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I PREFACE

Asymmetric synthesis has been one of the important topics of research for
chemists in both industrial laboratories and the academic world over the past
three decades. The subject matter is not only a major challenge to the minds of
practicing scientists but also a highly fertile field for the development of tech-
nologies for the production of high-value pharmaceuticals and agrochemicals.
The significant difference in physiologic properties for enantiomers is now well
known in the scientific community. The recent guidelines laid down for new
chiral drugs by the Food and Drug Administration in the United States and by
similar regulating agencies in other countries serve to make the issue more ob-
vious. In the past 10 years, many excellent monographs, review articles, and
multivolume treatises have been published. Journals specializing in chirality
and asymmetric synthesis have also gained popularity. All these attest to
the importance of chiral compounds and their enantioselective synthesis.

As practitioners of the art of asymmetric synthesis and as teachers of the
subject to postgraduate and advanced undergraduate students, we have long
felt the need for a one-volume, quick reference on the principles and applica-
tions of the art of asymmetric synthesis. It is this strong desire in our daily
professional life, which is shared by many of our colleagues and students, that
drives us to write this book. The book is intended to be used by practicing sci-
entists as well as research students as a source of basic knowledge and conve-
nient reference. The literature coverage is up to September 1999.

The first chapter covers the basic principles, common nomenclatures, and
analytical methods relevant to the subject. The rest of the book is organized
based on the types of reactions discussed. Chapters 2 and 3 deal with carbon—
carbon bond formations involving carbonyls, enamines, imines, enolates, and
so forth. This has been the most prolific area in the field of asymmetric syn-
thesis in the past decade. Chapter 4 discusses the asymmetric C—O bond
formations including epoxidation, dihydroxylation, and aminohydroxylation.
These reactions are particularly important for the production of pharmaceutical
products and intermediates. Chapter 5 describes asymmetric synthesis using the
Diels-Alder reactions and other cyclization reactions. Chapter 6 presents the
asymmetric catalytic hydrogenation and stoichiometric reduction of various
unsaturated functionalities. Asymmetric hydrogenation is the simplest way of
creating new chiral centers, and the technology is still an industrial flagship for
chiral synthesis. Because asymmetric synthesis is a highly application-oriented
science, examples of industrial applications of the relevant technologies are

xiii



xiv PREFACE

appropriately illustrated throughout the text. Chapter 7 records the applications
of the asymmetric synthetic methods in the total synthesis of natural products.
Chapter 8 reviews the use of enzymes and other methods and concepts in
asymmetric synthesis. Overall, the book is expected to be useful for beginners as
well as experienced practitioners of the art.

We are indebted to many of our colleagues and students for their assistance
in various aspects of the preparation of this book. Most notably, assistance has
been rendered from Jie-Fei Cheng, Wei-Chu Xu, Lu-Yan Zhang, Rong Li, and
Fei Liu from Shanghai Institute of Organic Chemistry (SIOC) and Cheng-Chao
Pai, Ming Yan, Ling-Yu Huang, Xiao-Wu Yang, Sze-Yin Leung, Jian-Ying
Qi, Hua Chen, and Gang Chen from The Hong Kong Polytechnic University
(PolyU). We also thank Sima Sengupta and William Purves of PolyU for
proofreading and helping with the editing of the manuscript. Strong support
and encouragement from Professor Wei-Shan Zhou of SIOC and Professor
Chung-Kwong Poon of PolyU are gratefully acknowledged. Very helpful advice
from Prof. Tak Hang Chan of McGill University and useful information on the
industrial application of ferrocenyl phosphines from Professor Antonio Togni
of Swiss Federal Institute of Technology and Dr. Felix Spindler of Solvias AG
are greatly appreciated.

GuUo-QI1AaNG LN
Shanghai Institute of Organic Chemistry

YUE-MING L1
ALBERT S. C. CHAN
The Hong Kong Polytechnic University
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itaconate, 339, 350
ketoesters
Ru-BINAP in, 361
RuX;(BINAP) in, 362
applications of, 362
mechanism of, 362
nerol, 354
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oximes, 374
simple ketones
DuPhos analogue in, 366
Rh-PennPhos in, 364, 365
mechanism of, 365
Ru-BINAP-(diamine) in, 362, 363
RuCL-[(S)-BINAP|(DMF), in, 363
Ru-XyIBINAP-(diamine) in, 364
shelf-stable catalyst for, 363
trisubstituted acrylic acids, 339-340
aminoalkylferrocenyl phosphine in, 340
unfunctionalized olefins, 346
phosphanodihydroxazole ligand in, 346, 347
titanocene in, 346
Asymmetric hydrosilylation of
imines, 373
N-silylamines from, 373
[Rh(COD)(DuPhos)|*CF3S0°~ in, 335
titanocene in, 374, 376
mechanism of, 376
olefins, 459
MORP in, 459
titanium or ruthenium complexes in, 460
Asymmetric Kharasch reaction, 463
bis(oxazolinyl)pyridine in, 464, 465
C, symmetric bisoxazoline copper catalyst
in, 464, 465
mechanism of, 465
Asymmetric reduction of
o, f-unsaturated esters, 342
Co complex in, 342, 343
ketones
BINAL-H in, 356-359
chiral boranes in, 370-372
oxazaborolidine catalyst in, 367-370
(R)-fluoxetine synthesis via, 369, 370
forskolin synthesis via, 371
ginkgolide A and B synthesis via, 369
new reagents for, 370, 371, 372
prostaglandin synthesis via, 369
olefinic ketones
BINAL-H in, 357, 358
Asymmetric synthesis
acyclic diastereoselective approaches, 49
chiron, 50-51
double asymmetric synthesis, 53
Asymmetric synthesis of fluorinated compound
asymmetric hydrogenation in, 481, 482
oxazaborolidine in, 482, 483
Reformatsky reaction in, 483
Trifluoromethylation in, 484
Asymmetric transfer hydrogenation, 377
chiral amino alcohol ligand, 383, 384
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chiral tridentate ligand, 377, 381, 382
ferrocenyl ligand, 381
of
imines, 378-380
substrate with pre-existing chiral center,
378
Ru(II) complex in, 378
samarium (IIT) complex in, 377

Asymmetric Wacker cyclization, 470

boxax in, 470, 471

Asymmetric Wittig type reaction, 466

C

chiral phase transfer catalyst in, 468
inclusion compound in, 467
phosphonamidates in, 467

reagents for, 467

Catalytic aldol reaction

BaBM in, 164

bimetallic compound in, 163-165
bis(oxazolinyl)pyridine in, 161, 162
direct aldol condensation, 164
ferrocenylphosphine in, 161

LLB in, 164

Catalytic asymmetric allylation

BINOL-Ti complex in, 178
BINOL-Zr complex in, 178
chiral acyloxyborane in, 177
chiral amide in, 177
phosphoramide in, 177

Chiral acetal cleavage, 103

meso-1,3-tetrol, desymmetrization of, 107,
108

N-mesyloxazaborolidine, 106

TiCly induced cleavage, 105

Chiral amplification, 499
Chiral biaryls, 460

asymmetric synthesis of
chiral oxazoline in, 461, 462
cyanocuprate in, 463, 464
Ullmann reaction in, 462, 463
examples of, 461

Chiral poisoning, 494
Chirality

axial chirality, 12

central chirality, 11

helical chirality, 14
octahedral structures, 14, 15
planar chirality, 13
pseudo-chiral centers, 15

Chirality transfer, 73

chelation enforced intra-annular chirality
transfer, 79
f-hydroxy ester in, 80
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Chirality transfer (continued)
acylsultam systems, 93
chiral hydrazone system, 88-91
RAMP, 89, 90
SAMEMP, 91, 92
SAMP, 89, 90
enamine systems, 87, 88
imide system, 85, 86, 87
prolinol, 80
trans-(2R,5 R)-bis(benzyloxymethyl)-
pyrrolidine, 84
trans-N-benzyl-2,5-bis-(ethoxycarbonyl)-
pyrrolidine, 83
extra-annular chirality transfer, 78
intra-annular chirality transfer, 74
six-membered ring (endo-cyclic), 75
six-membered ring (exo-cyclic), 74
Configuration nomenclature, 8
CIP convention, 10
Fischer’s convention, 9
sequence rule, 10
Cooperative asymmetric catalysis, 486
asymmetric ring-opening via, 491
cyanosilylation via, 490
direct aldol reaction via, 489
LLB in, 488
Cyclopropanation, 313
catalyst for
Aratani catalyst, 314
bipyridine complex, 316
bis(oxazoline) complex, 315, 316
bis(oxazolinyl)pyridine complex, 316
chiral dirhodim (II) complex, 316, 317
chiral semicorrin-Cu(II) complex, 315, 316
gem-dimethyl (bis-oxazoline)-Cu complex,
315
Rh(II) N-dodecylbenzenesulfonyl
prolinate in, 318, 319
salicyladimine-Cu(II) complex, 314
curacin A synthesis via, 321, 322
first example, 314
intramolecular, 317
planar-chiral ligand in, 318
allyl diazoacetate in, 317
(—)-pinidine synthesis via, 321, 322
reagent for
BDA, 315
DCM, 315
ethyl diazoacetate, 315
menthyl diazoacetate, 317
t-butyl diazoacetate, 316
Simmons-Smith reaction, 318
1,2-trans-cyclohexanediol in, 319
chiral disulfonamide in, 320

tartaric acid diamide in, 321
strategies, 313

D
Darzens reaction, 475
bovine serum albumin in, 475
chirla crown ether in, 480
6-Deoxyerythronolide, 400
aldol reaction in the synthesis of, 401, 402,
403
thio-seco-acid preparation, 402
Desymmetrization
dicarboxylic acids, 486, 487
meso-1,4-diol diesters, 486, 487
meso-diol, 486, 488
meso-tetrahydrofuran derivatives, 486, 498
Diels-Alder reaction
amino acid salts in, 289, 290
aza Diels-Alder reaction, 296
BINOL-boron in, 296, 298
BINOL-Zr in, 298, 299
bis(oxazoline) complex in, 298, 299
Kobayashi’s catalyst in, 298, 299
of
Brassard’s diene, 296
Danishefsky’s diene, 298
Tol-BINAP-Cu complex in, 298
boron compound in, 251
Bronsted acid-assisted chiral Lewis acid
(BLA) in, 285, 286, 287
C, symmetric bis(oxazoline) in, 287, 288, 289
C, symmetric chiral diols in, 280
chiral acyloxy borane (CAB) in, 283, 284
chiral diene, 277, 278
chiral dienophile
(E)-bromoacrylate, 269, 270
chiral acrylate, 269
camphor derivatives, 269
menthol derivatives, 269
chiral amide and analogues
o, f-unsaturated N-acyloxazolidinones,
273
axially chiral substrate, 275, 276, 277
chiral oxazolidine compound, 273
iminium salt, 273, 274, 275
morpholine or pyrrolidine chiral auxiliary,
275
chiral sulfinyl substrate, 277
chiral lanthanide-BINOL compound in, 282,
283
copper compound in, 287, 288
Corey’s catalyst in, 282, 284
[2 4 2] cycloaddition, 281, 282
double asymmetric reaction, 278, 279
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Diels-Alder reaction (continued) 4A molecular sieves in, 311, 312
formation of quaternary stereocenters via, 301 bis(oxazoline) complex in, 311, 312
intramolecular Diels-Alder reaction, 301 cerium ammonium nitrate (CAN) in, 308,

camphor sultam derivatives mediated, 304, 309, 310
305 chiral lanthanide complex in, 310, 311, 312
chiral acyloxy boron (CAB) catalyzed, chromium (0) complexed benzaldehyde in,
304, 306 308, 309, 310
(—)-pulo’upone precursor, synthesis of,
304, 305 E
substrate controlled, 304 Enantiomer composition determination
lanthanide compound in, 282, 283 capillary electrophoresis, 28, 29
magnesium compound in, 287, 288 chiral derivatizing agents, 21
Narasaka’s catalyst in, 280, 281 aminals, 24, 25
oxo Diels-Alder reaction, 290 chiral glycols, 24
BINOL-ALl in, 291 cyclic ketones, 24
BINOL-TICl; in, 290 derivatizing agent, 21, 22, 23
C, symmetric bis(oxazoline)-Cu (II) chiral solvating agent, 19
complex in, 292, 294 chiral solvent, 19
Co(II)-salen catalyst in, 292 chromatographic method
Cr(III)-salen catalyst in, 292, 293 gas chromatography, 26, 27
3-deoxy-D-manno-2-octulosonic acid HPLC, 27, 28
synthesis via, 292 lanthanide chemical shift reagents, 19, 20
(+)-paniculide A synthesis via, 281 Mosher’s acid, 21, 22
prostaglandin intermediate synthesis via, preparation of, 22
307, 308 NMR
retro Diels-Alder reaction, 306 13C NMR, 20
4,5-dialkyl cyclopenta-2-en one in, 306 1F NMR, 19, 21
(+)-epiinvictolide synthesis via, 308 3P NMR, 23
(£)-invictolide synthesis via, 308 specific rotation, 17
(£)-methyl chromomorate synthesis via, Enantioselective activation, 496
308 Enantioselective synthesis of a-amino
pentamethylcyclopentadiene in, 307 phosphonate diesters, 126, 127
prostaglandin A; or A; synthesis via, 306, Enyne coupling, 474
307, 308 Enzyme catalyzed reaction
sarkomycin synthesis via, 270, 271 asymmetric reduction, 454
Diethylzinc, asymmetric nucleophilic addition baker’s yeast in, 454
of, 107 of
chemoselectivity, 110, 111 C=C double bonds, 454
aldehyde alkylation, chiral catalyst for ketones, 454
binol, 108, 115, 116 by cultured plant cells
chiral quaternary ammonium salt, 110 immobilized cells of Daucus carota in,
DAIB, 109 458
DBNE, 109 immobilized tobacco cells in, 458
ditriflamides, 108 cyanohydrination, 456, 457
Hg-BINOL, 117 oxynitrilases
hydroxyamino ferrocene, 110, 112 from almond, 457
in prostaglandin synthesis, 109 from microorganism, 457
oxazaborolidine, 109, 110, 111 desymmetrization, 453
sulfonamide ligand, 108, 113 acetylcholine esterase in, 453
TADDOL, 108, 113 Candida antarcita lipase in, 453
zinc amide, 114, 115 Porcine pancreatic lipase in, 453
ketone alkylation, 118, 120, 121 Pseudomonas cepacia lipase, 453
1,3-Dipolar addition, 308 enzyme list, 457

(R,R)-DIPT in, 310, 311 esterase, 452
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Enzyme catalyzed reaction (continued)
lipase, 452, 453
transesterification via, 453
Epoxide formation from sulfur ylide, 249, 250
Epoxy alcohol ring opening, 204
in
L-threitol synthesis, 212, 213
MeBmt synthesis, 208, 209
sphingosine synthesis, 207, 208
with
DIBAL-H, 209
intramolecular nucleophile, 207, 208, 209
LiBH4/Ti(OPr'),, 210
organocuprate, 210, 211
primary amine, 205
Red-Al, 209, 210
Ti(OPr')2(N3),, 206
X,-Ti(OPrl),, 207
Erythronolide A, synthesis of, 397

H
Henry reaction, 186
LLB, 187
(S)-metoprolol via, 188
(S)-pindolol via, 188
(S)-propranolol, 187
KNI-227 and KNI-272 via, 188
a-Hydroxyl carbonyl compounds, formation
of, 250
chiral ketone in, 254, 255
Davis’ reagent in, 252, 253, 254
reagent controlled reaction, 252, 253, 254
substrate controlled reaction, 251, 252

M
meso-Epoxide ring opening, 214
catalyzed by
chiral (salen)Cr-N3, 216
chiral (salen)Ti(IV) complex, 215
dimeric chiral (salen)Cr-Nj, 217
gallium complex, 215
desymmetrization, 214
Microbial oxidation
Baeyer-Villiger oxidation, 455
of bromobenzene, 455, 456

N
Nonlinear effect, 492, 493, 494

P

Prostaglandins, 412
functions of, 412
structure of, 412
synthesis of

w-side chain, 415
BINAL-H reduction in, 416, 417
borane reduction in, 416
dialkylzinc addition in, 416
lithium acetylenide addition in, 416
Sharpless epoxidation in, 415
organocopper in, 415
(R)-4-hydroxy-2-cyclopentenone, synthesis
of, 417
(S)-BINAP-Ru(II) dicarboxylate
complex in, 417
AIL in, 417
BINAL-H reduction in, 418
three component coupling, 412
Payne rearrangement, 211, 212

Q

Quaternary asymmetric carbon atom

construction, 98

Fuji’s method, 100, 101

Matsushita’s method, 102

memory of chirality, 102

Meyers’ method, 98, 99, 100

self-regeneration of stereocenters, Seebach’s
methods, 101

R

Reformatsky reaction, 469
chiral amino alcohols in, 469, 470
samarium (II) iodide in, 470
(—)-spartein in, 469

Rifamycin S
Kishi’s synthesis in 1980, 404
Kishi’s synthesis in 1981, 408
Masamunei’s synthesis, 409

S
Sharpless reaction
characteristics, 197, 198
kinetic resolution via, 200, 201
matched pair of, 198
mechanism of, 199, 200
mismatched pair of, 198
modification of
calcium hydride/silica gel, 200
molecular sieves, 202
polymer suppored catalyst, 203, 204
Symmetric divinyl carbinol, asymmetric
epoxidation of, 217-221
2,6-dideoxyhexoses synthesis via, 219, 221
lipoxin B synthesis via, 221
prostaglandin intermediate synthesis via,
219, 220
Schreiber’s model, 217, 218



INDEX 515

T retro synthetic analysis, 421, 422
Taxol™

structure of, 59, 419
synthesis of
Danishefsky’s method, 428
A-ring construction, 430, 431
Heck reaction in, 431, 432
oxetane ring formation, 430, 431
palladium-mediated carbonylation-
methoxylation in, 429
PCC oxidation in, 432, 433
retro synthetic analysis, 429
Holton’s method, 419
camphor derivative in, 419
Dickmann cyclization in, 420, 421
epoxy alcohol fragmentation, 419
Red-Al reduction in, 419
Kuwajima’s method, 426
cyanocuprate in, 426, 427
cyclopropanation in, 427, 428
Dieckmann-type cyclization in, 427
Mitsunobu reaction in, 427
Mukaiyama’s method, 436
8-membered ring construction, 436, 437
asymmetric aldol reaction in, 436, 437
L-serine in the synthesis of taxol
precursor, 437
Michael addition in, 439, 440
osmium tetroxide mediated
dihydroxylation in, 440, 443
PCC oxidation in, 441, 442
retro synthetic analysis, 436, 437
Swern oxidation in, 438
TPAP and NMO mediated reaction in,
440, 441
Nicolaou’s method, 433
A- and C-ring construction, 433, 434
intermediate resolution, 435
McMurry cyclization in, 435
PCC oxidation in, 436
retro synthetic analysis, 433
Shapiro coupling in, 434, 435
Wender’s method, 421
Davis’ oxaziridine in, 423
Dess-Martin periodinane oxidation in,
424
epoxyl alcohol fragmentation in, 423
Eschenmoser’s salt in, 424
intramolecular aldol reaction in, 425
osmium tetroxide mediated
dihydroxylation in, 426

verbenone in, 421, 422, 423
side chain, synthesis of, 442
asymmetric aldol reaction in, 444, 445
asymmetric aminohydroxylation in, 443,
444
asymmetric dihydroxylation in, 442, 443
auxiliary controlled aldol reaction in, 444,
445
Mannich-type reaction in, 445, 446
Mn-salen complex in, 444
Sharpless epoxidation in, 442
(S)-phenylglycine in, 445
substrate controlled aldol reaction in, 444,
445

Terms for stereochemistry

asymmetric and dissymmetric, 62
D/L and d/1, 52
diastereoisomer, 62
enantiomer, 62
enantiomer excess, 62
erythro/threo, 64
meso compounds, 63
optical activity, 62
optical isomer, 62
optical purity, 62
prochirality, 63
Pro-R and Pro-S, 63
racemic, 63
racemization, 63

Re and Si, 64
scalemic, 63
stereoisomers, 62
synjanti, 64

Thalidomide, 6, 7
Triethylaluminum, asymmetric nucleophilic

addition of, 117

Unfunctionalized olefins, epoxidation of, 237

anti-hypertensive agent via, 240
chiral ketone mediated, 244, 246249
BINOL derivative in, 248, 249
D-fructose derivative, 246, 247
Mn-salen complex in, 238-243
mechanism of, 242
porphyrin complex in, 243
Collman’s complex, 243, 245
Konishi’s complex, 243
Naruta’s complex, 243, 244
taxol side chain synthesis via, 240, 241
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I CHAPTER 1

Introduction

The universe is dissymmetrical; for if the whole of the bodies which compose the
solar system were placed before a glass moving with their individual movements,
the image in the glass could not be superimposed on reality. . .. Life is dominated
by dissymmetrical actions. I can foresee that all living species are primordially, in
their structure, in their external forms, functions of cosmic dissymmetry.

—Louis Pasteur

These visionary words of Pasteur, written 100 years ago, have profoundly influ-
enced the development of stereochemistry. It has increasingly become clear that
many fundamental phenomena and laws of nature result from dissymmetry. In
modern chemistry, an important term to describe dissymmetry is chirality* or
handedness. Like a pair of hands, the two enantiomers of a chiral compound are
mirror images of each other that cannot be superimposed. Given the fact that
within a chiral surrounding two enantiomeric biologically active agents often
behave differently, it is not surprising that the synthesis of chiral compounds
(which is often called asymmetric synthesis) has become an important subject
for research. Such study of the principles of asymmetric synthesis can be based
on either intramolecular or intermolecular chirality transfer. Intramolecular
transfer has been systematically studied and is well understood today. In con-
trast, the knowledge base in the area of intermolecular chirality transfer is still
at the initial stages of development, although significant achievements have
been made.

In recent years, stereochemistry, dealing with the three-dimensional behavior
of chiral molecules, has become a significant area of research in modern organic
chemistry. The development of stereochemistry can, however, be traced as far
back as the nineteenth century. In 1801, the French mineralogist Haiiy noticed
that quartz crystals exhibited hemihedral phenomena, which implied that cer-
tain facets of the crystals were disposed as nonsuperimposable species show-
ing a typical relationship between an object and its mirror image. In 1809, the
French physicist Malus, who also studied quartz crystals, observed that they
could induce the polarization of light.

In 1812, another French physicist, Biot, found that a quartz plate, cut at the

*This word comes from the Greek word cheir, which means hand in English.
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right angles to one particular crystal axis, rotated the plane of polarized light to
an angle proportional to the thickness of the plate. Right and left forms of
quartz crystals rotated the plane of the polarized light in different directions.
Biot then extended these observations to pure organic liquids and solutions in
1815. He pointed out that there were some differences between the rotation
caused by quartz crystals and that caused by the solutions of organic com-
pounds he studied. For example, he noted that optical rotation caused by quartz
was due to the whole crystal, whereas optical rotation caused by a solution of
organic compound was due to individual molecules.

In 1822, the British astronomer Sir John Herschel observed that there was a
correlation between hemihedralism and optical rotation. He found that all
quartz crystals having the odd faces inclined in one direction rotated the plane
of polarized light in one direction, while the enantiomorphous crystals rotate
the polarized light in the opposite direction.

In 1846, Pasteur observed that all the crystals of dextrorotatory tartaric acid
had hemihedral faces with the same orientation and thus assumed that the
hemihedral structure of a tartaric acid salt was related to its optical rotatory
power. In 1848, Pasteur separated enantiomorphous crystals of sodium ammo-
nium salts of tartaric acid from solution. He observed that large crystals were
formed by slowly evaporating the aqueous solution of racemic tartaric acid salt.
These crystals exhibited significant hemihedral phenomena similar to those ap-
pearing in quartz. Pasteur was able to separate the different crystals using a pair
of tweezers with the help of a lens. He then found that a solution of enantio-
morphous crystals could rotate the plane of polarized light. One solution rotated
the polarized light to the right, while the other one rotated the polarized light to
the left.

Pasteur thus made the important deduction that the rotation of polarized
light caused by different tartaric acid salt crystals was the property of chiral
molecules. The (+)- and (—)-tartaric acids were thought to be related as an
object to its mirror image in three dimensions. These tartaric acid salts were
dissymmetric and enantiomorphous at the molecular level. It was this dissym-
metry that provided the power to rotate the polarized light.

The work of these scientists in the nineteenth century led to an initial under-
standing of chirality. It became clear that the two enantiomers of a chiral mole-
cule rotate the plane of polarized light to a degree that is equal in magnitude, but
opposite in direction. An enantiomer that rotates polarized light in a clockwise
direction is called a dextrorotatory molecule and is indicated by a plus sign (+)
or italic letter ““d”. The other enantiomer, which rotates the plane of polarized
light in a counterclockwise direction, is called levorotatory and is assigned a
minus sign (—) or italic letter “/”’. Enantiomers of a given molecule have spe-
cific rotations with the same magnitude but in opposite directions. This fact was
first demonstrated experimentally by Emil Fischer through a series of con-
versions of the compound 2-isobutyl malonic acid mono amide (1, see Scheme
1-1). As shown in Scheme 1-1, compound (+)-1 can be converted to (—)-1
through a series of reactions. From their projections, one can see that these two
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CONH, COOH
H+i—Bu H+i'BU
COOH CONH,
20
(-1 [a]p> = +50 (-1 [a]p™ =-45
CHiNQ/ w3
CONH, COOH
H+i—Bu H+i—Bu
COOCH;4 CONj
ANO2\_ cooH COOH HNO,
H+i—Bu —~ H+i-Bu
COOCHj; 24 CONHNH,

Scheme 1-1. Enantiomers of 2-isobutyl malonic acid mono amide have opposite optical
rotations.

compounds are mirror images of each other. Fischer’s experimental result easily
showed that these two compounds have an opposite specific rotation. The
amount of the specific rotation is nearly the same, and the difference may be the
result of experimental deviation.

An equal molar mixture of the dextrorotatory and levorotatory enantiomers
of a chiral compound is called a racemic mixture or a racemate. Racemates do
not show overall optical rotation because the equal and opposite rotations of
the two enantiomers cancel each other out. A racemic mixture is designated by
adding the prefix (+) or rac- before the name of the molecule.

Within this historical setting, the actual birth of stereochemistry can be dated
to independent publications by J. H. van’t Hoff and J. A. Le Bel within a few
months of each other in 1874. Both scientists suggested a three-dimensional
orientation of atoms based on two central assumptions. They assumed that the
four bonds attached to a carbon atom were oriented tetrahedrally and that
there was a correlation between the spatial arrangement of the four bonds and
the properties of molecules. van’t Hoff and Le Bell proposed that the tetra-
hedral model for carbon was the cause of molecular dissymmetry and optical
rotation. By arguing that optical activity in a substance was an indication of
molecular chirality, they laid the foundation for the study of intramolecular
and intermolecular chirality.

1.1 THE SIGNIFICANCE OF CHIRALITY AND STEREOISOMERIC
DISCRIMINATION

Chirality is a fundamental property of many three-dimensional objects. An
object is chiral if it cannot be superimposed on its mirror image. In such a case,
there are two possible forms of the same object, which are called enantiomers,
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coo ! COOH
c : c
CHj 5 CH,4
2 mirror 3

Figure 1-1. Mirror images of lactic acid.

and thus these two forms are said to be enantiomeric with each other. To take
a simple example, lactic acid can be obtained in two forms or enantiomers, 2
and 3 in Figure 1-1, which are clearly enantiomeric in that they are related as
mirror images that cannot be superimposed on each other.

Enantiomers have identical chemical and physical properties in the absence
of an external chiral influence. This means that 2 and 3 have the same melting
point, solubility, chromatographic retention time, infrared spectroscopy (IR),
and nuclear magnetic resonance (NMR) spectra. However, there is one prop-
erty in which chiral compounds differ from achiral compounds and in which
enantiomers differ from each other. This property is the direction in which they
rotate plane-polarized light, and this is called optical activity or optical rotation.
Optical rotation can be interpreted as the outcome of interaction between an
enantiomeric compound and polarized light. Thus, enantiomer 3, which rotates
plane-polarized light in a clockwise direction, is described as (+)-lactic acid,
while enantiomer 2, which has an equal and opposite rotation under the same
conditions, is described as (—)-lactic acid.

Readers may refer to the latter part of this chapter for the determination of
absolute configuration.

Chirality is of prime significance, as most of the biological macromolecules
of living systems occur in nature in one enantiomeric form only. A biologically
active chiral compound interacts with its receptor site in a chiral manner, and
enantiomers may be discriminated by the receptor in very different ways. Thus
it is not surprising that the two enantiomers of a drug may interact differently
with the receptor, leading to different effects. Indeed, it is very important to
keep the idea of chiral discrimination or stereoisomeric discrimination in mind
when designing biologically active molecules.

As human enzymes and cell surface receptors are chiral, the two enantiomers
of a racemic drug may be absorbed, activated, or degraded in very different
ways, both in vivo and in vitro. The two enantiomers may have unequal degrees



1.1 THE SIGNIFICANCE OF CHIRALITY AND STEREOISOMERIC DISCRIMINATION 5

or different kinds of activity.! For example, one may be therapeutically effec-
tive, while the other may be ineffective or even toxic.

An interesting example of the above difference is L-DOPA 4, which is used in
the treatment of Parkinson’s disease. The active drug is the achiral compound
dopamine formed from 4 via in vivo decarboxylation. As dopamine cannot
cross the blood—brain barrier to reach the required site of action, the “prodrug”
4 is administered. Enzyme-catalyzed in vivo decarboxylation releases the drug
in its active form (dopamine). The enzyme L-DOPA decarboxylase, however,
discriminates the stereoisomers of DOPA specifically and only decarboxylates
the L-enantiomer of 4. It is therefore essential to administer DOPA in its pure
L-form. Otherwise, the accumulation of b-DOPA, which cannot be metabolized
by enzymes in the human body, may be dangerous. Currently L-DOPA is pre-
pared on an industrial scale via asymmetric catalytic hydrogenation.

From the above example one can see that stereoisomeric discrimination is
very striking in biological systems, and for this reason chirality is recognized as
a central concept. If we consider the biological activities of chiral compounds
in general, there are four different behaviors: (1) only one enantiomer has the
desired biological activity, and the other one does not show significant bio-
activity; (2) both enantiomers have identical or nearly identical bioactivity; (3)
the enantiomers have quantitatively different activity; and (4) the two enan-
tiomers have different kinds of biological activity. Table 1-1 presents a number
of examples of differences in the behavior of enantiomers. The listed enan-
tiomers may have different taste or odor and, more importantly, they may
exhibit very different pharmacological properties. For example, D-asparagine
has a sweet taste, whereas natural L-asparagine is bitter; (S)-(+)-carvone has an
odor of caraway, whereas the (R)-isomer has a spearmint smell; (R)-limonene
has an orange odor, and its (S)-isomer has a lemon odor. In the case of dis-
parlure, a sex pheromone for the gypsy moth, one isomer is active in very dilute
concentration, whereas the other isomer is inactive even in very high con-
centration. (S)-propranolol is a f-blocker drug that is 98 times as active as its
(R)-counterpart.?

Sometimes the inactive isomer may interfere with the active isomer and sig-
nificantly lower its activity. For example, when the (R)-derivative of the sex
pheromone of a Japanese beetle is contaminated with only 2% of its enan-
tiomer, the mixture is three times less active than the optically pure pheromone.
The pheromone with as little as 0.5% of the (S)-enantiomer already shows a
significant decrease of activity.?

A tragedy occurred in Europe during the 1950s involving the drug tha-
lidomide. This is a powerful sedative and antinausea agent that was considered
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TABLE 1-1. Examples of the Different Behaviors of Enantiomers

MeN
H
N OH
Me Me

(-) Benzomorphla (+)-Benzomorphia
(eases pain, unhabituational) (faintly pain-easing, habituational)

(-)-Benzopyryldiol (+)Benzopyryldiol
(strong carcinogenicity) (no carcinogenicity)
o} (0]
HZNNOH y O)S{\”/NHZ
O H NH H,N H o
L-asparagine (bitter) oM D-asparagine (sweet)
e

ciH
©[ \H

CHzCHzN(CH3)2-HCI
diltiazem
(the (S, S)-form is effective in relieving myocardial infarction4)
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especially appropriate for use during early pregnancy. Unfortunately, it was
soon found that this drug was a very potent teratogen and thus had serious
harmful effects on the fetus. Further study showed that this teratogenicity was
caused by the (S)-isomer (which had little sedative effect), but the drug was sold
in racemic form. The (R)-isomer (the active sedative) was found not to cause
deformities in animals even in high doses.> Similarly, the toxicity of naturally
occurring (—)-nicotine is much greater than that of unnatural (+)-nicotine.
Chiral herbicides, pesticides, and plant growth regulators widely used in agri-
culture also show strong biodiscriminations.

In fact, stereodiscrimination has been a crucial factor in designing enantio-
merically pure drugs that will achieve better interaction with their receptors.
The administration of enantiomerically pure drugs can have the following ad-
vantages: (1) decreased dosage, lowering the load on metabolism; (2) increased
latitude in dosage; (3) increased confidence in dose selection; (4) fewer inter-
actions with other drugs; and (5) enhanced activity, increased specificity, and
less risk of possible side effects caused by the enantiomer.

Now it is quite clear that asymmetry (or chirality) plays an important role in
life sciences. The next few sections give a brief introduction to the conventions
of the study of asymmetric (or chiral) systems.

1.2 ASYMMETRY

1.2.1 Conditions for Asymmetry

Various chiral centers, such as the chiral carbon center, chiral nitrogen center,
chiral phosphorous center, and chiral sulfur center are depicted in Figure 1-2.

Amines with three different substituents are potentially chiral because of the
pseudotetrahedral arrangement of the three groups and the lone-pair electrons.
Under normal conditions, however, these enantiomers are not separable because
of the rapid inversion at the nitrogen center. As soon as the lone-pair electrons
are fixed by the formation of quaternary ammonium salts, tertiary amide N-
oxide, or any other fixed bonding, the inversion is prohibited, and consequently
the enantiomers of chiral nitrogen compounds can be separated.

In contrast to the amines, inversion of configuration for phosphines is
generally negligibly slow at ambient temperature. This property has made it
possible for chiral phosphines to be highly useful as ligands in transition metal-
catalyzed asymmetric syntheses.

T () () () i

.. . . [

.C N WP .59 S
b l\d a" ‘\c a" l\c a’ l\c a l@

c b b b b

Figure 1-2. Formation of asymmetry.
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C|:I H H Ph
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CHs Cl'V¥ CH; HsC O Ph

Figure 1-3. Solution stable three-membered heterocyclic ring systems.

As a result of the presence of lone-pair electrons, the configuration of orga-
nosulfur species is pyramidal, and the pyramidal reversion is normally slow at
ambient temperature. Thus two enantiomers of chiral sulfoxides are possible
and separable.

As a general rule, asymmetry may be created by one of the following three
conditions:

1. Compounds with an asymmetric carbon atom: When the four groups
connected to a carbon center are different from one another, the central
carbon is called a chiral center. (However, we must remember that the
presence of an asymmetric carbon is neither a necessary nor a sufficient
condition for optical activity.)

