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1.1
Introduction

The development of synthetic methodologies in the last quarter of the twentieth
century has been truly impressive, but the stereoselective construction of quater-
nary centers remains a significant challenge in the total synthesis of natural prod-
ucts. It is quite difficult to invert undesired configurations of quaternary centers
to the desired ones, so the stereoselectivities of reactions on quaternary carbons
often govern the total efficiency of the syntheses. In this chapter, we highlight
recent natural product syntheses, with emphasis on the stereoselective prepara-
tion of the quaternary carbons [1, 2].

Unfortunately, the term “quaternary center” is a cause of confusion in termi-
nology, because it is also used to mean “quaternary-substituted carbon”, which
includes tri-carbon-substituted carbon such as occurs in tertiary alcohols. The
term “all-carbon quaternary centers” is also found in the literature. Quaternary-
substituted carbons and quaternary carbons in the full sense must be distin-
guished carefully. Thus, in this chapter we use the term “quaternary carbon” to
designate those carbon centers that are substituted with four carbon
substituents.

Quaternary-substituted carbons can be prepared routinely by the face selective
addition of carbon nucleophiles to carbon–heteroatom double bonds such as
asymmetrical ketones or imines [3]. Stereochemical induction may be achieved
based either on neighboring functional groups in the substrate or on chiral
catalysts.

On the contrary, the stereoselective synthesis of quaternary carbon (all-carbon
quaternary centers) is still challenging and only limited options are available.
The most popular and powerful concept at present is the chirality transfer of
configurations at neighboring heteroatom-substituted asymmetric centers to the
quaternary carbons. As described above, enantioselective preparation of 
heteroatom-substituted centers has become much easier. Asymmetric oxidations
of tri- or tetrasubstituted alkenes to diols, epoxides, or amino alcohols also give
quaternary-substituted centers, which are now regarded as conventional

Quaternary Stereocenters: Challenges and Solutions for Organic Synthesis. Edited by Jens Christoffers, Angelika Baro
Copyright © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 3-527-31107-6

c01  7/19/05  6:56 PM  Page 1



approaches. A variety of asymmetric reagents and catalysts is now available for
these purposes [4].

Total syntheses of natural products are usually achieved through multi-step
transformations from simple starting materials. Needless to say, the efficiency of
a total synthesis depends not only on the yield or selectivity of each synthetic
operation (strategy) but also on the overall synthetic plan. In the case of target
compounds with a small number of asymmetric centers, each quaternary carbon
center could be built directly by asymmetric catalysis (such as an asymmetric
Heck reaction or an asymmetric Diels–Alder reaction, vide infra). Although wide
varieties of chiral starting materials are available either from natural sources (e.g.
sugars, amino acids) or from asymmetric reactions [5], chiral building blocks with
a quaternary center are rare.

When there are two or more asymmetric centers in the target molecule, the
timing of the construction of quaternary centers should be considered in the
whole scheme of the synthetic route. Thus, catalytic asymmetric methods are not
always the choice in the synthesis of quaternary centers in multi-stereogenic com-
pounds. The introduction of a small number of non-quaternary stereocenters in
the early stage, followed by a series of diastereoselective transformations to
control quaternary center(s), is a popular approach in the synthesis of complex
natural products owing to the overall total efficiency. The central issue in the context
of quaternary centers seems to be how to induce quaternary carbons efficiently
and stereospecifically, based on the preexisting secondary or tertiary stereocen-
ters. Another challenge exists in the construction of quaternary carbons. This
often suffers from hindered chemical environments around reaction centers, and
the use of intramolecular reactions is a popular approach to enhance reactivity.

1.2
Alkylation of Tertiary Carbon Centers

Alkylations, or acylations, of enolate equivalents are straightforward approaches
to the construction of quaternary carbons. Stereoinductions at newly formed qua-
ternary carbons are often achieved diastereoselectively based on preexisting chiral
centers.

Omura et al. have reported an elegant asymmetric total synthesis of madin-
dolines [6]. An impressive remote diastereomeric induction was observed in the
acylation of the lithium enolate of ester 1. When hexamethylphosphoramide
(HMPA) was employed as a co-solvent in the acylation, or potassium diisopropy-
lamide (KDA) was used as base, the selectivity of the acylation dropped considerably.
Thus, the authors suggested that oxygen in both enolate and tetrahydrofuran
coordinated to a lithium cation, and this chelation directed the electrophile attack
on the less hindered face of enolate. The acylation product was converted in one
step to the natural product.

Incorporation of a chiral auxiliary into carbonyl compounds is also a popular
and reliable method, although it requires additional steps to introduce and
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remove the auxiliary. The pioneering contributions of Meyers, for instance, have
been employed extensively in natural product synthesis, where amino acid-derived
amino alcohols were the chiral sources [7].

In the synthesis of (–)-herbertenediol [8], a chiral bicyclic lactam was methylated
from the endo face to construct a quaternary stereogenic center with complete
stereocontrol. Reduction and hydrolytic cleavage afforded the cyclopentenone,
which was subsequently converted to herbertenediol, containing vicinal quaternary
centers.

Catalytic methods of generating a chiral enolate have also been explored in
order to construct quaternary centers. Sodeoka et al. have reported asymmetric
Michael addition .catalyzed by a palladium aqua complex (see Chapter 4, Scheme
4.19) [9]. Cyclic and acyclic achiral β-ketoesters added to methyl vinyl ketones via
chiral palladium enolate with high yields and ees (in most cases ee > 90%). Metal-
catalyzed asymmetric Michael-type reactions have been investigated, but the
enantioselectivity and reactivity were, in general, not sufficient. Sodeoka’s landmark
results will be applied in natural products synthesis shortly.

