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1. INTmLNJcTIoN 
During the course of the syntheses of natural products possessing complex molecular architecture, the 
task of creating a quatemary carbon atom that bears alkyl appendages containing differentiated 
functionality and substituents is commonly encountered. Although there exists a vast armament of 
synthetic reactions for the formation of new carbon-carbon bonds, those constructions which allow the 
generation of such centers are among the most restricted in organic synthesis. This situation is partially a 
consequence of the limited accessibility of commercial or otherwise readily available starting materials 
which contain the requisite tertiary carbon atoms. One or more synthetic operations are therefore usually 
necessary before the reaction which will allow the creation of a fully substituted carbon atom may be 
executed. In addition, some care must be exercised in the selection of the two reactants to be coupled since a 
variety of transformations that are frequently employed for ~~~~~IMX&UMJ bond constructions may not be 
applicable to the e5cient creation of a quaternary carbon center. For example, the reaction of a tertiary alkyl 
halide with a nucleophilic carbon partner such as an enolate usually results in extensive elimination by 
dehydrohalogenation rather than substitution. 

With certain limitations, each of the four fundamental classes of carboMarbon bond forming 
processes may be employed for the elaboration of fully substituted carbon atoms from tertiary carbon 
centers. These include: (1) ionic constructions which may involve the participation of the tertiary carbon 
atom as a nucleophilic or as an electrophilic reaction partner; (2) oxidative and reductive coupling 
reactions; (3) rearmngement reactions; and (4) cycloaddition reactions. Those constructions that allow 
the connection of two simpler synthons by the formation of one or more carbo~artxm bonds are 
strategically the most desirable since their use generally maximizes the overall efficiency of the reaction 
sequence required for the assemblage of the molecular framework. If this were the only consideration, 
the various classes of reactions for the generation of quatemary carbon atoms might be given the 
following preference: (1) cycloaddition reactions wherein two new carbowarbon bonds are produced; 
(2) ionic constructions, pericyclic rearrangements, and oxidativelreductive couplings in which one new 
carboNtin bond is formed; and (3) simple 1,2- and 1,3-rearmngements wherein there is no net 
change in the total number of carbon-carbon bonds. However, other practical factors, such as the 
availability of the requisite starting materials and the possibiity of deleterious side reactions during the 
coupling of the two reactants must be carefully weighed prior to the 6nal determination of the synthetic 
strategy that will be employed for the creation of a given quaternary carbon atom. 

Before embarking upon a discussion of the available methodology for the elaboration of quatemary 
carbon centers, it is necessary to recognize that there are numerous individual examples of every type 
and class of reaction that allow such constructions. Consequently, in order to provide a general 
overview, particular emphasis will be placed upon conceptually Merent strategies. Whenever possible 
examples that illustrate the practical applications of the various synthetic methods to the syntheses of 
natural products will be chosen. 
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The most widely employed synthetic strategy for the construction of quatemary carbon atoms 
involves the reaction of a carbon electrophile with a tertiary carbon nucleophile as depicted by the polar 
bond disconnection in eqn (1). The electrophiles in these reactions include a diversity of organic 
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substrates in which the electrophilic site may be either a saturated carbon atom (e.g. alkyl halides, 
epoxides, etc.) or an unsaturated carbon atom (e.g. aldehydes, ketones, carboxylic acids or their 
derivatives and electron deficient alkenes). The nucleophilic partners in these reactions fall into three 
general categories: (1) simple tertiary organometallic reagents 1 such as Grignard reagents and alkyllithium 
compounds; (2) resonance-stabilixed tertiary carbanions 2 such as enolates and metallo enamines; and (3) 
heteroatom-substituted alkenes 3 such as enol ethers and enamines. obviously, the judicious combination of 
electrophiles and nucleophiles as substrates in these reactions will allow the construction of quaternary 
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carbon atoms bearing alkyl substituents containing differentiated functionality. Within this context, varying 
the nature of the electrophile generally offers a considerable degree of flexibility since each of the tertiary 
carbon nucleophiles l-3 undergo reactions with a number of different electrophilic reagents. 

Tertiary organometallic nagents. Tertiary organometallic reagents may be generated by the reduction 
of the corresponding halide, ether or ester with a suitable metal, and the reactions of these carbanions, 
with unsaturated c&n electrophiles such as carbonyl compounds, carboxylic acids or their derivatives 
and carbon dioxide (eqn 2) are well established in synthetic organic chemistry. Since, however, the 
coupling of most such organometallic reagents of alkali and main group metals with alkyl halides is usually 
complicated by side reactions involving metal-halogen exchange and /Selimination, the discovery that 
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the teti-alkyl complex cuprate 4’ and the heterocuprate 5’ serve as viable nucleophiles in substitution 
reactions with primary, but not secondary or tertiary, alkyl halides is of considerable importance. 

Unsymmetrical, allylic organometallic reagents which are trisubstituted at one terminus of the ally1 
moiety and either mono or disubstituted at the other may undergo electrophilic substitution at either 
terminus (eqn 3), and the ratio of the two possrble products 6 and 7 depends upon the metal counterion, 
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the nature of the electrophile and the reaction conditions. M For example, in the reactions of prenyl-type 
carbanions with sp3 hybridized electrophiles, a magnesium counter-ion tends to favor reaction at the 
more hindered terminus (W’) to give compounds related to 7 (El = alkyl), but the use of copper (I) as a 
counter-ion leads to predominant attack at the less substituted terminus to give 6 (El = alkyl).) On the 
other hand, the addition of these prenyl organometallic reagents to sterically unhindered carbonyl 
compounds (sp* electrophiles) generally proceeds regioselectively to give the less stable and more highly 
branched adducts 7 (El = R’R’COH), but the actual product ratio is very dependent upon the reaction 
conditions and the metal counterion” Since it is known that the addition of some allylic organometallic 
reagents to carbonyl compounds is reversible, s~79 the less highly branched adduct 6 may be the product 
of thermodynamic control. 

Reasonance-stabilized tehuy carbanions. The reaction of the tertiary, resonance stabilized car- 
banions derived from carbonyl and acyl compounds or derivatives thereof with carbon electrophiles is 
probably the most important synthetic means for the construction of quatemary carbon atoms. The 
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requisite carbanions 2 may be generated conveniently from readily available precursors by the: (1) direct 
deprotonation of the corresponding conjugate acid using strong, non-nucleophilic bases (eqn 4); (2) 
cleavage of the corresponding trimethylsilylenol ether or enol acetate with a suitable nucleophile; (3) 
metal reduction of a-heteroatom-substituted carbonyl and acyl compounds; and (4) either conjugate 
reduction of or addition to a&unsaturated carbonyl and acyl compounds. The electrophilic partners in 
these sequences include alkyl halides, aldehydes, ketones and electrondeficient alkenes (Michael 
acceptors). Although most of the ensuing discussion will focus upon tertiary carbanions stabii by 
only one group, it should be m that carbanions bearing two stabii groups such as 2 
(R* = CXW) usually undergo similar reactions. 

The direct alkylation of enohrtes of a,adisubstituted aldehydes to give tertiary aldehydes is subject to 
certain limitations. For example, the alkylation of the lithium enolates of a,crdisubstituted aldehydes, 
generated either by cleavage of the corresponding enol acetate with methyllithium or by direct 
deprotonation with lithium diisopropylamide (IDA), may be complicated by the subsequent reaction of the 
alkylated aldehydes with the various bases present in the reaction mixture to give products of a Cannivaro 
or Tishchenko reaction.iO ‘Ihe alkylation of such aldehydes under phase transfer conditions is successful 
only with allylic and benzylic halides since the use of less reactive halides leads to extensive, base-catalyzed 
self+zondensation reactions.1’ It has been recently reported that the reaction of the potassium enolates of 
aldehydes with reactive primary alkyl halides (allyl, benzyl and methyl) atfords high yields of C-alkylated 
products, but there is competing O-alkylation when less reactive alkylating agents are used.‘* 
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Reactions which result in substitution alpha to a keto group have long been the subject of intensive 
studies,‘3 and general synthetic procedures now exist for the regioselective generation and alkylation of 
the enolates derived from unsymmetrical ketones. ” For example, the more substituted enolate of 
2methylcyclohexanone (8) may be prepared either from the corresponding enol acetate 9 or the 
trimethylsilylenol ether 11.” Unfortunately, the advantage gained by employing the trimethylsilylenol 
ether 11 as an enolate precursor to avoid polyalkylation, which occurs because of the unavoidable presence 
of the lithium terr-butoxide generated by the cleavage of the enol acetate 9, is partially offset by the 
occasional ditIiculty of producing the more substituted silyl enol ether with a high degree of selectivity. 
Other variants of this general theme involve the alkylation of tertiary enolates regiosclectively pro- 
duced by the: (1) reduction of a-heteroatom-substituted ketones, *MJ (2) l&reduction of a,&unsaturated 
ketoncs;‘Lm and (3) conjugate addition of organocuprates to a&unsaturated ketones.2’-u Whenever there 
is substantial steric hindrance to the alkylation of the enolates produced by the conjugate addition of 
organocuprates to enones, problems resulting from the equilrbration of the intermediate enolates by proton 
transfer reactions may ensue?‘* 
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The alkylation of enolates frequently proceeds with a h&h degree of predictable stereoselectivity. 
Generally, the introduction of a new alkyl group onto a conformationally biased cyclohexanone enolate 
occurs from an axial direction via a chair-like transition state (I2+13).” The usual exceptions to this 
rule arise whenever the introduction of the alkyl group by such an approach results in a Wdiaxial 
interaction between two alkyl groups (14+15).‘” Moreover, if one face of the cycloalkanone enolate is 
significantly more hindered than the other, alkylation proceeds preferentially from the less hindered side 
as exemplitkd by the conversion #)+22 which was the key step in a highly stereoselective approach to 
the synthesis of steroids.% 

Some of the problems attendant to the use of enolates as nucleophilic derivatives of carbony 
compounds in substitution reactions may be expeditiously circumvented by the use of the corresponding 
metal10 enamines (imine anions). zs In particular, compared with enolates metallo enamines are more 
nucleophilic, they usually undergo exclusive C-alkylation and they exhibit a low propensity to suffer 
equilibration by proton transfer processes. These important, practical advantages frequently outweigh the 
inconvenience of performing the additional step(s) that are required for the preparation of a suitable 
precursor of the desired metallo enamine. 