2. Compounds with another quaternary covalent chiral center binding to
four different groups that occupy the four corners of a tetrahedron:

Si, Ge, N (in quaternary salts or N-oxides)
Mn, Cu, Bi and Zn—when in tetrahedral coordination.

3. Compounds with trivalent asymmetric atoms: In atoms with pyramidal
bonding to three different groups, the unshared pair of electrons is ana-
logous to a fourth group. In the case of nitrogen compounds, if the
inversion at the nitrogen center is prevented by a rigid structural ar-
rangement, chirality also arises. The following examples illustrate this
phenomenon.

a. In a three-membered heterocyclic ring, the energy barrier for inversion
at the nitrogen center is substantially raised (Fig. 1-3).

b. The bridgehead structure completely prevents inversion.

Irreversible

Me

1.2.2 Nomenclature

If a molecule contains more than one chiral center, there are other forms of
stereoisomerism. As mentioned in Section 1.1, nonsuperimposable mirror
images are called enantiomers. However, substances with the same chemical
constitution may not be mirror images and may instead differ from one another
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enantiomers
Cl Cl cl cl
OH OH OH OH

diastereomers

Figure 1-4. Enantiomers and diastereomers.

in having different configurations at one or more chiral centers in the molecule.
These substances are called diastereomers. Thus, for 2-chloro-3-hydroxylbutane,
one can draw four different structures, among which one can find two pairs of
enantiomeric and four pairs of diastereomeric relations (Fig. 1-4).

For the unambiguous description of the various isomers, it is clearly neces-
sary to have formal rules to define the structural configurations. These rules are
explained in the following sections.

1.2.2.1 Fischer’s Convention. Initially, the absolute configurations of opti-
cal isomers were unknown to chemists working with optically active compounds.
Emil Fischer, the father of carbohydrate chemistry, decided to relate the possible
configurations of compounds to that of glyceraldehyde of which the absolute
configuration was yet unknown but was defined arbitrarily.

In Fischer’s projection of glyceraldehyde, the carbon chain is drawn verti-
cally with only the asymmetric carbon in the plane of the paper. Both the car-
bonyl and the hydroxylmethyl groups are drawn as if they are behind the plane,
with the carbonyl group on the top and the hydroxylmethyl group at the
bottom of the projection. The hydroxyl group and the hydrogen atom attached
to the asymmetric carbon atom are drawn in front of the plane, the hydroxyl
group to the right and the hydrogen atom to the left. This configuration was
arbitrarily assigned as the D-configuration of glyceraldehyde and is identified by
a small capital letter . Its mirror image enantiomer with the opposite configu-
ration is identified by a small capital letter L.

The structure of any other optically active compound of the type R—CHX-R'’
is drawn with the carbon chain

R

+

R’

in the vertical direction with the higher oxidative state atom (R or R’) on the top.
If the X group (usually -OH, —NHy, or a halogen) is on the right side, the rela-
tive configuration is designated D; otherwise the configuration is designated L.
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Although the D-form of glyceraldehyde was arbitrarily chosen as the dextro-
rotatory isomer without any knowledge of its absolute configuration, the choice
was a fortuitous one. In 1951, with the aid of modern analytical methods, the
D-configuration of the dextrorotatory isomer was unambiguously established.

The merit of Fischer’s convention is that it enables the systematic stereo-
chemical presentation of a large number of natural products, and this con-
vention is still useful for carbohydrates or amino acids today. Its limitations,
however, become obvious with compounds that do not resemble the model
reference compound glyceraldehyde. For example, it is very difficult to corre-
late the terpene compounds with glyceraldehyde. Furthermore, selection of the
correct orientation of the main chain may also be ambiguous. Sometimes dif-
ferent configurations may even be assigned to the same compound when the
main chain is arranged in a different way.

1.2.2.2 The Cahn-Ingold-Prelog Convention. The limitations of Fischer’s
convention made it clear that in order to assign the exact orientation of the four
connecting groups around a chiral center it was necessary to establish a sys-
tematic nomenclature for stereoisomers. This move started in the 1950s with
Cahn, Ingold, and Prelog establishing a new system called the Cahn-Ingold-
Prelog (CIP) convention® for describing stereoisomers. The CIP convention is
based on a set of sequence rules, following which the name describing the con-
stitution of a compound is accorded a prefix that defines the absolute configu-
ration of a molecule unambiguously. These prefixes also enable the preparation
of a stereodrawing that represents the real structure of the molecule.

In the nomenclature system, atoms or groups bonded to the chiral center
are prioritized first, based on the sequence rules. The rules can be simplified as
follows: (1) An atom having a higher atomic number has priority over one with
a lower atomic number; for isotopic atoms, the isotope with a higher mass
precedes the one with the lower mass. (2) If two or more of the atoms directly
bonded to the asymmetric atom are identical, the atoms attached to them will
be compared, according to the same sequence rule. Thus, if there is no het-
eroatom involved, alkyl groups can be sequenced as tertiary > secondary >
primary. When two groups have different substituents, the substituent bearing
the highest atomic number on each group must be compared first. The sequence
decision for these groups will be made based on the sequence of the sub-
stituents, and the one containing prior substituents has a higher precedence.
A similar rule is applicable in the case of groups with heteroatoms. (3) For
multiple bonds, a doubly or triply bonded atom is duplicated or triplicated with
the atom to which it is connected. This rule is also applicable to aromatic
systems. For example,

I
A C A C C\|T|/C\ C
| ] | | C 1 C\H
A equals —c-aA, —=a equals —c-A, and equals I C T ™,
| Aé C/C\C/Q\C
H'Y H
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(4) For vinyl groups, a group having the (Z)-configuration precedes the same
group having the (E)-configuration, and an (R)-group has precedence over an
(S)-group for pseudochiral centers.

Based on these sequence rules, configurations can be easily assigned to chiral
molecules, which are classified into different types according to spatial orienta-
tion. The detailed assignments are as follows.

Central Chirality. The system Cxyzw (5) has no symmetry when X, y, z, and w
are different groups, and this system is referred to as a central chiral system.

Imagine that an asymmetric carbon atom C is connected to w, X, y, and z
and that these four substituents are placed in priority sequence X >y >z > W
according to the CIP sequencing rule. If we observe the chiral center from
a position opposite to group w and from this viewpoint groups X —y — z
are in clockwise sequence, then this chiral center is defined as having an (R)-
configuration.* Otherwise the configuration is defined as (S)." For example, the
configuration of molecule 5 is specified as (R).

Following these rules, D-glyceraldehyde 6 in Fischer’s convention can be
assigned an (R)-configuration.

CHO D-Glyceraldehyde in Fischer's convention
H+OH (R)-glyceraldehyde in the Cahn-Ingold-Prelog
CH,OH convention

6

For an adamantane-type compound, it is possible to substitute the four ter-
tiary hydrogen atoms and make four quaternary carbon atoms. These carbon
atoms can be asymmetric if the four substituents are chosen properly. It is
possible to specify these chiral centers separately, but their chiralities can also
be so interlinked that they collectively produce one pair of enantiomers with
only one chiral center. Usually it is more convenient to collectively specify the
chirality with reference to a center of chirality taken as the unoccupied centroid
of the adamantane frame.

* Originating from the Latin word rectus, which means right in English.
t Originating from the Latin word sinister, which means /left in English.
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a7 b

c
adamantane-type compounds
(R if a>b>c>d)

Axial Chirality. For a system with four groups arranged out of the plane in
pairs about an axis, the system is asymmetric when the groups on each side of
the axis are different. Such a system is referred to as an axial chiral system. This
structure can be considered a variant of central chirality. Some axial chiral
molecules are allenes, alkylidene cyclohexanes, spiranes, and biaryls (along
with their respective isomorphs). For example, compound 7a (binaphthol),
which belongs to the class of biaryl-type axial chiral compounds, is extensively
used in asymmetric synthesis. Examples of axial chiral compounds are given in
Figure 1-5.

The nomenclature for biaryl, allene, or cyclohexane-type compounds follows
a similar rule. Viewed along the axis, the nearer pair of ligands receives the first
two positions in the order of preference, and the farther ligands take the third
and fourth position. The nomination follows a set of rules similar to those ap-
plied in the central chiral system. In this nomination, the end from which the
molecule is viewed makes no difference. From whichever end it is viewed, the
positions remain the same. Thus, compound 7a has an (R)-configuration irre-
spective of which end it is viewed from.

It is important to note that the method for naming chiral spirocyclic com-
pounds has been revised from the original proposal.® In the original nomen-
clature system, these compounds were treated on the basis of axial chirality like
biaryls, allenes, and so forth. According to the old nomenclature, the first and
second priorities are given to the prior groups in one cycle, and the third and
fourth priorities are given to that in the other one. Taking the above spiro-

UL S s
OH o =\ >=<:>:,

.\\\OH b d b a
CC . 7"

7b allene-type cyclohexane-type

) spirodiketones compounds compounds
Ta blnaphthol (R) (S) (R) if a>b, C>d (S) if §>b, C>d

Figure 1-5. Some axial chiral compounds.
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old, obsolete method currently used method
(R)-configuration (S)-configuration

Figure 1-6. Examples of the old and new nomenclatures of spirocyclic compounds.

diketone 7b as an example, the chiral center, the spiro atom, is bonded to two
equivalent carbonyl carbon atoms and two equivalent methylene carbon atoms
(Fig. 1-6). In the new nomenclature, the first member of the sequence is given
to either one of the carbonyl atoms, and the second priority is given to the other
carbonyl carbon (in the old nomenclature, the second priority is given to the
methylene atom staying on the same side of the first carbonyl group); the third
priority is given to the methylene carbon atom on the same ring side with the
first carbonyl group. Thus, the chiral center (the spiro atom of 7b) has config-
uration (S). If the obsolete, original method were used, the configuration of 7b
would have been designated (R).

Planar Chirality. Planar chirality arises from the desymmetrization of a sym-
metric plane in such a way that chirality depends on a distinction between the
two sides of the plane and on the pattern of the three determining groups. In the
definition of this chiral system, the first step is the selection of a chiral plane;
the second step is to identify a preferred side of the plane. The chiral plane is
the plane that contains the highest number of atoms in the molecule.

After the designation of the chiral plane, one then needs to find a descriptor
or “pilot” atom. To find this atom, one views from the out-of-plane atom
closest to the chiral plane. If there are two such atoms, the one closest to the
atom of higher precedence in the chiral plane is selected. The leading atom, or
“pilot” atom, marks the preferred side of the plane. The higher priority atom
of the set bonded to the pilot atom is marked as No. 1 as in 8a. The second
priority (marked as No. 2) is given to the atom on the chiral plane directly
bonded to group No. 1, and so on. Viewing from the preferred side, the desig-
nation pR is given to a clockwise orientation of 1 — 2 — 3, and pS represents a
counterclockwise orientation of these three atoms/groups. Thus, examples 8a
and 8b depict a pS-configuration. The letter “p’’ indicates the planar chirality.
In example 8c, a metallocene compound, the compound can be treated as having
chiral centers by replacing the #°~z bond by six ¢ single bonds (8d ). According
to the CIP rules, the chirality of this molecule can then be assigned by examin-
ing the most preferred atom on the ring (marked by an arrow). Such a molecule
can then be treated as a central chiral system. Thus, according to the rule for
central chirality, compound 8¢ can be assigned an (S)-configuration.
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Helical Chirality. Helicity is a special case of chirality in which molecules are
shaped as a right- or left-handed spiral like a screw or spiral stairs. The config-
urations are designed M and P, respectively, according to the helical direction.
Viewed from the top of the axis, a clockwise helix is defined as P, whereas a
counterclockwise orientation is defined as M. Thus, the configuration of exam-
ple 9 is defined as M.

Octahedral Structures. Extension of the sequence rule makes it possible to
arrange an octahedral structure in such a way that the ligands are placed octa-
hedrally in an order of preference.

Special sequencing rules are applied for assigning the six substituents.
Number 1 is given to the group with the highest priority according to the general
CIP rule. Number 6 is then located trans to this group regardless of its prece-
dence. (If the choice for No. 1 is open, No. 6 is given to the group with lowest
priority, and No. 1 is the one trans to No. 6). The 2, 3, 4, and 5 are located in a
plane and form a cyclic sequence. Number 2 will normally be assigned to the
more prior group among the four.
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observer's place

6 6
R

Figure 1-7. Octahedral structures.

The observer looks at the face formed by the first three preferred atoms/
groups (1, 2, and 3) from a direction opposite to the face of 4, 5, and 6. (R)-
configuration is then defined as a clockwise arrangement of the groups 1, 2, and
3, and (S)-configuration is defined as a counterclockwise arrangement of the
first three preferred groups (Fig. 1-7).

Pseudochiral Centers. A Cabcd system is called a pseudochiral center when
a/b are one pair of enantiomeric groups and c/d are different from a/b as well
as different from each other. Molecules with a pseudochiral center can be either
achiral or chiral, depending on the properties of ¢ and d. If both ¢ and d are
achiral, the whole molecule is also achiral; if either or both of them is chiral, the
molecule is also chiral. As for the sequence rule, R > S is applied when naming
the pseudochiral center. The pseudochiral center is noted in italic lowercase
r or s. For example, compounds 10a and 10b are the reduction products of
D-(—)-ribose and D-(+)-xylose, respectively (Fig. 1-8). The C2 atom in these
two compounds has an (R)-configuration, and the C4 in these two compounds
has an (S)-configuration. The C3 atoms in these compounds can be considered
as pseudochiral centers. C3 in compound 10a is defined as s, and C3 in com-
pound 10b is defined as r.

Molecules that belong to C,, or D, point groups are also chiral. For instance,
trans-2,5-dimethylpyrrolidine (Fig. 1-9), containing a twofold rotation axis,
belongs to the point group C, and is chiral.”

5CH,OH 5CH,OH
H-4—0H H-4—0H
H-3—OH HO-3—H
H-4—OH H-2—OH
1CH,OH 1CH,OH
10a 10b

Figure 1-8. Pseudochiral centers.
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Figure 1-9. trans-2,5-Dimethylpyrrolidine.

1.3 DETERMINING ENANTIOMER COMPOSITION

As mentioned in Section 1.2, the presence of an asymmetric carbon is neither a
necessary nor a sufficient condition for optical activity. Each enantiomer of a
chiral molecule rotates the plane of polarized light to an equal degree but in
opposite directions. A chiral compound is optically active only if the amount of
one enantiomer is in excess of the other. Measuring the enantiomer composi-
tion is very important in asymmetric synthesis, as chemists working in this area
need the information to evaluate the asymmetric induction efficiency* of
asymmetric reactions.

The enantiomer composition of a sample may be described by the enan-
tiomer excess (ee), which describes the excess of one enantiomer over the other:

[S] - [R]

m x 100%

ee—‘

where [R] and [S] are the composition of R and S enantiomers, respectively.

Correspondingly, the diastereomer composition of a sample can be described
by the diastereomer excess (de), which refers to the excess of one diastereomer
over the other:

[S*S] — [S"R]

L= A 100%
S|+ [S°R]| © /

where [S*S] and [S*R] are the composition of the diastereomers, respectively.
Different methods have been developed for determining the enantiomer
compositions of a pair of enantiomers. Some apply measurements of the origi-
nal molecules, while others use derivatives of the corresponding compounds.
To determine how much one isomer is in excess over the other, analytical
methods based on high-performance liquid chromatography (HPLC) or gas
chromatography (GC) on a chiral column have proved to be most reliable.

*The goal of an asymmetric reaction is to obtain one enantiomer in high excess of the other. For
this reason, after the reaction one has to measure the enantiomer excess. The larger the excess of one
enantiomer over the other, the better the result of the asymmetric reaction or the higher efficiency of
the asymmetric induction.
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Chiral chemical shift reagents for NMR analysis are also useful, and so are
optical methods.

A variety of methods are also available when the compound under investi-
gation can be converted with a chiral reagent to diastereomeric products, which
have readily detectable differences in physical properties. If a derivatizing agent
is employed, it must be ensured that the reaction with the subject molecule is
quantitative and that the derivatization reaction is carried out to completion.
This will ensure that unintentional kinetic resolution does not occur before the
analysis. The derivatizing agent itself must be enantiomerically pure, and epi-
merization should not occur during the entire process of analysis.

1.3.1 Measuring Specific Rotation

One of the terms for describing enantiomer composition is optical purity. It
refers to the ratio of observed specific rotation to the maximum or absolute
specific rotation of a pure enantiomer sample. For any compound for which the
optical rotation of its pure enantiomer is known, the ee value may be deter-
mined directly from the observed optical rotation.

(o] = L[i] - x 100

where [o] is the measured rotation; L is the path length of cell (dm); ¢ is con-
centration (g/100 ml); D is the D line of sodium, the wave length of light used
for measurement (5983 A); and 20 is the temperature in degrees (Celsius).

Optical purity (%) = (0] s /[ max X 100%

The classic method of determining the optical purity of a sample is to use
a polarimeter. However, this method can be used to determine enantiomeric
purity only when the readings are taken carefully with a homogenous sample
under specific conditions. The method provides comparatively fast but, in many
cases, not very precise results. There are several drawbacks to this method: (1)
One must have knowledge of the specific rotation of the pure enantiomer under
the experimental conditions in order to compare it with the measured result
from the sample. (2) The measurement of optical rotation may be affected by
numerous factors, such as the wavelength of the polarized light, the presence or
absence of solvent, the solvent used for the measurement, the concentration of
the solution, the temperature of measurement, and so forth. Most importantly,
the measurement may be affected significantly by the presence of impurities that
have large specific rotations. (3) Usually a large quantity of sample is needed,
and the optical rotation of the product must be large enough for accurate
measurement. (This problem, however, has somewhat been alleviated by ad-
vances in instrumentation, such as the availability of the capillary cell.) (4) In



18 INTRODUCTION

OH OH
OH : :
—_— <« TsO
11 12 13

A OH
A derivative from trans- HOLC =
toni id vi o )
crotonic acid via quinine —— > \‘/\ —_— oo
OH =

salt resolution
R \

14 15
20 _ _ R=CO,H
11—>12 [0]p>" =-16.3 (c = 0.97, MeOH) > R—cHioH
14— 12 [0]p>" =-17.9 (¢ = 1.16, MeOH) > R=CH;0Ts
Scheme 1-2

the process of obtaining a chemically pure sample for measurement, an enrich-
ment of the major enantiomer may occur and cause substantial errors.

An example of the application of this method is given in Scheme 1-2.
White et al.® reported the enantioselective epoxidation of 3-buten-2-ol (11)
using Sharpless reagent (TBHP/Ti(OPr');/DET, used for the asymmetric
epoxidation of allyl alcohols), giving (2S5,3R)-1,2-epoxy-3-butanol (—)-12
([a]lz)o = —16.3, ¢ = 0.97, MeOH), which was employed in the chiral synthesis
of 2,5-dideoxyribose, a segment of the ionophoric antibiotic boromycin. Al-
though the (3R)-enantiomer of 12 was the expected product, an unambiguous
proof of the stereochemistry was still necessary. To this end, (+)-erythro-2,3-
dihydroxybutyric acid (14), which has been prepared by the hydroxylation of
trans-crotonic acid, was resolved via its quinine salt.” Comparing the specific
rotations confirmed that (—)-14 possesses (2.5,3R)-configuration. The protec-
tion of (—)-14 as its ketal derivative with cyclopentanone, followed by LAH
reduction and tosylation, produced compound 15, which, upon the removal of
the cyclopentylidene residue, gave the diol 13. Treatment of 13 with sodium
hydride produced 12 ([oc],zjo = —17.9, ¢ = 1.16, MeOH), which had the same
direction of optical rotation as the compound obtained from 11. Based on this
result, it was ascertained that the asymmetric epoxidation of 11 afforded (25,3 R)-
epoxy alcohol 12 with an enantiomer excess of 91% (16.3/17.9 x 100%).

Example showing the potential for errors in using the optical rotation
method that was found in the reduction of enantiomerically pure L-leucine to
leucinol using different reducing agents.!® When borane-dimethylsulfide was
used, the product obtained had a specific rotation of [« ]230 = +4.89 (neat). When
NaBH4 or LiAlH4; was used in the reduction of leucine ethyl ester hydro-
chloride, the leucinol obtained had a specific rotation of [oc]]zjo =+1.22 to 1.23.
At first, it was thought that racemization had occurred during the reaction
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when NaBH,4 or LiAlH,4 was used. It was found later that the wrong value of
+4.89 for the specific rotation was caused by trace amounts of a highly dextro-
rotatory impurity in the product. For this and other reasons, many enantiomer
compositions determined by this method in earlier years have now been found
to be incorrect.

1.3.2 The Nuclear Magnetic Resonance Method

NMR spectroscopy cannot normally be used directly for discriminating enan-
tiomers in solution. The NMR signals for most enantiomers are isochronic under
achiral conditions. However, NMR techniques can be used for the determination
of enantiomer compositions when diastereomeric interactions are introduced to
the system.

1.3.2.1 Nuclear Magnetic Resonance Spectroscopy Measured in a
Chiral Solvent or with a Chiral Solvating Agent. One method of NMR
analysis for enantiomer composition is to record the spectra in a chiral envi-
ronment, such as a chiral solvent or a chiral solvating agent. This method is
based on the diastereomeric interaction between the substrate and the chiral
environment applied in the analysis.

The first example found in the literature was the use of this method in dis-
tinguishing the enantiomers of 2,2,2-trifluoro-1-phenylethanol. This was real-
ized by recording the °F NMR of the compound in (—)-z-phenethylamine.**
Burlingame and Pirkle!? found that the ee values could also be determined by
studying the '"H NMR. Later it was found!? that the determination can also
be achieved in achiral solvents in the presence of certain chiral compounds,
namely, chiral solvating agents. In these cases, the determination was achieved
based on the diastereomeric interaction between the substrate and the chiral
solvating agent. Sometimes, the observed chemical shift difference is very small,
making the analysis difficult. This problem may be overcome by using a higher
field NMR spectrometer or recording the spectra at lower temperature.

1.3.2.2 Nuclear Magnetic Resonance with a Chiral Chemical Shift
Reagent. Lanthanide complexes can serve as weak Lewis acids. In nonpolar
solvents (e.g., CDCls, CCly, or CS,) these paramagnetic salts are able to bind
Lewis bases, such as amides, amines, esters, ketones, and sulfoxides. As a result,
protons, carbons, and other nuclei are usually deshielded relative to their posi-
tions in the uncomplexed substrates, and the chemical shifts of those nuclei are
altered. The extent of this alteration depends on the strength of the complex
and the distance of the nuclei from the paramagnetic metal ion. Therefore, the
NMR signals of different types of nuclei are shifted to different extents, and this
leads to spectral simplification. The spectral nonequivalence observed in the
presence of chiral chemical shift reagents (CSR) can be explained by the dif-
ference in geometry of the diastereomeric CSR—chiral substrate complexes, as
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well as the different magnetic environment of the coordinated enantiomers that
causes the anisochrony.!#

Achiral lanthanide shifting reagents may be used to enhance the anisochrony
of diastereomeric mixtures to facilitate their quantitative analysis. Chiral lan-
thanide shift reagents are much more commonly used to quantitatively analyze
enantiomer compositions. Sometimes it may be necessary to chemically convert
the enantiomer mixtures to their derivatives in order to get reasonable peak
separation with chiral chemical shift reagents.

Sometimes the enantiomer composition of a compound cannot be directly
determined using a chiral CSR. In this case, another compound that can be
related to the target compound will be chosen for the determination of enan-
tiomer composition.

Disparlure (cis-7,8-epoxy-2-methyloctadecane 17), as shown in Scheme 1-3,
has been identified as the sex pheromone of the gypsy moth. Because the two
alkyl substituents of disparlure are very similar, the molecule is effectively meso
from an experimental viewpoint. The optical rotation of disparlure is extremely
small. Estimates from +0.2° to +0.7° have been cited for the optically pure
material.'> Therefore, it is difficult to determine the optical purity of synthetic
samples by the optical rotation method. Furthermore, attempts to determine the
enantiomer excess using chiral solvating agents and chiral lanthanide shift agents
in conjunction with 'H or 13C NMR failed to give satisfactory results. Pirkle and
Rinaldi'® succeeded in determining the enantiomeric purity of 17 by utilizing
a chiral chemical shift reagent, tris[3-(heptafluoropropylhydroxymethlene)-d-
camphoratojeuropium (III) (18) in the '3*C NMR measurement of compound
16, an immediate precursor of disparlure (17). Examination of the *C NMR
spectrum of racemic disparlure precursor 16 in the presence of the chiral lan-
thanide reagent revealed the nonequivalent resonance signals for the aromatic
ipso- or ortho-carbons of the enantiomers. Because the subsequent ring closure
is stereospecific, the enantiomer composition of the product 17 should corre-
spond to that of its precursor 16. From its 13C NMR, the synthesized precursor

\\\H

o
16 17

sex pheromone of the gypsy moth
its optical rotation is extremely small

Scheme 1-3. Determining enantiomer composition with chiral chemical shift reagent 18.
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16 was found to have such an enantiomeric purity that the minor enantiomer
could not be detected. It was thus concluded that the synthetic disparlure 17
was enantiomerically pure.

The synthesis of lanthanide chemical shift reagents has been the objective
of many groups owing to their effect on NMR spectra simplification. A draw-
back of the commonly used reagents is their sensitivity to water or acids.
Tris(tetraphenylimido diphosphinato)praseodymium [Pr(tpip);] has been devel-
oped as a CSR for the analysis of carboxylic acids.!” Furthermore, it has been
found that dinuclear dicarboxylate complexes can be obtained through reactions
with ammonium or potassium salts of carboxylic acids, and these compounds
can be used to determine the enantiomer composition of carboxylic acids.!®

1.3.2.3 Chiral Derivatizing Agents for Nuclear Magnetic Resonance
Analysis. Chiral derivatizing agents are enantiomerically pure reagents that
are used to convert test samples to diastereomers in order to determine their
enantiomeric purity by NMR spectroscopy. The earliest NMR technique for
the determination of enantiomer composition involved the derivatization and
analysis of covalent diastereomer mixtures of esters and amides. The alcohols
and amines were first converted to the corresponding ester and amide deriva-
tives via reaction with chiral derivatizing agents. The NMR spectra of these
derivatives gave some easily identifiable signals for the diastereotopic nuclei,
and the enantiomer compositions were calculated from the integrated areas of
these signals.'® One of these first-generation chiral derivatizing agents was (R)-
(—)-methylmandelyl chloride.?® Later it was found that the derivative of this
reagent had a tendency to epimerize at the a-position of the carbonyl group or
to undergo kinetic resolution.?!

In 1973, Dale and Mosher?? proposed a reagent, a-methoxy-a-phenyl-o-
trifluoromethyl acetic acid (19), in both the (R)- and (S)-form. This is now
known as Mosher’s acid. The chloride of the acid reacts with chiral alcohols
(mostly secondary alcohols) to form diastereomeric mixtures called MTPA
esters or Mosher’s esters. This acid was initially designed to minimize the epi-
merization problem.?? There are two advantages in using this compound: (1)
The epimerization of the chiral «-C is avoided because of the absence of the
o-proton; and (2) the introduction of a CF; group makes it possible to analyze
the derivatives by means of '’F NMR, which simplifies the analysis process.
Peak overlapping is generally not observed, and the "°F NMR signals are far
better separated than are the 'H NMR peaks. In most cases, purification of the
reaction mixture is not necessary. This compound is also used in the chro-
matographic determination of enantiomer compositions, as well as in the de-
termination of absolute configurations.

On account of the magnetic nonequivalence of the a-trifluoromethyl group
and the a-methoxy group in diastereomeric MTPA esters, the enantiomer
compositions of alcohols can be determined by observing the NMR signals of
the CH30 or CF; group in their corresponding MTPA esters (Scheme 1-4).
Similarly, due to the different retention times of diastereomeric MTPA esters in
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CF3 C::F3
OCH;, OCH;
(R)-19 (S)-19
CF3 CF3
R*OH + @l\--X‘-|ICOC| — = ||n--X-IIICOOR*
OCHj4 OCHj3

Scheme 1-4. Application of Mosher’s acid.

GC or HPLC, the diastereomeric derivatives may be separated by chromato-
graphic means.

Following Mosher’s report, several publications appeared showing the
preparation of Mosher’s acid. One example is the chemoenzymatic preparation
of Mosher’s acid using Aspergillus oryzae protease (Scheme 1-5)%*:

F3C OH PH=7.0 F3C OH FsC OH

oS -

. ;
COOCH3  Aspergillus oryzae protease Ph™ “COOH Ph™ “COOCH,4

Scheme 1-5. Chemoenzymatic preparation of Mosher’s acid.

Another new and simple synthesis of Mosher’s acid was reported by Gold-
berg and Alper?® (Scheme 1-6):

CF CF
18-crown-6 3 KOH 3
PhCOCF3 + CliCCOOSI(CH)s —————> Ph——CCl; —— = Ph——COOH
K2C03 . MeOH
OSiMe3 OMe

Scheme 1-6. New synthesis of Mosher’s acid.

Bennani et al.?® also reported a short route to Mosher’s acid precursors via
catalytic asymmetric dihydroxylation (Scheme 1-7):

CF3  0s0O,(cat.), Ligand(cat. HO CF CF
4(cat.), Ligand( L LFs PUC, O, Ho, &Fs
K3Fe(CN)g, K,CO3 OH ———> COOH
t -BUOH/H,0(1 : 1) NaHCOs, H,0
Ligand ee (%)
(DHQD),PHAL 83
(DHQD),DPP 91

Scheme 1-7. Synthesis of Mosher’s acid precursors.

Similarly, Mosher-type amines have been introduced for determining the
enantiomer composition of chiral carboxylic acids (Fig. 1-10)?7:
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CF3 CF3
@""X""CHZNHZ @%CHZNHZ

OCH3 OCH,

R S

Figure 1-10. Mosher-type amines.

1.3.3 Some Other Reagents for Nuclear Magnetic Resonance
Analysis

Various chiral derivatizing agents have been reported for the determination of
enantiomer compositions. One example is determining the enantiomeric purity
of alcohols using *'P NMR.?® As shown in Scheme 1-8, reagent 20 can be
readily prepared and conveniently stored in tetrahydrofuran (THF) for long
periods. This compound shows excellent activity toward primary, secondary,
and tertiary alcohols. To evaluate the utility of compound 20 for determining
enantiomer composition, some racemic alcohols were chosen and allowed to
react with 20. The diastereomeric pairs of derivative 21 exhibit clear differences
in their 3'P NMR spectra, and the enantiomer composition of a compound can
then be easily measured (Scheme 1-8).

HO._COOR 0-_»COOR  R:«oH 0-_»COOR
PCl; + —_— C|7p< :r E— R*ofp< j/

HO™ “COOR 0~ "coor  2MN 0™ "COOR
20 21
o OH
)\/\)v/ O,\fl-le 2)\
*'P NMR A(ppm) L5 0.7 L5

Scheme 1-8. Chemical shift differences in 3'P NMR (Ad[ppm)]) of some alcohol deriva-
tives with 20.

Other derivatizing reagents that can be used as simple and efficient reagents
for determining the enantiomer composition of chiral alcohols using the 3'P
NMR method are shown below (Scheme 1-9 and Fig. 1-11)293%

CHy CHs CHs

N CHa ON\ Sg A\ S

O/ PN + R'OH —> ) ,P—OR* ——> U P
"N CHy N N R

CHs CH3 CHs

Scheme 1-9. Chiral derivatizing agents used in >'P NMR analysis.
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Z=S,Y=NHR*
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Figure 1-11. Some new compounds used as derivatizing agents.

a-Methoxylphenyl acetic acid can be used as an NMR chiral CSR for
determining the enantiomer composition of sulfoxides.>?

1.3.4 Determining the Enantiomer Composition of Chiral Glycols or
Cyclic Ketones

Hiemstra and Wynberg reported®* the determination of the enantiomer compo-
sition of 3-substituted cyclohexanones by observing the '*C NMR signals of C-2
and C-6 in the corresponding cyclic ketals, which were prepared via the reaction
of the ketones with enantiomerically pure 2,3-butanediol. This method has also
been applied in determining enantiomeric composition of chiral aldehydes via
the formation of acetals.®> Similarly, chiral 2-substituted cyclohexanone 22 has
been used for determining the enantiomer composition of chiral 2-substituted-
1,2-glycols via *C NMR or HPLC analysis (Scheme 1-10).3°

R R

o) /—\ f’\ /—<
o) o OO

O
Pr + ,—< — i‘\ ,Pr Pr
22

Scheme 1-10. Formation of ketals from glycols and 2-substituted cyclohexanone 22.

Compound 22 can be conveniently prepared in multigram quantities and has
been found to be useful for assessing the enantiomeric purity of 1,2-glycols.
Because the ketal carbon represents a new chiral center, the formation of four
diastereomers is possible. However, the diastereomeric pair 23a and 23b (or 23¢
and 23d) shows 1:1 peak height in 3C NMR or equal peak areas in HPLC; the
diastereomer composition measured by the ratio of 23a to 23b or 23c¢ to 23d
reflects the enantiomer composition of the original 1,2-glycol.
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0 Ph, Ph
Ph Ph
@ . 2 ( HN_ _NH
R H,N  NH,
24 25 R
26

Scheme 1-11. Conversion of ketone to aminal.

Similarly, the enantiomer compositions of ketones or aldehydes can be deter-
mined using a chiral 1,2-glycol by converting the ketones or aldehydes to the
corresponding ketals or acetals. The derivatization of chiral cyclic ketones or
aldehydes to diastereomeric aminals by reacting the ketones or aldehydes with
an enantiomerically pure diamine is also an efficient and fast method for
determining their enantiomer composition. Enantiomerically pure (R,R)-1,2-
diphenylethylene-diamine 25 can react readily with 3-substituted cyclo-
hexanone 24 to form the diastereomeric aminal 26 (Scheme 1-11). The NMR
spectrum of 26 in either CDCl; or C¢Dg shows a better signal separation than
that of the ketals.3” The main advantage lies in the ease of manipulation of the
sample. When ketone 24 and diamine 25 (normally in slight excess) are mixed
directly in an NMR tube, the reaction is completed in a few seconds.

In the case of 3-substituted cyclopentanones or cycloheptanones, derivatiza-
tion with diamine is slower, and the reaction time ranges from a few minutes to
several hours. This method is not applicable to acyclic ketones and enones.

The general pattern of the spectra of aminals is similar to that of the corre-
sponding ketals, and the measurement of enantiomer composition can be done
on the same carbon nuclei. In addition, the signals are clearly distinguishable in
the aminals, giving more accurate results.3®

1.3.5 Chromatographic Methods Using Chiral Columns

One of the most powerful methods for determining enantiomer composition is
gas or liquid chromatography, as it allows direct separation of the enantiomers
of a chiral substance. Early chromatographic methods required the conversion
of an enantiomeric mixture to a diastereomeric mixture, followed by analysis
of the mixture by either GC or HPLC. A more convenient chromatographic
approach for determining enantiomer compositions involves the application of
a chiral environment without derivatization of the enantiomer mixture. Such
a separation may be achieved using a chiral solvent as the mobile phase, but
applications are limited because the method consumes large quantities of costly
chiral solvents. The direct separation of enantiomers on a chiral stationary
phase has been used extensively for the determination of enantiomer composi-
tion. Materials for the chiral stationary phase are commercially available for
both GC and HPLC.
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Figure 1-12. Basic structures of chiral materials used as the stationary phase in gas
chromatographic resolution via hydrogen bonding.

