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ab initio, see MO Theory
absorption bands

comparison of a cis-trans isomer pair, 1081
of E- and Z-stilbene, 1087
wavelength ranges for organic compounds, 1074

acenaphthacene
bond lengths of, 751

acetaldehyde
conformation, 148
hydration, 638

acetals
conformation, 83, 231–232
formation of, 640
hydrolysis of, 641–645

general acid catalysis of, 641–644, 669
nucleophilic catalysis in, 669
solvent isotope effect in, 641
specific acid catalysis of, 641

of salicylic acid
mechanism of hydrolysis, 668–669

acetic acid derivatives
acidity of, 13, 53, 102–103

acetone
aldol reaction of, 685
enolization of, 608

acetophenone
enolization of, 607

acetylene, see ethyne
acidity

of alcohols, 104
of carbonyl compounds, 591–597
of carboxylic acids, 13, 53–54,

102–103, 105
of cyano compounds, 598
of halogenated alcohols, 105
of hydrides of second and third row elements,

103–104

of hydrocarbons, computation of, 56–57
of nitroalkanes, 591, 597
of phosphorus ylides, 600–601
of representative compounds, table, 593

acidity functions, 349–350
acids, see also carboxylic acids

strong, gas phase ionization energies, 57
acrolein, see propenal
acryloyl lactates

as dienophiles, 849
acylases

as catalysts for esterification, 223
acylation

of alcohols, 664–667
of amines, 667
in Friedel-Crafts reactions, 809–813

acyl halides
in Friedel-Crafts reactions, 772, 809–813
Lewis acid complexes of, 810
relative reactivity of, 328

acylium ion
as intermediates

in alcohol acylation, 666
in Friedel-Crafts acylation, 809–813

acyloxy radicals
decarboxylation of, 967, 980, 1013

acyl radicals
addition reactions of, 1032–1033
decarbonylation of, 967, 1017, 1122
generation of, 1031–1032

from acyl selenides, 1032
from aldehydes, 1031

SOMO of, 1031
stabilization of, 318, 1055

adamantane
derivatives, in nucleophilic substitution, 402,

412–413, 416
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adamantane (cont.)
halides, substitution reactions, 1052
structure of, 166

adamantanone
polar effects in reduction of, 238–239

AIBN, see azoisobutyronitrile
AIM, see atoms in molecules approach
Albery-More O’Ferrall-Jencks diagram, see

potential energy diagram, two-dimensional
alcohol dehydrogenase

enantiospecificity of, 135
alcohols

acetal formation, 640
acidity of, 104–105
acylation of, 664–667

acylium ions as intermediates, 664–665
carbodiimides in, 667

allylic
enantioselective epoxidation of, 196–199

dehydration of, 474, 563–564
esterification of, 664–668

nucleophilic catalysis in, 665
synthesis using organoboranes, 527–528

aldehydes, see also carbonyl compounds
addition reactions of, 629–632
conformation of, 148
cyanohydrins from, 635
imine formation from, 645–650
radical addition reactions of, 1031–1034

Alder rule, 840–841
aldol reaction, 682

acid-catalyzed mechanism, 683
analysis by Marcus equation, 283–285
base-catalyzed mechanism, 683
directed, 687

kinetic control in, 688–689
stereochemistry of, 688–692

enantioselective catalysts for, 695–697
examples of, 682
kinetics of, 284–5, 685
mixed aldol reaction, 685–686

regioselectivity of, 686
stereoselectivity of, 685

silyl ketene acetals as nucleophiles in, 697
silyl ketene thioacetals as nucleophiles in, 697
thermodynamic control in, 690

alkanes
bond orders for, 77
computation of enthalpy of formation by MO

methods, 52
conformation of, 142–145
molecular graphs for, 64

alkenes
bridgehead, synthesis by intramolecular

Diels-Alder reactions, 871
bromination, 482–497

bromonium ion intermediates in, 486
mechanism of, 492

reagents for, 491
stereospecificity of, 183–185, 487–489

chlorination, 487–488
rearrangement during, 494

configuration of, 113
conformation of, 145–148

bisected, definition, 145
eclipsed, definition, 145

cyclic, photoreactions of, 1094
cycloaddition reactions with enones, 1125–1126
dihydroxylation of, 186

computational model for, 202–203
enantioselective, 200–203

electrophilic addition reactions of, 473–476
comparison of, 531–536
mechanisms for, 474–478

enthalpy of formation, 256–257
epoxidation, 186–187, 503–511

by dimethyldioxirane, 507–510
fluorination

reagents for, 496
halogenation, 485–497

relative rate in, table, 487
stereochemistry of, 487–488

hydration of, 474, 482–484
relative rates of, table, 484

hydroboration of, 521–526
electrophilic character of, 522
mechanism of, 522
reagents for, 521, 524–525
regioselectivity of, table, 523
steric effects in, 523
thermal reversibility of, 524–525

hydroboration-oxidation of, 187–188
hydrobromination, radical

examples of, 1036
regiochemistry of, 1027
stereochemistry, 1027–1028

hydrohalogenation, 474, 476–482
by radical addition, 1026–1028
stereochemistry of, 478–479

oxymercuration of, 515–520
relative rates for, table, 516
substituent effects in, 518–520

photochemical cycloadditions, 1109–1111
with aromatic compounds, 1135–1137
with carbonyl compounds, 1132–1134

photochemical isomerization of, 1081–1090
composition of photostationary state, 1082
of ethene, 1082–1083
of stilbene, 1085–1090
of styrene, 1083–1085

photochemical reactions of, 1091–1096,
1109–1111

examples, 1111
radical addition reactions, 1004–1008

of aldehydes, 1031, 1034
examples, 1033–1036
of formamide, 1032–1033
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of halomethanes, 1029–1031
of hydrogen halides, 1026–1028
substituent effects on rates, 1004–1006
of thiols and thiocarboxylic acids, 1033

relative reactivity of, summary, 531–535
with trifluoroacetic acid, 484–485
with trifluoromethanesulfonic acid, 484

selenenylation, 497, 498, 500–503
relative reactivity of, 501

silver complexes of, 520–521
stabilization by substituents, 52
sulfenylation, 497–500

relative reactivity of, 501
alkoxyl radicals

formation from alkyl hypochlorites, 1015
fragmentation of, 1114–1116

alkylboranes, see boranes, alkyl
alkyl groups

as electron donating groups, 13
electronegativity of, 13, 102–103

alkyl halides
bridgehead, reactivity of, 435

SRN 1 substitution reactions, 1051
SRN 1 substitution reactions of, 1048–1052
synthesis

using organoboranes, 529
1,3-allylic strain, definition, 147

in alkylidene cyclohexanes, 161
alkyl radicals

disproportionation of, 966
halo-substituted

Structure of, 981–982
structure of, 980–984

alkynes
Acidity of, 584
electrophilic addition reactions of, 537–545
halogenation, 540–544
hydration of, 538, 544
hydrohalogenation of, 539–540
mercuration of, 545

allenes
chirality of, 129
electrophilic addition reactions of, 545–546
hybridization in, 6

allyl cation
cycloaddition with alkenes, 48
from cyclopropyl cation, 907–908
MOs of, 48
stabilization of, 302

allyl phenyl ethers
Claisen rearrangement of, 934

allyl radical
resonance in, 312–313, 985
structure of, 985
substituent effects on, 986–987

allyl vinyl ether
Claisen rearrangement of, 273, 933–934

AlpineHydride�

in enantioselective reduction of ketones, 193

aluminum trichloride
in Friedel-Crafts reaction, 809–813
as Lewis acid catalyst, 354

AM1 MO method, 32
amides

hydrolysis, 662–664
mechanism of, 327

protonation of, 663–664
resonance in, 320–322

amine oxides
allyl, [2,3]-sigmatropic rearrangements of, 941

amines
alkylation by SRN 1 substitution reactions, 1047
bifunctional, intramolecular catalysis by, 675
bond energies in, 317, 1054
configuration and inversion of, 129
diazotization of, 405
hyperconjugation in, 315, 1054
N -allyl, aza Wittig rearrangement of, 944
synthesis using organoboranes, 528–529

aminolysis
of esters, 659–662
of salicylate esters, 673

anhydrides, see carboxylic acid anhydrides
annulenes, 715–718

[10]annulene, 728–730
[12]annulene, 730

dianion of, 742
Mobius topology, 737

[14]annulene, 730–732
[16]annulene, 732–733

Mobius topology, 737
[18]annulene, 733–734
[20]annulene, 734

Mobius topology, 737
[22]annulene, 734
[24]annulene, 734
Hückel MOs for, 30
large ring, 734–735

NICS values for, 735
anomeric effect, see also hyperconjugation

in acyclic molecules, 81–85
computational analysis of, 231–232
in conformation of disubstituted methanes,

81–85
in cyclic ethers, 227–233
electrostatic effects in, 230–231
hyperconjugation in, 230–231
MO interpretation, 82
role in nucleoside conformation, 233–234
solvent effects on, 231–232
in tetrahydropyrans, 228–233

anthracene, 749
Diels-Alder reaction with tetracyanoethene, 859
electrophilic aromatic substitution in, 793

antiaromatic, definition, 714
antioxidants, 994–995
ARCS, see aromatic ring current shielding
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aromatic compounds
fused ring systems, 745–758

Diels-Alder reactions of, 748–749,
857–858

examples of, 746
halogenation of, 800–804
hardness of, 750, 795
heterocyclic, 758–760
nitration of, 796–800
photochemistry of, 1134–1137
redox potentials of, 990

aromaticity
of charged rings, 32, 738–743

examples of, 738
criteria for, 714

bond length alternation, 718–719
electronic, 720–724
in fused ring systems, 747–748
stabililzation energy, 715–718

of cyclopropenium ions, 738–739
of fused ring systems, 745–758
Huckel rule for, 31, 713
of transition state in Diels-Alder reaction, 851

aromatic ring current shielding
as a criterion of aromaticity, 721

aromatic stabilization energy, definition, 717
of heteroaromatic compounds, 758
of indacene, 754

aromatic substitution, see electrophilic,
nucleophilic etc.

Arrhenius equation, 272
aryl halides

benzyne from, 821–822
SRN 1 substitution reactions, 1048–1052

examples of, 1051
mechanism of, 1049, 1052

aryl radicals
from N -acyloxypyridine-2-thiones, 980
from N -nitrosoacetanilides, 979

ASE, see aromatic stabilization energy
aspirin, see salicylic acid esters
1,2-asymmetric induction, 171

Cieplak model for, 180
Cram’s rule for, 179
Felkin-Ahn model for, 179

1,3-asymmetric induction
in hydride reduction of ketones, 181

atomic charge, see also electron density distribution
definition, 27, 713

atoms in molecules approach, 62–69
for aromatic compounds, 723–724

atom transfer reactions, definition, 966
Aufbau principle, 35
autoxidation, 1024

of aldehydes, 1025
of ethers, 1026
of hydrocarbons, 995, 1025

relative rates, 1025
of isopropylbenzene, 1025

azetidinones
formation by [2+2] cycloadditions of imines,

890–891
azides

as 1,3-dipoles, 875
aryl, as ambiphilic 1,3-dipoles, 876–878
frontier orbitals of, 880–881

azo compounds
configuration of, 121
as sources of radicals, 978

azoisobutyronitrile
as radical source, 978

azomethine imines
as 1,3-dipoles, 875

azomethine ylides
as 1,3-dipoles, 875
generation from aziridines, 885

azulene
dipole moment of, 753
stabilization of, 747, 752
structure of, 752

B3LYP computational method, 55
9-BBN, see 9-borabicyclo[3.3.1]nonane
Baeyer-Villiger reaction, 1025
basicity function

H−, 580
basis sets, definition, 26–27

abbreviations for, table, 34
characteristics of, 33–35

Bell-Evans-Polyani relationship, 288–289
in 1,3-dipolar cycloaddition reactions of ethene,

883
for hydrogen abstraction reactions, 1001–1002,

1056–1057
quadratic, for reaction of hydroxyl radical with

halomethanes, 1060
benzaldehyde

excited state of, 1118
benzene

acidity of, 583
electron density in, 57–58
Hückel MO diagram for, 714
photocycloaddition with alkenes, 1135–1137
photoisomerization of, 1135
photoproducts of, 1134
radical anion of, 990

