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Abstract: Quaternary stereocenters are a particular
challenge for stereoselective synthesis. With a central
view on this specific structural issue, selected exam-
ples from the recent literature are highlighted in order
to evaluate the state of the art of asymmetric C�C
bond formation. The review is divided into sections
on addition and substitution reactions, rearrange-
ments and cycloaddition reactions.
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1 Introduction

The challenge of controlling the configuration of asym-
metric centers is crucial inmodern organic synthesis. To-
day a broad repertoire of chiral auxiliaries, reagents and
catalysts allows for the stereoselective construction of
tertiary stereocenters with high reliability in most cases.
In contrast, the formation of a quaternary stereocenter
often turns out to be more problematic. Therefore, this
issue remains the ultimate touchstone of every enantio-
selective procedure.
Quaternary stereocenters – this specific structural issue

has been reviewed by several authors in the past years.[1]

The intention of this review is to highlight selected exam-
ples from the newer literature (end of 2003 until begin of
2005), which have not been covered in a recent mono-
graph.[1i] Certainly, this collection cannot be comprehen-
sive, but must be regarded as a personal choice of the au-
thors.Moreover, a rathernarrowdefinitionofaquaterna-
ry, i.e., all carbon-substituted, carbon atom is used herein,
excluding tertiary alcohols, ethers, amines, etc., although
a large number of extremely interesting articles dealing
with these structural issues can be found in the recent lit-

erature.[2–6] Nevertheless, enantioselective as well as dia-
stereoselective work is presented herein. Apart from cat-
alytic asymmetric processes which are, of course, of cen-
tral interest today, the use of chiral auxiliaries should also
be considered. Despite their stoichiometric application,
chiral auxiliaries are of great practical relevance.
Quaternary stereocenters can be found not only in a

wide range of important and useful compounds in phar-
maceutical andmedicinal contexts, but also in a large va-
riety of natural products. As already mentioned, it is al-
most impossible to cover this issue completely. As a
spotlight, the formal total synthesis of the steroidal alka-
loid (þ)-conessine (3) will be mentioned as an introduc-
tion (Scheme 1).[7] Jiang and Xu prepared the optically
active enyne 1 from 6-methoxy-1-tetralone and a prop-
argylic amine in four steps with 63% yield, which
was then converted with a stoichiometric amount of
Co2(CO)8 in an asymmetric Pauson–Khand reaction[8]

to give the optically active tetracyclic compound 2a to-
gether with a small amount of its unwanted diaster-
eoisomer 2b. Compound 2a was further converted in
seven synthetic steps and 59% yield to give the BCDE
ring precursor 4 of the natural product 3.
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2 Addition and Substitution Reactions

2.1 Asymmetric Mannich Reaction

TheMannich reaction, defined as the addition of an enol
to an (in situ generated) aldiminium ion, provides access
to a b-amino carbonyl structural motif and is therefore
complementary to an aza-Michael addition.[9] In asym-
metric Mannich reactions, an amino group, normally
at a secondary, sometimes a tertiary carbon center, is
generated.[10] Examples of quaternary stereocenter for-
mation are very rare, one of which was reported by Jør-

gensen and coworkers.[11] A chiral Lewis acid catalyst
prepared from an l-tert-leucine derived BOX-ligand
and Cu(OTf)2 converts malonates with a-aldiminoester
6 in high yield and stereoselectivity if 1,1,1,3,3,3-hexa-
fluoro-2-propanol (HFIP) is used as a stoichiometric ad-
ditive. However, no quaternary stereocenters are
formed in these cases. The reaction with b-oxo esters
like 5 (Scheme 2) proceeds without HFIP as additive
and products like 8, bearing adjacent tertiary and qua-
ternary stereocenters, are obtained with high stereose-
lectivity, although the yields are moderate.

2.2 Asymmetric Allylboration Reactions

The chiral auxiliary-based allylboration reaction is an
excellent tool to prepare optically active secondary ho-
moallylic alcohols.[12] Recently, Morken andMorgan re-
ported a three-step, one-flask sequence of diboration
and allylboration (with subsequent oxidative work-up)
yielding 1,3-diols with a quaternary stereocenter.[13] In
the first step, a Z-selective Pt-catalyzed 1,4-addition of
diboronate 9 (derived from l-diethyl tartrate) across di-
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Scheme 1. Formal total synthesis of (þ)-conessine (3) by
asymmetric Pauson–Khand reaction.

