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ABSTRACT

DEVELOPMENT OF PORPHYRIN TWEEZER SYETEM FOR DETERMINING
ABSOLUTE CONFIGURATION OF CHIRAL MOLECULES VIA ECCD
By

Xiaoyong Li

This dissertation focuses on three parts. The first portion introduces the concept of
exciton coupled circular dichroism (Chapter 1) and the rationaleabout how we design and
prepare electronically tuned porphyrin tweezers with enhanced sensitivity for chirality
sensing (Chapter Il). A number of porphyrin tweezers with electron deficient or electron
rich phenyl rings at the meso positions were synthesized and evaluated for chirality
sensing of chiral diamines and derivatized chiral carboxylic acids via ECCD protocol.
This screening afforded TPFP tweezer which contains three pentafluorophenyl groups at
10,15,20 positions as the best candidate for chirality sensing of chiral molecules.

Chapters 111-V1 constitute the second portion of this dissertation describing successful
applications of TPFP tweezer as a chirality reporter for a wide range of chiral molecules
which are difficult subjects for conventional methods. Chirality assignment of acylic
bisfunctionalized molecules has been a tough task due to their flexible skeleton. Erythro
substrates are the most difficult ones among those bisfunctionalized molecules. Chapter
I11 describes how we solved this issue using the newly developed TPFP tweezer devoid
of chemical derivatiation. Upon complexation of the substrates with TPFP tweezer in
solution, intense ECCD signals arose and consistent trend was obtained. The proposed

binding modes provide unambiguous assignment of substrate chirality in a non-empirical



fashion. Chiral epoxy alcohols are extremely useful building blocks for organic synthesis,
however there is no direct method for their absolute stereochemical assignment. In
Chapter 1V, the TPFP tweezer demonstrated its power again by rendering fairly strong
and consistent ECCD signals upon complexation with 20 epoxy alcohols (2,3-
disubstituted, 2,2-disubstituted, 2,2,3-trisubstituted and 2,3,3-trisubstituted). The elicited
binding mechanism led to a rapid and reliable way for stereochemical determination of
epoxy alcohols. In addition, while extending this study to long chain (3,4-, 4,5- 5,6-, 6,7-,
7,8- substituted) epoxy alcohols, a striking odd-even effect was discovered.Chapter V
centers on the chirality assignment of chiral 1,n-glycols with long alkyl chains which are
also very tough molecules for chirality analysis using conventional methods.Chapter VI
illustrates the natural extension of this project to the ECCD study of chiral aziridinols
which also lack an efficient method for chirality determination. Free aziridinols proved
to behave the same as epoxy alcohols and to our surprise some N-protected aziridinols are
also ECCD active.

The last chapter is devoted to further demonstrate the great potential of TPFP tweezer
instereochemical determinations by challengingit with more complex molecules like
steroids which contain multiple oxygenated functionalities (hydroxyl, ketone, epoxide,
etc.). A number of steroids yielded strong ECCD signals. So did several substrates
containing complicated bisTHF ring system. This work will attract not only organic
chemists in academic labs but also pharmaceutical companies that are interested in

elucidating absolute configurations of functionalities in complex molecules.



Copyright by
Xiaoyong Li
2010



Dedicated to my beloved family, for their love and support



ACKNOWLEDGEMENTS

I would like to express my deepest gratitude to my advisor, Professor Babak
Borhan, for his seasoned guidance, continuing encouragement, patience, and providing
me with an excellent atmosphere for my graduate research. As a great mentor, Professor
Borhan taught me a lot of things beyond the textbooks and things learned from him
would certainly benefit me during my whole life.

I am heartily thankful to my committee members, Professor William Wulff,
Professor Gregory Baker and Professor Milton Smith, for their help and suggestions
during my graduate work.

I also want to thank all the members of the Borhan group for their invaluable help
and friendship during the past several years. Specially, I would like to thank Dr. Marina
Tanasova, who offered great help when | started research in the lab. The academic
arguments between us always drove me to think hard and critically. | am indebted to Dr.
Jun Yan, who provided valuable synthetic samples for my project, and Dr. Chrysoula
Vasileiou for her help in the ECCD project. | appreciate Dr. Dan Whitehead for his help
and patience in proofreading my dissertation. | offer my regards and blessings to all of
those who supported me in any respect during the completion of the project. Working
and studying with the Borhan group members is a precious experience that | would
cherish.

| want to extend my sincere thanks to Professor Patrick Walsh at University of
Pennsylvania for kindly providing epoxy alcohol samples, and Professor Dennis Curran

at University of Pittsburgh for kindly providing petrocortyne A samples. | also want to

Vi



acknowledge Professor William Reusch at Michigan State University for his generous
gift of steroids compounds. The collaboration with them highly diversified the ECCD
project.

| want to thank Dr. Maozhu Jin who is my best friend. His continued support and
encouragement far from China always cheered me up.

Lastly, I want to say thanks to my mom, my dad and my brother, who
continuously supported my pursuit over years. My lovely wife Keke Yang is always
there cheering me up. This dissertation would not have been possible without the love
and support from my family, who gave the strength to be confident, be strong and keep

moving forward.

Vil



TABLE OF CONTENTS

LIST OF TABLES ... ..ot e e e e e e e Xi

LIST OF FIGURES. .. ... ittt et e e e e e e e e e e e e ae e e en xiii

LIST OF SCHEMES. .. ...t e e e e e e e e e e e XXii

KEY TO SYMBOLS AND ABBREVIATIONS. ..o e e XXV

CHAPTER I

Chiroptical Methods for Determination of Chirality.............ccoooii i, 1
1.1 Introduction of chirality............c.ooirii i e 1
111 Chirality ..o e e L
1.1.2  Conventional methods for determination of chirality.......................... 4
1.2 Introduction of optical rotatary dispersion and circular dichroism.......... 8
1.3 Introduction to of Exiton Coupled Circular Dichroism...................... 16
1.3.1 Theoretical background of ECCD..........ocviiiiiiiiiiie e i e 16
1.3.2 The application of the ECCD method in stereochemical determination for

chiral molecules. ... 23

1.4 Research aims for our project using ECCD.............cccocvivivininennnn 29
RETEIENCES . .. et e e e 31

CHAPTER II

Electronically Tuned Porphyrin Tweezers in ECCD Study — Development of Highly

Sensitive Chirality SENSOK........oii it e e e e e 39
1.1 Design and synthesis of electronically tuned porphyrin tweezers.......... 39
I1.1.1 Stereochemical determination using porphyrin tweezers.................... 39
[1.1.2 Synthesis of electronically tuned porphyrin tweezers...................... 47
1.2 ECCD study using electronically tuned porphyrin tweezers............ 67
Experimental ProCeauUres. ... ..o i e e e e e 72
RETEIENCES. .. e e 106

CHAPTER 111
Determination of Absolute Configurations for erytho and threo Diols, Amino

Alcohols, and Diamines using Zn-TPFP TWeeZer.........ccoiviiiiii i 77
HEL  BacKgroUuNnd... ... ouuiei i e e e e e e e e e e e e e 77
I11.1.1 The vicinal bisfunctionalized molecules.............ccooviiiiii i innen. 77
I11.1.2 Conventional methods for stereochemical determination of vicinal
diols and amino alcohols.........ccoviriiiiiii i e 77



[II.2  ECCD study of vicinal bisfunctionalized chiral molecules using Zn

TPEP tWEEZET. ...t 81
III.2.1 Binding affinity of zinc TPFP tweezer..............ccvviiiiiiiniiint. 81
[11.2.2 Determination of chirality for erythro substrates........................... 92
I11.2.3 Determination of chirality for threo substrates.................coeoveininne. 99
II1.2.4 NMR for binding studyies of Zn-TPFP tweezer system................... 106
II1.2.5 Conformational study of Zn-TPFP tweezer complex...................... 109

[I1.2.6 Comparison between Zn-TPFP tweezer and Zn-TPP tweezer............113
II1.3  ECCD study of 1,2-terminal diols and amino alcohols using Zn-TPFP

L8174~ P 117
II1.4  Future work of developing novel zinc porphyrin tweezers for ECCD
StUAY . e e 125
Experimental procedures............oouviriiriiiiiii i 129
RefeTeNCES. ...ttt 133
CHAPTER IV
Determination of Absolute Configurations for Chiral Epoxy Alcohols using
ZN-TPEP TWEBZEI ...ttt e e e 139
IV.1. Background...........ooiiiiiiii i 139
IV.1.1 Conventional methods for stereochemical determination of epoxy
AlCOhOlS. ... 139
IV.2 ECCD study of chiral epoxy alcohols using Zn TPFP tweezer............ 142
IV.2.1 Binding affinity of Zn-TPFP tweezer..............ccoiiviiiiiiiiiin.n. 142
IV.2.2 Determination of chirality for epoxy alcohols...................ooeeinii, 144
IV.2.3 Synthesis of chiral epoxy alcohols..........cccocoviiiiiiiiiiiiiiiiinne. 156
IV.2.4 ECCD study of chiral secondary epoxy alcohols................... 162
IV.2.5 ECCD study of long chain epoxy alcohols - The Odd-Even effect....... 170
Iv.25.1 Synthesis of long chain epoxy alcohols.......................ooe. 171
Iv.2.5.2 Investigation of ECCD for long chain epoxy alcohols.............175
Experimental procedures..........c.ovuviiuiiiiiiiiiii i 184
RETCIENCES. . et e 187
CHAPTER YV
Absolute Configurations of 1,n Glycols: A Non-empirical Approach for
Remote Stereochemical Determination.................coooviiiiiiiiiiiiiinii, 196
V. Background..........oooooiiii 196
V.2 ECCD study of 1,n-glycols........ccoviiiiiiiiiiiieee e, 199
V.2.1 ECCD study of 1,n-glycols using Zn-TPFP tweezer II-25................. 199
V.2.2 ECCD study of 1,n-glycols using a reengineered tweezer................. 204
V.3 Synthesis of chiral 1,n-glycols............ccoiiiiiiiiii, 220
V.4 A case study of chirality sensing using tweezer V-12....................... 226
Experimental procedures..........c.ovuuiiniiiiiiiiiiii e 236
ReTCINCES. ..t 247

ix



CHAPTER VI
Determination of Absolute Configurations of Chiral Aziridines using Zn TPFP

TWEBZEE ... 252
VL1 Background...........ooiiiiiiiiiii e 252
VI.2 ECCD study of chiral aziridines...............cooeviiiieniiiiniiieennenenn, 253
VI1.2.1 ECCD study of cis chiral aziridinols using tweezer 11-25................. 253
VI.2.2 ECCD study of trans chiral aziridines using tweezer II-25................ 269
Experimental procedures.............ooviiiiiiiiiiii e 283
RETCIENCES. ..t e, 286

CHAPTER VII

Elucidating the Absolute Configurations for Functionalities in Complex Molecules

using TPFP Tweezer: The Case Study in Natural Products............................. 287
VILT Background............oooiiiiiiiiiiii e, 287
VIL.2 ECCD study of Steroids.........couovuiiriiiiiiiiiiiiieeeeeieee e, 287
VIL.3 ECCD study of hydroxyl tetrahydrofurans...................ccoeeiiiinn.. 302
Experimental procedures............coooviiiiiiiiiii i 306
RefeT@NCES. ...ttt 310



Table I-1

Table 11-1

Table 11-2

Table 11-3

Table I11-4

Table 11-5

Table 11-6

Table 11-7

Table 11-8

Table 11-9

Table 11-10

Table 111-1

Table 111-2

Table 111-3

Table 111-4

Table I111-5

Table 111-6

LIST OF TABLES

Definition of exciton chirality for a binary system........................... 21
Effect of solvent in the synthesis of TCP monolinker 11-6.................. 48
Effect of solvent in the synthesis of TCP tweezer 11-7....................... 51

ECCD data for chiral diamines and derivatized a-chiral carboxylic acids
bound with tweezer I1-1 and 11-13..... ... 54
NMR analysis of a-chiral amides in Zn-TPP and Zn-TTFP tweezer

o703 301 0] (5 57
Synthetic yields for synthesis of new porphyrin tweezer.................... 58

Solvent & catalyst effect in the synthesis of TMOP monoester 11-26...63

Effect of solvent in the synthesis of TMOP monolinker 11-34.............. 64
Absorptions and A, for different zinc porphyrin tweezers............... 65
ECCD data of chiral diamines and derivatized carboxylic acids............ 68

Calculated charge and energetic information for porphyrin

00T0) 1 01T 7<) 4 70
Frontier orbital energy and charges of zinc porphyrins................... 85
Binding affinity of ROH and RNH; with I11-4 and I11-5.................. 86

ECCD data of Zn-TPFP tweezer bound erythro-1,2- diols and amino
AlCONOIS. ...t 96

ECCD data of Zn-TPFP tweezer bound threo- 1,2- diols, amino alcohols
ANd dIAMINES. ... o 100

ECCD Data for enantiomers of chiral threo substrates in Table I11-4....103

Effect of concentration on ECCD using TPFP tweezer..................... 107

xi



Table I111-7

Table 111-8

Table 111-9

Table 111-10

Table IV-1

Table IV-2

Table V-1

Table V-2

Table V-S1

Table V-S2

Effect of concentration on ECCD using TPFP tweezer in CHCl;.........108
ECCD data of Zn-TPP tweezer bound erythro and threo 1,2- diols...... 115
ECCD data of Zn-TPFP tweezer bound terminal 1,2- diols............... 118
ECCD data of Zn-TPFP tweezer bound terminal amino diols............ 124

ECCD data of 2,3- epoxy alcohols bound to Zn-TPFP tweezer in
REXANE. ...ttt 145

ECCD data of trans- epoxy alcohols bound to Zn-TPFP tweezer in

REXANE. ..ot 176
ECCD data of 1,n-glycols in hexane bound with tweezer 11-25........... 200
ECCD data of 1,n-glycols in hexane bound with tweezer V-12........... 207
Crystal data and structure refinement for diol V-11........................ 239
Crystal data and structure refinement for diol V-9........................ 241

xii



Figure I-1
Figure 1-2
Figure 1-3
Figure 1-4
Figure 1-5
Figure 1-6

Figure 1-7

Figure 1-8

Figure 1-9

Figure 1-10

Figure 1-11

Figure 1-12

Figure 1-13
Figure 1-14
Figure 1-15
Figure 1-16

Figure 1-17

Figure 1-18

LIST OF FIGURES

Molecular chirality of different origins.............cccooooeiiiiiiiiinnn... 2
Structures of thalidomide and methorphane........................ooiiii 4
Structure of MPA mosher esters of chiral alcohol.............................. 5
Structures of MPA mosher esters of chiral cyanohydrins................... 6
Propagation of light which contains electric field and magnetic field....... 8
Linearly and circularly polarized light..................ccoooi L 9

Linear polarized light passes through chiral sample leading to right

circular polarized light..............ooiiii 10
Positive (left) and negative (right) Cotton effect.............................. 12
Electron redistribution upon light excitation for a transition of chiral

molecule hexahelicene. ... 13
Schematic representation of a CD spectropolarimeter......................... 6

Splitting of the excited states of isolated chromophores i and j by
EXCItON INTETACLION. .. .e ittt ittt ittt et e 17

The UV spectrum (A) and ECCD spectrum (B) upon through space

interaction of two degenerate chromophores................ccooeviiinaiae. 18
A qualitative view of ECCD............ooiiiiiii e, 19
The rationalization of ECCD spectrum for dibenzoate....................... 20
(+)-Abscisic acid and the exciton chirality.....................oooiin 24
Periplanone B and the exciton chirality after derivatization................. 24

Chromophoric derivatization of amino acids for stereochemical
determination. ... ......o.ooiiiiiiiit i 25

Trityl ether as molecular bevel gears for assigning chirality of
AlCONOIS. ... 26

xiii



Figure 1-19

Figure 1-20

Figure 11-1

Figure 11-2
Figure 11-3
Figure 11-4
Figure 11-5
Figure 11-6
Figure 11-7
Figure 11-8

Figure 11-9

Figure 111-1
Figure 111-2
Figure 111-3
Figure 111-4

Figure 111-5

Figure 111-6

Figure 111-7

Determination of chirality for chiral amine through H-bonding with
biphenol host.......o.viii i 27

Porphyrin tweezer and schematic representation...................ocoeeuene.e. 28

Zn-Porphyrin tweezer for stereochemical determination of chiral

QIAMINE. ...t 40
Determination of chirality for derivatized a-carboxylic acids...............42
Inoue’s porphyrin tweezer for stereochemical determination............... 43
Improving the sensitivity of porphyrin tweezer by tuning sterics............. 45
Bulky porphyrin tweezers for ECCD study.............c.ccooviiiiiiiinnn.nn. 46

Improving the sensitivity of porphyrin tweezer by tuning electronics......47
The reversed ECCD spectra of 11-16 with different tweezers............... 55
The structure of TPFP monoester H-23..........ccccoooiiiiininiii e 59

UV-vis titration of Zn-TPFP tweezer (11-25) solution (0.5 uM in MCH)
with L-lysine methyl ester (1 mM in DCM).........c.cooviiiiiiiiiinnn... 66

Vicinal bisfunctionalized molecules in organic synthesis and catalysis..78
Stereochemical determination of threo diols using dibenzoate method..79
Stereochemical determination of threo diols using My(AcO)s..............80
Stereochemical determination of threo diols by forming dioxolanes.....80

Stereochemical determination of terminal diols by forming
CYCHIC DOTALE. ...ttt 81

a) Structure of Zn-TPP tweezer I1-1. b) Binding of a chiral diamine to I1-
1 leads to a helical disposition of the porphyrin rings dictated by the
sterics at the chiral center. The resultant ECCD is used to assign the
absolute stereochemistry of the chiral center. c) A 1,2-diol with two chiral
centers can be envisioned as two independent chiral alcohols..............83

Electrostatic potential surface of Zn-TPFP-monoester (111-4) and Zn-TPP-
monoester (111-5) based on B3LYP/6-31G(d)//PM3 calculation..........84

Figure 111-8a Titration of Zn-TPFP ester I11-4 with iPrNH, (0-30 equiv,

Xiv



bathochromic shift from 412 nm to 424 nm) in hexane.............. 87

Figure I11-8b Titration of Zn-TPFP ester Il11-4 with iPrOH (0-12,000

equiv, bathochromic shift from 412 nm to 418 nm) in hexane.............. 88
Figure 111-9 Titration of Zn-TPFP-tweezer 11-25 with amino alcohol I11-12...........89
Figure 111-10 Two step binding of amino alcohol with Zn-TPFP tweezer................ 90

Figure 111-11 Titration of Zn-TPFP tweezer 11-25 with diol 111-16 (0-300 equiv) in
HeXane. ... 92

Figure 111-12 Proposed binding conformation between tweezer 11-25 and erythro amino
alcohol 111-12, yielding a positive ECCD spectrum........................ 94

Figure 111-13 Increasing concentration of amino alcohol I11-12 leads to diminished
ECCD S1@NalS. ...ttt 98

Figure 111-14 Proposed conformation of the complex generated between the binding of
tweezer 11-25 and threo diol III-13, resulting in a positive ECCD

] 0113 110 0 U 102

Figure 111-15 Proposed conformation of the complex generated between Zn-TPFP
tweezer and S,S-1,2-diamino cyclohexane (111-28).......................... 105

Figure 111-16 Front view (left) and side view (right) of the 111-12-tweezer complex...110

Figure 111-17 Front view (left) and side view (right) of the preferred conformation for
HH-15-tweezer CompPleX.....o.viriiiii i, 111

Figure 111-18 Front view (left) and side view (right) of the preferred conformation for
HH-27-tweezer COMPIEX......vveiiiii i, 112
Figure 111-19 Energy profile of diepoxide 111-27 at HF/6-31G(d) level.................. 112

Figure 111-20 Proposed complexation pattern between Zn-TPFP tweezer and
diepoxide H-27. ... ., 113

Figure 111-21 ECCD spectrum of diol 111-32 (200 eq.) bound with Zn-TPFP tweezer
H-25 2 uM) iIn MCH. ..o, 119

Figure 111-22 ECCD spectra of diol 111-29 (200 eq.) and 111-35 (40 eq.) bound with
Zn-TPFP tweezer 11-25 (1 uM) in MCH..................ooiiiiin, 120

Figure 111-23 ECCD data of diol 111-36 and 111-37 bound with Zn-TPFP tweezer

XV



H1-25 (2 M) 121

Figure 111-24 ECCD spectra of amino alcohol 111-41 (20 eq.) bound with Zn-TPFP
tweezer 11-25 in MCH (1 puM, dashed line) and in hexane (2 uM, solid

Figure 111-26 Proposed zincated porphyrin esters and tweezers for future work......126
Figure IV-1 Epoxy alcohols in natural products................cooiviiiiiiiiiieiiininnnnn, 139
Figure IV-2 Mnemonics for asymmetric epoxidation................c.ocevvvuinneninnnn. 141
Figure IV-3 (a) UV-Vis spectra change upon titration of TPFP tweezer (1 uM in

hexane) with 1V-1 (10 mM in DCM) at different equivalents. (b) Non-
linear least square fit of the change in absorption at 426 nm leads to the

ESMAtION OF K ggoce v vnverneententente et et et eiere et e ereneeaaeennns 143

Figure IV-4 Complexation pattern of epoxy alcohol with porphyrin tweezer...........147
Figure IV-5 a) Proposed complexation pattern between tweezer and epoxy alcohol.
Negative ECCD spectrum was obtained for compound 1V-4; b)
enantiomeric ECCD of IV-5 and IV-5-ent (40 eq.) in hexane exhibiting
COMPIEX CD.uuiiiii i e 148

Figure IV-6 (a) ECCD of IV-5 (solid) and IV-5-ent (dashed) with 2 uM tweezer 11-25
in MCH at 0 °C; (b) ECCD spectrum of IV-5in MCH atrt................ 150

Figure IV-7 (a) ECCD signal change at increasing concentration of 1V-6 in hexane;
(b) ECCD of IV-13inhexane.............ccooeviiiiiiiiiiiii i 151

Figure V-8 Proposed complexation pattern between tweezer 11-25 and cis-epoxy
AlCONOL. .. 152

Figure IV-9 Proposed complexation pattern between tweezer 11-25 and 2,2-epoxy
alcohol. .. ..o, 154

Figure 1V-10 The plot of %ee of 1V-1 versus ECCD amplitudes of 1V-1/ Zn-TPFP
AYYSISV/S) gl e10) 1010] ). QP 155

Figure IV-11 Sharpless Kinetic resolution of allylic alcohols.......................... 163

Figure 1V-12 ECCD data of trans secondary epoxy alcohols (40 eq.) with tweezer 11-25

XVi



Figure 1V-13

Figure 1V-14

Figure 1V-15

Figure 1V-16

Figure 1V-17

Figure 1V-18

Figure 1V-19

Figure 1V-20

Figure 1V-21

Figure 1V-22

Figure 1V-23

Figure V-1
Figure V-2

Figure V-3

Figure V-4

Q2 uM)inhexane at 0 °C.......ooviiiiiiiiii i, 165

Samples obtained from Professor Walsh’s lab......................ceai. 165
ECCD data of cis secondary epoxy alcohols 1V-41~1V-44 (40 eq.) with
tweezer 11-25 (2 uM) inhexane at 0 °C............coooiiiiiiiiiiiiie, 167
Proposed binding model for cis secondary epoxy alcohols with tweezer
L PP 167
3D models for diastereomers of epoxy alcohol I1V-42...................... 168

ECCD spectra of cis secondary epoxy alcohols alcohols (40 eq.) with
Zn-TPFP tweezer 11-25 (2 uM) in hexane at 0 °C......................... 170

The odd-even effect of ECCD spectra of long chain epoxy alcohol-tweezer
(11-25) COMPIEX. . ueiie e 171

ECCD spectra of 1V-54 (sohd hne) and 1V-61 (dashed hne) with
Zn-TPFP tweezer 11-25.. P ROUPRUPRUPRUPPR PPN b At

Plot of 1% Cotton effects (solid line) and 2nd Cotton effects (dashed line)
of (R,R)-trans-Ph-substituted epoxy alcohols vs. number of methylene

UV-Vis spectra change upon titration of TPFP tweezer (1 uM in hexane)
with 1V-54 (graph a) and 1V-61 (graph b) (10 mM in DCM) at different
CQUIVALENTS. ..o 180

UV-Vis spectra change upon titration of TPFP tweezer (1 uM in hexane)
with IV-72 (graph a) and 1V-69 (graph b) (10 mM in DCM) at different

CQUIVALENTLS . .t e 181

The zig-zag orientation of terminal OH groups in long-chain epoxy
AlCONOIS. ..o 182

Stereochemical determination of 1,3-syn diols using ECCD method......196
Rosini’s method for stereochemical determination of short chain diols..197

ECCD spectra of tweezer 11-25 (2 uM in hexane) with V-6 (graph a)
and V-11 (graph b) at different equivalents......................oiniiiennn. 201

UV-Vis spectra change upon titration of tweezer 11-25 (1 uM in hexane)
with V-6 (graph a) and V-11 (graph b) at different equivalents........... 202

xvii



Figure V-5

Figure V-6
Figure V-7

Figure V-8

Figure V-9

Figure V-10

Figure V-11

Figure V-12
Figure V-13
Figure V-14
Figure V-15
Figure V-16

Figure V-17

Figure V-18

Figure V-19

Figure V-20

Figure V-21

Figure V-22

ECCD spectra of tweezer 11-25 (2 uM in hexane) with 1,12-diol V-11

at -10 °C (graph a) and 25 °C (graph b) at different equivalents............ 203
Zn-TPFP porphyrin tweezer V-12.........ccccccoveeviieiiienieeieeeie e 204
Utaka’s porphyrin tWeeZer..........ovuviiiiiiiiiiiiiie it eieiie e, 204
CD titration for 1,6-diol with tweezer V-12; consistent positive signals
were obtained at 5—100 eq. of V-6.........ccoiiiiiiiiii 206
CD titration for 1,12-diol with tweezer V-12; consistent positive signals
were obtained at 5—100 eq. of V-11.......c..oooiiiiii 206
Side-on binding and head-on binding models.......................c.oool. 208
Proposed compexation pattern for 1,n-diols (n = even) with tweezer V-12;
Positive ECCD was obtained for V-6.........c..coceeiiniininiiiiniciceeee, 209
trans —all staggered conformation of V-6..................ooeiiiiiin.. 210
Crystal structure of 1,12-diol V-11.......ccccooviiiiiiieiiieieeeeeeeeen 211
trans all staggered conformations of 1,7-diol V-7......................... 211
3D structure of zinc TPFP porphyrin monoester.............ccccoeeeveeeeureennenn. 212
Crystal structures of 1,9-diol V-9.......... i, 213

Proposed compexation pattern for 1,n-diols (n = odd) with tweezer V-12;
Positive ECCD was obtained for V-7...........cccevievinnieniieieeeieeieeene 214

Front view (left) and side view (right) of the 1,6-diol-tweezer V-12
(410 1110) (o) S 215

Front view (left) and side view (right) of the 1,7-diol-tweezer V-12
(o70) 1910) (o). < 215

Front view (left) and side view (right) of the 1,12-diol-tweezer V-12
(o70) 1910 L)< 216

UV-Vis spectra change upon titration of tweezer V-12 (1 uM in hexane)
with V-6 (10 mM in DCM, graph a) and V-11 (10 mM in DCM, graph

xviii



Figure V-23
Figure V-S1

Figure V-S2

Figure VI-1

Figure VI-2

Figure VI-3

Figure VI-4

Figure VI-5

Figure VI-6

Figure VI-7

Figure VI-8

Figure VI-9

Figure VI-10

Figure VI-11

Figure VI-12

Figure VI-13

ECCD spectra of diol V-66 with tweezer V-12 in hexane at 0 °C.........234
Crystal structure of diol V-11 ... ..., 239

Crystal structure of diol V-9 ... ..., 241

Proposed binding mode between tweezer 11-25 and cis-aziridinol.

Positive ECCD was obtained for cis- (2R,3R) substrate VI-9................. 256
ECCD titration curves of tweezer (11-25)-aziridinol (V1-10) complex in
hexane (2 uM tweezer) at 0 °C......ooiiniiiiiiii i 258
UV-vis profile of tweezer 11-25-aziridinol VI1-10 complex in hexane

(1 UM EWEEZET) . ettt et e e e 258
UV-vis profile of tweezer 11-25-aziridinol VI1-10 complex in hexane

(1 uM tweezer) at 0~1.6 eq. (graph @) and 2~200 eq. (graph b)...........259
ECCD spectra of N-benzhydryl aziridinols VI-15 and VI1-17 (40 eq.)

with tweezer 11-25 (2 uM) in hexane at 0 °C..............cooiiiiininn, 262
Crystal structure of VI-14. .. . . 264
Proposed binding mode for epoxy alcohol and free aziridinol.............265

Proposed binding model for N-benzhydryl aziridinol with tweezer;
Positive ECCD spectrum was obtained for N-benzhydryl aziridinol VI-14
(40 eq.) with tweezer 11-25 (2 uM) in hexane at 0 °C....................... 266

ECCD of aziridinol VI-20 with tweezer 11-25 (2 uM) in hexane at
0 268

Proposed binding mode between tweezer 11-25 and trans (2R,3S)
unprotected aziridinol............ooiiiiiii i 273

Positive ECCD was obtained for trans (2S,3R) substrate VI1-28 (1 eq.)
with tweezer 11-25 (2 uM) in hexane at 0 °C...............ccoeviiinennn. 273

ECCD spectra of tweezer 11-25 (2 uM in hexane) with trans (2S,3R)
substrate VI1-28 at 0 °C at different equivalents.............................. 274

ECCD spectrum of trans- (2R,3S) amide VI1-32 (5 eq.) with tweezer
-25 2 uM) inhexane at 0 °C........c.oviiiiiiiiiiii e, 276

Xix



Figure VI-14

Figure VI-15

Figure VI-16

Figure VII-1

Figure VII-2

Figure VII-3

Figure VII-4

Figure VII-5

Figure VII-6

Figure VII-7

Figure VII-8

Figure VII-9

ECCD spectrum of trans- (2S,3R) amide V1-33 (20 eq.) with tweezer
-25 2 uM) inhexane at 0 °C.......oooviiiiiiiiiiii e, 277

ECCD spectrum of trans- (2R,3S) amide VI1-34 (5 eq.) with tweezer
-25 2 uM) inhexane at 0 °C.......cooiiiiiiiiiiiii e, 277

Proposed binding mode between tweezer 11-25 and trans (2R,3S) N-
MEDAM aziridine amide; Negative ECCD was obtained for trans (2R,3S)
substrate VI-35 (5 eq.) with tweezer 11-25 (2 uM) in hexane at 0

ECCD spectrum of VII-1 (20 eq) with tweezer 11-25 (2 uM) in MCH at

UV-Vis spectra change upon titration of tweezer VI11-25 (1 uM in MCH)
with VII-1 (10 mM in DCM)....oiiiiii e, 289

ECCD spectra of VII-2 (40 eq.) and V11-3 (40 eq.) with tweezer 11-25 (2
M) In MCH at 0 °C..oooiiiiiiii . 290

Interpretation of ECCD sign for VII-2-tweezer (top) and VII-3-tweezer
(bottom) complex. The red arrow across the molecule indicated the
perspective for looking at the relative orientation of hydroxyl
o001 o1 291

Interpretation of the ECCD sign for VII-1-tweezer complex .............292

Complexation of VI1-4 (40 eq.) with tweezer 11-25 (2 ;,LM) in MCH at 0
°C led to negative ECCD signal .. ...292

Excition chirality of steroidal diol that is derivatized with porphyrin.....293

ECCD data of VII-5~V11-7 (40 eq.) with tweezer 11-25 (2 uM) in MCH at
0 °C. The red arrow across the molecule indicated the perspective for
looking at the relative orientation of functional groups..................... 294

Three possible binding modes of VI11-8 with tweezer 11-25 (dashed arrows
indicated the functionalities bound to porphyrins). Mode c is preferred
and leads to positive ECCD signal in MCH at 0 °C. The red arrow across
the molecule indicated the perspective for looking at the relative
orientation of functional groups.............cooiiiiiiiiiiiiiii e, 295

Figure VI1-10(a) ECCD data of VII-11, VII-12 (40 eq.) with tweezer 11-25 (2 uM) in

MCH at 0 °C. (b) Exciton chirality induced by complexation of VI1I-11
WIth tWEEZET. ...ttt 297

XX



Figure VII-11(a) ECCD spectra of VII-11 (40 eq.) with tweezer 11-25 (2 uM) in MCH
at 0 °C; (b) UV-Vis spectra change upon titration of tweezer VI1-25 (1
puM in MCH) with VII-11 (10 mM in DCM)...........oiiiiiiiieene . 298

Figure VII-12ECCD spectra of VI11-12 (40 eq) with tweezer 11-25 (2 pM) in MCH at
0 °C.. e . . ...299

Figure VII-13Exciton chirality induced by complexation of VI1-15 (40 eq.) with tweezer
11-25 (2 uM) in MCH at 0 °C. Positive helicity was observed.............301

Figure VI1-14 UV-Vis spectra change upon titration of tweezer VI11-25 (1 pM in MCH)
with VI1-20 (10 mM in DCM)... ..303

Figure VII-15ECCD data of VII-21~V11-26 (40 eq.) with tweezer 11-25 (2 uM)
MCH at 0 %C. ., 305

XXi



LIST OF SCHEMES

Scheme I1-1 Synthesis of porphyrin monoester 11-2.......................ocoiiinl. 47
Scheme 11-2  Synthesis of TCP porphyrin monolinker 11-6................................. 49
Scheme 11-3  Synthesis of TCP porphyrin tweezer 11-7..................ociiiiiiinl. 50
Scheme 11-4  Synthesis of porphyrin monoester 11-9 via direct condensation of
aldehyde. .. ..o 51
Scheme 11-5 Synthesis of porphyrin monoester 11-9 via condensation of
dipyrromethanes.............oooiiiiiiiii i 52
Scheme 11-6  Synthesis of Zn-TTFP porphyrin tweezer 11-13.............................. 53
Scheme 11-7 Metalation of free TPFP porphyrin tweezer 11-24........................... 60
Scheme 11-8 Synthesis of TMOP monoester 11-26...............c.cocooiiiiiiiiiiin.n. 61
Scheme 11-9  Synthesis of TMOP monoacid 11-31..........c.coooiiiiiiiiiiiiin, 62
Scheme 11-10 Synthesis of TMOP monolinker 11-34................cooooiiiiiiiin. 64
Scheme I11-1 Synthesis of amino alcohol HH-41...................coiiiiiiiiiiin, 122
Scheme 111-2 Formation of iminoboronic ester ..................cceiiiiiiiiiiniininn.. 132
Scheme IVV-1 Synthesis of trans and cis disubstituted chiral epoxy alcohols............. 157
Scheme 1VV-2 Synthesis of cis allylic alcohol 1V-24 from propargylic alcohol.......... 158
Scheme 1VV-3 Modified HWE condition for synthesis of Z-allylic ester................ 158
Scheme 1V-4 Synthesis of modified ylide 1V-26............c.cooiiiiiiiiiiii 159
Scheme 1V-5 Synthesis of Cis epoxy alcohol IV-13..............cooiiiiiiiiiiiiiiins 159
Scheme 1V-6 Isomerization test of cis allylic alcohol 1V-24.............................. 160
Scheme IVV-7 Synthesis of trisubstituted epoxy alcohols...................cccooeviiiiinn. 161
Scheme 1VV-8 Synthesis of 2,2-disubstituted epoxy alcohol IV-19.............cccveurnenen. 162

xxii



Scheme IVV-9 Synthesis of 2,2-disubstituted epoxy alcohol 1V-20.............cccverurnennen. 162
Scheme 1V-10Sharpless kinetic resolution of allylic alcohols ........................... 163
Scheme 1VV-11Synthesis of epoxy alcohol 1V-36 via Sharpless kinetic resolution........ 164

Scheme 1V-11Synthesis of epoxy alcohol 1V-39 via Sharpless kinetic resolution........ 164

Scheme 1VV-12Walsh’s route for synthesis of cis secondary epoxy alcohols................ .168
Scheme 1V-13Synthesis of aryl substituted trans 3R,4R-epoxy alcohol.................. 172
Scheme 1V-14Synthesis of alkyl substituted trans 4R,5R-epoxy alcohol............... 173
Scheme 1V-15Synthesis of aryl substituted trans 4R,5R-epoxy alcohol.................. 174
Scheme 1V-16Synthesis of alkyl substituted trans 7R,8R-epoxy alcohol............... 175
Scheme V-1 Jacobsen hydrolytic kinetic resolution (HKR).........ccoovevveiriniinieieneen 220
Scheme V-2 Jacobsen hydrolytic kinetic resolution (HKR) for bisepoxides............... 221
Scheme V-3 The example for synthesis of even-numbered chiral diol V-6...............221
Scheme V-4 The example for synthesis of odd-numbered chiral diol V-7...............222
Scheme V-5 Synthesis of long chain chiral diol V-11.........cccooininininiiiiinineeee. 223
Scheme V-6  Synthesis of long chain chiral diol V-11 using bis-Grignard

LT 1) 0 PRt 223
Scheme V-7  Synthesis of long chain chiral diol V-14 using bis-Grignard

T 1) 1 PP 224
Scheme V-8 Synthesis of long chain chiral diol V-11..............coooiiiiiiiiiiiiiie 225
Scheme V-9 Synthesis of bis-ynone V-52 from oxidation.............cccoeervievieriineennnnn. 228
Scheme V-10 Synthesis of diol V-50........cccocciriiiiiiiieiieiieiciee e 229
Scheme V-11 Synthesis of bis-ynone V-52..........cccccovivieiieiieieinenereseeeeeee e 230
Scheme V-12 Synthesis of diol V-60 by CBS reduction of bis-ynone V-52...............231
Scheme V-13 Literature example of CBS reduction of bis-ynone..........................231

xxiii



Scheme V-14 Determination of optical purity for chiral bisynol...........c.ccccccevvevennnnen. 232
Scheme V-15 Reduction of bisynol V-60...........c.coiiiiiiiiiiiiiiiiiiie e, 233
Scheme V-16 Reduction of Petrocortyne A 1SOMET...........cc.eeveruierieriieierienieeieieseeeenenes 235
Scheme VI-1 Wulff catalytic asymmetric aziridination using VAPOL / VANOL......254
Scheme VI-2 Synthesis of free aziridinol from N-benzhydryl aziridine esters............. 255

Scheme VI-3 ECCD data of free aziridinols with tweezer 11-25 (2 uM) in hexane
at 0 °C.. e 295

Scheme VI-4 Binding process of tweezer 11-25 with aziridinol VI-10................... 260
Scheme VI-5 ECCD data of free aziridinols with tweezer 11-25 in hexane at 0 °C.....261
Scheme VI-6 Reduction of N-benzhydryl aziridine esters to aziridinols...................... 262

Scheme VI-7 ECCD data of N-benzhydryl aziridinols with tweezer 11-25 (2 uM) in
hexane at 0 C. .. oot 263

Scheme VI-8 Synthesis of N-Boc-protected aziridinols and their ECCD data with

tweezer 11-25 (2 uM) in hexane 0 °C........cccveviieeiieiiieeeeeeeeeee 269
Scheme VI-9 Synthetic route for trans chiral aziridinol........................c.oeene. 270
Scheme VI-10Synthesis of trans chiral aziridinol VI-28......................ooienits 271
Scheme VI-11ECCD data of trans aziridinols (1 eq.) with tweezer 11-25 (2 uM) in

hexane 0 PC ..o 272
Scheme VI-12Catalytic asymmetric synthesis of trans aziridines............cccocceceverereennee 275

Scheme VI1-13 ECCD data of trans- (2R 38) amides (5 eq.) with tweezer 11-25 (2 uM) in

hexane at 0 °C.. ettt b e eh ettt 278
Scheme VI1I-1 Synthesis of steroids VI1-11~V11-13 from cholesterol..............c.ccco....... 296
Scheme V11-2 Synthesis of steroid VI1-15 from testosterone..............cevevererveriereeeennns 301
Scheme VI1-3 Synthesis 0f VI-20........c.cccooiiiiiiiieiicieeiceeeetee e 302

xXXiv



[a]

ACN
AcOH

Ar

BF3eEt,O

BINOL

Bn
BnBr
Boc
CD
CE
p-chloranil
cm

d
DCM
DDQ
DET

DFT

KEY TO SYMBOLS AND ABBREVIATIONS

angle of rotation
specific rotation
angstrom

CD amplitude
acetronitrile
acetic acid

aromatic

boron trifluoride diethyl ether

1,1’-Bi-2-naphthol

Benzyl

benzylbromide
tert-butoxycarbonyl

circular dichroism

cotton effect
tetrachloro-1,4-benzoquinine
centimeter

doublet

dichloromethane
2,3-dichloro-5,6-dicyano-1,4-benzoquinone
diethyl tartrate

density functional theory

XXV



DIBALH
DIPT
DMAP
DMF
DNA

c.C.
Et3N

EtOH

ECCD
EDCI
ESI

EtMgBr
Et,O
EtOAc
Eq.

FAB

HKR
HPLC

HRMS

diisobutylaluminum hydride
diisopropy! tartrate
4-diaminopyridine
N,N-dimethylformamide
deoxyribonucleic acid

enantiomeric excess
triethylamine

ethanol

molar absorption coefficient

Exciton Coupled Circular Dichroism
N-(3-Dimethylaminopropyl)-N’-ethyl-carbodiimide
electrospray ionization

ethyl magnesium bromide

diethyl ether

ethyl acetate

equivalents

fast atom bombardment

gram(s)

hour(s)

hydrolytic kinetic resolution

high pressure liquid chromatography
high resolution mass spectrometry

hertz

XXVi



iPr

IR

K»>CO3

LDA

LAH

mCPBA
MeOH
min

mg

MHz

uM
MS

m/z

NaBHy4

NaHMDS
NaOH
NaH

nm

isopropyl
infrared

NMR coupling constant

potassium carbonate

lithium diisopropylamine
lithim aluminum hydride
magnetic dipole transition moment
multiplet
3-chloroperoxybenzoic acid
methanol

minute

milligram

megahertz

molar

micromolar

mass spectrometry

mass to charge ratio

refractive index
sodium borohydride

sodium hexamethyldisilylazide
sodium hydroxide
sodium hydride

nanometer

xXxvii



NMR nuclear magnetic resonance

ORD optical rotatory dispersion

PCC pydidinium chlorochromate

Ph phenyl

nPrNH2 propyl amine

q quartet

s singlet

R rotational strength

Rt room temperature

t triple

PMB para-methoxybenzyl

SAD sharpless asymmetric epoxidation
SAE sharpless asymmetric dihydroxylation
TBAF tetrabutylammonium fluoride
TBS t-butyldimethylsilyl

TEEDA Tetraethyl ethylenediamine

TES triethylsilyl

TFA trifluoroacetic acid

THF tetrahydrofuran

UV-vis ultraviolet-visible spectroscopy
Zn-TPP zinc tetraphenylporphyrin

Zn-TPP-tweezer zinc 5-(4-carboxyphenyl)-10,15,20-triphenylporphyrin tweezer

Zn(OAc), zinc acetate

xXxviii



Chapter |
Chiroptical Methods for Determination of Chihrality

[.1 Introduction of Chirality
1.1.1 Chirality

Chirality as a fundamental property of molecules is cemtrahe existence and
perpetuation of life. Since the word ‘chirality’ was introducedLbyd Kelvin 125
years ago, the phenomenon of chirality has been intriguing generattiscientists in
trying to understand its impact on chemistry and life.

