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Lithium catalyzed intramolecular hydroamination of unactivated alkenes has been known
for over 20 years, although growth in this field has been limited. Deduction of structure activity
relationships for these systems is a challenge because of their complex solution behavior. A
series of axially chiral C;-symmetric diamidobinaphtyl dilithium salts given by the formula
[{Ci1oHsN(CH,CH,X)},Li,], where n =2, 6 for X = NMe,, n =2 for X = OMe, and n =1 for X =
NEt; or N(CH;)s were synthesized. Solid state characterization of these dilithium salts free of
outside donor solvents allowed ligands to direct aggregation based on their steric hindrance and
flexibility. All complexes showed 7 interactions between lithium and the naphthyl rings playing
a significant role in the stabilization of the metal center. The complexes based on the sterically
least demanding N-dimethyl-substituted ligand [{C;0H¢N(CH2,CH,NMey)},Liz], crystallize as a

dimer in enantiopure form and as a hexameric cycle in racemic form.
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When used in combination with excess LiCH,SiMes various gem-dialkyl substituted
aminopentenes were cyclized in up to 67% ee at 22°C. Cyclization of aminopentene at 40°C was
also performed producing 2-methylpyrrolidine in up to 64% ee. The precatalysts were studied
using DOSY, 'Li and variable temperature NMR spectroscopy. DOSY NMR spectroscopy
suggests that solutions of (rac)-64 and (R)-64 exist as a mixture of monomers and dimers at
25°C, while (R)-65 and (R)-66 are monomeric. Addition of one equivalent LiCH,SiMes to (R)-64
resulted in a sharpening of "H NMR spectra and produced a single peak in the 'Li NMR spectra,
suggesting the formation of a new mixed aggregate, (R)-69.

Kinetic studies for the cyclization of C-(1-allyl-cyclohexyl)-methylamine demonstrated a
first order rate dependence on substrate and catalyst concentrations. A first order rate dependence
on LiCH,SiMe; was also observed, with enantioselectivity decreasing linearly as the
concentration of LiCH,SiMe; was increased. (R)-70 is a general representation of components
found in the rate limiting transition state for the hydroamination/cyclization of C-(1-allyl-
cyclohexyl)-methylamine. Solid state characterization of (R)-64 with two equivalents of 3-
methyl-2-aza-spiro[4.5]decane bound to it revealed the formation of a monomeric species, (R)-

68.

HN OO /7~ NMe
MeaN” 1\ OO Nl Y

\J-i‘N K
4 /Ll\\ Ll\

/ N > N—Li~,
JesinaiiNee i

(R)-68 (R)-70



ACKNOWLEDGEMENTS

The Chemistry and Chemical Biology department at Rutgers, New Brunswick is
acknowledged for financial support in the form of teaching assistantships which have allowed
me to perform this work. Teaching has allowed me to reinforce my fundamental knowledge of
chemistry, and I am thankful to the course coordinators for whom I have worked. The knowledge
and experience of Dr. Geeta Govindarajoo and Professor Robert Boikess have been valuable to
me.

Professor Kai Hultzsch, my advisor, is acknowledged for many informative discussions.
His expertise on organometallic laboratory techniques and NMR spectroscopy have been
particularly interesting. I am grateful to Dr. Thomas Emge for helpful discussions on the growth
of x-ray quality crystals. His careful handling of the sensitive complexes discussed herein, and
his input on certain assignments are appreciated. I am thankful to Dr. Nagarajan Murali for
teaching me how troubleshoot the issues encountered when operating the NMR’s. His input on
VT-NMR, 'Li NMR and DOSY NMR were also helpful. Dr. David Wang (Goldman Group) is

also acknowledged for helpful advice on VT-NMR, and other NMR related issues.



TABLE OF CONTENTS

ADSTIACT . .. ettt e e il
ACKNOWIEAZEMENLS. ... ..ttt e e e v
Table Of CONENLS. ... .ottt e e e v
LSt OF TabIes. ...ttt e ix
List Of SChemES. ... Xii
LSt Of FigUIES. ..ttt e Xiv
List of Abbreviations and Symbols............ccoiuiiiiiii XX1

CHAPTER ONE: INTRODUCTION

1.1 Lithium Amides: Applications and Solution Behavior..................c.c. 1
1.2 Amines: Applications and Synthesis...........co.oiuiiiiiiiiiiii e 1
1.3 Catalytic Hydroamination of Unactivated Alkenes.............c..cooviiiiiiiiiiiiiiiiiiin. 3
1301 General OVEIVIEW. ... .ouuintiit ittt e e 3
1.3.2 Rare Earth Metal-Based Systems.............oooiiiiiiiiiiiiiiiiiiee 6
1.3.3 Alkaline Earth Metal-Based Systems............cocooiiiiiiiiiiiiiiiiii, 11
1.3.4 Alkali Metal-Based SyStems........cououeitiitiiiiii i 13
1.3.5 Group 4 Metal-Based Systems..........cooiieiiitiiiiiiiiiiie e 19
1.3.6  Group 5 Metal-Based Systems..........co.viiiiitiiiiiiiiii e 23
1.3.7 Late Transition Metal-Based Systems............c.ccoiiiiiiiiiiiiiiiiiiii 23
1.3.8 Objectives of this WOTK........oo.iiiii i 35
L4 RELOIONCES. ..ttt 36



CHAPTER TWO: INTRAMOLECULAR HYDROAMINATION WITH

DIAMIDOBINAPHTHYL BASED LITHIUM AMIDES

2.1

2.2

23

24

2.5

2.6

2.7

2.8

2.9

INtrodUCION. ....ouet 44
Ligand Synthesis. . .....uinuiiei i 45
ComPleX SYNTRESIS. ... eutitt et 49
Crystal StrUCIUIES. ...ttt e e et e e 50
Solution Studies on Precatalyst Components and MixXtures. .............c.ccovieveniinnnnne. 66
2.5 T INtrOdUCHION. .. o.eec it 66
2.5 2 DOSY StUAY . . et 67
2.5.3 Variable Temperature DOSY-NMR...... ..o, 71
2.5.4 Characterization of the Precatalyst by 'Liand "H VT-NMR.............cccccconn..... 74
Intramolecular Hydroamination................ooiiiiiiiiiiiii e, 78
2.6.1 INtrodUCHION. .. ..eutie e 78
2.6.2 Results and DiSCUSSION. .......iuiinii e 84
Kinetic Study of Intramolecular Hydroamination..................ocoooiiiiiiiiiiiiiin ... 88
2. 7.1 INtrOAUCHION. ... .t 88
2.7.2 0bserved Rate Law........o.oiuiiiiii i 89
2.7.3 Background Reaction and Kinetic Isotope Effect................cooooi, 94
2.7.4 Reagent Stoichiometry and Enantioselectivity..............cooviiiiiiiiiiiiiiininn, 97
CONCIUSIONS. . . .ttt e e e e e 101
RETCIENCES. . ..ttt 103

vi



CHAPTER THREE: INTERMOLECULAR HYDROAMINATION OF STYRENE

DERIVATIVES
3.1 INtrOAUCTION. ... e e e e 110
3.1.1 Rare Earth Metal-Based Systems.............cccoiiiiiiiiiiiiiiiiiiiieeeeeae 111
3.1.2  Alkali Metal-Based SyStems ..........c.oiuiiuiiiiiiiiitiie e 112
3.1.3 Alkaline Earth Metal-Based Systems ............ccoooiiiiiiiiiiiiiiiii e, 116
3.1.4 Late Transition Metal-Based Systems............ccooviiiiiiiiiiiiiiiiiinen, 117
3.2 Intermolecular Carbolithiation.............ovuiiuiiiiii i 123
33 Salt Effects in Organolithium Reactions...............oooiiiiiiiiiiiiiiii e, 124
34 Background Reactions...........c.oiuiiniiiiiiiiitii e 125
3.5 Screening and Studies of Ligand Effects..............cooooiiiiiiiiiiii 127
LT 1) 0 03 L ] 103 41 132
3.7 REICIENICES. .ottt 133
CHAPTER FOUR: EXPERIMENTAL
4.1 General Considerations. .........v.ueuett it 137
4.2 SUbStrate SYNthESIS. .. ...ueeit it 137
4.3 Ligand Synthesis........o.oiniiiii i 138
4.4 Complex SYNthesiS. ....o.ouu it 152
4.5 Crystal STIUCUTES. . ... e ettt 157
4.6  Catalytic Intramolecular Hydroamination/Cyclization...............c...ocooiiiiiiinin... 159
4.7  Catalytic Intermolecular Hydroamination..................oooiiiiiiiiiiiiiiiiiii 160
4.8 KiINetic StUAIES. .. ..ot 161

vii



4.9  VT-DOSY NMR using Gschwind data workup..............ccoooiiiiiiiiiiiiiiii i 162

A.10 R OTONCES. .ottt 164

CHAPTER FIVE: APPENDIX

5.1 Numbering of SUDSIAteS. ......o.uiti i 166
5.2 Charts from Kinetic Study...........cooiiiiiiii e 167
53 NIMR SPECIIA. ...t 181
54  Crystallographic Data...........oooiiiiiiiiiii e 185
5.5 Summary of Crystal Structure Data.............coooiiiiiiiii e 191

viii



LIST OF TABLES

Table 1-1. Catalytic data for the intramolecular hydroamination/cyclization mediated by selected
chiral Alkaline earth metal-based catalysts. (PAGE 12)

Table 1-2. Selected examples of intermolecular hydroamination mediated by alkaline earth metal
catalysts. (PAGE 13)

Table 1-3. Intramolecular hydroamination/cyclization of aminoalkenes mediated by cationic
group 4 based complexes. (PAGE 21)

Table 1-4. Cyclization of primary aminoalkenes catalyzed by neutral Group 4 based catalysts.
(PAGE 23)

Table 1-5. Enantioselective rhodium catalyzed intramolecular hydroamination/cyclization.
(PAGE 25)

Table 1-6. Intramolecular hydroamination/cyclization mediated by a unique rhodium complex
bound n°-k' to a biarylphosphine ligand. (PAGE 26)

Table 1-7. Intramolecular hydroamination/cyclization mediated by a bifunctional Cp  iridium
pyrazolato complex. (PAGE 27)

Table 1-8. Intramolecular hydroamination/cyclization mediated by Platinum. (PAGE 28)

Table 1-9. Gold catalyzed enantioselective intermolecular Markovnikov hydroamination of
unactivated alkenes with Imidazolidin-2-ones. (PAGE 35)

Table 2-1. Selected bond lengths, Li---C(r) interatomic distances (< 3.0 A) and dihedral angles
(°) for [(R)-64],. (PAGE 53)

Table 2-2. Selected bond lengths, Li---C(n) interatomic distances (< 3.0 A) and dihedral angles
(°) for [(rac)-64]¢. (PAGE 55)

Table 2-3. Selected bond lengths, Li---C(r) interatomic distances (< 3.0 A) and dihedral angles
(°) for (R)-68. (PAGE 59)

Table 2-4. Selected bond lengths, Li---C(r) interatomic distances (< 3.0 A) and dihedral angles
(°) for (rac)-65A. (PAGE 62)

Table 2-5. Selected bond lengths, Li---C(r) interatomic distances (< 3.0 A) and dihedral angles
(°) for (rac)-65B. (PAGE 62)

Table 2-6. Selected bond lengths, Li---C(n) interatomic distances (< 3.0 A) and dihedral angles
(°) for (rac)-66. (PAGE 64)



Table 2-7. Selected bond lengths, Li---C(r) interatomic distances (< 3.0 A) and dihedral angles
(°) for [(R)-67],. (PAGE 66)

Table 2-8. Results of DOSY study at 25°C. (PAGE 69)

Table 2-9. Results of VT-DOSY study on [0.02590 M] (rac)-64 using non-convection corrected
pulse sequence (Varian, Dbppste). (PAGE 73)

Table 2-10. Results of VT-DOSY study on [0.02835 M] (R)-64 using a non-convection
corrected pulse sequence (Varian, Dbppste). (PAGE 73)

Table 2-11. Results of VT-DOSY study using the convection corrected pulse sequence. (PAGE
73)

Table 2-12. Documented examples of rare earth metal based cyclization of aminopentene (S4) at
or below 25°C. (PAGE 80)

Table 2-13. Documented examples of aminopentene cyclization by non-rare earth metal based
catalysts. (PAGE 83)

Table 2-14. Intramolecular hydroamination/cyclization of primary aminoalkenes mediated by
(R)-64, (R)-65 and (R)-66 and excess LiCH,SiMes. (PAGE 86)

Table 2-15. Intramolecular hydroamination/cyclization with substrates containing either
secondary aminoalkenes or internal alkenes mediated by (R)-64, (R)-65 and (R)-66 and excess
LiCH,SiMe;s. (PAGE 88)

Table 2-16. Rate constants for intramolecular hydroamination/cyclization of S3 and S3-d, with
and without (R)-64 (Eq. 2-15 and 2-16). (PAGE 96)

Table 3-1. Selected results from a study of ligand effects on lithium catalyzed intermolecular
hydroamination of ethylene with diethylamine. (PAGE 114)

Table 3-2. Selected examples of the lithium catalyzed intermolecular hydroamination of a-
methyl styrene by benzyl amine. (PAGE 115)

Table 3-3. Selected examples of the lithium catalyzed intermolecular hydroamination of trans-f3-
methyl styrene by benzyl amine. (PAGE 115)

Table 3-4. Selected examples of intermolecular hydroamination mediated by alkaline earth metal
catalysts. (PAGE 117)

Table 3-5. Gold catalyzed enantioselective intermolecular Markovnikov hydroamination of
unactivated alkenes with Imidazolidin-2-ones. (PAGE 123)



Table 3-6. Lithium catalyzed intermolecular anti-Markovnikov hydroamination of cis-p-methyl
styrene (108) and allyl benzene (110) with benzyl amine. (PAGE 128)

Table 3-7. Lithium catalyzed intermolecular anti-Markovnikov hydroamination of a-methyl
styrene (111) with benzyl amine. (PAGE 128)

Table 3-8. Sodium catalyzed intermolecular anti-Markovnikov hydroamination of allyl benzene
(110) with benzyl amine. (PAGE 129)

Table 3-9. Lithium catalyzed intermolecular anti-Markovnikov hydroamination of styrene (112)
with diethylamide. (PAGE 130)

Table 3-10. Lithium catalyzed intermolecular anti-Markovnikov hydroamination of cis-B-methyl
styrene (108) and allylbenzene (110) with pyrrolidine. (PAGE 131)

Table 3-11. Lithium catalyzed intermolecular anti-Markovnikov hydroamination of a-methyl
styrene (111) with pyrrolidine. (PAGE 131)

Table 3-12. Sodium catalyzed intermolecular anti-Markovnikov hydroamination of allylbenzene
(110) with pyrrolidine. (PAGE 132)

Table 5-1. Crystal data and structure refinement for [(R)-64],. (PAGE 185)

Table 5-2. Crystal data and structure refinement for (bis(dimethylamino-2-yl-ethyl)amido)
binaphthyl-di-lithium, [(rac)-64]¢. (PAGE 186)

Table 5-3. Crystal data and structure refinement for (rac)-65. (PAGE 187)

Table 5-4. Crystal data and structure refinement for (bis(piperidin-2-yl-ethyl)amido)
binaphthyl-di-lithium, (rac)-66. (PAGE 188)

Table 5-5. Crystal data and structure refinement for [(R)-67],. (PAGE 189)
Table 5-6. Crystal data and structure refinement for (R)-68. (PAGE 190)

Table 5-7. Summary of crystal structure data: Range of bond lengths and intermolecular
distances for selected interactions (< 3.0 A). (PAGE 191)

Table 5-8. Summary of crystal structure data: Torsion angles and mean planes. (PAGE 191)

xi



LIST OF SCHEMES

Scheme 1-1. Intramolecular and Intermolecular Hydroamination leading to anti-Markovnikov
and Markovnikov regioselectivity (bottom). (PAGE 4)

Scheme 1-2. Intramolecular Hydroaminoalkylation and Intermolecular Markovnikov
Hydroaminoalkylation (bottom). (PAGE 4)

Scheme 1-3. Generalized Mechanism for Intramolecular Hydroamination of Aminoalkenes with
catalysts based on metals from Group 1 — 3. (PAGE 5)

Scheme 1-4. General representation of a rare earth metal mediated ¢ bond metathesis. (PAGE 6)

Scheme 1-5. Enantioselectivity limiting epimerization of chiral ansa-lanthanocene catalyst.
(PAGE 7)

Scheme 1-6. Rare earth metal-mediated intermolecular hydroaminations. (PAGE 10)

Scheme 1-7. Intramolecular hydroamination and tandem aminolithiation-carbolithiation of
styrene derivatives mediated by achiral lithium reagents. (PAGE 16)

Scheme 1-8. Intramolecular hydroamination cyclization with dilithium salt (S,S,5)-25. (PAGE
17)

Scheme 1-9. Intramolecular hydroamination cyclization with ligands (R)-26a—d and excess
lithium alkyl. (PAGE 17)

Scheme 1-10. Lithium catalyzed intramolecular hydroamination/cyclization of aminostilbenes
favoring exo-cyclization under kinetic conditions and endo-cyclization under thermodynamic
conditions. (PAGE 18)

Scheme 1-11. Proposed mechanism for the intramolecular hydroamination/cyclization of
aminoalkenes mediated by cationic Group 4 metal complexes. (PAGE 20)

Scheme 1-12. Postulated mechanism for the intramolecular hydroamination/cyclization of
aminoalkenes mediated by a neutral group 4 metal based catalyst. (PAGE 22)

Scheme 1-13. Mechanism for the Ruthenium-catalyzed anti-Markovnikov hydroamination of
styrene. (PAGE 30)

Scheme 1-14. The anti-Markovnikov addition of an amine to styrene forms a metal alkyl
intermediate which can undergo B-hydride elimination or protonolysis leading to oxidative

amination or hydroamination products. (PAGE 30)

Scheme 1-15. Mechanism for the Palladium catalyzed Markovnikov hydroamination of styrene
through a unique n’-benzyl intermediate. (PAGE 33)

Xii



Scheme 2-1. Outline of retrosynthetic pathways to the desired ligands. (PAGE 46)

Scheme 2-2. The synthesis of (R)-63. (R)-diaminobinaphthyl was coupled to methoxyacetyl
chloride which formed intermediate (R)-62. Reduction with LiAlHy yielded the product. (PAGE
49)

Scheme 3-1. Rare earth metal-mediated intermolecular hydroaminations. (PAGE 112)

Scheme 3-2. The addition of diethylamine and butylamine to ethylene. The use of lithium
diethylamide and ethyl lithium in the presence of TMEDA allowed conversion to occur at
significantly lower pressures and temperatures than previously reported. (PAGE 114)

Scheme 3-3. The anti-Markovnikov addition of an amine to styrene forms a metal alkyl
intermediate which can undergo B-hydride elimination or protonolysis leading to oxidative
amination or hydroamination products. (PAGE 118)

Scheme 3-4. Zinc mediated asymmetric addition of phenyl to 2-naphthaldehyde. Inclusion of
TEEDA, a LiCl inhibitor, demonstrated the potential of LiCl to impact reaction
enantioselectivities. (PAGE 125)

Scheme 3-5. Lithium amide catalyzed isomerization of cis-B-methyl styrene (108) and allyl
benzene (110) to form trans-B-methyl styrene (109). (PAGE 126)

Xiii



LIST OF FIGURES

Figure 1-1. Structures and pharmaceutical applications of selected B-arylethylamines and a
general phenethylpiperazine skeleton. (PAGE 2)

Figure 1-2. Cyclopentadienyl-based hydroamination catalysts. (PAGE 7)
Figure 1-3. Post-metallocene hydroamination catalysts. (PAGE 8)
Figure 1-4. Rare earth metal-based catalysts for intermolecular hydroaminations. (PAGE 10)

Figure 1-5. Chiral Alkaline earth metal-based catalysts for intramolecular
hydroamination/cyclization. (PAGE 11)

Figure 1-6. Selected alkaline earth metal-based catalysts for the intermolecular hydroamination.
(PAGE 12)

Figure 1-7. Multi-dentate amine ligands commonly used with alkali metals. (PAGE 14)

Figure 1-8. Cationic Group 4 catalysts for intramolecular hydroamination/cyclization of
aminoalkenes. (PAGE 20)

Figure 1-9. Neutral Group 4 metal-based catalysts for the intramolecular
hydroamination/cyclization of aminoalkenes. (PAGE 23)

Figure 1-10. Unique crystallographically characterized n°-k' binding of rhodium to a
biarylphosphine ligand. (PAGE 26)

Figure 1-11. Pincer and phosphine ligands applied to hydroamination/cyclization reactions with
rhodium and iridium. (PAGE 27)

Figure 1-12. Ligands used for intramolecular hydroamination/cyclization reactions with metals
from groups 10 and 11. (PAGE 28)

Figure 1-13. Phosphine ligands and other additives used to form Iridium catalysts for
intermolecular hydroamination reactions. (PAGE 31)

Figure 1-14. Phosphine ligands used to form Palladium catalysts for intermolecular
hydroamination reactions. (PAGE 34)

Figure 2-1. Dilithium salts used in the hydroamination/cyclization of Thorpe Ingold activated
aminoalkene substrates. (PAGE 44)

Figure 2-2. Left: Previously reported ligand H,-(S,S,5)-25 used for intramolecular
hydroamination/cyclization upon lithiation. Center: TMEDA, a ligand used to deaggregate

Xiv



organolithium reagents. Right: Ligand (R)-54, which incorporates TMEDA into the chiral
diaminobinaphthyl ligand scaffold. (PAGE 45)

Figure 2-3. ORTEP Diagram of the molecular structure of [(R)-64], (side view). Thermal

ellipsoids are shown at the 50% probability level and hydrogens are omitted for clarity. (PAGE
52)

Figure 2-4. ORTEP Diagram of the molecular structure of [(rac)-64]¢ (top view). Thermal

ellipsoids are shown at the 50% probability level and hydrogens are omitted for clarity. (PAGE
56)

Figure 2-5. Partial ORTEP diagram of the molecular structure of [(rac)-64]¢ (top view), with Li2
and Li2B being cutoff points. Thermal ellipsoids are shown at the 50% probability level and
hydrogens are omitted for clarity. (PAGE 57)

Figure 2-6. ORTEP diagram of the molecular structure of (R)-68 (top view). Thermal ellipsoids
are shown at the 50% probability level and hydrogens, except for H3a and H3b are omitted for
clarity. (PAGE 58)

Figure 2-7. ORTEP diagram for the molecular structure of (rac)-65A (side view). Thermal

ellipsoids are shown at the 50% probability level and hydrogens are omitted for clarity. (PAGE
61)

Figure 2-8. ORTEP diagram for the molecular structure of (rac)-65B (side view). Thermal

ellipsoids are shown at the 50% probability level and hydrogens are omitted for clarity. (PAGE
61)

Figure 2-9. ORTEP diagram for the molecular structure of (rac)-66 (side view). Thermal
ellipsoids are shown at the 50% probability level and hydrogens are omitted for clarity. (PAGE
63)

Figure 2-10. ORTEP diagram for the molecular structure of [(R)-67], (side view). Thermal
ellipsoids are shown at the 50% probability level and hydrogens are omitted for clarity. (PAGE
65)

Figure 2-11. Left: Precatalyst (R)-69, formed by combining (R)-64 with LiCH,SiMes (1.0
equiv.). Right: Based on kinetic studies (Chapter 2.6) (R)-70 illustrates the components found in
the rate limiting transition state for the hydroamination/cyclization of S3 with (R)-64 and excess
LiCH,SiMes. (PAGE 75)

Figure 2-12. VT-NMR (*H) spectra of (R)-64 without excess LiCH,SiMes. (PAGE 76)

Figure 2-13. VT-NMR ('Li) spectra of (R)-64 without excess LiCH,SiMes. (PAGE 76)

Figure 2-14. VT-NMR (*H) spectra of (R)-64 and 1.0 equivalent of excess LiCH,SiMes. (PAGE
77)

XV



Figure 2-15. VT-NMR (’Li) spectra of (R)-64 and 1.0 equivalent of excess LiCH,SiMes. (PAGE
77)

Figure 2-16. Rare earth metal-based catalysts which have completed the intramolecular
hydroamination/cyclization of aminopentene (S4) at or below 25°C. (PAGE 79)

Figure 2-17. Alkali, alkaline earth, group 4 and late transition metal-based catalysts used in the
intramolecular hydroamination/cyclization of aminopentene. (PAGE 82)

Figure 2-18. First order plot showing the consumption of S3 in the hydroamination/cyclization
with 2.5 mol% (R)-64 and LiCH,SiMe;s (0.5 eq.) at various concentrations of S3. (PAGE 90)

Figure 2-19. Plot of pseudo first order rate constants versus [S3] in the intramolecular
hydroamination/cyclization of S3 with 2.5 mol% (R)-64 and LiCH,SiMe;s (0.5 eq.). (PAGE 91)

Figure 2-20. First order plot showing the consumption of S3 in the hydroamination/cyclization
with LiCH,SiMes (0.5 eq.), S3 (0.28 M) at various catalyst loadings. (PAGE 91)

Figure 2-21. Plot of pseudo first order rate constants versus (R)-64 (mol %) in the intramolecular
hydroamination/cyclization of S3 with LiCH,SiMes (0.5 eq.) and S3 (0.28 M). (PAGE 92)

Figure 2-22. First order plot showing the consumption of S3 in the hydroamination/cyclization
with LiCH,SiMes (1.0 eq.), S3 (0.28 M) at various catalyst loadings. (PAGE 92)

Figure 2-23. Plot of pseudo first order rate constants versus (R)-64 (mol %) in the intramolecular
hydroamination/cyclization of S3 with LiCH,SiMes (1.0 eq.) and S3 (0.28 M). (PAGE 93)

Figure 2-24. First order plot showing the consumption of S3 in the hydroamination/cyclization
with 2.5 mol% (R)-64, S3 (0.28 M) with varied amounts of LiCH,SiMe;. (PAGE 93)

Figure 2-25. Plot of pseudo first order rate constants versus eq. excess LiCH,SiMes in the
intramolecular hydroamination/cyclization of S3 with 2.5 mol% (R)-64 and S3 (0.28 M). (PAGE
94)

Figure 2-26. Deuterium incorporation into P3 after hydroamination/cyclization of S3-d,. (PAGE
95)

Figure 2-27. Zero order plot showing the consumption of S3 and S3-d; in the hydroamination/
cyclization with 10.0 mol% LiCH,SiMe; as a catalyst. (PAGE 96)

Figure 2-28. First order plot showing the consumption of S3 and S3-d, in the
hydroamination/cyclization with 5.0 mol% (R)-64 and LiCH,SiMes (0.5 eq. excess). (PAGE 97)

XVi



Figure 2-29. Left: Mixed aggregate (R)-69, formed when equimolar amounts of (R)-64 and
LiCH,SiMejs are combined (Chapter 2.4.3). Right: (R)-70 illustrates the components found in the
rate limiting transition state for the hydroamination/cyclization of S3 with (R)-64 and excess
LiCH,SiMejs as determined by kinetic studies (Chapter 2.6). (PAGE 98)

Figure 2-30. Plot of ee (%) vs. LiCH,SiMe; (excess equivalents) for the hydroamination/
cyclization of S3 with (R)-64 (5.0 mol%) and [S3] (0.27-0.28 M). (PAGE 99)

Figure 2-31. Plot of ee (%) vs. LiCH,SiMe; (excess equivalents) for the hydroamination/
cyclization of S3 with (R)-64 (7.5 mol%) and [S3] (0.27-0.28 M). (PAGE 99)

Figure 2-32. Plot of ee (%) vs. (R)-64 (X mol%) for the hydroamination/ cyclization of S3 with
LiCH,SiMes (0.5 equiv. excess) and [S3] (0.27-0.28 M). (PAGE 100)

Figure 2-33. Plot of ee (%) vs. [S3] for the hydroamination/ cyclization of S3 with (R)-64 (2.5
mol%) and LiCH,SiMe; (0.5 equiv. excess). (PAGE 100)

Figure 2-34. Proposed mechanism for the intramolecular hydroamination/ cyclization of S3 with
(R)-64 and LiCH,SiMe;. (PAGE 102)

Figure 2-35. Structures of more sterically rigid diaminobinaphthyl ligands, each containing five
elements of internal chirality. (PAGE 103)

Figure 3-1. Rare earth metal-based catalysts for intermolecular hydroaminations. (PAGE 111)

Figure 3-2. Selected chelating ligands demonstrating activity during the lithium catalyzed
intermolecular hydroamination of ethylene with diethylamine. (PAGE 113)

Figure 3-3. Selected alkaline earth metal-based catalysts for the intermolecular hydroamination.
(PAGE 117)

Figure 3-4. Phosphine ligands and other additives used to form Iridium catalysts for
intermolecular hydroamination reactions. (PAGE 120)

Figure 3-5. Phosphine ligands used to form Palladium catalysts for intermolecular
hydroamination reactions. (PAGE 121)

Figure 3-6. Crystallographically characterized n’~benzyl intermediate found in the catalytic
cycle for the intermolecular Markovnikov hydroamination to styrene derivatives. (PAGE 121)

Figure 3-7. Intermolecular hydroamination substrates a-methyl styrene (111) and styrene (112).
(PAGE 126)

Figure A-1. Zero order plot showing the consumption of S3 in the hydroamination/cyclization
with 2.5 mol% (R)-64 and 0.5 eq. LiICH,TMS at various concentrations of S3. (PAGE 167)

XVii



Figure A-2. Zero order plot showing the consumption of S3 in the hydroamination/cyclization
with 2.5 mol% (R)-64 and 0.5 eq. LICH,TMS at various concentrations of S3. (PAGE 168)

Figure A-3. First order plot showing the consumption of S3 in the hydroamination/cyclization
with 2.5 mol% (R)-64 and 0.5 eq. LICH,TMS at various concentrations of S3. (PAGE 168)

Figure A-4. Zero order plot showing the consumption of S3 in the hydroamination/cyclization
with 2.5 mol% (R)-64, 0.28 M S3 and varied amounts of LiICH,TMS. (PAGE 169)

Figure A-5. Zero order plot showing the consumption of S3 in the hydroamination/cyclization
with 2.5 mol% (R)-64, 0.28 M S3 and varied amounts of LiCH,TMS. (PAGE 169)

Figure A-6. First order plot showing the consumption of S3 in the hydroamination/cyclization
with 2.5 mol% (R)-64, 0.28 M S3 and varied amounts of LiCH,TMS. (PAGE 170)

Figure A-7. Plot of pseudo first order rate constants versus eq. excess LICH,TMS in the
intramolecular hydroamination/cyclization of S3 with 5.0 mol% (R)-64 and 0.28 M S3. (PAGE
170)

Figure A-8. Zero order plot showing the consumption of S3 in the hydroamination/cyclization
with 5.0 mol% (R)-64, 0.28 M S3 and varied amounts of LiCH,TMS. (PAGE 171)

Figure A-9. Zero order plot showing the consumption of S3 in the hydroamination/cyclization
with 5.0 mol% (R)-64, 0.28 M S3 and varied amounts of LiICH,TMS. (PAGE 171)

Figure A-10. First order plot showing the consumption of S3 in the hydroamination/cyclization
with 5.0 mol% (R)-64, 0.28 M S3 and varied amounts of LiCH,TMS. (PAGE 172)

Figure A-11. First order plot showing the consumption of S3 in the hydroamination/cyclization
with 5.0 mol% (R)-64, 0.28 M S3 and varied amounts of LiCH,TMS. (PAGE 172)

Figure A-12. Plot of pseudo first order rate constants versus equivalents excess LiCH,TMS in
the intramolecular hydroamination/cyclization of S3 with 7.5 mol% (R)-64 and 0.28 M S3.
(PAGE 173)

Figure A-13. Zero order plot showing the consumption of S3 in the hydroamination/cyclization
with 7.5 mol% (R)-64, 0.28 M S3 and varied amounts of LiCH,TMS. (PAGE 173)

Figure A-14. Zero order plot showing the consumption of S3 in the hydroamination/cyclization
with 7.5 mol% (R)-64, 0.28 M substrate and varied amounts of LiCH,TMS. (PAGE 174)

Figure A-15. First order plot showing the consumption of S3 in the hydroamination/cyclization
with 7.5 mol% (R)-64, 0.28 M substrate and varied amounts of LICH,TMS. (PAGE 174)

Figure A-16. First order plot showing the consumption of S3 in the hydroamination/cyclization
with 7.5 mol% (R)-64, 0.28 M substrate and varied amounts of LiCH,TMS. (PAGE 175)

XViii



Figure A-17. Zero order plot showing the consumption of S3 in the hydroamination/ cyclization
with (R)-64 and 0.5 eq. LICH,TMS, 0.28 M S3 at various catalyst loadings. (PAGE 175)

Figure A-18. Zero order plot showing the consumption of S3 in the hydroamination/ cyclization
with (R)-64 and 0.5 eq. LiCH,TMS, 0.28 M substrate at various catalyst loadings. (PAGE 176)

Figure A-19. First order plot showing the consumption of S3 in the hydroamination/ cyclization
with (R)-64 and 0.5 eq. LICH,TMS, 0.28 M substrate at various catalyst loadings. (PAGE 176)

Figure A-20. Zero order plot showing the consumption of S3 in the hydroamination/ cyclization
with (R)-64 and 1.0 eq. LiCH,TMS, 0.28 M substrate at various catalyst loadings. (PAGE 177)

Figure A-21. Zero order plot showing the consumption of S3 in the hydroamination/ cyclization
with (R)-64 and 1.0 eq. LICH,TMS, 0.28 M substrate at various catalyst loadings. (PAGE 177)

Figure A-22. First order plot showing the consumption of S3 in the hydroamination/ cyclization
with (R)-64 and 1.0 eq. LiCH,TMS, 0.28 M S3 at various catalyst loadings. (PAGE 178)

Figure A-23. First order plot showing the consumption of S3 or S3-d, in the hydroamination/
cyclization with 10.0 mol% LiCH,TMS as a catalyst. (PAGE 178)

Figure A-24. Plot of ee (%) vs. LiCH,TMS (X equiv. excess) for the hydroamination/
cyclization of S3 (0.27-0.28 M) with (R)-64 (2.5 mol%). (PAGE 179)

Figure A-25. Plot of ee (%) vs. (R)-64 (X mol%) for the hydroamination/ cyclization of S3
(0.27-0.28 M) with LiCH,TMS (0.2 equiv. excess). (PAGE 179)

Figure A-26. Plot of ee (%) vs. (R)-64 (X mol%) for the hydroamination/ cyclization of S3
(0.27-0.28 M) with LiCH,TMS (1.0 equiv. excess). (PAGE 180)

Figure A-27. Plot of ee (%) vs. (R)-64 (X mol%) for the hydroamination/ cyclization of S3
(0.27-0.28 M) with LiCH,TMS (2.0 equiv. excess). (PAGE 180)

Figure A-28. VT-NMR (*H) spectra of (R)-64 and 0.5 equivalents of excess LICH,TMS. (PAGE
181)

Figure A-29. VI-NMR ('Li) spectra of (R)-64 and 0.5 equivalents of excess LiCH,TMS.
(PAGE 181)

Figure A-30. VT-NMR (*H) spectra of (R)-64 and 1.5 equivalents of excess LICH,TMS. (PAGE
182)

Figure A-31. VI-NMR ('Li) spectra of (R)-64 and 1.5 equivalents of excess LiCH,TMS.
(PAGE 182)

Xix



Figure A-32. VT-NMR (*H) spectra of (R)-64 and 2.0 equivalents of excess LICH,TMS. (PAGE
183)

Figure A-33. VI-NMR ('Li) spectra of (R)-64 and 2.0 equivalents of excess LiCH,TMS.
(PAGE 183)

Figure A-34. VI-NMR (‘H) spectra of LiICH,TMS in C;Dg with LiC/MeOH-d, internal
standard. (PAGE 184)

Figure A-35. VT-NMR (7Li) spectra of LiCH,TMS in C;Dg with LiCl/MeOH-d, internal
standard. (PAGE 184)

XX



Agg.
Ar

Bn
Boc

n-Bu
n-BuLi
cat.
Cbz.
COD
COE
config.
conv.

DABN
Dbppste
Dbppste cc

DCE
DFT
DMF
DMSO
DOSY
n

ee

eq.
equiv.
Et
Et,O

f

FW

Y

gem

g
HMPA
HMDS

LIST OF ABBREVIATIONS AND SYMBOLS

Alpha

Angstrom

Aggregation

Aryl

Beta

Benzyl, amine protecting group
tert-Butyloxycarbonyl, amine protecting group
Broad

n-Butyl

n-Butyllithium

Catalyst

Benzyloxycarbonyl, amine protecting group
Cyclooctadiene

Cyclooctene

Configuration

Conversion

n’-Cyclopentadienyl
n°-Pentamethylcyclopentadienyl
Cyclohexane

Delta, chemical shift

Doublet

diffusion coefficient
2,2’-Diamino-1,1’-binaphthyl

DOSY Bipolar Pulse Pair Stimulated Echo

DOSY Bipolar Pulse Pair Stimulated Echo with Convection

Compensation

Dichloroethane

Density functional theory
N,N-Dimethylformamide
Dimethylsulfoxide

Diffusion Ordered Spectroscopy
Eta; hapticity OR viscosity
Enantiomeric excess

Equivalent

Equivalent

Ethyl

Diethylether

Frictional coefficient

Formula Weight

Gamma

geminal

gram
Hexamethylphosphoramide
Hexamethyldisilazide, -N(SiMes),

XXi



hr Hours

IR Infrared

KIE Kinetic isotope effect

K Kappa, denticity

ks Boltzman constant, 1.3806 X 103 kg-rn2 s2.K!
L Lone pair donor ligand

LAH Lithium aluminum hydride

LDA Lithium diisopropyl amide

Ln Rare earth metal (Sc, Y, La— Lu)
m Multiplet

m meta

M Metal

Me Methyl

NMR Nuclear magnetic resonance
NOBIN 2-amino-2’-hydroxy-1,1’-binaphthyl
Nt Turnover Number

0 ortho

ORTEP Oak Ridge Thermal Ellipsoid Plot
P para

Ph Phenyl

T Pi, 3.14

PMDTA N,N,N’,N’,N’’-Pentamethyl-diethylene-triamine
POV-ray Persistence of Vision Raytracer
i-Pr iso-Propyl

n-Pr n-Propyl

q Quartet

quint Quintet

r radius

R Organic substituent

R* Chiral organic substituent

Ry Hydrodynamic radius

c Sigma

S Singlet

sept Septet

sext Sextet

SQU Squalene

Sub. Substrate

t Triplet

T Temperature

Bu tert-butyl, tertiary butyl

TDE Tetradecene

TEA Triethylamine

TFA Trifluoroacetic acid

OTf Trifluoromethanesulfonate

THF Tetrahydrofuran

THP Tetrahydropyran

Xxii



TMEDA N,N,N’,N’-Tetramethylethylendiamine

TMS Tetramethylsilane
TON Turnover Number
Ts Tosyl, toluenesulfonyl

VT Variable Temperature

XXiii



1

Introduction

1.1 Lithium Amides: Applications and Solution Behavior

Although lithium reagents are frequently used in both academic and industrial synthesis,’
their structures in solution often remain ambiguous. Susceptible to solvent effects, salt effects
and changes in temperature, concentration or stoichiometry the reproducibility of a given process
can be compromised if all of these variables are not controlled. Publications in this field typically
focus on empirical results and worldwide, only a few groups have identified solution structures
and reaction intermediates with confidence.”

