FRANCIS A. CAREY
and RICHARD J. SUNDBERG

ADVANCED
ORGANIC

CHEMISTRY

THIRD EDITION

Part A: Structure and Mechanisms




ontents of Part A

1. Chemical Bonding and Structure . . . . . . . . . ... .. 1

Valence Bond Approach to Chemical Bonding . . . . . . ... 2
Bond Energies, Lengths, and Dipoles . . . . . . . ... ... 11

13 Molecular Orbital Theory and Methods . . . . . . . .. ... 20
14 Qualitative Application of Molecular Orbital Theory . . . . . . 27
L5. Hiickel Molecular Orbital Theory . . . . . . . .« . v v v o 37
16 Perturbation Molecular Orbital Theory . . . . . . . . .. .. 46
17 Interactions between o and = Systems—Hyperconjugation . . . . 54

General RefETenoes v o « v wow s i s ® 5w v 6wl ® w6 b 59

Problems: 5 s s 6% iR ENE BG SO R YR L@ e 59

2. Stereochemical Principles . . . . . . . . ... ... ... 67

21 Enantiomeric Relationships . . . . . .. ... ....... 68
22 Diastereomeric Relationships . . . . . . .. ... ...... 75
23 Stereochemistry of Dynamic Processes . . . . . . . ... ... 88
B Prochiral Relationships: + ¢ ¢ ¢ o o 60 6 v 0 w6 o m o s o 98

Bencral References: . o« o ww v i ¢ o s a5 s 0w 5@ s 108

Broblans & 0 oo e o A e sl 05 2 A el 4 108

3. Conformational, Steric, and Stereoelectronic Effects . . . . . 117

‘21 Steric Strain and Molecular Mechanics . . . . . ... .. .. 118
52 Conformations of Acyclic Molecules . . . . . . .. ... .. 124
33 Conformations of Cyclohexane Derivatives . . . . . . ... .. 130
24 Carbocyclic Rings Other Than Six-Membered . . . . . . . .. 141

vii



viii

CONTENTS OF
PART A

3.5. The Effect of Heteroatoms on Conformational Equilibria

3.6. Molecular Orbital Methods Applied to Conformational Analysis

3.7. Conformational Effects on Reactivity . . . . . ... .. ...

3.8. Angle Strain and Its Effect on Reactivity . . . . .. .. .. ..

39. Relationships between Ring Size and Facility of Ring Closure

3.10. Torsional and Stereoelectronic Effects on Reactivity . . . . . . .
General References - o5 oo v 4 %5 v 98 20 §4 &5 40
Probleil oo v wow o om warsom e o s b v wm e

Chapter 4. Study and Description of Organic Reaction Mechanisms

4], Thermodynamie DB . . o v ¢+ o5 v v o b 26 np v 5 84
42, KineteData o wiv w5 om sno s s n s e s W % @
4.3. Substituent Effects and Linear Free-Energy Relationships
44. Basic Mechanistic Concepts: Kinetic versus Thermodynamic
Control, Hammond's Postulate, and the Curtin-Hammett Principle
4.4.1. Kinetic versus Thermodynamic Control . . . . . . . ..
442 Hammond'sPostulate . . « . « ¢ v o 0 v u ww sowa
443, The Curtin-Hammett Principle . . . . . ... ... ..
2y LUpERIEE .. st dbaskisthaicsalsne
4.6. lsotopes in Labeling Experiments . . . . . . ... ... ...
4.7. Characterization of Reaction Intermediates . . . . . . . . . ..
48. Camalysisby Acidsand Bases . . o« « v o v 6 w6 w2 50 0 o
49, LewBAGdCatalIE . & v v va s Es BR e
A0 SolventBleots i s v ivE B am A EE A SRR
4.11. Structural Effects inthe Gas Phase . . . . .. .. ... ...
412 Stereochemistty : o o &6 s % &6 4 6 G W W W R SR @ E
413 ConeiBIon v o y o v m i BB @ B B8 S0 e e
Genbia] ROPEICIS « v 555w v v v s v 4 B a e
Problems: .o s i imeng BaEniEasanned i

Chapter 5. Nucleophilic Substitution . . . . . . . .. .. ... ...

