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Abstract 

Hydrogen Bonding-Phase Transfer Catalysis (HB-PTC) enables use of alkali metal fluoride salts 

as reactive reagents in enantioselective catalysis and this platform has been successfully 

applied towards enantioselective fluorination. This thesis details a study into the structure and 

reactivity of hydrogen bonded azide and cyanide anions and the development of 

enantioselective reactions using sodium azide and potassium cyanide under HB-PTC for the 

synthesis of enantioenriched organoazide and organonitriles. 

The first chapter introduces phase-transfer catalysis and discusses the advantages of HB-PTC. 

The second chapter presents a detailed study into the structure and coordination of hydrogen 

bonded azide complexes in both solid state and solution, and discusses the development and 

mechanistic study of an enantioselective azidation reaction with sodium azide under HB-PTC. 

The third chapter describes the structure and coordination of hydrogen bonded cyanide 

complexes in both solid state and solution and details the development of an enantioselective 

cyanation reaction with potassium cyanide under HB-PTC. The final chapter contains 

supporting information including experimental procedures and characterisation data. An 

appendix with additional crystal structures is also included. 
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1 Introduction 

1.1 Phase-transfer catalysis 

Chemical reactions between reagents in separate phases (e.g. solid and solution, or immiscible 

solutions) are hindered by the inherent difficulty for the reactants to interact.1 A phase-

transfer catalyst accelerates the rate of a reaction between reagents in different phases by 

transporting a reactant across the interface so they are in the same phase, enabling the 

desired reaction to proceed.2 

The concept of phase-transfer catalysis was first described by Starks in 1971.1 Stirring a 

mixture of 1-bromooctane 1.1 with aqueous sodium cyanide produced no desired nitrile 

product 1.2, even after heating the mixture at 100 °C for 2 weeks (Scheme 1.1A). Addition of 

hexadecyltributylphosphonium bromide (0.01 equiv) as a phase-transfer catalyst enabled the 

reaction to proceed, leading to high conversion of 1.2 after only 90 min (Scheme 1.1B). 

Quaternary ammonium salts were also examined and found catalytically active, however 

phosphonium salts were reported to be stable up to 200 °C whilst the corresponding 

tetraalkylammonium salts only appeared stable up to 100 °C.1 Starks proposed an extractive 

mechanism for the phase-transfer process, with the quaternary ammonium or phosphonium 

cation shifting wth a counter anion between the organic and aqueous phases (Scheme 1.1C).1 
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Scheme 1.1 (A) Reaction of 1-bromooctane with sodium cyanide. (B) Reaction of 1-bromooctane with 
sodium cyanide and a tetraalkylphosphonium salt as phase-transfer catalyst. (C) Proposed extractive 
phase-transfer mechanism. Q = quaternary ammonium or phosphonium cation. 

Since Stark’s seminal publication, further developments in phase-transfer catalysis have 

realised multiple advantages of this catalytic platform, including mild reaction conditions, 

operational simplicity, reduced waste, lower costs, higher yields, and higher purity of products 

compared to conventional methods.3 In addition, phase-transfer catalysis has developed into 

a widely used platform for enantioselective synthesis,4,5 with large scale applications in 

industry.6 

1.2 Chiral cation phase transfer catalysis 

The first efficient and practical example of enantioselective phase-transfer catalysis was 

reported by Dolling et al. in 1984.7 A chiral quaternary ammonium salt 1.5 acts as both the 

phase-transfer catalyst and source of enantiocontrol (Scheme 1.2A). Mąkosza proposed an 

interfacial mechanism for this process, where deprotonation of a pro-nucleophile (in this case 

(±)-1.3) by aqueous base occurs at the interface of the organic and aqueous phases (Scheme 

1.2B).8 The resultant enolate and quaternary ammonium cation form a reactive chiral ion pair. 

The enolate undergoes an enantioselective alkylation directed by the quaternary ammonium 

cation to afford the desired product. A broad range of enantioselective transformations under 

phase-transfer catalysis with a chiral onium salt have since been developed.4,5 
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Scheme 1.2 (A) Enantioselective alkylation under phase-transfer catalysis. (B) Proposed interfacial 
phase-transfer mechanism. Q = chiral quaternary ammonium cation, X = Cl or Br. 

1.3 Chiral anion phase-transfer catalysis 

Chiral anion phase-transfer (CAPT) catalysis was introduced by the Toste group in 2011.9 A 

chiral anionic catalyst mediates the phase-transfer process, a distinct change in mechanism 

from chiral cation directed processes. The chiral anionic catalyst solubilises an otherwise 

insoluble cationic reagent and provides enantiocontrol in a subsequent reaction. 

The fluorocyclisation of benzothiophene 1.6 with Selectfluor highlights the advantages of 

CAPT catalysis. Attempted fluorocyclisation of 1.6 in MeCN, which solubilises all components 

in this reaction, produces a complex mixture of products (Scheme 1.3A). Under CAPT 

conditions, fluorocyclisation of 1.6 proceeds cleanly with a good yield of 69%, high 

diasteroselectivity of >20:1 d.r., and high enantiomeric ratio of 95:5 (Scheme 1.3B).9 

The proposed mechanism involves the in situ generation of the chiral phosphate anion of (R)-

1.8 which transports Selectfluor into solution (Scheme 1.3C). This ensures both the starting 

material and Selectfluor only interact in solution in the presence of a chiral anion, providing 

high levels of enantiocontrol, whilst avoiding undesired side reactions and degradation 
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pathways. The enantioselective fluorination is directed by the chiral anionic catalyst, 

generating the fluorinated product with enantiocontrol. The scope of enantioselective 

reactions under CAPT has since been expanded significantly.10,11,20,12–19 

 
Scheme 1.3 (A) Attempted fluorocyclisation under homogenous conditions. (B) Enantioselective 
fluorocyclisation under CAPT. (C) Proposed catalytic cycle for CAPT catalysis. Selectfluor = 1-
chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate) 

1.4 Hydrogen bonding phase-transfer catalysis 

1.4.1 Inspiration from fluorinase 

The inspiration for hydrogen bonding phase-transfer catalysis (HB-PTC) stems from the 

mechanism of the fluorinase enzyme.21 In 2002, O’Hagan and co-workers reported an 

enzymatic transformation occurring in the bacterium Streptomyces cattleya involving the 
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reaction of S-adenosyl-L-methionine (SAM) 1.9 with fluoride to form 5’-fluoro-5’-

deoxyadenosine (5’-FDA) 1.10 (Scheme 1.4A).22 This seminal publication represented the first 

identification of a fluorinase enzyme. The proposed mechanism involves initial coordination 

of fluoride within the fluorinase active through three hydrogen bond donors, followed by 

coordination of SAM to this enzyme-fluoride complex (Scheme 1.4B). Subsequent nucleophilic 

displacement of methionine by the hydrogen bonded fluoride anion occurs with inversion to 

afford the 5’-FDA product.23 

 
Scheme 1.4 (A) Transformation of S-adenosyl-L-methionine (SAM) to 5’-fluoro-5’-deoxyadenosine (5’-
FDA) catalysed by fluorinase. (B) Key interactions in the fluorinase active site with SAM and fluoride. 

1.4.2 Catalysis with nucleophilic hydrogen bonded anions 

Challenges 
Enantioselective organocatalysis often involves dual hydrogen bond donor catalysts that 

increase the reactivity of an electrophile by lowering its LUMO. This is through direct 

coordination, abstracting an anion, or binding the anion from a suitable Lewis or Brønsted acid 

co-catalyst (Figure 1.1).24–26 An external nucleophile can subsequently react with the activated 

electrophile to afford the desired product. 
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Figure 1.1 Typical strategies for electrophile activation with dual hydrogen bond donor catalysts 
include (A) direct coordination, (B) anion abstraction, (C) Brønsted acid co-catalysis, and (D) Lewis acid 
co-catalysis. 

A hydrogen bonded anion is expected to be less charge dense, less nucleophilic, and less 

reactive than the corresponding unbound anion, counterproductive if a reaction with the 

hydrogen bonded anion is desired (Figure 1.2). Limited examples of enantioselective 

organocatalytic transformations where a hydrogen bonded anion is also suggested to behave 

as the nucleophile are reported,27–33 and are rare compared to those involving electrophile 

activation.24–26 

 
Figure 1.2 Expected difference in reactivity between a hydrogen bonded anionic nucleophile and the 
corresponding unbound nucleophile. 

Protonated pro-anionic nucleophiles 
One strategy to access a hydrogen bonded nucleophilic anion whilst supressing formation of 

the unbound species is to utilise a system where the hydrogen bond donor catalyst also 

enables the deprotonation of an acidic pro-nucleophile. The pKa of the conjugate acid of the 

desired anion is limited to a range compatible with the catalyst used. This mechanism is often 

proposed as a potential pathway in reactions using a bifunctional catalyst containing an 

additional Lewis basic functional group. Bifunctional catalysis encompasses a broad field 

within organic chemistry, and reactions within this platform typically involve an acidic pro-

nucleophile that undergoes deprotonation by a catalyst containing both hydrogen bond donor 

and Lewis basic groups. 
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The conjugate addition of acetylacetone to trans-β-nitrostyrene 1.11 catalysed by (R,R)-1.13 

represents the prototypical type of transformation enabled under bifunctional catalysis 

(Scheme 1.5A). Acetylacetone, an acidic pro-nucleophile undergoes deprotonation by the 

catalyst and a network of hydrogen bond interactions control the enantioselectivity of its 

subsequent conjugate addition. Two alternative pathways may be considered plausible as 

both are expected to yield product with the same absolute configuration. One proposed 

pathway involves an initial deprotonation of acetylacetone by the diamine of (R,R)-1.13, 

resulting in coordination of acetylacetonate with the thiourea hydrogen bond donors of (R,R)-

1.13.34 The resultant hydrogen bonded anion remains nucleophilic at the central carbon and 

can undergo a catalyst controlled enantioselective addition to trans-β-nitrostyrene to form 

the desired product in a 80% yield and 94.5:5.5 e.r. (Scheme 1.5B). The alternative proposed 

pathway is more representative of hydrogen bond donor catalysed reactions and involves the 

thiourea of (R,R)-1.13 directly interacting with the trans-β-nitrostyrene electrophile (Scheme 

1.5C). 
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Scheme 1.5 (A) Conjugate addition of acetylacetone to nitrostyrene 1.11. (B) Plausible mechanism 
involving a nucleophilic hydrogen bonded acetylacetonate. (C) Plausible mechanism involving direct 
electrophile activation. 

In contrast, reactions involving an acidic pro-nucleophile but where the catalyst does not 

contain a Lewis basic functional group to facilitate the deprotonation are proposed to proceed 

by a hydrogen bonded nucleophilic anion. 

The Jacobsen group published comprehensive experimental and computational mechanistic 

studies of an enantioselective imine hydrocyanation (Scheme 1.6A).29,30 Thiourea catalyst (S)-

1.14 is proposed to coordinate with hydrogen isocyanide and decrease its pKa, enabling 

deprotonation by the imine substrate. The resultant hydrogen bonded cyanide anion 

undergoes a nucleophilic addition from its carbon terminus to the iminium electrophile, 

affording enantioenriched α-aminonitriles in excellent yields and enantiomeric ratios. 

(Scheme 1.6B). As cyanide is the anion of interest in this transformation, there is the inherent 

need for the generation of highly toxic and potentially explosive hydrogen cyanide. 
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Scheme 1.6 (A) Enantioselective imine hydrocyanation. (B) Formation and reactivity of hydrogen 
bonded cyanide. 

The Seidel group published an enantioselective synthesis of substituted lactams by a Mannich 

reaction with homophthalic anhydride, followed by a subsequent transamidification (Scheme 

1.7A).27 Coordination of homophthalic anhydride with thiourea catalyst (R,R)-1.15 enabled its 

deprotonation by the imine electrophile, generating a hydrogen bonded isochromenolate 

species. The coordinated anion undergoes addition to the iminium, forming a new carbon-

carbon bond in a stereodetermining Mannich addition (Scheme 1.7B). 

 
Scheme 1.7 (A) Mannich reaction and transamidification to afford enantioenriched lactams. (B) 
Generation and reactivity of hydrogen bonded isochromenolate. 
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The generation of hydrogen bonded anions by a catalyst mediated deprotonation represents 

a valuable strategy in the synthesis of enantioenriched organic compounds. Using a neutral 

catalyst, hydrogen bonded cyanide and isochromenolate have explored for enantioselectve 

carbon-carbon bond formation. The broader scope of this mode of activation to install simple 

functional groups may become limited by the toxicity and reactivity of the necessary conjugate 

acid; if groups such as fluoride, azide, and cyanide are desired, hydrofluoric acid, hydrazoic 

acid, and hydrogen cyanide would be necessary. 

Acyl(oxy) bound pro-anionic nucleophiles 
Acyl(oxy) groups release an anionic leaving group upon displacement with a nucleophilic co-

catalyst and examples of this anion becoming hydrogen bonded and remaining nucleophilic 

have been described. 

The Jacobsen group developed an enantioselective acylation of silyl ketene acetyls with acyl 

fluorides for the synthesis of enantioenriched α,α-disubstituted butyrolactones (Scheme 

1.8A).28 Two unique anion bound intermediates were proposed as parts of the catalytic cycle. 

Coordination of thiourea catalyst (S,R)-1.16 to an acyl fluoride enables the 4-(pyrrolindin-1-

yl)pyridine co-catalyst to displace a fluoride leaving group, which is subsequently coordinated 

by (S,R)-1.16. This hydrogen bonded fluoride is nucleophilic and is used to release an enolate 

from a silyl ketene acetal (Scheme 1.8B). Subsequent steps of this transformation are 

discussed in vida infra. 
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Scheme 1.8 (A) Synthesis of enantioenriched α,α-disubstituted butyrolactones. (B) Generation and 
reactivity of hydrogen bonded fluoride from an acyl fluoride. 

The Seidel group proposed the generation of a hydrogen bonded enolate from an O-acyloxy 

substrate, enabling the synthesis of enantioenriched azalactones (Scheme 1.9A).31 Thiourea 

catalyst (S)-1.17 and DMAP co-catalyst release an oxazol-5-olate anion from the substrate. The 

oxazol-5-olate is hydrogen bonded by (S)-1.17 and reacts with the activated acyloxy species 

to form the desired product (Scheme 1.9B). 

 
Scheme 1.9 (A) Synthesis of α,α-disubstituted amino acid derivatives. (B) Proposed formation and 
reactivity of hydrogen bonded oxazol-5-olate anion. Ar = 3,5-bis(methoxy)phenyl. 

The Seidel group also demonstrated that O-acyloxy compound could generate a nucleophilic 

hydrogen bonded oxazol-5-olate anion with a range of isoquinolines (Scheme 1.10A).31 In 
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these examples, the anion remains nucleophilic at the same position, but the electrophile 

reacts to form highly functionalized α,β-diamino acid derivatives (Scheme 1.10B). 

 
Scheme 1.10 (A) Synthesis of α,β-diamino acid derivatives. (B) Proposed formation and reactivity of 
hydrogen bonded oxazol-5-olate anion. Ar = 3,5-bis(methoxy)phenyl. 

Acyl(oxy) groups and a nucleophilic co-catalyst provide an alternative to deprotonation for the 

generation of anions. Notably, the use of an acyl fluoride notably enabled the first catalytic 

generation of a nucleophilic hydrogen bonded fluoride. This strategy may find broader 

applicability for enantioselective synthesis where the conjugate acid of a desired anion is 

unwanted. 

Trimethylsilyl bound pro-anionic nucleophiles 
Trimethylsilyl bound anions are typically used to generate the free acid by in situ hydrolysis or 

alcoholysis. However examples of their direct involvement within the catalytic cycle to 

generate a hydrogen bonded anion have been published. 

An enantioselective synthesis of enantioenriched α,α-disubstituted butyrolactones from the 

Jacobsen group was previously introduced, which involved the generation of a hydrogen 

bonded fluoride from an acyl fluoride (Scheme 1.8A).28 This fluoride coordinated to 1.16 was 

proposed to release an enolate upon reaction with a silyl ketene acetal. This subsequently 

generates an enolate hydrogen bonded to 1.16 that reacts with the previously formed N-acyl 
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pyridinium, resulting in the desired α,α-disubstituted butyrolactones products (Scheme 

1.11B). The involvement of two catalyst bound nucleophilic anions in the proposed 

mechanism is noteworthy and highlights the potential for a hydrogen bond donor catalyst to 

coordinate to more than one specific nucleophilic anion. 

 
Scheme 1.11 (A) Enantioenriched α,α-disubstituted butyrolactones. (B) Formation and reactivity of 
hydrogen bonded enolates. 

The Jacobsen group also demonstrated an enantioselective addition of trimethylsilyl bromide 

to oxetanes proceeding through a hydrogen bonded bromide (Scheme 1.12).33 Trimethylsilyl 

bromide ionises the oxetane substrate in the presence of catalyst 1.18, resulting in a bromide 

anion coordinated by the squaramide of 1.18. The coordinated bromide anion undergoes a 

stereoselective addition to the activated oxetane, causing it to open and form 

enantioenriched 1,3-bromohydrins. This represents the first example of squaramides acting 

as hydrogen bond donors with nucleophilic anions, and the first example of a nucleophilic 

hydrogen bonded bromide used in enantioselective catalysis. The unique size and shape of 

the bromide anion may have led to the necessity of the squaramide functional group, 

highlighting the unique challenges involved in developing these systems.32 
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Scheme 1.12 (A) Enantioselective addition of trimethylsilyl bromide to oxetanes. (B) Proposed 
mechanism with a nucleophilic hydrogen bonded bromide. 

Trimethylsilyl reagents can be simple to handle although are often hydroscopic or moisture 

sensitive and can require additional synthetic steps to prepare. They remain a potentially 

convenient source of simple anions primed for nucleophilic addition without necessitating the 

corresponding acid but has only been applied to the generation of hydrogen bonded 

nucleophilic enolates and bromide. 

1.4.3 Structure and reactivity of hydrogen bonded fluoride 

The mechanism of the fluorinase enzyme involving a hydrogen bonded fluoride and the lack 

of knowledge regarding the impact of hydrogen bonding on the behaviour of fluoride initiated 

a series of systematic investigations into the structure and reactivity of hydrogen bonded 

fluoride complexes in the Gouverneur group.35,36 A variety of techniques were used, notably 

X-ray crystallography, which provided direct insight into structure and connectivity of single 

crystal of hydrogen bonded fluoride complexes. 

Initial studies evaluated the impact of hydrogen bonding on the structure and reactivity of 

alcohol-fluoride complexes.35 A diverse set of fourteen alcohol-fluoride complexes were 

synthesised, isolated, and characterised. Crystallisation led to a wide range of structures 

characterised by X-ray crystallography, revealing coordination numbers ranging from two to 

four depending on the steric environment of the alcohol.  
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Figure 1.3 Structure of selected alcohol-fluoride complexes. 

Investigations into the reactivity of these complexes with alkyl bromide substrate 1.19 

enabled comparison of the nucleophilicity and basicity of the hydrogen bonded fluoride anion. 

Fluoride can act as either a nucleophile or base, resulting in fluorinated product 1.20 by SN2 

or alkene 1.21 by E2 elimination. The results suggested fluoride complexed by fewer alcohol 

hydrogen bond donors were more reactive, albeit less selective for SN2 compared to E2 (Table 

1.1). 

Table 1.1 Reactivity of selected alcohol-fluoride complexes.36 

 

entry (ROH)n·F·Bu4N 
coordination 

number 
k2 (×10-3 M-1 s-1) [1.20]/[1.21] 

1 (pinacol)2·F·Bu4N 4 2.1 2.8 

2 (H2O)3·F·Bu4N 3 6.1 1.6 

3 (tri-p-tolyl-methanol)4·F·Bu4N 2 25.1 2.1 
 

1,3-Diarylureas are widespread in anion recognition and catalysis, and a subsequent study 

from the Gouverneur group focused on the structure and reactivity of 1,3-diarylurea-fluoride 

complexes.36 A set of 1,3-diarylurea-fluoride complexes derived from tetrabutylammonium 

fluoride were synthesised, isolated, and characterised. These urea-fluoride structures were 

categorised into three distinct types: type 1.1A structures with a unit cell containing a fluoride 

anion coordinated by two urea molecules; type 1.1B structures with a unit cell containing two 

fluoride anions coordinated by four urea molecules; type 1.1C structures consisting of two 

fluoride anions coordinated by two urea molecules and two molecules of water. A fourth type 
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1.1D structure was also observed with tetramethylammonium or tetraethylammonium 

fluoride, with a unit cell containing a fluoride anion coordinated by six hydrogen bonding 

interactions from three urea molecules (Figure 1.4).36 

 
Figure 1.4 Four structure classes of urea-fluoride complexes. 

The reactivity of these urea-fluoride complexes with alkyl bromide substrate 1.19 was 

evaluated, enabling comparison between the nucleophilicity and basicity of the hydrogen 

bonded fluoride anion (Table 1.2). The proposed mechanism involved the initial 2:1 urea-

fluoride complex dissociating to form a 1:1 urea-fluoride complex. This 1:1 urea-fluoride 

complex can act as either a nucleophile or a base, leading to 1.20 and 1.21 respectively. 

Importantly, the ratio between SN2 and E2 could be fine-tuned by variation of the urea 

electronics. The complexes produced from the more electronic deficient ureas resulted in 

more product derived from an SN2 reaction, although they exhibited a slower overall reactivity 

than the complexes produced from the more electronic rich ureas. The reaction with 

tetrabutylammonium fluoride trihydrate without any urea hydrogen bond donors was 

significantly faster and less selective, highlighting the challenge of catalysis with a hydrogen 

bonded nucleophilic anion, where the uncoordinated anion reacts faster than the coordinated 

anion. 
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Table 1.2 Mechanism and reactivity of selected urea-fluoride complexes.36 

 
entry complex k2 (×10-5 M-1 s-1) k2(SN2)/k’2(E2) 

1 (1.22a)2·F·Bu4N 12.7 5.2 

2 (1.22b)2·F·Bu4N 5.76 6.8 

3 (1.22c)2·F·Bu4N 1.65 8.7 

4 Bu4N·F·(H2O)3 375 1.6 
 

1.4.4 Discovery, scope, and mechanism 

These studies led to the development of Hydrogen Bonding Phase-Transfer Catalysis (HB-

PTC),21 an novel phase-transfer platform enabling enantioselective fluorination utilising a 

hydrogen bonded fluoride anion.21 This platform merges hydrogen bonding to control the 

reactivity of a fluoride anion with a phase-transfer process to supress quantities of soluble 

uncoordinated fluoride. 

Initial studies highlighted neutral and achiral Schreiner’s urea 1.22d as a uniquely competent 

catalyst for HB-PTC, enabling both phase-transfer and fluorination (Scheme 1.13). Stirring 

meso-episulfonium precursor (±)-1.23 with caesium fluoride in CH2Cl2 resulted in no reaction, 

presumably due to the insolubility of caesium fluoride. However, the addition of 1.22d 

resulted in successful formation of desired fluorinated product (±)-1.24 in a high yield.21 The 

significantly reduced background reaction by retaining fluoride in a separate phase provided 

a strong foundation for the development of an enantioselective variation of this 

transformation. 
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Scheme 1.13 Initial results of hydrogen bonding phase transfer catalysis with an achiral urea catalyst. 

The enantioselective desymmetrisation of meso-episulfonium ions formed in situ from β-

bromosulfides with caesium fluoride was successfully achieved under HB-PTC (Scheme 1.14). 

Use of the chiral (S)-(−)-1,1′-dinaphthyl-2,2′-diamine ((S)-BINAM) derived bis-urea catalyst (S)-

1.17a enabled formation of (S,S)-1.16 with good enantioselectivity. A single N-alkylation of 

this tetradentate hydrogen bond donor catalyst to produce (S)-1.17b, a tridentate hydrogen 

bond donor, led to an improvement in enantiomeric ratio of (S,S)-1.16 whilst maintaining high 

yields.21 

 
Scheme 1.14 Discovery of an enantioselective desymmetrisation of meso-episulfonium precursor (±)-
1.23 with (S)-1.25a and improvement provided by (S)-1.25b. NMRy determined with 4-fluoroanisole 
internal standard. 1,2-DFB = 1,2-difluorobenzene. 

Further optimisation of this reaction involved a reduction in temperature and an increased 

two equivalents of caesium fluoride. A reaction scope with (S)-1.25b demonstrated high yields 

and enantiomeric ratios up to 97:3 across twelve examples (Scheme 1.15). These reactions 

represented the first published examples of an organocatalytic enantioselective nucleophilic 

fluorination, utilising an alkali metal fluoride salt, caesium fluoride. 
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Scheme 1.15 Enantioselective fluorination of meso-episulfonium precursors with caesium fluoride 
under HB-PTC. 1,2-DFB = 1,2-difluorobenzene. 

The proposed mechanism involves a phase transfer mediated by the neutral urea catalyst 

modelled as an ion metathesis between the bromide bound catalyst and the fluoride salt. The 

resultant nucleophilic hydrogen bonded fluoride complex reacts with the meso-episulfonium 

ion to form the desired fluorinated product, with enantiocontrol provided by the chiral 

hydrogen bond donor (Figure 1.5).21 

 
Figure 1.5 Proposed catalytic cycle for the desymmetrisation of meso-episulfonium ions under HB-PTC. 

Structural and mechanistic studies provided further insight into the nature of the urea-fluoride 

complex. Titration of (S)-1.25b with fluoride revealed formation of both 1:1 and 2:1 urea-

fluoride species in solution (Figure 1.6A).21,37 A Ka(1:1) of 1.43 ± 0.04 × 106 M-1 and smaller Ka(2:1) 

of 3.1 ± 0.9 × 103 M-1 suggested a strong preference for the formation of the 1:1 urea-fluoride 

complex in solutions containing excess fluoride, but also the ability to form a 2:1 urea-fluoride 

species. 1H-19F NMR experiments revealed scalar couplings between the hydrogen bonded 

fluoride anion and the urea hydrogen bond donors, with coupling constants of 34 Hz, 51 Hz, 

and 61 Hz (Figure 1.6B).37 The unique structure of (S)-1.25b complexed to fluoride was also 

demonstrated in the solid state by the synthesis and crystallisation of (S)-1.25b·F·Bu4N and 
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displayed three different hydrogen bond lengths to fluoride at 2.662(2) Å, 2.690(2) Å, and 

2.667(2) Å (Figure 1.6C). 

 
Figure 1.6 (A) Association constants of (S)-1.25b with tetrabutylammonium fluoride (3 mM (S)-1.25b, 
CD2Cl2, 298 K). (B) Coupling constants between three urea hydrogen bond donors of (S)-1.25b and 
fluoride (3 mM (S)-1.25b, CD2Cl2, 298 K). (C) Crystal structure of (S)-1.25b·F·Bu4N (CCDC 1812188).21 
Distances provided in Ångstroms, tetrabutylammonium cation omitted for clarity, displacement 
ellipsoids drawn at 50% probability level. 

An important development into the range of reactions under HB-PTC was demonstrated in 

the synthesis of enantioenriched β-aminofluorides from caesium or potassium fluoride 

(Scheme 1.16A).38 The optimised catalyst (S)-1.18 paralleled (S)-1.25b, consisting of an N-

alkyl-bis-urea scaffold derived from (S)-BINAM. The use of meso-aziridinium precursors 

resulted in highly valuable β-aminofluoride products, and the ability to use potassium fluoride 

represented the first expansion of the alkali metal fluoride salt and suggested a broader range 

of nucleophilic reagents derived from alkali metal salts may be applicable to HB-PTC. 

Additional optimisation enabled the scale-up of this procedure to a 200 g scale using a 

mechanically stirred reactor (Scheme 1.16B).39 
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Scheme 1.16 (A) HB-PTC for enantioselective synthesis of β-fluoroamines with caesium fluoride or 
potassium fluoride. (B) Scale-up of HB-PTC protocol to 200 g. 

Whilst conducting the investigations described in this thesis, it was realised preformed 

azetidinium salts were also competent substrates for enantioselective fluorination with 

caesium fluoride (Scheme 1.17).40,41 Despite the possibility for the salt itself to be a phase-

transfer agent, use of catalyst (S)-1.25b with caesium fluoride successfully provided 

enantioenriched γ-fluoroamines in up to 99% yield and enantiomeric ratios up to 97:3 under 

HB-PTC by asymmetric ring opening of the azetidinium salt with fluoride. 

 
Scheme 1.17 HB-PTC for enantioselective synthesis of γ-fluoroamines from azetidinium salts.40 

The predominant advantage of HB-PTC is the ability to use alkali metal fluoride salts as 

reagents for enantioselective organic synthesis, which typically represent the most cost 

effective fluoride sources.42 In addition, the practical protocol is facile, not requiring stringent 

drying of solvents or an inert atmosphere. Hitherto, HB-PTC has seen exclusive application in 

the delivery of fluoride for the synthesis of enantioenriched organofluorines, although it was 
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hypothesised this platform could be applied towards enantioselective synthesis with other 

salts and nucleophiles that are poorly soluble in organic solvents.21 

1.5 Research proposal 

HB-PTC has been demonstrated to be a powerful platform for the synthesis of 

enantioenriched organofluorides directly from the caesium and potassium salts of fluoride by 

generate a nucleophilic hydrogen bonded fluoride anion capable of enantioselective 

fluorination. Azide and cyanide both provide valuable functionality to organic molecules in 

both their native motif and upon further functionalisation. Recognisable advantages exist if 

their alkali metal salts could be utilised in enantioselective organocatalytic synthesis. In 

addition, nitrogen and carbon are both far more abundant in medicinal chemistry than 

fluorine.43 Hence studies into applying HB-PTC to sodium azide and potassium cyanide are 

proposed. 

The many inherent differences between fluoride, azide and cyanide anions may present 

challenges when attempting to translate the HB-PTC platform from fluoride to azide or 

cyanide (Table 1.3). Structural and symmetrical variations may result in significant differences 

in their interaction with urea due to geometry.44 Their electronic differences result in different 

charge densities and basicities, potentially impacting their hydrogen bond acceptor abilities. 

Comparison of the pKa of their respective conjugate acids in water and DMSO suggest that 

these three anions are influenced very differently by their hydrogen bonding environment; 

the conjugate acid of fluoride is the most acidic in H2O, and the least acidic in DMSO.45 

Comparison of Mayr’s nucleophilicity parameter in acetonitrile solvent mixtures suggested 

the cyanide anion was most reactive, followed by azide, followed by fluoride.46–48 Cyanide is 

also ambident, with potential to form nitrile or isonitrile products depending which termini 

acts as the nucleophilic site.48 
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Table 1.3 Comparison of selected properties of fluoride, azide, and cyanide. 

property fluoride azide cyanide 

constitution 1 atom 3 atoms 2 atoms 

shape spherical linear linear 

point group K D∞h C∞v 

valence electrons 8 16 10 

charge density (C mm-3) 24 6 7 

pKa (conjugate acid, H2O) 3.2 4.7 9.1 

pKa (conjugate acid, DMSO) 15 ± 2 7.9 12.9 

Mayr’s nucleophilicity 
parameter 

10.88 
(2% H2O in MeCN) 

15.01 
(45% MeOH in MeCN) 

16.27 
(MeCN) 

 

Initial studies focused on the azide anion and investigated its structure and coordination with 

urea HB-PTC catalysts in both the solution and solid state. These studied provided a robust 

platform the development of an enantioselective azidation reaction for the synthesis of β-

aminoazides, and mechanistic insights provided further details into the applicability of HB-PTC 

to azide. Subsequent studies focused on the cyanide anion and investigated its hydrogen 

bonding interaction with urea HB-PTC catalysts in solution whilst developing a robust protocol 

for the enantioselective synthesis of β-chiral nitriles from potassium cyanide. This research 

aims to introduce novel methodologies for enantioselective synthesis and provide new 

insights into structure and reactivity of hydrogen bonded azide and cyanide. 
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2 Hydrogen Bonding Phase-Transfer Catalysis with Sodium Azide 

X-ray crystallography data collection and analysis was performed by Dr. G. Pupo and Dr. K. E. 

Christensen. 1H-15N NMR experiments were conducted with Prof. T. D. W. Claridge. Reaction 

scope and non-linear effect investigation were conducted with Dr. M. A. Horwitz. Initial 

analysis of kinetic data was conducted with Dr. F. Ibba. Analysis and modelling of kinetic data 

were performed by Y. Gao and Prof. G. C. Lloyd-Jones. 

2.1 Introduction 

2.1.1 Organoazides 

The first synthesis of an organoazide was the preparation of phenyl azide from 

benzendiazonium tribromide and ammonia by Grieß in 1864.1 In 1890, Curtius reported the 

synthesis of the conjugate acid and sodium salt of the azide anion, hydrazoic acid and sodium 

azide respectively.2 Since these discoveries, organoazides have developed considerable 

attention in organic chemistry.3,4 Organic compounds featuring an α‑chiral β-aminoazide 

motif are of particular interest due to their presence in bioactive molecules including 

antiretrovirals, antibiotics, and proteasome inhibitors (Figure 2.1).5–9 

 
Figure 2.1 Selected examples of bioactive α‑chiral β-aminoazides. 

Chiral organoazides are also versatile intermediates towards many nitrogen containing 

functional groups and heterocycles. Several examples of these transformations feature 

compounds with an α‑chiral-β-aminoazide group (Scheme 2.1).3,4 Further reaction of the azide 

group by reduction affords primary amines, utilised in the synthesis of oseltamivir phosphate 

(R,R,S)-2.5.10 Intramolecular cycloaddition with an appropriate partner can afford triazole 2.7 

or tetrazole (S,R)-2.9 products.11,12 Condensation with a phosphine results in the synthesis of 
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iminophosphoranes, a process used in the preparation of bifunctional iminophosphorane 

(BIMP) organocatalysts such as (S)-2.11.13 

 
Scheme 2.1 Selected synthetic transformations of α‑chiral-β-aminoazides. BIMP = bifunctional 
iminophosphorane. 

Organoazides are also highly relevant in the field of bioconjugation (Scheme 2.2). Staudinger 

ligation involves trapping an iminiphosporane formed between an azide and phosphine with 

a suitable electrophile, producing an amide bond when trapped with a methyl ester. This was 

demonstrated in the selective functionalisation of a cell surface prepared with azido sialic acid 

with a custom phosphine reagent.14 Bioconjugation can also be achieved upon the reaction of 

a preinstalled azide with a cyclooctyne reagent in a strain promoted cycloaddition.15 In 

addition, aryl azides have notable applications in photoaffinity labelling, covalently binding a 

compound to the active site of proteins.16 
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Scheme 2.2 (A) Representative example of bioconjugation by Staudinger ligation. (B) Representative 
example of bioconjugation by strain promoted azide-alkyne cycloaddition. (C) Representative example 
of photoaffinity labelling. 

Sources of azide used in organic synthesis are either commercially available or generated in 

situ from a commercially available source (Figure 2.2). Sodium azide is produced on the 

kilotonne scale from sodium amide and nitrous oxide, resulting in its high abundance and low 

cost.17,18 Trimethylsilylazide and the Zhdankin reagent (1-azido-1,2-benziodoxol-3(1H)-one) 

are also commercially available although less cost effective and less convenient to handle than 

sodium azide. In addition, explosions from the preparation of these reagents are reported, 

and highlight an additional risk involved when the use of these reagents is necessary.3,19,20 

Hydrazoic acid and bromine azide are not commercially available due to their instability and 

require in situ synthesis. 

 
Figure 2.2 Sources of azide used in organocatalytic enantioselective azidation. 

Despite the advantages of sodium azide, it is rarely directly utilised in enantioselective 

organocatalytic reactions. This may be due to its poor solubility in many organic solvents 

(Table 2.1). Hansen solubility parameters provide a quantitative comparison of a solvent’s 
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dispersion cohesion (δD), polar cohesion (δP), and hydrogen bonding cohesion (δH).21 Sodium 

azide possesses good solubility in protic solvents such as water at 43.60 g/ 100mL, and 

methanol at 2.48 g/ 100 mL. However its solubility is severely reduced in aprotic solvents, 

falling below 0.005 g/ 100 mL in both polar aprotic solvents such as ethyl acetate and acetone, 

and apolar aprotic solvents such as cyclohexane and hexane. 

Table 2.1 Solubility of sodium azide in selected solvents. 

entry solvent 
Hansen solubility parameters sodium azide solubility 

(g /100 mL) δD δP δH 
1 water 15.5 16.0 42.3 43.60 
2 methanol 15.1 12.3 22.3 2.48 
3 ethyl acetate 15.8 5.3 7.2 <0.005 
4 acetone 15.5 10.4 7.0 <0.005 
5 chloroform 17.8 3.1 5.7 <0.005 
6 carbon tetrachloride 17.8 0.0 0.6 <0.005 
7 cyclohexane 16.8 0.0 0.2 <0.005 
8 hexane 14.9 0.0 0.0 <0.005 

NaN3 solubility measured at 25 °C 

2.1.2 Enzyme-azide structure and reactivity 

The azide anion is known to impact the activity of enzymes by acting as an inhibitor through 

direct coordination with metal cofactors in the active site or by hydrogen bonding interactions 

in the active site of an enzyme. Enzymatic azidation reactions with the azide anion are also 

reported, forming organoazide products with both regiocontrol and enantiocontrol. 

Cytochrome c oxidase (CcO) is the final enzyme in the respiratory electron transport chain, 

located in the mitochondrial membrane. CcO catalyses the oxidation of an iron(II) bound 

cytochrome c to an iron(III) bound cytochrome c (Scheme 2.3A). Yoshikawa et al. reported a 

crystal structure of azide-bound bovine heart CcO at 2.9 Å resolution.22–24 This structure 

contains an azide anion forming a bridge between the heme iron(III) and copper(II) within the 

active site (Scheme 2.3B). 
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Scheme 2.3 (A) Oxidation of cytochrome c catalysed by CcO. (B) Azide coordination to iron(III) and 
copper(II) in the CcO active site (PDB 1OCZ).22,23 CcO = cytochrome c oxidase. 

Formate dehydrogenases catalyse the oxidation of formate to carbon dioxide (Scheme 2.4A). 

A crystal structure where azide mimics carbon dioxide in a transition state analogue was 

obtained by Cheatum and co-workers.25,26 Five hydrogen bonding interactions with azide arise 

from Ile-122, Asp-146, Arg-284, and His-332 residues in the active site (Scheme 2.4B). 

 
Scheme 2.4 (A) Oxidation of formate catalysed by FDH. (B) Hydrogen bonded azide in the FDH active 
site (PDB 2NAD).25 FDH = formate dehydrogenase. 

Promiscuous wild type halogenase enzymes can utilise azide in place of their native halide 

anions for synthetic transformations (Scheme 2.5). SyrB2 from the syringomycin biosynthetic 

pathway of Pseudomonas syringae B301D is a member of the non-heme iron(II) 2-

oxoglutarate (2OG) dependent enzyme superfamily and is capable of transforming an aliphatic 

carbon-hydrogen bond to an aliphatic carbon-azide bond. The A118G mutant of SyrB2 

provided increased reactivity in this transformation, producing a 13% yield of azide product 
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(S)-2.13. Additionally, halohydrin dehalogenases A (HheA), B (HheB), and C (HheC) are 

involved in the degradation of 1,2-halohydrins, and reports have demonstrated the ability of 

HheA and HheC to enable the regioselective and enantioselective ring opening of racemic 

chiral epoxides with azide to afford enantioenriched 1,2-azidoalcohols in high yields and 

enantioselectivities.27–29 These halohydrin dehalogenases are proposed to control reaction 

selectivity through hydrogen bonding interactions from the enzyme to both substrate and 

azide anion. 

 
Scheme 2.5 Selected examples of enzyme catalysed azidation reactions. HheC = Halohydrin 
dehalogenases C; tris = tris(hydroxymethyl)aminomethane. 

2.1.3 Structure of hydrogen bonded azide complexes 

X-ray crystallography is a powerful technique able to provide direct insight into structure and 

connectivity of atoms in a single crystal. Several crystal structures involving an anion receptor 

hydrogen bonded to azide with a polar NH hydrogen bond donor are published. 

The mode of coordination can be categorised into eight generic types depending on the 

number and arrangement of hydrogen bond donors: Type 2.1A and 2.1B with azide 

coordinated to two hydrogen bond donors, Type 2.1C with azide coordinated to three 

hydrogen bond donors, Type 2.1D and 2.1E with azide coordinated to four hydrogen bond 

donors, Type 2.1F with azide coordinated to five hydrogen bond donors, and Type 2.1G and 

2.1H with azide coordinated to six hydrogen bond donors (Figure 2.3). Investigations into the 
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structure and connectivity of these crystal structures typically focused on the shape and 

geometry of the anion receptor. 

 
Figure 2.3 General structure types of published crystal structures with a hydrogen bonded azide anion. 

A diverse array of hydrogen bond donors highlighted the versatile nature of azide as a 

hydrogen bond acceptor (Figure 2.4-5). Pyrrole based hydrogen bond donors appear 

prominently and receptors 2.16, 2.21, 2.22, and 2.23 form two to six hydrogen bonds with 

azide described by Type 2.1A, Type 2.1D, Type 2.1E, Type 2.1F, and Type 2.1G.30,31 Protonated 

macrocyclic cryptands 2.17 and 2.24 encapsulate azide at both termini through two (Type 

2.1B) or six (Type 2.1H) hydrogen bond donors.32,33 2.18 and 2.20 possessing amide hydrogen 

bond donors coordinate to azide with three or four hydrogen bond donors described by Type 

2.1C and Type 2.1D.34,35 Similarly, tetraurea 2.19 coordinates to two azide anions in both Type 

2.1C and 2.1D structures.36 This was the only urea-azide crystal structure reported in the 

literature, and although NMR studies and UV-vis titrations corroborated the binding mode and 

stoichiometry in solution, no association constants were quantified. A nickel(II) 

metallamacrocycle (±)-2.25 featuring multiple metal-azide bonds containing an additional 

cavity with six hydrogen bond donors was also demonstrated to coordinate azide as described 

by Type 2.1H.37,38 
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Figure 2.4 Selected examples of azide anion receptors. 
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Figure 2.5 Crystal structures of azide complexed by selected hydrogen bond donors. Caesium, 
tetrabutylammonium, and hexafluorophosphate ions omitted for clarity, displacement ellipsoids (if 
available) drawn at 50% probability level (CCDC 1586343, 801422, 1192816, 827002, 647369, 643422, 
643421, 1586342 1586344, 1124895, 876039). 
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2.1.4 Enantioselective azidation 

Transition metal catalysis for enantioselective azidation has witnessed considerable success 

but also risks formation of explosive heavy metal-azido complexes.5,39 The enantioselective 

ring opening of meso-aziridines with azide represents an efficient strategy to access 

enantioenriched β-aminoazides.40 Several examples of this transformation have been 

achieved utilising a range of metal catalysts including chromium(III),41 yttrium(III),42,43 and 

magnesium(II)44 (Scheme 2.6). Whilst the mechanisms for the chromium(III) and yttrium(III) 

catalysed reactions were proposed to involve both azide and substrate bonding to a metal 

centre, the magnesium(II) catalyst was proposed to only coordinate to substrate, with attack 

from an external azide nucleophile. 

 
Scheme 2.6 Selected examples of enantioselective metal catalysed azidation for the synthesis of 
enantioenriched β-aminoazides. 

Examples of organocatalytic enantioselective azidation reactions to generate enantioenriched 

β-aminoazides motif have been published, although these rely on in situ generation of 

hydrazoic acid from trimethylsilyl azide (Scheme 2.7).45–47 These involve the conjugate 
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addition or hydrazoic acid to prochiral nitroalkenes, or a chiral Brønsted acid catalysed ring 

opening of a meso-aziridine. 

 
Scheme 2.7 Organocatalytic enantioselective synthesis of β-aminoazides require in situ generation of 
hydrazoic acid from trimethylsilyl azide. aAbsolute configuration not determined. (DHQD)2Pyr = 
hydroquinidine-2,5-diphenyl-4,6-pyrimidinediyl diether, (DHQD)2AQN = hydroquinidine 
(anthraquinone-1,4-diyl) diether, VAPOL = 2,2′-diphenyl-3,3′-(4-biphenanthrol). 

Recently, examples of organocatalytic enantioselective azidation with sodium azide have been 

disclosed (Scheme 2.8). These examples are conducted under chiral cationic phase-transfer 

catalysis in two phase water-organic solvent mixtures, with catalysts consisting of a chiral 

lipophilic cation and a spectator counter anion. In 2018, the Tan group published an 

enantioconvergent halogenophilic nucleophilic substitution reaction, where a chiral 

pentanidium catalyst (S,S,S,S)-2.30 facilitates a prochiral nucleophile to reacts with in situ 

generated bromine azide.48 In 2019, da Silva Gomes and Corey published a synthesis of chiral 

α-azido ketones via a planar nitroso-ene intermediate utilising a cinchona alkaloid derived 

catalyst 2.31.49 In 2020, Ishihara and co-workers reported an oxidative α-azidation of carbonyl 

compounds with cumene hydroperoxide oxidant and a binapthylene derived chiral 

ammonium salt catalyst (R,R)-2.32. Procedures directly utilising sodium azide for 
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enantioselective organocatalytic azidation provide both practical and economic advantages to 

traditional methods that generate in situ hydrazoic acid. Hence, enantioselective 

organocatalytic methods to synthesise the β-aminoazide motif from sodium azide are highly 

desirable. 

 
Scheme 2.8 Organocatalytic enantioselective azidation using sodium azide. TMG = 
tetramethylguanidine, CHP = cumene hydroperoxide. 

Whilst a range of catalyst structures for enantioselective azidation are published, limited 

examples of urea based organocatalysts are available. The results with these catalysts remain 

within optimisation tables and demonstrate the ability of urea based organocatalysts to 

promote azidation in good yields, albeit with negligible enantioselectivities (Scheme 2.9).50,51 

None of the final optimised catalysts continued to possess the urea moiety and the interaction 

with these urea based catalysts and azide remain unknown. 
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Scheme 2.9 Organocatalytic azidation with urea based organocatalysts. Zhdankin reagent = 1-azido-
1,2-benziodoxol-3(1H)-one. 

2.1.5 Initial results for HB-PTC with sodium azide 

Initial investigations within the Gouverneur group demonstrated that sodium azide was a 

suitable reagent for HB-PTC with meso-episulfonium substrate (±)-2.39a (Table 2.1).52 Stirring 

sodium azide with a meso-episulfonium precursor in CH2Cl2 resulted in no reaction, but 

addition of urea 2.41a (0.1 equiv) as catalyst afforded an 80% NMRy of the desired β-thioazide 

product (±)-2.40a. Thiourea 2.42 was a less effective catalyst and produced (±)-2.40a in 49% 

NMRy. 

Table 2.1 Initial investigations into using sodium azide under HB-PTC. 

 
entry cat NMRy 

1 2.41a (0.1 equiv) 80% 
2 2.42 (0.1 equiv) 49% 
3 none 0% 

NMRy determined with internal standard. 

An enantioselective variant was explored utilising (S)-2,2′-diamino-1,1′-binaphthalene ((S)-

BINAM) derived catalyst (S)-2.41a (Table 2.2). Substrate (±)-2.39a produced β-thioazide 2.40a 

in 99% NMRy, although no enantioselectivity was observed. In contrast, use of stilbene 

derived substrate (±)-2.39b with (S)-2.41a produced enantioenriched 2.40b in 26% NMRy and 



40 

66:34 e.r., demonstrating the successful application of HB-PTC to sodium azide for the 

synthesis of enantioenriched β-thioazides.52 

Table 2.2 Key initial results into enantioselective synthesis with sodium azide under HB-PTC. 

 
entry substrate product NMRy e.r. 

