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J. Drabowicz, P. Kiełbasiński, P. Łyżwa, M. Mikołajczyk, and A. Zaja̧c . . . . . . . . . 679

42.16 Product Class 16: Phosphoric Acid and Derivatives
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42.16 Product Class 16: Phosphoric Acid and Derivatives . . . . . . . . . . . . . . . . . . . . . . . 779

42.16.1 Product Subclass 1: P=O Phosphates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 780

42.16.1.1 Synthesis of Product Subclass 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 780

42.16.1.1.1 Mixed Anhydrides of Phosphoric Acid and Esters of Phosphoric Acid with
Non-Phosphorus-Containing Acids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 780

42.16.1.1.1.1 Method 1: Reaction of Phosphates with Anhydrides of Carboxylic Acids . 780
42.16.1.1.1.2 Method 2: Reaction of Phosphate Esters with Anhydrides of Strong

Carboxylic Acids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 781
42.16.1.1.1.3 Method 3: Reaction of Phosphates or Phosphate Esters with Amino

Acids in the Presence of Diisopropylcarbodiimide or
Dicyclohexylcarbodiimide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 781

42.16.1.1.2 Alkyl Dihydrogen Phosphates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 782

XXXVIII Table of Contents

Science of Synthesis Original Edition Volume 42 
© Georg Thieme Verlag KG



42.16.1.1.2.1 Method 1: Phosphorylation of Alcohols with Phosphoryl Chloride . . . . . . . 782
42.16.1.1.2.1.1 Variation 1: Phosphorylation of Unprotected Nucleosides . . . . . . . . . . . . . . . 782
42.16.1.1.2.1.2 Variation 2: Phosphorylation of Other Alcohols . . . . . . . . . . . . . . . . . . . . . . . . . 783
42.16.1.1.2.2 Method 2: Catalytic Condensation of Phosphoric Acid with Alcohols . . . . 784
42.16.1.1.2.3 Method 3: Phosphoramidites as Phosphorylating Agents . . . . . . . . . . . . . . . 784
42.16.1.1.2.3.1 Variation 1: 5¢-Phosphorylation of Solid-Supported Oligonucleotides

by tert-Butyl 2-Cyanoethyl Diisopropylphosphoramidite . . . . . 785
42.16.1.1.2.3.2 Variation 2: Solid-Phase Phosphoramidites for Selective

Monophosphorylation of Carbohydrates and Nucleosides . . . . 786
42.16.1.1.2.4 Method 4: Disodium 2-({2-[Bis(4-methoxyphenyl)(phenyl)methoxy]eth-

yl}sulfonyl)ethyl Phosphate as a Phosphorylating Agent for
Primary and Secondary Alcohol Functions in Nucleosides . . . . 788

42.16.1.1.3 S-Alkyl Dihydrogen Phosphorothioates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 789

42.16.1.1.3.1 Method 1: Selective Dealkylation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 789
42.16.1.1.3.2 Method 2: S-Alkylation of Phosphorothioic Acid . . . . . . . . . . . . . . . . . . . . . . . 790

42.16.1.1.4 Alkyl Trihydrogen Diphosphates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 791

42.16.1.1.4.1 Method 1: Phosphorylation by Tris(tetrabutylammonium) Hydrogen
Pyrophosphate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 791

42.16.1.1.4.1.1 Variation 1: Phosphorylation of Homoallylic 4-Toluenesulfonates or
Allylic Halides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 791

42.16.1.1.4.1.2 Variation 2: Phosphorylation of 5¢-Tosyl Nucleosides . . . . . . . . . . . . . . . . . . . . 792
42.16.1.1.4.2 Method 2: Phosphorylation of Activated 5¢-Nucleoside Monophosphates 793
42.16.1.1.4.2.1 Variation 1: Activation by Imidazolides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 793
42.16.1.1.4.2.2 Variation 2: Activation by Conversion into Phosphorodichloridates . . . . . . . 795

