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CHAPTER 1 

INTRODUCTION 

1.1 Solanoeclepin A 

Potato cyst nematodes (PCN, figure 1.1), also known as potato root eelworms, are 

parasitic worms which feed on potato roots causing yield losses or even total crop failure. 

Two species of the PCN exist: the golden cyst nematode (Globodera rostochiensis) and the pale 

cyst nematode (Globodera pallida). Both species were introduced into Europe from Peru 

(South America) over 100 years ago. Today they are the most important pest of the European 

potato crop causing annual yield losses of 10% (worth about 470 million € per annum). 

Figure 1.1 Potato cyst nematode Figure 1.2 Cysts on a potato root 

While feeding on the potato roots, the bodies of the female nematodes swell to form 

the cysts (figure 1.2). After having been fertilized by the male eels, the cysts, each containing 

approximately two hundred next-generation nematodes, end up in the soil. The dormant 

nematodes inside the cyst can survive in this state for up to thirty years and can withstand 

drought and frost. The nematodes are triggered to leave the cysts when they come in contact 

with so-called hatching agents, which are excreted from the roots of young potato plants. 

The importance of these signal substances was already recognized in the 1920's.1 Because of 

their high specificity and biodegradability, the use of hatching factors as a method to control 

PCN is highly attractive from an environmental point of view. Application of the signal 

substance to the soil, will trigger the hatching of the nematodes. If this is done in the absence 

of potato plants, the juvenile PCN will starve within a period of eight weeks. However, the 

hatching factors are excreted from the plants in minute quantities, which has hampered the 

isolation and identification of these interesting compounds. 

In 1986, an extensive research program, funded by the Dutch government, was 

initiated in order to isolate and characterize the most active hatching agent for the potato 

cyst nematodes and to probe its use as a novel method to control them. For this purpose, 

several expert research teams in the Netherlands worked in close cooperation, viz. LUXAN 

(Eist) as a company specialized in crop protection, the Netherlands Institute for 

Carbohydrate Research-TNO (Groningen) for the production and isolation of the crude 

concentrate of the hatching agent, TNO-Biotechnology and Chemical Institute (Zeist) for the 

1 
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final purification of the hatching agent and the HLB Agricultural Research Centre (Assen) for 

testing the samples for hatching activity at several stages of purification. From the extracts of 

approximately one thousand potato plants, 245 \ig of the most active ingredient were 

isolated, which showed hatching activity in concentrations as low as 109 g/L.2 After the 

material had unexpectedly crystallized during extensive NMR experiments, X-ray crystal 

structure determination by the group of Schenk (1992, University of Amsterdam) revealed 

the spectacular architecture of the hatching agent (figure 1.3).3-4 

< 

* » I» *• 
c, - 1 , 

C"% t * - f * ft 
K, 

* • 

V, 

,,xC02H 

Figure 1.3 Crystal structure of solanoeclepin A (hydrogen atoms omitted for clarity) 

This very potent compound was named solanoeclepin A by analogy to glycinoeclepin 

A, the hatching agent for the soybean cyst nematode (see section 1.2). Its highly oxygenated 

heptacyclic structure (C27H30O9) contains all ring sizes ranging from three to seven and 

includes nine asymmetric carbon atoms. Actually, solanoeclepin A can be considered as a 

tetranortriterpene, with the systematic name: fra/7S-2-(2,13-dihydroxy-9-methoxy-7,7,16-

trimethyl-5,10,20-trioxo-19-oxahexacyclo[9.7.0.13.''.03.8.l1w5.0i2.i6]eicosa.i(ii)/8-dien-15-yl)-

cyclopropanecarboxylic acid.2 The most striking structural feature is the densely substituted 

bicyclo[2.1.1]hexanone unit, a highly strained ring system, which is an unprecedented 

structural feature in natural products. Other salient features include the cyclopropane

carboxylic acid moiety and the a-diketone moiety in the seven-membered ring, of which one 

carbonyl group is masked as the methyl enol ether. The limited information available states 

that the hatching agent is unstable at pH below 2 and above 7 and at temperatures above 

approximately 35 °C. About the biogenetic origin of solanoeclepin A no information is 

available. However, it is plausible to assume that the skeleton is derived from cycloartenol 