The study of lithium complexes in the solid state has advanced significantly since the
1980’s” due to wider availability of x-ray crystallography, its use at low temperatures and
advances in crystal mounting techniques.* Understanding these complexes in the solid state has
allowed the field to advance, although the elucidation of solution structures remains the final
frontier. Accounts of inconsistent structures in the solid state and in solution have been
documented necessitating independent studies for the assignment of solution structures.” Low
temperature NMR studies of isotopically labeled compounds, the method of continuous variation
(Job plots) and DFT studies have allowed chemists to probe the solution behaviour of these
compounds.’ Kinetic studies have also assisted in the identification of transition states.’
Recently, DOSY-NMR® has been utilized in conjunction with these classical techniques to study

lithium amides/alkyls’ and bimetallic lithium containing superbases."

1.2 Amines: Applications and Synthesis

Many amine containing molecules demonstrate biological activity of a medicinally
applicable nature. Phenethylpiperazines'' and B-arylethylamines'? are examples of molecular
skeletons used to treat a variety of medical conditions (Figure 1-1). These compounds are also

target molecules for the anti-Markovnikov hydroamination of styrene derivatives (Section 1.3.1).
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Figure 1-1. Structures and pharmaceutical applications of selected B-arylethylamines and a
general phenethylpiperazine skeleton.

Development of methodology for the efficient synthesis of amine containing compounds
is useful to the pharmaceutical and specialty chemical industries. Challenges typically
encountered during the synthesis of amines include low selectivity and difficulty during
purification. These processes often generate significant amounts of waste and become an
environmental burden. Historical approaches to amine synthesis include alkylation of amines
(Eq. 1-1), reduction of nitrogen containing functionalities (Eq. 1-2) and amine synthesis via
addition reactions (Eq. 1-3). Other approaches included the use of organometallic reagents
(boranes, Grignard reagents), hydrolysis (cleavage of a nitrogen-carbonyl bond) or molecular

rearrangements (Hoffmann, Curtis, etc.).”?

R—X + HN-R —— o _H - + R,N-R (1-1)
R, R' = alkyl
o) -H,0 - H
)j\ + H,N-R 2 >:N—R —reduction >—N—R (1-2)
R = alkyl, aryl

2\/ + HNEL Bl )\ﬁ (1-3)
NEt,



Homogeneous catalysis is increasingly important to the field of organic synthesis,"
because it allows access to target molecules with high selectivity and a minimal amount of waste.
Methods applicable to the synthesis of amines include the hydroaminomethylation (Eq. 1-4),"
Buchwald — Hartwig amination (Eq. 1-5),'® hydroamination, and reductive alkylation of imines

and enamines.'’

O
A catalyst, catalyst, AN
RS 7co A, R/\)J\H HNR/H, ~ R NR; (1-4)
R = alkyl, aryl
Ar—X + HNR, Caf‘:"){st Ar—NR, (1-5)

X=Cl, Br, I, OTs

1.3 Catalytic Hydroamination of Unactivated Olefins

1.3.1 General Overview

Hydroamination'® describes the addition of an amine to an aliphatic or aromatic alkene,
alkyne,' allene or diene (Scheme 1-1). The past two decades have seen the development of
several asymmetric catalysts®™ to effect this transformation. The most active and selective
catalysts for the intramolecular variant of this transformation are mediated by rare earth metals.”’
Intermolecular transformations are showing increasing potential, particularly the anti-
Markovnikov addition of amines to styrene derivatives. Moderate to high reactivity has been
observed in systems based on alkali, alkaline earth and rare earth metals. The development of
catalysts for intermolecular hydroamination reactions has proven challenging due to an

imbalance between alkene and amine binding in most catalyst systems.
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Scheme 1-1. Intramolecular Hydroamination (top), Intermolecular Hydroamination leading to
anti-Markovnikov and Markovnikov regioselectivity (bottom).

Investigation of this transformation has uncovered several catalyst systems which prefer
C-H activation instead of N-H activation. After activation these catalysts can undergo
intramolecular cyclization or intermolecular addition to alkenes. Commonly referred to as
hydroaminoalkylation®* (Scheme 1-2), these reactions have been performed in an intra- and
intermolecular fashion mediated by Group 1, 4 and 5 metals. The asymmetric variant of this

. . . 23
transformation is also of interest.

NH,

HZN/\/\/\ O\

H
H N
NOR R —— R \CLR?’
R

Scheme 1-2. Intramolecular Hydroaminoalkylation (top) and Intermolecular Markovnikov
Hydroaminoalkylation (bottom).

Polar Organometallic Reagents — Mechanistic Considerations

Similarities in the reactivity of Group 1 — 3 complexes exist due to their polar nature and
the presence of one stable oxidation state. Because they cannot undergo oxidative addition and
reductive elimination, their range of mechanistic options is somewhat limited. Amine activation
is the accepted mode of delivery for these metals into their catalytic cycles. Subsequent olefin

insertion and protonolysis occurs in either a stepwise or concerted fashion. The tendency of



Group 1 and 2 based complexes undergo facile ligand redistribution®* adds additional difficulty

to the understanding and elucidation of their behavior in solution.
[M]-X

X HIN A~

H
MI—N A~

ZT

\

M]"_

HZNM

H

M = Li, Na, K, Mg, Ca, Sr, Sc, Y, lanthanide
X = alkyl, aryl, amido

Scheme 1-3. Generalized Mechanism for Intramolecular Hydroamination of Aminoalkenes with
catalysts based on metals from Group 1 — 3.

The mechanism of rare earth metal-catalyzed hydroamination is well understood and
many catalysts are believed to proceed by 6 bond metathesis (Scheme 1-3).> A zero order rate
dependence on substrate concentration suggesting rate limiting olefin insertion® is often
observed. The concurrent observation of kinetic isotope effects (KIE’s) complicates the
interpretation of these studies and a similar trend is developing for alkaline earth based systems.
Rationalizations of these KIE’s include the presence of a concerted non-insertive mechanism?’
and proton assistance from a proximal amine.® For the intramolecular cyclization of
aminoalkenes, DFT studies have supported a o-insertive mechanism with rate limiting

protonolysis for alkaline earth metals®® and rate limiting olefin insertion for rare earth metals.”’



1.3.2 Rare Earth Metal-Catalyzed Hydroamination

Rare Earth Metal-Catalyzed Hydroamination: Intramolecular Examples

Hydroamination catalysts based on rare earth metals are currently the most active and
selective for intramolecular cyclizations.21 Lanthanides have one stable oxidation state (+3), and
thus cannot undergo oxidative addition or reductive elimination. Electrophilic in nature, these
complexes typically react by o bond metathesis (Scheme 1-4).% Initial catalysts were based on
cyclopentadienyl ligands in the form of either half sandwich complexes or metallocenes. The
steric environment around the metal center has a significant impact on catalytic activity. The use
of more open ligand scaffolds and metals with larger Ln’" ionic radii’® led to more active
catalysts. Exposure of the metal center has allowed product inhibition to occur in several

lanthanide catalysts.

Y-Z  LyLn--X_
N

Lln—X —» W —— Lln—Y + ]

Y---Z z

Scheme 1-4. General representation of a rare earth metal mediated ¢ bond metathesis.

These seminal catalysts’ underwent rapid olefin insertion into Ln-C and Ln-H bonds
during the polymerization of ethylene. Its capacity to perform the analogous process with M-N
bonds was realized shortly thereafter.*> Substitution of the labile hydride with an alkyl ligand
allowed the formation of a more active monomeric precatalyst 1.>> The synthesis of ansa-

2263.

complexes allowed enhanced reactivity by exposing the metal center. Further improvement

in rate was observed with half-sandwich “constrained geometry” catalysts 3.%*
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Figure 1-2. Cyclopentadienyl-based hydroamination catalysts.

The first asymmetric catalysts® in this class, 4,”> incorporated an optically active menthyl
group attached to the cyclopentadienyl ring and efficiently cyclized terminal aminoalkenes.
Catalyst epimerization (Scheme 1-5) proved problematic and prevented ee’s from rising above
74%. One isomer is typically favored in a ratio typically >90:10 depending on the chiral
substituent R*, solvent and temperature. In addition to lowering enantioselectivity, this also
prevents access to both product enantiomers from the diastereomeric precatalyst. The limitations
of lanthanocene catalysts in asymmetric hydroamination necessitated the creation of catalysts

based on other ligand sets.

Q NHR +H,NR S “H,NR 7, « NHR
si{ — \ _si_
TSNH,R NH,R
2 - H2NR NH2R + H2NR R* 2
R* (s) H (R)

R*
Scheme 1-5. Enantioselectivity limiting epimerization of chiral ansa-lanthanocene catalyst.

The development of post-metallocene catalysts was influenced by the realization that

simple lanthanide amides®® mediated the hydroamination of aminoalkenes, albeit slowly and



under more forcing conditions. Configurational stability of non-cyclopentadienyl complexes was
improved because ligands were bound to metals through c-oxygen and c-nitrogen bonds rather
than 7 and o-carbon bonds. Chelating diamides and bis(thiophosphinic amides)’’ demonstrated
ligand acceleration and good cis/trans diastereoselectivity for intramolecular hydroamination of
aminoalkenes. Structure — activity relationships were not determined due to a lack of detailed
information on the solid state and solution structures for many of these complexes. The first well
defined system incorporated diamidoamine complexes 5a — ¢, 6a — ¢ and 7 and demonstrated
high trans/cis diastereoselectivity at room temperature for the cyclization of 1-methyl-pent-4-

. 36b
enylamine.

SiR,
I

N’ .
N/Y\;N(SIMG:;)Z

5 X = N(SiMes), SiR;
6 X= O-C6H4CH2NM62
aR=R'=Me 7 (R)-8a R; = Me;
bR=Et R =H (R)-8b R = Et;
cR=ClL,R=H (R)-8c R; = Me,Ph
ssTiyiesl
R R 0 0 MezN
1 \ . m
NN P mph
N~ °N TN "
\ ~ O\
SOLE) CONN .
(Me3SiN  N(SiMes), MezN
. + 10 SIAI‘3 ¥Ph
Ln=Sm,Nd, Y, Yb,Lu  [Li(THF)d] Ln=la Nd S
(R)9a R = CH,'Bu n=rta Ndsm Ln=Sc, Y, Lu
(R)-9b R =Pr (R)-11a Ar = Ph
(R)-Qc R= Cyclohexyl (R)-1 1b Ar = 3,5-M6206H3

(R)-9d R = cyclopentyl

Figure 1-3. Post-metallocene hydroamination catalysts.

Many chiral post-metallocene catalysts have been reported over the last 15 years,

although few have achieved the level of activity and stereoinduction reported in their



cyclopentadienyl-based predecessors. The majority of ligand scaffolds incorporated have been
C, symmetric and include biaryl diamides, diamidobinaphthyls, aminophenolates,
aminothiophenolates, biphenolates and binaphtholates.

Aminothiophenolate catalyst (R)-8 has achieved high levels of enantioselectivity in spite
of the higher temperatures required for activity and it was applicable across a range of substrates
including internal alkenes and secondary amines.”® Electronic saturation of the metal center by
this multidentate ligand is a likely cause of its low activity, while high enantioselectivities have
been attributed to its large bite angle. Electron rich ate complexes 9a — d also demonstrated
lower activity than lanthanocene catalysts; however, enantiomeric excess of up to 87% were
reported.”” Related neutral complexes containing LiCl and THF were also reported and achieved
similar or higher enantiomeric excess and higher activity.”” Bisoxazoline based systems
including 10 have demonstrated ligand acceleration and enantiomeric excess of up to 67%.*!

Activities comparable to lanthanocene catalysts were achieved with 3,3’-
bis(tri(aryl/alkyl)silyl binaphtholate rare earth metal complexes 11a — d.*®® The bulky silyl
groups prevent complex aggregation and are essential for enantioselectivity. A wide range of

substrates are cyclized by this catalyst with up to 95% enantiomeric excess being reported.

Rare Earth Metal-Catalyzed Hydroamination: Intermolecular Examples

Although rare earth metal-based catalysts are the most active and selective for
intramolecular hydroamination, they are not as efficient for intermolecular reactions. A large
excess of olefin and a higher reaction temperature is required to achieve conversion and increase
reaction rate. Olefin insertion, which is postulated to be the rate determining step, is hindered by
competitive binding with substrate and product amines. Nonetheless, the intermolecular
hydroamination of olefins has been documented on multiple occasions in the groups of Marks
and Hultzsch (Scheme 1-6).* Lanthanocene and binaphtholate catalysts have mediated the
addition of primary amines to styrene derivatives (anti-Markovnikov) and aliphatic olefins

(Markovnikov) with the binaphtholate catalyst (16) achieving up to 61% enantiomeric excess.
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Figure 1-4. Rare earth metal-based catalysts for intermolecular hydroaminations.
N N
©/\ + Ty A~ ©/\/ ~ N

Amine:Olefin Catalyst T(°C)

Conv(%). Nt
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HN/\/
nCaHy X+ HNT 13 %%orgOI%) > 90% Conv.
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N;=0.4 h'
P
S)-16 (5 mol%) HN Ph
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Scheme 1-6. Rare earth metal-mediated intermolecular hydroaminations.
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1.3.3 Alkaline Earth Metal-Catalyzed Hydroamination

Alkaline Earth Metal-Catalyzed Hydroamination — Intramolecular Examples

The use of alkaline earth metals for hydroamination catalysis is of particular interest due
to their natural abundance, low toxicity” and potential to act as both nucleophiles and
electrophiles.** The development of alkaline earth metal complexes suitable for hydroamination
has been hindered by their tendency to exist in a Schlenk equilibrium (Eq. 1-6) and their low

solubility in non-coordinating solvents.

2RMgX MgR; + MgX; (1-6)

R = alkyl; X =Cl, Br, |

Many well defined Group 2 complexes demonstrating hydroamination activity have been
reported, and some exhibit activity comparable to rare earth metal-based systems. Group 2
complexes enter their catalytic cycle by amine activation with substrate deprotonation typically
initiated by an amido® or alkyl*® leaving group. Alkyl leaving groups are advantageous because
of their high basicity and irreversible catalyst activation after protonation. The high basicity of
Group 2 metal alkyls is problematic and competing deprotonation*” can prevent the synthesis of
the desired complexes. Lewis basic solvents, including THF, are used to solubilize precatalysts,

potentially leading to ambiguous aggregates or stabilizing the ground states of catalytic species.

tBU\(;\/\N\\‘Q
\ _NMe; Q ////
Y &N{—

SiPh, \©
(R,R)-17R 18a M = Mg, R = Me

18b M = Ca, R= C(SlHMez)3

Figure 1-5. Chiral Alkaline earth metal-based catalysts for intramolecular
hydroamination/cyclization.
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Table 1-1. Catalytic data for the intramolecular hydroamination/cyclization mediated by selected
chiral Alkaline earth metal-based catalysts.

H
N
Cat.

H,N N

Cat. (mol%) Time, Temp. (°C) Conv. (%). ee

17R (5%) 48 hr, -20°C >95, 90% ee
17R (5%) 2 hr, 22°C >95, 84% ee
18a (10%) 26 hr, 60°C 93, 36% ee
18b (10%) 5 min, RT 99, 18% ee

Bulky multidentate ligands have demonstrated their capacity to prevent Schlenk
equilibria, solubilize metal centers and generate a chiral environment. Early chiral catalysts
suffered from low enantioselectivities™ caused by ligand redistribution. Recently, a
phenoxyamine magnesium catalyst (R,R)-17% has induced up to 93% enantiomeric excess on the
intramolecular hydroamination/cyclization of aminoalkenes.*” Previously reported multidentate

. . . . 50
system 18a achieved a maximum of 36% enantiomeric excess.

Alkaline Earth Metal-Catalyzed Hydroamination — Intermolecular Examples

While some studies suggest that the reactivity of alkaline earth metal-based catalysts
increases with increasing metal size,”' (Mg®"(6), 0.65 A; Ca®"(6), 0.99 A; Sr*"(6) 1.13 A; Ba*"(6)
1.35 A),>> While some other experimental and computational studies calculations contradict this
observation.”> The evaluation of this trend is difficult with a single ligand because the metals

vary in size and can form unstable complexes or mixtures of aggregates upon metalation.

(Me3Si2N,  (THF),
M
Ar\N/ \N’Ar Ar = 2,6-iPr2—C6H3

19 [Ca{N(SiMe3),}.]» | 22 M=Ca;n=1
20 [Sr{N(SiMej3),}-]» 23 M=Sr;n=2
21 [Sr{CH(SiMe3)2}2(THF),] 24 M=Ba;n=3

Figure 1-6. Selected alkaline earth metal-based catalysts for the intermolecular
hydroamination.”*



13

Table 1-2. Selected examples of intermolecular hydroamination mediated by alkaline earth metal

catalysts.
A NR?R3
R R" Amine:Olefin Catalyst Time, T (°C) Conv(%), N; Ref
~(CHy)s- 1:1 20 (5%) 72 hr, RT 92%, 0.28 h" 52
~(CH3)s- 1:1 21 (5%) 10 min, RT 70%, 120.0 K" 52
~(CH2)4- 1.2:1 (R,R)-17 (5%) 16 hr, 60°C 87% 50
H Bn 1:1 22 (2%) 18.5 hr, 60°C 34% 52
H Bn 1:1 23 (2%) 18.5 hr, 60°C 71% 52
H Bn 1:1 24 (2%) 18.5 hr, 60°C 86% 52
H Bn 1:1 19 (5%) 48 hr, 60°C 92% 52
H Bn 1:1 20 (5%) 24 hr, 60°C 78% 52

Excellent activity for the intermolecular hydroamination of styrene derivatives (anti-
Markovnikov selectivity) and 1,3-dienes has been demonstrated by alkaline earth metal-based
complexes 17 and 19 — 24.*°"> Catalysts containing alkyl leaving groups show higher activity
than their amido containing counterparts; however, they are more prone to side reactions
including the anionic polymerization of styrene. Activity comparable to, or better than, the most
active rare earth metal-based systems for anti-Markovnikov hydroamination of styrene has been
reported. Their capacity to perform this transformation with both secondary and primary amines
in the presence of equimolar amounts of olefin makes their further development a worthy
pursuit. The optimization of amine/olefin ratios has not been addressed extensively, and it is
plausible that adding excess olefin when polymerization is a side reaction or excess amine when
overalkylation of primary amines is problematic will further increase yields of the desired

product.

1.3.4 Alkali Metal-Catalyzed Hydroamination

Alkali Metal-Catalyzed Hydroamination: Intermolecular Examples

Interest in the development of alkali metal-based catalysts for hydroamination is driven
by their low cost and low toxicity, and is largely hindered by their low solubility in non-

coordinating solvents as well as the propensity to undergo rapid ligand redistribution. The base-
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catalyzed hydroamination®® of olefins and 1,3 dienes can be traced back to the 1940’s.>> The
following decade a widely reproducible process®® was applied to various amines and olefins
including the addition of ammonia across ethylene with lithium, sodium and their hydrides. High
temperatures (200 — 250°C) and pressures (200 — 1000 atm) were needed to achieve conversion
which reached a maximum of 42%.

Metal amides were later pre-formed to allow more uniform reaction conditions.”’
Stoichiometric amounts of sodium amide allowed for correlations to be made between amine pK,
and reactivity. More basic amines required lower temperatures to achieve conversion and
deviations from this trend were attributed to steric strain. The use of pyridine allowed for catalyst
synthesis to occur under less harsh conditions, and demonstrated the potential of Lewis basic
amines to affect the aggregation states of alkali metal amides.

The addition of dimethyl- or diethylamine to ethylene was assisted by TMEDA.™ A five
to ten fold drop in pressures and temperatures 50 — 100°C lower than previously required with
sodium catalysts were reported. A mechanistic study of this process was later undertaken™ and
amides of cesium and rubidium were found to add ammonia across ethylene. Further
investigation of this system was undertaken more recently.”” The use of toluene as a solvent
prevented degradation of TMEDA into N,N-dimethylaminoethene which occurs in neat
reactions. Catalyst deactivation remained a problem, possibly due to B-hydride elimination from
the lithium diethylamide leading to LiH, which was found to be an inactive hydroamination
catalyst under the conditions used.®’ Ligand screening revealed TMEDA and PMDTA as most
effective under the conditions used with sparteine also showing activity. Yields of 1 — 15% were
also obtained in the intermolecular hydroamination of piperidine with 1-hexene and mixtures of

regioisomers were obtained with Markovnikov selectivity being favored.

|
MesN N
&N NMe, \

N
Me,N™ > >""NMe, N N
TMEDA PMDTA (0)-Sparteine

Figure 1-7. Multi-dentate amine ligands commonly used with alkali metals.

TMEDA/LiHMDS was used shortly thereafter® in the base catalyzed hydroamination of

vinylarenes with anti-Markovnikov selectivity.” Several examples used (—)-sparteine as a
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substitute for TMEDA and stereoinduction, albeit low, was reported.64 KHMDS/TMEDA
demonstrated an increase in activity which was accompanied by a decrease in regioselectivity
and hydroamination products. Other accounts of base-catalyzed hydroamination of styrenes,”

1,3 dienes,*® ethylene®’ and aliphatic amines® have been reported.

Alkali Metal-Catalyzed Hydroamination: Intramolecular Examples

Achiral Systems

The earliest examples of lithium-mediated intramolecular hydroamination/cyclization

utilized n-butyllithium in THF (Eq. 1-7). It was noted that catalytic rather than stoichiometric

amounts of base mediated this process more efficiently.*

_4_\_\ X eq. n-BuLi
— THF/h —Z X«
Ph NH exanes _ Ph N (1-7)

| Ph -78°Cto0°C | Ph

X=0.1; yield = 99%
X =1.2; yield = 65%

In a later study, n-butyllithium cyclized several Thorpe — Ingold activated primary and
secondary aminoalkenes (Eq. 1-8), aminopentene (Eq. 1-9), and performed several
hydroamination/bicyclizations (Eq. 1-10).”° Isomerization was noted as a major competing
process in the cyclization of aminopentene with n-butyllithium in THF, although use of 1:1
THP:THF as a solvent yielded only hydroamination products (Eq. 1-9). Catalytic and
stoichiometric amounts of LDA were reported to mediate the cyclization of aminopentene with

similar rates.”®

n-BuLi (16 mol%) .
THF, 50°C (1-8)
= R R=H T=25cC
R=Bn, T =50°C

ZT

n-BuLi (16 mol%),
THP:Toluene (1:1
NN NH, oluene (1:1) G/ (1-9)

110°C



16

_ n-BuLi (16 mol%), N ]
O“i)/ THP:Toluene (1:1) (1-10)
110°C

The intramolecular aminolithiation-carbolithiation of styrene derivatives was also
investigated (Scheme 1-7).”' Catalytic amounts of bulky secondary lithium amides allowed
hydroamination products to form under ambient conditions. Stoichiometric amounts of base
allowed tandem aminolithiation-carbolithiation products to form in high yield and

diastereoselectivities.

N/\/ N/\/
H

X\ _Ph _/PraNH (0.2 eq), . Ph
THF, rt

NN n-Buli (15 eq), NTNLL
Ck/Ph Amine (1.5eq) g

THF, rt H Pp

iPryNH; Yield = 74% 6:1:0 dr
tBu(Tr)NH; Yield = 88% 6:3:1 dr

Scheme 1-7. Intramolecular hydroamination and tandem aminolithiation-carbolithiation of
styrene derivatives mediated by achiral lithium reagents.”"

Asymmetric Systems

The first asymmetric intramolecular hydroamination was mediated by a chiral dilithium
salt (S,5,5)-25 containing a diaminobinaphthyl (DABN) backbone (Scheme 1-8).”* Reactions
proceeded rapidly at room temperature on a series of gem-dialkyl-activated substrates with up to
75% enantiomeric excess at 22°C and 85% at —10°C. The catalyst was soluble in benzene and

toluene, and the addition of THF caused a drop in reactivity and enantioselectivity.
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NMe
\/>(\NH (S,S,S)-25 (5 mol% N Li”
CgDg, 22°C N Li._
R = Me; ee = 68%

R =-(CHy)s-; ee = 74% (S,S, S)—25
R =Ph; ee = 31%

Scheme 1-8. Intramolecular hydroamination cyclization with dilithium salt (S,S,S)—25.72

Related ligands (R)-26a — d were applied similarly in combination with commercial alkyl
lithium reagents in the hydroamination/cyclization of aminoalkenes and aminodienes (Scheme 1-
9).”* Enantioselectivities of up to 65% were reported with aminodienes and up to 58% for one
aminoalkene substrate. The rate enhancing effect of excess base in these reactions was
empirically demonstrated. The ligands, which do not contain L-donor sidearms,’* formed
homogeneous solutions in benzene when LiCH,SiMes; was used as a base. A reversal in the
trends for stereoinduction induced with (S,S,S)-25 and (R)-26 was observed. The lowest ee (31%)
reported with (§,5,5)-25 was on the sterically hindered gem-diphenyl substituted aminopentene,
on which the highest ee’s (58%) were reported with (R)-26. Other enantioselectivities reported
on terminal aminopentenes with (R)-26 were below 12%, where (S,S,5)-25 consistently produced

higher ee’s (64-75%) on the same substrates.

H

N OO
N ] o R
NS ONH, _(R126(10mol%) N/—Li

R R excess MeLi/Et,0 OR _
excess LiCH,SiMe,/CgD N—Li
2 3/CgDs R O R
R =Me; ee =4-7%
R =-(CH,)s5-; ee =<5 t0 12% (R)-26a; R = CgH5
R = Ph; ee = 5-58% (R)-26b; R = cyclopentyl

(R)-26¢; R = cyclohexyl
(R)-26d; R = isopropyl

Scheme 1-9. Intramolecular hydroamination cyclization with ligands (R)-26a—d and excess
lithium alkyl.”
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THF, 20°C, 4h

RO

" : Ph
HN~> n-BuLi (20 mol%) _ ij\—> (1-11)

RI/O

R = Ph, R' = Me; 95% yield, >95% de

R = 3,5-(MeO),Ph, R' =

Me; 46% yield, >95% de

R = CH,OBn, R' = Me; 82% yield, >95% de

The hydroamination cyclization of a chiral substrate with n-butyllithium (Eq. 1-11) was

performed and generated a diastercomeric excess of >95% at 20°C.”> A series of chiral

bisoxazoline ligands, including 27, were used with n-butyllithium to perform intramolecular

cyclizations of aminostilbenes in up to 91% ee at -60°C (Scheme 1-10).”°® Kinetic conditions

favored exo-cyclization and thermodynamic conditions allowed formation of the endo-

cyclization product. An excess of bisoxazoline ligand with respect to the lithium base was

required to achieve conversion.

H 27

(10 mol%) &

HN(iPr), (5 mol%)
n-BuLi (5 mol%)

toluene, -60°C, 5h
~
N
H
Ph HN(iPr), (15 mol%)
n-BuLi (10 mol%)

THF, -78°C to rt

Time
15 min
5hr
24 hr

N_
91% ee Ph
e
+
Ph
Ph
exo-product endo-product
94% 5%
65% 34%
32% 67%

Scheme 1-10. Lithium catalyzed intramolecular hydroamination/cyclization of aminostilbenes
favoring exo-cyclization under kinetic conditions and endo-cyclization under thermodynamic

conditions.
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1.3.5 Group 4 Metal-Catalyzed Hydroamination

A significant portion of literature on Group 4 metal-based hydroamination catalysts has
focused on the addition of amines to allenes and alkynes.'®'" Olefins are less expensive and
easier to synthesize and catalyst development for these substrates is of great interest. The past ten
years has seen the development of catalysts for the intramolecular hydroamination of
aminoalkenes based on both cationic (for secondary amines) and neutral Group 4 complexes (for
primary amines).”” Activities in all but one system’® are lower than rare earth metal-based
systems, and high catalyst loadings and temperatures are often required for conversion. These
complexes are still of interest because they are easier to prepare and catalyst precursors are
commercially available.

Reaction conditions for group 4 and 5 metal-mediated hydroamination reactions are often
harsh, leading to the formation of hydroaminoalkylation by-products.” Concurrent development
of catalysts for both transformations has occurred. Hydroaminoalkylation catalysts have
generated stereoinduction and mediated intermolecular reactions which favor Markovnikov

selectivity.

Cationic Group 4 Metal Complexes

The development of Group 4 metal-based catalysts for intramolecular
hydroamination/cyclization of aminoalkenes was inspired by complexes for olefin
polymerization.** Lanthanocenes and isoelectronic cationic Group 4 metal complexes undergo
1,2-migratiory insertion (Scheme 1-11) allowing high activity for homogeneous Ziegler-Natta
and single site polymerizations. Cationic Group 4 complexes are far less efficient for
hydroamination than their rare earth metal-based counterparts; however, their activity is
noteworthy. The scope of these catalysts is limited to secondary amines because exposure to
primary amines leads the formation of inactive neutral metal imido complexes. The solubility of
these catalysts is low in benzene and toluene, and reactions are typically performed in

bromobenzene without a significant decrease in enantioselectivity.
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\<_Z H-LG R

R R\ R / ForR=H
+
.N
L,M M
/35/“
= R
R|

Rl

Scheme 1-11. Proposed mechanism for the intramolecular hydroamination/cyclization of
aminoalkenes mediated by cationic Group 4 metal complexes.

The mechanism for cationic Group 4 mediated hydroamination is believed to occur in a
manner analogous to that proposed for rare earth metals. Amine activation is followed by
insertion and subsequent protonolysis. The zirconocene complex 29 is the most active catalyst in
this class,” and functions efficiently at low catalyst loading even without gem-dialkyl activation
of the substrate. The chiral zirconium aminophenolate complex 28 generated enantioselectivities

of up to 82% for piperidine products and 64% for pyrrolidine products.®

B(C6F5)4
@LL o e

Zr—Me
29
tBu 28

Figure 1-8. Cationic Group 4 catalysts for intramolecular hydroamination/cyclization of
aminoalkenes.
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Table 1-3. Intramolecular hydroamination/cyclization of aminoalkenes mediated by cationic
group 4 based complexes.

R
RVR H cat. N
MN\R CstBr (
n n
R

R
R R'" n Catalyst Time, T (°C) Conv(%), ee(%)
Me H 1 29 (2%) 1 hr, 100°C 97, -
Bh H 1 29 (2.5%) 6 hr, 100°C 94, -
Me H 2 29 (2%) 87 hr, 100°C >98, -
Me H 1 28 (10%) 4 hr, 100°C 100, 64
Me Me 2 28 (10%) 3 hr, 100°C 100, 82

Neutral Complexes

Shortly after the disclosure of cationic Group 4 complexes for intramolecular
hydroamination of aminoalkenes, it was reported that neutral Ti(NMe,)s could mediate the
transformation.* This system was effective at the cyclization of primary aminoalkenes and not
secondary aminoalkenes. Hydroamination mediated by neutral Group 4 complexes are believed
to proceed through a metal imido species which is formed by a-deprotonation of the precatalyst
(Scheme 1-12). A [2+2]-cycloaddition is followed by protonation to form the product.**
Sufficient steric bulk must be present in either the ligand or substrate to prevent the formation of
inactive dimeric metal imido species. Zirconium catalysts are slightly more reactive than those

based on titanium, and gem-dialkyl activation is required for all but a few catalytic systems.”**’
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Scheme 1-12. Postulated mechanism for the intramolecular hydroamination/cyclization of
aminoalkenes mediated by a neutral group 4 metal based catalyst.

The cyclization of secondary aminoalkenes with neutral Group 4 metal complexes has
been reported and it is believed that a c-insertive mechanism similar to that observed for rare
carth metals is operative.®® Thorpe Ingold activation of substrates is typically required for
catalyst activity, although the cyclization of aminopentene has been reported with neutral
complexes at high temperatures with low conversions.®” The intermolecular hydroamination of
anilines to norbornene®™ and styrene derivatives® has also been reported although the
transformation is not regioselective and may be acid catalyzed.”

The highest levels of stereoinduction in this class of compounds were observed with a
zirconium amidate 30°" and a borate zirconium complex 3178 inducing enantioselectivities up to
93% and 98% respectively. The zwitterionic complex 31 demonstrates activity unrivaled by
other compounds in this class. Activity was documented at temperatures as low as -30°C and
catalyst loadings as low as 2%. Isotopic perturbation of enantioselectivity was reported to result
in 2 — 7% higher enantiomeric excess for N-deutero substrates compared with their proteo
counterparts. This, combined with a high primary KIE raises speculation about a concerted

proteo mechanistic pathway for this system.
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Figure 1-9. Neutral Group 4 metal-based catalysts for the intramolecular
hydroamination/cyclization of aminoalkenes.

Table 1-4. Cyclization of primary aminoalkenes catalyzed by neutral Group 4 based catalysts.

H
N
R R 10%cat.
MNHz CGDG or C7D8
R

R Catalyst Time, T (°C) Conv(%), ee(%)

R

H 31 5 hr, 110°C 24, -
Me 31 7 hr, RT 89, 89
Me 30 3 hr, 110°C >98, 93

((CHys- 31 1.25 hr, RT >95, 90

(CHp)s- 30 3 hr, 110°C 96, 82
Ph 31 1.25, RT >95, 93
Ph 30 1.25 hr, 110°C >08, 74

1.3.6 Group 5 Metal-Catalyzed Hydroamination

Group 5 metal mediated intramolecular hydroamination has been reported, and catalysts
show similar activity to their neighbors in Group 4 with primary aminoalkenes.”” These
complexes can form metallaziridines”® when exposed to certain secondary amines and
subsequently undergo olefin insertion to form hydroaminoalkylation””® products. Research on

Group 5 catalysts has focused on hydroaminoalkylation” instead of hydroamination.

1.3.7 Late Transition Metal-Catalyzed Hydroamination

A number of late transition metal-based catalysts” for hydroamination have been
developed, however this field has largely focused on the hydroamination of activated substrates

including alkynes, allenes and dienes. The past fifteen years have seen a number of reports on the
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intermolecular hydroamination of styrene derivatives along with the hydroamination/cyclization
of aminoalkenes demonstrating the potential of complexes within this class.

Late transition metal catalysts frequently operate by alkene activation instead of amine
activation which distinguishes them from the more polar reagents typically employed in this
transformation. The presence of multiple stable oxidations states and sensitivity to the steric bulk
on substrates allows catalysts to operate under a broader range of mechanisms than observed
with complexes from Groups 1-3. The three common scenarios include coordination of an
alkene, alkyne or allylic complex to a catalyst which allows nucleophilic attack from an amine.
Alkene insertion into late transition metal hydride complexes have been documented although it
is uncommon.”” Redox couples are known to undergo oxidative addition with amines, and the
catalytic cycle for the iridium catalyzed intermolecular hydroamination of norbornene begins by
amine activation.”® For intermolecular transformations which proceed by alkene activation,
Markovnikov regioselectivity typically ensues. Nucleophilic attack occurs at the most
electrophilic carbon adjacent to the aromatic ring, which makes design of catalysts for anti-
Markovnikov transformations challenging. This mechanism also contains a f-amino alkyl metal
intermediate which is susceptible to B-hydride elimination leading to oxidative amination by-
products (Scheme 1-14).

The propensity of late transition metal catalysts to operate by alkene activation accounts
for the choice of substrates in many studies. Alkenes are more desirable starting materials for
hydroamination because they are less expensive, more stable and more easily synthesized than
alkynes and allenes. However, they contain less electron density which makes binding to a metal
center more difficult. In spite of this obstacle, the inter- and intramolecular hydroamination of
alkenes has been documented.

Late transition metal-based complexes have good functional group tolerance and low
sensitivity to oxygen and moisture compared with other classes of catalysts. Acid co-catalysts are
known to increase reaction rates and yields by accelerating turnover limiting protonolysis of the
M-C bond. They may also suppress competitive amine binding to the metal center. Bulky,
weakly coordinating counterions, frequently triflate (TfO- = F3CSOs-) are commonly used, and

many of these reactions may be acid catalyzed.”
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Intramolecular Hydroamination/Cyclization

The hydrate FeCl;-6H,O demonstrated activity at 80°C in the intramolecular
hydroamination/cyclization of toluenesulfonyl protected aminopentenes containing both internal

and terminal olefins (Eq. 1-1 2).%7

Ts

10 mol% FeCly6 H,0 N
X NHTS DCE, 80°C /5__7/ 2

2 hr

Group 9: Rh(I) and Ir(I)

Enantioselectivities up to 91% (Table 1-5) were reported for the cyclization of secondary
aminoalkenes mediated by [Rh(COD),]BF; and several MOP derived ligands (32).

Aminopentene protected by various benzyl derivatives was cyclized at 70°C in 83 — 90% ee.