1 (±)-2.39a 2.40a 99% 50:50 
2 (±)-2.39b 2.40b 26% 66:34 

NMRy determined with internal standard. Absolute configuration of 2.40a-b not determined. 

2.1.6 Aims 

Urea-based catalysts are highly effective for HB-PTC with fluoride53,54 and urea-azide 

coordination represents an important interaction in organic chemistry that has received little 

attention in the context of catalysis. Investigations into the structure, stoichiometry, and 

association strength of urea-azide complexes in solid state and solution are aimed to provide 

new insights into this relationship. Study of azide complexed with a series of achiral 1,3-

diarylureas would improve the understanding of the influence of steric and electronic effects 

on the urea-azide interaction (Scheme 2.10A). Additional investigations into azide complexed 

with a chiral N-alkyl (S)-BINAM derived bis-urea to characterise its structure and association 

strength in solution and solid-state would provide a robust foundation for further research 

into an enantioselective azidation with a hydrogen bonded azide anion (Scheme 2.10B). 

In addition, further optimisation into the reaction of meso-episulfonium precursors and 

sodium azide under HB-PTC may provide a useful method for the enantioselective synthesis 

of β-thioazides from sodium azide. An additional valuable transformation may involve the 

reaction of meso-aziridinium precursors with sodium azide under HB-PTC, as this would 

provide access enantioenriched β-aminoazides with applications in medicinal chemistry 
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(Scheme 2.10C). Further study of this system to elucidate its mechanism and role of catalyst 

would provide new insights into a novel enantioselective azidation reaction under HB-PTC. 

 
Scheme 2.10 (A) Achiral urea-azide complexes studied. (B) Chiral N-alkyl (S)-BINAM derived bis-urea-
azide complex studied. (C) Proposed synthesis of β-aminoazides under HB-PTC. 

2.2 Achiral hydrogen bonded azide complexes 

2.2.1 Solid state studies 

Studies to probe the structure of the urea-azide interaction in the solid state commenced with 

the synthesis and isolation of twelve complexes of azide associated with eleven dual hydrogen 

bond donors, including nine 1,3-diarylureas (Table 2.3). These complexes were prepared by 

stirring an equimolar mixture of the desired hydrogen bond donor and hygroscopic 

tetrabutylammonium azide in acetonitrile (0.1 M) for 24 h. Evaporation of these mixture to 

dryness afforded non-hygroscopic solids with an amorphous appearance in excellent yields. 

Use of sodium azide and 15-crown-5 (1,4,7,10,13-pentaoxacyclopentadecane) in place of 

tetrabutylammonium azide afforded the sodium·15-crown-5 complex. 

The resultant products were characterised by 1H NMR, 13C NMR, 19F NMR (when applicable), 

and IR spectroscopy. A single set of signals shifted from the spectra of the individual 

components were observed by NMR, consistent with an interaction between these species in 

solution. IR spectroscopy of the neat solids revealed characteristic absorbances of the azide 

asymmetric stretch ranging from 2004 cm-1 to 2068 cm-1, a noticeable shift from the 
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corresponding signal in tetrabutylammonium azide (1992 cm-1) and hydrazoic acid gas 

(2140 cm-1),55 and suggesting the presence of a hydrogen bonded azide in the solid products. 

The signal from the sample prepared with 2.41a (Figure 2.6A) exhibited a clear single peak at 

2004 cm-1, and similar spectra were obtained with 2.41a-h, 2.42, and 2.45. The sample 

prepared from thiourea 2.42 possessed two signals in the region characteristic of the azide 

asymmetric stretch at 2058 cm-1 and 2027 cm-1, which suggests a complex mixture of species 

in the solid state may be present (Figure 2.6B). 

Single crystals of these complexes suitable for X-ray diffraction analysis were obtained by 

crystallisation of the amorphous solid by either layering, slow diffusion, or slow evaporation. 

All complexes were prepared with equimolar hydrogen bond donor and azide salt, yet a 

diverse set of crystal structures were obtained (Table 2.4, Figure 2.7). The urea-azide bond 

lengths measured from the urea nitrogen atom to the azide nitrogen atoms ranged from 

2.780(9) Å to 3.332(9) Å, longer than those observed in analogous urea-fluoride complexes,56 

which ranged from 2.648(4) Å to 2.807(8) Å when measured by neutron diffraction. The 

coordination modes and stoichiometries could be categorised into four distinct types: Type 

2.2A structures with an azide anion bound side-on to the urea; Type 2.2B structures with an 

azide anion bound end-on to the urea and stabilised at the opposing terminus by the counter-

cation; Type 2.2C structures possessing an azide anion bound end-on to the urea and one 

terminus, and bridging to an additional urea molecule at the opposing terminus; and Type 

2.2D structures with a 2:1 urea-azide complex with the azide anion bound end-on and bridging 

two separate urea molecules. The angle between the N-N urea vector and the vector defined 

by the terminal nitrogen atoms of the azide for Type 2.2A complexes, and the angle between 

the vector defined by the carbonyl of the urea and the vector defined by the terminal nitrogen 

atoms of the azide for Type 2.2B-C ranged from 1.15(14)° up to 62.40(30)°. 
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Table 2.3 Synthesis and azide IR stretch of hydrogen bonded azide complexes. 

 
entry hydrogen bond donor yield N3

- IR stretch (neat) (cm-1) 

1 2.41a, R1 = R2 = 3,5-CF3 95% 2004 

2a 2.41a, R1 = R2 = 3,5-CF3 quant. 2068 

3 2.41b, R1 = R2 = 3-Cl quant. 2015 

4 2.41c, R1 = 3,5-CF3; R2 = H quant. 2023 

5 2.41d, R1 = R2 = 4-CF3 99% 2006 

6 2.41e, R1 = R2 = H quant. 2022 

7 2.41f, R1 = R2 = 4-Br quant. 2020 

8 2.41g, R1 = R2 = 4-F 95% 2021 

9 2.41h, R1 = R2 = 4-CN quant. 2014 

10 2.42 98% 2058, 2027 

11 2.44 quant. 2011 

12 2.45 quant. 2011 
ausing sodium azide (1 equiv) and 15-crown-5 (1 equiv) instead of tetrabutylammonium azide. HBD = 
hydrogen bond donor. 

 
Figure 2.6 IR spectra of (A) 2.41a·N3·Bu4N and (B) 2.42·N3·Bu4N.  
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Table 2.4 Comparison of structure types, bond lengths, and bond angles in azide complexes.a 

 
entry crystal complex type NH(1)-N3

- length (Å) NH(2)-N3
- length (Å) ϴb 

1b 2.41a·N3·Bu4N 2.2A 
2.966(4) 
2.962(4) 

2.974(4) 
3.069(4) 

1.15(14) 
15.79(7) 

2 2.41a·N3·Na·15-crown-5 2.2B 2.780(9) 3.332(9) 62.40(30) 

3 2.41b·N3
-·Bu4N+ 2.2B 2.876(4) 3.000(4) 51.90(14) 

4b 2.41c·N3·Bu4N 2.2B 
2.852(9) 
2.834(9) 

2.946(9) 
2.940(9) 

27.60(19) 
34.21(12) 

5 2.41d·N3·Bu4N 2.2C 2.838(5) 2.905(5) 46.53(8) 

6 2.41e·N3·Bu4N 2.2C 2.870(2) 2.996(2) 7.43(14) 

7 2.41f·N3·Bu4N 2.2C 2.909(8) 2.923(8) 24.90(3) 

8 2.41g·N3·Bu4N 2.2C 2.833(3) 2.912(3) 37.13(6) 

9c 2.41h2·N3·Bu4N·(H2O)2 2.2D 2.860(2) 2.976(2) nd 

10 2.41a2·N3·Na·15-crown-5 2.2D nd nd nd 

11 2.44·N3·Bu4N 2.2C 2.842(2) 3.202(2) nd 

12 2.45·N3·Bu4N 2.2C 2.923(3) nd 
a(A) Description of complex types. (B) Description of bond lengths measured. (C) Description of bond 
angles measured. ϴ for Type 2.2A complexes is the angle between the N-N urea vector and the vector 
defined by the terminal nitrogen atoms of the azide. ϴ for Type 2.2B-C complexes is defined as the 
angle between the vector defined by the carbonyl of the urea and the vector defined by the terminal 
nitrogen atoms of the azide. Angles were calculated using PLATON.57 bCalculated for the two 
crystallographically distinct motifs. cThe second molecule of 2.41h involves one hydrogen bonded NH 
at 2.144(2) Å. Data collection and analysis by Dr. G. Pupo and Dr. K. E. Christensen.  
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Figure 2.7 (A) Diversity of hydrogen bonded 1,3-diarylurea-azide complexes. (B) Non-urea based dual 
hydrogen bonded azide complexes. Tetrabutylammonium and sodium·15-crown-5 cations omitted for 
clarity, displacement ellipsoids drawn at 50% probability level. Data collection and analysis by Dr. G. 
Pupo and Dr. K. E. Christensen. 
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Schreiner’s urea 2.41a was identified as a uniquely effective catalyst for HB-PTC with fluoride, 

and three distinct crystal structures were obtained from the two amorphous solids of 2.41a 

and azide prepared, depending on the counterion and crystallisation conditions (Figure 2.8). 

These possessed Type 2.2A, Type 2.2B, and Type 2.2D structures. 

The crystals grown from 2.41a·N3
-·Bu4N+ contained urea and azide in a 1:1 stoichiometry. The 

azide anion was bound at each terminus in a novel side-on fashion across a single urea 

molecule. This Type 2.2A side-on urea-azide interaction was not observed in any subsequent 

crystal structures. This may be attributed to the trifluoromethyl groups of 2.41a increasing the 

acidity and hydrogen bond donor capability of the remaining ortho-aromatic protons. 

The 1:1 complex of 2.41a and sodium·15-crown-5 azide produced two different crystal 

structures depending on the crystallisation conditions. A structure consisting of 2.41a and 

sodium·15-crown-5 in a 1:1 ratio was obtained by layering cyclohexane onto a saturated 

solution of the solid in tetrahydrofuran. This Type 2.2B structure possessed an azide anion 

coordinated by a urea hydrogen bond donor with the largest deviation from the urea plane at 

62.40(30)°, as well as both the shortest and longest urea-azide bond lengths at 2.780(9) Å and 

3.332(9) Å respectively. An additional Type 2.2D structure was obtained upon crystallisation 

from toluene and acetonitrile consisting of 2.41a and sodium·15-crown-5 in a 2:1 ratio. This 

2:1 complex contained an azide anion hydrogen bonded at both termini by individual units of 

2.41a, with the sodium·15-crown-5 cation effectively separate from the urea-azide 

interaction. 
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Figure 2.8 (A) Crystal structure of 2.41a complexed to tetrabutylammonium azide. (B) Crystal structure 
of a 1:1 complex of 2.41a and sodium·15-crown-5. (C) Crystal structure of a 2:1 complex of 2.41a and 
sodium·15-crown-5. Displacement ellipsoid plots drawn at 50% probability level. Data collection and 
analysis by Dr. G. Pupo and Dr. K. E. Christensen. 

Previous studies have demonstrated halogen bonded azide anions,58,59 with bond lengths 

from 2.806(3) Å to 3.216(4) Å reported between an azide and carbon tetrabromide.59 The 

complex obtained from urea 2.41f containing two aryl bromide substituents was a Type 2.2C 

structure that displayed both hydrogen bonding and halogen bonding. Two halogen bonds 

from two additional units of urea interact with the azide anion at each terminus, resulting in 

an interlocking of the urea-azide ribbon (Figure 2.9). These halogen bonds have distances of 

3.140(2) Å and 3.131(2) Å, and are within the higher end of the range of reported azide 

halogen bond lengths. 
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Figure 2.9 Crystal structure of 2.41f complexed to tetrabutylammonium azide. Distances in Å, 
tetrabutylammonium cations omitted for clarity, displacement ellipsoids drawn at 50% probability 
level. Data collection and analysis by Dr. G. Pupo and Dr. K. E. Christensen. 

In addition to the urea motif, complexes of azide with diphenylguanidine 2.44, a dioxalylamide 

2.45, and Schreiner’s thiourea 2.42 were also synthesised, with crystal structures of 2.44 and 

2.45 complexed with azide successfully obtained. The structure of guanidine 2.44 complexed 

to azide consisted of the 1,3-diarylguanidine present as its amine form, resulting in distinct 

orientation from the structures of 1,3-diarylureas complexed to azide (Figure 2.10A). The 

hydrogen bond donors of oxalylamide of 2.45 arrange anti to each other, forming a repeating 

pattern of azide coordinated by only one hydrogen bond donor from alternative molecules of 

2.45 (Figure 2.10B). Attempts to crystalise thiourea 2.42 complexed to azide resulted in the in 

situ deprotonation of 2.42, likely due to its increased acidity60 and is consistent with the poor 

performance of 2.42 as a catalyst for HB-PTC (Figure 2.10C).53,60 Both complexes containing 

an azide were similar to Type 2.2C urea-azide structures, where the azide bridges two 

molecules of hydrogen bond donor in a 1:1 stoichiometry. These crystal structures highlight 

the variety of dual hydrogen bond donors able to interact with azide. 



49 

 
Figure 2.10 (A) Crystal structure of 2.44 complexed to tetrabutylammonium azide. (B) Crystal structure 
of 2.45 complexed to tetrabutylammonium azide. (C) Crystal structure of [2.42-H]·Bu4N obtained upon 
crystallisation of 2.42·N3·Bu4N. Displacement ellipsoid plots drawn at 50% probability level. Data 
collection and analysis by Dr. G. Pupo and Dr. K. E. Christensen. 

2.2.2 Solution studies 

NMR titrations were conducted to probe the binding strength and stoichiometry of selected 

hydrogen bond donors studied by X-ray crystallography with azide in solution. Acetonitrile was 

used for solvent since it solubilised several hydrogen bond donors of interest, is itself a poor 

hydrogen bond acceptor and donor,61 and is widely available as the deuterated isotopologue. 

Azide was added as the tetrabutylammonium salt due to the cation’s non-coordinating nature 

and desirable solubility profile.62 

The principles of host-guest chemistry can be applied to these hydrogen bond donor-azide 

systems in solution, with the hydrogen bond donor as ‘host’ and azide as ‘guest’. Upon 
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addition of tetrabutylammonium azide, the chemical shifts and line widths of resonances 

corresponding to host changed, but the number of peaks remained constant. These 

observations are consistent with a dynamic system in solution where components consisting 

of both coordinated and uncoordinated species exist in equilibrium. Two models for this 

behaviour may be envisaged,56 a 1:1 equilibrium, or ‘full’63 2:1 system where the 1:1 complex 

is coordinated by an additional molecule of host (Scheme 2.11). 

 
Scheme 2.11 Equilibria for 1:1 and full 2:1 binding models. 

Tracking the change in chemical shift of signals corresponding to the host across sequential 

addition of titrant allowed for determination of association constants and binding model. Use 

of BindFit software enabled a global analysis approach to data fitting, with fits determined by 

nonlinear regression.64,65 

The appropriate binding model was determined by attempting to fit the data to both 1:1 and 

full 2:1 models then comparing the quality of the two fits.63 As the full 2:1 model included 

additional parameters, it was important to ensure any improvement to the fit was not due to 

the increased number of parameters. In statistics, covariance provides a measure for the 

strength of the correlation between two variables. The covariance of fit (covfit) provides a 

quantitative measure of the quality of fit independent of the number of parameters and is 

calculated by dividing the covariance of the residual with the covariance of the experimental 

data. A lower covfit indicates an improved fit to the selected model. The covfit factor, 

determined by dividing the covfit for the 1:1 model by the covfit for the binding model under 

study, can be used to evaluate the scale of improvement, with a value ≫3 typically sufficient 

to consider the more complex 2:1 model as appropriate.63 
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A representative example of a full 2:1 model is illustrated by Schreiner’s urea 2.41a and 

tetrabutylammonium azide (Table 2.5). The covfit for the 1:1 model was 2.04 × 10-3 whereas 

the covfit for the 2:1 model was 0.095 × 10-3. This results in a covfit factor of 23.3, hence the 

improved fit is likely indicative of the presence of an additional 2:1 equilibrium, with both 1:1 

and 2:1 complexes formed in solution. 

A representative example of a 1:1 binding model can be found with 1,3-diphenylurea 2.41e 

and tetrabutylammonium azide (Table 2.5). The covfit for the 1:1 model was 3.41 × 10-3 

whereas the covfit for the 2:1 model was 1.68 × 10-3. This results in a covfit factor of 2.0, hence 

the improved fit was likely predominantly due to the increased number of parameters, and 

not indicative of the presence of an additional 2:1 equilibrium, with 2.41e forming only a 1:1 

complex with azide in solution. 
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Table 2.5 Titration data and association constants of 2.8a and 2.8e with tetrabutylammonium azide. 

 

 

 

 
entry host model covfit (10-3) covfit factor Ka(1:1) (M-1) Ka(2:1) (M-1) 

1 
2.41a 

1:1 2.04 1 2.66 ± 0.18 × 103 - 
2 full 2:1 0.095 23.3 1.57 ± 0.06 × 103 7 ± 3 × 101 
3 

2.41e 
1:1 3.41 1 3.14 ± 0.03 × 102 - 

4 full 2:1 1.68 2.0 6 ± 2 × 102 7 ± 7 × 102 
One set of symbols (□, ○, △) refers to experimental data from one set of measurements (2 mM, 
CH3CN/CD3CN 8:2, 500 MHz, 298 K). Lines are the calculated isotherms of the described model. covfit 
factor is covfit for the 1:1 model divided by the covfit for the binding model under study.63 Values are 
the mean of 3 independent replicas calculated with BindFit v0.5,64 error is the standard deviation.  
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Six hydrogen bond donors studied by X-ray crystallography possessed a suitable solubility 

profile in acetonitrile for titration (Table 2.6). Four of the hydrogen bond donors studied 

formed 1:1 hydrogen bond donor-azide complexes in solution, and two are proposed to form 

both 1:1 and 2:1 complexes. More acidic hydrogen bond donors typically possessed higher 

association constants with azide in solution. The systems best described by the full 2:1 binding 

model had a lower Ka(2:1) than Ka(1:1), suggesting solutions of excess azide would favour 

formation of the 1:1 complex, with predominant formation of the 2:1 complexes occurring in 

solutions containing excess urea. 

Table 2.6 Proposed models and association constants of selected hydrogen bond donors with azide. 

 
entry model host pKa in DMSO60 Ka(1:1) (M-1) Ka(2:1) (M-1) 

1 full 2:1 2.41a 13.8 ± 0.2 1.57 ± 0.06 × 103 7 ± 3 × 101 
2 1:1 2.41c 16.1 ± 0.1 9.4 ± 1.7 × 102 - 
3 full 2:1 2.41d - 1.25 ± 0.12 × 103 1.3 ± 0.5 × 102 
4 1:1 2.41e 18.7 ± 0.1 3.14 ± 0.03 × 102 - 
5 1:1 2.41g - 4.82 ± 0.05 × 102 - 
6 1:1 2.44 - 1.4 ± 0.3 × 102 - 

Titrations conducted at 2 mM, CH3CN/CD3CN 8:2, 500 MHz, 298 K. Values are the mean of 3 
independent replicas calculated with BindFit v0.5,64 error is the standard deviation. 

The solution studies confirmed the ability for azide to be coordinated by a range of hydrogen 

bond donors, including Schreiner’s urea 2.41a in solution. This data highlights the impact of 

the urea electronics and pKa on hydrogen bond strength and the dynamic nature of these 

systems in solution. As with X-ray crystallography, both 1:1 and 2:1 species were observed. In 

combination with the solid-state studies, these results provide strong evidence for the ability 

of azide to be coordinated by 1,3-diarylurea hydrogen bond donors both in solution and solid 

state. 
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2.3 Chiral urea bound azide 

2.3.1 Establishing association in solution 

With an improved understanding of the properties of azide with achiral hydrogen bond 

donors, attention was turned towards a chiral system. (S)-2.43b was extensively studied with 

fluoride,53,66 and is representative of the N-alkyl BINAM derived bis-urea class of catalysts 

successful with HB-PTC. Initial NMR studies aimed to establish firm evidence of association 

between azide and (S)-2.43b in solution. CDCl3 was preferred for solvent as it is unreactive 

towards nucleophiles,67,68 has a wide operational temperature range, and is in a class of polar 

non-coordinating solvents typically used in HB-PTC.53,54,66,69 

 
Figure 2.11 Structure of N-alkyl BINAM derived bis-urea (S)-2.43b selected for study. 

A full assignment of the 1H NMR signals of (S)-2.43b in CDCl3 was achieved by collection of 

additional 1H-1H COSY, 1H-1H NOESY, and 1H-15N HMBC NMR spectra, and suggested the 

presence of a secondary structure as previously described in CD2Cl2 (Figure 2.12).66 
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Figure 2.12 Proposed assignment and secondary structure of (S)-2.43b in CDCl3 and 1H NMR spectrum 
highlighting NH signals and key correlations. (25 mM (S)-2.43b, CDCl3, 500 MHz, 298 K). 

The 1H-15N HSQC spectra displayed two correlations with NH signals corresponding to the NHs 

distal to the (S)-BINAM backbone, with the third NH signal represented within the multiplet 

from 7.56 – 7.51 ppm too broad to exhibit any correlations. The 1H-15N HMBC spectra 

displayed correlations from the tertiary nitrogen with a 15N NMR shift of 120 ppm to both the 

iPr group and a doublet at 7.52 ppm, leading to the assignment of this doublet to H1 (Figure 

2.13). 
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Figure 2.13 Superimposed 1H-15N HSQC (red) and 1H-15N HMBC (black) NMR spectra of (S)-2.43b in 
CDCl3 (25 mM (S)-2.43b, CDCl3, 500 MHz, 298 K). 

NOE interactions from H17 with the singlet at 6.80 ppm resulted in its designation as NH3, 

leaving the singlet at 7.06 ppm to be assigned as NH1, and the remaining broad NH as NH2 

(Figure 2.14). These were in line with the assignment of (S)-2.43b in CD2Cl2.53,66 

 
Figure 2.14 Expanded 1H-1H NOESY NMR spectrum of (S)-2.43b in CDCl3 (25 mM (S)-2.43b, CDCl3, 500 
MHz, 298 K). 

The remainder of the (S)-BINAM backbone was assigned by following crosspeaks through the 

1H-1H COSY NMR spectra. NOE relationships were necessary to link H2 to H3 and H10 to H11 

(Figure 2.15). 
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Figure 2.15 1H-1H COSY (red) and 1H-1H NOESY (blue and red) NMR spectra of (S)-2.43b in CDCl3 (25 
mM (S)-2.43b, CDCl3, 500 MHz, 298 K). 

Investigations into the association of azide with (S)-2.43b in solution commenced with 1H NMR 

titrations. As with the achiral systems, addition of tetrabutylammonium azide to a solution of 

(S)-2.43b in CDCl3 resulted in a movement of its 1H chemical shifts, indicative of an interaction 
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in solution. The shift of three protons at 8.41 ppm, 7.82 ppm, and 7.61 ppm were tracked at 

each addition from the beginning of the titration and were used to determine the association 

constants and binding model (Figure 2.16). 

 

 
Figure 2.16 Representative 1H NMR spectra from the titration of (S)-2.43b with tetrabutylammonium 
azide with aromatic proton shifts monitored highlighted in black, blue and red. (2 mM (S)-2.43b, CDCl3, 
500 MHz, 298 K). 

Visual analysis and comparison of covfit factors showed a clear improvement when the 

association was modelled as the full 2:1 model (Table 2.7). As with the achiral hydrogen bond 

donors studied, the Ka(1:1) at 9.1 ± 0.9 × 103 was higher than the Ka(2:1) at 1.0 ± 0.6 × 102, 

suggesting the major species in solutions containing excess azide is the 1:1 complex, but 

formation of the 2:1 species is favoured in solutions containing excess (S)-2.43b. The second 

association of a urea with the 1:1 urea-azide complex is likely to involve the additional urea 

coordinating to the azide anion, as observed in the Type 2.2D 2:1 hydrogen bond donor-azide 

structures.  
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Table 2.7 Titration modelling, and association constants of (S)-2.43b and azide. 

 
entry model covfit (10-3) covfit factor Ka(1:1) (M-1) Ka(2:1) (M-1) 

1 1:1 130.67 1 3.68 ± 0.08 × 102 - 
2 full 2:1 0.72 191.0 9.1 ± 0.9 × 103 1.0 ± 0.6 × 102 

One set of symbols (□, ○, △) refers to experimental data from one set of measurements (2 mM, CDCl3, 
500 MHz, 298 K). Lines are the calculated isotherms of the described model. covfit factor is covfit for the 
1:1 model divided by the covfit for the binding model under study.63 Values are the mean of 3 
independent replicas calculated with BindFit v0.5,64 error is the standard deviation. 

Natural abundance azide consists primarily of nitrogen-14, a quadrupolar nuclei with spin 1. 

14N NMR enabled direct observation of the azide anion solution and provided additional data 

consistent of its interaction with (S)-2.43b. All three nitrogen signals are visible in the 14N NMR 

spectra of free tetrabutylammonium azide albeit with different peak widths due to the 

symmetry of their environments (Figure 2.17A). The tetrabutylammonium cation is in the 

most symmetrical environment and exhibits the sharpest peak at 67.2 ppm with a width at 

half-height of 55 Hz, the azide centre at 251.8 ppm possesses the next most symmetric 

environment and is slightly broadened with a width at half-height of 95 Hz, and the azide 

termini at 103.0 ppm are in the least symmetrical environment and produce the broadest 

signals with a width at half-height of 220 Hz. In contrast, pure (S)-2.43b contains four nitrogen 

atoms in highly asymmetric environments and a significant broadening of the 14N signals are 

observed to the extent that no signals above the noise appear (Figure 2.17B). In a mixture of 

(S)-2.43b and tetrabutylammonium azide, the peaks corresponding to the azide anion centre 

becomes significantly broadened from 95 Hz to ca. 800 Hz and the signal corresponding to the 

azide anion termini are broadened beyond detection, whereas the tetrabutylammonium 
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cation remains unchanged at 55 Hz (Figure 2.17C). The direct insight into the azide anion 

provided by 14N NMR supported the interaction of azide with (S)-2.43b in solution and the 

spectator nature of the tetrabutylammonium cation. 

 

 

 
Figure 2.17 (A) 14N NMR spectra of tetrabutylammonium azide. (B) 14N NMR spectra of (S)-2.43b. (C) 
14N NMR spectra of a 1:1 mixture of (S)-2.43b and tetrabutylammonium azide. (25 mM, CDCl3, 500 
MHz, 298 K). 

2.3.2 Investigating structure in solution 

Further details into the structure of (S)-2.43b complexed to azide in solution by NMR utilised 

nitrogen-15. Although only 0.4% of nitrogen at natural abundance consists of nitrogen-15, this 

nucleus possesses a spin of one-half, and isotopic enrichment of tetrabutylammonium azide 

facilitated the study of heteronuclear 1H-15N couplings by NMR. Tetrabutylammonium [1-
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15N]azide containing azide enriched with a single 15N at one terminus was prepared from 

commercial sodium [1-15N]azide and provided a valuable additional spectroscopic handle. 

Studying a system with (S)-2.43b and tetrabutylammonium [1-15N]azide in CDCl3 provided the 

opportunity to understand the structure of the binding between the (S)-2.43b and azide in 

solution by NOE interactions and scalar couplings. 

It was essential to understand the composition of samples prepared from (S)-2.43b and 

tetrabutylammonium [1-15N]azide since combining (S)-2.43b and tetrabutylammonium [1-

15N]azide in solution produces a mixture containing a dynamic equilibrium of unbound (S)-

2.43b, unbound [1-15N]azide, the 1:1 species, and the 2:1 species. BindSim enabled simulation 

of the composition of these components at equilibrium from the initial concentrations of 

components added and the association constants determined by titration with 

tetrabutylammonium azide (Table 2.8). A sample prepared with 25 mM (S)-2.43b and 25 mM 

tetrabutylammonium azide would contain predominantly the 1:1 complex, with 1.8 mM of 

the 2:1 complex. Preparing a sample containing 50 mM of azide increases the concentration 

of the 1:1 complex to 24.4 mM and reduces the concentration of the 2:1 complex to 0.3 mM, 

but results in a much higher quantity of free tetrabutylammonium [1-15N]azide. 

Table 2.8 Calculated concentration of species at equilibrium in solutions prepared from (S)-2.43b and 
tetrabutylammonium azide. 

entry 
initial concentration calculated concentration at equilibrium 
(S)-2.43b 

(mM) 
N3

- 
(mM) 

(S)-2.43b 
(mM) 

(S)-2.43b·N3
- 

(mM) 
(S)-2.43b2·N3

- 
(mM) 

N3
- 

(mM) 
1 0 25 0 0 0 25 
2 25 0 25 0 0 0 
3 25 25 0.9 20.6 1.8 2.6 
4 25 50 0.1 24.4 0.3 25.4 

BindSim used to simulate sample compositions with a Ka(1:1) of 9.1 × 103 M-1 and Ka(2:1) of  
1.0 × 102 M-1.64 

The 1H spectra of mixtures containing 25 mM (S)-2.43b with either 25 or 50 mM 

tetrabutylammonium [1-15N]azide reflected the calculated distribution of species in solution 

(Figure 2.18). Solutions containing excess azide displayed sharper peaks, indicative of the 
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reduced exchange between the 1:1 and 2:2 urea-azide complexes. One remarkable difference 

between free (S)-2.43b and samples of (S)-2.43b coordinated to azide is the relatively small 

change in NH2, which changed from being the previously most deshielded NH in (S)-2.43b at 

7.56 – 7.51 ppm to the most shielded NH in the azide bound system at 7.93 – 7.87 ppm in the 

1:1 mixture, and 8.08 ppm in the mixture with excess [1-15N]azide. This change was also 

observed with fluoride and is consistent a loss of the internal hydrogen bond and interaction 

of all three NH groups with a coordinated anion. 

 

 

 
Figure 2.18 Comparison and assignment of 1H NMR spectra of (S)-2.43b and tetrabutylammonium [1-
15N]azide in (A) 1:1 (B) 2:1 ratio. (25 mM (S)-2.43b, CDCl3, 500 MHz, 298 K). 
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Figure 2.19 Expansions of 1H-1H NOESY NMR spectra of (S)-2.43b and tetrabutylammonium [1-
15N]azide in 1:1  ratio. (25 mM (S)-2.43b, CDCl3, 500 MHz, 298 K). (25 mM (S)-2.43b, CDCl3, 500 MHz, 
298 K). 
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Assignment of the proton signals could be achieved by tracking shifts of (S)-2.43b, including 

those corresponding to H12, H2, H13, H15, and H6, along the titration, with additional support 

from 1H-1H COSY and 1H-1H NOESY NMR spectra (Figure 2.19). Key correlations between H17 

and H13, supported the assignment of the fluorinated aromatic rings, with NOE relationships 

between NH1 and H15, as well as NH3 and H13 used to assign the urea NH signals. 

Study of 1:1 mixtures of (S)-2.43b and tetrabutylammonium [1-15N]azide with components at 

100 mM, 25 mM, and 2.5 mM revealed minor but non-negligible changes (Figure 2.20). These 

observations are consistent with the expected concentration dependence of host-guest 

systems in solution. A consistent concentration of (S)-2.43b at 25 mM was utilised throughout 

the subsequent solution studies to avoid effects from changing the concentration influencing 

the distribution of components and resultant spectra. This concentration was selected since 

it provided a good signal-to-noise ratio and reflected the catalyst concentrations in HB-PTC 

reactions with fluoride.53,66 

 
Figure 2.20 Superimposed 1H NMR spectra of 1:1 mixtures of (S)-2.43b and tetrabutylammonium [1-
15N]azide at 100 mM, 25 mM, and 2.5 mM (CDCl3, 500 MHz, 298 K). 

Additional knowledge of properties of the 15N in the [1-15N]azide complexes provided added 

assistance in ensuring optimal experiments when searching for NOE relationships. 

Comparison of the 15N NMR spectra of solutions containing pure tetrabutylammonium [1-

15N]N3 and 25 mM (S)-2.43b mixed with 25 or 50 mM tetrabutylammonium [1-15N]azide were 

conducted. Direct observation of 15N revealed only one signal corresponding an equilibrium 
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of all the species of the artificially introduced 15N label, with all other nitrogen signals within 

the noise due to the poor natural abundance of 15N (Table 2.6). 

An inversion recovery experiment enabled quantification of the 15N T1 constant in these 

solutions (Table 2.6). The uncoordinated azide possessed the highest T1 constant at 39 s, 

reflecting a lack of interactions with other components in solution to assist relaxation. A 1:1 

mixture of (S)-2.43b and tetrabutylammonium [1-15N]azide possessed a much shorter T1 at 

3.5 s, with the presence of (S)-2.43b appearing to reduce the T1. The [1-15N]azide in a solution 

of (S)-2.43b containing two equivalents of tetrabutylammonium [1-15N]azide had a T1 of 8 s, 

consistent with the expected exchange process between the multiple azide environments and 

reflective of the dynamic nature of azide in these systems. 

Table 2.6 T1 measurements of the [1-15N]N3 in solutions of tetrabutylammonium [1-15N]azide and (S)-
2.43b. 

entry 
initial concentrations 

partial 15N Spectra 
T1 

(s) 
(S)-2.43b 

(mM) 
[1-15N]N3 

(mM) 

1 0 25 

 

39 

2 25 25 

 

3.5 

3 25 50 

 

8 

(CDCl3, 500 MHz, 298 K). Data collected in collaboration with Prof. T. D. W. Claridge. 

With firm knowledge of 1H and 15N signals in samples of (S)-2.43b complexed to [1-15N]azide, 

experiments to probe the relationship between these two components were initiated. 1H-15N 

NOE experiments aimed to link the bound [1-15N]azide to a specific site on (S)-2.43b. A sample 

containing equimolar (S)-2.43b and tetrabutylammonium [1-15N]azide at 25 mM was 
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preferred to avoid interference from excess unbound azide. Optimisation of presaturation and 

observation of the 1H spectra ensured the selectivity of irradiation used (Figure 2.21A). 

Subsequently, generation of steady-state 1H to 15N NOEs under identical irradiation conditions 

followed by acquisition of the 15N 1D spectrum enabled observation of any NOE effects (Figure 

2.21B). 

  
Figure 2.21 (A) Schematic NMR sequences for optimisation of 1H presaturation conditions. (B) 
Schematic NMR sequences for 1H-15N steady state NOE observations. Grey box indicates presaturation 
of a 1H resonance during relaxation delay and black rectangle indicates excitation pulse for acquisition 
(θ = 30° or 90o). 

Benchmarks for comparison were obtained by off-resonance irradiation at ±20 ppm of the 1H 

spectra. Irradiation at a selected chemical shift with rf field strengths of 25 Hz and 5 Hz 

resulted in suppression of the corresponding signal, although spill over of saturation was 

observed at 25 Hz (Figure 2.22). 
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Figure 2.22 Representative 1H NMR spectra comparing selectivity of irradiation at 8.85 ppm (red) at 25 
Hz and 5 Hz, overlayed with control at 20 ppm (25 mM (S)-2.43b, CDCl3, 500 MHz, 298 K). Data 
collected with Prof. T. D. W. Claridge. 

NOE effects in small molecules are expected to lead to a reduction in the 15N resonance 

intensity due to the negative magnetogyric ratio of 15N. The exchange between the multiple 

species in the samples of (S)-2.43b and [1-15N]azide, as well as the single label at only one 

azide terminus are likely to attenuate any NOE effects between the 1:1 (S)-2.43b·[1-15N]azide 

complex. NOE intensity changes by direct comparison of irradiated spectra against the control 

spectra were observed, and resulted in intensity changes of up to -14% at 25 Hz irradiation, 

and -7% at 5 Hz irradiation (Table 2.7). Although stronger NOE effects were observed at 25 Hz 

irradiation, the reduced selectivity and spillover cause apparent effects with targeted 1H 

resonances with no real NOE interaction with azide. The data using the more selective 

irradiation at 5 Hz clearly show NOE effects with resonances associated with the catalyst NH 

protons, reflecting the predicted structure of azide association to all three urea NHs. Attempts 

to examine this with a sample containing excess azide to force equilibrium to more 1:1 
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resulted in consistent NOEs, although they were weaker due to the increased level of unbound 

[1-15N]azide present. 

Table 2.7 Change in 15N signal intensity caused by irradiation of selected signal(s). 

 

irradiated signal(s) 
change in [1-15N]N3 intensity 

(25 Hz irradiation) 
change in [1-15N]N3 intensity 

(5 Hz irradiation) 
NH1 -12% -7% 
H12 -8% 0% 
NH3 -13% -6% 

NH2, H10, H3, H13 -14% -7% 
H7 -3% 0% 

H17, H20 3% 0% 
H23 0% 0% 
H19 -2% 0% 
H18 -3% 0% 

(S)-2.43b and tetrabutylammonium [1-15N]azide in 1:1  ratio (25 mM (S)-2.43b, CDCl3, 500 MHz, 298 K). 
Data collected with Prof. T. D. W. Claridge. 

Variable temperature NMR can alter the rate of exchange, and a reduction in the rate of 

exchange was achieved upon reducing the temperature to 213 K (Figure 2.23). The NH signals 

of the major species appeared significantly sharper, although a complex spectra with 

decoalescence of a minor species designated as a 2:1 (S)-2.43b2·[1-15N]N3
- complex was also 

observed. Further analysis of this sample at 213 K was challenging due to the complex nature 

signals. Nonetheless, this data highlighted the ability to reduce exchange by a significant 

reduction in temperature and reflected previous calculations and predictions regarding the 

2:1 species. 
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calculated sample components concentrations at 298 K (mM) 

(S)-2.43b (S)-2.43b·N3
- (S)-2.43b2·N3

- N3
- 

0.9 20.6 1.8 2.6 
Figure 2.23 Variable temperature 1H NMR spectra of (S)-2.43b and tetrabutylammonium [1-15N]azide 
(1 equiv) (25 mM (S)-2.43b, CDCl3, 500 MHz). Major species highlighted in black, minor species 
highlighted in blue. BindSim used to simulate sample compositions with a Ka(1:1) of 9.1 × 103 M-1 and 
Ka(2:1) of 1.0 × 102 M-1.64 

The quantity of the 2:1 species can be reduced in the presence of excess azide, and it was 

hypothesised a variable temperature NMR of a sample prepared with 25 mM (S)-2.43b with 

50 mM azide would result in spectra containing predominantly the 1:1 species. Cooling this 

solution to 213 K revealed 1 major set of sharp peaks and negligible quantities of the minor 

species, supporting the hypothesis that those signals corresponded to the 2:1 (S)-2.43b2·[1-

15N]N3
- complex (Figure 2.24). 
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calculated sample components concentrations at 298 K (mM) 

(S)-2.43b (S)-2.43b·N3
- (S)-2.43b2·N3

- N3
- 

0.1 24.4 0.3 25.4 
Figure 2.24 Variable temperature 1H NMR spectra of (S)-2.43b and tetrabutylammonium [1-15N]azide 
(2 equiv) (25 mM (S)-2.43b, CDCl3, 500 MHz). Major species highlighted in black, minor species 
highlighted in blue. BindSim used to simulate sample compositions with a Ka(1:1) of 9.1 × 103 M-1 and 
Ka(2:1) of 1.0 × 102 M-1.64 

The assignment of the 1H shifts of (S)-2.43b·[1-15N]N3 in CDCl3 at 213 K could be achieved by 

tracking the assigned 1H signals along the temperature change, with additional confirmation 

from 2D 1H-1H COSY and 1H-1H NOESY, 1H-15N HSQC and 1H-15N HMBC spectra. The sharper 

signals allowed for unambiguous assignment of all 1H signals, including the three NH protons 

(Figure 2.25). The chemical shifts corresponding to the three NH signals represent the largest 

change in chemical shifts observed compared to free (S)-2.43b. The change in relative shifts, 

whereby the previously most deshielded NH becomes the most shielded NH was observed in 

the fluoride complex and may suggest a similar conformer in solution. 
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Figure 2.25 Proposed assignment and secondary structure of (S)-2.43b·N3

- from (S)-2.43b and 
tetrabutylammonium [1-15N]azide (2 equiv) in CDCl3 and 1H NMR spectrum highlighting NH signals and 
key correlations. (25 mM (S)-2.43b, CDCl3, 500 MHz, 213 K). 

As before, a 1H-15N HMBC correlation between H1 and the tertiary nitrogen was used to 

differentiate the two ring systems (Figure 2.26). 1H-15N HMBC correlations were also used to 

unambiguously link H13 to N3 and H15 to N1 and paired each fluorinated aromatic ring with 

a respective NH. 

 
Figure 2.26 Expanded view of 1H-15N HMBC NMR spectra of (S)-2.43b·N3

- from (S)-2.43b and 
tetrabutylammonium [1-15N]azide (2 equiv) (25 mM (S)-2.43b, CDCl3, 500 MHz, 298 K). 

1H-1H COSY and 1H-1H NOESY NMR experiments were used to complete the assignment of the 

backbone. A 1H-1H NOE relationship between NH3 and H17 was key to differentiating the 

fluorinated aromatic rings and provided further support of the individual NH assignments 

(Figure 2.27). 
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Figure 2.27 1H-1H NOESY (blue) NMR spectra of (S)-2.43b·N3

- from (S)-2.43b and tetrabutylammonium 
[1-15N]azide (2 equiv) (25 mM (S)-2.43b, CDCl3, 500 MHz, 298 K). 

The full view of the 1H-15N HMBC NMR spectra displayed additional signals of interest (Figure 

2.28A). Correlations were observed between each NH and a nitrogen signal at 100 ppm, the 

characteristic chemical shift of [1-15N]azide.70 This was attributed to the presence of scalar 

couplings through a hydrogen bond from the three NH protons of (S)-2.43b to the bound [1-

15N]azide (Figure 2.28A). These signals represented the first observed 1H to 15N scalar 

couplings from a hydrogen bond donor to an azide, an interaction unreported in the literature. 

Conducting 1D 1H-15N HMBC spectra with removal of the phase modulator provided a method 

to measure the respective coupling constants (Figure 2.28B). Three antiphase doublets 

corresponding to each NH coupling to the [1-15N]azide were observed. The 1hJHN coupling 

constants were determined to be in the range of 5 Hz but further precision could not be 

obtained due to limitations of line widths. 
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Figure 2.28 (A) Full view of 1H-15N HMBC NMR spectra of (S)-2.43b·N3

- from (S)-2.43b and 
tetrabutylammonium [1-15N]azide (2 equiv) (25 mM (S)-2.43b, CDCl3, 500 MHz, 213 K). (B) 1D 1H-15N 
HMBC NMR spectra with inset expansions of antiphase doublets of (S)-2.43b·N3

- from (S)-2.43b and 
tetrabutylammonium [1-15N]azide (2 equiv) (25 mM (S)-2.43b, CDCl3, 500 MHz, 213 K). Data collected 
with Prof. T. D. W. Claridge.  

These detailed studies in solution by NMR revealed a defined secondary structure of the 1:1 

complex of (S)-2.43b and azide. The data obtained by 1H-15N NOE and HMBC experiments 

indicate azide coordination with all three urea NH hydrogen bond donors. 

2.3.3 Solid state studies 

Solid state studies of 2.43b utilised the racemate owing to its more favourable crystallisation 

properties, compared to the single enantiomer. Single crystals grown from an amorphous 

solid of (±)-2.43b complexed to tetrabutylammonium azide were analysed by X-ray diffraction 
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and provided unique insights into the binding of azide with a chiral tridentate hydrogen bond 

donor. 

An amorphous solid of (±)-2.43b complexed to tetrabutylammonium azide was prepared by 

stirring (±)-2.43b and tetrabutylammonium azide in MeCN, followed by evaporation of the 

mixture to dryness (Scheme 2.12). The amorphous solid obtained was characterised by NMR 

and IR. IR spectroscopy of the neat amorphous solid revealed a νmax characteristic of an azide 

asymmetric stretch at 2034 cm-1 at a noticeable shift from the corresponding signals in 

tetrabutylammonium azide (1992 cm-1) and hydrazoic acid gas (2140 cm-1),55 consistent with 

a hydrogen bonded azide anion. 

 
Scheme 2.12 Preparation of (±)-2.43b complexed to tetrabutylammonium azide. 

Single crystals of (±)-2.43b complexed to tetrabutylammonium azide suitable for X-ray 

diffraction analysis were successfully grown by slow evaporation of a saturated solution of the 

amorphous solid in hot hexane and EtOAc. A structure containing both (R)-2.43b and (S)-2.43b 

complexed to individual molecules of azide in the asymmetric unit (Z’ = 2) was obtained 

(Figure 2.29A). The azide anions are coordinated at one terminus by three hydrogen bond 

donors of 2.43b, with the other terminus in close contact with the tetrabutylammonium 

cation. 

Overlaying a unit of (S)-2.43b complexed to azide with the previously reported structure of 

(S)-2.43b complexed to fluoride53 revealed exceptionally similar spatial alignments of the (S)-

BINAM scaffold and 3,5-(bistrifluoromethy)phenyl aromatic rings (Figure 2.29C). However, the 

structure of (S)-2.43b complexed to azide exhibits an increased hydrogen bonding length 
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compared to the structure of (S)-2.43b complexed to fluoride, changing from 2.662(2) Å, 2.667 

Å, and 2.690 Å to 2.98(2) Å, 2.81(2) Å, and 2.94(2) Å respectively, consistent with weaker 

hydrogen bonding interactions. 

 
Figure 2.29 (A) Asymmetric unit of a Z’ = 2 crystal structure consisting of both (R)-2.43b and (S)-2.43b 
complexed to tetrabutylammonium azide. (B) View of (S)-2.43b from the asymmetric unit complexed 
to azide. (C) (S)-2.43b complexed to azide overlayed with the reported fluoride structure53 and the 
increase in bond lengths. Distances provided in Ångstroms, displacement ellipsoids drawn at 50% 
probability level. Data collection and analysis by Dr. G. Pupo and Dr. K. E. Christensen. 
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2.4 Reaction development and scope 

2.4.1 Synthesis of β-thioazides 

Although a great effort into optimising the enantioselective synthesis of β-thioazides under 

HB-PTC with sodium azide was conducted in the Gouverneur group,52 a brief attempt into 

further optimising this transformation was undertaken (Table 2.8). Minor improvements were 

observed when changing the solvent to 1,2-difluorobenzene (1,2-DFB) and use of an (S)-

BINAM derived N-alkyl bis-urea, with enantiomeric ratios up to 69:31 and 69.5:30.5 measured. 

Unfortunately, due to the challenges in improving the enantiomeric ratio of this reaction and 

the limited applications of β-thioazides, further developments were not pursued. 

Table 2.8 Further optimisation of β-thioazides under HB-PTC. 

 
entry cat solvent NMRy e.r. 

1 (S)-2.43a (0.1 equiv) CH2Cl2 26% 66:34 
2 (S)-2.43a (0.05 equiv) 1,2-DFB 21% 66.5:33.5 
3 (S)-2.43b (0.05 equiv) 1,2-DFB 76% 69:31 
4 (S)-2.43c (0.05 equiv) 1,2-DFB 56% 69.5:30.5 

NMRy determined with internal standard. Absolute configuration of 2.40b not determined. 1,2-DFB = 
1,2-difluorobenzene. 