Although less frequently employed, asymmetric alkylation of non-chiral enolate
equivalents with chiral electrophiles has also been investigated as a complementary
approach. MacMillan employed his chiral organocatalyst for asymmetric Michael-
type addition in the total synthesis of (–)-flustramine B [10, 11].

31.2 Alkylation of Tertiary Carbon Centers

Scheme 1.1 Omura’s remote diastereomeric alkylation in the
synthesis of (+)-madindoline.

Scheme 1.2 Meyers’ asymmetric synthesis of (–)-herbertenediol.

c01  7/19/05  6:56 PM  Page 3



The chiral organocatalyst 6 generated in situ an iminium salt (in box) with
acrolein, and the alkylation occurred to give a quaternary center enantioselectively.
The iminium ion was expected to be formed with (E)-isomer selectively to avoid
the repulsion of the bulky tert-butyl group. The benzyl and tert-butyl groups shield
the upper face (Si-face) of the substrate, leaving the down face (Re-face) exposed
for enantioselective bond formation. However, the cause of enantiofacial selectivity
on indole 7 was not clear. The choice of solvent has been shown to be the major
controlling factor. The indolium ion thus formed was attacked intramolecularly by
a Boc-protected amine to afford pyrroloindoline 8.

In addition to carbanion-mediated reactions, radical alkylations can also be
employed. The high reactivity of radical species is an advantage for the generation
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Scheme 1.3 MacMillan’s organocatalyzed asymmetric Michael-type
addition in the total synthesis of (–)-flustramine B.

Scheme 1.4 Radical allylation by Crich et al.
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of congested quaternary carbons. Thus Crich’s synthesis of a marine alkaloid,
(+)-ent-debromoflustramine B, involved radical allylation of a tertiary bromide
with allyltributyltin to 12 [12].

Clive achieved total synthesis of (+)-puraquinoic acid using a route based on
radical cyclization of the Stork bromoacetal 13 [13]. The chirality of the quaternary
carbon center was controlled by a temporary adjacent tertiary asymmetric center.

1.3
Cycloaddition to Alkenes

1.3.1
Diels–Alder Reaction

There have been significant numbers of applications of the Diels–Alder reaction
for the synthesis of polycyclic natural products, inspired by their biogenesis.
The Diels–Alder reaction provides one of the most powerful strategies for forming
a quaternary carbon within a cyclohexane system.

Nicolaou et al. reported the total synthesis of colombiasin A, a marine
diterpenoid, using an intramolecular Diels–Alder reaction (IMDA) [14]. Six stere-
ogenic centers, two of which are adjacent quaternary carbons, exist in the compact
tetracyclic framework of colombiasin. The construction of contiguous stereogenic
quaternary carbons posed a synthetic challenge arising from the steric congestion
imposed by the four attached substituents. Stereoselective generation of both qua-
ternary centers was accomplished via an endo-specific Diels–Alder cycloaddition
with quinone as dienophile (Scheme 1.6).

It has been proposed since the early 1960s that the Diels–Alder reaction is
involved in the biosynthetic pathways of natural products. Oikawa proved for the
first time that the decaline skeleton of solanapyrone was biosynthesized by a
“Diels–Alderase” [15].

Following Oikawa’s report, two additional Diels–Alderases, lovastatin
nonaketide synthase [16] and macrophomate synthase [17] were purified.

51.3 Cycloaddition to Alkenes

Scheme 1.5 Generation of an asymmetric quaternary center
based on a temporary adjacent chiral center.
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X-ray crystallographic analysis of a Diels–Alderase complex with its substrate
analogue has been reported, which allowed the reaction mechanism to be
analyzed at the molecular level [18]. Owing to the limited number of
Diels–Alderases identified so far, there has been no confirmed example of an
enzyme-catalyzed Diels–Alder reaction forming quaternary centers. However, the
advance of investigations into biosynthesis did inspire synthetic chemists to con-
sider biomimetic approaches to quaternary carbon centers in polycyclic natural
products.

It is also noteworthy that the Diels–Alderases described above catalyze not
only the cycloaddition but also the oxidation of allylic alcohols to enals, the
dienophile. It is not certain at this stage if all Diels–Alderases must have oxidase
activity. The fact that all Diels–Alderases found have oxidase activity seems
suggestive in designing the Diels–Alder precursors for biomimetic synthesis.

Norzoanthamine, a marine polyketide that was isolated by Uemura in 1995
[19], exhibits promising antiosteoporotic activity in ovariectomized mice.
Miyashita achieved the first total synthesis of norzoanthamine in 2004 [20].
Among the three quaternary carbons, the C-12 and C-22 stereocenters were con-
structed through an IMDA reaction, which was designed by taking into account
the proposed biogenetic pathway [19b].

As shown in Scheme 1.8, this IMDA reaction of 20 proceeded at 240°C and
gave rise to a 72:28 ratio of the exo and endo adducts. The remaining quaternary
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Scheme 1.7 The first identified Diels–Alderase by Oikawa et al.

Scheme 1.6 Construction of contiguous quaternary centers in
(–)-colombiasin A by an intramolecular Diels–Alder reaction.
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center at C-9 was then constructed by a diastereoselective methylation of enolate
from the β side. The methylated products were obtained as a single isomer in
83% yield.

