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OBJECTIVES 

Our objective was to develop synthetic utility from the metal-catalyzed homo Diels-Alder 

cycloaddition reaction of substituted norbornadienes. To achieve this goal required development 

of efficient cleavage strategies of the deltacyclane cycloadducts. 

The first objective was to continue investigations on inercury (II) cleavage reactions of 

the cyclopropane found in deltacyclanes. a discovery made in this lab, but still not fully explored. 

Therefore, i t  was decided 10 more Mly investigate this strategy in attempts to demonstrate 

synthetic iisef~~lness. A second objective was to complement the results from the übove research 

with subsequent cleavage strategies to demonstrate the potential of this methodology toward the 

synthesis of diquinanes and triquinanes. Initially, this meant expanding a Baeyer-Villigei- 

cleavage strategy for the fragmentation of brendanones. A novel fragmentation strategy of 

brendanol derivatives was discovered and thus investigation on expanding the scope of this 

methodology was also casried out. 



ABSTRACT 

SYNTHESIS OF DIQUINANES AND TRIQUINANES VIA 

FRAGMENTATION CHEMISTRY OF DELTACYCLANES 

Master of Science - 1997 

James M. Blackwell 

Department of Chemistiy 

University of Toronto 

This thesis describes reseuch carried out with the goal of developing synthetically usefiil 

chemistry from rne(a1-catalyzed [2+2+2] horno Diels-Alder cycloadditions. Deltacyclane 

cycloadducts obtained from the Ni(0)-catalyzed homo Diels-Alder reaction of tert-butoxy 

norbornadiene ,and electron-deficient olefins are fragmented to diquinane and triquinane skeleta. 

Irnprovements in the oxymercuration of the cyclopropane moiety of deltacyclane 

cycloadducts, par~icularly hydroxymeccuration, has led to efficient routes to mercury-substituted 

brendanols and brendanones. Reduction or functionalization of the organomercurial functionality 

provided demercurüted brendanols and brendanones. Investigation of Baeyer-Villiger and 

alkoxy radical fragmentation of brendanones and brendanols respectively (with and without 

mercury substituents) has led to rapid, selective syntheses of functionalized diquinanes and 

triquinanes. 
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CHAPTER 1 

INTRODUCTION 

1.1 METAL-MEDIATED CY CLOADDITIONS 

The ever-expanding capacity of metal-mediated and catalyzed processes to facilitate 

synthetic chemists' endeavors is repeatedly being tapped in efforts toward the synthesis of natiiial 

products and other target molecules. One of the more enticing aspects of using metals in organic 

synthesis has been the promise of effecting transformations not readily carried out by traditionaf 

methods. Furthermore, even if the transformation is not entirely new, oftentimes, the chemo-, 

regio-, andor stereoselectivity will be different, thus providing routes to uniquely functionalized 

substrates. AdditionalIy, the use of a metal center as a reaction template produces a new set of 

variables to consider and harness in attempts to control a reaction. Rational design of the 

environment of the metal-based reaction center has become an important objective through variation 

of the metal and its ligands. Seemingly subtle changes in conditions can often lead to drastic 

differences in selectivity andor reactivity. Indeed, divergent reactivity or selectivity patterns are 

often possible through only minor modifications of reaction conditions. Although, of course 

optimizing the chemo- and regioselectivity of reactions is still important and metal-mediated 

reactions can be certainly effective in this regard too, the assistance in the development of highly 

stereoselective organic transformations has been perhaps, organometallic chemistry's most timely 

and beneficial contribution to organic synthesis. 

Carbon-carbon bond forrning processes orchestrated by metals have been gaining 

increasing favor in recent years. Carbon-carbon bond formation has the added potential of 

enabling the stereoselective assembly of the carbon skeleton of a natural product rather than mese 

f~inctionalization. As metal-inediated C-C bond forming chemistry continues to gain in popularity 

and effectiveness, its preponderance in natusal product synthesis has increased to the extent that it 



often represents the key stereochemistry-determinhg and framework-building slep of a synthesis. 

This potential for dual benefit is particularly pronounced in metal-inediated cycloaddition and 

cyclizütion reactions and impressive syntheses of carbocyclic iind heterocyclic nutural prodiicts 

highlighting the appeal of this class of reactions have been reported.1-2 

Not al1 metal-mediated cyctoadditions lead efficiently to the construction of the core of'a 

natural product nor can the core of al1 natural products be envisioned to come efficiently from a 

metal-rnediated cycloaddition. In some cases, additional key C-C bond forming events are 

required, convenient starting poirits to which can be incorporated into the cycloaddition. The 

products from other cycloaddition strategies sometimes Iack a skeleton adaptable to that of a nat~iral 

product. Rather, the cornplex multicyclic frameworks produced during certain cycloaddition 

reactions actually require synthetic deconstruction to unrnask synthetically viable intermediates. 

One such case is the metal-catalyzed homo-Diels-Alder cycloaddition strategy for the formation of 

deltacyclanes. 

1.2 THE METAL-CATALYZED HOMO-DIELS-ALDER REACTION 

The homo-Diels-Alder (HDA) reaction of norbornadiene derivatives with olefins and 

alkynes has long been an intriguing reaction from both a mechanistic and structural standpoint, 

(equation 1. L ) .  The homo-Diels-Alder reaction's main difference to a normal Diels-Aldes reaction 

is the fact the diene component is not conjugated. The sp3 carbon between the two alkene groups, 

in addition to being responsible for tagging the 'homo' term to the reaction name, also, results i i i  

cyclopropane rather than alkene formation. Because the diene component is homo-conjugated, the 



cycloaddition is foi.n~ally referretl to as a [2+2+2] cycloaddition rathei- than a [4+2] cycloaddition. 

Thermally-driven three conlponcnt cycloaddition reactions are generally dishvored for entropic 

relisons; however, when two of the reacting componcnts arc constrained in a singlc molecrile such 

that they are suitably geometrically-disposed, as with norbornadiene, then the reaction does 

become possible. 

The first example of a HDA reaction was reported by Ullman3%ho observed formation of 

the cycloadduct indicated in equation 1.2 when norbornadiene and maleic anhydride were heated 

together. More interesting examples followed frorn UIlman and other groi~ps,~ but generally, 

mechanistic rather than synthetic inspiration seems to have been the result of the early thermal 

cycloadditions. However, Schrauzer discovered that Ni  complexes could catalyze the 

cycloaddition of norbornadiene with electron poor o~efins.~" In 1975, Noyori denlonstrated the 

Ni(0) catalyzed reaction of quüdricyclane with electon-deficient olefins, and proposed inecliariistns 

for both this reaction and Schrauzer's Ni-catalysed HDA reaction. (Scheme 1.1).4" 

Scheme 1.1 Noyorifs mechanism for the Ni-catalysed HDA reaction 



As n~entioned earlier. the key reason why norbornadiene will undergo thcrmal homo-Diels- 

Alder reactions are that two of the alkene components are favorably oriented in a single molecule. 

A similas rationale can be givcn to explain why three-component metal-catalyzed cycloadditions, 

not possible under normal conditions, can occur. The metal center acts as a template for the 

reactants. Extensive research on metai-catalyzed [2+2+2] cycloadditions has been done extending 

from simple trimerization reactions to the combination of three distinct species. 1 The [2+2+2] 

HDA reaction of norbornadiene already benefits from two of the components being confined to a 

single rnolecule and as show11 in Noyori's mechanism, these two olefins are ideally suited for 

simultaneous coordination to the metal, Ni. 

After Schrauzer's initial discovery of metal-catalyzed HDA reactions, a full realization of 

the potential strengths of rnetal-catalyzed processes certainly did not accompany the initial 

revelations made by him and other groups. As metal-rnediated cycloaddition methodology grew 

however, and with triumphs in controlling chemo-, regio-, stereo-, and enantioselectivity by 

manipulating the nature of metal-ligand environrnents, it was inevitable that the synthetic potential 

of the homo-Diels-Alder reaction would become more apparent. 

1.3 THE HDA REACTION IN ORGANIC SYNTHESIS 

There has been no mention of any synthetic use of the HDA reaction other than the fact that 

inleresting, complex, multicyclic asrays can be fashioned by the reaction itself. There are no 

natural products containing the deltacyciane moiety. lt would appear then, that to Sarner any 

synthetic use froin this rcaction, il would be necessary to first dcconstruct thc dcltacyclaiic 

framework to ü lcss complex, but more useful substructure. Figure 1 . 1  illustrates somc of the 

cleüvage pathways possible. Ceitninly, selective cleavage by any of thc four routes would be a 

promising start in attcmpting 10 apply homo-Diels-Alder methodology to specific synthetic goals. 

In particular, the two soutes leading to bicyc10[3.3.0]octanc skeletons could potentially providc thc 

readiest acccss to synthetically useful intermediates such as diquinancs and tiiquinanes. 



Figure 1.1 Selective cleavage options of deltacyclanes 

Polyquinane synthesis expesienced an explosion of interest in the 1980's perhaps laigely 

because of improvements in cyciopentannulütion seactions (particulariy from rnetal-rnediated 

chemistry and radical cherni~try).536+~ This class of terpenes continues to attract attention with new 

syntheses appearing in the lirerature on a regular basis. Often, new methodology is showcased 

through syntheses of diquinanes and trjquinanes. In applying methodology to the synthesis of a 

class of compounds, satisfaction of the following two goals will greatly enhance ils impact. First, 

the fastes and more efficient a synthesis is, obviously the more interest there wilI be genesatcd. 

The second feature of a synthesis thüt can add appeal is the opportunity for modifications 10 be 

incosporated conveniently. This would allow analogues to be made in addition to the target. The 

two considerations do not necessarily overlap, but a balance rnust be met to maximise its effect. 

With eventiia1 synthetic application in  mind, the Lautens' group initiated a program with lhc 

immediate goal of bioadening the scope of the homo-Diels-Alder seaction. 

Although some liinited work had bcen done in  investigating acid-catalyzed cleavngc 

strategies of dclta~yclanes,~ i t  was too limited i n  scope and application and thus, initial work in oui. 



group focused on increasing the substratc base for the HDA reaction, addressing resulkmt 

selectivity issues and also exarnining asymrnetric applications. Success in these areus has eitlier 

directly enabled efficient cleavage strategies to be developed or offers the possibility foi- 

irnproveme~lts/n~odifications to the cleavage strategies. The examples to follow are a brief 

synopsis of years of research and are rneant to identify specific cases relevant to the work in this 

thesis and also highlight other areas that might be adaptable to the work. 

The first set of exampIes were compiled by Edwards and Lautens as a starting point for 

studies on the stereoselectivity of metal-catalyzed HDA reactions, (Table 1 .  1).3e Aside fsoni a 

possible [2+2] cycloaddition side reaction, the only selectivity issue in these examples woiild be 

e.ro/erzdo concerns. In certain cases the selectivity can be strongly biased toward the rxn product 

whereas in others, this selectivity is modesi or non-existent. 

Scheme 1.1 Stereosetectivity in Ni-catalysed HDA Reaction 

-. 

7 r.t.- 80 OC EWG EWG 
EWG exo endo 

Table 1.1 Stereoselectivity in Ni-catalyzed HDA reaction 

Entry EWG Ternp. Yield exo : endo 
1 COMe 80 O C  99 % >20 : 1 

2 CHO r.t. 58% 3 :  1 

3 CN 80 O C  82 % 4 :  1 

4 S02Ph r.t. 75% 1 : 1  

5 SOPh r.t. 7 3 '/O >19 : la 
a: P(OPh)3 was used instead of PPh3. 

Such a diverse range of selectivities when the only difference in reactants is [lie electron- 

withdrawing group is a good indication that subtle effects are operating in deierrnining the 



stereochemical cotirse oT the reaction. One of the key advantages in using n-ietals to direct ieactions 

is the increased opportunity for reaction condition variation in efforts to optirnize a rcaction and 

tlius the moderate selectivities should not be viewed as ultimate 1-esults. Eveii niore optiniis~ically, 

for the case when EWG = SO2Ph where there is no selectivity, it  is reasonable to envision a 

situation where either stereoisomer could be selectively produced depending on the conditions 

employed. However, at least for exümples such as these where the products of the cycloaddition 

require additional manipulation to be synthetically useful, it is necessary to reconsider the overall 

goal of using the HDA reaction in organic synthesis. The extra substitution found in these 

cyctoadducts compared to the parent deltacyclane would not be expected to interfere with an acid- 

catalyzed cleavage. However, since cleavage of the cyclopropane would potentially lead to 

unsymrnetrical products, another issue of selectivity is encountered in considering cleavage of the 

cyclopropane. The fact that the EWG is so far removed from the cyclopropane suggests little 

optimism for it to exert any control in a cleavage reaction and thus, little optimism for these 

substrates to be suitable precursors for synthetically efficient deconstruction strategies. 

A more proniising strategy would be to develop HDA reüctions where the deltacyclane 

products contüined additional fi~nctionality i n  the proximity of the cyclopropane. To this end, a 

number of norbornadiene derivatives substituted on one of the alkenes were investigated by the 

Lautens' group in  order to see if they could participate in selective HDA reactions with various 

olefins, One exainple is given in Scheme 1.2. Despite the poor selectivity, the products of this 

reaction shouid be better candidates for selective cleavage because of the presence of the activating 

ester substituent on the cycIopropane. Acid-catalyzed cleavage may not be an appropriate 

procedure for these substrates, but other options are opened. 



Scheme 1.2 HDA reaction of substitutcd norbornadicne 

The next set of examples are most directly concerned with the work presented in this thesis. 

In these cases, 7-substituted norbornadienes were investigated in the HDA reaction with electson- 

poor olefins, Table 1.2.4f As with the examples in Table 1.1, selectivity concerns include 

chemoselectivity ([21-2+2] vs [2+2]) and stereoselectivity (exo vs endo) However, an additional 

selectivity factor which arises is the resulting orientation of the norboinadiene siibstituent with 

respect to the olefin's substituent, X (referred to as s y n  or anti ) Ignoring possible 

chemoselectivity problems, four diastereomeric pioducts can aise froin these reactions. 

Scheme 1.3 HDA reaction of substituted norbornadiene 



Table 1.2 HDA reaction of substitiited norboriiadiene 

Entry Y X Yield anti : syn exo : endo 

1 OTBS COMe 93% 90 : 10 98 : 2 

3 S02Ph 95% 81 : 19 67 : 33 

4 OCOPh COMe 95% 77 : 23 96 : 4 

With the added stereochemical cornplexity, the necessity for high selectivity becomes more 

important. When X = S02Ph, desulphonylation can alleviate both regio- and stereoselectivity 

worries with, of course, Ioss of stereochemical cornplexity. Nonetheless, this route does lead 

efficiently to the 5-substitiited deltacyclanes and served as a valuable set of substrates to begin 

investigations on the cleavage of this farnily of deltacyclanes. 

Scheme 1.4 HDA reaction of r-butoxy norbornadiene and MVK 

20% Ni(COD)2 
40% PPh3 95% yield 

+- 95:5 anti:syn 

T 100:O exo:endo 
COMe MeOC 

1 

The HDA reaction of tert-butoxy norbornüdiene and MVK was particularly irnpressive and 

the müjority of chernishy described in this thesis stems from this reüction, (Scheine 1.4). Thc 

cycloüddition affords the rrizri, e.ro-acetyl-substituted dcltacyclane 1 in high yield and witli high 

selectivity. The less selectivc cases were not necessarily excludcd from tiirtlier optimization 



attempts, but were set aside to await the results of investigations aimed at showing synthetic 

potential. Without cooperation from subsequent transformations of the deltacyclane products. 

impressive breakthroughs in controliing the stereoselectivity of the IiDA reaction would be 

tempered in their ability to attract attention from synthetic chemists. 

Scheme 1.5 Other HDA cycloaddition results 

Co(a~ac)~  (1 -5 %) 
L* (1 eq. wrt Co) 

Et2AlCI (4 eq. wrt Co) 
* *&* - 

R 
up to 91% ee 

C~(acac)~  (2 mol Oh) 

L* (2 mol %) 

Et2AICI (8 mol %) 
benzene, r.t. 

TlPSO TlPSO 

Co(a~ac)~, dppe 

COOEt 

- COOEt (71 %) COOEt 

Co(acac);! (2-8 mol%) 

(4) 
dppe (leq. w.r.t. Co) + 
Et2AICI (4eq. w.r.t. Co) 

PhH, r.t. 

Bef'ore presenting important preliminary results of Tarn and Lautens, some additional HDA 

results are given in Scheme 1.5. Unfil this point, al1 metal-catalyzecl HDA mictions discussctl 

have ernployed Ni(0) catalysts. Mowever, cobalt catalysts have also been shown 10 be effective 

catalysts particularly in cycloadditions involving alkynes and in the iiiost successfiil attempts at 



inducing asynimetry in this class of reüctions. The examples chosen were selected to indicate the 

success achieved in broaderiing the scope of cobalt-catdyzed HDA reactions as well; fiirthermore, 

the examples chosen, when considered in conneetion with results fsom this tliesis, iielp to ideiitify 

some potentially fruitful additional avenues of research. 

The first example of Lautens, Lautens and Smith serves to illustrate that Co-catalysed HDA 

reactions can be high yielding and that the use of chiral phosphine ligands can lead to liigh 

asymrnetric enrichment in the deltacyclene products.9" The second example of Lautens and T;im 

illustrates a related reüction, the [2+2+4] cycloaddition, ülso catalysed by Co and also leading to 

enantioenriched products when chiral phosphine ligands are employed.1° Thirdly, an 

intraniolecular example of the Co-cütalyzed HDA reaction of norbornadiene derivatives with 

alkynes emphasizes the range of complex rnulticyclic products to which HDA methodology dlows 

access. 1 ld  The final example illustrates that 7-substituted norbornadienes can be used in reactions 

wi th alkynes catalyzed by cobalt. l I 

Referring to Figure t .1, a number of cleavage pathways are possible each leading to a 

bicyclooctane skeleton. Intriguing as the p a l  to develop sui table cleavage procedures for al1 t hese 

possibilities may be, clearly, progression toward this end must begin by first witnessing one of the 

routes becoming navigable. An incompatability of preexisting methodology foi cleavage of 

deltacyclane with acid-sensitive functionality and an uncertainty with regard to the performance of 

it towürd unsymmetrical substrates has placed severe restrictions on adapting this protocol to a 

wider range of deltacyclanes, particularly to those which work in the Lautens' group has given 

convenient access. Nonetheless, the idea of using an electrophilic üpproach to cyclopropane 

cleavage was segürded to be worth investigüting in view of tliese results. Readers ase seSrird 

elsewhere for a more detailed üccount of cleavage options of cyclopropünes. l 2  



1.4 OXYMERCURATION OF CY CLOPROPANES 

Cleavage of cyclopropanes with strong acid is generally believed to occur via initial corner 

activation of the cyclopropane by the electrophile H+.I2 This activation leads to attack of one of 

the remaining two cyclopropane casbons by a nucleophile (the solvent or coiinterion to the proton) 

with concurrent C-C bond breakage. Both the electrophile and the nucleophile then are retained in 

the product. Other electrophiles such as transition metals, are known to cleave cyclopropane bonds 

as well, some of which are believed to activate the cyclopropane to nucleophilic attack by a sirililru- 

corner attack. Other transition metals are believed to do so by edge activation. Scheme 1.6 

illustrates both of these modes of activation showing that the main difference in the final result of 

these two processes is correlated to the steseochemistry of the carbon activated by the metal. For 

corner activation, inversion of configuration is observed whereas for edge activation, the reaction 

leads to retention at this carbon. 

Scheme 1.6 Electrophilic activation of cyclopropanes 

Ml = H~",  TI$ 

"inversion" 

Ma = pd2', pt2', I3h3+ 

"retention" 



Metal salts of Hg(II) and TI(II1) are known to activate cyclopropanes by a corner uttack 

pi-ocess suggesting cleavage by these metals to be related to protic cleavage.13.14 In p;u-ticular. 

Hg(1l) salts have been found to be suitable for cleaving cyclopropanes where the activation and 

cleavage by Hg(I1) appears to be susceptible to subtle electronic effects, (Scherne 1.7). Still 

showed that the C-C bond distal to the electron-withdrawing hydroxy group is cleaved 

selectively. 1 4 ~  In hindsight, this bond would be expected to be the most electron-rich and thus 

most reactive to the electrophilic Hg(1I). 

Scheme 1.7 Substituent effects on oxymercuration of a cyclopropane 

Stereoselectivity 
Yield (inversion:retention) 

n = l  62% 73 : 1 

n = 2  57% >IO0 : 1 

Tarn and Lautens investigated whether such an effect could operate in cleüving 5-oxy- 

substituted del tacyclanes. l Considering S till's results, i t  was reasonable to predict that i f  

cyclopropane cleavage of deltacyclane 2 using Hg(I1) as the electrophile was found to be viable, 

then preferential cleavage of the C2-C3 bond might be possible. Optirnisrn for significant selection 

between the two products 3 and 4 resulting from cleavage of this bond however would be more 

questionable, (equation 3). 



High selectivity for the oxymercuration of various 5-substituted deltacyclanes with 

ii~ercury(II) trifluoroacetate (Hg(TFA)?) was in fact observed, both in terrns of the bond cleavcd 

and the regioselectivity of the electrophilic activation (and nucleophilic attack), Sclie~iie 1.8. 

Befose demercuration, these products correspond to 3 where activation by the Hg(I1) of the carbon 

syiz to the 5-substituent had occurred predominantly. Aside from suggesting that the C2 carbon is 

more nucleophilic than C3 (and C4), it is difficult to rationalize these findings. Computational 

work by Houk had shown that 7-substituents such as t-BuO- were capable of polarizing the two 

double bonds of norbornadiene derivatives, the olefin proximal to the substituent being more 

eIectron poor.16 This reasoning was readily adapted to explain the selectivity of HDA reactions of 

these norbornadiene derivatives with electron-deficient olefins. To also use such reasoning to 

explain the cyclopropane cleavage results is tempting, but not supported by other data. 

Scheme 1.8 Oxymercuration of 5-substituted deltacyclanes 

1. HY(OCOCF~)~. CH2CI2, 24-72h 

2. NaCI, 1 h 

3. LiAIH4, THF, O OC, 12h 

Y = tBuO, TIPSO, 66-80% 
BnO, Ph, Me0 

Still showed that the Hg becoines bonded to the Ieast hindered of the carbons of the cleaved 

C-C bond and the nucleophile on the carbon best able to stabilize the build-up of positivc charge, 

the secondary carbon, Scheme 1.7. Since in deltacyclanes both carbons of the C2-C3 bond are 

tertiary, the former consideration of attack of the Hg from the least hindered carbon is less 

obvious. The second consideration concerns relative cation-stabilizing properties. Empirically, the 

results would suggcst that thc carbon distal to thc 7-substituent (C3) is best ablc to support 

developing positive charge. Just as with the claiin that the carbon that ends up bearing the mercury 

inusl be more nucleophilic, this reasoning relies too heavily on hindsight. What is clcar however. 



is the fact that certain 5-siibslituted deltacyclanes can be cleiived selectively by Hg( II), bot11 in 

terms of which bond is cleaved (Cz-C3) and which carbon of this bond is activated by the 

electrophile (C2). 

Tam, however, has shown that application of this Hg(I1)-induced cleavage strategy to more 

substituted examples suffers from lower yields. The reason for lower yields was ~inclear and was 

viewed as a chief area of concern that demanded improvement in order to take bettes advantage of 

the newly discovered Hg(I1) cleavage option. 

1.5 DIQUINANE SYNTHESIS FROM DELTACYCLANES 

Some level of assurance that an effective foIlow-up cleavage strategy was possible, would 

justify efforts directed at optirnising the cyclopropane cleavage. Indeed, a subsequent cleavage 

strategy to facilitate unravelling synthetic potential from the HDA methodology has been 

documented, Scheme 1.9. In seven steps from tut-butoxy norbornadiene, Tarn has shown that the 

tetra substituted diquinane 9 can be obtained. The six stereocenters in the product were set during 

the HDA cycloaddition and the oxymercuration. In addition to the use of the HDA reaction and a 

Hg(1I)-induced cleavage of the deltacyclane, the ability to selectively fragment kecone 7 by a 

combined Baeyer-Villiger reasrangementheductive cleavage strategy is crucial to the success of this 

route. Selective Baeyer-Villiger rearrangements of brendanones were known previously.l7 

Unfortunately, the yield for the oxymercuration of deltacyclane 5 was only 37%. Nonetheless, 

conditions havc been established for the formation of substituted deltacyclanes susceptible to 

oxymercurative cleavage and experiments support that the cleavage of substituted brendanones can 

be accomplished selectively. Therefore, optiniization of the oxymercuration is necessary iii order 

for this overall strategy to diquinanes to be attractive. 



Scheme 1.9 Synthesis of a tetrasubstituted diquinane from a deltacyclane 

T 
COMe 

(70%) 

COMe 

Key: a. Ni(COD)2, PPh3, CICH2CH2CI, r.t. 
b. MeLi, THF, -78 O C  

c. (i) Hg(02CCF3)2, CH2CI2, r.t.; 
(ii) NaCI; (iii) LiAIH4, THF, O OC 

d. Jones' reagent, acetone 
e. MCPBA, cat. TsOH, CH2C12, reflux 
f. LiAIH4, THF, O OC 



1.6 ALKOXY RADICAL CHEMISTRY 

Over the past fifteen years, synthetic organic chemists have begun to catch up with physical 

organic chemists in respect to free radical chernistry. Although physical studies on radical 

chemistry had flourished since WWII,'g synthetic application was limited and a general attitude 

persisted that the majority of possible transformations involving free radicals would suffer from a 

lack of chemo-, regio-, and stereoselectivity. This attitude has been debunked, and as numerous 

reviews on the subject indicate, free radical chemistiy has becotne a powerful, widely einployed 

and often highly predictable and controllable tool.19 Just as concerns for a lack of chemo- and 

regioselectivity have been greatly alleviated, so too are stereoselectivity problems beginning to be 

solved.20 

The majority of useful synthetic transformations using free radical chernistry involve 

carbon radicals. Efficient methods for generating these reactive intermediates from a variety of 

precursors have been developed and new ones are regularly being reported. Often, the reactivity or 

selectivity of a free radical reaction c m  depend on its mode of generation, while still being under 

the influence of general guiding principles. The explosive growth of free radicals in organic 

chemistry does not appear to be subsiding and promises to continue to expand in both its efficiency 

and diversity. This diversity which has truly made free radical chemistry a sub-discipline of 

organic chemistry prohibits a detailed discussion on the overall subject. Instead. the focus of this 

discussion will primarily be on alkoxy radicals since this class of radicüls is most directly relevant 

to this thesis. Specifically, metliods for the generation of these radicals and subsequent synthetic 

transformations of alkoxy radicals wilf be presented. However, sjnce carhon and olher 

heteroatom-based radicals are often precursors to oxygen radical formation or products from theis 

reactivity, it would be remiss to try to separate oxygen-based iadicals too distantly from other 

types. 



