140.5, 
139.4, 135.6, 133.9, 129.2, 128.0, 123.5, 69.8, 59.2, 25.1, 21.3, 18.2, 15.5, 12.4. 
 

 
 
1H NMR (500 MHz, d8-toluene): δ  9.24 (s, 1H, CHO), 4.75 (t, J = 1.5 Hz, 1H, olefin CH), 4.61 

(br t, 1H, olefin CH), 2.12 (q, J = 6.5 Hz, 1H, β CH), 1.49 (s, 3H, CH3), 0.85 (s, 3H, CH3), 0.81 
(s, 3H, CH3), 0.78 (s, 3H, CH3). 

13C{1H} NMR (125 MHz, d8-toluene) δ 208.0, 149.1, 107.5, 
58.0, 28.3,21.0, 20.6, 10.5.   
 

 
1H NMR (500 MHz, CDCl3): δ  7.78 (d, J = 8.0 Hz, 2H, OTs), 7.16 (d, J = 8.0 Hz, 2H, OTs), 
6.25 (d, J = 12.5 Hz, 1H, sp2 C-H), 5.87 (s, 1H, sp2 C-H), 4.48 (br s, 2H, +NCH2), 3.50 (s, 6H, 
+NMe2), 2.35 (s, 3H, OTs), 2.66 (br t, J = 3.5 Hz, 2H, cyclopentyl CH2), 2.47 (br t, J = 3.5 Hz, 
2H, cyclopentyl CH2), 2.40 (br t, J = 8.0 Hz, 2H, cyclopentyl CH2), 1.99 (br s, 3H, CH3), 1.80 (br 
s, 3H, CH3). 

13C{1H} NMR (125 MHz, CDCl3) δ 143.3, 140.1, 137.4, 135.5, 130.9, 127.3, 121.4, 
66.4, 49.0, 34.1, 32.2, 30.9, 25.1, 24.4, 19.8, 14.1. 
 

 
 
1H NMR (500 MHz, d8-toluene): δ  9.31 (s, 1H, CHO), 4.91 (br s, 1H, olefin CH), 4.69 (br s, 

1H, olefin CH), 2.38 (dt, J = 8.5, 1.0 Hz, 1H, β CH), 1.96 (br m, 1H, cyclopentyl CH), 1.84 (br 
m, 1H, cyclopentyl CH), 1.40 (br m, 1H, cyclopentyl CH), 1.30 (br m, 1H, cyclopentyl CH), 1.27 
(br m, 1H, cyclopentyl CH), 1.14 (br m, 1H, cyclopentyl CH), 0.88 (s, 3H, CH3), 0.74 (s, 3H, 
CH3). 

13C{1H} NMR (125 MHz, d8-toluene) δ 209.0, 151.2, 110.7, 63.4, 54.1, 39.0, 32.1, 31.0, 
22.7, 21.1, 19.8.   
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Growth of crystals of [16 ⊂ 1]11- 
for X-ray diffraction experiments. Ga4L6 (15 µmol, 1.0 

equiv) and 16 (16.5 µmol, 1.1 equiv) were dissolved in 1.5 mL H2O under a nitrogen atmosphere 
in a glove box. The resulting solution was passed through a 0.2 mm syringe filter, and transferred 
to small culture tubes inside a 20 mL scintillation vial.  Acetone was then added (5 mL) to the 
scintillation vial, and the vial was sealed with parafilm.  After 8 days, yellow single crystals were 
formed, and these were harvested. 

Table 2.9  Crystal data and structure refinement for [16 ⊂ 1]11-. 
Identification code  BenzylAmmoniumGa4L6 
Empirical formula  C159 H118 Ga4 K7 N13 O52 
Formula weight  3240.11 
Temperature  373(2) K 
Wavelength  0.77490 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 17.7196(15) Å α= 88.682(2)°. 
 b = 19.7723(17) Å β= 79.626(2)°. 
 c = 31.255(3) Å γ = 67.663(2)°. 
Volume 9950.7(15) Å3 
Z 2 
Density (calculated) 1.264 Mg/m3 
Absorption coefficient 1.480 mm-1 
F(000) 3800 
Crystal size 13.00 x 10.00 x 8.00 µm3 
Theta range for data collection 2.89 to 29.81°. 
Index ranges -22<=h<=22, -25<=k<=25, -40<=l<=40 
Reflections collected 117161 
Independent reflections 43744 [R(int) = 0.0500] 
Completeness to theta = 25.00° 99.7 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.0297 and 0.0189 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 43744 / 0 / 2627 
Goodness-of-fit on F2 1.314 
Final R indices [I>2sigma(I)] R1 = 0.0983, wR2 = 0.3120 
R indices (all data) R1 = 0.1251, wR2 = 0.3373 
Largest diff. peak and hole 1.75 and -1.28 e.Å-3 
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Chapter 3 

High-Turnover Supramolecular Catalysis by a  
Protected Ruthenium(II) Complex in Aqueous Solution 
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Introduction 

Supramolecular catalysts offer chemists precise spatial control over chemical 
transformations.1–4 Encapsulation within the supramolecular cavity can bring substrates into 
close proximity, accelerating bimolecular reactions and influencing regiochemistry. 
Supramolecular assemblies have also been shown to select the reactive conformations of 
substrates and even exhibit true transition state stabilization as the mechanism of catalysis.5–8 
Unfortunately, supramolecular catalysts also frequently suffer from product inhibition and 
require relatively large catalyst loadings. An alternative strategy for engineering catalytic hosts is 
the functionalization of the host cavity with an active catalyst. Sequestration inside the assembly 
could promote substrate binding, stabilize rate-limiting transition states, or affect the 
chemoselectivity of the catalysis.  However, examples of transition metal complexes that carry 
out active catalysis while encapsulated inside supramolecular assemblies remain extremely 
rare.9–13 In this chapter, the encapsulation of a cationic ruthenium half-sandwich complex in an 
aqueous supramolecular host will be described.  The host-guest complex retains the activity of 
the organometallic guest and protects it from decomposition in aqueous solution, creating a high-
turnover supramolecular catalyst.14 

Raymond and co-workers have developed supramolecular [M4L6]
12- assembly 1 (Figure 

3.1), a homochiral and water-soluble molecular tetrahedron.15 This compound self-assembles in 
the presence of an appropriate trivalent metal (M = Al3+, Fe3+, Ga3+) and the deprotonated ligand 
(L = 1,5-bis(2,3-dihydroxybenzoylaminonaphthalene).  Mechanical coupling between the 
vertices results in the exclusive formation of the enantiomeric homochiral structures (∆∆∆∆ and 
ΛΛΛΛ). Monocationic guests are bound tightly within the assembly interior, which has a 
variable volume of 350-500 Å3.  This flexibility allows the incorporation of guests that range in 
size from NMe4

+ to large, organometallic complexes including Cp*2Co+.  Preference for cationic 
guests allows for the perturbation of chemical equilibria inside the assembly, which has been 
exploited to increase the basicity of amines and carry out acid-catalyzed reactions in basic 
solution.2,16?20 Additionally, assembly 1 can bind the reactive conformations of substrates to 
promote their reactivity.21?23 Since iridium(III) half-sandwich complexes are strongly bound and 
are active as stoichiometric C-H activation reagents,24,25 structurally similar organometallic 
complexes were sought as potential encapsulated catalysts. 
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Figure 3.1 Space-filling (left) and schematic (right) diagrams of supramolecular assembly 1. 
 

