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Abstract 

Gold catalysis exhibited exceptional reactivity, great selectivity, and high functional 

group compatibility in a variety of organic transformations, which has been developed 

rapidly in recent decades. Compared to the extensively studied asymmetric gold(I) 

catalysis, the development of asymmetric gold(III) catalysis is still in its infancy. Several 

pioneering works have highlighted the potential of using chiral gold(III) complexes as 

effective catalysts in enantioselective transformations. In spite of these advances, 

literature examples with enantioselectivity above 90% ee are limited. Therefore, the 

development of new chiral gold(III) complexes is of significant interest to achieve high 

enantioselectivity in asymmetric gold catalysis. On the other hand, amphiphilic design of 

gold(III) complexes was independently reported showing the self-assembling abilities of 

the cyclometalated gold(III) complexes and was highly responsive to slight changes in 

molecular structure and resulting supramolecular nanostructures. However, compared 

with the well-developed organic amphiphiles, the luminescent properties, 

cytocompatibilities and chiral supramolecular assembly of gold(III) amphiphile systems 

are yet unknown. 

 In chapter 1, the scientific background of homogeneous gold catalysis, chemistry of 

gold(I) and gold(III) complexes, development of asymmetric catalysis and our previous 

works on development of gold(III) complexes were introduced. In addition, the 

introduction of supramolecular chemistry and luminescent properties of self-assembled 

metal complexes were described. 

In chapter 2, a new synthetic strategy for the development of optically pure C,O-chelated 

oxazoline-based BINOL/gold(III) complexes through diastereomeric resolution was 
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reported. Using inexpensive enantiopure BINOL as the chiral resolving agent, the 

diastereomers of the chiral BINOL/gold(III) complexes could be easily resolved and 

purified through simple filtration in high yield. Moreover, the gram scale optical 

resolution of enantiopure chiral gold(III) dichloride complexes was established. Besides, 

the gold(III)-mediated chiral resolution of BINOL derivatives was demonstrated to afford 

optically active BINOLs in good to excellent yields (overall 77 – 96%) with high optical 

purity up to 99% ee. In addition, the catalytic activity of this new class of C,O-chelated 

oxazoline-based BINOL/gold(III) complexes was examined which achieved asymmetric 

carboalkoxylation of ortho-alkynylbenzaldehydes in excellent enantioselectivity up to 

99% ee. 

In chapter 3, an advanced supramolecular assembly system of luminescent 

amphiphilic C^N-chelated alkynyl gold(III) complexes with biocompatibility in aqueous 

media was demonstrated. The amphiphilic nature of the gold(III) complexes arising from 

the hydrophilic charged quaternary ammonium ion connected with the hydrophobic 

cyclometalated gold(III) core by an alkyl-linker improved the aqueous solubility. The 

alkynyl ligands as the strong σ-donor greatly enhanced the ambident luminescent 

properties of these gold(III) amphiphiles. Moreover, these gold(III) amphiphiles self-

assembled into nanostructures in aqueous media showing high aspect ratio. The reversible 

supramolecular assembly transformation was observed by changing the packing 

parameters through counterion exchange process. Cytocompatibilities of gold(III) 

amphiphiles in aqueous media was studied showing limited cytotoxicity at low 

concentration. 
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In chapter 4, the first example of the chiral cyclometalated gold(III) amphiphile (GA) 

was demonstrated with supramolecular assembly in aqueous media. The amphiphilicity 

of the chiral oxazoline gold(III) complex arise from connected the hydrophobic gold(III) 

core to a hydrophilic charged quaternary ammonium ion with an alkyl-linker which 

improved the aqueous solubility. The chirality was transferred from the chiral oxazoline 

moiety to the resulting supramolecular nanostructures. The counterion induced 

supramolecular transformations were demonstrated by the addition of D-, L-, or racemic-

camphorsulfonates. Cytocompatibility of GA in aqueous media was shown with limited 

cytotoxicity. 
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Chapter 1 Introduction 

1.1 History of Homogeneous Gold Catalysis 

 Gold has been widely used in jewelry, arts, bullion and coinage for several thousands 

of years due to its tempting bright yellow color and unusual stability against air and 

moisture. Despite the ubiquity of metallic gold in public culture, it was traditionally 

considered as catalytically inactive and underestimated for a long time until the accidental 

discovery of catalytic active gold nanoparticles in 1980s.1 In 2000, homogeneous gold 

catalysis was initiated by Hashmi et al. and, since that, has received remarkable attention 

with widespread applications in organic transformations.2 

Only limited literature of homogeneous gold catalysis can be found before 21st 

century. The discovery of homogenous gold catalysis can be traced back to the first 

notable example of gold(I) catalyzed asymmetric aldol reaction reported by Ito and 

Hayashi et al. in 1986.3 The next major breakthrough was made by Fukuda and Utimoto 

in 1991 that demonstrated the nucleophilic addition reaction of alkynes using gold(III) 

salts to produce ketones, ketals, or cyclic imines, which set up the basis for the majority 

of the following developments of homogeneous gold catalysis.4 In 1998, Teles et al. 

reported the highly efficient gold(I) catalyzed ketalization of alkynes with excellent 

turnover number (TONs) and turnover frequency (TOFs).5  

In the beginning of 21st century, a crucial step for homogeneous gold catalysis was 

initiated by Hashmi et al. who reported the intramolecular addition of alcohols to alkynes, 

and intermolecular addition of arenes onto allenes and alkenes in 2000.6 The other major 

discovery made in 2000 from the same group was cycloisomerization of furan-ynes using 

gold(III) catalysts.7 Started from 2003, several research groups extended the potential of 
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homogeneous gold catalysis in organic synthesis based on these successful initial results. 

The reactivities of gold catalysts towards a variety of organic transformations were 

subsequently discovered and extensively attracted the interest of organic synthetic 

chemists.8 A “gold rush” has been witnessed that the remarkable number of studies and 

review articles that have emerged since 2006, showing gold salts and complexes as the 

powerful catalysts for efficient and selective organic transformations.9  

 

1.2 Chemistry of Gold 

Gold, as a group 11 metal, exhibits exceptional stability in its elemental state. 

Despite its elemental form, various oxidation states ranging from -1 to +5 are accessible. 

Among them, gold species with the oxidation states of 0, +1 and +3 are mainly applied in 

chemistry. Gold(I) compounds with d10 electron configuration show the linear 

coordination geometry with two coordination sites. Gold(III) compounds, similar to other 

d8 heavy transition metal ions, display a square-planar coordination geometry that shows 

distinctly different reactivity to gold(I) compounds. 

Gold(I) and gold(III) catalysts have been demonstrated as strong carbophilic Lewis 

acid that is capable to activate carbon-carbon π-bonds including alkenes, alkynes, and 

allenes towards nucleophilic addition, allowing the formation of carbon-carbon, carbon-

nitrogen, carbon-oxygen, carbon-sulfur bonds, as shown in Figure 1.1.2c Among them, 

alkynes are the best substrates for homogeneous gold catalysis which dominate the 

majority of gold catalyzed transformations in the literature.9 Since gold(III) species are 

unstable towards reduction, their applications in organic transformations are much less 

then gold(I) species. Compared to other Group 11 metals, cationic gold(I) species exhibit 
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a superior Lewis acidity for organic transformations, providing selective activation of 

carbon-carbon π-bonds under soft reaction conditions with remarkably high functional 

group tolerance,9i, 10 which attribute to relativistic effects.11  

 

Figure 1.1 Activation of C-C multiple bonds by gold species towards nucleophilic 

addition.2c 

 

1.2.1 Relativistic Effects 

Relativistic effects are the important factor affecting the electronic structure of heavy 

elements as well as the post-lanthanide elements, especially for gold having the most 

“relativistic” as compared to other elements along the row in periodic table (Group 1 to 

Group 18), as shown in Figure 1.2.12 In chemistry, relativistic effects associate with all 

electrons moving close to a heavy nucleus. A heavy nucleus, containing a large number 

of protons, has a very high nuclear charge that largely attracted the closer electrons 

leading to high-speed approaching to speed of light. When the speed of particles 
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(including electrons) approach to the speed of light, their mass will increase, which called 

“relativistic mass” and can be expressed mathematically by the equation 𝑚 =

 𝑚𝑜/√1 − (
𝑣

𝑐
)2, where m refers to relativistic mass, m0 as non-relativistic mass, v as 

velocity, and c as speed of light. For those elements with atomic number Z > 70, the speed 

of their 6s electron becomes not negligible leading to a significant increase of relativistic 

mass, but less important for electrons in p or d orbitals. Since Bohr radius of s orbital 

decreases as the mass of electrons increases, the 6s orbital contraction occurs. The 

contraction of these orbitals leads to the strong shielding effect on nuclear attraction, 

resulting in expansion and destabilization of 5d orbital.11-13 A well-known example 

explaining the relativistic effects on the 6th row elements is the comparison between silver 

and gold, which are the 5th and 6th row elements respectively in the same Group of 

periodic table. Based on the calculation of orbital energies of Ag and Au with the absence 

of relativity, the non-relativistic 4d and 5s orbital energies of Ag are close to the non-

relativistic 5d and 6s orbital energies of Au, while they are significantly different in the 

presence of relativity.14 
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Figure 1.2 The ratio of relativistic (<r>R) and nonrelativistic (<r>NR) 6s-shell radii of 

the elements bearing Z = 55 – 100.12 

1.2.2 Gold(I) Chemistry 

Gold(I) complexes were commonly synthesized in the form of L-Au-Cl, where L are 

frequently encountered phosphine and carbene ligands, and sometimes phosphite and 

phosphoramidite. This gold(I) chloride complexes are the pre-catalysts which are not 

active for catalysis without the use of activator. Silver salts are commonly used as co-

catalyst to in-situ generate the catalytically active form, cationic gold(I) species [LAu]+ 

as shown in Figure 1.3.2c For gold(I) species, as a consequence of the relativistic effects, 

the contracted 6s orbital as well as the lowest unoccupied molecular orbital (LUMO) is 

relatively low. This low-lying LUMO of gold(I) species therefore provides strong Lewis 

acidity. In addition, due to the greater shielding effect from the electrons in the contracted 

s and p orbitals, the 5d orbital is expanded leading to a weaker nuclear attraction and 

higher degree of delocalization. The activated form, cationic gold(I) species [LAu]+ 

therefore diffuse positive charge over the expanded large orbital, making [LAu]+ as a 
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“soft” Lewis acid with high carbophilicity towards “soft” π-bonds. The contraction of 6s 

orbital also affects the L-Au(I) bond in which the covalent radius of gold(I) species is 

much shorter than that of silver(I) species. On the other hand, the aurophilicity, gold(I) 

species tending to interact with the neighboring gold(I) centers to give multi-metallic 

aggregates, is also a consequence of relativistic effect.11-13, 15 

 

Figure 1.3 Activation of gold(I) chloride complex L-Au-Cl. 

 

1.2.3 Gold(III) Chemistry 

For gold(III) species, the relativistic effects are less important as the relativistic L-

Au(III) bond length contractions is not obvious. Compared to the significantly different 

covalent radius between AgI/AuI pair, silver(III) and gold(III) have very similar covalent 

radius.16 This reduced relativistic effects on gold(III) species is also observed as the 

aurophilicity is almost absent.17 Compared to the “soft” carbophilic gold(I) species 

favoring “soft” atom like P and S, gold(III) species bearing high positive charge is more 
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electrophilic and relatively “hard” which bind to “hard” atom like O and F, showing 

higher oxophilicity in nature.  

 Homogenous gold catalysis has a short developmental history compared to the well-

studied platinum, a neighbor metal in periodic table. Due to the similar catalytic process, 

the gold-mediated reaction mechanism was often referred to the well-known platinum- or 

palladium- catalyzed reaction mechanism.18 Despite the similar reactivities in some of the 

reactions, they have significantly different redox potentials. The redox potentials of 

AuIII/Au0 (1.52 V), AuI/Au0 (1.83 V), and AuIII/AuI (1.36 V) are much more positive than 

PtII/Pt0 (1.19 V) and PdII/Pd0 (0.91 V) under standard conditions, meaning that gold(III) 

species is unstable towards reduction as compared to platinum(II) and palladium(II).19 

This instability of gold(III) species therefore leads to the challenges in the development 

of stable and reactive gold(III) complexes, as compared to the extensively studied 

homogenous gold(I) catalysis. To modify the redox potentials of gold(III) species, the 

selection of ligands plays a prominent role in stabilizing the gold(III) complexes against 

reduction. Particularly, chelating bidentate and pincer tridentate ligands are mostly used 

as stabilizing ligand in gold(III) chemistry.20 To date, numerous well-defined gold(III) 

complexes have been developed for homogeneous gold(III) catalysis.9r 

 

1.3 Asymmetric Gold Catalysis 

 Over the past two decades, homogeneous gold catalysis has been rapidly developed 

owing to the exceptional Lewis acidity of gold complexes for activation of carbon-carbon 

π-bonds towards nucleophilic addition.9, 21 This unique reactivity of gold apart from other 

transition metal arises from the soft carbophilic nature, which establishes the promising 
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contender for transition metal catalysis. Despite the plethora of homogeneous gold-

catalyzed organic transformations have been reported, this upward trend did not extend 

to enantioselective version. Although the first example of homogeneous gold catalysis 

was a highly enantioselective organic transformation reported in 1980s, the initial 

development of asymmetric catalysis was slow.3 In the first decade of the 21st century, 

“gold rush” started leading to the tremendous growth in the field, but the examples of 

enantioselective gold catalysis were still limited due to the linear geometry of gold(I) 

complexes.11, 13a, 22 In asymmetric transition metal catalysis, chiral ligand is of critical 

importance for transferring chiral information to the incoming substrate bound to the 

metal center. However, as shown in Figure 1.4, the linear geometry of gold(I) complexes 

positioned the chiral ligand and substrate on opposite sides of the metal center, rendering 

the inherent difficulties of chiral induction. Given the followed outer-sphere nucleophilic 

addition occurred at the back of the substrate, the transformation of chiral information 

from ligand to the reactive center would be even more difficult, making high challenges 

to achieve enantioselective gold(I) catalysis. As a result, simple chiral ligands are not 

suitable for gold(I) catalysis since they usually provide poor chiral induction. The rational 

ligand design is therefore inevitable to tackle this problem. 
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Figure 1.4 Chiral induction by gold(I) catalysis. 

 

1.3.1 Asymmetric Gold(I) Catalysis  

In the past few years, several strategies of novel chiral phosphine and carbene 

ligands for chiral gold(I) complexes have been developed to achieve enantioselective 

gold(I) catalysis.23 There are mainly four systems achieving high enantioselectivity, 

including axially chiral digold complexes, bulky chiral ligand or helical ligands, chiral 

counterions, and merging gold with organocatalysts as shown in Figure 1.5.24 Binuclear 

gold catalysis is one of the most powerful strategies achieving high enantioselectivity. 

Since gold(I) complexes favor linear coordinating mode, the use of chiral diphosphine 

ligand, a powerful ancillary ligand to induce chiral environmental, may tend to adopt the 

binuclear chiral gold complexes providing a second phosphine gold center, which is 

important for chiral induction.23g Chiral bulky monophosphine ligands or helical ligands, 

are also employed for asymmetric gold(I) catalysis providing good enantioselectivity.25 

Nevertheless, considering the difficulties to construct a chiral induction space, dinuclear 

gold(I) catalysts demonstrate more controllable enantioselectivity in most of the cases.24j 

The use of achiral cationic gold(I) catalysts coupled with chiral counterion is an 
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alternative strategy to achieve high enantioselectivity. The more-coordinating anions, 

such as benzoates and tosylate, were shown to have positive effects on the late-stage gold 

catalytic cycle as well as the protodeauration stage to control the chemo-, regio, or 

stereoselectivity.24i Moreover, merging gold with organocatalysis is a promising strategy 

in gold-catalyzed asymmetric transformations. Although asymmetric organocatalysis has 

shown to participate in a broad range of enantioselective transformations, extending to 

new chemistry areas is difficult due to the challenges in the activation of inactive chemical 

bonds. In contrast, metal complexes are frequently used to activate a wide range of 

inactive chemical bonds, especially for those chemically inert bonds (e.g. C-H bond). By 

merging gold metal complexes and chiral organocatalysts, an alternative strategy 

combining the advantages of the two catalysts is achieved to create new asymmetric 

transformations.24g 

 

Figure 1.5 Enantioselective gold(I) catalysis strategies. 
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1.3.2 Asymmetric Gold(III) Catalysis  

Gold(III) complexes adopting square planar geometry, similar to the known chiral 

platinum(II) and palladium(II) complexes, are very appealing to overcome the limitations 

of linear gold(I) complexes in asymmetric catalysis. The chiral ligands in square planar 

manner are placed in close proximity to reactive site, allowing high efficiency and 

controllable in chiral induction (Figure 1.6). However, the development of asymmetric 

gold(III) catalysis is still in their infancy as compared to the extensively studied 

asymmetric gold(I) catalysis.26 The high oxidation potential of gold(III) species is prone 

to reduction under catalytic conditions which is less stable than gold(I) complexes and 

other d8 transition metal complexes, limiting the development of stable and reactive 

gold(III) complexes.27 Incorporating the electron-rich ligands, such as tertiary amine, to 

the gold(III) center may lead to destabilization and undergo reduction, while the less 

electron-rich ligands like Schiff base and N-heterocyclic carbenes (NHC) provide 

stability to gold(III) complexes.9r, 20, 28 However, highly stable complexes reflect poor 

catalytic activity. It is difficult to strike a proper balance between stability and activity. 

Nevertheless, more than hundred well-defined chiral gold(III) complexes have been 

reported since 2005 and showed that chelating ligands play the significantly important 

role in stability and activity. A few examples demonstrated the ability of chiral gold(III) 

complexes to achieve high enantioselective catalysis.27b 
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Figure 1.6 Chiral induction of gold(I) and gold(III) complexes. 

In 2015, Toste et al. reported a novel NHC-gold(III) complex which was stabilized 

by chelating with a biphenyl ligand.29 The chloro ligand of this stable complex is able to 

be activated using silver salt to in situ generate a vacant site available for substrate binding. 

From the structural point of view, the chloride group is much closer to the NHC ligand as 

compared to the conventional linear NHC-gold(I) chloride complex, which shows the 

potential in chiral induction with the use of chiral ligand (Scheme 1.1a). In 2017, the 

chiral version of NHC-biphenyl gold(III) complexes were designed by the same group 

which was able to catalyze an enantioselective cycloisomerization of 1,5-enynes 

providing the reaction product bicyclohexences with high enantioselectivities up to 90% 

ee and s-factor up to 48 (Scheme 1.1b).30 This cycloisomerization is the 

enantioconvergent kinetic resolution of racemic 1,5-enynes, meaning that the remaining 

starting material 1,5-enyne after reaction was enantioenriched. 
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Scheme 1.1 (a) Synthesis of NHC-biphenyl gold(III) complex; (b) gold(III) 

catalyzed enantioconvergent kinetic resolution of 1,5-enynes. 

In 2020, Toste’s group adopted a new chiral NHC-biphenyl gold(III) complexes with 

imidazolium- and triazolium- ligands which enabled the enantioselective γ,δ Diels–Alder 

reaction between cyclopentadienes and 2,4-dienals.31 The initial attempt of using the 

NHC-gold(III) complexes with C2 symmetric imidazolium ligand afforded low 

enantioselectivity. Later on, the unsymmetric version of NHC-gold(III) complexes with 

triazolium ligands incorporating a morpholine scaffold was further developed (Scheme 

1.2a). The computational studies were conducted and the result revealed that the 

enhancement in chiral induction was attributed to the stabilization of lowest energy 

transition by two attractive non-covalent π-π interactions between substrate and ligand 

(Scheme 1.2b). The use of gold(III) complex bearing a 2-chloro-naphthyl substituent 

afforded the reaction product with excellent enantioselectivity 98% ee.  
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Scheme 1.2 (a) Chiral imidazolium- and triazolium- ligands; (b) Gold(III) 

catalyzed enantioselective Diels-Alder reaction. 
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1.4 Our Previous Works on the Development of Gold(III) Complexes 

In 2009, our group reported a class of square planar cyclometalated C,N-chelated 

gold(III) complexes using typical ligands as shown in Figure 1.7. These gold(III) 

complexes could catalyze the three-coupling reactions of aldehydes, amines and 

alkynes.32 

 

Figure 1.7 Square planar cyclometalated C,N-chelated gold(III) complexes. 

In 2013, our group reported two bis-cyclometalated C,N-chelated gold(III) 

complexes using 2-phenylquionline ligand and 3-phenylisoquinoline ligand respectively 

(Scheme 1.3a).33 Compared to the conventional square planar gold(III) complexes, the 

bis(2-phenylquionline)gold(III) complex exhibited a distorted square planar geometry 

with a dihedral angel of 43˚, possibly due to the steric repulsion between two quionline 

moieties (Scheme 1.3b). These two gold(III) complexes could the catalyze 

propargylamine formation through the three-coupling reaction. Notably, the bis(2-
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phenylquionline)gold(III) complex with the distorted square planar geometry showed 

significantly higher catalytic activities than the bis(3-phenylisoquinoline)gold(III) 

complex.  

 

Scheme 1.3 (a) Bis-cyclometalated C,N-chelated gold(III) complexes; (b) Crystal 

structure of the bis(2-phenylquinoline)gold(III) complex. 

In 2017, our group reported the synthesis of oxazoline-based C,N-chelated 

cyclometalated gold(III) dichloride complexes.34 By substituted the two chloro ligands to 

a BINOL ligand, a series of C,N-chelated cyclometalated gold(III) complexes were 

developed. Interestingly, instead of the conventional O,O’-chelation mode, the unique 

C,O-chelation mode attributed to the enol-keto tautomerization of the BINOL ligand was 

observed. The BINOL ligand underwent axial-to-central chirality transfer to generate the 

novel C,O-chelated oxazoline-based BINOL/gold(III) complexes. Notably, as compared 

to the original gold(III) dichloride precursor, this kind of BINOL/gold(III) complexes 
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offered high stability against air, moisture and light, which could be stored under ambient 

conditions. Following the synthetic protocol, around 50 of these stable C,O-chelated 

BINOL/gold(III) complexes could be readily prepared using a variety of C,N-chelated 

gold(III) dichloride precursors matching with 3,3’- and 6,6’-disubstituted BINOL ligands 

(Scheme 1.4a). The performance in asymmetric catalysis was examined using a chiral 

oxazoline-based BINOL/gold(III) complex, in which the enantioselective 

carboalkoxylation of ortho-ethnylbenzaldehyde was achieved in the presence of methanol 

and camporsulfonic acid, affording 3-alkoxy indanones as the reaction product with 

moderate yield and enantioselectivity (52% yield, 41% ee) (Scheme 1.4b). In this work, 

despite the moderate enantioselectivity, this result was a very early example showing the 

potential of rationally designed stable gold(III) complexes in asymmetric catalysis. 

 

Scheme 1.4 (a) Synthesis of C,O-chelated oxazoline-based BINOL/gold(III) complexes; 

(b) gold(III) catalyzed enantioselective carboalkoxylation of ortho-ethnylbenzaldehyde. 
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On the basis of the previous results, in 2019, our group reported another class of 

chiral gold(III) complexes using similar synthetic protocol but replacing BINOL ligand 

with 4,4’-biphenol ligand.35 Unlike BINOL ligand, O,O’-chelation mode was observed 

due to the absence of tautomerization and a variety of chiral O,O’-chelated biphenol 

oxazoline-based gold(III) catalysts were successfully synthesized. To study the ligand 

effect on the reaction enantioselectivity, asymmetric carboalkoxylations was performed 

using a series of chiral C,O- and O,O’-chelated oxazoline-based gold(III) catalysts 

(Scheme 1.5a). The results indicated that BINOL or biphenol ligands contributed a little 

effect to the reaction enantioselectivity. In contrast, a wide range of enantioselectivity 

between 19% and 90% ee was obtained through modifying the steric bulkiness of the 

chiral oxazoline group, revealing that the enantioselectivity was significantly affected by 

the oxazoline ligand. The reaction product 3-methoxyindanone with the highest 

enantioselectivity (90% ee) was achieved using the biphenol/gold(III) complex with a 

1,3,5-trimethylphenyl substituent on the oxazoline moiety.  

A mechanistic study was performed for study of the enantiodetermining step. We 

proposed that the presence of sulfonic acid may cause the photodeauration with only one 

oxygen of the biphenol ligand. Due to higher trans-effect of carbon than nitrogen, the Au-

O bond trans to Au-C bond was weaker than that trans to Au-N bond. The vacant site 

was therefore placed in close proximity to the chiral oxazoline moiety that enhance the 

chiral induction. For the mechanism of the carboalkoxylation reaction, the alkyne group 

of the substrate was first activated by gold(III) catalyst followed by intramolecular 

nucleophilic addition. The cyclic acetal intermediate then underwent Petasis-Ferrier 

rearrangement to generate oxonium ion and the following 5-exo-trig cyclization was 

proposed to be the enantiodetermining step. The less sterically hindered transition state 



19 

 

of the intramolecular nucleophilic addition onto the oxonium intermediate afforded the 

major product enantiomer (Scheme 1.5b). 

Toste and our group showcased the potential application of chiral gold(III) catalysts 

in enantioselective transformations. However, despite these advances, the 

enantioselectivity was rarely achieved exceeding 90% ee in most of the cases.26, 27b 

Therefore, it is of ongoing interest in developing new chiral gold(III) complexes in the 

pursuit of highly enantioselective asymmetric gold catalysis. 

 

Scheme 1.5 (a) Chiral biphenol oxazoline gold(III) catalyzed carboalkoxylation of 

alkynes; (b) Reaction mechanism and the enantiodetermining step. 

 

1.5 Supramolecular Chemistry 

Supramolecular chemistry, also known as “chemistry beyond the molecule”, is the 

study of spontaneous association of molecules into spatially ordered structures, which 

was driven by non-covalent interactions including hydrogen bonding, metal coordination, 



20 

 

hydrophobic effects, van der Waals forces, π−π interactions, and electrostatic interactions, 

instead of conventional covalent bonds.36 Among these non-covalent interactions, 

hydrogen bonding arising from the electronic attraction between hydrogen atoms and 

electronegative atoms, has nowadays emerged as a fundamental tool in field of 

supramolecular chemistry. The term "supramolecular chemistry" was firstly described by 

Jean-Marie Lehn in the 1970s.37 At that time, although supramolecular chemistry was 

focused on the study of non-covalent molecular interactions, the scientists in this field 

was awarded in the Nobel prize in Chemistry in 1987. The achievement promoted the 

field of supramolecular chemistry as a well-accepted chemical disciplines with further 

development into a scope of another research fields, such as biological science, materials 

science, polymer chemistry, organic chemistry, physical chemistry, inorganic 

chemistry.38 After around 50 years growing of the field, supramolecular chemistry is now 

exploring into widespread applications of scientific areas including molecular machines, 

molecular sensors, nanoreactors, chemical catalysis, and drug delivery systems. 

 

1.5.1 Amphiphilic Self-Assembly 

Amphiphilic molecule is one of the most important candidates in field of 

supramolecular chemistry, which exhibits the spontaneous self-assembly to construct 

well-organized structures by non-covalent interactions.39 This self-assembly process 

offers a powerful strategy for the development of novel nanomaterials with diverse 

scientific applications.40 Self-assembly always presents in nature including the 

biomolecules like proteins and lipids organized into a complex biological system 

associated with exclusive cellular functions, which demonstrated the elegance and 

efficiency of self-assembly. Inspired by the biological system originated from self-
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assembly, the study of amphiphilic self-assembly for mimicking the biological system 

has extensively attracted researchers to create biomimetic systems and drive 

advancements in nanotechnology. This opened new avenues in bionanotechnology 

applications by the study of regulating assembly-disassembly of amphiphilic structures 

through external stimuli. Thus, it is crucial to have a comprehensive understanding of 

amphiphilic self-assembly in order to take advance in nanotechnology as well as 

developing innovative molecular building blocks.41 

Amphiphiles, including naturally occurring and synthetically derived molecules, 

contain both distinct hydrophilic polar head moiety (water-compatible group) and 

hydrophobic tail moiety (water-insoluble group), which is a property that drives their 

assembly into diverse nanostructures. For conventional amphiphiles, the hydrophobic 

moiety typically consists of a long hydrocarbon chain (either saturated or unsaturated), 

while the hydrophilic moiety can be either nonionic with no formal charge, or ionic 

carrying a net positive/negative charge. Nonionic amphiphiles often feature polyhydroxyl 

or polyether units as their hydrophilic components. A common class of nonionic 

amphiphiles generally consists of a hydrophilic poly(ethylene oxide) chain attached with 

a hydrophobic alkyl chain, which is frequently used in cleaning applications. Anionic 

amphiphiles commonly consist of a negative charge head group (carboxylate, phosphate 

or sulphonate) with a positively charge counterion (sodium or ammonium ions). These 

anionic amphiphiles are widely employed in soaps and detergents. On the contrary, 

cationic amphiphiles feature a positively charged head group (quaternary ammonium) 

and a negatively charged counterion (halide ion). Zwitterionic amphiphiles, e.g. vesicle-

forming phospholipid, contain both covalently linked positive and negative charges 

within their headgroups. The amphoteric nature of zwitterions allows them to maintain 
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the anionic behavior at high pH and cationic behavior at low pH. Common examples of 

non-ionic, anionic, cationic and zwitterionic amphiphiles are shown in Figure 1.8.42 

 

Figure 1.8 Common examples of non-ionic, anionic, cationic and zwitterionic 

amphiphiles. 

The amphiphiles possessing both hydrophilic and lipophilic moieties, exhibit 

distinct interfacial behaviors in water. The polar hydrophilic head groups favorably 

interact with polar solvents, like water, while the nonpolar lipophilic tails tend to 

minimize the contact with the polar environment and migrate towards the interface. This 

behavior disrupts the interfacial cohesion leading to a microphase separation. In this case, 

self-assemblies of amphiphiles occur since the lipophilic tails tend to be sequestered from 

the polar solvent, forming micelles-like aggregates. Amphiphiles are usually called as 

surfactants due to their distinct ability to reduce interfacial tension. As such, these 

important properties of amphiphiles lead to widespread applications as detergents, 

emulsifiers, wetting and foaming agents.43 
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Figure 1.9 Micelle formation according to the concentration. 

Micelles, self-assembled aggregates of amphiphilic molecules in solution, are 

formed when their concentration reaching above a specific concentration threshold 

known as the critical micelle concentration (CMC) (Figure 1.9). In aqueous solutions, 

normal micelles exhibit a core-shell structure: hydrophilic polar or ionic headgroups form 

the outer shell in contact with water, while the hydrophobic nonpolar tails sequestered in 

the interior. Conversely, amphiphiles can form reverse micelles in nonpolar organic 

media, where the polar headgroups constitute the core and the tails extending into the 

solvent. Spherical micelles are one of the most common forms of micelles, while other 

morphologies including bilayers, ellipsoids, and cylinders, are also observed. In some 

cases, micelles can grow into elongated structures, resembling long-chain polymers. 

