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such as radical-radical couplings and hydrogen ;ß___
are obvious alternative pathways by which ß ]:] _,
mediate can react. The reaction ραth\η/αγ taken br, Ξ _]ι- , : -

radical intermediate is determinei by α subtle bai"r..
rates.

Nonetheless, the pioneering contributions of \\.ι_,,, :
Beckwith, Barton, Julia, Giese, and Stork, among:ι -_--:-

done much to debunk the myth ihat free radical rea.:,.:. ,-:
unmanageable to be of use ßη the synthesis of òιιηß:,-ß -_.-

molecules.2 Indeed, these pioneers have stimulaιed ;] ; , ,

grorvth ßη the number of applications of radical-medi;:-_ _ _--
carbon bond forming processes ßη organic synτhesiτ. :
manyintermolecularradicaladditiοnproceSSeSareSu;.-]"-.
very useful, intramolecular radical additions or radical .-,: ,-
have been shown to be of particular value ßη the aren" _ -_ .,.;
product total synthesis. Intermolecular radical addition ;: ι- Ξ "ßι:thai are plagued by ταtε problems can often be conducieιj. ; ,"
much success, ßη the intramolecular mode. For example, ßηττατ: -
lecular additions of carbon-centered radicals to substituted òατbι,--
carbon, carbon-oxygen, and carbon-nitrogen multiple bonds c-
αΙΙ be performed efficiently since the activation entropies of ßηττ.-
molecular radical additions are less negative than those of theι:
intermolecular counteφarts.3u Α decisive advantage of the intramo-
lecular reaction mode is that highly hindered carbon-carbon bonds
and quaternary stereogenic centers can be constructed through radi-
cal chemistry. Ιη this chapter, the utility of τadical reactionJ for τhτ
synthesis of structurally complex organic molecules is addresse;-
with αη emphasis οη some of the elegant synthetic rvork b""
D.P. Curran and his group at the University of Pittsburgh. ΑΙthουε:
οηΙγ α ferv of the many noteworthy achievements ßη syntheιic
radical chemistry are discussed, rve direct the readers' attention
to some excellent, more subsiantial reviervs of this important
Sub.jecτ.l ,3a,b,d

Αη early example of α free radical cyclization ßη natural product
synthesis is found ßη the synthesis of the sesquiteιpenes sativene
(8) and copacamphene (9) by Bakuzis et αΙ, (see Scheme 1).α Ιη
the event, subjection of bromoketone 3 to the tßη hydride method
for radical generaiion results ßη the formation of α separable 3:2
mixture of diastereomeric tricyclic ketones 6 and 7 Ι62Ψο total
yield). Ιη this transformation, the tri-ru-butyltin radical (n-Bu3Sn.)
generated ßη situ abstracts the bromine atom (Br.) from 3 to give
the transitory carbon-centered radical 4. V/ith α suitable radical
acceptor six atoms removed, 4 can participate ßη α 6-exo-trig rad!-
cal cyclization to give α new carbon-centered radical 5, after which
α terminating hydrogen atom transfer affords the trvo stereoisomeric
products and regenerates n-Bu3Sn'. Although the stereoselectiviτ1,
of the radical cyclization is poor, it is noteworthy that α rather
crovrded carbon-carbon bond is constructed under mild, neutral
reaction conditions. Ketone olefinations allowed the conversion of
6 and 7 to sativene (8) and copacamphene (θ), respectively.
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Ιη αη effoft to identify α more stereoselective route tο dihydro-
agarofuran (15), trimethylsilylated alkyne 17 was utilized as asub-
strate for radical cyclization (Scheme 2). Treatment of 17,uvith α
catalytic amount of ΑΙΒΝ and tri-n-butyltin hydride (1.25 equiv)
furnishes α mixture of stereoisomeric νßηγΙ silanes 18 (º2Ψο üοm-
bined yield) along τηΖßth αη uncyclized reduction product (13 7ο
yield). The production of stereoisomeric νßηγΙ silanei ßη this cycli
zation is inconsequential because both ατe converted to the same
alkene 19 υροη protodesilylation. Finally, α diastereσselective di]
imide reduction of the double bond ßη 19 furnishes dihydroagaro-
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the cyclizations shown ßη Scheme 3, the stereochemistry of the
νßηγΙ bromide function ßη 23 is irrelevant. Ιt is also noteworthy thaι
αη electrophilic keto group is compatible ιvith the radical cycliza-
tion. Βγ contrast to ionic processes, radical reactions Üisplal
remarkable chemoselectivities. Although carbon-centered radiiais
can, ßη certain contexts, add efficiently to aldehyde carbcnyls,1O the
rates at which carbon radicals react with the carbonyl groups οΙ
ketones and esters tend to be very slow orving to the strength δf τhe
carbon-oxygen π bond. Such functional groups can, therefore, be
tolerated ßη most radical reactions ßη marked contrast to polar pro-
cesses. Although carbon-centered radicals are highly reactive inter-
mediates, high levels of chemo-, regio-, and even stereoselectivit1,
can be achieved because radical additions proceed under mild reac-
tion conditions.3d