42.16.1.1.5 S-Alkyl Trihydrogen Thiodiphosphates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 795

42.16.1.1.5.1 Method 1: Thiophosphorylation of 4-Toluenesulfonates or Bromides . . . . 796

42.16.1.1.6 Alkyl Tetrahydrogen Triphosphates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 797

42.16.1.1.6.1 Method 1: The Ludwig One-Pot, Three-Step Procedure . . . . . . . . . . . . . . . . . 797
42.16.1.1.6.2 Method 2: The Ludwig–Eckstein Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 798
42.16.1.1.6.3 Method 3: Enzymatic Approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 799
42.16.1.1.6.4 Method 4: Synthesis via a Reactive Pyrrolidinium Phosphoramidate

Zwitterion Intermediate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 801
42.16.1.1.6.5 Method 5: Solid-Phase Synthesis of Nucleoside b-Triphosphates . . . . . . . . 802

42.16.1.1.7 Anhydrides of Phosphoric Acid: Nucleoside Triphosphate Analogues . . . . . . . . . 804

42.16.1.1.7.1 Method 1: Synthesis of b,g-Methylene Nucleoside Triphosphate
Analogues through Activation by Trihaloacetic Anhydrides
and 1-Methylimidazole . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 804

42.16.1.1.7.2 Method 2: Synthesis of b,g-Methylene Deoxynucleoside Triphosphate
Analogues via Morpholidates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 806

42.16.1.1.7.3 Method 3: Synthesis of a,b-Methylene Deoxynucleoside Triphosphate
Analogues by Enzymatic Phosphorylation of the
Corresponding a,b-Methylene Deoxynucleoside Diphosphate
Analogues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 807

42.16.1.1.8 Alkyl/Aryl Phosphorohalidates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 809

Table of Contents XXXIX

Science of Synthesis Original Edition Volume 42 
© Georg Thieme Verlag KG



42.16.1.1.8.1 Method 1: Phosphorylation with Phosphoryl Chloride . . . . . . . . . . . . . . . . . . 809
42.16.1.1.8.2 Method 2: Synthesis of Alkyl/Aryl Phosphorodifluoridates . . . . . . . . . . . . . . 809
42.16.1.1.8.2.1 Variation 1: Fluorination of Alkyl or Aryl Phosphorodichloridates . . . . . . . . . 809
42.16.1.1.8.2.2 Variation 2: Fluorination of P—N Imidazole Derivatives . . . . . . . . . . . . . . . . . . 810

42.16.1.1.9 S-Alkyl/S-Aryl Phosphorodihalidothioates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 811

42.16.1.1.10 Dialkyl/Diaryl Hydrogen Phosphates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 811

42.16.1.1.10.1 Method 1: Stepwise Esterification of Phosphoryl Chloride . . . . . . . . . . . . . . 812
42.16.1.1.10.2 Method 2: Selective Hydrolysis of Triesters of Phosphoric Acid . . . . . . . . . . 812
42.16.1.1.10.3 Method 3: Solid-Phase Synthesis of Dinucleoside and

Nucleoside–Carbohydrate Phosphodiesters . . . . . . . . . . . . . . . . . 813

42.16.1.1.11 O,S-Dialkyl/O,S-Diaryl Hydrogen Thiophosphates . . . . . . . . . . . . . . . . . . . . . . . . . . . 814

42.16.1.1.11.1 Method 1: Alkylation of Sulfur in Phosphorothioate Derivatives . . . . . . . . . 815
42.16.1.1.11.2 Method 2: Oxidation of O,S-Disubstituted Phosphonothiolates . . . . . . . . . 816
42.16.1.1.11.3 Method 3: Selective Dealkylation of Triesters Bearing a P—S—C Bond

System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 817

42.16.1.1.12 S,S-Dialkyl/S,S-Diaryl Hydrogen Phosphorodithioates . . . . . . . . . . . . . . . . . . . . . . . . 818

42.16.1.1.12.1 Method 1: Reaction of Phosphorodichloridates with Alkane- or
Arenethiols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 818

42.16.1.1.12.2 Method 2: Reaction of Elemental Phosphorus with Benzenethiol . . . . . . . . 818
42.16.1.1.12.3 Method 3: Reaction of N-(Alkylsulfanyl)phthalimides with Phosphinates

in the Presence of Hexamethyldisilazane . . . . . . . . . . . . . . . . . . . . 819