Table 1-5. Enantioselective rhodium catalyzed intramolecular hydroamination/cyclization.

| I OCH(CgH5)»
PCY2
A R

RR' W 326mol%)  _ ~_N
MNVR [Rh(cod),]BF, (5 mol%) \(_Z
R1

Dioxane
R1

R? R? Time T(°C) Conv(%) ee(%)
Ph CgHs 24 hr 50°C 90 83
Ph 2-CH5CgH4 24 hr 50°C 91 88
Me 2-CH3CgH, 20 hr 70°C 75 62
-(CHp)s-  2-CH3CgH4 20 hr 70°C 80 63
H CeHs 20 hr 70°C 48 90
H 2-CH3CgHy 20 hr 70°C 50 86

[Rh(COD),]BF; in the presence of biarylphosphines (33)” and POP-pincer ligands (34)'" have
cyclized a variety of primary and secondary aminoalkene substrates, including N-benzyl

aminopentene (Table 1-6). An unexpected n°-k' binding of rhodium to a biarylphosphine



26

ligand” was also disclosed (Figure 1-10). The intramolecular endo-cyclization of aminoalkenes

to form 3-arylpiperidines was also mediated by [Rh(COD),]BF; in the presence of DPPB (35).'"!

Figure 1-10. Unique crystallographically characterized n°-k' binding of rhodium to a
biarylphosphine ligand.

Table 1-6. Intramolecular hydroamination/cyclization mediated by a unique rhodium complex
bound 1°-k' to a biarylphosphine ligand.

NM92
Cy2P Fizz
RUR' 33@mol%)  _ ~_N
MN~R2 [Rh(cod),]BF4 (2.5 mol%) \q
Dioxane R’
R‘l
R’ R2? Time T(°C) Conv(%)
Ph Bn 7 hr 70°C 91
Ph H 10hr  100°C 832
Me Bn 7 hr 70°C 83
-(CHy)s>-  Bn 7 hr 70°C 92
-(CHy)s- H 10hr  100°C 742

a = 33 (6 mol%), [Rh(cod),]BF, (5 mol%)

Rhodium and iridium complexes of CCC-NHC pincer ligands (36) were also reported to

cyclize a variety of benzyl protected Thorpe-Ingold-activated aminoalkenes.'”

In another study,
secondary aminoalkenes were cyclized at 110°C with [Ir(COD)CI], as a precatalyst and addition

of HNEt;Cl (2 equiv. relative to [Ir(COD)Cl],) allowed cyclization of primary aminoalkenes.'*
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tBu tBu Ph,P PPh, /@\
LI / YN

35
(EtzN)zP P(NEt2)2 / \
34 DPPB Bu 36 Bu

Figure 1-11. Pincer and phosphine ligands applied to hydroamination/cyclization reactions with
rhodium and iridium.

1% cyclized benzyl aminopentene

A bifunctional Cp~ iridium pyrazolato complex (37)
along with other primary and secondary aminoalkenes between 50—-110°C (Table 1-7). Group 9
based complexes for intramolecular hydroamination/cyclization are known to enter their catalytic
cycles by olefin activation, and DFT studies support a similar mode of activation for this system.
Stabilization derived from unique hydrogen bonding interactions between this catalyst and

substrates likely enhance its activity.

Table 1-7. Intramolecular hydroamination/cyclization mediated by a bifunctional Cp  iridium
pyrazolato complex.

RIR" 4 37 N
MN\RZ Toluene \q

15 hr. R
R‘l
R’ RZ  37(mol%) T(°C) Conv(%)
Ph H 25 50°C 89
Me Bn 0.5 50°C 66
Ph Bn 0.5 50°C 99
H Bn 2.5 80°C 98

Group 10: Pd(II) and Pt(1I)

The cyclization of secondary aminoalkenes mediated by Zeise’s dimer,

[PtCl,(H,C=CH,)], and triphenylphosphine'® or PtCl, and biarylphosphines (38a-c)'®® at
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elevated temperatures (60-120°C) was documented (Table 1-8). Excellent functional group
compatibility was reported with ethers, esters, halogen, cyano, thienyl and nitro groups. The
phosphine free catalyst, (COD)PtCl, was also found to cyclize secondary and primary
aminoalkenes at 110°C (Table 1-8).'%¢®

Palladium pincer complexes (39)PdCl,/AgBFs cyclized carbamate protected
aminoalkenes and piperazines at ambient temperatures.'”’ Steric hindrance of the metal center by
the tridentate ligand prevented B-hydride elimination. An uncommon inverse dependence on
substrate concentration was observed because the Brensted basic carbamate protecting group

hindered the rate limiting protonolysis step.'*®

(t-Bu)P R2
Ph,P PPh, Ph,P iPr fPr

PPh,

38aR'=R2=R%=/Pr
38bR'=R2=R3=H
38c R'=NMe,, R2=R3=H

Figure 1-12. Ligands used for intramolecular hydroamination/cyclization reactions with metals
from groups 10 and 11.

Table 1-8. Intramolecular hydroamination/cyclization mediated by Platinum.

Cat. FFZ
R'R" Ligand N
MN‘W Dioxane
R1
R1
R! R2 Cat. (mol %) Ligand (mol %) T (°C) Time (hr)  Conv(%) Ref.
Cy Bn [PtCl,(H,C=CH,)], (2.5) PPh; (5) 120°C 6 572 105
Cy Bn (COD)PtCI, (5) none 110°C 5 82 106b
Cy Bn PtCl, (5) none 110°C 5 79 106b
Cy Bn PtCl, (5) 38a (5) 80°CP 6 100 106a
Cy Bn PtCl, (5) 38b (5) 80°CP 6 98 106a
Cy Bn PtCl, (5) 38¢ (5) 80°CP 6 100 106a
Me Bn [PtCl,(H,C=CH,)], (2.5) PPh; (5) 120°C 9 65 105
Ph Bn [PtCl,(H,C=CH,)], (2.5) PPh; (5) 120°C 16 75 105
Ph H (COD)PtCI, (5) none 110°C 5 61 106b

a = Substrate slowly added to mixture; b = digylme used instead of dioxane
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Group 11: Gold(I) and Copper(I)

The intramolecular hydroamination/cyclization of primary and secondary amines was
catalyzed at elevated temperatures (60—140°C) by Cu(OtBu)(40).'"” The system demonstrated
compatibility with multiple functional groups including halogens, alcohols, ethers, esters, and
cyano groups.

The intramolecular cyclization of carbamates''’ and carboxamides''' initiated by
Au[P(tBu),(o-biphenyl)|OTf was reported at 60-100°C. Aminopentene protected by
benzyloxycarbonyl (Cbz) was cyclized at 100°C. The use of an N-heterocyclic carbene ligand
allowed Au(41)OTf to cyclize N-alkenyl ureas at room temperature and carboxamides at
45°C.'"* Aminopentene protected by N-alkenyl urea was cyclized at 45°C. The tetrafluoroborate
salts of several intramolecular hydroamination substrates were cyclized at 80°C using AuOTT as

a catalyst.'”® Tosylated amino olefins were also cyclized with PhsPAuCl/AgOTf at 85°C.'"*

Intermolecular Hydroamination
Group 8: Ru(Il)
Ru(COD)(2-Me-allyl), (42), DPPPent (43) and triflic acid is one of the most selective

catalytic systems for the intermolecular anti-Markovnikov hydroamination of styrene
derivatives.'"” Its d° configuration allows unique binding to the arene system of the substrate (44,
Eq. 1-13), favoring nucleophilic attack at the terminal carbon (Scheme 1-13). Moderate to high

yields were reported for the addition of morpholine and piperidines to styrene at 100°C.

N
1.) TFOH (2 equiv.) ©/\ O OTf

" THF, rt
+ L >
(COD)RQ\ PhZPEiHZ)E’PPhZ 2.) Styrene (32 equiv.) Ph P,,,||Qu\ _‘ ® (1-13)
(1.4 eq) THF, 80°C, 30 min. ' PPh,
42 42
67%

44
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Arene Exchange

NR,

N ©/\/
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®

thp”’Ru\Pphz

NG

Scheme 1-13. Mechanism for the Ruthenium-catalyzed anti-Markovnikov hydroamination of
styrene.

Nucleophilic
Addition

Group 9: Rh(I) and Ir(I)

Intermolecular hydroamination mediated by Rh(I)- and Ir(I)- based systems have been

116

known since 1971, " although their applications are limited. Rhodium-based systems form anti-

Markovnikov hydroamination products upon addition to styrene; however, oxidative amination

"7 The metal alkyl intermediate generated tends to undergo B-hydride

is a major side-product.
elimination, behaving similarly to palladium complexes (Scheme 1-14). High selectivity for the
hydroamination product has been demonstrated when DPEphos (45) is used as a ligand,'®

although enamines are observed as a side-product.

B-hydride _ NR,
eliminaton R /\/
[M] Oxidative
) Amination
R-Xx + H-NR, _gcat _ R')YH—
NR;
protonolysis R ~_NR>

Hydroamination

Scheme 1-14. The anti-Markovnikov addition of an amine to styrene forms a metal alkyl
intermediate which can undergo B-hydride elimination or protonolysis leading to oxidative
amination or hydroamination products.’*
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e .
PPh,

o ((CH3)2N)sP=N—-P(N(CH3))3 © F

; ] PPh, 47
Ph,P PPh
? 2 OO Phosphazenium

DPEphos Fluoride (P,-F) 0

45 (S)-BINAP { O
46
O PAr,

(O O PAI’Z
@]
®
0 PPh,
48a (R)-DM-SEGphos,
©B(A)s  Ar= - CO PPh, a (R)-D
49 BARF § ‘ Ar = 3,5-dimethylphenyl
CF;

48b (R)-DTBM-SEGphos
50 (S)-C5-TUNEphos Ar = 3,5-di-t-butyl-4-methoxyphenyl

Figure 1-13. Phosphine ligands and other additives used to form Iridium catalysts for
intermolecular hydroamination reactions.

The majority of intermolecular Ir(I)- mediated hydroaminations have been documented
on norbornene and its derivatives. Enantioselectivities of up to 95%° were reported with
[IrC1((S)-46)], and phosphazenium fluoride (47) although low TON’s in addition to low substrate
scope limit the utility of this catalyst (Eq. 1-14). A catalytic mixture of (R)-48a, [Ir(COE),Cl],
and KHMDS in yielded ee’s up to 99% and yields up to 94% on the intermolecular addition of
aniline derivatives to norbornene (Eq. 1-15).”°Y The combination of high yield and
enantioselectivity distinguish this system from others. The intermolecular addition of amides and
sulfonamides to norbornene (in up to 93% ee) and aliphatic olefins was catalyzed by 48b and
[Ir(COE),Cl]."" Up to 83% ee was induced with [Ir(COD),]/49 and (S)-Cs-TUNEPHOS (50)
for the intermolecular Markovnikov addition of heteroaromatic amines to styrene and styrene

derivatives.'?’

[IrCI-(S)-46], (1 mol%) Aﬁ
Ab + H,N—Ph P,-F (47, 8 mol%) NHPh (1-14)
75°C _
22% yield, 95% ee (R)
N;=0.15 h™’
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[I(COE),ClI], (0.5 mol%)
(R)-48b (2 mol%) HN
Ab * HN KHMDS (2 mol%) ; (1-19)
_ 70°C, 12 hr.
2 equiv. 94% vyield, 95% ee

The propensity of Ir(I) catalysts to undergo oxidative addition with amine N-H bonds,”*
distinguishes them from other systems, although this mechanism appears specific to the
intermolecular addition to norbornene.”® In contrast, kinetic and DFT studies favor olefin

. . 103b:104 . . . .
activation'™'%*® for the intramolecular cyclization of aminoalkenes.

Group 10: Pd(I1)

The Markovnikov addition of anilines to styrenes was mediated by Pd(PPh;),(OTf), and
(51)Pd(TFA), in the presence of excess triflic acid.” (51)Pd(O,CCF3), and triflic acid were also
effective for this transformation.'”' [(R)-46]Pd(OTf), induced ee’s of 81% at 25°C (Eq. 1-16)

and 64% at 45°C for the addition of aniline to p-trifluoromethyl styrene and 2-vinyl

naphthalene.”

)
F

NHPh

X [(R)-46]Pd(OTf),
J@/\ (10 mol%) (1-16)
C 25°C, 72 hr. FsC

80% yield, 81% ee (S)

3

9% allows mechanistic

A unique crystallographically characterized n’—benzyl intermediate
insight into this process and rationalization for the Markovnikov selectivity (Scheme 1-14). The
benzyl group binds in an n’-fashion to the metal center, which activates the benzylic carbon for
nucleophilic attack. Inversion of configuration at this carbon upon nucleophilic attack serves as
proof of concept. In depth analysis on these systems revealed higher rates of nucleophilic attack
on [Pd(n’-ally])Cl], complexes relative to those containing triflate and tetrafluoroborate
counterions. The n’-benzyl derivative of this complex, [Pd(n*-benzyl)OTf], also demonstrated
counterion effects, with tetrafluoroborate showing higher activity than triflate. Larger P-Pd-P

bite angles increased their activity with Xantphos (40) being the most effective ligand.”>
Additional crystallographic and catalytic data were reported for other Pd(II) complexes chelated
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by bidentate phosphine ligands. The intermolecular Markovnikov hydroamination of aniline to
styrene or p-fluoro styrene was reported in up to 70% ee with [Pd((R)-
46)(NCMe)(H,0)](OTf),'** and 84% ee with [Pd(52)(NCMe,),](OTf),.'*

P\ /OTf
Pd_
p” OTf
excess

PhN ph’  +PhNH,

HOTf

P ®
< Ny >—NH2Ar .
o ©OTf U

Backside
Ph—NH, Attack

Scheme 1-15. Mechanism for the Palladium catalyzed Markovnikov hydroamination of styrene

through a unique 1’-benzyl intermediate.
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)
O PPh,
é"') o PPh,
thP/Q 4 O
0
51
DPPF t-Bu

52
t-Bu-SEGphos

Figure 1-14. Phosphine ligands used to form Palladium catalysts for intermolecular
hydroamination reactions.

Group 11: Gold(I)

Although multiple accounts of late transition metal-based hydroamination of dienes'**
and ethylene have been documented, this transformation is much more difficult with unactivated
aliphatic amines. These transformations are seemingly more difficult with free amines and many
systems were reported only with protected amines including sulfonamides.'*

The Markovnikov addition of urea to unactivated alkenes and ethylene has been reported in up to
78% ee catalyzed by a mixture of [(S)-53](AuCl), and AgOTf (Table 1-9)."*° Much like the rare
earth metal-mediated intermolecular hydroamination of unactivated olefins, a large excess of

olefin (10—60 equivalents) was used in this study.
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Table 1-9. Gold catalyzed enantioselective intermolecular Markovnikov hydroamination of
unactivated alkenes with Imidazolidin-2-ones.

O t-Bu
CH30 PAr,

Ar= -3 OCH,

CH;0 PAr,
O t-Bu

(S)-53

[(S)-53](AUCI)5(2.5 mol%)

o) 0
., AN AgOTf (5.0 mol%) N )LNJ\M/

RN" 'NH m-Xylene .
/ 60 equiv. 100°C, 48 hr. \/
R  Conv(%) ee (%)
Me 86 76
t-Bu 89 78

1.3.8 Obijectives of this work

The hydroamination reaction has made significant progress in the last 25 years, largely
due to advances in rare earth metal-based catalyst systems. The rising costs of these metals could
hinder their future development, and their efficiency as intermolecular catalysts is limited A
large excess of olefin is required for activity because rate limiting olefin insertion is hindered by
competitive binding from substrate and product amines. Group 4 and 5 metal-based systems are
limited because high temperatures are required to achieve conversion, and intermolecular
reactions often occur in competition with hydroaminoalkylation.

The full potential of alkali, alkaline-earth and transition metal-based systems has not been
realized, and advances in this field will likely be derived from these portions of the periodic
chart. The anti-Markovnikov hydroamination of styrene derivatives has been efficiently
mediated by these systems, and warrants further investigation. The proper characterization of
precatalysts along with information from kinetic studies will allow the behavior of these
complexes to be understood on a fundamental level. If structure activity relationships can be
derived, it will allow rational design of future generation catalysts and they will surpass the

activity and selectivity of their predecessors.
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The high enantioselectivities induced with (S,S,5)-25 demonstrate the potential of chiral
alkali metal-based salts for intramolecular hydroamination/cyclization. Broadening the substrate
scope of this system along with increasing its activity and selectivity are objectives for this
project. Understanding and gaining control of the precatalyst and rate limiting transition state(s)
in the catalytic cycle are long term goals of this project. Based on the limited information
regarding (S,S,5)-25, modification of its structure may allow a deeper understanding of this
system. Removal of internal chirality from the catalyst sidearms will allow their impact on
catalyst structure, activity and selectivity to be studied. Characterization of the modified
precatalysts, particularly in solution will allow their aggregation behavior to be understood and
kinetic studies will show the behavior of these complexes during reactions. A more complete
understanding of this system will allow the design of new catalysts.

The intermolecular anti-Markovnikov hydroamination of styrene derivatives has been
mediated by LiIHMDS and TMEDA at 120°C. Low levels of stereoinduction were observed
when sparteine was used as a ligand. The reactivity of alkali metal mediated hydroamination of
styrene derivatives under milder conditions will also be studied with the goal of improving

enantioselectivity.
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2

Intramolecular Hydroamination of Diamidobinaphthyl
Based Lithium Amides

2.1 Introduction

The base — catalyzed hydroamination' of olefins and 1,3 dienes can be traced back to the
1940’s,”> however the intramolecular variant was not reported until later. The asymmetric
hydroamination/cyclization of aminoalkenes with n-butyllithium in THF has been reported on
multiple occasions.” These studies noted that catalytic amounts of base were more effective for

this transformation than stoichiometric quantities.

i]'ﬂ[; /“%;;3e il' /R
N—Li N-Li
N-Li. N-Li
OO ~" OO R

(S,S,S)-25 (R)-26a; R = CgHs
(R)-26b; R = cyclopentyl
(R)-26¢; R = cyclohexyl
(R)-26d; R = isopropyl

Figure 2-1. Dilithium salts used in the hydroamination/cyclization of Thorpe Ingold activated
aminoalkene substrates.

The asymmetric base — catalyzed intramolecular hydroamination/cyclization of
aminoalkenes was mediated by chiral dilithium salt (S,S,S)-25 in 2006.* This catalyst induced up
to 85% enantiomeric excess on gem-dialkyl substituted substrates. Kinetic data demonstrated a
first order dependence on both catalyst and substrate concentrations,” and enantioselectivities
could be improved by lowering the reaction temperature. A related series of complexes (R)-26a-
d were also reported to cyclize aminoalkenes and aminodienes.’® These complexes did not
containing L-donor sidearms’ and reported up to 65% enantiomeric excess for aminodienes and

up to 58% ee for one aminoalkene substrate.
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H N27 N—~H
N~ (10 mol%) <
H s N— (2-1)
| LINGiPr), (5 mol%)
toluene, -60°C, 5h Ph
Ph
91% ee

Formation of bicyclic products by the intramolecular hydroamination of stilbene and
subsequent aminolithiation have also been reported.® The stoichiometry and temperature of this
reaction can be modified to control product distribution. Incorporation of chiral bisoxazoline

allowed up to 91% enantiomeric excess at -60°C (Eq. 2-1).’

2.2 Ligand Synthesis

Previously reported ligand H,-(S,S,S)-25 contains two elements of internal chirality."

Enantiopure DABN has axial chirality and each proline sidearm contains a chiral center.
TMEDA can solvate lithium and is used to deaggregate lithium bases, often increasing their
activity.'" A new chiral ligand (R)-54 was synthesized to contain flexible sidearms similar to

TMEDA, with its sole source of chirality being the axial chirality from diaminobinaphthyl.

0
/N
NH Me NH

MezN NMeZ

NH Me NH
N
AN T G G

H,-(S,S,S)-25 (R)-54
Figure 2-2. Left: Previously reported ligand H,-(S,S,5)-25 wused for intramolecular
hydroamination/cyclization upon lithiation. Center: TMEDA, a ligand used to deaggregate
organolithium reagents. Right: Ligand (R)-54, which incorporates TMEDA into the chiral
diaminobinaphthyl ligand scaffold.
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’ Coupling / X=Halogen, LG
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R=alkyl OO NR2
NH

NH
Acid OO NR .
Chloride 2 Reductive
Amination
0 R R=Me  (R)-54 \

)Jv'l‘\ Et (R)-55 o R
Cl R ’ N

«(CHp)s-  (R)-56
R'=alkyl or PG PG = Protecting Group

R=alkyl

R

R'=alkyl or PG
R=alkyl

Scheme 2-1. Outline of retrosynthetic pathways to the desired ligands.

Addition of the desired side chain to commercially available enantiopure DABN was the
general approach. Approaches to amine and amide bond formation include alkylation,'
reductive amination,'® peptide coupling'* or addition to an acid chloride. High selectivity for the
desired product was a priority because the separation of tertiary amine containing mixtures is
difficult. Ultimately, reductive amination prevailed as the most efficient and selective pathway to
the desired ligands. Three commercially available B-amino alcohols were used to synthesize
ligands (R)-54, (R)-55 and (R)-56 allowing the effects of steric bulk on the chelating amine to be
studied. An analog of these ligands, (R)-63 containing a methoxy coordinating group on the side

chain was prepared as well.

(0] | \
)K/N N—Boc
NH, R NH

(2eq.)

NHz  NaBH(OAc); (4 eq.) NH
O SR OO

16 hr /
(rac)-DABN (rac)-57

68%

(2-1)
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Reductive amination' is often a clean, selective method for amine bond formation under
appropriate conditions. The coupling of NOBIN'® and aniline derivatives'’ to Boc-amine
containing aldehydes by reductive amination has been reported. The homolog of the desired
aldehyde has been formed by Swern oxidation,'® however its purification was modified due to
the increased volatility of the desired aldehyde. The synthesis of (rac)-57 was completed in 68%
yield (Eq. 2-1). Reduction of this compound with LiAlH,4 yielded a mixture of products in which
Boc was either reduced or cyclized.” Attempts to isolate pure products from this mixture were
unsuccessful. This route was not attempted with other carbamate protecting groups because
reduction would generate the same aldehyde intermediate which is capable of cyclization.

The proline analog of these ligands® was synthesized by coupling DABN to the acid
chloride of Boc-L-proline and a similar route yielded (rac)-58. In theory, stepwise reduction of
Boc followed by amide reduction could allow the secondary amine to prevent cyclization. This

did not occur and a similar mixture of reduced and cyclized products was obtained.

\
1. THF, TEA OO O, N—Boc
- OH 0 20°C,1hr »—
N + NH

] - 2-2
Boc O cl )kOEt 2. (rac)-DABN (0.5 eq), NH (2-2)
-15°C to 22°C OO
THF, 18 hr o} \/N_BOC
(rac)-58
66%

The use of protecting groups is deeply ingrained into the field of amine synthesis.
Demand for more atom economic™ routes to amines has driven the development of protecting
group-free methods leading to these target molecules.”’ Amine bond formation by reductive
amination using an unprotected a-amino aldehyde has been documented,'*"** however yields are
often low and experimental details minimal or omitted. Crude mixtures containing aldehydes are
used, most of which have significantly higher boiling points than aldehyde 59 (Eq. 2-3).

The desired ligands (R)-54, (R)-55 and (R)-56 were synthesized by reductive alkylation
of diaminobinaphyl with unprotected a-amino aldehydes (Eq. 2-4). Aldehydes 59, 60 and 61 are
not commercially available, although 59 has been reported in the literature. Documented
synthetic routes include oxidation by platinum catalysis, chromium oxide and alkylation.”> The

calculated boiling point of this aldehyde is 89°C at 120 mBar.”* Oxidation with the platinum
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catalyst was not attempted because removal of the solvent, dioxane, was a concern. Chromium

was not used because it is highly toxic.

(cocl), 0
DMSO, TEA (2-3)
~_NRy : > NR
HO CH,Cl,, -78°C H)k/ 2
R=Me 59
Et 60
(CH,)s- 61

The oxidation of tertiary amine containing alcohols to their aldehydes has been reported,
however the stability of these compounds is ambiguous. Crude mixtures are often used without
purification, characterization and procedures are seldom reported and yields of pure products are
low. The tertiary amines within the amino alcohol substrates are commonly mono- or dibenzyl
protected,” and have higher boiling points than 59. Oxidations on B-amino alcohols have been
performed using activated DMSO. The aldehydes 59, 60 and 61 were synthesized by Swern
oxidation of their corresponding B-amino alcohols (Eq. 2-3). Immediately after an aqueous
workup, the desired ligands (R)-54, (R)-55 and (R)-56 were synthesized by reductive alkylation.
The crude aldehydes were exposed to (R)-diaminobinaphthyl and an excess of sodium

triacetoxyborohydride.

o0 SOV
NH> 7 NH

NR NaBH(OAc)s, (5 €eq)

NH, + H 2 DCE, 22°C NH (2-4)
) ©e) o (I
NR,

R =Me 59
(R)-DABN ((E:tH ) Zfi R=Me (R)-54, 75%
(CHy)s-

Et (R)-55, 86%
-(CH)s- (R)-56, 80%

The methoxy analog of these ligands, (R)-63 was synthesized by coupling (R)-
diaminobinaphthyl to 2-methoxyacetyl chloride, followed by reduction with LiAlH4 (Scheme 2-
2).
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g‘ NH, CI _ LiAH,

NH2  1Ea, CHQCIQ TH;T?:IUX
0°C to 22°C
(R)-DABN (R)-62 R) -63
98% 76%

Scheme 2-2. The synthesis of (R)-63. (R)-diaminobinaphthyl was coupled to methoxyacetyl
chloride which formed intermediate (R)-62. Reduction with LiAlHy yielded the product.

2.3 Complex Synthesis

LiCH,SiMe;*® was used as the lithium source, and prepared by metal halogen exchange
(Eq. 2-5). Two equivalents of LiCH,SiMes dissolved in pentane were added to benzene solutions
of each ligand to form the benzene soluble dilithium salts (R)-64, (R)-65 and (R)-66 (Eq. 2-6).
The solvents were removed by freeze drying and the purity of each dilithium salt was monitored
by 'H NMR spectra at high temperatures (> 60 °C). NMR spectra at room temperature were not
diagnostic for excess base due to coalescence of the signals for free LiCH,SiMe; and the
dilithium salts. Stock solutions of the ligand and base in benzene were combined for some

catalytic and all kinetic experiments to generate the dilithium salt in situ.

Li, Hexanes -
\—SiMes 88% \—SiMe;, (2-5)
NR,
) o
NH LiCH,SiMe; (2 eq.) . N—TLi (2-6)
NH Benzene, Pentane N/Li\
OO A 152 hr, 22°C OO MR
NR,
R =Me (R)-54 R =Me (R)-64, 95%
Et (R)-55 Et (R)-65, 69%
-(CHy)s- (R)-56 -(CH,)s- (R)-66, 52%

Lithiation of (R)-63 yielded a solid which was soluble in THF and insoluble in benzene,

toluene, pentane and hexane. A solution of LiCH,SiMes in benzene was layered over a solution
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of (R)-63 in benzene and the layers were allowed to slowly diffuse overnight, at which point x-
ray quality crystals were obtained. These complexes were characterized in the solid state with
(R)-64 and (R)-67 forming dimers, (R)-65 and (R)-66 forming monomers and (rac)-64 forming a

hexamer. Details of these structures are outlined in section 2.3 (Eq. 2-7).

NH L (2 equiv.) N——LL'I 2-7)
99t O
N In

L = NMe, (R)-54 L = NMey; n=2 (R)-64

NMe, (rac)-54 NMe,; n=6 (rac)-64

NEt, (R)-55 NEt,; n=1 (R)-65

-N(CH,)s- (R)-56 -N(CH,)s-; n=1 (R)-66

OMe (R)-63 OMe; n=2 (R)-67

2.4 Crystal Structures

The number of structurally characterized lithium amides has grown significantly in recent
years, and the majority of structures contain small molecules with strongly coordinating Lewis
basic solvents such as TMEDA and THF. These solvents may prevent weak interactions such as
Li---C(m) coordination from being observed. Literature precedence for such interactions has been
reported up to 2.8 A.,*” however Li---C(m) contacts between 2.5-2.8 A are present in many
structures and often not discussed. Significant distortion of bond angles is the rule rather than the
exception, making the nature of Li---C(m) contacts ambiguous in some cases.

Lithium typically forms coordination number of four through six, although it has been
assigned coordination numbers of up to eight in spite of its small size.”® Higher coordination
numbers are attributed to the electrostatic nature of its bonding which leads to distortion of the
expected geometry.

Reports of structurally characterized lithium salts uncomplexed by coordinating solvents
are somewhat limited. Ring stacking and laddering are commonly observed in such systems,
along with the formation of oligomers and polymers.*’ The structures discussed herein contain
one or two Lewis basic sites contained within a ligand per lithium amide which forces Li---C(x)

contacts to complete the formation of a tetrahedron. Nonetheless, contacts of up to 3.0 A will be
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discussed with the understanding that current precedence suggests such interactions do not
stabilize the metal.

Related dilithium salts of diamidobinaphthyl analogs have been reported, two of which
are monomeric. Aggregation of these complexes is prevented by steric bulk on the sidearms™
along with coordination from an L-donor solvent.” Another structure contained chelating
sidearms and was dimeric.* A common feature in these structures is the stabilizing metal-
carbon(r) interactions with the nearest naphthyl ring. The n° and 1’ binding of lithium to
conjugated amido and 7 electrons has been reported,’’ along with its stabilization by an aromatic
ring.** Another feature observed is the dimerization of both metal amido bonds to form a four

membered ring, in which bond strengths are heavily influenced by the steric bulk of the L-donor

moiety.

2.3.1 Molecular Structure of (R)-(Bis(dimethylamino-2-yl-ethyl)amido)binaphthyl-di-lithium
([(R)-64]).

Two equivalents of LiCH,SiMes were added to a solution of (R)-54 in benzene. Pentane
was added by vapor diffusion over 1-2 days and bright orange crystals of [(R)-64], suitable for
X-ray diffraction formed at 22°C over 1-3 weeks. The ORTEP diagram of [(R)-64], is shown in
Figure 2-3, selected bond lengths, bond angles and dihedral angles are tabulated in Table 2-1.
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Figure 2-3. ORTEP Diagram of the molecular structure of [(R)-64], (side view). Thermal
ellipsoids are shown at the 50% probability level and hydrogens are omitted for clarity.
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Table 2-1. Selected bond lengths, Li---C(r) interatomic distances (< 3.0 A) and dihedral angles
(°) for [(R)-64],.

Bond Lengths
Lil-N1 (amido) 1.957(3) Lil---C15 (m) 2.654(3)
Li2-N1 (amido) 2.030(3) Lil---C16 (m) 2.501(3)
Li2-N3 (amido) 1.986(3) Li2---C1 (m) 2.563
Li3-N5 (amido) 2.100(3) Li2---C2 (m) 2.237
Li3-N7 (amido) 1.975(3) Li2---C45 (m) 2.566
Li4-N3 (amido) 2.031(3) Li2---C46 (m) 2.371
Li4-N5 (amido) 1.966(3) Li2---C47 (m) 2.603
Li4-N7 (amido) 2.152(3) Li3---C30 (m) 2.643
Lil-N2 (amine) 2.101(3) Li4---C43 (m) 2.484
Li1-N4 (amine) 2.158(3) Li4---C44 (r) 2.249
Li3-N6 (amine) 2.269(3)
Li3-N8 (amine) 2.169(3)
Dihedral Angles
N1-C11-C12-N2 (sidearm) 38.28(16)
N3-C25-C26-N4 (sidearm) 63.42(15)
C2-C1-C15-C16 81.56(16)
C10-C1-C15-C24 67.49(15)

Mean Planes 75.79
N5-C39-C40-N6 (sidearm) 61.50(16)
N7-C53-C54-N8 (sidearm) 43.74(15)

C30-C29-C43-C44 76.65(16)
(C38-C29-C43-C52 66.70(15)
Mean Planes 73.55

[(R)-64], 1s dimeric with respect to ligand (R)-54 and contains four distorted tetrahedral
lithium atoms in different coordination environments. The terminal lithium atoms, Lil and Li3
interact exclusively with one ligand. Lil forms one amido bond (Lil-N1 1.957(3) A) and is
chelated by two amine nitrogens (Lil-N2 2.101(3) A, Lil-N4 2.158(3) A). An 1’ interaction with
the adjacent m system (Lil-C16 2.501(3) A, Lil-C15 2.654(3) A) provides additional
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stabilization. Li3 interacts with one amido nitrogen (Li3-N7 1.975(3) A) and two amine
nitrogens (Li3-N6 2.270(3) A, Li3-N8 2.169(3) A,). An n* interaction of Li3 with N5 and C30 is
present, with a slightly elongated amido bond (Li3-N5 2.100(3) A) and a weaker © Li---C
interaction (Li3-C30 2.643 A).

The two ligands are joined exclusively through interactions of the internal lithium atoms
Li2 and Li4. Li4 forms two amido interactions (Li4-N3 2.031(3) A, Li4-N5 1.966(3) A) and an
n’ 7 stabilization occurs with an adjacent naphthyl ring (Li4-N7 2.152(3) A, Li4-C43 2.484 A,
Li4-C44 2.249 A). Li2 forms one amido bond (Li2-N3 1.986(3) A) while being sandwiched
between two naphthyl rings on different ligands via 0’ 7 interactions. The more closely bound
allylic system is formed by one amido nitrogen and two aromatic carbons (Li2-N1 2.030(3) A,
Li2-C2 2.237 A, Li2-C1 2.563 A) while the other contains three aromatic carbons (Li2-C45
2.566 A, Li2-C46 2.371 A, Li2-C47 2.603 A).

The side arms of [(R)-64], are flexible compared to the previously reported [(S,S,5)-25]
which has a proline ring incorporated into each sidearm.* The proline moiety limits their
flexibility creating more uniform NCCN dihedral angles (46.2°-55.5°, avg. 52.1°) due to a rigid
ligand framework. Dihedral angles for the sidearms on [(R)-64], have a wider range (38.3°—
63.4°, avg. 51.7°). The difference between dihedral angles of the sidearms on each ligand is
17.8° and 25.1° compared with 0.1° and 9.3° in [(S,S,5)-25],. The angles between the mean
planes® of each naphthyl ring in [(R)-64], are similar (73.5°, 75.8°). In [(S,S,5)-25],, however,

these angles were larger (77.4°, 98.7°) and had a significant difference in values.

2.3.2 Molecular structure of (rac)-(Bis(dimethylamino-2-yl-ethyl)amido)binaphthyl-di-lithium
([(rac)-64]e).

Two equivalents of LiCH,SiMes; were added to a solution of (rac)-54 in benzene. Pentane
was added by vapor diffusion over 1-2 days and bright orange crystals of [(rac)-64]s suitable for
X-ray diffraction formed at 22°C over 1-3 weeks. The ORTEP diagram of [(rac)-64]s is shown
in Figure 2-4 and 2-5, selected bond lengths, bond angles and dihedral angles are tabulated in
Table 2-2.

[(rac)-64]¢ forms a hexameric heterometallacycle. Each molecule contains 12 pseudo

tetrahedral lithium atoms in two different coordination environments. Lil binds to two different
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ligands. One ligand is bound through an amido nitrogen (Lil-N1 2.018(4) A) and an amine
nitrogen (Lil1-N2 2.122(3) A). The other ligand binds via one amido nitrogen (Lil-N3A 2.062(4)
A) a 7 interaction (Lil-C12A 2.519(4) A). Lil has additional contacts to the carbon atoms
adjacent to C12A (Lil---C11A 2.927 A, Lil---C1A 2.991 A, Lil---C10A 2.977 A, Lil---C9A
2.951 A). Although these contacts are slightly long to be considered formal Li-C(x) interactions,
it is worth noting that the uniformity in their length is unique to this structure. Li2 is bound only
to one ligand via two amido nitrogens (Li2-N3 2.005(4) A; Li2-N1 2.164(4) A), one amine
nitrogen (Li2-N4 2.078(4) A) and a formal Li-C(x) interaction (Li2-C2 2.315(4) A).

The torsion angle of the sidearms in [(rac)-64]s (59.7°-66.1°, avg. 62.9°) are larger than
many other observed values, and have larger average than the dimeric species (~10°), and
monomeric species (~10-20°). The angle between the mean planes of the naphthyl rings (75.9°)

are close in value for those found in [(R)-64], which is the enantiopure variant of this compound.

Table 2-2. Selected bond lengths, Li---C(n) interatomic distances (< 3.0 A) and dihedral angles
(°) for [(rac)-64]s.

Bond Lengths
Lil-N1 (amido) 2.018(4) Lil---C12’ (m) 2.519(4)
Lil-N3’ (amido) 2.062(4) Li2---C2 (m) 2.315(4)
Li2-N1 (amido) 2.164(4) Lil---C1’ (m) 2.991
Li2-N3 (amido) 2.005(4) Lil---C9’ (m) 2.951
Li1-N2 (amine) 2.122(3) Lil---C10’ (m) 2.977
Li2-N4 (amine) 2.078(4) Lil---CI11’ (m) 2.927
Dihedral Angles
N1-C21-C22-N2 (sidearm) 66.1(2)
N3-C25-C26-N4 (sidearm) 59.7(2)
C2-C1-C11-C15 71.1(2)
C10-C1-C11-C20 75.9(2)

Mean Planes 75.29
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Figure 2-4. ORTEP Diagram of the molecular structure of [(rac)-64]¢ (top view). Thermal
ellipsoids are shown at the 50% probability level and hydrogens are omitted for clarity.
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Figure 2-5. Partial ORTEP diagram of the molecular structure of [(rac)-64]¢ (top view), with Li2
and Li2B being cutoff points. Thermal ellipsoids are shown at the 50% probability level and
hydrogens are omitted for clarity.