1.6.1 Generation of alkoxy radicals 

The most obvious method to generate alkoxy radicals would be directly from an alcohol 

precursor. Thermodynamics precludes hydrogen abstraction from being viable, but fortunately, 

methods for the generation of alkoxy radicals indirectly from alcohols have been developed. 

Although technically, the two popular methods for doing so invol ve the intermediacy of üctivated 

alcohol derivat ives, the transiency of these in termediates en route to the alkoxy radicals al lows the 

methods to usually be effected in one step. 

The Hypoiodite method 

The hypoiodite method involves the transformation of an alcohol to a hypoiodite? The 

0-1 bond is homolytically labile and thus when irradiated or heated, alkoxy formation can 

occur, equation 1.4. The reüctivity of the so-forrned alkoxy radical will be discussed 

subsequently, but an advantage of using this approach is that any starting dcohol regenerated by 

undesired hydrogen abstraction can immediately reeoter the productive reaction pathway. 

Traditionally, the generation of hypoiodites or other hypohalites has involved the use of 

iodine and one of a variety of heavy metal sdts. The role of the metal is to form an activated iodine 

reügent that will react with the alcohol to give the hypoiodite. Pb(0Ac)j or AgOAc, for instance, 

are believed to generate IOAc when treated with i ~ d i n e . ~ !  The activated I+ source, IOAc, seacts 

with the alcohol to give the hypoiodite and acetic acid. H g 0  and 12 on the other hand, generate the 

activated ragent,  120.*2 Unfortunately. in al1 these examples, a metal byproduct results. 

However, the reagent combination PhI(OAc)2/12, which also reacts to forin IOAc, has been 

introduced in recent years as a more benign and effective meüns of generating alkoxy radicals.23 



Reagents such as N-iodosuccinimide (NIS) can also be used to oxidize an iilcohol to an alkoxy 

radical? I 

Generation of hypochlorites and hypobromites can also be effected and act as suitable 

prccursors to alkoxy radicals, the hypochlorites sometimes being isolable before homolysis 

occurs.*4 Generally, however, the hypohalites are intermedirites in a reaction sequence allowing 

indirect access to the unfavournble O-H homolysis. In the net transformation of ülcohol to elkoxy 

radical, ü one-electron oxidation of the oxygen occurs where the iodine serves the role of shuttle 

for the ultimate oxidant of the process, the metal salt. The necessity for an intermediary is not 

always mandatory. 

Direct oxidation with metals 

In the formation of hypoiodites, a net sigma bond metathesis of the O-H bond of the 

alcohol with the 0-1 bond of the active reagent occurs. In situ generation of the active I+ source is 

usually necessary and typically employs a metal salt. Often, a similar metnthesis directly between 

the nlcohol and the metal salt can be used as an effective procedure for generating alkoxy radicals. 

For instance, under certain circumstances, rnetal oxidants such as Pb(OAc)4, ceric ümmonium 

nitrate (CAN) and Mn(OAc)3, c m  directly oxidise an alcohol io an ülkoxy radical where rnetal 

alkoxide formation presumably precedes meial-oxygen bond homolysis (oxidation), equation 

1.5.25 In certain cases, discrete alkoxy radical formation is not believed to occur although 

products characteristic of alkoxy radicals are formed.26 

ROH + M'+*x, - ROM~+'X~.~ - R O *  + M'"X~.~ (1-5) 

M = Pb, C e ,  Mn, Ag, Hg etc. 



From alcohol derivatives 

The previous two methods invoIved transient generation of alcohol derivatives that were the 

true precursors to the alkoxy radicals. The methods described in this section generally req~iire 

discrete intermediate formation, isolation and exposure to alkoxy radical generating conditions. 

Scheme 1.10 Alkoxy radical formation by additionlfragrnentation 

Y #  
ROX [ROXY]*- R O * + X Y  

X = SPh, NO, NO2 Y = R3Sn 

Although the use of synthetically effective oxygen radical chemistry predates that of some 

of today's tnost widely used and understood carbon radical chemistry, investigations direcled at 

understanding the latter branch have far surpassed those of the former. One particularly wcll- 

developed area is the generation of carbon radicals frorn a variety of precursors. A tactic to 

generate carbon radicals that has been employed effectively involves the use of fragmentation 

reactions where the carbon radical is one of the pr0ducts.~7 The starting materials for these types 

of transformations usually contain functionality susccptible to attack by certain frcc radicals, 

photolysis or oxidation. Attack by a free radical (or photolysis or oxidation) leads to radical 

formation on the fiinctional group, fragmentation then follows leading 10 carbon radical formation. 

Application to alkoxy radical formation has been made by a sirnilx strategy, Schemc 1.10, where 

alcohol dcrivatives such as N-alkoxypyridinetlii~nes,~~ sulphenate ester~,~%itrates30 and nitrite 

esters31 have been used as alkoxy radical prccursors. For example. attack of thc nitrate 



functionality by a stannyl radical at an oxygen l a d s  to a new radical species. Fragn~cntation of this 

radical then occurs to give the stannyl nitrite (R3SnON-O) and the alkoxy radical. Homolysis of 

some alcohol derivatives by photolytic methods can also lead to alkoxy radicals. 

From radical cyclization onto ketones and aldehydes 

Another popular method for generating alkoxy radicals uses carbonyi groups such as 

aldehydes and ketones as the alkoxy radical p r e c u r ~ o r . ~ ~  Typically, a carbon radical is generated at 

a position in the starting material where cyclization ont0 the carbonyl Croup is favorable. 

Cyclization results in formation of a new C-C bond (new ring) and an alkoxy radical. 

Characteristic chemistry of the alkoxy radical then takes place on the way to product formation. 

1.6.2 Reactions of alkoxy radicals 

Alkoxy radicals have been uscd productively for many years in organic synthesis, theis 

application occurring long before that of inany common radical ceactions used today. Most of the 

early applications of alkoxy radicals was to use them to functionalize other positions in  the 

inolecule. 



Intramolecular hydrogen abstraction 

One use of alkoxy sadicals is to generate another radical elsewhere in the ~iiolecule wliich 

then can undergo chemistry of its own. The rnost cornmon path to radical translocation is by ü 1,5 

hydrogen shift resulting in alcohol formation and carbon radical formation. For this process to be 

operable, certain geometric requirements must be met with respect to the alkoxy radical and the 

hydrogen that is translocated by the S$! pro ces^.*^^^^ 

The inost favorable transition state for the hydrogen abstraction is that of a 6-membered 

chair althouph other thün 1,5 H shifts are possible. It is most favourable for the three atoins (C-- 

H--O) directly involved in the transition state to be able to adopt a collinear relationship. The 

stability of the cürbon radical that is formed can ülso dictate whether the process is fiivourable. 

Other reactions of alkoxy radicals can take place as well. The first demonstration of this type of 

reaction as a vaiiiable tool for organic chernists was in the field of steroid chemistry where il 

allowed reactions at non-activated carbons to be effected. and nitrites were primarily used to 

generate the sadicals for these initial investigations although any of the methods should be 

appropriate if the reaction pathway is favourable. 

Cyclization of' nlkoxy i-adicaIs has ülso bcen shown recently to be a fwonrable reaclion 

iinder appropriate conditions, equütion 1 .8.34 As with dkyl radicals,35 the 5-exo-irig cyclization 

has been found to be the most efficient (k, = 1 08- 109 Y I ) .  High segio- and stercoseleciivity is 

observed for the cyclization oi' substituted pent-4-enyloxy radicals leading to tetrahydroliirans. 

The mode of gencration of the alkoxy radical 1x1s been found to be important, the Lise of 



Beckwith's N-alkyloxypyridinethione method being one particularly effective route. 

Another characteristic seactivity of alkoxy radicals that often prevents application of the 

above seactions is P-fragmentation, equation 1.9. Beckwith has shown that the P-fragmentation of 

the cyclopentyloxy radical is fast and reversible (5-exo cyclisation ont0 aldebyde that is formed).3f~ 

Normally, products from the fragmentation result although in certain cases products derived 

directly froni the alkoxy radicd are observed. 

I 
5-exo trig cyclisation 

One of the methods for generating alkoxy radicals that was mentioned previously was by 

cyclization of carbon radicals ont0 carbonyl groups. Cyclization can be perforined effectively 

under the correct circurnstanccs (eg. 5 -eso  cyclisation). However, nothing was iilciitioncd 

rcgarding thc fate OC the alkoxy radical. Certüinly, intramolccular hydrogcn übstractior~ or 

cyclisation could occur if either was favoiirable. P-Fragmentation of the alkoxy sadical can also 

occur which, if  just the reverse of the cyclization, would regenerate the starting crirbon radical. 

However, i f  a more favorable pathway for p-fragmentation exists, then a new casbon radical cnn 

L x  formed. Factors that can lead 10 fragmentation down one pathway include thc stability of' the 



carbon radical, subseqiient i'eaction of the carbon radical and release of straiii. An exrirnple of lhe 

last case is cyclization onto a butanone where ring expansion is favored because considerable strain 

is released in breaking the cyclobutane ring, (Scheme 1.1 1, example 1).37 Another means of 

favoring a fragmentation pathway is by siphoning the resultinp carbon radical from the equilibriiim 

by a subsequent reaction. One way to accomplish this is by incorporating a substituent that will be 

eliminated when a carbon radical is generated P to it, (Scheme 1.1 1 ,  example 2). Also, if  the 

carbon radical generated is more stable than the one that began the sequence than thermodynamic 

factors c m  determine the fragmentation pathway, (Scheme 1.1 1, example 3). 

Scheme 1.11 P-Fragmentation reactions initiüted by cyclisation 

Generation of the alkoxy radical directly [rom cyclic alcohols or derivatives can also bc 

used to effect B-fragmentation. Cyclopropancs, -butanes and -peiitancs and othcr straincd cycles 

arc thesefore the rnost coinmon compounds (O undergo P-fragmentation. The iuethod of 

oxiciatively gcnerating alkoxy radicals iising metal srilts has been particularly s~iccessfiil in 

fragmenting highly strained nlolecules although the interrncdiacy of a discrcle nlkoxy radical is 



uncertain in some cases. Scheme 1.12 illustrates some examples of ring cleavage reactions 

occurring via oxidation by nietals. In example 1 ,  after fragmentation, further oxidation of the 

carbon radical to the cation followed by nucleophilic attack of the nitrate or eliniination ol' H+ 

occurs to give the indicated products (the nitrate could also be formed by ligand-transfcr seaction 

from the C A N ) . ~ ~  Examples 2 and 3 ieading to ring expansion illustrate how the crirboii radical 

formed can undergo typical radical reactions (such as inter- or intramolecular addition to olefins). 

In example 2, oxidation of the a-siloxy radical formed from the addition reaction followed by 

elimination of silyl cation completes the reaction sequence.39 Oxidation by Cu(II) after 5-an-trig 

cyclization foIlowed by elimination of H+ provides the diquinane in example 3.26 

Scheme 1.12 Oxidative fragmentation reactions 



Examples where discrete alkoxy radical forinatioii by the hypoiodite inethod or Ii.0121 

cleavage of alcohol derivativcs are given in Scherne 1.13. Example 1 is an early use of the 

hypoiodite method in steroid chemistry where a reactiori other than hydrogen abstraction o c c ~ r s . ~ ~ )  

Fragmentation of the tertiary alcohol to the ketone and the stabilized benzyl radical was carried out 

using Pb(OAc)4 and 12. Examplc 2 shows that oxidation of lactols by the hypoiodite method 

followed by fragmentation is also a viable pro ces^.^ ] The fragmentation is accompanied by 

elimination of the stannyl group. Fragmentation does not appear to have occurred in the final 

exaniple, however, the epimerizntion proceeds via initial fragmentation followed by rec10sui.e.~~ 

Alkoxy radical formation is achieved by photolysis of the nitrate. 

Scheme 1.13 Fragmentation reactions of alkoxy radicals 



As already shown. the immediate product of thc fragmentation of alkoxy radicals is a 

carbon radical and therefore some of the rich chemistry developed for carbon based radicüls ciln 

potentially be utilized. When a metal oxidant is iised, further oxidation of the carbon radical can 

occur leading to products from the alkyl cation intermediate. In both cases, however, the 

oppoi-tunity for combining p-fragmentation with another transformation is available and thus the 

use of alkoxy radical fragmentation reactions offers considerable diversity and potential. 

Although much of this introduction centered on metal-catalyzed cycloadditions and in 

particular, the metal-catalyzed homo-Diels-Alder cycloaddition, the work presented in this thesis 

strays from actual study of this reaction. The main objective of this work was to cornplenlent the 

significantly advanced capabilities of the HDA reaction with solid demonstration of subsequent 

synthetic options. Initially, this involved improving the oxymercuration strategy that had been 

shown to be a promising entry from deltacyclanes to diquinanes. While seeking these 

improvements, a new strategy for cleaving the products of the HDNoxymercuration combination 

by an alkoxy radical fragmentation strategy was discovered, the rnerits of which were also 

investigated. The discovery that brendünol derivatives can be cleaved selectively in either direction 

by cornplementary alkoxy radical fragmentation üpproaches has allowed some of the diversity and 

potential of radical chemistry to be utilized in the synthesis of diquinanes and triquinanes from 

deltacyclanes. By centering on rnetal-catalyzed cycloaddition methodology, it was hoped that the 

chemistry described in this thesis would be placed in a suitable context and that the ultirnate goal of 

this research progrüm would not be l'orgotten, that is, demonstration of the synthetic potential of 

the inetal-catalyzed HDA reaction. On its own, the power and the potential of this chemistry is 

clear; accompanied by powerful subsequent manipulations, it beconles iinmistakable. 



CHAPTER 2 

2.1 INTRODUCTION 

The past eight years of research in the Lautens' Iab has been dedicated to the goal of 

establishing synthetic utility from the HDA reaction, the potential for which had long been 

underappreciated. InitiaIly, this research focused primarily on expanding the capacity of the 

cycloaddition reaction to include new reactants and on obtaining a broader understanding and 

übility to control selectivity issues. The impressive advünces made in this regard may not have 

demonstrated concrete synthetic use for this methodology, but they certainly did make the rewards 

of continued pursuit seem richer. Subsequent research confirmed that diquinane synthesis is 

possible, not however, without its limitations. 

The work presented in this section is a result of an initial goal of expanding the 

oxyrnercuration cleavage strategy of deltacyclanes reported by Tam and Lautens. One of the chief 

concerns with this methodology was the fact low yields were obtained for the cleavage of 

deltacyclanes substituted at more than just at the 5-position. Finding conditions appropriate for 

these more substituted deltacyclanes would allow efficient access to more substituted diquinanes. 

Additionally, in a desire to provide more variabiiity in the methodology, avoiding the waste of the 

organo~nercurial fimtionality by reduction offered another area to be investigated. Finally, i t  was 

also considered to be valuabie to devote some effort toward the use of nucleophiles other than the 

trifluoroacetate from the Hg(1I) salt. 



2.2 OXYMERCURATIONS 

The first set of examples represent preliminary attenipts in achieving two of the above 

goals, Table 2.1. To begin with, in these experiments, an added component (water, rnethanol or 

benzyl aicohol) is present which acts as the nucleophile in the oxymercuration. Thus, rather than 

the weakly nucleophilic trifluoroacetic acid participating in the reaction, stronger nucleophiles do 

so. Furthermore, in these exanlples the mercuric chlorides were isolated with the intention of later 

investigating chemistry possible from this functionality. Although the yields are somewhat 

diminished from those reported by Tarn in Scheme 1.9 where the procedure also included 

reduction, success in  irnproving specific cases as required has been realized and will be discussed 

Scheme 2.1 Investigation of other nucleophiles in oxymercuration 

ROH 

2. NaCl 

Table 2.1 Investigation of other nucleophiles in oxymercuration 

Entry Product R Conditions Yield 

1 1 O H 1:1 H20:THF 64% 

2 11 Me MeOH 75% 

3 1 2  En PhCHzOH (1 0 eq.), CH2CI2 64% 

The third goal not addressed by the above examplcs was to irnprove the results obtained for 

the oxyrnercuration of more substituted deltacyclanes. In Table 2.2 are listed sorne initial results 

obtained with this goal in mind using Hg(TFA)2 or Hg(ON02)2. Again, the yields are i'airly 



moderate, but for entries 1 and 2 where X=C(Me)zOH, the yields are significantly improved over 

that previously obtained by Tarn. Additionally, the organomercurial functionality is conserved. 

Scheme 2.2 Oxymercuration of substituted deltacyclanes 

Table 2.2 Oxymercuration of substituted deltacyclanes 

Entw Product X R Conditions Yield 

1 1 3 C{Me)20H H 1 :1 H20:THF 61% 

2 1 4  6 n PhCH20H (10 eq.), CH2CI2 69% II 

3 1 5  COMe H 4:l CH3CN:H20, 65 OC 69% 

4 1 6  Me MeOH 68% 
0 0  

Organoinercurial 13 in equation 2.1, defied characterization due to its insolubility in 

common NMR solvents, but demercuration to the known product 6 in high yield confirn-ied that 

isolation of 13 in  high purity co~ild be achieved efficiently. As mentioneci, the demercurated 

brendanol 6 was known beforehand, being the product of the combined oxyn~ercui.ation (with 

trifluoroacetate as nucleophile) reduction protocol of Tarn. Scheme 1.9. This intermecliate, as 

reitcrated in equütion 2.1, was used in the synthesis of the diquinane 9.  The route to this 

diquinane required 7 steps, al1 of thein relatively high-yielding except for the 

oxyineicuration/reduction sequence which proceeded in a combined 37% yield. This low yield in 



an olherwise I'airly efficient sequence which allows relative control of six stereoçenters in the 

product diquinane, detracts greatly fsom this riiethodology. The combined result of entry 1 of 

Table 2.2 (oxymercuration) and equation 2.1 (dernercuration), 60%, is n significant improvement 

and no single glaring weakness now exists in the 7-step sequence. 

HO-.. 
'BUO 

LiAIH4, THF 
D __t 

98% 
___L (2.1) 

C(Me)20H 
C(Me)20H 

1 3  6 9 

Another higher yieldinp route to intermediate 6 has been developed using the result froin 

entry 2 of Table 2.2 and is presented in equation 2.2. This route does involve an extra 

deprotection step, but 6 can be obtained in 55% yield over the three-step sequence from the 

deltacyclane precursor. 

By opting to isolate the organomercurial instead of reducing it with LiAIH4, thc direct 

cycloadduct of MVK and trrt-butoxy norbornadiene could be siib.jectcd to the oxymercuration 

conditions sincc incompatabiiity ol' the kctone is no longer an issue. Yiclds for thc thrcc 

organomercurials (entries 3-5, Table 2.2) are again moderate, but as with the other results, sorue 

improvements have been made. The use of Hg(ON02)l as the electrophile allows isolation of the 

organoinercurial nitrate, 17. 



To this point, no mention has been made of the stereochemistry of the C-Hg bond. Based 

on a corner-activation mechanism anticipated for Hg(II), inversion of configuration wouId be 

expected and lacking proof, this reasoning had always been used to "assign" the stereochernistry of 

the major organomercurial product. It should be noted that Tam had rigorously proven the exo 

attack of the nucleophile in his examples. Conversion of some of the products in Schemes 1.1 and 

1.2 to known compounds such as 13 to 6 and 14 to 6 in equations 1.1 and 1.2 confirmed that the 

nucleophile was attacking the deltacyciane from the exo face as well, but could offer no 

information on the organomercurial stereocenter. X-ray analysis of a crystal of organomercurial 

15 confirrned that the electrophilic activation had occurred with inversion of configuration since the 

chloromercurial substituent was indeed oriented exo. This analysis dso confirmed that for 15, the 

hydroxy substituent was oriented exo. 

Figure 2.1 X-ray structure of 15 



As rnentioned, the yields for the isolation of organomercurials in the previous section werc 

generaily moderate at best. However, the yields reported were largely unoptirnized and it was fclt 

that if specific need for optimization arose, than attempts to do so would be made. Such a need did 

develop for organomercurial 15. This organomercurial was viewed to be a key intermediate in a 

synthesis of a triquinane skeleton and also was required in large quantity in  order to use i t  as a 

starting material. Therefore, considerable effort was directed at maximizing the yield of formation 

of 15. 

Entry 3 in Table 2.2 indicates a 69% yield for the formation of 15. This yield nctually was 

the result of some optimization and represents the best yield obtained using Hg(TFA)z. The 

optimized conditions involved the use of acetonitrile and water as the solvent with heating of the 

reaction mixture. As Table 2.3 shows, both the use of a THFjwater solvent systein or lack of 

heating led to lower yields. Higher temperatures also led to lower yields. The rate ol' 

hydroxymercuration was greatly increased when solvent switched to neat water. Generally, the 

major product was forrned in approximately 4 or 5 to 1 selectivity over a mixture of two other 

products inseparable frorn themselves, but separable from 15. Although these two minor products 

have not been characterized, they are believed to be isorneric mercuric chlorides. Temperature had 

a small effect on this ratio with higher temperatures lowering i t  to some extent (approx. 4: 1 ) .  The 

remainder of the reaction mixture (10-30%) consisted of a number of products of much lowcr 

polarity than the other three products. Much of this mixture seeins to result l'rom the 

decomposition of 15 (and presumably the other two 'major' products). Thc relative amounts of 

these "decomposition" products was highest when the reaction was carried out at high temperature 

or interestingiy, at room temperature. Thus, the lower yield for the reaclion at 100 OC could be 

easily rationalized based on both increased decomposition and a slightly lower ratio of 

organon~ercurial formation. At room temperature, this ratio is slightly higher (approx.5: 1 )  than in 

the optimized case but the increased reaction time appears to leüd to more decomposition and 

therefore, a somewhat lower overall yield. The optimized conditions then, represent ii balance 

between avoiding decomposition by both exccss heüt and extended duration of reaction. 



Scheme 2.3 Optiinization of hydroxymercuration with Hg(TFA)? 

'4 2. NaCl 
COMe 

'4 
COMe 

1 1 5  

Table 2.3 Optimization of hydi-oxymercuration with Hg(TFA)? 

Entrv Product Conditions Yield 

The investigations described above carried out with the aim of optimizing the formation of 

organomercurial 15 revealed some key findings that were used to make tnuch more drainatic 

improvements. Specific need had made it desirable, if not imperative, to develop oxymercuration 

conditions that provided y-hydroxy-substituted organomercurials as directly as possible. Use of 

nucleophiles that could be readily deprotected after the oxymercuration such as benzyl alcohol was 

certainly an option, but the use of water as the nucleophile was more appealing. Unfortunately, at 

the tirnc that this necd becamc apparent, the yields for hydroxymercuration were considerably less 

than methoxy-or benzyloxymercuration. Specifically for deliacyclanc 1, carrying out the 

oxymercuration with Hg(TFA)2 in THWwater gave only a 38% yield. However, as alrcady 

discussed, improvement to a 69% yield was possible by carrying out the rcaction in 

acetonitrile/wütcs with heating and thus, fhc yield was now in the sarne rangc as scactions using 

MeOH or  PhCH20H as the nuclcophilic component. The switch from TI-IFIwoter to just water us 



the solvent wüs able to increase the yield to 52%. The reactivity was increased iri making this 

solvent switch. Heating, of course, also caused an iiicrease in reactivity to the point where no 

longer was the reaction t h e  measured in terms of days, but hours instead. Certainly, decreased 

reaction time is more convenient in practical terms, but more importantly, the ability to so inarkedly 

increase the reactivity by heating prompted consideration of other Hg(I1) salts as electrophiles. 

Table 2.4 shows how the djscovery of the beneficial aspects of using neat water as solvent 

and applying heat to the reaction Ied to the use of Hg(0Ac)z and thus, to a much higher yield of 

15. Tlie optimized conditions were found to be the use of 1.5 equivalents of Hg(0Ac)z in Hz0 

with heating at 40 O C  for 40 hours which gave an 86% yield of 15, more than double the 38% level 

where optimization began. Again, both higher temperatures and room temperature resulted in 

lower yields. Two factors contribute to the increased yield, First, decomposition seeins to be less 

of a probleni although this still seems to be the main reason for the lower yields of rexiions ot 

room temperature or higher temperatures. Secondly, the selectivity of the hydroxymercuration 

using the less reactive Hg(0Ac)z is higher. The same two major byproducts are observed, but foi' 

the optimized conditions, they are fornied in approximately a 1:s ratio to the major product, 15. 

Scheme 2.4 Optiniizatjon of the hydroxymercuration with Hg(OAc)? 

COMe COMe 

Table 2.4 Optimizütion of hydroxymercuration with Hg(OAc)? 

Entry Product Conditions Yield 

1 1 5  H20, RT, 7 days 76% 

2 1 5  H20, 40 OC, 40 hours 8 6 '10 

3 1 5  H20, 100 O C ,  12 ~ O U ~ S  65% 



Two other exaniples where siniilar conditions were subsequently iipplied are listed in Table 

2.5. Quite dramatic increases in yield were observed for the formation of 10 and 13 as well 

compared to entry I in Table 2.1 and entry 1 in Table 2.2 respectively. Again, organomercurial 10 

was converted to the demercurated product, 6, with L i A I h  in high yield to verify the purity of this 

product. Incorporating this yield (79%) into Tam's diquinane synthesis in Scheme 1.9 now makes 

the entire seven-step reaction sequence greatly improved. 

Table 2.5 Optinized hydroxyinercurations 

Entry Product X Conditions Yield 

1 1 0  H H20, 55 "C 83% 

2 1 3  C(Me)20H H20, 55 OC 81 % 

3 1 5  C(0)Me H20, 40 OC 86% 

The ability to optimize the hydroxymercuration when it appeared to be the least promising 

does not guürantee that optirnization of rnethoxymercuration or benzyloxymercuration is 

necessürily possible, it does give some hope in this regard if specific need were to arise. To date. 

hydroxymercuration is probably the most versatile reaction since functioniilization to a number of' 

ethers or esters should be possible including some not directly available from oxymercurations. 

Furthermore, only oxidation is required to yield the ketone functionality necessary for ~ising the 

Baeyer-Villiger cleavage strategy. As shown in the next chapter, the hydroxy group itself was 

shown to be crucial in effecting a novel fragmentation reaction of brendanol derivatives. 