The reactions of carbon-centered radicals are also tolerant of free
hydroxyl or amino groups. Ιη α historically significant example, the
Stork group demonstrated that νßηγΙ bromide 26 (see SchÝme 5).
οη treatment with tri-n-butyltin hydride and α catalytic αmουητ of
ΑΙΒΝ ßη refluxing benzene, is converted to methyleneindanol 27 ßη
º0% yie\d.In this transformation, the νßηγΙ radical derived from 26
engages the double bond ßη the proximate ring ßη α radical cycliza-
tion; α crorιzded carbon-carbon bond and α quaternary stereocenter
are formed smoothly, Indeed, one of the most valuable assets of
radical cyclization methodology is that hindered carbon-carbon
bonds and quaternary stereocenters can be constructed efficiently. Ιt
is also noteworthy that the carbon-carbon double bond of the
neιvly formed ring occupies α predefined position and is poised for
further elaboration if desired. Moreover, neither the elδcmophilic
nitrile function, nor τhe free hydroxyl group interferes with the
desired radical cyclization. Free hydroxyl and amino groups are
preserved ßη radical reactions due to ihe strong resistance of Ο-Η
and Ν-Η bonds to homolytic cleavage. Οη the basis of the exam-
ples surveyed so far, it may be concluded that radical addition
processes are compatible with α diversity of functional groups and
are thus ideally suited for the synthesis of multifunctional mole-
cules.
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Radical cyclizations are vvell suited for the construction of hindered
ca_rbon-carbon bonds and quaternary stereocenters. ýoie jßΞδßηΙß
α free hydroxy| group and αη electroβhilic nitrile fυηòtßοηΙßÝ þÝßαßeα

Scheme 5. Stork's construction of methyleneindanol 27.
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THF/liq. ΝΗ3, followed sequentially by oxidation and base-ini--._
double bond isomerization, provides butenolide 33, α comp,. _, _

that possesses the lactone system of the steroidal cardiac a_Qlr "-,:,:.,The finding that α carbon-centered radical produced b\- α τ;;--_
cyclization can be intercepted intermolecularly by αη entiτ\ ß_:,::
than hydrogen constitutes α ιlajor development ßη synthetic r3'1. ,

chemistry. Ιη many cases, it rvould be desirable to terminate α ι;:,-
cal chain process with α grouping that would be amenable to fuι_ .
synthetic manipulations. Ιη α pioneering example, Stork and S::,
demonstrated that carbon-centered radical 35 (see Scheme 7 ι. _:,;
product of α S-eχo-trlg radical cyclization of bromoacetal 34. c.:,
be trapped lvith rerr-butylisocyanide.12 As expected, /erl-butvl ι:, -

