table of contents

� TOC \o "1-7" \t "Major Head (M),1,Sub1 Head (S),2,Sub2 Head (SS),3,Sub3 Head (SSS),4,Sub4 Head (SSSS),5,Sub5 Head (SSSSS),6,Sub6 Head (SSSSSS),7" �TABLE OF CONTENTS	� GOTOBUTTON _Toc452366098  � PAGEREF _Toc452366098 �i��

LIST OF TABLES	� GOTOBUTTON _Toc452366099  � PAGEREF _Toc452366099 �vi��

TABLE OF FIGURES	� GOTOBUTTON _Toc452366100  � PAGEREF _Toc452366100 �viii��

INTRODUCTION	� GOTOBUTTON _Toc452366101  � PAGEREF _Toc452366101 �x��

REASONS FOR THIS STUDY	� GOTOBUTTON _Toc452366102  � PAGEREF _Toc452366102 �x��

OBJECTIVES AND GOALS	� GOTOBUTTON _Toc452366103  � PAGEREF _Toc452366103 �x��

REPORT AUDIENCE	� GOTOBUTTON _Toc452366104  � PAGEREF _Toc452366104 �xi��

SCOPE AND CONTENT OF STUDY	� GOTOBUTTON _Toc452366105  � PAGEREF _Toc452366105 �xi��

SOURCES	� GOTOBUTTON _Toc452366106  � PAGEREF _Toc452366106 �xi��

SUMMARY	� GOTOBUTTON _Toc452366107  � PAGEREF _Toc452366107 �xii��

OVERVIEW	� GOTOBUTTON _Toc452366108  � PAGEREF _Toc452366108 �1��

INTRODUCTION	� GOTOBUTTON _Toc452366109  � PAGEREF _Toc452366109 �1��

ENANTIOMERIC EXCESS	� GOTOBUTTON _Toc452366110  � PAGEREF _Toc452366110 �6��

HOW CHIRAL MOLECULES WORK	� GOTOBUTTON _Toc452366111  � PAGEREF _Toc452366111 �7��

GOVERNMENT REGULATION	� GOTOBUTTON _Toc452366112  � PAGEREF _Toc452366112 �8��

PATENTS	� GOTOBUTTON _Toc452366113  � PAGEREF _Toc452366113 �10��

INDUSTRY	� GOTOBUTTON _Toc452366114  � PAGEREF _Toc452366114 �13��

PARTICIPANTS IN CHIRAL TECHNOLOGY	� GOTOBUTTON _Toc452366115  � PAGEREF _Toc452366115 �16��

ENZYME COMPANIES	� GOTOBUTTON _Toc452366116  � PAGEREF _Toc452366116 �16��

INTERMEDIATE SUPPLIERS	� GOTOBUTTON _Toc452366117  � PAGEREF _Toc452366117 �17��

CUSTOM MANUFACTURERS	� GOTOBUTTON _Toc452366118  � PAGEREF _Toc452366118 �18��

BIOCHEMICAL SUPPLIERS	� GOTOBUTTON _Toc452366119  � PAGEREF _Toc452366119 �19��

BULK ACTIVE SUPPLIERS	� GOTOBUTTON _Toc452366120  � PAGEREF _Toc452366120 �20��

DRUG COMPANIES	� GOTOBUTTON _Toc452366121  � PAGEREF _Toc452366121 �20��

CHROMATOGRAPHY COMPANIES	� GOTOBUTTON _Toc452366122  � PAGEREF _Toc452366122 �22��

ANALYTICAL SUPPLIERS	� GOTOBUTTON _Toc452366123  � PAGEREF _Toc452366123 �24��

PESTICIDE COMPANIES	� GOTOBUTTON _Toc452366124  � PAGEREF _Toc452366124 �25��

INTERNATIONAL	� GOTOBUTTON _Toc452366125  � PAGEREF _Toc452366125 �26��

UNIVERSITIES	� GOTOBUTTON _Toc452366126  � PAGEREF _Toc452366126 �27��

OBTAINING SINGLE ENANTIOMERS	� GOTOBUTTON _Toc452366127  � PAGEREF _Toc452366127 �30��

CHIRAL MANUFACTURING SALES	� GOTOBUTTON _Toc452366128  � PAGEREF _Toc452366128 �30��

SCALE OF PREPARATION	� GOTOBUTTON _Toc452366129  � PAGEREF _Toc452366129 �31��

SEPARATION VERSUS SYNTHESIS	� GOTOBUTTON _Toc452366130  � PAGEREF _Toc452366130 �31��

CHIRAL SEPARATION	� GOTOBUTTON _Toc452366131  � PAGEREF _Toc452366131 �32��

OVERVIEW OF CHIRAL SEPARATION	� GOTOBUTTON _Toc452366132  � PAGEREF _Toc452366132 �32��

CRYSTALLIZATION	� GOTOBUTTON _Toc452366133  � PAGEREF _Toc452366133 �34��

Crystallization Methods	� GOTOBUTTON _Toc452366134  � PAGEREF _Toc452366134 �34��

Precipitating Agents	� GOTOBUTTON _Toc452366135  � PAGEREF _Toc452366135 �35��

Crystallization Sales	� GOTOBUTTON _Toc452366136  � PAGEREF _Toc452366136 �36��

CHROMATOGRAPHY	� GOTOBUTTON _Toc452366137  � PAGEREF _Toc452366137 �37��

Overview of Chiral Chromatography	� GOTOBUTTON _Toc452366138  � PAGEREF _Toc452366138 �37��

Chiral Mobile Phase Additive	� GOTOBUTTON _Toc452366139  � PAGEREF _Toc452366139 �40��

Chiral Stationary Phase	� GOTOBUTTON _Toc452366140  � PAGEREF _Toc452366140 �40��

Chiral Recognition	� GOTOBUTTON _Toc452366141  � PAGEREF _Toc452366141 �40��

Protein Chiral Stationary Phases	� GOTOBUTTON _Toc452366142  � PAGEREF _Toc452366142 �41��

Carbohydrate Columns	� GOTOBUTTON _Toc452366143  � PAGEREF _Toc452366143 �41��

Pirkle Columns	� GOTOBUTTON _Toc452366144  � PAGEREF _Toc452366144 �41��

Gas Chromatography	� GOTOBUTTON _Toc452366145  � PAGEREF _Toc452366145 �43��

Supercritical Fluid Chromatography	� GOTOBUTTON _Toc452366146  � PAGEREF _Toc452366146 �44��

Chiral Simulated Moving Bed Chromatography	� GOTOBUTTON _Toc452366147  � PAGEREF _Toc452366147 �45��

Computer Assisted Resolution	� GOTOBUTTON _Toc452366148  � PAGEREF _Toc452366148 �46��

Chiral Chromatography Sales	� GOTOBUTTON _Toc452366149  � PAGEREF _Toc452366149 �47��

KINETIC RESOLUTION	� GOTOBUTTON _Toc452366150  � PAGEREF _Toc452366150 �48��

Overview of Kinetic Resolution	� GOTOBUTTON _Toc452366151  � PAGEREF _Toc452366151 �48��

Enzymes and Kinetic Resolution	� GOTOBUTTON _Toc452366152  � PAGEREF _Toc452366152 �48��

Kinetic Resolution Sales	� GOTOBUTTON _Toc452366153  � PAGEREF _Toc452366153 �51��

CAPILLARY ELECTROPHORESIS	� GOTOBUTTON _Toc452366154  � PAGEREF _Toc452366154 �51��

SOLVENT EXTRACTION	� GOTOBUTTON _Toc452366155  � PAGEREF _Toc452366155 �53��

RECEPTOR BASED RESOLUTION	� GOTOBUTTON _Toc452366156  � PAGEREF _Toc452366156 �53��

CHIRAL SYNTHESIS	� GOTOBUTTON _Toc452366157  � PAGEREF _Toc452366157 �54��

OVERVIEW OF CHIRAL SYNTHESIS	� GOTOBUTTON _Toc452366158  � PAGEREF _Toc452366158 �54��

RETROSYNTHESIS	� GOTOBUTTON _Toc452366159  � PAGEREF _Toc452366159 �56��

Functional Group Strategies	� GOTOBUTTON _Toc452366160  � PAGEREF _Toc452366160 �56��

Topolographical Strategies	� GOTOBUTTON _Toc452366161  � PAGEREF _Toc452366161 �57��

Transform-based Strategies	� GOTOBUTTON _Toc452366162  � PAGEREF _Toc452366162 �57��

Structure-goal Strategies	� GOTOBUTTON _Toc452366163  � PAGEREF _Toc452366163 �57��

Stereochemical Strategies	� GOTOBUTTON _Toc452366164  � PAGEREF _Toc452366164 �57��

CHIRON PROGRAM	� GOTOBUTTON _Toc452366165  � PAGEREF _Toc452366165 �57��

CONSERVED CHIRALITY	� GOTOBUTTON _Toc452366166  � PAGEREF _Toc452366166 �58��

Overview of Conserved Chirality	� GOTOBUTTON _Toc452366167  � PAGEREF _Toc452366167 �58��

Enzymes	� GOTOBUTTON _Toc452366168  � PAGEREF _Toc452366168 �59��

Chiral Intermediates	� GOTOBUTTON _Toc452366169  � PAGEREF _Toc452366169 �60��

INVERSION OF CHIRALITY	� GOTOBUTTON _Toc452366170  � PAGEREF _Toc452366170 �62��

ASYMMETRIC INDUCTION	� GOTOBUTTON _Toc452366171  � PAGEREF _Toc452366171 �63��

Overview of Asymmetric Induction	� GOTOBUTTON _Toc452366172  � PAGEREF _Toc452366172 �63��

Asymmetric Catalysts	� GOTOBUTTON _Toc452366173  � PAGEREF _Toc452366173 �63��

Overview of Asymmetric Catalysts	� GOTOBUTTON _Toc452366174  � PAGEREF _Toc452366174 �63��

Chiral Hydrogenation Catalysts	� GOTOBUTTON _Toc452366175  � PAGEREF _Toc452366175 �65��

Sharpless Asymmetric Epoxidation	� GOTOBUTTON _Toc452366176  � PAGEREF _Toc452366176 �65��

Jacobsen Epoxidation Catalyst	� GOTOBUTTON _Toc452366177  � PAGEREF _Toc452366177 �66��

Sharpless Dihydroxylation Catalyst	� GOTOBUTTON _Toc452366178  � PAGEREF _Toc452366178 �66��

Regis Doyle Catalyst	� GOTOBUTTON _Toc452366179  � PAGEREF _Toc452366179 �67��

Diels-Alder Catalysts	� GOTOBUTTON _Toc452366180  � PAGEREF _Toc452366180 �67��

Aldol Condensation Catalysts	� GOTOBUTTON _Toc452366181  � PAGEREF _Toc452366181 �68��

Sales of Asymmetric Catalysts	� GOTOBUTTON _Toc452366182  � PAGEREF _Toc452366182 �68��

Chiral Auxiliaries	� GOTOBUTTON _Toc452366183  � PAGEREF _Toc452366183 �68��

Overview of Chiral Auxiliaries	� GOTOBUTTON _Toc452366184  � PAGEREF _Toc452366184 �68��

Major Chiral Auxiliaries	� GOTOBUTTON _Toc452366185  � PAGEREF _Toc452366185 �69��

Sales of Chiral Auxiliaries	� GOTOBUTTON _Toc452366186  � PAGEREF _Toc452366186 �70��

CHIRAL TECHNOLOGY APPLICATIONS	� GOTOBUTTON _Toc452366187  � PAGEREF _Toc452366187 �70��

DRUGS	� GOTOBUTTON _Toc452366188  � PAGEREF _Toc452366188 �72��

OVERVIEW OF CHIRAL DRUGS	� GOTOBUTTON _Toc452366189  � PAGEREF _Toc452366189 �72��

HIGH VERSUS LOW SELECTIVITY	� GOTOBUTTON _Toc452366190  � PAGEREF _Toc452366190 �77��

DRUGS AND CHIRAL TECHNOLOGY	� GOTOBUTTON _Toc452366191  � PAGEREF _Toc452366191 �77��

MARKET FORCES IN THE PHARMACEUTICAL INDUSTRY	� GOTOBUTTON _Toc452366192  � PAGEREF _Toc452366192 �78��

OVERALL COST OF DRUG MATERIALS	� GOTOBUTTON _Toc452366193  � PAGEREF _Toc452366193 �79��

DRUG CATEGORIES	� GOTOBUTTON _Toc452366194  � PAGEREF _Toc452366194 �81��

Drug Categories in General	� GOTOBUTTON _Toc452366195  � PAGEREF _Toc452366195 �81��

Cardiovasculars	� GOTOBUTTON _Toc452366196  � PAGEREF _Toc452366196 �83��

Calcium Channel Blockers	� GOTOBUTTON _Toc452366197  � PAGEREF _Toc452366197 �83��

ACE Inhibitors	� GOTOBUTTON _Toc452366198  � PAGEREF _Toc452366198 �86��

Beta-Blockers	� GOTOBUTTON _Toc452366199  � PAGEREF _Toc452366199 �88��

Vasodilators	� GOTOBUTTON _Toc452366200  � PAGEREF _Toc452366200 �89��

Diuretics	� GOTOBUTTON _Toc452366201  � PAGEREF _Toc452366201 �90��

HMG CoA Reductase Inhibitors	� GOTOBUTTON _Toc452366202  � PAGEREF _Toc452366202 �92��

Cough and Cold Remedies	� GOTOBUTTON _Toc452366203  � PAGEREF _Toc452366203 �92��

Anti-Infectives	� GOTOBUTTON _Toc452366204  � PAGEREF _Toc452366204 �93��

Analgesics	� GOTOBUTTON _Toc452366205  � PAGEREF _Toc452366205 �96��

CNS Agents	� GOTOBUTTON _Toc452366206  � PAGEREF _Toc452366206 �98��

Stimulants and Antidepressants	� GOTOBUTTON _Toc452366207  � PAGEREF _Toc452366207 �99��

Sedatives and Tranquilizers	� GOTOBUTTON _Toc452366208  � PAGEREF _Toc452366208 �100��

Anticonvulsants	� GOTOBUTTON _Toc452366209  � PAGEREF _Toc452366209 �101��

Anesthetics	� GOTOBUTTON _Toc452366210  � PAGEREF _Toc452366210 �102��

Asthma Therapy	� GOTOBUTTON _Toc452366211  � PAGEREF _Toc452366211 �103��

Attention Deficit/Hyperactivity Disorder	� GOTOBUTTON _Toc452366212  � PAGEREF _Toc452366212 �103��

BIOCHEMICALS	� GOTOBUTTON _Toc452366213  � PAGEREF _Toc452366213 �104��

AMINO ACIDS	� GOTOBUTTON _Toc452366214  � PAGEREF _Toc452366214 �104��

VITAMINS	� GOTOBUTTON _Toc452366215  � PAGEREF _Toc452366215 �105��

OXYACIDS	� GOTOBUTTON _Toc452366216  � PAGEREF _Toc452366216 �107��

SUGARS AND OLIGOSACCHARIDES	� GOTOBUTTON _Toc452366217  � PAGEREF _Toc452366217 �108��

PEPTIDES	� GOTOBUTTON _Toc452366218  � PAGEREF _Toc452366218 �109��

OLIGONUCLEOTIDES	� GOTOBUTTON _Toc452366219  � PAGEREF _Toc452366219 �110��

PESTICIDES	� GOTOBUTTON _Toc452366220  � PAGEREF _Toc452366220 �110��

OVERVIEW OF PESTICIDES	� GOTOBUTTON _Toc452366221  � PAGEREF _Toc452366221 �110��

HERBICIDES	� GOTOBUTTON _Toc452366222  � PAGEREF _Toc452366222 �114��

FUNGICIDES	� GOTOBUTTON _Toc452366223  � PAGEREF _Toc452366223 �115��

INSECTICIDES	� GOTOBUTTON _Toc452366224  � PAGEREF _Toc452366224 �116��

AROMAS AND FLAVORS	� GOTOBUTTON _Toc452366225  � PAGEREF _Toc452366225 �118��

LIQUID CRYSTALS	� GOTOBUTTON _Toc452366226  � PAGEREF _Toc452366226 �118��

COMPANY PROFILES	� GOTOBUTTON _Toc452366227  � PAGEREF _Toc452366227 �119��

CONFERENCES	� GOTOBUTTON _Toc452366228  � PAGEREF _Toc452366228 �148��

�



























































































�list of tables



� TOC \t "Summary Table Title" \c �WORLDWIDE SALES VALUE OF CHIRAL PRODUCTS	� GOTOBUTTON _Toc452282293  � PAGEREF _Toc452282293 �xiii��

�� TOC \t "Table Title" \c �

EXAMPLES OF BIOACTIVITY DIFFERENCES BETWEEN ENANTIOMERS	� GOTOBUTTON _Toc452282329  � PAGEREF _Toc452282329 �5��

CHIRAL TECHNOLOGY PATENTS:	� GOTOBUTTON _Toc452282330  � PAGEREF _Toc452282330 �11��

THE LAST DECADE	� GOTOBUTTON _Toc452282331  � PAGEREF _Toc452282331 �11��

WHO IS PATENTING CHIRAL TECHNOLOGY	� GOTOBUTTON _Toc452282332  � PAGEREF _Toc452282332 �12��

CHIRAL TECHNOLOGY PATENTS BY TYPE	� GOTOBUTTON _Toc452282333  � PAGEREF _Toc452282333 �12��

MULTIDISCIPLANARY CHIRAL COMPANIES	� GOTOBUTTON _Toc452282334  � PAGEREF _Toc452282334 �26��

WORLDWIDE SALES VALUE OF CHIRAL TECHNOLOGY	� GOTOBUTTON _Toc452282335  � PAGEREF _Toc452282335 �27��

ENABLING PRODUCTS	� GOTOBUTTON _Toc452282336  � PAGEREF _Toc452282336 �27��

CHIRAL PREPARATION/MANUFACTURE SALES	� GOTOBUTTON _Toc452282337  � PAGEREF _Toc452282337 �30��

CRYSTALLIZATION AGENT SALES FOR CHIRAL MANUFACTURE	� GOTOBUTTON _Toc452282338  � PAGEREF _Toc452282338 �36��

AMINO ACIDS AND PROTEINS USED TO RESOLVE ENANTIOMERS	� GOTOBUTTON _Toc452282339  � PAGEREF _Toc452282339 �39��

OLIGOSACCHARIDES USED TO RESOLVE ENANTIOMERS	� GOTOBUTTON _Toc452282340  � PAGEREF _Toc452282340 �39��

CHIRAL DERIVATIZING AGENTS FOR GC	� GOTOBUTTON _Toc452282341  � PAGEREF _Toc452282341 �43��

PREPARATIVE CHROMATOGRAPHY SALES	� GOTOBUTTON _Toc452282342  � PAGEREF _Toc452282342 �47��

ANALYTICAL CHROMATOGRAPHY SALES	� GOTOBUTTON _Toc452282343  � PAGEREF _Toc452282343 �48��

MAJOR APPLICATIONS OF ENZYMATIC RESOLUTION	� GOTOBUTTON _Toc452282344  � PAGEREF _Toc452282344 �50��

SALES VALUE OF ENZYMES FOR KINETIC RESOLUTION	� GOTOBUTTON _Toc452282345  � PAGEREF _Toc452282345 �51��

TYPES OF MATERIALS USED FOR CHIRAL REACTION TYPES	� GOTOBUTTON _Toc452282346  � PAGEREF _Toc452282346 �55��

CHIRAL INTERMEDIATES	� GOTOBUTTON _Toc452282347  � PAGEREF _Toc452282347 �61��

CHIRAL INTERMEDIATE SALES VALUE	� GOTOBUTTON _Toc452282348  � PAGEREF _Toc452282348 �62��

ASYMMETRIC CATALYST SALES VALUE	� GOTOBUTTON _Toc452282349  � PAGEREF _Toc452282349 �68��

TRENDS IN SHARES OF CHIRAL TECHNOLOGY	� GOTOBUTTON _Toc452282350  � PAGEREF _Toc452282350 �70��

SALES VALUE OF CHIRAL END PRODUCTS	� GOTOBUTTON _Toc452282351  � PAGEREF _Toc452282351 �71��

CHIRAL DRUG SALES VALUE	� GOTOBUTTON _Toc452282352  � PAGEREF _Toc452282352 �74��

SALES OF SINGLE ENANTIOMER DRUGS	� GOTOBUTTON _Toc452282353  � PAGEREF _Toc452282353 �75��

BY THERAPEUTIC CATEGORY	� GOTOBUTTON _Toc452282354  � PAGEREF _Toc452282354 �75��

PERCENTAGE SALES OF SINGLE ENANTIOMERS ARE	� GOTOBUTTON _Toc452282355  � PAGEREF _Toc452282355 �75��

OF TOTAL SALES IN THERAPEUTIC CATEGORIES	� GOTOBUTTON _Toc452282356  � PAGEREF _Toc452282356 �75��

SALES VALUE OF CHIRAL SYNTHETIC DRUGS	� GOTOBUTTON _Toc452282357  � PAGEREF _Toc452282357 �76��

WORLDWIDE SALES OF DRUGS BY THERAPUTIC CATEGORY IN 1998	� GOTOBUTTON _Toc452282358  � PAGEREF _Toc452282358 �81��

AMERICAN SALES OF DRUGS BY THERAPUTIC CATEGORY IN 1998	� GOTOBUTTON _Toc452282359  � PAGEREF _Toc452282359 �82��

U.S. SALES OF CARDIOVASCULAR DRUGS	� GOTOBUTTON _Toc452282360  � PAGEREF _Toc452282360 �83��

MAJOR CALCIUM CHANNEL BLOCKERS	� GOTOBUTTON _Toc452282361  � PAGEREF _Toc452282361 �84��

CHIRAL CALCIUM CHANNEL BLOCKERS	� GOTOBUTTON _Toc452282362  � PAGEREF _Toc452282362 �86��

MAJOR ACE INHIBITORS	� GOTOBUTTON _Toc452282363  � PAGEREF _Toc452282363 �87��

CHIRAL ACE INHIBITORS	� GOTOBUTTON _Toc452282364  � PAGEREF _Toc452282364 �87��

ACE INHIBITOR SALES VALUE	� GOTOBUTTON _Toc452282365  � PAGEREF _Toc452282365 �88��

MAJOR BETA-BLOCKERS	� GOTOBUTTON _Toc452282366  � PAGEREF _Toc452282366 �88��

CHIRAL BETA-BLOCKERS	� GOTOBUTTON _Toc452282367  � PAGEREF _Toc452282367 �89��

CHIRAL VASODILATORS	� GOTOBUTTON _Toc452282368  � PAGEREF _Toc452282368 �90��

WORLDWIDE SALES VALUE OF VASODILATORS	� GOTOBUTTON _Toc452282369  � PAGEREF _Toc452282369 �90��

MAJOR DIURETICS	� GOTOBUTTON _Toc452282370  � PAGEREF _Toc452282370 �90��

CHIRAL DIURECTICS	� GOTOBUTTON _Toc452282371  � PAGEREF _Toc452282371 �91��

HMG COA REDUCTASE INHIBITOR SALES VALUE	� GOTOBUTTON _Toc452282372  � PAGEREF _Toc452282372 �92��

CHIRAL COUGH & COLD REMEDIES	� GOTOBUTTON _Toc452282373  � PAGEREF _Toc452282373 �93��

CHIRAL ADDUCTS OF SEMISYNTHETIC ANTIBIOTICS	� GOTOBUTTON _Toc452282374  � PAGEREF _Toc452282374 �94��

SYNTHETIC CHIRAL ANTI-INFECTIVES	� GOTOBUTTON _Toc452282375  � PAGEREF _Toc452282375 �96��

MARKET SHARE OF OTC ANALGESICS	� GOTOBUTTON _Toc452282376  � PAGEREF _Toc452282376 �97��

CHIRAL ANALGESICS	� GOTOBUTTON _Toc452282377  � PAGEREF _Toc452282377 �98��

CHIRAL STIMULANTS AND ANTIDEPRESSANTS	� GOTOBUTTON _Toc452282378  � PAGEREF _Toc452282378 �100��

CHIRAL SEDATIVES AND TRANQUILIZERS	� GOTOBUTTON _Toc452282379  � PAGEREF _Toc452282379 �101��

CHIRAL ANTICONVULSANTS	� GOTOBUTTON _Toc452282380  � PAGEREF _Toc452282380 �101��

CHIRAL ANESTHETICS	� GOTOBUTTON _Toc452282381  � PAGEREF _Toc452282381 �103��

COMMERCIAL METHODS OF MANUFACTURING	� GOTOBUTTON _Toc452282382  � PAGEREF _Toc452282382 �105��

AMINO ACIDS	� GOTOBUTTON _Toc452282383  � PAGEREF _Toc452282383 �105��

CHIRAL VITAMINS AND THEIR METHODS OF MANUFACTURE	� GOTOBUTTON _Toc452282384  � PAGEREF _Toc452282384 �107��

MAJOR CHIRAL OXYACIDS AND THEIR	� GOTOBUTTON _Toc452282385  � PAGEREF _Toc452282385 �108��

MANUFACTURING METHODS	� GOTOBUTTON _Toc452282386  � PAGEREF _Toc452282386 �108��

CHIRAL PESTICIDE SALES VALUE	� GOTOBUTTON _Toc452282387  � PAGEREF _Toc452282387 �112��

CHIRALITY OF PESTICIDES	� GOTOBUTTON _Toc452282388  � PAGEREF _Toc452282388 �112��

�





�table of figures



� TOC \t "Summary Figure Heading" \c �APPLICATION SHARES OF CHIRAL TECHNOLOGY	� GOTOBUTTON _Toc452283011  � PAGEREF _Toc452283011 �xiii��

�� TOC \t "Figure Title" \c �

SALES VALUE OF CHIRAL TECHNOLOGY BY REGION	� GOTOBUTTON _Toc452283070  � PAGEREF _Toc452283070 �27��

TREND IN CHIRAL PREPARATION SALES	� GOTOBUTTON _Toc452283071  � PAGEREF _Toc452283071 �31��

TREND IN CRYSTALLIZATION AGENTS SALES	� GOTOBUTTON _Toc452283072  � PAGEREF _Toc452283072 �36��

REACTION TYPES IN CHIRAL SYNTHESIS	� GOTOBUTTON _Toc452283073  � PAGEREF _Toc452283073 �55��

APPLICATION SHARES OF CHIRAL TECHNOLOGY	� GOTOBUTTON _Toc452283074  � PAGEREF _Toc452283074 �71��

SALES VALUE OF CHIRAL END PRODUCTS	� GOTOBUTTON _Toc452283075  � PAGEREF _Toc452283075 �72��

TREND IN SYNTHETIC CHIRAL DRUG SALES	� GOTOBUTTON _Toc452283076  � PAGEREF _Toc452283076 �74��

MANUFACTURING COSTS OF DRUGS	� GOTOBUTTON _Toc452283077  � PAGEREF _Toc452283077 �80��

MARKET SHARE OF OTC ANALGESICS	� GOTOBUTTON _Toc452283078  � PAGEREF _Toc452283078 �98��

�



























































































introduction



reasons for this study



Even though few people are even aware of such a thing as chirality, it is pervasive in our daily lives. One of the leading technologies that will dramatically alter human society in the next century is biotechnology. Chiral technology is relevant to any attempt to artificially manipulate biology at the chemical level. At a more prosaic level, the health care industry has changed dramatically in recent years, due to rise of HMO’s and other factors, and chiral technology plays center stage in this transition. The pharmaceutical industry has been revolutionized by chiral technology.



In addition to pharmaceuticals, chiral technology is important to biochemicals, pesticides, aroma and flavor compounds, dyes and pigments, liquid crystals, nonlinear optical materials, and polymers.



Company have always sold not just chiral compounds, but single enantiomers, but these were usually made by organisms, and thus did not involve chiral technology. Humans did not have to obtain single enantiomers since nature did it for them. Aside from that, methods of artificially obtaining single enantiomers have existed for decades, but usually were to expensive to be cost effective to implement on the commercial level. 



Today, this is no longer true. There have been such technological advances involving enzymes and other things, companies can now maximize their profits by selling or utilizing single enantiomers. In addition, more research has been done that ever before concerning the difference between enantiomers. This resulted in people realizing how superior single enantiomers were. Today, it would be foolish to not take advantage of chiral technology.



Since the last report was published in 1994, chiral technology has advanced by leaps and bounds. Far more single enantiomer synthetic chiral drugs are offered than ever before. There are more companies that specialize in chiral technology.



objectives and goals



The objectives of this study are to answer the following questions.



What is chiral technology?

What are the current and potential applications of chiral technology, not just in drugs, but in all sectors?

What is the market value of chiral technology enabling products?

What is the market value of products emerging from chiral technology’s application?

Who are the participants in chiral technology?



report audience



This report is intended for anyone interested in chiral technology, whether they are already deeply involved in it, or unfamiliar with the subject. The report integrates business analysis with explanations of the science and technology. This report will be useful to those supplying chiral technology enabling products, applying chiral technology to financial ends, and to financial investors.



scope and content of study



This study discusses all types of chiral resolution and chiral synthesis, for both enantiomeric analysis and preparative purposes. All known applications of chiral technology are discussed, with an emphasis on chiral drugs, since they constitute the major category of applications. Also covered are biochemicals, pesticides, aroma/flavor compounds, and liquid crystals.



This study is not concerned with forms of chemical isomerism other than chirality. This study is not concerned with chiral molecules in which the chiral center is something other than carbon, such as chiral nitrogen, chiral sulfur, etc. This study is not concerned with chiral compounds obtained from biological sources that do not involve any artificial means to obtain or maintain chirality. This study is concerned with molecules which are naturally chiral because they are obtained from biological sources, but then require artificial means to maintain the desired state. We also exclude enabling products of a more general nature, which may be used in developing chiral molecules, but whose function does not involve the chirality itself.



sources



This report was made possible by the Internet. Information was obtained from websites and e-mailing people, as well as writing people, and telephone interviews. Throughout the report, URL’s of websites and e-mail addresses of individuals are given. The primary sources were the companies involved. Mentions of companies and products are not endorsements, and omissions of companies, products, and applications, if any, are not intentional. The analyst for this report was Jeffery Winkler. (Aristotle2@goplay.com, http://www.geocities.com/CapeCanaveral/Lab/4059/Aristotles_Lyceum_in_Cyberspace.html)





summary



“Chiral technology” would be more accurately called “enantiomeric technology” since it’s concerned with the stereoselective production and analysis of specific chiral isomers. For decades, companies have sold synthetic chiral compounds as racemates, and biological chiral compounds which are naturally single enantiomers. Only in the past decade, have companies been deeply interested in selling synthetic chiral compounds as single enantiomers. There is an increasing trend towards single enantiomers, not just because they perform in a superior manner to their racemic counterpart, but because of improvements in the technology of obtaining single enantiomers.



This study estimates the world wide sales value of chiral technology enabling products to have been about $1.71 billion in 1998, and estimates 1999 will finish out at about $1.86 billion.  This study forecasts a world wide sales value of $2.80 billion in 2004. The next five years should have an average annual growth rate of 8.6% 



This study estimates that in 1997, chiral enabling products had a world wide sales value of $1.45 billion of which $1.200 billion were chiral intermediates, $0.135 billion were analytically related, and $0.115 were others.  We estimate the average annual growth rate for chiral intermediates to be 9.3%.



There has been higher for chiral end products. Chiral pharmaceuticals had an estimated world wide sales value of about $87 billion in 1998, and an estimated value of $123 billion for 1999. The predicted forecast for 2004 is $349 billion. Agrochemicals had an estimated sales value of $5 billion for 1998, and estimated value of $7 billion for 1999. This study forecasts a sales value of $20.1 for chiral agrochemicals in 2004. The estimated average annual growth rate for chiral end products is 19%.



The growth rate of 19% is in terms of dollar values and refers to the final products. It is here where the pharmaceutical companies raise prices and make money, while the competition in the chiral intermediate market keeps the growth rate, in terms of the dollar value, at around 9%. The growth rate in terms of volume should be about the same, probably around 5-7% a year.



In 1997, the world wide sales value for all pharmaceuticals was about $284 billion, and for chiral pharmaceuticals, it was about $87 billion. Therefore chiral pharmaceuticals made up about 30.6% of the pharmaceutical market. In 1997, the world wide sales value for all agrochemicals was about $35 billion, and for chiral agrochemicals, it was about $5 billion, so chiral agrochemicals made up about 14.3% of the total agrochemical market.



Of chiral technology enabling product sales, 85% are pharmaceuticals, 8% are pesticides, and 7% are biochemicals, excluding all other applications of chiral technology.





summary table



worldwide sales value of chiral products

($ billion)



Category�1997�1998�1999�2004�AAGR% 1997-2004��Chiral Enabling

Products�������Intermediates�1.20�1.43�1.56�2.44�9.3%��Analytical�0.135�0.159�0.172�0.261�8.6%��Other�0.115�0.136�0.147�0.222�8.6%��Total�1.45�1.71�1.86�2.80�8.6%��Chiral End

Products�������Pharmaceuticals�87�123�146�349�19%��Agrochemicals�5.0�7.0�8.4�20.1�19%��

Source: BCC, Inc.



summary figure



application shares of chiral technology



[Insert a pie chart of what the percentages are of chiral technology.]













Source: BCC Inc.
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introduction



Chemists have known since the time of Louis Pasteur (1822 - 1895) that the same molecule can take more than one shape. Isomers are compounds with the same formula, but contain a different arrangements of atoms and different chemical and physical properties. There are two main types of isomerism: structural isomerism and stereoisomerism. Structural isomers have the same chemical formula but different structures. They usually have very different properties.  An example is ethanol and methoxymethane.  Structural isomerism has the most difference between the isomers. Stereoisomers have different arrangements in space of the atoms of the molecule. There are two types of stereoisomerism: geometrical isomerism and optical isomerism. A common example of geometrical isomerism results from two conditions, two carbon atoms joined by a double bond, and each carbon atom must have different atoms or groups joined to it. The double bond prevents rotation of the carbon atoms so two spatial arrangements are possible. The cis-configuration is when the two like groups are on the same side of the double bond, and the trans-configuration is when they are on opposite sides of the double bond. An example is fumeric acid and maleic acid. Cis/trans isomerism includes several types, not just this example involving double bonds, and it can involve not only carbon atoms but also nitrogen atoms. Another example of geometric isomerism is the boat/chair configurations of monosaccharides.



