
PDF hosted at the Radboud Repository of the Radboud University

Nijmegen
 

 

 

 

The following full text is a publisher's version.

 

 

For additional information about this publication click this link.

http://hdl.handle.net/2066/146616

 

 

 

Please be advised that this information was generated on 2023-05-23 and may be subject to

change.

http://hdl.handle.net/2066/146616


CHEMISTRY OF TETRACYCLIC CAGE SYSTEMS; 

SPATIAL AND ELECTRONIC EFFECTS ON THE 

REACTIVITY OF FUNCTIONAL GROUPS IN CLOSE 

PROXIMITY 
I ж 

M ; , 
• ' * • I 

І*¥ 





Chemistry of Tetracyclic Cage Systems; 

Spatial and Electronic Effects on the Reactivity of 

Functional Groups in Close Proximity 

Een Wetenschappelijke Proeve op het Gebied van de 

Natuurwetenschappen 

Proefschrift 

ter verkrijging van de graad van doctor aan de Katholieke Universiteit Nijmegen, 

volgens het besluit van het College van Decanen in het openbaar te verdedigen op 

woensdag 9 september 1998 des namiddags om 1.30 uur precies 

door 

René Ruinaard 

geboren op 29 augustus 1967 

te Breda 



Promotor: Prof. Dr. В. Zwanenburg 

Co-promotor: Dr. A.J.H. Klunder 

Manuscriptcommissie: Dr. J.H. Borkent 

Dr. W.H. de Wolf (Vrije Universiteit Amsterdam) 

ISBN 90-9011773-3 

Realisatie PnntPartners Ipskamp В V 



for nothing contributes so much to tranquihze the mind as a steady purpose -

a point on which the soul may fix its intellectual eye " 

Mary Shelley (1797-1851) 

what a fine day for science 

Dexter 





Voorwoord 

Om meer dan 4 jaar werk samengeperst te zien in een voltooid proefschrift is voor mij een 

enigszins onwezenlijke ervaring Na jarenlang aan het promotie-onderzoek gewerkt te hebben, is 

het dan nu toch afgerond Een promotie-onderzoek verricht niemand echter geheel alleen en 

alhoewel u hun namen niet m de tekst tegen zult komen, zijn ze er wel degelijk, de personen die 

door woord en/of daad een bijdrage aan dit proefschrift hebben geleverd Daarom dan ook een 

woord van dank aan hen voordat de chemie begint 

Mijn promotor, professor Zwanenburg, ben ik dankbaar voor de geboden mogelijkheid om 

in Bologna, Italie te studeren om daarna in Nijmegen aan het hier beschreven onderzoek te kunnen 

werken De geboden vrijheid in het onderzoek en het vertrouwen m een goede afloop heb ik zeer 

gewaardeerd Mijn co-promotor, doctor Klunder, wil ik bedanken voor zijn directe begeleiding van 

het onderzoek Zijn aanstekelijke enthousiasme en zijn gave om tijdens iedere wekelijkse werk

bijeenkomst meer ideeën te genereren dan ik in 4 jaar kon uitproberen, hebben zeker tot een 

kleurrijker proefschrift geleid 

En dan zijn er natuurlijk de collega's die de dagelijkse gang naar het polycyclisch lab extra 

de moeite waard maakten (of soms extra moeilijk na een nachtelijk labuitstapje) De samen

werking met de mede-K(l)ooio's Paul Dols, Jie Zhu, Adn van der Waals, Marielle Verstappen 

(tijdelijk gestationeerd), Frank Bakkeren en Andre Derksen is mij goed bevallen en beschouw ik 

dan ook als een 'geslaagde synthese' Aangezien het organisch chemisch laboratorium groter is 

dan alleen UL 359/361, wil ik ook alle andere AiO's, OiO's, medewerkers, studenten en gasten 

van buiten bedanken voor de prettige samenwerking op wetenschappelijk gebied en voor de 

sociale activiteiten daaromheen Apart wil ik de 'vakantiegangers' vermelden die mij op semi-

wetenschappehjke wijze hebben ondersteund op verschillende reizen naar Italie en de VS Bedankt 

Jan-Willem, Gerry, Henk, Esther, Hans en Andre V 

Een speciaal woord van dank verdient Adnaan Smits die als student aan een deel van het 

onderzoek heeft gewerkt Jouw inspanningen op het gebied van de door zuur gekatalyseerde 

omleggingen van het tetracyclisch diketon zijn opgenomen m Hoofdstuk 2 De addities van 

aminen aan het diketon bleken helaas een stuk moeilijker dan gedacht, maar toch zijn ook hieruit 

enkele mooie resultaten gekomen, getuige Hoofdstuk 5 



Voorwoord 

Bijzondere dank ben ik ook verschuldigd aan de mensen van de afdeling kristallografie 

voor het ophelderen van een drietal structuren. Deze hebben als leidraad gediend bij de toekenning 

van de juiste isomere structuur aan vele verbindingen in dit proefschrift. Met name René de 

Gelder, Jan Smits en Gert Admiraal zijn hierbij betrokken geweest. 

Geen enkele chemische verbinding is geheel compleet als de analyse niet tiptop in orde is. 

Daarom zijn de bijdragen van Helene Amatdjais (element analyse), Peter van Galen (massa-

spectrometrie) en Ad Swolfs (kernspin resonantie) van essentiële waarde. Ook de mannen van de 

chemicaliën, Chris Kroon en Wim van Luyn, mogen niet onvermeld blijven. Zo ook niet de 

personen bij wie ik altijd terecht kon voor administratieve zaken, namelijk Sandra Tijdink, Jackie 

Versteeg, Nelly Weustink, Ley la Karakas, Petra Groenewald en Ietje Dorhout (ja ja, ik loop alweer 

een tijdje mee). 

Om te bewijzen dat er leven is naast de scheikunde wil ik mijn maatjes Sjoerd (political 

trickery) en Yuri (justice) vermelden die mij door dik en dun terzijde hebben gestaan en op de 

juiste momenten voor afleiding wisten te zorgen. Ook bij de 'buurvrouwen' (vooral zij met de vele 

soorten thee) kon ik geregeld stoom afblazen van de thee en de chemie. 

Als laatste wil ik mijn familie bedanken voor alle steun en zorg die ik van hen in de loop 

der jaren heb ontvangen. Zij hebben misschien de kleinste wetenschappelijke bijdrage van allen 

aan mijn proefschrift geleverd maar ze zijn er minstens net zo bij betrokken geweest als ikzelf. 
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Chapter 1 

General Introduction on Strained Cage Compounds 

1.1 Strained Carbocyclic Cage Compounds 

Strained polycychc cage hydrocarbons have long been considered a theoretical oddity' 

Structures like tetrahedrane I, pnsmane 2 and cubane 3 could not be envisaged to be stable due to 

their expected high strain energy contents The first successful synthesis of the cubane molecule 3 

(with an estimated strain energy2 of 181 kcal mol ') by Eaton and Cole in 19643 sparked therefore a 

large interest in the study of strained polycychc cage compounds" Such compounds are attractive 

targets for both synthetic and physical organic chemists because of their unusual thermodynamic 

and structural properties e g high strain energy content, high rigidity, large deviations from ideal 

bond angles and bond lengths, and often special and appealing symmetries 

Tetrahedrane C4H4 Pnsmane C6H6 Cubane C8H8 

Strained cage compounds provide ideal systems for the investigation of transannular orbital 

interactions between nonbonded atoms or substituents5 Strained cage systems have been used for 

studying mechanistic aspects of intramolecular reactions6 The possible use of strained cage 

compounds in solar energy storage cycles7 and as efficient fuels and explosives (e g polynitro-

cubanes) has been considered8 because of their high energy content and high density Furthermore, 

suitably functionalized cage compounds can possess interesting biological activity9 or may be used 

as synthons for pharmaceutically and biologically active molecules10 The ability of cage 

compounds to hold binding units at rigidly oriented positions has led to their incorporation in some 

molecular clefts" 
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Chapter I 

1.2 Ring Fission and Fragmentation in Bridgehead Cubane Alcohols 

Strained cage compounds have been a research topic at the Department of Organic 

Chemistry of the University of Nijmegen since the early seventies The attention was focused 

mainly on the synthesis and reactions of bridgehead substituted cubanes 4 and their homologous 5, 

6 and 7 The chemical behavior of bridgehead alcohol derivatives in particular, has been studied in 

detail Many of these alcohols are very susceptible to cage-opening reactions under basic 

conditions These reactions are generally denoted as homoketomzation processes induced by a 

decrease in cage strain energy 

I * 

\ > 

IX 

^ r 

ÏK 

The concept of homoketomzation and its reverse reaction, homo-enohzation, was 

introduced by Nickon et al in 1963'2 as the homolog analog of the common keto - enol 

tautomenzation in carbonyl compounds'3 (Scheme 1 1) Instead of the α-proton of the carbonyl 

which is involved in the ordinary keto - enol tautomenzation, a proton at a more remote location, 

viz β (n=l) or γ (n=2), is involved in the homo-keto - homo-enol tautomenzation Strained 

cubane-type bridgehead alcohols generally contain a cyclobutanol ring unit and can thus be 

classified as homo-enol systems with n=2 Under normal circumstances, the keto form is about 15 

kcal mol ' more stable than the enol form and the equilibrium lies far to the left In homo-enols, the 

presence of an extra small ring is responsible for even higher energy differences between the 

tautomeric forms The facile homoketomzation of bridgehead cubane-type alcohols to half-cage 

ketones under basic conditions is therefore governed by a decrease in cage strain energy 
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The homoketonization reaction of strained, cubane-type bridgehead alcohols appeared to be 

a regio- and stereospecific process leading to the exclusive formation of the thermodynamically 

most stable half-cage ketones with retention of configuration (Scheme l .2). Deuterium was incor

porated at the endo-face of the cleaved carbon-carbon bond. These facts are best explained by 

assuming that the transition state for the carbon-carbon bond cleavage is located rather late on the 

reaction coordinate and thus strongly resembling the intermediate carbanion structure. The thermo

dynamic stability of the free carbanion is therefore decisive with respect to which bond will be 

broken14. Protonation of the well-developed intermediate carbanion by solvent molecules is 

favored from the endo-side due to the coordinative effect of the polar carbonyl group which results 

in retention of configuration. 

Scheme 1.2 

R = H, Ac Cubane: m=n=0 
Homocubane: m=1, n=0 
Basketane m=2, n=0 
1,3-Bishomocubane. m=n=1 

retention 

In the 1,3-bishomocubane system 8 with the protected bridgehead alcohol now in the C4 

position, a strong transannular through bond interaction has been observed with a remote 
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functional group which dramatically changes the regiochemical outcome of the homoketonization 

reaction. Deprotection of ketone acetate 8 under mild, basic conditions afforded half-cage diketone 

9 quantitatively through bond fission of the Са-С5 bond (Scheme 1.3). In contrast, its ketal 

derivative 10 only underwent homoketonization at higher temperature with cleavage of the C3-C,, 

bond to yield half-cage ketone П.. The regiochemistry of the cage opening of 10 completely 

conforms to the general pattern observed for the eliminative ring fission of the non-activated cage 

bridgehead alcohols and acetates in Scheme 1.2, i.e formation of the thermodynamically most 

stable half-cage ketones. The product 9 obtained from ketone acetate 8 is, according to MM2 

calculations, thermodynamically the least stable of the three possible half-cage diketones in this 

homoketonization process15. The lower reaction temperature required and the formation of the 

'contra-thermodynamic' product from ketone acetate 8 clearly demonstrates that the C4-C, bond is 

weakened considerably by the conjugative effect of the carbonyl group at C6. 

Scheme 1.3 

A 'contra-thermodynamic' ring fission reaction could also be enforced by a 1,3-through-

cage elimination reaction in bridgehead cage acetate 12 (Scheme 1.4)16. Treatment of the anti-

mesylate 12 with sodium methoxide in methanol at room temperature for several minutes afforded 

enone 13 in nearly quantitative yield. The corresponding svrt-mesylate Г4 is completely resistant to 

ring-fissure under these conditions. Methanolysis of this acetyl mesylate ester 14 at room tempera

ture only led to the formation of the free bridgehead alcohol 15. This difference in behavior of the 

anti compound 12 and its syw-isomer 14 proves that the 1,3-through-cage elimination process is 
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subject to strict stereoelectronic control The process closely resembles the structural prerequisites 

of the Grob elimination reaction, namely that the leaving group and the bond to be cleaved must 

have an antipenplanar orientation17 This condition is clearly met in a«//-mesylate 12, but not in 

iyw-mesylate 14 

Scheme 1.4 

"OMs 

The tetracyclic half-cage diketone 9 and enone 13 are interesting structures because they 

contain two π-electron systems which are rigidly positioned at a short intramolecular distance 

MM2-calculations18 indicate a C3-C9 distance of 2 68 Á in diketone 9 and 2 69 Λ in enone 13 

These distances are smaller than the van der Waals radii of the individual atoms involved The 

structurally enforced close proximity thus may give rise to physical and chemical interactions 

between the transannularly oriented functional groups In the UV-spectrum of 13 in hexane, the 

absorption maximum at 200 nm is indicative of a π-π orbital interaction15 The calculated strain 

energies of 9 and 13 are also comparable with values of 62 6 kcal mol ' for diketone 9 and 64 3 

kcal mol ' for enone 13 An important structural difference between 9 and 13 is that diketone 9 is 

chiral, whereas enone 13 is a Cs symmetric compound Diketone 9 is normally obtained as a 

racemate but recently, Bakkeren has developed an enantiospecific synthesis of (+)-9 and (-)-9 The 

[a]D

20 values amount to +9 5° (c=l 18, chloroform) and -9 3° (c=l 04, chloroform), respectively" 

The structural features of 9 and 13, in combination with their relatively high strain energy, 

makes these half-cage structures attractive targets for further studies Enone 13 has been studied 

previously by Depre20 The focus of the research described m this thesis will be on the properties 

and chemistry of the chiral half-cage diketone 9 
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1.3 Nomenclature of Polycyclic Cage Compounds 

The polycyclic systems described in this thesis and the literature are mainly denoted by 

trivial names This is because their systematic names, following the IUP AC nomenclature rules21, 

are generally too long and impractical to use An outline of this nomenclature system concerning 

polycyclic cage compounds will be given here, because the systematic IUP AC names will be used 

in the expenmental sections 

1) The number of bonds that needs to be broken in the polycyclic cage system (2,3,4, etc) to 

obtain a single, open chain hydrocarbon determines the prefix (bicyclo, tncyclo, tetracyclo, etc ) 

of the systematic name 

2) The largest possible ring within the polycyclic system is denoted as the major ring 

3) The longest chain of atoms spanning the major ring is denoted as the main bridge If multiple 

bridges of equal length exist, the main bridge will be the chain that divides the main ring as 

symmetrical as possible 

4) The main ring and the main bridge form a bicyclic system which is numbered in the usual 

manner Numbering starts at a bridgehead atom and follows the main ring over the longest atom 

chain to the second bridgehead atom and then back to the first bridgehead atom over the 

shortest chain The main bridge is then numbered in the direction of the second bridgehead 

atom 

5) Any other bridges are indicated by extra numbers indicating the chain lengths of the bridges 

provided with superscripts indicating the connecting positions to the bicyclic system The 

numbers are arranged in order of decreasing bridge length If multiple possibilities for a 

systematic name exist, the name with the lowest values of the superscripts will have priority 

6) The number of atoms from which the polycyclic framework is constructed (4, 5, 6, etc ) 

determines the suffix (butane, pentane, hexane, etc ) of the systematic name 

7) Any functional groups containing heteroatoms or modifications of the polycyclic system are 

indicated by their connecting number to the polycyclic framework and are named as dictated by 

the IUP AC nomenclature rules 

Application of the rules mentioned above on the central compound of this thesis, viz cage 

structure 9 (Figure 1 3) leads to the systematic name tetracyclo[5 3 0 0^·^ 0^ 8]decane-3,9-dione 
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Rule 1 dictates that the prefix should be tetracyclo because four bonds need to be broken to obtain 

an open aliphatic chain. The largest possible ring (rule 2) in structure 9 consists of ten carbon 

atoms and is depicted as cycle A. Three bridges of zero length each can now all be assigned as the 

main bridge (rule 3). The bridge connecting C, and C7 and that connecting C„ and C8 divide the 

main ring in the same symmetrical manner while the bridge over C2 and C5 results in a less 

symmetrical system and is therefore not the main bridge. The zero-bridge over CA and C8 is next 

discarded as the main bridge since if it were, it would change the numbering sequence of the 

bicyclic system (rule 4). This renumbering would consequently result in higher values for the 

superscripts connected to the secondary bridges (rule 5) in the alternative but incorrect systematic 

name tetracyclol^J.O.O^^.O^decane^o-dione. Thus, the zero-bridge over C, and C7 is assigned 

as the main bridge (system B). The bicyclic system obtained by following rule 4 now forms a 

bicyclic [5.3.0] system. The two remaining bridges are denoted as O2,5 and 04,8 and are incorporated 

in the main bicyclic system to form a tetracyclic [5.3.0.02,5.048] system (system C). Rule 6 next 

dictates that the suffix must be decane since the tetracyclic framework is made up of ten atoms. 

The parent polycyclic framework is therefore named tetracyclo[53 0 0^>^.0^>°Jdecane. 

Considering the two carbonyl groups and naming them in accordance with the IUPAC 

nomenclature rules finally leads to the full systematic name tetracyclo[5 3 0 0^·^ 0^>°]decane-3,9-

dione. 

A B Ç 9 
mam ring mam ring + mam bridge main ring + all bridges tetracyclo[5 3.0 0 2 5 04,8]-

( bicyclo[5.3 0] ) ( tetracyclo[5 3 0 О2·5 O4·8] ) decane-3,9-dione 

1.4 Aim and Outline of this Thesis 

The aim of the research described in this thesis is to explore the chemistry of tetracyclo-

[5.3.0.025.0'IB]decane-3,9-dione 9. This unique half-cage compound comprises two non-equivalent 

carbonyl groups at close proximity in a rigid carbon framework. The consequences of the inherent 

differences in reactivity and the transannular alignment of the carbonyl groups for the general 
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chemical behavior of the system are the main subject of this thesis. In order to facilitate the 

representation of structures and insight in reaction mechanisms, the polycyclic structures in this 

thesis will be consistently shown as projections in which the cyclopentane unit is located at the left 

hand side and the cyclobutane unit at the right hand side of the molecule. 

Chapter 2 of this thesis deals with the behavior of half-cage diketone 9 under acidic and 

basic conditions. The carbocationic rearrangement to the isomeric compounds 14 and 15 has been 

investigated with Brönsted and Lewis acids and a mechanistic explanation is presented. 

О 

О 

О 14 О 
15 

Chapter 3 deals with nucleophilic 1,2-addition reactions of organometallic reagents to 

diketone 9. Monoaddition products 15 and 16 and bisaddition products 17 were produced. 

Carbonyl selectivity in the monoaddition reaction has been studied with respect to size of the 

nucleophile, nature of the counterion and influence exerted by lithium diisopropylamide. 

OH HO 
О 

15 

О 

16 

0 s 
H н 

17 

Chapter 4 deals with the chemistry of endo.endo-diols of type 17. Mono- and 

bisalkylations and acylations have been studied. In addition, acid induced rearrangements have 

been investigated, the results of which are compared with those obtained with diketone 9. The 

enforced proximity of the hydroxyl groups allows the formation of pentacyclic products 18 and 19. 
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H — Г 7—H 

О, -О 

R,R2N NR,R2 

γ 
18 

Y 
H H 

19 20 

In Chapter 5 the reaction of diketone 9 with amino nucleophiles is described. The success 

of the reaction appeared to depend mainly on the ability of the products to crystallize from the 

reaction mixture. Several compounds of type 20 could be isolated and a mechanism for their 

formation is discussed. Summaries in Dutch and English conclude this thesis. 
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(chapter 2 

Synthesis and Stability of Tetracyclo[5.3.0.02,5.04,8]decane-3,9-dione, 

A Rigid Cage Diketone with Two π-Systems in Close Proximity. 

2.1 Introduction 

An intriguing part of alicyclic chemistry is the synthesis and study of complex and strained 

polycyclic cage systems. The discovery of the intramolecular photochemical [π2 + π2] 

cycloaddition as a powerful and versatile tool for the construction of highly strained polycycles has 

triggered enormous activity in this field'. The first successful synthesis of cubane by Eaton and 

Cole2 in 1964 can be considered the milestone of this approach taking into account the enormous 

steric energy of 181 kcal.mol'1 contained in this molecule3. The unanticipated stability of the cube 

shaped hydrocarbon cubane" (C8H8), has undoubtedly contributed to the formulation of the 

molecular orbital symmetry rules by Woodward and Hoffmann5 that later satisfactorily rationalized 

the thermal stability of cubane. Frontier orbital theory states that concerted cage opening of cubane 

is a photochemically allowed reaction and therefore thermally forbidden. 

Since the early 70's the research program at the Department of Organic Chemistry of the 

University of Nijmegen was concerned with the synthesis of cubane and related cage structures 

functionalized at bridgehead positions in order to establish the relationship between their chemical 

reactivity and their cage strain energy In this context strained bridgehead alcohols and some of 

their derivatives have been extensively studied6. Both under acidic and basic conditions these 

alcohols undergo regio- and stereoselective nucleophilic ring fission in which a carbonyl group is 

formed by intramolecular elimination of a carbon leaving group. Depending on the substitution 

pattern of the cage, interesting half-cage structures may be produced in such homoketonization 

reactions. 
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Most interesting examples are presented by half-cage ketones 2 and 3. These rigid, 

tetracyclic structures are readily and efficiently formed from the common precursor І through 

homoketonization by mild treatment with base (Scheme 2.1)7. 

Scheme 2.1 

Ъ 2 ° ° 

b,c 

A** è Я 
OMs 3 О 

a NaOMe, MeOH , b LiAI(Of-Bu)3H,-78 °C lì r t , с MsCI, Et3N 

Both compounds 2 and 3 still contain a considerable amount of sleric energy, viz 62.6 and 

64.3 kcal.mol"' respectively, according to MM2 calculations8. In addition, both structures contain 

two isolated π-systems which are in close proximity. Calculations reveal that the interatomic C-C 

distance between the carbonyl functions in 2 and between the carbonyl and olefinic bond in 3 

amounts to 2.68 and 2.69 Á, respectively, showing that in both compounds the π-systems are 

forced within the van der Waals distances. Indeed, the observation of an absorption maximum in 

the ultraviolet spectrum of 3 at 204 run wavelength (hexane; ε = 3200) indicates through space 

orbital-orbital interaction between the olefinic and the carbonyl double bonds'. Furthermore, the 

close juxtaposition of the functional groups in 2 and 3 ensures intramolecular reactivity. Based on 

these considerations and the expectation to find some interesting and unusual chemical behavior, 

diketone 2 and enone 3 were subjected to further studies. This chapter focuses on the synthesis and 

reactivity of diketone 2. 

AcO 
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2.2 Synthesis of Tetracyclo[5.3.0.025.04,8]decane-3,9-dione 

The synthesis of tetracyclic diketone 2 follows essentially the general methodology for the 

formation of cubane type cage compounds. The first step involves the synthesis of the required 

photoprecursor which, in the key step, is closed intramolecularly upon irradiation. A regioselective 

through-cage opening completes this route (Scheme 2.2). 

Scheme 2.2 

AcO 

OAc 

6 

YJ<¡S¡* 
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(soy 
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7 ^ > 5 

-V1—#'2 

fj ^ ^ 
/Tío Д^ 

// ^ 
0 о 

a 0 2 , rose bengal, hv, MeOH, -25 °C , b thiourea (in situ), с Cr03, H2S04, CH2CI2, -10 °C , 

d cyclopentadiene, toluene, 0 °C , e acetyl chloride, CH2CI2, 0 °C , f hv, MeOH, r t , 

g NaOMe, MeOH, 0 °C 

The synthesis of the required photoprecursor 9 starts with a photochemically induced 

singlet oxygen oxidation of cyclopentadiene in methanol using Rose Bengal as a photosensitizer. 

The initially formed e/jcfo-peroxide 4 is reduced in situ by thiourea to produce 5y/7-cyclopentene-

1,4-dioI 5 which, upon a double Jones oxidation, affords dione 6. Diels-Alder cyclization of 6 with 

cyclopentadiene results in a nearly quantitative formation of tricyclic intermediate 7 which 

spontaneously and completely tautomerizes to enol 8. The strong exothermic nature of this 
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cycloaddition necessitates cooling of the reaction mixture to 5 °C, in order to prevent excessive 

formation of the undesired exo-adduct which is obviously incapable of undergoing photochemical 

ring closure Although enol 8 meets the structural requirements for an intramolecular 

photochemical [π2 + π2] cycloaddition, its electronic nature hampers such a closure73 However, 

acetate 9, which is readily prepared from 8 by treatment with acetyl chloride, smoothly yields 

bishomocubanone 1 upon irradiation in methanol in nearly quantitative yield In the final step to 2, 

the bridgehead acetate 1 is subjected to base-induced methanolysis Bond cleavage is governed by 

the anion stabilizing carbonyl group in the transition state which leads to exclusive cleavage of the 

C4-C5 bond (Scheme 2 3) The resulting enolate anion is rapidly protonated by methanol to give 

tetracyclo[5 3 0 025 048]decane-3,9-dione 2 as a single white solid compound in very high yield 

Generally, this route to 2 allows the convenient synthesis of 15-20 grams of dione m one run 

Scheme 2.3 

* 2 

The presence of a cyclobutanone and cyclopentanone ring unit in 2 is unequivocally proven 

by IR and nC-NMR spectroscopy The IR-spectrum (CC14) shows two distinct absorption maxima 

at 1775 and 1750 cm', whereas in the 13C-NMR spectrum resonances at 199 0 and 214 2 ppm 

point to a cyclobutanone and a cyclopentanone unit, respectively In the 13C-NMR spectrum, all ten 

of the expected carbon signals can be observed The 'H-NMR spectrum reveals a complex pattern 

with a high degree of overlap, however The high field 'H-NMR shows two clearly identifiable 

AB-pattems for the methylene hydrogens at C6 and C,0 The methylene hydrogens α to the 

carbonyl group at C, were identified b> the higher chemical shift values of 2 39 and 2 45 ppm in 

comparison with the values of 2 07 and 2 12 for the hydrogens at C6 and by an extra 3J-coupling 

constant of 5 2 Hz for the exo-Hl0 atom The signals for the remaining hydrogens could not be 

assigned due to overlap of signals The mass spectrometnc data are consistent with a compound of 

molecular formula C10H10O, Characteristic fragments are the M+-peak at 162 amu, and the peaks at 

134 and 106 amu which indicate the loss of one CO and two CO units from the tetracyclic 

diketone, respectively 
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In order to obtain data on bond distances and bond angles, considerable effort was put into 

obtaining suitable crystals of 2 However, all attempts to produce single crystals large enough to 

allow an X-ray diffraction analysis failed At best, microcrystalline material was obtained but 

usually a white, waxy material was isolated 

2.3 Reactions of Tetracyclo[5.3.0.02,s.04,8]decane-3,9-dione with Lewis and 
Brönsted Acids 

2 3 1 Introduction 

As already pointed out, tetracyclic dione 2 still contains a considerable amount of strain 

energy (62 6 kcal mol ') and therefore may be expected to be kinetically rather labile under 

appropriate conditions Thermally, dione 2 seems to be rather stable as no decomposition was 

observed at its melting point of 159-161 °C and it can be stored at room temperature for very long 

periods of time (longer than 1 year) without any noticeable degradation However, when pure 2 

was analyzed by capillary gas chromatography using an apolar column and a standard temperature 

program10, a rather disturbing GLC pattern was observed Upon repeated analysis, two peaks were 

generally observed along with some minor impurities The major peak with the longer retention 

time could be assigned to 2 This peak was connected to the faster moving minor component via a 

'plateau', indicating the formation of this product from 2 on the capillary column during analysis 

A 13C-NMR analysis check of 2 only revealed pure diketone These observations indicate that 2, 

under these GLC conditions, is not stable but undergoes some kind of rearrangement or 

fragmentation reaction which is possibly induced by the somewhat acidic nature of the pre-column 

surface In order to study this phenomenon in more detail, the stability of 2 towards Lewis and 

Bronsted acids was explored 

2 3 2 Results 

Treatment of diketone 2 with 0 05 equivalents of anhydrous aluminum trichloride in dry 

ether resulted in a clean and complete conversion within just 5 minutes Gas chromatographic 

analysis of the resulting product showed a single peak with a retention time identical to the fast 

minor peak observed during the GLC-analysis of pure 2 (vide supra) This observation indicates 
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that in both cases the same product is formed. Although GLC analysis suggested that a single 

compound had been produced, the "C-NMR spectrum of the reaction product clearly revealed this 

to be incorrect. The presence of two different sets of two carbonyl resonances, viz. at 202.7 and 

211.8 ppm for a major product and at 203.8 and 213.6 ppm for a minor product, pointed to a 

mixture of two isomeric diketones, each still containing both a cyclobutanone and a cyclo-

pentanone moiety. The observation of two intense carbonyl absorptions at 1760 and 1780 cm"' in 

the IR spectrum of the product unambiguously confirmed the presence of cyclobutanone and 

cyclopentanone units. Due to complex patterns and a severe degree of signal overlap, the 400 MHz 

'H-NMR spectrum is not very informative, even the otherwise characteristic methylene hydrogens 

of the cyclopentanone rings could not be identified. Mass spectrometric analysis showed the two 

structures to have an elemental composition identical to that of 2, indicating that they result from a 

Lewis acid catalyzed rearrangement of this strained diketone. At a later stage of this study, GLC 

analysis on a semi-polar CP-Sil 19CB capillary column allowed complete chromatographic 

separation of these products, revealing their formation from 2 in a ratio of 25 : 75 (see Table 2.1, 

entry 5). Unfortunately, it was impossible to quantitatively separate both compounds by (flash-) 

column chromatography and to analyze their structures separately. Based on all the acquired 

information and on mechanistic considerations in analogy with the behavior toward acid of the 

structurally related tetracyclic enone 1, structures syn-10 and anti-W were tentatively assigned to 

the two components in the product mixture (Scheme 2.4). 

Scheme 2.4 

Я 0 05 equiv. AICI3 

Et20, r t , <1 mm* 

0 2 ° syn-10 О anf/-10 

Since the rearrangement of 2 with aluminum chloride is nearly quantitative and 

instantaneous, its acid stability was tested more extensively. Diketone 2 was therefore subjected to 

various concentrations of anhydrous sulfuric acid in ether as well as to various Lewis acids in dry 

ether (Table 2.1). Under all conditions, a mixture of products 10 was produced. 

It is immediately apparent from the sulfuric acid catalyzed reactions (entries 1-4) that the 

reaction time for the rearrangement of 2 increases with decreasing acid concentration. At these 
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longer reaction times, degradation processes and by-product formation increases significantly, 

resulting in a drop in yield of products 10 At all concentrations, anti-10 is formed preferentially 

over the syn-10 isomer although there is an indication from the table that this preference is less 

pronounced at higher acid concentrations 

Table 2.1: Effect of type and concentration of acid on the formation of 10 

entry acid cone (%)a rxn time1" 10 (%) туп anti c(%) 
1 

2 

3 

4 

5 

6 

7 
8 

9 
10 

H2SO, 
H 2 S O 4 

H 2 S0 4 

H2SO< 

A1C1, 

EtAlCl·, 
Et2AlCl 

BF3 Et 2 0 

Znl2 

ZnCl2 

5 

1 

0 5 

0 25 

5 

5 
5 

5 
5 
5 

0 5 h 

12 h 

36 h 

6 days 

< 1 min 
5 min 

20 min 
10 min 

20 h 

variable d 

85 

78 
73 

55 

92 
90 

89 

78 
69 
88 

35 65 

22 78 

29 71 
20 80 

25 75 

22 78 
20 80 

17 83 

17 83 
23 77 

a) Concentration of sulfuric acid m volume %, quantity of Lewis acid in mol-% b) Time required for complete 
conversion of 2 c) Determined by GLC and normalized to 100% d) Reaction times badly reproducible and 
strongly dependent on the quality of ZnCl2 used 

The use of Lewis acids with different acid strengths but applied in equal catalytic quantities 

with respect to 2, gave similar results to those obtained with varying concentrations of sulfuric 

acid Again in all cases (entries 5-10) mixtures of syn-10 and anti-10 were produced in which the 

anti isomer prevails Although the reaction time necessary for complete conversion of 2 increases 

with decreasing Lewis acid strength, the spread in chemical yield and syn anti ratio of 10 is less 

pronounced compared to the results with sulfuric acid catalysis 

An interesting observation was made when the rearrangement of diketone 2 with 5% 

aluminum trichloride was not stopped immediately after the complete conversion of 2 After 15 

minutes of additional stirring of the initial product mixture, the isomeric ratio of products 10 had 

shifted slightly in favor of the minor isomer syn-10 After 1 hour, the shift in the ratio of syn anti 

had progressed to 40 60 After 28 hours of continuous stirring, the product ratio had reversed in 

favor of syn-10 (ratio syn-10 anli-W = 66 34, see Figure 2 1) An equilibration of syn-10 and 

aw//-10 was observed with several other acid catalysts, e g when diketone 2 and 5% borontnfluoro 

etherate in dry ether were stirred for a prolonged period of time (76 hours), the initial product ratio 

of syn-10 anti-10 =17 83 shifted to a final ratio of 79 21 
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Figure 2.1: Equilibration of anli-10 and svn-10 with 5% A1C13 
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All experimental results show that half cage diketone 2 is rather acid labile and readily 

undergoes skeletal rearrangement The observation that both Lewis acids and Bronsled acids (; e 

sulfuric acid) give a fast conversion of 2 to yield two structural isomers 10 with the £w/;-isomer as 

the predominant constituent which then slowly converts to syn-10, can be explained by assuming a 

kinetic preference for the formation of anti-10 When the reaction time is prolonged, anli-10 is 

converted into the thermodynamically more stable syn-W until equilibrium is reached This 

reactivity pattern of 2 can be rationalized by a cyclobutyl - cyclopropyl carbinyl cation rearrange

ment" as depicted m Scheme 2 5 

The initial step in this reaction pattern involves protonation (X=H*) or Lewis acid (X= 

MetalYJ complexation at the cyclobutanone carbonyl function to give activated intermediate Ц 

This protonation or complexation leads to a strong polarization of the C3-0 double bond and the 

thus induced charge deficiency at C, results in a 1,2-carbon bond migration As a consequence of 

the lack of symmetry of dione 2, due to the position of the cyclopentanone carbonyl function, two 

distinguishable rearrangement pathways A and В are conceivable Following pathway A, an initial 

shift of the C2-C5 cyclobutyl bond leads to cyclopropyl carbinyl cation anti-YÌ. A subsequent 1,2-

shift of the C3-C„ bond leads to a new cyclobutyl cation anti-lb which produces the 1,5-diketone 

anti-10 after decomplexation The analogous formation of the structural isomer syn-10 is depicted 

b> pathway В Again starting from 1_1, an initial shift of the C4-C5 bond occurs to give cyclopropyl 
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carbinyl cation syn-12". A subsequent 1,2-shift of the C2-C3 bond affords cyclobutyl cation syn-ІЪ 

which results in the observed 1,4-diketone syn-iO. All the steps in this process are microreversible, 

therefore the kinetically favored isomer anti-ΙΟ will be converted with lime in the less strained 

isomer syn-10. The structural relationship between syn- and anti-\0 becomes immediately clear 

when anli-10 is turned around 180° The thus pictured structures clearly show the spatial 

relationship of the two carbonyl functions. Syn-10 and anti-10 are mirror images except for the 

position of the carbonyl in the five-membered ring. 

Scheme 2.5 

О 

ox ·*-

syn-12 

syn-13 

1Î 

A pathway to anti-ÌO 
В pathway to syn-AO 

f ι 4 

// 

an(/-13 

IÎ 

syn-10 ал//-10 

The apparent preference for the formation of cation anti-YL over syn-12 is caused by a 

balance of electronic factors. In the intermediate syn-12 the carbonyl group is located at a ß-

position with respect to the cationic charge at C4. The inductive electron-withdrawing effect of the 

carbonyl group results in a destabilization compared to the situation in anti-\2 where this effect is 

less because the carbonyl group is at the γ-position to the cation center at C2 (see Figure 2.2, syn-

12a). 
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A possible stabilizing effect of a ß-carbonyl group on a carbocation has been suggested by 

Carrupt and Vogel et aln This stabilization is thought to arise from through-bond interaction 

between the empty p-orbital of the cation, the Cn-Cp σ-bond and an oxygen lone pair sp3-orbital. 

This interaction can be graphically depicted as the mesomeric structure syn-YVo (Figure 2.2). 

Figure 2.2 

-OX 
4 J 

О ©о 
syn-12a syn-12b 

Destabhzing Stabilizing 

Semi-empirical quantum mechanical calculations of the cationic structures anli-12 and syn-

12 (X=H), using the AMI method in MOPAC9314 reveals that the heat of formation of anti-\2 is 

1.58 kcal.mol"' lower than that of synAl. This energy difference will be reflected in part in the 

transition state structures leading to these intermediate products, thus supporting the conclusion 

that the formation of intermediate anti-\2 and accordingly final diketone anti-IQ is kinetically 

favored If a possible hyperconjugative stabilizing effect exists in svn-12, for which there are some 

indications from the calculated bond distances of this structure, it is apparently not strong enough 

to counterbalance the inductive destabilizing effect of a carbonyl group at ß-position with respect 

to the cation. 

Strong indications for the correct assignment of the structures anli-10 and syn-W were 

obtained from their respective calculated physical and thermodynamic properties. It was found that 

there is a difference in retention times when mixtures of isomers 10 are analyzed by gas chromato

graphy on a semipolar CP-Sil 19CB capillary column. Comparison of the molecular structures of 

anti-W and syn-W suggests that anli-ÍO has a considerably smaller dipole moment than .чуп-ìO and 

therefore can be expected to have a shorter residence time on this semipolar column than . уи-10. 

Indeed, AMI calculations (Table 2.2) showed the dipole moment of anti-YL to be more than 3 

Debye lower than that of syn-\0, which agrees with the observed difference in their retention 

times. From the analyses of the respective mixtures it could be readily deduced that the most 

mobile one is indeed anti-10. 
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Table 2.2: Calculated properties of isomeric diketones 2 and 10 by AMI and MM2 

Structure 

2 

anli-10 

syn-lQ 

Dipole (D ) a 

6 80 

2 27 

5 57 

Δ Hf (kcal mol ' ) a 

-33 43 

-36 30 

-35 69 

S E (kcal mol ' ) b 

63 85 

62 77 

61 75 

a) Using AMI as implemented in MOPAC93 b) Using MM2 as implemented in MacroModel 

Both AMI and MM2 calculations were carried out in order to establish the heats of forma

tion and strain energies of syn-\0 and anli-10 These calculations show that the energy differences 

between these isomers are very small and amount to 1 kcal mol ' at most Anti-10 seems to be 

slightly more strained than syn-10 but its heat of formation is lower, implying that it is the 

thermodynamically more stable isomer These computed small energy differences reasonably 

agree with the experimentally observed equilibrium between anii-lQ and syn-10 

Another interesting phenomenon was observed during attempts to establish the thermo

dynamic equilibrium between anli-lQ and syn-10 Stirring the reaction mixture with either sulfuric 

acid or a Lewis acid for a prolonged period of time, the initial products 10 were slowly converted 

into four new compounds with high retention times during gaschromatography The fastest results 

were obtained with the stronger Lewis acids or with relatively high concentrations of sulfuric acid 

However, cleaner results were obtained using less strong Lewis acids or lower concentrations of 

sulfuric acid Stirring a fresh sample of isomeric diketones 10 in 0 5% anhydrous sulfuric acid in 

dry ether, complete conversion was attained m 14 days One of the newly formed compounds 

dominated the product mixture with yields up to 70% Careful flash-column chromatography 

applying Merck silicagel 60H as the stationary phase and и-hexane ethyl acetate as the eluent15 

allowed the isolation of the major product with 92% purity (according to GC analysis)16 Detailed 

spectroscopic analysis (IR, NMR) combined with mass spectrometry revealed that this compound 

is a polycyclic keto lactone The IR-spectrum showed the presence of two strong carbonyl 

absorptions at 1775 and 1750 cm', while at 1180 and 1160 cm' moderate absorptions of C-0 

single bond vibrations were detected The 13C-NMR spectrum also showed two carbonyl signals, 

one at 210 8 ppm which is indicative of a cyclopentanone carbonyl group, while the other signal at 

176 7 ppm is suggestive for a lactone carbonyl function rather than for a cyclobutanone carbonyl 

unit The presence of a tertiary carbon atom resonance (DEPT-13 5) at 81 8 ppm combined with a 

low field proton signal at 5 02 ppm in the 'H-NMR spectrum indicates that the product contains a 
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C-0 bond. The MT-peak at 178 amu in the mass spectrum points to a molecular constitution of 

C 1 0H| 0O, From a clear fragmentation peak at 134 amu, indicating the loss of C 0 2 from the 

molecule, it was concluded that the new carbonyl and ether moieties were linked, suggesting that 

the cyclobutanone ring in 10 had been expanded to the corresponding lactone. GC-MS 

measurements of the original product mixture showed that all four components have a molecular 

weight of 178 amu, suggesting the lactones 14-17 (Scheme 2.6) as conceivable structures produced 

by oxidative ring expansion of anti- and syn-W Unfortunately, the exact molecular structure of the 

isolated, pure lactone could not be established. 

The spontaneous oxidation of diones 10 to lactones 14-12 illustrates the high reactivity of 

the cyclobutanone moiety in these tetracyclic diones. The formation of a γ-lactone clearly leads to 

relief of strain energy and is therefore most likely the driving force for this unusual oxidation 

reaction. 

Scheme 2.6 

О 
prolonged 

reaction time 
In situ 

- * • 

о 
17 

By careful exclusion of moisture and atmospheric oxygen by passing argon gas through the 

reaction mixture, the spontaneous oxidation reaction could be suppressed. The formation of 

tetracyclic lactones 14-17 stopped completely, apart from only a few percent in the initial stage. 

Up to this point, all experiments and spectroscopic analyses of 10 were performed with 

inseparable mixtures of the anti- and iyw-isomers which complicated the interpretation of the 

results obtained. In an attempt to prepare derivatives of 10 with the aim to achieve separation of 

derivatives of the isomers and to find absolute proof for the correct anti- and iyn-structures, e g by 

an X-ray diffraction analysis, a mixture of 10 was reacted with an excess of phenyllithium 
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(Scheme 2.7). Inspection of molecular models suggested that the organolithium reagent preferably 

will add to both carbonyl functions only from the relatively unhindered exo-faces to yield two of 

the four conceivable isomers. Indeed, when a solution of a mixture of anti-10 and syn-10 in ether 

was treated with 2.2 equivalents of phenyllithium, two diols were isolated, albeit in only 19% 

yield, after work-up and purification. Separation of the isomeric diols appeared possible by careful 

column chromatography. Based on NMR-spectral evidence of the pure and single compounds, 

structures anli-18 and syn-lS were assigned to these products, thereby confirming the original 

structures of anii-10 and . уи-10. An X-ray diffraction of either anti-VÌ or syn-iS appeared 

impossible as these compounds could not be crystallized with a sufficient quality of crystals. 

OH 

Ph 

syn-10 + anf/-10 

inseparable mixture 

Scheme 2.7 

2 2equiv PhLi^ V > ^ - / > ; " p h 

Et20, -78 °C p h Ì j " ^ OH 
\ 

О 
H 

syn-18 

+ р ь - \ 
о 
Н алг/-18 

separable by flash-column chromatography 

So far, the acid-induced rearrangement of tetracyclic dione 2 was studied under non-

nucleophilic conditions. With the intention to trap intermediate cations, 7.5 equivalents of lithium 

bromide were added to a solution of dione 2 in ether containing 0.5% anhydrous sulfuric acid. 