2.4.2 Racemic synthesis of β-aminoazides 

To achieve the synthesis of desirable β-aminoazides from sodium azide under HB-PTC, a 

suitable meso-aziridinium precursor was required. The synthesis of stilbene derived β-

aminochloride (±)-2.46a was previously reported up to the multi-decagram scale54 and its 

preparation was found to be both efficient and robust. (±)-2.46a is an easily handled solid 

powder and stable under ambient conditions for multiple days, although a freezer was used 

for long term storage. In addition, structural derivatives of the resultant β-aminoazide 
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products (±)-2.47a are frequently found in bioactive compounds such as NMDA receptor 

antagonists and Kv1.5 blockers,71–74 hence their enantioenriched counterparts and derivatives 

may find further utility. 

Proof-of-principle was successfully established with (±)-2.46a, sodium azide, and Schreiner’s 

urea 2.41a using conditions adapted from previous studies (Table 2.9).52,53 Stirring (±)-2.46a 

and sodium azide in 1,2-difluorobenzene at 1200 rpm produced only a 2% NMRy of β-

aminoazide (±)-2.47a, however addition of 2.41a as catalyst resulted in a 90% NMRy of the 

desired product. This difference in yield was hypothesised to be linked with the poor 

organosolubility of sodium azide and are consistent with previous reactions conducted under 

HB-PTC.52–54 

Table 2.9 Initial evaluation for the synthesis of β- aminoazides using sodium azide 

 
entry cat NMRy 

1 2.41a (0.1 equiv) 90% 
2 none 2% 

1,2-DFB = 1,2-difluorobenzene. 

Analysis of the crude NMR spectra showed exclusive formation of a single product, with the 

predominant remaining mass balance being starting material. Attempts to separate product 

from the residual starting material by chromatography were unsuccessful due to co-elution, 

however leaving the reaction for 24 h allowed for full conversion and isolation of the desired 

(±)-2.46a product after chromatography, enabling full characterisation. 

The reaction with (±)-2.46a was conducted with a diverse selection of achiral dual hydrogen 

bond donors as catalysts (Table 2.10). The relationship of these hydrogen bond donors with 

azide were previously studied in both solid state and solution, hence their catalytic 

performance may provide valuable insights into the relationship between azide coordination 

and reactivity. A range of NMRy from 90% NMRy with 2.41a down to 2% with 2.41g were 
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obtained, suggesting a strong impact of the urea hydrogen bond donor on the reactivity of 

azide. The highest NMRy were measured with 2.41a, 2.41c, and 2.41d at 90%, 64%, and 40% 

respectively, and these catalysts represented the most electron deficient 1,3-diarylureas 

examined. The lowest NMRy were measured with 2.41f and 2.41g at 3% and 2% respectively, 

effectively unchanged from the uncatalysed NMRy of 2%.  

Table 2.10 Study of different hydrogen bond donor catalysts for the synthesis of β-aminoazides. 

 
entry cat NMRy 

1 2.41a, R1 = R2 = 3,5-CF3 90% 
2 2.41b, R1 = R2 = 3-Cl 12% 
3 2.41c, R1 = 3,5-CF3; R2 = H 64% 
4 2.41d, R1 = R2 = 4-CF3 40% 
5 2.41e, R1 = R2 = H 11% 
6 2.41f, R1 = R2 = 4-Br 3% 
7 2.41g, R1 = R2 = 4-F 2% 
8 2.41h, R1 = R2 = 4-CN 16% 
9 2.42 18% 

10 2.44 37% 
11 2.45 10% 

NMRy determined with Ph3CH internal standard. 1,2-DFB = 1,2-difluorobenzene. 

These variations were hypothesised to stem from either catalyst structure, electronics, or 

solubility. Comparing selected results to their association constants with azide suggested 

potential links between the association constant of the urea catalyst with azide and yield of 

product produced (Table 2.11). From the set of catalysts compared, Schreiner’s urea 2.41a 

provided product with the highest NMRy at 90% and also possessed the highest Ka(1:1) with 



79 

azide at 1.57 ± 0.06 × 103 M-1, whilst catalysts 2.41e and 2.41g with lower association 

constants with azide at 3.14 ± 0.03 × 102 M-1 and 4.82 ± 0.05 × 102 M-1 gave the lowest NMRy 

at 11% and 2% respectively. In general, catalysts forming stronger hydrogen bonds with azide 

also exhibited superior catalytic performance, consistent with previous reported observations 

of hydrogen bond donor electronics on HB-PTC with fluoride.53 

Table 2.11 Comparison NMRy provided by selected urea catalysts against their Ka(1:1) constants with 
azide. 

 
entry cat Ka(1:1) (M-1) NMRy 

1 2.41a, R1 = R2 = 3,5-CF3 1.57 ± 0.06 × 103 90% 
2 2.41c, R1 = 3,5-CF3; R2 = H 9.4 ± 1.7 × 102 64% 
3 2.41d, R1 = R2 = 4-CF3 1.25 ± 0.12 × 103 40% 
4 2.41e, R1 = R2 = H 3.14 ± 0.03 × 102 11% 
5 2.41g, R1 = R2 = 4-F 4.82 ± 0.05 × 102 2% 

NMRy determined with Ph3CH internal standard. 1,2-DFB = 1,2-difluorobenzene. 

These studies with achiral hydrogen bond donors and meso-aziridinium precursors provide a 

strong foundation for the synthesis of valuable enantioenriched β-aminoazides directly from 

sodium azide under HB-PTC. With the established knowledge of azide association with these 

achiral hydrogen bond donors in both solid state and solution, as well as the poor reactivity of 

the uncatalysed reaction, it appears plausible for these reactions to involve a hydrogen bond 

mediated phase-transfer. 

2.4.3 Enantioselective synthesis of β-aminoazides 

An enantioselective synthesis of β-aminoazides from sodium azide under HB-PTC was 

achieved upon stirring (±)-2.46a with sodium azide and (S)-2.43b at 1200 rpm in a range of 

solvents (Table 2.12). Use of 1,2-DFB solvent provided β-aminoazide (S,S)-2.47a in 80% yield 

and 85:15 e.r. (Table 2.12, entry 3). This represented a significant improvement from the 
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synthesis of β-thioazides from meso-episulfonium precursors, and further optimisation was 

pursued. 

Table 2.12 Screening of reaction solvent. 

 
entry solvent yield e.r. 

1 CHCl3 86% 77:23 

2 CH2Cl2 91% 81:19 

3 1,2-DFB 80% 85:15 

4 PhMe 83% 81:19 

5 MeCN 83% 52:48 
1,2-DFB = 1,2-difluorobenzene. 

Alternative (S)-BINAM derived bis-urea catalysts were subsequently examined. (S)-BINAM 

derived tetradentate bis-urea (S)-2.43a resulted in a 74% yield of (S,S)-2.47a, but with 

significantly decreased enantioselectivity at only 58:42 e.r. (Table 2.13, entry 2), highlighting 

the crucial effects of N-alkylation. A smaller N-alkyl group with catalyst (S)-2.43c maintained a 

good 80% yield but resulted in a decreased 83:17 e.r. (Table 2.13, entry 3). 

Table 2.13 Catalyst optimisation. 

 
entry cat yield e.r. 

1 (S)-2.43a 74% 58:42 

2 (S)-2.43b 80% 85:15 

3 (S)-2.43c 80% 83:17 
1,2-DFB = 1,2-difluorobenzene.  
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Enantioselectivity could be increased by reducing the temperature, although this required a 

higher catalyst loading, azide loading, and a longer reaction time to achieve full conversion for 

analysis. Use of (S)-2.43b with NaN3 (2.4 equiv) at -20 °C for 72 h yielded the desired (S,S)-

2.47a product in 74% yield and 93.5:6.5 e.r. (Table 2.14, entry 2). A control experiment 

utilising tetrabutylammonium azide as a soluble azide source resulted in racemic product 

(Table 2.14, entry 3), highlighting the need for an insoluble nucleophile source for 

enantioselective HB-PTC. 

Table 2.14 Additional reaction optimisation. 

 
entry cat azide source temp time (h) yield e.r. 

1 (S)-2.43b (0.05 equiv) NaN3 (1.2 equiv) rt 24 80% 85:15 

2 (S)-2.43b (0.1 equiv) NaN3 (2.4 equiv) -20 °C 72 74% 93.5:6.5 

3a (S)-2.43b (0.05 equiv) Bu4N·N3 (1.2 equiv) rt 24 90% 50:50 
aYield determined by NMR with Ph3CH (0.5 equiv) internal standard, e.r. determined after prep TLC. 
1,2-DFB = 1,2-difluorobenzene. 

The optimised conditions were successfully applied to a range of meso-aziridinium precursors 

possessing a variety of unprotected nitrogen heterocycles (Scheme 2.13). No measures to 

avoid moisture or oxygen were found necessary to ensure reproducibility. Products containing 

important saturated heterocycles commonly found in pharmaceuticals75 including substituted 

piperidines (S,S)-2.47a-c, pyrrolidine (S,S)-2.47d, morpholine (S,S)-2.47e, piperazine (S,S)-

2.47f-g, and tetrahydroisoquinoline (S,S)-2.47h motifs were synthesised in good yields and 

enantioselectivities. Unsymmetrically substituted amine derivatives (S,S)-2.47h-i were also 

successfully produced in this reaction, despite the possibility for formation of two 

diastereomeric meso-aziridinium intermediates. The synthesis of azidated analogues of 
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bioactive N-methyl-D-aspartate receptor antagonists diphenidine73 (S,S)-2.47a, MT-4574 (S,S)-

2.47f, and lefetamine73 (S,S)-2.47j were achieved in good yields and enantioselectivities. 

 
Scheme 2.13 Substrate scope of amines. Yields are mean of two individual runs. aAbsolute 
configuration of major enantiomer not determined. Synthesis of (S,S)-3.16h and (S,S)-3.16j conducted 
with Dr. M. A. Horwitz. 

Additional substrates with variations of the stilbene scaffold were subsequently examined 

(Scheme 2.14). The reaction was found to be tolerant of meta- and para-halogen substituents 

((S,S)-2.47l,m,o), trifluoromethyl groups ((S,S)-2.47n,q), and larger alkyl groups ((S,S)-2.47p). 

Moving beyond the stilbene scaffold, the bis-pyridyl azide (S,S)-2.47r could be obtained in 

good yield and enantioselectivity. Although the challenging cycloalkyl amino-chloride 
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successfully furnished product (S,S)-2.47s in high yield, the enantiomeric ratio remained low, 

highlighting an area for further improvement. 

 
Scheme 2.14 Substrate scope of backbone. Yields are mean of two individual runs. Absolute 
configuration of (S,S)-2.47s not determined. 

To demonstrate the scalability of this methodology, selected substrates repeated on a larger 

scale. Conducting a reaction with 0.5 g of substate (±)-2.46o containing two aryl bromides 

afforded product in 69% yield and 98.5:1.5 e.r. after a single recrystallisation (Scheme 2.15A). 

The absolute configuration of (S,S)-2.47o was determined by X-ray crystallography and was 

used to assign the absolute configuration of (S,S)-2.47a-n and (S,S)-2.47p-r by analogy. 

Conducting a reaction with 1.5 g (±)-2.46a produced 1.23 g of (S,S)-2.47a in 80% yield and 

93.5:6.5 e.r. (Scheme 2.15B). No measures to avoid moisture or oxygen were found necessary 

at these larger scales, emphasizing the operationally simple nature of reactions performed 
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under HB-PTC. Reduction of azide (S,S)-2.47a to the corresponding amine by hydrogenation 

and subsequent bis-alkylation with 1,5-dibromopentane allowed for the synthesis of 

enantioenriched Kv1.5 blocker (S,S)-2.4871,72 from (±)-2.46a in 93.5:6.5 e.r. 

 
Scheme 2.15 (A) Scale-up and determination of absolute configuration. 93:7 e.r. prior to 
recrystallisation. (B) Scale-up and derivatization to Kv1.5 blocker (S,S)-2.48. aFrom 1.29 g (S,S)-2.47a. 
Displacement ellipsoid plots drawn at 50% probability level. X-ray crystallography data collection and 
analysis by Dr. K. E. Christensen. 1,2-DFB = 1,2-difluorobenzene. 

This development of this reaction represents the first application of HB-PTC to a non-fluoride 

nucleophile to produce products in high yields and enantiomeric ratios up to the gram scale. 

Although more investigations are necessary to further understand the reaction mechanism, it 

is likely a key step involves the solubilisation of sodium azide mediated by the urea catalyst. 

2.5 Mechanistic studies 

2.5.1 Achiral HB-PTC with Schreiner’s urea 

Initial mechanistic studies into the synthesis of β-aminoazides with sodium azide under HB-

PTC focused on the achiral transformation with model substrate (±)-2.46a and Schreiner’s 

urea 2.41a as catalyst. Minor modifications to the optimised conditions including performing 
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the reaction at room temperature and addition of triphenylmethane as internal standard 

enabled practical study of this reaction (Scheme 2.16). 

 
Scheme 2.16 Standard conditions of the achiral reaction studied. 1,2-DFB = 1,2-difluorobenzene. 

Monitoring the rate of reaction of heterogenous systems presents practical challenges due to 

the strong influence of mass transfer processes on reaction rate, such as stirring speed or 

removal of aliquots for sampling.76 In situ IR was utilised to enable consistent data collection 

whilst maintaining a consistent stirring and minimising errors introduced from physical 

disturbances of the reaction mixture. Reference spectra of (±)-2.46a and (±)-2.47a revealed 

an easily discernible absorbance at 2100 cm-1 corresponding to product (±)-2.47a, but no 

distinguishing signals for substrate (±)-2.46a (Figure 2.30). As a result, only data related to 

formation of product could be directly obtained. Although it was not possible to monitor the 

change in substrate concentration during the reaction, analysis of incomplete reaction 

mixtures and crude material at the end of the reaction by quantitative 1H NMR typically 

indicated a mass balance of >99% consisting of only (±)-2.46 and (±)-2.47. Hence side reactions 

of substrate were considered negligible, and the concentration of substrate was calculated by 

the difference from the product concentration. 
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Figure 2.30 Overlay of the IR spectrum of (±)-2.46a and (±)-2.47a in 1,2-difluorobenzene taken with a 
silicon tipped probe. 

In situ IR spectroscopy utilised a Mettler Toledo ReactIR 15 instrument, equipped with a silicon 

composite sensor. Extremely careful setup was required to maintain consistency and mitigate 

the disturbance caused by introducing the probe (Figure 2.31). The dimensions and shape of 

the reaction vessel was consistent with the vessels used during the scope, albeit with 

modifications to remove the side-arm and reduce the head height. The procedure to monitor 

this reaction commenced by pre-stirring a suspension of sodium azide and catalyst in half the 

required solvent with the IR probe for 15 min. At this point, the reaction was initiated by 

injection of a stock solution containing substrate and internal standard. The IR probe was then 

carefully raised as high as possible whilst ensuring its position remained as central as possible 

to minimise both its impact on stirring and any trapping of solution along the walls of the 

reaction vessel during the reaction. This protocol was complex and more practically 

demanding than procedure for the reaction scope but was necessary to achieve reproducible 

results and full conversion. The suspension appeared consistent and was considered a 

homogenous mixture of both sodium azide and sodium chloride with proportions that vary 

over time. 
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Figure 2.31 (A) Dimensions of reaction vessel used. (B) Dimension of silicon composite probe used. (C) 
Reaction setup and inset with stirred reaction mixture at 1200 rpm under standard conditions. 

This setup was initially utilised to monitor the model reaction with catalyst 2.41a, as well as 

the background reaction of sodium azide and (±)-2.46a in the absence of catalyst (Figure 2.32). 

The model reaction with (±)-2.46a achieved full conversion after 2 h and produced consistent 

data with minor variations across three independent trials. In contrast, the background 

reaction formed (±)-2.47a at a much slower rate and exhibited large variations when repeated. 

Although 2.41a was not fully soluble in 1,2-difluorobenzene under these conditions, an 

analysis comparing the initial rate of these two transformations was undertaken to gain a 

preliminary understanding of this system. A 9th grade polynomial was fit to the mean of each 

data set, then differentiated to obtain the rate. Comparing the rate of the reaction 20% 

conversion suggested the catalysed reaction with 2.41a was approximately 70-times faster 

than the uncatalysed reaction. This stark difference could be accounted for by the poor 

solubility of sodium azide in the 1,2-difluorobenzene solvent and these results are consistent 

with this transformation occurring under HB-PTC. 
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Figure 2.32 (A) Individual runs and fitted 9th grade polynomial from reaction monitoring by in situ IR. 
(B) Change in reaction rate plot against conversion, and the relative reaction rates at 20% conversion. 
1,2-DFB = 1,2-difluorobenzene. Analysis of reaction rates conducted with Dr. F. Ibba. 

These reactions involve a chloride leaving group and it is reasonable to propose the presence 

of Schreiner’s urea 2.41a coordinated to chloride in these systems. Titration of 2.41a with 

chloride revealed an association in solution following a 2:1 model with higher association 

constants than the corresponding values for azide (Table 2.15). These values suggest the 

complex of 2.41a and chloride is likely to be relevant when developing a catalytic cycle, either 

as an intermediate or inhibitor. 

Table 2.15 Comparison of the association constants of azide and chloride with Schreiner’s urea 2.41a. 

 
entry X- Ka(1:1) (M-1) Ka(2:1) (M-1) 

1 N3
- 1.57 ± 0.06 × 103 7 ± 3 × 101 

2 Cl- 4.7 ± 1.6 × 104 1.7 ± 0.9 × 102 
Titrations conducted at 2 mM, CH3CN/CD3CN 8:2, 500 MHz, 298 K. Values are the mean of 3 
independent replicas calculated with BindFit v0.5,64 error is the standard deviation. 

The studies with Schreiner’s urea 2.41a established a practical and reproducible setup for data 

collection of HB-PTC reactions. The data collected is consistent with 2.41a acting to improve 

a reaction apparently limited by insolubility of sodium azide. Due to the limitations 
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predominantly involving catalyst solubility, further studies with 2.41a was not pursued. In 

combination with the solid state and solution studies, it is plausible these achiral reactions are 

under HB-PTC and involve a hydrogen bond mediated phase-transfer process. 

2.5.2 Uncatalysed azidation with sodium azide 

The background reaction exhibited large inconsistencies across multiple trials compared to 

the catalysed reaction and additional investigations to rationalise these differences were 

undertaken (Figure 2.33A). An apparent slight increase in the initial reaction rate was 

observed upon close examination of the concentration profiles and suggested the background 

reaction was not a simple first order transformation. In addition, deviations in concentration 

profiles between individual trials may reflect a high sensitivity towards initial conditions. 

Consideration of a dissolution process could explain the wide variations between trials and 

the apparent increased initial reaction rate (Figure 2.33B). The pre-stirring may result in an 

initial increased quantity of azide in solution and an increased initial reaction rate. As the 

reaction continues, if the reaction of azide in solution is faster than its dissolution, the reaction 

rate would decrease until reaching a dynamic equilibrium. The dissolution process can be 

highly dependent on small variations to moisture, temperature, or azide granularity, leading 

to the wide variety of concentration profiles observed. 

This hypothesis was probed by conducting the background reaction with 1,2-difluorobenzene 

(1,2-DFB) pre-saturated with water. Karl Fischer calorimetry (KFC) determined typical batches 

of ambient 1,2-DFB contained ca. 100 ppm of water, rising to ca. 1000 ppm when saturated 

with water. Conducting the background reaction with 1,2-DFB saturated with water resulted 

in consistently slower concentration profiles. These reactions were also visibly different, with 

the azide suspension appearing much less fine and coming together in small clumps on the 

sides of the reaction vessel. The increased cohesion between azide particulates may result in 

a reduced availability in solution and the reduced reaction rate observed (Figure 2.33C-D). 
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Figure 2.33 (A) Uncatalysed background reaction studied. (B) Proposed kinetic model. (C) 
Concentration profiles of the background reaction with different quantities of water in the 1,2-DFB 
used and the modelled rate based on the kinetic model. (D) Differences in the appearance of the 
transformation when conducted with 1,2-DFB saturated with water. 1,2-DFB = 1,2-difluorobenzene. 
Analysis and modelling of kinetic data were performed by Y. Gao and Prof. G. C. Lloyd-Jones. 

The proposed kinetic model led to a good fit to each run by adjusting the rate of dissolution 

and the initial soluble azide quantities whilst keeping the rate of reaction of sodium azide and 

(±)-2.46a (k2) constant at 6.45 × 10-4 M-1 s-1 (Table 2.16, entry 1-7). Since the experiments 

conducted with 1,2-DFB saturated with water were likely to cause reduced availability of 

sodium azide, a model that kept k1 and k2 constant at 8.03 × 10-6 s-1 and 6.45 × 10-4 M-1 s-1 

respectively whilst adjusting the initial concentration of sodium azide was explored, and 

produced good fits between experimental and calculated data (Table 2.16, entry 8-10). The 

necessity of these adjustments is consistent with the variations experienced during the 

practical setup for conducting the background reaction and suggest this model for the 

background reaction is applicable and valid. 
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Table 2.16 Rate constants and initial azide quantities in solution used to fit the model to experimental 
data. 

entry 
H2O content 

(ppm) 
k1 

(s-1) 
k2 

(M-1 s-1) 
initial [NaN3(solution)] 

(M) 
[NaN3(s)] 

(M) 
1 

ca. 100 

8.03 × 10-6 

6.45 × 10-4 

0.0488 

0.3 
2 8.03 × 10-6 0.0429 
3 17.32 × 10-6 0.0368 
4 35.97 × 10-6 0.0593 
5 

ca. 1000 
2.11 × 10-6 

6.45 × 10-4 
0.0167 

0.3 6 4.45 × 10-6 0.0406 
7 1.30 × 10-6 0.0133 
8 

ca. 1000 8.03 × 10-6 6.45 × 10-4 
0.0154 0.0945 

9 0.0384 0.1893 
10 0.0125 0.0591 

Analysis and modelling of kinetic data were performed by Y. Gao and Prof. G. C. Lloyd-Jones. 

2.5.3 Understanding enantioselective HB-PTC with sodium azide 

Further mechanistic studies into the synthesis of β-aminoazides with sodium azide under HB-

PTC focused on the enantioselective transformation with model substrate (±)-2.46a and chiral 

catalyst (S)-2.43b. The improved solubility of (S)-2.43b and the generation of 

enantioselectivity enabled collection of data for both the reaction rate and enantioselectivity 

under multiple conditions to provide insights into this enantioselective transformation. 

A titration of (S)-2.43b with chloride suggested coordination with the same 2:1 model as azide 

and higher association constants was likely, similar to observations with 2.41a (Scheme 

2.17A). The crystal structure used to confirm absolute configuration also established relative 

configuration and provided additional evidence for this transformation to proceed by a meso-

aziridinium intermediate (Scheme 2.17B). A non-linear effects study found a linear 

relationship between the enantiomeric excess of the catalyst and the enantiomeric excess of 

the product (Scheme 2.17C). This suggests that one molecule of catalyst (S)-2.43b is involved 

with one molecule of substrate (±)-2.46a in the enantiodetermining step, which is consistent 

with existing HB-PTC transformations.53,54 
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Scheme 2.17 (A) Chloride titration with (S)-2.43b. Titrations conducted at 2 mM, CDCl3, 500 MHz, 298 
K. Values are the mean of 3 independent replicas calculated with BindFit v0.5,64 error is the standard 
deviation. (B) Crystal of (S,S)-2.47o used to determine absolute configuration. Displacement ellipsoid 
plots drawn at 50% probability level. X-ray crystallography data collection and analysis was performed 
by Dr. K. E. Christensen. (C) Non-linear effect Average of two runs, major enantiomer of 2.43b in 
scalemic mixtures is (S). Non-linear effect investigation was conducted with Dr. M. A. Horwitz. 1,2-DFB 
= 1,2-difluorobenzene. 

Further insights into this mechanism were provided by monitoring the model transformation 

with (S)-2.43b by in situ IR. The setup from the achiral ReactIR experiments were utilised for 

these studies. However, additional investigations into the physical set up including stirring 

speed reaction vessel shape, and influence of water were undertaken to understand the 

influence of the mass transfer process on reaction rate and enantioselectivity, and to ensure 

the measured reaction rates were predominantly due to the intrinsic rate of the reaction. 

A systematic study of stirring speeds provided further confidence in the set up used for data 

collection but highlighted the low tolerances and high sensitivity to small changes of this 

system. Conducting the model reaction with 0.1 equiv catalyst and stirring speeds from 1200 

down to 400 rpm revealed an improved consistency and higher reaction rate at higher stirring 

speeds (Figure 2.34A). Similar line shapes and only a small reduction in rate was observed 
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between 1200 and 1000 rpm with 0.1 equiv catalyst (Figure 2.34A) or 0.0125 equiv catalyst 

(Figure 2.34B). Since all experiments with identical quantities of catalyst produced product in 

consistent enantiomeric ratios independent of stirring, 1200 rpm was considered sufficient for 

ensuring the data collected was predominantly due to the intrinsic rate of the reaction.  

Examination of the reaction vessel highlighted the need for a consistent setup (Figure 2.34C). 

A set of custom reaction vessels fabricated with thinner walled glass resulted a small deviation 

in the stir bar angle in the vessel. When the reaction was monitored with this setup, the rate 

was consistently slower and less reproducible. This is suspected to deviate from the change in 

stir bar angle affecting the mass transfer process and rate of reaction. 

Finally, a reaction conducted with water saturated 1,2-DFB with ca. 1000 ppm H2O displayed 

negligible differences in rate and enantiomeric excess compared to the reactions conducted 

with the standard batch of 1,2-DFB with ca. 100 ppm H2O (Figure 2.34D). 
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Figure 2.34 (A) Conversion at 1200, 1000, 800, and 400 rpm with 0.1 equiv (S)-2.43b. (B) Conversion at 
1200 and 1000 rpm with 0.0125 equiv (S)-2.43b. (C) Conversion with alternate reaction vessel and 
0.1 equiv (S)-2.43b and inset demonstrating the reaction vessels and angle of the 8×3 mm stir bar used. 
(D) Conversion at 1200 rpm with 1,2-DFB saturated with different quantities of water. 1,2-DFB = 1,2-
difluorobenzene. 

With full confidence in a robust and reproducible setup, the rate of formation of product (S,S)-

2.7a was analysed as a function of the initial concentration of starting material (±)-2.46a, 

catalyst (S)-2.3b, and the quasi-homogenous mixture of sodium azide and sodium chloride. 

Eight different initial starting conditions were run in triplicate and the enantiomeric ratio of 

product was measured for each set of conditions. These experiments, along with the previous 

investigations into the background reaction, the titration data of (S)-2.43b with chloride, the 
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knowledge gained from the X-ray structure of (S,S)-2.47o, and the lack of any non-linear effect, 

enabled the development and rationalisation of an empirical model for the reaction kinetics. 

Key assumptions for the proposed mechanism included that only a small proportion of 

substrate is ionised, the catalyst-anion intermediates are at very low concentration, and the 

mixture of sodium azide sodium chloride is evenly distributed. Two kinetically 

indistinguishable models were found to give good fits with the experimental data. 

In both models, the formation of product was proposed to involve initial substrate 

autoionization (Ki) and dissociation into separated meso-aziridinium and chloride anions by 

intra-particle diffusion (KIPD) (Scheme 2.18). 

 
Scheme 2.18 Ionisation and separation of substrate (±)-2.46a to form meso-aziridinium [(±)-2.46a-Cl]. 
IPD = intraparticle diffusion. Kinetic data analysis and modelling was performed by Y. Gao and Prof. G. 
C. Lloyd-Jones. 

In addition, both proposed mechanisms involved generation of the catalyst (S)-2.43b 

coordinating to either azide or chloride anion at, near, or in the phase boundary (Scheme 

2.19). The solid was considered a mixture of sodium azide and sodium chloride, with 

proportions that vary systematically as the reactions evolve. The azide bound mole fraction is 

defined by χN3. 
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Scheme 2.19 Generation of (S)-2.43b·N3·Na from (S)-2.43b and the solid sodium azide and sodium 
chloride mixture. Kinetic data analysis and modelling was performed by Y. Gao and Prof. G. C. Lloyd-
Jones. 

The (S)-2.43b·N3·Na complex forms an ion pair with the meso-aziridinium either by direct 

exchange with the sodium (Scheme 2.20A), or by extrusion of sodium chloride and 

recombination with the meso-aziridinium intermediate (Scheme 2.20B). These two pathways 

are kinetically equivalent with identical rate equations, and both result in formation of the (S)-

2.43b·N3·[(±)-2.46a-Cl] catalyst-azide-aziridinium ion pair. The (S)-2.43b·N3 and meso-

aziridinium ion pair finally react to form enantioenriched (S,S)-2.47a and regenerate (S)-2.43b. 
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Scheme 2.20 (A) Formation of the (S)-2.43b·N3·[(±)-2.46a-Cl] ion pair by initial cation exchange. (E) 
Formation of the (S)-2.43b·N3·[(±)-2.46a-Cl] ion pair by initial formation of (S)-2.43b·N3 then 
recombination. Kinetic data analysis and modelling was performed by Y. Gao and Prof. G. C. Lloyd-
Jones. 

The rate law associated with these models have kinetic orders of 0.5 in substrate (±)-2.46a 

and 1 in catalyst (S)-2.43b. As the reaction develops, the increasing presence of chloride 

results in increased catalyst inhibition. The correct enantioselectivity can be calculated when 

the racemic background racemic reaction (eqn 2.8) is incorporated (Table 2.17). However, the 

background reaction appeared to behave differently to the background reaction in absence of 

catalyst; this change may be due to a reduction of soluble azide concentration by (S)-2.43b. 
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Table 2.17 Equations for rate of the background reaction with catalyst, rate of formation of (S,S)-2.47a, 
rate of formation of (R,R)-2.47a, overall rate, and comparison of calculated and experimentally 
determined ee. 

𝑟𝑎𝑡𝑒𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑤𝑖𝑡ℎ 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 ≈ 𝑐[(±)– 𝟐. 𝟒𝟔𝐚]0.5 (2.8) 

𝑑[(𝑆, 𝑆)– 𝟐. 𝟒𝟕𝐚]

𝑑𝑡
 = [(±)– 𝟐. 𝟒𝟔𝐚]0.5 [

0.8882𝑎[(𝑆)– 𝟐. 𝟒𝟑𝐛]1

1 +   
𝑏{NaCl}
{NaN3}

 +  0.5𝑐] (2.9) 

𝑑[(𝑅, 𝑅)– 𝟐. 𝟒𝟕𝐚]

𝑑𝑡
 = [(±)– 𝟐. 𝟒𝟔𝐚]0.5 [

0.1118𝑎[(𝑆)– 𝟐. 𝟒𝟑𝐛]1

1 +   
𝑏{NaCl}
{NaN3}

 +  0.5𝑐] (2.10) 

𝑟𝑎𝑡𝑒𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = [(±)– 𝟐. 𝟒𝟔𝐚]0.5 [
a[(𝑆)– 𝟐. 𝟒𝟑𝐛]0

1

1 +  
b([(±)– 𝟐. 𝟒𝟔𝐚]0 − [(±)– 𝟐. 𝟒𝟔𝐚]t)
ex[(±)– 𝟐. 𝟒𝟔𝐚]0 + [(±)– 𝟐. 𝟒𝟔𝐚]t

+ c] (2.11) 

𝑎 = 0.081 ±  0.018 
b =  2.1 ±  0.9 
c = 1.8 ±  0.5 

mean parameter values 

  
entry a b c ×105 ex ee (calculated) ee (measured) 

1 0.068 2.1 1.5 0.2 76.5 78 
2 0.081 2.3 1.3 0.2 75.9 76 
3 0.063 1.7 2.1 0.22 74.0 75 
4 0.093 2.5 1.6 0.22 70.8 72 
5 0.075 1.2 1.5 0.22 68.2 69.5 
6 0.077 1.4 1.6 0.2 59.1 60 
7 0.083 2.9 2.3 1.48 76.1 76 
8 0.098 2.8 2.1 0.66 76.1 76 

Kinetic data analysis and modelling was performed by Y. Gao and Prof. G. C. Lloyd-Jones. 

2.6 Conclusions and outlook 

The study of achiral hydrogen bonded azide complexes supported the formation of dual 

hydrogen bonded azide in both solution and solid state. The more acidic urea hydrogen bond 

donors provided evidence of stronger binding to azide. These studies established the ability 

for azide to be coordinated by a range of the same hydrogen bond donors in solution and in 

the solid state, and provided insight into the diverse coordination modes of azide. 

Investigations into chiral N-alkyl (S)-BINAM derived urea (S)-2.43b bound to azide revealed 

the formation of 1:1 and 2:1 complexes. A combination of 1H-1H NOE interactions, 1H-15N NOE 

interactions, 1H-15N HMBC correlations, and X-ray crystallography was used to elucidate the 
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structure of the 1:1 complex in both solid state and solution and supported the use of N-alkyl 

(S)-BINAM derived catalysts for enantioselective azidation. 

An enantioselective azidation reaction under HB-PTC using sodium azide for the synthesis of 

enantioenriched β-aminoazides was developed and explored. A substrate scope 

demonstrated nineteen examples up to 94% yield and up to 96:4 e.r. Mechanistic insights 

notably from kinetic studies provided a catalytic cycle highlighting the ability of the chloride 

leaving group to also act as an inhibitor. This reaction successfully demonstrated a novel 

nucleophile was capable of enantioselective synthesis under HB-PTC to produce valuable β-

aminoazides and indicate this platform may provide a general method for the synthesis of 

novel enantioenriched organic products from other alkali metal salts consisting of a 

nucleophilic anion, such as potassium cyanide. 
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3 Hydrogen Bonding Phase-Transfer Catalysis with Potassium Cyanide 

3.1 Introduction 

3.1.1 Organonitriles 

The nitrile group is a valuable motif in drug discovery, with numerous medicinally active 

compounds containing an α-chiral (saxagliptin 3.1, remdesivir 3.2) or β-chiral nitrile group 

(ruxolitinib 3.3, dienogeset 3.4) (Figure 3.1). Nitriles can act as weak hydrogen bond acceptors 

or as hydroxyl or carboxyl bioisosteres. In addition, the short geometry and polarisation of the 

nitrile group allows them to make polar interactions and protrude into small pockets in the 

binding sites of proteins.1 

 
Figure 3.1 Selected bioactive molecules containing an α-chiral or β-chiral nitrile motif. 

Nitriles can serve as a versatile intermediate for the synthesis of a wide variety of functional 

groups. Many examples of these transformations are used in the preparation of intermediates 

of medicinally relevant compounds and feature a β-chiral nitrile (Scheme 3.1). Nitrile 

reduction can afford amines in high yields, exemplified by the synthesis of atorvastatin 

intermediate (R,R)-3.6, a statin generating sales of over $100 billion during its lifetime.2–4 The 

reduction of nitriles with DIBAL-H affords aldehydes, a transformation applied in the 

preparation for intermediate (S)-3.8 in the synthesis of eribulin, a treatment for breast cancer 

produced with one of the most synthetically complex drugs marketed.5–7 The nitrile group is 

also readily transformed into carboxylic acids, a step demonstrated in a synthesis of 

intermediate (S)-3.10, used in a preparation of sitagliptin.8,9 The cycloaddition of a nitrile 

group with azide to form tetrazoles is also widely used to produced carboxylic acid bioisosteres 
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and was demonstrated on a β-chiral nitrile substrate (R)-3.11 to produce tetrazole (R)-3.12 in 

the preparation of a HCV NS5B inhibitor.10 

 
Scheme 3.1 Selected transformations of β-chiral nitriles to intermediates in the synthesis of 
medicinally relevant molecules. 

A range of reagents capable of introducing a nitrile group are available, with the sodium and 

potassium cyanide salts of particular interest as they are stable and economical solids 

available on scale (Figure 3.2). Alternatives such as trimethylsilylcyanide, hydrogen cyanide, 

and acetone cyanohydrin are unfavoured in comparison since they are less economical volatile 

liquids. Potassium cyanide is often preferred over sodium cyanide due to its improved stability 

and its easily handled granular supplied form. Potassium cyanide also provides ready access 

to combinations of its carbon-13 and nitrogen-15 isotopologues for applications in stable 

isotope labelling. In addition, potassium [14C]cyanide is a preferred reagent for carbon-14 

radiolabelling and readily available for this purpose, whereas trimethylsilyl[14C]cyanide 

requires an additional synthetic step.11,12 
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Figure 3.2 (A) Selected sources of cyanide used in synthesis. (B) Selected sources of stable cyanide 
isotopologues. (C) Selected sources of [14C]cyanide. 

3.1.2 Enzyme-cyanide structure and reactivity 

Cyanide can interact with enzymes and act as an inhibitor through direct coordination with 

metal cofactors in the active site. Cytochrome c oxidase (CcO) catalyses the oxidation of an 

iron(II) bound cytochrome c to an iron(III) bound cytochrome c (Scheme 3.2A). A crystal 

structure of cyanide-bound to fully reduced cytochrome c oxidase at 2.05 Å resolution was 

obtained. The cyanide anion forms a bridge between the iron and copper within the active 

site and sits nearly equidistant between the two metals (Scheme 3.2B).13 

 
Scheme 3.2 (A) Oxidation of cytochrome c catalysed by CcO. (B) Cyanide coordination to iron and 
copper in the CcO active site (PDB 3AG4).13 CcO = cytochrome c oxidase. 

Cyanide can also act as an inhibitor by forming hydrogen bonding interactions with residues 

in the active site of enzymes. Urate oxidase (UO) catalyses the oxidation of uric acid to 5-

hydroxyisourate and is inhibited by cyanide with a loss of activity of 90% (Scheme 3.3A).14 The 
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cyanide anion forms hydrogen bonds with Asn-254 and Thr-57’ and competes reversibly for 

the place of a water molecule (Scheme 3.3B).15 

 
Scheme 3.3 (A) Oxidation of uric acid 3.13 by UO. (B) Cyanide hydrogen bonded to key residues in the 
active site of UO (PDB 3BJP).15 UO = urate oxidase. 

In addition, enzymes can control the reactivity of cyanide and a range of enantioenriched 

nitriles can be prepared with enzyme catalysis (Scheme 3.4). The synthesis of enantioenriched 

cyanohydrins from cyanide with a hydroxynitrile lyase (HNL) was first reported in 1908 using 

almond emulsin, although this platform gained more attention in the 1960s with the isolation 

and characterisation of a HNL from bitter almonds.16,17 A broad scope of enantioenriched 

cyanohydrins synthesised by a HNL was demonstrated by Becker et al. and has since 

developed into a reliable tool for organic synthesis.17–19 Halohydrin dehalogenases are also 

able to utilise the cyanide anion in synthetic transformations, catalysing the kinetic resolution 

of (±)-3.15 and producing (S)-3.16 in a 40% yield and 95.5:0.5 e.r.20–22 

 
Scheme 3.4 Selected examples of enantioselective enzyme catalysed cyanation reactions.  
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3.1.3 Structure of hydrogen bonded cyanide complexes 

Despite examples of several anion receptors suitable for cyanide coordination, few 

publications have investigated the structure of hydrogen bonded cyanide complexes, 

speculated to be due to its basicity (Figure 3.3).23,24 Computational investigations concluded 

either the carbon or the nitrogen atom in the cyanide anion can function as a hydrogen bond 

acceptor, although the nitrogen terminus is the stronger acceptor.23 

Both crystal structures with a hydrogen bond donor coordinating to the nitrogen atom and 

the carbon atom of cyanide are available. Crystal structures of beryllium-ammonia cluster 3.17 

coordinated to cyanide and imidazolium 3.18 coordinated to cyanide display exclusive 

hydrogen bonding with the nitrogen atom of the cyanide.25,26 In contrast, the structure of a 

ternary urea-water-cyanide inclusion complex consists of a disordered cyanide that appears 

to hydrogen bond exclusively with water in the ternary lattice via its carbon atom.27 

Imidazolium salt 3.20 is structurally similar to 3.18, albeit less hindered around the hydrogen 

bond donors. The crystal structure of 3.20 coordinated to cyanide appears possess 

interactions between both the carbon and nitrogen of the cyanide. 
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Figure 3.3 (A) Structure of selected hydrogen bond donors able to coordinate cyanide. (B) Selected 
crystal structures of hydrogen bonded cyanide complexes. Tetraethylammonium cation omitted for 
clarity, displacement ellipsoids (if available) drawn at 50% probability level (CCDC 1982302, 615264, 
1168018, 615265). Cyanide anion in 3.19·(H2O)2·CN·Et4N is disordered. 

3.1.4 Enantioselective cyanation 

Although metal catalysed processes for enantioselective cyanations are well known,28,29 

organocatalytic platforms often come with environmental and economic advantages.30 

Organocatalytic methods to generate chiral nitriles utilising potassium cyanide are available 

and typically generate α-chiral nitriles through a 1,2- or 1,4-addition of cyanide to a suitable 

prochiral electrophile. 

The Strecker reaction enables facile access to α-aminonitriles, with a subsequent hydrolysis 

generating α-amino acids. Enantioselective variants are attractive since they provide rapid 

access to a broad range of enantioenriched α-amino acids (Scheme 3.5).31 The Jacobsen group 

published a scalable enantioselective organocatalytic hydrocyanation using potassium 

cyanide to generate hydrogen cyanide in situ.32 Advances in phase-transfer catalysis have 

since allowed the same reaction to proceed without generating hydrogen cyanide. 

Ammonium salt (R)-3.22 can mediate the phase transfer of potassium cyanide from the 
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aqueous phase to the organic phase, with the chiral cation directing the enantioselectivity of 

the 1,2-addition, generating enantioenriched α-aminonitriles in good yield and enantiomeric 

ratios.33 A chiral neutral crown ether (R,R)-3.23 can also mediate the phase-transfer of 

potassium cyanide to the organic phase by chelating the potassium cation and direct an 

enantioselective addition of cyanide onto an in situ generated imine.34 

 
Scheme 3.5 Selected organocatalytic Strecker reactions using potassium cyanide. 

A related transformation involves the desymmetrisation of alkylideneindolenines generated 

in situ from sulfonylalkylindoles to form 2-aryl-3-alkylindole products (Scheme 3.6).35 A 

triazolium catalyst (S)-3.26 was proposed to act as a phase transfer catalyst and enable the 

reaction to be conducted under neutral conditions. Initial optimisation revealed potassium 

cyanide could be applied and synthesise (R)-3.25 in a 53% yield and 90.5:9.5 e.r. 
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Scheme 3.6 Synthesis of enantioenriched 2-aryl-3-alkylindole products from potassium cyanide. 

Enantioselective conjugate addition of potassium cyanide enables the synthesis of valuable 

enantioenriched γ-ketonitriles (Scheme 3.7). The Maruoka group reported the 

enantioselective organocatalytic conjugate addition of potassium cyanide with 

alkylidenemalonate substrates.36 These reactions utilised a chiral ammonium phase-transfer 

catalyst (R)-3.27 and although an additional Brønsted acid was required, it was proposed to 

protonate the substrate instead of generating hydrogen cyanide. A similar reaction disclosed 

in a patent from Syngenta LTD demonstrated the conjugate addition of potassium cyanide to 

an enone in a low 28% yield but high 98:2 e.r.37 Recently, the Ooi group reported a sequential 

enantioselective conjugate addition of potassium cyanide to an electron deficient alkene and 

subsequent diastereoselective alkylation to generate enantioenriched nitriles with contiguous 

α-chiral and β-chiral centres.38 This reaction utilised chiral triazolium salt (S)-3.31 or (S)-3.32 

depending on the reagents and substrates involved. 
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Scheme 3.7 Enantioselective organocatalytic conjugate addition with potassium cyanide. 

Urea-based catalysts are known to facilitate enantioselective cyanation reactions, however 

mechanistic studies focused on their thiourea counterparts due to their improved catalytic 

performance.32,39,40 Organocatalyst (S,S,R)-3.33 was identified as an effective catalyst for 

enantioselective Strecker reactions with yields up to 99% and enantiomeric ratios up to 

98.5:1.5 using hydrogen cyanide.41,42 A similar transformation was achieved with urea catalyst 

(S)-3.34 generating hydrogen cyanide in situ, although only 3 examples were presented 

(Scheme 3.8).39 



114 

 
Scheme 3.8 Selected examples of urea catalysed cyanation reactions. 

3.1.5 Aims 

Initial studies focused on understanding the structure and association of urea-cyanide 

complexes by crystallography and NMR, providing new insights into their stoichiometry, 

association strength, and connectivity (Scheme 3.9A). Subsequent studies investigated the 

application of potassium cyanide to HB-PTC for the synthesis of novel enantioenriched β-chiral 

γ-aminonitriles from preformed azetidinium salts (Scheme 3.9B). Together, these studies 

provided new insights into the reactivity of the hydrogen bonded cyanide anion and 

established the applicability of HB-PTC to potassium cyanide for enantioselective synthesis. 

 
Scheme 3.9 (A) Proposed urea-cyanide interaction for study. (B) Proposed urea catalysed synthesis of 
β-chiral γ-aminonitriles from potassium cyanide under HB-PTC. 

3.2 Structure and coordination in urea-cyanide complexes 

3.2.1 Solid state studies 

Structural insights into the urea-cyanide interaction began with the synthesis and 

crystallographic study of a urea-cyanide complex. The only previous report of a urea-cyanide 

complex included a co-crystallised molecule of water disrupting the urea-cyanide interaction, 

and a disordered cyanide anion.27 The preparation of a urea-cyanide complex whilst reducing 
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the potential for co-crystallised water was achieved by adapting a literature procedure from 

the preparation of urea-fluoride complexes with azeotropic water removal.43 Schreiner’s urea 

3.35 was selected for study since it displayed excellent catalytic activity for fluorination44,45 

and azidation under HB-PTC. A complex of 3.35 and cyanide was prepared by heating a 

suspension of equimolar 3.35 and tetrabutylammonium cyanide in hexanes at reflux for 30 

min, followed by collection of the solids by filtration (Scheme 3.10A). Visual analysis of the 

physical product suggested the formation of a single amorphous solid, and its melting point 

range (101-102 °C) was 140 °C lower than the reported melting point of 3.35 (240-242 °C). 

A single crystal suitable for X-ray crystallography was successfully obtained by layering 

cyclohexane onto a saturated solution of 3.35·CN·Bu4N in Et2O (Scheme 3.10B). The crystal 

structure contained cyanide coordinated to 3.35 in a 1:1 stoichiometry, with both urea 

hydrogen bond donors coordinating exclusively with the single nitrogen terminus of the 

cyanide anion. The urea-cyanide hydrogen bond donor lengths were 2.993 Å and 2.964 Å 

when measured from the urea nitrogen to the cyanide nitrogen, close to the analogous bond 

lengths observed in the two crystallographically distinct motifs in the complex of 3.35 and 

tetrabutylammonium azide which ranged from 2.962(4) Å to 3.069(4) Å. These lengths are 

longer than those observed in the published urea-fluoride complexes,43 which ranged from 

2.648(4) Å to 2.807(8) Å when measured by neutron diffraction. 
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Scheme 3.10 (A) Synthesis of an amorphous solid of 3.35 complexed to cyanide. (B) Crystal structure 
of 3.35 complexed to cyanide. Bond distances measured from the urea nitrogen to the cyanide 
nitrogen Tetrabutylammonium cation omitted for clarity, displacement ellipsoid plots drawn at 50% 
probability level. X-ray crystallography data collection and analysis by Dr. K. E. Christensen. 

The data obtained from the preparation and crystallisation of 3.35·CN·Bu4N provided the first 

evidence for direct urea-cyanide coordination in the solid state by hydrogen bonding. X-ray 

crystallography established connectivity and identified the nitrogen atom of the cyanide anion 

to be the exclusive hydrogen bond acceptor. 