ESR spectrum of, 972
resonance in, 18, 62
stabilization in, 716–718, 727

benzocyclobutadiene
generation of, 751
properties of, 751–2

benzophenone
reductive photodimerization of, 1119–1120

benzvalene, see tricyclo[3.1.0.02�6]hex-3-ene
benzyl cation

in Friedel-Crafts alkylation reactions, 806, 808
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resonance in, 62
substituent effects on, 432–433

benzyl radical
resonance in, 312–313
substituent effects on, 986–987

benzyne
additions to, 823
generation of, 821–824

biaryls
chirality of, 129–130

bicyclo[1.1.0]butane, 87–88
reaction with halogens, 87

bicyclo[1.1.1]pentane, 87–88
bicyclo[2.2.0]hexa-2,5-diene

conversion to benzene, transition structures
for, 904

derivatives of, 904
kinetic stability of, 904
synthesis of, 904

bicyclo[4.1.0]hepta-2,4-dienes
electrocyclic reactions of, 905

bicyclo[5.2.0]octa-3,5-diene
Cope rearrangement of, 927

bicyclo[6.2.0]deca-1,3,5,7,9-pentaene, 753–4
BINAP, see bis-2,2’-(diphenylphosphinyl)-1,1’-

binaphthalene
1,1’-binaphthalene-2,2’-diol

chirality of, 130
derivatives as catalysts for enantioselective

Diels-Alder reactions, 868
1,1’-binaphthyl derivatives

chirality of, 129–130
BINOL, see 1,1’-binaphthalene-2,2’-diol
biphenylene, 824
bis-2,2’-(diphenylphosphinyl)-1,1’-binaphthalene

chirality of, 130
as ligand in enantioselective hydrogenation, 190

bis-oxazoline catalysts
for aldol reaction, 696
for enantioselective Diels-Alder reactions,

867–868
bond angles

in relation to hybridization, 4–5, 87
bond critical point, AIM definition, 63
bond dipole, 10
bond dissociation energy, 257–258

computation of, 318
electronegativity effect on, 14, 259–260
of halogens, 258–259
relationship to radical stability, 312–313, 317,

1052–1055
relation to hybridization, 259–260
in relation to hydrogen abstraction reactions,

1001
table of, 258, 1053

bond energy, see also bond dissociation energy
intrinsic, 1053
in substituted carbonyl compounds, 321

bond length
computation by MO methods, 51
as a criterion of aromaticity, 718–719

bond order
in carbonyl compounds, 320–321
as a criterion of aromaticity, 723–724
of hydrocarbons, 77
relation to electron density, 76–77

bond path
AIM definition, 63

bonds, see chemical bonds
9-borabicyclo[3.3.1]borane

formation of, 188
hydroboration by, 524, 533

boranes
alkyl

chiral, 529–531
formation of, 188
halogenation of, 529
hydroboration by, 524
oxidation of, 527–528
reactions of, 526–529
reduction of ketones by, 193–194

allyl, facile 1,3-sigmatropic shift in, 916
chloro

reduction of ketones by, 193–194
halo

hydroboration by, 524, 531
as radical sources, 979

borohydrides, alkyl
in reduction of ketones, 193

boron enolates
in aldol reactions, 690–691
of amides, 693
of esters, 693
of N -acyloxazolidinones

in aldol reactions, 694–695
boron trifluoride

complex with 2-methylpropenal, 849
as Lewis acid catalyst, 354

BOX catalysts, see bis-oxazolines
BPE, see phosphines
bromination, see also halogenation

of alkenes
mechanism of, 486–489
reagents for, 491
stereospecificity of, 183–185

allylic, 1020–1021
of aromatic compounds, 802–803

substituent effects on, 290–293
of butene, kinetic isotope effect, 335
by N -bromosuccinimide, 1020–1
by radical substitution, 1018–24

examples, 1002–4
of dienes, 496–497

bromohydrins
formation of, 492
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bromonium ions
in bromination of alkenes, 185, 486, 535
characterization of, 489–491
computational modeling, 494–495

bromotrichloromethane, see halomethanes
Brønsted catalysis law, 348, 602
1,3-butadiene and derivatives

2,3-bis-(t-butyl)
photoproducts from, 1103

2,3-dimethyl
photocyclization of, 1101

2-cyano
photoproducts from, 1103

conformation of, 149–51
electron density distribution in, 21, 73–74
electrostatic potential surface of, 73–74
excited states for

computational modeling, 1137–1142
photochemical reactions of, 1100–1101
photodimerization of, 1103–4

effect of photosensitizers, 1104
photoisomerization of, 1096–1097
resonance in, 20, 62
stabilization of, 262

but-3-enyl radical
from ring opening of cyclopropylmethyl

radical, 972
butane

chlorination of, 996
conformation of, 143–144
rotational barrier in, 80

2-butanone
conformation of, 149

1-butene
kinetic isotope effect in bromination, 335
kinetic isotope effect in epoxidation, 335

2-butene
photochemical cycloaddition of, 1109

t-butyl carbocation
structure of, 430

t-butyl hydroperoxide
as a radical source, 977
in Sharpless asymmetric epoxidation, 197

t-butyl hypochlorite, 1022
2-butylium cation

rearrangement of, 441–444

Cahn-Ingold-Prelog priority rules, 120, 122
capto-dative stabilization of radicals, 316, 987–988
carbanions

[12]annulene dianion, 742
additions to carbonyl compounds, 676–682,

687–692
bicyclo[3.2.1]octa-2,6-dienide, 744–745
charge distribution in, 308
cyclononatetraenide, aromaticity of, 741
cyclooctatetraene dianion, aromaticity of, 741
cyclopentadienide, aromaticity of, 740

hybridization of, 307
as nucleophiles, 609–619
organometallic compounds, relation to, 588–591
phenalenyl, 757
proton affinity of, 308

table, 310
stabilization by substituents, 307–311, 591–601

computation of, 309–311
phosphorus-containing, 599
sulfur-containing, 599

structure of, 307, 585
carbocations

[C3H7]+ isomers, 441
[C4H7]+ isomers, 453
[C4H9]+ isomers, 441–443
[C5H11]+isomers, 444–445
2-butyl

rearrangements of, 441–444
adamantylium, 431
alkenyl, 435–436
allyl

from cyclopropyl cation by ring opening,
907–908

stabilization of, 302
aromatic, 303
aryl, 436
benzylic, 302, 439

substituent effects on, 432–433
bicyclic, rearrangement of, 446
bicyclobutonium, 453, 744

electron density for, 744
bridged, 301, 432, 440, 447–453

examples, 452
t-butyl, 430
charge distribution in, 306–307, 429–430
computational characterization of, 305–306
cycloheptatrienyl, 740
cyclohexadienyl

Huckel MO diagram for, 775
observation of, 777–778
role in electrophilic aromatic substitution,

775–776
trapping of, 778

cyclohexyl, rearrangement of, 445–446
cyclooctatrienyl, 743–745
cyclopentadienyl, 739–740
cyclopropenyl, 738–739
cyclopropyl, ring opening of, 907–908
cyclopropylmethyl, 427
elimination versus substitution, 437–439
from diazonium ions, 405–407
hybridization of, 300
hydride affinity of, 303, 314

table, 303, 314
hyperconjugation in, 301, 305, 307, 429, 432
as intermediates

in electrophilic addition reactions, 479, 480
in Friedel-Crafts alkylation, 806, 808
in nucleophilic substitution, 391–393
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methyl, 300
electron distribution in, 65

methylcyclohexyl, 430–431
norbornyl, 422, 448–452
observation of, 436–438
pentadienyl

electrocyclization of, 908–909
in petroleum processing, 454–459
phenalenyl, 757
phenonium, 425
phenyl, 436, 817
rearrangement of, 440–447, 480
resonance in, 22, 301–302, 433
stability of, 300, 426–429

table, 427
structure of, 430–433
substituent effects on, 304–305, 432–434, 632
substitution versus elimination, 437–439
trichloromethyl, 434
trifluoromethyl, 434
vinyl, 435–436
�-alkoxy, 22

carbodiimides
in acylation reactions, 667

carbon
electronegativity of, 12–14

carbonium ions, 456–458
structure of, 458

carbon monoxide
electron density by Laplacian function, 94

carbon tetrachloride, see halomethanes
carbonyl addition reactions

acid and base catalysis of, 345, 630
mechanisms of, 325–327
nucleophilic, intermediates in, 319–331
radical, comparison of rates with alkenes,

1007–1008
tetrahedral intermediate in

evaluation of relative stability, 329–30
carbonyl compounds, see also aldehydes, esters,

ketones, etc.
acetal formation, 640
addition reactions of, 629–632

with enolates and enols, 682–697
with organometallic reagents, 676–682

condensation reactions of, 629, 645–653
with nitrogen nucleophiles, 645–653

conformation of, 148–149
cyanohydrin formation from, 635
enolization of, 601–608
excited states of, 1116–1117

charge distribution and bond order, 1117
structure, 1116–1117

hydration of, 638–639
acid and base catalysis of, 639
equilibrium constants for, table, 329, 638

interaction with Lewis acids, 323, 636–637,
848–850

photochemical reactions of, 1116–1132

cycloaddition with alkenes, 1132–1134
type-II cleavage, proton affinity of, 636
�-cleavage, 1118, 1120–1122, 1124

reactions with organometallic reagents,
676–682

stereoselectivity of, 680–682
reduction, 176–179

by sodium borohydride, 633–634
enantioselective, 193–196

relative reactivity of, 319–323,
632–637

resonance effects in, 320–321
substituent effects in, 320–322
substitution reactions of, 629, 654–668

acylation of alcohols, 664–667
amide hydrolysis, 662–664
ester aminolysis, 659–662
ester hydrolysis, 654–658
intramolecular catalysis of, 668–676

tetrahedral intermediates in, 630
unsaturated

conformation of, 151
excited states of, 1117–1118
photocycloaddition reactions with alkenes,

1125–1126
photoreactions of, 1123–1124
resonance of, 21

carboxylic acid anhydrides
rate of hydrolysis, 328

carboxylic acid derivatives, see also acyl chloride,
acid anhydrides, etc.

acylation reactions of, 664–668
reactivity toward organometallic compounds, 677
relative reactivity of, 636
substitution reactions of, 654–668

carboxylic acids
acid dissociation constants, computation of, 53
derivatives, relative reactivity of, 328
substituent effects on acidity, 13, 53–54,

105, 322
CAS MO method, 36
catalysis, 345–358

by acids and bases, 345–353
by Lewis acids, 354–358
intramolecular in carbonyl substitution reactions,

668–676
nucleophilic

in ester hydrolysis, 657
catalytic hydrogenation, see hydrogenation
catalytic reforming, 454–456
catalytic triad in enzymatic hydrolysis,