Although the metalation of cr,adialkyl aldimines may be conveniently achieved with strong bases 
such as ethylmagnesium bromide3 or n-butyllithium,lb the use of lithium diethylamide in ben- 
zene/hexamethylphosphoramide (HhJPAy- or lithium diisopropylamide in dimethoxyethane (DME)‘o 
may be preferred in certain cases. A wide variety of mono- and difunctionalized electrophiks including 
propargyl halides,26 a,wdihalocompounds, 2,3dihalopropenes and epoxideP may be employed as 
alkylating agents in reactions with metal10 enamines. The exceptional reactivity and utility of metallo 
enamines in carbowbon bond forming reactions is underscored by the preparation of l&dialdehyde 
acetals usin the relatively poor alkylatin8 agent Zbromomethyl-1, 3dioxolane (23+24).= Since the 

Et 

23 24 

metalation and subsequent alkylation of the N,Ndimethylhydrazones of a,adisubstituted aldehydes 
proceeds anomalously to give tertiary nitriles, 29 these carbonyl derivatives may not be used for the 
synthesis of tertiary aldehydes. 

68% 

Until recently, the construction of quaternary carbon centers from the lithiated ketimines derived 
from unsymmetrical ketones was not feasible as the deprotonation and thus subsequent carbon-carbon 
bond formation occurs at the fcps substituted a-position. m However, a regiospeciflc entry to the more 
substituted and apparently less stable metal10 enamine s of unsymmetrical ketones has been developed 
which involves the nucleophilic addition of organometallic reagents to 2-azadienePJz as illustrated by 
the conversion 18+27?” Although alkyllithium reagents are usually utilized to produce metallo 
enamines from 2-azadienes in these reactions, hydride reducing agents such as &Ms&ride and Super 
Hydride also add smoothly to 29zadienes.” Dissolving metal reductions of Zazadienes also atford metallo 
enamines3”’ The metalation of 28 followed by sequential methylation and hydrolysis afforded 29 in %% 
optical yield (40% chemical yield).” Although this sequence represents one of the few examples of the 
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enantioselective construc!tion of a qua&nary carbon center, the general utility of this procedure in 
asymmetric synthesis is severely limited by the necessary presence of an aromatic ring to facilitate the 
formation of the more highly substituted imine anion. However, this important experiment does fhmly 
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establish the feasi&iIity of achieving asymmctic hduction in reactions which lead to the formation of fully 
substituted carbon atoms by tbe alkylation of chit-al imine anions. It is, therefore, tempti to speculate that 
the alkylation of a chiral metalio enamine that was generated from a suitable 24uadiene might also proceed 
witb a high degree of asymmetric induction. 

The methodology for the alkylation of tertkry carboxylic acid dianioasJJ (30+31),* ester enolates,V-m 
amide enolates& (32+33)” and x&rile anions4 is also well established. AMough these stabilized 
carbanions are most frequently generaW from the corresponding conjugate acids by ~~~~~ 
using N,N~~de bases, they may ah be prepared by a variety reductive processesBS as 
illustrated by the synthesis of methyl callitrisate (35).= 
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2-Isoalkyl-I, 3-oxazines 36aP 2-isoalkyl-2-oxazolines 37” and 2-isoalkyl-2-thiamlines 38u may be 
readily metalated with alkyllithium reagents. However, the c&anions initially gemrated by the 
metalation of either 36 (R’, R2 = alkylr) or 37 (R’, R2 = alkylyOM s&r rapid ring opening to form a 
ketene imiue which is susceptible to further nucleophilic addition gi- a metallo enamine (39+sO)P 
Methylation and subsequent hydrolysis afforded the a-trisubstituted ketone 41. Since the deprotonation 
of these dihydro-1, 3-oxaz.ines 36 (R’, R2 = alkyl) and these 2-oxamlines 37 (R’, R2 = alkyl) does not 
produce carbanions that are sufliciently stable to undergo efficient alkylation, these heterocycles cannot 
be utilized for the synthesis of tertiary aldehydes. On the other hand, the metalation of the 2-isoalkyl 
thiazolines 38 (R’, R2 = alkyl) proceeds without incident, and the anion thus obtained undergoes simple 
alkylation to give 2-tat-alkylthiazolines which may be converted to tertiary aldehydes in good overall yields 
(42+44).” 
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In addition to the rather extensive methodology which exists for the construction of quaternary 
carbon centers via bimolecular alkylations, there are an appreciable number of examples wherein the fully 
substituted carbon atom is formed by the intramolecular &i&ion of an enolate to give fused,p 
bridged,W and spiroam ring systems. For example, the cyclization 45+46 was a key step in the 6rst, 
fully stereocontrolled synthesis of a-~mrrs-bergamotene,16 and an elegant synthesis of /?-vetivone featured 
the highly stereoselective a’,a’dialkylation of the enone SO.@ Interestingly, the by-product 49 formed in the 
cyclization 47-g becomes the major product if lithium diisopropylamide is used as the ba.~.~ 
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The alkylation of the u&anions derived from a-alkyl-a&unsaturated aldehydes, ketones, car- 
boxylate anions, esters and nitriles proceeds preferentially alpha to the electron withdrawing function to 
produce a-trisubstituted-8,y-unsaturated carbonyl and acyl compounds.“- The requisite carbanions 
usually may be generated by the deprotonation of the corresponding conjugate acid, but some care may 
be required in the choice of the base for effecting these deprotonations. For example, the reaction of 
ethyl crotonate with lithium diisopropylamide resulted in the exclusive Michael-type addition of the 
diisopropylamide anion. However, a non-nucleophilic form of LDA, which is an apparent 1: 1 complex 
with HMPA, acted solely as a base. ” The Birch reduction of substituted benxoic acids such as 52 and 
alkylation of the anion thus produced in situ has lead to a facile entry to bicyclic and tricyclic 
hydronaphthalene sesquiterpenes. s’ Since the alkylation of enolates derived from a@unsaturated 
aldehydes may be plagued by sign&ant O-alkylation as a side reaction,% the use of the corresponding 
metal10 enamines, which with few apparent exceptions undergo highly regioselective alkylation at 
carbon, may be preferred for the preparation of a-trialkyl-@,y-unsaturated aldehydes.” 

52 53 

The Michael-type addition of tertiary enolates to electron deficient alkenes including a&unsaturaW 
ketones and esters is a highly useful procedure for the construction of quatemary carbon centers. 
Indeed, such a process is the Rrst step in the Robinson annelation reaction (eqn 5) which, together with 
its numerous variants, has been used to great advantage for the construction of the 9-methyldecalin and 
g-methyl hydroindane ring systems common to many terpene and steroid natural products.” A novel, 
alternative route for the annelation of functional&d cyclohexane rings onto preexisting ketones has 
been reported which features the initial l&addition of tertiary enolates to butadienyl phosphonium salts 
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such as !Gss” and 57.” The resulting ketophosphoranes then sulfer an intramolecular Wittig reaction to 
give the cyclohexadienes 56 and 58, respectively. Vinyl sulfoxides 6061 also undergo nucleophilic addition 
by tertiary enolates, thereby providing access to quatemary carbon centers bearing functional&d ethyl 
or vinyl sub&rents. 