42.16.1.1.13 Dialkyl Dihydrogen Diphosphates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 820

42.16.1.1.13.1 Method 1: Synthesis of Dialkyl Dihydrogen Diphosphates by
Morpholidate Coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 820

42.16.1.1.13.2 Method 2: Triphenylphosphine and Di-2-pyridyl Disulfide as Coupling
Agents in One-Pot Syntheses of Symmetrical Dinucleoside
5¢,5¢¢-Pyrophosphates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 821

42.16.1.1.13.3 Method 3: Sugar Nucleoside Diphosphates via a Reactive Zwitterionic
Phosphoramidate Intermediate . . . . . . . . . . . . . . . . . . . . . . . . . . . . 822

42.16.1.1.13.4 Method 4: Solid-Phase Synthesis of Symmetrical Nucleoside
Phosphodiesters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 823

42.16.1.1.14 Dialkyl/Diaryl Phophorohalidates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 825

42.16.1.1.14.1 Method 1: Chlorination of Phosphites with 1,3,5-Trichloro-1,3,5-
triazinane-2,4,6-trione or tert-Butyl(chloro)cyanamide . . . . . . . 825

42.16.1.1.14.2 Method 2: Halogenation of Bis(fluoroalkyl) Phosphites . . . . . . . . . . . . . . . . . 826

42.16.1.1.15 Trialkyl/Triaryl Phosphates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 827

42.16.1.1.15.1 Method 1: Addition of Hydrogen Chloride to Vinyl Phosphates . . . . . . . . . 827
42.16.1.1.15.2 Method 2: Phosphorylation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 828
42.16.1.1.15.2.1 Variation 1: Phosphorylation with Diphenyl Phosphorochloridate . . . . . . . . 828
42.16.1.1.15.2.2 Variation 2: Phosphorylation with (2-Oxo-5,5-diphenyloxazolidin-

3-yl)phosphonates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 829
42.16.1.1.15.2.3 Variation 3: Phosphorylation Catalyzed by a Low-Molecular-Weight

Peptide-Based Catalyst . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 832
42.16.1.1.15.3 Method 3: Phosphite Oxidation in the Presence of Alcohols . . . . . . . . . . . . 833

XL Table of Contents

Science of Synthesis Original Edition Volume 42 
© Georg Thieme Verlag KG



42.16.1.1.15.4 Method 4: Phosphate Esterification Promoted by Silver(I) Oxide . . . . . . . . 833

42.16.1.1.16 O,O,S-Trialkyl/O,O,S-Triaryl Phosphorothioates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 834

42.16.1.1.16.1 Method 1: Synthesis of Phosphorothioates Containing an
a,b-Unsaturated Carbonyl Moiety . . . . . . . . . . . . . . . . . . . . . . . . . . 834

42.16.1.1.16.2 Method 2: Redox Reaction of a Phosphite with Tellurium Tetrachloride . . 836
42.16.1.1.16.3 Method 3: Solvent-Free S-Alkylation of Phosphites . . . . . . . . . . . . . . . . . . . . . 836

42.16.1.1.17 O,O,Se-Trialkyl/O,O,Se-Triaryl Phosphoroselenoates . . . . . . . . . . . . . . . . . . . . . . . . . 837

42.16.1.1.17.1 Method 1: Reaction of Potassium O,O-Dialkyl Phosphoroselenoates
with Alkenyl(phenyl)iodonium Salts . . . . . . . . . . . . . . . . . . . . . . . . 837

42.16.1.1.17.2 Method 2: Selenophosphorylation of Silyl Enol Ethers . . . . . . . . . . . . . . . . . . 838

42.16.1.1.18 Tetraalkyl/Tetraaryl Diphosphates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 839

42.16.1.1.18.1 Method 1: N-[Chloro(dimethylamino)methylene]-N-methylmethan-
aminium Chloride as the Condensing Reagent . . . . . . . . . . . . . . 839