2.3.3 Molecular Structure of (R)-(Bis(dimethylamino-2-yl-ethyl)amido)binaphthyl-di-lithium
([(R)-68]).

LiCH,SiMes (3.7 equiv.) was added to a solution of (R)-54 in benzene. This was added to
a solution of S3 (10 equiv.) in benzene (Eq. 2-8). The hydroamination reaction was allowed to
proceed at 22°C, then was frozen at -27°C for several weeks and was then slowly warmed to

room temperature due to an unexpected freezer failure. Bright orange crystals of (R)-68 suitable
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for X-ray diffraction were obtained. The ORTEP diagram of (R)-68 is shown in Figure 2-6,
selected bond lengths, bond angles and dihedral angles are tabulated in Table 2-3.

OO .NMe,
N—Li
CgHg RT HN
L + 676 T MezN(.\\ OO (2-8)
NT 7 “NMe, NH H—N Li-
=z 2 K N7
OO s3 NH OO __NMe;
(R)-64 2 equiv.

(R)-68 contains 2 lithium atoms in identical coordination environments. Lil is bound to
one amido nitrogen (Lila-N1la 1.936(5) A), two amine nitrogens (Lila-N2a 2.133(5) A, Lila-
N3a 2.016(5) A), and forms an n' interaction with the & system of one naphthyl ring (Lila---C3b
2.635(5) A). Lila is also in close proximity to C2b and C4b (Lila---C2b 2.817 A; Lila---C4b
2.936 A) however, these terminal bond distances are longer than the internal Lila---C3b contact

ruling out an n3 assignment.

Figure 2-6. ORTEP diagram of the molecular structure of (R)-68 (top view). Thermal ellipsoids
are shown at the 50% probability level and hydrogens, except for H3a and H3b are omitted for
clarity.
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Table 2-3. Selected bond lengths, Li---C(r) interatomic distances (< 3.0 A) and dihedral angles
(°) for (R)-68.

Bond Lengths
Lila-Nla (amido) 1.936(5) Lila---C3 (m) 2.635(5)
Lila-N2a (amine) 2.133(5) Lila:--C2 (m) 2.817
Lila-N3a (amine) 2.015(5) Lila:--C4 (m) 2.936
Dihedral Angles
N2b-C12b-C11b-N1b (sidearm) 48.15
C1b-C2b-C2a-Cla 113.68
C3b-C2b-C2a-C3a 108.38
Mean Planes 64.85

2.3.4 Molecular Structure of (rac)-(Bis(diethylamino-2-yl-ethyl)amido)binaphthyl-di-lithium
([(rac)-65]).

Yellow-orange crystals of (rac)-65 suitable for X-ray diffraction were obtained from a
reaction mixture of LiCH,SiMe; (2 equiv.) with (rac)-55 in benzene after 2 weeks at 22°C. Two
independent monomeric molecules, (rac)-65A and (rac)-65B are located within the unit cell. The
conformation of these molecules is similar, but slight variation in the coordination environments
on each of their lithium atoms is different. A single puckered ring containing two amido ligands
bridging two lithium atoms is found within each monomer. This feature is commonly observed
in aggregated lithium salts, and is present in the structure of [(R)-67], and in the previously
reported [(S,S,5)-25],.

The ORTEP diagram of (rac)-65A is shown in Figure 2-7, selected bond lengths, bond
angles and dihedral angles are tabulated in Table 2-4. (rac)-65A contains lithium atoms in
similar, albeit slightly different coordination environments. Lil is bound to two amido nitrogens
(Lil-N1 1.880(4) A, Lil-N3 2.102(4) A) and one amine nitrogen (Lil-N2 2.068(4) A).
Additional stabilization occurs through an n’-aza allyl interaction with N3 and the adjacent n
system of the naphthyl ring (Lil---C11 2.661A, Lil---C12 2.272(4) A). Li2 is also bound to two
amido nitrogens (Li2-N3 1.898(4) A, Li2-N1 2.131(4) A) and one amine nitrogen (Li2-N4
2.109(4) A). A similar n’-aza allyl interaction with N1 and its adjacent naphthyl ring is also
observed (Li2---C1 2.287(4) A, Li2---C10 2.635(4) A).
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The ORTEP diagram of (rac)-65B are shown in Figure 2-8, selected bond lengths, bond
angles and dihedral angles are tabulated in Table 2-5. (rac)-65B also contains lithium atoms in
similar, albeit slightly different coordination environments. Li3 is bound to two amido nitrogen
(Li3-N5 1.880(4) A, Li3-N7 2.090(4) A) and one amine nitrogen (Li3-N6 2.073(4) A).
Additional stabilization occurs through an 1’-aza allyl interaction with N7 and the adjacent ©
system of the naphthyl ring (Li3---C43 2.667A, Li3---C44 2.293(4) A). Li4 is also bound to two
amido nitrogens (Li4-N7 1.896(4) A, Li4-N5 2.146(4) A) and one amine nitrogen (Li4-N8
2.099(4) A). A similar n’-aza allyl interaction with N5 and the adjacent 7 system of the naphthyl
ring is also observed (Li4---C33 2.270(4) A, Li4---C42 2.619(4) A).

The shortest Li-N(amido) bonds reported in these structures occur in (rac)-65. The
sidearm torsion angles are 38.4° and 47.6° for (rac)-65A and 35.9° and 48.2° for (rac)-65B. The
angle between planes of the naphthyl rings of (rac)-65A (65.8°) and (rac)-65B (66.4°) are small

compared to the other similar complexes.
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Figure 2-7. ORTEP diagram for the molecular structure of (rac)-65A (side view). Thermal
ellipsoids are shown at the 50% probability level and hydrogens are omitted for clarity.

Figure 2-8. ORTEP diagram for the molecular structure of (rac)-65B (side view). Thermal
ellipsoids are shown at the 50% probability level and hydrogens are omitted for clarity.
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Table 2-4. Selected bond lengths, Li---C(r) interatomic distances (< 3.0 A) and dihedral angles
(°) for (rac)-65A.

Bond Lengths
Lil-N1 (amido) 1.880(4) Lil---C11 (m) 2.661
Li1-N3 (amido) 2.102(4) Lil---C12 (n) 2.272(4)
Li2-N1 (amido) 2.131(4) Li2---C1 (m) 2.287(4)
Li2-N3 (amido) 1.898(4) Li2---C10 (m) 2.635
Li1-N2 (amine) 2.068(4)
Li2-N4 (amine) 2.109(4)
Dihedral Angles
N1-C21-C22-N2 (sidearm) 38.4(2)
N3-C27-C28-N4 (sidearm) 47.6(2)
C9-C10-C11-C20 60.6(2)
CI1-C10-C11-C12 72.3(2)
Mean Planes 65.78

Table 2-5. Selected bond lengths, Li---C(r) interatomic distances (< 3.0 A) and dihedral angles
(°) for (rac)-65B.

Bond Lengths
Li3-N5 (amido) 1.880(4) Li3---C43 (m) 2.677
Li3-N7 (amido) 2.090(4) Li3---C44 () 2.293(4)
Li4-N5 (amido) 2.146(4) Li4---C33 (n) 2.270(4)
Li4-N7 (amido) 1.896(4) Li4---C42 () 2.619
Li3-N6 (amine) 2.073(4)
Li4-N8 (amine) 2.099(4)
Dihedral Angles
N5-C53-C54-N6 (sidearm) 35.9(2)
N7-C59-C60-N8 (sidearm) 48.2(2)
C41-C42-C43-C52 61.1(2)
C33-C42-C43-C44 71.9(2)

Mean Planes 66.40
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2.3.5 Molecular Structure of (rac)-(Bis(piperidin-2-yl-ethyl)amido)binaphthyl-di-lithium ([(rac)-
66]).

LiCH,SiMes (2 equiv.) was added to a solution of (rac)-56 in benzene and pentane was
added by vapor diffusion over 1-2 days. Yellow-orange crystals of (rac)-66 suitable for x-ray
diffraction grew at 22°C over 1-3 weeks. The ORTEP diagram of (rac)-66 are shown in Figure
2-9, selected bond lengths, bond angles and dihedral angles are tabulated in Table 2-6.

(rac)-66 is monomeric and contains two pseudo tetrahedral lithium atoms in distinct
coordination environments. Lil interacts with one amido nitrogen (Lil-N1 1.929(2) A), one
piperidine nitrogen (Li1-N2 2.058(2) A) and is bound n2 to the adjacent aromatic rings (Lil-C11
2.333(2) A; Lil1-C20 2.449(2) A). Two additional carbon atoms (C12 and C15) are slightly more
remote at the borderline of a bonding interaction. Li2 interacts with one amido nitrogen (Li2-N3
1.915(2) A) and one piperidine nitrogen (Li2-N4 2.114(2) A), and is bound nz to other amido and
its adjacent aromatic ring (Li2-C2 2.377(2) A, Li2-N1 2.050(2) A). Close proximity of Li2 to C1
is observed (Li2-C1 2.809 A).

The increased steric bulk on the chelating amine of (rac)-66 slightly weakened the Li-
N(amido) bonds, and increased the sidearm torsional angles (53.7°, 54.2°). These angles are
much closer to those observed in the dimeric species [(S,5,5)-25],," as is the angle between the

planes of the naphthyl rings (rac)-65 (85.7°).

Figure 2-9. ORTEP diagram for the molecular structure of (rac)-66 (side view). Thermal
ellipsoids are shown at the 50% probability level and hydrogens are omitted for clarity.
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Table 2-6. Selected bond lengths, Li---C(r) interatomic distances (< 3.0 A) and dihedral angles
(°) for (rac)-66.

Bond Lengths
Lil-N1 (amido) 1.929(2) Lil---C11 (m) 2.333(2)
Li2-N1 (amido) 2.050(2) Lil---C20 (m) 2.449(4)
Li2-N3 (amido) 1.915(2) Li2---C2 (m) 2.377(2)
Lil-N2 (amine) 2.058(2) Lil---C12 (m) 2.702
Li2-N4 (amine) 2.114(2) Lil---C15 (m) 2.906
Li2:--C1 (m) 2.809
Dihedral Angles
N1-C21-C22-N2 (sidearm) 53.65(11)
N3-C28-C29-N4 (sidearm) 54.21(11)
C2-C1-C11-C12 79.86(11)
C10-C1-C11-C20 81.72(11)
Mean Planes 85.34

2.3.6 Molecular Structure of (R)-(Bis(methoxy-2-yl-ethyl)amido)binaphthyl-di-lithium ([(R)-
67]2).

Addition of LiCH,SiMejs to (R)-63 leads to the formation of a solid which is insoluble in
benzene and toluene. A solution of LiCH,SiMe; in benzene was layered over a solution of (R)-63
in benzene. Overnight, orange solids formed at the interface containing X-ray quality crystals.
The ORTEP diagram of [(R)-67], is shown in Figure 2-10, selected bond lengths, bond angles
and dihedral angles are tabulated in Table 2-7.

[(R)-67], is dimeric and all four lithium atoms are separately equivalent and therefore
situated in identical coordination environments. Each complex contains two N-Li-N-Li four
membered cycles which hold the two ligands together. A total of eight lithium amide bonds hold
together this dimer along with four Li-O interactions from each chelating sidearm. The N-Li-N-
Li rings are puckered and stacked in a slightly staggered manner with each Li and N being
stacked on one another, uniformly separated by a distance of 3.513 A. The positioning of these
rings is reminiscent of ring stacking interactions commonly observed in organolithium

complexes, however distances separating Li and N do not exceed 2.0 A.
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Each lithium forms two amido bonds (Lila-N1d 2.028(3) A, Lila-Nla 2.225(3) A) with
the one being slightly lengthened by a chelating interaction with the oxygen on the sidearm
(Lila-Ola 1.886(3) A). An 1y’ interaction forms with the 7 system on one ligand (Lila-C3b 2.506
A; Lila-C2b 2.231 A), with an additional carbon atom in close proximity (Lila-C1b 2.697(3) A).
Two carbon atoms (Lila-C1d 2.822 A, Lila-C2d 2.908 A) on the opposite naphthyl ring are in
close proximity to Lila, however, they are beside the ring and outside of the m electron cloud.

The insolubility of this complex in non-coordinating solvents including benzene and
toluene distinguish it from the related complexes [(S,S,5)-25],, [(R)-64],, (R)-65, (R)-66.
Insolubility is a common phenomenon observed in organolithium chemistry and is often
attributed to the formation of oligomers and polymers upon metalation. Examination of
intermolecular contacts within several unit cells did not reveal any interaction unique to this
system. [(R)-67], is held together by more and stronger inter-ligand interactions than related
dimers [(S,S,5)-25], and [(R)-64],, possibly as a result of lack of steric bulk on the chelating
sidearm. Because of these strong bonds, dissociation of this complex into a soluble monomeric

species likely does not occur in non-coordinating solvents.
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Figure 2-10. ORTEP diagram for the molecular structure of [(R)-67], (side view). Thermal
ellipsoids are shown at the 50% probability level and hydrogens are omitted for clarity.
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Table 2-7. Selected bond lengths, Li---C(r) interatomic distances (< 3.0 A) and dihedral angles
(°) for [(R)-67],.

Bond Lengths
Lild-O1d 1.886(3) Lild---Cla (m) 2.697(3)
Lild-Nlc (amido) 1.929(3) Lild:--C2a (m) 2.231
Lild-N1d (amine) 2.058(3) Lild---C3a (m) 2.506
Lild---C1b () 2.822
Lild---C2b (m) 2.908
Dihedral Angles
N1-C11-C12-0O1 (sidearm) 62.11(15)

Cla-C2a-C2b-C1b 108.26

C3a-C2a-C2b-C3b 92.78

Mean Planes 83.85

2.5 Solution Studies on Precatalyst components and mixtures

2.5.1 Introduction

It is widely accepted that organolithium reagents are powerful bases capable of acting as
nucleophiles when conditions are tailored to allow it. Less known and understood are their
solution structures and which variables affect them. The solution structures of lithium reagents
with and without Lewis basic solvents have been studied. Low temperature NMR of isotopically
labelled compounds, the method of continuous variation (Job plots) and DFT studies have
allowed chemists to probe their structures. DOSY-NMR?* has recently emerged as a tool for the
assessment of aggregation in lithium amides/alkyls® and bimetallic lithium containing
superbases.*® The interaction of these bases and reagents with substrates is even less understood.
Their high reactivity requires the use of rapid inject NMR or in situ IR spectroscopy’’ because
the reaction timescale does not lend itself to traditional kinetic studies.

Organolithium typically exist as mixtures of aggregates while in solution, where higher

aggregates can dissociate into monomeric species and/or lower aggregates (Eq. 2-9).
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2.5.2 DOSY Study

DOSY NMR is a pseudo two dimensional NMR experiment which allows the diffusion of a
molecule in solution to be observed. The attenuation rate of a given signal can be plotted
according to the diffusion coefficient which is proportional the compounds size based on the
Stokes-Einstein equation (Eq. 2-10). The frictional coefficient (f) is variable based on molecular

geometry and for spherical molecules is given by Eq. 2-11.

kp T _ ke T
f  6mmrs

Where: D = diffusion coefficient, k, = Boltzmann’s constant, T = temperature (K)

(2-10)

f=6mnrs (2-11)

Where: n = viscosity; rs = hydrodynamic radius or Stokes radius

Substitution of the experimental diffusion coefficient and the solvent viscosity into this
equation produces the hydrodynamic radius of the compound.** Discrepancies in the density and
viscosity of unknown solutions compared with pure solvents are a major source of error when
using this approach.™> An experimentally determined solution viscosity is often used and can

minimize this error.’*

To compensate for method and instrumental errors, Williard has
established an alternate approach, formula weight prediction by internal reference.’™ This
method has been used to study lithium amides, alkyls and bimetallic lithium containing
superbases.*®

DOSY analysis of the ligands and dilithium salts discussed herein was performed (Table
2-8). The objective was to understand the aggregation of these complexes during catalytic
experiments. Experiments were performed at catalytic concentrations of < 0.03 M. Data for each

experiment was analyzed using both the Stokes-Einstein equation and formula weight prediction
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by internal reference. The internal standards cyclooctene (COE), tetradecene (TDE) and squalene
(SQU) were included and these experiments were performed using a non-convection corrected
pulse sequence (Varian, Dbppste). For the Stokes-Einstein calculation, the viscosity of benzene
was used rather than the experimentally determined solution viscosity.

DOSY analysis of H,-(S,S,5)-25 and [(S,S,5)-25], revealed hydrodynamic radii of 8.79
and 11.25 A respectively.’ The related ligands (R)-54 and (rac)-54 demonstrated smaller
molecular volumes (R-54 6.78 + 0.29 A, rac-54 6.03 = 0.18 A) and fomula weights averaged
slightly lower than their theoretical weight (R-54 418 + 27, rac-54 381 £ 10, theoretical 427).
The hydrodynamic radii of the dilithium salts for these complexes are smaller than in the
previously reported complex, and an increase of approximately 30% is observed upon metalation
([(R)-64], 8.73 + 0.21 A, [(rac)-64]s 8.75 = 0.15 A). The fomula weights for the complexes
demonstrated aggregation ([(R)-64], 669 + 26, [(rac)-64]¢ 637 + 18, theoretical 439). These
results suggest aggregation for both of these complexes and a similarity in their solution
structure. The aggregation numbers vary based on the method used to process the data, with
values between 1.4 and 2.1. This could indicate the presence of a monomer-dimer equilibrium at
room temperature for both of these complexes.

Related complexes (R)-65 and (R)-66 are monomeric in the solid state due to increased
steric bulk on their chelating sidearm amines. The molecular volume of (R)-55 (3.80 + 0.12 A)
and formula weight (355 + 23, theoretical 483) are lower than expected. The monomeric
structure exhibited in the solid state by this complex is long and narrow, and not spherical
shaped. DOSY spectroscopy observes the translational motion of a molecule therefore results
often reflect the width of complex rather than its length. It has been postulated that a different
frictional coefficient is more appropriate for smaller molecules, although 6x 1 15 is used in most
DOSY studies.”* The dilithium salt of this ligand demonstrated an increase in volume ((R)-65
5.75+ 0.2 A), and formula weight ((R)-65 441 + 27, theoretical= 495) upon lithiation. The ~20%
increase in molecular volume is similar to that observed with H,-(S,S,5)-25 and [(S,S,S)-25],°
and experimental formula weights are closer to theoretical values than those of the free ligand.
Another momoneric species in the solid state, the free ligand (R)-56 and dilithium salt (R)-66 had
statistically insignificant different hydrodynamic radii (R-56 5.93 + 0.15 A, (R)-66 5.44 + 0.29
A) and formula weights (R-56 434 + 18, theoretical= 507; (R)-66 445 + 39, theoretical = 519).
The DOSY study of complexes (R)-65 and (R)-66 strongly suggests the presence of monomeric
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species in solution. This is consistent with their solid state structures and caused by the steric
bulk on the coordinating amine groups which prevent aggregation.

It should be noted that the rigid binaphthyl ligand scaffold accounts for half of these
compounds molecular weights, and are structurally different from the flexible aliphatic standards
used in previous studies.*® The chiral ligands used by Williard were more flexible and similar in

structure to these catalysts.

Table 2-8. Results of DOSY study at 25°C.

(rac)-54, mw = 426.6

% (ppm) FWay, (2 'mOI_l)a RH-ave. (A)b
7.9-7.79 372+ 10 6.01 £0.11
7.35-7.21 375+ 18 6.04+0.19
7.17-7.07 375+ 13 6.04 +£0.13
4.42-4.40 387+ 10 6.17+0.11
3.01-2.90 391 £ 11 6.21 £0.11
2.01-1.90 358+ 14 5.85+0.16
(rac)-64, mw = 438.46, rerysw = 11.6 A
3 (ppm) FWay, (g'mol)* Agg. # Riave (A)° Agg. #
7.76-7.65 619+ 17 1.41 £0.04 8.59+0.15 2.02+£0.04
7.16-7.14 654 +7 1.49 £ 0.02 8.89 +0.06 2.12+0.01
6.89-6.80 642 + 15 1.46 £ 0.04 8.80+0.14 2.09 +£0.03
3.12-3.02 655+ 17 1.49 £ 0.04 8.90+0.15 2.12+0.04
(R)-54, mw = 426.6
d (ppm) FWaye (8 ‘mol")* R-avg. (A)b
7.85-7.28 395+ 24 6.51+0.27
7.16-7.02 393 +7 6.49 + 0.08
4.37-4.34 399+ 0 6.56 +0.00
2.95-2.86 391+5 6.47 £ 0.05
1.69-1.56 444 + § 7.06 +0.09
(R)-64, mw = 438.46, rorysa = 8.4 A
3 (ppm) FWay, (g'mol)* Agg. # Riave (A)° Agg. #
7.75-7.64 655+ 16 1.49 £ 0.04 8.62+0.14 2.05+0.03
7.14-6.79 688 £ 22 1.57 £0.05 8.89+0.18 2.12+0.04
3.14-3.05 694 + 18 1.58+0.04 8.94+0.15 2.13+0.04
1.58-1.55 643 £ 17 1.47 £0.04 8.52+0.14 2.03 +£0.03
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(R)-55, mw = 482.70

d (ppm) FWay (g 'mOI_l)a Ri-ave. (A)b
7.91-7.79 332+ 8 3.68 +0.04
7.37-7.22 337+ 19 3.70+0.10
7.16-7.06 365+ 13 3.85+0.06
4.62-4.60 377 £ 18 3.91+0.09
2.96-2.91 378 £ 11 3.91+0.05
2.27-2.15 369+9 3.87 +£0.05
2.07-1.97 331+ 14 3.67+£0.07
0.59-0.55 333+2 3.68 +£0.01

(R)-65, 494.57, Terystal = 6.2 A

3 (ppm) FWay, (g'mol)* Riave (A)°
7.87-7.69 414 +£ 19 5.55+0.14
7.36-7.08 417 + 28 5.58+0.21
6.92-6.86 440 + 21 5.74 +£0.15
3.43-3.21 468 + 14 5.95+0.10
2.54-2.47 463 +£ 10 591 +0.07
2.22-2.09 434 + 26 5.70 +0.19
1.95-1.86 436+ 15 5.72+0.11
1.68-1.57 440 £ 12 5.75 £ 0.08
0.55-0.31 445+ 13 5.79 £ 0.09

(R)-56, mw = 506.72

3 (ppm) FWay, (g'mol)* Riave (A)°
7.93-7.80 416 +£ 12 5.78 £ 0.09
7.34-7.22 421 +£19 5.82+0.15
7.15-7.04 437 +9 5.96 £ 0.07
4.73-4.71 440+ 10 5.97 +0.08
3.00-2.92 452 + 17 6.07+0.13
2.26-2.13 431+ 17 590+0.14
1.99-1.90 436 + 23 5.94+0.19
1.17-0.98 440 £ 22 597+0.18

(R)-66, mw = 518.59, Terystal = 6.3A

d (ppm) FWaye (8 ‘mol")* R-avg. (A)b
7.87-7.66 406 + 14 5.15+0.10
7.17-7.16 465+ 10 5.58 +£0.08
6.89-6.86 413+ 18 5.19+0.14
3.44-323 465+ 23 558 +£0.16
2.29-2.21 484 + 20 5.72+0.14
1.79-1.69 484 + 13 5.72 £ 0.09

(a) Ru-avg. = Average hydrodynamic radius for the range of chemical shifts determined using the Stokes-
Einstein equation. (b) FWa,,y = Average formula weight for the range of chemical shifts determined by
substitution of diffusion coefficients into a standard curve. Standard deviations are calculated using the
stdev.p function in Microsoft Excel = SQRT (T (X-Xyean)’)/n) which assumes that the arguments are the
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entire population. (c) Agg. # = Aggregation number. For Agg. # of FW,,, values, the experimental FW,,,
was divided by the theoretical FW for a monomer. For Agg. # of Rypay, values, the ry experimental was
divided by the longest radius present in a related crystal structure.”” For (R)-64 and (rac)-64, the radius
for [(R)-64], was used and values were multiplied by two.

DOSY Results for (S,S,9)-25 at 30°C°

Ry (A)
Ligand 8.79
Complex 11.25

2.5.3 Variable Temperature DOSY-NMR

DOSY NMR has been used as a tool to assess the aggregation and size of molecules in
solution and experiments are typically performed at ambient temperatures.”* Gschwind has
studied phosphoramidate ligands and their transition metal coordination compounds by DOSY -
NMR at low temperatures (-93°C to -3°C; 180-270 K).* Temperature dependent aggregation
trends were reported. Williard has studied chiral lithium amides by DOSY-NMR using diffusion
coefficient-formula weight (D-fw) correlation analysis revealing the presence of mixed

3%.¢ Williard used a mixture of internal standards®® that were

aggregates at ambient temperatures.
included with each sample and the formula weight of the complex was obtained from a plot of
log(D) versus log(fw).*!

A VT-DOSY NMR study of complexes (R)-64 and (rac)-64 was performed to assess
their aggregation at low temperatures. Two different pulse sequences were used, one corrected
for convection (Dbppste cc) while the other was uncorrected (Dbppste). The convection
corrected DOSY pulse sequence allowed the data to be processed using both the methods of
Williard and Gschwind. The non-convection corrected data was only processed using the method
of Gschwind. For these experiments, a linear relationship between diffusion coefficient and
formula weight for the standards was not observed.

The DOSY study with a non-convection corrected pulse sequence (Table 2-9, 2-10) and
data workup as described by Gschwind (See Chapter 4.9) resulted in unreasonably low
hydrodynamic radii below ambient temperature ((rac)-64 2.83+0.05 A (-55°C), 1.84+0.05 A (-
30°C), 1.67+0.01 A (0°C); (R)-64 3.83+0.37 A (-55°C), 2.76+0.16 A (-30°C), 2.65+0.05 A
(0°C)). Convection can increase a compounds movement, causing its diffusion coefficient to
increase. The diffusion coeffient is inversely proportional to the hydrodynamic radius of a

compound based on the Stokes Einstein equation. Therefore artifically low hydrodynamic radii
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are expected and this data accounts for the use of a convection corrected pulse sequence in the
Gschwind study. However, the results at amibient temperature are inconsistent from those
discussed herein (rac)-64 10.48+1.72 A (25°C); (R)-64 6.74+0.54 A (25°C), see Table 2-10).
Data analysis within the Gschwind study corrected diffusion coefficients for temperature and
viscosity using a viscosity correction factor (ncar-9s / MsLank-20s) Which was determined by
dividing D (diffusion coefficient) for TMS in the sample measured at 298K by D for TMS in a
blank sample at 298 K. These values had a signficiant difference, which accounts for the
differences between both complexes in this study.

NcAT-208 / NBLANK-208 (R)-64 at 0.0284 M in toluene-dg) = 1.25

NcaT-298 / MBLANK-298 (FaC)-64 at 0.0259 M in toluene-dg) = 0.82

Our previous room temperature DOSY study’ demonstrated a small difference in the
hydrodynamic radii of (rac)-64 and (R)-64 at 25°C, with minimal statistical significance. In this
study, (rac)-64 was consistently larger than (R)-64 by 10-200% with values varying based on
chemical shift. The hydrodynamic radii for (rac)-64 were similar to those obtained using
traditional DOSY data analysis, albeit slightly higher and with a larger range.

When a convection corrected pulse sequence was used (Table 2-11), the results at low
temeperature using Gschwind data analysis were also unreasonable ((rac)-64 108+6 A (-55°C);
(R)-64 203+17 A (-55°C)). The hydrodynamic radii for data obtained at room temperature was
significantly more reasonable, although different from that obtained using the standard Stokes-
Einstein equation ((rac)-64 12.6x1.1 A (25°C); (R)-64 10.2+1.3 A (25°C)). These values are
higher than those in Table 2-8 and the standard deviations are much larger. When a diffusion
coefficient-formula weight (D-fw) correlation analysis was applied to the same data set, more
realistic values were obtained ((rac)-64 638+78 (25°C), 1139+141 (-55°C); (R)-64 772+215
(25°C), 938+112 (-55°C)). These results were also in closer agreement with those found in
Table 2-8 although the standard deviations are larger and the range of final values is broader. At
low temperature (-55°C) the molecular weights are higher than those observed at room
temperature, which suggests an increase in average aggregation state. The presence of many
aggregation states could account for the large standard deviations found here, and separation of

this data based on aggregation number could generate more statistically significant results.



Table 2-9. Results of VT-DOSY study on [0.02590 M] (rac)-64 using non-convection corrected

pulse sequence (Varian, Dbppste).

Rirave, (A) Ritave, (A) Ritave, (A) Ritave, (A)

o (ppm) -55°C -30°C 0°C 25°C

77-75 2.78 +0.07 1.79 + 0.09 1.66 + 0.09 9.83 £ 0.49

7.3-7.0 2.88 +0.03 944 +0.44
7.00-6.98 9.12 £0.58
6.96-6.64 2.81+0.09 1.89+0.04 1.68 £0.05 9.85+0.49
3.36-2.95 2.89 +0.03 10.35+0.16
2.28-2.19 2.88 +0.03 8.76 £ 0.34
1.65-1.63 12.20+0.36

Table 2-10. Results of VT-DOSY study on [0.02835 M] (R)-64 using a non-convection

corrected pulse sequence (Varian, Dbppste).

Rirave, (A) Ritave. (A) Ritave. (A) Ritave. (A)
5 (ppm) -55°C -30°C 0°C 25°C

7.68-7.49 3.88+0.10 2.74 +0.09 2.65 + 0.34 6.90 £ 0.27
7.31-7.22 3.83+0.09 291+0.10

7.11-6.95 346+0.12 2.60+0.10 6.77 £0.56
6.96-6.67 3.64+0.10 2.70+£0.11 2.64+0.21 7.28 +£0.24
6.68—6.64 6.20 +0.10
3.36-3.34 4.20+0.03

3.11-2.95 7.74 £0.21

Table 2-11. Results of VT-DOSY study using the convection corrected pulse sequence.

(rac)-64, 0.02590 M, 25°C, Dbppste_cc

Gschwind Williard Williard

0 (ppm) RH-avg. FWavg Agg #
7.66-7.51 11.5+0.7 560 £+ 51 1.3+0.1
7.09-7.05 13.7+0.8 715 +56 1.6 +0.1
6.80-6.67 11.8+0.5 579 £ 34 1.3+0.1
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(rac)-64, 0.02590 M, -55°C, Dbppste cc

Gschwind Williard Williard
9 (ppm) RH—avg. FWavg Agg #
7.66-7.65 113.8+17.1 1279 + 399 2.9+09
6.85-6.68 102.4 +8.7 998 + 185 23404
(R)-64, 0.02835 M, 25°C, Dbppste_cc
Gschwind Williard Williard
0 (ppm) l{H—avg. FWavg Agg #
7.64-7.52 89+1.5 557 £226 1.3+£0.5
7.10-7.01 114+20 986 + 415 23+1.0
6.81-6.72 93+0.7 587 £92 1.3+£0.2
3.05-2.99 114+14 962 +282 22+03
(R)-64, 0.02835 M, -55°C, Dbppste cc
Williard
d (ppm) FWaye Agg. #
7.67-7.53 1049 + 196 24+0.5
7.00-6.97 865 + 157 20+04
6.87-6.66 826 + 154 1.9+04
3.35-3.32 973 + 118 22403

2.5.4 Characterization of the Precatalyst by "Li and '"H VT-NMR

As discussed in Chapter 2.7, kinetic analysis of the hydroamination/cyclization of S3
with the dilithium salt (R)-64 indicates a first order rate dependence on catalyst and S3. A first
order rate dependence on excess LiCH,SiMes was also observed, with saturation occurring when
excess base is present beyond one equivalent with respect to (R)-64. The rate enhancing effects
of excess base have previously been documented, although the nature of the effect remains
ambiguous.® This kinetic data suggests the presence of three lithium atoms within the rate
limiting transition state, more specifically one dilithium salt interacting with the lithium salt of
S3 ((R)-70, Figure 2-11). A precatalytic mixture of (R)-64 and 1.0 equivalent excess base can be
illustrated as (R)-69 (Figure 2-11).** Precatalytic mixtures containing (R)-64 in the presence of
0.0-2.0 equivalents of excess LiCH,SiMes were studied by variable temperature 'Li and 'H
NMR (0.0 equiv. see Figures 2-12 & 2-13; 0.5 equiv. see Figures A-28 & A-29; 1.0 equiv. see
Figures 2-14 & 2-15; 1.5 equiv. see Figure A-30 & A-31; 2.0 equiv. see Figure A-32 & A-33).



75

I o DOV
N—Li H Y

N—Li

- Li—CH,SiMes - Li—N
N—Li-_ N—Li~
Cy oSk
(R)-69 (R)-70

Figure 2-11. Left: Precatalyst (R)-69, formed by combining (R)-64 with LiCH,SiMe; (1.0
equiv.). Right: Based on kinetic studies (Chapter 2.7) (R)-70 illustrates the components found in
the rate limiting transition state for the hydroamination/cyclization of S3 with (R)-64 and excess
LiCH,SiMes.

The DOSY studies discussed in the previous sections (2.5.2 and 2.5.3) and the
observation of broad signals in the '"H NMR spectra of the dilithium salt (R)-64 at ambient
temperatures (25°C) suggest the presence of rapidly exchanging mixed aggregates. After
addition of 0.5 equivalents of LiCH,SiMe; to (R)-64 the proton signals become sharper in the 'H
NMR spectra, and up to 5 different signals are observed in the 'Li NMR spectra. The presence of
1.0 equivalent of LiCH,SiMes; with (R)-64 leads to further sharpening of the proton signals and
one major signal is observed in the 'Li spectra. The methyl signals of the pure catalyst form
broad multiplets from 1.75-1.00 ppm at low temperatures. Addition of 1.0 equivalent of base
leads to two sharp overlapping singlets at 1.75 ppm and additional sharpening and downfield
shifts are observed for the signals of the sidearm methylene and the aromatic rings. The
sharpening of these signals can be attributed to deaggregation and/or a decrease in fluxional
behavior, while the deshielding can be caused by proximity to an additional metal center and/or
diamagnetic anisotropy. The presence of additional base leads to more non-equivalent signals in
the 'H and "Li NMR spectra and indicates a more complex mixture of aggregates which suggests

that excess base facilitates deaggregation by formation of a new mixed aggregate, (R)-69.
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2.6 Intramolecular Hydroamination

2.6.1 Introduction

Intramolecular hydroamination catalysts are often model systems aimed at the
development of reagents for intermolecular transformations. Aminopentene is considered a
benchmark substrate for intermolecular hydroaminations because it lacks gem-dialkyl or diaryl
activating substituents, and cyclization of this substrate at ambient temperatures indicates an
active system (Eq. 2-13). Catalysts, which cannot perform the transformation, are often regarded
as having limited utility. Elimination of the Thorpe-Ingold effect allows the intrinsic activity of a
given catalyst to be observed, and systems which cyclize aminopentene at ambient temperature
often demonstrate activity in intermolecular hydroaminations. Current research interest is
shifting towards catalytic systems which function intermolecularly because the intramolecular

cyclization of aminoalkenes is well developed.

H
Nt <i7/ (2-13)
s4
P4

Rare earth metal based catalysts are the most studied, the most selective and the most
active for intramolecular hydroamination. Cyclization of aminopentene with these reagents has
been documented at ambient temperatures on multiple systems (Table 2-12, Figure 2-16) with
the majority of examples being reported at 60—100°C. Lanthanocene systems have demonstrated
the highest activity for this cyclization with binaphtholate rare earth metal complexes producing

the highest enantioselectivities.*
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Figure 2-16. Rare earth metal-based catalysts which have completed the intramolecular
hydroamination/cyclization of aminopentene (S4) at or below 25°C
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Table 2-12. Documented examples of rare earth metal based cyclization of aminopentene (S4) at
or below 25°C.

H
MNHz cat. (b/
Entry Cat. Temp. Time Conv. ee NI Reference
(°O) (hr.) (h™)
1 71-Y 22 24 h >98 69 43d
2 72-Y 22 20h >98 83 43d
3 75-La 23 40 0.09 43e
4 (S)-87-Sm 25 62 33 43b
5 (S)-87-Sm 0 72 43b
6 (R)-88-Y 25 69 43b
7 (S)-76-Sm 25 46 2.6 43f
8 77-La 25 13 43a
9 (S)-78-La 25 36 43b
10 (R)-79-La 25 31 43b
11 (R,S)-80-Nd 25 55 93 43b
12 (R,S)-80-Nd 0 64 11 43b
13 (R,S)-81-Sm 25 61 42 43b
14 (5)-82-Sm 25 55 33 43b
15 (R)-83-Sm 25 52 62 43b
16 (R)-83-Sm 0 58 43b
17 (5)-89-Sm 25 62 33 43b
18 (5)-89-Sm 0 72 43b
19 (R)-90-Sm 25 60 43b
20 (R,S)-84-Y 25 47 43b
21 (R)-85-Y 25 50 43b
22 (R)-91-Y 25 64 43b
23 (R,S)-86-Lu 25 29 43b
24 72-Lu 22 16.5 93 90 1.7 43¢
25 72-Lu 0 190 92 92 0.13 43c
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26 71-Y 25 24 95 70 2.6 43¢
27 72-Y 22 20 94 83 2.2 43¢
28 (R)-73-La 22 1.4 89 72 37 43¢
29 (R)-74-La 22 5.5 95 71 >33 43¢

The cyclization of aminopentene has been mediated by catalysts from other portions of
the periodic chart, although examples are far less common (Table 2-13, Figure 2-17), and many
systems require heat to achieve conversion. Catalysts derived from groups 1,¢ 2** and 4*° have
been reported, along with one late transition metal complex (K,[PtCls]) in the presence of acid
(0.01 M HCI, 1.99 M NaCl) at 60°C.* Systems derived from Group 4 metals currently have
limited utility because high temperatures (110-150°C) are required for all but one catalyst, 99

which achieved 62% conversion at 23°C.*¢

The sterically congested chiral variant of this
complex (31) demonstrated activity unparalleled by any Group 4 metal catalyst for gem-dialkyl-
substituted substrates; however, cyclization of aminopentene was only achieved at 110°C in low
yield.*"

Alkali and alkaline earth metal-based systems have demonstrated potential to effect this
transformation, although olefin isomerization is a competing side reaction due to their high
basicity. These systems are effective at the intermolecular anti-Markovnikov hydroamination of
styrene derivatives which is often studied in lieu of intramolecular hydroamination. Achiral
catalysts based on heavy alkali earth metals (Ca, Sr)**™“* have performed the cyclization at room
temperature although their activity has not yet surpassed that of rare earth metal-based systems.
A phenoxyamine magnesium catalyst produced 51% ee on this substrate at 80°C,**" making it the
most selective published example of a non-rare earth metal catalyst for this transformation. n-
Butyllithium is the only known alkali metal-based catalyst for this cyclization, but the reaction
was sensitive with respect to the solvent used in the transformation. Conversion was observed at
ambient temperatures, with full substrate consumption occurring at 50°C, but the resulting
hydroamination product was contaminated with a mixture of isomerization products. A similar
product distribution was observed with toluene as a solvent at 110°C. Selective formation of the

hydroamination product was achieved in a mixed solvent system of THP and toluene (1:1) and

high temperature (110°C) was required for conversion.*
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Figure 2-17. Alkali, alkaline earth, group 4 and late transition metal-based catalysts used in the
intramolecular hydroamination/cyclization of aminopentene.
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Table 2-13. Documented examples of aminopentene cyclization by non-rare earth metal based
catalysts.

