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The facile and atom-economic synthesis of amines via direct addition of an amine 

N–H or C–H moiety to an unactivated alkene belongs to the major challenges of 

organometallic catalysis. In this thesis we summarize our efforts towards the 

development of efficient stereoselective catalysts for the addition of the amine N–H-

fragment to alkenes, which is known as a catalytic hydroamination reaction. We have 

performed a detailed mechanistic study of the rare earth metal-catalyzed stereoselective 

hydroamination/cyclization with particular focus on the kinetic resolution of racemic 

aminoalkenes. Key factors governing the reaction efficiency were determined and we 

were able to address the significantly more challenging intermolecular hydroamination by 

utilizing two rare earth metal-based catalyst families featuring sterically tunable C1- and 

C2-symmetric diolate ligand frameworks. The first example of an asymmetric 

intermolecular hydroamination of a simple alkene was demonstrated and 

enantioselectivities of up to 61% ee and 73% de were achieved in this novel catalytic 

process. Steric features of the voluminous silyl groups were shown to be detrimental for 
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both catalyst stability and catalytic performance. A novel NOBIN-based C1-symmetric 

diolate ligand family was introduced and it was utilized for preparation of rare earth and 

group 4 metal diolates. Novel NOBIN-based complexes were active catalysts in 

hydroamination/cyclization reaching  selectivities of up to 92% ee. We have also 

addressed the problem of limited substrate scope of group 4 metal-based hydroamination 

catalysts by introducing novel zirconium bis(amidate) complexes which perform 

hydroamination/cyclization of challenging substrates, including aminoheptenes, under 

mild reaction conditions. In addition to our studies of a hydroamination reaction we have 

also addressed a complementary transformation which involves a C–H addition of an 

amine to an unactivated alkene and is known as a hydroaminoalkylation reaction. We 

have developed highly active and enantioselective (up to 98% ee) group 5 metal-based 

catalysts for this transformation using 3,3’disilylated binaphtholate ligands and for the 

first time studied the kinetics and mechanism of the catalytic hydroaminoalkylation. The 

reaction was found to proceed via fast reversible non-dissociative metallaaziridine 

formation, followed by a fast alkene insertion and rate-determining amine exchange. 
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I Chapter 1. Asymmetric Hydroamination of Alkenes: Recent 

Developments and Major Challenges 

I.1 Introduction: Synthesis of Amines via Hydroamination 

The addition of an amine N–H bond across an unsaturated carbon-carbon linkage 

– the so-called hydroamination, allows a facile and highly atom-economical access to 

industrially relevant nitrogen containing basic and fine chemicals as well as naturally 

occurring alkaloid skeletons.
1-3

 Significant research efforts have led to the development 

of efficient catalyst systems for inter- and intramolecular hydroamination reactions (Eqs. 

I-1 and I-2). Many catalytic systems based on transition metals (groups 3–5 and 8–10, as 

well as lanthanides and actinides) and main group metals (alkali and alkaline earth 

metals), as well as Brønsted acids, have been developed over the last six decades, 

especially the last two decades has seen significant progress. However, the majority of 

these catalyst systems are confined to a limited set of substrates, e.g. requiring activated 

multiple C–C bonds, such as 1,3-dienes, vinyl arenes, allenes, or ring-strained olefins.  

 

(I-1) 

 

(I-2) 

The direct addition of amines to alkenes is thermodynamically feasible 

(G

−14.7 kJ mol

−1 
for the addition of ammonia to ethylene)

4,5
 with a slightly 

exothermic to thermoneutral reaction enthalpy. However, this seemingly simple reaction 

is hampered by a high activation barrier (>200 kJ mol
−1

) caused by a repulsion between 
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the nitrogen lone pair of the approaching amine and the -bond of the electron rich 

olefin.
6
 The activation barrier cannot be overcome by increasing the reaction temperature 

because the negative reaction entropy shifts the equilibrium towards the starting 

materials. Therefore, amines add commonly only to activated, electron deficient alkenes 

(e.g. vinyl ethers or aza-Michael acceptors.
7,8

 

Because of its potential relevance for the synthesis of pharmaceuticals and 

biological-active molecules, most of which are chiral, the development of chiral catalysts 

for stereoselective hydroamination (including kinetic resolution of chiral amines) has 

drawn increasing attention over the last decade.
9-14

 

In this chapter we will review most relevant examples of asymmetric alkene 

hydroamination and discuss the current state of the field and point out major challenges. 

Due to the space limitations and large amount of published data, only key examples will 

be shown, and only mechanistically important achiral systems will be referenced.
 

I.2 Intramolecular Asymmetric Hydroamination of Simple 

Aminoalkenes 

I.2.1 Rare Earth Metal-Based Catalysts 

Among hydroamination catalyst systems developed so far, organo rare earth metal 

complexes have been found to be the most versatile and most active catalysts for the 

hydroamination of non-activated alkenes, allenes, 1,3-dienes and alkynes.
15

 However, 

intermolecular hydroamination reactions with these catalysts are problematic, and most 

rare earth metal-catalyzed reactions have been performed in an intramolecular fashion 

producing predominantly pyrrolidine and piperidine derivatives.  
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The mechanism of the hydroamination/cyclization
16,17

 proceeds through a metal 

amido species, which is formed upon protonolysis of a metal amido, alkyl or aryl bond in 

the precatalyst (Scheme I-1), followed by insertion of the olefin into the metal amido 

bond with a seven-membered chair-like transition state (for n = 1). The roughly 

thermoneutral insertion step
17

 is usually rate determining, giving rise of a zero order rate 

dependence on substrate concentration and first order rate dependence on catalyst 

concentration. The resulting metal alkyl species undergoes fast protonolysis with a 

second amine molecule, regenerating the metal amido species and releasing the 

heterocyclic product.  

Scheme I-1. Proposed mechanism for the hydroamination/cyclization of aminoalkenes 

using alkali, alkaline earth and rare earth metal-based catalysts. 

 

Although the protonolysis step is considered to be fast, a strong primary kinetic 

isotope effect
16,18

 as well as an effect of the isotope substitution on stereoselectivity
16,19

  

have been observed, which is indicative of a significant N–H bond disruption in the 
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transition state of the rate-determining alkene insertion step, at least for certain substrate-

catalyst combinations. A plausible explanation involves partial proton transfer from a 

coordinated amine to the -carbon in the 4-membered insertion step (Scheme I-2). 

 

Scheme I-2. Concerted protonolysis/insertion via amine-assisted alkene insertion in 

hydroamination/cyclization (RR’NH  =  aminoalkene substrate or hydroamination 

product). 

 

However, some experimental data, in particular the observation of sequential 

hydroamination/bicyclization sequences catalyzed by organo rare earth metal
20-23

 and 

organolithium
24

 species is in conflict with this scenario, as the sequential reaction 

requires a finite lifetime for the rare earth-metal-alkyl intermediate. Therefore, the 

intermediacy of the metal-alkyl species and its potential lifetime is unclear at present and 

is probably strongly depending on catalyst and substrate structure. Unfortunately, 

involvement of concerted insertion/protonolysis pathway in a catalytical cycle has only 

been addressed computationally for aminoallenes
25

 and aminodienes.
26

 Although 

classical stepwise insertion/protonolysis was found more energetically accessible, a 

concerted process is not prohibitively high in energy and might also contribute depending 

on the spatial demands around the rare earth metal center.  

While the insertion/protonolysis mechanism discussed above was established for 

rare earth metal complexes, alkali and alkaline earth metal-based systems are apparently 
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operating in agreement with the same or a similar mechanism. The rate-limiting step of 

the process might be different, as it was recently shown by DFT calculation that certain 

organomagnesium catalysts are operating via fast reversible alkene insertion and slow, 

rate-limiting protonolysis.
27

 

Chiral rare earth metal-based catalysts for the asymmetric 

hydroamination/cyclization of aminoalkenes were first introduced in 1992 by Marks and 

co-workers.
28,29

 The C1-symmetric chiral ansa-lanthanocene complexes 1–3 with (+)-

neomenthyl, (–)-menthyl or (–)-phenylmenthyl substituents attached to one of the 

cyclopentadienyl ligands (Figure I-1) exist in two diastereomeric forms, depending on 

which diastereotopic face of the cyclopentadienyl ligand coordinates to the metal center. 

Generally, one of the two diastereomers predominates in solution and most of the 

complexes can be obtained diastereomerically pure by fractional crystallization. 

 

Figure I-1. Chiral lanthanocene precatalysts for asymmetric hydroamination. 

The lanthanocene catalysts display high catalytic activity, which is proportional to 

the ionic radius of the rare earth metal (Table I-1). The rate of cyclization depends on the 

ring-size of the azacyclic product (5 > 6 >> 7) and the presence of rate enhancing gem-
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dialkyl substituents.
30

 The proposed stereomodel for aminopentene substrates (Scheme 

I-3)
29

 predicts preferred formation of the (S) pyrrolidine enantiomer due to unfavorable 

steric interactions between an axial substituent of the substrate with the substituents on 

the cyclopentadienyl ligands of the (S) lanthanocene diastereomer in the transition state 

of the cyclization. Hence, dominance of one of the two catalyst epimers is essential to 

achieve high enantioselectivities. 

Unfortunately, the complexes underwent facile epimerization under the conditions 

of catalytic hydroamination via reversible protolytic cleavage of the metal 

cyclopentadienyl bond (Scheme I-4).
29,31-33

 Thus, the product enantioselectivity was 

limited by the catalyst’s epimeric ratio in solution and the absolute configuration of the 

hydroamination product was independent of the diastereomeric purity of the precatalyst. 

Complexes with a (+)-neomenthyl substituent on the cyclopentadienyl ligand generally 

produced the (R)-(–)-pyrrolidines, whereas (–)-menthyl and (–)-phenylmenthyl 

substituted complexes yielded the (S)-(+)-pyrrolidines, which is in agreement with the 

proposed stereomodel and solution studies on the equilibrium epimer ratios in the 

presence of simple aliphatic amines. 
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Table I-1. Chiral lanthanocene-catalyzed asymmetric aminoalkene 

hydroamination/cyclization.
29

 

 

Cat. Substrate T, °C Nt,
a
 h

-1
 %ee (config)

 

(R)-1-Sm 4 −30  64 (R) 

(R,S)-1-Y 4 25 38 36 (R) 

(R)-1-Y 4 25 21 40 (R) 

(S)-2-Sm 4 25 84 53 (S) 

(S)-2-Sm 4 −30  74 (S) 

(R)-3-Y 4 25 8 56 (S) 

(60/40) (R,S)-3-Y 4 25  54 (S) 

(S)-1-Sm 4 25 33 55 (R) 

(R)-1-Sm 6 25 62 52 (R) 

(S)-2-Sm 6 0  72 (S) 

(R)-3-Y 6 25  64 (S) 

(R)-1-Sm 6 25  17 (R) 

(R)-2-Sm 8 25 2 15 (R) 

            a 
Nt = turn over number per hour 
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Scheme I-3. Proposed stereomodels for the lanthanocene-catalyzed hydroamination-

cyclization of pent-4-enylamine (6).
29

 

 

Scheme I-4. Amine-induced epimerization of chiral lanthanocene complexes. 

 

 

The highest enantioselectivities of up to 74% ee were achieved with the (–)-

menthyl-substituted samarium complex (S)-2-Sm in the formation of pyrrolidine 

products, whereas formation of piperidines suffered from significantly diminished 

selectivities. The extended “wingspan” of the octahydrofluorenyl ligand in complex 10 

was supposed to provide an increased enantiofacial discrimination for prochiral 

substrates, but only isolated examples of improved selectivities where observed (Scheme 

I-5).
31

 

  



9 

Scheme I-5. Improved enantioselectivities in the hydroamination/cyclization of 

aminohexenes using a chiral octahydrofluorenyl yttrocene catalyst.
31

 

 

Internal 1,1- or 1,2-disubstituted olefins 11 and 13 are much less reactive for 

hydroamination and require significantly harsher reaction conditions.
32,34-37

 The 

formation of pyrrolidines and piperidines often proceeds at comparable rates (Eq. I-3), 

contrasting the general trend of significant faster five-membered ring formation observed 

with terminal aminoalkenes.
32

 Despite these harsh reaction conditions, moderate 

enantioselectivities of up to 58% ee were observed at 100 °C (up to 68% at 60 °C). 

 

(I-3) 

Significant progress in this area has been made since 2003 utilizing non-

cyclopentadienyl-based ligand sets,
18,19,33,38-63

 thus, avoiding configurational instability 

issues of the chiral lanthanocene complexes. However, while enantioselectivities have 

improved rather significantly, only few catalyst systems
18,19

 display the same high 

catalytic activity as the lanthanocene catalysts. 
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A variety of bisoxazolinato rare earth metal complexes have been studied with 

regard to their hydroamination/cyclization catalytic activity (Scheme I-6).
39

 The 

precatalysts could be conveniently generated in situ from [Ln{N(SiMe3)2}3] (Ln = La, 

Nd, Sm, Y, Lu) and the corresponding bisoxazoline, resulting in minimal reactivity loss, 

but with similar enantioselectivity, in comparison to the isolated precatalysts. The ligand 

accelerated catalyst system showed the highest rates for a 1:1 metal to ligand ratio.  

Scheme I-6. Bisoxazolinato rare earth metal catalysts in the hydroamination/cyclization 

of aminoalkenes.
39 

 

The ate-complexes [Li(THF)4][Ln{(R)-1,1’-{C10H6N(R)}2}2] ((R)-17; Ln = Sm, 

Yb, Y; R = alkyl)
50,53,54,56,57,64-66

 are unusual hydroamination catalysts as they lack an 
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obvious leaving amido or alkyl group that is replaced during the initiation step by the 

substrate. It is very likely that at least one of the amido groups is protonated during the 

catalytic cycle, analogous to the mechanism proposed for Michael additions and aldol 

reactions catalyzed by rare earth metal alkali metal-BINOL heterobimetallic 

complexes,
67,68

 and the observation of similar selectivities for rare earth metal complexes 

containing only one diamidobinaphthyl seem to support this proposal.
12,49,52

 

The best catalytic results for the ate-system were obtained using a small rare earth 

metal (Yb) and a large cyclopentyl-substituent on the diamidobinaphthyl amido-ligand 

(Table I-2), though the moderate catalytic activity required the presence of gem-dialkyl 

substituents in the aminoalkene substrates. The low reactivity of 17 should mainly be 

attributed to the rather electron rich diamidobinaphthyl ligand framework, as indicated by 

comparison to other diamidobinaphthyl
12,55,65

 or diamidobiphenyl,
43,45

 catalyst systems, 

rather than the unusual mode of catalyst activation.  
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Table I-2. Catalytic hydroamination/cyclization 18 using diamidobinaphthyl ate-

complexes. 

 

R Ln t, h % ee conv., % Ref. 

iPr Y 20 67 100 65 

Cy Yb 18 65 94 66 

C5H9 Yb 20 87 90 64 

 

Yttrium ate complexes containing only one diamidobinaphthyl fragment were 

developed by the same group
48,51

 and are applicable to a broader substrate scope than 17-

Ln. These catalysts are formed in situ from a readily available diaminobinaphthyl 

proligand 20 and yttrium ate-precursor and they have been successfully employed for the 

cyclohydroamination of 1,2-disubstituted alkenyl amines as well as secondary 

aminoalkenes (Table I-3). Only gem-disubstituted aminoalkenes were reported to be 

active in hydroamination-cyclization. 
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Table I-3. Catalytic hydroamination/cyclization using diamidobinaphthyl ate-complexes 

formed in situ from proligand 20. 

 

R
1
 R

2
 R

3
 T, °C t, h % ee

a
 conv., % Ref. 

C5H9 Me H 25 0.17 72 95 48 

C5H9 H Me 70 18 65 58 51 

9-AnthrylCH2 H Me 110 20 87 96 51 

a
Absolute configuration was not reported. 

 

Good to high enantioselectivities for a wide range of aminoalkene substrates, 

including internal olefins or secondary amines, were achieved using the 

aminothiophenolate catalyst system (R)-21 (Scheme I-7), which was also obtained in 

situ.
58

 Variation of the steric demand of the silyl substituent attached to the thiophenolate 

moiety allowed facile fine-tuning of the enantiomeric excess, resulting in increasing 

selectivity with increasing steric hindrance. While the larger bite angle of the 

amino(thio)phenolate ligand is believed to improve enantiofacial differentiation through a 

better “reach around” of the chiral ligand around the metal center
45

 the multidentate 

nature of the ligand also electronically saturates the metal center, resulting in diminished 

catalytic performance. Enantiomeric excess of up to 89% could be achieved at 30 °C, 

though reactions at this temperature required a long period of time to reach completion. 
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Scheme I-7. Catalytic hydroamination/cyclization of aminoalkenes using chiral 

aminothiophenolate yttrium complexes.
58

 

 

Significantly higher catalytic activities are achievable, if more electron deficient 

ligand sets are employed. 3,3’-Disubstituted binaphtholate aryl complexes (R)-24-Ln, 

(Ln = Sc, Y, Lu) with sterically demanding tris(aryl)silyl substituents in the 3 and 3’ 

position, showed not only superior catalytic activity at room temperature, comparable in 

magnitude to lanthanocene catalysts, but also achieved up to 95% ee in 

hydroamination/cyclization reactions of aminoalkenes, among the highest 

enantioselectivities observed so far (Scheme I-8).
18

 The sterically demanding 

tris(aryl)silyl substituents in the diolate complexes play a pivotal role not only in 
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achieving high enantioselective, but they are also crucial to prevent undesired complex 

aggregation
41,42

 and reduce detrimental amine binding of the substrate and product to the 

catalytic active metal centers.
18

 

 

Scheme I-8. Catalytic hydroamination/cyclization of aminoalkenes using 3,3’-

bis(trisarylsilyl)-substituted binaphtholate rare earth metal complexes 24.
18
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Catalysts 24, first reported by Hultzsch et al. in 2004
18,40

 remained the only post-

metallocene catalyst with a reactivity compared to that of lanthanocene hydroamination 

catalysts for nearly a decade. Recently, Sadow and coworkers have reported zwitterionic 

oxazolinylborato yttrium complex 27, which displayed comparable reactivity in 

hydroamination-cyclization along with excellent enantioselectivity.
19

 Unfortunately, 27 

seems to be confined to gem-disubstituted aminoalkenes (Scheme I-9). Isotopic 

perturbation of enantioselectivity was interpreted by the authors as an indication of a 

concerted insertion-protonolysis (Scheme I-2) and the possibility of reversible 

insertion/slow protonolysis sequence has not been considered. 

Scheme I-9. Hydroamination-cyclization of gem-disubstituted aminopentenes catalyzed 

by 27.
19

 

 

I.2.2 Alkali Metal-Based Catalysts 

While hydroamination catalysts based on rare earth and early transition metals 

have been studied intensively over the last two decades, only a limited number of reports 

on alkali metal-based hydroamination catalysts have emerged, although the first reports 
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date back almost 60 years.
69

 In particular the application of chiral alkali metal complexes 

in asymmetric hydroamination of non-activated aminoalkenes has drawn little attention to 

date.
70-72

 

The proline derived diamidobinaphthyl dilithium salt (S,S,S)-28, which is dimeric 

in the solid state and can be prepared via deprotonation of the corresponding tetraamine 

with n-BuLi, represents the first example of a chiral main group metal-based catalyst for 

asymmetric intramolecular hydroamination reactions of aminoalkenes.
70

 The unique 

reactivity of (S,S,S)-28, which allowed reactions at or below ambient temperatures with 

product enantioselectivities of up to 85% ee (Scheme I-10)
73

 is believed to derive from 

the close proximity of the two lithium centers chelated by the proline substituents, 

because more simple lithium amides required significantly higher reaction temperatures 

and gave inferior selectivities. 

Scheme I-10. Lithium-catalyzed asymmetric hydroamination-cyclization of 

aminoalkenes.
70,73
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More recently, the less elaborate diaminobinaphthyl precursor 20 (R=C5H9) was 

shown to catalyze asymmetric hydroamination/cyclization after in situ lithiation 

(Eq. I-4).
72

 

 

(I-4) 

The asymmetric hydroamination/cyclization of amino-substituted stilbenes was 

studied utilizing chiral bisoxazoline lithium catalysts.
71

 Enantioselectivities reaching as 

high as 91% ee were achieved (Scheme I-11). The reactions were performed in toluene at 

−60 °C to give the exo-cyclization product 30a under kinetic control. However, the 

hydroamination/cyclization reaction in THF solution is reversible, producing the 

thermodynamically favored endo-cyclization product 30b. 

Scheme I-11. Kinetic versus thermodynamic control in the lithium-catalyzed cyclization 

of aminostilbenes.
71
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I.2.3 Alkaline Earth Metal-Based Catalysts 

For chiral alkaline earth metal hydroamination catalysts (Figure I-2) one of the 

greatest challenges has been the development of a chiral catalyst system that can resist 

facile ligand redistribution via Schlenk equilibrium leading to achiral catalytically active 

species. Until very recent reports
74

 most catalysts failed to reach even moderate 

enantioselectivities in aminoalkene hydroamination-cyclization (Table I-4).  

 

Figure I-2.Chiral alkaline earth metal catalysts. 

The bis(amido) magnesium complex (S,S,S)-31
75

 as well as the chiral 

diketiminato calcium compound 32,
76

 showed very low selectivity for the intramolecular 

hydroamination, apparently as a result of facile ligand redistribution reactions (Table I-4, 

entries 1 and 2). Although the tris(oxazolinyl)borate 33 was reported to be stable to 

ligand redistribution, only low selectivities of up to 36% ee were obtained (Table I-4, 

entry 4).
77

 In a marked contrast, the chiral magnesium (amino)phenolate 34, recently 

developed in the Hultzsch group
74

 displayed selectivities of up to 93% ee as well as 

reactivity superior to that of the achiral
78

 analog (Table I-4, entries 5–7). This promising 
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example illustrates that reactivity and selectivity levels of organolanthanide catalysts can 

also be achieved with alkaline earth metal-based catalysts. 

Table I-4. Alkaline earth metal-catalyzed asymmetric hydroamination of aminopentenes. 

 

Entry R
1
, R

2
 R

3
 cat.  [cat.]/[s], 

mol% 

T, °C t, h Yield, 

% 

%ee 

(config) 

Ref. 

1 Me, Me H 31 5 100 22 99 4 (S) 75 

2 Ph, Ph H 32 10 20 1 98 10 (R) 76 

3 Me, Me H 33 10 80 120 80 27 (R) 77 

4 -(CH2)5- H 33 10 60 26 93 36 (R) 77 

5 Me, Me H 34 5 22 10 97 79 (S) 74 

6 -(CH2)5- H 34 2 22 4.5  99 85 (S) 74 

7 Ph, Ph Ph 34 2 –20 12 h 98 93 (S) 74 

 

I.2.4 Group 4 Metal-Based Catalysts 

The chemistry of organometallic group 4 metal compounds is well developed 

thanks to their importance in polyolefin synthesis. Hence, their application in catalytic 

asymmetric hydroamination reactions is highly desirable. Group 4 metal complexes are 

commonly less sensitive and easier to prepare than rare earth metal complexes. Most 

important of all, many potential precatalysts or catalyst precursors are commercially 

available. 

While most group 4 metal catalyst systems exhibit inferior reactivity and substrate 

scope in comparison to most rare earth metal- and alkaline earth metal-based catalyst 

systems, requiring high catalyst loadings and elevated reaction temperatures, recent 



21 

breakthrough discoveries on zwitterionic zirconium catalysts
79,80

 are promising to close 

the gap between these systems. Still, in most instances gem-dialkyl activation
30

 of the 

aminoalkene substrate is required for catalytic turnover, therefore, suggesting that 

asymmetric intermolecular alkene hydroamination is still a remote goal. 

The mechanism of alkene hydroamination is much less well understood than the 

mechanism for alkyne and allene hydroamination as the latter was the subject of detailed 

kinetic and mechanistic
81-86

 as well as computational studies
87,88

 The catalytically active 

species is believed to be a metal imido complex, which undergoes a reversible, rate-

determining [2+2]-cycloaddition with a unsaturated carbon-carbon moiety, to yield an 

azametallacycle species. Subsequent protonolysis leads to the imine hydroamination 

product. Although no direct experimental
89,90

 or theoretical
91

 evidence was obtained, the 

same mechanism was proposed for the intramolecular hydroamination of aminoalkenes 

(Scheme I-12). The fact that secondary amines do not undergo reaction with most group 

4 metal catalysts was interpreted in terms of prohibited formation of the imido-species, 

thus being supportive to the imido-mechanism.
89,90,92,93
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Scheme I-12. Proposed mechanism for the hydroamination/cyclization of primary 

aminoalkenes involving group 4 metal imido species. 

 

More recently, neutral zirconium-based catalysts capable to perform reactions 

with both primary and secondary amines in intra-
94-96

 and intermolecular
96,97

 reactions 

were reported. The imido-mechanism is obviously impossible, and an insertion 

mechanism, similar to the lanthanide-like mechanism shown in Scheme I-1 was 

proposed.
94

 The isolation of an insertion intermediate in an intermolecular alkyne 

hydroamination reaction is compelling evidence in favor of the insertion mechanism.
97

 

Pronounced kinetic isotope effects, observed for group 4 metal-catalyzed 

reactions were interpreted in terms of either rate-determining metal imide formation
98

 or 

concerted insertion/protonolysis
80

 similar to that shown in Scheme I-2. A large isotopic 

perturbation of stereoselectivity, proving N–H bond breakage during N–C bond 
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formation
80

 is supportive to the second argument; however, it is not yet clear whether 

such phenomena are common for all group 4 metal catalysts. 

The first chiral group 4 metal catalyst system for asymmetric 

hydroamination/cyclization of aminoalkenes was based on the cationic aminophenolate 

complex (S)-35.
99

 Secondary aminoalkenes reacted readily to yield hydroamination 

products with enantioselectivities of up to 82% ee (Scheme I-13). For catalyst solubility 

reasons, reactions were commonly performed at 100 °C in bromobenzene using 10 mol 

% catalyst loading. The mechanism of this cationic system is thought to proceed similar 

to the -bond metathesis mechanism of rare earth metal-based catalyst systems (Scheme 

I-1) which is in agreement with DFT calculations.
100

 Primary aminoalkenes did not react, 

which was thought to be caused by facile -deprotonation of the catalytic active cation 

metal-amido species leading to an unreactive metal-imido species.
99,101,102

 More recently, 

achiral cationic systems capable of cyclizing both secondary and primary aminoalkene 

have been developed, suggesting that the formation of a metal-imido species is not 

necessarily prohibitive to achieve a catalytic turnover.
103

 The cationic catalyst systems 

are also prone to double bond isomerization via N–H activation that can significantly 

reduce product enantioselectivity and yield.
99,101,104
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Scheme I-13. Hydroamination/cyclization of secondary aminoalkenes using a cationic 

chiral zirconium catalyst system.
99

 

 

In contrast to cationic group 4 metal hydroamination catalysts, their neutral 

counterparts (Figure I-3) will generally react only with primary aminoalkenes and 

reaction temperatures are typically higher (110–135 °C).  

 

Figure I-3. Selected group 4 metal catalysts for asymmetric hydroamination of primary 

aminoalkenes (Mes = 2,4,6-Me3C6H2; Ar = 3,5-Me2C6H3).
80,92,93,105
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Table I-5. Asymmetric hydroamination of aminoalkenes catalyzed by zirconium 

complexes. 

 

Entry cat. n R
1
 R

2
 T, °C t, h Yield, 

% 

% ee 

(config.) 

Ref. 

4 39 1 Me H 115 24 95
a
 80 (S) 92 

5 39 1 H H 135 72 33
a
 62 92 

6 39 1 Me Ph 135 24 93
a
 62 92 

7 39 2 Me H 85 24 99
a
 51 92 

8 40 1 Me H 110 3 80 93 (R) 93,105,106 

9 40 1 -(CH2)5- H 110 3 96 82 (R) 93,105,106 

10 40 1 Allyl H 110 4.5 88 74 (R) 93,105,106 

11 40 1 Ph H 110 1.3 93 74 (S) 93,105,106 

12 40 2 Me H 110 3 n.r. 21 93,105 

14 41 1 Me H rt 7 89 89 (R) 80 

15 41 1 -(CH2)5- H 23 1.25 88 90 (R) 80 

16 41 1 -(CH2)5- H 23 n.r. n.r. 97 (R)
b
 80 

17 41 1 Ph H –30
c
 120 >95 98 (R) 80 

18 41 2 Ph H rt 30 65 46 (R) 80 

a
 Isolated as N-trifluoroacetamide. 

b
 Reaction of the N-deuterated substrate. 

c
 reaction in 

THF-d8. n.r. = not reported. 

The chiral bis(phosphinic amido) zirconium complex (R,R)-39 exhibits superior 

reactivity and enantioselectivity for the cyclization of primary aminoalkenes in 

comparison to a wide range of diamido, diolate, and aminoalcoholate titanium, 

zirconium, and hafnium complexes.
92

 The cyclization of aminopentenes proceed with 

enantioselectivities as high as 80% ee, but formation of piperidines (Table I-5, entry 7) is 
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somewhat less selective. Unfortunately, mechanistic studies indicate that this catalyst 

system undergoes slow ligand redistribution reactions, leading to chiral catalytically 

inactive as well as achiral catalytically active species. 

Higher enantioselectivities of up to 93% ee were achieved using the chiral 

bis(amidate) zirconium complex (S)-40 (Mes = 2,4,6-Me3C6H2),
93,105-108

 but again the 

high selectivities are limited to the formation of pyrrolidines, and unlike 39,only gem-

disubstituted substrates were reactive.  

A notable breakthrough in both catalytic activity and selectivity was achieved 

with introduction of chiral zwitterionic zirconium cyclopentadienyl-

bis(oxazolidinyl)borate 41,
80

 allowing reactions to be performed at temperatures as low 

as –30 °C. Hydroamination is highly stereoselective, achieving up to 98% ee for 

aminopentenes but is less selective not for aminohexenes (Table I-5, entries 14–18). The 

catalysts exhibit a significant primary kinetic isotope effect and an isotopic perturbation 

of enantioselectivity resulting in higher enantioselectivities for the N-deuterated 

substrates (Table I-5, entry 15 vs. entry 16). However, despite an incredible reactivity 

improvement, 40 is also confined to gem-dialkyl-activated substrates and failed to cyclize 

the unsubstituted aminopentene, which reacts only sluggishly even at 110 °C. Other 

challenging substrates for group 4 metal catalysts are aminoheptenes, as aminohexenes 

and aminoheptenes are frequently observed to undergo hydroaminoalkylation (via -C–H 

activation) instead of hydroamination (via N–H activation).
109

 

I.2.5 Late Transition Metal Catalysts 

High electro- and oxophilicity of early transition metal catalysts results in high 

basicity, moisture- and air-sensitivity and poor functional group tolerance which is a 
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significant drawback of these catalysts. In contrast, late transition metal catalysts have a 

potential to overcome these limitations. However, so far only a limited number of 

predominantly achiral catalyst systems are known to catalyze the 

hydroamination/cyclization of basic N-unprotected primary
110-116

 and secondary
113-115,117-

121
 aminoalkenes as well as of N-protected substrates such as sulfonamides,

122-124
 

carbamates,
125-128

 amides,
122,125,129

 and ureas.
130

 

The mechanism of late transition metal-catalyzed hydroaminations have been 

studied less intensively and they are much less understood compared to early transition 

and rare earth metal-catalyzed hydroaminations. However, it was established that late 

transition metal-catalyzed hydroaminations may proceed via different mechanisms 

depending on the substrate and the catalyst employed. Two general possible pathways for 

the intramolecular hydroamination of aminoalkenes with late transition metal catalysts 

are shown in Figure I-4. The amine activation (pathway A) includes oxidative addition of 

an amino group, followed by insertion of the unsaturated carbon-carbon bond into the 

metal-amide bond, and then reductive elimination. It is well documented that the iridium-

catalyzed hydroamination of strained alkenes, such as norbornene, with anilines proceeds 

via pathway A.
131-133

 Although amines other than anilines, such as ammonia, were also 

reported to undergo N–H oxidative addition to iridium
134-136

 and ruthenium
137

 metal 

centers, no related catalytic systems were reported. The syn-insertion of an olefin into a 

late transition metal amide bond is also a feasible process, although this mode of insertion 

is unlikely to participate in known hydroamination processes.
138-141

 DFT calculations 

suggest that pathway A is less favored than pathway B for hydroamination of alkenes 

with ammonia catalyzed by group 9 and 10 metal complexes.
142

 Interestingly, the 
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iridium-catalyzed hydroamination of aliphatic aminoalkenes was also proposed to 

proceed via pathway B as supported by DFT calculations.
115

 

 

Figure I-4. Mechanism of late transition metal-catalyzed hydroamination. Pathway A: 

via amine activation. Pathway B: via alkene activation. 

Key steps of pathway B include nucleophilic attack of the amine on the metal-

coordinated olefin, leading to a zwitterionic intermediate. Proton transfer from nitrogen 

to the metal produces a -aminoalkyl metal species, which then undergoes reductive 

elimination cleaving the metal-carbon bond. The direct protonolysis of the metal-carbon 

bond in the zwitterionic ammonium intermediate is also principally possible, but this step 

is in general less kinetically favorable than the stepwise process via reductive 

elimination. DFT calculations of the iridium-catalyzed intramolecular hydroamination 

suggest that this irreversible metal-carbon bond cleavage is rate-limiting, which is in line 

with the observed large negative activation entropy.
115

 It should be noted that 

coordination of the alkenyl moiety of the substrate to the metal center may be disfavored 

by a competitive coordination of the amino group, which does not directly lead to the 
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product formation according to pathway B. This explains why primary aminoalkenes are 

significantly less reactive than more sterically encumbered (and thus less prone to 

coordinate through nitrogen) secondary aminoalkenes for most late transition metal-based 

systems. Another important observation is that not all late transition metal-catalyzed 

systems are limited in turnover by the protonolysis step, as some examples of “fast” 

protonolysis in a POP-rhodium catalyst system are known.
116

 

The same catalytic cycle was also proposed for hydroaminations with N-protected 

amines or less nucleophilic amines such as anilines. Mechanistic studies suggest that the 

protonolysis of the metal-carbon bond is the rate-determining step in the PNP-palladium-

catalyzed intramolecular hydroamination of alkenyl carbamates and carboxamides.
128

 

Computational studies of the platinum-catalyzed addition of aniline to ethylene 

showed a high barrier for oxidative amine addition and revealed a nucleophilic attack on 

the coordinated ethylene as the rate-determining step.
143,144

 

N-protected alkenyl hydrazides were shown to undergo intramolecular 

hydroamination via N–H-activation/olefin insertion rather than through nucleophilic 

attack on the coordinated alkene, which is one of the few examples of catalytic late 

transition metal-based systems operating via path A.
145

 

It should be noted that in certain cases the role of the metal catalyst may be 

limited to the generation of an acid via ligand exchange with the N-protected amine 

followed by protolytic dissociation. This activates the alkene to nucleophilic 

transformations, since the addition of N-protected amines to alkenes is also efficiently 

catalyzed with Brønsted acids such as TfOH (Eq. I-5).
146-148
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(I-5) 

Most efforts in late transition metal catalyzed-intramolecular alkene 

hydroamination were centered on achiral systems, and only recently, a chiral Rhodium-

based catalyst system
149

 modeled after an achiral system
113

 has been introduced. The 

catalyst system using the cyclohexyl-modified MOP ligand 42 cyclizes N-benzyl-

substituted aminopentenes in high yield under relatively mild reaction conditions and 

enantioselectivities of up to 91% ee (Table I-6). The nature of the protecting group can 

have a pronounced influence on product enantioselectivities, e.g. higher 

enantioselectivities are obtained in some cases when using the sterically more bulky N-

(2-methyl)benzyl group. Unprotected primary aminoalkenes generally show poorer 

reactivity. The cyclization of aminohexene derivatives proceeds also with significantly 

diminished yield and enantioselectivity. 
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Table I-6.Rhodium-catalyzed enantioselective hydroamination/cyclization of 

aminopentenes.
149

 

 

Entry R
1
, R

1
 R

2
 T, °C t, h Yield, % % ee 

1 H, H Ph 70 20
a
 48 90 

2 Me, Me 2-CH3C6H4 70 20 75 62 

3 -(CH2)5- 2-CH3C6H4 70 20 80 63 

4 Ph, Ph 2-CH3C6H4 70 15 92 84 

5 Ph, Ph 2-CH3C6H4 50 24 91 88 

a
 10 mol % [Rh(COD)2]BF4, 12 mol % (S)-42 

 

I.2.6 Organocatalytic Asymmetric Hydroamination 

In the last decade, the field of asymmetric organocatalysis has seen significant 

progress. In particular, the application of Brønsted acids in metal-free enantioselective 

catalysis is rapidly increasing.
150-152

 Several research groups have recently demonstrated 

that strong Brønsted acids can be used in both intra-
153-155

and intermolecular
156-159

 

hydroamination reactions, although most reactions are limited to weakly basic anilines 

and N-protected amines (sulfonamides, carbamates, etc.). 

The first example of catalytic asymmetric metal-free hydroamination using the 

chiral phosphoric acid (R)-43 was disclosed by Ackermann and coworkers (Eq.  
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I-6).
160

 Although both selectivity and catalytic activity for the hydroamination of the 

secondary aminopentene 44 are rather low, the method itself remains very promising. 

 

(I-6) 

Toste et al. has utilized similar approach employing chiral (thio)phosphoric acids 

for highly enantioselective cyclohydroamination of N-protected dienes,
161

 however 

efficient organocatalytic efficient protocols for alkene hydroaminations are yet to be 

developed. 

I.2.7 Kinetic Resolution via Asymmetric Hydroamination 

Kinetic Resolution of Aminoalkenes 

Kinetic resolution of racemic chiral amines is one of the promising directions for 

the further development of asymmetric hydroamination. Recently, our group has 

developed kinetic resolution of chiral aminoalkenes which has been achieved utilizing the 

binaphtholate complexes (R)-24-Ln (Table I-7).
18,40

 Various chiral aminopentenes were 

kinetically resolved with resolution factors f (defined as f = K
dias
kfast/kslow; where K

dias
 is 

the Curtin-Hammett equilibrium constant between the two diastereomeric 

substrate/catalyst-complexes and kfast/kslow being the ratio between the faster and the 

slower reaction rate constant) as high as 19 and enantiomeric excess for recovered 

starting material reaching ≥80% ee at conversions close to 50%. The 2,5-disubstituted 
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pyrrolidines were obtained in good to excellent trans diastereoselectivity, depending on 

the steric hindrance of the α-substituent. Preparative kinetic resolution of 45e using 1 mol 

% (R)-24a-Lu gave enantiopure (S)-45e (≥ 99% ee) in 33% re-isolated yield at 64% 

conversion.
18 

Table I-7. Catalytic kinetic resolution of chiral aminopentenes.
18

 

 

Entry Substrate Cat.
 

t, h Conv., % trans:cis % ee of 

recov. 45. 

f
 

1 45a (R)-24a-Lu 15
a 

52  50:1 83 19 

2 45b (R)-24a-Y 8
a
 50  50:1 78 19 

3 45c (R)-24a-Y 18
a 

50  50:1 71 12 

4 45d (R)-24a-Y 9 50 20:1 42 3.6 

5 45e (R)-24b-Y 26 52 13:1 80 16 

a
 At 40 °C. 

 

The preferred formation of (2S,5S)-46e using (R)-binaphtholate complexes can be 

attributed to impeded cyclization of (R)-45e due to unfavorable steric interactions of the 

vinylic methylene protons with a trisarylsilyl substituent in the chair-like transition state 

(Figure I-5). Fast exchange between matching and mismatching aminoalkene prior to 

cyclization is imperative for an effective kinetic resolution process. Kinetic analysis of 

the kinetic resolution process has revealed that the Curtin-Hammett-equilibrium favors 

the matching substrate/catalyst combination in aminopentene substrate 45a containing -
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aryl substituent
18

 and the reason of poor resolution factor in the case of alkyl-substituted 

substrates remained unclear. 

 

Figure I-5. Proposed stereomodel for kinetic resolution of chiral aminopentenes with an 

equatorial approach of the olefin. 

Dynamic Kinetic Resolution of N-Protected Aminoallenes 

Cationic gold(I) complexes are well known to racemize allenes,
162

 which can be 

exploited in the facile dynamic kinetic resolution of axially chiral N-(-allenyl) 

carbamates with trisubstituted allenyl groups.
163

 A mixture of the dinuclear gold(I) 

phosphine complex (S)-47 and AgClO4 catalyzed the cyclization of the Cbz-protected 

aminoallene 48 to yield predominantly the (Z)-vinylpyrrolidine (R,Z)-49 with excellent 

enantioselectivity (Eq. I-7). Initial mechanistic studies suggest that the (E)-

vinylpyrrolidine (R,E)-50 is formed in the mismatched reaction manifold (Scheme I-14). 

In the matching manifold, the cationic gold(I)-species is believed to coordinate 

preferentially to the si face of the allene substrate ((si,R)-I). Subsequent attack of the 

tethered nucleophilic carbamate nitrogen leads to the -alkenyl-gold complex (R,E)-II. 
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Finally, protonolysis of the Au–C bond proceeds with retention of configuration, 

releasing the (R,Z)-vinylpyrrolidine product. 

 

 

(I-7) 

 

Scheme I-14. Proposed mechanism for the gold-catalyzed dynamic kinetic resolution of 

aminoallenes. 

 

I.3 Intermolecular Hydroamination 

Despite the incredible growth of a number of publications on hydroamination 

observed over last decade,
2
 examples of intermolecular hydroamination of unactivated 

alkenes are very rare. In particular, the asymmetric hydroamination remains very 

challenging. Below we will fully cover known examples of asymmetric hydroamination 
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of alkenes published to date. Unfortunately, all these examples include either activated 

alkenes, such as diene, styrene or norbornene, or they are employing N-protected amines. 

Although asymmetric hydroamination of unactivated alkenes with simple amines was not 

known prior to the present work, we will mention some non-asymmetric reactions which 

might be relevant to further development of stereoselective methods. 

I.3.1 Early Transition and Main Group Metal Catalysts 

While the intramolecular hydroamination of aminoalkenes is catalyzed efficiently 

by a variety of early transition or main group metal catalyst systems, the intermolecular 

hydroamination of alkenes is significantly more challenging. Unfavorable factors are not 

only the negative reaction entropy, but also the competition between strongly 

coordinating amines and weakly binding alkenes. For rare-earth-metal-based catalysts 

only a limited number of reports utilizing either lanthanocene,
20,164

 phenylene-bridged 

binuclear half-sandwich,
165

 or binaphtholate
18

 complexes have been documented in the 

literature. The Markovnikov-addition to an unactivated alkene requires large excess of 

the alkene in order to overcome the competition between strongly binding amines and 

weakly binding alkenes, even if the sterically open ansa-lanthanocene 

Me2Si(C5Me4)2NdCH(SiMe3)2 (50-Nd) is employed (Eq. I-8).
164

 

 

(

(I-8) 

The intermolecular hydroamination of unactivated alkenes with alkali metal 

catalysts has been known for a long time and a comprehensive review is available.
69
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Reactions of ethylene with ammonia or primary amines catalyzed by elemental 

lithium,
166

 sodium,
167-170

 potassium,
167

 alkali metal hydrides
167

 and amides
171,172

 typically 

require high reaction temperatures (250–500 °C) and pressures (up to 1000 bar) and 

result in mixtures of mono-, di- and triethylamine in moderate yields.  

Reactions of secondary alkenes are more practical (Eq. I-9)
173

 as they allow 

selective formation of tertiary ethylamines employing alkali metals in their elemental 

form,
170,173

 as alkali metal amides,
174-178

 which can also be generated in situ from the 

corresponding metal alkyls, or as metal hydrides.
177

 

 

(I-9) 

Alkali-metal-catalyzed hydroamination of unactivated higher alkenes is 

significantly less feasible.
174,178

 

The double bond in vinyl arenes is activated as a result of its conjugation to the 

aromatic ring system. Hence, vinyl arenes generally react more smoothly in 

hydroamination reactions in comparison to simple, unactivated alkenes, especially in 

intermolecular processes. 

Contrary to simple aliphatic-substituted alkenes, the metal-catalyzed 

hydroamination of vinyl arenes proceeds usually with high anti-Markovnikov selectivity 

to give β-phenethylamine derivatives (Scheme I-15). This reversal of regioselectivity 

may be explained with the alkene insertion step proceeding through the sterically more 

encumbered transition state which is favored due to attractive metal–arene interactions 

and resonance stabilization of the benzyl carbanion. The same selectivity pattern is 



38 

observed for alkali
179

 and alkaline earth
74,180,181

 metal catalysts and is also explained by 

metal-aryl interactions as shown by DFT-calculations.
179

 

Scheme I-15. Rare earth metal-catalyzed anti-Markovnikov hydroamination of vinyl 

arenes.
20

 

 

Due to the high reactivity of vinyl arenes, a broader range of catalysts is available, 

including very robust and readily accessible compounds. Sodium metal readily catalyzes 

the hydroamination of styrene with secondary
182-186

 or primary
187,188

 aliphatic amines at 

ambient or slightly elevated temperatures. The anti-Markovnikov addition of the amine 

moiety is favored (Eq. I-10)
185

 

 

(I-10) 

Lithium alkyls can also be used as homogeneous base-type catalysts for anti-

Markovnikov addition of primary
189,190

 and secondary
189,191,192

 amines to vinyl arenes. 

The reactions typically proceed in good to excellent yields to give -phenethylamine 

derivatives (Eq. I-11)
191

 Unfortunately, ammonia does not exhibit the same reactivity as 

primary and secondary amines. 
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(I-11) 

The simple lithium amide LiHMDS catalyzes the addition of aliphatic and 

(notably) aromatic amines to vinyl arenes.
179

 The catalytic activity is increased by 

addition of TMEDA and the reaction can be carried out in bulk without additional 

solvent. More reactive primary aliphatic amines also form a bis-hydroamination product, 

although the formation of the latter may be suppressed by using an excess of amine (Eq. 

I-12). Less reactive aromatic amines and α- and -substituted styrenes give the mono-

hydroamination adduct selectively.
179

 Other readily available alkali-metal-based catalysts 

include NaH
192

, t-BuOK,
190,193,194

 and CsOH.
195

 

 

(I-12) 

Although alkali metal amides cannot catalyze intermolecular hydroamination of 

higher unactivated alkenes, allylbenzene derivatives react smoothly via base-catalyzed 

isomerization into -methyl styrene derivatives, which are active enough to form 

hydroamination product (Eq. I-13).
196

 

 

(I-13) 

I.3.2 Late Transition Metal Catalysts 

Although several significant contributions to the field of intermolecular 

hydroamination of simple alkenes have been made within the last decade, the asymmetric 
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hydroamination of non-activated alkenes with unprotected amines has yet to be 

elaborated and the first asymmetric intermolecular hydroamination of terminal, non-

activated alkenes with cyclic ureas has been reported only recently (Scheme I-16).
197

 The 

Markovnikov addition proceeded with up to 78% ee utilizing the axial chiral 

MeOBIPHEP-ligated bis(gold(I))-catalyst system (S)-47. Unfortunately, the reaction 

required a large excess of the alkene substrate and lower alkene loadings led to 

diminished enantioselectivities. 

Scheme I-16. Gold-catalyzed asymmetric hydroamination of alkenes with cyclic ureas.
197

 

 

Since more reactive alkenes, such as vinyl arenes or sterically strained polycyles, 

react more readily in the hydroamination reaction, several asymmetric hydroamination 

reactions utilizing these substrates have been disclosed. Weakly basic anilines can react 

with vinyl arenes to give the Markovnikov addition products 48 and 49 with good yields 

and enantioselectivities in the presence of palladium complex with chiral diphosphine 

ligands such as BINAP(Eq. I-14)
198,199

 or t-BuSEGPHOS 50 (Eq. I-15).
200 
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(I-14) 

 

(I-15) 

The proposed mechanism for this process involves an insertion of the vinyl arene 

into a palladium hydride species, followed by a nucleophilic attack of the amine on the 

resulting 3
-benzylic palladium intermediate (Scheme I-17).

201-203
 The high Markovnikov 

regioselectivity results from the electronically favored secondary insertion of the vinyl 

arene in the palladium hydride bond. Similar mechanistic models have been suggested for 

the late transition metal catalyzed hydroamination of allenes,
204-206

 and dienes.
203,207-209

 

Generally, the 3
-allyl species were identified as the resting state of the catalyst during 

the hydroamination reaction, indicating that nucleophilic attack is rate determining.
201,209
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Scheme I-17. Proposed mechanism for the palladium-catalyzed hydroamination of vinyl 

arenes. 

 

Two mechanistically plausible scenarios for the nucleophilic attack on the 3
-

benzyl palladium species seem feasible. Formation of the C–N bond could occur either 

via external attack of the amine via inversion of configuration at the carbon stereocenter, 

or alternatively the amine could coordinate to palladium followed by an internal attack on 

the 3
-benzyl ligand. Mechanistic investigations

201
 using stoichiometric amounts of the 

enantio- and diastereomerically pure 3
-benzyl palladium complex [{(R)-Tol-

BINAP}{3
-1-(2-naphthyl)ethyl}Pd](OTf) (51) revealed that the reaction with aniline 

produced predominantly (R)-N-1-(2-naphthyl)ethylaniline ((R)-52), consistent with 

external nucleophilic attack (Scheme I-18).
201

 However, it was noted that the catalytic 

reaction of [{(R)-Tol-BINAP}Pd(OTf)2] with vinyl arenes and amines produced 

preferentially the opposite enantiomeric (S)-amine hydroamination product; indicating, in 

analogy to asymmetric rhodium-catalyzed hydrogenation,
210

 that the minor diastereomer 
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of the catalytic active benzyl palladium species was responsible for the majority of 

product formed in the catalytic process. 

Scheme I-18. Preferential external attack of the aniline nucleophile leads to inversion of 

stereochemistry at the benzyl palladium intermediate. 

 

The range of amines involved may be expanded to more basic alkylamines (Eq. I-

16).
202

 Compound 54 was obtained in moderate yield and enantioselectivity utilizing the 

(R,R)-Et-FerroTANE ligand. Note that almost stoichiometric amounts of a strong 

Brønsted acid are required to afford the Markovnikov hydroamination product of the 

vinyl arene. The necessary intermediacy of 3
-benzyl palladium makes the possible 

development of palladium-catalyzed intermolecular hydroamination of simple alkenes 

rather unlikely. 

 

(I-16) 

Enhanced reactivity of strained polycyclic olefins such as norbornene has made 

them attractive model compounds for intermolecular hydroamination. In most cases the 

reaction employs a late transition metal-based catalyst and requires elevated temperatures 
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and extended reaction times. The first chiral iridium-based catalyst system was reported 

by Togni in 1997 (Eq. I-17).
132

 The activity and enantioselectivity of this catalyst system 

was significantly enhanced by addition of Schwesinger’s “naked” fluoride 

[N{P(NMe2)3}2]F. In some cases the addition of fluoride also resulted in a reversal of 

absolute product configuration. However, the reason for the strong fluoride effect 

remains unclear, but it has been suggested that hydrogen bridging of the fluoride could 

play a role. 

 

(I-17) 

Earlier mechanistic studies by Milstein on an achiral Ir-catalyst system indicated 

that the iridium-catalyzed norbornene hydroamination involves amine activation as a key 

step in the catalytic cycle,
131

 rather than alkene activation which is observed for most 

other late transition metal catalyzed hydroamination reactions.
211

 Thus, the iridium-

catalyzed hydroamination of norbornene with aniline is initiated by an oxidative addition 

of aniline to the metal center, followed by insertion of the strained olefin into the iridium-

amido bond (Scheme I-19). Subsequent reductive elimination completes the catalytic 

cycle and gives the hydroamination product 55.  

 

  



45 

Scheme I-19. Proposed mechanism for iridium-catalyzed hydroamination of norbornene 

via amine activation. 

 

This chemistry was extended to a number of bicyclic alkenes and dienes utilizing 

various chelating axially chiral bisphosphine iridium-catalyst (Scheme I-20).
133

 Further 

synthetic transformations of the chiral hydroamination product 57 provide access to 

functionally substituted chiral cyclopentylamines with multiple stereocenters, such as 58 

and 59. It should be noted that alkylamines, such as octylamine or N-methyl aniline, and 

sterically encumbered aniline derivatives, such as o-toluidine or o-anisidine did not 

undergo hydroamination reactions under these conditions. 
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Scheme I-20. Stereoselective synthesis of cyclopentylamines via asymmetric 

hydroamination of norbornadiene.
 

 

Although it seems that iridium-catalyzed hydroamination with anilines is 

restricted to norbornene, it was recently found that 2-aminopyrydines can react with 

styrenes and even simple α-olefins under similar conditions. Moderate to high ee values 

were achieved in the presence of C3-TUNEPHOS 60 (Eq. I-18).
212

 

 

(I-18) 

Conjugated and cumulated dienes can be considered a terminal case of an 

activated alkene. Intermolecular hydroamination of this substrate classes is much more 

feasible than that of unactivated alkenes. 
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Gold-catalyzed asymmetric intermolecular hydroamination of 1,3-disubstituted 

allenes with carbamates was recently reported by Widenhoefer.
213

  In the case of 1-aryl-

3-methyl substituted allenes, enantioselectivities up to 91% can be achieved in the 

presence of the biphosphine ligand (S)-47 (Eq. I-19).
213

 Note that reaction conditions are 

significantly milder than in the case of related gold-catalyzed hydroamination of alkenes 

with ureas (Scheme I-16) and no large excess of alkene is necessary due to high π-

basicity of allene moiety. 

 

(I-19) 

Hydroamination of 1,3-conjugated dienes has been studied in great detail in part 

due to their enhanced reactivity compared to other unsaturated substrates.
214

 Initial 

attempts towards asymmetric intermolecular hydroamination of 1,3-dienes were 

disclosed as early as in 1980.
215

 However, high levels of stereo- and chemoselectivity 

have so far been achieved for cyclic dienes only. The palladium-catalyzed asymmetric 

hydroamination of cyclohexadiene with arylamines utilizing a variant of Trost’s ligand 

(R,R)-61 proceeds to yield cyclic allylamines 62 with high enantioselectivities under mild 

conditions (Scheme I-21).
207

 The mechanism is believed to follow a similar pathway as 

proposed for palladium-catalyzed hydroamination of vinyl arenes (Scheme I-17).
203
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Scheme I-21. Palladium-catalyzed asymmetric hydroamination of cyclohexadiene.
207

 

 

I.3.3 Enzymatic Asymmetric Hydroamination 

The last decade has been marked by a constantly growing presence of biocatalysis 

in stereoselective synthetic methodology.
216

 Phenylalanine ammonia lyase (PAL) 63 is an 

enzyme known to mediate the deamination of phenylalanine into E-cinnamic acid and 

ammonia (Eq. I-20).
217

 

 

(I-20) 

 

Recently, researchers from BASF have reported very promising results for the 

hydroamination of styrene derivatives catalyzed by 63 from the parsley plant 

Petroselinum Crispum (Scheme I-22).
218

 Although the method is currently limited to E-β-

methylstyrene derivatives and very few amines are reactive, the approach can certainly 

become a solid foundation for future advances in the area. 
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Scheme I-22. Enzymatic hydroamination of styrene derivatives. 

 

I.4 Conclusions and Outlook 

The stereoselective hydroamination of alkenes has seen significant development 

over the last decade. Unfortunately, the overwhelming majority of research efforts were 

dedicated to intramolecular reactions. High levels of activity and stereoselectivity were 

achieved for hydroamination/cyclization of aminoalkenes; however, stereoselective 

intermolecular hydroamination remains an elusive goal. The few known examples of 

early transition (lanthanides in particular) metal-catalyzed non-asymmetric 

intermolecular hydroamination suggest that there is room for further development. On the 

other hand, late transition metal catalysts, which enjoy potential broader availability and 

practicality, were already demonstrated to catalyze stereoselective intermolecular 

reactions with activated substrates. It seem unlikely though, that these systems can be 

applied to unactivated alkenes and amines due to obvious mechanistic restrictions. 

Nevertheless, recent advances in intramolecular hydroamination of simple aminoalkenes 

catalyzed by late transition metals suggest that there is still room for further development. 
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II Chapter 2. Kinetic Resolution of Aminoalkenes via Asymmetric 

Hydroamination: A Mechanistic Study 

II.1 Introduction 

The importance of nitrogen-containing organic compounds in biological systems 

and industrially relevant basic and fine chemicals has sparked significant research efforts 

to develop efficient synthetic protocols.
1,2

 One of the simplest approaches, the 

hydroamination reaction, has found significant attention only in recent years with the 

development of more efficient transition metal based catalyst systems.
3,4

 In particular the 

generation of new stereogenic centers constitutes an attractive application of the 

hydroamination process, but the development of chiral catalysts for the asymmetric 

hydroamination of alkenes (AHA) has remained challenging.
5-7

 

Investigations in the Hultzsch research group have been focused on the 

development of chiral biphenolate and binaphtholate
8-11

 rare earth metal hydroamination 

catalysts and in particular complexes 24-Ln (Ln = Sc, Y, Lu) based on sterically 

demanding 3,3’-bis(trisarylsilyl)-substituted binaphtholate ligands
11

(Figure II-1) have 

proven to be highly active and enantioselective, achieving up to 95% ee in 

hydroamination/cyclization of aminoalkenes. Furthermore, 24-Ln were also efficient in 

the catalytic kinetic resolution of chiral aminoalkenes via hydroamination/cyclization 

(Eq. II-1) and, therefore, emerged as an atom-efficient alternative to other available 

methods of kinetic resolution of chiral amines which was previously performed  in a 

dynamic
12-16

 and non-dynamic
17-20

 fashion. 
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Figure II-1. Rare earth metal 3,3’-bis(triarysilyl)binaphtholates. 

 

(II-1) 

Kinetic resolution of chiral -substituted aminoalkenes containing aryl 

substituents proceeded smoothly with high diastereoselectivity (trans:cis up to 50:1) and 

high resolution factors (f up to 19) using chiral binaphtholate complexes (R)-24-Ln (Eq. 

II-1). Unfortunately, kinetic resolution of chiral α-substituted aminoalkenes containing 

aliphatic substituents proceeded with deteriorating efficiency, but increasing trans:cis 

diastereoselectivity, with increasing steric demand of the alkyl substituent.  

In this chapter we present a detailed kinetic study of this kinetic resolution 

process, which sheds some light on the mechanism of this catalytic asymmetric 

hydroamination and the mode of operation of the chiral binaphtholate catalysts. 

 

II.2 Results and Discussion 

II.2.1 Kinetic Resolution of α-Substituted Aminopentenes 

In extension of previous studies in the Hultzsch group,
10,11

 we surveyed a broader 

set of α-substituted aminoalkenes with 6 different binaphtholate rare earth metal 
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complexes 24-Ln (Table II-1, Figure II-2). As noted previously, the highest resolution 

factors were observed for the -aryl-substituted aminoalkenes 45a-c, with 24a-Lu being 

most efficient for 45a.
11

 In contrast to general trends in (non kinetic resolution type) 

asymmetric hydroamination reactions, the efficiency in kinetic resolution often increases 

with the ionic radius size of the rare earth metal. For example, the triphenylsilyl-

substituted binaphtholate yttrium complex 24a-Y was superior for the 4-methoxyphenyl-

substituted aminopentene 45b (Table II-1, entry 5), whereas the sterically more congested 

tris(3,5-xylyl)silyl-substituted binaphtholate yttrium complex 24b-Y was most efficient 

for the electron-withdrawing 4-chlorophenyl-substituted aminopentene 45c (Table II-1, 

entry 14). 

 

Table II-1. Kinetic resolution parameters of -substituted aminopenenes.
a
 

 

Entry Subst. Cat. t, h T, °C Conv., 

% 

%ee of 

recovered 45 

f 

1 45a 24a-Y 95 22 50 74 15
b
 

2 45a 24a-Lu 15 40 52 83 19
b
 

3 45a 24b-Y 18 40 52 63 7
b
 

4 45a 24b-Lu 40 22 52 59 6
b
 

5 45b 24a-Y 8 40 50 78 19
b
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6 45b 24a-Lu 26 40 47 70 18 

7 45b 24a-Sc 35 50 55 69 7 

8 45b 24b-Y 14 40 34 40 12 

9 45b 24b-Lu 24 40 52 70 11 

10 45b 24b-Sc 22 50 51 54 6 

11 45c 24a-Y 18 40 50 71 12
b
 

12 45c 24a-Lu 17 40 55 77 10 

13 45c 24a-Sc 22 50 60 81 8 

14 45c 24b-Y 10 40 51 80 19 

15 45c 24b-Lu 21 40 50 68 11 

16 45c 24b-Sc 24 50 49 68 12 

17 45d 24a-Y 9 22 50 42 3.6
b
 

18 45d 24a-Lu 26 22 50 32 2.6 

19 45d 24a-Sc 40 40 64 60 3.5 

20 45d 24b-Y 27 22 52 38 2.9
b
 

21 45d 24b-Lu 13 22 70 42 2.0 

22 45d 24b-Sc 33 40 55 47 3.5 

23 45e 24a-Y 25.5 22 53 72 9.5
b
 

24 45e 24a-Lu 42 22 55 73 8.4
b
 

25 45e 24a-Sc 94 40 51 73 12
b
 

26 45e 24b-Y 26 22 52 80 16
b
 

27 45e 22b-Lu 24.5 22 51 75 14
b
 

28 45e 24b-Sc 94 40 50 73 14
b
 

29 45f 24a-Y 8 22 56 49 3.5 

30 45f 24a-Lu 23 22 47 51 6.0 

31 45f 24a-Sc 34 40 75 67 2.9 

32 45f 24b-Y 46 22 59 54 3.6 

33 45f 24b-Lu 47 22 46 44 4.7 

34 45f 24b-Sc 49 40 47 32 2.8 

35 45g 24a-Y 85 40 50 33 2.7 
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36 45g 24a-Lu 120  40 59 9 1.2 

37 45g 24b-Y 180  40 45 20 2.0 

38 45g 24b-Lu 94 40 56 9 1.2 

a
 Reaction conditions: 2 mo l% cat., C6D6Aratm, 0.5–1 M substrate. 

b
 Data from ref. 11. 

 

 

Figure II-2. Resolution factors for substrates 45a-g, determined with 24a-Ln (cylinders) 

and 24b-Ln (boxes). 

 

For α-alkyl-substituted aminoalkenes, high selectivities are only observed for the 

sterically least demanding substrate 45e using the sterically more demanding tris(3,5-

xylyl)silyl-substituted catalyst 24b in general and the yttrium complex 24b-Y in 

particular. Sterically more demanding α-alkyl substrates, such as the benzyl-substituted 

45d and the cyclohexyl-substituted 45f exhibit significantly diminished resolution 

factors. Both scandium and yttrium complexes show slightly higher kinetic resolution 

efficiency for 45d, while the opposite observation (highest selectivity for 24a-Lu, Table 
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II-1, entry 30) is true for 45f. The cyclization of the MOM-substituted aminoalkene 45g 

is significantly retarded, obviously due to the chelating nature of the pending ether 

functionality. In contrast to our anticipation, the chelating donor group did not improve 

the kinetic resolution efficiency, with essential no kinetic discrimination of the two 

substrate enantiomers for lutetium catalysts and only slightly better efficiencies for 

yttrium catalysts. Again, the highest selectivity was observed for 24a-Y (Table II-1, entry 

35). 

According to the general model for the kinetic resolution of racemic 

aminoalkenes via catalytic hydroamination (Scheme II-1),
11

 the total amount of the 

catalyst [Ln] is distributed between two substrate/catalyst complexes [cat-S] and [cat-R] 

(Eq. II-2), which readily interconvert with an equilibrium constant K
dias

(Eq. II-3). Each of 

the complexes reacts with a corresponding rate constant (kR and kS) to give the 

corresponding hydroamination products. Previous NMR spectroscopic investigations of 

24a-Y and 24b-Y have revealed that the rate of interconversion between the two 

diastereomeric substrate/catalyst complexes is rapid even at low temperatures and 

significantly higher than both rates of cyclization.
11

 

Scheme II-1. Kinetic model of the resolution process. 
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[Ln] = [cat-S] + [cat-R] (II-2) 

]][[

]][[

RScat

SRcat

k

k
K

RS

SRdias




  (II-3) 

The resolution factor f depends on 3 independent parameters: the equilibrium 

constant K
dias

 and the cyclization rate constants of both substrate/catalyst complexes. For 

the sake of simplicity kR/kS represents kfast/kslow for all substrates, which may be 

determined independently. Thus for f (Eq. II-4): 

Sk

Rkdias
Kf   (II-4) 

For pseudo-first-order reactions (zero-order in aminoalkene over broad concentration 

range) (Eqs. II-5 and II-6): 

][
][

Rcatk
dt

Rd
R   (II-5) 

][
][

Scatk
dt

Sd
S   (II-6) 

Combining Eqs.II-3, II-5 and II-6, a differential equation II-7 can be obtained:  

][

][

][

][

S

Sd

k

k
K

R

Rd

S

Rdias  (II-7)  

Integrating Eq. II-7 and using Eq. II-4 gives an expression for a resolution factor as a 

function of isomer composition (Eq. II-8): 

)]/[]ln([

)]/[]ln([

0

0

SS

RR

k

k
Kf

S

Rdias   (II-8)  

Equation (II-8 can be derived to a more practical expression which would operate easily 

experimentally observed parameters. Assuming that the reaction starts at the racemic 

mixture ([R]0 = [S]0 = 0.5) and that the (R)-enantiomer is consumed faster, the 
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dependence of each enantiomer concentration on conversion C and enantiomeric excess 

ee: 

   
2

11
][

eeC
R


  (II-9) 

   
2

11
][

eeC
S


  (II-10) 

Considering Eqs. II-9 and II-10, equation II-8 can be rewritten: 

)]1)(1ln[(

)]1)(1ln[(

eeC

eeC

k

k
Kf

S

Rdias




  (II-11) 

According to (Eq. II-11), a plot of ln[(1−C)(1−ee)] versus ln[(1−C)(1+ee)] 

provides the resolution factor f (Figure II-1), while kinetic measurements using an 

enantiopure substrate and either the (R)- or (S)-catalyst gives access to the zero-order 

reaction rate constants kR and kS for the matching (Figure II-4) and mismatching (Figure 

II-5) substrate/catalyst combination. 

 

Figure II-3. Plot of ln[(1−C)(1+ee)] vs ln[(1−C)(1−ee)] for the kinetic resolution of 45e 

using (R)-24a-Y as a catalyst at various temperatures. 
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Figure II-4. Time dependence of substrate consumption in the 

hydroamination/cyclization of (R)-45e ([45e]0= 0.152 M ) with (S)-24a-Y ([cat.] = 

0.00228 M), (matching pair) in C6D6. 

 

 

Figure II-5. Time dependence of substrate consumption in the hydroamination/ 

cyclization of (R)-45e ([45e]0= 0.152 M),with (R)-24a-Y ([cat.] = 0.00833 M) 

(mismatching pair) in C6D6. 

Enantiopure substrates were obtained either via large-scale kinetic resolution 

(45a-45f, Table II-2) using the best resolution catalysts for each particular substrate or via 
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fractional crystallization of the ammonium salt with (R)-(–)-mandelic acid (45g). The 

kinetic data and resolution parameters obtained for substrates 45a-45g using (R)-24a-Y 

and (S)-24a-Y are summarized in Table II-3. 

 

Table II-2. Preparation of highly enantioenriched -substituted aminopentenes via 

kinetic resolution. 