675–676
catechol borane

hydroboration by, 525
CBS catalysts, see also oxazaborolidines

for enantioselective reduction of ketones,
194–196

CBS MO method, 36
CD, see circular dichroism
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chain reaction, definition, 965
chain length of, 965, 993
initiation of, 965, 993
kinetic characteristics of, 992–995
propagation phase, 965, 993
termination of, 965, 993

charge distribution, see electron density distribution
chelation control

in hydride reduction of ketones, 181–182
in organometallic additions to carbonyl

compounds, 680–682
computational modeling of, 681–682

chemical bonds
bent, in cyclopropanes, 85
polarity of, 10

chemical kinetics, see kinetics
chemically induced dynamic nuclear polarization

in decomposition of benzoyl peroxide, 975
in decomposition of trichloroacetyl peroxide, 976
for detection of radicals, 974–975

chemical potential, definition, 95
chiral auxiliaries

in control of stereoselectivity, 207–208
for Diels-Alder reactions, 865–866

chirality, definition, 122
relationship to molecular symmetry,

131–133
chiral selectors, in capillary electrophoresis, 214
chiral shift reagents, 208–211
chiral stationary phase

brush type, 213
chiracels as, 212
for enantiomeric separation, 211–213

chiraphos, see phosphines
chlorination, see also halogenation

of alkenes, 487–488
of alkynes, 540–543
of aromatic compounds, 800–804
of butane, 996
by radical chain substitution

substituent effects on, 1022
by t-buyl hypochlorite, 1022

chlorohydrins
formation of, 492

chloronium ions, 490, 535
computational modeling, 494–495

chrysene, 749
�-chymotrypsin

in resolution of �-amino esters, 222
CIDNP, see chemically induced dynamic nuclear

polarization
Cieplak model, 180, 234
circular dichroism, definition, 125
Claisen rearrangements, 933–937

activation parameters for, 273, 933
of allyl aryl ethers, 934–935
of allyl vinyl ether, 933
Marcus theory treatment of, 936

stereochemistry of, 935
substituent effect on, 935–938

Claisen-Schmidt condensation, 685–686
examples of, 687

CNDO MO method, 32
concerted pericyclic reaction, definition, 833
configuration, definition, 117

specification of in Fischer projection formulas,
127

at tetrahedral atoms, 122
conformation, definition, 117

of 1,3-butadiene, 149–151
of 1-butene, 147
of 2-butanone, 149
of 3-pentanone, 149
of acyclic compounds, 142–151
of aldehydes, 148
of alkanes, 142–145
of alkenes, 145–147
of butane, 80, 143–144
of chlorocyclohexane, 155–156
of cycloalkanes, 161–166
of cyclobutane derivatives, 161
of cyclodecane, 165–166
of cycloheptane, 163–164
of cyclohexane derivatives, 152–161
of cyclohexanones, 161
of cyclohexene, 160
of cyclooctane, 164–165
of cyclopentane derivatives, 162–163
of disubstituted methanes, 81–85
of ethane, 142–143
of iodocyclohexane, 156–157
of ketones, 148–149
of large ring hydrocarbons, 166
of methanol, 145
of methylamine, 145
of propenal, 148, 151

conformational free energy, definition, 156
measurement of, 156–158
table of values, 158

conical intersections in photochemical reactions,
1080

of 1,3,5-hexatriene
computational modeling of, 1142–1144

of 1,3-butadiene
computational modeling of, 1140–1142

of photocycloaddition of benzene and ethane,
1136–1137

potential energy surface for, 1080
of stilbene, 1089–1090

connectivity, 1
conrotatory, definition, 893
conservation of orbital symmetry

for concerted pericyclic reactions, 833
constitution, molecular, 1
Cope rearrangement, 920–931

of 3-amino-1,5-hexadienes, 933–934
activation energy for, 920
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of barbaralane, 931
of bulvalene, 930–931
chair versus boat transition structure for, 923
computational modeling of, 926–927
cyano substitutents, effect on, 927
of divinylcyclopropane, 929
effect of strain on, 928
More-O’Ferrall-Jencks diagram for, 928
of semibullvalene, 931
stereochemistry of, 922–923
substituent effects on, 924–928

covalent radii, 24
definition within DFT, 97
table of, 25, 98

Crabtree catalyst, 174
cracking, 454–456
Cram’s rule, 179
critical micellar concentration, definition, 219
critical point, in electron density distribution, 63

for substituted methanes, 66–68
crown ether catalysts, 364–365
CSP, see chiral statinary phase
cubane

acidity of, 373–374
halogenation of, 1003

Curtin-Hammett principle, 296–297
cyano groups

anion stabilization by, 598
cyanohydrins

formation from carbonyl compounds, 635
cycloaddition reactions, 834–892

[2+2] of ketenes, 835, 888–892
azetidinones from, 891–892
intramolecular, 890–891
orbital array for, 888–889
stereoselectivity of, 890
transition structure for, 889

1,3–dipolar cycloaddition as, see also 1,3-dipolar
cycloaddition, 834

antarafacial and suprafacial modes of, 836
application of DFT concepts to regiochemistry,

945–951
Diels-Alder as, see also Diels-Alder reaction,

834
as examples of concerted pericyclic reactions,

834
Huckel versus Mobius topology of, 836
of ozone with ethene, 49–50
photochemical, of alkenes, 1125–1126
Woodward-Hoffmann rules for, 836–837

cycloalkanes
configuration of, 121
conformation of, 161–166
molecular symmetry of, 133
strain in, 161–166

cycloalkenes
chirality of, 130
E-cycloalkenes, racemization of, 131
photochemistry of, 1094–1096

1,3-cyclobutadiene
antiaromaticity of, 714, 718, 726
destabilization of, 718, 726
generation of, 725
Huckel MO diagram for, 714
reactions of, 725
structure of, 726

1,3-cyclohexadiene derivatives
electrocyclic ring opening of, 1108–1109
photoproducts from, 1106, 1112

cyclobutane derivatives
conformation of, 162
formation by cycloaddition, 891

cyclobutenes
1-aryl

photoproducts from, 1105
electrocyclic ring opening of, 892–893

3,4-dichlorocyclobutene, 903
inward versus outward rotation during,

901–903
stereochemistry of, 896–897

photochemical reactions of, 1104–1105
cyclodecane

conformation of, 165–166
cycloheptane

conformation of, 163–164
cycloheptatrienes

electrocyclic reactions of, 905
sigmatropic shift of hydrogen in, 917–918

cycloheptatrienyl cation
aromaticity of, 32, 740

cycloheptene
photoreactions of, 1094

1,5-cyclohexadienone
4,4-diphenyl, photochemistry of, 1130–1132

cyclohexane derivatives
alkyl, conformation of, 157–159
chloro-

conformational half-life of, 153–154
conformation of, 152–161
iodo- conformation by NMR, 156–157
kinetics of ring inversion, 152–156

cyclohexanone derivatives
conformation of, 161
stereoselective reduction of, 176–179

cyclohexene
1-phenyl

photodimerization of, 1110–1111
conformation of, 170
photoreactions of, 1094–1095, 1110

cyclohexyl radical
structure of, 984

1,3-cyclooctadiene
photocyclization of, 1101

1,4-cyclooctadiene
photocyclization of, 1111

1,5-cyclooctadiene
photochemistry of, 1145
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cyclooctane
conformation of, 164–165

cyclooctatrienyl cation, 743
1,3,5,7-cyclooctatetraene

dianion of, 741–742, 990
dication of, 742
photochemistry of, 1144
properties of, 727–728

cyclooctene
E-isomer, chirality of, 131
photoreactions of, 1094

cyclopentadiene
acidity of, 740
derivatives, sigmatropic shifts in, 917
Diels-Alder reactions of, 840–841, 843

cyclopentadienyl anion
aromaticity of, 32, 740

cyclopentadienyl cation, 739–740
cyclopentane derivatives

conformation of, 162–163
pseudorotation in, 163

cyclopentene
photocycloaddition with cyclohexenone,

1125–1126
photoreactions of, 1095

cyclopentenone
photochemical reactions of, 1125

cyclopropane
bonding in, 85–87
divinyl, Cope rearrangement, 929
electron delocalization in, 86–87
hybridization in, 86
protonated

in carbocation rearrangements, 441–443
structure of, 162
vinyl, thermal rearrangement, 929

cyclopropenium cation, 738–739
cyclopropyl cation

electrocyclic ring opening of, 907–908
cyclopropyl halides

SRN 1 substitution reactions, 1051
cyclopropylmethyl cation, 427
cyclopropylmethyl radical

generation of, 972
potential energy profile for, 974
ring opening of, 973–974, 1008–1009

decahydronaphthalene, see decalin
decalin

conformations of, 159–160
decarbonylation

of acyl radicals, 967
of ketones, photochemical, 1120–1122

decarboxylation
Of acyloxy radicals, 967, 979–980

degenerate rearrangements, 930–931
dehalogenation

stereochemistry of, 564–565

dehydration
of alcohols, 474, 564–565
in aldol reactions, 683–685

delocalization energy, definition, 19
as a criteria of aromaticity, 715
estimation of, 30

density functional theory
application to properties and reactivity, 94–105
B3LYP method, 55–57
concepts, application to cycloaddition reactions,

947–951
electron density functionals, 54–57
interpretation of substituent effects by, 100–105
Kohn-Sham equation, 54

Dewar benzene, see bicyclo[2.2.0]hexa-2,5-diene
DFT, see density functional theory
DHQ, see quinoline alkaloids
DHQD, see quinoline alkaloids
diamines

intramolecular catalysis by, 675
diaminomethane, conformation, 84
diamond lattice, as conformational framework, 166
diastereomers, definition, 126–127
diastereotopic, definition, 134

relationship to NMR spectra, 134–135
diazoalkanes

as 1,3-dipoles, 875, 878–879
relative reactivity of, table, 877

frontier orbitals of, 880–881
diazonium ions

alkyl
nucleophilic substitution reactions of, 405–407
stability of, 68

aryl
as electrophiles in aromatic substitution,

813–814
benzyl, in electrophilic aromatic substitution, 808
methyl, charge distribution in, 66

�-dicarbonyl compounds
enolization of, 606

�-dicarbonyl compounds
acidity of, 592
enolization of, 603–606

Diels-Alder reaction, 839–873
as an indicator of aromatic stabilization, 748–749
application of DFT concepts to reactivity,

945–950
in comparison with frontier MO theory, 949
softness matching for regioselectivity, 948

catalysis by Lewis acids, 356, 848–850
chiral auxiliaries for, 865–866
enantioselective, 865–868
examples of, 861
intramolecular, 868–873

conformational factors in, 869–870
examples of, 872–873

inverse electron demand, 843
of isobenzofuran derivatives, 760, 858, 864
kinetic isotope effect in, 335
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of polycyclic aromatic hydrocarbons, 748–749,
857–858

regioselectivity of, 843–848
frontier MO analysis of, 843–847

stereochemistry of, 839
Alder rule for, 840–841
computational analysis of, 852–853
Lewis acids, effect on, 853
secondary orbital interactions in, 842, 854–855

substituent effects on, 843–848
synthetic applications of, 860–864
transition structures for, 840–841

aromaticity of, 851
charge transfer character in, 847, 857–858,

950
computational characterization of, 851–860
synchronicity of, 852, 855–856

water, as solvent for, 850
1,4-dienes

photochemical reactions of, 1112–1116
1,5-dienes

[3,3]-sigmatropic rerrangements of, 920–930
substituted, BDE for, table, 988

dienes, see also specific dienes e.g. 1,3-butadiene
addition reactions

bromination of, 496–497
with hydrogen halides, 481

conformation of, 149–151
in Diels-Alder reactions, 842

Danishefsky’s diene, 864
in Diels-Alder reactions, 839

2-substituted, 847–848
effect of conformation, 842
effect of substituents on rate, 843–848

electrocyclic reactions of, 892–893
global electrophilicity of, table, 946
local electrophilicity of, 947
local nucleophilicity of, 947
local softness of, 948
photochemical reactions of, 1100–1104

computational interpretation, 1137–1145
photoisomerization of, 1096–7
quinodimethanes as, 857, 864

dienophiles, 839
chiral acrylate esters as, 865–866
effect of substituents on reactivity, 843–848
examples of, 844
frontier orbitals of, 846–847
global electrophilicity of, 946
local electrophilicity of, 947
local nucleophilicity of, 947
local softness of, 948
nitroethene as, 862
quinones as, 862
vinylphosphonium salts as, 863
vinyl sulfones as, 863
vinyl sulfoxides as, 863

dihydroxylation of alkenes
enantioselective, 200–203

computational model for, 202–203
reagent control of, 206–207

diisopinocampheylborane
in enantioselective reduction of ketones, 194
hydroboration by, 529–531

dimethoxymethane
conformation, 83
stabilization of, 262–263

dimethyl sulfoxide
as solvent, 363, 411–412

2,4-dinitrofluorobenzene
nucleophilic substitution reactions of, 820

dinitrogen, see Nitrogen, molecular
DIOP, see phosphines
dioxoles

anomeric effects in, 233
DIPAMP, see phosphines
1,2-diphenylethane-1,2-diamine

as chiral shift additive for NMR, 210
diphenylpicrylhydrazyl, as radical inhibitor, 994
1,3-dipolar cycloaddition reactions, 873–888

application of DFT concepts to, 950–951
Bell-Evans-Polyani relation in, 883
catalysis of, 886–888

computational modeling of, 887
tris-aryloxyaluminum as, 886

comparison with Diels-Alder reaction, 883
computational model of, 880–883
examples of, 885
frontier MO interpretation of, 874–882
intramolecular, 884
regiochemistry, 880–883

effect of catalysts, 886–888
electronic versus steric control, 880, 886

stereochemistry of, 877–879
synchronicity of, 882
synthetic pplications of, 884–886