H
MNHz cat. (b/

Entry Cat. Temp. (°C)  Time (h) Conv. ee (%) Reference
1 92 110 95 3b
2 92 50 32 3c
3 (R,R)-17% 80 72 81 51 44f
4 93 120 100 87 44e
5 94 25 21 90 44d
6 95 rt 72 70 44c
7 95 60 10 >90 44c
8 96 rt 40 >90 44a
9 97 110 10 >80 44a
10 31 110 5 24 45f
11 98 145 120 27 45e
12 99 23 33 62 45d
13 100 110 72 >95 6 45¢
14 101 120 39 >95 7 45¢
15 102 150 28 25 45b
16 103 120 41 89 45a
17 103 150 10 91 45a
18 104 60 168 67 46

Lithium amides are highly reactive bases and often applied under cryogenic conditions.
Their use as nucleophiles is limited to activated substrates including Michael acceptors, dienes
and styrene derivatives. Repulsion between the electron rich amido and alkene and the formation
of stable aggregates in solution contributes to their lack of application to unactivated alkenes
including the hydroamination of amino alkenes. Promising results have been reported on several

lithium-based catalytic systems,’’ although the development and optimization of homogeneous
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systems has not yet been achieved. The deduction of structure activity relationships is
particularly challenging due to the complex behavior of these compounds in solution.

Accounts of dilithium diamidobinaphthyl catalyzed hydroamination have empirically
demonstrated a rate enhancement by excess base although the nature of its role in this
transformation is not well understood.® Previous studies have demonstrated good to moderate
activity among diamidobinaphthyl dilithium salts even in the presence of L-donor solvents. The
influence of the substituent on the diamidobinaphthyl sidearm seems to have a significant impact
on enantioselectivity. Chelating sidearms of minimal steric bulk have yielded the highest
enantioselectivities,* while bulky, non-coordinating substituents have produced minimal levels of

stereoinduction with the exception of one substrate.®®

2.6.2 Results and Discussion

Dilithium salts (R)-64, (R)-65 and (R)-66 were tested in the presence of various amounts
of excess LICH,TMS* (0.2 and 0.6 equivalents excess with respect to dilithium salt). Under
these conditions some of the substrate-catalyst combinations produced slightly lower
enantioselectivities as the amount of excess base was increased. Catalysts (R)-64, (R)-65 and (R)-
66 exhibit similar catalytic activity in the cyclization of S1 (Table 2-14, entries 1-5) as the
previously studied S,S,S-25. Excess base had a significant impact on reaction rate. Higher levels
of base did not produce detrimental effects on enantioselectivity, although all enantioselectivities
obtained with the new dilithium salts were lower than the 64-68% ee induced by S,S,S-25.4
Enantioselectivities were inversely proportional to the steric bulk on the chelating sidearm.

The reaction rates and enantioselectivities for the hydroamination/cyclization of S2
(Table 2-14, entries 6-13) showed the highest sensitivity towards the concentration of substrate
and excess base for any substrate. The steric bulk on the chelating amine had a pronounced effect
on reaction rate, particularly for (R)-66, although higher levels of excess base seemed to
moderate its impact (Table 2-14, entries 11-13). Enantioselectivities were minimal at best and
did not demonstrate a clear trend. (R)-64 and (R)-65 showed increased activity and decreased
enantioselectivity when the concentration of base and substrate were increased (Table 2-14,
entries 6-10). The enantioselectivities reported previously (48-58% ee) on a related dilithium
diamidobinaphthyl containing bulky aliphatic non-coordinating sidearms stand in stark contrast

to these results.®
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The highest reaction rates and enantioselectivities were observed with S3, a trend
previously observed with S,S,S-25.* The enantioselectivities observed on this substrate were
inversely proportional to the steric bulk on the chelating sidearm, as observed for S1. Higher
levels of excess base increased reaction rates and had a detrimental effect of statistical
significance on enantioselectivity for (R)-65 and (R)-66 but not for (R)-64 at the concentrations
studied (Table 2-14, entries 14-19).

For S4, catalyst activity was highly dependent on the addition of excess base with
cyclization occurring as low as 40°C. With (R)-64, (R)-65 and (R)-66 lower amounts of excess
base required higher temperatures to achieve conversion and reactions stalled prior to reaching
completion (Table 2-14, entries 20, 23, 25). Reactions containing 1.0 equivalent of excess base
(Table 2-14, entries 21, 24, 26) proceeded to >90% conversion with all catalysts at 40°C and
achieved enantioselectivities between 50—64% ee. Enantioselectivities for this substrate were the
second highest levels observed overall. This result demonstrates the potential of lithium reagents
to perform intramolecular hydroamination/cyclization at near ambient temperatures with
noteworthy levels of stereoinduction. The enantioselectivities induced on S4 with (R)-64 and
(R)-65 are the highest values for any non-rare earth metal based catalyst for this substrate. The

#a.cd although completion

activity of several achiral alkaline earth metal-based catalysts is higher,
of this reaction at 40°C by (R)-64, (R)-65 and (R)-66 and excess LiCH,SiMe; ranks them among

the most active non-rare earth metal-based catalysts.
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Table 2-14. Intramolecular hydroamination/cyclization of primary aminoalkenes mediated by
(R)-64, (R)-65 and (R)-66 and excess LiCH,SiMejs.

N (R)

R R Cat., CeDg N
/_ ﬁ
MNHZ LiCH,SiMe3 R“‘SJ
R

S1: R=Me P1: R=Me

S2: R = Ph P2: R = Ph

$3:R=Cy P3: R=Cy

S4:R=H P4:R=H

Entry # Cat. (Hiit%) Sub. %é?{efclggse; T(?g" hfl“;; Conv. %" eeR(/Oé,),

1 (R)-64 10 S1(0.2) 0.2 22 53:15 98 58 (R)
2 (R)-64 1 S1(0.2) 0.6 22 19:00 97 55 (R)
3 (R)-65 9 S1(0.2) 0.2 22 37:05 100 48 (R)
4 (R)-65 10 S1(0.2) 0.6 22 25:00 98 46 (R)
5 (R)-66 10 S1(0.2) 0.6 2 24:55 96 36 (R)
6 (R)-64 9 $2(0.2) 0.2 40 530:20 71 4(S)
7 (R)-64 10 S2(0.1) 0.6 22 2:12 94 2
8 (R)-65 10 S2(0.1) 0.2 22 168:00 42 24
9 (R)-65 9 $2(0.2) 0.2 22 73:55 99 18 (R)
10 (R)-65 10 $2(0.2) 0.6 2 2:05 98 10 (R)
1 (R)-66 9 $2(0.2) 0.2 60 72:00 97 7
12 (R)-66 10 S2(0.1) 0.2 40 312:40 76 8
13 (R)-66 10 $2(0.2) 0.6 22 3:35 97 15 (S)
14 (R)-64 10 $3(0.2) 0.2 22 3:00 100 67 (R)
15 (R)-64 10 $3(0.2) 0.6 22 1:03 95 64 (R)
16 (R)-65 10 $3(0.2) 0.2 22 2:05 100 57 (R)
17 (R)-65 10 $3(0.2) 0.6 22 1:10 100 53 (R)
18 (R)-66 10 $3(0.2) 0.2 22 22:50 98 46 (R)
19 (R)-66 9 $3(0.2) 0.6 22 2:20 100 38 (R)
20 (R)-64 10 S4(0.2) 0.2 100 101:00 50 66
21 (R)-64 10 S4(0.2) 1.0 40 183:45 91 64
22 (R)-64 10 S4(0.2) 2.0 40 70:24 75 51
23 (R)-65 8 S4(0.2) 0.2 60 118:00 66 42
24 (R)-65 10 S4(0.2) 1.0 40 183:30 95 56
25 (R)-66 8 S4(0.2) 0.2 100 217:20 70 33
26 (R)-66 10 S4(0.2) 1.0 40 165:35 93 50

a. Based on 'H-NMR spectra, after purification of the product by distillation or column chromatography.

Substrates containing either secondary amines or internal alkenes were cyclized with all

three catalysts (Table 2-15); however, conversions were low in many cases possibly because of
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lower substrate concentrations. The gem-dimethyl-substituted substrate S5 required elevated
reaction temperatures and elongated reaction times, but conversions remained rather low
(<50%). The gem-diphenyl-substituted substrate S6 was cyclized at ambient temperature,
although reaction times were long and conversions remained low as well. These trends are in
agreement to the trends observed for primary amines. The phenyl-activated internal alkene
substrates, S7 and S8 were cyclized as well, and gem-diphenyl-substituted S8 allowed faster
more complete cyclization than did gem-dimethyl S7. With diphenyl substrate S8 a wide range
in catalyst activity was observed between the three systems. Low activity is observed with (R)-64
in the presence of a small amount of excess base (0.2 equivalents) as it is with S2. In both of
these reactions (R)-65 is more reactive with lower amounts of excess base, possibly due to a
higher concentration of a monomeric precatalyst species. The catalysts were not screened at
higher concentrations of excess base, and it is very likely that reactivity and selectivity would
improve significantly if higher levels of excess base were used in this transformation.

These results are promising and indicate that alkali metal based catalysts have a broad
substrate scope for intramolecular hydroamination/cyclization. Alkaline earth and rare earth
metal-based catalyst systems demonstrate equally broad substrate scope. Neutral Group 4 metal-
based catalyst systems cyclize exclusively primary amines, while cationic Group 4 complexes
cyclize only secondary amines. The cyclization of substrates by late transition metal catalysts
with primary or secondary amines and terminal olefins has been documented,* but the majority
of intramolecular hydroaminations with these metals have involved more reactive aminoalkynes,
aminoallenes and aminodienes.'™ These substrates bind more readily to the late transition metal-

based catalysts, which often enter the catalytic cycle by olefin activation.
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Table 2-15. Intramolecular hydroamination/cyclization with substrates containing either
secondary aminoalkenes or internal alkenes mediated by (R)-64, (R)-65 and (R)-66 and excess
LiCH,SiMe;.

R3
RZ\/\E’E/H _Cat, CeDs N N 2
Z R® LiCH,SiMe, 3_7 R
R1\\‘
R1

S5: R'=Me, R2=H, R®=Bn P5: R'=Me, R?=H, R®=Bn

S6: R'=Ph, R2=H, R®=Bn P6: R'=Ph, R2=H, R®=Bn

S7:R'=Me, R?=Ph, R®=H P7:R'=Me, R?=Ph, R®=H

S8: R'=Ph, R?=Ph, R®=H P8:R'=Ph, R?=Ph,R3=H

Entry # Cat. Cat. (mol%)  Sub. (mmol) %égl{efc‘ggg Temp. (°C) (h&ﬁfn) Conv. %"

1 (R)-64 10 S5 (0.1) 0.2 60 146:00 43
2 (R)-65 10 S5 (0.1) 0.2 60 109:10 42
3 (R)-65 10 S5(0.2) 0.2 60 183:55 36
4 (R)-66 10 S5 (0.1) 0.2 100 216:55 0
5 (R)-66 10 S5(0.2) 0.2 60 183:35 47
6 (R)-64 10 S6 (0.1) 0.2 22 70:50 57
7 (R)-65 10 S6 (0.1) 0.2 22 82:55 57
8 (R)-66 10 S6 (0.1) 0.2 22 48:45 56
9 (R)-64 5 S7(0.1) 0.2 80 330:10 38
10 (R)-64 10 S7(0.1) 0.2 60 167:25 45
11 (R)-65 5 S7(0.1) 0.2 60 206:35 60
12 (R)-65 10 S7(0.1) 0.2 40 167:30 45
13 (R)-66 5 S7(0.1) 0.2 80 163:50 61
14 (R)-66 10 S7(0.1) 0.2 60 167:35 78
15 (R)-64 5 S8 (0.1) 0.2 22 382:50 68
16 (R)-65 5 S8 (0.1) 0.2 22 1:10 90
17 (R)-66 5 S8 (0.1) 0.2 40 95:50 96

a. Based on 'H-NMR spectra, after purification of the product by distillation or column chromatography.

2.7 Kinetic Study of Intramolecular Hydroamination

2.7.1 Introduction

Although several systems for intramolecular lithium amide catalyzed hydroamination
have been reported, kinetic studies have been disclosed on only for one system.’® Mediation of
this transformation by n-butyllithium and simple lithium amides has been documented.’®

4,6,9

Incorporation of chiral additives*®” and chiral chelating substrates*”> have induced moderate to

high enantioselectivities and diastereoselectivities while allowing reactions to occur under milder
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conditions. The presence of a ligand accelerated’' pathway could account for the high levels of
stereoinduction.

The mechanisms of rare earth metal-catalyzed hydroamination are well understood and
many catalysts are believed to proceed by o bond metathesis.”® A zero order dependence on

43c¢,53

substrate concentration suggesting rate limiting olefin insertion is often observed. The

concurrent observation of a kinetic isotope effect (KIE) complicates the interpretation of these

studies™ and a similar effect has been observed for alkaline earth metal-based systems.’**’

. . . . . . . 54
Rationalizations of these KIE’s include the presence of a concerted non-insertive mechanism,

3 and substrate inhibition.”® For the intramolecular

proton assistance from a proximal amine,’
cyclization of aminoalkenes, DFT studies have supported a c-insertive mechanism with rate
limiting protonolysis for alkaline earth metals®® and rate limiting olefin insertion for rare earth
metals.”’

Similarities in the reactivity of Group 1-3 complexes exist due to their polar nature and
the presence of one stable oxidation state. Because they cannot undergo oxidative addition and
reductive elimination, their range of mechanistic options is somewhat limited. Very little
precedence exists for the mechanisms of alkali metal-based hydroamination reactions,”®
particularly the intramolecular variant. The behavior of polar organometallic complexes for this
transformation serves as a starting point for mechanistic considerations. The tendency of Group 1
and Group 2 metal-based complexes to undergo facile ligand redistribution processes™ also adds

difficulty to the understanding and elucidation of their behavior in solution.

2.7.2 Observed Rate Law

The hydroamination/cyclization of S3 was studied to determine the empirical rate law
(Eq. 2-14). In the presence of 2.5 mol% (R)-64 and 0.5 equivalents excess LiCH,SiMe; a first
order rate dependence on substrate concentration was observed from 0.1416 M—0.5298 M
(Figures 2-18, 2-19, A-3). Higher substrate concentrations did not lead to an increase in rate
(0.6494 M) and the reaction did not proceed at a lower concentration (0.0766 M). A first order
rate dependence on the concentration of (R)-64 was observed in the presence of 0.5 and 1.0
equivalent excess LICH,SiMes (0.5 equiv. — Figures 2-20, 2-21, A-19; 1.0 equiv. — Figures 2-22,
2-23, A-22). A similar system demonstrated observed first order dependence on catalyst and

substrate which is in good agreement with these results.’
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H
(R)-64 N
LiCH,TMS
NH. : (2-14)
= CeDs
5 S3 P3

At catalyst loadings of 2.5, 5.0 and 7.5 mol% a first order rate dependence on excess
LiCH,SiMe; was also observed for up to 1.25-1.5 equivalents excess LiCH,SiMes; with
saturation or a decrease in rate occurring beyond this point (2.5 mol% catalyst — Figures 2-24, 2-
25, A-6; 5.0 mol% catalyst — Figure A-7, A-10, A-11; 7.5 mol% catalyst — Figure A-12, A-15,

A-16). The rate enhancing effects of excess base have previously been demonstrated.’

Substrate Order
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Figure 2-18. First order plot showing the consumption of S3 in the hydroamination/cyclization
with 2.5 mol% (R)-64 and LiCH,SiMe;s (0.5 eq.) at various concentrations of S3.
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Substrate Order
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Figure 2-19. Plot of pseudo first order rate constants versus [S3] in the intramolecular
hydroamination/cyclization of S3 with 2.5 mol% (R)-64 and LiCH,SiMe; (0.5 eq.).
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Figure 2-20. First order plot showing the consumption of S3 in the hydroamination/cyclization
with LiCH,SiMe; (0.5 eq.), S3 (0.28 M) at various catalyst loadings.
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Catalyst Order
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Figure 2-21. Plot of pseudo first order rate constants versus (R)-64 (mol %) in the intramolecular
hydroamination/cyclization of S3 with LiCH,SiMes (0.5 eq.) and S3 (0.28 M).
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Figure 2-22. First order plot showing the consumption of S3 in the hydroamination/cyclization
with LiCH,SiMes (1.0 eq.), S3 (0.28 M) at various catalyst loadings.
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Catalyst Order
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Figure 2-23. Plot of pseudo first order rate constants versus (R)-64 (mol %) in the intramolecular
hydroamination/cyclization of S3 with LiCH,SiMes (1.0 eq.) and S3 (0.28 M).

Order of Excess LIiCH,SiMe,

_1 T T T T T T T
e 0.2 eq.
e (0.5eq.
® W - e 1.0eq.
. * . ® 1.25eq.
. °
'g } O, N e 1.5eq.
L2 % ® W
£ % ° ©2.0eq.
° ° .
°
% *e
°
%% *—s
® ® e
o °
4
0 5000 10000 15000 20000 25000 30000 35000

Time (s)
Figure 2-24. First order plot showing the consumption of S3 in the hydroamination/cyclization
with 2.5 mol% (R)-64, S3 (0.28 M) with varied amounts of LiCH,SiMe;.
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Figure 2-25. Plot of pseudo first order rate constants versus eq. excess LiCH,SiMes in the

intramolecular hydroamination/cyclization of S3 with 2.5 mol% (R)-64 and S3 (0.28 M).

2.7.3 Backeround Reaction and Kinetic Isotope Effect

The catalytic and stoichiometric hydroamination/cyclization of aminoalkenes with n-

butyllithium has been documented.*™ This background reaction (Eq. 2-15) was studied using S3

and LiCH,SiMe; in C¢Dg at 25°C and demonstrated well behaved zero order kinetics (Figure 2-

27, A-23). Use of N-deutero substrate S3-d; yielded nearly identical results and confirmed that

no KIE exists for this process with S3. The lack of KIE and zero order rate dependence on

substrate suggests that insertion of the olefin into a Li-N bond could be the rate limiting step.

NX,
= CsDs

S3 X=H,D

LiCH,TMS
_—

Z X

(2-15)
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Z X
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S3 X=H,D

NX5 (2-16)

H/D
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Figure 2-26. Deuterium incorporation into P3 after hydroamination/cyclization of S3-d; (Eq. 2-
15 and 2-16).

When (R)-64 is present in the same reaction (Eq. 2-16), a marked rate increase occurs
accompanied by a first order decay of substrate (Figure 2-28). The close proximity of two
lithium atoms has been cited as the source of activity for this complex.4 Coordination of the
dilithium salt to the alkene portion of S3 can facilitate an intramolecular interaction with the
lithiated amine and generate a chiral environment. Activation of the alkene would account for the
loss in zero order kinetics. In the presence of S3-d; a primary KIE of 1.6 was observed (Figure 2-
28, Table 2-16, entries 6 & 7) demonstrating proton involvement in the rate determining step for
the ligand accelerated process. Isotopic perturbation of enantioselectivity (Table 2-16, entries 6
& 7) was also observed. This phenomena has been reported with a cyclopentadienyl-
bis(oxazolinyl)borate zirconium complex, which is believed to proceed by a concerted non-

#10 The first order rate dependence of LiCH,SiMe; (<1 equivalent excess,

insertive mechanism.
Section 2.7.2) on reaction rate, even in the presence of a dilithium salt suggests the presence of

three lithium atoms in the rate limiting transition state.
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Table 2-16. Rate constants for intramolecular hydroamination/cyclization of S3 and S3-d, with
and without (R)-64 (Eq. 2-15 and 2-16).

Ent (R)-64 LiCH,SiMe;  LiCH,SiMe; 0 order Kops 1* order ee Sub
Y (mol %) (equiv. excess) (mol %) M - s Kobs (5™) (%) ]
1 25 2.0 SN I— 3.34x10* 66 S3
2 10.0 0.5 X1 — 7.75%x107* 67 S3
3 5.0 2.66x10% - S3
- 10.0 2.59x10% - S3
T — 10.0 2.62x10% - S3-d,
ki/kp = 1
6 5.0 0.5 e e 4.70x107* 68 S3
7 5.0 0.5 e e 2.84x10™ 55  S3-d,
kH/k[) =1.66
Background Reaction (Eg. 2-15)
0.300
0.250 R, o
PR°A o Protio
Oa quo‘ a R
N 4 Deuterated
0.200 oo,
— Loa ,
2 ° Ao‘o
0.150 N
Aq 3 A
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0.100 BN
0.050 T T T T T T T
0 10000 20000 30000 40000 50000 60000 70000 80000
Time (s)

Figure 2-27. Zero order plot showing the consumption of S3 and S3-d; in the hydroamination/
cyclization with 10.0 mol% LiCH,SiMe; as a catalyst.



97

Accelerated Reaction (Eq. 2-16)
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Figure 2-28. First order plot showing the consumption of S3 and S3-d, in the
hydroamination/cyclization with 5.0 mol% (R)-64 and LiCH,SiMes (0.5 eq. excess).

2.7.4 Reagent Stoichiometry and Enantioselectivity

As shown in Chapter 2.7.2, a first order dependence on excess LiCH,SiMes (up to 1.25-
1.5 equivalents excess) was observed for the hydroamination/cyclization of S3. The formation of
a new mixed aggregate (R)-69 (Figure 2-29) was also observed by 'H and "Li NMR in Chapter
2.5.4 when equimolar amounts of LiCH,SiMe; and (R)-64 were combined. The relationship
between enantioselectivity and LiCH,SiMes was plotted for reactions containing 2.5, 5.0 and 7.5
mol % (R)-64. A linear decay of enantioselectivity was observed for the reactions containing 5.0
and 7.5 mol % (R)-64 (Figures 2-30, 2-31). When the catalyst loading was lowered to 2.5 mol%
(Figure A-24) this effect was observed as well; however, five of the six enantioselectivities were

within 1% of each other making this trend statistically insignificant.



98

(D e (L e
|

A . Li—CH,SiMes o - Li—N %
N—Li-_ N—Li~

CLy o oo
(R)-69 (R)-70

Figure 2-29. Left: Mixed aggregate (R)-69, formed when equimolar amounts of (R)-64 and
LiCH,SiMejs are combined (Chapter 2.5.4). Right: (R)-70 illustrates the components found in the
rate limiting transition state for the hydroamination/cyclization of S3 with (R)-64 and excess
LiCH,SiMe; as determined by kinetic studies (Chapter 2.7).

The effects of catalyst loading and substrate concentration on enantioselectivity were also
studied. Variation of catalyst loading from 2.5-7.5 mol% in the presence of excess LiCH,SiMes
(0.2, 0.5, 1.0, 2.0 equivalents) did not vary ee’s a statistically significant amount (0.2 equiv. —
Figure A-25; 0.5 equiv. — Figure 2-32; 1.0 equiv. — Figure A-26; 2.0 equiv. — Figure A-27).
When catalyst loading was increased from 7.5 mol% to 15.0 mol % in the presence of 0.5
equivalents excess LiCH,SiMej a linear decrease in enantiomeric excess was observed (Figure 2-
32). The average enantiomeric excess for each catalyst loading decreased as catalyst loading was
increased. The reaction concentration did not have a significant impact on stereoinduction and
similar enantioselectivities were observed from 0.1416 M to 0.6494 M of [S3], (Figure 2-33).

These results demonstrate that excess LiCH,SiMe; has a noteworthy impact on
enantioselectivity. The presence of an unaccelerated achiral background reaction has been
demonstrated (Figure 2-27), and may account for the loss in enantioselectivity. The first order
dependence of LiCH,SiMes; on the reaction rate suggests that LiCH,SiMe;, even in trace
quantities, is capable of forming a new, catalytically active species generally illustrated as (R)-70

(Figure 2-29).
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Figure 2-30. Plot of ee (%) vs. LiCH,SiMe; (excess equivalents) for the hydroamination/
cyclization of S3 with (R)-64 (5.0 mol%) and [S3] (0.27-0.28 M).
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Figure 2-31. Plot of ee (%) vs. LiCH,SiMejs (excess equivalents) for the hydroamination/
cyclization of S3 with (R)-64 (7.5 mol%) and [S3] (0.27-0.28 M).
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Figure 2-32. Plot of ee (%) vs. (R)-64 (X mol%) for the hydroamination/ cyclization of S3 with
LiCH,SiMes (0.5 equiv. excess) and [S3] (0.27-0.28 M).
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Figure 2-33. Plot of ee (%) vs. [S3] for the hydroamination/ cyclization of S3 with (R)-64 (2.5
mol%) and LiCH,SiMe; (0.5 equiv. excess).
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2.8 Conclusions

Catalyst aggregation is detrimental to the activity of this system, and broad '"H NMR
spectra along with DOSY-NMR spectroscopy suggests that (R)-64 is at least partially aggregated
in solution. 'H and "Li NMR of (R)-64 and (rac)-64 with one equivalent of LiCH,SiMe; suggest
that excess base facilitates deaggregation. Because the rate limiting transition step for the
hydroamination/cyclization of S3 with (R)-64 and LiCH,SiMes contains three lithium atoms, it is
likely that trace amounts of excess alkyl lithium were present with (S,S,5)-25 allowing its
reactivity.

Based on the observed rate law (Section 2.7.2), deprotonation of S3 is essential for its
entry into the catalytic cycle and accounts for the third lithium atom. Zero order kinetics with
respect to the substrate have been observed in rare earth metal-mediated hydroamination and are
consistent with rate limiting olefin insertion. The unaccelerated background reaction
demonstrates zero order substrate kinetics and olefin insertion into the lithium amide bond is the
rate determining step in this process. The loss of zero order kinetics for the accelerated process
suggest that (R)-64 can activate the alkene, allowing intramolecular nucleophilic attack from the
metal amide. The reaction rate has a first order dependence on (R)-64, which both lowers the
activation barrier of this process and generates a chiral environment. The presence of a KIE
along with isotopic perturbation of enantioselectivity suggest rate limiting protonolysis or a
concerted mechanism. Experimental determination of the Arrhenius activation parameters along

with DFT studies will clarify the details of the rate limiting transition state.
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R" R’

Figure 2-34. Proposed mechanism for the intramolecular hydroamination/ cyclization of S3 with
(R)-64 and LiCH,SiMes.

The enantioselectivities reported on (S,S,S)-25 are consistently higher than those induced
by (R)-64, (R)-65 and (R)-66. The higher enantioselectivities induced with (§,S,5)-25 compared
with (R)-64 may be attributed to the rigidity and additional internal chirality found in the ligand
sidearms. The lower enantioselectivities produced by (R)-65 and (R)-66 compared with (R)-64
indicate that steric bulk on the chelating amine is detrimental to stereoinduction and suggest that
the amine sidearms are in close proximity during the enantioselectivity determining step. The

enantioselectivities induced with (R)-26a-d also suggest that steric bulk proximal to the metal
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center is detrimental to enantioselectivity. The induction of higher enantioselectivities on
sterically hindered S2 with these catalysts is unexpected, and further studies should be
undertaken to clarify cause of this outcome.

Catalytic data for this system suggests that future generation catalysts will benefit from
increased rigidity on the ligand sidearm and minimal steric bulk on the coordinating amine.
Insufficient steric bulk on the L donor moiety leads to species such as [(R)-67], and insufficient
sidearm rigidity allows complexes such as [(rac)-64]s to form. The source of rigidity for (S,S,S)-
25 is the pyrollidine ring found within the sidearm, which also introduces two elements of
internal chirality. Rigidity of these complexes could be increased by incorporation of a ring into
the sidearm carbons, which would introduce four additional elements of internal chirality (Figure

2-35).

O NH NMe, OO NH NMe, OO NH NMe,
O™ OO NUH e N{jH o

(R)-105 (R)-106 (R)-107

Figure 2-35. Structures of more sterically rigid diaminobinaphthyl ligands, each containing five
elements of internal chirality.

These ligands would allow incremental variation of the NCCN dihedral angle on the
chiral sidearms. Synthesis of a cis-selective product would be a synthetic hurdle, and require a
new synthetic route. If a general route were devised, alteration of the ring size (4—6 carbons —
(R)-105, (R)-106, (R)-107) could allow the impact of rigidity, steric bulk and the NCCN dihedral
angle on the catalyst sidearms to be better understood. The influence of these modifications on
catalyst aggregation, reactivity and enantioselectivity may allow a more complete understanding

of structure activity relationships.
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3

Intermolecular Hydroamination

3.1 Introduction

Coveted by academic and industrial scientists alike are the design and optimization of
catalysts to efficiently perform the intermolecular hydroamination of non-activated olefins. Even
more sought after is the anti-Markovnikov control of this transformation. Deemed one of the
“Ten Challenges for Catalysis” twenty years ago, and still unrealized is the anti-Markovnikov
addition of ammonia to olefins (Eq. 3-1)." The development of efficient systems for
intermolecular hydroamination will represent a significant advancement in this field, as there are
currently several well developed systems for its intramolecular variant. Catalyst screening on
intermolecular reactions is also more practical because the preparation of intramolecular

substrates can be averted.

R2
2
H + R3/\ > ? + ’11 3-1
R R? RN R3 R (3-1)
R3
anti-Markovnikov Markovnikov

This transformation has been documented with rare earth, alkali, alkaline earth and late
transition metals. Rare earth metal systems are hindered by competitive binding with substrate
and product amines” and ten or more equivalents of excess olefin are often used to mitigate this
problem. Alkaline earth metal complexes have demonstrated excellent activity for the
intermolecular anti-Markovnikov hydroamination of styrene derivatives and 1,3-dienes.’
Activity comparable or superior to the most active rare earth metal catalysts has been reported.
Their scope includes both secondary and primary amines in the presence of equimolar amounts
of olefin which demonstrates their potential to mediate this transformation in an atom economic
fashion. Still in the early stages of development, their intrinsic basicity can lead to catalyst

decomposition and olefin polymerization. Precatalytic equilibria are complicated by their
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tendency to exist as mixed aggregates in solution allowing multiple catalytically relevant

transition states and preventing high levels of stereoinduction.

3.1.1 Rare earth metal-catalyzed intermolecular hydroamination

Although rare earth metal-based catalysts are the most active and selective for
intramolecular hydroamination, they are not as efficient for intermolecular reactions. A large
excess of olefin and a higher reaction temperature is required to achieve conversion and increase
reaction rate. Olefin insertion, which is postulated to be the rate determining step, is hindered by
competitive binding with substrate and product amines. Nonetheless, the intermolecular
hydroamination of olefins has been documented on multiple occasions in the groups of Marks
and Hultzsch. Lanthanocene and binaphtholate catalysts have mediated the addition of primary
amines to styrene derivatives (anti-Markovnikov) and aliphatic olefins (Markovnikov) with

binaphtholate catalyst (16) achieving up to 61% enantiomeric excess.

s

La—CH(SiMe3), S Nd—CH(SiMes),
D

Si(3,5-xylyl); SiPh,
SO X =g

o) o)

S Ln—CH(SiMe3), }Y:@

) \ O »\
CLL e CUC e

Si(3,5-xylyl)3 SiPhg Ph

15 16

Figure 3-1. Rare earth metal-based catalysts for intermolecular hydroaminations.
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H
©/\ . HZN/\/ . ©/\/N\/\

Amine:Olefin Catalyst T (°C) Conv(%). Nt

1:10 12 (10%)  90°C 93%, 2.0 ht
1:1.3 15 (2%) 60°C 74%, 0.7 h'l
13 (20 mol%) HN
NCoH, X+ H,NT T o P 90% Conv.
60°C
. . n-CsHy
Olefin:Amine (74:1)
N;=0.4h?
AL+ (S)-16 (4 mol%),. HN 95% Conv.
M-CsHai™ ™ QNHZ 150°C, 60 hr. PR 61% ee
n-CsHy g

Olefin:Amine (15:1)

Scheme 3-1. Rare earth metal-mediated intermolecular hydroaminations.

3.1.2 Alkali metal-catalyzed intermolecular hydroamination

Alkali metal-catalyzed hydroamination® of olefins and 1,3-dienes can be traced back to the

1940’s.” The addition of ammonia across ethylene (Eq. 3-2) and propylene (Eq. 3-3) as well as

other amines and olefins (Eq. 3-4) was documented shortly thereafter using lithium, sodium and

their hydrides as catalysts.” High temperatures (200-250°C) and pressures (200—1000 atm) were

required to achieve conversion and mixtures of products were observed. It was later found that

preformation of the alkali metal amide followed by sequential addition of ethylene to the catalyst

allowed these processes to occur at slightly lower temperatures and pressures (Eq. 3-5 and 3-

Cat. - Na, Li, NaH, LiH \
NH f— o . > NH -
37 205-1000 psi T NH (3-2)
199-252°C
A\
N—"
_

Yield of Mixtures = <40%
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H
NH; + ~ __Na >7NH £ ~< 3.3
3 7 T850.975 psi 2 N (3-3)

250°C
82% 8%

HoN + — Na - ( 3-4
NN 800-1000 psi . ~_N._~_~ (5-4)
200°C

75%

- H
NaNH, o @NJ
NH, —ﬁﬁqf* NHNa 275°C (3-5)

600-800 psi 75%

B — J
NH Na, pyr|d|ne NNa 100°C N (3-6)
T reflux
600-750 psi 80%

The addition of diethyl amine to ethylene occurred at lower pressures and ambient
temperature in the presence of TMEDA (Scheme 3-2).%  Additional ligand screening and
optimization of this process was later performed, with TMEDA and PMDTA allowing the

highest levels of conversion and sparteine also enhancing reactivity (Figure 3-2, Table 3-1).

Me,N NM Et,N NE
SR "e2 LN NEL MezN/\/N\/\NMe2

TMEDA TEEDA PMDTA

(-)-Sparteine

Figure 3-2. Selected chelating ligands demonstrating activity during the lithium catalyzed
intermolecular hydroamination of ethylene with diethylamine.
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NH + pr— e NJ
_/ _/
Na or NaH
1000 atm, 225°C 28%
LiN(Et), + TMEDA
70 atm, 140°C 83%
/\/\N/\
/\/\NHQ + _ —  » /\/\H/\ K
Na
800-1000 atm, 200°C Bis - 75%
LiEt + TMEDA
150-250 atm, 130-150°C Mono - 54% Bis - 45%,

Scheme 3-2. The addition of diethylamine and butylamine to ethylene. The use of lithium
diethylamide and ethyl lithium in the presence of TMEDA allowed conversion to occur at
significantly lower pressures and temperatures than previously reported.

Table 3-1. Selected results from a study of ligand effects on lithium catalyzed intermolecular
hydroamination of ethylene with diethylamine.

LiNEt, (2.5 mol%)
Ligand (5 mol%) _ N /
— > N
40 bar initial pressure _/
80°C, toluene

NH + _—

L

Ligand Conv.(%)

TMEDA 92
TEEDA 19
PMDTA 90

(-)-Sparteine 36

TMEDA/LiHMDS has been reported to mediate the base catalyzed anti-Markovnikov
hydroamination of vinylarenes (Tables 3-2 and 3-3).'° Sparteine was used in lieu of TMEDA in
several examples and low levels of stereoinduction were reported.!’ Other accounts of base-
catalyzed hydroamination of styrenes'> and 1,3 dienes' and ethylene'* and aliphatic amines'®

have been reported.
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Table 3-2. Selected examples of the lithium catalyzed intermolecular hydroamination of a-
methyl styrene by benzyl amine.

L|N(S|Me3)2

/K , Hsz Additive Phjﬂm/\©\
Ph R 120°C, CeDs R
R Additive Yield (%)
H TMEDA 48
H (-)-Sparteine 57
OCH3; TMEDA 38

OCHg; (—)-Sparteine 40, 7% ee

Table 3-3. Selected examples of the lithium catalyzed intermolecular hydroamination of trans-f-
methyl styrene by benzyl amine.

LiN(SiMe3)2 \/L
—/ HzN/\© Addiive _ Ph\y
P R 120°C, CDs H )

R Additive Yield (%)
H TMEDA 74
H (-)-Sparteine 71

OCH; (-)-Sparteine 60, 14% ee

Several examples of heavy alkali metal-based catalysts have been reported although
development on a well-defined, selective system has not occurred. KHMDS/TMEDA'"
demonstrated high activity and low regioselectivity for the intermolecular hydroamination of
styrene derivatives. A mixture of mono and bis alkylation products was produced along with
hydroaminoalkylation products. Sodium has been reported as an effective mediator of base-
catalyzed hydroamination.'® Highly developed systems for this transformation have not been
reported, possibly due to solubility and regioselectivity issues. The solid state structures of

several sodium/sparteine adducts have been reported recently, along with a facile synthesis of

NaCH,SiMe;."”
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3.1.3 Alkaline Earth Metal-Catalyzed Intermolecular Hydroamination

The use of alkaline earth metals'® for hydroamination catalysis is complicated by their
tendency to exist in a Schlenk equilibrium' and their low solubility in non-coordinating
solvents. Group 2 metal complexes enter their catalytic cycles by amine activation with substrate
deprotonation typically initiated by an amido®® or alkyl*' leaving group. Alkyl leaving groups are
advantageous because catalyst activation is irreversible; however, their high basicity is
problematic due to competing deprotonation and anionic polymerization reactions.”'” Lewis basic
solvents including THF are used to solubilize precatalysts, potentially leading to ambiguous
aggregates or stabilizing the ground states of catalytic species. Bulky multidentate ligands have
demonstrated their capacity to prevent Schlenk equilibria, solubilize metal centers and generate a
chiral environment.’**'® Many early chiral catalysts suffered from low enantioselectivities™
caused by ligand redistribution.