 [RuCp(PMe3)(MeCN)2][PF6] is an active and efficient catalyst for allyl alcohol 
isomerization.26,27 Catalysis of allyl alcohol isomerization is preceded by dissociation of two 
acetonitrile ligands (Figure 3.2). Encapsulation within assembly 1 could strongly favor the 
formation of active catalyst RuCp(PMe3)

+, promoting catalysis of the allyl alcohol isomerization. 
As dissociation of the acetonitrile ligands to form an active 14-electron complex should be 
favored by the spatial limitations of the host cavity, encapsulation could favor catalytic turnover 
if dissociation of the acetonitrile ligands were required for encapsulation. While it is also 
possible that steric constraint in the host could disfavor subsequent binding of the allyl alcohol 
substrate, it was hypothesized that the linear acetonitrile ligands should provide much greater 
strain than small allylic alcohols. 
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Figure 3.2 Mechanism for the isomerization of allyl alcohols by the RuCpPMe3(MeCN)2

+ 
complex. 
 

Results and Discussion 

 

Encapsulation of the RuCp(PMe3)(MeCN)2]
+ 

Cation. It was hypothesized that the 
labile acetonitrile ligands of the RuCpPMe3(MeCN)2

+ would exchange readily in an aqueous 
medium and that the resulting [RuCp(PMe3)(D2O)2]

+ cation would still be sufficiently 
hydrophobic to bind tightly to the interior of 1. The ruthenium complex was encapsulated, but 
the acetonitrile ligands remained bound to the metal center (Figure 3.3).  This was remarkable 
given the steric constraints of the host interior. Methyl signals for the two acetonitrile ligands 
were able to be resolved in the 1H NMR spectrum of [RuCp(PMe3)(MeCN)2]

+ ⊂ 1]11-, as these 
ligands are related by a mirror plane in the free complex and are become inequivalent upon 
encapsulation, since the assembly 1 is itself chiral.  The complexity in the host region was due to 
the presence of both host-guest complex and the excess 1 used to ensure no unbound 
[RuCp(PMe3)(MeCN)2]

+ was present. 
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Figure 3.3. 

1H NMR spectra of (a) 1 alone, (b) organometallic complex 
[RuCp(PMe3)(MeCN)2][PF6] in aqueous solution (with p-dioxane as an internal standard), and 
(c) [RuCp(PMe3)(MeCN)2]

+ ⊂ 1]11- in D2O. Decomposition of the [RuCp(PMe3)(MeCN)2][PF6] 
in aqueous solution is the reason for the extra 1H NMR signals in (b). 
 

The [RuCp(PMe3)(MeCN)2]
+ cation was bound quantitatively and no signals 

corresponding to the external species were observed by 1H NMR (Figure 3.3) unless an excess of 
the free cation was present. The complex was stable for days in aqueous solution. In contrast, the 
unbound [RuCp(PMe3)(MeCN)2][PF6] complex was unstable in aqueous solution; loss of the 
acetonitrile ligands is rapid (t½ ~ 60 min, see Experimental) and the resulting complex further 
decomposes to a catalytically inactive, unidentified species.  Furthermore, encapsulation of the 
ruthenium complex improved its solubility in aqueous solution by at least an order of magnitude 
– while a solution of the [RuCp(PMe3)(MeCN)2][PF6] complex saturated below 1 mM, 10 mM 
homogeneous solutions of the encapsulated ruthenium catalyst were readily prepared.  

 

Catalysis by [RuCp(PMe3)(MeCN)2 
+
 ⊂⊂⊂⊂ 1]. The catalytic activity of the 

[RuCp(PMe3)(MeCN)2 
+ ⊂ 1] complex, 2, was evaluated using 3-buten-2-ol (4).  Immediately 

upon exposure to this substrate, new upfield resonances were observed in the 1H NMR spectrum.  
These signals were assigned to the catalyst resting state, though the complicated system of 

    MeCN 

   PMe3 
   Cp 

(a) 

(b) 

(c) 
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resonances precluded definitive assignment.  Catalysis proceeded very slowly at room 
temperature, but was efficient above 35 oC (Figure 3.4).  
 Supramolecular catalyst 2 efficiently catalyzed the isomerization of allyl alcohol (3) or 3-
buten-2-ol (4) (Figure 3.5). Secondary alkene 5 did not isomerize even at 75 °C in the presence 
of 2. New upfield resonances suggested that 5 was able to coordinate to the encapsulated 
ruthenium complex, but no reactivity was observed. The unencapsulated 
[RuCp(PMe3)(MeCN)2][PF6] complex also did not catalyze the isomerization of 5, implying that 
this was a consequence of the reactivity of the metal center and not a limitation imposed by 
encapsulation in 1. Larger substrate 6 has been reported to isomerize in the presence of catalytic 
[RuCp(PMe3)(MeCN)2][PF6] in CDCl3,

27 and indeed this complex was a competent catalyst for 
the isomerisation of 6 in D2O. However, 6 was unreactive in the presence of 2, and no evidence 
for coordination to the encapsulated ruthenium complex was seen by 1H NMR. Presumably, this 
substrate was too sterically demanding to access the encapsulated catalyst. Importantly, this 
provided further evidence that the [RuCp(PMe3)(MeCN)2] guest was not able to exchange into 
the bulk solvent under the catalytic conditions. 

 
Figure 3.4 

1H NMR spectra of (a) 2 alone, (b) 2 catalyzing the isomerisation of 50 equiv. 3-
buten-2-ol (squares) to methyl ethyl ketone (circles) after 10 min at 50 °C, and (c) at 35 min.  