cyanide engages the less hindered convex face of bicyclic radi;,,
35. Presumably ßη the manner shown, α chemically versatile cr αß:,.
group is introduced and /erl-butyl radical is eliminated. The or-erl_
process accomplishes α tandem vicinal difunctionalization of .-
alkene, and its productivity is analogous to the familiar conjuεa.;
addition of α carbon nucleophile ιο αη εηοηε, follo,,yed by trapping
of the resulting enolate ßοη by α suitable electrophile.t3 Inciden-
tally, if tri-n-butyltin hydride is used as the tin radical precuΓso:
instead of hexaphenylditin, α hydrogen atom transfer from tri-l,-
butyltin hydride to 35 is the exclusive pathway; ηο trapping of 35
by t e rt -butylisocyanide occurs.

The promising transformation shouun ßη Scheme 7 and some sub-
sequent studiesla provided the basis for αη elegant synthesis of (+ι-
prostaglandin F2« [(+)-PGF2"] (45 ßη Scheme 8).15 Ιη the cruciai

Ph35nSnPh3,
............-..--------*
(CH3)3C-N=C:,
PhH, hv (58Ο/Þ

35

I intermolecuIar
I trapping
γ

Scheme 7. Stork's tandem νßòßηαΙ difuctionalization strategy.
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ι
f-Butyl isocyanide reacts ιπith
the less hindered convex face
of bicyclic radical 35
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36
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/err-butyldimethylsilyl ether mutually reinforce the indicated (and
desiιed) stereochemical outcome of the intermolecular radical alkyL
αtßοη step. Α terminating hydrogen atom iransfer then complεtr
the construction of 42.

The trimethylsilyl grouping is α valuable feature of 42 because it
allorvs the trans-Δ13,la double bond of PGF2. ßο be introducod
regiospecifically. Το this end, α thernially induced Brook reiπTange-
ment16 converts 42 to trimethylsilyl enol ether 43, α substance
which undergoes conversion to a,β-unsaturated ketone 44 οη treat-
ment ivith palladium(π) acetate ßη acetonitrile (Saegusa oxidation)l7
(58 7ο overall yield from 38). After α stereoselective Noyori reduc-
tionl8 of the C-15 ketone carbonyl ßη 44, treatment rvith aqueous
acid hydrolyzes the cyclic αòεtαΙ moiety arιd cleaves the rerr-butyl-
dimethylsilyl ether. Finally, α cjs-stereoselective Wiitig reaction
betrveen the ηεινΙγ formed lactol and the indicated phosphorus
ylide introduces the remaining carbons of the C-8 side chain and
completes the total synthesis of (+)-PGF2" (45).

Radical reactions can create carbon-carbon bonds that rvould be
very difficuli or impossible to construct using traditional polar pro-
cesses. For example, using Giese's reductive mercury method,3a,l9
Danishefsky et αl. demonstrated that organomercury compound 47
(see Scheme 9), the product of αη acetoxymercuration of dienone
46, can be converted to bicyclo[3.3.0]octane 52 (58 7ο yield from
461.ΖΟ According to the accepted mechanism, sodium trimethoxy-
borohydride reduces organomercuric acetate 47 to give mercuric
hydride 48. Homolytic cleavage of the mercury-hydrogen bond
then produces organomercury radical 4θ, which fragments tο give
β-acetoxy radical 50. With α reactive enone double bond and α
carbon-centered radical ßη proximity, 50 undergoes radical òγò|ιΖα-
tion to α ηe\Λ/ carbon-centered radical 51 . The latter iniermediate
abstracts α hydrogen atom from 48, affording ihe bicyclic product
52 and regenerating organomercury radical 49. This process com-
bines the simplicity of alkene solvomercuration with αη efficient
reductive radical cyclization, It is worth emphasizing that αηγ
attempt to consiruct the same carbon-carbon bond through α polar
process involving the hypothetical carbanion 53 (Scheme 9) would
most likely by thwarted by α destructive, irreversible β-elimination
of the newly introduced acetoxy function to give 46. Α valuable
attribute of radical reactions is that .OR and NR2 §roups ßη the
β-position are not eliminated.