Scheme 2. Asymmetric Mannich reaction with optically ac-
tive BOX-Cu(II) catalyst.
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methylbutadiene occurs to give a 1,4-diboryl-2-butene
derivative 11, which is further converted with, for exam-
ple, cyclohexanecarbaldehyde (CyCHO) to afford, after
work-up with NaOOH, the diol 10 with a tertiary and
quaternary stereocenter (Scheme 3). The diastereomer-
ic ratio is high (>19 :1), whereas yield and enantioselec-
tivity aremoderate.Amechanistic rationale for the ster-
eochemical outcomeof the reaction involves a chair-like
transition state 12 with the cyclohexyl residue Cy of the
carbaldehyde (CyCHO) in an equatorial position.[12e]

The two ester groups E of the tartrate-derived boronate
auxiliary favour a front side coordination of the alde-
hyde to the boron resulting in an intermediate 13 with
the (E)-methyl group (EMe) in an anti-configuration
to the OH.
A second example reported by Schrock and Hoveyda

et al.[14] starts with allylboronate 14 bearing a pentadi-
enol residue.Derivative 14was submitted to asymmetric
ring-closing metathesis using one of the optically active
Mo catalysts, 15, developed by the authors.[15] The inter-

mediate oxaboracycle 16 was heated with trioxane to
give (after aqueous work-up) homoallylic 1,3-diol 17
with good overall yield and excellent stereoselectivity
(Scheme 4).

2.3 Allylic Substitutions with Organocopper Reagents

Allylation reactions play a dominating role among
asymmetric C�C bond formation processes, because
both electrophilic (allylic esters or halides) and nucleo-
philic species (allylmetal reagents) are capable of allylic
inversion and therefore show enhanced reactivity. Con-
sequently, numerous reports on the formation of quater-
nary stereocenters with allylic reagents are found in the
literature.[16] The SN2’ displacement of allylic esters with
organocuprates is a feature often applied for the gener-
ation of quaternary stereocenters.[17] ortho-Diphenyl-
phosphanylbenzoic acid (o-DPPB) has been introduced
by Breit and co-workers[18] as a catalyst- or reagent-di-
recting group. They have reported on o-DPPB and its
derived phosphane oxide as a stereochemistry switch
in allylic substitution reactions.[19] o-DPPB usually be-
haves as a reagent-directing group which leads to syn-
substitution of substrate 18 with a BuCu reagent. The
optically active hydrocarbon 19 is therefore obtained
with quantitative regioselectivity and stereospecificity
(Scheme 5). On the other hand, oxidized phosphane
20 gives anti-substitution products ent-19. Here, the o-
DPPB oxide moiety shields the back face of the C�C
double bond, and thus, the oxidation state of the phos-
phane acts as a configuration switch in the allylic substi-
tution.

Scheme 3. Sequence of diboration-allylboration with oxida-
tive work-up yielding homoallylic 1,3-diols with a quaternary
stereocenter (E¼CO2Et).

Scheme 4. Sequence of asymmetric ring-closing metathesis
and allylboration.

Scheme 5. Stereospecific and stereodivergent construction of
quaternary carbon centers by directed/non-directed allylic
substitution.
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2.4 Palladium-Catalyzed Asymmetric Allylic
Substitution Reactions

Palladium-catalyzed enantioselective allylation chemis-
try has played a key role in the evolution of catalytic
asymmetric C�C bond forming reactions.[20] The race-
mic decarboxylative alkylation of allyl enol carbonates
can be traced back to reports of Tsuji in the 1980s.[21]

Stoltz and Behenna recently published the first asym-
metric version of this Tsuji allylation.[22] The P,N ligand
22[23] was used for intramolecular conversion of enol car-
bonate 21 to ketone 23 (Scheme 6). Both yield and ster-
eoselectivity were good.

Among many others, Helmchen, Pfaltz[24] and Trost
have made leading contributions to the field of asym-
metric allylic alkylation reactions (AAA). In the recent
literature, some examples of quaternary stereocenter
formation byAAAare found.[25] As a representative ex-
ample, the synthesis of hamigeran B (30), a marine nat-
ural product with powerful activity against herpes and
polio viruses, by Trost and co-workers is briefly men-
tioned here (Scheme 7).[26] The stereoinducing key
step is a Pd-catalyzed asymmetric allylation of simple
ketone enolates,[27] which is based on in situ formation
of the trimethylstannyl enol ether 24. By application of
the “standard Trost ligand” 25, the obvious disadvant-
age of using stoichiometric tin reagents is compensated
for by the high yield and stereoselectivity of product 26
(77%, 93% ee). The latter is further transformed in
three steps to aldehyde 27 (73% overall yield), which
is treated, without prior isolation, with the aryllithium
species 28. After oxidation and some protective group
manipulation (four stepswith 57%yield),Heck reaction
furnished tricyclic compound 29 (58%, together with
three by-products), which could be further elaborated
to the target 30.

