!

HETEROAROTINOIDS WITH A FIVE-MEMBERED

A-RING

By

JONATHAN BRUCE GALE
i
Bachelor of Science

Oral Roberts University
Tulsa, Oklahoma
1983

Submitted to the Faculty of the Graduate College
of the Oklahoma State University
in partial fulfillment of the requirements
for the Degree of
DOCTOR OF PHILOSOPHY
December, 1988



“H/wésis
1a58 P
G 1S5 h
oL

| .



Oklahoma State Uniy. Library

HETEROAROTINOIDS WITH A FIVE-MEMBERED

A-RING
Thesis Approved:
o4 %Zm
Thesis Advisor

0 1 d
b, C Esspbnss
//72%%%%%‘/Z/élﬂzjékﬂt

Dean of the Graduate College

ii

1334921



COPYRIGHT
by

Jonathan Bruce Gale

December 1988



ACKNOWLEDGMENTS

I wish to express my earnest gratitude to Dr. K. D. Berlin for his guidance,
enthusiasm, encouragement and his sincere interest in me as a person and in my future as a
professional and as a husband and father.

I appreciate the encouragement from my colleagues in Dr. Berlin's research group:
Satish, Stan, Francis, Prasanna, Shankar ("pura paja"), and i)reviously, Lyle, Shirish,
Tim and Gary.

I am also grateful to Dr. W. T. Ford, Dr. R. Essenberg and Dr. P. Geno for serving
as members in my graduate advisory committee. I also thank Dr. Mottola for allowing us
to use his UV-spectrometer, the data from which was very useful in stereochemical
assignments. Thanks is also extended to Sudha Varma for taking time to run the UV
experiments. I would also like to express my gratitude to the Department of Chemistry at
Oklahoma State University for providing an atmosphere of encouragement conducive to
research.

We gratefully acknowledge the work of Dr. D. van der Helm and his students at the
University of Oklahoma for obtaining the X-ray diffraction data provided in this thesis.
We also express our thanks to Dr. Lindamood and Dr. Hill at the Southern Research
Institute in Birmingham, Alabama, for the toxicity studies described in this thesis.

I very much appreciate the help of Stan Sigle for recording NMR spectra and for his
instruction in the use of the NMR spectrometer.

I am very much indebted to my beautiful wife, Cindy, for her love, affection,

understanding, and encouragement which she has continuously given me.

iii



I am eternally grateful and indebted to the One who created me and fully understands
all the chemical and physical laws of this universe, Jesus Christ of Nazareth. His
unconditional love and companionship have provided strength, wisdom, and continued
encouragement.

This thesis is dedicated to my parents, Dr. and Mrs. Bruce Gale, whose support, love
and encouragement in past years and during my graduate research have been

unquestionable.

iv



Chapter

I.

II.

III.

IV.

TABLE OF CONTENTS

HISTORICAL ....oiniiiiiii et eaaas

BN (016 11 ota 00 RPN
Natural Retinoids and Metabolites ....oovvveeeiiiiiiiiiiiiiecenenannn..
MechaniSm Of ACHOI . .uueetieiiinettteieiieeeteeteaaaaneeaeeeeeeeananannns

TOXICOLOZY -enuinineniiniiteiit ettt ee e eeeeaeaaeananaannas
Assays of Retinoids.......cceveiieiiiiiiiiiiiiiiiiiiiiiiiieeiie e
Sites for Heteroatoms in Retinoids ....ccoveeiiiiiiieiriiiiieiiennnnnnns

RESULTS AND DISCUSSION ..ottt

Synthesis of New Heteroarotinoids. ...........coceeieiiieieninennnnn...
Structural Elucidation of New Heteroarotinoids Via NMR
and UV Spectroscopy and X-ray Crystallography ..................

PHARMACOLOGICAL ACTIVITY OF NEW
HETEROAROTINOIDS ..ottt ettt eeea e

2-(2-Methoxy-5-bromophenyl)-2-methyl-1-chloropropane (79) .....
5-Bromo-2,3-dihydro-3,3-dimethylbenzofuran (80)...................
1-(2,3-Dihydro-3,3-dimethyl-5-benzofuranyl)ethanol (82).

Method L ... et e eeaens
1-(2,3-Dihydro-3,3-dimethyl-5-benzofuranyl)ethanone (81) .........
1-(2,3-Dihydro-3,3-dimethyl-5-benzofuranyl)ethanol (82).

Method IT ... e eaeans
[1-(2,3-Dihydro-3,3-dimethyl-5-benzofuranyl)ethyl]triphenyl-

phosphonium Bromide (83) .......cccovviiiiiiiiiiiiiiiiiii
Methyl (E)-4-[2-(2,3-Dihydro-3,3-dimethyl-5-benzofuranyl)-

1-propenyl]benzoate (S8) .....oocviiniiiiiiiiiiiiiiiiiii i
(E)-4-[2-(2,3-Dihydro-3,3-dimethyl-5-benzofuranyl)-1-

propenyl]benzoic Acid (62) ..ccocieriiiiiiiiiiiiiiiiiiiieeieeeaen,
Methyl 2-(Phenylthio)acetate (85) ..cceeereeeiimiiiiiiiiieeeiie,
2-Methyl-1-phenylthio-2-propanol (86) .............cceeeveiiiininnn....
2,3-Dihydro-3,3-dimethylbenzo[b]thiophene (87) .....................
1-(2,3-Dihydro-3,3-dimethylbenzo[b]thien-5-yl)ethanone (88a) ....
1-(2,3-dihydro-3,3-dimethylbenzo[b]thien-5-yl)ethanol (89) ........
1-(2,3-Dihydro-3,3-dimethylbenzo[b]thien-5-yl)ethyl]triphenyl-

phosphonium Bromide (90) ........ccoooiiiiiiiiiiiiiiii

100



Chapter

Methyl (E)-4-[2-(2,3-Dihydro-3,3-dimethylbenzo[b]thien-5-
yl)-1-propenyl]benzoate (60) ..........ccovveviiiiiiiniiiiiiiiiinan..
(E)-4-[2-(2,3-Dihydro-3,3-dimethylbenzo[b]thien-5-yl)-1-
propenyllbenzoic Acid (63) ..cccccceiiiiiimniiiiiiiiiiiiiiiiinininnnns
2-[(2-Methyl-2-propenyl)oxy]nitrobenzene (100) .....................
2-[(2-Methyl-2-propenyl)oxy]benzenamine (101) .....................
2-[(2-Methyl-2-propenyl)oxy]benzenediazonium Fluoroborate
J02) e
1-[(2,3-Dihydro-3-methyl-3-benzofuranyl)methoxy]-2,2,6,6-
tetramethylpiperidine (106) ..........c.ccciiiiiiiiiiiiiiiiiiinan..
2,3-Dihydro-3-methyl-3-benzofuranmethanol (107) ..................
3-Acetoxymethyl-2,3-dihydro-3-methylbenzofuran (112) ............
1-(3-Acetoxymethyl-2,3-dihydro-3-methyl-5-benzofuranyl)-
ethanone (113) ...couiiiiiiiiiiiiiiiiiiii e e eaeeas
1-(2,3-Dihydro-3-methyl-3-benzofuranmethanol-5-yl)ethanol
(B1d) e e
[1-(2,3-Dihydro-3-methyl-3-benzofuranmethanol-5-yl)ethyl]tri-
phenylphosphonium Bromide (115) .............ccociiiiiiiiiin.
Methyl (E)-4-[2-(2,3-Dihydro-3-methyl-3-benzo-
furanmethanol-5-yl)- 1-propenyl]benzoate (64) .....................
2-[(2-Methyl-2-propenyl)thio]benzenamine (117) .....................
2-[(2-Methyl-2-propenyl)thio]benzenediazonium Fluoroborate
(B8 i et
1-[(2,3-Dihydro-3-methylbenzo[b]thien-3-yl)methoxy]-2,2,6,6-
tetramethylpiperidine (120) and 1-[(3,3-Dihydro-3-methyl-
benzothiopyran-1(2H)-3-yl)oxy]-2,2,6,6-tetramethyl-
piperidine (119) ....uivininiiniiiiiiiiii e
2,3-Dihydro-3-methyl-3-benzo[b]thienmethanol (121)................
3-Acetoxymethyl-2,3-dihydro-3-methylbenzo[b]thiophene (122)....
1-(3-Acetoxymethyl-2,3-dihydro-3-methylbenzo[b]thien-5-yl)-
ethanone (123) ...oviiiiiiiiiiiiiiiiii e eenaenns
1-(2,3-Dihydro-3-methyl-3-benzo[b]thienmethanol-5-yl)ethanol
(B2 e
[1-(2,3-Dihydro-3-methyl-3-benzo[b]thienmethanol-5-yl)ethyl]-
triphenylphosphonium Bromide (125) ...........ccccoiiiiiiiii.
Methyl (E)-4-[2-(2,3-Dihydro-3-benzo[b]thienmethanol-5-yl)-
1-propenyl]benzoate (65) .......coueviiiniiiiiiiiiiiiiiiiiiiiae
Methyl (E)-4-[2-(2,3-Dihydro-3,3-dimethyl-5-benzofuranyl)-
3-hydroxy-1-propen-1-yl]-benzoate (66) ...........c..ccceeeenen...
2-(2,3-Dihydro-3,3-dimethyl-5-benzofuranyl)-3-buten-2-ol
(12 e e
[3-(2,3-Dihydro-3,3-dimethyl-5-benzofuranyl)-2-buten-1-yl]tri-
phenylphosphonium Bromide (132) .............cooociiiiiii..
(2E,4E,6E)-7-(2,3-Dihydro-3,3-dimethyl-5-benzofuranyl)-3-
methyl-2,4,6-octatrienoic Acid (67) ......ccoevviiiiiiiiiiiiiiiinn...
2-(2,3-Dihydro-3,3-dimethylbenzo[b]thien-5-yl)-3-buten-2-ol
(30 e e e
[3-(2,3-Dihydro-3,3-dimethylbenzo[b]thien-5-yl)-2-buten-1-
yljtriphenylphosphonium Bromide (133) .....ccccoeeeeeeenennnnnnn.
(2E,4E,6E)-7-(2,3-Dihydro-3,3-dimethylbenzo[b]thien-5-yl)-
3-methyl-2,4,6-octatrienoic Acid (68) ......cccceevvvvvvvrninnnnnene.

vi



Chapter Page

(2E AZ,6E)-7-(2,3-Dihydro-3,3-dimethylbenzo[b]thien-5-

y1)-3-methyl-2,4,6-octatrienoic Acid (69) ..........c.ceoeveiienaen.. 141
2-(1,3-Benzodioxol-5-yl)-3-buten-2-0l (131) .......ccoveiveinninnnn.. 142
[3-(1,3-Benzodioxol-5-yl)-2-buten- 1-yl]triphenylphosphonium

Bromide (134) ..o.iiviniiiiiiiiiiiiiiiiiiiiniiieiiirieeeaeaenae, 143
Ethyl (2E,4E,6E)-7-(1,3-Benzodioxol-5-yl)-3-methyl-2,4,6-

octatrienoate (70) .coiieiiiiiiiiii e 144
(2E AE,6E)-7-(1,3-Benzodioxol-5-yl)-3-methyl-2,4,6-octa-

trienoiC ACIA (T1) .ovvnnniiiiiiiiiii i ittt e e 145
Methyl Phenoxyacetate (73) ...cooevviieiniiniiiniiiiiiiiiiniaiinennnns 146
2-Methyl-1-phenoxy-2-propanol (74) .........ccccoiiiiiiiiiiinnnnn.. 146
Attempted Preparation of 2,3-Dihydro-3,3-dimethybenzofuran

(75) by an Acid-catalyzed (H3PO4/P205) Cyclization of

Alcohol 74 ..., 147
2,3-Dihydro-3,3-dimethylbenzofuran (75) and 2,3-Dihydro-

2,2-dimethylbenzofuran (76) .........c..coceiriiieiiiiiieniinnninn... 149
3(2H)-Benzofuranone (93) ......coceviiiiiiiiiiiiiiieiens 149
Benzo[b]thien-3(2H)-0ne (94) ...cnnviiiniiiiiiiiiiiiieies 150
Attempted Olefinations of Benzo[b]thien-3(2H)-one and of

3(2H)-Benzofuranone by Reaction with Ph3P=CHOCHj3 ......... 152
2,3-Dihydro-3-iodomethyl-3-methylbenzofuran (103) ................ 153
Attempted Preparation of 2,3-Dihydro-3-methyl-3-benzofuran-

methanol (107) by Hydrolysis Using Aqueous AgNOs ........... 154
a-Bromo-p-xylene (L109) ..., 155
2,3-Dihydro-3-methyl-3-[(p-xylyloxy)methyl]benzofuran (110) .... 156
Attempted Preparation of 1-[2,3-Dihydro-3-methyl-3-(p-

xylyloxy)methyl-5-benzofuranyl]ethanone (111) ................... 157

BIBLIOGRAPHY ...ttt it ettt et eee e e eaaeneeeeeaeanaaaan 343

vii



Table

II.

III.
IVv.

VI

VIL

VIIL

IX.

XI.
XII.
XIII.

XIV.

XV.

LIST OF TABLES

The Therapeutic Profile of Arotinoids Based on the Mouse Papilloma
Assay and the Observation of Symptoms Associated with
Hypervitaminosis A .......coueuiiiiiiiiiiiiiiiiiiiiiiiieieneneenenn.

The Ability of Arotinoids to Induce Differentiation in the Human
Premyelocytic Leukemia Cell Line (HL-60) and to Completely
Inhibit Scale Formation in the Skin of Chick Embryo Foot ............

Activity of Selected Arotinoids in the TOC and ODC Assays ...............

Toxicity of Selected Retinoids in Female Swiss Mice .......................

Summary of Some of the Toxicological Parameters in the Toxicity

Study of Heteroarotinoids 42, 43, and 45 with Arotinoid 34
(TTNPB) in Male B6D2F1 MICE ..coovvirveiiiiiiiiiiieenceneeieennenn.

Comparison of the 'H NMR Chemical Shifts () and Shift
Differences (AS) of the (E)- and (Z)-Isomers of Two Diaryl
Heteroarotinoids ....cceveiertiieientieieieeieeaaneeieeaneeeaeeenneennns

13C NMR Signals for Heteroarotinoids 58-66, 65-(Z) .....................

ITH NMR Chemical Shifts (8) for Diaryl Heteroarotinoids
62-66, 64-(2), 65—(Z) ....................................................

UV Data of Selected Stilbene Derivatives (Including Some
Heteroarotinoids) ...........coceviiiiiiiiiniiiiiniiii e,

UV Data of New Heteroarotinoids 58-66 ...............c.ccoceieiiiininn.n,
Data Collection Parameters and Crystal Data .........cccccccceeeieiianannna.
Bond Lengths and Standard Deviations (Angstroms) ..........cccceeeeeen..

Selected Torsion Angles (Degrees) for 58, 60, 61 from Crystal
Data and From MMP2 Program Energy Refinements ...................

Crystal Bond Angles About the Central Double Bond in 58, 60,
and 61 ..o

Selected Thru-Space Interatomic Distances (Angstroms) Between
Atoms in the Aryl Rings in 61 Crystal Data ...........ccccoeveivinnnn.n..

viii

Page



Table Page
XVI. !H NMR Chemical Shifts (5) and Coupling Constants (J) of the
Triene Portion of All-trans-Heteroarotinoids 67, 68, 70,
71, 137 and the (2E,4Z,6E)-Isomers 69, 138. Etretinate
(21) and Its (2E,4Z,6E)-Isomer Included for Comparison ............ 76
XVII. 13C NMR Signals for Heteroarotinoids 67-71 ...................ccuvnn.n.. 81

XVIII. ODC Activity of Heteroarotinoids 58, 60,62 and 63 ...................... 83

ix



LIST OF FIGURES

Figure
1. The Vitamin A Family .....c.ccouiniiiiiiiiiiiiiiiiiiiiiiiiiieneneeeaeeneeanaeanens

2. Some Oxidative Pathways of Retinol (1), Retinoic Acid (3) and 13-cis-
RetinoiC ACIA (12) ..vviniiiiiiiiiiiiiie e e eeie et e eeeeeireeaaeeaneeanneeennns

3. Some Non-oxidative Pathways of Retinol (1) and Retinoic Acid (3) .............
4. Etretinate (21) and Some Metabolites Found in Either the Bile of Rats
(22-24, see Reference 46) or Urine of Humans (25-27, Reference

46) Administered Eretinate ....oovviiueeieiiiiriiieieiiiiieeeeeeenanannseeeseeeeennns

S5a. Diaryl HeteroarotinOoids ......ccceeeieiieiieniiiieiiiiieneieinneeeeeeeneeneneeneneenns

5b. Monoaryl Heteroarotinoids ........eeeueeeneeeneerneinueeineeineienrenieeeineernnnennns

6. Arotinoids Studied in the Preliminary Toxicity Study by Lindamood and
(OB} 4 N

7. Retinoids Containing Heteroatoms Within the Carbon Skeleton of the
Basic Retinoid Structure .........coeiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiie

8. Structures of New Heteroarotinoids 58-66 ................ccoovviiiiiiiiin.
9. Structures of New Heteroarotinoids 67-71 ........cccoiiiiiiiiiiiiiiiiiiiiiiinnin.
10. Attempted Preparation of the Intermediate 75 .............coooiiiii
11. Preparation of Heteroarotinoids 58 and 62 ................ocooiiiiiiii..
12. Preparation of Intermediate 89 ...
13. Preparation of 60,61 and 63 ..........coiuiiiiiiiiiiiiiiiieee e

14. Conceivable Preparation of Alcohols 107 and 121 from Carboxylic
Acids 72 and 84 Via Ketones 93 and 94 .........cccceevimiiiiiiiiiiiiiinnnnnee.

15. Preparation of Intermediate 107 ......ccoiuiiiiiiiiiiiiiiiiiiiiiiiiiii e

16. Suggested Mechanism of Cyclization of 102 to 106 and of 118 to 119
ANA 120 L e

17. Attempted Prepar%ﬁion Of I11 Lo e

Page



Figure

18.
19.
20.

21.
22.
23.
24.

25.

26.
27.
28.
29.
30.
31.
32.

33.

Preparation of Heteroarotinoids 64 and 65 ........c...cccooiiiimmiiiiiiiiiiniinneee ,

Preparation of Intermediate 121 ........cooiiiiiiiiiiiiiiiiiiiiiiiiiii i,

Cyclizations of Propenylheterodiazonium Salts as Reported by
Beckwith8.9:69 and Oae”3 and Their Respective Co-workers ...................

Preparation of Heteroarotinoid 66 -(E) ........ccceiuiiiiinniiiiiniiieienenninannnnn.
Preparation of Butenylphosphonium Salts .............c.cooiiiiiiiii .
Preparation of Octatrienoic Acid Heteroarotinoids 67-69, 71 .....................

New Triene Heteroarotinoids {67-71} and the Isomers of the Precursor
Esters Detected by 1TH NMR {135-138} ..coooiiiiiiiiiiiieieeee e,

New Triene Heteroarotinoids {58-66} and Other Isomers Detected by
1H NMR {64-(Z), 65-(Z), 66-(Z)} «eneenininiiiiiieeeiieeeeeeeeead

2-D HETCOR Plot of Aromatic Region of 88 ...........c.ccociiiiiiiiiiiiniiin..
2-D HETCOR Plot of Aromatic Region of 60 ..............cccooveviiiiiiiiiiia..
X-Ray Plot Of S58-(E) .iriiiniiiiiiiiiiiiiiiieiieieetie e et eaeaneeneeneaaanaanaas
X-Ray Plot Of 60-(E) ..oonieiiiiiiiiiie e e et e e e e e e anas
X-Ray Plot of 61-(Z) ..ooviiniiiiiiiiiiiiiiir et ee e e e
2-D COSY Pulse Sequence of Heteroarotinoid 70 .............cooeeiiviiiiiiainin,
Radiation of the H(10) and H(15) in 70 at § 6.49 and 5 5.80,

Respectively with Resulting NOE Enhancement of Doublets

(4Jgg = 1 Hz) at § 2.20 and & 2.37 into Tall Singlets .......ccoevevenvennnnnnn.n.

2-D HETCOR Plot of Heteroarotinoid 70 ....ooveeiiiiiiiiiiiiiii i iiieinnenns

xi



Plate

II.
III.

IV.

VL
VIIL.

VIIL
IX.

XI.
XII.
XIII.
XIV.
XV.
XVIL
XVIIL
XVIIL
XIX.

XX.

LIST OF PLATES

Page
1H NMR Spectrum of 79 ..oceovieeieneeeeeeeeeeeeeeeeeeeeeee e e 159
13C NMR Spectrum of 79 ..ccooeeeeeieeeeeeieeeeeeeeee e 160
IR Spectrum Of 79 .o caeeeeeeee e e e anes 161
IH NMR Spectrum of 80 ......ccovviiiiiiiiieieiieeeeieee e 162
13C NMR Spectrum of 80 ......cccoevviiieeiieiiieiicieeeeeeeeeeeen. 163
IR Spectrum of 80 .o.oineiiiiiiii e 164
IH NMR Spectrum of 81 ...cccoeeiiuiieiieiiecrieeciie e, 165
13C NMR Spectrum of 81 ..cccoooiiviiiiiiiiieiceie e 166
IR Spectrum of 81 ... 167
IH NMR Spectrum of 82 ...ccccoeevuieieieiieeieeeeie e e, 168
13C NMR Spectrum of 82 ....ccccceeieeiiieeiiieeiee e 169
IR Spectrum of 82 ...t eeeaens 170
IH NMR Spectrum of 83 ...ccocooeeeiieiiieciieeiieeie e 171
13C NMR Spectrum of 83 ..ocoovieuierierieieieeeeeeeteee e 172
IR Spectrum of 83 .o, 173
1H NMR Spectrum of 58 .........eeevuueeiiineeiiieeiiieeinneeinnnnns 174
13C NMR Spectrum of 58 ...coooiiiiiiiiiiiiiiiiiiiieeeeeeeee e, 175
IR Spectrum of 58 ..ooiiiiiiiiiiiiiiiiiei i 176
UV Spectrum of 58 ... 177
13C NMR Spectrum 0f 59 .......oviivvniiiniiineiieeeeeeeeeeee e, 178

xii



Plate

XXI.
XXII.
XXIII.
XXIV.
XXV.
XXVI.
XXVIL
XXVIIL
XXIX.
XXX.
XXXI.
XXXTII.
XXXIII.
XXXIV.
XXXV.
XXXVI.
XXXVII.
XXXVIIL
XXXIX.
XXXX.
XXXXI.
XXXXII.
XXXXTII.
XXXXIV.
XXXXV.

Page
IH NMR Spectrum of 59 ..vivieeieiiiiiiiieee e e, 179
IR Spectrum Of 59 i 180
UV Spectrum of 59 ....niniiiiiiiiiiii e 181
TH NMR Spectrum of 62 .....couvvveineiieeneenineeieineenenneneenennnnns 182
13C NMR Spectrum Of 62 .....cccciieeeeecrieeeniireieeeeeenraeeeeeennns 183
IR Spectrum of 62 ...c.ccoiiiiiiiiiiiiiiiiiiic e 184
UV Spectrum 0of 62 ...t ieiie e e eeaes 185
1H NMR Spectrum of 85 .....vouiiniiniinin et ieieeeeeneeneennen 186
13C NMR Spectrum of 85 ..ooociiiiiiiiiiiieeeeieeeeeeeee e e 187
IR Spectrum of 85 .. 188
1H NMR Spectrum of 86 .........cuvvuninnininiiniiiineeneieaeeaennnn. 189
13C NMR Spectrum of 86 .......ccoevnvmrmvniiiiiinriiiieiereeeneveneaans 190
IR Spectrum of 86 ...c.coinniiniiiiiiii e, 191
TH NMR SPECHUIM Of 87 ...eeeveeeeeeeeeeeeereeeeeeeeeeereeeeeeeennns 192
13C NMR Spectrum 0Of 87 ..ccvveviieeieiinrieeeeeeeeenreeneeeeeee e 193
IR Spectrum Of 87 .oiiiiiiiiiiiir et eeanas 194
TH NMR Spectrum of 882 ........coeevvniiiinnieiiieeiieeeiiierinnennn. 195
I3C NMR Spectrum of 882 ......cceuivniiniiiiniiiieiiiieneneaneannnn. 196
IR Spectrum of 88a .......occiviiiiiiiiiiii e 197
IH NMR Spectrum of 88D ...........eivvniiiieiiiiiieiineeiieeinennn. 198
13C NMR Spectrum of 88b ...........oovviiniiiiiiiiiiiiiiieieenenn. .. 199
IR Spectrum of 88b ... 200
IH NMR Spectrum of 89 .........ccoovniiiieiiiiiiniiiieeieiie e eenns, 201
13C NMR Spectrum of 89 ......ccoiiiiiiniiiiniiiniiinncices 202
IR Spectrum of 89 ..o, 203

xiii



Plate

XXXXVI.
XXXXVIL
XXXXVIIIL.
IL.

L.

LI.

LII.

LIII.

LIV.

LV.

LVL

LVIL
LVIIL
LIX.

LX.

