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ABSTRACT & KEYWORDS

ABSTRACT

A novel approach for the design of dirhodium(Il) tetracarboxylates derived from (S)-
amino acid ligands is outlined. The new approach is founded on modifying the
catalyst sterics through reducing the symmetry of the ligand’s N-heterocyclic tether.
Investigations towards the new approach led to the preparation of Rhy(S-1,2-NTTL),
and analogues, Rhy(S-1-Ph-BPTTL)s, Rhy(S-*"PTTL)s, Rhy(S-BHTL)s, Rhy(S-
BOTL), and Rhy(B8-D-TAGA),. The screening of the new complexes led to the
uncovering of Rhy(S-*"PTTL), as a new member to the dirhodium(Il) complexes
family with an extraordinary selectivity. The stereoselectivity of Rhy(S-*"PTTL),
was found to be comparable to Rh,(S-PTAD), (up to >99% ee), while being much
more synthetically accessible catalyst. X-ray structure-based correlations justifying

the observed enantioinduction enhancement are also discussed.

The process of preparation and characterization of a Rhy(S-*"PTTL),-catalyzed
cyclopropanation capillary microreactor is also presented. The continuous flow
Rh,(S-*"PTTL)4-catalyzed cyclopropanation microreaction is carried out to generate
the cyclopropane product in moderate yield (44%) and excellent diastereoselectivity
(>20:1 E:Z dr). The microreaction enantioselectivity, however, did not exceed 10%

€e.

Finally, the results are concluded and an outlook regarding the current field of
research is outlined highlighting potential investigations that might be necessary for

future development.

KEYWORDS: Chiral catalysis, Asymmetric synthesis, Cyclopropanation, Rh,(S-
NTTL)s;, Rho(S-PTTL)s, Rhy(S-®"PTTL)s, Carbenoids, Paddlewheel complexes,
Dirhodium.
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Xii



TABLE OF CONTENTS

TABLE OF CONTENTS
FORM B: CERTIFICATE OF AUTHORSHIP OF THESIS ..., i
ACKNOWLEDGMENTS ... .o e i
CITATIONS ..ttt e e IX
ABSTRACT et Xi
TABLE OF CONTENTS ... Xiii
TABLE OF FIGURES ... Xvii
TABLE OF SCHEMES ...ttt XXV
TABLE OF TABLES ... .o XXIX
ABBREVIATIONS ... XXXl

CHAPTER 1: CHIRAL DIRHODIUM(II) CARBOXYLATES AND
CARBOXAMIDATES AS EFFECTIVE CHEMZYMES IN ASYMMETRIC

SYNTHESIS OF CYCLOPROPANE DERIVATIVES.......ccoiiieeeeee e 1
1.1 INTRODUCTION. ..ottt e e e e 1
L2 HISTORY ottt e e e e e 1
1.3. DIRHODIUM(II)-CATALYZED CYCLOPROPANATION REACTIONS....... 3
1.3.1. Types of carbenoid iINtermMediates ...........ccoveiiieiiieiie e 6
1.3.2. Modes of interaction between the rhodium complex and the carbene............... 8
1.3.3. Approach of the alKene.............cooveiiiiii i 10
1.4. MODIFICATIONS IN THE DIRHODIUM(Il) FRAMEWORK ..........cc.c....... 11
1.4.1. Electronic ModifiCatiONS..........cooieiiieiieiieece e 11
1.4.2. Steric MOGITICALIONS. .......ooeiiiii it 13
1.5. DIRHODIUM(II) CARBOXYLATES ..o 14
1.5.1. Conformations in dirhodium(l1) carboxylate complexes ...........ccoveeevivnenens 14
1.5.2. Dirhodium(I1) catalysts derived from prolinate ligands................ccccceeveeennnen. 15

1.5.3. Dirhodium(ll) catalysts derived from chiral N-protected amino acid ligands..25

Xiii



TABLE OF CONTENTS

1.5.3.1. HOMOIEPLIC COMPIEXES ... ..eeieieieeeiie et 25
1.5.3.2. HeteroleptiC COMPIEXES ........oouieiiiiiie e 43

1.5.4. Dirhodium(ll) catalysts derived from substituted cyclopropanecarboxylate

o=V o LSS SUPS SRR 46
1.6. DIRHODIUM(I1) CARBOXAMIDATES.......ooii ittt 49
1.6.1. HOMOIEPLIC COMPIEXES......eiimiiiiieieiie ettt 49
1.6.2. HeteroleptiC COMPIEXES ........vveiiiie ettt 65
1.7. EFFECT OF AXIAL LIGANDS ON ENANTIOSELECTIVITY ....ccocvvvvennnee 69
1.8. CONCLUSION AND AIM OF WORK ....cociiiiiiieiiiiiiee e 72
L9 . REFERENCGES ...ttt a e e 76

CHAPTER 2: DESIGN AND SYNTHESIS OF NOVEL CHIRAL
DIRHODIUM(Il) CARBOXYLATES FOR APPLICATION IN ASYMMETRIC

INTERMOLECULAR CYCLOPROPANATION REACTIONS........cooiiieeie. 91
2.1. INTRODUCTION ..ottt e neaea e 91
2.2. RESULTS AND DISCUSSION ..ottt 95
2.2.1. Preparation of chiral dirhodium(Il) carboxylate complexes ..........c...cccuveene.e. 95
2.2.1.1. Synthesis of chiral carboxylate [igands............cccocoeiiieiiiii e 95
2.2.1.2. Synthesis of dirhodium(ll) carboxylate complexes..........cccoevvveiiviinennnn. 109

2.2.2. Screening for asymmetric cyclopropanation with donor-acceptor substrates111
2.2.2.1. Enantioselective synthesis of chiral cyclopropylphosphonate derivatives . 111
2.2.2.2. Hypothetical model for the observed asymmetric induction..................... 118
2.2.3. Screening for asymmetric cyclopropanation with diacceptor substrates....... 124

2.3. RE-EVALUATION OF CONCEPT AND PREPARATION OF MORE
DIRHODIUM(II) CATALYSTS WITH LOWER SYMMETRY N-PROTECTING
GROUPS . ..ttt 128

2.3.1. Screening in enantioselective synthesis of phosphonate-substituted
CYCIOPIOPANES. .....ee ittt ettt e et e e a e e et e e st e e entaeeaseeeesseeeanneaeas 135

2.3.1.1. Scope of catalysts with respect to the olefin ..........ccccoooviiiiiiic. 139

Xiv



TABLE OF CONTENTS

2.3.1.2. Effect of phosphonate ester group size on the enantioselectivity of catalysts142
2.3.2. Single crystal X-ray diffraction analysis ...........cccccooeriieniiiiiiieee 144

2.3.3. Screening in enantioselective synthesis of trifluoromethyl-substituted

CYCIOPIOPANES ...ttt ettt e ettt e e et e e et e e st e e s te e e e abaeeesasaeennreaeas 154

2.3.4. Screening in enantioselective synthesis of carboxylate-substituted

CYCIOPIOPANES ...ttt ettt b ettt e s 156
2.3.4.1. Using methyl a-diazo-p-methoxyphenyldiazoacetate and styrene ............. 156
2.3.4.2. Using methyl a-diazo-2-phenylacetate and styrene ............cccceevvveeinneeenne. 160
2.3.4.3. Using (E)-methyl a-diazo-4-phenylbut-3-enoate and styrene .................... 163

2.3.5. Screening in enantioselective synthesis of nitrile-substituted cyclopropanes 166

2.3.6. Screening in enantioselective synthesis of sulfonate-substituted

CYCIOPIOPANES ...ttt ettt et e e et e e st e e st e e s eae e e e nbaeeeeaseeeanraaaas 169

2.4. PRELIMINARY RESULTS FOR A SECOND GENERATION CATALYST
WITH LIGANDS CARRYING LOWER SYMMETRY N-PROTECTING
GROUPS WITH BULKIER SUBSTITUENTS ...t 170

2.4.1. Endeavours for the preparation of N-(4-adamantylphthaloyl)-(S)-tert-leucine170

2.5. OTHER INVESTIGATED DIRHODIUM(II) COMPLEXES WITH LOWER

SYMMETRY LIGANDS. ... ..o 173
2.5.1. Complexes derived from D-glucuronic acid ligands..............cccccevvveeeinneenne. 173
2.6. CONCLUSION ... ..ttt 178
2.7. EXPERIMENTAL SECTION ....ooiiiiiiiie e 179
2.8. REFERENCES ... .o e 220

CHAPTER 3: POLYMER MONOLITH-SUPPORTED DIRHODIUM(II)-

CATALYZED CYCLOPROPANATIONS IN CAPILLARY FORMAT .............. 233
3.1 INTRODUCTION ..ottt 233
3.1.1. Immobilization of dirhodium(I1) catalysts ...........cccooviiiiiiiieiiieie e 238
3.1.1.1. Immobilization by axial coOOrdination .............c.cccevvveiieiiieiii e 239
3.2. RESULTS AND DISCUSSION ....coiiiiiiiiiiiiie e 241

XV



TABLE OF CONTENTS

3.2.1. Preparation of porous polymer monolith .............ccooo i 241
3.2.2. Dirhodium(l1) catalyst immobilisation on porous polymer monolith ........... 243
3.2.3. Flow-through dirhodium(I1)-catalyzed cyclopropanation microreaction....... 245
3.3. CONCLUSION ... 249
3.4. EXPERIMENTAL SECTION ...ooiiiiiiiieeee et 249
3.5. REFERENCGES. ... ..ot 257

PERSPECTIVE ... ..o 261
4.1. REFERENCES ... ..ot 267
APPENDICES ...t S1

XVi



TABLE OF FIGURES

TABLE OF FIGURES

Figure 1.1. Lantern structure of dirhodium(ll) tetraformate (Rhy(O,CH),)................. 2

Figure 1.2. Selected examples of cyclopropane containing naturally occurring and

SYNENELIC COMPOUNTS. ...ttt 4
Figure 1.3. Carbenoid resonance structure and back-bonding from the metal atom.* 6

Figure 1.4. Metastable dirhodium(I1)-carbene complex.” .........coccovorrorvorvcrrorerrers, 6

Figure 1.5. Classification of diazo compounds.”®®.............ooovorocoeoreeceecererer) 7

Figure 1.6. Relationship between reactivity and selectivity of rhodium-carbenoids.**8

Figure 1.7. Alignment of carbene on rhodium complex.® ™ ..........c..coovrvvovvvovverran. 9

Figure 1.8. Calculated structures for a) methyl a-phenyldiazoacetate as donor-
acceptor system and b) methyl diazoacetate as acceptor system, top and side views;
C = grey, H = white, O = red, N = blue and Rh = purple.”* (Reprinted with
permission from Hansen, J.; Autschbach, J.; Davies, H. M. L. J. Org. Chem. 2009,
74, 6555, Copyright 2009). ......cvevveierieeieiisieietisesieesesiests sttt stn s s 10

Figure 1.9. Transition states of Rh,(O,CH),4-catalyzed cyclopropanation of styrene
with ethyl bromodiazoacetate: | and Il represent end-on trajectory transition states,
Il and IV represent side-on trajectory transition states.®” (Reprinted with permission
from Bonge, H. T.; Hansen, T. J. Org. Chem. 2010, 75, 2309. Copyright 2010)...... 11

Figure 1.10. Models for different ligand arrangements (the sterically blocking
groups around the rhodium active sites are depicted as ovals)..............cccccovvveeen.... 15

Figure 1.11. Dirhodium(ll) carboxylates derived from chiral prolinate ligands

(Mckervey complex 9% and Davies complexes 10-20%). ........oooovvrvrveevorerrerrnnn, 16

Figure 1.12. A 3D model for Rh,(S-DOSP), (top view).® (Reprinted from Hansen,
J.; Davies, H. M. L. Coord. Chem. Rev. 2008, 252, 545, Copyright 2008, with
PErmMisSion froM EISEVIEN). ........oovviiiieieieees sttt 17

Figure 1.13. Second generation prolinate complexes. % _..........cccccocovvvrivrrcnn. 24

Figure 1.14. Structures of reported chiral dirhodium(Il) carboxylates derived from

chiral N-protected amino acid ligands (Hashimoto complexes 21-39,19121115112

XVii



TABLE OF FIGURES

Dauban complex 40,2 Miiller and Ghanem complexes'®® 41-52 and Davies

COMPIEXES 53-BAM4I20) ettt es s s nsssesnsanssssssnssnsans 26

Figure 1.15. a) Rh(ll)-catalyzed cyclopropanation transition states of
diazomalonates as carbene precursors; b) The proposed strategy with carbenoids

possessing two different groups with different trans-directing abilities.”***% ......... 34

Figure 1.16. Structure of Rha(S-PTTL)3(TPA).M ..., 43
Figure 1.17. a,a,0,8-Structure of Rho(S-TCPTTL)3(PTAIB). 2 ..., 46

Figure 1.18. Structures of reported chiral dirhodium(ll) carboxylates derived from

cyclopropane carboxylate ligands. 9™ ..., 47

Figure 1.19. D,-symmetry of Rhy(R-BTPCP), according to its X-ray structure.'*... 47

Figure 1.20. a) Lowest-energy conformation of s-trans carbene, top view (left) and
side view (right). b) Predictive stereochemical model for Rh,(R-BTPCP),-catalyzed
transformations.**
Hansen, J. H.; Hardcastle, K. I.; Musaev, D. G.; Davies, H. M. L. J. Am. Chem.

SOC. 2011, 133, 19198, COPYIGNt 201L).....vvvvveroesveeerrossseseeesisssssssseossssssssseesssnesees 49

(Reprinted with permission from Qin, C.; Boyarskikh, V.;

Figure 1.21. Favoured and dis-Favoured amide forms for ligand exchange.™......... 50

Figure 1.22. Reported structures of different classes of chiral dirhodium(Il)

carboxamidates (CONt.). 0 0 02 ettt 51

Figure 1.23. Reported structures of different classes of chiral dirhodium(Il)

CArDOXAMIAAIES. 1003 0 e 52

Figure 1.24. Possible geometrical isomers of dirhodium(l1) carboxamidates......... 53

Figure 1.25. CO,Me (E) entity is occupying two adjacent quadrants around the

dirhodium core (top VIEW). 20004 e, 54

Figure 1.26. Configurational differences between matched and mismatched
catalysts. %1%’
Ratnikov, M.; Zhou, L. Chem. Rev. 2010, 110, 704. Copyright 2010. Part b:
Reprinted from Doyle, M. P.; Morgan, J. P.; Colyer, J. T. J. Organomet. Chem.

2005, 690, 5525, Copyright 2005, with permission from Elsevier).............ccccoo..... 57

(Part a: Reprinted with permission from Doyle, M. P.; Duffy, R.;

Figure 1.27. Spatial orientations in the transition state of intramolecular

cyclopropanations using dirhodium(11) carboxamidates.™®..............coccovvvvrorrcer.. 61

xviii



TABLE OF FIGURES

Figure 1.28. Structure of Hashimoto’s Rhy(S-PTPIl); and Rhy(S-BPTPI),

CAtAlYSES. B 3 ettt 65
Figure 1.29. Structure of Rho(DPTI)3(OAc) and Rhy(DTBTI),(OAC),. 848 ... 66
Figure 1.30. Structure of 1,6-BPGlyc and Rhy(1,6-BPGlyc),(OAC),. % ................ 66
Figure 1.31. Possible geometrical isomers for Rha(1,6-BPGlyc),(OAC),. % ........... 67

Figure 1.32. Enantiotopic binding of 1,6-BPGlyc on Rh,(1,6-BPGlyc),(OAc),.*®.. 68

Figure 1.33. a) Trend of stereoselectivity in dirhodium(ll) carboxylate-catalyzed

cyclopropanations. b) The main focus of the current research. ............cccccevvvrvvrnnnnn. 75

Figure 2.1. Structures of lower symmetry bis(oxazoline) ligands studied by Garcia
B AL e ettt ettt 92

Figure 2.2. Ligands backbone structure Comparison. ...........cccccevvevvvvvevivevirsivnsinannn, 93

Figure 2.3. X-ray structure of Rhy(S-NTTL),® (Reprinted from Ghanem, A.
Gardiner, M. G.; Williamson, R. M.; Miller, P. Chem.-Eur. J. 2010, 16, 3291,
Copyright 2010, with permission from John Wiley and Sons)............cccccvevvvrvennnnn. 95

Figure 2.4. Structure of the new hybrid ligands derived from N-1,2-napthaloyl-(S)-

AIMNO ACHUS. ..ottt ee e e e e ettt e e e e e e e s e e et eeaaeeeenseeins 96

Figure 2.5. Enantiomer separation of N-(1,2-naphthaloyl)-(S)-tert-leucine (1a).
Conditions for chiral HPLC trace: a) Chiralpak® ID column, 10% 2-propanol in n-
hexane (v/v%) with 0.1% TFA, 0.25 mL/min, 254 nm. b) Chiralpak® IB column,
10% 2-propanol in n-hexane (v/v%) with 0.1% TFA, 0.25 mL/min, 254 nm. ........ 101

Figure 2.6. Effect of changing the reaction solvent on enantiomeric purity of the
ODAINE THGANGS. ...ttt 103

Figure 2.7. Enantiomer separation of N-(1,2-naphthaloyl)-(S)-tert-leucine (1a)
prepared using a) acetic acid, b) DMF or c) toluene/TEA as reaction solvents.
Conditions for chiral HPLC trace: Chiralpak® IB column, 10% 2-propanol in n-
hexane (v/v%) with 0.1% TFA, 0.25 mL/Min, 254 NM.........ccccvvrivrrveirsierirsrirsrnnnn, 104

Figure 2.8. Enantiomer separation of N-(1,2-naphthaloyl)-(S)-phenylalanine (1b)
prepared using a) acetic acid, b) DMF or c) toluene/TEA as reaction solvents.
Conditions for chiral HPLC trace: Chiralpak® ID column, 10% 2-propanol in n-
hexane (v/v%) with 0.1% TFA, 0.5 mL/mMin, 254 NM.......ccovecverrerreiesieriraiesnn, 105

Xix



TABLE OF FIGURES

Figure 2.9. Enantiomer separation of N-(1,2-naphthaloyl)-(S)-leucine (1c) prepared
using a) acetic acid, b) DMF or c) toluene/TEA as reaction solvents. Conditions for
chiral HPLC trace: Chiralpak® ID column, 10% 2-propanol in n-hexane (v/v%)
with 0.1% TFA; 0.25 ML/MiN, 254 NM....cooviviriisieieiesesesesese st 106

Figure 2.10. Enantiomer separation of N-(1,2-naphthaloyl)-(S)-tryptophan (1d)
prepared using a) acetic acid, b) DMF or c) toluene/TEA as reaction solvents.
Conditions for chiral HPLC trace: Chiralpak® ID column; 10% 2-propanol in n-
hexane (v/v%) with 0.1% TFA, 0.5 mL/mMin, 254 NM. .....cccvevvveieeiecieieeiesveirais 107

Figure 2.11. Enantiomer separation of N-(1,2-naphthaloyl)-(S)-tyrosine (1le)
prepared using a) acetic acid, b) DMF or c) toluene/TEA as reaction solvents.
Conditions for chiral HPLC trace: Chiralpak® ID column, 10% 2-propanol in n-
hexane (v/v%) with 0.1% TFA, 0.5 mL/Min, 254 NM. .....cccvevvveieeieiieieeiesreirei 108

Figure 2.12. Structure of Rhy(S-1,2-NTHS), complexX (3f).....ccccovvvrvvrvriiiiie 111

Figure  2.13. Model applications of cyclopropylphosphonate  and
cyclopropylphosphonic acid derivatiVes. ............ccccvevvvvvevvevieeiesieseeiesiesisaissiiaas 112

Figure 2.14. lllustration to justify the observed high levels of diastereoselectivities
a) dis-Favoured, blockage of the approach of the substrate over the phosphonate
group, b) Favoured, attractive n-stacking attractions between the aryl rings. ......... 117

Figure 2.15. Chiral HPLC trace of (1S, 2R)-dimethyl 1,2-
diphenylcyclopropylphosphonate (5) a) prepared using Rhy(OAc), (Racemic
sample), b) prepared using Rhy(S-1,2-NTTL)s. Chromatographic conditions:
Chiralcel® OJ column, 2% 2-propanol in n-hexane (v/v%), 1 mL/min, 220 nm. ... 118

Figure 2.16. 3D models for the distinct ligand orientations used to rationalize the
observed enantioselectivity of dirhodium(ll) carboxylates derived from N-protected
amino acid ligands.®® (Reprinted with permission from Qin, C.; Boyarskikh, V.;
Hansen, J. H.; Hardcastle, K. I.; Musaev, D. G.; Davies, H. M. L. J. Am. Chem.
Soc. 2011, 133, 19198. Copyright 2011).......ccceevvrveieiriesiesieereieiesiesiesiesiesnsisennns 120

Figure 2.17. 2D-Heteronuclear NOESY experiments on Rh,(S-PTTL)4 and related

COMPIEXES.EOM ettt sr s es s s 121

Figure 2.18. X-ray structure of bis(ACN) adduct of Rhy(S-1,2-NTPA), (3b) (side
view). As shown, not all ligand atoms could be located in the structure refinement.122

XX



TABLE OF FIGURES

Figure 2.19. Predictive model for the observed asymmetric Rhy(S-1,2-NTTL),-
catalyzed CyClOProPan@tioN. ...........ceeveriieiesiesiieie ettt 123

Figure 2.20. Application of Fox’s predictive model for the asymmetric
cyclopropanation catalyzed by Rhy(S-1,2-NTTL)4 (38). v.cvvevvvevveirrveirciesieirens 124

Figure 2.21. Examples for reactivity and application of 1,1-cyclopropane diesters.**125
Figure 2.22. Structures of prepared catalysts. ...........ccocvvvevirininireccee 130

Figure 2.23. Suitable positions for substituent introduction; favoured substitution

positions are represented in bIaCck arroWs. ..........ccccoevvvvevveveviveesieseeiesies e, 131

Figure 2.24. The two possible orientations of the N-protecting group in Rhy(S-
BHTL)4 (13) and RN (S-BOTL)4 (14). ceveeeeeerererrseeeeeeseonineesseossenssseseesssonssssansenns 132

Figure 2.25. Structure of dirhodium(ll,Il) tetrakis[(1S, 3R, 4R)-2-(p-tert-
butylphenylsulphonyl)-2-aza-bicyclo[2.2.1]heptane-3-carboxylate]. ...................... 133

Figure 2.26. ORTEP for (1S, 2R)-dimethyl 1-pheny-2-(p-methylphenyl)-
cyclopropylphosphonate (21) ProduCt...........ccceevvveirrvesiesiesiesiesiesiesieeiesisasieeins 142

Figure 2.27. a) Features that gives the nature of chirality to the binding pocket of
Rhy(S-PTTL)4 and analogues, b) and ¢) Schematic illustration of the daisy chain
manner in which the rectangular binding pocket of Rh,(S-PTTL), is built up........ 145