Homoconjugate additions involving the bimoleculap263 or intramolecul~ opening of activated 
cyclopropanes by the enolates of active methylene compounds have also been observed. For example, a 
procedure for the annelation of functional&d five-membered rings has been discovered which features 
the reaction of enolates of /?dicarbonyl compounds with lcarboethoxycyclopropyl phosphonium 
salts,Qa as illustrated by the preparation of 61, a key intermediate in a synthesis of fi-vetivone.63 
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Although there are directed aldol processes which involve the reaction of aldehydes (but not ketones) 
with simple tertiary enolatesU or their corresponding trimethylsilylenol ethers,66b7 there seem to be no 
reports of the use of tertiary metallo enamines as nucleophilic partners in directed aldol operations.” 
(See, however, 9547 and accompanying discussion for such an example.) Intramolecular aldol 
reactions which allow the construction of quaternary carbon centers have also been discovered 
(62+@ and 64+ as”>. Since the aldol products produced in these reactions cannot undergo dehy- 
dration to give a&unsaturated carbonyl compounds, retroaldolization of the initial /3-hydroxy al- 
dehydes or ketones may become an important side reaction. There are also a variety of transformations 
which are related to the aldol reaction wherein tertiary carbanions derived from a,crdisubstituted 
carboxylic acids, esters, amides and nitriles have been utilized as nucleophiles in reactions with carbonyl 
compounds.29.7’-74 

62 63 
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Hderourom-subslitut &ene~. The use of j?,jSdialkyl, heteroatom-substituted alkenes as nucleo- 
philic partners in carbon-carbon bond forming processes is principaIly restricted to enamines and enol 
ethers, but of the two, emunines” have been historically the more important synthetic intermediates. The 
most frequent applications of enamines to the synthesis of compounds possessing quatemary carbon 
centers appear to involve the annelation of functional&d cyclopentanones or cyclohexanones at a 
tertiary carbon atom. For example, the key step in a recent synthesis of the spirosesquiterpene acorone 
features a useful procedure for the spiroannelation of a cyclopentenone ring 66+68.% The construction 
of cyclohexenones by the reaction of the enamines of a,odisubsthuted aldehydes with methyl vinyl ketone 
and derivatives or functional equivalents thereof is a well established process. If the secondary amine that is 
utilized in the formation of the /3,/3disubstiMed enamine is chiral, a quatemary carbon may be created with 
a modest degree of asymmetric induction as ilhrstrated by the preparation of 70 in 44% optical yield.” A 
novel procedure for the synthesis of spirocyclic systems such as 72 via an a,a’-annelation process of an 
enamine has been described.” 
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One particularly elegant and general synthetic strategy for the construction of a wide variety of 
alkaloid natural products possessing angularly substituted hydroindole and hydroquinoline ring systems 
features the reaction of endocyclic enamines with a&unsaturated ketones- as exempltied by the 
preparation of 74, a key intermediate in the synthesis of Sceletium alkaloid A-4.” The best results in 
these annelation operations are obtained when the enamine is converted to the corresponding iminium 
salt prior to reaction with the a,/Mrnsaturated ketone. 

~,&Dialkyl-Wrimethylsilylenol ethers may also be employed in carbor+carbon bond forming 
reactions which result in the creation of quaternary carbon centersW7- For example, a convenient 
route to 1Jdicarbonyl compounds 75 involves the reaction of trimethylsilylenol ethers with a-,/3- and 
a,&substituted nitroethylenes. as An imaginative synthesis of the alkaloid v&amine is h&lighted by 
the intramolecular Mannich reaction of the trimethylsilylenol ether 7&Is Trimethylsilylenol ethers also 
undergo regioselective phenylthiomethylation upon reaction with chloromethyl phenylsullide in the 
presence of titanium tetrachloride.n 

Geminul disubstifution at u cadmyl center. The carbonyl functional group of a ketone is ideally 
suited for elaboration into a quaternary carbon atom by a geminal disubstitution operation in which both 
of the carbon-oxygen bonds are replaced by carbo~arbon bonds. One appealing strategy for achieving 
such a construction would involve the initial chain elongation of the carbonyl group by one carbon 
atoma employing a process for the direct olefination of a ketone to give a tertiary enolate, enamine, or 
metallo enamine (or precursors thereof). The subsequent reaction of these nucleophilic derivatives of 
carhonyl compounds generated in situ with carbon ekctrophiles would then result in the formation of a 
second carbo~bon bond at the original electrophilic center, thereby completing the synthetic 
sequence (eqn 6). 
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While the direct conversion of a ketone into the enolate of a higher carbonyl compound by a Wittig 
or related reaction remains to be reported, it has proven possible to effect the olefination of a ketone into 
a trimethylsilylenol ether using the phosphorane 80 (eqn 7), but this reaction has thus far been rather 
capricious. (19 In part the experimental difficulties encountered appear to originate from the unstable 
nature of the phosphorane 80. Preliminary efforts to prepare homologs of the phosphorane 80 have been 
unsuccessful.” 
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Another approach to the geminal acylatiotAkylation of ketones which has been more rewarding 
involves the use of enamines as the key synthetic intermediites (Scheme l).- For example, the olefination 
of ketones by reaction with either diethyl lithio. pyrrolidinomethylphosphonate (81) or diethyl lithio 
morpholinomethylphosphonate (82) tiords the aldehyde enamines tD909’ and 84p2 respectively, which, 
WithoUr isolation and pm-E&ion, are employed in subsequent reactions with a variety of electrophilic 
reagents. Thus, alkylation of the pyrrolidine enamines 83 with ally1 bromide gives the a-ally1 diaikyl 
aldehydes 85.@’ By merely altering the nature of the electrophile in the alkylation step, it is also possible to 
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construct quatemary carbon atoms possessing alkyl appendages that are suitably functionalized for the 
facile transformation into cyclopentenones and cyclohexenones. Thus, reaction of the intermediate 
pyrrolidine enamines 83 with 2.3dibromopropene and subsequent treatment of the aldehydes 86 thus 
obtained with concentrated sulfuric acid affords the 4Jdisubstituted cyclopentenones 87.9’ 4,4-Disub 
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stituted cycloluxenones 88 may be prepared by treatment of the morpholine enamines 84 with methylvinyl 
ketone.= In conformationally biased cyclohexyl systems, the alkylation of these enamine intermediates 
proceeds predominantly from the less hindered, equatorial face thereby resulting in a reasonable degree of 
stereoselectivity for the formation of the second carbon-carbon bond. A recent application of this 
methodology for effecting the geminal disubstitution of a ketone to the synthesis of the alkaloid 
O-methyljoubertiamim 92 has been.describedP)* 

89 so 

Unfortunately, the general synthetic utility of these procedures for the construction of quatemary 
carbon centers from ketones viaenamine intermediates is somewhat limited. Coupled with the relatively low 
nucleophilicity of enamines, the enamines derived from a,adisubstituted aldehydes are particularly prone 
to suffer deleterious N-alkylation, a reaction which is frequently irreversible. Consequently, only highly 
reactive electrophiles for which initial N-alkylation is reversible (e.g. ally1 halides and electron deficient 
olefins) may be used in these sequences. Moreover, preliminary attempts to generate the more substituted 
enamines of unsymmetrical ketones using simple homologs of the phosphonate anions 81 and 82 have been 
largely unsatisfactory.” 

A general and efficient procedure for geminal acylation-alkylation of carbonyl compounds which 
involves metallo enamines as nucleophilic partners has been developed and commences with the olefinat- 
ion of a ketone with the diethyl lithio benzylideneaminoalkylphosphonates 93 (R3 = H, alkyl) (Scheme 2). 

0 + PhCH=N- 
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Regiospecjtic addition of n-butyllithium to the 2-azadienes 94 thus obtained produces the metallo 
enamines 95. The subsequent reaction of 95 with a diverse selection of alkylating agents including methyl 
iodide, ally1 bromide, 2,3dichloropropene and 2-(2-bromoethylkl, 3dioxolane followed by hydrolysis of 
the intermediate imines affords the tertiary carbonyl compounds 96 in good to excellent overall yields.)u3 
Alternatively, the directed aldol reaction of the metallo enamines 95 with aldehydes gives intermediie 
@oxid imines that may be trapped either by acylation with benxoylchloride and methylchloroformate or by 
alkylation with bromomethyl methylether to produce the O-protected-@hydroxy-aldehydes and ketones 97 
in good overall yields.33 This is apparently the first example of a directed aldol reaction involving tertiary 
metal10 enamines. That the more highly substituted metal10 enamine of an unsymmetrical ketone (95, 
RI-R3 = alkyl) may be regioselectively generated and trapped with electrophiles is especially noteworthy. 
Finally, the practical synthetic utility of this general approach to geminal acylation-alkylation is further 
augmented by the fact that the entire reaction sequence may be conveniently executed in a single reaction 
vessel without the isolation of any intermediates. The application of this methodology to a hiily efficient 
synthesis of the Scefetium alkaloid mesembrine (100) has been completed.W 

65% 
100 

Another general strategy for effecting the acylation and alkylation at a carbonyl carbon atom features 
the elaboration of vinyl benzothiazoles 103 (Scheme 3) which may be conveniently prepared by the 
nucleophilic addition of 24ithio benxothiaxole (102) to ketones followed by dehydration.H The sub 
sequent reactions of these vinyl benxothiiles may be easily designed to allow the introduction of 
either one (103 + 104” or two (103+ 105 and 103+ lol>” additional carbon substituents onto a 
preexisting skeleton. By the proper choice of reagents, it is possible to incorporate alkyl substituents 
which p06sess functionality suitable for eventual annelation operations to produce cyclopentenones 1% 
and cyclohexenones 1%. There are several aspects of these reaction sequences which merit special 
mention. For example, the conversion 1034 105 features a step in which there is net conjugate addition of 
methyllithium to an @-unsaturated aldehyde. Furthermore, the transformation lOl+ 10s represents a 
useful procedure for a mod&d annelation reaction wherein, unlike the Robinson annelation and related 
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processes,S the /3-vinyl carbon of the new cyclohexenone is not the carbonyl carbon of the original 
ketone. 

101 102 

'LDA; 

'la-; 

CHO / c+ \ 
104 

I05 106 

107 108 

bC~2=C~CH2~r; ?~DsD,F; dNaBHq; eAgftDJ/H2D; fkLi; gClf3XH2Br; hH@,/H2D; 

JLiCH2C(=NfW2)k; %eI; 'CuC12/H2D; m~-TSDH/A 

sc&w 3. 