The success of intramolecular conjugate additioμs of carbon-cen-
tered radicals ßη multifunctional contexts is noterηzorthy. Compound
57 (see Scheme 10), prepared by αη interesting sequence starting
fuom meta-toluic acid (54) (see 54-+55-+56-+57), can be con-
verted to the highly funciionalized perhydroindane 58 through αη
intramolecular conjugate addition of α hindered secondary radi-
ca|.2|,2z This radical cyclization αòtυαΙΙγ furnishes α 6:1 mixture σf
perhydroindane diasiereoisomers, epimeric at C-º, ßη favor of 58
(96Ψο tota| yield), It should be noted that α substantially less strained
cis-fused bicyclo[4.3.0] substructure is formed ßη this cyclization.
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More recently, Pattenden and his group utilized α 6-exo-trig
intramolecular conjugate addition of α carbon-centered radical ßη α
synthesis of the tetracyclic lactone alliacolide (6Ι) (see Scheme
11).23 Although compound 59 has two carbon-carbon double bonds
ßη proximiiy to the iodine-bearing carbon, the lactone-activated
double bond is much more reactive as α radical acceptor (lower
lying LUMO)24 than the unconjugated double bond. Οη treatment
with tri-r?-butyltin hydride and ΑΙΒΝ ßη benzene at 85 oC, com-
pound 59 is converted diastereoselectively to deoxyalliacolide (60)
(45 % yie|d). Ιnterestingly, compound 62 cyclizes much more
smoothly than 5θ, affording tricyclic lactone 63 as α single diaste-
reoisomer ßη 95 Ψο yield. It is noteworthy ihat lactone activation of
the rather hindered double bond permits the smooth formation of α
fully substituied stereogenic center ßη this transformation. Moreover,
the neutral reaction medium tolerates oxygenaied functionality and
does not induce α destructive β-elimination of the methoxyl group.

Scheme 10. Intramolecular free radical conjugate addition ßη Haft's synthesis of perhydroindane 58.
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The tolerance of carbon-centered radicals for OR and NRa g!ηF
ßη the β-position is α virtue of radical reacÜons. Nonethelesη π
groupings (e. g. halogens, thiols, sulfoxides, sulfones, and tieψ
stannanes) are readily eliminated. Αη elegant example ß§ Η
ßη Keck's synthesis of (t)-perhydrohistrionicσtoxin Kt)Sl (re
Scheme |2).25 Ιπ α Κεγ step, bromide 65, produced by the actic d
N-bromosuccinimide οη compound 64, is stereoselectively cr.
verted to the allylated tricycle 68 ßη 88 % yielld, Ιη this ßηtεπαÞ3
transformation, n-Bu3Sn' generated ßη situ, abstracts Br' ftιom CÞ
affording transitory carbon-centered radical 66, Intermoleculπ #
tßοη of 66 to αΙΙγ1 tri-n-butylstannane then gives α new carbon r*
cal 67 ιvhich spontaneously fragments, exφelling rr-Bu3Sn' and grr-
erating the C-allylated product 68. The extruded tri-n-butytfo
radical is available for reaction ιyith bromide 65 (chain pmpagτ
tion). Gratifyingly, allylation ,of neopentyl radical 66 is not undcτ*
mined tιy α destructive B-elimination σf either oxygen or nitrogen-

Αη interesiing free radical carbon-carbon bond formatiιrn wßft
concomitant elimination of α β-thio substitueni rvas aohieved dυßηΞ
the course of Boger's impressive synthesis of CC-1065 .26,27 1υ -
event, ireatment of ατγΙ bromide 70 (see Scheme 13) with tri-π-