Subst. Cat. T, °C f Conv., 

% 

Yield of 

recovered 45, % 

% ee of 

recovered 45 

45a-d2 (R)-24a-Lu 40 19 61 34 98 

45b (R)-24a-Lu 40 18 60 36 98 

45c (R)-24b-Y 40 19 61 30 97 

45d (R)-24a-Sc 25 5 83 12 > 98 

45e (R)-24b-Y 25 15 64 30 97 

45f (R)-24a-Lu 25 6 84 9 98 

 

Table II-3. Kinetic resolution parameters of -substituted aminopentenes determined 

with 24a-Y. 

 

Entry Subst. T, °C f kfast, 10
-3

·s
-1 a

 kfast/ 

kslow
b 

K
dias

 trans:cis 

(fast/slow)
c
 

1 45a 50 12.8 5.45  6.6 1.9 >50:1/9.2:1
d
 

2 45a 60 11.5 11.3 7.1 1.6 >50:1/8.8:1
d
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3 45a-d2 50 11.0 1.42 5.3 2.1 >50:1/15:1 

4 45a-d2 60 9.1 2.10 4.9 1.9 >50:1/15:1 

5 45b 40 18.1 0.81 9.5 1.9 >50:1/>50:1 

6 45c 40 13.2 4.5 4.2 3.1 >50:1/>50:1 

7 45d 30 2.6 2.5 9.6 0.27 >30:1/>30:1 

8 45e 30 6.4 8.5 7.6 0.84 >30:1/2.8:1 

9 45e 40 5.2  14.0 7.1 0.73 >30:1/2.2:1 

10 45e 50 4.1 30.4 7.0 0.59 >30:1/2.1:1 

11 45f 30 2.7 8.5 8.5 0.32 9:1/1.4:1 

12 45g 50 4.1 2.2 3.2 1.28 6:1/2:1 

13 45g 60 6.6 5.1 3.4 1.93 5:1/1.8:1 

a
kfast = kR for 45a-45d, 45f, and 45g; kfast = kS for 45e. 

b 
kfast/kslow = kR/kS for 45a-45d, 45f, 

and 45g; kfast/kslow = kS/kR for 45e. 
c
 Determined via integration of CHN proton signals of 

pyrrolidines in the 
1
H NMR spectra after full conversion. 

d
 Kinetic data from ref 11. 

 

In agreement to the previous finding for the phenyl-substituted substrate 45a,
11

 

the aryl-substituted substrates 45b and 45c both exhibit an equilibrium constant K
dias

 in 

favor of the matching substrate/catalyst-complex (K
dias

>1). Thus, K
dias

 and the kR/kS ratio 

both favor the resolution process. Also, cyclization of 45b and 45c proceeded with the 

same high diastereoselectivities as for 45a. 

The cyclization of the N-deuterated aminoalkene 45a-d2 proceeded with a 

significant primary kinetic isotope effect (KIE, kH/kD = 3.8 at 50 °C and 5.4 at 60 °C), 

which is in agreement to previous findings on the hydroamination/cyclization of achiral 

aminopentenes.
11,21

 Although no N–H bond breaking is involved in the rate-determining 

olefin insertion step according to the generally accepted mechanism for the 

hydroamination/cyclization of aminoalkenes,
21

 it has been proposed that partial proton 

transfer from a coordinated amine may stabilize the 4-membered ring olefin insertion 
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transition state.
21

 Despite this pronounced KIE, the rates of both reaction channels are 

affected to a similar extend and the resulting resolution parameters seem to be similar to 

those of the non-deuterated substrate 45a. However, a mismatching substrate-catalyst 

combination for 45a-d2 gave slightly higher diastereoselectivity, which can serve as an 

argument of a N–H (or N–D, respectively) bond participation in the C–N bond formation 

process.
21,22

 

Compared to the aryl-substituted aminoalkenes 45a-45c, the alkyl- and benzyl-

substituted aminopentenes 45d-45f behaved quite differently. Here, the Curtin-Hammett 

pre-equilibrium favored the mismatching substrate/catalyst-complex (K
dias

<1), thus, 

effectively reducing the efficiency of the kinetic resolution process. A notable exception 

is the MOM-substituted substrate 45g, which displayed a preference for the matching 

substrate/catalyst-complex, possibly as a result of the coordinating donor substituent. 

Diastereoselectivities were lower for substrates 45e-45g than for 45a-45d and the 

mismatching substrate/catalyst combination exhibited significantly reduced 

diastereoselectivities. Interestingly, the benzyl-substituted aminoalkene 45d combines 

properties of both substrate families, a Curtin-Hammett pre-equilibrium in favor of the 

mismatching substrate/catalyst-complex, while achieving high trans/cis-

diastereoselectivities. 

While the equilibrium constant is strongly affected by the -substituent, the 

relative reaction rate kR/kS remains in the range of 7–10 for all substrates, except for 45c 

and 45g. 

The activation parameters for the matching (ΔH
‡
=47.3(3.5) kJ mol

–1
, ΔS

‡
 = 

−128(11) J K
–1

mol
–1

) and mismatching (ΔH
‡
 = 54.9(3.1) kJ mol

–1
, ΔS

‡
= −121(9) J K

–
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1
mol

-1
) substrate/catalyst combination for the cyclization of 45e were obtained from the 

Eyring plot for kfast and kslow (Figure II-6). The data compare well with the parameters 

obtained previously for 45a (matching: ∆H
‡
 = 52.2(2.8) kJ mol

–1
, ∆S

‡
 = -127(8) J K

–1
 

mol
-1

; mismatching: ∆H
‡
 = 57.7(1.3) kJ mol

–1
, ∆S

‡
 = -126(4) J K

–1
mol

–1
).

11
 The negative 

activation entropy is a strong indicator for a highly organized transition state.
11,21

 

 

Figure II-6. Eyring plot for the hydroamination/cyclization of (R)-45e using (S)-24a-Y 

() and (R)-24a-Y (). 

 

II.2.2 Stereomodel for the Kinetic Resolution of Aminopentenes 

X-Ray crystallographic and optical rotational evidence show that the (R)-

binaphtholate catalysts 23 react faster with (R)-45a-45d, respectively with (S)-45e. A 

comparison of the 
19

F NMR spectra of the Mosher amides also indicates that (R)-45f and 

(R)-45g are the matching substrates for these catalysts. A general stereomodel for the 

binaphtholate rare earth metal-catalyzed kinetic resolution of -substituted aminoalkenes 

via intramolecular hydroamination in agreement with these findings has been proposed 

(Scheme II-2).
11

 According to this model, the rare earth metal amide preferentially 
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approaches the alkene moiety from the re face (Scheme II-2, A), whereas the approach 

from the si face of the alkene is hampered due to unfavorable repulsive interactions 

between the substrate alkyl chain and the sterically demanding trisarylsilyl substituent of 

the (R)-binaphtholate ligand (Scheme II-2, B). Each of the two diastereomeric 

substrate/catalyst complexes has two possible cyclization pathways. 

 

Scheme II-2. Stereomodel for the kinetic resolution of α-substituted aminopentenes. For 

the matching substrate only the pathway leading to the preferred trans-isomer is shown. 

 

The high trans-diastereoselectivities observed for aryl-substituted aminopentenes 

suggest that these substrates preferably cyclize through a transition state with an 
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equatorial orientation of the aryl substituent in both substrate/catalyst complexes. This 

may be explained either by a potential coordinative interaction of the phenyl ring with the 

metal
23

 or a -interaction with a naphthyl ring of the binaphtholate ligand, thus providing 

additional stabilization to the complex with equatorial aryl-substituent. Furthermore, this 

weak attractive interaction of the aryl substituent in 45a-45c may explain the slight 

preference for the matching substrate/catalyst complex over the mismatching 

substrate/catalyst complex (K
dias

>1) and similar donor metal interactions can be proposed 

for the methylether-substituted 45g. Interestingly, the equilibrium constant K
dias

 for 45g 

increases with increasing temperature, whereas the aryl-substituted 45a displays the 

opposite behavior. 

The decreased trans/cis diastereoselectivity observed for the mismatched 

substrate/catalyst combination for 45a, 45e and 45f can be rationalized with an 

alternative approach of the metal amide bond to the re face of the alkene moiety, in 

which the -substituent rests in an axial position (Scheme II-2, C). Interestingly, 

substrates 45b, 45c and 45d exhibit the same high level of trans-diastereoselectivity, 

suggesting that unfavorable steric interactions of these larger, more extended -

substituents with the tris(aryl)silyl substituent of the binaphtholate ligand preclude that 

reaction pathway C becomes an alternative to pathway B. 

II.2.3 Substrates Other than α-Substituted Aminopentenes 

In order to investigate the general influence of the position of the substituent in 

the substrate on the resolution process, we investigated the kinetic resolution of the -

phenyl-substituted aminopentene 64 (Table II-4). 
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Table II-4. Kinetic resolution of 64 ([subst.]0= 2.0 M) using 2 mol % binaphtholate 

catalysts 24-Ln at 25 °C. 

 

Cat. Conv., %
a
 trans/cis

b
 % ee of  

recovered 64
c
 

f 

24a-Y 53 1:1.3 17 1.6 

24a-Lu 51 1:1.3 26 2.1 

24a-Sc 54 1:1.3 34 2.5 

24b-Y 47 1:1.2 17 1.8 

24b-Lu 55 1:1.2 31 2.2 

24b-Sc 50 1:1.2 11 1.4 

a
 Determined by 

1
H NMR spectroscopy using ferrocene as an internal standard.  

b 
Determined by 

1
H NMR spectroscopy. 

c
 Determined by 

19
F NMR spectroscopy of the 

corresponding Mosher amide. 

 

Although the preparative-scale kinetic resolution of 64 could not be achieved due 

to the low resolution factors, we succeeded to isolate enantiopure (S)-64 after repeated 

crystallization of the corresponding (R)-mandelate. The absolute configuration was 

established by X-ray crystallographic analysis of the corresponding Mosher amide.
19

F 

NMR spectroscopic analysis of the Mosher amide of 64 recovered from the kinetic 

resolution reaction using complexes (R)-24a and (R)-24b was thus identified to be the 

(R)–enantiomer, indicating that (S)–64 reacts faster with the (R)-binaphtholate catalysts. 

With (S)-64 in hand, we began to study the kinetics and diastereoselectivity of the 

matching and mismatching substrate/catalyst pairs (Table II-5) using 24a-Y as catalyst. 
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Table II-5. Kinetic resolution parameters for 64 using 24a-Y. 

T, °C f kfast, 

 10
–3

·s
–1a 

kfast/kslow K
dias

 trans:cis 

(matching/ 

mismatching) 

30 1.5 0.58 1.64 0.92 1:1.3/6:1 

40 1.5 1.32 1.73 0.87 1:1.4/7:1 

50 1.4 3.00 1.48 0.95 1:1.4/7:1 

a 
The rates for the matching and mismatching substrate/catalyst combination were 

determined with (S)-64 using either (R)-24a-Y (matching combination) or (S)-24a-Y 

(mismatching combination). 

 

Table II-5 illustrates that in contrast to 45a-45g kinetic resolution of 64 proceeded 

with very low reaction rate difference kfast/kslow between the matching and mismatching 

substrate/catalyst pair. Furthermore, with K
dias
 0.9, the mismatching substrate/catalyst 

complex is only slightly favored in the Curtin-Hammett pre-equilibrium. Overall, the 

more remote placement of the phenyl substituent in the -position to the amino group 

significantly diminishes its influence on the kinetic resolution. However, it is noteworthy 

that the trans/cis-diastereomeric ratio shifts dramatically going from the matching to the 

mismatching substrate/catalyst pair. The matching substrate/catalyst combination 

indicates a slight preference for formation of the cis-pyrrolidine diastereomer, which is in 

agreement with a preferred equatorial orientation of the phenyl substituent in the 

approach of the metal amide to the re face of the alkene moiety (Scheme II-3, A). 
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Scheme II-3. Proposed transition states in the kinetic resolution of 64. 

 

The strong preference for the trans-pyrrolidine product in case of the 

mismatching substrate/catalyst combination may be explained with an additional steric 

interaction of the equatorial phenyl-substituent with the trisarylsilyl binaphtholate ligand 

in the approach of the metal amide bond to the si face of the alkene leading to the cis-

pyrrolidine (Scheme II-3, C), while the approach to the re face (Scheme II-3, D) leading 

to the trans-pyrrolidine puts the phenyl substituent in an axial position without 

disadvantageous steric interactions with the binaphtholate ligand. Thus, in contrast to the 

case of45a-45c, there is no tendency to keep the phenyl ring in an equatorial position. 

We then directed our attention to the kinetic resolution of 3-phenylpent-4-en-1-

amine (66), which features a phenyl substituent in the -position relative to the amino 

group, respectively, in allylic position to the alkene moiety. We anticipated that the closer 

proximity to the alkene might increase the influence on the outcome of the kinetic 
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resolution. Unfortunately, the kinetic resolution of 66 led to partial double bond 

isomerization. The side reaction can be explained with the increased reactivity of the 

benzylic position for the C–H activation leading to a stabilized η
3
-allyl intermediate. This 

is the first example of alkene isomerization with either 24a or 24b. Nevertheless, 

enantioenriched (S)-66 was recovered from the reaction mixture at ca. 50% conversion 

(Table II-6). 

Table II-6. Attempted NMR-scale kinetic resolution of 66 at 30 °C. 

 

Cat. Conv., % 67:68 % ee of recovered 66
a
 f 

24a-Y 47 7:1 39 3.7 

24b-Y 51 6:1 65 8.2 

a
 Determined by chiral HPLC of the 2-naphthoyl amide of 66 recovered from the reaction 

mixture. 

 

Since the enantioenrichment of 66 may result from kinetic resolution both via 

hydroamination or isomerization (transformation to 67or 68, respectively), the obtained 

resolution factor value cannot be interpreted unambiguously. We proposed that the 

aliphatic analogue of 66 lacking the reactive benzylic proton (69), would be less prone to 

side-reactions. Indeed, when -methylaminopentene 69 was subjected to 24, the 

cyclization proceeded cleanly (Eq. II-12). Unfortunately, due to the remote position of 

the relatively small methyl substituent with respect to the amino group, we were unable 
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to determine the enantiomeric excessof 69. However, a strong deviation from the zero-

order kinetics is suggesting that 69 can be resolved kinetically (Figure II-7). 

 

(II-12) 

 

 

Figure II-7. Time dependence of substrate consumption in the hydroamination of 69 

([69]0 = 0.35 M) with (R)-24a-Y ([cat.] = 0.0012 M) in C6D6at 30 °C. 

 

Previously, our group has reported the kinetic resolution of hept-6-en-2-amine 

with a moderate resolution factor of 3.3 using (R)-24b-Y at 80 °C.
11

 We hoped that better 

resolution factors may be achieved in the kinetic resolution of the aryl-substituted 

aminohexene 71, but, unfortunately, the resolution factor was limited below 3 for this 

substrate (Table II-7), which was insufficient for a preparative-scale kinetic resolution. 
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Table II-7. Kinetic resolution of aminohexene 71 ([subst.]0= 2.0 M) using binaphtholate 

catalysts (R)-24a and (R)-24b at 80 °C. 

 

Cat. Conv., %
a
 trans/cis

b
 % ee of 

71recovered
c
 

f 

24a-Y 45 1:3 11 1.5 

24a-Lu 51 1:6 26 2.1 

24a-Sc 47 1:7 18 1.5 

24b-Y 72 1:2.5 11 1.3 

24b-Lu 55 1:5 31 2.2 

24b-Sc 60 1:4 47 2.9 

a
 Determined by 

1
H NMR spectroscopy based on an internal standard. 

b
 Determined by 

1
H NMR spectroscopy. 

c
 Determined by 

19
F NMR spectroscopy of the corresponding 

Mosher amide. 

 

II.3 Summary 

The kinetic resolution of chiral aminoalkenes via hydroamination/cyclization was 

studied using 3,3’-bis(trisarylsilyl)-substituted binaphtholate rare earth metal complexes. 

While the resolution of 1-aryl aminopentenes proceeds with high efficiency and high 

trans-diastereoselectivity, the resolution process of 1-alkyl aminopentenes suffers from 

decreasing resolution efficiency with increasing steric demand of the aliphatic 

substituent. Kinetic studies of the matching and mismatching substrate/catalyst pair using 

enantiopure substrates and either the (R)- or (S)-binaphtholate catalysts revealed that the 

difference in resolution efficiency stems from a shift of the Curtin-Hammett pre-
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equilibrium. While 1-aryl aminopentenes favor the matching substrate/catalyst complex, 

preference for the mismatching substrate/catalyst complex for 1-alkyl aminopentenes 

diminishes resolution efficiency, whereas the relative cyclization rate for the two 

diastereomeric substrate/catalyst complexes remains in a typical range of 6–10:1. 

Plausible attractive -interactions between the aryl substituent and either the metal center 

or the aromatic system of the bis(trisarylsilyl)-substituted binaphtholate ligand may 

explain increased stability of the matching substrate/catalyst complex. Incidentally, also 

the MOM-substituted aminopentene 45g exhibits a strong preference of the matching 

substrate/catalyst complex, possibly due to the chelating nature of the MOM-substituent. 

The proximity of the stereocenter to the amino group in the aminoalkene substrate is 

crucial to achieve good kinetic resolution efficiency. The more remote -phenyl 

substituent in 2-phenyl-pent-4-en-1-amine (65) results in diminished discrimination of 

the substrate enantiomers with respect to the relative rate of cyclization of the two 

substrate/catalyst complexes and a Curtin-Hammett pre-equilibrium close to unity. 

Since the poor resolution factors for alkyl-substituted aminopentenes result from 

an unfavorable position of the Curtin-Hammett pre-equilibrium, it may be envisioned 

that modification of the catalyst backbone, such as introducing additional bulky alkyl 

groups might improve the overal resolution efficiency. 
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II.4 Experimental 

General Considerations. All reactions with air- or moisture sensitive materials 

were performed in oven (120 °C) and flame-dried glassware under an inert atmosphere of 

argon, employing standard Schlenk and glovebox techniques. Hexanes and THF were 

sparged with argon for 1 h and then passed through a column with activated alumina 

prior to use. Benzene and C6D6 were vacuum transferred from sodium/benzophenone 

ketyl. Amines were distilled twice from finely powdered CaH2. Complexes 24a-Ln and 

24b-Ln (Ln=Sc, Y, Lu),
11

 substrates 45a-45d,
11

 45e,
24

 64,
24

 66
25

 and crotyl vinyl ether
26

 

were prepared according to previously described procedures. (R)-(+)--Methoxy--

trifluoro-methylphenylacetic acid (Mosher acid) was transformed to its acid chloride 

using oxalyl chloride/DMF in hexanes.
27

 The enantiomeric excesses of 45a-g, 64 and 71  

was measured by 
19

F NMR spectroscopy of the corresponding Mosher amides as reported 

previously.
11

 The enantiomeric excess of 66 was measured by chiral HPLC of the 

corresponding 2-naphthoyl amide on a Chiralcel OD column, eluent hexane/IPA=90/10, 

flow rate 1 mL/min, rt 39.0 min (major isomer obtained from R-catalyst); 41.2 min 

(minor isomer). The absolute configuration of enantioenriched 66 was established by 

comparison of the optical rotation sign of the N-benzoyl derivative with literature data.
28

 

 

1-Phenylpent-4-en-1-amine-d2 (45a-d2). A mixture of 45a (1.60 g, 

9.9 mmol), hexanes (5 mL) and D2O (2 mL) was stirred in a sealed 

flask at 60 °C overnight. After cooling to a room temperature, the aqueous layer was 

separated and discarded. The procedure was repeated twice with fresh 2 mL aliquots of 

D2O. The organic layer was dried over molecular sieves and the solvent removed in 
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vacuo. The residue was distilled twice from CaH2 at reduced pressure to give 1.20 g 

(74%) of N-deuterated amine as a colorless liquid (bp 120 °C, 1 mmHg) with  >95% of 

isotopic substitution according to 
1
H NMR spectroscopy. Mosher Adduct 

19
F NMR, 

(C6D6, 60 °C):  = −69.35 (R), −69.47 (S). 

1-Cyclohexylpent-4-en-1-amine (45f). To a solution of 

cyclohexanecarboxylic acid chloride (5.84 g, 39.8 mmol) in THF 

(100 mL) was added copper(I) iodide (200 mg, 1.05 mmol). The resulting suspension was 

cooled to −30° C and a solution of but-3-ene magnesium bromide prepared from 4-

bromobut-1-ene (5.40 g, 40.0 mmol), and magnesium turnings (0.96 g, 39.5 mmol) in 

THF (100 mL) was added dropwise over 1 h, while the temperature was maintained 

below −20 °C. The mixture was stirred at the same temperature for 2 hrs and was then 

allowed to warm to room temperature. The solvent was removed in vacuo, the residue 

was dissolved in CH2Cl2 (70 mL) and 1 M HCl (50 mL). The organic layer was 

separated, filtered to remove precipitated copper salts, washed with 10% NaHCO3 and 

dried over Na2SO4. The solvent was removed by rotary evaporation and the residue was 

dissolved in abs. MeOH. Ammonium acetate (15 g, 200 mmol) and NaBH3CN (1.0 g, 15 

mmol) were added in one portion at room temperature. The mixture was stirred at 

room temperature for 1 day. Concentrated HCl was added carefully until pH <2, and 

the solvent was removed in vacuo. The residue was taken up in water (150 mL) and 

extracted once with ether (20 mL). The aqueous solution was brought to pH >12 with solid 

KOH and extracted with ether (3 × 20 mL). The combined extracts were dried over KOH 

and evaporated in vacuo. The residue was treated with finely powdered CaH2 for 2 h and 

was then distilled twice from CaH2 at reduced pressure to give 4.20 g (62%) of 45f as 
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a colorless liquid, bp 120 °C at 1 mmHg. 
1
H NMR (400 MHz, CDCl3):  = 5.76 (m, 1H, 

=CH), 5.01–4.87 (m, 2H, =CH2), 2.44 (m, 1H, CHNH2), 2.14–2.02 (m, 2H), 1.72–1.51 

(m, 6H), 1.28–0.83 (m, 9 H); 
13

C
1
H NMR (75.5 MHz, CDCl3):  = 138.8 (=CH), 114.3 

(=CH2), 55.5, 43.9, 34.0, 30.8, 29.6, 27.8, 26.6, 26.5, 26.4. HRMS (m/z) [M]+ calcd for 

C11H22N [M-H]
+
 168.1752, found 168.1747. Mosher adduct 

19
F NMR (CDCl3, 25 °C): 

−69.08 (R), −69.25 (S). 

1-(Methoxymethyl)pent-4-enylamine (45g). To a solution of 

but-3-ene magnesium bromide prepared from 4-bromobut-1-ene 

(13.5 g, 0.10 mol), and magnesium turnings (2.43 g, 0.10 mol) in THF (100 mL) was 

added dropwise methoxyacetonitrile (7.11 g 0.10 mol) over 15 min at room temperature. 

The dark-red reaction mixture was stirred under reflux for 2 h. The mixture was then 

cooled down and quenched with 100 mL of saturated ammonium chloride solution. The 

product was extracted with ether (2 × 70 mL). The combined organic layers were washed 

with water, brine and dried over Na2SO4. The solvent was evaporated in vacuo and the 

residue was dissolved in MeOH (200 mL). Ammonium acetate (61 g, 0.80 mol) and 

NaBH3CN (3.76 g, 60 mmol) were added in one portion at room temperature. The 

mixture was stirred at room temperature for 1 day. Concentrated HCl was added 

carefully until pH <2, and the solvent was removed in vacuo. The residue was taken 

up in water (15 mL) and extracted with ether (20 mL). The aqueous solution was brought to 

pH >12 with solid KOH and extracted with ether (3 × 20 mL). The combined extracts 

were dried over KOH and evaporated in vacuo. The residue was treated with finely 

powdered calcium hydride for 2 h and was then distilled twice from CaH2 at reduced 

pressure to give 4.50 g (35%) of 45g as a colorless liquid, bp 95–104 °C at 200 
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mmHg. 
1
H NMR (300 MHz, CDCl3):  = 5.78 (m, 1H, =CH), 5.04–4.91 (m, 2H, =CH2), 

3.34–3.30 (m, 4H, CH3, OCH2), 3.12 (m, 1H, OCH2) 2.93 (m, 1H, CHN), 2.20–2.02 (m, 

2H), 1.25 (br s, 2H, NH2); 
13

C NMR (100 MHz, CDCl3):  = 138.4 (=CH), 114.6 

(=CH2), 78.2, 58.9, 50.3, 33.4, 30.3. Mosher adduct 
19

F NMR (C6D6, 70 °C):  –69.41 (S), –

69.48 (R). 

1-Phenyl-hex-5-en-1-amine (71). To a solution of benzoyl 

chloride (4.20 g, 30 mmol) in THF (700 mL) was added copper(I) 

iodide (0.19 g, 1.0 mmol). The resulting suspension was cooled to –30 °C and a solution 

of pent-4-ene magnesium bromide prepared from 5-bromopent-1-ene (4.47 g, 30 mmol), 

and magnesium turnings (0.72 g, 30 mmol) in THF (50 mL) was added dropwise over 1 

h, while the temperature was maintained below –20 °C. The mixture was stirred at the 

same temperature for 2 h and was then allowed to reach room temperature. The solvent 

was removed in vacuo and the residue was taken up in dichloromethane (70 mL) and 1 M 

HCl (50 mL). The organic layer was separated, filtered to remove precipitated copper 

salts, washed with 10% NaHCO3 and dried over Na2SO4. The solvent was removed by 

rotary evaporation and residue was dissolved in abs. MeOH (100 mL). Ammonium 

acetate (15 g, 200 mmol) and NaBH3CN (2.0 g, 30 mmol) were added in one portion at 

room temperature. The mixture was stirred at room temperature for 1 day. 

Concentrated HCl was added carefully until pH <2, and the solvent was removed in 

vacuo. The residue was taken up in water (150 mL) and extracted once with ether (30 

mL). The aqueous solution was brought to pH >12 with solid KOH and extracted with 

ether (3 × 30 mL). The combined extracts were dried over KOH and evaporated in vacuo. 

The residue was treated with finely powdered CaH2 for 2 h and was then distilled twice 
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from CaH2 at reduced pressure to yield 3.70 g (70%) of 71 as a colorless liquid, bp 

95-99 °C at 0.5 mmHg. 
1
H NMR (400 MHz, CDCl3): = 7.36–7.25 (m, 5H), 5.78 (m, 

1H, =CH), 5.03-4.94 (m, 2H, =CH2), 3.93 (t, 
3
JH,H = 10.3 Hz, 1H, CH), 2.11 (m, 2H, 

CH2), 1.70 (m, 2H, CH2), 1.52–1.45 (m, 4H); 
13

C
1
H NMR (75.5 MHz, CDCl3):  = 

146.7 (aryl), 138.6 (=CH), 128.4, 126.9, 126.3 (aryl), 114.6 (=CH2), 56.2, 39.1, 33.7, 25.8. 

Mosher adduct 
19

F NMR (CDCl3, 25 °C):  = –69.29 (R), –69.40 (S). 

General procedure for analytical kinetic resolution. In the glovebox, a screw 

cap NMR tube was charged with the catalyst (20 mol), C6D6 (0.5 mL), the substrate 

(1.00 mmol), and ferrocene (2 mol) as internal standard. The NMR tube was heated in a 

thermostated oil bath where required. The conversion was then monitored by NMR 

spectroscopy and the reactions were stopped after an appropriate conversion had been 

reached. Separation of the product pyrrolidine and the aminoalkene was achieved by 

aqueous extraction of the secondary ammonium acetate from the primary amine 

benzaldimine.
11 

General procedure for preparative-scale kinetic resolution. In the glovebox, a 

flask was charged with the catalyst (0.1 mmol), C6H6 (10 mL), and substrate (15.00 

mmol). The conversion and enantiomeric excess of the starting material was then 

monitored by NMR spectroscopy and the reactions were stopped after minimum 98% ee 

had been reached. After the standard benzaldimine work-up procedure,
11

 chiral amines 

were purified by vacuum distillation from CaH2. 

(1S)-1-Phenylpent-4-en-1-amine-d2 (45a-d2) Prepared from (1S)-

45a analogous to the preparation of racemic (45a-d2). (1S)-45a was 

resolved from 45a using (R)-24a-Lu as described previously.
11 
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(1S)-1-(4-Methoxyphenyl)-pent-4-en-1-amine ((S)-45b). 

Resolved from 45b by (R)-24a-Y (f = 18), yield 36%, 

colorless liquid, bp 105 °C at 0.2 mm Hg. Spectroscopic properties are in agreement 

with literature data.
11 

 

(1S)-1-(4-Chlorophenyl)-pent-4-en-1-amine ((S)-45c). 

 Resolved from 45c by (R)-24b-Y (f = 19), yield 30%, 

colorless liquid, bp 100-110 °C at 0.2 mmHg.  

Spectroscopic properties are in agreement with literature data. 
11 

 

(2S)-1-Phenylhex-5-en-2-amine ((S)-45d). Resolved from 45d by 

(R)-24a-Sc (f = 5), yield 12%, colorless liquid, bp 103 °C at 0.2 

mm Hg. Spectroscopic properties are in agreement with literature data.
11 

 

(2R)-Hex-5-en-2-amine ((R)-45e). Resolved from 45e by (R)-24b-Y 

(f = 15), yield 30%, colorless liquid, bp 114 °C at 760 mm Hg. 

[α]D
20

 = –5.6 (c = 0.5 in MeOH). Spectroscopic properties are in agreement with 

literature data.
24

 

(1S)-1-(Cyclohexyl)-hex-5-en-1-amine ((S)-45f). Resolved from 

45f (f = 6) using (R)-24a-Lu, yield 9%, colorless liquid, bp 80 

°C at 0.2 mmHg. Spectroscopic properties are identical to those of racemic 45f. 
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(1R)-1-(Methoxymethyl)pent-4-enylamine ((R)-45g). A hot 

solution of 45g (3.48 g, 27 mmol) and (R)-(–)-mandelic acid 

(4.12 g, 34 mmol) in isopropanol (40 mL) was allowed to 

cool slowly to 0 °C. The precipitated salt was filtered off after 12 h, dried on air and 

recrystallized again. After 12 crystallizations, more than 92% of ee was achieved, 

according to 
19

F NMR of Mosher amide. The salt was treated with 10% NaOH (20 

mL) and the amine was extracted with ether (2 × 40 mL). The combined extracts 

were dried over KOH and the ether was evaporated. The residue was distilled twice 

from CaH2 under reduced pressure to give 0.45 g (12%) of (R)-45g as a colorless 

liquid, bp 94–102 °C at 200 mm Hg. Spectroscopic properties are identical to those 

of racemic 45g. 

 

(2S)-2-Phenyl-pent-4-en-1-amine ((S)-64). A hot solution of 

racemic 64 (5.44 g, 34 mmol) and (R)-(–)-mandelic acid (5.19 g, 

34 mmol) in ethanol (40 mL) was allowed to cool slowly to 0 °C. The precipitated 

salt was filtered off, dried in air and crystallized again. After 13 crystallizations, an 

enantiomeric excess ≥98% was reached according to 
19

F NMR spectroscopy of the 

Mosher amide. The salt was treated with 20% NaOH (20 mL) and the amine was 

extracted with Et2O (2 × 40 mL). The combined extracts were dried over KOH and 

the ether was evaporated in vacuo. The resulting residue was distilled twice from 

CaH2 under reduced pressure (bp 102 °C at 0.1 mmHg) to give 0.75 g (13%) of (S)-

64 as a colorless liquid. Spectroscopic data are in agreement with the data reported 

in the literature.
24

 Mosher adduct 
19

F NMR (CDCl3, 40 °C):  –69.58 (R), –69.63 (S). 
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3-Methylpent-4-enylamine (69) 

 

3-Methylpent-4-enaloxime. A Teflon-valve equipped flask was charged with 7.0 

g (51 mmol) of crotyl vinyl ether, sealed and kept at 150–155 °C for 4 h. After cooling to 

room temperature, the rearranged product was carefully added to a solution of 4.76 g (69 

mmol) of hydroxylamine hydrochloride in water (10 mL). A solution of K2CO3 (4.27 g, 

31 mmol) in water (7 mL) was added dropwise. The emulsion was stirred at room 

temperature. for 1 h, organic layer was separated, and aqueous layer was extracted twice 

with 20 mL of ether. The combined organic layer was dried (MgSO4) and distilled at 

reduced pressure to give 2.8 g of the target oxime as a 1:1 mixture of Z/E isomers. Yield 

40%, colorless liquid, bp 120 °C, 100 mm. 
1
H NMR (300 MHz, CDCl3): and 8.4 

(each br s 1H, OH)7.39 (t, 
3
J(H,H)  6.3 Hz,1H, CH=N, isomer 1), 6.71 (t, 

3
J(H,H) = 5.1 Hz, 

1H, CH=N, isomer 2), other signals are overlapped and cannot be separated: 5.72 (m, 1H, 

=CH), 5.05–4.96 (m, 2H =CH2), 2.40–2.34 (m, 2H, CH2), 2.26–2.22 (m, 1H, CH), 1.07–

1.02 (m, 3H, CH3); 
13

C
1
H NMR (75.5 MHz, CDCl3):  = 151.33, 151.06 (CH=N); 

142.72, 142.55 ( =CH), 113.75, 113.67 ( =CH2), 36.0, 31.3 (CH2), 35.70, 35. 11 (CH), 

19.97, 19.65 (CH3).  

 

3-Methylpent-4-enylamine (69). To a stirred suspension of 1.2 g (31 mmol) of 

LiAlH4 in 20 ml of ether a solution of 3-methylpent-4-enaloxime (2.8 g, 20 mmol) in 

ether (10 ml) was added dropwise at 0 °C. The mixture was stirred overnight at room 
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temperature, cooled back to 0 °C and carefully quenched with sequential addition of 

water (1.2 mL), 15 % NaOH (1.2 mL) and water again (4 mL). The white precipitate was 

filtered off and washed with ether (3  20mL). The filtrate was dried (NaOH) and 

distilled. After 2 distillations from CaH2, 2.0 g of the target aminoalkene 69 were 

obtained. Yield 72%, colorless liquid, bp 115 °C, 760 mm Hg. 
1
H NMR (300 MHz, 

CDCl3): 5.65 (m, 1H, =CH), 4.94–4.84 (m, 2H, =CH2), 2.65 (t, 
3
J(H,H) = 7.6 Hz, 2H, 

CH2N), 2.22–2.13 (m, 1H, CH), 1.44–1.36 (m, 4H), 0.98 (d, 
3
J(H,H) = 7.6 Hz, 3H, CH3); 

13
C

1
H NMR (75.5 MHz, CDCl3):  144.3 (=CH), 112.7 ( =CH2), 40.5, 40.1, 35.6, 20.3 

(CH3). The spectroscopic data is in agreement with previously published data.
25

 

General procedure for the determination of enantiomeric excess via Mosher 

amides. The amine (0.08–0.1 mmol) was dissolved in CDCl3 or C6D6 (0.5 mL) in a NMR 

tube. DIPEA (2.5 equiv with respect to the amine) and (S)-Mosher acid chloride (1.5 

equiv with respect to the amine) were added. Enantiomeric excess was then determined 

by 
19

F NMR spectroscopy at 60–100 °C. 

Typical Kinetic procedure 

In a glovebox, a screw cap NMR tube was charged with aliquots of standard 

solutions of 24a-Y (50 μL, 0.105M in C6D6) and substrate (100 μL, 1.62 M in C6D6), and 

then C6D6 (350 μL) was added for a total volume of 600 μL. Ferrocene (5–8 mg) was 

added and the NMR tube was sealed and removed from the glovebox. The mixture was 

then placed into a thermostated NMR probe and the reaction progress was monitored 

periodically in pre-programmed intervals by observing the disappearance of olefinic 

signals in 
1
H NMR spectra compared to the signal of ferrocene as an internal standard. 
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Crystallography. X-ray quality crystals of (R)-Mosher amide of (S)-64 and (R)-

mandelate of (R)-45g
*
 were obtained by recrystallization from ether/hexanes and 

isopropanol solution at room temperature, respectively. Data were collected on a Nonius 

Kappa CCD Diffractometer at 173(2) K, wavelength 0.71073 Å and are summarized in 

Table II-8. Cell parameters were obtained from 2579 ((S)-64-Mos), reflections within the 

range 1.7 <  < 27.5°. Lorentz, polarization, and empirical absorption corrections were 

applied. The space group was determined from systematic absences. The structure was 

solved by direct methods (SHELXS program).
29

 All positional and atomic displacement 

parameters (ADP) were refined with all reflections data by full-matrix least squares on F
2
 

using SHELXL.
29

 Non-hydrogen atoms were refined anisotropically. Hydrogen atoms 

were constrained to idealized positions using a riding model. The absolute structure was 

refined using the Flack parameter.
30

 The drawing of the molecule (Figure II-8) was 

realized with the help of ORTEP-3.
31

 

 

                                                 

*
 A preliminary-grade X-ray crystallographic analysis of the ammonium salt of (R)-45g 

with (R)-(–)-mandelic acid confirmed the assigned absolute configuration relative to the 

known configuration of mandelic acid. A poor quality of the crystal did not allow to 

unambiguously determine the absolute configuration of the salt and use the data for 

publication. 
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Figure II-8. ORTEP diagram for (R)-Mosher amide of (S)-64. Thermal ellipsoids are 

shown at 50% probability level, hydrogen atoms except H5a are omitted for clarity. 

Table II-8. Crystallographic data for (R)-Mosher amide of (S)-64. 

Parameter Value 

Empirical formula C21H22F3NO2 

Formula weight 377.40 

Crystal system Orthorhombic 

Space group P212121 

Unit cell dimensions 

 

 

a = 8.4708(1) Å, = 90° 

b = 9.6130(1) Å , = 90° 

c = 23.8477(4) Å,   = 90° 

Volume 1941.91(4) Å3 

Z 4 

Density (calculated) 1.291 Mg/m
3
 

Absorption coefficient 0.102 mm
-1

 

F(000) 792 

Crystal size 0.35 × 0.15 × 0.10 mm3  

C5

H5a

N3
C2

O2

C16

C15

C14

C13

C12

C11

C1C1bF3

F2 F1 C1a

C25

C24
C23

C22

C21
C26

C4 C6

C7 C8

O1
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Θ range for data collection 1.71 to 27.50° 

Index ranges –10 ≤ h ≤ 10, –12 ≤ k ≤ 12,  –30 ≤ l ≤ 30 

Reflections collected 4459 

Independent reflections 4459 [R(int) = 0.0000] 

Completeness to θ 100.0% 

Absorption correction Empirical 

Max. and min. transmission 0.9899 and 0.9652 

Data / restraints / parameters 4459 / 0 / 245 

Goodness-of-fit on F
2
 1.063 

Final R indices [I>2σ (I)] R1 = 0.0498, wR2 = 0.1350 

R indices (all data) R1 = 0.0654, wR2 = 0.1480 

Absolute structure parameter –0.7(8) 

Largest diff. peak and hole 0.816 and –0.351 e.Å
−3
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III  Chapter 3. Asymmetric Intermolecular Hydroamination of 

Unactivated Alkenes with Simple Amines Catalyzed by Rare 

Earth Metal Binaphtholates 

III.1 Introduction 

Asymmetric intermolecular hydroamination of unactivated alkenes with simple 

amines is arguably the most challenging transformation in hydroamination catalysis
1-3

 

(see also Chapter 1). Prior to our work, only the stereoselective hydroamination of 

unactivated alkenes with ureas has been reported, which is a “hydroureation” rather than 

a hydroamination in a formal sense.
4
 Moreover, the existing achiral examples of 

intermolecular hydroamination of unactivated alkenes with unbiased simple amines are 

scarce and most of them are not general (see section I.3). Hence, the development of 

catalysts for a stereoselective intermolecular hydroamination remains an important goal. 

In this chapter we will present our studies on intermolecular asymmetric 

hydroamination catalyzed by rare earth metal binaphtholates. 

 

III.2 Results and Discussion 

III.2.1 Preliminary Studies on Intermolecular Hydroamination 

As it was mentioned in Chapters 1 and 2, rare earth metal binaphtholates 24-Ln 

developed in the Hultzsch group are the most active and one of the most stereoselective 

catalysts available for the intramolecular hydroamination/cyclization of aminoalkenes, 

including the kinetic resolution of racemic aminoalkenes.
5-7

 



95 

 

Figure III-1. Rare earth metal 3,3’-bis(triarysilyl)binaphtholates 24-Ln. 

 

Prior to our work, the only hydroamination catalyst which excelled in 

intramolecular reactions and which was potent enough in intermolecular hydroamination 

of unactivated alkenes was the open ansa-lanthanocene Me2Si(C5Me4)2NdCH(SiMe3)2 

(50-Nd) developed in the Marks group (Eq. I–8).
8
 It should be noted that this achiral 

catalytic system required tremendous excess (>70 equiv.) of the weakly-binding alkene in 

order to overcome the disfavoring competition from the strong-binding amine. Previous 

studies with 24-Ln demonstrated that in analogy to the highly Lewis-acidic and azaphilic 

lanthanocene catalysts
9
 the binaphtholates 24-Ln also tend to suffer from excessive 

amine binding in hydroamination/cyclization reactions.
6
 There is no doubt that this 

undesired phenomenon is still acceptable in the intramolecular reactions; however, it is 

less tolerable in the more challenging intermolecular hydroamination which lacks the 

tether between two crucial substrates of a different binding power (Scheme III-1, B). 
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Scheme III-1. Additional amine binding to the metal center in generic intramolecular (A) 

and intermolecular (B) hydroamination.  

 

 

Another important problem of early transition metal-catalyzed hydroamination is 

the chemoselectivity. Indeed, most intermolecular reactions involving primary amines 

and ammonia lead to mixtures of primary, secondary and tertiary amines (see section 

I.3.1). Some additional experiments binaphtholate catalysts 24-Ln suggested that this 

system can overcome the aforementioned restrictions and provided some more general 

leads for the catalyst design in intermolecular hydroamination. 

We first directed our attention to the sequential hydroamination/cyclization of the 

primary amino diene 74 (Scheme III-2). The transformation was first studied by 

Livinghouse,
10

 and it was found that the simple yttrium trisamide 73 catalyzes at room 

temperature the intramolecular hydroamination to give pyrrolidine 75 as a mixture of 

trans:cis isomers with a 13:1 ratio. Under more forcing reaction conditions, trans-75 

cyclized cleanly into the bicyclic product 76, while cis-75 remained unchanged due to the 

relative stereochemistry disfavoring the second cyclization. Sequential 

hydroamination/cyclization of 74 can serve as a formal functional model for the 
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intermolecular hydroamination of alkene with a primary amine. As 74 represents the 

primary amine, the hydroamination product 75 can be related to a product of the 

intermolecular hydroamination, which then may or may not participate in a second 

hydroamination step with another alkene molecule, ultimately producing a tertiary amine.  

 

Scheme III-2. Hydroamination/bicyclization of aminodiene 74 catalyzed by 73.
10

 

 

In the absence of any reported kinetic data, we repeated this study from 

Livinghouse. As shown in Figure III-2, both transformations from 74 to 75 and from 75 

to 76 can proceed at 40 °C in the presence of the yttrium trisamide 73. However, the 

second transformation is significantly slower and takes much longer to reach appreciable 

conversion. This order of reactivity primary > secondary aminoalkene, is rather common 

in catalytic hydroamination/cyclization (See section I.2) and results from diminished 

insertive reactivity of a more bulky metal-amido species. 
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Figure III-2. Kinetic profile for the hydroamination/cyclization of 74 ([74]0 = 0.67 M) 

with 73 (0.02 M, 3 mol %) at 40 °C in C6D6. Concentration data is shown for 74 (♦), 

trans-75 (■) and 76 (●). 

This observation also implies that if this reactivity order will be translated to the 

intermolecular reactions, the desired direction of the reaction can easily be programmed 

by the careful choice of reaction conditions. For example, Livinghouse et al. took 

advantage of this approach in intramolecular transformation by running the reaction 

below the room temperature in order to obtain pyrrolidine 75 cleanly (Scheme III-2).  

It should be noted that although these conclusions seem to be trivial and 

intuitively simple they should be used carefully when comparing simple trisamides 

catalyst 73 and binaphtholate catalysts 24-Ln, because the latter compound features 

significantly more electron-deficient and sterically protected metal center, which is 

responsible for its superior reactivity. Indeed, when the cyclization of 74 was carried out 

in the presence of 24a-Y, a strikingly different kinetic pattern was observed (Figure 

III-3). 
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Figure III-3. Kinetic profile for the cyclization of 74 ([74]0 = 0.67 M) with (R)-24a-Y 

(0.01 M, 1.5 mol %) at 30 °C in C6D6. Concentration data shown for 74 (♦), trans-75 (■) 

and 76 (●). 

While the superior reactivity of 24-Y resulting in shorter reaction time at lower 

temperature and catalyst loading was expected, the relative rate of monocyclization and 

bicyclization was surprisingly altered (Figure III-3). Although the second cyclization step 

proceeded much faster than the first one (25 min versus 150 min at 30 °C), the 

bicyclization took place only after the first step was completed. As long as aminodiene 

74 was detected in the mixture, no formation of bicycle 76 was observed. This 

observation suggests that the notion that the hydroamination of the secondary amine is 

faster compared to the hydroamination of the primary aminoalkene 74 is an 

oversimplification. Indeed, if the secondary amine 75 would be 6 times more reactive 

than 74, then no trace of 75 should be detectable in the mixture over the course of 

reaction. This implies that the first (slow) hydroamination of the primary amine 74 and 

the second (fast) hydroamination of the secondary amine 75 should be differentiated not 

according to the reactivity of the substrate but instead according to the reactivity of the 
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catalyst. One might argue that the catalyst derived from the precatalyst 24a-Y is the same 

in both reactions; however, this does not seem to be the case if some important details are 

considered. Indeed, as shown on the Scheme III-1, equilibrium A, the catalytically active 

species is in a constant equilibrium with the “dormant” species containing an additional 

amine ligand. Although it might be oversimplification to see the “dormant” species as 

catalytically inactive
6
 it is justified to assume that shifting equilibrium A to the right 

diminishes the net catalytic activity. While equilibrium A on Scheme III-1 is shown to 

involve an aminoalkene substrate, it can also involve the hydroamination product or any 

other Lewis base present in the reaction mixture. Thus it is reasonable to propose that for 

sterically unprotected yttrium trisamide 73, both 74 and 75 can bind to the metal center 

with comparable equilibrium constants. As a result, the catalyst remains more or less in 

the same state over the course of both reactions, and the hydroamination of the secondary 

amine 75 is slower due to the less reactive substrate. On the other hand, the sterically 

more protected 24a-Y should display preferential binding of the primary amine 74 

whereas more hindered 75 will not bind as efficiently. As a result, equilibrium on Scheme 

III-1 shifts in favor of the lower coordinate species when 74 is consumed, and the 

hydroamination of the secondary amine 75 is faster due to the more reactive catalyst. 

In order to test this hypothesis, we tried to reproduce the reaction with addition of 

10 equiv (relative to catalyst) of n-propylamine as a mimic of 74 that does not get 

consumed in the reaction. No acceleration effect was observed, and the behavior was 

similar to that of the trisamide (Figure III-4).  
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Figure III-4. Kinetic profile for the cyclization of 74 ([74]0 = 0.67 M) with (R)-24a-Y 

(0.02 M, 3 mol %) in the presence of n-PrNH2 (0.2 M) at 40 °C in C6D6. Concentration 

data shown for 74 (♦), 75 (■) and 76 (●). 

 

These studies on the hydroamination/cyclization of diene 74 catalyzed by 24-Y 

and trisamide 73 allowed us to several important conclusions. First, we saw that the 

chemoselectivity of the reaction can be driven by both substrate and catalyst activity. If 

the catalyst is maintaining the same level of activity, reactions of primary and secondary 

amines are very different in relative feasibility, thus, leaving room for development of 

chemoselective transformations. More important, the control of the aggregation state of 

the catalyst is an invaluable tool in reaching significantly higher reactivity in the 

hydroamination reaction. Although the demonstrated example illustrates this approach 

using a tunable substrate, it seems reasonable to propose that the same effect can be 

reached by adjusting the steric properties of the catalyst. In addition, it is obvious that the 

formation of “dormant” species can also be suppressed by factors other than sterics, such 

as the electronic properties of the ligand and the temperature. While the electronic 

properties of the catalyst family 24-Ln cannot be tuned without introducing significant 
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changes to the ligand core, the temperature factor is more readily accessible. As it was 

demonstrated previously, the temperature dependence of K
dorm

 (the equilibrium constant 

for the equation A on Scheme III-1) is expected to resemble that of a complex association 

constant, i.e. decrease with increasing temperature.
6
 As shown in Table III-1, while the 

dormant species is dominant near room temperature, the “naked” and, therefore, more 

reactive species constitutes almost entire amount of catalytic species at higher 

temperatures. Certainly, the obvious drawbacks of high temperatures, such as catalyst 

decomposition and poor selectivity, should be considered when employing this approach 

to limit amine binding.  

To conclude, we envisioned that the control of the catalyst aggregations state 

which may be facilitated via tuning of the steric environment of the catalyst and 

substrate, as well as by the electronic demands of the ligand and reaction temperature is a 

key to enhanced reactivity in intra- and intermolecular hydroamination. 

 

Table III-1. Temperature dependence of the K
dorm

 value for the hydroamination of 6 with 

(R)-24a-Y. 

 

T, °C  K
dorm

 

40  2.5 
a
 

60  0.89
a
 

100  0.15
b
 

150  0.02
b
 

                                                 a
 From ref. 6. 

b
 Extrapolation. 
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III.2.2 Binaphtholate Catalyst Evaluation 

We have chosen a reaction between readily available benzylamine and 1-heptene 

as a model process. Rare earth metal binaphtholates 24a-Ln and 24b-Ln, as well as a 

more representative library of novel binaphtholate complexes 24c–i were screened (Table 

III-2).  

 

Table III-2. Rare earth metal binaphtholates 24a–i in intermolecular hydroamination.
a
 

 

Entry cat. x T, °C t, h % conv.
b  

(% yield)
c 

% ee
d 

(config.) 

1 (R)-24a-Y 15 150 36 90 (65) 58 (R) 

2 (R)-24a-Y 12 150 48 -- (78)
e 

58 (R)
f
 

3 (R)-24a-Y
 

7 150 48 85 (57) 57 (R) 

4 (R)-24a-Y
g 

50 150 18 95 (68) 54 (R) 

5 (S)-24a-Y
 

15 170 18 95 55 (S) 

6 (R)-24a-Lu 15 150 30 95 (62) 40 (R) 

7 (R)-24a-Sc 15 170 24 --(0) -- 

8 (R)-24b-Y 15 150 24 90 (61) 44 (R) 

9 (R)-24c-Y 15 150 48 85 (59) 46 (R) 

10 (R)-24d-Y 15 150 17 90 47 (R) 
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11 (R)-24e-Y 15 150 24 95(64) 47 (R) 

12 (R)-24f-Y 15 150 96 95(69) 50 (R) 

13 (R)-24g-Y 15 150 12 45 60 (R) 

14 (R)-24h-Y 15 150 11 95(72) 58 (R) 

15 (R)-24i-Y 15 150 72 60 (44) 38 (R) 

[a] General reaction conditions: 3.0 mmol 1-heptene, 0.2 mmol amine, 10 mol cat. (0.1 

mL of a 0.1 M cat. solution in C6D6 or toluene-d8). 
b
 The conv. of amine was determined 

via 
1
H NMR spectroscopic analysis. 

c 
Isolated yield after column chromatography.  

d
 Determined by 

19
F NMR spectroscopy of the Mosher amide after removal of the N-

benzyl group. 
e 

Preparative scale reaction using 12.0 mmol 1-heptene, 1.0 mmol 

benzylamine. 
f
 Confirmed by chiral HPLC of the corresponding N-benzamide. 

g
 8 mol% 

cat. 

 

The triphenylsilyl-substituted binaphtholate yttrium complex (R)-24a-Y yielded 

exclusively the Markovnikov hydroamination product 77 and achieved the highest 

enantiomeric excess of 58% (Table III-2, entry 1). The reaction was carried out with a 

15-fold excess of alkene, which was used in order to accelerate the reaction. Lower 

alkene:amine ratios led to longer reaction times and lower conversion (Table III-2, entry 

3), while a larger excess of alkene led to a slight acceleration of the reaction (Table III-2, 

entry 4). The enantiomeric excess did not show any significant dependence on the 

alkene:amine ratio. According to 
19

F NMR spectroscopic data of the Mosher amide of the 

N-debenzylated primary amine,
11

 the absolute configuration of 77 derived from (R)-24a-

Ln was found to be (R),
 
 which is the opposite selectivity to that observed for the 

intramolecular hydroamination of aminopentenes with these catalysts.
6 

The reaction can be run at even more forcing conditions, e. g. at 170 °C and, 

remarkably, only a slight erosion of enantioselectivity is observed (Table III-2, entry 5). 

The smaller ionic radius of lutetium in (R)-24a-Lu results in lower selectivity, while the 
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activity remains comparable to yttrium, however (R)-24a-Sc did not display any catalytic 

activity at all (Table III-2, entries 6 and 7). 

The sterically more shielded tris(xylyl)silyl-substituted binaphtholate complex 

(R)-24b-Y and the novel complexes 24c–g featuring a silyl group with a SiPh2R 

substitution pattern, did not show significantly improved results compared to 24a-Y. The 

highest enantioselectivity of 60% ee was obtained for p-methoxyphenyl(diphenyl)silyl 

substituted 24g-Y. Unfortunately, this catalyst showed significant decomposition at 150 

°C and, therefore, reaction could not be completed. The steric influence on the reaction 

rate was manifested by the slowest reaction in the case of the bulky (o-

biphenyl)diphenylsilyl–substituted 24f-Y, which was the least active catalyst in this 

series.  

The novel tris(aryl)silyl- or tris(alkyl)silyl-substituted binaphtholates 24h and 24i 

also displayed a strong dependence of the reaction outcome on the ligand sterics. The 

aryl-substituted complex 24h-Y was the most potent catalyst of the series, unfortunately 

it was less selective than 24a-Y. Catalyst 24i-Y, lacking the aryl groups on the silyl 

moiety, showed very low activity and the lowest enantioselectivity. 

While the binaphthol proligands 78 along with the organolanthanide precursors of 

the type [Ln(o-C6H4CH2NMe2)3] have been shown to be very convenient starting 

materials for the rapid and clean preparation of highly active compounds 24-Ln (Scheme 

III-3),
12

 this synthetic approach is not universal. First, it was shown that for many 

metallocene
13

 and post-metallocene
6
 systems the catalytic activity in 

hydroamination/cyclization increases with increasing ionic radius of the rare earth metal. 

Thus, lanthanum and neodymium complexes usually enjoy higher activities than their 
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yttrium and lutetium counterparts.
14

 Unfortunately, the lanthanum member of the [Ln(o-

C6H4CH2NMe2)3] precursor family is not known and therefore lanthanum binaphtholates 

are not accessible via this route. 

Scheme III-3. Synthesis and stability of precatalysts 24-Y. 

 

In addition, only a limited number of yttrium precatalysts of type 24-Y are 

accessible. The stability of the corresponding binaphtholate aryl complexes correlates 

with the steric features of the ligand. While the previously known
6
 triphenylsilyl-

substituted complex 24a-Y does not show any decomposition after 1 hour at 150 °C, its 

benzyl(diphenyl)silyl analogue 24e-Y was found to decompose rapidly at 70 °C. Note 

that this thermal instability corresponds only to the precatalyst. However, upon cleavage 

of the aryl group by an amine a stable amido species is formed which can smoothly 

operate in the catalytic cycle (Table III-2, entry 11). The preparation of the least bulky 
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24j-Y was unsuccessful because this species decomposes within minutes at room 

temperature. This data suggests that complexes 24-Ln are the kinetic, but not the 

thermodynamic products of the reaction of 78 with [Ln(o-C6H4CH2NMe2)3]. Steric 

protection is necessary for the kinetic stabilization of the monometallic well-defined 

species 24-Ln. In our series the lowest acceptable degree of steric protection is 

represented by 24e-Y. 

In order to evaluate broader variety of binaphtholate ligands and rare earth metals 

in the intermolecular hydroamination, we directed our attention to the rare earth metal 

precursors [Ln{N(SiHMe2)2}3(THF)x] 79, which were already used previously in our 

group as precursors for various rare earth metal complexes.
12

 

The synthesis of the corresponding binaphtholate complexes 80a-Y, 80j-Y and 

80a-La was carried out as shown in Scheme III-4. The amine elimination required 

elevated temperatures and extended reaction time due to lower basicity of the 

bis(dimethylsilyl)amide compared to the aryl ligand in complexes [Ln(o-

C6H4CH2NMe2)3]. Compounds 80-Ln were obtained with purity exceeding 90% 

according to the NMR spectroscopic data of the reaction mixtures, and were further 

tested in catalytic experiments without additional purification. Notably, neither of the 

complexes 80-Ln showed any noticeable decomposition even at 150 °C, thus suggesting 

that the precatalyst instability problem was successfully addressed. 
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Scheme III-4. Synthesis of binaphtholates 80-Ln. 

 

 

Table III-3. Intermolecular hydroamination of 1-heptene catalyzed by 80-Ln. 

c 

Entry cat. T, °C t, h % conv.
a  

(% yield)
b 

% ee
c  

(config.) 

1 (R)-80j-Y 180 48 0 (--) -- 

2 (R)-80a-Y 170 120 90 (65)
 

54 (R) 

3 (R)-80a-La
 

180 48 0 (--) -- 

 
a
 By

1
H NMR spectroscopic analysis. 

b 
Isolated yield after column chromatography.  

c
 Determined by 

19
F NMR spectroscopy of the Mosher amide after removal of the N-

benzyl group.  

 

As shown in Table III-3, the yttrium binaphtholate catalyst 80j-Y, bearing the 

methyl(diphenyl)silyl groups, that was inaccessible via the traditional route to the 

complexes 24-Y, was completely catalytically inactive. This result should be interpreted 

carefully, as both binaphtholate ligand backbone and leaving group of the precatalyst 

were modified in 80j-Y compared to the parent complex 24a-Y, which is catalytically 
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active. Indeed, it has been known for almost a decade
12

 that the low acidity of aryl or 

alkyl C–H bonds makes the corresponding alkyl or aryl rare earth metal complexes the 

preferred precatalysts in hydroamination, because the catalyst activation (Scheme I–1) is 

smooth and irreversible. In contrast, the less basic and more sterically encumbered 

disilazides N(SiXMe2)2 (X= H, Me) are less prone to be substituted by a catalytically 

relevant amine and are highly competitive in its binding to the metal center. Thus, the 

absence of reactivity of 80j-Y can be attributed to the poor leaving group alone. 

However, the same poor leaving group, when used in the triphenylsilyl-substituted 

species 80a-Y does not prevent the reaction from occurring. Although the reactivity is 

significantly diminished compared to 24a-Y, the enantioselectivity remains nearly the 

same. This suggests that the leaving group itself does not play any significant role during 

the catalytic cycle, but it diminishes the concentration of the catalytically relevant 

species. Thus, the dramatic loss of catalytic activity when a triphenylsilyl group (24a-Y) 

is replaced by a methyl(diphenyl)silyl group (80j-Y) should be interpreted as a result of 

the lack of sufficient steric bulk in complex 80j-Y. As the olefin insertion step in the rare 

earth metal-catalyzed hydroamination is generally more feasible for the more sterically 

accessible metal center,
14

 it can be speculated that our observations should result from an 

unfavored position of the dormant-active species equilibrium (Scheme III-1). This 

hypothesis is in agreement with the lack of catalytic activity of 80a-La because the 

triphenylsilyl group meets the necessary minimal steric protection criteria for the mid-

sized yttrium and lutetium, but is insufficient for the larger lanthanum. This implies that 

binaphtholate ligands bearing more bulky substituents than 78a can be applied for the 

lanthanum binaphtholate catalyzed hydroamination.  
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Presently, the combination of high selectivity and good activity of 24a-Y along 

with its readily availability makes it the catalyst of choice for further studies of the 

intermolecular hydroamination. 

 

III.2.3 Substrate Scope of Intermolecular Hydroamination 

Analogous to 1-heptene, linear and branched 1-alkenes are converted to their 

respective N-benzyl-alkan-2-amines 81−85 with good activity (Table III-4, entries 1–5) 

and  exclusive Markovnikov selectivity using 24a-Y. However, branching in the allylic 

position of the alkene, for example in vinyl cyclohexane (Table III-4, entry 6) leads to 

significantly diminished reactivity. The highest reactivity was observed for 4-phenyl-1-

butene, which permitted to use a lower alkene:amine ratio of 10:1. All reactions with 

24a-Y produced similar selectivities in the range of 51–61% ee. Reactions with 

cyclopentylamine proceed with comparable enantioselectivity, but diminished activity 

(Table III-4, entries 8, 9). Similar observations were made for para-methoxy 

benzylamine (Table III-4, entry 10), in which the reduced reactivity can be attributed to a 

possible deactivation of the catalyst by the methoxy group, as well as for the ortho-

methylbenzylamine (Table III-4, entry 7) featuring additional steric bulk in the aryl ring.  

Disubstituted alkenes, such as cyclohexene and α-methylstyrene, did not react 

even at more forcing conditions, marking the limitation of the current reaction scope to 

unbranched terminal alkenes. Neither simple secondary amines, such as diethylamine or 

piperidine, nor any of the hydroamination products showed any traces of conversion  to 

the corresponding tertiary amines. Therefore, the reaction is chemoselective to the 
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monoalkylation of primary amines. Electron-deficient arylamines (anilines) or bulky 

primary alkylamines (tert-butylamine and neopentylamine) were unreactive as well. 

Table III-4. Asymmetric Intermolecular Hydroamination Catalyzed by 24a-Y. 

 

Entry Alkene
 

Amine
 

Product x t, h % Conv.
a  

(% yield)
b 

% ee  

1   

 

14 72 90 (70) 61
c
 

2  
 

 

13 72 90 (54) 61
c,d

  

3   

 

15 40 97 (72) 57
c
 

4 

 
 

 

15 19 95 (59) 51
 c,d

 

5   

 

10 11 100 (72) 56
 c,e

 

6 

 
 

 

12 96
f
 25 -- 

7  

 

 

15 80 75(63) 45 

8  
 

 

15 60 95 (61) 61
g 

9  
 

 

9 39 90 (68) 54
g
 

10  

  

10 48 85 (67) 56
g
 

b
 By 

1
H NMR spectroscopy. 

b
 Isolated yield after column chromatography. 

c
 Determined 

by 
19

F NMR spectroscopy of the Mosher amide after removal of the benzyl group via 

hydrogenation. 
d
 (S)-isomer of 24a-Y was used. 

e
 Determined by chiral HPLC of the N-
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benzamide. 
f
 8 mol% rac-24a-Y, 170 °C. 

g
 Determined via 

1
H NMR spectroscopy of the 

O-acetyl mandelic acid salt. 

 

As demonstrated by work of our group
5,6

 (see also Chapter 2) and others,
15

 the 

kinetic resolution of racemic amines is a promising new direction in asymmetric 

hydroamination. So far, only intramolecular examples have been reported. Thus we 

attempted to utilize intermolecular hydroamination to resolve 1-phenylethanamine 90. 

The reaction of 1-heptene with the enantiomerically pure (R)-90 using (S)-24a-Y 

produces the hydroamination product 91 in 54% yield (75% conversion) and a 

diastereomeric excess of 73%, while the reaction of the apparent mismatching catalyst 

(R)-24a-Y led only to traces of the hydroamination product even at elevated reaction 

temperatures and longer reaction times (Scheme III-5). The high degree of kinetic 

discrimination of the matching versus the mismatching substrate-catalyst combination 

suggests that the intermolecular asymmetric hydroamination can become a useful tool for 

the kinetic resolution of racemic amines. 

 

Scheme III-5. Stereoselective addition of (R)-90 to 1-heptene using (S)-24a-Y and (R)-

24a-Y. 
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As was noted previously, the transformation of a secondary to a tertiary amine 

was not achieved in the intermolecular hydroamination catalyzed by 24a-Y. However, a 

tandem process involving two sequential hydroamination reactions of both primary and 

secondary amines can be realized if a non-conjugated diene substrate is used instead of a 

simple alkene. The reaction of α,ω-hexadiene with benzylamine proceeded smoothly to 

the N-benzylpyrrolidine derivative 93 with good cis:trans diastereoselectivity (Scheme 

III-6). The intermediate aminoalkene 92 was not observed over the course of reaction 

which is not surprising due to the significant higher rate of the intramolecular versus 

intermolecular alkene hydroamination. Note that in contrast to the trans-selective 

cyclization of primary aminoalkene 45e catalyzed by 24a
5,6

 (see also Chapter 2), the cis–

diastereomer was favored in case of the secondary aminoalkene 92 which is also in 

agreement with previous findings for a cationic zirconium catalyst system.
16

 The 

plausible cyclization transition states are shown in Figure III-5. The chair-like transition 

state leading to the trans-isomer of the primary aminoalkene 45e is less encumbered due 

to reduced 1,3-diaxial interactions, whereas gauche interactions of the N-substituent 

make the cis-pyrrolidine 93 the preferred product in case of the secondary aminoalkene 

92. 

Scheme III-6. Sequential inter-intramolecular hydroamination catalyzed by 24a-Y. 
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Figure III-5. Diastereoselective hydroamination/cyclization of primary and secondary 

aminopentenes. 

 

It should also be noted that although primary amines cannot be obtained directly 

via asymmetric hydroamination catalyzed by 24-Y, removal of the N-benzyl group via 

transfer hydrogenation yields primary amines such as 94 in good yields without 

racemization (Eq. III-1). Thus, benzylamine can serve as an ammonia equivalent in 

hydroamination catalysis. 

 

(III-1) 

 

III.2.4  Mechanistic Observations 

The reaction of benzylamine with 4-phenylbutene has been chosen for kinetic 

studies. We have found the in the presence of an excess of alkene, the reaction is first 
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order with respect to amine (Figure III-6), alkene (Figure III-7), and catalyst 

concentration (Figure III-8).  

These data suggest a participation of the amine in the catalytic steps leading from 

the resting state of the catalyst to the presumably rate-determining alkene insertion step. 

Although kinetic data for these types of reactions are scarce, it should be noted that a zero 

order rate dependence on the amine concentration was observed in the rare-earth metal-

catalyzed intermolecular hydroamination of alkynes
17

 and the base-catalyzed 

hydroamination of ethylene with diethylamine.
18

 

 

Figure III-6. Exponential amine consumption in the addition of benzylamine [C0 = 0.36 

M] to 4-phenyl-1-butene [C0 = 2.1 M] in the presence of (R)-24a-Y [C0 = 0.015 M] at 150 

°C in C6D6. 

y = 0.36e-0.001x

R² = 0.988
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Figure III-7. Observed pseudo-first order rate constant vs. alkene concentration for the 

reaction of benzylamine [C0 = 0.17 M] with 4-phenyl-1-butene in the presence of (R)-

24a-Y [C0 = 0.032 M] at 150 °C in C6D6. Enantiomeric excess values for the isolated 

product 85 are shown as well. 

 

 

Figure III-8. Dependency of kobs on the concentration of (R)-24a-Y in the addition of 

benzylamine [C0 = 0.17 M] to 4-phenyl-1-butene [C0 = 1.53 M] at 150 °C in C6D6. 
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Another important observation is the strong inhibitive effect of the amine, as the 

observed first-order constant decreases significantly with increasing amine concentration 

(Figure III-9). This observation may seem to be in conflict with the predicted value of the 

amine binding (Scheme III-1) constant K
dorm

, which should be negligible at 150 °C as 

shown in Table III-1. It should be kept in mind though, that the value of K
dorm 

determined 

for the intramolecular hydroamination at the room temperature and above describes the 

equilibrium between bis (amino)amide C and a lower coordinate and more reactive 

mono(amino)amide B ( 

Scheme III-7). It is very likely that at elevated temperature the “naked” amide A 

becomes the catalytically relevant species, which is in equilibrium with species B, and 

the contribution of C should be small according to Table III-1. 