42.16.1.1.18.2 Method 2: Synthesis from a Phosphorochloridate . . . . . . . . . . . . . . . . . . . . . . 840

42.16.1.1.19 O,O,O,O-Tetraalkyl/O,O,O,O-Tetraaryl Thiodiphosphates . . . . . . . . . . . . . . . . . . . . . 841

42.16.1.1.19.1 Method 1: Reaction of Phosphites with Sulfur Dichloride . . . . . . . . . . . . . . . 841

42.16.2 Product Subclass 2: P=S Phosphorothioates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 842

42.16.2.1 Synthesis of Product Subclass 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 842

42.16.2.1.1 O-Alkyl Dihydrogen Phosphorothioates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 842

42.16.2.1.1.1 Method 1: Thiophosphorylation with Thiophosphoryl Chloride . . . . . . . . . . 843
42.16.2.1.1.2 Method 2: Sulfurization of Monoalkyl H-Phosphonates . . . . . . . . . . . . . . . . . 844
42.16.2.1.1.2.1 Variation 1: Sulfurization of Monoalkyl H-Phosphonates with Elemental

Sulfur . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 844
42.16.2.1.1.2.2 Variation 2: Sulfurization of a Bis(trimethylsilyl) Phosphite Ester . . . . . . . . . . 844
42.16.2.1.1.3 Method 3: Sulfurization of Trialkyl Phosphites . . . . . . . . . . . . . . . . . . . . . . . . . . 845

42.16.2.1.2 O-Alkyl/O-Aryl Dihydrogen Phosphorodithioates . . . . . . . . . . . . . . . . . . . . . . . . . . . . 847

42.16.2.1.2.1 Method 1: Oxidation of O-Alkyl Hydrogen Phosphonodithioates . . . . . . . . 847
42.16.2.1.2.2 Method 2: Sulfurization of Alkyl Phosphonothioates . . . . . . . . . . . . . . . . . . . 849
42.16.2.1.2.2.1 Variation 1: Sulfurization of Deoxynucleotide Analogues . . . . . . . . . . . . . . . . 849
42.16.2.1.2.2.2 Variation 2: Sulfurization of Peptide Analogues . . . . . . . . . . . . . . . . . . . . . . . . . 851
42.16.2.1.2.3 Method 3: Synthesis from Sulfidodithiaphospholanes . . . . . . . . . . . . . . . . . . 853
42.16.2.1.2.3.1 Variation 1: Synthesis of Nucleoside 3¢-O-Phosphorodithioates . . . . . . . . . . 853
42.16.2.1.2.3.2 Variation 2: Synthesis of Nucleoside 5¢-O-Phosphorodithioates . . . . . . . . . . 854

42.16.2.1.3 O-Alkyl/O-Aryl Trihydrogen Thiodiphosphates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 854

42.16.2.1.3.1 Method 1: Phosphorylation of an O-Alkyl Phosphorothioate . . . . . . . . . . . . 855
42.16.2.1.3.2 Method 2: Synthesis via Imidazolides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 855
42.16.2.1.3.3 Method 3: Ring Opening of a 5¢-(1-Thiocyclotriphosphate) with

Ethane-1,2-diamine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 856

42.16.2.1.4 O-Alkyl Tetrahydrogen Thiotriphosphates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 858

42.16.2.1.4.1 Method 1: Phosphorylation with 2-Chloro-4H-1,3,2-benzodioxaphos-
phinin-4-one and Subsequent Reaction with Pyrophosphate . 858

Table of Contents XLI

Science of Synthesis Original Edition Volume 42 
© Georg Thieme Verlag KG



42.16.2.1.4.2 Method 2: Thiophosphorylation and Subsequent Reaction with
Pyrophosphate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 859

42.16.2.1.4.2.1 Variation 1: Direct Thiophosphorylation of the Hydroxy Group . . . . . . . . . . . 860
42.16.2.1.4.2.2 Variation 2: Thiophosphorylation of Tributylstannyl Ethers . . . . . . . . . . . . . . . 861
42.16.2.1.4.2.3 Variation 3: Enzymatic Phosphorylation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 861

42.16.2.1.5 O-Alkyl Tetrahydrogen 1,1-Dithiotriphosphates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 862

42.16.2.1.5.1 Method 1: Ring Opening of a 5¢-(1-Sulfidocyclotriphosphate) with
Lithium Sulfide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 862