Scheme 13. lntramolecular radical addition/fragmentation ßη Boger's synthesis of (+)-CC-1065.
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tuted cyclohexene double bond ßη α stereo- and regioselectjr e
S-exo-trig radical cyclization. This eyent creates α ne\y carbu:-
centered radical 74 vrhich then participates ßη α 6-encJo-trig c.,;,,-
11ßßοη with the pendant styryl double bond tο give benzylic'raÜi;.,
75. FßηαΙΙγ, spontaneous β-elimination of Ph§' ο""υ.r, aftbrdinι
κeγ intermediate 76 (35 % yield). Τινο rings, α critical qou,..n".,
stereocenter, and α strategically placed carbon-carbon double bon.l
are αΙΙ formed ßη this elegant sequential transformation.

Sequential radical cyclizations are also featured ßη αη efficienι
and-cleyer synthesis of the cedrane framev,zork 83 (see Scheme
15).30 Compound 81, the product of α regioselective'oiels-eiaer
reaction betrveen isoprene (79) and nitroethylene (80), participates
ßη α nitroaldol reaction (Henry reaction) .itri s--eirryi-+'-rr"*"nº ß"
the presence of α basic, resin to give 82. Because the nitro group ßη
82 is attached to α tertiary carbδn atom, ßß can serve as α preculsol
to α carbon-centered radical. Thus, οη treatment ιvith tri-n-butylτin
lydride and ΑΙΒΝ, 82 is converted to tricyclo[S.3.1.o1,s]unÜeÝane
83 by the tandem radical cyclizations shorvn (52Ψο yie|d). Corru"n-
tional manipulations then complete the synthesis ot 1t;-Δ2-8-epice-

z\z^.,cHo
Amberlyst Α-21
resin (basic),
25 "c (62γο)

[4+2] » Δ7;;ΕλΠ;;*,) Υ

Η

Ηο

Me

;&--"

79: isoprene

/Νο,
ιι

80: nitroethylene
ΝοΖ

81

τP9sfuH' ΑΙΒΝ (10 molo/o),
PhH, 80 .c (52ο/ο)
(ta η de m rad ß ca Ι cyc Ι izati ο ns)

1. CrO3
2. MeLi

3. dehydration

, δ3 (τ)-Sα: (τ)-ι2-8-epicedrene

Scheme 15, Tandem radical cyclizations ßη Chen's synτhesis of (τ)-Δ2-8-epicedrene ι(τ)_ò4],
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During the course of Danishefsky's elegant synthesis of the
erythrina alkaloid (t)-3-demethoxyerythratidinone (θ3) (see
Scheme Ι7), it was found that organoselenide g0, prepared by
reductive alkylation of amine 8θ, can be converted to allylic gem-
ßηαΙ acetoxystannane θ1 ßη tιηΖο straightforιvard steps.38 This tactic
is notervorthy because radical cyclization of θ1 , with concomitant
fragmentation, furnishes enol acetate g2 regiospecifically, thereby
alloιving α controlled introduction of the requisite enone double
bond ßη the natural product (see 92 -+ (t)-93).