(a) 

(b) 

(c) 
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Figure 3.5 Allyl alcohol isomerization catalyzed by supramolecular catalyst 2. 
 

Kinetic Analysis. As the intact RuCp(PMe3)(MeCN)2
+ complex was encapsulated within 

assembly 1 and retained a similar scope, the effect of encapsulation on the kinetics of catalysis 
investigated. Simple pseudo-first-order kinetics were not observed (Figure 3.6). While 
supramolecular catalysts have often suffered from product inhibition, this was not the case for 
this catalysis; the pseudo-first order rate constant instead seemed to increase as the reaction nears 
completion, resulting in a concentration vs. time plot that appeared linear. Two possibilities were 
envisioned for this deviation from first-order kinetic behavior: quasi-irreversible dissociation of 
the acetonitrile ligand(s) could have generated a more reactive catalyst inside the assembly, or 
the substrate itself might have inhibited catalysis. Either of these circumstances would increase 
the activity of the encapsulated ruthenium center as substrate was consumed, causing the rate of 
turnover to remain nearly constant with time. 

 
Figure 3.6 Kinetic analysis of the isomerization of 4 to give methyl ethyl ketone. 
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 To examine these possibilities, the effect of acetonitrile on the reaction kinetics was 
studied. The initial rate of isomerization was found to vary inversely with acetonitrile 
concentration, but pseudo-first-order kinetics were still not obtained with up to 10 equivalents of 
acetonitrile per mol catalyst present in solution. To elucidate the means of substrate inhibition, 
we then sought to examine the effect of adding alcohols and olefins that did not isomerize under 
the catalytic conditions. The addition of isopropanol had no effect on the reaction kinetics, while 
the addition of allyl methyl ether strongly inhibited catalysis (see Experimental section). These 
experiments suggested that a ternary complex 8 was formed by the coordination of an olefin to 
the catalyst-substrate complex 7 (See Figure 3.7). As substrate concentration decreased, 
formation of this complex was disfavored and the rate did not attenuate until the reaction 
approached complete conversion. 
 

 
Figure 3.7 Putative mechanism for the ruthenium-catalyzed allyl alcohol isomerization within 
the cavity of 1. 
 

While substrate inhibition made it difficult to extract true first-order rate constants for this 
catalysis, qualitative comparison of the reaction rates was possible. Comparison of the 
encapsulated and unencapsulated complexes revealed that encapsulation of 
[RuCp(PMe3)(MeCN)2]

+ within 1 caused mild attenuation of the rate, decreasing the TOF at 42 
°C from 44 to 16 M-1h-1 (Figure 3.8). Both catalysts were able to isomerize allyl alcohol 
completely at 42 °C in good yield.  Significantly, the encapsulated catalyst had an extremely 
long lifetime in water and is able to turn over 1070 times; a higher turnover than that 
demonstrated by the catalyst in halogenated organic solvents.27 

7 

8 

2 
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Figure 3.7 Conversion of 3-buten-2-ol at 42 °C with encapsulated and unencapsulated 
[RuCp(PMe3)(MeCN)2]

+. 
 

Conclusion and Outlook 

 

In summary, an organometallic ruthenium(II) catalyst was incorporated into water-
soluble supramolecular assembly 1. The organometallic complex was protected from 
decomposition in aqueous solution by encapsulation within the supramolecular assembly.  
Despite a slight reduction in the rate of catalysis, the incorporated catalyst remains highly active 
and is, to the best of our knowledge, the highest turnover reported for a supramolecular catalyst. 
This study demonstrates the potential of supramolecular encapsulation of organometallic 
complexes in developing efficient, green catalysts for organic synthesis. 

An important motivation for the incorporation of organometallic complexes in 
supramolecular assembly 1 is the possibility of using encapsulation in a chiral host as a novel 
means of asymmetric induction. Chiral allylic alcohol 3-buten-2-ol is a competent substrate in 
this catalysis, and thus could be targeted for kinetic resolution if the ruthenium catalyst could be 
incorporated into the resolved assembly. Unfortunately, the ruthenium catalyst does not displace 
the S-nicotinium cation used in the resolution of the assembly, nor can it replace the more 
weakly bound NMe4

+ cation as the allyl enammonium substrates in Chapter 2 were able to do. 
As a result, preparation of the ‘empty’ resolved K12[∆∆∆∆-Ga4L6] assembly will be a priority in 
the development of enantioselective, supramolecular transition metal catalysts. 
  



CHAPTER 3 
 

66 

 

Experimental 

 

General.  All reagents used were from commercial sources, without further purification unless 
otherwise noted. The host assembly K12[Ga4L6],

15 and the ruthenium complex 
[RuCp(PMe3)(MeCN)2][PF6] were prepared according to literature procedures.27 All NMR 
spectra were recorded using Bruker AV-500, DRX-500, or AV-400 MHz spectrometers at the 
indicated frequencies. All 1H NMR chemical shifts are reported in parts per million (δ) relative 
to residual protic solvent resonances. Multiplicities of 1H NMR resonances are reported as s = 
singlet, d = doublet, t = triplet, m = multiplet and br = broad). 
 

Preparation of 2, [RuCp(PMe3)(MeCN)2
+
 ⊂⊂⊂⊂ Ga4L6].    K12Ga4L6 (240 mg, 67 mmol, 1.05 

equivebo) was dissolved in MeOH (30 mL) under a nitrogen atmosphere – note that K12Ga4L6 is 
slow to dissolve in methanol and this suspension had to be stirred for ~40 minutes to become 
homogeneous.  RuCpPMe3(MeCN)2 (31 mg, 64 µmol) was dissolved in ~1 mL MeCN under a 
glove box atmosphere, yielding a clear, orange solution.  The solution of RuCpPMe3(MeCN)2 
was immediately added to the solution of K12Ga4L6. This mixture was stirred for two minutes, 
becoming mostly homogeneous and pale green in color.  50 mL anhydrous Et2O was then added, 
precipitating a bright yellow powder from solution.  This solution was filtered over a second fine 
frit, and the filter cake was harvested and dried under vacuum, giving 2 as a yellow solid (240 
mg, MW~4000, 90% yield).  1H NMR (500 MHz, D2O): δ  8.01 (d, 12H, ArH, J = 8.0 Hz), 7.53 
(d, 12H, ArH, J = 9.0 Hz), 7.23 (d, 2H, ArH, J = 7.5 Hz), 6.76 (t, 12H, ArH, J = 8.0 Hz), 6.62 (d, 
12H, ArH, J = 8.5 Hz), 6.49 (t, 12H, ArH, J = 7.5 Hz), 6.41 (t, 6H, ArH, J = 7.5 Hz), 2.15 (s, 5H, 
CpH), 1.63 (d, 3H, MeCN, J = 1.5 Hz), 1.24 (d, 3H, MeCN, J = 1.5 Hz), -1.30 (d, 9H, PMe3, J = 
9.5 Hz). 13C{1H} NMR (125 MHz, D2O) δ 169.5, 158.7, 154.9, 133.7, 126.5, 125.8, 118.5, 
117.7, 115.4, 115.0, 114.96, 114.7, 72.11, 14.8, 14.7. 13P{1H} NMR (125 MHz, D2O) δ 1.03. 
Unfortunately, MS data for the host-guest complex was not obtained – only the dissociated 
ruthenium complex and Ga4L6

12- assembly and its components were observed. 
 