2.5 Alkylation Reactions

Another approach to hamigeran B (30) was reported by
Clive et al., who used a chiral auxiliary prepared from l-
valine.[28] After introduction of the arylethyl side chain
into 31, the bicyclic lactam was a-deprotonated (LDA,

THF) to be subsequently stereoselectively alkylated
(MeI, HMPA) from the less hindered face of the sub-
strate yielding the a-quaternary lactam 32 together
with a small amount of the unwanted diastereoisomer
(18 :1 dr) (Scheme 8). After lithium-halogen exchange
with t-BuLi, the intramolecular addition of the aryllithi-
um to the lactam carbonyl group starts an elegant reac-
tion cascade, which further proceeds with Brønsted
acid-catalyzed aminal hydrolysis and finally ends up
with the aldol condensation product 33. Considering
this rather complex sequence of carbonyl group trans-

Scheme 6. Enantioselective Tsuji enol carbonate allylation.
Scheme 7. A short and concise asymmetric synthesis of hami-
geran B (30).

Scheme 8. Stereoselective synthesis of hamigeran B (30) ap-
plying a chiral auxiliary derived from l-valine.
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formations, the overall yield of 90% is excellent. Com-
pound 33 can be elaborated to yield the natural product
30 (18% yield over nine steps).
Catalytic asymmetric a-alkylations of b-dicarbonyl

compounds nowadays can be achievedwith chiral phase
transfer catalysts, a topic which has been reviewed very
recently.[29] If simpleketones are used as substrates, how-
ever, the respective reactions become much more diffi-
cult. A newer method was reported by Jacobsen and
Doyle[30] which, similar to the results of Trost et al. for
the AAA, is based on the stoichiometric application of
organotin compounds. Tributylstannyloxycycloalkenes
like 34 are converted with a four-fold excess of electro-
philes such as allyl bromide, propargyl bromide, benzyl
bromide, methyl iodide, or ethyl iodoacetate to provide
the respective a-quaternary cycloalkanones 36 in excel-
lent yields and stereoselectivities (Scheme 9). Among
several catalysts investigated by the authors, the optical-
ly active Cr(III)-salen complex 35 has been identified to
give optimal results.

2.6 Asymmetric Acylations

Fu and co-workers have developed planar chiralDMAP
analogues like 39 and successfully applied them as nu-
cleophilic catalysts in asymmetric synthesis.[31] In exten-
sion of their work on asymmetric silyl ketene acetal acy-
lations,[32] they reported on the asymmetric synthesis of
the calcium-channel blocker (S)-verapamil (40) by acy-
lation of silyl ketene imines.[33]

The silyl ketene imine 38 was formed in two steps by
C-alkylation and subsequentN-silylationof arylacetoni-
trile 37 (Scheme 10). Compound 38 is essentially inert to
acylation reagents such as Ac2O; however, in the pres-
ence of catalytic amounts of chiral ferrocene derivative
39a it smoothly furnishes thea-cyanoketone 41. The tar-
get quaternary stereocenter is hereby formed with 81%
ee selectivity. Further elaboration of this intermediate
product by a sequence including ketone-olefination
and reductive amination yielded the optically active
drug 40 in five steps with 43% overall yield.

2.7 Michael Addition

The conjugate addition of stabilized enolates to accept-
or-activated olefins is one of the most important reac-
tions to construct asymmetric quaternary stereocen-
ters.[34] Newer developments have been highlighted re-
cently.[35] An organocatalytic example of quaternary
stereocenter formation was published by Deng and co-
workers.[36] Products like 44 with adjacent quaternary
and tertiary stereocenters are formed almost independ-
ently of the constitution of theMichael donor (cyclic and
acyclic b-oxo esters, b-diketones, a-acyllactams, a-nitro
and a-cyano esters) and tolerating a broad substitution
pattern in the b-position of the nitroethylene derivative
43. At temperatures of �60 to �20 8C the yields are in
the range of 75–95% and the selectivities are generally
excellent (up to 99% ee, dr up to 98 :2). Quinine or qui-
nidine itself or simple derivatives thereof are applied as
the organocatalysts. Scheme 11 shows a representative
example.

