
Edited by Wolfgang Kramer, Ulrich Schirmer, PeterJeschke,
and Matthias Witschel

Modern Crop Protection Compounds

Second, Revised and Enlarged Edition

Volume 7

WILEY-
VCH

WILEY-VCH Verlag GmbH & Co. KG aA



Contents

Volume 1

Preface XXIII

List of Contributors XXV

I Herbicides 1

Overview 3

Matthias Witschel

1 HRAC Classification of Herbicides and Resistance Development 5

Hubert Menne and Helmut Kocher

1.1 Introduction 5

1.2 HRAC Classification System of Herbicides 7

1.3 Herbicide Resistance 7

1.3.1 Biochemistry of Herbicide Resistance 13

1.3.1.1 Target-Site Resistance 14

1.3.1.2 Non-Target-Site Resistance by Enhanced Metabolic Detoxification 21

1.3.1.3 Non-Target-Site Resistance by Altered Herbicide Distribution 24

1.3.1.4 Multiple Resistance 25

References 26

2 Acetohydroxyacid Synthase Inhibitors (AHAS/ALS) 29

2.1 Biochemistry ofthe Target and Resistance 29

Steven Gutteridge and Mark E. Thompson

2.1.1 Acetohydroxyacid Synthase (AHAS) 29

2.1.2 Higher-Order Subunit Structure 33

2.1.3 Herbicides That Target AHAS 35

2.1.4 Binding Site for AHAS-Inhibiting Herbicides 36

2.1.5 Molecular Basis for Resistance to AHAS Inhibitors 41

2.1.6 Resistance to AHAS-Inhibiting Herbicides in Weeds 43



VI Contents

2.1.7 Engineered Resistance to AHAS-Inhibiting Herbicides in Crops 46

Acknowledgments 46

References 47

2.2 Newer Sulfonylureas 50

Oswald Ort

2.2.1 Introduction 50

2.2.1.1 History and Development 52

2.2.1.2 Synthesis 56

2.2.2 Agricultural Utility 56

2.2.2.1 Cereals 57

2.2.2.2 Rice 67

2.2.2.3 Maize 75

2.2.2.4 Other Crops 78

2.2.3 Sulfonylurea Herbicides: Metabolic Fate and Behavior in the Soil 82

2.2.4 Concluding Remarks 83

Acknowledgments 83

References 83

2.3 Imidazolinone Herbicides 88

Dale L. Shaner, Mark Stidham, Bijay Singh, and Siyuan Tan

2.3.1 Overview 88

2.3.2 History of Discovery 90

2.3.3 Physico-chemical Properties 91

2.3.4 Structural Features of Herbicidal Imidazolinones 92

2.3.5 Imidazolinones: The Mode ofAction 93

2.3.6 Imidazolinone-Tolerant Crops 94

2.3.7 Imidazolinones: Mechanisms of Selectivity 95

2.3.8 Commercial Uses of the Imidazolinone Herbicides 96

2.3.9 Conclusion 98

References 98

2.4 Triazolopyrimidines 99

Timothy C. Johnson, Richard K. Mann, Paul R. Schmitzer,

Roger E. Gast, and Gerrit J. deBoer

2.4.1 Introduction 99

2.4.2 N-Triazolo[l,5-c]Pyrimidine Sulfonanilide 100

2.4.2.1 Synthesis 200

2.4.2.2 Biology 200

2.4.2.3 Cloransulam-Methyl and Diclosulam Crop Utility 202

2.4.2.4 Mechanism of Crop Selectivity 103

2.4.2.5 Environmental Degradation, Ecotoxicology, and Toxicology 204

2.4.3 N-Triazolo[l,5-c]Pyrimidine Sulfonamides 205



Contents VII

2.4.3.1 Synthesis 106

2.4.3.2 Biology 207

2.4.3.3 Penoxsulam Crop Utility 209

2.4.3.4 Penoxsulam: Mechanism of Crop Selectivity 209

2.4.3.5 Penoxsulam: Environmental Degradation, Ecotoxicology, and

Toxicology 220

2.4.4 N-Triazolo[l,5-a]Pyrimidine Sulfonamides 2 22

2.4.4.1 Synthesis 111

2.4.4.2 Biology 222

2.4.4.3 Pyroxsulam: Crop Utility 222

2.4.4.4 Pyroxsulam: Mechanism of Crop Selectivity 222

2.4.4.5 Pyroxsulam: Environmental Degradation, Ecotoxicology, and

Toxicology 113

2.4.5 AHAS Inhibition 224

2.4.6 Conclusions 225

References 225

2.5 Pyrimidinylcarboxylates and Sulfonamides 117

Takumi Yoshimura, Ryo Hanai, and Tsutomu Shimizu

2.5.1 Introduction 227

2.5.2 Discovery of the PCs Herbicides 218

2.5.3 Structure-Activity Relationships of PCs Herbicides 220

2.5.3.1 Effects of Benzene Ring Substituents in the O-Pyrimidinylsalicylic
Acids 222

2.5.3.2 Effect of a Bridge Atom in the Pyrimidinylsalicylates 223

2.5.3.3 Pyrimidinylglycolates 123

2.5.4 "Pyrithiobac-Sodium": Cotton Herbicide 225

2.5.4.1 Discovery 225

2.5.4.2 Biology 126

2.5.5 "Bispyribac-Sodium": Herbicide in Direct-Seeded Rice 228

2.5.5.1 Discovery 228

2.5.5.2 Biology 228

2.5.6 "Pyriminobac-Methyl": Rice Herbicide 229

2.5.6.1 Discovery 229

2.5.6.2 Biology 232

2.5.7 Mode of Action of the PCs Herbicides 232

2.5.8 Mode of Selectivity of the PCs Herbicides in Crops 233

2.5.9 Discovery of the Sulfonamides 134

2.5.10 Structure-Activity Relationships 235

2.5.10.1 Effect of the Sulfonamide Moiety in the Sulfonanilides 236

2.5.10.2 Effects of the Bridge Moiety in the Sulfonanilides 236

2.5.10.3 Effects of Benzene Ring Substitution in the

Sulfonanilides 237

2.5.11 "Pyrimisulfan": Rice Herbicide 239



VIII Contents

2.5.11.1 Biology 139

Abbreviations 140

References 140

2.6 Sulfonylaminocarbonyl-Triazolinones 142

Klaus-Helmut Mutter, Ernst-RudolfF. Gesing, and Hans-Joachim Santel

2.6.1 Introduction 142

2.6.2 Discovery ofthe Lead Structure 143

2.6.3 Optimization ofthe Lead Structure 143

2.6.4 Discovery ofThiencarbazone-Methyl (TCM) 146

2.6.5 Synthesis 148

2.6.5.1 Sulfonyl Components 149

2.6.5.2 Triazolinone Synthesis 250

2.6.6 Biology 252

2.6.7 Conclusions 158

References 258

3 Protoporphyrinogen IX Oxidase Inhibitors 263

George Theodoridis, Rex Liebl, and Cyrill Zagar

3.1 Introduction 163

3.2 Historical Development 265