These conditions resemble the original acidic conditions as much as possible. In a slow reaction, 

complete conversion of 2 was observed after two days to give a mixture of three major compounds 

(70% of the mixture) and various minor products (30% of the mixture). After work-up, two of the 

major components could be isolated as pure compounds from the crude reaction mixture by flash 

column chromatography. The third major product remained very impure after separation which 

obstructed its structural analysis. Both isolated pure products had a single bromine atom 

incorporated in their structure as proven by characteristic isotope (M1 + l)-peaks at 243/245 amu 

in their mass spectra. In both cases the molecular formula was established as C,0HnBrO2. The 

presence of two carbonyl signals, three methylene signals and five methine signals in the l3C-NMR 

spectra of both compounds strongly suggested structurally related ring-opened products. The 

cyclopenlanone carbonyl group in 2 was retained in both compounds as was indicated by the 

chemical shifts at 215.4 and 219.1 ppm, respectively, while the original cyclobutanone carbonyl 
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group had undergone some transformation as was concluded from the chemical shifts at 206 0 and 

208 0 ppm, respectively These shifts to lower field indicates that release of ring strain probably 

had accompanied this transformation The absence of the characteristic cyclobutanone carbonyl 

absorption at 1750 cm ' in both IR-spectra confirmed the absence of the cyclobutanone moiety in 

the products Detailed analysis of the Ή- and 13C-NMR spectra of both compounds strongly 

suggest structures syn-19 and anli-19 for these bromides (Scheme 2 8) 

Scheme 2.8 

0 5% H2SQ4 xs LiBr 

Et20 г t 2 days 

О О 0 " о 
anft-19 

Products 19 are structurally related to those obtained by Depre for the acid-induced 

rearrangement of tetracyclic enone 3 (Scheme 2 9) 

Scheme 2.9 

HX • ErJ 
MeOH / ^ " T ^ o 

* ^ X 

X = C I 96% 
X = Br 43% 

The formation of products 19 can be readily explained by invoking essentially the same 

mechanism as discussed for the formation of compounds 10 from diketone 2 (Scheme 2 5) Again, 

the cyclopropyl carbinyl cations 12 are formed under the influence of sulfuric acid But now, 

because of the presence of a nucleophile, ; с bromide ion, the cyclopropyl ring is subject to ring 

opening via a nucleophilic attack by a bromide ion The concomitant 1,2-carbon bond shift then 

produces tricyclic enols 20 Under the applied acidic conditions, these enol structures 20 quickly 

lautomenze to the tricyclic diketones syn-19 and anti-19 (Scheme 2 10) A similar mechanism has 

been proposed for the acid-catalyzed rearrangement of other strained ketones, e g tetracyclic 

enone 3 which yields only a single product as a result of its Cs symmetry 

The reaction conditions used for the bromide quenched acid-induced rearrangement of 2 are 

far from optimal and have not been optimized further It seems likely that the yield of syn-19 and 
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anti-19 can be considerably improved using more conventional acidic conditions such as hydrogen 

bromide in methanol 

Scheme 2.10 

syn-12 

+ Br-

J * 
о OH 

11 

A Pathway to anf/-19 
В Pathway to syn-19 

О 

syn-15 

(ШУ) 

anf/-19 

OH 

О °Вг 
anti-12 

+ Br" 

он 

anti-20 

2.3.3 Concluding RemarL· 

The moderately strained tetracyclic diketone 2 rearranges rapidly to isomeric products anti-

10 and syn-10 under the influence of both Bronsted and Lewis acids. The initial formation of 

isomers 10 is a kinetically controlled cyclobutyl - cyclopropyl carbinyl cation rearrangement 

which produces anti-iO and syn-10 in a ratio of 80 : 20. Isomeric mixtures of 10 can be 

equilibrated using prolonged reaction times to yield predominantly the thermodynamically more 

stable iyn-isomer (ratio of anti-10 . syn-10 = 25 : 75). The products and mechanism of 

rearrangement resemble the acid-catalyzed rearrangement of tetracyclic enone 3. It should be noted 

that a racemic product is obtained from 3 due to its Cs-symmetry, whereas a mixture of structural 

isomers 10 is produced from the asymmetric diketone 2. The existence of an equilibrium between 
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anli-ÍO and syn-ÍO is supported by the small difference in heats of formation as calculated by AMI 

and the micro-reversible nature of the rearrangement mechanism 

The cyclobulanone moiety in 2 is more susceptible to acid-induced reactions than in 3 

because of the presence of a second carbonyl group in 2 instead of an olefmic bond The electron 

deficiency at the carbonyl carbon atom in 3 is partly compensated by a trough-space electron-

donating effect from the transannular olefmic π-system which decreases its susceptibility towards 

Bronsted and Lewis acids 

The inseparability of anti-10 and syn-W was overcome by their chemical transformation 

into bisphenyl endo,endo-dio\s 18 and tricyclic bromo derivatives 19, both of which were 

successfully separated by flash-column chromatography Spectroscopic analyses of these separated 

isomeric derivatives confirmed the structures of the two isomers of 10 in the original rearranged 

product mixture 

The observed formation of four isomeric tetracyclic lactones 14-17 and the successful 

isolation and analysis of one of these structures in the presence of only atmospheric oxygen as the 

oxidizing agent is enigmatic This oxidation is highly uncommon if not unique A somewhat 

related autoxidation of strained polycychc systems has been observed in norbomene and 

dicyclopentadienone systems17 The mechanism for these spontaneous oxidations is as yet 

unknown, generally such oxidations require radical, metal-catalysis or photochemical initiation18 

2.4 Reactions of Tetracyclo[5.3.0.02,5.04'8]decane-3,9-dione with Bases 

2 4 1 Introduction 

Earlier studies on 2, with the aim to establish its structure, already showed that both a-

hydrogens adjacent to the cyclopentanone carbonyl function can be exchanged under basic 

conditions'2 In a H/D exchange experiment, diketone 2 was treated with sodium methanolate in 

deuterated methanol (Scheme 2 11) Complete exchange of both C l 0 methylene hydrogens was 

observed after 4 days Interestingly, exchange of the exo-hydrogen appeared to be considerably 

slower than that of the enc/o-hydrogen The ercdo-hydrogen had been replaced by deuterium after 

one day while the exchange of the exo-hydrogen took more than four days This difference in rate 

of exchange is quite surprising as the outside proton exo-H,0 seems much more accessible than the 

inside proton endo-Hi0 This result was rationalized by assuming that endo-Ut0 is more acidic than 

-26-



Synthesis and Stability of TetracyclofSJ.O.^.fjdecaneSJ-dione. 

exo-H¡0 due to the proximity of the cyclobutanone carbonyl function, which serves as an internal 

base and as a consequence facilitates the exchange of endo-Hi0. 

Scheme 2.11 

21 22 

An alternative explanation would be that instead of acting as a base, the methanolate anion 

reacts as a nucleophile and adds to the rather strained and therefore rather reactive cyclobutanone 

carbonyl function (Scheme 2.12). This leads to hemiketal anion 23 which can act as an internal 

base for endo-Hl0 as a result of the ew/o-oriented alkoxide moiety and thus promotes its exchange 

reaction. This mechanism assumes the formation of a stable hemiketal anion 23. In order to study 

the deprotonation of dione 2 in more detail and to avoid any intramolecular proton abstraction, 

lithium diisopropyl amid (LDA) was applied as a non-nucleophilic base. It may be expected that a 

sterically demanding base like LDA would preferentially abstract the more accessible exo-Hw. 

Scheme 2.12 

NaOMe 
MeOD 

OMe OMe 

О 
H 

23 

2.4.2 Results 

When diketone 2 was treated with one equivalent of LDA in THF at -78 °C, the reaction 

mixture immediately turned yellow, indicating the formation of the enolate ion 24. After 15 

minutes the reaction mixture was quenched with D20 and the diketone was recovered in almost 

quantitative yield. Analysis of NMR and mass spectral data revealed that a mixture of monodeu-

terated 25 and unchanged 2 had been obtained in a ratio of 1 : 1 (Scheme 2.13). The partial H/D-

exchange under these non-nucleophilic conditions was deduced from the '3C-NMR spectrum of the 

mixture. Whereas all other carbon resonances of 2 and 25 coincided, the signals for carbons C10 
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were observed separately at 43.17 ppm and 42.84 ppm, respectively. In addition, as the result of'J 

C]0-D coupling, a triplet is observed for C,0 in 25. The exo-position of the deuterated atom in 25 

could be unequivocally deduced from the 'H-NMR data. The AB-pattem observed for exo-Hl0 and 

endo-Vil(! in 2, viz a doublet of doublets for the exo-proton (coupling with endo-Hi0 and H,) and a 

sharp doublet for the ewfo-proton (coupling with exo-Hw only)12, had been partially replaced by a 

simplified pattern for these protons in 25. Most importantly, the doublet for endo-iiw at δ 2.45 

ppm had changed into a sharp singlet due to the absence of the geminai coupling with exo-H]0. 

Scheme 2.13 

1 equiv LDA xs D 2 0 
*· 2 (ca 50%) 

Interestingly, attempts to accomplish complete deuteration exchange using excess lithium 

diisopropyl amide or prolonged reaction times did not meet with success. The efficiency of 

deuteration always turned out to be about 50%. Also, attempts to trap the intermediate enolate with 

trimethylsilyl chloride in THF failed. No trace of trimethylsilylenol ether 26 could be detected 

(Scheme 2.14). The formation of 26 was achieved, albeit in only a few percent, using an approach 

that works well for strained cyclopentanones such as camphor19. Treatment of dione 2 with triethyl 

amine and trimethylsilyl tritiate in refluxing benzene led to a product mixture that showed a small 

alkene proton resonance at δ 4.55 ppm in the 'H-NMR. Such a resonance is typical for the 

expected enol ether proton. The use of other bases, e g. lithiumhexamethyldisilyl amide (LiHMDS) 

did not lead to a more efficient enolate formation. 

Scheme 2.14 

a or b 

a LDA in THF, -78 °C, R3SiCI, 0 °C, no reaction 

b Et3N and R3SiOTf in benzene, reflux, с у.=5% 
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With excess of hthiumdiisopropyl amide and reaction times of more than 24 hours, dione 2 

slowly undergoes self-condensation. In order to promote this self-condensation a solution of 2 in 

dry tetrahydrofuran was treated with 0.5 equivalents of LDA at -78 °C, allowed to attain room 

temperature and then stirred for several weeks. The reaction mixture was analyzed at regular inter

vals. After three weeks of stirring, still 31% of dione 2 could be recovered. Besides 2, five new 

products had been formed. Gas chromatographic analysis showed that this mixture consists of two 

pairs of products formed in about 8 and 12% yield, respectively. These products all have about the 

same polarity and relatively high molecular weights. A fifth product with a relatively short 

retention time was formed in 42% yield. Unfortunately, it appeared impossible to separate these 

products, so no firm structural assignments could be made. However, based on the isolation of 

dimerized products 27a and 27b from the reaction of 2 with f-butylhthium (Scheme 2.15, for 

details see Chapter 3 2), it is believed that the four, high molecular weight products are actually 

two pairs of diastereomeric condensation products, viz 28a,b and 29a,b (Figure 2.3). 

Scheme 2.15 

HO-

(32%) 

27a (8%) 

28a "5-4" dimer 

Figure 2.3 

28b "5-4" dimer 

29a "5-5" dimer 

Ό ' / 
О 

29b "5-5" dimer 
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The formation of products 27a.b and the four dimers 28a.b and 29a.b in Figure 2.3 can be 

readily explained by base-induced aldol self-condensation of dione 2 under the applied conditions. 

In principle, two regioisomeric coupling products can be formed when a proton is abstracted from 

2 (in the cyclopentanone or "5"-unit) to form the enolate 24 which can add either to the cyclobuta-

none ("4"-coupling) or the cyclopentanone ("5"-coupling) carbonyl group of a second molecule 2. 

This leads to either the "5-4" dimer 28 or the "5-5" dimer 29 combination, respectively. Since 2 is 

asymmetric, both combinations can occur as a pair of diastereomers a and b, respectively (Scheme 

2.16). This outcome is analogous to that reported by Paquette et al20 for the self-condensation of 

2-norbomanone and 5-norbomen-2-one induced by LDA, NaHMDS and KHMDS in THF. 

Scheme 2.16 

H 

О 

LiO 

L I O 

1 equiv r-BuLi 

THF, -78 °C 

O l i 

LiO 

LiO 

24 

self-condensation 

"5-5" dimer 

H20 
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29a 

+ 

+ 

+ 

28b 

29b 

In order to promote an aldol condensation of the enolate of 2 with other carbonyl 

compounds under thermodynamic conditions, diketone 2 was dissolved in a solution of 0.5 

equivalents of sodium hydroxide and 2.0 equivalents of benzaldehydc in ethanol. After stirring for 

1 day, 80% conversion was attained. Gas chromatographic analysis revealed the formation of 

several condensation products among which one predominant component. Again, chromatographic 

separation was not possible. Attempts to accomplish this aldol condensation of 2 with 

benzaldehyde under kinetic conditions using LDA in THF also failed. At this point, further studies 
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into the enolate chemistry of 2 were abandoned because of the too complex nature of the product 

mixtures obtained. 

2.4.3 Concluding remarks 

In contrast to its acid lability, 2 is rather stable toward base-induced reactions. Treatment of 

2 with strong, non-nucleophilic bases as LDA results in only partial exo-Hl0 abstraction as was 

demonstrated by H/D-exchange experiments. The unexpected stability toward bases is also demon

strated by the inability to produce silyl enol ethers from 2 under the usual reaction conditions. 

There are strong indications for the occurrence of a self-condensation reaction during prolonged 

treatment of 2 with strong, non-nucleophilic bases. This self-condensation reaction yields four 

dimeric structures in low yields, 20% at most, probably due to the reversibility of this reaction. 

Attempts to achieve condensation reactions of 2 with benzaldehyde failed. Complex, inseparable 

mixtures were formed in which condensation products, degradation products and unreacted 2 are 

present The deuterium exchange experiment can tentatively be rationalized as follows. The 

initially formed lithio enolate reacts with the unchanged substrate to form hemi-acetal type 

structure 31 (Scheme 2.17). Here, the enolate reacts in the same manner as methanolate in the 

experiment shown in Scheme 2.12. This dimeric hemi-acetal type structure is lacking a carbonyl 

group adjacent to the methylene protons in the cyclopentanone unit Consequently, these protons 

are no longer activated, implying that half of the amount of substrate is deactivated in this manner. 

Quenching of this dimeric structure 31 with D20 first gives a hemi-acetal which fragments in 

diketone 2 and the enol derived from 24. Deuteration of this enol takes place from the exo-side 

because the endo-side is shielded for reaction with D20. The involvement of dimeric compound 31 

explains why only 50% of deuterium is incorporated in 2 upon treatment with LDA and quenching 

with D20. Upon prolonged treatment with LDA, enolate 24 undergoes aldol condensation as 

pictured in Figure 2.3 to give four diastereomeric "5-4" and "5-5" adducts. 

Scheme 2.16 

А л Л - «À A 
2 24 31 (1 of 4 possible isomers drawn) 
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2.5 Experimental Section 

General remarks 

All moisture sensitive reactions were performed in freshly dried and distilled solvents under an argon 

atmosphere in oven-dried glassware Diethyl ether (Et20) and tetrahydrofuran (THF), used for reactions, were distilled 

from lithium aluminum hydride (LiAlHJ just prior to use Other dry solvents were dried using the following methods 

и-hexane and dichloromethane were distilled from calcium hydride (CaH2), diethyl ether was distilled from sodium 

hydride (NaH), ethyl acetate was distilled from potassium carbonate (K2CO,) and toluene was distilled from sodium 

metal All other solvents were of analytical grade 

Melting points were measured on a Reichert Thermopan microscope and are uncorrected 400 MHz 'H-NMR 

and 100 MHz UC-NMR spectra were recorded on a Bruker AM 400 spectrometer at Τ = 298K in CDC1) as solvent 

with tetramethyl silane (TMS) as internal reference Mass spectra were recorded on a double focusing VG 7070E 

mass spectrometer Infrared spectra were recorded on a Perkin Elmer 298 or a Bio Rad FTS-25 (FT) infrared 

spectrophotometer GLC-Analyses were performed on Hewlett-Packard 5790A and 5790A series II gas chromato-

graphs, each fitted with HP-1 (column A) and CP-Sil I9CB (column B) capillary columns GC-MS spectra were run 

on a Vanan Satum II benchtop ion trap system equipped with a HP-1 capillary column with helium as the carrier gas 

Elemental Analyses were performed on a Carlo Erba Instruments CHNS-0 1108 Elemental Analyzer Flash column 

chromatography was performed at a pressure of ca 15 bar, using Merck Kieselgel 60H and n-hexane / ethyl acetate 

mixtures as mobile phases 

cis-Cyclopent 2-ene-I 4-dtol (5) 

A 3 0 I glass reaction vessel, equipped with a fixed internal cooling finger for flow cooling in which a Philips 

Plushne Halogen lamp (500 W) was inserted, was filled with methanol (2 5 1), Rose Bengal (1 75 g) and thiourea (100 

g, 1 31 mol) The reaction vessel was closed with a four-necked glass cover One neck was fitted with a low-

temperature thermometer, two necks were fitted with glass fritted inlet tubes for oxygen gas, the fourth neck remained 

open to allow excess oxygen gas to escape from the reaction vessel The vessel was then completely covered with 

aluminum foil for light reflection and heat-isolated with cotton wool and again aluminum foil Pure oxygen gas was 

then bubbled through the solution while stirring and the reaction vessel was cooled to -50 °C using a high capacity 

cryostate Next, freshly cracked cyclopentadiene (98 g, 1 48 mol, 1 13 equiv ) was added to the stirred and cooled 

solution and the irradiation was started Even with maximum cooling, the heat produced by the lamp caused the 

temperature to rise until a stable -25 CC was reached After 2 and 4 hours reaction time, fresh portions of 

cyclopentadiene (20 g, 0 30 mol, 0 23 equiv ) were added The reaction was stopped after 8 hours Stirring was 

continued overnight and the reaction mixture allowed to attain room temperature The reaction mixture was then 

filtered and the solvent removed under reduced pressure The residue was then dissolved in demi-water (400 ml) The 

aqueous solution was washed with toluene (4 χ 150 ml) The toluene solutions were extracted once each with demi-

water (100 ml) The aqueous solutions were then combined, treated with active carbon overnight at 5 °C, filtered over 

hyflo and the solvent removed under reduced pressure to yield crude 5 in 129 g as a purple slurry This unpunfied 

material was used as starting material for compound 6 
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Cyclopenl-2-ene-1,4-dwne (6) 

A solution of CrOj (129 g, 1 29 mol, 2 0 equiv ) and sulfuric acid (160 ml 95%) in demi-water (400 ml) was 

gradually added to a mechanically stirred and cooled (-15 °C) solution of crude 5 (65 0 g, 0 65 mol if pure) in 

dichloromethane (300 ml) over a period of 2 hours while keeping the temperature below -10 °C at all times Stirring at 

-15 °C was maintained for an additional 2 hours After the reaction mixture was allowed to gradually attain room 

temperature, the reaction was continued overnight The reaction mixture was next diluted with tetrachloromethane 

(250 ml) and demi-water (300 ml), transferred to a separatory funnel, shaken and the two phases allowed to separate 

The СН2СУСС14 solution was removed and the remaining aqueous solution extracted with CCI., (3 χ 200 ml) The 

CH;C12/CCI4 solutions were then combined, washed once with a 50% aqueous solution of NaHCO¡ (100 ml), dried on 

MgSCv filtered and the solvent carefully removed under reduced pressure to yield pure 6 in 15 0 g as a yellow solid 

This procedure was performed twice to convert all of crude 5 into pure 6 with a total yield of 23% over 3 steps, based 

on thiourea 

5-Hydroxy endo-lncyclo[5 2 1 02'"]-deca-4,8-dien-3-one (8) 

A solution of freshly cracked cyclopentadiene (45 0 g, 0 68 mol, 3 equiv ) in toluene (75 ml) was slowly 

added to a cooled (5 °C) and stirred solution of 6 (22 0 g, 0 23 mol, 1 equiv ) in toluene (200 ml) over a period of 2 

hours Stirring was continued for another 2 hours at 5 °C and next overnight at room temperature after which the 

reaction was complete The progress of the reaction was monitored by following the discoloration of the reaction 

mixture from transparent yellow (dissolved cyclopenten-l,4-dione 6) to turbid white (precipitated product 8) Next, 

the product mixture was cooled to 5 °C, filtered and washed with cold (5 °C) toluene (50 ml) The filtrate was then 

concentrated under reduced pressure to ca 50 ml and cooled to -18 °C to afford a second batch of product The 

combined yield of 8 was 33 8 g (0 21 mol, 91%) as an off-white powder 

5-Aceloxy endo-tncyc!o[5 2 1 02 °Jdeca-4 8-dien-3-one (9) 

A solution of acetyl chloride (17 1 ml, 0 24 mol, 1 2 equiv ) in dichloromethane (50 ml) was slowly added to 

a cooled (0 °C) and stirred solution of 8 (32 5 g, 0 20 mol, I equiv ), triethyl amme (30 5 ml, 0 22 mol, 1 1 equiv ) and 

a catalytic quantity of DMAP in dichloromethane (200 ml) over a period of 1 5 hours Stirring was continued for 

another 2 hours at room temperature The white tnethylammonium chloride precipitate was then filtered off and the 

resulting solution washed altematingly with a 0 Ι M aqueous solution of HCl (2 χ 50 ml) and a 50% aqueous solution 

of NaHCOj (2 χ 50 ml) The organic layer was then dried on MgS04, filtered and the solvent removed under reduced 

pressure Recrystallization from n-hexane / toluene = 4 1 afforded pure 9 in 37 6 g yield (0 184 mol, 92%) as 

colorless crystal plates 

4-Acetoxy pentacyclo[5 3 0 O2·5 03·9 04'8]decan-6-one (!) 

A stirred solution of 9 (14 1 g, 69 3 mmol) in methanol (600 ml) was irradiated using a Hanau immersion 

lamp (700 W, high pressure mercury arc) equipped with a cooling mantle (water flow) and pyrex filter, for 13 hours 

The reaction was monitored by GC and the irradiation stopped at maximum yield of 10 (ca 94%) The remaining 

material consisted of degradation products and exo-9 (ca 4%) After irradiation, the product mixture was concentrated 

under reduced pressure to ca 75 ml This solution was immediately used in the synthesis of 2 
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Tetracyclo[5 3 O O2·5 O4 s]decane-ì 9-dione (2) 

A solution of sodium methoxide (4 1 g, 75 8 mmol, 1 1 equiv ) in methanol (30 ml) was added dropwise to a 

cooled (0 °C) and stirred solution of i (14 0 g, 68 5 mmol, 1 equiv ) in methanol (50 ml) over a period of 15 min The 

reaction mixture was then stirred for another 1 hour Next, the methanol was removed under reduced pressure and the 

residue diluted with water (100 ml) The product was extracted with chloroform (4 χ 100 ml) The chloroform layers 

were then combined, dried on MgSO,,, filtered and concentrated under reduced pressure The crude product (light 

yellow tar) was then dissolved in 125 ml of warm n-hexane toluene = 1 0 1 Next, the solution was concentrated 

under reduced pressure to ca 50 ml and cold (0 °C) n-hexane (25 ml) was added The product was allowed to 

crystallize at -18 °C in the freezer for 2 days After filtration, 3 was obtained in 9 2 g yield (56 7 mmol, 82%) as an 

off-white, micro-crystalline material 

2: Μ ρ 159-161 °C 400 MHz 'H-NMR 6 2 07 & 2 12 (ABq, 2H, 2J=11 5 Hz, 2 χ H6), 2 39 A of ABq (dd, 

IH, 2J=I8 7 Hz, 'J-5 2 Hz, exo-Hw), 2 45 В of ABq (d, IH, 2J=18 7 Hz, endo-Hw), 2 80 (s[br], IH, H ! o r 7 ) , 2 88 - 2 96 

(m 3H, 3x CH), 3 16 - 3 22 (m, 2H, 2x CH) ppm 100 MHz "C-NMR δ 37 1/44 8/47 4/60 7/62 9/63 4 (d, 6x CH), 

37 4 (t, C6), 43 2 (t, C10), 199 0 (s, C3), 214 2 (s, C9) ppm IR (CCUNaCl-cells) ν 3020 - 2850 (m, C-Η, alif ), 1775 (s, 

C-O, c-butanone), 1750 (s, C O , c-pentanone) cm ' MS/ΕΙ m/e 162 (M\ 55%), 134 (M* - CO, 35%), 106 (M* - 2x 

CO, 18%), 91 (C7H,*, 72%), 66 (CSH6', 100%) HRMS/EI m/e Found 162 06787 ± 0 00077 (cale for C l 0H,0O, 

162 06808) 

General procedure for the synthesis oftetracyclo[4 4 0 0^ '" θ' °]decane-2[3] 7-dione (synfantil-10) 

Tetracyclo[5 3 0 0 2 5 O^decane-S^-dione 2 (162 - 405 mg, 1-25 mmol) was dissolved in a stirred solution 

of anhydrous sulfuric acid ([c]=0 25-5 0%) or oven-dried Lewis acid catalyst (0 05 equiv ) in dry ether (10 ml mmol ') 

at room temperature under an argon atmosphere (see Table 2 1) Stirring was continued until diketone 2 had been 

completely converted as mdicated by capillary GC The reaction mixture was then quenched and washed with a 50% 

aqueous solution of NaHCO, (2x 10 ml) The aqueous solutions were extracted each with Et20 (10 ml) The ether 

solutions were combined, dried on MgS04, filtered and the solvent removed under reduced pressure Purification of 

the crude product mixture by flash column chromatography (Silicagel 60H, л-hexane ethyl acetate ~ 3 1) resulted 

m the isolation of pure 10 (as an inseparable mixture of syn and anti) as a while, waxy solid The ratio ÍVM-JO anti-

10 was determined on a Hewlett-Packard 5790A gas Chromatograph using a semi-polar CPSil 19CB capillary column 

and a temperature program from 100 - 250 °C at 15 °C mm ', followed by 10 mm at 250 °C isothermal 

Typical spectroscopic and spectrometnc dala of a mixture of syn-U) anti-10 = 20 80 

400 MHz 'H-NMR δ 1 95 A of ABq (d, 0 2H syn, 2J=17 7 Hz, CH), 2 27 - 2 47 (m, 3 6H, anti & syn, Ci I), 

2 56 (s[br], 0 8H anti, CH), 2 73 (s[br], 0 2H syn, CH), 2 76 - 2 81 (m, 0 8H anti, CH), 2 82 - 2 85 (m, 0 8H anti 

CH), 2 85 - 2 88 (m, 0 8H anti CH), 2 92 (dd, 0 8H anti, 3J=7 4 & 4 3 Hz, CH), 3 00 (s[br], IH anti & syn, CH) 3 26 

(dt IH anil & syn, JJ,=8 0 Hz, 'Jd=3 9 Hz, CH) 100 MHz "C-NMR δ Ànti-i0 35 2/44 9/45 2/57 0/60 0/61 3 (d, 6x 

CH), 38 8/39 0 (t, 2x CH2), 202 7 (s C7=0) 211 8 (s, C,=0) Syn-10 33 3/47 3/48 0/58 4/58 9/61 3 (d 6x CH), 36 7 

(t C„), 45 7 (t, С,), 203 8 (s, C7 O), 213 6 (s C 2"0) IR (CCI./NaCl-cells) ν 3025 - 2860 (s, C-Η, alif ), 1780 (s, c-

butanone), 1760 (s, c-pentanone) cm ' MS/ΕΙ m/e 162 (M*, 33%), 134 (M* - CO, 23%), 120 (M* - CH2-CO, 15%), 

106 (M* - 2x CO, 15%), 91 (C7H/, 45%), 66 (C5H,,\ 34%), 55 (C,H,0\ 100%) 
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6-Oxatetracyclo[5 4 0 0^·^ 04^]undecane-5,l 1-dione (14) and its lactone isomers (15), (16) or (17) 

Following the general procedure for the synthesis of 10, diketone 2 (325 mg, 2 0 mmol) was dissolved in a 

solution of 0.5% H2S04 in Et20 (20 ml), after the complete conversion of 2 the reaction was continued for several 

days until the isomers of 10 had attained equilibrium. During this time period, the formation of a group of 4 similar 

byproducts (-47% yield, ratio =10 5 · 69 16) was observed by GC analysis Using the same work-up procedure as 

described for 10, followed by careful flash column chromatography (Silicagel 60H, л-hexane : ethyl acetate = 3 1) 

resulted in the isolation of the main byproduct 14 (39 mg, 92% purity, 10 0%) as a colorless oil. 

14· 400 MHz 'H-NMR. δ 1 90 A of ABq (d, IH, 2J=15.0 Hz, H„), 2 14 В of ABq (ddd, IH, 2J=15.0 Hz, 

>J=8 0 & 4.1 Hz, H3b), 2.25 (s, IH, CH), 2.26 (s, IH, CH), 2.44 (d, IH, 'J=5.4 Hz, CH), 2 47 (s[br], IH, CH), 2 75 

(s[br], IH, CH), 2.83 (s, IH, CH), 3 31 (t, IH, ]J=4.9 Hz, CH), 5 02 (dd, IH, 'J=7.8 & 5 0 Hz, OCH). 100 MHz "C-

NMR δ 34.00/36.59 (t, 2x CH2), 38 29/44 71/44 86/50.50/54.48 (d, 6x CH), 81 84 (d, OCH), 176.73 (s, -0(C=0)-), 

210 80 (s, C=0) IR (CCl/NaCl-cells) ν 3030 - 2900 (m, C-Η. alif ). 1777/1752 (s, C=0), 1182/1161 (s, C-0-) cm ' 

MS/El- m/e 178 (M+, 100%), 149 (M* - НСО, 4%), 134 (M' - С02, 19%), 106 (С,Н60*, 57%), 91 (С,Н7*, 80%), 79 

(С6Н7', 85%), 66 (С,Н6*, 65%) HRMS/E1 m/e Found: 178 06287 ± 0 00079 (cale for С,0Н | 0О5 178.06300). 

exo-2[3],exo-7-Diphenyl lelracyclo[4 4 0 O5^ 04'10]decane-2[3], 7-diol (syn[anti]-18) 

A commercial solution of 2 0 M phenyllithium in c-hexane / Et20 = 3 · 1 (0 80 ml, 1 60 mmol, 1.1 equiv.) 

was gradually added from a syringe to a cooled (-78 °C) and stirred solution of a mixture of дуя-12 and anti-\l (236 

mg, 1 45 mmol) in THF (20 ml) under an argon atmosphere The reaction mixture was stirred overnight while the 

temperature was allowed to slowly attain room temperature A second equivalent of phenyllithium solution (0.80 ml 

2 0 M) was next added from a syringe and stirring at room temperature was continued for 15 minutes after which the 

initially formed mono-phenyl products had completely reacted away as indicated by GC-analyses. The reaction 

mixture was then quenched with water and the major part of the solvent removed under reduced pressure The residue 

was diluted with CH2C12 (20 ml) and washed twice with a 50% aqueous solution of NaHCO, (10 ml) The aqueous 

solutions were extracted twice each with CH2C12 (10 ml). The CH2CI2 solutions were then combined, dried on MgS04, 

filtered and the solvent removed under reduced pressure. The crude product mixture was obtained in 286 mg as a light 

yellow, solid material containing ca 47% of bisphenyl products, as indicated by GC-analyses Purification by flash 

column chromatography (n-hexane / ethyl acetate = 3 • 1) resulted in the successful separation of anti-ii and ivn-lS 

Anli-iS was obtained in 56 mg (12%) as the faster eluting product and syn-]S was obtained in 34 mg (7.3%) as the 

slower eluting product. Both products were obtained as colorless crystalline materials. 

Anli-lS M.p 157 - 162.5 °C 400 MHz 'H-NMR δ 1 64 A of ABq (d, IH, 2J=13 4 Hz, H 2 o r J ) , 1 61 - 1 69 

(m, IH, CH), 1 77 E (s[br], IH, OH), 1 84 A of ABq (ddd, IH, 2J=12 5 Hz, 4=7 6 & 2 9 Hz, H J , 1 85 E (s[br], IH, 

OH), 2 35 В of ABq (dd, IH, 2J=13 4 Hz, 'J=5 9 Hz, H 2 o r J ), 2.36 В of ABq (d, IH, 4=12 5 Hz, Η№), 2.45 (s, IH, CH), 

2 55 - 2.63 (m, 4H, 4х CH), 2.87 (dt, IH, \=7J Hz, 3J,=4 9 Hz, CH), 7.29 - 7.41 (m, 6H, 2x ArH^, & 4x АтНтам), 

7 51 (d, 2H, 'J=7 6 Hz, 2x ArH„nh0), 7 62 (d, 2H, JJ=7.5 Hz, 2x ArHonho) 100 MHz "C-NMR: δ 28.6 (t, Cv), 

35 4/41 9/43 1/48 2/49 0/57 2 (d, 6x CH), 48 8 (t, C2 „ 3), 73.4/80.6 (s, 2x C-OH), 124.9(2x)/125.9(2x)/128 3(2x)/ 

128 5(2x) (d, 4x ArCorTho & 4x ArCmai), 126 7/127.3 (d, 2x ArCplrJ, 146 3/149.5 (s, 2x ArC l pJ. IR (CCl/KBr-disc). ν 

3580 (w, -OH, free), 3600 - 3140 (s[br], -OH), 3070 - 2835 (s, C-Η, alif), 1600/1580/1492 (w, C-Η, arom.), 768/ 

- 3 5 -



Chapter 2 

755/704 (s, C-Η, arom ) cm ' MS/CI+ m/e 318 (M*, 5%), 301 (M* - OH, 100%), 283 (M* - OH - H 20, 4%), 241 (M* 

- С6Н5, 16%), 223 (M* - C6HS - H 20, 7%), 198 (M* - С8НвО, 15%), 195 (M* - С7Н,0 - H20, 31%), 180 (M* - С8Н80 -

Η,Ο, 21%), 133 (С,Н,0*, 11%), 120 (С8Н„0\ 3 0%), 105 (С7Н50*, 19 0%) HRMS/EI m/e Found 318 16195 ± 

0 00091 (cale for С 2 2Н 2 20 2 318 16198) 

Syn-lS М р 192 - 204 5 °С 400 MHz 'H-NMR δ 1 61 E (s[br], IH, OH), 1 66 A of ABq (d, IH, 2J=13 7 

Hz, e*o-H2), l 68 A of ABq (ddd, IH, 2J=12 4 Hz, 5J=7 7 & 3 1 Hz, H,„), 1 79 E (s[br], IH, OH), 2 07 - 2 11 (m, IH, 

CH), 2 30 (d, IH, 2J-13 1 Hz, CH), 2 33 (s[br], IH, CH), 2 36 - 2 42 (m, IH, CH), 2 51 В of ABq (dd, IH, 2J=13 7 

Hz, 'J=5 4 Hz, endo-H2), 2 80 - 2 86 (m, IH, CH), 2 84 (s[br], IH, CH), 3 27 (t[ps], IH, 4=5 2 Hz, CH), 7 25 - 7 33 

(m, 2H, 2x ArHp„J, 7 35 - 7 43 (m, 4H, 4x ArHorlh0), 7 58 (d, 2H, JJ=7 5 Hz, 2x ArHm eJ, 7 65 (d, 2H, 3J-7 5 Hz, 2x 

ArHm„J 100MHznC-NMR δ 28 9 (t, C6), 38 9 (t, C10), 39 8/41 5/44 9/45 0/45 7/51 3 (d, 6x CH), 72 6 (s, C4), 82 2 

(s, Cs), 125 9(2x)/126 3(2x)/128 3(2x)/128 5(2x) (d, 4x ArCmc„ & 4x ArCorho), 127 2/127 3 (d, 2x АгСр,„), 146 7/ 

148 0 (s, 2x ArClp50) IR (KBr-disc) ν 3620 - ЗОЮ (s[br], -OH), 3010 - 2840 (s, C-Η, ahf ), 1600/1580/1493 (w, C-H, 

arom ), 765/598 (s, C-Η, arom ) cm ' MS/EI m/e 318 (M', 7%), 300 (M* - H 20, 22%), 213 (M* - С7Н,0, 3%), 198 

(M*, - С8Н80, 25%), 195 (M* - С7Н50 - Н20, 14%), 180 (M' - C8HsO - Н 20, 14%), 133 (С,Н90*, 50%), 120 (С8Н80*, 

2!%), 105 (С,Н,0\ 100%), 91 (С7Н/, 11%), 77 (С6Н,*, 34%), 55 (С3Н30', 21%), HRMS/EI m/e Found 318 16195 

±000091 (cale for С 2 2Н 2 20 2 318 16198) 

exo-10-Bromo tncyclo[5 2 1 04,8]decane-2,5(6)-dione (synfantil-19) 

Tetracyclo[5 3 0 0 2 S 04K]decane-3,9-dione 2 (350 mg, 2 16 mmol) was dissolved in a stirred solution of LiBr 

(1 43 g, 16 5 mmol, 7 6 equiv ) in 10 ml of 0 5% H2SO„ in Et20 under an inert argon atmosphere The reaction 

mixture was stirred at room temperature and the progress of reaction monitored by GC-analyses The conversion of 

diketone 2 via the intermediate rearrangement products syn-10 and anti-10 into several higher molecular weight 

products was complete after 3 days at which point the reaction was stopped The reaction mixture was quenched and 

washed twice with a 50% aqueous solutiom of NaHC03 (10 ml) The aqueous solutions were extracted with Et20 (3x 

10 ml) The ether solutions were then combined, dried on MgS04, filtered and the solvent removed under reduced 

pressure The crude product mixture was obtained in 379 mg as a light brown solid material Purification by flash 

column chromatography (silicagel 60H, n-hexane ethyl acetate = 3 1) resulted in the successful separation of syn-19 

and ОИІ/-19 The first isomer was obtained in 54 mg (10 3%) and the second isomer was obtained in 105 mg (20 0%), 

both as colorless crystalline material 

Syn-19 M p 1165 - 1185 °C 400 MHz 'H-NMR δ 231 A of ABq (d, IH, 2J=16 1 Hz, CH), 2 34 A of 

ABq (d, IH, 2J=20 1 Hz, CH), 2 50 - 2 60 (m, 3H, 3x CH), 2 74 A of ABq (ddd, IH, 2J=16 5 Hz, 3J=7 4 & 2 1 Hz, 

CH), 2 86 В of ABq (dd, IH, 2J=16 5 Hz, 3J=7 4 Hz, CH), 2 93 (q[ps], IH, 3J=5 8 Hz, CH), 3 14 (d, IH, 3J=4 7 Hz, 

CH), 3 50 (q[ps], IH, 'J=5 5 Hz, CH), 4 40 (dd, IH, 3J=7 4 Hz, "J=2 2 Hz, CHBr) 100 MHz '3C-NMR δ 37 0/38 0/ 

39 9 (t, 3x CH2), 41 8/42 6/49 2/50 6/67 1 (d, 5x CH), 206 0 (s, C2), 215 4 (s, C S o r 6) IR (ССШаСІ-cells) ν 3032 -

2880 (s, C-Η, ahf), 1770 (s, c-pentanone), 1735 (s, C=0), 1180 (s, С-Вг) cm ' MS/CI+ m/e 243/245 (Мн + 1, 

9%/8%), 163 (M* - Br, 100%), 135 (Ο,Η,,Ο*, 45%), 117 (C,H,\ 6%), 91 (C7H/, 12%) HRMS/CI m/e Found 

241 99417 ± 0 00092 (cale for C 1 0HnO 2"Br 241 99424) 
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Anti-19 Mp 107- 109 5 °C 400 MHz 'H-NMR 5 2 20 A of ABq (d, IH, 4=13 1 Hz, CH), 2 33 A of ABq 

(d, IH, 2J=19 5 Hz, CH), 2 41 A of ABq (d, IH, 2J=16 1 Hz, CH), 2 50 - 2 71 (m, 4H, 4x CH), 3 07 (d, IH, JJ=3 4 Hz, 

CH), 3 14 - 3 21 (m, IH, CH), 3 37 (l[ps], IH, JJ=8 3 Hz, CH), 3 76 (s, IH, CHBr) 100 MHz "C-NMR δ 

29 1/37 2/43 0(1, ЗхСН,), 40 6/41 9/51 1/55 1/62 3 (d, 5x CH), 208 0 (s, C2), 219 1 (s,C,„ 6) IR (CCL/NaCI-cells) ν 

3025 - 2880 (s, C-Η, alif ), 1772 (s, c-penlanone), 1732 (s, C=0), 1183 (s, C-Br) cm ' MS/CI+ m/e 243/245 (M' + 1, 

22%/21%), 163 (M* - Br, 100%), 135 (C,H,,0\ 52%), 117 (C,H,*, 8%), 91 (C7H,\ 13%) HRMS/E1 m/e Found 

241 99417 ± 0 00092 (cale forC,uH,,02

7'Br 241 99424) 
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Chapter 3 

Carbonucleophilic Additions to 

Tetracyclo[5.3.0.02,5.04'8]decane-3,9-dione 

3.1 Introduction 

The reactivity of alicyclic compounds is generally significantly affected by their strain 

energy. The amount of strain energy is strongly dependent on the molecular framework but basi

cally varies with the ringsize of the cyclanes (Table 3.1). The concept of 'strain energy' was first 

introduced by von Baeyer in 1885'. In his postulate, the 'Spannung' or 'Angle Strain' of ring sys

tems is related to the deviation of their bond angles from the ideal tetrahedral bond angle of 109° 

28' (sp1 hybridization). This concept of angle strain has been revised and fine-tuned over the years. 

Currently, it is generally accepted that strain is best defined as the excess of observed over calcu

lated heat of formation of the cyclane (Table 3.1)2. Furthermore, the total ring strain present in 

cyclanes is not limited to simple angle strain but distributed over several contributions, such as 

angle strain, bond strain, torsional strain, Pitzer strain (eclipsing interactions) and van der Waals 

compression. 

Table 3.1: Strain energy in small and common cyclanes per CH2 group 

von Baeyer 'angle strain' ы 

strain energy (kJ.mol1) ^ 

Δ 
29° 44' 
38.39 

D 
9° 44' 
27.55 

О 
0°44' 
5.19 

0 
-5° 16' 

0.08 
(a) 'Angle strain' by von Baeyer is defined as deviation of observed angle from ideal (tetrahedral) angle equally 
divided between the two flanking ring bonds. 
(b) Gas phase values Derived from TRC Thermodynamic Tables 1991, 1960 

In 1951, Brown3 proposed the concept of 'I-strain' (for internal strain) for strain energy 

changes in rings caused by changes from sp2 to sp3 hybridization. Such a hybridization change may 

occur during functional group transformations executed on the cyclic system. The I-strain concept 
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explains the remarkably high intrinsic reactivity of small-nng alkanones (3 and 4 membered rings) 

in hydride reduction and organometallic addition reactions'1 The sp2 to sp3 hybridization change at 

the reacting carbonyl center as the result of nucleophilic addition leads to a considerable decrease 

in ring bond angle in the transition state, viz from about 120° to 109° In cyclopropane and 

cyclobutane with angles of 60° and 90°, respectively5, it is clear that the aforementioned changes 

in bond angles will lead to a considerable release of ring strain and therefore promote nucleophilic 

additions to these cyclic ketones I-strain is less predictive in the case of 5- and 6-membered 

alicyclic ketones where the angle strain contribution is relatively low In these ring systems the 

hybridization change during the reaction causes little angle strain release but instead leads to a 

significant increase in eclipsing strain This effect even causes the modestly strained cyclo-

pentanone to be more reluctant to sodium borohydnde reduction than the practically unstrained 

cyclohexanone (Table 3 2) 

Table 3.2: Rates of reduction of cyclanones with sodium borohydnde00 

Ring-size k(10"4mol's ') 

4 264 

5 701 

6 161 

7 1 02 

8 0 0781 

9 0 0316 

10 00132 

(«-hexyl)2C=0 ω 0 454 

(a) In propan-2-ol at 0 °C (b) Reference substrate 

An estimation of the reactivity of cycloalkanones in nucleophilic addition reactions becom

es progressively difficult when substituents are present or when the structure becomes more com

plex as in polycyclic compounds With the introduction of substituents, the facial symmetry 

around the sp2 hybridization plane of the ketone is usually lost and a preference for either axial or 

equatorial addition of the nucleophile on the carbonyl group is observed6 Intramolecular stenc 

shielding of one of the carbonyl faces is but one, and often the easiest to interpret, of the possible 

factors influencing carbonyl reactivity in complex alicyclic ketones Electronic through-bond 

interactions (TBI) and through-space interactions (TSI) affecting carbonyl reactivity arc also fre

quently encountered They are often cause for debate on their nature and mode of operation An 

illustrative example of the implications of through-bond interaction on the facial selectivity of 

carbonyl additions is shown in Figure 3 1 The stereoselectivity of carbonyl addition in 5-
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substituted adamantanone appeared critically dependent on the electronic nature of the substituent. 

Steric interaction of the incoming nucleophile with this C5-substituent is negligible as its position 

is too distant from the reaction center. 

Figure 3.1 

Favored T.S for 
electron withdrawing X 

syn-addition 

Favored Τ S for 
electron donating X 

anf/-addition 

The observed stereoselectivity can be rationalized by applying Cieplak's hypothesis7. In 

this approach, facial discrimination arises from differences in hyperconjugative stabilization of the 

incipient σ*-orbital, created by the incoming nucleophile R, with suitably aligned σ-bonds 

between the ß-C and γ-C atoms in the transition state. The extent of hyperconjugation depends on 

the electron donating ability of these σ-bonds. The inductive effect exerted by substituent X on 

these σ-bonds can thus result in a favored ^«-addition for electron-withdrawing substituents and 

аяГ/'-addition for electron-donating substituents. 

Electronic through-space interactions are believed to affect the carbonyl reactivity of tetra

cyclic ketone l8. Both IR and UV data suggest orbital interaction between the olefin and carbonyl 

π-system in which the olefinic moiety donates electron density to the electron-deficient carbonyl 

carbon atom. The effect of such an orbital interaction should be reflected by the reactivity of the 

cyclobutanone carbonyl moiety in nucleophilic addition reactions. Also the nature of the reagent 

can play an important role in the outcome of a reaction. This is typically exemplified by the 

reaction shown in Scheme 3.1. Whereas the reaction of organolithium reagents smoothly yielded 

the expected endo-alcohols, Grignard reagents did not give any addition product but instead led to 

Scheme 3.1 

Alkylation 

RLi 

THF, r t 

HO 

Rearrangement 

RMgX 

THF, r t 
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skeletal rearrangement This peculiar reaction is thought to be induced by coordination of the 

Gngnard complex to the carbonyl oxygen atom, thereby initiating a cationic rearrangement 

The entirely different reaction patterns observed for the reaction of the 

two organometalhc reagents with enone 1 raises the question whether a similar 

reactivity may be expected for tetracyclo[5 3 0 025 048]decane-3,9-dione 2, 

which does not contain an olefinic π-system but a transannularly positioned О _ u 

ketone function As indicated previously in chapter 2, the through-space 

electronic influence of the cyclopentanone carbonyl moiety in 2 may lead to an increased electro-

philicity at the carbonyl carbon atom of the cyclobutanone moiety If this is true then nucleophilic 

addition to the cyclobutanone function should now be facilitated and no cationic rearrangement 

would be expected 

It should be noted however that the study of the reactivity of the cyclobutanone ketone 

moiety in 2 toward nucleophilic organometalhc addition may be complicated by the presence of a 

second non-identical carbonyl group Structure 2 contains a cyclobutanone and a cyclopentanone 

ring system contained in a near symmetric and rigid framework This makes a study of the 

regioselectivity of nucleophilic additions to this diketone 2 particularly interesting Furthermore, 

1,2-addition at either carbonyl function may lead to the formation of oxa-cage structures by 

transannular addition of the initially formed еяг/o-alcoholate with the remaining ketone function 

The proficiency of such a cyclization will depend on structural features such as the transannular 

distance between the just mentioned enJo-alcoholate and the remaining free carbonyl group and 

their mutual orientation Alternatively, a second addition step may take place at the remaining 

carbonyl moiety to yield interesting diols In this chapter all these aspects of organometalhc 

nucleophilic addition to tetracyclo[5 3 О О2 5 0" 8]decane-3,9-dione 2 will be described 

3.2 Mono-addition Reactions of Tetracyclo[5.3.0.02'\04'8]decane-3,9-dione 

3 2] Addition of Organohthium Reagents 

The nucleophilic addition of organohthio compounds to tetracyclo[5 3 0 O25 0"8]decane-

3,9-dione 2 was the first reaction studied It is relevant to mention that addition of such reagents to 

enone 1 followed a normal course and did not lead to any rearrangement In view of conceivable 

bis-addition to the tetracyclic diketone, a standard procedure was developed involving the gradual 
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addition of one equivalent of organolithium reagent from a synnge to a stirred and cooled solution 

of 2 in dry THF under an argon atmosphere The progress of the reaction was followed by moni

toring the disappearance of 2 by TLC and GC analysis After complete conversion was achieved, 

the reaction mixture was quenched with water and the products analyzed after work-up and purifi

cation All organohthio compounds used reacted fast with diketone 2 at -78 °C to give complete 

conversion within 10 minutes In all cases a mixture of two isomeric mono-addition products was 

obtained 

scheme 3.2 

Я і e q u i v R L | , У-/ + y^-/ 

THF-78-C R_£3_OH H0-O- R 

о о ° о 
2 За-7а ЗЬ - 7Ь 

Table 3.3: Mono-addition of organolithium reagents to 2 -R 

-CH3 

и-С4Н9 

j-C 4 H 9 

f-C4H9 

-C.H, 

с у (%) 

crude (a> 

81 

93 

78 

52 

78 

с у (%) 

purified 

50 
61 

44 

35 

77 

Ratio (%) 

a b 

70 30 
72 28 

39 61 

38 62 

80 20 

(a) Isolated crude yield corrected for GC-punty 

Spectral evidence, in particular derived from IR and '3C-NMR spectroscopic data, showed 

the exclusive formation of mono-alkylated products and the occurrence of a hemi-acetal moiety 

No carbonyl signals could be detected in either spectra On the basis of spectral data and 

mechanistic considerations structures 3-7a and 3-7b were assigned to these products (Scheme 3 2/ 

Table 3 3) Products 3-7a and 3-7b were formed via a two-step process After initial «co-addition 

of the organolithium reagent at either the cyclobutanone or cyclopentanone carbonyl function, the 

resulting ewfo-alcoholate ion is positioned close enough to the remaining free carbonyl group to 

give a subsequent addition reaction Such an intramolecular ring closure then leads to the hemi-

acetal structures 3-7a and 3-7b after quenching with aqueous mineral acid (Scheme 3 3) The fact 

that the intermediate 'open' keto alcohols 3-7c and 3-7d have never been observed or isolated in 

these addition reactions proves that this intramolecular ring closure is a highly favorable process 

Indeed, calculated strain energies using MM2 and heats of formation using AMI methods, for 

hemi-acetals a and b and emfo-alcohols с and d confirmed that the 'ring closed' products are 
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thermodynamically more stable by several kcals and that the free energies of activation for 

intramolecular ring closure of the endo-alcoholate ions is only 2 kcals at most. 