1.3.5.1 Gas Chromatography. A very commonly used method for the
analysis of mixtures of enantiomers is chiral GC.3° *! In addition to being
quick and simple, this sensitive method is normally unaffected by trace im-
purities. The method is based on the principle that molecular association be-
tween the chiral stationary phase and the sample may lead to some chiral rec-
ognition and sufficient resolution of the enantiomers. The chiral stationary
phase contains an auxiliary resolving agent of high enantiomeric purity. The
enantiomers to be analyzed undergo rapid and reversible diastereomeric inter-
actions with the stationary phase and hence may be eluted at different rates
(indicated as tgr, the retention time). Two examples of chiral stationary phases
used for gas chromatography are illustrated below.

Hydrogen Bonding of the Substrates with the Stationary Phase. In this cate-
gory (Fig. 1-12), the chiral stationary phase normally contains amide bonds
that can provide hydrogen bonding sites for the substrates.*? Such chiral sta-
tionary phases were initially designed for amino acid analysis based on the
assumption that hydrogen bonding between the amino acid substrate and the
chiral stationary phase can provide a small degree of enantioselectivity sufficient
for the quantitative analysis of the enantiomer compositions of chiral amino
acids.*? This separation can be amplified by using long capillary columns.

Complexation with Chiral Metal Complexes. This idea was first suggested by
Feibush et al.** The separation is realized by the dynamic formation of diaster-
eomeric complexes between gaseous chiral molecules and the chiral stationary
phase in the coordination sphere of metal complexes. A few typical examples of
metal complexes used in chiral stationary phase chromatography are presented
in Figure 1-13.%°

Separation of enantiomeric or diastereomeric mixtures by GC is a good
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CF,CF,CF;

a: M =Ni, R = CF;

b: M = Ni, R = C;F; 35

c:M=Mn, R =C;3F,;
Figure 1-13. Chiral metal chelates for enantiomer resolution by complexation gas
chromatography.

method for determining enantiomer compositions. However, this method is
limited to samples that are both volatile and thermally stable. Normally, if the
compound to be separated has a low boiling point (lower than 260°C, for ex-
ample), or it can be converted to a low boiling substance, and no racemization
occurs during the analysis, it is possible to analyze it by GC. In general, the
lower the temperature at which the compound is eluted, the greater the oppor-
tunity for a clean separation. If the compound has a high boiling point, or the
compound tends to decompose or racemize at high temperature, HPLC using
either a chiral stationary phase or a chiral mobile phase would be the choice of
separation.

1.3.5.2 Liquid Chromatography. The development of rapid, simple liquid
chromatographic methods for determining the enantiomeric purity of chiral
compounds is probably one of the most important developments in the study of
asymmetric synthesis in the last 10 years. Several books have been published
providing thorough evaluations of various enantiomeric separation techniques
and their practical applications.*®

Initially, chiral stationary phases for chiral liquid chromatography were de-
signed for preparative purposes, mostly based on the concept of “three-point
recognition”.*” Pirkle and other scientists*® developed a series of chiral sta-
tionary phases that usually contain an aryl-substituted chiral compound con-
nected to silica gel through a spacer. Figure 1-14 depicts the general concept
and an actual example of such a chiral stationary phase.

Another chiral stationary phase is modified cyclodextrin. Cyclodextrins are
cyclic chiral carbohydrates composed of six, seven, or eight glucopyranose
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Figure 1-14. Chiral stationary phase for high-performance liquid chromatography.

units designated as a-, -, and y-cyclodextrin, respectively. Cyclodextrins are
cylinder-shaped molecules with an axial void cavity. Their outer surface is
hydrophilic, and therefore they are soluble in water. The cavity is nonpolar
and can include other nonpolar molecules of appropriate dimensions and bind
them through hydrophobic interactions.*?

The complexation of cyclodextrin is highly selective. The inclusion processes
are influenced mainly by the hydrophobicity and shape of the guest molecules.
Specifically, the guest molecules must fit the cyclodextrin cavity. Complexation
processes occurring in solution are reversible, and the equilibration in solution
is relatively fast. For these reasons, cyclodextrin immobilized on silica gel is
also used for chromatographic separation of chiral compounds, especially for
compounds containing aromatic groups.’® An aromatic group on the substrate
is essential for getting enantioselective binding through interaction with the
glycosidic oxygen atoms. A substrate without an aromatic group will occupy
random positions within the cavity and consequently lose enantioselectivity.>!

1.3.6 Capillary Electrophoresis with Enantioselective Supporting
Electrolytes

Electrophoresis is based on the transport of electrically charged compounds in a
gel or a buffer solution under the influence of an electric field. The instrumenta-
tion involves a capillary tube filled with buffer solution and placed between two
buffer reservoirs. The electric field is applied by means of a high-voltage power
supply. This is similar to a chromatographic method in which the enantiomer
mixture forms diastereomer complexes with a chiral mobile phase to accom-
plish the separation. In chromatographic separation, the driving force comes
from the mobile phase, whereas in electrophoresis the driving force is the elec-
troosmotic and electrophoretic action. Differences in complexation constants
cause these transient charged species to acquire different mobilities under the
influence of the applied electric field. It should be noted that in electrophoresis
no mobile phase is used. The method depends on the different migration rates
of charged enantiomers in a chiral supporting electrolyte. The method is fast
and highly sensitive, which permits the rapid (about 10 minutes) and accurate
analysis of samples in femtomolar concentration.>2

Capillary electrophoresis (CE) was originally developed as a microanalytical
technique for analysis and purification of biopolymers. The separation of bio-



1.4 DETERMINING ABSOLUTE CONFIGURATION 29

polymers can be achieved according to their different electrophoretic mobilities.
Capillary gel electrophoresis is based on the distribution of analytes in a carrier
electrolyte, and this method has been extensively used in analysis and separa-
tion of proteins and nucleic acids.

Compared with GC and HPLC, the most important advantage of CE is its
high peak efficiency. It can give a baseline resolution of peaks even when the
separation factor is low. Volatile chiral samples are best analyzed by GC,
whereas HPLC and CE are more suitable for nonvolatile samples. CE is the
best choice for a charged compound or for a high-molecular-weight sample.

As the running medium in electrophoresis, the buffer solution should have a
high capacity in the selected pH range and should not give a strong background
signal in the detector. Furthermore, to minimize the electric current, the buffer
should also have a low mobility under the voltage applied and under the experi-
mental conditions.

The applied voltage has a significant effect on the separation. Excess voltage
may degrade the analysis for two reasons: first by speeding up the mobility of
the analyte and second by causing Joule heating, which changes the separation
conditions.

Several modes of capillary electrophoretic separation are available: ordinary
CE, capillary zone electrophoresis, capillary electrokinetic chromatography,
capillary gel electrophoresis, capillary electrochromatography, capillary isota-
chophoresis, and capillary isoelectric focusing. The different separation mecha-
nisms make it possible to separate a wide variety of substances depending on
their mass, charge, and chemical nature.?

In a solution without chiral selectors, enantiomers cannot be distinguished
from each other through their electrophoretic mobility. Separation can, how-
ever, be achieved when the buffer solution contains certain chiral compounds.
The chiral compounds used to distinguish enantiomers are referred to as
selectors.

When a sample is loaded into the capillary, a transient diastereomer complex
may be formed between the sample and the selector. The differing mobilities of
the diasterecomers in the buffer solution in the presence of an electric field is the
reason for the separation. The differences of mobility between the diastereomers
are the result of different effective charge sensitivities caused by the different
spatial orientations of diastereomers or the specific intermolecular interactions
between them.

Many chiral compounds can be used as selectors, for example, chiral metal
complexes, native and modified cyclodextrins, crown ethers, macrocyclic anti-
biotics, noncyclic oligosaccharides, and polysaccharides all have been shown to
be useful for efficient separation of different types of compounds.

1.4 DETERMINING ABSOLUTE CONFIGURATION

Thus far, we have discussed the nomenclature of different types of chiral sys-
tems as well as techniques for determining enantiomer composition. Currently,
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the most commonly used nomenclature for chiral systems follows the CIP rules
or sequence rules, although Fischer’s convention is still applied for carbohy-
drates and amino acids. In the area of asymmetric synthesis, one of the most
important parameters one has to know in order to evaluate the efficiency of
asymmetric induction is the enantiomer composition. Another important
parameter is the configuration of the major product of an asymmetric reaction.
Thus, in an asymmetric reaction, there are two important elements. One is to
know the predominant configuration, and the other is to determine the extent
to which this configuration is in excess of the other.

It is very important to define the absolute configuration of a chiral molecule
in order to understand its function in a biosystem. First, definite chirality is
involved in most biological processes; second, only one of the enantiomeric
forms is involved in most of the building blocks for proteins, nucleotides, and
carbohydrates, as well as terpenes and other natural products. Many biological
activities are exclusive to one specific absolute configuration. Without a good
understanding of the absolute configuration of a molecule, we often cannot
understand its chemical and biological behavior.

Under normal conditions, the two enantiomers of a chiral compound have
exactly the same boiling and melting points and the same solubility in normal
achiral solvents. Their chemical reactions are also identical under achiral con-
ditions. However, under chiral conditions, the enantiomers may behave very
differently. For example, physical property or chemical reactivity may change
significantly under chiral conditions.

Determining the absolute configuration of a chiral center involves assigning
spatial orientation to the molecule and then correlating this orientation with the
negative or positive rotation of polarized light caused by this substance under
given conditions. Several methods are available to determine the absolute con-
figuration of chiral compounds.

1.4.1 X-Ray Diffraction Methods

Normal X-ray diffraction cannot distinguish between enantiomers. The ampli-
tude of a given reflection depends on the scattering power of the atoms and phase
differences in the wavelets scattered by them. When the diffraction involves light
nuclei (e.g., C, H, N, O, F), the interference pattern is determined only by the
internuclear separations, and the phase coincidence is independent of the spatial
orientation of these nuclei. Thus, from the diffraction pattern it is possible to
calculate various internuclear distances and constitutions in the molecule and to
deduce the relative positions of these nuclei in space. One can build the relative
configuration of a compound, but it is normally difficult to distinguish enan-
tiomers or to get the absolute configurations for chiral compounds containing
only light atoms.

When molecules containing only light nuclei are subjected to X-ray analysis,
only diffraction occurs and no significant absorption can be observed. During
the experiment, the phase change in the radiation is almost the same for both
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enantiomers. Nuclei of heavy atoms absorb X-rays over a particular range of
the absorption curve. If the wavelength of the radiation coincides with the
absorption edge of the heavy atom, there will be absorption, and both diffrac-
tion and phase lag can be observed. Because of this phase lag or anomalous
scattering, the interference pattern will depend not only on the distance between
atoms but also on their relative positions in space, thus making it possible to
determine the absolute configuration of molecules containing heavy atoms.

For example, K, radiation of zirconium is on the edge of rubidium, and L,
radiation of uranium is on that of bromine. Therefore, for a molecule contain-
ing rubidium, the absolute configuration can be determined by using Zr-K,
as the X-ray source, and the absolute configuration can be determined by using
U-L, as the X-ray source for molecules containing bromine. This is called the
anomalous X-ray scattering method. In 1930, Coster and his co-workers used
this method to determine the sequence of planes of zinc and sulfur atoms in a
crystal of zincblende. In this experiment, an X-ray wavelength was chosen near
the absorption edge of zinc, and this resulted in a small phase change of the
X-rays scattered by zinc atoms related to sulfur.

Normally, a relatively heavy atom is chosen because the phase change gen-
erally increases with increasing atom mass. This principle was first applied®*
to determine the absolute configuration of a sodium rubidium salt of natural
tartaric acid by using Zr-K, X-rays in an X-ray crystallographic study. This
method is now referred to as the Bijvoet method. With the absolute configura-
tion of sodium rubidium tartrate as a starting point, the absolute configuration
of other compounds has been determined in a step by step fashion through
correlation based on either physical-chemical comparison or transformation by
chemical reactions.

In general, the result of an individual determination of absolute configura-
tion by this method is more prone to error than are results from other methods
of structure determination because it depends on a difference in the intensity of
related diffraction pairs. The heavy atom method is suitable for determining the
absolute configuration of organic acids or bases, because it is easy to introduce
heavy metals into these molecules by means of salt formation. Currently, X-ray
analysis by this heavy atom method is a standard technique for resolving the
structure of organic molecules. It is almost always possible to attach a heavy
atom to the molecule. The probability of error increases in the absence of a
heavy metal, but this can be offset by applying a neutron diffraction method. As
a variation of X-ray diffraction, neutron diffraction analysis can also be used to
determine the absolute configuration of chiral compounds that do not contain
heavy atoms.

For a molecule without a heavy atom, the absolute configuration can also be
determined by attaching another chiral moiety of known configuration to the
sample. The absolute configuration can then be determined by comparison with
this known configuration. For example, the absolute configuration of com-
pound 37 or 38 cannot be determined by X-ray diffraction because of the lack
of heavy atoms in the molecules. But the configuration can be determined by
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introducing chiral groups of known configuration. Thus, the absolute configu-
ration of the phosphor atoms in the quinoline salt of (+)-(R)-37°° and the
brucine salt of (—)-(S)-38°° has been determined by X-ray single crystal dif-
fraction analysis.

S
1 1]
_P.,
Et0” P\ 'OH Ph”\ 'OH
OPh OEt
(R)-(+)-37 (5)-(-)-38

1.4.2 Chiroptical Methods

The electric vectors of a beam of normal light are oriented in all planes,
whereas in polarized light the electric vectors lie in the same plane perpendicu-
lar to the direction of propagation. Materials capable of rotating the plane of
polarized light are termed optically active.

Optical activity comes from the different refractions of right and left circu-
larly polarized light by chiral molecules. The difference in refractive indices in a
dissymmetric medium corresponds to the slowing down of one beam in relation
to the other. This can cause a rotation of the plane of polarization or optical
rotation. The value of specific rotation varies with wavelength of the incident
polarized light. This is called optical rotatory dispersion (ORD).

Optical activity also manifests itself in small differences in the molar extinc-
tion coefficients ¢; and ¢r of an enantiomer toward the right and left circularly
polarized light. The small differences in ¢ are expressed by the term molecular
ellipticity [Hf = 3300(e. — er). As a result of the differences in molar extinction
coefficients, a circularly polarized beam in one direction is absorbed more
than the other. Molecular ellipticity is dependent on temperature, solvent, and
wavelength. The wavelength dependence of ellipticity is called circular dichroism
(CD). CD spectroscopy is a powerful method for studying the three-dimensional
structures of optically active chiral compounds, for example, for studying their
absolute configurations or preferred conformations.>’

CD spectra are usually measured in solution, and these spectra result from
the interaction of the individual chromophores of a single molecule with the
electromagnetic field of light. The interaction with neighboring molecules is
often negligible. Moreover, because molecules in solution are tumbling and
randomly oriented, the mutual interaction between two molecules, which is
approximated by a dipole—dipole interaction, is negligible.

Organic molecules with 7-electron systems interact with the electromagnetic
field of ultraviolet or visible light to absorb resonance energy. The ultraviolet
and visible absorption spectra of a variety of n-electron systems have been ap-
plied extensively in structural studies. Measuring the CD of optically active
compounds is a powerful method for studying the three-dimensional structure
of organic molecules, and, most importantly, this method is being used for the
structural study of biopolymers.
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The wavelength dependence of specific rotation and/or molecular ellipticity
is called the Cotton effect. The Cotton effect can provide a wealth of informa-
tion on relative or absolute configurations. The sign of the Cotton effect reflects
the stereochemistry of the environment of the chromophore. By comparing the
Cotton effect of a compound of known absolute configuration with that of a
structurally similar compound, it is possible to deduce the absolute configura-
tion or conformation of the latter.

In a plot of molecular specific rotation or molecular ellipticity vesus wave-
length, the extremum on the side of the longer wavelength is called the first
extremum, and the extremum on the side of the shorter wavelength is called the
second extremum. If the first extremum is positive and the second one is nega-
tive, this is called a positive Cotton effect; the first extremum is called a peak,
and the second extremum is called a trough. Conversely, in a negative Cotton
effect curve, the first extremum is a trough and the second one is a peak.

Comparing the signs of the Cotton effect is applicable to substances with
suitable chromophores connected to a rigid cyclic substructure. With the aid of
an empirical rule, or “octant rule,” it is possible using this comparison to pre-
dict the absolute configurations of certain five-, six-, and seven-membered cyclic
ketones.>® According to this empirical rule, three planes A, B, and C divide the
space around the carbonyl group into octants. Plane A bisects the carbonyl
group, plane B is perpendicular to A and resides on the carbonyl oxygen, and
plane C is perpendicular to both A and B (Fig. 1-15):

Figure 1-15. The octant rule.
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Viewed from the carbonyl side, the four octants behind plane C are the rear
octants; the four octants in front of plane C are referred to as the forward
octants. The empirical octant rule establishes that the Cotton effect in a mole-
cule can be correlated with its substituents. The substituents in rear octants are
the most important because there are rarely substituents on the cycloalkane ring
pointing forward. Substituents that reside on plane A, B, or C make no contri-
bution to the n-z* Cotton effect in the CD of the cycloalkanones. However,
rear substituents in the lower-left octant and the upper-right octant contribute
a negative Cotton effect. Rear substituents in the upper-left and lower-right
octants have a positive contribution. For multisubstituted systems, the sign of
the n-z* Cotton effect can be estimated from the sum of the contributions made
by the substituents in each of the eight octants.

For a system containing two chromophores i and j, the exciton chirality
(positive or negative) governing the sign and amplitude of the split Cotton
effect can be theoretically defined as below®°:

R- (/_jioa X ﬁjoa)vij

where R is an interchromophore distance vector, i, and Hjoa are the electric
transition dipole moments of excitation o — a for groups i and j, and Vj; is the
interaction energy between the two chromophores i and j.

In the case of a molecule having two identical chromophores connected by
o-bonds in some orientation, it is probable that the state of one excited chro-
mophore is the same as that of the other, as the excited state (exciton) deloc-
alizes between the two chromophores.

A molecule containing two chromophores oriented in chiral positions can
be defined to have either negative or positive chirality as depicted in Figure
1-16:

Positive chirality Negative chirality

Figure 1-16. Positive and negative chirality.

In the case of a positive chirality, a Cotton effect with positive first and
negative second is observed, whereas a Cotton effect with negative first is found
for negative chirality. As this method is based on theoretical calculations, the
absolute configuration of organic compounds can be deduced unambiguously
from their corresponding CD curves.

There are several criteria for chromophores that are to be used for CD chir-
ality studies:
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Figure 1-17. Exciton chirality of acyclic allylic benzoates and the sign of the predicted
benzoate Cotton effects. The thick line denotes the electric transition moment of the
benzoate group. Reprinted with permission by Am. Chem. Soc., Ref. 61.

1. The chromophore must have strong 7—z* transition bands.

2. The chromophore should have as high symmetry as possible so that
polarization of the transition bands is established in the geometry of the
chromophores.

para-Substituted benzoate is suitable for determining the absolute configu-
ration in glycol systems. The intramolecular charge transfer band of the chro-
mophore undergoes a red shift when electron-donating or electron-withdrawing
groups are substituted in para-positions. The stronger the electron donating or
withdrawing property in the para-position, the more significant the red shift.
Benzamido chromophore can be used for chiral amino alcohol or diamine
systems.

Considering an olefinic functionality as a chromophore, the absolute con-
figuration of cyclic allylic alcohols can be determined using a method that
involves the conversion of the alcohol to the corresponding benzoate.®® This
can also be extended to acyclic alcohols where the conformations are dynamic
(see Fig. 1-17). Interested readers may consult the literature for details.®!

1.4.3 The Chemical Interrelation Method

The chemical interrelation method for determining the absolute configuration
of a compound involves the conversion of this compound to a compound with
a known configuration, and then the absolute configuration is deduced from
the resulting physical properties, such as optical rotation or GC behavior. An
example is shown in Scheme 1-12.

Alkylation of the configurationally unknown compound (+)-39 followed by
chlorination in Scheme 1-12 afforded product (R)-(—)-41 with retained config-
urations. This was then converted to (S)-(—)-42 with an inversion of configura-
tion.®? In this manner, the correlation between compounds (+)-39 and (S)-(—)-
42 in the sense of absolute configuration has been established, and the starting
(4)-39 is determined to have an absolute configuration of (R) (Scheme 1-12).

This method of determining the absolute configuration is commonly used, as
it is convenient, economical, and does not need expensive instruments. For ex-
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Scheme 1-12. Chemical interrelation method.

ample, manicone, (4E )-4,6-dimethyl-4-octen-3-one (43), has been identified as
an active pheromone present in the mandibular glands of two North American
species of ants: Manica mutica and M. bradleyi, as well as in the mandibular
gland secretion of the Eurasiatic manica species M. rubida latr. Samples of rac-
43 could not be separated by complexation GC on a chiral stationary phase. To
determine the absolute configuration of this chiral natural product, hydroge-
nation of the C=C bond of synthetic rac-43 with Pd/C was carried out to give
rac-44, which is composed of two pairs of diastereomers. These four isomers can
be separated by complexation GC on nickel(II)-bis[3-heptafluoro-butyryl-(1 R)-
camphorate] (Fig. 1-18a). In the same manner, natural 43 was subjected to
hydrogenation, and the two isomers thus formed were also separated under the
same conditions. Only two diastereomeric hydrogenation products 44 appeared
in the gas chromatogram (Fig. 1-18b). Compound 44 with an (S)-configura-
tion on C-6 was then synthesized starting from a commercially available (S)-
(—)-2-methylbutanol, giving a mixture of diastereomers (4R,6S)- and (4S,6S)-
44. Chromatograms of the mixture of these diastereomers are shown in Figure
1-18d. By co-injecting two samples of natural-44/rac-44 and (4RS,6S)-44/rac-
44 (Fig. 1-18c,e), the natural pheromone was finally confirmed to have an (S)-
configuration at C-6.%3

1.4.4 Prelog’s Method

In 1953, Prelog®* put forward an empirical rule from which the absolute con-
figuration of an optically active secondary alcohol can be deduced. According
to this rule, nucleophilic attack on an a-keto carboxylic acid ester of a chiral
secondary alcohol can give a chiral a-hydroxyl carboxylic acid. From the pre-
dominant absolute configuration of the resulting chiral acid, the absolute con-
figuration of the original alcohol can be deduced. This rule is outlined in
Scheme 1-13. The abbreviations Ry and Ry refer to large- and medium-sized
substituents, respectively, on the asymmetric carbon atom in the alcohol.

Esterification of an o-keto acid or its chloride (phenylglyoxyl chloride 45)
with an optically active alcohol 46 gives an optically active o-keto ester 47.
Treatment of this ester with an achiral reagent such as a methyl Grignard re-
agent results in the formation of the diastereomeric a-hydroxyl acid ester, and
48 can be obtained by hydrolysis. There is a correlation between asymmetric
induction and the relative size of the substituent groups, which are located
nearest to the trigonal atom undergoing reaction.
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Figure 1-18. Gas chromatographic separation of a) synthetic racemic dihydromanicone
rac-44; b) “natural” 44, obtained by hydrogenation of material from the heads of M.
rubida; c) co-injected natural-44 and rac-44; d) synthetic (4RS,6S5)-44; and e) co-injected
synthetic (4RS,6S)-44 and rac-44. Chiral GC phase: nickel(II)-bis[3-heptafluorobutyryl-
(1R)-camphorate]. Signals 1 and 4 correspond to the pair of diastereomers (4RS,6.5)-44;
signals 2 and 3 correspond to (4RS,6R)-44. Reprinted, with permission, by VCH, Ref.
63.

Conformational analysis reveals that the ester of type RCOOR’ (47) adopts
a planar conformation in which CO and OR’ groups are cisoid and the two
carbonyl groups antiparallel, as shown in 47 (Scheme 1-13). Three conforma-
tions for the alcohol substituents might be considered (49-51). Examination
of the attacking mode of the reagent suggests that 49 and 50, the favorable
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Scheme 1-13. Prelog’s rule.

transition states for the subsequent reaction, will lead to the same enantiomer
(o-hydroxyl acid) as indicated by Prelog. The third conformation 51 will give
the antipode. Conformations 49 and 50 are preferred over 51 for the front end
attack by the Grignard reagent for two reasons. First, there is considerable
steric interaction between the large substituent on the alcohol alkoxyl group in
47 and the attacking methyl Grignard reagent. Second, the reagent approaches
from the least sterically hindered side. It is thus possible to predict which con-
figuration of the asymmetric addition product will be formed preferentially.

As a result, the configuration of the alcohol can be deduced as (S) or (R)
depending on which form, (S)-(4)- or (R)-(—)-48, of the hydrolyzed product is
isolated in excess at the end of the reaction (Fig. 1-19).

It is always advisable to examine the complete molecular topology in the
neighborhood of the chiral carbon atom and to confirm the results by employ-
ing another analytical method before the final assignment. In conclusion, Pre-
log’s rule does predict the steric course of an asymmetric synthesis carried out
with a chiral a-keto ester, and the predictions have been found to be correct
in most cases. Indeed, this method has been widely used for determining the
absolute configuration of secondary alcohols.

Ru C::OOH
RS-——-OH —> HO Me
R Ph
(5)-46 (5)-(1)-48

Ru COOH
HO=—Rg —> Me-—f—-OH
R Ph
(R)-46 (R)-(-)-48

Figure 1-19. Alcohol configuration deduction.
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1.4.5 Horeau’s Method

Another method for determining the absolute configurations of secondary alco-
hols is Horeau’s method, which is based on kinetic resolution. As shown in
Scheme 1-14, an optically active alcohol reacts with racemic 2-phenylbutanoic
anhydride (54), and an optically active 2-phenylbutanoic acid (52) is obtained
after hydrolysis of the half-reacted anhydride.

It has been found experimentally that, as with Prelog’s rule, there is a rela-
tionship between the sign of optical rotation of the isolated 2-phenylbutyric acid
and the absolute configuration of the alcohol involved. If the 2-phenylbutanoic
acid isolated is levorotatory, the secondary alcohol 53 will be configured such
that, in a Fischer projection, the hydroxy group is down, the hydrogen atom is
up, and the larger group of the two remaining substituents is on the right. If the
isolated acid is dextrorotatory, the secondary alcohol will arrange with the larger
substituent on the left. Accordingly, the absolute configuration of the secondary
alcohol being studied can be defined as (R) or (S) according to the CIP rule
(Scheme 1-14).° Interested readers may consult the review written by Horeau.®?

Acid obtained  Absolute configuration

from resolution of the alcohol
COOH H
H=—=CoH; —> M=—L
66H5 6H
(R)-(-)-52 (5)-53
COOH H
CoHg=—=H ——> L=——M
CeHs OH
(S)-(+)-52 (R)-53
Et H Moo Et
H~|~CO)20 + M=——L —> H=—/— o—“—|—Ph
Ph OH L H
54 (8)-53 (8)-(8)-55
Et H L o ph
H+CO)2O + L—-|—M — H+O—L|—Et
Ph OH M H
54 (R)-53 (R)-(R)-55

Scheme 1-14. Horeau’s method.

2-Phenylbutanoic anhydride can be easily prepared as shown in Scheme
1-15°%¢;
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Scheme 1-15. Preparation of 2-phenylbutanoic anhydride.

2-Phenylbutanoic anhydride can be used for assigning the absolute configura-
tion of most chiral secondary alcohols. Unfortunately this reagent fails to give a
satisfactory result when the alcohol contains very bulky groups.®” A modifica-
tion of Horeau’s method, using PhCH(C,H5)COCI as the resolving reagent,
has been shown to be effective for alcohols with bulky groups. In fact, with this
modification following a similar esterification procedure, even very hindered
neopentyl alcohols react with the acid chloride. (Acid anhydride did not react in
this case.) The result is consistent with that achieved through the use of phe-
nylbutanoic acid anhydride.®®

1.4.6 Nuclear Magnetic Resonance Method for Relative Configuration
Determination

1.4.6.1 Nuclear Overhauser Effect for Configuration Determination.
When one resonance in an NMR spectrum is perturbed by saturation or
inversion, the net intensities of other resonances in the spectrum may change.
This phenomenon is called the nuclear Overhauser effect (NOE). The change in
resonance intensities is caused by spins close in space to those directly affected
by the perturbation. In an ideal NOE experiment, the target resonance is com-
pletely saturated by selected irradiation, while all other signals are completely
unaffected. An NOE study of a rigid molecule or molecular residue often gives
both structural and conformational information, whereas for highly flexible
molecules or residues NOE studies are less useful.

The NOE is a product of double magnetic resonance. The intensity of an
NMR signal depends on the rate of spin relaxation (i.e., the rate at which the
nuclei return from a high magnetic energy level to a low one). The process of
relaxation of one nucleus can be significantly influenced by the magnetic events
occurring in the other nuclei in the vicinity.

Because the NOE falls off with the inverse sixth power of distance, an ob-
served NOE between two protons implies that the two protons are reasonably
close to each other. Thus, it is possible to determine their relative position using
the NOE. The following examples illustrate the use of NOE for stereochemical
assignments.

In Figure 1-20, the protected amino acids 56a and 56b are synthetic
precursors of the two diastereomers of aminostatine,®® and they can be distin-
guished by the NOE spectra. The spatial interaction between H-2 and H-3
causes the difference in the NOE in the cyclized derivatives 56a’ and 56b’. For
compound 56a’, no NOE is observed between these two vicinal protons, while
for 56b’ a significant NOE between H-3 and H-2 can be observed (Fig. 1-20).
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57

Figure 1-20. Compounds with different configurations may have different nuclear
Overhauser effects.

Another example is in the determination of the absolute configuration of the
antibiotic analogue GV 129606X (57).7° From the NOE, the relative positions
of H-4, H-5, H-9, H-10, and H-11 can easily be established, and the config-
urations of the corresponding chiral carbon centers to which the protons are
attached can also be deduced unambiguously by relating them to the known
absolute configuration.

1.4.6.2 Modified Mosher’s Method for Determining the Absolute Con-
figuration. Among a number of methods used to determine the absolute
configuration of organic compounds, Mosher’s method’! using 2-methoxy-2-
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trifluoromethyl-2-phenylacetic acid (MTPA) has been the most frequently used.
This method involves converting chiral alcohols (or amines) to their corre-
sponding MTPA esters (or amides), followed by NMR analysis of the resulting
derivatives. With a high-field FT-NMR technique, the absolute configuration
of these chiral alcohols (or amines) can be deduced from the corresponding
chemical shift difference, and this method is now known as Mosher’s method.

Mosher proposed that, in solution, the carbinyl proton and ester carbonyl,
as well as the trifluoromethyl group of an MTPA moiety, lie in the same plane
(Fig. 1-21). Calculations on this MTPA ester demonstrate that the proposed
conformation is just one of two stable conformations.”’? X-ray studies on the
(R)-MTPA ester of 4-frans-t-butylcyclohexanol’® and (1R)-hydroxy-(2R)-
bromo-1,2,3,4-tetrahydronaphthalene’ reveal that the position of the MTPA
moiety is almost identical with that proposed by Mosher, as shown in Figure 1-
21A. As a result of the diamagnetic effect of the benzene ring, the NMR signals
of Ha, Hg, Hc of the (R)-MTPA ester should appear upfield relative to those of
the (S)-MTPA ester. The reverse should be true for the NMR signals of Hx,
Hy, Hz. Therefore, for Ad = ds — dg, protons on the right side of the MTPA
plane A must have positive values (Ad > 0), and protons on the left side of the
plane must have negative values (Ad < 0), as illustrated in Figure 1-21.

Procedures for using this method to determine the absolute configuration of
secondary alcohols can be outlined as follows (Fig. 1-21B):

1. Assign as many proton signals as possible with respect to each of the (R)-
and (S)-MTPA esters.

2. Calculate the Ad (05 — dg) values for these signals of (R)- and (S)-MTPA

esters.
e He ot (OMe) (Ph) ~-------nmonoea- (RI-MTPA
® Ph\ oY — (S)-MTPA
He H, H, % 0 :
o T
H MTPA plane
(A)
Hx OMTPA /{HC
Hy AS<0 { \Aiii(< Hp
Hg H Ha (B)

Figure 1-21. Model to determine the absolute configurations of secondary alcohols.
Reprinted with permission by Am. Chem. Soc., Ref. 75.
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3. Put the protons with positive Ad on the right side and those with negative
Ad on the left side of the model.

4. Construct a molecular model of the compound in question and confirm
that all the assigned protons with positive and negative Ad values are
actually found on the right and left sides of the MTPA plane, respec-
tively. The absolute values of Ad must be proportional to the distance
from the MTPA moiety. When these conditions have all been met, the
model will indicate the correct absolute configuration of the compound.”?

The following are some examples of the application of Mosher’s method.
Combretastatins D-1 (58) and D-2 (59) are two 15-membered macrocyclic
lactone compounds isolated from the South African tree Cambretum caffrum
and have been shown to inhibit PS cell line growth with EDs, values of 3.3 and
5.2 pg/ml, respectively.”® Compound (+)-58 can be prepared via asymmetric
epoxidation of the acetate of compound 59 catalyzed by the (S,S)-Mn-salen
complex (Mn-salen catalyzed epoxidation is discussed in Chapter 4). The ab-
solute configuration of this compound was determined according to Mosher’s
method. At first, the epoxide was hydrogenated to give 3-ol 60 as the major
product. It was then esterified to give the di-MTPA ester 61 and was subjected
to NMR analysis. The Ady indicates that C-3 of the major product has an (S)-
configuration; thus the synthetic combretastatin (4)-58 is concluded to have a
(3R,4S)-configuration, and this is consistent with the expected result of epox-
idation catalyzed by the (S,S)-Mn-salen complex (Scheme 1-16, note the
change of priority for the two carbon atoms attached to C-3 in 58 and 60.).

OH OH
0. O.
H,, H
0 \
HY H
(6] O
(e} O
58 (+)-Combretastatin D-1 59 Combretastatin D-2
OH OH OR
o o 0
3571
H,, H,/Pd/C (R-MTPA-Cl  Hg
_—
O HOL DMAP, CH,Cl, RO%
H H H =
(0] O +20H O
+65
O (0] o
58 60 61 R =MTPA

A8y = 8 - 8 (iin Hz at 500 MHz)
Scheme 1-16. Deduction of the absolute configuration of 58.
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Figure 1-22. Determining the absolute configuration of chiral centers in compounds 62
and 63 by measuring Ad values.

Because the natural 58 exhibited a negative value of optical rotation, the ster-
eochemistry of natural (—)-combrestatin can be assigned as (3S,4R).””