5.1. The Limiting Cases—Substitution by the Ionization (Sy1)
Mechiiim < s b dhds b omd ks ba @ hlme .

5.2. The Limiting Cases—Substitution by the Direct Displacement (Sy2)
MO . i v csa i mini RN E iR ARG SR

5.3. Detailed Mechanistic Description and Borderline Mechanisms

54 Carboatiolif < : v p o s s B mEa Bh S EE B ¥

5.5. Nucleophilicity and Solvent Effects . . . . ... ... .. ..

§6. Leaving Group BAGMS . . o wov o4 w0 noi s 55 v ws

5.7. Steric and Strain Effects on Substitution and lonization Rates

5.8. Substituent Effects on Reactivity . . . . . . ... ... ...

5.9. Stereochemistry of Nucleophilic Substitution . . . . . .. . ..



3.10. Neighboring-Group Participation . . . . .. .. . ... ...

5.11. Rearrangements of Carbocations . . . . . . . ... .. ...

5.12. The Norbornyl Cation and Other Nonclassical Carbocations
General References . w i % w5 & v s E % 8 A a
PoblEns sinimoslis st et e a i B oE DA

Chapter 6. Polar Addition and Elimination Reactions . . . . . . . . . .

6.1. Addition of Hydrogen Halides to Alkenes . . . . . .. .. ..
6.2. Acid-Catalyzed Hydration and Related Addition Reactions . . . .
3. Addition of Halogens: . v v o v o vn v i ws v 0w
64. Electrophilic Additions Involving Metal lons . . . . . . . . ..
6.5. Additions to Alkynes and Allenes . . . . . . ... ... ...
6.6. The E2, E1, and Elcb Mechanisms . . . . ... ... . ...
6.7. Orientation Effects in Elimination Reactions . . . . . . . . ..
6.8. Stereochemistry of E2 Elimination Reactions . . . . . . . . ..
89. Dehydration of Alcohols . . . . . . . . .. ... ...
6.10. Eliminations Not Involving C—=H Bonds . . . . . . . . . ..

General Betefenges . oo o i a% v a 3% v @i d o @ ¥ & 85

POBIBS: s : i s ipibafdams smdn & e s d

Chapter 7. Carbanions and Other Nucleophilic Carbon Species . . . . .

7.1. Acidity of Hydrocarbons . . . . . .. .. ... .......
72. Carbanions Stabilized by Functional Groups . . . . . . . . ..
3. Enolsand ERAMINES & & w4 &% v v d /a4 & b v s & 4 v
74. Carbanions as Nucleophiles in S52 Reactions . . . . . . . . .

General'References .+ o o oo v v wn va v won s o 4 @
Problems » o 55 6 d @i % 3 IS RS SR SRE TR 5 A

Chapter 8, Reactions of Carbonyl Compounds . . . . . . . .. .. ..

%.1. Hydration and Addition of Alcohols to Aldehydes and Ketones . .
£2. Addition-Elimination Reactions of Aldehydes and Ketones
£3. Addition of Carbon Nucleophiles to Carbonyl Groups . . . . . .
%4, Reactivity of Carbonyl Compounds toward Addition . . . . . .
B PR HINAROBIE: o C oo v omoow o e e e e e e
. Aminolysis of BSterS .- + v s v v vow v e s s ow s ow s b
Y. Amide Hydrolysis . . & ¢ v ¢ 6.5 56 »n o2 50 o 9 v » 5
£8. Acylation of Nucleophilic Oxygen and Nitrogen Groups . . . . .
B9. Intramolecular Catalysis . . . . . . . . .. ..o v v o
Goeneral REFEIENCES & o v o v unie v o moisis o w & e v e
PIOBIBHE « < sovve v sy mmmy sm 5o s s @ w5

319
328
328

341

342
348
351
359
361
368
373
mn
383
384
389
389

397

397
407
416
423
430
431

439

439

)

CONTENTS O
PART .