3.2.2 Solution studies 

1H NMR titrations were conducted to probe the association and stoichiometry of 3.35 with 

cyanide in solution, with both 1:1 and full 2:1 equilibrium models considered (Scheme 

3.11).46,47 As with the studies of fluoride and azide with achiral 1,3-diarylureas, acetonitrile 

was selected for solvent as it readily solubilised 3.35, is itself a poor hydrogen bond acceptor 

and donor,48 and is widely available as its deuterated isotopologue. Cyanide was added as its 

tetrabutylammonium salt due to the cation’s non-coordinating nature and desirable solubility 

profile.49 
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Scheme 3.11 Equilibria for 1:1 and full 2:1 binding models. 

Study of the association of 3.35 and cyanide in solution by 1H NMR titration in acetonitrile 

provided valuable insights (Figure 3.4). Upon addition of cyanide, the NH protons of 3.35 no 

longer remained visible on the 1H NMR spectra, a phenomenon indicative of an exchange 

process. These observations are consistent with the association of cyanide and 3.35 involving 

the urea NH protons. 

 

 
Figure 3.4 Representative 1H NMR spectra from the titration of 3.35 with tetrabutylammonium cyanide 
with aromatic proton shifts monitored highlighted in black and blue (2 mM 3.35, CH3CN/CD3CN 8:2, 
500 MHz, 298 K). 

The aromatic proton shifts were tracked across multiple additions, enabling determination of 

an appropriate binding model. The mean covariance of fit when fitting the data to a 1:1 model 

was 7.24 × 10-3 whereas the mean covariance of fit when fitting the data to a full 2:1 model 

was 0.2 × 10-3, representing an improvement of 36.2-fold (Table 3.1). This large difference 

indicates the full 2:1 model is more likely to be representative of the association of 3.35 and 

tetrabutylammonium cyanide solution (Table 3.1). The Ka(1:1) was 2.1 ± 0.3 × 103 M-1, with a 

similar Ka(2:1) of 1.4 ± 0.9 × 103 M-1. As with fluoride43,44,50 and azide the Ka(2:1) was smaller than 
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the Ka(1:1), albeit within the same order of magnitude. These results show that solutions of 

excess cyanide are likely to favour formation of the 1:1 complex, whereas solutions with 

excess urea would favour formation of the 2:1 complex. The second association of a urea with 

the 1:1 urea-cyanide complex is likely to involve the additional urea coordinating to the 

cyanide anion (based on the 2:1 urea-fluoride43 and 2:1 urea-azide structures), however the 

precise nature of association cannot be deduced from the available data. 

Table 3.1 Titration modelling and association constants of 3.35 and cyanide. 

 
entry model covfit (10-3) covfit factor Ka(1:1) (M-1) Ka(2:1) (M-1) 

1 1:1 7.24 1 5.5 ± 1.2 × 103 - 
2 full 2:1 0.20 36.2 2.1 ± 0.3 × 103 1.4 ± 0.9 × 103 

One set of symbols (□, ○, △) refers to experimental data from one set of measurements (2 mM, 
CH3CN/CD3CN 8:2, 500 MHz, 298 K). Lines are the calculated isotherms of the described model. covfit 
factor is covfit for the 1:1 model divided by the covfit for the binding model under study.47 Values are 
the mean of 3 independent replicas calculated with BindFit v0.5,51 error is the standard deviation. 

Subsequent studies of the urea-cyanide interaction in solution were undertaken with the 

prototypical chiral N-alkyl (S)-BINAM derived bis-urea containing three hydrogen bond donors 

(S)-3.36a. Acetonitrile was retained as the solvent for 1H NMR titrations since solutions of 

tetrabutylammonium cyanide in CD2Cl2 or CDCl3 were insufficiently stable for titrations and 

changed from colourless to brown within 24 h. 

The 1H NMR spectra of (S)-3.36a in CD3CN were not available and were assigned with 

additional 1H-1H COSY, 1H-1H TOCSY, 1H-1H NOESY, 1H-15N HSQC, and 1H-15N HMBC. Due to the 

broad and overlapping signals of two NH signals, it was not possible to differentiate between 

NH1 and NH2 (Figure 3.5) from these spectra. 
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Figure 3.5 Structure and 1H NMR assignment of (S)-3.36a in CD3CN (25 mM (S)-3.36a, CD3CN, 500 MHz, 
298 K). 

An overlay of the 1H-15N HSQC and 1H-15N HMBC NMR spectra displayed the three urea NH 

15N signals at 107.3 ppm, 109.2 ppm, and 109.8 ppm and the tertiary nitrogen of (S)-3.36a at 

113.0 ppm with a correlation with the doublet at 7.73 ppm (Figure 3.6). This correlation was 

used to differentiate the two ring systems of the (S)-BINAM backbone, allowing the doublet 

at 7.73 ppm to be assigned to H1. Two NH signals are present within the multiplets from 7.47 

– 7.40 ppm and 7.25 – 7.17 ppm, whilst the third at 6.98 ppm possesses a correlation with the 

ortho protons of a fluorinated aromatic ring at 7.74 ppm and therefore corresponds to NH1 

or NH3. 
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Figure 3.6 Superimposed 1H-15N HSQC (red) and 1H-15N HMBC (black) NMR spectra of (S)-3.36a in 
CD3CN (25 mM (S)-3.36a, CD3CN, 500 MHz, 298 K). 

Examination of the 1H-1H NOESY NMR spectra revealed NOE interactions between the 

isopropyl H17 and the ortho protons of a fluorinated aromatic ring at 7.74 ppm, the signal 

corresponding to an NH at 6.98 ppm, and a CH from the (S)-BINAM backbone at 6.83 ppm 

(Figure 3.7). Hence the signal at 7.74 ppm was assigned to H13, the NH signal at 6.98 ppm to 

NH3, and the signal at 6.83 ppm to H7. The interaction between the isopropyl H17 with H7 

can be attributed the twist of the (S)-BINAM scaffold and was observed in both CD2Cl250 and 

CDCl3. 

 
Figure 3.7 Expansion of the 1H-1H NOESY NMR of (S)-3.36a in CD3CN (25 mM (S)-3.36a, CD3CN, 
500 MHz, 298 K). 
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Figure 3.8 Overlay of 1H-1H COSY (red) and 1H-1H TOCSY (black) NMR spectra, and 1H-1H NOESY (blue 
and red) NMR spectra of (S)-3.36a in CD3CN (25 mM (S)-3.36a, CD3CN, 500 MHz, 298 K). 

With the assignment of H1, H6, and H13 in hand, the remainder of the CH signals in (S)-3.36a 

could be assigned with 1H-1H COSY, 1H-1H TOCSY, and 1H-1H NOESY NMR spectra (Figure 3.9). 

The 1H-1H NOESY experiment was necessary to confirm the proximity between the signals 
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corresponding to H2 and H3, as well as H10 and H11. NH1 could not be differentiated from 

NH2 with the available spectra due to their broad and overlapped signals. 

Despite this ambiguity, all other 1H NMR shifts were accounted for, and it was possible to 

obtain association constants by tracking the shifts of selected proton signals (highlighted in 

black and blue, Figure 3.9). The spectra collected from 1H NMR titrations of 

tetrabutylammonium cyanide with (S)-3.36a reflected the observations noted with the 

titrations of 3.35 and cyanide, with a disappearance of the urea NH proton signals upon 

addition of titrant. 

 

 
Figure 3.9 Representative 1H NMR spectra from the titration of (S)-3.36a with tetrabutylammonium 
cyanide. Aromatic proton shifts monitored to determine association constants are highlighted in black 
and blue, urea NH signals highlighted in red (2 mM (S)-3.36a, CH3CN/CD3CN 8:2, 500 MHz, 298 K). 

Tracking selected aromatic proton shifts across (Figure 3.9) multiple additions enabled 

determination of association constants and an appropriate binding model (Table 3.2). 

Application of a full 2:1 model to this data resulted in a 14.2-fold improvement to the mean 

covariance of fit compared to the 1:1 association model. However, since the Ka(1:1) was almost 

unchanged from the 1:1 model and the Ka(2:1) was consistently negative, the association 

between (S)-3.36a and tetrabutylammonium cyanide is likely best represented by a 1:1 model 
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since association constants must be positive and the improvement in covfit appears more likely 

due to overfitting. The resulting Ka(1:1) was determined to be 1.0 ± 0.3 × 104 M-1, an order of 

magnitude higher than the Ka(1:1) of tetrabutylammonium cyanide with 3.35. This also 

contrasts against the association of (S)-3.36a with fluoride and azide in CD2Cl2 and CHCl3 

respectively, where a full 2:1 model was applicable. Further investigation into the differences 

in behaviour of (S)-3.36a with fluoride, azide, and cyanide with a unified solvent may enable 

improved understanding into the comparison of these anions. 

Table 3.2 Titration modelling, and association constants of (S)-3.36a and cyanide. 

 
entry model covfit (10-3) covfit factor Ka(1:1) (M-1) Ka(2:1) (M-1) 

1 1:1 2.08 1 1.0 ± 0.3 × 104 - 
2 full 2:1 0.24 14.2 1.1 ± 0.3 × 104 -1.3 ± 0.5 ×102 

One set of symbols (□, ○, △) refers to experimental data from one set of measurements (2 mM, 
CH3CN/CD3CN 8:2, 500 MHz, 298 K). Lines are the calculated isotherms of the described model. covfit 
factor is covfit for the 1:1 model divided by the covfit for the binding model under study.47 Values are 
the mean of 3 independent replicas calculated with BindFit v0.5,51 error is the standard deviation. 

Studies with (S)-3.36a at cryogenic temperatures were performed to reduce the rate of 

exchange and gain further insights into the structure and of (S)-3.36a·CN·Bu4N in solution. A 

change in solvent to CD2Cl2 enabled access to temperatures down to 193 K. The previously 

described instability of tetrabutylammonium cyanide in CD2Cl2 was mitigated by rapid 

dissolution of the sample in CD2Cl2 and using it immediately for analysis. A sample consisting 

of equimolar (S)-3.36a and tetrabutylammonium cyanide in CD2Cl2 at 25 mM was prepared by 

dissolving pre-weighed solid tetrabutylammonium cyanide in an NMR tube with a 25 mM 

stock solution of (S)-3.36a in CD2Cl2. 
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A 1H NMR spectra of (S)-3.36a·CN·Bu4N in CD2Cl2 was acquired at 298 K, 273 K, and at 20 °C 

decrements until 193 K. Signals corresponding to the NH protons of (S)-3.36a were observed 

below 253 K, increasing in sharpness and intensity as the temperature was lowered down to 

193 K, reducing the exchange processes (Figure 3.10). At 193 K, no signals corresponding to a 

2:1 urea-cyanide complex were observed, consistent with the titration experiments. 

 

 
Figure 3.10 1H NMR spectra of (S)-3.36a·CN·Bu4N in CD2Cl2 from 298 K to 193 K. Urea NH signals 
highlighted in red (25 mM (S)-3.36a·CN·Bu4N, CD2Cl2, 500 MHz). 

At 193 K, the 1H NMR spectrum of (S)-3.36a·CN·Bu4N was assigned using additional 2D NMR 

spectra including 1H-1H COSY, 1H-1H NOESY, 1H-15N HSQC, and 1H-15N HMBC (Figure 3.11). 



125 

 

 
Figure 3.11 Key interactions, assignment, and 1H NMR spectrum of (S)-3.36a·CN·Bu4N (25 mM (S)-
3.36a·CN·Bu4N, CD2Cl2, 500 MHz, 193 K). 

An overlay of the 1H-15N HSQC and 1H-15N HMBC NMR spectra revealed a 1H-15N correlation 

between the tertiary nitrogen and an aromatic proton assigned to H1, which provided a 

starting point for assignment of the (S)-BINAM backbone (Figure 3.12). 

 
Figure 3.12 Overlay of 1H-15N HSQC (red) and 1H-15N HMBC (black) NMR spectra of (S)-3.36a·CN·Bu4N 
(25 mM (S)-3.36a·CN·Bu4N, CD2Cl2, 500 MHz, 193 K). 

The remainder of the (S)-BINAM backbone was assigned from correlations observed on the 

1H-1H COSY and 1H-1H NOESY NMR spectra (Figure 3.13). As before, a 1H-1H NOESY experiment 

was used to confirm the proximity between the signals corresponding to H2 and H3, as well 

as H10 and H11. 
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Figure 3.13 1H-1H COSY (black) and 1H-1H NOESY (blue and red) NMR spectra of (S)-3.36a·CN·Bu4N 
(25 mM (S)-3.36a·CN·Bu4N, CD2Cl2, 500 MHz, 193 K). 

  



127 

The individual urea NH proton signals were differentiated by close examination of the 1H-1H 

NOESY and 1H-15N HMBC NMR spectra. The ortho protons of a fluorinated aromatic ring at 

7.85 ppm displayed a correlation to an NH signal at 8.13 ppm, which may be assigned to NH1 

or NH3 (Figure 3.14). 

 
Figure 3.14 Expansion of the overlay of 1H-15N HSQC (red) and 1H-15N HMBC (black) NMR spectra of (S)-
3.36a·CN·Bu4N (25 mM (S)-3.36a·CN·Bu4N, CD2Cl2, 500 MHz, 193 K). 

The isopropyl H17 displayed an NOE interaction with the NH at 8.35 ppm, hence the NH signal 

at 8.13 ppm was assigned to NH1, the NH signal at 8.35 ppm was assigned to NH3, and the 

most deshielded NH signal at 9.50 ppm was designated as NH2 (Figure 3.15). 

 
Figure 3.15 Expansion of the 1H-1H NOESY NMR spectra of (S)-3.36a·CN·Bu4N (25 mM (S)-
3.36a·CN·Bu4N, CD2Cl2, 500 MHz, 193 K). 
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In this system, the most deshielded NH signal corresponded to NH2, followed by NH3 and 

NH1. This contrasts against the fluoride50 and azide complexes, where the most deshielded 

NH signal corresponded to NH1, followed by NH3, and NH2. These were also different from 

the NH shifts in pure (S)-3.36a in CD2Cl2,50 where NH2 was the most deshielded, followed by 

NH1, and NH3. These observations are consistent with the hypothesis that cyanide 

coordinates to (S)-3.36a in solution and interacts with the three NH protons but may imply a 

different position of the cyanide anion between the hydrogen bond donors of (S)-3.36a. 

The combined results from these solution studies are consistent with the association of 

cyanide with urea NH protons of both an achiral mono-urea and chiral tri-coordinate N-alkyl 

bis-urea system. Further investigations with 13C or 15N labelled cyanide may provide further 

structural insights into the urea-cyanide relationship by establishing NOE relationships or 

scalar couplings.52 

3.3 Enantioenriched γ-aminonitriles under HB-PTC 

3.3.1 Reaction discovery and optimisation 

The enantioselective ring opening of 3-substituted azetidinium salts with caesium fluoride was 

achieved under HB-PTC and produced valuable γ-aminofluorides.53 These substrates were 

favoured above other substrates studied under HB-PTC since a similar enantioselective ring 

opening of 3-substituted azetidinium salts with cyanide would provide access to valuable 

enantioenriched γ-aminonitriles. It was hypothesised this reaction could be achieved with 

potassium cyanide under HB-PTC, given this platforms successful application to 

enantioselective catalysis with caesium fluoride, potassium fluoride,44,45,50,53 and sodium 

azide. 

Preformed azetidinium salts are prepared by direct alkylation of a corresponding azetidine or 

through a ring-opening alkylation and subsequent ring-closure (Scheme 3.12A).53,54 A 

benzhydryl protecting group was required to improve reactivity towards fluoride under HB-
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PTC.53 Two alternative azetidinium salts were considered suitable model substrates; a 3-

phenyl derived substrate and 3-hydroxy azetidine derived substrate. The ring opening of these 

substrates with cyanide may result in either nitriles 3.42a-b or isonitriles 3.43a-b as products 

(Scheme 3.12B). 

 
Scheme 3.12 (A) Preparation of model azetidinium substrates. (B) Potential products from ring opening 
with cyanide. 

Initial investigations to establish proof-of principle utilised substrate 3.39a and 3.35 as catalyst 

(Table 3.3). Stirring potassium cyanide with azetidinium salt 3.39a in CH2Cl2 resulted in a 60% 

NMRy of racemic nitrile product (±)-3.42a, and inclusion of 3.35 (0.1 equiv) provided an 

improved 70% NMRy of (±)-3.42a. The improvement from 3.35 was stronger in PhCF3 solvent, 

with an uncatalysed NMRy of 5% and a catalysed NMRy of 45%. Exclusive formation of the 

nitrile product was detected in these experiments, indicating cyanide was exclusively reacting 

from its carbon atom. These encouraging results demonstrated the strong potential for this 

system to synthesise enantioenriched γ-aminonitriles, although also highlighted challenges 

such as a high background reaction that would need to be overcome to produce highly 

enantioenriched products. 
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Table 3.3 Initial results with potassium cyanide and azetidinium 3.39a in CH2Cl2. 

 
entry solvent cat (±)-3.42a NMRy (±)-3.43a NMRy 

1 
CH2Cl2 

none 60% 0 
2 3.35 (0.1 equiv) 70% 0 
3 

PhCF3 
none 5% 0 

4 3.35 (0.1 equiv) 45% 0 
NMRy determined with Ph3CH (1 equiv) internal standard. 

Investigations into an enantioselective transformation of azetidinium 3.39a into 

enantioenriched γ-aminonitrile 3.42a began with chiral urea catalyst (S)-3.36a. Stirring 3.39a 

with potassium cyanide and (S)-3.36a in a selection of predominantly aromatic and 

halogenated solvents successfully produced enantioenriched 3.42a, with the best results of 

74% NMRy and 65:35 e.r. in trifluorotoluene (Table 3.4). Additional efforts to preclude 

moisture resulted in negligible differences to the NMRy or enantiomeric excess of 3.42a. 
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Table 3.4 Initial investigations into the enantioselective synthesis of 3.42a. 

 
entry solvent NMRy e.r. 

1 CH2Cl2 65% 60:40 
2a PhCF3 74% 65:35 
3 1,2-difluorobenzene 72% 62:38 
4 CHCl3 62% 58:42 
5 1,2-dichloroethane 54% 60:40 
6 PhF 56% 59:41 
7 PhMe 61% 62:38 
8a PhCl 71% 64:36 
9a trichloroethylene 79% 62:38 
10 MeCN 77% 53:47 
11 PhH 71% 62:38 
12a 1,2-dichlorobenzene 75% 64:36 
13 1,2,3-trifluorobenzene 63% 63:37 
14 MTBE 33% 63:37 
15 1,3-bis(trifluoromethyl)benzene 60% 64.5:35.5 
16 1,2-bis(trifluoromethyl)benzene 63% 64.5:35.5 

aNMRy and e.r. are mean of two individual runs. Absolute configuration of 3.42a not determined. 
Reaction development was conducted in collaboration with G. Roagna. 

With confidence in the reaction setup and procedure, both substrate 3.39a and 3.39b were 

evaluated against a series of catalysts. With (S)-3.36a, 3.42a was produced in 74% NMRy and 

65:35 e.r, whereas 3.42b was produced in 76% NMRy and 71:29 e.r. (Table 3.5, entries 1 and 

7). Tetradentate (S)-BINAM derived bis-urea catalyst (S)-3.36b produced 3.42a and 3.42b in 

similar NMRy at 46% and 76%, although consistently lower enantiomeric ratios at 55:45 and 

58:42 respectively (Table 3.5, entries 2 and 8). Severely depleted NMRy and enantiomeric 

ratios were detected with bidentate catalysts (S)-3.36c and (S)-3.36d, producing 3.42a and 

3.42b in up to 27% NMRy or 47:53 e.r. (Table 3.5, entries 3, 4, 9, and 10). (S)-3.36e with a 

smaller N-alkyl group produced 3.42a and 3.42b in slightly lower NMRy and e.r. at 68% NMRy 

and 61:39 and 67% NMRy and 68:32 e.r. respectively (Table 3.5, entries 5 and 11). These 
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studies upheld the advantageous single iPr group of (S)-3.36 and revealed improved 

enantioselectivity with substrate 3.39b over 3.39a. 

Table 3.5 Investigations into the structural features of catalyst (S)-3.36a in the enantioselective 
synthesis of 3.42a and 3.42b. 

 
entry R1 cat R2 R3 R4 R5 NMRy e.r. 

1 

Ph 

(S)-3.36a iPr H H H 74% 65:35 
2 (S)-3.36b H H H H 46% 55:45 
3 (S)-3.36c Me H Me H 8% 44:56 
4 (S)-3.36d H Me H Me 3% 47:53 
5 (S)-3.36e Me H H H 68% 61:39 
6 none 5% nd 

7 

OBn 

(S)-3.36a iPr H H H 76% 71:29 
8 (S)-3.36b H H H H 76% 58:42 
9 (S)-3.36c Me H Me H 15% 51:49 

10 (S)-3.36d H Me H Me 27% 51:49 
11 (S)-3.36e Me H H H 67% 68:32 
12 none 18% nd 

NMRy determined with Ph3CH (1 equiv) internal standard. Absolute configuration of 3.42a-b not 
determined. Reaction development was conducted in collaboration with G. Roagna. 

Further catalyst optimisation focused on substrate 3.39b, and several alternative catalyst 

classes were investigated (Table 3.6). These included commercial chiral thioureas (S,R,R)-

3.4455 and (R,R)-3.45,56 a novel 1,2-diphenylethylenediamine based bis-urea (R,R)-3.46, a 

cinchona alkaloid derived urea 3.47,57 (S)-BINAM derived bis-amide (S)-3.48,58 and tridentate 

N-alkyl (S)-BINAM derived bis-urea with two terphenyl groups (S)-3.49a.45 Only (S)-3.49a 

produced 3.42b in a higher enantiomeric ratio than (S)-3.36a, increasing from 71:29 to 73:27. 

However this was accompanied by a decrease in NMRy from 76% to 55%. 
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Table 3.6 Evaluation of selected alternative catalyst classes. 

 
entry cat NMRy e.r. 

1 (S,S,R)-3.44 50% 51:49 
2 (R,R)-3.45 21% 50:50 
3 (R,R)-3.46 32% 52:48 
4 3.47 27% 52:48 
5 (S)-3.48 43% 54:46 
6 (S)-3.49a 55% 73:27 

NMRy determined with Ph3CH (1 equiv) internal standard. Absolute configuration of 3.42b not 
determined. Reaction development was conducted in collaboration with G. Roagna. 

Additional optimisation of reaction conditions with (S)-3.49a aimed to improve the conversion 

of starting material 3.39b to product 3.42b (Table 3.7). Full conversion could be achieved upon 

increasing the quantity of cyanide to 2.4 equivalents although this also reduced the 

enantiomeric ratio of the product formed (Table 3.7, entry 2). Lowering the reaction 

temperature to 4 °C improved the enantiomeric ratio to 72.5:27.5 whilst maintaining full 

conversion (Table 3.7, entry 3). Further reduction in temperature to -25 °C improved the 

enantiomeric ratio to 86:14 but also a significant reduction in NMRy to only 36% (Table 3.7, 
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entry 4). Attempts to achieved full conversion of 3.39b at -25 °C were unsuccessful and the 

mass balance was determined by 1H NMR to be predominantly the cis starting material. 

These results demonstrated lower enantiomeric ratios at higher conversions, which suggest 

the individual cis:trans isomers in the starting material possess different reactivities and lead 

to product with different levels of enantioselectivity. The comparably small reduction in 

enantiomeric ratio from 55% NMRy to 92% NMRy (Table 3.7, entries 1 and 2) suggest the 

major enantiomer produced from both starting materials isomers are of the same absolute 

configuration. 

Reaction conditions enabling full conversion were desired for catalyst optimisation to ensure 

improvements in enantiomeric ratio were representative of an effect of improving the 

catalyst, and not an effect of unreacted cis starting material. Conducting the reaction at 4 °C 

with 2.4 equivalents of potassium cyanide in trifluorotoluene provided product with full 

conversion and a good enantiomeric ratio, and these conditions were utilised for further 

evaluation of catalysts derived from the (S)-3.49a structure. 

Table 3.7 Optimisation of reagent equivalents and reaction temperature. 

 
entry KCN equiv temp NMRy e.r. 

1 1.2 rt 55% 73.5:26.5 
2 2.4 rt 92% 69:31 
3 2.4 4 °C 94% 72.5:27.5 
4 2.4 -25 °C 36% 86:14 

NMRy determined with Ph3CH (1 equiv) internal standard. Absolute configuration of 3.42b not 
determined. Reaction development was conducted in collaboration with G. Roagna. 
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With these improved conditions in hand, further catalyst synthesis and optimisation was 

undertaken (Table 3.8). A substantial improvement in enantioselectivity was observed by 

tuning the electronics of the aromatic rings of the catalyst. Whilst bromination of the (S)-

BINAM backbone resulted in minor differences in the enantiomeric ratio of 3.42b, addition of 

electron withdrawing groups para to the urea NH on the terphenyl ring resulted in significant 

improvements to enantioselectivity without compromising the yield. Conducting the reaction 

with catalyst (S)-3.49h containing an OCF2H group produced 3.42b with full conversion and a 

high enantiomeric ratio. 

Table 3.8 Optimisation of catalyst electronics. 

 
entry cat R1 R2 R3 NMRy e.r. 

1 (S)-3.49a Et H H 94% 72.5:27.5 
2 (S)-3.49b iPr H H 94% 74:26 
3 (S)-3.49c iPr Br H 96% 70:30 
4 (S)-3.49d iPr H F quant 74:26 
5 (S)-3.49e iPr Br F 80% 74.5:25.5 
6 (S)-3.49f iPr H OCH2CF3 87% 77:23 
7 (S)-3.49g iPr Br OCH2CF3 93% 77:23 
8 (S)-3.49h iPr H OCF2H 95% 79:21 
9 (S)-3.49i iPr Br OCF2H 99% 78:22 

NMRy determined with Ph3CH (1 equiv) internal standard. Absolute configuration of 3.42b not 
determined. Reaction development was conducted in collaboration with G. Roagna. 

3.3.2 Reaction scope 

At this stage, preliminary scope to understand the potential of this reaction was undertaken 

with the current optimal conditions and catalyst structure (Scheme 3.13). These included use 

of 2.4 equivalents of potassium cyanide, catalyst (S)-3.49h, trifluorotoluene solvent, and a 

temperature of 4 °C. Whilst these conditions appeared to have reduce effectiveness for the 
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3-phenylazetidine derived substrate 3.39a, 3-hydroxyazetidine derived substrates differing in 

steric and electronic properties provided products 3.42b-d in high NMR yields and good 

enantiomeric ratios. 

 
Scheme 3.13 Preliminary substrate scope. NMRy determined with Ph3CH (1 equiv) internal standard. 
Absolute configuration of 3.42a-d not determined. Reaction development was conducted in 
collaboration with G. Roagna. 

These studies successfully demonstrate an enantioselective cyanation with potassium cyanide 

under HB-PTC conditions. The protocol developed was both practical and robust, achieving 

the synthesis of β-chiral nitrile products in high NMRy and good enantiomeric ratios with a 

suitable hydrogen bond donor catalyst. 

3.4 Conclusions and outlook 

The data obtained from the preparation and crystallisation of 3.35·CN·Bu4N provided the first 

evidence for direct urea-cyanide coordination in the solid state by hydrogen bonding. These 

studies were reflected in the NMR investigations, reaffirming the ability for both 3.35 and (S)-

3.36a to coordinate cyanide in solution. Further studies in solid state and solution with a 

broader range of urea hydrogen bond donors may inform the generality of the urea-cyanide 

relationship observed with 3.35 or (S)-3.36a, and whether stoichiometry or connectivity 

remain consistent upon variation of the urea or counter cation. NMR studies with 13C or 15N 
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enriched cyanide may provide additional structural insights into the urea-cyanide interaction 

in solution by establishing NOE relationships or scalar couplings.52 

A practical transformation of azetidinium salts into β-chiral γ-aminonitriles with potassium 

cyanide under HB-PTC conditions was also successfully developed. The protocol was both 

practical and robust, achieving the synthesis of β-chiral nitriles in high conversion and good 

enantiomeric ratios with a suitable hydrogen bond donor catalyst. Further catalyst 

optimisation may provide continued improvement to the enantioselectivity and scope of this 

transformation. This transformation also establishes a platform for potentially utilising 

potassium [14C]cyanide for the synthesis of enantioenriched radiolabelled medicinally relevant 

molecules.1 
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4 Supporting Information 

4.1 General Considerations 

4.1.1 Reagents and solvents 

All reagents and solvents were purchased from commercial suppliers and used without further 

purification unless stated otherwise. Sodium cyanide was ground before use. 

Tetrabutylammonium azide and cyanide were purchased from Sigma-Aldrich, dried over P2O5 

and stored under nitrogen. Dry THF, CH2Cl2 and MeCN were obtained from a MBRAUN SPS-5 

bench-top unit. CDCl3 was purchased from Sigma-Aldrich and stored over K2CO3. 

4.1.2 Equipment and analysis 

Reactions at 4 °C were conducted in a cold room. Other reactions requiring prolonged 

refrigeration were kept cold with an ethanol or isopropyl alcohol bath cooled using a Thermo 

Scientific HAAKE EK immersion cooler. 

Melting points were measured with a Gallenkamp melting point apparatus equipped with a 

mercury 76 mm partial immersion thermometer. 

Infrared spectra were recorded on a Bruker Tensor 27 FT-IR spectrometer equipped with a 

diamond ATR module. 

NMR spectra for characterisation were obtained on Bruker AVANCE III HD 400 and 500 MHz 

spectrometers. Chemical shifts are reported in ppm and coupling constants are reported in Hz 

and rounded to the nearest 0.5 Hz. 1H and 13C chemical shifts are referenced to the 

appropriate residual solvent signal.1 19F chemical shifts were observed directly and referenced 

to external CFCl3. 15N chemical shifts were observed directly and referenced to external NH3(l).  

High resolution mass spectra were recorded by the University of Oxford, Department of 

Chemistry High Resolution Sample Submission Service. High resolution values are calculated 

to four decimal places from the molecular formula, and all values are within a tolerance of 

5 ppm. 
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Specific rotations were recorded on a UniPol L2000 Polarimeter with a path length of 10 cm 

using the sodium D-line (589 nm). Specific rotations are reported in units of ° dm2 g-1. 

Concentration (c) is given in g/100 mL. 

Single crystal X-ray diffraction data were obtained by the University of Oxford, Department of 

Chemistry X-Ray Service. 

Analytical chiral HPLC was performed on a SHIMADZU Prominence-i LC2030-LT instrument. 

4.1.3 Azide quench 

Glassware and equipment contaminated with azide (from NaN3, Bu4N·N3 etc.) were washed 

with water into a glass beaker/conical flask and quenched according to a modified literature 

procedure.2 

The collected washings were diluted such that the azide concentration was <5% (w/w). A >40% 

excess (with respect to azide) of NaNO2 (20% in H2O) was added, followed by careful addition 

of H2SO4 (20% in H2O) with gentle stirring. This generates nitrous acid in situ, which reacts fast 

with sodium azide to form N2O and N2 gas.3 The order of addition is important to avoid 

releasing hydrazoic acid. After gas evolution ceased, the solution was checked with litmus and 

starch-iodide paper to ensure it was acidic and contained excess nitrite. The mixture was then 

disposed of as standard aqueous waste. 

4.1.4 Cyanide quench 

Glassware and equipment contaminated with cyanide was washed with water and collected. 

The solution was basified to above pH 8.5 with 1 M NaOH. Excess bleach was added carefully 

to beaker/conical flask, and the mixture was left standing overnight. This results in oxidation 

of the cyanide.4 The mixture was then disposed of as standard aqueous waste. 
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4.2 General procedure for 1H NMR titrations 

4.2.1 Titration procedure 

1H NMR spectra were recorded on Bruker AVANCE III HD 500 MHz spectrometers at 298 K. A 

solution of host (0.5 mL, 2 mM) was placed in an NMR tube. A 1H NMR spectrum was recorded 

followed by stepwise addition (0.0 equiv, 0.2 equiv, 0.4 equiv, 0.6 equiv, 0.8 equiv, 1.0 equiv, 

1.2 equiv, 1.4 equiv, 1.6 equiv, 1.8 equiv, 2.0 equiv, 2.5 equiv, 3.0 equiv, 4.0 equiv, 5.0 equiv, 

7.0 equiv, 10.0 equiv) of a solution of the selected salt (100 mM) using a 25 or 50 μL Hamilton 

Microlitre syringe. After each addition, the sample was shaken thoroughly. 

4.2.2 Data analysis & model fitting 

Data was analysed with BindFit v0.5,5 enabling a ‘global analysis’ approach, improving the 

quality of the resultant fits.5,6 Errors in association constants provided are the standard 

deviation from three independent repetitions. 

Details of BindFit v0.5,5 derivation of equations,6 and descriptions of models implemented and 

respective equations have been previously published and are briefly summarized below.7,8 

1:1 Binding model 

 

𝐾𝑎,1:1 =
[𝐇𝐆]

[𝐇][𝐆]
 (4.1) 

[𝐆]0 = [𝐆] + [𝐇𝐆] (4.2) 
[𝐇]0 = [𝐇] + [𝐇𝐆] (4.3) 

∆𝛿𝑜𝑏𝑠 = 𝛿∆𝐻𝐺 (
[𝐇𝐆]

[𝐇]0
) (4.4) 

The concentration of urea H, anion G, and the urea-anion complex HG during the titration is 

unknown but can be related to their initial concentrations [H]0 and [G]0 through eqn (2) and 

(3). 

Assuming unbound G has negligible impact on the chemical shift of H, the change in the 

observed chemical shift ∆𝛿𝑜𝑏𝑠 can be described as a function of the chemical shift change of 

pure HG 𝛿∆𝐻𝐺 , weighted by its mole fraction (eqn (4.4)).6 
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Rearrangement of eqn (4.1), (4.2), (4.3), and (4.4) provides eqn (4.5), which relates Δδobs to 

Ka(1:1) with known constants. 

∆𝛿𝑜𝑏𝑠 =
𝛿∆𝐻𝐺

[𝐇]0
∙

1

2
(([𝐆]0 + [𝐇]0 +

1

𝐾𝑎,1:1
) − √([𝐆]0 + [𝐇]0 +

1

𝐾𝑎,1:1
)

2

− 4[𝐇]0[𝐆]𝟎) (4.5) 

2:1 Binding model 

 

𝐾𝑎,1:1 =
[𝐇𝐆]

[𝐇][𝐆]
 (4.1) 

𝐾𝑎,2:1 =
[𝐇𝟐𝐆]

[𝐇][𝐇𝐆]
 (4.6) 

[𝐇]0 = [𝐇] + [𝐇𝐆] + 2[𝐇𝟐𝐆] (4.7) 
[𝐆]0 = [𝐆] + [𝐇𝐆] + [𝐇𝟐𝐆] (4.8) 

∆𝛿𝑜𝑏𝑠 = 𝛿∆𝐻𝐺 (
[𝐇𝐆]

[𝐇]0
) + 2𝛿∆𝐻2𝐺 (

[𝐇𝟐𝐆]

[𝐇]0
) (4.9) 

The concentration of urea H, anion G, the urea-anion complex HG and the bis-urea-anion 

complex H2G during the titration is unknown but can be related to their initial concentrations 

[H]0 and [G]0 through eqn (4.7) and (4.8). 

Assuming unbound G has negligible impact on the chemical shift of H, the change in the 

observed chemical shift ∆𝛿𝑜𝑏𝑠 can be described as the sum of the chemical shift changes of 

pure HG 𝛿∆𝐻𝐺  and pure H2G 𝛿∆𝐻2𝐺  weighted by their respective mole fractions (eqn (4.9)).6 

Rearrangement of eqn (4.1), (4.6), (4.7), (4.8), and (4.9) provides eqn (4.10), which relates 

Δδobs to Ka(1:1), Ka(2:1), 𝛿∆𝐻𝐺 , and 𝛿∆𝐻2𝐺  in terms of H. The cubic equation for H in terms of known 

constants is given by eqn (4.11) and can be derived from eqn (4.1), (4.6), (4.7), and (4.8). 

∆𝛿𝑜𝑏𝑠 =
𝛿∆𝐻𝐺𝐾𝑎,1:1[𝐇][𝐆]0 + 2𝛿∆𝐻2𝐺𝐾𝑎,1:1𝐾𝑎,2:1[𝐆]0[𝐇]2

[𝐇]0(1 + 𝐾𝑎,1:1[𝐇] + 𝐾𝑎,1:1𝐾𝑎,2:1[𝐇]2)
 (4.10) 

𝐴[𝐇]3 + 𝐵[𝐇]2 + 𝐶[𝐇] − [𝐇]0 = 0 
𝐴 = 𝐾𝑎,1:1𝐾𝑎,2:1 

𝐵 = 𝐾𝑎,1:1(2𝐾𝑎,2:1[𝐆]0 − 𝐾𝑎,2:1[𝐇]0 + 1) 

𝐶 = 𝐾𝑎,1:1([𝐆]0 − [𝐇]0) + 1 

(4.11) 
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4.3 Supporting Information for Chapter 2 

4.3.1 General procedures 

General procedure 2.1 (GP2.1, synthesis of hydrogen bonded azide complexes) 
Dry MeCN (0.10 M) was added to tetrabutylammonium azide (1.00 equiv) and hydrogen bond 

donor 2.41-2.45 (1.00 equiv). The reaction mixture stirred at rt for 24 h. The reaction mixture 

was evaporated to dryness to afford an amorphous solid. The solids obtained were used 

without further purification. 

General procedure 2.2 (GP2.2, synthesis of racemic reference samples) 
1,2-difluorobenzene (0.40 mL, 0.25 M) was added to a 1.75 mL vial charged sequentially with 

substrate (0.10 mmol, 1.00 equiv), 2.41a (4.8 mg, 0.01 mmol, 0.10 equiv), and sodium azide 

(7.8 mg, 1.20 mmol, 1.20 equiv). The reaction mixture was stirred at rt and 1200 rpm for 24 h. 

The reaction mixture was purified by flash silica chromatography. 

NB: Reference for 2.47s required 50 °C. 

General procedure 2.3 (GP2.3, optimisation for the enantioselective synthesis of β-
thioazides) 
Solvent was added to a 1.75 mL vial charged sequentially (±)-2.39b (19.9 mg, 0.05 mmol, 

1.00 equiv), catalyst, and sodium azide (3.9 mg, 1.20 mmol, 1.20 equiv). The reaction mixture 

was stirred at rt and 1200 rpm for 24 h. The reaction mixture filtered through a silica plug, 

eluted with Et2O, and concentrated to afford crude product. The NMRy was determined by 1H 

NMR with CH2Br2 internal standard. The enantiomeric ratio was determined with HPLC on a 

sample purified by pTLC. 

General procedure 2.4 (GP2.4, achiral reaction screening) 
1,2-difluorobenzene (0.20 mL, 0.25 M) was added to a 1.75 mL vial charged sequentially with 

(±)-2.46a (15 mg, 0.05 mmol, 1.00 equiv), catalyst (0.10 equiv), and sodium azide (3.9 mg, 

0.06 mmol, 1.20 equiv), and in a 1.75 mL vial. The reaction mixture was stirred at rt and 1200 

rpm for 90 min. The reaction mixture was filtered through silica, eluted with Et2O, and 
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concentrated. Yield was determined by quantitative 1H NMR with Ph3CH (6.1 mg, 0.025 mmol, 

0.50 equiv) as internal standard. 

General procedure 2.5 (GP2.5, optimisation for the enantioselective synthesis of β-
aminoazides) 
1,2-difluorobenzene (0.40 mL, 0.25 M) was added to a 1.75 mL vial charged sequentially with 

(±)-2.46a (30 mg, 0.10 mmol, 1.00 equiv), catalyst, and azide source. The suspension was 

stirred at the indicated temperature at 1200 rpm for the indicated time. The reaction mixture 

was applied directly to a silica column and purified by flash silica chromatography (elution 

gradient 0 to 10% Et2O in pentane) to afford 2.47. HPLC DAICEL CHIRALPAK® IB-3, 0.1% BuNH2 

and 0.9% IPA in heptane, 1 mL min-1, t1 = 3.23, t2 = 3.73. 

General procedure 2.6 (GP2.6, synthesis of β-amino alcohols) 
The amine and epoxide (1.00 equiv) were stirred in a pressure tube at 100 °C for the indicated 

time. The reaction mixture was concentrated to afford crude product. The crude product was 

purified as indicated. 

General procedure 2.7 (GP2.7, synthesis of β-amino chlorides) 
Methanesulfonyl chloride (1.50 equiv) was added dropwise to a solution of the β-amino 

alcohol (1.00 equiv) and triethylamine (1.50 equiv) in CH2Cl2 (0.2 M) at 0 °C under N2. The 

reaction mixture was stirred at rt for 2 h. The reaction mixture was washed with sat. NaHCO3 

and sat. brine, dried with MgSO4, filtered, and concentrated to afford crude product. The 

crude product was purified as indicated. All β-amino chlorides were stored in the freezer. 

NB: Degradation of β-amino chlorides was observed upon prolonged exposure to silica. 

General procedure 2.8 (GP2.8, synthesis of enantioenriched β-amino azides) 
Standard scale: A 2 mL Schlenk tube (7 mm internal diameter) was charged sequentially with 

substrate (0.20 mmol, 1.00 equiv), (S)-2.43b (16.7 mg, 0.02 mmol, 0.10 equiv), and sodium 

azide (31.2 mg, 0.48 mmol, 2.40 equiv) under air. 1,2-difluorobenzene (0.8 mL, 0.25 M) was 

added to the Schlenk tube. The suspension was stirred at the indicated temperature at 

1200 rpm for 72 h. The reaction mixture was diluted with Et2O (2 mL) and washed with H2O (2 
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mL). Aqueous washings containing the excess azide were quenched according to the method 

described vida supra. The organic layer was dried with MgSO4, filtered, and concentrated to 

afford crude product. The crude product was purified as indicated. 

Reported yields are the mean of two independent reactions. 

4.3.2 Synthesis of hydrogen bond donors 

2.41a,9 2.41b,10 2.41c,11 2.41d,12 2.41e,12 2.41g,12 2.41h,13 2.42,11 and (S)-2.43a-c,14 were 

prepared according to the reported literature procedures. 

N1,N2-bis(3,5-bis(trifluoromethyl)phenyl)oxalamide (2.45) 

 
Oxalyl chloride (0.43 mL, 5.1 mmol, 0.51 equiv) was added to a solution of 3,5-

bis(trifluoromethyl)aniline (1.56 mL, 10 mmol, 1.00 equiv) in dry THF (20 mL) under N2. The 

reaction mixture was heated to reflux for 18 h. The reaction mixture was concentrated to 

dryness to afford crude product. The crude solid was washed with pentane, then dried to 

afford the title compound (2.04 g, 3.98 mmol, 80%) as a white solid. 

mp 263-265 °C; νmax (neat) /cm-1 2161, 2033, 1676, 1543, 1375, 1274, 1129, 891, 681; 1H NMR 

(400 MHz, Acetone-d6) δ 10.73 (s, 2H), 8.61 (s, 4H), 7.84 (s, 2H); 19F NMR (377 MHz, Acetone-

d6) δ -63.72; 13C NMR (101 MHz, Acetone-d6) δ 159.2, 140.3, 132.7 (q, J = 33.5 Hz), 124.3 (q, J 

= 272.0 Hz), 121.2 (q, J = 4.0 Hz), 118.8 (p, J = 4.0 Hz); HRMS (ESI+) calc. for C18H7O2N2F12
+ ([M-

H]-): 511.0321; found: 511.0317. 
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(±)-N2-isopropyl-[1,1'-binaphthalene]-2,2'-diamine 

 
Prepared according to the literature procedure for (S)-N2-isopropyl-[1,1'-binaphthalene]-2,2'-

diamine using (±)-1,1'-bi(2-naphthylamine) instead of (S)-1,1'-bi(2-naphthylamine).14 

NB: All spectra identical to (S)-N2-isopropyl-[1,1'-binaphthalene]-2,2'-diamine.14 

(±)-3-(3,5-bis(trifluoromethyl)phenyl)-1-(2'-(3-(3,5-bis(trifluoromethyl)phenyl)ureido)-[1,1'-
binaphthalen]-2-yl)-1-isopropylurea ((±)-2.43b) 

 
Prepared according to the literature procedure for (S)-2.43b with (±)-N2-isopropyl-[1,1'-

binaphthalene]-2,2'-diamine instead of (S)-N2-isopropyl-[1,1'-binaphthalene]-2,2'-diamine.14 

NB: All spectra identical to (S)-2.43b.14 

4.3.3 Synthesis and crystallisation of hydrogen bonded azide complexes 

1,3-bis(3,5-bis(trifluoromethyl)phenyl)urea·tetrabutylammonium azide (2.41a·N3·Bu4N) 

 
Prepared according to GP2.1 with 1,3-bis(3,5-bis(trifluoromethyl)phenyl)urea (484 mg, 

1.00 mmol, 1.00 equiv) to afford the title compound as a yellow solid (732 mg, 0.95 mmol, 

95%). Single crystals suitable for X-ray crystallography were grown by vapour diffusion of 

cyclohexane into a saturated solution of the title compound in EtOAc. 

mp 100-102 °C; νmax (neat) /cm-1 2961, 2004, 1706, 1574, 1471, 1376, 1273, 1229, 1170, 1124, 

927, 880, 682; 1H NMR (400 MHz, Acetone-d6) δ 10.62 (s, 2H), 8.23 (s, 4H), 7.57 (s, 2H), 3.51 – 

3.35 (m, 8H), 1.81 (p, J = 8.0 Hz, 8H), 1.40 (h, J = 7.5 Hz, 8H), 0.95 (td, J = 7.5, 1.2 Hz, 12H); 19F 

NMR (377 MHz, Acetone-d6) δ -63.55; 13C NMR (101 MHz, Acetone-d6) δ 153.9, 143.0, 132.6 
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(q, J = 33.0 Hz), 124.6 (q, J = 272.0 Hz), 118.8 (d, J = 4.0 Hz), 115.5 (p, J = 4.0 Hz), 59.4 (t, J = 3.0 

Hz), 24.4, 20.4, 13.9. 

1,3-bis(3,5-bis(trifluoromethyl)phenyl)urea·azide sodium·15-crown-5 (2.41a·N3·Na·15-
crown-5) 

 
15-crown-5 (0.099 mL, 0.50 mmol, 1.00 equiv) was added to sodium azide (32.5 mg, 

0.50 mmol, 1.00 equiv) and 1,3-bis(3,5-bis(trifluoromethyl)phenyl)urea (1.00 mmol, 2.00 

equiv) in dry MeCN (5 mL). The reaction mixture was stirred at rt for 24 h. The reaction mixture 

was evaporated to dryness to afford the title compound (385 mg, 0.50 mmol, quant) as a white 

solid. Single crystals of 2.41a·N3·Na·15-crown-5 suitable for X-ray crystallography were grown 

by layering cyclohexane onto a saturated solution of the title compound in THF. Single crystals 

of 2.41a2·N3·Na·15-crown-5 suitable for X-ray crystallography were grown by layering PhMe 

onto a saturated solution of the title compound in MeCN. 

mp 126-128 °C; νmax (neat) /cm-1 2921, 2068, 1706, 1471, 1280, 1113, 927, 682; 1H NMR (500 

MHz, Acetone-d6) δ 10.40 (br s, 2H), 8.23 (s, 4H), 7.58 (s, 2H), 3.70 (s, 20H); 19F NMR (470 MHz, 

Acetone-d6) δ -63.56; 13C NMR (126 MHz, Acetone-d6) δ 158.0, 147.1, 136.8 (q, J = 33.0 Hz), 

128.8 (q, J = 272.0 Hz), 123.9 – 122.5 (m), 120.2 – 119.4 (m), 74.1. 