LXI.
LXII.
LXTII.
LXIV.
LXV.
LXVIL
LXVIIL
LXVIII.
LXIX.
LXX.

IH NMR Spectrum of 90 .....couiiniiiiniiiiiiiiiieie e, 204
I3C NMR Spectrum of 90 .......cooniiniiniiiiiniiiiieeeeieeieeeeeann, 205
IR Spectrum of 90 .....onueiiiiiii e 206
1TH NMR Spectrum of 60 ........oooniiniininineiniineineineineenennns 207
I3C NMR Spectrum of 60 .....ceeeveeniiiieieeeciiiiieieeeeeeeeeene. 208
IR Spectrum of 60 ..ccevvrrninniiniiiiiiii e 209
UV Spectrum of 60 ......c.oveiiiiiiiiiiiiiiiii e 210
TH NMR Spectrum of 61 .........euvvvniiiiiiiniiiieeieeieeiieeinnn, 211
IR Spectrum of 61 ....c.ccoiiiiiiiiiiiiiiiii e, 212
UV Spectrum of 61 ..ot 213
TH NMR Spectrum of 63 ........oovivniniiniiiiiiiie e, 214
13C NMR Spectrum Of 63 .....ivuieniinieiein e iee e eeeaeennas 215
IR Spectrum of 63 ..ot 216
UV Spectrum of 63. ......................................................... 217
TH NMR Spectrum of 100 .........ccovvniviniiniiineiineeineeineeinnnn, 218
13C NMR Spectrum of 100 ..........couniiuneeineiieiieeieeiieiinnnns 219
IR Spectrum of 100 ... 220
1H NMR Spectrum of 101 ...........oooviiniiiniiiiiniiiiieeee. 221
13C NMR Spectrum of 101 .........ovivnniiiieeiiie e, 222
IR Spectrum of 101 ....o.oniiiiniiiiiii e 223
TH NMR Spectrum of 102 ........oouiiniiiiineiniiniieieeieieeeneenes 224
IR Spectrum of 102 .. ... i e 225
TH NMR Spectrum of 106 .............cccocvvieniiiiiiiniiineiineiinn. 226
I3C NMR Spectrum of 106 ...........ccooovveieiiiiniieiiiieeeeiinnnnn.., 227
IR Spectrum of 106 ........coiiiniiiiiii i e 228

xiv



Plate

LXXI.

LXXII.
LXXIII.

LXXIV.

LXXV.
LXXVI

LXXVII.

LXXVIII.
LXXIX.

LXXX.

LXXXI.
LXXXII.

LXXXIII.
LXXXIV.

LXXXV.

LXXXVI.
LXXXVIIL
LXXXVIIL.

LXXXIX.
LXXXX.

LXXXXI.
LXXXXII.

LXXXXIII.
LXXXXIV.

LXXXXV.

Page
TH NMR Spectrum of 107 .....cenivniiniiniieieieiieeeieeeee e, 229
13C NMR SPectrumnt Of 107 ......e.veeereereeereeeeseeseseereseeseseenen. 230
IR Spectrum of 107 ....oooiiiiniiiiiiiiiiiiii 231
TH NMR Spectrum of 112 ......couiiiniiiiiieiiieiieeieiieiieineaannn. 232
I3C NMR Spectrum of 112 ......couoiiiinneiiineeiieeeiiieeiiieeeinnnns 233
IR Spectrum of 112 ....oioiiiiiiiiiii e, 234
TH NMR Spectrum of 113 .....oouniiiiiiiiiiieieeieeeeieie e, 235
I3C NMR Spectrum of 113 .....ooviiniiiniiieineiiniineiieiieeneenn, 236
IR Spectrum of 113 ... e 237
TH NMR Spectrum of 114 .........coooviiiniiiiiiiieiieeieiieeiannns 238
I3C NMR Spectrum of 114 .........oovuiiiiniiiiiiiieiiiee e, 239
IR Spectrum of 114 ... .o, 240
TH NMR Spectrum of 115 .....ooviiiiiiiieeiiieeiieeiieeieeeieeeien, 241
IR Spectrum of 115 ..... et eieeie e ee et eie e e 242
IH NMR Spectrum of 64 .....cccccevveeiureeieeeieeieeeeieeeeneeeenneans 243
13C NMR Spectrum of 64 ......ccceeeuiieeiieeiieerieereeeeeeerveenen. 244
IR Spectrum of 64 ..o, 245
UV Spectrum of 64 .......cooviiiiiiiiiiiiiiiiiiiiiieeiieeie e e, 246
1H NMR Spectrum 0f 64-(Z) .......oevnieniineiniinieneieeieeeeeneenns 247
TH NMR Spectrum of 117 .........ueiiiueeiiineeeiieeeiiieeiiieeeineans 248
13C NMR Spectrum of 117 ......ouiiinniiiieeeiieeeiee e e, 249
IR Spectrum of 117 ... 250
TH NMR Spectrum of 118 ..........oooiiiiiiiiiii i 251
I3C NMR Spectrum of 118 .........coeivviineeiiiiieeeiie e, 252
TH NMR Spectrum of 120 ........evneiiniiieineiiiieeieiieeineannnn. 253

Xv



Plate

LXXXXVI
LXXXXVIL

LXXXXVIII.

IC.
C.

CIL.

CIL.
CIIL.

CIV.

Cv.
CVL

CVIL

CVIIL
CIX.

CX.
CXI.
CXII.

CXIII.
CXIV.

CXV.

CXVI
CXVIIL
CXVIIIL.

CXIX.

CXX.

Page
13C NMR Spectrum of 120 .....uuueeerereiiiiiiineeeeiiiieeeeeennnanen 254
IR Spectrum of 120 ....ouiiniiniin i ea e 255
TH NMR Spectrum of 119 .......oiviiniiniiiiiiiieceeeeeieeeeen 256
I3C NMR Spectrum of 119 .......oovviiiniiiiiiiiiiniiee e, 257
IR Spectrum of 119 ... e, 258
1TH NMR Spectrum of 121 ........ccoouviiiniiiiieiieeieeieeieena, 259
13C NMR Spectrum of 121 ......ovivvniiiniiiieieeeeeeeaeee e, 260
IR Spectrum of 121 ......................................................... 261
IH NMR Spectrum of 122 ......oviniiiiieiineeiiieeiniiieeineiieeinnans 262
I3C NMR Spectrum of 122 ....oovvniiiniiiiiieiiee e 263
IR Spectrum of 122 ... .o i 264
TH NMR Spectrum of 123 .......ouoiviniiiineiiieeiieeiieeeieeeieeinnens 265
13C NMR Spectrum of 123 .......ouoiiiiiieiiiieeiiieeiiereineeeinnnns 266
IR Spectrum of 123 ... o i e 267
TH NMR Spectrum of 124 ........ccouviiiiniiineiiieeieeeeeeeia e, 268
I3C NMR Spectrum of 124 ........ouoeeiiiiiiieeeiiieeeeiiieeeeinn, 269
IR Spectrum of 124 ... . i 270
TH NMR Spectrum of 125 ......coooiiiiiiiiiiiiieiiieeiieeieeeie e, 271
IR Spectrum of 125 ..o 272
IH NMR Spectrum of 65 ......ccoooeiieieieeiiiieieeie e, 273
13C NMR Spectrum of 65 ...c..ccoeeiereeieeeeeeeeeee e 274
IR Spectrum of 65 ..ccoiiiiiiiiiiiiiiiie e 275
UV Spectrum of 65 ..ottt 276
TH NMR Spectrum of 65-(Z) ....ouivninininiieeieeeeieeeeeeeneen. 277
13C NMR Spectrum of 65-(Z) .....covveeeeieeeeieeeeeeeeeeeeeeeaenn 278

xvi



Plate

CXXI.
CXXII.
CXXIII.

CXXIV.
CXXV.

CXXVIL
CXXVIL
CXXVIIIL.
CXXIX.
CXXX.
CXXXI.
CXXXII.

CXXXIII.
CXXXIV.

CXXXV.

CXXXVIL
CXXXVIIL
CXXXVIIIL.
CXXXIX.
CXXXX.

CXXXXI.
CXXXXII.

CXXXXIII.

CXXXXIV.
CXXXXV.

Page
TH NMR SpPectrum Of 66.....ceeeeeereievnerineerneeenaeenneeineenneennaenns 279
TR SPECITUI OF 66 -+« +vveeeervvveeeeseeeeeeeeeeeeeeeeeeeeeeeeeseeeeeens 280
UV Spectrum of 66 ........coniiniiiiniiiiiiiiiiiiiiiiii i e eeiaanns 281
TH NMR Spectrum of 129 .......oovuiiniiiiiiiieiniiieiieieeeeeneenes 282
TR SPECrUm Of 129 ......vveeeeeeeeseeee e eee e e e e eeee e e, 283
TH NMR Spectrum of 132 .......uoeiiiniiiiiiiieiiieeieeieeeieeanenn. 284
13C NMR Spectrum of 132 .....oouuiiiieiiiineeeiieeeiieeiineeeiaans 285
TR SPECHUIm O 132 «.v.ieveoeeeeoeeoeeeeeeeeeeoee e 286
IH NMR Spectrum of 67 ...ccocoverienieeeeieeeneeeeiieeeeerneeennes 287
I3C NMR SPECtTUmM Of 67 .veveeveeieeeereeeeeeeeeeeeeseeseeeeeseeeneenes 288
IR Spectrum oOf 67 ...ocoiiiiiiiiiiiiiiiiie e, 289
TH NMR Spectrum of 130 .........oouniiiniiiiiieiieeieeieeeeeneeannn, 290
13C NMR Spectrum of 130 .........ovvniiiineiieiiieeiieeieeeieeinnnan, 291
IR Spectrum of 130 ....oooiiuiii e t... 292
TH NMR Spectrum of 133 ......oivniiniiiiieiieieieeeieeeeeeeas 293
13C NMR Spectrum of 133 .....ooovniiiiieiiiiee e 294
IR Spectrum of 133 ..o 295
TH NMR Spectrum of 137 .....oovniiiiiieiiieiieeieeieee e, 296
TH NMR Spectrum of 138 ......oooiviiiiiiieeieeiiiieiiei e, 297
IH NMR Spectrum of 68 .....ocooviiivrieeeieeieireeeeeeeeeeeee e 298
13C NMR Spectrum of 68 .....cccoeireeveeeiiieeiieeeeneeeeeenveeenne 299
IR Spectrum of 68 ... 300
1H NMR Spectrum of 69 .....occocovvieiieeiiiiieeeiie e 301
13C NMR Spectrum of 69 .......cceoovvveiieiiceiiieeieeeeeeeeeeee e 302
IR Spectrum of 69 ...ooreiieiii i 303

xvii



Plate
CXXXXVI.

CXXXXVII.
CXXXXVIIL

CIL.

CL.
CLL

CLIL

CLIII
CLIV.

CLV.
CLVL

CLVIL

CLVIIL
CLIX.

CLX.

CLXI.
CLXII.

CLXIII.
CLXIV.
CLXV.

CLXVL
CLXVIL
CLXVIIL.

CLXIX.

CLXX.

Page
1H NMR Spectrum of 131 ......ouuunieeieiiiiiiiieeeeeeiiiieeeeeeiiannn. 304
13C NMR Spectrum of 131 .....oouiiiiniiiiiiieeieeiieeeeeeieeinn, 305
IR Spectrum of 131 ...t e 306
TH NMR Spectrum of 134 ......ouviviiiniiniiniiiinii e, 307
13C NMR Spectrum of 134 .........ooiivniiiiiniiiieeieeieeeeeeens 308
IR Spectrum of 134 ... 309
IH NMR Spectrum of 70 ..ccooeeeviiieiiieieeeeieee e 310
13C NMR Spectrum of 70 ...ccocovveevrieieeeiieerieitie e 311
IR Spectrum of 70 ..o 312
IH NMR Spectrum of 71 ..ccoooviiiiiiiieieeeeeeeee e, 313
IR Spectrum of 71 ...cocooiiiiiiiniiiiiiiii, 314
1H NMR Spectrﬁm Of 73 e 315
13C NMR Spectrum of 73 ..oooveoviieiiieeeeneeeeeeee e 316
IR Spectrum of 73 .o 317
ITH NMR Spectrum of 74 ..ccoooovveeiiiieeeniecieeeiee e eeeeee e 318
13C NMR Spectrum of 74 ...cccooveviieveiieiieeeeeieeeee e 319
IR Spectrum of 74 oot 320
1H NMR Spectrum of 75 Containing 76 .........ccccovveuuuniuuncnens 321
IR Spectrum of 91 . 322
ITH NMR Spectrum of 93 ..coooviiiiiiiiiieeie et 323
13C NMR Spectrum of 93 ...oocoooiiiiiiieiiiie e 324
IR SPeCtrum of 103 ....oveeeeeeeeeeeeeeeee e eee e e, 325
IR Spectrum Of 92 i e 326
ITH NMR Spectrum of 94 ......cccocoovieiiiieiiieiiecieee e, 327
13C NMR Spectrum of 94 ....c.cccoiviiiiiieeeiieiee e 328

xviii



Plate

CLXXI.

CLXXII.
CLXXIII.

CLXXIV.
CLXXV.
CLXXVI.

CLXXVII.
CLXXVIIL

CLXXIX.

CLXXX.
CLXXXI.

CLXXXII.
CLXXXITII.

CLXXXIV.

Page
IR Spectrum of 94 ..o 329
TH NMR Spectrum of 103 .........oevvniiiiiiineeineeineeeneeeieennnnnn. 330
IR Spectrum of 103 ......ouiiiiiiii i, 331
TH NMR Spectrum of 105 .........ccovvniiiniiiiniiiieeiieeiieeeieennnnan. 332
13C NMR Spectrum of 105 ........oovvniiiiiiineeiieeiieeeieeeieeannn, 333
TH NMR Spectrum of 109 ........coeevvniiiiieiiieeiiieeiiineeiieeann. 334
13C NMR Spectrum 0f 109 ........ovvniiiinieineeieeiieeeieeeieannnnnn. 335
IR Spectrum of 109 ..o 336
TH NMR Spectrum of 110 ..........oooviiiiiiiiiiiieiiiieieeiieeiann, 337
13C NMR Spectrum of 110 .........ccoooveiiiieiiiieeiiieeiiieeeians 338
IR Spectrum of 110 ... 339
13C NMR Spectrum of 61-(Z) ......ccevvvneeiiieeeiieeiiieeeiieeineans 340
13C NMR Spectrum of 66-(E) .............ccoeveiineiineiineeineinnnnnn. 341
13C NMR Spectrum of 71 ..oocoieviiiiieeiieieeeeeecereeee e enn 342

xix



CHAPTER I
HISTORICAL

Introduction

The term "retinoids" refers to a broad spectrum of compounds, natural and synthetic,
which structurally or spatially resemble the parent, retinol (1), and which may or may not
exhibit any of the many biological effects elicited by vitamin A (retinol, 1), vitamin A

aldehyde (retinal, 2), or vitamin A acid (retinoic acid, 3) (see Figure 1). The biochemist
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Figure 1. The Vitamin A Family.



M. B. Sporn proposed the following definition: "a retinoid is a substance that can elicit
specific biological responses by binding to and activating a specific receptor or set of
receptors”.95 The organic chemist, on the other hand, may prepare compounds which
resemble retinol (1) but which feature important structural modifications, and, in
collaboration with the biologist, he may report a preliminary biological evaluation. Such
compounds have been called "retinoids" long before a complete biological profile was
available 26:62,94

Several reviews, books, symposia and theses have discussed in detail the following
aspects of the vitamin A family: (a) the history of the discovery, isolation,
characterization, and synthesis of retinol (1), retinal (2), and retinoic acid
(3);4:33,35,79,96,97 (b) the nutritional aspects of vitamin A;106 (c) the relationship between
vitamin A deficiency and biological disorders including cancer;4-35,79:106 (qd) the visual
cycle involving all-trans-retinal (2) and 11-cis-retinal;109 (e) the role retinol plays in
reproduction; 106 (f) the regulation of cell differentiation and cell proliferation by retinol
and retinoic acid;79-90:91 and (g) the history of retinoids as therapeutic agents including
recent advances in the use of retinoids in the treatment of several forms of psoriasis and
acne and preliminary clinical tests in the treatment of several types of
cancer.19:61,77.79,80.88,106 The scope of the background material in this work focuses on
the metabolism of retinoids (part of the synthetic thrust of this work involves the
preparation of potential metabolites of heteroarotinoids), mechanism of action (the recent
discovery of the DNA binding/retinoic acid receptors deserves special attention),12:42.81 3
history of the new generation of heteroarotinoids and their arotinoid roots, recent toxicity
studies which confirm the overt toxicity of arotinoids and which reveal the greatly
diminished toxicity of heteroarotinoids, and a summary of two assays which were used in

this work to assess the carcinostatic activity of a series of new heteroarotinoids.



Natural Retinoids and Metabolites

The metabolism of the natural retinoids begins with B-carotene (4), the major natural
dietary source of retinol in man.35 In the liver, oxidative cleavage gives retinal (2) which
can be either reduced reversibly to retinol (1) or oxidized (irreversibly) to all-zrans-retinoic
acid (3).35 From retinol, several oxidative and non-oxidative pathways are involved.

Several oxidative pathways have been suggested from many in vitro and in vivo
studies by different research groups (see Figure 2 and references cited). From Figure 2
several sites of metabolic degradation are: (a) oxidation at C(4), (b) epoxidation of the
double bond in the cyclohexyl ring, (c) oxidation of one of the methyl carbons of the
gem-dimethyl pair, (d) oxidation of the methyl group at C(5) and (e) shortening of the
polyene chain with partial reduction of the conjugated system. Thus, oxidation may occur
at a double bond (to give 5, 7, 8), at a carbon atom one bond removed from a double
bond [allylic oxidation or benzylic oxidation (as will be shown for the metabolism of an
aromatic retinoid) produced: 5, 6, 8-11, 13-15], or at a carbon atom two bonds
removed from a double bond (such as 6, 8, 10). Non-oxidative metabolism of either
retinol or retinoic acid may involve isomerization (such as 12, 14, 15) or the formation
of carboxylic or phosphate esters (see Figure 3 and references cited therein for 16-20).

Few of the metabolites characterized have also been studied with regard to their
biological activity. 13-cis-Retinoic acid, believed to be a metabolite of all-zrans-retinoic
acid, has been shown to be equally active as the all-trans isomer both in in vivo and in
vitro studies.13-25,70,117 Although the isomerization of all-trans-retinal (2) is important in
the visual cycle, it is not certain whether the isomerization of all-trans-retinoic acid (3) to
13-cis-retinoic acid (12) is necessary in the control of epithelial differentiation.35 The 5,6-
epoxy derivative 7 (Figure 2) has given varying results with respect to its biological
activity in specific assays. One research group reported that 7 was 157%30 (and later

adjusted to 80%)%3 more active than all-trans-retinoic acid (3) in supporting growth in
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rats. In the hamster tracheal organ culture and vaginal smear assays, however, this
metabolite was found to be much less active than retinoic acid (3).70:93 Much work
remains to determine whether any other metabolites of either vitamin A or of a synthetic
retinoid may have activity equivalent to or better than that of vitamin A [particularly all-
trans- (3) and 13-cis-retinoic acid (12)], especially in terms of carcinostatic and antitumor
activity.

As observed in the metabolism of the natural retinoids, the metabolism of the
synthetic aromatic retinoid Etretinate (21, used in the treatment of psoriasis)19-80 also
occurred via shortening of the polyene side chain6 or by oxidation at a carbon atom one
bond removed from a double bond (benzylic oxidation in this case, see Figure 4).46 It is
interesting to note that allylic oxidation of the methyl groups bonded to the polyene side
chain has not as yet been reported for either vitamin A or Etretinate. Etretinate, which
contains an aromatic methyl ether linkage, was also metabolized by the cleavage of the
ether linkage.46

This collection of metabolic data is important in the consideration of potential
oxidation sites of heteroarotinoids33 (see Aromatic Retinoids and Heteroarotinoids) which
also contain loci vulnerable to oxidation of carbon atoms one and two bonds removed
from a double bond, for epoxidation, and for the cleavage of an ether linkage. For a more
complete discussion of the metabolic studies of retinoids to date, see References 1, 27, 29,

30, 34-37, 41, 44-46, 50, 63, 65, 70, 83, 93, 116, 117.
Mechanism of Action

The biological effects of retinoids are numerous and include the regulation of (a)
enzyme biosynthesis (i.e. the synthesis of ornithine decarboxylase),60.107,108 (b) the
synthesis and distribution of membrane glycoproteins and other molecules important in
membrane function,00.85 (c) the effects of growth factors (i.e. the epidermal growth

factor),00.85 (d) gene expression,6085 and (e) the immune system.50 The mechanisms
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of action that have been evoked, therefore, are numerous. Several books and reviews
have discussed in detail many of the biological effects of retinoids and probable
mechanisms of action to which the reader is alerted.4.28.60,61,72,79,88,90,91,96

The mechanism that agrees best with the largest range of in vitro and in vivo data is
that retinoids affect gene expression.60:85 Green and co-workers38 showed that retinoids
suppress the synthesis of a 67-kDa keratin (keratins are fibrous proteins that form the
chemical basis of horny epidermal tissue)!13 at the level of mRNA synthesis. Wang and
co-workers!10 discovered nucleotide sequences in DNA in F9 cells (a type of murine
cancer cell), thé transcription of which was regulated by retinoic acid.

It was postulated early that gene expression could be regulated by a complex of the
retinoid with a protein receptor.17:85.91 A cellular retinol binding protein (cCRBP) and a
cellular retinoic acid binding protein ((RABP) were isolated and characterized.3:67,74-76
Experimental evidence suggests that the retinol-cRBP complex penetrates the nuclear
membrane into the nucleoplasm and delivers retinol to the chromatin37 (polymerized
nucleic acid/protein complex present in chromosomes).115 There is no evidence,
however, for the retinol-cRBP complex remaining bound to the chromatin.57  Likewise,
the retinoic acid-cRAPB complex has been found in nuclear fractions,86,67.87,104,112 and
evidence suggests that this complex mediates the binding of retinoic acid to
transcriptionally active chromatin in F9 embryonal cancer cells,00 but the nature of the
binding is not certain (whether the suggested binding is to DNA, RNA or the protein
components of the chromatin).91  Thus, although cRBP and cRABP may be involved in
the overall role by which retinol and retinoic acid exert their numerous effects (i.e. cell
differentiation), it is yet not certain whether the roles involve direct regulation of gene
expression by binding to DNA 60,91

An important discovery was very recently made by Chambon and co-workers81
and by Evans and co-workers.42 A protein receptor was identified which contains a

DNA-binding domain as well as a ligand binding site. Of several possible ligands,



retinoic acid was found to be the ligand to which the polypeptide receptor bound
specifically and with high affinity. Because this very recent discovery is not discussed in
any of the recent (but older) books and reviews concerning retinoids, a brief description of
some of the experiments involved in this finding will be giveh.

Evans and co-workers#2 isolated and characterized a cloned full-length cDNA (which
they called AhK1R) which encodes for a 462 amino acid polypeptide. The polypeptide
(molecular mass 50,772), called hRR (human retinoic acid receptor), contained DNA-
binding and ligand-binding domains which were similar to those present in steroid and
thyroid hormone receptors. The DNA-binding domain consists of a sequence of 66 amino
acids which closely resembles the DNA-binding domain of hGR (the human
glucocorticoid receptor). In order to determine the identity of the ligand for the ligand-
binding site of this new receptor, the following was done: the DNA-binding domain of
the polypeptide receptor was replaced by the DNA binding domain of hGR. This was
done by inserting the gene for this hybrid receptor into CV-1 cells (derived from the
kidney of a male adult African green monkey)462, thus providing a means for the
biosynthesis of the hybrid receptor. A repdner gene, MMTV-CAT, was also inserted.
This gene is so called because the changes in the activity of CAT (chloramphenicol
acetyltransferase enzyme) can be monitored upon induction by hGR (or a mimic peptide
containing the hGR DNA-binding domain). A large number of natural and synthetic
ligands (i.e., testosterone, oestrogen, cortisol, and others) were tested. Retinoic acid and
retinol were also tested due to their hormone-like activities. Surprisingly, retinoic acid
caused a dramatic increase in CAT activity. The EDsq (effective dose which causes one
half of the population in the system of an assay to respond positively to a test agent) for
CAT activity using retinoic acid was 6 x 10-10 M which is consistent with EDsq values
observed for retinoic acid in several biological assays (i.e. TOC, S91, F9 and HL-60
assays).?8 The EDsq for retinol was greater than 1 x 10-7 which corresponds

approximately to a more than 160-fold reduction in affinity (for the receptor) relative to
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that measured for retinoic acid. Furthermore, the affinity of retinyl acetate and retinyl
palmitate (17) for the receptor was even lower. None of the other ligands induced any
CAT activity. To confirm the affinity of the non-hybrid receptor for retinoic acid, COS-1
cells (ﬁbroblast—like cells derived from CV-1 Simian cells) were injected with AhK1R (the
gene encoding for the receptor) and, as expected, the capacity for 3H labelled retinoic acid
increased in the COS-1 cells. Thus a gene sequence was discovered, the polypeptide
product of which contains a DNA-binding domain and which also binds specifically and
with high-affinity to retinoic acid (3). Both Evans#2 and Chambon31 and their respective
co-workers predicted the potential future discovery of one or more other human retinoic
acid nuclear receptors. Shortly after the initial discovery of a retinoic acid receptor,
Chambon and co-workers!2 discovered a second human retinoic acid receptor (now called
hRAR-B) which was found to bind to retinoic acid with even better affinity than that
observed for the first nuclear receptor (now called hRAR-c).12

From the above discoveries, it appears quite possible that many of the biological
effects of retinoids (including cancer chemoprevention) are the result of the direct
regulation of gene expression (i.e. oncogene expression in cancer chemoprevention) by
the complex of retinoids with specific DNA-binding receptors like those identified by

Evans and co-workers#2 and Chambon and co-workers.12.81
Arotinoids and Heteroarotinoids

In the late 1970's Bollag and co-workers62.64 at Hoffmann-La Roche found that
incorporation of an aromatic ring in the retinoic acid skeleton could improve the therapeutic
ratio relative to retinoic acid by a factor as great as ten. This therapeutic ratio was
determined from the dose (mg/kg) which caused 50% regression of papillomas in Swiss
albino mice relative to that dose (mg/kg) which produced the hypervitaminosis A
syndrome. Etretinate (21) was such a compound. Because of the promising activity of

the cyclopentenyl analogue 2811.62 (see Table I), investigators at Hoffmann-La Roche



TABLEI
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THE THERAPEUTIC PROFILE OF AROTINOIDS BASED ON THE MOUSE
PAPILL.OMA ASSAY AND THE OBSERVATION OF SYMPTOMS ASSOCIATED

WITH HYPERVITAMINOSIS A2
Antipapilloma Activity Hypervitaminosis A  Therapeutic
Arotinoid EDsg (mg/kg/day) (mg/kg/day) Ratio
M st 400 80 5
3
SN 200 25 8
28
(]
CO,Et
N 12.5 12.5 1
29
N COE 3 3 1
30
0 S 1.5 0.75 2
31
@ CO,Et
.@ \3 > <02 0.2 <1
@ COZEI
‘@ = 0.05 0.1 0.5
33
@ COgH
> (.8¢ 0.1 > 8

aReference 62 (see also Reference 79).

bNoi an arotinoid but included for comparison.