Scheme 3.3 

fHV 

*o ^ o 

r 

R — 

4 

Q Q Ί 
^ 3 - ° H + H O - 0 - R 

^ о ^o 
3a-7a 3b-7b 

Hemi-ketal products 
Sole products isolated л 

H 3 0 + 

HO 

3d-7d 

keto endo-alcohol Products 
Not observed 

Initially, the elucidation of the molecular structures of the products 3-7a and 3-7b and 

assignments of the correct structure to each of the isomers a and b posed a problem. In spite of the 

excellent separation of all products 3 - 7 by capillary gas chromatography, only phenyl adducts 7a 

and 7b could be separated by flash column chromatography. Fortunately, it was possible to 

separate the acetates of the methyl adducts 3a and 3b by careful column chromatography (see 

experimental). The GC-MS, IR and hf-NMR spectra of the purified product mixtures 4 - 6 were 

too complex to unambiguously establish the structures of the products and to determine which 

isomer had been formed predominantly. The same holds for the separated phenyl adducts 7a and 

7b and the acetates of methyl adducts 3a and 3b. Their spectral data were inconclusive due to the 

lack of unique, interpretable signals. Fortunately, the pure phenyl adducts were both crystalline 

compounds. Recrystallization of the major isomer from и-hexane / chloroform = 3 . 1 provided 

single crystals suitable for X-ray diffraction analysis, which showed that this isomer is the 

cyclopentanone addition product 7a (Figure 3.2). 
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Figure 3.2: PLUTON representation of the crystal structure of major phenyl adduct 7a 

This unambiguous assignment of structure 7a to the major phenyl isomer allowed the com

plete unraveling of the l3C-NMR spectra of both isomers of 7. Using chemical shift correlations of 

the R-C-O and O-C-0 signals and their relative intensity differences in the ''C-NMR spectra, it 

was possible to assign the correct structures to 3a and 3b and to the components in the mixtures 4 -

6 (see Table 3.4). 

Table 3.4: '3C-NMR chemical shifts for R-C-0 and O-C-0 in mono-adducts a and b. 

"J">°" но j~>« 
о о 

3 
4 
5 

6 

7 

R 

-CH3 

w-C4H9 

5-C 4H 9 

/-C,H, 
-с6н5 

Cyclopentanone adduct a 
δ R-C|0-O δ O-C.-O 

88.3 104.1 major 
91.5 104.0 major 

95.2 104.0 minor 

97.6 104.1 minor 

91.4 104.4 major 

Cyclobutanone adduct b 
δ O-C.o-O δ R-C.-O 

114.3 83.8 minor 

114.1 86.7 minor 

113.8 90.2 major 

113.1 92.5 major 

114.3 87.1 minor 

Surprisingly, the product ratios as collated in Table 3.3 show the opposite trend of what 

was initially expected. Despite the anticipated higher intrinsic reactivity of the cyclobutyl carbonyl 

group, the smaller nucleophiles, such as methyllithium and w-butyllithium, show a clear preference 
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for cyclopentanone addition whereas the stencally more demanding organolithium reagents, viz s-

and /-butylhthium, lead to predominant cyclobutanone addition This observation leads to the 

tentative conclusion that there may be a considerably higher stenc shielding around the cyclo

butanone carbonyl group in comparison with the cyclopentanone carbonyl group This facilitates 

the addition of the smaller alkylhthio reagents at the latter site A similar explanation has been 

proposed' as one of possible reasons for the observed low reactivity of the cyclobutanone carbonyl 

function to nucleophilic additions in enone system І Molecular modeling indicates that the 

methine hydrogen at C5, as the result of the geometrically enforced puckered conformation of the 

cyclobutyl ring, is located above the exo-face of the carbonyl just in the preferred trajectory of the 

incoming nucleophile This leads to stenc interaction between hydrogen atom H5 and the incoming 

nucleophile and hence to a lower reaction rate In contrast, methine hydrogen H7 in the cyclo

pentanone ring exerts less hindrance with regard to nucleophilic addition to the cyclopentanone 

ketone and therefore only stencally more demanding nucleophiles will experience stenc 

encumbrance If this hypothesis is correct an even more selective addition to the cyclopentanone 

carbonyl function of 2 may be expected when the stenc volume of the organohthio nucleophiles is 

increased However, this is not observed at all In contrast however, a reversal of selectivity is 

observed when the stencally demanding i-butylhthium and /-butyllithium compounds are applied 

(Table 3 3, Scheme 3 3) 

Scheme 3.4 

О 
6a 20% 

OH HO 
О 

6b 32% 

9a ca 8% 
secured by X-Ray analysis 
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A clue how to explain this unexpected selectivity was provided by the observation that, 

four other products besides 6a and 6b were formed in relatively low yields during the addition of t-

butyllithium to 2. After elaborate separation and purification, these products could be identified as 

8a, 8b. 9a and 9b, respectively (Scheme 3.4). Although not isolated, similar products in lower 

yields were also detected for the reaction of j-butyllithium with 2. However, no such products 

were observed for the other organolithio additions to 2. 

Structures 8a and 8b, both of them present in the reaction mixture in about 1%, were secur

ed by GC-MS analysis and independent synthesis (see Chapter 3.3). These structures resemble the 

mono-addition products 6a and 6b but lack the /-butyl group. Instead, a hydrogen atom is intro

duced at that position, therefore these acetáis 8a and 8b are essentially the reduced products of 2, 

formed by reduction of either the cyclobutanone or cyclopentanone carbonyl function. Scrutinizing 

residual fractions obtained during flash column chromatography revealed that also two dimerized 

compounds 9a and 9b had been produced, each in ca. 8% yield. After slow-diffusion crystalliza

tion from и-hexane / chloroform, pure crystals of one of the compounds 9 were obtained which 

were subjected to an X-ray diffraction analysis. Structure 9a was ascertained in this way (Figure 

3.3). As the NMR-spectra clearly indicated a close structural relationship between the dimers 9a 

and 9b, structure 9b could be deduced unequivocally from 13C-NMR chemical shift correlations in 

a similar way as described earlier for structures 3-7a and 3-7b. 

Figure 3.3: PLUTON representation of the crystal structure of dimer 9a 
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The formation of the reduction products 8a and 8b presents strong evidence for the 

pronounced stenc shielding of both the cyclobutanone and cyclopentanone carbonyl moieties in 2 

towards nucleophihc additions As these structures 8 are essentially the products of hydride addi

tion to either carbonyl function in 2 and no specific hydride donating reagents are present in the 

reaction mixture, hydride donation must be the result of intramolecular ß-hydride transfer from the 

s- or f-butyl group in the organohthium reagent to the carbonyl carbon Such a hydride transfer is 

generally only encountered when stenc or electronic restrictions prevent or disfavor a fast nucleo

phihc addition Complexation of the organometallic reagent with the carbonyl oxygen atom then 

leads to ß-hydnde transfer via a six-membered cyclic transition state' 

The formation of dimenc products 9a and 9b adds to the validity of stenc approach control 

as the main factor in controlling the regioselectivity in the addition of organohthium reagents to 2 

In those cases where nucleophihc addition is considerably hampered, reaction involving the 

enolate 10 derived from 2, becomes competitive (Scheme 3 5) This enolate 10 can react in a aldol-

type self-condensation reaction with diketone 2 to form a diastereomenc mixture of lithium 

alcoholates 11a and l ib which most probably equilibrates with the corresponding hemi-actal 

anions 12a and 12b Subsequent nucleophihc addition of/-butyllithium to the cyclobutanone ring 

moiety in 12 leads, after aqueous quenching, to the products 9a and 9b It is obvious that reaction 

of Nbutylhthium with the cyclopentanone ring in 12 is not possible due to the severe stenc 

congestion around this carbonyl group Interestingly, no dimenc products derived from the 

addition of enolate 10 to the cyclopentanone ketone function are observed The reason for this is 

not entirely understood as yet, probably the cyclobutanone is more susceptible to nucleophihc 

addition than the cyclopentanone moiety when the bulky enolate nucleophile is used (see Table 

3 3) Aldol-type self-condensation of polycyclanones, such as 2, under strong basic conditions is 

not unique and has been reported previously for norbornanone- and norbornenone-type 

compounds10 The formation of 6b takes place by addition of/-butylhthium to the cyclobutanone 

unit of 2 in the usual fashion 
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Scheme 3.5 

и о 
10 

1 equiv f-BuLi 

THF, -78 °C 

self-condensation 

i 

S L i S 0 

9a 

< / V < V 1 t t о 

* ΘΛ-

í-BuLi 

HO-

tafter quenching) 

HO-

6b favored product 

9b 

In order to shed more light on the involvement of the enolate 10 in these reactions of 2, this 

dione was subjected to treatment with lithium diisopropylamide as a strong, non-nucleophilic base, 

followed by addition of methyllithium. The role of LDA is to effect enolate formation of the 

cyclopentanone and thus blocking the reaction of methyllithium with the cyclopentanone carbonyl 

group (Scheme 3.6). 

The experimental procedure involves the addition of one equivalent of diketone 2 to a 

freshly prepared solution of LDA in THF. After stirring this mixture for 30 minutes, one 
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equivalent of a methyllithium solution in THF was gradually added (Scheme 3.6) The progress of 

the reaction was monitored using TLC and GC analysis. The reaction was performed with different 

amounts of LDA in order to study the dependency of product selectivity on the concentration of 

base. The results of the LDA mediated methylation of 2 are collected in Table 3.5. 

Scheme 3.6 

LDA 
THF, -78 °C 

и о 

CH,Li 
^ — • 

H3C OH 

о 
За 

Table 3.5: Influence of LDA on the product ratio of 3 

entry LDA (equiv.) Rxn. time 

(min) 

с у . (%) 

НО CH, 

3_b 
favored product 

ratio (%) 

3a :3b 

1 

2 

3 

4 

5 

0 

0.5 

1 

2 

4 

5 

5 

10 

15 

60 

81 

82 

83 

60 

0 

70 

47 

32 

25 

30 

53 

68 

75 
(I) 

(1) No alkylation was observed under these conditions. Diketone 2 was recovered in 80% yield 

The effect of the amount of added base on the product distribution is immediately apparent 

from the observed shift in isomeric ratio 3a : 3b. The turn-over point at which cyclobutanone 

addition starts to prevail is already reached when 0.5 equivalents of LDA is employed. The relative 

amount of 3b continued to increase until a ratio of 1 : 3 was reached when two equivalents of LDA 

were applied. At this point the chemical yield of adducts 3 had dropped to 60% and substantial 

amounts of unidentified byproducts were observed. Most surprisingly, the use of more than 2 

quantities of LDA (see entry 5) resulted in nearly complete recovery of 2. Even the addition of an 

extra equivalent of methyllithium reagent did not lead to any reaction. These experiments are 

reproducible, so there is no artifact. This puzzling result cannot adequately be explained as yet. 

The behavior of phenyllithium in these addition reactions deserves some extra comment 

(Table 3.3). This lithium reagent shows a clear preference for reaction with the cyclopentanone 

moiety. This may be attributed to the modest steric effect exerted by phenyllithium due to its flat 

structure. Accordingly, the preference of attack is similar to that of the small organolithium rea

gents, viz. methyllithium and и-butyllithium. 

- 5 0 -



Carbonucleophilic Additions to Tetracyclo[5.3.0.tf'.O4'jdecane-3,9-dione. 

In conclusion, the product ratios as observed for the addition of one equivalent of various 

organohthium reagents to tetracyclic diketone 2 can be satisfactorily explained by stenc approach 

control Although the cyclobutanone carbonyl function is intrinsically more reactive than the 

cyclopentanone carbonyl function, stenc interference of bridgehead hydrogen H5 hampers organo

hthium addition to the cyclobutanone moiety By increasing the bulkiness of the organolithium 

reagent, addition to both carbonyl groups in 2 is retarded to such an extent that competitive 

reactions involving the enolate 10 can take place, viz aldol-type condensation reactions 

3 2 2 Addition of Grignard Reagents 

The reactivity of tetracyclic diketone 2 with Grignard reagents was studied next As was 

mentioned in the introduction (Section 3 1) tetracyclic enone 1 does not undergo a Grignard 

addition reaction but instead undergoes a fast skeletal rearrangement A comparison of the 

chemical behavior of this enone 1 and dione 2 towards Grignard reagents is therefore appropriate 

The experimental procedute used for the reaction of 2 with Grignard reagents was the same as that 

used for the organolithium addition (Section 3 2 1) Three different Grignard reagents were tested 

in reaction with 2 The results are summarized in Scheme 3 7/Table 3 6 

Scheme 3.7 

Я 1 equiv RMgX> V w / + Vw/ 

THF-78'C R_^y0H H o ^ f ^ R 
О о о ° 

2 За, 7а. 13а ЗЬ 7b 13Ь 
Table 3.6: Mono-addition of Grignard reagents to 2 

Product 

3 
7 

13 

-R 

-CH3 

-с6н5 
-CH=CHj 

-X 

-I 
-CI 
-Br 

с у (%) 
crude 

67 
— 

— 

су (%) 
purified 

49 
84 
41 

ratio (%) 
â b 

59 41 
64 36 
67 33 

It is important to note that in none of the cases any product was detected that would point to 

a rearrangement reaction similar to that observed for I Only addition products were obtained, 

albeit in strongly varying yields In the case of methyl adducts 3 and particularly vinyl adducts 13, 

a considerable loss of material had to be accepted during work-up although both TLC and GC 
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analysis suggested a very clean conversion of 2 into the mono-addition products. The structures of 

the addition products are identical to those obtained in the organolithium addition reactions. The 

ratios observed for cyclopentanone versus cyclobutanone addition in the Grignard reaction are 

somewhat lower than in the corresponding organolithium cases although for vinylmagnesium 

bromide no comparison could be made. 

The series of organometallics in the reaction with 2 was extended to the relatively son 

dimethylcopperlithium and methylmanganese iodide. In both cases, the total yields of addition 

products and the observed regioselectivity were about the same as those obtained for reactions 

with methyllithium and methylmagnesium iodide. The methylmanganate reagent does not react at 

-78 °C but does so at 0 °C within half an hour to give results similar to the other organometallics 

studied. It is noteworthy that in spite of the clear difference in nature of the organocopper' ' and 

organomanganese12 reagents, there is almost no effect on the product formation. 

Table 3.7: Effect of metal ion on mono-methylation of 2 

entry 

1 
2 

3 

4 

reagent 

CHjLi 
CHjMgl 

(CH3)2CuLi 

CH3MnI(1) 

c.y. (%) 
crude 

81 
67 

74 

47 

c.y. (%) 
purified 

50 
49 

55 

40 

ratio 
3a:3b 

70:30 
59:41 

74:26 

74:26 

(1) Performed in Et20 at 0 °C instead of THF at -78 °C 

The absence of any rearrangement of tetracyclic dione 2 in the presence of Grignard rea

gents shows the influence of the olefinic bond in tetracyclic enone 1. Replacement of this olefinic 

π-system by a carbonyl π-system apparently changes the electronic features of the cyclobutanone 

carbonyl function in such a way that the organomagnesium reagents are too weak Lewis acids to 

enforce such a cyclobutyl - cyclopropyl carbinyl rearrangement in 2 prior to nucleophilic addition. 

This result is illustrative for the chemical sensitivity of these strained half-cage compounds to 

changes of their structural features. 

3.3 Hydride Reductions of Tetracyclo[5.3.0.02's.04'8]decane-3,9-dione 

The hydride reduction of 2 using various hydride reagents was also investigated. Again the 

question of regioselectivity is the main issue. In view of the results reported above for organo

metallics the formation of hemi-ketals 8a and 8b was expected (Scheme 3.8; Chapter 3.2.1). 
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Scheme 3.8 

'Hydride' 

OH HO 
О 

8a 

О 

8b 

The reduction of the related Cookson diketone 14 with excess lithium aluminum hydride 

has been shown to produce the endo,endo-d\o\ 16n, most probably via the open intermediate IS14, 

However, Marchand et al." claimed the intermediacy of the closed hemi-ketal 18 in the reduction 

of the polysubstituted analog 17 with lithium aluminum hydride (scheme 3.9). The full conversion 

of diketone 14 into endo.endo-diol 16 took 12 hours, while 48 hours were needed for the complete 

double reduction of 17 to 19. 

Scheme 3.9 

xs LiAIH4 

Et20, r t 

14 

О О 
H H 

16 

19 

These literature reports suggested the addition of an excess of lithium aluminum hydride 

for these reductions. Thus, a 4-fold excess of LiAlH4 in tetrahydrofuran at room temperature was 

used and the reactions were monitored by TLC and GC methods. Ал unexpectedly rapid reduction 

was observed. Complete conversion of 2 to a single compound was observed 10 minutes after 

addition of dione 2 to a stirred slurry of LiAlH4 in THF. This product, which was isolated in 80% 

yield, was identified as endo,endo-dio\ 20. No mono-reduced hemi-acetals 8 were detected. 

Evidently, under these conditions both carbonyl functions have been reduced with complete 
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stereoselectivity (Scheme 3.10). The observed exo-selectivity of both hydride reduction steps, 

leading to endo,endo-dio\s, results from the structurally enforced proximity of the two carbonyl 

moieties m this half-cage compound. The short interatomic distance between the carbonyl groups 

does not allow an incoming nucleophile to attack a carbonyl group from the еи^о-side. A similar 

effect was observed for the Cookson diketones {vide supra). 

Scheme 3.10 

xs LiAIH4 0 0 

THF, r t 

1 equiv LiAI(Of-Bu)3H 

THF, -78 °C 

H H 

20 

xs LiAI(Of-Bu)3H 

THF, r t 

Lithium-tris-r-butoxy-aluminurn hydride was then taken as reducing reagent in order to 

establish the possible intermediacy of hemi-acetals 8 in this reduction. Reduction of 2 with 1 

equivalent of a freshly prepared solution of LiAl(0/-Bu)3H in THF at -78 °C indeed led to the for

mation of a 1 : 3 mixture of hemi-ketals 8a and 8b, respectively, in nearly quantitative yield. No 

significant amounts of diol 20 were detected. The observed preference for reduction of the cyclo-

butyl carbonyl group is surprising as for this seemingly bulky reagent steric approach control as 

proposed for the reactions with organometallics (Chapter 3.2) would have predicted an opposite 

result. However, it should be noted that in 1,2-addition reactions the steric size of hydride reagents 

as compared with organometallic reagents is smaller16. Alternatively, it may be possible that in 

these reductions the regiochemistry is governed more by the intrinsic reactivity of the respective 

carbonyl groups than by steric approach control. This difference in behavior between the two types 

of reagents, ; e organometallics and reducing hydrides, may be attributed to subtle differences in 

the respective transition states of an alkyl and hydride transfer, respectively. Therefore, it may well 
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be so that the first mentioned organometallics are more sensitive to stenc effects than the last-

mentioned metal hydrides. 

When a mixture of 8a and 8b was subjected to an excess of LiAl(Or-Bu),H at room 

temperature, complete conversion into diol 20 was observed. Although this stepwise reduction of 2 

by LiAl(0/-Bu),H to 20 does not entirely exclude the direct double reduction of 2 by LiAlH4, it 

strongly suggests that the 'closed' hemi-ketal anions 22 are in equilibrium with the initially formed 

but thermodynamically less stable 'open' keto em/o-alcoholates 21, since the second reduction step 

can only take place when a free carbonyl moiety is available (Scheme 3.11). The amount of keto 

tWo-alcoholate 21 must be low since these 'open' keto alcohols have never been observed or 

isolated. 

/ © • 
О H3AIO ©Li 

© L l 21b 

Possible intermediate structures 

22b 

23 

©AIH3 ΘΑΙΗ3 

0 L ' © L l 

aqueous 
work-up 

To further substantiate the proposed intermediate structures 8a and 8b in the reduction of 2 

with excess LiAlH4, this reaction was repeated under carefully controlled conditions. The amount 

of L1AIH4 was reduced to 0.5 equivalents and the temperature was lowered to -78 °C. The use of 

0.5 equivalents of this metal hydride theoretically allows for the complete reduction of diketone 2 

to diol 20 '7. However, as the reduction proceeds, the reactivity of the remaining metal hydride 

complex will decrease considerably because of replacement of the hydride on the aluminum by a 

molecule of reduced tetracyclic alcohólate. Hence, the formation of mono-reduced intermediates 8 
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may be expected, certainly at -78 °C Indeed, under these conditions compounds 8a and 8b were 

obtained in high yield, admixed with about 10% of diol 20 as a minor byproduct (Scheme 3 12 / 

Table 3 8) 

Scheme 3.12 
5 

'Hydride' 

THF -78 °C 
H 

Table 3.8: Mono-reduction of dione 2 with metal hydride reagents 

entry 'Hydride' 

1 LiAlH4 

2 LiAl(Or-Bu)3H 

3 K(s-Bu)3BH 

Equiv с y (%) ratio (%) 
isolated 8a 8b 

0 5 74 20 80 
1 75 25 75 
1 75 26 74 

Again, a preference for cyclobutanone reduction is found but there is no significant differ

ence in ratio as compared with the more bulky LiAl(Oi-Bu)3H Also, the nature of the metal 

hydride reagent is not of great importance as reduction with K-Selectnde® gave the same ratio for 

8a and 8b under identical reaction conditions Apparently, stenc effects do not play a significant 

role in determining the regiochemistry of these hydride reductions of 2 which supports the 

suggestion that the regiochemistry is probably governed by the intrinsic higher reactivity of the 

cyclobutanone carbonyl group as compared with the cyclopentanone carbonyl group rather than by 

stenc approach control 

The structures of tetracyclic hemi-ketals 8a and 8b and diol 20 were unequivocally esta

blished by 'H-NMR spectroscopy Although the mixtures of 8a and 8b were inseparable by 

column chromatography, assignment of the respective structures was simplified by the presence of 

the newly introduced hydrogens In the 'H-NMR spectrum of the mixture of mono-reduced 8, the 

signal of H,0 in isomer 8a '\ resulting from cyclopentanone reduction, appears as a symmetrical 

multiplet of five lines at 4 60 ppm This pattern arises from vicinal couplings of H10 with H„ exo-

H9 and endo-Yl9 Hydrogen H, in isomer 8b, resulting from cyclobutanone reduction, appears as a 

narrow triplet at 4 52 ppm as a result of equal vicinal coupling with H2 and H7 on which a 

hyperfine coupling with H6 is superimposed Since there is no overlap of these resonance patterns 

in the 400 MHz 'H-NMR spectrum, the ratio of 8a and 8b could be directly determined from the 

integrated signals and correlated well with the ratios determined by gas chromatographic analyses 
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The structure of endo.endo-diol 20 followed directly from its 'H-NMR spectrum which is 

almost identical to those of hemi-acetals 8. The chemical shift value for H9 in 20 was observed at 

4.70 ppm, nearly at the same position as for H,„ in 8a. The position of H3 in diol 20 however, was 

shifted upfield with respect to H, in 8b and observed at 4.08 ppm. 

In conclusion, the reduction of tetracyclic dione 2 shows an appreciable regioselectivity 

towards cyclobutanone reduction. This regioselectivity is not significantly affected by the steric 

and electronic nature of the metal hydride. This study also revealed that the use of an excess of 

hydride reagent leads to further reduction of the intermediate hemi-ketals to form the endo,endo-

diol 20 in high yield. This diol 20 is an interesting compound to explore further as it contains two 

rigidly constrained ew/o-hydroxyl groups in close proximity. Its chemistry and some of its analogs 

will be discussed in Chapter 4. 

3.4 Bis-addition Reactions of Tetracyclo[5.3.0.02'5.04,8]decane-3,9-dione 

The finding that tetracyclic hemi-ketals 8 readily undergo a second hydride reduction to 

give diol 20 was a reason to study the corresponding bis-alkylation of 2 applying organometallic 

reagents. The most direct way to explore bis-addition to diketone 2 is applying an excess of the 

organometallic reagent in a one-pot procedure analogous to that used for bis-reduction with excess 

lithium aluminum hydride (Scheme 3.13 / Table 3.9). The use of more than two-fold excesses of 

organometallic reagent is justified by the necessity to keep the concentration of this reagent high to 

ensure rapid reaction of the 'open' keto ewi/o-alcoholate intermediates which are present in only 

low equilibrium concentrations (see Section 3.3). Initially the procedure involved the slow addition 

of 4 equivalents of alkyllithium reagent to a stirred solution of 2 in THF at 0 °C. The reaction was 

monitored by thin layer and gas chromatography. At this temperature only formation of the corre

sponding tetracyclic hemi-ketals was observed. Apparently, the second addition step is a slow 

process. It appeared necessary to increase the reaction temperature to reflux temperature in order to 

enforce the formation of the diols. It is important to note that the acid work-up of the strongly 

basic reaction mixture needs the necessary care because the endo,endo-d\o\s are rather sensitive to 

acidic conditions and rearrange rapidly (see Chapter 4). 

The diols 24 and 25 were obtained in reasonable yields for methyl- and phenyllithium. 

However, even under these rather drastic conditions, no formation of bis-H-butyl diol 26 was 
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observed upon addition of и-butyllithium, only hemi-ketals 4a and 4b were obtained. Due to 

decomposition of the diols under the drastic conditions needed to perform the second alkylation 

step, the yields are lower than observed for the bisreduction (Scheme 3.10). No diketone 2 or 

intermediate hemi-ketals were detected in the reaction mixtures of these bis-methyl and bis-phenyl 

addition reactions. 

Scheme 3.13 

4 equiv RLi 

THF, 65 °C 

О О 
H 

О 
H 

24-26 

Table 3.9: One-pot 

entry -R 

1 -СИ, 
2 -C6H5 

3 w-C4H, 

bis-addition to 2 

time (h) 
24 
24 
96 

product 

24 
25 

26 

yield (%) 
67 
53 

0 < a ) 

(a) Only 4a and 4b were obtained, yield is 57%, ratio is 70 : 30 

The significant difference in efficiency of these two reagents can be attributed to the 

relative reactivities of the respective initially formed mono-adducts. For an effective second 

addition it is essential to have an equilibrium between the hemi-ketal species 28 and the 'open' 

keto e«<io-alcoholate anion 27 (Scheme 3.14). Only the latter can undergo the desired second 

nucleophilic addition. If such an equilibrium does not exist, no diol can be formed at all. Accepting 

the presence of the equilibrating species 27 and 28, then primarily the reactivity of 27 toward nu

cleophilic addition needs to be analyzed. Comparison of structures 27 for R = H and R * H learns 

that for a bulky R group there will be considerable steric compression 

involving the bridgehead hydrogen atom at C5 or C7 (buttressing effect, 

Figure 3.4, only shown for 27a. for 27b a similar effect will be present) 

bringing the OLi in closer proximity to carbonyl than for a small R or R 

= H. This buttressing effect implies that the formation of the hemi-ketal 

form is facilitated, meaning that the equilibrium is shifted toward the 

latter. An additional factor that should be taken into account is the rate 

of reaction with species 27. When its concentration in its equilibrium with 28 is very low, the 

overall rate of the reaction with 27 is low as well, which in practice may mean a very low conver-

Figure 3.4 
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sion or in the extreme case no reaction at all. Semi-empirical minimum energy reaction path calcu

lations (AMI) have nicely confirmed this view as hardly any activation energy (0-2 kcal) is neces

sary for the conversion of the 'open' kelo ewcfo-alcoholates 27 to the hemi-ketals 28. Molecular 

modeling further shows that the flat ring of the phenyl group in both the hemi-ketal anions 28a and 

28b is rotated in such a way as to minimize any steric interactions with the transannular hydrogen 

at C7 in 28a and C5 in 28b structure, respectively. 

Scheme 3.14 

xs R L . 

ÜO " 

27b 28b 

Possible intermediate structures 

Li LI 

29 

aqueous 
work-up 

О 2 
Η н 
24,25 

To further substantiate the suggested diminished reactivity of the mono-adducts 27/28 

derived from reaction with organolithium reagents, these mono-adducts or their acetates were 

subjected to reduction with lithium aluminum hydride. 

The hemi-ketals studied are listed in Scheme 3.15 / Table 3.10. For R = Me, the acetylated 

derivatives of hemi-ketals 3a and 3b were employed which are available as single, pure 

compounds. For R = Ph, the hemi-ketals 7a and 7b were also available separately. In the cases of 

R = rc-Bu, i-Bu and i-Bu, mixtures of the isomeric hemi-ketals had to be used as these isomers are 

inseparable. The presence of an acyl group will not disturb a possible reduction to the diol as the 

first step will be reductive removal of this acyl group to give the corresponding hemi-ketal. All 

reactions were carried out in dry diethyl ether with a large excess of LiAlH4 at room temperature. 
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Q «-t: 
^ o 

3a -7j 

Table 3.10: 

substrate 

3a 
3b 

4a + 4b 

5a + 5b 

6a + 6b 

7a 

7b 

^ - o x + 

ι 

xoJi 

3b 

Reduction of hemi-

ratio (%) 

-
-

7 2 : 2 8 

5 2 : 4 8 

3 8 : 6 2 

-

-

-R 

-CH3 

-CH3 

n-Q,H9 

5-C4H9 

r-C,H, 

-с6н5 

-с6н5 

i 
0 

i - 7 b 

Scheme 3.15 

xs LiAIH4 

R Е *2°. г * R—ι 

-ketals to diols by LiAlH4 

-X 

-Ac 
-Ac 

-H 

-Ac 

-H 

-H 

-H 

LiAlH4 time (h) 

3.3 equiv. 
" 
»> 

5 equiv. 

4 equiv. 

2 equiv. 

2.5 equiv. 

2 
Î J 

» 1 

48 
48 
3 
5 

М-'ні 
о S H н 

Ma - 34a 

product 

30a 
30b 

31a+31b 

32a + 32b 
33a + 33b 
34a 

34b 

0 
H 

30b 

c.y. (·/.) 

82 
52 

77 

70 

0 m 

95 

57 

i 
> » / 
О 
H -34b 

ratio (%) 
-
-

81 : 19 

6 9 : 3 1 

-
-

-
(a) After 48 hours at r t no reaction was observed Refluxing 6a and 6b in Et20 or THF for 48 hours did not 
result in the formation of diols 33 either After quenching and work-up, the 6a and 6b were recovered unchanged 

As expected on basis of the bis-addition experiments, the hydride reduction of the methyl 

substituted acetates of 3a and 3b went smoothly, although with a considerable difference in chemi

cal yield (Table 3.10). Also the phenyl substituted hemi-ketals 7a and 7b afforded the desired diols 

34a and 34b, but again with a remarkable difference in yield. In contrast to the failure of hemi-

ketals 4 to react with n-buty[lithium (see Table 3.9, entry 4), they smoothly reacted with lithium 

aluminum hydride to give a mixture of diols 31. A similar result was obtained for s-butyl 

substituted hemi-ketals 5. Only the /-butyl substituted hemi-ketals failed to react under the applied 

conditions. Even under more rigorous conditions, such as refluxing a mixture of 6a and 6b with 4 

equivalents of LiAlH,, either in diethyl ether or THF, no diol formation was observed. 

The observation that, with the exception of the r-butyl substituted hemi-ketals 6, all hemi-

ketals studied afford the diols upon treatment with LiAlH4 proves the existence of an equilibrium 

between the hemi-ketal anions 28 and the open keto emfo-alcoholates 27 in those cases. The 

absence of any diol formation in the attempted reduction of hemi-ketals 6 definitely confirms the 

influence of a sterically large group on the equilibrium between 27 and 28. The buttressing effect 

is apparently so large that no reduction can be accomplished. In the case of 6 with R = f-Bu the 

concentration of the open structure 27 in its equilibrium with 28 may be very low. The overall rate 
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for the reduction therefore will be low as well. Apparently, the conditions are not severe enough to 

enforce the reduction of 6. 

Another interesting observation is the generally higher yield of the cyclopentyl substituted 

diol isomers a as compared with the cyclobutyl isomers b. For the mixtures of products 31 and 32, 

this is expressed by the ratio of a : b in which the amount of isomer a seems to have been 

increased at the expense of the cyclobutyl isomer b. The reason for this result is unclear but may 

be caused by some decomposition of the cyclobutyl isomers b in the reaction mixtures. The 

chemistry of these diols will be described in more detail in Chapter 4. 

As discussed earlier (Chapter 3.3), structural assignment of the produced hemi-ketals and 

diols is much simplified when there is at least one hydrogen present in a geminai position to the 

oxa-bridge or the alcohol function. These centers serve as markers in both the Ή- and '3C-NMR 

spectra. The 'H-NMR spectrum of diol 20 could be completely resolved as there was hardly any 

overlap of signals in the 400 MHz spectrum. This analysis functioned as a lead for the 

interpretation of the 'H-NMR spectra of the other diols. Furthermore, most diol isomers could be 

analyzed as single compounds as the methyl and phenyl substituted cage compounds had already 

been isolated at the hemi-ketal stage and the s-butyl substituted diols could be partially separated 

by careful flash column chromatography. 

Starting the 'H-NMR analysis of the diols from mono-phenyl adduct 7a, structure of which 

had been unequivocally established by X-ray analysis (see Chapter 3.2.1), and comparing its 

spectrum with that of the corresponding diol derivative 34a led to the conclusion that the new 

hydrogen at the cyclobutyl ring carbon C3 in 34a appears as a narrow triplet at 3.96 ppm in the 'H-

NMR spectrum. The proton resonance of the cyclopentyl H, isomer 34b shows up as a 

symmetrical, narrow multiplet at 4.61 ppm (see Table 3.11). Addition of this information to the 

spectral information obtained for all the other diols led to the correct assignment of all diol 

structures. In the 13C-NMR spectra of the diols, the substituent induced chemical shift differences 

of the most relevant carbon atoms nicely concur with the structural assignments based on the 

aforementioned 'H-NMR data. 
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Figure 3.6 

Table 3.11: Correlation of structure and NMR chemical shifts for all diols. 

diol 

20 
30a 
30b 
24 

31a 
31b 

32a 
32b 

34a 
34b 
25 

substituents 
-R1 -R2 

-H -H 
-CH, -H 

-H -CH3 

-CH3 -CH3 

η-Ο,Η, -Η 
-Η η-Ο,Η, 

s-C4H9 -Η 
-Η s-C,H, 

-C6H5 -Η 
-Η -С6Н5 

-С6Н5 -С6Н5 

δ-Η (ppm) 
H9 Η, 

4.70 4.08 
4.09 

4.68 

4.08 
4.67 

4.07 
4.66 

3.96 
4.61 

δ-C (ppm) 
(_9 C 3 L 6 C | 0 

77.0 69.5 31.9 36.0 
82.4 69.2 32.1 42.7 
77.1 74.3 31.8 36.1 
82.0 73.8 31.8 42.9 

84.6 69.4 32.1 41.2 
77.0 76.3 31.8 36.3 

87.8 69.9 32.0 41.0 
77.1 79.0 31.8 36.4 

85.6 69.1 32.1 42.3 
77.0 76.7 31.9 35.9 
85.1 76.5 32.0 41.9 

So far, no definite proof for the proposed e«í/o,en¿o-configuration of the diols was given. 

The assumption that the nucleophilic additions of the organometallic and hydride reagents to dione 

2 or to the 'open' keto erafo-alcoholate 27 occur with complete exo-selectivity was so far based on 

molecular modeling which shows that attack from the endo-Ïace of both 2 and 27 is sterically not 

realistic. The X-ray of phenyl substituted hemi-ketal 7a confirmed this view for the mono-adduct 

of dione 2. With the objective to exclude any doubt about the correct structure of the diols and in 

order to leam more about the proximity effect of the two ewc/o-hydroxyl groups, cyclopentyl 

methylated diol 30a was subjected to an X-ray diffraction analysis. This compound gave suitable 

crystals upon slow-diffusion crystallization from a chloroform / и-hexane solvent mixture. The 

proposed endo.endo-conñgxiTziion for the molecular structure of 30a was confirmed by the X-ray 

analysis (Figure 3.5). The interatomic 0,2-On distance amounts to 2.589 Â which is slightly less 

than two times an average C-0 distance. In the crystalline material, two hydrogen bridges per 

molecule 30a are present. The hydroxyl hydrogen atom at 013 provides an intramolecular hydrogen 

bridge from On to 012, while the hydroxyl hydrogen at 012 forms an intermolecular hydrogen 

bridge between 0,2 and 013 of the next molecule 30a in the crystal lattice. 
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Figure 3.5: PLUTON representation of the crystal structure of 30a 

3.5 Experimental Section 

Genera! remarks 

All moisture sensitive reactions were performed in freshly dried and distilled solvents under an argon 

atmosphere in oven-dried glassware Diethyl ether (Et20) and tetrahydrofuran (THF) were distilled from lithium 

aluminum hydride (LiAIHj) Melting points were measured on a Reichert Thermopan microscope and are 

uncorrected 400 MHz 'H-NMR and 100 MHz "C-NMR spectra were recorded on a Bruker AM 400 spectrometer at 

Τ = 298K in CDClj as solvent with tetramethyl silane (TMS) as internal reference Mass spectra were recorded on a 

double focusing VG 7070E mass spectrometer Infrared spectra were recorded on a Perkin Elmer 298 or a Bio Rad 

FTS-25 (FT) infrared spectrophotometer GLC-Analyses were performed on Hewlett-Packard 5790A and 5790A 

series II gas chromatographs, each fitted with HP-1 (column A) and CP-Sil 19CB (column B) capillary columns GC-

MS spectra were ran on a Vanan Saturn II benchtop ion trap system equipped with a HP-1 capillary column with 

helium as the carrier gas Elemental Analyses were performed on a Carlo Erba Instruments CHNS-O 1108 Elemental 

Analyzer Flash column chromatography was performed at a pressure of ca 15 bar, using Merck Kieselgel 60H and 

л-hexane / ethyl acetate mixtures as mobile phases 

General Procedure for the reaction of 2 with RLi 

A commercial solution of RLi {ca 1 1 equiv ) is gradually added from a syringe to a stirred solution of 2 (1 5 

- 2 5 mmol) in THF (15 - 25 ml) at -78 °C under an argon atmosphere Complete conversion of 2 is achieved within 

10 minutes after addition The major part of the solvent is removed under reduced pressure and EtjO (10-20 ml) is 

added to the reaction mixture The ether solution is washed twice with 50% aqueous solution of NH4CI (10 - 20 ml) 

The aqueous solutions are extracted again with Et20 (10-20 ml) The ether solutions are then combined, dried on 

MgS04 and filtered Next, the solvent is removed under reduced pressure The resulting mixture of isomeric products 

a and b is then purified and (if possible) seperated via flash column chromatography 
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IO Methyl-11-oxapentacyclo[5 4 O 02-6 0-?·I0 04'8]undecan-l-ol (3a) and 

I-Methyl-1 l-oxapentacyclo[5 4 0 02·6 03·,0 04 8Jundecan-10-ol (3b) 

Method A: following the general procedure and using a 1 6 M solution of MeLi in Et20, 3a and 3b were 

obtained in 85% crude yield as a yellow oil (GLC-punty -95%, ratio 3a 3b = 70 30) Purification via flash column 

chromatography (silicagel 60H, n-hexane ethyl acetate = 3 1 ) yielded an inseparable mixture of isomers 3a and 3b 

in 50% yield as a colorless oil 

Method B: A solution of 2 0 M CH,MgI was freshly prepared from magnesium turnings (1 22 g, 50 2 mmol) 

in 15 ml dry EtjO to which a solution of methyl iodide (3 12 ml, 50 2 mmol) in dry Et20 (10 ml) was gradually added 

so that a gentle reflux was maintained When the exothermic reaction had subsided after complete addition, the 

reaction mixture was heated for an additional 15 minutes at reflux temperature to allow complete formation of the 

Gngnard reagent The solution was then allowed to attain room temperature and any remaining solids were allowed to 

precipitate 7 5 ml of this 2 0 M CH,MgI solution (15 0 mmol, I 23 equiv ) was transferred via a syringe to a 100 ml 

three-necked reaction flask under argon atmosphere, diluted with dry EtjO (35 ml), stirred and cooled to -78 °C A 

solution of 2 (1 98 g, 12 2 mmol) in dry Et20 (15 ml) was gradually added to the stirred solution of Gngnard reagent 

The reaction was stirred for 1 hour and quenched with a 50% aqueous solution of NaHCOj (20 ml) The ether solution 

was washed twice with a 50% aqueous solution of NaHCO, (20 ml) The aqueous solutions were extracted again with 

El20 (10 ml) The ether solutions were then combined, dried on MgS04, filtered and the solvent removed under 

reduced pressure to yield 1 52 g of crude 3a and 3b as a light brown oil (70%, GLC-punty -95%, ratio 3a 3b = 59 

41) Purification via flash column chromatography (Silicagel 60H, n-hexane ethyl acetate = 3 1) resulted in an 

inseparable mixture of products 3a and 3b (49% yield) as a colorless oil 

Method C: A commercial solulion of 1 6 M CH3Li in Et20 (2 0 ml, 2 0 equiv ) was gradually added from a 

syringe to a stirred slurry of oven-dried copper(l)iodide powder (322 mg, 1 08 equiv ) in THF (10 ml) at 0 °C under 

argon atmosphere After stirring for 15 mm , the temperature was lowered to -78 °C A solution of 2 (255 mg, 1 57 

mmol) in THF (5 ml) was gradually added to the stirred solution of (CH5)2CuLi After stirring for 6 h at -78 °C, the 

reaction mixture was quenched with water and the major part of the solvent removed under reduced pressure Et20 

(10 ml) was added to the residue and the resulting ether solution was washed twice with a saturated aqueous solution 

ofNH4Cl (10 ml) The aqueous solutions were extracted again each with Et20 (10 ml) The ether solutions were then 

combined, dried on MgS04, filtered and the solvent removed under reduced pressure to yield 230 mg of crude 3a and 

3b as a yellow oil (82%, GLC-punty -90%), ratio 3a and 3b = 74 26) Purification via flash column chromatography 

(Silicagel 60H, n-hexane ethyl acetate = 3 1) resulted in an inseparable mixture of products 3a and 3b (55% yield) 

as a colorless oil 

Method D: A commercial solution of 1 6 M CH3Li in El20 (0 7 ml, 1 15 equiv ) was gradually added to a 

stirred slurry of oven-dried manganese(Il)iodide powder (335 mg, 1 1 equiv ) in dry Et20 (5 ml) at 0 °C under an 

argon atmosphere After stirring for 10 minutes, the mixture was allowed to attain room temperature, stirred for 30 

min and then cooled again to 0 °C A solution of 2 (160 mg, 1 0 mmol) in Εΐ,Ο (1 5 ml) was gradually added to the 

stirred solution of CH,MnI Durmg the addition, the dark brown solution of CHjMnl decolorized and a yellow white 

precipitate was formed The reaction mixture was stirred for an additional I h at 0 °C and quenched with a 50% 

aqueous solution of NaHCOj (5 ml) The ether solution was washed twice with a 50% aqueous solution of NaHCOj (5 

ml) The aqueous solutions were extracted again each with Et20 (5 ml) The ether solutions were then combined, dried 
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on MgS04, filtered and the solvent removed under reduced pressure to yield 127 mg of crude 3a and 3b as a yellow 

oil (72%, GLC-punty -65%), ratio 3a 3b = 74 26). Purification via flash column chromatography (Silicagel 60H, 

л-hexane ethyl acetate = 3 1) yielded an inseparable mixture of products 3a and 3b (40% yield) as a colorless oil 

3a and 3b 400 MHz 'H-NMR δ За (Major isomer) 1 42 (s, 3H, -CH,), 1 55 A of ABq (dd, IH, 2J=11 9 Hz, 

JJ=2 6 Hz, exo-H9), 1 65 & 1 74 (ABq, 2H, 2J=10 9 Hz, 2x Hs), 1 93 В of ABq (d, IH, 2J=11 9 Hz, endo-H9), 2 23 -

2.31 (m, IH, -CH), 2 35 - 2 41 (m, IH, -CH), 2 48 (s[br], IH, H 4 „ 6 ) , 2 55 (ddd, IH, 3J=8 9 & 4 5 & 3.0 Hz, -CH), 

2 63 - 2 67 (m, IH, -CH), 2 70 (ddd, IH, 'J=8 9 & 7 4 & 3 9 Hz, -CH), 4 35 E (s[br], IH, -OH) 3b (Minor isomer) 