Figure 2.28. Molecular structure of bis(THF) adduct of Rhy(S-*"PTTL)s (12).
Space filling representation; a) top view, b) bottom view, c) and d) side views (A

second similar molecule, as well as axial ligands were omitted for clarity)............ 146

Figure 2.29. Space filling structure comparison between mono(EtOAc) adduct of
Rh,(S-PTTL), and bis(THF) adduct of Rhy(S-*"PTTL)4 (12); a) and c) top views of
Rhy(S-PTTL)s and Rhy(S-*"PTTL)s, respectively, b) and d) side views of Rhy(S-
PTTL)4 and Rho(S-*"PTTL)4, reSPECIVEIY. ..o 147

Figure 2.30. Molecular structure of bis(EtOAc) adduct of Rhy(S-PTAD),; a) viewed
into the chiral crown cavity, b) general view (All hydrogen atoms, a second similar
molecule and lattice solvent were omitted for clarity). Space filling representation
viewed along the Rh-Rh axis c) into the chiral crown cavity, d) onto the axial Rh

coordination site shrouded by the adamantyl groups. ..........ccccovvvevvvevivvevvesirsienn, 148

XXi



TABLE OF FIGURES

Figure 2.31. Molecular structure of bis(EtOAc) adduct of Rhy(S-1-Ph-BPTTL),
(11) collected on MX1 beamline at the Australian Synchrotron, Victoria. The

structure suffers from a severe disorder of the axial EtOAc ligands. ...................... 149

Figure 2.32. Molecular structure of bis(EtOAc) adduct of Rhy(S-1-Ph-BPTTL),
(11); a) viewed into the chiral crown cavity, b) general view (All hydrogen atoms, a
second similar molecule and lattice solvent were omitted for clarity). Space filling
representation viewed along the Rh-Rh axis c) into the chiral crown cavity, d) onto

the axial Rh coordination site shrouded by the tert-butyl groups. ...........cccvevvenenn. 151

Figure 2.33. Molecular structure of bis(ACN) adduct of Rh,y(S-BHTL), (13). Space
filling representation; a) top view, b) prolate shaped ACN axial ligand entirely

shrouded by cavity walls, ¢) bottom view, d) and €) side VIeWS..............cccvvvrvrnninn. 152

Figure 2.34. Molecular Structure of bis(MeOH) adduct of Rhy(S-BOTL), (14).
Space filling structure representation; a), b) and c) three pictures of the complex in
various states of "undressing" the MeOH ligands around the cavity. ...................... 154

Figure 2.35. ORTEP for (1S, 2R)-1-trifluoromethyl-1,2-diphenylcyclopropane
00 [Nt OSSPSR 155

Figure 2.36. Structures of ligands containing tert-butyl and adamantyl substituents.170
Figure 2.37. First chiral ligands prepared from carbohydrates. ..........cc.ccccvvveienen. 173

Figure 3.1. Schematic setup for Hashimoto’s millilitre continuous flow reactor.*?
(Reprinted from Takeda, K.; Oohara, T.; Shimada, N.; Nambu, H.; Hashimoto, S.
Chem.-Eur. J. 2011, 17, 13992, Copyright 2011, with permission from John Wiley
100 IS0 0 ) RPN 236

Figure 3.2. A monolith standing at the entrance of the Summer Palace Park,
Beijing, China.”® (Reprinted from Guiochon, G. J Chromatogr A 2007, 1168, 101,
Copyright 2007, with permssion from EISeVIer). .........cccoovvevvvevvevieeiiiesiiveiiesinns 237

Figure 3.3. Channel of dirhodium(ll) immobilized amine-SBA-15 non-porous
catalyst.* (Reprinted from Dikarev, E. V.; Kumar, D. K.; Filatov, A. S.; Anan, A.;
Xie, Y.; Asefa, T.; Petrukhina, M. A. ChemCatChem 2010, 2, 1461, Copyright
2010, with permission from John Wiley and SONS). .........ccccevvvvvvvevvviivesiireiiiesins 240

Figure 3.4. SEM image for the prepared poly(AA-co-VP-co-Bis) monolithic

COIUMN CTOSS=SECTIONS. .vvvvvvssssssssssss s ssssssssssssssssssssssssssssssssssssssssssssssnsns 243

XXii



TABLE OF FIGURES

Figure 3.5. Structure of bis(4-vinylpyridine) adduct of Rhy(S-PTTL)4. ceevvvvennenn. 244

Figure 3.6. SEM imaging for the prepared poly(AA-co-VP-co-Bis) monolithic
column cross section with Rhy(S-PTTL), added to the initial pre-polymerization

YHXEUTE. oot e e oottt e et ettt e e et et e ettt eeeeeee e e et eeeeeeeee e e seeeeeeeeeeeeeannneeeeeeeenans 245

Figure 3.7. Typical flow-through dirhodium(ll)-catalyzed cyclopropanation

MICIOFEACTION SETUP. ..ottt 247

Figure 3.8. Chiral HPLC trace of (1S, 2R)-dimethyl 1,2-
diphenylcyclopropylphosphonate prepared using a) homogenous Rhy(S-*"PTTL),-
catalyzed flask reaction, b) polymer-supported Rhy(S-*"PTTL),-catalyzed
microreaction. Chromatographic conditions: Chiralcel® OJ column, 2% 2-propanol
in n-hexane (V/v%), 1 mL/Min, 220 NM. ..cveevveeieieeieeieeeie et 248

Figure 3.9. Microreactors capillary sections mounted perpendicularly on pin-type
aluminium stub using double face epoxy resin tape for high resolution SEM

gt To Lo O RN 251

Figure 3.10. Standard calibration curves for both enantiomers of dimethyl 1,2-
diphenylcyclopropylphosphonate generated by injecting different concentrations of
a standard sample through the HPLC. ...........ccoovrriirieeeeeee 256

Figure 4.1. The two possible electronically equivalent and sterically different

substrate orientations within the chiral cavity (represented in grey and white areas).262

Figure S1. Molecular structure of polymeric Rhy(R,R,S,S-1,2-NTTY), (side view).
As shown, not all ligand atoms could be located in the structure refinement............ S5

xxiii



XXiv



TABLE OF SCHEMES

TABLE OF SCHEMES

Scheme 1.1. Reaction mechanistic pathway for carbenoid formation and

CYClOPrOPANALION. 0T 27 e 5

Scheme 1.2. Asymmetric total synthesis of cyclopropyl analogue of Tamoxifen.*. 18

Scheme 1.3. Solid-phase cyclopropanation between phenyldiazoacetate and a resin

DOUNDEA OIEFIN. ...ttt enesn s 19
Scheme 1.4. Asymmetric cyclopropanations using heteroaryldiazoacetates.” ......... 19

Scheme 1.5. Example for Rhy(S-DOSP),-catalyzed decomposition of
alKyNYIAIazZOACETAES. % ..........ooeoeeoeeeeeeeeeseetee s ssie s e enesen e 20

Scheme 1.6. Rhy(R-DOSP),-catalyzed decompositions of aryldiazoacetates in the

presence of PYrroles or FUraNS. % ..ot 21

Scheme 1.7. Hypothetical model for asymmetric induction by dirhodium(ll) (S)-
ProlNAte CALAIYSES. .......vvveeeieieee ettt 22

Scheme 1.8. Rhy(S-biTISP),-catalyzed cyclopropanation.® ............cccccovvvverven., 24

Scheme 1.9. Rh,(S-DOSP),-catalyzed cyclopropanation of allyl
VINYIAIAZOACETALE. 0.t ne s e 25

Scheme 1.10. Rhy(S-NTTL),-catalyzed cyclopropanation of (silanyloxyvinyl)-

GIAZ0ACEEAES. 134 000 oo 32

Scheme 1.11. Rhy(S-NTTL)4-catalyzed enantioselective formation of 1,1-

cyclopropane diesters (trans-directing group concept).™*™ .....co.covvrvvreerreen. 33

Scheme 1.12. Enantioselective cyclopropanation with 1,2,3-triazoles.*.................. 37
Scheme 1.13. Synthesis of Rhy(S-PTAD), catalyst (53).2 ..o, 38
Scheme 1.14. Rh,(S-PTAD),-catalyzed cyclopropanation of diazo ketones.*®........ 41

Scheme 1.15. Rhy(S-PTAD),-catalyzed enantioselective cyclopropanation of

styrene with 2-chlorophenyl aryldiazoacetate derivative.®...............coocovvvovrevvcrn, 41

Scheme 1.16. Rhy(S-TCPTAD),-catalyzed reaction of aryldiazoacetates and

vinyldiazoacetates with electron deficient alkenes.*® ..........covovevvovoereeecerceerrern, 42

XXV



TABLE OF SCHEMES

Scheme 1.17. Schematic presentation of the cyclopropanation, ylide formation and

ePOXIAAtION PAINWAYS. ™% .........ooeeoeeseereoeeisieeeessesssesisseessaesssensssesnssonssssssssnnsan 43
Scheme 1.18. Rhy(R-BTPCP),-catalyzed asymmetric cyclopropanation. ................. 48
Scheme 1.19. Divergent synthesis 0f 55 and 56.2%% ...........coooovovveoroeeeecerorrerrere, 49

Scheme 1.20. Rh,(4S-MEAZ),-catalyzed asymmetric preparation of 92.17%............. 58

Scheme 1.21. Total synthesis of cyclopropane-configured phenylethylthiazoyl-
thiourea (PETT) analogue 93.2™ ... 59

Scheme 1.22. Rhy(4S, R-MenthAZ),;-catalyzed cyclopropanation of vinyl
diazolactone 94 with different 01efins. " ............covoveoeoeoeeeeeeeeeeceeeeeeeeeereeeeea, 60

Scheme 1.23. Intramolecular cyclopropanation of substituted allylic a-cyano-a-

HAZOACEIALES. 1% ..o e ettt te e te et e e ee oot oot et oot ererererosa, 60

Scheme 1.24. Rh,(4S-MPPIM),-catalyzed intermolecular cyclopropanation of 2-

methallyl diazoacetate. ™78 .. .........coooooeeereeeeeeseeeeeseeeeseeseeeesseseseenee s 61

Scheme 1.25. Decomposition of N-allyl diazoacetamide in the presence of catalytic
amount of RNo(4S-MEOX) 4.2 ... 62

Scheme 1.26. Rh,(4S, 2S-BSPIM),-catalyzed double intramolecular cyclopropana-

Scheme 1.28. Example for Rh,(S-PTPI)4-catalyzed enantioselective cyclopropana-

tion of styrene with 2,4-dimethyl-3-pentyl diazoacetate.®*.............ccccovvvvrevrcrrn.. 65

Scheme 1.29. Solvent effect on the enantioselectivity of Rh,(S-TBSP),-catalyzed
cyclopropanation of Styrene. ™ ... ... 70

Scheme 1.30. Additive effect on the activity of Rh,(S-biTISP), in cyclopropanation

reaction of Styrene with methyl a-phenyldiazoacetate.? ...........ccccooovveorvcrrrervennn. 71

Scheme 2.1. Preparation of chiral ligands; HMBC correlations are represented in

0] LU L= L 0 98
Scheme 2.2. Preparation and structure of the new catalytic series. ...............c....... 110

Scheme 2.3. Ruthenium-porphyrin-catalyzed cyclopropanation of styrene

derivatives with diisopropyl diazomethylphosphonate.® ............cccccovcvvvvovrenvnnnn. 113

XXVi



TABLE OF SCHEMES

Scheme 2.4. Ru(ll)-Pheox-catalyzed asymmetric cyclopropanation of various
classes of alkenes with diethyl diazomethylphosphonate.® ...........cccccoevrrrrann.. 114

Scheme 2.5. Rhy(S-IBAZ),-catalyzed cyclopropanations of alkenes with

diisopropyl a-cyano-a-diazophoSphonates.®...............ocovvereeeveororeorrereeeeereereesrrsnan 115
Scheme 2.6. Preparation of chiral ligands 7, 8,9 and 10. ..........ccccoeovvvrvrriice 129

Scheme 2.7. The attempt to use exo-3,6-epoxy-1,2,3,6-tetrahydrophthalic anhydride

15 as a protecting group for L-tert-leucine amino acid.............cc.cceevvevvvvrrivsinnnnnnn. 133

Scheme 2.8. The attempt to use N-phthaloyl-L-glutamic anhydride as a protecting

group for L-tert-leucing amino aCid. ..........cccvevveireirsieiesiesiese e 134

Scheme 2.9. Attempt for the preparation of 4-tert-butyl-1,8-naphthalic anhydride;

HMBC correlations are represented in blue arrOwWs. ...........cccccvevvvevevvvrsvesivsinsrnnnn, 135
Scheme 2.10. Attempts for the preparation of methyl a-diazobenzylsulfonate....... 169
Scheme 2.11. Endeavours for the synthesis of 4-(1-adamantyl)phthalic acid 39. ... 171

Scheme 2.12. a) Reaction of 40 with L-tert-leucine and b) *H NMR of reaction
00T [Nt 172

Scheme 2.13. Preparation of Rhy(5-D-TAGA)s compleX (47). cocovevecvevrieieienn 174

Scheme 2.14. Rhy(5-D-TAGA),-catalyzed cyclopropanation of styrene with

JAY (52 0 ' B T3 U SR 176
Scheme 2.15. Endeavours for the preparation of 49. .........cccocvevvvvvevvvciieiesieir 177
Scheme 3.1. Preparation of polymer-supported Rha(S-PTTL), beads. ................. 235
Scheme 3.2. Structure of the PIB-supported dirhodium(Il) complex. ..................... 238

Scheme 3.3. Davies universal strategy for immobilization of dirhodium(ll)

(000] 0 4] 01 13 (SR 239
Scheme 3.4. Internal surface modification of glass capillaries.’® .........cccccovvv..... 241

Scheme 3.5. The approach for the preparation of the pyridine-functionalized

polymer monolithic support inside the capillary microreactor. ............c..ccoovevvnins 242

Scheme 3.6. Schematic illustration for the developed flow-through Rhy(S-

®MPTTL),-catalyzed cyclopropanation MiCroractor. ............cococeeeveeeereevrrereneen, 246

XXVii



TABLE OF SCHEMES

Scheme 3.7. Flask Rhy(S-*"PTTL),-catalyzed cyclopropanation of styrene and
dimethyl a-diazobenzylphosphonate in toluene at room temperature. .................... 247

Scheme 4.1. Suggested retro-synthetic route for the preparation of N-(4-tert-
butylnaphthaloyl)-(S)-tert-leucine ligand, T ™NTTL. .....ccccoovovvvrcerreesreeerrieien 265

XXViii



TABLE OF TABLES

TABLE OF TABLES

Table 1.1. Selected example for the effect of catalyst electrophilic profile on

FACHION PAtNWAY.E ...t es e 13

Table 1.2. Selected example for the effect of catalyst steric profile on reaction
CREMOSEIECHIVILY.? .......ooeoeeoeceese st s s e eenesensasesanennn 14

Table 1.3. Chiral catalysis approach for asymmetric donor-acceptor carbenoid
CYCIOPrOPANALION™ ...t 18

Table 1.4. Cyclopropanation of allenes with p-bromophenyldiazoacetate.’%%" ...... 23

Table 1.5. Rhy(S-PTTL)4-catalyzed intermolecular cyclopropanation reactions of a-

Alky1diazo COMPOUNTS. 2" ... res s 27

Table 1.6. Rhy(S-PTTL)4-catalyzed asymmetric cyclopropanation of diazooxindole

WIth VATTIOUS OIEFINS. 228 ..o, 28

Table 1.7. Rhy(S-TCPTTL)4-catalyzed cyclopropanation of styrene with a-nitro-a-

diazo-p-methoxXyacetophenONE. 2 ... 29

Table 1.8. Rhy(S-TCPTTL)4-catalyzed cyclopropanation of several a-EWG-
diazoacetophenones bearing an a-p-methoxyphenyl (PMP)-ketone group.*® .......... 30

Table 1.9. Rhy(S-TBPTTL),-catalyzed cyclopropanation of styrene with a-

AIAZOPrOPIONAES. ™0 ...t 31

Table 1.10. Intramolecular cyclopropanation of 1-phenyl-1-propenyl 2-diazo-3-

SHANYIOXYDUL-3-BNO0ALES. 2 ...t esee s eneensaseeninon 36

Table 1.11. Enantioselective preparation of dimethyl 1,2-

diphenylcyclopropylphoSphonate. ™ ..o 39

Table 1.12. Dirhodium(Il)-catalyzed enantioselective synthesis of trifluoromethyl-

SUDSLItUtEd CYCIOPIOPANES. 2 ... 40

Table 1.13. Dirhodium(l1)-catalyzed enantioselective synthesis of nitrile-substituted
CYCIOPIOPANES. ...t 40

Table 1.14. Rhy(S-PTTL)3(TPA)-catalyzed cyclopropanation of ethyl a-

HAZODULANOALE. X ..o e e s e e s e s e s s s e s s s s s rnnn 44

XXiX



TABLE OF TABLES

Table 1.15. Evaluation of chiral heteroleptic Rh,(S-TCPTV)3(PTAIB) and Rhy(S-
TCPTTL)3(PTAIB) complexes as catalysts in asymmetric cyclopropanation.*®...... 45

Table 1.16. Results for intramolecular C—H insertion.*®” ..........ocovvvveeeeeoeven, 55

Table 1.17. Dirhodium(ll) carboxamidates-catalyzed cyclopropanation of styrene

with methyl phenyldiazoacetate.®............cccooomveovemveomrerresroneeseseeseessssiesseenenns 64

Table 1.18. cis/trans-Selectivity of Rh,(1,6-BPGlyc),(OAc); in the formation of 96

Table 2.1. Enantioselective cyclopropanation of styrene with dimethyl malonate via

the in situ generated phenyliodonium ylide method.®............ooovvovvoeeeeeeerere. 94

Table 2.2. Enantiomer separation of N-1,2-naphthaloyl-(S)-amino acids on
ChiralPaK® ID.......oeovieeeieiieeieeeseee ettt ettt ettt e e st et aatassa s asasssasssannes 100

Table 2.3. Effect of changing the reaction solvent on yield and enantiomeric purity

of the prepared [Igands. ...........ocovvrrieiieeeseeee e 103

Table 2.4. Asymmetric cyclopropanation of styrene with dimethyl a-

diazobenzylphOSPhONALe. ..........ccovveieeeieieeeese et 116

Table 2.5. Asymmetric cyclopropanation with Meldrum’s acid (diacceptor
SUDSTIALE). ...ttt sttt 126

Table 2.6. Asymmetric cyclopropanation of styrene with dimethyl a-

diazobenzylphOSPhONALe. ...........ccvveiveeieieieeeseeee et 137
Table 2.7. Scope of the catalysts investigations with respect to the alkene............. 140

Table 2.8. Effect of the «-diazophosphonate ester group size on the
enantioselectivity of the Catalysts. ...........occovvvrriririeiee e 143

Table 2.9. Asymmetric cyclopropanation of styrene with 1-phenyl-2,2,2-

trifluromethyldiazoethane (donor-acceptor substrate)............cccceovvvevvvvvvevivesirennn, 156

Table 2.10. Asymmetric  cyclopropanation of  styrene  with  p-

methoxyphenyldiazoacetate (donor-acceptor substrate). ..........cccccevvvevvevrrverirennns 158

Table 2.11. Asymmetric cyclopropanation with phenyldiazoacetate (donor-acceptor
R 0L =1 (=) TR R 161

XXX



TABLE OF TABLES

Table 2.12. Effect of solvent and temperature on the stereoselectivity of Rh,(S-1,2-
NTTL), (3a) with phenyldiazoacetate substrate. .............ccoovvvcvmvveivsvnrreiesie, 162

Table 2.13. Asymmetric cyclopropanation with styryldiazoacetate (donor-acceptor
U] 0 U L) R 164

Table 2.14. Asymmetric cyclopropanation of styrene with a-diazo-2-
PENYIACELONITITIE. ... 167

Table 2.15. Rhy(8-D-TAGA),-catalyzed asymmetric cyclopropanation of styrene. 176
Table 3.1. ICP-MS optimised conditions for rhodium analysis in synthetic samples.254

Table S1. Effect of ligand enantiopurity on the enantioselectivity of the final
(0721 £ 1)V SRR S3

Table S2. Rhy(1,2-NTTY),-catalyzed cyclopropanation of various olefins with
A 1S3 0 L0 R Vo) 1 R S6

XXXI



XXXii



ABBREVIATIONS

ABBREVIATIONS

The following abbreviations are used in this work:

4A MS

AA

AcC

ACN

AIBN

Ar

Bis

Bn

BOC

Bz

COSY

CSP

DBU

DCE

de

DCM

DFT

DIPEA

4A Molecular sieves
Acrylamide

Acetyl

Acetonitrile
Azobisisobutyronitrile

Aryl
N,N-Methylenebisacrylamide
Benzyl (PhCHy)
tert-Butyloxycarbonyl
Benzoyl

Correlation spectroscopy
Chiral stationary phase
1,8-Diazabicyclo[5.4.0Jundec-7-ene
1,2-Dichloroethane
Diastereomeric excess
Methylene chloride (CH,CIy,)
Density functional theory

N,N-Diisopropylethylamine

XXXl



ABBREVIATIONS

2,2-DMB
DMAP
DMF
DMSO
dr

EDG

ee

equiv.
ESI

Et

EWG

HCI
HF
HMBC
HPLC
HSQC

Hz

2,2-Dimethylbutane

Dimethylaminopyridine

Dimethylformamide

Dimethylsulfoxide

Diastereomeric ratio

Electron donating group

Enantiomeric excess

Equivalents

Electrospray ionization

Ethyl

Electron withdrawing group

Hours

Hydrochloric acid

Hydrofluoric acid

Heteronuclear multiple-bond correlation spectroscopy
High performance liquid chromatography
Heteronuclear single-quantum correlation spectroscopy
Hertz

isoButyl

Inductively coupled plasma

isoPropanol

XXXIV



ABBREVIATIONS

I-Pr

MALDI

Me

MeOH

mp

ND

NMR

MS

nOe

NOESY

Oct

ORTEP

p-ABSA

Ph

PMP

ppm

PTAIB

Ry

Rh

isoPropyl

Infrared spectroscopy

Coupling constant

Matrix assisted laser desorption ionization
Methyl

Methanol

Melting point

Not determined

Nuclear magnetic resonance

Mass spectrometry

Nuclear overhauser effect

Nuclear overhauser effect spectroscopy
Octyl

Oak ridge thermal ellipsoid plot
4-Acetamidobenzenesulfonyl azide
Phenyl

p-Methoxyphenyl

Parts per million
N-Phthalimido-a-aminoisobutyric acid
Retention factor

Rhodium

XXXV



ABBREVIATIONS

rt

SEM

t-Bu

TEA

Tf

TFA

TFT

THF

TIPS

TLC

TMS

T™MU

TOF

uv

VP

Room temperature
Scanning electron microscopy
tert-Butyl

Triethylamine

Triflyl

Trifluoroacetic acid
a,o,0-Trifluorotoluene
Tetrahydrofuran
Triisopropylsilyl

Thin layer chromatography
Trimethylsilyl
Tetramethylurea

Time of flight

Ultraviolet absorption

4-Vinylpyridine

XXXVi



CHAPTER 1: LITERATURE REVIEW

CHAPTER 1: CHIRAL DIRHODIUM(Il) CARBOXYLATES AND
CARBOXAMIDATES AS EFFECTIVE CHEMZYMES IN ASYMMETRIC
SYNTHESIS OF CYCLOPROPANE DERIVATIVES

1.1.  INTRODUCTION

The term “Chemzyme” was first introduced by Corey in 1989 to describe an
oxazaborolidene derivative used as a catalyst for highly enantioselective reduction of
a variety of achiral ketones to chiral secondary alcohols.! Corey defined a chemzyme
to be a small soluble organic molecules that can catalyze certain chemical reactions
in similar way that natural enzymes catalyze biochemical reactions while being able
to tell left from right? In other words, a chemzyme sequesters the reactants
molecules out of the surrounding, twists them into position, welds them together with
a precise three dimensional structure and then releases the product away to free itself
for the next catalytic cycle.? Nowadays, the “chemzyme” description has been
applied to a number of catalysts including multifunctional heterobimetallic
complexes for catalytic asymmetric Michael additions,® chiral Lewis acid catalysts
for hetero-Diels-Alder reactions,* cyclodextrin based artificial enzymes,® achiral
aluminium phenoxide derivatives as catalysts for conjugate allylation reactions® and

dirhodium(l1) paddlewheel complexes for metal carbenes transformation reactions.’