Α noyel organoselenide radical precursor is the key intermediate ßη
conyergent syntheses of the tunicamycin antibiotics (e. g, θ7) by
Α. G. Myers and his group at the California Institute of Technology
(see Scheme Ι 8).39 Ιη this elegant ,,york, tτνο functionalized sectors are
united through α mixed-silaketal (see intermediate θ4), α group that
serves as α temporary tether.a0 Homolysis of the carbon-selenium
bond ßη 94 \yith tτß-η-bυτγΙτßη hydride and the lorv-τemperaτure radical
initiator triethylborane brings about α º-endo-trig ring closure. Fluo-
ride-induced cleavage of the silaketal then furnishes α 7.5: Ι mixture of
C-5' epimers ßη favor of θ6. This radical cyclization establishes the
C5'-C6' bond and the C-5' stereocenter of the tunicamycins. The pref-
erential formation of θ6 is consistent v,lith the hydrogen-bonded tran-
sition structure θ5. The silicon bridge brings tlre carbon-centered radi-
cal and the carbon-carbon double bond into proximity, and the
indicated hydrogen bond stabilizes transition structure θ5ι the desired
configuration αt C-5' emelges from this arrangement. Ιncidentally, if
the radical cyclization of θ4 is conducted ßη α protic solvent such as
methanol, compound θ6 is obtained ιηιßth significantly diminished
stereoselectivity (1.6;Ι). This observation supports the hypothesis τhατ
transition state hydrogen bonding is crucial to the desired stereochemi-
cal outcome. The total synthesis of (+)-tunicamycin ν (θ7) òαη be
achieved ßη four additional steps,

The reactivity of free radicals, heteroatom-centered radicals ßη
particular, can be exploited to accomplish the formidable task of
functionalizing unactivated hydrocarbons. Ιη the early 1960s, Sir
Derek Barton, α pioneer ßη the development of free radical reactions
for use ßη organic synthesis, described α valuable photochemical
reaction ιηzhich comprises the general processes shown ßη Scheme
Ι9.1Ι,42 This reaction, κηονγη as the Barton reaction. is based οη
the premise that photolysis of nitrite ester θθ, derived from the
reaction of alcohol θ8 lvith nitrosyl chloride, furnishes α highly
reactive oxygen-centered radical 100. Ιf such α species possesses
αη accessible δ-carbon-hydrogen bond, then intramolecular hydro-
gen atom abstraction can take place νßα α six-membered transition
state to give α less reactive carbon-centered radical 101 . Nitrosoal-
cohol 'ß02 can then be formed through the combination of 101 ιηιßth
the nitric oxide that ιvas liberated ßη the photolysis step. It ινßΙΙ be
noted that intermediate 102 can tautomerize to oxime 1ο3, α con-
venient precursor for αη aldehyde (see 1 03 -+ 1 04).

Barton devised this interesting photoinitiated method for func-
tionalizing unactivated carbon-hydrogen bonds ßη response to α
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Scheme 20. The Barton synthesis of a|dosterone 21-acetate (ß 11).
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from the reaction of αη activated carboxylic acid derivative, such as
acid chloride 123, with the commercially available sodium salt of
N-hydroxypyridine-2-thione (124). If α solution of 125 ßη toluene
is simply heated to reflux or irradiated ,with α tungsten Ιαmρ, αη
αlκγΙ pyridyl sulfide of the type ß27 can be producΞd ßη exciiem
yields. Iη this transformation, αη αΙκγΙ radicaΓ òR1 to.med by ther-
molytic οτ photolytic decomposition of thiohydroxamate esþ ß25
attacks the thiooarbonyl sulfur atom of 125 to give α ηeιτ radical
intermediate 't26. Concerted or steprvise fragmeþation of ß26 then
results ßη the formation of Co2, the alkylpyridyl sulfide 127, πΙ
αη αΙκγΙ radical (R') ivhich is available for reiction rvith anoiher
mσlecule of 125. The formation of α strong carbon-oxygen π bond
(Coz) ßη exchange for α ιveaker carbon-sulfur π bond, λΙα aromπi-
zation to the pyridine ,nucleus (127) provide porverful enthalpic
driving forces for this fragmentation. The reacti,on is also favored
entropically because three entities are formed from one substraE
molecule.

If_the reaction just described is conducted if the presence of α
suitable hydrogen atσm donor such as tri-n-butyltin tιyariae or teπ-
butyl hydrosulfide, reductive decarboxylatio, ο".υr* νßα α radical
chain mechanism to give αη alkane (see 125-)1,ρ§, Scheme 24).
Carboxylic acids can thus be decarboxylaied through the intermedi-
acy of their coaesponding thiohydroxamate esters ßη t,wo easily
executed steps. Ιη this reductiye process, one carbon atom, the car-
bonyl carbon, is smoothly excised.