Furthermore, amphiphiles can assemble into extended flat sheets lacking a close structure, 

which called lamellae structure. Amphiphiles are also able to form a closed bilayer 

structures called vesicles, which enclosing an aqueous core within a bilayer membrane. 

The hydrophilic head groups facing the outer aqueous solution and internal aqueous core, 

while the hydrophobic tails sandwiched between the two layers of hydrophilic heads. A 

schematic representation of different self-assembled structures is shown in Figure 1.10.44 
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Figure 1.10 Schematic representation of different self-assembled structures of 

amphiphiles.44 

 

1.5.2 Critical Packing Parameters 

The formation of these self-assembled structures is governed by critical packing 

parameters. An initial estimate of aggregate morphology can be made using the critical 

packing parameter (Cpp), which is expressed mathematically by 𝐶𝑝𝑝 =  𝑉0 𝐴𝑚𝑖𝑐𝑙𝑐⁄ , 

where 𝑉0 represents the volume of the hydrophobic tails within the aggregate core, 𝐴𝑚𝑖𝑐 

is regarded as the area of the hydrophobic/hydrophilic interface, and 𝑙𝑐  refers to the 

hydrophobic chain length.45 The aggregate structure changes as the Cpp value increases: 

spherical (Cpp ≤ 1/3), cylindrical (1/3 ≤ Cpp ≤ 1/2), and lamellar (Cpp = 1). Vesicles, a 

closed bilayer structures, are typically formed with the range of 1/2 ≤ Cpp ≤ 1. For Cpp 

values exceeding 1, the aggregate structure can be changed to inverse micelles, in which 

the hydrophobic tails extend outward from centrally aggregated head groups surrounding 
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a water core.43a Figure 1.11 shows the predicted aggregate structures according to Cpp 

value. It is important to aware that Cpp value prediction for amphiphile aggregate 

morphology could be more challenging with more complex structures due to the complex 

interplay of intermolecular interactions and synergistic effects. 

 

Figure 1.11 Predicted aggregate structures according to Cpp value.42 
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1.5.3 Amphiphilic Metal Complexes 

Metal-ligand amphiphiles (or called metallosurfactants), initially developed since 

1989, have gained recognition as a viable approach to conventional organic amphiphiles, 

offering the extensive structural diversity in metal-ligand complexes and the flexibility of 

ligand design. Similar to conventional surfactants, metallosurfactants can assemble into 

a variety of morphologies, such as micelles, vesicles, reverse vesicles, bilayers and disks, 

in which the aggregating behavior is affected by the interaction between lipophilic regions, 

hydrophilic headgroups, and specific metal-ligand interactions.46 Importantly, the 

coordination between metal ions and surfactant molecule can change the molecular 

geometry and ionic charge of the amphiphile, leading to significant changes in aggregate 

structure. Furthermore, the location of metal ions within a surfactant significantly affects 

its properties and potential applications. Metallosurfactants can be categorized into three 

distinct types according to the position of the metal ion: (1) the metal ion with its primary 

coordination sphere serves as a hydrophilic head group, associated with a long 

hydrophobic tail,47 (2) the metal ion conversely embeds within the hydrophobic group of 

the surfactant molecule,48 and (3) the metal ion serves as the counterion weakly bonded 

to the ionic surfactant molecule,49 as shown in Figure 1.12. This strategic positioning of 

metal ions provides a tunable feature of metallosurfactants.  



27 

 

 

Figure 1.12 Three distinct types of metallosurfactants. 

 

1.5.4 Properties of Metallosurfactants 

Metallosurfactants have attracted substantial research interest due to their unique 

position bridging the fields of organometallic chemistry and surface science. Transition 

metal ions, as d- or f-block elements, have been known to exhibit unique chemical and 

physical properties. By incorporating a transition metal as a structural component, the 

surfactant molecules can be functionalized by sharing the unique properties from 

transition metal, such as oxidation states, catalytic ability, distinct colors, magnetism, and 

pH sensitivity.50 Combining the intrinsic surface activity, metallosurfactants allow 

catalytic, redox, magnetic properties and pH sensitivities localized at the air-water 

interface.  
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1.5.5 Amphiphilic Gold(III) Complexes 

Metallosurfactants have been found with a wide range of applications including the 

use as catalysts,51 components of electronic materials,52 medicinal agents,53 and 

precursors for nanoparticle fabrication.54 However, amphiphilic gold(III) complexes 

remain scarcely explored, with the first examples appearing only in 2016. 

In 2016, Che et al. reported the first example of gold(III) complexes-based 

amphiphile.55 Different to conventional amphiphile design, this amphiphilic gold(III) 

complex with a hydrophobic head and hydrophilic tail consisted of a fluorene modified 

C^N^C pincer ligand and a long poly(ethylene glycol) chain respectively to confer water 

solubility. The amphiphilic nature of the complex facilitated self-assembly into nanoscale 

micelles (Scheme 1.6), which exhibited a long-live emissive triplet excited state. This 

excited state property was successfully exploited for the generation of singlet oxygen via 

photoinduced energy transfer. In vitro studies demonstrated that the gold(III) amphiphile 

exhibited favourable biocompatibility, stability, and phototoxicity profiles. Notably, the 

self-assembling properties of the gold(III) amphiphile was shown to promote enhanced 

permeability and retention (EPR) effects, highlighting its potential for in vivo anticancer 

applications. In 2019, the same group reported supramolecular assemblies of the 

tridentate C^N^C-chelated gold(III) complexes controlled kinetically in a solution of 

acetonitrile and water.56 
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Scheme 1.6 Gold(III) amphiphile self-assembled to micelle in water. 

In 2022, our group has developed a cyclometalated gold(III) amphiphile with 

supramolecular assembly in aqueous media.57 The amphiphilicity of the complexes arised 

from the hydrophobic C,N-chelated phenylpyridine gold(III) dichloride core and the 

hydrophilic quaternary ammonium ion linked to the ligand by a long alky chain. Notably, 

the gold(III) amphiphile exhibited high aqueous solubility without implementing the 

poly(ethylene glycol) (PEG) moiety to increase hydrophilicity and no co-solvent system 

was required. In addition, the nanostructure of the gold(III) amphiphile in aqueous media 

could be finely tuned by counterion exchange affecting the supramolecular assembly, 

leading to a reversible supramolecular transformation (Scheme 1.7). 
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Scheme 1.7 Controllable supramolecular assemblies of cyclometalated gold(III) 

amphiphile.57 

 

1.6 Luminescent Self-Assembled Transition Metal Complexes 

1.6.1 Photophysical and Photochemical Properties of Transition Metal 

Complexes 

The study of the photophysical and photochemical properties of transition metal 

complexes is of significant important due to their potential use as luminophors in organic 

light-emitting diodes (OLED).58 Compared to the nonmetallic organic light emitters 

usually only generate fluoresces, transition metals have intense heavy atom effect as well 

as spin-orbit coupling that enhance intersystem crossing transitions to generate 
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luminescence from triplet excited states. The unique properties of transition metal, as d-

block elements, having diverse oxidation states, electronic configurations, various choice 

of ligands allow numerous types of photoemissive electron transitions, such as metal-to-

ligand charge transfers (MLCT), ligand-to-metal charge transfers (LMCT), ligand-to-

ligand charge transfers (LLCT), and intraligand charge transfers (ILCT).59 Among the 

transition metals, the photophysical and photochemical properties of the d6 metal 

complexes (e.g., Re(I), Ru(II), Os(II), and Ir(III)) and d8 metal complexes (e.g., Pt(II), 

Pd(II), and Au(III)) have been extensively studied due to their strong luminescent 

properties.60 

Compared to the isoelectronic d8 transition metals, including iridium(III) and 

platinum(II), which are known to exhibit rich luminescence, the luminescent gold(III) 

complexes are much less explored. This is probably attributed to the presence of non-

emissive low-lying d-d ligand field states energetically close to the potentially emissive 

electron transitions, such as ILCT and MLCT, resulting in quenching of the luminescence 

excited states. Introduction of σ-donor ligands into the gold(III) center is now a common 

strategy to render the gold(III) complexes with luminescence properties at room 

temperature.20, 61 The strong σ-donor ligands are responsible for increasing the ligand 

field strength as well as raising the energy of d-d ligand field states to enhance the 

luminescent properties. Cyclometalated alkynylgold(III) complexes have become the 

most common light-emitting gold(III) complexes which exhibit high thermal stability and 

strong luminescence in different media at ambient temperatures.65 
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1.6.1 Self-assembled Transition Metal Complexes with Luminescent 

Properties 

Self-assembled transition metal complexes, combining with their photophysical and 

photochemical properties has become an important class of luminescent self-

assemblies.62 Transition metal complexes with their versatility in coordination modes 

enable the vast structural diversity and flexibility in molecular design. In addition to the 

non-covalent interactions (i.e. hydrogen bonding, metal coordination, hydrophobic 

effects, van der Waals forces, π−π interactions and electrostatic interactions), the unique 

metal-metal interaction of transition metal has also been found to assist the 

supramolecular self-assembly. The luminescent properties of transition metal complexes 

are significantly influenced by the nature of both the transition metal center and the 

coordinating ligands. Together with the modification of ligand for manipulating the 

noncovalent interaction and fine-tuning the hydrophilicity and hydrophobicity, the 

interesting strategies of supramolecular self-assemblies in various structure and 

morphology can be designed.63 Self-assembled transition metal complexes emerged with 

their luminescent properties offer a wide range of applications including chemosensing, 

biolabeling, molecular imaging,64 fabrication phosphorescent OLEDs,65 and 

photodynamic therapy.60, 66 

 

1.6.2 Luminescent Gold(III) Amphiphiles 

Gold(III) complexes show relatively low propensity of luminescence,61a, 67 and 

gold(III)-gold(III) interaction is rarely observed,68 which have limited the design and 

synthesis of luminescent self-assembled gold(III) complexes. The majority of examples 
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focused on discrete gold(III) complexes.61a, 67, 69 Nevertheless, handful examples of 

luminescent gold(III) self-assembled complexes have been reported. 

In 2019, Yam reported a new class of tridentate C^N^C chelated cyclometalated 

alkynylgold(III) complexes containing a cationic -CH2NMe3
+ group as hydrophilic 

moiety, together with the hydrophobic chains attached to the ligand that introduced 

amphiphilicity.70 The X-ray crystallography indicated that the presence of π-π interaction 

between the complexes and the hydrophobic-hydrophobic interaction assisted the self-

assembly process (Figure 1.13). One of the gold(III) amphiphiles was self-assembled in 

both polar solvent and non-polar solvent to generate nanofibers and nanorods respectively. 

The nanostructures were altered by the slightly change of the alkynyl ligand that possibly 

due to difference in molecular shape. 

 

Figure 1.13 (a) Structure of amphiphilic alkynylgold(III) amphiphile (b) X-ray crystal 

packing diagram.70 
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1.7 Aims and Objectives 

Gold catalysis exhibited the exceptional reactivity, great selectivity, and high 

functional group compatibility in a variety of organic transformations, which has been 

developed rapidly in recent decades. While asymmetric gold(I) catalysis has been 

extensively investigated, research into asymmetric gold(III) catalysis remains relatively 

underdeveloped. Nevertheless, several pioneering studies have highlighted the potential 

of chiral gold(III) complexes as efficient catalysts for enantioselective transformations. 

Despite of these advances, literature examples with enantioselectivity above 90% ee are 

limited. Therefore, the development of novel chiral gold(III) complexes continue to be of 

significant interest for enhancing enantioselectivity in asymmetric gold catalysis. 

Throughout the years, our group has developed a series of chiral C,O- and O,O'-

chelated cyclometalated gold(III) complexes, successfully applied to the enantioselective 

carboalkoxylation of 2-ethynylbenzaldehyde and its corresponding acetal derivative, 

achieving enantioselectivities of 41% and 90% ee, respectively. Our research has revealed 

a strong correlation between the steric bulkiness of the chiral oxazoline group of the 

gold(III) complex and the degree of chiral induction. However, the large-scale synthesis 

of chiral oxazoline ligands has been hampered by the need for expensive chiral starting 

materials and a time-consuming chiral preparative HPLC process. Therefore, establishing 

a more accessible synthetic route is crucial for further exploring the catalytic potential of 

these chiral gold(III) complexes in asymmetric transformations. This thesis explored the 

use of novel oxazoline-based gold(III) complexes in asymmetric carboalkoxylation of 

ortho-alkynylbenzaldehydes. The study focused on evaluating the catalytic activity of 

these complexes and developing a viable synthetic strategy for their preparation. 
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Besides, gold complexes have also been studied for the applications in 

bioconjugation strategies and optoelectronic materials due to the exceptional water 

stability. Amphiphilic design of gold(III) complexes were independently reported 

showing the self-assembling abilities of the cyclometalated gold(III) complexes. These 

cyclometalated gold(III) amphiphiles have been shown to be highly responsive to slight 

changes in molecular structure and resulting supramolecular nanostructures. In previous 

research, we have established the reversible modulation of supramolecular 

transformations of cyclometalated gold(III) amphiphiles in aqueous media, which 

achieved through the counterion exchange process. Compared to the well-developed 

organic amphiphiles, the chiral supramolecular assembly of gold(III) amphiphile systems 

is yet unknown. In this thesis, the new chiral cyclometalated gold(III) amphiphile was 

developed for supramolecular assembling in aqueous media.
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Chapter 2 Development of Chiral C,O-Chelated Oxazoline-

based BINOL/Gold(III) Complexes for Asymmetric Catalysis  

2.1 Introduction 

Over the years, our research group has developed various classes of chiral 

cyclometalated gold(III) complexes via coupling reactions between aromatic diol ligands 

and gold(III) dichloride precursors for enantioselective synthesis (Scheme 2.1a). In 2017, 

we reported a series of 1,1'-bi-2-naphthol (BINOL) derived C,O-chelated chiral oxazoline 

gold(III) complexes which was able to catalyze carboalkoxylation of 2-

ethnylbenzaldehyde achieving 41% ee.34 In 2019, our group developed a series of O,O'-

chelated chiral oxazoline-based gold(III) catalysts derived from 4,4'-biphenol, which 

effectively catalyzed the enantioselective carboalkoxylation of the acetal derivative of 2-

ethynylbenzaldehyde, achieving high enantioselectivity of up to 90% ee.35 Despite the 

good performance in catalysis, the preparation of the chiral oxazoline gold(III) dichloride 

precursor relies on the expensive chiral resources, including either the use of chiral amino 

alcohols as the starting materials, or the enantiomeric separation of the racemic oxazoline 

compound (Scheme 2.1b). Both synthetic routes present significant limitations for large-

scale production due to the high cost of chiral reagents and the labor-intensive, time-

consuming preparative HPLC purification processes that require expensive HPLC-grade 

solvents. Hence, the development of simple approach to this class of cyclometalated 

chiral gold(III) complexes is important to explore their potential in asymmetric catalysis. 
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Scheme 2.1 (a) Synthesis of chiral cycometalated gold(III) complexes from gold(III) 

dichloride precursors; (b) previous reported preparation of chiral oxazoline ligands. 

 Considering the potential utility of enantiopure BINOL derivatives in chiral 

resolution, we envisioned that combining enantiomerically pure BINOL with racemic 

gold(III) dichloride complexes bearing sterically bulky substituents could offer a novel 

synthetic strategy to obtain optically pure C,O-chelated oxazoline-based BINOL/gold(III) 

catalysts for enantioselective transformations. In this chapter, we reported an efficient 

synthetic route to prepare optically pure C,O-chelated oxazoline-based BINOL/gold(III) 

complexes via diastereomeric resolution. Treatment of racemic oxazoline-based gold(III) 

dichloride complexes (rac)-2.1a with enantiomerically pure BINOL 2.2a, an inexpensive 

chiral source, in the presence of Cs2CO3 in MeOH, afforded a mixture of diastereomeric 

gold(III) complexes. Remarkably, these diastereomers could be readily resolved by 

simple precipitation and filtration due to their distinct solubilities in MeOH, yielding 
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optically pure BINOL/gold(III) complexes 2.3a in good yields. Furthermore, subsequent 

acid treatment enabled the isolation of enantiopure chiral oxazoline-based gold(III) 

dichloride complexes (S)-2.1a in good yields. Employing enantiopure (S)-2.1a as a chiral 

resolving agent allowed the efficient resolution of racemic BINOL derivatives, providing 

optically active BINOLs in good to excellent yields (overall 77 – 96%) with high optical 

purity of up to 99% ee. Additionally, the application of these newly synthesized chiral 

C,O-chelated oxazoline-based BINOL/gold(III) complexes as catalysts in the asymmetric 

carboalkoxylation of ortho-alkynylbenzaldehydes resulted in excellent 

enantioselectivities of up to 99% ee. 

2.2 Results and Discussion  

2.2.1 Synthesis of Optically Pure C,O-Chelated Oxazoline-based 

BINOL/Gold(III) Complexes from Racemic Gold(III) Dichloride 

Complexes by Diastereomeric Resolution using Chiral BINOL 

1,1'-Binaphthalene-2,2'-diol (BINOL) and its derivatives constitute an important 

class of chiral compounds characterized by their distinctive axial chirality, and have been 

extensively investigated as O,O'-ligands in asymmetric catalysis.71 Numerous 

methodologies have been developed for the chiral resolution of racemic BINOL, 

including enzymatic resolution, kinetic resolution, and chemical resolution via the 

formation of diastereomeric salts utilizing chiral auxiliaries.72 In contrast, the reverse 

approach, employing enantiopure BINOL derivatives for the enantioselective resolution 

of racemic compounds, has been scarcely reported. Existing literature examples are 

limited to the enantioselective recognition of ammonium ions by enantiopure BINOL 

derivatives, resulting in the formation of chiral ammonium cations.73 Notably, the 
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application of enantiopure BINOLs for the chiral resolution of racemic gold(III) 

complexes through the separation of corresponding diastereomeric complexes remains 

unexplored. Considering the potential utility of enantiopure BINOLs in chiral resolutions, 

we envisioned that combining enantiopure BINOL with racemic gold(III) dichloride 

complexes could offer a novel synthetic strategy achieving optically pure C,O-chelated 

oxazoline-based BINOL/gold(III) catalysts for enantioselective transformations. 

Our investigation commenced with the reaction between chiral BINOL and an 

oxazoline-based gold(III) dichloride complex bearing a 2,4,6-trimethylphenyl substituent 

(Scheme 2.2). Treatment of the racemic oxazoline-based gold(III) dichloride complexes 

(rac)-2.1a with enantiomerically pure BINOL (S)-2.2a in the presence of Cs2CO3 in 

MeOH for 1 h resulted in the formation of a diastereomeric mixture of gold(III) 

complexes. Notably, the diastereomers (R,R)- and (R,S)-2.3a exhibited distinct solubility 

in MeOH. Diastereomer (R,S)-2.3a displayed high solubility, whereas (R,R)-2.3a 

exhibited limited solubility. Due to its poor solubility, (R,R)-2.3a readily precipitated 

from the reaction mixture and was isolated by filtration, followed by washing with MeOH 

and H2O, affording the optically pure product in 43% yield. Subsequently, purification of 

the filtrate via flash column chromatography provided optically pure (R,S)-2.3a in 42% 

yield. The synthesized C,O-chelated oxazoline-based gold(III) complexes were 

characterized by 1H NMR, 13C NMR, HRMS and circular dichroism spectroscopy. The 

molecular structure of (R,R)-2.3a was confirmed by X-ray crystallographic analysis 

(CCDC 2355500). Consistent with our previous findings on C,O-chelated oxazoline-

based BINOL/gold(III) complexes, axial-to-central chirality transfer was observed upon 

coordination of the O,O'-bidentate BINOL ligand to the oxazoline-based gold(III) 

complex, leading to the formation of the corresponding C,O-chelated gold(III) complexes. 
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The C,O-chelation mode involving the gold(III) center was confirmed by 13C NMR 

spectroscopy, which revealed a characteristic carbonyl signal at approximately δ ≈ 201 

ppm. 

 

Scheme 2.2 (a) Synthesis of optically pure C,O-chelated gold(III) complexes by 

diastereomeric resolution using enantiopure BINOL (S)-2.2a; (b) X-ray crystal structure 

of (R,R)-2.3a. 

To evaluate the efficiency of chiral resolution for (rac)-2.1a, we conducted the BINOL 

ligand substitution reaction of (R,R)-2.3a to regenerate (R)-2.1a. (R,R)-2.3a was dissolved 

in a mixed solvent of dichloromethane and methanol (DCM/MeOH), followed by 

treatment with 6 N HCl for 1 min. An immediate color change from red to colorless was 

clearly observed (Scheme S2.3). The reaction mixture was dried and purified by flash 

column chromatography, affording the enantiopure BINOL ligand (S)-2.2a and the 

oxazoline-based gold(III) dichloride complex (R)-2.1a in excellent yields of 95% and 

91%, respectively. Importantly, the recovered (S)-2.2a maintained its optical purity 

(>99.5% ee) upon the central-to-axial chirality transfer after the acid treatment. These 

results indicated that the enantiopure BINOL ligand could be efficiently recovered 

without loss of optical purity throughout the entire process. 
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The successful preparation of optically pure C,O-chelated BINOL/gold(III) complexes 

from racemic gold(III) precursors and the subsequent regeneration of enantiomerically 

pure (R)-2.1a demonstrated the efficacy of employing enantiopure BINOL as a resolving 

agent for racemic complex 2.1a. To further elucidate this novel synthetic strategy, we 

investigated the role of BINOL in differentiating the enantiomers through 1H NMR 

spectroscopic analysis. Examination of the crude reaction mixture by 1H NMR 

spectroscopy revealed clearly resolved peaks corresponding to the BINOL/gold(III) 

diastereomers, allowing straightforward determination of a diastereomeric ratio (dr) of 

1:1. Following filtration, the precipitated diastereomer (R,R)-2.3a exhibited a 

diastereomeric purity exceeding 99:1, whereas the filtrate-contained diastereomer (R,S)-

2.3a exhibited a dr of 72:28, as determined by 1H NMR spectroscopy (Scheme 2.3). Given 

that the stereochemistry of the oxazoline ligand remains intact throughout the reaction, 

the enantiomeric excess (ee) of the chiral gold(III) dichloride complex 2.1a obtained after 

the acid treatment directly correlated with the observed diastereomeric ratio of the 

resolved BINOL/gold(III) complexes (Scheme 2.3). These findings indicated that the 

BINOL ligand effectively functioned as a chiral resolving agent for (rac)-2.1a, 

facilitating clear differentiation of diastereomers via 1H NMR spectroscopy. This 

distinctive resolving capability of chiral BINOL toward complex 2.1a provided a 

significant advantage, enabling direct resolution of racemic gold(III) complexes. 

Typically, determination of the enantiomeric purity of chiral gold(III) catalysts via chiral 

HPLC is problematic due to the inherent instability of gold(III) complexes towards 

reduction, which may lead to the formation of gold nanoparticles and subsequent damage 

to costly chiral HPLC columns. In contrast, employing BINOL as a chiral resolving agent 
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allowed the facile assessment of optical purity for gold(III) catalysts through simple 1H 

NMR analysis, circumventing the need for expensive chiral HPLC methods. 

 

Scheme 2.3 1H NMR analysis for diastereomeric resolution of (R)-2.1a using BINOL (S)-

2.2a as chiral resolving agent. 

2.2.2 Column-Free Chiral Resolution of (rac)-2.1a in Gram Scale to 

Obtain Optically Pure Gold(III) Complexes 2.1a and 2.3a 

A chromatography-free method was developed for the efficient chiral resolution of 

the racemic gold(III) complex (rac)-2.1a, enabling access to its optically pure form (R)- 

and (S)-2.1a, and the BINOL/gold(III) complexes 2.3a (Scheme 2.4). Initially, 2.3a were 

synthesized by reacting (rac)-2.1a (1.0 g, 1.878 mmol) with (S)-2.2a (590 mg, 2.066 

mmol). Following filtration, diastereomers (R,R)-2.3a and (R,S)-2.3a were separately 

isolated, exhibiting diastereomeric ratios (dr) of >99:1 and 72:28 respectively as 

determined by 1H NMR spectroscopy. Subsequently, treatment of (R,R)-2.3a with 6 N 

HCl for 1 min, followed by concentration and precipitation from methanol, afforded 

enantiomerically pure (R)-2.1a in 99% ee. Similarly, acid treatment of (R,S)-2.3a yielded 
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(S)-2.1a with 44% ee. To further enhance the optical purity of (S)-2.1a, the partially 

resolved (S)-2.1a (44% ee) was reacted with (R)-2.2a under standard coupling conditions, 

providing diastereomers (S,S)-2.3a and (S,R)-2.3a with diastereomeric ratios of 99:1 and 

78:22, respectively. Subsequent acid-mediated dissociation of (S,S)-2.3a yielded 

enantiopure (S)-2.1a with 98% ee. As a result, this procedure provided the enantiopure 

gold(III) dichloride complexes (R)- and (S)-2.1a in a combined yield of 70%, without the 

need for chromatographic purification. The BINOL ligands (S)- and (R)-2.2a employed 

in this process could be recovered by column chromatography with yields exceeding 95% 

and maintaining their original optical purity. With the enantiomerically pure gold(III) 

dichloride complexes (R)- and (S)-2.1a readily available, the corresponding 

diastereomeric gold(III) complexes (S,R)- and (R,S)-2.3a could be synthesized in high 

optical purity through coupling reactions with the appropriate BINOL ligands. 

Overall, a highly efficient methodology for the synthesis of chiral BINOL/gold(III) 

complexes with exceptional chirality transfer efficiency has been developed. Utilizing 

cost-effective enantiopure BINOL 2.2a as a chiral resolving agent, the diastereomeric 

forms of BINOL/gold(III) complexes 2.3a were effectively separated through simple 

filtration, achieving diastereomeric ratios exceeding 99:1 without requiring 

chromatographic purification. Subsequent acid treatment of the resolved complexes 

afforded enantiopure gold(III) dichloride 2.1a in high yields, while simultaneously 

enabling excellent recovery of the BINOL resolving agent with preserved optical purity 

for recyclable applications. Gold(III) dichloride complexes represented essential 

intermediates that could be utilized in asymmetric catalytic reactions or as precursors for 

the synthesis of chiral oxazoline-based gold(III) catalysts. This straightforward and 

efficient methodology enabled the facile preparation of a diverse range of chiral gold(III) 
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dichloride derivatives, providing a robust platform for the design and synthesis of 

structurally diverse chiral gold(III) complexes. 

 

Scheme 2.4 A column-free process for chiral resolution of (rac)-2.1a to successively 

obtain optically pure gold(III) complexes 2.1a and 2.3a. 

2.2.3 Chiral Resolution of Racemic BINOL Derivatives Enabled by 

Enantiopure Oxazoline-based Gold(III) Dichloride Complexes 

Axially chiral biaryls, such as BINOL and its derivatives representing a prototypical 

structure with axial chirality, have found extensive applications in asymmetric 

catalysis.71a-c, 74 The substitution pattern of BINOL significantly influenced both the steric 

and chiral environments, particularly in organocatalysts derived from bulky 3,3′-

disubstituted BINOL motifs, which are capable of achieving high enantioselectivity.74-75 

Therefore, the development of enantiopure substituted BINOL derivatives has garnered 

significant interest. Various strategies have been explored for this purpose, including 

asymmetric oxidative coupling reactions, modifications of the enantiopure BINOL 

scaffold, chiral resolution, enzymatic hydrolysis/esterification, and central-to-axial 

chirality transformations.71a, 72a-g, 76 While numerous methods have been established for 

the chiral resolution of simple BINOLs, efficient approaches for accessing enantiopure 

BINOL derivatives remain limited. Most reported methods focus on the chiral resolution 
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of BINOL derivatives substituted at the 4- to 7-positions, while the studies addressing the 

substituents at the 3-position are relatively scarce.72a-g 

Previous studies have demonstrated the utility of chiral gold(III) complexes in the 

optical resolution of 1,16-dihydroxytetraphenylene (DHTP).77 However, this reported 

strategy was limited to a benzyl-substituted chiral oxazoline gold(III) complex, while the 

phenyl-, isopropyl-, or tert-butyl-substituted analogs proved ineffective. These findings 

suggested a strong correlation between the substituent on the chiral oxazoline ligand and 

the formation of C,O-chelated gold(III) complexes, particularly impacting their solubility. 

It was hypothesized that the differential solubility of the diastereomers (R,R)- and (R,S)-

2.3a stemmed from the 2,4,6-trimethylphenyl group on the oxazoline ligand. Building 

upon the successful diastereomeric resolution strategy employed in the synthesis of 2.3a, 

it is postulated that the enantiopure gold(III) dichloride complex 2.1a could serve as a 

versatile chiral resolving agent for a broader range of racemic BINOL derivatives. 

The chiral resolving agent (S)-2.1a was employed to resolve several 3,3'-

disubstituted BINOL derivatives (Scheme 2.5). The reaction of enantiopure (S)-2.1a with 

racemic BINOL 2.2b, bearing 4-(2-naphthyl)phenyl substituents at the 3,3'-positions, was 

conducted in the presence of Cs2CO3 and MeOH for 1 h, yielding a crude mixture of 

diastereomeric BINOL/gold(III) complexes 2.3b. The diastereomeric pair, (R,S)- and 

(S,S)-2.3b, was resolved using a hexane/acetone solvent system and separated via simple 

filtration. The filtration residue and filtrate were independently treated with 6 N HCl, 

followed by column chromatographic purification. This afforded (R)- and (S)-2.2b in 

excellent overall yield (96% based on 1 equivalent of racemic 2.2b) and high 
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enantiomeric purity (96% and 99% ee, respectively). The chiral resolving agent, (S)-2.1a, 

was recovered in 95% yield after the resolution process. 

 

Scheme 2.5 Chiral resolution of BINOL derivatives using (S)-2.1a. 

Employing a modified solvent system, we successfully resolved 3,3'-disubstituted 

BINOL derivatives 2.2c - 2.2e, featuring 2-naphthyl, 3,5-bis(trifluoromethyl)phenyl, and 

methyl substituents, respectively (see details in Experimental Section). Optically pure (S)-

2.2c, (S)-2.2d, and (S)-2.2e were isolated in 36 – 40% yields (relative to one equivalent 

of racemic 2.2) and with excellent enantiomeric excesses (85 – 99% ee). The 

corresponding enantiomers, (R)-2.2c, (R)-2.2d, and (R)-2.2e, were obtained in 40-56% 

yields and with 50 – 98% ee. The chiral resolving capability of (S)-2.1a was further 

demonstrated with 6,6'-disubstituted BINOL. (rac)-2.2f was resolved, yielding (R)- and 

(S)-2.2f in a combined 90% yield, with 80% ee and 96% ee respectively. These findings 

indicated that the differential solubility of the diastereomeric pairs (R, S)- and (S, S)-2.3 

is significantly affected by the substituents on the BINOL framework. Notably, BINOL 
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derivatives 2.2b and 2.2c, possessing bulky 4-(2-naphthyl)phenyl and 2-naphthyl groups 

at the 3,3'-positions, respectively, afforded high optical purity for both R and S 

enantiomers. The chiral resolving agent (S)-2.1a was recovered in 76 – 95% yield. To our 

knowledge, this represented the first example of chiral resolution of disubstituted BINOL 

derivatives utilizing enantiopure gold(III) dichloride complexes. 