42.16.2.1.5.2 Method 2: Synthesis via 2-Sulfido-1,3,2-Dithiaphospholanes . . . . . . . . . . . . 863

42.16.2.1.6 Anhydrides of Phosphoric Acid: Nucleoside Triphosphate Analogues . . . . . . . . . 865

42.16.2.1.7 O-Alkyl Tetrahydrogen 1,2,3-Trithiotriphosphates . . . . . . . . . . . . . . . . . . . . . . . . . . . 866

42.16.2.1.8 O-Alkyl/O-Aryl Phosphorofluoridothioates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 868

42.16.2.1.8.1 Method 1: Sulfurization of Phosphorofluoridites . . . . . . . . . . . . . . . . . . . . . . . 868
42.16.2.1.8.2 Method 2: Oxidation and Fluorination of Thio- and Dithiophosphonates . 871

42.16.2.1.9 O-Alkyl Phosphorodifluoridothioates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 871

42.16.2.1.9.1 Method 1: Sulfurization of a Difluoridophosphite . . . . . . . . . . . . . . . . . . . . . . 871
42.16.2.1.9.2 Method 2: Synthesis from a Bis(1H-imidazol-1-yl)phosphinothioate . . . . . 872

42.16.2.1.10 O,O-Dialkyl/O,O-Diaryl Hydrogen Phosphorothioates . . . . . . . . . . . . . . . . . . . . . . . . 873

42.16.2.1.10.1 Method 1: Stereocontrolled Synthesis via 2-Sulfido-1,3,2-oxathia-
phospholanes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 874

42.16.2.1.10.2 Method 2: Stereocontrolled Synthesis via Cyclic N-Acylphosphoramidites 876
42.16.2.1.10.3 Method 3: Stereocontrolled Synthesis via 3¢-O-Oxazaphospholidines . . . . 877
42.16.2.1.10.4 Method 4: Sulfurization of Phosphite Triester . . . . . . . . . . . . . . . . . . . . . . . . . . 880
42.16.2.1.10.4.1 Variation 1: Sulfurization with 3H-1,2-Benzodithiol-3-one 1,1-Dioxide

(BeaucageSs Reagent) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 880
42.16.2.1.10.4.2 Variation 2: Sulfurization with Phenylacetyl Disulfide . . . . . . . . . . . . . . . . . . . . 882
42.16.2.1.10.4.3 Variation 3: Sulfurization with 1,1¢,1¢¢,1¢¢¢-[Disulfanediylbis(carbono-

thioylnitrilo)]tetraethane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 882
42.16.2.1.10.4.4 Variation 4: Sulfurization with LawessonSs Reagent . . . . . . . . . . . . . . . . . . . . . . 882
42.16.2.1.10.5 Method 5: Direct Sulfurization of Dialkyl H-Phosphonates . . . . . . . . . . . . . . 883
42.16.2.1.10.6 Method 6: Polymerization Catalyzed by Uranyl Ion . . . . . . . . . . . . . . . . . . . . . 884

42.16.2.1.11 O,O-Dialkyl/O,O-Diaryl Hydrogen Phosphorodithioates . . . . . . . . . . . . . . . . . . . . . . 885

42.16.2.1.11.1 Method 1: Sulfurization of Disubstituted Phosphonodithioates . . . . . . . . . 885
42.16.2.1.11.1.1 Variation 1: From Phosphorochloridites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 886
42.16.2.1.11.1.2 Variation 2: Solid-Phase Synthesis of O,O-Dialkyl Phosphorodithoates . . . . 886
42.16.2.1.11.2 Method 2: The Dithiaphospholane Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . 888
42.16.2.1.11.2.1 Variation 1: From N,N-Diisopropyl-1,3,2-dithiaphospholan-2-amine . . . . . . 888
42.16.2.1.11.2.2 Variation 2: From 2-Chloro-1,3,2-dithiaphospholane . . . . . . . . . . . . . . . . . . . . 890
42.16.2.1.11.3 Method 3: Dithiophosphorylation of Alcohols and Hydrolysis of the

Triester . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 891
42.16.2.1.11.4 Method 4: Reduction and Subsequent Sulfurization of O,O-Dialkyl

Phosphorochloridothioates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 893
42.16.2.1.11.5 Method 5: Solid-Phase Sulfurization of Phosphoramidothioites . . . . . . . . . 893