X

CONTENTS OF
PART A

ChaplerD. Avomticity: o4 w0 v v o v w3 V5 SRE 56 765

9.1. The Conceptiof Aromaticity . . : c s v o w5 v o4 o s v a s
9% THEANOUIENES: « vao v wa e ¥ KO SEE G R SR aEE § R
9.3, Aromaticity in Charged Rings . . . . .. ... .......
4. HOHOAOmAticny . s v s casvme o s nms ¥ 3

95; FoRRG-RINGSYSIEME - i 5.2 6 s s 3 b m s e ma vy o o ls
0.6, Heterooyeio Rifigs: .« s s v s s 5w v ww ww s s @ 5
GenetRl REFEEEAOEE 5 o =6 v s v S84 87 55505 ¢ 55
Problems . . . . . . .. ... ...
Chapter 10. Aromatic Substitution . . . . . . . .. ... ......
10.1  Electrophilic Aromatic Substitution Reactions . . . . . ... ..
10.2. Structure-Reactivity Relationships . . . . . . . . ... ...

10.3. Reactivity of Polycyclic and Heteroaromatic Compounds . . . .

10.4. Specific Substitution Mechanisms . . . . . . . . .. ... ..
1040, MUBEOR v v an v vw v vo v W FE REE®
1042 'Halogenation « : i u vw 6% 55 a3 ¥ s w38
10.4.3. Protonation and Hydrogen Exchange . . . . . . . ..
10.4.4. Friedel-Crafts Alkylation and Related Reactions . . . .
10.4.5. Friedel-Crafts Acylation and Related Reactions . . . . .
10.4.6. Coupling with Diazonium Compounds . . . . . . . . .
10.4.7. Substitution of Groups Other than Hydrogen . . . . . .

10.5.  Nucleophilic Aromatic Substitution by Addition-Elimination

10.6. Nucleophilic Aromatic Substitiution by the Elimination-Addition
MechaniSih: o pu ¢ i 35 38 5%k G5 S/ s ma na e

Chapter 11. Concerted Reactions . . . . . . . . ... ... . ...

14.] ElectrocyclicREacHoOns! « « « « w v v s mw w6 55 & 5 & 3
11.2. Sigmatropic Rearrangements . . . . . . .. .. ... ....
11.3. Cycloaddition Reactions . . . . . . . . ... ... ... ..
General REICTEACES . v svm s v w o ms £5 @ 8% & &
BRoblem®: o5 & 5 956 W E G 3 E Brm & G bk B el T

Chapter 12. Free-Radical Reactions . . . . . . . ... ... .. ..

12.1. Generation and Characterization of Free Radicals . . . . . . . .
12.1.1, Background . .. . o0 vh cwmemw o wwm e w



12.1.2. Stable and Persistent Free Radicals . . . . . ... ..
12.1.3. Direct Detection of Radical Intermediates . . . . . . .
12.1.4. Sourcesof Free Radicals . . . . . . . .« v v v o o
12.1.5. Structural and Stereochemical Properties of Radical
Intermediates: . « s v v wv v s s sa s a ww s
12.1.6. Charged Radical Species . . . . ... ... ... ..
Characteristics of Reaction Mechanisms Involving Radical
Intermediates & v 5 56 5 85 e e e 8L eI G T A S
12.2.1. Kinetic Characteristics of Chain Reactions . . . . . . .
12.2.2. Structure-Reactivity Relationships . . . . . . . . . ..
Free-Radical Substitution Reactions . . . . . . . . ... ...
12.3.1. Halogenation . . . . . . . . .. ...« ......
1230 Oxidation . v s o0y me v v oEE B e R s W e
Free-Radical Addition Reactions . . . . . . . . ... .. ..
124.1. Addition of Hydrogen Halides . . ... ... . ...
124.2. Addition of Halomethanes . . . . . . .. ... ...
12.4.3. Addition of Other Carbon Radicals . . . . . . . . ..
12.44. Addition of Thiols and Thiocarboxylic Acids . . . . . .
Intramolecular Free-Radical Reactions ~. . . . . . .. .. ..
Rearrangement and Fragmentation Reactions of Free Radicals
12.6.1. Rearrangement Reactions . . . . . ... ... ...
12.6.2. Fragmentation Reactions . . . . . .. ... ... ..