1,3-bis(3-chlorophenyl)urea·tetrabutylammonium azide (2.41b·N3·Bu4N) 

 
Prepared according to GP2.1 with 1,3-bis(3-chlorophenyl)urea (140 mg, 0.50 mmol, 

1.00 equiv) to afford the title compound as a yellow solid (281 mg, 0.50 mmol, quant.). Single 

crystals suitable for X-ray crystallography were grown by layering cyclohexane onto a 

saturated solution of the title compound in EtOAc. 
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mp 67-69 °C; νmax (neat) /cm-1 2961, 2015, 1709, 1587, 1537, 1195, 879, 783, 713; 1H NMR 

(400 MHz, CD3CN) δ 9.33 (s, 2H), 7.72 (t, J = 2.0 Hz, 2H), 7.31 (ddd, J = 8.5, 2.0, 1.0 Hz, 2H), 7.24 

(t, J = 8.0 Hz, 2H), 6.97 (ddd, J = 8.0, 2.0, 1.0 Hz, 2H), 3.11 – 3.01 (m, 8H), 1.67 – 1.49 (m, 8H), 

1.33 (h, J = 7.5 Hz, 8H), 0.95 (t, J = 7.5 Hz, 12H); 13C NMR (101 MHz, CD3CN) δ 154.0, 142.5, 

134.8, 131.2, 122.5, 118.8, 117.6, 59.3 (t, J = 3.0 Hz), 24.3, 20.3 (t, J = 1.5 Hz), 13.8. 

1-(3,5-bis(trifluoromethyl)phenyl)-3-phenylurea·tetrabutylammonium azide 
(2.41c·N3·Bu4N) 

 
Prepared according to GP2.1 with 1-(3,5-bis(trifluoromethyl)phenyl)-3-phenylurea (174 mg, 

0.50 mmol, to afford the title compound as a white solid (316 mg, 0.50 mmol, quant.). Single 

crystals suitable for X-ray crystallography were grown by layering cyclohexane onto a 

saturated solution of the title compound in THF. 

mp 86-88 °C; νmax (neat) /cm-1 2963, 2023, 1708, 1582, 1551, 1473, 1447, 1392, 1307, 1276, 

1232, 1204, 1186, 1168, 1152, 1123, 1084, 1024, 877, 755, 681; 1H NMR (400 MHz, CD3CN) δ 

9.82 (s, 1H), 9.04 (s, 1H), 8.15 – 8.05 (m, 2H), 7.55 – 7.48 (m, 3H), 7.36 – 7.23 (m, 2H), 7.08 – 

6.95 (m, 1H), 3.12 – 3.01 (m, 8H), 1.66 – 1.52 (m, 8H), 1.33 (h, J = 7.5 Hz, 8H), 0.95 (t, J = 7.5 

Hz, 12H); 19F NMR (377 MHz, CD3CN) -63.58; 13C NMR (151 MHz, CD3CN) δ 154.1, 143.3, 140.5, 

132.4 (q, J = 33.0 Hz), 129.9, 124.7 (q, J = 272.0 Hz), 123.5, 119.7, 118.9 (q, J = 3.5 Hz), 115.4 

(p, J = 4.0 Hz), 59.4 (t, J = 3.0 Hz), 24.3, 20.3, 13.8. 
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1,3-bis(4-trifluoromethylphenyl)urea·tetrabutylammonium azide (2.41d·N3·Bu4N) 

 
Prepared according to GP2.1 with 1,3-bis(4-trifluoromethyl)urea (174 mg, 0.50 mmol, 

1.00 equiv) to afford the title compound as an off-white solid (321 mg, 0.49 mmol, 99%). Single 

crystals suitable for X-ray crystallography were grown by slow diffusion of PhMe into a 

saturated solution of the title compound in MeCN. 

mp 99-101 °C; νmax (neat) /cm-1 2963, 2006, 1711, 1603, 858; 1H NMR (400 MHz, Acetone-d6) 

δ 10.11 (s, 2H), 7.78 (d, J = 8.5 Hz, 4H), 7.60 (d, J = 8.5 Hz, 4H), 3.53 – 3.31 (m, 8H), 1.86 – 1.75 

(m, 8H), 1.41 (h, J = 7.5 Hz, 8H), 0.96 (t, J = 7.5 Hz, 12H); 19F NMR (376 MHz, Acetone-d6) δ -

62.06; 13C NMR (101 MHz, Acetone-d6) δ 153.8, 144.9, 126.8 (q, J = 4.0 Hz), 125.7 (q, J = 270.0 

Hz), 123.5 (q, J = 32.0 Hz), 118.7, 59.4 (t, J = 3.0 Hz), 24.5, 20.4 (t, J = 1.5 Hz), 13.8. 

1,3-diphenylurea·tetrabutylammonium azide (2.41e·N3·Bu4N) 

 
Prepared according to GP2.1 with 1,3-diphenylurea (106 mg, 0.50 mmol, 1 equiv) to afford the 

title compound as a white solid (248 mg, 0.50 mmol, quant.). Single crystals suitable for X-ray 

crystallography were grown by layering cyclohexane onto a saturated solution of the title 

compound in EtOAc. 

mp 69-71 °C; νmax (neat) /cm-1 3279, 2962, 2022 ,1706, 1594, 1545, 1488, 1445, 1384, 1297, 

1201, 1173, 892, 754, 696; 1H NMR (400 MHz, Acetone-d6) δ 9.41 (s, 2H), 7.67 – 7.53 (m, 4H), 

7.31 – 7.15 (m, 4H), 6.90 (tt, J = 7.5, 1.0 Hz, 2H), 3.49 – 3.35 (m, 8H), 1.80 (p, J = 8.0 Hz, 8H), 

1.41 (h, J = 7.5 Hz, 8H), 0.96 (t, J = 7.5 Hz, 12H); 13C NMR (101 MHz, Acetone-d6) δ 141.8, 129.4, 

122.0, 118.9, 118.8, 59.3, 30.4, 24.4, 20.4, 13.9. 
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1,3-bis(4-bromophenyl)urea·tetrabutylammonium azide (2.41f·N3·Bu4N) 

 
Prepared according to GP2.1 with 1,3-bis(4-bromophenyl)urea (185 mg, 0.50 mmol, 

1.00 equiv) to afford the title compound as an off-white solid (326 mg, 0.50 mmol, quant.). 

Single crystals suitable for X-ray crystallography were grown by layering cyclohexane onto a 

saturated solution of the title compound in THF. 

mp 118-120 °C; νmax (neat) /cm-1 2961, 2020, 1704, 1485, 1174, 817; 1H NMR (400 MHz, 

DMSO-d6) δ 8.95 (s, 2H), 7.64 – 7.29 (m, 8H), 3.21 – 3.00 (m, 8H), 1.56 (td, J = 11.5, 10.0, 6.0 

Hz, 8H), 1.30 (h, J = 7.5 Hz, 8H), 0.93 (t, J = 7.5 Hz, 12H); 13C NMR (101 MHz, DMSO-d6) δ 152.3, 

139.0, 131.5, 120.2, 113.3, 57.5 (t, J = 3.0 Hz), 23.1, 19.2 (t, J = 3.0 Hz), 13.5. 

1,3-bis(4-fluorophenyl)urea·tetrabutylammonium azide (2.41g·N3·Bu4N) 

 
Prepared according to GP2.1 with 1,3-bis(4-fluorophenyl)urea (248 mg, 1.00 mmol, 

1.00 equiv) to afford the title compound as an off-white solid (504 mg, 0.95 mmol, 95%). Single 

crystals suitable for X-ray crystallography were grown by layering cyclohexane onto a 

saturated solution of the title compound in EtOAc. 

mp 88-90 °C; νmax (neat) /cm-1 2961, 2021, 1705, 1613, 1561, 1503, 1305, 1200, 737; 1H NMR 

(400 MHz, CD3CN) δ 8.68 (s, 2H), 7.51 – 7.42 (m, 4H), 7.08 – 6.97 (m, 4H), 3.12 – 3.02 (m, 8H), 

1.59 (ddd, J = 12.0, 10.0, 6.5 Hz, 8H), 1.34 (h, J = 7.5 Hz, 8H), 0.96 (t, J = 7.5 Hz, 12H); 19F NMR 

(376 MHz, CD3CN) δ -123.40; 13C NMR (101 MHz, CD3CN) δ 159.0 (d, J = 238.0 Hz), 154.4, 137.4 

(d, J = 2.0 Hz), 121.2 (d, J = 7.5 Hz), 116.1 (d, J = 22.5 Hz), 59.3 (t, J = 3.0 Hz), 24.3, 20.3 (t, J = 

1.5 Hz), 13.8. 
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1,3-bis(4-cyanophenyl)urea·tetrabutylammonium azide (2.41h·N3·Bu4N) 

 
Prepared according to GP21 with 1,3-bis(4-cyanophenyl)urea (131 mg, 0.50 mmol, 1.00 equiv) 

to afford the title compound as an off-white solid (272 mg, 0.50 mmol, quant.). Single crystals 

of 2.41h2·Bu4N·N3·(H2O)2 suitable for X-ray crystallography were grown by layering 

cyclohexane onto a saturated solution of the title compound in THF. 

mp 96-98 °C; νmax (neat) /cm-1 2962, 2222, 2014, 1719, 1590, 1170; 1H NMR (400 MHz, 

Acetone-d6) δ 10.33 (s, 2H), 7.78 – 7.71 (m, 4H), 7.71 – 7.62 (m, 4H), 3.50 – 3.32 (m, 8H), 1.99 

– 1.70 (m, 8H), 1.42 (h, J = 7.5 Hz, 8H), 0.96 (t, J = 7.5 Hz, 8H);  13C NMR (101 MHz, Acetone-d6) 

δ 152.6, 144.5, 133.0, 119.0, 118.2, 104.2, 58.5 (t, J = 3.0 Hz), 23.5, 19.5 (t, J = 1.5 Hz), 13.0. 

1,3-bis(3,5-bis(trifluoromethyl)phenyl)thiourea·tetrabutylammonium azide (2.42·N3·Bu4N) 

 
Prepared according to GP2.1 with 1,3-bis(3,5-bis(trifluoromethyl)phenyl)thiourea (250 mg, 

0.50 mmol, 1.00 equiv) to afford the title compound as a pale yellow solid (386 mg, 98%). 

Single crystals of [2.42-H]·Bu4N suitable for X-ray crystallography were grown by vapour 

diffusion of cyclohexane into a saturated solution of the title compound in CH2Cl2. 

mp 70-72 °C; νmax (neat) /cm-1 2966, 2058, 2027, 1572, 1470, 1418, 1371, 1328, 1273, 1169, 

1122, 1000, 885, 678; 1H NMR (500 MHz, CDCl3) δ 10.77 (br s, 2 H), 8.27 (s, 4H), 7.56 (s, 2H), 

3.41 – 2.75 (m, 8H), 1.58 (dq, J = 12.0, 8.0 Hz, 8H), 1.36 (h, J = 7.5 Hz, 8H), 0.95 (t, J = 7.5 Hz, 

12H); 19F NMR (470 MHz, CDCl3) δ -62.84; 13C NMR (126 MHz, CDCl3) δ 180.0, 141.3, 131.5 (q, 

J = 33.5 Hz), 123.4 (q, J = 272.5 Hz), 123.3, 117.6 (p, J = 4.0 Hz), 59.0 (t, J = 2.5 Hz), 23.9, 19.7, 

13.5. 
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diphenylguanidine·tetrabutylammonium azide (2.44·N3·Bu4N) 

 
Prepared according to GP2.1 with diphenylguanidine (106 mg, 0.50 mmol, 1.00 equiv) to 

afford the title compound as a white solid (248 mg, 0.50 mmol, quant.). Single crystals of 

suitable for X-ray crystallography were grown by layering cyclohexane onto a saturated 

solution of the title compound in acetone. 

mp 93-95 °C; νmax (neat) /cm-1 2960, 2011, 1665, 1554, 700; 1H NMR (400 MHz, CDCl3) δ 7.26 

– 7.20 (m, 8H), 6.98 – 6.90 (m, 2H), 3.30 – 3.14 (m, 8H), 1.58 (dq, J = 12.0, 8.0 Hz, 8H), 1.40 (h, 

J = 7.5 Hz, 8H), 0.98 (t, J = 7.5 Hz, 12H); 13C NMR (101 MHz, CDCl3) δ 149.1, 145.3, 129.2, 122.0, 

121.8, 58.6, 23.9, 19.8, 13.8. 

N1,N2-bis(3,5-bis(trifluoromethyl)phenyl)oxalamide·tetrabutylammonium azide 
(2.45·N3·Bu4N) 

 
Prepared according to GP2.1 with N1,N2-bis(3,5-bis(trifluoromethyl)phenyl)oxalamide 

(256 mg, 0.50 mmol, 1.00 equiv) to afford the title compound as an off-white solid (398 mg, 

0.50 mmol, quant.). Single crystals suitable for X-ray crystallography were grown by layering 

cyclohexane onto a saturated solution of the title compound in THF. 

mp 140-142 °C; νmax (neat) /cm-1 2964, 2033, 1683, 1537, 1373, 1129, 890; 1H NMR (500 MHz, 

Acetone-d6) δ 8.66 (s, 4H), 7.81 (s, 2H), 4.20 – 2.96 (m, 8H), 1.82 (dq, J = 12.0, 7.5 Hz, 8H), 1.43 

(h, J = 7.5 Hz, 8H), 0.97 (t, J = 7.5 Hz, 12H); 19F NMR (470 MHz, Acetone-d6) δ -63.58; 13C NMR 

(126 MHz, Acetone-d6) δ 159.6, 141.0, 132.6 (q, J = 33.0 Hz), 124.4 (q, J = 272.0 Hz), 121.8 – 

121.1 (m), 119.0 – 117.8 (m), 59.3 (t, J = 3.0 Hz), 24.4, 20.4 (t, J = 1.5 Hz), 13.9. 
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4.3.4 Evaluation of achiral hydrogen bond donor solubility 

Hydrogen bond donor (0.005 mmol, 1.00 equiv) was added to 1.75 mL vial. The selected 

solvent (3.125 mM, 1.6 mL) was added, and the vial was shaken vigorously for 10 s. The 

compound was deemed suitably soluble for the 1H NMR titrations if no visible solid persisted. 

Table 4.1 Evaluation of hydrogen bond donor solubility. 

 

entry hydrogen bond donor 
visually soluble 

1,2-DFB CHCl3 MeCN 

1 2.41a, R1 = R2 = 3,5-CF3 ✓ ✓ ✓ 

2 2.41b, R1 = R2 = 3-Cl    

3 2.41c, R1 = 3,5-CF3; R2 = H  ✓ ✓ 

4 2.41d, R1 = R2 = 4-CF3   ✓ 

5 2.41e, R1 = R2 = H   ✓ 

6 2.41f, R1 = R2 = 4-Br    

7 2.41g, R1 = R2 = 4-F   ✓ 

8 2.41h, R1 = R2 = 4-CN    

9 2.44 ✓ ✓ ✓ 

10 2.45 ✓   
1,2-DFB = 1,2-difluorobenzene. 
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4.3.5 1H NMR titrations of achiral HBDs and tetrabutylammonium azide 

2.41a and tetrabutylammonium azide 

 

 

Figure 4.1 1H NMR titration data of 2.41a with tetrabutylammonium azide. One set of symbols (□, ○, △) refers to experimental data from one set of measurements. 
Lines are the calculated isotherms of the described model. (2 mM 2.41a, CH3CN/CD3CN 8:2, 500 MHz, 298 K).   
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Table 4.2 Comparison of binding models. 

model entry covfit (10-3) covfit factor Ka(1:1) (M-1) Ka(2:1) (M-1) ΔG(1:1) (kJ mol-1) ΔG(2:1) (kJ mol-1) 

1:1 

1 2.26 1 2.86 × 103 -   
2 1.81 1 2.68 × 103 -   
3 2.04 1 2.45 × 103 -   

mean 2.04 1 2.66 ± 0.18 × 103 - -19.54 ± 0.17 - 

full 2:1 

1 0.14 16.1 1.55 × 103 1.06 × 102   
2 0.062 29.2 1.65 × 103 6.62 × 101   
3 0.083 24.6 1.50 × 103 3.23 × 101   

mean 0.095 23.3 1.57 ± 0.06 ×103 7 ± 3 × 101 -18.23 ± 0.09 -10.4 ± 1.1 
covfit factor is covfit for the 1:1 model divided by the covfit for the binding model under study.7 Values calculated with BindFit v0.5,5 error is the standard deviation 
from 3 independent replicas. 

The mean covfit for the full 2:1 model is significantly higher than the mean covfit for the 1:1 model, suggesting this system is best described by the full 

2:1 model. 
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2.41c and tetrabutylammonium azide 

 

 
Figure 4.2 1H NMR titration data of 2.41c with tetrabutylammonium azide. One set of symbols (□, ○, △) refers to experimental data from one set of measurements. 
Lines are the calculated isotherms of the described model. (2 mM 2.41c, CH3CN/CD3CN 8:2, 500 MHz, 298 K).   
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Table 4.3 Comparison of binding models. 

model entry covfit (10-3) covfit factor Ka(1:1) (M-1) Ka(2:1) (M-1) ΔG(1:1) (kJ mol-1) ΔG(2:1) (kJ mol-1) 

1:1 

1 6.43 1 6.93 × 102 -   
2 1.11 1 1.06 × 103 -   
3 1.62 1 1.06 × 103 -   

mean 3.05 1 9.4 ± 1.7 × 102 - -17.0 ± 0.4 - 

full 2:1 

1 1.54 4.2 4.57 × 105 2.37 × 105   
2 0.74 1.5 2.77 × 102 -5.95 × 101   
3 0.84 1.9 4.75 × 102 6.84 × 101   

mean 1.04 2.5 2 ± 2 × 104 8 ± 11 × 103 -24.5 ± 24.5 -16.6 ± 3.4 
covfit factor is covfit for the 1:1 model divided by the covfit for the binding model under study.7 Values calculated with BindFit v0.5,5 error is the standard deviation 
from 3 independent replicas. 

The mean covfit for the full 2:1 model is not significantly higher than the mean covfit for the 1:1 model, suggesting this system is best described by the 

1:1 model. In addition the Ka(2:1) cannot be negative, hence it is likely the fits from the full 2:1 models do not need to be considered. 
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2.41d and tetrabutylammonium azide 

 

 
Figure 4.3 1H NMR titration data of 2.41d with tetrabutylammonium azide. One set of symbols (□, ○, △) refers to experimental data from one set of measurements. 
Lines are the calculated isotherms of the described model. (2 mM 2.41d, CH3CN/CD3CN 8:2, 500 MHz, 298 K)..  
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Table 4.4 Comparison of binding models. 

model entry covfit (10-3) covfit factor Ka(1:1) (M-1) Ka(2:1) (M-1) ΔG(1:1) (kJ mol-1) ΔG(2:1) (kJ mol-1) 

1:1 

1 1.08 1 1.39 × 103 -   
2 0.94 1 1.24 × 103 -   
3 0.94 1 1.48 × 103 -   

mean 0.99 1 1.4 ± 0.1 × 103 - -17.95 ± 0.18 - 

full 2:1 

1 0.16 6.8 1.31 × 103 1.99 × 102   
2 0.16 5.9 1.37 × 103 1.20 × 102   
3 0.15 6.3 1.08 × 103 7.47 × 101   

mean 0.16 6.3 1.25 ± 0.12 × 103 1.3 ± 0.5 × 102 -17.7 ± 0.2 -12 ± 1 
covfit factor is covfit for the 1:1 model divided by the covfit for the binding model under study.7 Values calculated with BindFit v0.5,5 error is the standard deviation 
from 3 independent replicas. 

The mean covfit for the full 2:1 model is significantly higher than the mean covfit for the 1:1 model, suggesting this system is best described by the full 

2:1 model. 

  



166 

2.41e and tetrabutylammonium azide 

 

 

Figure 4.4 1H NMR titration data of 2.41e with tetrabutylammonium azide. One set of symbols (□, ○, △) refers to experimental data from one set of measurements. 
Lines are the calculated isotherms of the described model. (2 mM 2.41e, CH3CN/CD3CN 8:2, 500 MHz, 298 K).   
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Table 4.5 Comparison of binding models. 

model entry covfit (10-3) covfit factor Ka(1:1) (M-1) Ka(2:1) (M-1) ΔG(1:1) (kJ mol-1) ΔG(2:1) (kJ mol-1) 

1:1 

1 2.95 1 3.14 × 102 -   
2 0.18 1 3.17 × 102 -   
3 7.09 1 3.10 × 102 -   

mean 3.41 1 3.14 ± 0.03 × 102 - -14.3 ± 0.2 - 

full 2:1 

1 2.45 1.2 6.67 × 102 2.88 × 102   
2 0.093 1.9 3.64 × 102 1.51 × 102   
3 2.51 2.8 8.38 × 102 1.65 × 103   

mean 1.68 2.0 6 ± 2 × 102 7 ± 7 × 102 -15.8 ± 0.8 -11 ± 2 
covfit factor is covfit for the 1:1 model divided by the covfit for the binding model under study.7 Values calculated with BindFit v0.5,5 error is the standard deviation 
from 3 independent replicas. 

The mean covfit for the full 2:1 model is not significantly higher than the mean covfit for the 1:1 model, suggesting this system is best described by the 

1:1 model. 
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2.41g and tetrabutylammonium azide 

 

  
Figure 4.5 1H NMR titration data of 2.41g with tetrabutylammonium azide. One set of symbols (□, ○, △) refers to experimental data from one set of measurements. 
Lines are the calculated isotherms of the described model. (2 mM 2.41g, CH3CN/CD3CN 8:2, 500 MHz, 298 K).  
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Table 4.6 Comparison of binding models. 

model entry covfit (10-3) covfit factor Ka(1:1) (M-1) Ka(2:1) (M-1) ΔG(1:1) (kJ mol-1) ΔG(2:1) (kJ mol-1) 

1:1 

1 0.19 1 4.81 × 102 -   
2 0.29 1 4.88 × 102 -   
3 0.40 1 4.77 × 102 -   

mean 0.29 1 4.82 ± 0.05 × 102 - -15.31 ± 0.03 - 

full 2:1 

1 0.14 1.4 7.85 × 102 2.72 × 102   
2 0.16 1.8 4.56 × 102 6.5 × 101   
3 0.091 4.4 6.11 × 102 8.9 × 101   

mean 0.13 2.5 6.17 ± 0.13 × 102 1.4 ± 0.9 × 102 -15.92 ± 0.05 -12.2 ± 1.6 
covfit factor is covfit for the 1:1 model divided by the covfit for the binding model under study.7 Values calculated with BindFit v0.5,5 error is the standard deviation 
from 3 independent replicas. 

The mean covfit for the full 2:1 model is not significantly higher than the mean covfit for the 1:1 model, suggesting this system is best described by the 

1:1 model. 
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2.44 and tetrabutylammonium azide 

 

 
Figure 4.6 1H NMR titration data of 2.44 with tetrabutylammonium azide. One set of symbols (□, ○, △) refers to experimental data from one set of measurements. 
Lines are the calculated isotherms of the described model. (2 mM 2.44, CH3CN/CD3CN 8:2, 500 MHz, 298 K).  
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Table 4.7 Comparison of binding models. 

model entry covfit (10-3) covfit factor Ka(1:1) (M-1) Ka(2:1) (M-1) ΔG(1:1) (kJ mol-1) ΔG(2:1) (kJ mol-1) 

1:1 

1 6.70 1 1.23 × 102 -   
2 2.29 1 1.17 × 102 -   
3 4.48 1 1.79 × 102 -   

mean 4.49 1 1.4 ± 0.3 × 102 - -12.2 ± 0.5 - 

full 2:1 

1 2.59 2.6 1.73 × 101 7.40 × 103   
2 0.55 4.2 6.34 × 101 1.04 × 103   
3 1.86 2.4 9.24 × 101 9.53 × 102   

mean 1.67 3.1 6 ± 3 × 101 3 ± 3 × 103 -10.1 ± 1.2 -20 ± 2 
covfit factor is covfit for the 1:1 model divided by the covfit for the binding model under study.7 Values calculated with BindFit v0.5,5 error is the standard deviation 
from 3 independent replicas. 

The mean covfit for the full 2:1 model is not significantly higher than the mean covfit for the 1:1 model, suggesting this system is best described by the 

1:1 model. 
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4.3.6 Chiral urea bound azide - solution studies – establishing association 

(S)-2.43b 1H assignment (CDCl3) 
Full characterisation of (S)-2.43b with 1H, 19F, and 13C spectra in CDCl3 has been reported.14 

Full assignment of (S)-2.43b in CD2Cl2 has been reported.15 The 1H assignment of (S)-2.43b in 

CDCl3 was assisted with 2D 1H-1H COSY, 1H-1H NOESY, 1H-15N HSQC, and 1H-15N HMBC spectra, 

and is in good agreement with the 1H assignment of (S)-2.43b in CD2Cl2. 

 
1H NMR (500 MHz, CDCl3) δ 8.54 (d, J = 9.0 Hz, 1H, H12), 8.14 (d, J = 9.0 Hz, 1H, H2), 8.02 (d, J 

= 9.0 Hz, 1H, H11), 7.99 (d, J = 8.0 Hz, 1H, H3), 7.92 (d, J = 8.0 Hz, 1H, H10), 7.82 (s, 2H, H13), 

7.61 (s, 2H, H15), 7.56-7.51 (m, 4 H, H4, H1, H14, NH2), 7.43 – 7.38 (m, 2H, H9, H16), 7.30 

(ddd, J = 8.0, 6.5, 1.0 Hz, 1H, H5), 7.26 – 7.22 (m, 1H, H8), 7.17 (d, J = 8.5 Hz, 1H, H6), 7.06 (s, 

1H, NH1), 6.90 (d, J = 8.5 Hz, 1H, H7), 6.80 (s, 1H, NH3), 3.66 (sept, J = 7.0 Hz, 1H, H17), 1.06 

(d, J = 7.0 Hz, 3H, H19), 0.67 (d, J = 7.0 Hz, 3H, H18). 

 



173 

1H NMR titration of (S)-2.43b and tetrabutylammonium azide 

 

 
Figure 4.7 1H NMR titration data of (S)-2.43b with tetrabutylammonium azide. One set of symbols (□, ○, △) refers to experimental data from one set of 
measurements. Lines are the calculated isotherms of the described model. (2 mM (S)-2.43b, CDCl3 8:2, 500 MHz, 298 K).   
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Table 4.8 Comparison of binding models. 

model entry covfit (10-3) covfit factor Ka(1:1) (M-1) Ka(2:1) (M-1) ΔG(1:1) (kJ mol-1) ΔG(2:1) (kJ mol-1) 

1:1 

1 126.72 1 3.77 × 102 -   
2 137.94 1 3.68 × 102 -   
3 127.35 1 3.58 × 102 -   

mean 130.67 1 3.68 ± 0.08 × 102 - -14.64 ± 0.05 - 

full 2:1 

1 0.67 189.1 9.17 × 103 1.67 × 102   
2 0.96 143.7 1.03 × 104 1.16 × 102   
3 0.53 240.3 7.95 × 103 1.69 × 101   

mean 0.72 191.0 9.1 ± 0.9 × 103 1.0 ± 0.6 × 102 -22.7 ± 0.2 -11.4 ± 1.5 
covfit factor is covfit for the 1:1 model divided by the covfit for the binding model under study.7 Values calculated with BindFit v0.5,5 error is the standard deviation 
from 3 independent replicas. 

The mean covfit for the full 2:1 model is significantly higher than the mean covfit for the 1:1 model, suggesting this system is best described by the full 

2:1 model. 
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14N studies 
14N NMR spectra were obtained on a Bruker AVANCE III 500 MHz spectrometer equipped with 

a 5 mm z-gradient broadband X-19F/1H BBFO SMART probe. An anti-ringing proton decoupled 

pulse sequence ‘aringdec’ was used. Chemical shifts referenced to external NH3(l). 

25 mM solutions of tetrabutylammonium azide, (S)-2.43b, and (S)-2.43b·N3·Bu4N·were 

measured. The (S)-2.43b·N3·Bu4N sample was prepared by dissolving tetrabutylammonium 

azide (5 mg) with a solution of (S)-2.43b in CDCl3 (0.7 mL, 25 mM). 

4.3.7 Chiral urea bound azide - solution studies – understanding structure 

Tetrabutylammonium [1-15N]azide 

 
Prepared according to an adapted literature procedure.16 Tetrabutylammonium hydroxide 

(40% in H2O, 2.76 mL, 4.24 mmol, 1.1 equiv) was washed with CH2Cl2 (2 mL). The aqueous 

layer was added to a solution of sodium [1-15N]azide (250 mg, 3.85 mmol, 1 equiv) in H2O (1 

mL) in a separatory funnel. The aqueous layer was extracted with CHCl3 (3×5 mL). The organic 

layer was dried with MgSO4, filtered, and concentrated to afford crude product. The crude 

product was concentrated under reduced pressure, then evaporated to dryness under 

reduced pressure (0.05 mbar) over P2O5 to afford the title compound as a white solid, used 

without further purification (1.03 g, 3.61 mmol, 94%). The title compound was stored under 

nitrogen. 

νmax (neat) /cm-1 2959, 2873, 1983, 1489, 885, 743; 1H NMR (500 MHz, CDCl3) δ 3.40 – 3.24 

(m, 8H), 1.74 – 1.62 (m, 8H), 1.52 – 1.37 (m, 8H), 1.02 (t, J = 7.5 Hz, 12H); 13C NMR (126 MHz, 

CDCl3) δ 58.8, 24.1, 19.9, 13.8; 15N NMR (51 MHz, CDCl3) δ 101.2. 

NB: Only 15N label on terminal azide observed on 15N NMR. 
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Concentration dependence of spectra 
A 1:1 mixture of (S)-2.43b·[1-15N]N3·Bu4N at 100 mM was prepared by dissolving (S)-2.43b 

(83.7 mg) and tetrabutylammonium [1-15N]azide (28.5 mg) with CDCl3 in a 1 mL volumetric 

flask. 

A 25 mM solution was prepared with 250 μL of (S)-2.43b·[1-15N]N3·Bu4N (100 mM) and CDCl3 

in a 1 mL volumetric flask. 

A 2.5 mM solution was prepared with 100 μL of (S)-2.43b·[1-15N]N3·Bu4N (25 mM) and CDCl3 

in a 1 mL volumetric flask. 

(S)-2.43b·[1-15N]N3·Bu4N sample preparation 
Subsequent samples for analysis were prepared by weighing tetrabutylammonium [1-

15N]azide (5.2 mg, 1 equiv) into an NMR tube equipped with a J. Young valve under N2. A 

solution of (S)-2.43b in CDCl3 (0.73 mL, 0.25 mM, 1 equiv) was added, and the sample was 

frozen with liquid N2, evacuated, and flushed with N2 once. 

(S)-2.43b·[1-15N]N3·Bu4N (CDCl3, 25 mM) assignment 
The assignment of the 1H shifts of (S)-2.43b·[1-15N]N3·Bu4N in CDCl3 at rt was achieved by 

tracking 1H CH signals along the titration, with additional assistance from 2D 1H-1H COSY and 

1H-1H NOESY spectra. Additional support for NH assignments was provided by the variable 

temperature NMR studies of both this sample, and variable temperature (VT) NMR studies of 

a sample containing excess tetrabutylammonium [1-15N]azide. 

 

1H NMR (600 MHz, CDCl3) δ 9.49 (s, 1H, H22), 8.85 (d, J = 9.0 Hz, 1H, H12), 8.23 (s, 1H, H20), 

8.10 (br s, 1H, H2), 7.98 (d, J = 9.0 Hz, 1H, H11), 7.94 – 7.80 (m, 4H, H3, H10, H20, H13), 7.59 

(s, 2H, H15), 7.52 (d, J = 8.5 Hz, 1H, H1), 7.39 (br s, 1H, H4), 7.31 (t, J = 7.5 Hz, 1H, H8), 7.25 (s, 
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1H, H16), 7.21 – 7.10 (m, 3H, H5, H6, H9), 7.06 (s, 1H, H14), 6.75 (d, J = 8.0 Hz, 1H, H7), 3.14 – 

2.98 (m, 9H, H23, H17), 1.62 – 1.41 (m, 8H, H24), 1.34 (sept, J = 7.5 Hz, 8H, H25), 1.18 (d, J = 

6.5 Hz, 3H, H19), 0.95 (t, J = 7.5 Hz, 12H, H26), 0.37 (d, J = 6.5 Hz, 3H, H18). 

15N [1-15N]-Azide T1 Measurement 
The previously prepared 25 mM sample of (S)-2.43b·[1-15N]N3·Bu4N in CDCl3 was studied. A 

25 mM sample of tetrabutylammonium [1-15N]azide in CDCl3 was also prepared. 

15N T1 measurements were conducted on a Bruker AVIII HD 600 MHz spectrometer equipped 

with a Prodigy N2 broadband cryoprobe. T1 measurements used the inversion-recovery 

method. 

The data were fitted to eqn (4.12) using TopSpin 4.0.2 in order to determine the 15N [1-

15N]azide T1 of each sample. I[0] is the relative equilibrium peak intensity (ideal = 1) and P is 

the inverted peak intensity factor that is variable in the fit to allow for an imperfect initial 

inversion condition (P = -2·I[0] for ideal inversion). 

𝐼[𝑡] = 𝐼[0] + 𝑃𝑒
−

𝑡
𝑇1 (4.12) 

Table 4.9 [1-15N]-azide T1 acquisition parameters and values. 

entry 
initial concentrations 

F1 
(slices/scans) 

t 
(s) 

T1 

(s) 
(S)-2.43b 

(mM) 
[1-15N]N3 

(mM) 
1 0 25 8/8 0.001, 10, 50, 80, 120, 180, 240, 300 39 
2 25 25 10/8 0.001, 1, 3, 5, 8, 10, 15, 20, 25, 50 3.5 
3 25 50 10/8 0.001, 1, 3, 5, 8, 10, 15, 20, 25, 50 8 

 

1H-15N Heteronuclear NOE experiments 
1H-15N NOE measurements were conducted on a Bruker AVIII HD 600 MHz spectrometer 

equipped with a Prodigy N2 broadband cryoprobe. 1H chemical shifts are referenced to 

residual CHCl3 and 15N chemical shifts are referenced to external NH3(l).  

Steady-state 1H to 15N NOEs were generated using selective presaturation of 1H resonances 

followed by acquisition of the 15N 1D spectrum (Figure 4.8A). Control experiments were 

performed by off-resonance irradiation at ±20 ppm for all measurements. Due to crowding of 

the 1H resonances, various B1 rf field strengths for 1H presaturation were investigated, 
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providing a balance of selectivity versus extent of 1H saturation, as directly observed in 1H 

NMR spectra following selective presaturation (Figure 4.8B). Series of NOE experiments were 

recorded using B1 rf fields of 25 and 5 Hz, the former providing stronger NOEs but with spill 

over of saturation to neighbouring resonances in the 1H spectrum, whereas the latter provided 

for greater selectivity but weaker NOEs. Total 1H irradiation times of up to 40 s (>5×T1) were 

employed. 

 
Figure 4.8 (A) Schematic NMR sequences for 1H-15N steady state NOE observations. (B) Schematic NMR 
sequences for optimisation of 1H presaturation conditions. Grey box indicates presaturation of a 1H 
resonance during relaxation delay and black rectangle indicates excitation pulse for acquisition (θ = 
30° or 90o). 

Variable temperature studies of (S)-2.43b·[1-15N]N3·Bu4N (CDCl3, 25 mM) 
Variable temperature studies were conducted on a Bruker AVANCE III 500 MHz spectrometer. 

The previously prepared 25 mM sample of (S)-2.43b·[1-15N]N3·Bu4N in CDCl3 was studied. A 1H 

NMR spectra was taken at 298 K, then the temperature was reduced from 283 K to 213 K in 

10 K decrements, and a 1H NMR spectra was acquired at every decrement. 

At 213 K, decoalescence of an additional minor species was observed. The major species was 

designated the 1:1 (S)-2.43b·[1-15N]N3·Bu4N complex, and the minor species was tentatively 

designated as a 2:1 (S)-2.43b2·[1-15N]N3·Bu4N complex, supported by the titration data. The 

presence of this species was suppressed in the sample of (S)-2.43b containing excess azide, 

further supporting this hypothesis. 

Variable temperature studies of (S)-2.43b (CDCl3, 25 mM) and excess [1-15N]N3·Bu4N 
CDCl3 was further dried over activated 4 Å molecular sieves. The sample was prepared by 

weighing tetrabutylammonium [1-15N]azide (10.4 mg, 2 equiv) and (S)-2.43b (15.2 mg, 1 

equiv) into a flame dried NMR tube equipped with a J. Young valve under N2. Dry CDCl3 (0.73 

mL, 0.25 mM) was added, and the sample was frozen with liquid N2, evacuated, and flushed 
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with N2 once. Variable temperature studies were conducted on a Bruker AVANCE III 500 MHz 

spectrometer. A 1H NMR spectra was taken at 298 K, then the temperature was reduced from 

283 K to 213 K in 10 K decrements, and a 1H NMR spectra was acquired at every decrement. 

A significantly reduced quantity of the previously observed minor species at 213 K was 

observed, supporting the hypothesis those signals corresponded to a 2:1 (S)-2.43b2·[1-

15N]N3·Bu4N complex. 

The assignment of the 1H shifts of (S)-2.43b·[1-15N]N3·Bu4N in CDCl3 at 213 K was achieved by 

tracking 1H signals along the titration and temperature change, with additional assistance 

from 2D 1H-1H COSY and 1H-1H NOESY spectra, and supported the assignment at rt. 

1hJHN coupling constants was studied by 1D 1H-15N HMBC. 

 
1H NMR (500 MHz, CDCl3, 213 K) δ 9.43 (s, 1H, NH1), 8.69 (d, J = 9.0 Hz, 1H, H12), 8.55 (s, 1H, 

NH3), 8.37 (d, J = 8.5 Hz, 1H, H2), 8.28 (s, 1H, NH2), 8.22 (d, J = 8.5 Hz, 1H, H3), 7.98 (d, J = 9.0 

Hz, 1H, H11), 7.87 (d, J = 8.0 Hz, 1H, H10), 7.73 (s, 2H, H13), 7.64 – 7.55 (m, 2H, H4, H1), 7.41 

(s, 2H, H15), 7.39 – 7.32 (m, 2H, H5, H9), 7.26 – 7.22 (m, 1H, H6), 7.22 – 7.16 (m, 1H, H8), 7.12 

(s, 1H, H16), 6.93 (s, 1H, H14), 6.84 (d, J = 8.5 Hz, 1H, H7), 3.22 – 3.13 (m, 16H, H23), 3.02 – 

2.94 (m, 1H, H17), 1.57 (s, 16H, H24), 1.41 – 1.27 (m, 16H, H25), 1.21 (d, J = 6.5 Hz, 1H, H19), 

0.96 (t, J = 7.0 Hz, 24H, H26), 0.27 (d, J = 6.5 Hz, 1H, H18). 

  



180 

4.3.8 Chiral urea bound azide - solid state studies 

(±)-3-(3,5-bis(trifluoromethyl)phenyl)-1-(2'-(3-(3,5-bis(trifluoromethyl)phenyl)ureido)-[1,1'-
binaphthalen]-2-yl)-1-isopropylurea·tetrabutylammonium azide ((±)-2.43b·N3·Bu4N) 

 
MeCN (2.5 mL) was added to (±)-2.43b (209 mg, 0.25 mmol, 1 equiv) and tetrabutylammonium 

azide (71.2 mg, 0.25 mmol, 1 equiv). The reaction mixture was stirred at rt for 24 h. The 

reaction mixture was evaporated to dryness to afford the title compound as a white solid (277 

mg, 0.25 mmol, 99%). 

Single crystals suitable for X-ray crystallography were grown by slow evaporation of a 

saturated solution of the title compound in hot hexane with a minimal quantity of EtOAc. 

mp 85-87 °C; νmax (neat) /cm-1 2034, 1709, 1666, 1388, 1277, 1175, 1121, 880, 747, 681; 1H 

NMR (500 MHz, CDCl3) δ 9.27 (br s, 1H), 8.84 (d, J = 8.0 Hz, 1H), 8.28 (br s, 1H), 8.03 – 7.80 (m, 

7H), 7.51 – 7.40 (m, 4H), 7.32 (t, J = 7.5 Hz, 1H), 7.20 – 7.14 (m, 4H), 7.04 (s, 1H), 6.77 (d, J = 

8.5 Hz, 1H), 3.12 – 3.02 (m, 9H), 1.57 – 1.51 (m, 8H), 1.38 – 1.30 (m, 8H), 1.20 (d, J = 6.5 Hz, 

3H), 0.95 (t, J = 7.5 Hz, 12H), 0.36 (d, J = 6.5 Hz, 3H); 19F NMR (471 MHz, CDCl3) δ -62.82, -

63.02; 13C NMR (126 MHz, CDCl3) δ 153.9, 153.0, 141.6, 141.0, 140.6, 136.8, 134.8, 133.4×2, 

131.9, 131.6, 131.4 (q, J = 33.0 Hz), 131.1 (q, J = 33.0 Hz), 130.0, 129.1, 128.7, 128.2, 127.4, 

127.1, 126.7, 126.5, 126.4, 125.3, 124.0, 123.4 (q, J = 272.5 Hz), 123.4 (q, J = 273.0 Hz), 120.8 

(q, J = 5.0 Hz), 120.3, 119.7, 117.4 (q, J = 5.0 Hz), 114.8, 114.5, 58.9, 56.4, 23.9, 20.0, 19.7, 19.1, 

13.6. 

4.4.3 Synthesis of β-thioazides under HB-PTC 

Substrate (±)-2.39b was prepared according to reported literature procedure.14 
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(2-azido-1,2-diphenylethyl)(phenethyl)sulfane (2.40b) 

 
Racemic product: Prepared according to GP2.2 from (±)-2.39b to afford the title compound 

as a clear oil. 

Enantioenriched product: Prepared according to GP2.3 from (±)-2.39b to afford the title 

compound (56% NMRy, 69.5:30.5 e.r.). 

νmax (thin film) /cm-1 3028, 2917, 2098, 1494, 1453, 1251, 1074, 1030, 697; 1H NMR (400 MHz, 

CDCl3) δ 7.42 – 6.96 (m, 15H), 4.82 (d, J = 9.0 Hz, 1H), 4.13 (d, J = 9.0 Hz, 1H), 2.89 – 2.74 (m, 

2H), 2.66 – 2.59 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 140.5, 138.6, 137.5, 128.8, 128.6, 128.5, 

128.5, 128.5, 128.4, 127.7, 127.6, 126.4, 71.2, 56.3, 36.2, 33.3; HPLC DAICEL CHIRALPAK® IA-3, 

1% IPA in heptane, 1 mL min-1, tmajor = 3.23, tminor = 3.73. 

NB: Characterisation of racemic product provided. 

4.4.4 Synthesis of β-aminoazides under HB-PTC 

Substrates (±)-2.46a,d,e,f,h,j were prepared according to reported literature procedures.17 

(±)-2-(4-methoxypiperidin-1-yl)-1,2-diphenylethan-1-ol 

 
Prepared according to GP2.6 (48 h) with cis-stilbene oxide (2.00 g, 10.19 mmol, 1.00 equiv) 

and 4-methoxy-piperidine (5.87 g, 50.96 mmol, 5.00 equiv). The crude product was purified 

by flash silica chromatography (elution gradient 0 to 20% Et2O in pentane) to afford the title 

compound as a white solid (2.96 g, 9.50 mmol, 93%). 

mp 115-117 °C; νmax (thin film) /cm-1 2926, 2360, 1452, 1084, 701; 1H NMR (400 MHz, CDCl3) 

δ 7.26 – 7.18 (m, 5H), 7.17 – 7.05 (m, 5H), 5.19 (s, 1H), 5.02 (d, J = 10.5 Hz, 1H), 3.58 (d, J = 

10.5 Hz, 1H), 3.27 (s, 3H), 3.08 (quin, J = 4.5 Hz, 1H), 3.03 – 2.91 (m, 1H), 2.76 – 2.62 (m, 1H), 
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2.41 (t, J = 10.5 Hz, 1H), 2.05 – 1.92 (m, 3H), 1.75 – 1.57 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 

141.6, 133.3, 130.0, 128.1, 128.0, 127.9, 127.5, 127.4, 76.6, 70.7, 55.7, 45.3, 31.8, 31.5; HRMS 

(ESI+) calc. for C20H26O2N ([M+H]+): 312.1958; found: 321.1958. 

NB: Two fewer 13C resonances observed due to overlapping signals from diastereotopic 

carbons. 

(±)-1-(2-chloro-1,2-diphenylethyl)-4-methoxypiperidine (2.46b) 

 
Prepared according to GP2.7 with (±)-2-(4-methoxypiperidin-1-yl)-1,2-diphenylethan-1-ol 

(2.90 g, 9.31 mmol, 1.00 equiv). The crude product was purified by flash silica chromatography 

(elution gradient 0 to 20% Et2O in pentane) to afford the title compound as a white solid 

(2.15 g, 6.52 mmol, 70%). 

mp 97-99 °C; νmax (thin film) /cm-1 2940, 2819, 2361, 1452, 1139, 1090, 697; 1H NMR (400 

MHz, CDCl3) δ 7.23 – 7.06 (m, 8H), 6.97 – 6.92 (m, 2H), 5.37 (d, J = 10.5 Hz, 1H), 4.08 (d, J = 

10.5 Hz, 1H), 3.28 (s, 3H), 3.07 (tt, J = 8.5, 4.5 Hz, 1H), 2.97 – 2.88 (m, 1H), 2.80 – 2.71 (m, 1H), 

2.23 (td, J = 10.5, 3.0 Hz, 1H), 2.10 (td, J = 10.5, 3.0 Hz, 1H), 2.03 – 1.85 (m, 2H), 1.77 – 1.56 

(m, 2H); 13C NMR (101 MHz, CDCl3) δ 140.0, 135.0, 129.2, 128.3, 128.2, 128.0, 127.9, 127.4, 

76.9, 74.9, 63.1, 55.6, 48.9, 45.4, 31.6, 31.4; HRMS (ESI+) calc. for C20H25ON35Cl ([M+H]+): 

330.1619; found: 330.1618. 

(±)-2-(4,4-difluoropiperidin-1-yl)-1,2-diphenylethan-1-ol 

 
cis-Stilbene oxide (1.00 g, 5.10 mmol, 1.00 equiv) was added to a mixture of 4,4-

difluoropiperidine hydrochloride (2.41 g, 15.29 mmol, 3.00 equiv) and NaOH (1.22 g, 30.57 

mmol, 6.00 equiv) in iPrOH (12.75 mL) and H2O (12.75 mL). The reaction mixture was stirred 
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at 90 °C in a sealed tube for 60 h. The reaction mixture was cooled to rt, diluted with EtOAc 

(50 mL), washed with H2O (25 mL), sat. brine (25 mL), dried with MgSO4, filtered, and 

concentrated to afford crude product. The crude product was purified by flash silica 

chromatography (elution gradient 0 to 20% Et2O in pentane) to afford the title compound as 

a white solid (1.26 g, 3.97 mmol, 78%). 

mp 123-124 °C; νmax (thin film) /cm-1 2845, 1366, 1155, 1129, 1072, 1005, 701; 1H NMR (500 

MHz, DMSO-d6) δ 7.29 – 7.24 (m, 2H), 7.24 – 7.11 (m, 7H), 7.11 – 7.05 (m, 1H), 5.14 (d, J = 10.0 

Hz, 1H), 4.90 (d, J = 1.0 Hz, 1H), 3.80 (d, J = 10.0 Hz, 1H), 2.66 (br s, 2H), 2.37 (br s, 2H), 2.16 – 

1.94 (m, 4H); 19F NMR (471 MHz, DMSO-d6) δ -95.32 (br s); 13C NMR (126 MHz, DMSO-d6) δ 

142.3, 133.8, 129.6, 127.8, 127.6×2, 127.2, 127.0, 122.8 (t, J = 241.0 Hz), 74.2, 70.3, 45.5, 33.7 

(t, J = 22.0 Hz); HRMS (ESI+) calc. for C19H22ONF2 ([M+H]+): 318.1664; found: 318.1662. 