42.16.2.1.12 O,O-Dialkyl/O,O-Diaryl Phosphorofluoridothioates . . . . . . . . . . . . . . . . . . . . . . . . . . 895

XLII Table of Contents

Science of Synthesis Original Edition Volume 42 
© Georg Thieme Verlag KG



42.16.2.1.12.1 Method 1: Sulfurization of Phosphorofluoridites . . . . . . . . . . . . . . . . . . . . . . . 895
42.16.2.1.12.2 Method 2: Fluorination of O,O-Dialkyl Phosphonothioates . . . . . . . . . . . . . . 896
42.16.2.1.12.3 Method 3: Desulfurization of Phosphorodithioates . . . . . . . . . . . . . . . . . . . . . 897

42.16.2.1.13 O,O,O-Trialkyl/O,O,O-Triaryl Phosphorothioates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 898

42.16.2.1.13.1 Method 1: Sulfurization of Trivalent Phosphorus Compounds . . . . . . . . . . . 898
42.16.2.1.13.1.1 Variation 1: Sulfurization with Thiirane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 899
42.16.2.1.13.1.2 Variation 2: Sulfurization with Dibenzoyl Tetrasulfide . . . . . . . . . . . . . . . . . . . . 899
42.16.2.1.13.1.3 Variation 3: Sulfurization with Bis[3-(triethoxysilyl)propyl] Tetrasulfide . . . 899
42.16.2.1.13.2 Method 2: Methanolysis of Phosphoramidothioates . . . . . . . . . . . . . . . . . . . . 900

42.16.2.1.14 O,O,S-Trialkyl/O,O,S-Triaryl Phosphorodithioates . . . . . . . . . . . . . . . . . . . . . . . . . . . . 901

42.16.2.1.14.1 Method 1: Thiophosphorylation of Silyl Enol Ethers . . . . . . . . . . . . . . . . . . . . 901
42.16.2.1.14.2 Method 2: Alkylation of O,O-Dialkyl Phosphorodithioates . . . . . . . . . . . . . . 902
42.16.2.1.14.3 Method 3: S-Alkynylation of Potassium O,O-Dialkyl Phosphorodithioates 902
42.16.2.1.14.4 Method 4: Sulfurization of Phosphorochloridothioates . . . . . . . . . . . . . . . . . 903

42.16.3 Product Subclass 3: P=Se Phosphates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 903

42.16.3.1 Synthesis of Product Subclass 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 904

42.16.3.1.1 O,O-Dialkyl Phosphoroselenoates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 904

42.16.3.1.1.1 Method 1: Synthesis via Phosphoramidites . . . . . . . . . . . . . . . . . . . . . . . . . . . . 904
42.16.3.1.1.2 Method 2: Synthesis via H-Phosphonates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 906
42.16.3.1.1.2.1 Variation 1: Oxidation of O,O-Dialkyl Phosphonates with Potassium

Selenocyanate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 906
42.16.3.1.1.2.2 Variation 2: Oxidation of O,O-Dialkyl H-Phosphonates with

Triphenylphosphine Selenide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 907
42.16.3.1.1.2.3 Variation 3: Oxidation of O,O-Dialkyl H-Phosphonates with

3H-1,2-Benzothiaselenol-3-one . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 907
42.16.3.1.1.2.4 Variation 4: Oxidation of O,O-Dialkyl H-Phosphonates with

3-(Phthalimidoselanyl)propanenitrile . . . . . . . . . . . . . . . . . . . . . . . 909
42.16.3.1.1.3 Method 3: Synthesis via 1,3,2-Oxathiaphospholane 2-Selenides . . . . . . . . . 911

42.16.3.1.2 O,O,O-Trialkyl Phosphoroselenoates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 913

42.16.3.1.2.1 Method 1: The Phosphoramidite Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . 913

42.17 Product Class 17: Phosphazenes
S. Urgaonkar and J. G. Verkade

42.17 Product Class 17: Phosphazenes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 923

42.17.1 Product Subclass 1: Schwesinger Bases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 923

42.17.1.1 Synthesis of Product Subclass 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 924

42.17.1.1.1 Method 1: Synthesis from Phosphonium Salts . . . . . . . . . . . . . . . . . . . . . . . . . 924

42.17.1.2 Applications of Product Subclass 1 in Organic Synthesis . . . . . . . . . . . . . . . . . . . . . 925

42.17.1.2.1 Method 1: Deprotonation Reactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 925
42.17.1.2.2 Method 2: Addition of O- and N-Nucleophiles to Alkynes . . . . . . . . . . . . . . . 930
42.17.1.2.3 Method 3: Activation of Arene—Silicon Bonds . . . . . . . . . . . . . . . . . . . . . . . . . . 930
42.17.1.2.4 Method 4: Halogen–Zinc Exchange Reactions of Aryl Iodides . . . . . . . . . . . 931