1 38 (s, 3H, -CH3), 1 66 & 1 69 (ABq, 2H, 2J=10 9 Hz, 2x Hs), 1 92 A of ABq (ddd, IH, 2J=11 1 Hz, 'J=3 6 Hz, "J=0 8 

Hz, exo-H10), 2 06 В of ABq (d, IH, 2J=11 1 Hz, endo-HJ, 1 95 - 2 00 (m, IH,-CH), 2 23 - 2 31 (m, IH,-CH), 2 35-

2 43 (m, 3H, 3x -CH), 2 62 (s[br], IH, H4 o r (,), 4 16 E (s[br], IH, -OH) 100 MHz '3C-NMR δ За (Major isomer) 

23 4 (q, -CHj), 34 5/44 6/46 7/51 l(a+b)/52 l(a+b)/57 6 (d, 6x -CH), 38 9(a+b) (t, C,), 41 5 (t, C„), 88 3 (s, -OC,„R), 

104 1 (s, -OC.O-) 3b (Minor isomer) 20 4 (q, -CH3), 35 3/42 7/47 2/51 l(a+b)/52 l(a+b)/58 0 (d, 6x -CH), 

38 9(a±b) (t, C5), 40 7 (t, C„), 83 8 (s, -OC,R), 114 3 (s, -OC,0O-) IR (CCL/NaCl-cells) ν 3580 (w, free O-H), 3550 -

3080 (s, O-H), 3020 - 2840 (s, C-Η, alif ), 1115/1080 (s, C-0-) cm ' MS/ΕΙ m/e 178 (M\ 66%), 163 CM' - CH3, 

17%), 135 (M* - CH,CO, 43%), 133 (M* - C02H, 48%), 119 (M* - C02H - CH2, 100%), 105 (C,H,*, 27%), 91 (C7H/, 

68%), 77 (C6H5\ 41%), 66 (C5H6\ 71%), 43 (CH,CO*, 92%) HRMS/E1 m/e Found 178 09935 ± 0 00051 

(calculated for С и Н 1 4 0 2 178 09938) 

l-Acetyl-oxy, 10-methyl-Il-oxapentacycto[5 4 0 02·6O^·10 O4 UJundecane (Ac-3a) and 

10-Acetyl-oxy 1-melhyl-lI-oxapentacyclo[5 4 0 О2·6 03·10 04'S]undecane (Ac-3b) 

A solution of acetyl chloride (1 1 equiv ) in CH2C12 (5 ml) was gradually added to a stirred solution of a 

mixture of mono-methyl adducts 3 (312 mg, 1 75 mmol, ratio За 3b = 70 30), Et3N (1 2 equiv ) and a catalytic 

amount of DMAP in CH2C12 (20 ml) at 0 °C The reaction mixture was allowed to slowly attain room temperature and 

stirred for 24 h The solution was then washed thrice with a saturated aqueous solution of NaHCOj (10 ml) The 

aqueous solutions were extracted once each with CH2CI2 (10 ml) The organic solutions were then combined, dried on 

MgS04, filtered and the solvent removed under reduced pressure to yield 322 mg of crude product as a brown oil The 

product mixture was shown to consist of 85% of acetylated products and 14% of unreacted alcohols by GC-analysis 

Purification by flash column chromatography (Silicagel 60H, n-hexane ethyl acetate = 25 1) resulted in the nearly 

complete separation of the acetates Ac-3a (51% yield) and Ac-3b (17% yield), both as colorless oils 

Ac-3a 400 MHz 'H-NMR δ 1 38 (s, ЗН, -CH3), 1 51 A of ABq (dd, IH, 2J=11 9 Hz, JJ=2 5 Hz, exo-H9), 

1 60 & 1 69 (ABq, 2H, 2J=11 1 Hz, 2x H,), 2 01 В of ABq (d, IH, 2J=11 9 Hz, endo-П,), 2 02 (s, 3H, C(0)-CH,), 2 34 

-2 41 (m, 3H, 3x -CH), 2 4 9 - 2 5 5 (m, 2H, 2x -CH), 2 95 (ddd, IH, 4=9 0 & 7 6 & 3 8 Hz, -CH) 100 MHz "C-

NMR δ 21 5/23 2 (q, 2x -CH3), 34 3/42 9/47 1/50 8/51 1/56 8 (d, 6x -CH), 38 9/41 0 (t, 2x -CH2), 89 7 (s, -OCIOR), 

104 9 (s, -OC.O-), 168 7 (s, C=0) IR (CCI/NaCI-cells) ν 3020 - 2840 (s, C-Η, ahf ), 1758 (s, C=0), 1062/ 1038 (s, 

C-0-) cm ' MS/ΕΙ m/e 220 (M*, < 0 1%), 178 (M* - CH2CO, 100%), 163 (M* - CH2CO - CH„ 6%), 160 (M* -

CH)C02H, 2%), 133 (C,H,0', 17%), 119 (C,H,,\ 35%), 105 (C,H,\ 7%), 91 (C,H/, 15%), 43 (CH3CO\ 70%) 

HRMS/E1 m/e Found 220 10990 ± 0 00088 (calculated for C„H, 60, 220 10994) 

Ac-3b 400 MHz 'H-NMR· δ 1 34 (s, 3H, -CH3), 1 61 & 1 64 (ABq, 2H, 2J=11 0 Hz, 2x H,), 1 94 (dt, IH, 

3J,= 7 0 Hz, \-4 4 Hz, -CH), 2 01 (s, 3H, C(0)-CH3), 2 12-214 (ABq, 2H, 2J=11 5 Hz, 2x H,), 2 24 (s[br], IH, H 4 o r 
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6), 2 34 - 2 40 (m, IH, -CH), 2 60 (ddd, IH, 'J=8 7 & 6 9 & 3 7 Hz, -СП), 2 63 (s[br], IH, H< 0 , 6 ) , 2 99 (ddd, IH, 

'J=8 5 & 4 8 & 3 6 Hz, -CH) 100 MHz ']C-NMR δ 20 1/21 8 (q, 2x -CH3), 35 1/43 0/46 6/50 1/51 3/56 9 (d, 6x -

CH), 38 8/39 0 (t, 2x -CH2), 84 3 (s, -OC,R), 116 4 (s, -OC,0O-), 169 0 (s, C=0) IR (CCI,/NaCl-cells) ν 3020 - 2840 

(s, C-Η, alif ), 1742 (s, C=0), 1090 - 1069 (s, C-0-) cm ' MS/EI m/e 220 (M', < 0 1%), 178 (M* • CH2CO, 45%), 

160 (M* - СН,С02Н, 35%), 135 (С,Н„0\ 24%), 119 (С,Н„*, 13%), 105 (С8Н,*, 4%), 91 (С,Н7\ 12%), 43 (СН3СО*, 

100%) HRMS/EI m/e Found 220 10990 ± 0 00088 (calculated for С 1 3Н І 60 3 220 10994) 

10-n-Butyì-ll-oxapenlacyclo(5 4 0 О2·6 О3·10 04'8]undecan-l-ol (4а) and 

I-η-Butyl-1 l-oxapentacyclo[S 4 0 О2·6 О3 10О4 8]undecan-10-ol (4b) 

Following the general procedure and using a 1 6 M solution of л-BuLi in я-hexane, 4a and 4b were obtained 

in 105% crude yield as a yellow oil (GLC-punty -89%, ratio 4a 4b = 72 28) Purification via flash column 

chromatography (silicagel 60H, л-hexane ethyl acetate = 3 1) yielded an inseparable mixture of isomers 4a and 4b 

(61% yield) as a colorless oil 

4a and 4b 400 MHz 'H-NMR 5 0 91 (t,3H, a+b, JJ-7 0 Hz, -CH3), 1 29 - 1 42 (m, 4H, a+b, 2x -CH2), I 55 

A of ABq (dd, 0 72H, a, 2J=11 9 Hz, 3J=3 2 Hz, endo-U,), 1 62 - 1 77 (m, 2H, a+b, -CH2), 1 65 & 1 75 (ABq, 2H, 

a+b, 2J=10 9 Hz, 2x H5), 1 89 В of ABq (d, 0 72H, a, 2J=11 9 Hz, exo-H,), 1 91 A of ABq (dd, 0 28H, b, 2J=11 3 Hz, 
3J=4 4 Hz, enrfo-H,), 2 03 В of ABq (d, 0 28H, b, 2J=11 3 Hz, exo-H,), 2 23 - 2 28 (m, IH, a+b, -CH), 2 34 (s[br], IH, 

a+b, H, „ 6), 2 36 - 2 45 (m, 1H, a+b, -CH), 2 47 (s[br], 1H, a+b, H„ „ 6), 2 56 - 2 73 (m, 2H, a+b, 2x -CH), 3 47 E 

(s[br], 0 28H, b, -OH), 3 62 E (s[br], 0 72H, a, -OH) 100 MHz "C-NMR δ 4a (Major isomer) 14 0 (q, -CH3), 

23 2/27 0/36 9 (t, 3x -CH2), 38 9 (t, C5), 39 4 (t, C,), 34 5/45 0/46 3/50 8/51 8/56 3 (d, 6x -CH), 91 5 (s, -OC,0R), 

104 0 (s, -OC.O-) 4b (Minor isomer) 14 0 (q, -CH3), 25 9/33 6/40 8 (t, 3x -CH2), 38 9 (t, C5), 39 4 (t, C,), 35 7/ 

41 4/47 3/50 8/51 2/58 0 (d, 6x -CH), 86 7 (s, -OC,R), 114 1 (s, -OC10O-) IR (CCI,/ NaCI-cells) ν 3580 (w, O-H, 

bridged), 3560 - 3100 (m, O-Η, free), 3020 - 2840 (s, C-Η, alif ), 1116 (m, C-0-) cm ' MS/ΕΙ m/e First product, 4b 

(minor isomer) 220 (M*, 44%), 191 (M* - C2H5, 3%), 177 (lvf - C3H7, 7%), 163 (M* - C4H„ 45%), 141 (100%), 135 

(M* - C4H, - CO, 88%), 117 (M* - C,H, - CO - H20, 44%), 105 (C8H,+, 13%), 91 (C7H7\ 45%), 66 (C5H6\ 31%), 57 

(C.H,*, 51 3%) Second product 4a (major isomer) 220 (M*, 56%), 205 (M* - CH„ 1%), 191 (NT - C2HS, 15%), 177 

(M* - C3H7, 25%), 163 (M* - C4H„ 81%), 135 (M* - C4H, - CO, 48%), 117 CM* - C,H9 - CO - H20, 62%), 105 (C8H,*, 

36%), 91 (C7H,*, 95%), 66 (C,H6\ 100%), 57 (C,H,*, 53%) HRMS/EI m/e Found 220 14642 ± 0 00076 (calculated 

forC,„H20O2 220 14633) 

10-s-Butyl-ll-oxapentacyclo[5 4 0 Ο2·6 03 10 (n'S]undecan-l-ol (5a) and 

1-s-Butyl-l l-oxapentacyclo[5 4 0 02 6 03·10 04 8]undecan-10-ol (5b) 

Following the general procedure and using a 1 3 M solution of Í-BULI in c-hexane / hexane, 5a and 5b were 

obtained in 88% crude yield as a yellow oil (GLC-punty -88%. ratio 5a 5b = 39 61) Purification via flash column 

chromatography (silicagel 60H, л-hexane ethyl acetate = 3 1) yielded an inseparable mixture of isomers 5a and 5b 

(44% yield) as a colorless oil 

5a and 5b 400 MHz 'H-NMR δ 0 81 - 0 91 (m, 6H, a+b, 2x -CH,), 0 95 - 1 06 (m, 0 38H, a, -CHR-CH,), 

1 06 - 1 17 (m, 0 62H, b, -CHR-CH,), 1 40 - 1 73 (m, 2 76H, a+b, -CHj-CH3 + a 2x H9), 1 54 & I 61 (ABq, 1 24H, b, 

2J=11 2 Hz, 2x H5), 1 54 & 1 67 (ABq, 0 76H, a, 2J=11 1 Hz, 2x Hs), 1 83 A of ABq (dd, 0 62H, b, 2J=10 9 Hz, 'J=3 5 
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Hz, endo-H,), 1 94 В of ABq (d, 0.62H, b, 4=10 9 Hz, exo-H9), 2.05 (dq[ps], 0.62H, b, JJ,=7 7 Hz, %=4 5 Hz, -CH), 

2.15 (s[br], 0.62H, b, H J o r 6 ) , 2.15 - 2.20 (m, 0.38H, a, -CH), 2.22 (s[br], 0 38H, a, H 4 o r 6 ) , 2.29 - 2.39 (m, IH, a+b, -

CH), 2.40 (s[br], 0.38H, a, H, „,6), 2.50 - 2.62 (m, 1 38H, a+b, 4 -CH + 5 2x -CH), 2.54 (s[br], 0.62H, b, H 4 o r 6), 2 73 

(dq[ps], 0 62H, b, 'Jq=7 0 Hz, JJ„=3 6 Hz, -CH), 3 44 E (s[br], 0.62H, b, -OH), 3.58 E (d[br], 0.38H, a, 'J=7.0 Hz, -

OH). 100 MHz "C-NMK. δ 12 I & 12.3 (q, diasi b -CH,), 12.5 & 12 8 (q, diast b -CH,), 13 3 (q, a -CH,), 14.3 (q, a 

-CH,), 22.8 & 24.0 (t, diast b -CH2), 24.8 (t, a -CH2), 36 3 & 36.7 (t, diast. b C,), 38 8(2x) (t, a+b Cs), 40 9 (t, a C,), 

34 5/35.6/35 7/37.3/40 3/40 5/45.3/46 l/47.4(2x)/49 5/49.7/50 7/50 8/51 0(2x)/51 4/54 9/55 1/ 57.8/57.9 (d, 7x diasi 

b and 7x a -CH), 90 0 & 90 3 (s, diast. b -OC,R), 95 2 (s, a -OC10R), 104 0 (s, a -OC.O-), 113.7 & 113.9 (s, diast. b -

OC,0O-). IR (CCL/NaCl-cells): ν 3585 (w, O-Η, free), 3540 - 3160 (m, O-Η, bridged), ЗОЮ - 2840 (s, C-Η, alif.), 

1160/1090 (m, C-0-) cm1. MS/ΕΙ: m/e First product, 5b (major isomer). 220 (M\ 100%), 203 (M* - OH, 98%), 191 

(M+ - СОН, 43%), 175 (M* - C02H, 15%), 163 (M* - C„H„ 71%), 135 (M f - C,H„ - СО, 50%), 105 (C,H,\ 19%), 91 

(C7H,+, 30%), 66 (CSH6\ 17%), 57 (C„H,*, 40.0%). Second product, 5_a (minor isomer) 220 (M', 86%), 203 (M* -

OH, 100%), 191 (M* - СОН, 29%), 175 (M* - C02H, 9%), 163 (M* - C4H„ 46%), 135 (M* - C„H, - СО, 33%), 105 

(C,H,*, 12%), 91 (C7H7\ 20%), 66 (C,H6', 11%), 57 (C4H,*, 23%) HRMS/El· m/e Found 220 14625 ± 0 00088 

(calculated for CNH2 0O2. 220 14633). 

10-t-Butyl-Jl-oxapentacych[5 4 0 02·6 03·,0 O^^jundccan-l-ol (6a) and 

l-t-Butyl-1 l-oxapentacyclo[5 4 0 02·6 03·l0 04'8]undecan-I0-ol (6a) and 

(±)-(R*,R*i l-t-Butyl-exo-9-(IO '-hydroxyl-l I -oxapenlacyclo[5.4 0 Ο2·6 03·10 04-8]undec-l '-yl)-l l-oxapentacyclo-

[5 4 0 02·6 03·I0 04'8Jundecan-I0-ol (9a) and 

(±)-(R*,S*) l-t-Butyl-exo-9-(10'-hydroxyl-il'-oxapenlacyclo[5 4 0 Ο2-6 03·10 04>8]undec-I '-yl)-l 1-oxapentacych-

[5 4 0 02·6 03·10 04'8]undecan-10-ol (9b) 

Following the general procedure and using a 1 7 M solution of r-BuLi in hexane, 6a and 6b were obtained in 

62% crude yield as a yellow oil (GLC-punty -83%, ratio 6a 6b = 38 . 62). Purification via flash column chromato

graphy (Silicagel 60H, n-hexane ethyl acetate = 2 1) yielded an inseparable mixture of isomers 6a and 6b (35% 

yield) as a colorless oil Aldol coupled dimers of like-like configuration 9a (8% yield) and hke-unlike configuration 

9b (8% yield) were isolated as byproducts from the synthesis of mono /-butyl products 6a and 6b. Compound 9a was 

recrystallized from n-hexane chloroform = 5 : 1 via slow diffusion to yield analytically pure, single crystals suitable 

for X-ray diffraction analysis Compound 9b could not be crystallized 

6a and 6b 400 MHz 'H-NMR δ 6a (Minor isomer) 0.96 (s, 9H, /-butyl), 1 66 A of ABq (d, IH, 2J=10 8 

Hz, H J , I 73 - 1 83 (m, 3H, HSb & 2x H,), 2 17 - 2 29 (m, 2H, 2x -CH), 2.38 - 2.44 (m, IH, -CH), 2 44 - 2 50 (m, IH, 

-CH), 2 52 - 2 58 (m, IH, -CH), 2.72 - 2 78 (m, IH, -CH), 3 49 E (s[br]. IH, -OH). 6b (Major isomer). 0.98 (s, 9H, t-

butyl), 1.57 & 1.67 (ABq, 2H, 2J=10.9 Hz,2x HO, 1 91 A of ABq (dd, IH, 4=10 8 Hz, 5J= 3.4 Hz, exo-H9), 2.01 В of 

ABq (d, IH, 2J=10.8 Hz, endo-H9), 2.17 - 2.29 (m, 2H, 2x -CH), 2.44 - 2 50 (m, IH, -CH), 2.60 (s(br], IH, R, „, J , 

2 64 - 2 69 (m, IH, -CH), 2.78 - 2 84 (m, IH, -CH), 3 35 E (s[br], IH, -OH). 100 MHz ']C-NMR: δ 6a (Minor 

isomer) 25 7 (q, -CiCH,),), 34 2 (s, -Ç(CH,),), 34 5/45.1/46 3/51 0/51 7/53 0 (d, 6x -CH), 35 5/38 9 (t, 2x -CH2), 97 6 

(s, -OC,„R), 104 1 (s, -OC.O-) 6b (Major isomer)- 25 3 (q, -C(ÇH,),), 32.9 (s, -Ç(CH,),), 37 5/39 1/47 9/ 

48.7/51 1/58 9 (d, 6x-CH), 38 9/41 0 (t, 2x-CH2), 92 5 (s,-OC,R), 113 1 (s, -OC,nO-). IR (CCL/NaCl-cells): ν 3600 -

3160 (s, O-H), 3020-2840 (s, C-Η, alif), 1140/1050 (s, C-0-) cm ' MS^l · m/e 6a (Minor Isomer): 220 (M', 13%), 
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205 (M* - CHj, 12%), 163 (M* - C4H„ 30%), 135 (M* - С4Н, - СО, 26%), 105 (С„Н,4, 13%), 91 (С7Н7\ 24%), 66 

(С5Н6\ 27%), 57 ( C R / , 64%), 28 (СО*, 100%) 6Ь (Major isomer)- 220 (M', 26%), 205 (M* - CHj, 16%), 163 (M* -

C4H„ 33%), 135 (M* - C„H, - CO, 70%), 105 (C8H,\ 9%), 91 (C,H7

+, 18%), 66 (C5H6\ 12%), 57 (C4H,*, 79%), 28 

(CO*, 100%). HRMS/EI' m/e Found: 220.14647 ± 0 00066 (calculated for C,4H20O2: 220.14633) 

9a Mp 229 5 - 230 5 °C 400 MHz 'H-NMR δ 0.99 (s, 9H, /-butyl), 1.64 (s, 2H, 2x H„), 1.66 & 171 

(ABq, 2H, 2J=l1 0 Hz, 2x H„), 1 94 A of ABq (dd, IH, 2J=11.1 Hz, 'J=3 3 Hz, ехо-Ню), 2 10 В of ABq (d, IH, 
2J=11.1 Hz, endo-H№\ 2.16-2.20 (m, IH,-CH), 2 26 (s[br], IH, H 5 o r 7 ) , 2 31 (s[br], IH, H i o r 7 ) , 2 35 - 2.40 (m, IH,-

CH), 2 44 - 2 49 (m, 2H, 2 χ -CH), 2 62 (s, 1H, endo-H,0), 2.65 (s[br], 1H, Hs 0 , , ) , 2 67 - 2.73 (m, 1H, -CH), 2 73 -

2.78 (m, IH, -CH), 2 7 9 - 2 8 4 (m, IH,-CH), 294 - 2 99 (m, IH, -CH), 3.06 (s[br], IH, H 5 o r 7 ) , 3.97 E (s[br], IH, -

OH), 5.54 E (s[br], IH, -OH) 100 MHz '3C-NMR· δ 25 38 (q, -C(£H,),), 32 82 (s, -C(CH3)3), 36 0/36.3/42.6/42 8/ 

47.9/48 4/49.0/49 6/49 9/51 1/53 7/58 5/59.5 (d, 13x -CH), 39 0/39 6/40.7 (t, 3x -CH2), 88.0/91 8 (s, 2x -OCR), 

113 3/114 7 (s, 2x -OCO-) IR (CCL/NaCI-cellsV ν 3580 (w, free O-H), 3550 - 3080 (m, O-H), 3010 - 2850 (s, C-H, 

alif.), 1140/ 1125 (s, C-0-) cm ' MS/EI m/e 382 (M', 23%), 364 (M* - H20, 44%), 336 (Mh - H 2 0 - CO, 8%), 325 

(M* - C,H„ 5%), 307 (M* - H 20 - C4H„ 14%), 279 (M* - H 2 0 - C4H, - CO, 20%), 219 (C1 4H„02*. 16%), 163 

(C1 0HMOj\ 19%), 105 (CBH9-, 16%), 91 (C7H7\ 38%), 57 (C4H,*, 100%) EAj. Found. С = 75.00, Η = 7 89 (calculated 

for C 2 4HM0 4 · С = 75 36, Η = 7 91) % 

9b Waxy solid. 400 MHz 'H-NMR: δ 0 98 (s, 9H, r-butyl), 1 57 (s, 2H, 2х Н6), 1 61 & 1.68 (ABq, 2Н, 
2J=11.0 Hz, 2х Н6), 1.93 A of ABq (dd, IH, 2J=11 1 Hz, JJ=3.4 Hz, exo-H,0), 2.05 В of ABq (d, IH, 2J=11 1 Hz, endo-

H,0), 2.11 (dt, 1 H, 5J,=7.1 Hz, !Jd=4 4 Hz, -CH), 2 23 (s[br], 1 H, H5 o r , ) , 2.29 - 2.38 (m, 3H, 3x -CH), 2 40 - 2 47 (m, 

2H, 2x -CH), 2 58 - 2 64 (m, 3H, 3x -CH), 2 76 (dt, IH, JJ,=7 5 Hz, DJd=3 7 Hz, -CH), 3.11 - 3 16 (m, IH, -CH), 3 29 

(s[br], l H, Hs o r , ) , 4 48 E (s[br], 1 H, -OH), 5 15 E (s[br], 1 H, -OH) 100 MHz "C-NMR δ 25 3 (q, -C(Ç_H3)3), 32 8 (s, 

-Ç_(CR,)j), 35.6/36 6/39.9/42.6/47 2/48.3/48.8/49.5/514/52.2/53.1/57.0/60.0 (d, 13x -CH), 38.8/ 39 2/40.3 (t, 3x -

CH2), 85.7/91.6 (s, 2x -OCR), 114.8/114.9 (s, 2x -OCO-). IR (CCI/NaCI-cellsV ν 3620 - 3140 (m, O-H), 3020 - 2850 

(s, C-Η, ahf ), 1095 (s, C-0-) MS/ΕΙ m/e 382 (M', 20%), 364 (M* - H20, 75%), 336 (M* - H 20 - CO, 6%), 325 (M* -

C4H„ 4%), 307 (M* - H 2 0 - C4H„ 14%), 279 (M* - H 20 - C4H, - CO, 19%), 219 (C14H1902*, 15%), 163 (C,0H„O2*, 

18%), 105 (C„Hg*, 14%), 91 (C7H7\ 31%), 57 (C4H,\ 100%). HRMS/EI. m/e Found: 382.2146 ± 0.0011 (calculated 

forC24Hí0O4' 382 2144). 

ΙΟ-Phenyl-1l-oxapenlacyclo[5 4 0 O2·6 O3·10 &t.8]undecan-l-o¡ (7а) and 

I-Phenyl-1 l-oxapeniacyclo[5 4 О О2·6О3·,0 048-undecan-I0-oI(7b) 

Method A: Following the general procedure and using a 2.0 M solution of PhLi in c-hexane / Et 20 = 3 : 1 , 

7a and 7b were obtained in 85% crude yield as a white solid material (GLC-purity -92%, ratio 7a : 7b = 80 : 20). 

Purification via flash column chromatography (silicagel 60H, n-hexane . ethyl acetate = 1 0 1) yielded 7a (61.5% 

yield) and 7b (15 5% yield) separately, both as colorless crystals. Analytically pure samples were obtained upon 

recrystallizalion from n-hexane chlorofrom = 3 : 1 . 

Method B: A commercial solution of 1 9 M C6HjMgCl (2.60 ml, 1 1 equiv ) was gradually added from a 

syringe to a stirred solution of 2 (697 mg, 4.30 mmol) in Et̂ O (50 ml) at -78 °C under an argon atmosphere. The 

reaction mixture was stirred for 30 minutes and quenched with a 50% aqueous solution of NaHC03 (15 ml). The ether 

solution was washed twice with a 50% aqueous solution of NaHCO, (15 ml) The aqueous solutions were extracted 

-68-



Carbonucleophilic Additions to TetracyclofS.J.O.^.O^^JdecaneS^-dione. 

again EtjO (15 ml) The ether solutions were then combined, dried on MgS04, filtered and the solvent removed under 

reduced pressure to yield 1.18 g of crude product as a light brown oil. Purification via flash column chromatography 

(Sihcagel 60H, n-hexane : ethyl acetate = 10 : 1) resulted in the isolation of 7a (557 mg, 54% yield) and 7b (310 mg, 

30% yield), both as colorless crystals. 

7a. M.p. 128- 129 °C 400 MHz 'H-NMR: δ 1 74 & 1.84 (ABq, 2H, 2J=11 0 Hz, 2x Η,), 2 03 A of ABq (dd, 

IH, 2J=12 1 Hz, 3J=3 2 Hz, exo-H,), 2.22 В of ABq (d, IH, 2J=12.1 Hz, endo-H,), 2 37 (dt, IH, 3J=7.4 & 4 5 Hz, -CU), 

2.54 - 2 58 (m, 2H, 2x -CH), 2 64 (s[br], IH, H<„6), 2.73 (ddd, IH, 3J=8 8 & 7 5 & 3 8 Hz, -CH), 2 93 - 2.98 (m, IH, 

-CH), 3 67 E (s, IH, -OH), 7 24 (t, IH, 'J=7 5 Hz, ArHp,„), 7 34 (t, 2H, 3J=7 5 Hz, 2x ArHm nJ, 7 42 (d, 2H, 3J=7 5 Hz, 

2x ArHonh0) 100 MHz "C-NMR: δ 34.5/44.8/46.9/51.7/51 9/60.4 (d, 6x -CH), 38.9/43.6 (t, 2x -CH2), 91 4 (s, -

OC10R), 104.4 (s, -OC.O-), 124 8(2x)/128 0(2x) (d, 4x ArC), 126 7 (d, ArCp„,), 143 6 (s, АгС1ри). IR (KBr-disc) ν 

3500 - 3100 (s, O-H), 3030 - 2820 (s, C-Η, alif.), 1598/1480 (m, C=C, arom ), 755/699 (s, C=C, arom.) cm '.MS/EI' 

m/e 240 (M*, 46%), 105 (CSH,*, 24%), 91 (C7H7*, 20%), 77 (C6H5*, 31%), 49 (100%). HRMS/EI: m/e Found 

240.11464 ± 0.00069 (calculated for C1(,H,0O2· 240.11503). EA_ Found С = 80 02, H = 6 64 (calculated for С„Н, 6 0 2 

С = 79 97, H = 6 71)%. 

7b Μ ρ · 122- 124 °C 400 MHz 'H-NMR. δ 1.70 & 1 76 (ABq, 2H, 2J=U 0 Hz, 2x Hs), 2 01 AofABq(dd, 

IH, 2J=11 1 Hz, JJ=3 4 Hz, exo-H,), 2.22 Bof ABq (d, IH, 2J=11.1 Hz, encfo-H,), 2 40 - 2 46 (m, 2H, 2x -CH), 2.52 -

2 59 (m, IH, -CH), 2 71 (s[br], IH, H 4 o r 6 ) , 2.74 - 2.79 (m, IH, -CH), 3 10 - 3 16 (m, IH, -CH), 3.31 E (s[br], IH, -

OH), 7.24 (t, IH, 3J=7 5 Hz, ArHp„J, 7 37 (t, 2H, 3J=7 5 Hz, 2x ArHm m), 7.51 (d, 2H, 3J=7.5 Hz, 2x ArH o n J . 100 

MHz "C-NMR· δ 35 5/43.0/47.9/51.3/51.9/58 3 (d, 6x -CH), 39.1/40.5 (t, 2x -CH2), 87.1 (s,-OC,R), 114.3 (s, -

OC,0O-), 126 0(2x)/ 128 3(2x) (d, 4x ArC), 127 6 (d, ArC„„J, 140.0 (s, ArC,„J IR (CCI./NaCI-cells): ν 3580 (w, free 

O-H), 3550 - 3120 (m, O-H), 3050/3020 (w, C-Η, arom.), 3000 - 2840 (s, C-Η, alif ), 698 (s, C-Η, arom.) cnV1 

MS/ΕΙ- m/e 240 (M+, 87%), 105 (C,H,*, 100%), 91 (C7H7\ 30%), 77 (Ph', 53%). EA_ Found: С = 79 65, H = 6 64 

(calculated for С,6Н1 602 С = 79 97, H = 6 71) % 

Ì0-Vinyl-1 l-oxapentacych[5 4 0 O2·6 O3·l0 04-8]undecan-l-ol (13a) and 

1-Vinyl-1 l-oxapentacych[5 4.0 Ο2·6 03·!υ 04-s]undecan-10-ol (13b) 

A commercial solution of 1 0 M vinylmagnesium chloride (1 2 ml, 1 15 equiv.) was gradually added from a 

syringe to a stirred solution of 2 (170 mg, 1.05 mmol) in Et20 (10 ml) at -78 °C under an argon atmosphere The 

reaction mixture was stirred for 30 minutes and quenched and washed with a 50% aqueous solution of NaHCO, ( 2 x 5 

ml) The aqueous solutions were extracted again with Et20 (5 ml) The ether solutions were then combined, dried on 

MgS04, filtered and the solvent removed under reduced pressure to yield 211 mg of crude product as a yellow oil 

Purification by flash column chromatography (Silicagel 60H, n-hexane ethyl acetate = 3 1) resulted in the isolation 

of an inseparable mixture of products 13a and 13b (82 me. 41% yield, ratio 13a . 13b = 67 - 33) as a colorless oil. 

13a and 13b 400 MHz 'H-NMR' δ I 65 & I 70 (ABq, 2H, 2J=11.0 Hz, a+b, 2x HJ, 1.74 - 1.79 A of ABq 

(m, IH, a+b, exo-H10). I 96 В of ABq (d, 0 33H, b, 2J=I I 9 Hz, endo-Hi0). 2 11 В of ABq (d, 0.67H, a, 2J=I I 1 Hz, 

endo-Hl0), 2 21 (dt, 0 33H, b, 3J=6 8 & 4 4 Hz, -CH), 2 27 -2.33 (m, 0 67H, a, -CH), 2 36 (s[br], 0 33H, b, H, o r 7 ), 

2 40 - 2 53 (m, 2 33H, a+b, 3x b-CH & 2x a-CH), 2 64 - 2 76 (m, 2H, a, 3x -CH), 2 83 (dt, 0 33H, b, 3J=7 1 & 3 8 

Hz, -CH), 3 96 E (s[br], IH, a+b, -OH), 5 08 (d, 0 67H, a, 3JC1!=10 9 Hz, c/i-H,2), 5 17 (d, 0 33H, b, 3JC1!=10 9 Hz, ra-

H,,), 5 27 (d, 0 67H, а, \ „ , = 17 4 Hz, trans-Hu), 5 32 (dd, 0 33H, b, JJ„„ =17 5 Hz, 2J=0.8 Hz, <rara-H12), 6 05 (dd, 
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0 67H, a, \m=\TA Hz, 3JC„=10.9 Hz, HM), 6.06 (dd, 0.33H, b, 3J„.„S=17 5 Hz, 3JC„=10 9 Hz, H,,). 100 MHz "C-

NMR· δ 13a (Major isomer) ЪААІ4А.9ІАв 5/51 0/51 7(a+b)/58 0 (d, 6x -CH), 38.9(a+b)/40.5(a+b) (t, 2x -CH2), 90 3 

(s, -OC9R), 104 2 (s, -OC30-), 113 0 (t, =CH2), 139.4 (d, -CH=). 13b" (Minor isomer)- 35.2/41.4/47 4/512/ 

51 7(a±b)/57.8 (d, 6x -CH), 38 9(a+b)/40 5 (a+b) (t, 2x -CH,), 114 2 (t, =CH2), 114 5 (s, -OC,0-), 136.3 (d, -CH=) 

IR (CCL/NaCI-cells) ν 3580 (w, free O-H), 3540 - 3160 (s, O-H), 3090/3080 (w, C-Η, olef ), 3010 - 2840 (s, C-H, 

ahf ), 1640/1630 (w, C=C, olef), 990/980 (m, R-CH=CH2), 920/908 (s, R-CH=CH2) cm"' MS/ΕΙ m/e 190 (M*, 32%), 

173 (M* - OH, 1 1%), 145 (M* - C02H, 67%), 131 (M* - C02H - CH2, 56%), 105 (C,H,*, 44%), 91 (C7H/, 94%), 39 

(C,H,*, 100%) HRMS/E1 m/e Found· 190 09925 ± 0 00090 (calculated for C i 2H, 40 2: 190.09940). 

¡l-Oxapenlacyclo[5 4 0 02·6 03·10 ^^Jundecan-l-ol (8a) and 

II-Oxapentacyclo[5 4 0 02·6.03·10 ffftyundecan-W-oI (8b) 

Method A: A solution of ten -butyl alcohol (3 0 equiv.) in Et20 (10 ml) was gradually added to a stirred 

slurry of LiAlH4 (1.0 equiv.) in Et20 (15 ml) at 0 °C under an argon atmosphere. The reaction mixture was allowed to 

attain room temperature and was stirred for 30 minutes The temperature was then lowered to -78 CC A solution of 2 

(510 mg, 3.14 mmol) in ЕцО (25 ml) was gradually added to the stirred solution of LiAl(0/-Bu),H After stirring was 

continued for 3 5 hours at -78 °C, the raction mixture was quenched with a 3% aqueous solution of HCl (15 ml) The 

ether solution was washed thrice with saturated brine (10 ml) The aqueous solutions were washed once each with 

Et20 (10ml). The organic solutions were combined, dried on MgS04, filtered and the solvent removed under reduced 

pressure to yield 539 mg of crude product as a yellow oil The product mixture was shown to be composed of 83% of 

reduced products and 16% of unreacted dione 2 Purification by flash column chromatography (Silicagel 60H, n-

hexane ethyl acetate = 2 · 1) resulted in the isolation of an inseparable mixture of isomers 8a and 8b (75% yield 

corrected for incomplete conversion, ratio 8a 8b = 25 75) as a colorless oil 

Method B: A commercial solution of 1.0M K-Selectnde® (1.2 equiv ) in THF was gradually added from a 

syringe to a stirred solution of 2 (180 mg, 1.11 mmol) in THF (10 ml) at -78 °C under an argon atmosphere. Stirring 

was continued for 30 minutes. The major part of the solvent was then removed under reduced pressure and Et20 (10 

ml) was added to the residue. The ether solution was washed twice with a 50% aqueous solution of NH4C1 (5 ml). The 

aqueous solutions were extracted again with E^O (5 ml) The ether solutions were then combined, dried on MgS04, 

filtered and the solvent removed under reduced pressure Purification as described in method A provided an 

inseparable mixture of isomers 8a and 8b (75% yield, ratio 8a • 8b = 26 • 74) as a colorless oil 

Method C: A solution of 2 (2 20 g, 13.5 mmol) in THF (25 ml) was gradually added to a stirred slurry of 

LiAlH4 (0 5 equiv ) in THF (75 ml) at -78 °C under an argon atmosphere After stirring for 15 minutes, a sample of 

5% of the reaction volume (5 ml) was removed and quenched with water To the remainder, an extra quantity of 

LiAlH4 was added to produce diol 20. The major part of the solvent from the removed sample was evaporated under 

reduced pressure and Et20 (10 ml) was added to the residue. The ether solution was washed twice with a 50% aqueous 

solution of NH4CI (5 ml) The aqueous solutions were extracted again each with Et20 (5 ml) The ether solutions were 

then combined, dried on MgSO„, filtered and the solvent removed under reduced pressure. Purification as described in 

method A provided an inseparable mixture of isomers 8a and 8b (74% yield, ratio 8a 8b = 20 80) as a colorless oil 

and diol 20 (10% yield) as colorless crystals 
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8a and 8b 400 MHz 'H-NMR δ 8a (Minor isomer) 1 57 A of ABq (dt, 0 25H, 2J 11 0 Hz, 'J-3 6 Hz, H6l), 

1 80 В of ABq (d, 0 25H, 2J~11 0 Hz, H6b), 1 95 A of ABq (dd, 0 25H, 2J—11 I Hz,'J 3 7 Hz, exo-H,0), 2 11 В of 

ABq (d, 0 25H, 2J=11 1 Hz, endo-Hw), 2 16 - 2 23 (m, 0 25H, -CU), 2 25 - 2 38 (m, 0 5H, 2x -CH), 2 40 - 2 47 (m, 

0 25H, -CH), 2 56 - 2 64 (m, 0 25H, -CH), 2 91 - 3 02 (m, 0 25H, -CH), 4 25 E (s[br], 0 25H, -OH), 4 58 - 4 62 (m, 

0 25H, H,) 8b (Major isomer) 1 65 & 1 71 (ABq, 1 5H, 2J=11 0 Hz, 2x H6), 1 95 A of ABq (dd, 0 75H, 4=11 1 Hz, 
3J-3 7 Hz, exo-H,0), 2 11 В of ABq (d, 0 75H, 2J=11 1 Hz, endo-H¡0), 2 16 - 2 23 (m, 0 75H, -CH), 2 32 (s[br], 0 75H, 

Hlor(>), 2 40 - 2 47 (m, 0 75H, -CH), 2 56 - 2 64 (m, 0 75H, -CH), 2 67 (s[br], 0 75H, H4or6), 2 91 - 3 02 (m, 0 75H, -

CH), 4 17 E (s[br], 0 75H, -OH), 4 52 (tfps], 0 75H, 3J=5 1 Hz, H5) 100 MHz "C-NMR δ 8a (Minor isomer) 33 9/ 

45 6/45 7/50 8/50 9/52 0 (d, 6x -CH), 36 5/39 0 (t, 2x -CH2), 80 7 (d, -OC,H), 103 9 (s, -OC,0-) 8_b (Major isomer) 

34 6/37 8/47 7/49 0/51 2/56 7 (d, 6x -CH), 39 2/40 7 (t, 2x -CH2), 77 4 (d, -OC3H), 115 0 (s, -OC,0-) IR (CCl/NaCl-

cells) ν 3585 (w, free O-H), 3540 - 3090 (s, O-Η), ЗОЮ - 2840 (s, C-Η, alif ), 1082/1070 (s, C-0-) cm ' GC-MS/E1 

m/e 8a (Minor isomer) 164 (M*, 21%), 146 (M* - H20, 0 3%), 135 (M* - OCH, 2%), 119 (M* - C02H, 34%), 105 

(C8H,*, 100%), 91 (C7H7\ 38%), 66 (CSH6\ 53%) 8b (Major isomer) 164 (M*, 64%), 146 (M* - H20, 8%), 135 (M+ -

OCH, 87%), 119 (M* - C02H, 20%), 105 (C8H9', 86%), 91 (C,H/, 62%), 66 (CSH6", 100%) HRMS/EI m/e Found 

164 08367 ± 0 00046 (calculated for C,0H12O2 164 08373) 

Telracyclo[5 3 0 02·5 04 sJdecane-endo endo-3 9-diol (20) 

A solution of 2 (3 46 g, 21 3 mmol) in THF (20 ml) was gradually added to a stirred slurry of LiAlH4 (1 80 g, 

2 22 equiv ) in THF (100 ml) at 0 °C under an argon atmosphere After stirring for 30 minutes, conversion of 2 was 

complete and the reaction mixture was quenched with water (1 80 ml) followed by a 15% aqueous solution of NaOH 

(1 80 ml) and finally water (18 0 ml) Stirring was continued for 10 minutes and the resulting Li/Al-salts filtered over 

hyflo The ether filtrate solution was concentrated under reduced pressure The residue was diluted with CH2C12 (75 

ml) and washed twice with a 50% aqueous solution of NaHCOj (20 ml) The aqueous solutions were extracted again 

thrice with CH,C12 (10 ml) The CH2C12 solutions were then combined, dried on MgSO,,, filtered and the solvent 

removed under reduced pressure to yield 3 27 g of crude product (92%, GLC-punty -87%) as a light brown oil which 

solidified on standing Fast column chromatography over a short column (Sihcagel 60, я-hexane ethyl acetate = 1 

1) followed by recrystallization (n-hexane chloroform = 3 1) gave pure diol 20 (2 84 g, 80% yield) as colorless 

crystals 

20 400 MHz 'H-NMR δ 1 50 & 1 56 (ABq, 2H, 2J=11 0 Hz, 2x H6), 2 10(ddd, IH, 3J=11 7 & 6 1 & 3 0 Hz, 

H,), 2 12(s[br], IH, H 5 o r 7 ), 2 23 A of ABq (ddd, IH, 2J—13 8 Hz,'J 104 & 63 Hz, exo-HJ, 2 31 (ddd, IH, 3J-10 8 

& 5 4 & 2 7 Hz, H8), 2 37 (s[br], IH, H 5 o r J ), 2 45 (ddt, IH, 3J,=7 8 Hz, 3Jd=5 0 & 3 4 Hz, H2), 2 51 В of ABq (dd, IH, 
2J=13 8 Hz, 'J 3 8 Hz, endo-Ul0), 2 62 (ddt, IH, 'J-7 7 Hz, JJd=5 2 & 3 4 Hz, H4), 408 (t, IH, 3J"4 5 Hz, H,), 4 67 -

4 72 (m, IH, H,), 5 84 E (s[br], IH, -OH), 6 14 E (s[br], IH, -OH) 100 MHz '3C-NMR δ 31 9/36 0 (t, 2x -CH2), 

37 9/43 8/45 6/46 4/50 6/51 8 (d, 6x -CH), 69 5 (d, -OCjH), 77 0 (d, -OC,H) IR (КВг-disc) ν 3580 - 3020 (s, O-Η), 

3020-2840 (s, C-Η, alif), 1123/1102 (s, C-0-) cm ' MS/EI m/e 166 (M', 0 6%), 148 (M* - Η,Ο, 24%), 130 (M*-2x 

H20, 16%), 119 (M* - H 20 - HCO, 47%) 105 (C,H,* 61%), 104 (C8H8\ 91%), 91 (C7H/, 81%), 66 (C,H6\ 81%) 

HRMS/EI m/e 166 0993 ± 0 0011 (calculated for C,„HM02 166 0994) EA_ Found С - 71 87, H = 8 38 (calculated 

for С 1 0НиО 2 С = 72 26, H = 8 49) % 
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3 9-Dimethyl telracyclo[5 3 O 02·5 (^^Jdecane-endo.endo^.Ç-diol (24) 

A commercial solution of 1 б M CH3Li (2 5 ml, 4 equiv ) was gradually added from a syringe to a stirred 

solution of 2 (255 mg, 1 57 mmol) in THF (15 ml) at -78 °C under an argon atmosphere After stirring for 15 minutes, 

mono-methylation was complete and the reaction mixture was allowed to attain room temperature and stirred for 2 h 

The temperature of the reaction mixture was then increased to reflux temperature and stirred for an additional 24 h 

The reaction mixture was quenched with water and the major part of the solvent was removed under reduced pressure 

The residue was diluted with Et20 (25 ml) and the resulting ether solution washed twice with a 50% aqueous solution 

of NaHCOj (10 ml) The aqueous solutions were extracted again with Et20 (10 ml) The ether solutions were then 

combined, dried on MgS04, filtered and the solvent removed under reduced pressure to yield 307 mg of crude product 

as a brown oil which solidified on standing Purification by flash column chromatography (Silicagel 60H, n-hexane 

ethyl acetate = 2 1) resulted in the isolation of pure 24 (67% yield) as colorless crystals An analytically pure sample 

was obtained by three successive recrystallizations from я-hexane chloroform = 3 1 

24 M D - 140 °C (dec ) 400 MHz 'H-NMR δ 1 46 (s, 3H, -CH,), 1 48 (s, ЗН, -СН3), I 42 & 1 48 (ABq, 

2Н, 2J=11 1 Hz, 2х Н6), 1 85 A of ABq (dd, IH, 2J=13 9 Hz, 'J=6 1 Hz, exo-Hl0), 2 01 (dt, IH, 3J=7 8 & 2 9 Hz, -CH), 

2 16 - 2 22 (m, 1H, -CH), 2 25 (dt, 1H, 5J=8 0 & 3 3 H A -CH), 2 37 (s[br], 1H, H, „,), 2 41 - 2 48 (m, 2H, 2x -CH), 

2 90 В of ABq (d, IH, 2J=13 9 Hz, endo-UJ, 5 62 E (s[br], IH, -OH), 6 02 E (s[br], IH, -OH) 100 MHz "C-NMR δ 

30 8/32 7 (q, 2x -CH,), 31 8/42 9 (t, 2x -CH2), 42 6/45 1/49 0/50 9/51 7/58 3 (d, 6x -CH), 73 8 (s, -OC3R), 82 0 (s, -

OC,R) IR (KBr-disc) ν 3600 - 3050 (s, O-H), 3040 - 2850 (s, C-Η, alif ), 1158 (s, C-0-) cm ' MS/ΕΙ m/e No M', 