A method for the geminal cyanation-methylation of ketones features the methoxide-induced decom- 
position of methyl dialkylcyanodiaxene carboxylates 109 io the presence of methyl iodide,” but a 
reasonable amount (13%) of the carbomethoxylated nitrile 110 (R= C&Me) is also unavoidably 
produced. A two step process involving reductive nucleophilic cyanation followed by alkylation would 
thus appear superior. 

N N=NC~Me N R 
1 )N%NHC~~ k1 

IO1 - 
2)HCN LlW 3 
3)Br2/NxHC03 84% 

93% 109 110: = R Me,CO,Me 

3. REACTtONS OF B wlTE-YcARBoN- 

Bimolecular nucleophilic substitution reactions at terbary carbon atoms bearing suitable leaving 
groups are relatively rare processes since competing #SelimhUion is usually favored in such systems. 
Although there have been some reports of crossed coupling reactions involving organometallic reagents 
with tertiary alkyl halides, these reactions appear to have rather limited scope and synthetic utility. On 
the other hand, the conjugate addiin of carbanions to /3&disubstituted, electron deficient alkenes is 

lElXAVdKNo.4-B 
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very common, and such reactions constitute a general route to quaternary carbon centers. EZk~trophihc 
additions to carboen double bonds which result in the formation of quaternary carlxm atoms 
generally involve the trapping of a tertiary carbonium ion with an alkene or an aromatic ring, and such 
reactions are also quite important. 

Nucleophilic substitution reactions at tertiary carbon centers. For purposes of the present discussion, 
any reaction which results in the net rcplacemen? of the carbon-heteroatom bond at a tertiary carbon 
atom by a carbon nucleophile will be considered as a nucleophilic substitution process (eqn 8). 
irrespective of the precise mechanism of the reaction. 

7’ 1 
RX--C-Hal + oc- 

7’ I 
- I?-c-c- 

I I lb ’ 
(6) 

R8 

The crossed coupling reactions of monofunctional, tertiary alkyl halides with organocuprates 
are virtuahy unknown, and the only examples seem to involve halides which cannot undergo 
facile dehydrohalogenation. 99 Although a-halo ketones usually suffer simple reduction to enolates 
upon reaction with organocuprates, ‘00 there is a report that some highly hindered ketones may be 
obtained by allowing dialkyl cuprates to react with a-halo ketones.“” The seminal dialkylation of 
1,ldihalocyclopropanes using organocuprates as nucleophilic reagents has also been reported. *oz-lW 
Whereas the reaction of lithium dimethylcuprate with 7,7diiromonorcarane proceeds to give 7,7- 
dimethylnorcarane in good yield, 1(12 the extension of this couplii reaction to homologous cuprates 
appears to proceed via initial nucleophilic substitution to give a tertiary cyclopropyl bromide which then 
suffers efficient metal-halogen exchange. ‘03~‘W This side reaction, however, has been exploited in a 
stereoselective procedure for the geminal diilation of l,ldihalocyclopropanes as ilhrstrated by the 
synthesis of 112, an intermediate in the syntheses of sesquicarene and sirenin.‘~ Although ehmination, 
metal-halogen exchange and other side reactions appear to dominate the reactions of organocuprates 
and many other organometallic reagents with tertiary alkyl halides, trk&ynyl alanes undergo remarkably 
clean reactions with tertiary alkyl chlorides or bromides to give the crosscoupled product alkynes 
(113 --, 114).rM The reaction of orga=uprateP or preferably the boron trilluoride are complexes of 
copper alkyls’@’ with prenyl-type halides generally proceeds regioselectively at the tertiary terminus of 
the ally1 moiety to give a fully substituted carbon atom. 
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The generation of qua&nary carbon centers by the exhaustive methylation of tertiary alcohols,‘~ 
ketones,‘Og and carboxylic acid.P” using trimethylaluminum has been reported, but the general synthetic 
utility of these reactions remains to be established. Furthermore, &Gary allylic alcohols have recently 
been converted into geminal methyl vinyl compounds by the reaction with methyhnagnesium bromide in 
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the presence of bis (triphenylphosphine) nickel chloride. I” These nickelcatalyzed reactions proceed with 
predominant formation of the new carbobn bond from the less hindered face of a conformation- 
ally biased molecule. There is also a modest preference for the displacement of the hydroxyl group by a 
methyl group without allylic inversion. 

Although the direct, bimolecular alkylation of simple enolates with tertiary alkyl halides invariably 
results in predominant dehydrohalogenation, a successful and potentially useful strategy for effecting the 
cr-tert-alkylation of carbonyl compounds and esters has been reported. These procedures involve the 
Lewis acid-catalyzed reactions of trimethylsilylenol ethers11z113 and O4rimethylsilyl-O-alkyl ketene 
acetals”’ with terf-alkyl chlorides. Moreover, this technique may even be exploited for the facile 
construction of a carbon-carbon bond between two tertiary centers, thereby producing a compound such 
as 116 which possesses two contiguous quaternary centers. ‘I2 Several intramolecular alkylations of 
enolates with tertiary halides”‘and of nitrile anions with tertiary epoxides116 that result in the formation of 3- 
and 4-membered rings are known. 

*$c1/11c14 
Me& CHO 

m 
40% 

II5 116 

Nucleophilic a&Wons to ehxtmn c&@ent olkmes. The construction of quaternary carbon atoms by 
the conjugate addition (“Michael-type”) of carbon nucleophiles to a &@isubstituted-a, ~-unsaturated 
car&my1 or acyl compound (eqn 9) is well entrenched in synthetic methodology. It should be recognized, 

(9) 

W 
1-a 

8 COR4, C02R4, CN,etc. 

however, that the l&addition of many carbon nucleophiles to /3,/3disubstituted Michael acceptors is 
generally retarded by steric effects, and the yields of l&dducts may be low as a result. Furthermore, in 
those conjugate addition reactions which are reversible, unfavorable steric factors present in the product 
may facilitate the retrograde l&addition reaction, thereby precludii the formation of a quatemary center. 

The nucleophilic l&addition of enolates to a,@m&urated carbonyl and acyl compounds is an 
important reaction for the construction of molecules possessing 1Jdifunctionality.13 Although bimole- 
cular processes are the most common, intramolecular variants of this reaction 
are also known as illustrated by the spirocyclization of 117.“’ A new approach for the 
construction of bicycle [3.2.1] octanes features an intramolecular Michael addition followed by an 
intramolecular aldol reaction 119+ 120,“’ and a related, double cyclization reaction has been utilized in 
the recent syntheses of patchouli alcohol and seychellene.1’9 

A variety of acyl and carboxyl anion equivalents I10 have been found to react with /3,@Iisubstituted 
alkenes by l,&Mition. The net conjugate addition of acyl anion equivalents to a&unsaturated systems is 
apparently favored whenever the initial 1.2~addition is reversible. Cyanide ion reacts with a$?-unsaturated 
ketones in protic media to give y-keto nitriles, and the troublesome side reactions which may sometimes 
occur during this process may be conveniently supressed by the use of hydrogen cyanide and 
triethylahrminum or diethylaluminum cyanide. ‘*’ Moreover, the hydrocyanation of a,/?-unsaturated 
ketones using these reagents frequently proceeds with a high degree of stereoselectivity. The 1,daddition of 
a protected cyanohydrin to a &Misubstituted enone has been exploited for the construction of 123, an 
intermediate in a synthesis of /Scuparenone.lP 
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The conjugate addition of sulfonium ylids to a&unsaturated ketones is generally succeeded by the 
intramolecular alkylation of the resulting enolate-sulfonium salt to give a#cyclopropyl ketonesrp as 
illustrated by the reaction of l24 with dimethylsulfoxonium methylide.lU While steric hindrance may 
decrease the rate of cyclopropanation of enones, it need not preclude it. In this regard it may be noted 
that alkyl substitution at the acarbon atom appears to decrease the rate of cyclopropanation more 
appreciably than /Mkyl substitutents. The conjugate addition of allylidene triphenylphosphoranes 
l27’25*‘” to a,@ursaturated ketones followed by an intramolecular Wittig reaction allows the con- 
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struction of substituted cyclohexadienes onto preexisting enones. When heteroatom-substituted al- 
lylidene phosphoranes such as 129 are employed in these reactions, 2-heteroatom-substituted cyclo- 
hexadienes are produced which may be conveniently converted into cyclohexenones by acid-catalyzed 
hydrolysis.ln 

One of the most important recent developments in synthetic methodology has been the use of 
organometallic compounds as reagents for the formation of new carbon-carbon bonds. It appears that 
preformed organocuprates are frequently the reagents of choice for effecting the conjugate addition of 
simple alkyl residues to an a$-unsaturated system (eqn 10) although the copper (I) catalyzed conjugate 
addition of Grignard reagents may sometimes be employed effectively for such transformations.‘” The 
conjugate addition of alkyl groups to particularly unreactive substrates such as /3,#Misubstituted 
a$-unsaturated esters may be achieved using organ0 copper reagents complexed with boron trilluoride.‘B 
The alkyl moiety may contain a variety of functional groups including carbobn double bonds, 

1) Rxn 
0 

+ 
(IO) 

2) El 

protected alcohols and protected carbonyl groups. Moreover, the enolates which are regioselectively 
produced upon the conjugate addition of the organocuprate reagent may be trapped with a variety of 
alkylating agents2’)2 and carbonyl compounds,W.‘30 but some difliculty arising from enolate equilibration 
may be encountered if the alkylation step is slow. 