 

 

Figure III-9. Observed pseudo-first order rate constant vs. amine concentration for the 

reaction of benzylamine [C0 = 0.17–0.85 M] with 4-phenyl-1-butene [C0 = 2.1 M] in the 
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presence of (R)-24a-Y [C0 = 0.032 M] at 150 °C in C6D6. The line is drawn as a guide for 

an eye. Enantiomeric excess values for the isolated product 85 are shown as well. 

 

Scheme III-7. Catalytically relevant forms of 24-Ln at various conditions. 

 

It is also important to note that the stereoselectivity of the hydroamination 

reaction seems to be dependent on the total amine concentration. The enantiomeric 

excess of 85 increases from 45 to 54% ee with a 5-fold increase of amine concentration 

(Figure III-9). This observation suggests that two catalytic pathways involving both 

species A (high reactivity, lower selectivity) and B (low reactivity, higher selectivity) are 

co-existing in the “net” catalytic hydroamination reaction. Similar observation has been 

previously made for species B and C for the intramolecular hydroamination at lower 

temperatures.
6
 Unfortunately, the relatively low reactivity and significant error in the 

determination of concentrations and conversions from the broad NMR spectra did not 

provide sufficient accuracy to determine of K
dorm, 2

 and turnover rate constants. 

An unexpected result occurred when N,N-dideutero-benzylamine was reacted 

with 4-phenylbutene in the presence of 24a-Y (Eq. III-2). The isolated product 85-d 

contained less than 10% of deuterium in the methyl group, and a large amount of 

deuterium was found in the re-isolated proligand 78a. Isotope exchange apparently 

involved activation of the ligand aryl C–H bond. Incorporation of deuterium from the N-
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deuterated amine into the ortho-position of the triphenylsilyl groups was observed within 

minutes at 150 °C in the absence of an alkene as well. Therefore, this process is unlikely 

catalytically relevant (Scheme III-8). 

 

(III-2) 

 

Scheme III-8. Proposed mechanism for the deuterium scrambling. 

 

We attempted to suppress the deuterium leakage by introducing the complex (R)-

24a-Y-d30 with perdeuterated triphenylsilyl groups. This catalyst yielded (R)-85-d with 

increased, but still incomplete, deuteration of the methyl group, possibly due to the C–H 

activation of N,N-dimethylbenzylamine present in the reaction mixture. Remarkable 

observations were the primary kinetic isotope effect k
obs

(NH2)/k
obs

(ND2) = 2.1 and a 

significant perturbation of enantioselectivity, as 85-d was obtained in 31% ee (Eq. III-3) 

versus 56% ee for 85 (Table III-4, entry 5). 

 

(III-3) 
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These observations, along with the kinetic data, suggest that the reaction is 

proceeding via a proton-assisted concerted insertion-protonolysis pathway similar to 

transition state depicted in Scheme I-2.
13,19

 The stereo- and rate-determining steps both 

seem to involve the C–H bond formation. It should also be noted that the protonolysis of 

the metal-alkyl bond may involve either the N–H bond of an amine or the aryl C–H bond 

of the ligand as these two pathways cannot be discriminated unambiguously with the 

available data. 

 

III.3 Conclusions and Outlook 

Rare earth metal binaphtholate catalysts 24-Ln were demonstrated to catalyze the 

intermolecular asymmetric hydroamination of unactivated alkenes with simple primary 

amines which is a first ever example of this challenging transformation. The reaction 

requires high temperatures (typically 150 °C) and high alkene concentrations (10–15-fold 

excess) to proceed. It yields the corresponding Markovnikov addition products with 

moderate enantiomeric excess (50–61% ee). A readily available library of tunable 

binaphtholate ligands allowed the determination of the necessary minimum of steric 

protection, which is a pre-requisite of an efficient hydroamination reaction. Coordination 

of the amine molecules to the Lewis acidic rare earth metal center plays a pivotal role in 

the catalytic performance and can be controlled by steric features of the amine, the 

catalyst, as well as by the reaction temperature. Mechanistic observations suggest a 

protonolysis-assisted rate-limiting alkene insertion, and at least two competitive catalytic 

pathways marked by different catalytic efficiency and selectivity are coexisting in the 

catalytic system. While the substrate scope remains rather narrow, the protocol can be 
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applied to sequential inter-intramolecular reactions as well as to the kinetic resolution of 

racemic amines. 

Further studies with a focus on enhancing the catalytic activity by at least 1-2 

orders of magnitude should follow the work presented here. Currently, the low reactivity 

does not allow us to perform more advanced kinetic and mechanistic studies, which 

should become available with more reactive systems. The observed dramatic reactivity 

changes driven by seemingly delicate steric manipulations are encouraging that this goal 

is attainable. 

 

III.4 Experimental 

General considerations. All reactions with air- or moisture sensitive materials 

were performed in oven (120 °C) and flame-dried glassware under an inert atmosphere of 

argon, employing standard Schlenk and glovebox techniques. Hexanes, pentane and THF 

were sparged with argon for 1 h and then passed through a column with activated 

alumina prior to use. Alkenes, benzene and C6D6 were vacuum transferred from 

sodium/benzophenone ketyl. Amines were distilled twice from finely powdered CaH2.  

1
H, 

2
H{

1
H}, 

13
C{

1
H} and 

19
F NMR spectra were recorded on Varian (300, 400, 

500 MHz) spectrometers at 25 °C unless stated otherwise. Chemical shifts are reported in 

ppm downfield from tetramethylsilane with the signal of the deuterated (
13

C, 
2
H) or 

undeuterated (
1
H) portion of the solvent as internal standard. Mass spectra were recorded 

on a Finnigan LCQ-DUO mass spectrometer. HPLC analysis was carried out on an 

Agilent 1200 series instrument with multiple wavelength detector using Chiralcel OD-H, 

OJ-H, and Chiralpak AS-H columns (25  –400 mesh, Sorbent 
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Technologies) and alumina (80–200 mesh, EMD) were used for column chromatography. 

Elemental analyses were performed by Robertson Microlit Laboratories, Inc., 

Ledgewood, NJ. 

(S)-Mosher acid was transformed into the corresponding (R)-Mosher acid chloride 

according to a literature protocol.
20

 Aminodiene substrate 5-amino-nona-1,8-diene (74) 

was prepared as described previously.
21

 

 

Ligand Synthesis 

(R)-2,2'-Bis(methoxymethoxy)-1,1'-binaphthyl,
22

 (R)-3,3'-dibromo-2,2'-

dihydroxy-1,1'-binaphthyl, (R)-3,3'-bis(triphenylsilyl)-2,2'-dihydroxy-1,1'-binaphthyl 

(78a), (R)-3,3'-bis[tert-butyl(diphenyl)silyl]-1,1'-binaphthalene-2,2'-diol (78c),
23

 chloro-

(cyclohexyl)diphenylsilane
24

 and chloro(4-methoxyphenyl)-diphenylsilane
25

 were 

synthesized according to literature procedures. Proligand 78e was prepared as described 

in Chapter 6. 

 

 (1,1’-Biphen-2-yl)diphenylchlorosilane. To a solution of 2-bromobiphenyl 

(4.17 g, 18.0 mmol) in Et2O (50 mL) t-BuLi (1.6 M in pentane, 23 mL, 36.8 mmol) was 

added dropwise at −80°C. After 15 min at this temperature, dichlorodiphenylsilane (3.8 

mL, 4.55 g, 18.0 mmol) was added dropwise. The resulting mixture was allowed to warm 

to room temperature and stirred overnight. The solvent was removed in vacuo and the 

residue was extracted with warm toluene (2  20 mL). The combined extracts were 

concentrated to ca 5 mL volume, and were treated with pentane (10 mL) to induce 

precipitation. After filtration, 3.50 g (51% yield) of the target product were obtained in 
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the form of small white crystals. 
1
H NMR (400 MHz, CDCl3): δ = 7.77 (d, 

3
J(H,H) = 7.6 

Hz), 7.54–7.45 (m, 4H), 7.42–7.35 (m, 3H), 7.31–7.25 (m, 5H), 7.11–7.04 (m, 1H), 7.03–

6.97 (m, 3H, aryl-H); 
13

C{
1
H} NMR (CDCl3, 75 MHz): δ = 150.2, 142.5, 137.3, 134.8, 

134.1, 131.2, 130.6, 130.5, 130.0, 129.5, 127.8, 127.4, 127.0, 126.4 (aryl).  

 

Bromobenzene-d5.
26

 To a mixture of C6D6 (100.0 g, 1.19 mol) and anhydrous 

AlCl3 (5 mg) was added dropwise bromine (61.0 mL, 90 g, 1.19 mol) while maintaining 

room temperature by means of a large water bath. The rate of addition was maintained 

low so that each drop of bromine was added to an already colorless reaction mixture. 

Hydrogen bromide was trapped in a large beaker with water. After the addition was 

complete, the mixture was washed with sodium bicarbonate (100 mL) and dried 

(Na2SO4). Fractional distillation from CaH2 with a 15 cm Vigreux column yielded 85.0 g 

(44%) of the target compound as a colorless liquid, bp 14–45 °C (760 mm Hg). 
2
H{

1
H} 

NMR (76.7 MHz, CDCl3): δ = 7.64 (br s, 2D), 7.42 (br s, 1D), 7.34 (br s, 2D); 
13

C{
1
H} 

NMR (125 MHz, CDCl3): δ = 131.1 (t, 
1
J(C,D) = 24.9 Hz), 129.5 (t, 

1
J(C,D) = 23.8 Hz), 

126.3 (t, 
1
J(C,D) = 24.9 Hz), 122.2 (s, CBr). 

 

Triphenylchlorosilane-d15. A solution of phenyl-d5 magnesium bromide (15.2 

mmol), prepared from magnesium turnings (4.8 g, 20 mmol) and C6D5Br (24.7 g, 15 

mmol) in THF (150 mL) was added dropwise at −10°C to a solution of SiCl4 (0.58 mL, 5 

mmol) in THF (50 mL) over 30 min. The resulting suspension was heated to a reflux, and 

stirred under reflux for 3 h. It was cooled to room temperature and concentrated in vacuo. 

The residue was dissolved in CH2Cl2 (100 mL) and filtered through a short pad of celite. 
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The filtrate was concentrated in vacuo to yield 8.4 g (49%) of product as a white solid. 

2
H{

1
H} NMR (76.7 MHz, CHCl3 + 20 μL CDCl3): δ = 7.80 (br s, 6D), 7.60 (br s, 3D), 

7.54 (br s, 6D); 
13

C{
1
H} NMR (125 MHz, CDCl3): δ = 134.7 (t, 

1
J(C,D) = 24.7 Hz) , 

132.6 (s, CSi), 130.2 (t, 
1
J(C,D) = 24.3 Hz), 127.6 (t, 

1
J(C,D) = 24.7 Hz). 

 

General procedure for preparation of (R)-78f,g and 78a-d30. 

 

To a solution of (R)-3,3'-dibromo-2,2'-dihydroxy-1,1'-binaphthyl (400 mg, 0.90 

mmol) in THF (20 mL) was added KH (80 mg, 2.0 mmol) under stirring. The mixture 

was stirred at room temperature for 30 minutes and then the corresponding chlorosilane 

(1.85 mmol) was added. The mixture was stirred overnight at room temperature, cooled 

down to –78 °C and a t-butyl lithium solution (2.5 mL, 3.7 mmol, 1.5 M in pentane) was 

added dropwise. The yellow solution was stirred for 5 min at –78 °C and was then 

allowed to reach room temperature slowly, after which it was stirred for an additional 

hour. The reaction was quenched with saturated aqueous NH4Cl (50 mL) and the product 

was extracted with Et2O (3 × 20 mL). The combined organic layers were dried (Na2SO4) 

and concentrated. The product was purified using column chromatography on silica 

(hexanes/CH2Cl2 70:30), to afford the pure diol proligand. 

 

(R)-3,3'-Bis[benzyl(diphenyl)silyl]-2,2'-dihydroxy-1,1'-binaphthyl ((R)-78e). 

White powder (350 mg, 47% overall yield); mp 129–132°C. 
1
H NMR (400 MHz, C6D6): 



125 

δ = 8.11 (s, 2H), 7.7–7.59 (m, 8H), 7.38–7.32 (d, 
3
J(H,H) = 7.9 Hz, 2H), 7.31–6.90 (m, 

28H), 4.83 (s, 2H, OH), 3.22 (d, 
2
J(H,H) = 13.8 Hz, 2H, CH2), 3.16 (d, 

2
J(H,H) = 13.8 

Hz, 2H, CH2); 
13

C{
1
H} NMR (125 MHz, C6D6): δ = 157.2 (CO), 142.0, 139.3, 136.4, 

136.35, 135.3, 135.06, 135.01, 129.82, 129.78, 129.6, 129.4, 128.5, 128.43, 128.38, 

128.29,128.14, 128.08, 124.9, 124.18, 124.14, 110.6 (aryl), 23.9 (CH2). Anal. Calcd for 

C58H46O2Si2: C, 83.81; H, 5.58; Found: C, 83.71; H, 5.33. 

 

(R)-3,3'-Bis[1,-1’-biphenyl-2yl(diphenyl)silyl]-2,2'-dihydroxy-1,1'-binaphthyl 

((R)-78f). White powder, 489 mg, 57% overall yield. 
1
H NMR (400 MHz, C6D6): δ = 

8.13 (s, 2H), 7.87–7.79 (m, 8H), 7.40 (d, 
3
J(H,H) = 7.4 Hz, 2H), 7.34–6.91 (m, 28H), 

6.55 (t, 
3
J(H,H) = 7.4 Hz, 4H), 6.35 (t, 

3
J(H,H) = 7.4 Hz, 2H), 4.65 (s, 2H, OH); 

13
C{

1
H} 

NMR (100 MHz, C6D6): δ = 156.6 (CO), 150.5, 143.8, 141.2, 138.2, 137.5, 137.3, 136.6, 

136.1, 134.5, 133.4, 130.9, 129.9,129.7, 129.4, 129.2, 128.5, 128.1, 127.9, 127.4, 126.9, 

126.5, 125.1, 124.1, 123.9, 110.4 (aryl). 

 

(R)-3,3'-bis[4-Methoxyphenyl(diphenyl)silyl]-2,2'-dihydroxy-1,1'-binaphthyl 

((R)-78g). White powder, 535 mg, 69% overall yield. 
1
H NMR (400 MHz, C6D6): δ = 

7.97 (s, 2H), 7.76 (d, 
3
J(H,H) = 7.8 Hz, 2H), 7.69 (d, 

3
J(H,H) = 7.1 Hz, 8H), 7.63 (d, 

3
J(H,H) = 8.6 Hz, 4H),7.48–7.29 (m, 18H), 6.96 (d, 

3
J(H,H) = 8.2 Hz, 4H), 5.37 (s, 2H, 

OH), 3.85 (s, 6H, OCH3); 
13

C{
1
H} NMR (100 MHz, C6D6): δ = 160.8, 156.5 (CO), 

142.0, 137.9, 136.2, 134.7, 134.6, 129.4, 129.2, 129.0, 128.1, 127.8, 124.8, 123.93, 

123.91, 123.8, 113.6, 110.7 (aryl), 55.0 (MeO). 
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(R)-3,3'-Bis[triphenylsilyl-d15]-2,2'-dihydroxy-1,1'-binaphthyl ((R)-78a-d30). 

White powder, 457 mg, 61% overall yield. 
1
H NMR (300 MHz, CDCl3): δ = 8.11 (s, 2H), 

7.7–7.59 (m, 8H), 7.38–7.32 (d, 
3
J(H,H) = 7.9 Hz, 2H), 7.31–6.90 (m, 28H), 4.83 (s, 2H, 

OH), 3.22 (d, 
2
J(H,H) = 13.8 Hz, 2H, CH2), 3.16 (d, 

2
J(H,H) = 13.8 Hz, 2H, CH2); 

13
C{

1
H} NMR (125 MHz, CDCl3): δ = 156.5 (CO), 142.1, 135.9 (t, 

1
J(C,D) = 23.9 Hz), 

134.7, 134.0, 129.2, 129.04, 128.99 (br t, 
1
J(C,D) = 24 Hz), 128.2, 127.3 (t, 

1
J(C,D) = 

23.7 Hz), 123.9, 123.8, 123.7, 110.6 (aryl). 

 

(R)-3,3'-Bis[cyclohexyl(diphenyl)silyl]-1,1'-binaphthalene-2,2'-diol ((R)-78d).
*
 

To a solution of (R)-3,3’-dibromo-1,1’-binaphthalene-2,2’-diol (1.00 g, 2.25 mmol) in 

DMF (10 mL) was added imidazole (0.92 g, 13.5 mmol) and 

chloro(cyclohexyl)diphenylsilane (2.17 g, 7.2 mmol). The resulting mixture was stirred at 

70 °C overnight. The reaction was quenched by addition of saturated aqueous NaHCO3 

(15 mL). The product was extracted with dichloromethane (3 × 30 mL). The combined 

organic layers were washed with water (3 × 10 mL), dried (Na2SO4), and concentrated in 

vacuo. Flash chromatography on a short silica pad (hexanes/CH2Cl2 80:20) afforded 

crude bis(silylether) as a white solid (1.10 g, 50 %) which was subjected to the next 

reaction without further purification. The crude bis(silylether) was dissolved in THF (30 

mL), and a t-butyllithium solution (2.9 mL, 4.64 mmol, 1.6 M in pentane) was added 

dropwise at −60 ºC. The yellow solution was stirred for 5 min at −60 ºC and was then 

allowed to reach room temperature slowly, after which it was stirred for an additional 

                                                 

*
 The procedure was developed by Hiep Nguyen in the Hultzsch group. 
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hour. The reaction was quenched with saturated aqueous NH4Cl (50 mL) and the product 

was extracted with Et2O (3 × 20 mL). The combined organic layers were dried (Na2SO4), 

concentrated and the product was purified using column chromatography on silica 

(hexanes/CH2Cl2 80:20), to afford the pure product as a white powder (0.71 g, 45 % 

overall yield); mp 26–65°C; 
1
H NMR (500 MHz, C6D6): δ = 8.20 (s, 2H), 7.85–7.77 (m, 

8H), 7.46–7.42 (m, 2H), 7.35–7.26 (m, 12H), 7.15–7.08 (m, 2H), 7.06–6.98 (m, 4H, aryl-

H), 4.59 (s, 2H, OH), 2.09–2.02 (m, 4H, CH2), 1.95–1.89 (m, 2H, CH2), 1.77–1.71 (m, 

6H, CH2), 1.44–1.34 (m, 8H, CH2), 1.25–1.16 (m, 2H, CH, Cy); 
13

C{
1
H} NMR (125 

MHz, C6D6): δ = 157.3 (CO), 141.4, 136.5, 135.2, 135.1, 135.0, 129.9, 124.2, 124.0, 

110.3 (aryl), 29.2 (CH2), 29.1 (CH2), 28.84 (CH2), 28.78 (CH2), 27.4 (CH2), 24.7 (CH, 

Cy). Anal. Calcd for C56H54O2Si2: C, 82.51; H, 6.68; N, 7.93. Found: C, 82.31; H, 6.69. 

 

(R)-3,3'-Bis[methyl(diphenyl)silyl]-2,2'-dihydroxy-1,1'-binaphthyl ((R)-78j). 

To a solution of (R)-2,2'-bis(methoxymethoxy)-1,1'-binaphthyl (2.34 g, 6.25 mmol) in 

Et2O (100 mL) was added n-butyl lithium (8.0 mL, 12.8 mmol, 1.6 M solution in 

hexanes) under stirring. The mixture was stirred at room temperature for 4 h and was then 

cooled to –78 °C. Then HMPA (2.3 mL, 13 mmol), THF (50 mL) and 

methyldiphenylchlorosilane (2.7 mL, 12.8 mmol) were added in this order. The mixture 

was then allowed to warm slowly to room temperature, after which it was stirred for an 

additional 2 h. The reaction was quenched with saturated aqueous NH4Cl (100 mL) and 

the organic layer was collected. The aqueous layer was extracted with Et2O (50 mL). The 

combined organic layers were concentrated without drying. The residue was dissolved in 

CHCl3 (30 mL) and then EtOH (30 mL) and 12 N HCl (5 mL) were added. The resulting 
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homogeneous solution was refluxed overnight, cooled down and concentrated. The 

residue was partitioned between water (100 mL) and CH2Cl2 (50 mL). The organic layer 

was collected and the residue was extracted with CH2Cl2 (50 mL). The combined organic 

layers were dried (Na2SO4) and concentrated. The product was purified using column 

chromatography on silica (hexanes/CH2Cl2 70:30), to afford the pure diol proligand as a 

white powder (2.59 g, 61% overall yield); mp 122–124°C. 
1
H NMR (500 MHz, CDCl3):δ 

= 7.90 (s, 2H), 7.75–7.72 (m, 2H), 7.62–7.59 (m, 8H), 7.43–7.34 (m, 12 H, aryl-H), 7.32–

7.28 (m, 4H), 7.18–7.16 (m, 2H, aryl-H), 5.19 (s, 2H, OH), 0.98 (s, 6H, CH3); 
13

C{
1
H} 

NMR (125 MHz, CDCl3): δ = 156.9 (CO), 140.8, 136.43, 136.41, 135.3, 135.2, 134.7, 

129.4, 129.34, 129.32, 129.0, 128.0, 127.9, 127.8, 125.5, 124.0, 123.8, 110.4 (aryl), –2.9 

(CH3). Anal. Calcd for C46H38O2Si2: C, 81.37; H, 5.64; Found: C, 81.34; H, 5.75. 

 

Complex Synthesis 

Rare earth metal precursors [Ln(o-C6H4CH2NMe2)3] (Ln= Y, Lu, Sc),
27

 

[La{CH(C6H5)NMe2}3],
28

 [Y{N(SiHMe2)2}3(THF)2]
29

 and [La{N(SiHMe2)2}3]
30

 were 

synthesized according to the published protocols.Complexes 24a-Y, 24b-Y, 24a-Sc, 24a-

Lu
6
 and 80a-Y

6
 were prepared as reported previously. Complexes 24h-Y and 24i-Y were 

prepared by Hiep Nguyen and Hyeunjoo Lee in the Hultzsch group and the synthesis will 

be reported elsewhere in due course. 

 

Complex Syntheses – General Procedure for the NMR-Scale Preparation. To 

a mixture of diol proligand 78 (0.05 mmol) and the rare earth metal precursor (0.05 

mmol) was added C6D6 (490 mg, 500 L). The mixture was shaken vigorously and then 
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left for 5 minutes at room or slightly elevated temperature. Clean quantitative conversion 

to the diolate complex was confirmed by NMR spectroscopy. Aliquots of the resulting 

complex solution were used directly for the catalytic experiments. 

 

(R)-[Y{BINOL-TBDPS}(o-C6H4CH2NMe2)(Me2NCH2Ph)] ((R)-24c-Y). To a 

mixture of (R)-78c (45.6 mg, 0.06 mmol) and [Y(o-C6H4CH2NMe2)3] (29.3 mg, 0.06 

mmol) was added toluene-d8 (0.55 mL). The mixture was kept at room temperature for 1 

h. 
1
H and 

13
C NMR spectra showed clean formation of (R)-24c-Y, which was used 

directly for catalytic experiments. 
1
H NMR (500 MHz, toluene-d8, 0 °C): δ = 8.55 (s, 1H; 

aryl-H), 8.52 (s, 1H), 8.07 (d, 
3
J(H,H) = 8.1 Hz, 2H), 7.95 (m, 1H), 7.93 (m, 1H), 7.89–

7.84 (m, 4H), 7.57 (d, 
3
J(H,H) = 6.9 Hz, 1H), 7.55 (d, 

3
J(H,H) = 8.1 Hz, 1H), 7.49–7.46 

(m, 1H), 7.34–6.94 (m, 21H, including 5H from free PhCH2NMe2), 6.77 (d, 
3
J(H,H) = 

7.6 Hz, 1H), 6.62 (d, 
3
J(H,H) = 6.9 Hz, 2H, aryl-H), 3.33 (d, 

2
J(H,H) = 13.9 Hz, 1H, o-

C6H4CH2NMe2), 3.09 (br s, 2H, PhCH2NMe2), 2.52 (d, 
2
J(H,H) = 13.2 Hz, 1H, o-

C6H4CH2NMe2), 1.44 (s, 9H, t-Bu), 1.41 (s, 3H, o-C6H4CH2NMe2), 1.39 (s, 9H, t-Bu), 

1.29 (s, 3H, PhCH2NMe2), 1.24 (s, 3H, PhCH2NMe2), 1.19 (s, 3H, o-C6H4CH2NMe2); 

13
C{

1
H} NMR (125 MHz, toluene-d8, 0 °C): δ = 181.9 (d, 

1
J (Y,C) = 52.6 Hz), 163.4 

(CO), 162.8 (CO), 148.3, 141.4, 141.2, 139.3, 138.9, 138.3, 137.18, 137.15, 136.83, 

136.75, 136.71, 136.68, 136.5, 131.9, 130.0, 129.7, 129.3, 129.24, 129.23, 128.82, 

128.76, 128.6, 128.4, 128.3, 128.2, 128.1, 127.7, 127.5, 127.4, 127.2, 126.0, 125.8, 125.6, 

125.5, 122.6, 122.4, 117.18, 117.15 (aryl), 68.0 (o-C6H4CH2NMe2), 58.0 

(C6H5CH2NMe2), 46.8 (N(CH3)2), 44.2 (N(CH3)2), 40.4 (C6H5CH2NMe2), 40.3 

(C6H5CH2NMe2), 29.7 (C(CH3)3), 29.4 (C(CH3)3), 19.7 (C(CH3)3), 19.6 (C(CH3)3). 
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(R)-[Y{BINOL-SiPh2Cy}(o-C6H4CH2NMe2)(Me2NCH2Ph)] ((R)-24d-Y). To a 

mixture of (R)-78d (48.9 mg, 0.06 mmol) and [Y(o-C6H4CH2NMe2)3] (29.3 mg, 0.06 

mmol) was added C6D6 (0.55 mL). The mixture was kept at room temperature for 1 h. 
1
H 

and 
13

C NMR spectra showed clean formation of (R)-24d-Y, which was used directly for 

catalytic experiments. 
1
H NMR (500 MHz, C6D6): δ = 8.48 (s, 1H), 8.47 (s, 1H), 7.95–

7.91 (m, 2H), 7.85–7.82 (m, 6H), 7.72–7.68 (m, 1H), 7.65 (d, 
3
J(H,H) = 6.9 Hz, 1H), 

7.60 (d, 
3
J(H,H) = 8.0 Hz, 1H), 7.55 (m, 2H), 7.34–6.94 (m, 22H, including 5H from free 

PhCH2NMe2), 6.80 (d, 
3
J(H,H) = 7.3 Hz, 1H), 6.67 (m, 2H; aryl-H), 3.13 (d, 

2
J(H,H) = 

13.9 Hz, 1H, o-C6H4CH2NMe2), 2.99 (d, 
2
J(H,H) = 13.2 Hz, 1H, PhCH2NMe2), 2.93 (d, 

2
J(H,H) = 13.2 Hz, 1H, PhCH2NMe2), 2.33 (d, 

2
J(H,H) = 13.9 Hz, 1H, o-

C6H4CH2NMe2), 2.20–2.12 (m, 8H), 1.70–0.60 (m, 10H), 1.40–0.26 (m, 14H), 1.05–0.97 

(m, 8H);
 13

C NMR (125 MHz, C6D6): δ = 181.5 (d,
 1

J (Y,C) = 46.5 Hz), 163.5 (CO), 

162.5 (CO), 148.8, 140.1, 140.0, 139.2, 139.1, 138.3, 136.9, 136.7, 136.2, 135.72, 

135.67, 135.57, 135.46, 131.8, 130.3, 129.3, 129.2, 129.1, 128.8, 128.7, 128.51, 128.45, 

128.38, 128.29, 127.9, 127.17, 126.0, 125.8, 125.6, 125.5, 124.8, 122.54, 122.48, 116.9, 

116.9 (aryl), 67.6 (CH2), 57.9 (CH2 of coordinated amine), 46.1 (N(CH3)2), 43.6 

(N(CH3)2), 40.5 (C6H5CH2NMe2), 40.2 (C6H5CH2NMe2), 29.0 (CH2), 28.9 (CH2), 28.8 

(CH2), 28.6 (CH2), 28.5 (CH2), 27.9 (CH2), 27.8 (CH2), 27.21 (CH2), 27.20 (CH2, Cy), 

23.7 (CH), 23.4 (CH, Cy). 
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(R)-Y(Binol-SiBnPh2)(o-C6H4CH2NMe2)(Me2NCH2Ph) ((R)-24e-Y).
*
 To a 

mixture of (R)-78e (53.3 mg, 64.1 μmol) and [Y(o-C6H4CH2NMe2)3] (31.5 mg, 64.1 

μmol) C6D6 (0.60 mL) C6D6 was added and the mixture was sealed and shaken 

vigorously in the screw cap NMR tube.
 1

H and 
13

C NMR showed clean formation of (R)-

24e-Y, which was used directly for catalytic experiments. 
1
H NMR (400 MHz, C6D6):  

= 8.41 (s, 1H), 8.38 (s, 1H), 7.90–7.50 (m, 11H), 7.40–6.70 (m, 41H, aryl-H), 3.81 (d, 

2
J(H,H) = 12.9 Hz, 1H, CH2Si), 3.73 (d, 

2
J(H,H) = 13.3 Hz, 1H, CH2Si), 3.26 (br s, 5H, 

CH2, PhCH2NMe2 and CH2Si), 3.01 (d, 
2
J(H,H) = 13.1 Hz, 1H, CH2), 2.85 (d, 

2
J(H,H) = 

13.3 Hz, 1H, CH2), 2.82 (d, 
2
J(H,H) = 13.3 Hz, 1H, CH2), 2.47 (d, 

2
J(H,H) = 14.1 Hz, 

1H, CH2), 2.09 (s, 10H, N(CH3)2), 1.85 (s, 3H, C6H4CH2NMe2), 1.35 (s, 5H), 1.22 (s, 3H, 

NCH3, o-C6H4CH2NMe2); 
13

C{
1
H} NMR (100 MHz, C6D6): δ = 181.3 (d, 

1
J(C,Y) = 52.4 

Hz), 163.9, 162.2, 148.7, 140.7, 140.4, 140.0, 139.5, 139.4, 139.2, 138.3, 136.9, 136.8, 

136.5, 136.1, 135.8, 135.6, 135.2, 129.8, 129.6, 129.5, 129.4, 129.3, 129.1, 128.9, 128.8, 

128.63, 128.59, 128.54, 128.48, 128.3, 128.2, 128.1, 127.8, 127.5, 127.4, 127.3, 127.0, 

126.19, 126.15, 126.07, 125.6, 124.84, 124.82, 124.6, 122.6, 122.5, 118.0, 116.5 (aryl), 

67.4 (CH2), 64.5 (C6H4CH2NMe2), 58.4 (PhCH2NMe2), 45.8 (N(CH3)2), 45.3 (N(CH3)2), 

44.5 (N(CH3)2), 40.6 (N(CH3)2), 24.0 (SiCH2). 

 

(R)-[Y{BINOL-SiPh2(o-biphenyl)}(o-C6H4CH2NMe2)(Me2NCH2Ph)] ((R)-24f-

Y). To a mixture of (R)-78f (30.5 mg, 0.032 mmol) and [Y(o-C6H4CH2NMe2)3] (15.7 mg, 

0.032 mmol) was added C6D6 (0.50 mL). The mixture was kept at room temperature for 

                                                 

*
 The synthesis was performed by Stephan Audörsch in the Hultzsch group. 
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0.5 h. 
1
H and 

13
C NMR spectra showed clean formation of (R)-78f-Y, which was used 

directly for catalytic experiments. 
1
H NMR (400 MHz, C6D6, 7 °C): δ =  8.36 (s, 1H), 

8.35 (s, 1H), 8.26 (d, 
3
J(H,H) = 7.0 Hz, 1H), 8.14 (d, 

3
J(H,H) = 7.4 Hz, 2H), 7.94 (m, 

2H), 7.82 (d, 
3
J(H,H) = 7.4 Hz, 2H), 7.77–7.73 (m, 3H), 7.59 (d, 

3
J(H,H) = 6.3 Hz, 1H), 

7.52 (d, 
3
J(H,H) = 7.8 Hz, 1H), 7.47 (d, 

3
J(H,H) = 7.8 Hz, 1H),7.46–6.75 (m, 42H, Aryl-

H), 3.01 (s, 2H), 2.93 (d, 
2
J(H,H) = 14.1 Hz, 1H, o-C6H4CH2NMe2), 2.62 (d, 

2
J(H,H) = 

14.1 Hz, 1H, o-C6H4CH2NMe2), 1.59 (s, 3H, o-C6H4CH2NMe2), 1.17 (br s, 6H, 

PhCH2NMe2), 1.14 (s, 3H, o-C6H4CH2NMe2); 
13

C{
1
H} NMR (100 MHz, C6D6, 7 °C): δ = 

181.9 (d, 
1
J (Y,C) = 52.3 Hz), 163.3, 162.4, 150.4, 150.3, 148.7, 144.7, 144.4, 141.6, 

141.1, 140.0, 139.3, 139.2, 138.7, 137.5, 137.3, 137.04, 136.99, 136.8, 136.7, 136.6, 

136.24, 136.20, 136.16, 134.8, 134.0, 131.9, 131.8, 130.9, 130.1, 129.8, 129.1, 128.5, 

127.5, 127.2, 126.8, 126.7, 125.9, 125.6, 122.3, 117.4, 116.6 (aryl), 67.5 (o-

C6H4CH2NMe2), 57.8 (C6H5CH2NMe2), 45.7 (N(CH3)2), 44.8 (N(CH3)2), 40.5 

(C6H5CH2NMe2), 40.1 (C6H5CH2NMe2). 

 

(R)-[Y{BINOL-SiPh2C6H4OMe}(o-C6H4CH2NMe2)(Me2NCH2Ph)] ((R)-24g-

Y). To a mixture of (R)-78g (33.0 mg, 0.039 mmol) and [Y(o-C6H4CH2NMe2)3] (19.3 

mg, 0.039 mmol) was added toluene-d8 (0.55 mL). The mixture was kept at room 

temperature for 0.5 h. 
1
H and 

13
C NMR spectra showed clean formation of (R)-24g-Y, 

which was used directly for catalytic experiments. 
1
H NMR (400 MHz, toluene-d8, 0 °C): 

δ = 8.44 (s, 1H), 8.40 (s, 1H), 8.00–7.89 (m, 8H), 7.82 (d, 
3
J(H,H) = 8.1 Hz, 2H), 7.54–

7.49 (m, 2H), 7.41 (d, 
3
J(H,H) = 7.8 Hz, 2H), 7.26–6.85 (m, 36H), 6.67 (d, 

3
J(H,H) = 7.8 

Hz, 2H), 6.61–6.55 (m, 6H, aryl-H), 3.16 (m, 10H), 3.08 (d, 
2
J(H,H) = 13.3 Hz, 1H, o-
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C6H4CH2NMe2), 2.43 (d, 
2
J(H,H) = 13.3 Hz, 1H, o-C6H4CH2NMe2), 1.47 (s, 3H, o-

C6H4CH2NMe2), 1.31 (s, 3H, PhCH2NMe2),1.25 (s, 3H, PhCH2NMe2), 1.17 (s, 3H, o-

C6H4CH2NMe2); 
13

C{
1
H} NMR (100 MHz, toluene-d8, 0 °C): δ = 182.0 (d, 

1
J (Y,C) = 

53.0 Hz), 163.0, 162.7, 161.0,160.9, 148.5, 141.5, 139.9, 139.4, 139.3, 138.6, 138.6, 

138.43, 138.36, 137.2, 137.0, 136.89, 136.85, 136.77, 136.50, 136.46, 136.4, 136.2, 

131.9, 131.8, 116.5, 114.2, 114.1, 114.0, 113.9 (aryl), 68.0 (o-C6H4CH2NMe2), 58.0 

(C6H5CH2NMe2), 54.3, 46.5 (N(CH3)2), 44.1 (N(CH3)2), 40.4 (C6H5CH2NMe2), 40.3 

(C6H5CH2NMe2). 

 

General Procedure for the NMR-Scale Preparation of compounds 80j-Y and 

80a-La. To a mixture of diol proligand 78 (0.05 mmol) and the rare earth metal trisamide 

precursor 79 (0.05 mmol) was added C6D6 (490 mg, 500 L). The mixture was shaken 

vigorously and then heated to 60 °C until no further changes were detected. 

Approximately 85–90% conversion to the diolate complexes 80-Ln was confirmed by 
1
H 

NMR spectroscopy. The solution was then subjected to a freeze-drying procedure in 

order to remove HN(SiHMe2)2, and the residue was re-dissolved in C6D6. Aliquots of the 

resulting complex solution were used directly for the catalytic experiments. 

 

(R)-[La{BINOL-SiPh3}(N(SiHMe2)2)] ((R)-80a-La). To a mixture of (R)-78a 

(19.5 mg, 0.024 mmol) and [La{N(SiHMe2)2}3] (13.0 mg, 0.024 mmol) was added C6D6 

(0.55 mL). The mixture was kept at 60 °C for 4 h. 
1
H and 

13
C NMR spectra showed 95% 

conversion to (R)-80a-La, which was used directly for catalytic experiments after freeze-

drying and re-dissolving in C6D6. 
1
H NMR (500 MHz, C6D6): δ = 8.14 (s, 2H), 7.82 (d, 
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3
J(H,H) = 6.6 Hz, 12H), 7.58–7.52 (m, 4H), 7.12–6.92 (m, 22H, aryl-H), 3.79 (sept, 

3
J(H,H) = 2.9 Hz, 2H, SiH), −0.09 (d, 

3
J(H,H) = 2.9 Hz, 6H, CH3SiH), −0.29 (d, 

3
J(H,H) 

= 2.9 Hz, 6H, CH3SiH); 
13

C{
1
H} NMR (125 MHz, C6D6): δ = 165.7 (CO), 139.4, 138.4, 

137.1, 129.7, 129.1, 128.9, 128.7, 128.3, 127.9, 126.8, 126.2, 121.7 (aryl), 2.0 (SiCH3), 

1.9 (SiCH3).  

 

(R)-[Y{BINOL-SiPh2Me}(N(SiHMe2)2)(THF)2] ((R)-80j-Y). To a mixture of 

(R)-78j (25.9 mg, 0.038 mmol) and [Y(N(SiHMe2)2}3(THF)2]  (24.0 mg, 0.038 mmol) 

was added C6D6 (0.55 mL). The mixture was kept at 60 °C for 4 h. The 
1
H NMR 

spectrum showed 80% conversion to (R)-80j-Y, which was used directly for catalytic 

experiments after freeze-drying and re-dissolving in C6D6. 
1
H NMR (300 MHz, C6D6): 

7.99 (s, 2H), 7.85–7.82 (m, 6H), 7.40–6.88 (m, 20H, aryl-H), 4.92 (sept, 
3
J(H,H) = 2.9 

Hz, 2H, SiH), 3.37 (br m, 4H, THF), 3.18 (br m, 4H, THF), 1.27 (s, 6H, 2CH3SiPh2), 

0.88 (br m, 8H THF), 0.28 (d, 
3
J(H,H) = 2.7 Hz, 6H, CH3SiH), 0.14 (d, 

3
J(H,H) = 2.7 Hz, 

6H, CH3SiH). 

 

General procedure for intermolecular hydroamination reactions. In the 

glovebox, a screw cap NMR tube was charged with an appropriate amine (0.2 mmol), 

alkene (3 mmol) and a solution of catalyst (0.1 M in C6D6 or toluene-d8, 0.1 mL, 10.0 

μmol, 5 mol%). The tube was then sealed, removed from the glovebox and placed into 

the thermostated oil bath. Flame-sealed NMR tubes were used for more volatile 

substrates, such as 1-hexene or 1-pentene. The progress of the reaction was monitored by 
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1
H NMR spectroscopy. After completion of the reaction, the mixture was concentrated in 

vacuo and purified by column chromatography on a 3 cm height pad of silica or alumina. 

 

Determination of enantiomeric excess through diastereomeric salt formation 

(Method A). 

The isolated hydroamination product (25 μmol) and (R)-O-acetylmandelic acid 

(5.8 mg, 30 μmol) were dissolved in CDCl3 or CD3CN (0.6 mL). The solution was 

allowed to stay 30 minutes at room temperature, and then the 
1
H NMR spectrum was 

recorded. Integration of CH3CHNH signals of the diastereomeric salts afforded the 

enantiomeric excess value for the hydroamination product. 

 

Determination of enantiomeric excess via debenzylation/Mosher amide 

formation sequence (Method B). 

Theisolated N-benzyl hydroamination product (0.03 mmol) was dissolved in 

absolute ethanol (2 mL). Ammonium formate (32 mg, 0.5 mmol) and 10% palladium on 

charcoal (11 mg, 0.01 mmol) were added, and the mixture was stirred under reflux for 30 

min. The precipitate was filtered off, and the filtrate was treated with 1M HCl (2 mL). 

The volatiles were removed in vacuo, the residue was dissolved in water (5 mL) and then 

water was removed under reduced pressure. The residue was then dissolved in CDCl3 or 

C6D6 (0.6 mL) and filtered through a short pad of celite into the NMR tube containing 

Mosher chloride (10 mg, 0.04 mmol) and DIPEA (26 mg, 0.2 mmol). A 
19

F NMR 

spectrum was then taken to determine the enantiomeric excess. The absolute 

configuration of heptan-2-amine was determined using literature data.
11

 The enantiomeric 

excess for N-benzyl-4-phenylbutan-2-amine determined using method B was identical to 

that obtained via methods A and C. 
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Determination of enantiomeric excess via chiral HPLC (Method C). 

N-benzoylation of isolated hydroamination product. The hydroamination 

product (0.1 mmol) was dissolved in CH2Cl2 (1 mL) and then DIPEA (26 mg, 0.2 mmol) 

and benzoyl chloride (21 mg, 0.15 mmol) were added. The mixture was stirred at room 

temperature for 3 h. Volatiles were removed in vacuo and the residue was partitioned 

between Et2O (2 mL) and 2M NaOH (2 mL). The resulting emulsion was stirred for 2 h 

and then the organic layer was separated, washed with brine (1 mL), dried (Na2SO4), and 

concentrated. The residue was purified by flash chromatography on silica (CH2Cl2), if 

necessary, or was directly subjected to a chiral HPLC analysis. 

 

N-(1-Methylhexyl)benzamide. Prepared from 77. Colorless oil. 
1
H NMR (400 

MHz, CDCl3, 65 °C): = 7.52–7.16 (m, 10H, aryl-H), 4.87 (d, 
2
J(H,H) = 15.2 Hz, 1H, 

CHN), 4.45 (d, 
2
J(H,H) = 15.2 Hz, 1H, CHN), 3.94 (br s, 1H, CHN), 1.56 (br s, 1H), 

1.31–1.05 (br s, 10H), 0.82 (m, 4H); 
13

CNMR could not be acquired as signals are very 

broad and obscure due to rotamer interconversion at 25–80 °C. HPLC (AS-H, hexane/2-

propanol 90:10, 1 mL/min): tR 23.3 min (R-isomer), 22.3 min (S-isomer). 

 

N-(1-Methyl-3-phenylpropyl)benzamide. Prepared from 85. Colorless oil. 
1
H 

NMR (400 MHz, CDCl3, 65 °C): = 8.10 (d, 
3
J(H,H) = 7.8 Hz, 1H), 7.60–6.96 (m, 14H, 

aryl-H), 4.71 (br s, 1H, CHN), 4.58 (d, 
2
J(H,H) = 14.5 Hz, 1H, CHN), 2.49 (br s, 2H), 

1.99 (br s, 1H), 1.17 (br s, 1H), 1.19 (d, 
3
J(H,H)= 6.3 Hz, 3H, CH3); 

13
CNMR could not 

be acquired as signals are very broad and obscure due to rotamer interconversion at 25–80 
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°C. HPLC (AS-H, hexane/2-propanol 90:10, 1 mL/min): tR 25.5 min (R-isomer), 45.5 min 

(S-isomer). 

 

(R)-N-Benzylheptan-2-amine (77).
31

 Prepared from 1-heptene and benzylamine 

according to Table III-2, entry 1. Purified by column chromatography on alumina 

(hexanes/EtOAc 100:0.6). Yield 24.8 mg, 65%; colorless oil, 58% ee. 
1
H NMR (400 

MHz, CDCl3,): δ = 7.33–7.30 (m, 4H) 7.25–7.21 (m, 1H, aryl-H), 3.82 (d, 
2
J(H,H) = 13.0 

Hz, 1H, PhCH2NH), 3.73 (d, 
2
J(H,H) = 13.0 Hz, 1H, PhCH2NH), 2.68 (sext, 

3
J(H,H) = 

6.2 Hz, 1H, CHNH), 1.50–1.41 (m, 1H, CH2) 1.34–1.23 (m, 8H, CH2 and NH), 1.07 (d, 

3
J(H,H) = 6.2 Hz, 3H, CH3CHNH), 0.89 (t, 

3
J(H,H) = 6.9Hz, 3H, CH3CH2); 

13
C{

1
H} 

NMR (100 MHz, CDCl3): δ = 140.9 (Cipso), 128.4, 128.1, 126.8 (aryl), 52.5 

(CH(CH3)NH), 51.4 (CH2NH), 37.1 (CH2), 32.1 (CH2), 25.7 (CH2), 22.7 (CH2), 20.3 

(CH3CHNH), 14.1 (CH3CH2). 
19

F NMR of Mosher amide of heptan-2-amine (470 MHz, 

C6D6, 60 °C): δ = –69.35 (S-isomer, minor), –69.42 (R-isomer, major). 

 

(R)-N-Benzylpentan-2-amine (81).
32

 Prepared from 1-pentene and benzylamine 

according to Table III-4, entry 1. Purified by column chromatography on alumina 

(pentane/EtOAc 100:0.6).Yield 22.8 mg, 70%; colorless oil, 61% ee. 
1
H NMR (500 

MHz, CDCl3,): δ = 7.36–7.30 (m, 4H), 7.25–7.21 (m, 1H, aryl-H), 3.82 (d, 
2
J(H,H) = 

13.0 Hz, 1H, PhCH2NH), 3.73 (d, 
2
J(H,H) = 13.0 Hz, 1H, PhCH2NH), 2.69 (sext, 

3
J(H,H) = 6.3 Hz, 1H, CHNH), 1.51–1.43 (m, 2H, CH2 and NH), 1.37–1.28 (m, 3H, 

CH2), 1.07 (d, 
3
J(H,H) = 6.1 Hz; 3H, CH3CHNH), 0.89 (t, 

3
J(H,H) = 6.9Hz; 3H, 

CH3CH2); 
13

C{
1
H} NMR (125 MHz, CDCl3): δ = 140.9 (Cipso), 128.4, 128.1, 126.8 

(aryl), 52.3 (CH(CH3)NH), 51.4 (CH2NH), 39.4 (CH2), 20.3 (CH2), 19.2 (CH3CHNH) 
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14.3 (CH3CH2). 
19

F NMR of Mosher amide of pentan-2-amine (470 MHz, CDCl3, 60 

°C): δ = –69.43 (S-isomer, minor), –69.53 (R-isomer, major). 

 

(S)-N-Benzylhexan-2-amine (82).
33

 Prepared from 1-hexene and benzylamine 

according to Table III-4, entry 2. Purified by column chromatography on alumina 

(pentane/EtOAc 100:0.6). Yield 19.2 mg, 54%; colorless oil, 61% ee. 
1
H NMR (500 

MHz, CDCl3,): δ = 7.32–7.30 (m, 4H) 7.25–7.21 (m, 1H, aryl-H), 3.82 (d, 
2
J(H,H) = 13.0 

Hz, 1H, PhCH2NH), 3.73 (d, 
2
J(H,H) = 13.0 Hz, 1H, PhCH2NH), 2.68 (sext, 

3
J(H,H) = 

6.3 Hz, 1H, CHNH), 1.65–1.46 (m, 2H, CH2 and NH), 1.36–1.26 (m, 5H, CH2), 1.08 (d, 

3
J(H,H) = 6.4 Hz, 3H, CH3CHNH), 0.89 (t, 

3
J(H,H) = 6.9 Hz, 3H, CH3CH2); 

13
C{

1
H} 

NMR (125 MHz, CDCl3): δ = 140.6 (Cipso), 128.4, 128.2, 126.9 (aryl), 52.5 

(CH(CH3)NH), 51.3 (CH2NH), 36.7 (CH2), 28.2 (CH2), 22.9 (CH2), 20.2 (CH3CHNH), 

14.1 (CH3CH2). 
19

F NMR of Mosher amide of hexan-2-amine (470 MHz, CDCl3, 65 °C): 

δ = –69.39 (S-isomer, major), –69.47 (R-isomer, minor). 

 

(R)-N-Benzyloctan-2-amine (83).
34

 Prepared from 1-hexene and benzylamine 

according to Table III-4, entry 3. Purified by column chromatography on alumina 

(hexanes/EtOAc 100:0.4). Yield 29.5 mg, 72%; colorless oil, 57% ee. 
1
H NMR (500 

MHz, CDCl3,): δ = 7.33–7.30 (m, 4H), 7.25–7.21 (m, 1H, aryl-H), 3.82 (d, 
2
J(H,H) = 

13.0 Hz, 1H, PhCH2NH), 3.73 (d, 
2
J(H,H) = 13.0 Hz, 1H, PhCH2NH), 2.68 (sext, 

3
J(H,H) = 6.3 Hz, 1H, CHNH), 1.50–1.46 (m, 2H, CH2 and NH), 1.33–1.25 (m, 9H, 

CH2), 1.07 (d, 
3
J(H,H) = 6.4Hz, 3H, CH3CHNH), 0.87 (t, 

3
J(H,H) = 6.8Hz, 3H, 

CH3CH2); 
13

C{
1
H} NMR (125 MHz, CDCl3): δ = 140.9 (Cipso), 128.4, 128.1, 126.8 

(aryl), 52.5 (CH(CH3)NH), 51.4 (CH2NH), 37.1 (CH2), 31.9 (CH2), 29.5 (CH2), 26.0 
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(CH2), 22.6 (CH2), 20.3 (CH3CHNH) 14.1 (CH3CH2). 
19

F NMR of Mosher amide of 

octan-2-amine (470 MHz, C6D6, 60 °C): δ = –69.25 (S-isomer, minor), –69.32 (R-isomer, 

major). 

 

(S)-N-Benzyl-1-cyclopentylpropan-2-amine (84).
35

 Prepared from 

allylcyclopentane and benzylamine according to Table III-4, entry 4. Purified by column 

chromatography on alumina (hexanes/EtOAc 100:0.6). Yield 24.0 mg, 59%; colorless oil, 

51% ee. 
1
H NMR (400 MHz, CDCl3,): δ = 7.34–7.29 (m, 4H), 7.26–7.21 (m, 1H, aryl-H), 

3.83 (d, 
2
J(H,H) = 12.9 Hz, 1H, PhCH2NH), 3.72 (d, 

2
J(H,H) = 12.9 Hz, 1H, PhCH2NH), 

2.69 (sext, 
3
J(H,H) = 6.4 Hz, 1H, CHNH), 1.88–1.78 (m, 1H), 1.77–1.67 (m, 2H), 1.63–

1.54 (m, 2H), 1.53–1.43 (m, 4H), 1.36–1.25 (m, 1H), 1.20 (br s, 1H, NH), 1.08 (d, 

3
J(H,H) = 6.3 Hz, 3H, CH3CHNH), 1.06–1.00 (m, 1H); 

13
C{

1
H} NMR (100 MHz, 

CDCl3): δ = 140.9 (Cipso), 128.4, 128.1, 126.8 (aryl), 51.8 (CH(CH3)NH), 51.4 (CH2NH), 

43.9 (CH2), 37.1 (CH), 33.1 (CH2), 32.8 (CH2), 25.1 (CH2), 25.0 (CH2), 20.7 (CH3). 
19

F 

NMR of Mosher amide of 1-cyclopentylpropan-2-amine (470 MHz, C6D6, 60 °C): δ = –

69.25 (S-isomer, major), –69.30 (R-isomer, minor). 

 

(S)-N-Benzyl-4-phenylbutan-2-amine (85).
31

 Prepared from 4-phenyl-1-butene 

and benzylamine according to Table III-4, entry 5. Purified by column chromatography 

on silica (CH2Cl2/7 M NH3 in MeOH 100:1). Yield 32.4 mg, 72%; colorless oil, 56% ee. 

1
H NMR (500 MHz, CDCl3,): δ = 7.34–7.22 (m, 7H), 7.19–7.16 (m, 3H, aryl-H), 3.82 (d, 

2
J(H,H) = 13.0 Hz, 1H, PhCH2NH), 3.73 (d, 

2
J(H,H) = 12.9 Hz, 1H, PhCH2NH), 2.69 

(sext, 
3
J(H,H) = 6.3 Hz, 1H, CHNH), 2.70–2.61 (m, 2H), 1.85–1.78 (m, 1H), 1.71–1.64 

(m, 1H), 1.49 (br s, 1H, NH), 1.14 (d, 
3
J(H,H) = 6.4 Hz, 3H, CH3CHNH); 

13
C{

1
H} NMR 
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(125 MHz, CDCl3): δ = 142.5 (Cipso), 140.8 (Cipso), 128.35, 128.32, 128.30. 128.1, 126.8, 

125.7 (aryl) 52.0 (CH(CH3)NH), 51.3 (CH2NH), 38.7 (CH2), 32.3 (CH2), 20.4 (CH3).  

 

(R)-N-(2-Methylbenzyl)heptan-2-amine (86). Prepared from 1-heptene and o-

methylbenzylamine according to Table III-4, entry 7. Purified by column 

chromatography on alumina (hexanes/EtOAc 100:0.6). Yield 25.6 mg, 63%; colorless oil, 

45% ee. 
1
H NMR (400 MHz, CDCl3): δ = 7.30–7.27 (m, 1H), 7.20–7.05 (m, 3H, aryl-H), 

3.79 (d, 
2
J(H,H) = 12.9 Hz, 1H, ArCH2NH), 3.70 (d, 

2
J(H,H) = 12.9 Hz, 1H, ArCH2NH), 

2.69 (sext, 
3
J(H,H) = 6.7 Hz, 1H, CHNH), 2.35 (s, 3H, CH3C6H4), 1.51–1.41 (m, 1H; 

CH2) 1.34–1.23 (m, 8H, CH2 and NH), 1.10 (d, 
3
J(H,H) = 6.3 Hz, 3H, CH3CHNH), 0.88 

(t, 
3
J(H,H) = 6.6 Hz, 3H, CH3CH2); 

13
C{

1
H} NMR (100 MHz, CDCl3): δ = 138.8, 136.2 

(Cipso), 130.2, 128.5, 126.9, 125.9 (aryl), 53.2 (CH(CH3)NH), 49.2 (CH2NH), 37.1 (CH2), 

32.1 (CH2), 25.7 (CH2), 22.7 (CH2), 20.4 (CH3CHNH), 18.9 (CH3C6H3), 14.1 (CH3CH2). 

19
F NMR of Mosher amide of heptan-2-amine (470 MHz, C6D6, 60 °C): δ = –69.35 (S-

isomer, minor), –69.42 (R-isomer, major). 

 

(S)-N-(Heptan-2-yl)cyclopentanamine (87). Prepared from 1-heptene and 

cyclopentanamine according to Table III-4, entry 8. Purified by column chromatography 

on alumina (hexanes/EtOAc 100:0.4). Yield 22.3 mg, 61%; colorless oil, 61% ee. 
1
H 

NMR (500 MHz, CDCl3): δ = 3.14 (quint, 
3
J(H,H) = 7.1 Hz, 1H, (CH2)4CHNH), 2.64 

(sext, 
3
J(H,H) = 6.2 Hz, 1H, CHNH), 1.90–1.80 (m, 2H), 1.68–1.62 (m, 2H), 1.55–1.47 

(m, 2H), 1.43–1.37 (m, 1H), 1.32–1.20 (m, 10H), 1.01 (d, 
3
J(H,H) = 6.3 Hz, 3H, 

CH3CHNH), 0.89 (t, 
3
J(H,H) = 7.0 Hz, 3H, CH3CH2); 

13
C{

1
H} NMR (125 MHz, CDCl3): 

δ = 57.0 ((CH2)4CHN), 51.4 (CH(CH3)NH), 37.5 (CH2), 33.9 (CH2), 33.4 (CH2), 32.1 
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(CH2), 25.8 (CH2), 23.86 (CH2), 23.85 (CH2), 22.9 (CH2), 20.8 (CH3CHNH), 14.1 

(CH3CH2); MS (ESI): m/z 184 [M + H]
+
.  

 

(S)-N-(4-Phenylbutan-2-yl)cyclopentanamine (88). Prepared from 4-phenyl-1-

butene and cyclopentanamine according to Table III-4, entry 9. Purified by column 

chromatography on silica (CH2Cl2/7 M NH3 in MeOH 100:1). Yield 29.5 mg, 68%; 

colorless oil, 54% ee. 
1
H NMR (400 MHz, CDCl3): δ = 7.29–7.25 (m, 3H), 7.19–7.15 (m, 

2H, aryl-H), 3.15 (quint, 
3
J(H,H) = 7.0 Hz, 1H, (CH2)4CHNH)), 2.71 (sext, 

3
J(H,H) = 6.3 

Hz, 1H, CHNH), 2.67–2.58 (m, 2H), 1.88–1.72 (m, 3H), 1.70–1.61 (m, 3H), 1.56–1.45 

(m, 2H), 1.28–1.18 (m, 3H), 1.09 (d, 
3
J(H,H) = 6.3 Hz, 3H, CH3CHNH); 

13
C{

1
H} NMR 

(100 MHz, CDCl3): δ = 142.5 (Cipso), 129.31, 129.29, 128.31, 125.7 (aryl), 56.9 

((CH2)4CHNH), 51.0 (CH(CH3)NH), 39.0 (CH2), 33.9 (CH2), 33.4 (CH2), 32.4 (CH2), 

23.86 (CH2), 23.84 (CH2), 20.8 (CH3); MS (ESI): m/z 218 [M + H]
+
.  

 

(S)-N-(p-Methoxybenzyl)-4-phenylbutan-2-amine (89).
36

 Prepared from 4-

phenyl-1-butene and p-methoxy benzylamine according to Table III-4, entry 10. Purified 

by column chromatography on silica (CH2Cl2/7 M NH3 in MeOH 100:1). Yield 36.0 mg, 

67%; colorless oil, 56% ee. 
1
H NMR (400 MHz, CDCl3): δ = 7.29–7.15 (m, 7H), 6.85 (d, 

3
J(H,H) = 8.6 Hz, 2H, aryl-H), 3.79 (s, 3H, CH3O), 3.76 (d, 

2
J(H,H) = 12.5 Hz, 1H, 

ArCH2NH), 3.66 (d, 
2
J(H,H) = 12.5 Hz, 1H, ArCH2NH), 2.72 (sext, 

3
J(H,H) = 6.3 Hz, 

1H, CHNH), 2.68–2.59 (m, 2H), 1.84–1.76 (m, 1H), 1.70–1.61 (m, 1H), 1.43 (br s, 1H, 

NH), 1.13 (d, 
3
J(H,H) = 6.3 Hz, 3H, CH3CHNH); 

13
C{

1
H} NMR (100 MHz, CDCl3): δ = 

158.5 (CH3OC), 142.5 (Cquart), 132.9 (Cquart), 129.3, 128.33, 128.31, 125.7, 113.8 (aryl), 

55.3 (CH3O), 51.9 (CH(CH3)NH), 50.7 (CH2NH), 38.7 (CH2), 32.3 (CH2), 20.4 (CH3). 
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19
F NMR of Mosher amide of 4-phenylbutan-2-amine (470 MHz, C6D6, 60 °C): δ =  

–69.22 (S-isomer, major), –69.35 (R-isomer, minor). 

 

(S)-N-((R)-1-Phenylethyl)heptan-2-amine (91).
37

 Prepared from 1-heptene (294 

mg, 3.0 mmol) and (R)-1-phenylethanamine 90 (24.2 mg, 0.20 mmol) using (S)-24a-Y 

according to Scheme III-5. Purified by column chromatography on alumina 

(Hexanes/EtOAc 100:0.6).Yield 21.8 mg, 50%; colorless oil, 73% de. 
1
H NMR (500 

MHz, CDCl3,) signals of major (S,R) isomer: δ = 7.34–7.30 (m, 4H) 7.25–7.22 (m, 1H, 

aryl-H), 3.91 (q, 
3
J(H,H) = 6.6 Hz, 1H, PhCH(CH3)NH), 2.39 (sext, 

3
J(H,H) = 6.1 Hz, 

1H, CHNH) 1.35 (d, 
3
J(H,H) = 6.6 Hz, 3H, PhCH(CH3)NH), 1.35–1.15 (m, 9H, CH2 and 

NH), 1.01 (d, 
3
J(H,H) = 6.1 Hz; 3H, CH3CHNH), 0.86 (t, 

3
J(H,H) = 7.1Hz, 3H, 

CH3CH2); signals of minor (R,R) isomer: δ = 2.54–2.49 (m, 1H, CHNH), 0.96 (d, 
3
J(H,H) 

= 6.4 Hz, 3H, CH3CHNH), 0.89 (t, 
3
J(H,H) = 6.8 Hz, 3H, CH3CH2), other signals are 

overlapping with the signals of the major isomer; 
13

C{
1
H} NMR (125MHz, CDCl3) 

signals of major isomer: δ = 146.0 (Cipso), 128.3, 126.7, 126.5 (aryl), 54.8 

(PhCH(CH3)NH), 49.6 (CHNH), 38.1 (CH2), 31.9 (CH2), 25.7 (CH2), 25.1 (CH3), 22.6 

(CH2), 20.0 (PhCH(CH3)NH), 14.0 (CH3CH2). 
19

F NMR of Mosher amide of heptan-2-

amine (470 MHz, C6D6, 60 °C): δ –69.35 (S-isomer, major), –69.42 (R-isomer, minor). 

 

N-Benzyl-2,5-dimethylpyrrolidine (93).
38

 Prepared from 1,5-hexadiene (246 

mg, 3.0 mmol) and benzylamine (21.4 mg, 0.20 mmol) according to Scheme III-6. 

Purified by column chromatography on alumina (hexanes). Colorless oil, yield 32.8 mg, 

87%; mixture of cis:trans isomers 5:1. 
1
H NMR (400 MHz, CDCl3) signals of the  

cis-isomer: δ = 7.41–7.19 (m, 5H, aryl-H), 3.74 (s, 2H, C6H5CH2), 2.59 (m, 2H), 1.77 (m, 
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2H), 1.35 (m, 2H), 1.05 (d, 
3
J(H,H) = 6.3 Hz, 6H, 2 CH3); signals of the trans-isomer: δ = 

3.83 (d, 
2
J(H,H) = 13.7 Hz, 1H, PhCH2NH), 3.51 (d, 

2
J(H,H) = 13.7 Hz, 1H, PhCH2NH), 

3.00 (m, 2H), 0.97 (d, 
3
J(H,H) = 6.2 Hz, 6H, 2 CH3), other signals are overlapped with 

the signals of cis-isomer; 
13

C{
1
H} NMR (100 MHz, CDCl3) signals of cis-isomer: δ = 

139.3, (Cipso), 129.3, 127.9, 126.6 (aryl), 59.5 (CH(CH3)NH), 55.1 (CH2NH), 31.3 (CH2), 

20.6 (CH2). 

 

(R)-Octan-2-amine hydrochloride (94).
39

 (R)-N-benzyloctan-2-amine 83 (19.0 

mg, 87 µmol) was dissolved in ethanol (2 mL), and ammonium formate (64 mg, 1.0 

mmol) and 10% palladium on charcoal (22 mg, 20 µmol) were added, and the mixture 

was stirred under reflux for 30 min. The precipitate was filtered off, and the filtrate was 

treated with 1M HCl (2 mL). The volatiles were removed in vacuo, the residue was 

dissolved in water (5 mL) and then water was removed under reduced pressure. The 

residue was then treated with CHCl3 (5 mL), the precipitate was filtered off and the 

filtrate was concentrated in vacuo to yield 12.0 mg (73 µmol, 84% yield) of the target 

compound as an off-white waxy solid. 
1
H NMR (400 MHz, CDCl3): δ = 8.31 (br s, 3H, 

NH3), 3.30 (m, 1H, CHNH), 1.84–1.74 (m, 1H, CH2), 1.65–1.55 (m, 1H, CH2), 1.45–1.20 

(m, 11H, CH3CHNH and CH2), 0.86 (t, 
3
J(H,H) = 6.3Hz, 3H, CH3CH2); 

13
C{

1
H} NMR 

(100 MHz, CDCl3): δ = 48.5 (CH(CH3)NH), 34.9 (CH2), 31.5 (CH2), 28.8 (CH2), 25.5 

(CH2), 22.5 (CH2), 18.7 (CH3CHNH), 14.0 (CH3CH2). 
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IV  Chapter 4. Asymmetric Hydroamination of Alkenes Catalyzed by 

C1-Symmetric Rare Earth Metal and Zirconium Diolates 

IV.1 Introduction 

In context of development of efficient synthetic protocols
1,2

 towards various 

amines, the hydroamination reaction, which is arguably one the simplest approaches, has 

found significant attention.
3,4

 An area of particular interest has been the generation of 

new stereogenic centers during the C−N bond forming process, but the development of 

chiral catalysts for the asymmetric hydroamination of alkenes (AHA) has remained 

mostly challenging (see also Chapter 1).
5-7

 

Organo rare earth metal complexes were already shown to excel in a plethora of 

catalytic transformations
8
 and the hydroamination of alkenes is possibly the most exciting 

application of organo rare earth metal complexes (see section I.2.1). Thus, rare earth 

metal binaphtholate complexes 24-Ln (Figure IV-1) are the most active and among the 

most stereoselective catalysts for aminoalkene hydroamination/cyclization
9,10

 and kinetic 

resolution of racemic aminoalkenes
9,11

 (see also Chapter 2). Furthermore, complexes 24-

Ln are the only catalysts to date which are able to perform stereocontrolled 

intermolecular hydroamination of unactivated alkenes with simple amines
12

 (see also 

Chapter 3). Although the latter transformation catalyzed by 24-Ln shows the general 

feasibility of the approach itself, it still requires rather forcing reaction conditions and 

suffers from moderate selectivity and a need to employ a large excess of alkene (see 

Chapter 3). It may be envisioned that at least some of these drawbacks result from the 

high Lewis acidity of the electron-deficient binaphtholate complex 24-Ln that leads to a 
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stronger binding of exogenous amine molecules to the metal center and results in 

diminished catalytic activity
13

 (see also Chapter 3).  

 

Figure IV-1. Rare earth metal catalysts (R)-24-Ln and (R)-21. 

 

We have demonstrated in Chapter 3 that the undesired amine binding can be 

reduced by elevation of the reaction temperature as well as by controlling the steric 

features of the ligand backbone. In fact, an interplay of these two factors resulted in the 

high catalytic activity of a number of complexes from that series. We conceived that the 

formation of an amine-bound “dormant” species can also be reduced by introducing an 

additional L-type donor site to the chiral diolate backbone (Scheme IV-1). 

It should also be noted that employing tridentate diolate ligand systems can also 

potentially lead to better enantioselectivity control. On the other hand, an additional 

donor site introduced in proximity to the metal center reduces its electrophilicity and can 

therefore result in decreased reactivity in alkene insertion reactions. An interplay of these 

two factors, as well as the steric features of the novel diolate ligand can be detrimental in 

both catalytic performance and stereoselectivity and should be carefully considered. For 

example, aminothiophenolate catalyst system (R)-21, featuring tetradentate chiral ligand 
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of the L2X2 type (Figure IV-1) was significantly less reactive, but also in some cases 

more selective than catalyst (R)-24-Y in the hydroamination/cyclization of 

aminopentenes (see section I.2.1).
14

 We proposed that the “intermediate” ligand of the 

LX2 type can still benefit from additional ligand denticity and yet allow the appreciable 

level of the reactivity comparable to that of (R)-24-Y.  