Penaresidins A 62 and B 63 are sphingosine-related compounds isolated from
the Okinawa marine sponge Penares sp. that have shown potent actomyosin
ATPase-activating activity.”® Through detailed analysis of the 'H-'H COSY
and HOHAHA spectra, the '"H NMR spectrum for the MTPA ester (acetamide)
can be assigned.”® As shown in Figure 1-22, the chemical shift differences
Ao = 65 — O for the (S)- and (R)-MTPA esters of N-acetyl penaresidins A and
B reveal that the absolute configurations of these compounds are as follows”®:
C-15: S, C-2: S, C-3: R, C-4: S, C-16: S. [C-16-(S) is only for penaresidin A.]

Similarly, 2-anthrylmethoxyacetic acid (2ATMA 64) can also be used as a
chiral anisotropic reagent (Fig. 1-23).8° The advantage of using this compound
is that the absolute configuration assignment can be accomplished from only
one isomer of the ester without calculating the Ad value (05 — Jgr):

R chemical shift
OOO " _ome )/_H\\A upfield

]

R Z 0 X
COOH V\( \H)S\OMe
64 (2ATMA) H O

Figure 1-23. 2-Anthrylmethoxyacetic acid in absolute configuration deduction.
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This is illustrated by the determination of the absolute configurations of C-7
and C-13 in taurolipid B (65). The absolute configuration can be deduced by
analyzing the 'H NMR spectrum of either the (R)- or the (S)-2ATMA ester
without calculating the corresponding Aé values. Taurolipids A, B, and C were
isolated from the freshwater protozoan Tetradymena thermophila. Taurolipid B
(65) had shown growth-inhibitory activity against HL-60.%' Mild hydrolysis of
65 gave a tetrahydroxy compound that possesses four chiral centers. Subse-
quent derivatization gave an acetonide with two free hydroxyl groups at C-7
and C-13 for the formation of 2ATMA ester. Their 2ATMA esters exist in a
conformation similar to that of its MTPA esters, in which the carbinyl proton,
carbonyl oxygen, and methoxy groups are oriented on the same plane. Upfield
shifts are observed for protons shielded by the anthryl group, and the shifted
signals are wide ranging. Thus, the C-7 can be assigned an (R)-configuration
and C-13 an (S)-configuration (Fig. 1-24):

OH
13 7 NH(CH,)>SO3H

OH OH OR O
65
COOMe

1S3 R A8 = 8oy - Sy aTMAester > 0-05
7 o
O (0]

upfield signals assigned to H8-12: 6 =1.36

OH O
‘CO MeMe (H-8), 0.82(H-9), 0.90(H-10), 0.72(H-11),
% 0.93(H-12).
WAH
OOO OMe (R) configuration for C-7
65a
COOMe
13 7
6]

Me H6-12 shielded. (S) for C-13

Figure 1-24. Deduction of absolute configuration of 65.

The result of this method is consistent with that obtained by using the cor-
responding Mosher’s ester method (Ady = d(g)-aTMA — I(s)-aT™MA) (Fig. 1-25).
Note that in the method of Mosher’s ester, (0s — Jdg) was applied to calculate
Ady, the difference in the 2ATMA method is only due to the configuration
nomenclature difference caused by the CIP rule.

The absolute configuration of a secondary alcohol can also be determined
through the NMR spectra of a single methoxyphenylacetic ester derivative
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Figure 1-25. Mosher’s method for determining the absolute configuration of compound
65.

(MPA, either the [R]- or the [S]-form) recorded at two different temperatures.
This approach, requiring just one derivatizing reaction, also simplifies the
NMR-based methodologies for absolute configuration determination.®?

For a given chiral secondary alcohol L'L2CHOH (L' # L?), its (R)- or (S)-
methoxyphenylacetic acid ester (or MPA ester) may exist in two conformations,
sp and ap, in equilibrium around the CR—CO bond, with the CO-O-C;HL!L?
fragment virtually rigid (Fig. 1-26).%® Experimental and theoretical data®?® in-
dicate that the sp conformation is the more stable one in both the (R)- and the
(S)-MPA esters. In addition, the relative population of the sp conformer is
practically unaffected by the nature of the alcohol.

Figure 1-27 depicts the application of this method. According to Boltzman’s
law, a selective increase of the sp conformation population over the ap is ex-
pected at lower temperatures. Thus, an upfield shift should be observed for the
L! group of an (R)-MPA ester (positive Ad''12) with decreasing temperature,
because the fraction of molecules having L! under the shielding cone of the
phenyl ring is being increased. Analogously, a downfield shift for L? should be
expected (negative Ad"'1?). Similar analysis of the (S)-MPA ester leads to op-

o H

"
Meo%o)‘t’#
Ph (H
(R)

H
MeO /

Ph_ I__H
L2~ Ph 2 AN
L
H oL OMeL1
sp ap

Figure 1-26. Two conformations of secondary alcohol MPA ester. Reprinted with per-
mission by Am. Chem. Soc., Ref. 82.
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Figure 1-27. Absolute configuration deduction using MPA. Reprinted with permission
by Am. Chem. Soc., Ref. 82.
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posite shifts, which are equally useful. L! should be shifted downfield (negative
A" at decreased temperatures, while L? should be moved upfield, and thus
the corresponding A0™'™* values must become positive.

As a result, the relative position of L' or L? in relation to the aromatic ring
in the sp conformation can be established from the sign of the variations in the
chemical shifts of substituents L' and L? with temperature (positive or negative
A6"T2). Assigning the configuration of the chiral center is then straightforward.

1.5 GENERAL STRATEGIES FOR ASYMMETRIC SYNTHESIS

Asymmetric organic reactions have proved to be very valuable in the study of
reaction mechanisms, in the determination of relative and absolute configura-
tions, and in the practical synthesis of optically active compounds. The phar-
maceutical industry, in particular, has shown markedly increased interest in
asymmetric organic reactions. Currently, an expanding number of drugs, food
additives, and flavoring agents are being prepared by synthetic methods. Most
often, the desired compound is obtained through resolution of the correspond-
ing racemic species performed at the end of the synthetic sequence. Because
only one optical antipode is useful, half of the synthetic product is often dis-
carded. Obviously, this is a wasteful procedure from the preparative point of
view. Even if the wrong isomer can be converted to the active form via race-
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mization and resolution, extensive work is required. Also, resolution is usually
a tedious, repetitious, and laborious process. It is economically appealing to
exclude the unwanted optical isomers at the earliest possible stage through the
asymmetric creation of chiral centers. In the interest of effective use of raw
material, it is wise to choose an early step in the synthetic sequence for the
asymmetric operation and to consider carefully the principles of convergent
synthesis.

Asymmetric synthesis refers to the conversion of an achiral starting mate-
rial to a chiral product in a chiral environment. It is presently the most power-
ful and commonly used method for chiral molecule preparation. Thus far, most
of the best asymmetric syntheses are catalyzed by enzymes, and the challenge
before us today is to develop chemical systems as efficient as the enzymatic
ones.

The resolution of racemates has been an important technique for obtaining
enantiomerically pure compounds. Other methods involve the conversion or
derivatization of readily available natural chiral compounds (chiral pools) such
as amino acids, tartaric and lactic acids, terpenes, carbohydrates, and alkaloids.
Biological transformations using enzymes, cell cultures, or whole micro-
organisms are also practical and powerful means of access to enantiomerically
pure compounds from prochiral precursors, even though the scope of such re-
actions is limited due to the highly specific action of enzymes. Organic synthesis
is characterized by generality and flexibility. During the last three decades,
chemists have made tremendous progress in discovering a variety of versatile
stereoselective reactions that complement biological processes.

In an asymmetric reaction, substrate and reagent combine to form diaster-
eomeric transition states. One of the two reactants must have a chiral element
to induce asymmetry at the reaction site. Most often, asymmetry is created
upon conversion of trigonal carbons to tetrahedral ones at the site of the func-
tionality. Such asymmetry at carbon is currently a major area of interest for the
synthetic organic chemists.

1.5.1 “Chiron” Approaches

Naturally occurring chiral compounds provide an enormous range and diver-
sity of possible starting materials. To be useful in asymmetric synthesis, they
should be readily available in high enantiomeric purity. For many applications,
the availability of both enantiomers is desirable. Many chiral molecules can be
synthesized from natural carbohydrates or amino acids. The syntheses of (+)-
exo-brevicomin (66) and negamycin (67) illustrate the application of such nat-
urally occurring materials.

6,8-Dioxalicyclo[3.2.1]octane, or (+)-exo-brevicomin (66), is the aggregating
pheromone of the western pine beetle. It has been prepared from glucose using
a procedure based on the retro synthesis design shown in Figure 1-28%4:
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CHO
~—NMe HO_ ™~ CHO OH

0— Me ) Me HO HO
we—bo\ T —" Lov——=" |ox
CHO OH
66 CH,OH

Figure 1-28. Retro synthesis of (+)-exo-brevicomin (66).

Negamycin (67), a broad-spectrum antibiotic produced naturally by Strep-
tomyces purpeofuscus, has also been synthesized from glucose (Fig. 1-29)8°:

CH,NH, CHO
OH
OH NH, O  CH, OH o
H2N\/\/K/U\N/N\/C02H — H,N — OH
A OH
negamycin 67 COH CH,OH

Figure 1-29. Retro synthesis of negamycin 67.

A great number of natural compounds have been employed as chiral start-
ing materials for asymmetric syntheses. Table 1-2 classifies such inexpensive
reagents.

1.5.2 Acyclic Diastereoselective Approaches

In principle, asymmetric synthesis involves the formation of a new stereogenic
unit in the substrate under the influence of a chiral group ultimately derived
from a naturally occurring chiral compound. These methods can be divided into
four major classes, depending on how this influence is exerted: (1) substrate-
controlled methods; (2) auxiliary-controlled methods; (3) reagent-controlled
methods, and (4) catalyst-controlled methods.

The substrate-controlled reaction is often called the first generation of
asymmetric synthesis (Fig. 1-30, 1). It is based on intramolecular contact with
a stereogenic unit that already exists in the chiral substrate. Formation of the
new stereogenic unit most often occurs by reaction of the substrate with an
achiral reagent at a diastereotopic site controlled by a nearby stereogenic unit.

The auxiliary-controlled reaction (Fig. 1-30, 2) is referred to as the second
generation of asymmetric synthesis. This approach is similar to the first-
generation method in which the asymmetric control is achieved intramolecu-
larly by a chiral group in the substrate. The difference is that the directing
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Figure 1-30. Development of asymmetric synthesis.

group, the “‘chiral auxiliary”, is deliberately attached to the original achiral
substrate in order to direct the enantioselective reaction. The chiral auxiliary
will be removed once the enantioselective transformation is completed.

Although second-generation methods have proved useful, the requirement
for two extra steps, namely, the attachment and the removal of the chiral aux-
iliary, is a cumbersome feature. This is avoided in the third-generation method
in which an achiral substrate is directly converted to the chiral product using a
chiral reagent (Fig. 1-30, 3). In contrast to the first- and second-generation
methods, the stereocontrol is now achieved intermolecularly.

In all three of the above-mentioned chiral transformations, stoichiometric
amounts of enantiomerically pure compounds are required. An important de-
velopment in recent years has been the introduction of more sophisticated
methods that combine the elements of the first-, second-, and third-generation
methods and involve the reaction of a chiral substrate with a chiral reagent. The
method is particularly valuable in reactions in which two new stereogenic units
are formed stereoselectively in one step (Fig. 1-30, 4).

The most significant advance in asymmetric synthesis in the past three
decades has been the application of chiral catalysts to induce the conversion of
achiral substrates to chiral products (Fig. 1-30, 5 and 6). In ligand-accelerated
catalysis (Fig. 1-30, 6), the addition of a ligand increases the reaction rate of an
already existing catalytic transformation. Both the ligand-accelerated and the
basic catalytic process operate simultaneously and complement each other. The
nature of the ligand and its interaction with other components in the metal
complex always affect the selectivity and rate of the organic transformation
catalyzed by such a species. The obvious benefit of catalytic asymmetric syn-
thesis is that only small amounts of chiral catalysts are needed to generate large
quantities of chiral products. The enormous economic potential of asymmetric
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catalysis has made it one of the most extensively explored areas of research in
recent years.

1.5.3 Double Asymmetric Synthesis

Double asymmetric synthesis was pioneered by Horeau et al.,®” and the subject
was reviewed by Masamune et al.®® in 1985. The idea involves the asymmetric
reaction of an enantiomerically pure substrate and an enantiomerically pure
reagent. There are also reagent-controlled reactions and substrate-controlled
reactions in this category. Double asymmetric reaction is of practical signifi-
cance in the synthesis of acyclic compounds.

Figure 1-31 formulates this transformation: Chiral substrate *A-C(x) is
converted to A*-(*Cn)-C(z) by process I, where both C(x) and C(z) denote ap-
propriate functional groups for the chemical operation. To achieve this task,
a chiral reagent *B-C(y) is allowed to react with *A-C(x) to provide a mixture
of stereoisomers—*A-*C-*C-*B (process II). The reagent *B-C(y) is chosen
in such a manner that high stercoselectivity at *C is achieved in the reaction
process.

In selecting the right reagent B*-C(y), the following observations are
important:

1. When the desired *A-*C-*C-*B is the major product in the matched pair
reaction, the resultant stereoselectivity should be higher than the diaster-
eofacial selectivity of *A-C(x).

2. If the product *A-*C-*C-*B occurs as the minor product, this presents a
mismatched pair reaction, and the reagent with the opposite chirality
should be used. The diastereofacial selectivity of the reagent must be large
enough to outweigh that of *A-C(x) in order to create the desired *C-*C
stereochemistry with high selectivity.

The above strategy can be illustrated by the following two examples of re-
actions (Schemes 1-17 and 1-18)%8-8°:

‘A J—c) —— A ¢cnyc@)
cy)—{ B | i

[ oo 8]

Figure 1-31. Strategy for generation of new chiral centers on a chiral substrate. A and B
must be homochiral. *A-C(x), chiral substrate; *B-C(y), chiral reagent; I, desired trans-
formation; II, double asymmetric induction; III, removal of the chiral auxiliary. Re-
printed with permission by VCH, Ref. 88.
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The first reaction is the pericyclic reaction of chiral diene (R)-69 with achiral
acrolein 68. In the presence of BF; - OEt,, a mixture with a diastereoisomeric
ratio of 1:4.5 results. The phenyl group of 69 covers one face of the butadiene
n-system, while the Si-face of (R)-69 is more shielded from the attack of 68 than
is the Re-face (Scheme 1-17).

In a similar manner, butadienyl phenylacetate 71, an achiral diene, is ex-
pected to approach the chiral dienophile (R)-70 from its Re-prochiral face. The
two faces of the chelate ring are differentiated by the small hydrogen and large
benzyl groups attached to the chiral center of (R)-70 (Scheme 1-18); the ratio of
the Si attack product to the Re attack product is 1:8.88

The interaction of these two chiral reagents (R)-69 and (R)-70 can be eval-
uated as in Schemes 1-19 and 1-20. The diastereofacial selectivity of (R)-70

M
o _g «
RY70 =/ ilpn o0
:S/ Si Yr
¥ —
71/ \_OCOCH,Ph 1:8
X
e
Re \ - \J
M, Re Sy

Scheme 1-18
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o}
O
Re,M

\
O
(R)-70 N
=/ CH,Ph
Scheme 1-19. Reaction of (R)-69 and (R)-70: matched pair.

and (R)-69 is in concert, and this pair is called a matched pair (Scheme 1-19);
the ratio of the Si attack product to the Re attack product is 1:40.88

On the other hand, the diastereofacial selectivity of (R)-69 and (S)-70 coun-
teract each other, as depicted in Scheme 1-20, and these are referred to as a
mismatched pair. The ratio of the Si attack product to the Re attack product is
1:2.

Another example is the aldol reaction of benzaldehyde with the chiral eno-
late (S)-72, from which a 3.5:1 mixture of diastereoisomers is obtained. When

,'M-
o O

N\
(S)-70 JA\CHZPh Xp

, o o
N @*YS
'Si OCHy __—>

(R)-69 ﬁH/O 1:2

S N
O (0]
| = - L
S
. )
M
o, O

N\~
(8)-70 JHhCHfh

Scheme 1-20. (R)-69 and (S)-70: mismatched pair.
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Me  OLi Me  OLi
ES/Me \ZS/MS
Me;Sio” Ph MesSio” Me
(5)-72 73
Me Me Ph Me Me Ph
Ph._O oh 3 oh o\
@72+ T — 0+ Mg
H OH O SiMe, OH O SiMes
35:1
I\:/Ie I\:/Ie MeMe Me Me MeMe Me
73 + °©__ . ‘ .(‘) + ' Y N 0
H OH O SiMe; OH O SiMes
(S)-74 27:1

Scheme 1-21. Matched pair and mismatched pair.

Me Me MeMe Ph
o R
(S)-72 + —_— (? +
H OH O SiMes
(5)-74 8:1
matched pair
Me Me Me PhMe Me Me Ph Me
o - S s s
(R)-72 + — o * 0
H OH O SiMe3 SiMe3

(5)-74 1:1.5(3.5/2.7=1.3)
mismatched pair

Scheme 1-22. Matched pair and mismatched pair.

the chiral aldehyde (S)-74 is treated with 73, two diastereomers are formed in a
similar manner with a ratio of 2.7:1 (Scheme 1-21).88-9°

In the following example, a matched pair is found in (S)-72 and (S)-74. In
contrast, (S)-74 and (R)-72 constitute a mismatched pair (Scheme 1-22).88

1.6 EXAMPLES OF SOME COMPLICATED COMPOUNDS

There are a number of complicated molecules whose synthesis without using
asymmetric methods would be extremely difficult. This section introduces some
of these compounds.
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Erythromycin A and rifamycin S are representatives of two classes of anti-
biotics. Due to their large number of chiral centers, constructing the aglycone
part of these molecules was considered a major synthetic challenge in the late
1970s and early 1980s when suitable asymmetric synthesis methods had not yet
been developed. This challenge was met by several groups whose approaches
depended on different synthetic strategies. The total synthesis is evaluated from
a methodological point of view in Chapter 7.

Forskolin was isolated in 1977 from the Indian medicinal plant Coleus for-
skohlii Brig by Hoechst Pharmaceutical Research in Bombay as the result of a
screening program for the discovery of new pharmaceuticals. The structure and
absolute configuration of forskolin were determined by extensive spectroscopic,
chemical, and X-ray crystallographic studies. Pharmacologically, forskolin has
blood pressure—lowering and cardioactive properties. The unique structural
features and biological properties of forskolin have aroused the interest of syn-
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Amphotericin B

OH OH OH OH OH

Y)
Roxaticin

Forskolin

thetic organic chemists and have resulted in enormous activity directed toward
the synthesis of this challenging target. There are now several synthetic routes
available to this compound.®?

Since the discovery of the anticancer potential of Taxol'™, a complex com-
pound isolated from the bark extract of the Pacific yew tree, more than 20 years
ago, there has been an increasing demand for the clinical application of this
compound. First, the promising results of the 1991 clinical trials in breast
cancer patients were announced, and soon after Bristol-Myers-Squibb trade-
marked the name Taxol™ and used it as an anticancer drug. At that point, the
only source of the drug was the bark of the endangered yew tree. Fortunately, it
was soon discovered that a precursor of Taxol™ could be obtained from an
extract of the tree needles instead of the bark.

In the meantime, the race toward the total synthesis of Taxol™ and the
synthesis of Taxol-like compounds started. It was announced in February 1994

ITM
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that two groups, led by K. C. Nicolaou in the Scripps Research Institute and
by Robert Holton at Florida State University, had independently completed
the total synthesis of Taxol™. At present, the nucleus of Taxol™ can be ob-
tained from the needles of the tree, and the C-13 side chain can be prepared on
large scale.”*

Taxol™, a compound with powerful
antileukemic and tumor-inhibiting activity

Palytoxin,95 68 stereogenic units

Several novel natural products with an intriguing system containing the cis-
endiyne moiety have attracted considerable attention from chemists in recent
years. Several derivatives with this characteristic skeleton have now been iso-
lated: neocarzinostatin,’® esperamicin,®’ calicheamicin y!,°® and dynemicin

A1.°° The high antitumor activity of these compounds is based on an elegant
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Figure 1-32. Ring-closure reaction of endiyne anticancer antibiotics.

initiation of the ring-closure reaction illustrated in Figure 1-32. The resulting
aromatic di-radical reacts with a nucleotide unit of DNA to cause chain cleav-
age and thus cause the antitumor activity of the compounds.!°°

The following compounds contain a great number of chiral centers that must
be built up in asymmetric synthesis. They exemplify the significance of asym-
metric synthesis.

« Esperamicin A;!°%:

« Kedarcidin, a new chromoprotein antitumor antibiotic!?2:

HO ' ‘ O-i-Pr
O OMe
cl N NH OMe
(0] MeN

2L

OH
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+ Calicheamicin y}1°3:

Me
|
O
Me 0 MeO
Ho@j
MeO HO

+ Rapamycin,'®* an antiproliferative agent:

Me OMe Me Me

FK-506 was isolated' > from Streptomyces trukubaensis, possessing a unique
21-membered macrolide, in particular an unusual «,f-diketoamide hemiketo
system. It shows immunosuppressive activity superior to that of cyclosporin in
the inhibition of delayed hypersensitivity response in a variety of allograft
transplantation and autoimmunity models.

MeO.

OMe

Me “"OH
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1.7 SOME COMMON DEFINITIONS IN ASYMMETRIC SYNTHESIS
AND STEREOCHEMISTRY

In this chapter a number of common terms in the field of stereochemistry have
been introduced. These terms appear repeatedly throughout this book. There-
fore, it is essential that we establish common definitions for these frequently
used terms.

Asymmetric and dissymmetric compounds

Asymmetric: Lack of symmetry. Some asymmetric molecules may exist
not only as enantiomers; they can exist as diastereomers as well.

Dissymmetric: Compounds lacking an alternating axis of symmetry and
usually existing as enantiomers. Some people prefer this to the term
asymmetric.

p/L and dJI

D or L: Absolute configurations assigned to a molecule through ex-
perimental chemical correlation with the configuration of D- or L-
glyceraldehyde; often applied to amino acids and sugars, although (R)
and (S) are preferred.

d or I Dextrorotatory or levorotatory according to the experimentally
determined rotation of the plane of monochromatic plane-polarized
light to the right or left.

Diastereomer or diastereoisomer and enantiomer

Stereoisomer: Molecules consisting of the same types and same number of
atoms with the same connections but different configurations.

Diastereoisomer: Stereoisomers with two or more chiral centers and where
the molecules are not mirror images of one another, for example, D-
erythrose and D-threose; often contracted to diastereomer.

Enantiomer: Two stereoisomers that are nonsuperimposable mirror
images of each other.

Enantiomer excess

Enantiomer excess (ee): Percentage by which one enantiomer is in excess
over the other in a mixture of the two, ee = |(E; — E»)/(E1 + E2)| x
100%.

Optical activity, optical isomer, and optical purity

Optical activity: Experimentally observed rotation of the plane of mono-
chromatic plane-polarized light to the observer’s right or left. Optical
activity can be observed with a polarimeter.

Optical isomer: Synonym for enantiomer, now disfavored, because most
enantiomers lack optical activity at some wavelengths of light.

Optical purity: The optical purity of a sample is expressed as the magni-
tudes of its optical rotation as a percentage of that of its pure enan-
tiomer (which has maximum rotation).
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Racemic, meso, and racemization
Racemic: Compounds existing as a racemate, or a 50—50 mixture of two
enantiomers; also denoted as d/ or (+). Racemates are also called
racemic mixtures.
Meso compounds: Compounds whose molecules not only have two or
more centers of dissymmetry but also have plane(s) of symmetry. They
do not exist as enantiomers, for example, meso-tartaric acid:

COOH
H——OH
H——OH

COOH

meso-Tartaric acid

Racemization: The process of converting one enantiomer to a 50-50
mixture of the two.

Scalemic: Compounds existing as a mixture of two enantiomers in which
one is in excess. The term was coined in recognition of the fact that
most syntheses or resolutions do not yield 100% of one enantiomer.

Prochirality: Refers to the existence of stereoheterotopic ligands or faces in a
molecule that, upon appropriate replacement of one such ligand or addi-
tion to one such face in an achiral precursor, gives rise to chiral products.

Pro-R and Pro-S: Refer to heterotopic ligands present in the system. It is
arbitrarily assumed that the ligand to be introduced has the highest pri-
ority, and replacement of a given ligand by this newly introduced ligand
creates a new chiral center. If the newly created chiral center has the (R)-
configuration, that ligand is referred to as pro-R; while pro-S refers to the
ligand replacement that creates an (S)-configuration. For example, as
shown in Figure 1-33, Hu in ethanol is pro-R and Hp in the molecule is

pro-S.
pro-R /\

HA
H3C+OH
Hg

pro-S \_/

Figure 1-33. Prochiral ligands.
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Re and Si: Labels used in stereochemical descriptions of heterotopic faces. If
the CIP priority of the three ligands a, b, and ¢ is assigned as a > b > c,
the face that is oriented clockwise toward the viewer is called Re, while
the face with a counterclockwise orientation of a — b — c is called Si, as
shown in Figure 1-34:

C

\7& Q;\)Re s/ (/CQ

/b
a

Re

Figure 1-34. Prochiral faces.

Synlanti and Erythro[threo

Synlanti: Prefixes that describe the relative positions of substituents with
respect to the defined plane of a ring: syn for the same side and anti for
the opposite side (Fig. 1-35).

ABsyn B C anti A A
QB\O
B B
xﬁ)vv C 7 51 /
A ©
CHO

A B syn A B anti
CHO
H——OH A A A A HO——H
H——OH A AA A" H—TOH
CH,0H CH,OH
D-(-)-Erythrose Erythro Threo D-(-)-Threose

Figure 1-35. Syn/anti and Erythro/threo.

Erythro[threo: Terms derived from carbohydrate nomenclature used to
describe the relative configuration at adjacent stereocenters. Erythro
refers to a configuration with identical or similar substituents on the
same side of the vertical chain in Fischer projection. Conversely, a
threo isomer has these substituents on opposite sides. These terms came
from the nomenclature of two carbohydrate compounds, threose and
erythrose (see Fig. 1-35).

This chapter has provided a general introduction to stereochemistry, the
nomenclature for chiral systems, the determination of enantiomer composition
and the determination of absolute configuration. As the focus of this volume is
asymmetric synthesis, the coming chapters provide details of the asymmetric
syntheses of different chiral molecules.
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I CHAPTER 2

a-Alkylation and Catalytic Alkylation of
Carbonyl Compounds

Chapter 1 introduced the nomenclature for chiral systems, the determination of
enantiomer composition, and the determination of absolute configuration. This
chapter discusses different types of asymmetric reactions with a focus on asym-
metric carbon—carbon bond formation. The asymmetric alkylation reaction
constitutes an important method for carbon—carbon bond formation.

2.1 INTRODUCTION

The carbonyl group in a ketone or aldehyde is an extremely versatile vehicle for
the introduction of functionality. Reaction can occur at the carbonyl carbon
atom using the carbonyl group as an electrophile or through enolate formation
upon removal of an acidic proton at the adjacent carbon atom. Although the
carbonyl group is an integral part of the nucleophile, a carbonyl compound can
also be considered as an enophile when involved in an asymmetric ‘“‘carbonyl-
ene” reaction or dienophile in an asymmetric hetero Diels-Alder reaction.
These two types of reaction are discussed in the next three chapters.

The prime functional group for constructing C—C bonds may be the car-
bonyl group, functioning as either an electrophile (Eq. 1) or via its enolate de-
rivative as a nucleophile (Egs. 2 and 3). The objective of this chapter is to sur-
vey the issue of asymmetric inductions involving the reaction between enolates
derived from carbonyl compounds and alkyl halide electrophiles. The addition
of a nucleophile toward a carbonyl group, especially in the catalytic manner,
is presented as well. Asymmetric aldol reactions and the related allylation
reactions (Eq. 3) are the topics of Chapter 3. Reduction of carbonyl groups is
discussed in Chapter 4.

71
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Carbonyl compounds including ketones, aldehydes and carboxylic acid de-
rivatives constitute a class of carbon acids, the acidity of which falls in the pK,
range of 25 to 35 in dimethylsulfoxide (DMSO). Representative values for se-
lected carbonyl substrates are summarized in Table 2-1.! Different methods
may be invoked for generating the enolates according to the pK, value of their
parent compounds.

To generate an enolate from a carbonyl substrate, a suitable base should be
chosen to meet two criteria:

1. Adequate basicity to ensure the selective deprotonation process for eno-
late generation

2. A sterically hindered structure so that nucleophilic attack of this base on
the carbonyl centers can be prevented.

TABLE 2-1. pK, Data for Representative Carbonyl Compounds and Related
Substances in DMSO

Substrate pK, (DMSO) Substrate pK, (DMSO)
H;CCOCH; 26.5 NCCH; 31.3
PhCOCH; 24.6 EtOCOCH; 30-31
PhCOCH,CH3; 24.4 EtOCOCH;Ph 22.7
PhCOCH,0OMe 22.9 EtOCOCH,SPh 214
PhCOCH,Ph 17.7 Me,NCOCHj3 34-35
PhCOCH,SPh 17.1 CH;3;SOCH; 35.1
HOH 27.5 NH; 41
CH;0H 27.9 HN(CH3), 44
(CH;),CHOH 29.3 (CH;);COH 29.4

Reprinted with permission by Am. Chem. Soc., Ref. 1(a).
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The metal amide bases had enjoyed much popularity since the introduction
of sterically more hindered bases 1-4. The introduction of sterically hindered
bases 1-4 has been a particularly important innovation in this field, and these
reagents have now been accepted as the most suitable and commonly used bases
for carbonyl deprotonation. The metal dialkylamides are all quite soluble in
ethereal solvent systems. Lithium diisopropylamide (LDA, 1) has been recog-
nized as the most important strong base in organic chemistry. Both LDA (1)
and lithium isopropylcyclohexyl amide (LICA 2)? exhibit similarly high kinetic
deprotonation selectivity. Furthermore, silylamides 4a—c have been found to
exhibit good solubility in aromatic hydrocarbon solvents,* and these silyl
amides are comparably effective in enolate generation. In fact, lithium tetra-
methylpiperidine (LTMP 3)° is probably the most sterically hindered amide
base at this time.

(Me;Si),N-M
. M
(Me,CH),NLi  (Me,CH)(c-CgH, NLi Me@ € 4a M = Li, LHMDS
LDA 1 LICA 2 Me 'ﬁ_‘ Me 4b M = Na, NHMDS
! 4¢ M = K, KHMDS
LTMP 3 4d (Et;Si),N-Li

4e (Me,PhSi),N-Li

Before the emergence in the mid-1980s of the asymmetric deprotonation of
cis—dimethyl cyclohexanone using enantiomerically pure lithium amide bases,
few reports pertaining to the chemistry of these chiral reagents appeared. Al-
though it is not the focus of this chapter, the optically active metal amide bases
are still considered to be useful tools in organic synthesis. Readers are advised
to consult the appropriate literature on the application of enantiomerically pure
lithium amides in asymmetric synthesis.®

2.2 CHIRALITY TRANSFER

The asymmetric alkylation of a carbonyl group is one of the most commonly
used chirality transfer reactions. The chirality of a substrate can be transferred
to the newly formed asymmetric carbon atom through this process. In survey-
ing chiral enolate systems as a class of nucleophile, three general subdivisions
can be made in such asymmetric nucleophilic addition reactions: intra-annular,
extra-annular, and chelation enforced intra-annular.

Considering enolate 5, where X, Y, and Z stand for three connective points
for cyclic enolate formation, the formation can occur between any two of such
points, leading to three possible oxygen enolates: endo-cyclic 6, 7, and exo-
cyclic enolate 8. In such cases, the resident asymmetric center (*) may be posi-
tioned on any connective atom in the substrate.
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These classes of enolates are central to our discussion of chirality transfer
and thus are briefly discussed in the following sections.

2.2.1 Intra-annular Chirality Transfer

The definition of intra-annular chirality transfer can be best established by the
following examples (Scheme 2-1):

Scheme 2-1. Intra-annular chirality transfer.

The examples in Scheme 2—1 show that in intra-annular chirality transfer the
resident asymmetric center connects to the enolate through annular covalent
bonds. The geometric configuration of the enolate can be either immobile or
irrelevant to the sense of asymmetric induction.

2.2.1.1 Six-Membered Ring (exo-Cyclic). The diastereoselective alkylation
reactions of exo-cyclic enolates involving 1,2-asymmetric inductions are anti-
inductions. In Scheme 2-2, there are two possible enolate chair conformations
in which the two possible transition-state geometries lead to the major diaster-
eomer 9e (where the substituent takes the equatorial orientation). However, for
the case in which R = methyl and X = alkoxyl or alkyl, one would expect the
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Scheme 2-2. Two possible enolate chair conformations.

axial conformation 9a to be favored over the equatorial conformation 9e. As
shown in Scheme 2-2, 9¢ suffers from the steric strain R < X(OM), and 9a is
more likely to be favored to receive axial attack by the approaching electrophile
rather than the less stable enolate 9e by the equatorial attack.®

Examples are given in Scheme 2-3. Enolate 10 exhibits selective alkylation
anti to the alkyl substituent, and the same anti-induction occurs in the case of
1,4-asymmetric induction of 11.°

2.2.1.2 Six-Membered Ring (endo-Cyclic). All the previous discussion of
stereo-attack is based on steric hindrance, but in the case of a six-membered
ring (endo-cyclic) enolate, the direction is affected simultaneously by stereo-
electronic effects (Scheme 2-4).1° In the transition state, the attacking electro-
philes must obey the principle of maximum overlap of participating orbitals by
perpendicularly approaching the plane of atoms that constitute the enolate
functional group. Electrophile attacks take place on the two diastereotopic

COOR Me, ,COOR Me, COOEt
Me | pa Me Me
—_— +
Mel
Me © Me Me
Me Me Me
10 95:5
CN Me/ CN
LDA
—_— +
Mel
t-Bu t-Bu t-Bu
11 71:29

Scheme 2-3. Alkylation of exo-cyclic six-membered ring substrates.
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El
: H
Hi El
£-Bu—iy a attack
— +-Bu
R Nou R %
12a
H . H
t-Bu e attack B Q - R
— — -Bu = t-Bu
R” A OH R El
! El 0
i 12¢
El

Scheme 2—4. Transition states of the endo-cyclic six-membered ring.

faces of the enolate, the a attack and the e attack, which lead to the ketone
products 12a and 12e. Ketone 12a, obtained via a postulated chair-like transi-
tion state, could be presumed to be formed in preference to ketone 12e¢, which
resulted from a boat-like transition state. The energetic bias for “axial alkyla-
tion” via a chair-like transition state to form 12a is relatively small.'! There-
fore, for a given enolate, the ratio 12a:12e¢ is insensitive to the alkylating agent
employed.

Scheme 2-5 is one of such examples in which stereoelectronic control has to
be taken into account in diastereoselective alkylation of substituted cyclo-
hexanone enolates.!?

The diastereoselective alkylation reaction of endo-cyclic five-membered ring
enolates exhibits good potential for both 1,3- and 1,2-asymmetric induction. In
Scheme 2-6, the factor controlling the alkylation transition state is steric rather
than stereoelectronic, leading to an anti-induction.'?