We are concerned with a type of stereoisomerism called optical isomerism. Optical isomerism has the most similarity between the isomers. Optical isomers have opposite effects on plane-polarized light. Molecules that have nonsuperimposable images have been found to exhibit this optical activity. These nonsuperimposable isomers are called enantiomers, which rotate plane-polarized light as it is passed through the compound in opposite directions. If the plane of light is rotated to the right, the optically active compound is a compound in the dextrorotary form. If the isomer rotates the plane of vibration to the left, the compound is said to levorotary. The dextrorotary and the levorotary forms are said to be the "right-handed" and "left-handed" forms of an optically active compound. Although their chemical and physical properties are very similar, a pair of optical isomers can have biological behaviors that are profoundly different. The dextrorotary and levorotary forms are often symbolized by (+) and (-) respectively. The most common example of optical isomerism is when four different atoms or groups of atoms are bonded by to a central carbon atom. This carbon atom can exist in two different forms that are mirror images of each other. Chiral centers are central atoms which have the same kinds of atoms attached but have more than one possibility for these atoms to be arranged around the central atom. If a molecule had two chiral centers, there would be four possible versions of the molecule. A molecule with n chiral centers will have 2^n possible forms. Enantiomers are exact mirror images of each other. Diastereomers are stereoisomers which have the same connectivity but are not mirror images of each other. There is far greater difference in properties between diastereomers than enantiomers.



Another way of classifying the enantiomers of a chemical is the R/S system devised by Cahn, Ingold, and Prelog in 1966. The priority of an atom is determined by its atomic number. The higher the atomic number the higher the priority. The substituents around a carbon atom are listed in order of their priority. If two or more atoms are identical consider their next substituents, etc. Then look down the bond so that the atom of lowest priority is behind the carbon atom under consideration. If the order of the other substituents going from highest to lowest priority is clockwise the carbon atom is designated R (rectus). If it is anticlockwise it is S (sinister).



A molecule with two chiral centers is designated p if they have the same R/S designation, and n if they are different, so RR = SS = p and RS = SR = n. The presence of unknown chiral centers is indicated by the addition of the term "[partial]-" to the end of the normal stereochemical descriptor. Unknown double bond geometry does not in itself require the "[partial]" designation. When the reference ring or chain has incompletely defined chiral atoms/bonds, the format cites the stereo using R and S terms with their nomenclature locants for all known centers. If this method is used to describe a substance for which only relative stereochemistry is known, "rel" is added to the stereochemical descriptor. Any stereochemical descriptor marked as "rel" always cites the first center as R and relate all other centers back to this first center using an R if the chirality is identical and

an S if the chirality is the opposite.



Different types of chiral molecules can be classified according to the shape of the molecule, such tetrahedral chirality and axial chirality.



The concept of a molecule having right-handed and left-handed forms is called chirality.  Chiral comes form the Greek word cheir meaning hand. Just as your hands are nonsuperimposable mirror images, so are chiral molecules.   Chiral molecules occur frequently in nature. There exist chiral molecules in which the chiral center is nitrogen, sulfur or phosphorus but in the vast majority it is carbon. This is an important characteristic of the carbon atom, which arises from the ability of the C atom to form tetrahedral structures. If a carbon is bonded to 4 different groups or atoms then this introduces asymmetry or chirality because two distinct spatial arrangements of such a molecule are possible, which are mirror images of each other.



Through evolution, most organisms take advantage of chirality at the molecular level. Optical isomers can influence the structure of biological molecules e.g. L-amino acids joined in a polypeptide chain form a RH (right-handed) alpha-helix whereas D-amino acids form a LH alpha-helix. It is found that RH alpha-helix is more stable than LH alpha-helix, and even single amino acids  such as L-alanine is very slightly more stable than D-alanine. Through natural selection, the most stable form would be preferred. Thus life on this planet is highly enantiomeric at the biochemical level.



The chemistry of the two forms of a chiral molecule are almost identical. For most human commercial or industrial purposes, the two forms of a chiral molecule are equally effective. However, for some extremely precise applications, one form is more effective than the other. For instance, the effectiveness of pharmaceuticals is often based on the precise matching of the drug molecule with the structure of the receptors in the  body. Therefore, frequently one of the two mirror-image forms is more effective in providing the desired therapeutic results. It is necessary to have techniques for producing only this useful configuration.



The two forms of a chiral molecule are called enantiomers. A chiral substance that is composed of mostly one enantiomer is said to be enantiomeric. If it is composed of roughly equal amounts of both enantiomers, it is said to be racemic. A racemate contains a mixture of more than one enantiomer. Many drugs which were previously sold as racemic forms, have been switched to enantiomeric forms for the purpose of making them more effective.  The most notorious example is Thalidomide. The (R)-isomer has a sedative effect, while the (S)-form is teratogenic, meaning causes birth defects. Widespread use of the racemate as a sleeping pill and a remedy for morning sickness caused more than eight thousand cases of severe fetal deformities in Western Europe between 1957 and 1961. Of course, there are many drugs that are not more effective in enantiomeric form, and may even be less effective.  There are drugs for which the slight benefit of the enantiomer over the racemate does not justify the cost. There are also cases, such as in ibuprofen, in which the body’s metabolism converts the desirable enantiomer into the other one. The Food and Drug Administration has declared that if a drug is chiral, the biological effects of both enantiomers must be determined.



There are two ways of obtaining enantiomeric forms. The first is to start with a racemic form, and then separate out one of the enantiomers. The second is to synthesize the enantiomeric form directly.  The primary methods of separation are crystallization, chromatography, and kinetic resolution.  Other methods of separation include capillary electrophoresis, solvent extraction, and receptor-based resolution. Synthesis usually involves the use of chiral intermediates, asymmetric chemical catalysts, or enzymes.



About 80% of chiral products sold are drugs.  These include cardiovasculars, cough and cold remedies, anti-infectives, analgesics, cns agents, anticancer agents and anesthetics. Cardiovascular drugs include calcium-based blockers, ACE inhibitors, Beta-blockers, vasodilators, antihypertensives, diuretics, and antiarrythmics. Anti-infectives include semisynthetic antibiotics with chiral adducts, and chiral synthetic anti-infectives. Analgesics include ibuprofen and other profens, and naproxen. CNS Agents include stimulants, antidepressants, sedatives, tranquilizers, antipsychotics, anticonvulsants, and parkinsonism agents.



Of the remainder, the vast majority are also designed to interact with biological systems, in which like medicine, a specific enantiomer would be better adapted to the cell receptors or enzymes of an organism.  Examples include biochemicals, such as amino acids and vitamins, pesticides which should be most adapted to the pest in question, and artificial aromas and flavors, which should be most adapted to a person’s smell and taste receptors.  Another reason to use agrochemical enantiomers is that if the enantiomeric form is more efficient than the racemic form, less of it could be used, which would reduce the environmental impact. According to Jim Fallers of PPG Fine Chemicals, there has been a trend towards increasing importance of chiral technology in agricultural chemistry. 



In addition, chiral technology is also used in some products that aren’t designed to interact with biology, such as dyes and pigments, polymers, liquid crystals, and nonlinear optical materials. The reason is because these products benefit from a regularity of molecular structure that can be better attained by enantiomers. 



Chiral drugs continue to be a significant force in the global pharmaceutical market. Worldwide sales of single-enantiomer drugs surged 21% in 1997 over 1996 to almost $90 billion, according to analysts at the consulting firm Technology Catalysts International (TCI), (http://www.technology-catalysts.com). Richard L. DiCicco, president of the Falls Church, Va., company, attributes this strong showing to advances in enantiomeric cardiovascular, central nervous system, antiviral, and anticancer drugs. Sales of new products are growing in excess of 10% a year.



There continue to be technological breakthroughs in chiral technology that promise to revolutionize the industry. For instance in 1998, UCLA developed a new chiral recognition polymer that has several advantages such as having direct separation of amino acids, using aqueous solutions and alcohol without buffer solutions, being usable for both analytic and preparative purposes,  being easy to scale up, and has high potential for adaptation to pharmaceutical purposes. (http://www.research.ucla.edu/tech/ucla98-101.htm)

Another recent advance is the use of designer enzymes for large scale synthesis of unnatural amino acids.



Protease inhibitors are an important new class of drugs for treatment of HIV-infected patients. These compounds are complex molecules containing multiple chiral centers and are totally synthetic. The complexity of the molecules provides demanding challenges to synthesis and process development.



Here is a website about a journal titled “Enantiomer” about chiral technology. Unfortunately, the journal itself is not on-line, but you can subscribe to it.



http://www.gbhap-us.com/Enantiomer



Table 1



Examples of bioactivity differences between enantiomers



Enantiomer Compound�Bioactivity��Drugs���Amphetamine�d-isomer is potent central nervous system stimulant, l-isomer has little, if any, effect��Epinephrine�l-isomer is 10 times more active as a vasoconstrictor than d-isomer��Propranolol�Racemic compound is used as drug, however, only (S)-(-)-isomer has the desired beta-adrenergic blocking activity��Propoxyphene�alpha-l-isomer is antitussive; alpha-d-isomer is analgesic��Aroma/flavor Compounds���Asparagine�D-Asparagine tastes sweet, while L-Asparagine tastes bitter��Linonene�S-Limonene smells like lemons, while R-Limonene smells like oranges��Carvone�S-(+)-Carvone smells like caraway, while R-(-)-Carvone smells like spearmint��Vitamins���Ascorbic Acid�(+)-isomer is good antiscorbic acid, while (-)-isomer has no such properties��Insecticides���Bermethrine�d-isomer is much more toxic than l-isomer��

Source: Gary Yanik of PDR-Chiral (http://www.pdr-chiral.com)



enantiomeric excess



There are a number of organic reactions where the formation of a racemate will result. These reactions involve a planar reaction center where the reacting molecule can approach the planar reaction center either from one side of the planar surface or the other side. For the reacting molecule to approach one side will result in one enantiomer. For the reacting molecule to approach the other side of the planar reaction center will result in the formation of the opposite enantiomer. Since there is unhindered and equal access from either side of the planar reaction center so the laws of probability would suggest equal amounts of the two enantiomers would be produced. This would be a racemate or racemic mixture. The process by which this occurs is known as racemization Another situation exists when a planar intermediate is formed, and the consequential approach to the planar intermediate by a reactant molecule results in racemization.



There are some reactions referred to as enantioselective reactions where one enantiomer is produced in excess of the other primarily because one side of the reactant molecule or intermediate was hindered so that side of access was less likely than the less hindered side. Such a mixture of two enantiomers will show an optical rotation. We can determine the specific rotation of the mixture and then knowing the specific rotation of the enantiomer in excess we can determine the enantiomeric excess.



enantiomeric excess = (specific rotation of the mixture/ specific rotation of the pure enantiomer in excess) x 100



The enantiomeric excess can be determined in another way if we know the amount of each enantiomer produced. If one knows the moles of each enantiomer produced then: 



enantiomeric excess = (moles of major enantiomer - moles of other enantiomer / Total moles of both enantiomers) x 100



Enantiomeric excess, abbreviated ee, is a measure of purity for an enantiomer. With the opposing enantiomers A and B, the enantiomeric excess is (A - B)/(A + B), in other words, the amount of A in the mixture minus the amount of B in the mixture, divided by the total amount in the mixture. You can also say that the ee = %A - %B = A/(A + B) - B/(A + B). A completely pure enantiomer has an ee of 100%, meaning 100% - 0%. A racemate has an ee of 0%, meaning 50% - 50%. A product containing 85% of enantiomer A and 15% of enantiomer B has an ee of 70% with respect to enantiomer A. Usually, a good chiral separation or synthesis produces about 90% ee (95% A, 5% B). There are reports of 98% ee (99% A, 1% B).



how chiral molecules work



Most chiral chemicals act by binding to either enzymes or cell receptors of living organisms. This includes drugs, biochemicals, pesticides, and aroma and flavor compounds. This also includes biological warfare agents, although the reader is presumably not concerned with such things.



All enzymes and most cell receptors are enantiomeric. Therefore, for chiral compounds to bind they must also be appropriately enantiomeric so they can fit properly. The preference of enzymes and cell receptors for one particular enantiomer over the other is called enantiomeric selectivity.



Enantiomeric selectivity on the part of enzymes and cell receptors is thought to arise from a three point contact between the chiral molecule and the reactive groups of the enzyme or cell receptor. Three reactive groups of the enzyme or cell receptor must line up with three reactive groups of the chiral molecule. Since a chiral molecule presents two alternative ways of aligning its own reactive groups, while the enzyme or cell receptor offers a singular fixed array, the enzyme or cell receptor can accept one alignment of a chiral molecule’s reactive groups. Therefore, it can receive only one enantiomer but not the other.



Not all compounds interact with enzymes and cell receptors through a three point contact. Many non-chiral compounds bind to enzymes and cell receptors through a two point contact or even a one point contact. Even chiral compounds may bind in such ways, and for them enantiomericity is irrelevant. In such cases, there is no difference between the racemate and the enantiomers.









government regulation



In 1984, E. J. Ariens published his paper “Stereochemistry, A Basis for Sophisticated Nonsense in Pharmacokinetics and Clinical Pharmacology”. This and other papers pointing out the importance in the difference in the enantiomers of drugs, led government agencies around the world to rethink their policies regarding chiral drugs. As the technology for obtaining single enantiomers improved, government regulations evolved into the current form.



According the Federal Drug Administration (FDA), the physiological effects of both enantiomers should be studied.  FDA policy published in 1992 strongly urges companies to evaluate racemates and enantiomers for new drugs. Even though in many cases a single-enantiomer drug is safer than a racemate, an effective racemate can still be marketed. Here is part of FDA policy concerning chiral drugs, reprinted with permission from their website: http://www.fda.gov/cder/guidance/stereo.htm. For more information, visit their website.



The stereoisomeric composition of a drug with a chiral center should be known and the quantitative isomeric composition of the material used in pharmacologic, toxicologic, and clinical studies known. Specifications for the final product should assure identity; strength, quality, and purity from a

stereochemical viewpoint.



To evaluate the pharmacokinetics of a single enantiomer or mixture of enantiomers, manufacturers should develop quantitative assays for individual enantiomers in in vivo samples early in drug development. This will allow assessment of the potential for interconversion and the absorption,

distribution, biotransformation, and excretion (ADBE) profile of the individual isomers. When the drug product is a racemate and the pharmacokinetic profiles of the isomers are different, manufacturers should monitor the enantiomers individually to determine such properties as dose linearity and the effects of altered metabolic or excretory function and drug-drug interactions. If the pharmacokinetic profile is the same for both isomers or a fixed ratio between the plasma levels of enantiomers is demonstrated in the target population, an achiral assay or an assay that monitors one of the

stereoisomers should suffice for later evaluation. In vivo measurement of individual enantiomers should be available to help assess toxicologic findings, but if this cannot be achieved, it would be sufficient in some cases to establish the kinetics of the isomers in humans.



Unless it proves particularly difficult, the main pharmacologic activities of the isomers should be compared in in vitro systems, in animals and/or in humans. A relatively benign toxicologic profile using the racemate would ordinarily support further development without separate toxicologic evaluation of the individual enantiomers. If, however, there are toxic findings other than those that are natural extensions of the pharmacologic effects of the drug, and especially if they are unusual or occur near the

effective dose in animals or near the planned human exposure, toxicologic evaluation of the individual isomers in the study where the toxicity was detected should be undertaken.



FDA invites discussion with sponsors concerning whether to pursue development of the racemate or the individual enantiomer. All information developed by the sponsor or available from the literature that is relevant to the chemistry, pharmacology, toxicology, or clinical actions of the stereoisomers should be included in the IND and NDA submissions.



The chemistry section of the application should contain the requisite information to assure the identity, quality, purity and strength of the drug substance and drug product. In addition, the following considerations should be taken into account when dealing with chiral drug substances and drug

products.



Applications for enantiomeric and racemic drug substances should include a stereochemically specific identity test and/or a stereochemically selective assay method The choice of the controls should be based upon the substance's method of manufacture and stability characteristics.



Applications for drug products that contain an enantiomer or racemic drug substance should include a stereochemically specific identity test and/or a stereochemically selective assay method. The choice of the controls should be based upon the product's composition, method of manufacture and stability

characteristics.



The stability protocol for enantiomeric drug substances and drug products should include a method or methods capable of assessing the stereochemical integrity of the drug substance and drug product. However, once it has been demonstrated that stereochemical conversion does not occur, stereoselective tests might not be needed.



The labeling should include a unique established name and a chemical name with the appropriate stereochemical descriptors.



The pharmacologic activity of the individual enantiomers should be characterized for the principal pharmacologic effect and any other important pharmacological effect, with respect to potency, specificity, maximum effect, etc.



To monitor in vivo interconversion and disposition, the pharmacokinetic profile of each isomer should be characterized in animals and later compared to the clinical pharmacokinetic profile obtained in phase 1.



It is ordinarily sufficient to carry out toxicity studies on the racemate. If toxicity other than that predicted from the pharmacologic properties of the drug occurs at relatively low multiples of the exposure planned for clinical trials, the toxicity study where the unexpected toxicity occurred should be

repeated with the individual isomers to ascertain whether only one enantiomer was responsible for the toxicity. If toxicity of significant concern can be eliminated by development of single isomer with the desired pharmacologic effect, it would in general be desirable to do so. The agency would be pleased to discuss any cases where questions exist regarding the definition of "significant toxicity."



It is essential to determine the concentration of each isomer and define limits for all isomeric components, impurities, and contaminants on the compound tested preclinically that is intended for use in clinical trials. The maximum allowable level of impurity in a stereoisomeric product employed in clinical trials should not exceed that present in the material evaluated in nonclinical toxicity studies.



To develop a single stereoisomer from a mixture that has already been studied non-clinically, an abbreviated, appropriate pharmacology/toxicology evaluation could be conducted to allow the existing knowledge of the racemate available to the sponsor to be applied to the pure stereoisomer. Ongoing studies would usually include the longest repeat-dose toxicity study conducted (up to 3 months), and the reproductive toxicity segment II study in the most sensitive species, using the single enantiomer. These studies should include a positive control group consisting of the racemate. If there is no difference between the toxicological profile of the single stereoisomeric product and the racemate, no further studies would be needed. If the single enantiomer is more toxic, the explanation should be sought and the implications for human dosing considered.



Patents



Since 1976, the Patent and Trademark Office (PTO) has issued 11, 845 patents relevant to chiral technology. (http://www.uspto.gov/patft/index.html) The number of patents issued per year has steadily increased over time. The number of patents issued in 1998 up to Feb. 1999 was 370% of the number issued in 1989. There were 1401 more patents issued in 1998 - Feb. 1999 than issued in 1989.



table 2



chiral technology patents:

the last decade



Year�Number of Patents Issued��1989�518��1990�536��1991�618��1992�722��1993�919��1994�869��1995�984��1996�1205��1997�1516��1998 - Feb. 1999�1919��

Source: PTO



Depending on new discoveries made when testing individual enantiomers, a company can get a patent on a single one. Sepracor, (http://www.sepracor.com), Malborough, Mass., has assembled a portfolio of patents on single enantiomer versions of 16 chiral drugs originally discovered and marketed as racemates by other firms.



Companies involved in racemic switching, such as Sepracor, often coin their own generic name for the single isomer by putting the prefix dex- or lev- before the generic name of the racemate. Generic names are officially assigned to drugs by the Chicago-based United States Adopted Names Council (USAN Council), (http://www.usp.org/aboutusp/ppp/ppp_j01.htm).  They are unlikely to go along with this practice because it would create bulky sections in the middle of drug listings of drugs with all the same prefix.



Here is a typical representation of companies to have been issued patents in chiral technology. Due to the very large number of patents issued, this is limited to companies that received a patent in chiral technology on February 16, 1999. Also, there are a large number of companies that have received only one or two chiral technology patents, so those to have received less than five are excluded. The following table gives the number of U. S. patents relevant to chiral technology received since 1976 by all companies to have received at least one chiral technology patent on Feb. 16, 1999, excluding those that received less than five since 1976. They are listed in order of least to most patents received since 1976.  The number only refers to patents involving chiral technology. For instance, IBM has presumably received a large number of patents since 1976, but only five involve chiral technology, having to do with liquid crystal displays.



table 3



who is patenting chiral technology



Company�Number of Patents Received Since 1976��Sarawak Medichem Pharmaceuticals�5��IBM�5��Pharmacopeia�9��Chiroscience Limited�12��Glaxo Wellcome�16��Hoechst Marion Roussel�22��Seiko Epson�25��Takasago International�29��Merck & Co.�50��BASF Aktiengesellschaft�139��G. & D. Searle & Co.�162��Bayer Aktiengesellschaft�202��

Source: PTO



By doing a boolean search of different terms on the PTO database (http://www.uspto.gov/patft/index.html), different numbers of hits are received for different combinations of chiral technology terms. This gives some indication of the types of chiral technology for which there are the most patents. Here is a list of the number of patents containing various terms for patents issued from 1976 to April 6, 1999.



table 4



chiral technology patents by type



Terms Searched For�Number of Patents Containing Terms

For 1976 - April 6, 1999��chiral + separation�4895��chiral + crystallization�4201��chiral + chromatography�8534��chiral + kinetic�574��chiral + synthesis�7902��chiral + enzyme�2816��chirality + conserved�45��chirality + inversion�167��chirality + induction�261��chiral + drug�3601��chiral + pesticide�89��

Source: PTO

industry



There are companies that specialize in every aspect of chiral technology. There are many corporations for which chiral technology represents a small fraction of their business.  Different companies are involved in every step of the process of developing chiral technology products, from lab equipment to final consumer products.



Instrument suppliers supply equipment that is used in chiral technology, such as lab equipment used in research and development. An example is Chrom Tech which sells equipment such as chiral columns for the direct separation of enantiomers. ChromTech is a Swedish company located in Hägersten, Sweden. The company was founded by Assoc. Professor Jörgen Hermansson, one of the pioneers in the development of chiral stationary phases. The company is focused on research, development and production of HPLC phases. ChromTech has been very successful in the field of chiral separations and in the development of on-line sample preparation columns for biological samples such as serum and plasma. ChromTech’s primary customers are pharmaceutical companies and laboratories doing drug research.



ChromTech AB, 

Box 6056, 129 06 Hägersten, Sweden

http://www.chromtech.se

ct@chromtech.se

+46-8-4648020 

FAX: +46-8-4647020 



This is not to be confused with a different company named Chrom Tech Inc. located in Minnesota, which is a distributor of chromatography instruments.



Chrom Tech Inc.

P.O. Box 24248

Apple Valley, MN 55124

http://www.chromtech.com

sales@chromtech.com

(800) 822-5242

FAX: (612) 431-6345



There are companies devoted to creating chiral compounds. One method of chiral synthesis involves the use of enzymes. Juelich Enzyme Products produces enzymes and enzyme based products. Their focus lies in chiral compounds and enzymes to make them.



Juelich Enzyme Products

Karl-Heinz-Beckurts-Str. 13

D-52428 Julich, Germany

Kreissparkasse Duran

BLZ 395 501 10

Konto-Nr. 9613

http://www.juelich-enzyme.com

juelich@aol.com

(49) 2461-348188

FAX: (49) 2461-690100



There are intermediate suppliers such as Synthon which supply chiral building blocks to the pharmaceutical industry. Synthon was founded in June 1994 to provide pure 3-, 4-,. and 5- carbon building blocks to the pharmaceutical, agrochemical, and flavor/fragrance industries. Synthon Corporation is a chiral chemistry company commercializing patented technologies for the production of ultra-high purity chiral intermediates for the pharmaceutical industry.  The company to exploits the chiral purity of natural carbohydrates (the chiral pool approach) which opens the way for the production of large quantities of high-quality, optically pure intermediates. Starting with nature's 100% chiral purity yields products that are typically higher purity than many competing enzymatic or stereo-synthetic routes.



Synthon Corporation

3900 Collins Rd.

Lansing MI, 48910-8396

http://www.mbi.org/synthon

strack@mbi.org

(517) 336-4661

FAX: (517) 332-5304



Pharmaceutical companies are increasingly relying on outsourcing.  This will require fine chemical companies to develop a critical mass and a full range of capabilities. There are companies that provide general chemistry outsourcing services. Pharm-Eco does pharmaceutical chemistry outsourcing. They provide support for pharmaceutical companies at every stage from discovery to commercial development. Among everything else, they do chiral chemistry, including separations using Simulated Moving Bed technology.



Pharm-Eco

128 Spring St.

Lexington, MA

02421-7800

http://www.pharmeco.com

main@pharmeco.com

(781) 861-9303

FAX: (781) 861-9386



There are companies which provide services to those involved in chiral technology, such Chiralizer Services. Chiralizer Services will perform chiral method chiral method development of your racemate, and chiral purity determination of a given sample. Chiralizer is one of the largest companies in the world that sells automated analytical instruments designed to perform chiral High Performance Liquid Chromatography (HPLC) analysis as well as perform chiral sample method development for the world’s major pharmaceutical companies. They also provide consulting services in the same area. 



Chiralizer Services

666 Plainsboro Rd., Suite #655

Plainsboro, NJ 08536

http://www.lc-ms.com

Sales@Chiralizer.com

(609) 936 - 9374

FAX: (609) 936 - 0860



Finally, there are a very large number of companies that produce final products based on chiral technology. Today, any drug company would fall into this category. Of course, some of these final products are used by other companies in process of manufacturing other products.



There are other aspects of chiral technology business. Chirotech Technology Limited ("ChiroTech"), and CombiChem, Inc. ("CombiChem") signed a joint venture agreement establishing ChiroChem Discovery Services LLC, a San Diego-based company which will develop and sell specifically designed chemical libraries under the name ChiroChem. Under the agreement, ChiroTech will provide  chiral templates which will be used by CombiChem scientists as an information base to design and synthesize information-rich chiral compound libraries. These ChiroChem libraries will be marketed by ChiroTech's salesforce to a worldwide customer base focused on the life sciences industries.



Chiral Data is a Swedish software company that sells software frequently used by labs doing chiral research. They develop software for time series analysis, image analysis, Monte Carlo simulation, and combinational optimization. They also write drivers for hardware and port codes between different operating systems.



Chiral Data HB

Ejdergaten 17

215 67 Malmo, Sweden

http://www.chiralcomp.com/Welcome_uk.html

chiralcomp@chiralcomp.com

+46 (0) 40-924045



participants in chiral technology



Here are lists of companies with contact information. They are grouped according to type of company. Some companies fall into more than one category, and so appear more than once below. At the end of this report will appear a comprehensive list of company profiles.



ENZYME COMPANIES



Altus Biologics Inc.

40 Allston Street

Cambridge, MA

02139-4211

http://www.altus.com

lane@altus.com

(617) 499-0500

FAX: (617) 499-2480



Juelich Enzyme Products

Karl-Heinz-Beckurts-Str. 13

D-52428 Julich, Germany

Kreissparkasse Duran

BLZ 395 501 10

Konto-Nr. 9613

http://www.juelich-enzyme.com

juelich@aol.com

(49) 2461-348188

FAX: (49) 2461-690100



NSC Technologies

601 E Kensingto Rd.

Mt. Prospect, IL

60056-1300

http://www.nsctech.com

nsc.info@monsanto.com

1-800-NSC-5599

FAX: (847) 506-2277



intermediate suppliers



Albemarle Corporation

451 Florida St.

Baton Rouge,  LA

70801-1785

http://www.albemarle.com

oci_main@ocanales.com

(800) 535-3030

FAX: (225) 388-7848



Albemarle Corporation is a global supplier of specialty chemicals and

chemical intermediates. Their products are used to make polymers,

detergents and personal care products, agricultural pesticides

and fertilizers, pharmaceuticals and photographic chemicals.



Albemarle sells the pharmaceutical actives of s(+)ibuprofen and naproxen.



Catalytica Pharmaceuticals

Intersection of US 13/NC11 and US 264

Greenville, NC 27834

http://www.catalytica-pharm.com

info@catalytica-inc.com

dhamby@catalytica-inc.com

(650) 960-30000

(262) 707-2330

FAX: (650) 960-0127



ChiRex Inc.

300 Atlantic St. Ste. 402

Stamford, CT 06901

http://www.chirex.com

rpettman@chirex.com

(203) 351-2300

FAX: (203) 425-9996



ChiRex also provides services to pharmaceutical and biotechnology companies doing in-house development. They offer a broad range of services accelerating the time from drug discovery to commercialization. ChiRex holds 54 patents and patent applications in the field of chiral chemistry.



NSC Technologies

601 E Kensingto Rd.

Mt. Prospect, IL

60056-1300

http://www.nsctech.com

nsc.info@monsanto.com

1-800-NSC-5599

FAX: (847) 506-2277



NSC is a leading developer and supplier of chiral intermediates and unique

synthesis technologies to the life science industry.



Praven Laboratories Pvt. Ltd.

G-114/115 Vakharia Market, Ring Rd.

Surat-395 002 Gujarat, India

http://praveenlabs.vishnu.com

prelab@bom5.vsnl.net.in

(91-261) 622816/638867

FAX: (91-261) 621275



Synthon Corporation

3900 Collins Rd.

Lansing MI, 48910-8396

http://www.mbi.org/synthon

strack@mbi.org

(517) 336-4661

FAX: (517) 332-5304



custom manufacturers



Albemarle Corporation

451 Florida St.

Baton Rouge,  LA

70801-1785

http://www.albemarle.com

oci_main@ocanales.com

(800) 535-3030

FAX: (225) 388-7848



Custom Synthesis Services

1202 Ann St.

Madison, WI 53713

http://cussyn.com

services@cussyn.com

(608) 251-3005

FAX: (608) 251-3007



Regis Technologies Inc.

8210 Austin Ave.

Morton Grove, IL

60053-0519

http://www.registech.com

sales@registech.com

sales011@registech.com

(800) 323-8144

FAX: (847) 967-5876





Sigma-Aldrich-Fluka (SAF) Fine Chemicals

3050 Spruce St.

St. Louis, MO 63103

http://www.sigma-aldrich.com/SAWS.nsf

safinechem@sial.com

sigma-techserv@sial.com

(800) 336-9719

FAX: (800) 368-4661



biochemical suppliers



LOBA Feinchemie

Fehrgasse 7

2401 Fischamend

Austria

http://www.loba.co.net

meindl@loba.co.at

++43-2232-77391-0

FAX: ++43-2232-76677



bulk active suppliers



ChiRex Inc.

300 Atlantic St. Ste. 402

Stamford, CT 06901

http://www.chirex.com

rpettman@chirex.com

(203) 351-2300

FAX: (203) 425-9996



Praven Laboratories Pvt. Ltd.

G-114/115 Vakharia Market, Ring Rd.

Surat-395 002 Gujarat, India

http://praveenlabs.vishnu.com

prelab@bom5.vsnl.net.in

(91-261) 622816/638867

FAX: (91-261) 621275



Sigma-Aldrich Fine Chemicals

3050 Spruce St.

St. Louis, MO 63103

http://www.sigma-aldrich.com/SAWS.nsf

safinechem@sial.com

(800) 336-9719

FAX: (800) 368-4661



Sipsy 

Route de Beaucouze 

B.P. 79 - 49240 Avrille 

Cedex, France 

http://www.sipsy.com

info@sipsy.com

(33) 2-41-43-32-11 

FAX: (33) 2-41-42-76-55



drug companies



Essentially every drug company in the world today sells chiral drugs.



Bristol-Myers-Squibb Company

Research and Development

1350 Liberty Ave.

Hillside, NJ 07205

http://www.bms.com



Cambrex

One Meadowlands Plaza

East Rutherford, NJ 07073

http://www.cambrex.com

(201) 804-3000

FAX: (201) 804-9852



Cambrex is a very broad chemistry company that produces all manner of chemicals for virtually every possible product. Their 1998 sales were $441.7 million. Their subsidiary Chiragene produces chiral drugs.



Catalytica Pharmaceuticals

Intersection of US 13/NC11 and US 264

Greenville, NC 27834

http://www.catalytica-pharm.com

info@catalytica-inc.com

dhamby@catalytica-pharm.com

(650) 960-30000

(252) 707-2330

FAX: (650) 960-0127



Celgene

7   Powder  Horn  Drive

Warren, NJ 07059

http://www.celgene.com

webmaster@celgene.com

(732) 271-1001

FAX: (732) 271-4184



Celgene is involved in two main fields of development: immunotherapeutic compound development and biocatalytic chiral chemistry synthesis. Biocatalysis involves the identification and manipulation of enzymes to perform specialized chemical reactions to produce chirally pure compounds. Celgene also has a subsidiary, Celgro, that develops chiral chemistry for the purpose of agriculture. Celgro works with agrochemical companies to develop chirally pure versions of pesticides. Since racemic chiral agrochemicals have a world wide sales of $5 billion, this could represent a great opportunity.



Praven Laboratories Pvt. Ltd.

G-114/115 Vakharia Market, Ring Rd.

Surat-395 002 Gujarat, India

http://praveenlabs.vishnu.com

prelab@bom5.vsnl.net.in

(91-261) 622816/638867

FAX: (91-261) 621275



Sepracor Inc.

111 Locke Drive

Marlborough, MA 01752 

http://www.sepracor.com

info@sepracor.com

(508) 357-7300



chromatography companies



Advanced Separation Technologies

37 Leslie Court, P.O. Box 297

Whippany, NJ 07981

http://astecusa.com

astec@astecusa.com

(973) 428-9080

FAX: (973) 428-0152



Advanced Separation Technologies sells chromatography products for the separation of enantiomers, including apparatus for liquid chromatography, gas chromatography, and instruments to enhance liquid chromatography separations.



AmeriChrom Global Technologies

http://www.americhrom.com

agt@radix.net

1-(800) 421-5242

FAX: 1-(301) 931-3205



Chiral Technologies

Belden Blvd.

Exton, PA

http://www.chiraltech.com

chiral@chiraltech.com

+1 (610) 594-2100

FAX: +1 (610) 594-2325



Chiral Technologies offers technical support, products, and services for chiral analysis and separation. They sell chiral columns for enantiomeric analysis and separation of chiral components. They provide custom separation services for companies who wish to develop or scale up a chiral separation process.



ChromTech AB, 

Box 6056, 129 06 Hägersten, Sweden

http://www.chromtech.se

ct@chromtech.se

+46-8-4648020 

FAX: +46-8-4647020



Daicel Chemical Industries Ltd.

Chiral Chemicals Division

2-5 kasumigaseki 3-chrome, Chiyoda-ku 100-607 7,

Tokyo, Japan

http://www.daicel.co.jp

chiral@daicel.co.jp

+81-3-3507-3151

FAX: +81-3-3507-3193



Daicel Chemical Industries recently developed the Simulated Moving Bed (SMB) which greatly improves the efficiency of chiral chromatography.  http://news.pharmaceuticalonline.com/feature-articles/19980514-227.html The SMB costs about a third of the usual batch method, and offers slightly higher optical purity.



Hewlett-Packard Company

3000 Hanover St.

Palo Alto, CA 

94304-1185

http://www.hp.com

(650) 857-1501

FAX: (650) 857-5518



Merck Ltd.

Merck House

Poole, Dorset, UK

BH15 1TD

http://www.merck-ltd.co.uk

http://www.chromatography.co.uk

info@merck-ltd.co.uk

info.chrom@merck-ltd.co.uk

+44 (0) 1202-664460

FAX: +44 (0) 1202-666536



Merck Ltd. sells HPLC columns, and chiral HPTLC and TLC plates. They also supply some chiral chemicals, mainly amino acids.



Regis Technologies Inc.