CAt 0.8 mg/kg only 38% regression of papillomas was observed. A higher dose was not
tried (or not reported). '
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proceeded to prepare the aromatic retinoid 29 containing a five-membered ring. This
successful modification (see Table I) spurred further research including the synthesis of
analogues 30 and 31 (containing a six-membered ring).2 The modification which
resulted in a series of aromatic retinoids with very high antipapilloma activity (ability to
cause regression of this type of skin tumor) involved the incorporation of a second
aromatic ring in the polyene side chain (i.e. 32-34).62 The most notable of these
arotinoids (in this text this term wiﬂ also include all retinoids containing an aromatic ring)
is the tetrahydronaphthalene derivative 33 which had a therapeutic ratio ten times greater
than retinoic acid (see Table I). Although the carboxylic acid 34 showed less activity than
the corresponding ester 33 in the papilloma assay (see Table I), more tests have been
reported for the carboxylic acid (see Table II), presumably due to the commonly held
belief that the carboxylic acid forms of the retinoids are the active forms in vivo because of
their ability to bind to cRABP.43

Other arotinoids were prepared by Dawson (see Table III) and co-workers, some of
which displayed good activity.21-26  One of these, naphthalene derivative 39, showed
good activity in the ornithine decarboxylase (ODC) assay and showed better activity than
retinoic acid in the tracheal organ culture (TOC) assay.26 The main problem, as will be
discussed later (see Toxicology), is that both of the potent tetrahydronaphthalene
derivatives 34 and 39 were found to be extremely toxic.26-59

With the intent of maintaining the basic skeleton for the potent arotinoids 33 and 34
and hopefully reducing the toxicity (relative to arotinoids 33 and 34 and to retinoic acid),
it was one goal of Berlin and co-workers!1! and Dawson and co-workers20 to prepare
arotinoids containing a heteroatom [see Figure 5a (X = O, S, S(O)] in the place of the
C(CH3); group para to the central double bond (thus still blocking the potential oxidation
site at C(4) of the basic retinoid structure). These heteroarotinoids showed great activity in
the ODC and TOC assays (see section entitled Pharmacological Activity of

Heteroarotinoids)26.-111 and some have been shown to be much less toxic than the
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THE ABILITY OF AROTINOIDS TO INDUCE DIFFERENTIATION IN THE HUMAN
PREMYELOCYTIC LEUKEMIA CELL LINE (HL-60) AND TO COMPLETELY
INHIBIT SCALE FORMATION IN THE SKIN OF

CHICK EMBRYO FOOT?
Induction of differentiation Complete inhibition of
HL-60 assay? scale formation,
Arotinoid EDsg M
N A COH 1x 107 (1 x 10-8)e 103
3¢
X COZH 8 X 10-8 10-7
35
XM 8x 109 10-8
36
@ COZH
.@ S d 10-7
37
@ COH
108

(IO aa | 7x 108

4Reference 10.

bSee Assays of Activity.

CNot an arotinoid but included for comparison.
dHL-60 activity not reported.

®Reference 13.
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TABLE I

ACTIVITY OF SELECTED AROTINOIDS IN THE TOC AND ODC ASSAYS2

TOC Assay ODC
Arotinoid EDsp, M dose, nmol % inhibition
(mg/kg/day) of control
XXX G0 1x10-11 1.7 88
3
COzH
@ 1x 1012 17 91
‘@ a4 ' 1.7 89
CO,H
O 6x 10-10 17 69

COpH 3x 10-12 17 80
@@ 1.7 56

COZH
@ 3 x 10-10 17 77
‘l X 1.7 34
40
C02H
N N >1x 1010 17 68b
41 1.7 29b

aReference 26.
bReference 21.



15

X

X = O, Sa S(O)s S()Z’
NH, NMe, NAc

Figure 5a. Diaryl Heteroarotinoids.
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Figure 5b. Monoaryl Heteroarotinoids.
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hydrocarbon counterpart 34.26,59 Indeed, Hoffmann-La Roche secured a German patent
for several of these heteroarotinoids (Figure 5a, X = O, S, S(O), SOz, NH, NMe,
NAc).54

As can be seen in Tables I and II, the monoaryl retinoids with a triene side chain also
showed therapeutic ratios comparable with that of arotinoids 33 and 34 (TTNPB).62 In
fact, in the HL.-60 assay the arotinoid 36 possessing the octatrienoic acid side chain gave
an EDsg ne;arly 10 times better than that of 34 (TTNPB).10 Heteroarotinoid analogues of
36 (Figure 5b, X = 0, S) were prepared by Berlin and co-workers!00 and these showed
good activity. In fact, heteroarotinoid 44 showed better activity than the standard, 13-cis-
retinoic acid (12), with complete inhibition of ODC activity.100

It is evident that incorporation of a heteroatom in the retinoid skeleton does not reduce
high activity. More importantly, as will be discussed in the next section, the
heteroarotinoids (those tested to date) are much less toxic than the potent arotinoid 34
(TTNPB) by several orders of magnitude and are even less toxic than the standard, all-
trans-retinoic acid (3).26-59 New heteroarotinoids will be presented whose preparation

and biological activity are the central focus of this work.
Toxicology

The toxic effects of retinol, all-trans-retinoic acid (3) and 13-cis-retinoic acid (12) are
well documented52.61,106 and will only be discussed briefly. A particular emphasis will
be given to the toxicology of synthetic retinoids, some of which have been recently
prepared and which exhibit better toxicity profiles relative to the above parent compounds
while maintaining promising carcinostatic activity as assessed in several experiments.

The toxic effects of vitamin A in humans have been known for more than 100 years
(before vitamin A was known to exist)32:61 and the symptoms associated with large doses
of this vitamin are collectively called the "Hypervitaminosis A Syndrome". The toxic side

effects of retinol (1) include cheilitis, severe headaches, conjunctival inflammation,
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nausea, vomiting, bulging fontanelles in infants, dryness and scaling, tenderness of
bones, and others.6! Side effects from the topical treatment of all-zrans-retinoic acid (3,
Tretinoin, Retin-A) include skin irritation (redness/scaling) and reversible
hypopigmentation.6! Oral treatment of all-trans-retinoic acid (3) may cause headache,
dizziness, cheilitis, xerosis, anorexia and others.6!1 Side effects from the oral treatment of
13-cis-retinoic acid (12, Isotretinoin, Accutane) include abdominal pain, cheilitis,
conjunctivitis, excessive thirst, xerosis and others.61 Serious teratogenic properties of
13-cis-retinoic acid (12) have been reported in animals and more recently in humans.6!1
Etretinate (21), just recently approved by the FDA, gives some of the same symptoms as
the natural retinoids but also poses two additional problems: (1) there are increasing
reports of abnormalities in liver function in patients administered this drug and (2) marked
teratogenic properties due to the long half-life of this drug after chronic therapy.6!

Early reports of improved therapeutic ratios (improved activity relative to toxicity) for
a series of aromatic retinoids (i.e. 29-33, see Table I) relative to retinoic acid (3) appeared
promising.62 These therapeutic ratios were based on the data from only one activity assay
(the regression of papillomas) and from a limited means of measuring toxicity. For
example, the ethyl ester arotinoid 33 (see Table I) appeared 8000 times more active than
the standard (retinoic acid, 3) in the regression of papillomas but was 800 times more
toxic than the standard 3. Thus, an apparent 10-fold enhancement in the relative
therapeutic index exists. Different therapeutic ratios, however, may be obtained if other
assays are used to measure activity. For example, the carboxylic acid counterpart 34
(which has been tested in several different assays)?8 is 300 times more active than the
standard (3, retinoic acid) in the inhibition of scale formation in the chick embryo (see
Table II),10 but gave EDs values 20 and 10 times better than the standard 3 in the F9 and
TOC assays,?8 respectively, and showed essentially the same activity as the standard in
the ODC26 and HL-60 assays.10 While the activity of 34 varies relative to retinoic acid

(3), depending on the assay, the toxicity of 34 has consistently shown to be much more
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toxic than the standard by several orders of magnitude.26,59,62 The method of
determining the relative toxicity based on the hypervitaminosis syndrome showed
arotinoid 34 to be 800 times more toxic than retinoic acid (3, see Table I),52 and based on
the 30-day maximally tolerated dose in male B6D2F1 mice (from another more thorough
toxicity study) the arotinoid 34 was apbroximately 1000 times more toxic than the
standard (3).59 Thus the therapeutic ratios of such arotinoids with high hydrocarbon
character may not be as good as originally thought. The hypothesis that the incorporation
of a heteroatom at C(4) in the basic retinoid structure may reduce toxicity (presumably by
increasing hydrophilicity and/or altering the metabolic pathway) relative to the
hydrocarbon counterparts, while still maintaining high activity, appears to have been
proven true.

Two preliminary toxicity evaluations in which heteroarotinoids were tested
simultaneously with TTNPB (34) have been completed.26,59 There are important
similarities among the two reports. In the first report (see Table IV and Reference 2)
toxicity was determined by measuring the mortality rates of female Swiss mice for several
arotinoids at different dose levels.26 Although exact ratios of the relative toxicities of the
retinoids cannot be determined from this study, some important observations can be made.
At a dose of only 30 pmol/kg day, none of the mice treated with arotinoid 34 survived by
the end of day 8 (see day of death, in Table IV) whereas at a similar dose [33 umol/kg-
day] of retinoic acid (3) no deaths were observed even by day 15. A very different picture
is seen for the heteroarotinoids. At a dose of 600 pmol/kg-day the survival rate with
retinoic acid (3, 95%) at day 8 was only slightly higher than that observed for oxygen
analogue 45 (70%), while no deaths were reported by day 8 for sulfur analogue 46 at the
same dose. Moreover, at 300 pmol/kg-day the survival rates of the mice treated with
heteroarotinoids 45 and 46 at day 15 were 50% and 80%, respectively, while no

survivors were observed for the mice treated similarly with retinoic acid (3).
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TABLEIV

TOXICITY OF SELECTED RETINOIDS IN FEMALE SWISS MICE2b

Dose, % Survivors Daysof Total
Retinoid umol/kg-day day 8 day 15 death  animals

Control 0 100 100 —_ 30
Retinoic acid (3) 600 95 0 7-13 20
300 100 0 10-14 20

200 100 63 14-15 30

100 100 100 30

67 100 100 20

33 100 100 10

TTNPB (34) 30 50 0 6-8 20
10 87 0 7-10 30

3.3 97 0 7-11 30

1.0 100 30 10-15 30

Arotinoid 39 100 100 0 8 10
30 100 0 9-12 10

10 100 68 10-15 30

3.3 100 100 10

Heteroarotinoid 45 600 70 0 7-10 10
(Fig. 5a, X =0, R = H) 300 100 50 12-15 10
200 100 90 14 10

100 100 100 10

30 100 100 10

Heteroarotinoid 46 600 100 0 9-10 10
(Fig. 5a, X =S,R =H) 300 100 80 14-15 10

‘ 100 100 100 10

30 100 100 10

aFrom Reference 26.
bRetinoid administered by ip injection on weekdays over a period of 2 weeks.
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That heteroarotinoids exhibit markedly diminished toxic effects relative to arotinoid
34 (TTNPB) and even relative to retinoic acid (3, although to a lesser extent) is further
confirmed by a second toxicity evaluation. The latter study was more thorough in that
several factors (effects on organ weights, fracture incidence, hair loss, skin scaling,
hemoglobin levels, blood cell counts, triglyceride levels and others), in addition to
mortality, were considered. Three heteroarotinoids (42, 43 and 45) plus TTNPB (34)
were tested (see Figure 6) over a period of 65 days. There were 4 different dose groups
(beginning at 0.1, 0.2, 0.4 énd 0.8 mg/kg day, respectively) per arotinoid with 16 male
B6D2F1 mice per dose group. The control also consisted of 16 mice. Due to the lack of
toxicity for the heteroarotinoids, the dose levels in each of the 4 respective dose groups
were raised three times (two times for heteroarotinoid 45) during the 65 day study
(beginning at day 15) such that the dose levels during the last 14 days were as high as 64
mg/kg day for the octatrienoic acid analogues 42 and 43 and 32 mg/kg for 45 in the
corresponding high dose groups. In contrast, because of the great toxicity of arotinoid 34
at the starting dose levels, two new dose groups (0.01 and 0.05 mg/kg day, 8 animals
each) were introduced for treatment with 34 and a second control group. Even within 25
days (the experiment was cut short for the set of animals treated with 34) significant
toxicity was observed at these low levels of hydrocarbon analogue 34. The following is a
summary and evaluation of the data obtained from this toxicity study.’® Emphasis is
placed on the portions of the data which help in comparing the relative toxicities of the
arotinoids one to another and Table V contains most (but not all, i.e. effects on blood cell
counts and some changes in the weights of some other organs like thymus and testes are
not given) of the gross observations from the study.39

First, a comparison of the data for arotinoid 34 and oxygen counterpart 45 will be
made (see Table V). At a daily dose of 0.2 mg/kg-day, all 16 mice of the group treated
with 34 died by day 19, whereas all mice treated with heteroarotinoid 45 (initially at 0.2

mg/kg day but raised to 8 mg/kg-day by day 29) survived throughout the 65-day study. A
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Figure 6. Arotinoids Studied in the Preliminary Toxicity Study by Lindamood and
Co-workers.59



TABLE V

SUMMARY OF SOME OF THE TOXICOLOGICAL PARAMETERS IN THE TOXICITY STUDY OF HETEROAROTINOIDS 42,
43, AND 45 WITH AROTINOID 34 (TTNPB) IN MALE B6D2F1 MICE2.b

Dose group® Mortalities Fracture incidence ~ Skin scaling®  Hair loss® Enlarged Enlargedf:8 30-Dayh
(days of death) at end of study (—)d (—d spleenf  Lymph nodes Maximally
tolerated dose
Control 1 0 0/8 0.16 0/16 0/16 0/16 —
Arotinoid 34
0.1 mg/kg-day 7 (12-24) 57 14/16 (8) 10/16 (8) 4/161 16/161 d
0.2 " 6 (8-19) 3/8i 14/16 (6) 10/16 (8) 0/16i 16/161 d
0.4 " 14 (8-19) 3/12i 15/16 (6) 8/16 (6) 0/161 12/161 d
08 " 16 (7-8) 0/161 12/16 (6) 3/16 (6) 0/16! 8/161 d
Heteroarotinoid 42
Low-dose 0 0/8 0/16 0/16 0/16 1/16 > 6.9
Mid-dose 1 0 0/8 0/16 2/16 (38) 1/16 2/16 > 13.8
Mid-dose 2 0 4/8 0/16 3/16 (41) 0/16) 1/16 24.4
High-dose 0 3/8 2/16 (57) 4/16 (36) 0/16) 1/16 31.8
Heteroarotinoid 43
Low-dose 0 0/8 0/16 1/16 (38) 0/16 1/16 > 6.9
Mid-dose 1 1(57) 0/8 1/16 (41) 1/16 (10) 0/16 0/16 > 13.8
Mid-dose 2 0 0/8 0/16 1/16 (19) 0/16 2/16 > 27.6
High-dose 0 2/8 0/16 1/16 (45) 0/16J 1/16 33.9
Heteroarotinoid 45
Low-dose 0 2/8 7/16 (61) 6/16 (26) 3/16 6/16 >49
Mid-dose 1 0 59 6/16 (57) 6/16 (43) 5/16 6/16 6.3
Mid-dose 2 4 (57-63) 6/7 7/16 (38) 7/16 (45) 6/16 8/16 7.4
9.4

High-dose 8 (43-62) a1 6/16 (36) 4/16 (41) 4/16 8/16
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TABLE V (Continued)

Dose group® Mortalities Fracture incidence ~ Skin scaling®  Hair loss® Enlarged Enlargedf:8 30-Dayh
(days of death) at end of study ) X spleenf  Lymph nodes Maximally
tolerated dose
Control 2 0 0/8
Arotinoid 34
0.01 mg/kg-day ok 177 4/8 (14) 6/8 (16) 5/8 6/8 > 0.008
0.05 " 3 (14-22)k 7/8 8/8 (9) 8/8 (7) 5/8 8/8 0.01

aUnpublished results. Lindamood III, C.; Hill, D. L.; Kettering-Meyer Laboratories, Southern Research Institute, P. O. Box 55305,
Birmingham, Alabama. Spruce, L. W.; Berlin, K.D. Oklahoma State University, Stillwater, OK, 1987.

bSites of skin scaling were ears, mouth, nose, eyelids, feet, tail and/or ventral body.

CRetinoids or corn oil (in the control) were administered in gavage (10 mL/kg).

dDay of first observation.

€Sites of hair loss were face, ventral body, and/or forelimbs.

fNumber of animals in gorup with gross observations/total number of animals in group.

gMesenteric, mandibular, inguinal, iliac, renal, and/or axillary.

hTotal dose to 10% weight loss divided by 30 days.

IThese reductions of signs of toxicity probably indicate that death from overt toxicity precluded (at least in part) development of fractures
and enlarged spleen and lymph nodes.

iThe small enlargements of spleen (relative to those observed for heteroarotinoid 45) were, however, significant (p < 0.05 relative to
control group) by the students' t-test.

kToxicity study on these mice was ended at day 25.

€¢
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relative toxicity ratio of arotinoid 34 versus heteroarotinoid 45 (see Figure 6, X = O) was
determined by a comparison of the 30-day maximally tolerated dose (total dose to 10%
body weight divided by 30 days) of the two arotinoids: 6.3-9.4 mg/kg for heteroarotinoid
45 and 0.01 mg/kg for arotinoid 34. By this standard, the heteroarotinoid. 45 is 630 to
940 times less toxic than the hydrocarbon counterpart 34. Symptoms of hypervitaminosis
A were prevalent in the mice treated with arotinoid 34 (0.05 mg/kg-day) as evidenced by
hair loss and skin scaling in 100% of the mice (8/8) and by enlarged spleen and lymph
nodes in 63% of the mice (5/8). By comparison, much higher doses of heteroarotinoid 45
over longer periods of time were required to produce noticeable signs of hyper-
vitaminosis A.

The data for the three heteroarotinoids (42, 43, 45) reveal an interesting pattern (see
Table V). The 30-day maximally tolerated doses for oxygen analogue 45 and the two
triene side chain-containing heteroarotinoids 42 (X = O) and 43 (X = S) were 6-9 mg/kg,
24-32 mg/kg and 34 mg/kg, respectively. That the polyene side chain containing
heteroarotinoids 42 and 43 are less toxic than the diaryl heteroarotinoid 45 is further
confirmed by the signs associated with hypervitaminosis A (skin scaling, hair loss,
enlarged spleen and lymph nodes). For the octatrienoic acid analogues 42 and 43, less
than 4% of the mice (2/64 and 1/64 for 42 and 43, respectively) developed skin scaling,
whereas 26 of the 64 mice (4 x 16) treated with heteroarotinoid 45 (X = O) developed
such. Likewise, hair loss was observed in 0-25%, 6% and 25-41% of the mice treated
with heteroarotinoids 42, 43 and 45, respectively, depending on the dose group.
Enlargements of spleen were not great among the heteroarotinoids except for diaryl
analogue 45. The incidence of enlarged lymph nodes and fractures was also greater for
the diaryl heteroarotinoid 45. Furthermore, while deaths were observed in the two
highest dose groups (4/8 and 8/8) administered heteroarotinoid 45 (X = O), none were
observed in the groups administered polyene heteroarotinoid 42, and only one death was

observed (day 57) for heteroarotinoid 43 (X = S).
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From this study a comparison can be made regarding the effects resulting from the
replacement of an oxygen atom in heteroarotinoid 42 with a sulfur atom (heteroarotinoid
43) (see Table IV). Fractures were not observed in any of the mice administered the triene
side chain-containing heteroarotinoids in the two lowest dose groups, but the fracture
incidence was greater in the mice administered oxygen analogue 42 than in the mice
administered sulfur analogue 43 in the corresponding higher dose groups. Skin scaling
was almost non-existent for the two triene side chain-containing heteroarotinoids. None
of the mice treated with heteroarotinoid 43 (X = S) avoided putting pressure on their limbs
(a clinical sign of fractured limbs), whereas 25% of the mice treated with oxygen analogue
42 avoided putting pressure on limbs in the high dose group. Finally, according to the
30-day maximally tolerated dose criteria, heteroarotinoid 43 (X = S) was found to be
slightly less toxic than heteroarotinoid 42 (X = O).

Some tentative structure-toxicity relationships can be made from the above toxicity
data (and to a smaller extent from the hypervitaminosis assay used by Bollag and co-
workers62). First and foremost, the replacement of the C(CH3); group para to the central
double bond in arotinoid 34 with a heteroatom results in a reduction of toxicity as great as
3400-fold.26-59 Second, comparison of the effects of the two oxygen heteroarotinoids 42
and 45, reveals that replacement of the 1-propenyl benzoic acid moiety by an octatrienoic
acid side chain can result in a 3- to 5-fold reduction in toxicity (according to the 30-day
minimally tolerated dose but confirmed by the other effects described above).5® Third,
both preliminary toxicity reports of the heteroarotinoids reveal that replacement of an
oxygen atom (position 4 in the basic retinoid structure) with a sulfur atom in the
heteroarotinoid skeleton also reduces toxicity.26,59 Fourthly (although further toxicity
work in addition to that reported by Bollag and co-workers62 may be necessary to confirm
this), reduction in the ring size of the partially saturated ring can result in the reduction of
the signs associated with the hypervitaminosis A syndrome (compare 30 with 31, and,

32 with 33 in Table I). Finally, a progression from most toxic to least toxic (based on the
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30-day minimally tolerated dose) can be made for the following retinoids (including
retinoic acid): Arotinoid 34 (0.01 mg/kg) >>> heteroarotinoid 45 (6-9 mg/kg) = retinoic
acid (10 mg/kg)38 > heteroarotinoid 42 (24-32 mg/kg) > heteroarotinoid 43 (34 mg/kg).
The above structure-toxicity relationships together with structure activity relationships
discussed elsewhere’1 should be considered in drug design.

In conclusion, heteroarotinoids show great promise due to the high activity
[comparable in several instances to that of TTNPB and retinoic acid (3); see also the
pharmacological activity of the new heteroarotinoids presented in this work] and greatly
diminished toxicity felative to arotinoid 34 (and most likely relative to the other members

of the hydrocarbon arotinoids) and to a lesser extent relative to all-trans-retinoic acid (3).
Assays of Retinoids

Several assays have been developed to determine the carcinostatic or antitumor
activity of a test retinoid. For an overview of these methods see The Retinoids (Volume
1).9 Two popular assays will be discussed which were used to evaluate the activity of
some of the new heteroarotinoids presented in this work: an in vivo method [the ornithine
decarboxylase (ODC) assay]107.108 and an in vitro method [the human promyelocytic
leukemia cell line (HL-60) assay].14,15

The ability of a test substance (i.e. a retinoid) to inhibit the biosynthesis of the enzyme
ornithine decarboxylase can be readily measured and reflects the extent to which the
substance can inhibit skin tumor promotion.107,108 The decarboxylation of ornithine to
putrescine is an important step in the biosynthesis of some of the polyamines believed to
play a role (along with the enzymes by which they were prepared) in malignant
transformation.107 12-O-Tetradecanoylphorbol-13-acetate (TPA) is a potent inducer of
ornithine decarboxylase activity. The ability of a retinoid to inhibit the synthesis of ODC,
therefore, appears as a measure of its ability to inhibit skin tumor promotion,107,108

Indeed, studies reveal a good correlation between the ability of retinoids to inhibit the
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synthesis of ornithine decarboxylase and their ability to inhibit the formation of skin
tumors.108 The method107.108 requires the backs of mice to be shaven 3 to 4 days prior to
TPA treatment. One hour before this TPA treatment (8-17 nmol in acetone) the mice are
pretreated with the retinoid (commonly 17 or 34 nmol in acetone). In the controls, only
TPA (in acetone) is applied. After 4.5-5 h from the TPA treatment (this corresponds
approximately to the greatest ODC activity in the control) the mice are sacrificed. The
epidermis is separated, homogenized, and the resulting mixtures are centrifuged. The
ODC activity is then determined form the soluble extracts by measurement of the release of
14CO, from 14C-labelled ornithine. Percent inhibition of the synthesis of ODC is
determined from the difference in the ODC activity in the mice treated with retinoid and the
ODC activity of the control: [100 x ODC activity (retinoid) — ODC activity (control)] /
ODC activity (control). The experiment is always run side by side with mice treated
similarly with a standard, either all-trans-retinoic acid (3) or 13-cis-retinoic acid (12), both
of which exhibit high activity in this assay.13

One method used to assess the potential of a test substance to induce differentiation in
cells is referred to as the HL-60 assay involving a cell line from a patient with acute
promyelocytic leukemia.l4,15,98 HL-60 cells do not produce superoxide anions upon
stimulation by agents like TPA. Differentiated HL.-60 cells, however, do produce these
anions (upon similar stimulation), the presence of which is detectable due to their ability to
reduce the‘ yellow dye nitroblue tetrazolium to the water insoluble blue-black formazan.15
Thus, under a light microscope the number of cells containing this dark precipitate can be
counted. This allows the percentage of differentiated célls to be determined (a direct
indication of the ability of a test retinoid to induce differentiation and a convenient way to
determine EDs5 values).10,15,101

It must be noted that the positive or negative results from one particular assay do not
eliminate or establish the potential carcinostatic activity of a test retinoid in vivo in humans.