3.2.1 Diphenyl Ether 265

3.2.2 Phenyl Ring Attached to Heterocycle 266

3.2.3 Phenyl Tetrahydrophthalimide 268

3.3 Non-Classical Protox Chemistries 272

3.3.1 N-Phenyl Heterocycles: New Heterocyclic Systems 172

3.3.2 Phenoxyphenyl and Benzyloxyphenyl Attached to Heterocycle 276

3.3.3 Benzoheterocyclic Attached to Heterocycle 278

3.3.4 Benzyl Attached to Heterocycle 282

3.3.5 Replacement of Phenyl Ring with Pyrazole 282

3.4 Recent Developments 182

3.5 Toxicology 290

3.6 Summary 290

References 292

4 Herbicides with Bleaching Properties 297

4.1 Phytoene Desaturase Inhibitors 297

Gerhard Hamprecht and Matthias Witschel

4.1.1 Introduction 297

4.1.2 Carotenoid Biosynthesis and Phytotoxic Effects of Bleaching
Herbicides 297

4.1.2.1 Targets for Bleaching Herbicides 197



Contents IX

4.1.2.2 Carotenoids: Properties and Functions 198

4.1.2.3 Carotenoid Biosynthesis in Higher Plants 199

4.1.3 Primary Targets 202

4.1.3.1 Inhibition of PDS and ^-Carotene Desaturase 202

4.1.3.2 Inhibition of Lycopene Cyclase (LCC) 201

4.1.3.3 Genetic Engineering of Herbicide Resistance by Modification of the

Carotenogenic Pathway 203

4.1.4 Chemical Structure and Activities of PDS Inhibitors 203

4.1.4.1 Enzyme Activity, Physical Data, and Acute Oral Toxicity of

Commercial PDS Herbicides 203

4.1.4.2 Phenoxybenzamides 203

4.1.4.3 Phenoxypyridinecarbonamides 206

4.1.4.4 Phenoxypyridine Ethers 207

4.1.4.5 Phenylfuranones 207

4.1.4.6 Phenylpyridazinones 209

4.1.4.7 Phenylpyridinones 210

4.1.4.8 Phenylpyrrolidinones 220

4.1.4.9 Phenyltetrahydropyrimidinones 222

4.1.4.10 Structural Overlay for Diaryl Heterocycle PDS Inhibitors, and Newer

Developments 221

4.1.4.11 Models of the Active Site: Structural Requirements 212

4.1.5 Biology and Use Pattern 227

4.1.6 Major Synthetic Routes for PSD Inhibitors 228

References 222

4.2 Hydroxyphenylpyruvate Dioxygenase (HPPD): The Herbicide

Target 225

Timothy R. Hawkes

4.2.1 Herbicidal Mode ofAction 225

4.2.2 Selectivity 228

4.2.3 Structure and Mechanism 229

4.2.4 Inhibition 232

References 234

4.3 Triketones 235

Andrew J.F. Edmunds andJames A. Morris

4.3.1 Introduction 235

4.3.2 Discovery 236

4.3.3 Mode of Action 237

4.3.4 Synthesis of Triketones 237

4.3.5 Structure-Activity Relationships (SARs) 239

4.3.6 Review of the Patent Literature 241

4.3.7 Commercialized Triketone Herbicides 249



X Contents

4.3.7.1 Sulcotrione 249

4.3.7.2 Mesotrione 250

4.3.7.3 Tembotrione and Tefuryltrione 254

4.3.7.4 Benzobicyclon 256

4.3.8 Summary 258

References 258

4.4 Hydroxyphenylpyruvate Dioxygenase (HPPD) Inhibitors:

Heterocycles 262

Andreas van Almsick

4.4.1 Introduction 262

4.4.2 Market Products 263

4.4.2.1 Pyrazolynate (Pyrazolate) 263

4.4.2.2 Pyrazoxyfen 266

4.4.2.3 Benzofenap 267

4.4.2.4 Isoxafiutole 269

4.4.2.5 Topramezone 271

4.4.2.6 Pyrasulfotole 272

4.4.3 Conclusions 274

References 275

5 New Auxin Mimics and Herbicides 277

5.1 The Molecular Mode of Action ofAuxin Herbicides 277

Terence A. Walsh and Paul R. Schmitzer

5.1.1 Introduction 277

5.1.2 TIR1/AFB Proteins as Auxin Herbicide Receptors 277

5.1.3 The AFB5 Class of Picolinate Auxin Herbicide Receptors 281

5.1.4 TIR1/AFB Auxin Receptors in Other Plants 282

5.1.5 Are There Other Auxin Herbicide Receptors? 282

5.1.6 Downstream Effects ofAuxin Herbicides 283

5.1.7 Weed Selectivities at the Site ofAuxin Action 283

5.1.8 Field Resistance to Auxin Herbicides 285

5.1.9 Conclusions 285

References 286

5.2 Aminopyralid 287

Robert A. Masters, William C. Lo, and Roger E. Gast

5.2.1 Introduction 287

5.2.2 Aminopyralid Synthesis 288

5.2.3 Biology 288

5.2.4 Aminopyralid Utility 290

5.2.5 Aminopyralid Mechanism of Crop Selectivity 291

5.2.6 Aminopyralid Environmental Degradation 292



Contents j XI

5.2.6.1 Animal Toxicity 293

5.2.6.2 Carcinogenicity/Teratogenicity 294

5.2.7 Conclusions 294

References 294

5.3 Pyrimidine Carboxylic Acids, Aminocyclopyrachlor 295

Jon S. Claus and Bruce L. Finkelstein

5.3.1 Introduction 295

5.3.2 Discovery ofAminocyclopyrachlor 295

5.3.3 Herbicidal Activity and the Properties ofAminocyclopyrachlor 300

5.3.4 Mode ofAction and Site ofAction 302

5.3.5 Resistance Management 303

5.3.6 Conclusions 303

References 304

6 Herbicides Disturbing the Synthesis ofVery Long-Chain Fatty
Acids 305

6.1 Inhibitors ofthe Synthesis ofVery Long-Chain Fatty Acids

(VLCFAs) 305

Peter Babczinski

6.1.1 Biochemistry 305

6.1.1.1 Introduction 305

6.1.1.2 HRAC Classification 305

6.1.1.3 Biosynthesis ofVLCFAs 306

References 314

6.2 Chemistry and Biology of Oxyacetamides, Tetrazolinones,
and Triazolinones 326

Yulciyoshi Watanabe

6.2.1 Introduction 316

6.2.2 Mefenacet and Flufenacet (Oxyacetamides) 326

6.2.3 Fentrazamide (Tetrazolinone) 328

6.2.4 Ipfencarbazon (Triazolinone) 322

6.2.5 Conclusions 324

Acknowledgments 324

References 325

6.3 Isoxazolines 326

Masao Nakatani, Takumi Yoshimura, Ryo Hanai, Yoshitaka Tanetani,

and Tsutomu Shimizu

6.3.1 Introduction 326

6.3.2 Chemistry of Pyroxasulfone 326