While some recent studies suggest that the reactivity of alkaline earth metal-based
catalysts increases with increasing metal size,® some experimental and computational studies
contradict this observation.”*® The evaluation of this trend is difficult with a single ligand
because the metals vary in size and can form unstable complexes or mixtures of aggregates upon
metalation.

Excellent activity for the intermolecular hydroamination of styrene derivatives (with anti-
Markovnikov selectivity) and 1,3-dienes has been demonstrated by alkaline earth metal based
complexes (R,R)-17 and 19-24.> Activity comparable to, or better than, the most active rare earth
metal-based systems for anti-Markovnikov hydroamination of styrene has been reported (Table
3-1). Their capacity to perform this transformation with both secondary and primary amines in
the presence of equimolar amounts of olefin makes their development a worthy pursuit, and

optimization of amine/olefin ratios will further increase yields of the desired product.
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(Me3zSi),N_ - (THF),

M

Ve Ar\N/ \lN,Ar
tBu N\\‘ 19 [Ca{N(SiMe3)2}2]2
\'_NMe, 20 [Sr{N(SiMe3),}l,

o-Mg 21 [Sr{CH(SiMe3),}>(THF),]
. i Ar = 2,6-iPr2-C6H3
SiPhg \© 22 M=Ca;n=1
(R, R)-17R 23 M=Sr;n=2

24 M=Ba;n=3

Figure 3-3. Selected alkaline earth metal-based catalysts for the intermolecular hydroamination.

Table 3-4. Selected examples of intermolecular hydroamination mediated by alkaline earth metal
catalysts.

R' R"  Amine:Olefin Catalyst Time, T (°C) Conv(%), N¢ Ref
-(CH3)s- 1:1 20 (5%) 72 hr, RT 92%, 0.28 h" 52
«(CHp)s- 1:1 21 (5%) 10 min, RT 70%, 120.0 ™" 52
«(CH2)s- 1.2:1 (RR)-17 (5%) 16 hr, 60°C 87% 50
H Bn 1:1 22 (2%) 18.5 hr, 60°C 34% 52
H Bn 1:1 23 (2%) 18.5 hr, 60°C 71% 52
H Bn 1:1 24 (2%) 18.5 hr, 60°C 86% 52
H Bn 1:1 19 (5%) 48 hr, 60°C 92% 52
H Bn 1:1 20 (5%) 24 hr, 60°C 78% 52

3.1.4 Late Transition metal—catalyzed intermolecular hydroamination

A number of late transition metal-based catalysts” for hydroamination have been
developed, however this field has largely focused on the hydroamination of activated substrates
including alkynes, allenes and dienes. The past fifteen years have seen a number of reports on the
intermolecular hydroamination of styrene derivatives along with the hydroamination/cyclization
of aminoalkenes demonstrating the potential of complexes within this class.

Late transition metal catalysts frequently operate by alkene activation instead of amine
activation which distinguishes them from the more polar reagents typically employed in this
transformation. The presence of multiple stable oxidations states and sensitivity to the steric bulk
on substrates allows catalysts to operate under a broader range of mechanisms than observed
with complexes from Groups 1-3. The three common scenarios include coordination of an
alkene, alkyne or allylic complex to a catalyst which allows nucleophilic attack from an amine.

Alkene insertion into late transition metal hydride complexes have been documented although it
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is uncommon.** Redox couples are known to undergo oxidative addition with amines, and the
catalytic cycle for the iridium catalyzed intermolecular hydroamination of norbornene begins by
amine activation.”” For intermolecular transformations which proceed by alkene activation,
Markovnikov regioselectivity typically ensues. Nucleophilic attack occurs at the most
electrophilic carbon adjacent to the aromatic ring, which makes design of catalysts for anti-
Markovnikov transformations challenging. This mechanism also contains a f-amino alkyl metal
intermediate which is susceptible to B-hydride elimination leading to oxidative amination by-

products (Scheme 3-3).

B-hydride NR,
elimination R /\/
[M] Oxidative
) Amination
R-Xx + H-NR, _gcat _ R')YH—
NRy
protonolysis R ~_NR;

Hydroamination

Scheme 3-3. The anti-Markovnikov addition of an amine to styrene forms a metal alkyl
intermediate which can undergo B-hydride elimination or protonolysis leading to oxidative
amination or hydroamination products.**

The propensity of late transition metal catalysts to operate by alkene activation accounts
for the choice of substrates in many studies. Alkenes are more desirable starting materials for
hydroamination because they are less expensive, more stable and more easily synthesized than
alkynes and allenes. However, they contain less electron density which makes binding to a metal
center more difficult. In spite of this obstacle, the intermolecular hydroamination of styrene,
norbornene and aliphatic olefins has been documented.

Late transition metal-based complexes have good functional group tolerance and low
sensitivity to oxygen and moisture compared with other classes of catalysts. Acid co-catalysts are
known to increase reaction rates and yields by accelerating turnover limiting protonolysis of the
M-C bond. They may also suppress competitive amine binding to the metal center. Bulky,
weakly coordinating counterions, frequently triflate (TfO- = F3CSOs-) are commonly used, and

many of these reactions may be acid catalyzed.?
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Group 8: Ru(II)
Ru(COD)(2-Me-allyl), (42), DPPPent (43) and triflic acid is one of the most selective

catalytic systems for the intermolecular anti-Markovnikov hydroamination of styrene
derivatives.”’ Its d® configuration allows unique binding to the arene system of the substrate (44,
Eq. 3-7), favoring nucleophilic attack at the terminal carbon. Moderate to high yields were

reported for the addition of morpholine and piperidines to styrene at 100°C (Eq. 3-8).

X
1.) TfOH (2 equiv.) ©/\ © OTf

THF, rt [

/
+ >
(COD)RU\ thPfI(;er)5PPh2 2.) Styrene (32 equiv.) Ph.p-—Ru-~_ ® (3-7)
(14eq) THF, 80°C, 30 min. 2" PPh,
42 43
67%
44

100°C, 5 hr.
2 equiv. 96%

AN /\ 44 (5 mol%) K\O
©/\ + HN e) dioxane ©/\/ N\) (3-8)

Group 9: Rh(D) and Ir(I)

Intermolecular hydroamination mediated by Rh(I)- and Ir(I)- based systems have been
known since 1971,% although their applications are limited. Rhodium-based systems form anti-
Markovnikov hydroamination products upon addition to styrene; however, oxidative amination
is a major side-product.”’ The metal alkyl intermediate generated tends to undergo B-hydride
elimination, behaving similarly to palladium complexes. High selectivity for the hydroamination
product has been demonstrated when DPEphos (45) is used as a ligand,” although enamines are

observed as a side-product (Eq. 3-9).

(0]
(
©/\ [Rh(COD)(45)]BF, ©/\/ K\
/N (5mol%) 0
* AN O Toluene X N\) (3-9)
4 equiv. 70°C, 5 hr. ©/\/

71% yield
75:25 amine:enamine
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CC .
PPh,

((CH3),N)3sP=N—-P(N(CH3),); © F

% [ PPh, 47
Ph,P PPh
2 2 OO Phosphazenium

DPEphos Fluoride (P,-F) 0

45 (S)-BINAP % O
46
O PAr,

|O O
o) PPh,

48a (R)-DM-SEGphos,

e CO PPh
B(ANs  Ar= -8 O 2 Ar = 3,5-dimethylpheny!

CF;

49 BARF
CF3 48b (R)-DTBM-SEGphos
50 (S)-C3-TUNEphos Ar = 3,5-di-t-butyl-4-methoxyphenyl

Figure 3-4. Phosphine ligands and other additives used to form Iridium catalysts for
intermolecular hydroamination reactions.

The majority of intermolecular Ir(I)- mediated hydroaminations have been documented
on norbornene and its derivatives. Enantioselectivities of up to 95%”" were reported with
[IrCI((S)-46)], and phosphazenium fluoride (47) although low TON’s in addition to low substrate
scope limit the utility of this catalyst. A catalytic mixture of 48a and [Ir(COE),Cl], and KHMDS
in yielded ee’s up to 99% and yields up to 94% on the intermolecular addition of aniline

234 The combination of high yield and enantioselectivity distinguish

derivatives to norbornene.
this system from others. The intermolecular addition of amides and sulfonamides to norbornene
(in up to 93% ee) and aliphatic olefins was catalyzed by 48b and [Ir(COE),Cl], (Eq. 3-10).*' Up
to 83% ee was induced with [Ir(COD);]49 and (S)-C;-TUNEPHOS (50) for the intermolecular

Markovnikov addition of heteroaromatic amines to styrene and styrene derivatives (Eq. 3-11).*

O

0
[Ir(COE),Cl], (2 mol%) - NH
dl + NH, 48b (4 mol%) dA (3-10)
Toluene, 120°C, 24 hr. FsC
FsC

85% yield, 93% ee
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N | SN Me
N [Ir(COD),149 (10 mol%) _ N )\Ph
neat, 110°C, 24 hr.

)

Ph (3-11)

58% yield, 83% ee
The propensity of Ir(I) catalysts to undergo oxidative addition with amine N-H bonds,**
distinguishes them from other systems, although this mechanism appears specific to the

. .. 25
intermolecular addition to norbornene.”?

Group 10: Pd(I)

The Markovnikov addition of anilines to styrenes was mediated by Pd(PPh3),(OTf), and
(51)Pd(TFA); in the presence of excess triflic acid.*** (51)Pd(O,CCF3), and triflic acid were also
effective for this transformation.*® [(R)-46]Pd(OTf), induced ee’s of 81% at 25°C and 64% at

45°C for the addition of aniline to p-trifluoromethyl styrene and 2-vinyl naphthalene.**
t-Bu

o)
PPh € O
©/ ’ O PPh,
g) o PPh,
ph,p— 4 O
o)

51
DPPF t-Bu

52
t-Bu-SEGphos

Figure 3-5. Phosphine ligands used to form Palladium catalysts for intermolecular
hydroamination reactions.

—e
L con
P\Pd—>
b Ar
gL

Figure 3-6. Crystallographically characterized n’~benzyl intermediate found in the catalytic
cycle for the intermolecular Markovnikov hydroamination to styrene derivatives.

Ao
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A unique crystallographically characterized 1°—benzyl intermediate** (Figure 3-6) allows
mechanistic insight into this process and rationalization for the Markovnikov selectivity. The
benzyl group binds in an n’-fashion to the metal center, which activates the benzylic carbon for
nucleophilic attack. Inversion of configuration at this carbon upon nucleophilic attack serves as
proof of concept. In depth analysis on these systems revealed higher rates of nucleophilic attack
on [Pd(n’-allyl)Cl], complexes relative to those containing triflate and tetrafluoroborate
counterions. The n’-benzyl derivative of this complex, [Pd(n’-benzyl)OTf], also demonstrated
counterion effects, with tetrafluoroborate showing higher activity than triflate. Larger P-Pd-P
bite angles increased their activity with Xantphos (40) being the most effective ligand.24C
Additional crystallographic and catalytic data were reported for other Pd(II) complexes chelated
by bidentate phosphine ligands. The intermolecular Markovnikov hydroamination of aniline to
styrene (Eq. 3-12) or p-fluoro styrene (Eq. 3-13) was reported in up to 70% ee with [Pd((R)-
46)(NCMe)(H,0)](OTf),** and 84% ee with [Pd(52)(NCMe,),](OTf),.*

[((R)-46)Pd(NCMe)(H,0))(OTf), ©\ )M\e
A+ @NHZ (2 mol%) N~ “Ph (3-12)

Toluene, 80°C, 72 hr. H
93% yield, 70% ee

Ph

F
[(52)Pd(NCMe),)(OTf), \©\ ﬁ
P Xy + FONHZ (2 mol%) N~ ~Ph (3-13)
Toluene, 75°C, 40 hr. H
65% yield, 84% ee

Group 11: Gold(I)

Although multiple accounts of late transition metal-based hydroamination of dienes’® and
ethylene have been documented, this transformation is much more difficult with unactivated
aliphatic amines. These transformations are seemingly more difficult with free amines and many
systems were reported only with protected amines including sulfonamides.*’

The Markovnikov addition of urea to unactivated alkenes and ethylene has been reported in up to

78% ee catalyzed by a mixture of [(S)-53](AuCl), and AgOTf (Table 3-5).>* Much like the rare
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earth metal-mediated intermolecular hydroamination of unactivated olefins, a large excess of

olefin (10—60 equivalents) was used in this study.

Table 3-5. Gold catalyzed enantioselective intermolecular Markovnikov hydroamination of
unactivated alkenes with Imidazolidin-2-ones.

O t-Bu
CH3O PArz Ar = _% OCH
CH5O PAr, 7 3
O t-Bu
(S)-53

[(S)-53](AUCI)5(2.5 mol%)

o) 0
I, =t AgOTf (5.0 moloe) N )LNJ\M/

RN~ "NH 5 m-Xylene

5
/ 60 equiv. 100°C, 48 hr. s
R Conv(%) ee (%)
Me 86 76
t-Bu 89 78

3.2 Intermolecular Carbolithiation

Although fundamentally different from lithium mediated intermolecular hydroamination,
select intermolecular carbolithiations® may allow insight into intermolecular hydroamination.
Carbolithiations are particularly important when regioselective, diastereoselective and
stereoselective. The majority of substrates used contain chelating groups, which can stabilize
reactive intermediates through intramolecular coordination.*” Reports of stereoinduction on non-
chelating substrates are less common. The addition of n-butyllithium to trans-p-methyl styrene in
the presence of stoichiometric amount of sparteine induced 85% enantiomeric excess and 83%
conversion (Eq. 3-14).*! When a catalytic amount of sparteine (10 mol%) was used in the same
transformation, 70% enantiomeric excess and 50% yield were obtained (Eq. 3-15).** These
results show that the proper base and chiral auxiliary can induce high levels of selectivity even in
intermolecular reactions. DFT studies for the carbolithiation of B-methylstyrene®™ with (-)-
sparteine and either ethyl or isopropyl lithium demonstrated energy differences of 13 and 8 kJ

mol™ between the diastereomeric transition states leading to the product.
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Ph n-BuLi/hexane _ Ph Bu
N—_ (-)-Sparteine = (3-14)
Me (1 equiv.) Me
83% yield
85% ee
Ph n-BuLi/hexane _ Ph Bu
Ne—_ (-)-Sparteine = (3-15)
Me (10 mol%) Me
50% yield
70% ee

3.3 Salt Effects in Organolithium Reactions

The effects of LiCl and other salts on organolithium reagents are often overlooked by
organic chemists.** Whether introduced by contaminated commercial lithium reagents or as a
reaction byproduct, it can impact reaction rates” and enantioselectivities*® (Scheme 3-4) by
deaggregation®’ and/or incorporation into the desired transition state. This effect has been
exploited in the field of bimetallic super base chemistry and allows difficult deprotonations on
heterocyclic compounds to occur while leaving the desired product intact.”® The solution
structures of these compounds is not completely understood and studies have been undertaken to

. . . . 49
assess if they exist as ate complexes or multi-component mixtures.
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Br 1.) n-BuLi (4.0 equiv.) 2 Ph,Zn
2.) t-BuOMe - "

(4.5 equiv.) 3.) ZnCl, (2.1 equiv.) 4 Licl

4.) Inhibitor (Hex./Tol.) OH
5.) (-)-MIB (5 mol%)

o T
DO
Inhibitor Equiv. ee

None 2%
TEEDA 0.2 55%
TEEDA 0.4 76%
TEEDA 1.0 83%

o
N Et,N NEt,
OH —
TEEDA
(©)-MIB (5 mol%)

Scheme 3-4. Zinc mediated asymmetric addition of phenyl to 2-naphthaldehyde. Inclusion of
TEEDA, a LiCl inhibitor, demonstrated the potential of LiCl to impact reaction
enantioselectivities.

3.4 Background Reactions

As noted in Chapter 2, high levels of stereoinduction for the intramolecular
hydroamination/cyclization mediated by (R)-54 are attributed to the presence of a ligand
accelerated pathway. The significant rate difference between the unaccelerated background
reaction mediated by LiCH,SiMe; and the accelerated containing (R)-54 allow the majority of
the product to pass through the transition state for the accelerated process. Understanding the
background processes for a given reaction allows rate changes to be the first indicator for a
ligands involvement in a given process.

A series of primary and secondary amines were screened for hydroamination activity

using free LiCH,SiMe; and NaCH,SiMe; for styrene and its derivatives. The isomerization of
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cis-B-methyl styrene (108) and allyl benzene (110) to form trans-B-methyl styrene (109) was
observed as a background process (Scheme 3-5). This reaction was observed for all alkali metal
amides tested herein and likely influences the rates of the corresponding hydroamination
reactions. Regioselectivity was unaffected by this process, and exclusive formation of the anti-
Markovnikov product was observed. Both primary and secondary amines underwent the addition
reaction, showing amine scope comparable to alkaline earth metals and broader than that of rare

earth metals.

= y X
Li—NRIRZ + - + Li—NRRZ2 —=—— + Li—NR!R?
108 109 110

R® = alkyl or H
R2 = alkyl or benzyl

Scheme 3-5. Lithium amide catalyzed isomerization of Cis-B-methyl styrene (108) and allyl
benzene (110) to form trans-pf-methyl styrene (109).

111 112

Figure 3-7. Intermolecular hydroamination substrates a-methyl styrene (111) and styrene (112).

Benzyl amine added to a-methyl styrene (111, Table 3-7) and cis-B-methyl styrene (108)
or allyl benzene (110) in the presence of LiCH,SiMe; at 50°C and 100°C respectively (Table 3-
6). Overalkylation was the major side reaction and moderate isolated yields were obtained.
Secondary amines showed higher activity than primary amines, which is consistent with
previously published results. The addition of pyrrolidine to a-methyl styrene (111, Table 3-11)
and cis-pf-methyl styrene (108) or allyl benzene (110) with LiCH,SiMe; proceeded at ambient
temperatures (Table 3-10). The addition of LiCl (Table 3-10) in one example did not impact

reaction rate, conversion or yield.
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The hydroamination of lithium diethylamide to allylbenzene (110) was not observed,
although the alkene was consumed by polymerization (Eq. 3-16). The hydroamination of lithium
diethylamide to styrene (112) was observed (Table 3-9). All reactions mediated by lithium
stalled prior to reaching full conversion.

When NaCH,SiMes; was used for the addition of pyrrolidine to allylbenzene (110) a
significant rate enhancement was observed and the reaction proceeded to completion. A twofold
excess of alkene was used in this experiment because anionic olefin polymerization is observed
as a side reaction. These results highlight the potential of heavy alkali metal amides to efficiently
and selectively perform this transformation and demonstrate the limitations of simple lithium

amides.

3.5 Screening and Studies of Ligand Effects

The impact of (—)-sparteine, axially chiral (R)-54, and lithium chloride on the
intermolecular hydroamination of styrene derivatives was investigated.

The reaction rate and yield for the addition of benzyl amine to cis-f-methyl styrene (108)
and allyl benzene (110) catalyzed by LiCH,SiMe; was not affected by (—)-sparteine (Table 3-6)
and no stereoinduction was observed. When a 3:1 ratio of (-)-sparteine:LiCH,SiMe; was used,
the product was racemic. The presence of (R)-54 and LiCl (Table 3-6) produced no rate
enhancement or enantioselectivity and lower conversion was observed. It is plausible that the
dilithium salt is catalytically inactive, and lowers the concentration of lithium within the

reaction.
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Table 3-6. Lithium catalyzed intermolecular anti-Markovnikov hydroamination of cis-p-methyl
styrene (108) and allyl benzene (110) with benzyl amine.

= N NH, N@
H
+ L|CH25|(CH3)3 _

Additive,
50°C
108 110 113
LiCH,Si(CHgz)3 Time Isolated  Conv.
Alkene mol% Additive (mol %) (hh:mm)  Yield (%) (%)
108 10 None 66:45 67 75
108 10 (-)-Sparteine (10) 71:25 52 80
110 5 (-)-Sparteine (15) 136:15 81 82
108 15 (R)-54 (5), LiCl (4) 160:35 49 50

The addition of benzyl amine to a-methyl styrene (111) yielded anti-Markovnikov
hydroamination products. The inclusion of (R)-54 did not impact the reaction rate and no

stereoinduction was observed (Table 3-7).

Table 3-7. Lithium catalyzed intermolecular anti-Markovnikov hydroamination of a-methyl
styrene (111) with benzyl amine.

NH, \
LiCH,Si(CHg)3 (7 mol %) H@
+ 100°C B
111

114
Time Isolated Conv.
Additive (mol %)  (hh:mm)  Yield (%) (%)
None 116:45 57 71
(R)-54 (2) 145:50 39 65

The use of NaCH,SiMes as a base allowed the reaction to reach completion at 22°C.
Inclusion of (—)-sparteine allowed high selectivity for the monohydroamination product in spite
of a four fold excess of allyl benzene (110) being present (Table 3-8). When a (2:1) ratio of ((-)-

sparteine:NaCH,SiMes) was used, a rate increase occurred. This suggests that (—)-sparteine could
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be involved in a pre-catalytic deaggregation process or the rate-determining step in the catalytic

cycle. No stereoinduction was observed for either of these experiments.

Table 3-8. Sodium catalyzed intermolecular anti-Markovnikov hydroamination of allyl benzene
(110) with benzyl amine.

N NH
2 NaCH,Si(CHs)s ﬂ/\©
+ (10mol%)
Additive, 22°C

110 113
4 equiv.
Time Isolated  Conv.
Additive (mol %) (hh:mm)  Yield (%) (%)
(-)-Sparteine (20) 92:25 77 100
(-)-Sparteine (10) 121:45 80 100

When lithium diethylamide was exposed to allylbenzene (110), polymerization occurred
with no hydroamination products being formed. The outcome of this reaction was identical when

(—)-sparteine was included with consumption of the alkene occurring at the same rate.

LiICH,Si(CH3)3 (5 mol %)
Additive” > Polymer (3-16)

22°C, 49:30

+ HNEt,

110

*Identical results obtained with no additive and with 5 mol% (—)-Sparteine.

Exclusive formation of anti-Markovnikov hydroamination products were observed when
lithium diethylamide was exposed to styrene (112, Table 3-9). The presence of (R)-54 in this

reaction had no impact on the reaction rate.
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Table 3-9. Lithium catalyzed intermolecular anti-Markovnikov hydroamination of styrene (112)
with diethylamide.

= NEt,
LiCH,Si(CH3)3 (7 mol %)
+ HNEt Additive g
22°C
112 115
Time Isolated  Conv.

Additive (mol %) (hh:mm)  Yield (%) (%)

None 30:20 67 80

(R)-54 (2) 26:15 70 77

The addition of pyrrolidine to cis-B-methyl styrene (108) and allylbenzene (110)
catalyzed by LiCH,SiMe; was studied under a variety of different conditions. The presence of (—
)-sparteine caused a significant rate increase, even when the loading of base was decreased
(Table 3-10). A rate decrease occurred upon addition of (R)-54, with a similar outcome for the
addition of pyrrolidine to a-methyl styrene (111, Table 3-11). No stereoinduction was observed
for these reactions.

For the addition of pyrrolidine to cis-B-methyl styrene (108), no conversion was achieved
when H-(R)-54 (2 mol%) and LiCH,SiMe; (4, 5, 6 mol%) were used catalytically. Heating this
mixture to 50°C allowed trace conversion to occur, however application of additional heat

(100°C) did not result in additional product formation.
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Table 3-10. Lithium catalyzed intermolecular anti-Markovnikov hydroamination of cis-B-methyl
styrene (108) and allylbenzene (110) with pyrrolidine.

= AN
g O
+ N LiCH,Si(CH3);
§ / Additive,
116

22°C
108 110
LiCH,Si(CH3)3 Time Isolated  Conv.
Alkene (mol %) Additive (mol %) (hh:mm)  Yield (%) (%)
108 7 None 120:00 73 85
110 7 LiCI (7) 139:00 81 88
108 7 (R)-54 (2) 120:00 32 50
110 2 (-)-Sparteine (10) 89:35 71 79
108 10 (—)-Sparteine (10) 48:40 35 77

Table 3-11. Lithium catalyzed intermolecular anti-Markovnikov hydroamination of a-methyl
styrene (111) with pyrrolidine.

N
H LICH,Si(CHa)s (7 mol %) Q
+ N Additive -
Q 22°C
111

117

Time Isolated Conv.

Additive (mol %) (hh:mm)  Yield (%) (%)
None 43:20 50 88
(R)-54 (2) 120:00 66 85

Catalytic NaCH,SiMe; allowed the intermolecular anti-Markovnikov hydroamination of
allylbenzene (110) with pyrrolidine to proceed at 22°C in high conversion. Direct rate
comparisons cannot be made due to discrepancies in catalyst loading although no stereoinduction

was observed.
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Table 3-12. Sodium catalyzed intermolecular anti-Markovnikov hydroamination of allylbenzene
(110) with pyrrolidine.

A
d O
+ N NaCH,Si(CHs);
i / Additive, 22°C ~
110 116

110: NaCH,Si(CH3)3 Time Isolated  Conv.
Pyrollidine (mol %) Additive (mol %) (hh:mm)  Yield (%) (%)
1:2 2 None 18:15 93 100
4:1 5 (-)-Sparteine (10) 20:45 83 100
4:1 10 (—)-Sparteine (10) 2:45 98 100

For the addition of pyrrolidine to cis-B-methyl styrene (108), no conversion was achieved
when H»-(R)-54 (2.3 mol%) and NaCH,SiMes (4.6 mol%) were used as a catalyst. The addition
of 0.8 equivalents (1.8 mol%) of additional NaCH,SiMes allowed polymerization of the olefin,

and no hydroamination products were observed.

3.6 Conclusion

Both lithium and sodium demonstrated their capacity to perform the intermolecular
hydroamination of styrene derivatives with high anti-Markovnikov selectivity. Lithium has
limited potential because many reactions required heat to achieve conversion and stalled prior to
reaching completion. Sodium was effective for these transformations because all reactions
reached full conversion at 22°C. Although side reactions, including polymerization are
problematic reaction conditions can be optimized to improve yields. Steric hindrance from (-)-
sparteine was found to improve selectivity for the mono-hydroamination product for reactions
with primary amines.

No rate enhancement was found when (R)-54 was included in these reactions, therefore
the ligand accelerated pathway for this complex is exclusive to the intramolecular process. The
rates of many reactions were impacted by the presence of (—)-sparteine, although no
stereoinduction was observed. Further investigation would be required to clarify if (—)-sparteine
is involved in a pre-catalytic deaggregation process or is part of the rate limiting transition step

for these reactions.
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A

Experimental

4.1 General Considerations

Organolithium reactions were performed under an inert atmosphere of argon in a glovebox.
Ligand synthesis was performed under inert atmosphere of nitrogen on a Schlenk line. Freeze
drying of catalysts was performed on Schlenk line and positive pressure was not applied (i.e.
flask was kept wunder vacuum until inside glovebox). Dimethylaminoethanol,
diethylaminoethanol, N-piperidine ethanol, dimethylsulfoxide, triethylamine, diisopropylamine
and chloroform-d were distilled from calcium hydride, then stored over activated 4A molecular
sieves. Benzene, benzene-ds and toluene-dg were distilled from sodium benzophenone ketyl prior
to use and stored over activated 4A molecular sieves. Diethyl ether, tetrahydrofuran, pentane,
hexane and toluene were taken from solvent purification system. Bulk dichloromethane was
distilled prior to use. Dichloromethane and dichloroethane were stored over calcium hydride and

carefully decanted into a separate flask prior to use in Swern oxidation and reductive amination.

4.2 Substrate Synthesis

1-Aminopent-4-ene,’ 1,4-bromopentene,” 2,2-dimethyl-pent-4-enylamine,® 2.2-diphenyl-pent-4-
enylamine,” C-(1-allyl-cyclohexyl)-methylamine,’ (E)-2,2-dimethyl-5-phenylpent-4-en-1-
amine,’ N-benzyl-2,2-diphenylpent-4-enyl amine,” 2,2,5-triphenylpent-4-enyl amine’ and N-
benzyl-2,2-diphenylpent-4-enyl amine’ were synthesized according to known procedures, and
matched previously reported 'H and ">C spectra. Substrates were dried by stirring over calcium
hydride for a minimum of one day then distilled. Prior to use substrates were cyclized with

[La{N(SiMe3),}3], [Y {N(SiMes),}s]® or (R)-11a to ensure the reproducibility of catalytic results.
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4.3 Ligand Synthesis

SOV
NH
NH
99
NMez

(R)-54
(R)-(Bis(dimethylamino-2-yl-ethyl)amine)binaphthyl ((R)-54). CH,Cl, (200 mL) and (COCI),
(221 mL, p = 1.46 g-em™, 3.22 g, 0.0254 mol) were combined in a dry flask and cooled to -
78°C. Dimethylsulfoxide (2.70 mL, p = 1.10 g-ecm™, 2.97 g, 0.0380 mol) was added dropwise
and the solution was stirred for 15 minutes. Dimethylaminoethanol (2.12 mL, p = 0.887 g-cm”,
1.88 g, 0.0211 mmol) was added and the flask was stirred for one hour. Triethylamine (14.7 mL,
p =0.726 g-cm™, 10.67 g, 0.106 mmol) was added and the reaction was warmed to 0°C. The
reaction was allowed to warm to room temperature over one hour and was extracted with water
(20 mL). The aqueous layer was extracted with CH,Cl, (3 x 25 mL). The organic layers were
combined, dried with sodium sulfate and concentrated (using a minimum pressure of 275 mBar)
to a volume of 30 mL. This solution was diluted with dichloroethane to a volume of 60 mL and
divided into 3 — 20 mL portions, which were used immediately without further purification.
Sodium triacetoxyborohydride (3.73 g, 0.0176 mmol), dichloroethane (30 mL), and then (R)-
DABN (1.00 g, 0.00352 mmol) were added to a dry two-neck flask which was stirred vigorously.
Three portions of the crude aldehyde crude mixture (20 mL each) were added att=0h,t=2h
and t = 4 hours. The mixture was stirred for 45 additional minutes after adding the last portion of
aldehyde, then 1 N NaOH (75 mL) was added. The aqueous layer was removed and diluted with
water (50 mL) and extracted with CH,Cl, (3 x 25 mL). The combined organic layers were
extracted with water (50 mL), dried with sodium sulfate and concentrated onto silica gel and
dried under high vacuum to remove residual DMSO. The product was purified by silica gel
chromatography three times using 5% (10:1) MeOH: NH4OH in CH,Cl, as a mobile phase. The
product was taken up in benzene (20 mL), filtered, then concentrated and dried in vacuo.

Pale yellow solid, R¢=0.29 in 10% (10:1) MeOH: NH4OH in CH,Cl,. Yield = 1.12 g, 75%.

'H NMR (400 MHz, C¢Ds, 25°C): & 7.85 (d, 2H, *Jyu=9.00 Hz), 7.76 (d, 2H, *Jyu = 7.44 Hz),
7.31 (dd, 2H, *Jypn = 8.22 Hz, “Jyu = 0.79 Hz ), 7.19 (d, 2H, *Jyu = 8.61 Hz), 7.11 (ddd, 2H,
3Jun=8.02 Hz, *Jyn= 6.65 Hz, “Jyu=1.30 Hz), 7.05 (ddd, 2H, *Jyn= 8.21 Hz, *Jyn= 6.75 Hz,
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Y= 1.47 Hz), 438 (t, 2H, *Jy = 5.08 Hz, NH), 2.92-2.85 (m, 4H), 2.05 (dt, 2H, *Jyn= 11.74
Hz, *Jyn = 6.65 Hz), 1.93 (dt, 2H, *Jyu = 12.13 Hz, *Jyu = 6.07 Hz), 1.70 (s, 12H). “C{'H}
NMR (100.6 MHz, C¢De, 25°C): 145.90, 135.11, 130.17, 128.87, 128.69, 127.34, 124.90,
122.43, 115.09, 113.52, 58.57, 45.21, 42.32. Anal Calcd for CosH34Ny: C, 78.83; H, 8.03; N,
13.13. Found: C, 78.88; H, 7.99; N, 12.98.

soW
oo

(rac)-DABN
(rac)-Diaminobinaphthyl.’ 2-naphthol (35.0 g, 0.243 mol) and hydrazine monohydrate (4.85
mL, 0.0999 mol, 5.00 g, p = 1.03 g-cm™) and a stir bar were combined in a glass lined Parr
bomb. The apparatus was flushed with nitrogen for 15 minutes, and then placed in a sandbath.
A temperature sensor was placed in the bottom 1/3 of the sandbath, and raised to 180°C for 3
days, with stirring. The sandbath was cooled to 70°C, and the molten reaction mixture was
poured into a funnel and immediately solidified. A warm mixture of 3:1 Hexane:Ethyl Acetate
was used dissolve solids. The solution was cooled to 22°C, then solids were filtered and dried
under vacuum. Yield = 12.4 g, light brown solid, 44%. 'H NMR (500 MHz, CDCls, 25°C): &
7.79 (t, *Jun=7.95 Hz, 3H), 7.17-7.26 (m, 4H, overlapped by CDCl; signal), 7.14 (d, *Jyn=
8.80 Hz, 2H), 7.08 (d, *Ji.= 8.56 Hz, 2H), 3.69 (br s, 4H, NH,); *C{'H} NMR (125.7 MHz,
CDCls, 25°C): 6 142.7, 133.7, 129.5, 128.5, 128.1, 126.8, 124.0, 122.4, 118.3, 112.6.

NMe2
I 4
NH
NH
T ™
NM62

(rac)-54
(rac)-(Bis(dimethylamino-2-yl-ethyl)amine)binaphthyl ((rac)-54). CH,Cl, (175 mL) and
(COCl), (2.21 mL, p = 1.46 g-cm™, 3.22 g, 0.0254 mol) were combined in a dry flask and cooled
to -78°C. Dimethylsulfoxide (2.70 mL, p = 1.10 g-em™, 2.97 g, 0.0380 mol) was added dropwise
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and the solution was stirred for 15 minutes. Dimethylaminoethanol (2.12 mL, p = 0.887 g~cm'3,
1.88 g, 0.02113 mol) was added and the flask was stirred for one hour. Triethylamine (14.7 mL,
p = 0.726 grem™, 10.67 g, 0.106 mol) was added and the reaction was warmed to 0°C. The
reaction was allowed to warm to room temperature over one hour. The contents of the flask were
added to a separatory funnel and water (20 mL) was added. The organic layer was removed and
the aqueous layer was extracted with CH,Cl, (2 x 20 mL). The organic layers were combined,
dried with sodium sulfate and concentrated to 30 mL. The roto-evap bath temperature was kept
at 20°C and the pressure was kept at or above 300 mBar. Dichloroethane (15 mL) was added to
this solution and it was divided into three equal portions of 15 mL each. These solutions of crude
aldehyde were used immediately without further purification.