Several tests are necessary for a nearly complete biological profile. Furthermore, the
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effects of retinoic acid (3) on different cell types or tissues are numerous and varied and it
should not be surprising that the effects of a test retinoid on the cell type in one assay may
not correlate with that elicited in a different cell type. For example, Etretinate (21) is a
potent antitumor agent62 and used effectively in the treatment of psoriasis;19:80 yet both
Etretinate (21) and the free acid (Etretin, 22; see Figure 4) are totally ineffective in
inducing differentiation in the HL-60 and U-937 cell systems, allowing a tentative and
possibly premature conclusion that neither of these compounds should be used in vivo in

the treatment of acute myelocytic leukemia patients.16
Sites for Heteroatoms in Retinoids

Several investigators have prepared retinoids containing heteroatoms (N, O or S)
within the carbon skeleton of the basic retinoid structure.21,26,33,47,53-55,82,99,100,111
These heteroatoms have generally been incorporated (see numbering of carbons in
retinoids in Figure 1) at either C(4) (49, 54 and the general heteroarotinoid structures Ha
and Hb in Figure 7)26.33:47,54,82,99,100,111 or in heteroaromatic rings placed within the
conjugated system (47, 48 and 51-56).21,33,53,55.82  Other locations for heteroatom
placement are illustrated by structure 50.33 It is apparent that among the heteroarotinoids
containing a saturated six-membered heterocyclic ring, incorporation of the heteroatom has
been only at C(4) in the basic retinoid structure.26,33,47,54,82,100,111  In the saturated

five-membered ring systems, the heteroatom has been placed beta to the double bond of
the ring (50)33 and (as will be discussed later in Synthesis of New Heteroarotinoids) more

recently para to the central double bond in the basic heteroarotinoid structure.
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Figure 7. Retinoids Containing Heteroatoms Within the Carbon Skeleton of the Basic
Retinoid Structure. (a) Reference 33, (b) Reference 21, (c) Reference
82;, (d) Reference 55, (e) Reference 53, (f) References 26, 47, 54, 111,
(g) References 99, 100.



CHAPTER II
RESULTS AND DISCUSSION

Fourteen new heteroarotinoids have been prepared (see Figures 8 and 9) and may be
categorized into two groups: (1) those heteroarotinoids which possess the stilbene (1,2-
diarylethene) moiety {58-66}, and (2) those which bear an octatrienoic acid skeleton
fused to a benzoheterocyclic system {67-71}. The most studied of the stilbene retinoids,
34 (abbreviated TTNPB), spatially resembles all-trans-retinoic acid as determined by X-
ray crystallography33 and binds well with the cellular retinoic acid binding protein
(cRABP).68 This spatial resemblance to retinoic acid, together with the potential
carcinostatic activity exhibited by several stilbene-like arotinoids and heteroarotinoids (as
revealed in several assays),26,62,100,111 provides convincing reasons for the synthesis of
new arotinoids bearing a stilbene skeleton. Moreover, the diminished toxicity of a few
heteroarotinoids relative to TTNPB (and even relative to all-tzrans-retinoic acid) as
determined by two preliminary toxicity studies (see section on Toxicology), gives further
impetus to the search for heteroarotinoids with improved therapeutic efficacy.
Heteroarotinoids bearing a five-membered heterocyclic ring {58, 60, 62, 63} were
prepared in the hope of maintaining high activity with a further diminishment in overall
toxicity relative to TTNPB (and relative to retinoic acid) and with the awareness of a
potential altered metabolic pathway which may enhance their relative therapeutic efficacy.
Assuming that certain metabolites of retinoids may possibly be as active as the parent (but
with presumed less toxicity), heteroarotinoids 64-66 were synthesized (it was hoped that
the trans-aryl isomer of 66 would have been the predominant isomer). Heteroarotinoids

64 ad 65 contain a hydroxyl group attached to one of the gem-dimethyls, which, as
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Figure 8. Structures of New Heteroarotinoids 58-66.
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Figure 9. Structures of New Heteroarotinoids 67-71.
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discussed earlier, was one of the sites of metabolic oxidation of retinoic acid.
Heteroarotinoid 66 was also synthesized since it too is a potential metabolite of 58. On
the other hand, heteroarotinoids with a triene side chain have also shown good activity. In
one particular assay (HL-60), the heteroarotinoids with the octatrienoic carboxyl side chain
have shown better activity than the stilbene-like heteroarotinoids.100 Furthermore,
arotinoids with an octatrienoic acid side chain and bearing a five-membered ring exhibited
better therapeutic ratios than the six-membered-ring counterpart (see Table I), and one
(only one reported)10 showed activify slightly higher than retinoic acid in the HL-60 assay
(see Table II). Thus, in the light of their potential activity and reduced toxicity, five-

membered-ring octatrienoic acid analogues 67-71 were prepared.
Synthesis of New Heteroarotinoids

To prepare heteroarotinoid 58, the benzofuran 75 was a logical target intermediate
(see Figure 10). Alcohol 74 was a reasonable synthon and was prepared in two steps:
(1) esterification of phenoxyacetic acid (72) in CH3OH with the removal of water from the
condensate by molecular sieve 3A (yield of 80%), followed by (2) the reaction of
CH3sMgl (prepared in situ) with ester 73 and by an acidic work-up (yield of crude 74,
96%). The reaction of crude alcohol 74 with H3PO4 and P,Os5 in boiling benzene,
however, gave a complex mixture. The NMR spectra of the crude mixture, moreover, did
not provide convincing evidence for the presence of benzofuran 75 but rather for 76.
Although 75 may have been present in small quantities, a more productive synthetic
approach to the preparation of 75 (or a similar dihydrobenzofuran) was sought.
Ultimately, the key intermediate found was bromosubstituted benzofuran 80 (readily
prepared in two steps from ether 77). Thus, heteroarotinoid 58 was prepared by a 5-step
(6-steps via methyl ketone 81) reaction pathway starting with 4-bromoanisole (77) (see
Figure 11). An acid-catalyzed (H,SOy) alkylation of 77 with B-methallyl chloride (78)

(neat) gave methyl ether 79 as a white crystalline solid in average yields of better than
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Figure 10. Attempted Preparation of the Intermediate 7_5. (a) CH30H, HSO4, -H20;
(b) CH3Mgl, ether; (c) H3O%; (d) H3POg4, P2Os, benzene, A.



35

Br Cl Cl Br
+ a 5
CH30

78 CH.O

Figure 11. Preparation of Heteroarotinoids 58 and 62. (a) H2SO4; (b) Pyridine-HCl,
Quinoline, reflux; (c) Mg, THF; (d) AcCl, -40°C; (e) CH3CHO, -5° to
-10°C; (f) H3O*; (g) LAH, ether; (h) MeOH, Ph3P+-HBr; (1) n-BuLi; (j)
-718°C; (k) p-CHOCgH4CO2CH3; (1) NaOH, EtOH, H7O, reflux; (m)
H30*.
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60%. The next reaction involved cleavage of the methyl ether followed by an internal
Williamson ether synthesis in one step via heating ether 79 in quinoline and pyridine
hydrochloride between 164° and 170°C. Yields of 75-82% for benzofuran 80 were
common. The latter two reactions involved conditions similar to those described by Gates
and co-workers40 but with a few critical modifications (better yields were obtained in our
lab). Alcohol 82 was obtained in one of two ways: (1) by the reaction of a large excess
of freshly distilled acetaldehyde with the Grignard reagent from 80 at -5° to -10°C
followed by an acidic work-up or (2) by a two step sequence involving the reaction of
acetyl chloride with the Grignard reagent from 80 at -39° to -43°C followed by slow
warming to room temperature over a period of 3.5 h. After an aqueous work-up, methyl
ketone 81 was obtained as low melting crystals (mp 39.0-39.9°C, from hexanes) in a
yield of 49%. Reduction with LiAlH,4 gave alcohol 82 after quenching with EtOAc and
5% HCI. Of the two methods for preparing alcohol 82, the two-step sequence via the
methyl ketone 81 is preferred. The work-up of the Grignard reaction with acetyl chloride
resulted in an easier purification process than did the reaction with acetaldehyde which
produced large amounts of apparent condensation products. Furthermore, the reduction of
ketone 81 was straightforward and provided alcohol 82 as an oil which could be
crystallized (mp 38.2-39.2°C).

Phosphonium salt 83 was prepared by condensation of alcohol 82 with Ph3P<HBr in
methanol. Recrystallization in 4:1 EtOAc:H;CCl; (ether vapor from an ether bath diffused
into the crystallization mixture to complete the crystal formation process) gave salt 83 (mp
212-213°C) in a yield of 81%. This crystallization method for 83 was better than
recrystallization in CH3OH/ether which gave crystals of 83 (mp 184.5-185.8°C), the 1H
NMR spectra of which indicated the presence of CH3OH trapped apparently within the
crystalline lattice. The Wittig reagent, formed by treatment of 83 in THF with an
equivalent of n-butyllithium, was allowed to react at -78°C with a slight excess of methyl

4-formylbenzoate to give 58-(E) as white flakes (yield of 36%) and 59-(Z) as white
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needles (0.8%). The yields (after one or two recrystallizations) of 58-(E) and 59-(2),
using THF as the reaction medium, generally were 30-40% for 58-(E) and between 1 and
3% for 59-(Z). Saponification of 58-(E) with NaOH in boiling H,O:ethanol (5:2) gave
the high melting (mp 190.7-191.8°C) carboxylic acid 62 in a yield of 73%.
Heteroarotinoid 60 was prepared by a 7-step reaction pathway starting with
(phenylthio)acetic acid (84) (see Figures 12 and 13). Esterification in methanol (HSOg4
as acid catalyst) with the removal of water from the condensate by molecular sieve 3A
gave (after vacuum distillation) 85 as a colorless oil in a yield of 92%. Reaction of
CH3zMglI with 85 followed by an aqueous work-up.gave tertiary alcohol 86 containing ca.
10% of an impurity, tentatively assigned 1-phenylthio-2-propanone. Although this
impurity could be removed by chromatography on silica gel (9:1 hexanes:EtOAc), a
purification method more suitable for large scale reactions was developed which involved
the conversion of the impurity (a methyl ketone) to a carboxylic acid (carboxylic acids
generally have very high boiling points and low R¢ values on silica gel and so are readily
separable) in an iodoform reaction. The yield of the purified alcohol 86 from a large scale
reaction (10-40 g of starting ester 85) employing this method was 56-61%. Cyclization of
86 was effected with 3.5 equivalents of AlCl; in boiling CS; to give (after a cautious
aqueous work-up) the purified thiophene 87 in yields of 73-89%. Acylation of 87 was
also effected using AICl;3 in CS; (but at RT) to give methyl ketone 88a (89%). Reduction
with LiAlHy, followed by quenching with EtOAc and 5% HCI and recrystallization in
hexanes, gave alcohol 89 as colorless crystals (mp 60.5-61.5°C). Conversion of 89 to
phosphonium salt 90 was effected in the usual manner by treatment of benzyl alcohol 89
with PhsP*HBr in methanol. The salt 90 (a non-recrystallized powder, yield of 70%) was
used without further purification when treated in THF with 1.06 equivalents of n-
butyllithium. Condensation of the Wittig reagent (formed in siru) with methyl 4-
formylbenzoate gave, after two recrystallizations, 60-(E) as white flakes in a yield of

51%. From the mother liquors was isolated the (Z)-isomer (61) in a yield of 1%.
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Figure 12. Preparation of Intermediate 89. (a) CH30H, H3SO4, -H20; (b) CH3MglI,
ether; (c) H3O*; (d) CSa, AICI3, reflux; (e) AICl3, CS2, AcCl; (f) H30%;
(g) LAH, ether; (h) H30.
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Figure 13. Preparation of 60, 61 and 63. (a) CH30H, Ph3P<HBr; (b) n-BulLi;
(c) -78°C; (d) p-CHOCgH4COsMe; (e) KOH, EtOH, HyO, reflux; (f)
H30*.
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Saponification of 60-(E) was effected using KOH in 3:1 ethanol:H,O to give the E-
carboxylic acid (63) as white fluffy needles (yield of 61.5%).

To prepare heteroarotinoids 64 and 65, the hydroxymethyl substituted
dihydrobenzofurans 107 and 121, fespectively, were logical intermediates (Figure 14).
It was reasoned that ketones 93 and 94 could be converted to the alcohols 107 and 121,
respectively, by the series of reactions shown. While ketones 93 and 94 were
successfully prepared from the carboxylic acids 72 and 84, respectively, vinyl ethers 95
and 96 could not be isolated from the reaction of the ketones 93 and 94 with the ylide
from Ph3PCH,OCH3Cl-. This route was therefore set aside. Ultimately, heteroarotinoids
64 and 65 were prepared by a completely different synthetic route which is now
described.

The synthesis of heteroarotinoid 64-(E) begins with o-nitrophenol in a ten-step
reaction sequence (see Figures 15, 18). The sodium salt of o-nitrophenol (prepared in situ
with aqueous NaOH) was treated with B-methallyl chloride (see Reference 32) in a boiling
1,2-dichloroethane bath (84°C) to give allyl ether 100 in a yield of 56%. Reduction of
100 with SnCl, and HCI in ethanol at RT gave arylamine 101 (60%) as a colorless oil.
The fluoroborate diazonium salt 102 was obtained as a light tan powder (see Reference 6)
after treatment of 101 with 21% HBF4 and aqueous NaNO; at 0°C followed by
precipitation at -20°C and recrystallization in acetone/ether (RT). Because 103 was easily
prepared by the reaction of diazonium salt 102 with Nal in acetone (yield of 72% with
104 as an impurity, ratio of 103:104 = 10:1, see Reference 8 in which only 103 was
isolated), the preparation of 107 from 103 by hydrolysis was attempted. A solution of
the iodo compound 103 in ether was allowed to react with AgNQOj3 in aqueous acetone (a
two-phase reaction). While essentially all of 104 (the impurity present with 103) was
recovered, evaporation of the major eluting band from the polar fractions by centrifugal
thin-layer chromatography (Chromatotron) on silica gel gave a compound whose 1H and

13C spectra suggest the tentatively assigned structure 105 rather than 107. A cationic
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Figure 14. Conceivable Preparation of Alcohols 107 and 121 from Carboxylic Acids 72
and 84 Via Ketones 93 and 94. (a) SOClp; (b) AlCl3, HpCCly;

(c) Ph3P=CHOCHS3; (d) HCIO4; (e) KH; (f) CHsl; (g) LAH; (h) H30*.
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(d) HBF4, NaNOj, HyO, 0°C; (e)

acetone, TEMPO (see Figure 16), reflux; (f) Zn, AcOH, HyO, 70°C.
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rearrangement involving aryl migration presumably occurred. Alcohol 107 was
successfully prepared instead from salt 102 via heterocycle 106. The cyclization of 102
to 106 has been described by Beckwith and co-workers? (minimal experimental detail was
given) and is believed to occur by a free-radical mechanism requiring two equivalents of
the stable free radical TEMPO (see Figure 15 and 16).9

A solution of the stable free radical TEMPO in dry acetone and a solution of salt 102
in acetone were mixed and heated at reflux for 1.5 h. The concentrations used were such
that the final concentration of 102 [and ultimately the concentration of radical A (X = O),
see Figure 16] was relatively dilute in order to maximize intramolecular cyclization of
radical A (to form radical B, X = O) versus intermolecular coupling of radical A (X =0,
see Figure 16) with the free radical TEMPO. Chromatography on silica gel gave the 5-
membered-ring heterocycle 106 in a yield of 63%. Neither our laboratory nor that of
Beckwith and co-workers? report the presence of product obtained from radical C (X = O,
see Figure 16) although a more careful search for such a product may reveal small
amounts of the 6-membered-ring heterocycle. Reductive cleavage of the N-O bond in
106 with zinc in acetic acid at 70°C (see reference 9) gave racemic alcohol 107 in a yield
of 67%. Benzyl ether 110 was prepared using xylyl bromide (prepared from p-xylene
with NBS in boiling CCly with a small amount of benzoyl peroxide in a yield of 66%) in
order to protect the hydroxyl group in the ensuing Friedel-Crafts acylation to obtain ketone
111 (see Figure 17). Inspection of the complex IH NMR spectra of the crude product,
after the attempted acylation, indicated cleavage of the benzyl ether with acylation of an
acetate intermediate to give a crude material containing 113. The apparent stability of 113
to Friedel-Crafts acetylation conditions provided a new target compound. Consequently,
acetate 112 (Figure 18) was prepared in a high yield (86%) from 107 using acetyl
chloride and pyridine in dry ether:THF (2:1 after all reagents were mixed). Acylation of
112 with acetyl chloride (large excess) in CSs in the presence of AICl3 at 0°C gave 113 in

a yield of 88%. Reduction of 113 with LAH was essentially quantitative and gave diol
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Figure 17. Attempted Preparation of 111. (a) NBS, CCly, (PhCO23)2; (b) NaH, 15-
crown-5, THF; (c) 109 in THF, A; (d) CSp, AlC3, AcClL
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Figure 18. Preparation of Heteroarotinoids 64 and 65. (a) Pyridine, AcCl, ether/THF;

(b) AICl3, CS3, AcCl;

(c) LAH, ether; (d) H30*; (e) CH30H,

Ph3P<HBr; (f) n-BuLi; (g) -78°C; (h) p-CHOCgH4CO>CH3.
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114 (diastereomeric mixture, 1:1). Treatment of 114 with an equivalent of Ph3P<HBr in
CH3OH gave phosphonium salt 115 as a diastereomeric mixture (1:1) in a yield of 96%.
It appears that reaction of Ph3P*HBr with the benzylic hydroxyl group (presumably by an
SNl mechanism) is much faster than reaction with the hindered primary hydroxyl group
(which would likely occur via an SN2 mechanism). The Wittig reagent from 115 was
prepared in situ with n-BuLi (1.4 equivalents), cooled in a liquid No/EtOAc bath (-84°C),
and allowed to react with p-CHOCgH4CO,CH3 in dry THF (-84°C to RT, 12 h). After
repeated chromatographic separations and crystallizations, heteroarotinoid 64-(E) was
isolated as fine white crystals (mp 106-108°C) in a yield of 6%. The other isomer, 64-
(Z), was not isolated in pure form but as an oil containing a small amount of 64-(E) [64-
(Z):64-(E) =~ 82:18] and a significant amount of an impurity the 1H NMR of which
suggested a tentative assignment as p-carboxymethyl benzyl alcohol.

Heteroarotinoid 65-(F) was prepared via a 9-step reaction sequence beginning with
o-aminothiophenol (see Figures 18 and 19). Nucleophilic displacement of chloride from
B-methallyl chloride (see Reference 56) at 100°C gave 117 in a yield of 83%.
Diazotization of 117 with 21% HBF4 and NaNO; at 0°C gave 118 as bright yellow
crystals (76%). bDecomposition of 118 in boiling dry acetone (concentration of 118 kept
dilute) in the presence of an excess (2.4 equivalents) of the free radical TEMPO gave (after
chromatographic separation with 40:1 hexanes:ether) both the 6-membered-ring
heterocycle 119 (16%) and the 5-membered-ring heterocycle 120 (19%). It is important
to note that in the references of Beckwith and co-workers,3:2:69 no report was made of the
isolation of 6-membered-ring heterocycles from diazonium salts of type D (see Figure 20).
On the other hand, Oae and co-workers’3 only isolated the 6-membered-ring heterocycles
(low yields) from diazonium salts of type E (see Figure 20) and made no mention. of the
isolation of 5-membered-ring heterocycles. Here we report the isolation of both (119 and
120). As stated previously, oxygen analogue 102, however, apparently gave only the 5-

membered-ring analogue 106, and the six-membered-ring analogue (X = O) was not
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identified, which is consistent with findings of Beckwith and co-workers.? Reductive
cleavage of the N-O bond in 120 with Zn/AcOH at 70°C gave 121 in a yield of 60%. O-
Acetylation of 121 with AcCl and pyridine in ether/THF (1.5:1) gave acetate 122 in good
yield (92%). Acylation of 122 was effected using acetyl chloride (large excess) in CS3 in
the presence of AICI3 at 0°C-RT to give 123 in a yield of 86%. Reduction of keto acetate
123 with LAH (excess) in dry ether gave diol 124 (90%), which was converted to salt
125 (crude yield of 100%, i:l diastereomeric ratio) using Ph3PHBr in CH30H. The
Wittig reagent from salt 125 was prepared in situ from n-BuLi (1.4 equivalents), cooled at
-84°C (liquid No/EtOAc slurry), and allowed to react with p-CHOCgH4CO,CH3 at -84°C-
RT (11 h). After repeated chromatographic separations and recrystallizations,
heteroarotinoid 65-(E) was obtained as white crystalline flakes (mp 115.1-116.1°C) in a
yield of 6%. The other isomer, 65-(Z), was isolated as an oil (10%) containing small
amounts of 65-(E) [65-(Z):65-(E) = 93:7].

An attempt was made to prepare 66-(Z) [in this case, the trans-aryl isomer] (see
Figure 21), a potential metabolite of 58, by allylic oxidation of 58 using SeO;. While
much of the starting ester 58 was recovered (70%), the chromatographed product (20%)
contained a mixture of isomers (cis-aryl:trans-aryl = 10:1) from which the cis-aryl isomer,
66-(E), was crystallized (mp 125.1-125.7°C) in a yield of 12%.

Heteroarotinoids 67-71 containing an octatrienoic acid side chain were all prepared in
a similar fashion (see Figures 22 and 23). The methyl aryl ketones (81, 88a, or 128)
were allowed to react (separately) with CHp=CHMgBr (prepared in situ in dry THF by
standard conditions) to give (after an aQucous workup at 0°C) tertiary and allylic alcohols
129-131, respectively, in yields of 99-100%. Without further purification, the allyl
alcohols were allowed to react with Ph3P<HBr in CH30H to give salts 132-134.
Phosphonium salt 132 was recrystallized from CH3OH/ether [ether was allowed to
diffuse into a methanolic solution of crude salt 132] and obtained in a yield of 61%; salt

133 was recrystallized from CH30OH/ether (yield of 75%); salt 134 was recrystallized
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from CHCls/ether (yield of 82%). Each of the phosphonium salts 132-134 was
converted in situ to their respective Wittig reagents using n-BuLi in dry ether. After
cooling to -78°C (dry ice-acetone bath), the Wittig reagents were allowed to react with
ethyl B-formyl-crotonate at -78°C to RT. The (2E,4E,6F)- and (2E,4Z,6E)-isomers of the
resulting conjugated esfers from 132 had identical R¢ values (using 10:1 hexanes:ether)
and so were not separated. Saponification (KOH in aqueous EtOH) of this mixture of
isomers gave a solid from which only the all-trans-isomer (67) crystallized out as golden
yellow plates (mp 204-205°C) using boiling absolute ethanol (yield of 23% from the
phosphonium salt). The (2E,4E,6E)- and (2E,4Z,6F)-isomers of the conjugated esters
(137 and 138, respectively, see Figure 24 for structure), were separated by
chromatography on silica gel (using 20:1 hexanes/ether) and obtained as oils in yields of
36% and 11%, respectively. Saponification (KOH in aqueous EtOH) of 137 and 138
gave the free acids 68 (all-frans-isomer, golden yellow plates, mp 211-212°C) and 69 [the
(2E,4Z,6E)-isomer; a yellow powder, mp 140-141°C) in yields of 70% and 21%,
respectively (yields calculated from the starting esters). Ester 70 (from salt 134)
crystallized on standing after the reaction mixture was concentrated. Recrystallization in
hexanes afforded the all-trans-ester 70 as yellow needles (mp 70-70.5°C) in a yield of
14%. Saponification of 70 gave the free acid 71 as a yellow powder, mp 199.5-200°C
(68%).