Electron deficient alkenes other than simple a&unsaturated ketones or carboxylic acid derivatives 
also undergo conjugate addition reactions with organocuprates. For example, the alkylidene axlactone 131, 
which may be readily prepared from cyclohexanone, undergoes regioselective, nucleophilic addition with 
hetero cuprates to give 132.13’ !Sequential treatment of 132 with aqueous acid and lead tetraacetate then 
produces the tertiary aldehyde 133. The net conversion of cyclohexanone to 133 thus represents a 
process for the seminal acylation-alkylation of a carbonyl group by the substitution of both of the 
carbon-oxygen bonds with nucleophilic reagents. While @,/?disubstituted a$-unsaturated aryl sulfones 
suffer nucleophilic addition with organocuprate reagents, the related ethylenic &ides and ketene 
dithioacetals do not.“’ 

Alkyl derivatives of other main group elements may also be employed in carbon-carbon bond 
forming reactions in conjugate additions to ~&disubstituted-a&unsaturated carbonyl compounds. For 
example, alkynyl boranes have been found to transfer alkynyl groups to cr,p-unsaturated ketones which 
may adopt a cisoid conformation, including mesityl oxide, to give y,b-acetylenic ketones,‘3ti whereas in 
the presence of a nickel catalyst organoahuninum acetylenides add to cr,&unsaturated ketones that are 
lixed in the s-trans conformation.‘33b The conjugate addition of alkyl groups to /3,/ldisubstituted enones 
may be effected by their nickel catalyzed reaction with trialkylalanes.‘” In the presence of titanium 
tetrachloride, allylsilanes 135 transfer an ally1 group with inversion of the ally1 moiety to cr,/3unsaturated 
ketones.i3’ 1,5-Dicarbonyl compounds may be conveniently prepared by the related, titanium tetra- 
chloridecatalyxed reaction of trimethylsilylenol ethers 137’% or G-trimethylsily1-Galkyl ketene 
acetals’” with /3,/3disubstituted enones. 
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Rectmphilic additions to carbon-carbon double bonds. The formation of new carbon-carbon 
bonds by electrophiic additions to alkenes formally involves a two step process which is usually 
initiated by the interaction of an electrophile such as a proton or a carbonium ion with a tri- or 
tetrasubstituted carborrcarbon double bond to produce a tertiary carbonium ion (Scheme 4). The 
carbocation thus produced may then suffer: (a) loss of a proton to give an alkene; (b) attack by a 
heteroatom nucleophile; or (c) attack by a carbon nucleophile such as a carbon-carbon double bond. 
While examples of both intramolecular (cation-initiated olefinic cyclizations) and bimolecular (Friedel- 
Crafts alkylations) capture such tertiary carbonium ions by carbon nucleophiles are known, the 
intramolecular processes appear to possess the greatest utility for the synthesis of natural products. 

# 
+ El@ - 

El Nu 

El = Ii, R,C 

scheme 4. 

An important process for the construction of a quaternary carbon atom concomitant with carbocyclic 
ring formation involves the intramolecular trapping of a tertiary carbonium ion by a carbon-carbon 
double or triple bond.‘% One of the earliest examples of this type of reaction was the acid-catalyzed 
cyclization of famesic acid (140) to drimanic acid (142) via monocyclofamesic acid (141),‘)9 an overall 
process which results in the formation of two quaternary carbons and two Cmembered rings. It has now 
been generally established that polyenic substrates possessing tmm double bonds disposed in a 
l,%elationship may be induced to undergo highly stereoselective cationic cyclizations to give polycyclic 
products having the all tram conllguration. These important transformations, in which as many as four 
rings may be produced, appear to mimic the biogenetic conversion of squalene into lanosterol and have 
been utilized in a number of biomimetic total syntheses of steroid and terpenoid natural products. 

Ii 
140 I41 142 

Although the most frequently employed initiators in these cationic, polyolefin cyclizations have been 
trisubstituted double bonds and allylic alcohols or acetals,lH cationic cyclizations have recently been 
reported wherein cr&unsaturated ketones,l” a,&epoxyketones,“’ and ketene dithioacetals’U have 
served as initiating functions. These latter examples are of particular importance since they allow the 
introduction of a carbonyl group at C4 of a steroid or related nucleus. The use of unconjugated 
carbon-carbon double bonds or aromatic ring~‘~ and allenes’O as terminators in these cyclization 
reactions generally affords a Cmembered ring in the final closure step. Since S-membered rings arc 
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frequently present in natural products (as in the steroid D ring), it is especially signScant that suitably 
disposed methyl- or pheaylacetylenic I*) and styryl end groups allow the formation of a j-membered ring. 
For example, the use of a methyl acetylene as a terminating function has been exploited in an elegant, 
biomimetic synthesis of progesterone 145. ‘4~ Vinyl chlorides may also be employed as terminators in 
cationic cyclizations leading to the formation of fused cycloalkanones.‘46 

Other applications of cationic cyclizations have been described. For example, the annelation of a 
cyclopentanone ring by treatment of the ketone-propargyl alcohol adduct 146 with sulfuric acid is both 
regio- and stereoselective and apparently involves the electrocyclic, conrotatory closure of a hydroxy- 
pentadienylcation.‘O Ahhough unsaturated diazoketones undergo an acidcatalyzed intramolecular 
cyclization, ‘“‘R electronic stabilization; such as aryl s bond participation, of the intermediate cationic 
species appears necessary in order to ensure regioselective, carbon-carbon bond formation as evidenced 
by the lack of regioselectivity in the cyclization of 148.‘” The cationic cyclization of nitrogencontaining 
ole6nic substrates is also feasible as illustrated by t&e construction of the morphinane skeleton 152.“’ 
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Since they are generally effective only for the construction of symmetrical dimers, otidative and 

reductive coupling processes are rarely synthetically useful in bimolecular reactions. Even if sym- 
metrical coupling products are desired, yields of the dimers are frequently low whenever two contiguous 
quaternary carbon atoms are produced. However, such coupling reactions, especially those involving 
oxidation, may be expeditiously employed for the union of two dissimilar synthons in cyclization 
reactions. 

Bimofedar coupling reactions. The dimerizations of ketone enolates’” or their derived trimethyl- 
silylenol ethers”’ to produce symmetrical Wdiketones may be conveniently e&ted with &en&l 
oxidants, but these reactions typically do not proceed in high yield when quaternary carbon atoms are 
formed. The oxidative couplii of a,adisubstiMed ester enolates may be induced either elec- 
trochemicallyl” or with chemical oxidants.‘” The reductive dime&z&n of symmetrical a,a’- 
diibromoketones’~ and a-bromoesters’” proceeds in fair to good yields even when the coupling results 
in the generation of two contiguous quatmrary carbon atoms. 

Intmmolecular oxialatiw coupling of phenolic and nonphenolic substrates. The intramolecular, 
oxidative coupl@g of phenolic and nonphenolic a,odiaryl alkanes has long been recoenized as the key 
step in the biosynthesis of many classes of natural products. ‘N’S Unfortunately, the effective utilization 
of these coupling reactions for the chemical synthesis of natural products has, until recently, been 
frequently plagued by low yields and the obtention of complex product mixtures. There are two 
important features of these oxidative cyclizations that deserve mention (Scheme 5). Firstly, it is necessary to 
generate the electron deficient intermediate (most likely a radical cation) under conditions that minimize 
deleterious side reactions such as polymerization which result from the intermolecular coupling of either the 
initial substrate or of the cyclized product. Moreover, it should be recog&A that the products of these 
reactions are sometimes more readily oxidized than the starting materials. Secondly, &ective regiocon- 
trol of the coupling process is essential so that the formation of the new carbon-carbon bond tiords the 
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desired substiMion pattern in the product. Obviously, all coupling processes do not lead to the 
formation of a qua&nary carbon atom. Al&o@ chemical oxidants have been historically utilized in 
these coupling reactions,166i8 electrochemical oxidation has recently proven to be a highly effective 
experimental techn.ique.‘68.‘m The Pschorr reaction and the photochemical dehydrohalogenation of aryl 
halides” appear to be generally unsatisfactory for the synthesis of natural products containing 
quatemary carbon centers since the yields of coupled products in such reactions is usually low. 
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The intramolecular, oxidative coupling of diphenolic substrates may be readily e&ted with one 
electron oxidants such as potassium ferricyanide, ferric chloride or manganese dioxide,lS but the yields 
in these reactions have been ch~t~sti~y low owing to appreciable ~ly~tion and over 
oxidation. However, the use of two electron oxidants such as vanadium oxytrichloride’~‘6’ and thallic 
trifluoroacetate,‘” each of which may form covalent bonds to oxygen prior to the actual oxidation, has 
led to markedly improved results (e.g. 153-, 154). 16’ The complex of ferric chloride in dimethyl- 
formamide appears to give better yields of coupled products and less polyme&ation than ferric chloride 
alone.‘” The presence of a basic nitrogen atom during these chemical, oxidative couplings is usually 
deleterious, and notrogen is thus generally protected as an amide. While it appears that the para-para 
coupling mode is preferred in the oxidative coupling of diphenolic substrates, this reaction pathway may 
be precluded by the expeditious use of suitable blocking groups such as bromine, which may be removed 
with lithium aluminum hydride. Iti4 The use of blocking groups, however, adds steps to the synthetic 
sequence, and other, more effective means of achieving the requisite regiocontrol for the coupling 
process are required. In this regard it appears that thallic borax exerts a remarkable inf&nce 
in directing para-ortho coupling, an effect which has been attributed to a coordination phenomenon.‘Q 