(3), a widespread plant sterol, which has also been isolated from potato plants (eq 1.1 ).5 This 

biosynthetic pathway has been proposed for glycinoeclepin A.6 Cycloartenol, in turn, is 

derived from (3S)-2,3-epoxysqualene (2), through enzymatic cyclization by cycloartenol 

cyclase.7 

cycloartenol ci/clnse 
(1.1) 
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The extreme scarcity of the natural material, its fascinating structure and its potential 

role in the search for an environmentally benign method to combat the nematodes, render 

solanoeclepin a challenging target for total synthesis. Additionally, the synthetic work will 

provide information on the structure-activity relationship of the hatching agent, which so far 

is unavailable. This could result in structurally much simpler analogs of solanoeclepin A, 

with sufficient activity to be used as hatching agents for PCN. 

1.2 Glycinoeclepin A 

The hatching agent for the soybean cyst nematode (Heteropdera glycines) was isolated 

by Masamune et al. from the dried root of the kidney bean.8 This compound was named 

glycinoeclepin A, and the structure was determined as 4.9 

C02H 

This structure shows significant similarities to that of solanoeclepin A. However, 

although glycinoeclepin A shows hatching activity for the soybean cyst nematode at 

concentrations of 109 g/L, it provides no stimulus for the potato cyst nematode.10 This 

indicates the specificity of the nematodes for a particular host plant. Alongside 

glycinoeclepin A, two closely related structures were isolated from the kidney bean roots, i.e. 

glycinoeclepin B (5) and C (6).n 

OAc 

C02H COoH 

Even though both compounds are structurally similar to glycinoeclepin A, they 

display no significant hatching activity even at concentrations of ICH g/L. Removal of the 

acetyl group from the C-12 hydroxyl group of 5, increases the activity considerably to 105 

g/L, indicating the importance of this alcohol function. However, compared to 

glycinoeclepin A the activity is still greatly inferior. The interesting characteristics of 4 have 

resulted in three total syntheses of this compound, by the groups of A. Murai, K. Mori and E. 

J. Corey.12 Murai reported the first synthesis, which comprised the convergent assembly of 4 

by using building blocks 8 and 10, derived from dione 7 and carvone (9), respectively 

(scheme 1.1).12a 
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Scheme 1.1 

CO,Me 

9 steps 
C02H 

In this way, glycinoeclepin A was obtained in a total of 28 steps, wi th a longest linear 

sequence of 21 steps (overall yield, 0.004% calculated from 9). In 1994, Corey repor ted an 

extraordinary semi-synthes is of 12-desoxyglycinoecIepin A (14), by an emula t ion of the 

assumed biosynthetic route to glycinoeclepin A.6 As it was p roposed that cycloartenol 

constitutes one of the key intermediates in the biogenetic pa thway , the cycloartenol 

derivat ive abietospiran (11) was used as a start ing material for this un ique approach (scheme 

1.2). 

Scheme 1.2 

MeOv 

14 (15%) 

10 steps 

C02H 9 steps 

C02Me 

BF3-OEt2 

CH2C12, -20 °C 

C02Me 

"OH 
13 (60%) 

One of the most no tewor thy transformations in this synthesis is the Lewis acid 

media ted r ing expansion of cycloartenol derivative 12 to afford the s e v e n - m e m b e r e d r ing of 

13. This reaction provides the basic skeleton of solanoeclepin A and therefore a similar 

process could well be one of the steps in the biosynthesis of 1. 
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1.3 Retrosynthetic Analysis of Solanoeclepin A 

To render the synthesis of solanoeclepin A convergent, the complex structure should 

be divided into two fragments of comparable size. The highly oxygenated seven-membered 

ring was envisaged to be a good point to connect both fragments. Therefore, the first key 

disconnection is the bond between the a-diketone moiety (15 -> 16, scheme 1.3). 