1,3-dipoles
characteristics of, 874
examples of, 875
frontier orbitals of, 880–881
global electrophilicity of, 950

dipolarophiles
frontier orbitals of, 845–847
relative reactivity of, table, 876

with ethene, 883
dipole moment

computation of, 53
diradicals

photochemical generation, 1123
structural effect on lifetimes, 1017–1018

disiamylborane
formation of, 188
hydroboration by, 524

dispersion forces, 24
disrotatory, definition, 893
dithianes

acidity of, 599
anomeric effects in, 233
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di-�-methane rearrangement, 1112–1116
conical intersection, computational model,

1113–1114
of cyclohexenones, 1127–1129
mechanism of, 1112–1113
orbital array for, 1129
stereochemistry of, 1113
substituent effects in, 1114–1115

DMF, see N�N -dimethylformamide
DMSO, see dimethyl sulfoxide
double stereodifferentiation

in aldol reactions, 205
examples of, 204–207
in organozinc addition reactions, 205–206
reactant control in, 206
substrate control in, 206

DPPH, see diphenylpicrylhydrazyl
dual substituent parameter equation, 341
DuPHOS, see phosphines

EA, see electron affinity
eclipsed, definition, 142
EHT MO method, 32
electrocyclic reactions, 892–911

of [10]annulene, 728–729
of 1,3,5-trienes, 893–894

computational analysis of, 899–900
heteroatom analogs of, 910–911

of 1,3-dienes, 892–893
computational modeling of, 1140–1142

of 2,4,6,8-decatetraene, 899
of charged species, 906–910
as concerted pericyclic reactions, 834
of cyclopropyl cation

stereochemistry of, 907–908
examples of, 903–906
frontier MO interpretation of, 894–895
inward versus outward rotation in, 901–903
orbital correlation diagrams for, 895–897
orbital symmetry rules for, 900
of pentadienyl cations, 908–909

substituent effects on, 909
photochemical, 1099–1100
of photoenols, 1120
stereospecificity of, 892–4
summary of thermodynamics for, 901
transition state

aromaticity of, 898
orbitals for, 897

electron affinity, 9, 95
electron correlation

treatments in MO calculations, 34–35
electron density distribution

1,3,5-hexatriene, 19
in 1,3-butadiene, 20, 48, 74
in ammonia, 92
in aromatic compounds, 723–724

in relation to electrophilic substitution, 784

in benzene, 57–58, 723–724
in bicyclobutonium ion, 744
in carbanions, 308
in carbon monoxide, 94
critical point of, 63
in cyclooctatrienyl ion, 744
in cyclopropane, 86–87, 537
deformation electron density, definition, 57
ellipticity of, 58, 64–65
in ethane, 94
in ethenamine, 48, 74
in ethene, 93–94
in formaldehyde, 59, 61, 70, 94

excited state, 1117
in formamide, 71
in hydrides of second row elements, table, 66
in hydrogen molecule, 3–4, 6
in methoxide ion, 68–69
in methyl cation, 65
in methyl derivatives, 68–69
Mulliken population analysis of, 60–61
in nitrogen, 94
in oxirane and conjugate acid, 537
in propenal, 21, 48, 60, 74
in propene, 23
representation of, 57–77

by Laplacian function, 92–94
in substituted ethenes, 71–73, 75

electronegativity, 8–11
absolute, 9
of alkyl groups, 13
Allred-Rochow, 9
of carbon, 12–14
Luo-Benson, 9, 95
Mulliken, 9, 95
Pauling, 9

correlation with hardness, 96
in relation to bond strength, 14
spectroscopic determination of, 9
of substituent groups, 260

electronegativity equalization, 11–12, 95, 260
electron paramagnetic resonance, see electron spin

resonance
electron spin resonance, 970–972

of bridgehead radicals, 985
in detection and characterization of radicals,

970–972
hyperfine splitting in, 970–971

electron transfer
in aromatic nitration, 799–800
in initiation of SRN 1 substitution reactions,

1048–1049
in organometallic addition reactions, 679

electrophilic aromatic substitution
bromination, see halogenation
chlorination, see also halogenation

kinetics of, 801
cyclohexadienyl cation as intermediates in,

775–778
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diazonium coupling, 813–814
examples of, 772–773
Friedel-Crafts acylation, 809–813
Friedel-Crafts alkylation, 805–809

position selectivity, 807
general mechanism for, 772–779
halogenation, 800–804
Hammett reaction constants for

Table, 790
of heteroaromatic compounds, 793–794
HOMO distribution in relation to, 783
Ipso substitution in, 778, 814–816
kinetic isotope effects in, 777

table, 790
localization energy in, 782, 791
nitration, 796–800
partial rate factors for, 786–787

table, 788
of polycyclic hydrocarbons, 791–793
position selectivity in, 787–791
proton exchange as, 804–805

of naphthalene, 792
reactivity-selectivity relationships for, 787–791
role of � complexes in, 773–775
role of � complexes in, 775–776
substituent effects in, 779–787

MO interpretation of, 780–781
summary of, 784–785

electrostatic effects
in reduction of substituted ketones, 238

elimination reactions, 473–474, 546–568
computational modeling, 561–562
examples of, 548
kinetic isotope effects in, 552
mechanisms of, 548–554

distinguishing features of, 552
E1, 548
E1cb, 549
E2, 548

of organomercury compounds, 565–566
reductive, 564–5
regiochemistry of, 554–558

effect of base strength, 556–557
effect of leaving group, 557–558
Hofmann rule for, 556
Saytzeff rule for, 556

solvent effects on, 554
stereochemistry of, 558–563

anti versus syn, 558–562
leaving group effect, 559–561
steric effects on, 562–563

variable transition state theory for, 549–551
enamines, 608–609

formation of, 653
hydrolysis of, 653
nucleophilicity of, 608–609
resonance in, 22, 608–609

enantiomeric excess, definition, 123–124
determination of, 208–211

enantiomeric mixtures
analysis and separation by capillary

electrophoresis, 213–215
analysis of, 208–211
separation of by chromatography, 211–213

enantiomers
properties of, 123, 127
resolution of, 136–141

enantioselective catalysts for
1,3-dipolar cycloaddition reactions, 886–888
aldol reaction, 695–696
Diels-Alder reactions, 867–868
dihydroxylation, 200–203
epoxidation, 196–199
hydroboration, 529–531

enantioselective reactions, 189–203
dihydroxylation of alkenes, 200–203
examples of, 189–203
hydrogenation, 189–193
reduction of ketones, 193–196

enantiotopic, definition, 133
energy dependence of light wavelength, 1074
energy of atomization, definition, 257

calculation of, 265–267
enolates, 591

alkylation of, 614–619
stereoselectivity of, 615–619

arylation by , substitution reactions, examples,
1051

boron
in aldol reactions, 691–692

composition of, 595–596
effect of base on, 689

computational characterization, 613
C- versus O-alkylation, 366–368, 614–615
of esters

aldol reactions of, 692–693
formation of, 592–595
kinetic control of formation, 287, 595, 689
nucleophilicity of, 331–332
structure of, 612–613
substitution reactions of, 611–618
tin

in aldol reactions, 692
titanium

in aldol reactions, 691–692
enol esters

in acylation reactions, 667–668
enols, 601–608

equilibrium constants for, table, 604
formation of, 607
nucleophilicity of, 602

enthalpy of formation, definition, 254
calculation using group equivalents, 261–262
calculation using molecular mechanics, 263–264
computation by MO and DFT methods, 265–267
determination of, 255
of hydrocarbons, 256
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enthalpy of reaction, 253
calculation of, 258–259
determination of, 271
examples of, 273
relation to reaction rates, 269–270

entropy of reaction, 253
determination of, 271
examples of, 273–274
for solvolysis of t-butyl chloride, 273

enzymes
alcohol dehydrogenase, 135
epoxide hydrolases, 224–227
hydrolytic, 875–876
lipases, 216–221
proteases, 222–224
in resolution of enantiomers, 215–227
stereoselective reactions of, 133–136

epoxidation
of alkenes, 503–511

by dimethyldioxirane, 507–510
hydroxy group directing effects in,

505–506
mechanism of, 504
reagents for, 503–504, 510–511
substituent effect on, 504, 506–508
transition structures for, 507–508

Sharpless asymmetric, 196–199
computational model for, 198–199

epoxides
enzymatic hydrolysis of, 224–227
ring-opening of, 186–187, 511–512

pH-rate profile for, 512
regioselectivity of, 511–512, 515
stereochemistry of, 513–515

ESR, see electron spin resonance
esterases, see also hydrolases

pig liver esterase
in resolution of enantiomers, 217–220
selectivity model for, 217–220

in resolution of enantiomers, 216–221
esterification

by acylation of alcohols, 664–668
enzymes as catalysts for, 216, 223

esters
aminolysis, 659–662

catalysis by 2-pyridone, 661–662, 673–674
general base catalysis of, 659
leaving group effects on, 661
rate of, 328

enolates of
in aldol reactions, 692–694
boron, 693
formation of, 937
solvent effects on, 937

formation
by Fischer esterification, 664
from acid anhydrides, 665
from acyl halides, 665–666

hydrolysis, 654–656
AAC2 mechanism, 654
AAL1 mechanism, 656
BAC2 mechanism, 654
computational model for, 325–326
intramolecular catalysis of, 670–674
leaving group effects on, 655
mechanism of, 324–326, 654–656
nucleophilic catalysis of, 657
solvent effects on, 365–366
of tertiary alcohols, 656

rate of hydrolysis, 328
reactions with organometallic compounds, 678

effect of TMEDA, 678
ET (30), as measure of solvent polarity, 360
ethane

conformation of, 78–81, 142–143
electron density by Laplacian function,

93–94
rotational barrier in, 78–81

ethenamine
electron density distribution in, 73–74
electrostatic potential surface for, 73–74
MOs of, 47
resonance in, 22

ethene
electron density by Laplacian function, 93
MOs of, 39–42, 46–47
photocycloaddition with benzene

computational modeling of, 1136–1137
photodimerization of

computational modeling, 1109–1110
photoexcited states of, 1082–1083
reaction with ozone, 49–50
stabilization by substituents, 52
substituted

electron density distribution , 71–73
electrostatic potential surface , 74–75

ethers
allyl phenyl, sigmatropic rearrangement of,

934–935
allyl vinyl, sigmatropic rearrangement of,

273, 933
autoxidation, 1026
neighboring group participation, 421
�-halo, effect of hyperconjugation on reactivity,

84–85
ethylene, see ethene
ethyl radical

ESR spectrum of, 971
ethyne

electron density by Laplacian function, 93
excited states of

1,3-cyclohexadiene, 1106
benzaldehyde, 1118
ethene, 1082–1083
stilbene, 1085–1090
styrene, 1083–1085
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Felkin-Ahn model, 179, 234
for addition reactions with carbonyl compounds,

680
field effect, 338
Fischer projection formulas, 127
fluorescence, 1077
fluorination, see also halogenation

of alkenes
reagents for, 496

of aromatic compounds, 804
of hydrocarbons, 1023

fluoromethanol, conformation, 83
fluoromethylamine, conformation, 84
FMO, see frontier molecular orbital theory
formaldehyde

electron density distribution in, 59, 61, 70, 94
excited states of, 1116–1117
Fukui functions of, 99–100
MOs of, 43–46

formamide
electron density distribution in, 71
radical addition to alkenes, 1032–1033
resonance in, 62

formate anion
resonance in, 62

fragmentation reactions
photochemical, 1118
of radicals, 1013–1017

Frank-Condon principle, 1075
free energy

of activation, 254, 270, 271
of reaction, 253, 270

free radicals, see radicals
Friedel-Crafts acylation, 809–813

of naphthalene, 812–813
selectivity in, 812

Friedel-Crafts alkylation, 805–809
frontier molecular orbitals, 29, 43, 99

of cycloaddition reactions, 837, 844–847
of Diels-Alder reactions, 843–847
of electrocyclic reactions, 894–895
of electrophilic aromatic substitution, 783–784
of radical substituent effects, 1004–1006
in sigmatropic rearrangements, 912–915, 920

Frost’s circle, 31
Fukui functions, 97–100
fulvalenes, 755–757
fulvene, 754–755
functional groups, 2
furan

aromatic stabilization of, 758–759
electrophilic aromatic substitution of, 793–794