8210 Austin Ave.

Morton Grove, IL

60053-0519

http://www.registech.com

sales011@registech.com

(800) 323-8144

FAX: (847) 967-5876



Regis sells a wide variety of chiral chromatography columns for both HPLC and GC. They also sell the Whelk-O which is a famous type of Pirkle column. Regis will also do custom separation or synthesis services.



analytical suppliers



BioTools, Incorporated

657 Fairfield

Elmhurst, IL 60126

http://www.btools.com

info@btools.com

(630) 782-5053



Biotools sells the Chiralir, a direct infrared probe of the absolute configuration and enantiopurity in chiral molecules. Vibrational circular dichronism combines the structural specificity of FTIR spectroscopy with the stereo-sensitivity of circular dicronism. It directly measures enantiomeric excess down to 1%. (http://www.btools.com/chiralir.htm)



Chiralizer Services

666 Plainsboro Rd., Suite #655

Plainsboro, NJ 08536

http://www.lc-ms.com

Sales@Chiralizer.com

(609) 936 - 9374

FAX: (609) 936 - 0860



Chrom Tech Inc.

P.O. Box 24248

Apple Valley, MN 55124

http://www.chromtech.com

sales@chromtech.com

(800) 822-5242

FAX: (612) 431-6345



Daicel Chemical Industries Ltd.

Chiral Chemicals Division

2-5 kasumigaseki 3-chrome, Chiyoda-ku 100-607 7,

Tokyo, Japan

http://www.daicel.co.jp

chiral@daicel.co.jp

+81-3-3507-3151

FAX: +81-3-3507-3193



Hewlett-Packard Company

3000 Hanover St.

Palo Alto, CA 

94304-1185

http://www.hp.com

(650) 857-1501

FAX: (650) 857-5518



Hewlett-Packard sells a 3-D Capillary Electrophoresis instrument that is combined with a mass spectrometer. This is useful for chiral drug companies. They also sell chromatography columns. Capillary Electrophoresis (CE) and High Performance Liquid Chromatography (HPLC) complement but do not substitute for each other.



pesticide companies



Hoechst

D-65926 Frankfurt/Main

Germany

http://www.hoechst.com/english/index.html

EMueller@corpcomm.hoechst.com

++4969/305-2318

FAX: ++4969/305-83376



Rohm & Haas

100 Independence Mall West

Philadelphia, PA 19106-2399

http://www.rohmhaas.com

bio_webmaster@rohmhaas.com

1-215-592-3000

FAX: 1-215-592-3377



Of the companies listed above that fall into more than one product category, here are the category they fall into.



table 5



Multidisciplanary chiral companies





Company�Product Category��Albemarle�Intermediate Supplier

Custom Manufacturer��Catalytica Pharmaceuticals�Intermediate Supplier

Drug Company��ChiRex Inc.�Intermediate Supplier

Bulk Active Supplier��Chrom Tech�Chromatography Company

Analytical Instrument Supplier��Daicel Chemical Industries Ltd.�Chromatography Company

Analytical Instrument Supplier��Hewlett-Packard Company�Chromatography Company

Analytical Instrument Supplier��NSC Technologies�Enzyme Company

Intermediate Supplier��Praven Laboratories Pvt. Ltd.�Intermediate Supplier

Bulk Active Supplier

Drug Company��Regis Technologies Inc.�Custom Manufacturer

Chromatography Company��Sigma-Aldrich Fine Chemicals�Custom Manufacturer

Bulk Active Supplier��

Source: BCC

international



In the modern global economy, international borders are less important. Chiral technology is a global phenomenon. Every country has drug companies that sell chiral drugs. Chiral research is not that difficult and can be done by even less developed nations.  Praven is a company based in India that is bulk active supplier, intermediate supplier, and drug company.  Of the companies listed above, foreign companies include Chiral Data HB, Juelich Enzyme Products, Daicel Chemical Industries Ltd, LOBA Feinchemie, Sipsy, Praven Laboratories Pvt. Ltd.,  Merck Ltd, and Hoechst. 



table 6



worldwide sales value of chiral technology 

enabling products

($ millions)



Geographic

Region�1998�1999�2004�AAGR%��Western Europe�771.6�837.9�1265.8�8.6%��United States�685.8�744.8�1125.1�8.6��Japan�171.4�186.1�281.2�8.6��Rest of World�85.8�93.2�140.7�8.6��

Note: Sales estimates include products for chiral preparation/manufacture, meaning separation and synthesis, as well as chiral analysis.



Source: BCC, Inc.



figure 1



sales value of chiral technology by region



[Insert bar graph representing the data in above table.]





























Source: BCC Inc.



universities



There are many universities participating in chiral technology. Universities are consumers of analytical equipment as well as the source for breakthroughs later used by corporations.  There are companies that sponsor research at universities. 



Indiana University Perdue University Indianapolis (IUPUI) does research into understanding why methods of enantiomeric separation work. What is the origin of enantioselection in chromatography? How does a chiral stationary phase interact more favorably with one of the optical antipodes being resolved on a column? What is the relation between enantiodiscrimination and chirality? How chiral does a receptor have to be to induce discrimination?



Indiana University Perdue University Indianapolis (IUPUI)

Department of Chemistry

402 N. Blackford St LD 326

Indianapolis, IN 46202

http://chem.iupui.edu

lipkowitz@chem.iupui.edu

(317) 274-6873



Wake Forest University does interdisciplinary research dealing with various aspects of self-organization in chemical systems. One of their major projects is to understand physical, chemical, and biological processes that produce chiral asymmetry.



Wake University

Salem Hall, Box 7486

Winston-Salem NC 27109

http://www.wfu.edu/Academic-department/Chemistry

dilip@wfu.edu

(336) 758-5325

FAX: (336) 758-4656



Like most research at universities, the involvement in chiral research is by the individual professors as opposed to the universities themselves. Universities simply patent and license their chemistries. Key researchers in this country include Eric Jacobson of Harvard, K. Barry Sharpless of Scripps, Amir Hoveyda of Boston University, Elias J. Corey of Harvard, Xumu Zhang of Pennsylvania State, and Yian Shi of Colorado State. In addition, there are many more researchers whose contributions are so specialized that only someone at a drug or pesticide company or at another university working in that precise niche would know about them or their work.



Elias J. Corey

Harvard

http://www-chem.harvard.edu/EJCorey.html

corey@chemistry.harvard.edu

(617) 495-4033



Amir Hoyveda

Department of Chemistry

Chestnut Hill, MA 02467

http://www.bc.edu

amir.hoveyda.1@bc.edu

(617) 552-3618



Eric N. Jacobsen

Harvard

http://www-chem.harvard.edu/EricJacobsen.html

jacobsen@chemistry.harvard.edu

jacobs2@fas.harvard.edu

(617) 643-6874



K. Barry Sharpless

Scripps Research Institute

http://www.scripps.edu/chem/sharpless

sharples@scripps.edu

(619) 784-7505

FAX: (619) 784-7562



Yian Shi

Colorado State University

Department of Chemistry

Fort Collins, CO 80523

http://www.chm.colostate.edu/shi/index.html

yian@lamar.colorado.edu

(970) 491-7492



Xumu Zhang

Pennsylvania State University

http://www.chem.psu.edu/zhang

xumu@chem.psu.edu



Xumu Zhang developed a method of asymmetric catalysis, the exclusive world-wide rights of which were granted to Catalytica.



Isiah Warner, (isiah.warner@chemgate.chem.lsu.edu), professor of chemistry at Louisiana State University in Baton Rouge developed a new way to separate left-handed chiral molecules from right-handers before drug production. He used surfactants-molecules with hydrophobic tails and hydrophilic heads that bind readily with water molecules. Surfactants in water bunch into clusters called micelles, with their heads on the outside and tails tucked inward. Warner's process involves a chemical fusion of the conventional micelles to form micelle polymers. Interactions with micelle polymers are enhanced, when compared with conventional micelles



The universities don’t spend their own money since it comes from government grants. Researchers apply for grants individually. For example, in the case of E. J. Corey, one would have to estimate how much it took to develop his CBS asymmetric reduction technology compared with the cost of the natural product synthesis. Dilip Kondepudi does research on chiral asymmetry generation at Wake Forest University. His research is paid for by the National Science Foundation (NSF), and averages about $60,000 a year.



One interesting development in university-industry-government collaboration is the LINK program in the U. K. The government pays a researcher from a company to spend time at a university lab where the professor is developing technology such as chiral chemistry. The industrial researcher then brings the knowledge back to the company.



obtaining single enantiomers



chiral manufacturing sales



This study estimates the worldwide sales of all products for chiral preparation/manufacture to be $1.60 billion in 1998, and will finish at about $1.75 billion in 1999. This study forecasts the worldwide total sales value will be about $2.76 billion in 2004, for an average annual growth rate of 9.5%. This figures refer to products uniquely associated with chiral technology and exclude other products for preparation/manufacture of a generalized nature.



table 6



chiral preparation/manufacture sales

($ billion)



�1998�1999�2004�AAGR%��Preparation/

Manufacture�1.60�1.75�2.76�9.5%��

Source: BCC Inc.





figure 2



trend in chiral preparation sales



[Insert line graph representing the data in above table.]





















Source: BCC Inc.



Products for synthesis make up about 95% of the chiral preparative/ manufacturing market. Products for separation have about a 5% share of the market. The major synthesis products are chiral intermediates, which are enantiomeric precursors serving chirality reaction strategy. Other products for chiral synthesis include enzymes, asymmetric chemical catalysts, and chiral auxiliaries. The major separation products are crystallization agents and chiral chromatography products. Other products in this category include enzymes for kinetic resolution and chiral extractive solvents.



scale of preparation



The scale at which the procedure for obtaining single enantiomers is performed depends on the field of application and on the particular product at hand. Since the majority of chiral manufacture involves drug actives, the scale generally ranges from one to several to possibly thousands of kilograms at the full commercial level. However, many applications of chiral manufacture involve merely the pilot stage of development and consequently have scales of only several grams up to about a kilogram. Even more numerous are simply laboratory applications for research purposes, and in this situation, the scale of manufacture may be only several milligrams to perhaps several grams.



separation versus synthesis



Asymmetric synthesis is, in principle, the most cost-effective method of producing single-isomer products, because all of the precursor is converted into the single isomer. However, despite its obvious advantage, asymmetric synthesis has a important limitation. Asymmetric synthesis gives high enantiomeric purity only when exceptionally enantioselective. Resolutions, meaning chiral separation, give high enantiomeric excess at the expense of yield. For instance, resolutions by diastereomeric crystallization can achieve needed enantiomeric purities by staging the operations, meaning repeated crystallizations. 



One general conclusion is that it is dangerous to draw general conclusions about the superiority of one technology over the other. Production costs are strongly dependent on the costs of raw materials. The most economically viable route varies from one product to another, even within groups of closely related products. Furthermore, the precise raw materials and facilities that a company has access to at a given moment often determines what method of production is the most economically viable.



chiral separation



overview of chiral separation



Chiral separation is used in two different contexts, for analysis and for preparative manufacture. In the context of analysis, the separation serves as a way to detect and measure the individual enantiomers of a racemate, often for determining optical purity. In the manufacturing context, the purpose of separation is to secure one or both enantiomers as products. While analytical and preparative chiral separation operate on the same technical principles and use similar products, the scale between the two is vastly different, and the design of the separation products employed, although similar, differs in details.



Chiral separation can be used to simultaneously produce both enantiomers (dual-isomer recovery) or it can be used in a way that generates only one enantiomer (single-isomer recovery). The first has application to the manufacture of chiral intermediates when both enantiomers have market outlets. The second has application to the manufacture of either end-use chemicals or intermediates when only one of the enantiomers has a market.



In the mode of dual-isomer recovery, the chiral technology selects one of the isomers, leaving the other behind. and both are ultimately recovered by conventional means. In the mode of single-isomer recovery, the chiral technology also selects one of the isomers, but in addition it deliberately racemizes the other isomer, and recycles it into the selection process, thus ultimately producing the one wanted isomer.



In 1848, Louis Pasteur separated the enantiomers of tartaric acid from their racemic mixture. Sodium ammonium salts of the two enantiomers of tartaric acid crystallize from the racemic mixture into recognizable mirror image crystals. Then staring through the microscope, he painstakingly separated them one by one with a needle. Although a momentous breakthrough at the time, this is obviously inefficient for the modern pharmaceutical industry.



Often companies sell chemicals which were created by organisms as pure enantiomers, such as sugars, proteins, and penicillin. For this reason, companies often rely on biological systems to produce the correct enantiomers.



However, often this is not possible, and the chemicals must be created artificially. At this point, there are two primary strategies for obtaining the enantiomers. One is to constrain the reaction conditions to preferentially yield one enantiomer. The other option is to create a racemic mixture, and then separate the enantiomers.



The classical procedure for chemically separating enantiomers from a racemic mixture is to produce a salt by adding a naturally occurring, and therefore enantiomerically pure, acid or base. The resulting salts are not mirror images of each other because the acid or base, which is in only one form, is present in each. If you take two things that are mirror-images and add the same thing to both, they are no longer mirror-images. They are now diastereomers, and so their different chemical and physical properties allow their separation.



In 1990, Dilip Kondepudi of Wake Forrest University, and Roger Hegstrom of Salem Hall Laboratories discovered, almost by accident, that simple stirring could cause only one enantiomer to crystallize out of a solution. For more on this phenomenon, read http://www.bgsm.edu/graduate/asymmetry.html.



Probably the simplest chiral molecule is CHFClBr, and it’s nearly spherical, so its difference in optical activity is to small to be measured. However, Andre Collet of the Ecole Normale Superieure de Lyon led a team which used supercomputers to determine the tiny difference in the binding energy of the two forms so they could be distinguished. It was confirmed by experiment. (http://www.sdsc.edu/GatherScatter/GSspring97/mccammon.html) At the following URL you can watch a 3-D animation of both enantiomers of CHFClBr.  (http://www.bio.ilstu.edu/chem102/textbook/cenews.html)



The most famous way of separating enantiomers is chromatography. If cross-linked, immobilized enzymes are useful organic reagents, then so are enzymes ligated to a solid support and packed into chromatographic columns. Not only proteins, but all biologically derived materials, because of their construction from enantiomerically pure building blocks such as amino acids,  and sugars, are suitable as stationary phases in chiral chromatography. 



The stationary phases find applications in gas chromatography (GC), high

performance liquid chromatography (HPLC), and supercritical fluid

chromatography (SFC).



crystallization



Crystallization Methods



It’s possible to separate enantiomers by the manual sorting of the conglomerate, the laborious method Louis Pasteur used in 1848, although it’s almost never used today. Occasionally in the lab, manual sorting is utilized to collect the first crystals required to apply the technique of resolution by entrainment.



A variation of manual sorting method is the localization of crystallization of individual enantiomers on suitably disposed seeds within a racemic supersaturated solution. This process of conceived by M. Jungfleisch in 1882. 



Another method is the simultaneous and differentiated crystallization of enantiomers, developed in 1960 by D. Dowling. The process consists of the seeding of a racemic supersaturated solution with relatively large seeds of one enantiomer whose growth will give rise to even larger seeds. At the same time, the spontaneous crystallization of the other enantiomer, or its crystallization induced by small seeds, will produce small crystals which may be separated from the larger enantiomeric crystals by sifting.



Resolution by entrainment was first done by D. Gernez in 1866. The previous methods mentioned in this section were used only in the laboratory. Resolution by entrainment, also called resolution by preferred crystallization, has been used industrially. From 1963 to 1973, about 13,000 tons of L-glutamic acid were produced annually through resolution by entrainment of the synthetic acid derived from acrylonitrate. 



You begin with a racemic solution and add seeds of one enantiomer. After cooling, and stirring, you allow it to crystallize. Large amounts of crystals of the type that originally were used to seed it are collected. You add more racemic solution. You then seed it with crystals of the other enantiomer, and crystals of that type then crystalize. You go back and forth several times collecting crystals of each enantiomer.



Resolution by entrainment is usually done from solution but it’s also possible to do it from a molten state, that is, for a supercooled conglomerate. This was first done by H. Jensen in 1970. The publication is a patent dealing with resolution of B-lactam derivatives 1, 2, and 3. These compounds form conglomerates having low melting points and which can be easily maintained in a supercooled state.



Another method of resolving enantiomers by crystallization is crystallization in optically active solvents. This was first achieved by F. Kipping and W. Pope in 1899. They observed that in the crystallization of sodium ammonium titrate in dextrose solution, the precipitate contained an excess of (+) salt even though the solubilities of two salts were identical. The chiral solvent or cosolute plays a role in modifying the rate of growth of enantiomeric crystals. The preferential crystallization is due to a stereoselective absorption on the surface of one of the two growing enantiomeric phases. This selective absorption effectively inhibits, or at least decreases, the crystal growth of that enantiomeric crystal form. As a consequence, crystals of the other enantiomer grow preferentially, and dominate the precipitate. Crystallization in optically active solvents might also involve intervention of the solvent at the nucleation step, leading to chiral seeding.



Diastereomeric crystallization is the method of racemate separation accounting commercially for about 30 drug actives or their intermediates. The real limitation of diastereomeric crystallization is that it can only be used with about 10% of the chiral compounds of interest since not all compounds of interest will form complexes and therefore crystallize. Companies having to resolve large quantities of racemate will likely try disastereomeric crystallization first to see if it works. For racemate compounds that are not separable by diastereomeric crystallization, other methods of separation must be found or asymmetric synthesis may find application.



Precipitating Agents



The general choice of precipitating (complexing) agent for diastereomeric crystallization uses the principle of chemical opposition. The chirality of the precipitating agent is irrelevant to its choice. You don not have to use a (+) isomer to precipitate a (-) target and vice versa. It so happens, however, that many of the precipitating agents exist, or are available cheaply, in only one enantiomer.



Chiral organic bases are used as the precipitating agents for targeted carboxylic acids, while chiral carboxylic acids are used as the precipitating agents for targeted organic bases. At least 100 resolving agents are commercially available, although just a few account for the majority of applications. Of all the commercially available resolving agents, about half the number are organic bases (amines, alcohols, amino alcohols, and alkaloids) for the separation of chiral acids. About a third are carboxylic acids for the resolution of chiral amines. The remainder are various agents for the resolution of chiral terpenes, ketones, imines, imides, azides, and lactones.  The numerical majority of resolving agents are petrochemicals. Relatively few are natural substances or synthesized modifications of natural substances, but on a sales basis they are significant. Common resolving agents include L(+)-tartaric acid and D(-)-camphorosulfonic acid.



Crystallization Sales



In 1998, crystallization agents for chiral manufacture had a sales value of $80.4 million, and should finish 1999 with a sales value of $84.4 million. We forecast the sales value of preparative crystallization products in 2004 will have a value of $107.7 million, for an average annual growth rate of 5.0%.



table 7



crystallization agent sales for chiral manufacture

($ million)



�1998�1999�2004�AAGR%��Crystallization Agents�80.4�84.4�107.7�5.0%��

Source: BCC Inc.



figure 3



trend in crystallization agents sales



[Insert line graph representing the data in above table.]















Source: BCC Inc.



chromatography



Overview of Chiral Chromatography



The separation of enantiomers is most readily accomplished by means of chiral chromatography. Chiral chromatography includes the use of gas chromatography (GC), supercritical fluid chromatography (SFC), capillary electrophoresis (CE), and high performance liquid chromatography (HPLC). High performance liquid chromatography is the most widely used of the four methods. The ability of an HPLC separation to achieve the separation of the two enantiomers is measured by enantioselectivity, the value of the separation value alpha for the two enantiomers. A pair of enantiomers is considered to be resolvable if alpha > 1.1.



As in chromatography generally, chiral chromatography relies on a partitioning of the target substance between the stationary and the mobile phase. In chiral chromatography, one enantiomer is retarded in its passage through the column because of its preferential binding to the chiral stationary phase, while the other enantiomer finds its passage easier because it is less preferentially bound. As in chromatography generally, chiral chromatography makes use of an eluent, the mobile phase, to flush out the separated compounds.



Because of the difference in elusion rate, the two enantiomers of a racemate emerge from the column at different times and with different volume fractions of eluent. If the difference is great enough, the two enantiomers can be easily resolved. Unfortunately, many chiral resolutions involve only small differences. The ratio of eluting times or eluting volumes are often close to one.



The majority of enantiomer separations first reported in the literature were based on an initial reaction of a chiral molecule with an enantiomerically pure chiral derivatizing agent. This reaction yields two diastereomers, one for each of the two enantiomeric analytes in the starting sample. The resulting two diastereomers could then be separated by conventional HPLC. This overall procedure is referred to as the indirect method of chiral analysis. Since 1980, chiral separations have been carried out mainly using chiral stationary phases (CSPs). The use of CSPs without derivatization is referred to as the direct method of chiral analysis. A method is considered direct if it involves the actual chromatographic separation of molecules that are enantiomerically related to each other, as opposed to covalent diastereomerically related derivatives, and regardless of whether they are derivatized with an achiral agent or not. Another type of direct method uses a chiral mobile phase additive (CMPA) which forms a transient diastereomeric complex with the analytes. Resolution of these diastereomeric complexes is then possible by HPLC.



While many chiral solid phases exist already for the separation of enantiomers by chiral HPLC, there remains enough trial and error in finding a suitable chiral stationary phase, and typically for new separations a number of expensive phases must be evaluated. Many people rationally designing solid phases for the resolution for a defined separation problem. Such an approach would be justified, if the separation problem was to be

repeated on a routine basis, as might be the case e.g. for the separation of biologically active compounds or for the routine batch analysis in a production scenario.



The recognition of the template within the polymer matrix can be achieved via non-covalent bonds comprising electrostatic-, hydrophobic-, charge-transfer- (e.g. hydrogen bonds) or coordinated metal-bonds. For a chiral recognition a minimum of tree binding sites for each molecule must exist



According to William Letter of Chirlizer Services, the World HPLC market is estimated at between 700 million and 2.5 billion, depending on who you talk to. The chiral HPLC market is a fraction of that total.  The fraction is made up mostly of specialty chiral columns, chiral sample analysis services and instruments which aid in the resolution of chiral compounds.  Steve Lawson of Alltech, which sells chromatography equipment, says that chiral columns make up about 0.1% of their business.



The cost of chromatography columns is greatly influenced by the physical dimensions of the column. In the example of the Whelk-O 2, a type of Pirkle column sold by Regis (http://www.registech.com), a 25 cm x 4.6 mm column costs $1,520 while a 50 cm x 21.1 mm column of the same type costs $18,000. 



Here is an excellent molecular database for chiral chromatography. It contains 55,000 chiral separations and 16,000 molecular structures. You can also join an mailing list.



http://chirbase.u-3mr.fr



Different compounds in chromatography are better suited to separating different chiral compounds. Here is a representative sampling of proteins and oligosaccarides used for enantiomeric resolution.





table 8



amino acids and proteins used to resolve enantiomers



Compound� Trade Name�Chromatography System�Enantiomers  Resolved��alpha1-Acid glycoprotein�CHIRAL-AGP�HPLC�Acids, alcohols, amines��L-Amino acids�Orpak CRX�HPLC�Amino acids��Bovine serum albumin�Afpak ABA�HPLC�Amino acids, carboxylic acids��Cellobiohydrolase�CHIRAL-CBH�HPLC�Alcohols, basic compounds��Human serum albumin�CHIRAL-HSA�HPLC�Acidic compounds��Poly (N-acryloyl-S-phenylalanine-ethyl ester)�ChiraSpher�HPLC�Beta-Adrenergic blockers��

Source: Alan Bruzel of Mining Co.



table 9



oligosaccharides used to resolve Enantiomers



Compound�Trade Name�Chromatography System�Enantiomers Resolved��Cellulose�Cellulose triacetate�HPLC�Alcohols, amines, ketone��Cellulose�Chiralcel�SFC�Beta-Adrenergic blockers��Cyclodextrin�ChiraDex�HPLC�Aromatics, cyclic compounds��Cyclodextrin�Orpak CD�HPLC�Hydrophobic compounds��Cyclodextrin�Rt-BDEX�GC�Alcohols, ketones��2,3-Di-O-pentyl-6-O-t-butyl dimenthylsilyl-B-cyclodextrin�experimental�GC�Alcohols, esters��

Source: Alan Bruzel of Mining Co.



Chiral Mobile Phase Additive



In this approach, an enantiomerically pure compound, called the chiral mobile phase additive (CMPA) is continuously added to the HPLC mobile phase. Reversed or normal-phase HPLC is generally used to separate transient diastereomeric complexes been the analyte and the CMPA. This procedure is not widely used due to its inherent problems, such as the requirement for a continuous supply of the often expensive CMPA, detection difficulties, and frequently poorly shaped peaks with low plate numbers.



Chiral Stationary Phase



Direct methods use a chiral substance that is chemically bonded or coated to a stationary phase support to form a chiral stationary phase (CSP). The CSP interacts with analyte enantiomers to form short-lived, transient diastereomeric complexes. The binding strength of one of those complexes will be stronger than the other, resulting in differences in retention times for the enantiomer pair. Silica or aminopropyl silica is commonly used as starting point material but particles of polymeric chiral stationary phase are also available. The CSP can be attached to the support in various ways, such as covalently bonded, ionically bonded, or physically coated. For some analytes, enantioselectivity on a CSP is also enhanced by derivatization with an achiral agent. 



There are four major classes of CSPs: protein, cyclodextrin, carbohydrate, and Pirkle phases. Two other types of CSPs are ligand exchange and columns based on silica-based bonded macrocyclic antibiotics.



Chiral Recognition



Chiral recognition refers to the ability of the CSP to interact differently with two enantiomers, leading to HPLC separation. The ability of the analyte and CSP to form transient-diastereomeric complexes utilizing hydrogen bonding, pi-pi interactions, dipole stacking, inclusion complexing, and steric bulk is the driving force behind enantioseparation. The relative binding strengths of these diastereomeric complexes determines enantioselectivity. One enantiomer is bound more strongly to the CSP support than the other. In 1980, William Pirkle, D. House, and J. Finn proposed that for enantiomers to be resolved, a minimum of three simultaneous interactions between the analyte and the CSP are necessary, with at least one of these interactions being stereochemically dependent.







Protein Chiral Stationary Phases



Some of the most versatile stationary phases for separating enantiomers are immobilized proteins. Racemates that are difficult to separate with other chiral phases often can be successfully resolved into enantiomers with a single column of a protein phase. While many protein stationary phases have been proposed, six materials with somewhat different characteristics now have been commercialized in columns for chiral separations: bovine and human serum albumin, alpha-1-acid glycoprotein (orosomucoid), ovomucoid, cellobiohydrolase (cellulase), and pepsin. These proteins have been covalently bonded to wide pore silica and polymeric supports for rapid HPLC separations that are suited for routine analytical methods. A special advantage of immobilized protein columns is that they are compatible with the aqueous buffered mobile phases widely used in many biological applications. Protein based columns are less suited for preparative applications because of limited sample capacity and relatively high column cost.



Carbohydrate Columns



The naturally occurring polysaccharides form the basis for an important group of columns designed for chiral separations. Derivatives of these polymers, especially cellulose and amylose, exhibit excellent properties as stationary phases for HPLC. Commercially available columns of these materials now are used extensively for both analysis and preparative separations of a wide range of enantiomers. Although most columns are used in the normal phase mode, columns are also available for applications with aqueous reversed phase mobile phases.



Pirkle Columns



Thousands of racemates have now been resolved on donor-accepted columns, also known as Pirkle columns. Over 30 different columns of this type are now commercially available. Pirkle columns are able to resolve enantiomers based on preferential binding of one enantiomer to the CSP, forming a diastereomeric complex, though a combination of pi-pi bonding, hydrogen bonding, steric interactions, and/or dipole stacking. Two of the interactions need to be attractive, while the third interaction can be either attractive or repulsive or steric. One advantage of Pirkle columns is that many are available in both enantiomeric forms, allowing reversal of the elusion order of the enantiomers. This reversal capability is useful when performing both analytical and preparative separations. 



Following the commercial introduction of Regis (http://www.registech.com) in 1980, the most widely used Pirkle CSP was the 3,5-dinitrobenzoylphenylglycine (DNBPG) CSP. This type of CSP, termed a pi-electron acceptor, is generally effective for resolving aromatic enantiomers that are considered good pi-electron donors. The pi-pi (intermolecular) interactions between aromatic rings of a solute a CSP are an important factor in enantioselectivity with this CSP. The DNBPG phase also contains two acidic hydrogen and two basic carbonyl groups which can hydrogen-bond with analytes such as amides, amines, or hydroxyls. This CSP is able to separate a wide variety of enantiomers.



A second kind of Pirkle column contains pi-electron donating species in the CSP. A naphthalene (less so phenyl) ring is a strong pi-electron donor. The pi-electron donor CSPs were rationally designed to separate the enantiomers of amines, amino alcohols, amino acids, carboxylic acids, and thiols. These CSPs are especially good at separating 3,5-dinitrophenyl carbamate and urea derivates of alcohols and amines.



A third type of Pirkle column is the hybrid pi-electron acceptor-donor CSPs. This CSP was originally designed for separating enantiomers of naproxin, and is one of the few CSPs capable of separating the underivatized (+) and (-) naproxen enantiomers. A famous example is the Whelk-O 1, developed for Regis (http://www.registech.com) for the separation of non-steroidal antiinflammatory drugs (NSAIDs), has been improved to such an extent that it can resolve, both analytically and preparatively, the enantiomers of structurally diverse compounds without the need for derivatization. Its ultimate scope has still to be defined. The Whelk-O 1 column incorporates a pi-base and pi-acid, and is capable of resolving enantiomers that contain either pi-base or pi-acid groups. In addition, this column exhibits a wide range of versatility in the types of enantiomers resolved by it, and compares favorably to the polysaccharide CSPs for its range of versatility. The Whelk-O 1 column can be used in both normal- and reversed-phase modes.



Pirkle columns were invented by Dr. William Pirkle who is one of the leading scientists in the field of chiral chromatography.



William H. Pirkle

University of Illinois at Urbana

161 ral box 44, mc 712

600 S Mathews

Urbana, Il  61801

http://www.scs.uiuc.edu/chem/gpirk.htm

(217) 333-0751



Here you can read more about William Pirkle and his achievements.



http://www.gemini.co.uk/biopages/apps/ch-chrom.html





Gas Chromatography



The use of gas chromatography for the analysis of enantiomers started around 1960. Because chiral GC can be applied only to volatile substances, the analyzed substance must be inherently volatile or they must be made volatile by a suitable chemical derivatization. The latter is common. Compounds analyzable by chiral GC include esters, terpenes, short fatty acids and alcohols, and normally gaseous substances. Compounds that can be made volatile by derivatization, such as by silanization or esterification, can also be analyzed by chiral GC.



The major problem associated with chiral analytical GC is the frequent need to make volatile derivatives out of nonvolatile compounds to be analyzed. This preliminary derivatization step consumes time and labor. This is especially a concern for industry. Samples can not be simply delivered into the analytical system, and thus manufacturing processes can’t be continuously monitored in real time.



As a consequence, chiral analytical GC does not hold necessarily hold favor even among its regular users. In the research setting within academe and industry, the technique likely will continue. However, it is conceivable that chiral GC will decline if more easily handled liquid chromatography methods for specific compounds provide acceptable alternatives.



One way of making chiral GC work is through a chemical derivatization of the analyzed substance using a single-enantiomer derivatizing agent, since most compounds need to be derivatized to make them volatile anyway. Here is a list of chiral derivatizing agents and the types of compounds they serve for analysis by GC.



table 11



chiral derivatizing agents for gc



Chiral Derivatizing Agent�Analyte Served��O-Acetyl lactic acid chloride�alcohols��2-Alkanol �amino acids, alpha-hydroxy acids, keto acids��2-Chloroisovaleryl chloride�amines, amino acids��Chrysanthemoyl chloride�amines, amino acids, alcohols, hydroxy acids��Drimanoyl chloride�amines, amino acids, hydroxy acids��N-(Pentafluorobenzoylprolyl) chloride�amines��(-)-Menthol�amino acids, alpha-hydroxy acids, other acids��(-)-Methyl chloroformate�amines, amino acids, alcohols, hydroxy acids��O-(-)-Methylhydroxylamine�carbohydrates��(S)-2-Methy-2-trifluoromethyl-phenylacetyl chloride (MTPA-Cl)�amines, amphetamines��Methyl esters of amino acids�amino acids��(+)-Methyl-2-pentylamine�amino acids��(S)(+)-2-Phenylbutyric acid�alcohols��2-Phenylbutyryl chloride�alcohols��1-Phenylethyl isocyanate�hydroxy acids��(R)(-)-2-Phenylpropionic acid�alcohols, hydroxy acids��2-Phenylpropionyl chloride�alcohols, hydroxy acids��N-Trifluoroacetyl-alanyl chloride�amines��N-Trifluoroacetyl-prolyl chloride�amines, amino acids��(+)-Trifluoro-1-phenylethylhydrazine�ketones��

Source: BCC Inc.



Supercritical Fluid Chromatography



The most prevalent strategy for enantiomer separations has been the use of chiral stationary phases (CSPs) for liquid chromatography (LC). Problems associated with the use of this approach include poor peak resolution, long analysis times, and instability of the CSP under some mobile phase conditions.



Recently, supercritical fluid chromatography (SFC) has been proposed as an alternative to LC for enantiomer separations. Potential advantages of SFC include reduced analysis time, improved peak resolution, and simplified method development when compared to LC techniques. 



Direct comparisons of LC and SFC were performed by the National Institute of Standards and Technology (NIST) (http://www.nist.gov) using several commercially available CSPs. Chromatographic analyses in SFC were performed using carbon dioxide as the principal eluent. Alcohol modifiers were added to the carbon dioxide to elute polar compounds. Enantio-separations of numerous pharmaceutical and agricultural racemates were used to assess the applicability of SFC for chiral separations. 



The mobile phase is often an integral part of the success or failure of chiral separations in LC. Some CSPs can be utilized under both normal and reversed phase conditions, making mobile phase selection even more complex. In SFC, separations analogous to both normal and reversed-phase LC separations were achieved with a carbon dioxide-alcohol eluent. Therefore, optimization of the enantiomeric separation was simplified dramatically in SFC. The higher flow rates used in SFC also reduced the time

required for each analysis. As a result, method development time was often reduced to just a few minutes in SFC. 



For the compounds and CSPs studied, SFC generally provided better peak resolution than LC. Peak resolution is an important parameter for the accurate measurement of small amounts of one enantiomer in the presence of a large excess of the other enantiomer. Improved peak resolution also minimizes interference from impurities or other constituents present in the sample. In some instances, separations could be achieved in SFC that were not possible on the same CSP in LC. Hence, SFC can expand the range of racemates resolved on a particular CSP, and reduce the number of expensive CSPs that must be evaluated during method development. 



Although SFC has tremendous potential, the use of SFC for chiral separations is still relatively new. Future studies will involve identification of additional applications of SFC and will focus on areas where SFC is likely to provide improvements over other techniques.