Chirality refers to non-superimposable mirror images and originatestifit® Greek
word cheir, meaning “hand'l. Actually, our two hands are one of the best examples
for chirality in nature. In the molecular level, chiralityfenes to the asymmetric
disposition of atoms in a molecule which lead to non-superimposahier nmages
of the molecule skeleton. In terms of generating moleculaalithiseveral different
scenarios are possible (Figure I-1), but they essentiallpwiotine rul: lacking the
plane of symmetry.

A classic example of point chirality was shown in Figure I-tAwhich a
tetrahedral carbon is attached with four different substituentinigao a chiral
carbon center in the molecule. The letle($rom Latin “rectus”) andS (from Latin
“sinister”) are used to indicate the configuration (arrangement of groups) on the chiral
center, based on priorities set in place by Cahn, Ingold and IgreIAgdifferent

example comes from allene and was shown in Figure 3l-lE!his molecule is not



planar since the twe bonds are perpendicular to each other causing the molecule to
lack any plane of symmetry when both sides are unsymmetrically sulastitutethis
case no chiral center exists, but the whole molecule ischiihl and is referred as

axial chirality.

A | B |
Me, H | H Me Me Me | Me, :<Me
| c=,, | .=C
Et/<002H | HOoC™ Et H o~ TH L HT Ty
(S) (R)

Figurel-1. Molecular chirality of different origins.

Figure I-2C reveals the structure of binaphthol molecule wisichrepresentative
example for axial chirality. The presence of large argugreach side of the C-C
single bond restricts the free rotation around the single bond ancetizehshdrance
betweenortho-substituents further prevents bond rotation “locking” the molecute int
a chiral conformation. Consequently, two enantiomers are produced, wiich a
referred to as atropisomers since the restriction of rotagidimei source of geometric
isomerism (atropisomerism). The structures shown in Fig@&DI-demonstrate
another scenario of molecular chirality which is induced by Hefimangement of
molecular skeleton. Hexahelicene contains six continuously fused benzene rings but

it is not planar. The skeleton of this molecule traces a hdilien one side of the



molecule lies above the other due to steric repulsion of the tdrb@naene rings.
The defined helix can be either right-handed, (+)-hexahelicendgft-handed,
(-)-hexahelicene and, therefore, non-superimposable on its rifmacgef]" > This
molecule is also chiral though it does not have any asymmetriwons. DNA
double helix is a another classical example of molecular helicity.

The human body is composed of large amount of chiral moleculeshepndarte
present exclusively in one chiral form. For instance, all amiidsan our body are
left handed I(, stems from Greek worlgvorotatory and all sugars in our body are
right handed @, stems from Geek wordetxrorotatory. This homochirality not
only exists in human body but also virtually in all living organismshe origin of
this homochirality of life is still under debate and is an egéng field being actively
pursueoﬁ'9

Structurally speaking, both enantiomers of a chiral molecule sharentedeature.
However, their chemical, physical as well as biological progeericould be
significantly different. One historical example addressing thendtically different
property of enantiomers is the drug thalidomide (Figure I-2). ata 1950s, the
racemic thalidomide was commercialized as a wonder drugréooolds, coughs and
particularly the morning sickness of pregnant women. Unfortunatelyast soon
found out that though R)-thalidomide demonstrated the desired curing effect,
(9-thalidomide is highly terotagenic causing birth defect fomynaabies. This
tragedy rang the bell for pharmaceutical industry revealinggteat importance of

C e . .10, 11
molecular chirality in drug activity. Many other examples are also known.



Dextromethorphan is a cough suppressant while its enantiomer, levometh@pha
narcotic. Today, drug companies are making great effort to provide

enantiomerically pure drugs for better efficiency and safety.

o) 0
N 0 N o)
NH NH
o) OO
(R)-Thalidomide (S)-Thalidomide

Dextromethorphan Levomethorphan

. Figurel-2. Structures of thalidomide and methorphane.
Determination of molecular chirality is important for pharmaical industry. It
is self-evident that organic chemists in academic labs edlyetiose working on
natural product synthesis or synthetic methodology also require eckaid rapid

methods for stereochemical determination of small molecules.

1.1.2 Conventional methodsfor deter mination of chirality

1H NMR based Mosher method and its revised versions have beenodie m



extensively applied method for configurational assignment of a yaoietchiral
. . 12-18 . .
compounds, majorly the chiral alcohols and amines. This method involves
derivatization of hydroxyl or amino group of the interested compound kath
enantiomers of chiral aromatic acid like-methoxye-(trifluoromethyl) phenylacetic
acid (MTPA) or a-methoxyphenylacetic acid (MPA) to form two diastereorrlmérs.
The lH NMR spectra of the two diastereomers are compared and tlezedtff
shielding / deshielding effect from the introduced aryl ring upon #ighboring
. . R o :
protons in the chiral center are measur&d (S) This difference is then used to
elucidate the absolute stereochemistry. Riguera and cowohnkees worked to

extend the scope of Mosher ester method and have achieved cdiisidehzances

. . L . . . 16, 19-23
enabling the stereochemical determination of chiral diols and amino alcoho?s.

Figure I-3. Structure of MPAMosher esters of chiral alcohol. (For interpretation of
the references to color in this and all other figures, the readezfrred to the

electronic version of this dissertation.)

The success of this method relies on an important premise, ndmetiominant
conformation in NMR experiment should be as the one shown in Figure Tk
carbinol hydrogen of chiral alcohol, the ester bond, and the carbinobdemrof

chiral acid should lie in the same plane. In most cases, théspramuld hold since

5



that is usually the most stable conformation. However, when hiral @lcohol
resides in a sterically demanding cyclic skeleton the pmferef this conformation
. %4 %5
may change and consequently the NMR analysis is not reliable. In the latest
study by Riguera regarding the application of Mosher estdraddor stereochemical
determination of chiral ketone cyanohydrins, the presence of highly-GMrgroup
also led to the preference for a different conformation (Fig\uﬁ)&-26 In addition,
the requirement for chemical derivatization and milligramsashples is also a major

limitation of the Mosher method.

Figurel-4. Structures of MPAVlosher esters of chiral cyanohydrins.

Chiral shift reagents containing Lanthanides are also widedd @r chirality
sensing via NMR spectrosco%{i29 These chiral reagents complex with chiral
substrates and form diastereomeric complexes which could be dirstech bylH
NMR. However, it requires the use of expensive chiral reagekdine-broadening
phenomenon could be a serious problem. This method does not always guaranty
well-resolved NMR spectra, thus its application is restricteémhigh sensitivity is
desired.

X-ray crystallography could provide full stereochemical amslysf chiral
substrates and is the most unambiguous method for absolute stereathemi

determination.  However, several shortcomings should be addressedt, Firs

6



crystallization is a must. For compounds that can be crysi@/liabtaining a high
quality single crystal for X-ray analysis can be a chaiieg task requiring days or
weeks of effort. Secondly, due to intrinsic limitation of tfeishnique, in most cases
X-ray crystallography can only givelative stereochemistry unless there is a heavy
atom (Br, I, heavy metal ion, etc.) or a chiral center Watown chirality which
enables the assignment of absolute configuration for the whole uteled=inally,
even though only a single crystal is required for X-ray amnglysople often need
milligrams of substrate for crystal growth.

Measuring optical rotation is also a frequently used empimedhod for chirality
assignmen%.O 33 By comparing the specific optical rotatioaf) measured from
polarimeter with the literature reported value for exactly slhme compound, one
would know the stereochemistry of synthesized compound. Undoubtedly, this
method only works for known compounds. Measuringdbeof a new molecule
will tell nothing about its configuratio%(.)'33

In past decades, chiroptical methods based on circular dichroisn) (CD
spectroscopy have been developed and attracted active attentioratiovéd CD
(VCD) and electronic CD (ECD) are the two main categargesi for conformational
determination. VCD was pioneered in the 1970s by Stephens and3ﬁlaﬂe.
features the comparison of experimental VCD spectrum of one emantiwith
calculated VCD spectra of both enantiom?ésr’s.36 Since VCD spectra of both
enantiomers are opposite, this comparison would reveal the absehaeckiemistry

of the test compound. One big advantage of this method is that urdideosic



circular dichroism it does not require the presence of a chromophibre molecules.
The accuracy of this method relies on the high level quantum chkeoamputation
which is not preferred for large molecules.

The electronic circular dichroism has emerged a powerful tooklaridating

stereochemistry and its principle concepts will be detailed in the folloseatpon.

|.2 Introduction to Optical Rotatory Dispersion anddiar Dichroism

Direction of
Propagation

Figurel-5. Propagation of light which contains electric field and magnetic field.

Optical Rotatory Dispersion and Circular Dichroism are twajommethods for
enantioselective discrimination making use of light and benefithogn fof the
different chiroptical properties of enantiomers. Light consistbath an electric
filed E and a magnetic field M, which oscillate perpendicudagdach another and to
the direction of propagation of light forming a right handed coordisgstem as

depicted in Figure I-5.



Polarizing L
filter
. Linearly Left and right circularly
light . : . :
polarized light polarized light

Figurel-6. Linearly and circularly polarized light.

Ordinary light consists of light waves propagating in all dioest and shows no
preference for a particular plane. Consequently it is unpolarizédwever, when
the unpolarized light passes through a polarizing filter, onlyaidra of light waves
whose oscillation parallel to the direction of the filter paseugh. The light thus
passing through is defined as linearly polarized light since aligned in only one
oscillation plan. In the specific direction the linearly polagidight oscillates, the
electric field (E) remains constant in magnitude, but tracea betix as a function of
time.37 It is composed of two circularly polarized light beams (Fegli6): a left
circular component (L) and a right circular component (R). When bathlaily
polarized light components pass through an achiral or racemic rtregligelocity and
absorbance of each circularly polarized light is equally affiectéds such, the
polarization of light is still the same and the light stiltibates in the same specific

plane.



X { Light propagation

)

~ § — o

Left and right circularly Chiral sample Right circularly polarized
light

—_—

polarized light

Figure I-7. Linear polarized light passes through chiral sample leadingght

circular polarized light.

If the medium is optically active, after the light passesuth, the velocity and
absorbance of one of the circularly polarized components is changedifferant
extent (Figure 1-7), leading to a Cotton effect (CE, in honorreh€&h physicist Aimé
Cotton, who observed both ORD and CD phenomena). The difference in velocity
the left and right components of circularly polarized light resnlt®RD. It can be
correlated to the differences in the respective refractiveesdas shown in equation
I-1 wheren andng are the refractive indices for left and right circularlygvaed
light respectivel);’.8

An=n -nr#0 (I-1)

Since the left and right circularly polarized light trawbiough the optically active

medium at different velocities, the two components are out of phaddha resultant

vector will progress as a trace of an eclipse insteadadé @and also it will be rotated

10



by an anglex relative to the original plane of polarization. The relation betve
and the difference in refractive indices can be quantitativelgridbesl by equation [-2:
Wherea is the angle of rotation in degrees, andnr are the refractive indices,is
the path length in decimeters aiglis the wavelength of the light

o = (N.-nR )1800! / Ao (I-2)

Specific rotation ¢] is commonly determined in ORD spectroscopy and can be
derived from the observed angle of rotationsing following equation 1-3:

[a]=a/cl (1-3)
Wherea is the angle of rotation (degree units)s the concentration of the sample (g
mL™), andl is the path length (decimeters).

Since ORD is only based on the difference in the refragidiees, and all chiral
molecules exhibit a molecular refraction at almost any wagéheof irradiation, In
theory, ORD can be detected over all wavelengths leading tdaridbution of optical
rotations versus wavelengths. The sodium D-line (589 nm) is commoedy tas
detect and quantify the optical activity.

As discussed before, both the velocity and the absorbance oWilghie altered
differently while the circularly polarized lights pass through @ptically active
medium. The ORD takes advantage of the difference in velocitgdetiedmines the
specific rotation which is characteristic for the chiral medi Accordingly, the
difference in absorbance of the left and right circularly pcdariight results in the
development of circular dichroism (CD) in which the absorption aharigcircular

component is used to describe the optical activity of chiral medidrne difference

11



in molar absorptivity of the leftg) and right €r) circularly polarized lightAe, is
defined as circular dichroism (equation I:-gz?).
Az =g - Rr#0 (1-4)

Obviously, CD is an absorptive process and hence it only occurs wicthigy of
an absorption band. As a consequence, chiral compounds need to contain a
chromophore in order for a CD spectrum to be observed. In terms of ahdpe
appearance, the CD curve shares the same feature as that afdinary UV-vis
absorption curve. But, there is an important difference betwweese ttwo. The
UV-vis curves can only be positive while the CD curves may beiyp®sit negative

as shown in Figure 1-8.

L J\/ l - (om)
l_ (o) l /\f

Positive CD Negative CD

Figurel-8. Positive (left) and negative (right) Cotton effect.

CD and ORD are both manifestations of the same phenomenon and the molar

amplitude A of an ORD can be approximately related to the inyemisihe CD curve,
Ag, by equation I-§9

A ~ 40.28A¢ (I-5)
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When a molecule absorbs light, an

electron is promoted from its ground

IR
state to an excited state. This is a (liil /)
charge polarization process creating a Z X

A

momentary dipole which is referred to as :
hexahelicene

Hnetm

the electric dipole transition moment and
net u

—)

denoted by the vectop. In a chiral
molecule, the electron would redistribute

in a helical manner generating a

magnetic field. The strength and
direction of this magnetic field can b Figure1-9. Electron redistribution
described by the magnetic transitic UPON light excitation for a transition
dipole moment denoted by the vector of chiral molecule hexahelicel

The direction of magnetic transition momem follows the “right hand rule” for the
rotation of the charge (circular electric current). Naméhg direction of the
magnetic transition dipole moment is defined by direction of theretthed thumb

when the right hand fingers are curved in the direction of elecﬂmm4o’ 4

Hexahelicene provides a good example for demonstrating the “right robaidas
well as the interaction of electric and magnetic dipole moments (Hi)re

The physical origin of CD can be considered as the heledistribution of
electrons within chiral molecules upon light irradiation. The helitow of

electrons interacts with the left and right circularly pokditight to a different extent
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manifested as different absorption and leads to the Cotton effRotational strength,
R, is employed to depict the sign and strength of a CD Cottont €fi&). This
theoretical parameter is derived by the scalar product of ldotrie and magnetic
transition moments (equation I-gi):

R=pem= |p| |m|cosp (1-6)
Wherep andm are the electric and magnetic transition dipole moments, ataaglyg,
and g is the angle between the two transition moments. The sigheofCE is
positive when the angle is acute €0f < 90°) or, in the limiting case, parallel, and it
is negative when the angle is obtuse (90% < 180°) or, in the limiting case,
antiparallel. The right hand rule can be used to determine #etidir of magnetic
dipole transition moment (m). Dextrorotation results wikerr 0, together with
positive CD, and levorotation is generated wiier 0, together with negative CD
curve. There is no CE when the electric and magnetic trandipoie moments are

perpendicular to each other.

monochromat modulator sample
el Vi B
light source linearly polarized light circularly polarized light

CD spectrum

W\ /
‘ \/”m

Lock-in amplifier photomultiplier tube

Figurel-10. Schematic representation of a CD spectropolarimeter.
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Figure I-10 illustrates the typical composition of CD spectampoleter. A Xenon
lamp is typically used as the source of light. This light @asthrough a
monochromator consisting of a series of crystal prisms to prothezally polarized
light. In the CD spectropolarimeter, the optical system comprisf two
monochromators (a double monochromator), which helps in reducing sthay lig
The linearly polarized light is then modulated into left and rigtdutarly polarized
light. The modulator consists of a thin crystalline plate knowra agave plate.
When linearly polarized light is incident on a wave plate at 45°ligh¢ is divided
into two equal electric field components, one of which is retarded lmparter
wavelength by the plate. This throws the two components 90° out o phids
each other such that upon emerging, one is always maximune vl other is
always zero and vice versa. The effect is to produce cirgyatérized light. The
90° phase shift is produced by a precise thickness d of the birefrorgstdl, which,
because of the 90° shift, is referred to as a quarter wave plgtes light then passes
through the sample chamber. The light transmitted through the sempeasured
by a photomultiplier tube, which produces a current whose magnitude depetits
number of incident photons. This current is then detected by a l@kptifier and
recorded.

CD spectropolarimeters usually measure the differential ladnisoce AA) between
the left and right circularly polarized light, which can thencbaverted toAe based
on the Beer-Lambert law (equation I-]7).

AA=Ac cl (1-7)
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whereAA is the difference in absorbance atdis the difference in molar extinction
coefficients (I\/'IlL'l). Since Optical Rotatory Dispersion (ORD) and Circular
Dichroism (CD) are only detected when the system contains chibstances, they
can be used to evaluate the optical activity of the substarmeireed. However,
ORD and CD by themselves do not enable the direct determinati@absoiute
configuration for chiral substrates. To solve this issue, extrnieoretical studies
have been conducted to provide empirical and semiempirical rules, alloghthe
computation of ORD or CD for small molecules with specificresiehemistry.
Comparison of the calculated data with experimental ones would tpéhneni
prediction of configuration for substrate molecules. However, therealpnature
of these approaches is a big limitation and its accuracy amdhheelies on the
careful selection of different computational methods which quite édte tough task

especially for complex molecules.

|.3 Introduction to Exciton Coupled Circular Dichroism
1.3.1 Theoretical background of ECCD

The ECCD method is a non-empirical approach to establish the a&bsolut

. . . . 39 ZhZ .

configuration of chiral compounds pioneered by Harada and Nakanishi. It is
based on the through space exciton coupling between two or more cbiratjed
non-conjugated chromophores. The coupling of the chromophores’ electric
transition dipole moments leads to the observed bisignate CD spgeathich can be

used for the nonempirical determination of their orientation.
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Excited state

energy

— Ground state

chromophore i Exciton system chromophore |
local excitation delocalized local excitation
excitation

Figurel-11. Splitting of the excited states of isolated chromophioagslj by

exciton interaction. The energy gayjas called Davydov splitting.

The ECCD theory is described as follows. After the exeitaby light, the
through space interaction causes splitting of the energy leviieotxcited state
(exciton) into two statesu(and ) by resonance interaction of the local excitations
(Figure I-11). The transitions from the ground state to thegetieally differenta
state and@ state give rise to the two different UV-vis absorbances.e értergy gap
between the energy levels of the two statear{df3) corresponds to the difference in
the Amax Of the two UV-vis peaks. This difference is referred to &sDavydov
splitting and is designated asij239 In case of small energy gap, the two separate
peaks mostly overlap into one in the spectrum.

In a chiral molecule containing two chromophores, the excitaticgleatrons
results in the interaction between the electric dipole transitioments (edtm) of
each chromophore in a helical fashion. Depending on whether thacetépble

transition moments are in phase (symmetric) or out of phase dantnetric), a
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Cotton effect of different sign is produced, and a CD couplet with peaks
(bisignate curve) is expected. Since the two Cotton effeetouatr of phase, the
Davydov splitting is usually large enough to be captured in BEE spectrum
(Figure |-12).39 This phenomenon is defined as Exciton Coupled Circular
Dichroism. A classical example illustrating the applicatmmECCD theory in
absolute stereochemical determination is shown in Figure I-18xhynining the

exciton coupling between two benzoate chromophores of steroidal bisbenzoate

derived from cyclohexanediol moie%?/.’ 40

4’{ }‘*Ak Davydov splitting 4'{ FAX

2N
/ \
'

A (nm)

Figure 1-12. The UV spectrum (A) and ECCD spectrum (B) upon through space
interaction of two degenerate chromophores. The two observed Cottais afieshown

using dashed lines, while the summation curves are in solid lines.

The strong UV-Vis absorption band of benzoate esters at arounchra3

attributed tor—m* transition involving the benzene ring and the ester grolipe

18



large electric dipole transition momanbf each benzoate group oscillates along with
the long axis of the molecule, almost parallel to the directiagheofC-O bond (Figure
I-13A). Determination of absolute configuration means determinatiorthef
absolute sense of chirality between the C(2)-O and C(3)-O bondspking down
the C-C bonds from front to back, the relative orientation of the twadagte groups

is clockwise corresponding to positive chirality. The absolute seinseist is the

same regardless of whether it is viewed from C(3) to C(2) or vice versa.

N | . (g (¢
| A l)
(if)

D M ?ﬁ e
g7

Figure 1-13. A qualitative view of ECCDA. Structures of steroidal dibenzoate.
edtm’s are shown in red. Possible in phase (i) and out of phase (ii) interactions of

the edtm’s of the degenerate chromophores (shown in blue).

The individual edtmu of an electric transition, for each chromophore, couples to
the other in phase (symmetric) or out of phase (asymmetridyye=igl3 i and i
respectively. In the case i, where the two electric triansdipole moments couple
in phase, the “total” electric transition dipole moments are @tkrdlong the

chromophoric C2 axis, and in case B, where they couple out of phasiotdie
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electric transition moments are oriented perpendicular to tlendphoric C2 axis.
The helix associated with the charge rotation generated fronrahsition can be
visualized by placing the partial edtm in a cylinder, aligaémhg the axis of the
“total” edtm, 4. As shown, in Figure I-14-i, the symmetric coupling results in a
counterclockwise helical movement and, therefore, according tagimehand rule,
the magnetic transition dipole momen) (s anti-parallel to.. As expected, the out
of phase interaction causes the opposite effect, leading toebanadind u vectors
(Figure 1-14-ii); and that leads to a negative Cotton effeegdtive CD band), and

positive Cotton effect (positive CD band) respectively.

O 6
® @

0 High Energy i Low Energy
Counterclockwise C|OCkW'Se|:>A8

nm

[
“\\m m "~

Negative Positive

nd st Positive ECCD spectrum
2 Cotton effect 1™ Cotton effect

Figurel-14. The rationalization of ECCD spectrum for dibenzoate.

To gain a deeper understanding about the factors affectinggtharsil strength of
ECCD spectrum, one need to look into the rotational strerigthwhich can be

defined by Equation I-8 for a system containing two identical chrooreghwhich

. . 39 " . .
couple through space interactions. The positive and negative signs correspond to
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o- and S- state respectively, R;; is the distance vector between two chromophores, o4

and o4 are the etdm of excitations, and o is the excitation number of transition from

ground state to a state.

1 S
R, 5= ig TOGR; @ (Higy X H oy ) (I-8)

Table I-1. Definition of exciton chirality for a binary system

Qualitative

Definition Quantitative Definition Cotton effects

® positive first and

Positi TR -
C(rzisrlallivte @ Rij ® (Llioa X Lljoa)Vij > 0 negative second
y Cotton effects

5 negative first
Negative ' S . ; and positive
Chirality @ Rij @ (fioa  fljoa)Vij < 0 second

Cotton effects

From the equation above, the sign of the bisignate curve completely depends on the
. . . 42, 43 . 42 .
spatial orientation of the two chromophores. As shown in Table I-1,  if the
electric transition dipole moments of the two chromophores from front to back
constitutes a clockwise orientation, then according to Equation I-8 above, a positive
bisignate spectrum will be observed, which refers to a positive 1st and negative 2nd
Cotton effects, while an opposite but otherwise identical spectrum is produced by the
. . . 44,45 .

counterclockwise orientation. Therefore, the sign of the ECCD spectrum for a
chiral molecule can be predicted as long as the spatial orientation of two

chromophores is known. On the other hand, the sign of a bisignate ECCD spectrum
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can directly reflect the relative orientation of two chromophanespiace as well as
the stereochemistry of substrates. In this way, the absikreochemistry of chiral
molecules can be elucidated in a non-empirical manner.

The difference inAe between the 1st and 2nd Cotton effects is defined as the
amplitude (A) of the ECCD couplet reflecting the signal gften There are several
factors that can affect the amplitude according to Equation I-8e fifist factor is the
molar absorption coefficient) of the interacting chromophores since the amplitude
is proportional tosz. Therefore, in order to have increased sensitivity in the[ECC
methods, chromophores with strong absorptions are preferred. Secondly,
interchromophoric distancé{) also has significant contribution to amplitude. The
amplitude is inversely proportional to the distaﬁa,qe46 This relation is self-evident
since the exciton coupling occurs through space. To achieve enhateradtion,
the coupling chromophores should be oriented close to each other. ndeadg is
exemplified by a series of dibenzoates as shown by Nakg’r?isiﬁrojection angle
between the interacting chromophores is another important factartiragfethe
amplitude. 1t is found that the amplitude usually maximizes ahromophoric
projection angle of around 70°. There is no exciton coupling when the
chromophores are either parallel or perpendicular to each othettly, tias number
of interacting chromophores (X, Y, Z) also plays a role in Ginai strength when
more than two chromophores are involved in exciton coupling. The amplittide of
system is the summation of the amplitude of each pair of integachromophores,

i.e. the principle of pair-wise additivity holds in systems contaimhthree or more
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chromophores. This observation has been proven by experiments andidileoret
. 47-50
calculations.

Exciton coupling can also take place between different chromophtres Amax
of UV-vis absorption are close enough for effective coupling becdoser@max
values correspond to the closer energy levels of excited sthteb have a higher
probability to interact. The interacting chromophores do not have with the

same molecule. They can interact as long as they are inpetmseity in space and

this feature is particularly interesting in supramolecular compounds.

1.3.2 The application of the ECCD method in stereochemical deter mination

Owing to the high sensitivity and nonempirical feature, the E@&@ihod has
attracted great attention in the study of absolute stereochledetermination. By
making use of the chromophores preexistent in molecules or introducing
chromophores into molecules via covalent or non-covalent interaction, one may
obtain bisignate ECCD spectra whose sign can be used for assilgeisgbstrate
chirality in a nonempirical fashion. This method has proved to be highatile

. . .. 51-53
used in a wide range of chromophore-containing molecules such asspolyol
47 .54 . . ..

carbohydrates, and hydroxy acids. It is also very sensitive requiring as low as
submilligram of sample.

A classical example regarding the use of exciton ctyrakith preexistent
chromophores within a molecule is stereochemical determination )edbgtisic

55, 56

acid. The enone moiety and dienoic acid functionality are the two
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chromophores in this molecule and they are close in space. Thdidrangpole
moments of the two chromophores would exhibit exciton coupling through apdce
a positive ECCD couplet was observed indicating a clockwise twistba the two
chromophoric units. Thereforg;configuration of the hydroxyl group was revealed

as shown in Figure I-15 for this plant hormone.

OH

Figurel-15. Observed ECCD in (+)-Abscisic acid.

For those compounds containing only one chromophore or no chromophore,
chemical derivatization was usually conducted to introduce chromopiooréssired
spatial interaction generating exciton chirality which can béeated in CD
spectropolarimeter. Figure 1-16 illustrates the introduction of sechramophore
into periplanone B by reduction of ketone moiety and following estafifin to
enable the stereochemical determination using the ECCD m5e%hodThe
countclockwise twist of chromophoric units defines the stereochgnshktvwn in

Figure I-16.

Figurel-16. ECCD was observed after derivatization of Periplanone B.
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Canary and coworkers have devised a system to incorporate quingtiogbyrin
chromophores into amino acids or amino alcohols through covalent bond formation
. . 58-60 .
leading to chiral propellers. After complexation of Cu(ll) or Zn(ll) one of the
two possible propeller conformations is preferentially formed némglethe
corresponding characteristic ECCD couplet which reflected theality of the

original molecule (Figure I-17).

Cu(ClOg4),  S-configuration

R-configuration

Figurel-17. Chromophoric derivatization of amino acids for stereochemical
determination.

In a recent repoFBt,1 Gawronski elegantly employed the trityl ethers of chiral
secondary alcohols as molecular bevel gears to transfer tlaitghimformation of
alcohol into the molecular propeller of trityl unit. The introductioncbirality
efficiently broke theC3 symmetry of the propeller as well as the equilibrium between

enantiomeric pairP andM due to sterics (Figure 1-18). This equilibrium bias was
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consistently reflected on CD spectrum of the trityl ethexd aan be used for
assigning the chirality of chiral alcohols. This conceptusitlyple system proved to

be effective and was supported by X-ray analysis as well was compatatudy.

|

195
210 A/nm

PMP
favored positive couplet

Figurel-18. Trityl ether as molecular bevel gears for assigning chirafigicohols.

The requirement of chemical derivatization for molecules witlschubmophores
limits the application of conventional ECCD method. In addition, the lisyabf
analyte under derivatization condition is also an important concerrriguled by the
nonempirical nature and high sensitivity of ECCD method, people havéopetea
number of chromophoric hosts to incorporate the chromophores into analytehthroug

non-covalent interaction in a rapid and efficient manner. Upon compmlaxaitihost
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with the chiral guest, a preferred chiral conformation of hostrabphores will be
induced, which can be detected as an ECCD couplet. To simplifphberved
ECCD signal, the chromophoric hosts used for ECCD studies are &dthieal or in
the form of racemates and they should be able to efficientlyfératise chirality
information of chiral guest. The idea of this chiral induction firas demonstrated
on dyes bound to polypeptides in their helical conformations, which ldgb toelical

. . . 2
orientation of the chromophoric moIeches.

Br, OHHO pBr

OoN NO» H

+ N~y . I_l\ /|_|
"”’N/\/tBu Br,. O O Br

o0
O,

Figure 1-19. Determination of chirality for chiral amine through H-bonding with
biphenol host.

Figure 1-19 revealed another simple example for -chiralinguction of
chromophoric host upon binding with a chiral gu%gs'gs The biphenol host is not
planar and exists as a mixture of the two enantiomeric fdurago steric interactions
between the two hydroxyl groups. After complexation with chiral
trans-1,2-cyclohexane diamine through hydrogen bonding between the phenols and
the amine groups, an energetically preferred complex is form€de absolute

stereochemistry of the chiral diamine was transferred into the coraptedetected as
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a bisignate ECCD spectrum in which the sign directly redtb¢he chirality of the

substrate.

Ph

Ph Ph  Ph

OO:; g Zln v Zln
_J\ /L_

SN
O O

o O
Figurel-20. Porphyrin tweezer and schematic representations.

Porphyrins and metalloporphyrins are extensively utilized asnabwhoric hosts
for chiral recognitiog&69 and have demonstrated great potential as chirality sensors
for a large number of organic molecules. Porphyrin tweezéhs am alkyl chain
linking two metalloporphyrins (usually zinc porphyrins) were developed by Nstkiani
(Figure 1-20) 7074 and Inoue>%% it proved to be excellent chromophoric host
system for stereochemcial determination of a variety afatinolecules especially

for amines. The detailed discussion of chirality transfer poas well as the

applications of the porphyrin tweezer system will be revealed in section II-

|.4 Research aim for our project using ECCD

During our continuous effort employing porphyrin tweezers for alesolut
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stereochemical determination, we have acquired a good understasfdicigral
recognition involved with porphyrin tweezers. We also realizedttieaturrent zinc
porphyrin tweezer system has limitations. It works best fambitfonal molecules
bearing strong binding affinity toward zinc porphyrins, and usually an aminoide am
group must be present. For oxygen containing molecules, derivatizatcio te
performed to introduce a strong binding site, which restrictsaipdication of this
system for rapid assignment of molecular chirality. Thelales configuration of a
wide variety of organic molecules (diols, epoxy alcohols, aziridimgdroxyl ketones,
hydroxyl THF rings, etc.) has yet to be successfully adedesising zinc porphyrin
tweezer system or other methods for chirality recognition. doal of this research
project is to design, synthesis and study a range of electitgnicaed porphyrin
tweezers to afford a couple of candidates with enhanced bindingyaffias well as
sensitivity. With the improved binding affinity, these porphyrin tmexe will be
applied for ECCD study for several different classes of oxygataming chiral
molecules. The outcome of this research will provide chemisisila,freliable, and
general method for nonempirical assignment of chirality foeres of important
organic molecules in microscale devoid of any chemical derivatidnigchwis a
challenging task for conventional methods. This study will operoadbpathway
for absolute stereochemical determination using porphyrin twesysgem. In the
mean time, it will also better our understanding of chiraktyognition while probing
the stereodifferentiation processes and eventually offer ¢iisights and guidelines

for further development of chromophore-based chirality sensors.
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Chapter I

Electronically Tuned Porphyrin Tweezers in ECCDdyty

Development of Highly Sensitive Chirality Sensor

[1.1 Design and Synthesis of Electronically Tuned Pornphiweezers

11.1.1 Sereochemical deter mination using porphyrin tweezers

Porphyrins have received great attention as receptors fot @tagnition due
to several unique features. First, porphyrins are good chromophdaneabsorption
maximum around 416 nm (Soret barlld).The absorption of theetra-arylporphyrins
is more red shifted than most other chromophores that may preexist system
under investigation, thus will not complicate chiroptical measunémeSecond,
these powerful chromophores have effective electric transitionedipoiments that
can couple over a distance of ~5(??£’. Third, they have large extinction coefficient
and thee is ca. 440,000 fometra—arylporphyrins% Intensities of Cotton Effects
depend on the extinction coefficient of the chromophaed, hence the intense
absorption of the porphyrins greatly enhances the sensitivity of Ginally,
elaboration of metalloporphyrins can provide well-defined binding pocketshich
both steric and electronic properties can be easily tuned dod adptimal binding

affinity as well as sensitivity facilitating chiral recognition prese
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Figure 11-1. Zn-Porphyrin tweezer for stereochemical

determination of chiral diamines.

The alkyl-linked bisporphyrins have been used as host systems fongwndh
small guest molecules because of their ability to reporthivality of bound guests

using ECCD. The tweezer system shown in Figure ll-la has heed for
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stereo-determination of chiral diamines, amino acids and arrltlohcziisf1 carboxylic
acids,5’ ° monoamines7,’ 8 and chiral alcoholgi 10 For example, in the case of
diamines bearing a single chiral center, the zinc porphyeezer serves as a host to
form a complex with diamines by tight coordination between zimd mitrogen.
Although the zinc porphyrin tweezer itself is not chiral, after igdwith the chiral
substrate it adopts an induced chirally oriented conformation duerto isiteraction
between porphyrin and chiral centérs.The sign of the resultant ECCD couplet
reflects the helicity of the interacting porphyrin chromophored, @nsequently the
chirality of the derivatized system. There are two possilolefocmations the
host-guest complex can adopt (Figure 1l-1b): one in which the porphsjides
towards the small group at the chiral center and the other in vitsciporphyrin
slides towards the large group. One would assume that the firgircaion is
more energetically favored because of decreased steric ogpuisithe system
compared to the second comformation. As Figure IlI-1b shows, the binding
(R)-1,3-diamine compound to the tweezesults in a negative ECCD spectrum.
According to the size (A-valuleJ) of the substituents at the chiral center, the hydrogen
is assigned as the small group and the methyl group as te dasup, thus the
favored conformation of the tweezer/substrate complex is the ronehich the
porphyrin slides away from the bulky methil)(and towards the small hydroge®).(
This forms an angle (bite angl¥) between the electric dipole transition moments of
the two chromophores. The direction of this rotation is determingtiebghirality

of the bound compound.
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Among the two bound pophyrins, the one closer to the chiral camteunters
the most steric interaction dictating the overall rotation ancepdb slide towards
the smaller group (based on A-valulelsm order to minimize the steric interaction
with the larger group generating the optically active andicsler favorable
conformation of the tweezer — a *“chiral screw” which is cdeig@ by the CD
spectrometer. Since the sign of the resultant ECCD spectrummdsema the
chirality of the bound substrate, a direct and non-empirical rel&ijis established,
which results in assigning the absolute stereochemistry of the lguest based on

the helicity of the host.

Zn Zn

P1 (L P2 ©
000 o N@NHz P1
zi H “Xzn

L

Porphyrin tweezer — 3 &\

H Ls

M @)

HoN O

Figurell-2. Determination of chirality for derivatizegtcarboxylic acids.

Chiral primary and secondary amines, alcohols, amino alcohols drakglac
acids cannot be directly used in the stereo-determination withatpdyrin tweezer
because they can not form strong ditopic binding with host molecule. offdhsite
of attachment (coordination to only one metalloporphyrin) providearis/ amino
group does not lead to the formation of a sandwiched host-guest comphdxch a

chiral substrate is locked inside the tweezé&Consequently, the relative orientation
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of the two porphyrin chromophores as well as the electricittamslipole moments
will be random due to the free rotation around the pentylene lirdsarlting in

unpredictable or zero CD signal. In order to solve this probleeset molecules
have been derivatized with “carriers” which offer the requieatta binding sites
(usually nitrogen-containing functionality) for ditopic complexat{figure II-2).4'10’

In the picture shown in Figure II-2, the large and small grouppesgcted
towards porphyriP1, which leads to stereodifferentiation and an observable hélicity.
Apparently, porphyrinP1 would rotate towards small group and away from large
group to minimize steric repulsion leading to a clockwise twigheftwo porphyrin
chromophores which corresponds to a positive helicity and givesorasttive CD
couplet. One drawback of this approach is that each potentiatrceequired the

development of its own mnemonic to relate the observed sign of 6® EGuplet to

the absolute stereochemistry of the analyte.

7
Me
3 x-4=R
S//H
X =0H or NHp
3
M = Mg or Zn

Right-Handed Screw

Figurell-3. Inoue’sporphyrin tweezer for stereochemical determination.

Inoue and coworkers devised an octaethyl substituted porphyrinameeged
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by an ethylene group at porphynmeso positions (Figure 11-3) and directly employed

monoalcohols and monoamines for ECCD measure%r‘r\géﬁ. Upon binding with

one porphyrin of this tweezer, the steric interaction betweenhin@ center and the

ethyl groups at 3,7 positions of the non-bound porphyrin drove the non-bound

porphyrin to slide away generating right-handed screw $substrates and
left-handed screw foR-substrates. The free tweezer also was used for chirality
assignment of chiral acid through electrostatic binding and Iagimi
stereodifferentiation process. However, this method requires adacgss of chiral
substrates (1000-10000 equiv.) and the signals for alcohols are also very weak.

The signal strength is often used as a criterion ofitsetysfor the receptor
molecule. Obviously, improving the sensitivity of the receptor is ormoprimary
goals to develop more efficient chirality sensors. The ampli@ylef ECCD signal
is affected by following factor%(:3
(1) The interchromophoric distance. A smaller distance would leadromgsr

interaction between transition dipole moments and consequently a higher
amplitude;

(2) The dihedral angle (bite angle) between the two electric @ipiEnsition
moments. Based on theoretical calculations, when the dihedra ahghges
from 0o to 18(; the amplitude increases and reaches a maximum atbef@re
decreasing;

(3) The molar extinction absorption of the chromophore. Chromophores with high

absorbtion will tend to yield high amplitude.
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Based on the above principles, two approaches were adoplesdiop more
sensitive porphyrin tweezers for chirality sensing. One apprig based on the
hypothesis that increasing the bulkiness of the porphyrin host cadddea stronger
steric interaction between the host porphyrin and the chiral gudstule as well as
a large bite angle. Consequently, stronger ECCD signakpsceed. An extra
benefit of this approach is that the bulky porphyrin host may séessubtle size
difference of substituents at the chiral center making it capableffectively
differentiating between substituents with similar sizes. Iésar look at the
porphyrin tweezer binding pocket revealed that the phenyl rintye eneso positions
are perpendicular to the porphyrin plane andditeo and meta hydrogens of the
phenyl rings experienced the most steric interaction witksggcausing the porphyrin
to slide away from the large group to cover the small group. ®oreasonable to
propose that introduction of bulky groups into these positions will resujteater
steric differentiation and a more pronounced bite angle, thusviatj for the

enhancement of the ECCD amplitude.

ECCD
— | Amplitude

Y - Dihedral angle
between chromophores

)

Figurell-4. Improving the sensitivity of porphyrin tweezer by tuning sterics.

Our group has already synthesized and tested a series of buflyyno
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tweezers (Figure II-5) with increased sterics tia¢ ortho or meta position of
meso-phenyl rings.l7 Due to the enhanced steric repulsion with the chiral center of
guest molecule, increased amplitudes were observed for dernivatheal
a-carboxylic acids compared to that of 5-(4-carboxyphenyl)-10,15i20enyl
porphyrin tweezer I(-1). The introduction oftert-butyl groups at two meta
positions was found to be most beneficial for increasing the steeraction between

tweezer and chiral molecule, thus improving the sensitivity of porphyrin tweeze

. e O

Ar ZnTNP tweezer
Ar Ar 0 o
~ ~N
Ar Ar
‘ ZnTMP tweezer
o J
/\/\/\O
o

ZnTBP tweezer

Figurell-5. Bulky porphyrin tweezers for ECCD study.

Another way to approach the goal of inventing a more sensitiyghyan
tweezer is to increase the binding affinity of the twedwest by either introducing
electron-withdrawing groups (Figure 11-6) at thara-positions of themeso-phenyl
rings within the porphyrin, or using other more Lewis acidic me&ions. The
increased electrostatic interaction between the positively ettangetal center of

porphyrin and the electron-rich nucleophile should lead to a strobigeling
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interaction. As a result, the complexation equilibrium betweenL#was acidic
metallotweezer and the nucleophilic guest is greatly favonedemhanced ECCD
amplitudes would be expected.

Most importantly, we anticipated that the enhanced binding @ffimould
enable the direct attachment of non-derivatized amino alcohols asdog@miing one
or even two chiral functionalities which would tremendously expand thécapph

of porphyrin tweezer methodology.

JEWG _EWG | SEWG ~ JEWG
® @ AD a.

0”0 "0

Figurell-6. Improving the sensitivity of porphyrin tweezer by tuning electronics.
Electron rich tweezers bearing electron-donating substitupataposition of
meso-phenyl rings were also synthesized and examined for comparismmiolete

the electronic effect study of tweezer systems.

I1.1.2 Synthesis of electronically tuned porphyrin tweezers
The first electron-deficient porphyrin that was desigaed synthesized was
5-(4-methylcarboxyphenyl)-10, 15, 20-tri(4-cyanophenyl)porphyrin (h@noester

[1-2). Standard procedures as shown in Scheme II-1 turned out to be not suitable for
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O OMe
O
. (1eq.) 1.BF3-Eto0 (0.8 eq.)
CH2Clp, 2 h

; o)
H 2. p-Chloranil (8 eq.)

(3eq.) 2~23 h
low yields

N
H (4eq.) -2 COOMe
Scheme [ 1-1. Synthesis of porphyrin estér-2.

this substrate after a couple of trials in L or CHCk. The desired
product was obtained in low and non-reproducible yields. The reastisnvery
slow; simply extending the reaction time to 23 h did not help. Aerraltive
approach using dipyrromethane for porphyrin condensation was thenyeoh@s
shown in Scheme II-2. This protocol is useful especially for awipg the
selectivity. Satisfactory yield (18%) was obtained and slow coladnmomatography
was necessary to separate the pure desired porphyrin mondeadteom the side

product 5,10,15,20-tetra(4-cyanophenyl) porphyrin.  Hydrolysi$-@fwas carried

Tablell-1. Effect of solvent in the synthesis of TCP monolinkeé™

CH2CIo/THF CH2Cly/Dioxane

Solvent  CH2Cly Dioxane D|\/||:b CHCI3

(20:1) (20:1)
Time /h 24 36 36 24 24 24
Yield % trace 15 16 trace -- 45

ayield indicated as ‘trace’'was based on TI?DQC was used instead of EDC
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TFA (0.1 eq.)
< 7 30 min
95%

1eq 20 eq -3

CHCl3, 3 h

I1-3 2. p-Chloranil (4 eq.)