G2 MO method, 36
gauche, definition, 143–144

increments for in enthalpy calculation, 261
interactions

in butane, 144

in cis- and trans-decalin, 159
in cyclohexane derivatives, 154

general acid catalysis, 346
general base catalysis, 347
glyceraldehyde, as reference for configuration, 127

in radical reactions, 1037–1039
Grignard reagents, see magnesium
group transfer reactions, definition, 966

halides, see alkyl halides, aryl halides etc.
halogenation, see also bromination, chlorination

etc.
of alkenes, 485–497
of alkynes, 540–544

intermediates in, 542–543
aromatic, 800–804

reagents for, 803
of hydrocarbons by radical mechanisms,

1002–1004
halomethanes

atmospheric lifetimes of, table, 1060
radical addition reactions of, 1029–1031

to cyclooctene, 1041
reactions with hydroxyl radical, 1059–1062

correlation with global hardness, 1061–1062
relative reactivity of, 1029

halonium ions
computational comparison, 494–495

Hammett equation, 335–342
non-linear, 344
reaction constant for, 337

examples of, 340
substituent constant for, 337

table of, 339
Hammond’s postulate, 289–293

application in electrophilic aromatic substitution,
788

application in radical halogenation, 1021
hardness, definition, 14, 96

as an indicator of aromaticity, 720, 750
of metal ions, 14
of methyl halides, 16
principle of maximum hardness, 15–16
relationship to HOMO-LUMO gap, 15
in relation to electrophilic aromatic substitution,

794–795
hard-soft-acid-base theory, 14–17, 105

principle of maximum hardness, 15–16
in relation to nucleophilicity, 410

harmonic oscillator model for aromaticity, 718–719
heat of formation, see enthalpy of formation
hemiacetals, 640
heptafulvalene, 755–757
heptalene, 753
heptatrienyl anion, 740

electrocyclization of, 910
heteroaromatic compounds, 758–760

electrophilic aromatic substitution in, 793–794
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heterotopic, definition, 133
hex-5-enoyl radical rearrangement

energetics of, 1042–1043
2,4-hexadiene

photocyclization of, 1102
hexahelicene

chirality of, 130
hexamethylphosphoric triamide

effect on enolate alkylation, 616
effect on enolate composition, 596

1,3,5-hexatriene derivatives
electrocyclization reactions of, 895, 899–900

photochemical, 1106–1107
excited states

computational modeling of, 1142–1144
Hückel MO orbitals for, 29

5-hexenyl radical
cyclization of, 1009–1011

high performance liquid chromatography
in separation of enantiomers, 211–213

HMPA, see hexamethylphosphoric triamide
Hofmann-Loeffler reaction, 1040
Hofmann rule, 556
HOMA, see harmonic oscillator model for

aromaticity
HOMO, 15, 29, 44, 97

distribution, in relation to electrophilic aromatic
substitution, 783

homoaromaticity, 743–745
in cyclooctatrienyl cation, 743

homodesmotic reactions, 265–267
in estimation of aromatic stabilization, 716–717

HOMO-LUMO gap, 750
relationship to hardness, 15

homolytic bond cleavage, definition, 965
examples, 965

homotropilidene, see bicyclo[5.2.0]octa-3,5-diene
homotropylium ion, see cyclooctatrienyl cation
HPLC, see high performance liquid

chromatography
HSAB theory, see hard-soft acid-base theory
Hückel’s rule, 713, 738

application to charged rings, 742–743
Hückel MO Method, 27–32
hybridization, 4–7

in allene, 6
in cyclopropane, 85–86
effect on electronegativity of carbon, 12–13
effect on hydrocarbon acidity, 373, 376, 584–585
sp, 5
sp2, 5
sp3, 5

hydration
of alkenes, 474, 482–484
of carbonyl compounds, 329, 638–639

hydrazone, 646
mechanism of formation, 651

hydride affinity
of carbocation, 303
of carbonyl compound

table, 330
hydroboration, 521–526

electrophilic character of, 522
enantioselective, 529–531
mechanism of, 522
reagents for, 521, 524–525
regioselectivity of, table, 523
stereoselectivity, 187–188
steric effects in, 523

hydrocarbons, see also alkanes, alkenes, etc.
acidity of, 368–376, 579–587

computation of, 56–57, 586
effect of anion delocalization, 375
electrochemical determination of, 372, 584
gas phase, 585–586
hybridization effect on, 373, 376, 584–585
measurement of, 580–584
in relation to anion aromaticity, 740
table of, 371, 583

aromatic
fused ring systems, 745–758
hardness of, 750, 795
photochemical reactions of, 1134–1137
redox potentials for, 990
stability comparisons for, 715–718, 746–748

autoxidation of, 995
bond dissociation energies for, 1053
bond orders for, 77
bromination of

Bell-Evans-Polyani relationship for, 288
by free radical substitution, 1018–1020, 1022

computation of enthalpy of formation by MO
methods, 52

enthalpy of formation, table, 256
calculation by MO and DFT methods,

265–269
calculation using group equivalents, 29
relation to structure, 256

fluorination of, 1023
halogenation of

by radical substitution, 1018–1024
by tetrahalomethanes, 1003

octane numbers of, 454
polycyclic aromatic

aromaticity of, 749–751
electrophilic substitution of, 791–793

strained, bonding in, 87–89
hydrocracking, 454–456
hydrogenation, catalytic

catalysts for, 173–174
enantioselective, 189–193

of �, �-unsaturated carboxylic acids, 190
of �-amidoacrylic acids, 191–192

heterogeneous catalysis, 172
homogeneous catalysis, 172
mechanism of, 172, 174, 189–192
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stereoselectivity of, 170–176
substituent directive effects in, 171–176

hydrogen atom abstraction reactions, 1001–1004
by bromine atoms, 288
by t-butoxy radical, 289, 1022

interacting state model for, 1057–1058
effect of bond energies on, 1001
intramolecular, 1040–1041
photochemical, 1118–1121

intramolecular, 1122, 1123, 1126
reactivity-selectivity relationship for, 1002
structure-reactivity relationships for, 1056–1062

Bell-Evans-Polyani relationship for,
1056–1057

transition state, computational model for,
1058

hydrogen bonding
in enols, 605–606

hydrolases
epoxide, 224–227
mechanism of, 216–217
in resolution of enantiomers, 216–221

hydrolysis
of acetals, 641–645
of amides, 662–664
of enamines, 653
of enol ethers, 485
of esters, 654–658
of imines, 647–649
of vinyl ethers, 485

hydroxy group
directing effect in epoxidation, 194–197
directing effect in hydrogenation, 174–176
neighboring group participation by, 420–421

hydroxyl radical
reaction with halomethanes, 1059–1060

hyperconjugation, 22–24
of alkyl groups, 23
in amines, 315, 1054
anomeric effect, relation to, 230–231
in carbocations, 301, 305, 307, 429
in disubstitute methanes, 81–85
of heteroatoms, 81–85
in natural population analysis, 62
in radicals, 981–982
in regiochemistry of E1 reactions, 555–556
in relation to alkene conformation, 146–7
in relation to rotational barriers, 78–81
role in kinetic isotope effects, 333
role in substitution effects, 297–8

IA, see index of aromaticity
imidazole derivatives

in catalytic triad of enzymes, 675–676
intramolecular catalysis by, 671–672
N -acyl, 324

reactivity of, 664
nucleophilic catalysis by, 656

imines, 646
[2+2] cycloaddition reactions with ketenes,

891–892
configuration of, 121
equilibrium constants for formation, table, 646
hydrolysis of, 648–649
intramolecular catalysis of formation, 675
mechanism of formation, 646–650
pH-rate profile for formation and hydrolysis,

647–649
potential energy diagram for, 648–650

computation of, 648–650
indacene

stability of, 754
1-indanones, formation by Nazarov reaction, 909
index of aromaticity, 719
induced decomposition of peroxides, 977
inductive effect, 12, 338
intermediates

in reaction mechanisms, 253
internal return

in hydrocarbon deprotonation,
581–582

in nucleophilic substitution,
396–398

intersystem crossing, 1075
intrinsic barrier, in Marcus equation, 293
intrinsic reaction coordinate, 279

in computational modeling of chelation
control, 681

iodination, see also halogenation
of aromatic compounds, 804

iodohydrins
formation of, 492

ion pairs
in nucleophilic substitution, 395–398, 404

IP, see ionization potential
ionization potential, 9, 95
(Ipc)2BH, see diisopinocampheylborane
Ipso substitution, 778, 814–816
Ireland-Claisen rearrangement, 937–938

stereoselectivity of, 937
effect of solvent on, 937

isobenzofuran
as Diels-Alder diene, 760, 858, 864

isobutene
acid-catalyzed dimerization, 455

isodesmic reactions
definition, 51
for determining hydrocarbon stability, 265
for evaluation of carbonyl addition

intermediates, 329–330
for evaluation of stabilization of carbonyl

compounds, 320–321
isoindole

stability of, 760
isopinocampheylborane

hydroboration by, 530
isotope effects, see kinetic isotope effects
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isotopic labeling
in detection of internal return, 396–398
in hydrolysis of aspirin, 670–671
in racemization of benzhydryl p-nitrobenzoates,

396
in solvolysis of sulfonate esters, 395–396

kekulene, 735–736
ketenes

[2+2] cycloaddition reactions of, 835
intramolecular, 890–891
orbital array for, 888–889
stereoselectivity of, 890
transition structure for, 889

formation from acyl halides, 666
synthetic equivalents for in Diels-Alder reaction,

862
ketones, see also carbonyl compounds

acidity of, 592–593
acyclic

conformation of, 148–149
stereoselective reduction of, 179–182

addition reactions of, 629–632
alcohols, 640
hydride reducing agents, 176–181, 633–634
of organometallic reagents, 680–682

cyclic
relative reactivity of, 634–635
stereoselective reduction of, 176–179

enantioselective reduction of, 193–196
enolate formation from, 592–595

kinetic control of, 287, 595
stereoselectivity of, 597

enolization of, 601–608
equilibrium constants for, table, 604

hydration, 638–639
photochemical reactions of, 1116–1132

decarbonylation, 1120–1122
photoenolization, formation of

benzocyclobutenols by, 1120
type-II cleavage, 1122
�-cleavage, 1118, 1120–1122, 1124

reactions with organometallic compounds,
676–682

chelation in, 680–682
stereoselectivity of, 680–682

reduction of
electrostatic effects in, 238
polar effects on, 234–239

reductive photodimerization, 1119–1120
relative reactivity of, 633–634

towards NaBH4, 633
synthesis

by hydration of alkynes, 544
using organoboranes, 528

unsaturated
conformation of, 151–152
cyclic, photochemical reactions of, 1125–1129

photochemical cycloaddition reactions,
1125–1126

photochemical deconjugation of, 1124
ketyl radicals, 991
kinetic acidity, 581
kinetic control of product composition, 285–287

of enolate formation, 287
kinetic isotope effect, 332–335

in benzylic bromination, 1021–1022
determination of, 334–335
in diazonium coupling, 814
in Diels-Alder reaction, 851
in electrophilic aromatic substitution, 777

bromination, 803
table of, 790

in elimination reactions, 552
examples of, 334
primary, 332–333
secondary, 333
solvent, 347

kinetics
of chain reactions, 992–995
integrated rate expressions, 280–285
Michaelis-Menten, 140
rate expressions

for addition of hydrogen halides to alkenes,
478

for aldol reactions, 284–285, 685
aromatic chlorination, 801
for bromination of alkenes, 486
chain reactions, 993–994
examples of, 283–285
for Friedel-Crafts acylation, 811
for Friedel-Crafts alkylation, 805–806
for nitration, 796–797
for nucleophilic substitution, 391, 393–394

reaction order, 280
steady state approximation, 282, 993

Kohn-Sham equation, 54

�-lactams, see azetidinones
lactones

formation by 8-endo cyclization, 1014
ring size effect in formation, 422

lanthanides
as chiral shift reagents, 208–209

Laplacian representation of electron density, 92–94
in cyclopropane, 86–87

LCAO, see linear combination of atomic orbitals
leaving groups

in aromatic nucleophilic substitution, 817–819
in elimination reactions, 558
in nucleophilic substitution

reactivity of, 413–415
table of, 414, 415

in relation to enolate alkylation, 614–615
Lewis acids

as catalysts, 355–358
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in 1,3-dipolar cycloaddition, 886–888
in aromatic nitration, 797
in Diels-Alder reactions, 848–850
in radical cyclization, 1013, 1039

chelation of, 354–355
effect on carbonyl 13C chemical shfts, 357
empirical measures of, 357–358
in Friedel-Crafts acylation reaction, 809–813
in Friedel-Crafts alkylation reaction, 805–809
hardness and softness of, 354
interaction with carbonyl compounds, 323
metal ions as, 354
relative strength of, 357–358

linear combination of atomic orbitals, definition
of, 26

linear free energy relationships, 298, 335–343
application of in characterization of mechanisms,