The scope of Barton's thiohydroxamate θster chemistry has beea
sig,ηificantly expanded by the finding that the intermediate αΙκγΙ
radicals (R') can be in^tercepted by α host of neutral molecules (see
Scheme 25)-a2b,+sc,sz,53 Several different classes of compounas ßαη
thus be prepared from α common thiohydroxamate ester precursor.
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Scheme 26. Barton's thiohydroxamate ester chemistry: construction of α carbon-carbon bond_

Figure 1. Representative Iinear, angular, and propellane triquinane natural products.
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Scheme 27. Retrosynthetic analysis of hirsutene (1).

introduction of the left-hand side chain ß35 by Sy1Τ'-anti opening
of νßηγΙ lacione 136, follo,wed by standard manipulations, could
furnish the penultimate intermediate ß34. The left-hand side chain
ßη 't34 possesses the initiating ierminus for the tandem radical
cyclization, rvhile the terminal alkyne ßη the right-hand side chain
constitutes the cascade terminator. The execution of Curran's total
synthesis of (t)-hirsutene [(t)-1] and (t)-Δo{Ι2)-capnellene ι(τ)-2]
based οη this strategy is described below.

23.3 Total Synthesis

Schemes 28 and 29 illustrate Curran's synthesis of (t)-hiτsutene
t(t)-1], Luche reductions8 of 2-methylcyclopentenone (137), fol-
lorηued by acetylation of the resulting allylic alcohol, furnishes
allylic αòεtαtε 138. Although οηΙγ one allylic acetate stereoisomer
is illustrated ßη Scheme 28, compound ß38 is, of course, produced
ßη racemic form. Βγ ιναγ of the porverful keland ester enolate Clai-
sen reiilTangement,sg compound 138 can be transformed to γ,δ-
unsaturated /err-butyldimethylsilyl ester 'Ι 40 νßα the silyl ketene
acetal intermediate ß39. Iη ß40, the silyl ester function and the
methyl-substituted ring double bσnd occupy neighboring regions of
space, α circumstance that favors α phenylselenolactonization reac-
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23 Hirsutene and Δ9(12)-Capne|lene

ßßοη to give bicyclic lactone 141.Iη practice. unsaturated silyl ester
140 is converted directly to 'l41 with phenylselenenyl chloride.36
Oxidation of selenide 141 tο the corresponding selenoxide by
hydrogen peroxide rvith concomitant syn elimination provides νßηγ1
lactone 136 (6,2 Ψα overal| yield from allylic acetate 'l38).

After considerable experimentation, it was found that the action
of trvo equivalents of lithium naphthalenide οη neopentyl bromide
142 ßπ cold (-78'C) THF produces, through reductive lithiation,
the corresponding organolithium reagent. Sequential treatment of
the latter species with CuBroSMe2 complex and νßηγΙ lactone 136
then affords carboxylic acid 143 ßη variable yields ranging from _50

to º5Ψο. Ιt is noteworthy that 143 is produced as α single regio-
and stereoisomer. The ßη situ generated organocuprate reagent
reacts with the less hindered convex face of 136 ßη the Sχ2' lactone
opening.6o This crucial transformation creates α key carbon-carbon
bond, introduces necessary functionality, and establishes the requi-
site trans relationship betrveen the left- and right-hand side chains.