15h
\_NHHN-/ 18%
1eq
H. 0 COOMe 11-2
THF / NaOH (2M)
5 (1:1)
CN “<®d reflux, 24 h

62%

DMAP (1.3 eq.)
EDC (1.3 eq.)
solvent

24 h

trace-45%

0 >""0H COOH
I1-5

Scheme | 1-2. Synthesis of TCP porphyrin monolinkidr6.
out in refluxing THF / NaOH (2 M).  After aqueous work-up, the porphgcidll-5

was obtained as a purple solid which was pure enough for next stepitviitbaneed
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for column chromatography. Unfortunately, the next two steps of cougatgions
(Scheme 1I-2) turned out to be problematic due to poor solubility ofl k&d

In CHClI> which is typical solvent for porphyrin coupling with 1,5-pentanediol,
the acid formed suspension and only trace amount of porphyrin mondlir&evas
detected by TLC. To solve the solubility issue, several solvegrts screened to get
better yield (Table 1I-1). DMF was the only solvent that catgdy dissolved the
substrates yielding a clear purple solution. However, the DCC inguipl DMF
only gave an unknown compound. THF and 1,4-dioxane can partially dissolve the
porphyrin acid, but the esterification reaction did not proceed w8low conversion

was also seen when mixed solvents were used.

CN

1I-5 (1.3 eq.
TCP (1.3 eq.) NC

monolinker DMAP (2.0 eq)

I1-6 EDC (2.0 eq.)
solvent
24 h
15%

TCP—tweezerO o
-7

Scheme [ 1-3. Synthesis of TCP porphyrin tweeZér7.
CHClz dissolved the porphyrin acid better than O and THF. But, the
first trial with CHC} afforded 48% of porphyrin ethyl ester in addition to 23% of
monolinker. Formation of porphyrin ethyl ester is the resulhefli% ethyl alcohol

present in reagent grade CHCI Purified CHC§ was employed for the coupling and
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an improved yield of1-6 was obtained. CHglwas also used in following coupling
reaction for making TCP tweez#r-7, but low yield was obtained. Other solvents
were also tested and afforded similar or worse results. MS&Beonfirmed the
presence of tweezét-7 in the isolated product. HowevéH NMR revealed a lot
of impurities which were difficult to remove.

TableI1-2. Effect of solvent in synthesis of TCP tweekei 2

CH2CIo/THF CH2Clo/DMSO DME

Solvent CHCI3
(20:1) (20:1)

Time / h 24 48 24 24

Yield % trace to 26 trace trace 15

ayield indicated as ‘trace’ was based on TLC

To overcome the solubility problem, the 4Kroup was used as the
electron-withdrawing group. The porphyrin synthesis using 4-trifluoroyheth
benzaldehyddl-8 proceeded uneventfully (Scheme 1I-4) under standard condition

affording pure monoester in good yield (20%).
CF3

@) OMe O
H@o
.(1€a) 1 BF3-Ety0 (0.8 eq.)
o CHoCly, 2 h F3C Q ) O CF3
H@CF‘Q’ 2. p-Chloranil (8 eq.)
(]

[1-8 20%

a)

H (4eq) COOMe

11-9

Scheme [ 1-4. Synthesis of porphyrin monoestéf9 via condensation of aldehydes.
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The dipyrromethane protocol was also examined to evaluatffidiency for
porphyrin synthesis (Scheme 11-5) and a comparable yield wamethtél 8%). But
isolation of 5-(4-trifluoromethylphenyl) dipyrromethahke10 from residue pyrrole
and impurities was not easy since it was hard to recrystathis compound.
Sublimation was finally employed to get pure product but with lowwldy
Considering the use of large amount of pyrrole and the low yieldoyrrdmethane

synthesis, the standard procedure (Scheme II-4) was preferrsgnthesis of other

porphyrins.
H_O
H TFA (0.1 eq.)
30 min
+ _
U sublimation
CFj3
1eq. 20 eq. 52%
110
COOMe
CF3

AN =
\_NHHN-/
1eq.1. TFA(3.5€q.)

"3 CH2Clp, 1.5 h
2v'2, I C

_1q 2- p-Chloranil (4 eq.)
-10 15h

18%
\_NHHN-/
1 eq.
H_O COOMe
11-9
2 eq.
CF3

Scheme 11-5. Synthesis of porphyrin monoestdi-9 via condensation of
dipyrromethanes.
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THF / NaOH (2M)

CF3 22 eq.
DMAP (1.3 eq.)
EDC (1.3 eq.)
CH2Cly

COOH 24 h

0,
111 78% !

-9

reflux, 20 h
98%

1.1-111 (1.3 eq.)
DMAP (2 eq.)
EDC (2 eq.)
CH»Cl»

2. Zn(OAc)2
(excess)
CH>Clo
overnight

o™ O 97%

Zn-TTFP-tweezer 2 112
1-13

Scheme | 1-6. Synthesis of Zn-TTFP porphyrin tweezé&l3.

With ample amount of porphyrin monoestdr9 in hand, the synthesis of
tri(4-trifluoromethylphenyl) porphyrin (TTFP) tweezer wascamplished with
satisfactory yields (Scheme 1I-6) owing to the good solubidihd reactivity of
5-(4-hydrocarboxylphenyl)-10, 15, 20-tri(4-trifluoromethyl phepghphyrin (TTFP
monoacidll-11). Incorporation of zinc was proved by FAB-MS a%lld NMR
which indicated the metallation via the disappearance of N-H protopsrphyrins.

ECCD study using this new porphyrin tweezer was then caou¢do examine its
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efficiency for chirality sensing. ECCD studies were perfmimin hexanes for
diamines and in methylcyclohexane for chiral carboxylic acidsl@ 11-3). The
latter were derivatized via EDC coupling with 1,4-phenylenediaraimen carriér
providing two binding sites for the porphyrin tweezer: one through thecagroup,

and another through the carbonyl oxygen.

Table|1-3 ECCD data for chiral diamines and derivatizedhiral carboxylic acids

bound with tweezé -1 andl1-13

H N2 )(J)\/Ph
HaN SrOMe  HpN N2 AMNH™
9] OAc
1-14 11-15 11-16
a a b
A nm, (Ag) A Anm, (Ae) A A nm, (Ag) A
433 (-154) 435 (-93) 430 (-14)
TPP-Zn -321 -169 -28
423 (+167) 426 (+76) 418 (+14)
430 (-337) 430 (-175) 429 (+63)
TTFP-Zn -572 -232 +114
420 (+235) 420 (+147) 421 (-51)
s 9) o
ArHNJ\E/\ ArNH/U\‘)\ AN
1-17 11-18 -9 F
A nm, (Ag) Ab A nm, (Ag) Ab A nm, (Ag) Ab
423 (-23) 428(-43) 428 (+33)
TPP-Zn -41 -84 +69
413 (+18) 418 (+41) 420 (-36)
430 (+76) 429 (-202) 429 (+182)
TTFP-Zn +106 -382 +340
421 (-30) 422 (+180) 420 (-158)

D
®Hexane was used as solverNlethylcyclohexane was used as solvent; Spectra
were taken at 0 °C with tweezer{M) and 40 eq. of guest.

As shown in Table [I-3, the Zn-TTFP tweezélr-13) complex with chiral
diamines and derivatized-chiral carboxylic acids yielded ECCD of much stronger
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amplitudes compared to those from the electron-neutral Zn-TPP tweezer I11-1 indicating
greatly improved sensitivity as chirality sensor. This improvement was presumably
attributed to the enhanced binding affinity, which is induced by the electron-withdrawing

p-trifluoromethylphenyl groups.

60 -

TTFP tweezer

40 -
TPP tweezer /

Mol. CD

380 430 480
Wavelength / nm

Figure 11-7. The reversed ECCD spectra of 11-16 with different tweezers

However, an interesting trend was noticed for derivatized o-chiral acids; the new
tweezer 11-13 rendered intense ECCD signals with signs opposite to the predicted ones
implying a different stereodifferentiation process. For example, 11-16 exhibited a weak
negative ECCD signal (A = -28) upon complxation with Zn-TPP tweezer 11-1, but
rendered a prominent positive ECCD couplet in the presence of Zn-TTFP tweezer 11-13
(Figure 11-7). Interestingly, in the case of a-halogenated chiral acid (I11-19), both
tweezers seem to behave similarly by giving the same sign. These inconsistencies

compromised the utility of TTFP tweezer 11-13 for chirality sensing of
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a-chiral acids and prompted us to condLljbt NMR binding experiments, which
could offer important insights about the ECCD active conformatioriceotweezer
complexes. Zinc porphyrin monoesters have been used previousiynpbfied
models of the zinc porphyrin tweezers %cbf NMR binding studies and proved to be
reliable.18 Therefore, zinc TTFP monoestdit-0) and zinc TPP monoester were
chosen as tweezer models in our binding study. Some insightbecabtained
through the comparison of proton chemical shift changes of substituenp®sitions

of chiral amides before and after complexation with zinc porphgmonoesters.
Obviously, all the protons should shift up-field upon complexation with zinc
porphyrins due to the strong shielding effect of the huge porphyrmadio ring.

For substituents that are closer to the porphyrin ring, morefisant up-field shift
should be observed compared to the one farther away from the porpimgi
Hence, the\d = 8 complex— 0 free Of different substituents at the samearbon can be
used to probe the preferred conformations of the chiral centeree Bchiral
amides [1-20~11-22) were synthesized as guest models and subjected to NMR
binding analysis.

As shown in Table II-4, allprotons of interest shifted up-field upon
complexation of amides with the metalloporphyrins. More significgAfield shifts
were observed for the Zn-TTFP model system that is consiaiéimtits stronger
binding affinity. This explains the higher ECCD amplitude with #eTTFP
tweezer. In all cases, the small substituent (Ha) on thel clairaon shifted most,

followed by the large group (Hc) and then the middle group (Hb). s ffénd is also
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observed in similatH NMR analysis of Zn-porphyrin complex with chiral amid@s.
Since both porphyrin model systems in Table 1I-4 exhibited the $send indicating
the similar comformation of porphyrin-amide complex in CPGt millimolar
concentrations, the NMR binding experiment does not provide a clue fovitised
ECCD sign with the Zn-TTFP tweezer system in methytyexane at micromolar
concentrations. Due to solvent competition for coordination to the Lawidic
Zn-TTFP tweezer, the derivatized-chiral carboxylic acids were ECCD silent in

CDClj3 solution precluding further solvent studies with this new host.

Table 11-4 NMR analysis ofa-chiral amides in Zn-TPP and Zn-TTFP tweezer
complefI

TPP-Zn TTFP-Zn
Ad = Adcomplex - Adfree Ad = Adcomplex - Adfree
Substrate
Ad Ad Ad Ad Ad Ad
(Ha) (Hb) (Hc) (Ha) (Hb) (Hc)

0
@NM -0.201 -0.108 -0.157 | -0.223 -0.146 -0.208
H b

11-20

0
C
@NJ\?‘/\ -0.077 -0.046 -0.062 | -0.143 -0.093 -0.125
H iy

11-21

skhe

N 0058 -0011 -0028 | -0.087 -0.018 -0.043
o
11-22 Tol/b

aCDCI3 was used as solvent, porphyrin : substrate = 1:1

The inconsistency of the Zn-TTFP tweezer did not stop our goreatHighly
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sensitive chirality sensor using porphyrin tweezer methodology. ali&ady saw the
improved sensitivity for the new tweezer and the reversed ESIQials. Clearly,
more electron deficient porphyrin tweezers needed to be syrgbleand evaluated
along with the electron rich analogs to reveal a complete piafithe electronic
factors in the stereochemical determination using porphyrin tweezers.

Tablell-5. Synthetic yields for synthesis of new porphyrin tweezers

Aromatic Yield %

substituent Monoester Monoacid Monolinker Tweezer Zn-Tweezer
p-CN-CgHa- 18a,b 91 45b,c 15b c, d .
(TCP)

p-MeO-CeHa- = 6° 53 31 83
(TMOP)

p-CF3-CeHa- 20P 0g° 78° 51 97
(TTFP)

p-CF3-CeHa- 13 96 87 21 95
(TTFP)

CeFs- (TPFP) 19" 0g® g8® 80° 8g®
p-CH3-CeHa- 12 96 69 42 92
(TMP)

aDipyrromethanes were used instead of aldehy%ﬁﬁimized yields;C CHCI; was
used as Solvent?difﬁcult to purify; ®yield over two steps; all yields were not

optimized unless otherwise indicated.
Several new porphyrin tweezers were prepared following atdrfocedures
depicted in Scheme II-4 and Scheme II-6 without difficulty. Tyreleetic yields for

each step are tabulated in Table II-5.
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COOMe 11-23
Figurell-8. The structure of TPFP monoest&23.

5-(4-Methylcarboxyphenyl)-10,15,20-tri(pentafluorophenyl)porphyrin|-23
(TPFP) was synthesized smoothly. This monoesters was waslmne@.wvit1 NaOH
after first silica gel column to remove mostpthloranil residue. This was found to
be an efficient way to get rid of thgechloranil residue facilitating the second silica
gel column chromatography to get pure monoester products. Hydrolysis of
monoester 1(-23) in reluxing THF / NaOH (2 M) was completed within 12 h and
pure monoacid were obtained in near quantitative yields without theforefdther
purification. Synthesis of free TPFP tweezHrZ3) required optimization of the
reaction conditions (solvent, time) to reach a decent yield (80%itial trial of
metalation of free TPFP tweezér-@3) was surprisingly slow and significant amount
of free tweezer remained after 24 h. After column separatienyecovered free
tweezer was submitted to metalation again for 24 h giving a goodllogenversion.
Further optimization of solvent and reaction time can improve thd giebne-step

metalation to 88% affording pure Zn-TPFP twedz&25 (Scheme II-7).
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Zn(OAc)2 (excess)
CH»2Clo

40 h

F 1 88%

Scheme | 1-7. Metalation of freeTPFP porphyrin tweezé24.

Though CHCI, proved to be a good solvent for the synthesis of most

porphyrin monoesters in Table II-5, the assembly of TMOP monoe=sjeaired

the use of CHG. Best result (Table 11-6) was in obtained CH®Ith apparent

rate acceleration which can be easily observed through coloreltaming the
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OMe

Q OMe
H <:> ;o
. (Tea) 1. BF3-Et)O (0.8 eq.)

0 solvent, 2 h -
>—< }OM -
H © 2. p-Chloranil (8 eq.)
N (3eq.) 1.5h
7\
N
H (4eq) COOMe

11-26

Schemel1-8. Synthesis of TMOP monoestidr26.
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OMe

11-26

THF / NaOH (2 M)
11-27 reflux, 36 h

6% over two steps

11-28

11-29

COOH

11-31
OMe OMe

Schemel1-9. Synthesis of TMOP monoacid-31.
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reaction.

side products (Scheme II-8).

mixture was difficult and

However, under optimal conditions, we still got the nextdirsevera
Isolation of pure monoekteé?6 from this

required multiple column chromatography.

Alternatively, after running through the first column to removesmof the

non-porphyrin byproducts, the mixture can be directly subjected to hgdroly

affording a mixture ofl1-27 and porphyrin acidsl (-31~11-33) which could be

separated by column chromatography giving the pure monbia8idin 6% yield

after two steps(Scheme II-9).

Tablel1-6. Solvent & catalyst effect in the synthesis of TMOP monoé&t26

Solvent Catalyst / Oxidant Time /h Product
TFA (1.7 eq.)
CH2Cl2 / p-Chloranil (2 eq.) 4 Mess
CHoCly BF3-Et20 (0.2 eq.) 4 .27
/ p-Chloranil (2 eq.)
CHoCly BF3-Et20 (0.8 eq.) > 1-26~11-29
/ p-Chloranil (8 eq.)
cHcl; ~ BFeERO(08eq) 2 11-26~11-29

/ p -Chloranil (8 eq.)

The esterification step in the synthesis of TMOP monolimké&4 did not

provide good yields after several trials (Scheme 11-10) inerbfit solvents
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(CHCl3, CHxCly, THF) mainly due to the poor solubility of TMOP adild31

(Table 11-7).

OMe

HO._ ~_~_OH
(2.2 eq.)

11-31
DMAP (1.3 eq.)
EDC (1.3 eq.)
solvent
24-48 h
up to 53%

Scheme1-10. Synthesis of TMOP monolinkér-34.

TableI1-7. Effect of solvent effect in the synthesis of TMOP monolirike34®

Solvent Time /h Yield %
CH2C|2 24 trace
CH2Clo /| THF 48 41
20:1
CH2Clo /
. 36 45
Dioxxane
20:1
CHCI3 36 53

Overall, the synthesis of porphyrin tweezers bearing eleutitilrawing
group at porphyrinmeso positions proceeded well as long as the porphyrin monoacid
has decent solublility in organic solvents used for esterificatidgh diol. With
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these new porphyrin tweezers in hand, a series of UV-vis and ESD@ikes were
conducted.

UV-vis profiles of these newly synthesized tweezersewkst analyzed
spectroscopy (Table 11-8). The UV absorption dajg4) was obtained in different
solvents and the molar extinction coefficieglt \Was calculated in methylcyclohexane
(Table 11-8). TPFP tweezer stood out with large molar extincttoefficient in
methylcyclohexane. Coupled with the belief that TPFP tweedé have greatly
enhanced binding affinity owing to the introduction of highly electromaveawing
penta-fluorophenyl groups at the porphymeso positions, we were optimistic that it
would demonstrate enhanced sensitivity as a chirality sensdeG@D-based

stereochemical determination.

Tablell-8. Absorptions andmnax for different zinc porphyrin tweezérs

Methylcyclohexane Hexane CH2Cl»

A, nm € A, nm A, nm

TPP -1 416.2 650,000 413.5 419.1
TMOP 11-35 418.6 850,000 418.4 422.7
TFP  11-36 4145 580,000 411.7 418.9
TTFP 1I-13 4134 410,000 408.3 418.9
TPEP® 11-25 413.0  1100,000 412.0 416.4

a . . T b .
concentration of tweezer isi@M unless otherwise indicated; concentration of

tweezer is 0.xM.

65



1.2 4

0.8 -

< 0.6 -

0.4 -

0.2 1

390 425 460

Wavelength / nm
Figurell-9. UV-vis titration of Zn-TPFP tweezekl(25) solution (0.5uM in MCH)

with L-lysine methyl ester (1 mM in DCM).

The preliminary UV-vis binding study was carried out throuigtation of
Zn-TPFP tweezerl[-25) solution (0.5uM in MCH) with L-lysine methyl ester (1
mM in DCM) from 1 eq. to 20 eqg. and is shown in Figure [I-9. Upoatiin, the
porphyrin Soret band (B band) underwent dramatic red-shifts from 418 A4 nm
in response to the binding with strong nucleophilic guest. This hifid-is
accompanied with a clear isosbestic point indicating a smoothcameersion
between two species, free tweezer and the tweezer-subirapgex. The Q band
of the free tweezer at 544 nm also showed the same trend atedety the inset

graph in Figure 11-8. These results agree well with the comoimading behavior of
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. . . . 9
zinc porphyrins with nucleophilic small moIecques.

1.2 ECCD Study Using Electronically Tuned Porphyrin &zers

ECCD studies were then performed in hexanes for diamames in
methylcyclohexane for derivatized chiral carboxylic acid® &C. Tweezers were
titrated with chiral guests from 1 : 1 to 1 : 40 eq of guastsECCD data at 1 : 20 eq.
were reported (Table 11-9).

As expected, the highly electron deficient Zn-TPFP tweezarodstrated
significantly improved sensitivity by yielding over two-fold iease in amplitudes
for most substrates, as compared to the Zn-TPP tweezer. Theenbh&CCD
signs are consistent with the ones obtained by using Zn-TPRemsegygesting a
similar stereochemical differentiation mechanism in thesetiveezer systems. It
should be pointed out that, in the presence of Zn-TPFP tweezsi2tflaoropropyl
acid gave the sign opposite to the predicted one. The origin ofdghigseersion is
not known. But we tentatively attribute it to the highly fluorinlatature of TPFP
tweezer which might lead to certain secondary interaction simsghenomena is

not found for other electronic deficient tweezers.
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Tablell-9 ECCD data of chiral diamines and derivatized carboxylic 4cids
A, nm (Ag) A
Aromatic
substituent TPP TPFP TTFP TFP TMOP
-1 11-25 1-13 11-24 1-23
H, NH»
S OMe 433(-154) 425 (-390) 430 (-337) 430(-315)  435(-155)
HaN™ T, 423(+167) 417 (+200) 420 (+235) 421(+228) 424 (+145)
g ° 321 -590 572 543 -300
. 435 (-93) 425 (-159) 430 (-175) 431(-143) 433 (-55)
H N/:\/NHZ 426 (+76) 417 (+126) 420 (+147) 419(+122) 423 (+65)
-169 -285 -232 -265 -121
1-15
O 430 (-14) 426 (-126) 429 (+63) 428(+142)
ArNHJ\:_/Ph 418 (+14) 418 (+96) 421 (-51) 421(-111) No ECCD
0 423 (-23) 424 (-171) 430 (+76)  430(+57)
ArHNJ\/\ 413 (+18) 417 (+134) 421 (-30) 421 (-41) No ECCD
117 -41 -305 +106 +98
o) 426 (120) 424 (+539) 431 (-21) 426 (+84)  431(+18)
ArNHJ\_/Ph 417 (-80) 417 (-355) 423 (+52) 417 (-59) 423 (-22)
11-37 : +200 +894 -73 +143 +40
O 428 (+33) 425 (-67) 429 (+182) 428(+208)
ArNHJY 420 (-36) 417 (+70) 420 (-158) 419(-163) ND
E +69 -137 +340 +371
11-19
O 429 (+64) 425 (+259) 428 (+253) 428(+298)
ArNHJ\/ 420 (-54) 417 (-159) 420 (-207) 419(-233) ND
.3g  Cl +118 +418 +461 +531

atweezer / substrate ratio - 1 ;: 20, ND = not determined

The electronic deficient Zn-TTFRI{13) and Zn-TFP tweezell(36) also

generally yielded more intense ECCD signals as comparedPPntieezer|(-1).
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However, an interesting deviation was noticed as described previousin{TTFP
tweezer (1-13). For chiral carboxylic acids that do not have secondary ttiens
(halogen= interaction in case af-halogenated chiral amid1e8$ see ref 18 for details
about this interaction in ECCD study), Zn-TTHIP-13) and Zn-TFPI(-36) tweezers
reported signs opposite to the ones obtained using Zn-TPP tweAzediscussed in
the previous section, an interpretation of this sign switchffisut especially in the
tweezer system where multiple conformations may exist and compete.

Electron rich Zn-TMOP tweezell¢35) exhibited much lower sensitivity and
even failed to yield ECCD signal for some derivatized chimabaxylic acids. This
could be explained by the decreased binding affinity of this twedéaerto the
reduced Lewis acidity of the zinc cation resulting from tlmenst electron-donating
effect of MeO- group.

The electronic factors contributing to the determination of absolute
configurations using the tweezer method has been demonstratieel BZCD data in
Table 1I-9. Though some deviations still remain, one can concludddthiba
influence of electronic factors can lead altered characteyisfi porphyrin tweezers.
To further investigate the change of binding affinity induced by tualagtronics at
the porphyrin periphery, a computational study was conducted. The uteolec
mechanic (MM) methods and semi-empirical methods do not considetroslic
correlation and, therefore, is not accurate enough for calculatingcritieal
interactions between metal cations and ligands. Density Funciitveairy (DFT)

was chosen due to its accuracy and reliability in describirtgl#igand interactions.
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In addition, DFT calculations only require moderate computation timdehance are
less expensive compared to the classabahtio Hatree Fock method. In our study,
the most widely used B3LYP method was used in combination with damefective
core potential (ECP) basis set to obtain critical charges aedaation energies.
Considering the huge size of porphyrin tweezers, 5-(4-metthydxyphenyl)

-10,15,20-triarylporphyrins were used as tweezer models.

Table11-10. Calculated charge and energetic information for porphyrin monoesters

PM3 B3LYP/Lanl2dz // PM3
HOMO / LUMO / HOMO / LUMO
Dipole
ev ev ev [ ev

TMOP-monoester -7.710 -1.900 5.011 -5.265 -2.362
TPP-monoester -7.748 -1.927 2.395 -5.286 -2.372
TFP-monoester -7.948 -2.125 1.526 -5.626 -2.712
TTFP-monoester -8.194 -2.353 2.377 -5.890 -2.954
TPFP-monoester -8.353 -2.561 1.884 -6.224 -3.273

a(S)-Lysin methylester: HOMO = -9.593 ev, LUMO = 0.983 ev, PM&MO = -6.009

ev, LUMO = -0.209 ev, B3LYP/Lanl2dz // PM3

Geometry optimization was conducted using PM3 semi-empiricdhaue
which usually renders decent geometry description for rigid masculSingle point

energy calculations were performed using B3LYP/Lanl2dz metbqutovide more
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accurate energetic information. As shown in Table [I-10, with itleeease of
electron-withdrawing capability of the phenyl ring, the LUMO @yenf the

porphyrin decreases. This is important since the porphyrin host-gomaplexation
is a process in which the LUMO of the zinc porphyin host interadth the HOMO
of the nucleophilic chiral guest. The decreased LUMO energth@fporphyrin
would result in a smaller energy gap between the two integaotbitals leading to a
stronger orbital interaction as well as better binding. ThePTRIedel gave the
lowest LUMO energy signifying the strongest orbital intdoactwith the guest
molecule. The calculated dipoles at PM3 level are also shown in Table 11-10.

In summary, a series of novel electron rich and electron eefigiorphyrin
tweezers were synthesized and employed in ECCD study. €b#oal deficient
zinc porphyrin tweezers (TPFP, TTFP, TFP) have demonstratedlygrmproved
sensitivity in absolute stereochemical determination. Zn-TRERzer stands out
owing to its excellent sensitivity and consistency in ECCD mreasents. We
proposed that it could provide a direct and expedient approach towarclsirtdey
sensing of normally weak binding or non-binding substrates such as wliblErano

alcohols. Related ECCD study of these substrates will be discussed ahaptedr.
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11.3 Experimental Procedures

Anhydrous CH,Cly was dried and redistilled over CaH,. The solvents used for CD

measurements were purchased from Aldrich and were spectra grade. All reactions
were performed in dried glassware under nitrogen. Column chromatography was
performed using SiliCycle silica gel (230-400 mesh). lH NMR and 13C NMR
spectra were obtained on a Varian Inova 300 MHz or 500 MHz instrument and are
reported in parts per million (ppm) relative to the solvent resonances (), with
coupling constants (J) in Hertz (Hz). IR studies were performed on a Nicolet FT-IR
42 instrument. UV/Vis spectra were recorded on a Perkin-Elmer Lambda 40
spectrophotometer, and are reported as Apax [nm]. CD spectra were recorded on a
JASCO J-810 spectropolarimeter, equipped with a temperature controller (Neslab 111)
for low temperature studies, and were reported as A[nm] (Agmax [L mol_1 cm_l]).
HRMS analyses were performed on a Q-TOF Ultima system using electrospray

ionization in positive mode.

Binding study of Zn TTFP monoester and Zn TPP monoester:

Guest molecules were synthesized according to following procedure: o-chiral
carboxylic acid (50 mg), aniline (5 eq.), EDC (1.2 eq.), and DMAP (5 eq.) were
dissolved by dry CH>Cl, (15 mL) in a 50 mL round-bottom flask. The solution was
stirred overnight under nitrogen and then concentrated under reduced pressure.
Following purification by silica gel chromatography afforded a-chiral carboxylic

benzamide in 70-80% yield. 1H NMR of a-chiral carboxylic benzamide in CDCl3
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was first taken. Zinc porphyrin monoester was then added to the solution, shaken for

. 1 . .
5 minutes and taken to H NMR was measured (the integration showed that

porphyrin : amide ratiois 1 : 1).
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Chapter Il

Determination of Absolute Configurations fawthro andthreo

Diols, Amino Alcohols, and Diamines using Zn-TPRIeEzer

[11.1 Background
I11.1.1 Thevicinal bisfunctionalized molecules

Vicinal substituted heterofunctionalized chiral molecules suanyéisro andthreo
diols, amino alcohols, and diamines are widely present in biologiaeliye natural
and synthetic products such as alkaloids, polyketides and carbohyéigtes 111-1).
They also play a crucial role in asymmetric catalysis, fanctg as fundamental
building blocks or chiral auxiliaries and ligands (Figure lll-1).heTbiological or
catalytic activity of this class of compounds is often governetthéiy configurations.
Consequently, development of methods to determine their absolute sterstighem

has been an active area of research.

[11.1.2 Conventional methods for stereochemical determination of vicinal diols
and amino alcohols

For the most part, the absolute stereochemical determinatittmeofsubstituted

systems can be achieved with the implementation of the dibemﬂe:laﬂleodologyl.'3

This is accomplished via derivatization of the functional groups wetizdates (or

- 414 . .
other similar chromophores),  which enable the absolute stereochemical

determination of the chiral molecule based on the observed Exciton Coupled Circular
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Figurelll-1. Vicinal bisfunctionalized molecules in organic synthesis and catalysis.

Dichroism (ECCD)l.’ 2 Nonetheless, the need for derivatization is not ideal. The

absolute stereochemistry @fythro systems, however, cannot be reliably assigned via

existing strategies, and remains a challenging and largely unresaued is
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Figurelll-2. Stereochemical determinationtbfeo diols using dibenzoate method.
Briefly, the ECCD method relies on the coupling of the eledtensition dipole
moments of two or more chromophores held in space in a chiral fazshiﬂihe sign

of the resultant ECCD couplet reflects the helicity of theraxting chromophores,

and consequently the chirality of the derivatized systemKggee 111-2, dashed box).

The challenge in utilizing ECCD for absolute stereochemidarohénations is to not
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only orient two or more chromophores in a chiral fashion dictated strictlyebgttiral
center, but also to arrive at a system robust enough that providesteunsesults
with structurally different compounds. Figure IlI-2 illustraties dibenzoate method
for threo and erythro diols. With threo diols, the expected high population (low
energy) rotomer (A) leads to an observable and distinct ECCDrgpec For the
threo diol depicted in Figure 111-2, the result is a positive ECCD irrespectiv® ahd
R..  The expected high population rotomer (A) for derivatirgthro diols, however,
is ECCD silent. The expected minor populations lead to opposing ESpEdQira,

and thus cannot be used as a reliable indicator of absolute stereochemistry.

H H
S on . o
R Ma(AcO)s R Ose 4+, R'snorON o 4+
- LM ] M
R OH  Solvent R o) RS 0
R's Rs | RD) |
H R
Solvent = DMSO, EtOH Favored g Disfavored g*
M = Mo, Rh Negative chirality

Figurelll-3. Stereochemical determinationtbfeo diols using M(AcO)g.

Figurelll-4. Stereochemical determinationtbfeo diols by forming dioxolanes.

80



HO_
B
R~on HO R~o0—
> \@/ -3
CHCl3, Molecular Sieves
Negative chirality

Figurelll-5. Stereochemical determination of terminal diols by forming cyclicborat

Other approaches have been developed to transform acyclic ssbsitatcyclic
conformationally defined derivativéisrough generation of cottonogenic derivatives
with metal complexelsS'23 (Figure 1l1I-3) or conversion into dioxolanzéj's'27 (Figure

. . 8, 29

[lI-4) or 4-biphenylborates (Figure III-g). These methods, however, suffer
from fairly weak CD signals due to weak effective transitioommants of the
cottonogenic species, and few address the absolute stereocheetératination of
erythro compounds. A practical and universally expedient method to unequivocally
determine the chirality adrythro diols, amino alcohols, and diamines is a challenging

task.

[11.2 ECCD Study of Vicinal Bisfunctionalize@hiral Molecules Using
Zn TPFP Tweezer

[11.2.1 Binding affinity of zinc TPFP tweezer

Porphyrin tweezer systems (Figure Ill-6a) have been sucatigsséed to determine
the stereochemistry of chiral amines>" alcohols> " ° and carboxylic acidsd 8
The principle advantage of the porphyrin tweezer system resnds the
non-covalent binding of the chiral guest, which precludes the need famiazie
derivatizations. Prior work, however, has focused on the absolute stereochemical
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determination of single chiral centers. As depicted in Figurébll the binding of
the Zn-porphyrin tweezer to a diamine with a single chiratereleads to an induced
helical arrangement of the bound porphyrins that yield a predicteRIED
spectrum?f2 Since the tweezer strategy is based on the steric imterdbetween the
substituents at the chiral center and one of the two porphyrinssiemasaged that
the second porphyrin could participate in steric differentiatidh whiral guests that
have two chiral centers such as 1,2-bisfunctionalized systemsthén words, we
hypothesized that a system with two chiral centers could bedewedi as two
independent systems with a single chiral center each (Fitt6e)l In this manner,
erythro diols, amino alcohols, and diamines could yield reproducible ECCDrapect
based on the steric differentiation at each chiral center. We predictehgirfhyrin
would bind the hydroxyl groupnti to the largest substituent on the chiral center and
stereodifferentiate between the two remaining groups attached tsathe chiral
carbon. Upon steric differentiation at each chiral center, theptwpohyrins would
adopt a specific helicity.

A problematic issue was the weak binding of alcoholic chiwasts with zinc
porphyrin tweezers employed previously. For this approach to workeguered a
strong binding tweezer such that a large population of the chirat ¢foe example
1,2-diols) would bind, and thus increase the observed signal. Also, weakgoindi
complexes could lead to small energetic differences betweember of complexed
conformations. Inconsistent trends in observed ECCD are possible upon lmhding

different structures if different conformations could yield opposite ECCIhe latter
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Figurelll-6. a) Structure of Zn-TPP tweezidrl. b) Binding of a chiral diamine
to I1-1 leads to a helical disposition of the porphyrin rings dictatetheysterics at
the chiral center. The resultant ECCD is used to assign thelutdbs
stereochemistry of the chiral center. c¢) A 1,2-diol with thdéral centers can be

envisioned as two independent chiral alcohols.

criteria led to the design and synthesis of a series ofra@tedeficient porphyrin
tweezers as described in Chapter 2 which eventually afforded
5-(4-methylcarboxyphenyl) -10,15,20- tri(pentafluorophenyl) porphyrin 2exdé-25
(vmax = 416 nm.g = 1,120,000 citM ™ in CHyCly: Amax = 412 nm,e = 890,000

cm Mt in hexane) as our best candidate for strong binding with hydrazyips.
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Calculations,lH NMR binding experiments, and UV-vis titrations corroborate the

enhanced Lewis acidity and binding affinity of the new fluorinated porphyriezere

COOMe COOMe
Zn-TPFP-ester lll-4 Zn-TPP-ester llI-5

Figurelll-7. Electrostatic potential surface of Zn-TPFP-monoestér4) and
Zn-TPP-monoester 1(1-5) based on B3LYP/@1G(d)//PM3 calculation.

Property range was set from —48dcolor) to +45(blue color)

Computational modeling was first utilized to investigate the gban Lewis acidity
of the zinc atom in the fluorinated porphyrin as compared to itdluainated

counterpart. Zinc  5-(4-methylcarboxyphenyl)-10,15,20-tri(pentafluorophenyl
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porphyrin  (Zn-TPFP-monoester|11-4) and zinc 5-(4-methylcarboxyphenyl)-
10,15,20-triphenyl porphyrin (Zn-TPP-monoestéi|-5) were used as model
compounds. Geometry optimization was performed by the semiempirical method

(PM3) followed by DFT single point energy calculation at B3LYP/6-31G{@ll

Tablelll-1. Frontier orbital energy and charges of zinc porphyrins.

ELEMO Mulliken Electrostatic
ELumo Charge  Charge of
Enomo
eVv 2+ 2+
a ofZn Zn
eV
Zn-TPFP-monoester -2.818 3.284 0.961 1.387
Zn-TPP-monoester -2.211 3.891 0.942 1.337

aSIysine methyl ester was chosen as a typical chiral gué$OMO energy

calculatei usina the same method w-6.102 eV

As shown in fluorinated porphyrin has a lower LUMO energy. Thicatds an
increased Lewis acidity as well as binding affinity towards lenpmhilic guest
molecules since the decreased LUMO energy would lead toalesrenergy gap
between the LUMO of the electrophilic host and the HOMO of the nucleopbgistg
The calculated charges also provide evidence that the zinc atom bouhé to
Zn-TPFP-monoesterlI(-4) is more electropositive, presumably due to the strong
electron-withdrawing effect of the pentafluorophenyl groups as c@dpdo
Zn-TPP-monoesten [(1-5). Electrostatic potential surfaces (Figure IlI-7) provide a

visual perspective of the charge difference between the two zipbyors. The
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Zn-TPFP-monoester is clearly more electron deficient thaZmkh€PP-monoester as
represented by the ‘colder’ surface.

The enhanced binding could also be observed throlungNMR analysis.
Binding of ethanol to zincated porphyrihl-4 (1:1 ratio) led to a 0.5 ppm upfield
shielding of the methylene protons. Ethanol bound to zincated tetragioapilyrin
[11-5 upfield shifted the methylene protons by only 0.1 ppm; clearly aticig

stronger binding affinity of fluorinated porphyrihl -4 with hydroxyl group.

Tablelll-2. Binding affinitya of ROH and RNH with I11-4 andI11-5

porphyrin Kassoc. (iPrOH) Mt Kassoc. (IPrNH2) M

Zn-TPFP-monoester (l11-4) 2,170 + 140 473,000 + 8,700

Zn-TPP-monoester

+ +
(111-5) 49 + 2 11,400 = 950

"leaSSOC for each ligand/porphyrin complex was obtained via fitting the data

obtained from the change in the absorption upon titration of the porphythn wi
ligand in hexane to a nonlinear least square analysis Xpeeiraental section for

details)

Finally, quantitative measures of amine and alcohol binding with BothiPP
and Zn-TPFP were obtained via titration of the ligands and anabfsithe
spectroscopic changes. The Zn-TPFP-ddtled andZn-TPP-estefll-5 were used
again as simplified models of each tweezer for initial measemés. Figure 111-8
illustrates the changes observed in the UV-vis spectra upatiotitraf iso-propanol
and iso-propylamine with Zn-TPFP-estér-4. The change of absorption at 418 nm

for iso-propanol and 412 nm faso-propylamine as a function of concentration of
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ligand added yields an exponential saturation curve. The binding otnstn be
derived from fitting the latter data via a non-linear least sguaethod as has been
previously reporteg.9 Table 11I-2 lists the binding constants obtained for
Zn-TPFP-estetll-4 and Zn-TPP-estell|-5. As expected, iso-propylamine binds
stronger to the Zn-porphyrins as compared to iso-propanol. Of notevegws
greater than 1 order of magnitude increase in binding affinitthefligands (both
amine and alcohol) for the fluorinated Zn-porphytii-4 as compared to the

non-fluorinated Zn-porphyrihl I -5.

20-30 equiv
0.6- TN
a .
no Iigand\7 equiv 0.4
0.5
£
c
(q\]
0.4- =
| © Kassoc = 473,000 M+
3 03 | <
< R® = 0.999
0.2
5 10 15 20
0.1 Equiv of Ligand
0 V T T T T T | |
380 390 400 410 420 430 440 450

Wavelength

Figure 111-8a. Titration of Zn-TPFP estetll-4 with iPrNHy (0-30 equiv,

bathochromic shift from 412 nm to 424 nm) in hexane. The inset graph is

non-linear least square fit of the change in absorption vs. equiv of ligand.

We next turned our attention to the binding of bis-functionalized sulstnatie

the Zn-porphyrin tweezers derived from TPP and TPFP. Figu®eillustrates the
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Figure 111-8b. Titration of Zn-TPFP esterl|-4 with iPrOH (0-12,000 equiv,
bathochromic shift from 412 nm to 418 nm) in hexane. The inset graph is

non-linear least square fit of the change in absorption vs. equiv of ligand.

binding titration of amino alcohdlll-12 (see Table 11I-3) with fluorinated TPFP
tweezer. Close inspection of the UV-vis spectra reveals theepce of two
processes as the concentration of the ligand is increased. FRoosrwak it is well
recognized that a ~13 nm bathochromic shift is expected upon coordinaten of
strong nucleophile such as an amino group with the zinc porp?%/rin.

It has also been demonstrated previously that a hypsochromioatuits when
the two porphyrin rings are brought close in sp4alce.Thus, there are two opposing
effects that in combination lead to the observadsx  For example, upon
complexation of 1,2-diaminoethane, a 4 nm bathochromic shift is observed (as
opposed to the expected 12 nm); as the separation between the porpiggiis
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increased thé\max gradually redshifts such that binding of 1,10-diaminodecane

results in a 9 nm bathochromic sﬁH’t.

1.4-

N

~— 400-600 equiv
1.2

60 equiv

1

0.8-

Abs

0.6

0.4

0.2

0 | T T T T T = |
380 390 400 410 420 430 440 450
Wavelength

Figure I11-9. Titration of Zn-TPFP-tweezell-25 with amino alcohollll-12.

Two isosbestic points are apparent. The first at lower equiv @icaaicohol
(leading to the absorptioat 415 nm) signifies the 1:1 ligand:complex formatic
The second (leading to the absorption at 423 nm) appearing at highentcatmes

of amino alcohol indicates the formation of the 2:1 liaand:tweezer cor

The titration curves depicted in Figure 111-9 exhibit an initial bathochromit shi
the absorption maximum from 412 nm to 415 nm when the first 3 equiv of the
1,2-amino alcoholl2 are added to the tweezer in hexane. As the equivalence is

increased, however, a second bathochromic shift to 423 nm is evident. This
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behavior can be explained based on observations discussed above, i.e.; the initial 3 nm
bathochromic shift is due to a 1:1 complexation of the 1,2-amino alcatiolTRFP
tweezer, which brings the porphyrins close to each other. Thidtgein the
observed 3 nm redshifting that gives rise to the peak at 415 nm.heFintrease in

the concentration of the 1,2-amino alcohol leads to the breakup of theriplex
(binding of an amine to the zincated porphyrin is much stronger tharofthe
alcohol, Figure I111-10) such that each porphyrin is bound to an amino dfoRp
complex), effectively maximizing the distance between the pomphiyrgs that leads

to an 11 nm redshift. This is analogous to a mono amine binding to theymorph
which would result in the same level of redshifting. We would thysea that

excess addition of 1,2-amino alcohols to the tweezer would diminish the ECCD.

O/\O/\/\/\O/Qo O/\O/\/\/\O/\O )

1:1 complex

R R excess amino
1% R, 1% R, alcohol

Figurelll-10. Two step binding of amino alcohol with Zn-TPFP tweezer
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Based on the above discussion, the binding constant for a 1:1 complefation
[11-12 with TPFP tweezer was measured based on the data obtaineddd8 eguiv
of amino alcohol added. Nonlinear least square analysis of thgechrmabsorption
at 412 nm as a function of guest concentration provided a bindin@odt&issog of
1.31 % 15 M'1 for binding ofl11-12 with the fluorinated tweezer in hexane. Similar
UV titrations in methylcyclohexane with guds$t-12 rendered a binding constant of
2.71 x 18 M'l. The better binding in hexane might lead to stronger ECCD
amplitudes.