In short, a novel approach for the gold(III)-mediated chiral resolution of racemic 

disubstituted BINOL derivatives has been developed. This method offered a significantly 

reduced reaction time (approximately 1 h) compared to previously reported chemical 

resolution methods for BINOL derivatives, which typically require overnight or even 

multi-day procedures. The efficiency of this strategy is further highlighted by the 

excellent recovery of both the resolved chiral BINOLs (overall 77 – 96%) and the gold(III) 

complex (S)-2.1a (76 – 95%).  

Notably, the chirality transfer process proceeded consecutively: initially from 

enantiopure BINOL 2.2a to the gold(III) complex 2.1a, and subsequently to the target 

BINOL derivatives 2.2b – 2.2f. This sequential chirality transfer was rapid, facile, and 

exhibited excellent enantioselectivity and yields. The method facilitated the convenient 

preparation of enantiopure BINOL derivatives, valuable chiral building blocks for the 

synthesis of diverse chiral ligands and organocatalysts. Furthermore, new optically pure 

C,O-chelated BINOL/gold(III) complexes 2.3b – 2.3f could be readily accessed. This 

novel methodology is anticipated to stimulate further advancements in the development 

of new chiral BINOL/gold(III) complexes. 
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2.2.4 Catalytic Activity of the Sterically Hindered Chiral C,O-

Chelated BINOL/Gold(III) Complexes 

Previous investigations into C,O-chelated oxazoline-based BINOL/gold(III) 

complexes revealed that the complex bearing an isopropyl substituent on the oxazoline 

ligand exhibited asymmetric catalytic activity, achieving 41% ee.34 Subsequent studies 

on chiral O,O'-chelated cyclometalated gold(III) catalysts demonstrated a strong 

correlation between the steric bulk of substituents on the chiral oxazoline ligands and the 

enantioselectivity of the catalytic products.35 To further study this correlation, we 

investigated the influence of ligand modification on reaction enantioselectivity. 

Consistent with our previously established design for chiral oxazoline ligands, 

enantiopure BINOL (S)-2.2a was reacted with chiral gold(III) dichloride complexes 

incorporating various bulky substituents on the chiral oxazoline ligands. This afforded 

chiral C,O-chelated oxazoline-based BINOL/gold(III) complexes (R,R)-2.3g, (R,S)-2.3h, 

(R,R)-2.3i, and (R,R)-2.3j in 78-85% yields (see details in Experiment Section). 

The catalytic activity of these newly synthesized chiral catalysts was evaluated in 

the carboalkoxylation of ortho-alkynylbenzaldehydes. Given the facile preparation and 

purification of gold(III) complex (R,R)-2.3a via simple filtration, it was selected as the 

catalyst for reaction condition optimization (Table 2.1). 2-Ethynylbenzaldehyde 2.4a 

served as the model substrate. In the absence of activator, the catalyst exhibited no activity 

(entry 1). Initial optimization studies employed 5 mol% catalyst and varied the acid 

activator (2.5 mol%). Acetic acid was ineffective, yielding no desired product (entry 2). 

p-Toluenesulfonic acid (TsOH), L-camphorsulfonic acid (L-CSA), and D-

camphorsulfonic acid (D-CSA) afforded the desired product 2.5a in 38 – 54% yield and 

75-89% ee (entries 3-5). Chiral phosphoric acids bearing bulky aryl 3,3'-disubstituents 
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resulted in either low yields (entries 6-8, 16 – 27%) or no product formation (entry 9), 

despite exhibiting high enantioselectivities (entries 6-8, 75 – 90% ee). D-CSA was 

identified as the most effective acid, affording 2.5a in 47% yield and 89% ee (entry 5), 

and was therefore selected for subsequent investigations. 

The influence of acid loading on enantioselectivity was investigated by varying the 

catalyst:acid ratio from 4:1 to 1:5 (Table 2.1, entries 10-13). A catalyst:acid ratio of 4:1 

(1.25 mol% D-CSA) resulted in low yield but high enantioselectivity (6% yield, 80% ee) 

(entry 10). Increasing the D-CSA loading to 2.5 mol%, 5 mol%, and 7.5 mol% improved 

both product yields and enantioselectivities to 45 – 50% and 83 – 89% ee, respectively 

(entries 5, 11-12). However, a further increase to a 1:5 catalyst:acid ratio (25 mol% D-

CSA) led to a significant decrease in both yield and enantioselectivity (14% yield, 77% 

ee) (entry 13). Maintaining the catalyst:acid ratio at 2:1, which afforded the highest 

enantioselectivity (89% ee), the effect of catalyst loading was also examined (entries 14-

15). Reducing the catalyst loading to 2.5 mol% resulted in a decrease in both yield and 

enantioselectivity (22% yield, 80% ee) (entry 14). Conversely, increasing the catalyst 

loading to 10 mol% did not improve either yield or enantioselectivity (37% yield, 88% 

ee) (entry 15). These results indicated that D-CSA loading had a moderate effect on 

enantioselectivity but a substantial impact on product yield. The optimal conditions, 

providing the highest enantioselectivity (89% ee, entry 5), were determined to be 5 mol% 

catalyst and 2.5 mol% D-CSA, maintaining a 2:1 catalyst:acid ratio. These conditions 

were selected for subsequent studies. 
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Table 2. 1 Screening of reaction conditions.a 

 

Entry Acid Catalyst 

loading 

(mol %) 

Acid 

loading 

(mol %) 

Catalyst/ 

acid ratio 

Yield (%) b ee (%) c 

1 / 5 0 / n.d. / 

2 AcOH 5 2.5 2:1 n.d. / 

3 TsOH 5 2.5 2:1 54 75 

4 L-CSA 5 2.5 2:1 38 80 

5 D-CSA 5 2.5 2:1 47 89 
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6 BINOL-

PO2H-1 

5 2.5 2:1 22 75 

7 BINOL-

PO2H-2 

5 2.5 2:1 27 90 

8 BINOL-

PO2H-3 

5 2.5 2:1 16 80 

9 BINOL-

PO2H-4 

5 2.5 2:1 n.d. / 

10 D-CSA 5 1.25 4:1 6 80 

11 D-CSA 5 5 1:1 45 85 

12 D-CSA 5 7.5 1:1.5 50 83 

13 D-CSA 5 25 1:5 14 77 

14 D-CSA 2.5 1.25 2:1 22 80 

15 D-CSA 10 5 2:1 37 88 

a Reaction conditions: 0.2 mmol of substrate 2.4a, 2 mL of MeOH. b Isolated yield. c 

Determined by chiral HPLC. 

To elucidate the reaction progress and product formation, a kinetic profile study of 

the carboalkoxylation of 2.4a was conducted using 1H NMR analysis (Scheme 2.6). The 

1H NMR spectrum of a mixture of 2.4a and D-CSA (2.5 mol%) in CD3OD revealed that 

2.4a was almost completely converted (<1% remaining) to its corresponding acetal form, 
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2.4a', which was the predominant species (>99%) (Scheme 2.6a). Notably, only 11% of 

2.4a' was observed in CDCl3, suggesting that 2.4a' was generated in situ in CD3OD in 

the presence of D-CSA. Assuming complete conversion of 2.4a to 2.4a', 2.4a' was 

normalized to 100% yield at t = 0 for the kinetic profile. Upon addition of catalyst (R,R)-

2.3a, the consumption of 2.4a' and the formation of product 2.5a were monitored over 

time. The results indicated that 2.4a' was nearly completely consumed within 4 hours. A 

competing reaction, which was the formation of the hydration product 2.6a, limited the 

yield of 2.5a (Scheme 2.6b). Kinetic studies for other substrates are detailed in the 

Experimental Section. 
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Scheme 2.6 (a) In situ generation of 2.4a’; (b) Kinetic profile study of carboalkyoxylation 

of 2.4a. 

Having established the optimized reaction conditions, the influence of the ligand on 

product enantioselectivity was investigated (Table 2.2). Initially, the four 

enantiomers/diastereomers of the catalyst, (R,R)-, (R,S)-, (S,R)-, and (S,S)-2.3a (5 mol%), 

were employed with D-CSA (2.5 mol%) at room temperature. The desired products were 

obtained with high enantioselectivity (89% ee, -88% ee, 80% ee, and -89% ee, 

respectively) (entries 1-4). Notably, gold(III) complexes (R,R)- and (R,S)-2.3a, 

possessing opposite configurations at the oxazoline moiety, yielded products with similar 
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but opposite enantiomeric excess values (89% ee and -88% ee, respectively) (entries 1-

2). A similar trend of opposing chiral induction was observed with (S,R)-2.3a and (S,S)-

2.3a, which afforded 80% ee and -89% ee, respectively (entries 3-4). These findings 

suggest that the chiral induction in the reaction is predominantly governed by the chirality 

of the oxazoline ligand within the gold(III) catalysts, while the configuration of the 

BINOL ligand exerts a minimal influence on enantioselectivity. Thin-layer 

chromatography (TLC) analysis indicated complete consumption of substrate 4a after 16 

hours of stirring with all four catalyst enantiomers/diastereomers, resulting in product 

yields ranging from 25% to 47% (entries 1-4). To further elucidate the structural effects 

of the BINOL moiety, a series of gold(III) catalysts (R,S)-2.3b, (S,S)-2.3b, (R,S)-2.3c, 

(S,S)-2.3c, (R,S)-2.3d, and (R,S)-2.3f, which derived from chiral resolution of racemic 

BINOL derivatives with high diastereomeric ratios, were investigated (Table 2.2, entries 

5-10). Compared to (R,S)- and (S,S)-2.3a, these catalysts exhibited relatively lower 

activity. Specifically, (R,S)-2.3d induced a rapid color change in the reaction mixture 

within 10 minutes under the optimized conditions, yielding product 2.5a with 38% yield 

and -83% ee (entry 9). To enhance catalyst activation, the acid loading was increased for 

the remaining catalysts (entries 5-8 and 10). With an increased D-CSA loading of 10 

mol% and an extended reaction time of 40 h, (R,S)-2.3b found to be the least reactive 

catalyst, resulting in low conversion and affording the product with low yield and ee (11% 

yield and 35% ee) (entry 5). This diminished reactivity may be attributed to the extremely 

poor solubility of (R,S)-2.3b in MeOH. Complete conversions were observed using 

catalysts (S,S)-2.3b, (R,S)-2.3c, (S,S)-2.3c, and (R,S)-2.3f in the presence of 5 mol% D-

CSA, providing product 2.5a with moderate yields and high enantiomeric excesses (27 – 

45% yield, -75 to -90% ee) (entries 6-8 and 10). With the exception of the unreactive 
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(R,S)-2.3b, these results further supported that the substituents and configuration of the 

BINOL moiety exert a minimal influence on the enantioselectivity of the reaction. 

However, they demonstrate a significant impact on the activation process of the catalysts. 

Table 2.2 Study of ligand configuration effect on enantioselectivity.a 
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Entry Catalyst Temp (°C) 

Reaction Time 

(h) 

Yield (%) 

b 

ee (%) c 

1 (R,R)-2.3a r.t. 16 47 89 

2 (R,S)-2.3a r.t. 16 37 -88 

3 (S,R)-2.3a r.t. 16 25 80 

4 (S,S)-2.3a r.t. 16 41 -89 

5 d (R,S)-2.3b r.t. 40 11 -35 

6 e (S,S)-2.3b r.t. 16 43 -87 

7 e (R,S)-2.3c r.t. 16 43 -89 

8 e (S,S)-2.3c r.t. 16 35 -90 

9 (R,S)-2.3d r.t. 16 38 -83 

10 e (R,S)-2.3f r.t. 16 27 -75 

11 (R,R)-2.3g r.t. 16 34 92 

12 (R,S)-2.3h r.t. 16 32 -40 

13 (R,R)-2.3i r.t. 16 46 13 

14 (R,R)-2.3j r.t. 16 21 9 

15 (R,R)-2.3a 4 16 49 92 

16 (R,R)-2.3a -20 40 36 96 

17 (R,S)-2.3a -20 40 30 -96 

a Reaction conditions: 5 mol% of different catalysts, 2.5 mol% of D-CSA, 0.2 mmol of 

substrate 2.4a, 2 mL of MeOH. b Isolated yield. c Determined by chiral HPLC. d 10 mol% 

of D-CSA. e 5 mol% of D-CSA. 

Given that the configuration of the oxazoline ligand dictated the direction of the 

product's optical rotation (Table 2.2, entries 1-4), the steric influence of the oxazoline 
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moiety on enantioselectivity was further investigated by modifying the substituents on 

the aryl group attached to the chiral oxazoline ring (entries 11-14). Increasing the steric 

bulk of the ortho- and para-substituents on the aryl group of the oxazoline moiety, 

catalyst (R,R)-2.3g, featuring a 2,4,6-triisopropylphenyl group, afforded an enhanced 

enantioselectivity of 92% ee under the optimized conditions (entry 11). In contrast, while 

(R,S)-2.3a provided -88% ee, (R,S)-2.3h, possessing a bulkier tert-butyl substituent, 

significantly diminished the enantioselectivity to -40% ee (entry 12). (R,S)-2.3i, with a 

simple phenyl group on the oxazoline moiety, yielded a low enantioselectivity of 13% ee 

(entry 13). These findings suggested that chiral induction could be enhanced by 

increasing the steric bulk of the substituents on the aryl group. However, the 

enantioselectivity plateaus, and could even decrease, with exceptionally bulky 

substituents. Furthermore, the steric effect of the meta-substituent on the aryl group was 

also investigated. Catalyst (R,R)-2.3j, bearing a tert-butyl substituent in the meta-position, 

yielded a poor enantioselectivity of 9% ee (entry 14), comparable to the 13% ee observed 

with (R,R)-2.3i bearing simple phenyl ring (entry 13). This result suggests that the meta-

substituents are likely too distant to interact effectively with the incoming substrate during 

the enantiodetermining step of the reaction. Given that subtle changes in the ortho-

substituent significantly impacted enantioselectivity (entries 1 and 11-12), the ortho-

substituent of the aryl group is likely a key component influencing the enantioselectivity. 

Subsequently, the effect of temperature on enantioselectivity was examined using catalyst 

(R,R)-2.3a under the optimized conditions (entries 15-16). Cooling the reaction to 4 °C 

resulted in a similar yield, but with a slight improvement in enantioselectivity (49% yield, 

92% ee) (entry 15). Further reducing the reaction temperature to -20 °C led to incomplete 

conversion of substrate 2.4a after 16 hours, as observed by TLC, attributable to the 
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lowered reaction temperature. Extending the reaction time to 40 hours afforded the 

desired product 2.5a with 36% yield and 96% ee (entry 16). Employing catalyst (R,S)-

2.3a for the reaction at -20 °C also resulted in enhanced enantioselectivity of -96% ee 

(entry 17), demonstrating the temperature-dependent nature of the product's 

enantioselectivity. 

Given the high catalytic activity of (R,R)-2.3a in the carboalkoxylation of 2.4a, it 

was selected as the catalyst for investigating the substrate scope (Table 2.3). Under the 

optimized conditions, the carboalkoxylation of mono-substituted 2-

ethynylbenzaldehydes 2.4b – 2.4i bearing electron-donating groups was performed, 

affording the corresponding products 2.5b – 2.5i with isolated yields of 23 – 72% and of 

11 – 85% ee. These results were consistent with NMR yield analysis, which indicated 

good yields up to 83% (yields in parentheses). The broad range of ee values indicated that 

enantioselectivity was significantly influenced by the position of the substituents on the 

substrates. Products 2.5b, 2.5e, 2.5f, and 2.5i, with substituents at the 3- and 6-positions, 

were obtained with low enantioselectivity (11 – 43% ee). Lowering the reaction 

temperature to -20 °C led to an increase in enantioselectivity, affording the products with 

up to 72% ee. Conversely, products 2.5c, 2.5d, 2.5g, and 2.5h, with substituents at the 4- 

and 5-positions, were obtained with moderate to high enantioselectivity (50 – 85% ee) 

under optimized conditions, and excellent enantioselectivity (82 – 96% ee) at a reaction 

temperature of -20 °C. These findings suggested that substituents adjacent to the aldehyde 

and ethynyl groups of the substrates significantly diminished the enantiomeric excesses 

of the products, whereas para-substituents yielded relatively higher ee values. Based on 

the observation that 4-substituted products generally afforded relatively higher yields and 

enantioselectivities, substrates 2.4j – 2.4k, bearing electron-withdrawing groups at the 
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Table 2.3 Substrate scope of asymmetric carboalkoxylation catalyzed by (R,R)-2.3a.a-c 

 

a Reaction conditions: 5 mol% of (R,R)-2.3a, 2.5 mol% of D-CSA, 0.2 mmol of 

different substrates, 2 mL of R2OH. b Isolated yield. c %ee of products were determined 

by chiral HPLC. d Yields determined by 1H NMR spectroscopy with 1,3,5-

trimethoxybenzene as an internal standard. e - 20 °C, 40 h. 

4-position, were investigated. Product 2.5j was obtained in low yield (10%) but with high 

enantioselectivity (80% ee), while product 2.5k was not detected. This indicates that the 

presence of an electron-withdrawing group on the substrate significantly impacted the 
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reaction outcome. Disubstituted substrates 2.4l and 2.4m were also examined, yielding 

moderate yields and poor enantioselectivities (62 – 84% yield, 7 – 33% ee). When ethanol 

(EtOH) was employed as the solvent, the corresponding products 2.5n and 2.5o were 

obtained with low yields and moderate enantioselectivities (20 – 32% yield, 63 – 67% 

ee). Finally, ortho-ethynylnaphthaldehyde substrates 2.4p and 2.4q were subjected to the 

catalytic conditions, resulting in poor yields and enantioselectivities (15 – 19% yield, 22 

– 26% ee). 

Encouraged by the aforementioned results, we investigated the use of (R,R)-2.3g as 

a catalyst to further enhance enantioselectivity. Due to the lower catalytic activity of 

(R,R)-2.3g in the carboalkoxylation reaction, a select group of substrates (2.4a, 2.4c, 2.4g, 

2.4h, and 2.4j) were chosen to evaluate its performance (Table 2.4). Initially, the reaction 

of 2.4a was conducted using 5 mol% of (R,R)-2.3g and 2.5 mol% of D-CSA at -20 °C; 

however, the desired product was not determined (entry 1). Increasing the acid loading to 

5 mol% resulted in the formation of product 2.5a with an excellent enantioselectivity of 

99% ee (entry 2). Under these modified conditions, products 2.5c, 2.5g, and 2.5h were 

obtained in low to moderate yields but with excellent enantioselectivities (16 – 52% yield, 

92 – 99% ee, entries 3-5). In contrast, product 2.5j, bearing an electron-withdrawing 

group, was not determined (entry 6). Performing the reaction of substrate 2.4j at room 

temperature yielded the product in low yield but excellent enantioselectivity (17% yield 

and 92% ee, entry 7). These results suggest that the oxazoline ligand of the gold(III) 

catalyst, possessing a bulkier isopropyl substituent on the aryl ring, may lead to decreased 

product yields but improved enantioselectivity. 
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Table 2.4 Substrate scope of asymmetric carboalkoxylation catalzed by (R,R)-2.3g.a-c 

 

Entry Product 

D-CSA  

(mol %) 

Temp (°C) 

Reaction  

time (h) 

Yield (%) b ee (%) c 

1 2.5a 2.5 -20 72 n.d. / 

2 2.5a 5 -20 72 12 99 

3 2.5c 5 -20 72 16 97 

4 2.5g 5 -20 72 52 99 

5 2.5h 5 -20 72 43 92 

6 2.5j 5 -20 72 n.d. / 

7 2.5j 5 rt 16 17 92 

a Reaction conditions: 5 mol% of (R,R)-2.3g, 0.2 mmol of different substrates, 2 mL of 

MeOH. b Isolated yield. c Determined by chiral HPLC. 

 



61 

 

 

Scheme 2.7 Reaction mechanism of carboalkoxylation of ortho-ethynylbenzaldehyde 

The mechanism of the carboalkoxylation reaction, previously investigated using 

density functional theory calculations,78 proposed an initial activation of the substrate's 

alkyne group by the gold(III) catalyst, followed by intramolecular nucleophilic addition. 

The resulting cyclic acetal intermediates then undergo a Petasis-Ferrier rearrangement, 

generating an oxonium ion [-CH=(OMe)+]. The subsequent 5-exo-trig cyclization is 

proposed to be the enantio-determining step. Two transition states within this enantio-

determining step ultimately led to the formation of the enantiomeric products, (S)-2.5 and 

(R)-2.5, respectively (Scheme 2.8b). Based on the experimental results, the BINOL ligand 

appears to exert a limited influence on enantioselectivity, suggesting that it may not be 

directly involved in the enantio-determining step. Conversely, the solvent likely 

participated in the transition state, as a change from MeOH to EtOH significantly 

diminished enantioselectivity. Furthermore, the substrate scope screening revealed a 

substantial impact of substrate substituents on enantioselectivity. This is potentially 

attributable to steric interactions between the substituents of the substrates and the bulky 
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chiral oxazoline moiety within the favored transition state, leading to a reduction in 

enantioselectivity. 

In our previous work, we demonstrated the use of chiral C,O-chelated and O,O'-

chelated cyclometalated gold(III) complexes for the enantioselective carboalkoxylation 

of 2-ethynylbenzaldehyde and its acetal derivative (yielding 41% and 90% ee, 

respectively),34-35 in which the study focused on the development of more sterically 

hindered C,O-chelated cyclometalated gold(III) complexes. This was achieved by 

modifying the substituents on the aryl group attached to the chiral oxazoline moiety. By 

varying the steric bulk and position of these substituents, the enantioselectivity was 

increased from 9% to 92%, demonstrating the high sensitivity of enantioselectivity to 

structural modifications of the chiral ligands. Further optimization through a reduction in 

reaction temperature led to an enhancement of enantioselectivity, reaching up to 99% ee 

(Scheme 2.7). These findings underscore the considerable potential of chiral gold(III) 

complexes as effective catalysts in asymmetric synthesis. 

 

 

Scheme 2.8 Summary of our research on asymmetric gold(III) catalysis.  
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2.3 Conclusion 

In summary, this work introduced a novel methodology for the preparation of 

optically pure C,O-chelated, oxazoline-based BINOL/gold(III) complexes via a 

diastereomeric resolution strategy. A facile, efficient, and column chromatography-free 

method was developed for the gram-scale chiral resolution of racemic, oxazoline-based 

gold(III) dichloride complexes, facilitated by a successful BINOL ligand substitution 

process. Concurrently, the resolved enantiopure gold(III) dichloride complexes 

demonstrated the capability to act as chiral resolving agents for disubstituted BINOL 

derivatives. These findings provided new opportunities for the development of chiral 

gold(III) complexes and gold(III)-mediated chiral resolution of BINOL derivatives. A 

consecutive chirality transfer process was successfully demonstrated, wherein chiral 

information was initially transferred from the inexpensive chiral source, BINOL, to the 

high-value gold(III) complexes, and ultimately to BINOL derivatives. Furthermore, the 

catalytic activity of this new class of C,O-chelated, oxazoline-based BINOL/gold(III) 

complexes was investigated in the asymmetric carboalkoxylation of ortho-

alkynylbenzaldehydes, affording products with excellent enantioselectivity (up to 99% 

ee). It is anticipated that this work will broaden the applications of chiral gold(III) 

chemistry across various research fields. 
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2.4 Experimental Section 

2.4.1 General Procedures 

All reagents were acquired from commercial suppliers and utilized without further 

purification. Flash column chromatography was performed with silica gel 60 (230-400 

mesh ASTM). Thin-layer chromatography employed on precoated silica gel 60 F254 

plates. ¹H and ¹³C NMR spectra were obtained on a Bruker DPX-400 or DPX-600 

spectrometer with TMS serving as the internal standard. ¹H NMR data are presented as 

chemical shift (δ, ppm), multiplicity (s = singlet; brs = broad singlet; d = doublet; dd = 

double doublet; t = triplet; td = triple doublet; tt = triple triplet; q = quartet; qd = quadruple 

doublet, m = multiplet), coupling constant (Hz), integration. ¹³C NMR data are presented 

as chemical shift (δ, ppm). High-resolution mass spectra (HR-MS) were acquired on an 

Agilent 6540 UHD Accurate-Mass Q-TOF LC/MS system employing ESI ionization. X-

ray crystallographic analysis for small molecule structural determination was carried out 

using a Bruker D8 Venture single crystal X-ray diffractometer. Previously reported 

compounds were characterized by comparing their ¹H and/or ¹³C NMR spectra to the 

published data. Chiral phase high performance liquid chromatography (HPLC) was 

performed on Waters Alliance 2695 Separations Module with 2998 Photodiode Array 

(PDA) Detector using CHIRALPAK®  and CHIRALCEL®  columns (5µm, 4.6 mm x 250 

mm). 
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2.4.3 Preparation of Gold(III) Dichloride Complexes 2.1a-2.1e 

 

Scheme S2.1 Preparation of gold(III) dichloride complexes 2.1a-2.1e. 

The synthesis of compounds (rac)-2.1a, (R)-2.1b, (R)-2.1d and (R)-2.1e was 

accomplished and the characterization data was verified according to our previous 

publication.79  

Compound S2.1 was prepared and verified according to the literature characterization 

data.35 

Compound S2.2: A solution of 2-bromo-1,3,5-tri-tert-butylbenzene (5.47 g, 16.8 mmol) 

in 90 mL anhydrous THF was cooled to 0 °C in N2 environment. n-Butyllithium (n-BuLi, 

1.6 M solution in hexane, 12.25 mL) was added dropwise to the solution and then warmed 

to room temperature. After stirring for 2 h, compound S2.1 (3.89 g, 14 mmol) was 
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dissolved in 10 mL anhydrous THF and added dropwise into the solution. The reaction 

was stirred for further 16 h. The reaction was quenched with 30 mL sat. NH₄Cl(aq) and 

extracted with ethyl acetate (50 mL × 3). The organic layer was dried with anhydrous 

MgSO4, concentrated, and purified by chromatographic column (hexane/EA) to yield a 

pale-yellow oil (2.32 g, 4.43 mmol, 32% yield). The oil was dissolved in 22 mL THF and 

added with tetra-n-butylammonium fluoride (TBAF, 1.0 M solution in THF, 5.27 mL) at 

20°C for 16 h. The reaction was quenched with 30 mL water and extracted with ethyl 

acetate (20 mL × 3). The organic layer was dried with anhydrous MgSO4, concentrated, 

and purified by chromatographic column (hexane/DCM/EA) to yield the compound S2.3 

as a white solid (922 mg, 2.25 mmol, 51% yield). 

Compound S2.3: Compound S2.2 (865 mg, 2.11 mmol) was added into the solution 

containing 6 mL 12M HCl(aq) and 6 mL MeOH and stirred for 2 h at room temperature 

to afford the clear pale-yellow solution. The solution was adjusted to pH 12 at 0 °C, 

followed by the dilution with water, extraction with DCM (20 mL × 5), and washing with 

30 mL brine. The organic layer was dried with anhydrous MgSO4, concentrated, and 

purified by chromatographic column (DCM/MeOH) to yield the compound S2.3 as a 

white solid (638 mg, 2.08 mmol, 99% yield). 

Compound S2.4: Compound S2.3 (611 mg, 2 mmol) was dissolved in 2 mL DCM with 1 

mL triethylamine (Et3N) and cooled to 0 °C followed by the dropwise addition of 2-

bromobenzoyl chloride (483 mg, 2.2 mmol, 287 µL). The solution was warmed to room 

temperature and stirred for 1 h. The reaction was quenched with 10 mL water, extracted 

with ethyl acetate (10 mL × 3), and washed with 30 mL brine. The organic layer was 

dried with anhydrous MgSO4, concentrated, and purified by chromatographic column 
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(hexane/acetone) to yield the compound S2.4 as a white solid (713 mg, 1.46 mmol, 73% 

yield). 

Compound S2.5: Compound S2.4 (691 g, 1.42 mmol) was dissolved in 10 mL dry DCM 

and cooled to to -78 °C under N2. Diethylaminosulfur trifluoride (DAST, 251 mg, 1.56 

mmol, 204 µL) was added dropwise, and the mixture was stirred for 1 hour. Potassium 

carbonate (K2CO3, 179 mg, 2.13 mmol) was added to the solution and warmed to room 

temperature and stirred for further 1 h. The reaction was quenched with the slowly added 

sat. NaHCO₃(aq) until no bubble coming out, extracted with DCM (30 mL × 3), and 

washed with 30 mL brine. The organic layer was dried with anhydrous MgSO4, 

concentrated, and purified by chromatographic column (hexane/EA) to yield the 

compound S2.5 as a white solid (563 mg, 1.20 mmol, 84% yield). 

Compound S2.6: Compound S2.5 (471 g, 1 mmol) was dissolved in 5 mL anhydrous THF 

cooled to to -78 °C under N2. n-butyllithium (n-BuLi, 1.6 M solution in hexane, 938 µL) 

was added dropwise to the solution and the mixture was stirred for 1 h. HgCl2 (326 mg, 

1.2 mmol) was add and the solution was warmed to room temperature and stirred for 

further 16 h. The reaction was quenched with water, filtered through celite, extracted with 

DCM (10 mL × 3), and washed with 30 mL brine. The organic layer was dried with 

anhydrous MgSO4, concentrated, and purified by chromatographic column 

(hexane/DCM) to yield the compound S2.6 as a white solid (333 mg, 0.532 mmol, 53% 

yield). 

Compound (S)-2.1c: Compound S2.6 (265 mg, 0.423 mmol) and KAuCl4∙2H2O (193 mg, 

0.465 mmol) were added in 2 mL CH3CN and was heated to 65 °C for 16 h. The reaction 

mixture was dried, resuspended in DCM, and filtered through celite. The filtrate was 
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concentrated and purified by chromatographic column (hexane/acetone) to yield the 

compound (S)-2.1c as a white solid (145 mg, 0.220 mmol, 52% yield). 

 

2.4.4 Column-Free Chiral Resolution Method for Preparation of 

Gold(III) Dichloride Complexes (R)-2.1a and (S)-2.1a  

 

Scheme S2.2 Column-free chiral resolution of gold(III) dichloride complexes (R)-2.1a 

and (S)-2.1a. 

Diastereomeric resolution: A mixture of racemic cyclometalated gold(III) complex 

(C^N)AuCl2 (rac)-2.1a (1.0 g, 1.878 mmol, 1.0 equiv.), BINOL (S)-2.2a (590 mg, 2.066 

mmol, 1.1 equiv.) and Cs2CO3 (1.34 g, 4.132 mmol, 2.2 equiv.) were added in 10 mL 

MeOH and stirred for 1 h at room temperature. Orange red precipitate mixed with a red 

solution was observed. The precipitate was collected by filtration which was then washed 

with methanol and dried under vacuum, yielding the C,O-chelated oxazoline-based 

BINOL/gold(III) complex (R,R)-2.3a with dr > 99:1 as orange red solid. Besides, The 

filtrate was processed by dilution with EA and washing with water. After concentrating 

the resulting solution under reduced pressure, hexane was added to precipitate the crude 

BINOL/gold(III) complex complex (R,S)-2.3a with dr = 72:28 as orange red solid. 
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Acid treatment: The obtained (R,R)-2.3a was dissolved in DCM/MeOH (1:1, 20 mL) 

resulting in a red solution. After addition of 6 N hydrochloric acid (0.94 mL, 5.634 mmol, 

3 equiv.) at room temperature, the color of the solution immediately changed from red to 

colorless within 1 min. After removing the solvent under reduced pressure, a crude 

mixture of (R)-2.1a and (S)-2.2a was obtained. Methanol was added to this mixture for 

suspension, the precipitate was filtered to afford (R)-2.1a (99% ee) as white solid (360 

mg, 0.676 mmol, 36% yield). Using the same method for (R,S)-2.3a, (S)-2.1a (44% ee) 

was obtained as white solid (480 mg, 0.902 mmol, 48% yield). Two filtrates were 

combined and purified by chromatographic column to recover the BINOL (S)-2.2a (560 

mg, 1.962 mmol, 95% yield). 