Chiral Simulated Moving Bed Chromatography



Simulated Moving-Bed (SMB) technology is an established technique for continuous chromatographic separations of various mixtures including hydrocarbon isomers, sugars, and different fine chemicals, such as natural products, pharmaceuticals, aromas and enantiomers. The SMB technique implies a simulated countercurrent contact between the mobile fluid phase and the stationary adsorbent phase, which is most efficient in terms of separation performance and eluent and adsorbent consumption.  SMB units typically operate in overload conditions which leads to nonlinear competitive adsorption behavior. These conditions must be taken into account when choosing the operating conditions, i.e. the internal fluid flow rates and the simulated solid flow rate, to achieve the desired separation performance. This constitutes the main problem in operating in SMB unit for new fine chemical application. 



There are many advantages of the SMB technology, compared to the classical preparative chromatography. First of all, the process is continuous and the solvent requirement is minimized, with up to 90% saving compared to classical preparative chromatography. In SMB units the whole stationary phase is used for the separation while in classical chromatography only a small part of the column is involved in the separation; this permits to optimize the productivity with respect to the stationary phase. In the case of the enantiomer production, further advantages of the SMB technology with respect to other methods such as chemical or biological asymmetrical synthesis can be underlined. A racemate synthesis is easier, cheaper and less time consuming than a stereoselective one; so coupling this synthesis with a SMB separation technique is a very cheap and simple way to produce both enantiomers with high purity and recovery. 



Computer Assisted Resolution



Computer programs can be used to analyze any chiral resolution, and can be used in conjunction with any physical separation. Computerized methods are based on evaluation of the potential energy contours obtained in molecular docking processes. By computerized matching of contours for docking two enantiomeric molecules with the same chiral entity, an energy difference between the two complexes at their potential energy minima can be calculated. This calculation offers, in principle, a means of predicting the elution order in a chromatographic system. However, solvent effects can not be taken into account, so the predictive value is limited. Furthermore, even in well-defined chromatographic systems containing a simple chiral selector, different retention mechanisms may compete, making the situation more complex. Despite this, data from computational work can provide valuable additional information when trying to resolve an uninvestigated racemate. Chirule is a computer program for developing chiral separations. It constructs a multidimensional space from a large number of known chiral separations by fragmenting the molecules at their chiral centers.



Jasco Inc. (http://www.jascoinc.com, inbox@jascoinc) sells analytical equipment, and also sells software to assist chiral resolution. They sell software associated with their circular dichroism HPLC detector that calculates a g factor which is measure of optical purity and also handles cd spectra which enables the optimal choice of wavelength to monitor chiral separations either of racemates or enantiomers.









Chiral Chromatography Sales



Preparative chiral chromatography has increased in recent years but large scale manufacturing use remains problematic. Sales of chiral chromatography columns for preparative use are only a fraction of the sales for analytical use.



We estimate that the market for preparative chiral chromatography in 1998 was about $3.2 million in 1998, and will finish 1999 at about $4.0 million. The growth rate for the preparative chiral chromatography market is about 26%. Therefore we forecast that in 2004, the preparative chiral chromatography market will be about $12.7 million. These figures refer principally to liquid chromatography since gas chromatography for preparative use is virtually nil. Products not unique to chiral chromatography are excluded.



table 12



Preparative chromatography sales

($million)



Category�1997�1998�1999�2004�AAGR%��Prep Cromatography�2.5�3.2�4.0�12.7�26%��

Source: BCC Inc.



For analytical chiral chromatography, we divide it into LC/HPLC and GC chromatography. For analytical chiral LC/HPLC chromatography, we estimate the sales value in 1998 to have been about $107.2 million, and that it will finish 1999 at about $112.5 million. We forecast a sales value for 2004 of about $143.6 million. For analytical chiral GC, we estimate the sales value in 1998 to have been about $26.8 million, and that it will finish 1999 at about $140.6 million. We forecast the sales value for 2004 to be about $36.0 million. For both LC/HPLC and GC, the average annual growth rate is about 5.0%.







table 13



analytical chromatography sales

($ million)



Category�1998�1999�2004�AAGR%��Chiral LC/HPLC�107.2�112.5�143.6�5.0%��Chiral GC�26.8�28.1�36.0�5.0��TOTAL�134.0�140.6�179.0�5.0��

Note: LC/HPLC includes chiral CSPs and chiral packed columns. GC includes CSPs, chiral packed columns, and chiral derivatizing agents. Sales estimates refer to products sold to users, not to manufacturers of these products.



Source: BCC Inc.



kinetic resolution



Overview of Kinetic Resolution



Kinetic resolution separates enantiomers of a racemate on the basis of differences in their chemical reactivity. One of the enantiomers preferentially reacts while the other does not. The reaction has to be such that the transformation produces a change in the reacted enantiomer that can then be exploited by conventional separation. A common way of applying kinetic resolution, for example, is to start with both enantiomers as the ester. Cleavage of one enantiomeric ester generates product e. g. acid (which is ionic) which then can be separated from the unreacted enantiomeric ester (which is neutral) by ion-exchange chromatography.



The reactivity difference between the enantiomers does not have to be absolute, although that is ideal. It is sufficient for the reaction rates to differ enough to permit the enrichment of one enantiomer. To raise the efficiency, the unreacted isomer can be recycled into the process through a deliberate racemization, which generates more reactable isomer.



Enzymes and Kinetic Resolution



The key to kinetic resolution is the catalyst for promoting the enantiomerically specific reaction. While chemical catalysts can be used, almost all of the kinetic resolution processes use enzymes as catalysts.



Because it may not be possible to carry out the critical separation reaction directly, often the racemic material has to be derivatized chemically in a way that the enzyme can exploit. Part of the art of kinetic resolution is to devise a chemical derivatization and an enzyme catalyst compatible with each other.



Kinetic resolution can be designed to transform the desired isomer and leave the unwanted isomer behind, or it can be designed to transform the unwanted isomer and leave the desired one behind. In some cases, the availability or lack of suitable enzyme catalyst will dictate the choice of operating mode.



In most instances of enzyme-based kinetic resolution, the racemate is derivatized as an ester, and the enzyme employed has esterase activity. The most frequently used enzymes are lipases and proteases, both of which types are, mechanistically, esterolytic. Oxidases also have been investigated and used.



Enzymes can be employed for kinetic resolution in solution. However, because the critical reaction may not be absolutely specific and therefore the undesired isomer may slowly react and complicate the separation, most enzymatic resolution technology employs enzymes immobilized on permselective membranes. In this manner, as the desired isomer emerges, it is simultaneously separated from the racemic mix. 



The enzyme used for chiral resolution may be “naked” refined enzyme, but in many cases it is simply contained within microbial cells. For instance, Andeno/DSM converts amino acids to their amide and then applies the enzyme L-aminopeptidase, in the form of cells of Pseudomas putida of the strain ATCC 12633, to liberate free L isomer. Using an enzyme in the form of cells avoids the expense of enzyme purification. It also proves generally more effective for immobilization to use whole cells rather than refined enzyme. It must be emphasized that the cells employed in this manner are not actively fermenting and growing cells. They are inert except for the desired enzymatic activity.



Another notable feature of enzymatic chiral resolution is the use of enzymes in organic solvents. In many of the bioreactors, the derivatized racemate is held dissolved in an organic solvent. The enzyme is mixed with this solution or is immobilized at this face of the permselective membrane. On the other side of the membrane is water. When the enzyme hydrolyzes its preferred derivatized enantiomer, the product flows through the membrane and into the aqueous environment. Thus, the desired enantiomer is efficiently separated from the racemate. The enzyme is able to act within the organic solvent. Enzymes usually require a watery environment to exhibit catalytic activity, but some enzymes have been found to work even in nonaqueous or minimally aqueous solvents. The catalytic activity is less than it would be in a fully aqueous environment but this can be compensated by loading extra enzyme into the bioreactor.



table 14



major applications of enzymatic resolution



Target�Enzyme Used��Amides, Nitriles�Nitrilase, nitrile hydrolase��Amines�Transaminase��L Amino acids�Aminoacylase��2-Arylpropionics�A lipase��2-Azabicyclo[2.2.1]-hept-5-en-3-one�Gamma-lactamase��(+)-endo-Borneol�A lipase��L-2-Chloropropionic acid�A lipase, D-CPA dehalogenase��Glycidol�A lipase��(R)-Glycidyl butyrate�A lipase��(S)-Ibuprofen�A lipase��Phenyserines, serinols�Aldolase��

Source: BCC



Altus Biologics Inc. (http://www.altus.com)has developed a novel group of products called CLEC catalysts.  These heterogeneous, crystalline enzyme catalysts can be used in repeated reaction cycles from the gram to multi-ton scale.  The catalysts work under extremely mild reaction conditions and are environmentally friendly.  CLEC catalysts are divided into three product families; ChiroCLEC, PeptiCLEC and SynthaCLEC.   The ChiroCLEC family is used for the resolution of acids, esters, alcohols and amines.  The PeptiCLEC family is used for catalytic peptide coupling of both natural and unnatural amino acids and peptides.  The SynthaCLEC family is used to conduct a wide variety of synthetic transformations.



CLEC stands for “cross-linked enzyme crystals”.  This preparation is a crystallized enzyme which is cross-linked as a type of immobilization. Impurities often associated with non-crystallized enzyme preparations contribute undesirable side activities due to miscellaneous enzyme content and therefore crystalline enzyme preparations represent pure reactions. The cross-linking imparts stability to the enzyme it would not have if it were dissolved.



In a Chem & Eng News (21 September 1998, Page 83) the article quotes Altus biologics saying that for the resolution of sec-phenethyl acetate/alcohol they estimate that the cost of the CLEC was around 4% of the products value. I’ve talked to researchers who use CLEC's in scale-up studies and have found them to be a highly useful catalyst.



Kinetic Resolution Sales



This study estimates the worldwide sales value for enzymes for kinetic resolution to be about $0.16 million in 1998, and will finish out 1999 at about $0.18 million. This study forecasts the worldwide sales value will be about $0.30 million in 2004, for an average annual growth rate of about 10.5%. These figures refer to the value of the enzymes themselves and not to the bioreactors as a whole, nor to the value of contract production service, nor to the value of products sold with the aid of enzymes.



table 15



sales value of enzymes for kinetic resolution

($ million)



�1998�1999�2004�AAGR%��Enzymes for

Kinetic Resolution�0.16�0.18�0.30�10.5%��

Source: BCC Inc.



The sales value of enzymes for kinetic resolution is only a small percentage of the value of the bioreactors as a whole, and only a very small percentage of the value of products manufactured with their help. Immobilization and the consequent ability to re-use the enzymes through many cycles makes the cost

per cycle of the enzymes even lower than their purchase value. Enzyme costs are dropping even further, in some instances, as a result of their greater availability due to genetic engineering to boost the productivity of sourcing microbes.



capillary electrophoresis



Electrophoresis is a separations technique that is based on the mobility of ions in an electric field. Positively charged ions migrate towards a negative electrode and negatively-charged ions migrate toward a positive electrode. For safety reasons one electrode is usually at ground and the other is biased positively or negatively. Ions have different migration rates depending on their total charge, size, and shape, and can therefore be separated. Performing electrophoresis in small-diameter capillaries allows the use of very high electric fields because the small capillaries efficiently dissipate the heat that is produced. Increasing the electric fields produces very efficient separations and reduces separation times.



The term Capillary Electrophoresis (CE) has been applied to several modes of separation, all of which harness electrical forces in capillary tubes for analytical purposes. Applications of CE have been demonstrated throughout chemistry and biotechnology, with separations of both charged and uncharged species, ranging in size from metal ions to proteins and polynucleotides. It can also be used for chiral separations. Extremely high separation efficiencies are routinely obtained, and good reproducibility may be achieved. Benefits of CE include rapid analyses, high efficiency and resolving power, and low sample consumption.



CE is a relatively new and expensive technique. Therefore, off-the-shelf methods are not available for many classes of components. Although there may be real advantages in using the technique for many compounds, it is often difficult to justify buying the equipment until it has been shown to be better than the procedures currently in place. Occasionally, laboratories have the equipment, but they do not have sufficient staff time to run samples. Sometimes there is a need for staff training. A general disadvantage is that CE is limited to analytical applications.



Different types of CE include capillary zone electrophoresis (CZE), capillary electrokinetic chromatography (EKC), capillary gel electrophoresis (CGE), capillary isotachophoresis (ITP), and capillary isoelectric focusing. Of the various modes of CE available, only EKC is capable of separating nonionic or neutral solutes. Since the principle of separation of CE and other methods, such as HPLC differ, CE offers an excellent complimentary technique.



There are a number of reasons for the increased interest in CE for the separation of chiral compounds. The small diameter capillaries used in CE proficiently dissipate heat, allowing the use of high voltages, which result in rapid and efficient separations. Zone broadening from convection is minimized since the sample moves as a discrete plug in the narrow bore tube. This allows one to generate many theoretical plates, which is especially attractive for chiral separations where selectivity factors are often quite small. Since CE uses an extremely small volume, the use of exotic and expensive chiral selectors becomes feasible due to the small amounts consumed. In addition, the small injection of volume permits the analysis of individual enantiomers that are often difficult to obtain or scarce in quantity. Another advantage is the ease with which separation media can be changed in the capillary column. In terms of method development, one can quickly and efficiently alter the run buffer to screen various separation media at a minimum cost.



Cyclodextrins (CDs) are the most extensively used chiral selector in CE. Several factors have contributed to the extensive use of CDs in liquid chromatography and CE. Cyclodextrins are extremely stable, do not appreciably absorb ultraviolet or visible light, and their physical and chemical properties have been thoroughly studied and reported. CDs are excellent chiral selectors due to their ability to form inclusion complexes with a wide variety of compounds. Chiral recognition is achieved by the inclusion of an aromatic or alkyl group in the CD cavity with interactions between the hydroxyl groups at the rim of the CD cavity and a substituent group on or near the chiral center of the analyte.



solvent extraction



Another method of separating enantiomers is solvent partitioning technology. The technology is based on a separation that has a semipermeable membrane dividing two liquids that serve as solvents, but the membrane plays a secondary role merely as a phase separator. There are chiral selectors of opposite character, such as tartaric acid esters, each one incorporated separately into each of the liquids. These chiral selectors behave as complexing agents, locking onto the respectively preferred isomers of the racemate. The two liquids are flowing streams moving in countercurrent fashion.



receptor based resolution



Cell receptors are molecules on the surface of cells that are capable of binding to molecules, usually passing along in the blood stream, which then influence the cell. Most, although not all, cell receptors are enantiospecific, binding to one but not the other enantiomer. Drugs, biochemicals, pesticides, and aroma and flavor compounds usually act by binding to cell receptors, and thus are often more effective as single enantiomers.



For the same reason, it is possible to employ cell receptors for the separation of enantiomers. In U.S. patent 5,248,611 issued September 28, 1993, titled “Stereoisomer Separation Method Using Antibody Combining-Site Molecules”, Stephen Benkovic, Richard Lerner, Alfonso Tramontano, all of the Scripps Clinic and Research Foundation (http://www.scripps.edu), describe separating a pair of enantiomers by using a monoclonal receptor. The target compound is an amide or ester. 



chiral synthesis



overview of chiral synthesis



Chiral synthesis is the creation of chiral molecules in enantiomeric form as opposed to chiral separation which is the separation of one or more enantiomers from a pre-existing racemate. Chiral synthesis involves three types of reactions: conservation of enantiomericity, reversal of enantiomericity, and asymmetric induction of enantiomeric chirality. 



Usually the synthesis of any chemical involves a series of reactions which is called a reaction scheme or reaction strategy.  Usually the enantiomeric specificity comes in only one part of the reaction series and it is the desire and goal of most chemists to introduce this specificity as early as possible in the reaction scheme. Bringing in the enantiomeric specificity early, and conserving it throughout all subsequent reactions, avoids the risk of losing it through unintended racemization, and thereby better assures a high yield of the desired isomer at the end.



A conceptual approach to asymmetric synthesis of a complex molecule entails mentally breaking down the molecule into component parts that themselves can be readily synthesized or purchased. The synthesis then becomes how to combine these components. This conceptual approach to reaction strategy is called retrosynthesis, and differs from the bottom up approach that starts with a core component of the final molecule and subsequently builds up all the rest. The subunit parts that are combined to form the final molecule during retrosynthesis are called chirons. Obviously, to apply retrosynthesis or any other reaction strategy, it is necessary first to establish the molecular structure of the target substance.



The cost of asymmetric synthesis is only slightly higher than regular synthesis. There is some additional cost in analyzing the product and assuring optical purity. This is in contrast to obtaining single enantiomers through chiral separation, which itself increases the cost of obtaining the single isomer. It’s interesting to note that the price of the final product, such as a chiral drug, is usually much more for the enantiomeric form than for the racemic form, regardless of whether the enantiomeric form was obtained by separation or synthesis. Obviously, if it’s a superior product, consumers would be willing to pay more for it, regardless of whether it cost the company more to make it. 



Sipsy (http://www.sipsy.com) is a producer of fine chemicals. Sipsy's chiral technology emphasizes asymmetric synthesis including asymmetric hydrogenation, Corey chiral reduction and Sharpless asymmetric epoxidation.



table 16



types of materials used for chiral reaction types



Type of Material�Conserved Chirality�Reversed

chirality�Asymmetric

Induction��Chiral Intermediates�X�X�X��Prochiral Intermediates���X��Asymmetric Catalysts���X��Enzymes�X����Chiral Auxiliaries���X��

Source: BCC, Inc.



figure 4



reaction types In chiral synthesis



Conserved Chirality



  	 A                                                            A

  	 |                                                             |

X - C - Y       --------------------->    	 X - C - Z

  	 |                                                             |

      B                                                            B



The X is on the same side so chirality is conserved during the Y -> Z reaction.



Inversion of Chirality



	 A                                                            A

  	 |                                                             |

X - C - Y       --------------------->    	 Y - C - X

  	 |                                                             |

      B                                                            B







Asymmetric Induction of Chirality



	 A                                                            A

  	 |                                                             |

X - C - X      --------------------->    	 X - C - Y

  	 |                                                             |

      B                                                            B



Racemic Induction of Chirality



	 A                                                            A                   A

  	 |                                                             |                    |

X - C - X      --------------------->    	 X - C - Y   +   Y - C - X

  	 |                                                             |                    |

      B                                                            B                    B    



After this, you would use some method of chiral separation.



Source: BCC, Inc.



retrosynthesis



Retrosynthesis will only lead to useful results if it is directed towards some goal. The basic goal is to generate precursors that correspond to available starting materials. However, this goal can be used as a guiding principle only when possible starting materials can be identified from the target structure.

In general, obvious starting points cannot be found when it comes to complex target structures (and that is where retrosynthesis is most useful). The basic goal, then, becomes the generation of precursors that are easier to synthesize than the original target; such precursors are likely to be closer to available compounds than the original target. Stated differently, retrosynthetic analysis is directed towards molecular simplification. Corey has formulated five main types of strategies that lead to the desired simplification.



Functional Group Strategies

 

Functional groups in the target structure may direct the transform search in several ways: removal of reactive and masked functionality, disconnection based on the location of functional groups, or reconnection of functional groups to form rings retrosynthetically. The reconnective strategy is constrained by strategic rules. Clearly, it is not practical to attempt every possible reconnection.



Topolographical Strategies

 

The disconnection of specific, so-called `strategic' bonds can lead to major molecular simplification. There are several types of strategic bonds: bonds in (poly)cyclic ring systems, bonds in (poly)fused ring systems, pairs of bonds in ring systems, bonds connecting chains to rings, bonds connecting chains to other chains, and bonds connecting chains to functional groups. 

     

Heuristics (empirical rules) have been devised to select these types of bonds from any target structure. It is also possible to identify rings which should be disassembled early in the retrosynthetic process, or rings which should be kept intact during these stages. 



Transform-based Strategies 

     

A very useful guidance for retrosynthesis can be provided by the application of a powerfully simplifying transform -- corresponding to a reaction effecting a considerable increase in complexity. Very often such an application is suggested by the presence of (functionalized) rings of specific sizes in the target molecule. Some powerfully simplifying transforms are: Diels-Alder, Hetero Diels-Alder, Robinson annulation, Birch reduction, internal ene reaction, and halolactonization 



Structure-goal Strategies 

     

The analysis can also be directed towards a particular (sub)structure. Such a (sub)structure can be a starting material, chiral building block, or retron-containing structure. An analysis directed towards such a structure-goal does not need to be purely retrosynthetic. It can even be synthetic, but probably the most efficient search would be a bidirectional one. 



Stereochemical Strategies 

     

Here the focus is on removal of stereocenters under stereocontrol. Stereocontrol can be achieved through either mechanistic control or substrate control. Reconnections that move stereocenters from chains (where they are difficult to introduce) into rings (where introduction is usually much easier) can also be considered stereochemically strategic. 



chiron program



The Chiron Program is  an interactive computer program developed in the laboratories of Professor Stephen Hanessian (hanessia@ere.umontreal.ca) at the Université de Montréal.



http://osiris.corg.umontreal.ca/hanessian/



The Chiron Program offers the user some unique capabilities for the analysis

and perception of stereochemical features in organic molecules. Its strongest

attribute is the speed with which it can carry out such operations, since these would normally require a much longer period of time if done visually, even with the aid of molecular models.



The Chiron Program will "see" a molecule in a multitude of perspectives and it will present the user with possibilities that may have otherwise eluded the human eye. This is evident in CAPS, where The Chiron Program will decode the stereochemical and functional complexities of a target structure and relate them to structures or sub-structures derived from more than 3,100 optically active precursor molecules and more than 13,450 racemic or achiral precursors. Those precursors are divided in two main databases.



The program consists of four modules: CARS-2D (Computer Assisted Reaction Schemes), CASA (Computer Assited Stereochemical Analysis), CAPS (Computer Assited Precursor Selection) and CARS-3D (3D drawing and simulation). There is a fifth module that works on IRIS systems, allows

manipulation in real time.



The name Chiron is derived from "chiral synthon". Coincidentally, Chiron is also the name of a centaur in Greek Mythology, and so the symbol of the program is a centaur.



conserved chirality



Overview of Conserved Chirality



The conservation of enantiomeric chirality is a reaction type that starts with a material already having the desired enantiomeric configuration. The reaction simply maintains the configuration. Little is involved in conserving enantiomeric chirality since all it takes is simply avoiding reaction conditions that promote a reversal, and thus racemization.



The problem is that certain reactions may be necessary for the synthesis but also promote a reversal of configuration, the result being a loss of enantiomeric yield. One answer to that problem is to choose an overall synthesis strategy that avoids reactions known to promote racemization. For instance, you would avoid reactions requiring alkaline conditions or that employ bases as reactants. Another way to conserve enantiomeric chirality is to carry out reactions at low temperature. This may lead to an overall loss of general yield but the trade-off may be worthwhile. A third approach is to employ a stereoselective catalyst, such as an enzyme, that can steer the reaction, and keep it on enantiomeric track regardless of the operating conditions.



Many manufactures of the kind involving semi-synthesis, i.e. the chemical modification of biological substances, make use of conservation. The biological starting material provides the enantiomeric chirality desired in the end product, and the only task is to keep it that way. Manufactures that involve solely petrochemicals often start with enantiomerically pure chiral petrochemicals that have been secured by a resolution from racemate. A few manufacturers rely on asymmetric induction to provide the needed enantiomeric specificity and then conserve it in subsequent reactions.



In terms of business, except for the asymmetric case, the enantiomeric compound employed in conserved reaction schemes may be divorced from the conserved reaction itself. In other words, a merchant supplier may supply the enantiomeric compound as an intermediate and sell it to the employer of the conserved chirality reaction.



Enzymes



Enzymes are commonly used in conserved chirality reactions. An already enantiomeric compound serves as the substrate of an enzyme, which then promotes a transformation that conserves the starting enantiomericity. Most substrates are biological compounds, or petrochemical duplicates of biological compounds.



However, scientists are learning to use nonbiological petrochemicals as substrates, fostered by the discovery of enzyme-catalyzed reactions in nonaqueous or minimally aqueous solvents. The problem with enzymes is that they are available mostly for biological types of compounds. Furthermore, enzymes are generally for specific substrates, as opposed to chemical catalysts, which usually accept a broad range of substrates for the particular reaction they promote.



Enzymes are also used in reactions that induce chirality, and enantiomerically so, from prochiral substrates. However, the majority of enzyme-based chiral synthesis reactions are for conserving chirality.



Juelich Enzyme Products (http://www.juelich-enzyme.com) sells enzymes for chiral synthesis. Here you can read their price list.



http://www.juelich-enzyme.com/prices.htm



Chiral Intermediates



Chiral intermediates serve as the input materials for the conserved chirality type of reaction. To a far lesser extent, they can serve the relatively few instances of chiral inversion. Chiral intermediates are often called chiral synthons. Because of the prominent position held by chiral intermediates in terms of their product sales value, it can be said that conserved chirality is the major type of reaction employed in chiral synthesis.



From the point of view of chemistry, intermediates are all antecedent compounds that lead to the final end chemical synthesized. Once the molecular composition is known, the organic chemist will mentally break down the compound into components that exist and can be joined together or otherwise appropriately transformed. Further mental analysis extends backwards to the components, and then to their components, until finally the organic chemist decides on the fundamental starting point for the synthesis. An actual synthesis is then tried to confirm whether it works and to ascertain the yield at each step and the final optical purity. This laboratory experience may modify the synthesis route ultimately adopted.



From the point of view of manufacturing, intermediates are the compounds purchased by manufacturers. Depending on what end chemical a manufacturer chooses, and depending on what transformations the manufacturer is willing to carry out itself and what materials it needs or prefers to purchase from outside, any number of compounds could be purchased intermediates for a chiral synthesis.



Chiral intermediates are intermediates which are chiral themselves. This definition excludes all non-chiral precursors that may be required for the synthesis of a compound. Usually, chiral intermediates have an obvious cognate relationship to the end chemicals. In some cases, they constitute, or are cognate to, only a portion of the end molecule.



Immediate intermediates are the relatively proximal precursors, the ones most resembling the final compound or the ones closest to the final step of synthesis. Building blocks are the precursors of intermediates, more elementary than the immediate intermediates. Some building blocks may be incorporated directly at the stage of final synthesis. Fundamental chiral compounds are the antecedents of even the building blocks.



Fundamental chiral compounds mostly are biological substances, such as natural amino acids, carbohydrates, terpenes, alkaloids and oxy acids. It may be said that at the root of all chiral technology lies naturally enantiomeric biological compounds since they serve, either through their use in synthesis or their use in resolution, to introduce enantiomericity, even to petrochemicals.



table 17



Chiral intermediates



Compound�Principal Chiral Synthesis Use��D-(-)-Acetyl-beta-mercaptoisobutyric acid�ACE inhibitors��(+)-2-Aminobutananol�Ethambutol��4-Benzyl-2-oxazolidinone�Piperazic acid��(S)-(+)-1-Bromo-2-methylbutane�Optically active Grignard reagents, chiral nematic crystals��(S)-3-tert-Butylamino-1,2-propanediol�Timolol��(S)-3-Butyn-2-ol�Alkaloids, prostaglandins, steriods, vitamins E and K, and 3-buten-2-ol��L-2-Chloropropionic acid�(R)-Phenoxypropionic herbicides��Diacetone-D-glucose�Chiral auxiliary��D-Dihydrophenylglycine�Cefradine, Cefroxadine��Epichlorohydrin�Glycidol��Glycidol compounds�Beta-blockers��D-p-Hydroxyphenylglycine�Amoxicillin��(S)-Indoline-2-carboxylic acid�ACE inhibitors��(R)-2.3-O-Isopropylidene SN-glycerol�Beta-blockers, e.g. (S)-atenolol��Phenethylamine�Selegiline, dextroamphetamine��D-Phenylglycine�Ampicillin, Cefalexin, and Cefaclor��L-threo-Phenylserine�Phenicol antibiotics,  e.g. thiamphenicol��L-Proline�ACE inhibitors��D-Valine�Fluvalinate, which is a pyrethroid insecticide��D-alpha-Methylvaline�ARSENAL herbicide��

Source: BCC Inc.



In 1998, the sales value of chiral intermediates was about $1.43 billion, and it should close 1999 at about $1.56 billion. We forecast the sales value of single enantiomer drugs to be about $2.44 billion in 2004, which would give an average annual growth rate of about 9.3%. Our estimates of chiral intermediate sales values refer to the sales of chiral intermediates consumed by end users, meaning drug companies, biochemical companies, pesticide companies, etc. In general, the specific chiral intermediates are of the sort that can be regarded as immediate precursors. It should be noted that some chiral intermediates are made synthetically, using chiral technologies, while others comes from natural sources.



table 18



chiral intermediate sales value

($ billion)



Category�1997�1998�1999�2004�AAGR% 1997-2004��Intermediates�1.20�1.43�1.56�2.44�9.3%��

Source: BCC



inversion of chirality



While a reversal of enantiomeric chirality, a reversal of configuration, is usually avoided, sometimes a deliberate reversal serves a useful purpose. In some instances, a manufacturer starts with a material of one configuration because it is the only one available or because it is less expansive than the other, and then proceeds to reverse the configuration in order to get the desired end product.



Deliberately reversing the enantiomeric configuration also has utility in enzymatic resolution processes aimed at producing only one enantiomer. Without the deliberate racemization, the resolution process would select out one isomer, leaving the other behind, and merely result in a 50-50 yield of each. Therefore, to boost the efficiency and generate only one isomer, the one left behind is deliberately racemized and recycled into the separation.



A reversal of enantiomeric configuration usually takes place in the sort of reaction mechanism termed SN2 nucleophilic displacement, or Walden inversion. This occurs especially when the displaced substitute is relatively negative and the chiral carbon is relatively positive, or when the displaced substitute by virtue of its relative size presents steric hindrance.



In such situations, the attacking substance, a nucleophile (relatively negative charge) makes a sneak attack on the back side of the chiral carbon and, in so doing, forces an inversion of the configuration, akin to pushing an umbrella inside out. Reversal of enantiomeric configuration, including racemization, tends to be promoted by alkalis and alkaline pH.



Asymmetric induction



Overview of Asymmetric Induction



Asymmetric induction is the generation of a chiral center from a prochiral compound but in a special way. Through whatever reaction, the almost-chiral substrate is converted, not only to a chiral compound, but to one specific enantiomer.



The virtue of asymmetric induction is that it avoids generating racemates. Thus, it dispenses with any need for racemate resolution. In concept, if not in fact, asymmetric induction therefore constitutes a competing alternative technology to chiral separation. Moreover, asymmetric induction eliminates the waste of material associated with synthesizing the racemate when only one of the isomers is wanted.



Syntheses utilizing asymmetric induction usually involve petrochemicals. However, in some instances, they involve biological compounds. When biological compounds are involved, the asymmetric induction may involve the molecule as a whole, from prochiral to chiral, or the induction of enantiomeric chirality in merely one part of a molecule already chiral, and enantiomeric, in other parts.



Different methods used to accomplish asymmetric induction include chiral auxiliaries, enzyme catalysts, chiral chemical catalysts, chiral reactants, and chiral solvents.



Asymmetric Catalysts



Overview of Asymmetric Catalysts



The invention of asymmetric chemical catalysts dates back to the 1960’s with Monsanto’s asymmetric hydrogenation catalysts. Since then, other chiral catalysts have come along, and the field is rich with innovative technology. As in regular catalyst technology, each reaction type requires its own asymmetric catalyst.



Most of the available asymmetric chemical catalysts are organometal types. The metals used are known for their catalytic activity generally and include transition metals such as titanium, and noble metals such as osmium, palladium, and rhodium.



The organic component of a chiral organometal catalyst is an enantiomeric compound and is called the catalyst’s chiral ligand. In many instances, the chiral ligand is a chiral phosphine compound. Also common are derivatives of the chiral compound, bis-2-naphthol. An inexpensive chiral ligand is tartaric acid or simple derivatives from it. In some instances, enantiomeric compounds not incorporating a metal have been reported as having catalytic activity. Examples include m-cyclo(phenylalanylhistidine) and L-proline.



Chiral catalysts are like enzymes in that both have a high degree of specificity. However, chiral chemical catalysts and enzymes also have differences. While enzymes exhibit catalytic activity on the order of ten thousand or more transmutations per minute, the chiral chemical catalysts exhibit much less activity, on the order of only a thousand transmutations per minute.



Chiral chemical catalysts also are less efficient than ordinary chemical catalysts. The usage rate, which is the quantity of catalyst per quantity of substrate treated, of the chiral catalysts is greater than that of ordinary chemical catalysts. To treat a given amount of substrate in a given time, it takes more of a chiral chemical catalyst than it would for an ordinary chemical catalyst. Chiral chemical catalysts have usage rates generally of around 1 - 5 mole percent, relative to the quantity of substrate treated. The usage rates of normal chemical catalysts are about a hundred times less.



However, the use of chiral chemical catalysts is usually cost-effective. They allow stereospecific reactions to take place and therefore avoid the formation of racemates. When only one enantiomer is wanted, chiral chemical catalysts save on the cost of material that otherwise would go into generating the unwanted enantiomer. Chiral chemical catalysts are hardier than enzymes, and tolerate higher temperatures. Chiral chemical catalysts work on petrochemicals which enzymes generally do not.



Another disadvantage of asymmetric catalysts is that usually they only serve one use because they are soluble materials. However in 1994, Mark E. Davis (mdavis@cheme.caltech.edu) of Cal Tech (http://www.caltech.edu) devised a chiral catalyst in immobilized form, which enables it to be used over and over again. It’s not sold commercially because it is very easy to make. Once you have the organometallic complex, the assembly with the solid is straight forward.



When deciding whether or not to use asymmetric catalysts, or whether to use synthesis as opposed to separation, factors to consider include catalyst efficiency, availability and cost of the catalyst and reaction starting materials, reaction conditions such as very low temperatures or high pressures, and reaction kinetics. Other practical considerations include air and moisture sensitivity, reaction concentration and batch time as they reflect volumetric productivity, and ease at removing the catalyst.



Chiral Hydrogenation Catalysts



Hydrogenation is a ubiquitous reaction in chemical manufacturing processes, being applied to diverse compounds bearing double bonds in molecular structure. Stereochemical control of hydrogenation has importance for many substances that must interact biologically. The first commercial application of asymmetric synthesis involved a chiral hydrogenation catalyst.



In the 1960’s, Monsanto (http://www.monsanto.com/Monsanto) developed a way to make the drug L-DOPA, (3,4-dihydroxy-L-phenylalanine), which is used to treat Parkinson’s disease. The Monsanto method used a standard rhodium hydrogenation catalyst combined with a chiral phosphine to provide asymmetry. Despite the development of this revolutionary method of synthesis, the method was never actually used to produce L-DOPA commercially.



The Monsanto process, invented by William Knowles, Billy Vineyard, and M. Sabacky, uses a rhodium-chiral diphosphine complex, rhodium-DIPAMP, as a catalyst to hydrogenate olefins. Rohodium itself is a well-known hydrogenation catalyst. Complexing it with chiral phosphine imparts the desired enantiospecificity.  The catalyst can also be used to make single isomer amino acids through hydrogenation of alpha-acylaminoacrylic acid compounds.