176 (M* - H20, 9%), 161 (M* - H 20 - CH,, 13%), 133 (M+ - H 2 0 - CH3CO, 54%), 118 (M - H 2 0 - CH, - CH,CO, 

52%), 105 (C,H,*, 24%), 91 (C7H/, 30%), 43 (CH3CO\ 100%) HRMS/EI m/e Found 176 12015 ± 0 00085 

(calculated for C1 2H1 60 (M* - H20) 176 12012) 

3,9-Diphenyl tetracyclo[5 3 0 02^ 04 ^]decane-endo,endo-3,9-diol (25) 

A commercial solution of 2 0 M PhLi in c-hexane Et20 = 3 1 (0 6 ml, 1 1 equiv ) was gradually added 

from a syringe to a stirred solution of 2 (175 mg, 1 08 mmol) in THF (10 ml) at -78 °C under an argon atmosphere 

After stirring for 30 mmutes, mono-phenylation was complete and the reaction mixture was allowed to attain room 

temperature An excess of 2 0 M PhLi solution (2 5 ml, 4 6 equiv ) was gradually added from a syringe to the stirred 

reaction mixture The reaction mixture was then heated to reflux temperature, stirred for 24 h and quenched with 

water The major part of the solvent was removed under reduced pressure The residue was diluted with Et20 (25 ml) 

and the resulting ether solution was washed twice with a 50% aqueous solution of NaHCO, (10 ml) The aqueous 

solutions were extracted again with Et20 (10 ml) The ether solutions were then combined, dried on MgSO,, filtered 

and the solvent removed under reduced pressure to yield 460 mg of crude product as a brown solid Purification by 

flash column chromatography (Silicagel 60H, и-hexane ethyl acetate = 3 1 + 1% Et3N
20) resulted in the isolation of 

pure 25 (53% yield) as colorless crystals An analytically pure sample was obtained by two successive 

recrystallizations from n-hexane ethyl acetate = 2 1 

25 M p - 163 °C (dec ) 400 MHz 'H-NMR δ 1 43 & 1 47 (ABq, 2H, 2J=11 3 Hz, 2x HJ, 2 04 (s(br], IH, 

H 5 o r 7 ), 2 45 - 2 50 (m, IH, -CH), 2 59 (s[br], IH, H<„7), 2 62 - 2 69 (m, 2H, ero-H l0 & -CH), 2 95 (dt, IH, 'Jd=3 3 Hz 

& 3J,=8 3 Hz, H 2 M 4 ) , 3 14 (dt, IH, JJd=3 3 Hz & 3J,=8 3 Hz, H2„,,,), 3 28 (d, IH, 2J=14 7 Hz, endo-Hl0), 4 29 (s[br], 

IH, OH), 5 82 (s[br], IH, -OH), 7 21 - 7 30 (m, 2H, 2x ArHp„J, 7 32 - 7 40 (m, 4H, 4x ArHmtu), 7 55 (d, 2H, 'J=7 5 
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Hz, 2x ArHonho), 7 61 (d, 2H, 4=7 5 Hz, 2x ArH0l1ho) 100 MHz "C-NMR δ 32 0/41 9 (t, 2x -CH2), 41 3/ 

44 8/46 6/49 7/51 4/57 9 (d, 6x -CH), 76 5 (s, -OC,R), 85 1 (s, -OC9R), 125 l(2x)/126 0(2x)/128 0(2x)/128 6(2x) (d, 

4x ArConta and 4x ArCm eJ, 126 6/127 2 (d, 2x ArCp.rl), 147 8/149 6 (s, 2x ArC i pJ IR (КВг-disc) ν 3500 - 2500 (s, 

O-H), 1598/1582/1492 (m, C-C, arom ), 770/760/705/700 (s, C-Η, arom ) cm ' MS/ΕΙ m/e 318 (M*, 3%), 300 (M* -

H20, 16%), 195(M*-H2O-Ph-CO,20%), 105 (Ph-CO*, 100%), 77 (C6HS*, 28%) HRMS/EI m/e Found 318 16192 

± 0 00084 (calculated for C 2 2H 2 20 2 318 1620) 

General procedure for the reduction of mono-alkylated compounds 3-7 with LiAlH4 

A solution of substrate 3 - 7 (either pure or as a mixture, free alcohol or acetyl ester, 0 75 - 2 0 mmol) in Et,0 

(5-10 ml) is gradually added to a stirred slurry of LiAlH4 ( 2 - 5 equiv ) in ЕЦО (10 - 25 ml) at 0 °C under an argon 

atmosphere The reaction mixture is allowed to attain room temperature and stirred several hours until complete 

conversion is obtained as indicated by TLC/GC analyses The reaction mixture is quenched (per π g LiAlH4 used) 

with water (n g), a 15% aqueous solution of NaOH (n g) and finally with water (10η g) Stirring is continued for an 

additional 15 minutes and the resulting Li/Al-salts are filtered over hyflo The ether filtrate solution is then washed 

twice with a 50% aqueous solution of NaHCO, (5-10 ml) The aqueous solutions are extracted twice with Et20 (5 -

10 ml) The ether solutions are then combined, dried on MgSO,,, filtered and the solvent removed under reduced 

pressure The crude product is purified by flash column chromatography and/or crystallization 

9-Methy!-tetracyclo[5 3 0 02 5 04'8ldecane-endoxndo-3.9-dio! (30a) 

Following the general procedure and using 264 mg of acetyl-3a (1 20 mmol) and 3 3 equivalents of LiAlH4 

with a reaction tune of 2 hours, the crude product (188 mg) was obtained as crystalline material Recrystallization 

from n-hexane chloroform = 3 1, resulted in the isolation of 30a (177 mg, 82% yield) as colorless crystals X-Ray 

analysis confirmed the molecular structure deduced from spectroscopic data 

30a M p 146 - 147 °C 400 MHz 'H-NMR δ 1 46 (s, 3H, -CH,), 1 50 & 1 56 (ABq, 2H, 2J=11 1 Hz, 2х 

H6), 1 88 A of ABq (dd, IH, 2J=14 0 Hz, 4=6 4 Hz, exo-Hl0), 1 99 (dt, IH, 4=7 8 & 3 1 Hz,-CH), 2 09 - 2 16 (m, 2H, 

2x -CH), 2 40 - 2 48 (m, IH, -CH), 2 50 (s[br], IH, H 5 o l 7 ) , 2 56 - 2 64 (m, IH, -CH), 2 77 В of ABq (d, IH, 4=14 0 

Hz endo-H„), 4 09 (dt, IH, 4=5 3 Hz, 4 d -t 9 Hz, II,), 6 27 E (s[br] 2H, 2x -OH) 100 MHz "C-NMR δ 32 1/42 7 

(t, 2x -CH2), 32 3 (q, -CH,), 39 4/43 7/45 7/47 0/52 8/57 1 (d, 6x -CH), 69 2 (d, -OC,H), 82 4 (s, -OC,R) IR (KBr-

disc) ν 3580 - 3040 (s, O-H), 3000 - 2840 (s, C-Η, alif ) cm ' MS/EI m/e 180 (M+, 1%), 162 (M* - H20, 21%), 147 

(M* - H 20 - CH„ 24%), 119 (M* - H 20 - CH,CO, 61%), 91 (С7НД 58%), 43 (CH,CO+, 100%) EA_ Found С = 

73 51, Η = 8 76 (calculated for C,,H,602 С - 73 30, Η = 8 95) % 

3-Methyl tetracyclo[5 3 0 02 5 04 8]decane endo endo-J 9-diol (30b) 

Following the general procedure and using 166 mg of acetvl-3b (0 754 mmol) and 3 1 equivalents of LiAIH4 

with a reaction time of 2 hours, the crude product (103 mg) was obtained as a light brown oil Purification by flash 

column chromatography (silicagel 60H, n-hexanc ethyl acetate = 1 1 + 1% Et,N21) resulted in the isolation of 30b 

(71 mg, 52% yield) as a colorless oil 

30b 400 MHz 'H-NMR δ 1 47 (s, 3H, -CH,), 1 43 & 1 49 (ABq, 2Н, 2J=11 1 Hz, 2x H6), 2 15 - 2 36 (m, 

6H, 5x -CH &. exo-H10), 2 44 (dt, IH, 4=7 9 & 3 5 Hz, CH), 2 61 В of ABq (dd, IH, 2J-13 1 Hz, 4=4 1 Hz endo-
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H,„), 4 65 - 4 71 (m, IH, H,), 4 55 E (s[br], 2H, 2x -ОН) 100 MHz "C-NMR 5 30 7 (q, -CH3), 31 8/36.1 (t, 2x -

CH2), 41 2/45 2/49.1/50 0/50 6/51 9 (d, 6x -CH), 74 3 (s, -OC3R), 77 1 (d, -OC,H) IR (CCL/NaCl-cells) ν 3500 -

3050 (s[br], -OH), 3020 - 2850 (s, C-Η, alif ) cm ' MS/ΕΙ m/e 180 (\T, 1%), 163 (M* - OH, 13%), 162 (M* - Η,Ο, 

12%), 147 (M* - H 2 0 - CH3, 21%), 119 (M* - H 2 0 - CH3CO, 70%), 91 (C7H/, 68%), 43 (CH3CO', 100%). HRMS/ El· 

m/e Found 180.11504 ± 0 00084 (calculated for С, ,H1602- 180.11503) 

3-n-Butyl-tetracyclo[5 3 0 02·5 04'8]decane-endo,endo-3,9-diol (31a) and 

9-n-Butyl-tetracyclo[5 3 0 02·5 04'8]decane-endo endo-3,9-diol (31b) 

Following the general procedure and using 211 mg of a mixture of 4a and 4b (0 96 mmol, ratio 4a . 4b = 72 . 

28) and 3 0 equivalents of LiAlH4 with a reaction time of 30 minutes, the crude product (192 mg) was obtained as a 

light brown oil. Purification by flash column chromatography (Silicagel 60H, л-hexane . ethyl acetate = 2 1 + 1% 

Et3N
2') resulted in the isolation of an inseparable mixture of 31a and 31b (164 mg, 77% yield, ratio 31a 31b = 81 . 

19) as a waxy solid. 

31a and 31b· 400 MHz 'H-NMR· δ 0.93 (t, 3H, a+b, 3J=7 2 Hz, -CH-,), 1 23 - 1 41 (m, 2H, a+b, -CH2), 1.41 -

1 49 (m, 2.4H, a+b -CH2- + b 2x H6), 1 50 & 1 55 (ABq, 1 6H, 2J=11 1 Hz, a 2x H6), 1 65 (t, 2H, a+b, -CH2), 1 91 A 

of ABq (dd, 0 8H, 2J=14 0 Hz, 3J=6 4 Hz, a endo-Hi0), 2.01 - 2.22 (m, 3H, b 3x -CH + 5 3x -CH), 2 22 - 2 36 (m, 

0 6H, b 3x -CH), 2 41 - 2 50 (m, 1 6H, a 2x -CH), 2 55 - 2 67 (m, 0 8H, a -CH), 2 66 В of ABq (d, 0 8H, 2J=14 0 Hz, 

a ero-H,0), 4.08 (dt, 0.8H, 3J=5 3 Hz, "Jd=l 8 Hz, a H3), 4 62 - 4 71 (m, 0.2H, b H,), 5 60 E (s[br], 2H, a+b, 2x -OH) 

ppm 100 MHz "C-NMR. δ 23a (Major iiomer) 14 2 (q, a+b, -CH3), 23 3/26 0/44 3 (t, 3x -CH2), 32.1 (t, C6), 41 2 (t, 

C,0), 39.3/43.3/45.7/47 1/52 6/55.3 (d, 6x -CH), 69 4 (d, -OC3H), 84.6 (s, -OC,R) 31b21 (Minor isomer)- 14 2 (q, a+b, 

-CH3), 23 1/25 5/43.3 (t, 3x -CH2), 31 7 (t, C6), 36 3 (t, C10), 40.9/45 3/47 6/47 8/50 8/51.9 (d, 6x -CH), 77 0 (d, -

OC,H) ppm IR (ССШаСІ-cellsV ν 3480 - 3040 (s[br], -OH), 3005 - 2840 (s, -CH, alif.) cm ' 

3-s-Butyl-tetracyclo[5 3 0 02·5 04'8]decane-endo,endo-3.9-dio!(32a) and 

9-s-Buty!-lelracyclo[5 3 0 02·5 04'8Jdecane-endo,endo-3,9-diol (32b) 

Following the general procedure and using 182 mg of a mixture of acetyl-5a and acetyl-Sb (0 69 mmol, ratio 

5a 5b = 52 48) and 5 0 equivalents of LiAlH, with a reaction time of 48 hours, the crude product was obtained in 

157 mg as a crystalline material Purification by flash column chromatography (Silicagel 60H, /i-hexane : ethyl acetate 

= 4 . 1 + 1% Et3N
2') resulted in the partial separation of 32a and 32b. After adjustments were made for the isomer 

composition of the intermediate fraction 32a (74 mg, 48% yield) and 32b (34 mg, 22% yield) were isolated as white 

crystalline materials. Analytically pure samples were obtained by «crystallization from CH2C12 at 5 °C. The 

spectroscopic analyses of the diols were hampered by decomposition of the compounds due to their inherent 

instability 

32a (Major isomer): M.p 142 - 144 °C 400 MHz 'H-NMR- δ 0 92 - 1 03 (m, 6H, 2x -CH3), 1 09 - 1 23 (m, 

1 H, ¿-butyl-CH), 1 35 - I 48 (m, IH,-CH), 1 51 & 1 55 (ABq, 2H, 2J=11 2 Hz, 2x H6), 1 60- 1.80 (m, 3H, -CH + -

CH2), 2 04 A of ABq (dd, IH, 2J=14.1 Hz, 3J=6 2 Hz, exo-Hw), 2 10 - 2 18 (m, 2H, 2x -CH), 2 25 - 2.37 (m, IH, -CH), 

2 41 - 2 50 (m, 2H, 2x -CH), 2 60 - 2 71 (m, IH, -CH), 2 69 В of ABq (d, IH, 2J=14.1 Hz, endo-\im), 4 07 (dt, IH, 
3J,=5 4 Hz, 4Jd=l 9 Hz, H3), 4 70 E (s[br], 2H, 2x -OH) ppm. 100 MHz '3C-NMR δ 13.3/13.6 (q, 2x -CH3), 23 8 & 

24 4 (t, diast -CH2), 32 0 (t, C6), 39 4 (d, -CH), 40.9 & 41 0 (t, diast. C,0), 43 1 & 43 3 (d, diast -CH), 45 4 & 45 6 (d, 
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diast -CH), 45 6 & 45 8 (d, diast -CH), 47 3 & 47 5 (d, diast -CH), 51 9 & 52 2 (d, diast -CH), 52 7 & 52 9 (d, diast 

-CH), 69 9 (d, -OCH), 87 8 (s, -OCO-) ppm 

32b (Minor isomer) Mp 126 - 128 °C 400 MHz 'H-NMR δ 0 90 - 0 98 (m, 6H, 2x -CHj), 0 99 - I 18 (m, 

I H, f-Butyl-CH), 1 42 & 1 48 (ABq, 2H, 2J=11 1 Hz, 2x -H6), 1 59 - I 75 (m, 2H, ¿-Butyl-CH2-), 2 14-2 23 (m, 2H, 

exo-H10 + -CH), 2 30 (s[br], IH, H,„7), 2 33 - 2 43 (m, 2H, 2x -CH), 2 38 (s[br], IH, H5or7), 2 52 - 2 63 (m, 2H, endo-

H,„ + -CH), 3 51 E(s[br], IH, -OH), 4 62 - 4 71 (m, IH, H,), 4 92 E (s[br], IH, -OH) ppm 100 MHz "C-NMR δ 

II 9 & 12 2 (q, diast -CH3), 12 7 & 12 9 (q, diast -CH3), 22 9 & 23.2 (t, diast -CH2), 31 8 (t, C6), 36 4 (t, C10), 40 4 

(d, -CH), 42 7 & 42 9 (d, diast -CH), 45 5 (d, -CH), 45 7 & 45 8 (d, diast -CH), 46 8/50 6/52 2 (d, 3x -CH), 77 1 (d, -

OCH), 79 0 (s, -OCO-) ppm MS/ΕΙ m/e 222 (M*, 1%), 204 (M* - H20, 7%), 175 (M* - H 20 - СОН, 8%), 165 (M* -

C„H„ 31%), 147 (M* - H 20 - C,H„ 44%), 105 (CgH,*, 32%), 91 (C,H7', 22%), 57 (C4H9\ 100%) HRMS/EI m/e 

Found 222 16202 ± 0 00066 (calculated for С,,Н І 602 222 16198) 

9-Phenyl-tetracyclo[5 3 0 О2·5 O^^Jdecane-endo.endoS.Ç-diol (34а) 

Following the general procedure and using 160 mg of 7a (0 67 mmol) and 2 0 equivalents of LiAlHa with a 

reaction time of 3 hours, the crude product (164 mg) was obtained as crystalline material Recrystallization from n-

hexane chloroform = 3 1, resulted in the isolation of 34a (154 mg, 95% yield) as colorless crystals 

34a Mp 152 - 153 °C 400 MHz 'H-NMR δ 1 47 & 1 53 (ABq, 2H, 2J=11 1 Hz, 2x H6), 2 10 (s[br], IH, 

H S o r 7 ), 2 16 - 2 22 (m, IH, -CH), 2 37 - 2 44 (m, 2H, 2x -CH), 2 54 A of ABq (dd, IH, 2J"14 5 Hz, 'J=6 9 Hz, exo-

H l0), 2 54 (s[br], IH, H, o r 7 ) , 2 6 5 - 2 7 2 (m, IH, -CH), 3 05 В of ABq (d, IH, 2J=14 5 Hz, endo-Hl0), 396 (t, IH, 

'J=4 3 Hz, H,), 6 17 E (s[br], IH, -OH), 6 28 E (s[br], IH, -OH), 7 22 (t, IH, JJ-7 5 Hz, ArCH^.), 7 31 (t, 2H, 'J=7 5 

Hz, 2x ArCHm tJ, 7 52 (d, 2H, JJ-7 5 Hz, 2x ArCHw t a) 100 MHz "C-NMR δ 32 1/42 3 (t, 2x -CH2), 39 3/ 

43 6/45 7/47 4/52 1/56 4 (d, 6x -CH), 69 1 (d, -OCH), 85 6 (s, -OCO-), 125 8(2x)/128 0(2x) (d, 2x ArConho + 2x 

ArCmc,„), 126 6 (d, ArCr.rl), 149 4 (s, ArC i pJ IR (KBr-disc) ν 3500 - 2600 (s[br], O-H), 2950/2925/2860 (s, C-H, 

ahf ), 698 (s, C-C, arom ) cm ' MS/ΕΙ m/e 242 (M\ 1%), 224 (M* - H20, 26%), 195 (M* - H 20 - H-CO, 6%), 105 

(C8H,*, 100%), 91 (C,H/, 15%), 77 (Ph\ 26%) EA_ Found С = 79 44, Η = 7 34 (calculated for C16H„ 0 2 С = 79 31, 

Η = 7 49) % 

3-Phenyl-tetracyclo[5 3 0 О2·5 04,s]decane-tnào endo-3,9-diol (34b) 

Following the general procedure and using 89 mg of 7b (0 37 mmol) and 2 5 equivalents of LiAIH4 with a 

reaction time of 5 hours, the crude product (74 mg) was obtained as a nearly colorless oil Purification by flash 

column chromatography (Silicagel 60H, n-hexane ethyl acetate = 3 1 + 1% EtjN2') resulted in the isolation of 34b 

(51 mg, 57% yield) as a white crystalline material Analytically pure samples were obtained by recrystallization from 

n-hexanc chloroform = 3 1 

34b Mp 119- 120 5 °C 400 MHz'H-NMR δ 1 43 & I 48 (ABq, 2H, 2J=11 2 Hz, 2x HJ, 1 95 (s[br], IH, 

H5<Jl7), 2 23 A of ABq(ddd. IH, 2J=13 7 Hz, 'J-TO 4 & 6 2 Hz, ero-H10), 2 29 - 2 35 (m, IH, -CH), 2 36 (s[br], IH, H, 

„,,), 2 44 (ddd, IH, JJ=10 6 & 5 3 & 2 7 Hz, -CH), 2 66 В of ABq (dd, IH, \ Ы З 7 Hz, 3J=4 0 Hz, endo-Hw), 2 89 (dt, 

IH, \=3 4 Hz, JJ=8 3 Hz, -CH), 2 97 (dt, IH, 3J4-3 4 Hz, 3J,=8 2 Hz, -CH), 4 10 E (s, IH, -OH), 4 57 - 4 65 (m, IH, 

H,), 5 33 E (d, IH, JJ=9 4 Hz, -OH), 7 26 (l, IH, 5J"7 5 Hz, ArCH„„), 7 35 (t, 2H, 4=7 5 Hz, 2x ArCHmels), 7 51 (d, 

2H, 'J=7 5 Hz, 2x ArCHonto) 100 MHz "C-NMR δ 31 9/35 9 (t, 2x -CH:), 39 9/45 0/46 6/48 5/ 51 1/52 0 (d 6x -
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CH), 76.7 (s, -0C0-), 77.0 (d, -OCH), 125.2(2x)/128 5(2x) (d, 2x ArC,,,,,,,, + 2x ArCmcu), 127.2 (d, ArC„„.), 147 6 (s, 

ArC i pJ IR (CCI,/NaCI-cells). ν 3500 - 2800 (s[br], O-H), 2940/2860 (s, C-Η, alif ), 698 (s, C-C, arom.) cm"1 MS/EI 

m/e 242 (M*, 1%), 224 (M* - H 20, 15%), 105 (C8H,*, 100%), 91 (C7H/, 12%), 77 (Ph*, 25%). EA: Found. С = 79 33, 

H = 7.44 (calculated for С,6Н1 802: С = 79.31, H = 7.49) %. 

3.6 Crystal Structure Data 

10-Phenyl-ll-oxapentacyclo[5 4 0 О2·6 03·,0 04'8]undecan-l-o¡ (7a) 

Crystals of 7a suitable for X-ray diffraction studies were obtained by recrystallization from n-hexane : 

chlorofrom = 3 • 1 A single crystal was mounted in air on a glass fibre Intensity data were collected at room tempe

rature. An Emaf-Nonius CAD4 single-crystal diffractometer was used, Μο-Κα radiation, theta-2theta-scan mode 

Unit cell dimensions were determined from the angular setting of 25 reflections Intensity data were corrected for 

Lorentz and polarization effects Semi-empirical absorption correction (psi-scan, North et al, 1968) was applied The 

structure was solved by the program system DIRDIF (Beurskens et al., 1996) using the program ORIENT (Beurskens 

et al., 1987) applying vector search methods and was refined with standard methods (refinement against F2 of all 

reflections with SHELXL-97 (Sheldrick, 1997) with anisotropic parameters for the nonhydrogen atoms22 All 

hydrogens were placed at calculated positions and were refined riding on the parent atoms A structure determination 

summary, is given in Table 3 12. 

Table 3.12· Crystal data and structure refinement for compound 7a 

Empirical formula: 
Color / shape. 
Formula weight: 
Temperature: 
Wavelength: 
Crystal system. 
Space group. 
Unit cell dimensions. 

Volume· 
Ζ 
Density (calculated)· 
Absorption coefficient 
F(000). 
Crystal Size 
θ range for data collection: 
Index ranges· 
Reflections collected 
Independent / observed reflections-
Refinement method' 
Data / restraints / parameters: 
Goodness-of-fit on F2· 
Final R indices [Ι>2σ(Ι)]: 
R indices (all data): 
Largest diff.peak and hole: 

с 1 6 н 1 6 о 2 

colorless / regular lump 
240 29 g mol ' 
293(2)К 
0.71073 A 
Monoclinic 
P2,/c 
a = 7 3921(8) Α α = 90.0° 
b = 6 5560(6) Α β = 92 739(10)° 
с = 25 235(2) Α γ = 90 0° 
1221 5(2) AD 

4 
1 307 g cm J 

0 085 mm ' 
512 
0 3 5 x 0 25x0.25 mm 
2 76 to 29 96° 
-IO<h<IO,0<k<9,-35<l<0 
3626 
3548 (R,„, = 0 0146) / 2090 ([Ι„>2σ(Ι0)]) 
Full-matrix, least-squares on F2 

3548/0/ 180 
1 022 
R, = 0 0510, wR2 = 0.1272 
R, = 0 1163,wR2 = 0 1500 
0 194and-0264eA 3 
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(±)-(R*,R*) l-l-Butyl-exo-9-(10'-hydroxyl-l 1 '-oxapentacyclo[5 4 O O2·6 03-10 O^^Jundec-l '-yl)-l Ì-oxapenlacyclo-

[5 4 0 02·6 0}.I0 04'8]undecan-IO-ol (9a) 

Crystals of 9a suitable for X-ray diffraction studies were obtained by recrystallization from n-hexane 

chloroform = 5 1 via slow diffusion. A single crystal was mounted in air on a glass fibre. Intensity data were col

lected at room temperature An Enraf-Nonius CAD4 single-crystal diffractometer was used, Μο-Κα radiation, omega-

2theta-scan mode. Unit cell dimensions were determined from the angular setting of 25 reflections Intensity data were 

corrected for Lorentz and polarization effects Semi-empirical absorption correction (psi-scan, North et al., 1968) was 

applied The structure was solved by the program system DIRDIF (Beurskens et al , 1996) using the program 

ORIENT (Beurskens et al., 1987) applying vector search methods and was refined with standard methods (refinement 

against F2 of all reflections with SHELXL-97 (Sheldrick, 1997) with anisotropic parameters for the nonhydrogen 

atoms22. All hydrogens were placed at calculated positions and were refined riding on the parent atoms A structure 

determination summary, is given in Table 3 13 

Table 3.13 Crystal data and structure refinement for compound 9a 

Empirical formula. 
Color / shape 
Formula weight 
Temperature: 
Wavelength. 
Crystal system: 
Space group' 
Unit cell dimensions 

Volume. 
Ζ 
Density (calculated). 
Absorption coefficient. 
F(000): 
Crystal Size' 
θ range for data collection: 
Index ranges: 
Reflections collected' 
Independent / observed reflections: 
Refinement method' 
Data / restraints / parameters 
Goodness-of-fit on F2 

Final R indices [1>2σ(1)] 
R indices (all data) 
Largest diff peak and hole: 

СгіН 3 0О 4 

transparent colorless / regular needle 
382 48 g mol ' 
293(2)К. 
0 71073 A 
Triclinic 
Ρ, 
a = 6 8968(4) Α α = 74.193(4)° 
b= 10 7319(6) Aß = 85.906(5)° 
с = 13.9200(10) Α γ = 78.456(5)° 
971 13(10)A3 

2 
1.308 g cm3 

0.087 mm ' 
412 
052x0.19x0.11 mm 
2 18 to 29 97° 
-9<h<0, -15<k<14, -19<1<19 
6082 
5647 (R,„,=0 0198) / 3100 ([Ι0>2σ(Ι0)]) 
Full-matrix, least-squares on F2 

5647 /0/279 
1 019 
R,= 0 0550, wR2 = 0 1271 
R, = 0 1335, wR2 = 0 1566 
0 278 and -0 334 e.A'3 
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9-Methyl telracyclo[5 3 О О2·5 О4 sJdecane-endo-3 endo-9-ώοΙ (30а) 

Crystals of 30а which, unfortunately, were less suitable for X-ray diffraction studies, were obtained by slow 

diffusion crystallization from chloroform and n-hexane A single crystal was mounted in air on a glass fibre Intensity 

data were collected at room temperature An Enraf-Nonius CAD4 single-crystal diffractometer was used, Cu-K α 

radiation Θ-2Θ scan mode Unit cell dimensions were determined from the angular setting of 25 reflections Intensity 

data were corrected for Lorentz and polarization effects Semi-empirical absorption correction (psi-scan, North et al, 

1968) was applied After the initial full-matrix anisotropic least-squares refinement on the complete structure, 

DIFABS (Walker & Stuart, 1983) was applied, after which the refinement was completed The structure was solved 

by the program system DIRDIF (Beurskens et al, 1996) using the program ORIENT (Beurskens et al, 1987) applying 

vector search methods, and was refined with standard methods (refinement against F2 of all reflections with SHELXL-

97 (Sheldnck, 1997)) with anisotropic parameters for the nonhydrogen atoms All hydrogens were taken from a 

difference Fourier map and were refined independently and isotropically22 A structure determination summary, is 

given in Table 3 14 

Table 3.14 Crystal data and structure refinement for compound 30a 

Empirical formula 
Color / shape 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Ζ 
Density (calculated) 
Absorption coefficient 
F(000) 
Crystal Size 
θ range for data collection 
Index ranges 
Reflections collected 
Independent / observed reflections 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 

Final R indices [Ι>2σ(Ι)] 
R indices (all data) 
Largest diff peak and hole 

C„H, 60 2 

colorless / regular 
180 24 g mol1 

293(2)К 
1 541838 A 
Monoclinic 
P2,/c 
a = 11 297(3) Α α = 90 0° 
b = 8 4411(10) Ap= 113 98(3)° 
с = 10 6820(14) Α γ = 90 0° 
930 7(3) A' 
4 

1 286 g cm ' 
0 691 mm 1 

392 
031 xO 18x008 mm 
4 28 to 59 83° 
-12<h<12,-9<k<9,-ll<l<ll 
5209 
1373 (R,„,=0 1297)/1037 ([]0>2σ(Ι0)]) 
Full-matrix, least-squares on F2 

1373/0/ 182 
1 093 
R, = 0 0800, wR2 = 0 2081 
R, = 0 0993, wR2 = 0 2493 
0 224 and -0 306 e A 3 
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Lhapter 4 

Tetracyclo[5.3.0.02s.04'8]decane-e/ií/o,e/ií/o-3,9-diols, 

Rigid 1,4-Diols with both Alcohol Functions in Close Proximity 

4.1 Introduction 

The tetracyclo[5 3 0 O25 048]decane nng system 1 is a unique polycychc 

structure as its rigid geometry allows the study of stenc and electronic inter

actions of functional groups which are in close proximity and the evaluation of 

these interactions in terms of chemical reactivity An illustrative example of the 

effect of both rigidity and distance is the base-induced intramolecular addition of the alcohol oxy

gen to a non-activated olefinic bond as observed in tetracyclic enol homologues 2' (Scheme 4 1 ) 

1 л 
HO 

2 

— R 

KOH 

MeOH 

Scheme 4.1 

. Ω о 
^ с Г 

3 

— R 

R = H 
R = Me 
R = n-Bu 
R = Ph 

70% 
94% 
92% 
93% 

In the preceding Chapters 2 and 3 the synthesis and chemical reactivity of tetracyclo-

[5 3 0 О15 048]decane-3,9-dione 4 is discussed In this dione both carbonyl π-systems are enforced 

within the van der Waals distances Both spectral and chemical studies indicate mutual electronic 

interactions between these carbonyl functions The intriguing class of endo,endo-3,9-dio\s 5 was 

readily prepared by either hydride reduction or carbonucleophilic additions to dione 4 (Chapter 

3 4) In these diols 5 both calculations and an X-ray diffraction study of methyl-substituted diol 5 

(R]=Me, R2=H) show that the interatomic 0-0 distance between both alcohol functions is 

approximately 2 6 A, which is slightly less than twice an average C-0 distance As may be 

expected this distance allows a strong intramolecular hydrogen bonding between both OH-
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functions as shown by the X-ray structure determination (see Chapter 3.4). In addition, in the solid 

state, a strong intermolecular hydrogen bonding is established between the C3-OH and the C,-0 

units. The relatively rigid configuration of these rather congested diols is an ideal starting point for 

evaluating the chemical reactivity of such 1,4-diols in relationship with the distance of the 

hydroxyl functions. 

О О 

4 5 6 

A typical example of proximity-induced intramolecular reactivity in strained cage diols is 

provided by Cookson-type endo,endo-dio\s 7. Dehydration of these diols2 by aqueous hydrochloric 

acid results in the efficient formation of ethers 8 (Scheme 4.3). 

Scheme 4.3 

(CH2)n (CH2)n 

aq HCl 

-н2о -»· 
H—<r X-H 

о о о 
H H 

7 n=1,2 8 n=1.2 

In view of the expected acid lability of endo,endo-dio\s 5 and the chemical inequivalency 

of the cyclobutanol and cyclopentanol moiety in this system, this chapter will focus on acid-

induced reactions and mono-and bis-substitution reactions of parent diol 6. 

4.2 Acid-induced Skeletal Rearrangement of Tetracyclo[5.3.0.02,5.04,8]decane-
endo,endo-3,9-d\o\ 

The relatively high strain energy of approximately 65 kcal.mol"' contained in the tetracyclo-

[5.3.0.02,5.0'l,8]decanyl ring system 1 is responsible for its kinetic lability under appropriate condi

tions. As discussed earlier, dione 4 (see Chapter 2) and enone 9 undergo a fast skeletal rear

rangement to either the tetracyclo[4.4.0.0410.058]decanyl 10 or tricyclo[5.2.1.04'8]decanyl Π ring 

system under Bronsted and Lewis acidic conditions, respectively. 
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1 + 10+ 11 + 

These acid-induced rearrangements are typical examples of a cyclobutyl - cyclopropyl car-

binyl - homoallyl cation rearrangement which is promoted by the relief of strain. Sofar, the studies 

concerning the acid lability of the tetracyclo[5.3.0.02,5.04,8]decanyl ring system had been limited to 

ketones. However, during the synthesis of tetracyclic endo,endo-d\o[s 5 (Chapter 3) there were 

indications that these endo,endo-dio\s are quite acid labile. On one occasion, a crude product mix

ture of mono и-butyl substituted diols (see Chapter 3.4; structures 31a and 31b) in ethyl acetate 

solution, was subjected to drying on magnesium sulfate overnight in the refrigerator. After removal 

of the drying agent, a TLC-analysis revealed a complete conversion of the diols into a new, apolar 

product. After purification this product was obtained in approximately 30% yield. Spectroscopic 

analysis of the new product did not completely clarify its structure but the presence of a new 

carbocyclic skeleton and the occurrence of an olefin moiety were clearly established. 

As ethyl acetate may contain traces of free acetic acid, these may be responsible for the 

observed rearrangement of these mono и-butyl diols. To gain insight in the nature of this rear

rangement and to establish the kinetic stability of these tetracyclic endo,endo-d\o\s under acidic 

conditions a study was undertaken in which parent diol 6 was extensively studied under a variety 

of acid conditions. 

Parent diol 6 appeared much more susceptible to acidic rearrangement than diketone 4 and 

enone 9. A sulfuric acid concentration of one promille (1%о) by weight in an anhydrous diethyl 

ether / methanol mixture (10 : 1) turned out to be sufficiently acidic to induce an almost immediate 

reaction of 6 to give a mixture of two products which, on careful spectroscopic analysis, were 

identified as syn-12 and anti-YL (Scheme 4.4). 
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Scheme 4.4 

H 

e 1 % ° Н г 5 0 < • C t \ : ' 0 M e • O ^ ~ 0 M e м е 0 ' > < 0 
E t 2 O / M e O H = 10 1 / / - * ^ \ j / / ^ U ' S * - " " ' A 

ОН ОН z = н о 

It should be noted that the carbon 
skeletons of both products are mir
ror images (enantiomers), which is 
apparent when e g the structure of 
алг/-12 is drawn in a 180° rotated 
fashion The position of the hydm-
xyl group in an(/-12 does not match 
the mirrorred ¡mage syn-12 however 
This makes syn-12 and anff-12 regio-
isomenc compounds In this way, 
the syn/anti relation of products 1Д 
is clearly demonstrated This situation 
is also present in structures 13 As 
6 is used as a racemic mixture, both 
syn and anti isomers of 12 and 13 
are produced as racemic mixtures 

anf/-13 syn-13 

Compounds syn-12 and anli-12 were produced in nearly quantitative yield and in almost 

equal amounts (ratio = 49 : 51). Separation of the mixture and isolation of either compound 12 was 

accomplished by careful flash column chromatography over silicagel. If the solution of diol 6 in 

ether / methanol containing l%o sulfuric acid was allowed to react for longer than 10 minutes, a 

new set of two products was formed at the expense of 12. After 12 hours this reaction was 

complete to give a quantitative yield of two olefins in a 1 : 1 ratio. In contrast to compounds 12, 

separation of the olefins by flash column chromatography appeared impossible which impeded 

their structure elucidation. This problem could, however, be solved by subjecting syn-12 and anli-

12 as individual pure compounds to identical conditions. The two olefins obtained in this manner 

were identified as anti-13 and syn-13, respectively. Most importantly, it was found that syn-12 

only led to anti-13 while anli-12 exclusively gave syn-13. This nice one to one relation between 

isomers 12 and olefins 13 proves that there is no common intermediate in the formation of anti- or 

syn-13 from either compound 12. 

The structural elucidation of compounds 12 and 13 is primarily based on high-field 'H-

NMR spectroscopy. Comparing the proton resonance patterns of 12 and 13 with those of the 

products obtained by acid-induced rearrangements of dione 4 and enone 9 immediately showed a 

remarkable resemblance. Assuming the occurrence of similar cationic rearrangements this 

similarity in NMR-pattems gave a first clue of the basic carbon skeletons of 12 and 13. Careful 

syn-12 anf/-12 

in situ, 12 h 

i 
. * ¿TV l,so' 

H—<C OMe H — \ OMe MeO 
OH OH но 
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analysis of the 'H-NMR spectra allowed an almost complete interpretation of all proton resonances 

on the basis of structures 12 and 13. I3C-NMR, IR and MS data confirmed these proposed 

structures. However, due to the complexity of the 'H-NMR spectra, an unambiguous assignment of 

the absolute stereochemistry for each of the isomers of 12 and 13 was not possible. Therefore, 

appropriate derivatives of 12 or 13 were prepared for either an X-ray diffraction analysis or to 

obtain fully interpretable 'H-NMR spectra. The preparation of crystalline 3,5-dinitrobenzoate 

esters was successful for anti-12- Unfortunately, repeated crystallization from diethyl ether / n-

hexane solvent mixtures did not produce crystals suitable for an X-ray analysis. Fortunately, the 

tosylate anti-14, obtained from anti-13, was an excellent substrate for an extensive 'H-NMR 

analysis By applying 2-D NMR-techniques, such as COSY and NOESY, the 9 

syn- and ал/í'-structures to 12 and 13 could now unequivocally be distinguished. β S ^ > ι 

All couplings and contacts between the various protons could be interpreted. y^>^P2 

For instance, the exo-configuration of the methoxy substituent in anti-14 was \ 
OTs 

proven by a strong NOE-contact between ewfo-oriented H10 and endo-H6 (Table 

4.1). ~ 

Table 4.1: NOESY and COSY NMR spectroscopy ofanti-14 (tosylate of anti-U). 

δ (ppm) 

1.48 

1.54 

1.81 

2.10 

2.24 

2.38 

2.45 

2.79 

3.30 

4.65 

5.47 

6.02 

Hydrogen 

H6n 

H9 a 

н% 
Η, 

Η6χ 

не 

н, 
н, 
Η,ο 

н5 
Η3 

Η2 

NOESY-contacts 

Η6χ н 1 0 

Η4 H s Н,ь 

н в н9а 

н6, н 8 

н5 н6п Н7 

Н 4 Н 5 Н 7 

н2 н | 0 

Нз н 5 н 8 

Hi Н6„ 

Н4 н 6 х H s 

н2 н4 

н, н, 

н9а 

н9а 

н9Ь 

COSY-couplings 

н5 н6х н7 

Н9ь 
Hi Н 8 Н 9 а 

н6п н6х Н8 

н5 н6„ Н7 

Н4 Н 7 Н 9 Ь 

н9Ь н1 0 

Н 3 Н 5 Hg 

н, 
н4 н6х н6„ 
н2 н4 

Нз 

In a similar manner as is proposed for the acid-catalyzed rearrangement of tetracyclic 

ketones 4 and 9 (see Chapter 2.3), the formation of tricyclic alcohols 12 and 13 from tetracyclic 

diol 6 can be rationalized by a cyclobutyl - cyclopropyl carbinyl cation rearrangement. This 

mechanism is outlined in scheme 4.5. 
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The rearrangement of diol 6 is initiated by protonation of the cyclobutyl 3-e/Jt/o-hydroxyl 

group This protonation apparently leads to such an increase in electrophilicity at the cyclobutyl C3 

carbon that, as the result of the relatively high nng strain present in this part of the polycyclic 

framework, a cyclobutyl - cyclopropyl carbinyl cation migration is induced with concurrent 

elimination of water Migration of either C4-C5 (route A) or C2-C5 (route B) to C, takes place 

leading to cyclopropylcarbocations syn-15 and anti-15, respectively From cyclopropyl carbinyl 

intermediates 15 two principal mechanistic pathways are conceivable, viz (ι) reconversion of the 

cyclobutyl ring via migration of a cyclopropyl C-C bond and (n) formation of a homoallyhc 

carbocation by ring opening of the cyclopropyl nng Following the firstmentioned pathway, 

migration of the С2-Ст bond in syn-15 affords cyclobutyl cation syn-16 which, on quenching with 

methanol, gives methoxy alcohol syn-\2 In a similar fashion, anti-12 will be formed starting from 

cyclopropylcarbocation anti-\5 The observed exo-stereochemistry for the introduction of the 

methoxy group in both syn- and cmti-YL is readily understood by taking into account that the exo-

face in cyclobutyl carbocations 16 is stencally considerably better accessible for nucleophiles than 

the ewifo-face The second pathway accounts for the formation of olefins 13 from 15 by an initial 

cyclopropyl carbinyl cation - homoallyl carbinyl cation rearrangement to form 17, followed by 

reaction of methanol to the homoallyhc catiomc center from the stencally less hindered exo-side 

The observation that the initial products of the acid-catalyzed rearrangement of 6 are the 

cyclobutyl methyl ethers 12 which are quantitatively converted in the corresponding methoxy 

homo-enols 13 when longer reaction times are applied, is indicative of the kinetic preference for 

the formation of the cyclobutyl carbocation 16 over the homo-allyl carbocation Г7 and for the 

existence of an equilibrium which eventually leads to a complete conversion to the 

thermodynamically considerably more stable olefin 13 The ease of the demethoxylation of 12, 

which is the necessary step to reconvert this compound to the cyclopropyl carbinyl cation 15, is 

illustrative for the high energy content of this nng system which only needs the development of a 

slightly electron-deficient center at the C7 position in 12 to induce the cyclobutyl -

cyclopropylcarbinyl cation rearrangement 

In principle, cyclopropyl carbinyl carbocations 15 may also be trapped by methanol The 

observation that none of such methoxy-cyclopropyl compounds were found shows that these 

cyclopropyl carbocations are just transient intermediates with very short life times Intramolecular 

trapping of the intermediate catiomc centers in both anti-15 and syn-15 by the eni/o-hydroxyl 

function at C, to form an oxetane was observed neither, despite that particularly in чуп-15 the C9 
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OH function is suitably positioned for reaction with the carbocationic center to form oxetane 18 

Interestingly, the presence of the C, alcohol function in 6 is a probe for the mechanism of the 

initial step of this rearrangement The absence of any pentacyclic ether 19 proves that the initial 

step in the sequence shown in Scheme 3 5 does not involve a free cyclobutyl cation (an SNl-type 

reaction) but proceeds via an SN2-type reaction involving either the C2-C5 or the C4-C5 bond shift 

in 6 with simultaneous expulsion of water In case of the occurrence of a free carbocation at C3 

also the formation of oxa-cage 19 would have been expected It should be noted however, that the 

structurally related endo endo-diol 7 derived from Cookson diketone on treatment with mineral 

acid undergoes a dehydration reaction to give oxa-cage 8 (Scheme 4 3) Furthermore, in the 

rearrangement of 6 there is no equilibrium between 15 and a cyclobutyl carbocation related to 6 

because in that case a cross over from syn-12 to syn-ІЪ would have been expected during the acid 

treatment of syn-12 The same holds for the reaction of anti-\2 with acid, no cross over to anti-13 

was observed 

О ^ O ' 

18 19 

The non-symmetry of the starting diol 6 is the obvious reason for the formation of mixtures 

of syn- and ангг-rearranged compounds 12 and 13, respectively The lack of regioselectivity shows 

that the e«t/o-alcohol function at C, does not affect the initial cyclobutyl - cyclopropyl carbinyl 

cation rearrangement of 6 This result contrasts the observed influence of a carbonyl moiety at C, 

on the initial C-C bond migration described in Chapter 2 (Scheme 2 5) There is therefore, a 

profound difference between a remote carbonyl and a hydroxyl group on the chemical reactivity of 

the strained cyclobutyl ring in this system 

In summary, parent diol 6 is extremely acid labile and rapidly rearranges to the more 

relaxed polycychc structures 12 and 13 Depending on the reaction time either 12 or 13 can be 

obtained in quantitative yield as 1 1 mixtures with syn- and алгі-configuration using a minor 

amount of sulfuric acid in methanol / ether A cyclobutyl - cyclopropyl carbinyl - homoallyl cation 

rearrangement satisfactorily explains the formation of these products Although not studied, 

similar rearrangement products may be expected for all other diols 5 substituted at C3 and/or C9 
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4.3 Mono-functionalization of Tetracyclo[5.3.O.O2's.O4'8]decane-e/n/0,em/0-3,9-
diol via Electrophilic Addition and Substitution Reactions 

The close proximity of both alcohol functions in an еис/o-position in diols 4 raises the ques

tion whether such a congested diol would still be capable of reacting with electrophiles in a 

nucleophilic substitution or addition. And if so, whether it would be possible to attain any 

regioselectivity in a mono-substitution process. For this purpose, parent tetracyclic diol 6 was 

reacted with various electrophilic reagents under a variety of conditions. Since diol 6 is extremely 

sensitive to acid (see preceding Chapter 4.2), all reactions were carried out in the presence of base. 

4.3.1 Ether Formation 

The alkylation of diol 6 was studied under a variety of conditions. It was found that the best 

results were obtained in dimethyl sulfoxide (DMSO) as the solvent and using excess potassium 

hydroxide as the base. With methyl iodide as the electrophile a smooth methylation took place to 

give a mixture of monomethyl ethers 21a and 21b. and dimethyl ether 21c in an excellent total 

yield of 90% (Table 4.2; entry 1). The amount of methyl iodide used in this reaction did not 

significantly affect product formation. Both 1 equivalent and a large excess of methyl iodide led to 

the same ratio of products, showing that bis-methylation of 6 is a rather unfavorable process. 