Structural Elucidation of New Heteroarotinoids
Via NMR and UV Spectroscopy and X-ray

Crystallography

TH and 13C NMR analyses provide a rapid and convenient tool for the determination
of the structures of organic compounds. In the preparation of heteroarotinoids it is
particularly important to assess the configurations at the alkene linkage present in the

carbon skeleton since evidence suggests that the biological activity of retinoids is
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dependent (at least in part) upon the stereochemical nature about the double bonds.25.70
Although the chemical shifts observed in !H and !13C NMR spectra are useful in
determining such configurations, the IH-1H coupling constants are often more diagnostic,
particularly when vicinal hydrogen atoms are present about or between double bonds.
Such is the case for the new heteroarotinoids 67-71 and related esters (see Figure 24).
The stilbene-like heteroarotinoids 58-66 and isomers 64-(Z), 65-(Z), 66-(Z) (see Figure
25), however, contain only one double bond with only one vinylic hydrogen atom and so
the use of such !H-1H coupling constants is negated. However, the proximity of the two
aryl rings (particularly in the cis-aryl isomers) induces changes in the chemical shifts of all
the hydrogen nuclei with particularly large chemical shift differences (8,4p5-3ci5) for those
protons at the vinyl and aromatic positions. Only two stereoisomers are possible in these
diaryl heteroarotinoids. Furthermore, the degree to which the conjugation is conserved
should differ among the two possible isomers and thus it would be expected that the
differences in the UV spectral properties should also be useful in determining the
configuration about the double bond. Indeed, large differences in the UV spectra for the
cis- and trans-aryl isomers were observed. The absolute configuration abc;ut the double
bond in solid 58, 60 and 61 was established by X-ray crystallography.

A comparison of the proton chemical shifts and shift differences for the (E)- and (2)-
isomers 58 and 59, and, 60 and 61 is shown in Table VI. These differences are
designated Ad and are all positive, indicating that the chemical shifts of the hydrogen
nuclei in the (Z)-isomers are all upfield relative to those observed in the (E)-isomers.
While some of the chemical shifts of the corresponding protons of the sulfur and oxygen
analogues are different, the corresponding Ad values are very similar. Particularly
noteworthy are the large chemical shift differences (Ad values) for the aromatic and vinyl
protons. Among the aromatic protons, the largest AS values were observed for the four
protons ortho to the central double bond. The data suggest that the two aryl rings (rings B

and C, see Table VI) in these systems are turned in the cis-aryl isomers such that the
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TABLE VI

COMPARISON OF THE 'H NMR CHEMICAL SHIFTS (3) AND SHIFT
DIFFERENCES (a8) OF THE (E)- AND (Z)-ISOMERS OF TWO
DIARYL HETEROAROTINOIDS

Heteroarotinoids 58-(F) and Heteroarotinoids 60-(E) and
59-(2), X =0) 61-(2), (X=S)

H# OE) 8(Z) Ad=Strans—Ocis H@#) OE) O(Z) Ad=dtrans—dcis
2 431 424 0.07 2 3.21 3.15 0.06
4 7.31 6.86 0.45 4 7.20 6.78 0.42
6 7.34 6.98 0.36 6 7.30 6.97 0.33
7 6.83 6.73 0.10 7 7.19 17.12 0.07
8,9 1.39 1.21 0.18 8,9 1.42 1.22 0.20
11 231 2.23 0.08 11 228 2.21 0.07
12 6.81 6.45 0.36 12 6.80 6.46 0.34
14,18 7.45 17.04 0.41 14,18 7.42 17.02 0.40
15,17 8.07 17.79 0.28 15,17 8.04 17.78 0.26

20 395 3.87 0.08 20 393 3.86 0.07
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protons in aryl-ring B (plus those hydrogen atoms within or adjacent to the fused
heterocyclic ring) are shielded by aryl-ring C and, conversely, the protons of aryl-ring C
(plus the CO,CHS3 protons near it) are shielded by aryl-ring B. The reason for the largest
Ad values being observed for the ortho aromatic protons can be explained by their
proximity to the center of the shielding cones of the corresponding opposite aryl-rings.
The degree to which these aryl rings are turned in solution cannot be established,
however, from these data. Nevertheless, two pieces of data suggest that in solution (in
DCClz) ring B in the cis-aryl isomers may be turned (on the average) such that H(4) is
closer to the center of the shielding cone of ring C than is H(6): first, Ad for H(4) is
significantly greater than Ad for H(6) and second, Ad for H(7) [mera-H on the opposite
side (relative to H(4)) of the same ai'yl—ring] is much less than would be expected [see Ad
for mera-H(15,17)]. The 13C NMR data for heteroarotinoids 58-65, and 65-(Z) are
given in Table VII. No large differences can be seen in the 13C NMR chemical shifts of
the two isomers 58 and 59 (and 60 and 61) except for those observed for the allylic
carbon atom C(11) which appears downfield (by more than 9 ppm) in the (Z)-isomer
relative to the (E)-isomer, an anomaly which apparently cannot, as yet, be explained by the
above shielding-deshielding arguments. The 13C NMR assignments for proton-bearing
aromatic carbon atoms of the (E)-isomers 58 and 60 were assigned by inspection of 2-D
HETCOR (heteronuclear correlation) plots (see Figures 26 and 27). The carbon
assignments for the (Z)-isomer 59 were made by comparison with the pattern observed in
the 13C NMR spectra of the (Z)-isomer of a previously prepared pyran analogue.32 The
above IH NMR data for 58-61 provided a basis for the assignment of the configurations
for the other diaryl heteroarotinoids 62-66 and isomers 64-(Z), 65-(Z) and 66-(Z) in
which only one of the isomers of each pair (namely, 62-66) was isolated in pure
crystalline form (see Table VIII). The above TH NMR data conforms with that previously
described for other heteroarotinoids and arotinoids.24.26.62,100,111 n short, it appears

that signals at 6 8.0-8.2 (d, protons ortho to the carboxyl group), 8 6.7-6.9 (br s, vinyl



TABLE VII
13C NMR SIGNALS FOR HETEROAROTINOIDS 58-66, 65-(Z)

59

Carbon 58- 59- 60- 61- 62- 63- 64- 65- 65- 66-(F)
E @ & @O & (E (E (B (Z2) (cis-aryl)
2 849 847 473 473 849 47.5 80.6 42.1 41.7 84.8
3 419 418 475 47.1 419 473 477 527 52.5 41.8
4 120.0 122.6 120.3 122.4 120.0 120.3 120.7 121.3 122.5 123.2
6 126.1 127.7 125.4 127.0 126.1 125.4 127.0 126.12 127.3 128.1
7 109.3 109.6 122.2 123.0 109.4 122.2 109.6 122.4 123.9 110.0
7a 159.0 158.6 b b 159.1 b 161.1 b b 159.1
8 27.6 274 274 273 276 274 690 678 67.2 27.5
9 27.6 274 274 273 276 274 219 225 221 27.5
11 179 27.1 17.8 269 18.0 179 179 17.8 26.6 68.1
12 125.1 125.1 125.9 125.6 125.1 125.8 125.4 126.12 125.6 124.8
14,18 129.0 128.8 129.1 128.82129.1 129.2 129.0 129.0 128.8 129.12
15,17 129.4 129.1 129.5 129.22 130.1 130.2 129.5 129.5 129.1 129.2a
19 167.0 167.0 167.0 167.0 171.7 171.8 167.0 167.0 166.9 166.9
20 52.0 519 521 519 - - 52.1 52.1 519 52.0
Other
Quatern:
Carbons 127.6 127.3 127.8 127.4 126.7 126.9 127.7 127.9 127.6 128.0
136.4 133.6 139.5 137.5 136.4 139.9 132.1 139.2 137.2 129.82
136.8 136.8 140.2 139.7 136.8 140.1 136.5 140.1 140.9 137.4
139.6 141.6 143.1 141.2 140.0 140.3 139.3 141.6 141.2 141.8
143.4 1429 148.2 142.7 144.3 144.1 143.3 143.0 142.6 144.2

a  148.2 148.2 143.7 143.8

aTwo signals must be overlapping nearly perfectly.

®Could not be asigned (one of the quaternary carbons below).
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IH NMR CHEMICAL SHIFTS (3) FOR DIARYL HETEROAROTINOIDS 62-66,
64-(2), 65-(2)

Proton  62-(E) 63-(E) 64-(E) 64-(Z) 65-(E) 65-(Z)b 66-(E)
: ' (cis-aryl) (cis-aryl) (cis-aryl)

2 428 323 4244 4.164 3.21d 3.09d 425
428 323 4624 4.54d 3.49d 3.35d 425

4 729 a 7.29 6.79 7.21 6.74 6.89

6 732 1732 135 7.02 7.34 7.02 6.99

7 681 a 6.82 6.73 7.22 7.13 6.76

8 1.39 142  3.63d 3.41d 3.64d 3.43d 1.23
1.39 142 372 3.49d 3.77d 3.54d 1.23

9 1.39 142 142 1.20 1.45 1.21 1.20
11 231 231 228 2.20 2.28 2.20 4.49
12 679 684 6.77 6.43 6.80 6.46 6.68
14,18 7.46 7.48  7.41 6.98 7.42 7.00 7.07
15,17 8.12 8.14  8.03 7.76 8.04 7.77 7.79
20 - - 3.93 3.84 3.93 3.84 3.87

aH(4) and H(7) overlap at § 7.18-7.24.
bFrom a mixture containing 93% Z- and 7% E-isomer.
CFrom a small portion purified by HPLC.

dThe two values of these respective positions correspond to the protons which are non-

equivalent due to the presence of the adjacent chiral center.
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proton) and ~ & 1.4 (s, gem-dimethyl H's) are indicative of heteroarotinoids with the
trans-aryl configuration and containing a carboxyl/carboxyalkyl group para to the central
double bond. Signals at § 7.7-8.0 (d), 8 6.9-7.2 (d), & 6.4-6.5 (br s) and & 1.1-1.2 (s)
are indicative of the corresponding heteroarotinoids but with the cis-aryl configuration.
An important exception results from the replacement of the vinyl methyl group with a
trifluoromethyl group or a hydroxymethyl group. The vinyl proton, which appears to
interact with the fluorine atoms of thé trifluoromethyl group in the cis-aryl isomers (as
revealed by X-ray crystallography),49:86 appears downfield (near & 7.0)%9 from its normal
position (at 8 6.4-6.5 in the cis-aryl isomers) and a similar interaction may exist between
the vinyl proton and the hydroxyl proton in 66 since the vinyl proton (8 6.68) is also
downfield from normal for cis-aryl arotinoids.

A convenient and possibly more definitive method for determining the configuration
of the aryl rings about the central double bond utilizes UV spectroscopy. Readily
recognizable and predictable differences were observed in the UV-spectra of the (E)- and
(Z)-isomers of stilbene and derivatives.84.103 Heteroarotinoids contain the stilbene
skeleton and the UV spectra of their respective isomers also follow the same pattern
observed in the UV spectra of stilbene derivatives. Two maxima are generally seen, one at
280-350 nm and the other at 210-270 nm. These two bands may contain fine structure but
the most intense of the peaks within these fwo bands fall within the above regions. The
band at 280-350 nm in stilbene derivatives has been called the "conjugation band"103
apparently because of its dependence upon changes in conjugation. One striking
observation that can be seen in the collection of UV spectra of cis- and trans-stilbene
derivatives by Riezebos and co-workers84 is that the "conjugation band" in the spectra of
the trans-aryl isomers was always much more intense than the lower wavelength band,
whereas the opposite was true for the spectra of the cis-isomers [Riezebos and co-
workers84 did not report the observed UVmax (and corresponding € values) for some of

the stilbene derivatives and so these were determined by us from the recorded spectra and
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given in Table IX). Two of the factors which induce significant changes in the location of
the absorption maxima of the "conjugation band", relative to that for trans-stilbene, were
found to be the incorporation of a methyl group at the central double bond (141) or the
presence of a syn-aryl arrangement (140 in Table IX). Both of these changes result in
hypsochromic shifts (from 295 nm to 272 nm and 280 nm, respectively, in ethanol, see
Table IX) with concomitant reductions in intensities (extinction coefficients reduced from
27,850 to 21,000 and 10,450, respectively) indicating reductions in the overall
conjugation of the systems relative to that in trans-stilbene. Incorporation of a heteroatom
(oxygen) para to the middle double bond in the stilbene 143 resulted in a bathochromic
shift from 294 nm to about 303 nm. Incorporation of electron withdrawing groups (e.g.
nitro group in 145) resulted in bathochromic shifts of the "conjugation band" relative to
that found in trans-stilbene (see Table IX). Heteroarotinoids [those previously prepared
(see Table IX) and 58-66 (Table X)] presented here contain a methyl group at the central
double bond, a heteroatom para to the middle double bond and an electron withdrawing
group (carboxyl group) para to the double bond; in some cases, both isomers were
isolated. As can be seen in Table X, hypsochromic shifts of the "conjugation band" (at
270-350 nm) were observed for the cis-aryl heteroarotinoids relative to the corresponding
trans-aryl isomers. Also, it is important to note the large bathochromic shift of the lower-
wavelength band from 244 nm for sulfur analogue 60 to 269 nm in the cis-aryl
counterpart 61. Significant but smaller bathochromic shifts of the corresponding
"conjugation bands" and the band at 210-270 nm were also observed as a result of
changing the heteroatom from oxygen (58) to sulfur (60). Most important, the relative
intensities of the "conjugation band;' and the lower wavelength band (maxima at 210-270
nm) provide a diagnostic tool in assessing which isomer is present. trans-Aryl-substituted
heteroarotinoids give UV spectra containing an intense "conjugation band" relative to that

of the lower wavelength band, whereas, cis-aryl-substituted heteroarotinoids provide
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TABLE IX
UV DATA OF SELECTED STILBENE DERIVATIVES (INCLUDING SOME
HETEROAROTINOIDS)
Compound "conjugation lower-wavelength Solvent  Reference
band" band

Amax> tm (€, X 104 Amax, nm (g, x 104)

294.5 (2.78) 228.8 (1.64) EtOH (95%) 103
139

2940 (2.81) 2283 (1.65) MeOH 84
294.1 (2.80) 2285 (1.62) nheptane 103
14° 280 (1.04) 224 2.44) E{OH 103
4 276 (1.0) 224 (2.3) MeOH 84
O
273.5 (2.11) 217 (1.25) nheptane 103
22°2.0) - E{OH 103
X 142
267 (0.93) — E{OH 103
302.7 (2.90) 230.0 (1.36) nheptane 103
305 (2.95) 228 (1.37) MeOH 84
el 5" 286 (1.3) 228 (2.0) MeOH 84
" 3450 (238) 233.7 (1.18) nheptane 103
145 2400 (1.18)
316 (2.4) 236 (1.4) E{OH 26
@ Cuzﬂt
o S 318 (2.5) 237 (1.5) EtOH 82

o

143 310 (1.6) 245 (2.2) EtOH 82
O COM
307 (2.5) 231 (1.3) EtOH 26

S Q 319 (2.5) 233 (1.1) EtOH 26

O

o ©
$C 4




TABLE X

UV DATA OF NEW HETEROAROTINOIDS 58-66
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Heteroarotinoid "conjugation lower-wavelength ~ Solvent  Concentration
band" band
Amax, Nm (8, X 104) Amax, hm (8, X 104)
@ COzlAQ
@ e 319 (2.2) 237 (1.2) EtOH 5.6 x 10-3
o
° 9 @ 310 (1.7) 242 (2.1) EtOH 2.5x 105
COpMe
COpMe
O Ql 326 (2.4) 244 (1.2) EtOH 5.0x 10°
s 60
s 1 @ 317 (1.2) 269 (2.0) EtOH 5.0x 1073
CO,Me
COH
A @ 311 2.2) 230 (1.2) EtOH 5.8 x 103
BOR"
COgH
Q @ 309 (1.77) 238 (1.3) E©OH 8.0x10°M
O s 316 (1.78)
CO,Me
> N @ i 308 (1.52) 240 (1.2) E©OH 89x10°M
BOR” 315 (1.53
OH CO,Me
A\ @ 308 (1.23) 245 (1.1) EtOH 1.1x104M
s @ 6s 317 (1.29)
OH
@ N
e @ 287 (1.3) 242 (1.5) EtOH 89x10°M

CO, Me
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spectra containing a "conjugation band" that is less intense than that of the respective lower
wavelength band.

Heteroarotinoids 58, 60 and 61 were submitted to Dr. van der Helm at OU for X-ray
analysis to establish the configurations and potential conformations of the aryl rings about
the central double-bond (see Tables XI-XV and Figures 28-30). The results of such
experiments could provide information useful in determining the spatial arrangement of
retinoid binding sites. From a theoretical vieWpoinf, it is also interesting to investigate the
potential conformations in the sterically crowded cis-aryl systems. The X-ray plot of 58
and 60 established the trans-aryl configuration. It is important to differentiate between the
numbering system for heteroarotinoids in Table VIII and that used by the crystallographer
(see Figures 28-30). Unless otherwise indicated, the latter numbering will be used in the
context of the X-ray data. Both aryl rings were twisted out of plane with the central
double as indicated by the torsional angles C(6)-C(7)-C(9)-C(11) [-34.3°] and C(9)-
C(11)-C(12)-C(17) [-46.2°] in 60-(E) [similar angles were observed for the X-ray plot of
61-(E) (see Table XII)]. These two angles sum to about -80° indicating that the planes
of the two aryl rings are nearly perpendicular to one another as was shown in the X-ray of
the benzothiopyran counterpart.!1! The X-ray data for 58-(E) and 60-(E) were energy-
refined using the MMP2 program.2 This program predicts the most energetically stable
conformation. It does not take into account intermolecular crystal formation forces which
are absent in solution. Nevertheless, it must be kept in mind that the nature of the solvent
- is critical and different solvents may stabilize different conformations. The energy-refined
structure of 60 indicates that the disubstituted aryl ring is almost completely co-planar with
the central double bond (see Table XIII) and with the carbonyl of the ester group [torsional
angle C(9)-C(11)-C(12)-C(13) = 179.4°]. The heterosubstituted aryl ring still remains
twisted out of planarity with the central double bond in this refined su'uctufe [torsional
angle C(6)-C(7)-C(9)-C(11) = -43.6°]. Similar torsional angles were observed in the X-

ray and energy-refined data for 58. Of particular interest are the conformations of cis-aryl
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DATA COLLECTION PARAMETERS AND CRYSTAL DATA

Molecule

58-(E) 60-(E) 61-(2)
Scan width (0.95+0.20tanT) (0.80+0.20tanT) (0.90+0.15tanT)
Aperature (2.00+0.86tanT)  (3.00+0.86tanT) (2.00+0.86tanT)
Reflections measured 3477 3574 3472
Reflections observed? 3185 2966 3449
Mr 322.17 338.15 338.15
mu 5.77 16.06 15.61
F(000) 680 720 360
Temperature (K) 150 135 150
Space group P21/n P21/a P1-bar
a(A) 10.034(1) 10.039(1) 10.577(3)
b(A) 26.600(7) 26.378(8) 12.254(8)
c(A) 6.788(1) 7.029(2) 7.680(2)
o (degree) 90 90 97.66(4)
B (degree) 108.81(1) 109.94(2) 107.45(2)
v (degree) 90 90 103.96(2)
V(A" 1715.0 1749.8 898.5
Z 4 4 2
Dc 1.248 1.284 1.250
R 0.043 0.036 0.046
Rw 0.063 0.044 0.077
S 4.77 1.54 6.67

2] => 2sigma(l)



TABLE X1II

BOND LENGTHS AND STANDARD DEVIATIONS (ANGSTROMS)
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Bond

58-(E) 60-(E) 61-(2)
S(1)-C(1)2 1.456(2) 1.830(2) 1.833(2)
S(1)-C(4)2 1.370(2) 1.761(2) 1.754(2)
C(1)-C(2) 1.538(2) 1.538(3) 1.540(3)
C(@2)-C(3) 1.518(2) 1.522(2) 1.523(1)
C(2)-C(20) 1.529(2) 1.524(2) 1.527(2)
C(@2)-C(21) 1.533(2) 1.537(3) 1.534(2)
C(3)-C4) 1.384(2) 1.397(3) 1.399(3)
C(3)-C(8) 1.380(2) 1.386(2) 1.379(2)
C@)-C(5) 1.385(2) 1.390(2) 1.401(2)
C(5)-C(6) 1.392(2) 1.392(2) 1.383(3)
C(6)-C(7) 1.405(2) 1.403(2) 1.400(3)
C(7)-C(8) 1.408(2) 1.406(2) 1.408(1)
C(N-C9) 1.489(2) 1.490(2) 1.482(2)
C(9)-C(10) 1.510(2) 1.508(2) 1.504(2)
C(9)-C(11) 1.343(2) 1.348(2) 1.345(2)
C(11)-C(12) 1.477(2) 1.475(Q2) 1.477Q2)
C(12)-C(13) 1.397(1) 1.406(3) 1.404(1)
C(12)-C(17) 1.404(2) 1.403(2) 1.400(2)
C(13)-C(14) 1.386(2) 1.386(2) 1.379(2)
C(14)-C(15) 1.396(2) 1.402(2) 1.400(2)
C(15)-C(16) 1.392(2) 1.396(2) 1.394(2)
C(16)-C(17) 1.384(2) 1.383(3) 1.384(3)
C(15)-C(18) 1.487(2) 1.486(2) 1.477(2)
C(18)-0O(2)2 1.204(2) 1.207(2) 1.211(2)
C(18)-0(1)2 1.336(2) 1.377(2) 1.346(1)
O(1)-C(19)2 1.444(2) 1.446(3) 1.446(2)

For 58-(E), S(1) becomes O(1), and O(1) and O(2) become O(2) and O(3), respectively.
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TABLE XIII

SELECTED TORSION ANGLES (DEGREES) FOR 58, 60, 61 FROM CRYSTAL
DATA AND FROM MMP2 PROGRAM ENERGY REFINEMENTS

Angle 58-(E) 60-(E) 61-(2)
C(7)-C(9)-C(11)-C(12) 179.5 177.9 10.8
[177.91b [178.9]b [11.7]b
C(10)-C(9)-C(11)-C(12)2 -1.3(2) -4.0(2) -172.2(1)
C(6)-C(7)-C(9)-C(10)a 147.8(1) 147.5(1) -130.7(1)
C(6)-C(7)-C(9)-C(11) -33.9 -34.3 46.9
[-45.2]b [-43.6]P [46.91b
C(8)-C(7)-C(9)-C(10)a -32.2(1) -31.2(2) 44.0(2)
C(8)-C(7)-C(9)-C(11)a 146.1(1) 147.1(2) -138.5(1)
C(9)-C(11)-C(12)-C(13) 132.1 134.1 37.7
[179.0]b [179.4]b [16.7]P
C(9)-C(11)-C(12)-C(17)a -48.4(2) -46.2(2) -147.0(1)

aThese angles in the crystal were determined before the refinement of the X-ray data was
complete. The energy-refined data from the MMP2 program was not determined for
these angles.

bEnergy-refined data from the MMP2 program.



TABLE XIV
CRYSTAL BOND ANGLES ABOUT THE CENTRAL DOUBLE BOND IN 58, 60,
AND 612
Angle 58-(E) 60-(E) 61-(2)
C(7)-C(9)-C(10) - 116.2(1) 116.4(1) 116.7(1)
C(7)-C(9)-C(11) 120.4(1) 120.1(1) 122.0(1)
C(10)-C(9)-C(11) 123.4(1) 123.5(1) 121.4(1)
C(9)-C(11)-C(12) 127.1(1) 126.5(1) 128.6(1)

aThese angles were determined before the refinement of the X-ray data was complete. The
energy-refined data form the MMP2 program was not determined for these angles.

TABLE XV

SELECTED THRU-SPACE INTERATOMIC DISTANCES (ANGSTROMS)
BETWEEN ATOMS IN THE ARYL RINGS IN 61 CRYSTAL DATA?2

Angle - 58-(E) 60-(E) 61-(2)

C(3)-C(12) 6.220(2) 6.241(3) 5.279(2)
C(4)-C(12) 6.545(2) 6.570(3) 5.336(2)
C(5)-C(12) 5.792(2) 5.789(3) 4.459(2)
C(6)-C(12) 4.408(2) 4.408(3) 3.242(2)
C(8)-C(12) 4.990(2) 4.995(3) 4.323(2)
C(13)-C(7) 4.844(2) 4.879(3) 3.246(2)
C(14)-C(7) 6.146(2) 6.172(3) 4.557(2)
(C16)-C(7) 5.962(2) 5.935(3) 5.432(2)
CA7)-C() 4.606(2) 4.577(3) 4.399(2)

aThese interatomic distances were determined before the refinement of the X-ray data was
complete. The energy-refined data from the MMP2 program was not determined for
these interatomic distances.



72

Figure 28. X-Ray Plot of 58-(E).
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Figure 29. X-Ray Plot of 60-(E).



Figure 30. X-Ray Plot of 61-(Z).
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61-(Z) in the crystalline state and in the energy-refined structure. Both aryl rings are
turned in 61-(Z) to minimize steric repulsion of the bulky aromatic rings. Even in the
energy-refined structure this is so, indicating that the energy gained by complete
conjugation is not possible. The steric repulsion of the two aryl rings in 61 appears to be
relieved in part by three other conformational changes in the crystal (see Tables XIII,
X1V): (a) angles C(9)-C(11)-C(12) and C(7)-C(9)-C(11) are greater in 61 than in 60
suggesting that the aryl-rings have moved apart in 61; (b) torsional angle (C7)-C(9)-
C(11)-C(12) deviates from normal bond angles by about 10° to further separate the two
aryl rings in 61 whereas the double in 60 is nearly planar, and (c) it appears that the two
aryl-rings in 61 are slightly bent back with respect to bonds C(7)-C(9) and C(11)-C(12),
respectively { | 2 C(6)-C(7)-C(9)-C(11)| + | £ C(8)-C(7)-C(9)-C(11)| > 180° <| « C(9)-
C(11)-C(12)-C(13)| + |« C(9)-C(11)-C(12)-C(17)|}. While 'H NMR, X-ray
crystallography and the energy-refined structure all agree that the two aryl rings are turned,
one difference exists between the conformation predicted by 1H NMR (using DCCI; as
solvent) and the conformation present in the crystalline lattice and predicted by the energy-
refined structure. As described earlier, the IH NMR spectra of 61 suggests that the
heterosubstituted aryl ring is turned such that C(4) [C(8) in the X-ray plot] is closer to the
shielding cone of the opposite aryl ring than is C(6) [also C(6) in the X-ray plot]. This is
not the case in the X-ray plot and the energy-refined structure of 61 where C(6) is closer
to the opposite ring than is C(4) [C(8) in the X-ray plot, C(6)-C(12) = 3.242 A, C(8)-
C(12) = 4.323 A] (see Table XV). It is important to note that solvation effects are not
taken into account in either the X-ray or energy-refined data. Furthermore, the shielding-
deshielding effects described previously may be more complicated than assumed.