Sharpless Asymmetric Epoxidation



Epoxidation is an important reaction for introducing oxygen into molecules. An epoxide is an “internal ether” where an oxygen atom bridges two carbon atoms to form a cyclic compound.



One of the breakthroughs in asymmetric synthesis, after Monsanto’s development of a stereospecific hydrogenation catalyst, was the invention by Barry Sharpless (sharples@scripps.edu ) and Satoru Masume in 1980, of a stereospecific catalyst for epoxidation. The Sharpless Epoxidation Catalyst uses a complex between titanium tetraisopropoxide and diethyl tartrate to epoxidize allyl alcohols, the tartrate providing the desired stereospecificity.



Sipsy (http://www.sipsy.com) has developed a way of scaling up Sharpless Asymmetric Epoxidation (SAE) from the laboratory scale to the industrial scale. (http://www.sipsy.com/epoxidat.htm)



Jacobsen Epoxidation Catalyst



Jacobsen Epoxidation Catalyst is a form of chiral epoxidation which promotes the formation of chiral epoxides, as well as chiral amino alcohols, from cis-olefins. This catalyst was invented by Eric Jacobsen (jacobsen@chemistry.harvard.edu, http://www-chem.harvard.edu/EricJacobsen.html) , then working at the University of Illinois at Urbana, and who is now at Harvard University. The Jacobsen epoxidation catalyst has a turnover of only 500 reactions per minute, slow for a catalyst generally but acceptable in chiral synthesis.



The Jacobsen technology uses a combination of sodium hypoclorite (NaOCl) and aqueous methyl tert-butyl ether (MTBE) as the oxydizing agent. The asymmetric catalyst is a complex of manganese with a purified enantiomer of 1,2-diamino-1,2-diphenylethane derivative, in other words, the catalyst is N,N’-bis(3,5-di-tert-butylsalicydene)-1,2-cyclohexane-diaminomaganese (III) chloride.  The amount of catalyst required to be about 1-5 mol%. Depending on the molecular weight of the substrate treated, this catalyst usage rate equates roughly to about 32 to 159 grams catalyst per 1,000 grams substrate. The molecular weight of the substrate is 635.22 daltons. Reaction runs at 0 C for approximately 2 hours.



ChiRex, a spin-off of Sepracor (http://www.sepracor.com) is the owner of the catalyst although Sepracor has use of it pertaining to its ICE pharmaceuticals.



The Jacobsen epoxidation catalyst is more efficient than the Sharpless epoxidation catalyst. The Sharpless catalyst has a usage rate of about 5 mole %. The Jacobsen catalyst has a usage rate of about 0.002 mole %. This is equivalent to about 0.064 gram catalyst per 1,000 gram substrate, which is more practical and economical, and more typical of industrial catalysts generally.



Sharpless Dihydroxylation Catalyst



In the presence of water and an acid catalyst, epoxides can hydrolyze and form vicinal diols, such as dihydroxyl compounds with the two hydroxyls adjacent to one another. The Sharpless Dihydroxylation Catalyst promotes formation of chiral 1,2-diols from either an olefin or a ketone. It can also promote formation of hydroxy ketones from olefins and, through the intermediation of diols, epoxides from olefins.



The original Sharpless dihydroxylation catalyst used osmium tetraoxide complexed with cinchona compounds, such as (+)-cinchonine and (-)-cinchonidine, as the enantiomeric ligands, or with others such as chlorobenzoates, phenanthryl ethers and 4-methyl-2-quinolyl ethers. However, these ligands have now been replaced with phthalazine compounds and diphenylpyrimidine compounds. Attached to these compounds, as in the past, are either dihydroquinine or dihydroquinidine providing the enantiomeric specificity. The reaction also uses a combination of potassium ferricyanide, potassium carbonate, and aqueous methyl tert-butyl ether (MTBE). The phthalazines are said to have dramatically increased the efficiency of asymmetric reaction.



Regis Doyle Catalyst



Regis Technologies Inc. (http://www.registech.com) licensed from Michael Doyle (mdoyle@u.arizona.edu, http://www.chem.arizona.edu/faculty/doyl/doyl-group.html), then at Trinity University, a new class of catalysts promoting C-H insertion or the formation of cyclopropanes by intramolecular reactions of diazoacetates and diazoacetamides. They can be used, for example, to prepare selected bicyclic lactones, trisubstuted cyclopropane compounds, 2-deoxyxylololactane, and cyclopropenecarboxylic esters. The catalysts can be used to synthesize deoxy sugars from lactone precursors.



The Doyle catalysts consist of di-rhodium complexed with enantiomeric organic substances. The first commercially available Doyle catalysts are the two forms of dirhodium (II) tetrakis(methyl 2-pyrrolidone-5-carboxylate). Reactions occur at ambient temperatures and low catalytic concentrations of 1-5 mole %. The catalysts are said to be stable, recoverable, and have a long shelf life.



Diels-Alder Catalysts



The Diels-Alder reaction has wide use in industry, being used to construct cyclic (such as cyclohexane) and heterocyclic (such norcamphene and norbornene) compounds from simple materials. Basically, the reaction combines a 1,3-diene (such as 1,3-butadiene or 1,3-cycopentadiene) with an alkene (such as ethylene), but the variety of starting materials that can be used, lead to a variety of results.



Several people have developed chiral Diels-Alder reactions. James Takas and David Quincy at the University of Nebraska developed chiral zinc complexes as Lewis acid catalysts for Diels-Alder cycloadditions. The compound L-proline benzyl ester is said to have use as a chiral auxiliary for asymmetric Diels-Alder reactions. Satomi Niwayama of the University of California developed a way to use chiral allyl ethers or chiral allyl alcohols as adducts to hexachlorocyclopentadiene, making either the erthro or the threo product.







Aldol Condensation Catalysts



An aldol condensation is a self-combining of an aldehyde or of a ketone, resulting in the formation of a compound having both an aldehyde or ketone group and an alcohol group. The reaction is generally promoted in bases, although acids can also serve but with the formation of unsaturated products. Aldol condensations are a way to build bigger molecules from simpler ones and also to introduce important functional groups into bigger molecules. The aldol condensation takes place through the intermediation of an enolate transition form of the starting material.



Asymmetric aldol condensation has been achieved by using an enantiospecific reactant.



Sales of Asymmetric Catalysts



We estimate the worldwide sales value of asymmetric catalysts in 1998 was about $11.1 million, and that it will finish 1999 at about $11.3 million. We forecast that the sales value of asymmetric catalysts in 2004 will be about $12.6 million, giving an annual average growth rate of about 2.0%. Much of the present day chiral catalyst requirement serves small scale research use, which accounts for the relatively low sales value.



table 19



asymmetric catalyst sales value

($ millions)



�1998�1999�2004�AAGR%��Chiral Catalysts�11.1�11.3�12.6�2.0%��

Source: BCC Inc.



Chiral Auxiliaries



Overview of Chiral Auxiliaries



A chiral auxiliary is a reagent that serves asymmetric induction. It is an enantiomeric chiral compound that is used as a temporary chemical attachment to a prochiral starting material. Once it attaches, it then forces whatever reaction to take place enantiospecifically, producing the wanted isomer. After the reaction is over, the chiral auxiliary has to be chemically removed from the product compound. In principle, the chiral auxiliary can be recovered and used again at later time, and usually it is recovered for this purpose.



The chiral auxiliary is not a catalyst. It combines with the target stoichiometrically and is therefore a true reactant, consumed in the reaction, even though it’s then removed afterwards. Except for the chiral auxiliary itself, the chiral auxiliary approach uses only ordinary conventional chemical catalysts and ordinary conventional prochiral starting materials. 



First you take the prochiral compound and combine it to a free chiral auxiliary. Then you take that and let a regular catalyst act on it. You end up with an enantiospecific product which still has the chiral auxiliary attached to it. You then use a detachment promoter to remove the chiral auxiliary, and you end up with the enantiomeric product as well as the free chiral auxiliary which can be used again.



Major Chiral Auxiliaries



To be useful, the main requirements of a chiral auxiliary are that it must be readily available in enantiomerically pure form, it must have a usable functional group, and it must induce reactions in a highly stereoselective manner in a way that imparts crystallinity to all intermediary products to facilitate their purification. It should also be easily removable, preferably in a form that can be recycled and in a way that doesn’t compromise the imparted stereochemistry.



Among the most significant chiral auxiliaries are the heterocyclic sultams introduced by Oppolzer, exemplified by (2R)-bornane-10,2-sultam. One of their uses is the stereoselective synthesis of amino acids.



Another major group of chiral auxiliaries is the oxazolidinones, also called Evans reagents, and exemplified by (4S)-phenylmethyl-2-oxazolidinone. Amino alcohols serve as the precursors for the synthesis of oxazolidinones.



Pyrrolidines comprise another notable group of chiral auxiliaries, exemplified by (S)(+)-2-methoxymethyl pyrrolidine. It has uses, for instance, in Michaelis additions to nitrostyrene.









Sales of Chiral Auxiliaries



Because they are used in stoichiometric amounts, chiral auxiliaries are not as economical as asymmetric catalysts. Their recovery and re-use, however, affords them leverage beyond the nominal per-cycle cost. We make the assumption that over multiple cycles of operation, the per-cycle average consumption of a chiral auxiliary is about 10% of the end chemical production for which the chiral auxiliary serves.



Suppliers say the worldwide consumption of any one of the most significantly used chiral auxiliaries may be in the hundreds of kilograms annually. Their prices range in the several hundreds of dollars per kilogram. The more esoteric chiral auxiliaries have substantially less individual consumption, and also have extremely high prices. Certain chiral auxiliaries find only in-house use. They may be proprietary modifications of purchased auxiliaries.



chiral technology applications



In 1999, the application shares of chiral technology were 85% pharmaceuticals, 7% biochemicals, and 8% pesticides, excluding all other applications.  If current trends continue, the percentage of the chiral business that is pharmaceuticals will increase at 0.16% a year, the percentage of business that is biochemicals will decrease at 6.53% a year, and the percentage of the business that is pesticides will increase at 7.44% a year. Therefore we forecast that in 2004, pharmaceuticals will make up 85.6% of chiral product sales, biochemicals will make up 4.7% of chiral product sales, and pesticides will make up 11.4% of chiral product sales, excluding all other chiral products which are small in comparison.



table 20



trends in shares of chiral technology

(Based on chiral technology enabling product sales, percentage for given year)



Category�1997�1998�1999�2004�AAGR%��Drugs�84.7%� (((.16/100)+1)^2)*84.7 \# "0.00" ��� (((.16/100)+1)^2)*84.7 \# "0.00" �84.9%�85.1%�85.6%�0.16%��Biochemicals�8.0%�7.5%�7.0%�4.7%�-6.53%��Pesticides�6.9%�7.4%�8.0%�11.4%�7.44%��

Source: BCC



Of chiral technology enabling product sales, 85% are pharmaceuticals, 8% are pesticides, and 7% are biochemicals, excluding all other applications of chiral technology. In addition, chiral technology is used for aroma and flavor compounds, and for nonbiological applications such as such as dyes and pigments, polymers, liquid crystals, and nonlinear optical materials.



figure 5



application shares of chiral technology



[Insert a pie chart of what the percentages are of chiral technology.]

























Source: BCC Inc. 



The worldwide sales value of pharmaceuticals produced using chiral technology was $123 billion in 1998, and should finish 1999 at $146 billion. We forecast that the sales value of synthetic chiral drugs will be $349 billion in 2004. Therefore the average annual growth rate will be 19%. The worldwide sales value of pesticides produced using chiral technology was $7.0 billion in 1998, and should finish 1999 at $8.4 billion. We forecast that the sales value of chiral pesticides will be $20.1 billion in 2004. Therefore the average annual growth rate will be 19%.



table 21



Sales value of chiral end products

($ billion)



Category�1997�1998�1999�2004�AAGR% 1997-2004��Pharmaceuticals�87�123�146�349�19%��Agrochemicals�5.0�7.0�8.4�20.1�19%��

Source: BCC



figure 6



sales value of chiral end products



[Insert bar graph representing the data in above table.]























Source: BCC Inc.



drugs



overview of chiral drugs



Chiral drugs are by far the largest application of chiral technology. It’s also a very fast growing industry. There are several reasons for this. The single enantiomer form of a drug is usually more effective therapeutically, and has fewer side effects. Regulatory agencies worldwide have established policies and guidelines which provide incentives for investment in single enantiomer drugs. Significant advances have been made in asymmetric synthesis and chiral separation technologies. New CNS, anti-cancer, and anti-viral drugs are required to serve the aging baby boomer generation.



There has been an increasing trend towards drugs being offered as a single enantiomer. Of drug forms on the market in 1990, 67% were synthetic, of which 40% were chiral, of which 10% were offered as a single isomer. Of the drugs that were in Phase II of clinical trials in 1997, 70% were synthetic, of which 60% were chiral, of which 40% were single isomers.



Not all racemic drugs should be automatically converted to single enantiomers. There exist drugs that are more effective as racemates because the pharmacological activities of the combined enantiomers are additive or synergistic. There are drugs that have the same effectiveness as racemates as single enantiomers.  There are drugs for which the body’s metabolism will naturally convert the desired enantiomer into the other one so the benefit of using a single enantiomer is lost. There are drugs for which the single enantiomer is more effective but the extent to which it’s more effective does not justify the cost. However, for the vast majority of racemic drugs, it will be cost effective to develop and market the single isomer. As the technology for chiral separation and chiral synthesis improves, it will become increasingly likely that it will be cost-effective for any given racemic drug to be manufactured in enantiomeric form.



Ibuprofen is a famous example of a chiral drug in which the preferred enantiomer is converted into the other enantiomer by the body’s metabolism. The S-enantiomer is the one with physiological benefit but it will be naturally converted to the R-enantiomer within the body. This was originally considered reason to offer ibuprofen as a racemate. However, it was later determined that the speed of this metabolic inversion is slow enough that the S-enantiomer can still do its work before it is converted. Thus there is still benefit to offering it as a single enantiomer. Therefore you must consider the speed of metabolic inversion, if any, to the speed at which the drug acts, and then take that into account when you decide if it’s worth offering the drug as a single enantiomer.



Many drugs are removed from the blood stream by the kidneys. This is called renal elimination, and is undesirable. It is quite possible that different enantiomers will have different rates of renal elimination, and that this should be another factor that is taken in account when deciding whether to offer a drug as a single enantiomer. However, currently very little research has been done concerning this.



The fact that enantiomers have different fates and effects is not surprising since living organisms contain numerous chiral biopolymers such as proteins, enzymes, cellular surfaces, etc. In fact, it is safe to say that any active pharmacological process has the possibility of being enantioselective or enantiospecific, and probably is. Thus, protein binding, biotransformations, receptor binding, active transport into and out of cells, intracellular sequestration, DNA binding, etc. have been shown to discriminate between drug enantiomers. This situation has been generalized in “Pfeiffer’s rule”, which states that the more potent a drug, the more likely it is to show stereoselectivity due to the greater steric demand for tight receptor binding. It should be noted that since the physicochemical properties of enantiomers are equivalent, passive pharmacological processes, such as absorption, will be the same for both isomers.



Drug metabolism is a key aspect in the pharmacological fate and effect of a theraputic agent. Phases I and II of microsomal transformations are highly enantioselective. Another interesting example is that the aldoketo reductase mediated reduction of the prochiral drug metyrapone to the chiral metyrapol is not enantioselective in men but is enantioselective in women, with (+)-metyrapol favored over (-)-metyrapol by a factor of 1.6 to 1.



The more active enantiomer, usually the one most preferred, is called the eutomer. The less active enantiomer is called the distomer. If they are equally active, the labels can’t be used. The eudismic ratio is the ratio of the activity of an active enantiomer (eutomer) to that of the less active enantiomer (distomer). The logarithm of a eudismic ratio is the eudismic index.   The eudismic index is the logarithm of the activity of the eutomer minus the logarithm of the activity of the distomer



In 1998, the sales value of single enantiomer pharmaceuticals was about $123

billion, and it should close 1999 at about $146 billion. We forecast the sales value of single enantiomer drugs to be about $349 billion in 2004, which would give an average annual growth rate of about 19%.



table 22



chiral drug sales value

($ billion)



Category�1997�1998�1999�2004�AAGR% 1997-2004��Pharmaceuticals�87�123�146�349�19%��

Source: BCC Inc.



figure 7



trend in synthetic chiral drug sales





[Insert line graph representing the data in above table.]









Source: BCC Inc.



Here is a table predicting the worldwide sales of single enantiomer drugs in different therapeutic categories.



table 23



Sales of single enantiomer drugs

by therapeutic category

($ billion)



Therapeutic

Category�1998�1999�2004�AAGR%��Antibiotic�20.54�20.79�22.06�1.2%��Cardiovascular�22.90�24.48�34.17�6.9%��Endocrinology�9.07�9.36�10.96�3.2%��Oncology�8.29�8.71�11.17�5.1%��Hematology�7.00�7.55�10.98�7.8%��Central Nervous System�6.73�7.67�14.40�13.5%��Immunosuppressant�2.69�3.13�6.60�16.3%��Analgesic�2.46�3.17�11.31�28.9%��Opthalmic�1.73�2.21�7.26�26.9%��Dermatology�1.30�1.62�4.91�24.7%��

Source: BCC Inc.



The following table lists the percentage sales of single enantiomers in a given therapeutic category are of the total sales in that therapeutic category.



table 24



percentage sales of single enantiomers are

of total sales in therapeutic categories



Therapeutic Category�Percentage sales of single enantiomer

is of total sales in category��Antibiotic�75%��Cardiovascular�55%��Endocrinology�58%��Oncology�65%��Hematology�40%��Antiviral�41%��Central Nervous System�15%��Respiratory�1%��Immunosuppressant�59%��Analgesic�8%��Ophthalmic�17%��Dermatology�0.5%��Gastrointestinal�1%��

Source: BCC Inc.



According to Technology Catalyst International (TCI), of the top 300 drugs in 1997, 160 drugs, or 53%, were single enantiomer, and an additional 18% were racemates.



Currently, most chiral drugs are not offered as single enantiomers, but single enantiomers cost much more than racemates, and so the sales value of single enantiomers is much more than racemates. We estimate that the sales value of synthetic chiral drugs sold as single enantiomers in 1998 was about $59.6 billion, and will finish 1999 at about $65.5 billion. We forecast that the sales value of synthetic chiral drugs sold as single enantiomers in 2004 will be about $105.5 billion, giving an average annual growth rate of 10%. We estimate that the sales value of synthetic chiral drugs sold as racemates in 1998 was about $3.6 billion. and will finish 1999 at about $3.1 billion. We forecast that the sales value of synthetic chiral drugs sold as racemates in 2004 will be about $1.5 billion, giving an average annual growth rate of about -13%. All chiral drugs all together should show moderate growth of about 4.2%.



table 25



sales value of chiral synthetic drugs

($ billion)



Chiral Drug

Category�1998�1999�2004�AAGR%��Single Enantiomer�59.6�65.5�105.5�10%��Racemate�3.6�3.1�1.5�-13%��TOTAL�63.2�68.6�107�4.2%��

Note: Enantiomers value excludes biological drugs that have inherent enantiomericity.



Source: BCC Inc.



high versus low selectivity



The whole premise of the claim that enantiomeric drugs are superior to racemic drugs is that they are much more selective. They fit much better in cell receptors and enzymes. This high selectivity makes them more potent which is usually what you want. However, this high selectivity is not automatically what you want. Some drugs are highly valued specifically because they have low specificity, which means they have broader therapeutic effects. A skeleton key might not fit in a specific lock as well as the key designed for that lock but it can open more doors.



A perfect example is aspirin. It is a very nonspecific drug that acts by only a one point or two point contact. As a result, it has broad uses such as serving as a generic painkiller,  preventing blood clotting and thereby preventing heart attacks, as well as other uses. An enantiomeric drug might be more effective at its specific use than aspirin is at any one use, but would not have as many broad uses because it is so highly specific. An enantiomeric drug might beat out a racemic drug which also intended for single purpose, but there’s no reason why it would pose any threat to nonchiral drug entities which have a different philosophy behind their usefulness.



drugs and chiral technology



The first drug sold as a single enantiomer was the anti-turberculosis drug ethambutol which was sold as a single enantiomer shortly after its discovery in 1961. In fact, the name “ethambutol” refers specifically to the dextrorotatory (+) isomer of 2,2’-(ethylenediimino)-di-1-butanol. There does not even exist a short name for the racemate. This is because the (-)-isomer has 1/500 of the antibacterial activity of the (+)-isomer. The difference in effectiveness between the single enantiomer and the racemate were so stark, it was recognized early on.



Applications of chiral technology to drugs fall into two categories. The first is the retrospective area, which is the attention paid to racemic drugs already being sold and which may be switched to single enantiomers. The second is the prospective arena, which is developing new drugs as single enantiomers from the get go, which had never previously been sold in racemic form. This concerns new chiral drugs in the pipeline, and those to be discovered and commercialized in the future.



Retrospective applications account for most of the current developments regarding chiral drugs. If nothing else, chiral drugs now offered as racemates are being resolved into the individual isomers so they can be looked at in the laboratory and perhaps clinically evaluated to determine their medical merits. Virtually all the major drug companies are involved in this endeavor.



As far as the prospective arena is concerned, chiral drugs currently being developed or developed in the future will probably be sold as single enantiomers, even if the enantiomeric form is not superior to the racemic form, just as long as it isn’t inferior. In the future, if new drugs are ever sold as racemates, they will be thought of as combination drugs.



Racemic drugs that are no longer on the market are being studied enantiomerically. It’s possible that the old racemic drug is not effective enough, compared to newer drugs to be economically viable, but that one of its enantiomers would be. Another possibility is that when the enantiomer of a racemic drug currently on the market is studied, it will be discovered that it has therapeutic effects very different than that of a racemate. In that case, the single enantiomer is essentially a “new” drug. In both the cases of selling enantiomers of discontinued racemates, and finding enantiomers with different medical applications, there is not a situation in which a racemic drug is being replaced with an enantiomeric drug.



market forces in the pharmaceutical industry



As the 1990’s began, it became clear that new market forces were affecting the industry. Privately managed health care became the dominant force controlling costs. In most foreign markets, government-controlled managed health care became increasingly dominant. These forces have shifted the balance of power from drug manufacturers to drug purchasers with the commensurate pressure on cost control. A principal target for cost control has been the selling price of pharmaceuticals, because they are a clearly identifiable and well-defined component of health care costs.



Because bringing a new pharmaceutical to market requires an investment of about $230 million, pharmaceutical companies are carefully reviewing their strategies for drug development. It requires about 10 to 12 years to develop a new drug, and patent protection gives a holder a monopoly for only 17 years from the time the patent is issued. Therefore, pharmaceutical companies must recover their investment in the short span of five to seven years between product launch and patent expiration. To justify taking these large risks, pharmaceutical companies are striving to increase the life span of their product investment by decreasing the time for drug development. This has important implications for drug development. First of all, there is a desire for lower risk, proven technologies for manufacture. Second of all, there is earlier development and commitment to the manufacturing route in anticipation of successful clinical development and to comply with the requirements of the regulatory agencies.



While there are clear demands for lower costs and a shortened development time, the industry is also in the midst of a countertrend. Pharmaceutical companies are finding that the cost of doing business is increasing for three reasons. First of all, clinical development is more complex and more extensive because of increasingly rigorous drug approval processes. Second of all, marketing is consuming an increased fraction of revenues to capture market share in an increasingly competitive marketplace. Third of all, manufacturing is spending more to satisfy the ever-tightening regulatory constraints under which it must operate.



In addition to this countertrend, the complexity and cost of chemical development and manufacturing have been increasing dramatically. This increase is because of two factors. First of all, in an ongoing drive to develop more selective pharmaceuticals, medicinal chemists are turning to more complex structures. The increased complexity is reflected in the fact that more than 50% of modern pharmaceuticals that contain chiral centers, as well as in the growing number of steps required to synthesize modern pharmaceuticals. Only five to eight steps were usually required ten years ago, but modern pharmaceuticals require 12 to 15 steps. Second of all, chemical manufacturing is operating in the midst of increasing regulatory pressure with regard to worker safety, product quality control, environmental quality control, and reporting requirements.



overall cost of drug materials



The bulk active chemical present in formulated pharmaceuticals contributes as little as 5 to 10%, for patent-protected pharmaceuticals, to as much as 30% to 40%, for generic and over-the-counter drugs, to the selling price of the formulated pharmaceutical product. To reduce the cost of pharmaceuticals, the industry is actively pursuing approaches to reduce the cost of bulk active.



Unless a chiral technology company is going to provide formulations, a company producing bulk active ingredients or their precursors is not going to make the money on formulated products that analyses of racemic drug sales suggest. The chiral technology company will instead make money on selling the bulk actives or their precursors.



Based on a previous analysis by BCC of prescription drugs made in the U. S., the manufacturing materials cost is about 26% of drug sales. The rest of the sales is represented by other elements of manufacturing cost such as utilities and labor, the marketing and advertising cost, the research and development cost, the distribution and administrative cost, and the taxes, with the balance being profit. OTC drugs have a relatively lesser R&D component and a relatively greater advertising component than do Rx drugs.



Of the manufacturing materials cost, active ingredients comprise about 40% while inert ingredients comprise 24%. Containers, closures, labels, package inserts, etc. comprise 17%. Processing materials, such as solvents, water, catalysts, microbial cultures, etc. comprise the remaining 19%. These estimates represent averages, and may vary for individual drugs. Also, biologicals have a relatively lesser inert ingredient component, and a correspondingly higher active ingredient component than do synthetic drugs. 



figure 8



manufacturing costs of drugs



[Insert a pie chart of what the percentages are of manufacturing costs.]























Source: BCC Inc.



The value of key precursors is about 20% of the value of synthesized bulk actives. Key precursors are those closely resembling the final drug. They are the core or nucleus of the final molecule. This estimate is an approximation since it depends on the precise molecule. Other elements of the bulk actives value include other chemicals for synthesis, such as adducts to key precursors, purification, analytical control, and semi-formulation, such as stabilization. Purification is a high percentage. Of course, for biologicals, there is no synthesis.











drug categories



Drug Categories in General



There are about 3000 different pharmaceuticals that have been approved for human and animal use in the world and are being marketed. The majority of the market consists of the top 100 drugs sold in the principal markets of North America, Western Europe, and Japan.



The statistics in this section refer not just to chiral drugs, but all drugs. According to IMS Health (http://www.imshealth.com), growth in drug sales through retail pharmacies worldwide during 1998 was 6%, closing at $185.4 billion. 



Worldwide sales of drugs in different therapeutic categories are as follows: cardiovascular: $36 billion, alimentary metabolism: $29 billion, CNS: $27 billion, anti-infective: $19 billion, and respiratory: $17 billion.



table 26



Worldwide sales of drugs by theraputic category in 1998

($ millions)



Therapeutic Category�Worldwide Sales in 1998 in $million��Cardiovascular�36, 941��Alimentary Metabolism�29, 480��Central Nervous System�27, 730��Anti-infectives�19, 457��Respiratory�17, 224��Genito-Urinary�10, 237��Musculo-Skeletal�9, 113��Dermatogicals�7, 377��Cytostatics�6, 591��Blood Agents�5, 341��Sensory Organs�4, 179��Hormones�3, 187��Diagnostic Agents�3, 101��Miscellaneous�2, 992��Hospital Solutions�1, 781��Parasitology�440��TOTAL�185, 382��

Source: IMS Health (http://www.imshealth.com)



Here are drug purchases at retail pharmacies of different therapeutic categories in 1998, in the United States alone.



table 27



American sales of drugs by theraputic category in 1998

($ millions)



Therapeutic Category�U. S.  Sales in 1998 in $million��Cardiovascular�13, 864��Alimentary Metabolism�11, 355��Central Nervous System�15, 396��Anti-infectives�7, 451��Respiratory�7, 381��Genito-Urinary�5, 066��Musculo-Skeletal�2, 841��Dermatogicals�3, 035��Cytostatics�1, 938��Blood Agents�1, 087��Sensory Organs�1, 616��Hormones�905��Diagnostic Agents�907��Miscellaneous�1, 086��Hospital Solutions�1��Parasitology�166��TOTAL�74, 095��

Source: IMS Health (http://www.imshealth.com)



The following selected therapeutic categories have a relatively high number of chiral drugs. Many other therapeutic categories are excluded because they have relatively few chiral members or because very little chiral technology has been applied to them. Of course, there exist chiral drugs in every therapeutic category, and so all categories contain the potential for some drugs being switched to single enantiomers.









Cardiovasculars



Cardiovasculars are drugs that treat the heart and circulatory system. The domestic U. S. sales of cardiovascular drugs, both chiral and nonchiral, was about $13,867 million in 1998, and should close out 1999 at about $14,066 million. We forecast that the sales of cardiovascular drugs in the U. S. will be about $15,344 million in 2004, giving an average annual growth rate of 1.46%.



table 28



U.S. Sales of cardiovascular drugs

($ millions)



Category�1997�1998�1999�2004�AAGR%��Cardiovasculars�13,664�13,867�14,066�15,344�1.46%��

Source: BCC



We estimate that the worldwide sales value of chiral cardiovascular drugs is about $20 billion.



Calcium Channel Blockers



Calcium channel blockers are drugs which blocks the entry of calcium into the muscle cells of the arterioles (small blood vessels), and hence stops them contracting. Calcium channel blockers lower blood pressure by changing the movement of calcium in and out of cells in blood vessels and the heart.



Most calcium channel blockers are approved in the United States for the control of high blood pressure, others are approved to treat different types of angina, and a few are approved to control irregular heartbeats. One is approved to improve the neurological outcome after a certain type of stroke. 



The calcium channel blockers are a group of medications which have been used for treating a variety of cardiovascular disorders beside being useful in migraine and cluster headache. These medications block quite selectively the

ability of calcium ions to enter the muscle cells of the blood vessels. These medications have no effect on the body's ability to absorb or excrete calcium. They have no effect on the use of calcium in bone or the large muscle of the body.



Unlike beta blockers, calcium channel blockers may be safely used in patients with asthma and other respiratory diseases as well as in patients with diabetes mellitus.



Chemically, calcium-channel blockers include three groups: benzothiazepines (represented primarily by diltiazem) ; dihydropyridines (represented by isradipine, nicardipine, nifedepine, and nimodipine); and diphenylalkylamines (represented primarily by verapamil). Of these, all are chiral except nifedipine.



One type of calcium channel blocker is verapamil which is widely used in the therapy of hypertension, supraventricular arrhymias, and angina pectora. The enantiomers have different pharmacodynamic and pharmacokinetic properties. S-(-)-verapamil is 10 to 20 times more potent than R-(+)-verapamil. Therefore, logically S-(-)-verapamil should be used.



However, verapamil has another possible application in cancer chemotherapy as a modifier of multidrug resistance. Experiments have demonstrated that the presence of verapamil in the incubation media increased the cytotoxicity of vinca alkaloid and anthracycline derivatives in several resistant cell lines, especially the adriamycin resistant lines. One proposed source of multidrug resistence is a decrease in the accumulation of intracellular concentrations of the antineoplastic agents due to increased expression of a glycoprotein which acts as an efflux pump for cyctostatic drugs. The effect of verapamil on multidrug resistence is due to the inhibition of this efflux pump.



Unfortunately, verapamil was found to have to high cardiotoxicity to be used in sufficient concentrations for this purpose. However, it was later found that R-(+)-verapamil has far less cardiotoxicity than S-(-)-verapamil. While either the S enantiomer or the racemate would have unacceptable cardiotoxicity for this purpose, the R enantiomer would not. While the S enantiomer would be preferable as a calcium channel blocker for cardiovascular therapy, the R enantiomer would be preferable as a modifier of multidrug resistence in cancer chemotherapy.



table 29



major calcium channel blockers



Adalat                     Isoptin SR 



Adalat CC              ISRADIPINE 



Adalat FT              NICARDIPINE 

  

Adalat P.A.            NIFEDIPINE 

  

Apo-Diltiaz            NIMODIPINE 



Apo-Nifed              Nimotop 

  

Apo-Verap             Norvasc 

  

Bepadin                 Novo-Diltazem 



BEPRIDIL             Novo-Nifedin 

  

Calan                      Novo-Veramil 

  

Calan SR               Nu-Diltiaz 

  

Cardene                 Nu-Nifed 



Cardizem               Nu-Verap 

  

Cardizem CD        Plendil 

  

Cardizem SR         Procardia 



Chase                      Procardia XL 

  

Dilacor-XR             Renedil 



DILTIAZEM           Sibelium 

  

Dyna Circ               Syn-Diltiazem 

  

FELODIPINE        Vascor 

  

FLUNARIZINE     VERAPAMIL 

  

Isoptin                     Verelan 



Note: All caps are generic names. Others are brand names.



Source: http://www.thriveonline.com/health



table 30



chiral calcium channel blockers



Chiral Calcium Channel Blocker�Producer��Diltiazem�Marion Merrell Dow��Isradipine�Sandoz��Nicardipine�Syntex��Nimodipine�Miles��Verapamil�Knoll, Lederle, Searle, Wyeth-Ayerst��

Source: BCC Inc.



ACE Inhibitors



ACE inhibitors are drugs that lower blood pressure by blocking the formation of angiotensin, a substance that constricts arteries. Angiotensin-converting enzyme (ACE) is a key regulator of blood pressure. Drugs that inhibit this enzyme are called ACE inhibitors. ACE inhibitors bind to the active site of the enzyme and thereby prevent the formation of angiotensin II, which is a powerful vasoconstrictor. These drugs have revolutionized the treatment of hypertension. The first drug, captopril, was launched in 1981, and the second, enalapril, in 1984. Together, they had worldwide sales of $1 billion. This class of drugs contains at least two chiral centers, allowing for four isomers. (2^2 = 4) The most complex variants, perindopril and ramipril, each contain five chiral centers, allowing for 32 possible isomers. (2^5 = 32) Despite this, every ACE inhibitor, without exception is marketed as single isomers, and each as only one of the single isomers available.



ACE inhibitors are drugs that angiotensin I-converting enzyme, and through this action, serve as antihypertensive drugs. Chemically, the ACE inhibitors are derivations of the amino acid L-proline. Additionally, the compounds are prodrug forms of the true active agents, either amides or esters. For instance, captopril (brand name CAPOTEN) is 1-[(2S)-3-mercapto-2-methylpropionyl]-L-proline, in other words, it is the amide between D-beta-mercaptoisobutyric acid and L-proline. The synthesis of captopril was accomplished by E. R. Squibb in the early 1970’s.



Enalapril (Merck’s Vasotec) is the ethyl ester of enalaprilate, which is (S)-1-[N-[(1-carboxyl)-3-phenylpropyl]-L-alanyl]-L-proline. Lisinopril (Merk’s Zestril and other brand names) is (S)-1-[N^2 -(1-carboxy-3-phenylpropl)-L-lysl]-L-proline. Fosinopril is the propionate ester of 4-cyclohexyl-1[[1-hydroxy-2-methylpropoxy](4-phenylbutylo)phosphinyl]acetyl]-L-proline.