As anticipated, the binding of 1,2-diols with TPFP tweezer iskeredue to the
tempered nucleophilicity of alcohols compared to amines. Figufel Itepicts the
UV-vis titration curves of diollll-16 complexed with tweezell-25 (Kgssoc =
152,000 Ml in hexane, 36,100 I\}] in MCH). Two observations are notable; first a
large bathochromic shift is not present upon binding of the hydrawyipgwith the
zincated porphyrin.  This is the result of two opposing effectsariieipated 6 nm
bathochromic shift as a result of alcohol binding with the zincated yanpfsee
Figure 111-8b for alcohol-porphyrin binding) and the hypsochromic ghdt results
from bringing the two porphyrins close to each other. Second, sinceoaddi
excess 1,2-diol does not compete with the 1:1 complexation (previoustgseximine
competed with the hydroxyl bound porphyrin), breakup of the 1:1 complextis no
apparent. Addition of excess 1,2-diol to tweeldeP5 mimics addition of excess
diamines to porphyrin tweezers, which does not exhibit the breakup of:ithe

complex until ~500 equiv added.
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Figurelll-11. Titration of Zn-TPFP tweezéf-25 with diol 111-16 (0-300 equiv)
in hexane. The non-linear least square fit of the change in alesovgtiequiv of

ligand provides the binding constant.

[11.2.2 Deter mination of chirality of erythro substrates

Our initial foray focused on the use of the Zn-TPFP tweez#r exythro diols and
amino alcohols. Diollll-6 and 111-8 were prepared through non-chelation
controlled Grignard addition te-chiral aldehydeé'.2 Diol 111-7 was synthesized via
proline catalyzed asymmetric aldol reactflgn. Diol 111-9 was obtained from
2-deoxy-D-ribose4.4 Diol 111-10 was made from Sharpless asymmetric

dihydroxylations‘.15 As can be seen from Figure IlI-12 and Table III-3, the binding
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of the chiralerythro guests yielded a host-guest complex with observable ECCD
couplets. A consistent and predictable trend is observed, wer& $herythro
compounds (the first stereochemical designation refers to thal e with the
largest substituent as determined by A-values) gave rise itivpdsCCD, while the
SR erythro compounds produced negative ECCD spectra. The Cahn, Ingold and
Prelog stereochemical designation should be used with cautionpsiodges do not
necessarily correlate with sterics as can be se@nain example oR,R-erythro diol.

Figure I11-12 illustrates a conceptual model that suggestsaraci center orients
the bound porphyrin independently through steric differentiation. Thikis$rated
with the binding of norephedrind|-12 with TPFP tweezer. We propose thir#
approaches the amino groupRy&-norephedrine opposite to the largest substituent, in
this case the methyl group. In this manner, thehgiegroup isanti to the
complexed porphyrin and does not participate in the steric diffat®n. The two
remaining groups attached to C1, namely H and the C2 dictate positien of the
bound porphyrin ring; as sudP2 rotates clockwise towards the smaller hydrogen
atom. Similarly, binding ofP1 with the OH group placeBl anti to the phenyl
group attached to C1. Steric differentiation of the remainingtisuéasts (H and C2)
leads to the rotation d¢?1 in a counterclockwise manner to reduce repulsion with the
bulky C2 substituent. As describeBl adopts a clockwise (positive) helicity
relative toP2, which would predict a positive ECCD spectrum. Indeed, as illustrated
in Figure 11l1-12, the complexation ofll-12 with TPFP tweezer leads to the

anticipated spectrum. This is a working model that fits the aladaby no means is
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Figure 111-12. Proposed binding conformation between twedi&t5 anderythro
amino alcoholl1-12, yielding a positive ECCD spectrum. It is assumedRiaind
P2 bind to their respective functional groups opposite the large groe@chtchiral
center. The pentafluorophenyl groups in the modeled picture haveoivéited for
clarity. A simplified mnemonic is illustrated in the dashed bokhe sign of the
ECCD spectrum will depend only on the absolute stereochemistng ahiral center

that bears the largest group.

the only possible mode of binding.

Since the assumption is that each porphyrin undergondependent steric
differentiation, while keeping in mind that the observed ECCD is ekaltr of the
helical disposition of the two porphyrins, a mornenglified mnemonic can be

envisioned where the helicity of the tweezer can be determineahalyzing the
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chirality of one carbon center. Based on the proposal above, in whictwaohe
porphyrins P1 and P2) rotate counter to each other, one can consider solely the
arrangement ofP1, the porphyrin bound to the chiral center with tlaegest
substituent, as the stereochemical determinant group (assumiothéneporphyrin

P2 does not rotate and is static). As depicted in Figure llI-12h@th$dox) the
stereochemistry of the chiral center with the largest dubsti leads to the predicted
ECCD; namely, looking at the Newman projection, a clockwisengemment of
S—>OH-L leads to a positive ECCD antite versa.

As can be seen from Table 1lI-3, a number of alkyl and aryesys produced the
expected results upon binding with TPFP tweezer. In all casepredicted sign
was arrived at after considering the A-values of the substguen the carbinol
carbon (the structures in Table 111-3 are drawn such that tgerlgroup is on the left
hand side). The system is tolerant of other potential coordinatowpg such as
ketones, esters, and ethers (Table 11I-3, compouhdg andl111-9). As expected,
enantiomeric pairs yield opposite ECCD spectra (compouhes~ 111-8, andl11-12
along with their enantiomers). Of note are the higher ECCDituude$ obtained for
amine containing guests$l-11 andl11-12, which is presumably due to their stronger
binding with tweezell-25 as compared to diols.

ECCD amplitudes of tweezer/guest complexes in hexane wersstenly larger
than those measured in MCH. This is most probably attributed tsttbeger
observed binding of 1,2-diols and 1,2-amino alcohols with Zn-TR¥®zer in

hexane as compared to MCH (see sectior2Ifl). It seems reasonable that binding
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Tablelll-3. ECCD data of Zn-TPFP tweezer bouengthro-1,2- diols

and amino alcohols.

Erythro .
[a] Pre(jlcted Solvent A nm, (Ae) A
substrates sign
420 (+24)
oH MCH . (5) +29
[b],[c]
1I-6™" o .\
R,S OH "
Hexane ‘:i ((_14:)) +58
OH 421 (-8) )
[b],[c] : MCH 414 (+20) 28
l-6-ent™™ Ph/\l/ )
OH
SR Hexane 2122 ((+13i)) 52
OH O MCH ﬁﬁ;ﬁis) +31
-7l :
OH +
RR Hexane 121%(;25)) +131
423 (-17)
MCH -35
OH O 413 (+1
I11-7-entl €l ¥ ] 3 (+18)
=3 OH Hexane 2125 ((+222)) -134
420 (+24)
MCH +29
_lbl[c] OH 413 (-5)
111-8 \H\/ +
R.S OH Hexane 4:39(2-_59?) +65
420 (-13)
MCH -28
111-8-ent®HC] OH _ 413 (+15)
SR m Hexane 419 (-39) -66

410 (+27)
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Tablelll-3-continued. TPFP tweezer boursythro-1,2- diols and amino alcohols.

Predicted

Erythro substrates!® sign Solvent A nm,(Ae) A
422 (-23)
MCH .48
|||_9[b]1[d] QH 414 (+25)
OTES
SR 420 (-43)
OH Hexane 413 (+36) 79
OH McH 45125(&;’) 9
111-10tH ! P .\
R,S OH 423 (+48)
Hexane 409 (-16) +64
425 (-181)
OH MCH 416 (+114) 295
-12140
Ph/\‘/ _
SR HN_ 425 (-341)
Hexane 414 (+167) -508
423 (+92)
+
- OH MCH  416(53 T4
11-12 oh )\/ N
R,S NHZ
423 (+118)
Hexane 414 (-56) +174
423 (-93)
lIl-12-ent!® OH MCH 415456 149
M Ph/\‘/ .
NH2 423 (-112)
SR Hexane 414 (+65) =177
[a]

All substrates were >98%e except forl I1-10 (25%ee), [b]z uM tweezer concentration,

[C]tweezer/substrate ratio - 1:10&]tweezer/substrate ratio - 1:45?]1 uM tweezer

concentration[,ﬂ tweezer/substrate ratio - 1:5.
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constants could be used as a guide for choosing the appropriate sobcit cases.
Other solvents such as dichloromethane or acetonitrile failed o gleservable
ECCD for many substrates under the same conditions. Cooling obltiters to
0 °C produced strong observable ECCD spectra, however, furtheririgwadr the

temperature to —10 °C only led to limited increase in the amplitude.

1 equiv
200 T \
2 equiv
150 -
5 equiv
100 - |
e _ 10 equiv
@) 40 equiv
s 501
=
e —— S e
-50 1
-100 | , : .
380 400 420 440 460

Wavelength (nm)

Figure 111-13. Increasing concentration of amino alcoHdl-12 leads to
diminished ECCD signals. This is presumably a result of brealpgrtge ECCD
active 1:1 ligand:tweezer complex (see Figure IlI-10) due tdatttethat amines
have a much higher binding affinity for the zincated porphyrin. Esaltant

2:1 complex is not ECCD active.

A note of caution is warranted with amino alcohols. As was elot@tbove, the
large difference in binding affinity of alcohols and amines witicated porphyrins
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does lead to the breakup of the 1:1 complex with increasing equieatd amino
alcohols added. The resultant 2:1 complex is not ECCD active. Tausasing
the equivalence of amino alcohols is detrimental to obtaining a SEG@P signal.
Figure 111-13 demonstrates the decrease in signal as a dandi increasing
concentration of amino alcohaoll-12, clearly suggesting the breakup of the 1:1

complex at higher equivalences.

[11.2.3 Deter mination of chirality for threo substrates

Next we investigatethreo vicinal bis-functionalized systems. Mdsteo diols
were made from standard Sharpless asymmetric dihyoxylﬁiorBoth aliphatic and
aromatic R R-threo substrates yielded positive ECCD signals while &f@threo
compounds produced negative ECCD spectra (Table 111-4). Figuid lillustrates
the ECCD spectrum obtained from the complexation of Zn-TPFP &wedth the
threo diol I11-13.  The expected positive couplet is again assumed to deriveliom t
independent steric differentiation of bound porphgrat each chiral site. As
depicted in Figure 1ll-14, each chiral center induces the sarn@lhtvist of the
porphyrin tweezerH1 and P2 twist counter to each other as indicated by the two
arrows). As was described ferythro systems, we assume that the complexed
porphyrins approach their ligands such that the largest group on thé agnter is
anti with respect to the bound chromophores. The conformation illustratéudor

diol 111-13 in Figure IlI-14, where the large groups (Ph on C1 angdN¥oon C2) are
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Tablelll-4. ECCD data of Zn-TPFP twee%rboundthreo— 1,2- diolsl,bJ amino
alcoholéc] and diaminegf]

dicted
threo substrates!” precicte A nm, (Ag) A
sign
1-13 424 (+21)
PhMOEt + ] +37
RS & 415 (-16)
111-14%! o . 422 (+25) \33
RR P Y~ 412 (-8)
OH
111-15°! OH . 424 (+75) 105
RR W 413 (-30)
! OH
OH
16t COsMe
1-16 \(M(a 2 .\ 426 (+118) 151
RR OH 413 (-33)
OH
S,S e 412 (+16)
OH O
1-18 .\ 423 (+16) 420
S,S OEt 412 (-4)
OH
I11-19 QH oPME - 427 (-29) a1
S,S ey 415 (+12)
OH
4 (-27)
11-20 *  Ph 423 (-27
N - -
sS,S Ph™ 417 (+23) S0
OH
OH
- N
1-21 ~ 425 (+37) v5a
R,R OH 414 (-17)
OH O
_oolfl EtO
1-22 OEt . ﬁi ((+§,27)) +50
SS O OH
OH ng
I R I
! )ro OH
9" 26 (-54)
[1-24 : 426 (-54
N - _
S,S Ph™ " 'OTBS 421 (+35) 89




Tablelll-4-continued. TPFP tweezeLraJ boundthreo- 1,2- diolsl,bJ amino

alcoholéc] and diaminegf]

[d] predicted

threo substrates . A nm, (Ag) A
sign
111-25¢] /O\H/ ] 428 (-41) 7
Ph™ 420 (+31)
S.S HN
fel
111-26 NH> 430 (+222)
+ +364
R R Ph/'\(Ph 419 (-142)
NH2
11-27%! O, 420 (+39)
* 410 (15) 4
SS O

[a]l uM tweezer concentration was used for all measurements exedpt-19 and

[11-27 (2 uM), [b]tweezer/substrate ratio - 1:1{8],tweezer/substrate ratio - 1.[g],AII
substrates were >95%e except forll1-15 and 111-27 (91% ee), [e]the enantiomer
showed mirror image CD spectrun[ﬂ tweezer/substrate ratio - 1:200, methyl

cyclohexane was used as solvent for all CD measurements.

placedanti to each other (similar to the conformation assumeddfghro systems),
leads to the least sterically encumbered arrangerfnthe bound porphyrins.
Steric differentiation aP1 (H vs. C2) leads to a counterclockwise rotation of the
porphyrin towards the smaller hydrogen atom, while a clockwisgion ofP2 (steric
differentiation of H vs. C1) is anticipated. This would lead to atpeshelical
arrangement of the porphyrins, which is verified by the positive EG@ectrum
observed for diolll1-13 bound to Zn-TPFP tweezer. Each stereocenter tbfea
system would thus reinforce the same overall helicity of the bourdzv. The
latter statement would suggest tl@t symmetric diols anddiamines would lead to
observable ECCD spectra. This is indeed observed (Table IlI-4, compdinais~-

[11-23 and [11-26 ~ 111-27) making this methodology applicable to the absolute
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Figure 111-14. Proposed conformation of the complex generated between the
binding of tweezetl-25 (two arrows indicate the directions which the porphyrins
would rotate to minimize steric repulsion) attiteo diol 111-13, resulting in a
positive ECCD spectrum. The depicted arrangement is arriveg ptacing P1

and P2 opposite the large group at each chiral center. The modstralles the
binding of diollll1-13 with tweezen|-25 (the pentafluorophenyl groups have been
omitted for clarity). The dashed box depicts a simplified mnemdmicthe

absolute stereochemical determinatiomhoéo systems.

stereochemical identification &> symmetric compounds, which are an important
subgroup of chiral molecules used in enantioselective processes. afie s
simplified mnemonic that was used ferythro systems is applicable fahreo
compounds as well. As illustrated in Figure IlI-13 (dashed box)sidpe of the
ECCD couplet can be predicted by analyzing the substituent arhitta center that

bears the largest group.
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As can be seen from Table llI-4, a variety of substituents amctibnal groups
produced the expected results. Also, the presence of other potenti@dinatog
groups such as esters (Table 1ll-4, compountisl3, 111-16, 111-18, andl111-22) or
acetonidel(1-23) did not interfere with the complexation of the substrates withPTP

tweezer.

Tablelll-5. ECCD Data for enantiomers of chithteo substrates in Table IlI-4

threo chiral .
g predicted 2 nm, (Ae) A
substrates[ ] sign ’
aansd OH 424 (-13)
HHAsent | A _CcogEt 33
S, R 415 (+20)
! OH
llIl-14-ent® OH 425 (-15) 23
S s Ph" " 415 (+18)
o o 425 (-46)
I11-15-ent \(=\/ +102
413 (+56)
S S OH
II-16-ent™ OH 426 (-103)
' COoMe -145
S S Rvidv 413 (+42)
X OH
lll-22-ent OH 424 (-27) -
R, R Eto,c” - CO2Et 414 (+31)
OH
I1I-25-ent® OH 428 (+45)
R R Ph 419 (-27) +72
HN
NH2
26-ent® 430 (-217)
[11-26-ent Ph/\i/ -370
S. S NHQ 419 (+153)

[a]

substrate ratio - 1.5, All CD spectra were measured in ihyheyclohexane with 1

uM tweezer.
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Seven pairs ofhreo enantiomers all exhibited mirror image CD couplets (Table
[1I-5). As expectedthreo diamines produced much higher ECCD amplitudes than
diols due to their stronger binding with Zn TPFP tweezémterestingly, this tweezer
was capable of binding diepoxidid-27 and produced the expected ECCD spectrum
based on the binding mode explained above. The absolute stereochemical
determination of epoxy alcohols via binding of the epoxide will beudsed in next
chapter.

As described above, the proposed binding of Zn-TPFP tweezeremyitito and
threo systems is similar, in which each porphyrin binds the coordigdtinctional
group opposite the largest substituent on the chiral center. draatiples discussed
thus far the nature of the acyclic system can lead to a nuafb@tomers upon
complexation (Figures IlI-12 and I1I-14 only depict the rotomer believedatbtie the
observed ECCD spectra fenythro andthreo systems, respectively). It is difficult to
predict whether or not the conformation of the complexed guelsicaies retains the
lowest energy conformation of unbound molecules (such as those depiEigdra
[1I-2) since complexation with the large porphyrin tweezer eau lto compensating
interactions with an overall effect of the guest system aupm@ higher energy
conformation. = NMR experiments have not been helpful in assigiiey
conformation of the bound guest molecules since aggregation of thePEA-T
porphyrin tweezer is observed at concentrations necessary foviog98MR signals
(see section IlI-2-4 for details).

A single rotomer can be investigated, however, if cyclic 1,Ribetional
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Figure I111-15. Proposed conformation of the complex generated between
Zn-TPFP tweezer an§S-1,2-diamino cyclohexanél(-28), resulting in a positive
ECCD spectrum (430 nm, +582; 417 nm, -513; A = +1095). Each porphyrin

rotate toward the small hydrogen away from the bulky carbon C1 and C2.

compounds are investigated. As such we analyzed the ECE%-&f2-diamino
cyclohexand11-28 (model of athreo diamine; clearly therythro example is aneso
compound and would not lead to an observable ECCD), the results of which are
depicted in Figure 1lI-14.  Since there is no free rotation abouidhd attaching the

two chiral centers, the relative disposition of the amine groupsed. Porphyrins

P1 andP2 must approach the diamine from the opposite direction to avoid steric clash,
which translates to an arrangement where the two porphyrinsoare anti to the

bond connecting the two chiral centers (C1-C2 bond, see Figure llI-8&ric
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differentiation for each bound porphyrin leads to the rotation of each opiwre

towards the smaller group on the chiral center, in both casebytlregen atom
attached to the chiral centerBl(rotates counterclockwisdl2 rotates clockwise)
leading to a positive helicity. The observed ECCDIbf28 bound to TPFP tweezer

I1-25 results in a strong positive signal (A = +1095) in accordance with the proposed.

[11.2.4 NMR for binding studyies of Zn-TPFP tweezer system

Zn-TPFP porphyrin tweezer has a high tendency to aggregate & low
concentrations which is a major hurdle for probing the tweezerrgngliocess as
well as active conformations of bound substrates using NMR spemgoscTo
examine the influence of aggregation upon our ECCD study, the xpBEriments
were conducted witifSR-norephedrine I{1-12-ent) and RR-1,2-diphenylethylene
diamine (11-26) in hexane by varying the Zn-TPFP tweezer concentratam 1;'[(56
M to 10'3 M (Table 111-6). These two substrates were chosen becausegtwey
strong CD signals under standard conditions.

ECCD study of Zn-TPFP tweezer is normally perfomedoi? M concentration
using 1 cm CD cell as described before. When concentration etéwes increased
above 5uM, the background noise is too strong due to the very high absorption and
smaller CD cell has to be used. At'f?ml concentration, a much weaker negative
ECCD signal was observed using 1 mm CD celllfor12-ent, while I11-26 could
still yield a strong positive ECCD signal due to strong bindingNo ECCD was

observed at 10 M~2X10°> M concentrations forI1-12-ent. Compoundl11-26
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Tablelll-6 Effect of concentration on ECCD using TPFP tweezer

10°m 10° M 10%Mm 10° M
OH 177 57 No ECCD  No ECCD
Ph/\l/ In hexane In hexane In hexane In hexane
NH»> 1 cm cell 1 mm cell 0.5mmcell 0.5 mm cell
NH> +364 +280 +7 No ECCD
Ph/'\rph In MCH In hexane In hexane In hexane
NH»> 1 cm cell 1 mm cell 0.5mmcell 0.5 mm cell

. b
[a]l uM tweezer concentration at 0 °C was used for all measuren{elnm;ezer /

substrate ratio— 1 : 5.

yielded observable ECCD (A = +7, 5 eq.) at10* M, but lost the signal after
further increasing the concentration. When thoég NiCand 104M stock solutions
were diluted to 1'(? M, prominent ECCD signals returned as observed before.
Clearly, significant aggregation of porphyrin tweezer occurred in wdar-golvent
hexane at concentrations abové41\0 interfering with the CD measurement. This
aggregation phenomenon is actually visible. Based on these resulis|igve that

at concentrations above "11CM in hexane, the dominant conformation of tweezer
complex is not ECCD active.

Another important issue concerning the NMR binding study is thepetine
binding from the NMR solvent due to the high Lewis acidity of Zn-H#RWweezer.
Diol 111-16 and amino alcohdllI-12-ent did not yield ECCD at 1-100 equivalents in
chloroform when the tweezer concentration was gradually incréasadl uM to 1

mM (Table [1I-7) presumably attributed to the solvent competit@ncomplexation
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towards the Lewis acidic tweezer. DiamiH&-26 is ECCD silent in chloroform
when concentration of tweezer is beIOV\i4]Jﬂ. At 1 mM tweezer concentrations,
diaminelll-26 exhibited a positive signal (A = + 6). The fairly weak &Qnal in
such high concentration implies that the population of ECCD activaespisclow
and hard to be discerned by NMR. Consequently, NMR study of tHecbmplex

in coordinating solvents like CD&IACN, acetone or DMSO is not suitable to reveal

the true conformation of the ECCD active complex.

Tablelll-7 Effect of concentration on ECCD in CHLI

10° M 10° M 104 M 10° M
OH
: CO,Me NoECCD  NoECCD N0 ECCD - NoECCD
\(")/7\:;/\(’)6 In hexane In hexane
OH 1 cm cell 1 mm cell
N-16 0.5mmcell 0.5 mm cell
OH
No ECCD No ECCD No ECCD No ECCD
Ph/\,\ﬁ 1 cm cell 1 mm cell 0.5mmcell 0.5 mm cell
l1-12-ent 2
NH»>
Ph No ECCD No ECCD No ECCD +6
Ph 1 cm cell 1 mm cell 0.5mmcell 0.5 mm cell
111-26 NH2
mNHZ No ECCD No ECCD No ECCD +8
128 NH» 1 cm cell 1mmecell 0.5mmecell 0.5mm cell
[a]

. b
1 uM tweezer concentration was used for all measurem[e}nseezer/substrate

ratio—1:5.

[11.2.5 Conformational Study of Zn-TPFP Tweezer Complex
The inability to employ NMR spectroscopy to investigate the confoomsabf the
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bound substrates prompted us to conduct systematic conformational stagy usi
computational method to unveil the preferred conformation of the bound s$ebstra
within the tweezer-guest complex since it will help us undedsthe operational
binding mechanism. Monte Carlo conformational study on the Zn-TREEBzer
complex with chiral substrates was performed using Spartan V\eBithSYBYL as

the force field. The porphyrin ring dihedral angles and the 10,Jdh20yl torsions
were constrained to prevent deformation of porphyrin skeleton duringla#.

The O-Zn and N-Zn distance were constrained as 2.3 A and 2.2 A tieslyeto
avoid the dissociation of complex. After 1200-1500 fully optimized steps,

conformers within 2 kcal / mol energy window were collected for analysis.

Conformation search of R,.S-erythro compound 111-12
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Figure 111-16 Front view (left) and side view (right) of tHél-12-tweezer complex
(hydrogen atoms in the tweezer were omitted for clarity).

Within 2 kcal / mol energy window, 28 conformers were generated.enfifive of
these conformers rendered positive projection angles of the twoypigpndicating
clockwise helicity while the remaining 3 conformers showed neggbrojection
angles as well as counterclockwise helicity. Clearly] thd2-tweezer complex has
high preference for clockwise helicity as revealed by E@@iasurement. Analysis
of the 25 conformers revealed that besideatfite conformation (Figure 111-16, graph
b), the chiral molecule could also take a conformation in which thea@H NH

groups arggauch to each other (Figure I1I-16, grajph

Conformation search of R,R-threo compound I11-15

Four conformers were collected and all indicated clockwise ityelis proposed.
The predominant conformation was found to be similar as the one propmsed f
compound11-15in Figure IlI-14. The calculated model shown below indicated that

the two OH groups argauch to each other and the two substituei®s. (@nd Me) are
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atanti.

Figurelll-17 Front view (left) and side view (right) of the preferred confdramafor

I11-15-tweezer complex (hydrogen atoms in the tweezer were omitted fay)clari

Conformation search of S S- threo diepoxide I 11-27

Five conformers were collected within 2 kcal / mol energy windowd all indicated
clockwise helicity which matched well with the observed posE@ECD signal. Al
five conformers revealed the same preferred conformation of cretptBepoxide as

depicted in Figure 111-18.
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Erel (kcal/mol)

Figurell1-18 Front view (left) and side view (right) of the preferred confdramafor
[11-27-tweezer complex (hydrogen atoms in the tweezer were omitted fdy);lahe

C1-C2-C3-C4 dihedral angle is around <55

9

-180 -150 -120 -90 -60 -30 0 30 60
Dihedral (C1-C2-C3-C4)

Figurelll-19. Energy profile of diepoxid#l |-27 at HF/6-31G(d) level.
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Coordinative driving for diepoxidd1-27 was performed at HF/6-31G(d) level as
shown in Figure 11I-19 revealing that the preferred conformatiorcarhplexed
diepoxide is a local minimal)Xin the energy profile. To minimize steric interaction,
the two porphyrins slide away from two methylene (C1 and C4) gr@ugsre 111-20)

leading to a positive ECCD signal expected for §8){diepoxide.

P2
TN
@
PT\
% P2
1 = | "zh

Figurelll-20. Proposed complexation pattern between Zn-TPFP tweezer and
diepoxidel 11-27.

[11.2.6 Comparison between Zn-TPFP tweezer and Zn-T PP tweezer

Initially, this project was pursued based on the supposition that indepeteient
differentiation of each chiral site bound to the porphyrin tweez#érrasult in an
induced helicity that is observable as an ECCD signal. Although, askasabove,
this has come to fruition, the initial attempts were discougadume to the fact that
different structures with the same chirality produced diffeE@@CD signs or none at

all. It should be noted that initially the Zn-TPP tweezer widied, and it became
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apparent that weak binding of substrates potentially contributes rtondoer of
different, energetically close conformations of the complex. As kave
documented above, the solution to this problem was to increase the bindimg of
guest molecules with the host porphyrin tweezer by increabmd.éwis acidity of

the zincated porphyrins. Functional comparison of the porphyrin tweézeTPP

[1-1 vs. Zn-TPFPI1-25) in deducing the absolute stereochemistry of a number of
threo anderythro diols is provided in Table 11I-8. The measurements were taken in
hexane to assure maximum binding. As was described above and shoalriein
l1I-5, the predicted sign for ECCD matched the observed spemtrallf substrates
tested with Zn-TPFP tweezer. However, amenghro diols onlyl11-8 and111-9
yielded observable ECCD signals with Zn-TPP tweezer, all#itlower amplitudes

as compared to those obtained with Zn-TPFP tweezer. Moreovel]ld®Hdid not
yield the expected ECCD. All otherythro diols tested did not exhibit an ECCD
signal. As shown in Table IlI-7, martireo diols were also ECCD silent in the
presence of Zn-TPP tweezer. From those that did provide a,simprapounds
[11-15 andI11-16, which led to the highest amplitudes among the diols with Zn-TPFP
tweezer, showed much weaker signals when bound with Zn-TPP tweé&xber
threo diols such adll-19 generated signals with signs that are opposite to the

predicted model.
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Tablelll-8. ECCD data of Zn-TPP tE/g/eez%a} bounderythro andthreo 1,2-
diols.

[d] predicted

chiral substrates .
sign

A nm, (Ag) A

11-8
R,S

[1-9
S,R

11-14
R,R

-15
R,R

1-16
R,R

-17
S,S

111-18
S,S

111-19[

S,S

111-20
S,S

OH

T

OH
OH

OH

Ph/'\(

OH
OH

430 (-9)
414 (+11)

426 (-6)
416 (+10)

No ECCD

429 (+17)
414 (-8)

429 (+34)
416 (-18)

No ECCD

No ECCD

426 (+42)
414 (-24)

No ECCD

-16

+25

+52

+66

[a]

1 uM Zn-TPP tweezer concentration was used for all measuremenis éxce

[11-8 andI11-9 (2 uM), [b]tweezer/substrate ratio - 1:4({?]tweezer/substrate

ratio - 1:100, hexane was used as solvent for all CD measurements.



It seems reasonable to conclude that binding affinity of host-gaegtlexes used
in absolute stereochemical determinations must be considered aigpeereak CD
signals and/or inconsistent signs are obtained. In this casetheithise of the
electron deficient Zn-TPFP tweezer, diols bound sufficienthpngt to produce
consistent ECCD spectra leading to a general approach for abst@tgechemical
determination of 1,2-systems.

To conclude, we demonstrate the prompt microscale determinatiobsolute
configurations forthreo and most importantly the often difficult to determigthro
diols, amino alcohols, and diamines utilizing the porphyrin tweezehadelogy.
To the best of our knowledge this is the first routine method that ssidrethe
absolute stereochemical determinationeojthro compounds. This methodology
also requires no derivatizations, which is often used for the absténemchemical
determination ofthreo compounds. Most importantly, the study demonstrated the
possibility of stereochemical determination of two chiral cenggmultaneously via
porphyrin tweezer method and represents a new concept for ghstising. The
unique binding mechanism disclosed would be very instructive for further
development of chirality sensors as well as the application ®fniaivly developed
porphyrin tweezer for other chiral molecules. The enhanced biadfingy opened
a broad pathway for determining absolute configurations of a wide r@ingrganic
molecules with  oxygen-containing functionalities like epoxy alcghol
tetrahydrofurans, hydroxyl ketones, and aziridinols all of which Enportant

building blocks in organic synthesis. The methodology thus developeattratt
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chemists in both academic labs and companies who are interestguidirand facile
determination of molecular chirality.

[11.3 ECCD Study of 1,2-Terminal Diols and Amino Alcohasing Zn
TPFP Tweezer

Chirall,2-terminal diols and amino alcohols are also important bgildiocks in
organic chemistry and frequently encountered in organic synthedisatalysis.
Stereochemical determination of these compounds using conventionalaNdyis
is difficult and time consuming. A few CD-based methods wepmrted for the
chirality assignment of terminal diol and amino alcohols. Howekerrequirement
of chemical derivatization and weak CD signals limited theictpral applications.
A general, facile, and sensitive method addressing the absokreodiemical
determination of this type of substrates is still highly desired.

In the preceding section, Zn-TPFP tweekeP5 successfully demonstrated its
efficiency in chirality sensing ofrytho andthreo diols. Those highly encouraging
results made us believe thét-25 should also be suitable for determining the
stereochemistry of terminal diols which are close analogsytho andthreo diols.
The presence of only one chiral center should make this caseeasien since only
one stereodifferentiation process would occur. A series of chifalerminal diols
were then synthesized through Sharpless asymmetric dihydiiorylaf terminal
olefins. The optical purity of the prepared chiral terminal diatgged from 78%.e.
to 99%e.e. and were good enough for ECCD measurements. All the diols exhibit

steady bisignate CD curves upon complexation with tweekef5 in
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methylcyclohexane at 0 °C.The ECCD data were summarized in Table [II-9.

Tablelll-9. ECCD data of Zn-TPFP tweezer bound terminal 1,2- diols.

chiral substrates!” A nm, (Ag) A
OH
111-29% 424 (+32)
. pr O 415 (-15) tar
11-29-ent® OH 425 (-23) 48
s pp ~OH 414 (+25)
OH
111-30% OH 423 (+16) 28
R 415 (-12)
F3C
OH
a
11-31 OH 424 (+24) 131
R 413 (-7)
Br
OH
HO
111-32° 425 (+22) \38
< CD
X OH
111-33 OH 422 (+33) a1
R 413 (-8)
111-34° OH 424 (-26)
R ~_A~_OH 413 (+19) 45
111-35° )Oi on 425 (-42) a1
R n-CgHq7 412 (+39)
l11-35-ent® OH oy 424(+49) 73
S n-CgHq7 411 (-24)

4 uM tweezer, tweezer/substrate ratio - 1:28&; uM tweezer, tweezer/
substrate ratio - 1:200(;:1 uM tweezer, tweezer/substrate ratio - 1:40,
methylcyclchexane was used as solvent for all CD measurer
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For aromatic terminal diold1(-29~111-32) bearingR configuration,positive CD
couplet was observed when 200 eq. of guests were added to thie2zeolution (1
uM in MCH). The binding interaction of the aromatic terminal diolgh zinc
tweezer seemed weaker than thaegthro andthreo diols since in the latter case
only 40 eq. of guest was required to obtain a steady ECCD spect@ompound
I11-32 was a challenging substrate for other CD based chiralitgisg protocol since
the molecule itself has a strong circular dichroism acrdssad range (250-380 nm)
which often interfered with the ECCD measurement by other meﬁ?odblowever,
prominent ECCD signal at increased tweezer concentratinpMf2avas acquired and
it was well separated from the CD band df32 (Figure 111-21). This should thank

the much red shifted soret band of porphyrin chromophores.

140
120
100
80
60
40

OH
HO

11-32

Mol. CD

ECCD

350 400 450 500
Wavelength / nm

Figurelll-21. ECCD spectrum of didll1-32 (200 eq.)oound with Zn-TPFP tweezer
11-25 (2 uM) in MCH.
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Figurelll-22. ECCD spectra of didll1-29 (200 eq.)andl11-35 (40 eq.) bound with
Zn-TPFP tweeze -25 (1 uM) in MCH.

Interestingly, straight chain aliphatic terminal diol$l34~111-35) bearing the
same configuration exhibitedegative CD couplet upon mixing with porphyrin
tweezer. The aliphatic diols demonstrated better binding inkemat¢han aryl
substrates by yielding stronger ECCD signals in the presehamly 40 eq. of
substrate. Aliphatic compourldl-33 bearingR stereochemistry rendered positive
CD couplet, thus behaved the same as aryl substrates. It alsasheale binding
by giving weak CD signal when 200 eq. of guest were introducehoser
observations led to a speculation that two different binding mechamsym®perate
for 1,2-terminal diols according to the binding strength of substra&bkanging the
solvent to hexane seems to enhance the binding interaction betweeandiatgc

tweezer because increased ECCD amplitudes were observed. t&oceri$l-34 in
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hexane with tweezer (IM) rendered much stronger CD signal (A =-111 at 40 eq. of
guest). However, the change of solvent did not affect the sign of ECCD.

Terminal diols containing tertiary chiral center were alguthesized and subjected
to ECCD study. In MCH, the aryl substrdté-36 bound zinc tweezer slowly and
returned stable negative CD signal when over 100 eq. of guest daed.a The
aliphatic substratéll1-37 bound tweezer strongly and rendered steady positive CD

couplet in the presence of 40 eq. of guest.

MCH , MCH

422 (-29) A=-45 | 424 (+30) A=+40

416 (+16) | 415 (-10)
OH H 200 eq. | 40 eq. - OH

2 uM tweezer 2 uM tweezer n—CgH17/</OH
-36 Hexane E Hexane -37

427 (+19) A=+33 | 426 (+45) A=+63

420 (-14) | 418 (-28)

100 eq. ' 40 eq.

2 uM tweezer i 2 uM tweezer

Figurelll-23. ECCD data of dioll1-36 andl11-37 bound with Zn-TPFP tweezer
[1-25 (2 uM).

In section [l.2.1, we discussed that diol substrates could bindPERTtweezer
[1-25 several times stronger in hexane than in MCH. As such, wevbelhat in
hexane the tertiary diols could bind zinc tweezer well to formblstECCD active
complex providing reliable assignment of substrates chiralitfherefore, the

discrepancy of ECCD signs in MCH betwdéh-36 andl11-37, which bear the same
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absolute stereochemistry, was tentatively attributed to tlad Ww@ding interaction of
I11-36 in MCH since it yielded steadpositive ECCD spectrum in hexane. For
substratd [1-37 that binds well with tweezer in either solvent, the sign of868€D

signal stayed the same.

AD-mix-f , OH TsC')I.(1.1 eq.) . OH
MeSONH ©/“QOH pyridine, 0 °C ©}§/OTS
tBUOH CH,Cly, 6 h

11-38 overnight 11-36

11-39
Ho0, 4 °C 87%
0,
82% NaN3 (5 eq.)
Pd / C (10 mol%) DME. 60 °C
.. OH EtOAc, 4 h . OH ’

©}QNH2 99% ©}QN3 24h
l1-41 M40  94%

Schemelll-1. Synthesis of amino alcohdll -41.

70
., OH
a5 | 419 (-68)
A=+121
a Hexane lIl-41
— 0
2
430 (+11)
35 | 422(-12)
A=+23
MCH
-70
350 400 450 500

Wavelength / nm

Figurelll-24. ECCD spectra of amino alcohal-41 (20 eq.) bound with Zn-TPFP
tweezen 1-25 in MCH (1 uM, dashed line) and in hexaney(®, solid line).
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To further probe the influence of binding affinity, amino alcohidF41l was
synthesized from1-36 (Scheme l1lI-1). This compound has the same absolute
configuration ad11-36 at the tertiary chiral center, but has much stronger binding
affinity due to the more nucleophilic terminal amino group. Thehggs ofi 11-41
was completed uneventfully. Subsequent ECCD experiments with twHe28&
clearly revealed intense positive CD couplet in both MCH and hekagere 111-24).
This result proved that binding affinity did affect the stereediifition process of
terminal tertiary diols. When substrates bind strongly wittt Ziorphyrin tweezer,
both aromatic and aliphatic diols behave the same and a consistehictne be
derived, namely the terminal diols beariRgconfiguration at tertiary chiral center
would yield positive ECCD signal.

Amino alcoholll1-42 was

oH OH

also prepared fror 1-29-ent ON OH O/\/ NHa
using similar procedures [11-29-ent 11-42

: : MCH hexane
described in Scheme IlI-1. /¢ (-23) A =-48 428 (-48) A =-82

_ 414 (+25) 418 (+34)
Negative CD couplet was g eq. 5 eq.

1 uM tweezer 2 uM tweezer

detected for this compound i
Figurelll-25. ECCD data otl1-29-ent andl11-42
the ECCD experiment with
with tweezei [-25
tweezer |1-25. This
behavior is the same as the diol analog Ithe29-ent suggesting that the opposite

trends of ECCD signs between aromatic secondary terminalahdisliphatic ones
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are not induced by the weak binding interaction of the former withtwieezer.

Further investigation is needed to probe the origin of this discrepancy.

Tablelll-10. ECCD data of Zn-TPFP tweezer bound terminal amino alcohols.

chiral substrates A nm, (Ag) A
a
111-43 |>|H2 427 (+286)
. _A_OH 414 (-152) +438
-442 NH2 427 (-344) 575
- ~__OH 414 (+231)
b NH>
111-45 428 (+269)
OH +469
. ﬁ/v 415 (-200)
-46° ';”"2 428 (+486) 1798
. Sg > OH 418 (-242)
11-47° NHp 428 (+290) 1467
. _OH 414 (-177)
l1-48° NH» 431 (-98) 196
- OH 422 (+98)
i1-49” QVOH 426 (+28) +59
. N 419 (-31)
b HN NH2
111-50 W\ oH 428 (+71) +143
. 421 (-72)

. b .
4 uM tweezer, tweezer/substrate ratio - 1:Byeezer/substrate ratio - 1:10;
“weezer/substrate ratio - 1:20, MCH was used as solvent forCRl

measurement

Eight terminal amino alcohold1(-43~111-50) were obtained from commercial
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sources or LAH reduction of amino acids. All the amino alcohols dernabed
excellent binding affinity toward Zn-TPFP tweeZér25 and exhibited prominent
ECCD signals as tabulated in Table 111-10.

A consist trend was disclosed from Table 111-10. Positive BEG@nals reflected
S stereochemistry of NfHgroup within amino alcoholg1(-43, 111-45~111-47, 111-49,
111-50), while negative CD couplet corresponded toRheonfiguration of substrates
(111-44, 111-48). This trend is in well agreement with the observation for aliphat
secondary terminal diols (Table 111-9)1-34, 111-35). The aromatic secondary
terminal diols (Table 111-9,111-29~111-33) seemed to follow a different binding
mechanism which is still not clear. The unusually high ECCDplitauaes of
[11-43~111-47 were attributed to the strong binding affinity of these substrat&éhis
finding revealed great potential of Zn-TPFP tweezer foratityr sensing of amino

alcohols.

[11.4 Future Work of Developing Novel Zinc Porphyrin Twzees for
ECCD Study

The successful application of Zn-TPFP twed2e25 in chirality sensing of diol
system provided important guidelines for future depment of novel chirality
sensors. Figure 111-21 illustrated new zincated porphyrin edesgned for future
work, which will lead to more sensitive porphyrin tweezers withamced binding
affinities. Introduction of eight fluorine atoms ing® positions of porphyrin ring

(111-51, 111-52) by using 3,4-difluoropyrrole in the synthesis of porphyrin monoester
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Figure 111-26. Proposed zincated porphyrin esters and tweezers for future work

(ELumo are the calculated LUMO energies of zinc porphyrin estgys the binding

constant of zinc porphyrin ester withrOH determined via UV-vis titration).

should greatly lower the electron density of zincated porphyrin. eCoestly the
corresponding zinc porphyrin tweezers synthesized should demonstrath
increased binding affinity, thus facilitate the formation of stalvkezer complex with
weak nucleophilic guest molecules. This feature is particulariyatiés when chiral
substrates exhibited weak ECCD signals or complicated cottociseflee to weak
binding interactions under standard ECCD experiment conditions. Thbeuntion
of highly electron-withdrawing pertrifluoromethyl phenyl group®ipbrphyrinmeso
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positions (11-53) should also gain the same benefit from the increased binding
affinity of the resultant zinc porphyrin tweezer.

As we discussed in section 111.2.1, the binding affinities canfimesitly evaluated
using DFT computational study. The LUMO energy of zinc porph¢Emnmo)
provides a good measure for the overall Lewis acidity of the loptaphyrin. The
lower the Eymo, the closer it is to thedomo of the chiral guest; the higher its binding
affinity. The Bymo of the proposed porphyrin systems were then calculated
(Figure 111-21) using DFT method at B3LYP/Lanl2dz // PM3 leart was compared
to that of Zn-TPP esterll{-5), and Zn-TPFP esterl{-4). According to the
calculations, metalloporphyrin estedd|¢5, 111-5) have much reduced_buo, thus
suggesting that their porphyrin rings would have higher binding affimtegpared to
Zn-TPFP esterl{l1-4). As a result, the porphyrin tweezers basedlldrb2 and
[11-53 are expected to exhibit stronger binding affinities thk25. The t-butyl
substituted porphyrin estdr (-51) has a similar fypmo as Zn-TPFP estét|-4, thus
it should bind chiral substrates with enhanced affinity as observibd An-TPFP
tweezerll-25. In addition, thet-butyl groups should result in increased steric
differentiation and enhanced CD amplitudes in the CD experimenttinatiweezer
derived from I11-51.  This virtue is useful for analysis of molecules with
stereochemistry remote from the functionality binding to the panmphylll-54 is
another porphyrin analog of interest. Unlike other candidates, it dagtdy
electron-withdrawing alkyl groups instead of aryl groups atrtieso positions of

porphyrin. It should also bind chiral guests with high affinity consideits low
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ELumo Vvalue. However, we are more interested in looking into the
stereodifferentiation behavior of the porphyri tweezer derivednflll-54. We
speculate that the resultant new tweezer may behave differieatty the aryl
substituted ones since it does not haveatttko and meta substituents of aryl rings,
which are important to the stereodifferentiation in ECCD stidgufe 11-4). The
related investigation would better our understanding of porphyrinzevesystem in

chirality sensing.