 

Scheme S2.3 Acid treatment of (R,R)-2.3a to give (R)-2.1a and (S)-2.2a. 

Repeat the diastereomeric resolution method with (S)-2.1a (44% ee) by changing the 

resolving agent to (R)-2.2a (284 mg, 0.992 mmol, 1.1 equiv) to give (S,S)-2.3a (dr = 99:1) 

and crude (S,R)-2.3a (dr = 78:22). After acid treatment for (S,S)-2.3a, (S)-2.1a (98% ee) 

was obtained (280 mg, 0.638 mmol, 34% yield) and BINOL (R)-2.2a was recovered (272 

mg, 0.952 mmol, 96% yield).  
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Figure S2.1 Determination of dr of (a) crude mixture of 2.3a; (b) (R,R)-2.3a; 

(c) (R,S)-2.3a; (d) (S,S)-2.3a; (e) (S,R)-2.3a by 1H NMR analysis. 
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2.4.5 Preparation of BINOL/Gold(III) Complexes 

 

Scheme S2.4 Preparation of BINOL/gold(III) complexes 2.3a, g-j. 

(R,R)-2.3a (602 mg, 0.808 mmol, 43% yield) and (S,S)-2.3a (504 mg, 0.676 mmol, 36% 

yield) can be prepared by the above diastereomeric resolution method using (rac)-2.1a. 

(R,S)-2.3a and (S,R)-2.3a were synthesized using similar procedure: The enantiopure 

cyclometalated gold(III) complex, either (S)-2.1a or (R)-2.1a (22.0 mg, 0.0413 mmol, 1.1 

equiv.), was reacted with the corresponding enantiomer of BINOL, (S)-2.2a or (R)-2.2a 

(10.8 mg, 0.0376 mmol, 1.0 equiv.), respectively, in the presence of Cs2CO3 (26.9 mg, 

0.0826 mmol, 2.2 equiv.) in MeOH for 1 h at room temperature. After filtration through 

celite, the reaction mixture was diluted with EA and washed with water. The organic layer 

was concentrated and the product was precipitated by addition of hexane, affording the 

desired BINOL/gold(III) complex as orange-red solids (R,S)-2.3a (23.8 mg, 0.0320 mmol, 

85% yield) and (S,R)-2.3a (25.2 mg, 0.0338 mmol, 90% yield) respectively. 

(R,R)-2.3g, (R,S)-2.3h, (R,R)-2.3i and (R,R)-2.3j: The enantiopure cyclometalated 

gold(III) complex (C^N)AuCl2 2.1 (1.0 equiv.) was reacted with BINOL (S)-2.2a (1.1 

equiv.) in the presence of Cs2CO3 (2.2 equiv.) in 2 mL MeOH for 1 h at room temperature. 

Orange red precipitate was formed in a suspension. The resulting precipitates were 

collected by filtration, washed with methanol, and dried under vacuum to afford the 

desired C,O-chelated cyclometalated BINOL/gold(III) complex (R,R)-2.3g (orange red 



76 

 

solid, 78 mg, 0.0935 mmol, 85% yield), (R,S)-2.3h (salmon orange solid, 20 mg, 0.0229 

mmol, 78% yield), (R,R)-2.3i (orange solid, 237 mg, 0.337 mmol, 82% yield) and (R,R)-

2.3j (orange solid, 114 mg, 0.140 mmol, 82% yield). 

2.4.6 Synthesis of C,O-Chelated BINOL/Gold(III) Complexes 2.3b-f 

and Resolution of BINOLs 2.2b-2.2f 

 

Scheme S2.5 Synthesis of BINOL/gold(III) complexes 2.3b and resolution of BINOLs 

2.2b. 

The enantiopure gold(III) complex (S)-2.1 (22 mg, 0.0413 mmol, 1.1 equiv.) was reacted 

with the racemic BINOL (rac)-2.2b (25.9 mg, 0.0375 mmol, 1.0 equiv.) in the presence 

of Cs2CO3 (26.9 mg, 0.0827 mmol, 2.2 equiv.) in 2 mL MeOH for 1 h at room temperature. 

Orange red precipitate was formed in a suspension. The resulting precipitates were 

collected by filtration to afford the diastereomeric mixtures of 2.3b with dr = 1:1. After 

addition of hexane/acetone (1:1, 4 mL), orange red precipitate mixed with a red solution 

was observed. The precipitate was collected to give BINOL/gold(III) complex (R,S)-2.3b 

with dr = 99:1 as orange red solid (21.6 mg, 0.0187 mmol, 50% yield). Besides, The 

filtrate was concentrated and the product was precipitated by addition of hexane, 
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affording the BINOL/gold(III) complex (S,S)-2.3b with dr > 99:1 as orange red solid 

(21.1 mg, 0.0184 mmol, 49% yield). 

The obtained (R,S)-2.3b and (S,S)-2.3b was separately dissolved in DCM/MeOH (1:1, 2 

mL). After addition of 6 N hydrochloric acid (19 μL, 0.0188 mmol, 3 equiv.) at room 

temperature, the color of the solution immediately changed from red to colorless within 

1 min. The solution was concentrated and purified by chromatographic column 

(hexane/DCM) to afford BINOL (S)-2.2b (white solid, 12.7 mg, 0.0184 mmol, 49% yield, 

99% ee), BINOL (R)-2.2b (white solid, 12.2 mg, 0.0176 mmol, 47% yield, 96% ee) and 

recovered (S)-2.1a (20.7 mg, 0.0388 mmol, 94% yield). 

 

Scheme S2.6 Synthesis of BINOL/gold(III) complexes 2.3c and resolution of BINOLs 

2.2c. 

The enantiopure gold(III) complex (S)-2.1 (22 mg, 0.0413 mmol, 1.1 equiv.) was reacted 

with the racemic BINOL (rac)-2.2c (20.2 mg, 0.0375 mmol, 1.0 equiv.) in the presence 

of Cs2CO3 (26.9 mg, 0.0827 mmol, 2.2 equiv.) in 2 mL MeOH for 1 h at room temperature. 

The solution was diluted with addition of DCM and washed with water. The organic layer 

was concentrated and dried to afford the diastereomeric mixtures of 2.3c with dr = 1:1. 
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After addition of hexane/acetone (5:1, 12 mL), orange red precipitate mixed with a red 

solution was observed. The precipitate was collected to give BINOL/gold(III) complex 

(R,S)-2.3c with dr = 99:1 as orange red solid (15.7 mg, 0.0157 mmol, 42% yield). Besides, 

The filtrate was concentrated and the product was precipitated by addition of hexane, 

affording the crude BINOL/gold(III) complex (S,S)-2.3c with dr = 74:26 as orange red 

solid. MeOH (5 mL) was subsequently added to the obtained crude (S,S)-2.3c. Orange 

red precipitate mixed with pale yellow solution was observed. The precipitate was 

collected by filtration to give BINOL/gold(III) complex (S,S)-2.3c with dr = 99:1 as 

orange red solid (14.6 mg, 0.0146 mmol, 39% yield). 

The obtained (R,S)-2.3c and (S,S)-2.3c was separately added in DCM/MeOH (1:1, 2 mL). 

After addition of 6 N hydrochloric acid (19 μL, 0.0188 mmol, 3 equiv.) at room 

temperature, the color of the solution immediately changed from red to colorless within 

1 min. The solution was concentrated and purified by chromatographic column 

(hexane/DCM) to afford BINOL (S)-2.2c (white solid, 8.1 mg, 0.0150 mmol, 40% yield, 

98% ee), BINOL (R)-2.2c (white solid, 7.5 mg, 0.0139 mmol, 37% yield, 98% ee) and 

recovered (S)-2.1a (17.6 mg, 0.0330 mmol, 80% yield). 

 

Scheme S2.7 Synthesis of BINOL/gold(III) complex 2.3d and resolution of BINOLs 2.2d. 
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The enantiopure gold(III) complex (S)-2.1 (22 mg, 0.0413 mmol, 1.1 equiv.) was reacted 

with the racemic BINOL (rac)-2.2d (27.9 mg, 0.0375 mmol, 1.0 equiv.) in the presence 

of Cs2CO3 (26.9 mg, 0.0827 mmol, 2.2 equiv.) in 2 mL MeOH for 1 h at room temperature. 

The solution was diluted with addition of EA and washed with water. The organic layer 

was concentrated and dried to afford the diastereomeric mixtures of 2.3d with dr = 1:1. 

After addition of hexane/iPrOH (9:1, 20 mL), yellow precipitate mixed with a red solution 

was observed. The precipitate was collected to give BINOL/gold(III) complex (R,S)-2.3d 

with dr > 99:1 as orange red solid (17.5 mg, 0.0150 mmol, 40% yield The filtrate was 

concentrated and the product was precipitated by addition of hexane, affording the crude 

BINOL/gold(III) complex (S,S)-2.3d with dr = 75:25 as yellow solid.  

The obtained (R,S)-2.3d and crude (S,S)-2.3d was separately dissolved in EA/MeOH (1:1, 

2 mL). After addition of 6 N hydrochloric acid (19 μL, 0.0188 mmol, 3 equiv.) at room 

temperature, the color of the solution immediately changed from red to colorless within 

1 min. The solution was concentrated and purified by chromatographic column 

(hexane/DCM) to afford BINOL (S)-2.2d (white solid, 10.0 mg, 0.0135 mmol, 36% yield, 

99% ee), BINOL (R)-2.2d (white solid, 15.6 mg, 0.0210 mmol, 56% yield, 50% ee) and 

recovered (S)-2.1a (20.9 mg, 0.0392 mmol, 95% yield). 

 

Scheme S2.8 Synthesis of BINOL/gold(III) complex 2.3e and resolution of BINOLs 2.2e. 
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The enantiopure gold(III) complex (S)-2.1 (22 mg, 0.0413 mmol, 1.1 equiv.) was reacted 

with the racemic BINOL (rac)-2.2e (11.8 mg, 0.0375 mmol, 1.0 equiv.) in the presence 

of Cs2CO3 (26.9 mg, 0.0827 mmol, 2.2 equiv.) in 2 mL MeOH for 1 h at room temperature. 

The solution was diluted with addition of DCM and washed with water. The organic layer 

was concentrated and dried to afford the diastereomeric mixtures of 2.3e with dr = 1:1. 

After addition of hexane/EA (2:1, 12 mL), orange red precipitate mixed with red solution 

was observed. The precipitate was collected to give BINOL/gold(III) complex (R,S)-2.3e 

with dr = 92:8 as orange red solid (12.2 mg, 0.0157 mmol, 42% yield). The filtrate was 

concentrated and the product was precipitated by addition of hexane, affording the crude 

BINOL/gold(III) complex (S,S)-2.3e with dr = 75:25 as orange red solid.  

The obtained (R,S)-2.3e and crude (S,S)-2.3e was separately added in DCM/MeOH (1:1, 

2 mL). After addition of 6 N hydrochloric acid (19 μL, 0.0188 mmol, 3 equiv.) at room 

temperature, the color of the solution immediately changed from red to colorless within 

1 min. The solution was concentrated and purified by chromatographic column 

(hexane/DCM) to afford BINOL (S)-2.2e (white solid, 4.7 mg, 0.0150 mmol, 40% yield, 

85% ee), BINOL (R)-2.2e (white solid, 6.5 mg, 0.0206 mmol, 55% yield, 50% ee) and 

recovered (S)-2.1a (16.7 mg, 0.0314 mmol, 76% yield). 

 

Scheme S2.9 Synthesis of BINOL/gold(III) complex 2.3f and resolution of BINOLs 2.2f. 
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The enantiopure gold(III) complex (S)-2.1 (28 mg, 0.0525 mmol, 1.4 equiv.) was reacted 

with the racemic BINOL (rac)-2.2f (16.7 mg, 0.0375 mmol, 1.0 equiv.) in the presence 

of Cs2CO3 (34.2 mg, 0.105 mmol, 2.8 equiv.) in 1 mL MeOH for 1 h at room temperature. 

Orange red precipitate was formed in a suspension. The resulting precipitates were 

collected by filtration to afford the diastereomeric mixtures of 2.3f with dr = 1:1. After 

addition of MeOH (10 mL), orange red precipitate mixed with red solution was observed. 

The precipitate was collected to give BINOL/gold(III) complex (R,S)-2.3f with dr = 97:3 

as orange red solid (14.2 mg, 0.0157 mmol, 43% yield). The filtrate was concentrated and 

the product was precipitated by addition of hexane, affording the BINOL/gold(III) 

complex (S,S)-2.3f with dr = 90:10 as orange red solid (17.9 mg, 0.0199 mmol, 53% 

yield). 

The obtained (R,S)-2.3f and (S,S)-2.3f was separately added in DCM/MeOH (1:1, 2 mL). 

After addition of 6 N hydrochloric acid (19 μL, 0.0188 mmol, 3 equiv.) at room 

temperature, the color of the solution immediately changed from red to colorless within 

1 min. The solution was concentrated and purified by chromatographic column 

(hexane/DCM) to afford compound BINOL (S)-2.2f (white solid, 6.8 mg, 0.0154 mmol, 

41% yield, 96% ee), BINOL (R)-2.2f (white solid, 8.2 mg, 0.0184 mmol, 49% yield, 80% 

ee) and recovered (S)-2.1a (23.8 mg, 0.0446 mmol, 85% yield). 
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2.4.7 1H NMR Analysis for Determination of Diastereometric Ratio of 

2.3b-2.3f 

In the 1H NMR spectra, the protons on the oxazoline ring were used to determine the 

diastereometric ratio of 2.3b-2.3f (Figure S2.2a).  

 

Figure S2.2 Determination of dr of (a) crude mixture of 2.3b; (b) (R,S)-2.3b; 

(c) (S,S)-2.3b by 1H NMR analysis. 
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Figure S2.3 Determination of dr of (a) crude mixture of 2.3c; (b) (R,S)-2.3c; 

(c) (S,S)-2.3c by 1H NMR analysis. 
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Figure S2.4 Determination of dr of (a) crude mixture of 2.3d; (b) (R,S)-2.3d; 

(c) (S,S)-2.3d by 1H NMR analysis. 

 

 



85 

 

 

Figure S2.5 Determination of dr of (a) crude mixture of 2.3e; (b) (R,S)-2.3e; 

(c) (S,S)-2.3e by 1H NMR analysis. 
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Figure S2.6 Determination of dr of (a) crude mixture of 2.3f; (b) (R,S)-2.3f; 

(c) (S,S)-2.3f by 1H NMR analysis. 
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2.4.8 1H NMR Kinetic Study 

Quantitative NMR Analysis: A 0.05 M solution of 1,3,5-trimethoxybenzene in CD3OD 

was prepared as internal standard stock solution. The catalysis was performed under 

standard conditions except changing the solvent to CD3OD. 10 𝜇L of internal standard 

stock solution and 20 𝜇L of reaction crude solution were transferred to 500 𝜇L CD3OD 

in an NMR tube for measurement. 

 

Before the kinetic study of carboalkoxylation of substrate 2.4a started, the 1H NMR of 

the 2.4a in CD3OD was obtained. When dissolving in CD3OD, a mixture of substrate 2.4a 

and its hemiacetal form was present in the solvent with the ratio of 2:1 (Figure S2.7). 

2 1:

 

Figure S2.7 1H NMR of substrate 2.4a in CD3OD 
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Figure S2.8 1H NMR of substrate 2.4a with D-CSA and internal standard in CD3OD 

 

When dissolving in CD3OD with 2.5 mol% D-CSA, all substrate 2.4a was converted into 

acetal form (Figure S2.8). With the use of internal standard, the kinetic study could be 

conducted. It was assumed that all substrate 2.4a was converted into acetal form at t = 0. 

 

Table S2.1 Kinetic study of substrate 2.4a under optimized conditions.a 

Reaction time 

(min) 

1H NMR Yield (%) 

   

0 100 0 0 
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10 67 14 4 

30 45 27 14 

60  30 40 24 

90 22 45 27 

120 16 47 30 

270 2 49 37 

330 0 50 37 

a Reaction conditions: Optimized condition, 2 mL CD3OD as solvent. 

 

 

Table S2.2 Kinetic study of substrate 2.4a using TsOH as acid.a 

Reaction time (min) 

1H NMR Yield (%) 

   

0 100 0 0 

75 41 33 24 

120 13 47 40 

170 5 50 43 

270 0 54 48 

a Reaction conditions: Optimized condition, 2 mL CD3OD as solvent. 
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Table S2.3 Kinetic study of substrate 2.4a using BINOL-PO2H-1 as acid.a 

Reaction time (min) 

1H NMR Yield (%) 

  
 

0 100 0 0 

75 77 10 8 

110 58 16 11 

170 56 19 17 

270 47 22 21 

a Reaction conditions: Optimized condition, 2 mL CD3OD as solvent. 

 

 

  



91 

 

 

Table S2.4 Kinetic study of substrate 2.4l under optimized conditions.a 

Reaction time (min) 

1H NMR Yield (%) 

  

0 98 0 

10 53 39 

20 33 56 

30 21 65 

40 15 72 

50 10 76 

60 6 80 

75 3 83 

90 1 85 

105 <1 85 

120 0 85 

150 0 85 

a Reaction conditions: Optimized condition, 2 mL CD3OD as solvent. 
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Figure S2.9 Kinetic profile of catalyzing substrate 2.4l. 

 

 

  



93 

 

 

Table S2.5 Kinetic study of 5-Cl substituted substrate under optimized conditions.a 

Reaction time (min) 

1H NMR Yield (%) 

  
 

0 51 0 0 

8 70 <1 1 

13 71 1 2 

20 72 1 2 

30 73 2 3 

40 72 3 3 

50 72 3 3 

60 72 4 4 

80 72 4 5 

100 71 5 5 

120 70 5 6 

150 68 6 8 

180 68 6 9 

210 68 6 10 

a Reaction conditions: Optimized condition, 2 mL CD3OD as solvent. 
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Figure S2.10 Kinetic profile of catalyzing 5-Cl substituted substrate. 
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Figure S2.11 Summary of kinetic profile of catalyzing different substrates. 
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Table S2.6 Kinetic study of substrate 2.4j under optimized conditions.a 

Reaction time (min) 

1H NMR Yield (%) 

   

0 98 0 0 

120 38 28 13 

240 32 32 22 

360 28 34 29 

a Reaction conditions: Optimized condition, 2 mL CD3OD as solvent. 

 

Table S2.7 Kinetic study of 5-F substituted substrate under optimized conditions.a 

Reaction time (min) 

1H NMR Yield (%) 

   

0 85% 0% 0% 

120 56% 11% 24% 

240 49% 14% 32% 

360 37% 16% 38% 

a Reaction conditions: Optimized condition, 2 mL CD3OD as solvent. 
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Table S2.8 Kinetic study of 4-F substituted substrate under optimized conditions.a 

Reaction time (min) 

1H NMR Yield (%) 

   

0 >99 0 0 

120 65 17 10 

240 55 21 15 

360 44 26 22 

a Reaction conditions: Optimized condition, 2 mL CD3OD as solvent. 

 

Table S2.9 Kinetic study of 5-CF3 substituted substrate under optimized conditions.a 

Reaction time 

(min) 

1H NMR Yield (%) 

   

0 49 0 0 

120 75 3 6 

240 72 3 8 

360 64 4 10 

Table S2.10 1H NMR yield of the substate scope.a 
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2.4.9 HPLC Analysis of Resolved BINOLs 2.2b-2.2f  

 

Chiralpak IC column,  

55:45 hexane/isopropanol,  

1 mL/min, 

tR = 10.1 min, 19.6 min, 

ee = 0%. 

 

 

Chiralpak IC column,  

55:45 hexane/isopropanol,  

1 mL/min, 

tR = 10.1 min (major),  

19.1 min (minor), 

ee = 99%. 
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Chiralpak IC column,  

55:45 hexane/isopropanol, 

1 mL/min, 

tR = 10.7 min (minor),  

21.2 min (major), 

ee = 96%. 

 

 

Chiralcel AD-H column, 

55:45 hexane/isopropanol, 

1 mL/min, 

tR = 13.2 min, 27.1 min, 

ee = 0%. 
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Chiralcel AD-H column, 

55:45 hexane/isopropanol,  

1 mL/min, 

tR = 13.1 min (minor), 

26.6 min (major), 

ee = 98%. 

 

 

Chiralcel AD-H column,  

55:45 hexane/isopropanol,  

1 mL/min, 

tR = 13.0 min (major),  

26.7 min (minor), 

ee = 98%. 
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Chiralcel AD-H column, 

99:1 hexane/isopropanol, 

0.5 mL/min, 

tR = 7.0 min, 7.7 min, 

ee = 0%. 

 

 

Chiralcel AD-H column,  

99:1 hexane/isopropanol, 

0.5 mL/min, 

tR = 6.8 min (major), 7.3 

min (minor), 

ee = 99%. 
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Chiralcel AD-H column,  

99:1 hexane/isopropanol,  

0.5 mL/min, 

tR = 6.8 min (minor),  

7.2 min (major),  

ee = 50%. 

 

 

Chiralpak IC column, 

98:2 hexane/isopropanol, 

1 mL/min, 

tR = 4.4 min, 4.9 min, 

ee = 0%. 
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Chiralpak IC column, 

98:2 hexane/isopropanol,  

1 mL/min, 

tR = 4.4 min (minor),  

4.9 min (major), 

ee = 85%. 

 

 

Chiralpak IC column,  

98:2 hexane/isopropanol,  

1 mL/min, 

tR = 4.4 min (major),  

5.0 min (minor), 

ee = 50%. 
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Chiralpak IC column, 

95:5 hexane/isopropanol, 

1 mL/min, 

tR = 7.7 min, 10.8 min, 

ee = 0%. 

 

 

Chiralpak IC column, 

95:5 hexane/isopropanol, 

1 mL/min, 

tR = 7.7 min (minor), 

10.8 min (major), 

ee = 96%. 
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Chiralpak IC column,  

95:5 hexane/isopropanol,  

1 mL/min, 

tR = 7.7 min (major),  

10.9 min (minor), 

ee = 80%. 

 

 

2.4.10 Synthesis of Substrates 2.4a-2.4m 

 

Scheme S2.10 Preparation of substrates 2.4a-2.4m 

Substrates 2.4a-2.4e, 2.4g-2.4m was accomplished and the characterization data was 

verified according to our previous publication.80 The synthesis of substrate 2.4f was 

carried out as follows: a Sonogashira coupling of 2-bromo-6-methylbenzaldehyde (3 

mmol, 1.0 equiv) with trimethylsilylacetylene (4.5 mmol, 1.5 equiv.) in 10 mL 

degegassed THF/Et3N (1:1), catalyzed by Pd(PPh3)2Cl2 (0.06 mmol, 0.02 equiv.) and CuI 

(0.06 mmol, 0.02 equiv.). The reaction was performed at 50 °C for 16 h. After filtration 

through celite, the filtrate was concentrated and purified by chromatographic column 
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(hexane/EA to afford the corresponding reaction intermediate (86% yield). The reaction 

intermediate was then subjected to deprotection of the trimethylsilyl group using K2CO3 

(0.56 g, 2.58 mmol) in 10 mL MeOH at room temperature. Upon completion of the 

reaction, as indicated by thin-layer chromatography (TLC), water was added to the 

reaction mixture. The resulting residue was extracted with DCM and dried by anhydrous 

MgSO4. The filtrate was concentrated and purified by chromatographic column 

(hexane/EA) to afford 2.4f (pale yellow solid, 0.19 g, 1.34 mmol, 52% yield). 

 

2.4.11 General Procedure for Gold(III) Complex (R,R)-2.3a Catalyzed 

Asymmetric Carboalkoxylation of ortho-Alkynylbenzaldehydes 

The asymmetric carboalkoxylation affording 2.5a is representative. A mixture of gold 

catalyst (R,R)-2.2a (0.010 mmol, 5 mol %), and D-camphorsulfonic acid (0.005 mmol, 

2.5 mol %), and substrate 2.4a (0.20 mmol) in 2 mL MeOH was stirred at room 

temperature for 16 h. The reaction mixture was concentrated and purified by 

chromatographic column (hexane/EA) to afford 5a as pale yellow oil. This general 

procedure was applied to 2.5b-2.5m. For 2.5n-2.5o, MeOH was replaced by EtOH. 

Racemic samples were obtained with KAuCl4·2H2O as catalyst. Products 2.5a, 2.5c, 

2.5g-2.5h, 2.5l-2.5m were identified with reference to the characterization data in 

literatures.79-80 
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2.4.12 X-Ray Crystallography Data 

 

Figure S2.12 X-ray crystal structure of (R,R)-2.3a. 
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Table S2.11 Crystal data and structure refinement for (R,R)-2.3a. 

Empirical formula C38H30AuNO3 

Formula weight 745.60 

Temperature/K 216(2) 

Crystal system orthorhombic 

Space group P212121 

a/Å  10.4093(9) 

b/Å  13.2093(12) 

c/Å  23.861(2) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å 3 3280.9(5) 

Z 4 

ρcalcg/cm3 1.510 

μ/mm-1 4.520 

F(000) 1472.0 

Crystal size/mm3 0.06 × 0.04 × 0.02 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.27 to 55.944 

Index ranges -13 ≤ h ≤ 13, -17 ≤ k ≤ 17, -31 ≤ l 

≤ 31 

Reflections collected 54762 

Independent reflections 7895 [Rint = 0.1107, Rsigma = 

0.0553] 

Data/restraints/parameters 7895/0/391 

Goodness-of-fit on F2 1.143 

Final R indexes [I>=2σ (I)] R1 = 0.0533, wR2 = 0.1123 

Final R indexes [all data] R1 = 0.0660, wR2 = 0.1177 

Largest diff. peak/hole / e Å -3 1.86/-4.17 

Flack parameter 0.011(5) 
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Table S2.12 Fractional Atomic Coordinates (×104) and Equivalent Isotropic 

Displacement Parameters (Å 2×103) for (R,R)-2.3a. Ueq is defined as 1/3 of the trace of the 

orthogonalised UIJ tensor. 

Atom x y z U(eq) 

Au1 6833.2(5) 4622.0(3) 5296.9(2) 38.84(12) 

C1 6196(13) 3996(11) 6381(5) 46(3) 

C2 6113(16) 3371(13) 6859(7) 66(4) 

C3 5352(19) 3660(14) 7295(6) 71(5) 

C4 4629(16) 4537(13) 7275(5) 61(4) 

C5 3810(20) 4812(16) 7718(7) 84(6) 

C6 3050(30) 5649(14) 7687(7) 91(7) 

C7 3110(20) 6278(12) 7220(6) 82(5) 

C8 3921(17) 6048(12) 6790(6) 64(4) 

C9 4710(14) 5189(10) 6798(5) 49(3) 

C10 5504(13) 4887(9) 6344(5) 41(3) 

C11 5661(11) 5546(8) 5816(5) 37(3) 

C12 6419(14) 6490(9) 5942(6) 48(3) 

C13 7521(18) 6465(14) 6229(7) 73(5) 

C14 8260(30) 7299(18) 6346(8) 105(8) 

C15 7830(30) 8218(18) 6165(10) 107(9) 

C16 6660(30) 8302(12) 5887(8) 84(6) 

C17 5960(19) 7416(11) 5760(6) 63(4) 

C18 4770(20) 7482(14) 5484(7) 74(5) 

C19 4020(16) 6680(15) 5348(8) 71(5) 

C20 4390(13) 5649(10) 5520(5) 46(3) 

C21 6902(13) 5411(10) 4560(4) 43(2) 

C22 6451(15) 6303(10) 4400(7) 58(4) 

C23 6628(18) 6702(12) 3865(6) 66(4) 

C24 7279(18) 6156(14) 3471(7) 78(5) 

C25 7810(15) 5250(14) 3616(6) 67(4) 

C26 7643(13) 4852(9) 4140(6) 48(3) 

C27 8204(19) 3932(10) 4337(6) 58(3) 

C28 9321(19) 2515(13) 4393(7) 71(5) 
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C29 8677(15) 2704(11) 4960(7) 57(4) 

C30 9516(15) 2745(11) 5468(7) 59(4) 

C31 10418(16) 3547(13) 5548(8) 76(5) 

C32 10570(20) 4436(14) 5151(10) 108(8) 

C33 11200(20) 3524(19) 6020(11) 103(8) 

C34 11110(20) 2800(20) 6423(11) 109(8) 

C35 11930(30) 2830(20) 6965(12) 161(13) 

C36 10270(19) 2010(17) 6336(8) 82(5) 

C37 9546(17) 1982(13) 5878(7) 62(4) 

C38 8570(20) 1124(13) 5825(7) 84(6) 

N1 7957(10) 3647(8) 4845(4) 46(3) 

O1 6923(10) 3686(7) 5960(4) 50(2) 

O2 3756(10) 4890(9) 5428(4) 74(4) 

O3 8957(13) 3354(9) 4038(5) 80(4)  
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Table S2.13 Anisotropic Displacement Parameters (Å 2×103) for (R,R)-2.3a. 