XII I Contents

6.3.3 Biological Activities of Pyroxasulfone 328

6.3.4 Biological Activities of Fenoxasulfone 330

6.3.5 Mode ofAction of Pyroxasulfone 330

6.3.6 Mode ofAction of Fenoxasulfone 334

Abbreviations 335

References 335

7 Inhibitors of Cellulose Biosynthesis 339

Hansjorg Dietrich and Bernd Laber

7.1 Introduction 339

7.1.1 Cellulose Biosynthesis 339

7.2 Cellulose Biosynthesis Inhibitors from Different Chemical

Substance Classes 344

7.2.1 Nitriles 345

7.2.1.1 Chemistry of Benzonitriles 345

7.2.1.2 Biological Activity of Benzonitriles 346

7.2.2 Benzamides 348

7.2.2.1 Chemistry of Benzamides 348

7.2.2.2 Biology of Isoxaben 349

7.2.3 Triazolocarboxamides 352

7.2.3.1 Chemistry ofTriazolocarboxamides 351

7.2.3.2 Biology ofTriazolocarboxamides: Flupoxam 352

7.2.4 Alkylazines 353

7.2.4.1 Chemistry of Alkylazines 353

7.2.4.2 Biology ofAlkylazines 354

7.2.5 Thiatriazines 356

7.2.5.1 Chemistry ofThiatriazines 356

7.2.5.2 Biology of CGA 325615 357

7.2.6 N-Aryl Lactams 359

7.2.6.1 Chemistry of N-Aryl Lactams 359

7.2.6.2 Biology of N-Aryl Lactams 359

7.2.7 Coumarins 360

7.2.8 Properties of Commercialized Inhibitors of Cellulose

Biosynthesis 362

7.3 Cellulose Biosynthesis Inhibitors from Natural Sources 362

7.3.1 Thaxtomins 362

7.3.2 Inthomycins 364

7.3.3 Epopromycins 365

References 365

8 Safeners for Herbicides 372

Chris Rosinger, Klaus Bartsch, and Wolfgang Schulte

8.1

8.2

Introduction 371

Overview of Selected Safeners 372



Contents XIII

8.2.1 Dichloroacetamide Safeners 372

8.2.1.1 Benoxacor 375

8.2.1.2 Dichlormid 377

8.2.1.3 Furilazole 378

8.2.2 Oxime Ethers 379

8.2.3 Cloquintocet-Mexyl 379

8.2.4 Mefenypr-Diethyl 380

8.2.5 Isoxadifen-Ethyl 382

8.2.6 Cyprosulfamide 383

8.3 Mechanisms of Herbicide Safener Action 385

8.3.1 Effects of Safeners on Herbicide Metabolism 385

8.3.2 Gene Induction and Signaling Pathways 387

8.3.3 Influence on Herbicide Uptake 388

8.3.4 Influence on Herbicide Translocation 388

8.4 Mode of Action of Safeners in Agricultural Practice 389

8.4.1 1,8-Naphthalic Anhydride (NA), Flurazole, and

Fluxofenim 389

8.4.2 Dichloroacetamides 390

8.4.3 Fenclorim 391

8.4.4 Fenchlorazole-Ethyl, Cloquintocet-Mexyl 391

8.4.5 Mefenpyr-Diethyl 392

8.4.6 Isoxadifen-Ethyl 393

8.4.7 Cyprosulfamide 394

8.5 Concluding Remarks 394

References 395

9 Genetically Modified Herbicide-Resistant Crops 399

9.1 Overview 399

Susan J. Martino-Catt, Paul C. C. Feng, and Stephen R. Padgette

9.1.1 Introduction 399

9.1.2 Mechanisms for Engineering Herbicide Resistance 400

9.1.2.1 Detoxification of Herbicides 400

9.1.2.2 Expression of an Insensitive Herbicide Target 401

9.1.3 Commercialized Herbicide-Resistant Crops 401

9.1.3.1 Herbicide-Resistant Soybeans 402

9.1.3.2 Herbicide-Resistant Cotton 402

9.1.3.3 Herbicide-Resistant Corn 403

9.1.3.4 Herbicide-Resistant Canola 404

References 406



XIV Contents

9.2 Inhibitors of 5-Enolpyruvyl Shikimate 3-Phosphate Synthase
(EPSPS) 406

Paul C. C. Feng, Susan Martino-Catt, and Stephen R. Padgette

9.2.1 Introduction 406

9.2.2 Factors That Impact Glyphosate Efficacy 407

9.2.2.1 Foliar Absorption 407

9.2.2.2 Systemic Translocation 409

9.2.3 Development of Glyphosate-Resistant Crops 411

9.2.3.1 Alternative Mechanisms for Engineering Glyphosate Resistance 411

9.2.3.2 Disease Control Benefits of Glyphosate-Resistant Crops 412

9.2.4 Effects of CP4 Expression on Plant Resistance 414

9.2.4.1 Roundup Ready Cotton 415

9.2.4.2 Roundup Ready Corn 416

9.2.4.3 Roundup Ready Soybean 426

9.2.5 Stacking Traits in Roundup Ready Crops 426

9.2.5.1 Engineering Crop Resistance to Dicamba 417

9.2.5.2 Engineering Crop Resistance to Glufosinate 428

References 420

9.3 Glutamine Synthetase Inhibitors 423

Gunter Donn

9.3.1 Introduction 423

9.3.2 Role of Glutamine Synthetase in Plant Nitrogen Metabolism 424

9.3.3 Phosphinothricin, a Potent GS Inhibitor 426

9.3.4 Discovery of the Herbicidal Activity of Phosphinothricin 427

9.3.5 Mode of Glutamine Synthetase Inhibition 428

9.3.6 Physiology ofthe Herbicidal Activity of Phosphinothricin 429

9.3.6.1 Herbicidal Symptoms of Phosphinothricin 429

9.3.6.2 Physiological Effects of GS Inhibition in Plants 429

9.3.6.3 Modulation of Herbicidal Activity of Glufosinate by Environmental

Conditions 430

9.3.6.4 Uptake and Translocation of Glufosinate-Ammonium 430

9.3.7 Use of Phosphinothricin-Containing Herbicides in Agriculture and

Horticulture 431

9.3.8 Attempts to Generate Crop Selectivity for Glufosinate 432

9.3.8.1 Genetic Approaches to Generate Glufosinate-Selectivity in Crops:
Target-Based Approaches 432

9.3.8.2 Crop Selectivity by Expression of Phosphinothricin Acetyl
Transferase 432

9.3.8.3 Bar and Pat Genes in Plant Breeding 433

9.3.9 The Use of N-Acetyl-Phosphinothricin as a Proherbicide 434

9.3.10 Conclusions 435

References 435



Contents XV

10 Microtubulin Assembly Inhibitors (Pyridines) 439

Darin W. Lickfeldt, Denise P. Cudworth, Daniel D. Loughner,
and Lowell D. Markley