128



Experimental Procedures

Materials and general instrumentations:

Anhydrous CHCIowas dried and redistilled over CaH The solvents used for CD
measurements were purchased from Aldrich and were spectra grslitiesactions
were performed in dried glassware under nitrogen. Column chrgraptty was
performed using SiliCycle silica gel (230-400 meshJ)H NMR and 13C NMR
spectra were obtained on Varian Inova 300 MHz or 500Hz instrument and ar
reported in parts per million (ppm) relative to the solvent resosa@e with
coupling constants)) in Hertz (Hz). IR studies were performed on a NicoleiRT
42 instrument. UV/Vis spectra were recorded on a Perkin-Elnaenbda 40
spectrophotometer, and were reported,aggx[nm]. CD spectra were recorded on a
JASCO J-810 spectropolarimeter, equipped with a temperature cantineidab 111)
for low temperature studies, and were reported.[asn] (Aemax[L mol'l cm'J]).
Optical rotations were recorded on a Perkin Elemer 341 PolarifAete589 nm, 1
dm cell). Chiral GC analyses were performed on a Hewletkd?d 6890 gas
chromatograph equipped with a Supel Beta Dex 325 column. GC/MS esalgse
performed on a Hewlett Packard 5890 gas chromatograph and a Trio-tietextsr.
RMS analyses were performed on a Q-TOF Ultima systemgusiectrospray

ionization in positive mode.

General procedurefor CD measurement:

Zinc porphyrin tweezefl-25 (1 uL of a 1 mM solution in anhydrous GBIy) was
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added to methylcyclohexane (1 mL) in a 1.0 cm cell to obtainulsl tweezerl1-25
solution. The background spectrum was then taken from 350 nm to 550 nm with a
scan rate of 100 nm/min at 0 °C. Chiral substrate solution (5 tu2@ a 1 mM
solution in anhydrous C}€ly) was added into the prepared tweezer solution to afford
the host/guest complex. The CD spectra were measured immediatgiymi of 4
accumulations). The resultant ECCD spectra recorded in milddegwere

normalized based on the tweezer concentration.

Deter mination of binding constant

The solution of Zn-porphyrin tweezer (1 mM in hexane) was tdratgh guest
molecule (10 mM in DCM) at different equivalents and the UV-ysctra were
recorded. The addition of the chiral substrate continued until no vidialege in
the spectra was observed. Upon formation of the chiral complex tkée l&od of
the porphyrin tweezers underwent red-shifts through an isosbestic pdimt change
of absorption at certain wavelength as a function of the substmatentration yields

an exponential saturation curve which can be fitted through the followindjneam

39
least square equation previously reported by Shaji derive the binding constant.

f=L{(1 + kx + ka) — [L%(1 +kx + ka)? — 4axkL?] Y3 | 2ka

where: L - Aabs at the point of saturatioX; — chiral substrate equivalentk; —

calculatedK 5 @ — concentration of porphyrin tweezer
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Synthesis of chiral diols
Chiral substrated|1-11, 111-12, 111-20, 111-22, 111-25, 111-26, 111-28 and their

enantiomers were commercially available from Aldrich. Otbkabstrates were

synthesized using procedures described below.

Typical procedure for synthesis of chiral diols using sharpless asymmetric
dihydroxylation (SAE):45

AD-mix (1.4 g), MeSQNH> (95 mg, 1 mmol){-BuOH (4.7 mL) and HO (4.7 mL)

were mixed in a 50 mL round bottom flask and cooled to 4 °C. The orange
suspension was stirred for 30 min followed by addition of olefin rfiofjvia syringe.

The resultant solution was stirred at 4 °C for 24 h, after whiggSO3 (1.5 g) was
added. After being stirred for further 45 min at room tempezathe clear solution
was diluted by EtOAc (10 mL) and-B (2 mL). The aqueous layer was extracted
with EtOAc (3 x 10 mL). Combined EtOAc extracts were draae@r NaSOy,
concentrated under reduced pressure, and purified by flash cohnematography

(30% EtOAc / Hexane) to afford pure diol.

Deter mination of enantiomeric excess of diols by forming iminoboronic ester
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HO. 5 OH
CHO . Ho N>\[:j OH cCDCl3 R1
5 min \é

I11-55 I11-56

n=0-2 m57

Scheme [ 11-2. Formation of iminoboronic ester.

The determination of enantiomeric excess of chiral diols couldob€eucted using
literature procedur‘éf.3 Chiral diol (1.0 eq.), 2-formylphenylboronic aditl-55 (1
eq.), and 9-(a)-methylbenzylaminél1-56 (1.0 eq.) were dissolved in CD{h the
presence of 4 A molecular sieves and the solution was shakely e@fing to the
complete conversion into chiral iminoboronic estér-57. An aliquot of the
solution was then taken f(%H NMR analysis. By analyzing the diastereomeric ratio
of the imine protons, the enantiomeric excess of chiral diol couldebged. In
certain cases, the chiral proton of chiral amine and the chotdrs of diol can also

be used to elucidate diastereomeric ratio as well as the enantiomdsic puri
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Chapter IV

Determination of Absolute Configurations for ChiEgdoxy

Alcohols using Zn-TPFP Tweezer

V.1 Background

IV.1.1 Conventional methods for stereochemical deter mination of epoxy alcohols
Chiral epoxy alcohols are invaluable building blocks in organic syistlaesl are

encountered in many biologically active natural products (Figur&).V In the

pursuit for total synthesis of natural products, the absolute stereisttyeai certain

epoxy alcohol moiety cannot be unambiguously assigned until sevenareltasers

.13
are synthesized.

OH HO
o4~
O
e
Cl’” OCH3
N1999-A2 (+)-Amphidinolide A

FigurelV-1. Epoxy alcohols in natural products.
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For instance, after the isolation and structure elucidation of Afimghide A by
Kobayashi‘,l’ > Maleczkaf,3 Pattenderz, and Tros%’ 3 independently completed the
total synthesis of proposed structure in order to figure out theoludbs
stereochemistry of this natural product. However, the proporgcises proved to
be synthetic isomers of natural product since they gave ide%t'rbaNMR spectra
which were different from the data of natural product repdnget(obayashir). The
stereochemistry of epoxy alcohol moiety underwent severalisagiand was finally
conformed by Troszt through synthesis of all four diastereomers of epoxy alcohol
moiety in Amphidinolide A and careful examination of the NMR data.

Conventionally, assignment of absolute configuration of chiral epdéoghals
relies heavily on Mosher ester anal;E/;Si% of the corresponding ring opened diol or
established empirical mnemonllt(:)é14 developed for different asymmetric
epoxidation strategies (Figure IV-2). The former approach rexjdieeivatization,
which is inconvenient especially when only limited amount of subsaegailable.
The empirical nature of the latter approach may lead to unrelagdgnment of
chirality especially when the substrate contains chiral cemtbich may perturb the
asymmetric induction process.

As important as chiral epoxy alcohols are in synthetic organic cligntigtre is no
direct method for the assignment of their absolute stereochgmigts such, we
pursued the development of a microscale, nonempirical, expedient prdtocol
determine the absolute configuration of chiral epoxy alcohols without the need for any

derivatization.
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Sharpless Epoxidation

D-(-)-tartrate RIORy Rgg(‘ OH
| Ré—&OH R1 Ry
Ry R Ti (-PrO)y4
Ry~ ~OH/ _t-BUOOH
CH»Cly, -20 °C
4
R10 Ro
- RﬁOH -
L-(+)-tartrate
Shi Epoxidation
Chiral ketone (03 ea) o)%

R2 Oxone / t-BugyNHSO5 20 LO/\L,,/
)\/(’\% > R M SN

R1 NOH AGN/DMM, buffer 1 R NnOH| O 3
0°Cor-10°C, 2-5h ~91% e.e. \

Yamamoto Epoxidation

O
R VO(0--Pr)3 (0.01eq) Ry i NVCA'@
)\m\ Chiral Ligand (0.02 eq.) )4{)/‘* O’ "OH
R1 n"OH GHp toluene > R1 NOH 7N OH
N=q1p Tt,24h o ~-CAT3
- 93-99% e.e.
trans- R,R
cis-R,S
Jacobsen Epoxidation
Salen-catalyst R R
R2 Y o R2 H=r—{H
/:< lodosylbenzene A{ =N. N=
R1 R Ry R Mn ,
1 3 CH»Clo, r.t. 1 3 R' O(l_;|o R
trans- R,R
cis- R,S
R,R-Mn-Salen

FigurelV-2. Mnemonics for asymmetric epoxidation.
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V.2 ECCD Study of Chiral Epoxy Alcohols Using TPFP Teee
1V.2.1 Binding affinity of Zn-T PFP tweezer

It was envisaged that the use of the porphyrin tweezer, dtpimeviously to assign
the absolute stereochemistry of families of different clarghnic molecules such as
diamines and amino alcohalsuld also lead to a successful strategy for assignment of
chirality for epoxy aIcohoI%.S’ 16 Central to the success of this route would be the
use of a porphyrin tweezer capable of efficient binding with gox alcohol. In
chapter 3, we have introduced the use of the highly Lewis acidic porpgineezer
[1-25 featuring a strong binding affinity for hydroxyl groulp)%and demonstrated its
ability to bind 1,2,3,4-diepoxybutane (see Firgure 111-18) and yield D€L signal.
Indication of strong binding can be further demonstrated from tidiny affinity of
the epoxy alcohols with Zinc TPFP tweeZéf25 which was determined through
titration of porphyrin tweezekl-25 with corresponding guest. The UV spectra of
the titration of (&39)-3-phenyloxiranemethandV-1 shown below (Figure 1V-3)
demonstrates the change in the Soret band absorption upon binding ofsii® gloe
host. Plot of the equivalents of the epoxy alcohol added as a functiba dfiange
in absorption (426 nm) leads to a saturation curve, which provides the binding
constant of complex formed upon non-linear least square analysis SigimgPlot
2001 program. Calculations of binding constants follows protocols in Cha;1)¥er 3
The derived binding constarK{ssocof V-1 with 11-25 is 2.88X 104 M'l in hexane)
is comparable to that of vicinal diol&4{sgoc0f diol 111-16 with [1-25 is 1.52X 105

M'l in hexane) suggesting a good binding affinity of Zn tweezer with eplaxyols.
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AA at 426 nm
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Figure IV-3. (a) UV-Vis spectra change upon titration of TPFP tweez#r W-1 at
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different equivalents. (b) Non-linear least square fit of the change onpaios.
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The strong Lewis acidity of zinc porphyrin tweezer raisecbacern about the
possibility of ring opening of the reactive epoxide ring. We belibe ring opening
of epoxide does not happen since the CD measurement was condustdydnous
solvent free of nucleophile like J@& and most substrates gave consistent bisignate
ECCD which did not deteriorate with time. If ring opening ocalrmee would
expect complicated or gradually diminished ECCD signals during measotrem/Ne
also mixed the Zn TPFP tweezerd| V-1 with 1:2 ratio and let it stand for two hours.
'H NMR indicated that the complex remained stable during thisg@nd no ring
opening product was detected. Subsequent silica gel column chromatography
recovered both tweezer and epoxy alcohol in quantitative yields. thifgeconcluded

that the epoxy alcohols are stable during ECCD measurements.

1V.2.2 Deter mination of chirality for epoxy alcohols

In light of the above observations, Zn-TPFP twed1e25 was examined for
configurational assignment of a variety of epoxy alcohols (syiotldetails will be
discussed in section IV.2.3) via the Exciton Coupled Circular Diamopsotocol.
To our delight, prominent bisignate CD signals at the Sorebmegiere observed
upon complexation of Zn-TPFP tweezer with micromolar concentratibrmslarge
number of chiral epoxy alcohols (Table 1V-1).

As shown in Table IV-1, the &39) trans-disubstituted epoxy alcoholb-1~1V-4,
V-6, and 1V-7) resulted in negative ECCD spectra while positive sigmadse

observed for (R,3R) substratesl{/-8 andlV-9). The correlation between substrate
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TablelV-1. ECCD data of 2,3- epoxy alcohols bound to Zn-TPFP tweezer in

hexané
Epoxy Alcohol Pres?écr:ed A nm, (Ag) A
a
V-1 0 423 (-55)
2s 35 Ph" " OH ney 410 (+62) 17
V-2 o) o 423 (-60) 108
2535 " "0H g 412 (+45)
V-3 ﬁ/\c‘)/\ neg Complex CD
2S,3S -~ "OH
V-4 ~0 423 (-117)
2S,3S WOH neg 412 (+89) 206
b 0
V-5 OA%OH pos Complex CD
2R,3R
C
IV-6 422 (-27
25,35 < OH e 413 ((+31)) o8
IV-7 neg 423 (-65) -121
2S,3S 411 (+56)
d
V-8 424 (+29)
0s +46
R 3R P 412 (-17)
IV-9 420 (+45)
oR,3R pos 411 (-49) 94
IV-10 423 (+34)
25,3R pos 411 (-31) 65
IV-11 423 (+40)
2S,3R PoS 411 (-27) 67
O
IV-12 o 426 (-46) 20
2R.35 n-C5Hg\—OH g 411 (+24)
0

IV-13 — 423 (-66)
2R,3S & OH ned 411 (+46) 112
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TablelV-1-continued. ECCD data of 2,3- egoxy alcohols bound to Zn-TPFP
tweezer in hexane

Predicted
Epoxy Alcohol Sign A nm, (Ag) A

IV-14 J\oA 424 (152)
25,35 Ph” " OH €9 s11¢+110) 263
IV-15 )\/\/kc')A 426 (+41)
SRR N OH Pos 418 (-20) t6l
IV-16 0 424 (+105)

2R J<'/\OH Pos 412 (-63) 168

c 0
IV-17 425 (-10)
Ph” " OH neg -22
25.35 Y 413 (+12)
IV-18 422 (+71)
0

2R 3R AcOWOH Pos 413 (-72) +143
IV-19 0 423 (+101)

25 Ph OH pos 410 (73) 4
IV-20 ~0 424 (+90)

25 S pos 11 (65)  TI°
Iv-21° o)

Q/\OH No ECCD
2R

) .. . b .
atweezer:substrate ratio - 1:40 unless otherwise indicatesl enantiomer showed

. . C .
mirror image CD spectrum, tweezer :substrate ratio - lzzgﬁmeezer:substrate

ratio - 1:100, 2uM tweezer concentration at’G was used for all measurements.

chirality and the sign of ECCD is illustrated in Figure N&dd Figure 1V-5a in which
two binding interactions occur between the OH group and the epoxide owstlen
the zincated porphyrins. It is assumed that the bindifiofthe porphyrin bound to

the epoxidic oxygen, occurs opposite the largest substituent on the epdlidee
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P2 is bound to the alcohol, invariably this will be the largest graugh shatP1 and
P2 avoid steric clash with each other. Since the lone pairs omthaedée oxygen
are geometrically fixed due to the rigid nature of the epoxide ring, stdiet of P1 is
through rotation / sliding of the porphyrin ring to avoid the largesistituent on the
epoxide that faceB1.

In case oftrans-disubstituted
epoxy alcohols (R = R3 = H)
depicted in Figure IV-5apP1
slides away from Rin preference
for the smaller hydrogen atomr
thus generating the energetical

favored complex in which the

two chromophores are twisted i

FigurelV-4. Complexation pattern of epoxy

a counterclockwise fashion alcohol with porphyrin tweezer.

Consequently, a negative ECCD

spectrum is observed for $3S) trans-disubstituted substrates. Though multiple
factors could affect the amplitudes of CD signals, we seenargetrend that the
ECCD signal became stronger with the increase of steec(dfined by A values,
the conformational energ‘lgg) of Ry group. For example, compountig-2, 1V-1,
V-4 bearn-Pr (A value = 1.8), phenyl (A value = 3.0) ated-butyl (A value = 4.5)
group respectively and they demonstrated increasing ECCD amplifteting the

influence of steric size at chiral center. Interestingly, ponmds|V-3 and V-5
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R3’ i R - Zn
~Zn
/ “ R1>Ry,R3
757 cD i
o
— 0 — i
o
=
-2
=757
>
T T O
350 400 450 500
b) Wavelength (nm)
1000,
{/\ O
l
500 II OAV\OH
8 o SN
© o0
: A
-500.- \/ \W "
IV-5-ent
-1000
390 405 420 435 450

Wavelength (nm)

Figure 1V-5. a) Proposed complexation pattern between tweezer and epoxy alcohol.
Negative ECCD spectrum was obtained for compound 1V-4; b) enantiomeric ECCD
of V-5 and 1V-5-ent (40 eg.) in hexane exhibiting complex CD.
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exhibited complex CD patterns with fairly high amplitude wherOQ-equiv of guests
were added (Figure IV-5b). This unique behavior was observed only ial chir
epoxides withoa-branched aliphatic substituents. Although the following statement
is based on observation as has no theoretical basis, we have tiwdicéte sign of
the 1StCE for the complex CD spectra is the same as the sign of anticipated ECCD.

The multiple Cotton effects (CE) were also observed for bothtiensers of
IV-5 in MCH (Figure IV-6a) and iso-octane. The significant decreas€D
amplitude in MCH as compared to hexane is observed for most emmholH. We
speculate that the multiple CEs indicate multiple ECCD activdormations present
in the complex, which could be affected by changes in solvent polani/or
temperature.

Indeed, at room temperature (25 °C), a spectrum approaching al fisignate
CD in MCH (Figure IV-6b) was observed, albeit with several foldrel®se in
amplitude. Interestingly, the change in spectral chaiatitesr was not observed in
hexane at rt. Further increasing the temperature (50 °@je@sn complete loss of
CD signals presumably due to the increased competition from EGI&Dt
conformations or weakening of the complex. Recooling the systéth °C)
returned the same multiple CEs with increased CD amplitude.

Utilization of polar solvents such as @EN and CHCI, did not result in

observable CD signals most probably due to competitive binding of solvEné
UV-Vis spectrum oflV-5 bound to tweezetl-25 share the same feature as the

UV-Vis spectra obtained for other substrates, amgstwas not instructive in
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determining the origins of the observed complicated CD spectrum.

300
O
200 ©/<I/\OH
100 V-5
(@]
O]
= 0
(@)
= 0
1100 N NOH
-200 IV-5-ent
-300
350 400 450 500
Wavelength / nm
30
(@)
OAV\OH
A V-5
)
= 0
(@)
=
-30
350 400 450 500

Wavelength / nm
Figure 1V-6. (a) ECCD ofl V-5 (solid) and I V-5-ent (dashedwith 2 uM tweezer
11-25 in MCH at 0°C; (b) ECCD spectrum df/-5 in MCH at rt.

The ‘a-branching’ next to the epoxide seems to lead to the observed co@iplex

spectra in a small select group of compounds, which we presume ie dustiple
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40eq.

—-—--100eg.
— ——-150eq.

Mol. CD

390 400 410 420 430 440 450
Wavelength / nm

Mol. CD

350 400 450 500
Wavelength/ nm

FigurelV-7. (a) ECCD signal change at increasing concentratio/e® in hexane;
(b) ECCD ofl1V-13 in hexane.

conformations of the complexed tweezer/substratetesy. Reduction of
thecomplexed CD spectra to an interpretable ECCD is often adhésvstated above

with changes in temperature and at times solvent. We observed acedetplCD
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spectrum for substratev-6 as well (Figure IV-7a), although this was the only
substrate that was nat-branched that also exhibited similar chiroptical
characteristics. The case of complicated CD spectra seench weaker in
cisepoxy alcohol systems as can be observed from the comparison between

compoundsV-5 andlV-13 (Figures IV-5b and IV-7b).
P1
/ ®

@f’ /

0
CD
257 Ph/Q\’OH
o) IV-10
) I
5 0 AR
=
v\/ i
-251 .
_1 g
J\ .
350 400 450 500

Wavelength (nm)

Figure 1V-8. Proposed complexation pattern between tweék@5 and cis-epoxy

alcoho. Positive ECCD spectrum was obtained!V-10
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With cis-disubstituted epoxy alcohols complexed with tweePé&r(assuming it
also coordinates with the lone panti to the hydroxyl bound2) faces no steric bias
since both Rand R are hydrogen atoms. The steric interaction betviR2eand Ry
would drive P2 away from R, leading to a clockwise V-6 of the two porphyrins
relative to each other (Figure 1V-8), and hence a positive ESI@Hal is expected for
(2S3R) cis-disubstituted substrates. This was indeed observed experimentally
(compounddV-10 ~ 1V-13). It is instructive to note that compouhd-13 yields a
strong ECCD signal despite its fairly low optical purity (286p

Next, we turned our attention to trisubstituted epoxy alcoHdsl4 ~ 1V-18),
which upon complexation with tweez#r-25 resulted in CD spectra that could be
rationalized by the binding model depicted in Figure IV-5a. For &8 (R = H)
and 2,2,3 (B = H) trisubstituted substratel] slides away from the bulkyRyroup

in a similar manner as was described tf@ns-disubstituted substrates to minimize
steric clash. The resultant counterclockwise helicity resuolta negative ECCD
spectrum for &3S substratesl{/-14, 1V-17). Accordingly, positive signals would
reflect ZR,3R configuration [V-15, [V-18). It should be noted that with
2,3,3-trisubstituted olefins, the nature of B inconsequential, sinceél is bound
away from R and undergoes steric differentiation betwegraRd the hydrogen atom
(positioned at R in Figure IV-5a). Conversely, with 2,2,3-trisubstituted olefins,
both R and B faceP1, and thus steric differentiation is governed by their relative
sizes. In examples listed in Table ViV (17 andlV-18) R is larger than R thus

leading to the observed ECCD spectra.
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P2

Mol. CD

350 400 450 500
Wavelength / nm

Figure 1V-9. Proposed complexation pattern between tweélz@b and 2,2-epoxy

alcohol. Positive ECCD spectrum was obtained ¥620

2,2-Disubstituted epoxy alcohols {R R3 = H), with R, facing P1 should also
lead to predictable ECCD spectra based on the facPihabuld slide away from R

towards the hydrogen atom {R(Figure IV-9). This is indeed observed, as the
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anticipated sign of the ECCD for compoundl¥-19 and IV-20 match the
experimentally observed data (compouind19 andlV-20 bearing & configuration
yield positive ECCD, resulting from steric discrimination betw&g (n-octyl group
or PhCHCHo- ) and R (hydrogen)). In contrast, epoxy alcohgl-21 did not yield
an observable ECCD. This is not surprising since there are mo determinants

that orientP1 andP2 relative to each other.

140
120 AN ©)
100

Mol. CD
o)
o

R% = 0.9881

0 20 40 60 80 100

ee%

Figure IV-10. The plot of %ee ofV-1 versus ECCD amplitudes &¥-1 /
Zn-TPFP tweezer complex (all ECCD amplitudes were repate40 eq. in
hexane at 6C).

To reveal the relationship, between ECCD amplitude and opticaly pafit
substrate, epoxyl alcohdlV-1 with varying %ee (20%, 41%, 78%, 93%) was
prepared by mixing withent- 1V-1 at different ratio. @ Subsequent ECCD
measurements revealed a good linear relationship between thes sgstiphl purity

and ECCD amplitude. As shown in Figure IV-10, the ECCD amplitudeased
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linearly with the increased %ee. In addition, the measuremesatpedved that the
sign and shape of ECCD signal were not affected by the optic&y.puNamely,
there is no observed complex behavior caused by low optical purdgnaalso be
manifested by substratdd/-10 ~ 1V-13 and 1V-20 which exhibited prominent
bisignate ECCD with low %eeThis demonstrateds the excellent sensitivity of the

Zn-TPFP tweezer host.

1V.2.3 Synthesis of chiral epoxy alcohols

Synthesis of chiral epoxy alcohols was achieved through Shamudgssmetric
epoxidation of primary allylic alcohols. These allylic alcoho&sevmainly prepared
from DIBALH reduction of corresponding allylic esters whichrev@btained from
Wittig reaction or Horner-Wadesworth-Emmons reaction of aldetyor ketones.
Typical procedures for the synthesis of &&hs, 2,3<is, 2,2,3-trisubstituted, and

2,3,3-trisubstituted epoxy alcohols are depicted in Scheme IV-1 and Scheme IV
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2.3-trans 1. DIBALH (2 eq.)

O (1eq.) Eto0,0°C,2h
H (EtO)zF’vCOz'Et o |?5/£2;o3:/ IV-7b R&;»OH
N . - 0 L
R/I\O n-BuLi, 1 eq. R/\)LOEt - Of R/<V\OH
5 2. SAE
-78 °C tor.t.
THF, overnight e.e.
IV-2a R =j-Pr 69% IV.2R =i-Pr 63% 91%
IV-3a t-Bu 73% IV-3 t-Bu 57% 82%
IV-4a c-Hexyl 75% IV-4  c-Hexyl 75% 95%
IV-5a  c-HexylCHy 76% IV-5  c-HexylCHy 85% 91%
IV-7a 2-Naphthyl 90% IV-7  2-Naphthyl 58% 78%
2.3Cls  gyLi, 1.1 eq. H2
-78°C, THF, 1 h Lindlar Catalyst, 25 wt%
R—= > R= > [\
then (HCHO), OH = "EtoAc, 6 h R~ -OH
IV-10a R=Ph 92% IV-10b R = Ph 90%
IV-12a R =n-Pentyl 90% IV-12b R = n-Pentyl 96%

Tartrate (0.12 eq.)

Ti (iPrO)4 (0.1 eq.)
o) O

=N = tBUOOH (2 eq.)
Ph “-OH /_/—/_\OH -

IV-10 62% IV-12 71% DCM, -25°C

Scheme |l V-1. Synthesis ofrans andcis disubstituted chiral epoxy alcohols.

All the reactions are not optimized and the low yields-Bf andt-Bu substituted
trans-epoxy alcohols are due to the volatility of product. Synthesis dblogxryl
substitutedcis epoxy alcohol I(V-13) following standard procedures (Scheme IV-2)
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faced some challenges. The hydrogenation of alkynyl alctlroked out to be
problematic particularly for this substrate since an inseparabteure of cis- and
trans- isomers was obtained after a couple of trials under diffecentitions.
Monitoring the reaction by GC-MS revealed that the hydrogematias completed
after 1 h but thesis product underwent rapid isomerization in the crude leading to
mixture of both isomers. To solve this issue, a modified HWE igaetas utilized

to makecis allylic ester followed by DIBALH reduction.

nBuLi (1.1 eq.)

X
200 Lindlar (25 wt%.)
y THF, -78°C, 1 h " "OH OH
7 R Ho, EtOACc, 1-5 h
- > + IV-24
then (HCHO)y, (3 eq.) 92% O/VOH
THF,-78°Ctor.t, 3 h
IvV-22 IvV-23 IV-4b

Scheme 1 V-2. Synthesis otis allylic alcohollV-24 from propargylic alcohol.

Ando19 and Touchar%o’ 21 reported the use of electron-withdrawing bulky

phenolic group instead of ethoxy group in stabilized phosphorus ylide couldeeve

the selectivity and afford Z-allylic ester (Scheme I\;-%).Z !

K3POy4
O Q  CHxeN = 7 =
RCHO + O-P— N0t —poc = R COEt Zs=

>09© Zs > 93-95%

Scheme 1 V-3. Modified HWE condition for synthesis of Z-allylic ester.
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CI\P/CI 1. EtiProN (3 eq.)

&l toluene (dry) BrCH,CO5Et (2 eq.)
15°C, 2 h OFEt 0

. . o-p 130°C, 9 h

OH 2 EtOH (1 eq.) O
then warm to r.t.
2 overnight
IV-25 O O
I
O",:’\)J\OEt

O
IV-26 :

81% (crystalization)

Scheme | V-4. Synthesis of modified ylidev-26.

0 ﬂ K3POy (2.05 eq.)
O-P—"0kt CH3CN, 0 °C

O > /—\ +
Cy CO5Et S-M.
IV-26 then CyCHO (1 eq.)
minor

2h
(1.1eq.) IvV-27

NaH (1.4 eq.)

THF, -78 °C, 15 min
then CyCHO (1.1 eq.)
warm to -10 °C over 2 h

! 83% D-DIPT (1.4 eq.)
Ti (iPrO)4 (1 eq.) -
— DE'FgL';o(é ezq.h) «  fBUOOH (2eq)
Cy COgEt =2 , £ 1 O/\L N <:§_\>OH
Z:E>20: 1 06% OHDCM, -15°C, 14 h
IvV-27 IV-24 75% IV-13

Scheme I V-5. Synthesis ofis epoxy alcohol V-13.
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The modified phosphorus ylide was prepared as crystalline compound inéi%
over three steps (Scheme IV-ZZB’.21 The olefination was first conducted in gEN
with cyclohexanecarboxaldehyde using®?0y as bascg.0 Unfortunately, only small
amount of desired product was detecte& MR along with starting material. The
low conversion is probably due to the fact that the mechanicadrdtiict not provide
good protection of reaction mixture from moisture. The reportededtre was
conducted in large scale (> 100 g) and hence is less sensitive tooisture in air.
Ando’s procedure was then followed using NaH as base in THF alG-{8c¢heme
IV-5).19 The Z-ester was obtained with good yield and excellent satect
DIBALH reduction of ester and following SAE reaction of resuitallylic alcohol
afforded pure epoxy alcohol yielding negative ECCD signal as esgbegpon
complexation with Zn-TPFP tweezer in hexane.

The purecis-allylic alcohol was subjected to isomerization test. As shaw
Scheme V-6, thesis-allylic alcohol readily isomerizes under typical hydrogenation

condition using Lindlar catalyst. The similar isomerization bedrafar cis allylic

alcohols or allylic amines is also documented in literafle.

Hp, EtOAc, 2h o

N Lindlar (25 wt%.)
O/\L EtOAc,1h _ S.M.
OH
Lindlar (25 wt%.)

Ho, EtOAc, 1h 1:1 mixturs of
> cis | trans isomers

GC-MS /NMR

Scheme | V-6. Isomerization test afis allylic alcoholl V-24.
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2.3.3-trisubstituted

1. DIBALH (2 eq.)

Q  (1eq) o
(EtO)ZHR/COQEt o Et>0,0°C, 2 h o
J\\ > M 85% > J<=/\
Ph™O ; > Ph OEt > Ph OH
n-BuLi, 1 eq. 2. SAE
-78 °C torr.t. IvV-28 L-DET IV-14
THF, overnight 54% 88% e.e.
74%
2.2 3-trisubstituted 1. DIBALH (2 eq.)
PhaP<” (12eq) Et,0, 0°C, 2 h o
H CO2Et OEt _ 79%
A - = - Ph" T OH
Ph™ "0  THF, r.t, 24 h py 2. SAE
33% Iv-29 L-DET IV-17
53% 95% e.e.

1.5e05(0.6 eq),
EtOH, reflux, 3 h AcO

ACOW . WOH
2.NaBHy(1eq.),

EtOH IV-30
47% D-DIPT (0.14 eq.)
ACO 0 Ti (iPrO)4 (0.1 eq.)
¢ WOH tBUOOH (2 eq.)
DCM, -20 °C
4% e.e. IV- ’
94% e.e. IV-18 700,

SchemelV-7. Synthesis of trisubstituted epoxy alcohols
The trisubstituted epoxy alcohols were synthesized as showmrhem® V-7
uneventfully. Different ylides were needed to make the precurdors
2,3,3-trisubstitute%12 and 2,2,3-trisubstituted allylic alcohols. To prepare the
substrates for synthesizing 2,2-disubstituted epoxy alcohols, 2prethgnol was
first deprotonated in hexane and followingZSdisplacement of alkyl halide afforded

the desired allylic alcohol (Scheme IV-?EB. Initial trial of this route only got
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desired product in 11% vyield. A different route was then followedstzown in

Scheme IV-92.4’ 25

BuLi (2 eq.)
)g :Z(i:eA 286‘33 ) BnBr (0.85 eq.)
- ~ g THF _ Bn
OH warmtordt. { )\o' 78°Ctort. o
over 12 h overnight 1%
b IV-31

L-DET (0.14 eq.)
Ti (iPrO)4 (0.1 eq.)

"0
_OH tBUOOH (2 eq.)
DCM, -20 °C, 12 h
0,
95% e.e. 90%
IV-19

Scheme 1V-8. Synthesis of 2,2-disubstituted epoxy alcdh6i19.

1. NaH (4 eq.)
o r.t. to 60 °C
8 + (EtO) FI)I\)OJ\ overnight \(/AJ\
NN r+ -
2 OBt 5 HCHO (4eq) (17 CO2E

KoCO3 (2eq)  IV-32
H»0, 80 °C
4, 44%

L-DET (0.14 eq.) DIBALH (2 eq.)

| Ti (iPrO)4 (0.1 eq.) Ety0,0°C, 2 h
WCH tBUOOH (2 eq.) \%QOH 88%
= !

DCM, -20°C, 12 h
72% e.e. IV-33

IV-20 78%

SchemeV-9. Synthesis of 2,2-disubstituted epoxy alcah6i20.

V.2.4 ECCD study of chiral secondary epoxy alcohols
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The prevalence of secondary epoxy alcohols bearing chiral OHb gnonatural
products (Figure IV-1) and organic synthesis intrigued us to furtivestigate the
configurational assignment for this class of epoxy alcohols. omAneon approach to
obtain these epoxy alcohols is Sharpless kinetic resolafiosecondary allylic

alcohols as illustrated in Figure IV-H': 20

Rq_R
Rs=H c; >
1 o
fast Ry /7,
Ti (iPrO)g4, (1 eq.) R4
tBUOOH (0.6 eq.) erythro
CHoCly, -20 °C
Ho, H
R3 /Rs
L-(+)-tartrate RY Ry

FigurelV-11. Sharpless kinetic resolution of allylic alcohols.
The secondary allylic alcohols were synthes%z7eehs shown below and

kinetically resolved to afford chiral allylic alcohols and epoxgohbls with the
erythro isomer as major product (Scheme IV-%S).27 In all the cases, the chiral
epoxy alcohols were obtained with higle.(> 95%). The majoerythro product and
minor threo diastereomer (will show up if conversion is over 60%) could beratoh
on the column in some cases. Three secondary epoxy alcohols obtareeithere
submitted for ECCD study. Gratifyingly, all the substrateseAECCD active and a
general trend was revealed though only a few examples werereech  Theerythro
substrates witls,SS chirality exhibited positive ECCD signal and tR& R substrate

rendered negative spectra (Figure 1V-12). More substratessaesgary for further

163



study to probe the binding mechanism for this epoxy alcohol system.

1. O IV-34
Ph3P=""(12eq.) on
H
- THF, 80°C, 5h . S
O >
2.NaBHg4 (1.5 eq.)
THF, rt. 2 h IV-35 97%
Ti(iPrO)4 (1 eq.)
L-DIPT (1.2 eq.)
tBUOOH (0.6 eq.)
1-20°C, 5 h
OH
.0 OH S
erythro
IV-36 IvV-37
27% 36%

Scheme [ V-10. Synthesis of epoxy alcohbV-36 via Sharpless kinetic resolution.

MgCl
OH

i O
(1.2 eq.) F

EtoO,0°Ctor.t.2h

IV-38 78%
Ti(iPrO)4 (1 eq.)
L-DIPT (1.2 eq.)
tBuOOH (0.6 eq.)

1-20°C, 5h
o on
+
IV-39 IV-40
14% 59%

Scheme | V-11. Synthesis of epoxy alcohV-39 via Sharpless kinetic resolution.
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O
I
nQ

IV-35 V-39 IV-41
423 (+55) +80 422 (+66) +87 423 (-63) -112
411 (-25) 411 (-21) 411 (+49)

FigurelV-12. ECCD data ofrans secondary epoxy alcohols (40 eq.) with tweezer
[1-25 (2 uM) in hexane at 0 °C.

In the collaboration with Professor Patrick Walsh at Unityersf Pennsylvania
. F8 29 . .
who has developed reaction methodology ~ for preparing chiral secondary epoxy
alcohols, we obtained six secondary epoxy alcohols from his lab with unknown (to us)

stereochemistry (Figure 1V-13).

IV-42 IV-43 IV-44
OH OH OH
o Cl
@ o) O
IV-45 IV-46 IV-47

OH OH OH OTBPS
= Cl S Cl
O \_s @) O

FigurelV-13. Samplesobtained from Professor Walsh'’s lab.
All six epoxy alcohols were examined with zinc TPFP &eeen hexane at fC.
CompoundslV-42 and 1V-43 were first examined and yielded very strong ECCD
signals (A = + 538 fotV-42 and A = + 320 fotV-43). However, these values were

suspicious since they were too high compared to thodeand secondary epoxy
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alcohols we had prepared via the Sharpless kinetic resolution (Fgr2). We
suspected that the samples might contain chiral impurity cofrang chiral ligand
MIB used during preparation of epoxi%%. The ECCD method is extremely
sensitive and trace amount of chiral ligand bearing amino algwbaps in the rigid
skeleton could bind Zn-TPFP tweezer well and exhibit strong //\O
ECCD signal interfering with the ECCD measuremen%H OITI_|
NMR spectra of these two compounds indicated tiny peaks thaf(-)-M 1B

may be attributed to methyl groups of MIB residue. We then pdrifie substrates

by column chromatography, and run the experiments again. Both saggple
cleanerlH NMR and decreased CD amplitudes (A = + 1241%642 and A = + 103

for IV-43). 1V-44 and|V-45 also yielded positive signals. Two sampleg-{46
andlV-47) did not give observable CD signals. We think the second lone pair of the
sulfur in 1V-46 probably has competitive binding with porphyrin tweezer. Further
UV-vis binding experiments of thiophene with monomeric Zn-TPFP ponphyri
revealed strong binding affinity. The bulky TBDPS IM-47 might hinder the
binding interaction with the porphyrin; this could be further teste@¢hanging the
OTBDPS to other smaller protecting group. We attempted to reff®&S under

mild conditions such as HF / Py, but only small amount of desired prochast
obtained along with a large amount of side producst coming from dgokig
opening. Since no additional materialldf-47 was available, further studies were

not possible.
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Cl Cl
(@) ) O

422 (+71) A = +124 424 (+59) A = +103 423 (+84) A = +152
412 (-53) 412 (-44) 412 (-68)

FigurelV-14. ECCD data otis secondary epoxy alcohdl¥-41~1V-44 (40 eq.)
with tweezei 1-25 (2 uM) in hexane at 0 °C.

The binding model we proposed is similar to thatisfepoxy primary alcohol.
As shown in Figure 1V-15, after complexation of epoxy alcohol witkexer,P1
(assuming it also coordinates with the lone patr to the hydroxyl boundP2) faces
no steric bias since both groups are hydrogen atoms. Theisteraction between

P2 and Ry would drive P2 away from R, leading to a clockwise twist of the two

porphyrins relative to each other and hence a positive ECCD signal is expected.

®

/7N
®P1

P2
\s (\’/
7n Zn
\

IV-42 dia-IV-42
Rq1=H R4 =Ph
Ro =Ph Ro=H

R3 =n-Hep R3=n-Hep
FigurelV-15. Proposed binding model fars secondary epoxy alcohols with tweezer
[1-25.
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In this case, the stereochemistry of hydroxyl group does feut aifie outcome of
helicity since in both diastereomdp? could approach OH grougsiti to the large
substituent at the chiral center as manifested in Figure I'GdBsequently, the major

sterics drivingP2 away still originates from the bulkysRyroup.

FigurelV-16. 3D models for diastereomers of epoxy alcdhGH42.

Based on this binding mechanism, the positive ECCD signals ebsezflected
two possible configurations, namelyr,2S 3R (for threo or syn epoxy alcohol) or
1S2S,3R (for erythro or anti epoxy alcohol). Though Zn-TPFP tweezer does read
out the chirality of epoxide ring, it cannot tell the stereochiyndd chiral OH group.
This is not surprising since the porphyrin tweezer method wagynaes for

differentiating enantiomers, not diastereomers.

1. HBCY2, (07C) 3 §n5E|:§ TBHP
2. tBuLi (-78 °C to 0 °C) .
. Ti(iP
T3 znkt EznQ Rz O 4 OH R3
I : 2 _ )\fk (20 mol%) _ R/'\d
4. TEEDA, hexanes R4 H 1 o)
R3 H

5. (-)-MIB (5 mol%)
R{CHO, (0 °C to r.t.)

Scheme 1 V-12. Walsh’s route for synthesis offs secondary epoxy alcohols.
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According to Walsh's study, the relative stereochemigttijese epoxy alcohols is

threo (Scheme 1V-12 .8’ 29

So, we conclude thay-42 ~ 1V-44 should have R,
2S, 3R configuration according to the CD results. This conclusion wasrocwd by

Prof. Walsh. The binding mechanism for cyclic substrdtés4b) is different from

acyclic ones and deserves further investigation.

80

60

40

Mol. CD
N
o

350 400 450 500
Wavelength / nm

Mol. CD

350 400 450 500
Wavelength / nm
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Mol. CD

350 400 450 500
Wavelength / nm

FigurelV-17. ECCD spectra afis secondary epoxy alcohols alcohols (40 eq.) with

Zn-TPFP tweezdi -25 (2 uM) in hexane at 0 °C.

1V.2.5 ECCD study of long chain epoxy alcohols - The Odd-Even effect

The odd-even effect of the number of methylene groups in straigimt crganic
molecules has been extensively studied in liquid cryg%)als,elf-assembled

1-36 37, 38

31- . 32, 39 .
monolayers, gels, chiral aggregates, and polymers containing

. . 0 . .
mesogenic substltutené%s. In most cases, the effect was observed in solid state and

was interpreted as packing difference in crystal structuadirlg to the different

. . . . 1-43
orientation of molecular skeleton in their all-staggered confomma‘tll
However, in solution state where multiple conformations usuallyt,exidy a few

recent reports demonstrated this interesting effect capturedbbstional circular

. .44 . 4
dichorism " and fluorensence anisotropy studq’y.
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In the effort to further extend the application of Zn-TPFPetzee for absolute
stereochemical determinations, we discovered a novel odd-even(Eftpae 1V-18)
as described in this section. This remarkable effect waemsed by ECCD of the
supramolecular complex between zinc porphyrin tweezer and epioxly alcohols
with varying length of alkyl chains. Meanwhile, a facile andn-empirical
determination of the absolute stereochemistry of these epoxy acahaohlso

illustrated.

negative couplet positive couplet

J TPFP tweezer N A

n =even n =odd

A

+
P2
R h'OH \/
y y

FigurelV-18. The odd-even effect of ECCD spectra of long chain epoxy

alcohol-tweezerl(-25) complex.

IV.2.5.1 Synthesis of long chain epoxy alcohols

The synthesis of chiral epoxy alcohols with varying chain lengtfes
accomplished through Shi asymmetric epoxida{t%oﬁs'47of corresponding alkenyl
alcohols which were prepared via Scheme IV-13 ~ IV-16. The horfioalgohol
IV-50 was prepared from commercially available phenylacetylalteehwhich
underwent one-pot condensation and decarboxylation with malonic acid in the
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presence of pyridine (Scheme IV-%§)49affording|V-49. Esterification ofl V-49
and subsequent LAH reduction led to alcohdl50. TBS protection of primary
alcohol followed by Shi epoxidation gave the chiral epoxigte53 which upon

desilyation furnishetrans-3R,4R-disubstituted epoxy alcohbV-54.