. Electron Transfer Reactions Involving Transition Metal lons

San] Substitution Processes . . . . ¢ . v ov v w e w0 s
General References . . . . . . ¢ v v v v vt e e e
BYOBIEIS o s v ow e o me s s e m W B R g s

33, PhotochemiBlry’ . « o oo v wowm v owoow w5 b

el PRACIPIES .« » vov v 0 vv mnm iy v e s v
Orbital Symmetry Considerations Related to Photochemical

O . 5 s s s s m L G e e S E e,
Photochemistry of Carbonyl Compounds . . . . . . ... ..
Photochemistry of Alkenes and Dienes . . . . . . .. . ...
Photochemistry of Aromatic Compounds . . . . . . . ... ..
A R T R R L IR
BOBIemS: v ss S e s Eh vh SR BE BT R 5

Xi

CONTENTS OF
PART A



ontents of Part B

of Figures
of Tables
of Schemes

1. Alkylation of Nucleophilic Carbon. Enolates and Enamines

11 Generation of Carbanions by Deprotonation
Regioselectivity and Stereoselectivity in Enolate Formation
Other Means of Generating Enolates

Alkvlation of Enolates

Generation and Alkylation of Dianions

Medium Effects in the Alkylation of Enolates

Oxygen versus Carbon as the Site of Alkylation

Alkylation of Aldehydes, Esters, Amides, and Nitriles

The Nitrogen Analogs of Enols and Enolates—Enamines and Imine
Anions

Alkylation of Carbon Nucleophiles by Conjugate Addition
General References

Problems

2. Reactions of Carbon Nucleophiles with Carbonyl Groups

Aldol Condensation

2.1.1. The General Mechanism

21.2. Mixed Aldol Condensations with Aromatic Aldehydes

21.3. Control of Regiochemistry and Stereochemistry of Mixed
Aldol Condensations of Aliphatic Aldehydes and Ketones

Xiii



Xiv

CONTENTS OF
PART B

22,

23
24,

2.8

26.
A

2.14. Intramolecular Aldol Condensations and the Robinson
Annulation

Condensation Reactions of Imines and Iminium lons

2.2.1. The Mannich Reaction

2.2.2.  Amine-Catalyzed Condensation Reactions

Acylation of Carbanions

The Wittig and Related Reactions

Reactions of Carbonyl Compounds with a-Trimethylsilyl

Carbanions

Sulfur Ylides and Related Nucleophiles

Nucleophilic Addition-Cyclization

General References

Problems

Chapter 3. Functional Group Interconversion by Nucleophilic Substitution

3L

12,

33

34

Conversion of Alcohols to Alkylating Agents

3.1.1. Sulfonate Esters

3.1.2. Halides

Introduction of Functional Groups by Nucleophilic Substitution at
Saturated Carbon

3.2.1. General Solvent Effects

3.2.2. Nitriles

3.2.3. Azides

3.2.4. Alkylation of Amines and Amides

3.2.5. Oxygen Nucleophiles

3.2.6. Sulfur Nucleophiles

3.2.7. Phosphorus Nucleophiles

3.28. Summary of Nucleophilic Substitution at Saturated Carbon
Nucleophilic Cleavage of Carbon-Oxygen Bonds in Ethers and
Esters

Interconversion of Carboxylic Acid Derivatives

34.1. Preparation of Reaction Reagents for Acylation

3.4.2. Preparation of Esters

34.3. Preparation of Amides

Problems

Chapter 4. Electrophilic Additions to Carbon-Carbon Multiple Bonds

4.1.
4.2
43.
44,
45.