10.1 Introduction 439

10.2 Biology ofthe Microtubulin Assembly Inhibitors (Pyridines) 439

10.2.1 Dithiopyr 439

10.2.2 Thiazopyr 440

10.3 Environmental Fate of Microtubulin Assembly Inhibitors

(Pyridines) 442

10.3.1 Dithiopyr 442

10.3.2 Thiazopyr 441

10.4 Toxicology of Microtubulin Assembly Inhibitors

(Pyridines) 442

10.5 Mode ofAction of Microtubulin Assembly Inhibitors

(Pyridines) 442

10.6 Synthesis of Dithiopyr and Thiazopyr 443

References 445

11 Acetyl-CoA Carboxylase Inhibitors 447

Jean Wenger, Thierry Niderman, and Chris Mathews

11.1 Introduction 447

11.2 Biochemistry 447

11.2.1 Overview 447

11.2.2 Mode ofAction ofACCase Inhibitors 450

11.2.3 Resistance 453

11.2.4 Detection of Resistance 454

11.3 Chemistry ofACCase Inhibitors 455

11.3.1 Aryloxyphenoxypropionates (AOPPs or fops) 455

11.3.2 Cyclohexanediones (CHDs or dims) 455

11.3.3 Aryl-l,3-Diones (DENs) 460

11.3.3.1 Discovery of 2-Aryl-l,3-Diones 460

11.3.3.2 Syntheses 461

11.4 Structure-Activity Relationships 465

11.4.1 Procide Structure-Activity Relationships 466

11.4.2 Dione Structure-Activity Relationships 466

11.4.3 Phenyl Structure-Activity Relationships 467

11.4.3.1 2,4,6-Trisubstituted Phenyl Structure-Activity Relationships 467

11.4.3.2 2,5-Disubstituted Phenyl Structure-Activity Relationships 468

11.5 Pinoxaden 469

11.5.1 Characteristics 469

11.5.2 Technical Synthesis 470

11.5.3 Biology 470

11.5.4 Metabolism and Selectivity 471

11.6 Summary and Outlook 473



Contents

Acknowledgments 474

References 474

12 Photosynthesis Inhibitors: Regulatory Aspects, Re-Registration
in Europe, Market Trends, and New Products 479

Martyn Griffiths, Karl-Wilhelm Miinks, and Klaus-Helmut Muller

12.1 Introduction 479

12.2 The Re-Registration Process in the European Union 482

12.3 Main Changes in Guidelines Regarding EU Re-Registration 488

12.3.1 Good Laboratory Practice 488

12.3.2 Physical and Chemical Properties ofActive Substances 489

12.3.3 Storage Stability 489

12.3.4 Physical and Chemical Characteristics of Preparation 489

12.3.5 Operator Exposure Data Requirements 490

12.3.6 Residue Data Requirements 490

12.3.7 Estimation of Dietary Intakes of Pesticides Residues 490

12.3.8 Fate and Behavior of Agricultural Pesticides in the Environment 491

12.3.8.1 Concentration of Chemical in the Relevant Environmental

Compartment 491

12.3.8.2 Bioavailability of the Chemical 491

12.3.8.3 Nature of the System or Organism 492

12.3.9 Specific Guidance Regarding Water Limits According to Annexes

ofthe Authorizations Directive 492

12.3.10 Ecotoxicology Requirements 492

12.3.10.1 EPPO Risk-Assessment Schemes 493

12.3.10.2 Buffer Zones and LERAPs 494

12.3.10.3 Honeybee Risk Assessment 494

12.3.10.4 Risk to Nontarget Arthropods 494

12.3.10.5 Risk for Soil Nontarget Microorganisms 494

12.4 New Regulations in Europe 494

12.4.1 MRL Regulation 494

12.4.2 New PPP Regulation (to Replace Directive 91/414) 495

12.4.2.1 Dossier 495

12.4.2.2 Efficacy 495

12.4.2.3 Metabolites 496

12.4.2.4 Composition 496

12.4.2.5 Methods of analysis 496

12.4.2.6 Impact on human health 496

12.4.2.7 Fate and behavior in the environment 497

12.4.2.8 Ecotoxicology 497

12.4.2.9 Residue definition 498

12.4.2.10 Fate and behavior concerning groundwater 498

12.4.2.11 Candidate for substitution 498

12.4.2.12 Low-risk active substances 498



Contents j XVII

12.5 Situation of PS II Inhibitors in the EC Markets 499

12.6 Current Market Share of PS II Compound Groups 500

12.7 A New Herbicide for Corn and Sugarcane: Amicarbazone -

BAY MKH 3586 510

12.7.1 Introduction 510

12.7.2 Physico-Chemical Properties ofAmicarbazone 511

12.7.3 Discovery of the Active Ingredient 511

12.7.4 Synthesis 524

12.7.4.1 Final Product 514

12.7.5 Biological Behavior 515

12.7.6 Metabolites 526

12.8 Conclusions 517

References 527

13 New Aspects of Plant Regulators 523

Hans Ulrich Haas

13.1 Introduction 523

13.2 Plant Growth Regulators 523

13.3 PGRs in Modern Agriculture 526

13.3.1 Growth Inhibition 526

13.3.2 Fruiting and Growth 528

13.3.3 Fruit Storage and Ripening 528

13.3.4 Sprout Inhibition 529

13.3.5 Stress Defense 530

13.4 Conclusions and Developments 532

References 532



Edited by Wolfgang Kramer, Ulrich Schirmer, PeterJeschke,
and Matthias Witschel

Modern Crop Protection Compounds

Second, Revised and Enlarged Edition

Volume 2

WILEY-
VCH

WILEY-VCH Verlag GmbH & Co. KGaA



Contents VII

Volume 2

II Fungicides 535

Overview 537

PeterJeschke

14 FRAC Mode ofAction Classification and Resistance Risk of

Fungicides 539

Karl-Heinz Kuok, Andy Leadbeater, and Ulrich Gisi

14.1 History of Fungicide Use 539

14.2 Fungicides: Importance of Individual Modes ofAction 540



14.3 Fungicide Resistance 543

14.3.1 Mechanisms and Occurrence of Resistance 543

14.3.2 The Fungicide Resistance Action Committee (FRAC) 545

14.3.3 Resistance Risk Assessment 546

14.3.4 Resistance Management and Risk Modifiers 546

14.4 Fungicide Classes and Modes ofAction 547

References 556

15 Fungicides Acting on Oxidative Phosphorylation 559

15.1 The Biochemistry of Oxidative Phosphorylation: A Multiplicity of

Targets for Crop Protection Chemistry 559

Fergus Earley

15.1.1 Introduction 559

15.1.2 Components ofthe Mitochondrial Electron-Transport Chains 562

15.1.2.1 Complex I and Its Inhibitors 562

15.1.2.2 Complex III (Cytochrome bci Complex) and Its Inhibitors 564

15.1.2.3 Complex IV 569

15.1.2.4 Succinate Dehydrogenase (Complex II) and Its Inhibitors 570

15.1.2.5 Alternative Electron-Transport Chains 572

15.1.3 Energy Conservation 573

15.1.3.1 FiF0ATP Synthase and Its Inhibitors 574

15.1.3.2 Inhibitors of the Mitochondrial ADP/ATP Carrier 575

15.1.4 Concluding Remarks 578

References 579

15.2 Strobilurins and Other Complex III Inhibitors 584

Hubert Sauter

15.2.1 Introduction 584

15.2.2 Evolution of Strobilurins as Agricultural Fungicides 587

15.2.3 Structure-Activity Relationships of Strobilurins 595

15.2.3.1 Interplay ofTarget Activity and Biokinetic Behavior 595

15.2.3.2 Target Activity 597

15.2.3.3 Transportation and Distribution 603

15.2.3.4 Metabolic Degradation Rates 607

15.2.3.5 Summary of Strobilurin Structure-Activity Relationships 608

15.2.4 Beneficial Influences on Plant Physiology and Crop Yield 609

15.2.5 Insecticidal and Acaricidal Activity 610

15.2.6 Fungal Resistance 611

15.2.7 Other Complex III Inhibitors 613

15.2.7.1 Azolones 614

15.2.7.2 N-(N', N'-Dimemylaminosulfonyl)azoles 615