Preparation of 1-phenylprop-2-en-1-ol (3c).  To a flame-dried 100-mL round bottom flask was 
added benzaldehyde (1.0 mL, 9.89 mmol) to THF (15 mL).  The solution was cooled to 0 oC and 
a 0.7 M vinyl magnesium bromide solution in THF (21 mL, 14.7 mmol, 1.5 equiv) was added via 
syringe.  The reaction mixture was warmed to 25 oC over two hours.  The reaction mixture was 
then diluted in diethyl ether and quenched with saturated aqueous NH4Cl.  The organic layer was 
washed twice with water (10 mL) and dried over magnesium sulfate.  The solution was filtered 
and concentrated by rotary evaporation to afford the desired product as a clear oil (1.263 g, 95% 
yield). 
 
General procedure for allyl alcohol isomerization by encapsulated ruthenium catalyst 2.  
Under a nitrogen atmosphere, encapsulated catalyst 2 was dissolved in 0.5 mL degassed D2O 
containing 100 mM KDCO3

- buffer at pH 8.0, containing 5 mM p-dioxane as an internal 
standard.  This homogeneous yellow solution was transferred to an NMR tube and sealed with a 
rubber septum and parafilm.  Allyl alcohol substrates were added as a stock solution of 100 mM 
in the aforementioned D2O buffer solution, and were added via syringe.  The reaction was 



CHAPTER 3 
 

67 

 

followed using an AV-500 NMR spectrometer, integrating starting material and product signals 
against an internal standard (p-dioxane).  
 
Decomposition of [RuCp(PMe3)(MeCN)2]PF6 in aqueous solution.  Under a nitrogen 
atmosphere, crystalline orange solid  [RuCp(PMe3)(MeCN)2]PF6 (2.1 mg, 4.3 mmol) was 
suspended in 0.7 mL degassed D2O containing 100 mM KDCO3

- buffer at pH 8.0, containing 5 
mM p-dioxane as an internal standard.  This suspension was stirred for 30 minutes, becoming 
pale yellow in color and remaining heterogeneous.  This suspension was then filtered, and 0.6 
mL was transferred to an NMR tube and sealed with a rubber septum.  This homogeneous yellow 
solution (containing 1 mM 2 and 2.5-7.3 equiv MeCN) was transferred to an NMR tube and 
sealed with a rubber septum and parafilm.  The conversion of the starting complex to another 
unidentified compound was observed over 2 h at 42 °C, with conversion of 68% of the starting 
complex in that time. 
 

Dependence of catalytic rate on acetonitrile concentration.  Under a nitrogen atmosphere, 
encapsulated catalyst 2 (2.2 mg, 0.6 µmol) was dissolved in 0.5 mL degassed D2O containing 
100 mM KDCO3

- buffer at pH 8.0, containing 5 mM p-dioxane as an internal standard.  30-90 
µL of a stock solution of acetonitrile (50 mM) was added, and the mixture was diluted to a total 
volume of 0.6 mL.  This homogeneous yellow solution (containing 1 mM 2 and 2.5-7.3 equiv 
MeCN) was transferred to an NMR tube and sealed with a rubber septum and parafilm.  The 3-
buten-2-ol was added as a 100 mM stock solution in the aforementioned D2O buffer solution via 
syringe.  The reaction was followed using an AV-500 NMR spectrometer, integrating starting 
material and product signals against an internal standard (p-dioxane). The results of these 
experiments are summarized in Table 3.1. 
 
Table 3.1  Effect of acetonitrile buffering on the rate of catalysis by 2 at 42 °C. 

[MeCN] Rate constant (x 10
-5

) 

2.5 mM 12.8 ± 0.1 
3.2 mM 9.45 ± 0.05 
4.2 mM 6.96 ± 0.03 
5.9 mM 5.88 ± 0.05 
7.3 mM 3.85 ± 0.04 
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Dependence of catalytic rate on substrate concentration.  Under a nitrogen atmosphere, 
encapsulated catalyst 2 (22 mg, 5.5 µmol) was dissolved in 4.4 mL degassed D2O containing 100 
mM KDCO3

- buffer at pH 8.0, containing 5 mM p-dioxane as an internal standard.  400 µL of 
this solution was transferred to each of ten NMR tubes.  This solution was then diluted with 
buffer according to Table 3.2. The solutions were then sealed with a rubber septum and parafilm.   
Table 3.2  Preparation of samples for substrate concentration dependence study. 
 
Sample mL 0.5 M 3-buten-2-ol mL buffer [3-buten-2-ol] (mM) [2] (mM) 

1 5 95 5 1.0 
2 10 90 10 1.0 
3 15 85 15 1.0 
4 20 80 20 1.0 
5 25 75 25 1.0 
6 30 70 30 1.0 
7 40 60 40 1.0 
8 50 50 50 1.0 
9 75 25 75 1.0 
10 100 0 100 1.0 

 
 Prior to kinetics measurement, 3-buten-2-ol was added as a stock solution of 0.5 M in the 
aforementioned D2O buffer solution via syringe.  The reaction was followed inside an AV-500 
NMR spectrometer at 42 °C.  Pseudo-first-order rate constants were obtained from the first 10% 
conversion of the substrate.  The results of these experiments are summarized in Table 3.3 and 
Figure 3.9. 
 
Table 3.3  Effect of substrate concentration on the rate of catalysis by 2 at 42 °C. 
 
[3-buten-2-ol] kobs 

5 28.1 ± 0.1 
10 23.8 ± 0.1 
15 27.9 ± 0.1 
20 22.7 ± 0.1 
25 21.1 ± 0.1 
30 19.2 ± 0.1 
40 17.3 ± 0.1 
50 14.8 ± 0.1 
75 12.3 ± 0.1 
100 8.44 ± 0.05 
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Figure 3.9  Effect of substrate concentration on the rate of catalysis by 2 at 42 °C. 
 