4.6.
47.

Addition of Hydrogen Halides

Hydration and Other Acid-Catalyzed Additions
Oxymercuration . . . . . ..

Addition of Halogens to Alkenes

Electrophilic Sulfur and Selenium Reagents
Addition of Other Electrophilic Reagents
Electrophilic Substitution Alpha to Carbonyl Groups



4% Additions to Allenes and Alkynes XV
£9  Addition at Double Bonds via Organoboranes A
49.1. Hydroboration PART B
49.2. Reactions of Organoboranes

49.3. Enantioselective Hydroboration

49.4. Hydroboration of Alkynes

General References

Problems

5. Reduction of Carbonyl and Other Functional Groups

Addition of Hydrogen

5.1.1. Catalytic Hydrogenation

5.1.2. Other Hydrogen-Transfer Reagents

Group 11 Hydride-Donor Reagents

52.1. Reduction of Carbonyl Compounds

522 Reduction of Other Functional Groups by Hydride Donors
Group IV Hydride Donors

Hydrogen Atom Donors

Dissolving-Metal Reductions

55.1. Addition of Hydrogen

552 Reductive Removal of Functional Groups
553, Reductive Carbon-Carbon Bond Formation
Reductive Deoxygenation of Carbonyl Groups
General References -

Problems

6. Cycloaddition, Unimolecular Rearrangements, and Thermal
Eliminations

Cycloaddition Reactions

#1.1. The Diels-Alder Reaction: General Features
%12 The Diels-Alder Reaction: Dienophiles

%13 The Diels-Alder Reaction: Dienes

%14 Intramolecular Diels-Alder Reactions

Drpolar Cycloaddition Reactions

12+ 2] Cycloadditions and Other Reactions Leading to
Cyclobutanes

Photochemical Cycloaddition Reactions

2 3)-Sigmatropic Rearrangements: Cope and Claisen

Rearrangements

23}-Sigmatropic Rearrangements

Eme Reactions

Lmsmolecular Thermal Elimination Reactions
%41 Cheletropic Elimination

%42 Decomposition of Cyclic Azo Compounds



Xvi

CONTENTS OF
PART B

6.8.3. B-Eliminations Involving Cyclic Transition States
General References
Problems

Chapter 7. Organometallic Compounds of Group I and II Metals

7.

1.2,

7.3

7.4.

Preparation and Properties of Organolithium and
Organomagnesium Compounds

Reactions of Organolithium and Organomagnesium Compounds
7.2.1. Reactions with Alkylating Agents

7.2.2. Reactions with Carbonyl Compounds
Organic Derivatives of Group 11B Metals

7.3.1. Organozinc Compounds

7.3.2. Organocadmium Compounds

7.3.3. Organomercury Compounds
Organocerium Compounds

General References

Problems

Chapter 8. Reactions Involving the Transition Metals

8.1,
8.2.
8.3.
8.4.
8.5

Reactions Involving Organocopper Intermediates
Reactions Involving Organopalladium Intermediates
Reactions Involving Organonickel Compounds
Reactions Involving Rhodium, Iron, and Cobalt
Organometallic Compounds with 7 Bonding
General References

Problems

Chapter 9. Carbon-Carbon Bond-Forming Reactions of Compounds of

9.1,

%2,

93.