 

Scheme IV-1. Shifting the equilibrium between the “dormant” and active species by 

introducing an electron-donating site to the diolate backbone. 

 

In this chapter we will describe our studies on the synthesis of novel chiral C1-

symmetric rare earth and group 4 metal (amino)diolate complexes and their application in 

asymmetric intra- and intermolecular hydroamination of unactivated alkenes with simple 

amines. 
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IV.2 Results and Discussion 

IV.2.1 Ligand Design and Preparation 

We chose chiral C1-symmetric NOBIN-derived diolate complexes (Figure IV-2) 

as model system for the novel diolate ligand concept shown in Scheme IV-1. 

 

Figure IV-2. Generic NOBIN-derived rare earth metal diolate complex. 

 

The importance of introducing sterically demanding substituents in the ortho-

position of the diolate moiety in order to improve catalytic reactivity in the 

hydroamination catalysis has already been demonstrated for a group of rare earth metal 

diolate complexes.
15

 Thus, the ability to easily tune these substituents can be important to 

adapt the catalyst design successfully. Based on our previous experience with 

tris(alkyl)silyl- and tris(aryl)silyl-substituents which are readily introduced to the ligand 

framework and are available in a variety of degrees of steric bulk
12,16,17

 (see also Chapters 

3 and 6), we chose silyl substituents for the “tunable” sites R
1
 and R

2
 (Figure IV-2). 

The silylated NOBIN 98 was chosen as a key precursor for the diol proligand 

preparation. 98 was synthesized in 3 steps from the O,N-bis-protected NOBIN derivative 

95 according to Scheme IV-2. Multigram-scale preparation of compound 95 starting from 

readily available BINOL in 4 steps is a well-documented literature procedure, which 
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represents one of the most concise roots to chiral NOBIN ligands.
18,19

 Removal of the 

MOM-group from 97a (Scheme IV-2, step iii) required protection of the amino-group 

which was otherwise hampering the acid-catalyzed hydrolysis of the acetal, at least in 

conditions compatible with acid-sensitive silyl groups.
*
 Upon MOM cleavage, the 

trifluoroacetyl group was easily removed with NaBH4 to give the silylated NOBIN 98.  

 

Scheme IV-2. Synthesis of 3-silylated NOBIN derivatives 98a-b. 

 

Reaction conditions: 
i
 1. n-BuLi, Et2O, 0 °C, 5 h. 2. THF, HMPA, RPh2SiCl, −30 to 25 

°C. 
ii
 NH4HCOO, EtOH, reflux. 

iii
 1. (CF3CO)2O, Et3N, DCM. 2. HCl, dioxane, 60 °C.  

3. NaBH4, EtOH, reflux. 

 

With amines 98 in hand, we applied the typical “salen” coupling methodology 

using variously substituted salicylaldehydes 99 (Scheme IV-3). Schiff base formation 

followed by reduction yielded secondary amines of the “salan” type (100). Attempted 

reductive amination of amines 100 with formaldehyde led to an unexpected result, as a 

redox-neutral cyclization to cyclic aminals 101 proceeded cleanly instead of formation of 

                                                 

*
 Non-silylated MOM-protected NOBIN was hydrolyzed by H2SO4 (conc.) in 

refluxing methanol in ref. 17. However, compounds 97 showed loss of silyl groups 

instead of MOM cleavage at these or similar conditions. 
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the anticipated N-methyl derivative 102. The latter, however, were obtained via reduction 

of N,O-acetals 101 with lithium aluminum hydride (Scheme IV-3, step iii). 

 

Scheme IV-3. Preparation of proligands 102a-g. 

 

Reaction conditions: 
i
 1. TsOH, toluene, 90 °C, 24 h. 2. LiAlH4, Et2O, 25 °C, 10 min. 

ii
 

NaBH(AcO)3, CH2O, THF, 25 °C, 10 min. 
iii

 LiAlH4, Et2O, 25 °C, 10 min. 

 

A number of NOBIN-based diol proligands 102, such as 3-triphenylsilyl-

substituted NOBIN derived 102a-e and 3-(diphenylmethylsilyl)-substituted NOBIN 

derived 102f-g were obtained using this methodology. 
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IV.2.2 Complex Synthesis 

Having diol proligands 102a-g prepared, we proceeded with the synthesis of rare 

earth metal diolate complexes using tris(aryl) rare earth metal precursors [Ln(o-

C6H4CH2NMe2)3] (Ln= Y, Lu) (Scheme IV-4). 

 

Scheme IV-4. Preparation of rare earth metal diolates 103-Ln. 

 

The arene elimination proceeded smoothly at room temperature or slightly 

elevated temperature, and complexes 103-Y were obtained for the whole family of 

proligands 102 along with lutetium compounds 103a-e-Lu. It is noteworthy that 

according to the 
1
H and 

13
C NMR spectra of the crude reaction mixtures, compounds 

103-Ln do not contain a coordinated molecule of N,N-dimethylbenzylamine, which is a 

characteristic feature of the binaphtholate complexes 24-Ln.
10

 This observation is 

indicative of diminished Lewis acidity of 103-Ln compared to 24-Ln and may also result 

from increased steric protection of a tridentate ligand framework. Another important 

observation was the steric versatility of the diolate complexes accessed via the route 
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shown in Scheme IV-4. Along with compound 103c-Y, which resembles the parent 

triphenylsilyl binaphtholate complex 24a-Y, compound 103f-Y features a 

methyl(diphenyl)silyl and a tert-butyl substitituents, both of which are too “small” to 

form a corresponding stable binaphtholate precatalyst (see Chapter 3). It may be 

speculated that the broader range of tolerated steric bulk results from the increased ligand 

denticity and bite angle. Complexes 103-Ln were typically prepared in situ and 

catalytically tested without isolation. However, the complexes can also be isolated by 

freeze-drying as powders containing small amount of residual free N,N-

dimethylbenzylamine. Catalysts 103-Ln did not show any noticeable decomposition after 

heating to 150 °C for 1 hour in solution, but the isolated solid catalysts were found to 

decompose above 60 °C. Unfortunately, no X-ray quality crystals were obtained from 

103-Ln despite significant efforts. 

The constantly growing research efforts towards the development of group 4 

metal-based hydroamination catalysts (see Section I.2.4 and Chapter 3) have encouraged 

us to utilize our new ligand set for the synthesis of corresponding zirconium and titanium 

complexes. As expected, amine elimination reaction of proligands 102a-e with 

commercially available precursors M(NMe2)4 (M = Zr, Ti) lead cleanly to the complexes 

104a-e-Zr and 104b-Ti (Scheme IV-5). According to the 
1
H and 

13
C NMR spectra of the 

crude reaction mixtures, compounds 104-M contain a coordinated molecule of 

dimethylamine, however upon freeze-drying the coordinated amine was easily removed 

from 104b-Ti. Catalysts 104-M were prepared in situ and were tested without isolation. 
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Scheme IV-5. Preparation of group 4 metal diolates 104-M. 

 

IV.2.3 Catalytic Intramolecular Hydroamination 

For the initial evaluation of the catalytic activity of compounds 103-Ln we chose 

aminopentene substrate 105 Triphenylsilyl-substituted complexes 103a-e showed high 

turnover frequencies for the cyclization of aminopentene 105 (Table IV-1, entries 1–9). 

The activity is on the same magnitude as that of 24-Ln.
10

 No significant influence of the 

silyl substituent on the phenolate moiety on the catalytic efficiency was observed and the 

catalysts reached turnover frequencies in the range of 100–400 h
−1

. However, the 

sterically less encumbered methyl(diphenylsilyl)-substituted diolates 103f-Y and 103g-Y 

displayed somewhat lower reactivity (Table IV-1, entries 10, 11).  
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Table IV-1. Catalyst evaluation for hydroamination/cyclization of 105. 

 

Entry Catalyst Cat./Sub. 

mol % 

Time, min
a
 TOF, h

-1b
 % ee (config.)

c
 

1 (S)-103a-Y 1 30  200 17 (S) 

2 (S)-103a-Lu 2 30 100 48 (S) 

3 (S)-103b-Y 2 15  230 6 (S) 

4 (S)-103c-Y 2.2 6  400 27 (S) 

5 (S)-103c-Lu 1.4  15  200 92 (S)
d
 

6 (R)-103d-Y 2 20  150 8 (R) 

7 (R)-103d-Lu 1 40 150 4 (R) 

8 (S)-103e-Y 2 15 200 48 (S) 

9 (S)-103e-Lu 2 30  100 77 (S) 

10 (S)-103f-Y 2 60  50 48 (R) 

11 (S)-103g-Y 2 75  40 13 (S) 

a
 Time for >95% conversion. 

b
 Overall turnover frequency. 

c
 Determined by 

19
F NMR of 

the corresponding Mosher amide. 
d
 Determined by chiral HPLC of the corresponding N-

benzamide. 

 

The stereoselectivity of the hydroamination/cyclization has a nonlinear 

dependence of the steric bulk of the substituent on the phenolate moiety of the complex 

(Figure IV-3). A moderate stereoselectivity is observed for the tertiary butyl-substituted 

103a-Y (Table IV-1, entry 1); however, the slightly bulkier Ph2SiMe-substituted 103b-Y 

was less selective while a further increase in steric bulk in complexes 103c-Y and 103e-Y  

resulted in a higher selectivity. The highest enantioselectivity of 92% ee was observed for 

the smaller lutetium metal in complex 103c-Lu (Table IV-1, entry 5). 
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Figure IV-3. Selectivity profiles for the cyclization of aminoalkene 105 catalyzed 

by 103-Y (red bars) and 103-Lu (green bars). 

In order to have a deeper insight into the catalytic properties of novel catalysts, 

we investigated hydroamination/cyclization of a broader range of aminoalkenes, 

catalyzed by (S)-103c-Lu (Table IV-2). 

Hydroamination/cyclization of various aminoalkenes into pyrrolidine, piperidine 

and azepane derivatives was also smoothly catalyzed by 103c-Lu and moderate 

enantiomeric excesses were observed in most cases (Table IV-2). Interestingly, the 

enantioselectivity of 73% ee observed for piperidine 106 is one of the highest values 

reached to date in the hydroamination of aminohexenes (Table IV-2, entry 4). While 

hydroamination/cyclization of activated substrates (105, 4, 18) catalyzed by 103c-Lu was 

only slightly less efficient than that catalyzed by 24-Ln, a significantly more diminished 

reactivity of the former is clearly manifested by the example in entry 1. While 

compounds 24-Ln were able to cyclize the unbiased aminopentene 6 lacking additional 

substituents at room temperature, compound 103c-Lu was reactive only at 80 °C. 
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Table IV-2. Hydroamination/cyclization of various aminoalkenes catalyzed by 103c-Lu. 

 

Entry Substrate Cat./Sub., 

mol % 

T, °C Time, h
a
 TOF, h

–1b
 %ee (Config.) 

1 6 4 80 1.6 15 59 (S) 

2 4 1.4 40 7 13 62 (S) 

3 18 1.4 25 0.6 200 52 (S) 

4 106 2 25 2.7 20 73 

5 108 4 90 51 0.5 27 

     a
 Time to >95% conversion. 

b
 Overall turnover frequency. 

 

Catalysts 103-Ln can also be applied to the kinetic resolution of chiral racemic 

aminoalkenes
10,11

 (see also Chapter 2). Aryl- and alkyl-substituted aminopentenes 45 

were resolved by (S)-103c-Y, albeit with moderate resolution factors (Table IV-3). 

Higher reactivity and better resolution efficiency were previously observed for both 45a 

and 45f with binaphtholate catalysts 24-Ln (see Chapter 2). In line with the reversal of 

enantioselectivity in hydroamination/cyclization compared to 24-Ln, an opposite 

enantiomer (R-) of 45 was obtained in enantioenriched form with catalyst (S)-103c-Y. 

To conclude, novel catalysts 103-Ln displayed slightly diminished performance 

in hydroamination/cyclization of aminoalkenes compared to 24-Ln. As expected, the 
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reaction selectivity depends dramatically on the steric features of the tunable silyl groups 

of the catalyst. Introduction of the additional donor site to the diolate ligand framework 

has led to a noticeable depletion of the catalytic reactivity. However, the cyclization of 

unbiased aminopentene 6 is encouraging that intermolecular hydroamination catalyzed by 

103-Ln is attainable. 

 

Table IV-3. Catalytic kinetic resolution of chiral aminopentenes.  

 

Entry Substrate t, h Conv., % trans:cis % ee of 

recov. 45 

f
 

1 45a 19
 

55  50:1 62 5.9 

2 45f 20 54 9:1 46 3.4 

 

The novel group 4 metal diolates 104-M also displayed some catalytic reactivity 

in the hydroamination/cyclization of aminopentenes. (Table IV-4). In agreement with 

most observations for aminoalkene cyclizations,
3
 titanium complex 104b-Ti displayed 

significantly lower reactivity than its zirconium analog 104b-Zr and failed to cyclize the 

otherwise very active substrate 105 (Table IV-4, entries 1, 2). The catalytic activity 

depends on the steric features of the substituent in the phenolate moiety with the least 

bulky t-butyl group giving highest reactivity for 104a-Zr. Notably, compounds 104b-Zr 

and 104d-Zr yielded the pyrrolidine 16 of the configuration opposite to that produced by 
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the rest of the series (Figure IV-4). Sterically demanding substituents, such as t-BuPh2Si 

or Ph3Si, provide the highest enantioselectivities (up to 67 % ee for 16). Overall, the 

catalytic activity of the novel zirconium complexes lies within the typical range for most 

traditional neutral group 4 catalytic systems (see Section I.2.4 and Chapter 5) and high 

temperatures are required even for the hydroamination/cyclization of gem-disubtituted
20

 

aminopentenes. 

 

Table IV-4. Hydroamination/cyclization of aminopentenes, catalyzed by 104-M. 

 

Entry Substrate Catalyst Cat./Sub. 

mol % 

T, ºC Time, h
a
 % ee  

(config.) 

1 105 (S)-104b-Ti 5 130 120 
b
 -- 

2 105 (S)-104a-Zr 4.5 100 5  46 (R) 

3 105 (S)-104b-Zr 5 100 7  27(S) 

4 105 (S)-104c-Zr 5 100 10  57 (R) 

5 105 (R)-104d-Zr 5 130 13 29 (R) 

6 105 (S)-104e-Zr 4 100 14  67 (R) 

7 18 (S)-104e-Zr 4 100 36 34 (R) 

a
 Time given for >95% conversion unless stated otherwise. 

b
 <5% conversion. 
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Figure IV-4. Selectivity profile for the hydroamination/cyclization of 105 catalyzed by 

104-Zr. 

 

IV.2.4 Intermolecular Asymmetric Hydroamination 

Although the intramolecular hydroamination reactions showed diminished 

reactivity of 103-Ln compared to 24-Ln, we proceeded with the evaluation of novel 

diolate catalysts in the intermolecular asymmetric hydroamination of terminal alkenes 

with benzylamine (Table IV-5).  

Again, compounds 103-Ln were significantly less reactive, and the reactivity 

drops dramatically with increasing of the steric bulk of the ligand. Thus, no reactivity was 

observed for sterically encumbered di-(trisaryl)silyl-substituted compounds 103c-Y and 

103d-Y which have silyl substitution pattern similar to that of 24a-Y and 24b-Y, 

respectively. For the triphenylsilyl-substituted NOBIN complexes, only least encumbered 

(in the phenolate moiety) 103a-Ln and 103b-Ln were catalytically active, although still 

significantly less efficient than 24a-Ln (see Chapter 3). However, the 

methyl(diphenyl)silyl-substituted (on naphtholate moiety) complexes 103f-Y and 103g-Y 
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displayed higher reactivity which might be compared to that of 24-Ln (Table IV-5, 

entries 6, 10, 11). Unfortunately, the selectivity drops significantly when the steric bulk is 

decreased, and only 40% ee was achieved for amine 77 using 103b-Y. Once again, the 

steric bulk of complexes 103-Ln has a significant influence on the catalytic activity. The 

modified ligand backbone in complexes 103-Ln allows and favors the application of the 

mid-sized tert-butyl and methyl(diphenyl)silyl substituents, neither of which was 

acceptable for the parent C2-symmetric binaphtholate system in complexes 24-Ln. 

 

Table IV-5. Intermolecular hydroamination of terminal alkenes catalyzed by 103-Ln. 

 

Entry R cat. x T, °C t, h % conv.
a  

(% yield)
b 

% ee
c  

(config.) 

1 n-C5H11 (S)-103a-Y 15 150 96 85 (62) 32 (R) 

2 n-C5H11 (S)-103a-Lu 15 150 96 75 (62) 7 (R) 

3 n-C5H11 (S)-103b-Lu 15 150 140 70 (51) 40 (S) 

4 n-C5H11 (S)-103c-Y 15 170 120 trace -- 

5 n-C5H11 (S)-103d-Y 15 170 120 trace -- 

6 n-C5H11 (S)-103g-Y 15 170 90 70(53) 4 (S) 

7 PhCH2CH2 (S)-103a-Y 10 150 76 80 (67) 17 (R) 

8 PhCH2CH2 (S)-103a-Lu 10 150 96 75 (61) 9 (R) 

9 PhCH2CH2 (S)-103b-Lu 10 150 96 75 (59) 33 (S) 

10 PhCH2CH2 (S)-103f-Y 10 150 50 80 (63) 20 (R) 

11 PhCH2CH2 (S)-103g-Y 10 150 48 85 (66) 5 (R) 

 
a
 By

1
H NMR spectroscopic analysis. 

b
Isolated yield after column chromatography. 

 
c
 Determined by chiral HPLC of the corresponding N-benzamide.  
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As was demonstrated in Chapter 3, larger rare earth metals such as lanthanum 

might require a ligand with a larger bite-angle to be active in the intermolecular 

hydroamination. We were unable to unambiguously detect any well-defined La complex 

species after the reaction of 102 with lanthanum trisamides [La{N(SiMe3)2}3]. The crude 

reaction mixtures were found to contain multiple species and were catalytically inactive 

in the intermolecular hydroamination. To our surprise, when the novel tris(aminoalkyl) 

lanthanum precursor [La{CH(C6H5)NMe2}3]
21

 was treated with 102, the resulting 

mixtures remarkably displayed some catalytic activity in the intermolecular 

hydroamination (Table IV-6). 
1
H NMR signals of the crude reaction mixtures (Scheme 

IV-6) were extremely broad even at −80 °C presumably due the fluctional character of 

the (dimethylamino)benzyllanthanum moiety.
21

 

 

Scheme IV-6. In situ preparation of lanthanum diolates from 102. 

 

 

It appears that the larger lanthanum indeed demands different level of steric 

protection for the catalytic activity in intermolecular hydroamination. While the 

triphenylsilyl-substituted yttrium complexes 103c-Y and 103d-Y were catalytically 

inactive, the corresponding lanthanum diolates derived from proligands 102c and 102d 

were the only catalytically active lanthanum species. The same trend is observed for the 
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bidentate binaphthol proligands 78. The lanthanum complex formed from triphenylsilyl-

substituted proligand 78a was unreactive (Table IV-6, entry 5), which is in agreement 

with results obtained for complex 80a-La (see Chapter 3). However, the more sterically 

encumbered binaphthol proligands 78d and 78i resulted in the catalytically active 

complexes. Overall, the larger lanthanum metal did not result in any significant 

improvements in catalytic intermolecular hydroamination, which stands in stark contrast 

to the general trend in intramolecular hydroamination.
8
 

 

Table IV-6. Lanthanum-catalyzed intermolecular hydroamination of terminal alkenes. 

 

Entry Ligand T, °C t, h % conv.
a  

(% yield)
b 

% ee
c  

(config.) 

1 (S)-102a 170 48 Trace -- 

2 (S)-102c 150 96 85 (61) 37 (R) 

3 (R)-102d 150 120 90 (66) 28 (S) 

4 (S)-102g 170 48 Trace -- 

5 (R)-78a 170 48 0 -- 

6 (R)-78d 150 96 90 (69) 37 (R)  

7 (R)-78i 150 90 75 (59) 14 (R) 

. 
a
 By

1
H NMR spectroscopic analysis. 

b
Isolated yield after column chromatography. 

c
 

Determined by chiral HPLC of the corresponding N-benzamide.  

 

Presently, novel C1-symmetric rare earth metal diolates 103-Ln did not result in 

any improvements in either selectivity or catalytic reactivity in asymmetric 
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intermolecular hydroamination compared to binaphtholates 24-Ln. In fact, the reactivity 

was remarkably lowered, presumably due to the presence of an additional donor site in 

the ligand backbone. The extended range of the ligand steric features tolerated by the 

precatalyst allowed us to observe the highest and the lowest acceptable level of steric 

bulk required for the catalytic reactivity for mid-sized (Lu, Y) and large (La) rare earth 

metals. 

IV.3 Conclusions  

A new family of C1-symmetric NOBIN-based diolate ligands 102 with multiple 

tunable sites were developed and synthesized. The corresponding diolate complexes of 

the rare earth metals featuring various degree of steric protection were synthesized and 

were shown to be catalytically active in intra- and intermolecular hydroamination of 

unactivated alkenes. The hydroamination of aminopentenes and aminohexenes proceeded 

with enantioselectivities of up to 92 and 73% ee, respectively. The enantioselectivity of 

hydroamination/cyclization as well as the reactivity in the intermolecular hydroamination 

are critically dependent on the steric features of the ligand framework. In addition, 

several lanthanum-based hydroamination catalysts were prepared in situ and were applied 

to the intermolecular hydroamination as well. Overall, the novel catalytic system was 

found to be slightly less reactive and selective then the rare earth metal binaphtholate 

catalysts 24-Ln.  
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IV.4 Experimental 

General considerations. All reactions with air- or moisture sensitive materials 

were performed in oven (120 °C) and flame-dried glassware under an inert atmosphere of 

argon, employing standard Schlenk and glovebox techniques. Hexanes, pentane and THF 

were sparged with argon for 1 h and then passed through a column with activated 

alumina prior to use. Alkenes, benzene and C6D6 were vacuum transferred from 

sodium/benzophenone ketyl. Amines and aminoalkenes were distilled twice from finely 

powdered CaH2.  

1
H, 

13
C{

1
H} and 

19
F NMR spectra were recorded on Varian (300, 400, 500 MHz) 

spectrometers at 25 °C unless stated otherwise. Chemical shifts are reported in ppm 

downfield from tetramethylsilane with the signal of the deuterated (
13

C) or undeuterated 

(
1
H) portion of the solvent as internal standard. Mass spectra were recorded on a Finnigan 

LCQ-DUO mass spectrometer. HPLC analysis was carried out on an Agilent 1200 series 

instrument with multiple wavelength detector using Chiralcel OD-H and Chiralpak AS-H 

columns (25  4.6 mm). Silica gel (230–400 mesh, Sorbent Technologies) and alumina 

(80–200 mesh, EMD) were used for column chromatography. 

(S)-Mosher acid was transformed into the corresponding (R)-Mosher acid chloride 

according to a literature protocol.
22

  

The aminoalkene substrates pent-3-enylamine (6),
23

 2,2-diphenylpent-4-enyl 

amine (105),
24

 2,2-dimethyl-pent-4-enyl amine (4),
25

 (1-allylcyclohexyl)methylamine 

(18),
26

 2,2-diphenylhex-5-enyl amine (106)
27

 and 2,2-diphenylhept-6-enyl amine (108),
28

 

1-phenylpent-4-enylamine (84a)
10

  and 1-cyclohexylpent-4-enylamine (84f)
11

 were 

synthesized according to literature protocols. 
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The hydroamination products 2-methylpyrrolidine (7),
29

 2,4,4-

trimethylpyrrolidine (5), 
23

 3-methyl-2-azaspiro[4,5]decane (19),
30

 2-methyl-4,4-

diphenylpyrrolidine (16), 
24

 2-methyl-5,5-diphenylpiperidine (107)
24

, 2-methyl-6,6-

diphenylazepane (109)
31

 2-methyl-5-phenylpyrrolidine (46a)
9
 and 2-cyclohexyl-5-

methylpyrrolidine (46f)
32

 are known compounds and were identified by comparison to 

the literature NMR spectroscopic data. The absolute configuration of the hydroamination 

products was determined by comparison of the 
19

F NMR spectroscopic data with the 

assignments reported previously.
10

 

 

Ligand Synthesis
 

2,6-Dibromo-4-methylphenol,
33

 N,N-dibenzyl-N-[2'-(methoxymethoxy)-1,1'-

binaphthalen-2-yl]amine (95),
18

 3,5-di-tert-butylsalicylaldehyde (99a)
34

 and silyl-

substituted aldehydes (99b-c)
35

 were prepared according to literature protocols.  

 

Silylation of protected NOBIN 95.  

 

To a stirred solution of 95 (4.58 g, 9.0 mmol) in Et2O (80 mL) n-BuLi (2.5 M in 

hexanes, 4.7 mL, 11.7 mmol) was added dropwise at 0 °C. The mixture was stirred at this 

temperature for 5 h then 2 h at room temperature and cooled down to −30 °C. THF (50 

mL), a solution of chlorotriphenylsilane (3.45 g, 11.7 mmol) in THF (10 mL) and HMPA 
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(2.1 mL, 12 mmol) were
 
added to the solution in that order. The dark-brown solution was 

allowed to reach room temperature slowly and was stirred overnight. The mixture was 

quenched with saturated ammonium chloride solution (100 mL) and the product was 

extracted with dichloromethane (2 × 50 mL). Combined organic extracts were dried 

(Na2SO4) and concentrated. The residue was purified by column chromatography. 

 

N,N-Dibenzyl-N-[2'-(methoxymethoxy)-3'-(triphenylsilyl)-1,1'-binaphthalen-

2-yl]amine (96a). Purified by column chromatography on silica (hexanes/toluene = 1:1) 

to give 4.51 g (65%) of 96a as a white solid. 
1
H NMR (500 MHz, CDCl3): = 7.88 (s, 

1H), 7.71 (d, 
3
J(H,H) = 8.8 Hz, 1H), 7.68 (d, 

3
J(H,H) = 7.8 Hz, 1H), 7.63 (d, 

3
J(H,H) = 

8.3 Hz, 1H), 7.57 (d, 
3
J(H,H) = 7.8 Hz, 6H, SiPh3), 7.30–7.10 (m, 16H), 7.05 (vt, 

3
J(H,H) 

= 8.1, 7.1 Hz, 1H), 7.00–6.89 (m, 7H), 6.85–6.80 (m, 4H, aryl-H), 3.94 (m, 5H, 2CH2Ph, 

CH2O), 3.65 (d, 1H, 
2
J(H,H) = 5.1 Hz, CH2O), 2.04 (s, 3H, CH3);

 13
C{

1
H} NMR (CDCl3, 

125 MHz): 157.4, 148.7, 141.2, 138.4, 136.5, 135.9, 135.09, 135.06, 130.3, 130.1, 

129.3, 126.0, 125.1, 124.5, 124.1, 122.8 (aryl), 97.4 (CH2O), 56.6 (CH3), 55.8 (CH2Ph).  

 

N,N-Dibenzyl-N-[2'-(methoxymethoxy)-3'-[methyl(diphenyl)silyl]-1,1'-

binaphthalen-2-yl]amine (96b). Purified by column chromatography on silica 

(hexanes/DCM = 5:3) to give 4.13 g (65%) of 96b as a white solid. 
1
H NMR (500 MHz, 

CDCl3):= 7.86 (s, 1H), 7.83 (d, 
3
J(H,H) = 8.8 Hz, 1H), 7.79 (d, 

3
J(H,H) = 8.1 Hz, 1H), 

7.73 (d, 
3
J(H,H) = 8.3 Hz, 1H), 7.61 (d, 

3
J(H,H) = 7.3 Hz, 2H), 7.55 (d, 

3
J(H,H) = 7.3 Hz, 

2H), 7.44–7.29 (m, 9H), 7.21–7.10 (m, 9H), 7.00 (d, 
3
J(H,H) = 8.6 Hz, 1H), 6.92 (dd, 

3
J(H,H) = 7.6 Hz, 

4
J(H,H) = 2.0 Hz, 4H, aryl-H), 4.05 (d, 

2
J(H,H) = 14.4 Hz, 2H, 
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PhCH2N), 3.99 (d, 
2
J(H,H) = 4.7 Hz, 1H, CH2O), 3.95 (d, 

2
J(H,H) = 4.7 Hz, 1H, CH2O), 

3.89 (d, 
2
J(H,H) = 14.4 Hz, 2H, PhCH2N), 2.33 (s, 3H, CH3O), 0.96 (s, 3H, SiCH3);

 

13
C{

1
H} NMR (125 MHz, CDCl3): = 157.2 (CO), 148.9, 139.9, 138.5, 137.3, 136.7, 

145.6, 135.5, 135.1, 135.0, 130.9, 130.4, 130.2, 129.3, 129.2, 128.9,128.5, 128.3, 127.9, 

127.82, 127.78, 127.7, 127.6, 127.1, 126.6, 126.3, 126.2, 126.1, 125.5, 124.5, 124.2, 

122.7 (aryl), 97.8 (CH2O), 56.6 (CH3O), 56.0 (CH2Ph), −3.0 (SiCH3).  

 

Debenzylation of amine 96.  

 

To a stirred suspension of 96 (4.6 mmol) in absolute ethanol (150 mL), were 

added ammonium formate (5.0 g, 80 mmol) and 10% Pd on charcoal (1.2 g, 0.23 mmol) 

and the mixture was refluxed for 2 days [CAUTION: condensation of ammonium salts in 

reflux condenser may result in isolated overpressured system]. The mixture was cooled, 

filtered trough celite and the filtrate was concentrated in vacuo and treated with 2% KOH 

solution (100 mL). The product was extracted with dichloromethane (2 × 100 mL). The 

combined organic extracts were dried (Na2SO4) and the solvent was evaporated. The 

residue was purified by flash chromatography. 
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2'-(Methoxymethoxy)-3'-(triphenylsilyl)-1,1'-binaphthalen-2-amine (97a). 

Purified on short silica column (hexanes/DCM = 1:1) to give 2.01 g (75%) of 97a as a 

white solid. 
1
H NMR (400 MHz, CDCl3):  7.95 (s, 1H), 7.77 (d, 

3
J(H,H) = 8.6 Hz, 

1H), 7.78–7.73 (m, 2H), 7.67 (d, 
3
J(H,H) = 7.8 Hz, 6H), 7.43–7.30 (m, 12H), 7.26–7.16 

(m, 3H), 7.07 (d, 
3
J(H,H) = 8.6 Hz, 1H, aryl-H), 3.91 (d, 1H, 

2
J(H,H) =5.1 Hz, CH2O), 

3.87 (d, 1H, 
2
J(H,H)= 5.1 Hz, CH2O), 3.7 (br s, 2H, NH2), 2.20 (s, 3H, CH3);

 13
C{

1
H} 

NMR (100 MHz, CDCl3): = 158.0, 142.6, 141.1, 136.5, 135.0, 134.9, 134.3, 130.6, 

129.49, 129.45, 124.4, 122.2, 121.7, 118.0, 114.0, 97.4, 55.6. MS (ESI): m/z 587.9 [M+ 

H]
+
. 

 

2'-(Methoxymethoxy)-3'-[methyl(diphenyl)silyl]-1,1'-binaphthalen-2-amine 

(97b). Purified on short silica column (hexanes/DCM = 1:1) to give 1.32 g (54%) of 97b 

as a white solid. 
1
H NMR (400 MHz, CDCl3): = 7.86 (s, 1H), 7.77–7.71 (m, 2H), 7.62–

7.58 (m, 3H), 7.41–7.31 (m, 6H), 7.22–7.18 (m, 2H), 7.08–7.04 (m, 2H, aryl-H), 4.19 (d, 

1H, 
2
J(H,H) = 4.7 Hz, CH2O), 4.12 (d, 1H, 

2
J(H,H) = 4.7 Hz, CH2O), 3.7 (br s, 2H, NH2), 

2.44 (s, 3H, CH3O), 1.01 (s, 3H, CH3Si);
 13

C{
1
H} NMR (100 MHz, CDCl3): = 158.2, 

142.6, 141.1, 135.3, 134.0, 134.9, 134.3, 130.6, 129.49, 129.45, 124.4, 122.2, 121.7, 

118.0, 114.0, 97.4, 55.9, −3.0 (CH3Si). MS (ESI): m/z 526.2 [M+ H]
+
. 
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Deprotection of acetal 97.  

 

To a stirred solution of 97 (3.4 mmol) and Et3N (0.71 mL, 5.0mmol) in 

dichloromethane (20 mL) was added trifluoroacetic anhydride (0.53 mL, 4.0 mmol) 

dropwise at 0 °C. The mixture was stirred at room temperature for 2 min, washed with 1 

M HCl (5 mL) and concentrated in vacuo. The residue was dissolved in dioxane (10mL) 

and 12 M HCl (1 mL) was added. The mixture was stirred overnight at 65 °C. The 

mixture was neutralized with a saturated NaHCO3 solution and the product was extracted 

with ethyl acetate (2 × 75 mL). The combined organic extracts were dried (Na2SO4) and 

the solvent was evaporated. The residue was dissolved in ethanol (10 Ml) and treated 

with NaBH4 (0.34 g, 10 mmol). The mixture was stirred at room temperature overnight 

and was quenched by addition of 2% KOH solution (50 mL). The product was extracted 

with dichloromethane (2 × 50 mL). The combined organic extracts were dried (Na2SO4), 

passed through a short silica plug and the solvent was evaporated to give 98. 

 

2'-Amino-3-(triphenylsilyl)-1,1'-binaphthalen-2-ol (98a). White solid, yield 

90%. 
1
H NMR (400 MHz, CDCl3): = 7.90 (s, 1H), 7.79 (d, 

3
J(H,H) = 9.0 Hz, 1H), 

7.78–7.72 (m, 2H), 7.67 (d, 
3
J(H,H) = 8.2 Hz, 6H), 7.43–7.34 (m, 8H), 7.30–7.19 (m, 

6H), 7.14–7.11 (m, 1H), 7.09 (d, 
3
J(H,H) = 9.0 Hz, 1H, aryl-H), 5.29 (s, 1H, OH), 3.76 
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(br s, 2H, NH2);
 13

C{
1
H} NMR (100 MHz, CDCl3): = 155.6, 143.7, 141.2, 136.3, 134.6, 

134.0, 130.5, 129.4, 129.2, 123.5, 123.4, 122.7, 118.1, 113.7, 108.6. 

 

2'-Amino-3-[methyl(diphenyl)silyl]-1,1'-binaphthalen-2-ol (98b). Off-white 

solid, yield 83%. 
1
H NMR (400 MHz, CDCl3): = 7.83 (s, 1H), 7.80 (d, 

3
J(H,H) = 8.6 

Hz, 1H), 7.78–7.73 (m, 2H), 7.59 (d, 
3
J(H,H) = 8.2 Hz, 4H), 7.43–7.31 (m, 6H), 7.30–

7.15 (m, 6H), 7.10 (d, 
3
J(H,H) = 8.6 Hz, 1H), 7.06 (m, 1H, aryl-H), 5.25 (s, 1H, OH), 

3.74 (br s, 2H, NH2), 0.96 (s, 3H, SiCH3);
 13

C{
1
H} NMR (100 MHz, CDCl3): = 155.6, 

143.7, 141.2, 136.3, 134.6, 134.0, 130.5, 129.4, 129.2, 123.5, 123.4, 122.7, 118.1, 113.7, 

107.6, −2.7 (Si CH3). 

 

General procedure for synthesis of aldehydes 99d and 99e (adopted from ref. 

35) 

 

To a solution of the 2,6-dibromo-4-methylphenol (5 mmol) in THF (25 mL) was 

added slowly KH (400 mg, 10.0 mmol) at 0 ºC. After stirring for 30 min, an appropriate 

chlorosilane (5 mmol) was added in one portion. The reaction mixture was heated to 

reflux for 16–48 h (monitored by TLC). The solvent was then removed in vacuo and the 

residue diluted with hexanes (100 mL) and water (50 mL). The layers were separated and 

the organic layer was washed with aqueous HCl (0.2N, 30 mL), water (30 mL), and brine 

(30 mL). The solution was then dried (Na2SO4) and concentrated in vacuo. The crude 

silyl ethers were used directly in the next step without further purification. 
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A solution of silyl ether (1.50 mmol) in Et2O (3.0 mL) was cooled to –78°C and 

then t-BuLi (1.7 M in pentane, 3.53 mL, 6.00 mmol) was added dropwise. The dark red 

reaction mixture was stirred for 1.5 h while warming to 0 °C. The mixture was then 

cooled to –78 °C and DMF (0.465 mL, 6.00 mmol) was added in one portion. The 

reaction mixture was allowed to warm to 0 °C and then quenched with saturated aq. 

NH4Cl (5.0 mL) and diluted with EtOAc (75 mL). The layers were separated and the 

organic layer was washed with H2O (2 × 15 mL), brine (25 mL), dried (Na2SO4), and 

concentrated in vacuo to afford the crude salicylaldehyde 99. Flash chromatography 

(silica gel, EtOAc/hexanes, DCM/hexanes or benzene/hexanes) afforded the pure 

salicyladehyde 99. 

 

2-Hydroxy-5-methyl-3-[tris(3,5-dimethylphenyl)silyl]benzaldehyde (99d). 

White solid, purified by flash chromatography on silica (hexanes/DCM=3:1). Yield 48 

%. 
1
H NMR (500 MHz, C6D6): = 11.81 (s, 1H, CHO), 9.21 (s, 1H, OH), 7.70–7.68 (m, 

7H), 6.91 (s, 3H), 6.62 (s, 1H), 2.10 (s, 18 H, 6 CH3), 1.86 (s, 3H, CH3);
 13

C{
1
H} NMR 

(125 MHz, C6D6): = 196.5 (CHO), 165.3 (CO), 147.1, 137.2, 135.9, 134.9, 134.7, 

131.7, 128.6, 124.8, 120.1, 21.4 (CH3), 20.1 (CH3). 

 

3-[tert-Butyl(diphenyl)silyl]-2-hydroxy-5-methylbenzaldehyde (99e). White 

solid, purified by flash chromatography on silica (hexanes/toluene=2:1-1:1). Yield 80 %. 

1
H NMR (400 MHz, CDCl3): = 11.43 (s, 1H, CHO), 9.89 (s, 1H, OH), 7.56–7.54 (m, 

4H), 7.44–7.34 (m, 7H), 7.20 (s, 1H), 2.21 (s, 3H, CH3), 1.21 (s, 9H, t-Bu);
 13

C{
1
H} 
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NMR (75 MHz, CDCl3): = 196.7 (CHO), 164.4 (CO), 147.7, 136.1, 135.5, 134.8, 

129.1, 128.6, 127.6, 124.0, 119.5, 29.6 (3 CH3), 20.4 (CH3), 18.5 (C(CH3)3) 

 

Preparation of diol proligands 102 

 

To a suspension of aminophenol 98 (300 mg, 0.55 mmol) and aldehyde 99 (0.60 

mmol) in toluene (10 mL) was added TsOH·H2O and the mixture was stirred at 100 °C 

for 2 days. The solvent was evaporated and the residue was purified by flash 

chromatography on a short silica pad (hexanes/EtOAc 10:1). The eluate was evaporated 

and the residue was immediately subjected to the reduction as follows. The yellow Schiff 

base was dissolved in Et2O (15 mL) and LiAlH4 (100 mg, 3.1 mmol) was added in one 

portion. The originally yellow solution turned green immediately upon addition of the 

hydride. The mixture was stirred at room temperature for additional 10 min (TLC), 

quenched with 2% KOH (10 mL) and extracted with ethyl acetate (2 × 20 mL). The 

combined organic extracts were dried (Na2SO4) and the solvent was evaporated to yield 

crude secondary amine 100. Compound 100b was characterized by NMR spectroscopy, 
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other secondary amines were used further without characterization. The salane compound 

100 was dissolved in THF (10 mL) and formaline (30% solution, 0.36 mL, 4 mmol) and 

NaBH(OAc)3 (420 mg, 2.0 mmol) were added in one portion at rt. The mixture was 

stirred for 20 min (monitored by TLC), then quenched with 2% KOH (20 mL) and 

extracted with Et2O (2 × 50 mL). The combined organic layers were dried (Na2SO4) and 

passed through a short alumina plug. Compound 101b was characterized by NMR, and 

all other aminals were used further without characterization. To a stirred eluate 

containing cyclic aminal intermediate 101, LiAlH4 (40 mg, 1 mmol) was added in one 

portion at room temperature. The mixture was stirred for 10 min, then quenched with 2% 

KOH (50 mL) and extracted with Et2O (3 × 40 mL). The combined organic layers were 

passed through a short alumina plug and concentrated. The residue was dissolved in 

benzene (5 mL), frozen, and then subjected to a freeze-drying procedure to yield the 

proligand 102. 

 

2'-({2-Hydroxy-5-methyl-3-[methyl(diphenyl)silyl]benzyl}amino)-3-

(triphenyl-silyl)-1,1'-binaphthalen-2-ol (100b). Obtained via general procedure from 

98a and 99b. White solid, yield 64%.
1
H NMR (500 MHz, C6D6): = 8.23 (s, 1H), 7.86–

7.84 (m, 6H) 7.65 (m, 2H), 7.61–7.57 (m, 3H), 7.49 (d, 
3
J(H,H) = 9.1 Hz, 1H), 7.39 (d,

 

3
J(H,H) = 7.6 Hz, 1H), 7.27–7.20(m, 11H), 7.14–7.06 (m, 11H), 7.02–6.98 (m, 2H), 6.75 

(s, 1H), 3.82 (vt, 
3
J(H,H) = 4.7, 3.7 Hz, 1H, NH), 3.64 (dd, 

2
J(H,H) = 15.7 Hz, 

3
J(H,H) = 

3.7 Hz, 1H, CH2), 3.59 (dd, 
2
J(H,H) = 15.7 Hz, 

3
J(H,H) = 4.7 Hz, 1H, CH2), 2.03 (s, 3H, 

CH3C), 0.93 (s, 3H, CH3Si);
 13

C{
1
H} NMR (125 MHz, C6D6): = 159.9, 156.4 (CO), 

145.2, 142.0, 137.18, 137.17, 137.1, 136.9, 135.62, 135.60, 135.31, 135.1, 134.0, 131.0, 
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130.9, 129.9,129.7, 129.46, 129.44, 129.1, 128.6, 128.5, 128.08, 128.06, 124.5, 124.3, 

124.2, 124.1, 123.8, 122.8, 122.7, 116.2, 113.5, 112.9 (aryl), 48.1 (CH2), 20.6 (CH3C), 

−2.6 (CH3Si).  

 

2'-[6-Methyl-8-[methyl(diphenyl)silyl]-2H-1,3-benzoxazin-3(4H)-yl]-3-

(triphenylsilyl)-1,1'-binaphthalen-2-ol (101b) To a stirred solution of 101a (340 mg, 

0.4 mmol) and formaline (0.36 mL, 4mmol) in THF (10 mL) was added NaBH(OAc)3 

(420 mg, 2 mmol) in one portion at room temperature. The mixture was stirred for 10 

min, then quenched with 2% KOH (10 mL) and extracted with Et2O (2 × 50 mL). 

Combined organic layers were passed through a short alumina plug and evaporated to 

give 300 mg (96%) of the cyclic aminal 101b as an off-white solid which quickly 

oxidizes on air. 
1
H NMR (400 MHz, C6D6): = 8.15 (s, 1H), 7.82 (d, 

3
J(H,H) = 7.0 Hz, 

6H), 7.63-7.59 (m, 6H), 7.39–7.35 (m, 2H), 7.30 (d, 
3
J(H,H) = 8.6 Hz, 1H), 7.22–7.05 

(m, 13H), 7.11–7.05 (m, 4H), 6.98–6.92 (m, 4H), 6.23 (s, 1H, aryl-H), 5.07 (s, 1H, OH), 

4.60(d, 
2
J(H,H) = 10.6 Hz, 1H, OCH2), 4.35 (d, 

2
J(H,H) = 10.6 Hz, 1H, OCH2), 3.82 (d, 

2
J(H,H) = 16.8 Hz, 1H, CH2 ), 3.82 (d, 

2
J(H,H) = 16.8 Hz, 1H, CH2), 3.76 (d, 

2
J(H,H) = 

16.8 Hz, 1H, CH2), 1.89 (s, 3H, CH3C), 0.91 (s, 3H, CH3Si);
 13

C{
1
H} NMR (100 MHz, 

C6D6): 157.2, 155.2 (CO), 147.8, 141.3, 137.32, 137.28, 136.9, 136.4, 135.68, 

135.67, 135.5, 135.4, 134.1, 131.6, 130.6, 129.9, 129.8, 129.64, 129.58, 129.35, 129.32, 

129.29, 128.5, 128.1, 128.0, 127.9, 127.2, 125.7, 125.2, 125.0, 124.8, 123.7, 123.66, 

123.62, 122.92, 121.78, 120.2, 117.2 (aryl), 79.8 (OCH2), 51.6 (NCH2), 20.5 (CH3C), -

2.6 (CH3Si).  
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2'-[(3,5-Di-tert-butyl-2-hydroxybenzyl)(methyl)amino]-3-(triphenylsilyl)-1,1'-

binaphthalen-2-ol (102a). Prepared from 98a and 99a. White solid, yield 79 %. 
1
H 

NMR (500 MHz, C6D6): = 8.74 (s, 1H), 8.21 (s, 1H), 7.82 (d, 
3
J(H,H) = 7.6 Hz, 6H), 

7.78 (d, 
3
J(H,H) = 8.8 Hz, 1H), 7.72 (d, 

3
J(H,H) = 8.3 Hz, 1H), 7.54 (d, 

3
J(H,H) = 7.8 Hz, 

1H), 7.49 (d, 
3
J(H,H) = 8.6 Hz, 1H), 7.40 (m, 1H), 7.35 (d, 

3
J(H,H) = 8.8 Hz, 1H), 7.25 

(vt, 
3
J(H,H) = 7.6, 7.3 Hz, 1H), 7.20 (t, 

3
J(H,H) = 7.8 Hz, 3H), 7.09 (t, 

3
J(H,H) = 7.6 Hz, 

3H), 7.05−7.00 (m, 3H), 6.93 (s, 1H, aryl-H), 4.29 (s, 1H, OH), 3.92 (d, 
2
J(H,H) = 13.2 

Hz, 1H, CH2), 3.58 (d, 
2
J(H,H) = 13.2 Hz, 1H, CH2), 2.31 (s, 3H, CH3), 1.40 (s, 9 H, 

C(CH3)3), 1.33 (s, 9H, C(CH3)3);
 13

C{
1
H} NMR (125 MHz, C6D6): = 155.4, 154.5, 

151.0, 142.1, 140.4, 136.9, 135.9, 135.6, 135.1, 133.9, 132.8, 130.7, 130.6, 129.6, 129.3, 

128.5, 128.3, 128.1, 127.9, 127.5, 126.5, 126.4, 123.9, 123.8, 123.7, 123.3, 121.3, 120.3, 

115.9 (aryl-C), 63.6 (CH2), 40.4 (CH3), 35.0 (C(CH3)3), 34.3 (C(CH3)3), 32.0 (C(CH3)3, 

29.7 C(CH3)3. 

 

2'-[{2-Hydroxy-5-methyl-3-[methyl(diphenyl)silyl]benzyl}(methyl)amino]-3-

(triphenylsilyl)-1,1'-binaphthalen-2-ol (102b). Prepared from 101b. White solid, yield 

97%.
1
H NMR (500 MHz, C6D6): = 8.24 (s, 1H), 8.14 (s, 1H), 7.84 (d, 

3
J(H,H) = 6.8 

Hz, 6H), 7.75 (d, 
3
J(H,H) = 9.1 Hz, 1H), 7.70 (d, 

3
J(H,H) = 7.8 Hz, 1H), 7.61–7.56 (m, 

2H), 7.48 (d, 
3
J(H,H) = 6.4 Hz, 2H), 7.44 (m, 

3
J(H,H) = 8.7 Hz, 1H), 7.31–7.28 (m, 2H), 

7.24 (t, 
3
J(H,H) = 7.6 Hz, 6H), 7.18–7.08 (m, 11H), 7.03–6.93 (m, 3H), 6.73 (s, 1H, aryl-

H), 4.26 (s, 1H, OH), 3.87 (d, 
2
J(H,H) = 13.2 Hz, 1H, CH2), 3.61 (d, 

2
J(H,H) = 13.2 Hz, 

1H, CH2), 2.24 (s, 3H, CH3N), 2.06 (s, 3H, CH3C), 0.78 (s, 3H, CH3Si);
 13

C{
1
H} NMR 

(125 MHz, C6D6): 160.84, 155.2 (CO), 150.9, 142.1, 137.73, 137.65, 137.63, 136.9, 
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135.7, 135.5, 135.2, 135.1, 133.8, 132.6, 132.1, 130.7, 130.2, 129.6, 129.4, 129.1, 128.9, 

128.5, 128.1, 127.93, 127.89, 127.77, 127.6, 127.5, 127.3, 126.3, 126.1, 123.8, 123.6, 

123.4, 122.2, 120.1, 115.8 (aryl), 62.0 (CH2), 40.7 (CH3N), 20.6 (CH3C), –2.3 (CH3Si). 

 

2'-[[2-Hydroxy-5-methyl-3-(triphenylsilyl)benzyl](methyl)amino]-3-

(triphenylsilyl)-1,1'-binaphthalen-2-ol (102c). Prepared from 98a and 99c. White solid, 

yield 72 %. 
1
H NMR (400 MHz, C6D6): = 8.06 (s, 1H), 7.82 (s, 1H), 7.77 (d, 

3
J(H,H) = 

7.0 Hz, 6H), 7.67 (d, 
3
J(H,H) = 9.0 Hz, 1H), 7.63 (d, 

3
J(H,H) = 8.2 Hz, 1H), 7.57 (d, 

3
J(H,H) =7.4 Hz, 6H), 7.36 (d, 

3
J(H,H)= 8.6 Hz, 1H), 7.22–6.93 (m, 23H), 6.74–6.70 (m, 

2H, aryl-H) , 4.25 (s, 1H, OH), 3.84 (d, 
2
J(H,H) = 12.9 Hz, 1H, CH2), 3.58 (d, 

2
J(H,H) = 

12.9 Hz, 1H, CH2), 2.15 (s, 3H, CH3N), 1.99 (s, 3 H, CH3C);
 13

C{
1
H} NMR (100 MHz, 

C6D6):= 160.4, 155.0 (CO), 150.8, 142.1, 138.8, 136.9, 136.8, 135.7, 135.3, 134.6, 

133.7, 132.8, 132.2, 130.5, 130.0, 129.6, 129.3, 129.2, 128.1, 127.8, 127.5, 126.1, 126.0, 

125.7, 124.0, 123.3, 122.8, 121.1, 120.9, 120.8, 115.9 (aryl-C), 60.9 (CH2), 40.5 (CH3N), 

20.6 (CH3C). 

 

2'-[{2-Hydroxy-5-methyl-3-[tris(3,5-dimethylphenyl)silyl]benzyl}-

(methyl)amino]-3-(triphenylsilyl)-1,1'-binaphthalen-2-ol (102d). Prepared from 98a 

and 99d. White solid, yield 82 %. 
1
H NMR (400 MHz, C6D6,): = 8.12 (s, 1H), 7.80 (d, 

3
J(H,H) = 7.8 Hz, 6H), 7.64(d, 

3
J(H,H) = 8.2 Hz, 1H), 7.63 (d, 

3
J(H,H) = 9.0 Hz, 1H), 

7.59 (m, 1H), 7.57 (s, 6H), 7.39–7.36 (m, 3 H), 7.26 (d, 
3
J(H,H) = 9.3 Hz, 1H), 7.22–7.16 

(m, 9 H), 7.09 (d, 
3
J(H,H) = 8.6 Hz, 1H), 7.02 (t, 

3
J(H,H) = 7.7 Hz, 1H), 6.97 (vt, 

3
J(H,H) 

= 8.1, 6.9 Hz, 1H), 6.90 (d, 
3
J(H,H) = 7.7 Hz, 1H), 6.87 (s, 3H), 6.63 (s, 1H, aryl-H) , 
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4.79 (s, 1H, OH), 3.93 (d, 
2
J(H,H) = 13.7 Hz, 1H, CH2), 3.90 (d, 

2
J(H,H) = 13.7 Hz, 1H, 

CH2), 2.43 (s, 3H, CH3N), 2.09 (s, 18H, 6 CH3C), 1.95 (s, 3H, CH3C);
 13

C{
1
H} NMR 

(100 MHz, C6D6,): = 160.0, 155.4, 150.6, 141.5, 138.7, 137.0, 136.9, 135.5, 135.4, 

135.3, 134.6, 134.1, 133.3, 131.7, 131.5, 130.4, 129.7, 129.6, 129.2,128.8, 128.5, 128.0, 

127.3, 125.58, 125.55, 124.4, 124.2, 123.8, 123.7, 122.7, 122.1, 121.4, 116.9 (aryl-C), 

58.5 (CH2), 40.4 (CH3N), 21.5 (CH3C), 20.6 (CH3C). 

 

2'-[{3-[tert-Butyl(diphenyl)silyl]-2-hydroxy-5-methylbenzyl}(methyl)amino]-

3-(triphenylsilyl)-1,1'-binaphthalen-2-ol (102e). Prepared from 98a and 99e. White 

solid, yield 85 %. 
1
H NMR (400 MHz, C6D6): = 8.13 (br s, 1H), 8.02 (s, 1H), 7.76 (d, 

3
J(H,H) = 7.1 Hz, 6H), 7.71 (d, 

3
J(H,H) = 9.0 Hz, 1H), 7.65 (d, 

3
J(H,H) = 8.2 Hz, 1H), 

7.61 (d, 
3
J(H,H) = 6.7 Hz, 2H), 7.52 (d, 

3
J(H,H) = 7.1 Hz, 2H), 7.33 (d, 

3
J(H,H) = 8.6 Hz, 

1H), 7.29 (d, 
3
J(H,H) = 9.0 Hz, 1H), 7.21–6.95 (m, 21H), 6.83 (vt, 

3
J(H,H) = 6.7, 7.8 Hz, 

1 H), 6.70 (s, 1H, aryl-H), 4.19 (s, 1H, OH), 3.98 (d, 
2
J(H,H) = 13.3 Hz, 1H, CH2), 3.56 

(d, 
2
J(H,H) = 13.3 Hz, 1H, CH2), 2.29 (s, 3H), 1.97 (s, 3H), 1.10 (s, 9H, C(CH3)3);

 

13
C{

1
H} NMR (100 MHz, C6D6): = 160.1, 155.1, 150.9, 142.3, 139.9, 136.9, 136.75, 

136.72, 136.3, 135.2, 134.8, 133.7, 132.6, 132.3, 130.7, 129.6, 128.9, 128.8, 128.5, 128.1, 

127.9, 127.7, 127.5, 127.0,126.3, 126.0, 124.0, 123.4, 123.2, 121.6, 121.0, 120.5, 115.8 

(aryl-C), 62.1 (CH2), 40.6 (CH3N), 30.3, 20.6, 18.8.  

 

2'-[(3,5-Di-tert-Butyl-2-hydroxybenzyl)(methyl)amino]-3-(triphenylsilyl)-1,1'-

binaphthalen-2-ol (102f) Prepared from 98b and 99a. White solid, yield 71 %. 
1
H NMR 

(500 MHz, C6D6): = 8.64 (s, 1H), 8.15 (s, 1H), 7.77 (d, 
3
J(H,H) = 8.6 Hz, 6H), 
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7.71−7.67 (m, 5H), 7.58 (d, 
3
J(H,H) = 8.2 Hz, 1H), 7.43 (d, 

3
J(H,H) = 8.2 Hz, 1H), 7.39 

(d, 
4
J(H,H) = 2.4 Hz, 1H), 7.34 (d, 

3
J(H,H) = 8.4 Hz, 1H), 7.22−7.14 (m, 7H), 7.07−7.03 

(m, 2H), 7.02−7.99 (m, 4H), 6.96 (m, 1H), 6.90 (d, 
4
J(H,H) = 2.4 Hz, 1H, aryl-H), 4.29 

(s, 1H, OH), 3.85 (d, 
2
J(H,H) = 13.3 Hz, 1H, CH2), 3.66 (d, 

2
J(H,H) = 13.3 Hz, 1H, CH2), 

2.27 (s, 3H, CH3), 1.37 (s, 9 H, C(CH3)3), 1.36 (s, 9H, C(CH3)3), 1.05 (s, 3H, CH3Si);
 

13
C{

1
H} NMR (100 MHz, C6D6): = 155.5, 154.4 (CO), 151.0, 140.8, 140.7, 140.4, 

137.1, 136.8, 135.9, 135.8, 135.7, 135.5, 135.4, 134.0, 132.7, 130.9, 130.7, 130.4, 129.4, 

129.3, 126.5, 125.3, 123.9, 123.7, 123.4, 123.2, 121.4, 121.3, 120.3, 115.3 (aryl), 63.3 

(CH2), 40.4 (NCH3), 35.0 (C(CH3)3), 34.3 (C(CH3)3), 32.1 (C(CH3)3, 29.8 C(CH3)3, –2.9 

(CH3Si). 

 

2'-[{2-Hydroxy-5-methyl-3-[methyl(diphenyl)silyl]benzyl}(methyl)amino]-3-

[methyl(diphenyl)silyl]-1,1'-binaphthalen-2-ol (102g). Prepared from 98b and 99b. 

White solid, yield 93%.
1
H NMR (500 MHz, C6D6): = 8.17 (s, 1H), 8.03 (s, 1H), 7.75 

(d, 
3
J(H,H) = 8.6 Hz, 1H), 7.68 (m, 5H), 7.60 (m, 1H), 7.49 (d, 

3
J(H,H) = 7.1, Hz, 1H), 

7.39 (d, 
3
J(H,H) = 7.8, Hz, 1H), 7.31 (d, 

3
J(H,H) = 8.6, Hz, 1H), 7.24–7.08 (m, 15H), 

6.98 (m, 4H), 6.70 (s, 1H, aryl-H), 4.31 (s, 1H, OH), 3.82 (d, 
2
J(H,H) = 13.2 Hz, 1H, 

CH2), 3.67 (d, 
2
J(H,H) = 13.2 Hz, 1H, CH2), 2.23 (s, 3H, CH3N), 2.04 (s, 3H, CH3C), 

1.00 (s, 3H, CH3Si), 0.85 (s, 3H, CH3Si);
 13

C{
1
H} NMR (C6D6, 125 MHz): 160.84, 

155.4 (CO), 150.9, 140.7, 137.74, 137.66, 137.2, 136.8, 135.8, 135.7, 135.6, 135.0, 

133.9, 132.5, 132.2, 130.8, 130.0, 129.44,129.38, 128.9,128.5, 127.1, 126.3, 126.2, 124.9, 

123.7, 122.1, 121.2, 120.1, 115.2 (Aryl-C), 61.8 (CH2), 40.8 (CH3N), 20.5(CH3C), –2.3 

(CH3Si), –2.7 (CH3Si). 
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Complex Synthesis 

Rare earth metal precursors Ln(o-C6H4CH2NMe2)3 (Ln= Y, Lu),
13

 and 

La[CH(C6H5)NMe2]3
21

 were synthesized according to the published protocols. 

 

General Procedure for the NMR-Scale Preparation of 103-Ln.  

 

To a mixture of diol proligand 102 (0.05 mmol) and the rare earth metal precursor 

(0.05 mmol) was added C6D6 (490 mg, 500 L). The mixture was shaken vigorously and 

then left for 5 minutes at room temperature or slightly elevated temperature. Clean 

quantitative conversion to the diolate complex 103-Ln was confirmed by NMR 

spectroscopy. Aliquots of the resulting complex solution were used directly for the 

catalytic experiments. 

 

(S)-[Y{NOBIN-TPS/t-Bu}(o-C6H4CH2NMe2)] ((S)-103a-Y). To a mixture of 

(S)-102a (28.4 mg, 0.036 mmol) and [Y(o-C6H4CH2NMe2)3] (18.0 mg, 0.036 mmol) was 

added C6D6 (0.55 mL). The mixture was kept at room temperature for 2 h. 
1
H and 

13
C 

NMR spectra showed clean formation of (S)-103a-Y, which was used directly for 

catalytic experiments. 
1
H NMR (500 MHz, C6D6):  = 7.99 (d, 

3
J(H,H) = 9.0 Hz, 1H), 

7.88 (s, 1H), 7.74 (d, 
3
J(H,H) = 7.8 Hz, 6H), 7.68 (d, 

3
J(H,H) = 8.2 Hz, 1H), 7.65 (d, 

3
J(H,H) = 9.3 Hz, 1H), 7.62 (d, 

3
J(H,H) = 8.1 Hz, 1H), 7.51 (s, 1H), 7.32–7.26 (m, 7H), 
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7.13–6.79 (m, 20H, aryl), 4.48 (d, 
2
J(H,H) =12.2 Hz, 1H, CH2N), 3.60 (d, 

2
J(H,H) =12.2 

Hz, 1H, CH2N), 3.53 (d, 
2
J(H,H) =13.7 Hz, 1H, o-C6H4CH2NMe2), 3.25 (s, 4H, 

2C6H5NCH2NMe2), 2.98 (d, 
2
J(H,H) = 13.7 Hz, 1H, o-C6H4CH2NMe2), 2.47 (s, 3H, 

NCH3), 2.06 (s, 12 H, 2C6H5CH2NMe2), 1.75 (br s, 3H, o-C6H4CH2NMe2), 1.44 (s, 9 H, 

C(CH3)3), 1.41 (s, 9H, C(CH3)3), 1.01 (s, 3H, o-C6H4CH2NMe2);
 13

C{
1
H} NMR (100 

MHz, C6D6): = 179.7 (d, 
1
J(C,Y) = 62 Hz, C-Y), 164.4 (CO), 161.1 (CO), 146.1, 142.9, 

142.3, 140.0, 138.3, 138.2, 137.8, 136.8, 136.6, 136.1, 135.7, 132.1, 131.3, 130.9, 129.6, 

129.1, 128.9, 128.5, 128.3, 127.6, 127.5, 127.4, 127.2, 127.0, 126.4, 126.3, 126.2, 125.4, 

125.0, 124.9, 124.4, 123.,7 121.8, 120.0, 118.2 (aryl), 67.0 (CH2N), 64.5 

(C6H5CH2NMe2), 59.1 (CH2N), 45.4 (C6H5CH2NMe2), 44.5 (N(CH3)2), 43.2 (N(CH3)2), 

38.5 (CH3N), 35.4(C(CH3)3), 34.3(C(CH3)3), 32.2 (C(CH3)3), 30.1 (C(CH3)3). 

 

(S)-[Lu{NOBIN-TPS/t-Bu}(o-C6H4CH2NMe2)] ((S)-103a-Lu). To a mixture of 

(S)-102a (23.6 mg, 0.038 mmol) and [Lu(o-C6H4CH2NMe2)3] (22.0 mg, 0.038 mmol) 

was added C6D6 (0.55 mL). The mixture was kept at room temperature for 30 min. 
1
H 

and 
13

C NMR showed clean formation of (S)-103a-Lu, which was used directly for 

catalytic experiments. 
1
H NMR (500 MHz, C6D6, 60 °C):  = 7.98 (d, 

3
J(H,H) = 9.0 Hz, 

1H), 7.92 (s, 1H), 7.76 (d, 
3
J(H,H) = 7.8 Hz, 6H), 7.66 (d, 

3
J(H,H) = 9.0 Hz, 1H), 7.62 (d, 

3
J(H,H) = 8.8 Hz, 1H), 7.55 (d, 

4
J(H,H) = 2.2 Hz, 1H), 7.32–7.26 (m, 6H), 7.19–6.90 (m, 

20H, aryl-H), 6.86–6.78 (m, 3H), 6.64 (d, 
3
J(H,H) = 7.3 Hz, 1H ), 6.48 (d, 

3
J(H,H) = 7.3 

Hz, 1H ), 4.57(d, 
2
J(H,H) =12.2 Hz, 1H, CH2N), 3.69 (d, 

2
J(H,H) =12.2 Hz, 1H, CH2N), 

3.62 (d, 
2
J(H,H) =13.7 Hz, 1H, o-C6H4CH2NMe2), 3.24 (s, 4H, 2C6H5NCH2NMe2), 2.88 

(d, 
2
J(H,H) = 13.7 Hz, 1H, o-C6H4CH2NMe2), 2.44 (s, 3H, NCH3), 2.06 (s, 12 H, 

2C6H5CH2NMe2), 1.75 (s, 3H, o-C6H4CH2NMe2), 1.46 (s, 9 H, C(CH3)3), 1.42 (s, 9H, 
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C(CH3)3), 1.31 (s, 3H, o-C6H4CH2NMe2);
 13

C{
1
H} NMR (125 MHz, C6D6):  = 187.5 (C-

Lu), 165.0 (CO), 161.5 (CO), 146.2, 143.0, 140.0, 139.7, 138.3, 137.8, 136.8, 136.7, 

136.2,132.1, 130.6, 129.6, 129.1, 128.93, 128.87, 128.5, 128.4, 128.3, 127.9, 127.7, 

127.4, 120.1, 118.3 (Aryl-C), 66.2 (CH2N), 64.5 (C6H5CH2NMe2), 59.2 (CH2N), 45.4 

(C6H5CH2NMe2), 44.8 (N(CH3)2), 43.6 (N(CH3)2), 38.6 (CH3N), 35.3 (C(CH3)3), 34.2 

(C(CH3)3), 32.2 (C(CH3)3), 30.7 (C(CH3)3). 

 

(S)-[Y{NOBIN-TPS/SiPh2Me}(o-C6H4CH2NMe2)] ((S)-103b-Y). To a mixture 

of (S)-102b (29.0 mg, 0.033 mmol) and [Y(o-C6H4CH2NMe2)3] (16.3 mg, 0.033 mmol) 

was added C6D6 (0.55 mL). The mixture was kept at room temperature for 30 min. 
1
H 

and 
13

C NMR spectra showed clean formation of (S)-103b-Y, which was used directly for 

catalytic experiments. 
1
H NMR (500 MHz, C6D6, 60 °C):  = 7.94 (d, 

3
J(H,H) = 9.0 Hz, 

1H), 7.76 (d, 
3
J(H,H) = 7.8 Hz, 6H), 7.53–6.57 (m, 40H), 6.54 (m, 2H, aryl-H), 4.47(d, 

2
J(H,H) = 12.2 Hz, 1H, CH2N), 3.78 (d, 

2
J(H,H) = 12.2 Hz, 1H, CH2N), 2.70 (d, 

2
J(H,H) 

= 13.7 Hz, 1H, o-C6H4CH2NMe2), 2.47 (s, 3H, NCH3), 2.32 (d, 
2
J(H,H) = 13.7 Hz, 1H, 

o-C6H4CH2NMe2), 1.22 (s, 3H, o-C6H4CH2NMe2), 1.04 (s, 3H, o-C6H4CH2NMe2), 0.78 

(s, 3H, SiCH3);
 13

C{
1
H} NMR (100 MHz, C6D6):  = 179.4 (d, 

1
J(C,Y) = 61 Hz, C-Y), 

168.4 (CO), 164.6 (CO), 146.5, 143.0, 140.4, 140.0, 139.0, 138.1, 137.72, 137.67, 

137.03, 136.98, 136.9, 136.8, 136.7, 136.1, 136.0, 135.6, 135.4, 135.3, 132.0, 131.0, 

129.81, 129.76, 129.3, 129.1, 129.04, 129.01, 128.54, 128.50, 128.45, 128.4, 128.1, 

127.6, 127.4, 127.2, 126.5, 126.4, 126.0, 125.3,125.2, 124.8, 124.6, 122.7, 121.8, 121.31, 

120.0, 118.2 (aryl), 65.9 (CH2N), 64.5 (C6H5CH2NMe2), 58.7 (CH2N), 45.4 
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(C6H5CH2NMe2), 44.0 (N(CH3)2), 42.6 (N(CH3)2), 38.7 (CH3N), 20.5 (CH3C), -1.0 

(CH3Si). 