Although many transition metal compounds have been recently developed,
dirhodium(Il) paddlewheel complexes are among the most attractive catalysts
because of their activity, efficiency and selectivity.>™® The ability of such complexes
to effectively catalyze a variety of reactions at low catalyst loading has demonstrated
their synthetic potential, particularly, in the context of chiral catalysis. Dirhodium(ll)
catalysts with very high turnover numbers have been reported.?>?! Therefore, the
toxicity and cost of rhodium was enormously overcast by the capability of very small
amounts of the catalyst to return large quantities of value-added chemicals.

1.2. HISTORY

The story of dirhodium(ll) complexes begun in 1960 when Chernyaev and co-
workers?? uncovered a fruitful area of rhodium chemistry. They reported an air stable

green crystalline complex that was obtained by refluxing rhodium(lll) chloride in
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formic acid. They initially formulated this product as being the rhodium(l) species,
H[Rh(O,CH),.0.5H,0]. However, it was quickly found that this compound lacks
acid character. The product was subsequently identified as dirhodium(ll)
tetraformate monohydrate [Rh,(O,CH)4.H,0] by X-ray diffraction.”® This was the
first example of a binuclear rhodium(11) carboxylate complex that possesses the now

known “‘lantern’’ structure illustrated in Figure 1.1.

~

Rh,(0O,CH),

Figure 1.1. Lantern structure of dirhodium(Il) tetraformate (Rh2(O,CH),).

Later in the 1970’s, dirhodium(II) tetraacetate (Rho(OAC)4), Which was prepared in
mid-1960s,2*% was reported as an exceptionally effective catalyst for a wide variety
of catalytic transformations involving diazo compounds.?®®?" This discovery by
Teyssie and co-workers holds a unique importance in the history of this methodology
development.?®?® In fact, Rho(OAC), is not susceptible to redox transformations with
diazo compounds, does not form n-complexes with olefins and is resistant to ligand
exchange under ordinary catalytic conditions. Besides, It was found that product
yields from Rhy(OAc)4-catalyzed cyclopropanations were not diminished even when
catalyst to diazo compound molar ratios as low as 0.0005 were employed.”®
Rhy(OAc), also serves as the parent compound for the synthesis of other
dirhodium(Il) complexes. The introduction of ligand exchange procedures gave
access to a wide variety of other dirhodium(Il) complexes with similar paddlewheel
frameworks.? In addition to achiral ligands, the introduction of chiral ligands allowed
opportunities to explore, design and synthesize of various classes of chiral
dirhodium(Il) complexes. Furthermore, the study of their catalytic activity promoted
the rhodium-carbenoid chemistry to unprecedented levels of chemo-, regio- and

stereoselectivity.



CHAPTER 1: LITERATURE REVIEW

Currently, chiral dirhodium(Il) complexes are considered exceptional catalysts for a

wide range of chemical transformations, particularly, in metal-nitrenoid and -

carbenoid chemistry.'® These chemical transformations involves aziridinations,**
C-H insertions,**** ylide transformations,3*>® Lewis acid-catalyzed processes,®*3%
45-48

cross-coupling reactions* and cyclopropanation and cyclopropenation reactions.
In this chapter, an overview is provided on the development in dirhodium(ll)
carboxylates and carboxamidates as two of the most important classes of
dirhodium(Il) paddlewheel complexes. The discussion will be further extended to
their utilization as effective chemzymes in inter- and intramolecular asymmetric

cyclopropanation reactions.

1.3. DIRHODIUM(II)-CATALYZED CYCLOPROPANATION REAC-
TIONS

Cyclopropane derivatives played an important role in organic chemistry for decades.
They emerged as important building blocks in organic synthesis allowing access to
complex molecules with defined orientation of functional groups.”*>® Also, the
cyclopropyl group is a well-known structure motif in nature, even though it is a
highly strained entity.>*> Naturally occurring and synthetic chiral cyclopropanes are
endowed with a large spectrum of biological properties including enzyme inhibition,
insecticidal, herbicidal, antibacterial, antifungal, antiviral and antitumor activities
(Figure 1.2).>>>" For example, they have been found as structural moieties in

cyclopropane-based peptidomimetics,®®*° Pyrethroids insecticides,®®®

antipsychotic
agents,®® selective inhibitors for papain and cystein proteases,®® the antidepressant
and anxiolytic agent; Tranylcypromine,® the antimitotic agent; (+)-Curacin® and the
anticancer agent; (+)-Ptaquiloside.?® This is in addition to a number of best-selling
pharmaceuticals containing the cyclopropyl group which render the cyclopropane

chemistry more economic importance.®’
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3 OHO HW NH;

R = CHO, Anthroplalone HO,C” 'H
R = H, Noranthroplone

HII,IA\\\\@
H
(+)-Ptaquiloside H,N  H Ml\ge AR
Tranylcypromine 0

Carboxycyclopropyl
glycine

\\E) H
CHj
X X . X
S N
\%,/H R = CHj, Pyrethrin |
(+)-Curacin H ,/CH3 R = CO,CHjs, Pyrethrin Il

Figure 1.2. Selected examples of cyclopropane containing naturally occurring and

synthetic compounds.

The cyclopropyl group can be efficiently constructed through the reaction of a
dirhodium(I1)-carbenoid species (formed when a diazo compound reacts with a
dirhodium(I1) catalyst) and an alkene (Scheme 1.1a). The current generally accepted
mechanism for this reaction was originally proposed by Yates®® in 1952 for copper-
catalyzed diazo decomposition. This mechanism involves the initial complexation of
the negatively polarized carbon of the diazo compound to the axial site of the Rh(Il)
catalyst, which is coordinatively unsaturated (Scheme 1.1b). Subsequent irreversible
extrusion of N, from the intermediate 2 generates the Rh(ll)-carbene complex 4. In
this mechanism, the extrusion of N, is considered to be the rate-limiting step and a
number of kinetic studies have provided some support for this mechanism.®®">’
Computational, as well as kinetic studies of dirhodium(ll) carboxylate-catalyzed
carbenoid reactions indicated that carbene binding occurs only at one of the two

rhodium active sites at a time.”*"®
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a)
Nos _R5 Rh,L, R2 R
Y + Ry = > 7<]\ 3
R1 R1
1 6
b)

Rh,L, 1
o— R, ¥
L4Rh2#:%:R3
R ®
5 o N

Ry
4 o+ t
5— N2
N, ’\ L,Rh,=-R2
R1
3

Scheme 1.1. Reaction mechanistic pathway for carbenoid formation and

cyclopropanation.®">7

Dirhodium-carbenoid intermediate 4 can be represented by either a double bond to
the metal catalyst (7a), or as a charge separated structure (7b). Although
representation of 4 as a charge separated structure de-emphasizes the back-bonding
stabilization from the rhodium atom (Figure 1.3),* it does emphasize the

electrophilic nature of the carbenoid carbon.
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\R e @ \\\R
«—» Rh—C..
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Figure 1.3. Carbenoid resonance structure and back-bonding from the metal atom.*

In fact, the formation of this intermediate in dirhodium(ll)-catalyzed carbenoid
transformations remained elusive until, very recently, Davies, Berry and co-
workers”’ provided a direct evidence for being a genuine dirhodium(Il)-carbene
complex. They reported the generation of the metastable dirhodium(Il)-carbenoid
intermediate 8 (Figure 1.4) which was stable for a period of ~20 h in chloroform kept
at 0 °C. This discovery opened the door for the exploration of its physical and
chemical properties. The authors were able to characterize the Rh=C bond by
vibrational and NMR spectroscopy, extended X-ray absorption, fine structure

analysis and quantum chemical calculations.’’

%o
Ar
Tt
R P
o) ﬁAr
OI\?e Ar
Ar = Triphenylmethyl
8

MeO

Figure 1.4. Metastable dirhodium(11)-carbene complex.”

1.3.1. Types of carbenoid intermediates

The electrophilicity of the metal-carbenoid intermediates is a very important feature
that set the chemo-, regio- and stereoselectivity of the reaction at which; low
electrophilicity can lead to less reactivity, while too much electrophilicity causes
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side-reaction. Away from the structure of the dirhodium(ll) catalyst, varying the
substituents linked to the carbene carbon is a different way to change the electronic
properties of the carbenoid intermediates. Typically, diazo substrates can be
classified into three groups based on the electron donating/withdrawing
characteristics of their substituents; monoacceptor, diacceptor and donor-
acceptor.”®® The terms “donor” and “acceptor” refers to electron donating or
electron withdrawing groups, respectively. Typical acceptor groups can be keto,
cyano, trifluoromethyl, phosphonate or sulfonate, while typical donor groups are

vinyl, alkynyl, aryl or heteroaryl (Figure 1.5).

Ny N, N,
S PN PN
EWG H EWG EWG EWG  EDG
monoacceptor diacceptor donor-acceptor
diazo compounds diazo compounds diazo compounds

EWG = CF3;, CO,R, COR, NO,, PO(OR),, SO,R, CN
EDG = aryl, alkynyl, vinyl, heteroaryl

Figure 1.5. Classification of diazo compounds.’®2

Generally, an acceptor substituent will force the diazo substrate to be less reactive
towards carbenoid generation. However once the corresponding carbenoid
intermediate is generated, it will display a more electrophilic and reactive nature,
while being less stable and selective. On the contrary, introducing a donor
substituent will make the diazo substrate more reactive towards carbenoid
generation. But once the carbenoid is formed, it tend to be less electrophilic and

reactive, while being more stable and selective (Figure 1.6).%
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Selectivity of Carbenoid
[ R—
RhL, Eth4 )Rl\h2L4
EWG EWG EWG  H EWG  EDG
diacceptor monoacceptor donor-acceptor
carbenoid carbenoids carbenoid
p)
B |
<
Reactivity of Carbenoid

Figure 1.6. Relationship between reactivity and selectivity of rhodium-carbenoids.*®

An emerging area in asymmetric synthesis involves the utilization of donor-acceptor
carbenoids due to their enhanced levels of selectivity compared to other carbenoid
classes. In a number of cases, the reactivity and stability observed with donor-
acceptor carbenoids differs substantially from those monoacceptor and diacceptor
ones. Due to the enhanced stability of this class of intermediates, they have potential
capability towards a variety of highly regio- and stereoselective reactions, especially
when combined with chiral dirhodium(ll) carboxylate catalysts. Their unique
selectivities have already facilitated in the efficient construction of complex

molecular architectures.”

1.3.2. Modes of interaction between the rhodium complex and the carbene

The preferred mode of interaction between the rhodium complex and the carbene
was already explained using MM2 followed by extended Hickel calculations
focusing on the interaction between dirhodium(l1) tetraacetate and vinyl carbene.®
The results revealed that the carbene favourably align staggered to the oxygen of the
carboxylates rather than an eclipsed alignment (Figure 1.7). The staggered
orientation is, not only realistic on steric basis, but also is required for metal back-
bonding stabilization of the carbenoid as the dy, and dy, orbitals of rhodium are

hybridized to generate two new orbitals that lie in this staggered positions.®
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S /O R O\ /Q/R
R/, RN R=——RIT
| 68 100
[ "Rh__ I~ I Rh_ R
R O/ O R O/ O
Eclipsed form Staggered form

== = Carbene binding axis

Figure 1.7. Alignment of carbene on rhodium complex.®*

Later, Singleton, Davies and co-workers’® analyzed both methyl diazoacetate and
methyl vinyldiazoacetate as models for acceptor and donor-acceptor systems,
respectively, to justify the greater chemoselectivity displayed by the later. However,
in 2009, these models were re-evaluated by the same research group’ as the
calculated small potential energy barrier was not consistent with a large amount of
experimental data which suggests that donor-acceptor are highly selective species.
The authors recognized that the previously used calculations weren’t appropriately
describing rhodium in the system. The new models revealed that an acceptor
carbenoid (e.g. methyl diazoacetate) prefers the eclipsed conformation, while a
donor-acceptor carbenoid (e.g. methyl a-phenyldiazoacetate) adopts the staggered
conformation as the more sterically bulky nature of the phenyl group does not permit
the eclipsed conformation (Figure 1.8). The authors communicated that, this
observation might have major implications on the developed models to describe the
enantioinduction of chiral dirhodium(Il) complexes since the two carbenoids will
orient themselves differently relative to the given chiral ligand environment.”



CHAPTER 1: LITERATURE REVIEW

Figure 1.8. Calculated structures for a) methyl a-phenyldiazoacetate as donor-
acceptor system and b) methyl diazoacetate as acceptor system, top and side views;
C = grey, H = white, O = red, N = blue and Rh = purple.”* (Reprinted with
permission from Hansen, J.; Autschbach, J.; Davies, H. M. L. J. Org. Chem. 2009,
74, 6555. Copyright 2009).

1.3.3. Approach of the alkene

The final step in the dirhodium(ll)-catalyzed cyclopropanations mechanism involves
the approach of the alkene and generation of cyclopropane final product 6 (Scheme
1.1b). Bonge and Hansen®® studied the mechanism of dirhodium(il)-catalyzed
cyclopropanations with ethyl bromo-, chloro- and iododiazoacetate through density

functional theory (DFT) calculations. They found that, in addition to transition states

10
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in which the alkene approaches the carbenoid in an end-on manner, side-on trajectory
states were also found to be of importance (Figure 1.9). The relative energies of the
side-on trajectory transition states compared to the end-on trajectory transition states
are shown to be affected by the alkene substrate, as well as the carbenoid

substituents.

4 ,

\ y
‘%3 3.376 ﬁla/ 2535 Al 1 2,1(17

3.080 eAlr
- (0.03) ° A{{ 2 7(020) I’ 43 006}, o i 2 ,(024) ‘) ;
x2§7§ 1 J 39S ?‘ oY 2? ’ ¥}
(0.08) J 3066 T1 o 2596 T1 . 3120 7 1
(0.07) | (0.16) (0.06)
| Il 1] v

Figure 1.9. Transition states of Rh,(O,CH)4-catalyzed cyclopropanation of styrene
with ethyl bromodiazoacetate: | and 111 represent end-on trajectory transition states,
Il and IV represent side-on trajectory transition states.®? (Reprinted with permission
from Bonge, H. T.; Hansen, T. J. Org. Chem. 2010, 75, 2309. Copyright 2010).

1.4. MODIFICATIONS IN THE DIRHODIUM(Il) FRAMEWORK

All dirhodium(11) complexes are structurally characterized by a bimetallic core with
a Rh-Rh single bond, bridged by four p,-carboxylate, carboxamidate, phosphonate or
other ligands. Reported modifications in the dirhodium(Il) framework is mostly
related to either electronic (Section 1.4.1) or steric modifications (Section 1.4.2)

within its ligands.

1.4.1. Electronic modifications

Altering the electronic profile of ligands mainly affects the reactivity of the
dirhodium(I1) catalyst as electronically different bridging ligands coordinated to the
Rh-Rh axes donate distinct degrees of charge to the metal changing the overall
electronic profile of the complex. This in turn, will impact on the electrophilicity of
the carbenoid generated during catalysis to significantly influence the reaction

83,19

mechanistic pathway. For example, the competition reaction between

11
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cyclopropanation and aryl C-H insertion illustrated in Table 1.1 clearly demonstrated
the role of the catalyst electronic profile on reactivity.** A completely opposite
reactivity was observed at which the more electron rich catalyst, Rhy(cap),, returned
exclusively the cyclopropanation product (Table 1.1, entry 3), while the highly
electrophilic catalyst, Rhy(pfb)s, merely led to the generation of the C-H insertion
product (Table 1.1, entry 1).

Examples to electronic modifications within the rhodium scaffold included

32,84

employing mixed valence dirhodium(ll,1I1) species, complexes with Bi-Rh

heterobimetallic species,®*®®

89,90

complexes with axially coordinated N-heterocyclic
carbenes™ " and applying reaction additives. The latter will be discussed in detail in
Section 1.7. Although several examples have been reported, the use of the electronic
modifications pathway is generally limited to the fine tuning of the selectivity of a

particular catalyst in a particular reaction for the preparation of a particular product.*®

12
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Table 1.1. Selected example for the effect of catalyst electrophilic profile on reaction

pathway.®
Dirhodium(ll) Catalyst + O
N, @]
O
a b
CsF7
A A
CI)/ CI)/ CI)/ N/
Rh—Rh Rh—Rh
717 717
Rhy(pfb), Rhy(cap),
Entry Catalyst Yield (%) a:b
1 Rhy(pfb)s 86 100:0
2 Rh,(OAC), 92 52:48
3 Rhy(cap)4 75 0:100

1.4.2. Steric modifications

On the other hand, the importance of the ligand sterics has been confirmed through
multiple reports not only on chemo- and regioselectivity, but also on the
enantioselectivity of the catalyst.’ In the example illustrated in Table 1.2, a
completely opposite reactivity was observed when ligand sterics was altered from
methyl in Rhy(OAc), to triphenylmethyl in Rha(tpa)s.”* Aryl C-H insertion was the
exclusive pathway observed with Rh(tpa), (Table 1.2, entry 2). This was opposite to
cyclopropanation being the preferred mode of reactivity in competition with aryl C-H

insertion in the Rhy(OAC),-catalyzed reaction (Table 1.2, entry 1).

Using the ligand’s steric profile for controlling, predicting and justifying the
observed selectivity of a dirhodium(ll) catalyst is essentially the fundamental

13
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pathway employed in the field of dirhodium(ll) development.**® The importance
related to the exploration and manipulation of ligand sterics in chiral dirhodium(ll)

development will be manifested within the upcoming sections.

Table 1.2. Selected example for the effect of catalyst steric profile on reaction

chemoselectivity.*

0 J
X @)
| Dirhodium(ll) Catalyst
N, + o)

c d
Ph
PhtPh
9,
Rh—Rh
77
Rhy(tpa),
Entry Catalyst Yield (%) c.d
1 Rhy(OAC), 63 71:29
2 Rh,(tpa)s 83 0:100

15. DIRHODIUM(I) CARBOXYLATES
1.5.1. Conformations in dirhodium(ll) carboxylate complexes

In general, conformation of chiral dirhodium(Il) paddlewheel complexes is believed
to be a critical factor in their chemistry and this topic was previously reviewed by
Hansen and Davies.” In most dirhodium(ll) catalysts, the ligand blocking groups
would have a considerable conformational mobility. However, due to steric
constraints, these blocking groups either adapt an “up (a)” or “down (f)”
conformation (Figure 1.10). The blocking groups cannot lie in the periphery of the

catalyst as it would bump into the adjacent ligand. Based on this and by considering

14
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the a- and fS-arrangement for all four ligands, four possible conformations may be
generated: a,a,a,00 (C4-symmetry), a,a,a,f (Ci-symmetry), a,a.8,6 (Cr-symmetry)
and a,B,a. (D-symmetry)®***° (Figure 1.10).

a,a,a,a (C,symmetry) a,a,p,p (Co-symmetry)

a.f,a,p (Dr-symmetry) a,a,a,f (Cs-symmetry)

Figure 1.10. Models for different ligand arrangements (the sterically blocking groups

around the rhodium active sites are depicted as ovals).’

1.5.2. Dirhodium(ll) catalysts derived from prolinate ligands

Mckervey and co-workers®*®*

were the first to explore N-protected proline
derivatives as carboxylate ligands (9, Figure 1.11). However, the importance of this

kind of ligands was not recognized until Davies et al.2®** synthesized a series of

15
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prolinate based chiral catalysts (10-20, Figure 1.11) and discovered that the long
aliphatic chain variant, Rh,(S-DOSP), (11), was an exceptional chiral catalyst among

the prepared series.

N\ o 0
H N\ 1 N i}
I S—(4-t-BuPh) ~S-(4--BuPh)
2100 O A~ O
MEN-d g 29, 70,
(\5 /th /th /th—/R|h
9,
Rh—Rh 18
/ | / |
9 R = Ph [Rhy(S-BSP),] R H H o]
by ]
10 R = 4-t-BuCgH,, [Rhy(S-TBSP),] . ~S-R
I
11 R = 4-(C42H25)CgHa, [Rhy(S-DOSP),] A O
12 R = 4-(MeO)CgH, 9/ (I)/
13 R = 4-(NO,)CgH, /th_/th
14 R = 3,5-(CF3)CgHs
15 R = 2,4,6-(i-Pr)CgH, 19 R = 4-t-BuCgHy4, R' = i-Pr
16 R = j-Pr 20 R = 4-(Me)CgH,, R' = PhCH,

Figure 1.11. Dirhodium(ll) carboxylates derived from chiral prolinate ligands
(Mckervey complex 9% and Davies complexes 10-20%).

The high levels of asymmetric induction exhibited by dirhodium(ll) prolinate
complexes, especially Rh,(S-DOSP),4, has been suggested to originate from their
favoured D,-symmetrical arrangement in solution. As | will illustrate later in this
chapter, the N-dodecylarylsulfonyl groups are stretched out and aligned in an a,f,0.,5
arrangement. This generates a catalyst with two equivalent rhodium active sites with
adequate sterically overburden groups to limit the trajectories approaching the axial

carbene ligand (Figure 1.12).9148

16
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Figure 1.12. A 3D model for Rh,(S-DOSP), (top view).? (Reprinted from Hansen, J.;
Davies, H. M. L. Coord. Chem. Rev. 2008, 252, 545, Copyright 2008, with

permission from Elsevier).