15.2.7.3 Ametoctradin 617



Contents IX

15.2.8 Synthesis Routes 628

Acknowledgments 621

References 621

15.3 Succinate Dehydrogenase Inhibitors 627

Joachim Rheinheimer, Heiko Rieck, and Pierre-Yves Coqueron

15.3.1 Succinate Dehydrogenase Inhibitors: Anilides 627

Joachim Rheinheimer

15.3.1.1 Introduction 627

15.3.1.2 Active Ingredients 631

15.3.1.3 Research Activities and Patent Situation 632

15.3.1.4 Synthesis 632

15.3.1.5 Biological Activity and Application 633

15.3.1.6 Structure-Activity Relationships 634

15.3.1.7 Resistance 635

15.3.1.8 Metabolism 635

15.3.1.9 Discussion 636

Acknowledgments 637

References 637

15.3.2 Succinate Dehydrogenase Inhibitors: Pyridinyl-Ethyl
Benzamide 639

Heiko Rieck and Pierre-Yves Coqueron

15.3.2.1 Introduction 639

15.3.2.2 Origin ofthe Chemical Structure 639

15.3.2.3 Influence of Structural Elements on the Biological
Spectrum 642

15.3.2.4 Synthesis of Fluopyram 641

15.3.2.5 Biological Activity and Application Rates 644

15.3.2.6 Conclusions 645

Acknowledgments 645

References 645

15.4 Uncouplers ofOxidative Phosphorylation 645

William G. Whittingham

15.4.1 Introduction 645

15.4.2 Mechanism ofAction of Uncouplers 646

15.4.3 Selectivity and Toxicity 648

15.4.4 Resistance 650

15.4.5 Physico-Chemical Properties of Protonophoric Uncouplers 652

15.4.6 Chemical Uncouplers 653

15.4.7 Dinitrophenols 659



X Contents

15.4.8 Arylhydrazones, Including Ferimzone 660

15.4.9 Diarylamines, Including Fluazinam 662

References 664

15.5 NADH Inhibitors (Complex I) 670

Harold Walter

15.5.1 Introduction 670

15.5.2 The Aminoalkylpyrimidines 671

15.5.2.1 The Competitors' Contributions in the Aminoalkylpyrimidine
Area 675

15.5.2.2 Summary: Aminoalkylpyrimidines 677

15.5.3 Arylacetic Acid Amides Derived from 4-Aminopyridines and

4-Aminoquinolines 677

15.5.4 Phenylacetic Acid Amides Derived from Aminopyrimidines and

Aminoquinazolines 682

15.5.5 Arylsulfonyl Acid Amides Derived from

Heteroarylmethylamines 683

15.5.6 Other Leads in the Area of Complex I Inhibitors 686

15.5.7 Conclusions and Summary 687

References 687

16 Fungicides Acting on Amino Acids and Protein Synthesis 693

16.1 Natural Compounds Used in Agriculture Interfering in Protein

Synthesis of Fungi and Bacteria 693

Heinrich Buchenauer and Frank Walker

16.1.1 Introduction 693

16.1.2 General Mechanisms of Protein Biosynthesis 693

16.1.3 Blasticidin S 694

16.1.4 Kasugamycin 696

16.1.5 Mildiomycin 698

16.1.6 Cycloheximide 699

16.1.7 Streptomycin 700

References 703

16.2 Anilinopyrimidines: Methionine Biosynthesis Inhibitors 706

Ulrich Gisi and Urs Mutter

16.2.1 Introduction 706

16.2.2 Chemistry ofthe Anilinopyrimidines 706

16.2.3 Biological Activity 709

16.2.4 Structure-Activity Relationships 710

16.2.5 Mode ofAction and Mechanism of Resistance 72 2

16.2.6 Degradation and Metabolism 723

References 723



Contents XI

17 Fungicides Acting on Signal Transduction 715

17.1 Mode ofAction 725

Andrew Corran

17.1.1 Phenylpyrroles and Dicarboximides 725

17.1.2 Quinoxyfen 729

References 720

17.2 Chemistry and Biology of Fludioxonil, Fenpiclonil, and

Quinoxyfen 721

Gertrude Knauf-Beiter and Ronald Zeun

17.2.1 Phenylpyrroles: Fenpiclonil and Fludioxonil 721

17.2.1.1 Chemistry 722

17.2.1.2 Biology 726

17.2.2 Quinoxyfen 731

17.2.2.1 Chemistry 732

17.2.2.2 Biology 732

References 733

18 Fungicides Acting on Mitosis and Cell Division 739

18.1 Zoxamide: An Antitubulin Fungicide for the Control ofOomycete

Pathogens 739

David H. Young

18.1.1 Introduction 739

18.1.2 Mechanism ofAction 739

18.1.3 Analysis ofthe Benzamide Binding Site Using Radioligand Binding

Assays 740

18.1.4 Cross-Resistance Relationships between Zoxamide, Carbendazim, and

Diethofencarb 742

18.1.5 Structure-Activity Relationships 743

18.1.6 Synthesis of Zoxamide 744

18.1.7 Resistance Risk 745

18.1.8 Metabolism and Toxicology 746

18.1.9 Biology and Use in Agriculture 746

References 747

18.2 Pencycuron: A Phenylurea Fungicide for Rhizoctonia solani 748

Isao Ueyama and Yoshio Kurahashi

18.2.1 Introduction 748

18.2.1.1 Overview of the Compound 748

18.2.1.2 Pencycuron: Background to the Development 749



XII Content*

18.2.2 Chemistry 750

18.2.2.1 Developmental History 750

18.2.2.2 Structure-Activity Relationships 753

18.2.3 Chemical Synthesis and Physico-Chemical Properties 755

18.2.3.1 Preparation of Pencycuron 755

18.2.3.2 Physico-Chemical Properties of Pencycuron 756

18.2.4 Mode ofAction and Biology 756

18.2.4.1 Mode ofAction 756

18.2.4.2 Biology 757

18.2.4.3 Sensitivity to Several Anastomosis Groups (AGs) of Rhizoctonia

solani 757

18.2.5 Toxicology, Ecotoxicology, and Metabolism 758

18.2.5.1 Toxicology and Ecotoxicology 758

18.2.5.2 Metabolism of Pencycuron 759

References 760

19 Sterol Biosynthesis Inhibitors 761

Karl-Heinz Kuck, Klaus Stenzel, and Jean-Pierre Vors

19.1 Sterol Biosynthesis Inhibitor SBI Fungicides in Agriculture 761

19.1.1 Market Importance of SBI Fungicides 763

19.1.2 Biochemical Targets of SBI Fungicides 763

19.1.3 SBI Classes 764

19.2 SBI Class I: DMI Fungicides 767

19.2.1 Piperazines, Pyridines, Pyrimidines, and Imidazoles 770

19.2.1.1 Pefurazoate 773

19.2.1.2 Oxpoconazole 774

19.2.2 Triazoles 776

19.2.2.1 Triazoles Launched Before 1990 776

19.2.2.2 Triazole Fungicides Launched Since 1990 776

19.3 SBI Class II: Amines 793

19.3.1 Morpholines and Piperidines 793

19.3.2 Biochemical Targets ofAmines 793

19.3.3 Spiroxamine: The First of the Spiroketalamines 795

19.4 SBI Class III: Hydroxyanilides 796

19.4.1 Fenhexamid: The First of the Hydroxyanilides 796

19.4.2 Biochemical Target of Fenhexamid 798

19.4.3 Biology 798

19.5 SBI Class IV: Squalene Epoxidase Inhibitors 801

References 801

20 Carboxylic Acid Amide (CAA) Fungicides 807

Ulrich Gisi, Clemens Lamberth, Andreas Mehl, and Thomas Seitz

20.1

20.2

Introduction 807

Chemistry of the Carboxylic Acid Amides 809



Contents XIII

20.2.1 Cinnamic Acid Amides 809

20.2.1.1 Dimethomorph 809

20.2.1.2 Flumorph 810

20.2.1.3 Pyrimorph 811

20.2.2 Amino Acid Amides 812

20.2.2.1 Iprovalicarb 812

20.2.2.2 Benthiavalicarb 814

20.2.2.3 Valifenalate 816

20.2.2.4 Aminosulfones (Experimental Compounds) 827

20.2.2.5 N-Sulfonyl Amino Acid Amides (Experimental Compounds) 828

20.2.3 Mandelic Acid Amides 828

20.2.3.1 Mandipropamid 818

20.2.3.2 Glyoxylic Acid Derivatives (Experimental Compounds) 822