Atom U11 U22 U33 U23 U13 U12 

Au1 35.28(19) 37.42(19) 43.8(2) 0.6(2) 3.1(2) -0.7(2) 

C1 45(7) 51(8) 44(7) 10(6) -5(6) -3(6) 

C2 62(10) 71(11) 66(10) 28(8) -5(8) 6(8) 

C3 89(13) 80(12) 43(8) 29(8) 0(8) -17(10) 

C4 77(10) 64(9) 41(7) 7(7) 3(7) -17(10) 

C5 116(16) 95(15) 41(8) 11(9) 17(9) -21(13) 

C6 130(19) 82(13) 60(10) -5(8) 45(12) -1(14) 

C7 118(15) 65(10) 62(9) -12(8) 45(11) -4(12) 

C8 88(12) 60(9) 43(8) -5(7) 22(8) -13(9) 

C9 58(8) 52(9) 38(6) -5(6) 4(6) -19(7) 

C10 45(7) 42(7) 37(6) -2(5) 0(5) -6(5) 

C11 43(6) 26(6) 42(6) 2(5) 15(5) -1(5) 

C12 64(9) 32(6) 48(8) 1(6) 15(7) -11(6) 

C13 74(12) 74(11) 70(11) -21(9) 12(9) -37(9) 

C14 110(17) 112(17) 93(14) -30(13) 23(14) -74(16) 

C15 130(20) 79(14) 108(17) -34(12) 48(16) -60(16) 

C16 124(19) 41(8) 88(13) -4(8) 46(14) -1(11) 

C17 92(13) 42(8) 54(9) -4(6) 25(9) 3(8) 

C18 92(14) 66(11) 65(11) 20(8) 28(10) 31(10) 

C19 51(9) 102(13) 59(9) 14(11) -1(8) 34(9) 

C20 45(7) 55(8) 37(6) -1(5) 15(5) 10(6) 

C21 37(5) 47(6) 44(6) -5(5) 8(5) -6(7) 

C22 64(10) 34(7) 76(10) 19(7) -10(7) 0(6) 

C23 70(12) 63(9) 64(9) 19(7) 15(8) 15(9) 

C24 97(15) 75(11) 62(10) 26(9) 19(9) 15(10) 

C25 69(11) 78(11) 54(8) 14(8) 19(7) 9(9) 

C26 41(7) 42(8) 61(8) 4(6) 16(6) -2(5) 

C27 70(9) 47(7) 57(8) 1(6) 18(9) -7(9) 

C28 72(13) 57(10) 86(13) -4(9) 16(10) 23(10) 
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C29 47(8) 43(8) 83(10) 3(7) 4(7) 8(6) 

C30 41(8) 50(8) 88(12) -6(7) 11(8) 9(7) 

C31 41(8) 72(11) 115(15) 18(10) -4(9) -15(8) 

C32 76(13) 71(12) 180(20) 59(14) -12(14) -32(10) 

C33 66(13) 111(18) 130(20) 10(15) -26(13) -39(12) 

C34 79(15) 130(20) 113(19) 2(17) -17(13) -28(15) 

C35 130(30) 200(30) 160(30) 0(20) -70(20) -30(30) 

C36 75(13) 100(15) 72(12) 4(11) 13(10) -4(11) 

C37 58(9) 64(10) 62(10) -10(8) 12(8) -4(8) 

C38 140(20) 59(9) 57(9) 0(8) 9(10) -7(11) 

N1 37(6) 41(5) 60(7) 1(4) 6(5) 1(4) 

O1 46(5) 53(5) 51(5) 5(4) 1(5) 3(5) 

O2 66(7) 95(8) 61(7) 7(5) -24(5) -52(6) 

O3 103(10) 58(7) 79(8) 2(6) 47(7) 25(6)  
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Table S2.14 Bond Lengths for (R,R)-2.3a. 

Atom Atom Length/Å   Atom Atom Length/Å  

Au1 C11 2.125(11)  C18 C19 1.35(3) 

Au1 C21 2.045(11)  C19 C20 1.47(2) 

Au1 N1 2.047(10)  C20 O2 1.220(16) 

Au1 O1 2.009(8)  C21 C22 1.325(18) 

C1 C2 1.410(19)  C21 C26 1.464(17) 

C1 C10 1.383(18)  C22 C23 1.39(2) 

C1 O1 1.324(16)  C23 C24 1.37(2) 

C2 C3 1.36(2)  C24 C25 1.36(2) 

C3 C4 1.38(2)  C25 C26 1.368(19) 

C4 C5 1.41(2)  C26 C27 1.43(2) 

C4 C9 1.431(19)  C27 N1 1.296(16) 

C5 C6 1.36(3)  C27 O3 1.306(18) 

C6 C7 1.39(2)  C28 C29 1.53(2) 

C7 C8 1.36(2)  C28 O3 1.45(2) 

C8 C9 1.40(2)  C29 C30 1.49(2) 

C9 C10 1.419(18)  C29 N1 1.480(17) 

C10 C11 1.540(15)  C30 C31 1.43(2) 

C11 C12 1.505(17)  C30 C37 1.40(2) 

C11 C20 1.505(19)  C31 C32 1.52(2) 

C12 C13 1.34(2)  C31 C33 1.39(3) 

C12 C17 1.38(2)  C33 C34 1.36(3) 

C13 C14 1.37(2)  C34 C35 1.55(3) 

C14 C15 1.36(4)  C34 C36 1.38(3) 

C15 C16 1.39(3)  C36 C37 1.33(3) 

C16 C17 1.41(3)  C37 C38 1.53(2) 

C17 C18 1.41(3)   

  



114 

 

Table S2.15 Bond Angles for (R,R)-2.3a. 

Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

C21 Au1 C11 103.2(5)  C18 C19 C20 120.4(15) 

C21 Au1 N1 81.2(5)  C19 C20 C11 116.3(13) 

N1 Au1 C11 175.5(4)  O2 C20 C11 119.1(12) 

O1 Au1 C11 85.5(4)  O2 C20 C19 124.6(15) 

O1 Au1 C21 171.3(4)  C22 C21 Au1 133.5(10) 

O1 Au1 N1 90.1(4)  C22 C21 C26 116.0(12) 

C10 C1 C2 121.2(14)  C26 C21 Au1 110.4(9) 

O1 C1 C2 117.9(13)  C21 C22 C23 123.6(15) 

O1 C1 C10 120.8(11)  C24 C23 C22 119.8(15) 

C3 C2 C1 119.3(15)  C25 C24 C23 119.4(15) 

C2 C3 C4 121.7(14)  C24 C25 C26 121.2(15) 

C3 C4 C5 121.5(15)  C25 C26 C21 119.9(13) 

C3 C4 C9 120.0(14)  C25 C26 C27 125.1(13) 

C5 C4 C9 118.6(17)  C27 C26 C21 114.9(12) 

C6 C5 C4 121.6(16)  N1 C27 C26 118.2(14) 

C5 C6 C7 120.1(17)  N1 C27 O3 117.5(14) 

C8 C7 C6 119.8(19)  O3 C27 C26 124.3(13) 

C7 C8 C9 122.4(15)  O3 C28 C29 106.2(12) 

C8 C9 C4 117.6(13)  C30 C29 C28 117.9(13) 

C8 C9 C10 124.0(12)  N1 C29 C28 101.2(12) 

C10 C9 C4 118.2(14)  N1 C29 C30 114.6(13) 

C1 C10 C9 119.6(12)  C31 C30 C29 121.3(15) 

C1 C10 C11 118.6(11)  C37 C30 C29 123.4(15) 

C9 C10 C11 121.8(11)  C37 C30 C31 115.1(16) 

C10 C11 Au1 102.3(7)  C30 C31 C32 123.8(17) 

C12 C11 Au1 106.9(8)  C33 C31 C30 118.5(17) 

C12 C11 C10 111.2(10)  C33 C31 C32 117.7(17) 

C20 C11 Au1 106.4(8)  C34 C33 C31 123.3(19) 

C20 C11 C10 109.9(10)  C33 C34 C35 122(2) 

C20 C11 C12 118.7(11)  C33 C34 C36 118(2) 
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C13 C12 C11 122.1(14)  C36 C34 C35 119(2) 

C13 C12 C17 118.6(15)  C37 C36 C34 120(2) 

C17 C12 C11 119.3(14)  C30 C37 C38 117.4(16) 

C12 C13 C14 124(2)  C36 C37 C30 124.4(17) 

C15 C14 C13 118(3)  C36 C37 C38 117.8(17) 

C14 C15 C16 120.4(19)  C27 N1 Au1 115.1(10) 

C15 C16 C17 119.4(18)  C27 N1 C29 108.5(12) 

C12 C17 C16 119.1(19)  C29 N1 Au1 136.2(9) 

C12 C17 C18 120.4(16)  C1 O1 Au1 112.4(8) 

C18 C17 C16 120.4(18)  C27 O3 C28 106.5(12) 

C19 C18 C17 124.8(16)      

 

Table S2.16 Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement 

Parameters (Å2×103) for (R,R)-2.3a. 

Atom x y z U(eq) 

H2 6577.05 2760.94 6875.74 79 

H3 5318.79 3252.92 7618.04 85 

H5 3785.17 4409.47 8042.42 101 

H6 2480.93 5802.04 7982.19 109 

H7 2587.68 6859.2 7200.11 98 

H8 3953.53 6480.94 6478.23 76 

H13 7809.1 5833.36 6360.45 87 

H14 9034.9 7237.99 6544.91 126 

H15 8334.16 8799.27 6228.98 129 

H16 6342.89 8941.22 5785.51 101 

H18 4470.43 8130.61 5386.32 89 

H19 3260.45 6781.64 5143.02 85 

H22 5986.48 6688.79 4661.78 70 

H23 6299.16 7345.03 3775.59 79 

H24 7361.27 6402.21 3103.42 93 
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H25 8300.09 4891.74 3351.31 80 

H28A 10256.81 2486.03 4435.19 86 

H28B 9024.52 1873.43 4231.76 86 

H29 8040.58 2157.62 5020.03 69 

H32A 10136.43 5023.93 5306.81 162 

H32B 10182.67 4268.08 4791.84 162 

H32C 11470.08 4584.54 5099.37 162 

H33 11818.9 4034.74 6062.92 124 

H35A 11662.02 2286.08 7213.36 242 

H35B 11821.06 3473.24 7150.45 242 

H35C 12830.54 2734.83 6868.23 242 

H36 10209.56 1487.52 6602.56 99 

H38A 8867.27 541.4 6035.34 127 

H38B 8474.75 940.12 5433.15 127 

H38C 7747.64 1345.27 5971.45 127  
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2.4.13 Characterization Data 

 

1H NMR (600 MHz, CDCl3) δ 7.56 (s, 1H), 7.46 (s, 1H), 5.66 (dt, J = 7.2, 3.4 Hz, 1H), 

4.49 (td, J = 7.6, 3.8 Hz, 1H), 3.92 – 3.84 (m, 1H), 3.60 (d, J = 3.3 Hz, 1H), 1.60 (s, 9H), 

1.53 (s, 9H), 1.31 (s, 9H), 1.28 (s, 9H). 

13C NMR (150 MHz, CDCl3) δ 150.75, 149.92, 148.86, 133.59, 126.28, 123.01, 67.62, 

58.80, 56.33, 38.69, 37.92, 35.26, 34.99, 33.69, 31.35, 22.92. 

HRMS (ESI): [M + H]+ Calcd. for [C24H44NO2S]+ 410.3087, found 410.3094. 

 

 

1H NMR (600 MHz, CDCl3) δ 7.48 (s, 2H), 4.91 (dd, J = 10.7, 5.7 Hz, 1H), 4.08 (t, J = 

10.6 Hz, 1H), 3.52 (dd, J = 10.6, 5.7 Hz, 1H), 1.52 (s, 18H), 1.31 (d, J = 1.3 Hz, 9H), 

1.19 (d, J = 1.3 Hz, 1H). 

13C NMR (150 MHz, CDCl3) δ 149.60, 147.99, 137.12, 65.23, 52.70, 35.00, 31.45, 21.65. 

HRMS (ESI): [M + Na]+ Calcd. for [C20H35NNaO]+ 328.2611, found 328.2620. 
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1H NMR (600 MHz, CDCl3) δ 7.63 – 7.55 (m, 2H), 7.48 (s, 1H), 7.42 (dd, J = 7.6, 1.7 

Hz, 1H), 7.34 (t, J = 7.5 Hz, 1H), 7.29 – 7.26 (m, 1H), 6.46 (s, 1H), 6.20 (td, J = 4.9, 2.2 

Hz, 1H), 5.14 (d, J = 9.5 Hz, 1H), 4.71 (dd, J = 11.6, 7.6 Hz, 1H), 4.00 – 3.90 (m, 1H), 

1.60 (s, 9H), 1.53 (s, 9H), 1.31 (s, 9H). 

13C NMR (150 MHz, CDCl3) δ 169.21, 149.55, 137.49, 133.73, 131.96, 131.59, 128.83, 

127.68, 119.44, 68.86, 58.04, 35.26, 35.10, 33.40, 31.37. 

HRMS (ESI): [M + Na]+ Calcd. for [C27H38BrNNaO2]
+ 510.1978, found 510.1985. 

 

 

1H NMR (600 MHz, CDCl3) δ 7.86 (d, J = 7.7 Hz, 1H), 7.67 (d, J = 8.1 Hz, 1H), 7.48 

(s, 2H), 7.38 (td, J = 7.6, 1.3 Hz, 1H), 7.30 (td, J = 7.7, 1.7 Hz, 1H), 6.50 (t, J = 12.7 Hz, 

1H), 4.64 (dd, J = 12.3, 8.3 Hz, 1H), 4.22 (dd, J = 13.2, 8.3 Hz, 1H), 1.52 (s, 18H), 1.33 

(s, 9H). 

13C NMR (150 MHz, CDCl3) δ 161.96, 150.98, 148.35, 134.15, 133.86, 131.68, 131.65, 

130.35, 127.29, 123.68, 121.94, 74.89, 67.64, 38.19, 35.02, 34.00, 31.48. 

HRMS (ESI): [M + H]+ Calcd. for [C27H37BrNO]+ 470.2053, found 470.2059. 
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1H NMR (600 MHz, CDCl3) δ 8.01 (d, J = 7.7 Hz, 1H), 7.57 (td, J = 7.4, 1.3 Hz, 1H), 

7.48 – 7.39 (m, 4H), 6.45 (t, J = 12.5 Hz, 1H), 4.65 (dd, J = 12.2, 8.3 Hz, 1H), 4.22 (dd, 

J = 12.9, 8.3 Hz, 1H), 1.53 – 1.36 (m, 18H), 1.32 (s, 9H). 

13C NMR (150 MHz, CDCl3) δ 167.11, 150.97, 148.46, 137.35, 133.34, 132.64, 132.50, 

128.85, 128.76, 66.80, 53.57, 35.03, 33.97, 33.20, 31.47, 30.65, 28.10, 13.67. 

HRMS (ESI): [M + Na]+ Calcd. for [C27H37ClHgNO]+ 628.2264, found 628.2266. 

 

 

1H NMR (600 MHz, CDCl3) δ 8.06 (d, J = 7.9 Hz, 1H), 7.58 (d, J = 2.0 Hz, 1H), 7.53 – 

7.47 (m, 2H), 7.44 – 7.39 (m, 2H), 6.55 (t, J = 12.0 Hz, 1H), 5.45 – 5.38 (m, 1H), 5.17 – 

5.10 (m, 1H), 1.55 (s, 9H), 1.47 (s, 9H), 1.31 (s, 9H). 

13C NMR (150 MHz, CDCl3) δ 180.96, 151.25, 150.61, 150.26, 148.90, 135.29, 131.04, 

128.65, 128.56, 128.09, 127.90, 127.14, 123.29, 65.12, 39.31, 37.60, 35.24, 35.01, 34.56, 

31.31. 

HRMS (ESI): [M - Cl]+ Calcd. for [C27H36AuClNO]+ 622.2145, found 622.2153. 

 



120 

 

 

1H NMR (600 MHz, CDCl3) δ 7.85 (d, J = 10.0 Hz, 1H), 7.60 (d, J = 7.6 Hz, 1H), 7.55 

(d, J = 8.9 Hz, 1H), 7.43 – 7.40 (m, 1H), 7.31 (d, J = 7.9 Hz, 1H), 7.25 – 7.20 (m, 2H), 

7.18 (t, J = 7.5 Hz, 1H), 7.16 – 7.14 (m, 1H), 7.06 (t, J = 7.6 Hz, 1H), 7.04 – 7.01 (m, 

1H), 6.98 – 6.91 (m, 2H), 6.90 (d, J = 8.9 Hz, 1H), 6.85 (s, 1H), 6.61 (d, J = 9.0 Hz, 1H), 

6.52 (d, J = 10.0 Hz, 1H), 6.10 (dd, J = 11.9, 8.0 Hz, 1H), 5.18 (dd, J = 11.8, 8.6 Hz, 1H), 

4.81 (t, J = 8.3 Hz, 1H), 2.78 (s, 3H), 2.31 (s, 3H), 2.09 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ 200.84, 179.13, 170.85, 146.75, 144.84, 140.42, 138.42, 

133.52, 132.75, 130.72, 130.66, 130.29, 130.11, 129.56, 129.52, 128.89, 128.83, 128.58, 

128.51, 128.10, 127.61, 126.76, 126.49, 125.92, 124.94, 121.65, 120.60, 120.54, 77.53, 

70.10, 61.77, 20.98. 

HRMS (ESI): [M + H]+ Calcd. for [C38H31AuNO3]
+ 746.1964, found 746.1967. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.89 (d, J = 9.8 Hz, 1H), 7.62 – 7.56 (m, 1H), 7.53 (d, J 

= 8.4 Hz, 1H), 7.48 – 7.42 (m, 2H), 7.40 – 7.35 (m, 2H), 7.25 – 7.17 (m, 2H), 7.12 (td, J 

= 7.5, 1.4 Hz, 1H), 7.04 (td, J = 7.6, 1.5 Hz, 1H), 6.99 – 6.91 (m, 3H), 6.85 – 6.78 (m, 
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2H), 6.68 – 6.57 (m, 2H), 6.10 (dd, J = 11.6, 7.8 Hz, 1H), 5.17 (dd, J = 11.4, 8.9 Hz, 1H), 

4.83 (dd, J = 8.9, 8.0 Hz, 1H), 2.75 (s, 3H), 2.28 (s, 3H), 2.17 (s, 3H). 

13C NMR (150 MHz, CDCl3) δ 200.84, 179.18, 170.94, 147.38, 145.11, 141.57, 138.64, 

134.10, 132.76, 132.19, 130.53, 130.47, 130.38, 130.35, 129.73, 129.22, 129.15, 128.97, 

128.86, 128.61, 128.24, 127.74, 126.77, 126.48, 126.04, 125.10, 121.67, 120.72, 120.62, 

77.59, 70.12, 61.96, 21.01. 

HRMS (ESI): [M + H]+ Calcd. for [C38H31AuNO3]
+ 746.1964, found 746.1966. 

 

 

1H NMR (600 MHz, CDCl3) δ 8.22 – 8.19 (m, 1H), 8.09 (s, 1H), 8.06 – 7.99 (m, 3H), 

7.95 – 7.89 (m, 4H), 7.86 (dd, J = 8.8, 1.1 Hz, 1H), 7.78 – 7.72 (m, 4H), 7.72 – 7.68 (m, 

4H), 7.68 – 7.64 (m, 1H), 7.61 (s, 1H), 7.59 – 7.52 (m, 4H), 7.52 – 7.46 (m, 4H), 7.40 

(dd, J = 7.4, 1.7 Hz, 1H), 7.35 (td, J = 7.7, 1.7 Hz, 1H), 7.21 (dtd, J = 18.7, 7.4, 1.1 Hz, 

2H), 7.15 – 7.09 (m, 2H), 7.03 – 6.99 (m, 2H), 6.80 (s, 1H), 6.65 (s, 1H), 5.93 (dd, J = 

11.0, 8.7 Hz, 1H), 5.17 (dd, J = 11.0, 8.6 Hz, 1H), 4.55 (t, J = 8.6 Hz, 1H), 2.41 (s, 3H), 

2.22 (s, 3H), 2.13 (s, 3H). 

13C NMR (150 MHz, CDCl3) δ 199.26, 179.42, 168.09, 146.96, 143.17, 141.64, 140.95, 

139.33, 138.98, 138.81, 138.54, 138.32, 137.54, 135.80, 134.10, 134.02, 133.79, 133.58, 

132.78, 132.73, 132.46, 131.33, 131.08, 130.68, 130.55, 130.29, 130.07, 129.63, 129.52, 
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129.49, 129.27, 129.08, 128.69, 128.58, 128.54, 128.38, 127.87, 127.78, 127.28, 127.10, 

126.92, 126.87, 126.85, 126.48, 126.43, 126.16, 126.10, 125.98, 125.89, 125.65, 125.62, 

125.43, 121.20, 120.51, 78.25, 70.08, 63.55, 20.94. 

HRMS (ESI): [M + H]+ Calcd. for [C70H51AuNO3]
+ 1150.3529, found 1150.3527. 

  

1H NMR (600 MHz, CDCl3) δ 8.27 – 8.24 (m, 1H), 8.05 – 7.99 (m, 4H), 7.98 – 7.93 (m, 

2H), 7.88 (dd, J = 8.9, 5.8 Hz, 2H), 7.86 – 7.84 (m, 1H), 7.72 (dd, J = 8.5, 1.8 Hz, 1H), 

7.70 – 7.67 (m, 2H), 7.67 – 7.64 (m, 4H), 7.64 – 7.61 (m, 2H), 7.57 (ddd, J = 8.2, 4.5, 1.1 

Hz, 2H), 7.55 – 7.52 (m, 3H), 7.51 – 7.45 (m, 3H), 7.40 (dd, J = 7.4, 1.7 Hz, 1H), 7.34 – 

7.26 (m, 3H), 7.22 (dtd, J = 17.7, 7.4, 1.2 Hz, 2H), 7.03 – 6.98 (m, 2H), 6.97 – 6.92 (m, 

1H), 6.79 (s, 1H), 6.49 (s, 1H), 5.82 (dd, J = 11.4, 8.3 Hz, 1H), 5.09 (dd, J = 11.4, 8.8 Hz, 

1H), 4.52 (d, J = 8.5 Hz, 1H), 2.19 (s, 3H), 2.16 (d, J = 16.5 Hz, 3H), 1.79 (s, 3H). 

13C NMR (150 MHz, CDCl3) δ 198.92, 179.54, 168.46, 146.53, 142.79, 140.71, 140.67, 

139.72, 138.80, 138.52, 138.30, 138.13, 137.35, 135.59, 134.06, 133.92, 133.77, 133.53, 

132.76, 132.74, 132.48, 131.45, 130.99, 130.63, 130.32, 129.96, 129.87, 129.57, 129.40, 

129.03, 128.71, 128.53, 128.49, 128.37, 128.34, 127.87, 127.76, 127.72, 127.07, 127.04, 

126.99, 126.87, 126.68, 126.47, 126.40, 126.16, 126.05, 125.96, 125.80, 125.63, 125.54, 

125.30, 121.14, 120.49, 78.10, 70.48, 62.74, 31.73, 22.80, 20.92, 14.28. 

HRMS (ESI): [M + H]+ Calcd. for [C70H51AuNO3]
+ 1150.3529, found 1150.3528. 
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1H NMR (600 MHz, CDCl3) δ 8.13 (s, 1H), 8.09 (s, 1H), 7.98 – 7.94 (m, 1H), 7.94 – 

7.90 (m, 1H), 7.89 (s, 1H), 7.85 – 7.79 (m, 3H), 7.75 (dd, J = 8.3, 2.0 Hz, 2H), 7.68 – 

7.65 (m, 1H), 7.64 (dd, J = 8.5, 1.7 Hz, 1H), 7.61 (dd, J = 7.8, 1.2 Hz, 1H), 7.60 – 7.52 

(m, 5H), 7.46 (dt, J = 6.2, 3.4 Hz, 2H), 7.38 – 7.33 (m, 2H), 7.21 (tdd, J = 7.6, 4.8, 1.1 

Hz, 2H), 7.18 – 7.11 (m, 2H), 7.04 – 6.99 (m, 2H), 6.66 (s, 1H), 5.89 (s, 1H), 5.80 (dd, J 

= 11.1, 8.9 Hz, 1H), 5.06 (dd, J = 11.2, 8.7 Hz, 1H), 4.47 (t, J = 8.8 Hz, 1H), 2.26 (s, 3H), 

2.05 (s, 3H), 1.71 (s, 3H). 

13C NMR (150 MHz, CDCl3) δ 199.41, 179.28, 168.35, 147.01, 143.51, 141.59, 139.13, 

138.36, 137.22, 134.37, 134.19, 133.99, 133.88, 133.39, 133.19, 132.55, 131.42, 130.63, 

130.50, 130.47, 130.24, 129.47, 129.41, 129.26, 129.10, 128.66, 128.52, 128.47, 128.42, 

128.18, 127.76, 127.65, 127.54, 127.52, 127.39, 127.09, 126.98, 126.89, 126.87, 126.83, 

126.23, 126.14, 126.09, 125.44, 121.12, 120.48, 77.91, 70.13, 63.06, 20.98, 20.79. 

HRMS (ESI): [M + H]+ Calcd. for [C58H43AuNO3]
+ 998.2903, found 998.2902. 
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1H NMR (400 MHz, CDCl3) δ 8.06 (s, 1H), 7.98 – 7.93 (m, 3H), 7.89 – 7.85 (m, 1H), 

7.81 – 7.76 (m, 2H), 7.74 (d, J = 8.5 Hz, 1H), 7.70 – 7.61 (m, 4H), 7.60 – 7.51 (m, 4H), 

7.47 (dt, J = 8.4, 1.5 Hz, 2H), 7.45 – 7.40 (m, 2H), 7.38 (dd, J = 7.3, 1.7 Hz, 1H), 7.29 (tt, 

J = 7.4, 1.6 Hz, 2H), 7.24 – 7.18 (m, 2H), 7.04 – 6.98 (m, 2H), 6.98 – 6.94 (m, 1H), 6.74 

(s, 1H), 6.07 (s, 1H), 5.71 (dd, J = 11.4, 8.3 Hz, 1H), 5.01 (dd, J = 11.4, 8.8 Hz, 1H), 4.47 

(t, J = 8.5 Hz, 1H), 2.22 (s, 3H), 2.09 (s, 3H), 1.35 (s, 3H). 

13C NMR (150 MHz, CDCl3) δ 198.98, 179.44, 168.60, 146.58, 143.21, 140.68, 138.86, 

138.65, 137.32, 134.68, 134.04, 133.88, 133.47, 133.32, 133.09, 132.58, 132.52, 131.49, 

131.02, 130.67, 130.29, 129.95, 129.86, 129.69, 129.33, 129.01, 128.81, 128.66, 128.55, 

128.44, 128.38, 128.13, 127.84, 127.64, 127.62, 127.59, 127.54, 127.41, 127.36, 127.19, 

127.06, 127.01, 126.48, 126.15, 125.99, 125.49, 125.46, 121.11, 120.55, 77.91, 70.67, 

62.49, 29.84, 20.96, 20.08. 

HRMS (ESI): [M + H]+ Calcd. for [C58H43AuNO3]
+ 998.2903, found 998.2902. 
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1H NMR (400 MHz, CDCl3) δ 8.07 (s, 1H), 8.03 – 7.98 (m, 2H), 7.94 – 7.89 (m, 3H), 

7.80 (s, 1H), 7.67 – 7.60 (m, 2H), 7.57 (dd, J = 7.7, 1.5 Hz, 1H), 7.45 – 7.40 (m, 2H), 

7.34 (dd, J = 7.6, 1.5 Hz, 1H), 7.33 – 7.26 (m, 3H), 7.26 – 7.22 (m, 1H), 7.04 – 6.97 (m, 

2H), 6.87 – 6.79 (m, 1H), 6.66 (s, 1H), 6.25 (s, 1H), 5.82 (dd, J = 11.1, 8.4 Hz, 1H), 5.14 

(dd, J = 11.1, 8.9 Hz, 1H), 4.60 (t, J = 8.6 Hz, 1H), 2.29 –2.00 (s, 6H), 1.78 (s, 3H). 

13C NMR (150 MHz, CDCl3) δ 198.04, 179.25, 167.66, 146.64, 144.09, 142.94, 140.10, 

138.41, 138.05, 135.92, 135.83, 133.79, 132.91, 131.84, 131.55, 131.41, 131.33, 131.23, 

131.01, 130.68, 130.23, 129.89, 129.67, 129.58, 129.51, 129.27, 129.12, 129.04, 128.83, 

128.64, 128.21, 127.39, 127.28, 127.02, 126.58, 124.87, 124.36, 123.06, 122.55, 121.64, 

120.17, 77.96, 70.14, 62.28, 20.55. 

HRMS (ESI): [M + H]+ Calcd. for [C54H35AuF12NO3]
+ 1170.2085, found 1170.2084. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 1.5 Hz, 1H), 7.50 (td, J = 7.5, 1.5 Hz, 2H), 

7.39 (dd, J = 7.3, 1.8 Hz, 1H), 7.36 (dd, J = 7.6, 1.4 Hz, 2H), 7.32 (t, J = 1.0 Hz, 1H), 

7.24 (dd, J = 7.6, 1.9 Hz, 1H), 7.19 (td, J = 7.4, 1.2 Hz, 1H), 7.09 (td, J = 7.4, 1.3 Hz, 
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1H), 6.98 (td, J = 7.5, 1.4 Hz, 1H), 6.95 – 6.84 (m, 4H), 6.73 – 6.67 (m, 1H), 6.09 (dd, J 

= 11.2, 9.5 Hz, 1H), 5.20 (dd, J = 11.2, 8.8 Hz, 1H), 4.70 (t, J = 9.2 Hz, 1H), 2.58 (s, 3H), 

2.33 (s, 3H), 2.29 (s, 3H), 2.10 (d, J = 1.3 Hz, 3H), 1.95 (d, J = 1.0 Hz, 3H). 

13C NMR (150 MHz, CDCl3) δ 200.80, 179.37, 169.79, 146.83, 142.07, 141.65, 138.26, 

136.84, 136.73, 134.20, 132.31, 131.70, 130.78, 130.67, 130.52, 130.48, 129.66, 129.42, 

129.16, 129.14, 127.92, 127.68, 127.36, 126.61, 126.41, 124.84, 124.68, 120.46, 120.23, 

77.42, 69.44, 62.81, 29.84, 20.96, 16.65, 16.36. 

HRMS (ESI): [M + H]+ Calcd. for [C40H35AuNO3]
+ 774.2277, found 774.2276. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.70 (d, J = 1.6 Hz, 1H), 7.51 (dd, J = 8.0, 1.5 Hz, 1H), 

7.43 – 7.38 (m, 2H), 7.34 (t, J = 1.0 Hz, 1H), 7.23 (ddd, J = 14.5, 6.7, 1.9 Hz, 4H), 7.14 

(td, J = 7.5, 1.3 Hz, 1H), 6.98 (td, J = 7.6, 1.4 Hz, 2H), 6.94 – 6.82 (m, 3H), 6.62 (dd, J = 

8.5, 1.1 Hz, 1H), 6.08 (dd, J = 11.3, 9.5 Hz, 1H), 5.20 (dd, J = 11.3, 8.8 Hz, 1H), 4.72 – 

4.63 (m, 1H), 2.58 (s, 3H), 2.32 (s, 3H), 2.20 (s, 3H), 2.05 (dd, J = 6.4, 1.2 Hz, 6H).  

13C NMR (150 MHz, CDCl3) δ 200.72, 179.39, 169.94, 146.52, 141.66, 141.40, 138.24, 

136.30, 133.84, 131.84, 130.73, 130.35, 129.79, 129.76, 129.63, 129.44, 129.23, 129.07, 

127.77, 127.69, 127.68, 127.34, 126.72, 126.53, 124.87, 124.44, 120.46, 120.30, 77.43, 

69.78, 62.61, 29.84, 21.04, 16.54, 16.51. 