Rh,(S-DOSP), has shown to be an excellent chiral catalyst for asymmetric
cyclopropanations. Its utilization was expanded by the discovery that it is an
exceptional catalyst for reactions involving donor-acceptor substituted

2080959 |n  the standard cyclopropanation reaction between

carbenoids.
styryldiazoacetate and styrene, Rh,(S-DOSP), was the optimum catalyst (Table 1.3).
Even at -78 °C, Rhy(S-DOSP), is still an active catalyst leading to the formation of
the cyclopropane product in 98% ee. This chemistry was successfully applied in the
asymmetric total synthesis of (+)-Sertraline'® and cyclopropyl amino acids.?’ But
unfortunately, high asymmetric induction of Rhy(S-DOSP), is limited to donor-

acceptor carbenoid systems.**

Rh,(S-DOSP),-catalyzed decomposition of methyl phenylacetate in the presence of
1,1-diarylethylenes resulted in cyclopropane products with high enantioselectivity
(up to 99% ee) and moderate diastereoselectivity (up to 80% de). This
cyclopropanation reaction was utilized in the asymmetric total synthesis of a
cyclopropyl analogue of Tamoxifen (Scheme 1.2).%

17
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Table 1.3. Chiral catalysis approach for asymmetric donor-acceptor carbenoid
cyclopropanation®

o O
Ph Catalyst, Pentane Ph / OMe
= OMe
N ~ Ph

2 Ph
Entry Catalyst Temperature (°C) ee (%)
1 Rh,(S-TBSP),4 (10) 25 90
2 Rhy(S-DOSP), (11) 25 92
3 Rh(S-DOSP), (11) -78 98

R; Rh,(S-DOSP), /@ Q
R

up to 99% ee,
up to 80% de

Ph

N
N

MezN(Hzc)Zo

Cyclopropyl analouge
of Tamoxifen

Scheme 1.2. Asymmetric total synthesis of cyclopropyl analogue of Tamoxifen.”

18
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A solid-phase cyclopropanation version of the same reaction was also reported and it
involved the reaction between phenyldiazoacetate and a resin-bonded alkene.
Stereoselectivities were almost identical to those observed for the solution-phase

reactions (Scheme 1.3).**

Ph
1. Et‘ O\/\O
S‘i
=t Phﬁﬂzcone
N, /@“ 2
Rh,(S-DOSP
)J\ 2( )4 O Ph

Ph™ ~CO,Me -
2. HF, Pyridine, MeOTMS

HO
93%, 85:15dr, 91% ee

Scheme 1.3. Solid-phase cyclopropanation between phenyldiazoacetate and a resin

bounded olefin.'%

The scope of this chemistry was broadened when Rh,(S-DOSP),-catalyzed
decomposition of heteroaryldiazoacetates resulted in highly diastereoselective and
enantioselective cyclopropanations (up to 97% ee). Heteroaryldiazoacetates
containing both electron-rich and electron-deficient heterocycles, such as thiophene,
furan, pyridine, indole, oxazole, isoxazole and benzoxazole, were effective for this

reaction (Scheme 1.4).%’

O

O
Rh,(S-DOSP),
Hemr%OMe HetAr OMe
N, y

X '
¢ PH
Ph

up to 97% ee

X = H or Ph, HetAr = thiophene, furan, indole, pyridine, oxazole, isoxazole
or benzoxazole derivatives

Scheme 1.4. Asymmetric cyclopropanations using heteroaryldiazoacetates.”’
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This chemistry was extended to include Rh,(S-DOSP),-catalyzed decomposition of

alkynyldiazoacetates. It led to alkynyl-substituted cyclopropanes with good to

excellent enantiomeric induction (Scheme 1.5).1%

Ph S 0 Rh,(S-DOSP), = *“\J\OMe
OMe

N, 0

o)
61%, >97:3 dr, 95% ee

Scheme 1.5. Example for Rhy(S-DOSP),-catalyzed decomposition of
alkynyldiazoacetates.'%?

In 2006, the complementary nature of Rh(Il)- and Pd(Il)-catalyzed reactions was
highlighted. Aryldiazoacetates containing reactive functionality for Palladium(Il)
cross-coupling reactions (iodide, triflate, organoboron and organostannane) are
capable of effective rhodium-catalyzed enantioselective cyclopropanations without

interference from the additional functionality.'®®

It was also reported that Rh,(R-DOSP), (the enantiomer of 11, Figure 1.11) can be
used to induce the decomposition of aryldiazoacetates in the presence of pyrroles or
furans resulting in the formation of mono- or bis-cyclopropanes of the heterocycle,
but with opposite enantioinduction (Scheme 1.6).)** The enantioinduction was
markedly influenced by the structure of the heterocyclic substrate. This methodology
was applied to the total synthesis of the natural product, (+)-Erogorgiaene, on the

basis of Rh,(S-DOSP),-catalyzed cyclopropanation of dihydronaphthalene.'%®
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Ny

/
N
E/) * Ar)J\COZMe

o
[ )+ acome

O
L
O
@ + Ar)J\COZMe
R

Rh,(R-DOSP),

Rh,(R-DOSP),

Rh,(R-DOSP),

Rhy(R-DOSP),

HH
MeO,C, = CO,Me
AWN

roo
H N 'H
BOC
Ar = 4-BrPh, 34%, 92% ee

Meo,c 1 B co,me

H” 0~ 'H
Ar = 4-BrPh, 68%, 96% ee

Meo,c, 1 ! co,Me
0

Ar = 4-BrPh, 76%, 84% ee

O ~\H
@Ar
|-E{ COzMe

Ar =4-BrPh, R = H, 61%, 96% ee
Ar = 4-BrPh, R = Me, 81%, 97% ee

Scheme 1.6. Rhy(R-DOSP),-catalyzed decompositions of aryldiazoacetates in the

presence of pyrroles or furans.'%*

Recently, a study that provided guidelines for choosing the optimal chiral

dirhodium(Il) catalyst for cyclopropanation of substituted aryldiazoacetates was

carried out. It confirmed that the expectation that Rh,(S-DOSP), would give high

asymmetric induction for all aryldiazoacetates is not true. However, Rhy(S-DOSP),

was found to be the most effective catalyst for the broadest range of substituted

methyl aryldiazoacetates.”

A general hypothetical model has been proposed to explain the outcomes of

dirhodium(Il) prolinates-catalyzed asymmetric cyclopropanations (Scheme 1.7).
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In this model, the most stable conformation of these catalysts is believed to have a
D,-symmetry. Once the carbenoid is formed, its si-face is protected by a sulfonyl
ligand behaving as a blocking group. Approach of the alkene takes place over the
electron withdrawing group (EWG) from the re-face, resulting in the formation of

the observed diastereomer configuration. #2279

H
H)\( Arso2 Arso2
EWG R EWG Hepg
so Al
e
5—
.EDG
R EWG

Scheme 1.7. Hypothetical model for asymmetric induction by dirhodium(ll) (S)-

prolinate catalysts.

Gregg et al.’®" investigated the enantioselective cyclopropanation of allenes using
aryldiazoacetate esters mediated by Rh,(S-DOSP), as a catalyst. The reaction led to
the generation of alkylidene cyclopropane products in 80 to 90% ee (Table 1.4).
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106,107

Table 1.4. Cyclopropanation of allenes with p-bromophenyldiazoacetate.

Br o Rh,(S-DOSP),,
Hexane, rt
OMe

N, R

Br

AR
Entry R R’ Yield (%) ee (%)
1 Ph H 76 90
2 p-CICsH, H 61 84
3 CsHi1 H 60 88
4 Bn H o4 >80
5 Ph Me 33 86
6 Me Me 30 90
7 TMS Me 79 85

Based on the D,-symmetry hypothesis, second generation prolinate complexes were
designed (Figure 1.13). In these complexes, the arylsulfonyl groups were
conformationaly locked in the a.,5,a,8 arrangement.’®'% This was achieved by the
synthesis of bidentate C,-symmetric ligands with two sulphonylprolinates linked
together. As the ligands themselves are possessing a C,-symmetry, a higher D,-
symmetry was accessible affording a more rigid version of the a,f,a,/-complexes
carrying the Ci-symmetric ligands. In the new complexes, not only both rhodium
faces are equivalent, but also all staggered binding orientations of the axial
substituent involved in the asymmetric reaction are identical with respect to the

approaching substrate.'%?
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Ar = 4-t-BuCgH, Ar = 4-t-BuCgH, [Rhy(S-biTBSP),]
Ar = 4-C4,H,5CsH, [Rhy(S-biDOSP),]
Ar = 2,4 6-trii-prCgH, [Rhy(S-biTISP),]

Figure 1.13. Second generation prolinate complexes.%1%°

The demonstration that the rigid bridged prolinate Rh,(S-biTISP), is an excellent
catalyst for asymmetric cyclopropanation (Scheme 1.8) added further support to the
proposed concept that the efficiency of Rhy(S-DOSP), as a chiral catalyst is due to

the arrangement of the ligands in a D,-symmetry.'®

o Ph™ fi
. Ph 3
Rhy(S-biTISP), ANSOMe
th/\fHkOMe - v%
N2 DCM, -50 °C Ph
98% ee

Scheme 1.8. Rhy(S-biTISP),-catalyzed cyclopropanation.'®

In contrast to intermolecular cyclopropanation, dirhodium(ll) prolinates result in
modest enantioselectivities for intramolecular cyclopropanation reactions with
donor-acceptor carbenoids. For example, Rh,(S-DOSP),-catalyzed cyclopropanation
of allyl vinyldiazoacetate afforded the corresponding fused cyclopropyl lactone in
72% ee (Scheme 1.9).1%°
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hﬂc/\ O O wH

N ~Ph Rh(S-DOSP), P
N2 -78°C

72% ee

Scheme 1.9. Rh,(S-DOSP),-catalyzed cyclopropanation of allyl vinyldiazoacetate.**

1.5.3. Dirhodium(ll) catalysts derived from chiral N-protected amino acid

ligands
1.5.3.1. Homoleptic complexes

Hashimoto, Ikegami and co-workers****® have developed a series of homochiral
dirhodium(Il) carboxylate complexes derived from enantiomerically pure N-
phthalimido protected L-amino acids as ligands (21-35, Figure 1.14). The optimum
group at the a-carbon groups can vary depending on the reaction,” but, in general, the
tert-butyl derivative, Rh,(S-PTTL), (32), is the catalyst with the broadest application
in asymmetric cyclopropanations. Other catalysts were also introduced by vertically
extending the length of the N-phthalimide moiety (36-39, Figure 1.14).1128
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x X
o)

X N RH
\
| I/
Rh—Rh
/1

21 R = PhCH,, X =H [Rhy(R-PTPA),]
22 R = t-Bu, X= H, [Rhy(R-PTTL),]
23 R = t-Bu, X= Cl, [Rhy(R-TCPTTL),]

36 R = PhCH,, [Rhy(S-BPTPA),]
37 R=Me, [Rhy(S-BPTA),]

38 R = i-Pr, [Rhy(S-BPTV),]

39 R = t-Bu, [Rhy(S-BPTTL),]

X
<<<§> o X
e
0*"~0
\/ 1/

Rh—Rh
77

X
\
0O X

53 X= H, [Rh,(S-PTAD),]
54 X= Cl, [Rhy(S-TCPTAD),]

X
0 X
R/,, N X
H \
//L o X
9,
Rh—Rh

/ | / |

24 R = PhCH,, X= H, [Rhy(S-PTPA),]
25 R = PhCH,, X= Cl, [Rhy(S-TCPTPA),]
26 R = Me, X= H, [Rhy(S-PTA),]

27 R = Me, X= Cl, [Rhy(S-TCPTA),]
28 R = Et, X= H, [Rhy(S-PTTEA),]

29 R = j-Pr, X= H, [Rhy(S-PTV),]

30 R = j-Pr, X= Cl, [Rhy(S-TCPTV),]
31 R = i-Pr, X= Br, [Rhy(S-TBPTV),]
32 R = t-Bu, X= H, [Rhy(S-PTTL),]

33 R = t-Bu, X= CI, [Rhy(S-TCPTTL),]
34 R = t-Bu, X= F, [Rhy(S-TFPTTL),]
35 R = t-Bu, X= Br, [Rhy(S-TBPTTL),]

Oy
N3
\
5 T
070

Rh—Rh
/7]

R

40 R = Me, X = H; [Rhy(S-NTV),]
41R = t-Bu, X = H; [Rhy(S-NTTL),]

42 R = t-Bu, X = 4-Cl; [Rhy(S- 4-CI-NTTL),]

43 R = t-Bu, X = 3-Cl; [Rhy(S-3-CI-NTTL),]

44 R = t-Bu, X = 4-Br; [Rhy(S-4-Br-NTTL),]

45R = t-Bu, X = 4-NO,; [Rhy(S-4-NO,-NTTL),]
46 R = t-Bu, X = 3-NO,; [Rhy(S-3-NO,-NTTL),]
47 R = PhCH,, X = H; [Rhy(S-NTPA),]

48 R = PhCH,, X = 4-Cl; [Rhy(S- 4-CI-NTPA),]

49 R = PhCH,, X = 3-Cl; [Rhy(S- 3-CI-NTPA),]

50 R = PhCH,, X = 4-Br; [Rhy(S-4-Br-NTPA),]

51 R = PhCHy, X = 4-NO,; [Rhy(S-4-NO,-NTPA),]
52 R = PhCH,, X = 3-NO,; [Rhy(S-3-NO,-NTPA),]

Figure 1.14. Structures of reported chiral dirhodium(Il) carboxylates derived from

chiral N-protected amino acid ligands (Hashimoto complexes 21-39,912L115.112

Dauban complex 40,**> Miller and Ghanem complexes’®® 41-52 and Davies

complexes 53-541241%6),
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Fox et al.l?’

investigated if Rhy(S-PTTL), could be useful for intermolecular
cyclopropanation reactions of a-alkyldiazo compounds that originally gives products
of p-hydride elimination. The catalyst led to cyclopropane products with high
diastereoselectivity and yield, while the enantioselectivity was highly sensitive to the
structure of the diazoester and larger a-alkyl substituents led to increasingly higher

ee (Table 1.5).

Table 1.5. Rhy(S-PTTL)s-catalyzed intermolecular cyclopropanation reactions of -

alkyldiazo compounds.*?’

Ph X
RTCOZEt Rhy(S-PTTL), R KCOZEt
N, Solvent, -78 °C P h
Entry R Yield (%) dr ee (%)
1 Me 95 91:9 3
2 Et 95 92:8 79
3 n-Pr 100 >05:5 94
4 n-Bu 96 >05:5 96
5 i-Bu 92 >05:5 99

Awatta and Arai'?®® further reported the Rhy(S-PTTL)s-catalyzed asymmetric
cyclopropanation of diazooxindole generating the corresponding spiro-
cyclopropyloxindole products with high levels of diastereoselectivity and moderate

to good enantioselectivity (Table 1.6).
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Table 1.6. Rhy(S-PTTL)4-catalyzed asymmetric cyclopropanation of diazooxindole

with various olefins.*?

Z>R
Rhy(S-PTTL),,

R,
N, '
DCM, 0°C, 1 h
0 0
N N
H H
R

Entry Yield (%) dr ee (%)
1 Ph >99 98:2 66
2 4-CICgH, >99 97:3 65
3 3-CICgH4 98 98:2 60
4 2-CICgH4 92 96:4 66
5 4-FCgH4 >99 96:4 64
6 4-MeCgH4 >99 96:4 62
7 4-MeOCgH4 >99 93:7 48
8 n-CsHs 65 88:12 74

Likewise, Charette'?

reported the first catalytic enantioselective cyclopropanation of
alkenes with a-nitro diazoacetophenones as part of their trans-directing group
investigations. Rh,(S-TCPTTL), (33, Figure 1.14) proved to be the most suitable
catalyst for this kind of asymmetric cyclopropanations. For example, the Rhy(S-
TCPTTL),-catalyzed cyclopropanation of styrene with  a-nitro-a-diazo-p-
methoxyacetophenone gave the product in 93% ee (Table 1.7). The corresponding
products obtained from this reaction were used as precursors for the synthesis of

optically active cis-cyclopropane a-amino acids.
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Table 1.7. Rhy(S-TCPTTL),-catalyzed cyclopropanation of styrene with a-nitro-o-
diazo-p-methoxyacetophenone.'?!

PR
D Catalyst OZNK\PMP
OzN\H)LPMP
N, Et,0, -50 °C @

Entry Catalyst Yield (%) dr ee (%)
1 Rh,(S-PTA)4 (26) 55 53:47 22
2 Rhy(S-PTPA), (24) 56 55:45 43
3 Rhy(S-PTV)4 (29) 76 72:28 16
4 Rhy(S-PTTL)4 (32) 80 33:67 2
5 Rh,(S-TCPTA). (27) 81 97:3 92
6 Rhy(S-TCPTPA), (25) 72 94:6 91
7 Rh,(S-TCPTV), (30) 82 98:2 91
8 Rh,(S-TCPTTL). (33) 81 98:2 93
9 Rh,(S-TBPTV), (31) 89 96:4 80
10 Rh,(S-TCPTTL), (33) 70 99:1 92
11 Rhy(S-TCPTTL), (33) 80 98:2 93

This method was further extended to different diacceptor a-EWG-
diazoacetophenones bearing an oa-PMP-ketone group, as diastereo- and
enantioselectivity control group. They were found to be effective carbene precursors
for Rhy(S-TCPTTL)4-catalyzed highly stereoselective cyclopropanation of alkenes
(Table 1.8).*#°
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Table 1.8. Rhy(S-TCPTTL)4-catalyzed cyclopropanation of several a-EWG-

diazoacetophenones bearing an a-p-methoxyphenyl (PMP)-ketone group.*?

o PR O
Rhy(S-TCPTTL) ~EWG
EWGm)kPMP 2 4 PMP~ 2 |
Entry EWG Temp. (°C) Yield (%0) dr ee (%)
1 NO, -50 81 98:2 93
2 CN -35 98 95:5 84
3 CO>,Me -40 60 99:1 88
4 Ph -50 9 >05:5 98

Rhy(S-TBPTTL),4 (35, Figure 1.14) was also reported as an exceptionally effective
catalyst for asymmetric cyclopropanation reactions of 1-aryl-substituted and related
conjugated alkenes with tert-butyl o-diazopropionate.™®™ High levels of
enantioselectivity (up to 93% ee), as well as virtually complete trans-
diastereoselectivity were successfully achieved (Table 1.9). According to the authors,
this protocol represented the first example of catalytic asymmetric cyclopropanation
of alkenes with a-diazopropionates and partially complements the above discussed

Fox cyclopropanation methodology.
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Table 1.9. Rhy(S-TBPTTL),-catalyzed cyclopropanation of styrene with «-
diazopropionates.*®

Ph X
MGT\]I/C02R Catalyst MG:KCO2R
2 DCM Ph

Entry R Catalyst Temp. Yield dr ee

(’C) (%) (%)
1 CH(-Pr);  Rhy(S-PTTL). (32) -60 89 94:6 47
2 CH(i-Pr),  Rhy(S-TFPTTL), (34)  -60 86 92:8 33
3 CH(i-Pr), Rh,(S-TCPTTL), (33) -60 89 95:5 69
4 CH(i-Pr);  Rhy(S-TBPTTL),(35)  -78 86 >99:1 86
5 Et Rh,(S-TBPTTL)s (35)  -60 80 919 35
6 t-Bu Rhy(S-TBPTTL)s (35)  -78 87 >99:1 92

Similar types of catalysts using N-1,8-naphthaloyl-L-amino acids were developed by
Miiller and co-workers***™3® (41-52, Figure 1.14). They demonstrated the suitability
of Rhy(S-NTTL), catalyst (41, Figure 1.14) for Rh-catalyzed cyclopropanation of
styrene with (silanyloxyvinyl)diazoacetates producing exceptional diastereo- and
enantioselectivities (Scheme 1.10a).** The scope of the catalyst was extended with
respect to the alkene to include dihydrofuran and dihydropyran (Scheme
1.10b,c).2*%®  When this methodology was applied to ethyl
diazo(triethylsilyl)acetate, it gave the corresponding cyclopropane in a good yield
(69%), but with modest diastereoselectivity (64% de) and enantioselectivity (54%

ee). ¥
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o
TIPSO O Rho(S-NTTL) o
) OMe : : = OMe
N, Toluene Ph ’/’//OT”DS

76%, de = 95%, ee = 98%

Co 0

TIPSO O
b) /L\HJ\ Rhy(S-NTTL), (}} OMe
OMe 04" _OTIPS

N, Toluene ///

85%, de = >99%, ee = 90%

TIPSO O
/L\HJ\ Rh,(S-NTTL), <>)'\ OMe
°) OMe o0+ % -OTIPS

N, Toluene //

78%, de = >99%, ee = 82%

Scheme 1.10. Rhy(S-NTTL),-catalyzed cyclopropanation of (silanyloxyvinyl)-

diazoacetates. 13413

Charette et al.”**'*! described the enantioselective formation of 1,1-cyclopropane
diesters via Rh,(S-NTTL),-catalyzed cyclopropanation of olefins (Scheme 1.11).
They were the first to elaborate the concept of the trans-directing ability of amide
groups in Rh(ll)-catalyzed cyclopropanation reactions. This concept provided a

solution for the stereoselective synthesis of 1,1-dicarboxycyclopropane derivatives.
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O O Alkene, R’ %
Rh,(S-NTTL
MeO)KH/LL D 2( )4 RO NQ
Ny DCE OMe

up to >30:1 dr
up to 97% ee

Scheme 1.11. Rhy(S-NTTL)4-catalyzed enantioselective formation of 1,1-

cyclopropane diesters (trans-directing group concept).***4

The authors hypothesized that the in-out conformation for a carbene derived from
malonates is operative. Placing one group in the same plane of the metal carbene
liberates space for an alkene to approach and enhances the electrophilicity of the
carbenoid.*®*% The out-of-plane substituent can act as a trans-directing group and
transition states I-1V (Figure 1.15a) would be plausible. Assuming that the use of a
chiral catalyst would be effective at blocking the pro-(S)-face, they found that the
four possible transition state structures would lead to a pair of enantiomers. These
postulations may explain the low enantiocontrol obtained to date with Rh(Il)-

catalyzed cyclopropanation of malonates.

One of the proposed strategies was using a carbene that possesses two different
groups with different trans-directing abilities, in combination with, a catalyst that
would be effective at blocking one of the two prochiral faces. Transition states VII
and 1X (Figure 1.15b) would not be accessible due to the greater trans-directing
ability of the COR group. By applying this strategy and by using Rh,(S-NTTL), as a
catalyst, the authors succeeded in obtaining the cyclopropane products with

enantioselectivities up to 97% ee and diastereoselectivities up to >30:1 dr.**#*3
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The potential utility of this property was further illustrated in several functional
group transformations and in the stereoselective synthesis of (S)-(+)-Curcumene, (S)-
(+)-Nuciferal, (S)-(+)-Nuciferol, (+)-Erogorgiaene, (z)-Xanthorrhizol and (*)-2-
Hydroxycalamenene.'*®

The performance of Rhy(S-NTTL)4, Rhy(S-PTTL)4 and Rhy(S-DOSP), catalysts in
intramolecular cyclopropanation of allyl 2-diazo-3-silanyloxybut-3-enoates was also
examined by Miiller et al.*****® (Table 1.10). The best results were obtained with
Rhy(S-PTTL)4, where 89% ee was observed at -78 °C. Rh,(S-NTTL)4 was slightly
less selective, while Rh,(S-DOSP), was found not suitable for these substrates.
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Table 1.10. Intramolecular cyclopropanation of 1-phenyl-1-propenyl 2-diazo-3-
silanyloxybut-3-enoates.**?