2.3 FUNCTIONALIZATION OF ORGANOMERCURIALS 

At the outset of this chapter, three initial goals were listed. These goals were to extend 

oxymercuration conditions to include other nucleophiles, to improve yields for more substituted 

deltacyclanes and to take advantage of the organomercurial f~~nctioiiality. Significant strides in 

achieving two of the above goals have been documented in the previous section and concerning the 

third goal, the neceçsary first step in isolating the mercuric cbloride products has been made. A 

variety of transformations of alkyl rnercurials are known,43 two of the more significant will be 

discussed here. 

In the 1970's. Giese illustrateci the ability of alkyl rnercurials to function as carbon radical 

precursors in both intra- and interrnolecular additions to a l k e n e ~ . ~ ~  Normally, a hydride source 

such as NaBH4 or Bu3SnH is used which, as depicted in Scherne 2.5, reacts with the 

alkylmercuric halide to form an alkylmercuric hydride which then either decomposes to the alkyl 

radical (initiation) or takes part in a radical chain process to give the alkyl radical. Reaction of the 

alkyl radical with activated olefins followed by chah  termination by hydrogen abstraction 

cornpletes the sequence. 

Scheme 2.5 The Giese method for alkyl radical addition reactions 

NaBH4 
RHgX - RHgH 

R 

RHgH 



Application of the Giese inetliod (~nercury hydride method) of radical generation to oiir 

substrates was successful. In Table 2.6 are presented examples of this C-Hg bond 

functionalization reaction. Acrylonitrile and ethyl ücrylate were employed as the radical acceptors. 

Only one stereoisomer was isolated in each case in which, for the case of 18, NOE studies showed 

the orientation to be m, Figure 2.2. The major side reaction is direct reduction of the C-Hg bond. 

The last example shows that the functionalization of the organomercurial c m  be combined in a one- 

pot sequence with the oxyrnercuration. 

Scheme 2.6 Functionalisation of organorncrcurials - C-C bond formation 

OR 
NaBH4, EtOH 

-E 

Table 2.6 Functionalization of organomercurials - C-C bond formation 

Entry Product X R E Yield 

1 1 8  H Me CN 80% 

2 1 9  H Me COOEt 60% 

3 2 O C(Me)$3H H COOEt 73% 

4 2 1 C(Me)20H Bn COOEt 60% 

5 1 8  H Me CN 48% 

one pot from deltacyclane, MeOH as solvent 

Figure 2.2 

NC%y NOE Ha-HI, 9.4% 



Whitesides has iilso utilized alkylmercuric halides to serve as radical precursors in 

developing a procedure for the synthesis of alcoh01s.~~ Treatrnent of the alkylmercuric chloride 

with NaBH4 in DMF in the presence of oxygen was found to be the best conditions for carrying 

out this transformation. Reaction of the alkyl radical with oxygen followed by in si t i r  reduction of 

the initial1 y formed perooxy species leads to the alcohol. 

Table 2.7 lists some exnrnples of applying this methodology to the mercuric chloiides 

prepared in this study. The net oxidation has been coupled with further oxidation to the ketone 

since a mixture of alcohols is formed after the first step. NMR analysis of 22 had indicated the 

ratio of epimers to be approximately 4:1, but the stereochernistry of the major product was not 

proven. Nonetheless, the two-step procedure offers another convenient, high-yielding meiins of 

taking advantage of the organomercurial functionality. 

Scheme 2.7 Functionalization of organomercurials - ketone formation 

1. NaBH4, 0 2  
EtOH 

C 

2. PDC, CH2CI2 
X 

X=H R=Me 
X = C(Me)20H R = Bn 
X = COMe R = NO2 

Table 2.7 Functionalizntion of organomercurial - ketone formation 

Entry Product X R Yield 

1 2 2 H Me 81% 

2 2 3 C(Me)20H Bn 7 6 '/O 

3 2 4 COMe No2 73% 



2.4 DIQUINANE SYNTHESIS USING BAEYER-VILLIGER STRATEGY 

This latter procedure of converting the organomercurial to a ketone was viewed to have 

particular value since it had already been dernonstrated that selective Baeyer-Villiger 

rearrangements were possible with certain brendanones. Tarn's example used the nucleophilic 

component of the oxymercuration as the precursor to the ketone. In this sequence, the 

organomercurial functionality was reduced to a C-H bond. However, with the prospect of 

deriving the necessary ketone functionality from the rtlkylrnercuric chloride, destruction of the 

stereocenter resulting from the nucleophile incorporation would no longer be required in order to 

implement the Bneyer-Villiger strategy. Successful execution of this plan wüs indeed carried out, 

Scherne 2.8. Benzyloxymercuration of deltacyclane 5 was üchieved in 69% yield. The 

organomercurial 14 was then subjected to the two-step procedure (Section 2.3) leading to ketone 

23 in 76% (Table 2.7). Baeyer-Villiger rearrangement was also found to proceed selectively and 

in good yield for this more highly substituted brendanone derivative. Finally, LiAIH4 reduction 

furnished the pentasubstituted diquinane 25 in seven steps from tut-butoxy norbornadiene. 



Scheme 2.8 Synthesis of a pentasubstituted diquinane 

f (95%) 
T 

COMe 

'BUO 'BUO 

COMe Me 

Key: a. Ni(COD)2, PPh3, CICH2CH2CI, r.t. 
b. MeLi, THF, -78 OC 

c. (i) Hg(02CCF3)2, BnOH (10 eq.), CH2CI2, r.t.; 
(ii) NaCl 

d. (i) NaBH4, EtOH, 0 2  

(ii) PDC, CH2& 
e. mCPBA, cat. TsOH, CH2CI2, reflux 
f .  LiAIH4, THF 

To prove that the Baeyer-Villiger reaction did proceed with the samc regioselectivity as had 

been pseviously observed, decoupling and NOE studies were performed, Fig~irc 2.3. First, 

identification of the primary alcohol methylene protons, Ha, was possible directly from thc IH 

NMR. Irradiation of Ma led to dccoupling of a signal at 2.15 ppm and thus, this signal was 

identified as the proton, Hh, on the bicyclo[3.3.0]octane. Irradiation of H b ,  i n  1iii.n. lecl to 

decoupling of two signals between 4-4.6 ppni, Hc and H,i. This finding indicates thüt thc two 

carbons of the ring flanking the carbon to which thc metliyl carbinol is attached, arc oxygen- 



substituted. This pattcrn fits l'or the indicated diquinane 25, but would no[ be the c;isc hi. thc 

diquinane that would result from regioisoineric Baeyer-Villiger cleavage. Fusthermore. isradiation 

of Hb gives positive NOE's with these sarne two signals in the 4-4.6 ppm range as well as with 

1-I;,. The remaining stereocenters were fixed from the HDA cycloaddition and the oxymercus~ition. 

Figure 2.3 

Ha decouples 'H at 2.15 ppm (Hb) 

~a $.,a(Meh0H Hb decouples 'H'S at 4.55 ppm(Hc or Hd) 

Ho Hb 
and 4.24 ppm(H, or Hd) 

NOE: Hb:H(4.55ppm) 7.5% 
'BUO H, OH Hb:H(4.24pptll) 3.6% 

In refersing to these sequences as diquinane syntheses one point should not be overIooked; 

that is, it is in the initial HDA reaction that the diquinane skeleton is formed. In fact, for the HDA 

reaction of MVK with tert-butoxy nosbornadiene, 7 of the 8 carbons in the deltacyclane product 

corresponding to those eventually comprising the bicyclo[3.3.0]octane skeleton of 25 are 

stereogenic centers. Thus, the soute just detailed for the formation of the pentasubstituted 

diquinane 25 has conserved in number, if not exact origin, the stereochemical complexity of the 

hidden diquinane substructure. An additional stereocenter in the deltacyclane is necessarily 

destroyed in executing the Baeyer-Villiger cleavage strategy. 

The prcvious strategy was able to conserve the stereochemical information set up during thc 

1-IDA rcaction by transformation of the C-Hg group 10 a ketone needed l'or the Baeyer-Villiger 

tnethodology, thus obviating the need for doing so at the benzylic cther stereoccntcr. An 

alternative stratcgy involves using the stereoselcctivc radical addition chemistry already discusscd 

wliese the organomercurial permits C-C bond formation to bc effected. Schcme 2.9, tising a result 

rcported in entry 4 of Table 2.6, alfirms the promise of this approach. Con~plications picvented 

efficient cleavage of the lactone and the Baeyer-Viliger rearrangement was unusually Iow-yielding. 



The explanatioii for this low yield is iincleiir, but does not üppeür to be Ssom low sclectivity ns no 

sign of thc corresponding regioisomeric lactone was cvident. Initially, this sequence involved a 

benzyloxymercuration and consequently, a debenzylation as well. Using the opti~nized 

hydroxymercurrition, access to 20 in 2 rather than 3 steps fronl deltacyclane 5 is now possible ris 

also shown in Scheme 2.9. 

Scheme 2.9 Synthesis of a pentasubstituted diqiiinane 

EtOOC 

OH 
92% 

EtOOC 

d,b 

59% 

OH 

O " ' '  ,,,,,/ EtOOC-..,o/ot~ f EtOOC 

5 k f O  

Key: a. Hg(TFA)2, BnOH (10 eq.), CH2CI2 ; NaCI 
b. NaBH4, ethyl acrylate, EtOH 
c. Pd(OH)SC, cyclohexene, EtOH 
d. H~(OAC)~,  H20; NaCl 
e. Jones' reagent, acetone 
f. mCPBA, TsOH (cat.), CH2CI2, reflux 



CHAPTER 3 

3.1 INTRODUCTION 

In the routes to diquinanes 25 and 29 presented in Section 2.4, an attractive feature is the 

ability to use the alkylmercurial functionality productively in two distinct Inanners.. A third 

possible use was envisioned that would accomplish the goal of altering the selectivity observed in 

the Baeyer-Villiger cleavage. It was surmised that the chloromercurial substituent itself nlight 

direct the oxidative insertion and in so doing expand the scope of the methodology without the 

need for other inanipulations. In order for a substituent positioned as Y in Figure 3.1 to be able to 

favor Baeyer-Viliger oxidation, it must be able to stabilize the build-up of positive charge i n  the 

transition state. 

Figure 3.1 

' \ 
observed A, a - 

via a U- via b 

In fact, stannyl and silyl substituents positioned analogously to the chloromercurial 

substituent (13 to the site of charge build-up) have been shown to be extremely effective in guiding 

the course of Bueyer-Villiger I'ragriientation reactions of other substrates, Scheme 2. l .'lh 

Concomitant elimination of the stannyl or silyl group, both of which stabilizc positivc cliargc two 

carbons away via hyperconjugation$7 occurs leading to formation of an alkene and a carboxylic 

iicid. Because the reaction procecds with elimination these reuctions are referred to us Baeyer- 

Villiger ~ragmentritions48 rather tlian Bacyer-Villigcr reawangcmcnts. Of course, if appsopriately 

tethered, the two components remain in the same molecule, thus making the tesm ring-cleavagc 



also an appropriate dcscriptor of the reriction. 

Schemc 3.6 Tin-directecl Bieyer-Villiger fragmentation 

Both Sn and Si are well-known B-stabilizing atoms, but Lambert has also shown Hg to 

belong to this group, its stabilizing capabilities falling between the strongly stabilizing Sn and the 

inoderately stabilizing Si?9 Studies have shown lhat a B-stannylated, priinary-substiti~ted carbon 

possesses greater migratory aptitude than a carbon with tertiüry substitution while a D-silyl- 

substituted carbon falls somewhere between secondary and tertiary substitution. For the B- 

chloromerci~rial-substituted brendanoiies relevant to these studies, i t  might be expected that 

iidditional cation-stabiiizing capacity imparted to one of the othenvise similar secondary carbons a 

to the ketone will be siifficient to cornpletely guide the fragmentation. 

Not only did the possibility of directing the oxidation complementarily to the mqjority of 

reported examples seem promising, but access to the required ketones was believed to be possible 

from the y-hydroxy-substituted organomescurials that the tandem HDA/oxymercuration procedure 

efficiently provides. In attempting to bring to fruition this goal, sevesal options for fragmenthg 

brendanol derivatives were revealed. 

3.2 FRAGMENTATION REACTIONS OF ORGANOMERCURIALS 

To begin investigating Ihe effect of the chloromercurial substituent on the Baeyer-Villiger 

reaction of'brendanoncs, an ellicient route to such cornpounds was requircd. Suitable conditions 

wcre discovered and are listed in Table 3.L. Scheme 3.2 reiteiates thc suilability of thc 

HDA/oxy~~~ei~curation strategy as a viable route to thc desircd compounds und also, illiistrates the 



Iomlation of 32 which first stimulated the concept of fragmcnting brcndanol derivatives disectly. 

Scheme 3.2 Oxidation of y-hydroxy-substituted organomescurial 10 

1. H ~ ( O A C ) ~ ,  H20 
55 O C ,  14 h 

* 
2. NaCl " CHO 

Table 3.1 Oxidation of y-hydroxy-substituted organomercurial 10 

Entiy Conditions Yield of 31 Yield of 32 

1 PDC, CH3C12 45% 40% 

2 PDC, CH2C12, ACOH 60% 30% 

3 Jones', acetone 78% IO%* 

' isolated as carboxylic acid 

Mercury-directed Baeyer-Villiger oxidation was indeed found to be possible, fragnientation 

of 31 proceeding selectively in the desired rnanner to give acid 33, Scheme 3.3. Although two 

stereocenters are lost in the formation of the alkene, unveiling of the diquinane in only 3 steps 

(oxymercuration, oxidation, Baeyer-Villiger) following the HDA reaction/desulphonyIation inakes 

this fragmenlation soute appealing as a rapid entry to the diquinane skeleton. Presumably, 

additional functionality could be incorporated, particularly from the dienophile, and l o s  of 

functionality due to the elimination could potentially be secovered via stereoselective tr:~nforrnations 

of the alkene. These additional findings on the synthetic utility of the n~ercusiril substituent add 

significantly to the growing synthetic promise of the honio-Diels-Alder reaction. 



Scheme 3.3 Mercury-directed Baeyer-Villiger fragmentation 

During the PDC oxidation of 10, an exciting new reaction pathway was discovered leading 

directly to fragmentation products with no recourse to Baeyer-Villiger chemistry required. 

Intrigued by this even more expedient rnethod of unveiling the diquinane, efforts were made to 

attempt to direct the reaction predominantly down the oxidative pathway leading to aldehyde 32 

rather than the originally intended pathway leading to ketone 31. Measiires such as the addition of 

acid or a soft nucleophile (Nal) to the PDC oxidation did not divert the reüctivity, altliough i t  was 

found that Jones' oxidation led to a higher yield of ketone 31. 

Figure 3.2 Proposed rnechanism for PDC fragmentation reaction 

Under the suspicion that the n-iinor fraginentation pathwny was occurriiig by the mechunis~ii 

suggesied in Figuse 3.2, it was rationalized tliat use of an oxidant not usually capable of oxidizing 

secondary alcohols to ketones might allow for exclusive seaction via the kagmentation pathway. 

Pb(OAc)4 is a con~n-ion oxidant which generally does not oxitlize secondary alcohols to kctones. 

One of its n-iost well-known applications is the oxidation of diols to dialdehydes,S() an oxidation 

pioceeding via C-C bond fri.;igmentation analogoiis in some respects 10 what was bclicved Lo be 



occurring during thc formation of 32. Indeed. Pb(OAc)4 oxidation of 10  ind der refluxing bcnzene 

conditions led exclusively to aldehyde 32 with no ketone 31 detectable by TLC, entry 2. Tablc 

Scheme 3.4 Oxidative fragmentation of brendanols 

10 C = H  

15 C = COMe 
32 C = H  

34 C = COMe 

Table 3.2 Oxidütive fragmentation of brendanols 

Entry Produc t Conditions Y ield 

1 32  PDC, CH2CI2 40% 

2 3 2 P ~ ( O A C ) ~ ,  PhH, 80 O C  86% 

3 3 2  M ~ ( O A C ) ~ ,  EtOH, 80 OC 79% 
4 3 4  P ~ ( O A C ) ~ ,  PhH, 80 OC 9 1 % 

Isoe has reported a similar Pb(OAc)4-induced fragmentation of y-stannyl alcohols wherc 

fragmentation occurs in the direction of the tin substituent with concomitant/simultaneous 

elimination to substrates possessing alkene and ketone functionality.51 They rationalized that the 

fragmentation was occurring via formation O C  an ülkoxy radical through Iiorilolysis ol' an alkoxy 

leacl intermediale. Fragmentation o l  this alkoxy radical would thcn take place resulting i n  

formation of a carbon radical 13 io the stannyl group leading to immediate elimination of a stannyl 

radical, Figure 3.3.. 



Figure 3.3 'hi-directed fragmentation of alkorry radical 

Assiiming this mechanism is applicable to the fragmentation of 10 rather than that 

siiggested for the PDC oxidation (Figure 3.1), i t  is not certain where the selectivity of the 

fragmentation originates. Two possible scenarios exist for fragmentation via an alkoxy radical 

intermediate. First, the fragmentation could be unselective or even seleclive in the other direction 

(fragmentation of C-C bond "bu in Figure 3.4), the reversibility of alkoxy radical fragmentations 

and the elimination of ClHg radical eventually driving the reaction in the observed di rect i~n.~? 

Indeed, oxidation of the carbon-based radical by Pb(OAc)4 to the cation nuy be too slow to 

compete with 5-e,ro radical cyclization ont0 the aldehyde53 which would regenerate the alkoxy 

radical. Alternatively, the presence of the ClHg group could actually direct fragmentation toward 

bond "a". 

Figure 3.4 Mercury-directed fragmentation of brendanol derivative 

Walling and Padwa have iiwoked the importance of contributors such as 35 and 36 in 



ordcr to esplain observations found during investigations of oxy sadical fragmentation chemistry, 

Figure 3.5.54 Indeed, if 35 were to be important, particularly in the transition stntc of  thc P- 

fragmentation, than the effect of the mercurial siibstitiient in our studies and the stannyl substit~ient 

in lsoe's studies can be readily rationalized. As i t  has been mentioned with regard to the Baeyes- 

Villiger cheiliistry, stannyI and inercurial groups are both efficient at stabilizing positive cliai-ge and 

thus, if positive charge build-up does or can occur in the transition state for P-fragmentation than 

stabilization by the mercury could fwor fragmentation in its direction. 

Figure 3.5 

In studies by Ingold, it has been revealed thüt stannyl and silyl substituents stabilize 

formation of p radicals by hydrogen abstraction from EtqSn or EhSi where, as shown in Figure 

3.6, the stannyl/silyl group assists the formation of the radical by anchimcric a s s i s t m c c . ~ ~  

Futhermore, it was determined that polar factors were relatively unirnportünt in the transition statc 

and consequcntly thüt stabilization of radical character in the transition state was essential. It  rnighr 

then also be postiilüted that for the fragmentation of 10, the mercury substituent directs the 

fragmentation by stabilizing a transition state with significant radical, rather than cationic charücter 

p to the Hg. In fact, the rigid structure of the brendanol pre-aligns the CIHg group in an eclipsed 

conformation with thc singlc electron-containing orbital as it forn~s. 

Figure 3.6 



Again, i t  should be stressed thar i t  is unclear whether fragmentation is occurring from an 

alkoxy radical intermediate, that is, via an initial one-electron oxidation, or whether it is occurring 

via a 2-electson oxidation process such as depicted in Figure 3.2 where direct reduction of Pb(1V) 

to Pb(1I) occurs. Excess Mn(OAc)3 was also found to lead to selective fragmentation, which could 

perhaps be used to discount a two-electron process being responsible since the Mn(lI1)-Mn(1) 

iiianifold is disfavored compared to Mn(II1)-Mn(II), Table 3.2 (entry 3).*5 However, since excess 

Mn(OAc)3 is requised, one cannot rule out the possibility that disproportionation of Mn(l1l) to 

Mn(IV) and Mn(I1) occurs and that a Mn(1V) species is actually involved in the fragmentation. A 

third possible fragmentation mode could be suggested such as illustrüted in  Figure 3.7 where 

initially one electron oxidationheduction occurs, this time originuting with homolysis of the C-Hg 

bond. P-Fragmentation resulting in carbon radical formation alpha to the Mn or Pb alkoxide would 

be followed by b-elirnination of the Mn(l1) or Pb(II1) ~~ec i e s . 56  Subsequent oxidation stnte 

reshurt'ling between Mn(II)/Hg(I) or Pb(III)/Hg(I) would complete the overall two-electron 

oxidative process just as might happen if homolysis of the manganese or lead alkoxide initiates the 

fragmentation. 

Figure 3.7 Fragmentation via initial C-Hg bond homolysis 



Regardless of the true nature of the oxidation, the ability to access the oxidntivc 

fragmentation pathway selectively made the tIDA/oxymercuration methodology look even morc 

appealing. Indeed, diquinane 32 could be prepaied in 2 steps from deltacyclane 1, Table 3.7 

(entry 4). Although considerably less functionalized than diquinanes such as 25 and 29 obtained 

from deltacyclane 5, the rapid unveiling of the diquinane and the opportunity for incorponiting 

additional functionality may make a variation of this route appropriate for natuial product 

synthesis. In fact, the first synthesis of a triquinane skeleton from a deltacyclane precursor was 

effected by a convenient modification of this strategy. 

3.3 SYNTHESIS OF A TRIQUINANE SKELETON 

We anticipated that the synthetic appeal of the HDA/oxymercuration nwthodology could 

best be illustrated by taking advantage of thc specific reactions where excellent results had already 

bcen docurnented. Rather than tiying to predict beforehand those areas that needed improveinent, 

ihis approach would hopefully be able to identify the areas that would best coinplement subsequeiit 

manipulations. In fact, the synthesis of triquinane 37 was able to utilize one of the most 

impressive results obtained from previous investigations of the HDA reaction (the cycloaddition of 

tert-butoxy norbornadiene and MVK). However, a weakness of the oxyn-iercuration mcthodology 

was also revealed since high-yielding formation of 15 from 1 was not possible. In general, yields 

for thc oxymercuration of 1 wcre initially lower than for other substrates regardless of the 

nucleophile, but with H20 as the nucleophile, the results were even worse. Although use of 

another nucleophile that would allow deprotection to the free alcohol aftcr oxyinercuration could 

havc bccn a satisfiictory solution; instead, conditions werc sought to achieve this dircctly. Thc 

results of thesc investigations were presented in Section 2.2, and the optimal conditions are 

i.cilcratcd in Schcmc 3.5. 



Scheme 3.5 Synthesis of a triquii-iane 

+ 
95% 

T 
COMe 

86% 
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c%oH COMe 

Pb(0Ac)j-induced oxidative fi-agmen~dtion of y-chloromercurial alcohol 15 provided keto 

Key: il. Ni(COD)2 (20 nid%). PPh3 (40 mol%), CICHICHICI. r.t., 18 II; 
b. H g ( 0 . 4 ~ ) ~  ( I .S eq.), H 2 0 ,  30 OC, 4 0  II: then NaCl; 
c .  P ~ ( O A C ) ~ ,  PhH. 80 O C ,  30 min.; 

c 

d. KOH (0.2 rq), EtOH. X h or K1C03 ( 1  eq.). EtOH, I O  II. 

aldehyde 34 in  high yield, which was envisioned to be convertible to a triquinane. Base-induced 

condensation was found to be an effective Ineans of doing sa, providing triquinane 37 posscssing 

the cis-(mi-cis ring junction stereocliemistry cornmon to the natural linear triquinanes.5 

9 1 O/O 

Figure 3.8 

1 , 

NOE's 
Ha-H, 9.6% 
Hb-Hd 4.5% 

Hd Hc-He 5.9% 

3 7 

Decoupling iind NOE studies were uscd to idcntify the stcrcochcii-iisti~y. Identification oi' 

ihe prokm geminal io thc tert-biiiyl elhcr, Hi,, could be confidently made directly 1'roiiz the Ili NMR 

spectsum. By irndiating Hi,, thc two vinylic protons were decoupled as was one otticr sigiial, 



identified thus as Hb. Secondly, the proton at the p-vinylic position of the enone, Hd,  was 

assigned to the signal at 7.6 ppm. Irradiation of this signal decoupled the s i p l  at 3.16-3.22 ppin 

Irradiation of Hb nlso led to clecoupling of the signal al 3.26-3.22 pprn. Therefore, this signal 

lnust be H,. Finally, the signal at 2.82 pprn was identified as He since irradiation of i t  also led to 

decoupling of the signal at 3.26-3.22 ppm. With these assignments made and the indicated NOE's 

below, Figure 3.8, the structure of the Lriquinane could be assigned. 

Figure 3.9 

cis-syn-cis 

"'CHO 

@OtBu 

COMe 

cis-syn- trans 

l'hc stereochcmistry of 37 indicated that epimcrization of the aldehyde occurs priai- to thc 

aldol condensalion. Thc necessity o f  eithei the aldeliydc stereocenter or the acetyl center ro be 

epimerized firsl is not surprising coiisidciing the much greater kineiic barrier to formation of ii 



trms-fiised bicycl0[3.?.0]octane con~pared to ils cis-fuscd countcrpart. Forination of the cis-iinri- 

cis isoiiier as opposed to the cis-syz-cis isomer could be a result of faster cpinierization of the niose 

basic aldehydic stereocenter or it could be the result of preferential aldol condensation when the 

ketone and aldehyde substituents are oriented exo in the preexisting bicyclo[3.3.0]octane rather 

than endo. 

The 65% yield for the formation of triquinane 37 ~ising K2CO3IEtOi-l or KOHIEIOH 

indicated in Scheme 3.5 can be improved by inodifying the conditions. It was discovered that 

stopping the reaction after 8 hours allowed isolation of 37 in 65% yield in addition to recovery in 

25% yield of a mixture of three aldehydes including 34. This insepilrable mixture could be 

converted to triquinane 37 leading to an overall 2 step yield of 78%. Decomposition of 37 whcn 

subjected to the basic conditions decrerises the yieid when the reaction is allowed to proceed to 

completion. A small amount (approx. 5%) of another enone is detectable by analysis of the 

reaction mixture by NMR before p~irification, but decomposition appears to be the main source for 

lowering the yield. 

This route highlights the utility of the HDA/oxymercuration methodology and demonstrates 

a faster and complementary process to the Baeyer-Villiger route to diquinanes. 'The original idea to 

access this complementary route by using Hg's ability to stabilize B-positive charge and thus direct 

the Baeyer-Villiger oxidation was indeed found to be valid. More importantly, however, this 

search led to the discovery of a potentially more efficient fragmentation strategy wliich gives access 

to diquinanes directly from y-chloromercurial alcohols conveniently available vil1 

hydroxymercuration. This fragmentation strategy was not only faster than the Baeyer-Villiger 

strategy, but also proceeded in the desired coiiiplementary direction. 