Boron, Silicon, and Tin

Organoboron Compounds

9.1.1.  Synthesis of Organoboranes

9.1.2. Carbon-Carbon Bond-Forming Reactions
Organosilicon Compounds

9:2.1. Synthesis of Organosilanes

9.2.2. Carbon-Carbon Bond-Forming Reactions
Organotin Compounds

9.3.1. Synthesis of Organostannanes

9.3.2. Carbon-Carbon Bond-Forming Reactions
General References

Problems



er 10. Reactions Involving Highly Reactive Electron-Deficient
Intermediates

Reactions Involving Carbocation Intermediates

10.1.1. Carbon-Carbon Bond-Formation Involving Carbocations
10.1.2. Rearrangements of Carbocations

10.1.3. Related Rearrangements

10.1.4. Fragmentation Reactions

Reactions Involving Carbenes and Nitrenes

10.2.1.  Structure and Reactivity of Carbenes

102.2. Generation of Carbenes

10.2.3. Addition Reactions

1024, Insertion Reactions

10.2.5. Rearrangement Reactions

10.26. Related Reactions

10.2.7. Nitrenes and Related Intermediates

1028, Rearrangements to Electron-Deficient Nitrogen
Rezactions Involving Free-Radical Intermediates

10.3.1. Sources of Radical Intermediates

1032, Introduction of Functionality by Radical Reactions
1033, Addition Reactions of Radicals with Substituted Alkenes
1034, Cyclization of Free-Radical Intermediates

W35, Fragmentation and Rearrangement Reactions
General References

Problems

11. Aromatic Substitution Reactions

Electrophilic Aromatic Substitution
JLL1. Nitration
2112 Halogenation
113 Friedel-Crafts Alkylations and Acylations
D.IA Electrophilic Metalation
Szophilic Aromatic Substitution
1. Aromatic Diazonium lons as Synthetic Intermediates
Substitution by the Addition-Elimination Mechanism
Substitution by the Elimination-Addition Mechanism
4 Copper-Catalyzed Reactions
atic Radical Substitution Reactions
stution by the Syx1 Mechanism

Oxidations

Transition Metal Oxidants
Other Oxidants

son of Alcohols to Aldehydes, Ketones, or Carboxvlic Acids

Xvii

CONTENTS OF
PART B



Xviii 12.2. Addition of Oxygen at Carbon-Carbon Double Bonds
COAAENTS: OF 12.2.1. Transition Metal Oxidants
PART B 12.2.2. Epoxides from Alkenes and Peroxidic Reagents
12.2.3. Subsequent Transformations of Epoxides
12.2.4. Reactions of Alkenes with Singlet Oxygen
12.3. Cleavage of Carbon-Carbon Double Bonds
12.3.1. Transition Metal Oxidants
12.3.2. Ozonolysis
12.4. Selective Oxidative Cleavages at Other Functional Groups
12.4.1. Cleavage of Glycols
12.4.2. Oxidative Decarboxylation
12.5. Oxidation of Ketones and Aldehydes
12.5.1. Transition Metal Oxidants
12.5.2. Oxidation of Ketones and Aldehydes by Oxygen and
Peroxidic Compounds
12.53. Oxidation with Other Reagents
12.6.  Allylic Oxidation
12.6.1. Transition Metal Oxidants
12.6.2. Other Oxidants
12.7. Oxidations at Unfunctionalized Carbon
General References
Problems

Chapter 13. Multistep Syntheses

13.1. Protective Groups
13.1.1. Hydroxyl-Protecting Groups
13.1.2.  Amino-Protecting Groups
13.1.3. Carbonyl-Protecting Groups
13.1.4. Carboxy Acid-Protecting Groups
13.2. Synthetic Equivalent Groups
13.3. Synthetic Analysis and Planning
13.4. Control of Stereochemistry
13.5. [llustrative Syntheses
13.5.1. Juvabione
13.5.2. Longifolene
13.5.3. Prelog-Djerassi Lactone
13.5.4. Aphidicolin
General References
Problems

References for Problems

Index