O OTIPS
OTIPS
O Catalyst
N, ——— © Ph
| Toluene o
H

Ph
Entry  Catalyst Temp. (°C) Yield (%0) ee (%)
1 Rhy(S-NTTL), (41) rt 77 73
2 Rhy(S-PTTL)4 (32) rt 93 77
3 Rho(S-PTTL)4 (32) -78 66 89
4 Rhy(S-DOSP), (11) It 69 5

Fokin et al'® reported a novel Rhy(S-NTTL)s-catalyzed asymmetric
cyclopropanation methodology that utilizes N-sulfonyl-1,2,3-triazoles as azavinyl
carbene precursors. The azavinyl carbenes readily reacted with various olefins
providing cyclopropane carboxaldehydes in very high levels of enantioselectivity
(Scheme 1.12a). Examination of the scope of the reaction with respect to the 1-
sulfonyltriazole revealed that substrates possessing both electron-rich and electron-
deficient aryl groups at C4 reacted smoothly to produce the cyclopropane products
with excellent enantioselectivity (up to 98% ee). Moreover, the authors recognized
that reduction of imine product with LiAIH, immediately after their synthesis had the
ability to provide an easy access to aminocyclopropanes in good yields and excellent

enantioselectivity (Scheme 1.12b).
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a) 1. R2
/\/Rs
R4
Ar Rh,(S-NTTL),, )(l)
DCE, 65 °C
N/~N H ,gAr
Ry N 2. K,COs, H,0, Rs
MeOH, rt Ro R4

dr =>20:1, up to 98% ee

b) 1. Rz@\/

Ph Rhy(S-NTTL),, /
% DCE, 65 °C R1025. 1 «Ph R,
N H /s
R1023fN‘N 2. LiAIH,, L
THF, -78%C 96-98% ee

Scheme 1.12. Enantioselective cyclopropanation with 1,2,3-triazoles.**

Miiller, Ghanem and co-workers**# reported a number of substituted Rhy(S-
NTTL), analogues (42-52, Figure 1.14) with Rh,(S-4-Br-NTTL),4 (44) giving the best

enantioselectivity. This catalyst will be discussed in details in Chapter 2, Section 2.1.

In 2006, Davies et al.*** suggested that the logical way for further improvement of
the Rhy(S-PTTL), catalyst and analogues was to have a much bulkier hydrocarbon
than the tert-butyl group at the a-carbon. They used their own developed C-H
activation chemistry to access the synthetic amino acid, L-adamantylglycine, in

enantiomerically pure form*** for the preparation of Rhy(S-PTAD), (Scheme 1.13).
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N2
Rh,(S-DOSP
PhMCOZMe A .

: O
Rhy(OA
(Rhy(S-PTAD), (53) ) 2AOACk N

@)

Scheme 1.13. Synthesis of Rhy(S-PTAD), catalyst (53).1%*

Rh,(S-PTAD), catalyst was applied to the stereoselective synthesis of dimethyl 1,2-
diphenylcyclopropylphosphonate containing quaternary stereocenters. The results
demonstrated that Rh,(S-PTAD), was a very effective catalyst, at which the
cyclopropylphosphonate product was obtained in high levels of enantioselectivity
(99% ee) compared to Rhy(S-DOSP),4 (34% ee), Rhy(S-biTISP), (88% ee) and Rhy(S-
PTTL), (97% ee) (Table 1.11).2#
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Table 1.11. Enantioselective preparation of dimethyl 1,2-

diphenylcyclopropylphosphonate.**

Ph o)
N2 OMe Dirhodium(ll) Catalyst b OMe
Ph)J\ : e o \OMG
S OMe 2,2-DMB, reflux PH Ph
>30:1 dr
Entry Catalyst Yield (%) ee (%)
1 Rh,(S-DOSP), (11) 69 34
2 Rh,(S-biTISP), 89 88
3 Rhy(S-PTTL), (32) 85 97
4 Rhy(S-PTAD); (53) 86 99

In the same context, the Rhy(S-PTAD)4-catalyzed reaction of 1-aryl-2,2,2-
trifluorodiazoethanes or «-diazo-2-phenylacetonitrile with electron rich alkenes
generated the corresponding trifluoromethyl-substituted or nitrile-substituted
cyclopropanes, respectively, with high levels of diastereoselectivity and

enantioselectivity (Tables 1.12 and 1.13).1>*
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Table 1.12. Dirhodium(Il)-catalyzed enantioselective synthesis of trifluoromethyl-
substituted cyclopropanes.'®

N, Ph™ ACF 3
Ph)J\CF3 Dirhodium(ll) Catalyst PH on
Entry Catalyst Solvent Yield (%) de (%) ee (%)
1 Rhy(S-DOSP), (11)  Hexanes 80 94 40°
2 Rh,(S-DOSP), (11) TFT 60 90 37
3 Rhy(S-PTTL)s(32) TFT 95 >94 97
4 Rhy(S-PTTL)4 (32) CH,Cl, 96 >94 86
5 Rh,(S-PTAD), (53) TFT 94 >94 >08

®Opposite enantiomer preferentially formed.

Table 1.13. Dirhodium(ll)-catalyzed enantioselective synthesis of nitrile-substituted

cyclopropanes.'*

PR

N, ACN
Dirhodium(Il) Catalyst
Ph” “CN ~ Ph Ph

Toluene, -78 °C

Entry Catalyst Loading (mol%)  Yield (%0) dr ee (%)
1 Rh,(S-DOSP), (11) 2 85 95:5 34
2 Rhy(S-PTTL)4 (32) 2 84 96:4 90
3 Rhy(S-PTAD), (53) 2 86 97:3 90
4 Rh,(S-PTAD), (53) 1 80 97:3 85
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Furthermore, the reaction of a variety of a-aryl-a-diazoketones with activated olefins
catalyzed by Rhy(S-PTAD), was reported to generate cyclopropyl ketones with high
diastereoselectivity (up to >95:5 dr) and enantioselectivity (up to 98% ee) (Scheme
1.1 4)l146

o @)
Rhy(S-PTAD), N\
RW)LR /A\ Ry
2
N, 2,2-DMB Ry R

up to >95:5dr
up to 98% ee

Scheme 1.14. Rh,(S-PTAD),-catalyzed cyclopropanation of diazo ketones.**

Rh,(S-PTAD), was also defined as the optimal catalyst that provides high levels of
enantioinduction for cyclopropanations with ortho-substituted aryldiazoacetates. In
particular, Rhy(S-PTAD), was very effective with 2-chlorophenyl aryldiazoacetate
derivative (97% ee) (Scheme 1.15).%

B
Cl N, Ph LO,Me

Rh,(S-PTAD),
COZMe Ph

Cl

80%, 97% ee

Scheme 1.15. Rh,(S-PTAD),-catalyzed enantioselective cyclopropanation of styrene

with 2-chlorophenyl aryldiazoacetate derivative.*®

Also recently, it was demonstrated that aryldiazoacetates and vinyldiazoacetates are
capable of undergoing high enantioselective cyclopropanations with electron
deficient alkenes (Scheme 1.16). The optimal catalyst for this high enantioselective

transformation was the tetrachloro variant, Rh,(S-TCPTAD), (54, Figure 1.14).*%°
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a) Ro
/\R1

@) O
: | R
Ar% OBy RMASTCPTAD), o , A ’
N, Pentane, 35 °C Ar R

up to 96% ee

R
b) AR

O @)
Rh,(S-TCPTAD | R
ArNOt-Bu 2 )a t-BuO) AN,
N, Pentane, 35 °C R

Ar
up to 98% ee

Scheme 1.16. Rhy(S-TCPTAD),-catalyzed reaction of aryldiazoacetates and

vinyldiazoacetates with electron deficient alkenes.

The reaction involves the initial generation of a pre-reaction complex between the
carbene intermediates and the carbonyl group of the substrate. But the final reaction
product is dependent on the nature of the carbonyl group. Acrylates and acrylamides
result in the formation of cyclopropanation products, while unsaturated aldehydes
and ketones lead to the formation of epoxide products (Scheme 1.17).}%
Computational studies revealed that with acrylates and acrylamides, the ylide is
favourably formed but its formation is reversible and so a cyclopropane is eventually
observed. With methyl vinyl ketone, however, ylide formation is not reversible due

to its rapid transformation into epoxide (Scheme 1.17).
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MeOZC,
Rh,L,, (\a /
)k S5— 0\09(09 — R
CO,Me L”RE;02M o) O

+ —_— S 08+

| ’O'e IS
@) \/L Ormay; -
R on LnRh2 COzMG

NN O+

py)
(@]
>
4
Py

MeO,C, O R

Scheme 1.17. Schematic presentation of the cyclopropanation, ylide formation and

epoxidation pathways.'?®

1.5.3.2. Heteroleptic complexes

In 2012, Fox reported the synthesis of the mixed ligand complex dirhodium(ll)
tris[N-phthaloyl-(S)-tert-leucinate]triphenylacetate, Rh,(S-PTTL)3(TPA) (Figure

1.16). It displays all of the N-phthalimide groups on one face in structural similarity

to the chiral crown complex, Rh,(S-PTTL),.

Rh,(S-PTTL)3(TPA)

Figure 1.16. Structure of Rhy(S-PTTL)3(TPA).*
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From the Rh-catalysts surveyed, Rhy(S-PTTL)3(TPA) gave the best enantioselectivity
in the cyclopropanation of styrene with ethyl a-diazobutanoate (88% ee) (Table
1.14). The scope of the catalyst was extended to include various substrate classes
(aliphatic alkynes, silylacetylenes, a-olefins) that were especially challenging in
intermolecular reactions of a-alkyl-a-diazoesters. Generally, Rhy(S-PTTL)3(TPA)
was able to catalyze -enantioselective cyclopropanation with vyields and
enantioselectivities that were comparable and sometimes superior to Rhy(S-
PTTL).

Table 1.14. Rhy(S-PTTL)3(TPA)-catalyzed cyclopropanation of ethyl o-

diazobutanoate.*’

R
Ph™X o #COE

Me/\[(COZEt Catalyst M 5&

N> Solvent, -78 °C @

Entry Catalyst Solvent Yield (%) dr ee (%)
1 Rhy(S-PTTL)4 (32) Hexanes 95 92:8 79
2 Rh,(S-BPTTL)4 (39) Toluene 80 88:12 73
3 Rhy(S-NTTL), (41) Toluene 61 75:25 45
4 Rh,(S-TBPTTL), (35) CH,Cl, 6 97:3 11
5 Rhy(S-TBPTTL)s (35)  Toluene 10 88:12 16
6 Rhy(S-TBPTTL)s (35)  Hexanes 23 84:16 16
7 Rhy(S-PTTL)3(TPA) Toluene 66 95:5 81
8 Rhy(S-PTTL)3(TPA) Hexanes 91 96:4 88

In the same context, Charette et al.'*® reported a comprehensive study for the
synthesis of chiral heteroleptic dirhodium(Il) tetracarboxylate catalysts. The major
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observation was that replacing one of the chlorinated ligands in Rhy(S-TCPTV), or
Rhy(S-TCPTTL),4 with achiral nonchlorinated PTAIB had a beneficial impact on the

asymmetric induction (Table 1.15).

Table 1.15. Evaluation of chiral heteroleptic Rhy(S-TCPTV)3(PTAIB) and Rhy(S-
TCPTTL)3(PTAIB) complexes as catalysts in asymmetric cyclopropanation.**

Ph™ o

@)
OZNTHJ\PMP Dlrhodlum(ll) Cata|yst PMP/ \Z ‘\NO2
N2

Et,0, -50 °C, 16 h :

Ph
Entry Catalyst Yield (%) dr ee (%)
1 Rh,(S-TCPTV), (30) 82 98:2 91.1
2 Rh,(S-TCPTTL)s (33) 81 98:2 92.9
3 Rh,(S-TCPTV)(PTAIB) 76 93:7 95.0
4 Rh,(S-TCPTTL)s(PTAIB) 84 92:8 96.4

The X-ray structure of Rhy(S-TCPTTL)3(PTAIB) revealed that the achiral PTAIB
points toward the opposite direction relative to the three N-phthalimido groups in the
complex in solid state (Figure 1.17). The reason why this a,a,a,f conformation
resulted in an enhancement in enantioinduction is still ambiguous. However,
Charette’s report is considered the first report of a successful enantioselective
transformation using a catalyst with such conformation, as this kind of no symmetry

conformation has long been overlooked as non-operative for enantioselection.®®*
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o Cl

H
t-BU ‘\\\N \ CI
10
0”9
| _Rh,
O Me

N

O

Rh,(S-TCPTTL),(PTAIB)

Figure 1.17. a,0,0,8-Structure of Rhy(S-TCPTTL)3(PTAIB).1*®

1.5.4. Dirhodium(ll) catalysts derived from substituted

cyclopropanecarboxylate ligands

In 2011, Davies et al. explored the usefulness of using chiral cyclopropane
carboxylic acids as ligands for dirhodium(ll) catalysts. They patented dirhodium(ll)
tetrakis[(R)-1-(4-bromophenyl)-2,2-diphenylcyclopropane  carboxylate], Rhy(R-
BTPCP), (Figure 1.18), as the first member of a new class of chiral dirhodium(Il)
carboxylates.***** Later, the same research group introduced another four catalysts
that belongs to the same dirhodium(ll) family, Rhy(R-NPCP);, Rh;(R-BPCP),,
Rh,(S-BNPCP), and Rh,(R-TPCP),, as efficient catalysts for enantioselective [3+2]-

cycloaddition between nitrones and vinyldiazoacetates (Figure 1.18).™>*
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Ph_ Ph Ph__Ph
Or =OF,
0”730 0°"~0

RA—RE RA—RE
Rh,(R-TPCP), Rh,(R-BTPCP),

Ph__Ph Ph__Ph OO OO
O wof Lo

% 9 9

Rh—Rh Rh—Rh Rh—Rh

717 Ana 77
Rh,(R-NPCP), Rh,(R-BPCP), Rh,(S-BNPCP),

Figure 1.18. Structures of reported chiral dirhodium(Il) carboxylates derived from

cyclopropane carboxylate ligands.****>

The single crystal X-ray structure of Rh,(R-BTPCP), revealed that the ligands are
organized in an overall D,-symmetry with two identical binding cavities of C,-
symmetry (Figure 1.19).*° The rectangular binding cavity of Rhy(R-BTPCP), (8.5 x
10.5 A) was significantly smaller than the cavity of Rh,(S-PTTL), (12.8 x 14.1 A).

Ar = p-BrPh

Figure 1.19. D,-symmetry of Rhy(R-BTPCP), according to its X-ray structure.**
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The introduction of Rh,(R-BTPCP), offered several advantages in donor-acceptor
carbenoid cyclopropanations. In addition to its compatibility with DCM as reaction
solvent, Rhy(R-BTPCP), exhibited excellent tolerance to carbenoid ester group size.
Rh,(R-BTPCP),-catalyzed donor-acceptor carbenoid cyclopropanations with various
alkenes resulted in the cyclopropane products in high yields, diastereo- and

enantioselectivity (up to 97% ee) (Scheme 1.18).*4°

Ar X
\ :<R1 Rh,(R-BTPCP), A\\Cone
2
Cone DCM Ar R1
R4 = aryl/styryl >20:1 dr,

up to 97% ee

Scheme 1.18. Rhy(R-BTPCP),-catalyzed asymmetric cyclopropanation.

DFT calculations of the lowest energy carbenoid conformation revealed a conformer
that is having two ligands rotated in conrotary fashion to minimize steric interactions
with the carbene. Whereas, the other two ligands remained in an upward position to
reduce steric interaction with neighbouring ligands (Figure 1.20a). This arrangement
resulted in a C,-symmetric environment at the carbene site cavity containing two
phenyl rings and two p-bromophenyl rings. One of the phenyl rings is blocking the
donor aryl/styryl group, while the other ring is positioned next to the acceptor ester

group (Figure 1.20b).*
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Figure 1.20. a) Lowest-energy conformation of s-trans carbene, top view (left) and
side view (right). b) Predictive stereochemical model for Rh,(R-BTPCP),-catalyzed

1 (Reprinted with permission from Qin, C.; Boyarskikh, V.;

transformations.
Hansen, J. H.; Hardcastle, K. I.; Musaev, D. G.; Davies, H. M. L. J. Am. Chem. Soc.

2011, 133, 19198. Copyright 2011).

They also reported the Rh,(R-BTPCP),-catalyzed preparation of a variety of 2-
arylbicyclo[1.1.0]butane carboxylate derivatives 55 under low catalyst loading (0.01
mol%) with high levels enantioselectivity (70-94% ee). Whereas the same reaction
catalyzed by higher catalyst loading of Rhy(tpa)s (1.0 mol%) gave the cyclohexene

carboxylate derivatives 56 (Scheme 1.19).1%

H (0.01 mol%) (omol%) oo Ar
Ar Rhy(R- BTPCP ha (tpa), 2C,,
H EtOAc Hexane | CO,R

COZR Ar

CO,R
55 56
(-), >20:1 dr, >20:1 dr,.
up to 74% yield, up to 89% yield

up to 94% ee

Scheme 1.19. Divergent synthesis of 55 and 56.1%

1.6. DIRHODIUM(Il) CARBOXAMIDATES
1.6.1. Homoleptic complexes

The first synthesis of a dirhodium(ll) carboxamidate occurred in the 1980’s, when

dirhodium(Il) tetraacetamidate was isolated from a melt of acetamide and
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Rhy(OAC),.*> Chiral dirhodium(ll) carboxamidates were initially developed by
Doyle and co-workers.™*® The chiral carboxamidate ligands are comprised of
bridging lactams derived from amino acids with an ester group at the carbon position
adjacent to the nitrogen (Figures 1.22 and 1.23). Early investigations in
carboxamidate ligands design established the usefulness of esters as the optimum
stereodirecting group (introduces the (R)- or (S)-configuration to the ligand). The
utilization of alkyl or aryl attachments resulted in significant deterioration in
enantioselectivity.’®>**® In fact, the influence of the catalyst’s ester group size on
enantiocontrol is substantial and can delicately balance the catalyst steric factors.'®
Moreover, initial attempts led to the realization that acyclic amides were not
generally suitable because ligand exchange requires access to the cis (E) amide form
rather than the trans (Z) form (Figure 1.21).*>* Modifications of the lactam ring have
given rise to four classes of carboxamidate ligands: pyrrolidinates,®*

® imidazolidinates™® and azetidinates'®® (Figures 1.22 and 1.23).

oxazolidinates,™
Again, they differ in reactivity and selectivity on the basis of their steric and/or

electronic influences.

H R'
R__N. R._ _N.
Y R ——— Ty H
O O
trans cis
dis-Favoured Favoured
for ligand for ligand
substitution substitution

Figure 1.21. Favoured and dis-Favoured amide forms for ligand exchange.>*
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Dirhodium(ll) carboxamidates
derived from chiral pyrrolidinates

Rl
Rf&o
\7 ’ \\'Tl R
Rh—Rh
NN

57 R = OMe, R' = H [Rhy(5S-MEPY),]

58 R = OCH,CMe;, R' = H [Rhy(5S-NEPY),]
59 R = O(CH,)17,CHs, R' =H [Rhy(5S-ODPY),]

60 R = NMe,, R' = H [Rhy(5S-DMAP),]
61 R = OMe, R' = F [Rhy(5S-dFMEPY),]

Dirhodium(ll) carboxamidates

derived from chiral oxazolidinates

R
o&

NEERY
Rh—Rh
AN

62 R = R' = H [Rh,(4S-MEOX),]
63 R = H, R' = Me [Rh,y(4S-THREOX),]
64 R = PhCH,, R' = H [Rh,(4S-BNOX),]
65 R = i-Pr, R' = H [Rhy(4S-IPOX),]

66 R = Ph, R' = H [Rh,(4S-PHOX),]

67 R = Me, R' = Ph [Rh,(4S-MPOX),]

Dirhodium(ll) carboxamidates derived from chiral azetidinates

R, R
o7
Rh—Rh

68 R = Me, R' = H [Rh,(4S-MEAZ),]
69 R = PhCH,, R' = H [Rh,(4S-BNAZ),]

70 R = CH,CMe;, R' = H [Rhy(4S-NEPAZ),]
71 R = t-Bu, R' = H [Rh,(4S-IBAZ),]

72 R = °CgHyq, R' = H [Rh,(4S-CHAZ),]

73 R = °CgHyq, R' = F [Rhy(4R-dFCHAZ),]
74 R = i-Pr, R’ = F [Rhy(4R-dFIBAZ),]

75 R = S/R-menthyl, R'

H [Rhy(4S, S/R-MenthAZ),]

76 R = 4-FC4H,CH,, R' = H [Rh,(45-(4")-FBNAZ),]

Figure 1.22. Reported structures of different classes of chiral dirhodium(Il)

carboxamidates (cont.).'*'0%1%2
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CHAPTER 1: LITERATURE REVIEW

Dirhodium(Il) carboxamides have a more complicated paddlewheel structure if
compared to dirhodium(ll) carboxylates. Since the carboxamidate ligand type
bridges the Rh-Rh core via both an oxygen and a nitrogen atoms and because of the
unsymmetrical bridging ligands, there are four possible geometrical isomers based on
the positions of nitrogens and oxygens on each rhodium: (2,2)-cis, (2,2)-trans, (3,1)
and (4,0) (Figure 1.24).%°

/O /O /O /O
N T_! N ) |
NI—Rh—O N—Rh—N NI—Rh—O O—Rh—O
O—Rh/—!N/ O—Rh/—lo/ O—Rh/—}N/ N—Rh/—!N/
| N | P | P | 0
O—/ N—/ N—/ N—/
(2,2)-cis (2,2)-trans (3,1) (4,0)

Figure 1.24. Possible geometrical isomers of dirhodium(I1) carboxamidates.*®

Examples of each geometrical isomer, except for the (2,2)-trans isomer, have been
isolated and characterized.'®>*® However, monitoring the ligand exchange process
with HPLC-ICP-MS indicated that the complex with (2,2)-cis geometry is the
dominant isomer (>85%). Also, all of the other isomers isomerizes into this major

isomer upon heating.*6>1%%1%

The (2,2)-cis configuration defines that each rhodium is bound to two nitrogen atoms
and two oxygen atoms in a cis-fashion. As a consequence, these complexes can only
adapt C,-symmetry due to this substantial ligand binding tendency.® The (2,2)-cis
geometry was also consistently found in the X-ray structures of different
dirhodium(ll) carboxamidate complexes, such as Rhy(5R-MEPY),™ (The
enantiomer of 57, Figure 1.22) and Rh,(4S-MEOX), (62, Figure 1.22). In these two
complexes, the two ester groups in the ligands oriented in counter clockwise fashion

and can effectively block one side of the carbenoid intermediate (Figure 1.25).1%6164
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“

Figure 1.25. CO,Me (E) entity is occupying two adjacent quadrants around the

dirhodium core (top view).*%®*%4

The evolution of this (2,2)-cis geometry led to the emergence of imidazolidinone
carboxylate-ligated catalysts carrying chiral N-acyl groups (77-91, Figure 1.23). The
chiral N-acyl attachments of the imidazolidinone carboxylate catalysts were designed
to potentially reinforce the inherent stereocontrol provided by the core ligand system
(Figure 1.26). For example, use of ligand diastereomers to form Rhy(1°S, 2°R, 5°S,
4S-MNACIM), (91) and its diastereomer, Rhy(1°R, 2’S, 5°R, 4S-MNACIM),,
revealed remarkable difference in diastereo- and enantioselectivity. The highest

diastereocontrol achieved was with 91 (Table 1.16, entry 3 vs. 4).*%’
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Viewing the diastereomers of Rh,(MCPIM), and Rhy(BSPIM), catalysts down the
Rh-Rh bond axis revealed that these catalysts are configured as shown in Figure
1.26a. Rhy(4S, 2'S, 3'S-MCPIM), (85) and Rhy(4S, 2'S-BSPIM), (88) have the
pendent ester and N-acyl side chains oriented in the same direction following a
counter clockwise spiral (matched complexes) (Figure 1.26a). This orientation is
particularly well suited to intramolecular reactions in which the active site for
reaction is tethered to the dirhodium(ll) axial coordination site. In contrast, the ester
and N-acyl side chains are in configurational opposition in Rhy(4S, 2'R, 3'R-
MCPIM), (86) and Rhy(4S, 2'R-BSPIM),; (87) (mismatched complexes) which
provides a barrier to stereoselectivity enhancement in intramolecular

transformations. 6168
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CHAPTER 1: LITERATURE REVIEW

As a result of the electron-rich character of dirhodium(ll) carboxamidates, they are
catalytically less active than dirhodium(ll) carboxylates. However, they are very
effective catalysts in the decomposition of diazoacetates derivatives and widely used

* intermolecular cyclopropenation*® and

for intramolecular cyclopropanation,®®
intramolecular C-H insertion reactions,'® often resulting in reactions proceeding in

>90% ee.