The oxidative, intramolecular coupling of monophenolic substrates has been investigated as an 
attractive in z&u modification of the biosynthetic process since a high concentration of oxidant would 
be unnecessary; and the coupled products would not be phenolic and thereby not as susceptiile to 
further oxidation. Although thallic trifluoroacetate,‘6’*‘S*‘~ vanadium oxytrichloridefrl and vanadium 
oxytrifluoride’6’ may each be used as chemical oxidants to induce this transformation, the latter two 
seem to be more effective as illustrated by the oxidative cyclixation of 155. In several applications of 
~nop~nolic oxidative coupling reactions to alkaloid synthesis, amine boranes have been employed as 
protecting groups for the basic nitrogen.i65*‘67 

60CFI 

155 156 

Whereas the oxidative coupling of nonphenolic substrates may be effected with chemical oxidants such 
as vanadium ox~c~o~de’6’ or vanadium ox~e,‘~ anodic ~~on*~~‘~ appears to give superior 
results as illustrated by the cyclixation isI+ 158. The electrochemical cyclixation of laudanosine (159) to 
give the morphinandienone 160 in 93% yield is particularly noteworthy.lm 
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Synthetic reactions which allow the construction of quaternary carbon centers by rearrangement 
modes are becoming increasingly important in organic synthesis. These mment reactions may be 
classified into two general categories depending upon the net change in the number of carbobn 
bonds. Thus, there are simple molecular reorganizations in which there is no change in the total number 
of carbon+arbon bonds, and there are others wherein an additional carbo+carbon bond is produced. 
Rearrangements of the first type generally involve [l, 21 or [l, 31 shifts whereas those of the second type 
are usually pericyclic reactions such as [2,3] or [3,3] sigmatropic rearrangements. It should be 
recognized that molecular rearrangements which do result in the formation of a new carl~n-carbon 
bond may result in the more convergent construction of the target skeletal framework since two simple 
synthons may be connected by these processes. The synthesis of carbocyclic spiro compounds via 
reanangement routes has been reviewed.ln 

[l, 21 Remmngemenis. A variety of [ 1,2] molecular reorganizations including the pinacol’” or 
Tiieneau-Demjanov”’ (eqn 11) and the Favorski or quasi-Favor&i (eqn 12)‘% rearrangements may lead 
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to the creation of a quaternary carbon atom. It should be noted that there is usually no net change in 
the number of carbon-carbon bonds in these rearrangements. One recent application of a semipiil 
reaction features the reanangement/cyclization 161+ 163, a key sequence in a novel approach to the 
gibberellin skeleton.16 

I61 162 163 
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Geminal disubstitution via [ 1,2]-~~rangemmts. The semipinacol reanangement has recently been 
exploited as the key step in several reaction sequences which result in the construction of quaternary 
carbon atoms by net geminal disubstitution at a carbonyl function. Altbough the conversion 101 + 167 

101 166 167 

represents a simple illustration of this proce~s,‘~ one of the most general synthetic approaches to the 
geminal secoalkylation at a carbonyl carbon features the conversion of a ketone functional group into a 
2&lisubstituted cyclobutanone 171, and two efficient procedures for effecting this spiroannelation reaction 
have been developed (Scheme 6). l’lp-‘y For example, the reaction of diphenylsulfonium cyclopropylid (1aS) 
with ketones produces oxaspiropentanes 170 (Method A)“Ip-‘*’ via an unusually facile &2 displacement at a 
cyclopropyl carbon. Coupled with the presence of an oxygen atom, the substantial strain energy in these 
oxaspiropentanes renders them highly susceptible to undergo an acid-catalyzed, semipinacolic rearrange- 
ment to produce the key intermediate cyclobutanones 171. The alternate route to these cyclobutanones 
features the sequential addition of 1-lithio cyclopropylphenylsulfide (169) to carbonyl compounds followed 
by the sulfur-directed, acid~talyxed ring expansion of the intermediate cyclopropyl carbinols 172 thus 
produced (Method B). ‘*‘-ra These two procedures are complementary with respect to the reactivity of the 
two reagents 168 and 169 toward different carbonyl compounds. Thus though the anion 169 added smoothly 
to a&unsaturated ketones and hindered ketones, the less reactive ylid 168 did not. Moreover, the 
stereochemical outcome of the mements of conformationally biased derivatives of 170 and 172 is 
complementary. There is also a modified procedure for the stereoreversed formation of cyclobutanones 
from the oxaspiropentanes 170.‘” 
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Scheme 6. 

The nucleophile-induced cleavage of these intermediate cyclobutanones 171 to produce quaternary 
carbon atoms bearing ditferentially functionalized alkyl substituents requires the presence of anion 
stabilizing groups, even though the release of the strain energy in the four-membered ring provides a 
strong driving force for the ring s&ion. When geminal dibromo or dithio substituents are introduced at 
the &-position [e.g. 173, X = Brz, -S(CH2)&], the intermediate carbanion produced by the rupture of the 
cyclobutanone ring is sufficiently stabilized that the cleavage becomes exceptionally facile and may be 
triggered with a variety of nucleophiles. The use of a dithiane moiety as the anion stabii function 
seems generally preferred since: (1) the geminal dibromo cyclobutanones 173 (X = Br3 may suffer ring 
contraction via a semibenxylic acid rearrangement; (2) the selective bromination of the cyclobutanone 
ring in the presence of other functional groups such as double bonds may not be feasible; and (3) the 
versatility of the dithiane group as an acyl anion equivalent allows additional elaboration of the side 
chains. The applications of this general methodology for the net reductive, nucleophilic acylatio* 
alkylation at a carbonyl center to the synthesis of natural products such as acorenone B,lW the 
trichothecanes,‘b and the gibberellins’” have been described. 

[ 1,3]-Reanumgeemarts, Although the thermal rearrangement of vinyl cyclopropanes to give cyclo- 
pentenes is not commonly used in synthetic organic chemistry, this reaction may be used for the 
annelation of cyclopentenes onto pre-existing rings. For example, the rearrangement of /3cyclo- 
propylenones such as 175 provides a facile entry to spirobicyclic systems.lss 
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[2,3~Sigmutmpic maw~anents. [2,3]-Sigmatropic rearrangements constitute an exceptionally 
important class of bond reorganization processes that have substantial application in organic synthesis. 

’ Those [2,3] reanangements which are generally applicable for the construction of quaternary carbon 
centers are depicted in general terms in eqn (13) where X = NR,‘@*190 0,‘91.192 and S.‘“*‘“‘~ Since there is a 
net increase in the total number of carbon-carbon bonds, these rearrangements may be used advantageously 
for the connection of two synthetically simpler precursors, thereby resulting in the construction of a more 
complex molecular framework. 

- (13) 

’ 
R’ 

a 

X = NR’, 0, S 
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From the standpoint of practical synthetic applications, [2,3] sigmatropic rearrangements have been 
most frequently employed to generate a geminal vinyl-acyl or vinyl-car-boxy1 functional array as 
illustrated by the preparation of 180, ‘~9 184’92 and 187.‘” These particular reaction sequences effect the net 
!$J’ reaction of an ally1 halide with an acyl or carboxyl anion equivalent, but this simple formalism does 
not apply to all [2, 31 rearrangements. There are several other features of these concerted, molecular 
reorganizations which are noteworthy. Although it is generally feasible to utilize such reactions for the 
construction of specific olefin geometries, this fact apparently has not been exploited in those rear- 
rangements that result in the creation of a quaternary carbon center. [2, 31 Sigmatropic rearrangements 
which occur on a conformationally-biased carbon framework appear to proceed preferentially across the 
less hindered face of the molecule, resulting in the formation of the quatemary carbon atom with a high 
degree of stereoselectivity (e.g. 1784 179 and lWi+ 187). Moreover, it appears that comparable levels of 
stereoselectivity are observed for the different classes of [2, 31 sigmatropic rearmngements depicted in 
eqn (13) (X = NR, 0, S).rw 

177 178 179 180 

+ 

rplmer 

W%l 

181 182 183 184 

185 I88 187 

[3,3]-Sigrnatropic rtarranganarts. [3,3] Siitropic rearraneements (eqn 14) constitute another 
synthetically important class of molecular reorga&ation processes, the most common of which are the ’ 
Cope’% (X = C) and Claisen (X = 0) or the hetero-Claisen rearrangements (X = NRS).‘” With the 
exception of the Cope cement, each of these pericyclic reactions results in the formation of a 
new carbon-carbon bond, and these reactions may thus be advantageously used for the construction of 
more complex molecules by the connection of two simpler synthons. 