The discovery of Diels–Alderases allowed these biomimetic total syntheses to
give an insight into whether the natural product is biosynthesized by the enzyme.

In the biomimetic total synthesis of longithrone by Shair, combinations of
inter- and intramolecular Diels–Alder reactions were employed to construct two
quaternary centers [21].

The first Diels–Alder reaction of Shair’s synthesis (from 25 and 26 to 27)
required activation of the dienophile by Lewis acids, and the desired stereoisomer
was obtained as the minor isomer. Heating at 80°C without Lewis acid did not
give the intermolecular Diels–Alder adducts, but the second intramolecular 
(transannular) Diels–Alder (TADA) reaction of 28 proceeded at room temperature
with higher yield. Low reactivity and lack of substrate-induced stereoselectivity
might suggest the involvement of a Diels–Alderase in the former Diels–Alder

71.3 Cycloaddition to Alkenes

Scheme 1.8 Miyashita’s synthesis of norzoanthamine via an
IMDA reaction.
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reaction. Similar observations in the total synthesis of keramaphidine B might
also suggest that the biosynthesis is Diels–Alderase catalyzed [22].

As demonstrated in the total synthesis of longithrone described above, a well-
designed TADA approach can reduce the entropic requirement ∆S‡ in the transition
state; thus it has a potential advantage in reactivity over the IMDA reaction [23].
Another application of a TADA reaction in the stereoselective construction of a
quaternary spirocenter was reported in a synthetic study on a marine sesterterpene
mangicol [24, 25]. In this case, the design of the synthetic scheme was not based
on biogenesis of the natural product.

In Uemura’s synthetic study of mangicol, the configuration of the C-3 secondary
alcohol in the triene precursor 32 had an unexpectedly significant effect on the
stereocontrol of the Diels–Alder reaction. A calculation (B3LYP level, basis set
6-31G*) of the transition states revealed that intramolecular hydrogen bonding of
the alcohol with the cyclopentenone carbonyl oxygen stabilizes the transition state
to the desired product 33 from the 3S-triene precursor 32 [26], whereas with
3R-triene the hydrogen bond destabilized the desired transition state. In general,
detailed analysis of the relative energies among the possible modes of cycloaddition
is the key to the success of the TADA approach.

The use of Diels–Alder reactions for stereoselective construction of quaternary
carbons will continue to be popular in the synthesis of polycyclic natural products.
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Scheme 1.9 Biomimetic synthesis of (–)-longithrone A by Shair et al.
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1.3.2
Other Types of Cycloaddition

The Pauson–Khand reaction (PKR) is a powerful tool for assembling polycyclic
natural products that involve cyclopentane rings [27]. An alkyne–cobalt complex,
derived from Co2(CO)8 and alkyne, reacts with an alkene to generate cyclopen-
tenone. Additives, such as amine N-oxide, are used to lower the reaction temper-
ature to room temperature.

The PKR is known to be sensitive to steric factors in the transition states. For
instance, PKR of the ene-yne 36 afforded the desired product 39 with two adjacent
quaternary centers in excellent yield [27b]. However, neither a similar substrate
with a longer alkyl tether 37 [27b] nor the tetrasubstituted endo-cyclic alkene 38
[27c] gave the cyclized product.

A formal total synthesis of magellanine, a lipodium alkaloid, is shown in
Scheme 1.12 [28].

91.3 Cycloaddition to Alkenes

Scheme 1.10 Uemura’s TADA approach to mangicol A.
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1.4
Rearrangement Reactions

The sterically hindered nature of quaternary centers makes the rearrangement
reaction an attractive strategy for their synthesis. Danishefsky employed two [3,3]-
sigmatropic rearrangements (a Johnson–Claisen rearrangement, 44 to 45; an
Eschenmoser amide acetal Claisen rearrangement, 46 to 47) for stereocontrol of
the quaternary carbon centers in gelsemine [29].

The quaternary carbon center at C-7 of gelsemine was constructed also by a 
[3,3]-sigmatropic rearrangement in a more straightforward manner (Fukuyama,
Scheme 1.14) [30]. The stereochemical information about a quaternary center in a
cyclopropane ring in 49 was transferred to the spiro-quaternary carbon center of 51.

10 1 Important Natural Products

Scheme 1.12 Hoshino’s formal total synthesis of magellanine
with a PKR as a key step.

Scheme 1.11 Construction of adjacent quaternary carbon
centers by a PKR.
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Both Fleming [31] and Fukuyama [30] employed intramolecular alkylation in
the construction of the C-20 stereocenter in their gelsemine synthesis (Scheme 1.15).

Besides the [3,3]-sigmatropic rearrangements, 1,2-rearrangements are also
very important approaches to quaternary carbon centers. It is noteworthy that 
1,2-diols or 2,3-epoxy alcohols, which are frequently employed as substrates, can
be prepared easily by methods such as those of Sharpless, Katsuki, and Jacobsen [4].

In their asymmetric total synthesis of (+)-asteltoxin Cha et al. used the
Suzuki–Tsuchihashi 1,2-rearrangement [32]. Chiral epoxy alcohol 59 was prepared
by Sharpless asymmetric epoxidation and was rearranged in the stereospecific
manner under Suzuki–Tuchihashi conditions to afford the quaternary carbon center.

111.4 Rearrangement Reactions

Scheme 1.13 Danishefsky’s total synthesis of gelsemine.