343–344
Linnett structures, 8

of radicals, 313, 315–318, 968, 987
lipases, see also enzymes

from Pseudomonas, 220–221
kinetic resolution by, 141, 216–221
porcine pancreatic lipase

in resolution of enantiomers, 219–220
selectivity model for, 219–220

lithium
hexamethyldisilylamide

as a strong base, 592
organolithium compounds

addition to carbonyl compounds, 676–682
kinetics of addition reactions, 677–679
structure of, 588–591

localization energy
for electrophilic aromatic substitution, 782
for polycyclic hydrocarbons, 791

lumiketone rearrangement, 1127–1128
orbital array for, 1128
stereochemistry of, 1128

LUMO, 15, 29, 44, 97
of alkenes, correlation with radical addition

rates, 1005
distribution of 1-methylcyclohexyl cation, 431

magic acid, 436
magnesium, organo- compounds of

addition to carbonyl compounds, 676–682
magnetic anisotropy, see also ring current

as a criterion of aromaticity, 720
magnetic susceptibility

as a criterion of aromaticity, 722
malonate anions

�-halo, cyclization of, 422
Marcus equation, 293–296

application to Cope rearrangement, 936
McConnell equation, 971
Meisenheimer complexes, 819
mercuration, see oxymercuration

mercurinium ion
as intermediate in oxymercuration, 517, 536

mercury, organo compounds of
elimination reactions of, 565–566
formation by addition reactions, 515–520

mero stabilization, see capto-dative stabilization
MESP, see molecular electrostatic potential
metal ions

as catalysts for Diels-Alder reactions, 850
hardness of, 14
role in hydride reductions of ketones, 181

methane
derivatives, hyperconjugation in, 81–85
Laplacian representation of electron density, 92
MOs of, 37–39

methanol
rotational barrier of, 81

methoxide ion
electron density in, 68–69

methyl acrylate
as dienophile, transition structures for, 853–854

methylamine
rotational barrier of, 81

methyl anion
electron distribution in, 308
structure of, 308
substituent effects on stability, 310

methyl cation
electron density of, 65
substituent effects on stability, 304

methyl derivatives
electron distribution of by AIM method, table, 69
halides, hardness of, 16
of second row elements, electron population

in, 61
methyl radical

structure of, 311, 980–981
Michaelis-Menten kinetics, 140
microscopic reversibility, 275–276, 475

non-applicability in photochemical reactions,
1100

MM, see molecular mechanics
MNDO MO method, 32
Mobius topology

in relation to aromaticity, 736–737
in transition structures for

[2 + 2]-photocycloaddition of alkenes, 1098
1,7 hydrogen shift in trienes, 914, 918
cyclohexadienone photorearrangement,

1131–1132
di-�-methane photorearrangement, 1113

molecular electrostatic potential
CHELPG method for calculation, 73
as a criterion of aromaticity, 722–723
for representation of electron density, 73–76

of 1,3-butadiene, 73–74
of carbonyl compounds, 323
of ethenamine, 73–74
of propenal, 73–74
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molecular graph, 63–64
of alkanes, 64

molecular mechanics, 166–169
calculation of enthalpy of formation using,

263–264
composite calculations with MO/DFT,

169
molecular orbitals

of 1,3-butadiene, 46–47
of aromatic compounds, 31–32
of cyclopropane, 85–86
of ethenamine, 46–47
of ethene, 39–42, 46–47
of formaldehyde, 43–46
frontier, 29, 44
Hückel, 27–32
of methane, 37–39
pictorial representation of, 35–41
of polyenes, 27–30
of propenal, 46–47
reactive hybrid orbitals, 784
symmetry adapted, 837–838
symmetry of, 35–37

molecular orbital theory, see MO theory
molecular structure

computation by DFT methods, 55–56
computation by MO methods, 51

molecular symmetry
center of, 132
of cycloalkanes, 133
meso compounds, 131–134
plane of, 131
relationship to chirality, 131–133

More O’Ferrall diagram, see potential energy
diagram, two-dimensional

Mosher reagent, 209
MO theory, 26–54

ab initio methods, 32–35
characteristics of, summary, 36

application of, 41–54
in electrophilic aromatic substitution,

780–782
computation of enthalpy of formation of

hydrocarbons, 52, 264–269
computation of structure by, 51
Hückel, 27–32
numerical applications, 50–54
perturbational, 41–50
pictorial representation, 35–41
PMO theory, see MO theory, perturbational
qualitative application, 41–50
semi-empirical methods, 32
solvation treatment in, 50–51

Mulliken electronegativity, 9, 95
correlation with acidity of carboxylic

acids, 105
Mulliken population analysis, 60–61

N�N -dimethylformamide
As solvent, 363, 411–412

naphthalene
bond lengths, 18, 751
as a Diels-Alder diene, 858–859
Friedel-Crafts acylation of, 812–813
proton exchange in, 792
radical anion of, 990

natural bond orbitals, 61–62
natural population analysis, 61–62
Nazarov reaction, 908–909
NB-Enantride©

in enantioselective reduction of ketones, 193
NEER, see nonequilibrium of excited rotamers
neighboring group participation, 419–425

by acetoxy groups, 419–420
by alkoxy groups, 421
by aryl groups, 423–425
by carbon-carbon double bonds, 422–423
by hydroxy group, 420–421
ring size effects on, 421–422

Newman projection formulas, 128
N -fluoro-N�N -dimethylamine, conformation, 84
N -haloamides

radical reactions of, 1040
N -hydroxyphthalimide

in polarity reversal catalysis of radical addition,
1034

N -hydroxypyridine-2-thione
acyl derivatives as radical sources, 979

NICS, see nucleus independent chemical shift
nitration, aromatic, 796–800

computational modeling of, 799–800
electron transfer mechanism for, 799
isomer distribution for substituted benzenes,

table, 786
Lewis acid catalysis of, 797
mechanism of, 796, 799–800
reagents for, 797

nitrile imines
as 1,3-dipoles, 875
frontier orbitals of, 880–881

nitrile oxides
as 1,3-dipoles, 875
frontier orbitals of, 880–881

nitrile ylides
as 1,3-dipoles, 875

substituent effects on, 882–883
frontier orbitals of, 880–881

nitro compounds
acidity of, 597
in aromatic nucleophilic substitution,

817–820
reductive denitration by thiolates, 1048
in SRN 1 substitution reactions, 1045–1048

examples of, 1049
nitroethene

as dienophile and ketene synthetic equivalent,
862
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nitrogen, molecular
electron density by Laplacian function, 94

nitronates, 591
SRN 1 substitution reactions, 1045–1048

nitrones
as 1,3-dipoles, 875
frontier orbitals of, 880–881

nitronium ion
role in electrophilic aromatic substitution, 776

nitroxide radicals
formation by spin trapping, 973
stability of, 968

NMR spectra
17O chemical shifts in carbonyl compounds, 322
aromaticity, in relation to, 720–722
calculation by MP2–GIAO, 431, 437
in characterization of carbocations, 436–438

norbornyl cation, 449–450
in determining enantiomeric purity, 208–211

chiral additive for, 209
in determining kinetic acidity of hydrocarbons,

370, 581
diastereotopicity in, 134–135
in monitoring enolization, 602–603
in relation to conformational equilibria, 154–155

N -Nitrosoanilides
as a source of aryl radicals, 979

nonactin
chirality of, 132

nonclassical carbocations, see carbocations, bridged
nonequilibrium of exicited rotamers, 1078
nonradiative decay, 1076
nonsteroidal anti-inflammation drugs

enantioselective synthesis of, 203
norbornanones

stereoselective hydride reduction,
177–178

norbornene
addition reactions of

with hydrogen halides, 481–482
with phenylselenenyl chloride, 502
with polyhalomethanes, 1030

photoreactions of, 1095–1096
norbornyl cation, see also carbocations

formation of, 422
in solvolysis reactions, 447–448
structure of, 448–452

NSAIDS, see nonsteroidal anti-inflammation drugs
nucleophilic aromatic substitution

addition-elimination mechanism, 817–821
computational modeling of, 818
elimination-addition mechanism, 821–824
leaving groups in, 819
mechanisms for, 816–817
nucleophiles for, 819
vicarious, 820–821

nucleophilic catalysis
in ester hydrolysis, 657
in esterificatiion, 665

nucleophilicity
characteristics of, 407–411
measurement of, 408–409
relations to hardness, softness, 410–411

table of, 411
solvent effects on, 411–413

nucleophilic substitution
adamantyl derivatives in, 402, 412–413, 416
borderline mechanisms, 395–402
carbocation intermediates in, 391–393
in competition with elimination, 437–439
conjugation, effect on, 427–29
direct displacement (SN 2) mechanism, 393–5

MO interpretation, 393–394
rate expression for, 393–394

examples of, 389
ionization (SN 1) mechanism, 391–393

rate expression for, 391
ion pairs in, 395–398, 404
leaving groups in, 413–415

table, 414, 415
mechanisms of, 389–391
solvent effects, 392–393, 401, 411–413
solvolysis, 389, 395
stereochemistry of, 403–405, 406–407
steric effects in, 415–417
substituent effects on, 418–419

nucleus independent chemical shift
as an indicator of transition state aromaticity, 851
as a criterion of aromaticity, 721
of polycyclic arenes, 750

octet rule, 3
1,3,5-octatriene

1,7-sigmatropic hydrogen shift in, 917–918
2,4,6-octatriene

photocyclization of, 1106
optical activity, definition, 123
optical purity, see enantiomeric excess
optical rotatory dispersion, 124–125
orbital correlation diagram

for [2+4] cycloaddition, 837–838
for electrocyclic reactions, 895–897
for photochemical addition of alkenes, 1098
for photochemical electrocyclic reactions, 1100

orbitals, see molecular orbitals
ORD, see optical rotatory dispersion
organolithium compounds, see lithium
organomercury compounds, see mercury
organometallic compounds

addition to carbonyl compounds, 676–682
electron transfer mechanism for, 679

carbanion character of, 588–591
substitution reactions of, 609–611

examples, 610
mechanism of, 609–611

osmium tetroxide
as catalyst for dihydroxylation of alkenes,

200–203
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oxadi-�-methane rearrangement, 1129
oxazaborolidines

as catalysts for
aldol reaction, 695–696
Diels-Alder reaction, 867–868
enantioselective reduction of ketones, 194–196

computational model for, 196
oxazolidinones

boron enolates of, 694–695
as chiral auxiliaries, 207–208, 694–695

for Diels-Alder reactions, 866
2-oxo-5-hexenyl radical

cyclization in comparison with 5–hexenyl
radical, 1010–1012

oximes, 646, 651
configuration of, 121
formation of, 651–653

catalysis of, 653
pH-rate profiles for, 651–652

stability of, 651
oxy-Cope rearrangement, 931–932

anionic, 932
origin of rate acceleration in, 932

transition structure for, 933
oxygen

origin of paramagnetism, 7
reaction with radicals, 1024–1026

oxymercuration
of alkenes, 515–520

reagents for, 515
relative rate for, 516
stereochemistry of, 517–518
substituent effects in, 518–520

ozone
MOs of, 49
reaction with ethene, 49–50

PA, see proton affinity
pantolactone

as chiral auxiliary for Diels-Alder reaction,
865–866

partial rate factors
for electrophilic aromatic substitution, 786–787

bromination, 802
hydrogen exchange, 804–805
nitration, 798
table of, 788

Paterno-Buchi reaction, 1132–1134
regiochemistry of, 1132–1133

Pauli exclusion principle, 7, 35
in relation to rotational barriers, 78–81

1,3-pentadiene
photoproducts from, 1101–1102

1,4-pentadiene
1,1,5,5–tetraphenyl, photoproducts from, 1114
1,5-diphenyl, photoproducts from, 1114

pentafulvalene, 755–757
pentalene, 753

3-pentanone
conformation of, 149

4-pentenyl radical
cyclization of, 1012

pericyclic reactions, see concerted pericyclic
reactions

peroxides
as radical sources, 976–978

peroxycarboxylic acids
epoxidation of alkenes by, 504–506

peroxy esters
as radical sources, 977
structural effects on rate of decomposition,