(14) 

x = C,O, NR,S 

The Cope rearmgement has its greatest synthetic utility when one of the two isomeric mmpomds is 
considerably favored at equilibrium. The drivku~ force for this shift in equiliium might be provided by 
an increase in conjugation or a release of steric, angle, or torsional straiu The balance ktween the two 
isomrs may be relatively close as illustrated by the interconversion between dihydrocostunolide (188) 
aud saussurea Moue (189).‘m The hodope rearmgement of substituted divinylcyclopropanes to 
give cycloheptodieues is driven by the release of ring strain in the cyclopropane rit~.‘*~ This reaction 
has recently been exploited as an e5cient means for the construction of the useudoguaiaue 192, a 
common intermediate in the total syntheses of damsiuic acid and confertiupob An imagiuative approach 
for shiftiq an unfavorable Cope equilibria has been reported, wherein an initial, reversible Cope 
rearmgement triggers an irreversible Claim rearmgement 193+ l!Km 
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The early development of the Claisen mrrangement in synthetic organic chemistry involved the 
thermal rmg&ation of ally1 vinyl ethers to give ~&maturated aldehydes, the driving force for the 
rearmgement beii provided by the formation of a uutmnyl group. Typically the requisite ally1 vinyl 
etbers are pmluced in sfiu by heating a mixture of an allytic alcohol in a low boii vinyl ether in the 
presenceofaLewisacidasillus~bytheconstructionofthehighlyhindetedquatanarycarbonin 
197, an &mdiatc in the syntksii of aphidicolin.” A number of useful variants of this simple process 
have been developed that involve the alteration of the nature of the substitwnts appended to the vinyl 
ether moiety, thereby allowing the synthe& of substituted +unsaturaM carboxylic acid derivatives. 
Some of the common modifications include the reaction of amide acetals- or ortho esters- with 
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allylic alcohols to give 7,&unsaturated amides or esters, respectively. Interestingly, the rearrangement 
200+2&2 proceeds via a boat transition ~tate.~ A highly useful alternative method for the preparation 
of 7,&unsatumted carboxylic acid derivatives features the [3,3] sigmatropic rearrangements of allylic 
esters via theii enolates or theii trialkylsilylenol ether derivatives.2’62’2 

PH CHO 
,’ / 

571 overall 

“-9 u--- / P - 
CO@ 

Rf 211 

203 204 205 

Several general comments regarding these Claisen rearrangements, which formally effect the net !&2’ 
displacement of an alcohol function with an enolate, are in order. The procedures for the 
preparation of the intermediate ally1 vinyl ethers and the ally1 ketene acetal derivatives usually require 
the use of large excesses of the appropriate enol ether, ortho ester, or amide acetal. Unfortunately, these 
reagents are not always readily accessible in huge quantity. In certain instances, especially cyclohexenyl 
systems, ehmination to produce 1,3dienes may prove to be a major side reaction. When the ortho ester 
variant of the Claisen reaction is employed, it is, therefore, necessary to use weak acids to promote the 
reversible alcohol exchange reaction. Although amide acetals undergo facile exchange in the absence of 
acid catalysis, elimination may still occasionally prove troublesome.206 In view of the afore- 
mentioned problems which may attend the synthesis of the requisite 1,Sdiene intermediates by exchange 
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reactions, the reanaagemcnt of the enolates or the corresponding trialkylsilylenol ethers derived from 
ally1 esters appears especially attractive. This methodology requires no prior equilibration of an allylic 
alcohol with an excess of the appropriate reagent, and the rearrangements themselves proceed under 
relatively mild conditions. Fiiy, despite the rather high temperatures that may sometimes be required to 
effect Claisen rearrangements, these molecular reorgamxations are moderately sensitive to steric factors. 
On conformationally biased carbon frameworks, there is a slight energy preference for the rearrange- 
ment to proceed across the less hindered face of the molecule.2’3 However, the degree of stereoselec- 
tivity in these reactions is neither as great nor as independent of the class of compound undergoing 
rearrangement as compared to the related[2,3] sigmatropic reanangements.‘” 

Both the axaClaisen2’~‘s and the thio-Claisen2’6 rearrangements have been employed for the con- 
struction of quaternary carbon centers. In general, axa-Claisen rearrangements require either high 
temperatures, nitrogen quaternixation or the use of Lewis acid catalysts such as titanium tetrachloride. 
The complex side reactions of the tertiary thioaldehydes produced by thio-Claisen rearrangements may 
be conveniently supressed by the presence of mercuric oxide. 

Intmmoiectir ene rcaciions. The thermal cyclixation of I,& and 1,7dienes and the corresponding 
enones or dienols via an intramolecular ene reaction2” may be used for the construction of fused- and 
spirocyclic ring systems containing quaternary carbon atoms. For example, the key step in an elegant 
approach to the awrane spirosesquiterpenes was the thermal cyclization #)6+2U7.2’* A magnilicent 
example of the thermal cyclixation of unsaturated carbonyl compounds, which proceed via initial 
enolixation followed by an intramolecular ene reaction, is the double cycliition #)8 + 210.2’9 

209 

&Et 

207 

210 

Photochemical ruumngements and cy&.&ns. The photochemical rearrangement of cyclic, cross 
conjugated dienones, followed by the solvolytic cleavage of the intermediate cyclopropyl ketones is a 
general procedure for the preparation of substituted spiranes.in This reaction has been particularly 
useful for the con&u&on of the spiro [4.s] decane ring system as illustrated by the synthesis of 213,tp a 
key in&mediate in a synthesis of /3-vetivone. 

211 212 213 



Methodology for the construction of quaternary carbon centers 449 

An imaginative strategy for effecting aromatic ring substitution via the photoarylation of heteroatom- 
substituted alkenes has been developed. p’-p4 The general process (eqn 15) may be characterized as a 
photochemically initiated, electrocyclic reaction which originates from the arrangements of an available 

X = NR’, 0, 5 

electron pair on a nitrogen, oxygen or suifur atom and the electrons from at least one aromatic a bond. 
These photoreactions, which proceed with high chemical and photochemical efficiency, are seemingly 
quite general and are compatible with the presence of a variety of other functional groups. The practical 
synthetic utility of this methodology has been recently substantiated by its use for the construction of 
215, an intermediate in a synthesis of the Amarylfidaceae alkaloid lycoramine.m 

214 
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6. CYCLOADDITION REACl’IONS 

The bimolecular and intramolecular cycloadditions to alkenes possessing at least one geminally 
disubstituted carbon result in the simultaneous formation of two new carbon-carbon bonds concomitant 
with the construction of a quaternary carbon atom, and therefore such processes are particularly 
important synthetic reactions. Moreover, these cycloaddition reactions generally proceed with a high 
degree of predictable stereoselectivity. Even the most cursory examination of the literature quickly 
reveals a prodigious number of examples of such reactions. While the mere formation of a carbocyclic 
ring may be the principal objective of the cycloaddition, the ensuing discussions will focus primarily 
upon those individual cases in which the initial cycloadduct is further elaborated in a synthetically useful 
fashion. Ring cleavage and rearrangement operations are frequently encountered in these sequences. It is 
convenient to classify these cycloadditions according to the number of carbon atoms involved. 

[ 1C + 2C]-Cycfoud&ion reactions. The addition of carbenes or carbenoids to carbo-bon double 
bonds by either a bimolecular or an intramolecular process is well established as a general method for the 
construction of substituted cyclopropanes. m Although the formation of a cyclopropane ring may itself 
be the final objective of these cyclopropanation reactions, certain cyclopropanes may undergo a number 
of subsequent transformations to give products which no longer contain 3-membered rings. For example, 
the hydrogenolysis of IJdisubstituted cyclopropanes proceeds smoothly to afford a gemdimethyl 
group as illustrated by the preparation of 218.‘19 The acid-induced fission of alkyl cyclopropyl ethers, 
which may be conveniently prepared by carbene transfer to enol ethers, affords a-alkylated carbonyl 
compounds.226m Thus, treatment of the methoxycyclopropane 220 with aqueous acid produces the 
angularly methylated ldecaione 22Laa Since the direct alkylation of ldecalones proceeds predominantly 
at C-2 rather than at the bridgehead, this sequence offers an attractive approach to angular methylation, and 
it has been recently employed in an elegant synthesis of valeranone. m The @-alkoxy cyclopropyl ketones 
produced by the coppercatalyzed addition of adiazomethyl ketones to enol ethers su!fer ring cleavage 
upon treatment with acids to give l&dicarbonyl compounds which may be converted into cyclopentenones 
as illustrated by the preparation of the spirane 68,= a key intermediate in two recent syntheses of the 
sesquiterpene acorone.s76 The regioselective ring-opening of certain cyclopropyl ketones and esters by a 
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* retrograde htichael reaction may be induced by acid nspa or basep’** to give 7,&unsaturated compounds 
(22&-~227),~ Cyciopropyl ketones generally undergo rypioselective scission of the cyclopropane bond 
which has the best overlap with the II orbitals of the carbonyl group upon dissolving metal reductions 
(229+236)?)0 

216 217 216 

222 223 224 68 

Me0 

225 226 227 

226 229 230 

[ZC t 2C]-Cycloaddition nurctions. The photochemical [2 + 21 cycloaddition reaction of alkenes is a 
highly effective method for the construction of cyclobutanes, and both bimolecular and intramolecular 
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reactions are knownp4 Although a number of natural products possess a cyclobutane ring, some of the 
more interesting synthetic applications of photochemical [2+ 21 cycloadditions for the generation of 
quaternary carbon atoms entail the further elaboration of these cyclobutane intermediates. These 
synthetic operations, like those involving cyclopropane intermediates, exploit the strain energy present 
in the small ring to facilitate the ring cleavage, thereby yielding products which no longer possess a 
four-membered ring but which do retain the quatemary carbon atom(s) created by the cycloaddition 
reaction. 