Sodium triacetoxyborohydride (2.24 g, 0.01056 mol) was added to a dry two-neck flask and
dichloroethane (20 mL) was added followed by (rac)-DABN (1.00 g, 0.00352 mol). A portion of
the crude aldehyde solution (15 mL) was added, and after one hour bubbling subsided. Sodium
triacetoxyborohydride (1.49 g, 0.00704 mol) was added and after one hour, a second portion of
crude aldehyde solution (15 mL) was added. After ninety additional minutes, the final portion of
crude aldehyde solution (15 mL) was added. This solution was stirred for 16 additional hours
then extracted with IN NaOH (100 mL). The aqueous layer was extracted with CH,Cl, (2 x 20
mL). The organic layers were combined and washed with water (50 mL). The water was
extracted with CH,ClI, (20 mL). The organic layers were combined, dried and concentrated. The
residue was purified by silica gel chromatography three times using 10% (10:1) MeOH: NH,OH
in CH,Cl, as a mobile phase. The residue was dissolved in benzene (20 mL), filtered,
concentrated and dried in vacuo. Pale yellow solid. Yield = 1.021 g, 68%. Rf = 0.23 in 10%
(10:1) MeOH: NH4OH in CH,CL. 'H NMR (500 MHz, C¢Ds, 25°C): & 7.84 (d, 2H, *Jyn= 9.0
Hz, aryl-H), 7.75 (d, 2H, *Jyu= 8.0 Hz, aryl-H), 7.31 (d, 2H, *Jyu= 9.0 Hz, aryl-H), 7.18 (d,
2H, 3JH,H = 9.0 Hz, aryl-H), 7.12-7.01 (m, 2H, aryl-H), 7.05-7.02 (m, 2H, aryl-H), 4.37 (t, 2H,
3Jun = 5.0 Hz, N-H), 2.95-2.87 (m, 4H, CH,), 2.06-2.01 (m, 2H, CH,), 1.94-1.89 (m, 2H, CH,),
1.69 (s, 12H, N-CH3); “C{'H} NMR (125.7 MHz, C¢Ds, 25°C): & 145.5, 134.7, 129.8, 128.5,
128.3, 127.0, 124.5, 122.1, 114.7, 113.2 (aryl), 58.2 (CH,), 44.8 (N-CHs), 42.0 (CHy).
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SOV
NH
NH
LT ™
NEt,

(R)-55
(R)-(Bis(diethylamino-2-yl-ethyl)amine)binaphthyl ((R)-55). CH,Cl, (200 mL) and (COCI),
(220 mL, p = 1.46 g-ecm™, 3.22 g, 0.0253 mol) were combined in a dry flask and cooled to -
78°C. Dimethylsulfoxide (2.69 mL, p = 1.10 g-em™, 2.97 g, 0.0380 mol) was added and the
solution was stirred for 15 minutes. Diethylaminoethanol (2.81 mL, p = 0.880 g-em™, 2.47 g,
0.0211 mol) was added and the flask was stirred for one hour. Triethylamine (14.7 mL, p = 0.726
g-ecm™, 10.66 g, 0.106 mol) was added and the mixture was warmed to 0°C. The reaction was
allowed to warm to room temperature over one hour, and then was extracted with water (20 mL).
The aqueous layer was extracted with CH,Cl, (2 x 50 mL). The organic layers were combined,
dried with sodium sulfate and concentrated (using a minimum pressure of 250 mBar) to a
volume of 25 mL. This solution was diluted with dichloroethane to a volume of 40 mL and
divided into 3 — 13 mL portions, which were used immediately without further purification.
Sodium triacetoxyborohydride (3.73 g, 0.0176 mol), dichloroethane (30 mL) and then (R)-
DABN (1.00 g, 0.00352 mol) were added to a dry two-neck flask which was stirred vigorously.
Two portions of the crude aldehdyde mixture (13 mL each) were added at t = 0 h, t = 2h 45m.
The mixture was stirred for 2 additional hours after adding the last portion of aldehyde, then 1 N
NaOH (50 mL) was added. The aqueous layer was removed and extracted with CH,Cl, (2 x 50
mL). The combined organic layers were dried with sodium sulfate, concentrated and taken up in
benzene (30 mL) and were then filtered. The product was purified by silica gel chromatography
three times using 5% (10:1) MeOH: NH4OH in CH,Cl, as a mobile phase, then dissolved in
benzene and freeze dried. Pale yellow oil, R¢ = 0.24 in 10% (10:1) MeOH: NH4OH in CH,Cl,.
Yield = 1.45 g, 86%. "H NMR (400 MHz, C¢Ds, 25°C): 7.88 (d, 2H, *Jyu = 9.00 Hz), 7.78 (d,
2H, *Jyn = 7.83 Hz), 7.34 (dd, 2H, *Jun = 9.00 Hz, *Jyy = 0.78 Hz ), 7.21 (d, 2H, *Juns = 9.00
Hz), 7.12 (ddd, 2H, *Jy= 8.02 Hz, *Jy= 6.85 Hz, *Jyu= 1.17 Hz), 7.05 (ddd, 2H, *Jyn= 8.22
Hz, *Jun= 6.75 Hz, *Juu = 1.47 Hz), 4.60 (t, 2H, *Juu = 4.89 Hz, NH), 2.96-2.86 (m, 4H), 2.24-
2.12 (m, 4H), 2.01 (dq, 8H, *Jyu = 7.11 Hz, Jyn = 1.86 Hz), 0.54 (t, 12H, *Jyy =7.04 Hz ).
BC{'H} NMR (100.6 MHz, C¢Ds, 25°C): 145.75, 135.20, 130.00, 128.92, 128.79, 127.29,
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124.92, 122.23, 114.89, 113.38, 52.34, 46.92, 41.88, 12.48. Anal. Calcd. for C3;H4,N4: C, 79.62;
H, 8.77; N, 11.61. Found: C, 79.86; H, 9.07; N, 10.80.

NEt,
I~
NH
NH
L™
NEt,

(rac)-55
(rac)-(Bis(diethylamino-2-yl-ethyl)amine)binaphthyl ((rac)-55). Oxalyl chloride (.446 mL,
0.651 g, p = 1.46 g-cm™, 0.00513 mol) was dissolved in CH,Cl, (30 mL) and cooled to -78 °C.
DMSO (0.546 mL, 0.601 g, p = 1.10 g-cm™, 0.00769 mol) in CH,Cl, (5 mL) was added over 5
minutes and the solution was stirred for 15 minutes. 2-diethylamino ethanol (0.568 mL, 0.500 g,
p=0.880 g-cm’3 , 0.00427 mol) in CH,Cl, (5 mL) was added over 5 minutes and the solution was
stirred for 1 hour, then TEA (2.97 mL, 2.16 g, p = 0.726 g-cm™, 0.0214 mol) was added. The -78
°C bath was replaced with a 0 °C bath and the mixture was stirred for 1 hour. Water (40 mL) was
added and the organic layer was removed. The aqueous layer was extracted with CH,Cl, (2 x 30
mL). The organic layers were combined, dried and concentrated to 12 mL using a
rotoevaporator. The water bath was kept at 0°C and the pressure was not lowered below 100
mBar. A 0 °C bath was placed under the collecting flask to accelerate solvent removal. The crude
mixture was used immediately without further purification.

In a dry two neck flask, (rac)-DABN (0.303 g, 0.00107 mol), NaBH(OAc); (0.905 g, 0.00427
mol) and dichloroethane (30 mL) were combined and the flask was flushed with N,. The mixture
was stirred vigorously for 5 minutes to dissolve the solids. Acetic acid (0.122 mL, 0.128 g, p =
1.05 g-em™, 0.00214 mol) was added dropwise. The crude mixture from the Swern oxidation
was added slowly. After 45 minutes, a considerable amount of DABN was visible. Acetic acid
(0.250 mL, 0.262 g, p = 1.05 g-cm™, 0.00436 mol) was added to compensate for the possible
buffering effect of TEA from the Swern crude mixture. The mixture was stirred for 14 additional
hours. Water (40 mL) was added followed by 25% NaOH (10 mL). The aqueous layer was
extracted with CH,Cl, (2 x 40 mL) and the organic layers were combined, dried, and
concentrated. The residue was dissolved in CH,Cl, (20 mL) and combined with silica gel (10

mL) and dried until a free flowing powder was observed. This powder was gently loaded onto a
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column containing silica gel (50 mL), and the flask was rinsed with CH,Cl, (2 x 10 mL). The
product eluted with 1% TEA in CH)Cl,. Yield = 369 mg, 77%; R¢ = 0.19 in 5% (10:1)
MeOH:NH4OH in CH,Cl,. '"H NMR (500 MHz, CDCls, 25 °C): & 7.93 (d, 2H, *Jyu = 9.1 Hz,
aryl-H), 7.85-7.80 (m, 2H, aryl-H), 7.31 (d, 2H, 3JH,H= 8.8 Hz, aryl-H), 7.24-7.17 (m, 4H, aryl-
H), 7.14-7.10 (m, 2H, aryl-H), 4.35 (br s, 2H, N-H), 3.23 (dt overlapped, 4H, 2JH,H = 10.9 Hz,
Jin = 5.8 Hz, CH,CH,N), 2.50 (dt, 4H, 2y = 13.0 Hz, *Jyu = 6.36 Hz, CH,CH,N), 2.29 (dd,
8H, 3JH,H = 7.1 Hz, 3JH,H = 4.7 Hz, NCH,CHj3; (overlapped with higher order multiplet 3JH,H =6.1
Hz)), 0.71 (t, 12H, *Juu = 7.3 Hz, CH3); *C{'"H} NMR (125.7 MHz, CDCls, 25 °C): & 144.7,
133.8, 129.1, 127.8, 127.5, 126.2, 123.7, 121.3, 114.1, 1123, 51.7 (CH,CH:N), 46.4
(NCH»CH3), 41.6 (CH2CH,N), 11.5 (CHz).

e
QW

NH
T,
(R)-56 Q

(R)-56. CH,Cl, (200 mL) and (COCl), (2.20 mL, p = 1.46 g-cm™, 3.22 g, 0.0253 mol) were
combined in a dry flask and cooled to -78°C. Dimethylsulfoxide (2.69 mL, p = 1.10 g-cm™, 2.97
g, 0.0379 mol) was added dropwise and the solution was stirred for 15 minutes. N-piperidine
ethanol (2.81 mL, p = 0.970 g-cm™, 2.73 g, 0.0211 mol) was added and the flask was stirred for
one hour. Triethylamine (14.7 mL, p = 0.726 g-em™, 10.66 g, 0.106 mol) was added and was
warmed to 0°C. The reaction was warmed to room temperature over one hour then extracted with
water (20 mL). The aqueous layer was extracted with CH,Cl, (2 x 50 mL). The organic layers
were combined, dried with sodium sulfate and concentrated (using a minimum pressure of 270
mBar) to a volume of 20 mL. The residue was diluted with dichloroethane to a volume of 50 mL,
then filtered and divided into 3 portions (1 x 20 mL, 2 x 15 mL), which were used immediately
without further purification.

Sodium triacetoxyborohydride (3.73 g, 0.0176 mol), dichloroethane (30 mL) and then (R)-
DABN (1.00 g, 0.00352 mol) was added to a dry two neck flask which was stirred vigorously.
Two portions of the aldehyde crude mixture were added (20 mL at t = 0; 15 mL at t = 2h). The
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mixture was stirred for 1 additional hours after adding the last portion, then 1 N NaOH (50 mL)
was added. The aqueous layer was removed and extracted with CH,Cl, (2 x 40 mL). The
combined organic layers were washed with water (15 mL) and dried with sodium sulfate. This
was concentrated onto silica gel and dried under high vacuum to remove residual DMSO. The
product was purified by silica gel chromatography using 10% (10:1) MeOH: NH4OH in CH,Cl,
followed by two additional columns using 5% (10:1) MeOH: NH4OH in CH,Cl, as a mobile
phase. The product was taken up in benzene (20 mL), filtered, then concentrated and dried in
vacuo. Pale yellow solid, R = 0.27 in 10% (10:1) MeOH: NH4OH in CH,Cl,. Yield = 1.417g,
80%. '"H NMR (400 MHz, C¢Ds, 25°C): 7.89 (d, 2H, *Jyn = 8.84 Hz), 7.78 (d, 2H, *Jyn= 7.91
Hz), 7.31 (d, 2H, *Juu=7.91 Hz ), 7.20 (d, 2H, *Jy s = 8.84 Hz), 7.11 (ddd, 2H, *Jy = 7.91 Hz,
)i = 6.82 Hz, *Jy = 1.09 Hz), 7.03 (ddd, 2H, *Jyn = 8.15 Hz, *Jynu = 6.75 Hz, ‘Jyn = 1.40
Hz), 4.70 (t, 2H, *Jiu = 4.66 Hz, NH), 2.99-2.87 (m, 4H), 2.14 (dt, 2H, *Jyu= 12.41 Hz, *Jyp=
6.28 Hz), 2.02 (dt, 2H, 2y = 11.79 Hz, *Jy = 5.82 Hz), 1.95-1.81 (br m, 8H), 1.20-1.07 (br m,
8H), 1.03-0.91 (br m, 4H). "C{'H} NMR (100.6 MHz, C¢Ds, 25°C): 145.88, 135.24, 129.97,
128.77, 128.68, 127.36, 124.83, 122.32, 115.13, 113.52, 57.58, 54.35, 41.21, 26.45, 25.15. Anal.
Calcd. for C34H4oNy: C, 80.59; H, 8.35; N, 11.06. Found: C: 80.36; H, 8.27; N, 10.94.

()
O~

NH
LT
(rac)-56 Q
(rac)-56. Oxalyl chloride (.808 mL, 1.18 g, p = 1.46 g-cm™, 0.00929 mol) was dissolved in
CH,Cl, (60 mL) and lowered to -78 °C. DMSO (0.989 mL, 1.08 g, p = 1.10 g-cm™, 0.0139 mol)
in CH,Cl; (5 mL) was added over 5 minutes and the solution was stirred for 15 minutes. N-
piperidine ethanol (1.03 mL, 1.00 g, p = 0.970 g-cm™, 0.00774 mol) in CH,Cl, (5 mL) was
added over 5 minutes and the solution was stirred for 1 hour, then TEA (5.38 mL, 3.91 g, p =
0.726 g-cm™, 0.0387 mol) was added. The -78 °C bath was replaced with a 0 °C bath and the
mixture was stirred for 1 hour, and mixture was warmed to 22 °C over 15 minutes. Water (40

mL) was added and the organic layer was removed. The aqueous layer was extracted with
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CH,ClI; (2 x 40 mL). The organic layers were combined, dried and concentrated to 50 mL using
a rotoevaporator. The water bath was kept at 0 °C and the pressure was not lowered below 100
mBar. A 0 °C bath was placed under the collecting flask to accelerate solvent removal. The
crude mixture was used immediately without further purification.

In a dry two neck flask, (rac)-DABN (0.733 g, 0.00258 mol), NaBH(OAc); (2.30 g, 0.0108 mol)
and dichloroethane (40 mL) were combined and the flask was flushed with N,. The mixture was
stirred vigorously for 5 minutes to dissolve the solids. The flask was placed in a 0 °C bath and
the crude mixture from the Swern oxidation was added, followed by acetic acid (0.296 mL,
0.310 g, p = 1.05 grem™, 0.00516 mol). The solution was warmed to 22 °C. After 2 hours the
solids appeared completely dissolved, and TLC showed consumption of DABN. The mixture
was stirred for 12 additional hours. TLC did not suggest additional formation of the desired
product during this time, however several UV active byproducts were observed. Water (10 mL)
was added followed by 25% NaOH (10 mL), then water (40 mL). The aqueous layer was
extracted with CH,Cl, (2 x 50 mL) and the organics were combined, dried, and concentrated.
The product was purified two times using silica gel chromatography. For each column, 50 mL
silica gel was used along with 5% (10:1) MeOH:NH4OH in CH,Cl, as a mobile phase in the first
column and 1.5% TEA in CH,Cl, in the second. Yield = 0.981 g 75%; R¢=0.22 in 5% (10:1)
MeOH:NH,OH in CH,Cly; '"H NMR (500 MHz, CDCl;, 25 °C): & 7.96 (d, 2H, *Ji; = 8.8 Hz,
aryl-H), 7.85 (d, 2H, *Jyn= 7.6 Hz, aryl-H), 7.35 (d, 2H, *Juu = 8.8 Hz, aryl-H), 7.23 (quintet,
4H, *Jypu = 6.8 Hz, aryl-H), 7.14 (d, 2H, *Jyu = 8.1 Hz, aryl-H), 4.45 (t, 2H, *Jyu = 4.8 Hz, N-
H), 3.31 (octet, 4H, *Jyu= 5.8 Hz, H)), 2.41 (dt, 4H, *Jy = 20.0 Hz, *Jyn = 6.1 Hz, Hy), 2.25-
2.12 (m, 8H, H3), 1.35-1.25 (m, 8H, Hy), 1.22-1.15 (m, 4H, Hs); “C{'H} NMR (125.7 MHz,
CDCls, 25 °C): 6 144.8, 133.9, 129.2, 127.9, 127.6, 126.4, 123.7, 121.5, 114.4, 112.5, 57.4 (C3),
54.0 (Cy), 41.0 (Cy), 25.6 (Ca), 24.2 (Cs).

Me\N ~_-OH
I
Boc
Boc-N-Methyl amino ethanol. 6.88 g (0.0916 mol) of N-methyl ethanol amine was dissolved in
100 mL CH,Cl,. 22.34 mL (p = 0.726 g-cm™, 16.22 g, 0.1603 mol) of TEA was added. 10 g
(.0458 mol) of Boc anhydride was dissolved in 20 mL of CH,Cl, and added to mixture.

Reaction was stirred overnight (~16 hours) then poured onto water. Organic layer was washed
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twice with brine, dried and concentrated. The pure product was isolated by silica gel
chromatography using 0.5% NH4OH : 4.5% MeOH : 95% CH,Cl,, TLC visualized with KMnOsy.
Yield =7.11 g, 89%. '"H NMR (300 MHz, CDCl3), & 3.77 (t, 1.85H, CH,), 3.42 (t, 1.93H, CH,),
2.94 (s, 2.65H, CHs), 2.2 (br s, 0.94H, OH), 1.49 (s, 9.00H, C(CHs);). *C{'H} NMR (100.6
MHz, CDCly), & 157.37 (CO), 156.0 (CO), 80.04 (OC(CHj3);, 61.49 (NCH3), 61.40 (NCH»),
51.56 (NCH3), 35.68 (CH,OH), 28.59 (OC(CH3);.

Me\l}l/vo
Boc

Boc-N-Methyl amino ethyl aldehyde.'® .996 mL (p = 1.455 g-cm™, 1.45 g, 0.0114 mol) of
oxalyl chloride was dissolved in 40 mL CH,Cl,, and cooled to -78°C. 1.62 mL (p =1.10 g-cm™,
1.78 g, 0.0228 mol) of dimethyl sulfoxide dissolved in 10 mL CH,Cl, was added dropwise to
solution. Mix was stirred for 20 minutes and Boc-N-Methyl amino ethanol dissolved in 10 mL
CH,Cl, was added dropwise.  Stirring at -78°C was continued for 40 minutes, then 4.77 mL (p
=0.726 g-cm™, 3.46 g, .034 mol) of triethylamine was added dropwise. The mixture was stirred
at 0°C for 90 minutes. 20 mL of water and 100 mL of diethyl ether were added, then the
organics were separated. Organic layer was washed twice with water and twice with brine, then
dried and concentrated. Purification was performed using silica gel chromatography with a 60:1
adsorbent: absorbent ratio (75 mL silica gel) and diethyl ether as a mobile phase. Solvent was
removed from pure fractions using roto-evap with flask in 0°C ice bath and full vacuum (~12
mBar). Yield = 718 mg, 73%. 'H NMR (500 MHz, CDCl3), & 9.61 (s, 0.85H, CH), 3.96 (d,
2.00H, CH,), 2.95 (d, 2.94H, CH3), 1.46 (d, 9.46H, C(CHs);). "C{'H} NMR (125.7 MHz,
CDCl), 6 198.81 (CHO), 156.33 (NCOO), 155.52 (NCOO), 81.65 (MesC), 80.86 (MesC), 59.43
(CH2N), 58.98 (CH2N), 36.06 (CH3N), 26.60 (CH3C), 28.51 (MesC), 28.45 (CH;C). Note: Two

sets of signals observed due to amide conformers.
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(rac)-57

(rac)-57."" NaBH(OAc); (5.34 g, 25.2 mmol) and (rac)-DABN (1.79 g, 6.30 mmol) were
suspended in dichloroethane (140 mL). Boc-N-Methyl amino ethyl aldehyde (2.18 g, 12.6
mmol) dissolved in dichloroethane (20 mL) was added slowly to the suspension. After the
addition, some of the solids had dissolved. Solution was light brown and heterogeneous. After
16 hours, some solids were present and a small amount of bubbling could be observed. By TLC,
a small amount of both starting materials was present, along with 2 new UV active products.
After 43 hours, solids were still present and TLC showed little, if any change in the reaction.
NaHCO; (120 mL) was added to quench the reaction. The aqueous layer was separated and
extracted with CH,Cl, (2 x 75 mL). The organic layers were combined, washed with brine (2 x
50 mL), dried and concentrated. Silica gel (40 mL) was added to the crude mixture while it
contained a small amount of solvent. This mixture was concentrated further and dried under
vacuum. Purification using silica gel chromatography (200 mL silica gel) and gradient elution
(20-30% Ethyl Acetate in Hexane) afforded the product as an off white solid. Yield = 2.55 g,
68%, Ry = 0.4 (30% Ethyl Acetate in Hexane). 'H NMR (500 MHz, CDCls, 60°C): & 7.87 (d,
3Jun = 9.05 Hz, 2H, aryl-H), 7.73-7.82 (m, 2H, aryl-H), 7.31 (d, *Jun = 9.05 Hz, 2H, aryl-H),
7.11-7.23 (m, 5H, aryl-H), 6.99-7.03 (t, 1H, aryl-H), 6.92-6.96 (m, 2H, aryl-H), 3.67-3.89 (br s,
2H, NH), 3.30-3.39 (m, 4H, CH,), 3.13-3.29 (m, 4H, CH;), 2.68 (s, 6H, N-CH3), 1.41(s, 18H,
C(CHs)3); “C{'H} NMR (125.7 MHz, CDCls, 60°C): § 155.8 (CO), 144.4, 143.1, 134.1, 130.0,
128.3, 126.9, 124.0, 122.2, 118.5, 113.9, 79.7 (C(CHs)3), 49.3 (N-CHs), 42.5 (CH,), 35.2 (CHa),
28.6 (C(CHs)s).
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(rac)-58

(rac)-58. Boc-sacrosine (2.00 g, 10.6 mmol) was dissolved in THF (30 mL) and cooled to -20 °C.
TEA (1.62 mL, 11.6 mmol, p = 0.726 g-cm™, 1.18 g) was added followed by dropwise addition
of ethyl chloroformate (1.01 mL, 10.6 mmol, p = 1.14 g-cm™, 1.15 g). This mixture was kept at
or below -15 °C for 1 hour. The solution was white and heterogenenous. (rac)-DABN (1.51 g,
5.3 mmol) in THF (15 mL) was added dropwise over 30 minutes. The flask was physically
agitated to ensure stirring. Throughout addition, stirring became more apparent. The mixture
was allowed to warm to 20 °C and stirred for 17 hours. The solvent and TEA were removed and
the residue was dissolved in CH,ClI, (150 mL), then extracted with saturated NaHCO3 (2 x 75
mL) and brine (1 x 50 mL). The organic layer was dried and concentrated. The crude mixture
was purified by silica gel chromatography two times (100 mL silica gel, 2% 10:1 MeOH:NH,OH
in CH,Cl,). The product was then re-crystallized from 4:1 Hexane:Toluene at 60 °C to yield 2.10
g (66%) of the pure product. "H NMR (500 MHz, CDCls, 60 °C): & 8.58 (d, 2H, *Jyu = 8.80 Hz),
8.06 (d, 2H, *Jun = 9.04 Hz), 7.93 (d, 2H, *Jun = 8.07 Hz), 7.48 (br s, 2H), 7.42 (t, 2H, *Jypn =
7.46 Hz), 7.26 (t, 2H, *Jyu = 7.09 Hz, overlapped with CDCls), 7.07 (d, 2H, *Jun = 8.56 Hz),
3.75-3.57 (m, 4H, CH,), 2.13 (s, 6H, N-CH3), 1.24 (s, 18H, CH(CHs)3); "C{'H} NMR (125.7
MHz, CDCl;, 60 °C): 8 167.9, 134.7, 132.4, 131.5, 130.0, 128.5, 127.5, 125.7, 124.9, 121.4,
120.6, 80.5 (CH(CHs)3), 53.6 (CH,), 34.7 (N-CH3), 28.1 (CH(CH3)3).

o O—
LI

NH

NH
T ¢

(rac)-62

(rac)-62. (rac)-DABN (0.14 g, 0.51 mmol) was dissolved in CH,Cl, (10 mL). TEA (0.14 mL,
0.10 g, p = 0.73 g-cm™) was added and the mixture was briefly stirred, then cooled to 0°C.
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Methoxyacetyl chloride (0.09 mL, 0.11 g, 1.0 mmol, p = 1.22 g-em™) was added dropwise.
After stirring for 1 hour, saturated NaHCO; (10 mL) was added. The aqueous layer was
extracted with CH,Cl, (3x10 mL). Combined organics were dried and concentrated.
Purification was performed using silica gel chromatography (10 mL silica gel). CH,Cl, eluted
impurities and 1% MeOH in CH,Cl, to elute the product. Fractions were concentrated and
formed a thick, gummy film. Recrystallization was performed using 4:1 Hexane : Ethyl Acetate.
Red-orange solid, yield = 185 mg, 85%, R¢= 0.3 (1% MeOH in CH,Cl,). '"H NMR (500 MHz,
CDCls, 25°C): & 8.74 (d, *Juu = 9.04 Hz, 2H, N-H), 8.07 (d, *Jiu = 9.04 Hz, 4H, aryl-H), 7.94
(d, *Jun = 8.32 Hz, 2H, aryl-H), 7.44 (t, *Jyn= 7.21 Hz, 2H, aryl-H), 7.31 (t, *Jyu = 7.09 Hz,
2H, aryl-H), 7.16 (d, *Juu = 8.56 Hz, 2H, aryl-H), 3.74 (s, 1H, CH,), 3.71 (s, 1H, CH,), 3.63 (s,
1H, CH,), 3.60 (s, 1H, CH,), 2.67 (s, 6H, OCH3); "*C{'H} NMR (125.7 MHz, CDCl;, 25°C): &
168.1 (NCO), 134.4, 132.3, 131.1, 130.0, 128.3, 127.4, 125.4, 125.0, 120.2, 119.2, 71.8 (CH»),
58.9 (OCHa).

O_
L~
NH
NH
OO o

(rac)-63
(rac)-63. LiAlH4 (160 mg, 4.21 mmol) was suspended in THF (25 mL) and cooled to 0°C.
(rac)-62 (902 mg, 2.10 mmol) dissolved in THF (6 mL) was added dropwise to the suspension.
The mixture was warmed to 22°C. After 20 hours starting material was still present. Reaction
was refluxed for 21 hours, and starting material remained. LiAlH4 (80 mg, 2.10 mmol) was
added and mixture was refluxed for 24 hours. TLC spot appearing to be starting material still
remained. The mixture was cooled to 0°C and diluted with Et,O (75 mL). Water (0.3 mL) was
added followed by 2N NaOH (0.3 mL), then additional water (0.8 mL). Mixture was warmed to
22°C and stirred for 15 minutes. MgSO4 was added, stirring was continued for 15 minutes.
Liquid was decanted and concentrated. Purification with silica gel chromatography (50 mL silica
gel) using gradient elution (2-5% Methanol in CH,Cl,) provided the product as an impure film.
Recrystallization with 2:1 Hexane:Ethyl Acetate afforded the product as a yellow crystalline
solid. Yield = 460 mg, 55%, R¢= 0.6 (1% MeOH in CH,Cl,). "H NMR (500 MHz, C¢Ds, 25°C):
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8 7.77 (d, *Ju=9.05 Hz, 2H, aryl-H) 7.70 (d, *Jy = 8.07 Hz, 2H, aryl-H), 7.24 (d, *Jyn= 8.56
Hz, 2H, aryl-H), 7.13 (d, *Juu = 8.80 Hz, 2H, aryl-H), 7.05-7.10 (m, 2H, aryl-H), 6.98-7.02 (m,
2H, aryl-H), 4.02 (br s, 2H, NH), 2.92-2.98 (m, 6H, CH,), 2.85-2.91 (m, 2H, CH,), 2.75 (s, 5H,
OCH;); “C{'H} NMR (125.7 MHz, C¢Ds, 25°C): & 145.1, 134.7, 129.9, 128.5, 128.4, 127.1,
124.5,122.3, 114.5, 113.0, 71.5 (OCH,), 58.1 (OCH3), 43.7 (NCH,).

(@) oO—
TN

NH

NH
OO I o

(@)

(R)-62

(R)-62. (R)-DABN (472 mg, 1.66 mmol) was dissolved in CH,Cl, (12 mL) and triethylamine
(509 pL, 370 mg, p = 0.726 g-cm™, 3.65 mmol) was added. The reaction was placed on ice and
methoxyacetyl chloride was added dropwise. The solution turned pale yellow after addition of
first drop. The solution was stirred at 22 °C for 2 hours and TLC revealed consumption of
DABN. Saturated NaHCO; (15 mL) was added and the aqueous layer was extracted with CH,Cl,
(2 x 15 mL). The combined organics were dried and concentrated. Purification by silica gel
chromatography with (1:1) Hexane:Ethyl Acetate as a mobile phase yielded the pure amide.
Yield = 699 mg, 98%, Rf = 0.17 in 50:50 Hexane:Ethyl Acetate. "H NMR (400 MHz, CDCl;, 25
°C): & 8.74 (d, 2H, *Jyu= 9.0 Hz, aryl-H), 8.07 (d, 2H, *Juu= 9.0 Hz, aryl-H), 7.94 (d, 2H, *Jyu
= 8.2 Hz, aryl-H), 7.44 (ddd, 2H, *Jyu = 7.0 Hz, *Juu = 8.2 Hz, aryl-H, *Jyu = 1.2 Hz,), 7.30
(ddd, 2H, *Jyn= 6.7 Hz, *Jyu= 8.4 Hz, *Jyu= 1.2 Hz, aryl-H), 7.16 (d, 2H, *Jy = 8.6 Hz, aryl-
H), 3.73 (d, 2H, *Juu = 15.7 Hz, CH,), 3.61 (d, 2H, *Jyu = 15.7 Hz, CH,), 2.67 (s, 6H, OCH3);
BC NMR{'H} NMR (100.6 MHz, CDCl;, 25 °C): & 168.1 (NCO), 134.4, 132.2, 131.1, 130.0,
128.3, 127.4, 125.4, 125.0, 120.2, 119.2, 71.8 (CH>), 58.8 (OCH3).
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(R)-63

(R)-63. (R)-62 (665 mg, 1.11 mmol) and LiAlH4 (127 mg, 3.34 mmol) were combined in a flask,
which was purged and filled with N,. Et,0 (25 mL) was added and the suspension was refluxed
at 40°C for 20 hours. A spot with the same Ry as starting material was present on TLC, so LiAlH4
(220 mg, 5.79 mmol) was added and the suspension was refluxed for 24 hours. The spot possibly
accounting for starting material was present at this point. Water (10 mL) was added followed by
25% NaOH (5 mL) and Et,O (75 mL), then the solution was stirred for 15 minutes. The aqueous
layer was removed with a pipette and the organic layer was dried with MgSO,4. The aqueous
layer was washed with Et;0O (3 x 20 mL) and the combined organics were dried and
concentrated. The product was purified by silica gel chromatography using 50:50 Hexane:Ethyl
Acetate as a mobile phase, then freeze dried from benzene to yield the product as an
orange/yellow viscous semisolid. Ry = 0.24 in 50:50 Hexane:Ethyl Acetate, Yield = 490 mg,
76%; '"H NMR (400 MHz, C¢Ds, 25 °C): & 7.79 (d, 2H, *Jun = 9.0 Hz, aryl-H), 7.72 (d, 2H,
3Jun= 8.2 Hz, aryl-H), 7.26 (d, 2H, *Jun= 8.2 Hz, aryl-H), 7.13 (d, 2H, *Jyu= 2.4 Hz, aryl-H),
7.11-7.06 (m, 2H, aryl-H), 7.05-6.99 (m, 2H, aryl-H), 4.03 (br s, 2H, N-H), 3.00-2.85 (m, 8H,
CH,), 2.76 (s, 5H, OCHs); “C{'H} NMR (100.6 MHz, C¢Ds, 25°C) & 145.1, 134.7, 129.9,
128.54 (CeHg), 128.51, 128.4 (C¢Hg), 127.1, 124.6, 122.3, 114.5, 113.0, 71.5 (CH,), 58.1 (CHa),
43.7 (CHy).

'H NMR (400 MHz, THF-dg, 25°C): & 7.83 (d, 2H, *Jyn = 8.6 Hz, aryl-H), 7.71 (d, 2H, *Jyu =
9.0 Hz, aryl-H), 7.30 (d, 2H, 3JH,H = 9.0 Hz, aryl-H; overlapped with C¢Hg impurity), 7.11-7.01
(m, 4H, aryl-H), 6.88 (d, 2H, *Jyu = 8.21 Hz, aryl-H), 4.10 (t, 2H, *Jyu= 5.7 Hz, N-H), 3.38-
3.26 (m, 8H, CHy), 3.08 (s, 5H, OCH3); "C{'H} NMR (100.6 MHz, THF-dg, 25 °C): & 145.7,
135.1, 130.1, 129.0 (CeHp), 128.8, 128.7, 126.9, 124.7, 124.7, 122.2, 114.9, 113.1, 72.4 (CH,),
58.5 (CHs), 44.3 (CH,).



152

(-)-Sparteine

Isolation of (-)-Sparteine from (-)-Sparteine Sulfate Pentahydrate.'? (-)-Sparteine Sulfate
Pentahydrate (10.0 grams) was dissolved in 5% KOH in water (100 mL) and extracted with
CH,Cl; (2 x 100 mL). The combined organic layers were washed one additional time with 5%
KOH in water (100 mL), then with brine (10 mL), then dried with sodium sulfate and
concentrated in vacuo. The residue was dissolved in pentane (200 mL) and transferred to a clean
round bottom flask, taking care to not transfer insoluble colored compounds. The pentane was
removed in vacuo, along with residual traces of CH,Cl,. The viscous residue was stirred over
CaH and distilled to yield pure (—)-Sparteine. The NMR data matches previously reported

13
spectra.

4.4 Complex Synthesis

Trimethylsilyl methyl lithium." In the glovebox, lithium wire (0.450 g, 0.0648 mol),
previously rinsed with dry hexanes and dried under vacuum, was scraped clean and cut with
scissors into small (~3 x 3 cm) pieces and added to a dry schlenk flask. Flattening chunks of the
lithium wire with a mortar and pestle allowed them to be cut into increasingly smaller pieces.
Chlorotrimethylsilane (2.28 mL, 0.0163 mol, 2.00 g, p = 0.879 g-cm™) dissolved in dry hexane
(20 mL) was added to this flask, and stirred vigorously at 22°C in the glovebox overnight. The
solution was metallic/dark gray the following morning. Additional lithium (0.450 g, 0.0648 mol)
was added followed by chlorotrimethylsilane (2.28 mL, 0.0163 mol, 2.00 g, p = 0.879 g-cm™)
dissolved in dry hexane (20 mL). This solution was stirred for 3 additional days at 22°C. At this
point, no additional pieces of lithium were floating up to the top surface of the reaction. The
solution was very dark gray and metallic in appearance. The stirring was stopped and the solids
were allowed to settle overnight. The flask was carefully removed from the glovebox and left to
settle for several hours. Using a filter equipped cannula, the solution was filtered (on nitrogen
Schlenk line). The remaining residue was dissolved in dry hexane (10 mL), allowed to settle then

filtered. The hexane was removed from the filtrate under vacuum, yielding the product as a white
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free flowing pyrophoric solid. Yield = 2.71 g, 88%. '"H NMR (500 MHz, C¢Ds, 25 °C): § 0.15 (s,
9H, CH3), -2.08 (s, 2H, CH,). "C{'H} NMR (125.7 MHz, C¢Ds, 25 °C): & 3.51 (s, CH3), -4.72
(br s, CHy).

Trimethylsilyl methyl sodium."” NaOtBu (452 mg, 4.7086 mmol) was suspended in hexane (15
mL) and LiCH,;SiMe; (444 mg, 4.7086 mmol) in pentane (5 mL) was added dropwise. The
reaction was stirred for 20 hours and the liquid was removed by filtration. The solids were rinsed
with hexane (3 x 5 mL) and dried in vacuo and transferred into a vial. Yield = 311 mg (after
transfer), 60%.

(LD e
N---Li

(R)-64
(R)-(Bis(dimethylamino-2-yl-ethyl)amido)binaphthyl-di-lithium ((R)-64). In the glovebox,
(R)-54 (371.1 mg, 0.869 mmol) was dissolved in benzene (4 mL). LiCH,SiMes; (163.9 mg, 1.73
mmol) was dissolved in pentane (4 mL). The solution of LiCH,SiMe; was added dropwise to the
solution of (R)-54 at 22°C, stirred for 1.5 hours, then freeze dried and transferred to a vial.
Orange solid. Yield = 362.8 mg, 95%. "H NMR (500 MHz, C¢Dg, 80°C): & 7.69 (d, 2H, 3JH,H =
9.04 Hz), 7.59 (d, 2H, *Juu= 8.07 Hz), 7.13 (d, 2H, *Jua = 9.05 Hz), 6.80 (br s, 6H), 3.10 (br s,
4H), 2.21 (br s, 2H), 1.69 (br s, 2H), 1.52 (s, 12H). “C{'H} NMR (125.7 MHz, C¢Ds, 80°C):
157.29, 138.17, 128.90, 128.85, 128.68, 126.57, 125.85, 119.18, 117.84, 117.17, 62.85, 46.36,
45.59. Anal. Calcd. for C,3Hs,LioNg: C, 76.70; H, 7.36; N, 12.78. Found: (1) C, 75.52; H, 7.88;
N, 12.56. (2) C, 73.88; H, 7.13; N, 12.16. (3) C, 71.56; H, 7.26; N, 10.98 with combustion aid.
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(rac)-(Bis(dimethylamino-2-yl-ethyl)amido)binaphthyl-di-lithium  ((rac)-64). In  the
glovebox, (rac)-54 (102.5 mg, 0.240 mmol) was weighed into a vial and dissolved in benzene
(0.2 mL). LiCH,SiMe; (47.5 mg, 0.504 mmol) was weighed into another vial and dissolved in
pentane (0.3 mL). The solution of base was layered on top of the solution containing (rac)-54
and left overnight. The following day a biphasic solution remained. This solution was transferred
to a larger vial with additional benzene (0.5 mL). The contents of the flask were mixed and
stored at room temperature. After one week at 22°C the solution was separated from the solids
and freeze dried. The solids were dried in vacuo. All solids were combined. Yield = 77 mg, 73%
(with small N-H signal present in 'H NMR spectra). NMR spectra after addition of base: 'H
NMR (400 MHz, toluene-dg, 80°C): & 7.62 (d, 2H, *Jin = 9.00 Hz), 7.55-7.50 (m, 2H), 7.09 (d,
2H, *Juu = 9.00 Hz), 7.00-6.96 (m, 1H), 6.79-6.67 (m, 5H), 3.11-2.96 (m, 4H), 2.27-2.17 (m,
2H), 1.80-1.67 (m, 2H), 1.53 (s, 12H).