Isolation of all three compounds as single compounds was achieved by tedious flash column 

chromatography on silicagel using и-hexane / ethyl acetate (3 : 1) in the presence of 1% of triethyl-

amine. Triethylamine was required in order to prevent skeletal rearrangement on the column. 

Careful 'H-NMR-analysis allowed an unambiguous assignment of all three structures (see below 

for detailed interpretation) showing that the methylation had occurred preferentially at the 

cyclobutanol moiety (61% yield). Methylation at the cyclopentanol unit is clearly less favorable as 

this product was obtained in a relatively low yield of 23%. The dimethyl ether 21c was isolated in 

only 6% yield. Remarkably, the bis-methylation could never be completely suppressed even not 

when less than 1 equivalent of methyl iodide was used. The allylation of 6 using allyl bromide also 

was quite efficient with respect to mono-substitution. Under similar conditions as used for the 

methylation of 6, allyl ethers 22a and 22b were isolated in a 23 : 77 ratio and in a total yield of 

94%. In this allylation reaction no bissubstitution to 22c took place at all, even not with 5 

equivalents of allyl bromide (see Section 4.3 for a more detailed description of these bis

substitution reactions). Similar good results for the mono-alkylation of 6 were obtained when the 
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somewhat more exotic alkylation agents methoxymethyl chloride (MOMC1) and r-butyldimethyl-

silyl chloride (TBDMSC1) were applied (Table 4.2, entries 3 and 4). However, to obtain a high 

selectivity for mono-alkylation the conditions had to be changed and tuned to the alkylating agent 

being used. Thus, in the case of MOMC1, the use of л-butyllithium as a base and THF as the 

solvent appeared to be essential whereas for the silylation of 6 the combination of imidazole and 

DMF turned out to be optimal. There was also some temperature effect. Although the silylation 

also worked well with trimethylsilyl chloride, these mono-silyl products were unstable and rapidly 

hydrolyzed during flash column chromatographic separation of the isomers. The mono-/-butyldi-

methylsilyl ethers 24 appeared much more stable. Quite surprisingly, the yields of these mono-

substitutions are excellent, even in the case of the rather bulky /-butyldimethylsilyl substituent, 

showing that the proximity of a second alcohol function does not significantly hamper this mono-

substitution process. In both cases even a few percent of the bis-substitution products 23c and 24c 

was observed. 

Scheme 4.6 

1 equiv RX 

basic conditions 

Table 4.2: Mono-functionalization of endo,endo-aio\ 6 

product RX η 

(equiv.) base 
conditions 

solvent T(°C) 
yield (%) 

b с 

2 1 3 

22 3 

23 4 

24 5 

25 
26 
27 

CH3I 
CH2=CH-CH2Br 

MOMC1 

TBDMSC1 
CH3C(0)C1 

TsCl 
CH,S02C1 

1.5 
5.0 

1.2 

1.1 

1.1 
1.1 
1.2 

xs. KOH 
xs. KOH 

1 eq. и-BuLi 

xs. ImH 

DMSO 
DMSO 

THF 

DMF 

pyridine / CH2C12 = 1 : 1 
pyridine / CH2C12 = 1 : 1 
pyridine / CH2C12 = 1 : 1 

20 
20 

0 

20 

-15 
0 

0 

23 
26 

22 

39 

40 

40 
0 

61 
68 
67 

51 

25 
0 

0 

6 
0 
6 

3 
8 

0 
0 

In all cases studied mono-substitution of 6 showed a preference for the formation of the 

cyclobulyl ethers 21b-24b. Assuming that the ether formation proceeds through an SN2 William

son-type substitution process, this result can either be explained by steric approach control or by a 

difference in nucleophilicity of the C, and C9 oxygens. Although steric effects cannot be easily 
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quantified, molecular modeling does not point to a significant difference in congestion around both 

alcohol functions. After initial deprotonation of one of the hydroxy! functions, the reactive species 

will most likely be a hydrogen bonded metal alcohólate intermediate such as 28. Assuming a 

kinetically determined process, alkylation will be primarily governed by the nucleophilicity of the 

alcohólate oxygens. The nucleophilicity of the cyclobutyl alkoxide in comparison with the cyclo-

pentyl alkoxide will be less due to the more pronounced p-character of the 0-C3 alcohólate bond in 

this relatively strained cyclobutane ring system. To verify this hypothesis MOPAC calculations 

were carried out on mono-anions 28a and 28b. In the gas phase two energy minima were found 

which differ in energy by about 7 kcal .mol"1 in favor of cyclobutyl alcohólate 28b (Figure 4.1). 

Figure 4.1 

Cyclopentyl anion 

AHr(vac.) = -54.19 kcal.mol"1 

ΔΗΓ (H20) = -134.70 kcal.mol"1 

28a 

Cyclobutyl anion 

AHf(vac.)= -61.36 kcal.mol"' 
AHf(H20) =-135.18 kcal.mol"' 

28b 

Including the epsilon parameter for water into the MOPAC calculation to imitate solvation 

effects showed this difference to decrease to about 0.5 kcal.mol"1 which is in reasonable agreement 

with the observed product ratios (entries 1-3). These calculations suggest that the C, alcohol 

function is indeed more nucleophilic than the C9 alcohol group and therefore under basic condi

tions will be regioselectively substituted. If the base used, is not strong enough for deprotonation 

of 6 no clear difference in reactivity between the two alcohol functions is expected. This was 

indeed found to be the case. With imidazole as a weak base the regioselectivity for mono-
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substitution of 6 considerably decreased (Table 4 2, entry 4) Here, the imidazole probably 

activates the i-butyldimethylsilyl chloride which then rapidly reacts with the diol The observed 

ratio of 44 56 for the formation of 24a and 24b indicates that stenc factors are not decisive in 

determining the regiochemistry of this substitution process 

An interesting result was obtained when the alkylation of 6 with MOMC1 was carried out 

with an excess of dnsopropylamine in THF as the base In a relatively slow reaction a mixture of 

various products was obtained after stirring for 24 hours at 50 °C Besides the formation of the 

mono-ethers 23a (23%) and 23b (14%), and a considerable amount of the bis-ether 23c (18%), 

also cyclic acetal 29 was formed in an appreciable yield of 31% (Scheme 4 7) 

Scheme 4.7 

ft ¡ΞΞ:• ft · ft * ft*ft 
о о о о о о о О О-^/О 

< н н > < ) 
о о о о 

/ \ / \ 

6 23а (23%) 23b (14%) 23ç(18%) 29(31%) 

Acetal 29 is slowly formed at the expense of both mono-ethers 23a and 23b as was shown 

by thin layer chromatography This formation of acetal 29 proceeds through an intramolecular SN2-

type substitution reaction in which the ent/o-alcoholate moiety attacks the electrophilic acetal car

bon in the MOM-ether (Scheme 4 8) This reaction is probably facilitated by protonation of the 

terminal methoxy group by dnsopropylammonium chloride produced during the formation of the 

MOM-ethers The ease of this unusual cleavage of the MOM-ether chain in 23a and 23b is a clear 

example of the proximity effect Due to the rigidity of the polycychc skeleton in 23, the close 

proximity and the limited conformational freedom of the enrfo-substituents, the reaction of the OH 

in 23 with the MOM ether is entropically favored Hence, an intramolecular substitution reaction 

with concurrent expulsion of methanol as shown in Scheme 4 8 is quite feasible6 

Cyclic ketal 29 was also isolated in 34% yield from the attempted conversion of encio-

cyclopentyl alcohol 23b into the corresponding ejco-cyclopentyl chloride using 2 5 equivalents of 

thionyl chloride and 1 25 equivalents of 2,6-lutidine as a base The desired exo-chlonde was not 

formed however 
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4.3.2 Ester formation 

In contrast to the mono-ether formation of diol 6 selective mono-esterification turned out to 

be much more troublesome. The acetylation of diol 6 applying conventional conditions proceeded 

only in moderate yield to afford a mixture of mono-acetates 25a and 25b with low regioselectivity 

(Scheme 4.6, Table 4.2). Even under optimum conditions at least 10% of the diol 6 was recovered, 

while about 8% of the bis-acetyl ester 25c was also isolated. Acetylation of 6 showed some regio

selectivity for the formation of the cyclopentyl acetate 25a which is opposite to that observed for 

the alkylation reactions. This preference for 25a may be either thermodynamic or kinetic in origin. 

Equilibration between 25a and 25b can be envisaged by an intramolecular trans-acetylation 

reaction, which is clearly promoted by the proximity of the OH and OAc groups, as depicted in 

Scheme 4.9. At equilibrium there would be a thermodynamic preference for 25a. The calculated 

energy difference between 25a and 25b is small and in agreement with the observed product ratio. 

In order to check the possibility of an intramolecular acetyl transfer in mono-acetates 25 (Scheme 

4.9), a pure sample of 25a was subjected to basic conditions, very similar to those used in the 

acetylation reactions, i e pyridine / dichloromethane = 1 : 1 . 

Scheme 4.9 

- H + 

+ H T 

25a 

1 

25b 
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The solution of 25a was stirred for 3 days at room temperature during which no acetyl 

transfer to 25b was observed, thus equilibration as shown in Scheme 4 9 does not take place This 

implies that the observed product ratio of 25a 25b = 61 39 (Table 4 2) is kmetically determined 

1 he slight kinetic preference for 25a may be attributed to a difference in slenc effect around C, 

and C3, and/or a steric difference between the tetrahedral intermediates 30a and 30b Calculations 

show that the formation of 30a is indeed somewhat more favorable than 30b. which is supported 

by inspection of molecular models showing that in 30a there is somewhat less steric crowding than 

in 30b 

Ή 
CI 30a 30b CI 

Sulfonylation of 6 was also attempted Using standard methodology, tosylation in pyridine 

/ dichloromethane with 1 equivalent of tosyl chloride was complete after 2 hr From the product 

mixture mono-tosylate 26a was isolated as the only product in 40% yield The complete regio-

selectivity for this tosylation of 6 is quite remarkable in the light of the observed regiochemistry in 

both the alkylation and acylation of 6 A possible explanation for the absence of mono-tosylate 26b 

could be its instability under the reaction conditions applied This hypothesis was supported by the 

results of the attempted mesylation of 6 Reacting 6 with methylsulfonyl chloride in pyridine / 

dichloromethane led to complete conversion of the starting diol after 24 hours Careful work-up of 

the product mixture allowed the isolation of two products to which structures syn-3l and anti-31 

were assigned These structures have a tricyclic framework identical to those of syn-13 and anti-\b 

(see Chapter 4 2) and are clearly the result of a carbocationic rearrangement of the original 

tetracyclic skeleton of 6 Mesylates derived from 

diol 6 in which the original tetracyclic framework 

was retained were neither isolated nor detected 

During the tosylation reaction no products of type 

31 were isolated, however, this does not exclude the 

occurrence of cationic rearrangement to compounds 

which escaped detection 

normal view 180° rotated view 

s 
aníi-31 syn-31 / ^ Q 

(17%) ' 
(19%) 
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4.3.3 Structure analysis 

All mono-functionalized products were obtained in isomerically pure form by flash column 

chromatography. The structural analyses of the compounds and the assignments of structures a and 

b to the respective isomers are based primarily on high field Ή- and "C-NMR data. The position 

of the substituent -OR in the carbocyclic framework of 21 - 27 was deduced from shifts in the 

chemical shift positions of C3 and C9 in the '3C-NMR spectra and of H3 and H9 in the 'H-NMR 

spectra with respect to the values found for diol 6 (Table 4.4). 

о о о о 
/ H H V 

I b 

Table 4.4: Ή- and '3C-NMR chemical shifts in mono-functionalized compounds 21-26. 

-R 

21 -CH, 
22 -Allyl 

23 -MOM 

24 -TBDMS 

25 -Ac 

26 -Ts1 

6 -H 

cyclopentyl isomer a - δ (ppm) 
-H" -H3 -OH -C9 -C3 

4.37m 3.96m 6.08d 86.6 70.0 

4.50m 3.97m 6.10d 84.4 70.0 

4.64m 3.99m 5.73d 82.8 70.1 

4.74m 3.97m 6.29d 77.3 70.1 

5.62m 4.03m 4.30d 79.4 70.2 

5.35m 4.02m 3.41s 86.5 69.9 

4.70m 4.08t 5.84/6.14 77.0 69.5 

cyclobutyl isomer b - δ (ppm) 
-H9 -H3 -OH -C9 -C3 

4.58m 3.69dt 4.93d 77.2 78.1 

4.59m 3.82dt 5.07d 77.3 76.4 

4.52m 4.00dt 4.74d 77.3 74.5 

4.59m 4.10dt 5.14d 77.3 70.8 

4.66m 4.92dt 3.69d 77.3 71.3 

( I ) Tosylale 26b not isolated, see Table 4 3 

The overall shape of the signals of the protons at the ring unit bearing the functional group 

remained unchanged. In all cases but one (i e. tosylate 26a). intramolecular hydrogen bonding 

from the remaining e^rfo-alcohol to the transannularly functionalized oxygen atom were observed 

in the IR and 'H-NMR spectra. The 'H-NMR spectra reveal a sharp doublet for the hydroxyl 

proton resulting from a 3J-coupling with the vicinal ring hydrogen. The shapes of the signals of the 

vicinal ring hydrogens H9 (isomer a) and H3 (isomer b) are distorted as a result of the 

superimposed extra 3J-coupling with the alcohol proton whereas the shapes of the corresponding 

signals for the hydrogens in the ring unit bearing the functional group remain unaffected. 

The two methyl groups at silicon in the mono-silyl ethers 24 are observed separately in the 

nC-NMR spectra. In cyclopentyl isomer 24a the signals are at -4.77 and -5.38 ppm and in cyclo-
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butyl isomer 24b, they are located at -4 97 and -5 23 ppm As the cage structure is chiral, these 

double signals anse from diastereotopicity of the methyl groups 

4 3 4 Concluding remarks 

In conclusion, it can be stated that the selectivity of mono-functionahzation of diol 6 

strongly depends on the type of reagent Reactions which tend to favor an SN2-type conversion, viz 

ether formation in aprotic, polar solvents applying strong bases, preferentially yield cyclobutanol 

functionalized products This preference originates from the somewhat larger nucleophilicity of the 

cyclobutanolate as compared to the cyclopentanolate moiety In reactions which proceed by an 

addition-elimination mechanism, viz acylation in apolar solvents in the presence of weak bases, 

the isomer distribution a b is kinetically controlled and probably governed by stenc factors 

experienced by the tetrahedral intermediates 30, leading to some preference for isomer a The 

sulfonylation of 6 with tosyl chloride only yields a moderate amount of only cyclopentyl tosylate 

26a This reaction is probably complicated by skeletal rearrangement This suggestion was 

substantiated by mesylation of 6 which led to mesylates with a rearranged skeleton, viz anti-31 

and svn-3l 

4.4 Bis-functionalization of TetracyclofSJ.O.O^.O^ldecane-e/ti/o^/K/o-
3,9-diol 

During the studies on the mono-functionahzation of tetracyclic diol 6 (see the previous 

paragraphs), small amounts of bis-functionahzed products accompanied the desired mono-substitu

tion products From these experiments it became clear that the high congestion present in such bis-

substituted derivatives of diol 6 could seriously hamper their efficient formation In order to further 

elaborate the bis-substitution of 6, this reaction was studied in more detail 

Some bis-methylation of 6 was observed when only 1 equivalent of methyl iodide in 

DMSO was used It was impossible to accomplish an efficient bis-methylation Under a variety of 

conditions and even with a large excess of methyl iodide the yield of the bis-methyl ether 21c 

never got higher than a poor 8% yield (see Table 4 3, entry 1), the mono-methyl products 21a and 

21b were always obtained predominantly Even more disappointing were the attempted bis-

allylation reactions which led only to mono-allylation of 6 The yields for the isolated products 
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21a. 21b and 22a, 22b in these attempts are essentially the same as when 1 equivalent of RX was 

used (see Table 4 2) 

Scheme 4.10 

xs RX 
basic conditions 

Table 4.3: Bis-functionalization of endo,endo-diol 6 

product RX conditions 
base solvent time (h ) Τ (°C) 

4 eq KOH DMSO 

5 eq KOH DMSO 

3 eq n-BuLi THF 

6 eq imidazole DMF 

pyridine / CHjClj = 1 1 

yield (%) 

21c 2eq CH3I 
22c 5 eq CH2-CH-CH2Br 

23c 3 eq MOM-C1 

24c 4eq TBDMS-C1 

25c 3 eq 04,0(0)01 

24 

24 

1 5 

24 

6 

20 
20 
0 

20 
0 

8' 

0 ' 

78 

78 

85 

(1) Several attempts were performed, reaction essentially stops at the stage of mono alkylation 

In order to avoid possible factors that may disturb this bis-alkylation of 6 in a one pot pro

cedure, the bis-methylation was also earned out in a two step procedure Following the procedure 

of Johnstone and Rose1, a pure sample of mono-methyl ether 21a was dissolved in a stirred slurry 

of powdered potassium hydroxide in DMSO at ambient temperature and then treated with two 

equivalents of freshly distilled methyl iodide This procedure again did not lead to an improved 

formation of the bis-methyl ether 21c Modification of the reaction conditions met with no success 

Bis-methylation of 6 was also attempted with sodium hydride in DMSO as a stronger base but 

again this reaction failed 

Quite remarkably, the bis-alkylation of diol 6 using MOM-chlonde in THF, after ils initial 

deprotonation with и-butyllithium, smoothly led to the bis-MOM ether 23c in an acceptable yield 

of 78% The use of я-butyllilhium may be essential for this bis-alkylation process, therefore, the 

synthesis of bis-allyl ether 22c was attempted under these conditions However, using n-

butylhthium in THF at 0 °C and 4 equivalents of allyl bromide again gave no bis-allylation 

product 22c but instead small amounts of mono-allyl ethers 22a and 22b were isolated, albeit with 

a much lower efficiency than with potassium hydroxide in DMSO The bis-silylation of 6 

proceeded well under conditions similar to those used for the mono-sil>lation employing an excess 
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of r-butyldimethylsilyl chloride This reaction indicates that stenc hindrance does not seem to 

seriously hamper bis-functionahzation of 6 The bis-acetylation of 6 in a one pot procedure gave a 

high yield of bis-acetate 25c This bis-acetylation was also studied starting from the mono-acetyl 

esters 25a and 25b The bis-ester 25c was obtained in 83% and 88% yield, respectively 

The above results on the bis-substitution of diols 6 show a remarkable difference in 

behavior for the different types of reagents These differences most probably find their origin in the 

different mechanism by which product formation takes place Methyl iodide and allyl bromide, 

under the chosen conditions, will react by a SN2-type mechanism which by nature is stencally 

encumbered in the highly congested diol region of the substrate Apparently, stencally only mono-

addition is possible MOM chloride which, as a chloromethyl ether, is a highly reactive alkylating 

reagent probably reacts via an SNl-type mechanism through the intermediacy of an oxonium ion 

The precise role of и-BuLi cannot be given yet Silylation follows a different course again as the 

main driving force is the high affinity of silicon for oxygen Probably, this reaction is also SN1 like 

Finally, acetylation proceeds via an addition-elimination reaction (S^) which apparently is 

stencally less demanding 

The tendency of mono-substituted MOM-ethers 23a and 23b to undergo bis-substitution at 

the inside face of the tetracyclic skeleton is nicely demonstrated during the attempted substitution 

of the C9 ewfo-hydroxyl function in 23b applying Mitsunobu conditions7 With lithium bromide as 

the nucleophilic reagent no exo-bromide 33 was obtained but instead emfo-carbonate ester 32 in 

good yield (66% after two column chromatographic purifications) This product is evidently 

formed from diethyl azadicarboxylate (DEAD) in this procedure (Scheme 4 11) The reluctance of 

MOM-ether 23b to undergo the Mitsunobu reaction agrees with earlier observations that hindered 

alcohols are unreactive in this procedure' 

О 
H 

> 

23b 

2 5equiv PPh3 

2 5 equiv DEAD 
5 equiv LiBr 

THF, rt 

Scheme 4.11 

Я 

N 32 (66%) 

Br 
H q 

H 

> 
о 

\ 
33 (0%) 
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The propensity of endo,endo-à\o\ 6 for intramolecular reactions which previously led to the 

formation of cyclic ketal 29 (Section 4.3) was further demonstrated by the successful conversion of 

6 to cyclic carbonate 34 (Scheme 4.12). A solution of diol 6 in toluene containing one equivalent 

of carbonyl diimidazole (CDI) and a catalytic amount of 4-(dimethylamino)pyridine (DMAP) was 

heated at 60 °C for 24 hours. This resulted in the rather clean conversion of 6 into carbonate 34. 

Considerable loss of material had to be accepted during flash column chromatography due to de

composition of the product. For the related endo,endo-d\o\s derived from Cookson diketone 7, 

similar cyclization reactions to cyclic carbonates and sulfites have been reported9. 

Scheme 4.12 

8 1,1 equiv CDI, 

cat DMAP 

Toluene, 60 °C, 24 h 

H н 
о 

6 34 (56%) 

In summary, the bis-ether formation of 6 was unexpectedly difficult. At most 8% of bis-

melhyl ether 21c was obtained while no bis-allyl ether 22c was ever observed. On the other hand, 

reaction with a three-fold excess of MOM-C1 after pretrealment of diol 6 with и-BuLi, gave the 

bis-MOM ether in good yield. Bis-silylation of 6 with f-butyldimethylsilyl chloride also could be 

achieved without noticable problems. The observed difference in behavior of these reagents have 

their origin in different mechanisms. The close proximity of the two hydroxyl groups leads to typi

cal intramolecular reactivity in this system as was demonstrated by the formation of cyclic ketal 29 

and of cyclic carbonate 34. 

4.5 Experimental Section 

General remarks 

All moisture sensitive reactions were performed in freshly dried and distilled solvents under an argon 

atmosphere in oven-dried glassware Diethyl ether (ЕігО) and tetrahydrofuran (THF) were distilled from lithium 

aluminum hydride (LiAIHa) Melting points were measured on a Reichert Thermopan microscope and are 

uncorrected 400 MHz 'H-NMR and 100 MHz "C-NMR spectra were recorded on a Braker AM 400 spectrometer at 

Я 
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Τ = 298K in CDCIj as solvent with tetramethyl silane (TMS) as internal reference Mass spectra were recorded on a 

double focusing VG 7070E mass spectrometer Infrared spectra were recorded on a Perkin Elmer 298 or a Bio Rad 

FTS-25 (FT) infrared spectrophotometer GLC-Analyses were performed on Hewlett-Packard 5790A and 5790A 

series II gas chromatography, each fitted with HP-I (column A) and CP-Sil 19CB (column B) capillary columns GC-

MS spectra were run on a Vanan Satum II benchtop ion trap system equipped with a HP-I capillary column with 

helium as the carrier gas Elemental Analyses were performed on a Carlo Erba Instruments CHNS-0 1108 Elemental 

Analyzer Flash column chromatography was performed at a pressure of ca 15 bar, using Merck Kieselgel 60H and 

n-hexane / ethyl acetate mixtures as mobile phases 

exo-7-Methoxy-tetracyclo[4 4 0 04·^ 0$ 8]detan-endo-2-ol(svn-12), 

exo-7-Methoxy-tetracyclo[4 4 0 04·10 0s^Jdecan-endo-3-ol (anti-12), 

exo-10-Melhoxy-lricyclo[5 2 1 04'^]dec-2-en-5-ol (syn-13) and 

e\o-10-Melhoxy-tncyclo[5 2 1 C^^Jdec^-en-ó-ol (атЛі-ІУ) 

A solution of 1% sulfuric acid in methanol (2 5 ml) was added to a stirred solution of parent diol 6 (297 mg, 

1 79 mmol) in Et20 (22 5 ml) at room temperature The resulting l%o sulfuric acid solution in ether methanol = 10 

1 containing diol 6 was stirred and the reaction progress monitored by TLC/GC analyses Conversion of 6 was 

complete after 15 minutes The yield as determined by GC was 98% of a mixture of jyn-12 and ani ι-12 in a ratio of 49 

51 The reaction was stirred for an additional 45 minutes to allow the formation of a small quantity of tricyclic 

olefins syn-УЗ and anti-13 The reaction mixture was then quenched with a 50% aqueous solution of NaHCOj (10 ml) 

and washed The aqueous solution was extracted thrice with Et20 (10 ml) The ether solutions were then combined, 

dried on MgS04, filtered and the solvent removed under reduced pressure The crude product (300 mg) was obtained 

as a colorless oil Purification by flash column chromatography (sihcagel 60H, n-hexane ethyl acetate = 2 1) 

resulted in the isolation of a mixture of tricyclic olefins jyn-13 and anli-13 in 14% yield as a colorless oil (ratio syn 

anti = 49 51), pure syn-12 in 38% yield as a colorless oil and pure anli-12 in 31 % yield as a colorless oil 

syn-П 400 MHz 'H-NMR δ 1 19 - 1 25 (m, IH, H6), 1 33 A of ABq (dd, IH, 4=13 2 Hz, 3J=7 7 Hz, endo-

H,), 1 41 - 1 46 (m, IH, H8), 1 51 - I 56 (m, IH, H,), 1 66 A of ABq (ddd, IH, 2J=12 0 Hz, 3J=5 6 & 3 8 Hz, H,J, 1 89 

(t[ps], IH, 'J=5 4 Hz, H,), 1 99 (q[ps], IH, 3J=5 5 Hz, H10), 2 04 В of ABq (d, IH, 2J=12 0 Hz, H«,), 2 19 В of ABq 

(ddd, 2H, 2J=13 2 Hz, 3J=9 8 & 7 6 Hz, exo-H, & -OH), 2 27 - 2 32 (m, IH, H,), 3 35 (s, 3H, -OCH,), 4 01 (d, IH, 
3J=4 6 Hz, H7), 4 26 (ddd, IH, 3J=9 8 & 7 6 & 6 1 Hz, H2) 100 MHz '3C-NMR δ 16 8 (d, C6), 17 8 (d, C,), 25 5 (d, 

Cs), 26 9 (t, С,), 35 1 (t, Cj), 38 8 (d, C,0), 39 6 (d, C4), 47 6 (d, C,), 55 4 (q, OCH3), 73 7 (d, C2), 73 9 (d, C7) IR 

(CCL/NaCl-cells) ν 3620 (w, free -OH), 3560 - 3140 (s[br], -OH), 3060 - 2800 (s, C-Η, alif ), 1160/1095 (s, C-0-) 

cm ' MS/EI m/e 180 (M*, 15%), 162 (M* - H20, 4%), 148 (M* - СН,ОН, 9%), 130 (M* - СН,ОН - H20, 28%), 105 

(C8H,\ 16%), 98 (С6Н | 0О*, 100%), 96 (С6Н„0\ 60%), 91 (С7Н7\ 31%) 

anti-Y! 400 MHz 'H-NMR δ I 25- 1 31 (m, 1H,CH), 1 39 A of ABq (dd, IH, 2J=14 6 Hz, M=l 9 Hz, endo-

H2), 1 42 - I 53 (m, 2H, 2x CH), I 73 A of ABq (dt, IH, 2J-12 0 Hz, 3J=4 5 Hz, H,J, I 89 (t[ps], IH, 'J=6 6 Hz, CH), 

1 97 E (s[br], IH, -OH), 2 05 (q[ps], IH, 3J=5 6 Hz, CH), 2 10 В of ABq (d, IH, JJ=12 0 Hz, H,b), 2 22 В of ABq 

(ddd, IH, 2J=14 6 Hz, 3J=9 3 & 7 6 Hz, exo-H2), 2 62 (q[ps], IH, 3J-4 8 Hz, CH), 3 35 (s, 3H, -OCH,), 3 51 (d, IH, 
3J=4 8 Hz, H7), 4 41 (ddd, IH, 3J=9 3 & 6 8 & 2 0 Hz, H,) 100 MHz'3C-NMR δ 15 5/15 8/17 4/41 0/42 0/47 7 (d, 6x 

CH), 26 9/42 2 (t, 2x CH2), 55 5 (q, -OCH,), 72 4 (d, C,), 83 2 (d, C7) IR (CCI,/ NaCl-cells) ν 3580 (w, free O-H), 
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3530 - 3100 (m, O-H), 3050 - 2830 (s, C-Η, alif ), 2810 (m, -OCH,), 1094 (s, C-O) cm ' MS/ΕΙ m/e 180 (M*, 28%), 

162 (M* - H20, 32%), 148 (M' - CHjOH, 91%), 130 (M* - CH,OH - H20, 73%), 105 (C8H,\ 65%), 104 (C8H8*, 70%), 

91 (C,H7*, 90%), 79 (100%) HRMS/EI m/e Found 180 11524 ± 0 00084 (cale for C,,H,602 180 11503) 

syn-13 400 MHz 'H-NMR δ 1 61 A of ABq (d, IH, 2J—11 2 Hz, H,J, 1 92 (dd, IH 2J=13 8 Hz, H,,), 1 92 -

1 98 (m, IH, CH), 2 45 - 2 60 (m, 6H, 6x CH), 3 30 (s, 3H, -OCH,), 3 90 (s, IH, H10), 4 46 (t[br], IH, 4=7 2 Hz, HJ, 

5 58 - 5 63 (m, IH, =CH), 5 91 (t[ps], IH, 4=8 3 Hz, =CH) 100 MHz "C-NMR δ 31 4/43 2 (t, 2x CH2), 39 I/ 

41 7/45 8/54 3 (d, 4x CH), 56 4 (q, -OCH,), 73 3 (d, C l0), 87 4 (d, C6), 131 6/132 9 (d, 2x =CH) IR (CCL/NaCl-cells) 

ν 3560 (w, free -OH), 3580 - 3150 (m, -OH), 3040 - 2840 (s, C-Η, alif ), 2820 (m, -OCH,), 1090/1075 (s, C-O-) cm ' 

MS/ΕΙ m/e 180 (M*, 10%), 163 (M* - OH, 0 3%), 148 (M* - CH,OH, 13%), 130 (M* - CH,OH - H20, 30%), 104 

(C,H,\ 47%), 91 (C,H/, 46%), 84 (100%) 

anti-U 400 MHz 'H-NMR δ 1 25 A of ABq (ddd, IH, 2J=13 0 Hz, 5J=9 4 & 5 3 Hz, endo-H,), 1 58 A of 

ABq (d, IH, 2J=11 2 Hz, H,.), 1 83 В of ABq (dt, IH, !Jd=l 1 2 Hz, JJ,=4 6 Hz, H9b), 1 91 E (s, IH, -OH), 2 15 - 2 20 

(m, 1 H, CH), 2 36 В of ABq (ddd, 1 H, 2J=13 0 Hz, 'J= 10 2 & 8 2 Hz, exo-H6), 2 45 - 2 51 (m, 2H, 2x CH), 2 69 - 2 73 

(m, IH, CH), 3 26 (s, 3H, -OCH,), 3 33 (s, IH, H10), 4 13 (ddd, IH, 4=9 4 & 8 2 & 5 9 Hz, H5), 5 61 (dd, IH, 4=9 7 

6 3 2 Hz, H,), 6 06 (t[ps], IH, 3J=8 4 Hz, H2) 100 MHz "C-NMR δ 30 9/37 7 (t, 2x CH2), 39 9/41 1/45 5/ 46 9 (d, 

4x CH), 56 1 (q, -OCH,), 75 1 (d, C l0), 96 2 (d, C5), 125 3/133 5 (d, 2x =CH) IR (CCL/NaCl-cells) ν 3625 (w, free -

OH), 3560 - 3180 (m, -OH), 3040 - 2840 (s, C-Η, alif ), 2825 (m, -OCH,), 1100/1077 (s, C-O-) cm ' MS/ΕΙ m/e 180 

(M', 10%), 163 (M* - OH, 11%), 148 (M* - CH,OH, 48%), 130 (M* - CH,OH - H 20, 27%), 104 (C8H8*, 100%), 91 

(C7H7', 72%) HRMS/EI m/e Found 180 11521 ± 0 00084 (cale forC n H l 6 0 2 180 11503) 

endo-2-(3 ,5'-Dimlrobenzoyloxy)-exo-7-methoxy-tetracyclo[4 4 0 0^.1 " 0^°]decane 

A solution of 3,5-dinitrobenzoyl chlonde (1 25 equiv ) in CH2C12 (2 ml)was added to a stirred solution of 

anti-ì2 (99 mg, 0 55 mmol), triethyl amine (1 5 equiv ) and a catalytic amount of DMAP in CH2C12 (8 ml) at room 

temperature under an argon atmosphere The raction mixture was stirred for 45 min after which conversion of anli-\2 

was shown to be complete by TLC/GC analyses The reaction mixture was quenched and washed with a 50% aqueous 

solution of NaHCO, (10 ml) The aqueous solution was extracted twice with CH2CI2 (10 ml) The CH,CI2 solutions 

were combined, dried on MgSO„ filtered and the solvent removed under reduced pressure The crude product (459 

mg) was obtained as a light brown, solid material Two sequential purifications by flash column chromatography 

(silicagcl 60H, я-hexane ethyl acetate = 5 I) resulted in the isolation of the dinitrobenzoate ester in (124 mg, 60% 

yield) as a white, crystalline material Analytically pure samples were obtained by crystallization from и-hexane 

diethyl ether = 1 1 

Mp 137- 138 °C 400 MHz'H-NMR δ 1 3 1 - 1 37 (m, IH, CH), 1 37 - 1 42 (m, IH, CH), 1 5 1 - 1 56 (m, 

ÎH.CH), I 72 A of ABq (dd, 1H,4=15 I Hz, 4=1 2 Hz, endo-HJ, 1 79 A of ABq (ddd, IH, 4=12 1 Hz, 4=5 I &. 4 3 

Hz, H,a), 2 05 (t, IH, 'J=6 4 Hz, CH), 2 17 В of ABq (d, IH, 2J-12 1 Hz, H,b), 2 19-2 25 (m, IH, CH), 2 41 В of 

ABq (ddd, IH, 2J=15 1 Hz, 4=9 4 & 7 4 Hz, exo-H2), 2 9 0 - 2 9 5 (m, IH, CH), 339 (s, 3H, -OCH,), 3 57 (d, IH, 

4-4 8 Hz, H,), 5 49 - 5 55 (m, IH, H,), 9 16 (d, 2H, 4=2 1 Hz, 2x ArHonho), 9 23 (t, IH, 4=2 1 Hz, ArHpjr l) 100 MHz 

^C-NMR δ 15 7/15 9/18 8/41 0/42 2/45 8 (d, 6x CH), 26 5/38 9 (t, 2x CH2), 55 6 (q, -OCH,), 78 6 (d, C,), 82 6 (d, 

C7), 122 2 (d, ArCp„,a), 129 3(2x) (d, 2x ArC„„J, 134 4 (s, ArC,pJ, 148 7(2x) (s, 2x ArCm nJ, 162 54 (s, C=0) IR 

(CCI./NaCl-cells) ν 3095 (w, C-Η, arom ), 2970 - 2860 (m, C-Η, alif), 1720 (s, C=0), 1580/ 1345 (s, -N02), 

-101 -



Chapter 4 

1167/1084 (s, C-0-), 730 (s, C-C, arom.) cm'. MS/El: m/e 374 (M*, 19%), 343 (M* - OCH,, 4%), 195 

((N02)2C6H)Ccr, 34%), 162 (M* - (NO^QHjCOjH, 65o/o) 1 3 0 ( M * . (N02)2C6H,C02H - CH,OH, 100%), 91 (C7H/, 

22%) HRMS/EI: m/e Found 374 1115 ± 0 0011 (cale for C18H1SN207- 374 1114) 

exo-10-Methoxy-enao-5-(p-tolylsulfonyloxy)-tncyclo[5 2 1 (r^]dec-2-ene (anti-14) 

A solution of />-tolylsulfonyl chloride (1.25 equiv.) m CH2CI2 (2 5 ml) was added to a stirred solution of a 

mixture of syn-ì3 and anti-YÌ (280 mg, I 55 mmol, ratio syn • anli = 1 1 ) , triethyl amine (2.0 equiv ) and a catalytic 

amount of DMAP in CH2CI, (8 ml) at 0 °C under an argon atmosphere The reaction mixture was allowed to attain 

room temperature and stirred The reaction progress was monitored by TLC/GC analyses After 7 days of reaction 

time only 50% conversion of 13 was observed At this time, the reaction mixture was quenched and washed with a 

50% aqueous solution of NaHCO, (10 ml). The aqueous solution was extracted twice with CH2CI2 (10 ml) The 

CH2C12 solutions were then combined, dried on MgSO,,, filtered and the solvent removed under reduced pressure 

Purification by flash column chromatography (silicagel 60H, n-hexane ethyl acetate = 2 1) resulted in the recovery 

of starting material 13 (141 mg, 50%, ratio syn anti = 74 26) and isolation of crude product (142 mg) as a light 

brown oil in which only one tosylate ester could be detected by TLC/GC analyses A second purification of the crude 

product by flash column chromatography (silicagel 60H, n-hexane · ethyl acetate = 3 I ) resulted in the isolation of 

anti-14 in (84 mg, 34% yield corrected for 50% conversion of starting material) as a colorless oil 

anti-U. 400 MHz 'H-NMR δ 1 48 A of ABq (ddd, IH, 2J=13 2 Hz, JJ=9 5 & 5.2 Hz, endo-Ht), 1 54 A of 

ABq (d, IH, 2J=11 3 Hz, H J , 1 81 В of ABq (dt, IH, 2J=11 3 Hz, 3J=4 5 Hz, H%), 2.08 - 2 15 (m, IH, H7), 2.24 В of 

ABq (ddd, IH, 2J=13 2 Hz, 4=10 2 & 8 2 Hz, exo-H6), 2.38 - 2 46 (m, 2H, H, & Hg), 2 45 (s, 3H, phenyl-CHj), 2 79 

(dt, IH, 3J=5 1 & 3 8 Hz, H,), 3 22 (s, 3H, -OCH,), 3 30 (s, IH, H,0), 4.65 (ddd, IH, 'J=9.4 & 8 3 & 5.9 Hz, H,), 5 47 

(ddd, IH, 3J=9.6 & 3 3 Hz, "J=1.3 Hz, H,), 6.02 (dd, IH, 3J=9.6 & 7.4 Hz, H2), 7.34 (d, 2H, 4=8.1 Hz, 2x ArH), 7.79 

(d, 2H, 3J=8.1 Hz, 2x ArH). 100 MHz "C-NMR: δ 21.6 (q, phenyl-CH,), 30 5/34 3 (t, 2x CH2), 39.4/40.1/44.5/ 44 8 

(d, 4x CH), 56.2 (q, -OCH3), 82 5 (d, C10), 95 8 (d, C,), 124.3/133.6 (d, 2x =CH), 127 7(2x)/129 8(2x) (d, 4x ArC), 

133.9 (s, ArCp„,), 144 6 (s, ArC,pJ IR (CCI,/NaCl-cells). ν 3000 - 2820 (m, C-Η, alif ), 1601 (w, C-C, arom ), 1375/ 

1182 (s, -SCyO-), 1100 (s, C-0-) cnï' MS/ΕΙ. m/e 334 (M*, 2%), 303 (M* - CH,0, 1%), 162 (M* - OVQH.rSOjH, 

40%), 155 (CHj-C6H4-S02*, 18%), 130 (M* - CHj-C6H4-SOjH - CH30, 94%), 117 (C,H,*, 100%), 91 (C7H,\ 98%) 

HRMS/E1 m/e Found 334 12352 ± 0.00099 (cale, for C„H2 2S04· 334.12390). 

endo-9-Methoxy-letracyc!o[5 3 0 0^^ 0^^]decan-enao-3-ol (2la) and 

endo-3-Methoxy-tetracyclo[5 3 0 02·5 04'S]decan-endo-9-o! (21 b) 

Parent diol 6 (216 mg, 1 30 mmol) was dissolved in a stirred solution of freshly powdered КОН (3.75 equiv.) 

in DMSO (3 ml) at room temperature under an argon atmosphere After stirring for 5 minutes, methyl iodide (1.5 

equiv ) was added from a syringe and stirring was continued for 1 h The reaction mixture was diluted with water (20 

ml) and extracted thrice with CH2C12 (10 ml) The CH2C12 solutions were combined and washed with water (10 ml) 

The CH2C12 solution was then dried on MgSO,,, filtered and the solvent removed under reduced pressure. The crude 

product (461 mg) was obtained as a light yellow oil which contained some residual DMSO Purification by flash 

column chromatography (silicagel 60H, /i-hexane : ethyl acetate = 3 1 + 1% Et,N10) resulted in the isolation of 21a 

(23% yield), 21b (61% yield) and bis-ether 21c (6% yield), all as colorless oils 
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21a 400 MHz 'H-NMR δ 1 52 & 1 56 (ABq, 2H, 2J=11 2 Hz, 2x H6), 2 04 - 2 17 (m, IH, CH), 2 15 (s[br], 

IH, H 5 o r 7 ), 2 22 A of ABq (ddd, IH, 2J=13 9 Hz, 3J=10 1 & 6 4 Hz, exo-H10), 2 38 - 2 46 (m, 2H, 2x CH), 2 40 (s[br], 

IH, H 5 o r 7 ) , 2 61 - 2 67 (m, IH, CH), 2 64 В of ABq (dd, Ж, 2 Ы З 9 Hz, 3J=3 9 Hz, endo-Hl0), 3 42 (s, 3H, -OCH,), 

3 93 - 3 99 (m, 1И, Hj), 4 34 - 4 40 (m, IH, H,), 6 08 E (d, IH, 3J=8 6 Hz, -OH) 100 MHz "C-NMR δ 31 8 (t, C6), 

33 5 (t, C,0), 38 3/43 3/45 7/46 6/47 9/51 7 (d, 6x CH), 57 2 (q, -OCH,), 70 0 (d, CD), 86 6 (d, C„) IR (CC\J NaCl-

cells) ν 3520 - 3280 (m, O-H, bridged), ЗОЮ - 2820 (s, C-Η, alif), 1132/1105 (s, C-0-) cm ' MS/EI m/e 180 (M*, 

5%), 163 (M' - OH, 13%), 148 (M* - CH,OH, 51%), 130 (M* - CH,OH - H 20, 20%), 105 (С,Н,\ 61%), 91 (С7Н7

+, 

88%). 66(С,НЛ 100%) HRMS/EI m/e Found 180 11555 ± 0 00084 (cale forC,,H1 602 180 1150) 

21b 400 MHz 'H-NMR δ 1 51 & 1 60 (ABq, 2H, 2J=11 1 Hz, 2x H6), 2 04 - 2 16 (m, IH, CH), 2 09 A of 

ABq(dd, IH, 2J=13 8 Hz, 3J=4 1 Hz, endo-HJ, 2 16 (s[br], IH, H S o r 7 ), 2 25 Bof ABq (ddd, IH, 2J=13 8 Hz, 3J=10 5 

& 6 3 Hz, ero-H10), 2 29 - 2 34 (m, IH, CH), 2 36 (s[br], IH, H 5 o r , ) , 2 51 -2 58 (m, IH, CH), 2 61 - 2 67 (m, IH, 

CH), 3 35 (s, 3H, -OCH,), 3 69 (dt, IH, 3J,=5 2 Hz, 3J„ 1 8 Hz, H,), 4 54 - 4 63 (m, IH, H,), 4 93 E (d, IH, 3J=11 7 

Hz,-OH) 100MHznC-NMR 6 31 9 (t, C6), 36 4 (t, C,0), 38 0/42 4/43 6/44 2/51 0/51 7 (d, 6x CH), 55 3 (q,-OCH,), 

77 2/78 1 (d, 2x -OCH) IR (CCL/NaCl-cells) ν 3560 - 3400 (m, O-Η, bridged), ЗОЮ - 2805 (s, C-Η, alif), 

1128/1103 (s, C-0-) cm ' MS/ΕΙ m/e 180 (M\ 3%), 162 (M* - H 20, 19%), 148 (Mh - CH,OH, 39%), 130 (M* -

CHjOH - H20, 30%), 105 (CeH,*, 69%), 91 (C7H7', 100%), 66 (C5H6*, 46%) HRMS/EI m/e Found 180 11538 ± 

0 00084 (cale forC,,H,602 180 1150) 

21c 400 MHz 'H-NMR δ 1 52 & 1 60 (ABq, 2H, 2J"11 2 Hz, 2x H6), 2 04 - 2 15 (m, IH, CH), 2 17 (s[br], 

IH, H 5 o r 7 ), 2 23 A of ABq (ddd, IH, 2J=13 9 Hz, 3J=10 0 & 6 3 Hz, exo-H10), 2 35 - 2 48 (m, 3H, 3x CH), 2 54 В of 

ABq (dd, IH, 2J=!3 9 Hz, 3J"4 0, endo-HJ, 2 60 - 2 66 (m, IH, CH), 3 38 (s, 3H, -OCH,), 3 44 (s, 3H, -OCHj), 3 71 

(dt, IH, JJ,=5 1 Hz, 3Jd=l 8 Hz, H,), 4 3 7 - 4 4 3 (m, IH, H,) 100 MHz '3C-NMR 6 3 1 8 (t, C6), 33 8 (t, C,„), 

38 4/43 0/43 8/46 7/48 8/51 6 (d, 6x CH), 55 1/56 8 (q, 2x -OCH,), 70 1/77 9 (d, 2x -OCH) IR (CCI./NaCI-cells) ν 

3020 - 2810 (s, C-Η, alif ), 1130/1103 (s, C-0-) cm ' MS/ΕΙ m/e 194 (M*, 2%), 162 (M* - CH,OH, 43%), 130 (M* -

2x CHjOH, 32%), 105 (C.H,*, 64%), 91 (C7H7\ 100%), 66 (CSH6\ 63%) HRMS/EI m/e Found 194 13073 ± 

0 00091 (cale forC l 2 H„0 2 194 13068) 

endo-9-Âllyloxy-tetracyclo[5 3 0 02·5 (^^Jdecan-endoS-ol (22a) and 

endo-3-Allyloxy-tetracyclo[5 3 0 O2 s 04'SJdecan-endo-9-ol (22b) 

Parent diol 6 (170 mg, 1 02 mmol) was dissolved in a stirred solution of freshly powdered KOH (4 5 equiv ) 

in DMSO (5 ml) at room temperature under an argon atmosphere After stirring for 5 minutes, allyl bromide (5 equiv ) 

was added from a syringe and stirring was continued for 30 min The reaction mixture was diluted with water (20 ml) 

and extracted thrice with CH2C12 (10 ml) The CH2C12 solutions were combined and washed with water (10 ml) The 