HRMS (ESI): [M + H]+ Calcd. for [C40H35AuNO3]
+ 774.2277, found 774.2276. 
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1H NMR (600 MHz, CDCl3) δ 7.81 (d, J = 9.9 Hz, 1H), 7.73 (d, J = 2.3 Hz, 1H), 7.59 

(d, J = 2.1 Hz, 1H), 7.47 – 7.37 (m, 3H), 7.29 – 7.22 (m, 2H), 7.22 – 7.12 (m, 2H), 7.03 

(dd, J = 9.0, 2.1 Hz, 1H), 6.97 (s, 1H), 6.84 (s, 1H), 6.80 (d, J = 8.9 Hz, 1H), 6.66 (d, J = 

9.9 Hz, 1H), 6.44 (d, J = 9.0 Hz, 1H), 6.08 (dd, J = 11.5, 8.0 Hz, 1H), 5.19 (dd, J = 11.5, 

9.0 Hz, 1H), 4.83 (t, J = 8.5 Hz, 1H), 2.73 (s, 3H), 2.28 (s, 3H), 2.18 (s, 3H). 

13C NMR (150 MHz, CDCl3) δ 200.01, 179.25, 171.43, 146.04, 143.58, 140.96, 138.75, 

134.39, 133.25, 132.21, 131.91, 131.24, 131.16, 130.25, 130.22, 130.19, 130.08, 129.73, 

129.23, 129.07, 128.04, 127.09, 124.76, 122.89, 122.10, 120.06, 114.20, 77.64, 67.97, 

61.50, 20.54. 

HRMS (ESI): [M + H]+ Calcd. for [C38H29AuBr2NO3]
+ 902.0174, found 902.0171. 

 

 

1H NMR (600 MHz, CDCl3) δ 7.80 – 7.73 (m, 2H), 7.65 (d, J = 2.0 Hz, 1H), 7.46 (d, J 

= 8.9 Hz, 1H), 7.43 (dd, J = 7.0, 2.1 Hz, 1H), 7.28 – 7.23 (m, 2H), 7.18 – 7.08 (m, 3H), 

7.05 – 7.00 (m, 2H), 6.89 (d, J = 8.9 Hz, 1H), 6.85 (d, J = 10.6 Hz, 1H), 6.55 (d, J = 9.9 
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Hz, 1H), 6.42 (d, J = 9.0 Hz, 1H), 6.08 (dd, J = 11.6, 8.0 Hz, 1H), 5.19 (dd, J = 11.6, 8.9 

Hz, 1H), 4.81 (t, J = 8.5 Hz, 1H), 2.75 (s, 3H), 2.31 (s, 3H), 2.09 (s, 3H). 

13C NMR (150 MHz, CDCl3) δ 200.13, 179.34, 171.45, 145.52, 143.43, 139.81, 138.67, 

133.88, 133.34, 132.17, 131.79, 131.27, 131.09, 130.64, 130.49, 130.24, 130.21, 130.00, 

129.70, 129.62, 129.49, 129.46, 129.25, 128.04, 127.20, 124.74, 122.98, 122.15, 120.25, 

114.24, 77.72, 69.14, 61.86, 21.10. 

HRMS (ESI): [M + H]+ Calcd. for [C38H29AuBr2NO3]
+ 902.0174, found 902.0172. 

 

 

1H NMR (600 MHz, CDCl3) δ 7.84 (d, J = 10.0 Hz, 1H), 7.60 – 7.55 (m, 1H), 7.50 (d, J 

= 8.6 Hz, 1H), 7.44 (dd, J = 7.7, 1.5 Hz, 1H), 7.41 – 7.38 (m, 1H), 7.24 (dd, J = 7.9, 1.2 

Hz, 1H), 7.23 – 7.20 (m, 2H), 7.20 – 7.18 (m, 1H), 7.18 – 7.16 (m, 1H), 7.11 (td, J = 7.4, 

1.2 Hz, 1H), 7.06 (d, J = 2.0 Hz, 1H), 6.99 – 6.95 (m, 1H), 6.95 – 6.89 (m, 2H), 6.76 (d, 

J = 9.0 Hz, 1H), 6.69 – 6.64 (m, 1H), 6.54 (d, J = 9.8 Hz, 1H), 6.22 – 6.15 (m, 1H), 5.18 

(dd, J = 11.7, 8.7 Hz, 1H), 4.68 (dd, J = 9.9, 8.6 Hz, 1H), 3.71 (p, J = 6.8 Hz, 1H), 2.93 

(p, J = 6.9 Hz, 1H), 2.70 (p, J = 6.7 Hz, 1H), 2.13 (s, 1H), 2.03 (s, 2H), 1.63 (d, J = 6.7 

Hz, 3H), 1.30 (t, J = 7.0 Hz, 6H), 1.18 (d, J = 6.9 Hz, 3H), 1.03 (d, J = 6.7 Hz, 3H). 

13C NMR (100 MHz, CDCl3) δ 201.00, 179.11, 171.11, 149.35, 148.70, 148.29, 147.14, 

145.02, 141.10, 133.70, 132.81, 130.65, 130.22, 130.11, 129.87, 129.63, 129.02, 128.85, 

128.72, 128.19, 127.94, 127.64, 126.73, 126.60, 125.99, 125.04, 123.31, 121.88, 121.25, 
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120.59, 79.16, 70.07, 61.32, 34.30, 29.93, 29.84, 28.69, 26.24, 25.85, 24.18, 23.97, 23.89, 

23.78. 

HRMS (ESI): [M + H]+ Calcd. for [C44H43AuNO3]
+ 830.2903, found 830.2904. 

 

 

1H NMR (600 MHz, CDCl3) δ 7.87 (d, J = 9.9 Hz, 1H), 7.69 (s, 1H), 7.63 (s, 1H), 7.56 

– 7.51 (m, 1H), 7.47 – 7.37 (m, 4H), 7.28 (s, 1H), 7.25 – 7.21 (m, 1H), 7.19 (t, J = 7.4 Hz, 

1H), 7.13 (t, J = 7.5 Hz, 1H), 7.04 (t, J = 7.6 Hz, 1H), 6.90 (m, 2H), 6.70 (t, J = 12.5 Hz, 

1H), 6.67 – 6.62 (m, 1H), 6.60 (d, J = 9.8 Hz, 1H), 6.28 (d, J = 8.9 Hz, 1H), 5.22 (dd, J = 

12.2, 8.8 Hz, 1H), 4.99 (dd, J = 12.6, 8.7 Hz, 1H), 1.68 (s, 9H), 1.52 (s, 9H), 1.41 (s, 9H). 

13C NMR (150 MHz, CDCl3) δ 200.70, 178.57, 171.12, 151.64, 151.29, 149.45, 147.47, 

144.89, 141.93, 133.89, 132.67, 130.55, 130.48, 130.35, 129.98, 129.96, 129.18, 128.82, 

128.79, 128.71, 128.22, 127.88, 127.72, 126.67, 126.48, 125.90, 124.66, 122.29, 121.68, 

120.40, 120.37, 78.56, 70.41, 63.74, 39.54, 37.75, 35.32, 35.16, 34.34, 31.50. 

HRMS (ESI): [M + H]+ Calcd. for [C47H49AuNO3]
+ 872.3372, found 872.3370. 
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1H NMR (600 MHz, CDCl3) δ 7.88 (d, J = 10.0 Hz, 1H), 7.63 (dd, J = 7.3, 2.2 Hz, 1H), 

7.59 (d, J = 9.0 Hz, 1H), 7.49 (dd, J = 7.6, 1.4 Hz, 1H), 7.45 (s, 3H), 7.41 (dt, J = 7.0, 0.9 

Hz, 1H), 7.27 (d, J = 1.2 Hz, 1H), 7.25 – 7.22 (m, 2H), 7.22 – 7.18 (m, 1H), 7.16 (td, J = 

7.4, 1.2 Hz, 1H), 7.04 – 6.99 (m, 2H), 6.99 – 6.94 (m, 2H), 6.69 (d, J = 8.5 Hz, 1H), 6.58 

(d, J = 9.8 Hz, 1H), 5.73 (dd, J = 9.8, 5.8 Hz, 1H), 5.18 (t, J = 9.4 Hz, 1H), 5.09 (dd, J = 

9.0, 5.8 Hz, 1H), 1.36 (s, 18H). 

13C NMR (150 MHz, CDCl3) δ 200.84, 178.83, 170.68, 151.61, 147.13, 145.02, 140.98, 

137.33, 133.80, 132.89, 130.53, 130.39, 130.32, 129.74, 129.51, 129.06, 128.96, 128.83, 

128.81, 128.25, 127.93, 126.82, 126.62, 126.08, 125.27, 122.75, 121.87, 121.64, 120.81, 

120.68, 78.82, 70.07, 66.08, 35.18, 31.64. 

HRMS (ESI): [M + H]+ Calcd. for [C43H41AuNO3]
+ 816.2746, found 816.2749. 

 

 

1H NMR (400 MHz, CDCl3) δ 10.75 (s, 1H), 7.51 – 7.46 (m, 1H), 7.40 (t, J = 7.6 Hz, 

1H), 7.24 (d, J = 7.7 Hz, 1H), 3.45 (s, 1H), 2.61 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ 193.96, 140.86, 134.72, 132.75, 132.65, 132.12, 127.35, 

84.62, 80.13, 21.47. 

HRMS (ESI): [M + H]+ Calcd. for [C10H9O3]
+ 145.0648, found 145.0648. 
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1H NMR (600 MHz, CDCl3) δ 7.76 (d, J = 7.8 Hz, 1H), 7.71 – 7.65 (m, 2H), 7.51 – 7.47 

(m, 1H), 5.03 (dd, J = 6.5, 2.8 Hz, 1H), 3.50 (s, 3H), 3.00 (dd, J = 18.5, 6.5 Hz, 1H), 2.66 

(dd, J = 18.5, 2.8 Hz, 1H). 

HPLC (Chiralpak IC column, 98:2 hexane/isopropanol, 1 mL/min), tR = 32.0 min (minor), 

34.9 min (major); ee = 99%. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.45 (t, J = 7.8 Hz, 1H), 7.34 (d, J = 7.7 Hz, 1H), 7.11 (d, 

J = 8.0 Hz, 1H), 5.15 (dd, J = 6.4, 1.6 Hz, 1H), 3.93 (s, 3H), 3.45 (s, 3H), 2.90 (dd, J = 

18.8, 6.3 Hz, 1H), 2.68 (dd, J = 18.8, 1.6 Hz, 1H). 

13C NMR (100 MHz, CDCl3) δ 203.98, 157.85, 140.71, 138.88, 131.62, 116.27, 115.10, 

74.71, 57.25, 55.92, 43.32. 

HRMS (ESI): [M + H]+ Calcd. for [C11H13O3]
+ 193.0859, found 193.0862. 

HPLC (Chiralpak IC column, 50:50 hexane/isopropanol, 1 mL/min), tR = 10.6 min 

(minor), 12.7 min (major); ee = 72%. 
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1H NMR (600 MHz, CDCl3) δ 7.68 (d, J = 8.4 Hz, 1H), 7.10 (d, J = 2.3 Hz, 1H), 7.00 

(dd, J = 8.5, 2.3 Hz, 1H), 4.99 – 4.95 (m, 1H), 3.91 (s, 3H), 3.49 (s, 3H), 2.97 (dd, J = 

18.4, 6.4 Hz, 1H), 2.64 (dd, J = 18.4, 3.0 Hz, 1H). 

HPLC (Chiralpak IC column, 50:50 hexane/isopropanol, 1 mL/min), tR = 8.4 min (major), 

9.5 min (minor); ee = 97%. 

 

 

1H NMR (600 MHz, CDCl3) δ 7.55 (d, J = 8.4 Hz, 1H), 7.22 (dd, J = 8.4, 2.5 Hz, 1H), 

7.15 (d, J = 2.5 Hz, 1H), 4.95 (dd, J = 6.2, 2.5 Hz, 1H), 3.82 (s, 3H), 3.45 (s, 3H), 2.98 

(dd, J = 18.7, 6.2 Hz, 1H), 2.64 (dd, J = 18.6, 2.4 Hz, 1H). 

13C NMR (100 MHz, CDCl3) δ 202.98, 161.02, 146.07, 138.30, 127.38, 124.09, 104.47, 

76.29, 56.96, 55.65, 43.99. 

HRMS (ESI): [M + H]+ Calcd. for [C11H13O3]
+ 193.0859, found 193.0862. 

HPLC (Chiralpak IC column, 50:50 hexane/isopropanol, 1 mL/min), tR = 7.6 min (minor), 

8.3 min (major); ee = 82%. 
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1H NMR (400 MHz, CDCl3) δ 7.60 (t, J = 7.9 Hz, 1H), 7.22 (d, J = 7.6 Hz, 1H), 6.89 (d, 

J = 8.3 Hz, 1H), 4.94 (dd, J = 6.5, 3.0 Hz, 1H), 3.94 (s, 4H), 3.46 (s, 3H), 2.95 (dd, J = 

18.3, 6.5 Hz, 1H), 2.64 (dd, J = 18.3, 3.0 Hz, 1H). 

13C NMR (100 MHz, CDCl3) δ 200.76, 157.63, 155.76, 136.95, 124.87, 118.19, 111.12, 

76.21, 57.07, 56.01, 43.92. 

HRMS (ESI): [M + H]+ Calcd. for [C11H13O3]
+ 193.0859, found 193.0861. 

HPLC (Chiralpak IC column, 50:50 hexane/isopropanol, 1 mL/min), tR = 16.6 min 

(minor), 32.0 min (major); ee = 40%. 

 

 

1H NMR (600 MHz, CDCl3) δ 7.59 (d, J = 7.6 Hz, 1H), 7.45 (dt, J = 7.3, 1.0 Hz, 1H), 

7.39 (t, J = 7.5 Hz, 1H), 5.09 (dd, J = 6.4, 2.0 Hz, 1H), 3.43 (s, 3H), 2.95 (dd, J = 18.8, 

6.4 Hz, 1H), 2.69 (dd, J = 18.8, 2.0 Hz, 1H), 2.48 (s, 3H). 

13C NMR (150 MHz, CDCl3) δ 204.00, 151.15, 137.77, 137.18, 136.45, 129.99, 120.82, 

76.29, 56.74, 42.78, 29.84, 17.80. 

HRMS (ESI): [M + H]+ Calcd. for [C11H13O2]
+ 177.0910, found 177.0911. 

HPLC (Chiralpak IC column, 80:20 hexane/isopropanol, 1 mL/min), tR = 11.1 min 

(minor), 13.0 min (major); ee = 46%. 
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1H NMR (400 MHz, CDCl3) δ 7.65 (d, J = 7.9 Hz, 1H), 7.49 (s, 1H), 7.29 (d, J = 8.1 Hz, 

1H), 4.98 (dd, J = 6.5, 2.9 Hz, 1H), 3.49 (s, 3H), 2.98 (dd, J = 18.5, 6.4 Hz, 1H), 2.64 (dd, 

J = 18.6, 2.8 Hz, 2H), 2.47 (s, 3H). 

HPLC (Chiralpak IC column, 80:20 hexane/isopropanol, 1 mL/min), tR = 11.1 min 

(major), 12.8 min (minor); ee = 99%. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.58 – 7.49 (m, 2H), 7.46 (dd, J = 7.8, 1.8 Hz, 1H), 4.97 

(dd, J = 6.4, 2.8 Hz, 1H), 3.45 (s, 3H), 2.95 (dd, J = 18.6, 6.4 Hz, 1H), 2.62 (dd, J = 18.8, 

2.6 Hz, 1H), 2.40 (s, 3H). 

HPLC (Chiralpak IC column, 90:10 hexane/isopropanol, 1 mL/min), tR = 15.6 min 

(minor), 18.8 min (major); ee = 92%. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.54 – 7.48 (m, 2H), 7.24 – 7.20 (m, 1H), 4.96 (dd, J = 

6.5, 2.9 Hz, 1H), 3.48 (s, 3H), 2.95 (dd, J = 18.4, 6.5 Hz, 1H), 2.68 – 2.60 (m, 4H). 

13C NMR (100 MHz, CDCl3) δ 204.04, 153.98, 138.60, 134.41, 134.32, 131.45, 123.90, 

76.35, 57.11, 44.00, 18.51. 
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HRMS (ESI): [M + H]+ Calcd. for [C11H13O2]
+ 177.0910, found 177.0913. 

HPLC (Chiralpak IC column, 98:2 hexane/isopropanol, 1 mL/min), tR = 21.9 min (minor), 

24.2 min (major); ee = 11%. 

 

 

1H NMR (60 MHz, CDCl3) δ 7.72 (t, J = 1.3 Hz, 1H), 7.65 – 7.62 (m, 2H), 4.99 (dd, J = 

6.4, 2.8 Hz, 1H), 3.49 (s, 3H), 3.03 (dd, J = 18.6, 6.4 Hz, 1H), 2.69 (dd, J = 18.6, 2.8 Hz, 

1H). 

13C NMR (100 MHz, CDCl3) δ 201.66, 150.19, 140.35, 136.26, 135.18, 127.91, 123.33, 

75.86, 57.43, 43.40. 

HRMS (ESI): [M + H]+ Calcd. for [C10H10O2]
+ 197.0364, found 197.0366. 

HPLC (Chiralpak IC column, 90:10 hexane/isopropanol, 1 mL/min), tR = 10.8 min 

(minor), 11.6 min (major); ee = 92%. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.09 (s, 1H), 7.03 (s, 1H), 6.11 – 6.08 (m, 2H), 4.90 (dd, 

J = 6.2, 2.7 Hz, 1H), 3.46 (s, 3H), 2.96 (dd, J = 18.5, 6.2 Hz, 1H), 2.63 (dd, J = 18.4, 2.5 

Hz, 1H). 

HPLC (Chiralpak IC column, 80:20 hexane/isopropanol, 1 mL/min), tR = 22.5 min 

(minor), 25.4 min (major); ee = 57%. 
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1H NMR (400 MHz, CDCl3) δ 7.17 (s, 1H), 7.09 (s, 1H), 4.96 (dd, J = 6.2, 2.6 Hz, 1H), 

4.00 (s, 3H), 3.92 (s, 3H), 3.48 (s, 3H), 2.96 (dd, J = 18.3, 6.2 Hz, 1H), 2.63 (dd, J = 18.3, 

2.6 Hz, 1H). 

HPLC (Chiralpak IC column, 70:30 hexane/isopropanol, 1 mL/min), tR = 19.2 min 

(major), 20.9 min (minor); ee = 55%. 

 

 

1H NMR (400 MHz, CDCl3) δ 7.76 (d, J = 7.7 Hz, 1H), 7.72 – 7.64 (m, 2H), 7.48 (t, J = 

7.3 Hz, 1H), 5.11 (dd, J = 6.5, 2.9 Hz, 1H), 3.70 (qd, J = 7.0, 3.1 Hz, 2H), 3.02 (dd, J = 

18.6, 6.4 Hz, 1H), 2.67 (dd, J = 18.6, 2.9 Hz, 1H), 1.29 (t, J = 7.0 Hz, 3H). 

HPLC (Chiralpak IC column, 95:5 hexane/isopropanol, 1 mL/min), tR = 15.6 min (minor), 

17.8 min (major); ee = 67%. 

 

 

1H NMR (400 MHz, CDCl3)δ 7.65 (d, J = 7.8 Hz, 1H), 7.49 (s, 1H), 7.28 (d, J = 7.9 Hz, 

1H), 5.06 (dd, J = 6.4, 2.8 Hz, 1H), 3.69 (qd, J = 7.0, 1.9 Hz, 2H), 2.99 (dd, J = 18.4, 6.4 

Hz, 1H), 2.65 (dd, J = 18.4, 2.8 Hz, 1H), 2.47 (s, 3H), 1.30 (t, J = 7.0 Hz, 4H). 
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13C NMR (100 MHz, CDCl3) δ 202.94, 154.17, 146.50, 134.65, 130.83, 126.85, 123.24, 

75.27, 65.49, 44.48, 29.84, 22.28, 15.64. 

HRMS (ESI): [M + H]+ Calcd. for [C12H15O2]
+ 191.1067, found 191.1068. 

HPLC (Chiralpak IC column, 80:20 hexane/isopropanol, 1 mL/min), tR = 9.9 min (major), 

10.6 min (minor); ee = 63%. 

 

 

1H NMR (400 MHz, CDCl3) δ 8.33 (s, 1H), 8.14 (s, 1H), 8.02 (d, J = 8.2 Hz, 1H), 7.97 

– 7.92 (m, 1H), 7.62 (ddd, J = 8.3, 6.8, 1.4 Hz, 1H), 7.56 (ddd, J = 8.2, 6.8, 1.3 Hz, 1H), 

5.20 (dd, J = 6.8, 3.1 Hz, 1H), 3.55 (s, 3H), 3.17 – 3.07 (m, 1H), 2.84 – 2.76 (m, 1H). 

13C NMR (100 MHz, CDCl3) δ 203.48, 146.44, 137.08, 134.09, 133.48, 130.42, 128.78, 

128.47, 127.00, 125.66, 124.24, 57.03, 44.42, 29.71. 

 

 

1H NMR (400 MHz, CDCl3) δ 9.13 (dd, J = 8.4, 1.0 Hz, 1H), 8.09 (d, J = 8.3 Hz, 1H), 

7.93 – 7.87 (m, 1H), 7.74 – 7.64 (m, 2H), 7.58 (ddd, J = 8.3, 7.0, 1.3 Hz, 1H), 5.07 (dd, J 

= 6.3, 2.6 Hz, 1H), 3.52 (s, 3H), 3.14 – 3.02 (m, 1H), 2.82 – 2.71 (m, 1H). 

HPLC (Chiralpak IC column, 80:20 hexanes/isopropanol, 1 mL/min), tr = 10.5 min 

(minor), 16.2 min (major); ee = 22% (r.t.). 
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2.4.14 NMR Spectra 

1H NMR of Compound S2.2 

 

13C NMR of Compound S2.2 
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1H NMR of Compound S2.3 

 

 

13C NMR of Compound S2.3 
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1H NMR of Compound S2.4 

 

 

13C NMR of Compound S2.4 
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1H NMR of Compound S2.5 

 

13C NMR of Compound S2.5 
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1H NMR of Compound S2.6 

 

13C NMR of Compound S2.6 
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1H NMR of (S)-2.1c 

 

 

13C NMR of (S)-2.1c 
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1H NMR of (R,R)-2.3a and (S,S)-2.3a 

 

 

13C NMR of (R,R)-2.3a and (S,S)-2.3a 

 

 



145 

 

1H NMR of (R,S)-2.3a and (S,R)-2.3a 

 

13C NMR of (R,S)-2.3a and (S,R)-2.3a 
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1H NMR of (R,S)-2.3b 

 

 

13C NMR of (R,S)-2.3b 
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1H NMR of (S,S)-2.3b 

 

 

13C NMR of (S,S)-2.3b 
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1H NMR of (R,S)-2.3c 

 

 

13C NMR of (R,S)-2.3c 
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1H NMR of (S,S)-2.3c 

 

 

13C NMR of (S,S)-2.3c 
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1H NMR of (R,S)-2.3d 

 

 

13C NMR of (R,S)-2.3d 
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1H NMR of (R,S)-2.3e 

 

 

13C NMR of (R,S)-2.3e 
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1H NMR of (S,S)-2.3e 

 

13C NMR of (S,S)-2.3e 
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1H NMR of (R,S)-2.3f 

 

 

13C NMR of (R,S)-2.3f 
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1H NMR of (S,S)-2.3f 

 

 

13C NMR of (S,S)-2.3f 
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1H NMR of (R,R)-2.3g 

 

 

13C NMR of (R,R)-2.3g 
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1H NMR of (R,S)-2.3h 

 

 

13C NMR of (R,S)-2.3h 
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1H NMR of (R,R)-2.3j 

 

 

 

13C NMR of (R,R)-2.3j 
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1H NMR of 2.4f 

 

 

13C NMR of 2.4f 

 



159 

 

1H NMR of 2.5a 

 

 

1H NMR of 2.5b 
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13C NMR of 2.5b 

 

 

1H NMR of 2.5c 

 



161 

 

1H NMR of 2.5d 

 

 

13C NMR of 2.5d 

 



162 

 

1H NMR of 2.5e 

 

 

13C NMR of 2.5e 
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1H NMR of 2.5f 

 

 

13C NMR of 2.5f 
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1H NMR of 2.5g 

 

 

1H NMR of 2.5h 
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1H NMR of 2.5i 

 

 

13C NMR of 2.5i 
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1H NMR of 2.5j 

 

 

13C NMR of 2.5j 
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1H NMR of 2.5l 

 

 

1H NMR of 2.5m 
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1H NMR of 2.5n 

  

 

1H NMR of 2.5o 
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13C NMR of 2.5o 

 

1H NMR of 2.5p 
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13C NMR of 2.5p  

 

1H NMR of 2.5q 
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2.4.15 Circular Dichroism Spectra  
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(R)-2.1a

(S)-2.1a

CD spectra of (R)-2.1a & (S)-2.1a in CH3CN (25 µM)
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CD spectrum of (R)-2.1b in CH3CN (25 µM)
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CD spectrum of (S)-2.1c in CH3CN (25 µM)
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CD spectrum of (R)-2.1d in CH3CN (25 µM)
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CD spectrum of (R)-2.1d in CH3CN (25 µM)
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CD spectrum of (R)-2.1e in CH3CN (25 µM)
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CD spectra of (R)-2.2b & (S)-2.2b in CH3CN (10 µM)

(R)-2.2b

(S)-2.2b
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250 300 350 400 450

-100

-50

0

50

100

150

Wavelength (nm)

C
D

 (
m

d
e
g

)

CD spectrum of (S,S)-2.3e in CH3CN (25 µM)

 



181 

 

250 300 350 400 450

-100

-50

0

50

100

150

Wavelength (nm)

C
D

 (
m

d
e
g

)

CD spectrum of (R,S)-2.3f in CH3CN (25 µM)
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2.4.16 Chiral HPLC Spectra 
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Chapter 3 Aqueous Supramolecular Assemblies of 

Luminescent Cyclometalated Gold(III) Amphiphiles with 

Biocompatibility 

3.1 Introduction 

Supramolecular assemblies are fundamental in forming the specific structure of 

biomolecules, which play a crucial role in biological functions.81 Taking inspiration from 

natural systems, synthetic supramolecular assemblies are the alternative strategy 

mimicking the sophisticated structures and functions in nature, with the added advantage 

of exhibiting responsiveness to a range of abiotic stimuli,82 such as pH and UV-light.83 

Amphiphiles are the common class of synthetic organic molecules since they bear 

hydrophilic and hydrophobic moieties leading to the intrinsic propensity to self-assemble 

in aqueous media.84 Self-assembled organic amphiphiles in aqueous media have been 

substantially studied in the past few decades, including chromophore-based,76a, 85 amino 

acid-based, and photoresponsive molecular amphiphiles.82a, 86 As an alternative strategy 

to organic amphiphiles, metallosurfactants (or call metal-ligand amphiphiles) offer the 

structural diversity due to the variety of coordination modes and oxidation states of metal 

ions.87 This inherent tunability of metallosurfactants afforded a powerful means of 

directing supramolecular interactions, thereby exerting precise control over the resulting 

supramolecular morphologies.87a, d 

Gold(I) and gold(III) complexes are well-known for exhibiting exceptional aqueous 

stability as well as excellent luminescent properties, which are widely used in catalysis,9r, 

23g, 26a, 34-35 bioconjugation,88 and optoelectronics.63, 89 Beside, a few examples of gold 

complexes-based amphiphiles were reported since the first example demonstrated by Che 
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and co-workers in 2016 involving the use of C^N^C-cheleated cyclometalated gold(III) 

complexes attached to a long poly(ethylene glycol) chain. The amphiphilic nature of the 

complexes enabled the formation of nanoscale micelles for in-vitro phototoxicity.55 In 

2019, the same group reported the supramolecular assemblies of phosphorescent pincer-

type gold(III) amphiphiles which were controlled kinetically in acetonitrile/water 

system.56 In the same year, Yam reported a new class of tridentate C^N^C-chelated 

gold(III) amphiphiles showing intrinsic multiple responsiveness and self-assembled to 

nanostructures in both polar and non-polar media. Building upon these seminal works on 

cyclometalated gold(III) amphiphiles showing the high sensitivity to supramolecular 

transformations induced by slight changes in molecular structure,55-56, 70, 90 our group 

reported the first example of reversibly supramolecular transformations of amphiphilic  

gold(III) complex controlled by counterion in aqueous system.57 However, a 

comprehensive understanding of the luminescent properties and cytocompatibilities of 

these new class of gold(III) amphiphiles are not explored.  

Building upon Yam's seminal work demonstrating the significant enhancement of 

ambident luminescence in cyclometalated gold(III) complexes through the incorporation 

of strongly σ-donating alkynyl ligands,70, 91 this chapter demonstrated a novel series of 

luminescent and biocompatible gold(III) amphiphiles (GAs) with 2-phenylpyridine and 

alkynyl ligand in aqueous system. The amphiphilic nature of the gold(III) complexes 

arising from the hydrophilic charged quaternary ammonium ion connected with the 

hydrophobic cyclometalated gold(III) core by an alkyl-linker improved the aqueous 

solubility. Notably, the presence of strongly σ-donating alkynyl ligands coordinated to 

the gold(III) center exhibited the ambident luminescent properties. Besides, GAs self-

assembled into nanostructure in aqueous media showing high aspect ratio. The reversible 
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supramolecular assembly transformation of GAs was observed by changing the packing 

parameters through counterion exchange process. Importantly, cytotoxicity studies 

demonstrate the biocompatibility of GAs at low concentrations, highlighting their 

potential for biological applications. 

 

Scheme 3.1 Schematic illustration of the design of cyclometalated gold(III) amphiphiles. 

 

3.2 Results and Discussion 

3.2.1 Design and Synthesis of GAs 

GAs were designed to exhibit the amphiphilicities and luminescent properties. The 

amphiphilic character of the GAs arose from the incorporation of both hydrophilic and 

hydrophobic moieties within the molecular structure. A hydrophilic quaternary 

ammonium ion was tethered to a hydrophobic cyclometalated gold(III) moiety through a 

nonyl aliphatic linker, imparting amphiphilicity. 
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The amphiphilic nature of GAs was introduced by connecting a hydrophilic 

quaternary ammonium ion motif through an aliphatic nonyl-linker to the hydrophobic 

cyclometalated gold(III) core, while the luminescent properties was functionalized by a 

σ-donating alkynyl ligand (Scheme 3.1). Notably, the alkynyl ligand could extend the 

conjugated system through the gold(III) center resulting in the decrease in aqueous 

solubilities as well as the difficulties in supramolecular assemblies. Hence, the current 

design involved the mono-alkynyl ligand instead of di-alkynal ligand. The detailed 

synthetic method of alkynyl gold(III) amphiphiles GA 3.1, 3.2, and 3.3 was shown in the 

Experiment Section. GA precursor S3.1 was first prepared in good yield according to the 

previously reported procedure.69j, k, 92 By incorporating the alkynes reagents S3.2 to the 

amphiphilic gold(III) dichloride precursor S3.1, a class of alkynyl gold(III) amphiphiles 

GA 3.1, 3.2, and 3.3 was synthesized with 29 – 46% yield. These newly prepared GAs 

were characterized through 1H NMR, 13C NMR and HRMS (see details in Experimental 

Section). 