(R)-65
(R)-(Bis(diethylamino-2-yl-ethyl)amido)binaphthyl-di-lithium ((R)-65). In the glovebox, (R)-
55 (380.7 mg, 0.789 mmol) was dissolved in benzene (4 mL). LiCH,SiMes (148.7 mg, 1.58
mmol) was dissolved in pentane (4 mL). The solution of LiCH,SiMe; was added dropwise to the
solution of (R)-55 at 22°C, stirred for 1.5 hours, then freeze dried and transferred to a vial.
Orange solid. Yield = 270 mg, 69%. 'H NMR (500 MHz, C¢Ds, 80°C): & 7.81 (d, 2H, *Jypn =
8.80 Hz), 7.67-7.64 (m, 2H), 7.30 (d, 2H, *Jiu = 8.80 Hz), 7.09-7.06 (m, 2H), 6.91-6.85 (m, 4H),
3.46-3.39 (m, 2H), 3.25 (ddd, 2H, *Jyu = 12.96 Hz, *Jyu = 8.56 Hz, *Jyn = 4.40 Hz), 2.58-2.48
(m, 2H), 2.27-2.20 (m, 2H), 2.06-1.97 (m, 4H), 1.92-1.80 (m, 4H), 0.41 (t, 12H, *Jy = 7.22 Hz).
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BC{'H} NMR (125.7 MHz, C¢Ds, 80°C): 155.59, 137.65, 129.86, 128.90, 128.68, 126.72,
126.01, 125.75, 119.06, 117.72, 116.03, 57.61, 46.53, 46.39, 11.99, 0.31. Anal Calcd for
CsHaoLioN4: C, 77.71; H, 8.15; N, 11.33. Found: (1) C, 72.79; H, 7.99; N, 10.16. (2) C, 74.07;
H, 7.99; N, 10.14 with combustion aid.

(rac)-65
(rac)-(Bis(diethylamino-2-yl-ethyl)amido)binaphthyl-di-lithium ((rac)-65). In the glovebox,
(rac)-55 (124.7 mg, 0.258 mmol) was weighed into a vial and dissolved in benzene (1.0 mL).
LiCH,SiMes (51.1 mg, 0.542 mmol) was weighed into another vial and dissolved in pentane (1.0
mL). The solution of base was added dropwise to the solution of (rac)-55. The solution was
stored for one week at 22°C and no solids formed. The solution was transferred to a Schlenk tube
using additional benzene (2 mL), and was freeze dried. Orange powder, Yield = 93.8 mg, 73%.
'H NMR (500 MHz, toluene-ds, 65°C): & 7.73 (d, 2H, *Juu = 8.80 Hz), 7.58 (dd, 2H, *Jyu= 6.24
Hz, *Jun = 3.06 Hz), 7.22 (d, 2H, *Jyu = 8.80 Hz), 6.98-6.90 (br m, 2H), 6.81 (dd, 4H, *Jyy =
6.24 Hz, *Jy = 3.3 Hz), 3.42-3.32 (br m, 2H), 3.23-3.15 (m, 2H), 2.55-2.45 (br s, 2H), 2.25-2.15
(br m, 2H), 2.05-1.90 (br m, 4H, overlapped with toluene-dg signal), 1.90-1.75 (br m, 4H), 0.45-
0.35 (br m, 12H).

POV
SEpad

(R)-66
(R)-66. In the glovebox, (R)-56 (400 mg, 0.789 mmol) was dissolved in benzene (4 mL).
LiCH,SiMes (148.6 mg, 1.58 mmol) was dissolved in pentane (4 mL). The solution of
LiCH,TMS was added dropwise to the solution of (R)-56 at 22°C, stirred for 2 hours, then freeze
dried and transferred to a vial. Orange solid. Yield = 214 mg, 52%. "H NMR (500 MHz, C¢Dg,
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80°C): & 7.82 (d, 2H, *Jyu = 8.80 Hz), 7.65 (d, 2H, *Jyu = 7.58 Hz), 7.31 (d, 2H, *Jyu = 8.81
Hz), 7.09 (d, 2H, *Ji = 7.09 Hz), 6.88 (dd — overlapped with signal at 6.85, 2H, “Jy = 12.96
Hz, *Juu= 6.36 Hz), 6.85 (dd — overlapped with signal at 6.88, 2H, “Jyy= 12.96 Hz, *Ji.1 = 6.60
Hz), 3.48-3.39 (m, 2H), 3.32-3.24 (m, 2H), 2.38-2.19 (m, 4H), 1.87 (br s, 8H), 1.52-1.10 (br m,
1H), 1.06-0.70 (m, 12H). “C{'H} NMR (125.7 MHz, 80°C): 155.85, 137.59, 129.97, 128.90,
128.68, 126.84, 126.07, 125.65, 119.14, 117.70, 116.11, 62.53, 54.17, 46.03, 26.97, 24.63. Anal
Caled Cs4HyLizNy: C, 78.74; H, 7.77; N, 10.80. Found: C, 72.83; H, 7.38; N, 9.75 with

combustion aid.

EQ

N ~Li~, \

(rac) -66
(rac)-(Bis(piperidin-2-yl-ethyl)amido)binaphthyl-di-lithium ((rac)-66). (rac)-56 (122.0 mg,
0.240 mmol) was dissolved in benzene (1.0 mL). LiCH,SiMes (47.6 mg, 0.506 mmol) was
dissolved in pentane (1.0 mL) and added dropwise to the solution of (rac)-56. This solution was
stored in the freezer for one week. The solids were separated from the solution, and dried in
vacuo. The solution was freeze dried. All solids were combined and rinsed with pentane (3 x 1
mL) and were then dried in vacuo. Yield = 89.5 g, 72%. 'H NMR (400 MHz, toluene-ds, 60°C):
8 7.75 (d, 2H, *Juu = 8.61 Hz), 7.61-7.56 (m, 2H), 7.25 (d, 2H, *Juu = 8.61 Hz), 7.03-6.96 (m,
2H), 6.84-6.78 (m, 4H), 3.41-3.36 (m, 2H), 3.24-3.18 (m, 2H), 2.32-2.26 (m, 2H), 2.22-2.16 (m,
2H), 1.90-1.74 (m, 8H), 1.00-0.88 (m, 8H), 0.80-0.65 (m, 4H).

Lithiation of (R)-63. (R)-63 (47.2 mg, 0.0809 mmol) was dissolved in THF-dg (0.6 mL) and n-
BuLi (63.3 puL, 2.56 M, 0.162 mmol) was added. The NMR tube was capped and shaken and a
homogeneous orange solution formed. Proton and carbon spectra showed well defined peaks for
this complex at 25 °C. Spectra contains free ligand, hexane (from n-BuLi) and residual benzene.
'H NMR (400 MHz, THF-dg, 25 °C): & 7.40 (d, 2H, *Jyu = 9.0 Hz, aryl-H), 7.30 (d, 2H, *Jyn=
7.05 Hz, aryl-H, overlapped with C¢Hy impurity), 6.95 (d, 2H, *Jyn= 9.0 Hz, aryl-H), 6.56 (ddd,
2H, *Jyyu = 8.4 Hz, *Jyn = 6.7 Hz, *Jyu = 1.6 Hz, aryl-H), 6.48 (t, 2H, *Jyu = 7.1 Hz, aryl-H,
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overlapped with 6.44), 6.44 (d, 2H, 3JH,H= 8.6 Hz, aryl-H, overlapped with 6.48), 4.63 (br s, 1H,
N-H), 3.65-3.59 (m, 2H, overlapped with THF-dg), 3.56-3.51 (m, 2H, overlapped with THF-ds),
3.50-3.39 (m, 3H, overlapped with free ligand), 3.30 (s, 4H, CH3), 3.20 (s, 3H, CHs), 3.15 (t, 1H,
3Jun = 3.7 Hz), 3.12 (t, 1H, *Juu = 3.9 Hz); “C{'H} NMR & DEPT (100.6 MHz, THF-dg, 25
°C): 6 158.3, 137.9, 128.2, 128.1, 127.7, 125.6, 125.3, 125.8, 124.6, 116.0, 115.2, 76.1 (CH,0),
58.7 (CHs3), 58.2 (CH3), 49.8 (CHy), 42.3 (CHb).

4.5 Crystal Structures

Data was collected using graphite monochromatized Mo-Ka x-radiation (1 = 0.71073 A) on a
Bruker APEX CCD diffractometer at 100(2) K, and are summarized in Tables 5.4.1 through
5.4.6. Corrections for Lorentz, polarization, and absorption effects were applied. The Bruker
APEX2 crystallographic program suite was used, which included the SAINT program for data
reduction, the SHELXS program for structure solution by direct methods and the SHELXL
structure refinement program.'® All positional and atomic displacement parameters were refined
using all reflection data and the full-matrix least-squares refinement on F> in SHELXL. All
hydrogen atoms were constrained to idealized (e.g., sp” or sp’) positions using a riding model in
SHELXL.

ORTEP-3," version 2.02 was used to generate a ‘.pov’ file from the ‘.cif’ file. PNG images of
the complexes were rendered in POV-ray, version 3.6.2 and labels were added in Adobe

[lustrator CSS5, version 15.0.2. The final image was cropped in Microsoft Paint, version 6.1.

Molecular Structure of [(R)-64],, (R)-(bis(dimethylamino-2-yl-ethyl)amido)binaphthyl-di-
lithium: In an argon filled glovebox, (R)-54 (70.6 mg, 0.165 mmol) was dissolved in benzene
(0.5 mL) and transferred into a vial containing LiCH,SiMes; (31.2 mg, 0.330 mmol). This
solution was used to rinse the original vial, than divided evenly between both vials. The vials
were placed in a larger vial (20 mL) containing pentane (1.5 mL) which was allowed to diffuse
into the solutions over one day at 22°C and bright orange crystals of [(R)-64], suitable for X-ray
diffraction formed over 5 days at 22°C. Cell parameters were obtained from 26648 reflections

within the range 1.96 <0 <31.48°.
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Molecular Structure of [(rac)-64]s, (rac)-(bis(dimethylamino-2-yl-ethyl)amido)binaphthyl-
di-lithium: In an argon filled glovebox, (rac)-54 (50 mg, 0.117 mmol) was dissolved in benzene
(0.5 mL) and transferred into a vial containing LiCH,SiMe; (22.1 mg, 0.234 mmol). This
solution was used to rinse the original vial, then divided evenly between both vials. The vials
were placed in a larger vial (20 mL) containing pentane (2.5 mL) which was allowed to diffuse
into the solutions over 2 days at 22°C. The vials were removed, and individually capped. Bright
orange crystals of [(rac)-64]¢ suitable for X-ray diffraction were observed after 3 weeks. Cell

parameters were obtained from 49606 reflections within the range 1.96 <6 < 31.48°.

Molecular Structure of (rac)-65, (rac)-(bis(diethylamino-2-yl-ethyl)amido)binaphthyl-di-
lithium: In an argon filled glovebox, (rac)-55 (30.1 mg, 0.623 mmol) was dissolved in benzene
(0.3 mL) and transferred into a vial containing LiCH,SiMes; (11.7 mg, 0.125 mmol). This
solution was used to rinse the original vial, and this vial was placed in a larger vial containing
hexane (1.0 mL) which was allowed to diffuse into the solutions overnight at 22°C. The inner
vial was removed, capped and stored at 22°C for three weeks at which point yellow-orange
crystals of (rac)-65 suitable for X-ray diffraction were observed. Cell parameters were obtained

from 24108 reflections within the range 1.84 <0 < 30.56°.

Molecular Structure of (rac)-66, (rac)-(bis(piperidin-2-yl-ethyl)amido)binaphthyl-di-
lithium: In an argon filled glovebox, (rac)-56 (50 mg, 0.0987 mmol) was dissolved in benzene
(0.5 mL) and transferred into a vial containing LiCH,SiMes (18.6 mg, 0.197 mmol). This
solution was used to rinse the original vial, than was divided evenly between both vials. The
vials were placed in a larger vial (20 mL) containing pentane (2.5 mL) which was allowed to
diffuse into the solutions over 2 days at 22°C. The vials were removed, and individually capped.
Yellow-orange crystals of (rac)-66 suitable for X-ray diffraction were observed after 3 weeks.

Cell parameters were obtained from 20780 reflections within the range 1.86 <0 <31.56°.

Molecular Structure of [(R)-67],: (R)-(bis(methoxy-2-yl-ethyl)amido)binaphthyl-di-lithium:
In an argon filled glovebox, (R)-63 (20.8 mg, 0.0519 mmol) was weighed into a vial and
dissolved in toluene (0.5 mL). In another vial, LiCH,SiMe; (10.3 mg, 0.109 mmol) was

dissolved in toluene (0.5 mL). The solution of LiCH,SiMe; was layered on top of the solution of
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(R)-63 and slow diffusion of the two layers was allowed overnight. The following day, orange
solids were observed containing X-ray quality crystals of [(R)-67],. Cell parameters were
obtained from 24842 reflections within the range 1.94 < 6 < 31.50°. Absolute configuration
could not be determined due to the flack parameter. The unit cell for the racemic structure was

determined to be identical to that obtained for this structure.

Molecular Structure of [(rac)-67],: (R)-(bis(methoxy-2-yl-ethyl)amido)binaphthyl-di-
lithium: In an argon filled glovebox, (rac)-63 (11.2 mg, 0.0279 mmol) was weighed into a vial
and dissolved in benzene (0.6 mL). In another vial, LiCH,SiMe; (5.5 mg, 0.0587 mmol) was
dissolved in pentane (0.8 mL). The solution of LiCH,SiMe; was layered on top of the solution of
(rac)-63 and slow diffusion of the two layers was allowed overnight. Three days later, orange
solids were observed containing X-ray quality crystals of [(rac)-67],. The unit cell for this

structure is identical to that for the enantiopure structure described above.

(R)-(bis(dimethylamino-2-yl-ethyl)amido)binaphthyl-di-lithium (R)-68. In an argon filled
glovebox, S3 (30.8 mg, 0.201 mmol) was weighed into a vial and ferrocene was added followed
by C¢Dg (450 pL). (R)-54 in C¢Ds (143 pL, [0.1406 M], 0.0201 mmol) was added to the vial
followed by LiCH,SiMes in C¢Dg (107 pL, [0.319 M], 0.0342 mmol). This solution was shaken
well and transferred to an NMR tube, then stored at 22-25°C for several hours to obtain kinetic
data. The contents of the NMR tube were transferred to a vial, using an additional portion of
CsDg (0.2 mL) for rinsing. The vial was stored at -27°C for three and a half weeks, and slowly
allowed to reach 22°C after an unexpected freezer failure. After an additional week, bright
orange crystals of (R)-68 suitable for X-ray diffraction were found. Cell parameters were

obtained from 22161 reflections within the range 1.84 <60 < 30.56°.

4.6 Catalytic Intramolecular Hydroamination/Cyclization

General procedure for NMR scale catalytic intramolecular hydroamination/cyclization of
aminoalkenes. In an argon filled glovebox, a stock solution of each ligand was made along with
a solution of LiCH,SiMe; in C¢Dg. In a screw cap NMR tube was added the ligand (in C¢Dg
stock solution) followed by LiCH,SiMe; (in C¢Dg stock solution). In a 1.8 mL vial was weighed
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the aminoalkene substrate and C¢D¢ was added to bring the total volume to 0.7 mL, then
ferrocene was added. The contents of the vial were transferred to the NMR tube, shaken and
transferred back into the vial. The vial was shaken and the solution was returned to the NMR
tube. This process ensures quantitative mixing of all reaction components, as the residue left
behind on the vial without the second transfer would impact the actual concentration of each
component in solution. If necessary, the NMR tube was placed in a thermostated oil bath at the
given temperature. The conversion was monitored by "H NMR spectroscopy. Upon completion
of the reaction, the product was purified by either vacuum transfer or column chromatography

and final conversion was determined by 'H NMR spectroscopy.

General procedure for determination of enantioselectivity by Mosher amide. (S)-[a-
methoxy-a-(trifluoromethyl)phenylacetic acid chloride]'™ (1.2 equiv.) was weighed into a vial
and a solution of the amine (1.0 equiv. in either CDCl; or C¢Dg) was added followed by Hiinig’s
base (1.5 equiv.) followed by a small amount of solvent (0.2 mL). The solution was allowed to
sit overnight. For ee determination in CDCls, additional solvent was added to bring the volume
to 0.6 mL. For ee determination in C¢Ds or toluene-dg the solution was passed through a glass
microfiber filter and solvent was added to bring the volume to 0.6 mL. The solutions were
transferred to screwcap NMR tubes and the enantiomeric excess was determined by '’F NMR
spectroscopy at 70-110°C. Decomposition of excess Mosher acid chloride was performed by
adding two drops of methanol, and allowing the solution to sit overnight. Formation of the
methyl ester is much slower in benzene and toluene than in CDClIs. For the ee determination of
2-Methyl-4,4-diphenylpyrrolidine, decomposition of the Mosher acid chloride was performed.
This step is necessary because the acid chloride overlaps with the Mosher amide of one

enantiomer in the '°F spectra.

4.7 Catalytic Intermolecular Hydroamination

General procedure for base catalyzed hydroamination using LIiCH,SiMes: In a vial was
weighed the amine. If LiCl was used, it was weighed into vial prior to addition of amine. Next,
the ligand was added via microsyringe from a stock solution, followed by LiCH,SiMes also via

microsyringe from a stock solution. In an NMR tube was weighed the desired alkene. The
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contents of the vial were transferred to the NMR tube, and the vial was rinsed with C¢Dg (0.2

mL) which was also transferred to the NMR tube.

General procedure for base catalyzed hydroamination using NaCH,SiMes: In an NMR tube
was weighed NaCH,SiMes; and the ligand was added followed by the amine. C¢D¢ was added
followed by the alkene and the NMR tube was shaken well.

General procedure for base catalyzed hydroamination using NaCH,SiMe; and sparteine: A
homogeneous solution was formed by mixing NaCH,SiMes and sparteine in C¢Dg. In an NMR
tube was added amine, the stock solution containing NaCH,SiMes and sparteine, followed by the

alkene. The solution was shaken well.

General workup and purification for NMR scale reactions: The contents of the NMR tube were

transferred to a round bottom flask using CH,Cl, and all solvents were removed in vacuo. The
residue was taken up in IN NaOH (20 mL) and CH,Cl, (20 mL). The organic layer was
separated and the aqueous layer was extracted with CH,Cl, (2 X 10 mL). The organic layers were
combined, dried and concentrated and purified by silica gel chromatography. Silica gel (20 mL)
was used and the column was packed and loaded with CH,Cl,. CH,Cl, (20 mL) followed by 1%
MeOH in CH,Cl, (20 mL) were run through the column to elute nonpolar starting materials and
byproducts. 3-4% MeOH in CH,Cl, was used to elute sparteine if necessary. Secondary amines
were typically eluted with 5% MeOH in CH,Cl, and tertiary amines with 10-20% MeOH in
CH,CL.

4.8 Kinetic Studies

General procedure for the preparation of samples for intermolecular kinetic studies on the
hydroamination/cyclization of S3. In an argon filled glovebox, a stock solution of each ligand
was made along with a solution of LiCH,;SiMe; in C¢Dg. In a screw cap NMR tube was added
the ligand (in C¢Dg stock solution) followed by LiCH,SiMe; (in C¢Dg stock solution). In a 1.8
mL vial was weighed the aminoalkene substrate and CsDs was added to bring the total volume to
0.7 mL, then ferrocene was added. The contents of the vial were transferred to the NMR tube,

shaken and transferred back into the vial. The vial was shaken and the solution was returned to
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the NMR tube. This process ensures quantitative mixing of all reaction components, as the
residue left behind on the vial without the second transfer would impact the actual concentration
of each component in solution. The reaction was monitored by 'H NMR spectroscopy and the
integration of the olefin signals was used to measure reaction progress relative to the internal
standard (ferrocene). Spectra were recorded on a Varian 400 MHz NMR using the ‘pad’ (pre-
acquisition delay) command in an arrayed 'H experiment. Reaction progress was monitored by
manual integration of the olefin signals and acquisition times were extracted using the ‘kind’
command and correlated to each spectra.

Data workup was performed in Microsoft excel. The time elapsed between addition of the
catalyst to the sample and initial NMR acquisition was recorded, and added to spectral times.
The natural logarithm of the raw integration values was plotted against their adjusted times, and
the y-intercept for the linear portion of this plot was set as the zero time value of In[integration].
The zero time raw integration value [integration]y was calculated using this number. A “substrate
loss ratio” was calculated by dividing the integration at each time interval by the zero time
integration (substrate loss ratio = [integration]y/[integration]y). This value was multiplied by the
initial substrate concentration [Sub], of each sample, to provide the sample concentration at each
time interval [Sub].

Upon completion of the reaction, the product was purified by either vacuum transfer of column
chromatography and ee’s were determined using the general procedure for determination of

enantioselectivity by Mosher amide.

4.9 VT-DOSY NMR using Gschwind data workup:

1920 and it does not

TMS was used as an internal reference because its molecular size is known
form aggregates. Experimentally obtained diffusion coefficients (Dcar-temp) Were corrected for

temperature and viscosity (Dcor) as shown in equation 1.*!

(1) Dcor = Dcat-temp (NcaT-298 / NMBLANK-298) * (298/T)

The Stokes Einstein equation (equation 2) was used to determine viscosity correction factors
(equation 3; Mcat-298 / MBLANK-298)- D for TMS in a blank sample at 298 K (Dprank-208) was

compared with D for TMS in the catalyst solution at 298 K (Dcat-1ms-208)-



163

() 1 = (ks - 298)/(6n - 1 - D)
n= (kB ' 298)/(67’[ * TH-TMS DTMS) = (kB : 298)/(67’[ : rH-TMS) : (I/DTMs)

NCAT-298 / NBLANK-298 =
=[(kg - 298)/(67 - rr-tms)(1/Deat-t™s-298)] / [(ks - 298)/(67 - rr-tms)(1/Dprank-298)]

= (1/Dcat-tms-298) / (1/DprLank-2908) = Dprank-208 / Dcat-TMs-298

(3) NCAT-298 / TIBLANK-298 = DBLANK—298 / DCAT—TMS—298

Diffusion coefficients (Dcor) were corrected for temperature and viscosity (equation 1) and the
solution viscosity at 298 K (ncat-208) was experimentally determined (equation 4). The Stokes

Einstein equation (eq. 2) was used to obtain the hydrodynamic radius.

ry = (kp * 298)/(6m * ncat-208 * Deor) = (ks * 298)/(67) - (1/(Mcat-298 - Dcor))
(4) ncat20s = (kg - 298)/(6m * tH.tMms * Drwvs.caT-298)
ry = [(kg-298)/(6m)]" [(67 TH-TMs Drms-cat-298)/ (ks 298)]-[(1/Dcat-TEMP)(NBLANK-298/ MCAT-
208)(T/298)]
= (rn-tvs * Drvs-cat298) * (1/Deat-temp) * (NBLANK-298/ NcaT-208) * (T/298)
= [(tu-ms * Drms.cat29s © T)/(Deat-temp * 298)] - (NBLANK-298/ MCAT-298)
= [(ru-t™s * Drms.cat20s * T)/(Deattemp * 298)] - (Deat.tms-208 / DpLank-298)

(5) ra = [(ra-tms * Drms-cat-208 © T)/(Dcar-temp * 298)] - (Dcat-Tvs-298 / DBLANK-298)

For experiments ran at 298 K, the Stokes Einstein (eq. 5) data workup was used with the

observed D of the catalyst and a calculated viscosity based on equation 2.

(6) ru = (k - 298)/(6m - NcaT-208 * Dcat-298)
= [(kg - 298)/6m][(67 - ri-T™ms * Drms-cat-208)/(ks - 298)][1/Dcart-2908]
= [(kp - 298)/6m][(67 - TH-TMs * Dvs-cat-208)/(ks * 298)][1/Dcat-208]
= (ru-tvs * Dvs-cat-208)/(Deat-208)

=(2.9565 x 10" m - Drus.cat-208)/(Dcat-295)



The value of ry (TMS)**® has previously been calculated:

7) ri (TMS) = (31ms/2) * 100 m =2.9565 x 10 m.
(

Definitions:
Ncat-208 = M of catalyst solution at 298 K (Pa - s)
NBLANK-208 = 1 of blank solution at 298 K (Pa - s)

Ncar-temp = M of catalyst solution at experiment temperature (Pa - s)

rp-tms = calculated hydrodynamic radius of TMS (see ref. 1a)

Dcor = D corrected for T and 1 (m?/s)

Dcat.temp = Observed D of catalyst at experiment temperature (mz/s)
Drms-cat-temp = Observed D of TMS in catalyst solution at experiment temperature (mz/ S)

Drms-caT-208 = Observed D of TMS in catalyst solution at 298 K (mz/s)

Drms-298 = Observed D of TMS in blank sample at 298 K (mz/s)

ry = hydrodynamic radius

Units Used:

n="Pa-s; T=K; D=m?s

Constants & Conversion Factors:

kg =1.38 x 1072 J/K; ryg (TMS) =2.9565 x 10" m
J=Pa-m3; A=10"m

Experimental Data:

Pulse sequence Dbppste (not convection corrected):
For blank sample -  Drys.208 = 17.086 X 101" m%s!
Pulse sequence Dbppste cc (convection corrected):

For blank sample - Drys.20s = 8.488 x 107" m?s™
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5.2 Charts from Kinetic Study
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Figure A-1. Zero order plot showing the consumption of S3 in the hydroamination/cyclization
with 2.5 mol% (R)-64 and 0.5 eq. LiCH,TMS at various concentrations of S3.
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Figure A-2. Zero order plot showing the consumption of S3 in the hydroamination/cyclization
with 2.5 mol% (R)-64 and 0.5 eq. LICH,TMS at various concentrations of S3.
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Figure A-3. First order plot showing the consumption of S3 in the hydroamination/cyclization
with 2.5 mol% (R)-64 and 0.5 eq. LICH,TMS at various concentrations of S3.
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Figure A-4. Zero order plot showing the consumption of S3 in the hydroamination/cyclization
with 2.5 mol% (R)-64, 0.28 M S3 and varied amounts of LiCH,TMS.
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Figure A-5. Zero order plot showing the consumption of S3 in the hydroamination/cyclization
with 2.5 mol% (R)-64, 0.28 M S3 and varied amounts of LiCH,TMS.
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Figure A-6. First order plot showing the consumption of S3 in the hydroamination/cyclization
with 2.5 mol% (R)-64, 0.28 M S3 and varied amounts of LiCH,TMS.
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Figure A-7. Plot of pseudo first order rate constants versus eq. excess LICH,TMS in the
intramolecular hydroamination/cyclization of S3 with 5.0 mol% (R)-64 and 0.28 M S3.
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Figure A-8. Zero order plot showing the consumption of S3 in the hydroamination/cyclization
with 5.0 mol% (R)-64, 0.28 M S3 and varied amounts of LiCH,TMS.
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Figure A-9. Zero order plot showing the consumption of S3 in the hydroamination/cyclization
with 5.0 mol% (R)-64, 0.28 M S3 and varied amounts of LiCH,TMS.
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Figure A-10. First order plot showing the consumption of S3 in the hydroamination/cyclization
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Figure A-11. First order plot showing the consumption of S3 in the hydroamination/cyclization
with 5.0 mol% (R)-64, 0.28 M S3 and varied amounts of LiCH,TMS.
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Figure A-12. Plot of pseudo first order rate constants versus equivalents excess LICH,TMS in
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Figure A-13. Zero order plot showing the consumption of S3 in the hydroamination/cyclization
with 7.5 mol% (R)-64, 0.28 M S3 and varied amounts of LiCH,TMS.
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Figure A-14. Zero order plot showing the consumption of S3 in the hydroamination/cyclization
with 7.5 mol% (R)-64, 0.28 M substrate and varied amounts of LiCH,TMS.
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Figure A-15. First order plot showing the consumption of S3 in the hydroamination/cyclization
with 7.5 mol% (R)-64, 0.28 M substrate and varied amounts of LiCH,TMS.
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Figure A-16. First order plot showing the consumption of S3 in the hydroamination/cyclization
with 7.5 mol% (R)-64, 0.28 M substrate and varied amounts of LiCH,TMS.
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Figure A-17. Zero order plot showing the consumption of S3 in the hydroamination/ cyclization
with (R)-64 and 0.5 eq. LiCH,TMS, 0.28 M S3 at various catalyst loadings.
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Figure A-18. Zero order plot showing the consumption of S3 in the hydroamination/ cyclization
with (R)-64 and 0.5 eq. LiCH,TMS, 0.28 M substrate at various catalyst loadings.
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Figure A-19. First order plot showing the consumption of S3 in the hydroamination/ cyclization
with (R)-64 and 0.5 eq. LiCH,TMS, 0.28 M substrate at various catalyst loadings.
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Figure A-20. Zero order plot showing the consumption of S3 in the hydroamination/ cyclization
with (R)-64 and 1.0 eq. LiCH,TMS, 0.28 M substrate at various catalyst loadings.

0.3
@ 1.0 mol%
° ® 2.5 mol%
0.25 kY - :
o L I8 ® 5.0 mol%
() [ J
oo ° . ® 7.5mol%
0.2 +—@9o—95 —
— ® .. ° ®
S °, ° °
= . ® ° e
— 0.15 - o °
E ® o ®
2 o ° ®
[ ] ™Y ..
01 L 4 -. [ ]
° ° ®.
L % ®e
° ®e
° ° °,
0.05 ° s o5,
*e,, "0 oo,
°
®%e0e o.o.o.o
O T 1 T T T T T
0 1000 2000 3000 4000 5000 6000 7000 8000

Time (s)

Figure A-21. Zero order plot showing the consumption of S3 in the hydroamination/ cyclization
with (R)-64 and 1.0 eq. LiCH,TMS, 0.28 M substrate at various catalyst loadings.
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Figure A-23. First order plot showing the consumption of S3 or S3-d; in the hydroamination/
cyclization with 10.0 mol% LiCH,TMS as a catalyst.
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Figure A-24. Plot of ee (%) vs. LICH,TMS (X equiv. excess) for the hydroamination/

cyclization of S3 (0.27-0.28 M) with (R)-64 (2.5 mol%).
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Figure A-25. Plot of ee (%) vs. (R)-64 (X mol%) for the hydroamination/ cyclization of S3

(0.27-0.28 M) with LiCH, TMS (0.2 equiv. excess).
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Figure A-26. Plot of ee (%) vs. (R)-64 (X mol%) for the hydroamination/ cyclization of S3
(0.27-0.28 M) with LiCH, TMS (1.0 equiv. excess).
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Figure A-27. Plot of ee (%) vs. (R)-64 (X mol%) for the hydroamination/ cyclization of S3
(0.27-0.28 M) with LiCH, TMS (2.0 equiv. excess).
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Figure A-28. VT-NMR (*H) spectra of (R)-64 and 0.5 equivalents of excess LICH, TMS.
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Figure A-29. VT-NMR ('Li) spectra of (R)-64 and 0.5 equivalents of excess LICH,TMS.
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Figure A-30. VT-NMR (*H) spectra of (R)-64 and 1.5 equivalents of excess LICH, TMS.
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Figure A-31. VT-NMR ('Li) spectra of (R)-64 and 1.5 equivalents of excess LICH,TMS.
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Figure A-32. VT-NMR (*H) spectra of (R)-64 and 2.0 equivalents of excess LICH,TMS.
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Figure A-33. VT-NMR ('Li) spectra of (R)-64 and 2.0 equivalents of excess LiCH,TMS.
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Figure A-34. VT-NMR (*H) spectra of LiCH,TMS in C;Dg with LiCl/MeOH-d, internal standard.
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Figure A-35. VT-NMR ('Li) spectra of LICH,TMS in C;Dg with LiCl/MeOH-d, internal standard.



5.4 Crystallograpic Data

Table 5-1. Crystal data and structure refinement for [(R)-64],.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 31.48°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

[(R)-64]

CseHesL14Ng

876.91

100(2) K

0.71073 A

Monoclinic

P2(1)

a=11.4026(9) A o = 90°.
b=16.1821(13) A
c=13.8011(11) A v =90°.
2505.6(3) A3

2

1.162 Mg/m3

0.068 mm-1

936

0.43 x 0.32 x 0.23 mm3

1.96 to 31.48°.
~-16<h<16,-23<k<23,-20<1<20
26648

15557 [R(int) = 0.0233]

98.5 %

Semi-empirical from equivalents

0.984 and 0.971

Full-matrix least-squares on F2
15557/1/621

1.015

R1=0.0491, wR2 =0.1221
R1=0.0552, wR2 =0.1267

-0.7(10)

0.486 and -0.218 e.A-3

B =100.292 (2)°.
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Table 5-2. Crystal data and structure refinement for (bis(dimethylamino-2-yl-ethyl)amido)

binaphthyl-di-lithium, [(rac)-64]c.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =29.13°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Largest diff. peak and hole

[(rac)-64]e

CssHa1LiaNyg

531.93

100(2) K

0.71073 A

Rhombohedral

R-3

a=23.1051(15) A a=90°.
b=23.1051(15) A B=90°.
c=230.845(2) A vy =120°.
14260.4(16) A3

18

1.115 Mg/m3

0.065 mm-1

5133

0.24 x 0.24 x 0.11 mm3

1.98 to 29.13°.
—31<h<31,-31<k<31,41<1<42
49606

8541 [R(int) = 0.0504]

99.9 %

Semi-empirical from equivalents
0.992 and 0.984

Full-matrix least-squares on F2
8541/285/370

1.005

R1=0.0710, wR2 =0.1778
R1=0.1030, wR2 = 0.1987

0.869 and -0.441 e.A-3



Table 5-3. Crystal data and structure refinement for (rac)-65.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 30.56°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

(rac)-65

Cs2HyLiNy

494.56

100(2) K

0.71073 A

Monoclinic

Cc

a=15.7250(9) A o = 90°.
b=15.7457(9) A
c=22.4677(12) A v = 90°.
5477.9(5) A3

8

1.199 Mg/m3

0.070 mm-1

2128

0.36 x 0.13 x 0.03 mm3

1.84 to 30.56°.
-22<h<21,-22<k<22 -32<1<31
24108

8295 [R(int) = 0.0262]

98.6 %

Integration

0.997 and 0.975

Full-matrix least-squares on F2
8295/2/693

1.006

R1=10.0424, wR2 = 0.0995
R1=0.0466, wR2 =0.1021

0.00

0.417 and -0.213 e.A-3

B =100.037(1)°.
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Table 5-4. Crystal data and structure refinement for (bis(piperidin-2-yl-ethyl)amido)

binaphthyl-di-lithium, (rac)-66.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 31.56°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Largest diff. peak and hole

(rac)-66
Cs4H4oL12Ny
518.58

100(2) K
0.71073 A
Triclinic

P-1
a=28.9356(5) A
b=11.6351(7) A
c=15.0516(9) A
1434.98(15) A3
2

1.200 Mg/m3
0.070 mm-1

556

0.36 x 0.32 x 0.13 mm3
1.86 to 31.56°.
-13<h<13,-17<k=<17,-22<1<22
20780

9426 [R(int) = 0.0192]

98.2 %

Semi-empirical from equivalents
0.9910 and 0.9754

Full-matrix least-squares on F2
9426 /0 /521

1.007

R1=0.0558, wR2 =0.1414
R1=0.0653, wR2 =0.1497

0.617 and -0.179 e.A-3

a=70.673(1)°.
B=76.959(1)°.
v =89.451(1)°.
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Table 5-5. Crystal data and structure refinement for [(R)-67],.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 31.50°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

[(R)-67]:
Ca6Ha6L12N20,
412.37

100(2) K
0.71073 A
Tetragonal
P4(2)2(1)2

a=14.8656(7) A a=90°,
b= 14.8656(7) A B =90°.
c=9.8701(5) A v = 90°.

2181.15(18) A3

4

1.256 Mg/m3

0.078 mm-1

872

0.10 x 0.08 x 0.04 mm3
1.94 to 31.50°.

—21<hs21,21<k<21,-14<1< 14

24842

3639 [R(int) = 0.0503]

100.0 %

Semi-empirical from equivalents
0.9969 and 0.9923

Full-matrix least-squares on F2
3639/0/ 146

1.067

R1=0.0524, wR2 =0.1181
R1=0.0636, wR2 =0.1239
-0.8(14)

0.426 and -0.167 ¢.A-3
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Table 5-6. Crystal data and structure refinement for (R)-68.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.30°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

(R)-68
Ca4H35LIN;
372.49

100(2) K
0.71073 A
Orthorhombic
P2(1)2(1)2

a=12.5853(15) A a=90°,
b= 18.602(2) A B =90°.
c=9.2218(11) A v = 90°.

2158.9(5) A3

4

1.146 Mg/m3

0.067 mm-1

812

0.28 x 0.22 x 0.12 mm3
1.95 to 28.30°.

_16<h<16,24<k<24,-12<1< 12

22161

5380 [R(int) = 0.0615]

100.0 %

Semi-empirical from equivalents
0.9921 and 0.9816

Full-matrix least-squares on F2
5380/0/256

1.001

R1=0.0735, wR2 =0.1547
R1=10.0840, wR2 =0.1607
-1(3)

0.399 and -0.237 ¢.A-3
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5.5 Summary of Crystal Structure Data

Table 5-7. Summary of crystal structure data: Range of bond lengths and intermolecular
distances for selected interactions (< 3.0 A).

Li-N(amine), Li---C(m) Li---C(m)
Li-N(amido)
Li-O (Short Contacts)  (Long Contacts)
[(S,S,5)-25]» 1.94-2.26 2.10-2.20 2.25-2.54 2.77-2.98
[(R)-64], 1.96 —-2.15 2.10-2.70 2.24-2.50
[(rac)-64]¢ 2.01-2.16 2.08,2.12 2.32,2.52 2.93-2.99
(R)-68 1.94 2.01,2.13 2.64 2.82,2.94
(R)-65A 1.88 -2.13 2.07,2.11 2.27,2.29
(R)-65B 1.88 —2.15 2.07,2.10 2.29,2.70
(R)-66 1.92 -2.05 2.06,2.11 2.33-245 2.70 - 2.90
[(R)-67]2 1.93,2.06 1.89 2.23-2.70 2.82,2.91

Table 5-8. Summary of crystal structure data: Torsion angles and mean planes.

Torsion Angle Torsion Angle
(Sidearm) (Naphthyl Rings) Mean Planes

[(5,5,9)-25]» 46.2 - 55.5 68.0 — 84.8 77.4,98.7

[(R)-64], 383-63.4 66.7 - 81.6 73.6,75.8
[(rac)-64]s 59.7, 66.1 71.1,75.9 75.9
(R)-68 48.15 108.4, 113.7 64.9
(R)-65A 38.4,47.6 60.6, 72.3 65.8
(R)-65B 35.9,48.2 61.1,71.9 66.4
(R)-66 53.7,54.2 79.9, 81.7 85.7

[(R)-67]> 62.1 92.8,108.3 83.9
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