20.3 Biological Activity of Carboxylic Acid Amides 824

20.4 Mode ofAction and Mechanism of Resistance of the CAA

Fungicides 825

References 828

21 Fluopicolide: A New Anti-Oomycetes Fungicide? 832

VaUrie Toquin, Marie-Pascale Latorse, and Roland Beffa

21.1 Introduction 832

21.2 Chemical and Physical Properties 831

21.3 Toxicology/Ecotoxicology 832

21.4 Spectrum ofActivity 833

21.4.1 Effect on Zoospores and Mycelial Growth of P. infestans 833

21.5 Effect of Fluopicolide on Spectrin-Like Protein Distribution 834

21.5.1 Characterization of Spectrin-Like Proteins in P. infestans by
Bioanalysis 835

21.6 Conclusion 837

References 838

22 Melanin Synthesis in the Cell Wall 839

Michael Schindler, Haruko Sawada, and Klaus Tietjen

22.1 Biological Occurrence and Function of Melanin in Fungi 839

22.2 Overview: Fungicides Inhibiting DHN Melanin

Biosynthesis 842

22.3 Biology of Scytalone Dehydratase Inhibitors 842

22.4 Biochemical Reaction Mechanism of Scytalone Dehydratase and

Structure-Based Inhibitor Design 850

22.4.1 X-Ray Structures and the Active Site of Scytalone

Dehydratase 850

22.4.2 Computational Investigations ofthe Enzyme Mechanism 854

22.4.3 Comparison of Inhibitor Structures in the SD Binding
Niche 855



XIV Contents

22.4.4 Complementary Information by Site-Directed

Mutations 857

22.5 Chemistry and Stereochemistry of Carpropamid 857

22.6 Resistance Problems and Successful Management in Japan 858

22.7 Final Remarks 860

References 861

23 Fungicides with Unknown Mode ofAction 865

Stefan Hillebrand, Jean-Luc Zundel, and Klaus Tietjen

23.1 Introduction 865

23.2 Cymoxanil 865

23.3 Fosetyl-Aluminum 869

23.4 Flusulfamide 873

23.5 Diclomezine 875

23.6 Triazoxide 877

23.7 Tebufloquin 879

References 882

24 Recently Introduced Powdery Mildew Fungicides 887

Jochen Dietz

24.1 Introduction 887

24.2 Cyflufenamid 887

24.2.1 Discovery 887

24.2.2 Cross-Resistance and Mode of Action 889

24.2.3 Manufacturing Process 890

24.2.4 Fungicidal Profile 890

24.2.5 Registration, Products, Formulations, and Crops 890

24.3 Metrafenone 892

24.3.1 Cross-Resistance and Mode of Action 892

24.3.2 Manufacturing Process 892

24.3.3 Fungicidal Profile 892

24.3.4 Registration, Products, Formulation, and Crops 893

24.4 Pyriofenone 893

24.5 Proquinazid 893

24.5.1 Discovery 894

24.5.2 Manufacturing Process 895

24.5.3 Cross-Resistance and Mode of Action 895

24.5.4 Fungicidal Profile 896

24.5.5 Registration, Products, Formulation, and Crops 896

24.6 Flutianil 896



Contents XV

24.7 Conclusions 897

Acknowledgments 898

References 898

25 Newest Aspects of Nucleic Acid Synthesis Inhibitors:

Metalaxyl-M 902

Urs Mutter and Ulrich Gisi

25.1 Introduction 901

25.2 Chemistry of Metalaxyl-M/Mefenoxam 901

25.3 Biological Activity 904

25.4 Mode of Action and Mechanism of Resistance 904

25.5 Degradation and Metabolism ofthe Two Enantiomers 906

References 907

26 Host Defense Inducers 909

Valerie Toquin, Catherine Sirven, Lutz Assmann, and Haruko Sawada

26.1 Introduction 909

26.2 General Mechanism of Induced Resistance 910

26.2.1 Induced Resistance 910

26.2.2 Systemic Signals in Systemic Acquired Resistance 921

26.2.3 Signal Perception and Transduction 912

26.2.4 Biochemical Changes in Systemic Acquired Resistance 922

26.2.5 Priming in Systemic Acquired Resistance 923

26.3 Market Products 923

26.3.1 Probenazole 923

26.3.1.1 Synthesis of Probenazole 924

26.3.1.2 Systemic Acquired Resistance Induction by Probenazole 924

26.3.2 Acibenzolar-S-Methyl 925

26.3.2.1 Synthesis ofAcibenzolar-S-Methyl 925

26.3.2.2 Systemic Acquired Resistance Induction by

Acibenzolar-S-Methyl 926

26.3.3 Tiadinil 927

26.3.3.1 Synthesis ofTiadinil 927

26.3.3.2 Systemic Acquired Resistance by Tiadinil 928

26.3.4 Isotianil 929

26.3.4.1 Synthesis of Isotianil 929

26.3.4.2 Systemic Acquired Resistance by Isotianil 929

26.3.4.3 Gene Expression Profiling Experiments 920

26.4 Summary and Outlook 925

References 926



Edited by Wolfgang Kramer, Ulrich Schirmer, PeterJeschke,
and Matthias Witschel

Modern Crop Protection Compounds

Second, Revised and Enlarged Edition

Volume 3

WILEY-
VCH

WILEY-VCH Verlag GmbH & Co. KG aA



Contents IX

Volume 3

III Insecticides 929

Overview 931

PeterJeschke



X Contents

27 IRAC: Insecticide Resistance, and Mode ofAction Classification of

Insecticides 935

RalfNauen, Alfred Elbert, Alan Mccaffery, Russell Slater,
and Thomas C. Sparks

27.1 Introduction 935

27.2 Objectives of the IRAC 935

27.3 Structure and Organization ofthe IRAC 936

27.3.1 Project and Functional Teams 936

27.3.2 Country Groups 936

27.4 Activities 937

27.4.1 Resistance-Monitoring Methods 937

27.4.2 IRAC and the Regulatory Requirements of Resistance

Management 938

27.4.3 Education and Communication 938

27.4.4 Resistance Database Managed by Michigan State University and

Supported by IRAC 939

27.4.5 The Mode ofAction Classification Scheme 939

27.5 Principles of Resistance 940

27.5.1 Mode ofAction, Target-Site Resistance, and Cross-Resistance 940

27.5.2 Non-Target-Site Resistance Mechanisms 940

27.6 The Mode ofAction (MoA) Classification Scheme v7.0, August
2010 941

27.6.1 Rules for Inclusion of a Compound in the MoA List 942

27.6.2 Organophosphates and Carbamates 950

27.6.3 Pyrethroids 951

27.7 Effective IRM Strategies and Approved Principles 952

27.8 Future Market Trends 953

27.9 Conclusions 954

References 954

28 Insect Molting and Metamorphosis 957

28.1 Bisacylhydrazines: Novel Chemistry for Insect Control 957

Tarlochan Singh Dhadialla and Ronald Ross Jr

28.1.1 Introduction 957

28.1.1.1 Physiological and Molecular Basis of Insect Molting Hormone
Action 957

28.1.2 Discovery and Structures of Commercialized Bisacylhydrazine
Insecticides 960

28.1.3 Synthesis of Commercial Bisacylhydrazines 960

28.1.4 Structure-Activity Relationship of Ecdysteroids and

Bisacylhydrazines 962



Contents J XI

28.1.4.1 Structure-Activity Relationship (SAR) of the

Ecdysteroids 964

28.1.4.2 Structure-Activity Relationship (SAR) of the

Bisacylhydrazines 964

28.1.5 Mode ofAction of BAH Insecticides 966

28.1.5.1 Whole-Organism Effects 972

28.1.5.2 Basis for Selective Insect Toxicity of Bisacylhydrazine
Insecticides 973

28.1.6 Spectrum of Activity of Commercial Bisacylhydrazine
Insecticides 974

28.1.6.1 Tebufenozide (MIMIC; CONFIRM; ROMDAN; RH-5992),
Methoxyfenozide (RUNNER; INTREPID; PRODIGY; FALCON;

RH-2485), and Chromafenozide (MATRIC®; KILLAT®; ANS-118;