3.4 INCREASING THE SCOPE OF BRENDANOE FRAGMENTATIONS 

As studies in the previous section indicated, it is sometimes possible in synthetic chemistiy 

to optimize conditions to favor formation of one product over another without a precise knowledge 

of the mechanism operating. Exclusive formation of 32 from 10 using Pb(OAc)3 rather than PDC 

was found to be possible and in  fact, the synthetic utility of this process has been extended to the 

formation of triquinane 37 as shown in Scheme 3.5. This realization of synthetic utility has been 

made in spite of an imprecise understanding of the fragmentation and could have been limitecl to 

such if the above mechanistic speculations had not been made. These speculations are still 

unresolved. but in trying to obtain an accurate picture of the mechanism, new options were 

revealed. The following discussion describes how mechanistic speculation and research into other 

fragmentation options united to provide a fragmentation strategy of brendanol derivatives 

cornpleinentary to that of the choromercurial-substituted derivatives. 

The initially proposed mechanism tu explain the formation of 32 as a minor product during 

the PDC oxidation of 10 was instrumental in identifying Pb(OAc)4 as a candidate for effecting this 

transformation. Pb(OAc)4 was considered not only because it does not oxidize alcohols to 

ketones, but also because the mechanism for the cleavage of diols was not completely ~inlike that 

proposed for the formation of 32 by PDC, Figure 3.2. Carrying out this idea successfully may 

have initially acted to confirm the proposed mechanism for the fragmentation, but strict adherencc 

to it would have prevented the unveiling of other possibilities. 

For instance, strict adherence to the initial rnechanism would indicate this fragmentation to 

be cornpletely limited to substrates possessing an electrofiige (thc C-Hg bond) and a iiucleofrige 

(the Pb(1V) alkoxide). The Baeyer-Villiger chemistry, on the other hancl, is no[ mil-icted by 

inechunism to fragn-ientation in one direction, and although in thc conversion of 11) to 33, 

switchiiig the selectivity was dependent on a drastic change (iriclusion of Hg substit~ieni which 

perhaps even changes the inechanisin), this is certainly not general for Baeyer-Villigcr oxidatioiis. 



To switch the direction of fragmentation in  the Pb(0Ac)~  clcavage seactions (via ;i in Figurc 3.10) 

would, by this reasoning, requise incorporation or the electrofuge, X, on the othcr side of the 

carbinol. 

Figure 3.10 
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Based on the success of the Baeyer-Villiger strategy, particularly with respect to selectivity, 

i t  was envisioned that a rearrangement reaction simila in mechanism, yet less wide1y used. rnight 

be investigated to advantage. It should be mentioned that investigation of this reaction was not 

possible because of initial failures in making the precursors. However, observations made in  the 

process were important in taking the project in another direction and thus perhaps, i t  would be 

beneficiül to describe their source. In addition, doing so further highlights an objective of this 

thesis, to pinpoint future areas of sesearch on this project. 

The proposed reüction that could potentially be adapted to this project is the acid-catalyseci 

ieariangenien t of hydroperoxides to acetrils.57 As wi th the Baeyer-Villiger oxidotion, the 

selectivity of the migration depends on the rclütive ability to stabilize developing positive chnrgc 

and on the ability to release strain. It rnight be expected beforehand then, that thc migration wolild 

proceed selectively and analogously to the Baeycr-Villiger oxidation. 

Two possible ways of inlroducing a hydroperoxy group in the üppropriarc location arc 

shown in Figure 3.1 1. ~ ~ d i ~ o ~ c r o x ~ m e r c u r a l i o n 5 8  would bc thc rnost direct Ineans of doing su 

and could conceivably leüd LO a onc-pot procedure where two C-C bonds arc clenved sincc nn 

iiiitially Sorrncd y-chlor.ornerctir.inl hydioperoxide inight bc disposed to rcact I'iirthcr via 

reerirrangement io un ttcetal as planned or even by Hg-diiected fragmentation. One atteinp was 



made at effccting a hydroperoxymercurulion, but the reaction mixture was extreinely complicated. 

In  iiindsight, it is not overly surprising that so many products were formed and probably does 

jndicate that further reaction was occurring since the pioducts thus formed would also be 

susceptible to oxymercuration or oxidation. Peroxymercuration should not be dismissed from 

fitrther study because of poor results frorn one seaction. The possibility of being able to cleavc two 

C-C bonds in one pot would make more careful studies potentially rewarding. 

Figure 3.11 
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A second method that was envisioned to be particularly relevant to this work was to 

generate the hydroperoxide fsom the organomercurial. As discussed in Section 2.3, reaction of an 

orgaiioniercurial with NaBH4 leads to formation of an alkyl radical which will react willi 0 2  to 

eventually lead to the alcohol aftei reduction. Corey has found that when Bu3SnH is used as the 

reducing agent, the initially forrned alkylperoxy compound undergoes a cyclization onto iin 

olefin.59 This work did not involve isolation of the hydroperoxy compo~~nd, but it was hoped that 

this could be accomplished without fiirthcr reduction [O the alcohol. Atteiiipts to pieparc the 

hydroperoxide from organomercrisini 11 were ~iiisuccessful; however, exilmination of  ihe cstide 

reaction mixture indicated that a fragmentation reaction had t ~ i k e n  place. 



Scheme 3.1 Unexpected fragmentation reaction 
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As shown in Scheine 3.6, Bu3SnH reduction of organomercurial 11 in the presence of Or 

led to the formation of a mixture of the alcohoi 38 and two aldehydes. These two aldehydes were 

inseparable from each other but IH NMR analysis indicated them to be 39 and 40. Formation of 

39 by anothçr method confirmed its identity. This unexpected formation of fragn~ented products 

was puzzling üt first to wtionalize since it was thought that additional measures would be required 

to effect a remangement of a hydroperoxide if it could first be isolated. 

Figure 3.12 
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III seference to Isoe's Pb(OAc)4-induced fragmentation of y-staiinyl alcohols, he hnd 

reesoned 1h;ii liaginentatioii was initjated by Iiomolysis of the Pb-O bond and thus from an alkoxy 

radical. One plausible mechanisin for the formation of aldehydes 39 and 40 is given in Figurc 

3.12 wliere, the iiiitially generated peroxy radical is converted to an ülkoxy radiciil which 

su bsequently B-fragments. This mechanisni was üdapted from one proposed to be operating in the 

oxidation of dialkylrnerci~riüls~~) although other possibilities such as dimerization of pçroxy raclicals 



with subsequent expulsion of oxygen arc reasonable as well. Intcsestingly, the alkyl sadic~il 

formed fro111 the fragmentation does not react fu'iiither with oxygen but abstracts hyclrogen instead 

leading to 39. Elimination of methanol under the reaction conditions leads to 40. Clearly, 

obtaining a better understanding of the key alkoxy-radical forming step would benefit future 

attenipts at optimizaiion. Preliminary observations indicate that the formation of the alkoxy radical 

from the peroxy compound may be slow relative to the rate of addition of the Bu3SnH and 

conseq~iently, by the time fragmentation occurs, an excess of Bu3SnH traps the alkyl radica1. 

Initial efforts at hvoring the fragmentation have been iinsuccessful, but perhaps the mosi 

important information garnered from these resuits was the evidence for alkoxy radical-initiatecl 

fragmentation. Combined with the possibility thüt the P~(OAC)~-induced cleavage reactions were 

also proceeding via alkoxy radical formation, it seemed promising that by generating ülkoxy 

radicals by other inethods, fragmentation could be similarly effected. Suarez's PhI(OAc)2/12 

combination was chosen as a stiirting point. 

3.5 FRAGMENTATION OF BKENDANOLS BY ALKOXY RADICAL 

FORMATION 

The use of PhI(0Ac)z and 12 together to form alkoxy radicals from alcohols is a 

modification of earlier systems such as Pb(OAc)& and Hg0112 where as tlemonstratecl in Figure 

3.13, the immediate precussor to alkoxy radical formation is a hypoioditc which c m  hc 

hoinolytically cleaved by light or heat. I:! and PhI(0Ac)a react to generate IOAc which 

nie~athesizes with the alcohol 10 give AcOH and the hypoiodite. Cleavage of the hypoioditc to thc 

alkoxy radical then :illows reüction of the alkoxy radical such as by intianioleculai hydrogcn 

abstraction, cyclization or P-fragmentation to tuke place. In ordcr to favor the lattes process Ihen, ii 

is necessary that the siibstrate not be suitably f'unctionalizeci to ullow the first two options tu 

conlpete sincc both 1,5 hydrogen abstraction and cyclization will readily occus. 



Figure 3.13 
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Although initially we used light to cleave the 0-1 bond, we soon discovered that heating at 

78 O C  in cyclohexane was more convenient and reproducible. Therefore, al1 the results presentcd 

here use heat to effect homolysis. Brenclanol 41 was chosen as a candidate for initial 

investigations since reactions of the alkoxy radica1 competing with P-fragmentation were unlikely. 

Geometric rcstrictions on intramolecular hydrogen abstraction would presumably disfavous such 

reaction even of the activated hydrogen gerninal to the t-Bu0 group. 

Scheme 3.7 Fragmentation of n biendanol by the Iiypoiodite method 

CHO 

(2 CHO 

I\ O'BU 

Q CHO 

O'BU 

4 2 

Key: a. PhI(OAc)., ( 1 .O5 eq.), I2 (0.6 eq.), cyclohexrine, 78 OC. 15 min. 
b. Bu3SnH, AIBN, cyclol~exane, 78 O C  



Rcaction of brendanol 40 with PhI(OAc):! and 12 i n  refluxiiig cyclohexane led to ni1 86% 

yield of a 2 :  1 mixture of iodides, 42 which could be separated by column chromatogruphy, 

Scheme 3.7. In both compounds, decoupling studies indicated that the aldehydic hydrogen and the 

hydrogen geminril to the t-butyl ether were both coupled to the same hydrogen. This situation 

would only result with the indicated fragnientation products where the aldehyde and r-Bu0 group 

are attached to adjacent carbons. Thesefore, i t  was concluded that the two compounds were 

formed from the same cleavage reaction and were epimeric at the C-1 bond. Furtherrnore, each 

iodide when treüted with Bu3SnHIAIBN gave the same deiodinated product, 42, for which 

decoupling also indicüted that the aldehyde and t-butyl ether were vicinal to each other. Scheme 

3.7 indicates the major epimer to be the eso iodide, but this has not been proven. 

Alkoxy radical-induced cleavage did therefore look promising as another means of rripidly 

fragmenting the brendanol skeleton to a diquinane. The ability to dircctly access brendanols in 

high yield using Hg(OAc)2 in H 2 0  followed by reduction/functionalization of the C-Hg bond 

makes this strategy particularly suitable. Although it is still uncestain as to whether the Pb(OAc)4- 

induced fragmentation of y-chloromercurial alcohols proceeded via alkoxy radical fragmentation, 

the two mcthods (with or without HgCl substituent) arc complementary, proceeding respectively 

via cleavage of C-C bond "bu or "a" (Figure 3. IO). Thlis, in a circuitous manner, initial attempts 

to increease the synthetic scope of the HDA niettiodology by developing co~nplementary Baeyer- 

Villiger cIeavage reactions has led also to complementary brendanol li-aginentation reactions. 

Further work wüs invested in the hypoiodite fragmentation route in  order to see i f  some of the 

versatility availablc from the HDA/oxymercuration strategy could be tappcd. 

First, acctyl-substituted brendanol, 43, could be obtained from the HDA cycloadduct of 

let-t-buloxy norbornadiene and MVK, 1, by hydroxymeruration/demerc~~ri~tion, Scheme 3.8. It 

was necessary to use Bu3SnH to carry out the demercuration to avoid reduction of the ketone as 

wcll. Whcn 43 was treated with Phl(OAc)2/12 in refluxing cyclohcxanc followcd by Bu3SnH and 



AIBN, aldehyde 44 was obtairied in 76% yield. Deço~ipling studies on 44 werc ngain ~iscd LO 

confirm that the disection of friigmentution proceeds so us to lead to vicinally-oriented forn~yl and t- 

Bu0 groups. The main delraciion I'rorn the yield appears to resull from defonnylatioii of 44 to 45 

( l 1%)). 

Scheme 3.8 Fragmentation of an acetyl-substituted brendanol 
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Key: a. H ~ ( O A C ) ~ ,  H30, 40 O C  

b. Bu3SnH, THF 

c. PhIIClAc)? (1 .O5 eq.). I3 (0.6 eq.), cyclohexane, 78 OC, 
20 min. then Bu3SnH, AIBN, cyclohexane, 78 OC, 30 inin. 

It had eai-lier been surinised for the Pb(0Ac)j-induced fragmentation that, based on a two- 

electron oxidation inechünism as in Figure 3.2, to bring about the complementary C-C bond 

fragmentation, would require, for example, incorporation of an appropriate substituent (Hg,Sn,Si) 

as X in  Figure 3.10. This strategy still remaiiis as a sound possibility and in fact woulcl psobably 

lead to formation of alkene 46 as well, Scheme 3.9. However, access to these heteroatoni- 

substitutcd alcohols would not nearly be as convenient as the chloronierciirial-s~ibstitiitcd dcohols 

~rsed prcviously which were dircct products of hydroxymercuration. Fortunately, as the cxamples 

i n  Sctienics 3.7 and 3.8 indicated, the nonniercurial-substitilted alcohols possess un inherent 

frriginentatioii tendcncy in the desired complementary pathway. Additionally, access 10 thc alkene- 

containing product 46 that would sesuIt if a directing group were used can be obtüincd rcndily 

froin the isopsopyloxy-substit~ited cornpound 6. 
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When brendanol derivative 6 was treated with PhI(OAc)2/12 followed by a second 

equivalent of PhI(OAc)2, the alkene 46 was obtained in 75% yield. The alkene results l'rom a 

sccond alkoxy radical @-fragmentation after the initial formation of a mixture of epirneric iodides. 

Significant forination of 46 before al1 of the stnrting aIcohol6 is consumed psevents high-yielding 

isolation of the iodides. However, use of a second equivalent of PhI(OAc)2 to induce the ioclo- 

directed fragtnentation of the tertiary alcohol, whese concomitant iodine elinlination occurs, does 

allow clean formation of alkene 46. 



Scheme 3.10 Tandem fragmentation seactions 
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Key: a. MeLi, THF 
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c.NaBH4, ethyl acrylate, EtOH 

d. PhI(OAc)? ( 1 .O5 eq.), I7 (0.6 eq.), cyclohexane, 
78 OC, 20 min. then P ~ I ( O A C ) ~  (1.0 eq.),6O min. 

The example in Scheme 3.10 is analogous to the previous exainple in that initial 

frasmentation is coupled with a second iodo-directed fragmentation, thus installing a double bond 

in the final product. The difference in this example is the additional substituent present which 

highlights again the utility of the oxymercuration. Also, this C-C bond forming option fron~ the 

organomercurial coulcl allow convenient disposition of functionality appropriate for additional 

carbocycle formation. Such thinking was at the root of the Baeyer-Villiger cleavage strategy where 

brendanol 20 was an intermediate, Scheme 2.9. Both the Baeyer-Villiger and the alkoxy-radical 

fragmentation strategies have been shown to be directable with appropriatc choice of substitution 

and both have taken advantage of some of the synthetic diversity available froni the 

I-IDA/oxyinerc~~ration seaction con-ibination. I n  Scheme 2.8, the C-Hg bond was show11 tu bc 

F~~nctionalizablc to a ketonc and application of the Bacyer-Villiger strategy to this ketonc could bc 

carried out cfficiently. An example where the C-Hg functionality also serves as the eventual source 

of the alcohol necessary to execute the alkoxy-radical fragmentation strategy is given in  Scheme 

3.1 1. 



Scheme 3.11 Fragmentation of alcohol derived fsom organoiuercurial 
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Alkoxy-radical-induced fragmentation of brendanol 38 provided aldehyde 48 in 79% 

yield, The low yieid for the two-step formation of 38 is somewhat misleading since the second 

step took place in 40% yield and is certainly not the ideal route to this compound. Nonetheless, the 

important step, the fragmentation, wüs selective, the direction of cleavage being determined by 

proton decoupling. Briefly, the ring proton a to the aldehyde was found, upon irradiation, to 

decouple both of the ring protons on carbons bearing oxygen. Again, the relative stereochernistry 

of the diquinane is set during the HDA reaction and the oxymercuration. 

3.6 SYNTHESIS OF TRIQUINANES BY ALKOXY RADICAL 

FRAGMENTATION 

An option available to the alkoxy radical fragmentation that is not shared by the Baeyer- 

Villiger strakgy. would be a subsequent C-C bond formation after fragnientation. The alkoxy 

radical fragmentation reactions desciibed so far havc cither included deiodinütion or iodine 

climinntion cn route to Lhc linal products. Al~ernative functionalization of the iodides is possible. 

Since imany trrinsformations of iodides, cspecially ihose involving alkyl  ile et al or radical forination, 

are not dependent on stercochemistry, the fact thal iodide formation is non-selectivc is not 



necessarily a concern. The so-losmerl alkyl inetal or radical could then be S~~nctionnlized irl a 

number of ways, C-C bond hrination being one of thern. Of evcn greater use would be the ahility 

to intercept the carbon radical formed during the fragmentation by addition to an appropriate C-C 

double bond prior to iodide formation. 'Two possibilities present themselves in this regard. that is, 

intramolecular addition or intermolecular cyclization. Of the two, the latter seemed iuost promisinp 

both from the standpoint of likelihood of success and also because it would offer the chancc to 

develop another strategy for triquinane assembly. 

The allure of facile triquinane construction was fortunately not diminished by an inability 

to prepare a suitable precursor. As Scherne 3.12 shows, addition to ketone 43 with allyl 

magnesium chloride wrts found to proceed in approximately 4: 1 selectivity providing a mixture of 

tertiaiy alcohols 49 in 99% yield. Purification by column chromatography twice led to gond yields 

of the major diastereomer in pure form. The ability to convert 49 back to the starting müterial upon 

treatment with Pb(OAc)4 allows the minor diastereomer to be recycled back into the productivc 

synthetic sequence. Allylütion was chosen as the means to introduce the double bond required for 

the cyclization studies that were planned because it positions the double bond for 5-eC'xo cyclization. 

Scherne 3.12 Formation of precursor to triquinanes 
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The first successful protocol for triquinanc formation using this strtitegy is presenlcd in 

Scheine 3.13 where it is shown that the gonI OS trapping the alkyl radical by radical cyclizaiicin 

bcforc iodide-forming termination occurs is only partially successfi~l. Thc conditions ernployed arc 



sirnilai to those used in Schemcs 3.7-3.1 1 (that is, 1 eq. of PhI(OAc)2, 0.6 cq. of 12. 0.01M i n  

refluxing cyclohexane). Examination of the crude reaction mixture forrned undcr similui* 

conditions indicated the epimcric niixtiirc of secondary iodides 50, to be formed in an  

approximately two-fold excess over the cyclized primary iodide 51. Subsequent addition of AIBN 

to the reaction mixture followcd by syringe pump addition of a solution of Bu3SnH in cyclohexanc 

over thirty minutes followed by an additional thirty minutes at reflux allowed the isolation of 

triquinane 52 in 76% yield. The additional thirty minutes at reflux was found to be necessary for 

con~plete deiodination of the primary iodide 51 formed after the first step. By this stage of the 

reaction, experirnents had previously shown that al1 of the secondary iodides had reacted. 

Therefore, utilization of the C-C bond forming capability of the products resulting from iilkoxy 

radical fragmentation via the hypoiodite method enabled efficient formation of a triquinane via a 5- 

rxo ridicd cyclization. 



Scheme 3.13 Synthesis of a triquinane via frrigmentation/rudicul cyclisation 
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Triquinane 52 was isolated in >95% piirity, the remaining 4% possibly being a 

diastereomer. Presumably the two cornpounds would be diastereomeric at the newly formed 

nlethyl stereocenter It is unlikely that any of the trcrns-fused isomer would be formed and al1 the 

other stereocenters hüd been set in the starting material. 

The yield of 76% obtained for cyclized product is actually not a &rue indicator of' thc 

efficiency of the cornbined fragrne~itation/cyclisation methodology. Up to 15% of the yield is 

accotinted for i n  a product derived from triquinane 52, believed to be the deformylated derivative 

as was found with 44. I n  other words, the fragmentation/ procedure was occurring with ac leasi 

9 170 selectivity. The origin of the is not complctely understood, although there is indication thai 

P ~ I ( O A C ) ~  (or decomposition prodwts) is involved. 

After the initial step, appreciable cyclization had alrcady occurred directly Froin rhc 

fragmentaiion, (Scheme 3.13). Cyclization could Lherefore cornpete with terininaiion by iodine of 



the secondary radical formed during the fragmentation. It was hoped that by decreasing the 

concentration to favor unimolecular over biinolecular reactions or by adding the iodine slowly, the 

cyclization woiild be favored. Two major obstacles prevented carrying out direct 

fsaagmentation/cyclization of di01 49 efficiently. 

Attempting to add the 12 slowly to 49 and PhI(0Ac)z in refluxing cyclohexiine was 

unsuccessful since the deallylation reaction from Scheme 3.12 dorninated, the P h l ( 0 A ~ ) ~  takiiig 

the role of the Pb(OAc)4. Interestingly, Pb(OAc)4 or PhI(OAc)î, in the absence of 12 reacts 

preferentiülly with the testiary, homoallylic alcohol while either reagent in the presence of 12, reacts 

with the secondary alcohol by the brendünol fragmentation route. 

Pattenden had shown thüt fragmentation of an alkoxy radical could be coupled with 

subsequent cyclization ont0 a double bond efficiently by employing ten equivalents of PhI(OAc)2 

and one equivalent of 1*.61 No recourse to syringe puinp addition was required. Atteiripting this 

protocol on di01 49 appeared by crude NMR analysis to be more efficient in terms of cyclisation 

versus iodine termination, but other factors prevented this procedure from being a solution to the 

goal of effecting both the frügmentation and cyclization. The reaction mixture was substantially 

more complicated thun previous experiments, deformylation, deallylation and other decomposition 

pathways al1 appeared to be operating. Slow addition of 12 was predictably no better due mainly to 

deallylation. 

Since deallylation was the major source of decomposition particulürly during slow addition 

proceduses, this concern wüs eliminated by protecting the tertiary alcohol, Schemc 3.14. To 

proteci the tertiary alcohol insteiid of the secondary alcohol, a two-strp bis-silylationlselective 

desilylation procedure was used providing the mono-silylated product, 53 in 84% yield. 

Attempting to carry out the combined fragmentation/cyclization on this substrate was mosc 

si~ccessf~d, triquinane 54 being obtüined in one step îi.0111 the brendanol piecussoi 53 in 55% 

yield. The best conditions wese the use of teii equivalents of PhI(0Ac)z in refliixing cyc1ohex;inc 

(0.0025M), with a solution of 12 in cyclohexane added by syringe pump over fifteen minutes. 

Slowei addition led to deformylation problenis and rnessier reactions perhaps due to clinin 



termination by other than fodine. Nevertheless, tIiis example did show thai conditions could bc 

developed to effect the one-step fraginenlation/cycliçation on this class of substrates without the 

requirement for tin hydride and also aliowing conservation of the iodide f~~nctionality. 

Scheme 3-14 Synihesis of a triquinane by one-step fr.agmentation/cyclisation 
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Key: a: TMSCl (3 eq.), imidazole, DMF 

I b: TBAF ( 1  eq.), THF I 
1 c: PhI(OAc)2 (10 eq.), cyclohexane, 78 OC 1 

12 by syringe pump, 15 minutes 

The stereochemistry of the tertiary iilcohol in 52 (and 54) has not yet been determinecl nos 

fias the stereochemistry of the newly formed methyl (and iodomethyl) stereocenter. It has been 

assunied in representing the triquinanes that the newly formed ring junction stereochemistry is cis. 

Both Iriquinünes can be converted to the same primary alcohol55, (Figure 3.14) showing thai 52 

and 54 are stereochemically sirnilas. 

Figure 3.14 
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3.7 SUMMARY 

Figure 1 . 1  of Section 1.3 Iistcd four general cleavage possibilities for fragnieiiting 

deltacyclanes to other muticyclic structures each starting with cleavage of a cyclopropanc bond. In 

order for any one of tlzese four general routes to becoine usefiil in organic synthesis, two csiteria 

would have to be satisfied. First, conditions for accessing one routc selectively versus the otlier 

three would havc to be discovered. Since cyclopropane bond cleavage would be the first step, this 

condition ainounts to selective cleavage of one cyclopropane bond over the other. Peripheral 

fiinctionaiity of the deltacyclane would be expected to help in this regard. The second criteria that 

must be met is being able to execute the second clcavage reaction selectively as weil. For this to be 

achieved efficiently, the opportunity to use functionality provided from the cyclopropane cleavage 

would be beneficial. Without high selectivity at each of the steps, both the nature of the multicyclic 

compound formed and the stereochemistry of functional groups appended to the skeleton would be 

varied. 

In üttempting to fulfill the first criteria, some flexibility in the prepüration of deltacyclane 

precursors would facilitatc matters. Research in this lab had done much to achieve this end, 

investigation of the HDA reaction of substituted norbornadienes with various dienophiles leading 

to a number of uniquely functionalized deltacyclanes. Specific design of reactions provided 

substrates potentially weI1-suited for cyclopropane cleavage attempts. Other reactions provided 

substrates less-intuitivcly appropriate for selective cyclopropane cleavage. Ironically, it was a class 

of substrates fitting the latter description that have proven to be the first shown to be selectively 

cleavable and manipulable via one of the four postulated cleavage strategies. 

The key discoveq by Tarn that 5-substituted deltacyclanes could be selectively cleavcd via 

oxyrnercuration combined with an established Baeyer-Villiger cleavage protocol of brendanones 

enabled highly functionalized diquinanes to be fashioned froni deltacyclanes readily available fsorn 

HDA chemistry, Scheme 3.15, path a. An objective of this work was to more extensively exploit 

the diverse array of options niade available by the oxyrnercuration strategy. As the examples in 



Schenie 3.15 Vuriability in Baeyes-Villiger cleavage of breridanones 

X = H ,  C(t~?e)~0H path a 

MeOOC 
'Bu0 

X = C(Me)20H 

path c path b 
HO'" 

Scheme 3.15 illustrate, the strategy could be modified in three discrete manners (paths b-d) whese 

in cach case, the inercurial substituent played a crucial sole. The diquinane indicated for path b 

took advantage of the ability to convert organomercurials to ketones via alcohols thus allowing the 

Baeyer-Villiger chemistsy to be performed on this ketone. The availability of both the site of 

electrophile and nuclcophile incorpoi.ation to serve as the site for the Baeyer-Villiges cleavagc 

strategy greatly increases the flexibility of the methodology since it allows thc ntrcleophilic 

componeiit to bc setained in the molecule. Thc diquinane deiived from path c also ~naxiinizcs the 

X=  H 

utility of the CIIIg- group, an additional stereocenter being created from fi~nctionalization of the 

orgrtnon-iercurial by the Giese rnethod. This route is particularly proniising for fiirther unnrilation 

path d 

chcmistry sincc a variety of carbon chains crin be introduced by the Giese rnethod. Thirdly, ihe 

Y 



diquinane derived from path d was formed from a rnercury-directed Baeyer-Villiger fragmentation. 