The all-trans configurations of 67, 68, 70, 71, 135, 137 (see Figure 24) were
confirmed by comparison with the 1H-1H coubling constants (and to a lesser extent the
chemical shifts) of all-trans-Etretinate (21, page 7), and heteroarotinoid 44100 (see Table

XVI). The (2E, 4Z, 6E)-configurations of 69, 136 and 138 (see Figure 24) were
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TABLE XVI

IH NMR CHEMICAL SHIFTS (5) AND COUPLING CONSTANTS (/) OF THE
TRIENE PORTION OF ALL-TRANS-HETEROAROTINOIDS 67, 68, 70,
71, 137 AND THE (2E, 4Z, 6E)- ISOMERS 69, 138. ETRETINATE (21)

AND ITS (2E, 4Z, 6E)-ISOMER INCLUDED FOR COMPARISON?2

’» rd

7 -3
4 2 2
(2E,AZ,6E)- ¥
all-frans-Retinoids isomers CO,R

all-trans-Retinoids H(2) H(3') H@) HG) Jgams HG6) Jgs.me H(T)
5 5 8 5 Hz 8 Hz 8

all-trans-Etretinate
21 579 2.369 6.32 7.02 15.1 620 114 2.107

67 . 583 240 6.40 7.08 14.9 6.54 11.3 2.25
68 5.86 2.39 6.44 7.10 15 6.59 12 2.24
70 580 237 6.35 6.99 15.1 649 11.1 2.20
71 5.83 6.39 7.05 15.0 6.51 11.1
137 5.80 - 2.38 6.38 7.02 15.1 6.55 ~12 2.23
(2E, 4Z, 6E)- H(2) H@) H@)  HG) Jgsns H) Jusue H(TY)
isomers S S 5 5 b S

(a8)b (a3 (as)d  (as)d  Hz (a)p Hz  (as)b

(4Z)-Etretinate 5.85 234 5.94 6.62 ~12 6.54 ~12 2.07
(+0.07) (-0.03) (-0.38) (-0.40) (+0.34) (-0.04)

69 590 2.38 5.98 6.61 11.7 692 11.8 2.20
(+0.08) (-0.01) (-0.48) (-0.45) (+0.35) (-0.04)

138 5.89 237 5.96 6.56 ~12 6.92 ~12 2.19
(+0.09) (-0.01) (-0.42) (-0.46) (+0.37) (-0.04)

aReference 31.

bAS=8is - drans. Thus negative A.indicate upfield shifts of cis-isomers relative to the
trans isomers.

®Numbering system of triene skeleton based on carboxyl receiving position number 1.
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confirmed by comparison of their chemical shift differences (relative to those in the all-
trans isomers) and !H-H coupling constants with those of the corresponding isomer of
Etretinate3! (see Table XVI). Isomers 135 and 136 were not separated (overlapping Ry
values) and the crude (contained a ratio of 135 to 136 of about 2.5:1, respectively, as
indicated by 1H NMR) was converted to an isomeric mixture of carboxylic acids which
fractionally crystallized out of absolute ethanol to give all-zrans 67. The isomeric esters
137 and 138 were isolated by chromatography in a raiio of about 3:1, respectively.
These were individually converted to carboxylic acids 68 and 69 by saponification. All-
trans ester 70 fractionally crystallized out of hexanes and was similarly converted to acid
71.

The methyl groups along the side chain of ester 70 gave similar chemical shifts and
were assigned by a two-dimensional proton "COSY" (COrrelated SpectroscopY) pulse
sequence (see Figure 31). This experiment correlates protons which are coupled to one
another. Thus the fine doublet (4Jgy = 1.3 Hz) for the methyl group at & 2.20 was found
to be coupled to the multiplet for vinyl H(10) at § 6.49, and, the fine doublet (4Jgyg = 1.3
Hz) at § 2.37 was found to be coupled to the broad singlet for vinyl H(15) at 8 5.80. The
1H assignments for these methyl groups were further confirmed by radiation at § 5.80 and
d 6.49 which caused the corresponding fine doublets to collapse to tall singlets (see Figure
32). By establishing the 1H assignments for these methyl groups, it was possible to
assign the corresponding 13C NMR signals by a 2-D HETCOR experiment (see Figure
33). Thus the 13C signals at 13.8 and 16.6 ppm correspond to the methyl groups at
positions 14 and 9, respectively (in Figure 33). In addition to providing a basis for the
13C assignments of the methyl groups, the 2-D HETCOR plot (see Figure 33) provides
the basis for the 13C NMR assignments of all the other carbon atoms of ester 70 (Figure
9). Heteroarotinoid 70 then served as a model for making the 13C NMR assignments of
the all-trans heteroarotinoids 67, 68, 71 (Figure 9) bearing a triene side chain (see Table

XVID).
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Figure 31. 2-D COSY Pulse Sequence of Heteroarotinoid 70.
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Figure 32. Radiation of the H(10) and H(15) in 70 at & 6.49 and & 5.80, Respectively
with Resulting NOE Enhancement of Doublets (4Jgyg = 1 Hz) at § 2.20 and
8 2.37 into Tall Singlets. Thus H(9) and H(14) correspond to the signals
at 8 2.20 and & 2.37, respectively.
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TABLE XVII

13C NMR SIGNALS FOR HETEROAROTINOIDS 67-71

n 16 Y NN
4 13 18 19,20 {
Y - CO2R X B
2{ 12 1 17
X 6 CO,R

7 , (13-cis)
Carbon 67 68 69 704 71
(13-cis)

2 84.9 47.5 47.5 101.2 101.2
3 41.9 47.2 47.2 - -
3a 134.8¢ 148.2 148.2 147.8¢ 147.9¢
4 119.7 119.9 120.1 106.1 106.1
5 136.9¢ 1139.0 139.5f 136.9 136.8
6 126.0 125.2¢ 125.3 119.6 119.7
7 109.4 122.2 122.2¢ 108.1 108.1
7a 159.3 132.1 131.5 147.3¢ 147.4¢
8,9b 27.6 27.4 27.4 - -
10 140.9 140.7 140.9¢ 139.4 140.3
11 16.6 16.5 16.1 16.6 16.6
12 124.9 125.6¢ 122.3ec 125.8 125.7
13 132.3 132.1 140.5f ¢ 131.0 132.0
14 135.3 1354 130.0¢ 135.7 135.4
15 155.4 155.2 156.1 152.6 155.2
16 14.1 14.1 19.6¢ 13.8 14.1
17 117.5 117.5 118.5 118.8 117.5
18 172.1 171.2 171.4 167.2 170.7
19d - — - 59.7 -
204 - - - 14.4 -

3All non-quaternary carbon atoms of 70 were assigned by inspection of the 2D-HETCOR
plot (see Figure 33).

bCarbon atoms 8,9 correspond to C(CH3)7 in 67-69.

¢The chemical shift differences observed for these carbons in 69 relative to 68 are
consistent with those observed for these carbons of the 11-cis and 11-zrans isomers of
retinol except for that at C(13). See the proton chemical shift differences of 68 and 69
in Table XVL

dCarbon atoms 19,20 correspond to the CHp and CH3 portions of the ethyl group of 70.

€These signals could be interchanged.

fThese signals could be interchanged.



CHAPTER Il

PHARMACOLOGICAL ACTIVITY OF NEW
HETEROAROTINOIDS

One objective of this project was to prepare heteroarotinoids 58-71 containing a five-
membered heterocyclic ring. To date, the biological activities of heteroarotinoids 58, 60,
62, and 63 have been assessed in terms of ornithine decarboxylase activity [by Dr. A. K.
Verma at the Department of Human Oncology, University of Wisconsin] and in terms of
their ability to induce differentiation in HL-60 cells [by Dr. T. R. Breitman at the National
Cancer Institute].

The results of the ODC assay correlate well with the ability of a test substance to
inhibit tumor formation in mice.108 The general procedure followed in the ODC assay is
described in the section entitled Assays of Retinoids and will be described here briefly
only for completeness. One hour prior to the application of the tumor promoter TPA (see
Table XVIII) the retinoids were applied to the shaved backs of the mice. After 4.5-5 h
from TPA treatment, the mice were killed and the epidermis were separated, homogenized
and centrifuged. The release of 14CO5 from labelled ornithine by the soluble extracts of
the centrifuged mixture was measured. The presence of large amounts of 14CO3 (i.e. in
the control, see Table XVIII) indicates a large production of the enzyme ornithine
decarboxylase, an expression typiéal of tumor cells.107.108 The degree to which the
retinoid can inhibit the production of this enzyme (as indicated by the amounts of 14CO,
released relative to that measured for the control) is presented as percent inhibition, where
0% inhibition is assigned to the control. Thus, the new heteroarotinoids 60 and 63

containing a sulfur atom exhibited very high activity [i.e. better than the standard, all-
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TABLE XVIII
ODC ACTIVITY OF HETEROAROTINOIDS 58, 60, 62 AND 63

Test system Retinoid ODC Percent
dose, nmol activity inhibition2
Acetone + TPA 0 53 +0.7b 0 (control)
3 + TPA 34 1.0 £0.10 81
58 + TPA 34 1.5 +0.4b 72
Acetone + TPA 0 1.02¢ 0 (control)
3 + TPA 34 0.13¢ 87
60 + TPA 34 0.062¢ 94
62 + TPA 34 0.283¢ 72
63 + TPA 34 0.09¢ 91

ODC activity (control) — ODC activity (retinoid + TPA)

aPercent Inhibition =
ODC activity (control)

®nmol CO,/60 min/mg protein.
®nmol CO2/30 min/mg protein
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trans-retinoic acid (3)] exerting almost complete inhibition of ODC activity at the dose
tested. The heteroarotinoids 58 and 62 containing an oxygen atom showed good activity
but less than the standard. These data are consistent with that previously described for
other heteroarotinoids in which an increase in activity (as assessed in the ODC assay) was
observed by replacement of an oxygen atom with a sulfur atom.26:100 Similar increases in
the activity of sulfur containing heteroarotinoids relative to their oxygen containing
counterparts have also been observed in the tracheal organ culture and HL-60
assays.26,100,111 1t js interesting to hote that the replacement of a carboxylic acid group
with a methyl ester functionality did not alter the activity significantly.

Heteroarotinoids 58, 60, 62, and 63 were also tested in the HL.-60 assay. The
procedure is described in the section entitled Assays of Retinoids. This in vitro assay
determines the ability of a test substance to induce differentiation in HL.-60 cells, a cell line
derived from a patient with acute promyelocytic leukemia.l4,15.98 Heteroarotinoids 58,
60, 62, and 63 exhibited poor activity in this assay. At 3 uM of 58 or 62, the percent of
induced differentiation (3-5%) was the same as that observed in the control. Similar
results were observed for the sulfur analogues 60 and 63: only a small percentage of the
cells were made to differentiate by these two heteroarotinoids. It is important to note that
the six-membered-ring analogue of 62 (45, structure shown in Figure 5a. X =0,R =
H), which has shown good aétivity in the TOC and ODC assays and in the ability to
reduce the number of papillomas in mice,26 also showed greatly reduced activity in the
HL-60 assay relative to that observed for all-trans-retinoic acid (3).82,.100 That a potent
retinoid may exhibit high activity in certain assays and yet display very poor activity in one
particular assay is further demonstrated by the report that both Etretinate (21, a potent
retinoid approved by FDA) and its free acid (22, see Figure 4) were totally ineffective in
inducing differentiation in HL-60 and U-937 cells.35

Although further testing is required to establish the cancer chemotherapeutic

capabilities of these new heteroarotinoids, the very high activities of 60 and 63 in the
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ODC assay (and to a lesser extent 58 and 62) justify the need for a further and more
complete pharmacological assessment of these heteroarotinoids. The observations that
several heteroarotinoids were less toxic than all-frans-retinoic acid (see section entitled
Toxicology) and that five-membered-ring arotinoids showed reduced signs of
hypervitaminosis A relative to their six-membered-ring counterparts (see Table I), provide
further justification to warrant a more complete biological evaluation of these new
heteroarotinoids. The other heteroarotinoids of this project [59, 61, 64-71], some of
which are to be tested soon, may also show great promise. It is conceivable that the all-
trans-octatrienoic acid derivatives 67, 68 and 71 may display high activity in assays
including the HL-60 assay, since other octatrienoic acid heteroarotinoids have shown good
activity in both the ODC and HL-60 assays100 (particularly the potent sulfur containing

analogue 43,100 structure shown in Figure 5b).



CHAPTER IV
SUGGESTIONS FOR FUTURE WORK

In‘the last several years several potent retinoids have been prepared although few of
these retinoids whose relative toxicities have been determined have toxicities significantly
reduced from all-trans-retinoic acid (3).26.59.62,78,79 The recent reports of the preparation
and biological evaluation of some of the heteroarotinoids may prompt more investigators
to explore these and related systems.26,100,111 The synthesis and biological activity of the
new five-membered ring heteroarotinoids described in the previous chapter revéalcd that
these systems also retain good activity, and, in the case of the sulfur analogues 60 and 63
exhibited activity greater than the standard 3 as assessed by the ODC assay. Furthermore,
these five-membered ring systems may be less toxic than the six-membered analogue‘s
(assuming that the trend seen in the hydrocarbon analogues holds true in the
heteroarotinoids, see Table I). Thus, retinoids containing 5-membered rings also hold
promise.

The incorporation of a thiophene ring in the retinoid skeleton may result in reduced
toxicity relative to retinoic acid (i.e. 48 in Figure 7, Reference 79), but some retinoids
containing a thiophene ring (i.e. 55 and 56 in Figure 7) appear to be more toxic than
desired.55 A structural modification of the retinoid skeleton that coﬁld prove useful and
which may result in reduced toxicity relative to retinoic acid is shown below and involves
the preparation of bicyclic retinoids 155 -158 (cbntaining two five-membered rings) from
either 2-acetylfuran or 2-acetylthiophene. Lithiation at C(2) in 149 and formation of the
corresponding lithium cuprate reagent followed by a Michael addition on ethyl acrylate

should give 152. Cyclization of 153, followed by deprotection of the ketone during
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acidic work-up, should give ketone 154 which can readily be converted to the retinoids
155-158 using the techniques described in the previous chapter and also in reference 100.

Retinoids containing more than one heteroatom in the retinoid skeleton are not
common. Such retinoids may prove less toxic due to increased hydrophilicity and may
also prove useful in the treatment of cancer and/or other disorders involving uncontrolled
cell proliferation or cell differentiation (or the lack of the latter). Potential target retinoids
168-175 contain a five-membered heteroaromatic ring fused to a pyran or thiopyran ring.
The heteroatom is placed at C(3) [relative to C(CH3)2] because placement at either C(2) or
C(4) may result in compounds particularly vulnerable to hydrolysis. Retinoids 168-175
may be prepared from 162 (all of these alcohols and thiols are available commercially

except 161 which may be prepared as shown) as shown on the next page.
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CHAPTER V
EXPERIMENTAL
General Information

All reactions were carried out under a nitrogen atmosphere using a magnetic stirrer
unless otherwise specified. Duﬁng work-up, solvents were removed by a rotary
evaporator unless otherwise stated. NMR spectral data were obtained using Varian XL-
100 (equipped with a Nicolet TT-100 PFT accessory, 13C spectra recorded at 25.2 MHz),
Varian XL-300 (!H and 13C spectra recorded at 299.94 MHz and 75.43 MHz,
respectively) or Varian XL-400 (1H and 13C spectra recorded at 399.95 MHz and 100.6
MHez, respectively) NMR spectrometers except for two special experiments, 2D-HETCOR
and a "COSY" pulse sequence, which were performed with heteroarotinoid 70 using
VARIAN XL-GEM 200 (2D-HETCOR recorded at 50.289 MHz) and VARIAN XL-
GEMA 300("COSY" recorded at 300.075 MHz) NMR spectrometers. All NMR data
were reported in ppm or § values downfield from TMS using DCCI3. IR spectra were
taken on the Perkin-Elmer 681 IR spectrophotometer. All IR spectra were recorded as
films unless otherwise specified. UV spectra were taken on the Perkin-Elmer Lambda
Array 3840 UV-VIS spectrophotometer with a 7300 Professional Computer PR 210
Printer. Solutions for recording UV spectra were prepared by dissolving 0.4-2.0 mg
(weighed on a standard balance to 0.1 mg) of the heteroarotinoid crystals in 50-100 mL of
absolute ethanol (volumetric flasks). Melting points were determined using a Thomas
Hoover melting point apparatus (unless otherwise specified, in which case a Fisher-Johns

apparatus was used) and were uncorrected. The Chromatotron (Model 7924T) is available
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from Harrison Research, 340 Moana Court, Palo Alto, CA 94306. Compounds 75,40
79,40 80,40 94,102 100,32 102,6 103,8 106,° 109,51 and 11756 were prepared by
modifications of reported procedures (some of which contained very little experimental

detail).

2-(2-Methoxy-5-bromophenyl)-2-methyl-1-

chloropropane (79)

Concentrated HpSO4 (7.6 g, 4 mL, 77 mmol) was added dropwise (ca. 1 min) to
stirred 4-bromoanisole (77, 44.0.g, 0.235 mol) in a 200-mL, three-necked, round-
bottomed flask equipped with a mechanical stirrer, addition funnel (N5 inlet in the top of
the funnel), and a Y-adapter to which was attached a second addition funnel (for the
H3SO4) and a N3 outlet (a drying tube, CaSO4/MgS0O4). After warming the mixture (35-
37°C water bath, 15 min), freshly distilled B-methallyl chloride (20.0 g, 21.5 mL, 0.221
mol) was added dropwise in four equal portions over a period of 1.6 h (4 x 0.4 h).
During the addition of the B-methallyl chloride, the temperature of the purple mixture was
maintained at 35-44°C (warm water bath). After the addition was complete, the mixture
(now a wet solid) was allowed to stand [1 h over water bath (29-32°C), 2 h at RT]. The
wet solid was partitioned between HpCClp (500 mL) and H7O (175 mL). The organic
layer was separated, washed [5% NaHCO3 (175 mL) and HpO (175 mL); 5 mL of brine
followed to destroy an emulsion which formed], dried (MgSO4, 36 h), filtered (Celite,
suction), and evaporated (rotovap) to a moist brown solid. The solid residue was melted
and vacuum distilled to remove a lower boiling liquid (bp 42°C/0.04 mm-95°C/0.015 mm,
mostly 4-bromoanisole). A solution of the remaining solid residue (brown-black) in
H>CClp (300 mL) was treated (twice) with decolorizing charcoal (Norit A). Evaporation
of the HpCCl; gave a tan solid. Two recrystallizations (n-heptane, 45 mL, then 30 mL)
gave crystals which were washed (chilled #-heptane) and dried [P2Os, < 0.5 mm, RT, 5.5
h] to give ether 79 as a white crystalline solid (37.7 g, 61.5%); mp 87.8-89.1°C (Fisher-
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Johns) (1it40 82-84°C). Another 3.4 g (5.5 %, mp 87.7-89.4°C) could be obtained by the
following procedure: the mother liquors were evaporated (rotovap), and the solid residue
was dissolved in HpCCly (120 mL) and treated (twice) with decolorizing charcoal
followed by evaporation and recrystallization (n-heptane); total yield of 79 was 41.4 g
(67%). IR (KBr) 1246 cm1 (C-O); IH NMR (DCCl3) § 1.43 [s, 6 H, C(CH3)3], 3.84
[s, 3 H, OCH3], 3.96 [s, 2 H, CH,Cl], 6.78 [d, 1 H, Ar-H], 7.32-7.41 [m, 2 H, Ar-H];
13C NMR (DCCl3) ppm 25.8 [q, C(CH3)2], 40.4 [s, C(CH3)2], 53.3 [t, CH2Cl], 55.4
[q, OCH3]; Ar-C [113.1 (s and d), 130.6 (d), 131.2 (d), 135.4 (s), 157.2 (s)]. The
above procedure for the preparation of ether 79 is similar to that described in U.S. Patent

4,333,749.40
5-Bromo-2,3-dihydro-3,3-dimethylbenzofuran (80)

A 200-ml, jacketed flask [equipped internally with two stacked condensers, magnetic
stir bar, thermometer (with adapter), N7 inlet and a N7 outlet (CaCly drying tube); the
jacket of this jacketed flask contained isobutylbenzene and was also equipped with
condensers] was charged with ether 79 (12.60 g, 45.4 mmol), pyridinesHCl (23.7 g,
0.205 mol), and quinoline (22.9 g, 0.177 mol). After the mixture was heated to 164°C
(ca. 0.6 h, boiling isobutylbenzene bath), the mixture was maintained at reflux (164-
167°C) for 3 h. After cooling (ca. 50°C), the mixture was partitioned between ice-cold 6
N HCI (225 mL) and ether (200 mL). The organic layer was separated and the aqueous
layer was extracted (ether, 200 mL). The combined organic layers were dried (MgSOg,
overnight), filtered (suction) and evaporated to an oil. Vacdum distillation gave ether 80
as a colorless liquid (8.49 g, 82%): bp 58.9-60.0°C/0.01 mm (major fraction) (1it40 62-
64°C/0.01 mm); IR (neat) 1197 cm-! (C-O); IH NMR (DCCI3) 5 1.31 [s, 6 H, C(CH3)7],
4.24 [s, 2 H, OCH3], 6.67 [d, 1 H, Ar-H], 7.18-7.25 [m, 2 H, Ar-H]; 13C NMR
(DCCl3) ppm 27.3 [C(CH3)2], 42.1 [C(CH3)2], 84.7 [OCH2]; Ar-C [111.3, 112.3,
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125.5, 130.6, 139.0, 158.3]. The above procedure is similar to that described in U.S.
Patent 4,333,759.40

1-(2,3-Dihydro-3,3-dimethyl-5-benzofuranyl)-
ethanol (82). Method I

In a 100-mL, three-necked, round-bottomed flask [equipped with a mechanical
stirrer, dry ice condenser, a N outlet (drying tube, CaSOy, in top of condenser) and a Y-
adapter to which was attached an addition funnel and a Ny inlet; all glass items were dried
overnight in an oven (ca. 140°C) and assembled hot], a mixture of ether 80 (0.21 g, 0.9
mmol), Mg turnings (1.0 g, 0.041 g at) and dry THF (3 mL) was heated under N until
the mixture turned cloudy (ca. 15 min). Dry THF (15 mL) was added to the mixture
which was then heated at reflux (15 min). A solution of ether 80 (2.92 g, 12.9 mmol) in
dry THF (25 mL) was added dropwise to the vigorously stirred mixture over a period of
0.75 h. After vigorous stirring at reflux for 2.75 h, another 0.25 g (0.010 g at) of Mg
turnings were added. The new mixture was stirred at reflux for 0.75 h and with no
external heat for 0.5 h. Upon cooling the mixture (-5 to -10°C, ice-salt bath), a solution of
freshly distilled acetaldehyde (2.0 g, 0.045 mol) in dry THF (20 mL) was added dropwise
to the vigorously stirred mixture over a period of 0.7 h. This reaction mixture was stirred
in an ice-salt bath (-5 to -10°C) for 1.5 h, after which time a solution of acetaldehyde (0.9
g, 0.020 mol) in dry THF (5 mL) was added dropwise (over a period of about 0.2 h), and
the new mixture was stirred 0.3 h. With continued cooling (-5 to -10°C), saturated
aqueous NH4Cl &3 ml) was added, and the excess Mg turnings were removed from the
mixture by filtration. Saturated aqueous NH4Cl (10 mL) and ether rinses (from glassware
and Mg turnings, 50 mL) were added to the filtrate. After separating the organic layer, the
aqueous phase (pH > §) was acidified (pH 6.5 to 7) with saturated aqueous NH4Cl (15
mL) and 4% H7SO4 (4 mL). The aqueous solution was extracted with ether (5 x 40 mL),

and ether (90 mL) was added to the combined organics. The organic solution was washed
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with saturated aqueous NaHCO3 (75 mL) and brine (50 mL). After drying (MgSQy) the
solution, the solvent was removed, and the residual oil was chromatographed through a
circular silica gel plate (4 mm) spun by a Chromatotron. Half of the product was eluted
with petroleum ether (bp 50-110°C):ether [20:1, 8:1, then 4:1], and then the same solvent
system was used to elute the other half. In both separations, the 4:1 ratio was required to
elute the title compound. Concentration of the eluent in the desired fractions gave 1.18 g
(44%) of alcohol 82 as a light yellow, viscous oil. TLC analysis [4:1 petroleum
ether:ether] indicated the compound was essentially pure and was used without further
purification. IR (neat) 3150-3650 cm-1; IH NMR (DCCl3) § 1.31 [s, 3 H, C(CH3)CH3],
1.32 [s, 3 H, CCH3(CH3)], 1.45 [d, 3 H, CH(CH3)], 2.36 (bs, 1 H, O-H), 4.81 [q, 1
H, CH(CH3)], 6.71 [d, ] = 8 Hz, 1 H, H(7)], 7.08 [dd, J = 8 Hz, ] = 1.9 Hz, 1 H,
H(6)], 7.13 [d, ] = 1.9 Hz, 1 H, H(4)]; 13C NMR (DCCI3) ppm 25.1 [CH(CH3)], 27.5
[C(CH3)2], 41.9 [C(CH3)2], 84.7 [OCHz]; Ar-C [109.3, 119.5, 125.4, 136.8, 138.3,
158.6].