One example of this general strategy features the photochemical cycloaddition of alkenes and 
em&able pdicarbonyl compounds or their enol derivativesBsa to give substituted 2-acylcyclobutanol 
derivatives such as 232 which sufler facile ring fragmentation by a retro aldol process. The IJ- 
dicarbonyl compounds thus produced are excellent precursors of cyclohexenones, and the overall 
sequence thus allows the annelation of a cyclohexenone onto a carbon-carbon double bond (231+ 
234).us The considerable synthetic potential of this technique is, however, somewhat limited by the fact 
that the reaction of an unsymmetrical alkene with an unsymmetrical &dicarbonyl compound can lead to 
the formation of four possible lJdicarbony1 products. The photocycloadditions of allene to a,@- 
unsaturated carbony compounds may be effectively employed for the introduction of angular 
acetonyl,P7 acetaldehyde,= or acetic acidPP side chains via intermediate 2-acylcyclobutanol or 2- 
acylcyclobutanone derivatives as illustrated by the preparation of wl.m An imaginative procedure for 
the photochemically mediated annelation of cyclohexanes onto alkenes features the elaboration of the 
cycloadducts that are obtained from the photochemical reaction of methyl cyclobutenecarboxylate with 
enones (238+241).m A novel synthesis of isocomene has been reported wherein three contiguous 
quaternary carbon centers are produced by an intramolecular [2 + 21 photocycloaddition. The cyclobutane 
ring formed by this process is then transformed into a cyclopentane by a l&rearrangement of a cyclobutyl 
ca&inyl carbon.- 

a + JHO + 
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[3C +2C]-Cycfoaddition tractions. The use of lfdipolar cycloaddition reactions for the con- 
struction of S-membered carbocyclic systems is rather limited owing to the paucity of 1Jdipoles with an 
all carbon framework. However, treatment of a,a’dibromoketones with diiron nonacarbonyl produces 
an apparent oxyallyl cationic intermediate which undergoes smooth cycloadditions with alkene?’ and 
enamines” to give cyclopentanones as ilhrstrated by the facile synthesis of acuparenone (U3).u3 

242 243 

[4C + 2C]-Cycloaddition actions. Although the importance of the Diels-Alder reaction as a method 
for the stereoselective synthesis of Cmembered rings has long been recogni~ed,~ there has been a 
recent renaissance of interest in the development of new synthetic applications of the Diels-Alder 
reaction for the construction of complex molecular architecture. One of the focal points of some of 
these studies has been an investigation of the thermally-induced cycloaddition reactions of dienes and 
dienophiles which bear heteroatom substituents at the unsaturated carbon centers. Furthermore, the 
general utility of the intramolecular Die&Alder reaction, which allows the simultaneous construction of 
two new rings, has been securely established. w Whenever either of the termini of the diene or the 
dienophile possesses two geminal alkyl substituents, a quatemary carbon will be produced con- 
comitantly with the formation of a fused-, spire-, or bridged-bicyclic 6membered ring system. The 
enormous sign&ance of the Diels-Alder reaction in organic chemistry is dramatically underscored by 
the prodigious number of total syntheses of natural products in which a [4C + 2C] cycloaddition is the 
key step, and a comprehensive review of these examples is not within the scope of this Report. 
Consequently, recent, representative examples will be chosen which are illustrative of some of the 
general ways that the initially produced cycloadducts may be further elaborated once the quatemary 
carbon atom has been created. 

For example, oxidative cleavage of the carbon-carbon double bond of the product cyclohexene 
affords a l$dicarbonyl compound which may undergo a variety of subsequent transformations, 
including two modes of cycloaldolixation (eqn 16). This overall sequence thus allows the net, vicinal 

H CHO 

c&addition of two functionaliied alkyl groups to a carbo=arbon double bond, the relative stereo- 
chemistry between the quaternary carbon and the adjacent carbon beii secured by the Diels-Alder 
reaction. Although numerous examples of the application of this general strategy for the stereoselective 
annelation of a functional&l cyclopentene ring onto a double bond may be found, its recent use in the 
total syntheses of gibberellic acid- and serratinine, a Lycopodium alkaloid,” is representative. 
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There has been considerable effort directed toward the synthesis of heteroatom-substituted dienes 
for use in Diels-Alder reactions.ubw If these heteroatoms are strategically positioned. on the diene 
moiety, the cyclohexenes obtained in the cycloaddition step may be conveniently elaborated into 
functionalixed cyclohexanones as illustrated by the syntheses of MB’ and W2. The preparation of the 
cisdecalone derivative 245, a key intermediate in a synthesis of the sesquiterpene vemolepin, clearly 
establishes the utilization of heteroatom-substituted dienes as a general methodology for the regio- and 
stereoselective cis-annelation of a cyclohexanone derivative onto a carboMarbon double bond. An 
application of the Diels-Alder reaction to the stereospecific alkylation of enones is illustrated by the 
conversion 247+249, a sequence in an approach to the synthesis of coriolin.n3 While this trans- 
formation may be perceived as a mere modification of that depicted in eqn (16), it may also be more 
broadly envisioned as a general protocol for the stereoselective, cis-introduction of two alkyl sub 
stituents alpha and beta to the cartxmyl carbon of an enone. An alternative procedure to the vicinal 
Qdialkylation of enones involves the initial conjugate addition of an organocuprate reagent followed 
by the alkylation of the intermediate enolate, but this approach does not guarantee the obtention of the 
cis-stereochemical relationship between the new alkyl substituents.uJ 
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The bicycle 12.2.21 octanes that are produced by the Diels-Alder reactions of l$cyclohexadienes 
with a variety of dienophiles may be conveniently transformed by subsequent molecular reorganization 
involving either a fragmentationzs~ to give cyclohexanes or fused cyclohexanes (251+2!52~ or a 
pinacolic rearrangement to give bicycle i3.2.11 octanes. ‘n~=~9 Since the CD ring system of a number of 
diterpenes and diterpene alkaloids is a substituted bicycle [3.2.1] octane, a general approach for its 
construction by an initial Diels-Alder reaction followed by the subsequent rearrangement of a suitable 
bicycle r2.2.21 octane ix&mediate would be very useful. The viability of one such mute to bicycle 
[3.2.1] octanes is admirably illustrated by the conversion 2534257, the key sequence in an elegant 
synthesis of stachenone.= 

An imaginative approach to the construction of the Hasubonan alkaloid skeleton 260 features the use 
of a Diels-Alder reaction for the formation of the requisite quaternary carbon atom and the tetracyclic 
ring system in tandem with the allylic sulfoxide-allylic sulfenate [2,3] sigmatropic rearmngement.a60 This 
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general strategy for coupling a cycloaddition process with a pericyclic n3rrangement reaction 
have broad synthetic applicability. 

250 251 252 

253 254 255 

256 257 

-hh 

256 259 

The intramolecular variant of the Diels-Alder reaction 
frequency for the convergent, stereoselective syntheses of _.___. ___ 

260 

is heii utilized with ever increasing 
natural products containing quatemary 

carbon centers.““‘-m7 For example, the intramolecular cycloadditions of 261 and 263 were key steps in 
recent syntheses of the &penes khusimom?’ and Pisocyanopupukeanane,~ respectively. The for- 
mation of the decalm 266, which bears an angular methyl group, upon thermolysis of 265 is notewor- 
th~,~ and this cycloaddition reaction represents a facile, stereoselective entry to the eremophilane and 
valencane sesquiterpenes. An elegant route to tetracyclic diterpenes has been developed which features 
the intramolecular cycloaddition of the Oquinodimethane 269.= The sign&ant entropic assistance in 
these intramolecular cycloaddition reactions is dramatically substantiated by the recent observation that 
the endocyclic enamido diene 274 undergoes smooth conversion to the tricyclic hydrolulolidine 275,=’ a 
synthon of the CDE ring system of the Aspidospenna alkaloids and of the BCD ring of the Amaryl- 
lihceac alkaloid lycorine. This appears to be one of the first examples of the cycloaddition reaction 
between an enamide and an unactivated IJdiene.~ 
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7. CONCLUSIONS 

Though the creation of the quatemary carbon atoms present in many molecules may pose a sign&ant 
synthetic challenge, there exist a number of reactions that may be effectively employed for such 
constructions. The most commonly utilized methods for the formation of a fully substituted carbon atom 
involve the reaction of a tertiary carbon nucleophilic partner with a suitable carbon ele-ctrophile. 
However, nucleophilic additions to &/3disubstituted, electron deficient olefins and cycloadditions to 
geminally disubstituted alkenes are also viable synthetic processes for the generation of a quaternary carbon 
atom. Molecular reorganizations, especially sigmatropic rearrangement reactions, are being used with 
increasing frequency. The utilization of oxidative and reductive coupling reactions is largely limited in 
practice to the biomimetic, intramolecular oxidative coupling of phenolic and nonphenolic substrates. 
Although there is a conspicuous paucity of methodology for the enantioselective elaboration of fully 
substituted carbon atoms, future investigations will undoubtedly unveil synthetic procedures designed to 
effect this important construction. 
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