HO,C._CO,H
(1eq) 1.H,SO, (cat.)
Py (1 :H2S04 (cat.),
13'0( ogq;’4 ) MeOH, reflux, 6 h
Ph" ™ CHO ' . PthOH - Ph/\/\/OH
quanti. o) 2.LAH (1.2 eq.),
IV-48 IV-49 THF IV-50

85% two steps

TBSCI (1.2 eq)

Shi catalyst (0.3 eq.) EEHAé: 'srfqé) h
Oxone (1.38 eq.) ? 8é<y -
tBuy,NHSOg (0.04 eq.) ’
85% o.c. ACl\cl) / DMM, buffer IV-51
IV-53 -10°C,4nh
56%
0T
TBAF (1.5 eq.) 0J.,°
THF, 1.5 h L/\L
93% oY ©
AVO
(0]
Vo5 Shi catalyst
. IV-52

Scheme 1 V-13. Synthesis of aryl substitut&chns 3R,4R-epoxy alcohol.
The bishomoallylic alcohols were obtained by Johnson-Claisen orthoeste
. 5q . 51
rearrangement of neat allylic alcoholr alcohol solution in toluené and followed
by LAH reduction (Scheme IV-14). Sonogashira coupling of iodobenzeith
terminal alkynyl alcohols and subsequent LAH medidtedis-selective reduction

afforded most othetrans-aryl substituted alkenyl alcohc??s (Scheme IV-15 and

172



IV-16). The following Shi asymmetric epoxidations yielded theiréeltrans-epoxy

alcohols bearin® R configurations with good optical purity (80-92% ee).

HOoC._CO,H

Py (1 eq)(,1 eq) 1.H2SO4 (cat.),

o MeOH, reflux, 6 h
110°C, 24 h Ph/\/\[rOH ‘Ph/\/\/OH
quanti. o) 2.LAH (1.2 eq.),

THF
- IV-49 IV-50
IV-48 85% two steps

Ph” ~CHO

Shi catalyst (0.3 eq.)

0,
Oxone (1.38 eq.) 86%,/TBSCI (1.2 eq.)

TEA (1.5 eq.)
) tBugNHSOs5 (0.04 eq.) CHoClo, rt. 3 h
P I~ 0TBS K2€03 08ea) . oTss
85% o 6. ACN / DMM, buffer IV-51
IV-53 -10°C, 4 h
56%
TBAF (1.5 eq.)
THF, 1.5 h OO)/%
93% E/\L
IV-54 Shi catalyst
IV-52

Scheme 1 V-14. Synthesis of alkyl substitutéchns 4R,5R-epoxy alcohol.

The terminal alkynyl alcohols were either commercially lade or were made from
internal alkynyl alcohols via the alkyne zipper reaction in tlesgmce of NaH in neat

ethylenediamine (Scheme IV-1%%. The selectivity of LAH reduction diV-65 was

not good and considerable amountcisfisomer was observed B NMR. These

two isomers are very close in normal slilca gel chromatography and hapmhtatse
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Pd(PPh3)4 (10 mol%)
Cul (20 mol%)

LAH (4 eq.)

Ph-1 (2 eq.), TEA (10 eq.) THF, reflux, 48 h
= OH ' —
z THF, r.t, 16 h - on Z OH 5%

0,
IV-58 99% IV-59
IV-52 (0.3 eq.)
Oxone (1.38 eq.)
tBugNHSOg (0.04 eq.)
K>CO2 (5.8 eq.) 0
PhWOH 2%-Y3 _ Ph/<'/\/\OH
ACN / DMM, buffer 90% e.e.
IV-60 -10°C, 3 h IV-61

60%

Scheme 1V-15. Synthesis of aryl substituted trans 4R,5R-epoxy alcohol.

To solve this problem, 20 g of silica gel was pre-treated with AgNO3 (5% in ACN,

100 mL) for 10 min and the ACN was evaporated under heat.The resultant
Ag-impregnated silica gel would have a stronger interaction with cis-olefin than
trans-olefin thus providing a better separation of the cis / trans mixture. The silica
gel was suspended in hexane in the dark room and packed into a column. A mixture
of 1V-67 and 1V-68(200 mg) was loaded onto the column and eluted with 0-20 %
EtOAc / hexane (Rf<0.2). Gratifyingly, pure trans-isomer 1V-67 (68 mg) could be
obtained. The AgNOj treated silica gel demonstrated much stronger interaction with
cis-isomer since 1V-68 eluted slightly faster than 1V-67 in normal silica gel column
while it eluted slower than 1\V-67 in the treated silica gel column. With pure 1V-67
in hand, Shi epoxidation was conducted smoothly to afford the trans-7R,8R epoxy
alcohol (1V-69).
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BuLi (1.05 eq.)

THF, -30 to -10°C, 1 h = oTBS
/VOTBS ~ TBAF (1.5 eq.)
then ~_~_-Il at-78 °C IV63  THE 20 °C
V-62 thento 0°C, 1 h 40 min
81% 91%
NaH (5 eq.) )
86 % _ ot [NH2 30 eq. M
Pd(PPh3)4 (10 mol%) 74%
Cul (20 mol%) IV-65 IV-64
Ph-1 (2 eq.),
TEA (10 eq.)
y THF, r.t, 18 h
LAH (4 eq.)

on THF, reflux, 60 h
/\%

IV-66

_ Ph/\/\(\%OH_I_ ph/—><76POH

Ph 97% conversion

IV-67 IV-68
IV-52 (0.3 eq.)
Oxone (1.38 eq.)
tBugNHSOg (0.04 eq.)
0 KoCO3 (5.8 eq.)

Ph/<|/\/\/\/OH -
ACN / DMM, buffer

IV-69 0°C,25h 77%

Scheme I V-16. Synthesis ofrans 7R,8R-epoxy alcohol.

IV.2.5.2 Investigation of ECCD for long chain epoxy alcohols

As anticipated, prominent bisignate ECCD spectra were observed tbe epoxy
alcohols right after being added to the Zn-TPFP twe#z@6 solution (2uM) in
hexane at 0 °C (Table IV-2). This suggested that the bindingitafivas not

compromised by the increased distance between two functionadipieside ring and
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TablelV-2. ECCD data ofrans- epoxy alcohols bound to Zn-TPFP tweezer in

a
hexane
ECCD
Epoxy Alcohol Sign A nm, (Ag) A
b

V-1 .0 423 (-55)
)s 35 Ph" " 0H ned a10 +62) 7

IV-3 0 o 423(-60)
25,35 AN g 412 (+45)

IV-54 o) 423 (-120)
3R.4R Ph/<|/\/OH neg 411 (+80) -200

IV-70 o 423 (-104)
3R,4R ~<I~_OH neg a11 (+01) 1%
IV-61 o) 422 (+142)
4RE5R  Ph I on POS 413109 21
IV-57 0 422 (+78)

\/<'/\/\
aR3R OH pos 415 (71) 149
o)
IV-71
OH pos 422 (+60)
4R5R OW 112 (49) 1P
d o) 422 (-78)

IV-72
ph” L~ ~_OH neg 413 (+69) -147

IV-73 0 423 (-40)
ERER oI~ _OH neg 413 (+42) 82

IV-74 o) 424 (+79)

/<'/\/\/\
6R,7R  Ph OH pos 414 (60) O

IV-69° 0 421 (-13)

/<[/\/\/\/OH neg -28
7R.8R Ph 413 (+15)

a . . . .
tweezer:substrate ratio - 1:ZHDhe enantiomer showed mirror image CD spectrum, 2

uM tweezer concentration at’G was used for all measurements.
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hydroxyl group) binding with the tweezer. The ECCD spectra cemsigtexhibited
bisignate feature during the addition of 5-100 eq. of chiral guesigating the
formation of stable ECCD active complex. These observations tolthatisthe
Zn-TPFP tweezell-25 could serve as a good chirality sensor for long chain epoxy
alcohols. Surprisingly, a remarkable odd-even trend was revedaiés cemparing

the ECCD data in listed in Table 1V-2.

The R 3R, 4R5R, and & 7R epoxy alcohols with odd number of -gHgroups
separating epoxide ring and OH group gave a positive couplet (F\gur@), while
3R4R, 5R,6R, and R,8R epoxy alcohols rendered negative couplet (Figure IV-19).
Both aliphatic and aromatic substrates behaved in the same fashiom.plok of
Cotton effects versus methylene spacer length (Figure N\&RD) straightforwardly

illustrates this intriguing effect.

150

100

50

Mol. CD

-100

-150

370 420 470
Wawelength / nm

FigurelV-19. ECCD spectra dfV-54 (solid line) and V-61 (dashed line) with
Zn-TPFP tweeze -25.
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In terms of determining the absolute configurations, the aboveanedti
observation does not compromise our initial goal. Though the ECGOitge
indicated that these homologues do not behave as we initially thowgleuld still
employ the Zn-TPFP tweezer to read out the chirality poxg alcohols bearing the
same number of methylene groups. The observed odd-even effatividetl these

homologues into two categories.

200
150 |
100

—n—1st CE

Mol. CD

0 1 2 3 4 5 6 7
n, number of methylene group

FigurelV-20. Plot of T ! Cotton effects (solid line) and' %Cotton effects (dashed

Probing the origin of this unique parity effect is of particulapamance since it
will better our understanding of the binding mechanism for porphwréezer host
with epoxy alcohols. In addition, it will also provide significant giés for
odd-even phenomenon especially in solution state, revealing how it affesstscal

properties as well as physical properties of compounds of interest.
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Test of solvent indicated that it is not the cause of pafiigciesince similar
odd-even observation was found in MCH with decreased amplitudes, whileain pol
solvent such as Ci€l> no ECCD signals were attained for most substrates
presumably due to competitive binding of solvent with the highly Lewis acidic host
UV-vis profiles of these epoxy alcohols bound with Zn-TPFP tweigzbexane are
essentially the same (see Figure 1V-21 and Figure 1V-22). f@aere disclosed
from UV-vis studies is that thiey,5x Of the Soret band of porphyrin tweezer gradually
red-shifted upon binding with chiral epoxy alcohols. A horizontal corsparbf
homologues V-1, IV-54, 1V-61, 1V-72, IV-74, IV-69 which contain same
substituents (Ph) on the epoxide ring showed that longer alkyl goaists generally
led to larger red-shift dfmax

As discussed before, the shift bf,ax for porphyrin tweezer complex is the

outcome of two opposing effecjtgj >4 the bathochromic shift resulting from

donor-acceptor interaction and hypsochromic shift when the two choromepdrere
brought close by guest molecules upon coordination. These homologues have ver
similar nucleophilicity owing to the same substituents, thus the eutaptor
interactions are expected to be the same. Consequently, the red-shfts afould

reflect the distance between two porphyrin chromophores. Asleevbs Figure
IV-21 and Figure IV-22, with the increase of chain length langeat-shift was
observed (0 nm forV-1, 0.6 nm forlV-54, 2.1 nm forlV-61, 2.2 nm forlV-72, 3.3

nm for1V-69 in hexane). However, the UV-vis profiles are not instructive Her t

explaining the parity effect.
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(2]
Q0
<
390 400 410 420 430 440
Wavelength / nm
1.2
b
1 -
08 |
2 IV-61
< 06 |
04 |
021 AL =2.1nm
0
390 400 410 420 430 440
Wavelength / nm

Figure IV-21. UV-Vis spectra change upon titration of TPFP tweezeuNILin
hexane) withlV-54 (graph a) andV-61 (graph b) (10 ™M in DCM) at different

equivalents.
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AL =2.2 nm
0.2

390 400 410 420 430 440
Wavelength / nm

08

0.6

Abs
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0.2

390 400 410 420 430 440
Wavelength / nm

Figure IV-22. UV-Vis spectra change upon titration of Zn-TPFP tweez@Mn
hexane) withlV-72 (graph a) andV-69 (graph b) (10 M in DCM) at different

equivalents.
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Intuitively, the different orientations or motions of terminall Qroup relative to
the epoxide ring should account for the odd-even effect since tiat anly variable
directly induced by changing the methylene spacer lengtlumiland coworkers’
study of odd-even effect for chiral alkyl monoalcohols offeredesbimts supported
by DFT calculations suggesting that the orientation of ternmdhyl groups of these
monoalcohols are in zig-zag order, so are their dipole morﬁdénttn thetrans-all
staggered conformation of these epoxy alcohols, we also see-tregzigientation of
terminal OH groups (Figure 1V-23) implying different binding pattessch need to

be addressed in further study.

FigurelV-23. The zig-zag orientation of terminal OH groups in long-chain

epoxy alcohols.
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Cyclic substrates containing epoxy alcohol moiety were alsamimed and
preliminary results proved that rigidified molecule skeleton acgally beneficial to
fix conformation of epoxy alcohol leading to increased amplitude.ox¥egteroids
complexed with Zn-TPFP tweezer rendered strong ECCD sighaalslue is up to
1000) due to rigid skeleton despite the huge size. The detailssddttily will be
discussed in Chapter VII.

Considering the great importance of epoxy alcohols in organic strgmihe
current protocol developed is particularly useful for organic chtemibo are seeking
expedient method to deterrmine absolute configurations of epoxy alcoidse
importantly, the success of the epoxy alcohol case prompted us to lodkerECCD
study of other oxygen-containing chiral heterocycles such ashyetrofurans and
tetrahydropyrans which are widely present in drug candidatdserefore, further

development of this method will be important in a practical sense.
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Experimental Procedures

Materials and general instrumentations:

Anhydrous CHCI> was dried and redistilled over CaH The solvents used for CD
measurements were purchased from Aldrich and were spectra grslitiesactions
were performed in dried glassware under nitrogen. Column chrgraptty was
performed using SiliCycle silica gel (230-400 meshJ)H NMR and 13C NMR
spectra were obtained on a Varian Inova 300 MHz or 500 MHz instruanenare
reported in parts per million (ppm) relative to the solvent resosaf@e with
coupling constants)) in Hertz (Hz). IR studies were performed on a NicoletlRT-
42 instrument. UV/Vis spectra were recorded on a Perkin-Elnaenbda 40
spectrophotometer, and are reported.@agx [n(m]. CD spectra were recorded on a
JASCO J-810 spectropolarimeter, equipped with a temperature cantineiEab 111)
for low temperature studies, and were reported.Jas] (Aemax [L mol'l cm'J]).
Optical rotations were recorded at 20 °C on a Perkin Elemer 34dnfeter (. = 589
nm, 1 dm cell). Chiral GC analyses were performed on a HeRdekard 6890 gas
chromatograph equipped with a Supelco Gamma Dex 225 column (0.2%n80
m) using helium as carrier gas. HRMS analyses were performe@eorQf Ultima

system using electrospray ionization in positive mode.

General procedurefor CD measurement:

Zinc porphyrin tweezefl-25 (2 uL of a 1 mM solution in anhydrous GBIy) was

added to hexane (1 mL) in a 1.0 cm cell to obtain @vRtweezerl|-25 solution.
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The background spectrum was recorded from 350 nm to 550 nm witim aaseaof
100 nm/min at 0 °C. Chiral epoxy alcohol (1 to @20 of a 10 mM solution in
anhydrous CHCIlo) was added into the prepared tweezer solution to afford the
host/guest complex. The CD spectra were measured immedjatiglynum of 4
accumulations). The resultant ECCD spectra recorded in milddegwere

normalized based on the tweezer concentration to obtain the molecular CD (Mol CD

Deter mination of binding constant

The solution of Zn-porphyrin tweezer (1 mM in hexane) was tdratgh guest
molecule (10 mM in DCM) at different equivalents and the UV-ysctra were
recorded. The addition of the chiral substrate continued until no vidialege in
the spectra was observed. Upon formation of the chiral complex tkée l&od of
the porphyrin tweezers underwent red-shifts through an isosbestic pdim change
of absorption at certain wavelength as a function of the substmatentration yields

an exponential saturation curve which can be fitted through the followindjneam

17
least square equation previously reported by Shaji derive the binding constant.

f=L{(1 + kx + ka) — [L%(1 +kx + ka)? — 4axk’L?] Y3 | 2ka
where: L - Aabs at the point of saturatioX; — chiral substrate equivalentk; —

calculatedK 5, @ — concentration of porphyrin tweezer.

Typical procedure for synthesis of chiral epoxy alcohols using Sharpless

asymmetric epoxidation (SAE)14 asdescribed for the synthesis of 1V-15:
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To a flame dried 50 mL round bottom flask filled with 4 A powered modecsieves
(200 mg, activated under high vacuum at 180 °C overnight), was adtigdraus
CHoCl> (20 mL). The flask was cooled to -20 °C. D-(-)-Diethyl &tetr (83uL,
0.49 mmol, 0.075 equiv) and Ti(GPr)4 (95 pL, 0.33 mmol, 0.05 equiv) were
added sequentially via syringe. The mixture was stirred fom20before TBHP
(5.42 mL, 12.96 mmol, 2.39 M in anhydrous toluene) was introduced dropwise. The
resulting mixture was stirred at -20 °C for 20 min. Geraniobladl (1.0 g, 6.48
mmol, dried over molecular sieve for 2 h) was dissolved in anhydroy€Igkb mL)
and added dropwise via syringe pump over 40 min. The mixture wasr fstitined

at -20 °C for 3 to 20 h monitored by TLC until completion. The reactvas
guenched by adding saturatedoN@&j3 solution (5 mL) at 0 °C and stirred for 3 h at
room temperature. The cloudy suspension was filtered through @etitevashed
with CHoClo.  Hydrolysis of the tartrate complex in the filtrate wasrt effected by
adding 30% aqueous NaOH (4.5 mL) solution saturated with NaCl andgstirri
vigorously for 30 min (longer time is needed when DIPT was use@)°&. The
agueous layer was separated and washed wisCGH4 X 20 mL). Combined
organic layers were dried with anhydrous>8@y, and concentrated under reduced
pressure. The light yellow residue was purified by flastordatography (20-30%

EtOAc / hexane) to afford the chiral epoxy alcohol (1.02 g, 93%) as a colorless oil.
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Chapter V

Absolute Configurations of 1,n Glycols: A Non-enga

Approach for Remote Stereochemical Determination

V.1 Background

1,n-Glycol functionalities are widely present in natural proglumbd usually
represent a challenge for determination of their absolute cwafigns. NMR
analysiéL'7 is extensively used for determining the configurations of 1,2- and
1,3-glycols by analyzing the nucleus couplings or NOE of their cyl#igvarives
such as acetonides. However, this technique only provides informratgarding
relative stereochemistry of the two hydroxyl groups if no othfarimation is given.
In addition, for acyclic long chain diols separated by more than datrons, the
NMR method is not helpful due to weak nucleus couplings and undistingushabl

NMR signals at the chiral centers.
O
~
OH OH Br-BzCl OP OP /@ O
SN PR A/L
R1 Ry Rz

Positive
V-1

Figure V-1. Stereochemical determination of Kgtdiols using ECCD method.
ECCD study of dibenzoatge"%3 (Figure IlI-2, Figure V-1) or cyclic derivativéé'20
(Figure V-2, Figure 1lI-4, Figure 111-5) of diols is anotheethod used to address the

absolute configurations of 1,2- and 1,3-g|yc%IsAs shown in Figure V-1, chiral
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1,3-diols could be derivatized as dibenzoates in a similar way @ssdexd before in
Figure 1I-2.  The most highly populated rotomer is believed t&{ieleading to a
positive ECCD spectrum. In this way, the chiraity of 1,3-diolsld be determined

in a nonempirical fashion. However, this method only worked wellifbir diols
and was not suitable fayn diols. Recently, Rosini and coworkers reported the
stereochemical determination of 1,2- and 1,3- diols by convetttiewgp into cyclic
di(1-naphthyl)ketals (Figure V-2) which exhibited couplet effestitttng from thelB
transition of naphthalene chromorpho%és. The resultant CD couplet could be used

to assign the absolute configuration of diols.

negative couplet positive couplet

NI T _4_ _,AS ----- T

A A
l R1)\6)Hn\R2 l
______ n=0,1,2
(R,R)-diol (R,R)-diol
R4, Ro aryl group R4, Ro alkyl group

Figure V-2. Rosini’s method for stereochemical determination of short chain diols.

However, for the dibenzoate approach weak or zero exciton couphisgisually
observed when the chiral centers are distant to each othewr inBtance,
1,5-dibenzoate in solution did not give observable CD signal. This ilsuétl to
two factors: first, the highly flexible skeleton could lead toergetically
indiscriminable rotomers in which the two chromophores orient egloekwise or
countclockwise without significant energetic preference. Sedbedong distance

between chiral centers would lead to weak exciton couplings. Focytiieketal
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approach, an apparent limitation is that the cycloketal cannotficeerly formed
when a long chain diol is involved and the flexible skeleton of long dahialrcould
give rise to multiple conformations making the resultant CD couplet unpredictable

A successful study overcoming these difficulties is Méiisselegant approagﬁ ’
23 which involves making liposomal porphyrin esters of 1,n-glycols &779) with
certain chain lengths. The bulky porphyrin esters were preeslign a consistent
fashion as a result of the structural alignment of the lipidsrtiake the liposome,
rendering steady CD signals. However, this method is only apdicfor diols
separated with odd number of carbons and the ECCD amplitude fallghengasing
chain length which limits its application in substrates withgler chains. A more
general and facile protocol addressing the absolute configuratidosg chain diols
with various chain lengths still remains to be developed.

During our effort centered on the determination of absolute configusator
chiral molecules, we developed a highly fluorinated porphyrin twegze TPFP
II-25)24’ 25which can bind strongly with hydroxyl groups owing to its strongikew
acidity and was successfully used to determine the absolutedtemistry oficinal
diols bearing two chiral centers via ECCD. We decided to pitubapplication of
this method in the long-range stereochemical determination oflyicalg) in which
two chiral centers are remote from each other.

The major challenge for the ECCD study of chiral centamsote from each other
in acyclic molecules is their highly flexible skeleton, which liguaads to multiple

conformations in isotropic solutions complicating the configurationalyars. We
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envisaged that the strong complexation of a bulky porphyrin tweettedigis would
form a rigid macrocyclic assembly and reduce the number oforoations
facilitating the stereochemical differentiation process amthg rise to predictable
ECCD spectra. In this section, we describe an efficient mdtrothe rapid and
facile determination of absolute stereochemistry of 1,n (n = 2-1I&)Is bearing

two chiral centers.

V.2 ECCD Study of 1,n-Glycols
V.2.1 ECCD study of 1,n-glycolsusing Zn-TPFP tweezer 11-25

Chiral 1,n-glycols I(1-4~11-11) were readily accessible through Jacobsen’s
Hydrolytic Kinetic Resolution (HKRQ)6'28 of terminal diepoxides, followed by ring
opening of the chiral diepoxides by LAH. Detailed discussion ofsymthesis of
1,n-glycols will be detailed in section V.3. The chiral diols witlod) optical purity
(> 95% ee) were then submitted to ECCD measurement with Zn-TPFP tWegaer

As expected, these chiral diols bound well with Zn-TPFP twdéz25 in hexane
at 0°C to generate a supramolecular complex and produce an ECCD aitgivad)
from porphyrin Soret band. A general trend could be discerne@®RRathiral diols
exhibited positive ECCD spectra upon complexation with twedz2s (Table V-1).
However, several complications were noticed. First, the 1,3-6d) (rendered a
positive ECCD signal which is opposite to the inferred trend. Secongjlicated
ECCD curves were obtained for 1,6-dioR(ZR-octane diolV-6, Figure V-3a) and

1,12-diol (R,13R-tetradecane dioV-11, Figure V-3b). We observed a switch of
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TableV-1. ECCD data of 1,n-glycols in hexane bound with tWetkes"
ECCD
1,n-Glycols Sign A nm, (Aeg) A
b o 425 (+128
I-15 /\H\ pos 413((-96)) +224
2S,3S OH
V-3 OH OH 424 (+81)
+
25,4 AN POS 1571y 102
V-4 OH 424 (+205)
2R,5R )\/Y POS  413(163) 168
OH
V-5 424 (+174)
OH OH
2R,6R PG POS  g13(135) 07
426 (-70) .
neg 418 (+53) 123
V-6 OH
2R,7R /K/\/Y 422 (+162)
OH pos 415 (-93) 455 P
V-7 OH OH 423 (+237)
2RBR N~~~ POS 413 (109) *4%°
V-8 OH
Y pos 426 (+146)
2R,9R /\/\/\/\‘/ 415 (-140) +286
OH
V-9 423 (+172)
OH OH
2RIR 1 2. POS g14(130) 0%
V-10 OH 425 (+314)
+
2R,11R )\/\/\/\/Y POS  g15(177) 491
OH
V-11  OH 430 (-91)
R 13R - 423 (+506) -

OH

a . .
tweezer:substrate ratio - 1:Etweezer:substrate ratio - 1:40,uM tweezer

concentration at °C was used for all measureme
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Figure V-3. ECCD spectra of tweezé&r-25 (2 uM in hexane) withv-6 (grapha) and

V-11 (graphb) at different equivalents.

sign from negative to positive for 1,6-diol upon going from 5 to 40 eq. eflib|6
which became stronger at even higher amounts of the diol. For the al1tde
peaks were seen whera-500 eq. of chiral guest was mixed with the tweezer solution.

These strange behaviors implied the possible presence of matiipigeting ECCD
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active conformations, however their UV-vis profiles (Figure M@l not reflect this

speculation and essentially shared the same features as other diols.

1.2

—free
a —— 10eq.
— 20eq.
0.8 - —— 40eq.
— 60eq
100eq.

Abs

Abs

0 I T T T T
390 400 410 420 430 440

Wavelength / nm

Figure V-4. UV-Vis spectra change upon titration of tweelde5 (1 uM in hexane)
with V-6 (grapha) andV-11 (graphb) at different equivalents (only selected curves
are shown for clarity).

Changing temperature did not solve this issue as similar czatgai ECCD curves

were still observed with diminished amplitude at higher temperg25 °C, Figure

202



V-5a) or increased amplitude at lower temperature (-10 °C, &igtbb). In a
different solvent such as methylcyclohexane, fairly poor CD kigi@a detected.
More polar solvents (Ci€l,, CHCL) led to no ECCD as observed for other classes of

chiral molecules studied previously.

750
a —10eq.
— 20eq.
500 -
—40eq.
A —100eq
© 250 |
I
=
0
-250 ‘
380 420 460
Wavelength / nm
140
b
70 -
)
@)
I
=
0
-70 T
380 420 460

Wavelength / nm
Figure V-5. ECCD spectra of tweezér-25 (2 uM in hexane) with 1,12-dioV-11 at

-10 °C (grapha) and 25 °C (graph) at different equivalents.
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V.2.2 ECCD study of 1,n-glycolsusing areengineered tweezer

Reengineering of the

porphyrin tweezer F5Ph PhF5
focused on minimizing PhF5c_ph
F5Ph 5 PhF5
ECCD silent
conformations and Q O
o™
enhancing the CD active O v.12O

alignment of o Figure V-6. Zn-TPFP porphyrin tweez&t-12.

chromophores to obtair,

consistent signals. We decided to keep the Zn-TPFP moiety simti@diaffinity

was not an issue. The 1,5-pentylene linker was replaced by 1,3gmwepyl reduce
the conformations induced by the flexible linker while keeping apmatgpelasticity
for accommodation of a large chiral guest.

In Utaka’s reporzt9 about a chiral porphyrin tweezer linked through a fairlydrigi

macrocyclic spacer (Figure V-7) O O
he observed that binding of sho
chain terminal diamines (2- O w O O & 0
carbons) is detrimental for thi
Ou~_0
ECCD active conformation anc 0 0 O
HN_ NH

using guests with more than si @

carbons also diminishes the C Figure V-7. Utaka’s porphyrin tweezer.

amplitude.  Therefore, further
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rigidifying the linker was considered not beneficial since ighmilead to selective
recognition for guests only with certain chain lengths. Thisnsegy simple
modification is crucial to accomplishing our goal. It was hypo#eskithat the
resultant porphyrin tweez&-12 will prefer approaching long alkyl chain of the guest
diol in a ‘side-on’ fashion from both sides instead of a ‘head-on’ dasfiom both
ends since the latter approach is not energetically favored wshbréened porphyrin
linker especially for accommodating very long chain substrate® b®lleve this
distinct binding mechanism would suppress the complications and yieldstemsi
and predictable ECCD results.

Zn-TPFP tweezév-12 with the propylene linker was then synthesizZeg{x = 415
nm, ¢ = 670,000 criM L in hexane) following the similar procedures described for
[1-25 in Chapter 2. Gratifyingly, it rendered surprisingly stromgd consistent
ECCD signals upon binding with diols (Table V-2). Complexation okageV-12
with 1,6-diol and 1,12-diol bearing R-configuration consistently yielded positive
bisignate CD curves wher-400 eq. of diol was added (Figure V-8, Figure V-9). 40
eg. was chosen as optimal amount of chiral guests for CD meassgewith tweezer
V-12 since most substrates exhibited the strongest signals abtidentration. Due
to low solubility of diolV-13 (precipitation of diol was observed under standard CD
experiment conditionsl mixed solvent (5% CyClo / hexane) at slightly elevated
temperature (5C) was utilized. The relatively low CD amplitude W9%13 is
ascribed to competitive binding of GEl, solventwhich is normal for this class of

substrates (diols are ECCD silent wih12 in polar coordinating solvents such as
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CH>Cly, CHChL, CH3CN, THF, and EfO). Notably, this tweezer also works well

with non-symmetric dioV-15 implying wide applicablity of current method.

400
——5eq.
300 ——10eq.
200 —20eq.
Ia) ——40eq.
o 100 —100eq.
S o0
-100
-200
-300
380 400 420 440 460

Wavelength / nm

FigureV-8. CD titration for 1,6-diol with tweezér-12; consistent

positive signals were obtained atB0 eq. oiV-6.

200

150
100

Mol. CD
(o)
o

-50
-100

-150
380 400 420 440 460
Wavelength / nm

Figure V-9. CD titration for 1,12-diol with tweeza&f-12; consistent positive signals

were obtained at-5100 eq. ofv-11.
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TableV-2. ECCD data of 1,n-glycols in hexane bound with A

ECCD
1,n-Glycols Sign A nm, (Aeg) A
OH

1-15° y 425 (+102)

25,35 /\H\ POs 1377y A0
OH

V-3 OH OH 423 (-36)
25,45 "9 p1p37) 3

V-4 {H 424 (+72)
2R,5R )\/\C; POS  414(e6) 138

V-5 OH  OH 423 (+136)
2R,6R PN POS 414 (100) *23°

OH

V-6 o f2u2)

2R,7R /'\/\/Y P 415 (-203)

OH

V-7 OH OH 423 (+152)
2R,8R : POS 414 (142) *2O4

V-8 ¢ pos 426 (+156)

OH

V-9 OH OH 424 (+400)
2RIR I~~~ P s15(3sy 7T

V-10 OH 427 (+408)
2R,11R )\/\/\/\/Y POS  416(326) 734

OH
OH
V-11 424 (+193)
OH
] OH

V-13 I —

2R,17R 5 414 (-22)

OH
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Table V-2-continued. ECCD data of 1,n-gycols in hexane with weezer?®

ECCD
1,n-Glycols Sign A nm, (Aeg) A
OH
V-14 427 (-97)
25118 B NSNS BN 06 117 214

OH

V-15 OH OH 423 (-76)

2R,13R Bn}\/\/\/v\/'\ neg 415 (+62) 138

atweezer:substrate ratio - 1: 40?tweezer:substrate ratio - 1: 100,
“iweezer:substrate ratio — 1: 60 in 5%4CHp / hexane at 5 °C, 2,8V tweezer
concentration at C°C was used for all measurements unless othel

Side-on Binding Head-on Binding

FigureV-10. Side-on binding and head-on binding models.

As shown in Table V-2, fairly high ECCD amplitudes were gehedddserved for
long chain diols. Diold/-9 andV-10 exhibited much stronger ECCD signals than
their shorter analog2-9. This is straightforward evidence pointing to ‘side-on’
approach (Figure V-10) since in ‘head-on’ binding conformation (Figui®)\one
would expect CD signals to deteriorate dramatically while bgnauith long chain
substrates due to larger interchromophoric distance and consequent wesiketion

of electronic transition dipole moments within porphyrins. Compavetdad-on’
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binding, the ‘side-on’ approach would consistently ensure a shorter amarpl
distance of chromophores as well as stronger interactions betiveeelectronic
transitions within the two porphyrin chromophores which explains the ulhusua

strong ECCD signals observed for substrates containing long alkyl chains

400
300
200
100

Mol. CD

-100
-200
-300

350 400 450 500
Wavelength / nm

Figure V-11. Proposed compexation pattern for 1,n-diols (n = even) with tweezer
V-12; Positive ECCD was obtained fgr6.

The correlation between diol chirality and the sign of ECCiluistrated in Figure
V-11. Binding interactions invariably occur between the two chiydroxyl groups
and the metallo centers of porphyrins. It is assumedbtthtporphyrins approach
the two hydroxyl groups opposite to the largest substituent (methyl group in this

case). As a result, the methyl groupaigi to the bound porphyrins and is not
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involved in the steric differentiation process. The remainingswastituents on the
chiral carbon (H and alkyl chain) would be the steric discrimintuinig the bulky
porphyrin. Therefore, the conformation of the long alky chain ipomant for
elucidating the stereodifferentiation mechanism.

Straight chain mono alcohols are known tn

.30
prefer trans all staggered conformations.

This conformation should also be favored

long chain diols as shown in Figure V-12. 1
confirm this conformational preference, sing FigureV-12. trans—all
crystals of diol V-11 was grown by slowly staggered conformation bf-6.
evaporating the C¥Cl / hexane solvent. To our great delight, high quality single
crystals were obtained. This is a bit surprising since deglbfe acyclic molecules
usually tend to form layered flakes and is hard to afford arysith good quality.
The subsequent X-ray diffraction analysis revealed another sogprissult. The
diol V-11 keeps atrans all staggered conformation with a well-aligned straight
skeleton (Figure V-13). We believe that two intermoleculdradeds of each OH
group in the unit cell account for the surprisingly well-aligeedformation for such
a flexible long chain molecule. This finding supports our hypothésis when
strong complexation (H-bonding or metal-ligand coordination) extsts flexible

molecular skeleton could be rigidified and aligned to minimize nhenber of

conformations thus facilitating CD measurements.
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FigureV-13. Crystal structure of 1,12-diM-11.

For diols with even number of carbons, ttnans all staggered conformation
combined with the proposed complexation pattern would position the two porphyri
(P1, P2) anti to each other as shown in Figure V-11. Consequdpilyyould rotate
counterclockwise toward the smaller H atom away from thgefaalkyl chain and
similarly P2 would rotate clockwise to minimize the steric repulsion withlhkky
alkyl chain. Overall, a clockwise (positive) helicity Rt relative toP2 is generated

for R R diols leading to positive ECCD spectrum which is indeed observed.

<— p2

< 8 A

FigureV-14. trans all staggered conformations of 1,7-c\6i7.

For diols with odd number of carbons, the most stabéms all staggered
conformation of the diol (Figure V-14 graplhwould lead to steric clash of buligi
and P2 when they approach the OH groups in a ma@ngrto the terminal methyl
groups since they would have to approach from the same side dibtlakyl chain.
A simple comparison of molecular sizes of the host and guest cooldder
straightforward insight about this issue. The linear distaet@den OH groups in
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1,7-diol (V-7) is 8 A (Figure V-14, measured in PC SpartanPro) and the diaofeter
monomeric TPFP porphyrin is 18 A (Figure V-15, measured in PQta®pa
Consequently, wheR1 binds one of the two OH groups Yt7, it will completely
block one side of the diol preventing the complexation of the incoPifyjom the
same side due to steric crash between two huge porphyrins. Howevetid
observe a very strong ECCD signal (A = + 367) of substaiindicating the
formation of stable ECCD active complex through ditopic binding betweel
groups and zinc porphyrin tweezer. As such, we proposed that the secand mos
stabletrans all staggered conformation was preferred (Figure V-14 ghgplnder
CD experiment conditions. In this conformatio®]l and P2 porphyrins could
approach and bind OH groups from opposite sides of diols chain effecia@bjing
the crash of bulky porphyrins. Consequently, a stable complex isdomitte short

interplanar distance accounting for the observed strong ECCD.

FigureV-15. 3D structure of zinc TPFP porphyrin monoester.
To confirm the preference of this proposed conformation, X-ray sisalyas also

conducted by growing and analyzing single crystal of 1,9-di@ (Figure V-16).
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We were glad to see that both conformations shown in Figure V-lelabserved in

a single unit cell with equal population thus suggesting tharitieliol conformation

is energetically accessible. Again, the long alkyl chain was weglhedi as a straight
chain with the help of intermolecular H-bonds. According to thiemagion, it is
reasonable to propose that in solution the odd-numbered diols could adopbtie sec
most stablegrans all staggered conformation (Figure V-14 graphwhile binding

with the bulky porphyrin tweezer.

Figure V-16. Crystal structures of 1,9-did-9 (two conformations present in one

asymmetric unit cell resemble the conformations of Widlin Figure V-14).
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Mol. CD

-100 |

-200

350 400 450 500
Wavelength / nm

Figure V-17. Proposed compexation for 1,n-diols (n = odd) with tweazde,
Positive ECCD was obtained fgr7.

Based on the above discussion, in the diol-tweezer corfllexdP2 are stillanti
to each other avoiding steric clash as depicted in Figure V-1@ric Sifferentiation
experienced byl between the H atom and the alkyl chain drives this porphgrin
rotate counterclockwise toward the smaller H atom. Similalbgkwise rotation of
P2 is expected. Thus, a positive helical arrangement of porphgripsoduced for
RR substrates; this is verified by experimental results inelfabP. SinceP1 and
P2 rotate opposite to each other, each stereocenter would reinforsantigeoverall

helicity of bound tweezer.
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Figure V-18. Front view (left) and side view (right) of the 1,6-diol-tweexed?2

complex (hydrogen atoms were omitted for clarity).

These rationales were substantiated by conformakisearch at molecular
mechanics level which showed a clear preference for positiveithdbr the RR
supramolecular assembly among the low energy conéss examined.
Conformational search also unambiguously revealed the slipped cafaoraktry of
porphyrin tweezer (Figure V-18 ~ V-20). The conformations of dmgaled in the

minimized structures agreed well with propogeshs- all staggered conformations

Figure V-19. Front view (left) and side view (right) of the 1,7-diol-tweexed?2

complex (hydrogen atoms were omitted for clarity).
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+
Ra
Figure V-20. Front view (left) and side view (right) of the 1,12-diol-twee¥et2

complex (hydrogen atoms were omitted for clarity).

and the crystal structures. The center-to-center distatrte4n2) of the tweezer
host increased accordingly with the increase of diol chainHefogt 7 A invV-12 /
V-6 complex and 16 A iv-12/ V-11 complex). However, the interplanar distance
changed only slightly while extending the guest molecular skelgg. 6 A inv-12/
V-6 complex and 7 A ivV-12 / V-11 complex) which is in line with the unusually
strong CD signals primarily due to intimate choromophoric ictera in side-on
binding process. The independence of CD amplitudes on substrate olgénideof
particular importance since most bischromophoric derivation methodstainly
suffer from significant dependence of CD signal strength stamie between chiral

centers which limits application in long range stereochemical deteramnat
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Figure V-21. UV-Vis spectra change upon titration of twee¥et2 (1 uM in hexane)

with V-6 (10 mM in DCM, grapla) andV-11 (10 mM in DCM, graplb).
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UV-vis profile of complexed tweezéf-12 with diols further validated the unique
side-on approach. It has been recognized that the shif,gf for zinc porphyrin
tweezer complex is the outcome of two opposing eﬂzedétg;lthe bathochromic shift
resulting from donor-acceptor interaction and hypsochromic shiftnwthe two
chromophores are brought close by guest molecules upon coordination. The
nucleophilicity of diol homologues/-3~V-11 is similar, so is the strength of
donor-acceptor interaction. Therefore, red-shifta, qfx would reflect the distance
between two porphyrin chromophores. UV-vis titration of tweeZel2 with
1,6-diol in hexane revealed a small redshift (2.4 nm)gfxof porphyrin Soret band
(Figure V-21a). Extending the diol chain to 1,12 diol only led tghslincrease of
Amax Shift (3 nm redshift, Figure V-21b). Similar UV experiments of these two diols
with tweezerll-25 revealed much larger redshifts, 4.7 nm and 6 nm respectively.
The binding constants for diol-tweezev-12 derived from UV-vis-titration
experiments are very close (3.37 >207 for 1,6-diol and 3.69 xTOM™ for
1,12-diol), suggestive of similar strength of donor-accepter daatiens. Most
importantly, the significantly smaller bathochromic shifts\gfzx with tweezeV-12
and their nearly negligible differenceAAAmax= 0.6 nm) suggests small
interchromophoric distance and its insensitivity towards increfsil chain length
are in accordance with the observed strong CD signals and theutaolenodeling
results that point to the side-on complexation pattern. The lagghifts with
tweezerl1-12 is not induced by the slightly longer linker since the twebearing 9

methylene linker rendered similar red-shifts (5.4 nmfe8 and 6.7 nm fol-11) as
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11-12 in UV titrations.  This tweezer also encountered the same problems as 1 during
ECCD study of diol V-6 and V-11In an earlier report on the compexation of terminal
(1,2- to 1,12-) diamines with zinc TPP tweezer bearing 1,5-pentylene linker, Huang
et.al. observed 6.9 nm redshift of porphyrin Soret band while binding with
1,6-hexanediamine and 9.2 nm redshift with 1,12-dodecanediamine. These diamines
proved to bind tweezer in a head-on manner since 1H NMR analysis of
diamine/tweezer complex manifested parallel no-offset disposition of two porphyrin
rings which did not allow side-on binding.32 As a result, the red-shift of porphyrin
Soret band is a rigorous measurement of chain length of complexed diamines. The
red-shift values are larger compared to those of diols due to much stronger
donor-acceptor interaction. But the difference of these two redshifts (AAAmax = 2.3
nm) is comparable to 1.3 nm difference observed for two diols bound with tweezer
11-25 indicating the preference of the latter for head-on binding. The similar *H
NMR analysis is not suitable for our tweezer system since Zn-TPFP tweezer
V-12-diol complex is not ECCD active at NMR concentrations and aggregates
significantly, hence structural information obtained from NMR cannot represent the
true ECCD active conformation at uM concentration (see section 111.2.4 for details).
All these arguments are consistent with our scenarios above. We are certain that this
distinct binding mechanism would enable the determination of absolute
configurations for even longer chain diols.

In conclusion, we established a new supramolecular host system with unique

chirality recognition process which could serve as a rapid, reliable and highly
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sensitive chirality sensor for 1,n-glycols using ECCD protocol oserarkably long
atomic distances (19 A for di™-13). To the best of our knowledge, this is the first
general method addressing the absolute stereochemical detemioatacyclic
1,n-glycols with varying chain lengths in a nonempirical way. Gheent study
also significantly bettered our understanding of the chiraligogeition process
involving porphyrin tweezers and provided important guidelines for develom@ng
chirality sensors. Further application of this method in complekndolecules has

revealed promising results and deserve continuous attention.