Scheme 9. Enantioselective alkylations of tributyltin enolates
catalyzed by Cr(salen)Cl.

Scheme 10. Synthesis of (S)-verapamil (40) by asymmetric
acylation of silyl ketene imines.

Scheme 11. Organocatalytic Michael addition to nitroolefins.
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3 Rearrangements

3.1 Semipinacol Rearrangements

Epoxides are important startingmaterials for the stereo-
selective formation of quaternary stereocenters in com-
plex carbon skeletons. Many diastereo- and enantiose-
lective examples can be found in the recent literature.[37]

a-Hydroxyalkyloxiranes 45 can be ring-opened with
Lewis acids (LA) to generate carbenium ions 46, which
undergo a 1,2-alkyl shift[38] to yield b-hydroxy ketones as
final products 47 (Scheme 12). Due to its similarity to
the rearrangements of carbenium ions generated by
acid-catalyzed dehydratization of 1,2-diols, this process
is called a semipinacol rearrangement and has been uti-
lized by a number of research groups.[39]

Tu and coworkers have developed a number of reac-
tion sequences initiated by semipinacol rearrangements.
Two of those will be presented here. As depicted in
Scheme 13, intermediate carboxonium species 48 can
be trapped by an alkylboronic acid yielding a tertiary al-
cohol 49with ana-quaternary stereocenter.[40] The reac-
tion sequence is highly stereospecific. In the case of con-
version of 45a, only one diastereomer of the product is
observed. The role of boron is not only to activate the in-
termediate ketone 47 for allylboration via a six-mem-
bered cyclic transition state, but also to act as the Lewis
acid for epoxide opening. a-Hydroxyepoxides 45 are
readily available by epoxidationof the corresponding al-
lylic alcohols.
In the presence of a stoichiometric amount ofp-chloro-

benzaldehyde and SmI2 as catalyst, the aldehyde func-

tion in intermediate 47a (Scheme 14) is reduced to a
primary alcohol in the final product 50.[41] Reduction oc-
curs by samarium-assisted intramolecular hydride mi-
gration of a hemiacetal of the benzaldehyde derivative
and the secondary alcohol function (structure 51 in
Scheme 14). Consequently, the benzaldehyde moiety
ends up in the oxidation state of a carboxylic acid in
product 50.

3.2 1,2-Acyl Migrations

Optically active azlactones such as 54 are valuable pre-
cursors for a-quaternary amino acid derivatives. These
heterocycles can be obtained by nucleophile-catalyzed
rearrangements of oxazolylcarbonates 52. Vedejs et al.
have applied a chiral DMAP derivative 53, developed
in their laboratory, as organocatalyst for this asymmetric
1,2-acyl shift. With only 1 mol % of the catalyst excel-
lent conversions and selectivities are realized at 0 8C.
Scheme 15 shows an example. This method can be
carried forward to furyl and benzofuryl carbonates
yielding the corresponding a-quaternary lactones 55
and 56.[42]

Scheme 12. Semipinacol rearrangement.

Scheme 13. Tandem semipinacol rearrangement/alkylation of
a-epoxy alcohols.

Scheme 14. Samarium-catalyzed tandem semipinacol rear-
rangement/Tishchenko reaction.

Scheme 15. Chiral DMAP as organocatalyst for 1,2-acyl
shifts.
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3.3 Oxy-Cope/Claisen/Ene Cascade

Due to their high stereospecificity, Cope[43] and Clais-
en[44] reactions are valuable tools for stereoselective
C�C bond formation. Sauer and Barriault developed a
sequence leading to highly functional cyclohexanol de-
rivatives by a reaction cascade consisting of an oxy-
Cope and Claisen rearrangement followed by an intra-
molecular ene reaction as the final step. A simplifying
sketch of this sequence is depicted in Scheme 16 (only
the relevant carbon skeleton is given, substituents are
omitted for the sake of clarity).[45]

The authors have since pointed out the efficiency of
their sequence in converting allyl ether 57a into decalin
59a, a precursor for the preparation of the tricyclic nat-
ural product analogue 61 (Scheme 17).[46] The reaction
sequence takes place upon short heating in amicrowave
oven. The tandem pericyclic reaction is initiated by an
oxy-Cope rearrangement to generate in situ a macrocy-
clic species, which spontaneously rearranges via a Clais-
en [3,3] shift reaction to another macrocyclic ketone.
The latter is poised to cyclize via a transannular carbonyl
ene reaction to give decalin 59a. The stereochemical
outcome of the complete sequence is governed by the

preferential conformation of both intermediate macro-
cyclic species at the transition state for the Claisen and
ene reactions.