Scheme 1.14 Construction of the C-7 quaternary center of
gelsemine in Fukuyama’s total synthesis.

c01  7/19/05  6:56 PM  Page 11



The product aldehyde 60 was further converted to (+)-asteltoxin via the Sharpless
asymmetric dihydroxylation of 63. Cha’s total synthesis was inspired by the
proposed biogenesis of asteltoxin by Vleggar [34].

Suzuki also utilizes his 1,2-rearrangement conditions in the total synthesis of
furaquinocin Scheme 1.17) [35]. The starting material was again prepared by
Sharpless epoxidation. An alkyne, which is not a good migrating group owing to
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Scheme 1.15 Construction of the C-20 stereocenter of gelsemine
by Fleming et al. and Fukuyama et al.

Scheme 1.16 Cha’s total synthesis of asteltoxin via
stereospecific 1,2-rearrangement.
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its electron-poor nature, was transformed to its Co-complex, and was successfully
employed for the stereospecific rearrangement.

These 1,2-rearrangements might be regarded as special cases of intramolecular
SN2 displacement at tertiary stereocenters by carbon nucleophiles. For a long time
SN2 reactions at tertiary centers have been believed to be quite difficult. Organic
chemistry textbooks state that SN2 reactions cannot occur with nucleophiles at
tertiary centers owing to steric hindrance at the backside of leaving groups.
However, such descriptions are not always true for oxygen nucleophiles. It seems
worth mentioning that Mukaiyama (Scheme 1.18) [37] and Shi [38] recently
showed that highly stereospecific SN2 replacements are possible when tertiary
alcohols are activated by phosphonium salts. In both of these examples, the
nucleophiles are so far limited to phenols. Considering that carbon nucleophiles

131.4 Rearrangement Reactions

Scheme 1.18 Complete SN2 inversion of a tertiary alcohol
by phenol.

Scheme 1.17 Suzuki’s synthesis of furaquinocin D.
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has been employed in the modified Mitsunobu reactions of secondary systems
[39], hitherto unexplored approaches to quaternary carbons, i.e. the stereospecific
inversion of tertiary alcohols by carbon nucleophiles, might be available in the
near future.

1.5
Carbometallation Reactions

1.5.1
Addition of a Carbon Nucleophile to a β,β-Disubstituted α,β-Unsaturated Enone

Tetrasubstituted carbon centers, such as tertiary alcohols or amines, can be prepared
by the stereoselective nucleophilic addition of carbon nucleophiles to polar
C=X bonds. Conjugate addition of a carbon nucleophile to a β,β-disubstituted
α,β-unsaturated enone affords a quaternary carbon center.

Mulzer [40] and Ogasawara [41] independently used the conjugate addition of
a vinyl cuprate to α,β-unsaturated enones in their synthesis of morphine, where
the neighboring chemical environments controlled the stereochemical outcomes.

1.5.2
Asymmetric and Diastereomeric Addition of a Carbon Nucleophile
to Unactivated Alkenes Catalyzed by Palladium [42]

The Heck reaction is a palladium-catalyzed coupling of alkenes with organic
halides or triflates lacking an sp3-hybridized β-hydrogen. The intramolecular
Heck reaction is a powerful tool not only in the assembly of complex natural-
product skeletons but also in diastereomeric stereoinductions. When a trisubsti-
tuted alkene is employed as the coupling partner, the products include a new
quaternary carbon center with excellent diastereomeric control.
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Scheme 1.19 Mulzer’s morphine synthesis via conjugate
addition of a vinyl cuprate to form a quaternary center.
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Configuration information of carbon–heteroatom bonds, which might be
constructed by asymmetric catalysts, can be transferred to the new quaternary
carbon centers. Scheme 1.21 shows a brief outline of Trost’s total synthesis of
furaquinocin [36b]. The π-allyl palladium complex intermediate with optically active
bisphosphine ligands 87 was generated from an allyl carbonate, and reacted with a
bisphenol to gave bisallyl ether 88. Subsequently, a reductive Heck cyclization of 88
to a furan ring generated a quaternary carbon stereocenter. The authors rational-
ized the stereochemical outcome by suggesting that steric repulsion between the
palladium and the adjacent methyl group in the intermediate 90 played an impor-
tant role in the diastereoinduction. The enantiomeric purity of the Heck cyclization
product 89 was 87% ee, which was raised to 99% ee by recrystallization.

The enantioselective formation of quaternary carbon centers by a Heck reaction
was first reported by Overman in 1989 [43]. This asymmetric Heck (AH) reaction
was extensively investigated by Overman and Shibasaki [44, 45]. A number of
applications of the AH reaction have been reported. A recent example is the total
synthesis of (–)-spirotryprostatin B [46].

Among the three stereocenters in the molecule, quaternary spiro and adjacent
centers were stereoselectively constructed via Heck insertion of a conjugated
triene. The η3-allylpalladium intermediate was trapped by the nitrogen of a teth-
ered diketopiperazine which proceeds with anti stereochemistry (PMP: 1,2,2,6,6-
pentamethylpiperidine).

Shibasaki has also reported the synthesis of halenaquinol [47]. Heck cyclization
of (Z)-trisubstituted alkene 94 in the presence of Pd(OAc)2-(R)-BINAP afforded
the tetrahydronaphthalene with 99% ee. The one-pot Suzuki coupling–asymmetric

151.5 Carbometallation Reactions 

Scheme 1.20 Ogasawara’s morphine synthesis.
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Heck cyclization from ditriflate 97 was also achieved in 85% ee, albeit the yield was
poor (20%).