CM-001) 975

28.1.6.2 Halofenozide (MACH 2; RH-0345) 975

28.1.7 Ecotoxicological and Mammalian Reduced-Risk Profiles 975

28.1.8 Resistance Mechanisms and Resistance Potential 977

28.1.9 Fufenozide: A New Bisacylhydrazine in Development 978

28.1.10 Other Chemistries and Potential for New Ecdysone Agonist
Insecticides 979

28.1.11 Conclusions and Future Prospects of Ecdysone Agonist
Chemistries 980

Acknowledgments 980

References 980

28.2 Pyriproxyfen: A New Juvenoid 983

Makoto Hatakoshi

28.2.1 Introduction 983

28.2.2 History of Juvenoid Research 984

28.2.3 Process of Pyriproxyfen Research 985

28.2.4 Activity of Optical Isomers 987

28.2.5 Mechanism ofAction 987

28.2.6 Biological Activity 990

28.2.6.1 Laboratory Evaluations 990

28.2.6.2 Field Evaluations 991

28.2.6.3 Resistance 995

28.2.7 Synthesis 995

28.2.8 Physico-Chemical Properties and Formulation 995

28.2.8.1 Physico-Chemical Properties 995

28.2.8.2 Stability 996

28.2.8.3 Formulation 996

28.2.9 Toxicology 996

28.2.10 Conclusions 996

References 997



XII I Contents

29 Chitin Synthesis 999

29.1 Chitin Synthesis and Inhibitors 999

Joel J. Sheets

29.1.1 Introduction 999

29.1.2 Chitin Structure and Biosynthesis 1000

29.1.2.1 Chitin Synthase 1000

29.1.3 Inhibitors of Chitin Synthesis 1002

29.1.3.1 Benzoylphenyl Ureas 1003

29.1.3.2 Other Chitin Synthesis Inhibitors 1004

29.1.4 The Future of Chitin Synthesis Inhibitors for Crop Protection 1005

Acknowledgments 1006

References 1007

29.2 Mite Growth Inhibitors: Clofentezine, Hexythiazox, Etoxazole 2022

Thomas Bretschneider and RalfNauen

29.2.1 Introduction 1022

29.2.2 Tetrazines (Clofentezine, Diflovidazin = Flutenzine) 2023

29.2.2.1 Biology and Biochemistry 1014

29.2.3 Thiazolidinones (Hexythiazox) 2028

29.2.3.1 Biology and Biochemistry 1029

29.2.4 Oxazolines (Etoxazole) 2020

29.2.4.1 Biology and Biochemistry 2023

References 2026

30 Midgut-Transgenic Crops Expressing Bacillus thur'mgiensis Cry
Proteins 1029

Jeroen Van Rie and Stefan Jansens

30.1 Introduction 2029

30.2 Plant Engineering 1029

30.3 Insecticidal Crystal Proteins from B. thuringiensis 1030

30.4 Bt Plants 2032

30.5 Insect Resistance to Bt 2039

30.6 Resistance Management with Bt Plants 2040

30.7 Safety of Bt Plants 1043

30.8 Conclusions 1050

References 2050

31 Metabolic Processes 1059

31.1 Inhibitors of Oxidative Phosphorylation 2059

JosefEhrenfreund

31.1.1 Introduction 1059



Contents | XIII

31.1.2 Mitochondrial ATP Synthase as a Target for Insecticides and

Acaricides 2059

31.1.3 Diafenthiuron: Mode ofAction 1062

31.1.4 Diafenthiuron: Discovery, Structure-Activity Relationships, and

Production Process Chemistry 1063

31.1.5 Diafenthiuron: Mammalian Toxicology and Ecotoxicology 1066

31.1.6 Diafenthiuron: Biological Activity and Significance for Crop
Protection 2066

References 2068

31.2 Inhibitors ofOxidative Phosphorylation via Disruption ofthe Proton

Gradient 2070

David Kuhn and Nigel Armes

31.2.1 Introduction 2070

31.2.2 Biochemical Mode ofAction 1072

31.2.3 Chemistry 2073

31.2.4 Pest Species and Markets 1073

31.2.5 Chlorfenapyr Resistance 2076

31.2.6 Conclusions 1076

References 2077

31.3 Inhibitors of Mitochondrial Electron Transport: Acaricides and

Insecticides 2078

Thomas C. Sparks and Carl V. DeAmicis

31.3.1 Introduction 1078

31.3.2 Complex I Inhibitors 1078

31.3.2.1 Fenpyroximate 1079

31.3.2.2 Pyridaben 2085

31.3.2.3 Fenazaquin 1086

31.3.2.4 Tebufenpyrad 1086

31.3.2.5 Tolfenpyrad 1087

31.3.2.6 Pyrimidifen 2087

31.3.2.7 Flufenerim 2090

31.3.2.8 Experimental MET Complex I Compounds 2092

31.3.3 Complex 11 Inhibitors 2 092

31.3.3.1 Cyenopyrafen 1092

31.3.3.2 Cyflumetofen 2093

31.3.3.3 Experimental and Other MET Complex II Compounds 1093

31.3.4 Complex III Inhibitors 1095

31.3.4.1 Acequinocyl 2095

31.3.4.2 Fluacrypyrim and ^-Methoxyacrylate/Strobilurin-Based

Compounds 1096

31.3.4.3 Hydramethylnon 1097



XIV Contents

31.3.4.4 Bifenazate 1097

31.3.5 Metabolism 2097

31.3.5.1 MET-1 Inhibitors 1097

31.3.5.2 MET-II Inhibitors 2200

31.3.5.3 MET-III Inhibitors 1100

31.3.6 Resistance and Resistance Mechanisms 1100

31.3.7 The Future for MET Acaricides and Insecticides 1202

Acknowledgments 2 2 03

References 2203

31.4 Inhibitors of Lipid Synthesis: Acetyl-CoA-Carboxylase
Inhibitors 1108

Thomas Bretschneider, Reiner Fischer, and RalfNauen

31.4.1 Introduction 2208

31.4.2 The Cyclic Ketoenols, Spirodiclofen, and Spiromesifen: A New

Generation ofACCase Inhibitors 2 2 08

31.4.3 Synthesis of Spirodiclofen and Spiromesifen 2222

31.4.4 Biology and Mode ofAction 2224

31.4.5 Development, Registration, and Integrated Pest Management
Suitability of Envidor and Oberon 1216

31.4.6 Discovery of Spirotetramat 2228

31.4.7 Synthesis of Spirotetramat 1120

31.4.8 Biology and Mode ofAction of Spirotetramat 2 222

31.4.9 Development and IPM Suitability ofMovento 2223

31.4.10 Conclusions 2224

References 2225

32 Nervous System 2227

32.1 Nicotinic Acetylcholine Receptor Agonists: Target and Selectivity
Aspects 2227

PeterJeschke and RalfNauen

32.1.1 Introduction 1127

32.1.2 Structure ofthe Nicotinic Acetylcholine Receptor 2232

32.1.2.1 Agonist-Binding Sites 1135

32.1.3 Insect nAChRs 2237

32.1.3.1 Consideration ofAChBP versus nAChR a-Subunit 2238

32.1.3.2 Interaction of Loop D of the al nAChR with Neonicotinoids 2 239

32.1.4 Nicotinic Pharmacophore Models 1140

32.1.5 Mode ofAction in Insects 2242

32.1.5.1 Nereistoxin and Analogs 2242

32.1.5.2 Neonicotinoids 1143

32.1.5.3 Spinosyns and Semi-Synthetic Analogs (Spinosoids) 1244



Contents XV

32.1.6 Selectivity for Insect versus Vertebrate liAChRs 2245

32.1.6.1 Neonicotinoids 1145

32.1.6.2 Spinosyns 2247

32.1.7 Insect Selectivity in Recombinant nAChRs 2147

32.1.8 Whole-Cell Voltage-Clamp of Native Neuron Preparations 2 249

32.1.8.1 Correlation between Electrophysiology and Radioligand-Binding
Studies 2152

32.1.8.2 nAChR Agonists versus Antagonists 1253

32.1.9 Molecular Features of a nAChR Agonists 1254

32.1.10 Conclusions 1156

References 1257

32.2 Chemical Structural Features ofCommercialized Neonicotinoids 1165

Peter Jeschke

32.2.1 Introduction 2265

32.2.2 The Term Neonicotinoid 2266

References 2 2 68

32.2.1 Open-Chain Compounds 2269

Peter Jeschke

32.2.1.1 Introduction 2169

32.2.1.2 Nitenpyram 1269

32.2.1.3 Acetamiprid 1272

32.2.1.4 Clothianidin 2275

32.2.1.5 Dinotefuran 1281

32.2.1.6 Open-Chain Compounds versus Ring Systems 2284

References 2286

32.2.2 Five-Membered Compounds: Imidacloprid and Thiacloprid 2289

Peter Jeschke and Koichi Moriya

32.2.2.1 Introduction 2289

32.2.2.2 Imidacloprid 2289

32.2.2.3 Thiacloprid 2296

References 2200

32.2.3 Six-Membered Heterocycles: Thiamethoxam and AKD 1022 2203

Peter Maienfisch

32.2.3.1 Introduction 1203

32.2.3.2 History of Six-Membered Neonicotinoids 2203

32.2.3.3 Biological Activity and Structure-Activity Relationship 2207

32.2.3.4 Synthesis 2208



XVI j Contents

32.2.3.5 Hydrolytic Stability of the Sfx-Membered Nitroimino-

Heterocycle 1210

32.2.3.6 AKD-1022 1210

32.2.3.7 Thiamethoxam (CGA 293'343) 1211

References 1222

32.3 Sulfoxaflor 2226

Thomas C. Sparks, Michael R. Loso, Gerald B. Watson, Jonathan M.