Inhibition of catalysis by isopropanol.  Under a nitrogen atmosphere, encapsulated catalyst 2 
(2.2 mg, 0.6 µmol) was dissolved in 0.5 mL degassed D2O containing 100 mM KDCO3

- buffer at 
pH 8.0, containing 5 mM p-dioxane as an internal standard.  3-buten-2-ol (3 mmol) was added as 
a stock solution of 100 mM in the aforementioned D2O buffer solution, and were added via 
syringe.  The reaction was followed inside an AV-500 NMR spectrometer.  The results of these 
experiments are summarized in Table 3.4. 

Table 3.4  Effect of isopropanol concentration on the rate of catalysis by 2 at 35 °C. 

 
 
Sample [3-buten-2-ol] (mM) [isopropanol] (mM) Initial Rate (x 10

-5
 mM

-1
s

-1
) 

1 25 0 24.2 ± 0.1 
2 25 25 24.7 ± 0.1 
3 25 50 24.2 ± 0.1 
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Inhibition of catalysis by allyl methyl ether. Under a nitrogen atmosphere, encapsulated 
catalyst 2 (2.2 mg, 0.6 µmol) was dissolved in 0.5 mL degassed D2O containing 100 mM 
KDCO3

- buffer at pH 8.0, containing 5 mM p-dioxane as an internal standard.  3-buten-2-ol and 
allyl methyl ether were added as stock solutions (0.5 M each), and the mixture was diluted to a 
total volume of 0.6 mL.  This homogeneous yellow solution (containing 1 mM 2) was transferred 
to an NMR tube and sealed with a rubber septum and parafilm.  The reaction was followed inside 
an AV-500 NMR spectrometer.  The results of these experiments are summarized in Table 3.5. 
 
Table 3.5  Effect of acetonitrile buffering on the rate of catalysis by 2 at 35 °C. 
 

 
 

Sample 
[3-buten-2-ol] 

(mM) 

[allyl methyl ether] 

(mM) 

Initial Rate (x 10
-5

 mM
-

1
s

-1
) 

1 25 0 24.7 ± 0.1 
2 25 25 0.0 
3 25 50 0.0 
4 50 0 15.1 ± 0.1 
5 50 2 7.93 ± 0.04 
6 50 25 0.0 
7 50 50 0.0 
8 75 0 12.5 ± 0.1 
9 75 25 0.82 ± 0.06 

 
High-turnover catalysis at low catalyst loading.  Under a nitrogen atmosphere, encapsulated 
catalyst 2 (1.3 mg, 0.38 µmol) was dissolved in 0.7 mL degassed D2O containing 100 mM 
KDCO3

- buffer at pH 8.0, containing 5 mM p-dioxane as an internal standard.  This 
homogeneous yellow solution (containing 1 mM 2) was transferred to an NMR tube and sealed 
with a rubber septum and parafilm.  The amount of catalyst added was verified by 1H NMR 
integration against the internal standard.  3-buten-2-ol (67 µL, 770 µmol) was added via syringe.  
The solution was heated at 50 oC for 15.5 hours, and analyzed by 1H NMR.  High conversion (67 
mmol 3-buten-2-ol remaining, 91% conversion) and good yield of methyl ethyl ketone (413 
mmol, 54% yield, 1070 turnovers) were obtained.  No other products were observed by 1H 
NMR.  
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Introduction 

 Supramolecular host-guest chemistry has emerged as a promising method of affecting a 

variety of organic and organometallic transformations.
1?7

 Host structures act as catalysts by 

promoting reactive conformations or unstable intermediates.
8-13

 Alternatively, hosts can act as 

nanoscale flasks, encapsulating reagents and exerting spatial control over chemical 

reactions.
7,14,15

 In particular, transition-metal complexes contained in a supramolecular capsule 

may exhibit improved stability,
16,17

 discriminate between substrates,
18

 and impart novel 

selectivity to chemical transformations.
19-26

 Examples of enantioselective supramolecular 

catalysts remain rare,
15,27,28

 and encapsulation of transition metal catalysts in chiral 

supramolecular assemblies would be a novel strategy in asymmetric synthesis. This chapter will 

describe the encapsulation of gold(I) catalysts in a chiral supramolecular host, and the catalysis 

of the hydroalkoxylation of allenes using this supramolecular catalyst. 

 Raymond and co-workers have developed tetrahedral supramolecular cluster Ga4L6
12-

  (L 

= N,N’-bis(2,3-dihydroxybenzoyl)-1,5-diaminonaphthalene), 1, and have encapsulated a variety 

of cationic organometallic guests within that assembly (Figure 1).
22,29

 The catalytic ruthenium(II) 

complex discussed in the previous chapter demonstrated that encapsulation of transition metal 

complexes in supramolecular hosts can create high-turnover supramolecular catalysts,
20

 but that 

system was not successfully adapted for use in the resolved Ga4L6
12- 

assembly. As a result, other 

monocationic organometallic complexes were sought for encapsulation within host 1.
16

 As 

gold(I) complexes have been used in a wide range of organic reactions,
30–35

 it was hypothesized 

that the Ga4L6
12-

 cluster would be an ideal host for a catalytically active gold(I) guest. As the 

chiral Ga4L6
12-

 assembly can be resolved,
36,37

 encapsulation of gold(I) complexes within the 

resolved host assembly would yield a chiral supramolecular catalyst. With a goal of developing 

such a chiral catalyst for enantioselective catalysis, a gold(I) species that could both be 

encapsulated in 1 and retain its catalytic activity was sought.
 