Table of Contents XLIII

Science of Synthesis Original Edition Volume 42 
© Georg Thieme Verlag KG



42.17.1.2.5 Method 5: Sigmatropic Rearrangement of Allylic Amines and Alcohols . . 932
42.17.1.2.6 Method 6: Synthesis of Diaryl Ethers and Sulfides . . . . . . . . . . . . . . . . . . . . . . 933
42.17.1.2.7 Method 7: Michael Addition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 934

42.17.2 Product Subclass 2: Proazaphosphatrane Sulfides . . . . . . . . . . . . . . . . . . . . . . . . 934

42.17.2.1 Synthesis of Product Subclass 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 934

42.17.2.1.1 Method 1: Reaction of Proazaphosphatranes with Sulfur . . . . . . . . . . . . . . . 934

42.17.2.2 Applications of Product Subclass 2 in Organic Synthesis . . . . . . . . . . . . . . . . . . . . . 935

42.17.2.2.1 Method 1: Baylis–Hillman Reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 935

42.17.3 Product Subclass 3: Proazaphosphatrane Oxides . . . . . . . . . . . . . . . . . . . . . . . . . 935

42.17.3.1 Synthesis of Product Subclass 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 936

42.17.3.1.1 Method 1: Reaction of Proazaphosphatranes with Bis(trimethylsilyl)
Peroxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 936

42.17.3.2 Applications of Product Subclass 3 in Organic Synthesis . . . . . . . . . . . . . . . . . . . . . 936

42.17.3.2.1 Method 1: Silylation of Alcohols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 936
42.17.3.2.2 Method 2: Transformation of Isocyanates into Carbodiimides . . . . . . . . . . . 937

42.17.4 Product Subclass 4: Phosphoramides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 937

42.17.4.1 Synthesis of Product Subclass 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 938

42.17.4.1.1 Method 1: Synthesis by Oxidation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 938
42.17.4.1.2 Method 2: Synthesis by Nucleophilic Substitution . . . . . . . . . . . . . . . . . . . . . . 938

42.17.4.2 Applications of Product Subclass 4 in Organic Synthesis . . . . . . . . . . . . . . . . . . . . . 939

42.17.4.2.1 Method 1: Asymmetric Aldol Reactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 939
42.17.4.2.2 Method 2: Enantioselective Allylation Reactions . . . . . . . . . . . . . . . . . . . . . . . 940
42.17.4.2.3 Method 3: Asymmetric Diels–Alder Reaction . . . . . . . . . . . . . . . . . . . . . . . . . . 941
42.17.4.2.4 Method 4: Borane Reduction of Ketones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 941
42.17.4.2.5 Method 5: Oxidation Reactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 941
42.17.4.2.6 Method 6: Reduction Reactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 942
42.17.4.2.7 Method 7: Conjugate Addition Reactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 943

42.17.5 Product Subclass 5: Linear and Cyclic Organophosphazenes . . . . . . . . . . . . . 944

42.17.5.1 Synthesis of Product Subclass 5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 944

42.17.5.1.1 Method 1: Reaction of Phosphorus Pentachloride with Ammonium
Chloride or Tris(trimethylsilyl)amine . . . . . . . . . . . . . . . . . . . . . . . . 944

42.17.5.2 Applications of Product Subclass 5 in Organic Synthesis . . . . . . . . . . . . . . . . . . . . . 946

42.17.5.2.1 Method 1: Synthesis of Poly(dichlorophosphazene) . . . . . . . . . . . . . . . . . . . . 946

42.18 Product Class 18: Pentacoordinated Phosphoranes
T. Kawashima and J. Kobayashi

42.18 Product Class 18: Pentacoordinated Phosphoranes . . . . . . . . . . . . . . . . . . . . . . 953

42.18.1 Synthesis of Product Class 18 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 954

42.18.1.1 Method 1: Nucleophilic Substitution on Pentacoordinated Phosphoranes 954
42.18.1.1.1 Variation 1: Addition of Alcohols to Phosphoranes . . . . . . . . . . . . . . . . . . . . . . 954