(±)-1-(2-chloro-1,2-diphenlethyl)-4,4-difluoropiperidine (2.46c) 

 
Prepared according to GP2.7 with (±)-2-(4,4-difluoropiperidin-1-yl)-1,2-diphenylethan-1-ol 

(1.18 g, 3.72 mmol, 1.00 equiv). The crude product was purified by flash silica chromatography 

(elution gradient 0 to 10% Et2O in pentane) to afford the title compound as a white solid 

(1.16 g, 3.45 mmol, 93%). 

mp 120-121 °C; νmax (thin film) /cm-1 2832, 2361, 1453, 1362, 1125, 1081, 946, 697; 1H NMR 

(400 MHz, CDCl3) δ 7.25 – 7.08 (m, 8H), 7.03 – 6.89 (m, 2H), 5.36 (d, J = 11.0 Hz, 1H), 4.13 (d, J 

= 11.0 Hz, 1H), 2.78 – 2.61 (m, 2H), 2.61 – 2.42 (m, 2H), 2.22 – 1.92 (m, 4H); 19F NMR (377 

MHz, CDCl3) δ -97.34 (br s); 13C NMR (101 MHz, CDCl3) δ 139.7, 134.6, 128.9, 128.4, 128.2, 

128.2, 128.1, 127.8, 122.3 (t, J = 241.5 Hz), 74.5, 63.1, 40.0, 34.6 (t, J = 22.5 Hz); HRMS (ESI+) 

calc. for C19H21N35ClF2 ([M+H]+): 336.1325; found: 336.1324. 
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(±)-1,2-diphenyl-2-(4-phenylpiperazin-1-yl)ethan-1-ol 

 
Prepared according to GP2.6 (48 h) with cis-stilbene oxide (1.00 g, 5.10 mmol, 1.00 equiv) and 

1-phenylpiperazine (3.89 g, 25.50 mmol, 5.00 equiv). The crude product was purified by flash 

silica chromatography (elution gradient 0 to 30% Et2O in pentane) to afford the title compound 

as a white solid (1.46 g, 4.07 mmol, 80%). 

mp 174-176 °C; νmax (thin film) /cm-1 2836, 1599, 1239, 761, 749, 701, 690; 1H NMR (400 MHz, 

CDCl3) δ 7.20 – 6.99 (m, 12H), 6.84 – 6.73 (m, 3H), 5.53 – 4.75 (m, 2H), 3.58 (d, J = 10.5 Hz, 1H), 

3.25 – 3.08 (m, 4H), 2.81 – 2.71 (m, 2H), 2.53 – 2.42 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 

151.3, 141.3, 132.8, 130.0, 129.2, 128.1×2, 128.0, 127.6, 127.4, 120.2, 116.4, 76.5, 70.6, 49.9, 

49.1; HRMS (ESI+) calc. for C24H27ON2 ([M+H]+): 359.2129; found: 359.2120. 

(±)-1-(2-chloro-1,2-diphenylethyl)-4-phenylpiperazine (2.46g) 

 
Prepared according to GP2.7 with (±)-1,2-diphenyl-2-(4-phenylpiperazin-1-yl)ethan-1-ol (1.42 

g, 3.96 mmol, 1.00 equiv). The crude product was purified by flash silica chromatography 

(elution gradient 0 to 20% EtOAc in CH2Cl2) to afford the title compound as white solid (1.10 g, 

3.96 mmol, 74%). 

mp 135-137 °C; νmax (thin film) /cm-1 2824, 2361, 1598, 1233, 694; 1H NMR (400 MHz, CDCl3) 

δ 7.21 – 7.13 (m, 4H), 7.13 – 6.99 (m, 6H), 6.96 – 6.86 (m, 2H), 6.87 – 6.79 (m, 2H), 6.79 – 6.68 

(m, 1H), 5.36 (d, J = 10.5 Hz, 1H), 4.07 (d, J = 10.5 Hz, 1H), 3.25 – 3.08 (m, 4H), 2.73 – 2.50 (m, 

4H); 13C NMR (101 MHz, CDCl3) δ 151.6, 139.7, 134.5, 129.3, 129.2, 128.4, 128.2, 128.1, 128.0, 

127.6, 119.9, 116.4, 75.0, 62.7, 49.8, 49.3; HRMS (ESI+) calc. for C24H26N2
35Cl ([M+H]+): 

377.1779; found: 377.1782. 
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(±)-2-(benzyl(methyl)amino)-1,2-diphenylethan-1-ol 

 
Yttrium(III) trifluoromethanesulfonate (1.09 g, 2.04 mmol, 0.20 equiv) was added to a solution 

of N-benzylmethylamine (1.32 mL, 10.19 mmol, 1.00 equiv) and cis-stilbene oxide (2.00 g, 

10.19 mmol, 1.00 equiv) in dry THF (20 mL) under N2. The reaction mixture was heated under 

reflux for 18 h. The reaction mixture was cooled to rt, diluted with Et2O (50 mL), washed with 

sat. NaHCO3 (50 mL), sat. brine (50 mL), dried with MgSO4, filtered, and concentrated to afford 

crude product. The crude product was purified by flash silica chromatography (elution 

gradient 0 to 50% Et2O in pentane) to afford the title compound as a white solid (2.17 g, 6.84 

mmol, 67%). 

mp 119-120 °C; νmax (thin film) /cm-1 3029, 1494, 1452, 1399, 1079, 1053, 913, 879, 758, 737, 

699; 1H NMR (400 MHz, CDCl3) δ 7.41 – 7.34 (m, 4H), 7.34 – 7.26 (m, 4H), 7.19 – 7.07 (m, 7H), 

5.27 (s, 1H), 5.11 (d, J = 10.5 Hz, 1H), 3.74 (d, J = 10.5 Hz, 1H), 3.65 (d, J = 13.0 Hz, 1H), 3.41 (d, 

J = 13.0 Hz, 1H), 2.21 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 141.5, 138.5, 133.0, 130.3, 129.2, 

128.7, 128.1, 128.0, 127.9, 127.5×3, 74.3, 71.2, 58.8, 36.9; HRMS (ESI+) calc. for C22H24ON 

([M+H]+): 318.1852; found 318.1851. 

(±)-N-benzyl-2-chloro-N-methyl-1,2-diphenylethan-1-amine (2.46i) 

 
Prepared according to GP2.7 with (±)-2-(benzyl(methyl)amino)-1,2-diphenylethan-1-ol (2.15 

g, 6.77 mmol, 1.00 equiv). The crude product was triturated with CH2Cl2. The solids were 

collected and dried to afford the title compound as white solid (1.17 g, 3.45 mmol, 51%). 

mp 156-157 °C; νmax (thin film) /cm-1 3028, 2361, 1492, 1452, 761, 703; 1H NMR (400 MHz, 

CDCl3) δ 7.52 – 7.45 (m, 2H), 7.39 – 7.33 (m, 2H), 7.31 – 7.26 (m, 1H), 7.24 – 7.06 (m, 8H), 7.01 

– 6.95 (m, 2H), 5.49 (d, J = 11.0 Hz, 1H), 4.24 (d, J = 11.0 Hz, 1H), 3.80 (d, J = 13.5 Hz, 1H), 3.33 

(d, J = 13.5 Hz, 1H), 2.25 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 140.0, 139.5, 134.3, 129.3, 129.0, 
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128.4×2, 128.2, 128.1, 128.0, 127.5, 127.1, 73.0, 63.4, 58.0, 37.6; HRMS (ESI+) calc. for 

C22H23N35Cl ([M+H]+): 412.1514; found: 412.1512. 

(±)-2-(azepan-1-yl)-1,2-diphenylethan-1-ol 

 
Prepared according to GP2.6 (72 h) with cis-stilbene oxide (2.00 g, 10.19 mmol, 1.00 equiv) 

and azepane (5.74 mL, 50.96 mmol, 5.00 equiv). The crude product was purified by flash silica 

chromatography (elution gradient 0 to 20% EtOAc in pentane), then triturated with pentane 

to afford the title compound as a white solid (2.05 g, 6.94 mmol, 68%). 

mp 81-83 °C; νmax (thin film) /cm-1 2923, 2852, 1451, 1047, 759, 699; 1H NMR (400 MHz, CDCl3) 

δ 7.25 – 7.18 (m, 5H), 7.17 – 7.08 (m, 5H), 5.34 (s, 1H), 4.98 (d, J = 10.5 Hz, 1H), 3.64 (d, J = 

10.5 Hz, 1H), 2.89 – 2.74 (m, 2H), 2.60 – 2.45 (m, 2H), 1.80 – 1.65 (m, 4H), 1.62 – 1.56 (m, 4H); 

13C NMR (101 MHz, CDCl3) δ 141.7, 135.0, 129.8, 128.0×2, 127.7, 127.5, 127.4, 77.6, 71.3, 52.1, 

29.4, 26.7; HRMS (ESI+) calc. for C20H26ON ([M+H]+): 296.2009; found 296.2007. 

(±)-2-chloro-1,2-diphenylethyl)azepane (2.46k) 

 
Prepared according to GP2.7 with (±)-2-(azepan-1-yl)-1,2-diphenylethan-1-ol (2.05 g, 6.94 

mmol, 1.00 equiv). The crude product was purified by flash silica chromatography (elution 

gradient 0 to 20% Et2O in pentane) to afford the title compound as a white solid (1.47 g, 4.68 

mmol, 67%). 

mp 77-78 °C; νmax (thin film) /cm-1 2924, 2361, 1494, 1451, 1158, 1076, 695; 1H NMR (400 

MHz, CDCl3) δ 7.24 – 6.84 (m, 10H), 5.29 (d, J = 10.5 Hz, 1H), 4.08 (d, J = 10.5 Hz, 1H), 2.87 – 

2.65 (m, 2H), 2.65 – 2.42 (m, 2H), 1.67 – 1.55 (m, 4H), 1.52 – 1.41 (m, 4H); 13C NMR (101 MHz, 

CDCl3) δ 140.3, 137.4, 128.7, 128.3, 128.2, 127.9, 127.8, 127.0, 75.5, 64.5, 51.6, 29.7, 27.2; 

HRMS (ESI+) calc. for C20H25N35Cl ([M+H]+): 314.1670; found 314.1668. 
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(±)-1,2-bis(3-fluorophenyl)-2-(piperidin-1-yl)ethan-1-ol 

 
Prepared according to GP2.6 (30 h) with cis-2,3-bis(3-fluorophenyl)oxirane18 (1.30 g, 5.60 

mmol, 1.00 equiv) and piperidine (2.76 mL, 28.00 mmol, 5.00 equiv). The crude product was 

purified by flash silica chromatography (elution gradient 0 to 20% Et2O in pentane) to afford 

the title compound as a white solid (1.42 g, 4.48 mmol, 80%). 

mp 108-110 °C; νmax (thin film) /cm-1 2936, 1590, 1488, 1445, 1250, 1136, 1157, 780, 732, 706, 

695; 1H NMR (500 MHz, CDCl3) δ 7.23 (td, J = 8.0, 6.0 Hz, 1H), 7.09 (td, J = 8.0, 6.0 Hz, 1H), 7.00 

(dt, J = 10.0, 2.0 Hz, 1H), 6.97 – 6.91 (m, 2H), 6.86 (d, J = 7.5 Hz, 1H), 6.84 – 6.79 (m, 2H), 5.29 

(s, 1H), 4.97 (d, J = 10.5 Hz, 1H), 3.47 (d, J = 10.5 Hz, 1H), 2.62 (br s, 2H), 2.28 (br s, 2H), 1.70 – 

1.59 (m, 4H), 1.37 (br s, 2H); 19F NMR (471 MHz, CDCl3) δ -113.00, -113.44; 13C NMR (126 MHz, 

CDCl3) δ 162.8 (d, J = 245.0 Hz), 162.4 (d, J = 246.5 Hz), 144.3 (d, J = 7.0 Hz), 135.9 (d, J = 6.5 

Hz), 129.5 (d, J = 8.0 Hz), 129.4 (d, J = 8.0 Hz), 125.7 (d, J = 3.0 Hz), 123.1 (d, J = 3.0 Hz), 116.7 

(d, J = 21.0 Hz), 114.9 (d, J = 21.0 Hz), 114.4 (d, J = 21.0 Hz), 114.0 (d, J = 22.0 Hz), 76.8 (d, J = 

1.5 Hz), 70.0 (d, J = 2.0 Hz), 50.4, 26.6, 24.3; HRMS (ESI+) calc. for C19H22ONF2 ([M+H]+): 

318.1664 found: 318.1662. 

(±)-1-(2-chloro-1,2-bis(3-fluorophenyl)ethyl)piperidine (2.46l) 

 
Prepared according to GP2.7 with (±)-1-(2-chloro-1,2-bis(3-fluorophenyl)ethyl)piperidine 

(1.36 g, 4.29 mmol, 1.00 equiv). The crude product was purified by flash silica chromatography 

(elution gradient 0 to 20% Et2O in pentane) to afford the title compound as a white solid (1.10 

g, 3.26 mmol, 76%). 
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mp 120-122 °C; νmax (thin film) /cm-1 2934, 1590, 1488, 1447, 1245, 878, 773; 1H NMR (500 

MHz, CDCl3) δ 7.19 – 7.06 (m, 2H), 7.00 – 6.92 (m, 2H), 6.89 – 6.78 (m, 2H), 6.73 (d, J = 7.5 Hz, 

1H), 6.67 (d, J = 9.5 Hz, 1H), 5.30 (d, J = 10.5 Hz, 1H), 3.97 (d, J = 10.5 Hz, 1H), 2.56 – 2.43 (m, 

2H), 2.42 – 2.27 (m, 2H), 1.74 – 1.63 (m, 2H), 1.63 – 1.52 (m, 2H), 1.41 – 1.31 (m, 2H); 19F NMR 

(471 MHz, CDCl3) δ -112.67, -113.13; 13C NMR (126 MHz, CDCl3) δ 162.6 (d, J = 246.5 Hz), 162.4 

(d, J = 246.0 Hz), 142.2 (d, J = 7.5 Hz), 137.5 (d, J = 6.0 Hz), 129.9 (d, J = 8.5 Hz), 129.3 (d, J = 

8.0 Hz), 124.9 (d, J = 3.0 Hz), 124.0 (d, J = 3.0 Hz), 115.9 (d, J = 21.0 Hz), 115.2 (d, J = 21.0 Hz), 

115.2 (d, J = 22.5 Hz), 114.5 (d, J = 21.0 Hz), 75.2, 61.6, 50.6, 26.5, 24.7; HRMS (ESI+) calc. for 

C19H21N35ClF2 ([M+H]+): 336.1325 found: 336.1325. 

(±)-1,2-bis(3-chlorophenyl)-2-(piperidin-1-yl)ethan-1-ol 

 
Prepared according to GP2.6 (48 h) with cis-2,3-bis(3-chlorophenyl)oxirane19 (1.48 g, 7.54 

mmol, 1.00 equiv) and piperidine (3.72 mL, 50.90 mmol, 6.75 equiv). The crude product was 

purified by flash silica chromatography (elution gradient 0 to 10% Et2O in pentane) to afford 

the title compound as a white solid (1.67 g, 4.77 mmol, 63%). 

mp 99-101 °C; νmax (thin film) /cm-1 2936, 2360, 1596, 1572, 1475, 1429, 1191, 1157, 1055, 

883, 733, 695; 1H NMR (400 MHz, CDCl3) δ 7.34 – 7.29 (m, 1H), 7.26 – 7.18 (m, 2H), 7.13 – 7.02 

(m, 3H), 7.00 – 6.92 (m, 2H), 5.27 (s, 1H), 4.94 (d, J = 10.5 Hz, 1H), 3.44 (d, J = 10.5 Hz, 1H), 

2.60 (br s, 2H), 2.27 (br s, 2H), 1.76 – 1.59 (m, 4H), 1.37 (br s, 2H); 13C NMR (101 MHz, CDCl3) 

δ 143.7, 135.3, 134.2, 134.1, 129.9, 129.3×2, 128.2, 128.0, 127.8, 127.3, 125.8, 76.8, 70.0, 50.3, 

26.6, 24.3; HRMS (ESI+) calc. for C19H22ON35Cl2 ([M+H]+): 350.1073; found: 350.1076. 
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(±)-1-(2-chloro-1,2-bis(3-chlorophenyl)ethyl)piperidine (2.46m) 

 
Prepared according to GP2.7 with (±)-1,2-bis(3-chlorophenyl)-2-(piperidin-1-yl)ethan-1-ol 

(1.65 g, 4.71 mmol, 1.00 equiv). The crude product was purified by flash silica chromatography 

(elution gradient 0 to 10% Et2O in pentane) to afford the title compound as a white solid (1.22 

g, 3.30 mmol, 70%). 

mp 140-142 °C; νmax (thin film) /cm-1 2933, 2360, 1573, 1429, 1098, 1079, 717, 694; 1H NMR 

(400 MHz, CDCl3) δ 7.25 – 7.21 (m, 1H), 7.13 – 7.04 (m, 5H), 6.96 – 6.93 (m, 1H), 6.87 – 6.80 

(m, 1H), 5.28 (d, J = 10.5 Hz, 1H), 3.94 (d, J = 10.5 Hz, 1H), 2.50 (ddd, J = 11.0, 7.0, 3.5 Hz, 2H), 

2.34 (ddd, J = 11.0, 7.0, 3.5 Hz, 2H), 1.72 – 1.56 (m, 4H), 1.42 – 1.32 (m, 2H); 13C NMR (101 

MHz, CDCl3) δ 141.7, 136.9, 134.3, 134.0, 129.7, 129.1×2, 128.4×2, 127.8, 127.3, 126.4, 75.2, 

61.5, 50.7, 26.4, 24.7; HRMS (ESI+) calc. for C19H21N35Cl3 ([M+H]+): 368.0734; found: 368.0735. 

(±)-2-(piperidin-1-yl)-1,2-bis(3-(trifluoromethyl)phenyl)ethan-1-ol 

 
Prepared according to GP2.6 (48 h) with 2,3-bis(3-(trifluoromethyl)phenyl)oxirane19 (1.00 g, 

3.01 mmol, 1.00 equiv) and piperidine (1.44 mL, 15.05 mmol, 5.00 equiv). The crude product 

was purified by flash silica chromatography (elution gradient 0 to 20% Et2O in pentane) to 

afford the title compound as a pale-yellow oil (0.95 g, 2.29 mmol, 76%). 

νmax (thin film) /cm-1 2939, 1446, 1326, 1160, 1120, 1073, 900, 804, 704, 665; 1H NMR (400 

MHz, CDCl3) δ 7.55 – 7.48 (m, 2H), 7.43 – 7.36 (m, 2H), 7.34 – 7.21 (m, 4H), 5.27 (s, 1H), 5.08 

(d, J = 10.5 Hz, 1H), 3.53 (d, J = 10.5 Hz, 1H), 2.63 (br s, 2H), 2.30 (br s, 2H), 1.76 – 1.54 (m, 4H), 

1.38 (s, 2H); 19F NMR (377 MHz, CDCl3) δ -62.72, -62.81; 13C NMR (101 MHz, CDCl3) δ 142.5, 
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134.3, 133.3, 130.7, 130.6 (q, J = 32.5 Hz), 130.6 (q, J = 32.5 Hz), 128.6, 128.6, 126.4 (q, J = 4.0 

Hz), 125.0 (q, J = 4.0 Hz), 124.5 (q, J = 4.0 Hz), 124.2 (q, J = 272.0 Hz), 124.1 (q, J = 272.5 Hz), 

124.0 (q, J = 4.0 Hz), 77.1, 70.2, 50.4, 26.6, 24.3; HRMS (ESI+) calc. for C21H22ONF6 ([M+H]+): 

418.1600; found: 418.1589. 

(±)-1-(2-chloro-1,2-bis(3-(trifluoromethyl)phenyl)ethyl)piperidine (2.46n) 

 
Prepared according to GP2.7 with (±)-2-(piperidin-1-yl)-1,2-bis(3-

(trifluoromethyl)phenyl)ethan-1-ol (902 mg, 2.16 mmol, 1.00 equiv). The crude product was 

purified by flash silica chromatography (elution gradient 0 to 20% Et2O in pentane) to afford 

the title compound as a white solid (687 mg, 1.58 mmol, 73%). 

mp 89-90 °C; νmax (thin film) /cm-1 2937, 1446, 1327, 1162, 1120, 1073, 700; 1H NMR (500 

MHz, CDCl3) δ 7.46 – 7.37 (m, 4H), 7.35 – 7.27 (m, 2H), 7.18 (br s, 1H), 7.16 – 7.12 (m, 1H), 5.47 

(d, J = 9.5 Hz, 1H), 4.06 (d, J = 9.5 Hz, 1H), 2.63 – 2.46 (m, 2H), 2.46 – 2.37 (m, 2H), 1.76 – 1.61 

(m, 4H), 1.48 – 1.34 (m, 2H); 19F NMR (471 MHz, CDCl3) δ -62.84, -62.96; 13C NMR (126 MHz, 

CDCl3) δ 140.4, 136.0, 132.6, 131.4, 130.7 (q, J = 32.5 Hz), 130.5 (d, J = 32.5 Hz), 128.9, 128.4, 

125.7 (q, J = 4.0 Hz), 125.2 (q, J = 4.0 Hz), 125.0 (d, J = 4.0 Hz), 124.5 (q, J = 4.0 Hz), 124.1 (q, J 

= 272.5 Hz), 123.8 (q, J = 272.5 Hz), 75.8, 61.3, 51.0, 26.4, 24.6; HRMS (ESI+) calc. for 

C21H21N35ClF6 ([M+H]+): 436.1261; found: 436.1269. 

(±)-1,2-bis(4-bromophenyl)-2-(piperidin-1-yl)ethan-1-ol 

 
Prepared according to GP2.6 (48 h) with 2,3-bis(4-bromophenyl)oxirane20 (2.25 g, 6.36 mmol, 

1.00 equiv). The crude product was purified by flash silica chromatography (elution gradient 
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0 to 15% Et2O in pentane), then triturated with pentane to afford the title compound as a 

white solid (1.46 g, 3.32 mmol, 52%). 

mp 130-132 °C; νmax (thin film) /cm-1 2934, 2361, 1591, 1488, 1395, 1071, 1010, 908, 871, 822, 

728; 1H NMR (400 MHz, CDCl3) δ 7.40 (d, J = 8.5 Hz, 2H), 7.28 (d, J = 8.5 Hz, 2H), 7.06 (d, J = 8.5 

Hz, 2H), 6.93 (d, J = 8.5 Hz, 2H), 5.26 (s, 1H), 4.92 (d, J = 10.5 Hz, 1H), 3.41 (d, J = 10.5 Hz, 1H), 

2.58 (br s, 2H), 2.25 (br s, 2H), 1.80 – 1.51 (m, 4H), 1.36 (s, 2H); 13C NMR (101 MHz, CDCl3) δ 

140.7, 132.2, 131.5, 131.3, 131.2, 129.0, 122.1, 121.4, 76.7, 70.0, 50.5, 26.6, 24.3; HRMS (ESI+) 

calc. for C19H22ON79Br2 ([M+H]+): 438.0063; found: 438.0059. 

(±)-1-(1,2-bis(4-bromophenyl)-2-chloroethyl)piperidine (2.46o) 

 
Prepared according to GP2.7 with (±)-1,2-bis(4-bromophenyl)-2-(piperidin-1-yl)ethan-1-ol 

(1.62 g, 3.69 mmol, 1.00 equiv). The crude product was purified by flash silica chromatography 

(elution gradient 0 to 10% Et2O in pentane) to afford the title compound as a white solid (1.05 

g, 2.29 mmol, 62%). 

mp 119-120 °C; νmax (thin film) /cm-1 2993, 1488, 1103, 1074, 1010, 750; 1H NMR (400 MHz, 

CDCl3) δ 7.34 – 7.27 (m, 4H), 7.10 – 6.98 (m, 2H), 6.87 – 6.75 (m, 2H), 5.29 (d, J = 10.5 Hz, 1H), 

3.93 (d, J = 10.5 Hz, 1H), 2.53 – 2.40 (m, 2H), 2.40 – 2.27 (m, 2H), 1.73 – 1.52 (m, 4H), 1.47 – 

1.30 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 138.8, 133.8, 131.6, 131.1, 130.7, 129.9, 122.1, 

121.5, 75.0, 61.6, 50.6, 26.4, 24.7; HRMS (ESI+) calc. for C19H21N79Br2
35Cl ([M+H]+): 455.9724; 

found 455.9722. 
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(Z)-1,2-bis(4-(tert-butyl)phenyl)ethene 

 
A solution of nBuLi in hexane (27.5 mL, 1.6 M, 44.08 mmol, 4.00 equiv) was added dropwise 

over 5 min to a solution of titanium(IV) isopropoxide (6.53 mL, 22.04 mmol, 2.00 equiv) and 

1,2-bis(4-(tert-butyl)phenyl)ethyne21,22 (3.20 g, 11.02 mmol, 1.00 equiv) in dry THF (44 mL, 

0.25 M) under N2 at -78 °C. The reaction mixture was stirred at rt for 2 h. The reaction mixture 

was cooled to 0 °C, then diluted with sat. NH4Cl (50 mL). The reaction mixture was extracted 

with Et2O (50 mL), washed with sat. brine (50 mL), dried with MgSO4, filtered, and 

concentrated to afford crude product. The crude product was purified by filtration through a 

silica plug (elution with 100% pentane) to afford the title compound as a pale-yellow oil (2.34 

g, 8.00 mmol, 73%). 

νmax (thin film) /cm-1 2961, 2361, 1511, 1463, 1363, 1269, 1108, 1018, 883, 842, 824; 1H NMR 

(400 MHz, CDCl3) δ 7.18 – 7.16 (m, 8H), 6.42 (s, 2H), 1.23 (s, 18H); 13C NMR (101 MHz, CDCl3) 

δ 150.2, 134.7, 129.6, 128.7, 125.2, 34.7, 31.5; HRMS (EI) calc. for C22H28 ([M]+): 292.2186; 

found 292.2191. 

NB: Both (E)-1,2-bis(4-(tert-butyl)phenyl)ethene and a mixture of (E)-1,2-bis(4-(tert-

butyl)phenyl)ethene and (Z)-1,2-bis(4-(tert-butyl)phenyl)ethene have been previously 

characterised.23,24 

2,3-bis(4-(tert-butyl)phenyl)oxirane 

 
mCPBA (2.69 g, 12.00 mmol, 1.50 equiv) was added to (Z)-1,2-bis(4-(tert-butyl)phenyl)ethene 

(2.34 g, 8.00 mmol, 1.00 equiv) in CH2Cl2 (16 mL, 0.5 M) at 0 °C. The reaction mixture was 

stirred at rt for 24 h. The reaction mixture was filtered through celite. The filtrate was washed 

with sat. Na2SO3 (20 mL), sat. brine (20 mL), dried with MgSO4, filtered, and concentrated to 
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afford crude product. The crude product was purified by flash silica chromatography (elution 

gradient 0 to 5% Et2O in pentane) to afford the title compound as a pale-yellow oil (2.30 g, 

7.46 mmol, 93%). 

νmax (thin film) /cm-1 2962, 2361, 1517, 1392, 1268, 805; 1H NMR (400 MHz, CDCl3) δ 7.24 – 

7.19 (m, 4H), 7.15 – 7.08 (m, 4H), 4.31 (s, 2H), 1.25 (s, 18H); 13C NMR (101 MHz, CDCl3) δ 150.5, 

131.7, 126.9, 124.8, 60.1, 34.6, 31.4; HRMS (ESI+) calc. for C22H29O ([M+H]+): 309.2213; found: 

309.2214. 

(±)-1,2-bis(4-(tert-butyl)phenyl)-2-(piperidin-1-yl)ethan-1-ol 

 
Prepared according to GP2.6 (72 h) with 2,3-bis(4-(tert-butyl)phenyl)oxirane (737 mg, 2.39 

mmol, 1.00 equiv). The crude product was purified by flash silica chromatography (elution 

gradient 0 to 20% Et2O in pentane) to afford the title compound as a white solid (823 mg, 2.09 

mmol, 88%). 

mp 125-127 °C; νmax (thin film) /cm-1 2961, 2360, 1364, 1271, 1110, 828; 1H NMR (400 MHz, 

CDCl3) δ 7.27 – 7.22 (m, 2H), 7.20 – 7.12 (m, 4H), 7.05 – 7.00 (m, 2H), 5.48 (s, 1H), 5.01 (d, J = 

10.5 Hz, 1H), 3.54 (d, J = 10.5 Hz, 1H), 2.62 (br s, 2H), 2.24 (br s, 2H), 1.80 – 1.49 (m, 4H), 1.40 

– 1.31 (m, 2H), 1.28 (s, 9H), 1.22 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 150.3, 149.9, 139.0, 

130.7, 129.7, 127.0, 124.9, 124.6, 76.1, 69.9, 50.4, 34.6, 34.5, 31.5, 31.4, 26.7, 24.4; HRMS 

(ESI+) calc. for C27H40ON ([M+H]+): 394.3104; found: 394.3099. 

(±)-1-(1,2-bis(4-(tert-butyl)phenyl)-2-chloroethyl)piperidine (2.46p) 
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Prepared according to GP2.7 with (±)-1,2-bis(4-(tert-butyl)phenyl)-2-(piperidin-1-yl)ethan-1-

ol (832 mg, 1.89 mmol, 1.00 equiv). The crude product was purified by flash silica 

chromatography (elution gradient 0 to 10% Et2O in pentane) to afford the title compound as 

a white solid (289 mg, 0.70 mmol, 35%). 

mp 117-119 °C; νmax (thin film) /cm-1 2962, 2360, 908, 731, 697; 1H NMR (400 MHz, CDCl3) δ 

7.17 – 6.95 (m, 6H), 6.85 – 6.71 (m, 2H), 5.29 (d, J = 10.5 Hz, 1H), 3.93 (d, J = 10.5 Hz, 1H), 2.47 

(br s, 2H), 2.30 (br s, 2H), 1.67 – 1.37 (m, 4H), 1.34 – 1.20 (m, 2H), 1.14 (s, 9H), 1.11 (s, 9H); 13C 

NMR (101 MHz, CDCl3) δ 150.6, 149.8, 137.3, 132.3, 129.0, 127.8, 125.0, 124.4, 75.1, 63.2, 

50.6, 34.5, 34.4, 31.4, 31.3, 26.5, 24.8; HRMS (ESI+) calc. for C27H39N35Cl ([M+H]+): 412.2766; 

found: 412.2764. 

(±)-2-(piperidin-1-yl)-1,2-bis(4-(trifluoromethyl)phenyl)ethan-1-ol 

 
Prepared according to GP2.6 (48 h) with 2,3-bis(3-(trifluoromethyl)phenyl)oxirane19 (1.00 g, 

3.01 mmol, 1.00 equiv) and piperidine (1.44 mL, 15.05 mmol, 5.00 equiv). The crude product 

was purified by flash silica chromatography (elution gradient 0 to 20% Et2O in pentane) to 

afford the title compound as a white solid (0.84 g, 2.02 mmol, 67%). 

mp 118-119 °C; νmax (thin film) /cm-1 2939, 1322, 1161, 1109, 1067, 1018, 873, 836; 1H NMR 

(500 MHz, CDCl3) δ 7.55 (d, J = 8.0 Hz, 2H), 7.42 (d, J = 8.0 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 7.21 

(d, J = 8.0 Hz, 2H), 5.33 (s, 1H), 5.08 (d, J = 10.5 Hz, 1H), 3.54 (d, J = 10.5 Hz, 1H), 2.62 (br s, 2H), 

2.28 (br s, 2H), 1.74 – 1.59 (m, 4H), 1.38 (br s, 2H); 19F NMR (471 MHz, CDCl3) δ -62.56, -62.60; 
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13C NMR (126 MHz, CDCl3) δ 145.6, 137.2, 130.3 (q, J = 32.5 Hz), 130.2, 129.8 (q, J = 32.5 Hz), 

127.6, 125.2 (q, J = 4.0 Hz), 125.1 (q, J = 3.5 Hz), 124.2 (q, J = 272.0 Hz), 124.1 (q, J = 272.0), 

76.9, 70.0, 50.5, 26.6, 24.2; HRMS (ESI+) calc. for C21H22ONF6 ([M+H]+): 418.1600; found: 

418.1596. 

NB: In the 13C spectra, one resonance of the quartet at 124.1 overlaps with the quartet at 

125.2. 
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(±)-1-(2-chloro-1,2-bis(4-(trifluoromethyl)phenyl)ethyl)piperidine (2.46q) 

 
Prepared according to GP2.7 with (±)-2-(piperidin-1-yl)-1,2-bis(4-

(trifluoromethyl)phenyl)ethan-1-ol (792 mg, 1.89 mmol, 1.00 equiv). The crude product was 

purified by flash silica chromatography (elution gradient 0 to 20% Et2O in pentane) to afford 

the title compound as a white solid (559 mg, 1.29 mmol, 68%). 

mp 125-127 °C; νmax (thin film) /cm-1 2937, 1323, 1164, 1110, 1068, 1018, 877, 848, 760, 720, 

671; 1H NMR (500 MHz, CDCl3) δ 7.47 – 7.41 (m, 4H), 7.33 (d, J = 8.0 Hz, 2H), 7.07 (d, J = 8.0 

Hz, 2H), 5.43 (d, J = 10.0 Hz, 1H), 4.07 (d, J = 10.0 Hz, 1H), 2.54 – 2.46 (m, 2H), 2.40 – 2.32 (m, 

2H), 1.69 – 1.58 (m, 4H), 1.41 – 1.33 (m, 2H); 19F NMR (471 MHz, CDCl3) δ -62.59, -62.76; 13C 

NMR (126 MHz, CDCl3) δ 143.4, 138.7, 130.4 (q, J = 32.5 Hz), 129.8 (q, J = 32.5 Hz), 129.4, 

128.6, 125.5 (q, J = 4.0 Hz), 124.9 (q, J = 3.5 Hz), 124.1 (q, J = 272.0 Hz), 123.9 (q, J = 272.5 Hz), 

75.2, 61.3, 50.1, 26.4, 24.6; HRMS (ESI+) calc. for C21H21N35ClF6 ([M+H]+): 436.1261; found: 

436.1250. 

NB: In the 13C spectra, one resonance of the quartet at 124.1 overlaps with the quartet at 

124.9. 

(±)-N-(2-chloro-1,2-di(pyridin-2-yl)ethyl)-N-propylpropan-1-amine (2.46r) 

 
Prepared according to GP2.7 with (±)-2-(dipropylamino)-1,2-di(pyridin-2-yl)ethan-1-ol25 (550 

mg, 1.84 mmol, 1.00 equiv). The crude product was purified by flash silica chromatography 

(elution gradient 0 to 100% Et2O in pentane) to afford the title compound as a yellow oil (461 

mg, 1.45 mmol, 79%). 
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νmax (thin film) /cm-1 2958, 1589, 1570, 1470, 1434, 746; 1H NMR (400 MHz, CDCl3) δ 8.49 – 

8.23 (m, 2H), 7.49 – 7.37 (m, 2H), 7.23 (dt, J = 8.0, 1.0 Hz, 1H), 7.04 – 6.86 (m, 3H), 5.78 (d, J = 

10.5 Hz, 1H), 4.68 (d, J = 10.5 Hz, 1H), 2.85 (ddd, J = 13.0, 8.5, 7.0 Hz, 2H), 2.35 (ddd, J = 13.0, 

8.5, 5.0 Hz, 2H), 1.69 – 1.36 (m, 4H), 0.92 (t, J = 7.5 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 159.1, 

158.1, 149.4, 148.4, 136.3, 135.5, 124.6, 123.9, 122.5, 121.7, 69.2, 63.9, 53.0, 22.3, 12.0; 

HRMS (ESI+) calc. for C18H25N3
35Cl ([M+H]+): 318.1732; found: 318.1733. 

(±)-N-benzyl-2-chloro-N-methylcyclohexan-1-amine (2.46s) 

 
Prepared according to GP2.7 with (±)-2-(benzyl(methyl)amino)cyclohexan-1-ol26 (500 mg, 2.28 

mmol, 1.00 equiv). The crude product was purified by flash silica chromatography (elution 

gradient 0 to 10% Et2O in pentane) to afford the title compound as a white solid (273 mg, 1.14 

mmol, 50%). 

mp 37-38 °C; νmax (thin film) /cm-1 2936, 1450, 734, 698; 1H NMR (400 MHz, CDCl3) δ 7.44 – 

7.38 (m, 2H), 7.34 – 7.28 (m, 2H), 7.25 – 7.19 (m, 1H), 3.96 (ddd, J = 11.0, 10.5, 4.5 Hz, 1H), 

3.81 (d, J = 13.5 Hz, 1H), 3.59 (d, J = 13.5 Hz, 1H), 2.61 (ddd, J = 11.5, 10.5, 3.5 Hz, 1H), 2.35 – 

2.28 (m, 1H), 2.26 (s, 3H), 2.03 – 1.95 (m, 1H), 1.81 – 1.63 (m, 3H), 1.36 – 1.21 (m, 3H); 13C 

NMR (101 MHz, CDCl3) δ 140.4, 128.8, 128.3, 126.9, 68.3, 62.3, 58.3, 37.8, 36.8, 26.4×2, 25.2; 

HRMS (ESI+) calc. for C14H21N35Cl ([M+H]+): 238.1357; found: 238.1358. 

1-((1S,2S)-2-azido-1,2-diphenylethyl)piperidine (2.47a) 

 
Standard scale: Prepared according to GP2.8 from (±)-2.46a. The reaction mixture was stirred 

at -20 °C. The crude product was purified by flash silica chromatography (elution gradient 0 to 

10% Et2O in pentane) to afford the title compound as a white solid (52 mg, 0.17 mmol, 85%, 

93:7 e.r.). 
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Gram scale: A 50 mL pear-shaped Schlenk flask was charged sequentially with (±)-2.46a (1.50 

g, 5.00 mmol, 1.00 equiv), sodium azide (781 mg, 12.00 mmol, 2.40 equiv), and (S)-3.10a (419 

mg, 0.50 mmol, 0.10 equiv) under air. 1,2-difluorobenzene (20 mL, 0.25 M) was added to the 

Schlenk flask. The suspension was stirred at -20 °C at 900 rpm for 72 h. The reaction mixture 

was diluted with Et2O (25 mL) and washed with H2O (25 mL). Aqueous washings containing 

the excess azide were quenched according to the method described vida supra. The organic 

layer was dried with MgSO4, filtered, and concentrated to afford crude product. The crude 

product was purified by flash silica chromatography (elution gradient 0 to 10% Et2O in 

pentane) to afford the title compound as an off-white solid (1.23 g, 4.01 mmol, 80%, 93.5:6.5 

e.r.). Continued elution (20% EtOAc in pentane) enabled recovery of crude catalyst (S)-3.10a. 

The crude catalyst was purified by recrystallization, layering pentane over a saturated solution 

of crude catalyst in Et2O overnight. The solids were collected and dried to afford recovered 

(S)-3.10 (304 mg, 0.36 mmol, 73%) as a white solid. 

mp 44-45 °C; νmax (thin film) /cm-1 3031, 2933, 2852, 2805, 2094, 698; 1H NMR (400 MHz, 

CDCl3) δ 7.21 – 7.06 (m, 8H), 7.00 – 6.93 (m, 2H), 5.01 (d, J = 11.0 Hz, 1H), 3.94 (d, J = 11.0 Hz, 

1H), 2.65 – 2.50 (m, 2H), 2.35 (br s, 2H), 1.72 – 1.60 (m, 4H), 1.34 (quin, J = 6.0 Hz, 2H); 13C 

NMR (101 MHz, CDCl3) δ 138.2, 133.7, 129.5, 128.4, 128.0, 127.9, 127.7, 127.3, 75.1, 65.0, 

50.9, 26.2, 24.7; HRMS (ESI+) calc. for C19H23N4 ([M+H]+): 307.1917; found: 307.1917; [𝜶]𝑫
𝟐𝟓 

+30.6° (c 1.00, CHCl3); HPLC DAICEL CHIRALPAK® IB-3, 0.1% BuNH2 and 0.9% IPA in heptane, 1 

mL min-1, tmajor = 3.73, tminor = 3.23. 

1-((1S,2S)-2-azido-1,2-diphenylethyl)-4-methoxypiperidine (3.16b) 
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Prepared according to GP2.8 from (±)-2.46b. The reaction mixture was stirred at -20 °C. The 

crude product was purified by flash silica chromatography (elution gradient 0 to 10% Et2O in 

pentane) to afford the title compound as a viscous oil (50 mg, 0.15 mmol, 74%, 93:7 e.r.). 

νmax (thin film) /cm-1 2941, 2821, 2093, 1452, 1087, 946, 751, 698; 1H NMR (400 MHz, CDCl3) 

δ 7.21 – 7.05 (m, 8H), 7.01 – 6.92 (m, 2H), 4.98 (d, J = 10.5 Hz, 1H), 3.98 (d, J = 10.5 Hz, 1H), 

3.27 (s, 3H), 3.08 (ddt, J = 13.0, 8.5, 4.0 Hz, 1H), 3.02 – 2.91 (m, 1H), 2.77 (dt, J = 10.0, 4.5 Hz, 

1H), 2.33 (ddd, J = 11.5, 10.0, 3.0 Hz, 1H), 2.16 – 2.04 (m, 1H), 2.04 – 1.92 (m, 2H), 1.83 – 1.59 

(m, 2H); 13C NMR (101 MHz, CDCl3) δ 138.1, 133.7, 129.4, 128.4, 128.0×2, 127.8, 127.4, 76.7, 

74.3, 65.3, 55.5, 49.1, 45.8, 31.4, 30.8; HRMS (ESI+) calc. for C20H25N4 ([M+H]+): 337.2023; 

found: 337.2022; [𝜶]𝑫
𝟐𝟓 +14.4° (c 1.00, CHCl3); HPLC DAICEL CHIRALPAK® IB-3, 0.1% BuNH2 and 

0.9% IPA in heptane, 1 mL min-1, tmajor = 6.41, tminor = 5.07. 

1-((1S,2S)-2-azido-1,2-diphenylethyl)-4,4-difluoropiperidine (3.16c) 

 
Prepared according to GP2.8 from (±)-2.46c. The reaction mixture was stirred at rt. The crude 

product was purified by flash silica chromatography (elution gradient 0 to 10% Et2O in 

pentane) to afford the title compound as a white solid (59 mg, 0.17 mmol, 86%, 84:16 e.r.). 

mp 82-84 °C; νmax (thin film) /cm-1 2093, 1363, 1160, 1082, 938, 699; 1H NMR (400 MHz, CDCl3) 

δ 7.24 – 7.09 (m, 8H), 7.03 – 6.95 (m, 2H), 4.98 (d, J = 10.5 Hz, 1H), 4.05 (d, J = 10.5 Hz, 1H), 

2.82 – 2.71 (m, 2H), 2.59 – 2.49 (m, 2H), 2.19 – 2.00 (m, 4H); 19F NMR (377 MHz, CDCl3) δ -

97.43 (br s); 13C NMR (101 MHz, CDCl3) δ 137.7, 133.4, 129.1, 128.5, 128.2, 128.1, 127.9, 127.8, 

122.0 (t, J = 241.5 Hz), 73.9, 65.4, 46.5, 34.3 (t, J = 22.5 Hz); HRMS (ESI+) calc. for C19H21N4F2 



200 

([M+H]+): 343.1729; found: 343.1730; [𝜶]𝑫
𝟐𝟓 +10.9° (c 1.00, CHCl3); HPLC DAICEL CHIRALPAK® 

IB-3, 1% IPA in heptane, 1 mL min-1, tmajor = 7.13, tminor = 5.34. 

1-((1S,2S)-2-azido-1,2-diphenylethyl)pyrrolidine (2.47d) 

 
Prepared according to GP2.8 from (±)-2.46d. The reaction mixture was stirred at -20 °C. The 

crude product was purified by flash silica chromatography (elution gradient 0 to 10% Et2O in 

pentane) to afford the title compound as a viscous oil (52 mg, 0.18 mmol, 89%, 94:6 e.r.). 

νmax (thin film) /cm-1 2968, 2803, 2094, 1453, 1252, 757, 698; 1H NMR (400 MHz, CDCl3) δ 7.21 

– 7.11 (m, 6H), 7.11 – 7.07 (m, 2H), 7.02 – 6.97 (m, 2H), 5.03 (d, J = 8.5 Hz, 1H), 3.94 (d, J = 8.5 

Hz, 1H), 2.68 – 2.55 (m, 4H), 1.80 – 1.70 (m, 4H); 13C NMR (101 MHz, CDCl3) δ 137.6, 136.0, 

129.6, 128.2, 128.1, 127.9, 127.7, 127.3, 72.0, 67.9, 50.5, 23.1; HRMS (ESI+) calc. for C18H21N4 

([M+H]+): 293.1716; found: 293.1757; [𝜶]𝑫
𝟐𝟓 +73.6° (c 1.00, CHCl3); HPLC DAICEL CHIRALPAK® 

IA-3, 0.1% BuNH2 and 0.15% IPA in heptane, 1 mL min-1, tmajor = 4.77, tminor = 6.12. 

4-((1S,2S)-2-azido-1,2-diphenylethyl)morpholine (2.47e) 

 
Prepared according to GP2.8 from (±)-2.46e. The reaction mixture was stirred at 0 °C. The 

crude product was purified by flash silica chromatography (elution gradient 0 to 20% Et2O in 

pentane) to afford the title compound as a white solid (45 mg, 0.15 mmol, 73%, 91:9 e.r.). 

mp 96-98 °C; νmax (thin film) /cm-1 2861, 2090, 1494, 1452, 1251, 1113, 1002, 881, 759, 699; 

1H NMR (400 MHz, CDCl3) δ 7.22 – 7.10 (m, 8H), 7.01 – 6.97 (m, 2H), 5.01 (d, J = 10.5 Hz, 1H), 

3.95 (d, J = 10.5 Hz, 1H), 3.85 – 3.71 (m, 4H), 2.70 – 2.60 (m, 2H), 2.52 – 2.44 (m, 2H); 13C NMR 

(101 MHz, CDCl3) δ 137.7, 133.4, 129.4, 128.4, 128.1, 127.9×2, 127.7, 74.6, 67.1, 64.9, 50.1; 

HRMS (ESI+) calc. for C18H21ON4 ([M+H]+): 309.1710; found: 309.1710; [𝜶]𝑫
𝟐𝟓 +28.9° (c 1.00, 
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CHCl3); HPLC DAICEL CHIRALPAK® IB-3, 0.1% BuNH2 and 0.9% IPA in heptane, 1 mL min-1, tmajor 

= 12.13, tminor = 8.67. 