The reaction shown in Scheme 2-7 is an example of 1,3-asymmetric in-
duction. The oxidative hydroxylation of a five-membered lactone led to an o-
hydroxyl product 14.'* The a-hydroxylation of carbonyl compounds is further
discussed in Chapter 4.

oM 0 O
R"X i‘j\\R R"
—> +
R' R' R'
R' R"X Ratio (anti/syn)

n-C4H9 Mel 88 :12
CH,=CH Mel 75:25
CH; CH,=CHCH,Br 89:11

Scheme 2-5. Alkylation of endo-cyclic six-membered ring systems.
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Scheme 2—-6. Reaction for a five-membered ring system.

HO,
1. LiN(Me3Si), ’
o’Q‘coosn THF, -78°C - o/A/D‘coosn
! 2. ph._O !
BOC T BOC
13 NSO,Ph-CHg-p 14

Scheme 2-7. Oxidative hydroxylation.

I COZRﬂ; ! Me + / CO,R
Mel
H

COZR Me
R=H, 74 :26
R=Me, 97:3
Me | pA, HMPT
> AN
COOEt Br ~ CO,Et
OAc
OAc only one isomer

Scheme 2-8. Diastereoselective alkylation reactions in the norbornyl ring system.

There are also many examples of alkylation reactions involving the nor-
bornyl ring system in which the enolate can be either endo- or exo-cyclic. Both
the endo-cyclic (6, 7) and exo-cyclic (8) enolates exhibit high levels of asym-
metric induction due to the rigid ring system. Scheme 2-8 presents some ex-
amples for alkylation involving the norbornyl ring system.'>
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2.2.2 Extra-annular Chirality Transfer

The cases illustrated here are typical examples of extra-annular chirality trans-
fer via the alkylation process (Scheme 2-9)'©

LiO o 0o

CHzPh Me
" &Me PhCH,Br g " >\\!;CH2Ph
Me\\‘%N\;N 60°C Me“rN * met Non
Ph Ph
>95:5
Me, ,Ph Me, ,Ph Me, Ph
> “Me + Me
2. Mel
32:1
]‘ ; _Xc X
N Me BC|3, Eth N OH N/ COH
g \w/ —_— + ~
4 -
H ph PhCHO Ph)J\)\Ph Ph)J\APh
25:1

Scheme 2-9. Extra-annular chirality transfer. Xc stands for the chiral auxiliary.

One can see from the examples in Scheme 2-9 that, although the asymmetric
center thus formed connects to the enolate through a covalent bond, the stereo-
relationship between the chirality transfer and the enolate cannot be estab-
lished because the resident chiral moiety is not conformationally fixed at two or
more contact points via covalent bonds to the trigonal center undergoing sub-
stitution. As a consequence of this conformational flexibility, it is frequently
difficult to make the desired prediction for stereoselectivity. Nonetheless, with
an increasing understanding of acyclic conformational analysis, particularly the
implications of ring strain or steric hindrance, greater acyclic diaster-
eoselectivity is achievable.!” Scheme 2-10 provides two further examples of
extra-annular chirality transfer.!8-1°

In Eq. 1, lithium enolate generated from tetronic acid—derived vinylogous
urethanes undergoes alkylation with an electrophile to give a product with a
diastereoselectivity of 97:3. Eq. 2 in Scheme 2-10 is a diastereoselective conju-
gate addition reaction. When treated with organocopper reagents, compound
15 undergoes reactions with high diastereoselectivity.!® Asymmetric conjugate
addition is further discussed in Chapter 8.

Examination of different molecular models shows that the bicyclic nature of
15 creates a rigid molecule where steric hindrance plays a predominant role.
This can help explain the high enantioselectivity for the product.
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i OLi ) 0 i
| N/Q BB~ N/C/(O + N
Bn
major minor

95% yield, 97 : 3

\

NHCH3
©ici o, 1. RZCuLl/EtZO CHO
COOEt ©i> 2. H;0" » COOEt
COOEt R
Eq. 2
N
CHs—N H CHs
__ COOEt
15
Scheme 2-10. Two examples of extra-annular chirality transfer.
TABLE 2-2. Reaction of 15 With Various Reagents
Me,CuLi Bu,CuLi Ph,CuLi (EtCH=CH),CuLi
Yield 85 90 84 80
ee 94(S) 95(S) 96(R) 90(R)*

*This inversion of configuration is only due to the CIP selection rules and does not correspond to
the steric course of the reaction.

2.2.3 Chelation-Enforced Intra-annular Chirality Transfer

As a result of the combination of intra- and extra-annular chirality transfer, a
productive approach has been developed for the design of chiral enolate sys-
tems in which a structurally organized diastereofacial bias is established, as
illustrated in the equations in Scheme 2-11. A lithium-coordinated five-
membered or six-membered ring fixes the orientation between the inducing
asymmetric center and the enolate?°®

Thus, the postulated chelated enolates and their alkylation reaction make the
intra-annular chirality transformation possible. This method for enolate forma-
tion is the focal point of this chapter, as this is by far the most effective approach
to alkylation or other asymmetric synthesis involving carbonyl are compounds.
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_Li OH O OH O
O oTMs M» OTMS + - OTMS
Me J\( Ph Ph™ ™Y
+Bu Me t-Bu Me t-Bu

L,
o 0 o)
J__ PhCHBr i
Me s >N —— 2% MQ%XC + Me\)J\XC
\/ 0°c Y
g CH,Ph CH,Ph

Al OH O OH O

(@) (@) n—C3H7Br
J A — Et)\_;/U\OEt T Et OEt
Et OEt oy CaHy
94:6

Scheme 2-11. Chelation-enforced intra-annular chirality transfer.

Much attention has been devoted to the examination of chiral enolate sys-
tems in which metal ion chelation may play an important role in establishing a
fixed stereochemical relationship between the resident chirality and the enolate
moiety. This has resulted in the conclusion that enolate geometry is critical in
the definition of n-facial selection. The following sections discuss this effort in
several different chemical systems.

2.2.3.1 p-Hydroxy Acid Systems. The alkylation of f-hydroxy ester eno-
lates is an excellent example of a reaction in which metal chelation plays a
critical role.?! In this system, two points should be taken into consideration.
First, in the enolization process these substrates may form either (E)- or (Z)-
enolates; second, from either of these enolate systems, chelation could be in-
volved in determining the enolate-facial selection. As shown in Scheme 2-12,
the major component of the reaction product is formed as a result of Re-face
attack on the (Z)- or (E)-enolate.

The enolization product depends on the structure of the carbonyl substrate:
When f-OH is present in the carbonyl compound, (Z)-enolate is the major
product due to the metal ion chelation,?°® whereas (E)-enolate is the major
product in the absence of a f-OH group.?? It is worth noting that the yield is
normally low for f-OH carbonyl substrates because of the tendency for f-
elimination.

Generally speaking, if care is taken, alkylation of f-hydroxyl esters can be
successful (Scheme 2-13).212f

2.2.3.2 Prolinol-Type Chiral Auxiliaries. In this section, applications of
chelation-enforced chirality transfers with nitrogen derivatives are discussed
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Scheme 2-13. Diastereoselective alkylation of f-hydroxy enolates.

briefly. The formation of nitrogen derivatives, such as chiral imines, imides,
amides, and sultams or other nitrogen analogs, from ketones or acids allows the
incorporation of a chiral auxiliary that can be removed through hydrolysis
or reduction after alkylation. These chiral enolates provide the entry into o-
substituted ketones, carboxylic acids, and other related compounds.

Evans and Takacs?>® demonstrated a diastereoselective alkylation based on
metal ion chelation of a lithium enolate derived from a prolinol-type chiral
auxiliary. This method can provide effective syntheses of a-substituted carbox-
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Scheme 2-14

ylic acids. The alkylation occurs preferentially from the Si-face of the enolate
system 16 (R! = Me, R? = H) or Re-face of 17 (R! = Me, R? = Et). The sense
of asymmetric induction is strongly influenced by the nature of the pendent
oxygen substituent R?. When R? is lithium, preferential alkylation from the Si-
face of the enolate can be found, whereas the analogous alkylation reaction of
the derived ethers exhibited a reversal in z-selection. Thus, starting from either
substrate 16 or 17, a pair of enantiomers of the final a-substituted carboxylic
acids can be obtained after acidic hydrolysis of the alkylated product (Scheme
2-14). Table 2-3 shows the results of the enantioselective alkylation of 16, in-
dicating that «-alkylated carboxylic acid can be obtained upon hydrolysis of the
reaction product.

In this reaction, prolinol serves as a chiral auxiliary, but it cannot be easily

TABLE 2-3. Enantioselective Alkylations and Conversions of 16 to Carboxylic Acids*?

Entry Electrophile a:b Hydrolysis products Yield (%)
(o}
1 CH;CH,I 92:8 ~Hon 84
CH,
(0]
2 n-CyHol 94:6 NN 78
CH,
(0]
3 PhCH,0™ Y™ I 97:3 PhCHZO/\‘/\E)LOH 91
CH, CH, CH,
\/\/MOL
N
. <~ “OH
4 gy 96:4 e 87
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Entry R' R" Yield (%)| ee (%) | Config. of 19
1 CH3 C,Hs 86 84 R
2 CH3 n-C4Ho 77 87 R
3 n-C4Hog CH; 96 75 S
4 CH3 I’l-CgH17 75 90 R
5 n—Can CH3 82 78 S
6 CH; C¢H5CH; 87 87 R
7 CgHsCH, CH; 72 >99 S
Scheme 2-15

recovered from the reaction mixture due to its high water solubility. To over-
come this problem, Lin et al.?* modified Evans’ reagent by introducing two
methyl groups to prolinol to form a tertiary alcohol 18, which can easily be
recovered after the workup. By changing the reaction sequence of R and R’ in
the acyl and alkyl groups, both of the enantiomers of the carboxylic acid can be
obtained (Scheme 2-15).

In the development of asymmetric synthesis methodology, the advantage of
a chiral auxiliary having C, asymmetry has been realized and applied to the
pyrrolidines, a prolinol structure—based derivative.?> The asymmetric alkyla-
tion of the corresponding carboxylamide enolates developed by Kawanami
et al.2® has proved to be highly successful in providing good chemical yield and
high enantioselectivity.

Racemic trans-N-benzyl-2,5-bis-(ethoxycarbonyl)pyrrolidine has been re-
solved via its dicarboxylic acid, followed by subsequent transformation to offer
(2R,5R)-21 or (28,55)-21. The absolute configuration of the alkylated carbox-
ylic acids indicates that the approach of alkyl halides is directed to one of the
diastereotopic faces of the enolate thus formed. In the following case, the ap-
proached face is the Si-face of the (Z)-enolate. By employing the chiral auxil-
iary (2R,5R)-21 or its enantiomer (25,55)-21, the (R)- or (S)-form of carboxylic
acids can be obtained with considerably high enantioselectivity (Table 2—4).
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TABLE 2-4. Asymmetric Alkylation Using (2R,5R)-21 in THF at —78°C

Yield de

Entry Rin21Y =CH; R'X (%) (%)  Configuration*
1 CHj; C,Hs1 87 >95 R
2 CH} CoH;1 78 >95 s
3 C,Hs CH;1 91 >95 S
4 CHj3; C4Hol 81 >95 (R)
5 C4Ho CH;I 81  >95 (s)
6 CH; PhCH,Br 80 >95 R
7 PhCH, CH3;l 76 >95 S
8 Ci¢Hss CH;l 61 >95 (S)
9 CH; CH,=CHCH;Br 81 >95 (R)

10 CH; PhCH,OCH,Cl 74 >95 (R)

11 CHj; R”0OCH,CH,CH,Br* 78 >95 (R)

*Tentative assignment in parentheses. Reprinted with permission by Pergamon Press Ltd., Ref. 26.
f(28,5S)-enantiomer of 21 was used.

'R” = TBS.

de = diastereometric excess.

oy oy

N Rk@

N U/’—OY 2) R'X /?\<N /'/_OY
R/\\< R
(0] O
21 Y= CH3 or CHzOCH3

The chiral auxiliary trans-(2R,5R)-bis-(benzyloxymethyl)pyrrolidine can be
prepared from mannitol as shown in Scheme 2-1627:

><O o 0 HO
o) 0 ><O ><o HO
HO a 0 s _b c d
> e ‘ — —
OH O o
O>< O>< O>< O>< OH
(0] O O OH
BnO BnO
TsO
BnOCHZ’D ”CHZOBn HOCHZ’Q "CH,0H
OTs i
OBn OBn

Scheme 2-16. Synthesis of pyrrolidine. Reagents and conditions: a: TCDI (1,1-thiono-
carbonyldiimidazole), THF; b: P(OEt);, DEAD; c¢: H,, Rh/Al,O3, EtOH; d: TsOH,
ag. MeOH; e: Bu,SnO, toluene, reflux; BnBr, BuyN*Br—; f: TsCl, Py, 0°C; g: BnNH,,
A; h: H,, Pd(OH),/C, EtOH.
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TABLE 2-5. Diastereoselective Alkylation Reaction of the Lithium Enolates Derived
from Imides 22 and 23

Entry Imide EIt Ratio Yield (%)
1 22 (R = CH3) PhCH,Br 99:1 92
2 23 (R = CH3) PhCH,Br 2:98 78
3 22 (R = G;H;s) CH;I 89:11 79
4 23 (R = C,Hs) CH;I 13:87 82
5 22 (R = CHj) CoH;I 94:6 36
6 23 (R =CH;) CoH;I 12:88 53
7 22 (R = CH;3) CH,=CHCH;Br 98:2 71
8 23 (R = CH3) CH,=CHCH,Br 2:98 65

EI"™ = electrophiles in Scheme 2—-17.
Reprinted with permission by Am. Chem. Soc., Ref. 28.

2.2.3.3 Imide Systems. Imide compounds 22 and 23, or Evans’ reagents,
derived from the corresponding oxazolidines are chiral auxiliaries for effective
asymmetric alkylation or aldol condensation and have been widely used in the
synthesis of a variety of substances.

Table 2—5 summarizes the results of the asymmetric alkylation (Scheme 2—
17) of the lithium enolates derived from 22 or 23.?® When chiral auxiliary 22
or 23 is involved in the alkylation reactions, the substituent at C-4 of the
oxazolidine ring determines the stereoselectivity and therefore controls the
stereogenic outcome of the alkylation reaction.

22 23
O/M\o (0]
major R/,
Rj\N/ko et Xe
/ El
minor

Ph EI* =

Scheme 2-17
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The application of Evans’ imides in the preparation of various alkyl acids or
the corresponding derivatives can be depicted as in Scheme 2—182°:

O o}

R> R2
OH OCH,Ph

R’ 80 - 90% > 90% R’
PhCH,OLi
THE

R‘l

80 - W \
0
R? . =2
jAOH pyridine, SO3, DMSO ’

R' racemization < 0.2% R'
LiAIH,4 or LiBH,4

o
NJ\O
\J
N

Scheme 2-18

The main disadvantages of Evans’ auxiliaries 22 and 23 are that they are
expensive to purchase and inconvenient to prepare, as the preparation involves
the reduction of (S)-valine 24 to water-soluble (S)-valinol, which cannot be
readily extracted to the organic phase. The isolation of this water-soluble vali-
nol is difficult and requires a high vacuum distillation, which is not always
practical, especially on an industrial scale. Therefore, an efficient synthesis of
Evans’ chiral auxiliary 25 has been developed, as depicted in Scheme 2—193°:

0
NH2 CICOzPh HNJ\OPh
HOZCJ\(
pH 8.5
y OZCJ\(
24
~ 100%
X
BH4/THF t-BUOK/THF
HN™ ~OPh N
HOVH/ Pl
of O
25

(45)-4-isopropyl-2-oxazolidinone, 82%
Scheme 2-19. Synthesis of Evans’ chiral auxiliary 25.
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Scheme 2-20

This imide system can also be used for the asymmetric synthesis of optically
pure o,o-disubstituted amino aldehydes, which can be used in many synthetic
applications.3! These optically active a-amino aldehydes were originally ob-
tained from naturally occurring amino acids, which limited their availability.
Thus, Wenglowsky and Hegedus®? reported a more practical route to a-amino
aldehydes via an oxazolidinone method. As shown in Scheme 2-20, chiral di-
phenyl oxazolidinone 26 is first converted to allylic oxazolidinone 27; subse-
quent ozonolysis and imine formation lead to compound 28, which is ready for
the a-alkylation using the oxazolidinone method. The results are shown in
Table 2-6.

2.2.3.4 Chiral Enamine Systems. At this stage it is appropriate to intro-
duce some important studies in the field of metalloenamines. To start with, note
that metalloenamine generated from chiral cyclohexanone imine 29 or 31 is
highly diastereoselective in alkylation (Scheme 2-21 and the results therein).??
This can be explained by the possible transition states. If we take 29 as an ex-
ample, there is an equilibrium between two possible transition states as shown
in Figure 2—1. It appears that the left structure is more stable than the right one,
thus favoring the formation of the product 30 in (R)-configuration.

TABLE 2-6. Synthesis of a-Amino Aldehydes

Ph Ph
1. 2.2 eq. KHMDS, RX o

Ph.  Ph

NN

HJ?/NTO s - HJJ\(NTO
0 0

R Me
Entry RX de Yield (%)
1 PhCH;,Br 94:6 62
2 3,4-di-MeOPhCH,Br 90:10 47
3 CH,=CHCH,Br 92.5:7.5 62
4 (CH3),CHCH,I 93.5:6.5 62
5 (CH3),CHI 97.5:2.5 48
6 n-Bul 92:8 75

de = diastereomeric excess; RX = electrophiles in the reaction.
Reprinted with permission by Am. Chem. Soc., Ref. 32.
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PhCH,
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;(-R MeO--..... - |'_|
AOJ' /‘30+
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RJ: © #R l// O\H 2 —_— \\i:BI
H H
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Figure 2—1. Transition state for o-alkylation of enamines.

2.2.3.5 Chiral Hydrazone Systems. In 1976, Corey and Enders®** demon-
strated the great synthetic potential of metalated dimethylhydrazones as highly
reactive intermediates in regio- and diastereoselective C—C bond formation re-
actions. The procedure for carrying out the electrophilic substitution reaction
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NR*, _NR* . NR*,
N/ metalation N electrophile El N
M = El
RJ><H b R c R
R’ R’ R’
(chiral)
enolate equivalent d / cleavage

a R*zNNHZ

©) electrophilic substitution o
R R
R! R’

Figure 2-2. Electrophilic substitution to the carbonyl group of aldehydes and ketones
via metalated (chiral) hydrazones.

at the a-carbon of the carbonyl group is shown in Figure 2—-2. The carbonyl
compounds are metalated to give enolate equivalents, which can be trapped
with electrophiles. As indicated in Figure 2—2, if one uses an achiral ketone and
chiral hydrazine in step a, this will be a chiral version of the hydrazone method,
and chiral substituted ketone will be the final product.

Alkylation of chiral hydrazones has several advantages. The starting hydra-
zones can be conveniently prepared, even for sterically hindered ketones. The
product thus formed is highly stable, and its metalated derivative has very high
reactivity. The subsequent electrophilic substitution reaction will give very good
yield, and a variety of procedures are available to remove the hydrazine moiety
and to release the final alkylated product.®> For example, the hydrazine moiety
can be removed through a very mild oxidation of the alkylation product under
neutral conditions (pH = 7). The reaction can be carried out with the corre-
sponding cuprates, which are readily available as well.

Enders developed the “hydrazone methods” by choosing SAMP and its
enantiomer RAMP. The application and scope of SAMP/RAMP are summa-
rized in Figure 2-3. SAMP and RAMP can be prepared on a large scale from
(S)-proline?® and (R)-glutamic acid,?” respectively.

A good example of applying the hydrazone method is the preparation of the
optically active pheromone 34 (Scheme 2-22).*® Further study of the crude
product prepared from SAMP-hydrazone and 3-pentanone 33 shows that,
among the four possible stereoisomers, (Z,S,S)-isomer 35 predominates along
with the minor (E,S,S)-isomer, the geometric isomer of 35. The final product 34
was obtained with over 97% enantiomeric excess (ee).

It has been reported that the cleavage of SAMP hydrazones can proceed
smoothly with a saturated aqueous oxalic acid, and this allows the efficient re-
covery of the expensive and acid-sensitive chiral auxiliaries SAMP and RAMP.
No racemization of the chiral ketones occurs during the weak acid oxalic acid
treatment, so this method is essential for compounds sensitive to oxidative
cleavage.3**
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Another application of the hydrazone method is the preparation of o-
hydroxy carbonyl compounds (R* = H in 37). The aldehydes/ketones 36 are
first transformed into their corresponding SAMP-hydrazones 38, followed by
deprotonation with z-butyllithium or LDA in THF. The resulting anion under-
goes facile oxidation by treatment with 2-phenylsulfonyl-3-phenyloxaziridine
(39), and the product can be obtained with good to excellent enantioselectivity
(Scheme 2-23).3%°

Several reviews and research papers discussing the application and extension
of this method have appeared.*® For example, Weber et al.*! reported an in-
teresting result in which cerium acted as a counterion in the modified proline
auxiliary (SAMEMP 40) for selective addition of organocerium reagents to
hydrazones. The initial adduct was trapped with either methyl or benzyl chloro-
formate to afford the stable N-aminocarbonate 41 (Scheme 2-24). From this
example readers can see that this proline chiral auxiliary can be used not only
for a-alkylation but also for nucleophilic addition, which is discussed in detail
later.

In the study of Weber et al.,*! a series of proline-derived hydrazones were
prepared, and the reactions of the hydrazones with organocerium reagents were
examined. It is clear from the table in Scheme 2-24 that the diastereoselectivity
of the examined reactions depends on the nature of the side chain. (S)-1-amino-
2-(2-methoxyethoxymethyl) pyrrolidine (40) gave the highest selectivity for vari-
ous nucleophiles.

2.2.3.6 Oxazoline Systems. The 2-oxazoline system has long been known*?
and can readily be prepared*® from 2-aminoethanol derivatives and carboxylic
acids. This compound has served as a potential precursor for elaborated car-
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Scheme 2-24. SAMEMP mediated reactions.

boxylic acids because of its ease of formation,** the availability of the starting
material, and the stability of the compounds in the face of a wide range of
temperatures and reagents. The 2-position of this oxazoline compound can
easily be metalated with butyl lithium (THF, —78°C), and the resulting lithio
derivative can be alkylated with various electrophiles (alkyl halides, carbonyl
compounds, and epoxides). Oxazoline-mediated asymmetric synthesis was first
reported in 1974.*% Since then, great effort has been expended in the develop-
ment and application of these versatile substrates.

Metalation of 42 using n-butyllithium or LDA provides an azaenolate that
exists as a mixture of (Z)- and (E)-43. Alkylation followed by hydrolysis yields
the optically active o,x-disubstituted carboxylic acid (S)-44 in 72-80% ee
(Scheme 2-25 and Table 2-7).

Lithiated chiral oxazolines have been shown to react with various elec-
trophiles, generating a new asymmetric center with considerable bias. This
process has led to the synthesis of optically active a-alkylalkanoic acids,*” a-
hydroxy(methoxy)alkanoic acids,*® p-hydroxy(methoxy)alkanoic acids,*® a-
substituted y-butyrolactones,*® and 2-substituted-1,4-butanediols (Fig. 2-4).>°

The oxazoline methodology can be applied in the total synthesis of natural
products. For example, in the course of the total synthesis of European pine-
saw fly pheromone 47, the key intermediate, chiral «-methyl carboxylic acid 46,
was prepared via the reaction of o-lithioethyloxazoline with n-octyl iodide. The
product 2-methyl decanoic acid 46 was obtained, after hydrolysis, in 72% ee
(Scheme 2-26).5!



2.2 CHIRALITY TRANSFER 93

R 0 Ph
HooN
Li~oeH,
Ph . ! Ph '
0 RLi (2)-43 Rx Ry 0 . R
> < H
RCH24<\ — + — >y S —— H,
N H  o_uPh K N R)\COZH
OCH3 ; - : OCH3 -44
42 RN ®
Li~gCH,
(E)-43
Scheme 2-25. Alkylation of chiral oxazolines to carbonyl acids 44.
TABLE 2-7. Alkylation of Chiral Oxazolines to Carbonyl Acids 44*°
Entry R R'X ee (%) Config. Overall Yield (%)
1 Me EtI 78 S 84
2 Et Me;SO4 79 R 83
3 Me n-Prl 72 S 79
4 n-Pr Me,SOy4 72 R 74
5 Me PhCH,Cl 74 S 62
6 PhCHz MCzSO4 78 R 75

ee = Enantiomeric excess; R = R in 42; R’X = R’X in Scheme 2-25.
Reprinted with permission by Am. Chem. Soc., Ref. 46.

In addition to the reactions discussed above, o, f-unsaturated oxazolines can
also act as chiral electrophiles to undergo conjugated addition of organolithium
reagent to give optically active ,S-disubstituted carboxylic acids.>? The vinyl
oxazolines 48 are prepared using the two methods outlined in Scheme 2-27.

After treating 48 with various organolithium reagents and the subsequent
hydrolysis of the thus formed products, a variety of f5,5-disubstituted propionic
acids 49 can be obtained in good yield with high enantioselectivity (Table 2-8).

2.2.3.7 Acylsultam Systems. Oppolzer et al.>® developed a general route
to enantiomerically pure crystalline «,x-disubstituted carboxylic acid derivatives
by asymmetric alkylation of N-acylsultams. Acylsultam 50 can be readily pre-
pared from the inexpensive chiral auxiliary sultam 53.%4

Successive treatments of chiral acylsultam 50 with n-Bul.i or NaHMDS and
primary alkyl halides, followed by crystallization, give the pure o,o-alkylation
product 52 (Scheme 2-28). Under these conditions, the formation of C-10—
alkylated by-product is inevitable. It is worth mentioning, however, that prod-
uct 52 can readily be separated from the C(x)-epimers by crystallization. In fact,
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Figure 2-4. Oxazoline methodology as a tool in organic synthesis.
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Scheme 2-26. Synthesis of European pine-saw fly pheromone.

via appropriate cleavage, enantiomerically pure alcohol 55 or carboxylic acid
54 can be obtained and the sultam can be recovered. The observed topicity is
consistent with the kinetically controlled formation of chelated (Z)-enolate 51
(Scheme 2-28). In the process of alkylation of 50 to 52, the alkylating reagent
attacks from the Re-face, which is opposite to the lone pair electrons on the
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Scheme 2-27. Preparation of 8,5’-substituted carboxylic acids.

TABLE 2-8. Preparation of §, f-Disubstituted Carboxylic Acids 4952

Entry R R’ ee (%) Config. Yield (%)
1 Me Et 92 R 30
2 Me Ph 98 S 34
3 i-Pr n-Bu 99 R 53
4 t-Bu n-Bu 98 R 50
5 c-hexyl Et 99 R 73
6 MeOCH,CH, n-Pr 99 S 50
7 0-MeOPh n-Bu 95 R 75

ee = Enantiomeric excess; R = R in Scheme 2-27; R’ = R’ in Scheme 2-27.

nitrogen atom. Table 2-9 illustrates the alkylation results using various halides
as electrophiles.

In addition to the asymmetric induction mentioned above, sultam 53 can also
be used to prepare enantiomerically pure amino acids (Scheme 2-29 and Table
2-10).>> MesAl-mediated acylation of 53 with methyl N-[bis(methylthio)-
methylene|glycinate 56 provided, after crystallization, glycinate 57, which can
serve as a common precursor for various o-amino acids. In agreement with a
kinetically controlled formation of chelated (Z)-enolates, alkylation happened
from the Si-face of the o-C, opposite to the lone pair electrons on the sultam
nitrogen atom. High overall yield for both the free amino acid 58 and the
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Scheme 2-28. Reprinted with permission by Pergamon-Elsevier, Ref. 53.

TABLE 2-9. Asymmetric Alkylation of 50

R’ R"X ML de (%, crude) de (%, crystal)
Me PhCH,I NHDMS 96.5 98.4
Me PhCH,I KHDMS 92.9

Me PhCH,I BuLi 96.9 98.5
Me CH,=CHCH,I NHDMS 94.2 94.5

Me CH,=CHCH,I BuLi 96.6 96.6
Me CH,=CHCH;Br BuLi 98.8 >99

Me HC=CCH,Br BuLi 98.3 >99

de = Diastereomeric excess; ML = ML, in Scheme 2-28; R’ = R’ in 50; R”X = R”X in Scheme
2-28.

readily separable sultam 53 can be obtained via mild acidic N-deprotection of
59 and subsequent gentle saponification. Analogous alkylation of the glycinate
equivalent affords a variety of a-amino acids (Table 2-10).

Sultam 53 has proved to be an excellent chiral auxiliary in various asym-
metric C—C bond formation reactions. One more example of using sultam 53 is
the asymmetric induction of copper(I) chloride-catalyzed 1,4-addition of alkyl
magnesium chlorides to «,f-disubstituted (£ )-enesultams 60. Subsequent pro-
tonation of the reaction product gives compound 6lc¢ as the major product
(Scheme 2-30 and Table 2-11).3¢
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TABLE 2-10. Alkylation of Glycinate Equivalents
RX ee (%)
Mel >99.8
PhCH,I >99.8
CH,=CHCH,I >99.8
t-BuOOCCH,Br >99.8
(CH3),CHCH,I >99.8
(CH3),CHI 99.5
ee = Enantiomeric excess; RX = R-X in Scheme 2-29.
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TABLE 2-11. Sultam 53 in the Preparation of 60c

R’ R”  Cu(I) salt Ratio (a:b:c:d) Crystal purity (%)  Config.
Me Bu CuCl 2.1:0:86.3:11.6 97.7 2838
Me Bu CuCN 2.5:0:83.7:14.4 — 28,38
Me Et CuCl 2.3:0:85.4:12.3 98.6 28,38
Et Bu CuCl 0:0:91.5:8.5 99.8 28,38
Bu Et CuCl 0:0:97.3:2.7 99 2S8,3R
TBSOCH, Bu CuCl 0:0:97.0:3.0 99.4 28,38
Bu Me CuCl 10.5:8.2:68.6:12.7 — 2S3R
Me Ph CuCl 2.7:3.2:72.5:21.6 — 2S,3R

R’ =R’ in Scheme 2-30; R” = R” in Scheme 2-30.

For a review of sultam chemistry, interested readers can refer to Oppolzer’s
article®” on “Camphor as a Natural Source of Chirality in Asymmetric
Synthesis.”

2.3 PREPARATION OF QUATERNARY CARBON CENTERS

The previous section discussed chelation enforced intra-annular chirality trans-
fer in the asymmetric synthesis of substituted carbonyl compounds. These
compounds can be used as building blocks in the asymmetric synthesis of
important chiral ligands or biologically active natural compounds. Asymmetric
synthesis of chiral quaternary carbon centers has been of significant interest
because several types of natural products with bioactivity possess a quaternary
stereocenter, so the synthesis of such compounds raises the challenge of enan-
tiomer construction. This applies especially to the asymmetric synthesis of
amino group-substituted carboxylic acids with quaternary chiral centers.

A new method for the stereoselective introduction of a quaternary asym-
metric carbon atom was developed by Meyers, based on the interactive lithia-
tion and alkylation of chiral bicyclic lactam 62—64 derived from y-keto acids
and (S)-valinol. Although the initial step proceeds with poor diastereocontrol,
the second alkylation can proceed with excellent endo-selectivity. Chiral bicyclic
lactams have now proved to be useful compounds for synthesizing a variety of
chiral, nonracemic compounds containing quaternary carbons at the stereo-
center. The substrates 62—64 undergo double alkylation with lithium base and
two alkyl halides to yield the products with quaternary carbon centers in high
diastereoselectivity. Acid treatment of the resulting compound yields enantio-
merically pure y-keto acid 66,°% while reduction of the resulting compound
followed by base-catalyzed aldol condensation yields the cyclic pentenone 68
with high ee (Scheme 2-31).7%-¢°

Meyers et al. also studied the stereoelectronic and steric effects of the n-facial
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addition of electrophiles to lactam enolates in order to explain the observed
stereoselectivity. In previous studies, Romo and Meyers®! found that angularly
placed exo-substituents imparted steric bias for endo-alkylation. Systematic
replacement of the exo-alkyl and aryl substituents on bicyclic lactam 69 with
hydrogen results in a drop in endo-alkylation selectivity from 98:2 to 69:31
(Scheme 2-32 and Table 2—-12). However, the endo-alkylation is still preferred,
even when both the A and B substituents are hydrogen. Thus, it is presumed

B B B
A A A
\ © SBuli \ © M \ © CH,Ph
 — € + 2
§ Me T NCHBr " CH,Ph § M
o ¢ -00°C o 2 o e
69 70 endo 71 exo

Scheme 2-32
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TABLE 2-12. Effect of Substituents A and B on the
Diastereoselective Alkylation of 69.

Substituents

Entry A B 71 (endo) 72 (exo)
1 i-Pr Me 97 3

2 t-Bu Me 98 2

3 i-Pr Ph 98 2

4 i-Pr H 80 20

5 H Me 70 30

6 H H 69 31

that the steric effects of substituents A and B may be the only factor in the de-
termination of diastereofacial alkylation selectivity.

Application of Meyers’ method can be extended to the synthesis of some
other functionalized compounds. The wide varieties of natural products®? that
contain the cyclopropane ring in a chiral environment provide further impetus
for having broadly applicable synthetic routes for introducing a cyclopropane
ring. A novel asymmetric synthesis of substituted cyclopropane®® uses this
bicyclic lactam chemistry. In Scheme 2-33, the starting bicyclic lactam is first
transformed to the o,f-unsaturated bicyclic lactam 72 through metalation,
selenation, and oxidative elimination (LDA, PhSeBr, and H,0,). Compound
72 (R = Ph) can also be prepared by treating o-substituted 4-oxo0-2-phenyl-2-
pentenoate with (S)-valinol in toluene with the removal of water. Dimethyl
sulfonium methylide reacts with this chiral unsaturated lactam, yielding the
cyclopropanated compound 73 in more than 93% de (Scheme 2-33).°4

Fuji et al.%® reported on the asymmetric induction via an addition—
elimination process of nitro-olefination of o-substituted lactone to the forma-
tion of chiral quaternary carbon centers. This is an interesting method for
asymmetric synthesis of quaternary carbon centers involving the addition and
elimination of a chiral leaving group. The main advantage of asymmetric in-
duction by a chiral leaving group is that it provides the direct formation of
chiral products, without the need for a later step removing the chiral auxiliary.
Nitroenamines®® have been known to react with a variety of nucleophiles
giving addition—elimination products.®” Both the chemical yield and the ee

7 \\[ }
Me Me Me
O 0 | CHeSe; \6’
_— —_—
N ~g N D—g N
O O
72

73
Scheme 2-33
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increase when Zn>" is used as a countercation. Moreover, the resulting o,/-
unsaturated nitro function in 76 is a versatile moiety for further transformation.