1-(2,3-Dihydro-3,3-dimethyl-5-benzofuranyl)-
ethanone (81)

A freshly prepared solution of the Grignard reagent from aryl bromide 80 [5.20 g
(22.9 mmol) of aryl bromide 80 and 1.7 g (70 mmol) of Mg turnings, in dry THF (30
mL); prepared as described previously in the preparation of alcohol 82 (Method I)] was
transferred (under N7) from the round-bottomed flask in which the Grignard reagent was
formed to an addition funnel [a bent (ca. 90°) U-tube was made to connect the top of the
addition funnel with the flask used to form the Grignard reagent] attached to a 100-mL,
two-necked, round-bottomed flask equipped with a rubber septum, magnetic stir bar, and
a N7 inlet [as soon as the transfer of Grignard reagent was complete, the U-tube at the top
of the addition funnel was replaced with a Ny inlet (positive pressure from an oil

bubbler)]. During the transfer of the Grignard reagent, care was taken to insure that a
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rapid N stream passed through the system whenever the N seal was broken (e.g., when
the U-tube was replaced by a Nj inlet after Grignard reagent transfer). The 100-mL flask
was charged with dry THF (20 mL), cooled in a dry ice-CH3CN bath (-40° to -45°C), and
charged (syringe) with CH3C(O)Cl (16 mL, 17 g, 0.22 mol). After stirring the
CH3C(O)CVYTHEF solution at -40° to -45°C for 5 min, the Grignard reagent was added
dropwise and slowly (0.80 h) to thé CH3C(O)CI/THF solution (continued cooling in the
dry ice-CH3CN bath, -39° to -43°C). After the addition was complete, the temperature of
the bath was allowed to rise slowly (20 min) to ca. -23°C (dry ice added to the bath when
necessary fo slow the warming process), at which time the dry ice-CH3CN bath was
replaced with a dry ice-CCly bath (ca. -20° to -25°C). The reaction mixture was kept at
-20° to -25°C for 2 h and then allowed to rise to 0°C (ca. 40 min). After the bath was
removed, the mixture was stirred at ambient temperature (ca. 30 min), quenched carefully
with water (40 mL) and extracted with ether (5 x 50 mL, then 30 mL). The combined
ether extracts were washed with alkali (4 x 50 mL; 1 N NaOH) and then with saturated
brine (2 x 30 mL) and finally dried (MgSOy4, overnight). The organic solution was filtered
and evaporated on an;oil, which was vacuum distilled to remove a lower boiling liquid (bp
36-38°C/0.12 mm). The residue (dissolved in a minimal amount of hexanes, 3 mL) was
divided in 3 portions each of which was eluted on a silica gel plate (4 mm, Chromatotron)
with hexanes:ether [9:1 (130-150 mL), 3:1 (140-160 mL)]. The principal band of each of
the 3 separations was collected and evaporated to an oil which crystallized upon cooling
(dry ice). The combined solids (2.6 g) were dissolved in hexanes (20 mL). Careful
crystallization of ketone 81 was accomplished using the method described for the
crystallization of methyl ketone 88a. After washing the resulting crystals with chilled
(-78°C) hexanes (10 mL), the crystals were dried (P2Os, < 0.5 mm, RT) to yield ketone
81 as a light tan crystalline solid (2.25 g, 51.6%), mp 36.8-37.9°C. Higher melting
crystals (1.61 g, 37%, mp 39.0-39.9°C) were obtained by recrystallization in hexanes at
-10° to -15°C (ice/water/salt bath) with seeding. Another 0.53 g (12%) of higher melting
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crystals (mp 38.5°-40°C) were obtained by concentrating (rotovap) the combined mother
liquors of the two prior crystallizations, followed by repeated chromatographic separations
(Chromatotron) on silica gel [2 mm, 9:1 hexanes:ether in one separation, 4:1 hexanes:ether
in a later separation] and by repeated crystallizations in cold hexanes (0° to -20°C); total
yield of ketone 81 was 2.14 g (49.1%); mp 39.2-39.7°C; IR (KBr) 1679 cm-! (C=0); 1H
NMR (DCCl3) 1.36 [s, 6 H, C(CH)3)2], 2.55 [s, 3 H, C(O)CH3], 4.33 [s, 2 H, OCH3],
6.81 [d, 1 H, Ar-H], 7.77-7.86 [m, 2 H, Ar-H]; 13C NMR (DCCl3) ppm 26.4
[C(O)CH3], 27.6 [C(CH3)2], 41.4 [C(CH3)2], 85.4 [OCH3], 109.2 [C(7)], 163.6
[C(7a)]; other Ar-C [122.9, 130.5, 131.0, 137.4], 196.6 [C=0]. Anal. Calcd for
Ci12H1409: C, 75.76; H, 7.42. Found: C, 75.72; H, 7.23. Mass spectral data for
Ci12H1402: m/e (M+) 190.0994; Found: 190.0998.

1-(2,3-Dihydro-3,3-dimethyl-5-benzofuranyl)ethanol
(82). Method II

A solution of methyl ketone 81 (2.50 g, 13.1 mmol) in dry ether (15 mL) was added
dropwise (ca. 25 min) to a stirred suspension of LiAlH4 (0.82 g, 21.6 mmol) in dry ether
(50 mL) in a 350-mL, three-neckéd, round-bottomed flask equipped with an addition
funnel, a glass stopper, condenser, magnetic stirring bar and N> inlet in the top of the
condenser (positive pressure from an oil bubbler). The resulting mixture was stirred at
very gentle reflux for 18 h. The mixture was diluted with ether (40 mL) and then
quenched with the careful addition of EtOAc (15 mL). After cooling in an ice-water bath
(0°C), the mixture was diluted further with ether (50 mL) and acidified (pH ~ 4) with 5%
HCI (60 mL). Two layers separated and the aqueous layer was extracted (ether, 4 x 30
mL). The combined organic layers were washed [5% NaHCO3 (2 x 35 mL), saturated
brine (2 x 35 mL)], dried (Na3SO4, 36 h) and’evaporated [rotovap followed by high
vacuum (£ 0.5 mm, RT, ca. 5 min)]. This gave alcohol 82 as a pale yellow oil (2.44 g,
97%): Rg = 0.24 (silica gel, 9:1 hexanes:ether), R = 0.83 (trace impurity) (9:1
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hexanes:ether). Exactly 1.29 g (51%) of the alcohol was obtained in crystalline form
using the following procedure: A solution of the oil (2.44 g) in 6:1 hexanes:ether (20 mL)
in a stoppered flask was placed in a dry ice-acetone bath. As the temperature of the bath
rose without perturbation (slow release of CO; from the dry ice), crystals began to form.
The bath was maintained at -20° to -30°C (small amounts of dry ice added to the acetone)
for 2 h to complete crystallization. The supernatant fluid was decanted, the crystals were
washed (chilled hexanes, 2 x 20 mL), and the residual solvent was removed (high
vacuum, < 0.5 mm). This gave crystals that melted low, 30.3-31.7°C. Another 0.53 g
(21%) of crystalline alcohol 82, suitable for quantitative analysis (mp 38.2-39.2°C), was
obtained by evaporation of the mother liquors of the previous crystallization, followed by
purification on silica gel (2 mm, Chromatotron) using petroleum ether (bp 50-110°C):ether
[9:1 (100 mL), 2:1 (120 mL), 1:1 (80 mL), and 1:2 (75 mL)]. The fractions containing
pure alcohol 82 were combined and evaporated to an oil which did not crystallize
effectively in 3:1 hexanes:ether at -65°C. Crystallization was successful when the oil was
dissolved in 9:1 hexanes:ether and slowly cooled to ca. -40°C over a period of 100 min.
These crystals were washed with hexanes (10 mL, not chilled) and traces of hexanes were
removed (high vacuum, ca. £ 0.5 mm, RT) to give sharp melting crystals, mp 38.2-
39.2°C (Fisher-Johns). The IR (KBr) of the crystals had unique differences from that of
the oil 82 obtained by Method I. However, if the IR beam was allowed to melt the sample
in the KBr pellet, the resulting IR Spectra was essentially identical to that of the oil 82
prepared by Method I (see Method I for NMR data). Anal. Calcd for C12H1602: C,
74.97; H, 8.39. Found: C, 74.84; H. 8.26. Mass spéctral data for C1oH1602: m/e (M%)
192.1150; Found: 192.1151. Crystals melting as low as 31°C appeared to be pure
(TLC, 5:1 hexanes:EtOAc) and were used without further purification.
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[1-(2,3-Dihydro-3,3-dimethyl-5-benzofuranyl)-

ethyl]jtriphenylphosphonium Bromide (83)

A solution of alcohol 82 (1.00 g, 5.20 mmol) in CH3OH (5 mL) was added
dropwise (3 min) to a stirred mixture of Ph3P<HBr (1.75 g, 5.10 mmol) and CH30H (5
mL) in a 25-mL, single-necked, round-bottomed flask equipped with a magnetic stirring
bar, addition funnel and a N5 inlet in the top of the addition funnel (positive pressure from
an oil bubbler). A rinse (2 mL of CH30OH) of the funnel was added to the mixture, which
became a solution within 2 min of stirring. After stirring for 18 h (RT), the solution was
concentrated to a white foam, which solidified during evaporation [rotovap, warm water
bath (55-65°C)]. The solid was changed to a powder by stirring (magnetically) in dry
ether (20 mL) under Ny (2 h). The powder was filtered, washed (ether, 3 x 10 mL) and
dried (P20s, £ 0.5 mm, 100°C, 1 h). The resulting white powder was recrystallized in
the following manner: ethyl acetate (40 mL) was added to a solution of the powder in
H>CClp (10 mL) in a beaker. The new solution (initially cloudy but clear after stirring)
was heated gently over a hot plate (2 min) with stirring (glass rod). When crystals began
to appear, the beaker was placed in an ether bath (overnight) in a closed screw-top jar at
RT and then in a freezer (ca. -8°C, 2 h). Crystals formed and were filtered (after jar had
warmed to RT), washed (ether, 20 mL), and dried (P205, < 0.5 mm, 100°C, 1 H) to give
salt 83 as white crystals (2.24 g, 81%): mp 212.4-213.0°C; IR (KBr) 1367, 1389 cm-!
(gem-dimethyl C-H bend); 'H NMR (DCCl3) & 1.13 [s, 3 H, C(CH3)CH3], 1.16 [s, 3 H,
C(CH3)CH3l, 1.77 [dd, Jgg = 7.2 Hz, Jgp = 19.0 Hz, CH3CHP], 4.19 [s, 2 H,
OCH3], 6.34 [dq merged into a hextet, Jgyg = 7.2 Hz, Jgp = 13.7 Hz, 1 H, CH3CHP],
6.57 [d, J = 8.3 Hz, 1 H, H(7)], 6.74 [dd merged into a t, Jyg =2 Hz, Jyp=2 Hz, 1 H,
H(4)], 6.94 [ddd merged into a dt, 3Jyy = 8.3 Hz, 4Jgyy = 2 Hz, Jyp = 2 Hz, 1 H, H(6)],
7.62-7.85 [m, 15 H, P(CgHs)3]; 13C NMR (DCCl3) ppm 27.3 [C(CH3)CH3], 27.6
[C(CH3)CH3], 35.1 [d, 1Jcp = 40.8 H, CH3CHP], 41.7 [C(CH3)3], 84.8 [OCH3],
109.8 [C(7)], 117.7 [d, Ucp = 82.1 Hz, orthogonal-C's of P(C¢Hs)3], 124.6 [d, 3Jcp =
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5.7 Hz, C(4)], 130.2 [d, 3Icp = 12.0 Hz, meta-C's of P(CgHs)3], 130.4 [d, 3Jcp = 6.0
Hz, C(6)], 134.6 [d, 2Jcp = 8.9 Hz, ortho-C's of P(CeHs)3], 134.8 [d, 4Icp = 3.0 Hz,
para-C's of P(CgHs)3], 137.2 [C(3a) or C(5)], 137.3 '[C(3a) or C(5)]. Anal. Calcd for
C3o9H39BrOP: P, 5.99. Found: P, 6.39.

Methyl (E)-4-[2-(2,3-Dihydro-3,3-dimethyl-5-

benzofuranyl)-1-propenyllbenzoate (58)

A solution of n-butyllithium (1.6 M, 3.0 mL, 4.8 mmol) in hexane was added
(syringe, ca. 2 min) to a mixture of salt 83 (2.50 g, 4.83 mmol) in dry THF (15 mL) in a
100-mL, three-necked, round-bottomed flask equipped with an addition funnel, rubber
septum, condenser and a N> inlet at the top of the condenser (positive pressure from an oil
bubbler) [all glassware were dried in an oven (100°C, 0.5 h) and assembled hot]. After
stirring at RT for 15 min, the black-red Wittig reagent was cooled (dry ice-acetone bath,
-78°C, 5 min), followed by the addition (continued cooling at -78°C) of a solution of
methyl 4-formylbenzoate (0.80 g, 4.9 mmol) in dry THF (10 mL) over a period of about 2
min. The cold bath (-78°C) was removed and the mixture was stirred (RT) for 12 h. Dry
ether (40 mL) was added which caused greater amounts of a white precipitate (presumably
Ph3P=0) to form. After filtering the mixture, the precipitate (now on the filter paper) was
washed (20 mL of dry ether); the wash was collected as a filtrate. The combined filtrates
were concentrated (rotovap) to about 5 mL, and this concentrate was applied to a column
(2 x 20 cm) of silica gel (20 g) packed in hexanes. Elution was effected using
hexanes:EtOAc (9:1, 200 mL). A large fraction [ca. 80 mL, principal component R¢ 0.80
(9:1 hexanes:EtOAc)] was collected and evaporated to a thick oil which crystallized upon
standing (crystallization was initiated by cooling flask over dry ice). Two
recrystallizations (boiling 95% ethanol) followed by drying (P2Os, < 0.5 mm, 77°C, 30
min) gave 58 as white flakes (0.51 g, 33%). Another 61 mg (3.9%) of 58 was obtained

by concentrating the mother liquors from the first recrystallization, adjusting the volume to
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about 8 mL by adding 95% ethanol, boiling the resulting solution, and allowing time for
crystallization. After filtrating and washing the crystals (5 mL of chilled 95% ethanol), the
crystals were recrystallized two more times (95% ethanol); the total yield of 58 was 0.57 g
(36%): mp 96.8-97.8°C; IR (KBr) 1717 cml (C=0); 1H NMR (DCCl3) § 1.38 [s, 6 H,
H(8,9)], 2.29 [d, J = 1.2 Hz, 3 H, H(11)], 3.93 [s, 3 H, H(20)], 4.28 [s, 2 H, H(2)],
6.77 [br s, 1 H, H(12)], 6.80 [d, J = 8.3 Hz, 1 H, H(7)], 7.28 [d, J = 2 Hz, 1 H, H(4)],
7.31 [dd, J = 8.3 Hz, J =2 Hz, 1 H, H(6)], 7.41 [d, 2 H, H(14,18)], 8.03 [d, 2 H,
H(15,17)]; 13C NMR (DCCl3) ppm 17.9 [q, C(11)], 27.6 [q, C(8,9)], 41.9 [s, C(3)],
52.0 [g, C(20)], 109.3 [d, C(7)], 120.0 [d, C(4)], 125.1 [d, C(12)], 126.1 [d, C(6)],
129.0 [d, C(14,18)], 129.5 [d, C(15,17)], 159.0 [s, C(7a)], 1‘67.0 [s, C(19)]; other non-
protonated carbons [127.6, 136.4, 136.8, 139.6, 143.4]. Anal. Calcd for C21H2703: C,
78.23; H, 6.88. Found: C, 77.88; H, 6.98. Mass spectral data for C21H203: m/e (M¥)
322.1569; Found: 322.1572.

Slow evaporation of the mother liquors from the recrystallization mixture over a
period of 4.5 full days [which was reduced to 8 mL (see above)] gave a mixture of flakes
and needles. The needles were isolated manually, recrystallized (minimum amount of
boiling, 95% ethanol), rinsed with chilled 95% ethanol, and dried (P20s, < 0.5 mm, RT,
30 min) to give the Z-isomer (59) as white needles (12 mg, 0.8%): mp 100.0-101.0°C;
IR (KBr) 1718 cml (C=0); IH NMR (DCCl3) & 1.22 [s, 6 H, H(8,9)],2.22'[d, ] = 1.4
Hz, 3 H, H(11)], 3.87 [s, 3 H, H(20)], 4.24 [s, 2 H, H(2)], 6.43 [br s, 1 H, H(12)],
6.71 [d, J = 8.1 Hz, 1 H, H(7)], 6.84 [d, J = 2 Hz, 1 H, H(4)], 6.96 [dd, ] = 8.1 Hz, J
= 2 Hz, 1 H, H(6)], 7.01 [d, J = 8 Hz, 2 H, H(14,18)], 7.78 [d, J = 8 Hz, 2 H,
H(15,17)]; 13C NMR (DCCl3) ppm 27.1 [C(11)], 27.5 [C(8,9)], 41.8 [C(3)], 51.9
[C20)], 84.7 [C(2)], 109.6 [C(7)j, 128.8 and 129.1 [C(14,18) and C(15,17)], 158.6
[C(7a)], 167.0 [C(19)]; other non-protonated carbons [122.6, 125.1, 127.3, 127.7,
133.6, 136.8, 141.6, 142.9]. Anal. Calcd for Co1H2203: C, 78.23; H, 6.88. Found:
C, 78.28, H, 6.84.
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4-[2-(2,3-Dihydro-3,3-dimethyl-5-benzofuranyl)-

1-propenyl]lbenzoic Acid (62)

A mixture of ester 58 (0.200 g, 0.62 mmol), NaOH (one pellet, 0.1 g, 2.5 mmol),
95% ethanol (2 mL) and H>O (5 mL) was heated to a boil (ca. 10 min) in a 25-mL, single-
necked, round-bottomed flask equipped with a Y-adapter to which was attached a N> inlet,
condenser and a Ny outlet (CaSO4 tube at top of condenser). Another 1 mL of 95%
ethanol was added and the mixture became a solution after another 10 min of boiling. The
resulting solution was maintained at reflux for 4.5 h during which time the sodium salt
precipitated. After adding 95% ethanol (2 mL) and water (1 mL) and heating the contents
to achieve solution, the mixture was quenched with 6 N HCI (0.6 mL) until precipitation
of the carboxylic acid ceased (pH ~ 3). The mixture was filtered (suction) and the solid
was washed (chilled absolute ethanol, 3 mL) and recrystallized in absolute ethanol (2 mL).
The crystals were washed [absolute ethanol (3 mL), then chilled hexanes (15 mL)], dried
[P205, < 0.5 mm, RT (18 h), 56°C (1 h)] to yield carboxylic acid 62 as nearly colorless
and flattened needles (139 mg, 72.7%): mp 190.7-191.8°C; IR (KBr) 1678 cm-! (broad
C=0 frequency); 'H NMR (DCCl3) 5 1.39 [s, 6 H, H(8,9)], 2.31 [d, J = 1 Hz, 3 H,
H(11)], 4.28 [s, 2 H, H(2)], 6.79 and 6.81 [overlapping s and d (J = 8.2 Hz), 2 H,
H(11) and H(7), respectively], 7.29 [d, J =2 Hz, 1 H], 7.32 [dd, J = 8.2 Hz,J =2 Hz, 1
H, H(6)], 7.46 [d, J = 8.3 Hz, 2 H, H(14,18)], 8.12 [d, J = 8.3 Hz, 2 H, H(15,17)];
13C NMR (DCCl3) ppm 18.0 [C(11)], 27.6 [C(8,9)], 41.9 [C(3)], 84.9 [C(2)], 109.4
[C(N)], 120.0 [C(4)], 125.1 [C(12)], 126.1 [C(6)], 129.1 [C(14,18)], 130.1 [C(15,17)],
159.1 [C(7a)], 171.7 [C(19)], other non-protonated carbons [126.7, 136.4, 136.8,

140.0, 144.3]. Anal. Calcd for CogHp9O3: C, 77.90; H, 6.54. Found: C, 78.03; H,
6.47.



101

Methyl 2-(Phenylthio)acetate (85)

A solution of (phenylthio)acetic acid (84, 40.0 g, 0.238 mol), dry CH30H (600
mL), and HypSO4 (2.0 mL, 3.7 g, 38 mmol) in a two-necked, round-bottomed flask [1000
mL, equipped with a Soxhlet extractor containing molecular sieve 3A (125 g) to which
was attached a water condenser and an N inlet in the top of the condenser] was stirred
(magnetic stir bar) at reflux for 74 h. Upon cooling at room temperature for 20 min, the
mixture was neutralized (pH 7) with a solution of NapyCO3 (4.00 g, 37.7 mmol) in HoO
(16 mL). After concentrating the mixture (rotary evaporation) to approximately 50 mL,
water (200 mL) and CH2Cly (200 mL) were added and two layers separated. The
aqueous layer was then extracted with CH;,Cl3 (4 x 140 mL) and the combined organic
layers were washed with 5% aqueous NaHCO3 (2 x 100 mL), water (100 mL) and
saturated brine (100 mL). The organic solution was dried (MgSQOy4, overnight), filtered
and evaporated. Distillation gave 85 as a colorless oil (40.0 g, 92%), the major fraction
boiling at 85.9-86.7°C/0.23 mm (lit!13 93-95°C/0.6 mm); IR (neat) 1742 cm-! (C=0); 1H
NMR (DCCl3) 8 3.62 [2, 2 H, SCH3], 3.66 [s, 3 H, OCH3], 7.38 [d, 2 H, Ar-H], 7.15-
7.30 [m, 3 H, Ar-H]; 13C NMR (DCCl3) ppm 36.3 [t, SCH3], 52.4 [ ¢, OCH3], 126.8
[d, Ar-C], 129.0 [d, Ar-C], 129.7 [d, Ar-C], 135.0 [Ar-C], 170.0 [s, CO,CH3].

2-Methyl-1-phenylthio-2-propanol (86)

To a cooled (0°C), freshly prepared solution of methylmagnesium iodide [25.0 g
(0.176 mol) of CH3I and 4.0 g (0.165 mol) of magnesium, in 100 mL of dry ether] was
added a solution of ester 85 (10.0 g, 54.9 mmol) in dry ether (15 mL followed by a 5 mL
rinse of the addition funnel). The system consisted of a 300-mL three-necked, round-
bottomed flask equipped with a mechanical stirrer, addition funnel, dry ice condenser, and
a N inlet in the top of the condenser. The resulting mixture was stirred at 0-25°C for 1 h

and at reflux for 18 h. The mixture was then diluted (75 mL of ether), cooled (0°C), and
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quenched (pH ~7) with water (20 mL) , 20% NH4Cl (40 mL), and finally with 10%
H,SO4 (77 mL). The layers were separated and the aqueous phase was extracted with
ether (5 x 50 mL). The combined organic layers were washed with 5% NaHCO3 (100
mL) and then dried briefly (NaSO4, ca. 10 min). Evaporation of the solvent gave an oil
containing variable amounts (< 10%) of 1-phenylthio-2-propanone. It was necessary to
remove this impurity which otherwise created a difficulty in the ensuing cyclization and
acylation reactions. To remove this impurity, a solution of I (2.5 g) and Nal (5.0 g) in
water (20 mL) was added dropwise to a stirred solution of about one half of the oil (4.8 g)
in 40 mL of 6% KOH in CH30H. The resulting mixture was stirred for 10 min (5 min of
gentle warming and 5 min at RT). This procedure was repeated for the other half of the
oil. The resulting mixtures were each filtered and extracted (Et;O, 100 mL and 50 mL.),
and, the extracts were dried (NapSQOy4, overnight), and evaporated to an oil (no C=0
frequency in the IR spectrum). Further purification by vacuum distillation of the
combined oils (the major fraction boiled at 80°-85°C/0.12 mm, 1it20 bp 136-137°C/12 mm)
and chromatography over silica gel [3 x 34 cm column, 3:1 hexanes ether (800 mL)] gave
alcohol 86 as a yellow oil [5.6 g, 56%, pure by TLC (9:1 hexanes:ether)]; n26-8=1.5582
(1it20 n23=1.5609); IR (neat) 3150-3650 cm-1 (O-H); IH NMR (DCCl3) § 1.29 [s, 6 H,
C(CH3)2], 2.31 [br s, 1 H, O-H], 3.11 [s, 2 H, CH>], 7.22-7.32 [m 2 H, Ar-H], 7.13-
7.21 [m, 1 H Ar-H], 7.41 [d, 2 H, Ar-H]; 13C NMR (DCCl3) & ppm 28.6 [C(CH3)5],
48.2 [CH3], 70.6 [C(CH3)2]; Ar-C [125.9, 128.7, 129.2, 136.8].