V.3 Synthesis of chiral 1,n-glycols

=N, N=
Co

N

O °

(S,S)-Co-Salen
V-16
(S,S)-Co-Salen (0.005 eq.)
AcOH (0.02 eq.)

o THF (0.01 m/mmol), 0°C 4 HO
then H20O (0.55 eq) 449,
16 h, r.t. >99% e.e.

Scheme V-1. Jacobsen hydrolytic kinetic resolution (HKR).
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@) o) (S,S)-Co-Salen 0 OH
HKR n
V-16

OH OH
HO_ A6\ _OH v-19
n
Scheme V-2. Jacobsen hydrolytic kinetic resolution (HKR) for bisepoxides.

A rapid approach to chiral 1,n-glycols is through regioselectivg ojpening of

chiral bisepoxides, which can be prepared by Jacobsen hydrolyé&tickresolution

(HKR).2® 28

As shown in Scheme V-1, HKR provides rapid access to chiral
terminal diols or epoxides from racemic epoxides. This methodxtieneely
efficient in terms of yield, enantiomeric purity, and turn-over numb@&iis reaction

is easily scalable and the chiral salen catalyst can beewsd without losing activity.

(S,S)-Co-Salen (0.01 eq.)

MCPBA (2.4 eq.) AcOH (0.04 eq.)
DCM, r.t. 40 min 4 THF (0.02 ml/mmol), 0 °C
= \ > l>\/\/\(| >
/\(V)Z\ 83% o thenH20 (1.1 eq)
V-20 V-21 16 h, rit.
15%
LAH (4 eq.
( 0q ) OH
M THF,0°C tor.t. 1 rl /K/\/Y
O 97%
- OH
Zszgs V-6
’ 2R, 7R
>05% e.e.

Scheme V-3. The example for synthesis of even-numbered chirahdil

To obtain chiral bisepoxides, we can simply run the HKR of racéisepoxides

i?, 33 |

while doubling the amount of chiral catalyst, AcOH an®DHScheme V-2 n
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theory, three products can be produced and they are readily sdphyatolumn
chromatography. Following this procedure, both even-numbered diols (Sth@me
and odd-numbered diols (Scheme V-4) can be made from commerciallgbde
terminal dienes with decent yields and very good selectividne should note that
the maximum yield for HKR of bisepoxide is 25%H NMR analysis ofR-MPA
esters of ring opened diols afforded the optical purity (ustndjiier than 95% e.e.)
of kinetically resolved chiral bisepoxide as well as the diols.

Long chain terminal dienes which are not available werehegited from PCC
oxidation of terminal diols followed by Wittig olefination (SchenV-5). The
conversion of terminal diol into terminal dialdehyde via PCC oxitasuffered from
low yield especially for long chain substrate due to poor solulwfitgiol. Mixed
solvent (CHCIo/ THF) has to be used to increase solubility and get acceptaide
Complete conversion is difficult to achieve even under extendedaeditie (10 h).

Monoaldehyde and a small amount of starting material were always obtained.

(S,S)-Co-Salen (0.01 eq.)
AcOH (0.04 eq.)

nDngl\F;IBAt(zz.i eq.) o o THF (0.02 mi/mmol), 0 °C
/\(\){5\ y r . o \)\(\/)/Q >
039, 5 then H,0 (1.1 eq)
V-23 o V24 2o, rt.
14%
o o LAH (4 SOI-) OH OH
>~~~ THF,0°Ctort 1h )\/\/\/\
V-25 92% V-7
25,88 2R,8R
>95% e.e.

Scheme V-4. The example for synthesis of odd-numbered chiral\¢idl
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H
PCC (2.4 eq.) 0
DCM / THF (3:1) OW

t.4h H
e~~~ OH T - V-27
HO 44%
V-26 H
OH
O%‘\(/)/g\/
V-28
Ph3P=CH2Br (2.2 eq.) MCPBA (2.4 eq.)
~ DCM,rt.4h O
NaHMDS (2.2e.9.) | A g7 - W
THF, 0°C, 3 h 48Y% 9 0
66% V-29 ° V-30
(S,S)-Co-Salen (0.01 eq.)
THF (0.02 ml/mmol), 0 °C THF. rt. 1 h /'\W/Y
- < 9
30 h, r.t.
22% 25,138 2R,13R
> 95% e.e.
Scheme V-5. Synthesis of long chain chiral digt11.
Mg (4 eq.)
PhaP (2.4 eq.
: 3(2(4 e? ) THF, 70 °C
ro (2.4 eq.
HOTTHOOH  —————~ Br" t¥ioBr 3h BrMg™ (70 MgBr
quant. V-32 V-33
o)
M~ (2eq)
Cul (0.2 eq.)
oH THF,- 70 °C to r.t.
/'\/\/\/\/\/\/\/\6/H 4h
V13 51%

Scheme V-6. Synthesis of long chain chiral digt11 using bis-Grignard reagent.
An important reason we pursued the bisepoxide approach is that tla¢ chir
bisepoxide presumably can be opened by organometallic specieGrigeard or
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cuprate reagents leading to a variety of chiral diols witferdint terminal alkyl
groups. However, a couple of attempts to open the bisepoxide witma@tig
reagents (vinyl magnesium bromide, phenyl magnesium bromidepoheysil
magnesium chloride) with and without Cul did not yield satisfactegults. A
mixture was obtained containing ring opening product by MgBr

An alternative way to prepare the desired chiral dioliisugh ring opening of
chiral monoepoxide with bis-Grignard reagent. As illustratedScheme V-6,
1,12-dibromododecane can be obtained in quantitative yield. Following Gtignar
formation and ring opening ofRRpropylepoxide afforded chiral 1,12-diol with good

overall yield and optical purity.

(S,S)-Co-Salen

MCPBA (1.1 eq.) AcOH 42% V-35
S DCM, r.t.2h @\/g THF, 0°C ~ >95%e.e.
82% then HyO (0.55eq)  +
V-34
20 h, r.t. oH
OH
41% V-36
Cul (0.3 eq.)
Mg (4 eq.) -50 °C to,t. 0.5 h
Br BrMg
70°C.3h @\/3
V-37 then
(2eq.)
-10°Ctor.t.
oH overnight
Ph\/\/\/\/\/\/\Ph 24%
V-14 OH
> 95% e.e.

Scheme V-7. Synthesis of long chain chiral digt14 using bis-Grignard reagent.
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I (cat.)

PPhq (1.2 eq.
CBr3 ((1 2 ec? )) Mg (2 eq)
AU OH——2 2 o~ ~o~pp THE
DCM
r.t.to 70 °C
0°tor.t,3h V-38 3h
quantitative
Cul (0.15€eq.)
-10°C 0.5 h, Et)0 OH
Z 5> MgBr > :
(3 eq.) @\/g N
V-39 Va3 V-40
then -35
CPBA (1.2 eq.
30°Ctort 3h . g - (OC °d)
68% o| CHCI3, 0 °C tor.t.

overnight
TBSCI (1.1 eq.)

oTBS | :DMAP (0.2 eq.) oH
9 9

V-42 Imid. (23 GQ) V-41
(R,R)-Co-Salen (0.01 eq.) DCM,0°Ctor.t.
AcOH (0.04 eq.) gyg[nignt

THF (0.02 ml/mmol), 0°C
then H2O (0.55 eq)

22 h, rit. 51%
LAH (2 eq.)
OTBS, g0 ‘ oTBS OH
9 -10 °C tor.t.
V-43 2h V-44
96% | TBAF (12eq)
92% THF, rit.
4h
OH OH
V-45

Scheme V-8. Synthesis of long chain chiral digt11.

Chiral epoxidev-35 was then prepared through HKR and underwent nucleophilic
ring opening by-37 to yield 1,10-dioV-14 (Scheme V-7). Clearly, employing this
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approach we can quickly access chiral diols with different teaimalkyl groups.
The procedures described above (Scheme V-4~Scheme V-7) are Soitaialeidly
making diols with the same terminal alkyl groups. To further detraiesthe
efficiency of our newly developed porphyrin twee2ér12, diols with different
terminal alkyl groups were also synthesized though in theory we eonfident that
the new tweezer should function equally well with these substrates.

As depicted in Scheme V-8, ring opening of chiral epoxXid@5 by freshly
prepared Grignard reagevit39 and HKR of newly formed epoxidé-42 introduced
the desired two chiral centers. This white solid5 exhibited prominent ECCD
couplet upon complexation with Zn-TPFP twee¥€t2 in hexane at 0 °C confirming

the efficiency of the new chirality sensor.

V.4 A case study of chirality sensing using tweéz€2

Recently, Curran and coworkers reported the stereochemieaimd®ation of
diol moiety (C3 and C14) in natural product Petrocortyne A (IéigﬂQZ).S4 They
synthesized a mixture of all four isomers with different fluortags, and separated
each isomer in its pure form using fluorous HPLC. By anatythe'H NMR of
corresponding Mosher esters and comparing the optical rotatiomanQumfirmed
that the absolute configurationR34S, V-46) proposed by Jur:;’g5 was correct. This
immediately drew our attention since this natural product contaimogchiral OH
groups separated by 12 carbons can be a good candidate to stpbyrin tweezer

system.
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/ — - —
= 3 N14Z 13 X
V-46 OH
OH
H / — o —
= 3 X147 13 3
V-47 OH
OH
P — _ —
= N\ 13
V-48 &
OH
: / ___ L __
= N\ 13
V-49
OH

FigureV-22. Petrocortyne A and its isomers.

Professor Curran kindly provided two of the four isomers, around lacigwith

unlabled stereochemistry. We quickly ran the ECCD measuremiebtsh samples

with Zn-TPFP tweezeY-12 in hexane. Initial runs revealed weak negative ECCD
spectra for both substrates when over 40 eq. of diol was employed imglitett one

of the isomers might b€47. However, upon scrutiny of the ECCD measurements,
we observed an interestirdynamic behavior of ECCD signals for both substrates.
At certain ratios of substrate versus tweezer, a biggi@dd couplet could be
observed. However, the CD couplet was not stable and it would chihage er

even disappeared after some time. A steady and consistent BiQ@d& was not
obtained. Thus, we could not draw a definite conclusion about the absolute

configurations of the two samples simply based on overall negative ECGdbssig
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V-27 O
MgBr
=z
(4 eq.)
96%
°| THF, 2.5h,
O°Ctor.t.
OH
=
/\/W\/\/\/
rac-V-50 OH
MnO2
(up to 100 eq.) PCC (2.4 eq.)
DCM rit. DCM,rt.,6h

AN
EO
A

V-51 OH

AN
o
@
N\

V-52
' CBS reduction

v
V-50

Scheme V-9. Synthesis of bis-ynoné-52 from oxidation.

We speculated that this dynamic behavior was due to the bulkihtssextremely
long side-chain or the weak nucleophilicity of OH groups at double-projpargyl
position. Considering the minute amount of these samples, direct ¢iabafthe
big molecules is not advised. To figure out the possible causasytiieesis of a

simplified model compound/-50 or its enantiomer was planned. As shown in
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Scheme V-9 the synthesis of racemic 1,12-diol went smoothly busubgsequent
oxidation ran into problems and only a small amount of desired bis-yW&2ewas
observed on TLC along with a large amount of mono-yndrigl and starting
material. The isolated yield &-52 was low, thus a different route (Scheme V-10)
was undertaken.

The dicarboxylic acidv-53 was converted into acyl chloridé-54 followed by
Friedel-Crafts acylation with bisTMS acetylene tffoed bis-ynoneV-56 with
excellent overall yield. Direct asymmetric reduction ofltlleeynone usingg)-CBS
reagent in CHNO, and subsequent desilyation yielded dv6b0. The absolute
configuration of diolV-58 was assigned based on the empirical observation of similar

CBS reduction of TMS acetylene substituted yn%?ﬁe?’.7 The ECCD study of diol

V-55
TMS——TMS

o O reflux, 3h, O O (2.3 eq) -
HO%CH quant. Cl)kf’)?%CI AICI3 (2.4 eq.)

SOCly (7 eq.)

V-33 V54 goctort,3h,
96%
S-CBS V-57 (2 eq.)
O O Catecholborane (4 eq.)
. _TMs
T™MS TMS 15h =z V9 %
. TMS OH
V-56 65% V-58
H Phpp 92% /" K,CO3 (10 eq.)
C’KLO OH MeOH, r.t., 3 h
N\B/ M
s = 9}
CHj3 OH
V-57 V_50

Scheme V-10. Synthesis of diol/-50.
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V-58 andV-50 rendered weak negative CD couplets for both cases at 40 eq. or 100 eq.
but again with dynamic behavior. At same equivalent of chicd) thie negatice CD
couplet disappeared and appeared again randomly. Unfortunately, th@meaoti
purity of diol V-50 was low based OJﬁH NMR analysis of bis-MPA ester due to the
poor selectivity of CBS reduction. Literature search revealedthieapresence of
terminal silyl group within ynone could make the CBS reductiokyrzlgc6 Therefore,
removal of TMS group fronV-58 before CBS reduction was attempted (Scheme
V-11).

HF / pyridine proved to be inefficient and the commonly use@®g / MeOH

combination generated an interesting prodvéi9 in quantitative yield by double

HF/Py. (10 eq.)

ACN, 0°C,2h
> N.R.

KoCO3 (10€d) o 0 O OMe

V-55 MeOH, r.t.,10 h MeO V-59
quant. 10 OMe
Borax (0.4 eq.) o O
MeOH/Hy0 =~ Mhoxy v-52
1.5h 93%

Scheme V-11. Synthesis of bis-ynoné-52.
Michael addition of ynone with MeOH. Catalytic amount of BonaxMleOH and
H-O proved to be efficient in removing the TMS groups. Yn@ri acquired this

way was submitted to CBS reduction (Scheme V-12). EtM@s still chosen as

solvent since it demonstrated surprisingly acceleration effe€€BS reduction of

ynones and allenyl ketones compared to commonly used toluene and miCilsa

afforded improved enantioselectivﬁg. The reduced didV-60 has improved optical
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purity (76% e.e.) which is comparable to those obtained from CBS reduction of

similar substrate (Scheme V-13). The assignment of absolute stereochemistry

followed the empirical observation of CBS reduction for similar substrates.39
Ph

<:%Ll§Ph

N O (3ed)

O O B

/M CHa 1§ Z

B-H OH
V-52 O (4eq) V-60
EtNO», -78 °C, 76% 6.0
0 C.C.
1.5h
81%

Scheme V-12. Synthesis of diol V-60 by CBS reduction of bis-ynone V-52.
H Ph

1 1.Ph
DS N e P
// % BMS M
V-61 THF, -30 °C V-62
up to 60% d.e.
83% e.e.

Scheme V-13. Literature example of CBS reduction of bis-ynone.

The 1H NMR analysis of Mosher esters of V-60 focused on the characteristic
terminal acetylene hydrogens (around 2.5 ppm).39 As shown in Scheme V-14, the
possible products from CBS reduction are V-50, V-60, and V-62. Correspondingly,
three Mosher esters possibly exist after the derivatization of diols. Since the two
chiral centers are remote to each other, they can be regarded as independent chiral
centers. In the racemic mixture of V-50 and V-60, two singlet protons (SR vs. RR)
from the terminal acetylene hydrogen atoms with equal integration are expected and it
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was indeed observed in tieMPA ester of racé/-50. The possible presence of
meso-diol V-62 does not affect this ratio. Therefore, the ratio g 5. Hkg can be

used for analyzing the optical purity of this type of chiral diols.

OH
M
7 V-60 OH
OH
R FZ
= S
V-62 OH
OH
< R
V-50 OH
N J
Y
R-MPA (3 eq.)
DCC (3 eq.)
>95%| DMAP (3 eq.)
DCM, r.t.,
overnight
OMPAR Y L H;
/'\/\/\/\/\/\‘3/ SR/ SR
- ZS
(HY V-63 OMPAR
OMPAR . H.
R Z SR/RR
(H V-64 OMPAR
OMPA LH;
/g\/\R/\/\/\/\R/(“ RR/RR
- Z R
tH V-65 OMPAR

Scheme V-14. Determination of optical purity for bis-ynol.

ECCD study of diol-60 revealed a dynamic spectrum as a stable ECCD signal
was difficult to be attained. Since sterics is not an issuthis case, this finding
supported our concern that the weak nucleophilicity of propargylic alcoaglresult
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in weak binding between diol and zinc tweezer gatieg unstable host-guest
complex and yielding dynamic ECCD spectra. To finally continis concern, we
decided to hydrogenate diM-60 converting it into saturated didl-66 (Scheme
V-15). With increased nucleophilicity of hydroxyl groups, ditb6 supposed to
exhibited stable and consistent ECCD signals during CD titratiotweézer at
varying equivalents. Typical hydrogenation procedure (Pd / & Affbrded desired
diol contaminated with unknown impurity which was hard to be removed byncol
chromatography. Since we were looking for a procedure that coulddeplied
to the reduction of Petracortyne A isomers, we needed a prodédtieould cleanly
reduce the acetylene moiety without the need of drastic ptidicateps considering

the minute amount of sample available. The transhydrogenation didforaok afy

product.
Pd/C, Ho OH
EtOH N \/‘\/\/\/\/\/\‘/\
overnight OH
+ unkonwn impurity V-66
OH Pd/C
= EtOH -
= 0 N.R.
V-60 OH NoH4-H2O
) (60 eq.) ~ OH
EtOH, air, r.t. \/'\/\/\/\/\/\‘/\
overnight OH

V-66

Scheme V-15. Reduction of bisynol/-60.

233



80

40 |

Mol. CD

350 400 450 500
Wavelength / nm

Figure V-23. ECCD spectra of dioV-66 with tweezeN-12 in hexane at 0 °C.

Reduction of the propargylic alcohol with the combination of hydraziag /
. 40-42 .

Cu(OAc) / EtOH at room temperature proved to be efficient.” This procedure
afforded clearVv-66 in quantitative yield when the reaction was conducted at 8.1 mg
scale. Subsequent ECCD measurement-66 showed intense and steady ECCD
signal (A = +116 at 20 eq. of diol, Figure V-23), thus suggestingtiteatlynamic
spectral behavior observed with chiral propargylic alcohols in GIB due to the
weak nucleophilicity of OH groups especially when the hydroxyl graupati

double-propargylic position as seen in Petrocortyne A isomers.
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OH

AN
V4
AN
74

V-67 / 68 OH

NoH4-H2O
(600 eq.)
EtOH(0.1 mL)
air, r.t.

OH 2 day

\)3\/\/\/\/\/\1?032%5

V-69/70 OH

Scheme V-16. Reduction of Petrocortyne A isomer.

Apparently, reducing the double and triple bonds in Petrocortyisomers is
necessary for efficient binding with twee2ér12 and obtaining steady CD signals.
Before reducing the Petrocortyne A samples, we tested theingdefficiency of
hydrazine / air system at minute scale by carrying outatiection ofV-60 at 180ug
scale with 200 eq. of hydrazine. Cu(OA®as removed from system since we
wanted to eliminate the risk of epimerizing the chiral alcohdl laydrazine / air was
also reported effective for the reductﬁ')%. After 2 days of reduction, the crude
product obtained also led to observable ECCD spectrum indicatinthéheg¢duction
was effective. Thus, we went ahead to run the reduction of both Pétrecadx
isomers Y-69 / 70) at 180ug scale with 600 eq. of hydrazine for two days (Scheme
V-16). The formation of small amount of solid was suggestive fog#meration of
product since the starting materials was liquid. However, afambrylH NMR
was difficult to obtain using 500 MHz NMR machine due to minute amount of

product. A NMR equipped with microprobe may be suitable for NMRyaisl
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The ECCD measurements of the crude product were still attdmptéinfortunately,

no observable ECCD was detected. Considering the large mole@#an4s
saturated carbons), the poor solubility of the reduced products probalhptrallow

the CD measurement in nonpolar solvent such as hexane. A variepjvents
(MCH, isooctane, toluene, CRly/hexane, CHCIl,, CHyCICHoCI, CHCh,
tert-butylether, CHCN, CHzNO») were screened along with varying temperatures
(-10~25 °C), however, no satisfactory results were obtained. To conchale,
attempt for determination of absolute configuration for Petracoryis®mers using
porphyrin tweeze¥-12 system was not successful due to the weak nucleophilicity of
propargylic alcohols, the low solubility of reduced diols, and probablyatige size

of one side chain containing 32 carbons. However, the efforts deditcathis work
may provide useful insights in the stereochemical determinatidongf chain diols

using modified porphyrin tweezer system.
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Experimental Procedures

Materials and general instrumentations:

Anhydrous CHCI> was dried and redistilled over CaH The solvents used for CD
measurements were purchased from Aldrich and were spectra grslitiesactions
were performed in dried glassware under nitrogen. Column chrgraptty was
performed using SiliCycle silica gel (230-400 meshJ)H NMR and 13C NMR
spectra were obtained on a Varian Inova 300 MHz or 500Hz instrumenarand
reported in parts per million (ppm) relative to the solvent resosaf@e with
coupling constants)) in Hertz (Hz). IR studies were performed on a NicoletlRT-
42 instrument. UV/Vis spectra were recorded on a Perkin-Elnaenbda 40
spectrophotometer, and are reported.@agx [n(m]. CD spectra were recorded on a
JASCO J-810 spectropolarimeter, equipped with a temperature cantineiEab 111)
for low temperature studies, and were reported.[ags] (Aemax [L mol'l cm']]).
Optical rotations were recorded at 20 °C on a Perkin Elemer 3atirReter { = 589
nm, 1 dm cell). Chiral GC analyses were performed on a HeRdekard 6890 gas
chromatograph equipped with a Supelco Gamma Dex 225 column (0.2%n80
m) using helium as carrier gas. HRMS analyses were performe@eorQf Ultima

system using electrospray ionization in positive mode.

General procedurefor CD measurement:

Zinc porphyrin tweezefl-25 (2 uL of a 1 mM solution in anhydrous GBIy) was

added to hexane (1 mL) in a 1.0 cm cell to obtain | @vRtweezerll-25 solution.
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The background spectrum was recorded from 350 nm to 550 nm witim aaseaof
100 nm/min at O °C. Chiral diol (1 to 2@ of a 10 mM solution in anhydrous
CH»Clp) was added into the prepared tweezer solution to afford the hast/gue
complex. The CD spectra were measured immediately (mininafm4
accumulations). The resultant ECCD spectra recorded in milddegwere

normalized based on the tweezer concentration to obtain the molecular CD (Mol CD

Deter mination of binding constant

The solution of Zn-porphyrin tweezer (1 mM in hexane) was tdratgh guest
molecule (10 mM in DCM) at different equivalents and the UV-ysctra were
recorded. The addition of the chiral substrate continued until no vidialege in
the spectra was observed. Upon formation of the chiral complex tkée l&od of
the porphyrin tweezers underwent red-shifts through an isosbestic pdim change
of absorption at certain wavelength as a function of the substmtentration yields

an exponential saturation curve which can be fitted through the followindjneam

44
least square equation previously reported by Shaji derive the binding constant.

f=L{(1 + kx + ka) — [L%(1 +kx + ka)? — 4axk’L?] Y3 | 2ka
where: L - Aabs at the point of saturatioX; — chiral substrate equivalentk; —

calculatedK 5, @ — concentration of porphyrin tweezer.
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Crystallographic data of diol V-11

FigureV-S1. Crystal structure of didV-11,

TableV-S1. Crystal data and structure refinement for tidill.

Identification code DioV-11

Empirical formula C14 H30.50 02.25

Formula weight 234.88

Temperature 173(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P1

Unit cell dimension a= 9.4357(@,\ o= 88.3600(10)°.

b =10.0619(8) A B=76.6840(10)°.

c =17.2986(13) A y = 71.8240(10)°.

\Volume 1516.8(2) &
Z 4
Density (calculated) 1.029 Mgfn

Absorption coefficient 0.067 mrh
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Table V-S1-continued. Crystal data and structure refinement for diol V-11.

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

530

1.08 x 0.20 x 0.18 mm3

1.21 to 32.04°.

-12<=h<=12, -14<=k<=14, -25<=I<=24

31513

14753 [R(int) = 0.0283]

99.8 %

Semi-empirical from equivalents
0.9881 and 0.9311

Full-matrix least-squares on F2

14753 /371074

0.983
R1 = 0.0433, wR2 = 0.0965
R1 =0.0728, wR2 = 0.1106
0.6(6)

0.202 and -0.191 e.A-3
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Table V-S1-continued. Crystal data and structure refinement for diol V-11.

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

530

1.08 x 0.20 x 0.18 mm3

1.21 to 32.04°.

-12<=h<=12, -14<=k<=14, -25<=I<=24

31513

14753 [R(int) = 0.0283]

99.8 %

Semi-empirical from equivalents
0.9881 and 0.9311

Full-matrix least-squares on F2

14753 /371074

0.983
R1 = 0.0433, wR2 = 0.0965
R1 =0.0728, wR2 = 0.1106
0.6(6)

0.202 and -0.191 e.A-3
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Table V-S2-continued. Crystal data and structure refinement for d.

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.31°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

c=28.9411(4) A y=90°.

2456.15(6) R

8

1.018 Mg#n
0.067 mrh

848

0.22 x 0.16 x 0.12 m

1.41 to 25.31°.

-8<=h<=9, -13<=k<=12, -34<=I<=34

14442
4434 [R(int) = 0.0363]
99.8 %
Semi-empirical from equivalents
0.9922 and 0.9851

Full-matrix least-squares én F

4434/ 01/ 243

1.016
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R1 = 0.0393, wR2 = 0.0808
R1 = 0.0555, wR2 = 0.0919
-0.3(11)

0.110 and -0.1672.A



Computational method

Monte Carlo conformational search of diol-tweezer complex waforpeed by
Spartan V 5.1.3 with SYBYL as force field. The O-Zn distawes constrained at
2.2 A to avoid dissociation of the complex. After 1500-1900 fully optimizepss
conformers with 10 kcal / mol were collected for analysis. Hdheee diols V-6,
V-7, V-11) complexed with Zn-TPFP tweezé&f-12, the most stable conformers
consistently indicated clockwise helicity as proposed (Figure V-18)V The

side-on approach was also clearly revealed in these optimized structures.

Synthesis of chiral diols
Compound V-3 is commercially available from Acros. Diolg-4~V-10 were
synthesized from hydrolytic kinetic resolution of corresponding macderminal

diepoxides and following ring opening by LAH.

Typical procedure for synthesis of chiral diols using Jacobsen hydrolytic kinetic

27,

resolutions 28 described for the synthesis of V-6:

1,2:7,8-Diepoxyoctane (V-21)
To a solution of 1,7-octanediene (5.0 g, 45.5 mmol) inpClH (100 mL) at 0 °C was
addedm-CPBA (70%, 13.4 g, 54.5 mmol). The suspension was stirred at room

temperature for 2 h monitored by TLC until completion. The readtias quenched
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and washed by saturated NaHgsvlution (4<80 mL) followed by brine (100 mL).
The organic layers were then dried gS&y) and concentrated. The oil residue was
purified by flash chromatography (5-20% EtOAc / hexane) tooraffthe
1,2:7,8-diepoxyoctane (5.32 g, 83%) as a colorless ollH NMR (CDCk, 300 MHz)

8§ 1.52 (s, br, 8H), 2.44 (dd, 28, = 5.1Hz,J" = 2.7 Hz), 2.73 (t, 2HJ = 5.1 Hz),

2.88 (s, br, 2H):°C NMR (CDCh, 75 MHz)3 25.5, 32.1, 46.6, 518

(1,2S:7S,8)-Diepoxyoctane (V-22)

1,2:7,8-Diepoxy-heptane (3.68 g, 25.94 mmoB,SESalen-Co catalyst (157 mg,
0.0259 mmol, 0.01 eq.), THF (0.26 mL) and HOAc (62 mg, 1.04 mmol, 0.04 eq.)
were added sequentially to a 50 mL round bottom flask rendering aethikrown
solution. The mixture was cooled in ice-bath an®H514 mg, 28.53 mmol, 1.1 eq.)
was added in one portion. The reaction mixture was stirred for 20 hhend
purified by flash chromatography (10-30% EtOAc / hexane) taraiffthe
(1,257S8)-diepoxyoctane (552 mg, 15%) as a colorless oik]zob =-22.3,€¢=2.0,
CHCla): *H NMR (CDCl, 300 MH2)5 1.52 (s, br, 8H), 2.44 (dd, 2H, = 5.1Hz,J

= 2.7 Hz), 2.73 (t, 2HJ = 5.1 Hz), 2.88 (s, br, 2H):"C NMR (CDCh, 75 MHz) 5

25.5,32.1, 46.6, 51.8

(2R,7R)-Octanediol (V-6)

To a solution of (1,87S8)-diepoxyoctane (205 mg, 1.44 mmol) in dry THF (10 mL)
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at 0 °C was added LAH (219 mg, 5.77 mmol, 4.0 eq.). The mixture waidor 1
h until completion, then was quenched with@&{(20 mL), HO (1 mL), and HSOy
(1 mL). After filtration through celite, the organic layersadried and concentrated.
Purification by flash chromatography (30-50% EtOAc / hexane) afford
(2R 7R)-octanediol (203 mg, 97%) as a colorless oik]*fp = -17.5, ¢ = 0.72,
CHCl3); ee = 95% (NMR analysis dR-MPA diester);lH NMR (CDCk, 300 MHz)6
1.14 (d, 6HJ = 6.3 Hz), 1.35 (m, 8H), 1.71 (s, 2H), 3.75 (m, 2% NMR (CDCB,

75 MHz)5 23.4, 25.6, 39.1, 678
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Chapter VI

Determination of Absolute Configurations of Chifairidines

using Zn TPFP Tweezer

V1.1 Background

Chiral aziridines are useful building blocks for rapid access togah-containing

molecules and heterocycles that are important to pharmaceatidabiologically

related fields. In the past decade, substantial amount of dfforesbeen dedicated

to the asymmetric synthesis of chiral aziridllrigsas well as the ring-opening
.1, 4,5 . .

reactions. A lot of advances have been made to develop enantioselective

aziridination pathways. However, preparation of chiral aziridines doeshare the
popular platform as seen for synthesizing epoxy alcohols. Anegiffisynthesis for
this class of compounds from achiral sources is still in gresgd. The
stereochemical determination of chiral aziridines reliesheneimpirical mnemonics
established for different systems. Unlike the well developedmmsjric
epoxidations of olefin double bond which could afford epoxy alcohols
straightforwardly and provide well-recognized mnemonics fatiligathe empirical
assignment of chirality for products, there is no direct adceskiral aziridinol from
olefin and hence no simple mnemonic available for its chiralityigament.
Comparing the optical rotations of ring opened products with reporteés/ad also
frequently used. The empirical nature of both methods is a big inttimstation

and the latter approach also suffers from extra synthetic wotk @ensitive
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molecules. Furthermore, the necessary transformations and deticas are
inefficient and time consuming. A general non-empirical expedmotocol

addressing the absolute stereochemistry of chiral aziridnes has ngedmer

V1.2 ECCD Study of Chiral Aziridines
V1.2.1 ECCD study of cischiral aziridinolsusing tweezer 11-25

Previously, we described the rapid determination of absolute caatfmus for
chiral 2,3-epoxy alcohols with a variety of substitution patternsguie zinc TPFP
tweezer linked by a 1,5-pentylene linkdt-p5) via ECCD protocol. A natural
extension of this work would be the ECCD study of the nitrogen-contaamalpg of
epoxy alcohols, namely the aziridinols. Similar to the epoxy alcolizdse is no
direct method to determine the absolute stereochemistry ofliagis. We are
hoping that current ECCD study could provide some important insightsesr an
effective solution for this deficiency.

Professor Wulff and coworkers have developed an efficient tatalyymmetric
aziridination method which could yietts chiral N-benzhydryl aziridine 2-carboxylic
esters in excellent enantioselectivity (Scheme \ﬁﬁ). The absolute
stereochemistry of the products from the Wulff aziridinatioasisigned based on the
proposed mnemonic and is confirmed by converting the aziridine dstdasown
amino esters or amino alcohols and comparing the optical rotationsepitinted
values. As discussed before, the empirical nature of mnemonic foalitghi

assignment has its intrinsic limitations. Conversion of theidaze esters to
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aziridinols and binding with zinc TPFP tweezer was planned in hbdeveloping a
method to determine the chirality of aziridines rapidly in a nop#eocal fashion.
As depicted in Scheme VI-2, the N-protected aziridine esters beaneasily

. - . . 9.
transformed into free aziridinols without loss of optical purity.

R_N_ (S)-VAPOL / B(OPh)3

=

via CHPh2 o (5)vAPOL /B(OPh)3 O ‘
+ (10 mol%)

@) CHoClo, r.t. N

|

VI-2

(S)-VAPOL (S)-VANOL
Vi-4 VI-5
Scheme VI-1. Wulff catalytic asymmetric aziridination using VAPOL / VANOL

We envision that free aziridinols would bind Zn TPFP tweezersimdar manner
to that of epoxy alcohols considering their structure similaritgonsequently, the
stereodifferentiation process in the tweezer-aziridinol suplesular complex is
expected to be the same as in the epoxy alcohol case. Therefore, the sigmaot resul

ECCD should have consistent correlation with the chirality of aziridinols.
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LAH(2eq) H

" O ‘ "
H
HOTf (5 eq.) N N

anisole R’ \COZEt 1h,0°C RAOH

40 min, r.t. > 80‘7
R1 CO2Et 440, VI-7 ° v
R4 = alkyl, aryl
Ro =H, OMe
VI-6

Scheme V1-2. Synthesis of free aziridinol from N-benzhydryl aziridine esters

To our delight, extremely strong ECCD signals were obsemreh only 1 eq. of
free aziridinol was mixed with Zn-TPFP twee2é&25 (2 uM) in hexane at 0 °C as
shown in Scheme VI-3. The remarkably higher amplitudes of azirgdowdr epoxy
alcohols are due to the stronger nucleophilicity of aziridinicogén over the
epoxidic oxygen. It is noted that the amino group could bind the ziptyam 200

times stronger than hydroxyl group (see Table I11-2).

H H
VI-9 VI 10 VI 11
Ph OH
94% e.e. % e.e. 99% e.e.
426 (+360) A=+602 426 (+357) A=+601 426 (+645) A = +1064
414 (-242) 414 (-244) 415 (-419)
Hexane, 1 eq. Hexane, 1 eq. Hexane, 1 eq.

0 IV-10

Ph/L\OH

423(+34) A = +65
411 (-31)
| Hexane, 40 eq.

SchemeV1-3. ECCD data of free aziridinols with tweedé¢25 (2 uM) in hexane at
0°C
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400
300
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-100

-200

-300

350 400 450 500
Wavelength / nm

FigureVI-1. Proposed binding mode between twedz&5 andcis-aziridinol.

Positive ECCD was obtained fais- (2R,3R) substrate/I-9.

More importantly, a consistent trend was observed wiR3RRsubstrates
(VI-9~VI-11), which rendered positive ECCD spectra. This is in excellent
agreement with the observation ak 2S3R epoxy alcohols I{/-10) which also
yielded positive bisignate couplet upon complexation with Zn-TPFPzeve@ote
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that the chirality annotation of C2 is different in aziridin®s-9~VI-11 based on
priority rule, but absolute configuration remains the sanesdS 3R epoxidel V-10).
This agreement proved our hypothesis that chiral aziridinols and epmtyols share
the same stereodifferentiation process in the supramolecular assembly.

The proposed complexation pattern was shown in Figure VI-1. The piorpily
would bind to the lone pair of aziridinic nitrogen and face two hydrogéns no
stereodifferentiation would occur. TIR2 porphyrin bound with terminal hydroxyl
group would rotate clockwise as indicated by the arrow to maeinthe steric
repulsion with bulky R group at C3 position. Overall, a clockwiseathwist is
generated between the two porphyrin chromophores while bindingewit(2R,3R)
substrates which leads to a positive CD couplet. In this bindingrpatheP1 and
P2 are on opposite sides of the aziridine ring to avoid steric clabheach other.
This is consistent with the complexation modeciafepoxy alcohols. The another
invertmer in which the lone pair of nitrogensig to the terminal hydroxyl group, the
two bound porphyrins would bump into each other while approaching theatabstr
and is energetically disfavored. Consequently, only one of thentx@atmers would
be preferred for complexation of tweezer with the free aziridinols. Therefore,
pyramidalization of the trivalent nitrogen does not affect thedibg pattern for
unprotected aziridinols and well defined binding models should be easily deriged aft

carefully examining the preferred position of nitrogen lone pair duringkation.
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390 410 430 450
Wavelength / nm

FigureVI-2. CD profile of tweezerll-25-aziridinol VI-10 complex in hexane (1

uM tweezer).

1.8 | 424 nm, 200 eq.

15
415 nm, 1.6 eq.

1.2 412 nm, 0 eq.

Abs

0.9

0.6

400 410 420 430 440

Wawelength /nm

Figure VI-3. UV-vis profile of tweezet|-25-aziridinol VI1-10 complex in hexane (1

uM tweezer).

Further scrutiny of the ECCD titration curves of compoiidlO (Figure VI-2)

disclosed an interesting fact that the CD amplitude firsteaszd with increasing
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concentration oV1-10 and peaked at 1 eq. @i-10, then started decreasing, leading
to complicated CD curve after over 5 eq. WF-10 was added. These changes
indicated multiple binding processes and interconversion of different bound

conformations during the titration.

1.5

Abs

400 410 420 430 440

1.8 424 nm, 200 eq.

1.5

415 nm

1.2

Abs

0.9

0.6

400 410 420 430 440

Wawelength /nm

Figure VI-4. UV-vis profile of tweezet|-25-aziridinol VI-10 complex in hexane (1

uM tweezer) at 0~1.6 eq. (graphand 2~200 eq. (grag).
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To probe the multiple binding processes, UV titration of Zn TR¥ezerll-25
usingVI-10 in hexane was conducted. As illustrated in Figure VI-3 and &g,
two isobestic points were obtained at 412 nm and 418 nm respectively, suggesting two
binding processes. The first process (leading to the absorpt#dr® atm) occurred
when 0-1.6 eq. of gues¥l-10 was added and can be attributed to the 1:1
complexation of the aziridinol with Zn-TPFP tweezer (Schemel)V Further
addition of the aziridinol leads to the breakup of the ECCD activecamplex
(binding of aziridine nitrogen to zincated porphyrin is stronger than that of an alcohol)
so that each porphyrin is bound to a nitrogen atom forming ECCD inative
complex corresponding to the absorption at 424 nm (Scheme VI-4). Staaah
between two porphyrins was then maximized leading to a 12 nmhifédvehich is
nearly the same red-shift as observed upon binding of a monoamineptarpigrin.

As a result, the ECCD amplitude would diminish when excess aziridinols deed.a

H Cy
l | A~
Zn Zn Cy/Q\—OH Z,n‘— N Zln
oioWoLo OJ\O/\/\/\O/LO
1:1 complex

HO’\_/Cy HO’vCY

NH NH

' 2

excess aziridinol

1:2 complex

Scheme V1-4. Binding process of tweez#ir-25 with aziridinolV1-10.
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Interestingly, free azridir H H
N N
esters VI-12 and VI-13 alsc
CO9Et CO5Et
yielded observable ECC VI-12 Br VI-13
signals upon complexation w 423(+40) A=+74 422(+ 33) A=+57
418 (- 34) 418 (- 24)
7n TPEP tweezer in hexa Hexane, 40 eq. Hexane, 10 eq.

The sign of the CD couplets . SchemeVI1-5. ECCD data of free aziridine

the same as those observed E€Sters with tweezét-25 in hexane at 0 °C.
aziridinols bearing the same configuration implying the same lgndiechanism
involved in the chirality recognition process. Obviously, the carbonyhe ester
group participated in the binding interaction with zincated tweeZértis is due to
the strong Lewis acidity of zinc TPFP tweezer since uswasligr carbonyl is a weak
Lewis base and usually does not participate in the binding interagiibreincated
porphyrins. Cooperative binding is believed to contribute to the pattanpaf
ester group considering the strong binding of aziridine nitrogen siheg substrates
such as hydroxyl esters do not lead to a substrate / tweanglex. We propose
that further increase in the Lewis acidity of porphyrin ém&r host will lead to
observable ECCD spectra with aziridine esters and thus elimgnéte need for
reduction of ester to hydroxyl group or removal of the nitrogen protecting group.
Considering the fact that many aziridines are N-protectedglorganic synthesis,
we sought to examine N-protected azidininols for the ECCD studye cis

N-benzhydryl protected aziridinolsV(-14~V1-19) were first screened since the

protected aziridine esters are readily available from Wadifidination and simple
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reduction by DIBAL or LAH could afford aziridinols in good yields (Scheme V1-6).

heWPes heWel
DIBALH (2.2 eq.
N ( q)= B

(o]
R] “co,et 13h.-78100°C R/LXOH

1
R4 = alkyl. aryl
1= &yl ary VI-14~VI-19
Ry = H, OMe
VI-6

Scheme VI1-6. Reduction of N-benzhydryl aziridine esters to aziridinols.
To our surprise, substrates VI-14~VI1-19 all exhibited ECCD couplets upon
complexation with zinc TPFP tweezer (2 uM in hexane) despite the presence of the
fairly bulky benzhydryl group. These signals were steady and consistent during the

CD titration process when over 40 eq. of substrate was added (Figure VI-5). An

30

Mol. CD

350 400 450 500
Wavelength / nm

Figure VI-5. ECCD spectra of N-benzhydryl aziridinols VI-15 and VI-17 (40 eq.)

with tweezer 11-25 (2 uM) in hexane at 0 °C.
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VI-14 VI-15 VI-16
Ph\“" “—OH ( ) *—OH O “—OH
92% e.e. 94% e.e. 99% e.e.
423 (+35) A=+52 423 (+27) A =+52 420 (+13) A=+26
413 (-17) 413 (-25) 413 (-13)
Hexane, 40 eq. Hexane, 40 eq. Hexane, 100 eq.
.
N VI-17 VI-18 VI-19
OH OH OH
97% e.e. 74% e.e. 99% e.e.
423 (-18) A=-40 423 (-21) A=-30 426(- 23) A=-64
413 (+22) 410 (+9) 419 (+41)
Hexane, 40 eq. Hexane, 40 eq. Hexane, 40 eq.

Scheme VI1-7. ECCD data of N-benzhydryl aziridinols with tweez&125 (2 uM) in

hexane at 0 °C

apparent trend can be seen from Scheme VI-7 that positive swaesdetected for
2S53S substrates aziridinolsv(-14~V1-16) and negative spectra were acquired for
substrates \(1-17~V1-19) bearing R,3R configuration. This trend is exactly
opposite to that of unprotected aziridinols discussed above (Scheme VH®)
discrepancy disclosed here is presumably due to the bulky benzigyduwgd, which
would probably force a preferential pyramidalization of the amnigdnitrogen atom
and change the binding pattern of aziridinols toward zinc porphyrin iresuit a

different stereodifferentiation mechanism.
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FigureVI-6. Crystal structure o¥1-14.

To gain further insight of this distinct binding interaction, weaot#id the single
crystals of compound/1-14 by slow evaporation of its solution in GEl,. The
crystal structure depicted in Figure VI-5 clearly showedhgls invertmer in which
the benzhydryl group ianti to the phenyl and terminal hydroxyl group. In this
manner, the bulky benzhydryl group is situated away from the amgrglibstituents,
thus minimizing the steric interactions. The preferred gegnupicted in Figure
VI-6 would leave the lone pair on nitrogeyn to the OH group which is opposite to
the anti relationship between OH group and the bound lone pair on the aziridinic
nitrogen we proposed for unprotected aziridinols (Figure VI-7hough the crystal
structure implied that the two porphyrins might approach the chimadliaols in the
same side, we still think it is not favorable since that would lead to the selashsof
two huge porphyrins.