XLIV Table of Contents

Science of Synthesis Original Edition Volume 42 
© Georg Thieme Verlag KG



42.18.1.1.2 Variation 2: Addition of Amines to Halophosphoranes . . . . . . . . . . . . . . . . . . . 954
42.18.1.1.3 Variation 3: Reaction of Alkoxy- or Aminosilanes with Halophosphoranes . 955
42.18.1.1.4 Variation 4: Reaction of Unsaturated Compounds with Halophosphoranes 955
42.18.1.2 Method 2: Addition to Tetracoordinated Phosphorus Compounds . . . . . . 956
42.18.1.2.1 Variation 1: Addition of Carbonyl Compounds to Phosphorus Ylides . . . . . . 956
42.18.1.2.2 Variation 2: Addition of 1,3-Dipoles to Phosphorus Ylides . . . . . . . . . . . . . . . . 958
42.18.1.2.3 Variation 3: Addition to Phosphonium Salts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 959
42.18.1.2.4 Variation 4: Addition to Alkylated Iminophosphoranes . . . . . . . . . . . . . . . . . . 962
42.18.1.3 Method 3: Oxidation of Tricoordinated Phosphorus Compounds . . . . . . . . 963
42.18.1.3.1 Variation 1: Reaction with Dihalogens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 963
42.18.1.3.2 Variation 2: Reactions with Other Halogenating Reagents . . . . . . . . . . . . . . . 964
42.18.1.3.3 Variation 3: Reaction with Peroxides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 965
42.18.1.3.4 Variation 4: Reaction with a-Diketones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 965
42.18.1.3.5 Variation 5: Reaction with a,b-Unsaturated Carbonyl Compounds . . . . . . . 967
42.18.1.4 Method 4: Condensation Reactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 968
42.18.1.4.1 Variation 1: Dehydrative Condensation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 968
42.18.1.4.2 Variation 2: Reaction of Carbonyl Compounds with Tricoordinated

Phosphorus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 970
42.18.1.5 Method 5: Insertion Reactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 971
42.18.1.5.1 Variation 1: Insertion of Tricoordinated Phosphorus . . . . . . . . . . . . . . . . . . . . . 971
42.18.1.5.2 Variation 2: Insertion into the P—H Bond of Hydrophosphoranes . . . . . . . . . 972

42.19 Product Class 19: Hexacoordinated Phosphates
D. Linder and J. Lacour

42.19 Product Class 19: Hexacoordinated Phosphates . . . . . . . . . . . . . . . . . . . . . . . . . . 977

42.19.1 Product Subclass 1: Anionic Hexacoordinated Phosphorus Derivatives
with P—O Bonds Only . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 978

42.19.1.1 Synthesis of Product Subclass 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 978

42.19.1.1.1 Method 1: Direct Synthesis from Phosphorus Pentachloride . . . . . . . . . . . . 978
42.19.1.1.2 Method 2: Stepwise Synthesis from Phosphorus(III) Compounds . . . . . . . . 980
42.19.1.1.2.1 Variation 1: From Phosphites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 981
42.19.1.1.2.2 Variation 2: From Phosphorous Triamides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 982

42.19.2 Product Subclass 2: Anionic Hexacoordinated Phosphorus Derivatives
with P—O and P—C Bonds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 986

42.19.2.1 Synthesis of Product Subclass 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 986

42.19.2.1.1 Method 1: Stepwise Synthesis from Phosphorus(V) Adducts . . . . . . . . . . . . 986
42.19.2.1.2 Method 2: Direct Oxidation of Phosphorus(III) Adducts . . . . . . . . . . . . . . . . . 988

Keyword Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 993

Author Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1049

Abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1121

Table of Contents XLV

Science of Synthesis Original Edition Volume 42 
© Georg Thieme Verlag KG



Science of Synthesis Original Edition Volume 42 
© Georg Thieme Verlag KG