4 Cycloaddition Reactions

4.1 [3þ2] Cycloadditions

b-Lactams are a widespread structural motif for phar-
maceutically important products. A rather unusual ac-
cess to this four-membered heterocycle is the so-called
Kinugasa reaction, which is essentially a [3þ2] dipolar
cycloaddition of an alkyne with a nitrone followed by
ring contraction. Fu and coworkers recently reported
an asymmetric copper-catalyzed variant of this cycload-
dition process.[47] Extending their previous studies, the
authors were aiming to trap a copper-enolate (copper-
ketene-hemiaminal), which is presumed to be an inter-
mediate species in the overall reaction sequence, with
electrophilic alkylating agents.[48] Scheme 18 highlights
their results. In the presence of a mixture of a silyl enol
ether andKOAc as a base, alkyne-nitrone 62 underwent
cyclization followed by a-alkylation with an excess of
allyl iodide in good yield and selectivity. The planar chi-
ral phosphaferrocene-oxazoline 64 was used as the li-
gand for the copper catalyst. Thus, two C�C bonds, a
C�N bond, two new rings (including a b-lactam), a car-
bonyl group, and adjacent tertiary and quaternary ster-
eocenters can be generated in a single cyclization-alky-
lation sequence.

4.2 [2þ2] Cycloadditions

Another example of asymmetric cycloaddition reac-
tions catalyzed by planar chiral ferrocenes is the
[2þ2] cycloaddition of dialkylketenes 65 with aromatic
aldehydes 66.[49] As depicted in Scheme 19, in the pres-

Scheme 16. Tandem oxy-Cope/Claisen/ene reaction.

Scheme 17. Preparation of a wiedemannic acid analogue 61.
Scheme 18. Asymmetric copper-catalyzed Kinugasa reaction/
alkylation sequence.
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ence of the ferrocene catalyst 39b (Scheme 10) b-lac-
tones 67 with adjacent quaternary and tertiary stereo-
centers are formed with high enantioselectivity, al-
thoughyield anddr aremoderate.Remarkably, the yield
(and, of course, also stereoselectivity) dramatically de-
creased at temperatures higher than �78 8C.

4.3 [4þ2] Cycloadditions

Myers and Haidle have reported an enantioselective,
modular and general route to cytochalasins, namely L-
696,474 and cytochalasin B, which are structurally com-
plex fungalmetabolites with a range of biological effects
including promising anti-tumor and antiviral proper-
ties.[50] One of the key steps is a diastereoselective intra-
molecular Diels–Alder reaction of an optically active
precursor 68 which originates from l-phenylalanine in
8 steps with 58% yield (Scheme 20).
Best conditions turned out to be high temperatures

(refluxing xylene) byusing glassware passivatedbyprior
silylation. Under these conditions two diastereoisomer-
ic products 69 and 70 bearing four adjacent stereocen-
ters were obtained, one of them quaternary. These dia-
stereoisomers could be separated easily by chromatog-
raphy. Themajor product 69 gave single crystals suitable
for X-ray analysis, which established the desired endo
configuration. Tricyclic lactone 69was further elaborat-
ed to givebicyclic lactam 72 (73%yieldover eight steps),

which can be transformed in 10 steps (23%) into one of
the target compounds L-696,474 (71). The overall lon-
gest linear sequence from l-phenylalanine to 71 consists
of 27 steps (6.2% overall yield).

5 Conclusion

Several new methods and strategies for the enantiose-
lective synthesis of quaternary carbon centers have
been developed in the recent years. Only a small selec-
tion from a very active area of research has been pre-
sented in this review. Nevertheless, there is still a great
demand for new processes and for optimization of the
known ones, since they do not always meet the require-
ments of modern synthetic organic chemistry. In partic-
ular, flexibility and versatility with regard to substrates
and functional groups, atom-economy, efficiency, and
simple performance are standards, which a modern syn-
thetic method ought to fulfil, and moreover, chiral aux-
iliaries and ligands should be readily accessible.As a pri-
mary goal, however, the development of catalytic asym-
metric reactions suitable for the generation of quaterna-
ry stereocenters remains a particular challenge for syn-
thetic organic chemists.
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