Among the different classes of dirhodium(ll) carboxamidates, azetidinate based
catalysts (68-76, Figure 1.22)'"%% are considered the most reactive chiral
dirhodium(Il) carboxamidates toward diazo compounds. They are capable to react
with diazoacetates that are unstable toward pyrrolidinate-, oxazolidinate- and
immidazolidinate-ligated catalysts.'®® For example, Rh,(4S-MEAZ), (68, Figure
1.22) offered distinct advantages for rapid diazo decomposition and achieving the
highest levels of enantioselectivity in the preparation of 92 (95% ee) which is a key

intermediate in the total synthesis of Milnacipran and its analogues (Scheme 1.20).*"2

Rh,(4S-MEAZ),

N> R R Ph
0.01 mol% ‘. a
P O Y
5 o)

DCM, 0 °C O

92, R = Me 95% ee

H,oN e}

HoN
R =H (Milnacipran)

Scheme 1.20. Rh,(4S-MEAZ),-catalyzed asymmetric preparation of 92.172

Also, azetidinate-ligated Rh,(4S,R-MenthAZ), (75, Figure 1.22) provided significant
diastereocontrol and high enantiocontrol for the formation of cis-cyclopropane

products in reactions of substituted styrenes with diazoesters. This was in preference
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to the thermodynamically favoured trans-isomer. The usefulness of this reaction was
demonstrated by the total synthesis of  cyclopropane-configured
phenylethylthiazoylthiourea (PETT) analogue 93 (Scheme 1.21).*"

Cl

Rh,(4S, R-MenthAZ), "//1/
OEt l
DCM F

N{YOEt

N )OJ\ ~ Cl
wTTUNTONTN
H H
F
OEt o3

Scheme 1.21. Total synthesis of cyclopropane-configured phenylethylthiazoyl-
thiourea (PETT) analogue 93.1"

Similarly, Doyle et al.'”® reported the cyclopropanation reaction of vinyl
diazolactone 94 with various alkenes in the presence of Rhy(4S, R-MenthAZ),
(Scheme 1.22). The corresponding cyclopropanes were obtained in high yields with

notable diastereo- and enantioselectivities (up to 86% ee).
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O 0
(ij?Nz ) R/ RN(4S, R-MenthAZ), Oii‘A/R
= DCM _
94
R =Ph 74%, de = >90%, ee = 84%

R = (Me)C=CHPh  81%, de = 78%, ee = 86%
R = CH=CHPh 86%, de = 66%, ee = 73%
Scheme 1.22. Rhy(4S, R-MenthAZ),-catalyzed cyclopropanation of vinyl

diazolactone 94 with different olefins.'”®

Later, Charette et al.'™ introduced the azetidinate-based catalyst, Rha(4S-(4’)-
FBNAZ), (76, Figure 1.22). This catalyst was found to be effective for
intramolecular cyclopropanation of substituted allylic a-cyano-a-diazoacetates with
up to 91% ee (Scheme 1.23).

N
= o N> Rh,(4S-(4')-FBNAZ), w0
(N~ \[H\\ Roa A
iRC\/ 0O =N Toluene R1\\§<\J:/fo

up to 91% ee

Scheme 1.23. Intramolecular cyclopropanation of substituted allylic a-cyano-a-

diazoacetates.!™

Doyle et al.®* utilized Rh,(55-MEPY), (57, Figure 1.22) and its enantiomer, Rh,(5R-
MEPY),, in intramolecular cyclopropanations through diazo decomposition of
several trisubstitiuted and cis-disubstituted allylic diazoacetates. He succeeded in
producing the chiral cyclopropane fused lactone products in good to excellent yields
and with exceptional enantioselectivity. However, when similar reactions were
carried out using the trans-disubstituted isomers, the products were observed with
moderate ee values. The use of Rh,(4S-MPPIM), catalyst (82, Figure 1.23) resulted
in 89-96% ee,'”® emphasizing the importance of the steric bulk and positioning of the

ligand on enantioselectivity control. For example, the Rh,(5S-MEPY),-catalyzed
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intermolecular cyclopropanation of 2-methallyl diazoacetate afforded the

cyclopropane product with only 7% ee. Alternatively, Rhy(4S-MPPIM), was

employed to increase the level of enantiocontrol to 89% ee (Scheme 1.24).1"17® |n

the same context, a comparative study using Doyle’s catalysts and Cu(l) and Ru(ll)
catalysts indicated that dirhodium(ll) carboxamidates are far superior in producing

enantiomerically pure products.'™

HL Me Rh,(4S-MPPIM), Me’zi

Oy, DCM 00
o 89% ee

Scheme 1.24. Rh,(4S-MPPIM),-catalyzed intermolecular cyclopropanation of 2-

methallyl diazoacetate.' """

Doyle succeeded to interpret the observed absolute configuration and the high level

of enantiocontrol in these intramolecular cyclopropanations through the transition

state model illustrated in Figure 1.27.'%

-N, /1 O or 0] %

Prefered spatial
orientation in the
transation state

Figure 1.27. Spatial orientations in the transition state of intramolecular

cyclopropanations using dirhodium(11) carboxamidates.*®

Likewise, he extended this intramolecular cyclopropanation to include cyclization of

allylic diazoacetamides to give the corresponding cyclopropane fused lactams. For
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example, the decomposition of N-allyl diazoacetamide in the presence of catalytic
amount of Rhy(4S-MEOX), (62, Figure 1.22) gave the 3-azabicylo[3.1.0]hex-2-one
product in 98% ee (Scheme 1.25).** When using the allylic diazoacetamides as
substrates, substitution of the extra hydrogen on the amide nitrogen is crucial to
achieve higher yield. This enhancement was returned to the formation of the reaction

favoured conformation.

|
H Rh,(4S-MEOX), ﬁ
N~ O

HN N
Tl/\Nz DCM N

O

98% ee

Scheme 1.25. Decomposition of N-allyl diazoacetamide in the presence of catalytic
amount of Rhy(4S-MEOX),.'*

Further, the original sequence of two successive intramolecular cyclopropanations
involving bis-diazoacetate and employing Rh,(4S, 2S-BSPIM), as a catalyst was also
reported (Scheme 1.26).""

Q Rh,(4S, 2S-BSPIM) 9 H H’ 7
Now 2(4S, 28- 4 : .
Zﬁomoﬁm OMO
o “HH

79%, de = 92%, ee = 99%

Scheme 1.26. Rhy(4S, 2S-BSPIM),-catalyzed double intramolecular cyclopropana-

tion.*”’

Very recently, A mild and highly stereoselective Rh,(4S-IBAZ), (71)-catalyzed
cyclopropanation of alkenes and alkynes, with diacceptor diazo compounds was
reported by Charette.'’® The isosteric character of carboxylic acid derivatives
allowed the alternative use of both a-cyano diazocarboxylate esters in the process,
leading to a-cyano cycloprop(en)ylcarboxylates in high yields and stereoselectivities

(Scheme 1.27). Charette extended the scope of compatible substrates to include
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substituted allenes, leading to the development of the first catalytic enantioselective
method for accessing diacceptor alkylidenecyclopropanes.

@)
— t-BuO //N
Bu R,
R;
N Yield = up to 99%
2 Rh,(4S-IBAZ) ee = up to 93%
//KWOt-Bu
N” Alkene, Alkyne or
o Allene
O
//N
—  t-BuO
X R>
Ry
Yield = up to 92%
dr =30:1

ee = up to 95%

Scheme 1.27. Rh,(S-1BAZ),-catalyzed cyclopropan(en)ation.*”

As | illustrated earlier in this review, the cyclopropanation of donor-acceptor
substituted diazo compounds have been reported to proceed with high
stereoselectivities using dirhodium(ll) carboxylate catalysts. However, common
dirhodium(Il) carboxamidate catalysts such as Rhy(5S-MEPY), (57), Rh,(4S-
MEOX), (62) and Rh,(4S-MBOIM), (80) provided poor enantioselectivities with this

class of substrates.

An increase in enantiomeric excess of 95 was observed upon
the use of Rh,(4S-TBOIM), (78) yielding the cyclopropane product in 77% ee in
DCM as reaction solvent (Table 1.17).%® The use of pentanes as the reaction solvent

did not affect the enantioselectivity to an appreciable degree.
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Table 1.17. Dirhodium(ll) carboxamidates-catalyzed cyclopropanation of styrene

with methyl phenyldiazoacetate.'®®

~ N
. )J\Z Catalyst A“ CO,Me
Ph™ "CO,Me Solvent Ph Ph
95
Yield (%),
Entry Catalyst Solvent ) ee (%)
(cis/trans)
1 Rh,(5S-MEPY), (57) CH,Cl, 27 (97:3) 49
2 Rh,(4S-MEOX), (62) CH,Cl, 57 (96:4) 41
3 Rh,(4S-MBOIM), (80) CH,Cl, 73 (96:4) 48
4 Rh,(4S-TBOIM), (78) CH,Cl, 63 (95:5) 77
5 Rh,(4S-TBOIM), (78) Pentanes 69 (94:6) 75

Poulter et al.'” utilized Rh(5S-MEPY), (57) during the synthesis of optically pure
Presqualene diphosphate at which the key step in this synthesis was the
stereoselective intramolecular cyclopropanation of farnesyl diazoacetate. Martin et
al.’®™ used Rh,(55-MEPY), and its enantiomer Rh,(5R-MEPY), to prepare
conformationally restricted peptide isosteres and extended this work to the

preparation of cyclopropane peptidomimics as novel Enkephalin analogues.

The Hashimoto group did put forward the preparation of a dirhodium(ll)
carboxamidate complex, Rhy(S-PTPI), (Figure 1.28) with 3-(S)-phthalimido-2-
piperidinonate as chiral bridging ligands.*®"*®? Later, the same group introduced its
analogue, Rhy(S-BPTPI)4, as a highly efficient Lewis acid catalyst for

enantioselective hetero-Diels-Alder reactions. 834342
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Ciac:

O” "IN

\J \| \7 \|
Rh—Rh Rh—Rh
NN\ NN\
Rh,(S-PTPI), Rh,(S-BPTPI),

Figure 1.28. Structure of Hashimoto’s Rh,(S-PTP1), and Rhy(S-BPTPI), catalysts.*®"
183,43,42

The use of Rhy(S-PTPI), delivered a high order of enantioselectivity in the
cyclopropanation reactions that involved styrenes, E-1-phenylbutadiene and 1,1-
disubstituted alkenes. The combinational use of 2,4-dimethyl-3-pentyl diazoacetate
as carbene source and ether as a reaction solvent was crucial for the success of this
catalyst (Scheme 1.28).'2

Rh2(S-PTPI) > 0 P o
2/\( N * m

Et,O Ph O Ph O
19%, 96% ee 54%, 98% ee

Scheme 1.28. Example for Rhy(S-PTPI)s-catalyzed enantioselective cyclopropana-

tion of styrene with 2,4-dimethyl-3-pentyl diazoacetate.'®?

1.6.2. Heteroleptic complexes

Corey et al.'®

communicated a new dirhodium(ll) carboxamidate having (R, R)-4,5-
diphenyl-N-triflylimidazolidinone (DTPI) as bridging ligands (Figure 1.29). The new
catalyst was tested in enantioselective cyclopropenation of ethyl diazoacetate with
terminal acetylenes. The authors described the catalyst to be outstanding in terms
enantioselectivity, yield, scope and efficiency of catalyst recovery. Later, the same

group reported the new C,-symmetric complex, Rhy(DTBTI),(OACc),, having only
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two anti-DTBTI ((R, R)-4,5-di-tert-butyl-N-triflylimidazolidinone) bridges (Figure
1.29)."% This catalyst was highly effective in cyclopropenation reactions of a wide
range of alkynes. It was notable due to its robustness, as well as the easy synthesis of
the associated chiral ligand.

F3C O F3C O
Ph, S0 t-Bu, S0
Lok ()
e t-Bu” N9
P e 7 TORn
ORn \NJQ “RH P
~ _d . ~ -_/ -
N~ > ¢§\CF3 N
O-= F% O O=g t-Bu
O CF4 O CFj
[Rh,(DPTI)5(OAc)] [Rh,(DTBTI),(OAc),]

Figure 1.29. Structure of Rhz(DPTI)3(OAc) and Rho(DTBTI)2(OAcC),. %%

Doyle et al.'®® reported Rhy(1,6-BPGlyc),(OAc), as a new member to dirhodium(I1)
carboxamidate  family. The bridging ligands were 1,6-bis-(N-benzyl)-
diphenylglycoluril (1,6-BPGlyc) and acetate ligands (Figure 1.30).

R
,‘\lPh N
G
Ph Ph e NG H
P O\Rh/th\N\&'i o
~ ) Ph
o= T e ol 0
NN Y
H PhH R

R = PhCH,
[Rh,(1,6-BPGlyc),(OAc),]

1,6-BPGlyc

Figure 1.30. Structure of 1,6-BPGlyc and Rh(1,6-BPGlyc),(OAC),. %
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Despite the unusual steric profile of the ligand and the mixed substitution pattern of
the new catalyst, there were only minor differences relative to previously reported
dirhodium(Il) carboxamidates.’® As it contains only two carboxamide ligands,
Rh(1,6-BPGlyc),(OAc), could have been formed in four possible isomers: (2,2)-cis,
(2,2)-trans, (1,3)-cis and (1,3)-trans (Figure 1.31). X-ray structure of the complex,
not only confirmed the C,-symmetery of Rh,(1,6-BPGlyc),(OAc),, but also revealed
the preference for the (1,3)-cis isomer. The authors attributed this preference to the

trans-effect directing ligand substitution.

/9 /9 a1 a1

) | N ) | ) |
O—Rh—O O—Rh—O O—Rh—N O—Rh—O
- - - -
O—Rh/—!N/ O—Rh/—!O/ O—Rh/—lo/ O—Rh/—!O/

s R | R | N
o/ N~ o/ o/
(2,2)-cis (2,2)-trans (1,3)-cis (1,3)-trans

Figure 1.31. Possible geometrical isomers for Rhy(1,6-BPGlyc),(OAC),. %

In addition to the selective ligand arrangement, formation of Rhy(1,6-
BPGIlyc),(OACc), is stereoselective. Glycoluril ligand is a meso-compound with two
enantiotopic metal binding sites that would provide enantiomeric pairs upon
substitution (A, ent-A) (Figure 1.32). Moreover, the (1,3)-cis complexes are helically
chiral (M, P) about the Rh-Rh bond axis due to the fused nature of the pu-NCO
bridging ligands. The Rh,(1,6-BPGlyc),(OAc), complex was found to be formed
stereoselectively as a racemic mixture of the (A, A)-P and (ent-A, ent-A)-P

diastereomers. '8
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Ph Ph
9) N Ph/\ /\th N 9]
SN Ph Ph N— \f
HN < \ J 3 NH
PR N/ 70, Q7N Ph
Rh—Rh Rh—Rh
/| /| I\ \
A ent-A

Figure 1.32. Enantiotopic binding of 1,6-BPGlyc on Rh,(1,6-BPGlyc),(OAc),.*®

The cis/trans selectivity of Rhy(1,6-BPGIlyc),(OAc), in the formation of 96 was
closer to Rhy(5S-MEPY), (57) than to the electronically related Rhy(4S-MPPIM),
(82) (Table 1.18). The cis/trans selectivity of the formation of 97 was basically
unchanged by Rhy(1,6-BPGlyc),(OAc), in comparison to the results of both
dirhodium(I1) carboxylates and carboxamidates except that Rh,(1,6-BPGlyc),(OAc),
was more reactive than Rhy(5S-MEPY),. The overall conclusion by the authors was
that the distinct features of glycoluril as a ligand only offered a platform for

expanded diversity within the dirhodium(Il) carboxamidate family.
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Table 1.18. cis/trans-Selectivity of Rh,(1,6-BPGlyc),(OAc), in the formation of 96
and 97.1%°

O
~ Q Catalyst I
+ R\H)‘kORI > OR'
N, DCM, reflux Ph R
96 R=H, R =Et
97 R=Ph,R = Me
Yield (%), (cis/trans)
Entry Catalyst
96 97
1 Rh,(4S-MPPIM), (82) 64 (74:26) 66 (97:3)
2 Rh,(5S-MEPY), (57) 59 (46:54) 27 (97:3)
3 Rh,(1,6-BPGlyc),(OAC), 43 (47:53) 55 (99:1)
4 Rh2(OAC), 93 (38:62) 69 (98:2)

1.7.  EFFECT OF AXIAL LIGANDS ON ENANTIOSELECTIVITY

The dirhodium core consists of a strong Rh—Rh single bond and this core provides
the dirhodium(ll) complex with an ability to form adducts at its two axial
coordination sites. The two axial ligands are labile and therefore, they are considered
to be the sites that give the dirhodium(ll) complexes its catalytic activity during
carbenoid transformations. As discussed earlier, the proposed mechanism considers
that only one of the two coordination sites working as a carbene bonding site at a

time throughout the catalytic cycle.”™

The two axial positions of the dirhodium(Il) are often occupied by solvent molecules
that have the ability to establish weaker bonds with the dirhodium centre. As a
consequence, the reaction solvent is able to critically affect the reaction outcome.
Solvents with poor coordinative capabilities (e.g. DCM or non-polar solvents) are
most efficient for carbenoid transformations. However, solvents that coordinate into
dirhodium(Il) complexes (e.g. ACN or THF) can partially or totally inhibit the

generation of the carbenoid.*>*6:"76:187-1%0
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Kinetic studies revealed that axial ligands, such as ACN, inhibit this kind of
transformations through mixed kinetic inhibition mechanism. In this mechanism, the
ligand can bind to both the free complex, as well as the catalyst-substrate

"7 In 2000, the Jessop group studied the effect of solvent on

complex.
enantioselectivity of Rh,(S-TBSP),-catalyzed asymmetric cyclopropanation of
styrene with methyl a-phenyldiazoacetate (Scheme 1.29). They observed that the
enantioselectivity is not only dependent on both the coordinating ability of the
solvent, but also on its dielectric constant (the more polar solvent, the lower ee value

obtained).'*°

O
Rhy(S-TBSP), H \\|J\
N2 + /\ Ph > IIA‘\ OMe
0O Solvent Ph Ph

Major product

n-Hexane 90% ee

DCM 67% ee
THF 81% ee
ACN 73% ee
DMF 69% ee
scCO, 84% ee

Scheme 1.29. Solvent effect on the enantioselectivity of Rh,(S-TBSP)4-catalyzed

cyclopropanation of styrene.*®

A few reports have emerged where the addition of Lewis base to the
cyclopropanation reactions proved to be a useful and efficient method for tuning the
properties of dirhodium(ll) complexes.’>?+12#140.141 Bayjes et al.?* explored the
addition of methyl benzoate to the Rh,(S-biTISP),-catalyzed cyclopropanation
reaction mixture. It did, not only improve the enantioselectivity of the
cyclopropanation, but also allowed the utilization of very small amount of the
catalyst (S/C = 100 000) with high efficiency (Scheme 1.30). At this stage, the
authors were uncertain about the actual role of the additive, however they believed
that this might be because of the coordination of the methyl benzoate additive to the

carbenoid or to the other rhodium centre. Recently in 2013, computational studies on
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dirhodium(I1)-catalyzed cyclopropanations of electron-deficient alkenes carried out
by the same research group gave a reasonable hypothesis. The authors concluded that
the interaction between the carbenoid and the methyl benzoate’s carbonyl is able to

protect the rhodium carbene intermediates from self-destruction.*?

Rh(S-biTISP), ﬁ\
SIC = 100 000 H R
N + /\Ph - """ “OMe
o 2 DCM, 4A MS, Ph  Ph
additive (1 equiv.)
OMe Major product
None 42 h, 82%, 65% ee
PhCO,Me 28 h, 85%, 83% ee
TMU >36 h, 48%, 74% ee
DIPEA >36 h, 5%

OP(Oct); >36 h, 36%, 78% ee

Scheme 1.30. Additive effect on the activity of Rhy(S-biTISP); in cyclopropanation

reaction of Styrene with methyl a-phenyldiazoacetate.?

Charette et al.*******! also found that TFfNH, and DMAP can be used as additive to
moderately improve the chiral induction in cyclopropanation reactions involving
diacceptor diazo compounds. The additive degree of success was highly dependent
on the diazo substrate and reaction temperature. TfNH, and DMAP shown to be
optimal with Rhy(S-NTTL); and Rhy(S-TCPTTL)4, respectively. The authors
believed that the system is quite complex as the coordination onto one of the reactive
sites could, not only modify the catalyst electronic properties, but also can alter the

spatial arrangement of the chiral bridging ligands.*®

On the other hand, chiral dirhodium(ll) carboxamidates have a rigid structure if
compared to chiral dirhodium(ll) carboxylates. To the best of my knowledge, it is not
reported that any of the known dirhodium(l1) carboxamidates exhibits solvent effects

on stereocontrol,6:166
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1.8.  CONCLUSION AND AIM OF WORK

As illustrated in this chapter, chiral dirhodium(ll) complexes have been used as
effective catalysts for highly stereoselective inter- and intramolecular
cyclopropanation reactions. This superior level of diastereo- and enantioselectivity
have reached the stage where they can serve as a powerful tool in the arsenal of

synthetic chemists’ in building up molecules with complex structures.