16 1 Important Natural Products

Scheme 1.22 Heck cyclization in the synthesis of
18-epi-spirotryprostatin B by chiral palladium catalysts.

Scheme 1.21 Trost’s synthesis of furaquinocin E.
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1.6
C–H Functionalization Reactions

The successful development of practical methods for C–C bond formation via
C–H activation would revolutionize natural-product synthesis. However, the use
of highly oxidative metal catalysts for oxidative addition to C–H bonds is in
essence very difficult. The catalyst needs to be highly reactive and simultaneously
selective among the ubiquitous C–H bonds.

On the other hand, C–H insertion reactions mediated by carbenes or by
metal–carbenoid complexes are powerful methods to functionalize unactivated
C–H bonds [48]. The latter complexes are easily generated from diazo compounds.
In general, C–H insertion reactions occur preferentially at tertiary and secondary
sites, and often form five-membered rings among other sized rings. An important
feature of the reaction is the inherent ability to convert a tertiary stereogenic center
into a quaternary center with retention of the absolute configuration.

White utilized a diastereoselective C–H insertion reaction in the total synthesis
of (+)-codeine (Scheme 1.24) [49].

The product distribution from decomposition of diazoketone 100 was found
to depend markedly on the Rh(II) catalyst employed as well as on small structural
variations in the substrate.

Du Bois has reported a beautiful total synthesis of tetrodotoxin, which is the
active poison of Japanese fugu, with C–H bond functionalization as the key steps
[50, 51]. Many functional groups exist densely in the rather small carbon framework.
Actually, tetrodotoxin does not contain any quaternary carbon centers but only
quaternary-substituted carbons. However, stereoselective construction of the C-6
and C-8a quaternary-substituted carbons was synthetically challenging and
Du Bois’ elegant synthesis of this difficult target underscores the power of
carbene/nitrene insertion reactions.

171.6 C–H Functionalization Reactions 

Scheme 1.23 Application of an asymmetric Heck reaction to
the total synthesis of halenaquinol.
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Two key C–H functionalizations are incorporated in the scheme. In the first
stereospecific Rh-carbene C–H insertion reaction of 106, the choice of Rh-catalyst
was quite important. The first attempts using Rh2(OAc)4 yielded a complex prod-
uct mixture, but it was found after screening catalysts that 1.5 mol%
Rh2(HNCOCPh3)4 gave the cyclic ketone as the sole product. The cyclohexanone
was converted to a primary carbamate 109. Installation of the tetrasubstituted
carbinolamine at C-8a was accomplished through stereospecific Rh-catalyzed
nitrene insertion using 10 mol% Rh2(HNCOCF3)4.

Stereoselective construction of trisubstituted carbons is less difficult, and applica-
tion of the above C–H functionalization reaction enables them to be converted stere-
ospecifically to tetrasubstituted carbon centers. Steric, electronic, and conformational
variations have a great effect on the favored reaction pathway and product distribution.
These parameters include catalyst ligands and diazo and substrate substitution pat-
terns. No catalyst has been found to be effective for all substrates. Readers should also
be careful to optimize selectivity over C–H insertion, cyclopropanation, Buchner reac-
tion, and ylide generation with the appropriate structural choices.

There are also examples of C–H insertion reactions that do not use diazo-
precursors and Rh-catalysts (Scheme 1.26). Taber et al. investigated the use of
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Scheme 1.24 Total synthesis of codeine with C–H
insertion as the key step.

c01  7/19/05  6:57 PM  Page 18



alkylidene carbenes, which can be generated from haloalkenes [52]. Their total
synthesis of fumagillin is noteworthy.

191.6 C–H Functionalization Reactions

Scheme 1.26 The use of a haloalkene as the source of a carbene
intermediate and its application to the total synthesis of fumagillin.

Scheme 1.25 Total synthesis of (–)-tetrodotoxin by Du Bois.
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1.7
Asymmetric Modification of Enantiotopic/Diastereotopic Substituents of
Quaternary Carbon Centers

Asymmetric quaternary centers can also be generated indirectly via selective
modification of diastereotopic or enantiotopic substituents on a symmetric qua-
ternary center. Traditionally, desymmetrizations of enantiotopic substituents have
frequently been conducted with enzymes [53]. Sames et al. employed C–H bond 
activation to desymmetrize gem-dimethyl groups in their synthesis of the
teloocidin B4 core [54].

This was accomplished via sequential cyclometallation and transmetallation.
Stoichiometric PdCl2 in the presence of NaOAc afforded palladacycle 115. Two
methoxy groups on the aryl imine were proved to be important as the directing
element. The organopalladium 115 was coupled with vinyl boronic acid to accom-
plish the first functionalization of a tert-butyl group. After the acid-catalyzed
cyclization of a cyclohexane ring to 118, the second C–H activation was conducted.
The intermediate palladacycle was treated with CO and methanol to give the
methyl ester. Hydrolysis of the Schiff base was accompanied by lactam cyclization.
The stereoselectivity in the second C–H bond functionalization was 6:1.

Scheme 1.27 Consecutive functionalizations of three methyls
of the tert-butyl substituent by diastereoselective C–H activations.
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1.8
Summary

This chapter has attempted to present an overview of the stereoselective formation
of quaternary carbon centers in reported natural product syntheses. We have tried
to choose examples from recently published papers, and did not intend to make this
chapter comprehensive. Thus, much outstanding work may have been excluded.