All of the current ACE inhibitors, all of which are chiral, are already produced as single isomers. Producers encompass Bristol-Myers Squibb, Hoechst-Roussel, and Merck.



table 31



major ace inhibitors



Accupril                Lotensin 

  

Altace                    Monopril 

  

Apo-Capto            Novo-Captoril 

  

BENAZEPRIL     Prinivil 



Capoten                QUINAPRIL 

 

CAPTOPRIL        RAMIPRIL 



ENALAPRIL         Syn-Captopril 



FOSINOPRIL       Vasotec 

  

LISINOPRIL         Zestril



Note: All caps are generic names. Others are brand names.



Source: http://www.thriveonline.com/health



table 32



chiral ace inhibitors



ACE Inhibitor�Producer��Benazepril�Ciba��Captopril�Bristol-Myers Squibb��Enanlapril�Merck��Fosinopril�Bristol-Myers Squibb (Mead Johnson)��Lisinopril�Merck��Ramipril�Hoeschst-Roussel��

Note: No Ace inhibitor is non-chiral.



Source: BCC Inc. 



The sales of ACE inhibitors have been on the decline. On the optimistic side, they might show 1% growth until 2004.



table 33



ACE inhibitor sales value

($ billion)



�1998�1999�2004�AAGR%��ACE Inhibitors�5.0�4.7�3.5�-5.42%��

Source: BCC Inc.



Beta-Blockers



Beta-blockers are drugs which block some of the effects of epinephrine and norepinephrine on the circulation, and thus slow the heart rate and lower the blood pressure. Beta-blockers block beta-adrenergic receptors of the autonomic nervous system, competing with neurotransmitters stimulating those sites. Beta-blockers as a group have application as anti-hypertensive agents. Some beta-blockers have use as anti-arrhythmic agents.



Chemically, beta-blockers can be described as substituted 2-propanol compounds. All are chiral compounds. Some are already offered as the S enantiomer but most are not. Beta-blockers are significant targets of production as single isomers, particularly by chiral technology companies such as Sepracor. 



table 34



major beta-blockers



ATENOLOL                NADOLOL  

 

BETAXOLOL              Normozide 

 

Co-Betaloc                  PINDOLOL    



Corzide                        PROPRANOLOL & 

  

Inderide                       Tenoretic



Inderide LA                 Timolide



LABETALOL               TIMOLOL



Lopressor HCT           Trandate HCT

                          

METOPROLOL           Viskazide 



Note: All caps are generic names. Others are brand names.



Source: http://www.thriveonline.com/health



table 35



chiral beta-blockers



Beta-Blocker�Producer��Acebutolol�Wyeth-Ayerst (American Home Products)��Atenolol�ICI��Betaxolol�Searle��Carteolol�Abbott��Esmolol�DuPont��Labetolol�Schering-Plough��Metoprolol�Ciba-Geigy��Nadolol�Bristol-Myers Squibb��Penbutolol�Reed & Carnrick��Pindolol�Sandoz��Propanolol�Wyeth-Ayerst (American Home Products)��Timolol�Merck��

Source: BCC Inc.



Vasodilators



A vasodilator is a drug or hormone that causes dilation of the blood vessels. Vasodilators expand blood vessels and decrease resistance, allowing blood to flow more easily and making the heart's work easier or more efficient.







table 36



chiral vasodilators



Chiral Vasodilator�Producer��Isosorbide dinitrate�ICI Pharma, Reed & Carnick, Wyeth-Ayerst��Phenoxybenzamine�Smith Kline Beecham��Trimethaphan camsylate�Roche��

Source: BCC Inc.



The following table includes all vasodilators, not just chiral entities. Total worldwide sales of formulated vasodilators were about $3.04 billion in 1998. The relatively low sales growth of 2% is due to the fact that they are being supplanted by cholesterol-lowering drugs and other new cardiovascular categories.



table 37



worldwide sales value of vasodilators

($ billion)



�1998�1999�2004�AAGR%��Vasodilators�3.04�3.10�3.42�2.0%��

Source: BCC Inc.



Diuretics



Diuretics are drugs which act on the kidneys to make them excrete more salt and water. They also tend to lower blood pressure.



table 38



major diuretics



Anhydron                                         Hygroton 



Apo-Chlorthalidone                      Metahydrin 



Apo-Hydro                                       METHYCLOTHIAZIDE 



Aquatensen                                     METOLAZONE 

  

BENDROFLUMETHIAZIDE      Mykrox 

  

BENZTHIAZIDE                            Naqua 

  

CHLOROTHIAZIDE                     Naturetin 

  

CHLORTHALIDONE                   Neo-Codema 

  

CYCLOTHIAZIDE                        Novo-Hydrazide 

  

Diucardin                                       Novo-Thalidone 

  

Diuchlor H                                     Oretic 

  

Diulo                                                POLYTHIAZIDE 

  

Diuril                                               QUINETHAZONE 

  

Duretic                                             Renese 

  

Enduron                                           Saluron 

  

Esidrix                                              Thalitone 

  

Fluidil                                               TRICHLORMETHIAZIDE

  

HYDROCHLOROTHIAZIDE       Uridon 

  

HYDROFLUMETHIAZIDE         Urozide 

  

Hydromox                                       Zaroxolyn 

  

Note: All caps are generic names. Others are brand names.



Source: http://www.thriveonline.com/health



table 39



chiral diurectics



Chiral Diuretic�Supplier��Indapamide�Rhone-Polenc Rorer��Metolazone�Fisons��Quinethazone�Lederle��Spironolactone�Searle��

Source: BCC Inc.



Among the chiral diuretics, indapamide, metalazone, and quinethazone are supplied as the racemate. Spironolactone is supplied as the single enantiomer.



HMG CoA Reductase Inhibitors



A class of drugs that recently surged on the market are HMG CoA Reductase Inhibitors. 3-hydroxy-3-methylglutaryl coenzyme A (HMG CoA) reductase inhibitors  inhibit an enzyme in the biosynthesis of cholesterol. They have shown strong growth.  Total worldwide sales of HMG CoA reductase inhibitors were about $11.3 billion in 1998. They are expected to have an annual growth rate of about 16%.



table 40



HMG CoA Reductase inhibitor sales value

($ billion)



�1998�1999�2004�AAGR%��Reductase Inhibitors�11.3�13.1�27.5�16%��

Source: BCC Inc.



Cough and Cold Remedies



Cough and cold remedies include antihistamines, bronchodilators, and decongestants. The individual entities in the cough and cold group often are combined among themselves or with other types of active ingredients. Most of the sales in cough and cold remedies are in the over the counter (OTC) market.



Ephedrine and psuedoephedrine are a special case. These compounds exist in nature as inherently enantiomeric compounds, and some of the world’s supply is furnished through biological sourcing. However, these compounds also are furnished by chemical synthesis, usually as the racemate. As it turns out, both isomers, both the naturally occurring one and the other one, have medical benefit. With both ephedrine and pseudoephedrine, which are chemically similar, the levo isomer acts as a bronchodilator, and the dextro isomer acts as a decongestant.



Some formulators of ephedrine or pseudoephedrine prefer the dual action of the racemate, and other formulators like the singular action of just one of the isomers. If a formulated product has the racemate, it likely uses synthetic material, while if a formulation has just one of the isomers, it likely is using naturally sourced material.



table 41



chiral cough & cold remedies

(not all suppliers of each drug are listed)



Chiral Cough & Cold Remedy�Supplier��Brompheniramine�A. H. Robins, Whitehall��Carbinoxamine�Ross��Clemastine (TAVIST)�Sandoz��Chlorpheniramine�Berlex, Boots, Bristol-Meyers, Marion, McNeil (J&J), P&G, SKB, Wallace��Dextromethorphan�Abbott, Bristol-Myers, McNeil (J&J), A. H. Robins, Ross, Wyeth-Ayerst��Ephedrine�Bristol-Myers, Pfizer��Pheniramine�Alcon, Boots, Sandoz, Whitehall��Phenylephrine�Abbott, Bristol-Myers, Ciba, P&G, Winthrop, Whitehall, Wyeth-Ayerst��Promethazine�Wyeth-Ayerst��Pseudoephedrine�Berlex, Boots, Bristol-Myers, Wellcome, McNeil (J&J), Marion Dow��

Note: Ephedrine and pseudoephedrine can be either biological or synthetic.



Source: BCC Inc. 



Anti-Infectives



Anti-infectives are drugs that combat organisms invading the body, and they are usually classified based on what type of organism it is, such as viruses, bacteria, protozoa, fungus, or even insects such as head lice. The majority of anti-infectives are antibacterials, and the majority of those are antibiotics. 



Antibacterial drugs include penicillins, cephalosporins, monobactams, carbapenem antibiotics (such as Imipenem and Meropenem), aminoglycoside antibiotics, glycopeptide antibiotics (such as Vancomycin and Teicoplanin), macrolide/azilide antibiotics, chloramphenicol, tetracyclines, co-trimoxazole (such as trimethoprim-sulfamethoxazole), quinolones, lincosamide antibiotics (such as Lincomycin and Clindamycin), metronidazole, and mupirocin.



Other types of anti-infective drugs include antimycobacterials, antifungals, antivirals, antiretrovirals, which include Nucleoside Reverse Transcriptase Inhibitors (NRTIs), Nonnucleoside Reverse Transcriptase Inhibitors (NNRTIs), and Protease Inhibitors (PIs), antiparasitics, antiprozoals, anthelmintics, and antimalarial drugs.



About 20% of patented drugs are anti-infectives.



When discussing chiral antibiotics, you should exclude natural antibiotics, even though they are chiral and enantiomeric, because they don’t involve chiral technology. You should also exclude semisynthetic antibiotics in which the alteration of the naturally occurring molecule does not involve chirality. You should take into account semisynthetic antibiotics in which synthetic chiral sidechains are added to the core molecule. It is possible to completely synthesize antibiotics from petrochemicals, but these methods are not economically viable.



The chiral side chains that are added to antibiotics are called chiral adducts. The principal chiral adduct antibiotics are several beta-lactums, most notably ampicillin, amoxacillin, and cefaclor. Among the semisynthetic antibiotics other than beta-lactums, amikacin is the most notable one incorporating a chiral adduct.



Because of their use for the production of ampicillin, amoxicillin, cefaclor, and number of other beta-lactums, the most commercially important chiral adducts are D(-)-alpha-aminophenylacetic acid and D(-)-alpha-p-hydroxyphenylacetic acid. Chiral adducts having lesser use are D(-)-alpha-caroxythienylacetic acid, D-alpha-aminocyclohexadienylacetic acid, p-hydroxyphenylmalonic acid, and L-4-amino-2-hydroxybutyric acid.



table 42



chiral adducts of semisynthetic antibiotics



Semisynthetic Antibiotic�Parent�Chiral Adduct��Ampicillin�6-APA�D(-)-alpha-Aminophenylacetic acid��Azlocillin�6-APA�D(-)-alpha-Aminophenylacetic acid��Bacampicillin�6-APA�D(-)-alpha-Aminophenylacetic acid��Ticarcillin�6-APA�D(-)-alpha-Carboxythienylacetic acid��Amoxicillin�Ampicillin�D(-)-alpha-Amino-p-hydroxyphenyl-acetic acid��Cefaclor�7-ACA�D(-)-alpha-Aminophenylacetic acid��Cefadroxil�7-ACA�D(-)-alpha-Amino-p-hydroxyphenyl-acetic acid��Cefamandole�7-ACA�D(-)-alpha-Formyloxy-alpha-phenlacetylchloride��Cefonicid�7-ACA�D(-)-alpha-Formyloxy-alpha-phenlacetylchloride��Cephalexin�7-ACA�D(-)-alpha-Aminophenylacetic acid���7-ACA�D-alpha-Aminocyclohexadienylacetic acid��Mezlocillin�7-ACA�D(-)-alpha-Aminophenylacetic acid��Moxalactam�7-ACA�p-Hydroxyphenylmalonic acid��Piperacillin�6-APA�D(-)-alpha-Aminophenylacetic acid��Amikacin�Kanamycin�L-4-Amino-2-hydroxybutyric acid��

Note: 6-APA = 6-aminopenicillinic acid

7-APA = 7-aminocephalosporanic acid



Source: BCC Inc.



Among synthetic chiral anti-infectives, the commercially most significant ones are the antivirals ribaviron, vidarabine, and zivovudine. The latter has notable use as the primary antiviral for the treatment of AIDS. These synthetic antivirals are not only chiral, but are also enantiomeric. Other synthetic chiral anti-infectives that are commercially significant are the conazoles, which are antifungals used to treat urinary tract infections, especially in women.



table 43



synthetic chiral anti-infectives



Chiral Synthetic Anti-Infectives�Supplier��AZT (zidovudine)�Burroughs Wellcome��Cycloserine�Lilly��DDC (Zalcitabine)�Roche��DDI (didanosine)�Bristol-Myers Squibb��Econazole�Ortho (J & J)��Ethambutol�Lederle��Ketoconazole�Janssen��Miconazole�Janssen, Ortho��Quinacrine�Sanofi Winthrop��Ribavirin�ICN Pharma��Vidarabine�Parke-Davis��

Source: BCC Inc.



Analgesics



Analgesics are among the biggest moneymakers among all drug categories. Of the non-narcotic sales, about 60% are in the over the counter (OTC) market, and 40% are in the prescription market. All narcotic sales are in the prescription market.



Prescription analgesics treat major forms of pain and have an important medical and market role. They include many chiral compounds but they are chiral, and enantiomerically so, because of their biological origin. Among the chemically synthetic chiral Rx painkillers, butorphanol, nalbuphine, and propoxyphene are offered as single enantiomers. The most significant synthetically chiral prescription analgesic, and enantiomerically so, is naproxen.



With analgesics, most chiral technology applications involve ibuprofen and naproxen. Chemically, the profens and naproxen are related as 2-arylpropionic acid compounds. The substitution at the 2-position of propionic acid provides the chirality in these entities.



The preferred isomer of ibuprofen, the S enantiomer, is naturally converted into the other enantiomer within the body, but rate that this happens is such that the S enantiomer is still more effective than the racemate.



The conventional manufacture of ibuprofen starts with isobutylbenzene. This material is acetylated using acetic anhydride. Through subsequent transformations, this adduct is converted to the side chain that has the chiral center.  This conventional route of manufacture has six transformation steps. In a joint venture between Hoechst Celanese and Boots, they developed a synthesis route that has only three steps.



Chemically, naproxen is 2-(6-methoxy-2-naphthyl)propionic acid. It is, therefore, a chiral, 2-substituted propionic compound, a characteristic shared with the profens. The substance is marketed as the single S isomer, which has 28 times the biological activity of the other isomer, as an anti-inflammatory.



In the Over The Counter (OTC) analgesic market, ibuprofen is the main chiral entity, with naproxen, another chiral entity, having a smaller percentage of the market share. The other OTC analgesics, which are acetaminophen, aspirin, and others, are nonchiral. In the OTC analgesic market, acetaminophen(e. g. TYLENOl) has 45% of the market share, inbuprofen (e. g. ADVIL, NUPRIN) has a 25% share, aspirin (e. g. BAYER) has a 21% share, naproxen (e. g. ALEVE) has a 5% share, and others, various salicylates, have a 4% share.



table 44



market share of OTC analgesics



OTC Analgesic�Chirality�Percentage of market share��acetaminophen (TYLENOL)�nonchiral�45%��inbuprofen (ADVIL, NUPRIN)�chiral�25%��aspirin (BAYER)�nonchiral�21%��naproxen (ALEVE)�chiral�5%��others�nonchiral�4%��

Source: BCC







figure 9



market share of otc analgesics



[Insert a pie graph representing the above data.]























Source: BCC Inc.



table 45



chiral analgesics



Analgesic�Supplier��Butorphanol�Mead Johnson (Bristol-Myers Squibb)��Fenoprofen�Bista (Lilly)��Flurbiprofen�Upjohn��Ibuprofen�Boots, Bristol-Myers, McNeil (J&J), Upjohn, Whitehall, Wyeth-Ayerst (Ethyl Corp is the bulk supplier.)��Ketoprofen�Wyeth-Ayerst��Levorphanol�Hoffmann-La Roche��Methadone�Lilly��Naproxen�Syntex, P&G��Nalbuphine�DuPont��Orphenadrine�3M Pharma��

Source: BCC Inc.



CNS Agents



CNS agents are drugs that affect the central nervous system. The sales value of CNS agents in 1998 was $27.73 billion worldwide, and $13.86 billion in the U.S.



Stimulants and Antidepressants



The antidepressants market has shown tremendous growth in the past decade. This has been the direct result of the introduction of the selective serotonin reuptake inhibitors (SSRIs), beginning with Prozac in 1988. SSRIs have an efficacy equivalent to previous antidepressants but a much safer and more tolerable side effect profile. Since the launch of Prozac, three other SSRIs have followed: Zoloft, Paxil and Luvox (marketed only for obsessive compulsive disorder [OCD]). Due to the enormous growth and large revenues, the antidepressant market is incredibly competitive. Prozac has maintained its leadership position in the market, but faces stiff competition from Zoloft and Paxil due to the lower pricing and aggressive marketing of these newer products. 



The antidepressants market will continue to be dominated by the SSRIs and will display strong growth in the beginning of the next century. The expiration of patent protection of Prozac in 2001 or 2003 will begin a shift in the market that will result in an erosion of sales for the entire SSRI product class. However, the recent introduction of several new products outside the SSRI product class, with many more in development, may lead to a resurgence of the market after the expiration of Prozac's patent. New classes of products such as selective serotonin norepine-phrine reuptake inhibitors (SSNRIs) and selective monoamine oxidase inhibitors (selective MAOIs) will continue to provide new antidepressant drugs, most likely serving sub-sections of the depressed population.



The largest market outlet is the treatment of minor depression. The treatment of major depressive illness, usually in hospitals, is a much smaller market outlet. Also significant as an outlet is the market for uppers in the sense of generating high-energy activity and the avoidance of sleep. Certain stimulants, such as amphetamines, have use as diet aids (anorectics). Certain stimulants have use in treating obsessive-compulsive disorder. The mass market for stimulants and antidepressives is prone to abuse, even for those needing a prescription, resulting in higher sales than medical indications would suggest.



Numerically, among the stimulants and antidepressives, nonchiral entities predominate over chiral entities. In terms of sales, the chiral and nonchiral types have about equal shares of the market share. Chiral stimulants and antidepressives furnished as racemates include fluoxetine, pemoline, and tranylcypromine. Fluoxetine, called Prozac, is the biggest seller. Fluoxetine is especially vulnerable to enantiomeric substitution when its patent runs out in 2001, either by the originator, Eli Lilly, or by competitors.



table 46



chiral stimulants and antidepressants



Chiral Stimulant, Antidepressant�Supplier��Fluoxetine (Prozac)�Lilly (Dista)��Dextroamphetamine�Fisons, SmithKline, Beecham��Methamphetamine (Desoxyn)�Abbott��Pemoline (Cylert)�Abbott��Sertraline (Zoloft)�Pfizer��Tranylcypromine (Parnate)�Smith Kline Beecham��

Source: BCC Inc.



Sedatives and Tranquilizers



Numerically, as well as in terms of the dollar market, chiral types have the relatively lesser share of sedatives and tranquilizers. Chemically, sedatives and minor tranquilizers encompass the barbiturates (barbitals), the azolams, and a few miscellaneous others. Not all members of these categories are chiral. Some barbitals and azolams are chiral, while others are not. Overall, nonbarbiturate types of sedatives and tranquilizers have the major share of sales. Synthetically chiral sedatives and tranquilizers include doxylamine, hydroxyzine, mephobarbital, and pentobarbital.



Derivatives of barbituric acid [2,4,6-(1H,3H,5h)-pyrimidinetrione] and 2-thiobarbituric acid are well-known drugs with sedative, hypnotic, and anticonvulsant activity. The chirality of these compounds results  from the chiral centers situated in the C-5 substituent and/or at the C-5 carbon atom of the pyrimidine ring. Metabolic transformation in the body may also create a chiral center in the molecule of the parent drug.



For pentobarbital enantiomers, the (R)(+)-enantiomer has been found to cause anesthesia preceded by hyperirritability and spasticity while the other enantiomer causes a smoother more rapid anesthetic effect. Studies were performed on closely related barbituate drugs with a 1-methylbutyl substituent, such as secobarbital, thiopental, and thiamyl. The levorotory enantiomers with an S configuration were always found to be more toxic and potent as anesthetics than the other enantiomers. For hexobarbital, the (+) enantiomer is more potent than the (-) enantiomer, partly because of stereoselectivity in the nervous system, and partly because the (-) enantiomer is more rapidly eliminated from the body. 



Experiments show differences in the biological activity of the enantiomers of other barbituric acid derivatives. Among the enantiomers of 5-(2-bromoallyl)-5-isopropyl-1-methylbarbituric acid, the levorotory isomer was more potent as an anesthetic and had a higher tendency to produce convulsions. The (-)-enantiomer of mephobarbital had hypnotic properties, increased the survival time of mice exposed to oxygen, and enhanced diazepam binding in rat brain, while the other enantiomer was not active. For 5-(1,3-dimethylbutyl)-5-ethylbarbituric acid, the (+)-isomer is convulsive, and the (-)-isomer is an anesthetic.



table 47



chiral sedatives and tranquilizers



Chiral Sedative, Tranquilizer�Supplier��Doxylamine (Unisom)�Pfizer��Hydroxyzine (Vistaril)�Pfizer��Mephobarbital (Mebaral)�Sanofi Winthrop��Pentobarbital (Nembutal)�Abbott��

Source: BCC Inc.



Anticonvulsants



Anticonvulsants prevent muscle spasms. They treat epilepsy, as well as other convulsive disorders. Sales of anticonvulsants have grown steadily with improvements in the drug agents and in the management of their administration.



American Biogenetic Sciences Inc. (http://www.mabxa.com) developed a neurological candidate, R-103, a chirally pure derivative of valproic acid, one of the most widely prescribed treatments for epilepsy. R-103 owes its uniqueness to elimination of the racemic mixture that causes toxicity and apparently blocks some of the original compound’s potency.



table 48



chiral anticonvulsants



Chiral Anticonvulsants�Supplier��Ethosuximide�Parke-Davis��Ethotoin�Abbott��Mephenytoin�Sandoz��Methsuximide�Parke-Davis��Paramethadione�Abbott��Phensuximide�Parke-Davis��

Source: BCC Inc.



Anesthetics



Chiral types of anesthetics include bupivicaine, enflurane, etidocaine, halothane, isoflurane, ketamine, mepivacaine, methohexital, and thiamylal. While chiral types dominate the general anesthetic segment, they have the lesser share of the topical and local anesthetics segment.



Previously, it had been believed that general anesthetics acted by nonspecific perturbation of liquid membranes. In that case, single enantiomers would offer no advantage. However, it is now believed that anesthetics act by binding directly to particularly sensitive protein targets in the central nervous system. Stereoselective effects of the optical isomers of the widely used inhalational general anesthetic isoflurane on neuronal ion channels are generally accepted as the most likely targets for these agents.



The two isomers of isoflurane have been determined to act differently in activating the anesthetic-activated potassium current in an anesthetic-sensitive neuron in the right ganglion of Lymnaea stagnalis. The (+) isomer of isoflurane is more effective than the (-) isomer at inhibiting currents induced by the bath application of aceylcholine.



Isoflurane is an inhalational general anesthetic widely used in surgical operations as a racemic mixture of its two optical isomers. The recent availability of pure enantiomers of isoflurane has encouraged their use in experimental studies, and stereoselective effects have now been observed both on neuronal ion channels and on sleep times in mammals.



Isoflurane has about 80% of the North American inhalation market. Its advantages include easy administration by inhalation, nonflamability, stability of soda lime and under ultraviolet (UV) light, smooth induction, maintenance, rapid recovery, and very little metabolism.



Chiroscience (http://www.chiroscience.com) developed Chirocaine (levobupivacaine), the enantiomeric form of the anaesthetic (bupivacaine). The single enantiomer has a much  improved safety profile in terms of reduced side effects on the heart and the brain.





table 49



chiral anesthetics



Chiral Anesthetic�Supplier��Bupivicaine (Marcaine)�Astra, Eastman Kodak, Sanofi Winthrop��Enflurane (Ethrane)�Anaquest��Etidocaine (Duranest)�Astra��Halothane (Fluothane)�Wyeth-Ayerst��Isoflurane (Forane)�Anaquest��Ketamine (Ketalar)�Parke-Davis��Mepivacaine (Carbocaine)�Eastman Kodak, Sanofi Winthrop��Methohexital (Brevital)�Lilly��Thiamylal (Surital)�Parke-Davis��

Source: BCC Inc.



Asthma Therapy



Sepracor (http://www.sepracor.com ) has long since developed a name for itself by developing improved versions of popular prescription drugs. Recently, it was granted approval for the first therapy it will exclusively launch and market on its own.  In March 1999, the FDA gave it permission to market levalbuterol, an asthma drug geared towards asthma specialists and emergency rooms. Trademarked under the name Xopenex, the drug is a single isomer form of racemic albuterol, the world’s best-selling asthma therapy.  The isomer being marketed by Sepracor is the one responsible for the theraputic benefits. Sepracor’s version lasts for eight hours , compared to six hours for existing medications. The single enantiomer levalbuterol also lacks the side effects of the racemate, which include hyperactivity and tremors.



Attention Deficit/Hyperactivity Disorder



Ciba Pharmaceuticals produces methylphenidate under the brand name Ritalin to treat Attention Deficit/Hyperactivity Disorder (ADHD). About 1.5 million children are prescribed Ritalin which is sold as a racemate. Jeffrey Winkler of the University of Pennsylvania developed a way to synthesize methylphenidate as a single enantiomer. The enantiomeric form requires smaller dosages and has fewer side effects. It also has the potential for use as an anti-cocaine drug. Ritalin is marketed by Novartis (http;//www.Novartis.com).



When I was researching this report, I was puzzled by the fact that some people acted as if they already knew me. I was later stunned to learn that there exists a person with the same name as myself, Jeffrey Winkler of the University of Pennsylvania, who was already famous for his work in asymmetric synthesis.



biochemicals



amino acids



The four types of polypeptides on a strand of DNA forms group of three called codons, for which there are 4^3 = 64 combinations. There is more than one codon for each amino acid, so the 64 codons code for 20 amino acids. There are 20 naturally occurring amino acids which combine in various numbers and combinations to form all proteins. All organisms are composed almost entirely of proteins and water. The L-enantiomer is more stable, so essentially all amino acids and proteins that compose all organisms are L-enantiomers. However, there exist exceptions to this. D-amino acids occur in bacterial cell walls, and in several peptide antibiotics. Some insects and marine invertebrates contain D-amino acids in their cellular fluids. A few higher plants also contain D-amino acids.



Of the natural types of chiral amino acids, only methionine is manufactured to any significant degree as the racemate. All other natural types are manufactured as the L enantiomer. Commercially, the most notable single-isomer natural-type amino acids manufactured are the L enantiomers of glutamic acid (as the sodium salt MSG), lysine, phenylalanine, aspartic acid and cysteine, although all of the natural types are made by either biological methods or chemical synthesis. The biological methods employed for obtaining natural amino acids vary, and as a whole encompass fermentation, extraction from natural sources, and enzymatic synthesis. These all yield the L isomer automatically. Natural amino acids can also be obtained by chemical synthesis, which yields either the racemate or the desired isomer, depending on the specific process.



For non-natural amino acids, other than the 20 coded for in DNA, as well as others made by the body, chemical synthesis is the only way to obtain them. Depending on the specific process, the chemical manufacture yields the racemate or the desired enantiomer. Non-natural amino acids are called nonproteinogenic.
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commercial methods of manufacturing

amino acids



Natural Amino Acid�Commercial Method of Manufacture��Alanine�Enzymatic synthesis, chemical synthesis��Arginine�Extraction��Asparagine�Extraction, enzymatic synthesis��Aspartic acid�Enzymatic synthesis��Citrulline�Fermentation��Cysteine�Enzymatic synthesis, extraction, chemical synthesis��Cystine�Extraction, chemical synthesis��Glutamic acid�Fermentation��Glutamine�Fermentation, extraction, chemical synthesis��Histidine�Fermentation, extraction��Hydroxyproline�Extraction��Isoleucine�Fermentation, extraction��Leucine�Extraction, fermentation��Lysine�Fermentation, enzymatic synthesis, chemical synthesis��Methionine�Chemical synthesis, fermentation��Ornithine�Fermentation��Phenylalanine�Fermentation, chemical synthesis��Proline�Fermentation, extraction��Serine�Fermentation, extraction��Threonine�Fermentation, chemical synthesis��Tryptophan�Chemical synthesis, enzymatic synthesis, fermentation��Tyrosine�Extraction, fermentation��Valine�Fermentation, chemical synthesis��

Note: Glycine is non-chiral. It is manufactured commercially by chemical synthesis.



Source: BCC Inc.



vitamins



Many vitamins are important industrial chemicals and belong to a broad class of compounds that generally contain one or more chiral centers. Vitamin A has four double bonds in the side chain and 16 possible geometric isomers. Folic acid (vitamin Bc or vitamin M) has one chiral center. Vitamin C (L-ascorbic acid) has two chiral centers. Vitamin D2 (calciferol or ergocalciferol) has six chiral centers. Vitamin D4 has six chiral centers. Vitamin E (alpha-tocopherol) has three chiral centers. Biotin (vitamin H) has three chiral centers. Vitamin K (koagulationsvitamin) has two chiral centers. Vitamin L has four chiral centers. Vitamin U (S-methylmethionine) has one chiral center. 



High dosages of the (6S)-isomer of folinic acid have been used in combination with fluorouracl for antitumor treatments of patients with advanced carcinoma. The (6R)-isomer has no benefit.



Pantothenic acid (vitamin B3 or vitamin B5) has two enantiomers. The (+)-enantiomer is active while the (-)-enantiomer is not.



The active form of vitamin C is the L-enantiomer of ascorbic acid, while the D-enantiomer is inactive. 



The vitamin E group of compounds consist of many naturally occurring lipophilic tocopherols, tocotrienols, and tocopherol esters. Natural vitamin E consists of two types of compounds: the tocotrienols, with an unsaturated side chain, and the tocopherols, with a saturated side chain. The three chiral centers of tocopherol give eight isomers. The most biologically active tocopherol is the one in which all three chiral centers are in the R configuration. This is called alpha-tocopherol, and exists in the chloroplasts of young plants, fruits, and berries.



Vitamin H is known as biotin. The active form is the (+) form, with all of the side chain in the cis configuration.



In the commercial market for chiral vitamins, the most significant are ascorbic acid (Vitamin C), the D group (D2, D3, ergosterol), folic acid, and alpha-tocopherol (Vitamin E). Relatively lesser chiral vitamins are biotin, cyanocobalamine (B12), inositol, pantothenic acid, and riboflavin (B2).



In their natural state, meaning when extracted from biological sources, chiral vitamins are all single enantiomers. In view of the principle methods of commercial production, the chiral vitamins that are not of concern with regard to enantiomericity, because they are naturally enantiomeric, are ascorbic acid, the D group (D2, D3, ergosterol), inositol, and riboflavin. The ones of conceivable concern, because commercially most of their availability derives from complete chemical synthesis, are biotin, folic acid, pantothenic acid, and alpha-tocopherol. It so happens, that in their natural state, these four vitamins are all dextrorotatory.



In the case of pantothenic acid, synthesis involves combining beta-alanine (non-chiral) with optically purified pantoic acid lactone, which is 2,4-dihydroxy-3,3-dimethylbutyric acid. The latter compound is prepared from isobutyraldehyde. Folic acid is synthesized from L-glutamic acid.
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chiral vitamins and their methods of manufacture

(percentages of market quantity volumes)



Chiral Vitamin�Manufacturing Method��Ascorbic acid (Vitamin C)�80% semi-synthesis from fermentation r/m, 20% extraction��Biotin�100% synthesis��Cholocalciferol (Vitamin D3)�100% irradiation of extracted 7-dehydrocholesterol��Cyanocobalamine (Vitamin B12)�100% fermentation��Ergocalciferol (Vitamin D2)�100% irradiation of fermented ergosterol��Ergosterol (Vitamin D type)�100% fermentation��Folic acid�100% synthesis��Inositol�100% extraction from corn steep liquor��Pantothenic acid�100% synthesis��Riboflavin (Vitamin B2)�90% semi-synthesis from fermentation r/m, 5% full synthesis, 5% fermentation��alpha-Tocopherol�90% synthesis, 10% extraction from vegetable oils��

Source: BCC Inc.



oxyacids



The major chiral oxyacids are citric acid, which has its principle uses in food and detergent applications; gluconic acid, which has its principle uses in food applications; 2-keto-L-gulonic acid, which has use as a precursor for Vitamin C synthesis; lactic acid, which has its principal uses in food, drug, and pesticide applications and a growth potential in biodegradable polylactic polymers; malic acid, which has use in food applications; mandelic acid, which has use as a chiral resolving agent; and tartaric acid, which has food applications. 
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major chiral oxyacids and their

MANUFACTURING methods

(percentages represent share of market volume)



Chiral Oxyacid�Manufacturing Method��Citric acid�100% fermentation��Gluconic acid�50% electrolytic oxidation, 50% fermentation��2-Keto-L-gulonic acid�100% fermentation��Lactic acid�67% fermentation, 33% synthesis��Malic acid�70% synthesis, 30% enzymatic��Mandelic acid�100% synthesis��Tartaric acid�100% fermentation (wine by-product)��

Source: BCC Inc.



sugars and oligosaccharides



Simple monosaccharides are compounds having multiple chiral centers, which in nature are enantiomers of the D configuration. Monosaccharides comprise a major category of fundamental enantiomeric compounds used in chiral technology for building up by synthesis more complex enantiomeric compounds.



Currently, the asymmetric synthesis of monosaccharides is to expensive to be economically viable. Barry Sharpless and Satoru Masamune, when at MIT, applied their chiral epoxidation catalyst based on titanium tartrate to the synthesis of monosaccharides from allyl alcohols. While achieving some success in the laboratory, the yields were insufficient for this process to be economically viable. Roy Whistler, at Perdue University, used a six-step procedure and specialized reagents to obtain L-fructose. The procedure was so expensive that the selling price of sugar would have been about four dollars a pound.



Carbohydrates of biological relevance usually consists of several covalently-linked monosaccharide units, and are referred to as oligosaccharides. The synthesis of oligosaccharides is actually easier to achieve than the synthesis of sugars. To synthesize oligosaccharides requires only conserving the enantiomericity that the monomer saccharides already have. Oligosaccharide synthesis has usefulness for investigating the physiological importance of the “glyco-” part of glycoproteins and for the study or manufacture of carbohydrate-based antigenic vaccines.



peptides



A specialized segment of chiral technology applications concerns the synthesis of peptides. Peptides have a number of uses and market outlets. Bioactive peptides exert physiological and metabolic effects, and include neuropeptides, hormonal peptides, cell receptor stimulators and inhibitors, and enzyme inhibitors. Most of these are used in basic research, although some have use as therapeutic drugs. Synthesized peptides that have commercialized medical use include the hormones calcitonin, luteinizing hormone-released hormone, oxytocin, thymosin-alpha-1, thyrotropin-releasing hormone, thyroxine, thyronine, and vasopressin.