 

(S)-[Y{NOBIN-TPS/TPS}(o-C6H4CH2NMe2)] ((S)-103c-Y). To a mixture of 

(S)-102c (23.4 mg, 0.025 mmol) and [Y(o-C6H4CH2NMe2)3] (12.3 mg, 0.025 mmol) was 

added C6D6 (0.55 mL). The mixture was kept at room temperature for 30 min. 
1
H and 

13
C 

NMR spectra showed clean formation of (S)-103c-Y, which was used directly for 

catalytic experiments. 
1
H NMR (500 MHz, C6D6, 65 °C):  = 7.98 (s, 1H), 7.86 (d, 

3
J(H,H) = 9.3 Hz, 1H),7.72 (d, 

3
J(H,H) = 7.8 Hz, 6H), 7.69 (m, 2H), 7.60 (d 

3
J(H,H) = 

7.8 Hz, 6H), 7.58 (m, 2H), 7.37 (d, 
3
J(H,H) = 8.8 Hz, 2H), 7.27 (d, 

3
J(H,H) = 7.1 Hz, 

12H), 7.20 (m, 1H), 7.15–6.85 (m, 25H), 6.77 (m, 2H), 6.71 (m, 1H), 6.86–6.78 (m, 3H), 

6.57 (d, 
3
J(H,H) = 8.3 Hz, 1H), 6.47 (d, 

3
J(H,H) = 7.3 Hz, 1H, aryl), 4.42(d, 

2
J(H,H) 

=12.7 Hz, 1H, CH2N), 4.26 (d, 
2
J(H,H) = 12.7 Hz, 1H, CH2N), 3.24 (s, 4H, 

2C6H5NCH2NMe2), 2.75 (d, 
2
J(H,H) =13.9 Hz, 1H, o-C6H4CH2NMe2), 2.66 (s, 3H, 

NCH3), 2.49 (d, J=13.7 Hz, 1H, o-C6H4CH2NMe2), 2.07 (3H, CH3C), 2.06 (s, 12 H, 

2C6H5CH2NMe2), 0.86 (br s, 6H, o-C6H4CH2NMe2);
 13

C{
1
H} NMR (125 MHz, C6D6):  

= 179.9 (d, 
1
J(C,Y) = 60 Hz, C-Y), 168.3 (CO), 164.9 (CO), 146.6, 143.0, 141.0, 140.0, 

138.4, 137.6, 136.93, 136.87, 136.81, 136.75, 135.6,135.4,131.8, 130.8, 130.7, 129.7, 

129.3, 129.1, 128.5, 128.3, 128.1, 127.9, 127.5, 127.4, 127.2, 126.7, 126.5, 125.9, 125.5, 

125.2, 125.7, 124.6, 123.7, 121.9, 120.4, 120.3, 118.1 (aryl), 66.5 (CH2N), 64.5 

(C6H5CH2NMe2), 58.9 (CH2N), 45.4 (C6H5CH2NMe2), 43.0 (N(CH3)2), 42.9 (N(CH3)2), 

39.4 (CH3N), 20.6 (CH3C). 
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(S)-[Lu{NOBIN-TPS/TPS}(o-C6H4CH2NMe2)] ((S)-103c-Lu). To a mixture of 

(S)-102c (23.4 mg, 0.025 mmol) and [Lu(o-C6H4CH2NMe2)3] (14.3 mg, 0.025 mmol) 

was added C6D6 (0.55 mL). The mixture was kept at room temperature for 30 min. 
1
H 

and 
13

C NMR spectra showed clean formation of (S)-103c-Lu, which was used directly 

for catalytic experiments.
1
H NMR (400 MHz, C6D6,):  = 8.04 (s, 1H), 7.92–7.88 (m, 

2H), 7.74 (d, 
3
J(H,H) = 8.0 Hz, 6H), 7.66-7.59 (m, 10H), 7.31–6.77 (m, 31H), 6.60 (d, 

3
J(H,H) =7.9 Hz, 2H) 6.48–6.46 (m, 2H), 4.50 (d, 

2
J(H,H) = 12.5 Hz, 1H, CH2), 4.19 (d, 

2
J(H,H) = 12.5 Hz, 1H, CH2), 3.22 (s, 4 H, 2C6H5CH2NMe2), 2.91 (d, 

2
J(H,H) = 14.1 Hz, 

1H, CH2), 2.72 (s, 3H), 2.46 (d, 
2
J(H,H) = 14.1 Hz, 1H, CH2), 2.09 (s, 3H), 2.02 (s, 12H, 

2C6H5CH2NMe2), 1.32 (s, 3H, NMe2), 0.99 (s, 3H, NMe2);
 13

C {
1
H}NMR (125 MHz, 

C6D6):  = 187.5 (C-Lu). 167.4, 165.2, 147.2, 147.0, 143.2, 142.5, 141.0, 139.9, 139.9, 

139.8, 139.3, 137.81, 136.76, 136.5, 132.0, 129.5, 129.2, 129.0, 128.9, 128.3, 127.3, 

127.0, 127.3,126.8, 126.1,125.6, 125.3, 125.1, 124.9, 124.7, 122.8, 120.9, 120.2, 118.0 

(aryl), 69.5, 65.3, 64.4, 46.1, 45.3, 43.0, 20.42 (CH3C). 

 

(S)-[Y{NOBIN-TPS/TPDMS}(o-C6H4CH2NMe2)] ((S)-103d-Y). To a mixture 

of (S)-102d (30.8 mg, 0.030 mmol) and [Y(o-C6H4CH2NMe2)3] (14.8 mg, 0.030 mmol) 

was added C6D6 (0.55 mL). The mixture was kept at 60 °C for 3 h. 
1
H and 

13
C NMR 

spectra showed clean formation of (S)-103d-Y, which was used directly for catalytic 

experiments. 
1
H NMR (400 MHz, C6D6):  = 8.03 (s, 1H), 8.01 (d, 

3
J(H,H) = 9.0 Hz, 

1H), 7.77 (d, 
3
J(H,H) = 9.3 Hz, 1H), 7.69 (d, 

3
J(H,H) = 8.0 Hz, 6H), 7.65 (d, 

3
J(H,H) = 

8.3 Hz, 1H), 7.55 s, 6H), 7.53 (m, 1H), 7.39 (br s, 1H), 7.35(d 
3
J(H,H) = 7.8 Hz, 1H), 

7.31(d 
3
J(H,H) = 7.8 Hz, 3H), 7.19–7.01 (m, 14H), 6.90-6.75 (m, 13H), 6.72 (d, 

3
J(H,H) 
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= 7.6 Hz, 1H), 6.67 (d, 
3
J(H,H) = 8.3 Hz, 1H, aryl-H), 5.16 (d, 

2
J(H,H) = 13.0 Hz, 1H, 

CH2N), 4.08 (d, 
2
J(H,H) =13.0 Hz, 1H, CH2N), 3.37 (d, 

2
J(H,H) =13.7 Hz, 1H, o-

C6H4CH2NMe2), 3.23 (s, 4H, 2C6H5NCH2NMe2), 2.84 (s, 3H, NCH3), 2.29 (d, 
2
J(H,H) = 

13.7 Hz, 1H, o-C6H4CH2NMe2), 2.08 (3H, CH3C), 2.06 (s, 12 H, 2C6H5CH2NMe2), 1.97 

(s, 18H, 6CH3C), 1.15 (s, 3H, o-C6H4CH2NMe2), 0.45 (s, 3H, o-C6H4CH2NMe2);
 13

C{
1
H} 

NMR (125 MHz, C6D6):  = 179.5 (d, 
1
J(C,Y) = 61 Hz, C-Y), 168.1 (CO), 164.0 (CO), 

146.9, 143.3, 143.0, 141.4, 140.0, 139.0, 138.0, 137.3, 137.2, 136.7, 136.6, 135.7, 135.6, 

134.8, 132.4, 131.4, 130.4, 129.4, 129.1, 128.9, 128.53, 128.46, 128.3, 128.2, 127.9, 

127.2, 126.7, 126.4, 126.3, 125.7, 125.4, 125.3, 124.8, 123.6, 122.0, 121.4, 120.0, 117.1 

(aryl), 66.8 (CH2N), 64.5 (C6H5CH2NMe2), 58.4 (CH2N), 45.4 (C6H5CH2NMe2), 42.7 

(N(CH3)2), 42.5 (N(CH3)2), 40.2 (CH3N), 21.4 (6 CH3C), 20.6 (CH3C). 

 

(S)-[Lu{NOBIN-TPS/TPDMS}(o-C6H4CH2NMe2)] ((S)-103d-Lu). To a 

mixture of (S)-102d (30.8 mg, 0.030 mmol) and [Lu(o-C6H4CH2NMe2)3] (16.0 mg, 0.030 

mmol) was added C6D6 (0.55 mL). The mixture was kept at room temperature for 1 h. 
1
H 

and 
13

C NMR spectra showed clean formation of (S)-103d-Lu, which was used directly 

for catalytic experiments. 
1
H NMR (500 MHz, C6D6):  = 8.07 (s, 1H), 8.06 (m, 1H), 

7.76 (d, 
3
J(H,H) = 9.1 Hz, 1H), 7.71 (d, 

3
J(H,H) = 7.3 Hz, 6H), 7.62 (d, 

3
J(H,H) = 8.3 Hz, 

1H), 7.57 (s, 6H), 7.44 (m, 1H), 7.32(d 
3
J(H,H) = 8.1 Hz, 6H), 7.21–7.01 (m, 15H), 6.90–

6.75 (m, 14H), 6.64 (d, 
3
J(H,H) = 8.3 Hz, 1H, aryl-H), 5.20 (br s, 1H, CH2N), 3.93 (br s, 

1H, CH2N), 3.55 (br s, 1H, o-C6H4CH2NMe2), 3.22 (s, 4H, 2C6H5NCH2NMe2), 2.88 (s, 

3H, NCH3), 2.19 (d, 
2
J(H,H) = 14.7 Hz, 1H, o-C6H4CH2NMe2), 2.08 (3H, CH3C), 2.04 

(s, 12 H, 2C6H5CH2NMe2), 1.97 (s, 18H, 6CH3C), 1.23 (s, 3H, o-C6H4CH2NMe2), 0.35 (s, 

3H, o-C6H4CH2NMe2);
 13

C{
1
H} NMR (125 MHz, C6D6):  = 187.2 (C-Lu), 168.5 (CO), 
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164.5 (CO), 147.1, 143.1, 142.9, 141.5, 140.3, 140.0, 137.9, 137.2, 136.8, 136.5, 135.9, 

135.6, 134.8, 132.4, 131.5, 130.2, 129.4, 129.1, 128.8, 128.54, 128.47, 128.3, 127.7, 

127.6, 127.2, 126.9, 125.7, 124.9, 122.0, 120.0 (aryl-C), 65.8 (CH2N), 64.5 

(C6H5CH2NMe2), 58.1 (CH2N), 45.4 (C6H5CH2NMe2), 42.8 (N(CH3)2), 42.5 (N(CH3)2), 

40.3 (CH3N), 21.4 (6CH3C), 20.6 (CH3C). 

 

(S)-[Y{NOBIN-TPS/TBDPS}(o-C6H4CH2NMe2)] ((S)-103e-Y). To a mixture of 

(S)-102e (27.5 mg, 0.030 mmol) and [Y(o-C6H4CH2NMe2)3] (14.8 mg, 0.030 mmol) was 

added C6D6 (0.55 mL). The mixture was kept at 60 °C for 1 h. The 
1
H and 

13
C NMR 

spectra showed clean formation of (S)-103e-Y, which was used directly for catalytic 

experiments. 
1
H NMR (C6D6, 500 MHz):  = 8.00 (s, 1H), 7.74 (d, 

3
J(H,H) = 7.9 Hz, 

6H), 7.65–7.63 (m, 3H) 7.53 (d, 
3
J(H,H) = 7.6 Hz, 3H), 7.42 (d, 

3
J(H,H) = 8.6 Hz, 2H), 

7.31 (d, 
3
J(H,H) = 7.3 Hz, 4H), 7.23 (d, 

3
J(H,H) = 6.6 Hz, 1 H), 7.17–7.12 (m, 6H), 7.09–

6.90 (m, 20H), 6.87 (d, 
3
J(H,H) = 6.8.3 Hz, 1H), 6.85–6.81 (m, 2H), 6.78 (br s, 1H), 6.62 

(d, 
3
J(H,H) = 8.3 Hz, 1H), 6.50 (d, 

3
J(H,H) = 7.3 Hz, 1H, aryl-H), 4.25 (br s 2H, CH2), 

3.22 (s, 4H), 2.50 (br s, 2H), 2.48 (s, 3H), 2.20 (s, 3H), 2.03 (s, 12 H, NMe2), 1.12 (s, 9H, 

t-Bu), 0.99 (s, 3H, NMe2), 0.81 (s, 3H, NMe2); 
13

C{
1
H} NMR (125 MHz, C6D6):  = 

180.3 (d, 
1
J(C,Y) = 59 Hz, C-Y), 168.0, 166.1, 146.3, 143.0, 140.2, 140.0, 138.9, 137.3, 

137.2, 136.85, 136.81, 136.79, 136.3, 134.9, 131.2, 131.1, 129.7, 129.1, 129.0, 128.6, 

128.53, 128.45, 128.4, 128.29, 128.26, 127.9, 127.4, 127.2, 126.9, 126.3, 125.7, 124.8, 

124.7, 124.4, 124.3, 121.8, 120.7, 120.5, 118.6 (Aryl-C), 66.5 (CH2N), 64.5, 58.6 

(CH3N), 45.4, 43.5, 43.1, 38.9, 29.8 ((CH3)3C), 20.7(CH3Ar), 19.3 ((CH3)3C). 
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(S)-[Lu{NOBIN-TPS/TBDPS}(o-C6H4CH2NMe2)] ((S)-103e-Lu). To a mixture 

of (S)-102e (27.5 mg, 0.030 mmol) and [Lu(o-C6H4CH2NMe2)3] (17.8 mg, 0.030 mmol) 

was added C6D6 (0.55 mL). The mixture was kept at 60 °C for 30 min. 
1
H NMR (500 

MHz, C6D6):  = 8.00 (s, 1H), 7.75 (d, 
3
J(H,H) = 9.3 Hz, 6H), 7.67–7.64 (m, 3H) 7.60 (d, 

3
J(H,H) = 9.0 Hz, 1H), 7.53–7.40(m, 4H), 7.31–7.25 (m, 5H), 7.17–6.99 (m, 22H), 6.83-

6.76 (m, 5H), 6.56 (d, 
3
J(H,H) = 7.3 Hz, 1H), 6.43 (br s, 1H), 4.3 (br s 2H, CH2), 3.22 (s, 

4H, HBDMA), 2.64 (br s, 2H), 2.22 (s, 3H), 2.05 (s, 12 H, NMe2), 1.09 (s, 9H, t-Bu), 

1.05 (s, 3H, NMe2), 0.78 (s, 3H, NMe2); 
13

C{
1
H} NMR (125 MHz, C6D6):  = 187.6 (C-

Lu), 168.2, 165.4, 146.8, 143.3, 140.3, 140.0, 139.7, 137.9, 137.2, 137.0, 136.8, 136.3, 

131.9, 129.7, 129.1, 129.0, 128.9, 128.7, 128.53, 128.46, 128.3, 127.6, 127.39, 127.36, 

127.2, 126.6, 126.0, 125.7, 125.1, 125.0, 124.8, 121.9, 121.0, 120.4, 118.3 (aryl), 68.2 

(CH2N), 65.5 (C6H5CH2NMe2), 45.4 (C6H5CH2NMe2), 43.9, 43.3, 29.8, 20.7 (C(CH3)3), 

19.3 (t-Bu). 

 

(S)-[Y{NOBIN-SiPh2Me/t-Bu}(o-C6H4CH2NMe2)] ((S)-103f-Y). To a mixture 

of (S)-102f (26.5 mg, 0.037 mmol) and [Y(o-C6H4CH2NMe2)3] (18.2 mg, 0.037 mmol) 

was added C6D6 (0.55 mL). The mixture was kept at room temperature for 3 h. 
1
H and 

13
C NMR spectra showed clean formation of (S)-103f-Y, which was used directly for 

catalytic experiments. 
1
H NMR (500 MHz, C6D6, 65 °C):  = 8.03 (d, 

3
J(H,H) = 9.1 Hz, 

1H), 7.87 (s, 1H), 7.69–7.60 (m, 6H), 7.53 (d, 
4
J(H,H) = 2.4 Hz, 1H), 7.43 (d, 

3
J(H,H) = 

8.6 Hz, 1H), 7.34–6.98 (m, 26H), 6.91 (d, 
4
J(H,H) = 2.4 Hz, 1H), 6.84 (m, 2H), 6.6 (d, 

3
J(H,H) = 7.3 Hz, 1H), 6.44 (m, 1H Aryl-H), 4.46 (d, 

2
J(H,H) = 12.5 Hz, 1H, CH2N), 

3.83 (d, 
2
J(H,H) =13.9 Hz, 1H, o-C6H4CH2NMe2), 3.69 (d, 

2
J(H,H) =12.5 Hz, 1H, 
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CH2N), 3.25 (s, 4H, 2C6H5NCH2NMe2), 2.92 (d, 
2
J(H,H) = 13.9 Hz, 1H, o-

C6H4CH2NMe2), 2.23 (br s, 2.23 (br s, 3H, o-C6H4CH2NMe2), 2.16 (br s, 3H, NCH3), 

1.58 (s, 9 H, C(CH3)3), 1.40 (s, 9H, C(CH3)3), 0.98 (s, 3H, CH3Si);
 13

C{
1
H} NMR (100 

MHz, C6D6): = 179.9 (d, 
1
J(C,Y) = 57 Hz, C-Y), 164.5 (CO), 161.0 (CO), 146.2, 141.7, 

141.6, 140.0, 138.9, 138.4, 138.2, 137.6, 136.0, 135.7, 132.1, 131.9, 131.0, 129.6, 129.2, 

129.1, 128.9, 127.2, 127.0, 126.6, 126.2, 125.6, 124.9, 124.7, 124.4, 123.7, 121.7, 120.3, 

117.1 (aryl), 67.3 (CH2N), 64.5 (C6H5CH2NMe2), 58.3 (CH2N), 45.4 (C6H5CH2NMe2), 

42.9 (N(CH3)2), 38.8 (CH3N), 35.4(C(CH3)3), 34.2 (C(CH3)3), 32.2 (C(CH3)3), 30.3 

(C(CH3)3), −1.7 (CH3Si). 

 

(S)-[Y{NOBIN- SiPh2Me/SiPh2Me}(o-C6H4CH2NMe2)] ((S)-103g-Y). To a 

mixture of (S)-102g (38.9 mg, 0.048 mmol) and [Y(o-C6H4CH2NMe2)3] (23.7 mg, 0.048 

mmol) was added C6D6 (0.55 mL). The mixture was kept at 50 °C for 40 min. 
1
H and 

13
C 

NMR spectra showed clean formation of (S)-103g-Y, which was used directly for 

catalytic experiments. 
1
H NMR (500 MHz, C6D6, 65 °C):  = 8.03 (d, 

3
J(H,H) = 9.0 Hz, 

1H), 7.93 (s, 1H), 7.14–7.70 (m, 6H), 7.65 (m, 4H), 7.58 (d, 
3
J(H,H) = 6.6 Hz, 1H), 7.51 

(m, 1H), 7.42–7.38 (m, 3H), 7.31–6.99 (m, 30H), 6.88 (m, 2H), 6.83 (d, 
4
J(H,H) = 2.2 

Hz, 1H), 6.62 (d, 
3
J(H,H) = 7.3 Hz, 1H), 6.47 (m, 1H, aryl-H), 4.62(d, 

2
J(H,H) =12.7 Hz, 

1H, CH2N), 3.78 (d, 
2
J(H,H) =12.7 Hz, 1H, CH2N), 3.11 (d, 

2
J(H,H) =13.9 Hz, 1H, o-

C6H4CH2NMe2), 2.52 (d, 
2
J(H,H) = 13.9 Hz, 1H, o-C6H4CH2NMe2), 2.35 (s, 3H, NCH3), 

2.08 (s, 3H, o-C6H4CH2NMe2), 1.55 (s, 3H, o-C6H4CH2NMe2), 1.09 (s, 3H, CH3Si), 1.07 

(s, 3H, CH3Si);
 13

C{
1
H} NMR (125 MHz, C6D6,):  = 179.4 (d, 

1
J(C,Y) = 61 Hz, C-Y), 

168.2 (CO), 164.4 (CO), 146.5, 141.7, 141.6, 140.2, 140.0, 138.8, 138.6, 138.2, 137.8, 
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137.4, 137.3, 136.1, 136.0, 135.9, 135.7, 135.6, 135.3, 135.2, 132.1, 131.0, 129.8, 129.6, 

129.3, 129.2, 129.1, 128.9, 128.5, 128.3, 127.7, 127.3, 127.2, 125.5, 125.4, 124.8, 124.7, 

122.6, 121.9, 121.7, 120.1, 117.1 (aryl), 66.3 (CH2N), 64.5 (C6H5CH2NMe2), 57.9 

(CH2N), 45.4 (C6H5CH2NMe2), 42.4 (N(CH3)2), 39.0 (CH3N), 20.5 (CH3C), -0.8 (CH3Si), 

-2.1 (CH3Si). 

 

NMR-scale preparation of 104-M (M = Ti, Zr) 

 

A screw cap NMR tube was charged with equimolar (0.045 mmol) amounts of the 

bisamide proligand 102 and the corresponding group 4 metal tetrakis(dimethylamide) and 

then C6D6 (0.6 mL) was added. The NMR tube was sealed, removed from the glovebox 

and the NMR spectra were recorded. Complexes were isolated as solids using a freeze-

drying technique. Standard solutions of isolated complexes and complexes prepared in 

situ were used for catalytic experiments. 

 

(S)-[Ti{NOBIN-TPS/SiPh2Me}(NMe2)2] ((S)-104b-Ti). Yellow solid after 

freeze-drying in vacuo. 
1
H NMR (300 MHz, C6D6):  = 8.14 (s, 1H), 8.02 (d, 

3
J(H,H) = 

7.3 Hz, 6H), 7.90 (d, 
3
J(H,H) = 8.8 Hz, 1H), 7.83 (d, 

3
J(H,H) = 7.9 Hz, 1H), 7.60–7.67 

(m, 2H), 7.52–6.90 (m, 18H), 6.77 (m, 3H), 6.57 (d, 
3
J(H,H) = 10.0 Hz, 1H), 6.51 (d, 
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3
J(H,H) = 7.6 Hz, 1H), 5.55 (d, 

2
J(H,H) = 15.9 Hz, 1H, CH2), 3.13 (d, 

2
J(H,H) = 15.9 Hz, 

1H, CH2), 3.24 (s, 3H, NCH3), 2.31 (s, 3H), 2.15 (br s, 6 H), 0.51 (s, 3H, SiCH3);
 

13
C{

1
H} NMR (125 MHz, C6D6):  = 165.2, 164.5, 144.5, 143.1, 138.5, 137.8, 137.2, 

137.1, 136.9, 136.2, 135.6, 135.1, 131.8, 130.7, 129.7, 129.1, 128.7, 127.4, 126.6, 126.33, 

126.25, 125.7, 125.4, 125.3, 122.5, 121.9, 119.8, 119.7, 65.6, 47.2, 38.8, 37.9, 20.8, -

1.71.  

 

(S)-[Zr{NOBIN-TPS/t-Bu}(NMe2)2] ((S)-104a-Zr). Prepared in situ only, 

yellowish solution in C6D6. 
1
H NMR (400 MHz, C6D6):  = 8.01 (s, 1H), 7.86 (d, 

3
J(H,H) 

= 7.6 Hz, 6H), 7.69 (vt, 
3
J(H,H) = 9.7 Hz, 

3
J(H,H) = 10.0 Hz, 2H), 7.57 (s, 1H), 7.34–

7.31 (m, 3H), 7.19–7.08 (m, 8H), 7.03 (s, 1 H), 6.94–6.85 (m, 5H), 4.45 (d, 
2
J(H,H) = 

12.0 Hz, 1H, CH2), 3.92 (d, 
2
J(H,H) = 12.0 Hz, 1H, CH2), 2.47 (s, 3H, NCH3), 2.22–2.16 

(m, 27H), 1.45 (s, 9H, t-Bu), 1.42 (s, 9H, t-Bu);
 13

C{
1
H} NMR (100 MHz, C6D6):  = 

162.7, 158.0, 148.9, 142.2, 140.8, 137.2, 137.0, 136.8, 135.9, 131.1, 129.7, 129.2, 128.9, 

128.2, 127.52, 127.46, 127.2, 126.9, 126.3, 126.1, 126.0, 124.95, 124.93, 124.0, 122.8, 

121.7, 118.8, 60.2(CH2N), 43.0(CH3NCH2), 40.8 (NMe2), 38.93 (NMe2), 38.92 

(HNMe2), 35.2, 34.4, 32.0, 30.6. 

 

(S)-[Zr{NOBIN-TPS/SiPh2Me}(NMe2)2] ((S)-104b-Zr). Prepared in situ only, 

colorless solution in C6D6. Prepared in situ only, colorless solution in C6D6. 
1
H NMR 

(400 MHz, C6D6):  = 8.06 (s, 1H), 7.86–7.84 (m, 6H), 7.66 (d, 
3
J(H,H) = 9.4 Hz, 1H), 

7.68 (s, 1H), 7.56–7.53 (m, 2H), 7.50–7.47 (m, 2H), 7.84–7.28 (m, 2H), 7.25–6.89 (m, 

18H), 6.82 (m, 1H), 4.64 (d, 
2
J(H,H) = 13.7 Hz, 1H, CH2), 3.85 (d, 

2
J(H,H) = 12.0 Hz, 
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1H, CH2), 2.51 (s, 3H, NCH3), 2.13 (s, 12H, HNMe2), 2.01 (s, 3H, CH3C) 1.98 (s, 6H, 

NMe2), 1.68 (s, 6H, NMe2), 0.71 (s, 3H, CH3Si).
 13

C{
1
H} NMR (100 MHz, C6D6):  = 

165.1, 163.5, 150.6, 141.6, 138.9, 138.4, 137.8, 136.8, 123.6, 136.5, 135.8, 135.6, 135.4, 

135.0, 131.0, 129.7, 129.6, 129.3, 129.2, 129.0, 128.9, 128.2, 127.9, 127.2, 126.8, 126.5, 

126.0, 125.7, 125.3, 124.6, 124.5, 123.5, 123.0, 122.5, 121.0, 58.2 (CH2), 41.7 (NCH3), 

40.0 (NMe2), 39.7 (NMe2), 38.9 (HNMe2), 20.6 (CCH3), -2.8 (SiCH3).  

 

(S)-[Zr{NOBIN-TPS/TPS}(NMe2)2] ((S)-104c-Zr). Prepared in situ only, 

yellow solution in C6D6. 
1
H NMR (500 MHz, C6D6):  = 8.11 (s, 1H), 7.87–7.84 (m, 6H), 

7.72 (d, 
3
J(H,H) = 9.1 Hz, 1H), 7.69 (d, 

3
J(H,H) = 7.8 Hz, 1H), 7.62 (d, 

3
J(H,H) = 7.8 Hz, 

6H), 7.38–7.35 (m, 3H), 7.32 (s, 1 H), 7.19–7.07 (m, 25H), 6.98–6.94 (m, 4 H), 6.83 (d, 

3
J(H,H) = 8.6 Hz, 1H), 4.77 (d, 

2
J(H,H) = 13.9 Hz, 1H, CH2), 3.85 (d, 

2
J(H,H) = 13.9 Hz, 

1H, CH2), 2.58 (s, 3H, NCH3), 2.10 (m, 15H), 1.70 (s, 6H, NMe2), 1.65 (s, 6H, NMe2);.
 

13
C{

1
H} NMR (125 MHz, C6D6):  = 165.2, 163.4, 149.8, 141.6, 140.0, 136.8, 136.7, 

136.5, 136.3, 135.6, 135.1, 131.2, 129.5, 129.4, 129.3, 129.2, 128.9, 128.5, 128.3, 128.1, 

127.9, 127.3, 126.80, 126.79, 126.7, 125.8, 125.18, 125.16, 124.7, 123.0, 122.7, 121.8, 

59.0 (CH2), 41.1(CH3N), 40.7 (NMe2), 40.4 (NMe2), 38.9, 20.7 (CH3C). 

 

(R)-[Zr{NOBIN-TPS/TPDMS}(NMe2)2] ((R)-104d-Zr). Prepared in situ only, 

colorless solution in C6D6. 
1
H NMR (400 MHz, C6D6):  = 8.15 (s, 1H), 7.82–7.80 (m, 

6H), 7.63 (d, 
3
J(H,H) = 9.0 Hz, 1H), 7.58 (d, 

3
J(H,H) = 8.2 Hz, 1H), 7.52 (d, 

3
J(H,H) = 

9.4 Hz, 1H), 7.46 (s, 6H), 7.37 (m, 1 H), 7.16–7.05 (m, 12H), 6.92–6.84 (m, 5 H), 6.77 (s, 

3H), 4.32 (d, 
2
J(H,H) = 12.5 Hz, 1H, CH2), 4.16 (d, 

2
J(H,H) = 12.5 Hz, 1H, CH2), 2.53 (s, 
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3H, NCH3), 2.06–1.90 (m, 45 H);
 13

C{
1
H} NMR (100 MHz, C6D6):  = 165.3, 163.6, 

150.0, 141.7, 140.6, 140.5, 137.2, 137.0, 136.89, 136.84, 136.82, 136.76, 136.5, 136.0, 

134.7, 134.6, 131.2, 131.1, 129.4, 129.2, 128.9, 127.6, 127.3, 126.7, 125.8, 125.3, 124.5, 

122.9, 122.7, 122.3, 120.3, 59.7 (CH2), 41.2, 41.13, 41.07, 40.8, 38.9, 21.48, 20.72. 

 

(S)-[Zr{NOBIN-TPS/SiPh2Me}(NMe2)2] ((S)-104e-Zr). Prepared in situ only, 

yellow solution in C6D6. 
1
H NMR (300 MHz, C6D6):  = 8.08 (s, 1H), 7.88–7.85 (m, 6H), 

7.72–7.63 (m, 7H), 7.54–7.53 (m, 1H), 7.37–7.29 (m, 4H), 7.18–7.07 (m, 13H), 6.96–

6.83 (m, 6 H, aryl-H), 4.61 (d, 
2
J(H,H)=13.5 Hz, 1H, CH2), 3.98 (d, 

2
J(H,H)=13.5 Hz, 

1H, CH2), 2.54 (s, 3H, NCH3), 2.15 (s, 3H, CH3), 2.13 (s, 12H,HNMe2), 1.80(s, 6H, 

NMe2), 1.77(s, 6H, NMe2), 1.22 (s, 9H, C(CH3)3);
 13

C{
1
H} NMR (C6D6, 100 MHz) : 

165.4, 163.7, 150.0, 141.7, 140.5, 137.2, 136.81, 136.77, 136.7, 136.63, 136.61, 135.7, 

134.9, 131.0, 129.7, 129.6, 129.2, 128.9, 127.3, 126.7, 126.9, 125.8, 125.4, 125.3, 124.6, 

122.9, 122.6, 121.9, 121.0, 58.9 (CH2), 41.3, 40.4, 40.3, 38.9, 29.7, 20.7, 18.9.  

 

General procedure for intermolecular hydroamination reactions. In the 

glovebox, a screw cap NMR tube was charged with an appropriate amine (0.2 mmol), 

alkene (3 mmol) and a solution of catalyst (0.1 M in C6D6, 0.1 mL, 10.0 μmol, 5 mol%). 

The tube was then sealed, removed from the glovebox and placed into the thermostated 

oil bath. The progress of the reaction was monitored by 
1
H NMR spectroscopy. After 

completion of the reaction, the mixture was concentrated in vacuo and purified by 

column chromatography on a 3 cm height pad of silica or alumina. 
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Determination of enantiomeric excess via debenzylation/Mosher amide 

formation sequence (Method A). 

Isolated N-benzyl hydroamination product (0.03 mmol) was dissolved in absolute 

ethanol (2 mL). Ammonium formate (32 mg, 0.5 mmol) and 10% palladium on charcoal 

(11 mg, 0.01 mmol) were added, and the mixture was stirred under reflux for 30 min. The 

precipitate was filtered off, and the filtrate was treated with 1M HCl (2 mL). The 

volatiles were removed in vacuo, the residue was dissolved in water (5 mL) and then 

water was removed under reduced pressure. The residue was then dissolved in CDCl3 or 

C6D6 (0.6 mL) and filtered through a short pad of celite into the NMR tube containing 

Mosher chloride (10 mg, 0.04 mmol) and DIPEA (26 mg, 0.2 mmol). A 
19

F NMR 

spectrum was then taken to determine the enantiomeric excess. The absolute 

configuration of heptan-2-amine was determined using literature data.
36

 The enantiomeric 

excess for N-benzyl-4-phenylbutan-2-amine determined using method A was identical to 

that obtained via methods B. 

 

Determination of enantiomeric excess via chiral HPLC (Method B). 

N-benzoylation of isolated hydroamination product. The hydroamination 

product (0.1 mmol) was dissolved in CH2Cl2 (1 mL) and then DIPEA (26 mg, 0.2 mmol) 

and benzoyl chloride (21 mg, 0.15 mmol) were added. The mixture was stirred at room 

temperature for 3 h. Volatiles were removed in vacuo and the residue was partitioned 

between Et2O (2 mL) and 2M NaOH (2 mL). The resulting emulsion was stirred for 2 h 

and then the organic layer was separated, washed with brine (1 mL), dried (Na2SO4), and 

concentrated. The residue was purified by flash chromatography on silica (CH2Cl2), if 

necessary, or was directly subjected to a chiral HPLC analysis. 
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N-(1-Methylhexyl)benzamide. Prepared from 77. Colorless oil. 
1
H NMR (400 

MHz, CDCl3, 65 °C): = 7.52–7.16 (m, 10H, aryl-H), 4.87 (d, 
2
J(H,H) = 15.2 Hz, 1H, 

CHN), 4.45 (d, 
2
J(H,H) = 15.2 Hz, 1H, CHN), 3.94 (br s, 1H, CHN), 1.56 (br s, 1H), 

1.31–1.05 (br s, 10H), 0.82 (m, 4H); 
13

CNMR could not be acquired as signals are very 

broad and obscure due to rotamer interconversion. HPLC (AS-H, hexane/2-propanol 

90:10, 1 mL/min): tR 23.3 min (R-isomer), 22.3 min (S-isomer). 

 

N-(1-Methyl-3-phenylpropyl)benzamide. Prepared from 85. Colorless oil. 
1
H 

NMR (400 MHz, CDCl3, 65 °C): = 8.10 (d, 
3
J(H,H) = 7.8 Hz, 1H), 7.60–6.96 (m, 14H, 

aryl-H), 4.71 (br s, 1H, CHN), 4.58 (d, 
2
J(H,H) = 14.5 Hz, 1H, CHN), 2.49 (br s, 2H), 

1.99 (br s, 1H), 1.17 (br s, 1H), 1.19 (d, 
3
J(H,H) = 12.3 Hz, 3H, CH3); 

13
CNMR could not 

be acquired as signals are very broad and obscure due to rotamer interconversion. HPLC 

(AS-H, hexane/2-propanol 90:10, 1 mL/min): tR 25.5 min (R-isomer), 45.5 min (S-

isomer). 

 

(R)-N-Benzylheptan-2-amine (77).
37

 Prepared from 1-heptene and benzylamine 

according to Table IV-5, entry 3. Purified by column chromatography on alumina 

(hexanes/EtOAc 100:0.6).Yield 65%; colorless oil, 40% ee. 
1
H NMR (400 MHz, 

CDCl3,): δ = 7.33–7.30 (m, 4H, aryl-H) 7.25–7.21 (m, 1H, aryl-H), 3.82 (d, 
2
J(H,H) = 

13.0 Hz, 1H, PhCH2NH), 3.73 (d, 
2
J(H,H) = 13.0 Hz, 1H, PhCH2NH), 2.68 (sext, 

3
J(H,H) = 6.2 Hz, 1H, CHNH), 1.50–1.41 (m, 1H, CH2) 1.34–1.23 (m, 8H, CH2 and NH), 

1.07 (d, 
3
J(H,H) = 6.2 Hz, 3H, CH3CHNH), 0.89 (t, 

3
J(H,H) = 6.9Hz, 3H; CH3CH2); 
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13
C{

1
H} NMR (100 MHz, CDCl3): δ = 140.9 (Cipso), 128.4, 128.1, 126.8 (aryl), 52.5 

(CH(CH3)NH), 51.4 (CH2NH), 37.1 (CH2), 32.1 (CH2), 25.7 (CH2), 22.7 (CH2), 20.3 

(CH3CHNH), 14.1 (CH3CH2). 

 

(S)-N-Benzyl-4-phenylbutan-2-amine (85).
37

 Prepared from 4-phenyl-1-butene 

and benzylamine according to Table IV-6, entry 2. Purified by column chromatography 

on silica (CH2Cl2/7 M NH3 in MeOH 100:1). Yield 72%; colorless oil, 56% ee. 
1
H NMR 

(500 MHz, CDCl3,): δ = 7.34–7.22 (m, 7H), 7.19–7.16 (m, 3H, aryl-H), 3.82 (d, 
2
J(H,H) 

= 13.0 Hz, 1H, PhCH2NH), 3.73 (d, 
2
J(H,H) = 12.9 Hz, 1H, PhCH2NH), 2.69 (sext, 

3
J(H,H) = 6.3 Hz, 1H, CHNH), 2.70–2.61 (m, 2H), 1.85–1.78 (m, 1H), 1.71–1.64 (m, 

1H), 1.49 (br s, 1H, NH), 1.14 (d, 
3
J(H,H) = 6.4 Hz, 3H, CH3CHNH); 

13
C{

1
H} NMR 

(125 MHz, CDCl3): δ = 142.5 (Cquart), 140.8 (Cquart), 128.35, 128.32, 128.30. 128.1, 

126.8, 125.7 (aryl) 52.0 (CH(CH3)NH), 51.3 (CH2NH), 38.7 (CH2), 32.3 (CH2), 20.4 

(CH3).  
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V Chapter 5. Group 4 Metal Bis(Amidate)s in Asymmetric 

Hydroamination/Cyclization of Aminoalkenes 

V.1 Introduction 

The importance of nitrogen containing compounds in biological systems and 

industrially relevant basic and fine chemicals has sparked significant research efforts to 

develop efficient synthetic protocols.
1,2

 The hydroamination reaction, which is arguably 

one of the simplest approaches, has found significant attention only in recent years with 

the development of more efficient transition metal based catalyst systems.
3,4

 As a broadly 

applicable, efficient and selective hydroamination catalyst is yet to be developed, 

thorough and systematic investigations of novel catalytic systems are required for the 

further progress of the field. An area of particular interest has been the generation of new 

stereogenic centers during the hydroamination process, but the development of chiral 

catalysts for the asymmetric hydroamination of alkenes (AHA) has remained 

challenging.
5-7 

Group 4 metal-based catalyst systems have been studied intensively in the 

hydroamination of alkynes and allenes,
3,8,9

 while reactions involving unactivated alkenes 

have emerged only in recent years.
10-22

 Schafer and coworkers
23

 have developed amidate 

titanium and zirconium hydroamination catalysts that exhibit promising hydroamination 

activity, including cyclization of primary aminoalkenes. Chiral variants of these catalysts 

developed in Schafer’s
13

 and Scott’s
18

 group have displayed enantioselectivities of up to 

93% ee in the hydroamination/cyclization of aminopentenes. As of 2009, the zirconium 

bis(amidate) catalyst I (Figure V-1) was the most selective and one of the most active 

group 4 metal catalysts. 
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Figure V-1. Schafer’s and Scott’s zirconium bis(amidate) catalyst for asymmetric 

hydroamination/cyclization of aminoalkenes. 

 

While being the champion of group 4 metal hydroamination catalysts, 40 

possesses several important drawbacks such as very low reactivity and limited substrate 

scope. Alkene hydroamination with group 4 metal-based catalysts requires significantly 

harsher reaction conditions (100–150 °C) and higher catalyst loadings (typically 5–20 

mol%) in comparison to rare earth metal-based catalysts.
24-27

 Catalyst 40, like many other 

neutral group 4 metal catalyst systems with a very few exceptions
15,19,20 

has been limited 

to gem-dialkyl-activated aminopentenes or aminoheptenes. Cyclization of aminoheptenes 

with group 4 metal catalysts led to the unexpected formation of the hydroaminoalkylation 

product rather than the anticipated 7-membered ring hydroamination product.
14,28,29

 

We envisioned that the reactivity of bis(amidate) 40 can be significantly enhanced 

by tuning the electronic properties of the amidate ligand as well as by controlling the 

steric demands of the amidate backbone governed by alternative connectivity in the 

amide backbone. In this chapter we will describe our studies on the synthesis of novel 

bis(amidate) ligands based on binaphthalenedicarboxylic acid (BINCA) and their 

application to group 4 metal-catalyzed asymmetric hydroamination. 
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V.2 Results and Discussion 

V.2.1 Complex Synthesis 

We selected binaphthalenedicarboxylic acid (BINCA) as a key starting material 

for the preparation of novel bis(amidate) ligands, based on its readily availability and 

excellent configurational stability.
30

 To our surprise, no bis(amidate) BINCA-based 

ligands have been reported so far and the related ligands with a biphenyl backbone were 

reported only almost simultaneously with
31

 or soon after
32

 the publication of our 

studies.
33

 For our initial study we selected several aromatic and aliphatic amines with 

varying steric demand to synthesize corresponding zirconium bis(amidate) complexes. 

The synthesis of the desired bis(amide) proligands 110a-f proceeded in a 

convenient two-step, one-pot sequence (Scheme V-1) in moderate yields. The BINCA 

acid chloride was not isolated; however, it may easily be stored indefinitely at anhydrous 

conditions, thus making the ligand preparation even easier. 

 

Scheme V-1. Preparation of binaphthalenedicarboxamide ligands 110. 
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With a family of proligands 110a-i in hand, we proceeded with the synthesis of 

the corresponding bis(amidates) 111-Zr. The outcome of a NMR-scale amine elimination 

reaction with simple zirconium tetrakis(amides) showed notable discrepancy between 

two groups of proligands. Aryl-substituted amides 110c-e, 110g and 110h bearing an 

ortho-disubstituted arene moiety yielded well-defined C2-symmetric species 111-Zr, 

which can be formulated as the amine adduct (110)Zr(NR2)2(NHR)2 (Scheme V-2) in 

quantitative yield. The less sterically demanding proligands 110a, 110b, 110f and 110i 

produced complex mixtures when reacted with either Zr(NMe2)4 or Zr(NEt2)4 under a 

variety of conditions and, most notably, the corresponding species 111-Zr were not 

detected. Thus, in analogy to the case of rare earth metal biphenolate and binaphtholate 

complexes,
34

 a certain degree of steric bulk is required for a successful monometallic 

complex formation. Although we could not isolate and characterize any species from the 

unsuccessful reactions it can be speculated that the formation of bi- or polymetallic 

species with a bridging bis(amidate) ligand might take place in the absence of a sterically 

protecting ligand backbone. Indeed, this hypothesis was later experimentally confirmed 

for related complexes by Schafer et al.
32

 

Complexes 111-Zr were isolated either as mono(amine) adduct (complexes 111e-

Zr and 111ca-Zr) and bis(amine) adducts (complexes 111c-Zr, 111d-Zr and 111h-Zr) 

based on NMR spectroscopy. However, elemental analyses indicated the absence of 

coordinating amines, which were presumably lost during the storage or transportation to 

the analytical facility. Extended evacuation at 30–50 °C results in complete loss of 

dimethylamine for 111-Zr. 
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Scheme V-2. Synthesis of zirconium bis(amidates) 111-Zr.
 

 

 

The observation of a single carbonyl signal for 111d-h in the 
13

C NMR spectrum 

at around 161 ppm is indicative of a 
1
-binding mode of the amidate ligand.

18
 This 

observation is remarkably contrasting 40 which was found to be featuring a 
2 

binding of 

both amidate ligands.
13,18

 The reaction of the least sterically demanding ligand 110c led 

an unsymmetric species 111c-Zr and 111ca-Zr with two carbonyl signals at 160.8 and 

178.6 ppm, which is indicative of a co-existence of two different binding modes (
1
 / 

2
) 

of the two amidate moieties in solution.  

Crystal structure determination of 111d-Zr confirmed the 
1 

– binding mode of 

the amidate ligand and showed a C2-symmetric octahedral environment at the zirconium 

center including two dimethylamino ligands (Figure V-2). Interestingly, compound 

111ca-Zr also crystallized as a 
1
,

1
–bis(amidate) complex of trigonal bipyramidal 

geometry and a single diethylamino ligand (Figure V-2). 
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Figure V-2. Crystal structures for (R)-111d-Zr (left) (R)-111ca-Zr (right). Thermal 

ellipsoids shown with a 50% probability level. Hydrogen atoms, except for those attached 

to nitrogen atoms, are omitted for clarity. 

 

Several important structural consequences arise from switching from the 
2
,

2
–

bis(amidate) 40 to 
1
,

1
–binding mode observed for bis(amidate) 111-Zr. As the 

tetradentate amidate ligand is converted to a bidentate one, the biaryl backbone becomes 

more “open” and the biaryl dihedral angle increases from 68.3(0.6)° in 40 to 76.1(0.5)° in 

111d-Zr and 88.3(0.5)° in 111ca-Zr, which might result in both better accessibility of 

the metal center (higher reactivity) but also in lower stereoinduction as the chiral pocket 

becomes more loose. The nitrogen atom of the amidate moiety is not involved in bonding 

with zirconium and the bulky aryl substituent is placed relatively remote from the 

reaction site, which might impact the stereodiscrimination as well. The metal center in 

111-Zr is clearly less electronically saturated from the interaction with the amidate 

ligand. This is illustrated by significantly shorter metal-amino ligand bonds (2.371(2) Å 

in 111d-Zr and 2.416(2) Å in 111ca-Zr vs 2.536(6) Å in 40
13

) suggesting the higher 
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Lewis basicity of 111-Zr compared to 40. The metal-amido bond lengths seem to be less 

dependent on the amidate structure: 2.032(3) Å in 2b-Zr and 2.071(2) Å in 2aa-Zr vs 

2.066(4) Å in 40. 

The precatalysts 111-Zr may be isolated by removal of the solvent in vacuo with 

retention of two equivalents of dimethylamine. The isolated catalysts exhibited the same 

reactivity independently of being isolated or generated in situ (See V.2.2). Thus, for 

convenience the catalysts were generally prepared in situ and used in a standard solution.  

We attempted to use the developed methodology to access other group 4 metal 

complexes 111. The reaction of the proligands 110c-e and 110h as well as of less bulky 

110 with Ti(NMe2)4 or Ti(NEt2)4 lead to a mixture of products under a variety of 

conditions, and a corresponding species 111-Ti could not be observed. While the reaction 

of 110 with Hf(NEt2)4 in C6D6 or C7D8 also did not result in formation of 111, we were 

able to prepare 111d-Hf by carrying the reaction in THF-d8 (Eq. V-1). Compound 111d-

Hf displayed 
1
,
 


1 
–binding mode in solution according to the 

13
C NMR spectroscopic 

data. 

 

(V-1) 

 

Recently, Zi and coworkers have prepared a tetrakis(amidate) analogue of 40 by 

reacting the Schafer type ligand with zirconium amide precursor in a 2:1 molar ratio.
35

 

Although this compound did not show any catalytic activity in aminoalkene 
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hydroamination, we envisioned that modified amidate proligands 110 may produce a 

different outcome. When proligand 110d was treated with 0.5 eq. Zr(NEt2)4 at slightly 

elevated temperature in C6D6, clean formation of the new C1-symmetric amidate species 

112d-Zr was detected (Eq. V-2). All 4 amidate ligand fragments are non-equivalent. 

Three amidate groups are bound in a 
1
–mode (CO signal at 160–159 ppm in the 

13
C 

NMR spectrum), whereas one remaining amidate is bound in a 
2
–mode. Unfortunately, 

we were unable to obtain X-Ray quality crystals of 112d-Zr. 

 

(V-2) 

V.2.2 Catalytic Hydroamination 

A screening of the bis(amidate) complexes 111 in various catalytic 

hydroamination/cyclization reactions (Table V-1) revealed a remarkable increase in 

catalytic performance compared to previously studied group 4 alkene hydroamination 

catalyst systems (Table V-1). Most notably, reactions could be performed with catalyst 

loadings as low as 0.5 mol% (Table V-1, entry 12) and reaction temperatures as low as 70 

°C (Table V-1, entry 4). 

As anticipated, increasing the steric bulk of the gem-dialkyl-substituent in 

aminopentenes 4, 18, 105 and 113 resulted in higher rates of cyclization; allowing to 

perform cyclizations with low catalyst loadings and lower reaction temperatures. In the 

absence of any gem-dialkyl-substituent the cyclization of 6 required slightly higher 

reaction temperatures, higher catalyst loadings, and longer reaction times (Table V-1, 



206 

entry 16). However, there are only a limited set of group 4 metal catalysts capable to 

cyclize this substrate and they typically require harsher reaction conditions (10 mol% 

catalyst loading, 120 °C).
15,19,20

 Complexes 2 catalyze not only the cyclization of 

aminohexenes 8 and 106, they also facilitate formation of the azepanes 109 and 117 

(Table V-1, entries 20–22), which are the first examples for an enantioselective 7-

membered aza-ring formation via catalytic hydroamination. This contrasts previous 

reported attempts of hydroamination/cyclization of aminoheptene derivatives that either 

gave no product
14,36,37

 or resulted in a hydroaminoalkylation process instead.
28,29,38

 The 

only previous example of hydroamination/cyclization of an aminoheptene with a group 4 

metal catalyst has been reported recently by Schafer while studying the 

hydroaminoalkylation reaction. The achiral bis(amidate) zirconium catalyst required 

forcing reaction conditions (20 mol % cat., 145 °C, 115 h, 55% conv.).
11,29

 Notably, 

under the catalytic conditions employed in this study, we did not observe 

hydroaminoalkylation or olefin isomerization products in any of the catalytic reactions. 
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Table V-1. Asymmetric hydroamination-cyclization of aminoalkenes, catalyzed by 111.
a
  

 

entry subst. cat. (mol %) T, °C Time, h
b
 % ee (config) 

1 4 (S)-111c-Zr (2) 100 26  23 (R) 

2 4 (R)-111d-Zr (2) 100 7 42 (S)
c
 

3 4 (S)-111e-Zr (5) 110 6 <5% (R) 

4 18 (S)-111c-Zr (6) 70 28 16 (R) 

5 18 (R)-111d-Zr (1) 90 12 26(S) 

6 18 (S)-111e-Zr (2) 110 3 11 (S) 

7 18 (S)-111g-Zr (4) 100 0.5 41 (S)
d
 

8 105 (S)-111c-Zr (4) 80 14 54 (S)
e
 

9 105 (R)-111d-Zr (1) 100 2.5 36 (R) 

10 105 (R)-111d-Hf (3) 100 3 43 (R)
d
 

11 105 (S)-111e-Zr (2) 100 1.5 39 (S) 

12 105 (rac)-111e-Zr (0.5) 100 6 -- 

13 105 (R)-111h-Zr (1) 100 2 13 (S) 

14 113 (S)-111c-Zr (2) 90 13 60 / 0
f
 

15 113 (R)-111d-Zr (2) 90 9 48 / 48
g
 

16 6 (S)-111c-Zr (8) 120 39 7 (R) 

17 114 (S)-111c-Zr (6) 110 16 8 

18 106 (S)-111c-Zr (4) 100 3 33 
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19 8 (S)-111c-Zr (2) 100 7 7 

20 108 (S)-111c-Zr (8) 120 51 60 

21 108 (R)-111h-Zr (1) 120 35 61 

22 116 (S)-111c-Zr (10) 120 40 11 

a
 Reaction conditions: C6D6, Ar atm. 

b
 Time for >95% conv. based on 

1
H NMR 

spectroscopy using ferrocene as internal standard. 
c
 84% isolated yield. 

d
 less than 50% 

conversion.
e
 Run with isolated catalysts, identical results with catalyst prepared in situ, 

85% isolated yield. 
f
 dr = 1.6:1. 

g
 dr = 1.8:1.  

 

All hydroamination reactions proceeded cleanly to high (>95%) conversions 

without any noticeable formation of side-products (see Figure V-3), with an exception of 

reactions catalyzed by 111d-Hf (Table V-1, entry 10) and 111g-Zr (Table V-1, entry 7), 

which did not exceed 50% conversion even after prolonged heating. We propose that this 

might be due to poor stability of the corresponding complexes. Indeed, when the 

precatalysts 111g-Zr and 111d-Hf were kept in C6D6 at 100 °C for a period of 1 h, a 

significant decomposition was observed in both cases. No apparent decomposition was 

observed for other precatalysts 111 after extended heating to 150 °C in C6D6. 

It seems reasonable to assume that the significant higher reactivity of complexes 

111 in comparison to previously studied group 4 metal alkene hydroamination catalysts 

(including amidate complexes such as 40) may be attributed to the 
1
 binding mode of 

the amidate moieties leading to a more electron deficient, thus more reactive metal 

center. On the other hand, this 
1
 binding mode puts the stereodirecting N-aryl 

substituents in a more remote position, pointing away from the metal center. 

Coincidentally, the highest enantioselectivity achieved with a related tantalum 
1
-

bis(amidate) in the catalytic hydroaminoalkylation of norbornene was also 61% ee.
31

 

Therefore, it is not too astonishing that the enantioselectivities achieved with complexes 
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111 do not compare well with the best selectivities reported to date for group 4 metal-

catalyzed alkene hydroamination reactions.
13,18,19,39-41

 Nevertheless, it seems remarkable 

that the highest selectivity of 61% ee was observed in the formation of the azepane 117 

using catalyst 111h-Zr. Generally, the sterically less demanding mesityl substituent in 

111c resulted in higher enantioselectivities, which may be rationalized by a mixed 
1
/

2
-

binding mode of the two amidate moieties in this complex. 

 

 

Figure V-3. 
1
H NMR spectra in C6D6 showing: a) pure aminopentene 6, b) catalytic 

cyclization of 6 with catalyst (S)-111c-Zr (2 mol%) at 110 °C and 51% conversion 

(spectrum taken at 25 °C); c) 7 after vacuum transfer (>98% conversion). (S = 

aminoalkene 6, P = pyrrolidine 7, $ = ferrocene; # = dimethylamine).  

A

B

C
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The scope of the reaction is not limited to terminal olefins, but also the internal 

olefin 3f was cyclized efficiently. Cyclization of -alkyl-substituted aminopentenes 

proceeded with high trans/cis diastereoselectivities (Table V-2), but no kinetic 

resolution
42

 (see also Chapter 2) of the starting material was observed, as the starting 

material remained racemic at conversions as high as 86%. Although it is conceivable that 

the zirconium catalysts may racemize the substrate,
43

 the cyclization of enantiomerically 

pure 9a did not show any sign of racemization of the starting material. 

 

Table V-2. Diastereoselective hydroamination/cyclization of -substituted 

aminopentenes. 

 

subst. cat. t, h trans:cis yield, %
a
 

45d 111d-Zr 25 >30:1 95 

45e 111d-Zr 20 15:1 94 

45f 111c-Zr 12 >30:1 88
b 

a
 NMR yield based on 

1
H NMR spectroscopy using ferrocene as internal standard. 

b
 

Isolated yield. 

 

Cyclization of 64 (Eq. V-3) proceeded chemoselectively without any substrate 

isomerization, remarkably contrasting our observations with binaphtholate rare earth 

metal complexes that are highly resistant to olefin isomerizations otherwise
42

 (see also 

Chapter 2).  
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(V-3) 

However, no reaction was observed for the N-benzyl aminopentene derivative 118 

even under more forcing reaction conditions (Eq. V-4), which is in agreement to most
20

 

previous studies on neutral group 4 metal based catalysts.
12,15,17

 

 

(V-4) 

This finding has been previously interpreted as an indicator for a [2+2]-

cycloaddition mechanism analogous to group 4 metal-catalyzed alkyne and allene 

hydroaminations (see section II.1.2) as the secondary amine does not allow formation of 

a metal imido species required in this mechanism.
12,15,17 

Kinetic studies indicate that the reaction is first order in aminoalkene substrate 

and 111-Zr (Figure V-4 and Figure V-5), which is in agreement to some studies,
14,19

 

while others have observed a zero order rate dependence on substrate concentration
16,17,44

 

or a mixed-order saturation kinetics.
41

 Certainly, the reaction order in substrate depends 

on the underlying reaction mechanism and the structure of the catalytic active species. To 

that end, it is interesting to note that enantiopure and racemic catalysts 111-Zr exhibited 

the same rate of cyclization (Figure V-6), which is highly indicative (in conjunction with 

the first order rate dependence on catalyst concentration) that the resting state of the 

catalyst in this process is a monometallic species.  
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Figure V-4. First-order kinetic plots for the cyclization of 18 ([C]0 = 0.10M) in the 

presence of (R)-111d-Zr (1–8.5 mM) in toluene-d8 at 90 °C. 

 

Figure V-5. Observed first order rate constant for the cyclization of 18 (C0 = 0.102M) in 

toluene-d8 at 90 °C vs. concentration of catalyst ((R)-111d-Zr).  

-2.2

-1.7

-1.2

-0.7

-0.2

0 200 400 600 800

L
n

(C
/C

0
)

t, min

1 mM

2 mM

3 mM

4.5 mM

6 mM

8.5 mM

y = 2.107x
R² = 0.970

0

0.005

0.01

0.015

0.02

0.025

0 0.002 0.004 0.006 0.008 0.01

k
o

b
s
, 
m

in
–

1

C, M



213 

 

Figure V-6. Cyclization of 18 ([C]0 = 0.097M) in the presence of rac-111c-Zr and (S)-

111c-Zr (0.0039 M) in toluene-d8 at 90 °C. 

A strong primary kinetic isotope effect of 4.2 in the cyclization of 18 (Figure V-7) 

is in agreement to a previous study by Scott
16,44

 and the resulting pyrrolidine 19-d2 shows 

deuteration exclusively at the -methyl position (as well as at nitrogen). Notably, no 

isotopic perturbation of enantioselectivity was observed, in marked contrast to 

observations of Sadow et al. 
41

 

 

Figure V-7. Cyclization of 18 and 18-d2 ([C]0 = 0.102M) in the presence of (R)-111d-Zr 

(0.0045M) in toluene-d8 at 90 °C. 
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As was previously, zirconium tetrakis(
2
-)amidate 119 incorporating two 

bis(amidate) ligands was found inactive in hydroamination/cyclization of aminoalkenes 

(Figure V-8).  

 

Figure V-8. Zi’s zirconium tetrakis(
2
-)amidate 119.

35
 

Given the significant reactivity enhancement reached with bis(amidates) 111-Zr 

compared to 40 we were intrigued with the possibility of using (R,R)-112d-Zr as a 

catalyst. We were pleased to find that 112d-Zr is indeed active in 

hydroamination/cyclization (Table V-3).  

Table V-3. Asymmetric hydroamination/cyclization of aminoalkenes, catalyzed by 

(R,R)-112d-Zr.
a
  

 

entry subst. cat./subst. (mol %) T, °C Time, h
b 

% ee (config) 

1 18 3 120 40 51 (S) 

2 105 2 90 24 85 (S) 

3 106 4 120 48 60 (R) 

a
 Reaction conditions: C6D6, Ar atm. 

b
 >95% conv. based on 

1
H NMR spectroscopy using 

ferrocene as internal standard.  
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Although the reactivity was lower than that of 111-Zr, enantioselectivities of up 

to 85% ee were achieved. While some unorthodox hydroamination precatalysts lacking 

the obvious leaving group such as organolanthanide ate-complexes 17 are known (see 

Table I-2),
45

 the reactivity of 112d-Zr is quite remarkable in the context of ongoing 

discussions on the mechanism of group 4 metal-catalyzed hydroamination (see section 

I.2.4). Indeed, the imido-mechanism (see Scheme I-12) would require two protolytically 

cleavable X-type ligands in order to form the key metal-imido species.
16

 Also, proton-

assisted concerted insertion-protonolysis, which has been advocated by Sadow et al. 

requires two amido ligands as well.
41

 However, due to the high acidity of the amide 

fragment, protonation of two amidate ligands with a simple amine seems unlikely. 

Furthermore, such protonation would likely to lead to a bis(amidate) 111-Zr-like species. 

However, both lower reactivity and higher selectivity of the hydroamination with 112-Zr 

suggest that the bis(amidate) 111-Zr is not present in the mixture in catalytically relevant 

concentrations. This is further manifested by the absence of hydroamination reactivity of 

both 6 and 114 with 112d-Zr even at 150 °C, while each of these reactions was shown to 

be catalyzed by 111-Zr under significantly milder conditions (Table V-1). 

 

V.3 Conclusions 

Chiral bis(
1
)-amidates of zirconium displayed enhanced level of reactivity in 

hydroamination/cyclization compared to the previous group 4 metal-based catalysts. The 

enhancement of reactivity was obtained by tuning the amidate ligand towards a less 

electron-saturating binding mode which resulted in a more electrophilic metal center. The 

reactivity improvement was not only of a quantitative character, allowing lower 
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temperatures and catalyst loadings, but also a qualitative difference was made by 

successful application to previously challenging substrates, such as aminoheptenes, and 

aminoalkenes lacking gem-dialkyl substitution. Within a year of our initial report,
33

 

group 4 metal catalysts with very high reactivity and selectivity; however, applicable 

only to gem-diactivated aminopentenes
41,46

 and also (achiral) catalysts capable of 

selective cyclization of aminoheptenes
12

 were reported. However, catalysts 111-Zr still 

remain the only hydroamination catalysts which can afford azepanes via stereoselective 

hydroamination/cyclization. Unique structure and reactivity of the tetrakis(amidate) 112-

Zr suggests that unorthodox ligand systems such as X3- and X4- type ligands can also be 

employed for group 4 metals in catalytic hydroamination. 
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V.4 Experimental 

General considerations. All reactions with air- or moisture sensitive materials 

were performed in oven (120 °C) and flame-dried glassware under an inert atmosphere of 

dry nitrogen or argon, employing standard Schlenk and glovebox techniques. THF was 

sparged with argon for 1 h and then passed through a column with activated alumina 

prior to use. Benzene, benzene-d6 THF-d8, and toluene-d8 were distilled from 

sodium/benzophenone ketyl. DMF and aminoalkenes were distilled from CaH2 and 

stored under Ar over 4Å molecular sieves. All starting materials are commercially 

available and were used as received.  

1
H, 

13
C, and 

19
F NMR spectra were recorded on Varian (300, 400, 500 MHz) 

spectrometers at 25 °C unless stated otherwise. Chemical shifts are reported in ppm 

downfield from tetramethylsilane with the undeuterated portion of the solvent as internal 

standard. Enantiomeric excess of the hydroamination products were determined by 
19

F 

NMR of their Mosher amides at 60–100 °C (vide infra). HPLC analysis was carried out 

on an Agilent 1200 series instrument with multiple wavelength UV detector using 

Chiralcel OD-H and Chiralpak AS-H columns (25  ). Silica gel (230–400 

mesh, Sorbent Technologies) and alumina (80–200 mesh, EMD) were used for column 

chromatography. Silica-covered aluminum plates (60 F, EMD) were used for analytical 

TLC. Melting points were determined with a Buchi 535 digital melting point apparatus. 

Elemental analyses were performed by Robertson Microlit Laboratories, Inc., Madison, 

NJ.  

Zr(NEt2)4 and Hf(NEt2)4 were synthesized according to the literature protocols. 
47
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(S)-Mosher acid was converted into the corresponding (R)-Mosher acid chloride 

according to a literature procedure.
48

 

Aminoalkenes 2,2-dimethyl-pent-4-enyl amine (4),
49

 (1-

allylcyclohexyl)methylamine (18),
50

 2,2-diphenylpent-4-enyl amine (105),
51

 2-allyl-2-

methylpent-4-enyl amine (113),
52

 pent-4-enyl amine (6),
27

 2,2,5-triphenylpent-4-enyl 

amine (114),
53

 2,2-diphenylhex-5-enyl amine (106),
54

 2,2-dimethylhex-5-enyl amine (8), 

26
 2,2-diphenylhept-6-enyl amine (108),

36
 1-benzylpent-4-enyl amine (45d),

42
 1-

methylpent-4-enyl amine (45e),
55

 1-cyclohexylpent-4-enyl amine (45f),
42

 3-phenylpent-4-

enyl amine (64)
56

 and N-[(1-allylcyclohexyl)-methyl]-N-benzylamine (118)
50

 were 

synthesized according to the literature protocols. 

Hydroamination products 2,4,4-trimethylpyrrolidine (5),
27

 3-methyl-2-

azaspiro[4,5]decane (19),
57

 2-methyl-4,4-diphenylpyrrolidine (16),
51

 4-allyl-2,4-

dimethylpyrrolidine (26),
58

 2-methylpyrrolidine (7),
27

 2-benzyl-4,4,-diphenylpyrrolidine 

(115),
36

 2-methyl-5,5-diphenylpiperidine (107),
59

 2,5,5-trimethylpiperidine (9),
60

 2-

methyl-6,6-diphenylazepane (109),
29

 2-benzyl-5-methylpyrrolidine (46d),
26

 2,5-

dimethylpyrrolidine (46e)
61

 and 2-methyl-3-phenylpyrrolidine (65)
62

 are known 

compounds and were identified by comparison to the literature NMR spectroscopic data. 

 

Substrate synthesis 

1-Pent-4-enylcyclohexyl)methylamine 
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1-Pent-4-enylcyclohexanecarbonitrile THF (150 mL) was cooled to −30 °C and 

n-BuLi (36 mL, 2.5 M in hexanes, 91 mmol) was added, followed by addition of 

diisopropylamine (13.3 mL, 9.60 g, 95 mmol) at −30 °C. The resulting solution was 

allowed to warm to −10 °C and it was then cooled back to −30 °C. 

Cyclohexanecarbonitrile (9.81g, 90 mmol) was added dropwise to this solution. The 

reaction mixture was stirred for 1 h at −30 °C and was then treated with a solution of 1-

bromopent-5-ene (13.6. g, 91 mmol) in THF (20 mL). The reaction mixture was allowed 

to reach room temperature and was stirred at this temperature for additional 4 hours. 

Water (100 mL) and saturated NH4Cl solution (100 mL) were added, the product was 

extracted with ether (2100 mL). The combined organic layer was washed with brine, 

dried over Na2SO4 and concentrated by rotary evaporation. The crude material was 

distilled (bp 130–139 °C, 10 mm Hg) to give 12.35 g (77%) of a colorless oil.
1
H NMR 

(300 MHz, CDCl3): δ = 5.76 (m, 1H, =CH), 5.02–4.93 (m, 2H, =CH2), 2.10–2.01 (m, 

2H), 1.97–1.93 (m, 3H), 1.72–1.47 (m, 10H), 1.24–1.13 (m, 3H); 
13

C{
1
H} NMR (75 

MHz, CDCl3): δ = 137.9 (=CH), 123.6 (C≡N), 115.1 (=CH2), 39.9, 38.9, 35.7, 35.6, 33.6, 

25.4, 23.5, 23.0. 