3.2.2 Luminescent Properties and Counterion Controlled 

Supramolecular Assemblies Transformations of GA 3.1 

To investigate the self-assembly and photophysical properties of GA 3.1 in aqueous 

system, a 11.6 mM (1.0 weight%) solution of GA 3.1 was subjected to a thermal 

annealing process, involving heating to 50 °C followed by slow cooling to 20 °C at a rate 

of 1.0 °C/min. Dynamic light scattering (DLS) analysis of the annealed solutions at 

various concentrations (0.01 - 1.0 mM) revealed a critical aggregation concentration 

(CAC) of 50 mM (Figure S3.1). UV-Vis absorption spectroscopy of a annealed solution 

of GA 3.1 (400 μM) displayed an increase in the absorption maximum at 355 nm upon 

cooling, accompanied by a bathochromically shifted shoulder band at approximately 450 
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nm (Figure 3.1a, red-line). Luminescence measurements necessitated a higher 

concentration of GA 3.1 (1.0 mM), with the emission spectrum exhibiting a broad band 

range of 470-600 nm upon excitation at 360 nm (Figure 3.1b). The vibronic structured 

emission band observed between 470 and 520 nm could be attributed to the intraligand 

excited state of the cyclometalated ligand.69k, 70, 90b-d, 91 UV-Vis absorption spectrum of 

GA 3.1 in a 1:1 DCM/MeOH mixture (Figure S3.2a) displayed an absorption maximum 

at 355 nm with the absorption band at 300 – 390 nm. In contrast to the emission spectrum 

of GA 3.1 in organic media, the aqueous solution exhibited a significant enhancement in 

the emission intensity between 420 and 600 nm (Figures 3.1b and S3.2b). Control 

experiments using the GA precursor S3.1 revealed negligible luminescence in aqueous 

solution, even at high concentrations (Figure S3.3), highlighting the crucial role of the 

strongly σ-donating alkynyl ligand in promoting luminescence in GA 3.1. 

The supramolecular nanostructure of GA 3.1 in aqueous solution was investigated 

using negative-stain transmission electron microscopy (TEM). The TEM image showed 

the supramolecular nanofibers with ~ 9 nm in diameter and ~ 100 nm to ~ 1 µm in length 

(Figure 3.1c). It was found that the supramolecular nanostructures of GA 3.1 were close 

to the previously reported GA precursor S3.1. To study the influence of counterions on 

self-assembly, a counterion exchange experiment was performed. Addition of sodium 

bromide solution (2.0 equiv.) to a thermally annealed solution of GA 3.1 (400 μM, final 

concentration) followed by the same thermal annealing protocol resulted in significant 

changes in the UV-Vis absorption spectrum. A decrease in the intensity of the absorption 

maximum at 355 nm was observed, concurrent with the appearance of a shoulder band 

between 400 and 500 nm (Figure 3.1d). Furthermore, the emission spectrum of the 

bromide-containing solution of GA 3.1 (1.0 mM) displayed a substantial reduction in the 
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intensity of the emission band between 400 and 600 nm (Figure 3.1e). These spectral 

changes suggested that counterion exchange from tosylate to bromide influenced the 

photophysical properties of GA 3.1, potentially due to the external heavy atom effect of 

bromide ions and accompanying supramolecular transformations.93 Indeed, TEM 

imaging of the bromide-containing GA 3.1 solution (2.32 mM) revealed the formation of 

entangled nanotubular structures with an outer diameter of approximately 19 nm (Figure 

3.1f), confirming the occurrence of a supramolecular transformation upon counterion 

exchange. To study the reversibility of the supramolecular transformation, the sodium 

tosylate (2.0 equiv.) was subsequently added to the solution of GA 3.1 containing sodium 

bromide. The incomplete supramolecular transformation of GA 3.1 was observed as the 

reformed nanotube structure was present in the TEM image (Figure S3.4), indicating that 

the supramolecular transformation is partially reversible. However, the presence of 

irregular aggregates suggests that the repeated addition of sodium salts may lead to an 

increase in ionic strength, influencing the self-assembly process. 

 

Figure 3.1 (a) UV-Vis absorption spectra of GA 3.1 (400 M) in DI water before (black-
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line) and after incubation, (red-line); (b) Emission spectrum of GA 3.1 (1 mM) in DI 

water; (c) TEM image of the thermal annealed solution of GA 3.1 (2.32 mM); (d) UV-

Vis absorption spectrum of GA 3.1 (400 M) in DI water after the addition of bromide 

counterion; (e) Emission spectrum of GA 3.1 (1 mM) in DI water after the addition of 

bromide counterion; (f) TEM image of the thermal annealed solution of GA 3.1 after the 

addition of bromide counterion (2.32 mM). 

 

3.2.3 Luminescent Properties and Supramolecular Assemblies of 

Structurally Derived GAs 

A structurally analogous gold(III) alkynyl complex, mono-alkynyl GA 3.2, was 

prepared by similar method with incorporating a 4-methylphenylacetylene ligand to the 

GA precursor. UV-Vis absorption spectroscopy of GA 3.2 in a 1:1 DCM/MeOH mixture 

revealed an absorption maximum at 356 nm and a prominent absorption band between 

320 and 390 nm (Figure S3.5a). The corresponding emission spectrum exhibited an 

emission band spanning 450-550 nm (Figure S3.5b). In contrast to the organic solution, 

the thermally annealed aqueous solution of GA 3.2 displayed an enhanced absorption 

band between 320 and 500 nm (Figure 3.2a). Interestingly, the emission spectrum of the 

aqueous solution of GA 3.2 (1.0 mM) showed a decrease in luminescence intensity 

compared to the organic solution, with two emission maxima observed at 470 and 530 

nm (Figure 3.2b). Similar to the aqueous solution of GA 3.1, a vibronic structured 

emission band was also apparent, suggesting that the aggregated form of GA 3.2 exhibits 

blue-green emission upon excitation at 320 nm. Dynamic light scattering (DLS) analysis 

determined the critical aggregation concentration (CAC) of GA 3.2 in aqueous solution 

to be 50 mM (Figure S3.6). Transmission electron microscopy (TEM) imaging of the 
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annealed solution of GA 3.2 (2.28 mM) revealed the formation of nanofibers with a 

diameter of approximately 6 nm (Figure 3.2c), consistent with the morphology observed 

for the GA precursor S3.1. Counterion exchange with bromide, achieved by treating the 

thermally annealed solution of GA 3.2 (2.28 μM, final concentration) with sodium 

bromide solution (2.0 equiv.) followed by thermal annealing, resulted in the formation of 

a mixture of bundled nanofibers and vesicles, as observed by TEM (Figure S3.7), 

indicating that counterion exchange can influence the supramolecular organization of GA 

3.2. 

 

Figure 3.2 (a) UV-Vis absorption spectra of GA 3.2 (400 M) in DI water before (black-

line) and after incubation, (red-line); (b) Emission spectrum of GA 3.2 (1 mM) in DI 

water; (c) TEM image of thermal annealed solution of GA 3.2 (2.28 mM). 

Given that the (triisopropylsilyl)acetylene ligands would enrich the luminescent 

properties of cyclometalated gold(III) complexes,69k GA 3.3 was synthesized using a 

similar procedure by incorporating (triisopropylsilyl)acetylene ligands into the GA 

precursor. However, the pure mono-alkynyl GA 3.3 was not obtained even after the 

multiple column chromatography purification, resulting instead in a 1:5 mixture of mono-

alkynyl GA 3.3 and di-alkynyl GA 3.3’ (Figure S3.8). The organic solution and aqueous 

solution of the mixture GA 3.3 were studied by UV-Vis spectroscopy (Figure S3.9a and 
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Figure S3.9b respectively), which gave the absorption spectra same as that of GA 3.1 

(Figure 3.1a). Notably, the aqueous solution of the GA 3.3 mixture (1.0 mM) exhibited 

minor light scattering, potentially attributable to the poor water solubility of di-alkynyl 

GA 3.3’. The higher proportion of di-alkynyl GA 3.3’ in the mixture led to a significant 

enhancement in luminescence, with an emission band observed between 350 and 550 nm 

upon excitation at 420 nm. A similar increase in luminescence intensity was also observed 

for the organic solution of the GA 3.3 mixture (1:1 DCM/MeOH, 1.0 mM) (Figure S3.9c).  

The critical aggregation concentration (CAC) of the GA 3.3 mixture in aqueous solution 

was determined to be 20 mM (Figure S3.10). Transmission electron microscopy (TEM) 

analysis of the thermally annealed aqueous solution of the mixture GA 3.3 (1.97 mM) 

revealed a mixture of nanosheet-like structures and solid particles with diameters of 

approximately 100 nm (Figure 3.3b). It is plausible that the nanosheet-like structures 

originated from GA 3.3, while the solid particles arose from the poorly soluble GA 3.3’.  

While the presence of both GA 3.3 and GA 3.3’ in the mixture complicated the 

investigation of supramolecular transformations, these findings suggested that the 

incorporation of strongly σ-donating alkynyl ligands can substantially enhanced the 

luminescent properties of cyclometalated gold(III) complexes. 

 

Figure 3.3 (a) Emission spectrum of GA 3.3 (1 mM) in DI water; (b) TEM image of the 
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thermal annealed solution of GA 3.3 (1.97 mM). 

3.2.4 Cytocompatibility of GAs 

To evaluate the cytocompatibility of the synthesized compounds, the thermally 

annealed aqueous solutions of GA precursor S3.1, GA 3.1, and GA 3.2 were subjected to 

cytotoxicity studies. GA 3.3, due to its poor aqueous solubility, was excluded from these 

analyses. The impact of GA precursor S3.1 on the viability of human bone marrow-

derived mesenchymal stem cells (hBM-MSCs) was assessed using the MTS 

mitochondrial activity assay (Figure 3.4a). Exposure of hBM-MSCs to the GA precursor 

S3.1 solution at concentrations ranging from 40 to 100 μM for 24 hours resulted in high 

cell viabilities (~90%), indicating minimal cytotoxicity. In contrast, both GA 3.1 and GA 

3.2 exhibited increased cytotoxicity towards hBM-MSCs at concentrations above 60 μM, 

as determined by the same MTS assay. Notably, GA 3.1 displayed a more pronounced 

cytotoxic effect compared to GA 3.2 (Figure 3.4b and 3.4c, respectively). Considering 

the same nanofiber structure conducted by GA precursor S3.1 and GA 3.2 showing lower 

cytotoxicity, while nanofibers of GA 3.1 with larger diameter showing higher 

cytotoxicity, the cytotoxicity of GAs are possibly dependent on the nanostructures. 

 

Figure 3.4 hBM-MSCs viability after incubated with (a) GA precursor S3.1, (b) GA 3.1 

and (c) GA 3.2 gradient solutions for 24 h, respectively. All values are mean ± standard 
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deviation of n = 3. * denotes P < 0.05, which represents for statistically difference 

compared to the control group.  

3.3 Conclusion 

Gold(III) amphiphiles with the enhancement of luminescent properties by 

incorporating the strong σ-donating mono-alkynyl ligands in both organic and aqueous 

media were developed. The nanostructure of the thermal annealed aqueous solution of 

GA 3.1 and GA 3.2 was studied by TEM showing the nanofibers with different diameter. 

The CAC values were determined as 50 M by DLS. The supramolecular assembly 

transformation of GA 3.1 was studied upon the addition of sodium bromide for counterion 

exchange showing the transformation between nanofibers the nanotubes, which was 

reversible upon further addition of sodium tosylate. Cytocompatibilities of GA precursor 

S3.1, GA 3.1 and GA 3.2 showed their supramolecular assemblies with limited 

cytotoxicity to hBM-MSCs. This new strategy provides a valuable approach for the 

development of multifunctional supramolecular assemblies based on the amphiphilic 

gold(III) complexes. 
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3.4 Experimental Section 

3.4.1 General Procedures 

All reagents were acquired from commercial suppliers and utilized without further 

purification. Flash column chromatography was performed with silica gel 60 (230-400 

mesh ASTM). Thin-layer chromatography employed on precoated silica gel 60 F254 

plates. ¹H and ¹³C NMR spectra were obtained on a Bruker DPX-400 or DPX-600 

spectrometer with TMS serving as the internal standard. ¹H NMR data are presented as 

chemical shift (δ, ppm), multiplicity (s = singlet; brs = broad singlet; d = doublet; dd = 

double doublet; t = triplet; td = triple doublet; tt = triple triplet; q = quartet; qd = quadruple 

doublet, m = multiplet), coupling constant (Hz), integration. ¹³C NMR data are presented 

as chemical shift (δ, ppm). High-resolution mass spectra (HR-MS) were acquired on an 

Agilent 6540 UHD Accurate-Mass Q-TOF LC/MS system employing ESI ionization. X-

ray crystallographic analysis for small molecule structural determination was carried out 

using a Bruker D8 Venture single crystal X-ray diffractometer. Previously reported 

compounds were characterized by comparing their ¹H and/or ¹³C NMR spectra to the 

published data. 
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3.4.2 UV-Vis Spectroscopy 

The optical properties of the samples were analyzed using Agilent Cary 60 UV-Vis 

Spectrophotometer equipped with a Luma 40/8453 temperature-controlled cuvette holder. 

Measurements were conducted at 20°C using a quartz cuvette with a 1 cm path length. 

 

3.4.3 Preparation of Aqueous Sample  

A 1 wt.% solution of GAs in deionized water was prepared and subjected to a controlled 

heating and cooling process. The solution was initially heated to 50 °C for 5 minutes, 

followed by a gradual cooling to 20 °C at a rate of 1.0 °C/min. This annealing process 

aimed to facilitate the formation of assembled structures. For TEM analysis, the annealed 

solution was further diluted to 0.2 wt.%. 

 

3.4.4 Transmission Electron Microscopy (TEM) 

The morphology and size of the assembled structures were investigated using JEOL 

Model JEM-2010 Transmission Electron Microscope. Operating at 120 kV, the 

microscope was equipped with Gatan 794 CCD camera for image acquisition. Sample 

preparation involved depositing 5.0 μL of the sample solution onto a carbon-coated 

copper grid (Micro to Nano, EMR Carbon support film on copper, 400 square mesh). 

After blotting excess solution, the grid was stained with UranyLess EM stain solution 

(Electron Microscopy Science, 5.0 μL) for 20 seconds, followed by another blotting step 

to remove excess stain. 
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3.4.5 Dynamic Light Scattering (DLS) 

Wyatt Technology DynaPro NanoStar was performed to determine Dynamic Light 

Scattering intensities of the samples. While acknowledging the anisotropic nature of the 

assembled structures, the scattering intensities were analyzed using models designed for 

spherical objects to provide an estimate of the assembly size. The critical aggregation 

concentration (CAC) of GAs was determined by measuring the scattering intensities of 

GAs solutions at various concentrations (1.0 × 10−3 to 1.0 mM) at 20°C, which followed 

the previously described procedures.76a The scattering rate was normalized by the solution 

concentration to obtain the molar scattering intensity (M Counts s−1 m−1). Ten replicates 

were performed for each measurement, and the data were averaged to determine the mean 

molar scattering intensity and standard deviation. 

 

3.4.6 Fluorescence 

Fluorescence measurements were conducted at room temperature using an Agilent 

G9800AA Cary Eclipse fluorescence spectrophotometer. A 1 cm path length quartz 

cuvette was used for all measurements. 

 

3.4.7 Cytotoxicity Test 

The cytotoxicity of GAs was evaluated using 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay, which 

measured cell viability. Human bone-marrow mesenchymal stem cells (hBM-MSCs) 

were seeded in a 96-well plate at a density of 3000 cells per well. After 12 h of incubation 
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in growth media including Minimum Essential Medium (MEM Alpha, no phenol red, 

Gibco, USA), 10% Fetal Bovine Serum (FBS, Gibco, USA) and 1% Antibiotic-

Antimycotic (Gibco, USA), the cells were exposed to varying concentrations of GAs for 

further 24 h. Subsequently, MTS solution was added to each well, and the cells were 

incubated for an additional 2 h at 37°C in a 5% CO2 atmosphere. The absorbance of each 

well was measured at 490 nm using a LEDETECT 96 microplate reader to determine cell 

viability. 

 

3.4.8 Preparation of GAs 

 

Scheme S3.1 Preparation of GAs. 

Compound 3.1: Synthesis according to our previous reported procedures.57 

GAs: Gold(III) complex S3.1 (20 mg, 0.025 mmol) was reacted with alkyne S3.2 (0.126 

mmol) in a DCM/MeOH mixture (10/1, 300 µL) with CuI (0.96 mg, 0.005 mmol) and 

triethylamine (2.55 mg, 3.5 µL). The reaction mixture was stirred for 16 h at room 
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temperature.69k After removing the solvent under reduced pressure, the crude product was 

purified by column chromatography to afford the desired gold(III) complexes GA 3.1, 

GA 3.2, and GA 3.3 as pale-yellow solids. 

3.4.9 Characterization Data 

 

46% yield. 

1H NMR (400 MHz, CDCl3/CD3OD) δ 9.26 (d, J = 5.9 Hz, 1H), 7.94 – 7.86 (m, 1H), 

7.69 – 7.63 (m, 2H), 7.46 (d, J = 8.7 Hz, 1H), 7.40 (dd, J = 7.5, 2.1 Hz, 2H), 7.27 (t, J = 

6.7 Hz, 1H), 7.16 (d, J = 1.5 Hz, 3H), 6.75 (dd, J = 8.6, 2.5 Hz, 1H), 3.89 (t, J = 6.5 Hz, 

2H), 3.22 – 3.15 (m, 2H), 1.62 (td, J = 16.6, 15.2, 8.1 Hz, 4H), 1.26 (d, J = 7.2 Hz, 2H), 

1.19 (d, J = 11.8 Hz, 8H). 

13C NMR (150 MHz, CDCl3/CD3OD) δ 163.99, 160.90, 148.20, 147.37, 142.00, 134.21, 

131.82, 128.09, 127.59, 126.72, 125.12, 122.69, 120.17, 119.57, 115.00, 97.16, 84.83, 

68.36, 66.95, 53.14, 29.11, 28.97, 28.92, 28.73, 26.05, 25.70, 23.01. 

HRMS (ESI): [M – OTs]+ Calcd. for [C31H39AuClN2O] + 687.2416, found 687.2415. 

 

 

32% yield. 
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1H NMR (600 MHz, CD3OD) δ 9.17 (d, J = 4.2 Hz, 1H), 8.09 – 8.04 (m, 1H), 7.87 (d, J 

= 7.8 Hz, 1H), 7.59 (d, J = 8.6 Hz, 1H), 7.54 (d, J = 2.5 Hz, 1H), 7.47 – 7.43 (m, 1H), 

7.35 (d, J = 8.1 Hz, 2H), 7.14 (d, J = 8.1 Hz, 2H), 6.77 (dd, J = 8.6, 2.5 Hz, 1H), 3.96 (t, 

J = 6.9 Hz, 2H), 3.35 – 3.32 (m, 2H), 3.11 (s, 9H), 1.75 (dd, J = 14.5, 7.9, 6.9 Hz, 4H), 

1.42 – 1.34 (m, 10H).  

13C NMR (150 MHz, CDCl3/ CD3OD) δ 163.85, 160.64, 147.65, 146.61, 142.39, 137.50, 

134.53, 131.32, 128.67, 127.01, 122.80, 122.30, 119.97, 119.53, 114.72, 96.66, 84.46, 

68.14, 66.50, 53.41, 52.13, 28.97, 28.76, 28.70, 28.56, 25.93, 25.49, 22.57, 20.13. 

HRMS (ESI): [M – OTs]+ Calcd. for [C32H41AuClN2O]+ 701.2573, found 701.2573. 

 

 

29% yield  

1H NMR (600 MHz, CD3OD) δ 9.62 (d, J = 5.9 Hz, 5H), 9.35 (d, J = 6.1 Hz, 1H), 8.19 

(d, J = 8.1 Hz, 1H), 8.18 – 8.14 (m, 5H), 8.07 (d, J = 8.7 Hz, 1H), 8.04 (d, J = 8.1 Hz, 5H), 

7.87 – 7.84 (m, 2H), 7.83 (d, J = 8.7 Hz, 6H), 7.81 (d, J = 2.6 Hz, 5H), 7.75 (m, J = 9.2, 

5.8, 3.3 Hz, 5H), 7.64 (td, J = 6.7, 6.2, 3.3 Hz, 5H), 7.55 (t, J = 6.2 Hz, 1H), 7.42 (t, J = 

6.6 Hz, 5H), 6.99 – 6.96 (m, 1H), 6.88 (dd, J = 8.7, 2.6 Hz, 5H), 4.05 (t, J = 6.5 Hz, 12H), 

3.37 – 3.34 (m, 12H), 3.14 (s, 55H), 1.84 – 1.79 (m, 29H), 1.54 (d, J = 6.5 Hz, 21H), 1.47 

– 1.39 (m, 65H), 1.19 (dd, J = 12.1, 6.7 Hz, 234H). 
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HRMS (ESI): GA 3.3 [M – OTs]+ Calcd. for [C34H55AuClN2Osi]+ 767.3438, found 

767.3437; GA 3.3’ [M – OTs]+ Calcd. for [C45H76AuN2OSi2]
+ 913.5162, found 913.5161. 
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3.4.10 Supporting Figures 

 

Figure S3.1 The critical aggregation concentration of aqueous solution of GA 3.1. 
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Figure S3.2 (a) UV-Vis absorption spectra of GA 3.1 in DCM/MeOH 1:1 (400 µM);  

(b) Emission spectra of GA 3.1 in DCM/MeOH 1:1 (1 mM). 

 

 

Figure S3.3 Emission spectrum of GA precursor S3.1 in DI water (1 mM). 
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Figure S3.4 TEM image of the thermal annealed solution of GA 3.1 after the addition 

of sodium tosylate (2.0 equiv.) as further counterion exchange (2.32 mM). 

 

 

Figure S3.5 (a) UV-Vis absorption spectrum of GA 3.2 in DCM/MeOH 1:1 (400 µM) 

(b) Emission spectrum of GA 3.2 in DCM/MeOH 1:1 (1 mM). 
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Figure S3.6 The critical aggregation concentration of aqueous solution of GA 3.2. 

 

 

Figure S3.7 TEM image of the thermal annealed solution of GA 3.2 after the addition 

of sodium bromide for counterion exchange (2.28 mM). 
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Figure S3.8 1H NMR spectrum (600 MHz, 6.5 – 10.0 ppm) of GA 3.3 and GA 3.3’ 

mixture, with relative integration of 1:5 corresponding to GA 3.3 and GA 3.3’, 

respectively. 
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Figure S3.9 UV-Vis absorption spectra of GA 3.3 in (a) DCM/MeOH 1:1 (400 µM) and 

(b) DI water (1 mM); (c) Emission spectrum of GA 3.3 in DCM/MeOH 1:1 (1 mM). 
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Figure S3.10 The critical aggregation concentration of aqueous solution of GA 3.3. 
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3.4.11 NMR Spectra 

1H NMR of GA 3.1 in CDCl3/CD3OD 

 

13C NMR of GA 3.1 in CDCl3/CD3OD 
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1H NMR of GA 3.2 in CD3OD 

 

13C NMR of GA 3.2 in CD3OD 
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1H NMR of GA 3.3 and GA 3.3’ in CDCl3/CD3OD 

 

  



235 

 

Chapter 4 Controlled Supramolecular Assemblies of Chiral 

Cyclometalated Gold(III) Amphiphiles in Aqueous Media 

4.1 Introduction 

Chiral organic amphiphiles were designed for self-assembly into supramolecular 

chiral hierarchical structures.94 As an alternative strategy to organic amphiphiles, the 

chiral metal-ligand amphiphiles offer the structural diversity due to the variety of the 

chiral ligand design enabling the controls of supramolecular interactions and hierarchical 

structures of the corresponding supramolecular morphology.87a, d Despite numbers of  

reported cyclometalated gold(III) amphiphiles showing the high sensitivity to 

supramolecular transformations induced by slight changes in molecular structure,57 the 

chiral supramolecular assembly of gold(III) amphiphile was largely unexplored. 

Chiral cyclometalated oxazoline gold(III) complexes have shown with excellent 

performance in asymmetric catalysis showing high chirality transfer efficiency.35 In this 

chapter, the first example of the chiral cyclometalated gold(III) amphiphile (GA) was 

demonstrated with supramolecular assembly in aqueous media. The amphiphilic nature 

of the oxazoline-based cyclometalated gold(III) complex arose from connecting the 

hydrophobic gold(III) core to a hydrophilic charged quaternary ammonium ion with an 

alkyl-linker which improved the aqueous solubility. The chirality was transferred from 

the chiral oxazoline moiety to the resulting supramolecular nanostructures. The 

counterion induced supramolecular transformations were demonstrated by the addition of 

D-, L-, or racemic-camphorsulfonates. Cytocompatibility of GA solution was shown with 

limited cytotoxicity. 
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Scheme 4.1 Schematic illustration of the design of cyclometalated gold(III) amphiphiles. 

 

4.2 Results and Discussion 

4.2.1 Design and Synthesis of GA 

GA 4.1 was designed as a chiral C^N-chelated oxazoline-based gold(III) complex 

exhibiting the amphiphilicity. The amphiphilic nature of GA 4.1 was introduced by 

connecting a hydrophilic quaternary ammonium ion motif through an aliphatic nonyl-

linker to the hydrophobic chiral oxazoline gold(III) core (Scheme 4.1). The synthetic 

procedure of GA 4.1 began with using 2-bromo-4-hydroxybenzaldehyde as the starting 

material which attached to tert-butyldimethylsilyl ether group through an aliphatic nonyl-

linker, affording compound S4.2 (Scheme 4.2). The chirality of the ligand was first 

introduced by reacting the chiral amino alcohol to form the chiral oxazoline ligand S4.3. 

Continued with the bromide-mercury transmetalation, terminal silyl group modification, 

and the subsequent mercury-gold transmetalation methodologies, the gold(III) complex 

S4.7 was obtained. Finally, the gold(III) amphiphile GA 4.1 was afforded by the 
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nucleophilic substitution of the terminal tosylate group of compound S4.7 using 

trimethylamine reagent. The newly synthesized chiral gold(III) amphiphile GA 4.1 and 

its synthetic intermediates were characterized by 1H NMR, 13C NMR, and HRMS (see 

details in Experiment Section). 

 

 

Scheme 4.2 Synthetic route of gold(III) amphiphile GA 4.1. 

 

4.2.2 Aqueous Supramolecular Assembly and Cytocompatibility of GA 

The optical properties of GA 4.1 were investigated in both organic and aqueous 

media. UV-Vis spectroscopy of a 400 µM solution of GA 4.1 in a 3:1 DCM/MeOH 

mixture revealed a prominent absorption band at 300 nm, accompanied by a shoulder 

band spanning 350-430 nm (Figure S4.1a). To assess the aggregation propensity in 

aqueous solution, a 1.0 wt.% (12.1 mM) solution of GA 4.1 was prepared and subjected 
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to a thermal annealing process which involved heating the solution to 50°C followed by 

controlled cooling to 20°C at a rate of 1.0°C/min. Dynamic light scattering (DLS) analysis 

of the annealed solution of GA 4.1 at various concentrations (0.01-1.0 mM) determined 

the critical aggregation concentration (CAC) to be 80 µM (Figure S4.1b). This low CAC 

value suggested a high propensity for GA 4.1 to self-assemble into supramolecular 

structures in aqueous environments. The annealed solution of GA 4.1 (400 M) was also 

studied with UV-Vis absorption spectroscopy (Figure 4.1a), which showed the same 

spectrum (Figure 4.1a, black-line) as the organic solution of GA 4.1. The spectrum 

showed a slight hypsochromic shift and a decreased signal of the shoulder band at 350 

nm – 430 nm during the thermal annealing process (Figure 4.1a, red-line). The solution 

was further studied by circular dichroism (CD) spectroscopy. In the CD spectrum (Figure 

4.1b), the positive Cotton effect was first observed with decreasing wavelength from 370 

nm to 250 nm, and the strong negative Cotton effect with decreasing wavelength from 

250 nm to 210 nm. In contrast, the CD spectrum of the organic solution of GA 4.1 

(DCM/MeOH, 400 M) showed lower intensity of Cotton effects (Figure S4.1c). This 

result possibly indicated the presence of the supramolecular helicity in the aqueous 

solution of GA 4.1 leading to the increased signal in the CD spectrum. The morphology 

of self-assembled structures formed by GA 4.1 in aqueous solution was investigated using 

transmission electron microscopy (TEM). Negative staining of a 0.2 wt.% (2.42 mM) 

thermally annealed aqueous solution of GA 4.1 revealed the formation of lamellar 

nanostructures with irregular shapes and widths ranging from 200 nm to 1500 nm (Figure 

4.1c). The cytocompatibility of GA 4.1 was evaluated using the MTS assay, which 

measures mitochondrial activity as an indicator of cell viability. Human bone marrow-

derived mesenchymal stem cells (hBM-MSCs) were exposed to a range of GA 4.1 
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concentrations (20-100 µM) prepared from a thermally annealed aqueous solution. The 

results, normalized to untreated cells, demonstrated minimal cytotoxicity over 24 h, with 

cell viabilities exceeding 90% for concentrations up to 80 µM (Figure 4.1d). A slight 

decrease in cell viability (over 80%) was observed at the highest concentration tested (100 

µM, Figure 4.1d, blue bar). These findings suggest that GA 4.1 exhibits good 

cytocompatibility towards hBM-MSCs within the concentration range studied. 