The study of Fuji et al. shows that the addition of lithium enolate 75 to ni-
troamine 74 is readily reversible; quenching conditions are thus essential for
getting a good yield of product 76. An equilibrium mixture of the adducts exists
in the reaction mixture, and the elimination of either the prolinol or lactone
moiety can take place depending on the workup condition (Scheme 2-34). A
feature of this asymmetric synthesis is the direct one pot formation of the
enantiomer with a high ee value. One application of this reaction is the asym-
metric synthesis of a key intermediate for indole type Aspidosperma and Hun-
teria alkaloids.®® Fuji®® has reviewed the asymmetric creation of quaternary
carbon atoms.

Seebach et al.”® introduced another interesting idea for creating chiral qua-
ternary carbon centers, namely, the self-regeneration of stereocenters (SRS). To
replace a substituent at a single stereogenic center of a chiral molecule without
racemization, a temporary center of chirality is first generated diastereoselec-
tively, such as r-BuCH in 78. The original tetragonal center is then trigonalized
by removal of a substituent, such as forming enolate 79 (Scheme 2-35). A new
ligand is then introduced diastereoselectively, such as the introduction of group
R’ in 80. Finally, the temporary chiral center is removed to provide product 81
with a chiral quaternary carbon center. By means of these four steps, 2- and 3-
amino, hydroxy, and sulfonyl carboxylic acids have been successfully alkylated
with the formation of tertiary alkylated carbon centers without using a chiral

PhCO PhCO_  tBu PhCO_  tBu
NH £-BUCHO N— LDA N
H L» jN — > \
R’S(N‘Me R’S( ~“Me R/%/N‘Me
o) (@) OLi
77 78 79
PhCO_  tBu PhCO
R S ot
N— t-BUCHO NH |,
R\‘YKNN‘Me RN N-Me
R ]
o) o)
80 81

Scheme 2-35
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auxiliary. This method allows the potential of these inexpensive chiral building
blocks to be extended considerably.

This method can be regarded as an example of memory of chirality,”! a
phenomenon in which the chirality of the starting material is preserved in a re-
active intermediate for a limited time. The example in Scheme 235 can also be
explained by the temporary transfer of chirality from the o-carbon to the z-
BuCH moiety so that the newly formed chiral center --BuCH* acts as a mem-
ory of the previous chiral center. The original chirality can then be restored
upon completion of the reaction.

Very recently, Matsushita et al.’* reported an efficient route for the synthesis
of o,a-disubstituted az-amino acid derivatives 82—-84 starting from some readily
available expoxy silyl ethers such as 86. The key step involves an MABR (85)-
catalyzed rearrangement’? for converting 86 to 87 and a Curtis rearrangement
for introducing the isocyanate and the subsequent build up of an amino group
(Scheme 2-36).7* This method complements the currently applied methods for
o,a-disubstituted amino acid synthesis that are based on the stereoselective al-
kylation of cyclic compounds (e.g., Schéllkopf’s bislactim method,”” Seebach
and Aebi’s oxazolidine method,’® and William’s oxazinone method””). Inter-
ested readers may consult the recent review by E. J. Corey’® on the catalytic
enantioselective construction of carbon stereocenters.

1_72

z COzMe HO—. CO,Me

/\/\/LNHBOC /LNHBOC

82 83 84
Br O\ /O % Br
Al
|
Me
85, MABR
MABR =z y—OTBS RuO z y—0OTBS
R oot ROy
CH,Cl,, -78°C R™ "CHO Nal04 R” "COOH
OTBS
86 87 88
DPPA z y—OTBS
EE—— ; — 820r83
EtsN R CNO

89
Scheme 2-36
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There are several recent publications regarding the syntheses of o,o-
disubstituted amino acids.”®

2.4 PREPARATION OF a-AMINO ACIDS

Owing to their possible biological activity, enantiomerically pure nonprotein o-
amino acids have become increasingly important. z-Alkylation of a chiral gly-
cine derivative is among the most attractive methods for the asymmetric syn-
thesis of these nonprotein o-amino acids. Good results have been obtained
using the bislactim system,® which is conceptually very similar to the SRS
proposed by Seebach. Six-membered heterocyclic products (e.g., 90 and 91) are
obtained from glycine and other amino acids via diketopiperazine, followed by
O-methylation with Meerwein salt (Scheme 2-37). Finally, a-methyl amino
acids with high enantiomeric excess can be obtained through acidic hydrolysis
of 90 and 91.

Table 2-13 summarizes some useful chiral auxiliaries for a-alkylation of a
carbonyl compound.

2.5 NUCLEOPHILIC SUBSTITUTION OF CHIRAL ACETAL

Acetals/ketals are among the most widely used protecting groups for alde-
hydes/ketones and can be used as important tools in the synthesis of enantio-
merically pure compounds. Under neutral condition, acetals are inert toward
nucleophiles. However, in the presence of a Lewis acid, the acetal functional
group becomes a powerful electrophile, which is capable of undergoing reac-
tions with electron-rich double bonds or nucleophiles. The origin of their selec-
tivity is believed to be the preferential complexation of the Lewis acid with the
less-hindered oxygen as shown in 93 (Scheme 2—38). The reaction takes place
by means of an SN2 displacement with the inversion at the electrophilic carbon
to give 94. Cleavage of the chiral auxiliary leads to the asymmetric hydroxy



TABLE 2-13. A Summary of Chiral Auxiliaries Reported To Be Useful in the
a-Alkylation of Carbonyl Compounds
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molecule 92. Thus, the chirality is transferred from the diol to the newly formed
carbon center in 92.°°

The following auxiliaries and nucleophiles are often employed for this
purpose:

HO,  OH HO  OH HQ ~ OH

Me,NOC ~ CONMe,

HO OH HO OH HO OH
e A
/\/SiMeg R—==—SiMe, NC-SiMe3/TiCly
R,CuLi/BF3 MeMgCI/TiCl, /lc,)\R ITiCl4
OSiMe;

Chiral acetals/ketals derived from either (R,R)- or (S,S)-pentanediol have
been shown to offer considerable advantages in the synthesis of secondary al-
cohols with high enantiomeric purity. The reaction of these acetals with a wide
variety of carbon nucleophiles in the presence of a Lewis acid results in a highly
diastereoselective cleavage of the acetal C—O bond to give a f-hydroxy ether,
and the desired alcohols can then be obtained by subsequent degradation
through simple oxidation elimination. Scheme 2-39 is an example in which H™
is used as a nucleophile.®’

TiCls-induced cleavage of chiral acetal can be used to prepare f-adrenergic
blocking agents 95 bearing the glycerol structure (Scheme 2-40).°8

S-Hydroxy carboxylic acid can be used as a 1,3-diol analog in a similar re-
action. Subsequent Lewis acid—mediated electrophilic attack takes place with
excellent diastereoselectivity.®?
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Scheme 2—-40. A route to amino alcohol.

On the other hand, acetal cleavage in the presence of a chiral Lewis acid
could also be a route to chiral alcohols. Recently, Harada et al.!°° reported
the kinetic resolution of cyclic acetals derived from 1,3-alkanediols in ring-
cleavage reactions mediated by N-mesyloxazaborolidine 96 (Scheme 2-41). The
enantiotopic C—O groups in racemic acetals rac-97 were differentiated by the
ring-cleavage reaction using allylmethylsilane 98 as a nucleophile.

These reactions were carried out using N-mesyloxazaborolidine 96 (0.5 eq.)
and allylsilane 98 (1.5 eq.) in CH,Cl, at —50°C. Conversion of 97 as high as
63% was observed, and the remaining (2S,4R)-97 was recovered in 92% ee.
Modification of the electronic nature of the aryl substituent attached to the
acetal carbon at the para position of 97 did not affect the enantioselectivity of
ring cleavage.

Harada et al.!®' extended this oxazaborolidine-mediated ring-cleavage
method to biacetals, that is, a desymmetrization of meso-1,3-tetrol derivatives
(Scheme 2-42). Ring cleavage of 100 was examined, and the mono-cleavage
products 101a and 101b were obtained in 95% and 82% yields, respectively.
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After three steps of transformation, the (S)-products 102a and 102b were ob-
tained in 88% and 95% ee, respectively.

A review of chiral acetals in asymmetric synthesis is available.2

2.6 CHIRAL CATALYST-INDUCED ALDEHYDE ALKYLATION:
ASYMMETRIC NUCLEOPHILIC ADDITION

Nucleophilic addition of metal alkyls to carbonyl compounds in the presence of
a chiral catalyst has been one of the most extensively explored reactions in
asymmetric synthesis. Various chiral amino alcohols as well as diamines with
C, symmetry have been developed as excellent chiral ligands in the enantiose-
lective catalytic alkylation of aldehydes with organozincs. Although dialkylzinc
compounds are inert to ordinary carbonyl substrates, certain additives can be
used to enhance their reactivity. Particularly noteworthy is the finding by Oguni
and Omi'®® that a small amount of (S)-leucinol catalyzes the reaction of
diethylzinc to form (R)-1-phenyl-1-propanol in 49% ee. This is a case where the
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ligand accelerates the catalytic reaction. In the following sections of this chap-
ter, stereoselective addition of dialkylzinc to aldehyde, promoted by amino
alcohols or titanium derivatives bearing chiral ligands such as ditriflamides
103,1°* TADDOL 104,°3 binaphthol 105,1°¢ norephedrine 106a, 106b,'°” and
camphor sulfonamide derivatives 107,1°% are discussed. It will become evident
that development of a metal-complex system that can activate both nucleo-
philes and electrophiles is an efficient way to reach the high enantioselectivity.

SO,CF
A PhF>h OO
aNH oj)< OH

@t X1 o
B, T OO
SO,CF4 BrPh
103 104 105

OH
£aOH
NHSOZQR H
SO,NHR
106a: R = CH;
106b: R = OCH, 107

Figure 2—5 presents a possible pathway for catalytic asymmetric alkylation
using a protonic auxiliary. The metallic compounds 108 are not simple mono-
mers, but usually exist as aggregates. To obtain high enantioselectivity, the
ligand X* must possess a suitable three-dimensional structure that is able to
differentiate the diastereomeric transition states during the alkyl delivery step
108 — 109. The key issue is that at first the rate of alkylation by RMX* (108)
should substantially exceed that of the original achiral nucleophile R,M; then,
chiral ligand X* must be quickly detached from the initially formed metal alk-
oxide 109 by the action of the alkyl donor or carbonyl substrate to complete the
catalytic cycle.

The reaction between dialkylzinc and several chiral amino alcohol ligands
satisfies these two key factors. Since the discovery by Oguni that various addi-

R R
-RH o) R__R"
RM ——> RMX* =—e—= 7/
HX R" “OMX*
108 109

Figure 2-5. Enantioselective alkylation catalyzed by protonic auxiliary HX*. M =
Metallic species; X* = chiral heteroatom ligand.
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(n-C4Hg)3Sn _~ H ()-DAB (n-C4Hg)sSN N~~~
Y o ;
(n-CsHq4)2Zn OH
112 113S/R=93:7
Scheme 2-43

tives catalyze the addition of dialkylzinc reagents to aldehydes, there has been a
rapid growth of research in this area. Most of these efforts have been directed
toward the design of new chiral ligands, most of them being f-amino alcohols.
Perhaps the best examples are DBNE (N,N-di-n-butylnorephedrine) (110)!°°
and DAIB (111).11°

Treating benzaldehyde with diethylzinc in the presence of 2 mol% (—)-DAIB
gives (S)-alcohol in 98% ee (Scheme 2-43). When compound 112 is treated
in the same manner, compound 113, a chiral building block in the three-
component coupling prostaglandin synthesis, is also obtained with high ee
(Scheme 2-43).

The optically active reagent (S)-1-methyl-2-(diphenylhydroxymethyl)-
azitidine [(S)-114] has also been reported to catalyze the enantioselective addi-
tion of diethylzinc to various aldehydes. The resulting chiral secondary alcohols
115 are obtained in up to 100% ee under mild conditions (Scheme 2-44).'1!
Furthermore, most of the 114-type ligands have also been used in the ox-

O OH
N Ph )\/

e, OF R
(S)-114 115
R Ph 4-Cl-Ph | 2-MeO-Ph | 4-MeO-Ph | 4-Me-Ph | (E)-PhCH=CH
ee (%) 98% 100% 94% 100% 99% 80%
config. S S S S S N

Scheme 2-44
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116 R« Et
RCHO + EtyZn ———> g

H //OH
Substrate and Catalyst Solvent ce (%) Config.
R X
Ph Cl Hexane 74 S
Ph Cl Toluene-Hexane 64 S
Ph Cl Benzene-Hexane 73 S
4-MePh Cl Hexane 61 S
Ph Br Hexane 62 S

Scheme 2-45. Reprinted with permission by Royal Chem. Soc., Ref. 112.

azaborolidine catalytic reduction of carbonyl compounds, which is discussed in
detail in Chapter 6.

Chiral quaternary ammonium salts in solid state have also been used as
catalysts for the enantioselective addition of diethylzinc to aldehydes (Scheme
2-45)."2 In most cases, homogeneous chiral catalysts afford higher enantio-
selectivities than heterogeneous ones. Scheme 2—-45 presents an unusual asym-
metric reaction in which chiral catalysts in the solid state afford much higher
enantioselectivities than its homogeneous counterpart.!!?

Most organometallic reagents, such as alkyllithium and Grignard reagents,
are such strong nucleophiles that they usually fail to react chemoselectively with
only aldehydes in the presence of ketones. Scheme 2—-46 depicts the advantage
of catalytic asymmetric synthesis of hydroxyketone 118 by the chemo- and
enantioselective alkylation of 117 with dialkylzinc reagents using 119 or 120 as
the chiral catalyst. In these reactions, optically active hydroxyketones can be
obtained with high chemo- and enantioselectivity (up to 93% ee).'!?

The optically active f-amino alcohol (1R,3R,5R)-3-(diphenylhydroxymethyl)-
2-azabicyclo[3.3.0]octane [(1R,3R,5R)-121], can be derived from a bicyclic
proline analog. It catalyzes the enantioselective addition of diethylzinc to vari-
ous aldehydes. Under mild conditions, the resulting chiral secondary alcohols
are obtained in optical yields up to 100%. The bicyclic catalyst gives much
better results than the corresponding (S)-proline derivative (S)-122 (Scheme
2-47).114

Wally et al.!!> report a homoannularly bridged hydroxyamino ferrocene
(4)-123 as an efficient catalyst for enantioselective ethylation of aromatic or
aliphatic aldehydes.
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Scheme 2-46. Chemo- and enatioselective alkylation of ketoaldehydes.

H H
1N "//th N Ph
H y OH H O
(1R, 3R, 5R)-121 (5)-122

(0]

catalyst @)\/
[ j H — *

EtQZn

Catalyst | Cat. mol% Temp. (°C) ee (%)

121 10 -20 100 (R)
121 5 20 99 (R)
122 5 20 24 (S)
121 1 20 45 (R)
121 10 40 or 50 93 (R)

Scheme 2-47. Application of a new bicyclic catalyst. Reprinted with permission by

Pergamon Press Ltd., Ref. 11

4.
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Me
HO Me~y H H, SHs
Ph B R N(CH3)2
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S = CR,OH
Fe @e}
(+)-123 124

Eleven aromatic and aliphatic aldehydes have been alkylated with Et;Zn in
the presence of homoannularyl bridged hydroxyamino ferrocene (—)-123. The
resulting carbinols have ee values varying from 66% to 97%. This new ferro-
cenyl catalyst has been used successfully to alkylate aromatic and linear or
branched chain aliphatic aldehydes to secondary alcohols with up to 97% ee.
This ligand is effective even for f-branched aliphatic substrate.

The transition state for the configuration-determining step has been pre-
sented by Kitamura et al.''® and Watanabe et al.''” (Fig. 2-6). Both groups
propose the participation of two molecules of Et;Zn and the formation of a
seven-membered ring, which can be considered as a two-center catalysis system
or bimetallic catalyst. This cyclic system adopts a chair-like conformation in
which Zn bonded covalently to O and coordinated to N. The ethyl groups
attached to Zn are arranged in equatorial positions. The Zn in the seven-
membered ring is coordinated with the substrate. The second Zn in the Et,Zn
molecule (attached to the O atom) possesses the minimum energy in steric re-
pulsion, thus favoring an Si-side approach.

With the knowledge that the presence of Ti(OPr'); promotes the alkylation
of diethylzinc to benzaldehyde, Ho et al.'*® demonstrated that the chiral tetra-
dentate sulfonamide ligand 125 catalyzes the addition of diethylzinc to alde-
hyde in the presence of Ti(OPr'); with good yield and enantioselectivity
(Scheme 2-48).

Pritchett et al.'*® found that Ti(OPr'); did not react with the bis(sulfon-
amide) ligand itself, so they postulated that a chiral ligand initially reacted with
the diethylzinc and was subsequently transferred to the titanium in the next
step. Based on this assumption, they presented an improved procedure for the
asymmetric alkylation of aldehyde to overcome the poor solubility of the li-

Figure 2—-6. Transition state of the reaction.
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gands in the nonpolar reaction mixture. The reaction was carried out by initial
reaction of the bis(sulfonamide) with the zinc species, followed by the addition
of titanium and subsequent addition of aldehyde.

Ito et al.*2° reported TADDOL 126 as a new type of chiral ligand in place of
amino alcohol and examined the catalytic ligand effect of using various chiral
diols in the presence of Ti(OPr'),.

TADDOL 104 and 126 afford 95-99% ee in the asymmetric addition of
organozinc reagents to a variety of aldehydes. The best enantioselectivities are
observed when a mixture of the chiral titanium TADDOL compound 127 and
excess [Ti(OPr')4] are employed (Scheme 2-49). The mechanism of the alkylzinc
addition involves acceleration of the asymmetric catalytic process by the

-

RJ\H [Ti(OPr)J(1.2eq) R R
ZnR'>(1.2 eq.) 90-98% ee

HM Ar HAr Ar

R><O 7~ TOH R><O T O~ 1i(0-i-Pr)

R 0 OH R O o TR
I—}\rAr HAFAF
TADDOL 127

104: R = Me, Ar =Ph,

126: R = Me, Ar = 2-naphthyl
Scheme 2-49. TADDOL and its analogs as titanium ligands in enantioselective addition
of diethylzinc reagents to benzaldehyde.
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Arew_[:_i& Ti Re —»R)I/H<— Si

Arg

Figure 2—7. The role of [Ti(OPr');] in dialkylzinc addition reactions. The dioxolane in
the rear is deleted for clarity.

TADDOL ligand over the competing (achiral) catalyst [Ti(OPr');]. The rate
enhancement by the TADDOL ligands is due to an increase in the rate of
ligand exchange in the TADDOL complex over the iso-propoxyl complex be-
cause of the steric bulk of the TADDOL compared with two iso-propoxides.

The role of Ti(OPr') in this process is shown in Figure 2—7. The aldehyde is
illustrated in two conformations, the solid lines indicating the more favorable
orientation. The conformation represented by the dashed line is disfavored by a
steric interaction with a pseudo-axial aryl group. Assuming that the attack of a
nucleophile comes from the direction of the viewer, this hypothesis accounts
for the Si-face selectivity in all known Ti-TADDOLate-mediated nucleophilic
additions to aldehydes.

Prasad and Joshi!?! presented a conceptually different catalyst system—zinc
amides of oxazolidine. Because the addition of dialkylzinc to aldehyde is known
to involve a chiral zinc alkoxide with a coordinately unsaturated tricoordinated
center, they anticipated that a zinc amide with dicoordinate zinc should be a
better Lewis acid. Examining three different zinc species 128-130, zinc amide
derived from the corresponding oxazolidine 130 was found to lead to a very fast
reaction (4 hours, 0°C) and 100% ee (Scheme 2—50). The reaction proceeds even
faster at room temperature (completed within 1 hour) without significant loss of
stereoselectivity. This reaction can provide excellent ee for aromatic aldehydes,

0 OH

10 mol% catalyst
H + EtyZn > =

Ph
/4[0)< I o) )mfo
N /ﬂf S znEt l}l)<
NH;

ZnEt

ZnEt
(R)-product, 38% ee (S)-product, < 5% ee (S)-product, 100%
128 129 130

Scheme 2-50
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though not for aliphatic ones. For this catalyst system, aliphatic aldehyde nor-
mally fails to give a good enantioselectivity.

A model explaining the stereochemical outcome of this catalytic system is
based on the following transition state 131:

Transition state:
Ph
h O
N
N
EtZn ZnEt

131

Both the aldehyde and diethylzinc are activated by the zinc amide, and the
ethyl group transformation from diethylzinc to aldehyde furnishes the highly
enantioselective alkylation of aromatic aldehydes.

BINOL and related compounds have proved to be effective catalysts for
a variety of reactions. Zhang et al.'°®* and Mori and Nakai'°®® used an (R)-
BINOL-Ti(OPr')4 catalyst system in the enantioselective diethylzinc alkylation
of aldehydes, and the corresponding secondary alcohols were obtained with
high enantioselectivity. This catalytic system works well even for aliphatic al-
dehydes. Dialkylzinc addition promoted by Ti(OPr'), in the presence of (R)- or
(S)-BINOL can give excellent results under very mild conditions. Both conver-
sion of the aldehyde and the ee of the product can be over 90% in most cases.
The results are summarized in Table 2—-14.

TABLE 2-14. Asymmetric Alkylation of Aromatic and Aliphatic Aldehydes

Entry Aldehyde BINOL  Condition Yield (%) ee (%)

1 PhCHO 0.2 0°C, 20 min 100 (conversion)  91.9 (§)!°62
2 2-Naph-CHO 0.2 0°C, 20 min 100 (conversion)  93.6 (S)!°62
3 m-MeOPhCHO 0.2 0°C, 20 min 100 (conversion) 94 (§)°¢®
4 m-CIPhCHO 0.2 0°C, 20 min  98.7 (conversion) 88.2 (§)!062
5 n-CgH;7CHO 0.2 —30°C,40h 94 86 (S)100b
6 n-CgH;;CHO 02  —30°C,40h 75 85 (s5)1oo
7 e T 02 0°C1h 97 82 (S)106b
8 TMS—=——CHO 0.2 0°C, 1h >98 56 (S)to6r
9 TBS ——CHO 0.2 0°C, 1h >98 79 (S)toee

ee = Enantiomeric excess.
Reprinted with permission by Elsevier Science Ltd., Ref. 106.
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The chiral complex 132 (X = OPr') is easily available by mixing Ti(OPr'),
and (R)- or (S)-BINOL. The ratio of BINOL to Ti(OPr), is a key factor for
inducing enantioselectivity. A large excess of Ti(OPr'); over BINOL is required
to make the reaction efficient, and excess Et,Zn (over aldehyde) is needed to get
high yields.

X,

Oy

N

(R)- or (5)-132 (X = O-i-Pr or CN)

OH

)OL Ti(OPr)4/(S)}-BINOL ~ *

Ph H T ERIN T catalyst (S)132 P OEt

Nakai has proposed that the involved asymmetric catalyst was not 132 itself,
but the following complex 133:

i-Pr

| i-Pr

o | J\
O 1 O _.0O

T

.~

e \O/l \O

(0)
o) j/
i-Pr |
i-Pr

133

In Scheme 2-51, species 133 is formed from the precatalyst 132 and
Ti(OPr'),. It is then converted to complex G upon addition of diethylzinc. Re-
action between species G and an aldehyde furnishes intermediate E, which ac-
complishes the enantioselective addition of the nucleophile to the carbonyl
group. Intervention of two molecules of Ti(OPr')4 releases the alkylated prod-
uct, regenerates the active catalyst 133, and also completes the catalytic cycle.
This cycle explains the fact that at least one equivalent of Ti(OPr')4 is required
for an effective reaction.

Zhang and Chan'?? found that Hg-BINOL, (R)- or (S5)-134, in which the
naphthyl rings in the BINOL were partially hydrogenated,'?® can give even
better results in the diethylzinc reactions. Using (R)- or (S)-134 as the chiral
ligand, addition of diethylzinc to aromatic aldehydes proceeds smoothly with
over 95% ee and, in most cases, quantitative conversion.!22
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Triethylaluminum can be economically prepared on an industrial scale from
aluminum hydride and ethylene,'?* so a successful alkylation using organo-
aluminum compound will certainly open up a new area for active research.
Asymmetric alkylation of aromatic aldehydes with triethylaluminum was car-
ried out by Chan et al.!? In the presence of (R)- or (S)-134 and Ti(OPr'),, al-
kylation proceeded readily, yielding the alcohol with high ee (Scheme 2-52).

Ti(OPr'),, (R)-BINOL HO, Et
PhCHO + EtzAl - 3

THF, 0°C,5h Ph” “H
81% ee (R)
Ti(OPr')4, (S)-Hg-BINOL
PhCHO + EtsAl (OPr)a. | ) eI B OH
THF,0°C,5h Ph” > H
96% ee (S)

Scheme 2-52
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Since the discovery of amino alcohol-induced dialkylzinc addition to alde-
hydes, many new ligands have been developed. It has recently been reported
that chiral amino thiols and amino disulfides can form complexes or structur-
ally strained derivatives with diethylzinc more favorably than chiral amino al-
cohols and thus enhance the asymmetric induction. Table 2—15 is a brief sum-
mary of such chiral catalysts.

For more information on diethylzinc addition reactions, see Ito et al.,!2°
Wirth,12° and others.}3® For a detailed discussion of the nonlinear stereo-
chemical effects in diethylzinc addition, see Chapter 8.

2.7 CATALYTIC ASYMMETRIC ADDITIONS OF DIALKYLZINC TO
KETONES: ENANTIOSELECTIVE FORMATION OF TERTIARY
ALCOHOLS

As mentioned in Section 2.3, a large number of biologically active natural
products contain quaternary carbon atoms, and the addition of carbon nucleo-
philes to ketones has attracted increasing attention for the construction of
quaternary carbon centers.

Fu and Dosa'3° report the enantioselective addition of diphenylzinc to a
range of aryl-alkyl and dialkyl ketones with good to excellent stereocontrol.
Addition of 1.5 eq. of MeOH in the presence of a catalytic amount of (+)-
DAIB 135 results in enhanced enantioselectivity and improved yield (Scheme
2-53). Table 2-16 gives the results of this reaction.

Similarly, Ramon and Yus'*° reported the enantioselective addition of di-
ethylzinc and dimethylzinc to prochiral ketones catalyzed by camphorsulfona-
mide-titanium alkoxide derivatives as shown in Scheme 2-54.

The reaction of diethylzinc or dimethylzinc with prochiral ketones, in the
presence of a stoichiometric amount of Ti(OPr')4 and a catalytic amount (20%)
of camphor-sulfonamide derivative 136, leads to the formation of the corre-
sponding tertiary alcohols with enantiomeric ratios of up to 94.5:5.5.

Nakamura et al.!*! reported a closely related reaction, that is, the enantio-
selective addition of allylzinc reagent to alkynyl ketones catalyzed by a bisox-
azoline catalyst 137. High ee values were obtained in most cases (Scheme 2-55).

2.8 ASYMMETRIC CYANOHYDRINATION

Cyanohydrination (addition of a cyano group to an aldehyde or ketone) is
another classic reaction in organic synthesis. Enantioselective addition of
TMSCN to aldehyde, catalyzed by chiral metal complexes, has also been an
active area of research for more than a decade. The first successful synthesis
using an (S)-binaphthol-based complex came from Reetz’s group'*? in 1986.
Their best result, involving Ti complex, gave 82% ee. Better results were re-
ported shortly thereafter by Narasaka and co-workers.!*3 They showed that by
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TABLE 2-15. Newly Developed Ligands for Alkylation Reactions

Chiral Auxiliary Reference Chiral Auxiliary Reference

Ve - o
e 126 PN 127
N N HS N

CH, CH,

~(CH-CHy-),-
CHs Ph 128 12
H,C—N OH /
CHs Se),
H,C  Ph
e N7 sdocH
H=~X"H 130 3 130
n-BusN SCOCH;
| X
7 NRR'
Me,
Mey, N N Meve HO

[ I 131 O Me 132
Ph

Ph" “OH HO

Me
R=H,R'=Me
R=R'=Me
133 R=R'=n-Bu
Ph |
ph%J(_ . 134
HO OH
135 135
", OH 136
NRR"
R'=R"=Me X=H, Cl, OCH;
R'= SO3CF3 R"=H Ph Me 120
R
/
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R1)J\ 2+ ZnPhy 15eq. MeOH . R'"R?
3.5eq. ~ €q. R
i 60-91% ee
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MezN
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135
Scheme 2-53

TABLE 2-16. Enantioselective Alkylation of Ketones

Yield Yield
Entry Substrate ee (%) (%) Entry Substrate ee (%) (%)

@)
7 0 83
1 (+-(R- 8 5 BrQ/b ©)-
(0]

0
4 86 79
(—)-(R)-

ee = Enantiomeric excess.

Reprinted with permission by Am. Chem. Soc., Ref. 139.

using highly substituted chiral 1,4-diol as ligand, both aromatic and aliphatic
aldehyde could be converted to the corresponding cyanohydrin with more than
85% yield and over 90% ee. While the Narasaka method was effective in pre-
paring optically active cyanohydrins, it required a stoichiometric amount of
titanium and tartaric acid derivatives. Hayashi et al.!** reported that a similar
catalytic system based on the modified Sharpless catalyst was also effective as
an asymmetric catalyst for the addition of TMSCN to aromatic aldehydes. The
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136
O 20 mol% 136, ZnR', HO R

pn” R toluene, Ti(OPr'),
Scheme 2-54

Scheme 2-55

use of cyclic dipeptides, described by Mori et al., 43

well.

The best results for the asymmetric cyanohydrination reactions are obtained
through biocatalysis, using the readily available enzyme oxynitrilase. This pro-
vides cyanohydrins from a number of substances with over 98% ee.!4®

Hayashi et al.'#” reported another highly enantioselective cyanohydrination
catalyzed by compound 138. In this reaction, a Schiff base derived from f-
amino alcohol and a substituted salicylic aldehyde were used as the chiral li-
gand, and the asymmetric addition of trimethylsilylcyanide to aldehyde gave
the corresponding cyanohydrin with up to 91% ee (Scheme 2-56).

Bolm and Miiller#® reported that a chiral titanium reagent generated from
optically active sulfoximine (R)-139 and Ti(OPr'),; promotes the asymmetric
addition of trimethylsilyl cyanide to aldehydes, affording cyanohydrins in high
yields with good enantioselectivities (up to 91% ee) (Scheme 2-57). The alde-
hydes can be either aromatic or aliphatic. For example, in the presence of a
stoichiometric amount of Ti(OPr'); and 1.1 eq. of (R)-139, trimethylsilylcya-
nation of benzaldehyde at —50°C, followed by acidic cleavage of the trime-
thylsilyl group gave (S)-mandelonitrile with 72% yield and 91% ee. Lowering
the reaction temperature did not significantly improve the ee values.

The proposed reaction mechanism is shown in Figure 2-8. First, a chiral ti-
tanium complex (R)-140 is formed by the exchange of two titanium alkoxides.

worked satisfactorily as
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Figure 2-8. Proposed reaction mechanism for Ti(OPr');-mediated asymmetric silylcya-
nation.

Complex (R)-140 serves as a chiral Lewis acid and coordinates to the aldehyde
at the less hindered f-face of 141. Re-side cyanation of (R)-141 and the subse-
quent cleavage of the alkoxide group give the product 142. Because at this stage
the catalyst turnover is blocked, the reaction cannot be carried out in a catalytic
manner.
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Scheme 2-58. Reprinted with permission by Elsevier Science Ltd., Ref. 149.

Mori et al.1#? also reported the asymmetric cyanosilylation of aldehyde with

TMSCN using 132 (X = CN) as the precatalyst. The chiral dicyano complex
was generated in situ, and the asymmetric cyanosilylation gave ee values of up
to 75%. Scheme 258 depicts the proposed reaction process.

The addition of cyanide to imines, the Strecker reaction, constitutes an in-
teresting strategy for the asymmetric synthesis of o-amino acid derivatives.
Sigman and Jacobsen!®° reported the first example of a metal-catalyzed enan-
tioselective Strecker reaction using chiral salen Al(IIl) complexes 143 as the
catalyst (see Scheme 2-59).

Among the complexes of Ti, Cr, Mn, Co, Ru, and Al, which catalyzed the
reaction with varying degrees of conversion and enantioselectivity, complex 143
was found to give the best result, and it was found that the uncatalyzed reaction
between HCN and 144 could be completely suppressed at —70°C. For example,
in Scheme 2-59, the reaction for an aromatic substrate 144, such as R = Ph,
can be completed within 15 hours, providing product 145 (R = Ph, without a
trifluoroacetyl group) with 91% isolated yield and 95% ee. Because the cyano
addition product has been observed to undergo racemization upon exposure to
silica gel during the isolation procedure, the product is transformed to the cor-
responding stable trifluoroacetamide derivative. This is the first example in
which a main group metal-salen complex has been identified as a highly effec-
tive asymmetric catalyst.

In contrast, testing substrates in Scheme 2-59 demonstrates that alkyl-
substituted imines undergo the addition of HCN with considerably lower ee.
(For R = cyclohexyl, 57% ee; and 37% ee for R = ¢-butyl.) The N-substituent
does not exert a significant influence on the enantioselectivity of the reaction.

For more information about the asymmetric addition of trimethylsilyl cya-
nide to aldehydes, see Belokon et al.!51
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Scheme 2-59. Chiral Al-salen—catalyzed Strecker reaction.

2.9 ASYMMETRIC a-HYDROXYPHOSPHONYLATION

a-Hydroxyphosphonyl compounds (phosphonates and phosphonic acids) are
biologically active and can be used for enzyme inhibitors (e.g., renin synthase
inhibitor!*? and HIV protease inhibitor!??). Although the biological activities
of a-substituted phosphonyl compounds depend on their absolute configura-
tion,%# it is only recently that detailed studies on the synthesis of optically
active phosphonyl compounds have begun to emerge. The most efficient and
economic route to chiral hydroxylphosphonate involves asymmetric o-hydroxy-
phosphonylation.

One common approach incorporates an oxazaborolidine-mediated catechol-
borane reduction starting from o-ketophosphonates (146).'>° The reaction pro-
ceeds with good yield and gives excellent ee (up to 99%).

L /OR2

R ﬁ—OR2
o]
146

Enantioselective synthesis of a-hydroxy phosphonates can also be achieved
by asymmetric oxidation with camphorsulfonyl oxaziridines (Scheme 2-60).13°
Reasonable yields can usually be obtained. (+)-147a or (+)-147b favors for-
mation of the (S)-product, as would be expected, because these oxidations
proceed via a transition state that parallels that previously discussed for the
stereoselectivity observed with ketones. !5’

Attempts have also been made to explore chiral catalysis in the Pudovik re-
action (the addition of dialkylphosphites to aldehydes). Rath and Spilling!>®



2.9 ASYMMETRIC o-HYDROXYPHOSPHONYLATION 125

H OH

~OMe 1. base ’ pOMe
ﬁ‘OMe o i OMe
o 2. oxidant e}

ee up to 93%

x X

N
50/
o

(H)-147aX=H
(+)-147b X = Cl

Scheme 2-60

and Yokomatsu et al.'>® independently published the lanthanum binaphth-
oxide complex catalyzed addition of diethylphosphite to aromatic aldehydes.
Lanthanum (R)-binaphthoxide complex gives (S)-hydroxyphosphonates in
good yield with modest enantioselectivity. The catalyst LaLi;(BINOL); (LLB)
was prepared from lanthanum trichloride by the method reported by Sasai et
al.1®° for catalytic enantioselective nitroaldol reaction.