Other peptides have other uses. For instance, some peptides serve as assay substrates for proteolytic enzymes. Aspartame and alitame are synthetic peptide sweeteners.



Most peptide synthesis involves organic chemical synthesis, although some efforts seek to apply proteolytic enzymes in a reverse reaction. In either case, the starting materials are amino acids. The organic chemical synthesis of peptides requires that the amino acids be in protected and activated forms. The synthesis of these amino acid forms calls for enantiomericity and is the key aspect of chiral technology applied to peptide synthesis. The chemical synthesis of these chemically modified amino acids generally produces racemates. To obtain the single desired isomers, usually the L isomer, manufactures of these derivatives employ chiral resolution HPLC.



Another important aspect of peptide synthesis is the coupling reaction that joins amino acids together. In addition, there is the deprotection reaction that removes blocking groups, and the resin-cleaving reaction, in solid phase synthesis, that releases the formed peptide from the sold support. All of these must be chirally conserving reactions. Some reaction conditions and reagents are more conserving of enantiomericity than others.



Materials for chemical peptide synthesis include, depending on the particular chemistry and peptide, various types of N-protected amino acids (CBZ, FMOC, BOC); O-protected amino acids; S-protected amino acids; carboxy-protected amino acids; and combinations that involve both protected and activated derivations of amino acids. Also involved are activating and coupling agents, deprotecting agents, solvents, and for solid-phase synthesis, resins, resin-bound amino acids, and resin-cleaving agents.



Therapeutic peptides for medical use draw on various amino acids for their synthesis. Many simply duplicate the natural composition. Others substitute different amino acids to produce analogs of the natural peptides.



oligonucleotides



Currently, about 80% of oligonucleotides prepared for use as gene probes and antisense genetic controls are made by cloning, while 20% are made by chemical synthesis or enzymatic synthesis. Many of the ones generated by cloning invoke a preliminary chemical or enzymatic synthesis prior to the cellular uptake and genomic integration.



The chemical synthesis of oligonucleotides generally entails the use of phosphoramidite chemistry. However, a newer alternative based on phosphonate chemistry has been developed, having faster cycle times and improved reagent stability. These refer to the manner of nucleotide activation for the coupling reaction. The activated nucleotides also need protection, through appropriate blocking groups, to prevent other reactive sites from entering the coupling reaction, and then a deprotection later on.



In either case, the synthesis involves a stepwide coupling of activated nucleotides (activated through phosphoramide or phosphate) base by base, to gradually build the polymer. Manual procedures may be employed but automation has become commonplace, with the sequence of bases controllable through programming. Productivites range from micrograms to milligrams, with shorter nucleotides being made in greater quantities than longer oligonucleotides.



Chemically synthesizing oligonucleotides requires merely conserved chirality reaction strategies in the coupling and deprotection. The enantiomericity already present simply needs to be conserved throughout the reactions. Avoiding conditions that promote racemization is all that is necessary. The difficult part of oligonucleotide synthesis is enantiomerically synthesizing the nucleotide derivatives that serve as the starting materials.   



pesticides



overview of pesticides



Even though the use of chiral technology for the purpose of pesticides is still far less than drugs, it’s second only to drugs. There is great potential for racemic pesticides to be switched to single enantiomers. Often the single enantiomer is more effective than the racemate. Also, if the single enantiomer is more efficient, then a smaller amount of pesticide would be equally effective which would reduce the impact on the environment.



By pesticides, we basically mean chemicals to benefit plants, although insecticides could be used against mosquitoes and other insects which attack humans or animals. Farmers that raise animals would be more concerned with chiral drugs for animals which closely parallels chiral drugs for humans. Most of the discussion in the section on pharmaceuticals would apply well to veterinary drugs for livestock or pets. This section is concerned with chiral chemicals that benefit plants, either agricultural crops or plants kept by individual households.



As with pharmaceuticals, the enantiomeric form is not automatically superior to the racemate. Often the racemic form provides the broadest defense against the largest number of different types of pests for the largest number of different types of crops.



Most pesticides are not chiral. In addition, those that are chiral, happen not be big sellers. Therefore, switching racemic pesticides to enantiomeric pesticides will probably have a small effect on the overall pesticide market. Also, since the chiral pesticides are not the biggest selling pesticides, that increases the likelihood that switching to single enantiomers will be to expensive to be economically viable.



In the future, many crops will be genetically engineered to be resistant to pests, and that will reduce the market for pesticides in general, but that is a long way off.



About 75% of total consumption of pesticides is by agriculture. The balance of the share encompasses industry, commerce, and government at 18%, and home garden at 7% of total consumption.



Herbicides constitute 57% of the active ingredient pesticide consumption in the U.S. Insecticides constitute 23%, fungicides constitute 12%, and all others constitute 8%.



In 1998, the sales value of single enantiomer pesticides was about $7.0

billion, and it should close 1999 at about $8.4 billion. We forecast the sales value of single enantiomer pesticides to be about $20.1 billion in 2004, which would give an average annual growth rate of about 19%.







table 53



chiral pesticide sales value

($ billion)



Category�1997�1998�1999�2004�AAGR% 1997-2004��Pesticides�5.0�7.0�8.4�20.1�19%��

Source: BCC



table 54



chirality of pesticides



Pesticide�Type�Chiral?��Abscisic acid�Growth regulator�Yes��Acephate�Insecticide�No��Alachlor�Herbicide�No��Aldicarb�Insecticide�Yes��Anilazine�Fungicide�No��Atrazine�Herbicide�No��Auxin�Growth regulator�Yes��Bendiocarb�Insecticide�No��Benfluralin�Herbicide�No��Benomyl�Fungicide�No��Bentazon�Herbicide�No��Bromacil�Herbicide�Yes��Bromoxynil�Herbicide�No��Bronopol�Fungicide�No��Butachlor�Herbicide�No��Butylate�Herbicide�No��Captan�Fungicide�No��Carbaryl�Insecticide�No��Chlorbenzilate�Insecticide�No��Chlordane�Insecticide�Yes��Chlorpropham (CIPC)�Herbicide�No��Chlorothalonil�Fungicide�No��Chlorphyrifos�Insecticide�No��Cosan 145�Fungicide�Yes��Cyanazine�Herbicide�No��2,4-D�Herbicide�No��Daminozide�Growth regulator�No��Dazomet (DMTT)�Fungicide�No��DCPA�Herbicide�No��Diazinon�Insecticide�No��Dicamba�Herbicide�No��Dichloropropene�Nematocide�No��Dieldrin�Insecticide�Yes��Dinoseb�Herbicide�Yes��Disparlure�Insecticide�Yes��Diuron�Herbicide�No��Endosulfan�Insecticide�Yes��Endothall�Herbicide�Yes��Endrin�Insecticide�Yes��EPTC�Herbicide�No��Ethion�Insecticide�No��Ethoprop�Insecticide�No��Ethylene�Growth regulator�No��Fenarimol�Fungicide�Yes��Folpet�Fungicide�No��Fosetyl Al�Fungicide�No��Germall�Fungicide�Yes��Gibberellin�Growth regulator�Yes��Glyphosate�Herbicide�No��Heptachlor�Insecticide�Yes��Indoacetic acid�Growth regulator�No��Indolebutyric acid�Growth regulator�No��Iprodione�Fungicide�No��Isazophos�Insecticide�No��Isofenphos�Insecticide�No��Isoxaben�Herbicide�No��Kathon CG�Fungicide�No��Lindane�Insecticide�Yes��Linuron�Herbicide�No��Malathion�Insecticide�Yes��Maneb�Fungicide�No��Mancozeb�Fungicide�No��MCPA�Herbicide�No��MCPP (Mecoprop)�Herbicide�Yes��Metalaxyl�Fungicide�Yes��Metam�Soil fumigant�No��Methoxychlor�Insecticide�No��Methylarsonic acid�Herbicide�No��Methyl bromide�Insecticide�No��Methylparaben�Fungicide�No��Metolchlor�Herbicide�Yes��Molinate�Herbicide�No��Naled�Insecticide�No��Neburon�Herbicide�No��Onuron�Herbicide�No��Oryzalin�Herbicide�No��Oxadiazon�Herbicide�No��Paraquat�Herbicide�No��Parathion�Insecticide�No��Pendimethalin�Herbicide�No��Piperonyl butoxide�Insecticide�No��Propachlor�Herbicide�No��Propanil�Herbicide�No��Propham (IPC)�Herbicide�No��Propiconazole�Fungicide�Yes��Propoxur�Insecticide�No��Quintozene (PCNB)�Fungicide�No��Ronnel�Insecticide�No��Rotenone�Insecticide�Yes��Siduron�Herbicide�Yes��Simazine�Herbicide�No��Terbufos�Insecticide�No��Tebuthiuron�Herbicide�No��Thiram�Insecticide�No��Toxaphene�Insecticide�Yes��Triadimefon�Fungicide�Yes��Triclopyr�Herbicide�No��Trifluralin�Herbicide�No��Troysan�Fungicide�No��

Source: BCC Inc.



Herbicides



The structural variability of compounds possessing herbicidal activity is very large. For most herbicides with stereogenic centers, the relationship between stereoisomerism and biological activity is generally not well understood. Many chiral separation methods for herbicides have been worked out, but for many economically important herbicides, little has been published about the resolution of their enantiomers.



Substituted 2-aryloxypropionic acids and their ester derivatives are widely used as selective herbicides, and are produced in hundreds of thousands of tons annually. It has been shown that, in a number of cases, the herbicidal activity arises almost exclusively from the R-enantiomer. 2-(4-chloro-2-methylphenoxy)propionic acid and 2-(2,4-dichlorophenoxy)propionic acid are two important members of this class of compounds that were originally sold in racemic form. Environmental considerations have recently led to the production and marketing of their pure R-enantiomers.



Another 2-aryloxypropionate, butyl 2-[4,(5-trifluoromethyl-2-pyridyl-oxy)phenoxy]propionate is a highly selective postemergence herbicide for use against annual or perennial grasses in cotton, soybeans, and other broad-leaved crops. The racemate was introduced first, and was later replaced by the R-enantiomer which has about twice herbicidal activity of the racemate.



A series of N-arylalanine esters have been introduced as postemergence herbicides for the selective control of wild oats in cereals. Their herbicidal activity generally originates from the R-enantiomers, while the S-enantiomers are virtually inactive. Furthermore, it has been found that the activity against wild oats is dependent on conversion of the applied esters to the corresponding biologically active acids. The herbicides are selective because the ester hydrolysis occurs much more slowly in wheat and barley than in wild oats. The stereoselectivity of the esterase catalyzing the hydrolysis could explain the superior herbicidal activity of the R-enantiomers.



The chloroacetanilides are the most important class of herbicides for the pre-emergence control of grass weeds in corn. The S-enantiomers are the most active.



Zeneca Bio Products is using an enzymatic resolution to generate L-2-chloropropionic acid, which in turn serves as an intermediate for the synthesis of enantiomeric phenoxypropionic acid herbicides. Zeneca uses the microbial enzyme chloroprionic acid dehalogenese. The producing microbe has been genetically engineered to have multiple copies of the enzyme gene, linked to a plasmid, greatly increasing the enzyme productivity.



All of the phenoxypropionic herbicides are in principal accessible by L-chloropropionic acid, although not all such manufacturers have converted to production of the single isomer. One phenoxypropionic herbicide now being made as a single enantiomer is Mecoprop, and it is synthesized from L-2-chloropropionic acid.



fungicides



The implications of stereoisomerism for the biological activity of fungicides are difficult to characterize because of the complex system involved. Receptors and metabolic pathways in both the fungus and the host plant must be considered. The most important selective fungicides are chiral ergosterol biosynthesis inhibitors (EBIs). Although the influence of stereoisomerism on their biological activity has presumably been recognized, astonishingly little work has been published about chromatographic resolution and analysis of chiral fungicides.



One fungicide that has been studied is triadimenol, which is a type of triazole fungicide, which in turn is a class of EBI. The (1S, 2R) isomer of triadimenol is far more active than the other isomers.



Propiconazole is a fungicide with two chiral centers, and thus four isomers. Each isomer acts differently on different combinations of various species of fungus and host plant. As it turns out, leaving the four isomers mixed together as a racemate creates a fungicide that is the most effective for a wide range of different fungi and host plants.



Acylalanines were developed as both herbicides and fungicides. The R-enantiomer is an excellent fungicide with low herbicidal activity. The S-enantiomer has high herbicidal but no fungicidal activity. Since most consumers desire both effects, it is deliberately sold as a racemate.  



 insecticides



This section refers not just to insecticides that protect plants but those that act on animal parasites, or control household insects. Many individual insecticides are used for all of these purposes.



There has been much research on the interrelation of stereochemistry and biological activity of synthetic and natural insecticides. The most important classes of insecticides containing chiral compounds are organochlorines, carbamates, pyrethroids, and organophosphates. Organophosphates and pyrethroids hold about 50% to 60% of the world’s insecticide market. The number of publications dealing with chiral analysis of organophosphates and pyrethroids reflects the great interest in the implications of chirality in these two classes of compounds.



Organophosphates that act as cholinesterase inhibitors began to be introduced as insecticides in the 1950’s. One interesting thing is that enantiomers of chiral organophosphates having the phosphorus atom as the chiral center often exhibit widely different anticholinesterase activity, whereas only slight activity differences are found for enantiomers of organophosphates with chiral centers other than phosphorus.



The pyrethroid insecticides were derived from natural products that occur in the flower heads of various Chrysanthemum species. The insecticidal properties have been well documented for over 100 years. The natural product’s rapid destruction of insects, high level of activity, and low toxicity to mammals caused intense interest in synthesizing similar compounds. Early synthetic pyrethroids had significant success as household insecticides despite their inherent instability to light. In the early 1970’s, the combination of phenoxybenzyl alcohols with chrysanthemic acid derivatives, in which the dimethylvinyl substituent was replaced by dihalovinyl moieties, led to a series of highly active and light-stable synthetic pyrethroids. After that breakthrough, pyrethroids quickly gained commercial importance, and today they account for about 20% of the world’s insecticide market.



Pyrethroids constitute a chemically diverse class of neuroactive insecticides. In general, they contain one to three chiral centers, and thus have two to eight stereoisomers. Often the individual isomers exhibit large differences in toxicity to insects. Deltamethrin has been developed and marketed as a single isomer, the (alpha-S, 1 R)-cis configuration. It is widely acknowledged as the leading product in the pyrethroid market. It is a potent insecticide effective by contact and ingestion against a wide range of insects, such as Homoptera, Lepidoptera, and Thysanoptera, in a wide range of crops.



Benzoylureas are insect growth regulators that act by inhibiting chitin synthesis and so interfering with the formation of the cuticle. Lufenuron is a chiral example of this class of compounds.



There are less conventional chemicals that control insects. Pheromones are chemicals that act as messengers among members of the same species. In insects, pheromones play a dominant role in insect communication and therefore have great potential for control agents. Pheromones have use in lures designed to attract insects. Whenever pheromones are produced synthetically, all enantiomers should be studied individually since they usually vary in their biological activity. 



An often cited example of chiral technology applied to pheromones is the synthesis of displarlure, which is the sex attractant for gypsy moth. The (+) isomer of disparlure is the effective one, while the (-) isomer is not only ineffective, but it also interferes with the insect’s ability to sense the (+) isomer. A stereoselective synthesis was worked out to make the (+) isomer using the Sharpless tartrate epoxidation catalyst. However, the process was just not cost effective, so disparlure is still sold as the racemate.



Another unusual class of chemicals are juvenile hormone mimics. Juvenile hormones are compounds secreted by insects that act in conjunction with the molting hormones to suppress adult differentiation and to maintain the immature nature of the developing stages. Juvenile hormone mimics prevent the insects from developing into adults which may be more harmful to plants. Again, these are chiral molecules, and the bioactivity of the enantiomers usually vary. 



aromas and flavors



Flavors and aromas can result from complex mixtures of hundreds of compounds, many occurring at trace levels. In the past, most publications on aroma and flavor research have ignored enantiomeric compositions, even though many of the major aroma and flavor compounds were known to be chiral.



Odor perception starts when odor molecules interact with receptors which are proteins. Since proteins are chiral molecules, the receptors can interact differently with two enantiomers. Stereoisomeric flavor components are known to differ in both odor quality and intensity. (S)-limonene smells like lemons while (R)-limonene smells like oranges. (S)-(+)-carvone smells like caraway, while (R)-(-)-carvone smells like spearmint.  Methol has three chiral centers, and thus eight enantiomers, but only the (1R,3R,4S)-isomer smells like mint. 



Among all the known aroma and flavor compounds, chirality is rare. Only about 6% of aroma and flavor compounds are chiral. However, those few are important. A major category of chiral aroma and flavor compounds is comprised of heterocyclic terpenes, which include camphor, menthol, pinene, and terpineol. Other chiral aromas and flavors encompass various linear and cyclic compounds.



The worldwide sales value of aroma and flavor chemicals is about $5 billion. In the U.S., it’s about $1 billion. The principal market outlets are in the food and beverage sector, as well as cosmetics, toiletries, detergents, and room fresheners. Minor markets exist in scented paper, scented inks, scented crayons, etc.



Takasago Perfumery Co, in Japan, uses a chiral rhodium phosphine catalyst to synthesize L-methol, starting from either neryl- or geranyldiethylamine. Specifically, they use the catalyst rhodium/S-binap/1,5-cyclooctadiene.



liquid crystals



Liquid crystals are one of the few applications of chiral technology, that are reasonably significant economically, that are designed to interact with biological systems. Chiral compounds find use here due to the regularity of the crystals.



Liquid crystals are substances that display differential optical effects depending on their molecular orientation. They have uses in digital instrument displays such as wristwatches, analytical equipment, pocket calculators, electronic typewriters, pocket Tvs and computer terminals, etc.



Of the varied sorts of liquid crystal materials, two types are chiral: cholesteric compounds and certain nematics.



Cholesterics include cholesterol esters and similar sterol esters. They are intrinsically chiral. In thin films, cholesteric compounds exhibit colors that change in response to temperature, and thus have applications in temperature displays. Cholesteric compounds include cholesteryl acetate, cholesteryl benzoate, cholesteryl nonanoate, and cholesteryl valerate.



Nematic liquid crystals have a threadlike crystalline structure, and therefore display anisotropy. Their appearance depends on how they line up. Nematics are the types of liquid crystals most often incorporated into electronic displays. A new use incorporates nematics into windows as opacifiers responsive to electric fields or excessive light.



company profiles



Here is are websites that have links to the homepages of a large number of drug companies, essentially all of which sell chiral drugs.



http://www.phc.vcu.edu/link/industrylinks.html



http://www.bcpl.lib.md.us/~dnowotni/pharm.html



ABBOTT LABORATORIES

Abbott Park

North Chicago, Illinois 60064

http://www.abbott.com

(312) 937-6100



Abbott is a drug company that sells synthetic chiral drugs. They produce the chiral beta-blocker Carteolol.



Here are the major products sold by Abbott Laboratories.



Abbokinase

Biaxin (Adult Respiratory)

Biaxin (h.pylori)

Biaxin (Oral Suspension)

Biaxin Mac

Cylert

Depakote Bipolar

Depakote CPS

Depakote Migraine

Gabitril

Hytrin Capsules

Norvir

Serlect

Sertindole

Tricor

Ultane

Zyflo



ACROS CHIMICA

Division of Janssen Pharmaceutica

B-2440 Geel

Belgium

http://www.janssenpharmaceutica.be

tel +32 (Belgium) 14 57 53 00

(32) +3 280-5411

Contact: Paul D'hondt - product management Acros Organics



Acros Chimica is part of Janssen Pharmaceutica. Their new catalogue contains many hundreds more chiral reagents, and they continuously add more. As well amino acids, protected amino acids, amines, carboxylic acids, alcohols, heterocyclic compounds, or otherwise functionalized molecules are available. Also new racemisation reagents, catalysts and chiral solvents have been added. Most reagents are introduced in their catalogue in small (1 to 5 gram quantities) to meet customer demands for downsized synthesis.



ADVANCED SEPARATION TECHNOLOGIES (ASTEC)

37 Leslie Court, P.O. Box 297

Whippany, NJ 07981

http://astecusa.com

astec@astecusa.com

(973) 428-9080

FAX: (973) 428-0152



Advanced Separation Technologies sells chromatography products for the separation of enantiomers, including apparatus for liquid chromatography, gas chromatography, and instruments to enhance liquid chromatography separations.



AJINOMOTO

15-1, Kybobashi 1-chrome

Chuo-ku, Tokyo

Japan

http://www.ajinomoto.com

FAX: 03-5250



Ajinomoto is one of the major food producers in Japan. They use enzymes for the resolution of racemic amino acids.



ALBEMARLE CORPORATION

451 Florida St.

Baton Rouge,  LA

70801-1785

http://www.albemarle.com

oci_main@ocanales.com

(800) 535-3030

FAX: (225) 388-7848



Albemarle Corporation is a global supplier of specialty chemicals and

chemical intermediates. Their products are used to make polymers,

detergents and personal care products, agricultural pesticides

and fertilizers, pharmaceuticals and photographic chemicals.



Albemarle sells the pharmaceutical actives of s(+)ibuprofen and naproxen.



ALLTECH ASSOCIATES INC.

2051 Waukegan Road

Deerfield, Illinois 60015

http://www.alltechweb.com

altech@alltechemail.com

(708) 948-8600

FAX: (708) 948-1078



Alltech sells chiral HPLC columns for analytical applications. They don’t have any current research in this field. In the 1970's, they developed a GC column called the Chirasil-Val for amino acids.  That column is still being used widely for amino acids.  We currently distribute both GC and HPLC chiral columns from Advanced Separation Technologies (Astec) and from ChromTech.



ALTUS BIOLOGICS INC.

625 Putnam Avenus

Cambridge, MA 02139-4807

http://www.altus.com

lane@altus.com

1(617) 577-6500

FAX: 1(617) 577-6502



Altus Biologics Inc. (http://www.altus.com)has developed a novel group of products called CLEC catalysts.  These heterogeneous, crystalline enzyme catalysts can be used in repeated reaction cycles from the gram to multi-ton scale.  The catalysts work under extremely mild reaction conditions and are environmentally friendly.  CLEC catalysts are divided into three product families; ChiroCLEC, PeptiCLEC and SynthaCLEC.   The ChiroCLEC family is used for the resolution of acids, esters, alcohols and amines.  The PeptiCLEC family is used for catalytic peptide coupling of both natural and unnatural amino acids and peptides.  The SynthaCLEC family is used to conduct a wide variety of synthetic transformations.



CLEC stands for “cross-linked enzyme crystals”.  This preparation is a crystallized enzyme which is cross-linked as a type of immobilization. Impurities often associated with non-crystallized enzyme preparations contribute undesirable side activities due to miscellaneous enzyme content and therefore crystalline enzyme preparations represent pure reactions. The cross-linking imparts stability to the enzyme it would not have if it were dissolved.



In a Chem & Eng News (21 September 1998, Page 83) the article quotes Altus biologics saying that for the resolution of sec-phenethyl acetate/alcohol they estimate that the cost of the CLEC was around 4% of the products value. I’ve talked to researchers who use CLEC's in scale-up studies and have found them to be a highly useful catalyst.



AMERICAN HOME PRODUCTS

687 Third Avenue

New York, NY 10017

http://www.ahp.com/ahp.com

pr@ahp.com

(800) 343-0856



Wyeth-Ayerst is the pharmaceutical unit of American Home Products which sells synthetic chiral drugs. They produce the chiral beta-blockers acebutolol and propanolol, as well as the chiral vasodilator isosorbide dinitrate.



AMERICHROM GLOBAL TECHNOLOGIES

http://www.americhrom.com

agt@radix.net

1-(800) 421-5242

FAX: 1-(301) 931-3205



AmeriChrom sells chiral chromatography products.



ANAQUEST

110 Allen Road

Liberty Corner, New Jersey 07938

(908) 647-9200



Anaquest supplies isoflurane, the major inhalation anesthetic in North America. It has developed a process for optically resolving the enantiomers of isoflurane and other halogenated ether anesthetics.



ARCO CHEMICAL CO.

3801 West Chester Pike

Newtown Square, Pennsylvania 19073-2387

http://www.arcochemical.com

webmaster@arcochem.com

(610) 359-2000

FAX: (610) 359-2722



ARCO Chemical is a leading worldwide manufacturer of intermediate chemicals used in a broad range of consumer and industrial products. Our core products are propylene oxide (PO), tertiary butyl alcohol (TBA), styrene monomer (SM), toluene diisocyanate (TDI) and aliphatic diisocyanates (ADI).



Arco uses the Sharpless epoxidation catalyst, which it licensed from Stanford University, for the large scale enantiospecific manufacture of chiral epoxides, particularly chiral glycidols such as methylglycidol and phenglycidol. The epoxides it makes have uses as intermediates for the synthesis of drugs, pesticides, and aroma and flavor compounds.



ASTRA PHARMACEUTICAL PRODUCTS INC.

50 Otis Street

Westboro, MA 01581-4500

http://www.astrapharmaceuticals.com

(508) 366-1100



This U. S. subsidiary of the Swedish AB sells formulated chiral drugs.



J. T. BAKER INC.

A Division of Mallinckrodt Baker, Inc.

222 Red School Lane

Phillipsburg, NJ 08865

http://www.jtbaker.com

infombi@mkg.com 

(800) JTBAKER - (582-2537)

 FAX: (908) 859-6974

(908) 859-6916

(908) 859-9370



J. T. Baker sells a wide variety of chemicals and lab equipment. They sell chiral HPLC columns and related products for separation. They sell their own line of products as well as distributing products made by Daicel Industries.



BEND RESEARCH INC.

64550 Research Road

Bend, Oregon 97001-8599

http://www.bendres.com

bendresearch@bendres.com

(541) 382-4100

FAX: (541) 382-2713



Bend Research, Inc., specializes in the research and development of products and processes based on advanced-separations and novel drug-delivery technologies. The privately held company, which is located near Bend, Oregon, was founded in 1975.



Bend Research is applying enzymes to chiral research. The company provides custom service to drug companies, providing quantities from hundreds of grams to hundreds of kilograms, for use by the clients in Phase I and Phase II clinical trials. The company hopes that the clinical trials will ultimately end in the marketing of single-isomer drugs, in which the company will provide the custom manufacturing. Bend has an active research program looking for new enzymes to exploit, and developing resolution processes. It has patented a reverse ososis technology which the company incorporates into its resolution process.



BERLEX LABORATORIES

300 Fairfield Road

Wayne, New Jersey 07470

http://www.berlex.com

(201) 292-3007



Berlex Laboratories, Inc. is the U. S. pharmaceutical affiliate of a international company founded in Germany more than 125 years ago.



Berlex sells formulations of the synthetic steroid hormone, levonorgestrel, as well as several chiral drugs of natural origin or core composition.



BIOCATALYSTS LTD.

Main Avenue, Treforest Industrial Estate

Pontypridd

Rhondda (Wales)

CF37 5UT

01443 843712

FAX: 01443 841214



Biocatalysts Ltd is a company concerned with the manufacture and better utilization of enzymes in industrial processes, with a particular interest in the application of enzyme mixtures tailored to specific customer needs.



Biocatalysts was originally founded as a subsidiary of Grand Metropolitan Biotechnology Ltd - a corporate venturing activity established and run by a current Director of BDMS. The company brought together Grand Metropolitan Biotechnology's interest in enzymes as an area of potential growth, and the expertise of an individual scientist then working for a large multi-national enzyme company who had novel ideas regarding the potential for using mixtures, rather than single enzymes, to deal with problems for which a single enzyme did not provide the ideal solution.



Biocatalysts is an enzyme company supplying enzymes for industrial uses. The company sells a number of enzymes for industrial applications.



BOEHRINGER INGELHEIM KG

Chemicals Division, Fine Chemicals

GmbH

Binger Str. 173

55216 Ingelheim

Germany

http://www.boehringer-ingelheim.de



Boehringer Ingelheim, headquartered in Ingelheim, Germany ranks among the top 20 pharmaceutical companies in the world. It reported revenues exceeding DM 8.75 billion in 1998. Its product range is focused on human pharmaceuticals - hospital, prescription and self-medication - as well as animal health and chemicals.



Boehringer Ingelheim in addition to being a pharmaceutical company, also sells various intermediates for drug synthesis. it also serves the food and chemical industries. Besides selling products on the open market, the company also provides custom manufacturing. The company has leading positions in the supply of tropane alkaloids, including atropine, hyoscamine, and scopalamine. They supply ergot alkaloids such as ergotamine, ergocystine, and ergoloid mesylate. Boehringer also supplies other natural substances including camptothecin, codeine phosphate, digoxin, lobeline, physostigmine, pilocarpine, and yohimbine.



In chiral technology, Boehringer Ingelheim offers for sale specific secondary alcohols, epoxides, esters, amides, amino alcohols, unnatural amino acids, oxazolidinones, and sugar derivatives.



BOOTS PHARMACEUTICALS INC.

300 Tri-State International Center, Ste 200

Lincolnshire IL 60069

(708) 405-7400

FAX: (708) 405-7505



Boots is a brand leader in a number of drugs that are household names such as Burnol, Strepsils and Digene. The company has a huge scope of increasing margins because of the recent government decontrol of a number of drugs, since 60% of its products were controlled. it has restructured its operation to cut costs.



Boots Pharmaceuticals sells formulations of the synthetic chiral drugs chlopheniramaine, pheylpropanolamine, and levothyroxine (enantiomeric).



BOULDER SCIENTIFIC CO.

P.O.Box 548

598 Third Street

Mead, CO 80542 

http://www.chem.com/Boulder

dmenders@bouldersci.com

(970) 535-4494

(303) 442-1199 

FAX: (970) 535-4584



Boulder Scientific develops chiral processes via resolution or asymmetric synthesis, mostly for drug companies. They manufacture chiral organometallic materials, but they are racemic, not enantiomerically pure. They manufacture racemic catalysts.  



BRISTOL MYERS SQUIBB CO.

345 Park Avenue

New York, New York, 10154

http://www.bms.com

(212) 546-4000



Bristol-Myers Squibb Co 

P.O. Box 4500

Princeton NJ 08543-4500

(609) 897-2000



Bristol-Myers Squibb markets formulations of the synthetic chiral drugs bendroflumethiazide, dextromethorphan (enantiomeric), didanosine, guaifenesin, ibuprofen, megastrol, mitotane, nodolol, and testolactone. The Mead Johnson division sells formulations of the semisynthetic drugs norethindrone (introduced chirality), ethinyl estradoil (introduced chirality), fosinopril (enantiomeric), and tioconazole. The E.R. Squibb subsidiary in Princeton, New Jersey, sells formulations of the synthetic chiral drugs aztreonam (enantiomeric), captopril (enantiomeric), and pravastatin (enantiomeric).



CALLERY CHEMICAL CO.

http://www.callery.com

Callery.Info@MSAnet.com

412-967-4141

FAX: 412-967-4140

 

Based 25 miles north of Pittsburgh, PA, Callery Chemical Company is the world's leading supplier of commercial quantities of boron chemicals, metal alkoxides and alkali metals. Since its inception in 1946, the company has been producing innovative specialty chemicals for industry and R&D applications.



A fine chemicals producer, Callery specializes in borane reagents. One aspect of this is their use of boron-based asymmetric reducing agents. They sell a CBS catalyst for the asymmetric reduction of ketones to alcohols and methoxydiethylborane (MDEB) as a stereo-directing group utilized in conjunction with sodium borohydride for the reduction of beta-hydroxy ketones to syn diols. They also sell Corey catalyst (methyl ozaborolidine) and diisopinocampheyl chloroborane (DPC) as chiral reducing agents to make chiral alcohols from ketones.



CAMBREX

One Meadowlands Plaza

East Rutherford, NJ 07073

http://www.cambrex.com

(201) 804-3000

FAX: (201) 804-9852



Cambrex is a very broad chemistry company that produces all manner of chemicals for virtually every possible product. Their 1998 sales were $441.7 million. Their subsidiary Chiragene produces chiral drugs.



CATALYTICA PHARMACEUTICALS

Intersection of US 13/NC11 and US 264

Greenville, NC 27834

http://www.catalytica-pharm.com

info@catalytica-inc.com

dhamby@catalytica-inc.com

(650) 960-30000

(262) 707-2330

FAX: (650) 960-0127



Catalytica Pharmaceuticals sells a wide variety of synthetic chiral drugs.



CELGENE

7   Powder  Horn  Drive

Warren, NJ 07059

http://www.celgene.com

webmaster@celgene.com

(732) 271-1001

FAX: (732) 271-4184



Celgene is involved in two main fields of development: immunotherapeutic compound development and biocatalytic chiral chemistry synthesis. Biocatalysis involves the identification and manipulation of enzymes to perform specialized chemical reactions to produce chirally pure compounds. Celgene also has a subsidiary, Celgro, that develops chiral chemistry for the purpose of agriculture. Celgro works with agrochemical companies to develop chirally pure versions of pesticides.



CHEMIE LINZ GMBH

Postfach 933

A-4021 Linz

http://www.austria.org.tw/English/DSMChemie.htm

guenter.stadlmair@dsm.at

+43-70-6916-3619

FAX: +43-70-6916-63619



Chemie linz is a major producer of chemical intermediates and provider of custom synthesis. The company uses primarily organic chemistry for its operations. However, in chiral technology, the company uses biocatalysis (with enzymes purchased from outside) for effective synthesis, primarily of drug intermediates. Here are some of the enzymes they use in chiral synthesis.



lipases - alpha-substituted acids, esters, secondary alcohols

aspartase - L-aspartic acid

transaminase - L-amino acids

amidase - carboxylic acids (developed from amines)

oxy-nitrilase - amines (developed by CN exchange)



CHIRAL TECHNOLOGIES, INC.

730 Springdale Drive

P.O. Box 564

Exton, PA USA

http://www.chiraltech.com

chiral@chiraltech.com        

+1 610 594 2100

FAX +1 610 594 -2325

 

Formed in 1990, Chiral Technologies sells chiral chromatography products. Its product lines include both analytical and preparative chiral chromatography. The company also offers a custom preparation service, with a capacity up to kilogram quantities.



Chiral Technologies provides technical support, services and products to assist customers in Europe and North America in the analysis and separation

of racemic compounds. technologies. Daicel Chemical Industries, Ltd. is the parent company of Chiral Technologies.



Chiral Technologies focuses its resources on chromatographic resolution as the fastest, most effective means of analyzing chiral compounds and obtaining pure enantiomers. Their products and custom separation services

are accomplished in facilities that comply with cGMP quality guidelines. 



Daicel chiral HPLC columns, the most widely used and referenced chiral chromatography products in the world, are available from Chiral Technologies in Europe and North America. The core technology for Daicel chromatography products is polysaccharide-type chiral stationary phases. This technology has its origins with the research and resulting inventions of Professor Y. Okamoto of Nagoya University, Japan. Continued product development has resulted in bulk chiral stationary phase, preparative and process scale columns, simulated moving bed (SMB) chromatography technology and the availability of custom separation services.