 

 

 
 

Figure 4.1 (right) Schematic view of 1 where each edge of the tetrahedron represents a 

bisbidentate ligand and each vertex represents a gallium center. (left) Wireframe model of 1, 

looking down the C3 axis, with metal centers represented by yellow spheres. 
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Encapsulation of Trialkylphosphinegold(I) Cations. First, the affinity of gold(I)-

phosphine complexes (PR3AuX, where X is a halide) for 1 in aqueous solution was tested. As 

encapsulation within 1 favors the protonation of basic species, it was hypothesized that 

encapsulation of R3PAuX would favor dissociation of the anionic ligand to form the cationic 

species R3PAu
+
 despite the strength of the Au-X dative bond. Indeed, when Me3PAuCl or 

Et3PAuCl (1.0 equiv) was combined with the “empty” 1 (1.2 equiv) in D2O or MeOD, 

encapsulation of the gold phosphine cation was observed by 
1
H NMR (Experimental Section, 

Figure 4.10). A representative spectrum of the host-guest complex formed when Me3PAuCl was 

treated with 1 in D2O is shown below in Figure 4.2a. Characteristic of encapsulation, the 

phosphine alkyl peaks are shifted upfield from 1.64 ppm to -1.98 ppm upon exposure to 1. We 

attribute the two overlapping doublets at -2.02 ppm and -1.98 ppm to the encapsulated PMe3Au
+
 

cation and the encapsulated aquo complex, Me3PAu
+
(OH2), respectively. When MeOD is used 

as solvent, peaks corresponding to both the encapsulated and externally-associated gold complex 

are observed (-1.41 ppm and 1.65 ppm, respectively, Figure 4.2b), indicating that the binding 

constant of Me3PAu
+
 to 1 is smaller in methanol than it is in water. To verify dissociation of the 

halide ligand, Me3PAuBr or Me3PAuNTf2 were also exposed to assembly 1, and this yielded 

complexes identical to those generated from Me3PAuCl. This provided strong evidence that the 

counterion is fully dissociated from the encapsulated gold complex (see Experimental Section, 

Figure 4.11 and 4.12).  

 

 
Figure 4.2 Encapsulation of Me3PAu

+
 by 1 in (a) D2O and (b) MeOD. There are residual solvent 

peaks present as 1 is recrystallized from acetone. 

 

a) 

b) 
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 Hydroalkoxylation of Allenes by an Encapsulated Gold(I) Complex. The 

hydroalkoxylation of allenes by gold(I) in organic solvents has been well examined
38–44

 and it 

was hypothesized that this transformation would be an ideal model system for this encapsulated 

catalyst. The allenyl alcohol substrate 2 is significantly soluble in water and is not so large as to 

preclude encapsulation in 1. Although both Me3PAuX and Et3PAuX showed incorporation into 

the supramolecular host under aqueous conditions, [Me3PAu
+ 

⊂ 1]
11-

 (where ⊂ denotes 

encapsulation) was selected for study as the smaller phosphine ligand would leave more space 

inside the host for the substrate coordination.
45

  

The bulk-solution reactivity of Me3PAuX was examined with substrate 2, where X = Cl, 

Br, and NTf2 (Figure 4.3). While Me3PAuCl and Me3PAuNTf2 catalyzed the reaction to high 

conversion (87% and 60%, respectively), Me3PAuBr effected the cyclization in only 11% yield 

after 18 h. The low background reactivity allowed the determination of the effect of 

encapsulation on the catalytic activity of Me3PAuBr in this hydroalkoxylation.  

 

•
OH O2.5 mol% PMe3AuX

H2O, 23 °C, 18 h

NTf2

Cl

Br

87%

60%

11%

X =
2 3

 
 

Figure 4.3 Hydroalkoxylation catalyzed by Me3PAuX.  

 

 When 2 (40.0 equiv) was added to an aqueous solution of [Me3PAu
+ 

⊂ Ga4L6]
11-

, 48% 

conversion of the allene to the desired product was observed after 18 h at room temperature 

(Figure 4.4a). In the presence of Ga4L6
12-

 alone, no reaction was observed with 2 (Figure 4.4b). 

To ensure that the enhanced rate of reaction observed was not due to changes in solvent polarity, 

pH, or counter anion effects upon addition of the anionic assembly,
38

 another control experiment 

with the “blocked” cluster [PEt4
+
 ⊂ 1]

11-
 and free Me3PAuBr was performed (Figure 4.4c).  
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Figure 4.4 (a) Hydroalkoxylation by catalyzed by Me3PAu
+
 ⊂ 1. (b) Background with 1 alone. 

(c) Background reaction with Et4P
+
 ⊂ 1 and Me3PAuBr.  

 

The tetraethylphosphonium cation is very tightly bound
46

 by the Ga4L6 assembly and, not 

surprisingly, no displacement of the bound phosphonium cation by Me3PAu
+
 was observed by 

1
H NMR when [Et4P

+
 ⊂ 1]

11-
 and Me3PAuBr were mixed.

 
When 2 was added to the solution 

containing [Et4P
+
 ⊂ 1]

11-
 and Me3PAuBr, only 11% conversion to the cyclized product was 

observed after 18 h. This experiment demonstrates that the observed rate enchancements cannot 

be attributed to Me3PAu
+
 bound to the exterior of the cluster. Thus, encapsulation in the cluster 

must be responsible for the observed rate enhancement. 

 

 Catalytic kinetics of [Me3PAu
+
 ⊂⊂⊂⊂ 1]

11-
. To measure the rate accelerationin this catalysis, 

the hydroalkoxylation reaction was monitored by NMR in 2:3 MeOD:D2O solvent. The mixed 

solvent system was used because the substrate is soluble up to 16.5 mg/mL in this combination 

and no externally bound or exchanging Me3PAu
+
 was observed by 

1
H or 

31
P NMR. In this 

anaerobic aqueous solution, the [Me3PAu
+
 ⊂ 1]

11-
 complex maintained catalytic activity over six 

days and completely consumed the starting allene (Figure 4.5). Complete conversion to a 4.8:1 

ratio of 3 to 4 was observed, where 4 is a side product from allene isomerization. In contrast, in 

the presence of the [PEt4
+
 ⊂ 1]

11-
 assembly, the gold-catalyzed hydroalkoxylation proceeded 

much more slowly (Figure 4.6). 

a) 

b) 

c) 
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Figure 4.5 Green, blue and gold represent the decay of the SM, formation of 3, and formation of 

4 respectively. Monitoring of hydroalkoxylation reaction of 2, catalyzed by [Me3PAu
+ 

⊂ 1]
11-

.  
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Figure 4.6 Green, blue and gold represent the decay of the SM, formation of 3, and formation of 

4 respectively as catalyzed by Me3PAuBr in the presence of the 
+
PEt4-blocked assembly. 

 

 Monitoring the background reaction of allene 2 with the blocked assembly and 

Me3PAuBr showed that encapsulation of the gold catalyst produces a rate acceleration of a factor 

of 8.0 ± 0.9, based on measured initial rates (see Experimental Section). In addition, the lifetime 

of the catalyst in water was enhanced by encapsulation, as catalyst decomposition is responsible 

for the attenuation of the rate of background reaction after two days. To probe the turnover 

number of the [Me3PAu
+ 

⊂ 1]
11-

 catalyst, 250 equiv of 2 was added to a 2.5 mol % solution of 

the catalyst in 2:3 MeOD:D2O. After 6 days of vigorous stirring of the biphasic mixture, 3 was 

isolated in 27% yield, corresponding to 67 turnovers. While many supramolecular catalysts have 

very limited turnover, this encapsulated gold(I) complex does not require high catalyst loadings 

because of its efficiency. 