1015–1016
perturbational molecular orbital theory,

41–50
phase transfer catalysts

effect on nucleophilicity, 363–364
phenalene

anion, 757
cation, 757
Hückel MO diagram for, 757

phenanthrene, 749
electrophilic aromatic substitution in, 793

phenols
solvent effect on alkylation, 368

phenonium ion, 423–425
structure of, 425

phenyl cation, 436, 817
phosphines

BPE, 192
chirality of, 129
chiraphos, 192
DIPAMP, 192
DuPHOS, 192
as ligand in enantioselective hydrogenation,

190–192
phosphorescence, 1077
phosphorus-containing groups

carbanion stabilization by, 599
ylides, 599–600

photochemical reactions, see also photoexcitation
adiabatic and diabatic transitions, 1075
alkene photocycloaddition, 1109–1111
alkene photoisomerization, 1081–1090

of 1,3-butadienes, 1096–1097
of ethene, 1082–1083
of stilbene, 1085–1090
of styrene, 1083–1085

conical intersection, definition, 1080
of cyclic alkenes, 1094–6
cycloaddition of alkenes

computational modeling of, 1109–1110
with aromatic compounds, 1136–1137

of dienes, 1100–1104
computational modeling of, 1137–1145

di-�-methane rearrangement, 1112–1116
conical intersection, computational model,

1113–1114
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mechanism of, 1112–1115
stereochemistry of, 1113

electrocyclic reactions, 1099–1100
fluorescence, 1077
Frank-Condon principle, 1075
general principles, 1073–1080
internal conversion, 1076
intersystem crossing, 1075
nonequilibrium of excited rotamers (NEER),

1078
nonradiative decay, 1076
orbital symmetry considerations for,

1097–1100
phosphorescence, 1077
potential energy diagram for, 1079
quantum yield, 1077
quenching, 1077
Rydberg states, 1073
singlet excited states, 1073
Stern-Volmer plot, 1078
triplet excited states, 1073

photoexcitation, see also photosensitization
of 1,3-cyclohexadiene, 1106
energy equivalence of, 1074
of ethene, 1082–1083
schematic potential energy diagram for, 1076
of stilbene, 1085–1090
of styrene, 1083–1085
of trienes, 1106–1108

photosensitization, 1076–1077
of 1,3-butadiene dimerization, 1103–1104
mechanism of, 1077
of stilbene photoisomerization, 1087–1088

pH-rate profiles, 350–353
for hydrolysis of 2,2-dimethyloxirane, 512
for hydrolysis of salicylic acid acetals, 669
for hydrolysis of salicylic acid esters, 670
for imine formation and hydrolysis, 647–649
for oxime formation, 649–650

picene, 749
pinacol borane

hydroboration by, 525
Pirkle alcohol, see

2,2,2-trifluoro-1-(9-anthryl)ethanol
PM3 MO method, 32
PMO theory, see perturbation molecular orbital

theory
polarity reversal catalysis, 1034
polarizability, 14–18

correlation with softness, 96
polycyclic aromatic hydrocarbons, 745–758

as Diels-Alder dienes, 748–749, 857
electrophilic aromatic substitution in, 791–793
redox potentials for, table, 990

polyenes
cyclic

Hückel MO diagrams for, 30, 713
stability criteria for, 747–748

cycloaddition reactions of, 836

Hückel MO diagrams for, 28
as a reference for aromatic stabilization, 716,

747–748
porcine pancreatic lipase, 219–221
potassium

hexamethyldisilylamide, as a strong base, 592
potential energy diagrams

for 1,3-butadiene photoexcitation, 1102
for alkene photoisomerization, 1093
for carbonyl addition reactions, 631
for cyclohexadiene photoreactions, 1106
for cyclohexene photoreactions, 1095
for electrophilic aromatic substitution, 791
for elimination reactions, 550–551
for hex-5-enoyl radical cyclization, 1043
for hydration of alkenes, 475
for hydrolysis of methyl acetate, 324–326
for imine formation and hydrolysis, 648–650
for nucleophilic substitution, 391, 394, 399–400
for a photochemical reaction, 1079
for rearrangement of 2-butyl cation, 442
for rearrangement of 3-methyl-2-butyl cation,

445
relation to Hammond’s postulate, 290
relation to reaction mechanism, 274–276
relation to transition state theory, 263–64,

273–280
for stilbene excited states, 1088, 1090
for styrene excited states, 1085
three-dimensional, 277–279
two-dimensional, 276–277

acetal hydrolysis, 643
Cope rearrangement, 928
elimination reactions, 550–551
nucleophilic addition to carbonyl groups, 631
nucleophilic substitution, 401

PPL, see porcine pancreatic lipase
priority rules, see Cahn-Ingold-Prelog priority rules
prochiral centers, definition, 133
projection formulas

Fischer, 127
Newman, 128

prop-2-en-1-one
1-aryl, cyclization by strong acid, 909

[1.1.1]propellane, 87–88
reactivity of, 90–91
structure of, 89

propenal
3-methyl, BF3 complex, structure of, 849
conformation of, 148–149, 151
as dienophile, transition structures for, 853–854
electron density distribution in, 21, 48, 60, 74
electrostatic potential surface for, 73–74
resonance in, 20–21

propene
acidity of, 583
conformation of, 147
electron density distribution in, 22
hyperconjugation in, 22–23
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proteases
in resolution of enantiomers, 222–224

proton affinity
of hydrocarbon anions, 374–375

proton transfer
in acetal hydrolysis, 644
in carbonyl addition reactions, 630

pseudorotation
in relation to cyclopentane conformations, 163

pyrans
formation by electrocyclization, 910–911

pyridine derivatives
aromaticity of, 758
dihydro by electrocyclization, 910–911
electrophilic aromatic substitution of, 794
nucleophilic aromatic substitution of, 820

2-pyridone
catalysis of carbohydrate anomerization, 674
catalysis of ester aminolysis by, 661–662,

673–674
pyrrole

aromatic stabilization of, 758–760
electrophilic aromatic substitution of, 793–794

quantum yield, 1077
quenching, 1077
quinodimethanes

as Diels-Alder dienes, 857, 864
quinoline alkaloids

as chiral shift additives, 210
DHQ, 200
DHQD, 200
as ligands in alkene dihydroxylation, 200–203

racemate, see racemic mixture
racemic mixture

properties of, 123–124
racemization

of allylic sulfoxides, 940
during nucleophilic substitution, 396, 398
during radical reactions, 983–984
ofE-cyclooctene, 131

radical anions, 988
from naphthalene, 990
in SRN 1 substitution, 1045–1052

radical cations, 988
radical reactions

addition reactions
of aldehydes, 1031, 1034
comparison of, by computation, 1007–1008
examples of, 1033–1036
of halomethanes, 1029–1031, 1036, 1041
of hydrogen halides, 1026–1028
rates of, 1004–1008
substituent effects on, 1004–1006

atom transfer, 966
chain length, 965
cyclization, 1008–1013

8-endo cyclization to lactones, 1013–1014
atom and group transfer reactions in,

1037–1039
computational modeling, 1010–1012
rates of, 1008–1013
regiochemistry in relation to ring size,

1009–1010
stereoelectronic effects on, 1009–1010

disproportionation, 966
group transfer reactions, 1037–1039
halogenation, 1002–1004, 1018–1024

energetics of, 1018–1020
selectivity of, 1019–1020
substituent effects on, 1003–1004

hydrogen atom abstraction, 1001–1004
inhibitors for, 994–5
initiation, 965
iodine atom transfer, 1037–1038
kinetics of, 992–995
propagation, 965
rates of, 995–1000

competition methods for, 995–996
table of, 997–1000

rearrangement, 1041–1044
of cyclopent-2-enylmethyl radical, 1044
examples, 1044
of hex-5-enoyl radical, 1042–1043

selenyl group transfer reactions, 1037–1039
Lewis acid catalysis of, 1039

spin trapping of, 973
stereochemistry of, 983–986

examples of, 983
substitution by SRN 1 processes, 1044–1052

mechanisms for, 1044–1045
of nitro compounds, 1045–1048

termination, 965
with oxygen, 1023–1026
�-scission, 966–7, 1013

radicals, see also alkyl, aryl, vinyl etc.
9-decalyloxy

fragmentation of, 1016
acyl

decarbonylation of, 967, 1017
acyloxy

decarboxylation of, 967
alkoxyl

formation from alkyl hypochlorites, 1015
alkyl

disproportionation, 966
allyl

resonance of, 312–313
subtituent effects on, 985–987

bridgehead, 984–985
ESR parameters for, 985

capto-dative, 316, 987–988
examples, 989

charged, 988–992
cyclization of unsaturated, 1008–1013,

1037–1039



1195

Index

cyclohexyl
structure of, 984

delocalized, 312–313
detection of, 966–976

by CIDNP, 974–975
by ESR spectroscopy, 970–971
by spin trapping, 973

electrophilic versus nucleophilic character of,
1004

frontier MO interpretation of, 1004–1006
generation of, 976–80

from azo compounds, 978–979
from boranes, 979
from N -acyloxypyridine-2-thiones,

979–980
from N -nitrosoacetanilides, 979
from peroxides, 976–978

group transfer reactions of, 1037–1039
halogen bridging in, 1028
hybridization of, 311
long-lived, 968–970

examples of, 969
methyl, 967

structure of, 980–981
nitroxide, 968, 973
persistent, 968
reaction with oxygen, 1023
rearrangements of, 1041–1044

of acyl groups, 1042
of aryl groups, 1042–1043
of cyano groups, 1042–1043
hex-5-enoyl radical, 1042–1043
of vinyl groups, 1042

stabilization of, 312–313, 317, 1052–1055
structure of, 311, 980–982
substituent effects on, 317–318

table, 317, 1055
trifluoromethyl

structure of, 981–982
triphenylmethyl, 967
unsaturated, cyclization of, 1008–1013,

1037–1039
vinyl, 986
�-amino, 315

radical stabilization energy, definition, 314
relation to bond dissociation energy, 312–313,

317, 1052–1055
table, 315, 1055

rate determining step, 276
RE, see resonance energy
reaction constant, in Hammett equation, 338

for electrophilic aromatic substitution, 790
table of, 341

reaction cube, see potential energy diagram,
three-dimensional

reaction rates, see also kinetics
relation to thermodynamic stability, 285–287

reactivity-selectivity relationships
for electrophilic aromatic substitution, 787–791

rearrangements
of carbocations, 440–447
during addition of hydrogen chloride to alkenes,

448–450
during chlorination of alkenes, 494
of radicals, 1041–1044

refractive index
relationship to polarizability, 17

regioselective, definition, 476
resolution of enatiomers, 136–141

chromatographic, 137
dynamic, 215
enzymatic, 215–227

by epoxide hydrolases, 225–226
selectivity in, 140–141

kinetic, 138–141
chemical, 139
enzymatic, 140–141

resolving agents
examples of, 136–137

resonance, 18–22
in 1,3-butadiene, 20, 62
in allyl radicals, 312–313
in amides, 320–322
in benzene, 18, 62
in carbocations, 22, 433
in carbonyl compounds, evaluation of, 320–321
in enamines, 22
in formamide, 62
in formate anion, 62
in naphthalene, 18
natural bond orbital representation, 62
in propenal, 20–21
in substituent effects, role of, 297–298
in vinyl ethers, 21–22

resonance energy, definition, 19
as a criterion of aromaticity, 715–716

ring current
as an indicator of aromaticity, 720

rotational barriers, definition, 143
in butane, 79–80
in ethane, 78–79
origin of, 78–81