1-((1S,2S)-2-azido-1,2-diphenylethyl)-4-cyclohexylpiperazine (2.47f) 

 
Prepared according to GP2.8 from (±)-2.46f. The reaction mixture was stirred at rt. The crude 

product was purified by flash silica chromatography (elution gradient 0 to 20% EtOAc in 

CH2Cl2) to afford the title compound as a white solid (57 mg, 0.15 mmol, 73%, 57:43 e.r.). 

mp 78-80 °C; νmax (thin film) /cm-1 2928, 2094, 1452, 755, 731, 698; 1H NMR (500 MHz, CDCl3) 

δ 7.18 – 7.05 (m, 8H), 7.01 – 6.92 (m, 2H), 5.01 (d, J = 10.5 Hz, 1H), 3.95 (d, J = 10.5 Hz, 1H), 

2.68 (s, 6H), 2.48 (s, 2H), 2.26 – 2.07 (m, 1H), 1.90 – 1.80 (m, 2H), 1.80 – 1.70 (m, 2H), 1.66 – 

1.53 (m, 1H), 1.29 – 1.01 (m, 5H); 13C NMR (126 MHz, CDCl3) δ 138.0, 133.4, 129.5, 128.4, 

128.0, 128.0, 127.9, 127.4, 74.2, 65.0, 63.6, 49.6, 49.2, 29.2, 29.1, 26.4, 26.0×2; HRMS (ESI+) 

calc. for C24H32N5 ([M+H]+): 390.2652; found: 390.2645; [𝜶]𝑫
𝟐𝟓 +6.1° (c 1.00, CHCl3); HPLC 

DAICEL CHIRALPAK® IB-3, 0.1% BuNH2 and 0.9% IPA in heptane, 1 mL min-1, tmajor = 4.58, tminor 

= 3.89. 

1-((1S,2S)-2-azido-1,2-diphenylethyl)-4-phenylpiperazine (2.47g) 

 
Prepared according to GP2.8 from (±)-2.46g. The reaction mixture was stirred at rt. The crude 

product was purified by flash silica chromatography (elution gradient 0 to 20% Et2O in 

pentane) to afford the title compound as a white solid (67 mg, 0.17 mmol, 87%, 87:13 e.r.). 

mp 103-105 °C; νmax (thin film) /cm-1 2827, 2095, 1599, 1234, 755, 695; 1H NMR (400 MHz, 

CDCl3) δ 7.18 – 7.11 (m, 2H), 7.11 – 7.00 (m, 8H), 6.94 – 6.89 (m, 2H), 6.83 – 6.78 (m, 2H), 6.78 

– 6.72 (m, 1H), 4.95 (d, J = 10.5 Hz, 1H), 3.95 (d, J = 10.5 Hz, 1H), 3.25 – 3.11 (m, 4H), 2.76 – 
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2.68 (m, 2H), 2.57 – 2.49 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 151.5, 137.8, 133.4, 129.4, 

129.1, 128.5, 128.1, 128.0, 127.9, 127.6, 119.8, 116.3, 74.3, 65.1, 49.6, 49.5; HRMS (ESI+) calc. 

for C26H26N5 ([M+H]+): 384.2194; found: 384.2184; [𝜶]𝑫
𝟐𝟓 +15.6° (c 1.00, CHCl3); HPLC DAICEL 

CHIRALPAK® IB-3, 1% IPA in heptane, 1 mL min-1, tmajor = 11.71, tminor =8.38. 

2-((1S,2S)-2-azido-1,2-diphenylethyl)-1,2,3,4-tetrahydroisoquinoline (2.47h) 

 
Prepared according to GP2.8 from (±)-2.46h. The reaction mixture was stirred at -10 °C. The 

crude product was purified by flash silica chromatography (elution gradient 0 to 10% Et2O in 

pentane) to afford the title compound as a viscous oil (66 mg, 0.19 mmol, 93%, 93:7 e.r.). 

νmax (thin film) /cm-1 2360, 2095, 1495, 1454, 1251, 1095, 741, 697; 1H NMR (400 MHz, CDCl3) 

δ 7.26 – 7.09 (m, 13H), 7.08 – 7.01 (m, J = 3.0 Hz, 1H), 5.16 (d, J = 10.5 Hz, 1H), 4.19 (d, J = 10.5 

Hz, 1H), 3.85 – 3.73 (m, 2H), 3.21 – 3.05 (m, 2H), 3.03 – 2.90 (m, 1H), 2.68 – 2.59 (m, 1H); 13C 

NMR (101 MHz, CDCl3) δ 137.9, 135.1, 134.5, 133.8, 129.5, 128.8, 128.5, 128.1, 128.0, 128.0, 

127.6, 126.6×2, 125.6, 73.6, 65.6, 52.8, 46.6, 29.6; HRMS (ESI+) calc. for C23H23N4 ([M+H]+): 

355.1917; found: 355.1911; [𝜶]𝑫
𝟐𝟓 +31.3° (c 1.00, CHCl3); HPLC DAICEL CHIRALPAK® IB-3, 1% 

IPA in heptane, 1 mL min-1, tmajor = 7.04, tminor = 5.44. 

(1S,2S)-2-azido-N-benzyl-N-methyl-1,2-diphenylethan-1-amine (2.47i) 

 
Prepared according to GP2.8 from (±)-2.46i. The reaction mixture was stirred at 0 °C. The crude 

product was purified by flash silica chromatography (elution gradient 0 to 10% Et2O in 

pentane) to afford the title compound as a white solid (59 mg, 0.17 mmol, 86%, 91:9 e.r.). 

mp 131-132 °C; νmax (thin film) /cm-1 2962, 2095, 1492, 1451, 1225, 1014, 701; 1H NMR (500 

MHz, CDCl3) δ 7.53 – 7.48 (m, 2H), 7.44 – 7.39 (m, 2H), 7.36 – 7.30 (m, 1H), 7.28 – 7.23 (m, 

2H), 7.23 – 7.13 (m, 6H), 7.08 – 7.04 (m, 2H), 5.09 (d, J = 11.0 Hz, 1H), 4.17 (d, J = 11.0 Hz, 1H), 
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3.75 (d, J = 13.0 Hz, 1H), 3.47 (d, J = 13.0 Hz, 1H), 2.30 (s, 3H); 13C NMR (126 MHz, CDCl3) δ 

139.2, 137.9, 133.7, 129.5, 129.0, 128.5×2, 128.1, 128.0, 127.9, 127.5, 127.2, 71.4, 65.7, 58.9, 

37.4; HRMS (ESI+) calc. for C22H23N4 ([M+H]+): 343.1917; found: 343.1914; [𝜶]𝑫
𝟐𝟓 +43.1° (c 1.00, 

CHCl3); HPLC DAICEL CHIRALPAK® IB-3, 1% IPA in heptane, 1 mL min-1, tmajor = 5.06, tminor = 4.23. 

(1S,2S)-2-azido-N,N-dimethyl-1,2-diphenylethan-1-amine (2.47j) 

 
Prepared according to GP2.8 from (±)-2.46j. The reaction mixture was stirred at -10 °C. The 

crude product was purified by flash silica chromatography (elution gradient 0 to 20% EtOAc in 

CH2Cl2) to afford the title compound as a viscous oil (45 mg, 0.17 mmol, 84%, 92:8 e.r.). 

νmax (thin film) /cm-1 2936, 2785, 2096, 1453, 1256, 752, 698; 1H NMR (500 MHz, CDCl3) δ 7.22 

– 7.06 (m, 8H), 7.02 – 6.92 (m, 2H), 4.99 (d, J = 11.0 Hz, 1H), 3.90 (d, J = 11.0 Hz, 1H), 2.29 (s, 

6H); 13C NMR (126 MHz, CDCl3) δ 137.6, 133.1, 129.6, 128.5, 128.2, 128.1, 127.8, 127.5, 73.1, 

65.9, 41.2; HRMS (ESI+) calc. for C16H19N4 ([M+H]+): 267.1604; found 267.1604; [𝜶]𝑫
𝟐𝟓 +61.4° (c 

1.00, CHCl3); HPLC DAICEL CHIRALPAK® IB-3, 0.1% BuNH2 and 0.9% IPA in heptane, 1 mL min-1, 

tmajor = 4.92, tminor = 3.83. 

1-((1S,2S)-2-azido-1,2-diphenylethyl)azepane (2.47k) 

 
Prepared according to GP2.8 from (±)-2.46k. The reaction mixture was stirred at -20 °C. The 

crude product was purified by flash silica chromatography (elution gradient 0 to 10% Et2O in 

pentane) to afford the title compound as a viscous oil (49 mg, 0.15 mmol, 76%, 94:6 e.r.). 

νmax (thin film) /cm-1 2925, 2361, 2093, 1452, 1249, 758, 696; 1H NMR (400 MHz, CDCl3) δ 7.19 

– 7.09 (m, 8H), 7.06 – 7.01 (m, 2H), 4.87 (d, J = 11.0 Hz, 1H), 4.07 (d, J = 11.0 Hz, 1H), 2.86 (ddd, 

J = 11.5, 6.0, 4.5 Hz, 2H), 2.64 (ddd, J = 12.0, 7.5, 4.0 Hz, 2H), 1.77 – 1.64 (m, 4H), 1.62 – 1.54 

(m, 4H); 13C NMR (101 MHz, CDCl3) δ 138.5, 136.2, 129.1, 128.5, 128.0, 127.9, 127.8, 127.1, 
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74.2, 66.4, 52.2, 29.3, 27.0; HRMS (ESI+) calc. for C20H25N4 ([M+H]+): 321.2074; found: 

321.2070; [𝜶]𝑫
𝟐𝟓 -9.1° (c 1.00, CHCl3); HPLC DAICEL CHIRALPAK® IB-3, 0.1% BuNH2 and 0.9% IPA 

in heptane, 1 mL min-1, tmajor = 3.46, tminor = 3.03. 

1-((1S,2S)-2-azido-1,2-bis(3-fluorophenyl)ethyl)piperidine (2.47l) 

 
Prepared according to GP2.8 from (±)-2.46l. The reaction mixture was stirred at -10 °C. The 

crude product was purified by flash silica chromatography (elution gradient 0 to 10% Et2O in 

pentane) to afford the title compound as a white solid (56 mg, 0.16 mmol, 82%, 89:11 e.r.). 

mp 67-68 °C; νmax (thin film) /cm-1 2936, 2100, 1615, 1591, 1489, 1449, 1249, 1142, 777, 695; 

1H NMR (500 MHz, CDCl3) δ 7.19 – 7.09 (m, 2H), 6.93 – 6.80 (m, 4H), 6.78 – 6.73 (m, 1H), 6.69 

(dt, J = 10.0, 2.0 Hz, 1H), 4.95 (d, J = 10.5 Hz, 1H), 3.88 (d, J = 10.5 Hz, 1H), 2.70 – 2.53 (m, 2H), 

2.53 – 2.29 (m, 2H), 1.71 – 1.48 (m, 4H), 1.36 (quin, J = 6.0 Hz, 2H); 19F NMR (471 MHz, CDCl3) 

δ -112.46, -112.47; 13C NMR (126 MHz, CDCl3) δ 162.7 (d, J = 246.5 Hz), 162.4 (d, J = 246.0 Hz), 

142.2 (d, J = 7.5 Hz), 137.5 (d, J = 6.0 Hz)., 130.0 (d, J = 8.5 Hz), 129.3 (d, J = 8.0 Hz), 125.1 (d, J 

= 3.0 Hz), 123.8 (d, J = 3.0 Hz), 116.1 (d, J = 21.0 Hz), 115.1 (d, J = 21.0 Hz), 114.9 (d, J = 22.0 

Hz), 114.5 (d, J = 21.0 Hz), 74.9 (d, J = 1.5 Hz), 64.2 (d, J = 2.0 Hz), 51.0, 26.1, 24.6; HRMS (ESI+) 

calc. for C19H21N4F2 ([M+H]+): 343.1729; found: 343.1729; [𝜶]𝑫
𝟐𝟓 +12.5° (c 1.00, CHCl3, 89:11 

e.r.); HPLC DAICEL CHIRALPAK® IB-3, 1% IPA in heptane, 1 mL min-1, tmajor = 4.55, tminor = 3.72. 

NB: Recrystallisation of 3l (45 mg, 0.13 mmol) from hot hexanes afforded 3l (14 mg, 0.04 

mmol, 30%, 98:2 e.r.). 

1-((1S,2S)-2-azido-1,2-bis(3-chlorophenyl)ethyl)piperidine (2.47m) 
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Prepared according to GP2.8 from (±)-2.46m. The reaction mixture was stirred at 0 °C. The 

crude product was purified by flash silica chromatography (elution gradient 0 to 10% Et2O in 

pentane) to afford the title compound as a viscous oil (67 mg, 0.18 mmol, 89%, 90:10 e.r.). 

νmax (thin film) /cm-1 2962, 2095, 1270, 785, 714, 693; 1H NMR (400 MHz, CDCl3) δ 7.18 – 7.06 

(m, 5H), 7.02 – 6.95 (m, 2H), 6.88 – 6.83 (m, 1H), 4.93 (d, J = 10.5 Hz, 1H), 3.84 (d, J = 10.5 Hz, 

1H), 2.58 (dt, J = 11.0, 5.0 Hz, 2H), 2.33 (dt, J = 9.5, 5.0 Hz, 2H), 1.71 – 1.62 (m, 4H), 1.36 (quin, 

J = 6.0 Hz, 2H); 13C NMR (101 MHz, CDCl3) δ 139.9, 135.6, 134.4, 133.9, 129.7, 129.3, 129.1, 

128.3, 128.1, 127.7, 127.5, 126.2, 74.9, 64.2, 51.0, 26.0, 24.6; HRMS (ESI+) calc. for 

C19H21N4
35Cl2 ([M+H]+): 375.1138; found: 375.1142; [𝜶]𝑫

𝟐𝟓 -5.3° (c 1.00, CHCl3); HPLC DAICEL 

CHIRALPAK® IA-3, 1% IPA in heptane, 1 mL min-1, tmajor = 6.96, tminor = 5.49. 
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1-((1S,2S)-2-azido-1,2-bis(3-(trifluoromethyl)phenyl)ethyl)piperidine (2.47n) 

 
Prepared according to GP2.8 from (±)-2.46n. The reaction mixture was stirred at 0 °C. The 

crude product was purified by flash silica chromatography (elution gradient 0 to 10% Et2O in 

pentane) to afford the title compound as a white solid (76 mg, 0.17 mmol, 86%, 85:15 e.r.). 

mp 43-44 °C; νmax (thin film) /cm-1 2938, 2100, 1326, 1162, 1120, 1074, 702; 1H NMR (400 

MHz, CDCl3) δ 7.40 – 7.22 (m, 6H), 7.20 – 7.15 (m, 1H), 7.12 – 7.07 (m, 1H), 5.07 (d, J = 10.0 

Hz, 1H), 3.90 (d, J = 10.0 Hz, 1H), 2.69 – 2.48 (m, 2H), 2.48 – 2.21 (m, 2H), 1.70 – 1.61 (m, 4H), 

1.41 – 1.28 (m, 2H); 19F NMR (377 MHz, CDCl3) δ -62.85, -62.99; 13C NMR (101 MHz, CDCl3) δ 

138.8, 134.7, 132.8, 131.3, 130.9 (q, J = 32.5 Hz), 130.3 (q, J = 32.5 Hz), 129.0, 128.5, 125.8 (q, 

J = 4.0 Hz), 125.0 (q, J = 4.0 Hz), 124.9 (q, J = 4.0 Hz), 124.4 (q, J = 3.7 Hz), 124.1 (q, J = 272.5 

Hz), 123.9 (q, J = 272.5 Hz), 75.6, 64.3, 51.2, 26.0, 24.5; HRMS (ESI+) calc. for C21H21N4F6 

([M+H]+): 442.4765; found: 442.4753; [𝜶]𝑫
𝟐𝟓 +13.9° (c 1.00, CHCl3); HPLC DAICEL CHIRALPAK® 

IB-3, 0.5% IPA in heptane, 1 mL min-1, tmajor = 4.95, tminor = 3.79. 

1-((1S,2S)-2-azido-1,2-bis(4-bromophenyl)ethyl)piperidine (2.47o) 

 
Standard scale: Prepared according to GP2.8 from (±)-2.46o. The reaction mixture was stirred 

at 0 °C. The crude product was purified by flash silica chromatography (elution gradient 0 to 

10% Et2O in pentane) to afford the title compound as a white solid (73 mg, 0.16 mmol, 79%, 

93:7 e.r.). 

Half-gram scale: A Schlenk flask was charged sequentially with (±)-2.46o (0.50 g, 1.09 mmol, 

1.00 equiv), sodium azide (170 mg, 2.62 mmol, 2.40 equiv), and (S)-3.10 (91 mg, 0.11 mmol, 
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0.10 equiv) under air. 1,2-difluorobenzene (4.36 mL, 0.25 M) was added to the Schlenk flask. 

The suspension was stirred at 0 °C at 900 rpm for 72 h. The reaction mixture was diluted with 

Et2O (10 mL) and washed with H2O (10 mL). Aqueous washings containing the excess azide 

were quenched according to the method described vida supra. The organic layer was dried 

with MgSO4, filtered, and concentrated to afford crude product. The crude product was 

purified by flash silica chromatography (elution gradient 0 to 10% Et2O in pentane) to afford 

an off-white solid (459 mg, 0.99 mmol, 91%, 93:7 e.r.). A sample of this (144 mg, 0.31 mmol, 

1.00 equiv) was recrystallized from hot hexane to afford the title compound as an off-white 

crystalline solid, suitable for X-ray crystallography (110 mg, 0.24 mmol, 76%, 98.5:1.5 e.r.). 

mp 120-122 °C; νmax (thin film) /cm-1 2934, 2098, 1488, 1097, 1010, 908, 815, 728; 1H NMR 

(400 MHz, CDCl3) δ 7.34 – 7.27 (m, 4H), 7.01 – 6.96 (m, 2H), 6.85 – 6.79 (m, 2H), 4.92 (d, J = 

10.5 Hz, 1H), 3.83 (d, J = 10.5 Hz, 1H), 2.59 – 2.42 (m, 2H), 2.42 – 2.13 (m, 2H), 1.71 – 1.57 (m, 

4H), 1.49 – 1.24 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 137.0, 132.5, 131.7, 131.1, 130.9, 129.6, 

122.1, 121.5, 74.6, 64.1, 50.9, 26.0, 24.6; HRMS (ESI+) calc. for C19H21N4
79Br2 ([M+H]+): 

463.0128; found: 463.0125; [𝜶]𝑫
𝟐𝟓 -2.6° (c 1.00, CHCl3, 95.5:1.5 e.r.); HPLC DAICEL CHIRALPAK® 

OJ-3, 1% EtOH in heptane, 1 mL min-1, tmajor = 14.00, tminor = 9.03. 

1-((1S,2S)-2-azido-1,2-bis(4-(tert-butyl)phenyl)ethyl)piperidine (2.47p) 

 
Prepared according to GP2.8 from (±)-2.46p. The reaction mixture was stirred at -20 °C. The 

crude product was purified by flash silica chromatography (elution gradient 0 to 10% Et2O in 

pentane) to afford the title compound as a white solid (74 mg, 0.18 mmol, 88%, 96:4 e.r.). 

mp 62-63 °C; νmax (thin film) /cm-1 2935, 2097, 1270, 1110, 909, 823, 733; 1H NMR (400 MHz, 

CDCl3) δ 7.20 – 7.10 (m, 4H), 7.09 – 7.03 (m, 2H), 6.95 – 6.87 (m, 2H), 4.96 (d, J = 10.5 Hz, 1H), 
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3.92 (d, J = 10.5 Hz, 1H), 2.75 – 2.54 (m, 2H), 2.54 – 2.25 (m, 2H), 1.74 – 1.57 (m, 4H), 1.43 – 

1.33 (m, 2H), 1.24 (s, 9H), 1.21 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 150.5, 149.8, 135.3, 131.1, 

129.2, 127.6, 125.2, 124.4, 74.4, 65.1, 51.0, 34.5, 34.4, 31.4, 31.3, 26.3, 24.7; HRMS (ESI+) calc. 

for C27H39N4 ([M+H]+): 419.3169; found: 419.3174; [𝜶]𝑫
𝟐𝟓 +11.2° (c 1.00, CHCl3); HPLC DAICEL 

CHIRALPAK® IA-3 0.5% IPA in heptane, 1 mL min-1, tmajor = 6.96, tminor = 5.49. 

1-((1S,2S)-2-azido-1,2-bis(4-(trifluoromethyl)phenyl)ethyl)piperidine (2.47q) 

 
Prepared according to GP2.8 from (±)-2.46q. The reaction mixture was stirred at 0 °C. The 

crude product was purified by flash silica chromatography (elution gradient 0 to 10% Et2O in 

pentane) to afford the title compound as a white solid (76 mg, 0.17 mmol, 86%, 88:12 e.r.). 

mp 60-62 °C; νmax (thin film) /cm-1 2938, 2102, 1322, 1163, 1109, 1067, 829; 1H NMR (400 

MHz, CDCl3) δ 7.46 – 7.37 (m, 4H), 7.25 – 7.19 (m, 2H), 7.10 – 7.03 (m, 2H), 5.04 (d, J = 10.5 

Hz, 1H), 3.94 (d, J = 10.5 Hz, 1H), 2.61 – 2.50 (m, 2H), 2.37 – 2.26 (m, 2H), 1.70 – 1.60 (m, 4H), 

1.38 – 1.28 (m, 2H); 19F NMR (377 MHz, CDCl3) δ -62.62, -62.78; 13C NMR (101 MHz, CDCl3) δ 

141.7, 137.4, 130.4 (q, J = 32.5 Hz), 129.8 (q, J = 32.5 Hz), 129.5, 128.4, 125.6 (q, J = 4.0 Hz), 

124.9 (q, J = 4.0 Hz), 124.1 (q, J = 272.0 Hz), 123.9 (q, J = 272.5 Hz), 75.0, 64.2, 51.1, 26.0, 24.5; 

HRMS (ESI+) calc. for C21H21N4F6 ([M+H]+): 442.4765; found: 442.4750; [𝜶]𝑫
𝟐𝟓 +11.3° (c 1.00, 

CHCl3); HPLC DAICEL CHIRALPAK® OJ-3, 1% EtOH in heptane, 1 mL min-1, tmajor = 16.23, tminor = 

6.52. 
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N-((1R,2R)-2-azido-1,2-di(pyridin-2-yl)ethyl)-N-propylpropan-1-amine (2.47r) 

 
NaN3 (31.2 mg, 0.48 mmol, 2.40 equiv) was added to a solution of (±)-2.46r (64 mg, 0.2 mmol, 

1.00 equiv) and (S)-3.10 (16.7 mg, 0.02 mmol, 0.1.00 equiv) in 1,2-difluorobenzene (0.8 mL, 

0.25 M) in a 2 mL Schlenk tube (5 mm internal diameter) under air. The suspension was stirred 

at -20 °C at 1200 rpm for 72 h. The reaction mixture was diluted with Et2O (2 mL) and washed 

with H2O (2 mL). Aqueous washings containing the excess azide were quenched according to 

the method described vida supra. The organic layer was were dried with MgSO4, filtered, and 

concentrated to afford crude product. The crude product was purified by flash silica 

chromatography (elution gradient 0 to 20% EtOAc in CH2Cl2) to afford the title compound as 

a clear oil (55 mg, 0.17 mmol, 85%, 84:16 e.r.). 

νmax (thin film) /cm-1 2959, 2095, 1589, 1570, 1470, 1434, 996, 782, 747; 1H NMR (400 MHz, 

CDCl3) δ 8.47 – 8.35 (m, 2H), 7.43 – 7.34 (m, 2H), 7.08 (dt, J = 8.0, 1.0 Hz, 1H), 7.00 – 6.90 (m, 

3H), 5.21 (d, J = 10.5 Hz, 1H), 4.58 (d, J = 10.5 Hz, 1H), 2.81 (ddd, J = 13.0, 9.5, 6.5 Hz, 2H), 2.36 

– 2.25 (m, 2H), 1.64 – 1.42 (m, 4H), 0.89 (t, J = 7.5 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 158.1, 

157.0, 149.4, 148.5, 136.1, 135.5, 124.7, 123.9, 122.5, 121.8, 68.1, 65.6, 53.0, 21.9, 11.9; 

HRMS (ESI+) calc. for C18H25N6 ([M+H]+): 325.2135; found: 325.2139; [𝜶]𝑫
𝟐𝟓 +37.2° (c 1.00, 

CHCl3); HPLC DAICEL CHIRALPAK® IC-3, 0.1% BuNH2 and 0.9% IPA in heptane, 1 mL min-1, tmajor 

= 6.48, tminor = 5.52. 

2-azido-N-benzyl-N-methylcyclohexan-1-amine (2.47s) 

 
Prepared according to GP2.8 from (±)-2.46s. The reaction mixture was stirred at rt. The crude 

product was purified by flash silica chromatography (elution gradient 0 to 10% Et2O in 

pentane) to afford the title compound as a clear oil (46 mg, 0.19 mmol, 94%, 52:48 e.r.). 
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νmax (thin film) /cm-1 2933, 2089, 1451, 1460, 737, 698; 1H NMR (400 MHz, CDCl3) δ 7.40 – 7.35 

(m, 2H), 7.32 – 7.26 (m, 2H), 7.24 – 7.18 (m, 1H), 3.71 (d, J = 13.5 Hz, 1H), 3.60 (d, J = 13.5 Hz, 

1H), 3.29 (td, J = 10.5, 4.5 Hz, 1H), 2.50 (ddd, J = 11.5, 10.5, 3.5 Hz, 1H), 2.20 (s, 3H), 2.08 – 

1.98 (m, 1H), 1.96 – 1.86 (m, 1H), 1.79 – 1.65 (m, 2H), 1.33 – 1.11 (m, 4H); 13C NMR (101 MHz, 

CDCl3) δ 139.9, 128.8, 128.3, 127.0, 66.3, 61.5, 59.0, 36.2, 32.4, 25.1, 25.0, 24.2; HRMS (ESI+) 

calc. for C14H21N4 ([M+H]+): 245.1761; found: 245.1761; HPLC DAICEL CHIRALPAK® IF-3 0.1% 

IPA in heptane, 1 mL min-1, tmajor = 7.57, tminor = 6.51. 

NB: Absolute configuration of major enantiomer not determined.17 
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(1S,2S)-1,2-diphenyl-2-(piperidin-1-yl)ethan-1-amine 

 
Pd/C (10 wt. %, 224 mg, 0.21 mmol, 0.05 equiv) was added to a suspension of (S,S)-2.47a (1.29 

g, 4.21 mmol, 1.00 equiv, 93.5:6.5 e.r.) in MeOH (16.8 mL) at rt under N2. The reaction mixture 

was purged with H2 (balloon), then stirred at rt for 2 h under H2 (1 atm). The reaction mixture 

was filtered through celite and concentrated to afford crude product. The crude product was 

purified by flash silica chromatography (elution gradient 20 to 60% EtOAc in pentane) to afford 

the title compound as a white solid (0.94 g, 3.35 mmol, 80%, 93.5:6.5 e.r.). 

mp 76-78 °C; νmax (neat) /cm-1 2933, 1490, 1451, 1303, 696; 1H NMR (400 MHz, CDCl3) δ 7.25 

– 7.20 (m, 2H), 7.19 – 7.07 (m, 5H), 7.07 – 6.96 (m, 3H), 4.49 (d, J = 10.5 Hz, 1H), 3.62 (d, J = 

10.5 Hz, 1H), 2.55 (br s, 2H), 2.28 (br s, 2H), 1.95 (br s, 2H), 1.74 – 1.61 (m, 2H), 1.61 – 1.47 (m, 

2H), 1.39 – 1.26 (m, 2H); 13C NMR (101 MHz, CDCl3) δ 143.5, 135.0, 129.7, 128.2, 128.1, 127.4, 

126.9, 126.8, 76.6, 55.1, 50.6, 26.9, 24.8; HRMS (ESI+) calc. for C19H25N2 ([M+H]+): 281.2012; 

found: 281.2012; [𝜶]𝑫
𝟐𝟓 -22.0° (c 0.5, EtOH); HPLC DAICEL CHIRALPAK® IA-3, 0.1% BuNH2 and 

4.9% IPA in heptane, 1 mL min-1, tmajor = 6.43, tminor = 5.40. 

NB: Synthesis of (1R,2R)-1,2-diphenyl-2-(piperidin-1-yl)ethan-1-amine from commercial 

(1R,2R)-(+)-1,2-diphenylethane-1,2-diamine according to the literature procedure27 provided 

a sample with [𝜶]𝑫
𝟐𝟓 +30.8° (c 0.5, EtOH), providing further confirmation of absolute 

configuration. 

(1S,2S)-1,2-diphenyl-1,2-di(piperidin-1-yl)ethane ((S,S)-2.48) 

 
1,5-dibromopentane (0.50 mL, 3.69 mmol, 1.10 equiv) was added to a suspension of (1S,2S)-

1,2-diphenyl-2-(piperidin-1-yl)ethan-1-amine (935 mg, 3.33 mmol, 1.00 equiv, 93.5:6.5 e.r.) 

and K2CO3 (1.15 mg, 8.38 mmol, 2.50 equiv) in MeCN (26.8 mL). The reaction mixture was 
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heated under reflux for 24 h. The reaction mixture was filtered through celite and 

concentrated to afford crude product. The crude product was purified by flash silica 

chromatography (elution gradient 0 to 100% Et2O in pentane) to afford the title compound as 

a white solid (1.09 g, 3.13 mmol, 94%). 

mp 164-165 °C; νmax (thin film) /cm-1 2928, 1451, 1161, 874, 696; 1H NMR (400 MHz, CDCl3) δ 

7.15 – 7.09 (m, 4H), 7.09 – 7.00 (m, 6H), 4.18 (s, 2H), 2.69 – 2.52 (m, 4H), 2.46 – 2.26 (m, 4H), 

1.67 – 1.56 (m, 8H), 1.38 – 1.20 (m, 4H); 13C NMR (101 MHz, CDCl3) δ 137.2, 129.4, 127.5, 

126.5, 69.2, 50.3, 27.1, 25.2; HRMS (ESI+) calc. for C24H33N2 ([M+H]+): 349.2638; found: 

349.2638; [𝜶]𝑫
𝟐𝟓 -13.8° (c 1.0, CHCl3). 

NB: Enantiomeric ratio was determined by 1H NMR analysis with (R)-(−)-1,1′-binaphthyl-2,2′-

diyl hydrogenphosphate as chiral shift reagent.28 (S,S)-2.48 (3.5 mg) and (R)-(−)-1,1′-

binaphthyl-2,2′-diyl hydrogenphosphate (3.5 mg) was dissolved in CDCl3 (1 mL). 0.1 mL of this 

solution was diluted 10-fold to 1 mM. Sample analysis was conducted on a Bruker AVANCE III 

500 MHz spectrometer cooled to 233 K. 1H NMR spectra were collected with 512 scans. Data 

was processed with MestReNova 12.0.0. qGSD (quantitative global spectrum deconvolution) 

of the signals at 5.02 (minor) and 4.97 (major) provided the enantiomeric ratio. 
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4.4.5 Mechanistic studies of HB-PTC with sodium azide 

1H NMR titration of 2.41a and tetrabutylammonium chloride 

 

 
Figure 4.9 1H NMR titration data of 2.41a with tetrabutylammonium chloride. One set of symbols (□, ○, △) refers to experimental data from one set of measurements. 
Lines are the calculated isotherms of the described model. (2 mM 2.41a, CH3CN/CD3CN 8:2, 500 MHz, 298 K).  
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Table 4.10 Comparison of binding models 

model entry covfit (10-3) covfit factor Ka(1:1) (M-1) Ka(2:1) (M-1) ΔG(1:1) (kJ mol-1) ΔG(2:1) (kJ mol-1) 

1:1 

1 18.31 1 6.77 × 103 -   
2 10.05 1 1.06 × 104 -   
3 15.53 1 6.48 × 103 -   

mean 14.63 1 8.0 ± 1.9 ×103 - -22.3 ± 0.6 - 

full 2:1 

1 0.60 11.0 5.24 × 104 1.02 × 102   
2 0.46 21.8 6.41 × 104 1.05 × 102   
3 1.95 8.0 2.54 × 104 3.05 × 102   

mean 1.00 13.6 4.7 ± 1.6 × 104 1.7 ± 0.9 × 102 -26.7 ± 0.8 -12.7 ± 1.3 
covfit factor is covfit for the 1:1 model divided by the covfit for the binding model under study.7 Values calculated with BindFit v0.5,5 error is the standard deviation 
from 3 independent replicas. 

The mean covfit for the full 2:1 model is significantly higher than the mean covfit for the 1:1 model, suggesting this system is best described by the full 

2:1 model. 
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1H NMR titration of (S)-2.43b and tetrabutylammonium chloride 

 

 

Figure 4.10 1H NMR titration data of (S)-2.43b with tetrabutylammonium chloride. One set of symbols (□, ○, △) refers to experimental data from one set of 
measurements. Lines are the calculated isotherms of the described model. (2 mM (S)-2.43b, CDCl3 8:2, 500 MHz, 298 K).  
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Table 4.11 Comparison of binding models. 

model entry covfit (10-3) covfit factor Ka(1:1) (M-1) Ka(2:1) (M-1) ΔG(1:1) (kJ mol-1) ΔG(2:1) (kJ mol-1) 

1:1 

1 46.11 1 9.03 × 103 -   
2 48.29 1 7.67 × 103 -   
3 49.37 1 9.44 × 103 -   

mean 47.92 1 8.7 ± 0.8 × 103 - -22.5 ± 0.2 - 

full 2:1 

1 0.31 148.7 1.85 × 104 1.90 × 102   
2 1.11 43.5 2.66 × 104 9.87 × 102   
3 0.28 176.3 1.96 × 104 1.47 × 102   

mean 0.57 122.8 2.2 ± 0.4 × 104 4 ± 3 × 102 -24.8 ± 0.5 -15 ± 2 
covfit factor is covfit for the 1:1 model divided by the covfit for the binding model under study.7 Values calculated with BindFit v0.5,5 error is the standard deviation 
from 3 independent replicas. 

The mean covfit for the full 2:1 model is significantly higher than the mean covfit for the 1:1 model, suggesting this system is best described by the full 

2:1 model. 
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Non-linear effect 
Scalemic mixtures of catalyst 2.43b were prepared by mixing (S)-2.43b with (±)-2.43b, 

dissolving in CH2Cl2, then evaporating the mixture to dryness. Enantiopurity of each catalyst 

batch was determined by HPLC. HPLC DAICEL CHIRALPAK® IH, 2% EtOH in heptane, 1 mL min-

1, tmajor = 6.06, tminor = 9.16. 

Table 4.12 Non-linear effect study. 

 
entry ee of 2.43b ee of 2.47a 

1 100.0 72.8 

2 79.4 61.4 

3 56.2 39.2 

4 37.8 27.6 

5 19.2 12.8 

6 7.6 4.0 

7 0.0 -0.2 
Average of two runs, major enantiomer of 2.43b in scalemic mixtures is (S). 1,2-DFB = 1,2-
difluorobenzene. Non-linear effect investigation was conducted in collaboration with Dr. M. A. 
Horwitz. 

ReactIR data collection 
Reaction monitoring by in situ infra-red spectroscopy was conducted with a Mettler Toledo 

ReactIR 15 equipped with a 6.3 mm silicon composite probe. Reactions were conducted in a 5 

cm tall test tube with a B12 adaptor made from medium (1.5 ± 0.25 mm) walled tubing. 

Reactions were stirred with an 8×3 mm magnetic stir bar. 

A stock solution containing substrate and internal standard was prepared by making up a 1mL 

volumetric flask. Catalyst and NaN3 was added to the selected reaction vessel charged with an 

8×3 mm stir bar. 1,2-difluorobenzene (0.4 mL) was slowly injected. The probe as lowered, and 

the stirring and acquisition was started to pre-stir the reaction mixture. After 15 minutes, the 

substrate stock solution was carefully injected. The probe was lifted such that it was just 
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touching the surface of the reaction mixture. The reaction was stirred for the desired time. 

The reaction was quenched by filtration through a plug of silica and eluted with Et2O. The 

reaction mixture was filtered through silica, eluted with Et2O and concentrated. Full 

conversion was confirmed by 1H NMR. Enantiomeric excessed was determined on a sample 

purified by pTLC. 

4.4 Supporting Information for Chapter 3 

4.4.1 General procedures 

General procedure 3.1 (GP3.1, synthesis of bis-urea catalysts) 
Dry CH2Cl2 (0.4 M) was added to a flame dry Schlenk tube charged with the terphenyl aniline 

(2.00 equiv) and (S)-BINAM derivative (1.00 equiv) under N2. The reaction mixture was sealed 

and stirred at 40 °C for 36 h. The reaction mixture was cooled to rt and diluted with MeOH. 

The reaction mixture was stirred at rt for 1 h. The reaction mixture was concentrated to afford 

crude product. The crude product was purified as indicated. 

General procedure 3.2 (GP3.2, synthesis of racemic products) 
THF (0.2 mL, 0.25 M) was added to tetrabutylammonium cyanide (16.1 mg, 0.6 mmol, 1.20 

equiv) and substrate 3.39a-d (0.05 mmol, 1 equiv) in a 1.75 mL vial. The reaction mixture was 

stirred at rt for 12 h. The reaction mixture was purified by flash silica chromatography. 

General procedure 3.3 (GP3.3, reaction optimisation) 
Room temperature or 4 °C: (Precooled) solvent was added to a 1.75 mL vial charged 

sequentially with substrate (0.05 mmol, 1.00 equiv), catalyst, and cyanide salt. The reaction 

mixture was stirred at the indicated temperature and ca. 600 rpm for the indicated time. The 

reaction mixture was filtered through a silica plug, eluted with EtOAc, and concentrated to 

afford crude product. The NMRy was determined by 1H NMR with Ph3CH (12.2 mg, 1 equiv) 

internal standard. The enantiomeric ratio was determined with HPLC on a sample purified by 

pTLC. 
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Below 4 °C: Precooled solvent was added to a 2 mL Schlenk tube (7 mm internal diameter) 

charged sequentially with substrate (0.05 mmol, 1 equiv), catalyst, and potassium cyanide 

under air. The reaction mixture was stirred at the indicated temperature and ca. 600 rpm for 

the indicated time. The NMRy was determined by 1H NMR with Ph3CH (12.2 mg, 1 equiv) 

internal standard. The enantiomeric ratio was determined with HPLC on a sample purified by 

pTLC. 

General procedure 3.4 (GP3.4, synthesis of enantioenriched products) 
Precooled α,α,α-trifluorotoluene (0.2 mL, 0.25 M) was added to a 1.75 mL vial charged 

sequentially with substrate (0.05 mmol, 1.00 equiv), (S)-3.49h (3.9 mg, 0.0025 mmol, 0.05 

equiv), and potassium cyanide (7.8 mg, 0.12 mmol, 2.40 equiv). The reaction mixture was 

stirred at 4 °C and ca. 600 rpm for 24 h. The NMRy was determined by 1H NMR with Ph3CH 

(12.2 mg, 1 equiv) internal standard. The enantiomeric ratio was determined with HPLC on a 

sample purified by pTLC. 

4.4.2 Solid state studies of a urea-cyanide complex 

Tetrabutylammonium cyanide(1,3-bis(3,5-bis(trifluoromethyl)phenyl)urea) (3.35·CN·Bu4N) 

 
A suspension of tetrabutylammonium cyanide (134 mg, 0.5 mmol, 1.00 equiv) and 1,3-bis(3,5-

bis(trifluoromethyl)phenyl)urea (242 mg, 0.5 mmol, 1.00 equiv) in hexane (31.25 mL) was 

heated to reflux for 0.5 h. The reaction mixture was cooled to rt. The solids were collected by 

filtration, washed with hexane, and dried to afford the title compound (331 mg, 0.44 mmol, 

88%) as an off-white solid. The solid obtained was used without further purification. 

Single crystals suitable for X-ray crystallography were grown by layering cyclohexane onto a 

saturated solution of the title compound in Et2O. 
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mp 101-102 °C; νmax (neat) /cm-1 1714, 1626, 1578, 1471, 1374, 1272, 1167, 1123, 929, 899, 

681; 1H NMR (500 MHz, CD3CN) δ 8.12 (s, 4H), 7.46 (s, 2H), 3.10 – 3.03 (m, 8H), 1.67 – 1.53 (m, 

8H), 1.34 (h, J = 7.5 Hz, 8H), 0.95 (t, J = 7.5 Hz, 12H); 19F NMR (470 MHz, CD3CN) δ -63.65; 13C 

NMR (126 MHz, CD3CN) δ 165.6, 155.5, 144.4, 132.3 (q, J = 33.0 Hz), 124.7 (q, J = 272.0 Hz), 

119.0 (q, J = 3.5 Hz), 114.8 (dt, J = 7.0, 3.0 Hz), 59.3 (d, J = 3.0 Hz), 24.3, 20.3 (t, J = 1.5 Hz), 

13.8. 
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4.4.3 Solution studies of urea-cyanide complexes 

1H NMR titration of 3.35 and tetrabutylammonium cyanide 

 

 
Figure 4.11 1H NMR titration data of 3.35 with tetrabutylammonium cyanide. One set of symbols (□, ○, △) refers to experimental data from one set of measurements. 
Lines are the calculated isotherms of the described model. (2 mM 3.35, CH3CN/CD3CN 8:2, 500 MHz, 298 K).   
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Table 4.13 Comparison of binding models. 

model entry covfit (10-3) covfit factor Ka(1:1) (M-1) Ka(2:1) (M-1) ΔG(1:1) (kJ mol-1) ΔG(2:1) (kJ mol-1) 

1:1 

1 4.49 1 4.34 × 103 -   
2 6.82 1 7.19 × 103 -   
3 10.40 1 5.11 × 103 -   

mean 7.24 1 5.5 ± 1.2 × 103 - -21.3 ± 0.5 - 

full 2:1 

1 0.37 19.9 2.53 × 103 5.73 × 102   
2 0.15 45.5 1.92 × 103 9.96 × 102   
3 0.073 142.5 1.80 × 103 2.76 × 103   

mean 0.20 36.2 2.1 ± 0.3 × 103 1.4 ± 0.9 ×103 -19.0 ± 0.3 -17.9 ± 1.6 
covfit factor is covfit for the 1:1 model divided by the covfit for the binding model under study.7 Association constants calculated with BindFit v0.5,5 error is standard 
deviation from 3 independent replicas. 

The mean covfit for the full 2:1 model is significantly higher than the mean covfit for the 1:1 model, suggesting this system is best described by the full 

2:1 model. 
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1H NMR assignment of (S)-3.36a (CD3CN) 

 
1H NMR (500 MHz, CD3CN) δ 8.36 – 8.30 (m, 2H, H12, H2), 8.17 (d, J = 8.5 Hz, 1H, H3), 8.08 (d, 

J = 9.0 Hz, 1H, H11), 7.96 (d, J = 8.0 Hz, 1H, H10), 7.74 (s, 2H, H13), 7.73 (d, J = 9.0 Hz, 1H, H1), 

7.66 – 7.61 (m, 1H, H4), 7.54 – 7.34 (m, 5H, H5, H9, H15, NH1/2), 7.24 (d, J = 8.5 Hz, 1H, H6), 

7.23 – 7.10 (m, 4H, H8, H14, H16, NH1/2), 6.98 (s, 1H, NH3), 6.83 (s, 1H, H7), 3.19 (br s, 1H, 

H17), 1.10 (s, 3H, H18/19), 0.43 (s, 3H, H18/19). 
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1H NMR titration of (S)-3.36a and tetrabutylammonium cyanide 

 

 
Figure 4.12 1H NMR titration data of (S)-3.36a with tetrabutylammonium cyanide. One set of symbols (□, ○, △) refers to experimental data from one set of 
measurements. Lines are the calculated isotherms of the described model. (2 mM (S)-3.36a, CH3CN/CD3CN 8:2, 500 MHz, 298 K).   
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Table 4.14 Comparison of binding models. 

model entry covfit (10-3) covfit factor Ka(1:1) (M-1) Ka(2:1) (M-1) ΔG(1:1) (kJ mol-1) ΔG(2:1) (kJ mol-1) 

1:1 

1 1.89 1 7.06 × 103 -   
2 2.49 1 8.95 × 103 -   
3 1.87 1 1.31 × 104 -   

mean 2.08 1 1.0 ± 0.3 × 104 - -22.8 ± 0.7 - 

full 2:1 

1 0.41 4.6 6.47 × 103 -2.04 × 102   
2 0.24 10.4 1.45 × 104 -1.04 × 102   
3 0.068 27.5 1.28 × 104 -8.30 × 101   

mean 0.24 14.2 1.1 ± 0.3 × 104 -1.3 ± 0.5 ×102 -23.1 ± 0.7 n/a 
covfit factor is covfit for the 1:1 model divided by the covfit for the binding model under study.7 Association constants calculated with BindFit v0.5,5 error is standard 
deviation from 3 independent replicas. 

The mean covfit for the full 2:1 model is significantly higher than the mean covfit for the 1:1 model. However as the values obtained for Ka(2:1) were all 

negative, this system is likely best described by the 1:1 model. 
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Variable temperature studies of (S)-3.36a and tetrabutylammonium cyanide 
Tetrabutylammonium cyanide (3.0 mg, 11.17 μmol, 1.00 equiv) was placed in an NMR tube. A 

solution of (S)-3.36a in CD2Cl2 (0.45 mL, 0.25 M, 1.00 equiv) was added, and the mixture was 

shaken until all solids were dissolved. This sample was immediately used for analysis. 

4.4.4 Synthesis of chiral catalysts 

(S)-3.36a-e,14 3.47,29 (S)-3.48,30 (S)-3.49a,17 and (S)-3.49f-g31 were prepared according to the 

reported procedures. 