 Significantly, although gold(I) catalyzed hydration reactions are well-established,
41,47,48

 

no products from allene hydration were observed despite water being the solvent for this 

catalysis. This was true even when the intramolecular hydroxy nucleophile was protected as the 

methyl ether. Absence of this internal nucleophile did not cause the formation of hydration 
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products. Instead, no conversion of the allenic ether to either the corresponding allyl alcohol or 

ketone was detected (Figure 4.6). While it is possible that this ether was not encapsulated due to 

its increased size, its increased hydrophobicity could make it a more attractive guest for the 

[Me3PAu
+
 ⊂ 1]

11-
 complex. The inertness of this ether in this catalytic system thus highlights the 

ability of 1 to exclude water from the assembly interior in aqueous solution. 

 

 
 

 Figure 4.7 Protection of the internal nucleophile to give hydrated products. No conversion of 

the allenic ether was observed under these conditions. 

 

 The scope of this catalysis was successfully extended by the use of more sterically-

demanding substrate 5 (Figure 4.8). Subjecting this allene to the same reaction conditions 

resulted in 28% conversion to the corresponding hydroalkoxylation product. In the presence of 

the blocked [PEt4
+ 

⊂ 1]
11-

 assembly and PMe3AuBr, substrate 5 only reached 14% conversion 

over eighteen hours. While this demonstrates that the rate acceleration provided by encapsulation 

in 1 is observed for other substrates besides 2, the rate acceleration and conversion are both 

attenuated for this alternate substrate. We attribute this to the greater steric demand of substrate 5 

and the limited size of the interior of 1. 

 

 
 

Figure 4.9 Hydroalkoxylation of substrate 5 by encapsulated and unencapsulated PMe3Au
+
 

cations. 

 

 Conclusions and Outlook. In conclusion, we have shown that phosphine gold 

complexes are readily encapsulated in 1 in both methanol and water. Notably, the encapsulation 

of Me3PAu
+
, generated from Me3PAuBr in water, led to enhancement in catalytic activity in the 

hydroalkoxylation of allenes. This reaction constitutes the first example of a gold-catalyzed 

process for which both the reactivity and lifetime of the catalyst are enhanced by supramolecular 

encapsulation. This work establishes that encapsulation of transition metal catalysts need not be 

detrimental to their activity, and that this can be a route to active catalytic species. Moreover, 

while aqueous gold-catalyzed hydration reactions have been previously described, encapsulation 

provides an opportunity to catalyze processes in water other than hydration. Furthermore, 

aqueous supramolecular hosts offer the opportunity to bring homogeneous transition metal 

catalysts from organic solvent to aqueous solution as a route to novel, green chemistry. 
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 A major goal in the extension of this chemistry will be the development of 

enantioselective reactions catalyzed by gold(I) cations encapsulated in this chiral supramolecular 

assembly. Currently, the resolution of the enantiomers of assembly 1 requires a weakly-bound 

cationic guest (NMe4
+
) to stabilize the host configuration. Unfortunately, the 

trialkylphosphinegold(I) cations employed here are not bound strongly enough to compete with 

NMe4
+
 for the active site of Ga4L6

12-
. Efforts to use the published route

36
 to obtain the empty, 

resolved ΛΛΛΛ-K12Ga4L6 were also unsuccessful, as this procedure uses KI to replace the 

NMe4
+
 cations and residual iodide leads to the formation of unstable gold iodides. The 

development of chiral hosts for organometallic catalysts is thus an important target in 

supramolecular catalysis. The development of more strongly-bound organometallic guests may 

offer the opportunity to replace the NMe4
+
 cation and create chiral, supramolecular catalysts 

based on transition metal complexes. 

 In combination with the work on an encapsulated ruthenium catalyst presented in Chapter 

3, this work has demonstrated that encapsulated transition metals can be active, efficient 

catalysts. Encapsulation can impart selectivity between substrates based on size and shape, and 

now implementing enantioselective versions of these transformations is an important goal. As 

the aza-Cope rearrangement studied in Chapter 2 demonstrates the capability of the M4L6
12-

 

assemblies to render reactions enantioselective, these chiral tetrahedra show particular promise 

for the development of asymmetric versions of these catalytic transformations. Incorporation of 

transition metal catalysts into the enantiopure host is thus a priority in the expanded use of 1 in 

asymmetric catalysis. 
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Experimental: 

 General. All reagents and solvents were obtained from commercial suppliers and used 

without further purification, unless otherwise specified. All air-sensitive reactions were carried 

under positive N2 pressure in a glove box with degassed solvent. 
1
H and 

31
P{

1
H} NMR spectra 

were recorded with Bruker AV-500, AV-600, and DRX-500 spectrometers relative to residual 

protonated solvent resonances. Mass spectra of the clusters were measured in negative ion mode 

using a quadrupole time-of-flight mass spectrometer (Qtof Premier, Waters, Milford, MA) 

equipped with an electrospray ionization source. The ion source voltages were adjusted for 

optimum mass spectral signal of the cluster ions of interest prior to recording data. 

 Gold bromide complexes were prepared as reported by Brenzovitch
1
 and used without 

further purification. Gold triflamide complexes were prepared as described by Gagosz.
2
  

Substrate 2 (6-methylhepta-4,5-dien-1-ol) was prepared by the method described by 

Widenhoefer.
3
 Substrate 5 was prepared by the method described by Mikami.

4
 The “empty” host 

assembly, K12[Ga4L6] (1) was prepared using modified literature procedures.
5
 All flash 

chromatography was performed on Merck 60 silica gel (32-63 µm). Thin-layer chromatography 

(TLC) analysis was performed using Merck silica gel 60 F254 TLC plates, and visualized by 

staining with I2, UV, anisaldehyde, and/or potassium permanganate. 