(1-Pent-4-enylcyclohexyl)methylamine (116). To a mixture of LiAlH4 (3.93 g, 

0.1 mol) and Et2O (200 mL) was added a solution of 1-pent-4-

enylcyclohexanecarbonitrile (12.35 g, 69 mmol) in Et2O (40 mL) at 0 °C. The reaction 

mixture was stirred at room temperature for 6 h. Then the suspension was cooled to 0 °C 

and treated carefully with water (4 mL), 15% NaOH (4 mL) and then again water (20 

mL). The ether layer was decanted off from the white precipitate and the precipitate was 

refluxed with additional portion of Et2O (100 mL). The combined organic layers were 
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dried (Na2SO4) overnight and were then concentrated by rotary evaporation. The residue 

was distilled from CaH2 (145 °C, 10 mm) give 10.0 g (80 %) of the target amine as a 

colorless oil. 
1
H NMR (500 MHz, CDCl3): δ = 5.78 (m, 1H, =CH), 5.00–4.91 (m, 2H, 

=CH2), 2.02–2.00 (m, 2H, CH2NH2), 1.39–1.37 (m, 4H), 1.30–1.18 (m, 9H), 0.86 (br s, 

2H, NH2); 
13

C{
1
H} NMR (125 MHz, CDCl3): δ = 139.0 (=CH), 114.4 (=CH2), 48.6, 

36.3, 34.6, 34.2, 33.4, 26.5, 22.2, 21.5. 

Ligand Synthesis 

2,4,6-Trimethoxyaniline A mixture of 2,4,6-trimethoxynitrobenzene (1.50 g, 7.0 

mmol), SnCl2·2H2O (4.4 g, 19 mmol), HCl (12 M, 5 mL) and ethanol (10mL) was stirred 

overnight at room temperature and then 4 h at 50 °C (TLC-control). The mixture was 

poured into 10%ml of KOH (100 mL), cooled down and extracted with ether (230 mL). 

Combined organic layers were washed with water, then brine, dried (Na2SO4) and 

concentrated in vacuo to afford 1.01 g of the product as a brown oil (79% yield). 
1
H 

NMR (CDCl3, 300 MHz): 6.16 (s, 2H), 3.82 (s, 6H, OMe), 3.75 (s, 3H, OMe), 3.49 (br s, 

2H, NH2); 
13

C NMR (CDCl3, 75 MHz): δ = 152.5, 148.0, 118.9, 104.7, 91.3, 55.77, 

55.72. NMR data is in agreement with the literature.
63

 

rac-1,1'-Binaphthalene-2,2'-dicarboxylic acid (BINCA) (adopted from the 

literature).
64,65

 

 

1-Bromo-2-naphthoic acid. A mixture of 1-bromo-2-methylnaphthalene (25.0 g, 

0.11 mol), ethylmethylketone (10 mL), Co(OAc)2·(H2O)4 (5.60 g, 23 mmol) and glacial 
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acetic acid (150 mL) was stirred at 110–113 ºC for 2 days, while oxygen was bubbled 

slowly through the solution. The reaction mixture was slowly changing its color from 

purple to dark brown. After achieving ca. 60% conversion by TLC the reaction appeared 

to stop and was quenched by pouring it on ice (500 g) to produce black viscous substance 

with an intensive unpleasant aldehyde-like odor. Solid NaCl (50 g) was added and the 

mixture was extracted with EtOAc (3  150 mL). The combined organic layer was 

washed with brine (100 mL), concentrated to 100 mL, diluted with toluene (200 mL) and 

then extracted with 2M NaOH (3  200 mL) after which organic layer may be discarded. 

The combined dark brown aqueous NaOH extract was refluxed with charcoal (50 g) for 4 

h, cooled down and filtered. HCl (12 M) was added carefully to the yellowish filtrate 

under stirring until pH~0 to produce a white precipitate. After additional stirring for 30 

min at room temperature, the solid was filtered off, washed with water until pH~7 and 

dried in vacuo to give 13.5 g (49% yield) of pure 1-bromo-naphtalene-2-carboxylic acid 

as a white solid, mp 190 °C. 
1
H NMR (300 MHz, DMSO-d6): δ = 13.6 (br s, 1H, COOH), 

8.32 (d, 
3
J(H,H) = 9.1 Hz, 1H), 8.06–8.03 (m, 2H), 7.76–7.67 (m, 3H). The 

1
H NMR 

spectrum is similar to a low resolution spectrum reported previously.
64

 

 

rac-BINCA. The naphthoic acid obtained above (13.5 g, 53 mmol) was dissolved 

in MeOH (100 mL) and 1 drop of DMF was added. SOCl2 (11 mL, 9.0 g, 154 mmol) was 

added dropwise under stirring. After the addition was complete, the mixture was stirred at 

reflux for 1 h (TLC-control) then cooled down and carefully poured into NaHCO3 sat. 

(300 mL). Reaction product was extracted with ether (2  50 mL), and the combined 

organic layer was washed with brine (50 mL). The solution was then dried (Na2SO4) and 
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concentrated in vacuo to afford 14.0 g of methylnaphthoate as a brown liquid (53 mmol, 

100% yield) which was used without further purification. The ester was dissolved in dry 

DMF (20 mL), and copper powder (5.4 g, 85 mmol) was added. The mixture was stirred 

at 120 °C for 4 h (checked by TLC). The mixture was cooled down, diluted with EtOAc 

(100 mL) and filtered through celite to remove copper salts. The organic layers were 

washed with NaHCO3 sat. (2  50 mL) then brine, dried (Na2SO4) and concentrated. 

Flash column on 6 cm of silica (hexane/dichloromethane 1:1) afforded the BINCA-

dimethyl diester (7.0 g, 71%) as a white solid. Rf 0.2 (hexanes/EtOAc 9:1). The solid was 

suspended in MeOH (30 mL), and NaOH (15%, 20 mL) was added. The mixture was 

stirred at reflux for 2 h, then diluted with water (150 mL) and extracted with ether (50 

mL). The ether layer was discarded, and the aqueous layer was carefully brought to pH~0 

with 12 M HCl to produce a white precipitate. After additional stirring for 30min at room 

temperature t, the solid was filtered off, washed with water until pH~7 and dried in vacuo 

to give 6.40 g (98% yield) of pure BINCA as a white solid, mp 276–279 °C. 
1
H NMR 

(500 MHz, DMSO-d6): δ = 12.4 (br s, 2H, COOH), 8.09–8.03 (m, 6H), 7.54 (vt, 
3
J(H,H) 

= 6.9 Hz, 2H), 7.27 (vt, 
3
J(H,H) = 8.3 Hz, 2H), 7.54 (d, 

3
J(H,H) = 8.5 Hz, 2H); 

13
C{

1
H} 

NMR (125 MHz, (DMSO-d6): δ = 167.6 (COOH), 139.4, 134.3, 132.5, 128.1, 127.9, 

127.5, 127.4, 126.6, 126.0. The NMR spectra are in agreement with literature data.
65

 

Resolution of BINCA (a modified literature
66

 procedure). 

To a solution of rac-BINCA (5.0 g, 14.6 mmol) in THF (100 mL) was added 

DCC (3.0 g, 14.6 mmol) and the mixture was refluxed for 2 h to form a white precipitate. 

(R)-1-phenylethylamine (2.11 g, 17.5 mmol), and triethylamine (2.0 mL, 14.6 mmol) 

were added at room temperature, and the mixture was refluxed overnight. The mixture 
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was concentrated in vacuo and the residue was quenched with 1N HCl (100 mL) and 

extracted with dichloromethane (100 mL). The extract was dried (Na2SO4) and 

evaporated, and the residue was crystallized from acetonitrile (80 mL, crystals collected 

at 10 °C) to give 2.10 g of a yellowish solid which was ca. 90% pure by NMR-

spectroscopy,
66

 but containing only 1 diastereomer of the target amide (R,R). The mother 

liquor was evaporated and recrystallized twice from 80 mL of 95% ethanol to give 2.1 g 

of the pure (S,R) diastereomer. Each diastereomer was refluxed with SOCl2 (30 mL) for 4 

h to afford black mixture, then SOCl2 was distilled off in vacuo and the residue was 

treated with 40% KOH (30 mL) and refluxed for 1 day. The mixture was diluted with 

water (150 mL) and extracted with ether (50 mL). The organic layer was discarded and 

the aqueous layer was refluxed with charcoal (10 g) for 5 h, cooled down to room 

temperature and filtered. The filtrate was brought to pH~0 with HCl (12 M),
*
 cooled to 0 

°C and extracted with EtOAc (2  50 mL). The combined organic layers were washed 

with water until pH~7, then washed with brine, dried (Na2SO4) and concentrated to 10 

mL volume. Hexane (20 mL) was then added to induce precipitation, and the volatiles 

were removed to afford the chiral BINCA as a fine snow-white microcrystalline powder 

with NMR spectra identical to that of rac-BINCA. 1.0 g of each R- and S-isomer were 

obtained (20% overall or 40% chemical yield each) according to this procedure. Small 

fractions (10 mg) were converted to dimethyl diesters by refluxing with 1 mL of SOCl2 in 

MeOH (10 mL) for 4 h. The reaction mixtures were quenched with sat. NaHCO3 and 

                                                 

*
 A significant amount of fine silica gel might appear at this point due to the flask 

corrosion during the previous step, making the extraction impossible. If the silica 

appears, EtOAc should be added and the mixture should be refluxed for 2 h resulting in 

an aggregation of silica which can then be easily filtered off. 
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extracted with ether (15 mL). The organic layer was dried (Na2SO4) and concentrated, 

and the residue was subjected to a HPLC analysis (OD-H column, Hexanes/i-PrOH 

90:10, 1 mL/min).
67

 (R)-BINCA was found to be 97% ee (tR 7 min), and (S)-isomer was 

of 99% ee stereopurity (tR 9 min). 

 

Bis(carboxamido) ligands (General procedure) 

To a suspension of BINCA (171 mg, 0.50 mmol) in benzene (1 mL) were added 

SOCl2 (2 mL) and DMAP (1 crystal). The mixture was stirred at 70 °C overnight and the 

volatiles were removed in vacuo. Benzene (3 mL), DIPEA (0.5 mL, 3 mmol) and the 

appropriate aniline (2 mmol) were added and the mixture was stirred for 1 h at room 

temperature and then overnight at 70 °C until conversion was complete according to 

TLC. HCl (1N, 10 mL) was added and the product was extracted with dichloromethane 

(2  50 mL). The combined organic layers were washed with water, dried (Na2SO4) and 

concentrated. The residue was subjected to a column chromatography on silica. 

 

rac-N,N'-diphenyl-1,1'-binaphthalene-2,2'-dicarboxamide (110a). White solid, 

65% yield, Rf = 0.2 (DCM/CH3CN = 30:1). 
1
H NMR (500 MHz, DMSO-d6): δ = 10.98 

(s, 2H, 2NH), 8.16 (d, 
3
J(H,H) = 8.6 Hz, 2H), 8.02 (d, 

3
J(H,H) = 8.1 Hz, 2H), 7.89 (d, 

3
J(H,H) = 8.3 Hz, 2H), 7.53 (vt, 

3
J(H,H) =8.1 Hz, 

3
J(H,H) = 6.8 Hz, 2H), 7.36–7.31 (m, 

6H), 7.18 (t, 
3
J(H,H) = 7.8 Hz, 4H), 7.13 (d, 

3
J(H,H) = 8.6 Hz, 2H), 6.98 (t, 

3
J(H,H) = 7.3 

Hz, 2H). 
13

C{
1
H} NMR (125 MHz, DMSO-d6): δ = 168.3 (CO), 138.3, 134.8, 133.6, 

132.5, 131.5, 128.8, 128.7, 128.2, 127.2, 126.0, 124.3, 123.9, 119.4. 
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(R)-N,N'-bis(2-methylphenyl)-1,1'-binaphthalene-2,2'-dicarboxamide (110b). 

White solid, 51% yield, Rf = 0.2 (DCM/CH3CN = 30:1). 
1
H NMR (500 MHz, DMSO-

d6): δ = 10.40 (s, 2H, 2NH), 8.20 (d, 
3
J(H,H) = 8.6 Hz, 2H), 8.08 (d, 

3
J(H,H) = 8.3 Hz, 

2H), 7.86 (d, 
3
J(H,H) = 8.6 Hz, 2H), 7.58 (vt, 

3
J(H,H) = 8.3 Hz, 

3
J(H,H) =6.8 Hz, 2H), 

7.39 (vt, 
3
J(H,H) =8.3 Hz, 

3
J(H,H) = 7.1 Hz, 2H), 7.22 (d, 

3
J(H,H) = 8.6 Hz, 2H), 7.03–

6.97 (m, 6H), 6.81–6.80 (m, 2H), 1.55 (s, 6H, 2CH3). 
13

C{
1
H} NMR (125 NHz, DMSO-

d6): δ = 168.4 (CO), 135.4, 135.1, 133.7, 132.58, 132.56, 131.7, 130.2, 128.6, 128.1, 

127.14, 127.05, 126.2, 125.8, 125.1, 124.4, 17.1 (CH3). 

 

(S)-N,N'-Dimesityl-1,1'-binaphthalene-2,2'-dicarboxamide (110c). White 

solid, 52% yield, Rf = 0.1 (DCM/CH3CN = 30:1). Mp 259–262 °C. MS (ESI): m/z 577.2 

[M + H]
+
. IR (film): ν 3420, 3220, 1638 cm

-1
. 

1
H NMR (300MHZ, DMSO-d6):  10.30 

(s, 2H, NH), 8.21 (d, 
3
J(H,H) = 8.5 Hz, 2H), 8.09 (d, 

3
J(H,H) = 8.2 Hz, 2H), 7.83 (d, 

3
J(H,H) = 8.5 Hz, 2H), 7.57 (vt, 

3
J(H,H) = 8.0 Hz, 

3
J(H,H) = 7.3 Hz, 2H), 7.37 (t, 

3
J(H,H) 

= 7.6 Hz), 7.16 (d, 
3
J(H,H) = 8.5 Hz, 2H), 6.67 (s, 4H), 2.10 (s, 6H, CH3), 1.43 (s, 12H, 

CH3); 
13

C{
1
H} NMR (100MHz, DMSO-d6):  168.2 (CO), 135.5, 135.3, 134.4, 133.7, 

132.5, 132.1, 131.6, 128.5, 128.1, 128.0, 127.1, 126.9, 126.3, 124.5, 20.3, 17.1. Anal. 

Calcd for C40H36N2O2: C, 83.30; H, 6.29; N, 4.86. Found: C, 82.50; H, 6.38; N, 4.60. 

 

(S)-N,N'-Bis(2,6-diethylphenyl)-1,1'-binaphthalene-2,2'-dicarboxamide 

(110d). White solid, 60% yield, Rf = 0.15 (DCM/CH3CN = 30:1). Mp 286–289 °C (dec). 

MS (ESI): m/z 605.2 [M + H]
+
. IR (film): ν = 3440, 3220, 1636 cm

-1
. 

1
H NMR (300 

MHz, DMSO-d6, 60 °C): δ = 11.41 (br s, 2H, NH), 8.22 (d, 
3
J(H,H) = 8.5 Hz, 2H), 8.11 

(d, 
3
J(H,H) = 8.2 Hz, 2H), 7.73 (d, 

3
J(H,H) = 8.2 Hz, 2H), 7.62 (t, 

3
J(H,H) = 7.4 Hz, 2H), 
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7.35 (t, 
3
J(H,H) = 7.5 Hz, 2H), 7.21–7.10 (m, 4H), 6.95 (d, 

3
J(H,H) = 7.7 Hz, 4H), 1.96 

(br s, 8H, CH2), 0.84 (t, 
3
J(H,H) = 7.0 Hz, 12H, CH3); 

13
C{

1
H} NMR (75 MHz, DMSO-

d6, 60 °C):  = 168.8 (CO), 140.8, 135.2, 133.6, 132.7, 132.3, 132.1, 128.4, 127.8, 

126.82, 126.77, 126.6, 126.1, 125.2, 124.1, 23.2, 13.6. Anal. Calcd for C42H40N2O2: C, 

83.41; H, 6.67; N, 4.63. Found: C, 83.62; H, 6.88; N, 4.65. 

 

(R)-N,N'-Bis(2,6-diisopropylphenyl)-1,1'-binaphthalene-2,2'-dicarboxamide 

(110e). White solid, 64% yield, Rf = 0.2 (DCM/CH3CN = 30:1). Mp 302–306 °C (dec). 

MS (ESI): m/z 661.3 [M + H]
+
.IR (film): ν = 3420, 3200, 1634 cm

-1
. 

1
H NMR (300 MHz, 

DMSO-d6):  10.39 (s, 2H, NH), 8.28 (d, 
3
J(H,H) = 8.5 Hz, 2H), 8.13 (d, 

3
J(H,H) = 8.2 

Hz, 2H), 7.81 (d, 
3
J(H,H) = 8.5 Hz, 2H), 7.60 (t, 

3
J(H,H) = 7.1 Hz, 2H), 7.38 (t, 

3
J(H,H) = 

7.1 Hz, 2H), 7.15–7.10 (m, 4H), 6.96 (d, 
3
J(H,H) = 8.0 Hz, 4H), 2.38–2.29 (m, 2H, 

CHCH3), 2.24–2.13 (m, 2H, CHCH3), 0.83 (d, 
3
J(H,H) = 7.0 Hz, 6H, CH3), 0.72 (d, 

3
J(H,H) = 7.0 Hz, 6H, CH3), 0.62 (d, 

3
J(H,H) = 6.8 Hz, 6H, CH3), 0.58 (d, 

3
J(H,H) = 6.8 

Hz, 6H, 2CH3); 
13

C{
1
H} NMR (75 MHz, DMSO-d6):  169.5 (CO), 145.7, 135.5, 

133.8, 132.2, 131.3, 128.8, 128.2, 127.5, 127.0, 126.3, 124.3, 122.8, 122.7, 27.8, 27.5, 

23.5, 23.4, 22.94, 22.8. Anal. Calcd for C40H36N2O2: C, 83.60; H, 7.32; N, 4.24. Found: 

C, 83.86; H, 7.58; N, 4.18. 

 

(S)-N,N'-bis(3,5-dimethylphenyl)-1,1'-binaphthalene-2,2'-dicarboxamide 

(110f). White solid, 55% yield, Rf = 0.3 (hexane/EtOAc = 4:1). 
1
H NMR (500MHz, 

DMSO-d6): δ = 10.79 (s, 2H, 2NH), 8.16 (d, 
3
J(H,H) = 8.6 Hz, 2H), 8.03 (d, 

3
J(H,H) = 

8.1 Hz, 2H), 7.87 (d, 
3
J(H,H) = 8.6 Hz, 2H), 7.53 (vt, 

3
J(H,H) = 7.6 Hz, 

3
J(H,H) = 7.3 Hz, 
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2H), 7.34 (vt, 
3
J(H,H) = 7.8 Hz, 

3
J(H,H) = 7.6 Hz, 2H), 7.11 (d, 

3
J(H,H) = 8.6 Hz, 2H), 

6.92 (s, 4H), 6.62 (s, 2H), 2.11 (s, 12H, 4CH3). 
13

C{
1
H} NMR (125 MHz, DMSO-d6): δ 

= 168.1 (CO), 138.2, 137.6, 134.9, 133.6, 132.5, 131.5, 128.7, 128.1, 127.13, 127.11, 

126.0, 125.4, 124.4, 117.2, 20.9. 

 

(S)-N,N'-bis(2,4,6-trimethoxyphenyl)-1,1'-binaphthalene-2,2'-dicarboxamide 

(110g). White solid, 55% yield, Rf = 0.4 (DCM/MeOH=25:1). 
1
H NMR (300 MHz, 

DMSO-d6): δ = 9.76 (s, 2H, 2NH), 8.15 (d, 
3
J(H,H) = 8.6 Hz, 2H), 8.07 (d, 

3
J(H,H) = 7.9 

Hz, 2H), 7.74 (d, 
3
J(H,H) = 8.5 Hz, 2H), 7.55 (vt, 

3
J(H,H) = 7.7 Hz, 

3
J(H,H) = 7.3 Hz, 

2H), 7.30 (vt, 
3
J(H,H) = 7.4 Hz, 

3
J(H,H) = 7.3 Hz, 2H), 7.04 (d, 

3
J(H,H) = 8.5 Hz, 2H), 

6.02 (s, 4H), 3.31 (s, 6H, 2 OCH3), 3.21 (s, 12H, 4 OCH3). 
13

C{
1
H} NMR (75 MHz, 

DMSO-d6): δ = 168.6 (CO), 159.3, 156.3, 135.2, 133.6, 133.0, 132.3, 127.9, 127.7, 

126.6, 126.5, 124.7, 17.0, 90.8, 55.3, 55.2. 

 

(S)-N,N'-bis(2-methyl-1-naphthyl)-1,1'-binaphthalene-2,2'-dicarboxamide 

(110h). White solid, 45% yield, Rf = 0.2 (DCM/CH3CN=25:1). 
1
H NMR (400 MHz, 

DMSO-d6, 90 °C): δ = 10.66 (s, 2H, 2NH), 8.31 (d, 
3
J(H,H) = 8.6 Hz, 2H), 8.21 (d, 

3
J(H,H) = 8.2 Hz, 2H), 7.98 (d, 

3
J(H,H) = 8.6 Hz, 2H), 7.74 (d, 

3
J(H,H) = 8.2 Hz, 2H), 

7.68 (, 
3
J(H,H) = 7.8 Hz, 2H), 7.64 (d, 

3
J(H,H) = 8.6 Hz, 2H), 7.49 (t, 

3
J(H,H) = 7.8 Hz, 

2H), 7.37 (d, J = 8.4 Hz, 2H), 7.29 (t, 
3
J(H,H) = 7.1 Hz, 2H), 7.23 (d, 

3
J(H,H) = 8.2 Hz, 

2H), 6.98 (t, 
3
J(H,H) = 7.4 Hz, 2H), 6.75 (br m, 2H), 1.81 (br s, 6H, 2 CH3). 

13
C NMR 

spectrum contained only very broad signals of low intensity even after prolonged 

acquisition. 
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(R)-N,N'-Dibenzyl-1,1'-binaphthalene-2,2'-dicarboxamide (110i). White solid, 

56% yield, Rf = 0.15 (DCM/CH3CN=100:1). 
1
H NMR (300 MHz, DMSO-d6): δ = 9.48 

(s, 2H, 2NH), 8.16 (d, 
3
J(H,H) = 8.8 Hz, 2H), 8.11 (d, 

3
J(H,H) = 8.2 Hz, 2H), 7.57 (vt, 

3
J(H,H) = 7.9 Hz, 

3
J(H,H) = 7.1 Hz, 2H), 7.31 (vt, 

3
J(H,H) = 8.5 Hz, 

3
J(H,H) = 7.0 Hz, 

2H), 7.05–7.02 (m, 4H), 6.92 (vt, 
3
J(H,H) = 7.9 Hz, 

3
J(H,H) = 7.4 Hz, 2H), 6.40 (d, 

3
J(H,H) = 7.6 Hz, 4H), 4.14 (d, 

2
J(H,H) = 15.8 Hz, 4H, 2 CH2). 

13
C{

1
H} NMR (75 MHz, 

DMSO-d6): δ = 170.0 (CO), 138.8, 136.2, 134.4, 133.6, 133.0, 128.8, 128.34, 128.28, 

127.4, 127.3, 127.1, 127.0, 124.7, 43.5. 

 

Complex synthesis 

A screw cap NMR tube was charged with equimolar amounts of the bisamide 

proligand 1 and the corresponding metal tetrakis(amide) (0.01–0.03 mmol) and then C6D6 

or THF-d8 (0.6 mL) was added. The NMR tube was sealed, removed from the glovebox 

and shaken vigorously until the insoluble proligand was fully dissolved. Then the NMR 

spectra were recorded. Complexes were isolated in quantitative yields as solids using a 

freeze-drying technique. Standard solutions of isolated complexes and complexes 

prepared in situ were used for catalytic experiments. 

 

(S)-111c-Zr. White solid. 
1
H NMR (300 MHz, C6D6): δ = 8.00 (d, 

3
J(H,H) = 8.5 

Hz, 2H), 7.85 (d, 
3
J(H,H) = 8.2 Hz, 2H), 7.69 (d, 

3
J(H,H) = 8.2 Hz, 4H), 7.14 (vt, 

3
J(H,H) 

= 7.4 Hz, 2H), 6.99 (t, 
3
J(H,H) = 7.6 Hz, 2H), 6.78 (s, 2H), 6.53 (s, 2H), 2.54 (s, 12H), 

2.43 (s, 6H), 2.12 (s, 6H), 1.87 (br s, 18H); 
13

C{
1
H} NMR (100 MHz, C6D6): δ = 178.6 
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(CO), 161.0 (CO), 146.3, 143.5, 142.4, 139.4, 135.1, 134.6, 133.6, 133.5, 133.0, 132.2, 

130.6, 130.0, 129.1, 127.6, 127.0, 126.4, 125.9, 43.9 (ZrNMe2), 42.0 (HNMe2), 39.2 

(HNMe2), 20.8 (CH3), 19.3 (CH3), 17.4 (CH3). Anal. Calcd for C44H46N4O2Zr: C, 70.08; 

H, 6.15; N, 7.43. Found: C, 64.96; H, 6.31; N, 7.28. 

 

(R)-111ca-Zr. Yellow solid. 
1
H NMR (300 MHz, C6D6): δ = 8.00 (d, 

3
J(H,H) = 

8.5 Hz, 2H), 7.85 (d, 
3
J(H,H) = 8.2 Hz, 2H), 7.69 (d, 

3
J(H,H) = 8.2 Hz, 4H), 7.14 (t, 

3
J(H,H) = 7.4 Hz, 2H), 6.99 (t, 

3
J(H,H) = 7.6 Hz, 2H), 6.78 (s, 2H), 6.53 (s, 2H), 2.54 (s, 

12H), 2.43 (s, 6H), 2.12 (s, 6H), 1.87 (br s, 18H); 
13

C{
1
H} NMR (75 MHz, C6D6): δ = 

178.2 (CO), 159.9 (CO), 145.6, 138.6, 137.3, 134.4, 133.6, 1133.5, 129.8, 129.0, 128.8, 

128.7, 128.4, 128.2, 128.0, 127.8, 127.5, 124.6 (Aryl), 43.4(ZrNEt2), 41.5 (HNMe2), 

20.8, 20.6, 20.5, 20.3 20.0, 19.8, 19.0, 17.2, 14.9, 14.3. 

 

(R)-111d-Zr. White microcrystalline solid. 
1
H NMR (500 MHz, C6D6): δ = 8.04 

(d, 
3
J(H,H) = 8.2 Hz, 2H), 7.85 (d, 

3
J(H,H) = 8.3 Hz, 2H), 7.67 (d, 

3
J(H,H) = 8.0 Hz, 

2H), 7.59 (d, 
3
J(H,H) = 8.8 Hz, 2H), 7.13–7.01 (m, 2H), 7.93 (d, 

3
J(H,H) = 7.1 Hz, 2H), 

6.92 (t, 
3
J(H,H) = 7.1 Hz, 2H), 6.86 (t, 

3
J(H,H) = 7.5 Hz, 2H), 6.80 (d, 

3
J(H,H) = 7.3 Hz, 

2H), 3.13–3.06 (m, 2H, CH2), 2.65–2.58 (m, 2H, CH2), 2.43 (s, 12 H, ZrNMe2), 1.73 (br 

s, 12H, HNMe2), 1.40 (t, 
3
J(H,H) = 7.5 Hz, 6H, CH3), 1.29–1.24 (m, 2H, CH2), 1.15–1.1 

(m, 2H, CH2), 1.01 (br s, 2H, HNMe2), 0.54 (t, 
3
J(H,H) = 7.4 Hz, 6H, CH3); 

13
C{

1
H} 

NMR (125 MHz, C6D6): δ = 160.6 (CO), 147.6, 138.8, 134.53, 134.50, 134.0, 133.8, 

133.6, 128.8, 128.29, 128.27, 127.7, 127.1, 126.4, 125.9, 125.2, 125.0, 122.0, 41.8 
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(ZrNMe2), 39.0 (HNMe2), 26.1 (CH2), 23.7 (CH2), 14.2 (CH3), 13.6 (CH3). Anal. Calcd 

for C46H50N4O2Zr: C, 70.64; H, 6.44; N, 7.16. Found: C, 66.55; H, 6.38; N, 6.80. 

 

(R)-111d-Hf. Colorless solution, prepared in situ only. 
1
H NMR (500 MHz, THF-

d8, 60 °C): δ = 8.03 (d, 
3
J(H,H) = 8.3 Hz, 2H), 7.92 (d, 

3
J(H,H) = 8.6 Hz, 2H), 7.76 (br. 

m, 2H), 7.40 (vt, 
3
J(H,H) = 8.1; 6.9 Hz, 2H), 7.29 (d, 

3
J(H,H) = 7.8 Hz, 2H), 7.22–7.19 

(m, 2H), 6.82 (d, 
3
J(H,H) = 6.6 Hz, 2H), 6.66–6.60 (m, 4H, aryl), 2.90–2.87 (m, 2H, 

CH2), 2.79–2.70 (m, 8H, 4CH2), 2.61–2.56 (m, 8H, 4CH2), 2.53–2.45 (m, 2H, CH2), 1.26 

(t, 
3
J(H,H) = 7.3 Hz, 6H, 2CH3), 1.09 (t, 

3
J(H,H) = 7.1 Hz, 12H, 4CH3), 0.68 (t, 

3
J(H,H) 

= 7.1 Hz, 12H, 4CH3), 0.83 (t, 
3
J(H,H) = 7.6 Hz, 6H, 2CH3); 

13
C{

1
H} NMR (125 MHz, 

THF-d8): δ = 160.3 (CO), 147.6, 147.4, 139.2, 134.8, 134.6, 134.3, 133.9, 129.0, 128.8, 

128.4, 127.2, 126.7, 125.1, 124.6, 122.1 (aryl), 44.9 (ZrN(CH2CH3)2), 41.8 

(HN(CH2CH3)2), 26.2 (CH3CH2C), 23.5 (CH3CH2C), 15.9 (ZrN(CH2CH3)2), 15.2 

(HN(CH2CH3)2), 14.1(CH3CH2C), 13.2 (CH3CH2C).  

 

(S)-111e-Zr. Colorless solution, prepared in situ. 
1
H NMR (400MHz, C6D6):  

8.15 (d, 
3
J(H,H) = 8.2 Hz, 2H), 7.85 (d, 

3
J(H,H) = 8.2 Hz, 2H), 7.62 (d, 

3
J(H,H) = 7.8 Hz, 

2H), 7.51 (d, 
3
J(H,H) =7.8 Hz, 2H), 7.11–7.07 (m, 2H), 7.05–7.02 (m, 2H), 6.94–6.87 

(m, 6H), 3.52–3.45 (m, 2H), 2.33 (s, 12H, ZrNMe2), 1.88–1.81 (m, 2H), 1.71 (s, 6H, 

HNMe2), 1.69 (s, 6H, HNMe2), 1.51 (d, 
3
J(H,H) = 6.7 Hz, 6H, CH3), 1.32 (d, 

3
J(H,H) = 

7.1 Hz, 6H, CH3), 0.77 (br s, 2H, HNMe2), 0.59 (d, 
3
J(H,H) = 6.7 Hz, 6H, CH3), 0.42 (d, 

3
J(H,H) = 6.7 Hz, 6H, CH3); 

13
C{

1
H} NMR (100 MHz, C6D6): δ =160.7 (CO), 146.4, 

139.9, 138.6, 137.9, 134.2, 133.9, 133.8, 128.5, 128.4, 127.8, 127.3, 126.54, 126.50, 
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123.0, 122.5, 121.7, 41.5 (ZrNMe2), 39.0 (HNMe2), 29.4 (CHCH3), 28.0 (CHCH3), 24.4 

(CH3), 23.8 (CH3), 22.6 (CH3), 22.4 (CH3).  

 

(S)-111e-Zr (mono-amine adduct). White microcrystalline solid by freeze-drying 

of a solution containing (S)-111e-Zr. 
1
H NMR (300 MHz, C6D6): δ = 8.18 (d, 

3
J(H,H) = 

8.2 Hz, 2H), 7.90 (d, 
3
J(H,H) = 8.2 Hz, 2H), 7.66 (d, 

3
J(H,H) = 7.8 Hz, 2H), 7.58 (d, 

3
J(H,H) =7.8 Hz, 2H), 7.15–7.05 (m, 4H), 7.00-6.90 (m, 6H), 3.57–3.48 (m, 2H), 2.33 (s, 

12H, ZrNMe2), 1.93–1.84 (m, 2H), 1.53 (d, 
3
J(H,H) = 6.7 Hz, 6H, CH3), 1.41 (s, 6H, 

HNMe2),1.35 (d, 
3
J(H,H) = 6.7 Hz, 6H, CH3), 1.04 (br s, 1H, HNMe2), 0.61 (d, 

3
J(H,H) = 

6.7 Hz, 6H, CH3), 0.40 (d, 
3
J(H,H) = 6.7 Hz, 6H, CH3). 

13
C{

1
H} NMR (125 MHz, C6D6): 

δ =160.6 (CO), 146.2, 140.0, 138.4, 137.9, 134.2, 134.0, 133.9, 128.6, 128.5, 128.3, 

127.9, 127.2, 126.6, 126.3, 123.3, 122.5, 121.7, 40.2 (ZrNMe2), 38.6 (HNMe2), 29.3 (2 

CHCH3), 27.8 (2 CHCH3), 24.0 (2CH3), 23.7 (2CH3), 23.2 (2CH3), 22.7 (2CH3). Anal. 

Calcd for C50H58N4O2Zr: C, 71.64; H, 6.97; N, 6.68. Found: C, 68.00; H, 6.86; N, 6.01. 

 

(S)-111g-Zr. White solid, colorless solution. 
1
H NMR (500 MHz, C6D6): δ = 7.94 

(d, 
3
J(H,H) = 8.6 Hz, 2H), 7.63 (d, 

3
J(H,H) = 8.6 Hz, 2H), 7.55 (d, 

3
J(H,H) = 8.1 Hz, 

2H), 7.22–7.19 (m, 2H), 6.08–7.04 (m, 2H), 6.58–6.55 (m, 2H), 6.31 (d, 
3
J(H,H) = 8.6 

Hz, 2H), 5.64 (d, 
3
J(H,H) = 2.4 Hz, 2H), 4.90 (d, 

3
J(H,H) = 2.4 Hz, 2H), 3.36 (s, 6H, 

OMe), 3.26 (s, 6H, OMe), 3.06 (s, 6H), 2.74 (s, 6H), 2.52–2.48 (m, 9H), 2.22–2.19 (br m, 

9H). 
13

C{
1
H} NMR (125 MHz, C6D6): δ = 168.9 (CO), 155.7, 152.6, 149.7, 139.8, 133.3, 

132.3, 131.0, 129.1, 128.7, 128.3, 126.7, 126.1, 125.1, 124.6, 120.3, 90.3, 90.1, 54.5, 

54.3, 53.6, 45.11, 40.0, 39.1. 
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(S)-111h-Zr. White solid. 
1
H NMR (300 MHz, C6D6):  8.00 (d, 

3
J(H,H) = 8.5 

Hz, 2H), 7.85 (d, 
3
J(H,H) = 8.2 Hz, 2H), 7.69 (d, 

3
J(H,H) = 8.2 Hz, 4H), 7.14 (t, 

3
J(H,H) 

= 7.4 Hz, 2H), 6.99 (t, 
3
J(H,H) = 7.6 Hz, 2H), 6.78 (s, 2H), 6.53 (s, 2H), 2.54 (s, 12H), 

2.43 (s, 6H), 2.12 (s, 6H), 1.87 (br s, 18H); 
13

C{
1
H} NMR (100 MHz, C6D6):  162.4 

(CO), 145.8, 140.3, 134.7, 133.4, 133.3, 133.1, 129.6, 128.9, 128.5, 128.1, 127.51, 

127.46, 126.8, 125.7, 124.4, 124.3, 123.4, 121.0 (aryl), 44.9 (ZrNMe2), 38.7 (HNMe2), 

19.2 (CH3). 

 

(R,R)-112d-Zr. Colorless solution, prepared in situ only. 
1
H NMR (500 MHz, 

C6D6, 70 °C):  7.99 (d, 
3
J(H,H) = 6.1 Hz, 1H), 7.88–7.37 (m, 13H), 7.34 (d, 

3
J(H,H) = 

7.1 Hz, 1H), 7.19–6.62 (m, 14H), 6.81 (m,1H), 6.68–6.61 (m, 3H), 6.50–6.43 (m, 4H), 

6.29 (m, 1H), 6.12 (d, 
3
J(H,H) = 7.8 Hz, 1H), 5.20 (br s, 1H, aryl-H), 2.59 (m, 6H), 2.50 

(q, J = 7.5 Hz, 16H, 8 CH2, 4 HNEt2),2.42 (br s, 6H) , 2.28 (br s, 6H), 2.12 (br s, 6H), 

2.03 (br s, 6H), 1.81 (br s, 6H), 1.17 (br s, 3H), 0.99 (t, 
3
J(H,H) = 7.5 Hz, 24H, 8 CH3, 

4HNEt2); 
13

C{
1
H} NMR (125 MHz, C6D6, 125 MHz):  183.2, 158.8, 158.1, 157.3 

(CO), 145.6, 143.9, 143.7, 138.9, 138.6, 137.1, 136.3, 135.4, 134.6, 134.4, 134.0, 133.6, 

133.48, 133.45, 133.3, 133.2, 133.1, 133.0, 132.7, 131.9, 131.3, 131.2, 130.7, 130.5, 

130.2, 129.9, 129.6, 129.2, 129.0, 128.9, 128.8, 128.7, 128.6, 128.5, 128.4, 128.34, 

128.29, 128.1, 127.9,127.7, 127.6, 127.5, 127.4, 127.3, 127.24, 127.17, 127.1, 127.0, 

126.9,  126.0, 125.9, 124.7, 124.4 (aryl), 44.3 (HN(CH2CH3)2), 21.7, 21.3, 20.9, 20.8, 

20.6, 20.4, 19.8, 19.7, 19.6, 18.6, 15.7 (HN(CH2CH3)2), 11.8(CH3), 11.3 (CH3).  
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General procedure for NMR-scale catalytic hydroamination/cyclization 

reactions. In the glovebox, a screw cap NMR tube was charged with ferrocene (6.0 mg, 

32.3 μmol), C6D6 (0.5 mL), and the substrate (0.30 mmol). Then a solution of the 

appropriate complex, either prepared in situ or isolated, in C6D6 (0.05 M) was added. The 

NMR tube was sealed, removed from the glovebox and placed in the thermostated oil 

bath or thermostated NMR probe and the conversion was monitored by NMR 

spectroscopy by following the disappearance of the olefinic signals of the substrate 

relative to the internal standard ferrocene. The reaction time was recorded when a 

conversion of at least 95% was achieved. 

 

General procedure for preparation of Mosher amides. The amine (0.08–0.1 

mmol) was dissolved in CDCl3, C6D6, or toluene-d8 (0.5 mL) in a NMR tube. Hünig’s 

base (2.5 equiv. with respect to the amine) and (R)-Mosher chloride (1.5 eq. with respect 

to the amine) were added. Enantiomeric excess was then determined by 
19

F NMR at 60–

100 °C. 

 

General procedure for determination of enantiomeric excess through salt 

formation.
24

 The cyclic amine was vacuum transferred from the NMR tube into a 25 mL 

round-bottom flask which contained (R)-(–)-O-acetylmandelic acid (1.05 eq). The 

resulting mixture was stirred at 22 °C for 2–3 h and the volatiles were removed in vacuo. 

The resulting diastereomeric salt was then dissolved in CDCl3
 
and the enantiomeric 

excess was determined by 
1
H NMR spectroscopy. 
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Preparative-scale hydroamination reactions 

2,4,4-trimethylpyrrolidine hydrochloride (5·HCl).
68

 In the glovebox, a flask 

was fitted with a stirring bar and was charged with 4 (45 mg, 0.40 mmol), toluene (1 mL) 

and (R)-111d-Zr (0.060 M in C6D6, 0.13 mL, 7.8 μmol, 2 mol%). The solution was then 

stirred at 100 °C for 7 h. All volatiles were then vacuum transferred, diluted with Et2O (2 

mL), and carefully treated with hydrochloric acid (1.59 mL, 0.5 M, 0.81 mmol) at 0 °C. 

After 30 min, the suspension was brought to room temperature and the solvent was 

removed in vacuo. The white precipitate was washed with diethyl ether (2  1 mL) and 

then dried in air to give 51 mg (84%) of 5·HCl as a white powder in 42% ee according to 

19
F NMR spectroscopy of the Mosher amide. 

1
H NMR (400 MHz, CDCl3,):  9.87 (br 

s, 1H, NH2Cl), 9.47 (br s, 1H, NH2Cl), 3.88–3.85 (m, 1H, CH(CH3)NH2Cl), 3.12–3.10 

(m, 1H, CH2NH2Cl), 2.99–2.97 (m, 1H, CH2NH2Cl), 1.87 (dd, 1H, 
2
J(H,H) = 12.9 Hz, 

3
J(H,H) = 6.5 Hz, CH2CH(CH3)NH2Cl), 1.53 (dd, 1H, 

2
J(H,H) = 12.9 Hz, 

3
J(H,H) = 11.2 

Hz, CH2CH(CH3)NH2Cl), 1.48 (d, 
3
J(H,H) = 6.5 Hz, CH(CH3)NH2Cl), 1.16 (s, 3H, 

C(CH3)2), 1.11 (s, 3H, C(CH3)2); 
13

C{
1
H} NMR (100 MHz, CDCl3):  56.3 

(CH2NH2Cl), 55.3 (CH(CH3)NH2Cl), 46.9 (CH2CH(CH3)NH2Cl), 38.7 (C(CH3)2), 27.22 

(C(CH3)2), 27.19 (C(CH3)2), 18.0 (CH(CH3). 

 

3-Methyl-2-aza-spiro[4.5]decane (19).
57

 In the glovebox, a screw cap NMR tube 

was charged with 18 (75 mg, 0.49 mmol), C6D6 (0.4 mL), and (S)-111c-Zr (0.076M in 

C6D6, 0.13 mL, 9.8 μmol, 2 mol%). The NMR tube was sealed, removed from the 

glovebox and kept for 20 h at 80 °C. All volatiles were then transferred under high 

vacuum. The solvent was removed under reduced pressure to give 59 mg (79%) of 19 as 

a colorless liquid in 25% ee according to 
19

F NMR spectroscopy of the Mosher amide.. 
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1
H NMR (400 MHz, C6D6):  3.00 (m, 1H, CH(CH3)NH), 2.73 (d, 

2
J(H,H) = 10.4 Hz, 

1H, CH2NH), 2.50 (d, 
2
J(H,H) = 10.4 Hz, 1H, CH2NH), 1.55 (dd, 

2
J(H,H) = 12.3 Hz, 

3
J(H,H) = 6.6 Hz, 1H, CH(CH3)CH2), 1.29 (br m, 10H, CH2), 1.06 (d, 

3
J(H,H) = 6.2 Hz, 

3H, CH(CH3)NH), 1.06 (br s, 1H, NH, obscured by other signal), 0.88 (dd, 
2
J(H,H) = 

12.3 Hz, 
3
J(H,H) = 9.1 Hz, 1H, CH(CH3)CH2); 

13
C{

1
H} NMR (100 MHz, C6D6):  

59.7 (CH2NH), 54.1 (CH(CH3)NH), 47.8 (CH2CH(CH3)NH), 43.9, 39.0 (CH2), 37.6 

(CH2), 26.5 (CH2), 24.2 (CH2), 24.1 (CH2), 22.0 (CH(CH3)NH). 

 

2-Methyl-4,4-diphenylpyrrolidine (16).
51

 In the glovebox, a flask was fitted 

with a stirring bar and was charged with 105 (94 mg, 0.40 mmol), toluene (1 mL) and 

(S)-111c-Zr (0.11 mL 0.076M in C6D6, 8.0 μmol, 2 mol%). The solution was then stirred 

at 80 °C overnight. The solution was diluted with Et2O (10 mL), flushed through a short 

silica pad, concentrated and dissolved in hexanes (5 mL). The precipitate was filtered off, 

and the filtrate was washed with water (2 mL) and brine (2 mL). The organic layer was 

dried over Na2SO4 and concentrated in vacuo to give 80 mg of 16 (85%) as a colorless oil 

in 52% ee according to 
19

F NMR spectroscopy of the Mosher amide. 
1
H NMR (400 MHz, 

C6D6):  7.22-7.20 (m, 2H), 7.14–7.08 (m, 6H), 7.04–7.00 (m, 2H, aryl-H), 3.51 (d, 

2
J(H,H) = 10.9 Hz, 1H, CH2N), 3.34 (d, 

2
J(H,H) = 10.9 Hz, 1H, CH2N), 3.16–3.11 (m, 

1H, CHN), 2.39 (dd, 
2
J(H,H) = 12.4 Hz, 

3
J(H,H) = 6.3 Hz, 1H, CHCH2), 1.80 (dd, 

2
J(H,H) = 12.3 Hz, 

3
J(H,H) = 9.2 Hz, 1H, CHCH2), 1.27 (br s, 1H, NH), 1.01 (d, 

3
J(H,H) 

= 6.2 Hz, 3H, CH3); 
13

C{
1
H} NMR (75.5 MHz, C6D6):  148.8, 148.2, 128.4, 127.58, 

127.51, 126.04, 126.00 (aryl), 58.7 (CH2NH), 57.3 (CPh2), 53.1 (CH(CH3)NH), 47.6 

(CH2), 22.5 (CH3). 
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9-Methyl-8-azaspiro[5,6]dodecane (117). In the glovebox, a screw cap NMR 

tube was charged with 116 (27.1 mg, 0.15 mmol), C6D6 (0.4 mL), and (R)-111h-Zr (0.01 

M in C6D6, 150 μL, 15 μmol, 10 mol%). The NMR tube was sealed, removed from the 

glovebox and kept for 40 h at 120 °C. The reaction mixture was loaded on small amount 

of alumina and concentrated. Column chromatography on a short alumina plug (Hexanes-

EtOAc 100:1) gave 16.1 mg (60%) of 117 as a colorless liquid. 
1
H NMR (400 MHz, 

CDCl3): = 2.84 (d, 
2
J(H,H) = 13.7 Hz, 1H, NCH2), 2.71–2.63 (m, 1H, CH3CH), 2.35 (d, 

2
J(H,H) = 13.7 Hz, 1H, NCH2), 1.77–1.70 (m, 1H), 1.68–1.48 (m, 2H), 1.45–1.12 (m, 

14H), 1.05 (d, 
3
J(H,H) = 6.3 Hz, 3H, CH3); 

13
C

1
H NMR (100 MHz, CDCl3):  = 58.7, 

57.2, 40.5, 38.5, 37.6, 37.0, 36.0, 26.6, 23.7, 21.9, 21.8, 21.1. 

 

N-Benzoyl-9-methyl-8-azaspiro[5,6]dodecane. Azepane 117 (13.5 

mg, 0.075 mmol) was dissolved in CH2Cl2 (1 mL) and then DIPEA 

(26 mg, 0.2 mmol) and benzoyl chloride (21 mg, 0.15 mmol) were 

added. The mixture was stirred at room temperature for 3 h. Volatiles were removed in 

vacuo and the residue was partitioned between Et2O (2 mL) and 2M NaOH (2 mL). The 

resulting emulsion was stirred for 2 h and then the organic layer was separated, washed 

with brine (1 mL), dried (Na2SO4), and concentrated. The residue was purified by flash 

chromatography on silica (CH2Cl2) and subjected to a chiral HPLC analysis. Colorless 

oil. 
1
H NMR (400 MHz, DMSO-d6, 70 °C): = 7.44–7.39 (m, 3H), 7.32–7.30 (m, 2H, 

Aryl-H), 4.16 (br s, 1H, CHN), 3.80 (br s, 1H, CHN), 2.68 (br s, 1H, CHN), 1.91–1.84 

(m, 1H), 1.80–1.85 (m, 1H), 1.62–1.55 (m, 1H), 1.50–1.18 (m, 11H), 1.08 (t, 
2
J(H,H) = 
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12.3 Hz, 1H), 0.94 (br s, 3H, CH3); 
13

C
1
H NMR (100 MHz, DMSO-d6, 70 °C):  = 

171.1 (CO), 137.8 (Aryl), other signals are very broad and obscure due to rotamer 

interconversion. HPLC (AS-H, hexane/2-propanol 90:10, 0.5 mL/min): tR 15.5 min 

(major), 18.9 min (minor); indicating 11% ee.  

 

trans-2-Cyclohexyl-5-methylpyrrolidine (46f). In the glovebox, a screw cap 

NMR tube was charged with 45f (50 mg, 0.30 mmol), C6D6 (0.4 mL) and rac-111c-Zr 

(0.12 mL 0.076M in C6D6, 8.9 μmol, 3 mol%). The NMR tube was then sealed, removed 

from the glovebox and placed in the thermostated (120 °C) oil bath for 12 h. All volatiles 

were then transferred under high vacuum. The solvent was removed under reduced 

pressure to give 44 mg (88%) of 46f as a colorless liquid with dr >30:1 according to 
1
H 

NMR spectroscopy. MS (ESI): m/z 168.2 [M + H]
+
. 

1
H NMR (500 MHz, C6D6):  

3.12–3.05 (m, 1H, CH(CH3)NH), 2.82–2.78 (m, 1H, CH(Cy)NH), 1.92–1.89 (m, 1H), 

1.78–1.61 (m, 7H), 1.30–1.06 (m, 7H), 0.98 (d 
3
J(H,H) = 6.3 Hz, 3H, CH3), 0.98–0.90 

(m, 3H), 0.69 (br s, 1H, NH); 
13

C{
1
H} NMR (125 MHz, C6D6):  63.6 (CyCHNH), 

53.9 (CH3CHNH), 44.8 (CHCH(Cy)NH), 35.4 (CH2), 31.1 (CH2), 31.0 (CH2), 30.5 

(CH2), 27.1 (CH2), 26.74 (CH2), 26.67 (CH2), 22.2 (CH(CH3)NH).  

 

 

Crystallography. X-ray quality crystals of (R)-111d-Zr and (R)-111ca-Zr were 

obtained by recrystallization from benzene at room temperature. Data were collected on a 

Bruker Apex-II CCD Diffractometer at 100(2) K, wavelength 0.71073 Å and are 

summarized in (Table V-4 and Table V-6). Lorentz, polarization, and empirical 

absorption corrections were applied. The space group was determined from systematic 



238 

absences. The structure was solved by direct methods (SHELXS program).
69

 All 

positional and atomic displacement parameters (ADP) were refined with all reflections 

data by full-matrix least squares on F
2
 using SHELXL.

69
 Non-hydrogen atoms were 

refined anisotropically. Hydrogen atoms were constrained to idealized positions using a 

riding model. The absolute structure was refined using the Flack parameter.
70

 The 

drawing of the molecules was realized with the help of WinOrtep.
71

 

 

Figure V-9. ORTEP diagram for (R)-111d-Zr. Thermal ellipsoids are shown at the 50% 

probability level, hydrogen atoms, except H5n and H6n are omitted for clarity. 

 

Table V-4. Crystallographic data for (R)-111d-Zr. 

Paramater  Value 

Empirical formula  C50H64N6O2Zr 

Formula weight  872.29 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Zr1
C46

C45

N4

N3

C44

C43

C47

C48

N5

H5n

O1

O2

N1

C2

C23

C24
C25

C26

C27 C28

C29
C30

C31

C22
C1

C10

C32

C9

C8

C7
C6

C5

C4

C3

C39

C40 C35

C36

C37

C38C33

C41

C42

C21

C20C12

C13

C18

C19

C16

C15

C14

C17

C50

H6n

C49

N6

C11

N2

C34
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Crystal system  Orthorhombic 

Space group  P212121 

Unit cell dimensions a = 11.9140(5) Å,= 90°  

 b = 13.4359(5) Å, = 90°  

 c = 28.0449(12) Å,  = 90° 

Volume 4489.3(3) Å
3
 

Z 4 

Density (calculated) 1.291 Mg/m
3
 

Absorption coefficient 0.291 mm
−1

 

F(000) 1848 

Crystal size 0.20  0.10  0.02 mm
3
 

Θ range for data collection 1.68 to 28.28°. 

Index ranges −11≤h<=15, −17≤k≤17, −37≤l≤34 

Reflections collected 21017 

Independent reflections 10963 [R(int) = 0.0431] 

Completeness to θ= 28.28° 99.8 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.994 and 0.944 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 10963 / 0 / 552 

Goodness-of-fit on F
2
 1.001 

Final R indices [I>2σ(I)] R1 = 0.0445, wR2 = 0.0766 

R indices (all data) R1 = 0.0659, wR2 = 0.0831 

Absolute structure parameter 0.00(2) 

Largest diff. peak and hole 0.491 and −0.341 e.Å
−3

 

 

Table V-5. Selected bond lengths [Å] and angles [°] for (R)-111d-Zr. 

Zr1-N3  2.070(2) 

Zr1-N4  2.072(2) 
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Zr1-O2  2.1128(18) 

Zr1-O1  2.1174(18) 

Zr1-N6  2.365(2) 

Zr1-N5  2.377(2) 

O1-C11  1.321(3) 

O2-C32  1.315(3) 

N1-C11  1.275(3) 

N1-C12  1.411(4) 

N2-C32  1.279(3) 

N2-C33  1.416(4) 

N3-Zr1-N4 92.79(9) 

N3-Zr1-O2 94.00(8) 

N4-Zr1-O2 168.30(9) 

N3-Zr1-O1 167.82(9) 

N4-Zr1-O1 89.21(8) 

O2-Zr1-O1 86.15(7) 

N3-Zr1-N6 87.85(10) 

N4-Zr1-N6 98.59(9) 

O2-Zr1-N6 91.18(8) 

O1-Zr1-N6 79.97(9) 

N3-Zr1-N5 98.61(10) 

N4-Zr1-N5 89.17(9) 

O2-Zr1-N5 80.41(8) 

O1-Zr1-N5 93.44(9) 

N6-Zr1-N5 169.69(9) 

C11-O1-Zr1 151.56(16) 

C32-O2-Zr1 153.03(19) 

C11-N1-C12 119.2(2) 

C32-N2-C33 122.4(2) 

Binaphthyl dihedral 76.1 
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Figure V-10. ORTEP diagram for (R)-111ca-Zr. Thermal ellipsoids are shown at the 

50% probability level, hydrogen atoms, except H3n are omitted for clarity. 

 

Table V-6. Crystallographic data for (R)-111ca-Zr. 

Parameter  Value 

Empirical formula  C52H65N5O2Zr 

Formula weight  883.31 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21 

Unit cell dimensions a = 12.1764(8) Å, = 90°. 

Zr1

C5
C6

C7

C8
C9

C4
C3

C15
C16

C17

C18

C19

C14

C29

C25C24

C23
C28

C42

C41

C44

C43

C49

C50

N3
H3n

N5

C51a

C52a

C10

C2

C20

C11

C12

C13

C21

N1

N2

O2

O1

C40

C38

C34

C33

C39

C35

C46

N4

C26

C27

C30

C45

C48

C47

C37

C32

C31

C22

C1
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 b = 17.9217(13) Å, = 119.406(1)°. 

 c = 12.2932(8) Å,  = 90°. 

Volume 2337.0(3) Å
3
 

Z 2 

Density (calculated) 1.255 Mg/m
3
 

Absorption coefficient 0.280 mm
−1

 

F(000) 936 

Crystal size 0.24  0.12  0.10 mm
3
 

Θ range for data collection 1.90 to 32.02°. 

Index ranges −17≤h≤18, −24≤k≤26, −18≤l≤18 

Reflections collected 24762 

Independent reflections 14879 [R(int) = 0.0233] 

Completeness to θ = 32.02° 98.5 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.972 and 0.935 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 14879 / 882 / 556 

Goodness-of-fit on F
2
 1.002 

Final R indices [I>2σ (I)] R1 = 0.0469, wR2 = 0.1191 

R indices (all data) R1 = 0.0499, wR2 = 0.1209 

Absolute structure parameter 0.02(2) 

Largest diff. peak and hole 1.239 and −0.707 e.Å
−3

 

 

 

Table V-7. Selected bond lengths [Å] and angles [°] in (R)-111ca-Zr. 

Zr1-N4  2.027(2) 

Zr1-O2  2.0284(18) 

Zr1-N5  2.037(3) 

Zr1-O1  2.0552(16) 
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Zr1-N3  2.416(2) 

O1-C21  1.328(3) 

O2-C31  1.309(3) 

N1-C21  1.268(3) 

N1-C22  1.426(3) 

N2-C31  1.266(3) 

N2-C32  1.419(3) 

N3-C41  1.497(4) 

N3-C43  1.506(4) 

N3-H3N  0.78(4) 

N4-Zr1-O2 98.60(9) 

N4-Zr1-N5 118.87(10) 

O2-Zr1-N5 97.11(10) 

N4-Zr1-O1 113.86(9) 

O2-Zr1-O1 88.66(7) 

N5-Zr1-O1 125.22(9) 

N4-Zr1-N3 90.20(9) 

O2-Zr1-N3 165.65(8) 

N5-Zr1-N3 88.42(9) 

O1-Zr1-N3 77.38(7) 

C21-O1-Zr1 143.51(14) 

C31-O2-Zr1 170.51(17) 

Binaphthyl dihedral 88.3 
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VI Chapter 6. Asymmetric Intermolecular Hydroaminoalkylation of 

Unactivated Alkenes Catalyzed by Group 5 Metal Binaphtholates 

VI.1 Introduction 

The hydroaminoalkylation is an emerging atom-efficient direct alkene-to-amine 

transformation complementary to hydroamination reaction. It has the potential to become 

a versatile synthetic approach to various important amines
1,2

 using both intra- and 

intermolecular variant of the reaction (Scheme VI-1).  

Scheme VI-1. Inter- and intramolecular hydroaminoalkylation. 

 

While initial observations of catalytic hydroaminoalkylation were published more 

than 30 years ago,
3,4

 this reaction has become a subject of intensive research efforts only 

recently.
1,2

 Although few examples of main group metal-catalyzed α-C–H addition of 

amines to alkenes are known,
5
 the majority of hydroaminoalkylation catalysts reported to 

date are based on d
0
 group 4

6-11
 and group 5

12-16
 metal complexes (Figure VI-1). 

In line with earlier observations,
3,4

 Herzon and Hartwig have demonstrated that 

the homoleptic tantalum amide 119
12

 and the heteroleptic chloro bisamide 120
13

 are 

active catalysts for the intermolecular hydroaminoalkylation of unactivated olefins with 

secondary amines (Scheme VI-1, reaction a), with the latter catalyst being more reactive 

and applicable to a broader range of substrates, including dialkylamines (reaction a, 
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R
3
=H, Alk, R

2
=Alk) as amide 119 was only effective for the activation of more reactive 

arylalkylamines. Branched addition products were obtained exclusively and it was found 

that polysubstituted olefins are significantly less prone to undergo hydroaminoalkylation. 

 

Figure VI-1. Selected group 4 and group 5 metal hydroaminoalkylation catalysts. 

 

More recently, Schafer and coworkers have developed a family of various 

amidate tantalum catalysts, such as 121 and similar structures.
14

 Tantalum amidates 

displayed reactivities similar to that of 119 and 120. The observation of 

hydroaminoalkylation as a side reaction of hydroamination (Scheme VI-1, reaction b, n = 

1, 2)
6
 has sparked the development of group 4 metal hydroaminoalkylation catalysts. The 

homoleptic tetrabenzyl titanium 122a,b
7,8

 or bis(indenyl) complex 123
10

 were shown to 

catalyze intra- and intermolecular hydroaminoalkylations, although the latter reaction was 

found to be feasible only in the case of alkylarylamines (reaction a, R
3 

= H, Alk, R
2 

= Ar). 

Another notable feature of group 4 catalysts is the reactivity of primary amines which 
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could only be achieved in the intramolecular (b) process and no reports on group 5 metal- 

catalyzed additions of primary amines to alkenes are known so far. 

The intermolecular hydroaminoalkylation of terminal alkenes with secondary 

amines proceeds with excellent branched:linear selectivities exceeding 99:1 in most 

cases. A notable and somewhat expected exception is the case of vinyl arenes which were 

reported to produce large quantities (up to 25%) of the linear isomer (Scheme VI-2).
10

 

 

Scheme VI-2. Intermolecular hydroaminoalkylation of a vinyl arene. 

 

Even 1,2-disubstituted alkenes represent challenging substrates in the 

intermolecular hydroaminoalkylation. While the highly strained and therefore highly 

activated norbornene has reactivity of the same magnitude as terminal alkenes with most 

known catalysts,
10,12

 1,2-disubstituted alkenes were only reported to undergo 

hydroaminoalkylation in the presence of 121 (Eq. V-1). 

 

(VI-1) 

When a non-symmetric secondary dialkylamine is employed in 

hydroaminoalkylation reaction, two possible products resulting from activation of the two 

different alkyl groups can be formed. The vast majority of known group 4 and 5 catalysts 

reported to date displayed a pronounced preference for the activation of the less 
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substituted alkyl group (i.e. methyl over methylene). The activation of a tertiary alkyl C–

H bond in the hydroaminoalkylation is unknown. Remarkably, catalyst 121 displayed a 

very different behavior, yielding the sterically more encumbered reaction product 

(Scheme VI-3).
14

 

Scheme VI-3. Regiodivergent hydroaminoalkylation catalyzed by 120
13

 and 121.
14

 

 

Catalysts for intermolecular hydroaminoalkylation have been developed 

employing κ
1
-
14

 and κ
1
-/κ

2
-amidate

15,16
 frameworks. In line with the selectivity trends 

previously reported for the asymmetric hydroamination with related zirconium amidate 

complexes
17-20

 (see also Chapter 5), the sterically more hindered chelating κ
2
–amidates 

126 displayed higher enantioselectivities (up to 93% ee for norbornene).
15

 However, in 

contrast to the reactivity trends observed in intramolecular hydroaminations, the sterically 

and electronically more saturated complex 126 was reported to be more active than the 

sterically more accessible and electronically unsaturated complex 125. 

Reports on relative activity of different group 5 metals have been controversial. 

While early studies showed that Nb(NMe2)5 was displaying slightly higher reactivity than 

its tantalum counterpart 119,
3
 it was claimed that the niobium analogue of the 

bis(amidate) complex 126 was completely catalytically inactive.
15
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The general mechanism of catalytic hydroaminoalkylation was proposed in the 

early studies dealing with group 5 metal catalysts (Scheme VI-4).
4
 The key step of the 

catalytic cycle is believed to be the C–H activation of the bisamide leading to the 

metallaaziridine A (Scheme VI-4, step 1). Subsequent alkene insertion (Scheme VI-4, 

step 2), protonolysis of the metal-carbon bond (Scheme VI-4, step 3) and amide exchange 

(step 4) completes the catalytic cycle. The insertive reactivity of metallaaziridines 

towards unsaturated carbon-carbon and carbon-heteroatom bonds has already been used 

in other synthetic applications and is well known.
21

 

 

Scheme VI-4. Mechanism of intermolecular hydroaminoalkylation. 

 

Only few mechanistic details on the reversibility and relative feasibility of steps 

1–4 of the catalytic cycle are available in the literature. Herzon and Hartwig have 

suggested that the formation of the metallaaziridine A is reversible in the reaction 
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catalyzed by 119,
12

 whereas step 1 is virtually irreversible in the case of catalyst 120
13

 as 

indicated by isotopic labeling studies. The same studies implicate that steps 2 and 3 

should be fast, as the catalyst has no metal-carbon bond in its resting state. The preferred 

reactivity of the methyl over a methylene group in case of 120 was explained by a more 

feasible aziridine formation involving more the accessible C–H bond;
13

 however, no 

explanation for the opposite behavior of 121 (Scheme VI-3) was provided.
14

 

Recently, Doye and coworkers reported that the intramolecular 

hydroaminoalkylation of primary aminoalkenes catalyzed by Ti(NMe2)4 (122b) involves 

a rate-limiting C–H activation step, as indicated by a pronounced kinetic isotope effect.
11

 

The lack of a sterically demanding spectator ligand in 122b resulted in catalyst 

aggregation and a complex kinetic behavior at higher catalyst concentrations.
11

 

In summary, several research groups have demonstrated that the 

hydroaminoalkylation is a promising method for direct, atom-economic alkene-to-amine 

transformation. In particular, the number of known substrates and catalysts for the 

intermolecular hydroaminoalkylation exceeds the number of examples for the 

intermolecular hydroamination reaction, which provides an excellent opportunity for the 

further development. An obvious gap in the understanding of the mechanistic details of 

this process needs to be addressed in order to surpass current limitations, such as narrow 

substrate scope and low catalytic activity and the need of harsh reaction conditions. In 

addition, the asymmetric hydroaminoalkylation yielding chiral amines is still in its 

infancy and stereoselectivities are, with a few exceptions, only moderate. 
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VI.2 Results and Discussion 

Based on our previous experience with 3,3’-silylated rare earth metal 

binaphtholate catalysts 24-Ln in intermolecular alkene hydroamination
22

 (see also 

Chapter 3) we envisioned that these easily accessible and readily sterically tunable 

ligands with proven thermal stability and a robust character can be employed in 

hydroaminoalkylation as well. We proposed that group 5 metal binaphtholates could 

serve as efficient and tunable catalyst for the enantioselective intermolecular 

hydroaminoalkylation and would allow us to fill some gaps in our understanding of the 

reaction mechanism. 

VI.2.1 Complex Synthesis 

Encouraged by an early report of Rothwell,
23,24

 that several 3,3’-disylylated 

tantalum binaphtholate complexes are accessible via an amine elimination reaction 

between Ta(NMe2)5 and the corresponding diol proligands, we took the same synthetic 

approach to access a library of sterically diverse tantalum and niobium binaphtholates. 

A series of enantiomerically pure complexes (R)-127-M (M = Nb, Ta) was 

prepared successfully via amine elimination (Table VI-1). While the reactions are 

quantitative according to NMR spectroscopic analysis, the isolated yields after 

recrystallization of the niobium complexes are often lower in comparison to their 

tantalum counterparts due to their slightly higher solubility.  

The complexes generally retain one equivalent of dimethylamine according to 

NMR spectroscopy and the coordinated base could not be removed even after extended 

heating in vacuum. This observation is in agreement with the findings by Rothwell and 

coworkers who had reported compounds 127a-Ta, 127j-Ta and 127m-Ta previously 
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(including the X-ray crystal structure of the octahedral 127j-Ta and 127m-Ta).
24

 

However, the tert-butyldimethylsilyl-substituted complexes 127l-Nb and 127l-Ta 

crystallized in the base-free form and the X-Ray crystallographic analysis of the 

isostructural complexes confirmed a slightly distorted trigonal-bipyramidal geometry 

around the metal (Figure VI-2, Table VI-2). Compounds 127k-M displayed an 

intermediate stability for the hexacoordinate adduct which was unstable after prolonged 

stay at room temperature for 127k-Nb and under gentle heating for 127k-Ta. 

 

Table VI-1. Synthesis of group 5 metal binaphtholate complexes 127-M. 

 

Ligand R3Si Product Yield, 

M = Ta, % 

x Yield,  

M = Nb, % 

x 

78a Ph3Si 127a-M 100
a
 1 56 1 

78e Ph2BnSi 127l-M 86 1 74 1 

78j Ph2MeSi 127j-M 76 1 77 1 

78k i-Pr2MeSi 127k-M 49 1 39 0 

78l t-BuMe2Si 127l-M 64 0 75 0 

78m Me3Si 127m-M 89 1 66 1 

a
 Complex was prepared on NMR scale in situ only. 
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Figure VI-2. ORTEP diagram of the molecular structure of pentacoordinate complexes 

127l-Nb (127l-Ta is isostructural to 127l-Nb). Thermal ellipsoids are shown at the 50% 

probability level. Hydrogen atoms as well as one position of the disordered naphthyl ring 

and the disordered silane group are omitted for clarity. 