Rydberg excited states, 1073
of ethene, 1082

salicylic acid
acetals of

hydrolysis, 668–669
acetate ester (aspirin), 352–353
esters, hydrolysis of

leaving group effects, 671
mechanism, 669–671
pH-rate profile for, 670

SCF, see self-consistent field
Schrödinger equation, 26
selectivity

in aromatic electrophilic substitution, 787–791
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selenenylation
of alkenes, 500–503

regioselectivity of, 502
self-consistent electronic field, definition, 26, 32
semicarbazones, 646

mechanism of formation, 652
semidiones, 991–992
semiquinones, 991
sequence rule, see Cahn-Ingold Prelog rules
Sharpless asymmetric epoxidation, 196–199

computational model for, 198–199
double stereodifferentiation in, 207

[2,3]-sigmatropic rearrangements, 939–945
of allylic selenoxides, 941
of allylic sulfoxides, 940–941
aza-Wittig, 944
examples of, 940
ofN -allyl amine oxides, 941
transition structures for, 939–940
Wittig, of allylic ethers, 943–944

stereoselectivity of, 945
[3,3]-sigmatropic rearrangements, 919–939

of allyl vinyl ether, 933
Marcus theory treatment of, 936
remote substituent effects, 938
stereochemistry of, 935

of amide acetals, 938
Claisen rearrangements, 933–937

of allyl aryl ethers, 934–935
Cope rearrangement, 920–31

activation energy for, 920
of barbaralane, 931
of bullvalene, 930–931
chair versus boat transition structure for, 923
computational modeling of, 926–927
cyano substituents, effect on, 927
of divinylcyclopropane, 929
effect of strain on, 928
More-O’Ferrall-Jencks diagram for, 928
of semibullvalene, 931
stereochemistry of, 922–923
substituent effects on, 924–928

examples of, 921
Ireland-Claisen rearrangement, 937–938

stereoselectivity of, 937
of O-allyl imidate esters, 938
oxy-Cope rearrangement, 931–932
transition structures for, 920

sigmatropic rearrangements, 911–945
of alkyl groups, 914–916

stereochemistry of, 914–915
antarafacial versus suprafacial, 914–915
classification of, 911–912
in equilibrium of precalciferol and calciferol, 919
as example of concerted pericyclic reactions, 934
examples of, 913

for hydrogen and alkyl group shifts, 916–919
of hydrogen, 912–914

summary of thermodynamics, 919

orbital symmetry selection rules for, 912
transition structures

computational models of, 915–916
silanes

allyl
electrophilic substitution reactions of, 568

aryl
electrophilic substitution of, 815–816

�-halo
elimination reactions of, 566

�-hydroxy
elimination reactions of, 566–568

silyl substituent groups
stabilization of carbocations by, 299, 307
steric effects in enolate alkylation, 618–619

sodium
hexamethyldisilylamide, as a strong base, 592

softness, definition, 14, 96
in regioselectivity of Diels-Alder reaction,

947–949
relation to nucleophilicity, 410–411

solvent effects, 359–362
on acidity of carboxylic acids, 53
on anomeric equilibria, 228–232
on elimination reactions, 554
empirical measures of, 360–361
on enolate alkylation, 615
on enolate composition, 596, 937
examples of, 362–368
in MO theory, 50–51
on SN 1 substitution, 392–393
on solvolysis of t-butyl chloride, 361

solvent isotope effect, 347
in acetal hydrolysis, 641

solvents
dielectric constant of, table, 359
dipolar aprotic

effect on nucleophilicity, 363
dipole moment of, table, 359

solvolysis, 389, 395
SOMO, 313

substituent effects on, 313–314, 1004–1006
specific acid catalysis, 346–347

in acetal hydrolysis, 641
specific base catalysis, 347
specific rotation, definition, 123
spin trapping, 973
spiro[2.2]pentane, 87–88
spiro compounds

chirality of, 130
stacking, � −� of aromatic ring

in enantioselective oxidation of alkenes, 202
staggered, definition, 142
stannanes

allyl
electrophilic substitution reactions of, 568

aryl
electrophilic substitution reactions of, 816

stannic chloride, see tin tetrachloride
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stannyl groups
stabilization of carbocations by, 307

steady state approximation, 282
stereoelectronic effect

hyperconjugation, 24
on radical cyclization reactions, 1009–1010

computational modeling of, 1010–1012
on stability of reaction intermediates, 297–298

stereoisomer, definition, 117
stereoselective reactions

1,3-dipolar cycloaddition, 878–879
catalytic hydrogenation, 170–176
Diels-Alder reaction, 839–842
enolate alkylation, 615–619
examples of, 170–182
hydride reduction of ketones, 176–179
hydroboration, 188, 524–525
nucleophilic addition to acyclic ketones, 179–182

stereoselectivity, 119, 169
stereospecificity, 169
stereospecific reactions

1,3–dipolar cycloaddition, 877–8
bromination of alkenes, 183–185
Diels-Alder reaction, 839–840
examples of, 183–188

steric approach control, definition, 177
in additions to acyclic ketones, 180
in hydride reduction of cyclic ketones, 177–178

steric effects
in Diels-Alder reactions, 843
in enolate alkylation, 615–619
in Friedel-Crafts acylation, 812
in nucleophilic substitution, 415–417
on reactivity, 297
on regiochemistry of elimination reactions,

562–563
stilbene

E and Z isomers
absorption spectra, 1087
ground state structure, 1086

photocyclization of, 1091
photoisomerization of, 1085–1090
rotational energy profile for excited states, 1090

strain
1,3-allylic, 147
in cycloalkanes, 86–88, 161–166
from molecular mechanics, 167–168
torsional, 143, 153
van der Waals, 78, 143–144, 154

styrene and derivatives
excited states of, 1083–1085
hydration reactions of, 482–483
reactivity toward selenenylation, 501

substituent constants, Hammett, 338–339
table, 340

substituent effects
on [3,3]-sigmatropic rearrangements, 924–927,

932, 937
on carbanion stability, 309–311, 591–594

on carbocation stability, 304–305,
432–434

comparison of gas phase and solution phase,
344

DFT formulation of, 100–105
in Diels-Alder reactions, 843–848
directive, in catalytic hydrogenation,

171–176
in electrophilic aromatic substitution,

779–787
on nucleophilic substitution, 418–419
on radical reactivity, 1004–1007
on radical stability, 311–318, 986–988
on reaction intermediates, 297–299

substituent groups
electronegativity of, table, 103, 260
hardness of, table, 102

subtilisin
enzymatic resolution by, 141, 222

sulfenylation of alkenes, 497–500
regioselectivity of, 499

sulfides
as nucleophiles in SRN 1 reactions, 1050

sulfinyl substituents, 299
sulfonate groups

internal return in solvolysis, 397–398
as leaving groups in nucleophilic substitution,

413–414
sulfones

vinyl as dienophiles and synthetic equivalents,
862–863

sulfonium ylides
allylic, [2,3]-sigmatropic rearrangement of, 942

sulfonyl group
effect on cyclization of 5-hexenyl radical, 1012
substiuent effect of, 299

sulfoxides
acidity of, 589
allylic

2,3-sigmatropic rearrangement of, 940
chirality of, 129
vinyl, as dienophiles, 863

sulfuranes
as intermediates in sulfenylation of alkenes, 498

sulfur-containing groups
carbanion stabilization by, 599
ylides, 600–601

sultams
camphor, as chiral auxiliaries, 207–208

suprafacial, definition, 911–912
symmetry, see orbital symmetry, molecular

symmetry
synchronicity

of 1,3-dipolar cycloadditions, 882
definition, 852
of Diels-Alder reaction, 852

synthetic equivalent, definition, 862
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TADDOLS, see
tetraaryl-1,3-dioxolane-4,5-dimethanols

tartrate esters
as chiral ligands for enantioselective

epoxidation, 197–199
termination, in radical reactions, 965, 992–994
tetraaryl-1,3-dioxolane-4,5-dimethanols derivatives

as enantioselective catalysts
for 1,3-dipolar cycloaddition, 868
for Diels-Alder reactions, 888

tetrabromomethane, see halomethanes
tetrahedral intermediate

in ester aminolysis, 660–661
in imine formation and hydrolysis,

646–650
in reactions of carbonyl compounds,

325–331, 630
tetrahydropyrans

anomeric effect in, 228–232
radical conformation, 984

tetramethylethylenediamine (TMEDA)
affect on organolithium compounds, 589–590

in reactions with esters, 678
thermodynamic control of product composition,

285–287
in aldol addition, 690

thermodynamic stability, 253–270
thexylborane

formation of, 188
hydroboration by, 524

thiiranium ions
as intermediates in sulfenylation of alkenes, 498

thiophene
aromatic stabilization of, 758–759
electrophilic aromatic substitution of,

793–794
three electron bond

in radicals, 313, 315, 316, 318
tin tetrachloride

as Lewis acid catalyst, 354–355
titanium tetrachloride

as Lewis acid catalyst, 354–355, 849
in enantioselective Diels-Alder reactions,

865–866
TMEDA, see tetramethylethylenediamine
torsional barrier, see rotational barrier
torsional effects

in enolate alkylation, 617
torsional strain, see strain, torsional
transition state, definition, 253
transition state theory, 270–272
transition structure

computational characterization of, 279–80
definition, 270

triafulvene, 754–757
tricyclo[3.1.0.02�6]hex-3-ene, from photolysis of

benzene, 1134
1,3,5-trienes

electrocyclic reactions of, 893–894

heteroatom analogs of, electrocyclization,
910–911

photochemical reactions, 1106–1107
triflate, see trifluoromethanesulfonate
2,2,2-trifluoro-1-(9-anthryl)ethanol

as chiral additive for NMR spectra, 210
trifluoroacetic acid, addition to alkenes,

484–485
trifluoroethanol, as solvent, 368, 412
trifluoromethanesulfonic acid, addition to

alkenes, 484
trifluoromethylsulfonate, as leaving group,

413–414
triphenylmethyl cation, 426–427
triphenylmethyl radical, 967
triplet state, 1073, 1076–1077
tropylium ion, see cycloheptatrienyl cation

valence, 2
valence bond theory, 3
valence shell electron pair repulsion, 7
valence tautomerism, definition, 905
van der Waals radii, 24–26

definition within DFT, 97
table of, 26

van der Waals strain
in cyclohexane derivatives, 154
in relation to butane conformation, 143–144
in relation to rotational barriers, 78–80

vicarious nucleophilic aromatic substitution,
820–821

vinyl amines, see enamines, ethenamine
vinyl cations, 301, 435–436
vinylcyclopropane

thermal rearrangement of, 929
vinyl ethers

cycloaddition with diazomethane, 880–882
hydrolysis of, 485
resonance in, 21–22

vinyl radicals
structure of, 985–986
substituent effects on, 985–986

VSEPR, see valence shell electron pair repulsion

water
effect on mechanism of imine formation,

648–650
Laplacian of electron density, 92
as solvent for Diels-Alder reaction, 850

Wilkinson’s catalyst, 174
Winstein-Grunwald equation, 412
Wittig rearrangement, 943–944
Woodward-Hoffmann rules

for concerted cycloaddition, 836–837
for electrocyclic reactions, 900
in relation to photochemical reactions, 1099
for sigmatropic rearrangements, 912
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X-ray crystal structures
(+) and (-) forms of

2,5-diazabicyclo[2.2.2]octane-3,6-6-dione,
1123–1124

1,6-methanocyclodeca-1,3,5,7,9-pentaene-
3-carboxylic acid, 773–780

1,6-methanocyclodeca-1,3,5,7,9-pentaene, 730
2-methylpropenal-BF3 complex, 849
3,3-dimethyl-4-(t-butyldimethylsilyl)-

2-pentanone enolate, 613
benzoyl chloride-SbCl5 complex, 810
benzoyl chloride-TiCl4 dimeric complex, 810
bromonium ion from

adamantylideneadamantane, 490
n-butyllithium-DME tetrameric complex, 590
n-butyllithium-THF tetrameric complex, 590
n-butyllithium-TMEDA dimeric complex, 590
n-butyllithium-TMEDA tetrameric complex, 590
t-butyl methyl ketone enolate hexamer, 613
t-butyl methyl ketone enolate-THF tetrameric

complex, 613
cyclopentanone enolate-THF tetrameric

complex, 613
ethyl acryloyllactate-TiCl4 complex, 849
lithium bicyclo[3.2.1]octa-2,6-dienide, 745
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