An anti approach was proposed in Figure VI-8. Af@rporphyrin binds with the
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nitrogen lone pairP1 porphyrin would approach the OH groapti to P2 with the
C1-C2 bond rotated as to avoid the clash of the two porphyrins. ThemEe@CD
signals are most probably due to the more strained binding of thetprbseiridinols
as compared to the less sterically encumbered binding arrangganieipated for the
unprotected aziridinols (see Figure VI-7). Considering distinct geometry of
N-BzH aziridinols, it is reasonable to speculate Plapproaches the smallest group
(H) on C2, consistent to that proposed for other pgiphtweezer complexes.

Another major difference between models in Figure VI-7 and Fiyik@ is that

X=0orN

FigureVI-7. Proposed binding mode for epoxy alcohol and free aziridinol.

unlike the epoxyl alcohol model in which the epoxidic oxygen points doward
the tweezer linker, the aziridine nitrogen would prefer pointing tagper region of
the binding pocket to avoid the unfavorable steric interaction betviseiy

benzhydryl group and tweezer linker.
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Figure VI-8. Proposed binding model for N-benzhydryl aziridinol with tweezer;
Positive ECCD spectrum was obtained for N-benzhydryl aziridifiell4 (40 eq.)

with tweezei [-25 (2 uM) in hexane at 0 °C.

As to the stereodifferentiatioR] is facing H at C3 and bulky benzhydryl group

at nitrogen, and apparently it would prefer rotating toward the muehesri group
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as the arrow indicates.P2 which isanti to the benzhydryl after complexation would
rotate away from the large phenyl group at C3. Overall, ékwalise helicity of the
porphyrin tweezer complex is expected and is actually detectepositive CD
couplet during CD measurements.

ECCD study of N-benzhydryl aziridine estergl{6) was also performed,
however no observable ECCD signals were detected for the sabstremined.
Unlike the case of free aziridine esters which could benediin fthe strong
cooperative binding of aziridinic nitrogen, the bulky benzhydryl grouppdiiced
large steric interactions which lowered the binding affinityaairidinic nitrogen
toward porphyrin tweezer. Consequently, the cooperative binding n€icagtly
diminished and the overall binding interaction is much weaker comparé@eo
aziridine esters. Therefore, for N-benzhydryl aziridines réolucof ester into
alcohol is necessary to acquire enough binding affinity for fornsitadple ECCD
active complex and yielding observable CD signals.

When extremely bulky protecting group (BUDAM) is used, weeoled different
result. Substrat¥|-8 bearing R 3R configuration rendered intense positive ECCD
spectrum (Figure VI-9) upon mixing with tweezidr25 in hexane at 0 °C. This
observation is opposite to the trend revealed from Scheme VI-7 fuenkhydryl
aziridinols suggesting a different binding mechanism caused hby sterically
demanding BUDAM group. Further investigation is necessary to probe this

interesting result.
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350 400 450 500
Wavelength / nm

MeO O O OMe MeO g g OMe

N

BUDAM
OH
& 426 (+61) A= +110
414 (-49)

VI-20 Hexane, 40 eq.

Figure VI-9. ECCD of aziridinoM1-20 with tweezei 1-25 (2 uM) in hexane at 0 °C.

Another commonly used protecting group for aziridines is Boc. \epaped
three Boc protected aziridinols from unprotected aziridinols usingficaion
conditio® in MeOH (Scheme VI-8) and conducted ECCD experiments.
Unfortunately, the obtained ECCD data are inconsistent as showrh@mg8cVI-8.
The absolute configurations of the three substrates are the sBoteVI-21 gave
negative CD couplet whil¥1-22 yielded intense positive ECCD signal. Substrate
V1-23 exhibited 3 peaks upon complexation with twedte25. This inconsistency

268



is probably due to the weak binding between tweezer and carbonyl ogfdka
carbomate group. Enhancing the binding interaction by using mawes laeidic

porphyrin tweezer may solve this issue.

H Boc
N
VI-9 VI-21
Ph OH Ph OH
BocoO (1.5 eq.) 97%
H NaHCO3 (3 eq.) Boc
N MeOH N
VI-10 o VI-22
r.t, sonication, 2 h 75%
H Boc

N
VI-11 O VI-23
OH OH
Boc

oy e

Boc Boc
N
Ph/Q\OH & w

421 (-13) A=-29 426 (+138) A=+190 423 (+16)
413 (+16) 414 (- 415 (-33)
Hexane, 40 eq. Hexane 40 eq. 408 (+8)

Hexane, 40 eq.

Scheme V1-8. Synthesis of N-Boc-protected aziridinols and their ECCD data with

tweezen 1-25 (2 uM) in hexane 0 °C.

V1.2.2 ECCD study of trans chiral aziridines using tweezer 11-25
Next, we tested our host system witttans aziridinols We prepared
trans-aziridinols indirectly from chiral epoxy alcohols as shown in &pah VI-9.

The chiral epoxy alcohol was synthesized using SAE condition and fiooWBS
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protection afforded the protected epoxide, which readily underwenbpaging by
NaN3 to yield a mixture of azido alchol regioisomers. Reductive rclosing
mediated by P4P in refluxing THF led to OTBS protected aziridine which upon
desilyation by TBAF furnished the desiréichns chiral aziridinols in good optical
purity. It is anticipated that thieans aziridinols should behave the sametrams

epoxy alcohols due to structural similarity and render predictigleals in ECCD

measurements.
TBSCI NaN3 (5 eq.)
/:/—OH SAE O —OH imid. O —OTBS NHyCl (2 eq.)
R L-DET R CH»oCl, R EtOH:H>0
R = alkyl, aryl e.e>90%

H
R OTBS

N
H TBAE H Ph3P (1.1 eq.) 3
/A/—OH THF /A/—OTBS _THF +
R R reflux N3
R)\é/\OTBS
OH

Scheme V1-9. Synthetic route fotrans chiral aziridinol.

Chiral aziridinol VI-28 was obtained via the route described in Scheme VI-10.

The ring opening reaction was conducted in EtOHOHt 85 °C. Other solvent
systems such as MeO@EH,OH / H,O was also tested using racemic substrates and
afforded the same products. Temperature above 90 °C was dae#liremce the

TBS group fell off. The reductive ring closing of the crude mixtafeazido
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alcohols by P§P produced low yields. The purification of azido alcohols by column
chromatography may be necessary to improve the yield. Duringythtbesis of
trans unprotected aziridindV1-29, purification of azidols by column chromatography

did lead to an improved ring closing yield (67%)

L-DIPT (0.15eq.) TBSCI (1.1 eq.)
Ti (iPrO)4 (0.1 eq.) imid. (2.5 eq.)
Ph""0H -~ Ph0H 02eq),
DCM, -25 °C, 4 h CHoClp, r.t, 3h
91% V-1 quantitative
94% e.e.
NaN3 (5 eq.)
o NH4CI (2 eq.) OH N3
EtOH : H,O (8:1
Ph"™>¥"0TBS 20 6) Ph" > OTBS Ph)\{\OTBS
85 °C, overnight N3 OH
Vi-24 VI-25 VI-26
Ph3P (1.1 eq.)
THF
reflux
20%

\
TBAF (2.2 eq.) over two steps

NH -78t0 0 °C NH
P Loy < P otBS
THF, 1 h
VI-28 769 VI-27
95% e.e.

Scheme V1-10. Synthesis ofrans chiral aziridinolV1-28.

Subsequent ECCD study with Zn TPFP tweék€d5 in hexane revealed positive
CD signals for the two substratesl (28, VI-29) bearing & 3R configuration. This

observation agrees well with thieans epoxy alcohol case in whichRZBR chiral

271



epoxy alcohols exhibited positive ECCD couplet upon mixing with Zn TPFP tweezer
11-25 in hexane (see Table IV-1 in chapter IV). So, the same binding mechanism is
operative in both cases considering their structural similarity. ~Similar to the cis case,
trans aziridinol demonstrated much stronger binding affinity toward zinc porphyrin
tweezer than its epoxy alcohol analog by yielding more intense CD signal when only

1 eq. of substrate was added.

v M §
PhL"oH OH Ph™ >"0OH

VI-28 VI-29 V-1
426 (+150) A =+245 427(+97) A =+145 423 (-55) A=-117
413 (-95) 413 (-48) 410 (+62)
Hexane, 1 eq. Hexane, 1 eq. Hexane, 1 eq.

Scheme VI-11. ECCD data of trans aziridinols (1 eq.) with tweezer 11-25 (2 uM) in

hexane 0 °C

The stereodifferentiation process is similar to the epoxy alcohol case and was
shown in Figure VI-10. The two porphyrins would approach from opposite sides of
aziridine ring to avoid clashing. P21 senses the steric bias between the bulky R at
C3 position and the small hydrogen at the C2 position. As a result, the P1 porphyrin
would rotate away from bulky Rq to minimize steric interaction. The resultant
countclockwise helicity of the complex gave rise to a negative ECCD signal
corresponding to the 2R,3S substrate. Accordingly, for 2S,3R trans aziridinols
positive CD couplet was expected and indeed obtained as shown for VI1-28 (Figure

VI-11).
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P2

Figure VI-10. Proposed binding mode between tweeldeP5 and trans (2R,3S)

unprotected aziridinol.

200
NH
P L "0H
VI-28
100 |
()
O
5
=
0
-100
350 400 450 500

Wavelength / nm

FigureVI-11. Positive ECCD was obtained fvans (2S,3R) substrate/1-28 (1 eq.)
with tweezei [-25 (2 uM) in hexane at 0 °C.
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Figure VI-12. ECCD spectra of tweezélr-25 (2 uM in hexane) withtrans (2S3R)
substraté/[-28 at 0 °C at different equivalents.

Close inspection of the CD titration process between aznlithl-28 and tweezer
[1-25 revealed a dynamic change of ECCD amplitude (Figure VI-12). The
amplitude kept increasing while starting titration at 0.1 eq. ofidaml and
maximized at 2 eq. of substrate. Further addition of guest mielésd to dramatic
decrease of CD amplitude. Up to 5 fold decrease of signalgttrevas detected
after 100 eq. oW1-28 was introduced. This dynamic behavior is attributed to the
competitive binding of aziridinic nitrogen with hydroxyl group whemre guest
molecules are added. It corresponds to the two step binding préagssvas
illustrated in Scheme VI-4 for unprotecteds aziridinol.  Therefore, when
unprotected aziridinol was used for ECCD study with Zn-TPFP parplwyeezer,
one should avoid the use of large excess of substrate since itdegids inferior CD
signals. One or two equivalents is considered as the optimal amount.
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RN (S)-VAPOL / B(OPh)3

VIt MEDAM . (S)-VAPOL / B(OPh)3 MeO O O OMe
(5 mol%) X
N

+
o toluene, r.t, 16 h
IHLN/Ar 5:1 trans:cis R CONHAr
H
N2 e.e>80%
VI-31

s

(S)-VAPOL (S)-VANOL
VI-4 VI-5
Scheme V1-12. Catalytic asymmetric synthesis toéns aziridines.

Recently, Prof. Wulff’'s Ia%)O has had great successtians-aziridination with the
same chiral catalysst (VAPOL / VANOL) while using primaiazoamides instead of
diazoesters as carbene source (Scheme VI-12). This modifidatl to goodrans
selectivity as well as enantioselectivity. Reduction ofrésiltant aziridine amides
for ECCD study is not recommended since it requires harsher iomsditompared to
the reduction of aziridine esters and would risk opening thielgwrring. However,
the stronger nucleophilicity of amide functionality over ester couldbdeeficial
because it could enable the direct complexation of the zinc porpiweszer with
aziridine nitrogen protected. A number of chiral aziridine amigetected with
MEDAM were kindly provided by Mr. Aman Desai (Professor Wyjfoup) and we

conducted ECCD measurements with zinc porphyrin twdéZ&s in hexane at 0 °C.
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FigureVI-13. ECCD spectrum dfans- (2R,3S) amideV1-32 (5 eq.) with tweezer

[1-25 (2 uM) in hexane at 0 °C.

As expected, the aziridine amides bound well with zinc twdéz25 and exhibited
consistent CD signals during titration of tweezer at diffeeguivalents. Amide
V1-32 yielded the bisignate CD curve as shown in Figure VI-13, but tGodton
effects were seen for amid®d4-33 andV1-34 (Figure VI-14 and Figure VI-15) at
varying equivalents. We speculate that this complication isedabg the weaker
nucleophilicity of amide carbonyl compared to tradtVI-32. However, it is
instructive that the correlation of the first Cotton effect wtitd substrate chirality is

still consistent. For amides witlR&BS configuration ¥1-32 and VI-33), the first
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Mol. CD

0

MEDAM
N H

o Ay

O CF3
VI-34
_80 !
350 400 450 500
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FigureVI-14. ECCD spectrum dfans- (2S5 3R) amideV1-33 (20 eq.) with tweezer

[1-25 (2 uM) in hexane at 0 °C

Mol. CD

350 400 450 500
Wavelength / nm

FigureVI-15. ECCD spectrum dfans- (2R,3S) amideV1-34 (5 eq.) with tweezer

[1-25 (2 uM) in hexane at 0 °C
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Cotton effect is negative. Accordingly, positive first Cottdfea was seen for
amide VI-34 with 2S3R configuration (Figure VI-14). Amided/1-35~VI-39
bearing the same N-aryl substituent\ds32 were then submitted for ECCD study.
As shown in Scheme VI-13, all the substrates witR,38 configuration yielded

smooth and strong negative bisignate CD couplets after complexaiih tweezer

11-25.

MeO O ‘ OMe MeO O O OMe MeO O O OMe

&Yoo oNYoo Yo

VI-35 85% e.e. VI-36 80% e.e. VI-37 90% e.e.
423 (-173) A =-288 423 (-56) A =-127 423 (-91) A=-173
414 (+115) 417 (+71) 417 (+82)
Hexane, 5 eq. Hexane, 5 eq. Hexane, 5 eq.

MeO ! ! OMe MeO g g OMe

<N <IN
O O O J@ O O
OoN Br
VI-38 93% e.e. VI-39 94% e.e.

422 (-55) A =-88 423 (-113) A=-198
415 (+33) 415 (+85)
Hexane, 5 eq. Hexane, 5 eq.

Scheme VI-13. ECCD data ofrans- (2R,3S) amides (5 eq.) with tweezHr-25 (2 uM)

in hexane at 0 °C.

The prominent CD signals are in sharp contrast to the ECGihcsil of
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N-benzhydryl aziridine esters proving that the improved binding sffiof amide
substrate plays a crucial role for the formation of stabl€E@ctive complex. As
anticipated, there is no need to convert the amide functionality Huecacquired
signals are fairly intense. The electronic property of thesttuent at C3 position
clearly affected the ECCD amplitude. In the presence of reftectich
4-MeO-phenyl group\(1-37), the CD amplitude is as high as -173 at 5 eq. of guest
molecule. The introduction of electron poor 4-Néhenyl group Y1-38) led to the
reduction of CD amplitude by 2 fold (A = -88). The substitution patbéraryl ring

at C3 position also affected the ECDD signal. @ftho substitution Y1-35, VI1-39)
favors stereodifferentiation process by yielding much strongecd@iiplet despite the
fact that in both molecules the electron density of the amgl is lower compared to
V1-36, andVI1-37. This is probably due to the increased sterics in the presence of
ortho substituted group since it is closer to the chiral center ansequently leads to

a larger steric bias detected by porphyrin tweezer.

Interpretation of the binding process requires consideration of asefamtors.
First, unlike the unprotected aziridinols, the pyramidalization ofdazic nitrogen
cannot be neglected due to the presence of bulky MEDAM group.s Thi
pyramidalization would determine the orientation of the electron paimeas well as
the approach fashion of the zinc porphyrin tweezer. Secondly, the biBAM
group probably would force the aziridinic nitrogen to point toward the upgérn of
the binding pocket due to potential unfavorable steric interaction betMEEAM

and tweezer linker.
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Figure VI-16. Proposed binding mode between tweeldeP5 and trans (2R,3S)
N-MEDAM aziridine amide; Negative ECCD was obtained foans (2R,39

substraté/1-35 (5 eq.) with tweezé -25 (2 uM) in hexane at 0 °C.

It is interesting to point out that the correlation of observeEGign and

substrate chirality is the same as that for unproteicted aziridine amide as shown
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in Figure VI-16. This correlation is also the same as thatf@erepoxy alcohols as
well as unprotectettans aziridinols. Further investigation is needed to elicit more
specific proof for the complexation pattern.

In conclusion, Zn-TPFP tweezer demonstrated its efficienty absolute
stereochemical determination for chiral aziridines. The liyiraf aziridinols can
be unequivocally assigned based on the similar binding mechanisnkecki@athe
epoxy alcohols owing to their structural similarity to epoxyhfds. This method is
more sensitive for unprotected aziridinols than epoxy alcohols bechtise stronger
binding interaction of aziridinic nitrogen. N-Benzhydryl protectedidinols are
surprisingly ECCD active exhibiting consistent CD couplets upon aapbn with
zinc porphyrin tweezer. A distinct binding mechanism was proposkdBoc
protected aziridinols rendered inconsistent behavior during ECCD shindly
employment of new porphyrin tweezer with further improved lseadgidity may help
resolve this issue. N-MEDAM protectédhns aziridine amides can be directly used
for ECCD measurements owing to the strong nucleophilicity of afuidetionality.
Prominent ECCD spectra were acquired for aziridine amides amdeaesting trend
was disclosed. This study revealed fairly encouragingteesuMore importantly, it
furthered our understanding to the chiral recognition behavior involving yramph
tweezer system and provided valuable insights for the developmeateif chirality
sensors. An offshoot of this study would be the ECCD study of othemgeit
containing heterocycles such as pyrrolidines which are frequentguntered in

organic synthesis. We are confident that the hydroxyl pyrrobdooaild bind well
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with zinc porphyrin tweezer and systematic ECCD study of this clagsygd@unds is

necessary.
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Experimental Procedures

Materials and general instrumentations:

Anhydrous CHCI> was dried and redistilled over CaH The solvents used for CD
measurements were purchased from Aldrich and were spectra grslitiesactions
were performed in dried glassware under nitrogen. Column chrgraptty was
performed using SiliCycle silica gel (230-400 meshJ)H NMR and 13C NMR
spectra were obtained on a Varian Inova 300 MHz instrument and pargeck in
parts per million (ppm) relative to the solvent resonanggsivth coupling constants
(J) in Hertz (Hz). IR studies were performed on a NicoletlIRT42 instrument.
UV/Vis spectra were recorded on a Perkin-Elmer Lambda 40 speactiometer, and
are reported as\max [nm]. CD spectra were recorded on a JASCO J-810
spectropolarimeter, equipped with a temperature controller (Nddlap for low
temperature studies, and were reported.[asn] (Aemax [L mol cm'J]). Optical
rotations were recorded at 20 °C on a Perkin Elemer 341 Polarifet 589 nm, 1
dm cell). Chiral GC analyses were performed on a Hewletkd?d 6890 gas
chromatograph equipped with a Supelco Gamma Dex 225 column (0.2%Xn80
m) using helium as carrier gas. HRMS analyses were performe@eorQf Ultima

system using electrospray ionization in positive mode.

General procedurefor CD measurement:

Zinc porphyrin tweezefl-25 (2 uL of a 1 mM solution in anhydrous GBIy) was

added to hexane (1 mL) in a 1.0 cm cell to obtain @vRtweezerll-25 solution.
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The background spectrum was recorded from 350 nm to 550 nm witnaae of
100 nm/min at 0 °C. Chiral epoxy alcohol (1 to @20 of a 10 mM solution in
anhydrous CHCIlo) was added into the prepared tweezer solution to afford the
host/guest complex. The CD spectra were measured immedjatiglynum of 4
accumulations). The resultant ECCD spectra recorded in milddegwere

normalized based on the tweezer concentration to obtain the molecular CD (Mol CD

All aziridine esters were kindly provided by Professor Wulff.

To a solution of phenyl substituted free aziridine ester (58.9 mg, 0.3@8) nmdry

EtoO (5 mL) at 0 °C, was added LAH (23.4 mg, 0.616 mmol). The mixture was
stirred at 0 °C for 2 h and quenched by careful addition D Et0 mL), HO (1 mL),

and 2 M NaOH (1 mL). The solution was stirred for 30 min and théerdd
through celite. After thorough washing of the filter cake withCEtthe filtrate was

dried over NaSQOy and concentrated under reduced pressure. Flash chromatography
(5% MeOH / EtOAc) afforded as white solid (36.1 mg, 78%).1H NMR (CDCl,

300 MHz)8 1.67 (br, s, 1H), 2.65 (q, 1K, = 6.6 Hz,J” = 6.0 Hz), 3.25 (dd, 1HJ’

= 11.7Hz,J" = 6.9 Hz), 3.41 (dd, 2H] = 12.0Hz,J" = 6.0 Hz), 7.31 (M, 5H)-
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Chapter VI

Elucidating the Absolute Configurations for Funaotidities in
Complex Molecules using TPFP Tweezer: The CaseyStud

Natural Products

VI1.1 Background

In previous chapters, we described development of new porphyriadrseg-25
andV-12) and their successful applications in absolute stereochemieahuledtion
of a variety of organic molecules bearing nitrogen- or oxygen-containi
functionalities. In most cases, prominent ECCD signals wayserved and
consistent trends were derived for assigning the chirality of traibs in a
nonempirical fashion. However, the compounds examined are mostlyesimpl
molecules with two functionalities which serve as binding sites.this chapter, we
challenged the newly developed chirality sendd2b) with a number of complex
molecules bearing multiple chiral centers and heteroatom funiities#o interrogate
its efficiency in elucidating the absolute stereochemistryuattionalities within
complex molecules. The results would provide valuable guidelines hicality

sensing by porphyrin tweezer hosts.

VI1.2 ECCD Study of Steroids
Steroids are good candidates for ECCD study of complex molesuies the

functionalities are geometrically fixed in the rigid molecwdkeleton, thus providing
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well-defined binding sites and facilitating the investigation efesidifferentiation
process. The relevant ECCD study would also yield importanthissigbout the
stereochemical determination of chiral functionalitiesydic substrates, which are

complementary to the studies discussed in previous chapters for acydratesbs

60

OH

420 (+44) G’
50 | 415(-26) ‘@
A = +7O Ho\‘"

Vil-1

Mol. CD

350 400 450 500
Wavelength / nm

Figure VII-1. ECCD spectra o¥11-1 (20 eq.) with tweezdn -25 (2 uM) in MCH at

0 °C.

Several steroidal diols were the subjects of our ECCD stullly.the substrates
gave strong CD couplets upon binding with Zn-TPFP tweeldeR5 in
methylcyclohexane at 0 °C. a3l7B-Androstene dioV11-1 rendered steady positive
ECCD signals (Figure VII-1) suggesting that the two OH grdagashd tweezer host
well to from ECCD active complex despite the long distancel@a) between the
two binding sites. The UV-vis profile of tweezer-steroid comptexigure VII-2
demonstrated a clear isosbestic point, signifying the conversidre@funbound
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tweezer to complexed tweezer. Nonlinear least square analysie change in
absorption yielded a binding constant of 8.65 2 M51 for binding of VII-1with
fluorinated tweezerl-25 in MCH. This value is close to the binding affinity (510

M'l) of vicinal diols with tweezell-25 in MCH showing that the porphyrin tweezer

can accommodate this sterically demanding molecule fairly aved demonstrate

good binding affinity.

390 440
Wavelength / nm

Figure VI11-2. UV-Vis spectra change upon titration of twee¥ér-25 (1 uM in MCH)
with VI1-1 (10 mM in DCM).

53-Pregnane-@-20a-diol VII-2 and pregnenef320a-diol VII-3 were also
examined with tweezekl-25 and highly encouraging results were obtained. The
former led to positive ECCD spectra and the latter returned anteegative ECCD
signals (Figure VII-3). Therefore, the porphyrin tweezer sanse the change of

stereochemistry of hydroxyl group at C3 position.
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100 | 423 (+116)
G’ 418 (-51)
A= +167
o 60
O HO"
S 20 VII-2
_20 |
-60
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Wavelength / nm
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| D)
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O HO VII-3
[) 0 —
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80 | 415 (+117
A=-226
-120
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Figure VII-3. ECCD spectra o¥11-2 (40 eq.) and/I1-3 (40 eq.) with tweezdi-25

(2 uM) in MCH at 0 °C.

After careful analysis of these data, we tentativebppsed that the major function

of zinc porphyrin tweezer here is to introduce the strong chromopharesha
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relative orientation of the two porphyrin chromophores upon complexatuaiotéed
by the relative orientation of the two OH groups. Each pomphyould still feel the
steric bias at the chiral centers, but the overall helicith@fresultant supramolecular
complex was mainly governed by the relative orientation of fundtimsathat bind
to porphyrins. According to this proposal, the interpretation of th@ssior

observed ECCD signals is illustrated in Figure VII-4.

PO
Tweezer
— \@
®

OoP

©

/T:o
Tweezer
 —

PO\CB

Figure VII-4. Interpretation of ECCD sign forVII-2-tweezer (top) and

HO

VI1I-3-tweezer (bottom) complex. The red arrow across the molecdieated the

perspective for looking at the relative orientation of hydroxyl groups.

The relative orientation of two porphyrin chromophores is dictajethe relative
orientation of two bound hydroxyl groups. In caseW-2, the two hydroxyl
groups are oriented clockwise to each other considering the approtehtofeezer
from the least sterically hindered face of the steroid. Thwexea clockwise helicity
of the two porphyrin chromophores is produced and manifested as positive CD
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couplet. In case ofll-3, the counter clockwise orientation of two hydroxyl groups
led to counter clockwise helicity of porphyrin chromophores resulting megative
ECCD signal. The different helicity of the two cases are ieduxy the change of
chirality at C3 position. As such, the observed ECCD signals couldséé to
determine the stereochemistry at C3 position for similar satbstr Applying this
rule, we may explain the positive CD couplet observed/idrl (Figure VII-5) and

the negative ECCD signal for substrsfid-4 (Figure VII-6).

PO

Tweezer
— @

OP

© OP

¢¢ Tweezer, d> 423 (-99) A=-171
HO Viia ) 416 (+72)

PO
Figure VII-6. Complexation oV11-4 (40 eq.) with tweezdil-25 (2 uM) in MCH at

0 °C led to negative ECCD signal.

The above analysis resembles the ECCD study of steroidak di@
bischromophoric derivatizations with porphyrins (Figure VII1-7§. In those cases,
figuring out the preferential orientation of porphyrin chromophoresuisia to apply
the exciton chirality rule in the derivatized steroid compounds aigl usually a
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complicated issu%’. 3 Our proposed analysis above for correlating the substrate
chirality to the observed ECCD signal with porphyrin tweezestesy is a simple
speculation at this point and should be used with caution. Furthelogagon of

this proposal is still necessary.

423 (+412) A = +675

414 (-263)
1 uM, CH2Clo
P1

Figure VII1-7. Exciton chirality of steroidal diol that is derivatized with porphyrins.

Steroids containing both hydroxyl and ketone functionality are noaldeitfor
stereochemical determination via bischromophoric derivatizationesonly one
hydroxyl group is available for chromophoric derivatization. Howeverngusi
Zn-TPFP tweezell-25, we may introduce two chromophores via metal-ligand
coordination and conduct exciton chirality analysis to elucidateténeocshemistry of
the substrate. Several steroidal hydroxyl ketones were testedTPFP tweezer
[1-25 and the results are shown in Figure VII-8. To our delight, all garaxy
ketones bound well with the porphyrin tweezer and generated inter3@ EiGnals.
The correlation of substrate chirality with the sign of observe@EGignal follows

the same rule that was proposed for steroidal diols. For instdmeeselative
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orientation of hydroxyl group and ketone in 16,17-dehydro-pregnendldhe
would result in counter clockwise helicity of bound porphyrins upon comibexa

with the tweezer, thus leading to the observed negative ECCD spectrum.

S)

PO
Tweezer 422 (-51) A=-113
— \d> 415 (+62)

©
'/\OP

Tweezer PO 421 (-29) A =-56
= kb 414 (+27)

Pregnenolone

OH ©
17, "2
; po PO
weezer 423 (-20) A =-54
= % 416 (+34)
0 ViII-7

Testosterone

Figure VII-8. ECCD data foMI11-5~V11-7 (40 eq.) with tweezekl-25 (2 uM) in
MCH at 0 °C. The red arrow across the molecule indicates trepqmtive for

looking at the relative orientation of functional groups.

Steroid VII1-8 (1la-hydroxy progesterone) also exhibited fairly strong positive
ECCD signal upon mixing with tweezer. But the presence of faregionalities in
V11-8 implies three possible ditopic binding modes with tweezer. Bindihgeea
the two ketone moieties at C3 and C20 positions loanfirst ruled out since
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©
'/\ OoP
Tweezer PO,
—————>
@)

VII-9
Progesterone
No ECCD w / tweezer

Tweezer ( |

©_cr
Jweezer, PO | 42 (+205) A = +330
417 (-125)

Figure VII-9. Three possible binding modes ¥fI-8 with tweezer |-25 (dashed

11-a-Progesterone

arrows indicated the functionalities bound to porphyrins). Modepeeiferred and
leads to positive ECCD signal in MCH at 0 °C. The red arroness the molecule

indicated the perspective for looking at the relative orientation of functiooaps.

progesterond/I1-9 mixed with tweezetl-25 is not ECCD active (Figure VII-9a).
Another mode of ditopic binding between hydroxyl group at C11 position and ketone
group at C3 position is shown in Figure VII-9b. This binding mode wowiel gse

to a counter clockwise exciton chirality and negative ECCD curvéis i$ opposite

to the observed ECCD spectrum and thus can be also excluded. Thartting
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mode, which occurs between hydroxyl group at C11 position and ketone gi©gg at
position leads to the positive exciton chirality as illustratedrigure VII-9c. The
short distance between the two functionalities in VII-8 may acctamthe much

higher CD amplitude compared to sterdids$-5~VI1-7.

MCPBA (1.2 eq.)

‘@ CHCI3, 4 h
HO "HO

93%

1. Aco0O (1.5 eq.), Py
r.t. 24 h, 76%
2. CuS0Oy4-H20 (80 eq.)
KMnQO4 (30 eq.)
Vi1 CH2Clo, tBuOH / H20=HO
16 h, 28%
3. K2CO3(2 eq.), MeOH VII-12

r.t.16 h, 84%

1.PCC (2 eq.), DCM, r.t. 2 h
81%
2. L-Selectride (1.3 eq.),THF

-78°C,2h, rt. 1h, 78%
VII-10 >
3.MCPBA (1.2 eq.) HO™

CHCI3, r.t., 4 h, 73% © VII-13

Scheme VI1I-1. Synthesis of steroidélI-11~V11-13 from cholesterol.
The success in determining the stereochemistry of amjtiry alcohols (chapter
4) prompted us to further challenge the Zn-TPFP tweék@5 with steroids

containing epoxy alcohol moiety. Again, conventional bischromophoric
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derivatization method is unable to determine the stereochemistoclo compounds.

As shown in Scheme VII-1, three substrates were prepared froestérolV1 | -10.4’

5

a
HO 424 (+484) A =+713
\/o 414 (-231)
ViI-11
®
©
7 0l 421 (-154) A = -248
HO ' 417 (+94)
VII-12
b
_-——‘OWAA
Zn VII-11 ( Zn
P1 \

Figure VII-10. (a) ECCD data oV¥l11-11, VII-12 (40 eq.) with tweezell-25 (2
uM) in MCH at 0 °C. (b) Exciton chirality induced by complexatadrVvV11-11 with

tweezer.
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500 r
400 -
300 -
200 -
100 r

Mol. CD

-100 -
-200 -
-300

350 400 450 500
Wavelength / nm

1  400eq.
416.5 nm

395 405 415 425 435
Wavelength/ nm

Figure VII-11. (a) ECCD spectra oV11-11 (40 eq.) with tweezekl-25 (2 uM) in
MCH at 0 °C; (b) UV-Vis spectra change upon titration of ee&11-25 (1 uM in

MCH) with V11-11 (10 mM in DCM)
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CompounaVIl-11 rendered extremely strong positive ECCD signal upon binding
with porphyrin tweezer in MCH (Figure VII-10a, Figure VII-11a)UV-vis titration
of porphyrin tweezer withv11-11 in MCH (Figure 11b) revealed a binding constant
of 2.8 x 1& M'l. This binding constant is even higher than that of diols with
tweezer I-25, accounting for the strong Cotton effect. Interpretation of theip®sit
ECCD sign is depicted in Figure VII-10b. After coleyation, the clockwise

relative orientation between epoxide ring and hydroxyl group resules positive

120

Mol. CD

350 400 450 500
Wavelength / nm

Figure VII-12. ECCD spectra o¥/11-12 (40 eq.) with tweezdi-25 (2 uM) in MCH

at0 °C.

helicity of bound porphyrin chromophores as indicated by the curved .ari@w

positive ECCD couplet is then generated. The high rigidity ofeftexy alcohol
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functionalities in the steroid minimizes the number of conformatemrailable to the
tweezer complex and contributes to the unusually high CD amplitude.ngi@bahe
orientation of the epoxide ring fromu®Ho in VII-11 to 53,68 in VII-12 led to the
switch of the ECCD sign (Figure VII-12) since the relativeentation of the epoxide
ring and hydroxyl group changed from clockwise to counter clakwiFigure
VII-10a) signifying the switch of exciton chirality while boundithv porphyrin
tweezer.

To our surprise, substratéd|-13 was not ECCD active under standard conditions.
The NMR analysis oV11-13 at dilute and concentrated concentrations indicated the
presence of intramolecular hydrogen bonding between OH group and epoxidic
oxygen since the OH proton at 2.97 ppm did not shift and remainedpadshddlet {
= 8.7 Hz ) after the sample concentration was increased 10 tifibg hydrogen
bonding probably competed with the metal ligand interaction betweetrateband
zinc porphyrin tweezer and suppressed the formation of an ECCD aotivglex.
Similar NMR analysis ofVII-11 and VII-12 did not reveal the existence of
intramolecular hydrogen bonding.

Another steroidal epoxy alcohwll-15 was synthesized from testosterovid -7
(Scheme VII-2). ECCD experiment with tweezHr25 demonstrated intense
positive Cotton effect. The positive sign of CD spectrum isbatied to the
clockwise relative orientation between epoxide ring and hydroxyumrat C17

position (Figure VII-13).
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OH 1. TBSCI (1.2 eq.), imid.,

CH2Cly, r.t. overnight
G 98%

o) ‘e 2. L-Selectride (2 eq.),

-78°C, 4 h,
B:a=41

HO

VII-7

1.MCPBA (1.2 eq.),
OH

17 CHCl3, r.t. 24 h, 89%
“’ 2. AcoO / Py. 4 h, 72%

‘G ) 3.TBAF (2 eq.), 2 h, 93%
AcO 0

VII-15

Scheme VI11-2. Synthesis of steroid11-15 from testosterone.

f
/

421 (+76) A= +127
417 (-51)

Figure VI1-13. Exciton chirality induced by complexation \@f1-15 (40 eq.) with

tweezen 1-25 (2 uM) in MCH at 0 °C. Positive helicity was observed.

The significantly increased sterics going from small ©uks to bulky steroid
compounds did not comprise the binding interaction between porphyrin host and
chiral guest. The highly Lewis acidic zinc porphyrin tweeran bind the
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oxygen-containing functionalities well and sense the changesreasthemistry for
one of the bound functionalities. The presence of multiple chirakrsentid not
interfere with the chirality assignment. Though the cor@tatif substrate chirality
and observed ECCD signal is based on speculations and deserves furthe
investigation, these results are promising and demonstrate itierefy of Zn-TPFP

tweezer for stereochemical determination of complex molecules.

VI11.3 ECCD Study of Hydroxyl Tetrahydrofurans

DIBALH (2 eq.)

o
A X~ COsEL Et20,0°C, 2h N N .
86%
vi1e VII-17
AD-Mix-$ (1.4 g/mmol)
MeSOoNH>2 (1 eq.)
91% {H tBuOH / HoO
OH =% ,
MeC(OMe)3 (1.2 eq.) OH 4 °C, overnight
85%
PPTS (0.01 eq) VII-18
RT, 15 min
then BF3-Et20 (0.1 eq.)
0 °C, 30 min
KoCO3 (2 eq.
\ OAc 2C03 (2 €q.) oH
0 MeOH - o 424 (-140)
overnight, 412 (+83)
VII-19 98% VII-20 A=-223

Scheme V11-3. Synthesis o¥/11-20.

Tetrahydrofuran (THF) rings are widely present in bioldgycactive molecules
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and tremendous progress have been made in past decades fororepidction of
THF rings. However, absolute configurational analysis of tlaisscbf compounds is
difficult. Previously, we described the rapid determination of abesolut
configurations for chiral 2,3-epoxy alcohols with a variety of suligin patterns
using the Zn-TPFP tweezell{25) via ECCD protocol. Considering the similar
nucleophility of epoxidic oxygen and THF ring oxygen, we believe ttieahydroxyl
THF rings could bind Zn-TPFP tweezer well. If a consistearidrcan be revealed
from systematic ECCD study of hydroxyl THF rings with HP&veezer, we may

provide an efficient way for stereochemical determination of this typeote#aules.

0.9

%
Free Tz
423.1 nm

400 eq.
414.0 nm

0.6

0.3

395 405 415 425 435
Wavelength / nm
Figure VII-14. UV-Vis spectra change upon titration of tweex#i1-25 (1 uM in
MCH) with VI1-20 (10 mM in DCM)
CompoundV11-20 was readily accessed using the triol cyclization methodntast
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developed in our lab (Scheme VII-%). As expected, this substrates exhibited intense
ECCD while complexing with Zn-TPFP tweezHr-25 in MCH (Figure VII-14).
This observation encouraged us to further examine a number of substratEEsing
bisTHF rings, synthesized by Dr. Jun Yan in our lab. Interestindlytha
compounds are ECCD active, the data are summarized in Figliré5.V
CompoundsVII-23 and VII-24 are enantiomers and exhibited enantiomeric CD
signals suggesting the capability of the porphyrin tweezer faialesconfigurational
analysis of this class of substrates. Though a conclusive bindinfganism for the
complicated bisTHF ring system is yet to be investigatedewetively propose that
the binding interaction occurs between the zinc tweezer and thermegggaining
functionalities which are indicated by arrows.

Apparently, to gain further insights about the binding mechanism stereo
isomers should be examined. The preliminary data offers importaes @nd
implies that the stereochemical determination for functionglitie complex
molecules using Zn-TPFP tweezé&:25 is feasible. Though only oxygen-containing
functionalities were demonstrated in this chapter, the nitrogetaining analogs
should also be suitable for ECCD study using the porphyrin tweemkrstronger
signals are expected due to the much higher binding affinity ofgeitréoward zinc

porphyrins.
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OTBS

VII-21

421 (+78) A= +137
415 (-59)

OTBS  v|I-23

423 (-14) A= -36
416 (+22)

420 (+80) A = +130
415 (-50)

OAc Vil-22

421 (-19) A=-45
414 (+26)

OTBS  VII-24
422 (+22) A =+33
417 (-11)
\
H ] l ACCE)
16 O O~ ~.OBn
5
OTBS  vi-26
424 (-182) A = -274
415(+92)

Figure VI1-15. ECCD data oW11-21~V11-26 (40 eq.) with tweeze -25 (2 uM) in

MCH at 0 °C.
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Experimental Procedures

Materials and general instrumentations:

Anhydrous CHCI> was dried and redistilled over CaH The solvents used for CD
measurements were purchased from Aldrich and were spectra grslitiesactions
were performed in dried glassware under nitrogen. Column chrgraptty was
performed using SiliCycle silica gel (230-400 meshJ)H NMR and 13C NMR
spectra were obtained on a Varian Inova 300 MHz or 500Hz instrumenarand
reported in parts per million (ppm) relative to the solvent resosaf@e with
coupling constants)) in Hertz (Hz). IR studies were performed on a NicoletlRT-
42 instrument. UV/Vis spectra were recorded on a Perkin-Elnaenbda 40
spectrophotometer, and are reported.@agx [n(m]. CD spectra were recorded on a
JASCO J-810 spectropolarimeter, equipped with a temperature cantineiEab 111)
for low temperature studies, and were reported.[Jas] (Aemax [L mol'1 cm'J]).
Optical rotations were recorded at 20 °C on a Perkin Elemer 34drRetier (. = 589
nm, 1 dm cell). Chiral GC analyses were performed on a HeRdekard 6890 gas
chromatograph equipped with a Supelco Gamma Dex 225 column (0.2%n80
m) using helium as carrier gas. HRMS analyses were performe@eorQf Ultima

system using electrospray ionization in positive mode.

General procedurefor CD measurement:

Zinc porphyrin tweezefl-25 (2 uL of a 1 mM solution in anhydrous GBIy) was

added to hexane (1 mL) in a 1.0 cm cell to obtain @vRtweezerll-25 solution.
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The background spectrum was recorded from 350 nm to 550 nm witim aaseaof
100 nm/min at O °C. Chiral diol (1 to 2@ of a 10 mM solution in anhydrous
CH»Clp) was added into the prepared tweezer solution to afford the hast/gue
complex. The CD spectra were measured immediately (mininafm4
accumulations). The resultant ECCD spectra recorded in milddegwere

normalized based on the tweezer concentration to obtain the molecular CD (Mol CD

Deter mination of binding constant

The solution of Zn-porphyrin tweezer (1 mM in hexane) was tdratgh guest
molecule (10 mM in DCM) at different equivalents and the UV-ysctra were
recorded. The addition of the chiral substrate continued until no vidialege in
the spectra was observed. Upon formation of the chiral complex tkée l&od of
the porphyrin tweezers underwent red-shifts through an isosbestic pdim change
of absorption at certain wavelength as a function of the substmtentration yields

an exponential saturation curve which can be fitted through the non{asasquare

equation previously reported by Sr?djtb derive the binding constant.

CompounaVv1i-4 was kindly provided by Professor William Reusch.

To a solution of cholesterol (1.0 g, 2.59 mmol) in CHQO0 mL), was added

MCPBA (483 mg, 2.8 mmol). The mixture was stirred at room teatpes for 4 h
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under N and quenched by addition of saturatecdhb®@z (30 mL). The aqueous
layer was separated and extracted with GH@l x 30 mL). Combined organic
extracts were washed with saturated NaHG®d HO, dried over NgSOy4, and
concentrated under reduced pressure. Recrystallization from acatfumded
VII-11 as white solid (968 mg, 93%).1H NMR (CDCl, 300 MHz)d 0.58 (s, 3H),
0.82-1.94 (m, 45H), 2.05 (t, 1H,= 12.0 Hz), 2.88 (d, 1H] = 4.5Hz), 3.88 (m, 1H).
13c NMR (CDCE, 75 MH2)5 11.8, 15.9, 18.6, 20.6, 22.5, 22.8, 23.8, 24.0, 27.96,

28.04, 28.8, 29.9, 31.0, 32.4, 34.8, 35.7, 36.1, 39.4, 39.5, 39.8, 42.3, 42.5, 55.8, 56.8,

59.3. 65.7, 68.7.
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