Babcock, Vincent Kramer, Yuanming Zhu, Benjamin Nugent,
and James Thomas

32.3.1 Introduction 2226

32.3.2 Chemistry, Structure-Activity Relationships, and Toxicology 2226

32.3.2.1 Synthesis 2226

32.3.2.2 Structure-Activity Relationships 2228

32.3.2.3 Physico-Chemical Properties of Sulfoxaflor 2228

32.3.3 Mammalian and Environmental Toxicology 2230

32.3.3.1 Mammalian Toxicolo gy 1230

32.3.3.2 Environmental Toxicology: Bees 2230

32.3.3.3 Environmental Toxicology: Other Nontarget Organisms 2232

32.3.4 Mode ofAction 2232

32.3.5 Biology and Field Use Patterns 2233

32.3.5.1 Biology 2233

32.3.5.2 Field Use Patterns 2233

32.3.6 Efficacy on Resistant Pests 2233

32.3.7 Conclusions 2236

Acknowledgments 1236

References 2236

32.4 Spinosad and Spinetoram, a New Semi-Synthetic Spinosyn 1238

Gary D. Crouse, James E. Dripps, Thomas C. Sparks, Gerald B. Watson,

and Give Waldron

32.4.1 Introduction 2238

32.4.2 Biological Activity and Primary Uses of Spinosad 1239

32.4.3 Mode of Action of Spinosyns 2240

32.4.4 Spinosyn Analogs 2242

32.4.4.1 Core-Modified Analogs (Aglycone) 2242

32.4.4.2 Modifications Involving the C17 Sugar 1244

32.4.4.3 Modifications Involving the C9 Sugar: Rhamnose Derivatives 1245

32.4.5 Spinetoram 2247

32.4.6 Biosynthesis and Genetics of the Spinosyns 2249

32.4.7 Metabolism and Penetration of the Spinosyns 1252

32.4.8 Summary 2253

References 1254



Contents | XVII

32.5 Sodium Channel-Blocking Insecticides :i.?'.v

32.5.1 Sodium Channel-Blocking Insecticides: Indoxacarb 1257

Stephen F. McCann, Daniel Cordova, John T. Anduior;), and

George P. Lahm

32.5.1.1 History and Discovery of the Sodium Channel Blockers 1257

32.5.1.2 Discovery of Indoxacarb 2260

32.5.1.3 Insecticidal Activity and Properties of Indoxacarb 1263

32.5.1.4 Indoxacarb: Mode ofAction 1265

32.5.1.5 Conclusions 2270

References 2272

32.5.2 Semicarbazone Insecticides: Metaflumizone 2273

David Kuhn, K. Takagi, Tomokazu Hino, and Nigel Armes

32.5.2.1 Introduction 1273

32.5.2.2 Discovery 2273

32.5.2.3 Insecticidal Activity 2280

32.5.2.4 Mode ofAction 2280

32.5.2.5 Cross-Resistance Potential 2282

32.5.2.6 Conclusions 2282

References 1282

32.6 Ligand-Cated Chloride Channel Antagonists (Fiproles) 2283

Vincent L. Salgado, Stefan Schnatterer, and Keith A. Holmes

32.6.1 Discovery and Development of Fipronil and Other Fiproles 1283

32.6.2 Mode ofAction 1284

32.6.2.1 Discovery of the GABA Receptor as an Insecticide Target
Site 1285

32.6.2.2 Cloning the Insect GABA Receptor and Resistance Mutations 2286

32.6.2.3 Ligand-Gated Chloride Channel Structure and Classification 2288

32.6.2.4 Mechanism of Blockade 2290

32.6.2.5 Structure ofthe Binding Site 2292

32.6.2.6 Mechanism of Insect Selectivity of Fipronil 2293

32.6.3 Chemistry 2293

32.6.3.1 Chemistry and Synthesis of Fiproles and Intermediates 1293

32.6.3.2 Structure-Activity Relationships 2295

32.6.4 Biological Properties 2296

32.6.4.1 General 1296

32.6.4.2 Biological Spectrum 2297

32.6.4.3 Soil Applications 2297

32.6.4.4 Seed Treatment 1298

32.6.4.5 Use in Crop Baiting Systems 2298

32.6.4.6 Urban Pest Control Applications 2299



XVIII Contents

32.6.4.7 Turf and Ornamental Applications 1299

32.6.4.8 Animal and Human Health Uses 1300

32.6.4.9 Resistance and Its Management 1300

References 3302

32.7 Chloride Channel Activators/New Natural Products: Avermectins and

Milbemycins 2305

Thomas Pitterna

32.7.1 Introduction 2305

32.7.2 Mode ofAction 2306

32.7.3 Discovery and Chemistry of Avermectins 2308

32.7.4 Discovery and Chemistry of Milbemycins 2322

32.7.5 Acaricidal and Insecticidal Activity 2325

32.7.6 Safety and Bioavailability 2329

32.7.7 Use in Agriculture 2322

References 1324

33 New Unknown Modes ofAction 2327

33.1 Selective Feeding Blockers: Pymetrozine, Flonicamid, and

Pyrifluquinazon 1327

Peter Maienfisch

33.1.1 Introduction 1327

33.1.2 Pymetrozine 1327

33.1.2.1 Discovery 1327

33.1.2.2 Pyridine Azomethines: Structure-Activity Relationships 2328

33.1.2.3 Synthesis of Pymetrozine 1328

33.1.2.4 Chemical and Physical Properties of Pymetrozine 2328

33.1.2.5 Mode ofAction and Resistance 2331

33.1.2.6 Biological Activity and Use Recommendations 1333

33.1.2.7 Safety Profile 2333

33.1.3 Flonicamid 1333

33.1.3.1 Discovery of Flonicamid and the Trifluoromethylnicotinamide
Insecticides 1335

33.1.3.2 Trifluoromethylnicotinamides: Structure-Activity
Relationships 2335

33.1.3.3 Synthesis of Flonicamid 1335

33.1.3.4 Chemical and Physical Properties of Flonicamid 1335

33.1.3.5 Mode ofAction of Flonicamid 1335

33.1.3.6 Biological Activity and Use Recommendations 2338

33.1.3.7 Safety Profile of Flonicamid 2339

33.1.4 Pyrifluquinazon 1340

3 3.1.4.1 Discovery of Pyrifluquinazon 1340



Contents XIX

33.1.4.2 Structure-Activity Relationship 1340

33.1.4.3 Synthesis of Pyrifluquinazon 2340

33.1.4.4 Chemical and Physical Properties of Pyrifluquinazon 2342

33.1.4.5 Mode of Action 2342

33.1.4.6 Biological Activity and Safety Profile of Pyrifluquinazon 1343

References 1344

33.2 Acaricides with Undefined Mode ofAction: Bifenazate, Cyflumetofen,
and Amidoflumet 2346

Mark A. Dekeyser

33.2.1 Introduction 2346

33.2.2 Bifenazate 1347

33.2.2.1 Discovery and Structure-Activity Relationship 2347

33.2.2.2 Biology and Biochemistry 2349

33.2.2.3 Ecobiology 2350

33.2.2.4 Registration Status 2352

33.2.2.5 Resistance Behavior 2352

33.2.3 Cyflumetofen 2352

33.2.3.1 Discovery 2353

33.2.3.2 Biology and Biochemistry 2353

33.2.3.3 Ecobiology 2354

33.2.3.4 Registration Status 2354

33.2.3.5 Resistance Behavior 2354

33.2.4 Amidoflumet 2354

33.2.4.1 Discovery and Development 1355

33.2.4.2 Biology and Biochemistry 2355

Acknowledgments 1356

References 2357

33.3 Pyridalyl: Discovery, Insecticidal Activity, and Mode of Action 2358

Shigeru Saito and Noriyasu Sakamoto

33.3.1 Introduction 1358

33.3.2 Chemistry 2360

33.3.2.1 Lead Generation 1360

33.3.2.2 Optimization ofthe Lead Compound to Pyridalyl 1360

33.3.2.3 Physico-Chemical Properties 1360

33.3.3 Biological Aspects 2362

33.3.3.1 Insecticidal Activity and Uses 1362

33.3.3.2 Mode of Action 2364

33.3.4 Commercial Status 2366

33.3.5 Conclusions 2366

References 2366



XX Contents

33.4 Recent Nematicides 1367

Olivier Loiseleur, Brigitte Slaats, and Peter Maienfisch

33.4.1 Introduction 1367

33.4.2 Nematicide Chemical Classes and Products 2368

33.4.2.1 Fumigants 1369

33.4.2.2 Carbamates and Organophosphates 2370

33.4.2.3 Abamectin 1374

33.4.3 Experimental Nematicides 2376

33.4.3.1 Spirotetramat 1376

33.4.3.2 Fluensulfone 2377

33.4.3.3 Benclothiaz 2383

References 2384

34 Insecticides Affecting Calcium Homeostasis 2389

34.1 Ryanodine Receptor Modulators: Diamides 2389

Hiroshi Hamaguchi, Takashi Hirooka, and Takao Masaki

34.1.1 Introduction 1389

34.1.2 Insecticides Affecting Calcium Homeostasis 2389

34.1.3 Mode of Action 1392

34.1.4 Selectivity and Binding Site 1393

34.1.5 Conclusions 1394

References 1395

34.2 Flubendiamide 1396

Hiroshi Hamaguchi and Takashi Hirooka

34.2.1 Introduction 1396

34.2.2 History of the Invention 2397

34.2.3 Chemistry 2398

34.2.3.1 Challenge of Chemistry 1399

34.2.3.2 Structure-Activity Relationship 2399

34.2.3.3 X-Ray Structural Analysis 2402

34.2.4 Biological Profiles 2402

34.2.4.1 Activity against Lepidopterous Pests 1401

34.2.4.2 Fast-Acting Activity and Persistence 2402

34.2.4.3 Cross-Resistance 2406

34.2.5 Toxicity towards Beneficial Arthropods 1406

34.2.6 Toxicological Properties 2407

34.2.7 Conclusions 2407

Acknowledgments 1408

References 2408



Contents | XXI

34.3 Anthranilic Diamide Insecticides: Chlorantraniliprole and

Cyantraniliprole 2409

George P. Lahm, Daniel Cordova, James D. Barry, John T. Andaloro,
I. Billy Annan, Paula C. Marcon, Hector E. Portillo,

Thomas M. Stevenson, and Thomas P. Selby

34.3.1 Introduction 2409

34.3.2 Discovery of Anthranilic Diamides 2420

®
34.3.3 Discovery of Chlorantraniliprole (Rynaxypyr ) 1421

34.3.4 Discovery of Cyantraniliprole (Cyazypyr) 1413

34.3.5 Chemical Synthesis 2423

34.3.6 Mode ofAction 2425
®

34.3.7 Biological Profile of Chlorantraniliprole (Rynaxypyr ) 1428

34.3.7.1 Insecticidal Potency and Attributes 1418

34.3.7.2 Mammalian and Environmental Safety 2420

34.3.7.3 Insecticide Resistance Management 2422

34.3.8 Biological Profile of Cyantraniliprole (Cyazypyr) 2422

34.3.9 Conclusions 2422

References 2422

Index ofCommon Names 2427

Subject Index 2449