However, despite the number of available highly efficient dirhodium(Il) catalysts, it
is evident that none can be considered as a “universal catalyst” that is able to afford
high enantiomeric induction with different classes of substrates and under different
reaction conditions. For example, the high stereoselectivity of Rhy(S-DOSP), is
strongly related to the use of methyl carboxylate ester as an acceptor group, along
with non-polar reaction solvents.®® Also, its enantioselectivity is sensitive to
substitution on the carbenoid’s aryl donor group.*® Nevertheless, the careful choice
of a suitable catalyst for the desired reaction can afford the cyclopropane product

with high levels of chemo-, diastereo- and enantioselectivity.

Also, some of the currently reported catalysts suffer from technical problems. For
example, although the emergence of Rhy(S-PTAD), circumvented to a great extent
the selectivity limitations associated with Rhy(S-DOSP),4, the synthesis of the S-
PTAD ligand is based on (S)-a-adamentylglycine which is not commercially
available and its asymmetric synthesis is very tedious and tiresome. These ligand

preparation related problems discourage the use of this catalyst."*®

Therefore, the development of both synthetically accessible and highly
enantioselective dirhodium(ll) catalysts for asymmetric cyclopropanation reactions is

required.

Developments in the field of chiral dirhodium(Il) catalysts have essentially relied on
the steric properties and conformations of the bridging ligands. The importance of
catalyst sterics on chemo-, regio- and enantioselectivity of the catalyst has been
confirmed through multiple reports.**23:1241% Eyrthermore, the careful analysis of
catalyst steric profile and conformation now allows prediction and explanation of the
observed selectivity. The most coherent example would remain that the major
differences between Hashimoto’s N-phthalimide based catalytic series is the steric

bulk at the ligand’s a-position. The analysis of this series in some C-H insertion
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reactions reported by Hashimoto and co-workers reveals a trend between the steric
bulk at the a-position and the enantioselectivity of the catalyst."*™ 3 The
enantioselectivity increases with increasing steric bulk at the a-position and the
highest enantioselectivity was observed by Rh,(S-PTTL), which is carrying the
bulkiest tert-butyl group (Figure 1.33a). Later, the Davies group extended this idea
and assumed that a catalyst carrying the more bulky adamantyl moiety at the o-
carbon would surpass the ones carrying the standard PTTL ligands (Figure 1.33a).'%*
Rh,(S-PTAD), demonstrated enhanced levels of enantioselectivity and acted as a
complementary catalyst when Rh,(S-DOSP), failed to give high asymmetric
induction with some of donor-acceptor systems.” In addition, Rha(S-PTAD); was
the optimal catalyst when the acceptor group of the donor-acceptor substrate is

145 |125

phosphonate ester,*** nitrile, and keto groups**® giving better

enantioselectivities than Rhy(S-PTTL)a.

trifluoromethy

This trend, however, was not always valid for some other dirhodium(ll)-catalyzed

asymmetric transformations. /119122112

This gives the impression that the
enantioselectivity of these catalysts is, not only dependant on the size of its a-carbon
group, but also there must be a good match between the size of this group and the

structures of reaction substrates and products themselves.

On the basis of these fundamental insights and previous findings of our research
group, the core of the current project is the discovery of new chiral binuclear
rhodium complexes as catalysts for highly enantioselective cyclopropanations. As a
ligand backbone, commercially available L-amino acids will be mainly employed.
The main focus lays on the exploration of the effect of lowering the symmetry of the
amine protecting group on stereoselection (Figure 1.33b). This steric modification
approach aimed to function as a development approach for the existing catalysts to
achieve enhanced selectivity patterns while keeping the catalysts synthetically
accessible. With the aid of X-ray crystallography, explanation of the observed

selectivity will be proposed.

The project also aims towards the miniaturization of dirhodium(Il)-catalyzed
cyclopropanation reactions. The industry is suffering from a crisis in productivity
and desperately needs new tools to guide the development of new drugs. As a
consequence, research on synthesis in varied microreactors is having an increasing

impact on chemical, biological and medical science. The microreactor technology is
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able to solve several constraints related to conventional synthesis, e.g. high
sample/reagent consumption, poor precision in catalytic reactions control and lack of

integrated platforms for accurate product characterization and analysis.

The fabrication of microreactors using porous polymer monolith for the
immobilization of dirhodium(I1) complexes is to be investigated. The performance of
the developed device is to be determined by performing cyclopropanation reaction in
continuous flow with the determination of the reaction yield, stereoselectivity and
catalyst leaching rate.
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CHAPTER 2: RESULTS & DISCUSSION

CHAPTER 2: DESIGN AND SYNTHESIS OF NOVEL CHIRAL
DIRHODIUM(Il) CARBOXYLATES FOR APPLICATION IN
ASYMMETRIC INTERMOLECULAR CYCLOPROPANATION
REACTIONS

2.1. INTRODUCTION

Within the context of catalyst sterics, symmetry is believed to be an important
concept that plays an extensive role in chiral catalysis. The use of the highest
symmetry catalyst is assumed to minimize the number of possible substrate
trajectories in the catalytic steps of the reaction in question. This in turn, will afford a
predictable more precise three dimensional transition state structure. Accordingly in
the stage of chiral catalyst design, the use of ligands with the highest possible
symmetry is mostly preferred. The utilization of such ligands can significantly
simplify the prediction of stereoselection mechanisms. Moreover, the synthesis of

such ligands, in most cases, is much simpler.

However, Garcia et al. studied a new family of bis(oxazoline) ligands that lacked
the classical Cp-symmetry recommended for this type of ligands (Figure 2.1).
Experimental results together with theoretical calculations for enantioselective Cu-
catalyzed cyclopropanations using the new “lower symmetry” ligands were carried
out. Surprisingly, high enantioinduction was observed with some of these ligands and
they were able to induce enantioselectivity levels that are close to the best ones
obtained by applying the classical C,-ligands. The authors concluded that the
symmetry of ligands is not a mandatory prerequisite for obtaining high levels of
enantioselectivity. This is because enantioselection mechanisms mainly originate
from the different preferred reaction channels as a function of the different steric

interactions taking place between the substrate and the ligands.
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Figure 2.1. Structures of lower symmetry bis(oxazoline) ligands studied by Garcia et

al.

For dirhodium(ll) complexes, their paddlewheel framework provides a
distinguishable scaffolding for achieving higher symmetry chiral complexes through
what is called a “Modular Approach”.?® In this approach, several identical Ci-
symmetric ligands surround the inherently high symmetry core to afford a far
superior symmetrical homochiral molecule compared to the individual ligand itself.
It was believed that because of this interesting attribute, chiral dirhodium(ll)
complexes exhibit their exceptionally high stereoselectivities.®> However as it was
demonstrated in Chapter 1, Section 1.5.3.2, Fox* and Charette,” independently,
explored the interruption of this high symmetry framework. They replaced one of the
ligands with achiral ligand which led to the generation of lower symmetry
heteroleptic complexes. Screening results revealed that lowering the overall
symmetry of the catalysts had a beneficial effect on their asymmetric induction. Also
as it was illustrated the same chapter, Section 1.6.2, Corey® and Doyle,’
independently, reported a similar observation for chiral dirhodium(Il)

carboxamidates.

For dirhodium(ll) catalysts derived from N-protected amino acid ligands, a long held
opinion (based on enantioselectivities achieved with these systems) has been related
to the influence of the N-aryl tethers that can act as steric blockers. The role of these

tethers is considered pivotal in controlling the trajectory of the incoming substrates
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during catalysis. Following the classical fashion of catalyst design described above,
all reported dirhodium(l1) complexes belonging to this family are designed to have a
symmetric N-heterocyclic tether for the construction of the chiral ligands (Figure
2.2).

In 2004, however, Miiller, Ghanem and co-workers®® reported several Rhp(S-NTTL),4
analogues at which only one hydrogen on the hetereocyclic tether is substituted
generating ligands carrying lower symmetry N-protecting groups (Figure 2.2). The
results revealed that, Rh,(S-4-Br-NTTL)4-catalyzed cyclopropanation of styrene with
dimethyl malonate proceeded with far improved levels of enantioselectivity (82% ee)
compared to its parent, Rhy(S-NTTL), (37% ee) (Table 2.1).5*° The same catalyst
was also effective for olefin cyclopropanation with Meldrum’s acid giving 92% ee

with styrene and 87% ee with 1-pentene.

\ -
0 A=<
R, N l
) f
,’H O
‘X0
| / | /
Rh—RN

| | /
RA—RR X = Cl, Br, NO,
|

Figure 2.2. Ligands backbone structure comparison.
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Table 2.1. Enantioselective cyclopropanation of styrene with dimethyl malonate via
the in situ generated phenyliodonium ylide method.®

P O O
o o ~ "Ph

Catalyst, rt MeO OMe
MeOMOMe %

PhlO, MgO, 4A MS
9 Ph

Entry Catalyst Yield (%) ee (%)
1 Rhy(S-NTTL), 72 37
2 Rhy(S-4-CI-NTTL),4 77 66
3 Rh(S-4-Br-NTTL), 75 82
4 Rh,(S-4-NO»-NTTL), 60 66

The X-ray crystal structure of Rhy(S-NTTL),; revealed that N-1,8-naphthaloyl
incorporation maintained the chiral nature of the crown cavity surrounding the
rhodium axial site through a clockwise twist of these groups (Figure 2.3).° This X-
ray served as a model to account for the higher enantioselectivity observed when
using Rhy(S-4-Br-NTTL),. The authors communicated that, if Rhy(S-4-Br-NTTL), is
retaining a similar structure as Rhy(S-NTTL),, the bromo substituents would lie at the
cavity rim and is likely to exert a strong influence on the enantiofacial discrimination
of the incoming alkene (Cavity Rim Steric Impedance).® The improved performance
of the 4-Br-substituted catalyst over the 4-Cl analogue was also justified as the larger

halide would exert more influence at the cavity rim.
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Figure 2.3. X-ray structure of Rhy(S-NTTL),® (Reprinted from Ghanem, A.;
Gardiner, M. G.; Williamson, R. M.; Mdller, P. Chem.-Eur. J. 2010, 16, 3291,
Copyright 2010, with permission from John Wiley and Sons).

Guided by the previous findings related to the nature of the chiral crown cavity

complexes,®

modifications of the N-heterocyclic tether protecting the amine
functionality in ligands derived from amino acids are continued to be pursued. The
trigger of the project reported herein was to profoundly explore the variation of
ligand sterics through lowering the symmetry of the N-protecting group as an
essential part in this type of ligands and its effect on stereoselection mechanisms in

asymmetric cyclopropanations.

2.2. RESULTS AND DISCUSSION
2.2.1. Preparation of chiral dirhodium(ll) carboxylate complexes
2.2.1.1. Synthesis of chiral carboxylate ligands

Unlike the previously reported tendency applied for the development of chiral
dirhodium(Il) paddlewheel catalysts where modifications focused on the use of
symmetric N-protecting groups, a new catalytic series derived from chiral N-1,2-
naphthaloyl-(S)-amino acid bridging ligands la-f was constructed (Figure 2.4). N-
1,2-Naphthaloyl-(S)-amino acids were chosen as they have a larger horizontal
aromatic surface area that retains the N-phthaloyl rings of Hashimoto’s series along
with the horizontal naphthalene rings of Miller’s series (Figure 2.4). In the new

hybrid ligands, the mirror perpendicular to the plane of the heterocyclic tether is lost
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as the multiple rings point to one side, which is dissimilar from Muller’s and

Ghanem’s chemistry with one substituent around the rings.®®

N

HY [
R, O

Miiller's . Hashimoto's
ligands ligands

Figure 2.4. Structure of the new hybrid ligands derived from N-1,2-napthaloyl-(S)-

amino acids.

As | indicated in Chapter 1, Section 1.5.3.1, the optimum group at the ligand’s a-
carbon can vary depending on the reaction.® As a consequence, it was decided to
prepare different ligands by changing the L-amino acid and determine, for a later
stage, which is the optimum a-substituent for my screening reactions. Also, it was a
good opportunity to explore L-amino acids carrying substituents with heteroatoms at
the a-carbon as this sort of amino acids was not reported before (see Chapter 1,
Figure 1.14). The set of L-amino acids used was L-tert-leucine, L-leucine, L-alanine,
L-tryptophan, L-tyrosine and L-histidine. The new ligands were prepared via the
condensation of 1,2-naphthalic anhydride with different L-amino acids at refluxing

conditions.

Confirmation of correct NH,-protection conditions

The use of ligands with the highest optical purity is important for the facile access to
extremely reliable catalysts. In 2005, Hashimoto explored the racemization free N-
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phthaloylation of tert-leucine and reported that it can be achieved in refluxing
toluene/TEA mixture with minimal racemization.'® However, Charette reported the
same reaction using different L-amino acids in refluxing DMF to achieve
enantiomerically pure N-protected-L-amino acid ligands.® Likewise, racemization
free N-1,8->° and N-2,3-naphthaloylation'® of L-amino acids were claimed to take
place in refluxing DMF. A different report indicated that racemization free N-
protection of amino acids was possible in refluxing acetic acid.** These latter reports
did not provide any information about the degree of racemization that accompanied
the N-protection of L-amino acids under these different reaction conditions and no
racemization was proposed to take place. As a consequence, the correct NH,-
protection conditions that are accompanied by the minimum degree of racemization

must be confirmed before proceeding further in this research.

The NH,-protections were carried out in three different reaction solvents including
acetic acid, DMF and toluene/TEA (Scheme 2.1). The structures of the obtained
products were confirmed on the basis of their 1D, 2D NMR, IR and MS data. The
HMBC spectra for 1a, 1b, 1c, 1d and 1f revealed a long range correlation between
the asymmetric hydrogen and both carbonyl carbons of the cyclic imide (Scheme
2.1). This long range *H-"3C correlation verified the formation of the cyclic imides
la-f and not the open chain amides 2a or 2b under all the examined reaction

conditions.

97



CHAPTER 2: RESULTS & DISCUSSION

OO

O
O
CH\\H
R OH
1a, R =t-Bu

1b, R=Bn
1c, R=j-Bu
o) 1d, R = (3-Indolyl)methyl
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Scheme 2.1. Preparation of chiral ligands; HMBC correlations are represented in

blue arrows.

Chiral HPLC trace of enantiomeric purities

At this stage, a quick, direct and sensitive method for tracing the degree of
racemization of the prepared ligands under the different N-1,2-naphthaloylation
conditions was highly desirable. After some experimentation, it was found that
racemization tracing can be readily achieved through chiral HPLC analysis and by
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employing the covalently immobilized type CSP, Chiralpak® ID, which is based on
amylose(3-chlorophenylcarbamate). The solvent versatility of this immobilized
phase is not only useful for tracking the degree of racemization of N-1,2-naphthaloyl-
protection of amino acids, but is also able to provide a direct reaction monitoring

without going through the time consuming work-up or other purification procedures.

Enantioselective analysis results of N-1,2-naphthaloyl-amino acid enantiomers on
Chiralpak® ID are illustrated in Table 2.2. The efficiency of the enantioselective
separation on Chiralpak® ID was assessed on the basis of separation («) and
resolution (Rs) factors for the two resolved peaks.’> The separation factor ()
indicates the potential of the chromatographic system for separating the two

enantiomers and all o values were calculated according to the equation:

tr2 — to

tr1 — to

Where tg; is the retention time of the first peak, tr is the retention time of the second

peak and t, is the retention time of an unretained compound.

The resolution factor (Rs) is defined as the ratio between the distance between the
two peaks maxima (the distance between the two retention times; tr, - tr1) and the
arithmetic mean of the two peaks width. All Rs values were calculated according to

the equation:

R 5 tr2 — tr1
s=2 ——
Wi+ W>

Where tr; and tg, are the peaks retention times, W; and W, are the peaks’ base
widths.

In general, Chiralpak® ID afforded fairly good separation for the enantiomers of N-
1,2-naphthaloyl-protected amino acids. All investigated N-naphthaloyl amino acids
were baseline separated (a¢ = 1.54-2.48, Rs = 1.64-2.61) except for N-1,2-
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naphthaloyl-(S)-tert-leucine (1a) which was partially separated with Rs of 1.04

(Table 2.2, entry 1).

Table 2.2. Enantiomer separation of N-1,2-naphthaloyl-(S)-amino acids on

Chiralpak® ID.
Entry Ligand Code Flow rz'ite a Rs Reta.ined
(mL/min) enantiomer

1 S-1,2-NTTL la 0.25 1.39 1.04 S

2 S-1,2-NTPA 1b 0.5 1.54 1.70 R

3 S-1,2-NTLU 1c 0.25 2.50 2.61 R

4 S-1,2-NTTR 1d 0.5 2.38 2.59 R

5 S-1,2-NTTY le 0.5 2.48 1.64 R

All enantiomer separations were achieved through chiral HPLC using Chiralpak® ID column, 10% 2-propanol in

n-hexane (v/v%) with 0.1% TFA, 254 nm. See experimental section for more details.

Better separation of N-1,2-naphthaloyl-(S)-tert-leucine ligand la was achieved by

using Chiralpak® IB column which is also a covalently immobilized type CSP based

on cellulose(3,5-dimethylphenylcarbamate) chiral selector. Chiralpak® IB afforded a
better separation of N-1,2-naphthaloyl-(S)-tert-leucine (« = 1.68, Rs = 1.43) with a

shorter analysis time compared to Chiralpak® ID under the same mobile phase

combination and flow rate (Figure 2.5).
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Figure 2.5. Enantiomer separation of N-(1,2-naphthaloyl)-(S)-tert-leucine (1a).
Conditions for chiral HPLC trace: a) Chiralpak® ID column, 10% 2-propanol in n-
hexane (v/v%) with 0.1% TFA, 0.25 mL/min, 254 nm. b) Chiralpak® IB column,
10% 2-propanol in n-hexane (v/v%) with 0.1% TFA, 0.25 mL/min, 254 nm.

Table 2.3 and Figure 2.6 illustrates the effect of changing the reaction solvent on the
extent of racemization and it can be concluded from these analytical results that
different degrees of racemization were observed with the alteration of the reaction
solvent. It is also clear from the analytical results that the goal of getting ligands with
minimal racemization can be readily achieved by employing toluene/TEA mixture as
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reaction solvent. By the utilization of this reaction conditions, the degree of
racemization for the prepared N-protected amino acids is limited and kept to a
minimum. However, an exception to this was found in the case of N-1,2-naphthaloyl
phenylalanine (1b), where, ~15% racemization took place (Table 2.3, entry 2).
Recrystallization of products from hot MeOH provided optically pure ligands ready

for ligand exchange except for 1a which was obtained as oil and used as it is.
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Table 2.3. Effect of changing the reaction solvent on yield and enantiomeric purity of

the prepared ligands.

Acetic Acid DMF Toluene/TEA
Entry Ligand Code ] ] _

Yield ee Yield ee Yield ee

(%0) (%) (%0) (%) (%) (%)
1 S-1,2-NTTL? la 33 84 71 74 89 >99
2 S-1,2-NTPAP 1b 74 2 82 70 89 84
3 S-1,2-NTLU® 1c 84 60 87 36 90 97
4 S-1,2-NTTR" 1d 65 60 96 92 85 >99
5 S-1,2-NTTY®  1e 56 14 90 95 17 98

Enantiomeric excess percentages (ee%) were determined by chiral HPLC using ®Chiralpak® IB column,
®Chiralpak® 1D column, 10% 2-propanol in n-hexane (v/v%) with 0.1% TFA, 254 nm, See experimental section

for more details.

ee% 50 -
40 -
30 A

20 -

10

S-1,2-NTTL
(1a)

S-1,2-NTPA
(1b)

$-1,2-NTLU

(1c)

S-1,2-NTTR
(1d)

S-1,2-NTTY

(1e)

Acetic Acid

Toluene/TEA
DMF

Figure 2.6. Effect of changing the reaction solvent on enantiomeric purity of the

obtained ligands.
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Figure 2.7. Enantiomer

separation of N-(1,2-naphthaloyl)-(S)-tert-leucine (1a)

prepared using a) acetic acid, b) DMF or c) toluene/TEA as reaction solvents.

Conditions for chiral HPLC trace: Chiralpak® IB column, 10% 2-propanol in n-

hexane (v/v%) with 0.1% TFA, 0.25 mL/min, 254 nm.
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Figure 2.8. Enantiomer separation of N-(1,2-naphthaloyl)-(S)-phenylalanine (1b)
prepared using a) acetic acid, b) DMF or c) toluene/TEA as reaction solvents.

Conditions for chiral HPLC trace: Chiralpak® ID column, 10% 2-propanol in n-
hexane (v/v%) with 0.1% TFA, 0.5 mL/min, 254 nm.
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Figure 2.9. Enantiomer separation of N-(1,2-naphthaloyl)-(S)-leucine (1c) prepared
using a) acetic acid, b) DMF or c) toluene/TEA as reaction solvents. Conditions for

chiral HPLC trace: Chiralpak® ID column, 10% 2-propanol in n-hexane (v/v%) with
0.1% TFA; 0.25 mL/min, 254 nm.
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Figure 2.10. Enantiomer separation of N-(1,2-naphthaloyl)-(S)-tryptophan (1d)
prepared using a) acetic acid, b) DMF or c) toluene/TEA as reaction solvents.

Conditions for chiral HPLC trace: Chiralpak® ID column; 10% 2-propanol in n-
hexane (v/v%) with 0.1% TFA, 0.5 mL/min, 254 nm.
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Figure 2.11. Enantiomer separation of N-(1,2-naphthaloyl)-(S)-tyrosine (1e) prepared
using a) acetic acid, b) DMF or c) toluene/TEA as reaction solvents. Conditions for
chiral HPLC trace: Chiralpak® ID column, 10% 2-propanol in n-hexane (v/v%) with
0.1% TFA, 0.5 mL/min, 254 nm.
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2.2.1.2. Synthesis of dirhodium(I1) carboxylate complexes

At this point, high temperature ligand exchange was carried out using the prepared
chiral carboxylic acid ligands (1a-e) and rhodium acetate (Rh,(OAc).).*® Ligand
exchange proceeded successfully affording the corresponding dirhodium(ll)
tetrakis[N-(1,2-naphthaloyl)-(S)-amino acid] complexes, 3a-e (Scheme 2.2). The
structures of the prepared complexes were confirmed on the basis of their NMR, IR
and MS data.
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Scheme 2.2. Preparation and structure of the new catalytic series.