 

Table VI-2. Selected Bond lengths [Å] and angles [°] in 127l-M (M = Ta, Nb). 

 127l-Nb 127l-Ta 

M-N1 1.9528(13) 1.9591(15) 

M-N2 1.9351(12) 1.9354(15) 

M-N3 2.0380(12) 2.0303(14) 

M-O1 2.0916(9) 2.0763(12) 

M-O2 1.9594(9) 1.9478(11) 

O1-M-O2 85.43(4) 85.10(5) 

O1-M-N1 84.88(4) 84.75(5) 

O1-M-N2 96.27(5) 96.09(5) 

O1-M-N3 172.32(5) 172.27(5) 

O127-M-N1 125.79(5) 125.36(6) 

O127-M-N2 114.08(5) 114.80(6) 

O1

O2

Nb1

N1

N2

N3

Si2a

Si1
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O127-M-N3 97.77(4)??? 97.46(5) 

N1-M-N2 119.95(6) 119.61(6) 

N1-M-N3 87.60(5) 87.83(6) 

N127-M-N3 88.82(5) 89.48(6) 

M-O1-C1 112.89(8) 113.61(9) 

M-O2-C17a 135.92(13) 136.58(11) 

Binaphthyl dihedral 68.5(2) 68.1(2) 

 

All complexes 127-M were characterized by NMR as pseudo-C2-symmetric 

species in solution with all 3 amido-groups being NMR-equivalent. This observation is 

likely due to the fluctional character of the complexes and indeed low temperature 
1
H 

NMR study of 127m-Ta revealed a C1 symmetric species with non-equivalent amido 

groups and naphthalene rings at −70 °C (Figure VI-3). 

 

Figure VI-3. 
1
H NMR spectra of 127m-Ta in toluene-d8 at various temperatures. 
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VI.2.2 Substrate Scope of Catalytic Hydroaminoalkylation 

For our initial tests on catalytic hydroaminoalkylation we chose 1-octene and N-

methylaniline as model substrates (Table VI-3). The catalytic activity of catalysts 127-M 

significantly decreased with increasing steric bulk of the silyl substituents, with the most 

encumbered catalysts 127a and 127e producing only trace amounts of product even at 

170 °C (Table VI-3, entries 1–4). Under our standard conditions at 150 °C, the 

methyldiphenylsilyl-substituted complexes 127j-Nb and 127j-Ta exhibited the highest 

selectivity (Table VI-3, entries 7 and 10), whereas the slightly more demanding 

methyldiisopropylsilyl-substituted complexes 127k-Nb and 127k-Ta displayed slightly 

lower selectivities than 127j-M (Table VI-3, entries 5 and 6). The sterically least 

demanding trimethylsilyl-substituted 127m-M displayed the highest activity, but also the 

lowest selectivity in this series. All catalytic reactions were marked by an exclusive 

(>99:1) formation of the branched addition product. 

The niobium complexes were generally more active than their tantalum 

analogues, but the enantioselectivities were quite comparable in most cases. The 

discrepancy of reactivity of the tantalum and niobium complexes is even more 

pronounced at lower temperatures, as the tantalum complexes gave poor reactivity below 

140 °C, while the niobium catalyst 127j-Nb was reactive even at 100 °C to give the 

highest selectivity of 81% ee for this model reaction (Table VI-3, entry 12). Notably, 

127j-Nb appears to be more active at 100 °C than the chiral catalyst 125 at 130 °C.
14

  

It should also be noted that complexes prepared in situ showed identical reactivity 

and selectivity as analytically pure samples isolated after recrystallization (Table VI-3, 

entries 7 and 8). 
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Table VI-3. Catalytic asymmetric hydroaminoalkylation of 1-octene with N-

methylaniline using binaphtholate tantalum and niobium Complexes.
a
 

 

entry cat. T, °C;t, h % yield
b
 % ee

c
 

1 127a-Ta 170; 48 trace nd 

2 127a-Nb 170; 48 trace nd 

3 127e-Ta 170; 48 trace nd 

4 127e-Nb 170; 48 trace nd 

5 127k-Ta 150;31 89 65 

6 127k–Nb 140;20 93 60 

7 127j-Ta 150; 14 88 72 

8 127j-Ta
d
 150; 14 91 72 

9 127j-Ta 130; 65 89 73 

10 127j-Nb 150; 7 85 72 

11 127j-Nb 130; 58 91 79 

12 127j-Nb 100; 105 92 81 

13 127l-Ta 150; 12 79 49 

14 127l-Nb 150; 8 72 61 

15 127m-Ta 150; 5 87 34 

16 127m-Nb 150;3 91 54 

a 
Conditions: N-methylaniline (0.2 mmol), 1-octene (0.4 mmol), cat. (0.01 mmol, 5 

mol%), C6D6 (0.3 mL), 150 °C, Ar atm. 
b
 Isolated yield of N-benzamide. 

c
 Determined by 

chiral HPLC of N-benzamide. 
d
 127k-Ta was prepared in situ and was directly used for 

the catalytic experiment. nd = not determined. 

 

We decided to use the most selective catalyst 127j-M for our further studies on 

the scope of the hydroaminoalkylation reaction at 100 °C (optimal enantioselectivity) and 

150 °C (optimal reaction time). 
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Reaction Scope in Amine. As shown in (Table VI-4), various N-methylanilines 

128 bearing both electron-withdrawing and electron-donating substituents exhibit similar 

reactivities and selectivities in reactions involving terminal olefins. The niobium complex 

127j-Nb displayed systematically higher reactivity in comparison to its tantalum 

analogue 127j-Ta. The unsymmetric dialkylamine N-benzylmethylamine (Scheme VI-5) 

was less reactive than arylalkylamines. Here the difference in reactivity of niobium and 

tantalum was even more pronounced, with the niobium complex reacting at 150 °C, while 

tantalum required a significantly higher reaction temperature of 180 °C.  

The reactions of N-methylaniline derivatives 128 provide enantioselectivities in a 

relatively narrow range of 66–80% ee at 140 °C, while the reaction of N-

benzylmethylamine was significantly less selective. None of the reactions produced any 

detectable amount of the linear addition product; however, the reaction of N-

benzylmethylamine produced the regioisomer 138b originating from activation of the 

benzylic position as a minor byproduct (Scheme VI-5). The regioselective formation of 

138a is in agreement with observations for 120
13

 but is in remarkable contrast to 

selectivities found for the amidate 121.
14

 

 

Table VI-4. Substrate scope in the intermolecular asymmetric hydroaminoalkylation 

catalyzed by 127j-M (M = Ta, Nb).
a
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Entry 128 Alkene Product M T, °C; t, h Yield, 

% 

ee, %
b
 

1 a 
 

 

Ta 140; 24 79 67 

2 a Nb 140; 12 71 70 

3 a 
 

 
 

Nb 140; 7 85 73 

4 a Nb 100; 105 92 81 

5 b Nb 140; 7 95 66 

6 b Nb 100; 69 89 82 

7 c Nb 140; 6 90 67 

8 d Nb 140; 5 89 74 

9 d 

 

 

Nb 140; 13 88 71 

10 d Nb 100; 38 89 81 

11 a 
 

 

Nb 140; 9 89 80 

12 a Nb 100; 60 92 91 

13 b Nb 140; 8 93 73
c
 

14 c Nb 140; 8 82 71
d
 

15 d Nb 140; 5 87 75
d
 

16 a 
 

 

Nb 140; 9 93 92 

17 a Nb 100; 48 82 98 

18 a  

 

Nb 150; 72 70 82 

19 a 

 

 

Ta 140; 40 65 61 

20 a Nb 140; 12 61 59 

21 a 

 

 

Nb 140; 48 72 -- 

22 d 

 

 

Nb 100; 48 73 71
d
 

 a
 Reaction conditions: amine (0.2 mmol), alkene (0.4 mmol), 127j-M (0.01 mmol, 5 mol 

%), C6D6, Ar atm. 
b
 Determined by chiral HPLC of the corresponding N-benzamide. 

c
 

Determined by 
1
H NMR spectroscopy of (S)-Mosher amide. 

d
Determined by chiral 

HPLC. 
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The sluggish reactivity of a secondary alkylamino group is further manifested by 

the absence of product formation in the reaction of 1-octene with N-ethylaniline, 

pyrrolidine and tetrahydroisoquinoline at 150–180 °C. It should be noted that these and 

similar amines lacking an N-methyl group did react with the tantalum amidate catalyst 

121
14

 and Ind2TiMe2 123.
10

 While multiple mechanistic scenarios may account for the 

enhanced regioselectivity of catalysts 127j-Ta and 127j-Nb, it is notable that their 

preference of activating the N-methyl group is greater than that of other known group 4 

and group 5 metal catalysts. 

 

Scheme VI-5. Hydroaminoalkylation of N-benzylmethylamine. 

 

  

Scope in alkene. Linear, - and -branched terminal olefins exhibit comparable 

reactivities in hydroaminoalkylations (Table VI-4, entries 1–20), which seems to be 

remarkable in comparison to a significant diminished reactivity of branched terminal 

olefins observed in the intermolecular hydroamination
22

 (see also Chapters 3 and 4). 

Higher enantioselectivities were observed for sterically more demanding alkenes (Table 

VI-4, entries 2, 3, 11, and 16) as well at lower reaction temperatures (Table VI-4, entries 

4, 6, 10, 12, and 17). Unactivated 1,2-disubstituted alkenes, such as cyclohexene, were 

unreactive; however, the more activated norbornene provided the corresponding product 
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135, though only in moderate yield due to formation of poly(norbornene) as a side 

reaction. Methylene cyclohexane exhibited lower reactivity because of the gem-

disubstituted double bond. Other 1,1-disubstituted alkenes, such as α-methylstyrene, were 

unreactive. Notably, all reactions proceeded with excellent branched to linear 

regioselectivity exceeding 50:1. This also includes the reaction of 128d with styrene at 

100 °C, which produced the branched product (S)-(–)-137 with >50:1 regioselectivity in 

71% ee when using (R)-127j-Nb (Table VI-4, entry 22). The highest enantioselectivity of 

98% ee was observed in the reaction of N-methylaniline (128a) with 

trimethyl(vinyl)silane at 100 °C (Table VI-4, entry 17). tert-Butylethylene showed the 

lowest reactivity among terminal alkenes, yielding the hydroaminoalkylation product 133 

only after prolonged heating at 150 °C with 127j-Nb. It is remarkable that neither 119 

nor 120 was reactive for that substrate even at 180 °C, further manifesting the superior 

reactivity of 127-Nb. 

In summary, catalyst 127j-Nb was demonstrated to be highly a regioselective and 

the most reactive and enantioselective catalyst for the asymmetric intermolecular 

hydroaminoalkylation. With a few exceptions, the catalyst is applicable only to terminal 

alkenes, and is unreactive for secondary alkyl amino groups. Having shown the scope and 

limitation of our binaphtholate catalysts, we proceeded to the kinetic and mechanistic 

studies of the hydroaminoalkylation reaction. 

 

VI.2.3 Isotope Labeling Studies  

As noted in the Introduction, the data on the mechanism of hydroaminoalkylation 

reaction (Scheme VI-4) is very limited. However, several important findings were 
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obtained through the isotopic labeling studies in intermolecular (119
12

 and 120
13

) and 

intramolecular (122)
11

 hydroaminoalkylations. We took similar approach in order to gain 

further insight into the mechanism of the reaction catalyzed by 127-M.  

Reaction of N-(methyl-d3)-aniline with vinylcyclohexane catalyzed by 127j-Ta 

led to a product with largely depleted deuterium content at the methylene group and 

significant deuterium incorporation into the ortho-positions of the aryl ring (Scheme 

VI-6). This leakage of deuterium from the methylene group was interpreted as an 

indicator of a reversible metallaaziridine formation (Scheme VI-4, step 1),
13

 whereas the 

incorporation of deuterium into the aryl ring should result from the intramolecular C–H 

activation via cyclometallation (Scheme VI-6).
12

 

 

Scheme VI-6. Deuterium scrambling with 127j-Ta and possible mechanistic explanation. 
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An important feature is the low incorporation of deuterium into the methyl group 

compared to that of the ortho-position of the aryl ring. Although 1.67 equiv deuterium are 

released from the original CD3 group, only 33% of the methyl groups in the product are 

labeled (= 11% total deuteration of CH3), suggesting that the protonation Scheme VI-4, 

step 3) proceeds predominantly with an N-proteo amine rather than an N-deutero amine, 

which is in agreement with observations for 119
12

 and 122b.
11

 The reaction of N-(methyl-

d3)-aniline with a catalytic amount of 127j-Ta (1 mol%) in the absence of alkene 

(Scheme VI-7) resulted in a similar incorporation of deuterium into the ortho-position of 

the aniline (42% deuterium after 2 hours at 150 °C), indicating that the reversible 

cyclometallation is likely preceding the insertion Scheme VI-4, step 2) and is not 

necessarily part of the catalytic cycle. 

 

Scheme VI-7. Deuterium scrambling with 127j-Ta in the absence of alkene. 

 

A strikingly different outcome was observed when 127j-Nb was used instead of 

127j-Ta. In this case, the reaction of N-(methyl-d3)-aniline with vinylcyclohexane 

proceeded with almost complete retention of deuterium in the methylene group and no 

ortho-metallation of the aniline aromatic ring was observed (Scheme VI-8).  
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Scheme VI-8. Isotopic labeling with 127j-Nb. 

 

Thus, it seems that the lower reactivity of tantalum compared to niobium can be 

attributed in part to the formation of a cyclometalated species that removes the catalyst 

from its active state. 

The absence of ortho-metallation for the niobium catalyst supports the hypothesis 

that this process is non-productive in character. The retention of deuterium in the 

methylene group is similar to that observed with 120,
13

 which was interpreted as a result 

of irreversible C–H activation (Scheme VI-4, step 1) followed by rapid olefin insertion 

(Scheme VI-4, step 2). However, one feature of the reaction catalyzed by 127j-Nb is 

unprecedented, which is almost complete (96%) deuteration of the methyl group of the 

product, while the reaction with catalyst 120 resulted in only 30% deuteration in our 

hands. Even more strikingly, when the reaction was stopped at ~20% conversion and 

starting material and product were recovered, high deuterium incorporation into the 
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methyl group of the product (91%) along with almost complete retention of deuterium in 

the starting material (97%) was observed (Scheme VI-8).  

Unfortunately, direct quantitative determination of the extend of deuteration of 

the amine NH group is complicated due to broad and overlapping signals in the reaction 

mixture and loss of the amine deuterium during work-up. However, complete retention of 

deuterium in the molecule of the starting material suggests that most of the N–H groups 

are still undeuterated at low conversion. The high degree of monodeuteration of the 

methyl group in the product indicates that protonolysis of the azametallacyclopentane 

intermediate (Scheme VI-4, step 3) occurs almost exclusively with an N-deutero amine. 

Thus, the deuterium from the N-(methyl-d3)-aniline starting material is transferred with 

high selectivity to the methyl group in the product. Although direct catalytic protonolysis 

of the metal-alkyl bond with another C–H bond via -bond metathesis is known,
25-29

 the 

non-dissociative formation of the metallaaziridine A*PhNHMe (Scheme VI-9, step 1) 

with retention of the coordinated amine molecule during the insertion (Scheme VI-9, step 

2) seems to be a more realistic mechanistic scenario. The subsequent protonolysis 

(Scheme VI-9, step 3) proceeds in an intramolecular fashion without participation of an 

external amine. 

Scheme VI-9. Mechanistic proposal for the intramolecular proton delivery. 
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Several important consequences arise from the mechanism depicted in Scheme 

VI-9. First, the lack of deuterium scrambling from the methylene position cannot serve as 

a proof
13

 of an irreversible character of step 1. In fact, since a non-dissociative 

metallaaziridine formation can be reversed in a fully degenerate process, reversible 

metallaaziridine formation will still result in retention of deuterium. Indeed, prolonged 

heating of 127j-M (M = Ta, Nb) in the presence or absence of a slight excess of 128a (0–

10 equiv) to 100–130 °C did not result in conversion to – or even observation of – the 

metallaaziridine A*PhNHMe according to 
1
H NMR spectroscopy. However, the 

catalytic reactions proceeded smoothly in the presence of an alkene, which is another 

indicator that step 1 is reversible and the equilibrium is shifted towards the bisamide 

species. Second, the presence of a coordinated amine during the insertion step 2 can 

result in a concerted protonolysis-assisted insertion, so that steps 2 and 3 could merge 

into a single, concerted reaction step. This process would be reminiscent to a number of 

early transition metal hydroamination catalysts that have been proposed to operate via a 

protonolysis-assisted alkene insertion into a metal-nitrogen bond.
30-38

  

Quenching of a reaction mixture of 128a an 1-octene, containing 25 mol% 127j-

M (M = Ta, Nb) at ca. 40% conversion with 12M DCl/D2O did not result in any 

noticeable deuterium incorporation into the methyl group of either product 130a or 

starting material 128a, further suggesting that the concentration of metallaaziridine and 

metal-alkyl species remains low over the course of the reaction. 

The incomplete (< 98%) deuteration of the product methyl group (Scheme VI-8) 

could arise from partial intermolecular protonation of the metal-carbon bond by an 

external amine. However, no measurable deuterium incorporation was observed in the 
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reaction of N–deutero-N-methyl-aniline with vinylcyclohexane using 1 mol% 127j-Nb 

(Scheme VI-10). On the other hand, the same reaction with N-(methyl-d3)-aniline using 7 

mol% 127j-Nb led to a diminished deuteration of the methyl group (71%) and depletion 

of deuterium from the methylene group (85%). These observations suggest that the 

residual protonation results from C–H activation of the dimethylamido groups of the 

precatalyst rather than from outer-sphere protonolysis. 

 

Scheme VI-10. Probing outer sphere protonolysis (step 3). 

 

As mentioned previously, a notable feature of catalysts 1 is a pronounced 

preference for activation of primary over secondary C–H bonds resulting in a lack of 

reactivity towards substrates without an N-methyl group. Previously, an isotopic labeling 

study with 120 suggested that hampered C–H activation limited the 

hydroaminoalkylation of secondary C–H bonds.
13

 In our case, although no 

hydroaminoalkylation product was formed with N-ethyl-aniline using either 127j-Ta or 

127j-Nb, N-(ethyl-d5)-aniline displayed some deuterium scrambling after 50 hours at 150 

°C in the presence of 127j-Ta (Scheme VI-11). 
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Scheme VI-11. Secondary alkyl C–H activation with 127j-Ta. 

 

Despite the rate of deuterium exchange being considerably slower than in case of 

N-(methyl-d3)-aniline, it seems that C–H activation of a secondary C–H bond is not 

prohibited. The lack of reactivity of methylene C–H bonds should therefore result from 

hampered alkene insertion (Scheme VI-9, step 2) rather than hampered C–H activation 

(Scheme VI-9, step 1). 

The stereochemistry of olefin insertion into a metal-ligand bond can provide 

invaluable information on the details of the reaction mechanism. For example, the 

stereochemistry of the inter-
39,40

 and intramolecular
41-43

 olefin insertion into a palladium-

amide bond as well as the intramolecular gold-
44

 and Brønsted acid-catalyzed
45

 

cyclization of alkenyl sulfonamides has been investigated in the context of the 

hydroamination reaction. 

We have performed the reaction of norbornene with N-(methyl-d3)-aniline in the 

presence of 127j-Nb (Scheme VI-12). Consistent with our previous findings, high 

retention of deuterium in the methylene position along with high deuteration of the cyclic 

methylene group were observed. The delivery of deuterium to the ring proceeded 

exclusively to the exo-position thus yielding the syn-insertion isomer of 135 (isolated as 

benzamide 139-D). These results are in agreement with observations of Milstein et al. on 

iridium-catalyzed hydroamination of norbornene with aniline.
46

 Most interestingly, the 
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deuterated benzamide 139-D was formed with significant lower enantioselectivity (30% 

ee) in comparison to the undeuterated congener 139 (59% ee). 

 

Scheme VI-12. Hydroaminoalkylation of norbornene with 128a and 128a-d3. 

 

While the syn-addition to the olefin is consistent with the inner-sphere olefin 

insertion mechanism and, therefore, is an expected result, the significant perturbation of 

enantioselectivity in the formation of 139-D caused by the isotopic substitution is 

striking. As the stereodetermining step itself (insertion, Scheme VI-9, step 2) does not 

directly involve the cleavage or formation of a C–H bond as the protonolysis (Scheme 

VI-9, step 3) does, the perturbation of enantioselectivity suggests that step 2 is 

reversible,
47-49

 and is faster than intramolecular protonolysis (Scheme VI-13). The fact 

that this phenomenon is observed in the case of norbornene is likely due to the fact that 

the intramolecular protonolysis (Scheme VI-13, step 3) involves proton transfer to a more 

sterically hindered methine carbon as opposed to the methylene group in the case of α–

olefins. Indeed, no perturbation of enantioselectivity was observed in the case of α-

olefins: 73% ee vs. 73% ee for 130a-D and 130a and 79.5% ee vs. 80% ee for 132a-D 
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and 132a, respectively, thus strongly suggesting an effectively irreversible insertion 

(Scheme VI-13, step 2) and fast intramolecular protonolysis (Scheme VI-13, step 3).  

 

Scheme VI-13. Reversible insertion in norbornene hydroaminoalkylation. 

 

An alternative explanation for the observed perturbation of enantioselectivity 

would involve a concerted insertion-protonolysis step with participation of a coordinated 

amine, which is both stereodetermining and involves the conversion of an N–H bond into 

a C–H bond (Scheme VI-14). This scenario was used to explain the isotopic perturbation 

of enantioselectivity in the zirconium-catalyzed intramolecular hydroamination of 

aminoalkenes.
33,37

 However, this proposal does not explain the unique behavior of 

norbornene with respect to the perturbation of enantioselectivity as found in this study. 

Furthermore, the concerted insertion-protonolysis sequence recently proposed for a 

magnesium hydroamination catalyst system
32

 was soon afterwards shown to proceed via 

fast reversible insertion and rate-determining protonolysis according to DFT 

calculations.
50
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Scheme VI-14. Possible scenario for a concerted insertion-protonolysis in norbornene 

hydroaminoalkylation. 

 

VI.2.4 Empirical Rate Laws 

In order to determine the empirical rate laws, a kinetic investigation of the 

hydroaminoalkylation of N-methyl-anilines 128a–d with 1-octene and vinylcyclohexane 

using 127j-Nb was performed. The reaction displays a relatively well-behaved first order 

kinetic pattern in amine over the course of 2–3 half-lives in the presence of an excess of 

alkene. The observed first-order rate constant is linearly dependent on the catalyst 

concentration 127j-Nb (Figure VI-4), therefore, indicating a first order dependence in 2 

and 127j-Nb. 

 

Figure VI-4. Dependence of observed first-order reaction constant on catalyst 

concentration for the reaction of 1-octene (0.613 M) with PMPNHMe (128d) (0.20 M) in 

y = 0.638x
R² = 0.954

0

0.004

0.008

0.012

0.016

0 0.01 0.02 0.03

k
o

b
s
, m

in
-1

Cat, M 



273 

the presence of (R)-127j-Nb (0.003–0.022M) in C6D6 at 150 °C. The line represents the 

least-square fit to the data points. 

 

Although a first order rate dependence on catalyst concentration is in good 

agreement with a well-defined monometallic species participating in the catalytic 

reaction, it should be noted that a nonlinear saturation behavior was recently reported for 

the intramolecular aminoalkene hydroaminoalkylation catalyzed by 122b.
11

 

An attempt to determine the reaction order in alkene showed a pronounced 

discrepancy between non–hindered (1-octene) and hindered (vinylcyclohexane) alkenes 

(Figure VI-5). 

 

Figure VI-5. Dependence of pseudo first-order rate constant on alkene concentration for 

the reaction of 1-octene (0.26–3.75 M) (○) and vinylcyclohexane (0.29–3.75 M) (●) with 

PMPNHMe (128d) (0.29 M) in the presence of (R)-127j-Nb (0.017 M) in C6D6 at 150 

°C. The solid lines represent the least-square fit to the data points, dotted lines are drawn 

as a guide for the eye. 
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Essentially no rate dependence on the concentration of 1-octene was observed, 

which indicates that alkene insertion (Scheme VI-9, step 2) is not rate-determining and is 

proceeding relatively fast within a large concentration interval of the alkene. Saturation 

behavior was observed in case of the sterically more demanding vinylcyclohexane with 

the rate being close to zero-order in alkene at high alkene concentrations, while first-

order dependence was apparent at low alkene concentrations. Thus, insertion step 2 can 

serve as a rate-determining step as well. Based on these results an empirical rate law can 

be proposed (Eq. VI-2): 

rate =k [127j-Nb][128][alkene]
α
 (VI-2) 

where 0 ≤ α ≤ 1 

The insertion step (Scheme VI-9, step 2) is sensitive to the steric features of the 

alkene, however, compounds 128a–d react with vinylcyclohexane and 1-octene with 

comparable rates in the saturation regime. The first-order rate dependence on the 

concentration of N-methyl-anilines 128a–d (Figure VI-6, see also section VI.5 for more 

examples) is indicative of amide exchange (Scheme VI-9, step 4) becoming rate-

determining at high alkene concentrations. 
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Figure VI-6. First-order kinetic plots for the reaction of 1-octene (0.613 M) with 4-

FC6H4NHMe (128b) (0.144–0.579 M) in the presence of (R)-127j-Nb (0.017 M) in C6D6 

at 150 °C. The solid lines represent the least-square fit to the data points. 

 

In the presence of an excess of 1-octene (zero-order in alkene) the reaction can be 

adequately described as being first-order in amine 128 at all alkene concentrations. 

However, reactions at higher amine concentrations are significantly slower, which 

indicates a pronounced amine inhibition. This inhibition may originate from reversible 

metallaaziridine formation (step 1) or from other non-productive events which may 

involve catalytically relevant form of 127j-Nb and free 128. As clearly demonstrated 

above, although step 1 is reversible, the non-dissociative character of this transformation 

implies that neither the amine “elimination” step (Scheme VI-9, step 1) nor its reversal 

should depend on the concentration of free 128 and, therefore, this inhibition scenario can 

be ruled out. Instead, it seems more likely that the inhibition pathway involves reversible 

non-productive binding of the free amine (either 128 or 130) to the catalytically active 

five-coordinate bis(anilide) A to form a “dormant” six-coordinate species AL (Scheme 

VI-15). 
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Scheme VI-15. Equilibrium between catalytic active five-coordinate species A and its 

“dormant” amine adduct AL. 

 

The ability of the niobium center to adopt a six-coordinate environment is 

justified by the formation of the amine-coordinated aziridine (A*PhNHMe) elucidated 

by isotopic labeling. Furthermore, many of the precatalysts 127-M include an additional 

coordinated amine molecule.
23,24

 The inhibition operating via non-productive binding of 

an additional substrate equivalent is also rather common in early transition metal-

catalyzed hydroamination.
30,33,34,51,52

 

 

VI.2.5 Kinetic Isotope Effects 

The determination of the kinetic isotope effect (KIE) has proven to be a very 

useful mechanistic tool, which has been applied in many studies of C–H activation by 

organometallic systems.
53,54

 We performed the reaction of 128a, 128a-ND and 128a-CD3 

with 1-octene in the presence of 127j-Nb; however, in the absence of a complete 

mechanistic and kinetic model the observed “net” kinetic isotope effects for non-

elementary transformations should be interpreted very carefully. 
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Figure VI-7. First-order kinetic plots for the reaction of 1-octene (1.89 M) with 

PhNHMe (128a) and its deuterated analogues (0.311 M) in the presence of (R)-127j-Nb 

(0.019 M) in C6D6 at 150 °C. The solid lines represent the least-square fit to the data 

points. 

As shown in Figure VI-7, N-deuteration of 128a resulted in a primary KIE of 1.6 

± 0.1 whereas deuteration of the methyl group in 128a-CD3 did not significantly diminish 

the rate of the reaction. This result suggests that the C–H activation (step 1) is unlikely to 

be rate-determining under these conditions, whereas the rate-determining amide exchange 

(step 4) can account for the primary KIE as the N–H bond is being formed and broken 

during this step. These findings are in remarkable contrast to the strong primary isotope 

effect observed in intramolecular hydroaminoalkylation of a C–Deuterated aminoalkene 

by Doye.
11

 More detailed and elaborate studies of the KIE’s will be described below as 

we will proceed by introducing a plausible mechanistic model that will account for all 

mechanistic and kinetic observations. 

VI.2.6 Mechanistic Model for Asymmetric Hydroaminoalkylation  

The proposed mechanistic model is depicted in Scheme VI-16. Protonolysis of 

precatalyst 127j-Nb with an excess of substrate S liberates two molecules of 
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dimethylamine and yields the bisamide A, which subsequently undergoes intramolecular 

rearrangement to the six-coordinate amine-bound metallaaziridine A*ArNHMe. The 

metallaaziridine undergoes intermolecular alkene insertion, followed by intramolecular 

protonolysis to yield the bisamide B, which may regenerate the bisamide A and release 

the product P via reversible amide exchange with an additional substrate molecule S. 

Reversible non-productive binding of S and P to bisamides A and B yields six-coordinate 

bisamides AS, AP, BS and BP. 

Scheme VI-16. Proposed mechanism for the intermolecular hydroaminoalkylation. 
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It seems reasonable to make several justified assumptions in order to derive a 

relatively simple kinetic model. First, although a short induction period of 2–5 min was 

observed for most of the reactions with 128 at 150 °C, this value is negligible compared 

to the overall reaction time of 5–12 hrs. Therefore, it can be assumed that precatalyst 

activation is fast compared to catalytic turnover and that precatalyst 127j-Nb is fully 

activated throughout the reaction. Thus, k0 can be excluded from the kinetic model. 

Second, the quenching experiments along with the kinetic data and general considerations 

suggest that intramolecular protonolysis is fast compared to the intermolecular insertion 

(k3 >>k2[alkene] ), except for the reaction with norbornene or, alternatively, proceeds in a 

concerted fashion with this step, and, therefore, monomolecular protonolysis rate 

constant k3 can be excluded as well. Third, based on our inability to detect A*ArNHMe 

under the reaction conditions, the equilibrium constant between the bisamide A and the 

metallaaziridine A*ArNHMe has to be small and can be estimated to K1< 0.05. The 

metallaaziridine A*ArNHMe does not contribute significantly to the material balance of 

all metal species and hence, the overall transformation from A to B via the sequence of 

C–H activation and insertion-protonolysis can be described with one bimolecular rate 

constant 2112 kKk   

Thus, considering the following: 

1. Catalyst activation is fast compared to catalytic turnover. 

2. K1 < 0.05 and the concentration of the metallaaziridine A*ArNHMe is  

small at all times. 

3. The transformation from A to B can be described by a combined rate 

constant k12 = K1 × k2. 
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We can write down an overall rate equation as: 

]][[]][[
][

44 PAkSBk
dt

Pd
Rate   (VI-3) 

Steady-state approximation for compound A (steady-state for B leads to a 

degenerate expression):   

]][[]][[]][[ 4412 SBkPAkalkeneAk    (VI-4) 

Reversible amine binding is determined as follows: 

]][[

][

SA

AS
K AS 

, ]][[

][

PA

AP
K AP 

, ]][[

][

SB

BS
K BS 

, ]][[

][

PB

BP
K BP 

 

Material balance for the metal-containing species: 

][][][][][][][ 0 BPBSAPASBAcat 
 (VI-5) 

Combining Eq. VI-5 with equilibrium constants: 

YBXA

PKSKBPKSKAcat BPBSAPAS

][][

])[][1]([])[][1]([][ 0




 (VI-6) 

Where: 

][][1 PKSKX APAS   

][][1 PKSKY BPBS   

Incorporation of Eq. VI-4 in Eq. VI-6:  
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Rewriting Eq. VI-7: 
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 ][][][

][][
][

4124

04

PkalkenekYSkX

Scatk
A


  (VI-8) 

Modifying the general rate expression Eq. VI-3 considering Eq. VI-4: 

]][[
][

12 alkeneAk
dt

Pd
  (VI-9) 

Now we can incorporate Eq. VI-8 into Eq. VI-9: 

 ][][][

]][[][][

4124

0412

PkalkenekYSkX

alkeneScatkk

dt

Pd


  (VI-10) 

Finally, substituting X and Y: 

])[][1])([][(])[][1]([

]][[][][

4124

0412

PKSKPkalkenekPKSKSk

alkeneScatkk

dt

Pd
BPBSAPAS 


  

                  (VI-11) 

Although Eq.VI-11 is derived from a steady-state assumption and additional 

considerations (1-3), it is still too complicated to be solved analytically. 

We will make additional assumptions (4-6) which are in our view less justified 

than assumptions (1-3) however they are needed in order to make Eq.VI-11 more 

informative and applicable: 

4. All inhibition equilibrium constants have similar values (K
AS

  K
AP

  K
BS

 

 K
BP

  K
dorm

), where K
dorm

 is a “general” equilibrium constant between 5- 

and 6- coordinate metal amido species. 

5. The bimolecular amide exchange constants are very similar in value  

(k4  k–4). 

6. Catalyst loadings are low ([cat]0 << [S]0); 
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(VI-12) 

Eq VI-12 can be simplified for two limiting cases: 

Alkene insertion is faster than amide exchange (k12[alkene] >> k4[S]0) 

][][ 0 Scatkrate obs  (VI-13) 

Where 

0

4

][1 SK

k
k

dormobs




 

In this case the reaction will be limited by amide exchange and will display zero-

order rate dependence on alkene concentration as it was experimentally observed for the 

fast insertion in the case of 1-octene and at high concentrations of vinylcyclohexane. 

If alkene insertion is rate-limiting (k12[alkene] << k4[S]0) one should observe an 

overall third order reaction (Eq VI-14): 

]][[][ 0 alkeneScatkrate obs  (VI-14) 

with 
 00

12

][1][ SKS

k
k

dormobs


  

Although Eq VI-12 provides a formal description of all distinct kinetic patterns 

observed experimentally it should be remembered that it was derived using certain 

assumptions. While deriving a parent Eq VI-11, we proposed a steady-state in catalytic 

species and, and then the low catalyst loadings to obtain Eq VI-12, which were not 

always the case in a real experiment.
*
 Furthermore, generally speaking, the assumptions 

                                                 

*
 In a typical experiment with 5% catalyst loading, up to 15% of substrate and product 

might be bound to the catalyst, therefore [S]+[P]≠[S]0  
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4, 5 are not justified by default, as individual amine exchange rates and reversible binding 

equilibrium constants should be different for various combinations of A, B, S an P.  

A numerical nonlinear regression approach allows handling of complicated 

kinetic models without the aforementioned restrictions. Thus, analysis of kinetic data for 

the reaction of 128b with 1-octene employing models of different complexity using the 

program DynaFit
55

 allows evaluation of our assumptions on the relative turnover and 

equilibrium constant values.  

Results for the data fit employing the models of different complexity using 

DynaFit
55

 are shown in Table VI-5. Note, that none of these models include observed 

insertion constant k12 as the reactions are performed for the fast-inserting alkene. The 

most primitive model (assumption: k4 = k-4 and K
AS

 = K
AP

 = K
BS

 = K
BP

 = K
dorm

) showed a 

good fit to the experimental data (Figure VI-8). Adding additional parameters to describe 

amide exchange (No 2) or catalyst inhibition (No 3) did not result in any substantial 

improvements (Table VI-5). In fact, additional kinetic parameters were fitted to the 

values which are very close to the original ones. Thus, we may conclude that model No 1 

is accurate enough for the zero-order in alkene hydroaminoalkylation kinetics and our 

previous assumptions on the relative values of equilibrium and turnover constants are 

justified. 

  



284 

Table VI-5. Nonlinear fit to the models of various detalization levels. 

No Parameters Results
a
 Weight, %

b
 

1 k4 = k–4 

K
AS

 = K
AP

 = K
BS

 = K
BP

 = K
dorm

 

k4= (0.58 ± 0.09) M
–1

 min
–1 

K
dorm

= (2. 8 ± 0.7) M
–1

 

61 

2 k4 ≠ k–4 

K
AS

 = K
AP

 = K
BS

 = K
BP

 = K
dorm

 

k4= (0.59 ± 0.09) M
–1

 min
–1

 

k–4= (0.5 ± 0.2) M
–1

 min
–1 c 

K
dorm

= (3. 0 ± 0.9) M
–1

 

21 

3 k4=k–4 

K
AS

 = K
BS

 = K
S
 

K
AP

 = K
BP

 = K
P
 

k4= (0.59 ± 0.09) M
–1

 min
–1 

K
S
= (2.8 ± 0.8) M

–1
 

K
P
= (2.7 ± 1.3) M

–1
 

18 

a
 Nonlinear fit to the given model, confidence intervals for 95% probability. 

b
Akaike 

statistical weight of the model. 
c
 Standard error._ 

 

 

Figure VI-8. Experimental reaction progress data (dots) for the reaction of 1-octene 

(0.613 M) with 128b (0.144–0.579 M) in the presence of (R)-127j-Nb (0.017 M) in C6D6 

at 150 °C vs. the simulated reaction curves (lines) for k4 = 0.58 ± 0.09 M
–1

min
–1

, K
dorm

 = 

2.8 ± 0.7 M
–1

. 
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This kinetic model was also applied to the nonlinear regression analysis of the 

kinetic data of the reactions of 1-octene with other N-methyl-aniline derivatives (Table 

VI-6).  

Table VI-6. Kinetic parameters for the reaction of 128a-d with 1-octene.
a
 

 

Entry R k4, M
–1

min
–1

 K
dorm

, M
–1

 

1 H (128a) 0.33 ± 0.02 1.6 ± 0.3 

2 H (128a-CD3) 0.38 ± 0.05 1.9 ± 0.5 

3 H (128a-ND) 0.18 ± 0.03 1.1 ± 0.6 

4 F (128b) 0.58 ± 0.09 2.8 ± 0.7 

5 Cl (128c) 0.58 ± 0.15 7.8 ± 2.4 

6 MeO (128d) 3.1 ± 1.2 14.4 ± 5.0 

a
 Nonlinear fit to a fast insertion model (k12 >> k4 = k–4 and K

AS
 = K

AP
 = K

BS
 = K

BP
 = 

K
dorm

), confidence intervals for 95% probability.  

 

Deuteration of the N-methyl group in 128a-CD3 did not result in a measurable 

KIE for k4 or an equilibrium isotope effect (EIE) for K
dorm

. Because k4 describes the 

amide exchange reaction in which no C–H bond is formed or broken, the absence of a 

KIE matches the mechanistic expectations. In contrast, the N-deutero substrate 128a-ND 

displayed a primary KIE of 1.8 ± 0.3, which is in agreement with the value obtained from 

observed constants (Figure VI-7). The accuracy of the measurements is insufficient to 

decide whether an EIE for the reversible non-productive amine binding is present or not. 

The dependence of kinetic parameters on the electronic properties of the para-

substituent is nonlinear for both k4 and K
dorm

. N-methyl-aniline (128a) is less prone to 



286 

inhibition and is reacting slower than the more electron-accepting halide-substituted 128b 

and 128c, whereas the electron-donating methoxy-substituted 128d is most reactive 

(Figure VI-9). 

Z 

 Figure VI-9. Hammett plot for turnover constant k4 for the reaction of 128a–d with 1-

octene. Error bars indicate the error of the measurement. The dotted line is drawn as a 

guide for the eye. 

 

It can be speculated that the observed nonlinearity may in part originate from the 

complex character of the interaction of 128 with A or B (Scheme VI-16), whether as an 

amide or amine. Indeed, the more nucleophilic and more Lewis-basic substrate 128d 

should form stronger covalent and dative bonds to the metal than 128a. While 128c itself 

is more electron-deficient and should be less reactive, the corresponding species A 

contains two electron-deficient anilide ligands and is, therefore, more electrophilic and 

prone to amine inhibition. The overall reactivity is controlled by the interplay of the 

electronic features of ligand and starting material. Thus, we can expect that catalysts with 

a more electron-deficient ligand backbone should possess enhanced reactivity in amide 

exchange. 
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In order to get further insight into the kinetics of the process and obtain the values 

of the insertion constant k12, we performed a detailed kinetic study of the reaction of 128 

with vinylcyclohexane at various alkene concentrations. The kinetic data was subjected to 

a nonlinear least square fit according to the mechanism in Scheme VI-16. As 

demonstrated above, substrate and product inhibition is comparable to that for the 

reactions with 1-octene. Therefore, the values of K
dorm

 obtained for 1-octene may be used 

in the nonlinear fit for vinylcyclohexane (Table VI-6). Again, the results from the 

numerical fitting (Table VI-7) were in good agreement with experimental data (Figure 

VI-10). 

Table VI-7. Kinetic parameters for the reaction of 128a–d with vinylcyclohexane.
a
 

 

entry R k4, M
–1

min
–1

 k12, M
–1

min
–1 b

 

1 H (128a) 0.39 ± 0.03 0.31 ± 0.05 

2 F (128b) 0.89 ± 0.05 0.35 ± 0.02 

3 Cl (128c) 0.67 ± 0.03 0.56 ± 0.07 

4 MeO (128d) 3.7 ± 0.2 0.81 ± 0.05 

5 MeO (128d-CD3) 3.0 ± 0.3 0.68 ± 0.07 

a
 Nonlinear fit to a slow insertion model (k12 ≠ k4 = k–4 and K

AS
 = K

AP
 = K

BS
 = K

BP
 = 

K
dorm

), confidence intervals for 95% probability. 
b
 Value for major enantiomer. 
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Figure VI-10. Experimental reaction progress data (dots) for the reaction of 

vinylcylohexane (0.30–3.57 M) with PMPNHCH3 (128d) (0.270 M) in the presence of 

(R)-127j-Nb (0.017 M) in C6D6 at 150 °C versus the simulated reaction curves (lines) for 

k4 = (3.7 ± 0.2) M
-1

min
-1

, k12 = (0.81 ± 0.05) M
-1

min
-1

, K
dorm

 = 14.4 M
-1

. The value of 

K
dorm

 was obtained from the reaction with 1-octene. 

 

An important observation is the negligible KIE for 128d: k12(CH3)/k12(CD3) = 

1.19 ± 0.14. This suggests that no strong primary KIE or EIE is associated with the 

aziridine formation, as olefin insertion should not display any primary KIE. Alternatively, 

if the insertion proceeds in a concerted fashion with intramolecular protonolysis, this 

reaction can exhibit a primary KIE, because the hydrogen (respectively deuterium) in the 

N–H bond (respectively N–D bond) that is being broken originates from the methyl 

group of the N-methylaniline. The negligible net KIE can originate from the 

superposition of the primary KIE for insertion-protonolysis and the inverse EIE for the 

aziridine formation. At this point none of these scenarios can be ruled out with certainty. 

It should be noted that the absence of isotopic perturbation of enantioselectivity for the 

reaction involving 1-octene and vinylcyclohexane is a strong argument against a 
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concerted insertion-protonolysis mechanism. The stereodetermining step would involve 

cleavage of the N–H bond and one would expect some variation of stereoselectivity, 

which has been frequently observed in hydroamination reactions.
30,33,37

 

Although norbornene displayed a remarkable isotopic perturbation of 

enantioselectivity, it is prone to polymerization under the standard reaction conditions 

and reliable kinetic data could not be obtained. Overall, the absence of a primary KIE in 

the isolated reaction step directly involving the formation of the metallaaziridine is in 

remarkable contrast to literature precedence of metallaaziridine formation in titanium-

catalyzed hydroaminoalkylations,
11

 as well as in stoichiometric metallaaziridine 

formation via elimination of an alkane.
56,57

 

VI.3 Group 5 Metal Binaphtholates in Catalytic Asymmetric 

Hydroamination 

In the plethora of early transition metal-catalyzed hydroamination reaction studies 

the group 5 metal-based hydroamination catalysts have been relatively scarce
58-63

 and 

only the hydroamination of alkynes,
58

 allenes
58,62,63

 and activated alkenes
58,61

 has been 

studied. The group 5 metal-catalyzed hydroamination of aminoalkenes has not been 

reported prior to our work and no niobium-based hydroamination catalysts were known.  

A chiral tantalum catalyst system for the asymmetric hydroamination of 

aminoallenes in up to 74% ee was introduced only very recently.
62,63

 

Recent studies on titanium- and zirconium-catalyzed transformations of primary 

aminoalkenes have shown that the hydroaminoalkylation and hydroamination may occur 

concurrently, favoring one or the other process depending on the chain length of the 

aminoalkene.
6,8,9,64

 The reactivity of group 5 metal complexes in these reactions had not 
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been reported prior to our study. However, simultaneously to our original report,
84

 Zi 

recently reported the application of tantalum bis(amidate) 126 and its analogues in 

asymmetric hydroamination of aminoalkenes with up to 80% ee.
16

 To our surprise we 

discovered that the binaphtholate tantalum complexes 127-Ta readily catalyze the 

hydroamination/cyclization of various primary aminopentenes and aminohexenes (Table 

VI-8), but no hydroaminoalkylation products were detected.  

Table VI-8. Catalytic asymmetric hydroamination/cyclization of aminoalkenes using 

binaphtholate tantalum and niobium complexes. 

 

entry subst. cat. T, °C; t, h
b 

% ee (config) 

1 105 127a-Ta 100; 16 64 (S)
 c
 

2 105 127a-Nb 140; 18 50 (S) 

3 105 127e-Ta 110; 14 <5 (S) 

4 105 127k-Ta 100; 12 10 (S) 

5 105 127j-Ta 100; 12 <5 (S) 

6 105 127l-Ta 100; 11 21 (S) 

7 18 127a-Ta 120; 30 81(S) 

8 4 127a-Ta 140; 34 41 (S) 

9 106 127a-Ta 120; 36 17 

10 108 127a-M
d 

170; 36 --
e
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11 114 127a-Ta 170; 36 --
e
 

12 140 127a-Ta 170; 36 --
e
 

a
 Reaction conditions: 5 mol% cat., C6D6, Ar atm. 

b
 >95% conv. based on 

1
H NMR 

spectroscopy using ferrocene as internal standard. 
c
 80% isolated yield. 

d
 M = Ta, Nb. 

e
 

No reaction. 

 

The cyclization of the gem-diphenyl activated aminopentene 105 proceeded with 

the tantalum catalysts at 100–110 °C with 5 mol% catalyst loading. The highest 

enantioselectivity for this substrate was 64% ee using the sterically most hindered 

catalyst 127a-Ta. Less encumbered complexes showed higher activity but lower 

selectivity, and the niobium analogue was significantly less reactive (Table VI-8, entry 

2). Other gem-dialkyl activated substrates were cyclized with selectivities of up to 81% 

ee (Table VI-8, entry 7). Similar to many previously known catalyst systems,
17,20,51,65,66

 

the cyclization of aminohexene derivatives, such as 106, proceeded with significantly 

diminished selectivity, due to the higher flexibility of the cyclization transition state 

relative to that of the cyclization of aminopentenes. While the catalytic activity of 

complexes 127-M in the hydroamination/cyclization of aminoalkenes is significantly 

lower than that of rare-earth,
51,67,68

 alkaline,
69,70

 and alkaline earth
32,38,71-73

 metal-based 

hydroamination catalysts, the reactivity is quite comparable to many group 4 metal-based 

catalyst systems with an exception of few very reactive
19,74

 (See also Chapter 4) 

zirconium-based systems. However, there are only a limited number of catalyst systems 

that provide enantioselectivities exceeding 80% ee in these types of cyclization.
17,33,51,65

 

Attempts to cyclize aminoheptene 108e, 1,2-disubstituted alkenylamine 114, or 

the secondary aminoalkene 136 were unsuccessful. With only few exceptions
75-77

 most 

neutral group 4 metal-based catalysts are unable to cyclize secondary aminoalkenes, 
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which has been interpreted as evidence for a [2+2]-cycloaddition mechanism analogous 

to group 4 metal-catalyzed alkyne and allene hydroaminations,
78-82

 as the secondary 

amine does not allow formation of a metal imido species required in this mechanism. 

However, previous mechanistic studies were unable to confirm an analogous [2+2]-

cycloaddition mechanism in case of the amine addition to alkynes catalyzed by cationic 

tantalum imido complexes.
58,59,83

 

Examples of selective azepane ring formation through hydroamination are also 

rare
19,77

 and it is noteworthy that no hydroaminoalkylation was observed for 108 and 136 

using either 127a-Ta or 127a-Nb in contrast to group 4 metal-based systems
6,8,9,64

 that 

often produce mixtures of hydroamination and hydroaminoalkylation products when 

applied to aminohexenes or aminoheptenes. 

Overall, herein we have presented one of the the first examples of asymmetric 

aminoalkene hydroamination catalyzed by group 5 metal complexes. Although the 

reactivity was found to be low compared to the best catalysts in the field, the absence of 

competing hydroaminoalkylation was notable. 

VI.4 Conclusions 

Group 5 metal binaphtholate complexes are highly active catalysts in the 

intermolecular hydroaminoalkylation of unactivated alkenes with secondary amines. The 

reaction proceeds with high enantio- and regioselectivity (up to 98% ee, branched 

products formed exclusively). The strong preference to activate primary amine -C–H 

bonds originate from steric constrains hampering alkene insertion, as demonstrated by 

isotopic labeling experiments. Mechanistic studies suggest that the reaction proceeds via 

a reversible, non–dissociative formation of a six-coordinate metallaaziridine species, 
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which undergoes facile alkene insertion and subsequent intramolecular protonolysis. 

Kinetic studies are supportive of a monometallic catalytic pathway with either alkene 

insertion or amide exchange serving as a rate-determining step. The amide exchange step 

is marked by a primary KIE whereas essentially no KIE was observed for the aziridine 

formation/olefin insertion/protonolysis sequence. The latter result is in remarkable 

contrast to previous findings in metallaaziridine chemistry and should originate from 

stereoelectronic effects of the binaphtholate ligand. Simulation experiments show a good 

fit of the proposed kinetic model to the original kinetic data. Reversible non-productive 

events include amine coordination to the catalytically active species and C–H activation 

of the aromatic ring by the tantalum catalysts. All turnover and equilibrium constants 

displayed nonlinear dependence on the electronic properties of the amine substrate. 

Evidence of an electron-acceptor ligand favoring the amide exchange process was 

obtained, which can be used as a guideline for future catalyst developments.  

In addition, we have demonstrated a first example of an enantioselective (up to 

81% ee) cyclohydroamination of aminoalkenes catalyzed by group 5 metal 

binaphtholates. 
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VI.5 Experimental 

General considerations. All reactions with air- or moisture sensitive materials 

were performed in oven (120 °C) and flame-dried glassware under an inert atmosphere of 

argon, employing standard Schlenk and glovebox techniques. Hexanes, pentane and THF 

were sparged with argon for 1 h and then passed through a column with activated 

alumina prior to use. Alkenes, benzene and C6D6 were vacuum transferred from 

sodium/benzophenone ketyl. Amines were distilled twice from finely powdered CaH2. 

The metal amides M(NMe2)5 (M = Nb, Ta) [Strem] and all other commercially available 

starting materials were used as received unless stated otherwise.  

1
H, 

2
H{

1
H}, 

13
C{

1
H} and 

19
F NMR spectra were recorded on Varian (300, 400, 

500 MHz) spectrometers at 25 °C unless stated otherwise. Chemical shifts are reported in 

ppm downfield from tetramethylsilane with the signal of the deuterated (
13

C, 
2
H) or 

undeuterated (
1
H) portion of the solvent as internal standard. Mass spectra were recorded 

on a Finnigan LCQ-DUO mass spectrometer. HPLC analysis was carried out on an 

Agilent 1200 series instrument with multiple wavelength detector using Chiralcel OD-H, 

OJ-H, and Chiralpak AS-H columns (25  4.6 mm). Silica gel (230–400 mesh, Sorbent 

Technologies) and alumina (80–200 mesh, EMD) were used for column chromatography. 

Elemental analyses were performed by Robertson Microlit Laboratories, Inc., 

Ledgewood, NJ. 

(S)-Mosher acid was transformed into the corresponding (R)-Mosher acid chloride 

according to a literature protocol.
85

 

The aminoalkene substrates 2,2-diphenylpent-4-enyl amine (105),
86

 2,2-dimethyl-

pent-4-enyl amine (4),
87

 (1-allylcyclohexyl)methylamine (18),
88

 2,2-diphenylhex-5-enyl 
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amine (106),
89

 2,2-diphenylhept-6-enyl amine (108),
90

 2,2,5-triphenylpent-4-enyl amine 

(114) 
91

 and N-benzyl-2,2-diphenylpent-4enyl amine (140)
88

 were synthesized according 

to literature protocols. The hydroamination products 2,4,4-trimethylpyrrolidine (5),
30

 3-

methyl-2-azaspiro[4,5]decane (19),
92

 2-methyl-4,4-diphenylpyrrolidine (16),
86

 and 2-

methyl-5,5-diphenylpiperidine (107)
86

 are known compounds and were identified by 

comparison to the literature NMR spectroscopic data. The absolute configuration of the 

hydroamination products were determined by comparison of the 
19

F NMR spectroscopic 

data with the assignments reported previously.
51

 

 

Ligand Synthesis 

Methyldiisopropylchlorosilane,
93

 (R)-2,2'-bis(methoxymethoxy)-1,1'-binaphthyl,
94

 

(R)-3,3'-dibromo-2,2'-dihydroxy-1,1'-binaphthyl, (R)-3,3'-bis(triphenylsilyl)-2,2'-

dihydroxy-1,1'-binaphthyl (78a), (R)-3,3'-bis[tert-butyl(dimethyl)silyl]-2,2'-dihydroxy-

1,1'-binaphthyl (78l), and (R)-3,3'-bis(trimethylsilyl)-2,2'-dihydroxy-1,1'-binaphthyl 

(78m) were prepared according to literature protocols.
95

 Proligand 78j was prepared as 

described in Chapter 3. 

 

Benzyldiphenylchlorosilane.
96

 A solution of benzyl magnesium chloride (49 

mmol), prepared from magnesium turnings (1.46 g, 60 mmol) and benzyl chloride (5.6 

mL, 49 mmol) in Et2O (50 mL), was added dropwise at 0°C to a solution of 

dichlorodiphenylsilane (9.9 mL, 50 mmol) in Et2O (50 mL) over 30 min. The resulting 

suspension was heated to a reflux, and stirred at reflux for 2 h, cooled to room 

temperature and concentrated. The residue was dissolved in CH2Cl2 (100 mL) and 
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filtered through a short pad of celite. The filtrate was concentrated in vacuo and 

crystallized from pentane to yield 10.29 g (69%) of product in form of large off-white 

crystals. 
1
H NMR (400 MHz, CDCl3): δ = 7.59–7.51 (m, 4H), 7.49–7.32 (m, 6H), 7.19–

7.05 (m, 3H), 7.00–6.93 (m, 2H, aryl-H), 2.89 (s, 2H, CH2); 
13

C{
1
H} NMR (CDCl3, 100 

MHz): δ = 135.8, 134.6, 132.7, 130.6, 129.2, 128.1, 128.0, 125.1 (aryl), 26.5 (CH2).  

 

General procedure for the preparation of ligands 78e and 78k. To a solution 

of (R)-3,3'-dibromo-2,2'-dihydroxy-1,1'-binaphthyl (400 mg, 0.90 mmol) in THF (20 mL) 

was added KH (80 mg, 2.0 mmol) under stirring. The mixture was stirred at room 

temperature for 30 minutes and then the trialkylchlorosilane (1.85 mmol) was added. The 

mixture was stirred overnight at room temperature, cooled down to –78 °C and a t-butyl 

lithium solution (2.5 mL, 3.7 mmol, 1.5 M in pentane) was added dropwise. The yellow 

solution was stirred for 5 min at –78 °C and was then allowed to reach room temperature 

slowly, after which it was stirred for an additional hour. The reaction was quenched with 

saturated aqueous NH4Cl (50 mL) and the product was extracted with Et2O (3 × 20 mL). 

The combined organic layers were dried (Na2SO4) and concentrated. The product was 

purified using column chromatography on silica (hexanes/CH2Cl2 70:30), to afford the 

pure diol proligand. 

 

(R)-3,3'-Bis[benzyl(diphenyl)silyl]-2,2'-dihydroxy-1,1'-binaphthyl ((R)-

H2BINOL-SiPh2Bn, 78e). White powder (350 mg, 47% overall yield); mp 129–132°C. 

1
H NMR (C6D6, 400 MHz): δ = 8.11 (s, 2H), 7.7–7.59 (m, 8H), 7.38–7.32 (d, 

3
J(H,H) = 

7.9 Hz, 2H), 7.31–6.90 (m, 28H), 4.83 (s, 2H, OH), 3.22 (d, 
2
J(H,H) = 13.8 Hz, 2H, 
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CH2), 3.16 (d, 
2
J(H,H) = 13.8 Hz, 2H, CH2); 

13
C{

1
H} NMR (C6D6, 125 MHz): δ = 157.2 

(CO), 142.0, 139.3, 136.4, 136.35, 135.3, 135.06, 135.01, 129.82, 129.78, 129.6, 129.4, 

128.5, 128.43, 128.38, 128.29,128.14, 128.08, 124.9, 124.18, 124.14, 110.6, 23.9 (CH2). 

Anal. Calcd for C58H46O2Si2: C, 83.81; H, 5.58; Found: C, 83.71; H, 5.33. 

 

(R)-3,3'-Bis[diisopropyl(methyl)silyl]-2,2'-dihydroxy-1,1'-binaphthyl ((R)-

H2BINOL-Si(i-Pr)2Me, 78k). Viscous, colorless oil (417 mg, 65% yield), does not 

solidify after prolonged storage at –30 °C. 
1
H NMR (CDCl3, 500 MHz):δ = 8.06 (s, 2H), 

7.89 (d, 
3
J(H,H) = 7.8 Hz, 2H), 7.37–7.34 (m, 2H), 7.30–7.26(m, 2H), 7.09 (d, 

3
J(H,H) = 

8.3 Hz, 2H, aryl-H), 5.20 (s, 2H, OH), 1.44–1.36 (m, 4H, 4 CH(CH3)2), 1.06 (d, 
2
J(H,H) 

= 2.6 Hz, 6H, 2 CH3CH), 1.05 (d, 
2
J(H,H) = 2.6 Hz, 6H, 2 CH3CH),0.98 (d, 

2
J(H,H) = 

4.4 Hz, 6H, 2 CH3CH), 0.97 (d, 
2
J(H,H) = 4.4 Hz, 6H, 2 CH3CH), 0.37 (s, 6H, 2 SiCH3); 

13
C{

1
H} NMR (CDCl3, 125 MHz): δ = 157.0 (CO), 139.4, 134.2, 129.2, 128.5, 127.6, 

126.0, 123.8, 123.6, 109.4 (aryl), 18.53 (CH(CH3)2), 18.51 (CH(CH3)2), 18.23 

(CH(CH3)2), 18.17 (CH(CH3)2), 12.0 (CH(CH3)2), 11.9 (CH(CH3)2), –9.8 (2 SiCH3). 

 

Complex Synthesis 

Complex Syntheses – General Procedure for the NMR-Scale Preparation. To 

a mixture of diol proligand 78 (0.05 mmol) and M(NMe2)5 (M = Ta, Nb; 0.05 mmol) was 

added C6D6 (490 mg, 500 L). The mixture was shaken vigorously and then left for 5 

minutes at room temperature. Clean quantitative conversion to the diolate complex was 

confirmed by NMR spectroscopy. Aliquots of the resulting complex solution were used 

directly for the catalytic experiments. 
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Ta{(R)-BINOL-SiPh3}(NMe2)3(HNMe2) (127a-Ta). This known compound
23

 

was prepared in situ only. 
1
H NMR (400 MHz, C6D6): δ = 8.09 (s, 2H), 7.85–7.80 (m, 

12H), 7.40 (d, 
3
J(H,H) = 7.8 Hz, 2H), 7.28 (d, 

3
J(H,H) = 8.3 Hz, 2H), 7.15–7.09 (m, 

18H), 6.93-6.85 (m, 4H, aryl-H), 2.79 (s, 18H, 3 NMe2), 1.78 (s, 12H, 2 HNMe2);
 

13
C{

1
H} NMR (100 MHz, C6D6): δ = 165.9 (CO), 141.5, 138.5, 137.1, 136.9, 129.3, 

128.5, 128.4, 127.0, 126.3, 125.4, 122.5, 119.8 (aryl), 46.8 (3 NMe2), 39.7 (2 HNMe2). 

 

Nb{(R)-BINOL-SiPh3}(NMe2)3(HNMe2) (127a-Nb). The proligand 78a (49.0 

mg, 0.061 mmol) and Nb(NMe2)5 (19.1 mg, 0.061 mmol) were dissolved in warm 

benzene (350 μL). The mixture was shaken vigorously and layered with pentane (400 

μL). The vial was sealed and kept at room temperature overnight. The precipitate was 

filtered off and dried to yield 37.1 mg (56%) of 127a-Nb in the form of dark-red crystals. 

1
H NMR (500 MHz, C6D6): δ = 8.05 (s, 2H), 7.85–7.80 (m, 12H), 7.41 (d, 

3
J(H,H) = 7.8 

Hz, 2H), 7.29 (d, 
3
J(H,H) = 8.6 Hz, 2H), 7.15–7.08 (m, 18H), 6.94–6.86 (m, 4H, aryl-H), 

2.43 (s, 18H, 3 NMe2), 2.01 (s, 6H, HNMe2);
 13

C{
1
H} NMR (125 MHz, C6D6): δ = 167.1 

(CO), 141.0, 138.0, 137.2, 137.0, 129.3, 128.6, 128.3, 127.9, 126.5, 126.0, 122.5, 119.8 

(aryl), 47.0 (3 NMe2), 39.3 (HNMe2). Anal. Calcd for C64H65N4O2Si2Nb: C, 71.75; H, 

6.12; N, 5.23. Found: C, 72.28; H, 6.51; N, 4.64. 

 

Ta{(R)-BINOL-SiPh2Bn}(NMe2)3(HNMe2) (127e-Ta). The proligand 78e 

(33.0 mg, 0.039 mmol) and Ta(NMe2)5 (13.9 mg, 0.039 mmol) were dissolved in warm 

benzene (250 μL). The mixture was shaken vigorously and layered with hexanes (200 
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μL). The vial was sealed and kept at room temperature overnight. The precipitate was 

filtered off and dried to yield 40.0 mg (86%) of 127e-Ta in the form of yellow crystals. 

1
H NMR (500 MHz, C6D6): δ = 8.03 (s, 2H), 7.75–7.70 (m, 4H), 7.38 (d, 

3
J(H,H) = 7.6 

Hz, 2H), 7.35 (d, 
3
J(H,H) = 6.4 Hz, 4H), 7.29 (d, 

3
J(H,H) = 7.8 Hz, 4H), 7.23–7.18 (m, 

10H), 7.14–7.11 (m, 4H), 7.06 (t, 
3
J(H,H) = 7.6 Hz, 4H), 7.01 (t, 

3
J(H,H) = 6.9 Hz, 4H), 

6.97–6.91 (m, 6H, aryl-H), 3.69 (d, 
2
J(H,H) = 13.2 Hz, 2H, SiCH2Ph), 2.84 (s, 18H, 

3NMe2), 2.83 (d, 
2
J(H,H) = 13.2 Hz, 2H, SiCH2Ph), 2.06 (s, 6H, HNMe2);

 13
C{

1
H} NMR 

(125 MHz, C6D6): δ = 165.4 (CO), 140.7, 139.7, 137.1, 136.7, 136.4, 135.9, 129.8, 129.6, 

129.5, 129.4, 128.6, 128.5, 128.3, 128.2, 127.6, 127.0, 126.7, 126.4, 124.7, 123.1, 119.8 

(aryl), 45.5 (3 NMe2), 39.3 (NHMe2), 23.8 (CH2). Anal. Calcd for C66H69N4O2Si2Ta: C, 

66.76; H, 5.86; N, 4.72 Found: C, 66.95; H, 5.61; N, 4.18. 

 

Nb{(R)-BINOL-SiPh2Bn}(NMe2)3(HNMe2) (127e-Nb). The proligand 78e 

(60.0 mg, 0.072 mmol) and Nb(NMe2)5 (22.6 mg, 0.072 mmol) were dissolved in warm 

benzene (450 μL). The mixture was shaken vigorously and layered with pentane (300 

μL). The vial was sealed and kept at room temperature overnight. The precipitate was 

filtered off and dried to yield 58.3 mg (74%) of 127e-Nb in the form of orange crystals. 

1
H NMR (500 MHz, C6D6): δ = 8.00 (s, 2H), 7.74–7.72 (m, 4H), 7.41–7.39 (m, 2H), 

7.36–7.33 (m, 4H), 7.23–7.19 (m, 8H), 7.18–7.14 (m, 4H), 7.11–7.07 (m, 4H), 7.03 (t, 

3
J(H,H) = 7.6 Hz, 4H), 7.00–6.94 (m, 6H, aryl-H), 3.67 (d, 

2
J(H,H) = 13.2 Hz, 2H, 

SiCH2Ph), 2.79 (d, 
2
J(H,H) = 13.2 Hz, 2H, SiCH2Ph), 2.69 (s, 18H, 3 NMe2), 2.15 (s, 6H, 

HNMe2);
 13

C{
1
H} NMR (125 MHz, C6D6): δ = 166.9 (CO), 140.4, 139.6, 137.3, 137.1, 

137.0, 136.3, 136.0, 129.7, 129.50, 129.45, 129.4, 128.6, 128.4, 128.3, 127.6, 126.9, 
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126.7, 126.1, 124.6, 122.9, 119.9 (aryl), 46.6 (3 NMe2), 39.0 (NHMe2), 24.0 (CH2). Anal. 

Calcd for C66H69N4O2Si2Nb: C, 72.11; H, 6.33; N, 5.10. Found: C, 72.24; H, 6.49; N, 

4.72. 

 

Ta{(R)-BINOL-SiPh2Me}(NMe2)3(HNMe2) (127j-Ta).
23 

The proligand (R)-

H2BINOL-SiPh2Me 78j (41.6 mg, 0.061 mmol) and Ta(NMe2)5 (24.6 mg, 0.061 mmol) 

were dissolved in warm benzene (350 μL). The mixture was shaken vigorously and 

layered with hexanes (300 μL). The vial was sealed and kept at room temperature 

overnight. The precipitate was filtered off and dried to yield 48.0 mg (76%) of 127j-Ta in 

the form of yellow crystals. 
1
H NMR (400 MHz, C6D6): δ = 7.93 (s, 2H), 7.71–7.65 (m, 

8H), 7.38 (d, 
3
J(H,H) = 8.2 Hz, 2H), 7.26–7.22 (m, 8H), 7.09–7.06 (m, 6H), 6.94–6.85 

(m, 4H, aryl-H), 2.94 (s, 18H, 3NMe2), 1.96 (s, 6H, NHMe2), 0.97 (s, 6H, 2 SiCH3);
 

13
C{

1
H} NMR (100 MHz, C6D6): δ = 165.2 (CO), 139.9, 138.6, 138.0, 137.5, 

136.1,135.8, 129.4, 129.24, 129.16, 128.5, 128.2, 127.87, 127.85, 126.8, 126.6, 122.7, 

119.5 (aryl), 46.3 (NMe2), 39.9 (HNMe2), –3.0 (Me). 