1,1'-((1R,2R)-1,2-bis(2-hydroxyphenyl)ethane-1,2-diyl)bis(3-(3,5-
bis(trifluoromethyl)phenyl)urea) ((R,R)-3.46) 

 
3,5-Bis(trifluoromethyl)phenyl isocyanate (1.42 mL, 8.18 mmol, 2.00 equiv) was added to a 

solution of (1R,2R)-1,2-bis(2-hydroxyphenyl)ethylenediamine (1.00 g, 4.09 mmol, 1.00 equiv) 

was in dry CH2Cl2 (8.2 mL) under N2. The reaction mixture was stirred at rt for 16 h. The 

reaction mixture was diluted with CH2Cl2 (50 mL) and washed with 1 M HCl (50 mL). The 

organic layer was dried with MgSO4, filtered, and concentrated to afford crude product. The 

crude product was purified by flash silica chromatography (elution gradient 0 to 30% EtOAc in 

pentane) to afford the title compound as an off-white solid (1.26 g, 1.68 mmol, 41%). 

mp 174-176 °C; νmax (neat) /cm-1 3388, 1671, 1544, 1276, 1176, 1126; 1H NMR (500 MHz, 

DMSO-d6) 9.82 (s, 1H), 9.74 (s, 1H), 7.86 (d, J = 1.5 Hz, 2H), 7.29 (t, J = 1.5 Hz, 1H), 6.93 (td, J = 

7.5, 1.5 Hz, 1H), 6.82 – 6.72 (m, 2H), 6.69 – 6.60 (m, 1H), 6.49 (t, J = 7.5 Hz, 1H), 5.55 (dt, J = 

10.5, 5.0 Hz, 1H); 19F NMR (471 MHz, DMSO-d6) δ -62.03; 13C NMR (126 MHz, DMSO-d6) δ 

155.1, 155.0, 142.5, 130.3 (q, J = 32.5 Hz) , 129.7, 128.2, 125.4, 123.2 (q, J = 272.5 Hz), 118.6, 

116.3, 115.3, 112.9, 56.4; HRMS (ESI+) calc. for C32H23O4N4F12 ([M+H]+): 755.1522; found: 

755.1515; [𝜶]𝑫
𝟐𝟓 -32.1° (c 1.00, MeOH). 
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(S)-6,6'-dibromo-N2-isopropyl-[1,1'-binaphthalene]-2,2'-diamine 

 

H2SO4 (20% in H2O, 18 mL) was added to acetone (0.93 mL, 12.54 mmol, 1.40 equiv) in THF 

(36 mL). The reaction mixture was stirred at rt for 30 min. (S)-6,6'-dibromo-[1,1'-

binaphthalene]-2,2'-diamine32 (3.96 g, 8.96 mmol, 1.00 equiv) was added in one portion, and 

the reaction mixture was stirred at rt for 5 min. The reaction mixture was cooled to 0 °C. NaBH4 

(3.39 g, 89.61 mmol, 10.00 equiv) was added carefully portionwise. The reaction mixture was 

stirred at rt for 1 h. The reaction mixture was diluted with 1 M KOH (50 mL), extracted with 

EtOAc (50 mL), dried with MgSO4, filtered, and concentrated to afford crude product. The 

crude product was purified by flash silica chromatography (elution gradient 5 to 10% EtOAc in 

pentane) to afford the title compound (1.38 g, 2.87 mmol, 32%) as a pale-yellow solid. 

mp 83-85 °C; νmax (neat) /cm-1 3378, 2963, 1612, 1588, 1493, 1333, 1151, 875, 808; 1H NMR 

(400 MHz, CDCl3) δ 7.94 (d, J = 2.0 Hz, 1H), 7.91 (d, J = 2.0 Hz, 1H), 7.77 (d, J = 9.0 Hz, 1H), 7.72 

(d, J = 9.0 Hz, 1H), 7.27 (d, J = 9.0 Hz, 1H), 7.24 (dd, J = 9.0, 2.0 Hz, 1H), 7.21 (dd, J = 9.0, 2.0 Hz, 

1H), 7.15 (d, J = 9.0 Hz, 1H), 6.85 (d, J = 9.0 Hz, 1H), 6.78 (d, J = 9.0 Hz, 1H), 3.78 (dp, J = 13.0, 

6.0Hz, 1H), 3.69 (br s, 2H), 3.41 (br s, 1H), 1.07 (d, J = 6.0 Hz, 3H), 0.99 (d, J = 6.0 Hz, 3H); 13C 

NMR (101 MHz, CDCl3) δ 144.4, 143.4, 132.5, 132.3, 130.2×3, 130.1, 129.7, 129.0×2, 128.8, 

125.8, 125.6, 119.4, 116.2, 116.1, 115.5, 112.0, 111.7, 44.7, 23.4, 23.3; HRMS (ESI+) calc. for 

C23H21N2
79Br2 ([M+H]+): 483.0066; found: 483.0065; [𝜶]𝑫

𝟐𝟓 -62.4° (c 1.00, CHCl3). 
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1-isopropyl-3-(3,3'',5,5''-tetrakis(trifluoromethyl)-[1,1':3',1''-terphenyl]-5'-yl)-1-(2'-(3-
(3,3'',5,5''-tetrakis(trifluoromethyl)-[1,1':3',1''-terphenyl]-5'-yl)ureido)-[1,1'-binaphthalen]-
2-yl)urea ((S)-3.49b) 
Characterisation data from A. C. Vicini. 

 
Prepared according to GP4.1 with 5'-isocyanato-3,3'',5,5''-tetrakis(trifluoromethyl)-1,1':3',1''-

terphenyl33 (869 mg, 1.60 mmol, 2.00 equiv) and (S)-N2-isopropyl-[1,1'-binaphthalene]-2,2'-

diamine14 (261 mg, 0.80 mmol, 1.00 equiv). The crude product was purified by flash silica 

chromatography (elution gradient 0 to 10% EtOAc in pentane) to afford the title compound as 

a white solid (423 mg, 0.30 mmol, 37%). 

mp 196-198 °C; νmax (thin film) /cm-1 3327, 365, 2936, 1680, 1623, 1599, 1546, 1508, 1469, 

1428, 1367, 1276,1174, 1127, 901, 844, 734, 705, 683, 639; 1H NMR (500 MHz, CDCl3) δ 8.40 

(br s, 1H), 8.15 (d, J = 8.5 Hz, 1H), 8.10 (d, J = 9.0 Hz, 1H), 8.03 (d, J = 8.0 Hz, 1H), 7.96 (d, J = 

8.2 Hz, 1H), 7.81 (d, J = 1.5 Hz, 4H), 7.75 (s, 2H), 7.73 (s, 6H), 7.63 (d, J = 8.5 Hz, 1H), 7.59 (ddd, 

J = 8.0, 7.0, 1.0 Hz, 1H), 7.54 (s, 2H), 7.46 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 7.36 (ddd, J = 8.5, 7.0, 

1.5 Hz, 1H), 7.32 – 7.27 (m, 4H), 7.23 (d, J = 8.5 Hz, 1H), 7.16 (br s, 1H), 7.13 (s, 1H), 7.00 (s, 

1H), 6.96 (d, J = 8.5 Hz, 1H), 6.62 (s, 1H), 3.55 (br s, 1H), 1.19 (d, J = 7.0 Hz, 3H), 0.74 – 0.61 (m, 

3H); 19F NMR (471 MHz, CDCl3) δ -63.00, -63.02; 2.82, -63.02; 13C NMR (126 MHz, CDCl3) δ 

155.6 (br), 152.7, 142.1, 141.6, 139.9, 139.8, 139.7, 139.6, 139.5, 134.9 (br), 133.9, 133.4, 

133.0, 132.2 (q, J = 33.5 Hz), 132.2, 132.1 (q, J = 33.5 Hz), 131.0 (br), 130.7, 130.4, 128.8 (br), 

128.6, 128.4, 128.0, 127.7, 127.3, 127.1‒127.0 (m), 126.9‒126.8 (m), 126.7, 125.6, 125.3 (br), 

123.1 (q, J = 273.0 Hz), 123.0 (q, J = 273.0 Hz), 121.6‒121.4 (m), 121.4‒121.2 (m), 120.8 (br), 
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120.3 (br), 120.1, 118.3, 54.5 (br), 20.9, 20.0 (br); HRMS (ESI+) calc. for C69H41O2N4F24
+ 

([M+H]+): 1413.2841, found 1413.2780; [𝜶]𝑫
𝟐𝟓 -133.0° (c 0.50, CHCl3). 

NB: 13C spectra contained overlapping signals. 

1-(6,6'-dibromo-2'-(3-(3,3'',5,5''-tetrakis(trifluoromethyl)-[1,1':3',1''-terphenyl]-5'-
yl)ureido)-[1,1'-binaphthalen]-2-yl)-1-isopropyl-3-(3,3'',5,5''-tetrakis(trifluoromethyl)-
[1,1':3',1''-terphenyl]-5'-yl)urea ((S)-3.49c) 

 
Prepared according to GP4.1 with 5'-isocyanato-3,3'',5,5''-tetrakis(trifluoromethyl)-1,1':3',1''-

terphenyl33 (224 mg, 0.42 mmol, 2.00 equiv) and (S)-6,6'-dibromo-N2-isopropyl-[1,1'-

binaphthalene]-2,2'-diamine (100 mg, 0.21 mmol, 1.00 equiv). The crude product was purified 

by flash silica chromatography (elution gradient 0 to 10% EtOAc in pentane), then 

recrystallised from Et2O/pentane, and washed with pentane to afford the title compound as 

a white solid (116 mg, 0.07 mmol, 36%). 

mp 173-175 °C; νmax (thin film) /cm-1 1548, 1397, 1367, 1279, 1133, 706, 683; 1H NMR (500 

MHz, CDCl3) δ 8.68 (d, J = 8.0 Hz, 1H), 8.17 (d, J = 2.0 Hz, 1H), 8.10 (d, J = 2.0 Hz, 1H), 8.07 (d, J 

= 9.0 Hz, 1H), 7.99 (d, J = 9.0 Hz, 1H), 7.82 (s, 4H), 7.77 (s, 2H), 7.75 (s, 2H), 7.70 (s, 4H), 7.64 

(d, J = 8.5 Hz, 1H), 7.57 (s, 2H), 7.45 (br s, 1H), 7.40 (dd, J = 9.0, 2.0 Hz, 1H), 7.33 (dd, J = 9.0, 

2.0 Hz, 1H), 7.30 (br s, 1H), 7.25 (d, J = 1.5 Hz, 2H), 7.22 (s, 1H), 7.04 (d, J = 1.5 Hz, 1H), 7.02 (d, 

J = 9.0 Hz, 1H), 6.78 – 6.65 (m, 2H), 3.74 – 3.61 (m, 1H), 1.09 (d, J = 7.0 Hz, 3H), 0.80 (d, J = 7.0 

Hz, 3H); 19F NMR (471 MHz, CDCl3) δ -62.95, -62.99; 13C NMR (126 MHz, CDCl3) δ 156.7, 152.4, 

142.3, 141.4, 140.3, 140.1, 140.1, 139.8, 139.5, 136.6, 134.3, 132.5, 132.4 (q, J = 33.5 Hz), 

132.2 (q, J = 33.5 Hz), 131.9, 131.5, 131.2, 130.8, 130.7, 130.5, 130.0, 129.7, 129.5, 128.7, 

127.1 (q, J = 3.0 Hz), 127.0, 127.0 (q, J = 4.0 Hz), 123.1 (q, J = 273.0 Hz), 122.9 (q, J = 272.5 Hz), 
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122.0, 121.9 – 121.8 (m), 121.8, 121.5 (p, J = 4.0 Hz), 121.3, 120.5, 118.9, 118.0, 53.4, 21.4, 

20.9; HRMS (ESI+) calc. for C69H39O2N4
79Br2F24

+ ([M+H]+): 1569.1051, found 1569.1041; 

[𝜶]𝑫
𝟐𝟓 -85.6° (c 1.00, CHCl3). 

NB: 13C spectra contained overlapping signals. 

2'-fluoro-3,3'',5,5''-tetrakis(trifluoromethyl)-[1,1':3',1''-terphenyl]-5'-amine 

 
Palladium acetate (42 mg, 0.19 mmol, 0.05 equiv) was added to a mixture of 3,5-dibromo-4-

fluoroaniline (1.00 g, 3.72 mmol, 1.00 equiv), 3,5-bis(trifluoromethyl)phenylboronic acid (3.34 

g, 1.02 mmol, 3.50 equiv), SPhos (0.15 g, 0.37 mmol, 0.10 equiv), and potassium carbonate 

(1.40 g, 37.19 mmol, 5 equiv) in degassed THF (50 mL)) and degassed H2O (10 mL) under N2. 

The reaction mixture was heated to reflux overnight. The reaction mixture was cooled to rt, 

diluted with H2O (50 mL), extracted with CH2Cl2 (50 mL), washed with sat. brine (25 mL), dried 

with MgSO4, filtered, and concentrated to afford crude product. The crude product was 

purified by flash silica chromatography (elution gradient 0% to 50% CH2Cl2 in pentane) to 

afford the title compound as an off-white solid (1.66 mg, 3.10 mmol, 83%). 

mp 178-180 °C; νmax (thin film) /cm-1 1621, 1370, 1280, 1122, 904, 684; 1H NMR (500 MHz, 

CDCl3) δ 8.00 (s, 4H), 7.91 (s, 2H), 6.79 (d, J = 6.0 Hz, 2H), 3.83 (s, 2H); 19F NMR (377 MHz, 

CDCl3) δ -62.84, -137.41 (tt, J = 6.0, 1.5 Hz).; 13C NMR (126 MHz, CDCl3) δ 149.7 (d, J = 242.0 

Hz), 143.6 (d, J = 3.0 Hz), 137.8, 132.1 (q, J = 33.5 Hz), 129.3 (t, J = 3.5 Hz), 128.0 (d, J = 15.5 

Hz), 123.4 (q, J = 273.0 Hz), 121.9 (p, J = 4.0 Hz), 116.9 (d, J = 2.0 Hz); HRMS (ESI+) calc. for 

C22H9F13
+ ([M+H]+): 534.0533, found 534.0531. 
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2'-fluoro-5'-isocyanato-3,3'',5,5''-tetrakis(trifluoromethyl)-1,1':3',1''-terphenyl 

 
A solution of 2'-fluoro-3,3'',5,5''-tetrakis(trifluoromethyl)-[1,1':3',1''-terphenyl]-5'-amine 

(1.64 g, 3.06 mmol, 1.00 equiv) in CH2Cl2 (30 mL) was added to a solution of triphosgene (0.34 

g, 1.13 mmol, 0.37 equiv) in CH2Cl2 (20 mL) at 0 °C. A solution of sat. NaHCO3 (30 mL) was 

added to the reaction mixture. The reaction mixture was stirred at 0 °C for 45 min. The organic 

layer was separated, dried with MgSO4, filtered, and concentrated to afford crude product. 

The crude solid was recrystallised from hot hexane with a minimal quantity of THF to afford 

the title compound (0.91 g, 1.62 mmol, 53%) as a white solid. 

mp 147-149 °C; νmax (thin film) /cm-1 2275, 1366, 1278, 1163, 1122, 684; 1H NMR (500 MHz, 

CDCl3) δ 8.00 (s, 4H), 7.91 (s, 2H), 6.79 (d, J = 6.0 Hz, 2H), 3.83 (s, 2H); 19F NMR (377 MHz, 

CDCl3) δ -62.85, -125.76 (t, J = 6.0 Hz); 13C NMR (126 MHz, CDCl3) δ 153.9 (d, J = 251.5 Hz), 

136.3, 132.5 (q, J = 33.5 Hz), 131.1 (d, J = 4.0 Hz), 129.4 (t, J = 3.5 Hz), 128.9 (d, J = 16.0 Hz), 

127.1 (d, J = 3.0 Hz), 125.4, 123.2 (q, J = 273.0 Hz), 122.6 (p, J = 3.5 Hz); HRMS (ESI-) calc. for 

C23H7F13NO- ([M-H]-): 560.0326, found 560.0312. 

3-(2'-fluoro-3,3'',5,5''-tetrakis(trifluoromethyl)-[1,1':3',1''-terphenyl]-5'-yl)-1-(2'-(3-(2'-
fluoro-3,3'',5,5''-tetrakis(trifluoromethyl)-[1,1':3',1''-terphenyl]-5'-yl)ureido)-[1,1'-
binaphthalen]-2-yl)-1-isopropylurea ((S)-3.49d) 

 
Prepared according to GP4.1 with 2'-fluoro-5'-isocyanato-3,3'',5,5''-tetrakis(trifluoromethyl)-

1,1':3',1''-terphenyl (172 mg, 0.31 mmol, 2.00 equiv) and (S)-N2-isopropyl-[1,1'-

binaphthalene]-2,2'-diamine14 (50 mg, 0.15 mmol, 1.00 equiv). The crude product was purified 
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by flash silica chromatography (elution gradient 0 to 10% EtOAc in pentane) to afford the title 

compound as a white solid (156 mg, 0.11 mmol, 70%). 

mp 163-165 °C; νmax (thin film) /cm-1 1680, 1529, 1398, 1279, 1186, 1162, 1133, 902, 683; 1H 

NMR (500 MHz, CDCl3) δ 8.25 (br s, 1H), 8.13 (d, J = 8.5 Hz, 1H), 8.11 (d, J = 9.0 Hz, 1H), 8.02 

(d, J = 8.0 Hz, 1H), 7.96 (d, J = 8.0 Hz, 1H), 7.82 (s, 4H), 7.77 (s, 4H), 7.75 (s, 2H), 7.72 (s, 2H), 

7.62 (d, J = 8.5 Hz, 1H), 7.59 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 7.48 (t, J = 8.0 Hz, 1H), 7.42 – 7.34 

(m, 3H), 7.31 (t, J = 7.5 Hz, 1H), 7.25 (s, 1H), 7.24 (s, 1H), 7.21 (d, J = 8.5 Hz, 1H), 6.97 (s, 1H), 

6.95 (s, 1H), 6.66 (br s, 1H), 6.45 (s, 1H), 3.42 (br s, 1H), 1.20 (d, J = 6.5 Hz, 3H), 0.56 (br s, 3H); 

19F NMR (377 MHz, CDCl3) δ -63.10, -63.12, -129.75, -130.68; 13C NMR (126 MHz, CDCl3) δ 

155.2, 153.1, 152.1 (d, J = 241.0 Hz), 151.7 (d, J = 248.5 Hz), 139.7, 136.7, 136.6, 135.3 (d, J = 

3.5 Hz), 135.2 (d, J = 2.5 Hz), 134.2, 134.0, 133.6, 133.1, 132.2, 132.0×2 (q, J = 33.7 Hz), 130.9, 

130.7, 129.0, 128.9, 128.7, 128.6, 128.0×2 (d, J = 15.0 Hz), 127.7, 127.5, 127.1 (d, J = 2.0 Hz), 

126.9 (d, J = 2.0 Hz), 126.6, 125.9, 125.8, 123.7, 123.1 (q, J = 273.0 Hz), 123.1 (q, J = 273.0 Hz), 

121.9, 55.4, 20.9, 19.7; HRMS (ESI+) calc. for C69H39O2N4F26
+ ([M+H]+): 1449.2652, found 

1449.2628; [𝜶]𝑫
𝟐𝟓 -172.3° (c 1.00, CHCl3). 

NB: 13C spectra contained overlapping signals. 

1-(6,6'-dibromo-2'-(3-(2'-fluoro-3,3'',5,5''-tetrakis(trifluoromethyl)-[1,1':3',1''-terphenyl]-
5'-yl)ureido)-[1,1'-binaphthalen]-2-yl)-3-(2'-fluoro-3,3'',5,5''-tetrakis(trifluoromethyl)-
[1,1':3',1''-terphenyl]-5'-yl)-1-isopropylurea ((S)-3.49e) 

 
Prepared according to GP4.1 with 2'-fluoro-5'-isocyanato-3,3'',5,5''-tetrakis(trifluoromethyl)-

1,1':3',1''-terphenyl (225 mg, 0.40 mmol, 2.00 equiv) and (S)-6,6'-dibromo-N2-isopropyl-[1,1'-

binaphthalene]-2,2'-diamine (97 mg, 0.20 mmol, 1.00 equiv). The crude product was purified 
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by flash silica chromatography (elution gradient 0 to 10% EtOAc in pentane), then triturated 

with pentane to afford the title compound as a white solid (157 mg, 0.10 mmol, 49%). 

mp 166-168 °C; νmax (thin film) /cm-1 1539, 1363, 1278, 1133, 902; 1H NMR (500 MHz, CDCl3) 

δ 8.58 (br s, 1H), 8.17 (d, J = 2.0 Hz, 1H), 8.10 (d, J = 2.0 Hz, 1H), 8.05 (d, J = 8.5 Hz, 1H), 7.99 

(d, J = 9.0 Hz, 1H), 7.83 (s, 4H), 7.77 (s, 4H), 7.70 (s, 4H), 7.63 (d, J = 8.5 Hz, 1H), 7.42 – 7.37 (m, 

3H), 7.34 (dd, J = 9.0, 2.0 Hz, 1H), 7.21 (s, 1H), 7.20 (s, 1H), 7.07 (br s, 2H), 7.00 (d, J = 9.0 Hz, 

1H), 6.73 (d, J = 9.0 Hz, 1H), 6.54 (s, 1H), 3.57 (br s, 1H), 1.07 (d, J = 7.0 Hz, 3H), 0.72 (d, J = 7.0 

Hz, 3H); 19F NMR (377 MHz, CDCl3) δ -63.04, -63.06, -130.40 (br); 13C NMR (126 MHz, CDCl3) δ 

156.3, 152.7 (d, J = 250.0 Hz), 152.4, 151.5 (d, J = 248.0 Hz), 139.9, 136.6, 136.2, 135.9, 135.3 

(d, J = 3.0 Hz), 134.6 (d, J = 3.0 Hz), 134.1, 132.3, 132.0 (q, J = 33.5 Hz), 131.9 (q, J = 33.5 Hz), 

131.8, 131.7, 131.2, 130.8, 130.6, 130.4, 129.8, 129.5, 128.8, 128.7, 128.3, 127.4 (d, J = 15.0 

Hz), 127.1 (d, J = 15.0 Hz), 126.9, 124.6, 123.0 (d, J = 273.0 Hz), 122.9 (d, J = 273.0 Hz), 122.0, 

121.8, 121.1, 119.1, 53.8, 21.2, 20.5; HRMS (ESI+) calc. for C69H35O2N4
79Br2F26

+ ([M-H]-): 

1603.0703, found 1603.0713; [𝜶]𝑫
𝟐𝟓 -85.5° (c 1.00, CHCl3). 

NB: 13C spectra contained overlapping signals. 

1,3-dibromo-2-(difluoromethoxy)-5-nitrobenzene 

 
Diethyl (bromodifluoromethyl)phosphonate (1.78 mL, 20.00 mmol, 2.00 equiv) was added to 

a mixture of 2,6-dibromo-4-nitrophenol (2.97 g, 10.00 mmol, 1.00 equiv) in KOH (11.22 g, 

200.00 mmol, 20.00 equiv), H2O (50 mL), and MeCN (50 mL). The reaction mixture was stirred 

at rt overnight. The reaction mixture was diluted with H2O (50 mL), extracted with EtOAc 

(3×100 mL), washed with sat. brine (50 mL), dried with MgSO4, filtered, and concentrated to 

afford crude product. The crude product was purified by flash silica chromatography (elution 
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gradient 0 to 100% CH2Cl2 in pentane) to afford the title compound as a yellow oil that 

solidified on standing (1.40 g, 4.05 mmol, 40%). 

mp 43-45 °C; νmax (thin film) /cm-1 1527, 1386, 1344, 1137, 1060, 738; 1H NMR (400 MHz, 

CDCl3) δ 8.47 (s, 2H), 6.71 (t, J = 73.0 Hz, 1H); 19F NMR (377 MHz, CDCl3) δ -80.53 (d, J = 73.5 

Hz); 13C NMR (101 MHz, CDCl3) δ 151.1 (t, J = 4.0 Hz), 145.9, 128.4, 115.9 (t, J = 267.5 Hz). 

3,5-dibromo-4-(difluoromethoxy)aniline 

 
Fe powder (0.68 g, 12.15 mmol, 3.00 equiv) was added to a solution of 1,3-dibromo-2-

(difluoromethoxy)-5-nitrobenzene (1.40 g, 4.05 mmol, 1.00 equiv) in AcOH (13 mL). The 

reaction mixture was stirred at 100 °C for 3 h. The reaction mixture was cooled to rt, basified 

with 5 M NaOH (100 mL), extracted with EtOAc (2×100 mL), washed with sat. brine, dried with 

MgSO4, filtered, and concentrated to afford crude product. The crude product was purified by 

flash silica chromatography (elution gradient 0 to 50% Et2O in pentane) to afford the title 

compound as a white solid (0.64 g, 2.03 mmol, 50%). 

mp 100-102 °C; νmax (thin film) /cm-1 1625, 1594, 1554, 1471, 1426, 1093; 1H NMR (400 MHz, 

CDCl3) δ 6.85 (s, 2H), 6.49 (t, J = 74.5 Hz, 1H), 3.76 (s, 3H); 19F NMR (377 MHz, CDCl3) δ -81.03 

(d, J = 74.5 Hz); 13C NMR (101 MHz, CDCl3) δ 146.3, 137.8 (br), 118.7, 118.6, 117.3 (t, J = 263.0 

Hz). 

(2'-(difluoro-λ3-methoxy)-3,3'',5,5''-tetrakis(trifluoromethyl)-[1,1':3',1''-terphenyl]-5'-
yl)azane 

 
Palladium acetate (23 mg, 0.10 mmol, 0.05 equiv) was added to a mixture of 3,5-dibromo-4-

(difluoromethoxy)aniline (642 mg, 2.03 mmol, 1.00 equiv), 3,5-

bis(trifluoromethyl)phenylboronic acid (1.83 g, 7.11 mmol, 3.50 equiv), SPhos (83 mg, 0.20 
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mmol, 0.10 equiv), and potassium carbonate (1.40 g, 10.15 mmol, 5.00 equiv) in degassed THF 

(20 mL)) and degassed H2O (8 mL) under N2. The reaction mixture was stirred at 60 °C for 48 h. 

The reaction mixture was cooled to rt, filtered through celite, and eluted with Et2O (50 mL). 

The filtrate was washed with H2O (25 mL), sat. brine (25 mL), dried with MgSO4, filtered, and 

concentrated to afford crude product. The crude product was purified by flash silica 

chromatography (elution gradient 0% to 50% Et2O in pentane) to afford the title compound 

as an off-white solid (730 mg, 1.26 mmol, 62%). 

mp 143-145 °C; νmax (thin film) /cm-1 2981, 1370, 1278, 1128, 683; 1H NMR (500 MHz, CDCl3) 

δ 8.01 (d, J = 1.5 Hz, 4H), 7.90 (s, 2H), 6.75 (s, 2H), 5.71 (t, J = 73.5 Hz, 1H), 3.95 (s, 2H); 19F 

NMR (471 MHz, CDCl3) δ -62.80, -81.39 (d, J = 73.5 Hz); 13C NMR (126 MHz, CDCl3) δ 145.7, 

139.6, 136.2 (t, J = 3.0 Hz), 135.6, 131.9 (q, J = 33.5 Hz), 129.7 (d, J = 4.0 Hz), 123.4 (q, J = 273.0 

Hz), 121.8 (dt, J = 7.5, 3.5 Hz), 117.1, 116.2 (t, J = 264.0 Hz); HRMS (ESI+) calc. for C23H10ONF14
+ 

([M+H]+): 582.0544, found 582.0536. 

2'-(difluoro-λ3-methoxy)-5'-isocyanato-3,3'',5,5''-tetrakis(trifluoromethyl)-1,1':3',1''-
terphenyl 

 
A solution of (2'-(difluoro-λ3-methoxy)-3,3'',5,5''-tetrakis(trifluoromethyl)-[1,1':3',1''-

terphenyl]-5'-yl)azane (715 mg, 1.23 mmol, 1.00 equiv) in CH2Cl2 (4.9 mL) was added to a 

solution of triphosgene (135 mg, 0.46 mmol, 0.37 equiv) in CH2Cl2 (7.4 mL) at 0 °C. A solution 

of sat. NaHCO3 (12.3 mL) was added to the reaction mixture. The reaction mixture was stirred 

at 0 °C for 45 min. The reaction mixture was extracted with CH2Cl2 (25 mL). The organic layer 

was dried with MgSO4, filtered, and concentrated to afford crude product. The crude solid was 

washed with pentane, then dried to afford the title compound (548 mg, 0.90 mmol, 73%) as a 

yellow solid. 
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mp 112-114 °C; νmax (thin film) /cm-1 2269, 1365, 1278, 1132; 1H NMR (600 MHz, CDCl3) δ 8.00 

(d, J = 1.5 Hz, 2H), 7.96 (s, 1H), 7.25 (s, 1H), 5.79 (t, J = 72.5 Hz, 1H); 19F NMR (565 MHz, CDCl3) 

δ -62.86, -81.33 (d, J = 74.0 Hz); 13C NMR (151 MHz, CDCl3) δ 141.9 (t, J = 3.0 Hz), 138.3, 136.5, 

133.4, 132.4 (q, J = 33.5 Hz), 129.7 (d, J = 4.0 Hz), 127.5, 126.0, 123.2 (q, J = 124.0 Hz), 122.5 

(dt, J = 7.5, 3.5 Hz), 115.6 (t, J = 266.5 Hz). 

3-(2'-(difluoromethoxy)-3,3'',5,5''-tetrakis(trifluoromethyl)-[1,1':3',1''-terphenyl]-5'-yl)-1-
(2'-(3-(2'-(difluoromethoxy)-3,3'',5,5''-tetrakis(trifluoromethyl)-[1,1':3',1''-terphenyl]-5'-
yl)ureido)-[1,1'-binaphthalen]-2-yl)-1-isopropylurea ((S)-3.49h) 

 
Prepared according to GP4.1 with (2'-(difluoro-λ3-methoxy)-3,3'',5,5''-

tetrakis(trifluoromethyl)-[1,1':3',1''-terphenyl]-5'-yl)azane (183 mg, 0.30 mmol, 2.00 equiv) 

and (S)-N2-isopropyl-[1,1'-binaphthalene]-2,2'-diamine14 (49 mg, 0.15 mmol, 1.00 equiv). The 

crude product was purified by flash silica chromatography (elution gradient 0 to 20% EtOAc in 

pentane) to afford the title compound as a white solid (65 mg, 0.04 mmol, 28%). 

mp 148-150 °C; νmax (neat) /cm-1 2059, 2028, 1977, 1363, 1278, 1131, 682; 1H NMR (600 MHz, 

CDCl3) δ 8.14 (br s, 1H), 8.03 (d, J = 8.5 Hz, 1H), 8.00 (d, J = 9.0 Hz, 1H), 7.89 –  7.87 (m, 2H), 

7.83 (s, 4H), 7.80 (s, 2H), 7.77 (s, 4H), 7.72 (s, 2H), 7.48 (d, J = 8.5 Hz, 1H), 7.44 – 7.35 (m, 2H), 

7.16 – 7.12 (m, 4H), 6.90 (d, J = 8.5 Hz, 1H), 6.68 (br s, 1H), 6.56 (s, 1H), 5.55 (t, J = 73.0 Hz, 

1H), 5.54 (t, J = 73.0 Hz, 1H), 3.40 (br s, 1H), 1.09 (d, J = 7.0 Hz, 3H), 0.52 (br s, 3H); 19F NMR 

(565 MHz, CDCl3) δ -62.94, -62.98, -81.30 (dd, J = 73.0, 5.0 Hz), -81.50 (dd, J = 73.5, 6.0 Hz); 13C 

NMR (151 MHz, CDCl3) δ 155.3, 152.8, 140.2, 139.8, 139.4, 138.8, 138.7, 137.5, 137.4, 135.2, 

134.8, 134.6, 133.7, 133.2, 132.9, 132.0, 131.8×2 (q, J = 33.5 Hz), 130.7, 130.3, 129.4×2, 128.6, 

128.3, 127.7, 127.5, 127.4, 127.2, 126.6, 125.6, 125.5, 123.1 (q, J = 273.0 Hz), 123.0 (q, J = 
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272.5 Hz), 123.0, 121.8, 121.5, 115.6 (t, J = 265.5 Hz), 115.5 (t, J = 265.5 Hz), 54.7, 20.6, 20.1; 

HRMS (ESI+) calc. for C71H41O4N4F28
+ ([M+H]+): 1545.2675, found 1545.2607; [𝜶]𝑫

𝟐𝟓 -460.0° (c 

0.50, CHCl3). 

NB: 13C spectra contained overlapping signals. 

1-(6,6'-dibromo-2'-(3-(2'-(difluoromethoxy)-3,3'',5,5''-tetrakis(trifluoromethyl)-[1,1':3',1''-
terphenyl]-5'-yl)ureido)-[1,1'-binaphthalen]-2-yl)-3-(2'-(difluoromethoxy)-3,3'',5,5''-
tetrakis(trifluoromethyl)-[1,1':3',1''-terphenyl]-5'-yl)-1-isopropylurea ((S)-3.49i) 

 
Prepared according to GP4.1 with (2'-(difluoro-λ3-methoxy)-3,3'',5,5''-

tetrakis(trifluoromethyl)-[1,1':3',1''-terphenyl]-5'-yl)azane (183 mg, 0.30 mmol, 2.00 equiv) 

and (S)-6,6'-dibromo-N2-isopropyl-[1,1'-binaphthalene]-2,2'-diamine (73 mg, 0.15 mmol, 1.00 

equiv). The crude product was purified by flash silica chromatography (elution gradient 0 to 

20% EtOAc in pentane) to afford the title compound as a white solid (65 mg, 0.04 mmol, 25%). 

mp 169-171 °C; νmax (neat) /cm-1 2160, 2026, 1364, 1278, 1134, 683; 1H NMR (600 MHz, CDCl3) 

δ 8.40 (d, J = 9.0 Hz, 1H), 8.11 (d, J = 11.5 Hz, 1H), 8.10 (d, J = 11.5 Hz, 1H), 8.01 (d, J = 8.5 Hz, 

1H), 7.96 (d, J = 9.0 Hz, 1H), 7.89 (s, 4H), 7.87 (s, 2H), 7.85 (s, 4H), 7.80 (s, 2H), 7.55 (d, J = 8.5 

Hz, 1H), 7.52 (br s, 1H), 7.47 (s, 2H), 7.37 – 7.30 (m, 2H), 7.26 (s, 2H), 7.00 (d, J = 9.0 Hz, 1H), 

6.80 – 6.68 (m, 3H), 5.62 (t, J = 73.0 Hz, 2H), 3.57 (s, 1H), 1.13 (d, J = 7.0 Hz, 3H), 0.69 (br s, 

3H); 19F NMR (565 MHz, CDCl3) δ -62.95, -62.97, -81.25 (d, J = 72.5 Hz), -81.47 (dd, J = 73.0, 6.0 

Hz); 13C NMR (151 MHz, CDCl3) δ 156.0, 152.4, 140.8, 140.3, 139.5, 138.9, 138.8, 137.7, 137.2, 

136.1, 135.6, 135.1, 134.2, 132.2, 132.0 (q, J = 33.5 Hz), 132.0, 132.0 (q, J = 33.5 Hz), 131.8, 

131.3, 130.8, 130.4, 130.0, 129.6, 129.5, 129.3, 129.1, 128.5, 126.9, 123.5, 123.3 (q, J = 272.5 

Hz), 123.1 (q, J = 272.5 Hz), 122.0, 121.9, 121.2, 119.3, 115.8 (t, J = 265.0 Hz), 115.6 (t, J = 266.5 
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Hz), 53.9, 21.2, 20.8; HRMS (ESI+) calc. for C71H39O4N4
79Br2F28

+ ([M+H]+): 1701.0885, found 

1701.0854 ; [𝜶]𝑫
𝟐𝟓 -264.4° (c 0.50, CHCl3). 

NB: 13C spectra contained overlapping signals. 

4.4.5 Additional reaction optimisation data 

All reaction optimization used GP3.3. 

Table 4.15 Optimisation of reaction concentration. 

 
entry concentration NMRy e.r. 

1 0.25 M 74% 65:35 
2 0.10 M 60% 64:36 

NMRy determined with Ph3CH (1 equiv) internal standard. Absolute configuration of 3.42a not 
determined. Reaction development was conducted in collaboration with G. Roagna. 

Table 4.16 Investigation of alternative cyanide sources. 

 
entry cyanide source NMRy e.r. 

1 KCN 74% 65:35 
2 NaCN 32% 62:38 
3 CuCN nd - 
4 ZnCN nd - 

NMRy determined with Ph3CH (1 equiv) internal standard. Absolute configuration of 3.42a not 
determined. Reaction development was conducted in collaboration with G. Roagna. 

4.4.6 Synthesis of substrates and products 

Substrates 3.39a-d were prepared according to the reported literature procedures.34,35 
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4-(benzhydryl(benzyl)amino)-3-phenylbutanenitrile (3.42a) 
Characterisation data from G. Roagna. 

 
Racemic product: Prepared according to GP3.1 from 3.39a to afford a clear oil. 

Enantioenriched product: Prepared according to GP3.4 from 3.39a to afford the title 

compound (40% NMRy, 62:38 e.r.). 

νmax (thin film) /cm-1 3062, 3028, 2826, 2358, 1955, 1601, 1494, 1452, 1261, 1079, 1028, 912, 

800, 761, 745, 699; 1H NMR (400 MHz, CDCl3) δ 7.44 – 7.10 (m, 18H), 6.93 – 6.68 (m, 2H), 4.83 

(s, 1H), 3.65 (d, J = 13.5 Hz, 1H), 3.51 (d, J = 13.5 Hz, 1H), 2.83 – 2.63 (m, 4H), 2.12 (dd, J = 16.5, 

8.5 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 140.9, 140.6×2, 139.1, 129.3×2, 129.2, 128.9, 

128.6×2, 128.5, 127.6×2, 127.5×2, 127.4, 119.1, 70.3, 56.5, 56.4, 41.3, 22.0; HRMS (ESI+) calc. 

for C30H29N2
+ ([M+H]+): 417.2325; found 417.2324; HPLC DAICEL CHIRALPAK® OJ-3, 10% EtOH 

in heptane, 1 mL min-1, tmajor = 15.49, tminor = 10.68. 

NB: Characterisation of racemic product provided. 

4-(benzhydryl(benzyl)amino)-3-(benzyloxy)butanenitrile (3.42b) 
Characterisation data from G. Roagna. 

 
Racemic product: Prepared according to GP3.1 from 3.39b to afford a clear oil. 

Enantioenriched product: Prepared according to GP3.4 from 3.39b to afford the title 

compound (95% NMRy, 79:21 e.r.). 

νmax (thin film) /cm-1 3028, 1600, 1493, 1453, 1353, 1074, 1027, 910, 764, 735, 698; 1H NMR 

(400 MHz, CDCl3) δ 7.37 – 7.08 (m, 20H), 4.81 (s, 1H), 4.34 (q, J = 11.5 Hz, 2H), 3.69 – 3.48 (m, 

2H), 3.37 – 3.24 (m, 1H), 2.71 (dd, J = 14.0, 5.0 Hz, 1H), 2.55 (dd, J = 14.0, 8.0 Hz, 1H), 2.49 (dd, 

J = 17.0, 4.0 Hz, 1H), 2.10 (dd, J = 17.0, 7.5 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 141.1, 140.8, 

139.0, 137.6, 129.3, 129.2, 129.1, 128.7, 128.6×3, 128.1×2, 127.6, 127.5×2, 118.4, 74.2, 72.6, 
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71.6, 57.3, 54.6, 21.8; HRMS (ESI+) calc. for C31H31ON2
+ ([M+H]+): 447.2440; found 447.2431; 

HPLC DAICEL CHIRALPAK® IB-3, 1% IPA in heptane, 1 mL min-1, tmajor = 18.69, tminor = 13.99. 

NB: Characterisation of racemic product provided. 

4-(benzhydryl(benzyl)amino)-3-methoxybutanenitrile (3.42c) 
Characterisation data from G. Roagna. 

 
Racemic product: Prepared according to GP3.1 from 3.39c to afford a clear oil. 

Enantioenriched product: Prepared according to GP3.4 from 3.39c to afford the title 

compound (89% NMRy, 73:27 e.r.). 

νmax (thin film) /cm-1 3028, 1600, 1493, 1452, 1078, 1028, 911, 699; 1H NMR (400 MHz, CDCl3) 

δ 7.39 – 7.13 (m, 15H), 4.85 (s, 1H), 3.65 (d, J = 13.5 Hz, 1H), 3.55 (d, J = 13.5 Hz, 1H), 3.18 (s, 

3H), 3.11 – 2.98 (m, 1H), 2.69 (dd, J = 14.0, 5.0 Hz, 1H), 2.52 (dd, J = 14.0, 8.0 Hz, 1H), 2.45 (dd, 

J = 17.0, 4.0 Hz, 1H), 2.06 (dd, J = 17.0, 7.5 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 141.1, 140.8, 

139.1, 129.3×2, 129.1, 128.6×3, 127.6×2, 127.5, 118.3, 76.6 71.6, 58.2, 57.4, 54.0, 21.4; HRMS 

(ESI+) calc. for C25H27ON2
+ ([M+H]+): 371.2118; found 371.2118. HPLC DAICEL CHIRALPAK® IB-

3, 1% IPA in heptane, 1 mL min-1, tmajor = 14.51, tminor = 10.25. 

NB: Characterisation of racemic product provided. 

4-(benzhydryl(ethyl)amino)-3-(benzyloxy)butanenitrile (3.42d) 
Characterisation data from G. Roagna. 

 
Racemic product: Prepared according to GP3.1 from 3.39d to afford a clear oil. 

Enantioenriched product: Prepared according to GP3.4 from 3.39d to afford the title 

compound (91% NMRy, 87:13 e.r.). An additional sample was prepared according to GP4.2 

from α,α,α-trifluorotoluene (0.2 mL, 0.25 M), potassium cyanide (7.8 mg, 0.12 mmol, 2.40 
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equiv), (S)-3.49i (4.3 mg, 0.0025 mmol, 0.05 equiv), and 3.39d (25.4 mg, 0.05 mmol, 1 equiv) 

at -5 °C to afford the title compound (90% NMRy, 89:11 e.r.). 

νmax (thin film) /cm-1 3028, 2967, 1599, 1493, 1451, 1179, 1077, 1027, 914, 745, 699, 621; 1H 

NMR (400 MHz, CDCl3) δ 7.40 – 6.99 (m, 15H), 4.71 (s, 1H), 4.51 – 4.37 (m, 2H), 3.44 (dddd, J 

= 8.0, 7.0, 5.0, 4.0 Hz, 1H), 2.75 – 2.35 (m, 6H), 0.91 (t, J = 7.0 Hz, 3H); 13C NMR (101 MHz, 

CDCl3) δ 142.0, 141.7, 137.7, 128.8, 128.7, 128.6×2, 128.5, 128.1, 128.0, 127.4, 127.3, 118.4, 

53.5, 45.9, 21.9, 11.2; HRMS (ESI+) calc. for C26H29ON2
+ ([M+H]+): 385.2274, found 385.2274; 

HPLC DAICEL CHIRALPAK® ID-3, 1% IPA in heptane, 1 mL min-1, tmajor = 11.51, tminor = 10.20. 

NB: Characterisation of racemic product provided. 
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Appendix 

Additional crystal structures 

1,1'-((1R,2R)-1,2-bis(2-hydroxyphenyl)ethane-1,2-diyl)bis(3-(3,5-
bis(trifluoromethyl)phenyl)urea)·tetrabutylammonium azide 

 
Dry MeCN (2 mL) was added to tetrabutylammonium azide (57 mg, 0.20 mmol, 1.00 equiv) 

and 1,1'-((1R,2R)-1,2-bis(2-hydroxyphenyl)ethane-1,2-diyl)bis(3-(3,5-

bis(trifluoromethyl)phenyl)urea) (148 mg, 0.20 mmol, 1.00 equiv). The reaction mixture 

stirred at rt for 48 h. The reaction mixture was evaporated to dryness to afford the title 

compound (179 mg, 0.17 mmol, 87%) as an off-white solid. The solid obtained was used 

without further purification. 

Single crystals suitable for X-ray crystallography were grown by layering cyclohexane onto a 

saturated solution of the title compound in THF. 

 
Figure A.1 Crystal structure of 1,1'-((1R,2R)-1,2-bis(2-hydroxyphenyl)ethane-1,2-diyl)bis(3-(3,5-
bis(trifluoromethyl)phenyl)urea)·tetrabutylammonium azide. Tetrabutylammonium cation omitted 
for clarity, displacement ellipsoid plots drawn at 50% probability level. X-ray crystallography data 
collection and analysis by Dr. K. E. Christensen. 
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1,1'-((1R,2R)-1,2-bis(2-hydroxyphenyl)ethane-1,2-diyl)bis(3-(3,5-
bis(trifluoromethyl)phenyl)urea)·(tetrabutylammonium azide)2 

 
Dry MeCN (5 mL) was added to tetrabutylammonium azide (142 mg, 0.25 mmol, 1.00 equiv) 

and 1,1'-((1R,2R)-1,2-bis(2-hydroxyphenyl)ethane-1,2-diyl)bis(3-(3,5-

bis(trifluoromethyl)phenyl)urea) (185 mg, 0.50 mmol, 2.00 equiv). The reaction mixture 

stirred at rt for 24 h. The reaction mixture was evaporated to dryness to afford the title 

compound (327 mg, 0.25 mmol, quant.) as an off-white solid. The solid obtained was used 

without further purification. 

Single crystals suitable for X-ray crystallography were grown by layering cyclohexane onto a 

saturated solution of the title compound in MeCN. 

 
Figure A.2 Crystal structure of 1,1'-((1R,2R)-1,2-bis(2-hydroxyphenyl)ethane-1,2-diyl)bis(3-(3,5-
bis(trifluoromethyl)phenyl)urea)·(tetrabutylammonium azide)2. Tetrabutylammonium cation omitted 
for clarity, displacement ellipsoid plots drawn at 50% probability level. X-ray crystallography data 
collection and analysis by Dr. K. E. Christensen. 
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(1,3-bis(3,5-bis(trifluoromethyl)phenyl)urea)2·tetrabutylammonium fluoride 

 
A suspension of tetrabutylammonium fluoride trihydrate (0.32 g, 1.00 mmol, 1.00 equiv) and 

1,3-bis(3,5-bis(trifluoromethyl)phenyl)urea (0.97 g, 2.00 mmol, 2.00 equiv) in hexane (31.25 

mL) was heated to vigorous reflux for 2 h. During the reaction, droplets of water collected on 

the sides of the reflux condenser. The reaction mixture was cooled to rt. The solids were 

collected by filtration, washed with hexane, and dried to afford the title compound (1.13 g, 

0.92 mmol, 92%) as a white solid. The solid obtained was used without further purification. 

Single crystals suitable for X-ray crystallography were grown by slow evaporation of a 

saturated solution of the title compound in hot hexane with a minimal quantity of EtOAc. 

mp 138-140 °C; νmax (neat) /cm-1 2967, 1713, 1571, 1472, 1378, 1272, 1172, 1123, 1000, 931, 

702; 1H NMR (400 MHz, MeCN-d3) δ 11.83 (s, 4H), 8.09 (s, 8H), 7.39 (s, 4H), 3.31 – 2.75 (m, 

8H), 1.68 – 1.41 (m, 8H), 1.33 (h, J = 7.5 Hz, 8H), 0.95 (t, J = 7.5 Hz, 12H); 19F NMR (377 MHz, 

MeCN-d3) δ -63.85, -83.81; 13C NMR (101 MHz, MeCN-d3) δ 154.7, 143.3, 132.3 (q, J = 33.0 Hz), 

124.5 (q, J = 272.0 Hz), 119.0, 115.3 (d, J = 3.8 Hz), 59.4 (t, J = 3.0 Hz), 24.33, 20.33, 13.75. 
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Figure A.3 Crystal structure of (1,3-bis(3,5-bis(trifluoromethyl)phenyl)urea)2·tetrabutylammonium 
fluoride. Selected atoms omitted for clarity, displacement ellipsoid plots drawn at 50% probability 
level. X-ray crystallography data collection and analysis by Dr. K. E. Christensen. 

(±)-3-(3,5-bis(trifluoromethyl)phenyl)-1-(2'-(3-(3,5-bis(trifluoromethyl)phenyl)ureido)-[1,1'-
binaphthalen]-2-yl)-1-isopropylurea·tetraethylammonium cyanide 

 
A suspension of tetraethylammonium cyanide (31 mg, 0.20 mmol, 1.00 equiv) and (±)-3-(3,5-

bis(trifluoromethyl)phenyl)-1-(2'-(3-(3,5-bis(trifluoromethyl)phenyl)ureido)-[1,1'-

binaphthalen]-2-yl)-1-isopropylurea (167 mg, 0.20 mmol, 1.00 equiv) in hexane (6.25 mL) was 

heated to vigorous reflux for 1 h. The reaction mixture was cooled to rt. The solids were 

collected by filtration, washed with hexane, and dried to afford the title compound (173 mg, 

0.17 mmol, 87%) as a white solid. The solid obtained was used without further purification. 

Single crystals of (±)-3-(3,5-bis(trifluoromethyl)phenyl)-1-(2'-(3-(3,5-

bis(trifluoromethyl)phenyl)ureido)-[1,1'-binaphthalen]-2-yl)-1-

isopropylurea·tetraethylammonium bicarbonate suitable for X-ray crystallography were 

grown by slow evaporation of a saturated solution of the title compound in hot hexane with 

a minimal quantity of THF. 
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Figure A.4 Crystal structure of (±)-3-(3,5-bis(trifluoromethyl)phenyl)-1-(2'-(3-(3,5-
bis(trifluoromethyl)phenyl)ureido)-[1,1'-binaphthalen]-2-yl)-1-isopropylurea·tetraethylammonium 
bicarbonate. Displacement ellipsoid plots drawn at 50% probability level. X-ray crystallography data 
collection and analysis by Dr. K. E. Christensen. 

 