The preparation of Rh,(S-1,2-NTHS), complex (3f, Figure 2.12) was also attempted
using the procedure described above for catalyst preparation. However, *H and *C
NMR spectra of the isolated solid were identical to the obtained NMR data for the
ligand. MS spectroscopic analysis also returned a major peak at 336.1 which
corresponds to the ligand’s M+1 ion. This is beside the generation of none of
cyclopropane products when the isolated solid was subjected to screening in various

cyclopropanation reactions.
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Figure 2.12. Structure of Rh,(S-1,2-NTHS), complex (3f).

2.2.2. Screening for asymmetric cyclopropanation with donor-acceptor

substrates

2.2.2.1. Enantioselective synthesis of chiral cyclopropylphosphonate

derivatives

Cyclopropylphosphonate and cyclopropylphosphonic acid derivatives have been
extensively studied during the last decade as they display several interesting
biological activities (Figure 2.13). For example, they have been used as structural

moieties of nucleotides,'”®

as insecticides,’® herbicides and plant growth
regulators.?’ They were also used as analogues of the antidepressant Milnacipran,*
the antibiotic Fosmidomycin,? the unusual amino acids (-)-Allonorcoronamic acid®
and (Z)-2,3-Methanohomoserine,* the GABAg receptor antagonist Phaclophen,®
and L-Glu.?® Further, cyclopropylphoshonate derivatives can act as N-methyl-D-
aspartate (NMDA) receptor antagonists,?” as important P1 moieties for potent HCV
NS3 protease inhibitors® and as mimics of 1-Aminocyclopropane carboxylic acid
(ACC) with a high inhibitory activity for ACC-deaminase and alanine racemase.?**
Moreover, they also possess anti-proliferation properties,®* are virostatics,*
antidiabetic agents,® antitumor agents,®* selective anti-HBV agents,® cytostatic
agents® and displays antiviral activity.®” Cyclopropylphosphonates are also very
convenient for the synthesis of alkylidenecyclopropane derivatives through the

Wadsworth-Emmons reaction.3®*°
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Figure  2.13.  Model applications of  cyclopropylphosphonate  and

cyclopropylphosphonic acid derivatives.

Cyclopropylphosphonates have been synthesized using variety of methods,* for

example, through Arbuzov reaction by the phosphonylation of halogenated

cyclopropanes,* the cyclopropanation of vinyl phosphonates with diazoalkanes,*

44,45

Simmons-Smith  reaction,”®  electrochemical  synthesis, intermolecular

% the addition of phosphonates to iminium salts,*’ reaction of a-

cyclization,
chlorophosphonates with alkyl acrylates in the presence of sodium hydride,*® photo-
induced fragmentation of epoxyphosphonates,* bis-alkylation of a-functional

phosphonate carbanions with 1,2-dibromoethane,**%

the addition of «,f-unsaturated
esters to phosphonylated sulfonium ylides>* and SnCl, promoted [2+1] cycloaddition

of 1-seleno-2-silylethane with 2-phosphonoacrylates.*

Metal-catalyzed decomposition of diazophosphonates in the presence of an alkene
emerged recently as one of the powerful and most successive methods for the

enantioselective synthesis of cyclopropylphosphonate derivatives. In 2004,

112



CHAPTER 2: RESULTS & DISCUSSION

Simonneaux et al. reported the asymmetric cyclopropanation of styrene derivatives
with monoacceptor diisopropyl diazomethylphosphonate using chiral ruthenium-
porphyrin as a catalyst (Scheme 2.3).%* The reaction proceeded under mild conditions
and gave trans-cyclopropylphosphonates in good yields and high ee values (up to
92%). Later in 2004, the same group reported the use of chiral 2,6-
bis(thiazolinyl)pyridines as ligands in  ruthenium-catalyzed asymmetric
cyclopropanations of olefins with phosphonate diazoesters. Enantioselectivities of up

to 90% ee for the trans-cyclopropylphosphonate were observed.>®

o ..
1 _Oi-Pr
- Ru Catalyst H., RALIA N
I I:’rO:P/§N2 + /\Ar - yst Oi-Pr
i-PrO (”) Ar H
Yield = 90-97%
de =>96%
ee = 88-92%

R
Ru Catalyst

Scheme 2.3. Ruthenium-porphyrin-catalyzed cyclopropanation of styrene derivatives

with diisopropyl diazomethylphosphonate.>

Very recently in 2014, Iwasa et al.>* developed a highly stereoselective
cyclopropanation of various classes of alkenes with monoacceptor diethyl
diazomethylphosphonate using Ru(ll)-Pheox complex as a catalyst (Scheme 2.4).
The results also revealed that cyclopropanations of electron-deficient alkenes such as
a,f-unsaturated ester, ketone and amides can be achieved smoothly under mild
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reaction conditions to afford the corresponding cyclopropylphosphonate product in
high yield, diastereoselectivity and enantioselectivity.

0
Et
H., /\ o Igio

Ru(ll)-Pheox
JR Eto:ﬁ&Nz - Ot
EtO O DCM, 5 h, rt R H
R = Ar, Alkyl, :

' up to 93% vyield
NRR', CO,R, up to 99:1 dr
C(=0O)R, up to 99% ee
C(=O)NRR'

_ 1 PRy
(NCCHj3),
L+
Ru
\Nj’Ph
i; 5 /<
L O _
Ru(ll)-Pheox Catalyst

Scheme 2.4. Ru(Il)-Pheox-catalyzed asymmetric cyclopropanation of various classes

of alkenes with diethyl diazomethylphosphonate.>*

Charette and co-workers™ also reported the trans-RuCly((S, S)-i-Pr-
pybox)(ethylene)-catalyzed cyclopropanation of p-methoxystyrene with diisopropyl
diazomethylphosphonate  to  give  the  diisopropyl (1R, 2S)-2-(4-
methoxyphenyl)cyclopropylphosphonate product. The achiral version of the reaction
proceeds well with copper, rhodium and ruthenium catalysts, however, the best
catalysts for the enantioselective version are either Evans' Cu-bis(oxazoline) or

Nishiyama's Ru-pybox.

The same research group reported a highly stereoselective Rh(ll)-catalyzed
cyclopropanation with diacceptor diazo substrates and utilizing the phosphonate
moiety as a powerful trans-directing group (Scheme 2.5).%® The first asymmetric
synthesis towards diacceptor cycloprop(en)ylphosphonate derivatives was achieved
starting from a-cyanodiazophosphonate in the presence of chiral Rhy(S-IBAZ), as a
catalyst. The optimization of the nature of the catalyst and the substrate revealed that,
in terms of selectivity, Rhy(S-PTTL)4, Rhy(S-NTTL), and Rhy(S-TCPTTL), were
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totally incompatible with diacceptor diazophosphonate substrates and the maximum
selectivity was achieved by having the bulky isopropyl as phosphonate ester group.

R, Rh,(S-IBAZ) i-PrO.
\I/ + /kp\O’ -Pr - : i-Pro’ FL R
R2 Y 2

H Oi-Pr
R

Scheme 2.5. Rhy(S-1BAZ),-catalyzed cyclopropanations of alkenes with diisopropyl
a-cyano-a-diazophosphonates.

As it was illustrated in Chapter 1, although Rhy(S-DOSP),-catalyzed
cyclopropanations of alkenes with several donor-acceptor diazo substrates proceed
in a highly stereoselective manner, it was reported that Rh,(S-DOSP),-catalyzed
cyclopropanation of styrene with donor-acceptor dimethyl a-
diazobenzylphosphonate resulted in the formation of the cyclopropane product in a
very poor enantioselectivity (34% ee).”” In 2004, Davies and co-workers reported the
Rh,(S-biTISP),-catalyzed asymmetric cyclopropanations of a variety of alkenes with
aryldiazomethylphosphonate derivatives. The cyclopropanation generated the
corresponding cyclopropane products in high yields (85-96%), diastereoselectivities
(98% de) and enantioselectivities (76-92% ee).”’ Later in 2006, the same group
demonstrated that Rhy(S-PTTL)4 and Rhx(S-PTAD), are far superior catalysts for the
enantioselective synthesis of dimethyl 1,2-diphenylcyclopropylphosphonate, with
Rh,(S-PTAD), giving the highest enantioselectivity (99% ee).*

So, with the new catalytic series in hand and inspired by the importance of
cyclopropylphosphonate derivatives, the evaluation of these catalysts was carried out
in the standard cyclopropanation reaction of styrene (as olefin substrate) and
dimethyl a-diazobenzylphosphonate 4 (as carbene precursor) in 2,2-DMB to generate
dimethyl 1,1-diphenylcyclopropylphosphonate 5. The reaction conditions were

reported to be optimal for similar catalytic systems>®*’

and also proved to be the best
for my new complexes. The previously reported Rhy(S-PTAD)4, Rhy(S-PTTL),,
Rh,y(S-NTTL)4 and Rhy(S-4-Br-NTTL), catalysts were included in the screening as
well established catalysts for enantioselective cyclopropanation reactions and the

results are summarized in Table 2.4.
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Table 2.4. Asymmetric cyclopropanation of styrene with dimethyl o-
diazobenzylphosphonate.

L O
Dirhodium(ll) Catalyst |I__|>/()|\/|e
H,,, KU

(0.01 equiv.)
N2 + /\Ph > \ OMe
- 2,2-DMB, reflux Ph Ph
O=R
MeO OMe 5
4 >20:1 (E:Z) dr
Catalyst Reaction Time Yield ee
Entry Catalyst

code (h) (%) (%)
1 Rh,(S-PTAD), - 10 88 94?
2 Rha(S-PTTL), - 10 83 92
3 Rha(S-NTTL),4 - 5 91 90
4 Rh,(S-4-Br-NTTL), - 10 83 72
5 Rhy(S-1,2-NTTL),4 3a 5 93 92
6 Rh,(S-1,2-NTPA), 3b 5 91 34
7 Rhy(S-1,2-NTLU), 3c 5 94 64
8 Rhy(S-1,2-NTTR), 3d 20 76 22
9 Rhy(S-1,2-NTTY), 3e 20 80 26

®Orginally reported to be 99% ee,®® however, when the reaction was repeated under the reported conditions the
maximum of 94% ee was obtained. Diastereomeric ratios (dr) were determined by *H NMR of the crude mixture.
Enantiomeric excess percentages (ee%) were determined by chiral HPLC using Chiralcel® OJ column, 2% 2-
propanol in n-hexane (v/v%), 1 mL/min, 220 nm, 7; = 18 min, 1, = 21 min. See experimental section for more

details

The vyields of cyclopropane product 5 were generally high for all catalysts ranging
from 76% to 93%. The observed yield of the product resulting from the reaction
catalyzed by Rh,(S-1,2-NTTL), (3a) was slightly higher than those resulting from
reactions catalyzed by Rhy(S-PTTL)s and Rh,(S-NTTL), (Table 2.4). This can be

116



CHAPTER 2: RESULTS & DISCUSSION

rationalized by the ligand’s larger aromatic moiety which offers a relatively higher
solubility of Rh»(S-1,2-NTTL)4 (3a) in non-polar solvents. Its better solubility also
offered a quicker conversion into products resulting in a shorter reaction time if
compared to Rhy(S-PTTL),.

In all cases, the diastereoselectivity of these reactions was excellent favouring the E-
isomer 5 over the Z-isomer by a diastereomeric ratio (dr) of more than 20:1. A
reasonable explanation for this extremely high diastereoselectivity would be due the
favoured aryl rings m-stacking attractions during cyclopropanation. This is in
addition to the blockage of the substrate approaching over the bulky phosphonate
acceptor group (Figure 2.14).%"

a) b)
i n-stacking
<< \ . attractions
@) O
RO_1I RO_1I
P P
RO ! RO !
—Rh— —Rh—
dis-Favoured Favoured

Figure 2.14. lllustration to justify the observed high levels of diastereoselectivities a)
dis-Favoured, blockage of the approach of the substrate over the phosphonate group,

b) Favoured, attractive n-stacking attractions between the aryl rings.

In terms of enantioselectivity, the results in Table 2.4 indicated that the catalyst
bearing the bulky tert-butyl group (3a) was the best catalyst among the series. This
was followed by those bearing the isobutyl (3c) and benzyl (3b) groups and finally
those carrying the (3-indolyl)methyl (3d) and the 4-hydroxybenzyl (3e) groups.

The cyclopropanation reaction catalyzed by Rh,(S-1,2-NTTL), (3a) generated the
cyclopropane product in 92% ee (Figure 2.15 and Table 2.4, entry 5), which is
similar to the same reaction catalyzed by Rh,(S-PTTL), (Table 2.4, entry 2) and
slightly better than the one catalyzed by Rhy(S-NTTL)4 (90% ee, Table 2.4, entry 3).
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However, these results are still lower than that for Rhy(S-PTAD). (reported 99% ee,®
obtained 94% ee, Table 2.4, entry 1).

873

75+

22.042

o

25—_ %

min

b)

mAU
400+

300
2001

100-

c- .
1 r T T T [ T

0 5 10

30 35 40
min

*Unknown minor impurities.

Figure  2.15. Chiral HPLC trace of (1S, 2R)-dimethyl 1,2-
diphenylcyclopropylphosphonate (5) a) prepared using Rhy(OAc); (Racemic
sample), b) prepared using Rhy(S-1,2-NTTL),. Chromatographic conditions:
Chiralcel® OJ column, 2% 2-propanol in n-hexane (v/v%), 1 mL/min, 220 nm.

2.2.2.2. Hypothetical model for the observed asymmetric induction

For this particular family of catalysts, there are still ambiguities that surround the
arrangement of ligands during catalysis in solution. These uncertainties led to doubts

related to their mechanism of asymmetric discrimination during carbenoid
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transformations. As a consequence, a number of models have emerged trying to
justify the stereoselection mechanisms during dirhodium(I1)-catalyzed reactions.

The first model was proposed by Hashimoto®*®

crystal structure of Rhy(S-PTPA), was determined. Rh,(S-PTPA), was found to have

and it was proposed after the X-ray

two adjacent N-phthalimido rings oriented on the upper face of the complex, while
the other two are oriented towards its lower face in solid state. In Hashimoto’s
model, it was proposed that dirhodium(ll) carboxylates derived from N-phthalimido
protected amino acid ligands adapts preferentially the «,a,f,5-conformation during
catalysis (Figure 2.16). This model was also applied successfully to predict the
stereochemical outcome for asymmetric C-H insertions catalyzed by Rhy(S-
PTAD),.%?

Fox subsequently proposed that these complexes adapt an “all-up” conformation
during catalysis. Fox proposal was based on the X-ray crystal structure of Rhy(S-
PTTL), with the four N-phthalimido groups oriented towards one face of the
complex creating a “chiral crown cavity” (Figure 2.16).%* Other research groups
have also reported X-ray structures of other catalysts belonging to the same family
and all of these catalysts were having the same “all-up” conformation in solid

state .65-67,9,11

According to Fox’s model, two opposite N-phthalimido groups are
acting as blocking walls, while the other two are slightly tilted leading to a narrow
(~11 A) and wide (~15 A) chiral cavity. The carbene is predicted to align with the
wide dimension of the chiral cavity and this leaves the si face of the carbene
accessible for reaction with the alkene via end on approach. While, according to Fox,

the tert-butyl groups are necessary to limit reactivity to only one of the catalyst faces.
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Hashimoto's Fox’s
Rh,(S-PTPA), Rh,(S-PTTL),
model model

Figure 2.16. 3D models for the distinct ligand orientations used to rationalize the
observed enantioselectivity of dirhodium(ll) carboxylates derived from N-protected
amino acid ligands.®® (Reprinted with permission from Qin, C.; Boyarskikh, V.;
Hansen, J. H.; Hardcastle, K. I.; Musaev, D. G.; Davies, H. M. L. J. Am. Chem. Soc.
2011, 133, 19198. Copyright 2011).

Later, 2D Heteronuclear NOESY studies by Charette®® and Duddeck,™
independently, confirmed that Rhy(S-PTTL), and similar catalysts have a mobile
conformation in solution which allows the existence of other conformers with at least
one N-phthaloyl group flipped down (Figure 2.17). More investigations are necessary
for the determination of the defined ligand’s orientations in Hashimoto’s and related
complexes in solution to be able to account for all sorts of asymmetric

transformations achieved using this important class of catalysts.
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XX

X

l
o N\O/<O/Rh O I__ X=H, Cl

R Q{

Figure 2.17. 2D-Heteronuclear NOESY experiments on Rhy(S-PTTL), and related

complexes.®®*

Unfortunately, all endeavours for growing crystals of 3a-e that are suitable for X-ray
crystallographic analysis were unsuccessful, except for Rhy(S-1,2-NTPA), (3b). The
crystal quality was adequate only for partial connectivity establishment. With the
current refinement, all what can be said is that the complex forms a bis(ACN) adduct
when crystallised from acetonitrile and adopting the so-called «,a.,,5-conformation

in solid state (Figure 2.18).
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Figure 2.18. X-ray structure of bis(ACN) adduct of Rhy(S-1,2-NTPA), (3b) (side
view). As shown, not all ligand atoms could be located in the structure refinement.

Based on the available information offered by the X-ray crystal structure of Rhy(S-
1,2-NTPA), and on the illustrated background, Hashimoto’s C,-asymmetric model
was adopted to Rhp(S-1,2-NTTL)4 (3a) in solution at which, the N-1,2-naphthaloyl
groups are oriented in an “up, up, down, down” arrangement across the rhodium

core.

The asymmetric nature of the N-1,2-naphtahloyl protecting group will generate two
possible orientations in space at 180° from each other. This will in turn lead to an
enormous number of possible catalyst conformations. For simplification, conformers
I and Il displayed in Figure 2.19 will be only considered as they are expected of
being the lowest free-energy conformations. In these two conformers, the aromatic
groups on each catalyst face will remain in a similar environment, either clockwise

or anti-clockwise (Figure 2.19).

The much bulkier dimethyl phosphonate ester group (having tetrahedral geometry)
orients itself away to avoid the steric interaction with the N-1,2-napthaloyl walls
(Figure 2.19). The alkene is predicted to approach from the front and lead to the
observed product. This may justify the high enantiomeric excess of the cyclopropyl

derivatives when using carbenoid with bulky phosphonate group (Table 2.4).
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Ph
Conformer | H
MeO//P
MeO
(1S, 2R)

Conformer Il

Figure 2.19. Predictive model for the observed asymmetric Rh(S-1,2-NTTL),-

catalyzed cyclopropanation.

The Fox model was also applied and, as shown in Figure 2.20, the bulky
phosphonate group should be located in the less hindered quadrant of the catalyst
cavity. The alkene should approach from the front, over one of the N-1,2-
naphthalimido groups. However, the current version of this model predicted the

wrong absolute stereochemistry to what was actually observed for the reaction.
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Ph O

1l

P
Ph% | "OMe

OMe

(1R, 2S)

Figure 2.20. Application of Fox’s predictive model for the asymmetric

cyclopropanation catalyzed by Rh,(S-1,2-NTTL)4 (3a).

2.2.3. Screening for asymmetric cyclopropanation with diacceptor substrates

Studies were also targeted probing the enantioselectivity of the prepared catalysts in
asymmetric cyclopropanations involving variety of alkenes with diacceptor
Meldrum’s acid (Table 2.5). | thought about including this particular substrate in the
screening as, recently, there has been an expanding passion in 1,1-cyclopropane

diesters derivatives as useful synthesis intermediates. This class of substrates was

69-71 72-77

utilized in a variety of cycloaddition reactions involving imines, nitrones,

884 and others®®

aldehydes providing a wide range of useful synthesis building
blocks (Figure 2.21). Moreover, the reactivity of this class of substrates played a
crucial part in the synthesis of molecules with complex structures. For example,
cyclopropane derivative 6 is a useful starting material for accessing a variety of

biologically relevant molecules as illustrated in Figure 2.21.”" This kept 1,1-
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cyclopropane diesters as valuable chiral intermediates and an attractive target for
synthetic chemists. However, the preparation of this class of compounds in an
enantiomerically pure form continues to be a big challenge for chemists.
Dirhodium(Il)-catalyzed cyclopropanations can be considered as the most straight
forward route for accessing 1,1-cyclopropane diesters and several synthetic examples

have already been highlighted earlier in Chapter 1.

Ci\"' H, /\ oNH, Y ‘\\\/(z
MeG L oH R - OMe
MeO 0 07 "OMe
Y =NBz, O Y =NR, O
it R I
“‘\\J\OMe H’@i OMe H”/ﬁi
/) ~OMe R & ~OMe R 7 ~OH
6

Figure 2.21. Examples for reactivity and application of 1,1-cyclopropane diesters.*

To facilitate the screening, a previously developed user-friendly one-pot
cyclopropanation procedure was used, wherein the phenylidonium ylides are
generated and decomposed in situ.**%#1°_ All the reactions were carried out at room
temperature in methylene chloride as reaction solvent and data are summarised in
Table 2.5.

125



9¢t1

6 1’4" LT 1T 4) 1] TT 114 yx4 1% 0¢ €9 1 [A%
g
71 9T 8T 0¢ qal 69 ¢ TS q8¢ JAS] ql€ 0] 9¢ 4]
) 1’4 8T 8T 9T 14 qCT YAY (0] 09 4 8¢ JAS 1%
(%) (%) PPRIA (%) 88 () PRIA (%) (%) PRIA (%) 88 () PRIA (%) (W) PRIA  (%)3 (%) PIRIA (%) 8 (%) PIBIA
(@) (Pe) ©e) (@e) (ec) "(LLN-S)yy (1L Ld-S)ud

"(ALLN-Z'T-S)ud

(4L 1N-Z'T-S)ud

"(N1LN-2'T-S)ud

"(WdLN-2'T-S)2ud

"(.LLN-2'T-S)*ud

@) (@)
Y
UL ‘M 'SIN YY “Uovo)iud €04V ¥ JO\/AW\
('Ninba 1.0°0) 18A1e1ED (J1)WnipoyIq VA

‘Woa
‘(ere1sqns 101dadoeip) proe s, WnIpR|A Yl uoljeurdoldojoAd J1sWwWASY ‘Gz ajgel

NOISSNDOSIA ™ STINSHY -¢ d4IdVHD



LT

"S|1e19p pue suonIpuod d1ydesforewolyd
10} uonYsS [elUBWILIBAX3 335 'sisAeue DTdH [eAIyd Ag paulwiaiep alam (%23) safiejusdlad ssoxe dLBWIONUBUT “aIniXIW 8pnid se pazAjeuy, 1onpoid Jofew ayy si sswonueus-(y) ayL,

L qT €T [4) ¢ 9y 08 8¢ 0¢ 4% ol 8¢ Lc €9 _w%

4} €T LT €T 8 Ly 8 0€ cc [43 e 9¢ 6¢ €€

NOISSNDOSIA ™ STINSHY -¢ d4IdVHD



CHAPTER 2: RESULTS & DISCUSSION

All catalysts revealed moderate isolated yields, except for Rhy(S-1,2-NTTR)4 (3d)
and Rhy(S-1,2-NTTY), (3e). The asymmetric induction exhibited by the prepared
catalysts ranged from moderate to low (30-7% ee) for all substrates. In terms of
enantiomeric excess of the resulting cyclopropane derivatives, Rhy(S-1,2-NTTL),4
(3a) was the best among the series (30-2