CH2C12 solution was then dried on MgS04, filtered and the solvent removed under reduced pressure The crude 

product (240 mg) was obtained as a colorless oil which contained some residual DMSO Purification by flash column 

chromatography (silicagel 60H, n-hexane ethyl acetate = 3 1 + 1% Ft,N'°) resulted in the isolation of 22a (55 mg, 

26% yield) and 22b ( 143 mg, 68% yield), both as colorless oils 

22a 400 MHz 'H-NMR δ 1 52 & 1 56 (ABq, 2H, 2J 11 3 Hz, 2x H6), 2 08 - 2 18 (m, 2H, 2x CH), 2 22 A of 

ABq (ddd, IH, 2J-13 9 Hz, 3J=10 3 & 6 4 Hz, exo-H10), 2 36 - 2 41 (m, 2H, 2x CH), 2 41 - 2 47 (m, IH, CH), 2 62-

2 67 (m, IH, CH), 2 68 В of ABq (dd, IH, 2J=13 9 Hz, 3J"3 9 Hz, endo-HJ, 3 94 - 4 00 (m, IH, H,), 4 05 Л of ABq 
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(dd, IH, 2J=12 5 Hz, JJ=5 8 Hz, R, of 0-CtL-CH=), 4 10 В of ABq (dd, IH, 2J=12 5 Hz, JJ=5 6 Hz, Hb of O-CR,-

CH=), 4 47 - 4 53 (m, IH, H9), 5.21 (d, IH, Чс„=10 4 Hz, cis-Η of-CH=CH_,), 5.31 (d, IH, JJ,rm=17 2 Hz, Irans-W of-

CH=Cby, 5.88 - 5.99 (m, IH, -CH=CH2), 6 10 E (d, IH, JJ=8 6 Hz, -OH). 100 MHz "C-NMR δ 31 8/ 33.7 (t, 2x 

CH2), 38 3/43.3/45 7/46 7/48 1/51 6 (d, 6x CH), 67 0 (d, C3), 70 8 (t, -OÇH2-CH=), 84 4 (d,C9), 117.7 (t, -CH=ÇH2), 

133 7 (d,-ÇH=CH2) IR (CCI/NaCl-cells) ν 3615 - 3125 (m, O-H), 3030 - 2825 (s, C-Η, ahf), 1133 (s, C-0-) сп ' 

MS/El. m/e 206 (M', 0 3%), 188 (M* - H20, 2%), 177 (M* - СОН, 3%), 165 (M* - C3H5, 7%), 148 (M* - C,H,OH, 

34%), 105 (C8H,*, 53%), 91 (C7H/, 57%), 66 (CSH6\ 47%), 41 (CjH5*, 100%). HRMS/El· m/e Found 206 13061 ± 

0.00082 (cale. forC„H 1 8 0 2 : 206.1307) 

22b 400 MHz 'H-NMR. δ 1.51 & I 59 (ABq, 2H, 2J=11 1 Hz, 2x H6), 1 99 - 2 10 (m, IH, CH), 2 15-2 20 

(m, IH, CH), 2 20 - 2 27 (m, IH, CH), 2 31 - 2 36 (m, IH, CH), 2 37 (s[br], IH, H S o r 7 ), 2 50 - 2 57 (m, 2H, 2x CH), 

2 62 - 2 68 (m, IH, CH), 3 82 (dt, IH, 'J,=5 2 Hz, " Jd= 1.5 Hz, H3), 3 97 A of ABq (dd, IH, 2J=12 6 Hz, 3J=5.8 Hz, H, 

of-OCH2-CH=), 4 11 В of ABq (dd, IH, 4=12.6 Hz, 'J=5.5 Hz, Hb of -OCHj-CH^, 4.56 - 4 62 (m, IH, H9), 5 07 E 

(d, IH, JJ=11 7 Hz, -OH), 5.22 (d, IH, !JC1,= 10 4 Hz, cis-Η of -CH=CHJ, 5 31 (d, IH, 'J„,„,= 17 2 Hz, trans-H of -

СНМГЩ, 5.89 - 5 98 (m, IH, -CH=CH2). 100 MHz "C-NMR 6 31 9/36 4 (t, 2x CH2), 38.2/43 2/43 5/44.6/51.1/51.6 

(d, 6x CH), 69.6 (t, -OCH2-CH=), 76 4/77 3 (d, C, & C9), 117 7 (t, -CH=Ç_H2), 133.5 (d, -ÇH=CH2). IR (CCI,/ NaCl-

cells)· ν 3655 - 3115 (m, O-H), 3040 - 2820 (s, C-Η, alif), 1127/1110 (s, C-0-) cnV1 MS/ΕΙ m/e 206 (M\ 2%), 205 

(M* - 1, 10%), 177 (M* - СОН, 9%), 165 (M' - C3HS, 26%), 149 (M* - С,Н,0, 97%), 131 (C,0H,,\ 65%), 105 (С8Н,\ 

74%), 91 (С7Н7\ 96%), 79 (С^Н/, 100%), 41 (С,Н,4, 98%) HRMS/EI- m/e Found. 205 12268 ± 0 00082 (cale, for 

С1 3Н1 702 (=M* - 1) 205 1228) 

endo-9-Methoxymethyloxy-tetracyclo[5 3 ОО?^ 04^]decan-enáo-3-ol (23а) and 

endo-3-Methoxymethyloxy-letracycIo[5 3 0 (fi¿ 04^]decan-enáo-9-ol (23b) 

A commercial solution of I 6M я-BuLi in w-hexane (1.9 ml, 1 0 equiv.) was added from a syringe to a stirred 

solution of 6 (497 mg, 2 99 mmol) in THF (20 ml) at 0 °C under an argon atmosphere. After stirring for 10 min., a 

solution of MOMC1 (1.2 equiv) in THF (2 ml) was gradually added to the stirred reaction mixture at 0 °C. Stirring 

was continued for 2 h. after which conversion of 6 was complete as indicated by TLC/GC analyses The reaction 

mixture was quenched with water and the solvent was evaporated for the most part under reduced pressure. The 

residue was dissolved in CH2C12 (20 ml) and washed twice with a 50% aqueous solution of NaHCO, (20 ml). The 

aqueous solutions were extracted thrice with CH2C12 (20 ml) The CH2C12 solutions were then combined, dried on 

MgS04, filtered and the solvent removed under reduced pressure. Purification by flash column chromatography 

(silicagel 60H, n-hexane : ethyl acetate = 3 : 1 + 1% Et3N
10) resulted in the isolation of 23a (138 mg, 22% yield) and 

23b (421 mg, 67% yield), both as colorless oils 

23a: 400 MHz 'H-NMR· δ 1.52 & 1.56 (ABq, 2H, 2J=11 3 Hz, 2x H6), 2.08 - 2.18 (m, 2H, 2x CH), 2.22 A of 

ABq (ddd, IH, 2J=13 9 Hz, JJ=10 3 & 6.4 Hz, ero-H l0), 2.36 - 2.41 (m, 2H, 2x CH), 2.41 - 2.47 (m, Ш, CH), 2.62 -

2 67 (m, IH, CH), 2 68 В of ABq (dd, IH, 4=13.9 Hz, 'J=3 9 Hz, endo-H¡0), 3 94 - 4 00 (m, IH, H:), 4.05 A of ABq 

(dd, IH, !J=12 5 Hz, 3J=5.8 Hz, Ha of 0-CHj-CH=), 4 10 В of ABq (dd, IH, 2J=12.5 Hz, JJ=5 6 Hz, Hb of O-CH,-

CH=), 4 47 - 4 53 (m, IH, H9), 5 21 (d, IH, 'Jc„=10 4 Hz, cis-Η of-CH=Chb), 5 31 (d, IH, !J,™,= 17.2 Hz, irans-H of-

СН=СЦ,), 5.88 - 5 99 (m, IH, -CH=CH2), 6.10 E (d, IH, 'J=8.6 Hz, -OH). 100 MHz "C-NMR: δ 31.8/ 33 7 (t, 2x 

CH2), 38.3/43.3/45 7/46.7/48.1/51.6 (d, 6x CH), 67 0 (d, C3), 70 8 (t, -OCH2-CH=), 84.4 (d, C9), 117.7 (t, -CH=CH2), 
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133 7 (d, -ÇH=CH2) IR (CCI/NaCI-cells) ν 3615 - 3125 (m, O-H), 3030 - 2825 (s, C-Η, alif ), 1133 (s, C-0-) cm ' 

MS/ΕΙ m/e 206 (M*, 0 3%), 188 (M* - H 20, 2%), 177 (M* - СОН, 3%), 165 (M+ - C3H5, 7%), 148 (M* - C,H,OH, 

34%), 105 (C„H,\ 53%), 91 (C7H7\ 57%), 66 (C5H6\ 47%), 41 (C,H5\ 100%) HRMS/EI m/e Found 206 13061 ± 

000082(calc forC„H l 8 0 2 206 1307) 

23b 400 MHz 'H-NMR δ 1 51 & 1 59 (ABq, 2H, 2J"11 1 Hz, 2x H6), 1 99 - 2 10 (m, IH, CH), 2 15 - 2 20 

(m, IH, CH), 2 2 0 - 2 27 (m, IH, CH), 2 31 - 2 36 (m, IH, CH), 2 37 (s[br], IH, H,„ 7 ) , 2 50 - 2 57 (m, 2H, 2x CH), 

2 62 - 2 68 (m, IH, CH), 3 82 (dt, IH, 3J=5 2 Hz, "Jd=l 5 Hz, H,), 3 97 A of ABq (dd, IH, 2J=12 6 Hz, M=5 8 Hz, Ha 

of-OCHj-CH-), 4 11 В of ABq (dd, IH, 2J=12 6 Hz, 3J=5 5 Hz, Hb of -OCH_¡-CH=), 4 56 - 4 62 (m, IH, H,), 5 07 E 

(d, IH, 3J=11 7 Hz, -OH), 5 22 (d, IH, 'Jc, =10 4 Hz, as-U of -CH=CHJ, 5 31 (d, IH, 4„„ =17 2 Hz, irans-W of -

CH=CHJ, 5 89 - 5 98 (m, 1 H, -CH=CH2) 100MHznC-NMR δ 31 9/36 4 (t, 2x CH2), 38 2/43 2/43 5/44 6/51 1/516 

(d, 6x CH), 69 6 (t, -OÇH2-CH=), 76 4/77 3 (d, C, &. C9), 117 7 (t, -CH=Ç_H2), 133 5 (d, -ÇH=CH2) IR (CCI,/ NaCl-

cells) ν 3655 - 3115 (m, O-H), 3040 - 2820 (s, C-Η, alif ), 1127/1110 (s, C-0-) cm ' MS/ΕΙ m/e 206 (M*, 2%), 205 

(M' - 1, 10%), 177 (M* - СОН, 9%), 165 (NT - C3H5, 26%), 149 (M* - C3H50, 97%), 131 ( C l 0 H n \ 65%), 105 (C,H,\ 

74%), 91 (C,H7\ 96%), 79 (QH,*, 100%), 41 (С3НЛ 98%) HRMS/EI m/e Found 205 12268 ± 0 00082 (cale for 

C 1 3H, 70 2(=M*- 1) 205 1228) 

endo-9-l-Butyldimethylsilyloxy-tetracyclo[5 3 0 0^·^ t)4,°]decan-endo-3-ol (24a) and 

endo-3-t-Butyldimethylsilyloxy-telracyclo[5 3 0 02·5 QÏ8]decan-endo-9-ol (24b) 

Parent diol 6 (415 mg, 2 50 mol) was dissolved in a stirred solution of TBDMSCl (1 1 equiv ) and imidazole 

(3 0 equiv ) in DMF (5 ml) at room temperature under an argon atmosphere After stirring for 15 min, the conversion 

of 6 was complete as indicated by TLC/GC analyses The reaction mixture was diluted with water (25 ml) and 

extracted twice with w-hexane (25 ml) The hexane solutions were washed with water (25 ml) and these aqueous 

solutions were extracted again with л-hexane (25 ml) The hexane solutions were then combined, dried on MgSO„, 

filtered and the solvent removed under reduced pressure Purification by flash column chromatography (silicagel 60H, 

n-hexane ethyl acetate =10 1 + 1% Et3N'°) resulted in the isolation of 24a (273 mg, 39% yield) as a waxy solid, 

24b (358 mg, 51% yield) as colorless crystals and bis-ether 24c (30 mg, 3% yield) as a colorless oil 

24a 400 MHz 'H-NMR δ 0 12 (s, 6H, Si(CH3)2), 0 91 (s, 9H, С(СН3)3), 1 48 & 1 54 (ABq, 2Н, 2J=11 1 Hz, 

2х Н6), 2 06 - 2 12 (m, IH, CH), 2 12 (s[br], IH, H 5 o r 7 ) , 2 16 - 2 26 (m, 2H, CH & e;co-H10), 2 35 (s[br], IH, H 5 o r 7 ) , 

2 40 - 2 46 (m, IH, CH), 2 58 - 2 64 (m, IH, CH), 2 61 В of ABq (dd, 2J=13 8 Hz, 'J=3 8 Hz, endo-H[0), 3 94 - 4 00 

(m, IH, H3), 4 70 - 4 78 (m, IH, H„), 6 29 E (d, IH, \l=8 5 Hz, -OH) 100 MHz nC-NMR δ -5 2/-5 0 (q, 2x SiCH3), 

18 0 (s, -C(CH3)3), 25 7(3x) (q, -C(CH3)3), 31 9 (t, C6), 36 3 (t, C,0), 38 2/43 6/45 8/46 8/510/516 (d, 6x CH), 70 I (d, 

C3), 77 3 (d, C9) IR (CCI,/NaCI-cells) ν 3500 - 3300 (m, O-Η), 3000 - 2840 (s, C-Η, alif ), 1135 (s, C-0-) cm ' 

MS/El m/e 280 (M*, < 0 1%), 223 (M* - CaH„ 7%), 205 (M* - C4H, - H20, 8%), 131 (С | 0Н,,', 84%), 105 (С8Н9*, 

22%), 91 (С7Н,*, 40%), 75 ((CH3)2SiOH*, 100%), 44 (SiO*, 27%) HRMS/EI m/e Found 280 1855 ± 0 0011 (cale 

forC l 6H2 802Si 280 1858) 

24b M p 66 - 67 5 °C («crystallized from и-hexane) 400 MHz'H-NMR δ 0 14 (s, 6H, Si(CH3)2), 0 94 (s, 

9H, C(CH3)3), 1 49 & 1 58 (ABq, 2Н, 2J=11 0 Hz, 2х Н6), 2 05 - 2 11 (m, IH, H,), 2 13 (s[br], IH, H S o r 7 ) , 2 23 A ot 

ABq(ddd, IH, 2J"13 7 Hz, 'J=I0 5 & 6 3 Hz, exu-H,0), 2 29 - 2 34 (m, IH, CH), 2 35 (s[br], IH, H S o r 7 ) , 2 38 -2 45 

(m, IH, CH), 2 45 Bof ABq (dd, IH, 2J=13 7 Hz, 3J=4 0 Hz, endo-Hw), 2 60 - 2 67 (m, IH, CH), 4 10 (dt, 1 H, 4=5 2 
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Hz, "Jd=l 5 Hz, H,), 4 55 - 4 64 (m, IH, H,), 5 14 E (d, IH, 3J=11 7 Hz, -OH). 100 MHz "C-NMR- δ -5 4/-4 8 (q, 2x 

SiCH,), 18.1 (s, -C_(CH3)3), 25 8(3x) (q, -C(Ç_H3)3), 31.9 (t, C6), 36 4 (t, C,„), 38 3/43 7/46 2/47.0/51 1/ 51.6 (d, 6x 

CH), 70 8 (d, C3), 77.4 (d, C,), IR (CCL/NaCl-cells) ν 3540 - 3340 (m, O-Η), ЗОЮ - 2840 (s, C-Η, alif ), 1128/1108 

fs. C-0-) cm·'. MS/ΕΙ. m/e 280 (M', < 0 1%), 223 (M* - C,H9, 2%), 131 (C10H,,*, 17%), 105(C8H9\ 11%),91 (C7H/, 

29%), 75 ((CH3)2SiOH*, 100%), 44 (SiOT, 41%), HRMS/EI m/e Found' 280 1858 ± 0.0011 (cale for C l 6H2 g02Si 

280.1858) 

24c The full spectral and analytical data of this compound are reported further on 

endo-9-Acetyloxy-tetracyclo[5 3 0 O2·5 0^'Sldecan-endo-3-o¡ (25a) and 

endo-3-Acetyloxy-tetracyclo[5 3 0 02-5 O^^idecan-endo-Ç-ol(25b) 

A solution of acetyl chloride (1.15 equiv ) in CH2C12 ( 1 ml) was gradually added to a stirred solution of diol 6 

(246 mg, 1.48 mmol) in pyridine · dichloromethane = 1 : 1 (5 ml) at -15 °C under an argon atmosphere The reaction 

mixture was allowed to gradually attain room temperature and stirred for 12 h. The reaction mixture was quenched 

and washed with a 50% aqueous solution of NaHCOj (5 ml) The aqueous solution was extracted twice with CH2C12 

(10 ml) The CH2C12 solutions were then combined, dried on MgS04, filtered and the solvent removed under reduced 

pressure The crude product (321 mg) was obtained as a yellow oil Purification by flash column chromatography 

(sihcagel 60H, n-hexane ethyl acetate = 4 1 + 1% Et¡N10) resulted in the recovery of 10% of starting diol 6 and the 

isolation of 25a (123 mg, 40% yield) as a white, waxy solid, 25b (77 mg, 25% yield) as a colorless oil and bis-ester 

25c (30 mg, 8 % yield) as a white, waxy solid 

25a 400 MHz 'H-NMR δ 1.54 & 1.60 (ABq, 2H, 2J=11 2 Hz, 2x H6), 2 12 (s, 3H, CH,), 2 14 - 2 23 (m, 2H, 

2x CH), 2 35 A of ABq (ddd, IH, 2J=14.4 Hz, M=10 6 & 6 3 Hz, exo-Hl0), 2 42 - 2 52 (m, 3H, 3x CH), 2 57 - 2 66 (m, 

IH, CH), 2 70 В of ABq (dd, IH, 2J=14 4 Hz, 3J=4.2 Hz, endo-H¡(¡), 3.99 - 4 07 (m, IH, H3), 4 30 E (d, IH, 'J=8 3 Hz, 

-OH), 5 58 - 5 65 (m, IH, H,) 100 MHz "C-NMR δ 21.3 (q, CH3), 317/33.2 (t, 2x CH2), 38.5/43 0/ 

45 5/46.6/48 0/51 7 (d, 6x CH), 70 2 (d, C3), 79 4 (d, C9), 169 5 (s, C=0) IR (CCL/NaCl-cells). ν 3550 (m[br], O-H, 

intramol H-bndge), 3010 - 2850 (s, C-Η, ahf ), 1708 (s[br], C=0), 1225 (s, C-0-) cm ' MS/ΕΙ m/e 208 (M*, 0.5%), 

191 (M* - OH, 3%), 165 (M* - CH3CO, 2%), 148 (M* - CH3C02H, 49%), 105 (C8H9\ 46%), 104 (С,Н,\ 100%), 91 

(C,H/, 43%), 43 (CH,CO+, 79%). HRMS/EI. m/e Found: 208.1104 ± 0 0010 (cale, for C,2H1 603: 208.1099). 

25b 400 MHz 'H-NMR. δ 1.56 & 1 64 (ABq, 2H, 2J=11 3 Hz, 2x H6), 2.05 A of ABq (dd, IH, 2J=14 3 Hz, 

3J=4 3 Hz, endo-HK\ 2.10 - 2.16 (m, IH, CH), 2 12 (s, 3H, CH3), 2.28 - 2 42 (m, 4H, 3x CH & едго-Н,0), 2.65 - 2 74 

(m, 2H, 2x CH), 3.69 E (d, IH, 3J=11.8 Hz, -OH), 4.62 - 4.70 (m, IH, H,), 4 92 (dt, IH, !J=5 3 Hz, 4J=1 4 Hz, H3) 

100 MHz "C-NMR δ 21 3 (q, CH3), 31.8/364 (t, 2x CH2), 39 3/43 5/44 0/45 0/51 0/51 3 (d, 6x CH), 71 3 (d, C3), 

77.3 (d, C,), 169 3 (s, C=0) IR (CCL/NaCl-cells). ν 3560 (m, O-Η, intramol H-bndge), 3010 - 2850 (s, C-Η, ahf.), 

1752 (s, C=0), 1220 (s, C-0-) cm"' MS/El· m/e 208 (M*, 0 1%), 191 (M* - OH, 1%), 166 (M* - CH20, 13%), 165 

(M* - CH,CO, 3%), 148 (M* - CH3C02H, 52%), 105 (C8H,+, 56%), 104 (C8He\ 72%), 91 (C7H7\ 74%), 82 (C 6H 60\ 

100%),43(CH3CO*, 63%) HRMS/EI. m/e Found 208 11038 ± 0 00082 (cale forC,2H,603 208 1099) 

25c. The full spectral and analytical data of this compound are reported further on 
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enào-9-p-Tolylsulfonyloxy-tetracyclo[5 3 О О? $ 04,8]decan-endo-3-o! (26а) 

A solution of p-tolylsulfonyl chloride (1 1 equiv ) in CH2CI2 (1 ml) was gradually added to a stirred solution 

of diol 6 (166 mg, 1 00 mmol) in pyridine dichloromcthanc = 1 1 (5 ml) at 0 °C under an argon atmosphere The 

reaction mixture was allowed to attain room temperature and stirred for 2 h after which conversion of 6 was complete 

as indicated by TLC/ GC analyses The reaction mixture was quenched and washed with a 50% aqueous solution of 

NaHCO·, (5 ml) The aqueous solution was extracted twice with CH2CI2 (10 ml) The CH2C12 solutions were then 

combined, dried on MgS04, filtered and the solvent removed under reduced pressure The crude product (205 mg) 

was obtained as a light yellow oil in which only one tosylate ester could be identified by TLC/GC analyses 

Purification by flash column chromatography (silicagel 60H, n-hexane ethyl acetate = 4 1 + 1% EtjN10) resulted in 

the isolation of 26a (128 mg, 40% yield) as colorless crystals Analytically pure samples were obtained by two 

crystallizations from n-hexane dichloromethane = 2 1 

26a: M p 99 - 100 °C 400 MHz 'H-NMR δ I 50 & 1 55 (ABq, 2H, 2J 11 3 Hz 2x Ηύ), 2 07 - 2 21 (m, 

ЗН, Зх СН), 2 29 - 2 37 (m, IH, СН), 2 35 (s[br], IH, H 5 o r 7 ), 2 40 - 2 47 (m, 2H, 2x CH), 2 45 (s, ЗН, CH3), 2 83 В of 

ABq (dd, IH, 2J"14 3 Hz, JJ=4 I Hz, endo-HJ, 3 41 E (s[br], IH, -OH), 4 02 (s[br], IH, H,), 5 32 - 5 38 (m, IH, H,), 

7 35 (d, 2H, 'J 8 2 Hz, 2x ArHmtu), 7 81 (d, 2H, 3J"8 2 Hz, 2x ArHor^,0) 100 MHz "C-NMR δ 21 7 (q,CH,), 

31 7/33 3 (t, 2x CH2), 38 5/42 8/44 9/46 7/48 9/51 2 (d, 6x CH), 69 9 (d, C,) 86 5 (d, C,), 127 9(2x)/129 9(2x) (d, 4x 

ArC), 133 6/ 145 0 (s, 2x ArC) IR (CCL/NaCI-cells) ν 3580 (m, free -OH), 3000 - 2850 (s, C-Η, alif ), 1598 (w, C-C, 

arom ), 1390 - 1340 (s, -S02-, asymm ), 1190/1173 (s, -S02-, symm ) cm ' MS/ΕΙ m/e No M*, 302 (M* - H 20, 1%), 

148 (M* - CHj C6H4-SO,H, 53%), 130 (M* - CH rC6H4-S03H - H20, 100%), 91 (C7H7\ 69%) EA_ Found С = 63 35, 

H = 6 27, S = 9 91 (cale for C,7H20SO„ С = 63 73, H = 6 29, S = 10 01)% 

9 ll-Oxapentacyclo[6 5 0 О2·6 О4·,3 05 !2]tndecane (29) 

Method A: MOMCI (4 equiv ) was added from a syringe to a stirred solution of diol 6 (166mg, 1 0 mmol) 

and dnsopropyl amine (5 equiv ) in THF (5 ml) The reaction mixture was heated to 50 °C and stirred for 24 h The 

major part of the solvent was then evaporated under reduced pressure and the residue dissolved in CH2C12 (10 ml) 

The CH2C12 solution was washed twice with a saturated aqueous solution of NaCI (5 ml) The aqueous solutions were 

extracted twice with CH,CI2 (10 ml) The CH2C12 solutions were then combined, dried on MgSO„, filtered and the 

solvent removed under removed pressure The crude product (254 mg) was obtained in as a brown oil Purification by 

flash column chromatography (silicagel 60H, n-hexane ethyl acetate = 3 1 + 1% EtjN'0) resulted in the isolation of 

cyclic ketal 29 (55 mg, 31% yield) as a waxy solid, 23a (48 mg, 23% yield), 23b (29 mg, 14% yield) and bis-ether 

23c (46 mg, 18% yield), all as colorless oils 

Method B: In an attempt to produce exo-9-chloro-enc/o-3-melhoxymethyloxy-tetracyclo[5 3 0 02 5 0"8]-

decane, a solution of thionyl chloride (2 0 equiv ) in CH2CI2 (1 ml) was gradually added to a stirred solution of 23b 

(81 mg, 0 38 mmol) and 2,6-lutidme (I 25 equiv ) in CH2C12 (2 ml) at -18 °C under an argon atmosphere The reaction 

mixture was allowed to gradually attain room temperature and stirred for 6 h after which conversion of 23b was 

complete as indicated by TLC/GC analyses The reaction mixture was diluted with CH2C12 (7 ml) and washed twice 

with a 50% aqueous solution of NallCOj (5 ml) The aqueous solutions were extracted twice with CH2C12 (5 ml) The 

CHX], solutions were then combined, dried on MgSO<t filtered and the solvent removed under reduced pressure The 

crude product (72 mg) was obtained as a light yellow oil in which 5 major products could be identified b> TLC/GC 
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analyses Purification by flash column chromatography (silicagel 60H, n-hexane ethyl acetate = 5 1 + 1% EtjN10) 

resulted in the isolation of cyclic ketal 29 (23 mg, 34% yield) as a waxy solid and 13 mg of a mixture of two uniden

tified products as a colorless oil The latter products contain olefin moieties as indicated by 'H-NMR spectroscopy and 

are likely the result of carbocationic skeletal rearrangement of 23b 

29 400 MHz 'H-NMR δ 1 60 & 1 65 (ABq. 2H, 2J=11 4 Hz, 2x H6), 2 11 - 2 14 (m, IH, CH), 2 19 - 2 24 A 

of ABq (m, IH, CH), 2 26 (s[br], IH, H 5 o r 7 ) , 2 39 -2 43 (m, IH, CH), 2 46 (s[br], IH, H S o r 7 ) , 2 4 9 - 2 5 2 (m, IH, 

CH), 2 71 В of ABq (dd, IH, 2J=13 2 Hz, 3J=3 2 Hz, endo-Hia), 2 82 - 2 87 (m, IH, CH), 4 33 (t, IH, Ί=5 4 Hz, H,), 

4 75 - 4 81 (m, IH, H9), 5 01 & 5 24 (ABq, 2H, 2J=6 6 Hz, -OCH20-) 100 MHz "C-NMR δ 33 4/37 1 (t, 2x CH2), 

36 6/42 8/43 4/44 0/46 9/52 4 (d, 6x CH), 75 5 (d, C3), 79 7 (d, C„), 90 9 (t, -OCH,0-) IR (CCL/NaCI-cells) ν ЗОЮ -

2860 (s, C-Η, alif ), 1155 & 1035 (s, C-O-, alif ) cm ' MS/ΕΙ m/e 178 (M*, 1%), 177 (M* - H, 2%), 149 (M* - HCO, 

25%), 133 (M* - HC02, 26%), 105 (C8H,\ 49%), 91 (C7H,*, 100%) HRMS/EI m/e Found 178 09951 ± 0 00084 

(cale forC,,H,402 178 0994) 

exo-10-Chloro-endo-5-methylsu!fonyloxy-lncyclo[5 2 10* °]dec-2-ene (anti-31 ) and 

exo-10-Chloro-enào-6-methylsulfonyìoxy-tricyclo[5 2 I 0^-°]dec-2-ene (svn-31 ) 

In an attempt to prepare methylsulfonyl esters 27a and 27b. a solution of mefhylsulfonyl chloride ( 1 2 equiv ) 

in CHjClj (I ml) was gradually added to a stirred solution of diol 6 (204 mg, 1 23 mmol) in pyridine 

dichloromethane = 1 I (5 ml) at 0 °C under an argon atmosphere The reaction mixture was allowed to attain room 

temperature and stirred for 24 hours after which conversion of 6 was complete as indicated by TLC/ GC analyses The 

reaction mixture was quenched and washed with a 50% aqueous solution ofNaHCO, (5 ml) The aqueous solution 

was extracted twice with CH2C12 (10 ml) The CH2CI2 solutions were then combined, dried on MgSO„, filtered and the 

solvent removed under reduced pressure The crude product (307 mg) was obtained as a light brown oil Purification 

by flash column chromatography (silicagel 60H, /j-hexane ethyl acetate =1 1 + 1% EtjN10) resulted in the isolation 

of a mixture of two products (136 mg) as a colorless oil containing mesylate ester moieties as indicated by 'H-NMR 

spectroscopy and a single product (46 mg) as a colorless oil possibly containing 2 mesylate ester moieties The latter 

compound was quite unstable and disintegrated before a full spectrospcopic analysis was completed This compound 

could well be the bis-mesylate ester A second purification by flash column chromatography (silicagel 60H, и-hexane 

ethyl acetate = 4 1 + 1% Et,N'°) resulted in the isolation of anti-3l (61 mg, 19% yield) as a colorless oil and syn-3l 

(55 mg, 17% yield) as a waxy solid 

Anti-ίχ 400 MHz 'H-NMR δ 1 59 - 1 67 A of ABq (m, IH, H6t), 1 73 A of ABq (d, IH, 2J=11 6 Hz, H9â), 

2 19 В of ABq (dt, IH, \f=l 1 6 Hz, 'J=4 0 Hz, H%), 2 52 - 2 66 (m, 4H, 3x CH & Η№), 3 01 (s, 3H, CH,), 3 05 (s[br], 

IH, CH), 4 01 (s, IH, H,0), 4 80 - 4 87 (m, IH, Hs), 5 61 (dd, IH, Мш=9 6 Hz, 3J=3 3 Hz, =CH), 6 12 (t[ps], IH, 
3J=8 4 Hz, -CH) 100 MHz '3C-NMR δ 30 7/35 7 (t, 2x CH2), 38 2 (q, CH3), 40 7/44 8/45 3/49 6 (d, 4x CH), 71 6/ 

80 9 (d, 2x CHX), 125 0/134 I (d, 2x =CH) IR (CCL/NaCI-cells) ν 3060 • 2860 (m. C-Η, alif), 1371/1349/1180 (s,-

SCyO-) cm ' MS/ΕΙ m/e 262/264 (M*, 1 l%/0 34%), 227 (M* - Cl, 4%), 166/168 (M* - CH,SO,H, 20%/6%), 131 

(C,0H,,*, 53%), 117 (C,H,*, 100%), 105 (CSH9\ 10%), 91 (AH/, 30%) HRMS m/e Found 262 0426 ± 0 0010 (cale 

forC,,H l sS(V5Cl 262 0430) 

Syn-31 400 MHz 'H-NMR δ 1 78 A of ABq (d, IH, 2J=11 6 Hz, H,.), 1 93 A of ABq (d, IH, 2J=14 9 Hz, 

H„), 2 13 В of ABq (dd, IH, 2J=14 9 Hz, 'J=7 3 Hz, Hsb), 2 24 В of ABq (dt, IH, 2J=11 6 Hz, 3J=4 5 Hz, R J , 2 58 -
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2 65 (m, 2H, 2х СН), 2 67 - 2 74 (m, IH, СН), 3 03 (s, ЗН, СН3), 3 14 (t[ps], IH, JJ=8 3 Hz, CH), 4 45 (s, IH, H,„), 

5 32 (t[ps], IH, JJ=8 3 Hz, H6), 5 48 (dd, IH, JJC„=9 4 Hz, 'J-3 4 Hz, =CH), 5 92 (t[ps], IH, 'J=8 3 Hz, =CH) 100 

MHz "C-NMR δ 31 5/40 4 (t, 2x CH2), 38 3 (q, CH3), 414/44 5/46 4/58 5 (d, 4x CH), 63 3/81 5 (d, 2x CHX), 

130 8/131 0 (d, 2x -CH) IR (CCL/NaCI-cells) ν 3040 - 2840 (m, C-Η, alif ), 1362/1346/1180/1172 (s, -SCyO-) cm 

1 MS/EI m/e 262/264 (M', 4 5%/l 5%), 227 (M* - CI, 6%), 166/168 (M* - CH,SO,H, 46%/15%), 131 (C10H,,*, 

100%), 117 (C,H,*, 62%), 105 (C8H,*, 19%), 91 (C7H/, 53%) HRMS/E1 m/e Found 262 0431 ± 0 0010 (cale for 

CnH1 5SO,"Cl 262 0430) 

endo endo-J,9-Di(methoxymelhyloxy)-letracyclo[5 3 0 0¿ ' (T'°~]decane (23c) 

Method A: A commercial solution of 1 6M л-BuLi in n-hexane (14 mi, 2 6 equiv ) was added from a 

syringe to a stirred solution of 6 (142 mg, 0 85 mmol) in THF (4 ml) at 0 °C under an argon atmosphere Stirring was 

continued for 10 minutes A solution of freshly distilled MOMC1 (210 μΙ, 3 1 equiv) in THF (1 ml) was gradually 

added to the stirred reaction mixture at 0 °C under an argon atmosphere Stirring was continued for 1 5 hours after 

which formation of 23c was complete as indicated by TLC/GC analyses The reaction mixture was quenched with 

water and the solvent was evaporated for the most part under reduced pressure The residue was dissolved in CH2CI2 

(5 ml) and washed twice wilh a 50% aqueous solution of NaHCOj (5 ml) The aqueous solutions were extracted thrice 

with CH2CI, (5 ml) The CH2CI2 solutions were then combined, dried on MgS04, filtered and the solvent removed 

under reduced pressure Purification of the crude product by flash column chromatography (silicagel 60H, n-hexane 

ethyl acetate = 3 I + 1% Et3N'°) yielded pure 23c (169 mg, 78% yield) as a colorless oil 

Method B: Following the procedure as described for the synthesis of cyclic ketal 29 (method A, vide iupra), 

bis-ether 23c was isolated in 18% yield as a colorless oil 

23c 400 MHz 'H-NMR S 1 50 & 1 59 (ABq, 2H, 2J 11 0 Hz, 2x H„), 2 04 -2 10 (m, IH, ero-H,„), 2 11-

2 18 (m, IH, CH), 2 16 (s[br], IH, H 5 o r 7 ) , 2 25 - 2 32 (m, IH, CH), 2 37 (s[br], IH, H 5 o r 7 ) , 2 47 - 2 55 (m, IH, CH), 

2 59 - 2 67 (m, IH, CH), 2 84 В of ABq (dd, IH, 2J=12 9 Hz, 3J~4 5 Hz, endo-UJ, 3 37 (s, 6H, 2x -OCH3), 4 01 (dt, 

IH, 3J-5 1 Hz, "J-l 5 Hz, 11,), 4 46 - 4 54 (m, IH, H,), 4 54 & 4 70 (ABq, 2H, 2J 6 5 Hz, -OCH20-), 4 64 & 4 68 

(ABq, 2H, 2J=6 5 Hz, -OCH20-) 100 MHz "C-NMR δ 31 8/32 7 (t, 2x CH2), 39 0/43 2/43 7/44 0/49 0/51 1 (d, 6x 

CH), 55 3(2x) (q, 2x -OCH3), 72 8 (d, C3), 81 9 (d, C,), 94 2/96 2 (t, 2x -0CH 2O) IR (CCl./NaCl-cells) ν 3020 -

2830 (s, C-Η, alif), 1045/1019 (s, C-0-) cm ' MS/EI m/e 254 (M', <0 1%), 193 (M* - CH3OCH20, 3%), 163 (M*-

CHjOCHX) - CH20, 4%), 133 (M* -CHjOCH20 - 2 χ CH20, 38%), 105 (C„H,\ 13%), 91 (С,НД 59%), 45 

(CH3OCH2\ 100%) HRMS/E1 m/e Found 254 1513 ± 0 0012 (cale forCMH,204 254 1518) 

endo,endo-J, 9 Dt(t-buryldimethyhilyloxy)-letracyclo[5 3 0 0¿ $ O^^Jdecane (24c) 

Diol 6 (177 mg, I 06 mmol) was dissolved in a stirred solution of imidazole (407 mg, 5 6 equiv ) and 

TBDMSC1 (630 mg, 3 9 equiv ) in DMF (4 ml) at room temperature The reaction mixture was stirred for 24 hours 

after which formation of bis-ether 24c was complete as indicated by TLC/GC analyses The reaction mixture was 

diluted with n-hexane (20 ml) and washed twice with water (10 ml) The aqueous solutions were extracted again with 

и-hexane (10 ml) The hexane solutions were then combined, dried on MgSO,, filtered and the solvent removed under 

reduced pressure The crude product (558 mg) was obtained as a light yellow oil Purification by flash column 

chromatography (silicagel 60H, я-hexane ethyl acetate = 10 1) resulted in the isolation of 24c (326 mg, 78% yield) 

as a colorless oil 
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24c 400 MHz 'H-NMR: δ 0.04 (s, 12H, 2x Si(CH,)2), 0 90 (s, 18H, 2x C(CHj)i), 138 & 1 50 (ABq, 2H, 

2J=10 9 Hz, 2x H6), 1 98 A of ABq (ddd, IH, 2J=12 4 Hz, 3J=10 I & 6.7 Hz, exo-Hl0), 2.01 - 2.10 (m, 2H, 2x CH), 

2 04 (s[br], 1H, H, „,), 2.28 - 2.35 (m, IH, CH), 2 30 (s[br], 1H, H5 „,), 2 45 - 2 52 (m, 1H, CH), 2.98 В of ABq, (dd, 

IH, 2J=12.4 Hz, JJ=5 1 Hz, endo-U,0), 4.06 (dt, IH, 3J,=5.2 Hz, "Jd=1.5 Hz, H3), 4 63 - 4 69 (m, IH, H9). 100 MHz'3C-

NMR: 5 -4 8/-4 5(2x)/-2 9 (q, 2x Si(CH,)2), 18 6/188 (s, 2x Ç_(CH3),), 26.4(3x)/26 5(3x) (q, 2x C(ÇH,),), 31 4/34 9 (t, 

2x CH2), 39 1/43 2/46 0/47 2/51 1/51.7 (d, 6x CH), 70 9 (d, C3), 77 6 (d, C„). IR (CCl,/NaCI-cells). ν 3040 - 2880 (s, 

C-Η, alif ), 1175 (s, C-0-) cm'. MS/El· m/e 394 (M", < 0 1%), 337 (M* - C(CH3)3, 9%), 263 (M* - OTBDMS, 1%), 

147 ( С ш Н п О \ 57%), 131 (C10H,,\ 62%), 105 (CSH,*, 11%), 91 (C7H,\ 23%), 73 (OSi(CH2) (CH,)*, 100%), 57 

(C4H,*, 19%) HRMS/EI- m/e Found. 394 2725 ± 0 0011 (cale for C22H4202Si2- 394 2723) 

endo, endo-J,9 Di(acetyloxy)-tetracyclo[5 3 0 02·5 04$]decane (25c) 

A solution of acetyl chloride (3 1 equiv ) m CH2C12 (2 ml) was gradually added to a stirred solution of diol 6 

(191 mg, 1 15 mmol) in pyridine : dichloromethane = 1 1 (5 ml) at -15 °C under an argon atmosphere The reaction 

mixture was allowed to gradually attain room temperature and stirred for 6 h The reaction mixture was quenched and 

washed with a 50% aqueous solution of NaHCOj (5 ml) The aqueous solution was extracted twice with CH2CI2 (10 

ml). The CH2C12 solutions were then combined, dried on MgS04, filtered and the solvent removed under reduced 

pressure The crude product (314 mg) was obtained as a yellow oil. Purification by flash column chromatography 

(silicagel 60H, n-hexane : ethyl acetate = 3 : 1 ) resulted in the isolation of 25c (245 mg, 85% yield) as a white, waxy 

solid 

25c: 400 MHz 'H-NMR: δ 1 57 & 1 65 (ABq, 2H, 2J=11.3 Hz, 2x H6), 2 03 (s, 3H, CH,), 2.06 (s, 3H, CH,), 

2.17 - 2 52 (m, 5H, 4x CH & ero-H10), 2 52 - 2.62 (m, IH, CH), 2 71 В of ABq (dd, IH, 2J=13.9 Hz, 'J=4 4 Hz, endo-

H,„), 2 75 - 2.88 (m, IH, CH), 4.65 (t, IH, 3J=4.9 Hz, H,), 5 41 - 5 48 (m, IH, H,). 100 MHz ']C-NMR: δ 21.2/ 21 7 

(q, 2x CH,), 31.9/33 0 (t, 2x CH2), 39 9/43 2/43 4/45.6/48 2/51.1 (d, 6x CH), 70.8 (d, C,), 79.1 (d, C,), 170 8/ 171 2 

(s, 2x C=0) IR (CCL/NaCI-cells). ν ЗОЮ - 2860 (m, C-Η, alif.), 1732 (s[br], C=0), 1253 (s[br], C-0-) cm ' MS/EI. 

m/e No M\ 207 (M* - CH,CO, 0.6%), 191 (M' - CH,C02, 9%), 148 (M* - CH,C02 - CH,CO, 22%), 130 (M* - 2 χ 

CH,C02H, 27%), 105 (C8H,*, 9%), 104 (C8H8*, 14%), 91 (C7H7\ 14%), 43 (CH3CO\ 100%). HRMS/EI m/e Found 

250.12042 ± 0 00097 (cale for C 1 4 H l s 0 4 : 250.1205) 

endo-9-Ethoxycarbonyloxy-endo-3-methoxymethyloxy-tetracyclo[5 3 0 02·' 0^-°]decane (32) 

Diethyl azadicarboxylate (253 μΙ, 4 5 equiv ) was added from a syringe to a stirred solution of triphenyl 

phosphine (468 mg, 5 0 equiv.) in THF (3 ml) at 0 °C After stirring for 20 minutes, lithium bromide (310 mg, 10 

equiv ) was dissolved in the reagent solution. A solution of 6 (77 mg, 0.366 mmol) in THF (1 ml) was then gradually 

added to the stirred reagent solution at 0 °C. The reaction mixture was allowed to attain room temperature and was 

stirred for 24 hours after which conversion of 6 was complete as mdicated by TLC/GC analyses. The reaction mixture 

was quenched with water and the major part of the solvent was removed under reduced pressure. The residue was 

diluted with Et 20 (10 ml) and washed twice with water (5 ml). The aqueous solutions were extracted again twice with 

Et20 (5 ml). The ether solutions were then combined, dried on MgS04, filtered and the solvent removed under 

reduced pressure The crude product (819 mg) was obtained as a light pink oil Two sequential purifications by flash 

column chromatography (silicagel 60H, eluent 1. n-hexane . ethyl acetate = 6 : 1 , eluent 2: л-hexane : ethyl acetate 
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=10 · 1) resulted in the isolation of 32 (68 mg, 66% yield) as a light pink oil The product is actually colorless, the 

pink color arises from a very small impurity which could not be completely removed. 

32. 400 MHz 'H-NMR δ 1.29 (t, 3H, 'J=7 1 Hz, -0CH2-CHj), 1.54 & 1.62 (ABq, 2H, 2J=11.2 Hz, 2x H«), 

2.12 - 2.20 (m, 2H, 2x CH), 2.29 A of ABq (ddd, IH, 2J=13 9 Hz & 3J=10 2 & 6 4 Hz, exo-Hl0), 2 36 - 2.40 (m, IH, 

CH), 2 43 (s[br], IH, CH), 2 48 - 2 54 (m, IH, H2o,«), 2.62 - 2.68 (m, IH, H 2 o M ) , 2.90 В of ABq (dd, IH, 4=13.9 Hz 

& 5J=4 3 Hz, endo-HJ, 3 36 (s, 3H, -OCH,), 4cx 03 (dt, IH, JJ„=1.4 Hz & 'J,=5 2 Hz, HJ), 4 17 (q, 2H, 3J=7 1 Hz, -

OCH,-CH,); 4.55 & 4.68 (ABq, 2H, 2J=6.9 Hz, -OCH20-), 5.24 - 5.30 (m, IH, H') 100 MHz "C-NMR 14.3 (q, 

CH3), 31 9/33.5 (t, 2x CH2), 38 9/43.2/43 6/44.0/48.1/51.1 (d, 6x CH), 55.3 (q, -OCHJ, 63 3 (t, -OCH2-), 72 2 (d, C¡), 

81 9 (d, C,), 94.0 (t, -OCH20-), 155.3 (s,C=0) IR (CCL/NaCI-cells) ν ЗОЮ - 2840 (s, C-Η, alif), 1738 (s, C=0), 

1263 & 1020 (s, C-0-) cm"' MS/El m/e 282 (M', < 0.1%), 221 (M' - C2HsO, 94%), 131 (M* - MOM - EtO-C02H, 

78%), 105 (C8H,*, 30%), 91 (C7H/, 22%), 45 (C2HsO*, 100%) HRMS/E1 Found. 282 1465 ± 0 0011 (cale for 

C1 5H2 205: 282.1467). 

9,U-oxapenlacycIo[6 5 0 02·6 04·l3 05· 12]lndecan-10-one (34) 

A catalytic quantity of DMAP was added to a stirred solution of 6 (100 mg, 0.60 mmol) and carbonyl diimi-

dazole (117 mg, 1.2 equiv ) in dry toluene (25 ml) under an argon atmosphere The reaction mixture was heated to 60 

°C and stirred for 24 hours after which formation of 34 was complete as indicated by TLC/GC analyses The solvent 

was removed under reduced pressure. Purification of the crude product by flash column chromatography (silicagel 

60H, я-hexane ethyl acetate = I I) resulted in the isolation of 34 (65 mg, 56% yield) as a white, waxy solid The 

reaction proceeded smoothly and in high yield, but some loss of product was encounterd during purification. 