 

Figure 4.1 (a) UV-Vis absorption spectra of GA 4.1 (400 M) in DI water before (black-

line) and after incubation (red-line); (b) CD spectrum of GA 4.1 (400 M) in DI water; 

(c) TEM image of the thermal annealed solution of GA 4.1 (2.42 mM); (d) hBM-MSCs 

viability after incubated with GA 4.1 gradient solutions for 24 h. All values are 

representing as mean ± standard deviation of n = 3. * denotes P < 0.05, which represents 

for statistically difference compared to the control group. 
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4.2.3 Counterion Controlled Chiral Supramolecular Assembly 

Transformations of GA 

The influence of counterion exchange on the supramolecular assembly of GA 4.1 

was investigated using D- and L-camphorsulfonate as chiral counterions. To exchange 

the counterion to D-camphorsulfonate, the thermal annealed aqueous solution of GA 4.1 

(400 M, final concentration) was treated with the addition of sodium D-

camphorsulfonate solution (2.0 equiv.) followed by the same thermal annealing process, 

affording GA 4.1D-Camphor. UV-Vis absorption spectroscopy of the resulting solution of 

GA 4.1D-Camphor revealed an absorption maximum at 300 nm (Figure 4.2a), exhibiting a 

lower intensity compared to the original GA 4.1 solution. Similarly, GA 4.1L-Camphor was 

synthesized using the same procedure, employing sodium L-camphorsulfonate as the 

counterion. UV-Vis absorption spectroscopy of GA 4.1L-Camphor (Figure 4.2b) displayed 

a spectrum nearly identical to that of GA 4.1D-Camphor. Moreover, the two thermal 

annealed aqueous solutions of GA 4.1D-Camphor and GA 4.1L-Camphor were prepared using 

the same thermal annealing process for CD measurements. In the CD spectrum of GA 

4.1D-Camphor, stronger Cotton effect at 230 nm – 250 nm and weaker Cotton effect at 210 

nm – 225 nm were observed (Figure 4.2c, black-line) as compared to the CD spectrum of 

the original GA 4.1. As reference, sodium D-camphorsulfonate solution (400 M) gave 

only limited CD signal (Figure 4.2c, red-line). These results indicated that changing the 

counterion to chiral version would induce the supramolecular helicity transformation, 

resulting in the difference of the CD spectra between GA 4.1D-Camphor and original GA 

4.1. Similarly, the CD spectrum of GA 4.1L-Camphor (Figure 4.2d, black-line) was almost 

the same as that of GA 4.1D-Camphor, which also indicated the presence of chiral counterion 

induced supramolecular helicity transformation. Furthermore, the thermal annealed 
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aqueous solution of GA 4.1D-Camphor (3.86 mM, 0.2 wt.%) and GA 4.1L-Camphor (3.86 mM, 

0.2 wt.%) were studied by TEM to examine the supramolecular nanostructures. The 

supramolecular vesicles were observed in the TEM images of both GA 4.1D-Camphor and 

GA 4.1L-Camphor solutions with a diameter range of  

~ 50 nm – 500 nm (Figures 4.2e and S4.2, Figures 4.2f and S4.3 respectively). As shown 

in TEM and CD results, the supramolecular transformations could be induced by the 

addition of chiral camphorsulfonates. However, the formation of supramolecular vesicles 

was possibly due to the incomplete counterion exchange process. Considering the similar 

binding affinities of camphorsulfonate and tosylate to tertiary ammonium ion, higher 

equivalent of chiral camphorsulfonate should be required for the complete counterion 

substitution. 
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Figure 4.2 UV-Vis absorption spectra of GA 4.1 (400 M) in DI water before (black-line) 

and after incubation (red-line), after the addition of 2.0 equiv. of (a) sodium D-

camphorsulfonate and (b) sodium L-camphorsulfonate; CD spectra of GA 4.1 (400 M) 

in DI water after the addition of 2.0 equiv. of (c) sodium D-camphorsulfonate and (d) 

sodium L-camphorsulfonate; TEM images of the thermal annealed solution of GA 4.1 

(3.86 mM) after the addition of 2.0 equiv. of (e) sodium D-camphorsulfonate and (f) 

sodium L-camphorsulfonate. 
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4.2.4 Counterion Ratio Influence on Chiral Supramolecular Assembly 

Transformations of GA 

The different counterion ratios of GA 4.1D-Camphor (400 M) were prepared by the 

addition of sodium D-camphorsulfonate (4.0, 6.0, 8.0, and 10.0 equiv.) to the aqueous 

solution of GA 4.1 followed by the thermal annealing process. In the CD measurements, 

these resulting solutions gave higher signal intensities of the Cotton effect in the spectra 

as compared to GA 4.1D-Camphor with D-camphorsulfonate (2.0 equiv.) (Figure 4.3a). In 

addition, GA 4.1D-Camphor with D-camphorsulfonate (4.0 equiv.) (3.22 mM, 0.2 wt.%) 

was first selected for TEM study. The supramolecular vesicles together with some large 

aspect ratio nanostructures were observed in the TEM image (Figures 4.3b and S4.4). 

Interestingly, increasing the D-camphorsulfonate ratio to 8.0 equiv. led to the formation 

of large aspect ratio supramolecular nanotubes (outer diameter ~ 50 nm – 200 nm, Figures 

4.3c and S4.5). When the D-camphorsulfonate was further increased to 10.0 equiv., the 

nanotubes aggregated with vesicles were observed (Figure S4.6). These results implied 

that increasing the ratio of D-camphorsulfonate could enhance the supramolecular 

helicity. 

Using the same preparation method, the different counterion ratios of GA 4.1L-

Camphor (400 M) (4.0, 6.0, 8.0, and 10.0 equiv.) were prepared. In the CD measurements 

of GA 4.1L-Camphor (Figure 4.3d), same observations were shown as GA 4.1D-Camphor gave 

the increased intensities of the Cotton effect. Moreover, GA 4.1L-Camphor with L-

camphorsulfonate (4.0 equiv.) was first selected for TEM study. The nanofiber-like 

structures with large aspect ratios were observed in the TEM image (Figure 4.3e and S4.7). 

Increasing the L-camphorsulfonate ratio to 8.0 equiv. led to the formation of 

supramolecular nanotubes (outer diameter ~ 50 nm – 250 nm, Figure 4.3f and S4.8). 
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When the L-camphorsulfonate was further increased to 10.0 equiv., the nanotubes were 

partially disintegrated (Figure S4.9).  

The similar TEM images and CD spectral shifts of GA 4.1D-Camphor and GA 4.1L-

Camphor possibly indicated that although the counterion exchange process induced the 

supramolecular transformations, the intrinsic chirality of D- or L-camphorsulfonates was 

not transferred to the resulting nanostructures. In this concern, the racemic 

camphorsulfonate was used for counterion exchange instead of the enantiopure form. The 

aqueous solution of GA 4.1 (400 M) was added with the racemic mixture of 

camphorsulfonate (8.0 equiv.) followed by the thermal annealing process. In the CD 

measurements, same observations were shown as compared to the chiral counterion 

showing the increased intensities of the Cotton effect (Figure 4.4a). This result implied 

that the chirality of the camphorsulfonate did not affect the supramolecular 

transformation. In addition, the TEM image of this solution was obtained which showed 

that the supramolecular nanotubes (Figures 4.4b and S4.10) were same as that observed 

in chiral camphorsulfonates. From these results, the counterion induced supramolecular 

transformations were possibly due to the decreased packing parameter of GA 4.1. 
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Figure 4.3 CD spectra of GA 4.1 (400 M) in DI water after the addition of (a) sodium 

D-camphorsulfonate (4.0, 6.0, 8.0, and 10.0 equiv.) and (d) sodium L-camphorsulfonate 

(4.0, 6.0, 8.0, and 10.0 equiv.); TEM images of the thermal annealed solution of GA 4.1  

(3.22 mM) after the addition of 4.0 equiv. of (b) sodium D-camphorsulfonate and (e) 

sodium L-camphorsulfonate; TEM images of the thermal annealed solution of GA 4.1 

(2.46 mM) after the addition of 8.0 equiv. of (c) sodium D-camphorsulfonate and (f) 

sodium L-camphorsulfonate. 
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To investigate the reversibility of the counterion-induced changes in the 

supramolecular assembly of GA 4.1, a solution of GA 4.1D-Camphor (containing 2.0 equiv. 

of sodium D-camphorsulfonate, 400 µM) was treated with 2.0 equiv. of sodium tosylate. 

The resulting mixture was then subjected to the standard thermal annealing process. This 

experiment aimed to assess whether the initial supramolecular organization of GA 4.1 

could be restored upon replacement of the D-camphorsulfonate counterions with tosylate 

ions. The TEM image showed the lamellar and nanosheet-like structures (Figures 4.4c 

and S4.11). This indicated that the vesicles were partially transformed back to lamellar 

structures. The resulting nanosheet-like structures was possibly the competitive 

supramolecular transformation pathway, arising from the excess amount of D-

camphorsulfonate induced the complexities. For GA 4.1L-Camphor solution, similar 

supramolecular transformations were observed (Figure S4.12).  

 

Figure 4.4 (a) CD spectra of GA 4.1 (400 M) in DI water and (b) TEM image of the 
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thermal annealed solution of GA 4.1 (2.46 mM) after the addition of 8.0 equiv. of the 

racemic mixture of camphorsulfonate; (c) TEM image of the thermal annealed solution 

of GA 4.1D-Camphor (3.26 mM) and (d) CD spectra of GA 4.1D-Camphor (400 M) in DI 

water after the addition of 2.0 equiv. of sodium tosylate. 

 

4.3 Conclusion 

The first example of chiral gold(III) amphiphile GA 4.1 was synthesized, showing 

the enhanced supramolecular helicities in aqueous media. GA 4.1 self-assembled to 

lamellar nanostructures in aqueous media as shown in the TEM image. D-, L-, or racemic-

camphorsulfonates were separately added to the solution of GA 4.1 for counterion 

exchanges. The ratios of the added camphorsulfonates determined the resulting 

supramolecular nanostructures, which transformed from lamellar structure to either 

vesicles or nanotubes. The counterion induced supramolecular transformations largely 

enhanced the supramolecular helicity, which was partially reversible upon further 

addition of sodium tosylate. The current gold(III) amphiphilic design was shown with 

good cytocompatibility that would be the foundation for the future development on 

controllable chiral counterion induced supramolecular P-, M-helicities of chiral gold(III) 

amphiphiles. 
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4.4 Experimental Section 

4.4.1 General Procedures 

All reagents were acquired from commercial suppliers and utilized without further 

purification. Flash column chromatography was performed with silica gel 60 (230-400 

mesh ASTM). Thin-layer chromatography employed on precoated silica gel 60 F254 

plates. ¹H and ¹³C NMR spectra were obtained on a Bruker DPX-400 or DPX-600 

spectrometer with TMS serving as the internal standard. ¹H NMR data are presented as 

chemical shift (δ, ppm), multiplicity (s = singlet; brs = broad singlet; d = doublet; dd = 

double doublet; t = triplet; td = triple doublet; tt = triple triplet; q = quartet; qd = quadruple 

doublet, m = multiplet), coupling constant (Hz), integration. ¹³C NMR data are presented 

as chemical shift (δ, ppm). High-resolution mass spectra (HR-MS) were acquired on an 

Agilent 6540 UHD Accurate-Mass Q-TOF LC/MS system employing ESI ionization. X-

ray crystallographic analysis for small molecule structural determination was carried out 

using a Bruker D8 Venture single crystal X-ray diffractometer. Previously reported 

compounds were characterized by comparing their ¹H and/or ¹³C NMR spectra to the 

published data. 
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4.4.2 Preparation of Aqueous Sample 

A 1 wt.% solution of GA in deionized water was prepared and subjected to a controlled 

heating and cooling process. The solution was initially heated to 50°C for 5 minutes, 

followed by a gradual cooling to 20°C at a rate of 1.0°C/min. This annealing process 

aimed to facilitate the formation of assembled structures. For TEM analysis, the annealed 

solution was further diluted to 0.2 wt.%. 

 

4.4.3 Incubation of GA with Sodium L-camphorsulfonate and Sodium 

D-camphorsulfonate for Counter Anion Controlled 

Supramolecular Transformation 

A thermally annealed aqueous solution of GA (12.1 mM) was treated with increasing 

molar equivalents (2.0, 4.0, 6.0, 8.0, and 10.0) of either sodium L-camphorsulfonate or 

sodium D-camphorsulfonate. Following the addition of the counterion solution, each 

mixture was subjected to a controlled heating and cooling cycle, involving incubation at 

50°C for 5 minutes followed by gradual cooling to 20°C at a rate of 1.0°C/min. 

 

4.4.4 UV-Vis Spectroscopy 

The optical properties of the samples were analyzed using Agilent Cary 60 UV-Vis 

Spectrophotometer equipped with a Luma 40/8453 temperature-controlled cuvette holder. 

Measurements were conducted at 20°C using a quartz cuvette with a 1 cm path length 

unless otherwise specified. 
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4.4.5 Circular Dichroism (CD) Spectroscopy 

Circular dichroism (CD) spectra were acquired using a Jasco J-1500 CD 

spectrophotometer at ambient temperature. Measurements were conducted in a quartz 

cuvette with a path length of 1.0 mm. 

 

4.4.6 Transmission Electron Microscopy (TEM) 

The morphology and size of the assembled structures were investigated using JEOL 

Model JEM-2010 Transmission Electron Microscope. Operating at 120 kV, the 

microscope was equipped with Gatan 794 CCD camera for image acquisition. Sample 

preparation involved depositing 5.0 μL of the sample solution onto a carbon-coated 

copper grid (Micro to Nano, EMR Carbon support film on copper, 400 square mesh). 

After blotting excess solution, the grid was stained with UranyLess EM stain solution 

(Electron Microscopy Science, 5.0 μL) for 20 seconds, followed by another blotting step 

to remove excess stain. 

 

4.4.7 Dynamic Light Scattering (DLS) 

Wyatt Technology DynaPro NanoStar was performed to determine Dynamic Light 

Scattering intensities of the samples. While acknowledging the anisotropic nature of the 

assembled structures, the scattering intensities were analyzed using models designed for 

spherical objects to provide an estimate of the assembly size. The critical aggregation 

concentration (CAC) of GA was determined by measuring the scattering intensities of 

GA solutions at various concentrations (1.0 × 10−3 to 1.0 mM) at 20°C, which followed 

the previously described procedures.76a The scattering rate was normalized by the solution 
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concentration to obtain the molar scattering intensity (M Counts s−1 m−1). Ten replicates 

were performed for each measurement, and the data were averaged to determine the mean 

molar scattering intensity and standard deviation. 

 

4.4.8 Cytotoxicity Test 

The cytotoxicity of GAs was evaluated using 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay, which 

measured cell viability. Human bone-marrow mesenchymal stem cells (hBM-MSCs) 

were seeded in a 96-well plate at a density of 3000 cells per well. After 12 h of incubation 

in growth media including Minimum Essential Medium (MEM Alpha, no phenol red, 

Gibco, USA), 10% Fetal Bovine Serum (FBS, Gibco, USA) and 1% Antibiotic-

Antimycotic (Gibco, USA), the cells were exposed to varying concentrations of GA for 

further 24 h. Subsequently, MTS solution was added to each well, and the cells were 

incubated for an additional 2 h at 37°C in a 5% CO2 atmosphere. The absorbance of each 

well was measured 
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4.4.9 Preparation of GA 

 

Scheme S4.1 Synthetic route of gold(III) amphiphiles GA 4.1. 

 

Compound S4.1: 9-bromo-1-nonanol (4.46 g, 20 mmol) was added dropwise with tert-

butyldimethylsilyl chloride (TBSCl, 3.92 g, 26 mmol) in the presence of imidazole (2.72 

g, 40 mmol) and 4-dimethylaminopyridine (DMAP, 244 mg, 2 mmol) in 20 mL 

anhydrous DCM at room temperature and stirred for 16 h under nitrogen atmosphere. The 

resulting mixture was filtered, concentrated, and purified by column chromatography 

(hexane/EA) to afford compound S4.1 as a colorless oil (6.07 g, 18.0 mmol, 90% yield). 

 

Compound S4.2: Compound S4.1 (2.0 g, 6.0 mmol) was reacted with 2-bromo-4-

hydroxybenzaldehyde (1.0 g, 5.0 mmol) in the presence of potassium carbonate (K2CO3, 

1.4 g, 10 mmol) in 10 mL anhydrous dimethylformamide at room temperature for 16 h 



253 

 

under nitrogen atmosphere. The resulting mixture was diluted by ethyl acetate (40 mL), 

washed by DI water (80 mL) for three times. The organic layer was dried with anhydrous 

MgSO4, concentrated, and purified by column chromatography (hexane/EA) to afford 

compound S4.2 as a pale-yellow oil (2.26 g, 4.95 mmol, 99% yield). 

 

Compound S4.3: Compound S4.2 (1.0 g, 2.2 mmol) was reacted with (S)-valinol (225 

mg, 2.19 mmol) in 5 mL toluene at room temperature for 24 h under nitrogen atmosphere. 

Subsequently, potassium phosphate (K3PO4, 1.4 g, 6.6 mmol) and N-bromosuccinimide 

(NBS, 390 mg, 2.2 mmol) were added to the reaction mixture, and the reaction was stirred 

at room temperature for additional 2 h. After workup and purification by column 

chromatography, compound S4.3 was obtained as a colorless oil with a 46% yield. The 

resulting solution was washed by 5 mL sat. NaHCO3 solution and 5 mL sat. Na2S2O3 

solution. The organic layer was dried with anhydrous MgSO4, concentrated, and purified 

by column chromatography (hexane/EA) to afford compound S4.3 as a colorless oil (549 

mg, 1.0 mmol, 46% yield).  

 

Compound S4.4: Compound S4.3 (521 mg, 0.96 mmol) was treated with dropwise 

addition of n-butyllithium (2.5 M solution in hexane, 0.5 mL) at -78 °C in 10 mL 

anhydrous THF under nitrogen atmosphere. Subsequently, mercury(II) chloride (HgCl2, 

326 mg, 1.2 mmol) was added, and the reaction mixture was warmed to room temperature 

and stirred for further 3 h. The resulting solution was washed by 5 mL sat. NH4Cl aqueous 

solution. The aqueous layer was extracted by DCM (20 mL × 2). The organic layer was 

combined, dried with anhydrous MgSO4, concentrated, and purified by column 
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chromatography (hexane/EA) to afford compound S4.4 as a colorless oil (492 mg, 0.71 

mmol, 74% yield). 

 

Compound S4.5: Compound S4.4 (370 mg, 0.053 mmol) was treated with tetra-n-

butylammonium fluoride (TBAF, 1.0 M solution in THF, 0.6 mL) in 2 mL THF at room 

temperature for 16 h. The resulting solution was concentrated, and purified by column 

chromatography (hexane/EA) to afford compound S4.5 as a white solid (214 mg, 0.37 

mmol, 69% yield). 

 

Compound S4.6: Compound S4.5 (214 mg, 0.37 mmol) was added in protion with p-

toluenesulfonyl chloride (TsCl, 88 mg, 0.46 mmol) in the presence of DMAP (5 mg, 0.04 

mmol) and triethylamine (Et3N, 0.2 mL) in anhydrous dichloromethane at room 

temperature for 16 h. The resulting solution was concentrated and purified by column 

chromatography (hexane/EA) to afford compound S4.6 as colorless oil (206 mg, 0.28 

mmol, 76% yield). 

 

Compound S4.7: Compound S4.6 (135 mg, 0.14 mmol) was reacted with potassium 

tetrachloroaurate(III) dihydrate (KAuCl4•2H2O, 91 mg, 0.22 mmol) in acetonitrile at 50 

°C for 16 h. The resulting solution was concentrated and suspended by DCM followed by 

the filtration through celite. The filtrate was concentrated and purified by column 

chromatography (DCM) to afford the crude product. Upon the recrystallization process 

(dichloromethane/methanol), compound S4.7 was obtained as white solid (111 mg, 0.144 

mmol, 79% yield). 
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GA 4.1: Compound S4.7 (35 mg, 0.046 mmol) was reacted with a solution of 

trimethylamine in ethanol (20%) (1 mL) in the presence of 1 mL DCM in a sealed 

pressure tube at 50 °C under a nitrogen atmosphere for 4 h. The resulting solution was 

dried and redissolved in DCM/MeOH (10:1) and subject to column chromatography 

(dichloromethane/methanol), affording GA 4.1 as white solid (12.5 mg, 0.015 mmol, 

33% yield). 

 

 

4.4.10 Characterization Data 

 

 

1H NMR (400 MHz, CDCl3) δ 10.21 (s, 1H), 7.87 (d, J8.7 Hz, 1H), 7.12 (d, J = 2.4 Hz, 

1H), 6.91 (dd, J = 8.4, 1.8 Hz, 1H), 4.01 (t, J = 6.5 Hz, 2H), 3.59 (t, J = 6.6 Hz, 2H), 

1.84 – 1.74 (m, 2H), 1.50 (d, J = 6.7 Hz, 2H), 1.44 (q, J = 7.0 Hz, 2H), 1.31 (s, 8H), 0.89 

(s, 9H), 0.04 (s, 6H).  

13C NMR (100 MHz, CDCl3) δ 190.65, 164.22, 131.33, 128.78, 126.76, 118.97, 114.51, 

68.83, 63.30, 32.86, 29.50, 29.35, 29.23, 28.93, 26.00, 25.88, 25.78, 18.39, -5.24.  

HRMS (ESI): [M + H]+ Calcd for [C22H37BrO3Si]+ 457.1768, found 457.1769. 
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1H NMR (600 MHz, CDCl3) δ 7.63 (d, J = 8.7 Hz, 1H), 7.15 (d, J = 2.5 Hz, 1H), 6.83 

(dd, J = 8.7, 2.4 Hz, 1H), 4.42 – 4.36 (m, 1H), 4.17 – 4.09 (m, 2H), 3.95 (t, J = 6.6 Hz, 

2H), 3.59 (t, J = 6.7 Hz, 2H), 1.93 – 1.83 (m, 1H), 1.76 (p, J = 6.8 Hz, 2H), 1.51 (p, J = 

6.8 Hz, 2H), 1.43 (p, J = 7.1 Hz, 2H), 1.37 – 1.28 (m, 9H), 1.04 (d, J = 6.8 Hz, 3H), 0.96 

(d, J = 6.8 Hz, 3H), 0.89 (s, 9H), 0.04 (s, 6H).  

13C NMR (150 MHz, CDCl3) δ 162.66, 160.92, 132.33, 122.56, 121.78, 119.63, 113.51, 

72.79, 70.03, 68.44, 63.32, 32.87, 32.73, 29.52, 29.36, 29.28, 29.02, 26.01, 25.92, 25.79, 

18.82, 18.40, 18.18, -5.23.  

HRMS (ESI): [M + H]+ Calcd for [C27H46BrNO3Si]+ 540.2503, found 540.2527. 

 

 

 

1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 8.7 Hz, 1H), 6.94 (d, J = 2.7 Hz, 1H), 6.80 

(dd, J = 8.6, 2.6 Hz, 1H), 4.56 – 4.47 (m, 1H), 4.16 (t, J = 8.4 Hz, 1H), 4.03 – 3.92 (m, 

3H), 3.60 (t, J = 6.6 Hz, 2H), 1.84-1.69 (m, 3H), 1.51 (t, J = 6.8 Hz, 2H), 1.48 – 1.40 (m, 

2H), 1.31 (s, 8H), 1.05 (d, J = 6.7 Hz, 3H), 0.96 (d, J = 6.8 Hz, 3H), 0.89 (s, 9H), 0.04 

(s, 6H).  
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13C NMR (100 MHz, CDCl3) δ 167.81, 162.03, 129.70, 124.27, 123.11, 113.76, 72.46, 

72.03, 68.28, 63.32, 33.10, 32.87, 29.54, 29.38, 29.32, 29.13, 26.01, 25.98, 25.80, 18.98, 

18.40, -5.23.  

HRMS (ESI): [M + H]+ Calcd for [C27H46ClHgNO3Si]+ 689.2715, found 689.2720. 

 

 

1H NMR (600 MHz, CDCl3) δ 7.81 (d, J = 8.6 Hz, 1H), 6.95 (d, J = 2.6 Hz, 1H), 6.81 

(dd, J = 8.6, 2.6 Hz, 1H), 4.52 (dd, J = 9.7, 8.4 Hz, 1H), 4.16 (t, J = 8.5 Hz, 1H), 4.02 – 

3.94 (m, 3H), 3.64 (h, J = 3.6 Hz, 2H), 1.57 (p, J = 6.5 Hz, 2H), 1.49 – 1.41 (m, 2H), 

1.39 – 1.30 (m, 8H), 1.26 (t, J = 5.3 Hz, 1H), 1.05 (d, J = 6.7 Hz, 3H), 0.96 (d, J = 6.9 

Hz, 3H).  

13C NMR (150 MHz, CDCl3) δ 167.80, 162.02, 129.70, 124.30, 123.12, 113.77, 72.48, 

72.03, 68.26, 63.08, 33.11, 32.78, 29.50, 29.35, 29.28, 29.10, 25.97, 25.73, 19.00, 18.98.  

HRMS (ESI): [M + H]+ Calcd for [C21H32ClHgNO3]
+ 584.1850, found 584.1846. 

 

 

1H NMR (600 MHz, CDCl3) δ 7.81 (d, J = 8.6 Hz, 1H), 7.78 (d, J = 8.4 Hz, 2H), 7.34 

(d, J = 8.4 Hz, 2H), 6.94 (d, J = 2.5 Hz, 1H), 6.80 (dd, J = 8.6, 2.6 Hz, 1H), 4.52 (dd, J 
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= 9.7, 8.3 Hz, 1H), 4.15 (t, J = 8.5 Hz, 1H), 4.01 (t, J = 6.5 Hz, 2H), 3.99 – 3.93 (m, 3H), 

2.44 (s, 3H), 1.80 – 1.70 (m, 3H), 1.65 – 1.59 (m, 2H), 1.45 – 1.38 (m, 2H), 1.34 – 1.28 

(m, 4H), 1.28 – 1.22 (m, 4H), 1.04 (d, J = 6.7 Hz, 3H), 0.95 (d, J = 6.7 Hz, 3H).  

13C NMR (150 MHz, CDCl3) δ 167.79, 161.99, 152.46, 144.67, 133.19, 129.84, 129.71, 

127.90, 124.30, 123.11, 113.74, 72.49, 72.03, 70.69, 68.21, 33.11, 29.30, 29.20, 29.09, 

28.87, 28.81, 25.94, 25.33, 21.68, 19.02, 18.99.  

HRMS (ESI): [M + H]+ Calcd for [C28H38ClHgNO5S]+ 738.1938, found 738.1936. 

 

 

1H NMR (600 MHz, CDCl3) δ 7.78 (d, J = 8.3 Hz, 2H), 7.33 (dd, J = 10.2, 8.3 Hz, 3H), 

7.29 (d, J = 2.3 Hz, 1H), 6.78 (dd, J = 8.5, 2.4 Hz, 1H), 4.94 (t, J = 9.3 Hz, 1H), 4.83 (dd, 

J = 9.0, 4.0 Hz, 1H), 4.67 (dt, J = 9.5, 3.7 Hz, 1H), 4.00 (t, J = 6.5 Hz, 2H), 4.00 – 3.93 

(m, 2H), 2.85 – 2.72 (m, 1H), 2.44 (s, 3H), 1.76 (p, J = 6.5 Hz, 2H), 1.67 – 1.61 (m, 2H), 

1.41 (p, J = 7.8, 7.3 Hz, 2H), 1.35 – 1.28 (m, 4H), 1.28 – 1.20 (m, 4H), 0.96 (d, J = 7.0 

Hz, 3H), 0.79 (d, J = 7.0 Hz, 3H).  

13C NMR (150 MHz, CDCl3) δ 180.13, 163.30, 149.58, 144.70, 133.14, 129.98, 129.85, 

127.89, 116.84, 115.84, 114.82, 72.87, 70.71, 68.77, 66.57, 29.27, 29.15, 29.10, 28.90, 

28.85, 28.81, 25.85, 25.33, 21.69, 18.43, 13.82.  

HRMS (ESI): [M – Cl]+ Calcd for [C28H38AuCl2NO5S]+ 732.1819, found 732.1815. 
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1H NMR (600 MHz, CD3OD) δ 7.71 (d, J = 8.2 Hz, 4H), 7.43 (d, J = 8.5 Hz, 1H), 7.29 

(d, J = 2.4 Hz, 1H), 7.24 (d, J = 8.2 Hz, 4H), 6.93 (dd, J = 8.4, 2.4 Hz, 1H), 5.04 (dd, J = 

9.3, 4.2 Hz, 1H), 4.98 (t, J = 9.3 Hz, 1H), 4.60 (dt, J = 9.4, 4.0 Hz, 1H), 4.07 (t, J = 6.5 

Hz, 2H), 3.35 – 3.32 (m, 2H), 3.12 (s, 9H), 2.76 – 2.67 (m, 1H), 2.37 (s, 6H), 1.84 – 1.75 

(m, 4H), 1.50 (p, J = 7.4 Hz, 2H), 1.44 – 1.36 (m, 8H), 0.98 (d, J = 7.1 Hz, 3H), 0.83 (d, 

J = 7.0 Hz, 3H).  

13C NMR (150 MHz, CD3OD) δ 180.24, 163.18, 148.57, 142.07, 140.34, 130.08, 128.44, 

125.56, 117.18, 116.02, 114.06, 73.05, 68.58, 66.58, 66.46, 52.11, 29.19, 28.95, 28.79, 

28.72, 28.47, 25.92, 25.51, 22.56, 19.93, 16.95, 12.49.  

HRMS (ESI): [M – OTs]+ Calcd for [C31H47AuCl2N2O5S]+ 655.2127, found 655.2155. 
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4.4.11 Supporting Figures 

 

Figure S4.1 (a) UV-Vis absorption spectra of GA 4.1 (400 µM) in DCM/MeOH 3:1; (b) 

The critical aggregation concentration of aqueous solution of GA 4.1; (c) CD spectra of 

GA 4.1 (400 M) in DCM/MeOH 3:1. 
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Figure S4.2 TEM images of the thermal annealed solution of GA 4.1 (3.86 mM) after the 

addition of 2.0 equiv. of sodium D-camphorsulfonate. 
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Figure S4.3 TEM images of the thermal annealed solution of GA 4.1 (3.86 mM) after 

the addition of 2.0 equiv. of sodium L-camphorsulfonate. 
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Figure S4.4 TEM images of the thermal annealed solution of GA 4.1 (3.22 mM) after the 

addition of 4.0 equiv. of sodium D-camphorsulfonate. 
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Figure S4.5 TEM images of the thermal annealed solution of GA 4.1 (2.46 mM) after the 

addition of 8.0 equiv. of sodium D-camphorsulfonate. 
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Figure S4.6 TEM images of the thermal annealed solution of GA 4.1 (2.19 mM) after the 

addition of 10.0 equiv. of sodium D-camphorsulfonate. 
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Figure S4.7 TEM images of the thermal annealed solution of GA 4.1 (3.22 mM) after the 

addition of 4.0 equiv. of sodium L-camphorsulfonate. 
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Figure S4.8 TEM images of the thermal annealed solution of GA 4.1 (2.46 mM) after the 

addition of 8.0 equiv. of sodium L-camphorsulfonate. 

 

  



268 

 

 

Figure S4.9 TEM images of the thermal annealed solution of GA 4.1 (2.19 mM) after the 

addition of 10.0 equiv. of sodium L-camphorsulfonate. 
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Figure S4.10 TEM images of the thermal annealed solution of GA 4.1 (2.46 mM) after 

the addition of 8.0 equiv. of racemic mixture of camphorsulfonate. 
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Figure S4.11 TEM images of the thermal annealed solution of GA 4.1D-Camphor (3.26 mM) 

after the addition of 2.0 equiv. of sodium tosylate. 
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Figure S4.12 (a) CD spectrum of GA 4.1L-Camphor (400 M) in DI water and (b) TEM 

image of the thermal annealed solution of GA 4.1L-Camphor (3.26 mM) after the addition 

of 2.0 equiv. of sodium tosylate. 

 

 

 

 

  



272 

 

4.4.12 NMR Spectra 

1H NMR of S4.2 in CDCl3 

 

13C NMR of S4.2 in CDCl3 
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1H NMR of S4.3 in CDCl3 

 

13C NMR of S4.3 in CDCl3 
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1H NMR of S4.4 in CDCl3 

 

13C NMR of S4.4 in CDCl3 
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1H NMR of S4.5 in CDCl3 

 

13C NMR of S4.5 in CDCl3 
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1H NMR of S4.6 in CDCl3 

 

13C NMR of S4.6 in CDCl3 
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1H NMR spectrum of S4.7 in CDCl3 

 

13C NMR spectrum of S4.7 in CDCl3 
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1H NMR of GA 4.1 in CD3OD 

 

13C NMR of GA 4.1 in CD3OD 
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