CHIREX INC.

300 Atlantic St. Ste. 402

Stamford, CT 06901

http://www.chirex.com

rpettman@chirex.com

(203) 351-2300

FAX: (203) 425-9996



ChiRex is an intermediate supplier. The company also provides services to pharmaceutical and biotechnology companies doing in-house development. They offer a broad range of services accelerating the time from drug discovery to commercialization. ChiRex holds 54 patents and patent applications in the field of chiral chemistry.



CHIRON LABORATORIES AS

Teknostallen, Prof. Brochs gt. 6

N-7030 Trondheim, Norway.

http://www.chiron.no

Chiron@chiron.no

(+47) 73 54 02 33

FAX: (+47) 73 54 02 32



Chiron Laboratories supplies chiral intermediates, chiral reagents, chiral resolving agents, and amino acid derivatives. Compounds supplied include: R and S 2,2-dimethyl-1,3-dioxolane; D and L alaninol; l-valinol; R and S 1-amino-2-propanol; (2R)-2-hydroxybutanoic acid; (S)-glycidyl tritylether; (+) and (-) endo-norborneol; R and S bis-1,1’-bi-2-naphthol; and R and S alpha-methyl-p-nitrobenzylamine, also known as Nitresolve. 



CHIROSCIENCE LTD.

Cambridge Science Park

Cambridge CB4 4WE

England

http://www.chiroscience.com

daviddible@chiroscience.com

+44 (0) 1223 420430

FAX: +44 (0) 1223 420440



Chiroscience has involvement with chiral intermediates and bulk active, especially for drugs. It particularly specializes in the development of chiral compounds for pharmaceutical use, especially drugs that bind to biological receptors. The company provides chiral building blocks (intermediates) for new chemical entities developed by other pharmaceutical companies.



The other component of Chiroscience’s business focuses on developing pharmaceuticals for marketing on its own. One category of pharmaceuticals in its development portfolio is identified as fast-track single isomers, which are single enantiomer versions of drugs already on the market. The other category of pharmaceuticals being developed by the company encompasses new chemical entities, and these are in various stages of early to middle development. Enzyme inhibitors are among the new chemical entities being looked at by the company for development, and it targets zinc metalloproteinases, serine proteases, cysteine proteases, and pentosyltransferases implicated in arthritis, inflammation, cancer, and cognitive brain disorders. The company embraces both chiral separation and chiral synthesis as approaches to the production of chiral compounds. The chiral synthesis involves enzymes for the catalysts. 



Currently, Chiroscience is not marketing any of its own drugs, although this is a long term plan. Single enantiomer drugs it has developed for other companies include dex-keto-erofen, which is a painkiller, and chirocaine, which is a local anesthetic.



In 1996, Chiroscience bought Darwin Molecular, based in Seattle, Washington, enabling Chiroscience to now do gene-based research.



Chiroscience was previously known as Chiros, the name change occurring in 1993.



CHROMTECH AB, 

Box 6056, 129 06 Hägersten, Sweden

http://www.chromtech.se

ct@chromtech.se

+46-8-4648020 

FAX: +46-8-4647020



ChromTech sells HPLC columns base on alpha1-acid glycoprotein (AGP). Its distributor in the U.S. is Regis.



CU CHEMIE UETIKON GMBH

Raiffeisenstrausse 4

77933 Lahr

Germany

FAX: 49-7821-585-230



Uetikon is a bulk producer of pharmaceuticals and their intermediates. In chiral technology, the company employs disatereomeric salt resolution of racemates and enantioselective hydrogenation synthesis. Among its products are various derivatives of tartaric acid. Uetikon also produces several enantiomeric NSAID drugs.



DAICEL CHEMICAL INDUSTRIES LTD.

Chiral Chemicals Division

2-5 kasumigaseki 3-chrome, Chiyoda-ku 100-607 7,

Tokyo, Japan

http://www.daicel.co.jp

chiral@daicel.co.jp

+81-3-3507-3151

FAX: +81-3-3507-3193



Daicel is a worldwide leading supplier of chiral HPLC columns, and also a lesser seller of chiral GC columns. The chiral HPLC columns offered by Daicel are based on cellose, phenylmethacrylate, proline-copper and other amino-copper. The cellulose types are the company’s biggest sellers. The company is very successful. Daicel columns seem to be the most popular among researchers.



DAISO CO., LTD.

1-10-8, Edobori, 

Nishi-ku, Osaka 550-0002 

Japan 

http://www.daiso.co.jp/profile/gaiyou-e.htm

NSaragai@daiso.co.jp

+81-(0)6-6443-5996 

+81-(0)6-6445-5787



Daiso is a diversified plastics and chemicals producer catering to many sectors. It has been involved in chiral technology since 1986. Its basic strength in chiral technology lies in the enzymatic (microbial) resolution of racemic compounds and subsequent use of the obtained enantiomers for chiral synthesis.



Daiso uses a process, for which they have filed world-wide patents, based on the microbial resolution of racemic compounds using several bacteria. They sell chiral products are available in multi-ton quantities. A large fermentation reactor enables them to produce chiral products in multi-ton quantities per year. They claim to regularly obtain an enantiomeric excess of 98% e.e.



The chief enantiomeric chemicals (intermediates) produced and supplied by Daiso are: epichlorohydrin; benzylglycidyl ether; methyl glycidyl ether; glycidyl tosylate; 4-chloro-3-hydroxybutyronitrile; 3-chloro-1,2-propanediol; and 2,3-dichloro-1-propanol.     



DEGUSSA-HULS AG

postfach 110533

Weissfrauenstrasse 9

D-6000 Frankfurt am Main1

Germany

http://www.degussa.com

FAX: 69-218-3218



Degussa Corp.

65 Challenger Road

Ridefield Park, New Jersey 07660

(201) 641-6100 



Located in the United States since the 1880's, Degussa Corporation today manufactures a broad variety of chemicals and metal materials. The organization is a wholly-owned subsidiary of Degussa AG, founded in Frankfurt as a public corporation in 1873. 



Degussa is a producer of amino acids, mostly through its subsidiary, Rexim. Rexim S.A. is the leading producer of amino acids in Europe, and the only non-Japanese producer of natural amino-acids. For more than 30 years, the company has produced L-amino acids by the chromatographic separation of protein hydrolysates on ion-exchange resins. Since 1981, Rexim has operated as a wholly owned subsidiary of Degussa, one of the first producers of L-glutamic acid (1926) by extraction from molasses, and one of the first (1948) industrial producers of D, L-methionine (Strecker synthesis).



The company employs large-scale production technologies based on chemical, enzymatic, and fermentation processes. Protein hydrolysis and fermentation give access only to proteinogenic amino acids, so Degussa developed chemo-enzymatic technologies for the production of non-natural amino acid as well as D-amino acids. A very effective way to produce L-amino acids having bulky side chains is the company’s process involving cofactor-dependent (NADH) reductive amination of alpha-keto acids with dehydrogenase enzymes. For instance, leucine dehydrogenase is used to make L-tert-leucine or L-neopentylglycine. The cofactor NADH is continuously recycled by coupling the reaction with formate dehydrogenase. The amino acids bearing tert-alkyl side-chains enlarge the pool of building blocks for chiral ligands or chiral auxiliaries useful for Schoellkopf reagents or, after conversion to the corresponding amino alcohols and oxazolidinones, Evans reagents. The company also sells Seebach reagents, Boc-BMI compounds and benzoyl-BMI compounds.                                                                  



DSM ANDENO B. V.

Noorderpoort 9

P.O. Box 81

5900 AB Venlo

The Netherlands

http://www.dsm.nl

Web.Master@DSM-Group.com

guenter.stadlmair@dsm.at

31-77-899555

43-70-6916 3619

FAX: 31-77-899300

FAX: 43-70-6916-63619



DSM is a highly integrated international industrial group whose main activities are in Life Science Products, Performance Materials, Polymers & Industrial Chemicals. The DSM Group of companies as a whole is an integrated chemical company that collectively produces polymers, hydrocarbons, elastomers, fine chemicals, fertilizers and other chemicals, resins, plastic products, engineering plastic products, and energy. They are involved in essentially every field pertaining to chemistry. Since 1992, the company’s activities in chemical intermediates and fine chemicals has been grouped into a DSM Fine Chemicals Division. Within this division is DSM Andeno, headquartered in Velo, The Netherlands, which has responsibility for advanced chemical intermediates for pharmaceuticals as well as various bulk active drug chemicals.



Among the pharmaceutical intermediates produced by DSM Andeno are various aromatics, benzophenones, piperazines, and aliphatics of a nonchiral nature. Among the chiral intermediates it produces are: (S)-indoline-2-carboxylic acid for ACE inhibitors, D(-)-acetyl-beta-mercaptoisobutyric acid, (S)-3-tert-butylamino-1,2-propanediol for timolol, (S)- and (R)- glycidyl tosylate, (R)-glycidyl butyrate, (R)-2-amino-4-phenylbutane, (S)-3-butyn-2-ol, and (S)-valine.



Racemate resolution by crystallization, the classical approach, has been developed into a high throughput screening technique, the so called Dutch Resolution approach applying combinatorial methodologies.



Efforts in asymmetric synthesis have been actively pursued. A better understanding of asymmetric catalysis during scale up of fine chemical processes has been achieved. 



They believe that racemization-free chemistry as a tool in manufacturing chiral product has further deepened the chirality pool of methods and procedures.



Bioresolution/biocatalysis has been strengthened by the fusion with Gist Brocades giving access to a wide variety of enzymes and genetically modified organisms. Fermentation as a final technique for large scale production has been improved and is considered to be a powerful tool in obtaining chiral products directly or indirectly via chemofermentative routing.



A whole variaty of enzymes and micro-organisms including genetically modified versions are being used to make these chiral products such as (a) hydrolases, (b) transferases, (c) lyases, (d) isomerases, (e) ligases and (f) oxido reductases.



These enzymes are active in respectively (a) hydrolysis of various functional groups (lipases, esterases, amidases, hydantoinases, deformylases, epoxyhydrolases, etc.), (b) group transfer reactions (such as methyl, acyl, glycosyl phosphate), (c) additions to or formation of C=C, C-O, C=N bonds, etc. by  elimination (such as decarboylases, dehydratases and aldolases), (d) isomerases (giving structural and geometric rearrangements (such as racemases, epimerases), (e) formation of C-N, C-O, C-C, C-S bonds (such as oxynitrilases, assemblases, etc.), and  (f) redox reactions.



DUPONT PHARMACEUTICALS

Wilmington, Delaware 19880-0026

http://www.dupont.com

(302) 992-5000



Du Pont Pharmaceuticals sells formulations of the synthetic chiral drugs, cardidopa (enantiomeric), esmolol, and levodopa (enantiomeric).



EASTMAN CHEMICAL COMPANY

1999 East Stone Drive, One Executive Park

P.O. BOX 511

Kingsport, TN 37662

http://www.eastman.com



Eastman Chemical is the organic chemicals division of Eastman Kodak. The company produces and markets for research use various chiral compounds, particularly chiral alcohols. They include: (R)- and (S)- 2-hydroxytosylate; (R)- and (S)- 3-butene-1,2-diol; (R)- and (S)- 1-phenyl-1,3-propanediol; (R)- and (S)- 4-ethenyl-1,3-dioxolan-2-1; (R)- and (S)- 3-hydroxy-3-phenylpropanoic acid; (R)- and (S)- 3-hydroxy-3-phenylpropoate. All these compounds serve as intermediates for the synthesis of pharmaceuticals and agrichemicals. The 2-hydroxytosylates also serve as percursors for the corresponding butylene oxide.



In 1998, Eastman Chemical Company and Oxford Asymmetry Ltd.  reached an agreement to collaborate in the research and development of fine chemical derivatives for pharmaceutical and agricultural applications. The three-year, $4 million agreement calls for Oxford Asymmetry and Eastman to collaborate in R&D work on EpB derivatives, custom chemicals and development of new fine chemical technologies. EpB derivatives, products of Eastman Chemical Company's innovative new technology to produce epoxybutene by the epoxidation of butadiene, show great promise in a broad range of applications for fine, specialty and commodity chemicals.



The Dental Products division of Eastman Kodak sells formulations of the chiral drugs levonordefrin (enantiomeric) and marcaine.



ELAN PHARMACEUTICALS

800 Gateway Blvd.

So. San Francisco, CA 94080

http://www.elancorp.com

(650) 877-0900

FAX: (650) 877-8370



Carnrick Laboratories Inc.

65 Horse Hill Road

Cedar Knolls, New Jersey 07927

                         

Elan Pharmaceuticals is one of three operating divisions of Elan Corporation, plc (NYSE: ELN). In the U.S., the company has five commercial operating divisions organized under Athena Neurosciences, Athena Diagnostics, Carnick Laboratories, Elan Pharma and Neurex Pharmaceuticals.



Carnrick sells formulations of the synthetic chiral drugs butalbital, difenoxin, isometheptene, metalalone, pehendimetrazine (enantiomeric), phenindamine, and phenylpropanolamine.



ELI LILLY AND CO.

Lilly Corporate Center

Indianapolis, IN 46285

(317) 276-2000

FAX: (317) 276-2095



Lilly sells formulations of the synthetic chiral drugs cefaclor (enantiomeric side-chain), dobutamine, loracarbef (enantiomeric), methohexital, propoxyphene, and secobarbital. The Dista Products division of Lilly sells formulations of the synthetic chiral drugs fenoprofen and fluoxetine.



Here are the major products marketed by Eli Lilly.



AXID

Ceclor

Evista

Gemzar

Humalog Insulin

Humulin

Lorabid

Prozac

ReoPro

Zyprexa



EMS-DOTTIKON AG

CH-5605 Dottikon, Switzerland

http://www.ems-dottikon.ch

info@ems-dottikon.ch

+41-56-616 81 11

FAX: +41-56-616 81 20

             

EMS-Dottikon US-Office

One Paragon Drive, Suite 210

Montvale NJ 07645

ems-dottikon.us@ems-dottikon.ch

(201) 476 9229

FAX: (201) 476 9313



EMS-Dottikon AG, in Switzerland, specializes in production of organic

intermediates and active ingredients from pilot to multi-thousand ton range for the pharmaceutical and chemical industry. Custom synthesis is carried out in accordance with cGMP regulations. The company is a producer of fine chemicals and a provider of custom synthesis services. The specialty technologies of the company are nitration, catalytic hydrogenation, and oxidation. The company concentrates on selected product groups, which encompass substituted anilines, aromatic nitro compounds, aromatic carboxylic acids, N-heterocycles, and others. The company also does indoles, indazoles, monosubstituted piperazines, substituted o-phenylenediamines and derivatives, and chiral molecules.



Chiral molecules supplied by EMS-Dottikon in commercial quantities are (R)- and (S)- 4-nitro-alpha-methylbenzylamine, 4-nitro-L-phenylalanine, and D-pyroglutamic acid.



ETHYL CORPORATION

P. O. Box 2189

Richmond, Va. 23218

http://www.ethyl.com

corpcom@ethyl.com



Ethyl is the major producer of bulk racemic ibuprofen in the U. S. Ethyl Corp. also obtained patents for the preparation of optically active aliphatic carboxylic acid or esters of them.



FMC CORPORATION

200 E. Randolph Dr. 

Chicago, IL 60601 

(312) 861-6000



The Lithium Division of FMC is exploring the use of organolithium compounds for chiral synthesis.



GENZYME CORPORATION

One Kendall Square

Cambridge, MA 02139

http://www.genzyme.com

(617) 252-7500

FAX: (617) 494-6561



Genzyme started out merely as a supplier of bulk enzymes and related biochemicals for analytical applications but has since expanded into being a notable presence in biotechnology. The company’s expertise in the use of enzymes has been utilized for the manufacture of various single enantiomers, including tertiary substituted alpha-methyl amino acids such as alpha-methyl tryptophan, and a number of alpha-hydroxy acids. Genzyme also applies a coupled enzyme system to produce single enantiomers of glycerol-3-phosphate, used as a building block for the generation of phospholipids. The Company obtained patents on technology for linking peptides to phospholipids, which has potential application in lipisomal drug delivery. Additionally, Genzyme offers contract bulk drug and intermediate production.



GIST-BROCADES

Wateringsweg 1

P. O. Box 1

2600 MA Delft

The Netherlands

http://www.gist-brocades.nl/home.html

http://www.dsm.nl



Gist-brocades became part of the DSM group in May 1998. DSM is a highly integrated international group whose main activities are in Life Science Products, Performance Materials, Polymers & Industrial Chemicals.



Gist-Brocades is a major enzyme producer and supplier of fermentation-based products. It is a major world producer of beta-lactam antibiotics and their intermediates.



GLAXO WELLCOME INC.

5 Moore Drive, Research Triangle Park, N.C. 27709

http://www.glaxowellcome.com

(919) 483-2100



Glaxo Wellcome Inc., based in Research Triangle Park, N.C., is one of the nation's leading research-based pharmaceutical firms. It is a subsidiary of

London-based Glaxo Wellcome plc.



Glaxo Wellcome plc was formed in 1995 as a result of the merger of Glaxo plc and Wellcome plc, both of which were respected leaders in innovative

pharmaceutical research and development. Glaxo Inc. was established in the

U.S. in 1977, with the purchase of Meyer Laboratories of Fort Lauderdale, Fla., and relocated to the Research Triangle Park in 1983. Burroughs Wellcome Co. was established in the U.S. in 1906 and relocated to RTP in 1970.



Glaxo Wellcome sells a variety of synthetic chiral drugs.



HOECHST

D-65926 Frankfurt/Main

Germany

http://www.hoechst.com/english/index.html

Emueller@corpcomm.hoechst.com

++4969/305-2318

FAX: ++4969/305-83376



Hoechst Marion Roussel

P.O. Box 9627

Kansas City, MO 64134-0627

http://www.hmri.com

(888) 242-9321

(816) 966-4000



Hoechst sells various formulations of synthetic chiral drugs, including desoximetasone (enantiomeric corticosteroid) and ramipril.



ICN PHARMACEUTICALS 

3300 Hyland Ave. 

Costa Mesa, CA 92626 

http://www.icnpharm.com

webmaster@icnpharm.com

(714) 545-0100



ICN Pharmaceuticals sells formulations of the synthetic chiral drugs flucinonide (enantiomeric), betamethasone (enantiomeric), and ribavirin (enantiomeric).



INTERNATIONAL SPECIALTY LTD. (INSPEC)

Charleston Industrial Estate

Hardley, Hythe

Southampton, SO45 3ZG

United Kingdom

http://www.inspec.co.uk

enquiry@inspec.co.uk

(44) 1703-894666

FAX: (44) 1703-243113



The Inspec Group supplies specialty chemicals for a large number of industries, including coating intermediates, plastic packaging intermediates, fragrance intermediates, specialty plasticizers, synthetic lubricants, and specialty organic acids. Inspec was formed through an acquisition of the fine chemicals business of BP, and expanded through the acquisition of Allco, a specialty chemicals company in the U. S.



In the chiral field, Inspec has expanded upon its expertise in using boron trifluoride by developing a range of fluorination techniques, using the latter as well as hydrogen fluoride, emphasizing in particular, the synthesis of fluorinated nucleosides having potential application as drugs for AIDS. Through cycloaddition reactions of simple precursors, the company makes relatively complex molecules containing as many as four contiguous chiral centers with predictable relative stereochemistry. Furthermore, using biotransformation, they can make a wide range of secondary alcohols and amines with relatively few steps, such as R(+)-endo-borneol. Subsequent chemical manipulation of the norbornane framework yeilds cis-1,3-substituted cyclopentanes having use in the manufacture of carbocyclic nucleosides.



Inspec also carries out hydrogenation of nitrogen-containing heterocycles to produce various unnatural amino acid derivatives, such as piperidine-3-carboxylic acid and octohydroindole-2-carboxylic acid. The resolution of these compounds leads to optically pure materials. 



Inspec applies Grinard reagents to diethyl oxalate, yielding keto esters which then are reduced by catalytic asymmetric hydrogenation to generate the corresponding alpha-hydroxyesters in high enantiomeric excess. Both the ketones and the alcohols have widespread use in the synthesis of ACE inhibitors. Inspec has also used Grinald reagents with ethylene oxide to produce unusual alcohols.



JANSSEN PHARMACEUTICA

Turnhoutseweg 30

B-2340 Beerse

Belgium

http://www.janssenpharmaceutica.be

(32+14) 60-21-11

FAX: (32+14) 60 28 41



Janssen Pharmaceutica

P. O. Box 200

Titusville

New Jersey 08560-0200

(1+609) 730-2000

FAX: (1+609) 730-2323



Janssen Pharmaceutica sells formulations of the synthetic chiral drugs alfentanil, fentanyl (enantiomeric), ketoconazole, levamisole (enantiomeric), and micozole.                                              



JUELICH ENZYME PRODUCTS

Karl-Heinz-Beckurts-Str. 13

D-52428 Julich, Germany

Kreissparkasse Duran

BLZ 395 501 10

Konto-Nr. 9613

http://www.juelich-enzyme.com

juelich@aol.com

(49) 2461-348188

FAX: (49) 2461-690100



Juelich sells enzymes, some of which have use in chiral synthesis or chiral separation.



KANEKA CORPORATION 

Fine Chemicals Division 

3-2-4, Nakanoshima Kita-ku 

Osaka 530, Japan 

http://www.keneka.co.jp

finechem@kaneka.co.jp

+81-6-226-5142 

FAX: +81-6-226-5128 

Kaneka America Corporation 

Pharmaceuticals Division 

65 East 55th Street 

New York, N.Y. 10022 

kanekaph@aol.com

+1-212-705-4340 

FAX: +1-212-705-4350 



Kaneka, previously called Kanegafuchi, is involved in wide range of different fields including functional plastics, high-performance polymers, plastic foams, pharmaceutical intermediates, blood purification systems, food and beverages, synthetic fibers, electric and electronic materials, basic chemicals and synthetic resins.



The company’s primary chiral activities are in the field of pharmaceutical intermediates. Keneka and DSM Andeno are the two largest producers of chiral intermediates in the world. The main chiral pharmaceutical intermediate made by Kaneka is D-p-hydroxyphenylglycine, the adduct side-chain for the synthesis of amoxicillin and several other antibiotics, brought onstream in 1979. The company has about 70 - 80% of the world market for this compound. Kaneka uses an enzyme process for the manufacture.



Kaneka is also a major supplier of (S)-acetyl-3-mercapto-2-methylpropionic acid (AMA), the intermediate for the cardiovascular drug, captopril. This intermediate was brought onstream in 1983.



MERCK LTD.

Merck House

Poole, Dorset, UK

BH15 1TD

http://www.merck-ltd.co.uk

http://www.chromatography.co.uk

info@merck-ltd.co.uk

info.chrom@merck-ltd.co.uk

+44 (0) 1202-664460

FAX: +44 (0) 1202-666536



Merck Ltd. sells HPLC columns, and chiral HPTLC and TLC plates. They also supply some chiral chemicals, mainly amino acids. Most of the company’s CSPs are based on microcrystalline triacetylcellulose. Also sold are CSPs based on cyclodextrin (CHRADEX) and CSPs based on Pirkle ligands.



MONSANTO

800 North Lindbergh

St. Louis, Missouri 63167 

http://www.monsanto.com/Monsanto

(314) 694-1000



Monsanto is a pioneer in chiral technology, among the first to develop asymmetric catalysts, such as the chiral phosphine rhodium hydrogenation catalyst applied in the 1960’s to the synthesis of L-DOPA. The Nutrasweet subsidiary of Monsanto is well known for its chemical synthesis of aspartame from L amino acids. Monsanto has taken out several patents on new asymmetric chiral catalysts.



Within the Nutrasweet Company, an operational unit called NSC Technologies has been set up. NSC Technologies offers bulk amino acids and derivatives to the pharmaceutical, food, and specialty chemical companies. It is one of the leading manufacturers of L-phenylalanine.



NIELS CLAUSON-KAAS AS

Rugmarken 28

DK-3520 Farum

Denmark

FAX: 42-95-1855



Clauson-Kaas is a research service laboratory geared to preparing new molecules or developing cheaper, more environmentally friendly synthesis processes on behalf of clients. Among its customers are familiar, large drug companies in Europe and the United States. Additionally, Clauson-Kaas makes and sells a number of fine chemicals, including enantiomerically chiral ones. Among these are various glucose derivatives; various phospholipids, diethyl N-(4-aminobenzoyl)-L-glutamate and diethyl N-(4-nitrobenzoyl)-L-glutamate; methotrexate; L-threonine methyl ester; 1-methyl-L-histidine; and mercurial cellulose.



NOVARTIS CONSUMER HEALTH INC.

560 Morris Avenue

Summit, NJ 07901-1312

http://www.Novartis.com

martin.tanner@group.Novartis.com

(908) 598-7600

(800) 452-0051

FAX: (908) 273-2869



Ciba-Geigy's pharmaceutical, vision and agricultural divisions are now part of Novartis.  Novartis markets Ritalin as well as a large number of other synthetic chiral drugs. There is no department within Novartis that concentrates on chiral technology - rather, each compound is developed within a therapeutic area, and if chiral technology is necessary for the development of a given compound, that technology is utilized. They are involved in pharmaceuticals and agribusiness.



NSC Technologies

601 E Kensingto Rd.

Mt. Prospect, IL

60056-1300

http://www.nsctech.com

nsc.info@monsanto.com

1-800-NSC-5599

FAX: (847) 506-2277



NSC is a leading developer and supplier of chiral intermediates and unique

synthesis technologies to the life science industry.



OXFORD ASYMMETRY INTERNATIONAL PLC

151 Milton Park

Abingdon OX14 4SD 

http://www.oa-od.com

sales@oai.co.uk

+44 (0)1235 861561

FAX: +44 (0)1235 863139



Oxford Asymmetry International has two divisions, Oxford Diversity, which supplies libraries of compounds, and Oxford Asymmetry, which develops and supplies chiral chemicals and other organics.



Oxford Asymmetry was founded in 1991 to commercially exploit technology developed by Stephen Davies, particularly his work in chiral auxiliaries for asymmetric synthesis. The company markets chiral auxiliaries.



In addition, the company produced chiral intermediates for drug and other end chemical uses. Besides producing compounds on its own, the company offers a custom service. They also sell chiral shift reagents, chiral derivatizing agents, and chiral catalysts.



PRAVEN LABORATORIES PVT. LTD.

G-114/115 Vakharia Market, Ring Rd.

Surat-395 002 Gujarat, India

http://praveenlabs.vishnu.com

prelab@bom5.vsnl.net.in

(91-261) 622816/638867

FAX: (91-261) 621275



Praven sells synthetic chiral drugs.



REGIS TECHNOLOGIES INC.

8120 Austin Avenue 

Morton Grove, IL 60053

http://www.registech.com

sales@registech.com

(847) 967-6000

FAX: (847) 967-1214



Regis sells chiral GC columns based on Pirkle-type, DNB-phenylglycine and -leucine. They sell a Whelk-O brush-type Pirkle stationary phase. The company also has involvement in chiral synthesis technology. They sell the Doyle enantioselective catalysts for the promotion of carbenoid transformations, and the synthesis of cyclopropanes, lactones, and lactams, and possibly also hydroborations, hydrosililation, and other addition reactions. Applications include antivirals, insecticides, peptide mimetics, and synthetic amino acids. The Doyle catalysts are composed of di-rhodium complexed with chiral tetrakis(methyl-2-prrrolidone-5-carboxylate).



ROCHE MOLECULAR BIOCHEMICALS

Roche Diagnostics Boehringer Mannheim GmbH 

Customer Service Biochemicals 

Sandhoferstr. 116 

D - 68305 Mannheim 

http://biochem.boehringer.com

webmaster@roche.com

(+49) 6 21 7 59 - 85 68 

FAX: (+49) 6 21 7 59 - 40 83 



Boehringer Mannheim Corperation

9115 Hague Road

P. O. Box 50414

Indianapolis, IN 46250-0414

http://biochem.boehringer-mannheim.com

hermann.schid@roche.com

+1-317-576-3552

+1-800-428-5433

FAX: +1-317-576-7317



On March 5, 1998, Boehringer Mannheim Biochemicals became Roche Molecular Biochemicals. They a leading producer of specialty enzymes, and supply enzymes for organic synthesis on the industrial scale, including chiral synthesis and chiral resolution. They sell several aldolases, esterases, and lipases, that they call Chirazymes.  For more information, visit their website   (http://biochem.roche.com), click on the Online Catalog, and then look in the Biochemistry and Laboratory Reagents section, and then in the Enzymes for Organic Synthesis section.



Roche Diagnostics, the former Boehringer Mannheim Corp. is mainly a Biotech and Healthcare Company. Their involvement in chiral technology concentrates on providing biocatalysts, meaning  enzymes, for the synthesis/formation of sensitive chemical compounds, like enantiopure intermediates for use in drugs, in cosmetic or nutrition products.



The website of Roche is http://www.roche.com. Here you can read more about their biocatalysis program.

               http://biochem.roche.com/pharma/BMBIOPH/CHIRAZYM/CZ_HOME.HTM



SEPRACOR INC.

111 Locke Drive

Marlborough, MA 01752 

http://www.sepracor.com

info@sepracor.com

(508) 357-7300



Sepracor Inc. is a pharmaceutical company pioneering the use of chiral technology for the development of single-isomer and active metabolite forms of widely sold drugs. These single isomer forms are to have improved side-effect profiles, and are intended to be safer, purer, and more effective than products already available. The company also is applying its proprietary chiral techniques to create intermediates, called by the company, ChiRedox Synthons. Sepracor owns, or has rights to, more than 40 patents and patent applications on the generation of chiral compounds, and is therefore a leader in chiral intermediates technology.



Sepracor makes use of five proprietary technologies (under the ChiRedox trademark): Jacobsen asymmetric epoxidation; Sharpless asymmetric dihydroxylation; asymmetric reduction; enzymatic resolution; and diastereomeric crystallization.



Bulk chiral drugs produced and supplied by the company include: S-ketoprofen; S-ibuprofen; S-flurbiprofen; captopril; and S-atenolol. The company also has involvements with amlodipine, bupropion, diltiazem, fluoxetine, nitrendipine, ondansetron, salmetrol, temafloxin, and zopiclone.



Sepracor also supplies various chiral intermediates including: amino indanol for an AIDS drug; styrene oxide derivatives for antidiabetes and cardiovascular drugs; epoxides for anti-infective and cardiovascular drugs; paclitaxel side chain; glycidyl nosylate; Sharpless catalyst; Jacobsen catalyst; and various epoxides, amines, and amino acids.



SIGMA-ALDRICH-FLUKA (SAF) FINE CHEMICALS

3050 Spruce St.

St. Louis, MO 63103

http://www.sigma-aldrich.com/SAWS.nsf

safinechem@sial.com

sigma-techserv@sial.com

(800) 336-9719

FAX: (800) 368-4661



Often thought of as just being a seller of products for biotechnological research, Sigma-Aldrich-Fluka also sells chemicals for chiral technology for both research and manufacturing purposes. Chiral intermediates for asymmetric synthesis include a range of over 2,000 compounds, most notably reduced amino acids such as L-alaninol, L-phenylalaninol, L-phenylglycinol, L-prolinol and L-valinol; carbohydrate derivatives such as (4,6-O-benzylidene)methyl-alpha-D-glucopyranoside and isopropylidene-D-mannitol; and others such as (R)(+)-limonene, methyl-(S)-lactate and secphenethyl alcohol.



SAF also sells chiral reagents, reagent precursors and catalyst ligands. Among them are alpine-borane, 2,10-camphorsultam; 4-benzyl-2-oxazolidinone; 1,1’-bi-2-naphthol and pinanediol. Chiral resolving agents supplied include: tartaric acid derivatives; camphanic acid; methylbenzylamine; and L-pyroglutamic acid. Given Sigma’s strength in enzymes, the company also offers enzymes for chiral resolution, including alpha-chymotrydsin, porcine liver esterase, and porcine pancreatic lipase.



Other chiral products by Sigma-Aldrich-Fluka include the following: (—)-Di-tert-butyl D-tartrate, Selectophor, L-Threonine, BioChemika MicroSelect; ³ 99.5% (NT), (—)-2,3-O-Isopropylidene-D-threitol, purum; ³ 97.0% (GC, sum of enantiomers), (+)-Diethyl L-tartrate, puriss.; ~99% (GC, sum of enantiomers), N,N'-Ditridecylperylene-3,4,9,10-tetracarboxylic diimide, purum, 2,4-Dinitro-5-fluoroaniline, BioChemika; ³ 98.0% (HPLC), S(+)-2-Amino-1-methoxy-3-phenylpropane hydrochloride, purum; ³ 98.0% (AT), (+)-Dimethyl L-tartrate, purum; ³ 99.0% (GC, sum of enantiomers), Valinomycin, BioChemika; ³ 98.0% (TLC), R(—)-3,5-Dinitro-N-(1-phenylethyl)benzamide, ChiraSelect, P1,P5-Di(adenosine-5') pentaphosphate Pentasodium salt, ³ 98.0% (HPLC), D-a,b-Cyclohexylideneglyce, BioChemika purum; ³ 98.0% (GC, sum of enantiomers), Camphorquinone-10-sulfonic acid, BioChemika; ³ 97.0% (T), and Tosyl-L-phenylalanine chloromethyl ketone, BioChemika; ~98%, (HPLC, sum of enantiomers)



TESSENDERLO CHEMIE S.A. 

Rue du Trône 130

B-1050 Brussels

Belgium

http://www.tessenderlo.com

tcgroup@tessenderlo.com

cos@tessenderlo.com 

+ 32 2 639 18 96 

FAX: + 32 2 639 19 71



Tessenderlo, along with its affliliates Farchemie and Calaire Chimie, manufacture several bulk generic drugs and drug intermediates. Chiral generics, although not enantiomeric, include atenol, chlorthalidone and metoprolol, as well as the veterinary antibacterial flumequine.



UPJOHN CO.

Pharmacia & Upjohn Headquarters

95 Corporate Drive

P. O. Box 6995

Bridgewater, NJ 08807

http://www.pharmacia.se



Upjohn sells formulations of chiral drugs including flurbiprofen and ibuprofen.



ZENECA

P. O. Box 2

Belasis Avenue, Billingham

Cleveland TS23 1Yn

England

http://www.zeneca.com

http://zenecaagproducts.com



Astra AB of Sweden and Zeneca Group PLC of the UK officially merged on April 6, 1999 to form AstraZeneca PLC, a global organisation with increased pharmaceuticals marketing power and reach.



Zeneca produces a wide variety of pesticides. They use enzymatic resolution to produce L-2-chloroprionic herbicides.



conferences



5-7 September 1999

An International Symposium on Chirality

Cambridge University, Cambridge, UK

Organised by Scientific Update.

+44 (0) 1435 873062

FAX: +44 (0) 1435 872734

info@scientificupdate.co.uk



Chiral USA is currently being planned for May 2000 in Boston USA.
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