There can be little doubt that the stereoselective construction of quaternary
centers is one of the most challenging issues in synthetic natural product chemistry.
Catalytic asymmetric alkylations or asymmetric Heck reactions have been
employed as powerful tools in the total syntheses, especially for those target com-
pounds with one or a small number of asymmetric centers. For the synthesis of
polystereogenic targets, these asymmetric reactions are often used in the very
early stage so that substrate-dependent stereoinductions are minimized.

Diastereoselective transformations to quaternary centers will continue to be
very important, and these are complementary to those involving asymmetric 
catalysts. Among them all, the alkylation of chiral enolates is the most popular
approach. Intramolecular Diels–Alder reactions will continue to be investigated,
in part owing to the rapid progress of biosynthetic studies on Diels–Alderase.

The development of methods applicable for the diastereomeric construction of
quaternary carbon centers in the very late stage of total synthesis is still in great
demand. Recent attention in the synthetic community to unactivated C–H 
bond functionalization has also led to the revisiting of transformations such as
Rh-carbenoid chemistry.

References

1 Some recent reviews on the synthesis of
quaternary centers in natural products: (a)
C. J. Douglas, L. E. Overman, PNAS 2004,
101, 5363; (b) E. A. Peterson, L. E.
Overman, PNAS 2004, 101, 11943.

2 A detailed review on the progress of
stereoselective formation of quaternary
carbon centers; I. Denissova, L. Barriault,
Tetrahedron 2003, 59, 10105.

3 (a) B. Weber, D. Seebach, Tetrahedron
1994, 50, 6117; (b) L. Pu, H.-B. Yu, Chem.
Rev. 2001, 101, 757; (c) S. E. Denmark,
N. Nakajima, O. J.-C. Nicaise, J. Am.
Chem. Soc. 1994, 116, 8797; (d) S. Itsuno,
M. Sasaki, S. Kuroda, K. Ito, Tetrahedron:
Asymmetry 1995, 6, 1507.

4 (a) Sharpless asymmetric epoxidation; R.
A. Johnson, K. B. Sharpless, in Catalytic
Asymmetric Synthesis, ed. I. Ojima, 2nd
edn, Wiley-VCH, New York, 2000,
Chapter 6A; (b) Sharpless asymmetric

dihydroxylation; K. B. Sharpless,
W. Amberg, Y. L. Bennani, G. A. Crispino,
J. Hartung, K.-S. Jeong, H.-L. Kwong,
K. Morikawa, , Z.-M. Wang, D. Xu, X.-L.
Zhang, J. Org. Chem. 1992, 57, 2768; (c)
Chiral dioxirane epoxidation; M. Frohn,
Y. Shi, Synthesis 2000, 1979; (d) Jacobsen
and Katsuki asymmetric salen epoxida-
tion; T. Katsuki, in Catalytic Asymmetric
Synthesis, ed. I. Ojima, 2nd edn, Wiley-
VCH, New York, 2000, Chapter 6B; (e)
Jacobsen asymmetric epoxide ring open-
ing reaction; E. N. Jacobsen, Acc. Chem.
Res. 2000, 33, 421.

5 (a) S. Hanessian, Pure Appl. Chem. 1993,
65, 1189; (b) S. Hanessian, J. Franco,
B. Larouche, Pure Appl. Chem. 1990, 62,
1887; (c) S. Hanessian, J. Franco,
G. Gagnon, D. Laramee, B. Larouche,
J. Chem. Inf. Comput. Sci. 1990, 30, 413;
(d) H.-U. Blaser, Chem. Rev. 1992, 92, 935.

c01  7/19/05  6:57 PM  Page 21



22 1 Important Natural Products

19 (a) S. Fukuzawa, Y. Hayashi,
D. Uemura, A. Nagatsu, K. Yamada,
Y. Ijyuin, Heterocyclic Commun. 1995, 1,
207; (b) M. Kuramoto, K. Hayashi,
K. Yamaguchi, M. Yada, T. Tsuji,
D. Uemura, Bull. Chem. Soc. Jpn. 1998,
71, 771.

20 M. Miyashcta, M. Sasaki, I. Hattori,
M. Sakai, K. Tanino, Science 2004, 305,
495.

21 M. E. Layton, C. A. Morales, M. Shair,
J. Am. Chem. Soc. 2002, 124, 773.

22 J. E. Baldwin, T. D. W. Claridge,
A. J. Culshaw, F. A. Heupel, V. Lee,
D. R. Spring, R. C. Whitehead, Chem.
Eur. J. 1999, 5, 3154.

23 A comparison of the relative reactivi-
ties of IMDA and TADA; G. Bérubé,
P. Deslongchamps, Tetrahedron Lett.
1987, 28, 5255.

24 K. Araki, K. Saito, H. Arimoto,
D. Uemura, Angew. Chem. Int. Ed.
2004, 43, 81; see also the recent total
synthesis of (+)-maritimol by the
TADA strategy: A. Toró, P. Nowak,
P. Deslongchamps, J. Am. Chem. Soc.
2000, 122, 4526.

25 The 13- and 14-membered trienes have
been frequently employed as the pre-
cursors of transannular Diels–Alder
reactions. The 12-membered trienes
have rarely been investigated. In
Roush’s synthesis of spinosyn A, stereo-
selectivity among Diels–Alder products
was not satisfactory. (a)
D. J. Mergott, S. A. Frank, 
W. R. Roush, PNAS 2004, 101, 11955;
(b) S. A. Frank, W. R. Roush, J. Org.
Chem. 2002, 67, 4316; (c) S. A. Frank,
A. B. Works, W. R. Roush, Can.
J. Chem. 2000, 78, 757.