 

Nb{(R)-BINOL-SiPh2Me}(NMe2)3(HNMe2) (127j-Nb). The proligand(R)-

H2BINOL-SiPh2Me 78j (553.4 mg, 0.815mmol) and Nb(NMe2)5 (255.0 mg, 0.815 mmol) 

were dissolved in warm benzene (2.0mL). The mixture was stirred at 90 °C until 

complete dissolution. The mixture was cooled to room temperature, hexanes (1.0mL) was 

layered on top of the solution and the vial was sealed and kept at room temperature 

overnight. The precipitate was filtered off and dried to yield 595 mg (77%) of 127j-Nb as 

dark-red crystals. 
1
H NMR (400 MHz, C6D6): δ = 7.91 (s, 2H), 7.69–7.62 (m, 8H), 7.40 
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(d, 
3
J(H,H) = 7.8 Hz, 2H), 7.31 (d, 

3
J(H,H) = 8.2 Hz, 2H), 7.22–7.19 (m, 6H), 6.96–6.88 

(m, 6H), 6.94–6.85 (m, 4H, aryl-H), 2.70 (s, 18H, 3 NMe2), 2.12 (s, 6H, NHMe2), 0.95 (s, 

6H, 2 SiCH3);
 13

C{
1
H} NMR (100 MHz, C6D6): δ = 166.9 (CO), 139.7, 138.5, 138.4, 

137.3, 136.0, 135.7, 129.3, 129.2, 128.5, 128.1, 127.9, 127.6, 126.79, 126.76, 122.6, 

119.6 (aryl), 47.1 (3 NMe2) 39.1 (HNMe2), –2.4 (SiMe). Anal. Calcd for 

C54H61N4O2Si2Nb: C, 68.48; H, 6.49; N, 5.92. Found: C, 68.53; H, 6.71; N, 5.82. 

 

Ta{(R)-BINOL-SiiPr2Me}(NMe2)3(HNMe2)] (127k-Ta). To the solution of the 

proligand (R)-H2BINOL-Si(i-Pr)2Me 78k (71.9 mg, 0.13 mmol) in pentane (200μL) was 

added a solution of Ta(NMe2)5 (53.1 mg, 0.13 mmol) in pentane (200 μL). The vial was 

sealed and kept at –30°C overnight. The precipitate was collected and dried in vacuo to 

yield 50 mg (49%) of 127k-Ta in the form of small yellow crystals. 
1
H NMR (500 MHz, 

C6D6): δ = 8.09 (s, 2H), 7.78 (d, 
3
J(H,H) = 8.1 Hz, 2H), 7.18–7.16 (m, 2H), 7.07 (t, 

3
J(H,H) = 7.3 Hz, 2H), 6.88 (t, 

3
J(H,H) = 7.6 Hz, 2H, aryl-H), 3.12 (s, 18H, 3 NMe2), 

2.13 (s, 6H, HNMe2), 1.65 (sept, 2H, CH(CH3)2), 1.35 (sept, 2H, CH(CH3)2), 1.23 (d, 

2
J(H,H) = 7.6 Hz, 6H, 2 CH3CH), 1.21–1.17 (m, 12H, 4 CH3CH), 1.05 (d, 

2
J(H,H) = 7.3 

Hz, 6H, 2 CH3CH),0.39 (s, 6H, 2 SiCH3);
 13

C{
1
H} NMR (125 MHz, C6D6): δ = 165.0 

(CO), 136.8, 136.5, 129.4,129.1,128.1,126.8, 126.4, 122.9, 119.4 (aryl), 45.7 (3 NMe2), 

39.1 (HNMe2), 19.4, 19.2, 19.1, 18.6, 12.9, –9.8 (2 Si(CH3)). Anal. Calcd for 

C40H62N3O2Si2Ta (loss of HNMe2): C, 56.25; H, 7.32; N, 4.92. Found: C, 54.78; H, 7.30; 

N, 4.68. 
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[Nb{(R)-BINOL-SiiPr2Me}(NMe2)3]  (127k–Nb). To the solution of the 

proligand (R)-H2BINOL-Si(i-Pr)2Me 78k (32.6 mg, 0.060 mmol) in pentane (200 μL)was 

added a solution of Nb(NMe2)5 (18.8 mg, 0.060 mmol) in pentane (200 μL). The vial was 

sealed and kept at –30°C overnight. The precipitate was collected and dried in vacuo to 

yield 17.0 mg (39%) of 127k–Nb in the form of small orange crystals. 
1
H NMR (500 

MHz, C6D6): δ = 8.06 (s, 2H), 7.79 (d, 
3
J(H,H) = 8.1 Hz, 2H), 7.21 (d, 

3
J(H,H) = 8.6 Hz, 

2H), 7.08 (t, 
3
J(H,H) = 7.4 Hz, 2H), 6.92–6.88 (m, 2H, aryl-H), 2.97 (s, 18H, 3 NMe2), 

1.60 (sept, 2H, CH(CH3)2), 1.31 (sept, 2H, CH(CH3)2), 1.22 (d, 
2
J(H,H) = 7.6 Hz, 6H, 2 

CH3CH), 1.21 (d, 
2
J(H,H) = 7.6 Hz, 6H, 2 CH3CH), 1.21–1.17 (m, 9H, 3 CH3CH), 1.05 

(d, 
2
J(H,H) = 7.3 Hz, 6H, 2 CH3CH),0.35 (s, 6H, 2 SiCH3);

 13
C{

1
H} NMR (125 MHz, 

C6D6): δ = 166.7 (CO), 136.7, 136.6, 129.4, 128.8, 128.3, 126.8, 126.4, 122.7, 119.6 

(aryl), 46.9 (3 NMe2), 19.5, 19.2, 19.0, 18.6, 12.9, 11.8, –9.6 (2 SiCH3). Anal. Calcd for 

C40H62N3O2Si2Nb: C, 62.72; H, 8.16; N, 5.49. Found: C, 61.17; H, 7.93; N, 4.94. 

 

Ta{(R)-BINOL-SiMe2tBu}(NMe2)3 (127l-Ta). The proligand (R)-H2BINOL-

SiMe2tBu 78l (42.7 mg, 0.082 mmol) and Ta(NMe2)5 (32.9 mg, 0.082 mmol) were 

dissolved in pentane (450 μL). The mixture was heated to 50 °C and slowly cooled to 

room temperature. The precipitate was filtered off and dried to yield 44.0 mg (64%) of 

127l-Ta as a yellow microcrystalline solid. 
1
H NMR (400 MHz, C6D6): δ = 8.12 (s, 2H), 

7.69 (d, 
3
J(H,H) = 7.8 Hz, 2H), 7.12 (d, 

3
J(H,H) = 8.6 Hz, 2H), 7.01 (vt, 

3
J(H,H) = 7.8, 

7.0 Hz, 2H), 6.82 (t, 
3
J(H,H) = 7.8 Hz, 2H, aryl-H), 3.02 (s, 18H, 3 NMe2), 1.06 (s, 18 H, 

2 C(CH3)3), 0.49 (s, 6H, 2 SiCH3), 0.43 (s, 6H, 2 SiCH3);
 13

C{
1
H} NMR (100 MHz, 

C6D6): δ = 165.1 (CO), 137.1, 136.5, 129.8, 129.3, 128.2, 126.9, 126.5, 123.0, 119.8 
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(aryl), 45.7 (3 NMe2), 27.6 (2 C(CH3)3), 18.1 (2 C(CH3)3), –3.7 (SiCH3), –4.0 (SiCH3). 

Anal. Calcd for C38H58N3O2Si2Ta: C, 55.25; H, 7.08; N, 5.09. Found: C, 54.68; H, 6.97; 

N, 4.96. 

 

Nb{(R)-BINOL-SiMe2tBu}(NMe2)3 (127l-Nb). The proligand (R)-H2BINOL-

SiMe2tBu 78l (36.5 mg, 0.070 mmol) and Nb(NMe2)5 (22.2 mg, 0.070 mmol) were 

dissolved in hexanes (200 μL) and pentane (250 μL), respectively. After mixing, the 

solution was heated to 50 °C and slowly cooled to room temperature. The precipitate was 

filtered off and dried to yield 39.0 mg (75%) of 127-Nb as a yellow microcrystalline 

solid. 
1
H NMR (400 MHz, C6D6): δ = 8.11 (s, 2H), 7.72 (d, 

3
J(H,H) = 8.2 Hz, 2H), 7.18 

(d, 
3
J(H,H) = 8.6 Hz, 2H), 7.04 (vt, 

3
J(H,H) = 7.8 Hz, 7.0 Hz, 2H), 6.85 (t, 

3
J(H,H) = 7.8 

Hz, 2H, aryl-H), 2.90 (s, 18H, 3 NMe2), 1.08 (s, 18 H, 2 C(CH3)3), 0.49 (s, 6H, 2 SiCH3), 

0.40 (s, 6H, 2 SiCH3);
 13

C{
1
H} NMR (100 MHz, C6D6): δ = 166.8 (CO), 136.9, 136.7, 

129.5, 129.2, 128.2, 127.6, 126.58, 126.5, 122.7, 120.0 (aryl), 47.1 (3 NMe2), 27.6 (2 

C(CH3)3), 18.1 (2 C(CH3)3), –3.6 (SiCH3), –4.0 (SiCH3). Anal. Calcd for 

C38H58N3O2Si2Nb: C, 61.85; H, 7.92; N, 5.69. Found: C, 61.73; H, 8.13; N, 5.42. 

 

Ta{(R)-BINOL-SiMe3}(NMe2)3(HNMe2) (127m-Ta).
23 

To the solution of the 

proligand (R)-H2BINOL-SiMe3 78m (526 mg, 1.22 mmol) in hexanes (2 mL) was added 

a solution of Ta(NMe2)5 (488 mg, 1.22 mmol) in pentane (1 mL). The vial was sealed and 

heated to 80°C and then allowed to cool to room temperature. It was kept at this 

temperature overnight. The precipitate was collected and dried to yield 870 mg (89%) of 

127m-Ta in the form of large yellow crystals. 
1
H NMR (500 MHz, C6D6): δ = 8.14 (s, 
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2H), 7.79 (d, 
3
J(H,H) = 8.1 Hz, 2H), 7.21 (d, 

3
J(H,H) = 8.6 Hz, 2H), 7.07 (vt, 

3
J(H,H) = 

7.8, 6.9 Hz, 2H), 6.87 (vt, 
3
J(H,H) = 8.6, 6.9 Hz, 2H, aryl-H), 3.20 (s, 18H, 3 NMe2), 

2.00 (s, 3H, HNMe2), 1.99 (s, 3H, HNMe2), 1.04 (s, 1H, NH), 0.49 (s, 18H, 2 Si(CH3)3);
 

13
C{

1
H} NMR (125 MHz, C6D6): δ = 164.9 (CO), 137.0, 136.1, 132.0, 129.2, 128.0, 

127.0, 126.4, 122.7, 119.3 (aryl), 46.5 (3NMe2), 40.0 (HNMe2), –0.1 (Si(CH3)3). 

 

Nb{(R)-BINOL-SiMe3}(NMe2)3(HNMe2)(127m-Nb). To the solution of the 

proligand (R)-H2BINOL-SiMe3 (431 mg, 1.10 mmol) in hexanes (2 mL) was added a 

solution of Nb(NMe2)5 (344 mg, 1.10 mmol) in pentane (2 mL). The vial was sealed and 

heated to 70°C and then allowed to cool to room temperature. It was kept at –30 °C 

overnight. The precipitate was collected and dried to yield 510 mg (66%) of 127m-Nb in 

the form of dark-red crystals. 
1
H NMR (500 MHz, C6D6): δ = 8.11 (s, 2H), 7.79 (d, 

3
J(H,H) = 7.8 Hz, 2H), 7.28 (d, 

3
J(H,H) = 8.6 Hz, 2H), 7.09 (vt, 

3
J(H,H) = 7.8, 6.9 Hz, 

2H), 6.89 (vt, 
3
J(H,H) = 8.6, 6.9 Hz, 2H, aryl-H), 2.97 (s, 18H, 3 NMe2), 2.14 (s, 6H, 

HNMe2), 0.46 (s, 18H, 2 Si(CH3)3);
 13

C{
1
H} NMR (100 MHz, C6D6): δ = 166.6 (CO), 

136.8, 135.8, 132.1, 129.4, 127.6, 127.1, 126.3, 122.7, 119.4 (aryl), 47.3 (3 NMe2), 39.2 

(HNMe2), 0.0 (Si(CH3)3). Anal.Calcd for C32H46N3O2Si2Nb (loss of HNMe2): C, 58.79; 

H, 7.09; N, 6.43. Found: C, 57.30; H, 7.17; N, 6.69. 

 

General procedure for intermolecular hydroaminoalkylation. In a glovebox, a 

screw cap NMR tube was charged with amine (0.20 mmol), alkene (0.40 mmol, 2 equiv), 

and catalyst (0.01 mmol, 5 mol%) or an equivalent amount of 10 w% solution of the 

catalyst in C6D6. Additional C6D6 (0.3 mL) was added; the NMR tube was sealed, 
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removed from the glovebox and placed in the thermostated oil bath. The conversion was 

periodically monitored via 
1
H NMR spectroscopy. After completion of the reaction, the 

crude reaction mixture was either concentrated or subjected to a column chromatography 

on silica or alumina or was subjected to N-benzoylation directly. 

 

Derivatization of crude hydroaminoalkylation product (Method A). To a 

NMR tube containing the reaction mixture of a complete reaction was added CH2Cl2 (0.6 

mL), followed by addition of DIPEA (77 mg, 0.6 mmol) and benzoyl chloride (56 mg, 

0.4 mmol). The mixture was shaken and left at room temperature for 3 h. Volatiles were 

removed in vacuo and the residue was partitioned between Et2O (2 mL) and 2M NaOH (2 

mL). The resulting emulsion was stirred for 2 h, then the organic layer was separated, 

washed with brine (1 mL), dried (Na2SO4), and concentrated. Column chromatography 

on silica was performed to afford the target benzamide which was then used for HPLC 

analysis. 

 

Derivatization of isolated hydroaminoalkylation product (Method B). The 

hydroaminoalkylation product (0.1 mmol) was dissolved in CH2Cl2 (1 mL) and then 

DIPEA (26 mg, 0.2 mmol) and benzoyl chloride (21 mg, 0.15 mmol) were added. The 

mixture was stirred at room temperature for 3 h. Volatiles were removed in vacuo and the 

residue was partitioned between Et2O (2 mL) and 2M NaOH (2 mL). The resulting 

emulsion was stirred for 2 h and then the organic layer was separated, washed with brine 

(1 mL), dried (Na2SO4), and concentrated. The residue was purified by flash 
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chromatography on silica (CH2Cl2), if necessary, or was directly subjected to chiral 

HPLC analysis. 

 

Determination of enantiomeric excess via Mosher amide formation. The 

isolated hydroaminoalkylkation product (0.05 mmol) was dissolved in CHCl3 (0.5 mL) 

and then DIPEA (52 mg, 0.4 mmol) and (R)-Mosher acid chloride (5 mg, 0.2 mmol) were 

added. The mixture was kept at 40 °C for 4 hours, after which the volatiles were 

removed. The residue was dissolved in Et2O (2 mL) and passed through a short (0.5 cm) 

silica plug followed by eluting with additional 10 mL of Et2O. The eluate was 

concentrated, dissolved in in CDCl3 or CD3CN and the 
1
H NMR spectrum was recorded 

to obtain the enantiomeric excess. 

 

Determination of enantiomeric excess via debenzylation/Mosher amide 

formation sequence.
22

 The isolated hydroaminoalkylation product (0.03 mmol) was 

dissolved in absolute ethanol (2 mL). Ammonium formate (32 mg, 0.5 mmol) and 10% 

palladium on charcoal (11 mg, 0.01 mmol) were added, and the mixture was stirred at 

reflux for 40 min. The precipitate was filtered off, and the filtrate was treated with 1M 

HCl (2 mL). The volatiles were removed in vacuo, the residue was dissolved in water (10 

mL) and then water was removed under reduced pressure. The residue was then dissolved 

in C6D6 (0.6 mL) and filtered through a short pad of celite into the NMR tube containing 

(R)-Mosher acid chloride (10 mg, 0.04 mmol) and DIPEA (26 mg, 0.2 mmol). A 
19

F 

NMR spectrum was then taken to determine the enantiomeric excess. 
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N-(2-methyl-4-phenylbutyl)aniline (129). Prepared from N-methylaniline and 4-

phenyl-1-butene according to Table VI-4, entry 2. Purified by column chromatography 

on silica (hexanes/Et2O 100:1). Yield 71%, colorless oil. 
1
H NMR (500 MHz, CDCl3): δ 

= 7.31–7.27 (m, 2H), 7.20–7.15 (m, 5H), 6.68 (t, 
3
J(H,H) = 7.3 Hz, 2H), 6.59 (d, 

3
J(H,H) 

= 8.6 Hz, aryl-H), 3.65 (br s, 1H, NH), 3.09 (dd, 
2
J(H,H) = 12.2 Hz, 

3
J(H,H) = 5.9 Hz, 

1H, NCH2), 2.95 (dd, 
2
J(H,H) = 12.2 Hz, 

3
J(H,H) = 6.9 Hz, 1H, NCH2), 2.77–2.71 (m, 

1H), 2.65–2.59 (m, 1H), 1.84–1.77 (m, 2H), 1.57–1.49 (m, 1H), 1.05 (d, 
3
J(H,H) = 6.6 

Hz, 3H, CH3); 
 13

C{
1
H} NMR (125 MHz, CDCl3): δ = 148.5, 142.5 (Cipso), 129.2, 128.34, 

128.31, 125.8, 117.0, 112.6 (aryl-CH), 50.2 (CH2N), 36.6 (CH), 33.3, 32.6, (CH2), 18.0 

(CH3). MS (ESI): m/z 240.2 [M+ H]
+
. 

 

N-(2-methyl-4-phenylbutyl)-N-phenylbenzamide. Derivatization by method B. 

Purified by flash chromatography on silica (Hexanes/EtOAc 20:1) to give a colorless oil 

in 91% yield. HPLC (AS-H, hexane/2-propanol 98:2, 1.0 mL/min): tR 39.0 min (major), 

43.6 (minor); indicating 70% ee. 
1
H NMR (500 MHz, CDCl3): δ = 7.26–7.19 (m, 4H), 

7.17–7.07 (m, 9H), 6.93 (d, 
3
J(H,H) = 7.8 Hz, 2H, aryl-H), 3.99 (dd, 

2
J(H,H) = 13.5 Hz, 

3
J(H,H) = 6.9 Hz, 1H, NCH2), 3.85 (dd, 

2
J(H,H) = 13.5 Hz, 

3
J(H,H) = 7.7 Hz, 1H, 

NCH2), 2.72–2.66 (m, 1H), 2.54–2.68 (m, 1H), 1.84–1.72 (m, 2H), 1.56–1.48 (m, 1H), 

1.01 (d, 
3
J(H,H) = 6.1 Hz, 3H, CH3); 

 13
C{

1
H} NMR (125 MHz, CDCl3): δ = 170.7 (CO), 

143.4, 142.5, 136.6 (Cipso), 129.2, 129.0, 128.5, 128.4, 128.3, 127.7, 127.6, 126.5, 125.6 

(aryl-CH), 55.2 (CH2N), 36.2 (CH), 33.1, 31.3 (CH2), 17.5 (CH3). MS (ESI): m/z 240.2 

[M-PhCO+ H]
+
. 
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N-(2-methyloctyl)-N-phenylbenzamide.
14

 Prepared from N-methylaniline and 1-

octene according to Table VI-3, entry 7. Derivatization by method A, gave a colorless oil 

in 92% yield. HPLC (AS-H, hexane/2-propanol 98.5:1.5, 0.5 mL/min): tR 51.5 min 

(minor), 60.0 min (major); indicating 81% ee. 
1
H NMR (400 MHz, CDCl3): δ = 7.25–

7.22 (m, 2H), 7.20–7.15 (m, 3H), 7.00 (d, 
3
J(H,H) = 7.1 Hz, 2H, aryl-H), 3.87–3.76 (m, 

2H, CH2N), 1.77–1.69 (m, 1H CHCH3), 1.41–1.11 (m, 10H, 5CH2), 0.92 (d, 
3
J(H,H) = 

6.7 Hz, 3H, CH3CH), 0.84 (t, 
3
J(H,H) = 6.7 Hz, 3H, CH3CH2);

 13
C{

1
H} NMR (100 MHz, 

CDCl3): δ = 170.7 (CO), 136.7, 129.2, 129.0, 128.5, 127.7, 127.6, 126.4 (aryl), 55.7 

(CH2N), 34.3, 31.8, 31.7, 29.5, 26.7, 22.6, 17.5 (CH3CH), 14.1 (CH3CH2). 

 

N-(4-fluorophenyl)-N-(2-methyloctyl)benzamide. Prepared from 4-fluoro-N-

methylaniline and 1-octene according to Table VI-4, entry 6. Derivatization by method 

A, gave a colorless oil in 89% yield. HPLC (AS-H, hexane/2-propanol 98.5:1.5, 1 

mL/min): tR 25.2 min (minor), 30.6 min (major); indicating 82% ee. 
1
H NMR (500 MHz, 

CDCl3, 65 °C): δ = 7.26–7.15 (m, 5H), 7.02–6.98 (m, 2H), 6.80 (t, 
3
J(H,H) = 8.3 Hz, 2H, 

aryl-H), 3.81 (dd, 
2
J(H,H) = 13.5 Hz, 

3
J(H,H) = 8.5 Hz, 1H, NCH2), 3.78 (dd, 

2
J(H,H) = 

13.5 Hz, 
3
J(H,H) = 6.3 Hz, 1H, NCH2), 1.82–1.76 (m, 1H CHCH3), 1.45–1.19 (m, 10H, 

5CH2), 0.96 (d, 
3
J(H,H) = 6.8 Hz, 3H, CH3CH), 0.89 (t, 

3
J(H,H) = 6.7Hz, 3H, CH3CH2); 

 

13
C{

1
H} NMR (125 MHz, CDCl3, 65 °C): δ = 170.8 (CO), 160.9 (d, 

1
J(C,F) = 247 Hz, 

CF), 140.0, 136.9, 129.4 (br), 128.5, 127.8, 115.9 (d, 
2
J(C,F) = 22 Hz, aryl), 56.1 

(CH2N), 34.6, 31.9, 31.8, 29.5, 26.8, 22.6, 17.6 (CH3CH), 13.9 (CH3CH2). MS (ESI): m/z 

342.2 [M+ H]
+
. 
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N-(4-chlorophenyl)-N-(2-methyloctyl)benzamide. Prepared from 4-chloro-N-

methylaniline and 1-octene  according to Table VI-4, entry 7. Derivatization by method 

A, gave a colorless oil in 90% yield. HPLC (AS-H, hexane/2-propanol 98.5:1.5, 1 

mL/min): tR 21.1 min (minor), 25.7 min (major); indicating 67% ee. 
1
H NMR (500 MHz, 

CDCl3): δ = 7.24–7.21 (m, 3H), 7.18–7.14 (m, 4H), 6.95 (d, 
3
J(H,H) = 8.6 Hz, 2H, aryl-

H), 3.81 (dd, 
2
J(H,H) = 13.5 Hz, 

3
J(H,H) = 8.5 Hz, 1H, NCH2), 3.76 (dd, 

2
J(H,H) = 13.5 

Hz, 
3
J(H,H) = 6.9 Hz, 1H, NCH2), 1.75–1.67 (m, 1H CHCH3), 1.41–1.12 (m, 10H, 5 

CH2), 0.92 (d, 
3
J(H,H) = 6.6 Hz, 3H, CH3CH), 0.86 (t, 

3
J(H,H) = 6.6 Hz, 3H, CH3CH2); 

 

13
C{

1
H} NMR (125 MHz, CDCl3, 65 °C): δ = 170.7 (CO), 142.7, 136.7, 132.2, 129.5, 

129.2, 129.0, 128.5, 127.9 (aryl), 56.0 (CH2N), 34.6, 32.0, 31.8, 29.5, 26.8, 22.6, 17.6 

(CH3CH), 13.9 (CH3CH2). MS (ESI): m/z 358.2 [M+ H]
+
. 

 

N-(4-methoxyphenyl)-N-(2-methyloctyl)benzamide. Prepared from 4-methoxy-

N-methylaniline and 1-octene according to Table VI-4, entry 8. Derivatization by method 

A, gave a colorless oil in 89% yield. HPLC (OJ-H, hexane/2-propanol 99:1, 0.25 

mL/min): tR 46.0 min (minor), 52.1 min (major); indicating 74% ee. 
1
H NMR (400 MHz, 

CDCl3, 65 °C): δ = 7.30–7.23 (m, 5H), 6.93 (d, 
3
J(H,H) = 9.0 Hz, 2H), 6.73–6.70 (m, 2H, 

aryl-H), 3.85–3.75 (m, 2H, NCH2), 3.73 (s, 3H, CH3O), 1.84–1.75 (m, 1H, CHCH3), 

1.46–1.20 (m, 10H, 5 CH2), 0.95 (d, 
3
J(H,H) = 6.7 Hz, 3H, CH3CH), 0.88 (t, 

3
J(H,H) = 

6.7Hz, 3H, CH3CH2); 
 13

C{
1
H} NMR (100 MHz, CDCl3, 65 °C): δ = 170.8 (CO), 158.1, 

137.3, 129.0, 128.9, 128.4, 127.6, 114.4, 114.2 (aryl), 56.1 (CH3O), 55.4 (CH2N), 34.6, 

31.83, 31.77, 29.5, 26.8, 22.6, 17.6 (CH3CH), 13.9 (CH3CH2). MS (ESI): m/z 354.2 [M+ 

H]
+
. 
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N-(3-cyclopentyl-2-methylpropyl)-4-methoxyaniline (131). Prepared from N-

methylaniline and allylcyclopentane according to Table VI-4, entry 10. Purified by 

column chromatography on alumina (hexanes/EtOAc 100:0.5) to give a yellow oil, which 

readily turns dark-brown in air, in 89% yield. 
1
H NMR (400 MHz, CDCl3): δ = 6.78 (d, 

3
J(H,H) = 9.0 Hz, 2H), 6.57 (d, 

3
J(H,H) = 9.0 Hz, 2H, aryl-H), 3.75 (s, 3H, CH3O), 3.02 

(dd, 
2
J(H,H) = 11.7 Hz, 

3
J(H,H) = 5.5 Hz, 1H, NCH2), 2.83 (dd, 

2
J(H,H) = 11.7 Hz, 

3
J(H,H) = 7.4 Hz, 1H, NCH2), 1.93–1.83 (m, 1H, CH), 1.80–1.71 (m, 3H), 1.64–1.49 (m, 

4H), 1.41–1.35 (m, 1H), 1.26–1.19 (m, 2H), 1.13–1.00 (m, 3H), 0.97 (d, 
3
J(H,H) = 6.7 

Hz, 3H, CH3); 
 13

C{
1
H} NMR (100 MHz, CDCl3): δ = 151.8 (CO), 143.0 (Cipso), 114.9, 

113.9 (aryl-CH), 55.9 (CH3O), 51.7 (CH2N), 41.5, 37.6, 33.4, 32.6, 32.1, 25.13, 25.11, 

18.3 (CH3CH). MS (ESI): m/z 248.1 [M+ H]
+
. 

 

N-(3-cyclopentyl-2-methylpropyl)-N-(4-methoxyphenyl)benzamide. 

Derivatization by method B. Purified by flash chromatography on silica (CH2Cl2) to give 

a colorless oil in 91% yield. HPLC (AS-H, hexane/2-propanol 90:10, 1 mL/min): tR 20.7 

min (major), 35.0 min (minor); indicating 81% ee. 
1
H NMR (500 MHz, C6D6): δ = 7.47–

7.44 (m, 2H), 6.93–6.88 m, 3H), 6.78 (d, 
3
J(H,H) = 9.0 Hz, 2H), 6.46 (d, 

3
J(H,H) = 9.0 

Hz, 2H, aryl-H), 3.94 (dd, 
2
J(H,H) = 13.0 Hz, 

3
J(H,H) = 8.7 Hz, 1H, NCH2), 3.87 (dd, 

2
J(H,H) = 13.0 Hz, 

3
J(H,H) = 6.4 Hz, 1H, NCH2), 3.09 (s, 3H, CH3O), 1.98–1.92 (m, 1H, 

CH), 1.83–1.77 (m, 1H), 1.74–1.69 (m, 1H), 1.66–1.60 (m, 1H), 1.58–1.51 (m, 2H), 

1.49–1.39 (m, 3H), 1.07–0.93 (m, 2H), 1.04 (d, 
3
J(H,H) = 6.6 Hz, 3H, CH3); 

 13
C{

1
H} 

NMR (125 MHz, C6D6): δ = 170.1 (C=O), 158.0 (CO), 137.9, 137.3, 129.2, 129.1, 129.0, 
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114.4 (aryl), 56.2 (CH3O), 54.7 (CH2N), 41.5, 37.9, 33.7, 32.8, 31.3, 25.42, 25.39, 18.2 

(CH3CH). MS (ESI): m/z 352.3 [M+ H]
+
. 

 

N-(2-cyclohexylpropyl)aniline (132a). Prepared from N-methylaniline and 

vinylcyclohexane according to Table VI-4, entry 12. Purified by column chromatography 

on alumina (pentane). Yield 92%, colorless oil. 
1
H NMR (400 MHz, CDCl3): δ = 7.17 

(vt, 
3
J(H,H) = 8.4, 7.4 Hz, 2H), 6.67 (vt, 

3
J(H,H) = 8.4, 7.4 Hz, 1H), 6.60 (d, 

3
J(H,H) = 

8.4 Hz, 2H, aryl-H), 3.63 (br s, 1H, NH), 3.15 (dd, 
2
J(H,H) = 11.7 Hz, 

3
J(H,H) = 5.5 Hz, 

1H, NCH2), 2.88 (dd, 
2
J(H,H) = 11.7 Hz, 

3
J(H,H) = 7.5 Hz, 1H, NCH2), 1.79–1.61 (m, 

6H), 1.39–0.99 (m, 6H), 0.93 (d, 
3
J(H,H) = 7.0 Hz, 3H, CH3); 

 13
C{

1
H} NMR (100 MHz, 

CDCl3): δ = 148.7 (Cipso), 129.2, 116.9, 112.6 (aryl-CH), 47.9 (CH2N), 40.8 (CH), 38.0 

(CH), 30.9, 28.6, 26.8, 26.71, 26.66 (CH2, Cy), 14.8 (CH3). MS (ESI): m/z 218.2 [M+ 

H]
+
. 

 

N-(2-cyclohexylpropyl)-N-phenylbenzamide.
14

 Derivatization by method B. 

Purified by flash chromatography on silica (CH2Cl2) to give a colorless oil in 82% yield. 

HPLC (OD-H, hexane/2-propanol 99:1, 0.5 mL/min): tR 24.8 min (minor), 26.2 (major); 

indicating 91% ee. 
1
H NMR (400 MHz, CDCl3): δ = 7.27–7.10 (m, 8H), 7.03 (d, 

3
J(H,H) 

= 7.4 Hz, 2H, aryl-H), 3.99 (dd, 
2
J(H,H) = 13.3 Hz, 

3
J(H,H) = 8.9 Hz, 1H, NCH2), 3.85 

(dd, 
2
J(H,H) = 13.3 Hz, 

3
J(H,H) = 5.9 Hz, 1H, NCH2), 1.74–1.51 (m, 6H), 1.34–0.95 (m, 

6H), 0.91 (d, 
3
J(H,H) = 7.1 Hz, 3H, CH3);

 13
C{

1
H} NMR (100 MHz, CDCl3): δ = 170.7 

(CO), 143.5 (Cipso), 136.7 (Cipso), 129.2, 128.9, 128.5, 127.7, 127.6, 126.4 (aryl-CH), 53.5 

(CH2N), 40.6 (CH), 36.6 (CH), 30.9, 28.2, 26.9, 26.7, 26.6 (CH2, Cy), 13.9 (CH3). 
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N-(2-cyclohexylpropyl)-4-fluoroaniline (132b). Prepared from 4-fluoro-N-

methylaniline and vinylcyclohexane according to Table VI-4, entry 13. Purified by 

column chromatography on alumina (hexanes) to give a colorless oil in 93% yield and 

73% ee. 
1
H NMR (400 MHz, CDCl3): δ = 6.89–6.84 (m, 2H), 6.54–6.53 (m, 2H, aryl-H), 

3.49 (br s, 1H, NH), 3.09 (dd, 
2
J(H,H) = 12.1 Hz, 

3
J(H,H) = 5.5 Hz, 1H, NCH2), 2.84 (dd, 

2
J(H,H) = 12.1 Hz, 

3
J(H,H) = 7.8 Hz, 1H, NCH2), 1.80–1.74 (m, 2H), 1.70–1.57 (m, 4H), 

1.64–1.49 (m, 4H), 1.37–1.01 (m, 7H), 0.93 (d, 
3
J(H,H) = 7.0 Hz, 3H, CH3); 

 13
C{

1
H} 

NMR (100 MHz, CDCl3): δ = 155.5 (d, 
1
J(C,F) = 234.1 Hz, CF), 145.0 (d, 

4
J(C,F) = 2.0 

Hz, CN), 115.6 (d, 
2
J(C,F) = 22.4 Hz), 113.3 (d, 

3
J(C,F) = 7.5 Hz, aryl-CH), 48.6 

(CH2N), 40.8, 38.0, 30.9, 28.7, 26.8, 26.69, 26.65, 14.8 (CH3CH). MS (ESI): m/z 236.3 

[M+ H]
+
. 

 

N-(2-cyclohexylpropyl)-4-chloroaniline (132c). Prepared from 4-chloro-N-

methylaniline and vinylcyclohexane according to Table VI-4, entry 14. Purified by 

column chromatography on alumina (hexanes:EtOAc 100:0.3) to give a colorless oil in 

82% yield. HPLC (OJ-H, hexane/2-propanol 99.8:0.2, 1.5 mL/min): tR 21 min (major), 

24 min (minor); indicating 71% ee. 
1
H NMR (500 MHz, CDCl3): δ = 7.10 (d, 

3
J(H,H) = 

8.8 Hz, 2H), 6.50 (d, 
3
J(H,H) = 8.8 Hz, 2H, aryl-H), 3.63 (br s, 1H, NH), 3.11 (dd, 

2
J(H,H) = 12.1 Hz, 

3
J(H,H) = 5.5 Hz, 1H, NCH2), 2.85 (dd, 

2
J(H,H) = 12.1 Hz, 

3
J(H,H) = 

7.8 Hz, 1H, NCH2), 1.80–1.73 (m, 2H), 1.70–1.56 (m, 4H), 1.36–0.99 (m, 6H), 0.92 (d, 

3
J(H,H) = 7.1 Hz, 3H, CH3); 

 13
C{

1
H} NMR (125 MHz, CDCl3): δ = 147.2 (CCl), 129.0 
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(CH), 121.3 (Cipso), 113.6 (aryl), 48.0 (CH2N), 40.7 (CH), 37.9 (CH), 30.8, 28.6, 26.8, 

26.7, 26.6 (CH2), 14.7 (CH3). MS (ESI): m/z 252.1 [M+ H]
+
. 

 

N-(2-cyclohexylpropyl)-4-methoxyaniline (132d). Prepared from 4-methoxy-N-

methylaniline and vinylcyclohexane according to Table VI-4 

Table VI-4. Substrate scope in the intermolecular asymmetric hydroaminoalkylation 

catalyzed by 127j-M (M = Ta, Nb).
a
  

 

, entry 15. Purified by column chromatography on silica (hexanes/EtOAc 100:1.5) 

to give a yellow oil in 87% yield. HPLC (AS-H, hexane/2-propanol 95:5, 0.2 mL/min): tR 

36.4 min (minor), 39.8 min (major); indicating 75% ee. 
1
H NMR (500 MHz, CDCl3): δ = 

6.78 (d, 
3
J(H,H) = 9.0 Hz, 2H), 6.57 (d, 

3
J(H,H) = 9.0 Hz, 2H, aryl-H), 3.74 (s, 3H, 

CH3O), 3.37 (br s, 1H, NH), 3.10 (dd, 
2
J(H,H) = 11.7 Hz, 

3
J(H,H) = 5.4 Hz, 1H, NCH2), 

2.84 (dd, 
2
J(H,H) = 11.7 Hz, 

3
J(H,H) = 7.6 Hz, 1H, NCH2), 1.79–1.72 (m, 2H), 1.70–1.58 

(m, 4H), 1.64–1.49 (m, 4H), 1.36–1.00 (m, 7H), 0.93 (d, 
3
J(H,H) = 6.9 Hz, 3H, CH3); 

 

13
C{

1
H} NMR (125 MHz, CDCl3): δ = 151.8 (CO), 143.0 (Cipso), 114.9, 113.9 (aryl-CH), 

55.9 (CH3O), 48.9 (CH2N), 40.8, 38.0, 30.9, 28.7, 26.8, 26.71, 26.66, 14.8 (CH3CH). MS 

(ESI): m/z 248.2 [M+ H]
+
. 
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N-(2-trimethylsilylpropyl)aniline (133).
12

 Prepared from N-methylaniline and 

vinyltrimethylsilane according to Table VI-4, entry 17. Purified by column 

chromatography on alumina (hexanes:EtOAc 100:0.5). Yield 82%, colorless oil. 
1
H NMR 

(500 MHz, CDCl3): δ = 7.18 (vt, 
3
J(H,H) = 8.2, 7.5 Hz, 2H), 6.69 (vt, 

3
J(H,H) = 8.2, 7.5 

Hz, 1H), 6.60 (d, 
3
J(H,H) = 8.4 Hz, 2H, aryl-H), 3.64 (br s, 1H, NH), 3.31–3.27 (m, 1H, 

NCH2), 2.95–2.89 (m, 1H, NCH2), 1.06–1.01 (m, 4H), 0.05 (s, 9H, Si(CH3)3);
 13

C{
1
H} 

NMR (125 MHz, CDCl3): δ = 148.6 (Cipso), 129.2, 117.0, 112.7 (aryl-CH), 46.6 (CH2N), 

20.5 (CH), 12.8 (CH3CH), –3.1 (Si(CH3)3).  

 

N-(2-trimethylsilylpropyl)-N-phenylbenzamide. Derivatization by method B. 

Purified by column chromatography on silica (hexanes:EtOAc 100:3). Yield 90%, 

colorless oil. HPLC (AS-H, hexane/2-propanol 98.5:1.5, 1 mL/min): tR 11.1 min (minor), 

18.5 min (major); indicating 98% ee. 
1
H NMR (300 MHz, CDCl3): δ = 7.28–7.10 (m, 

7H), 7.02 (d, 
3
J(H,H) = 7.3 Hz, 2H, aryl-H), 4.33–4.24 (m, 1H, NCH2), 3.75 (dd, 

2
J(H,H) 

= 12.9 Hz, 
3
J(H,H) = 2.9 Hz, 1H, NCH2), 1.05 (m, 1H, CH), 1.03 (d, 

3
J(H,H) = 2.6 Hz, 

3H, CH3), 0.01 (s, 9H, Si(CH3)3); 
 13

C{
1
H} NMR (75 MHz, CDCl3): δ = 170.8 (CO), 

143.2, 136.8, 129.2, 129.0, 128.5, 127.7, 127.6, 126.3 (aryl), 51.8 (CH2N), 19.1 (CH), 

12.3 (CH3), –3.3 (Si(CH3)3). 

 

N-phenyl-N-(2,3,3-trimethylbutyl)-N-benzamide. Prepared from N-

methylaniline and tert-butylethylene according to Table VI-4, entry 18. Derivatization by 

method A. Purified by column chromatography on silica (hexanes:EtOAc 100:2). Yield 

70%, colorless oil. HPLC (AS-H, hexane/2-propanol 98:2, 1 mL/min): tR 19.2 min 
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(minor), 25.0 min (major); indicating 81% ee. 
1
H NMR (400 MHz, CDCl3): δ = 7.26–

7.00 (m, 8H), 7.02 (d, 
3
J(H,H) = 7.0 Hz, 2H, aryl-H), 4.23–4.16 (m, 1H, NCH2), 3.75 (dd, 

2
J(H,H) = 13.3 Hz, 

3
J(H,H) = 3.5 Hz, 1H, NCH2), 1.55–146 (m, 1H, CH), 0.96 (d, 

3
J(H,H) = 7.3 Hz, 3H, CH3), 0.89 (s, 9H, C(CH3)3); 

 13
C{

1
H} NMR (125 MHz, CDCl3): δ 

= 170.8 (CO), 143.8, 137.2, 129.1, 128.9, 128.6, 127.8, 127.6, 126.3 (aryl), 52.0 (CH2N), 

41.1 (CHCH3), 32.5 (C(CH3)3), 27.4 (C(CH3)3), 12.9 (CHCH3) MS (ESI): m/z 296.2 [M+ 

H]
+
. 

 

N-(bicyclo[2.2.1]hept-2-ylmethyl)-N-phenylbenzamide 

(139).
14

 Prepared from norbornene and N-methylaniline 

according to Table VI-4, entry 19, derivatization by method A. 

Purified by flash chromatography on silica (hexanes/EtOAc 100:2) to give a colorless oil 

in 55% yield. HPLC (AS-H, hexane/2-propanol 98:2, 1 mL/min): tR 29 min (minor), 39 

min (major); indicating 61% ee. 
1
H NMR (500 MHz, C6D6): δ = 7.27–7.11 (m, 8H), 7.03 

(d, 
3
J(H,H) = 7.3 Hz, 2H, aryl-H), 3.93 (dd, 

2
J(H,H) = 13.5 Hz, 

3
J(H,H) = 9.0 Hz, 1H, 

NCH2{8}), 3.67 (dd, 
2
J(H,H) = 13.5 Hz, 

3
J(H,H) = 7.2 Hz, 1H, NCH2{8}), 2.23 (s, 1H, 

{4}), 2.11 (s, 1H, {1}), 1.71–1.66 (m, 1H, {2}), 1.54–1.42 (m, 3H, {exo-6, exo-7, 5}), 

1.31–1.24 (m, 1H, {endo-3}), 1.19–1.12 (m, 2H, {5, exo-3}), 1.09–1.03 (m, 2H, {endo-6, 

endo-7}); 
 13

C{
1
H} NMR (125 MHz, C6D6): δ = 170.7 (C=O), 143.4, 136.6, 129.2, 129.0, 

128.5, 128.0, 127.6, 126.5 (aryl), 53.9 (CH2N{8}), 40.5 (CH{2}), 39.0 (CH{1}), 36.5 

(CH{4}), 35.5 (CH2{3}), 35.2 (CH2{5}), 29.6 (CH2{6, 8}), 28.9 (CH2{6, 8}). 
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N-((1-Methylcyclohexyl)methyl)aniline (136).
13

 Prepared from N-methylaniline 

and methylenecyclohexane according to Table VI-4, entry 21. Purified by column 

chromatography on alumina (hexanes:EtOAc 100:0.4) to give a colorless oil in 72% 

yield. 
1
H NMR (400 MHz, CDCl3): δ = 7.15 (dd, 

3
J(H,H) = 8.6, 7.4 Hz, 2H), 7.65 (t, 

3
J(H,H) = 7.4 Hz, 1H), 6.62 (d, 

3
J(H,H) = 8.6 Hz, 2H, aryl-H), 3.57 (br s, 1H, NH), 2.93 

(s, 2H, NCH2), 1.54–1.25 (m, 10H, 5 CH2), 0.97 (s, 3H, CH3); 
 13

C{
1
H} NMR (100 MHz, 

CDCl3): δ = 149.2 (Cipso), 129.2 (CH), 116.8 (CH), 112.6 (CH, aryl), 54.7 (NCH2), 35.8, 

34.2, 26.4, 23.4, 21.9. 

 

N-(4-Methoxyphenyl)-N-((2S)-2-phenylpropyl)amine (137).
97

 Prepared from 4-

methoxy-N-methylaniline and styrene according to Table VI-4, entry 22. Isomer ratio 

>30:1. Purified by column chromatography on alumina (hexanes:EtOAc 100:2) to give a 

yellow oil in 73% yield. HPLC (OJ-H, hexane/2-propanol 90:10, 0.5 mL/min): tR 42 min 

(S, major), 49 min (R, minor); indicating 71% ee.
1
H NMR (400 MHz, CDCl3): δ = 7.25 

(vt, 
3
J(H,H) = 8.1 Hz, 7.2 Hz, 2H), 7.17 (d, 

3
J(H,H) = 7.3 Hz, 1H), 7.14 (d, 

3
J(H,H) = 8.1 

Hz, 2H), 6.69 (d, 
3
J(H,H) = 9.0 Hz, 2H), 6.46 (d, 

3
J(H,H) = 9.0 Hz, 2H, aryl-H), 3.66 (s, 

3H, CH3O), 3.22 (dd, 
2
J(H,H) = 12.1 Hz, 

3
J(H,H) = 6.2 Hz, 1H, NCH2), 3.2 (br s, 1H, 

NH), 3.12 (dd, 
2
J(H,H) = 12.1 Hz, 

3
J(H,H) = 8.2 Hz, 1H, NCH2), 2.96 (sext, 

3
J(H,H) = 

7.1 Hz, 1H, CH), 1.25 (d, 
3
J(H,H) = 7.2 Hz, 3H, CH3); 

 13
C{

1
H} NMR (100 MHz, 

CDCl3): δ = 152.1 (CO), 144.6 (Cipso), 142.3 (Cipso), 128.6 (CH), 127.2 (CH), 126.6 (CH), 

114.9 (CH), 114.3 (aryl), 55.8 (CH3O), 52.0 (CH2), 39.2 (CHCH3), 19.8 (CH3CH).  
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N-Benzyl-N-(2-cyclohexylpropyl)amine (138a). Prepared from N-

methylbenzylamine and vinylcyclohexane according to Scheme VI-5. The crude 8:1 

mixture of regioisomers was purified by column chromatography on silica gel 

(CH2Cl2/7M NH3 in MeOH 100:1) to give the pure major regioisomer 138a as a colorless 

oil in 59% yield and 35% ee. 
1
H NMR (500 MHz, CDCl3): δ = 7.36–7.29 (m, 4H), 7.26–

7.21 (m, 1H aryl-H), 3.79 (d, 
2
J(H,H) = 13.3 Hz, 1H, PhCH2N), 3.75 (d, 

2
J(H,H) = 13.3 

Hz, 1H, PhCH2N), 2.62 (dd, 
2
J(H,H) = 11.5 Hz, 

3
J(H,H) = 5.6 Hz, 1H, NCH2CH), 2.41 

(dd, 
2
J(H,H) = 11.5 Hz, 

3
J(H,H) = 7.8 Hz, 1H, NCH2CH), 1.74–1.70 (m, 2H), 1.65–1.61 

(m, 1H), 1.59–1.48 (m, 4H), 1.30–0.91 (m, 7H), 0.86 (d, 
3
J(H,H) = 6.9 Hz, 3H, CH3); 

13
C{

1
H} NMR (125 MHz, CDCl3): δ = 140.7 (Cipso), 128.3, 128.0, 126.8 (aryl-CH), 54.2 

(PhCH2N), 53.4 (NCH2CH), 40.8 (CH), 38.4 (CH), 31.0, 28.5, 26.9, 26.8, 26.7 (CH2, 

Cy), 14.8 (CH3). 
19

F NMR of Mosher amide of 2-cyclohexylpropan-1-amine (470 MHz, 

C6D6, 60 °C): δ = –69.45 (major), –69.48 (minor). 

Characteristic signals of the minor regioisomer 2-cyclohexyl-N-methyl-1-

phenylpropan-1-amine (138b) were obtained from 
1
H NMR spectroscopic analysis of the 

crude reaction mixture which was concentrated in vacuo and dissolved in CDCl3.
 1

H 

NMR (400 MHz, CDCl3): δ = 3.50 (d, 
3
J(H,H) = 6.8 Hz, 1H, PhCHN), 2.23 (s, 3H, 

CH3NH), other signals overlap with the signals of the major regioisomer. 

 

General procedure for NMR-scale catalytic hydroamination/cyclization 

reactions. In the glovebox, a screw cap NMR tube was charged with ferrocene (6.0 mg, 

32.3 μmol), C6D6 (0.4 mL), and the substrate (0.30 mmol). Then a solution of the 

catalyst, either prepared in situ or isolated, in C6D6 (10 w%) was added. The NMR tube 
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was sealed, removed from the glovebox and placed in the thermostated oil bath and the 

conversion was monitored by NMR spectroscopy by following the disappearance of the 

olefinic signals of the substrate relative to the internal standard ferrocene. The reaction 

time was recorded when a conversion of at least 95% was achieved. 

 

General procedure for the determination of enantiomeric excess via Mosher 

amides. The amine (0.08–0.1 mmol) or the equivalent volume of the crude reaction 

mixture (approx 0.15 mL) was dissolved in CDCl3 or toluene-d8 (0.5 mL) in a NMR tube. 

DIPEA (2.5 equiv with respect to the amine) and (R)-Mosher acid chloride (1.5 equiv 

with respect to the amine) were added. Enantiomeric excess was then determined by 
19

F 

NMR spectroscopy at 60–100 °C. 

 

Preparative-scale procedure for 2-methyl-4,4-diphenylpyrrolidine (16).
86

 In 

the glovebox, a screw cap NMR tube was charged with aminoalkene (94 mg, 0.40 mmol), 

C6D6 (0.4 mL) and a solution of 127a-Ta (223 mg, 10 w% in C6D6, 20 μmol, 5 mol%). 

The solution was then kept 100 °C overnight. The solution was diluted with CH2Cl2 (2 

mL), and loaded onto a short silica pad. Dichloromethane was used to elute the proligand, 

and then CH2Cl2/7M NH3 in MeOH (100:1) was used to elute the reaction product. 

Concentration in vacuo gave 75 mg of the target compound (80%) as a colorless oil in 

61% ee according to 
19

F NMR spectroscopy of the Mosher amide. 
1
H NMR (400 MHz, 

C6D6): δ = 7.22–7.20 (m, 2H), 7.14–7.08 (m, 6H), 7.04–7.00 (m, 2H, aryl-H), 3.51 (d, 

2
J(H,H) = 10.9 Hz, 1H, CH2N), 3.34 (d, 

2
J(H,H) = 10.9 Hz, 1H, CH2N), 3.16–3.11 (m, 

1H, CHN), 2.39 (dd, 
2
J(H,H) = 12.4 Hz, 

3
J(H,H) = 6.3 Hz, 1H, CHCH2), 1.80 (dd, 
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2
J(H,H) = 12.3 Hz, 

3
J(H,H) = 9.2 Hz, 1H, CHCH2), 1.27 (br s, 1H, NH), 1.01 (d, 

3
J(H,H) 

= 6.2 Hz, 3H, CH3); 
13

C{
1
H} NMR (75.5 MHz, C6D6): δ = 148.8, 148.2, 128.4, 127.58, 

127.51, 126.04, 126.00 (aryl), 58.7 (CH2NH), 57.3 (CPh2), 53.1 (CH(CH3)NH), 47.6 

(CH2), 22.5 (CH3). 

 

 

 

Isotopic labeling studies 

Isotope exchange in the absence of alkene (typical procedure). In a glovebox, 

a screw cap NMR tube was charged with (R)-127j-Ta (3.9 mg, 5μmol), N-(ethyl-d5)-

aniline (31.5 mg, 0.25 mmol), and C6D6 (500 μL). Ferrocene (5 mg) was added and the 

NMR tube was sealed and removed from the glovebox. The mixture was then placed into 

a thermostated oil bath and was monitored periodically by observing the aromatic signals 

in the 
1
H NMR spectra compared to the signal of ferrocene as an internal standard. After 

50 hours at 150 °C, the reaction mixture was cooled down, loaded on silica and 

concentrated. Flash column chromatography on a short silica pad (hexanes:EtOAc 

100:1.5) gave 19 mg (60%) of the starting material as a colorless liquid. 
2
H{

1
H} NMR 

(CHCl3 + 25μL of CDCl3, 46 MHz): δ = 6.67 (s, 0.38 D, o-CD, aryl), 3.14 (s, 1.57D, 

CD2), 1.22 (s, 3D, CD3). 

 

Isotope exchange in the catalytic process (example 1). In a glovebox, a screw 

cap NMR tube was charged with (R)-127j-Nb (0.10 M in C6D6, 20 μL, 2 μmol), N-

(methyl-d3)-aniline (22.0 mg, 0.20 mmol), 1-octene (44.8 mg, 0.40 mmol) and C6D6(400 
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μL). Ferrocene (5 mg) was added and the NMR tube was sealed and removed from the 

glovebox. The mixture was then placed into a thermostated (150 °C) oil bath and was 

monitored periodically by observing the aromatic signals in the 
1
H NMR spectra 

compared to the signal of ferrocene as an internal standard. After 30 hours at 150 °C, the 

reaction mixture was cooled down, loaded on alumina and concentrated. Column 

chromatography on alumina (hexanes) yielded the hydroaminoalkylation product 6a 

(35.0 mg , 79%) as a colorless liquid. 
1
H NMR (500 MHz, CDCl3): δ = 7.16 (vt, 

3
J(H,H) 

= 8.4, 7.4 Hz, 2H), 6.67 (vt, 
3
J(H,H) = 8.4, 7.4 Hz, 1H), 6.59 (d, 

3
J(H,H) = 8.4 Hz, 2H, 

aryl-H), 3.61 (br s, 1H, NH), 3.16–3.12 (m, 0.05H, NCH2), 2.90–2.85 (m, 0.05H, NCH2), 

1.79–1.61 (m, 6H), 1.39–0.99 (m, 6H), 0.93 (d, 
3
J(H,H) = 7.0 Hz, 0.12H, CH3), 0.91 (dm, 

3
J(H,H) = 6.8 Hz, 1.92H, CH2D); 

2
H{

1
H} NMR (46 MHz, CHCl3 + 25μL of CDCl3): δ = 

3.16 (s, 0.95D, N CD2), 2.89 (s, 0.95D, NCD2), 0.96 (s, 0.96D, CH2D). After 

derivatization by method B: HPLC (OD-H, hexane/2-propanol 99:1, 0.5 mL/min): tR 24.8 

min (minor), 26.2 (major); indicating 79.5% ee. 

 

Isotope exchange in the catalytic process (example 2). In a glovebox, a screw 

cap NMR tube was charged with (R)-127j-Nb (0.10 M in C6D6, 20 μL, 2 μmol), N-

(methyl-d3)-aniline (22.0 mg, 0.20 mmol), norbornene (44.8 mg, 0.40 mmol) and C6D6 

(400 μL).The mixture was then placed into a thermostated (140 °C) oil bath and was 

monitored periodically by observing the aromatic signals in 
1
H NMR spectra compared to 

the signal of ferrocene as an internal standard. After 15 hours at 140 °C, the reaction 

mixture was cooled down, derivatized by method A, loaded on silica and concentrated. 

Column chromatography on silica (hexanes:EtOAc 100:2) yielded the 
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hydroaminoalkylation product 139-D (33.6 mg, 55%) as a white solid. HPLC (AS-H, 

hexane/2-propanol 98:2, 1 mL/min): tR 29 min (minor), 39 min (major); indicating 30% 

ee. 
1
H NMR (500 MHz, C6D6): δ = 7.27–7.11 (m, 8H),7.03 (d, 

3
J(H,H) = 7.3 Hz, 2H, 

aryl-H), 3.89 (m, 0.04H, NCH2), 3.64 (m, 0.04H, NCH2), 2.21 (s, 1H), 2.09 (s, 1H), 1.69–

1.65 (m, 1H), 1.54–1.42 (m, 3H), 1.31–1.24 (m, 1H), 1.17–1.11 (m, 1H), 1.08–1.04 (m, 

2H); 
 2

H{
1
H} NMR (46 MHz, CHCl3 + 25μL of CDCl3): δ = 3.89 (s, 0.96D, NCD2), 3.68 

(s, 0.96D, NCD2), 1.17 (s, 0.9D, 3-exo-CHD). 

Typical Kinetic procedure 

In a glovebox, a screw cap NMR tube was charged with aliquots of standard 

solutions of 127j-Nb (100 μL, 0.105M in C6D6) and N-methylaniline (100 μL, 1.62 M in 

C6D6), and then 1-octene (60 μl, 0.368 mmol) and C6D6 (340 μL) were added for a total 

volume of 600 μL. Ferrocene (5–8 mg) was added and the NMR tube was sealed and 

removed from the glovebox. The mixture was then placed into a thermostated oil bath 

and the disappearance of N-methylaniline was monitored periodically by observing the 

aromatic signals in 
1
H NMR spectra compared to the signal of ferrocene as an internal 

standard. 

Since the reactions were interrupted multiple times for taking the NMR spectra at 

room temperature a control experiment was performed with 3 identical reaction mixtures 

to confirm that interrupted reaction is representative to a “continuous” mode. Mixtures I–

III were prepared as stated in the typical procedure (Table VI-9). 

 

Table VI-9. Comparison of the “interrupted” and “continuous” reaction modes. 
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Sample Kept @ 150 °C  

(single interval), 

min 

Number of 

intervals 

Kept @ rt 

between two 

runs, min 

Total time @ 

150 °C,  

min 

Convers

ion, % 

I 300 1 - 300 62 

II 150 2 30 300 63 

III 50 6 14 300 60 

 

As shown in Table VI-9, the conversion for mixtures I–III was nearly identical 

proving that the reaction can be interrupted and re-initiated multiple times without 

introducing significant error. 

The reaction progress data was either directly transformed into conventional 

kinetic curves in appropriate coordinates or was subjected to nonlinear regression 

analysis using the Dynafit ™ (version 3.28.070) package.
55

 The fitting routine was 

supplied with the proposed mechanistic schemes, initial concentration data for alkene, 

amine and catalyst, data on the reaction progress and initial estimates for the rate 

constants. 
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 Figure VI-11. First order dependence of observed first-order reaction constant on 

catalyst concentration for the reaction of 1-octene (0.613 M) with PMPNHMe (128d) 

(0.20 M) in the presence of (R)-127j-Nb (0.003–0.022 M) in C6D6 at 150 °C. 

 

 

Figure VI-12. Zero order dependence of the first-order rate constant on the alkene 

concentration for the reaction of 1-octene (0.35–3.73 M) with PMPNHMe (128d) (0.290 

M) in the presence of (R)-127j-Nb (0.017 M) in C6D6 at 150 °C. 

 

Figure VI-13. First order logarithmic plots for the reaction of 1-octene (0.613 M) with 

PhNHMe (128a)(0.197–0.563 M) in the presence of (R)-127j-Nb (0.017 M) in C6D6 at 

150 °C. 
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Figure VI-14. Experimental reaction progress data (dots) for the reaction of 1-octene 

(0.613 M) with PhNHMe (128a) (0.197–0.563 M) in the presence of (R)-127j-Nb (0.017 

M) in C6D6 at 150 °C vs. the simulated reaction curves (lines) for k4 = (0.33 ± 0.02) M
–1 

min
–1

, K
dorm

 = (1.6 ± 0.3) M
–1

. 

 

Figure VI-15. Experimental reaction progress data (dots) for the reaction of 1-octene 

(0.613 M) with PMPNHMe (128d) (0.203–0.399 M) in the presence of (R)-127j-Nb 

(0.017 M) in C6D6 at 150 °C vs. the simulated reaction curves (lines) for k4 = (3.1 ± 1.2) 

M
–1

min
–1

, K
dorm

 = (14.5 ± 5.0) M
-1

. 
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Figure VI-16. Experimental reaction progress data (dots) for the reaction of 1-octene 

(0.613 M) with p-ClC6H4NHMe (128c) (0.204–0.584 M) in the presence of (R)-127j-Nb 

(0.017 M) in C6D6 at 150 °C vs. the simulated reaction curves (lines) for k4 = (0.58 ± 

0.15) M
–1

min
–1

, K
dorm

 = (7.8 ± 2.4) M
–1

. 

 

Figure VI-17. Experimental reaction progress data (dots) for the reaction of 1-octene 

(0.613 M) with p-FC6H4NHMe (128b) (0.144–0.579 M) in the presence of (R)-127j-Nb 

(0.017 M) in C6D6 at 150 °C vs. the simulated reaction curves (lines) for k4 = (0.58 ± 

0.09) M
–1

min
–1

, K
dorm

 = (2. 8 ± 0.7) M
–1

. 
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Figure VI-18. Experimental reaction progress data (dots) for the reaction of 1-octene 

(0.613 M) with PhNHCD3 (128a-CD3) (0.183–0.549 M) in the presence of (R)-127j-Nb 

(0.017 M) in C6D6 at 150 °C vs. the simulated reaction curves (lines) for k4 = (0.38 ± 

0.05) M
–1

min
–1

, K
dorm 

= (1.9 ± 0.5) M
–1

. 
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Figure VI-19. Experimental reaction progress data (dots) for the reaction of 1-octene 

(0.613 M) with PhNDMe (128a-ND) (0.156–0.469 M) in the presence of (R)-127j-Nb 

(0.020 M) in C6D6 at 150 °C vs. the simulated reaction curves (lines) for k4 = (0.33 ± 

0.02) M
–1

min
–1

, K
dorm

 = (1.1 ± 0.6) M
–1

. 
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Figure VI-20. Experimental reaction progress data (dots) for the reaction of 

vinylcyclohexane (0.24–3.57 M) with PhNHMe (128a) (0.225 M) in the presence of (R)-

127j-Nb (0.019 M) in C6D6 at 150 °C vs. the simulated reaction curves (lines) for k4 = 

(0.39 ± 0.03) M
–1

min
–1

, k12 = (0.39 ± 0.06) M
–1

min
–1

, K
dorm

 = 1.6 M
–1

. The value of K
dorm

 

was determined for 1-octene (see Figure VI-14). 

 

Figure VI-21. Experimental reaction progress data (dots) for the reaction of 

vinylcylohexane (0.30–3.57 M) with p-FC6H4NHCH3 (128b) (0.270 M) in the presence 

of (R)-127j-Nb (0.018 M) in C6D6 at 150 °C vs. the simulated reaction curves (lines) for 
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k4 = (0.89 ± 0.05) M
–1

min
–1

, k12 = (0.41 ± 0.03) M
–1

min
–1

, K
dorm

 = 2.8 M
–1

. The value of 

K
dorm

 was determined for 1-octene (see Figure VI-17). 

 

Figure VI-22. Experimental reaction progress data (dots) for the reaction of 

vinylcylohexane (0.36–2.38 M) with p-ClC6H4NHCH3 (128c) (0.292 M) in the presence 

of (R)-127j-Nb (0.017 M) in C6D6 at 150 °C vs. the simulated reaction curves (lines) for 

k4 = (0.67 ± 0.03) M
–1

min
–1

, k12 = (0.65 ± 0.09) M
–1

min
–1

,K
dorm

 = 7.8 M
–1

. The value of 

K
dorm

 was determined for 1-octene (see Figure VI-16). 

 

Figure VI-23. Experimental reaction progress data (dots) for the reaction of 

vinylcylohexane (0.361–3.57 M) with PMPNHCH3 (128d) (0.270 M) in the presence of 

(R)-127j-Nb (0.017 M) in C6D6 at 150 °C vs. the simulated reaction curves (lines) for k4 
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= (3.7 ± 0.2) M
–1

min
–1

,k12 = (0.92 ± 0.05)M
–1

min
–1

, K
dorm

 = 14.4 M
–1

. The value of K
dorm

 

was determined for 1-octene (see Figure VI-15). 

 

 

Figure VI-24. Experimental reaction progress data (dots) for the reaction of 

vinylcylohexane (0.30–3.57 M) with PMPNHCD3 (128d-CD3) (0.253 M) in the presence 

of (R)-127j-Nb (0.017 M) in C6D6 at 150 °C vs. the simulated reaction curves (lines) for 

k4 = (3.0 ± 0.3) M
–1

min
–1

, k12 = (0.78± 0.09) M
–1

min
–1

, K
dorm

 = 14.5 M
–1

. The value of 

K
dorm

 was determined for 1-octene/PMPNHCH3 (Figure VI-15). 

 

Crystallography. X-ray quality crystals of 127l-Ta and 127l-Nb were obtained 

by recrystallization from pentane solution at room temperature. Data were collected on a 

Bruker APEX-II CCD Diffractometer at 100(2) K, wavelength 0.71073 Å and are 

summarized in Table VI-10. Cell parameters were obtained from 7638 (127l-Ta), 

respectively 9870 (127l-Nb) reflections within the range 1.7 <  < 31.5°. Lorentz, 

polarization, and empirical absorption corrections were applied. The space group was 

determined from systematic absences. The structure was solved by direct methods 

(SHELXS program).
98

 All positional and atomic displacement parameters (ADP) were 
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refined with all reflections data by full-matrix least squares on F
2
 using SHELXL.

98
 Non-

hydrogen atoms were refined anisotropically. One of the silane groups and one the 

naphthyl rings are disordered occupationally (occupancy ratios 85:15 for 127l-Ta and 

91:9 for 127l-Nb) and were refined as independent parts in SHELXL. Hydrogen atoms 

were constrained to idealized positions using a riding model. The absolute structure was 

refined using the Flack parameter.
99

 The drawing of the molecule (Figure VI-25) was 

realized with the help of WinOrtep-3.
100

 

Table VI-10. Crystal structure and refinement data for 127l–Nb and 127l-Ta. 

Compound 127l-Nb 127l–Ta 

Empirical formula C38H58N3O2Si2Nb C38H58N3O2Si2Ta 

Formula weight 737.96 826.00 

Crystal system Monoclinic Monoclinic 

Space group P21 P21 

Unit cell dimensions 

 

 

a = 10.7656(7) Å, = 90° 

b = 15.5456(10) Å,  

= 95.076(1)° 

c = 11.9463(8) Å,   = 90° 

a = 10.7857(5) Å, = 90° 

b = 15.5435(7) Å,  

= 95.170(1)° 

c = 11.9546(6) Å,  = 90° 

Volume 1991.5(2) Å
3
 1996.01(16) Å

3
 

Z 2 2 

Density (calculated) 1.231 Mg/m
3
 1.374 Mg/m

3
 

Absorption coefficient 0.396 mm
–1

 2.847 mm
–1

 

F(000) 784 848 

Crystal size 0.18 × 0.16 × 0.12 mm
3
  0.23 × 0.21 × 0.14 mm

3
 

Θ range for data collection 1.90 to 31.50° 1.71 to 31.53° 

Index ranges –15 ≤ h ≤ 15, –22 ≤ k ≤ 22,  

–17 ≤ l ≤ 17 

–15 ≤ h ≤ 15, –22 ≤ k ≤ 22, 

–7 ≤ l ≤ 17 

Reflections collected 25295 25245 
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Independent reflections 12954 [R(int) = 0.0173] 12885 [R(int) = 0.0129] 

Completeness to θ  99.9% 99.5 %  

Absorption correction Semi-empirical from 

equivalents 

Semi-empirical from 

equivalents 

Max. and min. transmission 0.4353 and 0.3950 0.730 and 0.574 

Data / restraints / 

parameters 

12954 / 11 / 490 12885 / 287 / 496 

Goodness-of-fit on F
2
 1.006 1.017 

Final R indices [I>2 (I)] R1 = 0.0245, wR2 = 0.0599 R1 = 0.0161, wR2 = 0.0386 

R indices (all data) R1 = 0.0254, wR2 = 0.0605 R1 = 0.0165, wR2 = 0.0388 

Absolute structure 

parameter 

–0.040(13) –0.011(3) 

Largest diff. peak and hole 0.566 and –0.210 e.Å
–3

 0.749 and –0.343 e.Å
–3

 

 

 

Figure VI-25. ORTEP diagram of the molecular structure of the isostructural complexes 

127l-M (M = Nb, Ta). Thermal ellipsoids are shown with a 50% probability level. 

Hydrogen atoms as well as one position of the disordered naphthyl ring and the silane 

group are omitted for clarity.  
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Appendix A. Structures of complexes. 

 



337 

 

 

 

  



338 

Appendix B. Structures of aminoalkenes and the corresponding 

hydroamination/cyclization products. 
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