Sasai et al.!®! revealed an improved condition for the preparation of LLB,
which involves the reaction of a mixture of LaCls - 7TH,0 (1 eq.), (R)- or (S)-
BINOL dilithium salt (2.7 eq.), and -BuONa (0.3 eq.) in THF at 50°C. The
LLB obtained is effective for the hydrophosphonylation of various aldehydes,
and the desired a-hydroxyphosphonates can be obtained in up to 95% ee (89%
yield). With slow addition of the aldehyde, the ee of the product can be further
increased (Scheme 2-61).

LLB, a so-called heterobimetallic catalyst, is believed to activate both nu-
cleophiles and electrophiles.!®? For the hydrophosphonylation of compara-
tively unreactive aldehydes, the activated phosphite can react with only the
molecules precoordinated to lanthanum (route A). The less favored route (B) is
a competing reaction between Li-activated phosphite and unactivated aldehyde,
and this unfavored reaction can be minimized if aldehydes are introduced
slowly to the reaction mixture, thus maximizing the ratio of activated to in-
activated aldehyde present in solution. Route A regenerates the catalyst and
completes the catalysis cycle (Fig. 2-9).

% (R)-LLB 10 mol% j’\H
RCHO + HP(OMe) >
> THF,-78°C R (IFI;(OMeb

Scheme 2-61
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Figure 2-9. Proposed mechanism for the asymmetric hydroxyphosphonylation cata-

lyzed by LLB.
o
OH
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20, -10 ° MeO-
MeO. I N CHO ———— » P Ph
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Scheme 2-62

Other homochiral cyclic diol ligands such as (S,S)-148 for titanium alkoxide
have also been tested for catalyzing phosphonylation of aldehydes, but it has
been found that these diols are a poor choice of ligand for asymmetric phos-
phonylation.*®® For most of the aldehydes studied (substituted benzaldehydes,
o,f-unsaturated aldehydes, and cyclohexanecarboxaldehyde), only moderate
enantioselectivity was obtained (Scheme 2—-62).

To complement the above information, a highly enantioselective synthesis
of a-amino phosphonate diesters should be mentioned.!®* Addition of lithium
diethyl phosphite to a variety of chiral imines gives a-amino phosphonate with
good to excellent diastereoselectivity (de ranges from 76% to over 98%). The
stereoselective addition of the nucleophile can be governed by the preexisting
chirality of the chiral auxiliaries (Scheme 2-63).

Ph
Ph :
s n-BuLi, HP(=0)(OEt), HN'ﬁ
Nlﬁom 38 - 90% yield ] R \p e
. e oyl P(OEt)
o)
149 150

Scheme 2-63
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The diastereofacial selectivity is explained by the proposed chelated inter-
mediate 151. Internal delivery of the nucleophile takes place from the less hin-
dered side. Removal of the chiral directing moiety with a catalytic amount of
palladium hydroxide on carbon in absolute ethanol then furnishes the final
product. This process yields the amino ester in 83—100% yield without observ-
able racemization.

H Me
to/L@ o
Nt PR,
Ph° 'R
H
151

2.10 SUMMARY

This chapter has given a general introduction to the «-alkylation of carbonyl
compounds, as well as the enantioselective nucleophilic addition to carbonyl
compounds. Chiral auxiliary aided o-alkylation of a carbonyl group can pro-
vide high enantioselectivity for most substrates, and the hydrazone method can
provide routes to a large variety of a-substituted carbonyl compounds. Chiral
sultam and chiral oxazoline are also useful chiral auxiliaries for the asymmetric
synthesis of such carbonyl compounds. The SRS method (self-regeneration of
stereocenters), starting from inexpensive chiral compounds, provides a conve-
nient synthesis for chiral compounds with quaternary chiral centers. Perhaps
the most important method developed in this area is the enantioselective addi-
tion of dialkylzinc to carbonyl groups. The reaction is normally carried out
under very mild conditions, giving excellent results in both conversion and
enantioselectivity.
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I CHAPTER 3

Aldol and Related Reactions

3.1 INTRODUCTION

Chapter 2 provided a general introduction to the a-alkylation of carbonyl
compounds, as well as the enantioselective nucleophilic addition on carbonyl
compounds. Chiral auxiliary aided a-alkylation of a carbonyl group can pro-
vide high enantioselectivity for most substrates, and the hydrazone method can
provide routes to a large variety of a-substituted carbonyl compounds. While -
alkylation of carbonyl compounds involves the reaction of an enolate, the well
known aldol reaction also involves enolates.

Aldol reactions refer to the condensation of a nucleophilic enolate species
with an electrophilic carbonyl moiety along with its analogs. These reactions
are among those transformations that have greatly simplified the construction
of asymmetric C—C bonds and, thus, satisfied the most stringent requirements
for asymmetric organic synthesis methodology. Numerous examples of asym-
metric aldol reactions can be found for syntheses of both complex molecules
and small optically active building blocks.!

Acyclic stereocontrol has been a striking concern in modern organic chem-
istry, and a number of useful methods have been developed for stereoregulated
synthesis of conformationally nonrigid complex molecules such as macrolide
and polyether antibiotics. Special attention has therefore been paid to the aldol
reaction because it constitutes one of the fundamental bond constructions in
biosynthesis.

In the synthesis of complex natural products, one is frequently confronted
with the task of creating intermediates possessing multiple contiguous stereo-
genic centers. The most efficient synthetic strategies for such compounds are
those in which the joining of two subunits results in the simultaneous creation
of adjacent stereocenters. To have a better understanding of the aldol and re-
lated reactions, it is essential to be familiar with the foregoing strategies. When
using them it is desirable to exert control over relative (syn/anti) as well as
absolute (R/S) stereochemistry. Many studies have focused on the diastereo-
selective (enantioselective) aldol reactions. The major control variables in these
asymmetric aldol reactions are the metal counterions, the ligands binding to
these metals, and the reaction conditions. Several approaches are available for
imposing asymmetric control in aldol reactions:
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1. Substrate control: This refers to the addition of an achiral enolate (or allyl
metal reagent) to a chiral aldehyde (generally bearing a chiral center at
the a-position). In this case, diastereoselectivity is determined by transi-
tion state preference according to Cram-Felkin-Ahn considerations.?

2. Reagent control: This involves the addition of a chiral enolate or allyl
metal reagent to an achiral aldehyde. Chiral enolates are most commonly
formed through the incorporation of chiral auxiliaries in the form of es-
ters, acyl amides (oxazolines), imides (oxazolidinones) or boron enolates.
Chiral allyl metal reagents are also typically joined with chiral ligands.

3. Double stereodifferentiation: This refers to the addition of a chiral eno-
late or allyl metal reagent to a chiral aldehyde. Enhanced stereoselectivity
can be obtained when the aldehyde and reagent exhibit complementary
facile preference (matched case). Conversely, diminished results might be
observed when their facial preference is opposed (mismatched pair).

When chelated with proper chiral ligands, enolates of many metals (such as
Li, Mg, Zr, B, Al, Sb, Si, and Ti) can afford good stereoselectivity in asym-
metric aldol reactions. Lithium and magnesium form chelates that can offer
selectivity through Cram-Felkin-Ahn or chelation-controlled additions. The
applications of titanium in particular are marvelous and diverse, and titanium
enolates containing chiral ligands present an important area of enantioselective
transformations. Similarly, boron enolates are widely used because of their high
enantioselectivity. Heterobimetallic catalysts and/or two carbon-center cata-
lysts activate both nucleophiles and electrophiles, thus being very good catalysts
for asymmetric aldol reactions. These issues are further discussed in subsequent
sections of this chapter.

It is only since the early 1980s that significant progress has been made with
aldol reactions. This chapter introduces some of the most important develop-
ments on the addition of metallic enolates and the more important of the related
allylic metal derivatives to carbonyl compounds. These processes are depicted
as paths A and B in Scheme 3-1.

oM
(;Hg,J\Z R Z

—_— M = Li, Mg, Zn, B, Al, Si, Ti, Zr
RTH Path A OH O
. EL LI -
CHz A~ _M * | M = Li, Al, Si, Sn, Ln, B
OH
Scheme 3-1

In general, the aldol reaction of an aldehyde with metal enolate creates two
new chiral centers in the product molecule, and this may lead to four possible
stereoisomers 2a, 2b, 2¢, and 2d (Scheme 3-2 and Fig. 3-1).
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R oM )
R2 \—( R°® R®
R o R | R 5 2R
H OH O
1 2
Scheme 3-2
R?2 R? R? B3 R? '33 R?2 R®
HO O HO O HO O HO O

2,3-syn-3,4-syn 2a 2,3-syn-3,4-anti 2b 2.3-anti-3,4-syn2¢  2,3-anti-3,4-anti 2d

2R 0 RZ?H HR2
RJ\(O e /1\/0 L A H
HI =0\ L RZLN\_Q RIS o\~ RIZC\ 0
H U HO\ PO+ TR B RINTEO -t
1 4/ | R |
Rin R R/ H L R4 H I_/
3a 3b 3¢ 3d
Re-attack: Si-attack:

(Z)-enolate + 1 via 3a to 2a: 2,3-syn, 3,4-syn  (£)-enolate + 1 via 3b to 2b: 2,3-syn, 3,4-anti
(E)-enolate + 1 via 3¢ to 2¢: 2,3-anti, 3,4-syn  (E)-enolate + 1 via 3d to 2d: 2,3-anti, 3,4-anti

Figure 3—-1. Routes to the aldol products 2a—d.

Taking the boron-mediated aldol reaction as an example, one can conclude
from the chair-like cyclic transition states 3a—d (Zimmerman-Traxler model®
as depicted in Fig. 3—1) that the enolate geometry can be translated into 2,3-
stereochemistry in the product. One can see from Figure 31 that (Z)-enolate
tends to give 2,3-syn-product, whereas (E )-enolate gives the 2,3-anti-one. The
rationales of the high stereo-outcome are that the dialkylboron enolates have
relatively short metal-oxygen bonds, and this is essential for maximizing 1,3-
diaxial interactions in the transition states. The R'R?CH- moiety occupies a
more stable transition state, a pseudo-equatorial position, which leads to aldol
products in high stereoselectivity.

The following parameters are critically important for stereochemical control:

1. The size of the substituent moiety in the enolate
2. The proper choice of reagents
3. The conditions chosen for enolization

Accordingly, Liu et al.* have designed two types of aldol reagents that can
lead to opposite stereochemistry in aldol condensation reactions. In the following
structures, compound 4 can be used for obtaining anti-aldol products, and com-
pound 5 can be employed for synthesizing syn-aldol products (Scheme 3-3).
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N. /
S’oan SOZ
4 5

anti- aldol reagent

- aldol t
¢-Hex,BOTH/Et;N Syt a €0 Teasen

n-Bu,BOT{/i-Pr,NEt

Ph 0O Ph O OH
n-Bu,BOT/(i-Pr),NEt RCHO N
N > > 80,
SO, CH,Cly, -78 °C -78-0°C
5 6
Scheme 3-3

When aldol reagent 5 is treated with aldehyde in the presence of n-Bu,BOTf
and Et3N, syn-aldol product 6 can be produced with high diastereoselectivity
(Table 3-1).

3.2 SUBSTRATE-CONTROLLED ALDOL REACTION

3.2.1 Oxazolidones as Chiral Auxiliaries: Chiral Auxiliary-Mediated
Aldol-Type Reactions

In 1964, Mitsui et al.®> used a chiral auxiliary to achieve asymmetric aldol
condensation, although the stereoselectivity was not high (58%) at that time.
Significant improvement came in the early 1980s when Evans et al.® and Masa-
mune et al.” introduced a series of chiral auxiliaries that led to high stereo-

TABLE 3-1. Diastereoselective Aldol Reaction Using Chiral Reagent 5

Aldehyde syn:anti ds for syn Yield (%)
EtCHO 93:7 97:3 95
PrCHO 94:6 >97:3 93
(E)-CH3;CH=CHCHO 93:7 >97:3 98
PhCHO 94:6 95:5 97

ds = diastereoselectivity.
Reprinted with permission by Pergamon-Elsevier Science Ltd., Ref. 4.
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selectivity. When bonded to dialkylboron enolates, these chiral auxiliaries
induced aldol reactions with high selectivity.

The chiral boron enolates generated from N-acyl oxazolidones such as 7
and 8 (which were named Evans’ auxiliaries and have been extensively used in
the a-alkylation reactions discussed in Chapter 2) have proved to be among the
most popular boron enolates due to the ease of their preparation, removal, and
recycling and to their excellent stereoselectivity.®

Usually, (Z)-boron enolates can be prepared by treating N-acyl oxazolidones
with di-n-butylboron triflate and triethylamine in CH,Cl, at —78°C, and the
enolate then prepared can easily undergo aldol reaction at this temperature to
give a syn-aldol product with more than 99% diastereoselectivity (Scheme 3—4).
In this example, the boron counterion plays an important role in the stereo-
selective aldol reaction. Triethylamine is more effective than di-iso-propylethyl
amine in the enolization step. Changing boron to lithium leads to a drop in
stereoselectivity.

The stereoselectivity probably results from bidentate chelation of the metal
(such as boron) with the oxazolidone carbonyl and the enolate oxygen via a
chair-type transition state 9 (Scheme 3-4).'*°

N o) o
S
o~

(6]

O OBR O o oH
\?/O 2 )J\ O

ﬁ N RBOTS OJLNA\/ RCHO  o” °N

N —_— —_— =
o~ i-Pr,NEt \—5\ \—y
0

Scheme 3-4

When amide derivatives 10 and 12 are used in the reaction, a pair of enan-
tiomers 11 and 13 (R = CHj3) can be obtained (Scheme 3-5).°

Double asymmetric induction (See section 1.5.3) can also be employed in
aldol reactions. When chiral aldehyde 15 is treated with achiral boron-mediated
enolate 14, a mixture of diastereomers is obtained in a ratio of 1.75:1. However,
when the same aldehyde 15 is allowed to react with enolates derived from
Evans’ auxiliary 8, a syn-aldol product 16 is obtained with very high stereo-
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selectivity. A diastercofacial ratio of 600:1 for the matched pair was obtained.
Compound 16 can be easily transformed to the Prelog-Djerrassi lactone 17 via
standard well-established procedures. Even in the case of a mismatched pair,
for example, treatment of aldehyde 15 with another Evans’ auxiliary 7, which
exerts the opposite function in terms of stereoselectivity in comparison with 8

product 18 can still be obtained with highly satisfactory diastereoselectivity
(400:1) (Scheme 3-6).1°

n-Bu

o anmw o
&b%w

16 (600 : 1)

O OH MesSINEt,
Ph N)H)\/\f 2. CgH13BH;
: —_— >
[e) z

3. H,0,

18 (400 : 1)

Scheme 3-6
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Scheme 3-7. Xy = chiral auxiliary.

Compound 17 is the so-called (+)-Prelog-Djerassi lactonic acid derived via
the degradation of either methymycin or narbomycin. This compound em-
bodies important architectural features common to a series of macrolide anti-
biotics and has served as a focal point for the development of a variety of new
stereoselective syntheses. Another preparation of compound 17 is shown in
Scheme 3-7.'! Starting from 8, by treating the boron enolate with an aldehyde,
20 can be synthesized via an asymmetric aldol reaction with the expected stereo-
chemistry at C-2 and C-2’. Treating the lithium enolate of 8 with an electro-
phile affords 19 with the expected stereochemistry at C-5. Note that the sterco-
chemistries in the aldol reaction and in o-alkylation are opposite each other.
The combination of 19 and 20 gives the final product 17.

Compound o-vinyl-g-hydroxyimdide 21’, which can be used in the total
synthesis of natural products, can be prepared through aldol reaction. In most
cases of aldol reactions mediated by 21, products of more than 98% de can be
obtained (Scheme 3-8).'2

~_ OH

éNJO]\/\ Bu,BOTf PN o8
_— n
o&o OHC\‘/\OBn /IY

Rc O
21 21' Rc = chiral auxiliary

BusP 1. TsCl
—_— > & = OBn —»S =z OBn
LiBH, 2. LiAlH4

Scheme 3-8
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3.2.2 Pyrrolidines as Chiral Auxiliaries

The frequent occurrence of f-hydroxy carbonyl moiety in a variety of natural
products (such as macrolide or ionophore antibiotics or other acetogenics) has
stimulated the development of stereocontrolled synthetic methods for these com-
pounds. Indeed, the most successful methods have involved aldol reactions.!?

Amide enolate 22 bearing a trans-2,5-disubstituted pyrrolidine moiety as the
amine component has proved to be an excellent substrate in asymmetric alky-
lation!* and acylation!® reactions. In contrast to these successes, using its lith-
ium enolate in an aldol reaction fails to give good stereoselectivity (entry 1 in
Table 3-2). On the other hand, zirconium enolate'® prepared from the corre-
sponding lithium enolate and bis(cyclopentadienyl)zirconium dichloride exhibits
a remarkably high stereoselectivity (entries 2—-5 in Table 3-2).

Studies show that the Zr-bearing bulky ligand is exclusively located in the
bottom hemisphere with respect to the plane of the (Z)-enolate. The aldehyde
molecule coordinates with the Zr atom and approaches from the same side,
adopting a chair-like transition state. This leads to the formation of erythro-
aldols (Scheme 3-9 and 23). For lithium enolate, the attack of alkyl or acyl
halides in alkylation or acylation occurs directly on the top face of the enolate.

MOMO, MOMO, MOMO,

o) oM
N > N)\/ > NA\/
MOMO™~ MOMO™ MOMO™~
MOMO, 2
Q  oH O OH
RCHO [:fz
_ R HO R
MOMO™~
>97% de
Scheme 3-9
MOMO
\I/,,
H Q
M}=& OMOM
e
H 9
/L. _Zr(Ligand)n
e

23
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The importance of the sterically demanding metal centers in aldol regulations is
thus apparent.

The stereochemical assignment of the condensation products reveals that
asymmetric induction in this reaction is opposite to that observed in the pre-
viously discussed alkylation or acylation.

As with the above pyrrolidine, proline-type chiral auxiliaries also show dif-
ferent behaviors toward zirconium or lithium enolate—mediated aldol reactions.
Evans found that lithium enolates derived from prolinol amides exhibit excellent
diastereofacial selectivities in alkylation reactions (see Section 2.2.3.2), while
the lithium enolates of proline amides are unsuccessful in aldol condensations.
Effective chiral reagents were zirconium enolates, which can be obtained from
the corresponding lithium enolates via metal exchange with Cp,ZrCl,. For ex-
ample, excellent levels of asymmetric induction in the aldol process with syn/
anti selectivity of 96-98% and diastereofacial selectivity of 50-200:11% can be
achieved in the Zr-enolate—mediated aldol reaction (see Scheme 3-10).

MEMO MEMO

jﬁiﬁ?c' RCHO

N —>

N )g‘/k HO
. ~_ O OH
Al U L Y -
5—t o/ G :

Scheme 3-10. MEM = methoxyethoxymethyl; Cp = cyclopentadienyl.

Acylated product 25 can be obtained by reacting the enolate of 24 with acyl
chloride. Interestingly, syn- or anti-26 can be obtained upon treating the acy-
lated enolate 25 with Zn(BHy4), and KBEt;H, respectively (Scheme 3-11 and

ovom
Zn(BHa), -
OMOM omom ////’
% 1. BuLi R syn-26 OMOM
RWN 2.rcocl R N OMOM
© Nomom °© 9 OMOM\\\\\ g
R
24 25 KBEtsH RK\T/E\W/N
OH O
OMOM
anti-26

Scheme 3-11
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TABLE 3-3. Asymmetric Acylation Using (25,55)-24 and Subsequent Stereoselective
Reduction with Zinc Borohydride in THF at —78°C

Acylation Product 25 Reduction Product 26

Entry R’ R Yield (%) de (%)  Yield (%) syn:anti
1 C,H; CH; 74 98 96 99:1
2 (CH3),CH CH; 95 98 99 >99:1
3 (CH3);C CH; 80 98 99 96:4
4 C9H15 CH3 90 98 98 >97:3
5 Ph CH; 90 98 93 >99:1
6 PhCH, CH; 76 98 98 99:1
7 (CH3),CH PhCH, 96 98 98 99:1
8 CH;CH=CH CH; 47 98 97 97:3
9 PhCH=CH CH; 61 98 95 >99:1

de = Diastereomeric excess.

Table 3-3). Although the initial step is an a-acylation reaction, the final resul-
tant compound can still be considered an aldol reaction product.

3.2.3 Aminoalcohols as the Chiral Auxiliaries

The aldol reactions introduced thus far have been performed under basic con-
ditions where enolate species are involved as the reactive intermediate. In con-
trast to the commonly accepted carbon-anion chemistry, Mukaiyama developed
another practical method in which enol species can be used as the key interme-
diates. He is the first chemist to successfully demonstrate that acid-catalyzed
aldol reactions using Lewis acid (such as TiCly) and silyl enol ether as a stable
enol equivalent can work as well.!” Furthermore, he developed the boron tri-
fluoromethane sulfonate (triflate)-mediated aldol reactions via the formation of
formyl enol ethers.

(Silyloxy)alkenes were first reported by Mukaiyama as the requisite latent
enolate equivalent to react with aldehydes in the presence of Lewis acid acti-
vators. This process is now referred to as the Mukaiyama aldol reaction
(Scheme 3-12). In the presence of Lewis acid, anti-aldol condensation products
can be obtained in most cases via the reaction of aldehydes and silyl ketene
acetals generated from propionates under kinetic control.

Another chiral auxiliary for controlling the absolute stercochemistry in
Mukaiyama aldol reactions of chiral silyl ketene acetals has been derived from
N-methyl ephedrine.'® This has been successfully applied to the enantioselec-
tive synthesis of various natural products®® such as a-methyl-g-hydroxy esters
(ee 91-94%),'8-2° y-methyl-B-hydroxy aldehydes (91% ee),?! a-hydrazino and
a-amino acids (78-91% ee),?* a-methyl-d-oxoesters (72-75% ee),*° cis- and
trans-f-lactams (70-96% ee),?* and carbapenem antibiotics.**
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RCHO, TiCl : :
| o My L0~ _R + [RO_ACLR
R*0” “OSiMe; RO YO
O OH O OH
Chiral silyl ketene acetals 91-94% ee R* = N-methylephedrine (NME)
. Mm*
o . Mo RaSior o f O OSiR,
Lewis acid M latent enolate
H)k 2 H)kR2 T oen R1J\/LR2 RAK/LR2
R activated OSiRs 91-94% ee
electrophile R?
Chiral silyl

ketene acetals

Scheme 3-12. Mukaiyama aldol reactions.

With chiral enol species (E)-silylketene acetal derived from (1R,2S)-N-
methyl ephedrine-O-propionate, both the aldehyde carbonyl and the ephedrine
NDMe; group are expected to bind to TiCly, which usually chelates two electron-
donating molecules to form cis-octahedral six-coordinated complexes.?®> Con-
formational freedom is therefore reduced, and the C—C bond formation occurs
on the six-coordinated metal in a highly stereoselective manner.*8

As shown in Figure 3-2, titanium is coordinated with the oxygen from both
the aldehyde and the alkene enol silyl ether. When aldehyde approaches the
enol species, intermediate A is favored to B, and anti-aldol is obtained as the
major product. Table 3—4 presents some results of these reactions.

Ligands for catalytic Mukaiyama aldol addition have primarily included
bidentate chelates derived from optically active diols,?® diamines,?” amino acid
derivatives,?® and tartrates.?® Enantioselective reactions induced by chiral
Ti(IV) complex have proved to be one of the most powerful stereoselective
transformations for synthetic chemists. The catalytic asymmetric aldol reaction
introduced by Mukaiyama is discussed in Section 3.4.1.

Catalyst 29,3 obtained by treating 28 with Ti(OPr');, does not give a good

anti-product 77% syn-product 23%

Figure 3-2. Ephedrine auxiliary in mukaiyama reaction.
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R*O : R RO~ R R*O\H/LR R*O\H)\‘/R
O OH O OH O OH O OH
A B C D

TABLE 3—-4. Reaction of Silyl Ketene Acetals with Aldehydes

Entry R*OH RCHO anti/syn(A + C)/(B + D) A/C
1 H PhCHO 85:15 97:3
Ph-, ] OH
Me“"I:NMeZ
H
2 " n-C;H;CHO 80:20 95.5:4.5
3 I: PhCHO 77:23 93:7
M

Reprinted with permission by Am. Chem. Soc., Ref. 18.

result. Both the yield and ee are low. This can be explained by reference to
Figure 3-3, which indicates the nonspecific transfer of the TMS group to either
the isopropoxide or the aldolate in the following transition state.

As indicated in Scheme 3-13, replacing the isopropoxide counterions with
less basic oxyanions, namely, commercially available 3,5-di-tert-butylsalicylic
acid, will lead to new catalyst 30, which shows very good results for the asym-
metric aldol addition of alkyl acetate to ketene acetals (Scheme 3—13).

This catalyst is readily soluble in ether, and the aldol reaction proceeds with
high yield (>95% in most cases) and enantioselectivity (>90% in most cases) in
the presence of a catalytic amount of 30. The salicylate counterion probably

Bu
OO t-Bu Ti(OPr), OO )_Q
O Toluene Br
/PrO OPH

(-)-27
OH O
N/, ‘ \OPI’I ) —> R ] o
( +SiMe3
MezSiO O

I-Pro/—\/u\ 2
L X

Figure 3-3. Poor result in 29 mediated aldol reaction.
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Br t-Bu 0 0
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i OSiMe; 1, 2.5 mol% 30, -10 °C, Et,0, 4h OH ©
. N =
R™ H OR 2 Bu,N'F R OR

R = Et, ee 88 - 94%
R =Me, ee 94 -97%

Scheme 3-13

serves as a shuttle for the TMS group between the catalyst and the silylated
aldol product, thereby facilitating the regeneration of the catalyst.

3.2.4 Acylsultam Systems as the Chiral Auxiliaries

Besides their application in asymmetric alkylation, sultams can also be used as
good chiral auxiliaries for asymmetric aldol reactions, and anti-product can be
obtained with good selectivity. As can be seen in Scheme 3—14, reaction of the
propionates derived from chiral auxiliary R*-OH with LICA in THF affords the
lithium enolates. Subsequent reaction with TBSCI furnishes the O-silyl ketene
acetals 31, 33, and 35 with good yields.*! Upon reaction with TiCly complexes
of an aldehyde, product f-hydroxy carboxylates 32, 34, and 36 are obtained
with high diastereoselectivity and good yield. Products from direct aldol reac-
tion of the lithium enolate without conversion to the corresponding silyl ethers
show no stereoselectivity.>?

In Scheme 3-15, boryl enolates can be obtained by treating N-propionyl-
sultam with Et;BOTf and i-Pr,NEt. No reaction is observed in the presence of
SnCly or BFj - OEt,. However, in the presence of TiCly, the aldol reaction
proceeds smoothly, yielding anti-product with good stereoselectivity. Stereo-
selectivity decreased slightly when the amount of TiCly was lowered. The opti-
mized procedure involves the addition of a mixture of aldehyde/TiCly in
CH, (1, to a stirred solution of boryl enolate prepared in situ at —78°C, stirring
at —78°C for 0.5 to 4 hours, and aqueous workup.>?

In summary, boryl enolate 38 can be obtained via in situ O-borylation of N-
propionylsultam 37 and converted to aldol product 40 upon treatment with
aliphatic, aromatic, or o, f-unsaturated aldehdyes at —78°C in the presence of
TiCly. As aldol product 40 can normally be obtained in crystalline form, in
most cases diastereomerically pure anti-aldol 40 can also be obtained after the
recrystallization.
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i-PrCHO R
N(ASO,Ph  ——> R*OM/ + syn
0._OTBS TiCly Me
i '

31 66% yield, 96% de
anti :syn=93:7

O\') RCHO, TiCl, . .9H + sy
OTBS RO Me R
SO,N(c-CgH11)2 34
RCHO  de,anti anti:syn
PhCHO 90 81:19
n-PrCHO 85 94:6
i-PrCHO 85 98:2
i-PrCHO o QH
O\/\Me T(:M» R*ow + syn
OTBS Me
SO,NR, 36
35
Scheme 3-14

Et,BOTf RCHO R* : .
2 R N\n/\i/R LR N\H/k;R

ANy PoNE Ny~ Tic, 0 OH 0 OH
S O S OBEt
0, 0, 39 40
37 38
L mol. equiv. of
Lewis acid Lewis ac(i]d /EtCHO 40/39/others
Et,AICI 2 27/37/36
Et,BOTf 2 78/0/22
TiCly 2 98/0/2
TiCly 1 97/0/3
TiCly 0.5 93/0/7

Scheme 3-15. Reprinted with permission by Pergamon Science Ltd., Ref. 33.
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3.2.5 oa-Silyl Ketones

o-Silyl ketones of type 41 can be employed in aldol reactions, and syn-
configurated f-hydroxy ketone 42 can be obtained in high de and ee. Direct
aldol reaction for the synthesis of f-hydroxy ketones is less widely used because
of its low ee value. Thus, (R)-41 can be converted to the corresponding boron
enolate via the reaction with n-BuyBOTf in CH,Cl,. The resulting compound is
then reacted with the aldehyde at —78°C, giving the aldol product 44 with 92—
98% de and more than 98% ee. After desilylation with 60% aqueous tetra-
fluoroboric acid, the syn-aldol 42 can be obtained with high de and ee (Scheme
3-16).%*

% O OH
HaCn I HacQJ\‘/'\R
TBS

42 de 92-98% ee >98%

(R)-41
ln-BuzBOTf T HBF,
OBBu, O OH
HaC N ___RCHO _ HSC\:)‘\‘/kR
T8 TBS
43 44 de 92-98% ee >98%

Scheme 3-16

3.3 REAGENT-CONTROLLED ALDOL REACTIONS

3.3.1 Aldol Condensations Induced by Chiral Boron Compounds

Boron triflates 45a and 45b are very useful chiral auxiliaries. Boron azaenolate
derived from achiral®>® and chiral®® oxazolines gives good stereoselectivity in
the synthesis of acyclic aldol products, particularly for the rarely reached threo-
isomers. By changing the chiral auxiliary, the stereochemistry of the reaction
can be altered.?”

o__Ph
MeJ’:<N j/
@ (l)Me
46

(i)Tf ?Tf

45a (-)-(Ipc),BOTf  45b (+)-(Ipc),BOTE
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Scheme 3-18

Starting from ketone(R)-/(S)-49, the asymmetric aldol reaction with alde-
hyde in the presence of 45a or 45b affords all four isomers of f-hydroxyl ketone
47, 48, 50, and 51 with high yields and stereoselectivities (Scheme 3-17).

Treating boron reagent 45a with an oxazoline compound gives the azaeno-
late 52. Subsequent aldol reaction of 52 with aldehyde yields mainly threo-
product (anti-53) with good selectivities (Scheme 3-18).38

When a chiral auxiliary is present in the oxazoline ring and the boron part is
replaced with an achiral bicyclic system (46 bearing 9-BBN), erythro-f-hydroxy
esters (syn-53) can be obtained as the major product upon reaction of the eno-

late with several aldehydes.>’

3.3.2 Aldol Reactions Controlled by Corey’s Reagents

Corey et al.??

introduced a chiral controller system, chiral auxiliary 55, which

has shown excellent practical potential because of its availability, recover-
ability, and high enantioselectivity. Furthermore, using conformation analysis,
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Ph Ph
CH3COONH4 N;/ \(N Li/Lig. NH,
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/’,

HN. NH nor Ph Ph tartaricacid Ph.~ Ph Ph, Ph
H2N NH2 resolution H2N NHZ H2N NH2

54 (R,R)-54 (S,5)-54

Scheme 3-19. Synthesis and resolution of chiral compound 54.

the absolute configuration of the product can be predicted when 55 is involved
in the reaction (see Scheme 3-20 and Table 3-5, later, for some examples).
Starting from benzil, compound 1,2-diamino-1,2-diphenylethane (stilbenedi-
amine) is synthesized. Using tartaric acid as the resolving agent, stilbenedi-
amine in both (R,R)- and (S,S)-forms can be obtained.*® Scheme 3-19 depicts
the synthesis of both isomers of 54. Compound 54 is a key compound for syn-
thesizing 55 and related compounds.

Conversion of diamine 54 to bis-sulfonaminde, followed by treatment with
BBr3, yields the corresponding catalyst 55. Application of this controller in
enantioselective aldol reactions has led to striking success. The reaction can be
used not only in aldol reactions but also in allylation reactions. Treating a
solution of 55a with allyl tributyltin results in chiral allyl borane, and reaction
of this allyl borane with a variety of aldehydes gives the corresponding homo-
allyl alcohols with high enantiomeric excess (>90%).*! The allylation reaction
is discussed in detail in a later section.

Ph  Ph

ArsO, N-g-N=s0,Ar
|
Br

55

55a Ar :p-CH3C6H4
55b Ar :p'N02C6H4

As illustrated in Scheme 3-20 and Table 3-5, using 55a or 55b as the chiral
auxiliary, syn-aldol adduct 56 can be obtained with high stereoselectivity via
aldol reaction of diethyl ketone with various aldehydes.3®
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O
(R, R)-55a H:QH
RCHO + EtCO ——> R
i-Pr,NEt 2
H Me

Scheme 3-20

Bromoborane (R,R)-55b
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RCHO Yield (%) syn:anti ee (%)
PhCHO 95 94.3:5.7 97
Me,CHCHO 85 98:2 95
EtCHO 91 >98:2 >98

ee = Enantiomeric excess.

Reprinted with permission by Am. Chem. Soc., Ref. 39.

With 55 as the chiral auxiliary, good enantioselectivity can be obtained in
reactions between aldehydes and esters. In the case of phenyl thioacetate, as
depicted in Scheme 3-21, an aldol reaction induced by 55a or 55b can also give
acceptable stereoselectivity.

It is proposed that stereochemistry of the controlled aldol addition originates
when the phenyl groups of the stien ligand force the vicinal N-sulfonyl sub-
stituents to occupy the face of the five-membered ring opposite the face where
they are linked. The optimized stereoelectronic and steric arrangements of the
favored transition state for the formation of the major product are depicted in

Figure 3-4.

CeHsS RCHO CeHsS R
57 58

R =Ph, 91% ee
R =i-Pr, 83% ee

o (R, R)-55b QHQ H
-
CsHsSJJ\/ RCHO CSHSS%R

R = ph, 95% ee; syn/anti =98.3 : 1.7
R =i-Pr, 97% ee; syn/anti =94.5: 5.5

Scheme 3-21
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Me
R0 SOAr
H \J O\\B/N
' | il
CeHsfs H _ C6H5
AFSOZ
CeHs

Figure 3—-4. Transition state.

3.3.3 Aldol Condensations Controlled by Miscellaneous Reagents

Both anti- and syn-3-hydroxy-2-methylcarbonyl units (e.g., 61 and 62) are fre-
quently embedded in natural products of propionate origin, such as macrolide
antibiotics.