26 unpublished results
27 (a) A recent review on PKR; K. M.

Brummond, J. L. Kent, Tetrahedron,
2000, 56, 3263; (b) M. Ishizaki,
K. Iwahara, Y. Niimi, H. Satoh, O.
Hoshino, Tetrahedron 2001, 57, 2729;
(c) N. E. Shore, M. J. Kundsen, J. Org.
Chem. 1987, 52, 569.

28 M. Ishizaki, Y. Niimi, O. Hoshino,
Tetrahedron Lett. 2003, 44, 6029.

29 (a) F. W. Ng, H. Lin, S. J. Danishefsky,
J. Am. Chem. Soc. 2002, 124, 9812; (b) a

6 T. Hirose, T. Sunazuka, T. Shirahata,
D. Yamamoto, Y. Harigaya, I. Kuwajima,
S. Omura, Org. Lett. 2002, 4, 501.

7 (a) A. I. Meyers, M. Harre, R. Garland,
J. Am. Chem. Soc. 1984, 106, 1146; (b) a
recent review by Meyers; M. D. Groaning,
A. I. Meyers, Tetrahedron 2000, 56, 9843.

8 A. P. Degnan, A. I. Meyers, J. Am. Chem.
Soc. 1999, 121, 2762.

9 (a) Y. Hamashima, D. Hotta, M. Sodeoka,
J. Am. Chem. Soc. 2002, 124, 11240;
(b) Y. Hamashima, M. Sodeoka, Chem. Rec.
2004, 4, 231.

10 J. F. Austin, S.-G. Kim, C. J. Sinz, W.-J. Xiao,
D. W. C. MacMillan, PNAS 2004, 101, 5482.

11 (a) Some reviews on the progress of asym-
metric conjugate additions : J. Christoffers,
A. Baro, Angew. Chem. Int. Ed. 2003, 42,
1688; M. P. Sibi, S. Manyem, Tetrahedron
2000, 56, 8033; (b) Chiral acylating agents by
Fu are also of interest; however, no applica-
tion in total synthesis of natural products
has appeared; I. D. Hills, G. C. Fu, Angew.
Chem. Int. Ed. 2003, 42, 3921; A. H.
Mermerian, G. C. Fu, J. Am. Chem. Soc.
2003, 125, 4050.

12 M. Bruncko, D. Crich, R. Samy, J. Org.
Chem. 1994, 59, 5543.

13 D. L. J. Clive, M. Yu, Chem. Commun. 2002,
2380.

14 K. C. Nicolaou, G. Vassilikogiannakis,
W. Mägerlein, R. Kranich, Angew. Chem. Int.
Ed. 2001, 40, 2482.

15 (a) H. Oikawa, Y. Suzuki, A. Naya,
K. Katayama, A. Ichihara, J. Am. Chem. Soc.
1994, 116, 3605; (b) some reviews on this
subject; H. Oikawa, J. Synth. Org. Chem. Jpn.
2004, 62, 778; (c) E. M. Stocking,
R. M. Williams, Angew. Chem. Int. Ed. 2003,
42, 3078.

16 K. Auclair, A. Sutherland, J. Kennedy,
D. J. Witter, J. P. Van den Heever,
C. R. Hutchinson, J. C. Vederas, J. Am.
Chem. Soc. 2000, 122, 11519.

17 (a) H. Oikawa, K. Watanabe, K. Yagi,
S. Ohashi, T. Mie, A. Ichihara, M. Honma,
Tetrahedron Lett. 1999, 40, 6983; (b)
K. Watanabe, H. Oikawa, K. Yagi, S. Ohashi,
T. Mie, A. Ichihara, M. Honma, J. Biochem.
2000, 127, 467.

18 T. Ose, K. Watanabe, T. Mie, M. Honma,
H. Watanabe, M. Yao, H. Oikawa, I. Tanaka,
Nature 2003, 422, 185.

c01  7/19/05  6:57 PM  Page 22



23References 

review on gelsemine synthetic studies;
H. Lin, S. J. Danishefsky, Angew. Chem.
Int. Ed. 2003, 42, 36.

30 S. Yokoshima, H. Tokuyama, T.
Fukuyama, Angew. Chem. Int. Ed. 2000,
39, 4073.

31 C. Clarke, I. Fleming, J. M. D.
Fortunak, P. T. Gallather, M. C.
Honan,  A. Mann, C. O. Nubling, P. R.
Raithby, J. J. Wolff, Tetrahedron 1988,
44, 3931.

32 K. D. Eom, J. V. Raman, H. Kim, J. K.
Cha, J. Am. Chem. Soc. 2003, 125, 5415.

33 (a) M. Shimazaki, H. Hara, K. Suzuki,
G.-i.  Tsuchihashi, Tetrahedron Lett.
1987, 28, 5891; (b) other reports on
stereospecific 1,2-rearrangements; K.
Ooi, K. Maruoka. H. Yamamoto, Org.
Synth. 1995, 72, 95; (c) H. Nemoto, M.
Nagamochi, H. Ishibashi, K.
Fukumoto, J. Org. Chem. 1994, 59, 74.