 

 Encapsulation of PR3AuX. General Procedure: To a vial containing cluster 1 (1.2 equiv) 

and PR3AuX (1.0 equiv) as solids, water and/or methanol was added under N2. The solution was 

stirred vigorously at room temperature for 30 min, before spectroscopic measurements were 

taken. 
1
H NMR data from the reaction of 1 with various PMe3Au

+
 sources are depicted in Figure 

4.10 and data from 1 with PR3AuCl in MeOD are shown in Figure 4.11. 
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Figure 4.10 Proton and 

31
P NMR of reaction of 1 (12.0 mg, 0.00333 mmol) with PMe3AuNTf2 

(1.5 mg, 0.0028 mmol). 
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Figure 4.11 Proton and 

31
P NMR of reaction of 1 (12.0 mg, 0.00333 mmol) with PMe3AuCl (0.9 

mg, 0.0028 mmol) in 0.6 mL D2O. 
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Figure 4.12 Proton and 

31
P NMR of reaction of 1 (12.0 mg, 0.00333 mmol) with PMe3AuBr (1.0 

mg, 0.0028 mmol) in 0.6 mL D2O. 
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Figure 4.13 Reaction of 1 (14.1 mg, 0.00392 mmol) with PMe3AuCl (1.0 mg, 0.0033 mmol) in 

0.6 mL MeOD. 

 

Figure 4.14 Reaction of 1 (14.1 mg, 0.00392 mmol) with PEt3AuCl (1.2 mg, 0.0033 mmol) in 

MeOD. 

  



CHAPTER 4 

 

87 
 

 

Procedure for hydroalkoxylation of 2 catalyzed by [PMe3Au
+
 ⊂⊂⊂⊂ 1]

11-
. A vial was charged 

with PMe3AuX (1.0 equiv) and 1 (1.2 equiv) in a glove box under N2 atmosphere. Deuterated 

solvent was added and the solution was stirred vigorously for 30 min at 23 ºC. The solution was 

transferred to a sealed NMR tube and a 
1
H NMR spectrum was recorded to ensure encapsulation 

had occurred. The sample was then brought back into the glove box and the solution was filtered 

through a microfilter fiber directly into a vessel containing the substrate. The reaction was stirred 

at room temperature for the specified time and the products were extracted with 1 mL water and 

1 mL CDCl3. The organics were dried and the percent conversions reported reflect the ratio of 

starting material to products in the organic extracts.
6
 To obtain isolated yields and to confirm the 

identity of the product, the CDCl3 solution was concentrated and the resulting residue was 

chromatographed on SiO2 using 1:9 Et2O:pentanes as eluent. Proton NMR of the isolated product 

matches that reported in the literature.
3
 
1
H NMR (CDCl3, 600 MHz): δ 4.51 (t, J = 7.3 Hz, 1H), 

3.90 (q, J = 5.5 Hz, 1H), (q, J = 7.3 Hz, 1H), 3.75 (q, J = 5.5 Hz, 1H), 2.06 – 2.00 (m, 1H), 2.00 

– 1.95 (m, 1H), 1.95-1.89 (m, 1H), 1.75 (s, 3H), 1.72 (s, 3H), 1.57 – 1.51 (m, 1H). 

 

 
 

Monitoring the catalysis of hydroalkoxylation of 2 by [PMe3Au
+
 ⊂⊂⊂⊂ 1]. Following the general 

procedure above, 1 (14.8 mg, 0.0041 mmol) and PMe3AuBr (1.2 mg, 0.0034 mmol) were 

combined in 0.4 mL MeOD and 0.6 mL D2O. The solution was stirred vigorously for 30 min 

then filtered into an NMR tube containing 2 (17.3 mg, 0.137 mmol) and internal standard (iPrOH 

or dioxane, 0.0686 mmol). The NMR tube was sealed with parafilm and Teflon tape and the 

reaction mixture was shaken vigorously until a homogeneous mixture was reached. The reaction 

mixture was stored at 23 ºC and monitored via point kinetics for 140 h by 
1
H NMR. The percent 

conversion calculated at each time point is based on relative integration to the internal standard. 

  

 
 

Monitoring catalysis by PMe3AuBr in the presence of [PEt4
+
 ⊂⊂⊂⊂ 1]

11-
. To an NMR tube 

containing PMe3AuBr (1.2 mg, 0.0034 mmol) and K11[PEt4
+
 ⊂ 1] (15.1 mg, 0.0041 mmol), 0.4 

mL MeOH and 0.6 mL D2O were added, followed by 2 (17.3 mg, 0.137 mmol). The tube was 

sealed under N2 and the reaction mixture was monitored via point kinetics for 123 h by 
1
H NMR. 
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The percent conversion calculated at each time point is based on relative integration to the 

internal standard. 

 

Calculation of Relative Rates. Using the method of intial rates, we plotted the percent 

conversion of the reaction from 0-12% conversion vs. time (h). As [2] ≈ [2]0 at low conversion, 

the slope of the graphs below are directly proportional to the relative rate constants for the two 

reactions (Figure 4.15, for the hydroalkoxylation catalyzed by [PMe3Au
+
 ⊂ 1]

11-
 and Figure 4.16 

for the background reaction). As the reactions are run at the same concentration of gold and 2, 

taking a ratio of the two slopes provided us with a relative rate of 8.0 ± 0.9, as an average of 3 

independent runs.  

 

 
Figure 4.15 Plot of percent conversion at various intervals at the beginning of the reaction 

catalyzed by [PMe3Au
+
 ⊂ 1]

11-
. 

  
 

Figure 4.16 Plot of percent conversion at various intervals at the beginning of the reaction 

catalyzed by PMe3AuBr in the presence of [PEt4
+
 ⊂ 1]

11-
. 

 

Mass Spectrometry. Mass spectrometry was carried on a Q-TOF Premier Spectrometer 

equipped with electrospray ionization source in negative ion mode. The sample was prepared by 

combining PMe3AuBr (1.0 equiv) and 1 (1.75 equiv) in 2:3 MeOH:H2O to obtain a 3mM 
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solution in gold. The solution was stirred vigorously at room temperature under N2 atmosphere 

for 30 min then filtered through a 20 µm filter before injection onto the mass spectrometer 

(Figure 4.17). Multiple charged states of [PMe3Au+ ⊂ 1]
n-

 are observed, corresponding to the 3-, 

4-, and 5- ion groups. The base peak corresponds to GaL2
2-

. Agreement with the theoretical mass 

distributions is excellent (Figure 4.18). 
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Figure 4.17 (top) Full view of the ESI mass spectrum. (bottom) Mass spectrum of the 3- and 4- 

ion groups corresponding to free 1 and [PMe3Au
+
 ⊂ 1]

11-
, as labeled. The major clusters of peaks 

in each group correspond to varying combinations of K
+
 and H

+
 associated with 1.  
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Figure 4.18 a) Theoretical (top) and observed (bottom) masses for [(PMe3Au

+
 ⊂ 1)K6H2]

3-
. (b) 

Theoretical (top) and observed (bottom) masses for [(PMe3Au
+
 ⊂ 1)K6H1]

4-
. 
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