Thus, the presence or lack of the chloromercurial substituent can be used to dictate the direction of 

the Baeyer-Villiger oxidation. 

A novel fragmentation of brendanols has also been developed where, as with the Baeyer- 

Villiger strategy, the diversity possible Sron1 the HDA/oxymercuration procedure has 

advantageously been utilized. The seleciiviiy of fragmentations for brendanols (without Hg 

substituent) is high and uniforrnly in one direction Scheme 3.16 (path a). Variation in the site of 

fragmentation can be achieved by formation of the necessary alcohol from the mercury 

functionality (path b), Functionalization of the organomercurial by the Giese rnethod t'ollowed by 

fragmentation enables increased complexity to be incorporated in the diquinane (path c). Tlic 

possibility for directing the alkoxy radical fragmentation based on the presence or lack of the 

rnercury has been shown to be possibIe for this strütegy as well (path d). Rapid, highly efficient 

routes to triquinanes possessing considerable functionality have been accomplished from both 

mercury-substituted and demercurated brendanol derivatives. 



Sclieme 3.16 Variability in alkoxy radical cleavage of brendanols 

CHO 

path c 

The examples of diquinane and triquinane syntheses sumn-iarizcd in Schcrnes 3.15 and 

3.16 have as their origin one of two reactions. In al1 cases, two efficient 1-IDA reactions have been 

used en route to the wide variely of products, namely the HDA seaction between krt-butoxy 

norborniidiene and MVK or phcnyl vinyl sulphone. The MVK reaction was thc most sclcctivc 

HDA reaction in this class whereas in the latter, selectivity did no1 inatter since desulphonylation 

was perloimed after the cycloaddition. Access to such a range of products from two basic 

precursors clearly indicates the diversity possible from the subsequent transformations, particularly 

the oxymescuration and the Baeyer-Villigcr and alkoxy nidical fragmentation steps. The full extcnt 

Y=H, 

of synthetic options availablc Irom thc overall strategy lias not nearly been reulizect, but the 

CH2CH2COOEt 
X = H, COMe path d 



syntheses descsibed have confirrned LIiat the HDA reaction can be practically and eMiciently appliecl 

to synthetic goals. Of course, the rich diversity of options still unexplored cannot be coinpletely 

investigated, but now with a foundation set, a clearer idea of what is and could be possible ilrom 

the chernistry has been produced. 

Optimization of HDA reactions that should also produce deltacyclanes susceptible to 

efficient cleavage by oxymercuration is one obvious area of research. Improving the conditions for 

the [2+2+4] cycloaddition (or other variations) specifically with 7-substituted norbornadienes to 

allow the oxymercuration strategy to be employed in tandem represents a very prornising asea of 

research since it might be expected that the cleavage strategies could be modified accordingly to 

allow synthesis of other carbon skeleta. Application of the cleavage strategy to dettacyclrines 

resulting from intramolecular cycIoadditions could üIso give access to complex products. The most 

important issue not addressed yet is that of asymrnetric induction. lmpressive results hiive been 

made in asymmetric HDA cycloadditions, but unfortunately, enantioselective cycloadditions of 7- 

oxy substituted norbornadienes have not been achieved. 

These future areas of research are dl potentially rewarding particularly since they could be 

designed to utilise the various cleavage strategies already demonstrated to be efficient and versatile. 

To reiterate, however, the wide variety of options already partially explored have resulted from the 

nickel-catalyzed I-IDA reaction of tert-butoxy norbornadiene and MVK or phenyl vinyl sulphone. 

Although the variability and applicability of subsequent chemistry appears great, these two HDA 

reactions do not accurately represent the power of 1-IDA technology. This power largely originates 

frorn the range of variability inherent to inetal-catnlyzed cycloadditions, unique demonstration of 

which is constantly being reportcd. With synihetic chemistry as the stagc however, deinonstrntion 

of the true power of a methodology requires that subsequent chemistry not prevenl it from 

performing up to its iiltirnate goal. Combining HDA clicniistry with finely tailored cleavage 

mcthods such as oxymercuration rind the Bacyer-Villiges os nlkoxy radical fragmentation sitxtegies 

in efforts to expose the complex diquinane subunit of'deltacyclanes, has likewise begun io expose 

sonie of the synthetic power of the inetal-catalyzed HDA cycloaddition. 



EXPERIMENTAL SECTION 

General information. Flash column chromatography was performed on 230-400 mesh silica 

gel. Infrared spectra were taken on a Nicolet 8210E FTIR spectrophotometer. IH and 13C 

NMR spectra were recorded on a VXR-400 spectrometer are reported in ppm from 

tetramethytsilane with the solvent resonance as the interna] standard (chloroform: 6 7.24 pprn). 

Chernical shifts for I3C NMR spectra are reported in ppm from tetramethylsiIane with the solvent 

as the internai standard (deuterochloroforrn: 8 77.00 pprn). High resolution mass spectra were 

recorded with a VG 70-2505 ~pect~orneter. Elemental analyses were performed by Canadian 

Microanalyticül Service Ltd., Delta, B.C., Canada. 

Reagents. Unless stated otherwise commercial reagents were used without purification. 

Tetrahydrofuran, diethyl ether and benzene were distilled immediately prior to use from sodium 

wirelbenzophenone. Chlorinated solvents and amine bases were distilled from calcium hydride 

prior to use. 

((2RYC, 8S*, 9S*)-8-tert-Butoxy-9-hydroxy-2-tricyclo{4.2.1,O~~~]nonanyl) 

niercuric chloride (10). 

Deltacyclane 30 (43 mg, 0.22 mmol) and Hg(TFA)2 (143 mg, 0.335 mmol) were dissolved i n  a 

1 :  1 inixlurc of TI-IF:H?O. Thc two-phase solution was stirred at r.t. for 18 h after which tin-ic 

NaCl and brine were added and the mixture was stirred for an additional 1 h. The mixture wns 

then diluted with water and extracteci with EtOAc (4x). The combined organic layers were driecl 



with MgS04, filtered and tlien concentrated irz i~aciio. Purification by column chromatography 

(hexanes - 40% Et?O/hexanes gradient as eluent) provided mercuric chloride 10 (64 mg, 64%) 

as r i  whitc solid. M.p. 1 1 8- 1 19 OC. IH NMR (400 MHz, CDC13): 6 4.60 (s, 1 H), 3.19 (S. 

IH), 7.82-2.78 (m, IH), 2.17-1.1 1 (br. s, IH), 2.13-2.09 (m, lH), 2.07 (br. s, 1H). 1.92- 

1.85 (m, lH), 1.84-1.75 (m, 2H), 1.57-1.54 (m, 2H), 1.53 (br. s, IN) ,  1.23 (s, 9H). 

NMR (100 MHz, CDCI3): 6 82.55, 78.14, 74.89, 52.99, 52.29, 50.71, 49.02, 42.59. 32.28. 

29.53, 28.47. IR (KBr): 3376 (br.), 2965, 2812, 1362, 1195, 1090, 101 1 cm-'. HRMS calcd. 

for ci 3~20037C1202Hg: nde (M-OH)+ 43 1 .O88O, found m/e 43 1.0896. 

((ZR", 8s:" 9S*)-8-tert-Butoxy-9-methoxy-2-tricyclo[4.2.l.O~~~]nonai~y~) 

mercuric chloride (11). 

Deltacyclane 30 (400 mg, 2.08 mmol) and Hg(TFA)2 (1.28 g, 3.00 mmol) were dissolved i n  

MeOH (10 mL) and the clear, colorless solution was stirred at r.t. for 40 h. Solid NaCI and 

biine were then added and the reaction mixture was stirred for an additional 2.5 h after which 

time il was diluted with water and extracted with EtOAc (4x). The combined organic layers were 

dried with MgS04, Filtered and then concentrated i rz  vac~io. The resulting white, sticky oil was 

purified by column chromatography (hexanes - 10% EiOAc/hexanes gradient) to affoi-ci inercuric 

chloride 11 (713 mg, 75%) as a white solid. M.p. 97-98 O C .  IH NMR (400 MHz, CDC13): 6 

4.51 (s, lH), 3.24 (s, 3H), 2.86-2.80 (br. s, IH), 2.71 (s, IH), 2.25 (s, lH), 2.14-2.10 (m, 

IH) ,  2.00-1.98 (in, IH), 1.90-1.80 (m, 2H), 1.62-1.52 (m, 4H), 1.25 (s, 9M). 13C N M R  

(100 MHz, CDC13): 6 91.84, 78.44, 75.01, 56.16, 52.59, 50.67, 49.34, 46.42, 43.09, 32.52, 

29.90, 28.57. IR (KBr): 2975, 1463, 1364, 1195, 1075 cm-' .  HRMS calcd. for 

Clci~i40C1202Hg: m/e (M-C4H90)+ 387.0440, found d e  (M-C4HgO)+ 387.0416. 



( ( 2  8S4:, 9S'~-9-Benzyloxy-8-tert-butoxy-2-tricyclo[4.2,1 .O3*'] no i iany  1 )  

niercuric chlaride (12). 

Deltacyclane 30 (58 mg, 0.30 mrnol), Hg(TFA)2 (256 mg, 0.60 mmol) and PhCH20H (124 

PL, 1.20 rnmol) were added to CH2C12 (2 mL). The solution was stirred at rat. foi' 40 h aftec 

which time NaCl and brine were üdded and the mixture wüs stirred for an additionid 2.5 11. The 

mixture was then diluted with water and extracted with EtOAc (4x). The combined organic 

layers were dried with MgS04, filtered and then concentrüted in vaciio. Puritïcation by column 

chromatography (hexanes - 8% EtOAcIhexanes gradient as eliient) afforded merciiric choride 12 

(103 mg, 64%) as a white solid. M.p. 98-99 O C .  lH NMR (400 MHz, CDCI3): 6 7.37-7.25 

(m, 5H), 4.63 (br. s, IH), 4.45 (s, 2H), 2.92 (s, lH), 2.84 (br. s, IH), 2.29 (s, IH), 2.16- 

2.08 (m, 2H), 1.88-1.82 (m, 2H), 1.62- 1.53 (m, 3H), 1.26 (s, 9H). 13C NMR (100 MHz, 

CDC13): 6 138.21, 128.42, 127.57, 127.49, 89.68, 78.58, 75.04, 70.56, 52.58, 50.69, 49.79, 

46.78, 43.10, 32.47, 29.82, 28.57. IR (KBr): 2967, 2853, 1459, 1367, 1 195, 1096, 1064. 

HRMS calcd. foi* Cr6H tg02C1*02Hg: m/e (M-CqH9)+ 479.0702, fouiid rn/e (M-C4H9)+ 

479.0682. 



Deltacyclane 5 (250 mg, 1.00 rnmol) and Hg(TFA)z (639 mg, 1.50 nimol) were dissolved in a 

1: 1 mixture of THF:H.>O (10 mL). The two-phase solution was stirred at r.t. for 64 h after 

which time NaCl and brine were added and the mixture was stirred for an additional 2.5 h. The 

mixture was then diIuted with water and extracted with EtOAc (4x). The combined organic 

layers were dried with MgS04, filtered and then concentrated in vciclro. Purification by colun~n 

chromatography (hexanes - 80% EtOAchexanes gradient then EtOAc as eluent) followed by a 

second column (80% EtOAcfhexanes as eluent) provided mercuric chloride 13 (307 mg, 61%) 

as a white solid with very poor solubility in common NMR solvents. 13 was added to THF ( 10 

mL) and to the resulting slurry was added LiAlH4 (100 mg, 2.60 mmol) portionwise oves 15 

min at O OC. After an additional fifteen minutes, the reaction mixture was quenched slowly witli 

aqueous NH,iCI at O O C .  The seaction mixture was then extracted with EtOAc (5x) and the 

combined organiç layer was dried with MgS04, filtered, and concentrated i r z  vcic~io. Purificalion 

by column chromatography (hexanes-60% EtOAdhexanes gradient as eluent) affordcd the 

known di01 615 as an oii(160 mg, 98%, 59% from 5). 



((2R'Iz, 5s'" 8s:" 9S*)-9-Benzyloxy-S-tert- bu toxy-5-(2-  hydroxy-2-propy1)-2-  

tricyclo[4.2.1.0~~~]nonanyI) mercuric chloride (14). 

Deltacyclane 5 (44.0 mg, 0.176 tnmol), PhCH20H (182 pl, 1.76 mmol) and Hg(TFA)2 ( 150 

mg, 0.352 rnrnol) were dissolved in CH2C12 (2 mL). The clear, colorless solution was stirrcd at 

r,t. for 40 h. NaCl and brine were added and the two-phase mixture was stirred vigorously for 3 

h. Water wcis then added and the mixture was extracted with EtOAc (5x) and the combined 

organic layers were dried with MgSO4. The solvent was rernoved in vamo and the crude 

product was purified by column chromatography (hexanes - 50% EtOAdhexanes gradient as 

eluent) to provide the mercuric chloride 14 (72 mg, 69%) as a white solid. M.p. 54-56 OC. 1H 

NMR (400 MHz, CDC13): 6 7.36-7.24 (rn, 5H). 4.62 (br. s, l H), 4.5 1  AB, 1 H, J = 12.3 Hz), 

4.45 ( d A ~ ,  1 H, .I = 12.3 Hz), 3-03 (s, IH), 2.90 (br. s, IH), 2.30 (s, IH), 2.13 (in, 2H), 1 .go 

(1, IH,  J =  8.1 Hz), 1.75 (dd, lH, J =  13.9, 8.8 Hz), 1.58 (111, 2H), 1.25 (s, 9H), 1.17 (s, 

3H), 1.13 (s, 3H). I3C NMR (100 MHz, CDC13): 6 138.47, 128.35, 127.48, 127.29, 90.27, 

78.53, 74.91, 73.15, 70.13, 56.24, 51.12, 50.42, 50.27, 48.26, 43.73, 34.84, 28.59, 28.21, 

26.69. IR (KBr): 3450 (br. s), 3012, 2940, 2835, 1760, 1490, 1370, 1205, 1120, 760, 730 

cm- ' .  HRMS calcd. for Cy~H3003ClHg: m/e (M-CH3)+ 579.1590, found m/e (M-CH3)+ 

579.1598. 



2 R  5 S " ,  8S*, 9 S * ) - 5 - A c e t y l - 8 - t e r t - b u t o x y - 9 - h y d r o x y - 2 -  

tricyclo[4.2.1.03~7]nonanyl) mercuric chloride ( 1  5). 

- - 

q 2. N ~ C I  

COMe COMe 

Deltacyclane 1 (55 mg, 0.24 mmol) and Hg(TFA)2 were dissolved in 4: 1 CH3CN/H20 (2 inL) 

and the clear, colorless solution was heated to 65 OC for 2.5 h. A yellow precipitate forined on 

the sides of the flask. NüCI and brine were then added and the mixture was stirred at r.t. for 14 

h. The mixture was then diluted with water and extracted with EtOAc (5x). The combined 

organic Iayers were dried with MgS04, filtered and concentrated in vacuo to afford a white solid. 

Purification by column chromatography (hexanes - 70% EtOAdhexanes gradient as eluent) 

afforded mercuric chloride 15 (79 mg, 69%) as a white solid. M.p. 146-148 OC. IH NMR (400 

MHz, CDC13): 6 4.63 (s,lH), 3.35 (s,lH), 2.91-2.87 (m, 2H), 2.50 (s, IH), 3.21-3.16 (m, 

IH), 2.16-2.11 (m, 2H), 2.09 (s, 3H), 1.93-1.87 (m. 2H), 1.55 (d, IH, J = 1.5 Hz), 1.20 (s, 

9H). 13C NMR (IO0 MHz, CDC13): 6 209.66, 81.70, 77.72, 75.01, 56.48, 53.08, 51.13, 

50.70, 49.95, 42.99, 35.71, 28.48, 28.39. IR(KBr): 3450 (br.), 2970, 2936, 1698, 1391, 

1363, 1290, 1264, 1 179, 1 126, 1089, 1 O3 1,  976, cm-1. HRMS cülcd. for Ci Hi4O2*()2HgCI 

ni/e (M-C4H90)$ 4 15.0389, found m/e (M-C4HyO)+ 4 15.0379. 



K 5s'" 8 S T ,  YS:"--5-Acetyl-8-tert-  b u t O x y - 9 - m e t  h o x y - 2 - 
tricyc~o[4.2.1.03~7]nonanyl) mercuric chloride (1 6 ) .  

1. Hs(TFA)~, MeOH 
2. NaCl 

COMe COMe 
1 1 6  

Deltacyclane 1 (160 mg, 0.683 rnmol) and Hg(TFA)2 (437 mg, 1.02 minol) were dissolved in 

MeOH (7 mL) and the clear, colorless solution was stirred at r.t. for 20 h. NaCl and brine were 

then added and the mixture was stirred at r.t. for 4 h. The mixture was then diluted with water 

and extracted with EtOAc (5x). The combined organic Iayers were dried with MgS04, filtered 

and concentrated ijz vaclio to sifford a white foam. Purification by colurnn chromütography 

(hexanes - 30% EtOAdhexanes gradient as eluent) afforded mercuric chloride 16 (233 mg, 

68%) as a white solid. M.p. 116-1 18 OC. IH NMR (400 MHz, CDC13): 6 4.45 (s, IH), 3.23 

(s, 3H), 2.93-2.88 (m, IH), 2.86 (dd, IH, J = 6.2, 9.2 Hz), 2.80 (s, lH), 2.29 (bi-. s, 1 H), 

2.24-2.17 (m, 2H), 2.1 1 (s, 3H), 2.02-1.95 (m, lH), 1.89 (dd, !H, J = 9.2, 13.9 Hz), 1.55 

(d, lH, J = 2.2 Hz), 1.21 (s, 9H). I3C NMR (100 MHz, CDC13): 6 208.87, 90.94, 77.95, 

75.07, 56.68, 56.10, 51.44, 49.80, 49.56, 48.22, 43.39, 35.67, 28.62, 28.41. IR (KBr): 

297 1, 17 12, 1463, 1359, 1 178, 1095 cm-'.  HRMS calcd for C l  6H2603C1202Hg: d e  (MH)+ 

503.1277, found m/e (MH)+ 503.126 1. 



, 3a-*, aa"-, ~ 3 - - ) - 3 - n c e i y  1 - O - i e r l  - u u i O x y - Y - n 1 i r o x y - L - 
tricyclo[4,2.1.0~~7]nonanyl) mercuric chloride (17). 

COMe COMe 

Deltacyclane 1 (1 65 mg, 0.704 mmol) and Hg(ON02)2.H20 were added to nitromethane (7 mL) 

affording a cloudy, colorless mixture. The mixture was stirred for 16 h at r.t. over which tirne 

the coior of the reaction mixture became pale blue. NaCl and brine were then added and the 

reaction mixture was stirred for 8 h. Water was added and the mixture was extracted with EtOAc 

(5x). The cornbined organic Iayers were dried with MgS04, filtered, and concentrated in vnciro 

to afford a sticky, white foam. Purification by column chromatography (10% EtOAcihexanes - 

30% EtOAcIhexanes gradient as eluent) gave mercuric chloride 17 (266 mg, 7 1%) as a white 

foarn. I H  NMR (400 MHz, CDC13): 8 (4.46 br. s, IH), 4.34 (br. s, 1H), 3.08 (apparent i, IH, 

J = 8.0 Hz), 2.98 (brs, IH), 2.42-2.37 (m, 2H), 2.33-2.29 (m, IH), 2.14 (s, 3H), 2.05-1.98 

(m, 2H), 1.64 (d, IH, J = 1.2 Hz), 1.23 (s, 9H). I3C NMR (100 MHz, CDCI3): 6 207.90, 

90.98, 77.31, 75.70, 55.69, 49.96, 48.58, 47.80, 43.10, 35.45, 28.62, 28.35. IR(neai): 

2973, 1708, 1626, 1364, 1282, 1178, 1097,859 c m ' .  HRMS calcd. for CisH23N05C1202~g: 

m/e (MH)+ 534.097 1, found m/e (MH)+ 534.0970. 



((2R*, 8S*, 9~~~)-8-tert-8utoxy-9-hydroxy-2-tricyclo[4.2.1.0~~~]nonanyl) 

rnercuric cliloride (10). 

Deltacyclane 30 (500 mg, 2.60 mmol) and Hg(OAc)2 (1.657 g, 5.20 rnrnol) were dissolved in 

If20 (26 mL) and heated to 55 OC for 24 h. During this tirne a yellow-orange precipitate formed 

on the surface of the reaction vessel. Solid NaCl and water1EtOAc were then added and the 

inixtiire was stirred for 48 h at r.t. A sequence involving extraction of the mixture with EtOAc 

(4x) followed by drying the combined organic layers with MgSO4, filtering and concentrating in 

v t ~ u o  provided a white, sticky foam. Column chromatography (5% acetone/hexanes - 20% 

acetone-hexanes gradient as the eluent) afforded organornercurial 10 (961 mg, 83%) us a white 

solid. 

((2R:l', 5S", 8S*, 9S*)-8-tert-Butoxy-9-hydroxy-5-(2-hydroxy-2-propy1)-2- 

tricyclo[4.2.1.03~7]nonany~) mercuric chloride (13). 

Deltacyclane 5 (33 mg, 0.13 nimol) and Hg(OAc)2 (63 mg, 0.20 mmol) were dissolved in H 2 0  

(1.5 mL) and heated to 55 O C  for 64 h. During this tirne, a pale yellow precipitate formed on the 

surface of the reüction vessel. NaCI, brine and EtOAc wese then added and the niixt~ire wus 

stisred for 4 h at r.t. The mixture was then extracted with EtOAc (6x), the combined osguiiic 



layer was dried with MgS04, filtered and concentrated NI vcrciio to afford a white solid. This 

white solid was purified by column chromatography (hexanes-90% EtOAc1hex;ines gradient as 

cluent) affording mcrcuric chloridc 13 (53.5 mg, 31%) as a white solid. 

2 : :  5 y : ,  ss:':, 9S:")-5-Acety l -8- tert -  b u  t  O x y - 9 - h y  d r O x y - 2 - 
tricyclo[4.2.1.03~7]nonanyl) mercuric chloride (15). 

Hg(OAc12, H20; 

NaCl 

COMe 
. 

COMe 

Deltacyclane 1 (102 mg, 0.436 mmol) and Hg(0Ac)z (209 mg, 0.654 mmol) were dissolved in 

H 2 0  (4 mL) and heated to 40 OC for 40 hours. During this time a yellow-orange precipitate 

forms on the surface of the reaction vessel. Solid NaCl was then added and the mixture was 

stirred for 16 h ut r.t. After diluting with H20, extraction of the mixture with EtOAc (5x) 

followed by drying the combined organic layers with MgS04, filtering and concentrating iir 

v(rcao provided a white solid. Purification by column chromatography (hexanes - 70% 

EtOAc/hexünes gradient as the eluent) afforded organomercurid 15 (184 mg, 86% ) as a white 

solid. 



Mercuric chloride 11 (50 mg, O. 11 minol) and acrylonitrile (15 PL, 0.22 mmol) were added to 

EtOH (1 mL). NaBH4 (20 mg, 0.53 mrnol) was added portionwise over 2 h. Water was then 

üdded and the mixture was extracted with EtOAc (4x). The combined organic layers were dried 

with MgS04, filtered and concentrated i i z  vcrcuo. Purification by column chromatogrüphy 

(hexanes - 10% EtOAc/hexanes gradient as eluent) gave 18 (24 mg, 80%) as a colorless oil. LH 

NMR (400 MHz, CDC13): 6 4.22 (s, IH), 3.26 (s, 31-I), 3.72 (s, IH), 2.41-2.27 (m, 2H), 

2.14-2.04 (m, 3H), 2.00-1.90 (m, 3H), 1.88 (brs, IH), 1.76-1.66 (m, l H f ,  1.64-1.57 (ni, 

IH), 1.54-1.46 (m, IH), 1.15 (s, 9H), 0.86-0.80 (m, 1H). NOE's: Irradiation at 2.72 ppm, 

9.4% NOE of 0.86-0.80 ppm, 2.9 % NOE of 1.88 ppm; Irradiation at 0.82 ppm, 11.8% NOE 

of 2.72 ppm, 2.3% NOE of 1.88 ppm. 13C NMR (100 MHz, CDC13): 6 120.07, 92.13, 79.36, 

73.36, 55.93, 51.31, 47.94, 46.01, 45.71, 44.72, 31.71, 30.67, 30.06, 28.38, 16.07. IR 

(neat): 2971, 2821, 2245, 1462, 1391, 1363, 1197, 1082, 738 cm- ' .  HRMS calcd. for 

C 17H27ON: m/e (Ml+ 277.20 15, m/e (M)+ 277.2028. 



Deltacyclane 30 (69 mg, 0.36 mmol) and Hg(TFA)2 (306 mg, 0.72 mmol) were dissolved in 

MeOH (2 mL) and stirred at r.t. for 14 h. Acrylonitrile ( 1  18 PL, 1.80 mmol) was then added 

followed by NaBH4 (48 mg, 1.27 mmol) portionwise over 30 min at 5 O C .  Wûter was then 

added and the mixture was extracted with EtOAc (4x). The combined organic layers wei-e dried 

with MgSOd, filtered and then concentrated i rr  vacuo. Purification by column chromatography 

(hexanes - 10% EtOAchexanes gradient as eluent) gave 48 mg (48%) of 18 as a colorless oil. 

(2s:" SS*, 9R*)-8-tert-Butoxy-9-(l-carboethoxy-2-ethyl)-2- 

methoxy tricyclo[4.2.1.03~7]nonane (19). 