34 400 MHz'H-NMR- δ 1 75 (s, 2H, 2x H6), 2 31 - 2 49 (m, 3H, 3x CI I), 2 53 (s[br], 1 H, H, or 7), 2 58 - 2 73 

(m, 3H, 3x CH), 2 85 - 2 94 (m, IH, CH), 4.57 (t, IH, 3J=5 9 Hz, Hj), 5.12 - 5.17 (m, IH, H,) 100 MHz "C-NMR δ 

33 4/33 9 (t, 2x CH2), 36 7/43 5(2x)/44 9/47 2/51 6 (d, 6x CH), 74 4 (d, C,), 84 1 (d, C,), 151 5 (s, -OC(O)O-) IR 

(CCL/NaCl-cells). ν 3020 - 2840 (m, C-Η, alif), 1755 (s, C=0), 1150/1128 (s. C-0-) cm'1. MS/Cl· m/e 193 (M' + 1, 

2%), 192 (M', 0 3%), 165 (M* + 1 - CO, 12%), 149 (M* + 1 - C02, 100%), 131 (M' - НСОэ, 30%), 105 (C.H,*, 19%), 

91 (CH,·. 18%) HRMS/E1. m/e Found 192 07873 ± 0 00072 (cale forC,,H l 20, 192 0786) 
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Nucleophilic Additions of Amines to 

TetracyclolSJ.O.O^.O^ldecane-S^-dione 

5.1 Introduction 

In Chapter 3 the addition of organometallics and metal hydrides to tetracyclo-

[5 3 0 O25 048]deca-3,9-dione 1 was studied in order to evaluate the carbonyl reactivity of the 

cyclobutanone and cyclopentanone moiety in this strained and rigid tetracyclic dione 

Unexpectedly, the observed regioselectivity appeared to be primarily governed by stenc factors 

The 1,2-addition to the cyclopentanone carbonyl function was preferred over that to the 

cyclobutanone due to stenc interaction of the C5 bridgehead hydrogen atom which is positioned in 

the energetically most favorable trajectory of the adding nucleopnile Evidently, these additions of 

organometallics are irreversible reactions and therefore product formation is kinetically controlled 

Generally mixtures of products are obtained as the kinetic energy differences are not large enough 

to give complete regioselectivity 

Scheme 5.1 

keto-alcoholate intermediates 

+ Nu 

-Nu 

II 

Nu 

hemi-ketal products 

О £> 
О 
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So far no studies have been conducted in which 1,2-additions to either tetracyclic dione 1 

or enone 2 were carried out under thermodynamically controlled conditions In principle, such 

addition could follow the equilibrium pathway as depicted in Scheme 5 1 Reactions with amines 

would typically be a thermodynamically controlled addition With enone 2 such an addition was 

attempted' but the acidic conditions required for the hydrazine addition caused complete 

rearrangement to 3 followed by hydrazine addition to give 4 (Scheme 5 2) It was impossible to 

enforce an amine addition to 1 under mild or neutral conditions and avoiding a cyclobutyl cationic 

rearrangement 

Scheme 5 2 

H2N-N(H)C6H3(NQ2)2 

MeOH H2S04 

4 (70%) 

In contrast, successful amine additions to Cookson's diketone 5 have been reported by 

Sasaki et al 2 who obtained 1 1 adducts 6 and 7 upon treatment of 5 with an equimolar amount of 

benzylamine and morfohne in THF, respectively (Scheme 5 3) Both amines appeared quite 

unstable Benzylamine adduct 6 spontaneously dehydrated to the corresponding Schiff base 8 upon 

standing in chloroform at room temperature (Scheme 5 3, pathway A) Under the same conditions, 

morfohne adduct 7 rapidly reverted to Cookson diketone 5 (pathway B) 

Scheme 5.3 

CHCI3, r t 
(for 6 only) 

6 R1 = CH2C6H5 R2 = H 

7 R1 R2 = CH2CH2OCH2CH2 

8 R1 = CH2C6H5 

The use of two molar equivalents of amine reagent in this reaction with 5 led to the 

formation of stable, oxa-bndged bisamino adducts 10 as a result of dehydration of the initially 

formed bisamino endo endo-a\o\s 9 This diol is proposed to lose water to give an îmine which 

then intramolecularly reacts with the remaining e/íí/o-hydroxyl group These transient diols 9 were 
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detected by a gradually disappearing O-Η absorption at 3400 cm"' in the IR spectrum during 

crystallization of 10. These diols 9 are structurally closely related to the endo,endo-dio\s presented 

in Chapter 4 (see Chapter 3.4, structures 19 - 21). 

2equiv R1R2NH 

THF.rt ' R R N 

Scheme 5.4 

NR'FT H 2 0 

О О 
H H 

R'R'N N R V 
О 

10 

The addition of water to Cookson diketone 5 to form hydrates has also been reported3. This 

reaction leads to a mixture of 'open' hydrate Π and 'closed' hydrate 12 in a ratio of 4 : 1. This 

mixture spontaneously dehydrates to starting material partly upon standing in DMSO solutioji at 

ambient temperature for 10 days and completely on heating at 80 °C (scheme 5.5). 

Scheme 5.5 

moisture, EtOAc 

DMSO, 80 °C 
HO OH 

О 

12 

In this Chapter the preliminary results on the amine addition to diketone i are reported. 

These studies were aimed to establish the effect of thermodynamic and kinetic control on the 

regioselectivity of 1,2-addition to this strained diketone. 

5.2 Results and Discussion 

The addition of amines to diketone 1 was studied using a procedure analogous to that 

reported by Sasaki and coworkers2 for Cookson's diketone 5 with benzylamine and morfoline as 

the amines. Dione 1 was treated with 1 molar equivalent of benzylamine or morfoline in THF at 0 

°C or room temperature for periods varying from 1 hour to 24 hours. GLC and TLC analyses of 

the product mixture, obtained after work-up, revealed a variety of compounds. A spontaneous 

precipitation of the amino mono-adduct, as reported by Sasaki et al., was not observed. After 
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considerable experimentation, by varying the amount and nature of the amine («-propylamine, 

diethylamine, dicyclohexylamine, aniline and diphenylamine) it was found that product crystalli

zation could be achieved by subjecting dione I to a four-fold excess of morfohne in THF After 18 

hours this reaction mixture gave on cooling to ambient temperature colorless crystalline needles in 

substantial quantities In the 'H-NMR spectrum of the crystalline material 16 morfoline hydrogens 

were observed relative to 10 hydrogen signals from the carbocychc cage No broad, exchangeable 

proton resonances from hydroxyl groups were present The 13C-NMR spectrum confirmed the 

absence of carbonyl groups and the presence of two morfoline groups per tetracyclic cage unit 

Distinct quaternary carbon signals at 98 2 and 105 3 ppm pointed to the presence of two hemi-

aminal moieties IR spectroscopy confirmed the absence of carbonyl and hydroxyl groups The 

mass spectrum revealed a molecular ion peak of 48% at 318 amu Based on these data structure 13 

was assigned to the bis-N-morfohno adduci (Scheme 5 6) This structure resembles that of the bis-

N-morfohno ether 10 reported by Sasaki et al for the morfoline adduct of Cookson's diketone 5 

{vide supra) The bis-N-morfohne adduct 13 was eventually obtained in 83% yield 

Scheme 5.6 

> 2 equiv cyclic amine 

THF 65"С / \ 

О 

1 1 - 1 5 

13 Χ = -О- 83% 

14 Χ = -СН2- 40% 

15 Χ = 3 1 % 

Similar results were obtained when other cyclic amines, such as pipendine and pyrrolidine, 

were used, again in a four-fold excess Again, the bis-adducts 14 and 15, respectively, crystallized 

from the reaction mixture However, the isolated yields for these compounds were considerably 

lower than for 13 This is probably due to the lower efficiency of crystallization of the product 

from the reaction mixture The unambiguous assignment of structure 14 to the bis-pipendine 

adduct appeared quite straightforward as this compound was obtained analytically pure Analysis 

of 15 was difficult however, since its purity, as determined by 'H-NMR, was about 87% Attempts 

to recrystallize 15 from ΤΗΓ were unsuccessful Once redissolved, crystallization of 15 could not 

be achieved anymore 
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The critical conditions needed to obtain and isolate the above bis-amino adducts from dione 

1 show the lability of these compounds So far, isolation of these adduct is only possible for a 

limited number of cyclic amines and appears highly dependent on the crystallization of the 

addition product from the reaction mixtures The lability of the bis-adducts 13 - 15 is also 

demonstrated by their sensitivity toward water When a solution of bis-morfohno adduct 13 in 

THF was washed with water, it quickly hydrolyzed back to diketone 1 and morfohne Furthermore, 

the GLC-analysis of pure 13 on a capillary silica column showed three major components, due to 

decomposition of the adduct on the column 

The mechanism of formation of 13 - 15 is depicted in Scheme 5 7 It resembles that 

proposed for the animation of Cookson's diketone 2 (Scheme 5 3) The first step in this process is 

addition of the amine at either the cyclopentyl or cyclobutyl carbonyl function to form key 

intermediates 16a and 16b via route A and B, respectively These 'open' intermediates 16 undergo 

a fast and complete intramolecular cyclization to 'closed' structures 17, similar to the products 

obtained from carbonucleophihc addition to diketone 1 (see Chapter 3 2) Adducts 17a and 17b are 

in equilibrium with the 'open' structures 16a and 16b which allows a second amine molecule to 

add to the the carbonyl group At this point, two mechanistic pathways are conceivable (ι) initial 

formation of lmimum ions 18a and 18b via elimination of water followed by the addition of a 

second molecule of amine to yield the final products 13-15 (Scheme 5 7) or (n) initial addition of 

a second amine molecule to 16a and 16b to form endo,endo-a\o\ 19 which then eliminates water to 

form îminium ions 20a and 20b followed by intramolecular trapping by the ewfo-alcohol to give 

products 13 -15 as depicted in Scheme 5 8 The difference in these pathways is merely the order of 

events The isolation of a bis-amino diol intermediate 9 in the reaction of Cookson diketone 5 and 

the successful synthesis of a variety of endo endo-à\o\s from tetracyclic diketone 1 (see Chapter 

3 4) suggests that there is a preference for going through intermediate 19 Formation of 

iminiumion intermediates 18 in mechanism (ι) requires the reformation of two π-systems which 

involves the re-introduction of significant strain in the carbocyclic skeleton This is avoided by 

going via endo, endo-diol 19 although the proximity of the two emfo-alcohol groups in 19 is 

accompanied by considerable stenc congestion It is of importance to note that crystallization of 

the products from the reaction mixture drives this set of equilibria in the direction of the product 

This also explains why no mono-adducts such as 16 or Г7 have been isolated Apparently, there 

was no driving force for the equilibria to go to these mono-adducts 
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Scheme 5.7 

HNR1R2 

NRV HCA 

18a 18b 

R'R'N 
О 

13-15 

Dunng this amination reaction of 1 no catiomc rearrangement was observed In the 

proposed îminium compounds 18 and 20 the required electron deficiency is conceivable, but 

apparently insufficient to cause skeletal rearrangement 

In this amination reaction no intermediate mono-adducts 17 could be isolated Consequent

ly, the preference for initial reaction with the cyclobutanone or cyclopentanone moiety cannot be 
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established It seems reasonable to propose that the same guidelines are valid as found for 

carbonucleophilic reaction with 1. 

Scheme 5.8 

16a and 16b + R1R2NH 

R1R2N 

HO OH 

19 

N R 1 R 2 

In conclusion, reaction of dione 1 with cyclic secundary amines leads to the formation of 

bis-adducts thanks to crystallization of these products from the reaction mixture. 

5.3 Experimental Section 

Cenerai remarks 

All moisture sensitive reactions were performed m freshly dried and distilled solvents under an argon 

atmosphere in oven-dried glassware Diethyl ether (Et20) and tetrahydrofuran (THF) were distilled from lithium 

aluminum hydride (LiAlH4) Melting points were measured on a Reichert Thermopan microscope and are 

uncorrected 400 MHz 'H-NMR and 100 MHz "C-NMR spectra were recorded on a Bruker AM 400 spectrometer at 

Τ = 298K in CDClj as solvent with tetramethyl silane (TMS) as internal reference Mass spectra were recorded on a 

double focusing VG 7070E mass spectrometer Infrared spectra were recorded on a Perkin Elmer 298 or a Bio Rad 

FTS-25 (FT) infrared spectrophotometer GIX-Analyses were performed on Hewlett-Packard 5790A and 5790A 

series II gas chromatographs, each fitted with HP-1 (column A) and CP-Sil 19CB (column B) capillary columns GC-

MS spectra were run on a Vanan Saturn II benchtop ion trap system equipped with a HP-1 capillary column with 

helium as the carrier gas Elemental Analyses were performed on a Carlo Erba Instruments CHNS-O 1108 Elemental 

Analyzer Flash column chromatography was performed at a pressure of ca 15 bar, using Merck Kieselgel 60H and n-

hexane / ethyl acetate mixtures as mobile phases 
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Chapter 5 

I 10-Di-N-morfolmo-ll-oxapentacyclo[5 4 0 02603·10 (tf^Jundecane (13) 

A solution of diketone I (323 mg, 1 99 mmol) and morfohne (766 mg, 8 79 mmol, 4 4 equiv ) in THF (10 

ml) was heated to reflux temperature and stirred at this temperature for 16 h Heating was then discontinued and the 

crude product allowed to crystallize while the reaction mixture slowly cooled down to room temperature Next, the 

reaction mixture was placed overnight at -18 "C to allow further crystallization The crude product was then filtered, 

washed with cold THF and dried at reduced pressure to yield nearly pure 13 (508 mg) as colorless crystals The 

supernatant was concentrated under reduced pressure and cooled again to -18 °C overnight to afford a second batch of 

13 (18 mg, 83% combined yield) Recrystallization from THF afforded an analytically pure sample 

13 M p 200 - 207 5 °C 400 MHz 'H-NMR δ 1 62 & 1 71 (ABq, 2H, 4=11 0 Hz, 2x H5), 1 76 A of ABq 

(dd, IH, 2J=10 9 Hz, JJ=3 4 Hz, exo-H,), 1 96 В of ABq (d, IH, 2J=10 9 Hz, endo-H9), 2 20 - 2 29 (m, IH, CH), 2 35 

(s[br], IH, H, o r 6 ), 2 38 - 2 45 (m, IH, CH), 2 51 (s[br], IH, H, o r 6), 2 65 - 2 87 (m, ЮН, 2х СН & 4х N-CH2-), 3 65 -

3 76 (m, 8Н, 4х 0-СН2-) 100 MHz "C-NMR δ 35 9 (t, С,), 38 5/38 8/44 9/47 2/67 1/67 3 (d, 6х CH), 40 3 (t, C9), 

45 9(2x)/46 9(2x) (t, 2x N-CH2-), 50 7(2x)/53 9(2x) (t, 2x 0-CH2-), 98 2 (s, C,), 105 3 (s, C10) IR (KBr-Discì ν ЗОЮ 

- 2670 (s, C-Η, ahf), 1112/1078 (s, C-0-) cm1 MS/ΕΙ m/e 318 (M*, 48%), 260 (M' - C2H4NO, 2%), 232 (M* -

C4H8NO, 30%), 231 (M4 - C,H,NO, 33%), 204 (M* - Ο,Η,ΝΟ - СО, 100%), 190 (M* - C<H8NO - СО - CH2, 46%), 

151 (C„H9N02\ 56%) HRMS/EI m/e Found 318 19428±000091 (calculated for C„H 2 6 N 2 0 3 318 19434) 

/ 10-Di-N-pipertdino-Il-oxapentacyclo[5 4 0 026 03 1004 8]undecane (14) 

A solution of diketone i (325 mg, 2 00 mmol) and piperidine (747 mg, 8 77 mmol, 4 4 equiv ) in THF (10 

ml) was heated to reflux temperature and stirred for 16 h Heatmg was then discontinued and the reaction mixture 

concentrated at reduced pressure to circa 5 ml The crude product was next allowed to crystallize from the reaction 

mixture overnight at -18 °C The supernatant was removed from the product with a pipette, the crude product 

subsequently washed with cold Et,0 and then dried at reduced pressure The supernatant and ether washings were 

then combined, concentrated at reduced pressure and cooled again at -18 °C overnight to afford a second batch of 

product Product 14 was obtained (251 mg, 40% total yield) as nearly pure, colorless crystals Recrystallization from 

THF afforded an analytically pure sample 

14 M p 144 - 146 °C 400 MHz 'H-NMR δ 1 38 - 1 64 (m, 13H, 6x -CH2- & H J , 1 67 В of ABq (d, IH, 
2J=10 8 Hz, H5b), 1 76 A of ABq (dd, IH, 2J=10 8 Hz, M=3 3 Hz, eio-H,), 1 96 В of ABq (d, IH, 2J 10 8 Hz, endo-

H,),2 19-230 (m, 1H,CH),231 (s[br], IH, H<„6), 2 33 - 2 40 (m, IH, CH), 2 48 (s[br], IH, H 4 o r 6 ) , 2 50 - 2 80 (m, 

ЮН, 4x N-CH2- & 2x CH) 100 MHz "C-NMR δ 24 6/24 8 (t, 2x 7CH2), 26 l(2x)/26 3(2x) (t, 4x PCH2), 36 0/40 8/ 

46 0/47 3/50 6/54 7 (d, 6x CH), 38 5/39 4 (t, C5 & C9), 45 5(2x)/48 0(2x) (t, 4x N-aCH2), 99 I (s, C,), 105 7 (s, C,„) 

IR (КВг-Disc) ν 3020 - 2660 (s, C-Η, alif ), 1121/1086 (s, C-0-) cm ' MS/ΕΙ m/e 314 (NT, 33%), 230 (M* - C5HI0N, 

36%), 229 (M* - ΰ,Η,,Ν, 35%), 202 (M* - C5H10N - CO, 100%), 188 (M+ - C5H10N - CO - CH2, 55%), 149 (C,HnNO\ 

45%) HRMS/Ë1 m/e Found 314 23591 ± 0 00091 (calculated for C20H30N2O 314 23581) 

/ 10-Di-N-pyrroUdino-ll-oxapentacyclo[5 4 0 0260ί·10 04 s]undecane (15) 

A solution of diketone I (330 mg, 2 04 mmol) and pyrrolidine (582 mg, 8 18 mmol, 4 0 equiv ) in THF (10 

ml) was heated to reflux temperature and stirred for 16 h Heatmg was then discontmued and the reaction mixture 

concentrated at reduced pressure to circa 5 ml The crude product was next allowed to crystallize from the reaction 
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mixture overnight at -18 °C. The supernatant was removed from the product with a pipette, the crude product subse

quently washed with cold Et20 and then dried at reduced pressure. Combining and concentrating the supernatant and 

ether washings and cooling the resultant solution at -18 °C overnight did not afford a second batch of product Bis-

adduct 15 was obtained (182 mg, 31% yield) as colorless crystals (about 87% pure according to NMR) Attempted 

recrystallization of 15 from THF to afford a pure sample was not successful 

15 M p - 118- 125 °C 400 MHz'H-NMR 5 1 41 - 1 65 (m, 9H, 4x-CH2-& H5â), 1 69BofABq(d, 1H,2J= 

11 0 Hz, Hsb), 1 77 A of ABq (dd, IH, 2J=10 8 Hz, 3J=3 4 Hz, exo-H,), 1 96 В of ABq (d, IH, 2J=10 8 Hz, endo-H,), 

2 20-2.30 (m, IH, CH), 2 34 (s[br], IH, H 4 o r 6 ), 2 33 - 2 39 (m, IH, CH), 2.50 (s[br], IH, H„„6), 2 62 - 2 88 (m, 10H, 

4x N-CH2- & 2x CH) 100 MHz '3C-NMR. δ 25 3(2x)/25 6(2x) (t, 4x РСН2), 36.3/41.0/45.6/47.1/53.4/57 9 (d, 6x 

CH), 37.9/40.1 (t, C, & C,), 45.6(2x)/47.7(2x) (t, 4x N-"CH2), 99 0 (s, C,), 105 6 (s, C10) IR (KBr-Disc): ν 3020 -

2675 (s, C-Η, alif.), 1118/1081 (s, C-0-) cm '. MS/EI m/e 286 (M*, 37%), 216 (M+ - Ο,Η,Ν, 33%), 215 (M* - Ο,Η,Ν, 

30%), 188 (M* - C<HgN - СО, 100%), 174 (M* - C4H„N - СО - CH2, 57%), 135 (C8H,NO', 48%) HRMS/ EI: m/e 

Found· 286 20445 ± 0 00084 (calculated for C,8H26N20: 286 20451) 

5.4 References and Notes 

1 (a) Depré, H L E. m: "Synthesis and Chemical Behavior of Strained Half-Cage Systems with Functional 
Groups in Close Proximity", Ph D. Thesis, University of Nijmegen, The Netherlands, 1994 (b) Smits, J M.M , 
Noordik, J H.; Depré, H.L.E.; Zwanenburg, R.C W , Klunder, A J.H Acta Crystallogr Sect C, 1985, 41, 1638 

2 Sasaki, Τ , Eguchi, S ; Kiriyama, Τ , Hiroaki, O. Tetrahedron, 1974, 30, 2707 
3 (a) Martins, F J С , Viljoen, A M ; Coetzee, M , Fourie, L.; Wessels, Ρ L. Tetrahedron, 1991, 47, 9215. (b) 

Martins, F J C, Viljoen, A M ; Kruger, H.G , Joubert, J.A Ibid, 1993, 49, 9573 
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Summary 

In organic chemistry, strained cage compounds represent a special class of compounds. 

Cage compounds are characterized by a connection of several small rings which form structurally 

rigid structures in which a high degree of strain energy is present. The rigidity and high energy 

content of such compounds are frequently the cause of their unexpected physical and chemical 

properties. 

This thesis focuses on the chemical properties of tetracyclic diketone 1 and its derivative 

endo.endo-d'iol 2 in which two, chemically nearly equivalent, functional groups are positioned at 

close proximity. The spatial proximity of these functional groups is expected to influence their 

respective chemical reactivities and may lead to intramolecular reactions. 

A 8 
о о о о 

H н 
1 2 

Chapter 1 gives a historical overview of the developments in cage compound chemistry 

leading to the synthesis of tetracyclic diketone 1. A key reaction is the Grob fragmentation, namely 

a homoketonization reaction which is driven by release of strain energy and controlled by the 

anionstabilizing effect of the cyclopentyl carbonyl group. Furthermore, the specific IUPAC 

nomenclature rules relevant for the polycyclic compounds presented in this thesis are explained. 

In Chapter 2 the stability of i under acidic and basic conditions is described. Treatment of 

1 with a variety of Lewis acids or various concentrations of anhydrous sulfuric acid results in the 

efficient rearrangement of 1 into a mixture of two isomeric compounds anli-3 and syn-3 via a 

cyclobutyl - cyclopropyl carbinyl cation rearrangement (Scheme 1). Initially, anli-3 is formed 

preferentially as a result of the inductive electron-withdrawing effect of the cyclopentyl carbonyl 

group on the intermediate cyclopropyl carbinyl cations. At longer reaction times, equilibration 

occurs favoring the less strained syn-3. It was further shown that stronger Lewis acids or higher 

concentrations of sulfuric acid lead to shorter conversion times for i and faster equilibration of 

anli-3 to syn-3. At even longer reaction times, an unexpected auto-oxidation was observed which 

produced a mixture of four lactones 4-7 . This reaction could be suppressed through exclusion of 

atmospheric oxygen. The mechanism of this oxidation reaction is unknown. 
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Scheme 1 

acid 

Et20, 
g y , W^=o • fJ/ 

O syn-3 о anf/-3 
О 

О 

prolonged 
reaction time 

In situ 

The use of bromide ion as nucleophilic trapping agent leads to the formation of tricyclic 

bromo diketones anti-8 and syn-8 as a result of bromide attack on the intermediate cyclopropyl 

carbinyl cations. 

О 
Br 

anti-8 syn-8 

Diketone 1 is more stable under basic conditions. Deuterium exchange of exo-H10 in 1 

using LDA in THF and D20 resulted in only partial formation of 9 (50%) with concurrent recovery 

of unchanged 1 (50%). This is probably caused by a reversible coupling reaction of initially 

formed enolate ion of I (via the enolate oxygen) with free diketone 1 blocking half of the available 

amount of I for deuterium exchange. This idea is supported by the observation of four aldol self-

condensation products (via enolate carbon coupling) when 1 is treated with LDA in THF for 

prolonged periods of time (Scheme 2). 

Scheme 2 

enolate of 1 
Enolate carbon coupled products 

(only 1 of 4 possible isomers drawn) 
Enolate oxygen coupled products 

(only 1 of 4 possible isomers drawn) 
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In Chapter 3 the chemical behavior of diketone 1 toward carbonucleophilic organometallics 

and reducing metalhydrides is described. The reaction of 1 with alkyllithium reagents (R1 = Me, 

Ph, и-Bu, s-Bu, f-Bu) leads to the smooth formation of a product mixture of 10a and 10b in which 

an intramolecular closure of the intermediate mono-alkyl ercfifo-alcoholate on the opposite free 

carbonyl group has taken place (Scheme 3). The selectivity for the formation of 10a and 10b is not 

determined by the intrinsic reactivities of the carbonyl groups but instead by steric approach con

trol as a result of steric congestion around the reaction centers. Small nucleophiles predominantly 

add to the cyclopentyl carbonyl group to give 10a (R1 = Me, ratio 10a : 10b = 70 : 30) while steri 

1 equiv R1Metal 

Scheme 3 

-OH HO-
' O ' ' O ' 
10a 10b 

R1 = H, Me, л-Bu, s-Bu, f-Bu, Ph, Vinyl 

excess R2Metal 

° S H н 
11a 

forR 1 = R2 = H, Me, Ph 

о Я 
H H 

11b 

R1 = Me, л-Ви, s-Bu, Ph and R2 = H 

cally more demanding alkyllithium reagents favor addition to the cyclobutyl carbonyl group to 

give predominantly 10b (R' = f-Bu, ratio 10a : 10b = 38 : 62). This unexpected selectivity of 

sterically large nucleophiles for the sterically less accessible cyclobutanone results from 

competitive enolate formation in the cyclopentanone unit. This enolization leads to aldol self-

condensation products 12a and 12b and makes the cyclopentyl carbonyl group unavailable for 

nucleophilic addition. This concept was tested using LDA to enforce proton abstraction at the ex

position in the cyclopentanone moiety and treating the resulting enolate solution with methyl-

lithium The ratio of 10a : 10b for R' = Me could be shifted from 70 : 30 in the absence of LDA to 

25 : 75 using 2 equivalents of LDA 
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но-

12a 12b 

Varying the electronic nature of the reagents by applying different metals as counter ions 

(Metal = Li, Mg, Cu, Mn) does not lead to significant changes in the selectivity for 10a and 10b, 

supporting the steric approach control model for these nucleophilic addition reactions to 1. 

It proved possible to react the mono-addition products 10 with a second nucleophile to 

form endo,endo-dio\s Π when an excess of nucleophilic reagent R2Metal was applied (Scheme 3). 

This requires 10a and 10b to revert to the mono-alkyl eWo-hydroxyl ketone isomers which are the 

intermediate structures in the conversion of 1 to 10a and 10b. Although the concentrations of these 

ewcfo-hydroxyl ketones are very low in the reaction mixture, the irreversible addition of the second 

nucleophile drives the reaction fully toward diols Ц. Large groups R' inhibit the isomerization of 

10 to the open enefo-hydroxyl ketones as a result of an intramolecular buttressing effect, while 

large nucleophiles R2 exhibit a decreased rate of addition to the free carbonyl group as a result of 

steric shielding around the reaction center. Both effects slow the diol formation down or even 

prevent it altogether. 

Scheme 4 

0 1 % H 2 S O 4 

Et2O/MeOH = 10 1 

< 10 mm 

.OMe 

Η 

OH 

syn-13 (50%) 

•J* 
OH 

anf;-13 (50%) 

OMe 

in situ, 12 h 

я • 
H — ( ζ OMe 

ОН 

anti-U (50%) 

ОН 

syn-U (50%) 
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The chemistry of parent diol 2 (structure Π with R'=R2=H) is studied in Chapter 4. 

Treatment of 2 with 0.1% anhydrous sulfuric acid in an ether / methanol = 1 0 : 1 mixture leads to a 

fast and complete conversion to two regio-isomeric compounds anti-13 and syn-13 in a ratio of 1 : 

1 (Scheme 4). The lack of selectivity must be attributed to the absence of an electron-withdrawing 

group in 2 as compared to the situation in diketone 1. When the reaction is allowed to continue, 

two new tricyclic products anti-14 and syn-14 are produced quantitatively in a 1 : 1 ratio. After 

chromatographic separation of the initial products 13 and subjecting these isomers separately to the 

original acidic conditions, it was shown that anti-13 produces only syn-14 and that syn-ІЪ gives 

only anli-14. The mechanism of formation of products 13 and 14 is analogous to the cyclobutyl -

cyclopropyl carbinyl cation rearrangement proposed for the diketone 1. 

Scheme S 

1 equiv RX or 
excess RX 

1 
basic conditions 

15b 

R = Me, Allyl, MOM, TBDMS, Ac, Ts, Ms 

Mono-functionalization of 2 was studied next in order to compare the reactivities of the two 

non-equivalent alcohol groups (Scheme 5). Etherification of 2 with 1 equivalent of methyl iodide, 

allyl bromide or methoxymethyl chloride provided mixtures of products 15a and 15b (R=Me, 

Allyl,MOM) in excellent yields with a clear preference for cyclobutyl isomer 15b. This preference 

can be explained on the basis of the SN2-character of the reaction and the higher nucleophilicity of 

the cyclobutyl alcohólate ion as compared to the cyclopentyl alcohólate ion. The silyl ether 

formation shows a slightly lower selectivity for product 15b (R = TBDMS). Esterification of 2 

with acetyl chloride (R = Ac) is much less selective. Besides the formation of 15a and 15b in good 

yield, also some diol 2 and bis-acetate 15c was isolated. The observed preference for 15a (R = Ac) 

can be understood on the basis of the S^ character of the reaction in which steric factors are 

prevalent. Sulfonylation of 2 proved difficult. Tosylation of 2 gave only 15a (R = Ts) in moderate 

yield while from the mesylation of 2 only tricyclic rearranged products anti-16 and syn-Ы could 

be isolated in low yield. These findings can be explained by assuming that the increased leaving 

ability of the cyclobutyl sulfonate ester induces a spontaneous rearrangement with concomitant 

expulsion of the sulfonate group. The proximity effect of the alcohol groups in 2 was encountered 
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in a reaction with methoxymethyl chloride from which cyclic ketal 17 was isolated in moderate 

yield. It was proven in an independent reaction that 17 is formed from the mono-MOM ethers 15a 

and 15b via a base induced intramolecular substitution. 

In Chapter 5 the addition reactions of amines to i are described. Amine additions to 

ketones are reversible processes and therefore the selectivity of cyclobutanone versus cyclo-

pentanone addition will be different from the carbonucleophilic addition reactions to diketone i . 

The addition of 1 equivalent of amine to I in THF did not proceed as smoothly as was suggested 

by literature reports. After considerable experimentation some well defined bis-adducts 18 were 

obtained by applying an excess of the secondary cyclic amines morfoline, piperidine and 

pyrrolidine (Scheme 6). Apparently, crystallization of the product from the reaction mixture is a 

necessary requirement for this synthesis. The mechanism proposed for this reaction consists of a 

complex set of equilibria with a multitude of intermediate products. Precipitation of 18 forces the 

reactions completely to these bis-adducts. 

Scheme 6 

> 2 equiv cyclic amine 

THF, 65 °C / \ 

О 

18 

-O-

-CH, 

forX = 

X = 

x= 

83% 

40% 

31% 

In summary, diketone 1 and diol 2 are very acid sensitive due to their high strain energy 

content and the aptitude of the cyclobutyl ring moiety to undergo rearrangement of the cyclobutyl -

cyclopropyl carbinyl cation type. Electronic interactions have an impact on the acid-catalyzed 

reactions of 1 due to the electron-withdrawing cyclopentyl carbonyl group. Such an electron-with

drawing carbonyl group is lacking in 2 with the consequence that these substrates are practically 
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insensitive to electronic interactions. Both 1 and 2 are interesting substrates for investigating the 

differences in reactivity of two nearly identical chemical functions contained in one carbon 

skeleton. Proximity effects are responsible for the occurrence of intramolecular reactions in both 

types of compounds. 
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Samenvatting 

In de organische chemie neemt de klasse van gespannen kooiverbindingen een aparte plaats 

in Kooiverbindingen kenmerken zich door een verknoping van meerdere kleine ringen die 

structureel rigide structuren vormen waann veel spanningsenergie aanwezig is De starheid en 

hoge energie-inhoud van dergelijke verbindingen zijn vaak de oorzaak van hun onverwachte 

fysische en chemische eigenschappen 

Dit proefschrift concentreert zich op de chemische eigenschappen van tetracychsch diketon 

i en het hiervan afgeleide endo,endo-dio\ 2 waarin twee, chemisch bijna equivalente, functionele 

groepen op korte afstand van elkaar zijn geplaatst De ruimtelijke nabijheid van deze functionele 

groepen beïnvloedt naar verwachting hun wederzijdse reactiviteit en kan tot intramoleculaire 

reakties leiden 

1 2 

Hoofdstuk 1 geeft een historisch overzicht van de ontwikkelingen in de chemie van kooi

verbindingen die leiden tot de synthese van tetracychsch diketon l Een sleutelreactie is de Grob 

fragmentatie, namelijk een homoketonisatie reactie die gedreven wordt door een afname van 

spanningsenergie en gestuurd wordt door het amon-stabihserend effect van de cyclopentyl carbo-

nylgroep Verder worden de specifieke IUPAC nomenclatuurregels uitgelegd die relevant zijn voor 

de polycyclische koolwaterstoffen in dit proefschrift 

In Hoofdstuk 2 wordt de stabiliteit van 1 onder zure en basische omstandigheden beschre

ven Behandeling van 1 met verschillende Lewiszuren of verschillende concentraties watervnj 

zwavelzuur resulteert in de efficiente omlegging van 1 in een mengsel van twee isomere 

verbindingen anti-3 en syn-Ъ via een cyclobutyl - cyclopropylcarbinylkation omlegging (Schema 

1) In het begin wordt bij voorkeur anti-Ъ gevormd vanwege het elektronzuigende effect van de 

cyclopentyl carbonylgroep in de intermediaire cyclopropylcarbinylkationen Bij langere reactie

tijden treedt cquilibrenng op naar het minder gespannen syn-3 Verder werd aangetoond dat 

sterkere Lewiszuren of hogere concentraties zwavelzuur leiden tot kortere omzettingstijden van 1 

en snellere equilibrenng van anti-3 naar syn-Ъ Bij nog langere reactietijden werd een onverwachte 
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auto-oxidatie waargenomen waarbij een mengsel van vier lactonen 4 - 7 werd gevormd. Deze 

reactie kon worden onderdrukt door uitsluiting van luchtzuurstof. Het mechanisme voor deze 

oxidatiereactie is onbekend. 

Schema 1 

O 4 

Et. 

O 1 O 

atalysator, Y V ^ ^ = * 0 + V^J/ zure katalysator 

v /F 
O syn-Z O anti-3 

verlengde 
reaktie tijd 

In situ 

•F" 
O 7 

Het gebruik van bromide-ion als nucleofiel afvangreagens leidt tot de vorming van 

tricyclische broomdiketonen anti-S en syn-S als gevolg van bromide-aanval op de intermediaire 

cyclopropylcarbinylkationen. 

Br 

anti-S syn-i 

Diketon 1 is stabieler onder basische omstandigheden. Deuteriumuitwisseling van exo-Hl0 

in 1 door LDA in THF gevolgd door quenching met D20 resulteerde slechts in gedeeltelijke 

vorming van 9 (50%), terwijl tevens onveranderd 1 (50%) werd teruggewonnen. Dit wordt 

waarschijnlijk veroorzaakt door een reversibele koppelingsreactie van initieel gevormd enolaat-ion 

van I via het enolaatzuurstofatoom met vrij diketon 1 waardoor de helft van de beschikbare 

hoeveelheid van 1 voor deuteriumuitwisseling wordt geblokkeerd. Dit idee wordt ondersteund 

door de vorming van vier aldol zelfcondensatieproducten via enolaatkoolstofkoppeling wanneer l 

gedurende langere tijd wordt behandeld met LDA in THF (Schema 2). 
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Schema 2 

enolaat van 1 
Enolaat koolstof gekoppelde producten 
(slechts 1 van 4 mogelijke isomeren getekend) 

Enolaat zuurstof gekoppelde producten 
(slechts 1 van 4 mogelijke isomeren getekend) 

In Hoofdstuk 3 wordt het chemisch gedrag van diketon 1 ten opzichte van carbonucleofïele 

organometalen en reducerende metaalhydriden beschreven. De reactie van 1 met alkyllithium 

reagentia (R1 = Me, Ph, и-Bu, Í-BU, /-BU) leidt tot de vlotte vorming van een productmengsel van 

10a en 10b waarbij een intramoleculaire sluiting van het intermediaire mono-alkyl ewcfo-alkoholaat 

met de tegenoverliggende vrije carbonylgroep heeft plaatsgevonden (Schema 3). De selectiviteit 

bij de vorming van 10a en 10b wordt niet bepaald door de intrinsieke reactiviteit van de carbonyl-

groepen maar door "steric approach control" als gevolg van de sterische hinder rond de reactiecen-

Schema 3 

1 equiv R1Metaal 

OH HO 
О О 

10a 10b 

R1 = H, Me, л-Ви, s-Bu, f-Bu, Ph, Vinyl 

overmaat R2Metaal 

о S н н 
11a 

voor R1 = R2 = H, Me, Ph 

H H 

11b 

R1 = Me, η-Bu, s-Bu, Ph and R2 = H 

tra. Kleine nucleofielen adderen bij voorkeur aan de cyclopentyl carbonylgroep tot 10a (R1 = Me, 

ratio 10a : 10b = 70 : 30) terwijl sterisch grotere alkyllithium reagentia bij voorkeur adderen aan 

de cyclobutyl carbonylgroep tot 10b (R' = f-Bu, ratio 10a : 10b = 38 : 62). Deze onverwachte 

selectiviteit van grotere nucleofielen voor de sterisch minder toegankelijke cyclobutanon is het 

gevolg van competitieve enolaatvorming in de cyclopentanoneenheid. Deze enolisatie leidt tot 
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aldol-zelfcondensatieproducten 12a en 12b en zorgt ervoor dat de cyclopentyl carbonylgroep 

minder beschikbaar is voor nucleotide additie. Dit concept werd getest door met LDA proton

abstractie op de α-positie in de cyclopentanoneenheid afte dwingen en vervolgens de resulterende 

enolaatoplossing te behandelen met methyllithium. De verhouding 10a : 10b voor R' = Me kon zo 

worden verschoven van 70 : 30 in de afwezigheid van LDA tot 25 : 75 bij gebruik van 2 

equivalenten LDA. 

π π 
12a 12b 

Het variëren van de elektronische aard van de reagentia door gebruik te maken van 

verschillende metalen als tegenion (Metaal = Li, Mg, Cu, Mn) bracht geen duidelijke 

veranderingen in de selectiviteit voor 10a en 10b te weeg. Dit ondersteunt het model van "steric 

approach control" voor nucleotide additiereacties aan 1. 

Het bleek mogelijk om de mono-additieproducten 10 te laten reageren met een tweede 

nucleofiel tot endo,ewc/o-diolen il wanneer een overmaat van een nucleofiel reagens R2Metaal 

werd gebruikt (Schema 3). Dit vereist de omzetting van 10a en 10b naar de mono-alkyl endo-

hydroxyketon isomeren die de intermediaire structuren zijn in de conversie van 1 naar 10a en 10b. 

Alhoewel de concentraties van deze ewt/o-hydroxyketonen in het reactiemengsel zeer laag zijn, 

drijft de irreversibele additie van het tweede nucleofiel de reactie volledig naar de diolen 1_1. Grote 

groepen R1 verhinderen de isomerisatie van 10 naar de open еиг/o-hydroxyketonen als gevolg van 

een intramoleculair steunbeereffect, terwijl grote nucleofielen R2 een lagere additiesnelheid aan de 

vrije carbonylgroepen te zien geven als gevolg van sterische afscherming rond de reactiecentra. 

Beide effecten vertragen de diol vorming of verhinderen deze zelfs volledig. 

De chemie van het standaarddiol 2 (structuur 11 met R'=R2=H) wordt beschreven in 

Hoofdstuk 4. Behandeling van 2 met 0,1% watervrij zwavelzuur in een mengsel van ether / metha

nol = 10:1 leidt tot een snelle en volledige omzetting naar twee regio-isomere verbindingen anti-

13 en syn-13 in een verhouding van 1 : 1 (Schema 4). Het gebrek aan selectiviteit moet worden 

toegeschreven aan de afwezigheid van een elektronzuigende groep in 2 in vergelijking met de 

situatie in diketon 1. Wanneer de reactietijd verlengd wordt, worden kwantitatief twee nieuwe tri-

cyclische producten anti-14 en syn-Ы gevormd in een verhouding van 1 : 1. Na chromatografische 
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Schema 4 

0.1 % H 2 S0 4 

Et2O/MeOH = 10 1 

< 10 min 

.OMe 

H 

• ^ 

OMe 

OH 

syn-13 (50%) 

OH 

anf/-13 (50%) 

я 
H — ( ζ OMe 

ОН 

anti-U (50%) 

m situ, 12 h 

ОН 

syn-U (50%) 

scheiding van de initiële producten 13 en onderwerping van de afzonderlijke isomeren aan de 

oorspronkelijke zure omstandigheden, werd aangetoond dat anti-13 alleen maar syn-\A produceert 

en dat syn-13 alleen maar anti-\A geeft. Het mechanisme voor de vorming van de producten 13 en 

14 is analoog aan de cyclobutyl - cyclopropylcarbinylkation-omlegging zoals weergegeven voor 

diketon 1. 

Schema 5 

1 equiv RX of 
overmaat RX 

basische omstandig
heden 

o o 
H 4R 

15b 
R R 

15c 2 15a 

R = Me, Allyl, MOM, TBDMS, Ac, Ts, Ms 

Mono-functionalisering van 2 werd vervolgens bestudeerd om de reactiviteit van de twee 

niet-equivalente alkoholgroepen te vergelijken (Schema 5). Verethering van 2 met 1 equivalent 

methyljodide, allylbromide of methoxymethylchloride leverde mengsels op van producten 15a en 

15b (R=Me, Allyl, MOM) in uitstekende opbrengsten met een duidelijke voorkeur voor isomeer 

15b. Deze voorkeur kan worden verklaard op basis van het SN2-karakter van de reactie en de 

hogere nucleofiliciteit van het cyclobutylalkoholaat ion vergeleken met het cyclopentylalkoholaat 

ion. De silylethervorming laat een iets lagere selectiviteit voor product 15b (R=TBDMS) zien. 

Verestering van 2 met acetylchloride (R=Ac) is veel minder selectief. Naast de vorming van 15a 
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en 15b in goede opbrengst, werd ook een beetje diol 2 en bis-acetaat 15c geïsoleerd. De 

waargenomen voorkeur voor 15a (R=Ac) kan worden verklaard op basis van het S ̂ -karakter van 

de reactie waarin sterische factoren prevaleren. Sulfonylering van 2 bleek moeilijk. Tosylering van 

2 gaf slechts 15a in matige opbrengst, terwijl uit de mesylering van 2 slechts de tricyclische 

omgelegde producten anti-16 en syn-16 in lage opbrengst konden worden geïsoleerd. Deze 

bevindingen kunnen worden verklaard door aan te nemen dat de toegenomen "leaving ability" van 

de cyclobutyl sulfonaatester een spontane omlegging induceert waarbij gelijktijdig de sulfonaat-

groep wordt uitgestoten. Het nabijheidseffect van de alkoholgroepen in 2 kwam tot uiting in een 

reactie met methoxymethyl chloride, waarbij cyclisch ketaal 17 in matige opbrengst werd 

geïsoleerd. In een onafhankelijke reactie werd bewezen dat 17 gevormd werd uit mono-MOM 

ethers 15a en 15b via een base geïnduceerde intramoleculaire substitutie. 

ft Я 
s 

O"' \ syn-16 17 

In Hoofdstuk 5 wordt de additie van aminen aan 1 beschreven. Omdat amine addities aan 

ketonen reversibele processen zijn, kan de selectiviteit van cyclobutanon- versus cyclopentanon-

additie anders uitpakken dan in het geval van de carbonucleofiele additiereacties aan diketon 1. De 

additie van 1 equivalent amine aan i in THF verliep niet zo soepel als in de literatuur werd 

gesuggereerd. Na behoorlijk wat experimentatie werden enkele goed gedefinieerde bis-addukten 

18 verkregen door gebruikmaking van een overmaat van de secundaire cyclische aminen 

morfoline, piperidine en pyrrolidine (Schema 6). Blijkbaar is kristallisatie van het product uit het 

reactiemengsel een essentiële voorwaarde voor het succes van deze synthese. Het mechanisme 

voor deze reactie omvat een complexe serie van evenwichtsreacties met een veelvoud aan 

intermediaire producten. Precipitatie van 18 zorgt ervoor dat deze reacties volledig naar de zijde 

van deze bis-addukten aflopen. 
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Schema 6 

> 2 equiv cyclisch amine 

THF, 65 "С 

О 

I» 
voor Χ = -Ο

Χ = -CH2 

χ = 

83% 

40% 

31% 

Samenvattend kan worden gesteld dat diketon 1 en diol 2 zeer zuurgevoehg zijn als gevolg 

van hun hoge spanningsenergie vanwege de grote neiging van de cyclobutyl ringeenheid om een 

cyclobutyl - cyclopropylcarbinylkation omlegging te ondergaan Elektronische interacties hebben 

invloed op de zuurgekatalyseerde reacties van i vanwege de elektronzuigende cyclopentyl 

carbonylgroep In de substraten van het type 2, die een dergelijke elektronzuigende groep missen, 

is er geen sprake van elektronische interacties Zowel 1 als 2 zijn interessante substraten om 

reactiviteitsverschillen van twee, chemisch bijna identieke, functionele groepen te onderzoeken die 

in een koolstofskelet zijn vervat Nabijheidseffecten zijn verantwoordelijk voor het optreden van 

intramoleculaire reacties in beide type verbindingen 
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