34 (a) G. J. Kruger, P. S. Steyn, R. Vleggaar,
C. J. Rabie, J. Chem. Soc., Chem.
Commun. 1979, 441; (b) P. S. Steyn, R.
Vleggaar, J. Chem. Soc., Chem. Commun.
1984, 977; (c) A. E. de Jesus, P. S. Steyn,
R. Vleggaar, J. Chem. Soc., Chem.
Commun. 1985, 1633; (d) R. Vleggaar,
Pure Appl. Chem. 1986, 58, 239.

35 T. Saito, T. Suzuki, M. Morimoto, C.
Akiyama, T. Ochiai, K. Takeuchi, T.
Matsumoto, K. Suzuki, J. Am. Chem.
Soc. 1998, 120, 11633.

36 Total synthesis of furaquinocins: (a) A.
B. Smith, III, J. Sestelo, P. G. Dormer,
J. Am. Chem. Soc. 1995, 117, 10755; (b)
B. M. Trost, O. R. Thiel, H.-C. Tsui, J.
Am. Chem. Soc. 2003, 125, 13155.

37 T. Shintou, T. Mukaiyama, J. Am.
Chem. Soc. 2004, 126, 7359.

38 Y.-J. Shi, D. L. Hughes, J. M.
McNamara, Tetrahedron Lett. 2003, 44,
3609.

39 (a) T. Tsunoda, Y. Yamamiya, S. Ito,
Tetrahedron Lett. 1993, 34, 3609; (b) J.
M. Takacs, Z. R. Xu, X. T. Jiang, A. P.
Leonov, G. C. Theriot, Org. Lett. 2002,
4, 3843; (c) I. Sakamoto, H. Kaku, T.
Tsunoda, Chem. Pharm. Bull. 2003, 51,
474.

40 J. Mulzer, G. Dürner, D. Trauner,
Angew. Chem. Int. Ed. Engl. 1996, 35,
2830.

41 H. Nagata, N. Miyazawa, K. Ogasawara,
Chem. Commun. 2001, 1094.

42 L. F. Tietze, H. lla, H. P. Bell, Chem. Rev.
2004, 104, 3453.

43 (a) N. E. Carpenter, D. J. Kucera, L. E.
Overman, J. Org. Chem. 1989, 54, 5845;
see also (b) Y. Sato, M. Sodeoka, M.
Shibasaki, J. Org. Chem. 1989, 54, 4738.

44 The asymmetric intramolecular Heck
reaction in natural product total synthe-
sis; A. B. Dounay, L. E. Overman, Chem.
Rev. 2003, 103, 2945.

45 The asymmetric Heck reaction; M.
Shibasaki, C. D. J. Boden, A. Kojima,
Tetrahedron 1997, 53, 7371.

46 L. E. Overman, M. D. Rosen, Angew.
Chem. Int. Ed. 2000, 39, 4596.

47 A. Kojima, T. Takemoto, M. Sodeoka, M.
Shibasaki, J. Org. Chem. 1996, 61, 4876.

48 (a) J. C. Gilbert, D. H. Giamalva, M. E.
Baze, J. Org. Chem. 1985, 50, 2557; (b) D.
F. Taber, E. M. Petty, K. Raman, J. Am.
Chem. Soc. 1985, 107, 196; reviews on car-
bene/carbenoids chemistry and their
applications of natural product synthesis:
(c) D. F. Taber, S.-E. Stiriba, Chem. Eur. J.
1998, 4, 990; (d) H. M. L. Davies, R. E. J.
Beckwith, Chem. Rev. 2003, 103, 2861; (e)
C. A. Merlic, A. L. Zechman, Synthesis
2003, 1137.

49 (a) J. D. White, P. Hrnciar, F.
Stappenbeck, J. Org. Chem. 1997, 62,
5250; (b) J. D. White, P. Hrnciar, F.
Stappenbeck, J. Org. Chem. 1999, 64,
7871.

50 A. Hinman, J. Du Bois, J. Am. Chem. Soc.
2003, 125, 11510.

51 Tetrodotoxin is a potent voltage-depend-
ent Na channel blocker. Previous total
syntheses of tetrodotoxin: (a) Y. Kishi, T.
Fukuyama, M. Aratani, F. Nakatsubo, T.
Goto, S. Inoue, H. Tanino, S. Sugiura, H.
Kakoi, J. Am. Chem. Soc. 1972, 94, 9219;
(b) N. Ohyabu, T. Nishikawa, M. Isobe, J.
Am. Chem. Soc. 2003, 125, 8798; (c) T.
Nishikawa, D. Urabe, M. Isobe, Angew.
Chem. Int. Ed. 2004, 43, 4782; (d) T.
Nishikawa, M. Asai, N. Ohyabu, N.
Yamamoto, M. Isobe, Angew. Chem. Int.
Ed. 1999, 38, 3081.

52 D. F. Taber, T. E. Chritos, A. L.
Rheingold, I. A. Guzei, J. Am. Chem. Soc.
1999, 121, 5589.

c01  7/19/05  6:57 PM  Page 23



24 1 Important Natural Products

Kawaguchi, T. Naka, K. Higuchi, Y.
Kita, Org. Lett. 2001, 3, 4015.

54 B. D. Dangel, K. Godula, S. W. Youn,
B. Sezen, D. Sames, J. Am. Chem. Soc.
2002, 124, 11856.

53 A lipase-catalyzed enantioselective desym-
metrization of prochiral diol was recently
employed to construct a spiro-quaternary
center in an antitumor antibiotic frederi-
camycin analogue; A. Akai, T. Tsujino,
N. Fukuda, K. Lio, Y. Takeda, K.

c01  7/19/05  6:57 PM  Page 24