Mercuric chloride 11 (50 mg, O. I l  mmol) and ethyl acrylate (24 pl, 0.22 mmol) were dissolved 

in EtOH ( 1  mL). NaBH4 (16 mg, 0.42 ii-in~ol) was then added portionwise over 30 i t i i i~ .  Watei- 

was rhen addcd and the mixture was extracted with EtOAc (4x). The combined organic 1iiyei.s 

wesc dried with MgS04, fiitered aiIr1 then concentrüted itl v ~ ~ o .  Pusificatio~i by colunin 

chromatography (hexanes - 12.5% EtOAc/hexanes gradient as eluent) affosded 19 (21 mg, 60%) 

as an oil. IH NMR (400 MHz, CDC13): 6 4.20 (s, IH), 4.1 1 (q, 2H, J = 7.0 Hz), 3.25 (S. 



3H), 2.68 (s, 1H), 2.36-2.22 (ni, 2H), 2.10-2.02 (in, 3H), 2.02-1.85 (m, 4H), 1.72-1.60 (ni, 

IH), 1.60-1.56 (m, lH), 1.54-1.50 (m, IH). 1.24 (t, 3H, J = 7.0 Hz), 1.17 (s, 9H), 0.64 

(ddd, IH, J = 3.9, 6.6. 9.2 Hz). '3C NMR (100 MHz, CDC13): 6 173.97, 93.76, 79.41, 

73.21, 60.09, 55.86, 51.17, 47.92, 46.47, 46.04, 44.67, 33.43, 31.80, 30.64. 30.10, 38.39, 

14.33. IR (neat): 2971, 1779, 1454, 1391, 1364, 1221, 1 166, 1084, 1066. 

Deltacyclane 5 (289 mg, 1.15 inmol) and Hg(TFA)2 (738 mg, 1.73 mmol) were dissolved in a 

1 : l mixture of THF:H20 ( 12 mL). The two-pliase solution was stirred at r.t. for 40 11 after 

which time NaCI and brine were added and the mixture was stirred for an additional 2.5 h. The 

mixture was then diiuted with water and extracted with EEOAc (4x). The combined orgünic 

layers were dried with MgSOq, filtered and then concentrated itz vrrcuo. Purification by colunin 

chromatography (hexanes - 80% EtOActhexanes gradient then EtOAc as eluent) followed by a 

second purification (80% EtOActhexanes as eluent) provided 13 (470 mg, 81%) as a white solid 

willi very poor solubility in coinnion NMR solvents. Mercuric chloride 13 and cthyl acrylate 

(933 mg, 9.32 mmol) were added to EtOH (10 mL) and then NaBH4 (70 mg, 1.9 inmol) was 

added portionwise. A saturated NH4CI solution was added, the resulting mixture then being 

extrücted with EtOAc (5x1. The combined organic layers were dried with MgSO4, filtered and 

then concentrated irz vacilo. Purification by column chron~atography (hexanes - 70% 

EIOAdhexanes gradient as eluent) afforded di01 20 (25lmg, 73%). IH NMR (400 MHz, 



CDCI3): 6 4.34 (s, 1H), 4.10 (q, 2H, J = 7.3 Hz). 3.30 (s, lH), 2.32-2.21 (m. 2H), 2.16-2.10 

(m, 2H), 2.08- 1.86 (m, 4H), 1.82- 1.78 (m, 2H), 1 J O  (dd, 1 H, J = 8.4, 13.2 Hz), 1.42 (ddd, 

lH,  J = 5 . 5 ,  8.1, 13.2 Hz), 1.24(t, 3H, J = 7 . 3  Hz), 1.18 (s, 9H), 1.14(s, 3H), 1.10 (s, 3H), 

0.76-0.69 (m, 1H). l3C NMR (100 MHz, CDC13): 6 173.97, 83.58, 79.21, 73.57, 73.22, 

60.03, 56.25, 51.28, 50.81, 49.35, 45.86, 45.69, 35.05, 33.34, 30.49, 28.86, 28.33, 24.33, 

14.17. IR (neat): 3398, 297 1, 1736, 1463, 1099, 942 cm- '. HRMS calcd. for C2 H 3 ~ 0 5 :  ilde 

(MH)+ 369.264 1, found d e  (MH)+ 369.2648. 

Mercuric chloride 14 (400 mg, 0.674 mrnol) and ethyl acrylate (0.730 mL, 6.74 rnmol) weie 

dissolved in EtOH (6 mL). NaBH4 ( 153 mg, 4.04 mmol) was then added portionwise over 30 

min. Water was added and the mixture was then extracted with Et20 (6x). The combined 

organic layer was dried with MgS04, filtered and concentrated Nz vczciio. Purification by column 

chromatogi-aphy (hexanes - 25% EtOAdhexanes gradient es eluent) afforded 21 (2 15 mg, 70%) 

as an oil. IH NMR (400 MHz, CDC13): 6 7.34-7.24 (m, 5H), 4.51 (d, lH ,  .I = 2.1 Hz), 4.47 

(d, lH, J = 2.1 HZ), 4.32 (s, IH), 4.10 (q, 2H, J = 6.9 HZ), 3.00 (s, IH), 3.35-2.30 (III, 2H). 

7.16-2.12 (m, IH), 2.08-2.04 (in, lH), 2.04-1.88 (m, 4H), 1.85 (apparent t, lH, J = 8.0 Hz), 

1.68 (dd, lH, 5 = 8.7, 13.1 Hz), 1.47 (ddd, lH, J = 5.5, 8.1, 13.1), 1.23 (t ,  3H, .J = 6.9 Hz), 

1.17 (s, 9H), 1.15 (s, 3H), 1.12 (s, 3H), 0.70 (ddd, lH, J = 2.9, 5.8, 9.1 Hz). 1 3 ~  NMR 

(100 MHz, CDC13): 6 173.87, 138.82, 128.82, 127.30, 127.22, 90.61, 79.35, 73.27, 73.23, 

69.97, 60.12, 56.60, 50.82, 49.20, 46.92, 46.24, 45.68, 34.68, 33.37, 30.63, 28.42, 28.12, 



26.43, 14.3 1. IR (neat): 341 6, 2972, 1734. 1454, 1362, 1 196, 1 10 1, 1028 cm-]. HRMS 

calcd. for C24H3305: m/e (M-C4H9)+ 40 1.2328, found m/e (M-C4H9)+ 40 1 -23 16. 

NaBH4, EtOH PDC 
* 

O2 

11 (100 mg, 0.218 mmol) was dissolved in EtOH (5 mL). 0 2  was bubbled through the solution 

for 15 min and while still purging with 02, NaBH4 (48 mg, 1.28 mmol) was added in three 

portions of 16 mg. The reaction mixture was then diluted with EtOAc and water and then 

extracted with EtOAc (6x). The combined organic layers were dried with MgS04, filtered ancl 

concentrated irt vncuo. The concentrate was dissolved in CH2C12 (3 mL). Moleculür sieves and 

PDC (164 mg, 0.436 mmol) were then added and the dark brown mixture was stirred at r.t. for 5 

h. The reaction mixture was filtered through ~e l i t e@ using CHîCIî as the eluent and the filtrate 

was then concentrated in vtlc~io. Purification of the brown oil using column chromatography 

(hexanes - 8% EtOAc/hexanes gradient as eluent) afforded ketone 22 (42 mg, 81%) as a 

colorless oil. IH NMR (400 MHz, CDC13): 6 4.52 (s, IH), 3.25 (s, 3H). 2.90 (s, lH), 2.67 

(ddd, lH, J = 1.8, 4.8, 6.6 Hz), 2.61 (d, IH, J = 1.1 Hz), 2.59-2.54 (m, IH), 2.30 (apparent 

t, lH,  J = 6.1 Hz), 2.04-1.79 (m, 3H), 1.58 (m. IH), 1.16 (s, 9H). 1 %  NMR (100 MHz. 

CDC13): 6 220.24, 84.78, 76.35, 74.06, 59.66, 56.64, 5 1.21. 49.94, 46.87. 30.42, 28.5 1, 

28.34. 



( 3 5 '" , u s ':- , Y B - l - ) - Y - l r e n z y i o x y - a - t e r t -  o u  t o x y  - 3  - ( z -  h y d  r o x y - z  - 

propyl)tricyclo[4.2.1.~7]nonan-2-one (23). 

OBn 

NaBH4, EtOH PDC, CH2CI2 - 
O2 AcOH (cat.) 

C(Me)20H * tB%oBn C(Me)20H 
1 4  2 3 

A solution of organomercurial14 (200 mg, 0.337 mmol) in EtOH (8 niL) was purged with O2 

for 15 min. While continuing to purge with 02, NaBH4 (78 mg, 2.02 mmol) was added 

portionwise over 15 minutes. The resulting grey suspension was stirred an additional hour and 

then diluted with water (20 d) and extracted with EtOAc (6x). The combined EtOAc haclions 

were dried with MgS04, filtered, then concentrated in vucuo. The resulting oil was dissolved in 

CH2CI2 (4 rnL) whereupon PDC (190 mg, 0.506 mmol) and 2 drops of glacial AcOH were 

added. The brown mixture was stirred at r.t. for 18 h. The mixture was filrered over  eli item 

with CHîC12, the light orlinge solution thcn being concentratcd in vacuo. Purification of the 

brown oil by column chromatography (hexanes - 40% EtOAcIhexanes gradient as eluent) yielded 

ketone 23 (126 mg, 76%) as an oil. IH NMR (400 MHz, CDC13): 6 7.34-7.24 (m. 5H), 4.63 

(br. s, 1 H), 4.47 (s, 1 H), 3.18 (s, I H), 2.70 (m, IH), 2.66 (m, IH), 2.63 (in, 1 H), 2.44 (dm, 

lH, J = 4.8 Hz), 1.98 (dd, lH, J = 8.8, 13.6 Hz), 1.82 (t, IH, J =  7.9 Hz), 1.63 (m,  IH), 

1.39 (br. s, 1 H), 1.17 (s, 3H), 1.16 (s, 9H), 1-13 (s, 3H). 13C NMR (100 MHz, CDC13): 6 

219.79, 137.81, 128.36, 127.63, 127.37, 84.08, 76.50, 74.02, 72.66, 70.66, 60.53, 56.52, 

50.76, 50.43, 48.32, 3 1.5 1, 78.33, 28.17, 26.5 1. IR (neat): 3456 (br. s), 2887, 1748, 1603. 

1454, 1365, 1 194, 1089 cm-'.  HRMS calcd. for C22H2904: mle (M-CH3)+ 357.2066, found 

m/e (M-CH3)+ 357.2068. 



(SS:':, 8S:*, 9S~~)-5-Acetyl-8-tert-butoxy-9-nitroxytricyclo[4.2. l.0337]nonan-2- 

one (24). 

0N02  

NaBH4, EtOH Jones' [O] 
C 

0 2  
COMe - tB:@No2 COMe 

Mercuric chloride 17 (120 mg, 0.225 mmol) was dissolved in EtOH (5 mL) and the solution 

was purged with 0 2  for 15 min. While continuing to purge with 02, NaBH4 (34 mg, 0.90 

mmol) was added portionwise over 45 minutes. The resulting grey suspension was stirred for 

30 min and then was diluted with water. The mixture was extracted with EtOAc (5x). The 

combined organic layer was dried with MgS04, filtered, and then concentrated in vacuo. The 

grey oil was dissolved in iicetone (2 mL) and Jones' reagent was added dropwise until an orange 

color persisted. Isopropanol was then added and the resulting grcen mixturc was filtcred throiigh 

~ e l i t e @  with CHzC12. The filtrate was concentrated in vcrciio and purified by column 

chromatography (hexanes - 20% EtOAcIhexanes gradient as eluent) giving ketone 24 (5 1 mg, 

73%) as a white solid. M.p. 120-122 O C .  IH NMR (400 MHz, CDC13): 6 4.53 (br. s, IH), 

4.50 (s, lH), 3.08 (dd, lH, J = 6.2, 9.5 Hz), 2.87-2.82 (m, IH), 2.77-2.7 1 (m, 2H), 2.66- 

2.63 (m, lH), 2.24-2.08 (m, IH), 2.18 (s, 3H), 2.13 (dd, IH, J = 6.2, 8.4 Hz), 1.16 (s, 9H). 

13C NMR(100 MHz, CDC13): 6 2 14.97, 206.72, 84.52, 75.33, 74.90, 58.08, 55.84. 50.38, 

49.65, 48.42, 3 1.34, 28.49, 28.17. HRMS calcd. for C 1 sH2206N: m/e (MH)+ 3 13.1447, 

found m/e (MH)+ 3 12.1462. 



To a solution of ketone 23 (25 mg, 0.067 mmol) in CH2C12 (1.OmL) was udded mCPBA (5096, 

92 mg, 0.27 mmol) and a catalytic amount of p-toluenesulfonic acid (Img, 0.005 mrnol). The 

reaction was stirred at 40 O C  for 4 h and then water was added. The product was extracted into 

EtOAc (5x) and the organic layer was washed with NaHC03 and brine, and dried with MgS04. 

The solvent was removed in vacila, and the crude product was piirified by column 

chromatography (hexanes - 50% EtOAcIhexanes gradient as eluent) to provide lactone 27 (2 1 

mg, 81%) as an oil. 1H NMR (400 MHz, CDC13): 6 7.35-7.25 (m, 5H), 4.93 (br. S. I l i ) ,  

4.58-4.46 (m, 3H), 3.58 (s, IH), 3.03 (d, IH, J = 1.5 Hz), 2.52-2.44 (m, ZH), 2.07 (dd, IH, 

J =  7.3, 12.6, Hz), 1.95 (m, IH), 1.58 (apparent td, IH, J =  3.3, 12.1 Hz), 1.20 (s, 3H), 1.18 

(s, 9H), 1.15 (s, 3H). 13C NMR (100 MHz, CDC13): 6 170.03, 137.53, 128.43, 127.82, 

127.69, 87.75, 83.63, 74.23, 71.73, 71.59, 70.59, 55.35, 53.09, 48.18, 47.27, 35.33, 29.22, 

28.23, 27.42. IR (neat): 3460 (br. s), 2977, 293 1, 2874, 1722, 1459, 1370, 1200, 1 106, 9 10 

cm-'. HRMS calcd. for C23H3-305: m/e (MH)+ 389.2328, found inle (MH)+ 389.23 15. 



To lactone 27 (20 mg, 0.051 mmol) in THF (1.0 rnL) was added LiAIH4 (1 1 mg, 0.29 mmol) 

portionwise at O O C .  The reaction was stirred at O OC for 30 min and then quenched with N d K  

tartrate slowly al O OC. The product was extracted into EtOAc (6x) and dried with MgS04. The 

solvent was rcrnoved ilz v r ~ ~ i u ,  and the crude product was purificd by coluinn chromatography 

(50% EtOAcIhexanes as eluent) to provide trio1 25 (19mg, 96%) as a solid. M.p. 93-95 OC. IH 

NMR (400 MHz, CDC13): 6 7.36-7.24 (m, 5H), 4.72  AB, lH, J = 1 1.0 Hz), 4.70  AB, 1 H ,  

J = 1 1 .O Hz), 4.57 (apparent t, IH, J = 8.6 Hz,), 4.43 (br. s, lH), 4.36 (apparent t ,  1 H, ./ = 3.8 

Hz,), 4.34 (apparent t, IH, J = 8.8 Hz), 3.93-3.80 (m, 3H), 2.8 1 (br. s, 1 H), 2.55 (rn, 2H), 

2.28 (ddd, IH, J = 5.5, 8.1, 13.6 Hz), 2.13 (m, lH), 1.96 (dd, lH, J =  6.6, 12.8 Hz), 1.50 

(td, 1H,J=3 .7 ,  12.5 Hz), 1.31 (s, 9H), 1.21 (s, 3H), 1.11 (s,3H). I3C NMR (100 MHz, 

CDC13): 6 138.23, 128.40, 128.10, 127.70, 85.60, 77.20, 76.32, 75.76, 75.01, 73.47, 71.75, 

60.70, 53.48, 52.12, 49.87, 39.33, 29.27, 28.15, 25.84. IR (KBr): 343 1 ,  2973, 293 1, 1600, 

146 1, 1393, 1365, 1 186, 1 122, 1064, 1022 cm-'.  HRMS calcd. for C22H330s: mie (M-CH3)+ 

377.2328, found rnk (M-CH3)' 377.2342. 



EtOOC *: OH 

Ketone 23 (70 mg, 0.19 mmol), mCPBA (50%, 132 mg, 0.19 rnmol), and pTsOH (3 mg) were 

dissolved in CH2C12 (2 mL) and heated to 40 OC for 8 11. Wnter and NaHC03 were added and 

the mixture was extracted with CH2C12 (5x). The combined organic layers were dried with 

MgS04, filtered and concentrated in vricliu. Purification by column chromatography (hexanes - 

EtzO gradient as eluent) afforded 29 (34 mg, 46%) as a solid. M.p. 156-157 O C .  111 NMR 

(400 MHz, CDC13): 6 4.75 (d, 1 H, J = 7.7 Hz), 4.1 1 (q, 2H, J = 7.3 Hz), 4.08 (s, 1 H), 2.59 

(br. s, lH),  2.49 (m, IH), 2.44-2.38 (m, lH), 2.38-2.30 (m, 2H), 2.12 (apparent t, IH, J = 

10.3 Hz), 2.01-1.94 (m, 2H), 1.86 (dd, IH, J = 8.4, 13.2 Hz), 1.72 (ddd, lH, J = 5.9, 10.5, 

13.2 Hz), 1.61-1.56 (m, lH), 1.30 (s, 3H), 1.24 (t ,  3H, J = 7.3 Hz), 1.17 (s, 9H), 1.16 (s, 

3H). 13C NMR (100 MHz, CDC13): 6 173.87, 173.06, 83.97, 74.65, 73.2 1 ,  71.35, 60.41, 

59.56, 56.44, 53.24, 48.82, 48.13, 33.05, 31.89, 31.20, 29.26, 28.31, 27.68, 14.27. IR 

(KBr): 3419, 2976, 1735, 1708, 1379, 1 193, 1085, 1014 cm-1. HRMS calcd. for C21H3~06:  

mle (M)+ 382.2355, found m/e (M)+ 382.2342. 



To rnercuric chloride 14 (90 mg, 0.15 mrnoI) in THF (2 mL) was added LiAIW4 (17 mg, 0.46 

mmol) portionwise at O O C .  After stirring at O "C for 30 min the reüction was qiienched by 

adding water slowly at O "C. The quenched mixture wüs then diluted with WNa tartrate and 

extracted with EtOAc (5x). The cornbined organic layers were washed with brine and dried witli 

MgS04. The solvent was removed in ilaclio and the crude product was purified by colu~iin 

chromatography (hexanes - 20% EtOAclhexanes gradient as eluent) to provide 28 (44 mg, 88%) 

as a solid. M.p. 53-54 OC. I H  NMR (400 MHz, CDC13): 6 7.34-7.24 (m, 5H), 4.52 ( d A ~ ,  IH, 

J =  12.1 Hz), 4.50  AB, IH, J = 12.1 Hz), 4.34 (br. s, IH), 3.05 (s, IH), 2.44 (br. s, IM), 

2.14-2.00 (m, 4H), 1.90 (apparent t, lH, J =  8.2 Hz), 1.66 (dd, lH, J = 8.4, 13.2 Hz), 1.48 

(in, 1H), 1.18 (s, 9H), 1.16 (s, 3H), 1.13 (s, 3H),0.50(m, IH). I3C NMR (100 MHz, 

CDCI3): 8 138.95, 128.25 127.24, 90.62, 79.14, 73.31, 73.05, 69.86 56.48, 50.49: 47.60: 

45.26, 37.8 1, 34.63, 30.79, 28.60, 27.99. 26.57. IR (neat): 3458 (br.), 2962, 2929, 2870, 

160 1, 1463, 138 1, 1362, 1 199, 1 101, 939, 733, 698 cm-[. HRMS calcd. for C23H3403: m/e 

(M)+ 358.2508, found nde (M)+ 358.252 1.  



To 28 (30 mg, 0.091 mrnol) in absolute ethanol (0.7 mL) and cyclohexene (0.35 mL) was added 

Pd(OH)2 on C (15 mg). The black mixture was heated at reflux for 8 h then filtered over ceMe@ 

using CH2C12 as eluent. The solvent was removed in vncrto and the crude product was purified 

by colurnn chrornatography (hexanes - Et20 gradient as eluent) affording the known di01 6 15 (20 

mg, 91%). 

Mercuric chloride 10 (45 mg, 0.10 mmol) was dissolved i n  acetone ( 1  niL) and Jones' oxidant 

was then added dropwise until an orange color persisted. Isopropanol was then added and the 

resulting green suspension was filtered through Celitem with CHîCIî. The filtratc wns 

concentrated Nt vciciio and purified by column chromatography (hexanes - 30% EtOAc/liexanes 

gradient as eluent) to give 35 m g  (78%) of ketone 31 as a solid. M.p. 166- 167 OC. 1 H N M R  

(400 MHz, CDClî): 6 4.43 (br. s, 1 H), 3.13 (br. s, 1 H), 2.61-2.54 (m, 2H), 2.47-2.41 (ni, 

IH), 2.03 (m, IH), 1.95-1.84 (in, IH),  1.84-1.62 (m, 3H), 1.28 (s, 9H). I3C NMR (100 

MHz, CDC13): 6 216.02, 76.00, 75.07, 57.89, 54.10, 52.37, 48.46, 42.40, 32.22, 28.46, 



27.13. IK (Kkir): ,961, 1 132, 1409, 13Y4, 1303, I l  15, IUYb, 883 cm-' .  HKMS calcd. loi. 

C9H 102202~gC~:  inle (M-CqH8)+ 388.0 154, found d e  (M-C4Hs)+ 388.0173. 

Mercuric chloride 10 (21 mg, 0.047 mrnol) and PDC (27 mg, 0.71 mrnol) were dissolved in 

CH2C12 (0.5 mL) and the solution was stirred at r-t. for 3 h. The reaction mixture was then 

filtered through ~e l i te@ and the filtrate was concentrated in v m ~ o  to an orange oil. Purification 

by column chromatography (hexanes - 50% Et201hexanes gradient) afforded 3.9 mg (40%) of 

aldehyde 32 as an oil (see data next page) and 9.1 mg (45%) of ketone 31 as a solid (see data 

previous page). 

Mercuric chloride 10 ( 1  6 mg, 0.036 mmol), PDC (20 ing, 0.054 mrnol), and 3 drops of AcOH 

were dissolved in CH2CI2 (0.4 mL) and the solution was stirred at r.t. for 2 h. The reaction 

mixturc was then filtered through celit@ and the tiltrate wos concentrated in vnclto to an orange 

oil. Purification by colurnn chromatography (hexanes - 60% ElsO/hexanes gradient) afforded 

2.2 mg (30%) of aldehyde 32 as an oil and 9.7 mg (60%) of ketone 31 as a solid. 



(lSï:, Sv, LsS~)-8-tert-Uutoxy-2-bicyclo[3.3.U]oct-~i-ene carboxiildehyde 

( 3 2 ) .  

To nîercuric chloride 10 (63 mg, 0.14 mrnol) in benzene (2.5 mL) was added Pb(0Ac)j (78 mg, 

0.18 mm01 ) and the reaction mixture was then heüted to 80 O C .  Over the next 30 min, the 

initially yellow solution turned deep red in colour and then went colorless with a white precipitare 

formed. The mixture was filtered through CeliteO eluting with CH2C12, the filtrate then being 

concentrated and purified by column chrornatography (hexanes - 10% EtOAchexanes gradient as 

eluent) affording aldehyde 32 (23 mg, 79%) as a colorless oil. NMR (400 MHz, CDC13): 6 

9.90 (d, lH, J = 1.8 Hz), 5.73 (ddd, IH, J = 1.1, 2.2, 5.9 Hz), 5.63 (m, lH), 4.35 (d, lH, J 

= 1.1 Hz), 3.44-3.40 (m, IH), 2.92-2.88 (nl, 2H), 1.71-1.53 (m, 4H). 1.16 (s, 9H). I3C 

NMR (100 MHz, CDCI3): 6 203.96, 137.71, 132.92, 78.80, 73.97, 56.22, 5 1.90, 49.03, 

29.42, 28.79, 24.65. IR (neat): 30 10, 2930, 2870, 2720, 17 19, 1463, 1388, 1362, 1 194, 

Il  16, 1045, 1021, 964, 883 cm-'. HRMS calcd. for C13H21 02: m/e (MH+) 209.1542, Folincl 

mle 209.1533. 



(IS*, 2S*, 3S*, SS*, 8S*)-3-Acetyl-8-tert-Butoxy-2-bicyclo[3.3.0]oct-6-ene 

carboxaldehyde (34). 

Mercuric chloride 15 (97.0 mg, 0.199 mmol) and Pb(OAc)4 (IO6 mg, 0.240 mniol) were 

dissolved in benzene (3.5 mL) and heated at 80 OC for 1 h. Oves this period of time, the initially 

bright yellow mixture turned dark red in colour, this colour in turn changing to yellow with 

concomitant formation of a white precipitate. After cooling to room temperature, the reaction 

mixture was filtered through CeliteO using ether as the eIuent to remove the Pb(I1) salts formed 

during the reaction. Concentration of the filtrate afforded a yellow oil that was purified by 

column chromatography (20% Et20lhexanes and then 40% Et20ihexanes as eluents) leading to 

isolation of ketoaldehyde 34 (45.5 mg, 9 1%) as a colorless oil. I H  NMR (400 MHz, CDC13): 6 

9.87 (s, IH), 5.72-5.66 (rn, 2H), 4.22 (m,lH), 3.49 (m, lH) ,  3.32 (dd, IH, J = 9.2, 11.0 

Hz), 3.04-2.95 (m, 2H), 2.17 (s, 3H), 1.83 (dd, IH, J = 6.6, 12.4 Hz), 1.61 (apparent td, J = 

9.2, 12.4 Hz), 1.14 (s, 9H). 13C NMR (100 MHz, CDC13): 6 208.90, 201.40, 136.62, 

133.92, 79.33, 74.03, 58.40, 50.19, 49.33, 48.47, 33.80, 29.97, 28.73. IR (neat): 3058, 

2959, 2721, 17 16, 1700, 1368, 1192, 1048, 1019 cm-'. HRMS calcd. for C15H2303: inle 

(MH)+ 25 1.1647, found rnle (MH)+ 25 1.1639. 