2,3-Dihydro-3,3-dimethylbenzb[b]thiophene 87)

A solution of alcohol 86 (9.60 g, 52.7 mmol) in freshly distilled CS, (55 mL) was
added dropwise (ca. 35 min) to a stirred suspension of AlCl3 (25.0 g, 0.187 mol) in CS;
(50 mL) in a 200-mL, three-necked, round-bottomed flask equipped with an addition
funnel, dry ice condenser, magnetic stir bar, and an N7 inlet in the top of the condenser

(positive pressure from an oil bubbler). The resulting orange-red mixture was stirred at
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reflux for 3 h. After cooling in an ice water bath (0°C) for 10 min, the mixture was very
cautiously quenched with 5% HCI (90 mL) and diluted with CH>Cly (40 mL). The layers
were separated and the aqueous layer was extracted with CHClp (2 x 75 mL). The
combined organic layers were washed with saturated aqueous NaHCO3 (2 x 75 mL),
water (75 mL) and saturated brine (75 mL). The organic solution was dried (MgSQO4,
overnight), filtered, and evaporated to an oil. Vacuum distillation (the major fraction
boiled at 56.3-58.2°C/0.37 mm) gave a pale yellow oil (6.97 g, 80.5%) which was
essentially pure (silica gel TLC, Rg= 0.89 in hexanes). The pure colorless oil (6.30 g,
72.8%) was obtained by chromatography on silica gel [3 x 35 cm column, hexanes (800
mL)]; n25-6=1.5757; IR (neat) 1364, 1384 cm-! (gem-dimethyl C-H bend); 1H NMR
(DCCl3) 5 1.35 [s 6 H, C(CH3)3], 3.16 [s, 2 H, SCH3], 7.02-7.22 [m, 4 H, Ar-H]; 13C
NMR (DCCl3) ppm 27.2 [C(CH3)2], 46.90 [SCH3], 46.90 [C(CH3)2]; Ar-C [122.0,
122.3, 124.1, 127.0, 140.1, 147.5]. This sulfur heterocycle, although previously
isolated from petroleum, was never adequately characterized by conventional methods
(i.e., IR, UV, NMR). The derivative of the heterocycle obtained by treatment with HI and
trinitrobenzene was, however, characterized by IR and mass spectrometry.105 In our
work, heterocycle 87 gave satisfactory elemental analysis. Anal. Caled for C1gH12S: C,
73.12; H, 7.36. Found: C, 73.04; H, 7.36.

1-(2,3-Dihydro-3,3-dimethylbenzo[b]thien-5-yl)-
ethanone (88a)

A solution of thioether 87 (8.00 g, 48.7 mmol) and freshly distilled CH3C(O)Cl
(4.40 g, 56.1 mmol) in CSy (65 mL) was added dropwise (ca. 40 min) to a stirred
suspension of AlCl3 (9.8 g, 73 mmol) in CS5 (70 mL) in a 500-mL., three-necked, round-
bottomed flask equipped with a magnetic stir bar, glass stopper, addition funnel, dry ice
condenser, and a N3 inlet in the top of the condenser (positive pressure from an oil

bubbler). The resulting mixture was stirred vigorously (stir bar) at room temperature for 2
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h. The reaction mixture was then cooled (0°C) and cautiously quenched by the dropwise
addition of water (170 mL, the first 20 mL being added very slowly). Two layers were
separated and the aqueous layer was extracted with ether (4 x 75 mL). The combined
organic layers were washed with 5% NaHCO3 (2 x 100 mL) and saturated brine (100 mL)
and then dried (Na3SOg4, overnight). Filtration and evaporation (rotovap) of solvent gave
an oil which was subjected to chromatography using silica gel (3 x 52 cm) packed in
hexanes. Elution was effected with hexanes:ether [4:1 (700 mL), 2:1 (150 mL), 1:1 (150
mL) and 1:2 (150 mL)]. Evaporation of the fractions of the major band (mostly from the
4:1 ratio) gave a yellow oil. A round-bottomed flask (200 mL) containing a solution of the
oil in hexanes (110 mL) was flushed with N7 and stoppered (glass stopper). The system
was immersed in a dry ice-acetone bath (-78°C) which caused the ketone to precipitate as a
pale yellow solid. The flask was removed from the bath and swirled at RT until most of
the solid had dissolved except a small amount of solid (partly crystalline, partly
amorphous). In order to decrease the amount of amorphous solid and to increase the
amount of crystalline solid, the system was reimmersed (dry ice-acetone bath) and
rewarmed (RT) several times until the small amount of solid (seeds for the ensuing
completion of the crystallization) wﬁs essentially all crystalline and only slightly colored.
To complete the crystallization, the flask was immersed intermittently (ca. 0.5 min
between immersions) and briefly (ca. 5-10 sec per immersion) in the dry ice-acetone bath
(now ca. -60°C) until essentially all the ketone had crystallized. The mother liquors were
immediately decanted (quickly), and the crystals were immediately subjected to high
vacuum (0.3 mm, ca. 15 min), the flask being kept in an ice-water bath to prevent the
crystals from melting (using mildly chilled glass plates on a chilled Fisher-Johns platform,
the mp of some sample crystals was determined to be 20.1-21.4°C). At RT, the off-white
crystals melted to give 88a as a pale yellow oil (8.28 g, 82.4%). Concentration of the
mother liquors, followed by crystallization in hexanes, afforded another 0.65 g (6.5%) of

title product to yield a total weight of 8.93 g (88.9%) for 88a. Properties of ketone 88a
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were: n26=1.6048; IR (neat) 1683 cm-! (C=0); IH NMR (DCCl3) & 1.39 [s, C(CH3)7],
2.57 [s, 3 H, CH3], 3.24 [s, 2 H, SCH»], 7.25 [d, 1 H, Ar-H], 7.67 [d, 1 H, Ar-H],
7.73 [dd, 1 H, Ar-H]; 13C NMR (DCCl3) ppm 26.4 [CH3], 27.6 [C(CH3)3], 47.3
[C(CH3)2], 47.7 [SCH3]; Ar-C [122.7, 1229, 129.2, 134.9, 149.0, 149.5], 198.3
[C=0]. Anal. Calcd for C12H14OS: C, 69.86; H, 6.84. Found: C, 69.55; H, 6.89.

From some late fractions in the above chromatographic separation (during elution
with 1:2 hexanes:EtOAc), a diacetylated benzothiophene (88b) was obtained in a yield of
1% (119 mg) after recrystallization from hexanes:EtOAc (9:1); mp 108.4-109.6°C; IR
(KBr) 1681, 1667 cm1 (C=0); !H NMR (DCCl3) 5 1.40 [s, 6 H, C(CH3);], 2.64 [s, 3
H, CH3], 2.68 [s 3 H, CH3], 3.18 [s, 2 H, SCHQ], 7.75 [d, J = 1.6 Hz, 1 H, Ar-H]
8.34 [d,J = 1.6 Hz, 1 H, Ar-H]; 13C NMR (DCCl3) ppm 26.5 [CH3], 26.8 [CH3], 27.9
[CH3], 45.6 [C(CH3)3], 47.3 [SCH2], Ar-C [125.1, 129.8, 130.6, 133.9, 151.2,
151.4], 196.4 [C=0], 197.0 [C=0]. Anal. Calcd for C14H1602S: C, 67.71; H, 6.49.
Found: C, 67.65; H, 6.75.

1-(2,3-dihydro-3,3-dimethylbenzo[b]thien-5-yl)-
ethanol (89)

A solution of methyl ketone 88 (1.00 g, 4.85 mmol) in dry ether (7 mL) was added
dropwise [ca. 20 min] under N3 to a stirred suspension of LiAlH4 (0.30 g, 7.9 mmol) in
dry ether (18 mL) in a 50-mL, three-necked, round-bottomed flask equipped with an
addition funnel, glass stopper, magnetic stirring bar, two stacked condensers, and N> inlet
in the top of the condensers (positive pressure from an oil bubbler). The resulting mixture
was stirred at reflux for 24 h and then carefully treated with EtOAc (5 mL), diluted with
ether (5 mL), and finally quenched with 5% HCI (15 mL). The mixture was transferred to
a separatory funnel containing water (10 mL). The reaction flask was rinsed with 5% HCl
(7 mL) and ether (2 x 10 mL) and the rinses were transferred to the funnel. The layers

were separated and the aqueous layer was extracted with ether (3 x 40 mL). The
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combined organic layers were washed [5% NaHCO3, (2 x 30 mL), followed by saturated
brine (2 x 30 mL], dried (NapSQOy), filtered, and evaporated to an oil (1.02 g, 100%)
which crystallized via scratching with a glass rod under a stream of N3 over a dry ice bath.
Recrystallization in hot hexane (5 mL) using a few tiny seeds gave [after filtration
(suction), washing of crystals (2 x 1 mL of cold hexanes), and high vacuum (10 min)]
alcohol 89 as a white crystalline solid (0.92 g, 91%); mp 60.5-61.5°C (Fisher-Johns); IR
(KBr) 3050-3650 cm-1 (O-H); IH NMR (DCCl3) 5 1.373 [s, 3 H, CH3], 1.379 [s, 3 H,
CH3), 1.47 [d, 3 H, CHCH3], 3.17 [s, 2 H, SCH>], 4.86 [ q, 1 H, CHCH3], 7.07-7.16
[m, 3 H, Ar-H]; 13C NMR (DCCl3) ppm 25.2 [CHCH3], 27.5 [C(CH3)2], 47.5
[C(CH3)2], 47.6 [SCH2], 70.6 [CH(OH)CH3]; Ar-C [120.6, 122.9, 125.5, 140.3,
143.4, 149.1]; Anal. Calcd. for C1oH160S: C, 69.19; H, 7.74; S, 15.39. Found: C,
69.10; H, 7.80; S, 15.68.

1-(2,3-Dihydro-3,3-dimethylbenzo[b]thien-5-yl)-

ethyl]triphenylphosphonium Bromide (90)

A mixture of alcohol 89 (0.800 g, 3.84 mmol) and Ph3P+HBr (1.30 g, 3.79 mmol)
in dry CH30H (30 mL) was stirred at room temperature for 36 h in a 50-mL, single-
necked, round-bottomed flask equipped with a magnetic stir bar, condenser, and N> inlet
in the top of the condenser (positive pressure from an oil bubbler). The mixture was
concentrated to an oil which was dissolved in CH2Cly (150 mL). The organic solution
was dried briefly (MgSOg4, ca. 30 min), filtered, and evaporated to a foam which solidified
during the evaporation. A mixture of the foam in dry ether (50 mL) was partially
pulverized with a spatula and then with stirring (magnetic stir bar) under N7 for 8 h.
Filtration and removal of traces of solvent (high vacuum, 0.07-0.025 mm, 15 h) at RT
gave salt 90 as a white powder (1.44 g, 70.3%): mp 194.3-197.3°C; IR (KBr) 1468
cm-! (C=C); lH NMR (DCC1-3) d 1.12 [s, 3 H, C(CH3)CH3], 1.19 [s, 3 H,
C(CH3)CH3], 1.80 [dd, 3 H, CHCH3], 3.09 [d, J = 11 Hz, 1 H, SC(H)H], 3.13 [d, J =



107

11 Hz, 1 H, SCH(H)], 6.59 [m, 1 H, CHCH3], 6.85-7.01 [m, 3 H, Ar-H], 7.61-7.88
[m, 15 H, P(CgH5)3]; 13C NMR (DCCl3) ppm 17.1 [CHCH3], 27.1 and 27.3 [C(8) and
C(©9), 35.5 [d, Jcp = 42.4 Hz, CH3CHP], 47.1 and 47.2 [C(2) and C(3)], 117.5 [d, Jcp
= 82.5 Hz, orthogonal-C's of P(CgHs)3], 122.4 [d, Jcp = 2.2 Hz, Ar-C], 124.8 [d, Jcp
= 5.4 Hz, Ar-C], 129.1 [d, Jcp = 5.8 Hz, Ar-C], 129.5 [d, Jcp = 6.5 Hz, Ar-C], 130.2
[d, Jcp = 12.2 Hz, meta-C's of P(C¢Hs)3], 134.6 [d, Jcp = 9.4 Hz, ortho-C's of
P(CgHs)3l, 134.9 [d, Jcp = 2.7 Hz, para-C's of P(CgHs)3], 141.7 [d, Jcp = 3.4 Hz, Ar-
C], 148.6 [C(3a)]. The salt was used without further purification.

Methyl (E)-4-[2-(2,3-Dihydro-3,3-dimethylbenzo-
[b]1thien-5-yl)-1-propenyl]lbenzoate (60)

To a stirred mixture of salt 90 (5.00 g, 9.37 mmol) in THF (100 mL) in a 200-mL,
three-necked, round-bottomed flask equipped with an addition funnel, rubber septum,
condenser, magnetic stir bar, and N inlet in the top of the condenser (positive pressure
from an oil bubbler) was added (syringe, ca. 2 min) under N> a solution of z-butyllithium
(6.2mL, 1.6 M, 9.9 rnmoi) in hexane. The resulting black-brown mixture was stirred at
room temperature for 1.5 h. After cooling the Wittig reagent in a dry ice-acetone bath
(-78°C) for 10 min, a solution of methyl 4-formylbenzoate (1.55 g, 9.44 mmol) in dry
THF (50 mL) was added to the Wittig reagent over a period of 10 min, after which time
the color of the mixture had turned to a creamy yellow. The cold bath (-78°C) was
removed and the mixture was allowed to stir at ambient temperature for 25 h. To the
mixture was added dry ether (150 mL) dropwise. The creamy white precipitate was
removed by filtration (the filtrate was set aside) and dissolved in an aqueous acetone
solution (5:3 HyO:acetone, 80 mL). The resulting solution was extracted with hexanes (3
x 50 mL). Evaporation of the combined filtrate and hexanes extracts gave a total weight of
5.19 g of a crude solid which was divided in four portions. Each portion was subjected to

centrifugal thin layer chromatography (Chromatotron) using a silica gel plate (4 mm).
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Elution of the first portion was effected with hexanes:ether [9:1 (200 mL), 4:1 (50 mL)
and 150 mL of ether to strip the plate]. Immediate use of the same plate to separate the
components of the other three portions required slightly increased amounts of hexanes
[ratio of hexanes:ether was 14:1] due to increased amounts of residual ether in the silica
gel plate. Evaporation of the fractions from the principal band gave 3 g of solid.
Recrystallization from boiling 95% ethanol (50 mL) gave the heteroarotinoid ester 60 as
white crystalline flakes (1.87 g, 59.0%) which was essentially pure (mother liquors set
aside, see isolation of Z-isomer below). A second recrystallization (95% EtOH, 50 mL)
gave pure 60 (1.62 g, 51.1%) as assessed by TLC (silica gel, 9:1 hexanes:ether):mp
120.9-122.0°C; IR (KBr) 1716 cm-1 (C=0); 1H NMR (DCCl3) & 1.42 [s, 6 H, H(8,9)],
228 [d,J =14 Hz, 1 H, H11)], 3.21 [s, 1 H, H®2)], 3.93 [s, 3 H, H(20)], 6.81 [br s,
1 H, H(12)], 7.20 [d, J = 2 Hz, 1 H, H(4)], 7.19 [d,J=8Hz 1 H, H(7)],7.30 [dd, J =
8 Hz, ] =2 Hz, 1 H, H(6)], 742 [d, ] = 8.3 Hz, 2 H, H(14, 18)], 8.04 [d, J = 8.3 Hz, 2
H, H(15, 17)]; 13C NMR (DCCl3) ppm 17.8 [C(11)], 27.4 [C(8,9)], 47.3 [C(2)], 47.5
[C(3)], 52.1 [C(20)], 120.3 [C(4)], 122.2 [C(7)], 125.4 [C(6)], 125.9 [C(12)], 127.8,
129.1 [C(14, 18)], 129.5 [C(15, 17)], 139.5, 140.2, 143.1, 148.2, 167.0 [C(19)].
Anal. Calcd for Cp1H2205S: C, 74.52; H, 6.55; S, 9.47. Found: C, 74.70; H, 6.70; S,
9.33.

Slow evaporation of the mother liquors from the first recrystallization gave rod-
shaped crystals which were recrystallized twice (boiling 95% ethanol) to give the Z-
isomer, 61, as pale yellow crystals (36 mg, 1.1%): mp 84.0-84.5°C; IR (KBr) 1725 cm-!
(C=0); 'H NMR (DCCl3) 5 1.21 [s, 6 H, H(8, 9)], 2.21 [d, ] = 1.4 Hz, 3 H, H(11)],
3.15 [s, 2 H, H(2)], 3.86 [s, 3 H, H(20)], 6.46 [br s, 1 H, H(12)], 6.78 [d, ] = 1.6 Hz,
1 H, H@4)], 6.97 [dd, J = 7.9 Hz, J = 1.6 Hz, 1 H, H(6)], 7.02 [d, ] = 8.4 Hz, 2 H,
H(14, 18)], 7.12 [d, J = 7.9 Hz, 1 H, H(7)], 7.78 [d, J = 8.4 Hz, 2 H, H(15, 17)]; 13C
NMR (DCCl3) ppm 26.9 [C(11)], 27.3 [C(8,9)], 47.1 [C(3)], 47.3 [C(2)], 51.9 [C(20)],
122.4 [C(4)], 123.0 [C(7)], 125.6 [C(12)], 127.0 [C(6)], 128.8 and 129.2 [C(14,18) and
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C(15,17)], 167.0 [C(19)]; other quaternary carbons [127.4, 137.5, 139.7, 141.2, 142.7,
148.2]. Anal. Calcd for Cy1Hp0,8: C, 74.52; H, 6.55. Found: C, 74.71; H, 6.47.

(E)-4-[2-(2,3-Dihydro-3,3-dimethylbenzo[b]thien-

5-yl)-1-propenyl]benzoic Acid (63)

A mixture of heteroarotinoid ester 60 (1.20 g, 3.55 mmol) in a degassed solution
(N2, 10 min) of dry KOH (0.62 g, 11 mmol) in absolute ethanol (9 mL) and HO (3 mL)
in a 50-mL, single-necked, round-bottomed flask (equipped with a magnetic stir bar,
condenser, and N inlet into the top of the condenser) was heated to reflux over a period
of 10 min, after which timé the mixture became a solution. This solution was heated at
reflux for 45 min. After cooling to RT, the solution was quenched with 15% acetic acid
(10 mL) and saturated brine (10 mL). Ethyl acetate (100 mL) was added to the mixture
and the layers were separated. The aqueous layer was extracted with ethyl acetate (50 mL).
The combined organic layers were washed [brine (2 x 25 mL), H,O (25 mL)], dried
(NapSOg4, overnight), filtered (suction), and evaporated to a white solid. The solid was
recrystallized twice from boilin;;T absolute ethanol (25 mL, then 18 mL) rinsing the crystals
each time with cold absolute ethanol (15 mL) and hexanes (20 mL) to give 63 as white
fluffy needles (0.65 g, 56.4%); mp 203.7-204.8°C. Another 61 mg (5.3%, mp 204.0-
204.7°C) could be obtained by concentration of the mother liquors and two
recrystallizations. This gave a total weight of 63 of 0.71 g (61.7%). IR (KBr) 3250-
2000 cm-! (COzH); 'H NMR (DCCl3) § 1.42 [s, 6 H, H(8, 9)], 2.31 [d, 3 H, H(11)],
3.23 [s, 2 H, H(2)], 6.84 [br s, 1 H, H(12)], 7.18-7.24 [m, 2 H, H(4) and H(7)], 7.32
[dd 1 H, H(6)], 7.48 [d, 2 H, H(14, 18)], 8.14 [d, 2 H, H(15, 17)]; 13C NMR (DCCl3)
ppm 17.9 [C(11)], 27.4 [C(8,9)], 47.3 [C(3)], 47.5 [C(2)], 120.3 [C(4)], 122.2 [C(7)],
125.4 [C(6)], 125.8 [C(12)], 129.2 and 130.2 [C(14,18) and C(15,17)], 171.8 [C(19)];
other quaternary carbons [126.9, 139.9, 140.1, 140.3, 144.1, 148.2]; mass spectral data
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for CooH2002S: m/e (M+) 324.1184; Found 324.1184. Anal. Calcd for CyoH0052S: C,
74.04; H, 6.21. Found: C, 74.28; H, 6.17.

2-[(2-Methyl-2-propenyl)oxy]nitrobenzene (100)

To a warmed and dark red solution of 2-nitrophenol (99, 30.00 g, 0.216 mol) in
aqueous NaOH [8.65 g (0.216 mol) in HpO (60 mL)] was added (ca. 10 min) freshly
distilled B-methallyl chloride (25.5 g, 0.282 mol), the system being heated such that the
reaction mixture began to boil towards the end of the addition. The system consisted of a
200-mL, jacketed flask equipped internally with two stacked water condensers, magnetic
stir bar, addition funnel and a N> inlet in the top of the condensers (positive pressure from
an oil bubbler). The jacket of the jacketed flask contained 1,2-dichloroethane (bp 84°C)
and was also equipped with condensers. The reaction mixture was heated (boiling
dichloroethane bath in surrounding jacket) for 4 h and was then allowed to cool (RT) for
45 min. The reaction mixture was transferred to a separatory funnel; the reaction flask
was rinsed (ether, S0 mL), and the rinse was added to the funnel. After the two layers
were separated, the aqueous layer was extracted with ether (3 x 50 mL). The combined
organic layers were washed with 10% NaOH (2 x 50 mL, the first wash was dark red)
and saturated brine (50 mL) and finally dried (NapSO4, ca. 15 min with magnetic stirring).
Filtration and then removal of the solvent (rotary evaporation) gave an oil. Vacuum
distillation afforded the allyl ether 100 as a yellow oil (23.2 g, 56%):bp 106-111°C/0.18
mm (major fraction) (lit32 bp 86-107°C/0.1 mm); IR (neat) 1353 cm-! and 1525 cm-!
(NO3); 'H NMR (DCCl3) 5 1.83 [narrow m, 3 H, CH3], 4.55 [s, 2 H, OCH3], 5.01
[narrow m, 1 H, C=C(H)H], 5.15 [narrow m, 1 H, C=CH(H)], 7.00 [m, 1 H, Ar-H],
7.07 [dd, 1 H, Ar-H], 7.50 [m, 1 H, Ar-H], 7.81 [dd, 1 H, Ar-H]; 13C NMR (DCCl3)
ppm 19.2 [CH3], 72.7 [OCH3], 113.4, 114.7, 120.4, 125.5, 134.1, 139.5, 139.9,
151.9. The above procedure is a modification of one given (no spectral data) in Chemical
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2-[(2-Methyl-2-propenyl)oxylbenzenamine (101)

A chilled (ice water bath) solution of the nitrobenzene derivative 100 (30.0 g, 0.155
mol) in absolute ethanol (75 mL) and chilled concentrated HCI (145 mL) were mixed in a
500-mL, three-necked, round-bottomed flask equipped with a thermometer (with adapter),
magnetic stir bar, addition funnel, condenser and a N3 inlet in the top of the condenser
(positive pressure from an oil bubbler). A solution of SnCly*2H70 (108.0 g, 0.479 mol)
in absolute ethanol (145 mL) was added dropwise (ca. 30 min) to the stirred and cooled
(0°C, ice-water bath) nitrobenzene derivative 100/ethanol/HCI mixture. The new mixture
was stirred at ambient temperature for 18 h [the temperature of the reaction mixture was
maintained below 30°C (ice-water bath) during the first 45 min of the exothermic
reaction]. The mixture was then partitioned between HyO (500 mL) and HCCl3 (300 mL)
and the resulting two layers were separated. The organic layer was extracted with water (2
x 100 mL). The combined water extracts and the original water layer were then combined.
After adding HCCI3 (300 mL) to the aqueous solution, the resulting two layers were
stirred and cooled (0°C) followed by the dropwise addition of ca. 58% NH4OH (200 mL).
An emulsion formed. The layers were separated as best as possible (bottom layer was the
HCCIl3 layer; the top layer was primarily an aqueous emulsion). The aqueous layer was
made alkaline (pH ~7-8) by the addition of more 58% NH4OH (20 mL). The emulsion
was extracted (HCCl3, 2 x 150 mL), saturated brine (50 mL) being added before the first
extraction to aid in the slow destruction of the emulsion (agitation at the bottom of the
emulsion with a glass rod also helped). The last two HCCI3 extracts were combined with
the HCCI3 layer obtained when the aqueous layer was made alkaline. This organic
solution was dried (NazSQOy, ca. 10 min with magnetic stirring), filtered and evaporated to
an oil. Vacuum distillation afforded the aromatic amine 101 as a pale yellow oil (15.27 g,
60.4%): bp 80.7-90.1°C/0.17 mm (1it3% bp 105-110°C/0.5 mm); IR (neat) 3376 cm-l
3468 cm-! (N-H); IH NMR (DCCl3) & 1.81 [narrow m, 3 H, CH3], 3.75 [br s, 2 H,
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NH>3], 441 [s, 2 H, OCH3], 4.96 [narrow m, 1 H, C=C(H)H], 5.07 [s, 1 H,
C=CH(H)], 6.63-6.80 [m, 4 H, Ar-H]; 13C NMR (DCCl3) ppm 19.4 [CH3], 71.9
[OCH3]; aromatic carbons [111.9, 112.5, 115.1, 118.3, 121.3, 136.4, 141.0, 146.3].

2-[(2-Methyl-2-propenyl)oxy]benzenediazonium
Fluoroborate (102)

Amine 101 (8.45 g, 51.8 mmol) and a solution of HBF4 (21%, 47 mL) were both
chilled (ice bath) and then mixed in a 150 mL beaker. To the resulting chilled (0°C) and
stirred solution was added dropwise (pipette) a cold solution of NaNO; (3.58 g, 51.9
mmol) in water (7.6 mL) over a period of 5 min. The resulting mixture containin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>