R R?
OH O OH O
61 62

Double asymmetric aldol reaction has been widely used for the efficient
construction of the syn-unit.!°®42 With above-described organoboron com-
pounds (Section 3.3.1), anti-selectivity can be obtained.

Because anti/syn ratios in the product can be correlated to the E(O)/Z(O)
ratio of the involved boron enolate mixture,!°® initial experiments were aimed
at the preparation of highly E(O)-enriched boron enolate. The E(O)/Z(0)
ratio increases with the bulk of the alkanethiol moiety, whereas the formation
of Z(O) enolates prevails with (S)-aryl thioates. (E/Z = 7:93 for benzenethiol
and 5:95 for 2-naphthalenethiol esters). E(O) reagent can be formed almost
exclusively by reaction of (S)-3,3-diethyl-3-pentyl propanethioate 64 with the
chiral boron triflate. High reactivity toward aldehydes can be retained in spite
of the apparent steric demand (Scheme 3-22).43

EEBOTf

OH O
0 63 RCHO
. ey
SCEt;  i-PryNEt R T SCE4
64 65

Scheme 3-22
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Scheme 3-23

Covalently bonded chiral auxiliaries readily induce high stereoselectivity for
propionate enolates, while the case of acetate enolates has proved to be diffi-
cult. Alkylation of carbonyl compound with a novel cyclopentadienyl titanium
carbohydrate complex has been found to give high stereoselectivity,** and a
variety of f-hydroxyl carboxylic acids are accessible with 90-95% optical
yields. This compound was also tested in enantioselective aldol reactions.
Transmetalation of the relatively stable lithium enolate of z-butyl acetate with
chloro(cyclopentadienyl)-bis(1,2:5,6-di-O-isopropylidene-a-D-glucofuranose-3-
O-yl)titanate provided the titanium enolate 66. Reaction of 66 with aldehydes
gave f-hydroxy esters in high ee (Scheme 3-23).

As the t-butyl group can readily be removed upon acidic or basic hydrolysis,
this method can also be used for f-hydroxyl acid synthesis. In analogy with
allylation reactions, the enolate added preferentially to the Re-face of the alde-
hydes in aldol reactions. Titanium enolate 66 tolerates elevated temperatures,
while the enantioselectivity of the reaction is almost temperature independent.
The reaction can be carried out even at room temperature without significant
loss of stercoselectivity. We can thus conclude that this reaction has the follow-
ing notable advantages: High enantiomeric excess can be obtained (ee > 90%));
the reaction can be carried out at relatively high temperature; the chiral auxil-
iary is readily available; and the chiral auxiliary can easily be recovered.**

3.4 CHIRAL CATALYST-CONTROLLED ASYMMETRIC ALDOL
REACTION

3.4.1 Mukaiyama’s System

Thus far, most of the stereoselective approaches to aldol reactions mentioned
have depended on substrate-based asymmetric induction by employing chiral
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enolates or chiral aldehydes. In addition to their discovery of the usefulness of
enol equivalents in aldol reactions, Mukaiyama et al.*> also demonstrated that
tributyltin fluoride, stannous triflate, or trityl triflates are even more effective
reagents for aldol reactions. Based on the concept of “enol species”, they de-
veloped various highly selective and practical asymmetric reactions, particularly
stannous triflate-mediated aldol reactions. Divalent tin has vacant d orbitals
that enable it to form complexes with amines. The tin(II) metal is bonded with
two nitrogen atoms, leaving one vacant orbital coordinatable to an aldehyde
without losing the favorable chiral environment. Almost complete stereo-
chemical control is therefore achieved starting from achiral aldehyde and silyl
enol ethers with a catalytic amount of diamine.*® Thus, compound 68 is first
treated with Sn(OTf), and a chiral amine 69, followed by an aldehyde, yielding
p-cyclohexyl (S)-imide 70 in about 90% ee (Scheme 3-24).*”

In the presence of a chiral promoter, the asymmetric aldol reaction of pro-
chiral silyl enol ethers 71 with prochiral aldehydes will also be possible (Table
3-6). In this section, a chiral promoter, a combination of chiral diamine-
coordinated tin(1I) triflate and tributyl fluoride, is introduced. In fact, this is the
first successful example of the asymmetric reactions between prochiral silyl enol
ethers and prochiral aldehyde using a chiral ligand as promoter.

As depicted in Scheme 3-25, the aldol reaction carried out at —78°C can
give the corresponding aldol adduct 72 in 78% yield with 82% ee. The combi-
nation of chiral diamine-coordinated tin(1I) triflate and tributyltin fluoride is so
essential that the enantioselectivity cannot be obtained without tributyltin flu-

TABLE 3-6. The Reaction of Silyl Enol Ether of S-Ethyl Ethanethiate with
Benzaldehyde

Promoter Yield (%) ee (%)
Sn(OTf); + chiral diamine A 74 0
Sn(OTf); + chiral diamine A+ n-BuzSnF 78 82
Sn(OTf); + chiral diamine B+ n-Bu;SnF 52 92
Sn(OTf); + chiral diamine C+ n-Bu3SnF 74 78

ee = Enantiomeric excess.
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oride in the reaction system. When Bu3SnF was present, diamine A induced
good yield for the product. The reaction induced by diamine B gives a higher ee
but a moderate yield (Table 3-6).

It has been proposed that the reaction is promoted by the formation of the
active species 73, in which, the cationic center of the tin(II) triflate activates an
aldehyde, and, at the same time, the electronegative fluoride is able to interact
with a silicon atom of the silyl enol ether to make the enol ether more reactive.
This dual process results in the formation of the entropically favored interme-
diate (Scheme 3-25).%°

Perfect stereochemical control in the synthesis of syn-z-methyl-f-hydroxy
thioesters has been achieved by asymmetric aldol reaction between the silyl enol
ether of S-ethyl propanethioate (1-trimethylsiloxy-1-ethylthiopropene) and al-
dehydes using a stoichiometric amount of chiral diamine-coordinated tin(II)

OSiMe;  Sn(OTf), OH O U
PhCHO + —( — +
— chiral diamine Ph/'\rU\SEt Ph™ > TSEt
SEt :
SnBuzF z
syn-74 anti-74

Scheme 3-26
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TABLE 3-7. Effect of Chiral Diamine

Chiral Diamine Time (h) Yield (%) syn:anti ee (%)
O/\O 20 80 93:7 80
N
Me A
3 86 100:0 >98
v )
N 1
e 5 4
Me B
@\ 20 77 88:12 44
N
N
Me
Me0~ C

ee = Enantiomeric excess.

triflate and tributyltin fluoride or n-Bu;Sn(OAc); as chiral promoters (Scheme
3-26). The effect of chiral diamine on the stereo-outcome of the product is
shown in Table 3-7.4°

This method has been applied in the enantioselective synthesis of D-erythro-
sphingosine and phytosphingosine. Sphingosine became an important sub-
stance for studying signal transduction since the discovery of protein kinase C
inhibition by this compound.*® Many efforts have been made to synthesize
sphingosine and its derivatives.*® Kobayashi et al. reported another route to
this type of compound in which a Lewis acid-catalyzed asymmetric aldol
reaction was a key step.

In the synthesis of D-erythro-sphingosine (78 without BOC protection), the
key step is the asymmetric aldol reaction of trimethylsilylpropynal 75 with ke-
tene silyl acetal 76 derived from o-benzyloxy acetate. The reaction was carried
out with 20 mol% of tin(II) triflate chiral diamine and tin(II) oxide. Slow ad-
dition of substrates to the catalyst in propionitrile furnishes the desired aldol
adduct 77 with high diastereo- and enantioselectivity (syn/anti = 97:3, 91% ee
for syn). In the synthesis of protected phytosphingosine (80, OH and NH,
protected as OAc and NHAc, respectively), the asymmetric aldol reaction is
again employed as the key step. As depicted in Scheme 3-27, the reaction be-
tween acrolein and ketene silyl aectal 76 proceeds smoothly, affording the de-
sired product 80 with 96% diastereoselectivity (syn/anti = 98:2) and 96% ee for
syn (Scheme 3-27).5°

For a comprehensive review of Sn(Il) catalyst systems, see Nelson’s
review article, Catalyzed Enantioselective Aldol Additions of Latent Enolate
Equivalents.>?
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3.4.2 Asymmetric Aldol Reactions with a Chiral
Ferrocenylphosphine—Gold(l) Complex

Ito et al.> found that gold(I) complex containing an optically active ferroce-
nylphosphine ligand bearing a 2-dialkylaminoethylamino side chain was an ef-
fective catalyst for an asymmetric aldol-type reaction of a-isocyanocarboxylate
(CNCHRCO,CH3), a-isocyanocarboxyamides (CNCH,CONRj), or a-iso-
cyanophosphonates [CNCH,PO(OR),| with aldehydes. This reaction can be
used for f-hydroxy-z-amino acid synthesis (Scheme 3-28).

The trans-selectivity is due to steric repulsion between the alkyl substituent
of the aldehydes and the large carboxylate or dialkoxy phosphinyl moiety
(Scheme 3-29).3

As shown in Scheme 3-30, o f-unsaturated aldehyde is treated with o-
isocyanocarboxylate in the presence of gold complex (S)-(R)-82 to afford,
after several steps, D-erythro-sphingosine derivative.33®

The asymmetric aldol reaction of a-ketoesters (RCOCOOMe: R=Me, i-Bu,
Ph) with methyl isocyanoacetate or N,N-dimethyl-isocyanoacetamide in the
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Scheme 3-30. Gold(I) complex—catalyzed asymmetric aldol reactions.

presence of 1 mol% of chiral aminoalkylferrocenylphosphine gold(I) (L* = 85)
catalyst proceeds with high enantioselectivity, giving the corresponding oxazo-
lines 83 in up to 90% ee. This compound can be further converted to optically
active a-alkyl-f-hydroxyaspartic acid derivative 84 (Scheme 3-31).3*

3.4.3 Asymmetric Aldol Reactions Catalyzed by Chiral Lewis Acids

The aldol reaction between enolsilanes and aldehydes mediated by chiral Lewis
acids may be considered the most notable achievement in the area of asym-
metric aldol reactions. However, the design of new catalyst systems to tolerate
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substantial variation in both nucleophilic and electrophilic components at low
catalyst loading still remains problematic.

Realizing high enantioselectivity for the catalyzed aldol reaction necessarily
relies on effective channeling of the reactants through a transition state that is
substantially lower in energy than other competing diastereomeric transition
states. Several factors must be considered when designing the catalyst. These
are (A) mode of binding of the carbonyl group to the Lewis acid; (B) the
regiochemistry of complexation of the two available C=0O lone pairs; and (C)
establishing a fixed diastereofacial bias, therefore directing the enol/enolate
addition to one of the two carbonyl n-faces. Recent investigations have incor-
porated additional stabilizing interactions such as H-bonding, z-stacking, or
chelation into the catalyst—aldehyde complexes to give a highly defined car-
bonyl facial differentiation.>>-3® Developing chiral catalysts that exhibit a
strong tendency toward substrate chelation and also meet other criteria neces-
sary for asymmetric aldol reaction is likely to be the focal point of the research
(Fig. 3-5).

Evans’ group has demonstrated that bidentate bis(oxazolinyl)-Cu(II) (86
and 87) and tridentate bis(oxazolinyl)pyridine-Cu(1I) (88 and 89) can be used

2
L? \\L 1 R 2
S L1 X AR \ \\L
o oy (0
R /R H
H-bonding n-stacking chelation

Figure 3-5. Additional stabilizing interactions between substrate and catalyst.
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as effective catalysts for asymmetric Diels-Alder reactions (see Chapter 5 for
asymmetric Diels-Alder reactions). They also found that these complexes gave
excellent reactivity in aldol reactions of Mukaiyama reagents with a series of
aldehydes.>’

2 2

Me_ Me TZ+ Me M672+ ‘\ T * ‘\ T g
OT)QTO OW)KWO ©7 N Y N ™ 28bF,
S/‘NCUN‘\) 20Tf-S/N.Cu.N\) 2SbFe S/N—CU—N\_} S/N—C‘u—N\_} o
E R R R R

R R R R

86a R = CMe, 87a R = CMe; 88a R = CMe; 89a R = CMe;
86b R = CHMe, 87b R = CHMe, 88b R = CHMe, 89b R = CHMe,
86¢ R =Ph 87¢ R =Ph 88c R =Ph 89c¢ R =Ph

86d R = Bn 87d R =Bn 88d R =Bn 89d R =Bn

The efficiency of catalysts 86—89 for the asymmetric aldol reaction of a series
of nucleophiles toward benzyloxyacetaldehyde was studied. For example,
compound 89¢ was found to be an excellent catalyst for the asymmetric aldol
reaction of silylketene acetal derivatives of z-butyl thioacetate, ethyl thioacetate,
and ethyl acetate with benzyloxyacetaldehyde. In the presence of 0.5 mol% of
the catalyst, the asymmetric aldol reaction took place at —78°C in CH,Cl,,
affording the respective f[-hydroxy esters with excellent enantioselectivity
(Scheme 3-32).

o OTMS  1.89c, -78 °C, CH,Cl, OH O
B”OJLH * }\R 2. 1N HCITHF BnO R
Entry R Catalyst (mol%) Time (h) ee (%) Yield (%)
1 S-t-Bu 0.5 12-24 99 99
2 SEt 0.5 12-24 98 95
3 OEt 0.5 12 98 99

Scheme 3-32. Asymmetric aldol reaction catalyzed by chiral bis(oxazolinyl)pyridine
compound 89c¢. Reprinted with permission by Am. Chem. Soc., Ref. 57.

Catalyst 86a also catalyzed the enantioselective aldol reaction between o-
keto esters and silylketene acetals or enolsilanes with high ee (ranging from 93%
to 99%).8

Several other chiral Lewis acids have also been reported to effect asymmetric
aldol reactions. Kriiger and Carreira®® reported a catalytic aldol addition of
silyl dienolate to a range of aldehydes in the presence of a bisphosphanyl—
Cu(II) fluoride complex generated in situ from (S)-Tol-BINAP, Cu(OTf),, and
(BuyN)Ph3SiF,. Aromatic, heteroaromatic, and o,f-unsaturated aldehydes pro-
vided the aldol adducts with up to 95% ee and 98% yield (Scheme 3-33).
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TABLE 3-8. BINAP-Ag Complex Catalyzed Aldol Reaction
(R)-BINAP-AgOTf  R3;SnOMe MeOH  Yield
Entry (mol%) (mol%) (mol%) (%) anti (ee)  syn (ee)
1 10 10(R=Bu) 100 62 84(93) 16(18)
2 10 10 (R = Bu) 200 94 92 (95) 8 (16)
3 5 5(R=Bu) 200 82  92(95)  8(17)
4 5 5(R=Me) 200 88  93(94)  7(6)
5 5 5 (R = Me) 200 86 94 (96) 6 (18)

ee = Enantiomeric excess.
Reprinted with permission by Am. Chem. Soc., Ref. 61.

Besides the silyl enolate-mediated aldol reactions, organotin(IV) enolates are
also versatile nucleophiles toward various aldehydes in the absence or presence
of Lewis acid.®® However, this reaction requires a stoichiometric amount of the
toxic trialkyl tin compound, which may limit its application. Yanagisawa et
al.®! found that in the presence of one equivalent of methanol, the aldol reac-
tion of an aldehyde with a cyclohexenol trichloroacetate proceeds readily at
—20°C, providing the aldol product with more than 70% yield. They thus car-
ried out the asymmetric version of this reaction using a BINAP—-silver(I) com-
plex as chiral catalyst (Scheme 3-34). As shown in Table 3-8, the Sn(IV)-
mediated aldol reaction results in a good diastereoselectivity (anti/syn ratio)
and also high enantioselectivity for the major component.

3.4.4 Catalytic Asymmetric Aldol Reaction Promoted by Bimetallic
Catalysts: Shibasaki’s System

Most of the asymmetric aldol reactions discussed thus far deal with the nucleo-
philic addition of a chiral or achiral enolate onto a chiral or achiral aldehyde,
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and the preparation of an enol derivative is necessary. In the course of devel-
oping direct catalytic asymmetric aldol reactions starting from aldehydes and
unmodified ketones without the involvement of enolate, Yamada et al.®? de-
veloped a bimetallic compound (binaphthoxide) LLB 90 from binaphthol and
LaCl;. This complex has been shown to exhibit properties of both Lewis acid
and base and may be considered to be an ideal catalyst for simple asymmetric
aldol reactions.

M2 *
| S0
(O", '\'/I“\\ ;MZ
0”7 : >0
| o_/
M *
90

The LLB catalyst system needs a rather long reaction time and the presence
of excess ketone to get a reasonable yield. Yamada and Shibasaki®?® found that
another complex, BaBM (91), was a far superior catalyst. Complex 91 also
contains a Lewis acidic center to activate and control the orientation of the
aldehyde, but it has stronger Bronsted basic properties than LLB. The prepa-
ration of BaBM is shown in Scheme 3-35.

OO OoMe DME DME

> [RyBaBi]

—_—
OH r.t. \
OO i-PrOH o

Scheme 3-35. Preparation of BaBM 91.

Ba(OPr), +

Reaction of aldehydes and 2 equivalents of ketone in the presence of 5 mol%
of (R)-BaBM gives good yield of aldol product (77-99%) with moderate enan-
tioselectivity (54—70% ee) after a 2-day reaction (Scheme 3-36 and Table 3-9).
Although the enantioselectivity is not very high, this is one of the first examples
of direct aldol condensation using barium catalyst as the promoter.

o) 5 mol% (R)-BaBM 91 OH O
RCHO + >
02 )J\Ph DME, -20 °C R/'\/leh
93 94
Scheme 3-36
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TABLE 3-9. Direct Aldol Reaction Promoted by 91

Entry R in 92 Yield for 94 (%) ee for 94 (%)
1 -Bu 77 67
2 PhCH,(CH3),C 77 55
3 C-C6H|1 87 54
4 i-CsH; 91 50
5 BnOCH,(CH3),C 83 69
6 BnO(CH3),C 99 70

ee = Enantiomeric excess.

Reprinted with permission by Pergamon-Elsevier Science Ltd., Ref. 63.

This catalyst can also be applied in the reaction of aldehydes bearing a bulky
a-group, and moderate to good yields can be obtained. The advantage of this
reagent, bearing both Lewis acidic and Lewis basic properties, are further dis-
cussed in Chapter 8.

3.5 DOUBLE ASYMMETRIC ALDOL REACTIONS

As shown in Scheme 3-37, reaction of (—)-96 with achiral (Z)-O-enolate 95
provides a mixture of 97 and 98 in an approximate ratio of 3:2.%% After
screening a variety of chiral enolate reagents, (S)-100c has been found to pro-
vide good asymmetric induction. Aldol reaction of achiral aldehyde 99 with
(S)-100c (the most stereoselective boron enolate among the three compounds
100a—c; see Table 3—-10) provides a mixture of diastereoisomers 101 and 102 in
a ratio of 100:1.°° Successive treatment of a mixture of 101/102 with hydrogen
fluoride followed by oxidation with sodium metaperiodate provides the corre-
sponding 2,3-syn-3-hydroxy-2-methylcarboxylic acid 103 with an enantiomeric
excess of over 98%. This three-step process is now referred to as the three-
carbon atom extension.

Now, we examine the interaction of chiral aldehyde (—)-96 with chiral eno-
late (S)-100b. This aldol reaction gives 104 and 105 in a ratio of 104:105 >
100:1. Changing the chirality of the enolate reverses the result: Compound 104
and 105 are synthesized in a ratio of 1:30 (Scheme 3-38).°° The two reactions
(—)-96 + (S)-100b and (—)-96 + (R)-100b are referred to as the matched and
mismatched pairs, respectively. Even in the mismatched pair, stereoselectivity is
still acceptable for synthetic purposes. Not only is the stereochemical course of
the aldol reaction fully under control, but also the power of double asymmetric
induction is clearly illustrated.

Scheme 3-39 shows the reaction of boron enolates 106 and 108 with chiral
aldehydes (2R,4S)- and (2S5,4R)-96. In the matched case, lactone 3,4-anti-107 is
obtained with very high ee.®’
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TABLE 3-10. Reaction of Aldehydes with Boron Enolates

Aldehyde R’ Boron Enolate 98:97

99a PhCH,OCH,CH, (5)-100a 16:1
(S)-100b 28:1
(S)-100¢ 100:1

99b (CH3),CH (S)-100a >100:1
(S)-100b >100:1
(S)-100c No reaction

I 100 /i\/;\j/J\ﬂ/R* . Coii L
Me0,C~ " "CHO MeO,C Me0,C”
96

OH O OH O
104 105
96 + (S)-100b: matched pair 104 :105>100: 1
96 + (R)-100b: mismatched pair 104 :105=1:30

Scheme 3-38
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Scheme 3-39

3.6 ASYMMETRIC ALLYLATION REACTIONS

Given the fact that homoallyl alcohols can be easily converted to the corre-
sponding aldol compounds, allylation of aldehydes with allylic and crotyl or-
ganometallic reagents is synthetically analogous to the aldol addition of metal
enolates. This reaction has significant advantages over aldol condensations be-
cause the produced alkenes may not only be readily converted into aldehydes
but also undergo a facile one-carbon homologation to J-lactones via hydro-
formylation or be selectively epoxidized to introduce a third chiral center.

As a result, allylic organometallic reactions have attracted much attention,
and the allylation or crotylation reactions via the corresponding organometallic
compounds have been extensively studied. This method has become one of the



168 ALDOL AND RELATED REACTIONS

most useful procedures for controlling the stereochemistry in acyclic systems.
Except for allyl silanes, most of the allylic organometallic or organometalloid
systems are reactive enough toward aldehyde carbonyl groups, even if Lewis
acid is not applied.

The general synthetic equation can be expressed by Eq. 3—1. “M” represents
various metals. These conversions generate two new stereocenters and four
possible diastereomeric products. The product syn/anti ratio reflects the (Z):(E)
ratio in the crotyl moiety, which may include B-, Al-, Sn-, Si-, or Ti-based
reagents.

e
Me M R.CHO OH OH Go1)
Me e R/k_/\ + R/H/\ B
N M Me Me

where M = SiMejs; SnBuj; BR;; AIR;; MgX; Li; CrX;; TiCp,X; ZrCp, X, and
so forth.

Before the late 1970s, allylic organometallic compounds were studied pri-
marily by a limited number of organometallic chemists who were interested
only in the structural determination of metal-allyl species. A number of studies
on the reactions of metal-allyl with electrophiles have focused solely on the re-
gioselectivity of the allylic unit. In the late 1970s, significant synthetic interest
began to emerge in controlling the stereochemistry of C—C bond formation in
reactions of metal-allyl compounds with aldehydes or ketones.

Over the past two decades, chiral allyl- and crotyl-boron reagents have
proved to be extremely valuable in the context of acyclic stereoselection. The
development of superior allyl-boron reagents, which can give enantio- and
diastereoselectivities approaching 100%, has become both challenging and
desirable.®®

3.6.1 The Roush Reaction

The use of tartrates as chiral auxiliaries in asymmetric reactions of allenyl bor-
onic acid was first reported by Haruta et al.®® in 1982. However, it was not for
several years that Roush et al.,”° after extensive study, achieved excellent results
in the asymmetric aldol reactions induced by a new class of tartrate ester based
allyl boronates.

COOR COOR FOOR

(0]

(0] (0] ! 1ICOOR
! “1ICOOR ! ICOOR B~
/\/B\O Me\/\/B\o K\/ (e}

M
(R, R)- or (S, S)—110 (R, R)- or (S, S)-lll (Z’ R)- or (S, S)-] 12
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Roush first reported that good yield and stereoselectivity could be obtained
by reacting allyl-boronates (R,R)- or (S,S)-110 with achiral or chiral alde-
hydes. The auxiliary system was then extended to the (E)- and (Z)-crotyl family
(Scheme 3-40) in which reagent 111 and 112 served as (E)- or (Z)-propionate
enolate equivalents. Compound 111/112 can be easily prepared by modified
Schlosser’s crotyl-boronate synthesis”* from (E)- or (Z)-butene. Syn- or anti-
113 can be obtained via the corresponding allylation reaction. Molecular sieves
are used to help maximize the enantioselectivity by maintaining an anhydrous
reaction condition and to prevent adventitious hydrolysis of the chiral boronic
reagents to achiral allyl-boronic acid, which may lead to unselective products.

In the reaction of (R,R)-tartrate allyl-boronate with aldehydes, Si attack
of the nucleophile on the carbonyl group has been observed, while Re attack
occurs in (S,S)-tartrate allyl-boronate reactions. Thus, an (S)-alcohol is pro-
duced preferentially when an (R,R)-allyl reagent is used, and the (R)-product
can be obtained from an (S,S)-reagent, assuming that the “R” substituent in
the aldehyde substrate takes priority over the allyl group to be transferred. In
fact, no exceptions to this generalization have yet been found in over 40 well-
characterized cases where the tartrate auxiliary controls the stereochemical
outcome of the allyl or crotyl transfer.”?

The asymmetric induction cannot be explained simply by steric interaction
because the R group in the aldehyde is far too remote to interact with the tar-
trate ester. In addition, the alkyl group present in the tartrate ligand seems to
have a relatively minor effect on the overall stereoselectivity. It has thus been
proposed that stereoelectronic interaction may play an important role. A more
likely explanation is that transition state A is favored over transition state B, in
which an n—n electronic repulsion involving the aldehyde oxygen atom and the
p-face ester group causes destabilization (Fig. 3—6). This description can help
explain the stereo-outcome of this type of allylation reaction.

Systematic studies of the reactions of tartrate allyl-boronates with a series of
chiral and achiral alkoxy-substituted aldehydes show that conformationally
unrestricted o- and f-alkoxy aldehyde substrates have a significant negative
impact on the stercoselectivity of asymmetric allyl-boration. In contrast, con-

FOoR RCHO '
9" N.icoor A .‘ R/'\:.A\
Me ~_B~d 4A molecular sieves H
111 anti-113
COOR
OH
? “1ICOOR RCHO -
~ ) > R AN
K\/B O 4A molecular sieves
Mo 12 syn-113

Scheme 3-40
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Figure 3-6. Favored and unfavored transition states.
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Scheme 3-41. Reaction with protected strained aldehyde (glyceraldehyde).
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formationally constrained o- or f-alkoxyl-substituted aldehydes are excellent
allyl-boration substrates. The diminished stereoselectivity is introduced not by
the steric effect but by the unfavorable lone pair/lone pair interaction between
the tartrate carbonyl and the alkoxy substituents. This is true especially for
conformationally unconstrained aldehyde substrates.”® In fact, Roush reagents
(110, 111, and 112) exhibit a useful level of matched and mismatched dia-
stereoselectivity in reactions with both chiral strained (Scheme 3-41) and un-
strained aldehydes (Scheme 3-42).74
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M Me Me
Ro\/\e 0, RO _AA~Z + Ro\}\‘/\/
CHO 71-72% =
OH OH
Aldehyde Reagent Selectivity
R=TBS (R,R)-110 (matched) 89:11
(S,5)-110 (mismatched) 19:81
R=TBDPS (R,R)-110 79 : 21
(S5,5)-110 13:87
R=Bn (R,R)-110 83:17
(S,5)-110 20:80
Me 111 I\:/Ie e I\?Ae I\?/Ie
H — RO\/\/‘\/ + RO F
RO~"cHo 80-87% : YT
OH OH

R=TBS (R,R)-reagent (matched) 97:3
(S,S)-reagent (mismatched) 16 : 84

Scheme 3-42. Example of allylation of unstrained aldehyde.

Garcia et al.”® have introduced another boron reagent 114 that can also be
used in asymmetric allylation reactions.

EgBOMe

114

With the aid of BF; - OEt,, methoxyborolane (R,R)-114 reacts with (E)- or
(Z)-crotylpotassium to provide (E,R,R)-115 and (Z,R,R)-115, respectively.
After adding the aldehyde to a solution of crotyl-borolane in THF at —78°C for
4 hours, 2-aminoethanol is added. The solution is warmed to room tempera-
ture, and oxidative cleavage at this point gives the homoallylic alcohols with
high stereoselectivity. The borolane moiety can be recovered by precipitating it
as an amino alcohol complex and can be reused without any loss of enantio-
meric purity. As shown in Scheme 3-43, the (E)- and (Z)-crotyl compounds
lead to anti- and syn-products 116, respectively. The diastereoselectivity is
about 20:1, and the ee for most cases is over 95% (Table 3-11).

Kijanolide 117,7¢ tetronolide 118,7° and chlorothricolide 119,”7 the agly-
cones of the structurally novel antitumor antibiotics kijimicin, tetrocaricin A,
and chlorothrimicin, are highly valued targets for total synthesis. All three
structures share a similar octahydronaphthalene fragment 121, which can be
obtained by cyclization of 120. Compound 120, appropriately functionalized
2,8,10,12-tetradecatetraene acid, can be constructed via aldol reactions. Two
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. OH OH
~ t-BuOK/n-BuLi _ 114‘ dB/\/\ RCHO /'\/\ . -
THF R H Rﬁ/\
(E, R, R)-115 116a 116b

OH OH
t-BuOK/n-BulLi 114 A) RCHO R
\—/ THE > B —_— R)\r\ RN

(Z, R, R)-115 116¢ 116d
Scheme 3-43

TABLE 3-11. Reaction of Crotylboranes (E,R,R)-115 and (Z,R,R)-115 with
Representative Achiral Aldehydes

Major Product

Entry  Crotylborane Aldehyde Yield (%) anti/syn Ratio ee (%)
1 (E)-115 C,H;CHO 81 93/7 96
2 (E)-115 i-C3H;CHO 76 96/4 97
3 (E)-115 i-C4HoCHO 72 96/4 95
4 (Z)-115 C,H;CHO 73 7/93 86
5 (2)-115 i-C3H;CHO 70 4/96 93
6 (2)-115 i-C4HoCHO 75 5/95 97

ee = Enantiomeric excess.
Reprinted with permission by Am. Chem. Soc., Ref. 75.

pairs of chiral centers, C-4/C-5 and C-6/C-7, can be regarded as aldol products,
and the Roush reaction provides excellent access to these asymmetric centers.

Treatment of 122 with (R,R)-tartrate crotyl-boronate (E,R,R)-111 provides
the alcohol corresponding to 123 with 96% stereoselectivity. Benzylation of this
alcohol yields 123 with 64% overall yield. The crude aldehyde intermediate
obtained by ozonolysis of 123 is again treated with (Z,R,R)-111 (the second
Roush reaction), and a 94:5:1 mixture of three diastereoisomers is produced,
from which 124 can be isolated with 73% yield. A routine procedure completes
the synthesis of compound 120, as shown in Scheme 3-44. Heating a toluene
solution of 120 in a sealed tube at 145°C under argon for 7 hours provides the
cyclization product 127. Subsequent debromination, deacylation, and Barton
deoxygenation accomplishes the stereoselective synthesis of 121 (Scheme 3-44).

With this method, that is, the reaction of tartaric acid ester—modified crotyl-
boronates with chiral 2-methyl aldehydes, the C-19 to C-29 fragment of rifa-
mycin has been constructed similarly.”®

Roush reported another tartrate boronate, (E)-y-[(menthofuryl)-dimethyl
silyl]-allylboronate 130, for anti-a-hydroxyallyation of aldehydes. Reagent 130
can be obtained from commercially available menthofuran, which was selected
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Scheme 3-44. Asymmetric synthesis of octahydronaphthalene fragment 121.
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Scheme 3-45. Application of the boronate.
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Scheme 3-46. Synthesis of o, f-disubstituted tetrahydropyrans and tetrahydrofurans.

because of the significantly easier protodesilylation of the resulting intermediate
2-furyl dimethylsilanes. On treatment with aldehyde, transformation of the allyl
group accomplishes the synthesis of 131. The silyl group in 131 can be removed
by the Fleming method, resulting in the free alcohol 132. This reagent provides
an excellent method for anti-diol synthesis. Application of this compound is
exemplified by the synthesis of (—)-swainsonine (Scheme 3-45).7®

Starting from substituted allyl bis-(2,4-dimethyl-3-pentyl)-L-tartrate boronic
acid, synthesis of o,f-disubstituted tetrahydrofurans (134, n=1) or tetra-
hydropyrans (134, n =2) can be accomplished with high enantioselectivity
(Scheme 3-46).7°

3.6.2 The Corey Reaction

As discussed in Section 3.3.2, Corey demonstrated the utility of compound 55,
prepared from 1,2-diphenyl-1,2-diamino ethane 54, as a chiral auxiliary for
asymmetric aldol reaction. In a similar manner, his group utilized this com-
pound 55 in both (R,R)- and (S,S)-forms for allylation reactions. Treatment of
55 with allyltributyltin in dry CH,Cl, at 0°C and then 23°C for 2 hours gives
chiral allyl-borane 135. In this process, both the (R,R)- and (S,S)-forms can be
obtained and applied in asymmetric allylation reactions. Thus, treatment of
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CsH5 C6H5 C6H/5 C6H5
Ts/N\B/N‘Ts Ts~Ng-N-Ts
I|3r I\/
55 135
° R
CeHs N, \Q%H HO, H
(R,R)-135 + RCHO —> B | N
CeHy™ N ~ R
Ts 136
R of RCHO Solvent ee (%) of 136 Config.
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(E)-PhCH=CH- | CH,CI, 98 R
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Scheme 3-47. Reaction of aldehydes with chiral allyl boranes 135. Reprinted with per-
mission by Am. Chem. Soc., Ref. 41.

various aldehydes with (R,R)-135 in toluene or CH,Cl, at —78°C furnishes the
homoallylic alcohol 136 with high optical purity (Scheme 3-47). The absolute
configuration of the product 136 can be predicted based on a chair-like transi-
tion state with optimized stereoelectronic and steric interaction between the
substituents on the five-membered ring.*!

2-Haloallyl reagents 137 have been produced by treating enantiomers of 55
with the corresponding 2-haloallyl-n-butyltin; and 2-haloallyl carbinol 138 is
obtained in high yield and predictable diastereoselectivity by reacting aldehydes
with 137 (Scheme 3-48).4!

Product 2-haloallyl carbinol 138 has wide synthetic utility in a number of
transformations, as shown in Figure 3—7.4!

3.6.3 Other Catalytic Asymmetric Allylation Reactions

The most commonly used method for achieving asymmetric allylation is to use
an organometallic reagent in which the metal is ligated by chiral modifiers.
Excellent results can be obtained for boron-containing®® and titanium-
containing®! allyl moieties; but only low or modest results are obtained with
silicon®? or tin®3 compounds under similar conditions. The modest results with
certain compounds suggest that the key issue is a difference in the reaction
mechanism: Allyl-boron or titanium reagents react through an associative
cyclic transition structure,®* while allyl silanes or stannanes react through a less
rigid, open chain transition structure. Good results have been achieved with
asymmetric addition of allyl silane and/or allyl stannane (Sakurai reaction®> to
carbonyl compouds in the presence of a Lewis acid).
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Scheme 3-48. Reaction of aldehydes with chiral 2-haloallylboranes. Reprinted with
permiss