K2C03, EtOH 
* 

'"CHO 
8 O t B U  COMe 

To ketoaldehyde 34 (25 mg, 0.10 mmoi) dissolved in absoIute EtOH (2.5 mL) was added solid 

K2C03 (14 mg, 0.10 mrnol) which did not dissolve appreciably. The mixture was stirred at 

r.t.for 24 h after which time, solid NH4CI and H20 were added. Extraction with EtOAc (5x), 

drying of the combined organic fractions with MgS04 followed by concentration N z  imun led to 

a yellow oil. I H  NMR analysis of this mixture shows 37 to be the major constituent dong with 

minor aiiiounts of another enone and three aldehyde resonannces. Purification liy column 

chi-omatography (hexanes-10% EtOAc/hexanes gradient as eluent) afforded 37 (15 mg, 65%) as 

a colorless oil. 1~ NMR (400 MHz, CDC13, decoupling, NOE): 6 7.59 (dd, 1 H, J = 2.6, 5.5 

Hz, H2), 5.98 (dd, IH, J = 1.8, 5.5 Hz, H3), 5.82 (ddd, IH, J =  1.1, 2.2, 5.5 Hz, H I ' )  01- 

H l 1 ) ,  5.61 (ddd, lH, J = 1.5, 1.8, 5.5 Hz, Hl0 or HI1),  4.51 (d, lH, J = 1.5 Hz, Hg), 3.32- 

3.26 (rn, IH), 3.26-3.22 (rn, IH, Hl), 2.82 (dt, J =  6.4, 9.2 Hz, Hf)), 2.35 (apparent quint., 

IH, J = 3.3 Hz, Hg), 1.94 (ddd, lH ,  J = 6.2, 7.7, 9.9 Hz), 1.86 (ddd, IH, J =  5.5, 9.9, 13.6 

Hz), 1.22 (s, 9H). Decoupling: irradiation at 4.5 1 pprn decouples signals itt 5.82, 5.6 1 ,  2.35 

pprn; irradiation at 2.35 ppm decouples signals at 3.32-3.26, 3.26-3.22 ppm; irradiation at 7.59 

ppnl deco~iples signal nt 3.25 ppm; irradiation ü t  2.82 pprn decouples signals at 3.25, 1.94, 1.86 

ppm. 13C NMR (100 MHz, CDC13): 6 212.28, 166.42, 138.15, 132.25, 131.49, 83.1 1 ,  

73.64, 55.56, 52.52, 5 1.24, 50.74, 34.13, 28.52. IR (neat): 3063, 2980, 2903, 17 10, 1363. 

1192, 1049 cm-I. I-IRMS calcd. for Cr5H2002: m/e (M)"232.1463, found 1n1e (M)+ 132.1466. 

Fui-Lher elution (20% EtOAdhcxanes) affords approx. 5 mg ol'a inixturc of three aldehydcs, a 

minor contributor to this mixture being 34. Exposure of thesc presumably isorneric aldehydcs to 



carboxaldehyde (41). 

CHO 

'*f/ , gtBu 4 1 b  

To brendanol 40 (132 mg, 0.628 mmol) in cyclohexane (63 mL) were added PhI(OAc)? (202 

mg, 0.628 mmol) and 12 (88 mg, 0.345 minol) under an argon atmosphere. The dark purple 

mixture was heated at 78 OC for 15 min during which time al1 the reagents dissolved and the 

purple color faded significantly. The reaction mixture was cooled to r.t. and concentrated in 

vrrcsto until there was approximately 2 or 3 mL of solvent remaining. Immediate purification of 

the resulting purple solution by column chromatography (hexanes - 10% Et20Ihexanes gradient 

as the eluent) afforded 41a (120 mg) and 41b (44 mg) both as white solids plus 19 mg of a 

mixture of the two. The mixture was puriiïed again by column chromatography providing 2 mg 

of 41a (total 122 mg, 58%) and 15 mg of 41b (total 59 mg, 28%). 41a: IH NMR (400 MHz, 

CDCI3): 6 9.64 (d, lH, .J = 2.6 Hz), 4.25 (apparent dt, IH, J = 4.0, 5.9), 3.93 (dd, 1 H, J = 

4.8, 6.6 HL), 2.90-2.84 (m, 1 H), 2.83-2.75 (ln, 2H), 3.14- 1.88 (ni, 4H), 1.43 (ddd, 1 H ,  J = 

8.1, 9.9, 13.2 Hz), 1.38- 1.32 (in, IH), 1.19 (s, 9H). I3C NMR (100 MHz, CDC13): 6 202.43, 

78.60, 74.32, 65.42, 60.88, 40.49, 38.15, 31.33, 31.17, 30.29, 28.82. IR (KBr): 2969, 

2872, 27 15, 1723, 1397, 1366, 1 198, 1 O80 cm-!. HRMS calcd. for C 12H 18021: mie (M- 

CH3)+ 32 1 .O35 157, found m/e 321.036453. 41b: IH NMR (400 MHz, CDC13): 6 9.70 (d, 

IH, J = 3.3 Hz), 4.67 (apparent t, J = 5.1 Hz), 4.41 (dd, IH, J = 3.7. 8.1 Hz), 3.00 (dddd, 

lH, J = 3.3, 7.0, 10.3, 12.8 Hz), 2.91-2.79 (m, lH), 2.36 (ddm, IH, ,I = 6.2, 13.4 Hz), 3.25 



(ddd, lH,  J = 3.6, 5.9, 9.9 Hz), 2.18-2.05 (m, 2H), 2.01-1.93 (in, IH), 1.83-1.73 ( n ~ ,  ?id), 

1.18 (s, 9H). Decoupling: irradiation at 9.70 pprn decouples signal at 3.00 ppm; irradiation ut 

3.67 pprn decortples signa1 at 2.25 pprn (but not 4.41 or 3.00 pprn); irradiation at 3.31 ppm 

decouples signals at 3.00, 2.25 pprn (but not 4.67 ppm); irradiation at 3.00 pprn decouples 

signals at 9.70, 4.41 pprn (but not 4.67 pprn). 13C NMR (100 MHz, CDC13): 6 202.05, 83.07, 

74.42, 64.69, 58.91, 43.06, 42.61, 40.14, 34.36, 30.38, 28.80. IR (KBr): 2964, 2870, 27 10, 

1726, 1464, 1396, 1370, 1 199, 1077 cm -I. HRMS calcd. for CI  2H 18O2I: m/c (MICH3)+ 

32 1 .O352, found d e  (M-CH3)+ 32 1 .O362. 

(IR*, 2S*, 3S*, 5S*)-2-tert-Butoxy-3-bicyclo[3.3.O]octane carboxaldehyde 

(42) .  

Q CHO 

O ~ B  u 

4 2 

To iodide 41a (72 mg, 0.2 1 nimol) in cyclohexane (5 mL) were added Bu3SnH (86 ILL, 0.32 

rnmol) and AIBN (5.2 mg, 0.032 mmol). The reaction mixture was then heated at 78 "C for 25 

min after which time i t  was cooled to r.t. and then concentrated iri v m w  iintil a small volume of 

solvent remained. Purification by column chrornatography (hexanes - 50% Et2Olhexanes 

gradient as eliient) providcd 42 contaminated with sesidual tin conipound(s). Repeating tlic 

above purification procedure provided pure 42 (36 mg, 80%) as an oil. A siinilai 

deiodinationlpurification procedure led to 42 (4.2 mg, 75%) frorn iodide 4111 (9.0 mg, 0.077 

mmol), Bu3SnH (15 PL, 0.053 inmol) and AIBN ( 1  mg, 0.006 rnmol) heated at 75 'C i n  

cyclohexane ( 1  [IL). IH NMR (400 MHz, CDC13): 6 9.62 (d, 114, .I = 3.3 Hz), 3.89 (dd, IH, J 

= 4.8, 7.7 Hz), 2.82-2.74 (m, IH), 2.68-2.57 (rn, IH), 2.36-3.28 (m, IH), 1.94 (apparent dt, 



ln, J = 1.3, i s . ~  HZ), i .11-1.m (m, In), 1.b3-1.45 (m. YHJ, I . J / - I .L~(  (m, in). 1.14 (s, 

9H). Decoupling: irradiation at 9.62 ppm decouples signal at 2.82-2.74 ppm; irradiation at 3.89 

pprn decouples signal at 2.82-3.74 ppm; irradiation at 2.82-3.74 ppm decouples signals at 9.62, 

3.89 ppm. 13C NMR (100 MHz, CDCI3): 203.29, 80.55, 73.66, 62.17, 52.44, 42.22, 32.62, 

3 1-65, 3 1.44, 28.90, 25.79. IR (neat): 2953, 2867,27 18, 1724, 1466, 1367, 1 196, 1082, 9 1 1 

cni- 1. HRMS calcd. for C 13H22O2: d e  (MH)+ 2 1 1.1698, found m/e (MH)+ 2 1 1.1693. 

cL%oH COMe 7 
COMe 

Argon was bubbled through a solution of Bu3SnH (1.66 mL, 6.16 mmol) in THF (30 mL) for 

15 minutes after which time a solution of organornercurial 15 (1.50 g, 3.08 minol) in THF ( 5  

mL), also purged with argon, was added quickly via cannula. An additional 5 mL of THF was 

iised to transfer residual 15 to the reaction mixture. Over the next 15 min at r.t., the reaction 

mixture became grey with a thick precipitate which eventually settled to the bottom of the seaction 

flask. The reaction mixture was diluted with 50 mL of hexanes and the solvent was removed il1 

itcrcuo until only a sinal1 voluii-ie rernained. This residual grey mixture was liltered through silicii 

gel iising hexanes (approx. 500 mL) to remove the majority of the lin containing compouncls. 

Furthcr elution using 50% EtOAdhexanes followed by concentration i ~ î  v~lcuo of thc this filtratc 

provided 43 as a white solid contaminated with a small amount of tin compounds. Purificaiion 

by colunln chromatography (hexanes - 50% EtOAcIhexanes gradient as cluent) afforded alcohol 

43 (707 mg, 91%) as a white solid. IH NMR (400 MHz, CDCI?): 6 4.28 (s, IH), 3.24 (s, 

IH), 2.82 (s, IH), 2.78 (m, IH), 2.41-2.33 (m, lH), 2.10-2.02 (rn, 3H), 2.04 (s, 3H), 1.85 

(d, 1H,.I = 3.7 Hz), 1.84-1.71 (ni, 2141, 1.08 (s, 9H), 0.46 (dd, IH, J =  1.5, 12.5 Hz). 1 3 ~  



NMR (100 MHz, CDC13): 6 209.91. 81.85, 78.39, 73.10, 56.96, 50.34, 50.22, 48.02, 37.17, 

35.52, 31.33, 38.39,28.31. IR(neüt): 3441 (br.), 2972, 1700, 1651, 1363, 1197, 1100cm-1, 

Anal. calcd. for C l  5H2403: C, 7 1.39; H, 9.59. Found: C, 7 1 .2Z; H, 9.15. 

(lR:k, 2s:" 3SS'", SR:':, 7 S ~ ' ) - 7 - A c e t y l - 2 - t e r t - b u t o x y - 3 - b i c y c l o [ n e  

carboxaldehyde (44). 

CHO 

OH P h l ( o A ~ ) ~ ,  l 2  ; 

Bu3SnH 

COMe * qtBu COMe -+ sot COMe Bu 

To brendanol 43 (100 mg, 0.396 mmol), in cyclohexane purged with argon were added 

PhI(OAc)2 (132 mg, 0.410 mmol) and 12 (52 mg, 0.21 mmol) as solids. The purple mixture 

was heated to 78 OC for 25 min. A solution of Bu3SnH (0.215 ml, 0.800 mm01 in 2 inL of 

cyclohexane) was then added by syringe, immediately dispelling the purple colour of the reaction 

mixture followed by AIBN (10 mg, 0.06 mmol). The colorless reaction mixture was heated üt 

78 OC for 1 h üfter which time the solvent was removed in viiçuo. Iminediate purificritioii by 

colum chromatography (hexancs - 10% ELOAc/hexanes gradient as eluent) afforded 44 (76 mg, 

76%) as a colorless oil and 45 (10 mg, 11%) as an oil. 44: IH NMR (400 MHz, CDCl3): 6 

9.66 (d, i H ,  .J = 2.9 Hz), 3.90 (dd, lH, J =  4.8, 8.1 Hz), 2.95-2.85 (m, 1H), 2.84-2.76 (In, 

IH), 2.78-2.68 (ni, IH), 2.43 (ddd, III, .I = 4.0, 8.8, 13.9), 2.13 (s, 3H), 2.03-1.93 (ni, 2H), 

1.80-1.71 (m, 3H), 1.65 (ddd, IH, J = 1.5, 7.0, 12.5 Hz), 1.35 (ddd, IH, ./ = 9.9, 12.5, 12.5 

Hz), 1.13 (s,9H). 1 3 ~  NMR ( 100 MHz, CDC13): 6 209.87, 202.82, 80.74, 73.86, 6 1.48, 

51.65, 51.27, 41.96, 35.13, 33.45, 31.37, 28.99, 28.91. HRMS calcd. for C14H2103: d e  

(M-CH3)+ 237.1491, hund m/e 237.1492. (IR*, 2S*, SR4:, 7S'!')-7-Acetyl-2-tei.t- 

butoxybicyclo[3.3.0]octane (45): l H NMR (400 MHz, CDC13): 6 3.54-3.48 (in, I H), 

2.84-2.74 (m,  IH), 2.64-2.54 (m, II-I), 2.35-2.27 (m,  IH), 2.14 (s, 3H), 1.98-1.88 (111, IH), 



1.87-1.66 (in, 4H), 1.47-1.37 (m, i H ) ,  1 . 1 /  (s, YH), 1.14-1.W (ni, IH).  1-'C: N M K  ( I U U  

MHz, CDC13): 6 207.91, 80.30, 72.56, 52.07, 51.21, 40.91, 36.59, 35.54. 33.95, 31.36, 

28.82, 28.17. IR (neat): 2933, 171 1,  1462, 1362, 1198, 1077 cm-l. HRMS calcd. SOI- 

C 14H2502: d e  (MH)' 225.1855, found m/e (MHY 225.1856. 

(1SZk, 2S*, 3S*, SS*)-2-tert-Butoxy-3-bicyclo[3.3.0]oct-7-ene carboxaldehyde 

(46) .  

CHO 

ErtBu 
To di01 6 (73 mg, 0.27 mmol) in cyclohexane (27 mL) were added PhI(0Ac)z (86 mg, 0.27 

mmol) and 12 (41 mg, 0.16 mmol) as solids. The purple mixture wns heated at 78 "C for 25 min. 

TLC analysis indicated n small amount of the starting di01 to be present dong with a srnaII 

amount of the final product 46. Two dark spots intermediate in polarity to 6 and 46 were also 

present (previous experiments had shown these spots to be a mixture of epimeric iodides in an 

approx. 3:2 ratio). A second equivalent of PhI(OAc)2 (86 mg) was then üdded and the stilI 

purple mixture was heated at reflux for 1 h. By this time, al1 of 6 was consumed as were the two 

intermediary compounds. Concentration of the mixture in vacuo to approx. 2 or 3 mL followed 

by iininediate purification by column chron~atography (hexanes - 5% EtOAc/hexanes gradient as 

elucnt) afforded pure 46 (42 mg, 75%) as an  oil. The main cause of the diminished yield 

appeürs to occur due to further reüction of 46 under the nbove conditions. IH NMR (400 MHz): 

6 9.59 (d, IH, J = 2.9 Hz), 5.71-5.66 (m, IH), 5.62-5.59 (in, IH), 4.05 (cld, IH, J = 3.7, 7.0 

Hz), 3.09-3.02 (m, 1 H), 2.91-2.81 (m, IH), 2.79-2.70 (m, IH), 2.55-2.46 (ni, 11-I), 2.1 1 -  

2.02 (111, 2H), 1.42 (ddd, IH, J = 9.5, 11.0, 12.8 Hz), 1.19 (s, 9M). I3C NMR (100 MHz, 

CDC13): 6 203.14, 131 .SI, 130.57, 78.49, 74.03, 61.05, 60.29, 39.75, 39.20, 32.66, 28.65. 



IR (neat): 3046, 2968, 2933, 2841, 27 19. 1725, 1461, 1369, 1 198, 1076 cm-1. HRMS caIcd. 

for C 13H2002: inle (M)+ 208.1463, found mie (M)+ 208.1454. 

( lS",  25'" 3S'", 4R*, SR'"-2-tert-Butoxy-4-(1-carboethoxy-2-ethyl)-3- 

bicyclo[3.3.0]oct-7-ene carhoxalclehyde (47). 

Diol 20 (95 mg, 0.26 mmol). PhI(OAc)2 (83 mg, 0.26 mmol), and 12 (33 mg, 0.13 mmol) were 

added to cyclohexane (25 mL). The purple mixture was theated to 78 OC for 30 min after which 

time another equivalent of PhI(OAc):! (83 mg) was added and the mixture was heated for i 11. 

The mixture was concentrated in vcrcilo until only 2 or 3 inL of solvent remained and was 

immediately purified by column chromatography (hexanes - 10% EtzO/hexanes gr a d' lent as 

eluent) affording 47 (66 mg, 82%) as an oil. IH NMR (400 MHz, CDC13): 6 9.58 (ci, 1 H, J = 

3.7 Hz), 5.76-5.72 (m, IH), 5.63-5.60 (m, IH), 4.09 (q, 2H, J = 7.0 Hz), 3.99 (dd, 1H, .I = 

4.4 Hz), 3.10-3.04 (m, IH), 2.58-2.46 (m, 3H), 2.30-2.24 (m, 2H), 2.16-2.06 (m, 1 H), 1.80- 

1 .70 (m, 3H), 1.22 (t, 3H, J = 7.0 Hz), 1.15 (s, 9H). 13C NMR (100 MHz, CDC13): 6 

203.37, 173.17, 131.54, 130.38, 79.06, 73.99, 66.48, 60.39, 60.04, 46.14, 44.84, 38.63, 

32.38, 28.71, 14.21. IR (neat): 2976, 293 1, 2715, 1732 (br.), 1449, 1391, 1365, 1 192, 1066. 

HRMS cülcd. for Cl6H2804: d e  (M-C2H5)+ 279.1596, found rn/e (M-C2H5)+ 279.1609. 



Mercuric chloride 11 (86 mg, 0.19 mmol) was dissolved in THF and the solution w:is purged 

with 0 2 .  Bu3SnH (81 PL, 0.30 mmol) wüs added dropwise over 10 minutes and the resulting 

grey reaction mixture was stirred at r.t. for 90 min. Water was then added and the inixtiise was 

extracted with EtOAc (5x). The combined orgünic layer was dried with MgSO4, filtered and 

concentrated in vttc~io. The resulting oil was purified by column chromatography leading to 

isolation of an inseparable mixture of aidehydes (19 mg) and ltlcohol38 (18 mg, 40%) as an oil. 

IH NMR (400 MHz, CDC13): 6 4.41 (s, IH), 3.87 (d, lH, J =  11.4 Hz), 3.28 (s, 3H), 3.14 (d, 

IH, J = 11.4 Hz), 2.64 (s, IH), 2.36-2.31 (m, IH), 2.28-2.24 (m, IH), 2.21 (br. s, IH), 

1.98-1.88 (m, IH), 1.90-1.76 (m, 2H), 1.76-1.69 (m, IH), 1.55-1.45 (m, lH), 1.23 (s, 9H). 

13C NMR (100 MHz, CDC13): 6 87.41, 81.99, 80.59, 74.52, 56.20, 5 1.24, 50.55, 50.36, 

45.36, 30.34, 29.71, 28.19. IR (neat): 3507 (br.), 2973, 1644, 1463, 1365, 1 195, 1 104, 

1074, 968 cm-'. HRMS calcd. for CtoHisO?: d e  (M-C4H90)+ 167.1072, found m/e (M- 

C4H90)+ 167.1067. 

(IS", 2S'", 3Rzk, 4S*, SR*)-2-tert-Butoxy-4-methoxy-3-tricyclo[3.3.0]octane 

carboxaldehyde (48). 

CHO 



Alcohol 38 (6.0 mg, 0.025 inmol), PliI(OAc)2 (8.0 mg. 0.025 mmol), and 12 (3.8 mg, 0.0 15 

rnmol) were added to cyclohexane (2.5 inL) and the dark purple mixture was heated to 75 O C  for 

30 iiiiii. Bu3SiiH (13 pl, 0.048 rnmol) and AlBN (0.05 mg, 0.003 mmol) wcrc thcn d d e d  and 

the reaction mixture was heated at 78 OC for an additional 20 min. The colorless reaction mixture 

was concentrated iiz v(icuo to a small volume and purified immediately by column 

chromatogrüphy twice (hexanes - 10% EizO/hexanes gradient as eluent both times) affording 4.8 

mg (79%) of aldehyde 48 as an oil. I H  NMR (400 MHz, CDCI?): 6 9.88 (d, lH, J = 2.6 Hz), 

4.50 (üpparen t t, 1 H, J = 7.7 Hz), 3.92 (apparent t, 1 H, J = 5.1 Hz), 3.29 (s, 3H), 2.76 (CM, 

lH, J = 2.6, 5.9, 8.1 Hz), 2.65-2.55 (m, lH), 1.72-1.63 (m, IH), 1.55-1.42 (m, 4H), 1.15 (s, 

9H). Decoupling: irradiation at 2.76 ppm decouples signals at 9.88,4.50, 3.92 ppm; irradiation 

at 4.50 ppm decouples signal at 2.76 ppin; irradiation at 3.92 ppn~  decouples signuls at 3.76, 

2.37-2.29 pprn; irradiation at 9.88 ppm decouples signal at 2.76 ppm. ' 3 ~  NMR (100 MHz, 

CDC13): 6 204.06, 85.99, 74.06, 73.91, 63.13, 57.27, 49.12, 48.43, 32.07, 28.15, 27.29, 

26.88. HRMS cülcd. for C 5 0 3 :  m/e (M-CqHg)+ 183.102 1,  found m/e (M-C4H<))+ 

183.1025. 

COMe 

To ketone 43 (250 mg, 0.99 1 inmol) in THF (10 niL) at -78 O C  was addcd a 2M solution of allyl 

magnesiurn chloride in THF (1.49 inL, 2.97 inmol) dropwise over 5 min. The resulting tliick, 

colorless reaction mixtirrc was irnmediately quenched with water (10 mL) and warn-ied to r.t. 

Subsequent extractions with EtOAc (4x), wüshiiig of the coinbined organic îriictions witti brine, 



dsying with MgS04 and filtering, followed finally by concentration il1 vcrcrio ufforded u white 

solid. Purification of this white solid by colunm chromatography (60% EtzO/hcxanes - Et70 

gradient as cl~icnt) afforded 49 (202 mg, 69%) ris a white solid plus SS mg (30%) of a 2 3  

mixture of 49 and the minor diastereomer giving a combincd 99% yicld of allylated products and 

a 81% yield of 49. M.p. 117-1 18 OC. 'H NMR (400 MHz, CDC13): 6 5.85 (m, IH), 5.15- 

5.06 (m, IH),  4.35 (s, IH), 3.32 (s, lH),  3.10-2.90 (br. s, IH), 2.41 (brs, IH), 2.15-3.13 

(m, 2H), 2.12-1.98 (m, 4H), 1.91 (d, IH, J = 3.7 Hz), 1.82 (d, lH, J = 4.4 Hz), 1.64 (dd, 

IH, J = 8.8, 13.6 Hz), 1.49 (in, IH), 1.17 (s, 9H), 1.08 (s, 3H), 0.51 (dd, IH, J = 2.2, 12.5 

Hz). 1 3 ~  NMR (100 MHz, CDC13): 6 134.00, 118.73, 83.72, 78.94, 74.59, 73.1 1. 55.27, 

50.72, 50.02, 47.74, 42.56, 37.30, 34.17, 30.75, 28.60, 25.29. Anal. calcd. for Cl 8H30O3: 

C, 73.06; H, 9.87. Found: C, 73.43; H, 10.23. 

( lS* ,  2S2K, 3S*, 5R*, 7S*, SR*, 9, 11)-2-tert-Bu t o x y - 9 , 1 1  - d i m e  t h y l - 3 -  

tricyclo[6.3.0.02*6]undecan-11-01 carboxaldehyde (52). 

CHO 

% 
To diol 49 (47 mg, 0.16 mmol) in cyclohexane (16 mL) pusged with argon were added 

PhI(0Ac)z (52 mg, 0.16 nmol) and 12 (24 mg, 0.096 mmol) together as solids. The resulting 

dark purple mixture was heated to 78 OC, solubilizing the PhI(OAc)2, and niaintained nt 78 OC for 

15 minutes oves which tinie the colour faded to light pink. A few drops of a solution of Bu3SnI-I 

in cyclohexane (86 PL, 0.32 mnlol Bu3SnH in I 1nL cyclohexane) were added until the pink 

colour was completely dissipated. AIBN (5.2 mg, 0.032 mrnol) was added as a solid to the 

mixture at reflux Sollowed by the reinaining solution of tin hydside by syringe pump oves 30 



mm. I ne reacrion rnixrure was nealeu al 16 -L iur an auairionai YJ n~in arrer wnicri rime i r  was 

cooled, concentrated and purified imniediately by column chromatography (hexanes - 40% 

EtOAc/hcxanes gradicnt as clucnt) to ;ive 52 (37 mg, 75%, 9 5 %  pure) as a colorlcss oil. 11-I 

NMR (400 MHz, CDC13): 6 9.68 (d. lH, J = 2.6 HZ), 4.08 (dd, 1 H, J =3.3, 5.1 Hz), 2.84 

(dddd, 1 H, J = 2.6, 5.1, 9.5, 9.5 Hz), 2.72-2.62 (m, 1 H), 2.53-2.44 (m, 1 H), 2.44-2.34 (111, 

2H), 2.26 (apparent quint., lH, J = 3.7, 7.4 Hz), 1.99 (dt, IH, J = 8.1, 13.2 Hz), 1.65 (dd, 

IH, J =  6.6, 13.2 Hz), 1.61-1.56 (m, IH), 1.65-1.45 (brs, IH), 1.46 (dt, IH, J = 9.5. 13.2 

Hz), 1.28-1.24 (in, IH), 1.22 (s, 3H), 1.16 (s, 9H), 0.96 (d, 3H, J =  7.0 Hz}. I3C NMR (100 

MHz, CDCI3): 6 202.92, 80.71, 80.50, 73.80, 62.86, 56.42, 54.03, 50.42. 47.48, 44.57, 

35.04, 32.94, 30.56, 28.87, 24.58, 17.26. IR (neat): 3430 (br.), 2931, 2712, 1716, 1460, 

1364, 1 194, 1059. HRMS calcd. for C18H2903: mie (M-H)+ 293.2 1 17, found d e  (M-H)+ 

293.2121. 

( lS*,  2S*, 3S*, SR*, 7S4:, SR*, 9, 1 1 ) - 2 - t e r t - B u t o x y - 9 , l l - d i m e t h y l - 3 -  

(hydroxymethyl)tricyclo[6.3.0.~2~6]undecan-ll-o~ (55). 