From trans-3,5-disubstituted cyclopentene 143, the pivotal tαη-
dem radical cyclization precursor 134 can be constructed ßη
straightforward fashion. After acid-cata|yzed solvolysis of the ΤΗΡ
ether ßη 'Ι 43, lithium aluminum hydride reduction of the carboxyl
terminus affords diol 144 ßη òα.64Ψο overa|L yield. When the latter
is exposed to several equivalents of trifluoromethanesulfonic (tri-
flic) anhydride and pyridine ßη CHzClz at -10oC, α ditriflate is pro-
duced. When α solution of this substance ßη benzene is treated with
excess tetra-n-butylammonium iodide and heated to reflux, diiodide
145 is formed ßπ 64Ψο overall yield. Although both iodine-bearing
carbons ßη 145 could conceivably undergo nucleophilic attack ßη
the presence of α reactive nucleophile, the neopentyl iodine-bearing
carbon is considerably more hindered than the other. Consequently,
the prospects for effecting α selective displacement of the less hin-
dered iodide with αη acetylide nucleophile sqemed very favorable.
Indeed, exposure of α solution of diiodide 145 ßη THF at 0"C to
lithium trimethylsilylacetylide (1 equiv.), followed by removal of
the trimethylsilyl group with fluoride ßοη, furnishes key inter-
mediate 134 (78 Ψο overal'| yield). As expected, οηlγ the non-neo-
pentyl primary iodide is displaced.

The stage is norry set for the tandem radical bicyclization event.
Remarkably, ιvhen α solution of iodide 134 ßη benzene (0.02 ιη) is
treated with tri-n-butyltin hydride (1.3 equiv.) and α catalytic
amount of ΑΙΒΝ and heated tο reflux for 1 h, (t)-hirsutene I(t)-1]
is produced ßη ca. 80 Ψα γΙεLÜ (see Scheme 29). Iη this transforτna-
tion, tri-n-butyltin radical, generated ßη situ, reacts with iodide 134
to give the putative primary radical 133. The intermediacy of 133
is brief, for it paπicipates ßη α facile 5-exo-trig radical cyclization
to give α new carbon-centered radical 132. With αη effective alkyne
radical acceptor οηΙγ five atoms removed, 132 takes part ßη α

S-exo-dig radical cyclization to give the reactive tricyclic νßηγΙ
radical 131 ; the action of tri*rι -butyltin radical οη iodide 134 brings
about successive chain-to-ring and ring-to-chain cyclizations to

Η
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strucÜon of crorryded carbon-carbon bonds because radical
mediates, ßη contrast to organometallic species, are ηοt encul
rvith counterions or aggregation spheres,3d Carbon-centered r
are also highly reacÜye intermediates that add to carbon-ca
bonds νßα early, reactant-like transition states. It is, therefo
suφrising that compound 155 undergoes conversion to (t)-
capnellene t(t)-2] οη treatment with tri-rι-butyltin hydrid
equiv.) and ΑΙΒΝ (catalytic amount) ßη benzene at 80 Ο(

Δ9(12)-CαρηeΙΙeηe t(f)-2] is produced ßπ 61Ψο yield (80
yield), and is the οηΙγ tricyclic substance observed. It is pre
that reduction of the carbon-bromine bond ßη ß55 with tri-n
tin radical generates α transient tertiary radical thai undergoτ
version to (t)-2 through successive S-exo radical cycli:
(156 -+ 157 -+ 158;.

23.4 Conclusion

Fundamental τeseaτch ßη physical organic chemistry υηò
many of the characteristios of radical reactions and stiπ
impressive advances ßη organic synthesis ßη ihe 1980s. Iη thiι
ter, αη attempt has been made to highlight some of the featι
radical reactions that make them ideally suited for applicatj
organic synthesis. Through the application of radical che
valuable functional group transfσrmations and challenging c
carbon bond constructions can be achieved under unusuall
reaction conditions. The elegant contributions of D.P. Curri
others demonstrate that α prudent sequence of elementary
reactions can create porverful, one-pot strategies for the syι
of complex polycyclic molecules. Indeed, tandem or seq
radical cyclizaiions òαη offer exceedingly concise solutions tι
lenging problems ßη organic synthesis.6a
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