To di01 49 (180 mg, 0.61 1 mtnol) in cyclohexane (61 mL) piirged with argon wese added 

PhI(OAc)2 (307 mg, 0.642 mmol) and 12 (93 mg, 0.37 minol) together as solids. The resiilting 

dürk purple mixture was heated to 78 OC quickly, solubilizing the PhI(OAc)z, and inaintainecl at 

75 O C  for 15 inin oves which time the colour faded to light pink. A few drops of a solution of 

Bu3SnH in cyclohexane (329 yL, 1.22 inmol Bu3SnH in 5 mL cyclohexane) were added iiiilil 

the pink colour was completely dissipated. AIBN (10 mg, 0.06 1 mmol) was added as a solicl LO 



the mixture at reflux followed by the remaining solution of tin hydride by syringe pump over 30 

min. After the addition, the solution was concentrated in i7~icrciro to a colorless liqiiid which was 

redissolved in THF (6 mL). LiAiH4 (50 mg) was üdded portionwise and the resulting grey 

mixture was stirred at room temperautre for 5 h. The slurry was then slowly poured into water 

(10 mL) and extracted with EtOAc (5x). The combined oganic layers were dried with MgSO4 , 

filtered, and concentrated in vaci40 to provide a white solid. Purification of the white solid by 

coliimn chromatography (50% EtOAcIhexanes eluent) afforded 55 (142 mg, 78%) as a solid. 

M.p. 115-116 OC. { H  NMR (400 MHz, CDC13): 6 3.65 (dd, IH, J =  6.6, 10.3 Hz), 3.59 fdd, 

lH, J=5 .5 ,  10.3 Hz), 3.54(dd, lH, J =  5.1,8.4Hz),2.71-2.59 (m, 2H), 2.50-2.37 (m, IH), 

2.35-2.27 (m, 2H), 2.05 (s, 2H), 2.04-1.94 (m, IH), 1.83 (dd, IH, J = 8.1, 13.6 Hz), 1.74 

(apparent quint., IH, J = 7.0, 12.8 Hz), 1.47 (dd, IH, J = 7.3, 13.2 Hz), 1.35 (dd, IH, J = 

9.9, 14.0 Hz), 1.22 (s, 3H), 1.19 (s, 9H), 1.06 (ddd, 1H, J =  7.7, 12.5, 12.5 Hz), 0.97-0.88 

(m, IH), 0.89 (d, 3H, J = 7.3 Hz). '3C NMR (100 MHz, CDC13): 85.50, 80.65, 73.49, 65.22, 

57.10, 52.77, 52.32, 50.35, 48.07, 44.20, 35.65, 32.78, 32.34, 29.18, 24.61, 19.63. IR 

(KBr): 3337 (br.), 2932, 1466, 1360, 1 195, 1060, 1035 cm-'. HRMS calcd. for Cl 8H3203: 

m/e (M)+ 296.235 1, found rn/e 296.2363. 

lmidazole ( 146 mg, 2.14 mmol) and TMSCl (0.272 nil, 2.14 mmol) were added to di01 49 (210 

iiig, 0.7 13 mmol) in DMF (3 mL) and the resulting colorless solution was stirred at r.1. Cor I G II. 

Addition of water followed by extraction with EtOAc, drying with MgS04, filtration. and 



concentration Ni V ~ C L ~ O  provided a colorless oil which was purified by colurnn chromatography 

~ising silica gel pretreated with 2% EtsNjhexanes (2%Et?0/2% EtgNhexnnes as eluent). Aftei 

concentration of the relevant fractions, (lie bis-silylated product was dissolved in THF ( 5  ml) and 

TBAF monohydrate (183 mg, 0.700 mmol) was added at O OC. After 5 min at O OC, the reaction 

mixture was quenched with water, extracted with EtOAc (Sx), dried with MgS04 and 

concentrated iri vnciro providing a pale yellow oil. Purification by column chromatography 

iising silica gel pretreated with 2% Et3N/hexünes and a hexanes-20% EtzO/hexanes gradient as 

the eluent provided the rnonosiiylated product 53 as a colosless oil (220 mg, 84%). IH NMR 

(400 MHz, CDC13): 6 5.82-5.7 1 (m, 1 H), 5.02 (br.s, IH), 5.00-4.97 (m, 1 H), 4.30 (s, I H), 

3.30 (s, 1 H), 2.42-2.35 (m, 1 H), 2.20-2.16 (m, 2H), 2.08-2.00 (m, 2H), 1 -89- 1.84 (m, 2H), 

1.79 (br. d, IH, J = 5.1 Hz),1.66-1.52 (m, 2H), 1.53-1.46 (br.s, IH), 1.17 (s, 12H), 0.49 

(dd, IH, J =  2.6, 12.5 Hz), 0.07 (s, 9H). I3C NMR (100 MHz, CDC13): 6 135.20, 117.07, 

83.76, 78.74, 77.76, 73.09, 54.77, 50.63, 50.20, 48.43, 45.78, 37.25, 33.80, 30.63, 28.61, 

25.76, 2.73. IR (neat): 3374 (br.), 2972, 1375, 1362, 1250, 1198, 1 129, 1080, 1018, 913, 

838,75 1 cm - 1 .  HRMS calcd. for C20H3~03Si: d e  (M-CH3)+ 35 1.2357, found nde (M-CH3)+ 

35 1,2355, 

(1SZk, 2S*, 3S5 SR*, 7S*, SR*, 9, 11)-2-tert-Butoxy-9-(iodomethy1)-11- 

methyl-ll-trimethylsiloxy-3-tricyclo[6.3.0.0~~]undecane carboxatdehyde (54). 

CHO 

% I 
OTMS 

To üicohol 53 (33 mg, 0.082 mmol) i n  cyclohexane (33 mL) was added PhI(OAc)? (263 mg, 

0.820 mmol) and the mixture was heated to 78 O C .  Once the mixture was brought to reflux, a 



soliition of 12 (20 mg, 0.08 mmol) in cycloliexane (5 mL) was added by syringe piiinp oves 15 

min. As the iodine was added, a füirly constant, light pink color persisted iintil neas the end of 

the addition when the colos intensified. The mixture was coolcd to r.t. causing thc cxccss 

PhI(0Ac)z to precipitate. Filtration using hexanes as eiuent wüs followed by concentration until 

a small volume of soivent remained. As the mixture was coilcentrated, more white solid 

precipitated and the filtration proceduse was repeated. Column chromatography (hexanes-5% 

Et?O/hexanes gradient as eluent) psovided 54 (22 mg, 55%) as an oil. IH NMR (400 MHz, 

CDC13): 6 9.71 (d, 1H, J =  2.6 Hz), 4.15 (apparent t, IH, 4.0 Hz), 3.29 (dd, IH, J =  5.5. 9.2 

Hz),  3.05 (apparent t, J = 9.9 Hz), 2.85 (m, 1 H), 2.82-2.7 1 (m, 1 H), 2.65-2.58 (m, 2H), 2.45 

(ddd, lH, J =  5.1, 8.8, 8.8 Hz), 2.16 (apparent quint., IH, J = 4.0 Hz), 2.06-1.97 (m, 2H), 

1.60-1.44 (m, 3H), 1.33-1.23 (m, lH), 1.23 (s, 3H), 1.17 (s, 9H), 0.10 (s, 3H). 1 3 ~  NMR 

( 100 MHz, CDCI3): 6 202.80, 82.30, 80.03, 73.95, 62.55, 57.93, 53.89, 49.50, 47.16, 

44.23, 42.72, 34.77, 30.52, 28.90, 24.22, 9.29, 2.43. IR (neat): 2950, 2803, 2712, 1721, 

1366, 125 1,  1 187, 1077 cm-].  HRMS calcd. for C ~ O H ~ ~ O ~ S ~ I :  m/e (M-CH3)+ 477.1322, 

found inle (M-CH3)+ 477.13 1 1. 



REFERENCES AND NOTES 

Liiritcns, M.; Klutc, W.; Tarn, W .  Chein. Rev. 1996, 96, 49. 

Fruhauf, H. W. Clieiu. Rev. 1997, 97, 523. 

For thermal [2 + 2 + 21 homo Diels-Alder reaction of norbornadienes wirh electron- 

deficient olefins, see: (a) Ullman, E. F. Clzenl. Iizd 1958, 1173. (b) Bloniquist, A. T.; 

Meinwald, Y. C. .J. AIX Chem. Soc. 1959, 81, 667. (c) Hall, H. K. Jr. J. Or,q. Clzeni. 

1960,25, 42. (d) Tabushi, 1.; Yamamura, K.; Yoshida, Z.; Togashi, A. Bull. Chan 

Soc. J ~ I .  1975, 48, 2922. (e) Cookson, R. C.; Crundwell, E.; Hill, R. R.; Hudec, J. 

J.  C l w t .  Soc. 1962, 3062. (f) Cookson, R. C.; Dance, J.; Hudec, J. J. Cliertt. Soc. 

1964, 5416. (g) Furukawa, J.; Kobuke, Y.; Sugirnoto, T.; Fueno, T. J.  Ain. Ch in .  

Soc. 1972, 94, 3633. (h) Nickon, A.; Kwasnik, H. R.; Mothew, C. T.; Swartz, T. D.; 

WilIiams, R. O.; DiGiorgio, J. B. J. Org. Clzeni. 1978, 43, 3904. (i) Fickes, G. N.; 

Metz, T. E. J. Org. Cliein. 1978,43, 4057. (j) Jenner, G.; Papadopoulos, M. 

Tetmlredrm Lett. 1982,23, 4333. (k) Lucchi, O. D.; Licini, G.; Pasquato, L.; Senta, 

M. Tetnrltedroiz Lett. 1988, 29, 83 1. 

For nickel-catalyzed [2 + 2 + 21 homo Diels-Alder reaction of norbornadienes, see: (a) 

Schrauzer, G. N.; Eichler, S. C l z e i ~  Ber. 1962, 95, 2764. (b) Yoshikawa, S.; Aoki, 

K.; Kiji, J.; Furukawa, J. B d l .  Chern. Soc. Jpn. 1975, 48, 3239. (c) Noyori, R.; 

Umeda, 1.; Kawauchi, H.; Takaya, H. .I. A17i. Clzenz. Soc. 1975, 97, 8 12. (d) Lautens, 

M.; Edwards, L. G. Tdrdiedrorz Lett. 1989,30, 6813. (e) Lautens, M.; Edwards, L. 

G. .I. 01;s. C l ~ n z .  1991, 56, 3762. (f) Lautens, M.; Tarn, W.; Edwards, L. G. J. 

Ckem. Soc., Perkin Trmzs. 1 1994, 2 143. 

Paquctte, L. A. Top. Crirr. C h i .  1984, 119, 1 .  

Trost, B. M. C h m .  Soc. Rev. 1982, 82, 14 1.  

Mehta, G.; Srikrishna, A. Cheni. Rev, 1997. 97, 67 1. 

For examples of acid-catalyzed cleavage of the cyclopropane in deltacyclane and 

nortricyclene derivatives, see: (a) Nickon, A.; Kwasnik, H. R.; Mathew, C. T.; Swastz, 



T. D.; Williatns, R. O.; DiGiorgio, J. B. J .  Org. Cheni. 1978,43, 3904. ( b )  Nickon. 

A.; Haninions, J. H. ,?. Ani. Cirei~i. Soc. 1964, 86, 3322. (c) Harilmons, J.  1-1.: 

Probasco, E.K.; Sanderx, L.A.: Whalen, E. J. .I. Ors. Clzeni. 1968, 33, 4493. (d) 

Werstiuk, N. H.; Capelli, F. P. C m  J. Chein. 1980,58, 1725. (c) Chen, Y .: Snydcr, 

J. K. Terrnhedron Leu. 1997, 38, 1477, 

9.  For asynmetric [2 + 2 + 21 homo Diels-Aider reaction, see : (a) Lautens, M.; Lautens, J. 

C.; Smith, A. C. J. Am. Cizeni. Suc. 1990, 112, 5627. (b) Brunner, H.; Muschiol, M.: 

Prester, F. Angeiv. Ciieni., iiit. Ed. EizgI. 2990, 29, 652. (c) Brunner, H.; Prester, F. 

J. Orgartonietd. Clzein. 1991,414, 401. (d) Buono, G.; Pardigon, O. Tetrniieclron: 

Asyninzetry 1993,4, 1977. (e) Pardigon, O.; Tenaglia, A.; Buono, G. J.  Org. Cizenr. 

1995,60, 1868. 

10. Lautens, M.; Tarn, W.; Sood, C. J. Ors. Cherti. 1993, 58, 45 13. 

1 1. For cobalt-catalyzed [2 i 2 i- 21 homo Diels-Alder reaction of norbornadienes, sec (a) 

Lyons, J. E.; Myers. H. K.; Schneider, A. J.  C h m .  Soc., Chetn. Comrnuri. 1978, 

636, 638. (b) Lyons, J. E.; Myers. H. K.; Schneider, A. Ann. N.Y. Accrd. Sci. 1980, 

333, 273. ( c )  Lautens, M.; Crudden, C. M. Organot?zerirllics 1989, 8, 2733. (d) 

Lautens, M.; Tarn, W.; Edwards, L. G. J. Org. Cizenz. 1992,57, 8. (e) Duan, 1. F.; 

Cheng, C. H.; Shaw, J.  S.; Cheng, S. S.; Liou, K. F. J. Clzem. Soc., Cheni. Coninririz. 

1991, 1347. (f) Laritens, M.; Tarn, W.; Lautens, J. C.; Edwards, L. G.; Crudden, C. 

M.; Smith, A. C. J. Ant. C/rem. Soc. 1995, 117, 6863. 

12. For reviews on cleavage of cyclopropanes, s e c  (a) Rappoport, Z., Ed. Tire Clieniistty cf 

tlie Cyclol~ropyl Croup; Parls 1 & 2, J. Wiley and Sons: London, 1987. (b) Crablrcc, 

R. H. Cizeni. Rev. 1985, (3.5, 245. (c) Preston, P. M.; Tennanr, G. Ciicrrr. Re\). 1972. 

72, 627. (d) DePuy, C. H. Top. Citrr. Clrein. 1973, 40, 7 3 .  (c) Gibson, D. W.; 

DcPuy, C. H. Clret?i. Rev. 1974, 74,  605. 

13. For cxarnples of ihallium-indiiced ring opening of cyclopsopanes, sce: (a) Kocovsky. P.; 

Pour, M.; Gogoll, A. Hanus, V.; Smrcina, M. J. AIIL Clret~t. Soc. 1990, 112, 67315. 

(b) Kocovsky, P.; Srogl, J.; Pour, M.; Gogoll, A. -1. Ani. Cheni. Soc. 1994, 116, 186. 



For examples of inercusy-indriced ring opening of cyclopropanes, see: (a) Lukina, R.; 

Gladshetein, M. Dnkl. Akcrci. Nnuk SSSR 1950, 71, 65. (b) Collum. D. B.; Mohamadi, 

F.; Hdlock, J. S. J. Ani. CIIWI. Soc. 1983, 105, 6882. (c) Collum, D. B.; Still, W. 

C.; Mohamadi, F. J. Ani. C h m .  Soc. 1986, 108, 2094. (d) Kocovsky, P.; Srogl, J.; 

Pour, M.; Gogoll, A. J. Am. Clieiiz. Soc. 1994, 116, 186. (e) Kocovsky, P.; Grech, J. 

M.; Mitchell, W. J.  Ors. Clzenr. 1995, 60, 1482. (0 Lambert, J. B.; Chelius. E. C.; 

Bible, R. H., Jr.; Hajdu, E. J ,  Am. Ciierli. Soc. 1991, 113, 1331. (g) DePuy, C. H.; 

MsGuirk, R. H. J. Am. Cheiiz. Soc. 1973, 95, 2366. 

Lautens, M*; Tam, W.; BlackweIl. J. J. Am. Clzem. Soc. 1997, 11 9, 623. 

Mazzocchi, P. H.; Stahky, B.; Dodd, J.; Rondan, N. G.; Domelsmith, L. N.; Houk. K. 

N. J. Am. Cliern. Soc. 1980, 102, 6482. 

(a) Krow, G. R. Org. React. 1993,43, 25 1. (b) Heumann, A.; Kaldy, S.; Tenaglia, A. 

J. Clzem. Soc., Cliern. Commrrn. 1993, 420. (c) Heumann, A.; Kaldy, S.; Tenaglia, ' 

A. Tetrnhedron, 1994,50,539. (d) see also ref. 8e. 

Walling, C. J. Cllem Ed. 1986,63, 99. 

For reviews on free-rüdical chemistry, see: (a) Curran, D. P. In Coinprelzensive Orgciizic 

Syithesis; Pergamon: Oxford, 1991, Vol. 4, Chaptes 4.1,4.2. (b) Jasperse, C. P.; 

Curran, D. P.; Fevig, T. L. Chenz. Rev. 1991, 91, 1237. (c) Curran, D. P. Syirtltesis, 

1988,417, 489. (d) Ramüiah, M. Tetrnlredroiz 1987,43, 3541. (e) Giese, B. Radiccds 

in Oqcuzic Sythesis: Furili~iti~ll of Carbon-Cc;rDon Bonds; Pergamon: Oxford, 1986. 

Curran, D. P.; Porter, N. A.; Giese, B. Stereoche~nisti-y of Radiccd Recrcrions; VCH: 

New York, 1996. 

For a review on inti.amolecular oxy-radical chemistry, see: Heusler, K.; Kalvoda, J. 

Aizgew. Cheni., hi.  Ed. E~zgl. 1964, 3, 525. 

Kabayashi, K.; Itoh, M.; Suginome, H. Tetrnliedron Lett. 1987,28, 3369. 

(a) Concepcion, J. 1.; Francisco, C. G.; Hernandez, R.; Salazar, J. A.; Suarez, E. 

Tetrcrhedroii Lelt. 1984,25, 1953. (b) Freire, R.; Marrero, J. J.; Rodrigiiez, M. S.; 

Suarez, E. Teti-nlzedrort Lett. 1986, 27, 383. (c) Fseire, R.; Hernandez, R.; Roriguez, 



M. S.; Suarez, E.; Perales, A. Tctr*alied~-on Lett. 1987, 28, 98 1. (d) Francisco. C. G.; 

Freire, R.; Rodriguez, M. S.; Suarez, E. Tctrczhcdrori Lrtt. 1987,28, 3397. (e) 

Heriiaiidrz, R.; Marrero, J. J.; Suarez, E.; Perales, A. Telrcrlretlroii Let(. 1988, 29, 

5979. (f) Hernündez, R.; Marrero, J. J.; Suarez, E .  Tetrnlzedron Lett. 1989,30, 550 1 .  

Walling, C.; Clark, R. T. J. Ain. Cltein. Soc. 1974, 96, 4530. 

For reviews on Mn(II1)- and other metal-based oxidative radical chemistry, see: (a) 

Snider, B. B. Clzein. Rev. 1996, 96, 339. (b) Arai, N.; Narasaka, K. J. Syizth. O r g  

Chein., Jpn. 1996, 54, 964. 

Snider, B. B.; Vo, N. H.; Foxman, B. M. J. Org. Cltein. 1993,58, 7228. 

Barton, D. H. R.; Crich, D.; Motherwell, W. B. Tetrnhedroiz 1985, 41, 3901. 

Beckwith, A. L. J.; Hay, B. P. J. Ain. Clicnz. Soc. 1988, 110, 4415. 

Beckwith, A. L. J.; Hay, B. P. J. Cheni. Soc., Chan. Commun. 1989, 1202. 

(a) Vite, G. D.; Fraser-Reid, B. Syiltk. Coinmuri. 1988, 18, 1339. (b) Lopez, J. C.; 

Alonso, R.; Fraser-Reid, B. J. Am. Chem Soc. 1989, 111, 6471. 

(a) Barton, D. H. R.; Beaton, J. M.; Geller, L. E.; Pechet, M. M. J. Ain. Che~n. Soc. 

1961,83, 4076. (b) Nussbaum, A. L.; Robinson, C. H. Tetrnheclroil 1962, 17, 35. 

Baldwin, J. E.; Adliiigton, J. R. Tetrnhedron 1989,45, 909. 

(a) Francisco, C. G.; Freire, R.; Hernandez, R.; Medina, M. C.; Suarez, E. Tetrtrhedroii 

Lett. 1983, 24,  4621. (b) Dorigo, A. E.; Houk, K. N. J. Ain. Cltem. Soc. 1987, 109, 

2195. 

Hartung, J.; Hiller, M.; Schmidt, P. Clicnr. Eicr. J. 1996, 2, 10 14. 

Hartung, J.; Gallou, F. J. Ors. Cltem. 1995, 60, 6706. 

Beckwith, A. L. J.; Hay, B. P .  J .  Am. Cheirz. Soc. 1989, I I ,  230. 

Dowd, P.; Zhang, W. 3. Org. C'hem. 1992, 57, 7163. 

Trahanovsky, W. S.; Flash, P. J.; Smith, L. M J. AIIE. C h i .  Soc. 1969, 91, 5068. 

For a similar fragmentation using Pb(OAc)d, see: Partch, R. .J. Org. Clzci~i. 1963, 28, 

1963. 

Iwasawa, N.; Hayakawa, S.; Isobe, K.; Narasaka, K. Cliei?~. Lelt. 1991, 1193. 



Brauae, E. A.; wneeicr, u. H. J. LIIL ' I I I .  m c .  IYSS, JLU. 

(g) Hcrnandez, R.; Rodriguez, M. S.; Velzquez, S. M.; Suarcz, E. Tett-nlredron Letr. 

1993,34, 4105. 

Binkley, R.; Koholic, D. J. J. Or#. Cliein. 1979, 44, 2047. 

(a) Larock, R. C. Alrgew. Cheni., Irzf. Ed. Eizgl. 1978, 17, 27. (b) Barluenga, J.; Yus 

M. Clzenz. Rev. 1988, 88, 488. 

For a review, see: Giese. B. Angew. Clicnl., Ii~t. Ed. Erzgl. 1985,24, 553. 

Hill, C. L.; Whitesides, G. M. J. Am. Citenr. Soc. 1974, 96, 870. 

(a) For Sn-directed Baeyer-Villiger fragmentation, see: Bakale, R. P.; Scialdone, M. A.; 

Johnson, C. R. J.  Anr. Clrem Soc. 1990, 112, 6729. (b) For Si-directed Baeyer- 

Villiger rearrangement, see: Hudrlik, P. F.; Hudrlik, A. M.; Nagendrappa, G; Yirnenu, 

T.; Zellers, E. T.; Chin, E. J .  Am. Cltern. Soc. 1980, 102, 6894. 

For a discussion on hyperconjugation in organomercurials, see: Wardell, J. L. In 

Coiulwehe~zsive Orgnnonzetcillic Cltet?listry , Pergarnon: Oxford, 1982, Vol. 2, 9 19. 

For use of the term Baeyer-Villiger fragmentation, see ref. BA. For Beckmann 

fragmentations (versus rearrangements), see (a) Nishiyarna, H.; Sakuta, K.; Osaka, N.; 

Itoh, K. Tetrtilzedrorz k t ; .  1983,24, 4021. (b)  Nishiyarna, H.; Sakutü, K.; Osakü, N.; 

Arai, H. Terrcihedrorz 1988,44, 2413. (c) Hudrlik, P.F.; Waugh, M. A.; Hudrlik, 

A.M. J. Organoi~zet. Chcm 1984,271, 69. (ci) Weyerstahl, P.; Mürschall, H. In 

Cornprehensive Org(iiric Sytztlresis; Pergarnon: Oxford, 199 1 ,  Vol. 5,  Chapter 5.4. 

Lambert, J.B.; Einblidge, R.W. J. Pltys.Org.Clzem. 1993, 6 ,  555. 

March, J. Advarlced Orgmiic Clwnisfiy, 4th ed.; Wiley Interscience: New York, 1997. 

Nakatani, K.; Isoe, S. Trtrdredror? Lett. 1984, 25, 5335. 

For exarnplcs of the eliminülion of XHgl in radical addition reactions, see: Russell, G A . ;  

Acc. Clze~ii. Res. 1989, 22,  1 and derences  therein.. 

Foi exainplc of radical cyclization onto aldehyde, sec: Tsang, R.; Fraser-Reid, B. .I. ,4111. 

Cliriir. Soc. 1986, 108, 8102. 

Walling, C.; Padwa, A. .I. Am. Chenr. Soc. 1963, 85, 1593. 



5 5 .  Jackson, K. A.: Ingold, K. U.;  tirillei. U.; Nazran, A. S. ./. A m  C'lierr?. Soc. 1Y85. 

107, 208. 

56. b-Fragmentation ol'alkyl radicals are rare, see: Kim, S.; Kiiii, K. H.; Clio, J. R. 

Tetmlze(1r-on Lett. 1997, 38, 39 15 and references therein. 

57. Deno, N. C.; Biliups, W. E.; Krarner, K. E.; Lastomirsky, R. R. J. Org. Clze~n. 1970, 

35, 3080. 

5 8 .  Larock, R. C.; Leong, W. W. In Conzprelten.sive Orgcrnic Syi~thesis Pergarnon: Oxford, 

1991, Vol. 4, 269. 

59 .  Corey, E. J.; Shih, C.; Shih, N. Y.; Shimoji, K. Tetrtzliedr-or1 Lett. 1984,25, 5013. 

60. Jensen, F.R.; Heyinan, D. J. Am. Chenz. Soc. 1966, 88, 3438. 

6 1. Mowbray, C.E.; Pattenden, G. Tetruhcdr-on Lert. 1993, 34, 127. 



AFPENDE 1 

SINGLE CRYSTAL X-RAY DETERMINATION OF 15 



E WOOS (JI da-) . , .B1 . 0.0736t w h  = 0.1253 

W t J a p  ~ ~ . f f i ~ i & t .  De00018 (5) 



rai0 2 .  Atomlo coora+nates [ x lu J ana equzvamnr asorropic 
2' 3 dis$laconreat paraneters [A x 10 ] f o r  1. U(eq) i s  defined a s  

one third o f  the trace of the orthogonalized U tensor. 
if 



~yxuetrf( ts+arfozaatioar used t o  gsaoaiate .equivalerit atomsr 





1- i 

1 5. aydrogsn coordinates ( x 104) and i so tmpic  
2 3 

displacement parameters ( A  x 10 ) for 1. 



APPENDIX 2 

SELEiXED SPECïRAJ., DATA 











APPLIED i liVL4GE. Inc 

0 1993. Applied Image, Inc.. All Rghls R e S e ~ e d  