PGO, 

.,*C02H 
PGO 

,*C02PG 

15 (PG = protective group) 

,AC02PG 
PGO 

17 

PGÔ P G 

18 

,1xC02PG 

The seven-membered ring can be formed by way of a ring closing metathesis 

reaction with divinyl compound 16. Dihydroxylation of the formed alkene, followed by 

further oxidation and methylation then leads to 15. Compound 16 is expected to arise from a 

chromium mediated coupling13 between aldehyde 17 and ß-keto ester derived vinyl triflate 

18. The synthesis of aldehyde 17 in enantiomerically pure form and the proof of principle for 

the formation of the seven-membered ring have been published recently.14 

1.4 Purpose and Outline of the Investigation 

This thesis deals with the development of a synthetic pathway to the right-hand side 

of solanoeclepin A (i.e. compound 18). This delicate part of the natural product contains the 

highly substituted bicyclo[2.1.1]hexanone moiety as well as the cyclopropanecarboxylic acid 

function. An efficient route to the right-hand fragment 18 should eventually allow the total 

synthesis of solanoeclepin A. 

In chapter 2 an intramolecular [2+2] photocycloaddition approach towards the 

tricyclic core of 18 is described. 6-Methyldioxenones tethered to variously substituted 

alkenes are prepared to investigate the viability of the photochemical approach. Depending 

on the substitution pattern of the pendent alkenes, the cycloaddition reactions display 

remarkable unprecedented regiochemistry. 
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Further chemistry with the 6-methyldioxenone cycloadducts is described in chapter 

3. Retro-aldol reactions on the photoproducts, provide a stereoselective pathway to indanes, 

trifunctionalized spiro[3.5]nonanes or spiro[3.4]octanes as well as to novel substituted 

cyclobutanes. In addition, chapter 3 deals with the functionalization of the cycloadducts 

without four-membered ring fragmentation. 

In chapter 4 the possible use of a vicinal diol to obtain the required cyclobutanone is 

explored. Furthermore, chapter 4 describes the attempted use of alternative chromophores, 

other than the dioxenone, for the [2+2] cycloaddition. 

The preparation and cyclization of 6-unsubstituted dioxenones tethered to variously 

substituted alkenes is described in chapter 5. The cycloadducts obtained from the 6-

unsubstituted dioxenones, facilitate the eventual formation of the required cyclobutanone. 

Chapter 6 deals with the synthesis of a small right-hand substructure of 

solanoeclepin A, containing both the bicyclo[2.1.1]hexanone unit and the cyclopropane-

carboxylic acid moiety of the natural product. 

In the final chapter of this thesis a retrospection of the investigations is presented, as 

well as some future prospects. Parts of this thesis have been published15 or will be published 

in the near future. 
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CHAPTER 2 

[2+2] CYCLOADDITIONS WITH 6-METHYLDIOXENONES 

2.1 Introduction 

The most delicate part of the right-hand fragment (3) of solanoeclepin A (1) resides in 

its highly strained tricyclic core, containing the bicyclo[2.1.1]hexanone (eq 2.1). As far as we 

know, this is an unprecedented structural feature in natural products. 

eo2H 

PGO. 
X O , H 

(2.1) 

1 2 3 (PG = protective group) 

Therefore, we sought a method that would allow rapid access to this particular unit 

of our target structure. It soon became apparent that the most obvious way to construct 

cyclobutanones, the thermal intramolecular ketene-alkene [2+2] cycloaddition,1 in this case 

would not be applicable. In a seminal publication, Snider observed the instability of the 

bicyclo[2.1.1]hexanone structure under the conditions needed for its formation.2 Reaction of 

ketene 4 did not afford the desired bicycle, but instead a complex mixture of dimeric 

products was obtained (eq 2.2). Interestingly, in some of the dimers the oxygen and 

methylene groups had switched positions in the chain. 

II 
O 

*• dimer (2-2) 

The only plausible mechanism is cycloaddition of the ketene 4 to give 5 followed by 

cycloreversion to give the isomeric ketene 6 which then reacts with another ketene or acid 

chloride molecule to give a dimer. The result indicates that formation of 

bicyclo[2.1.1]hexanones is mechanistically feasible, but thermodynamically unfavored. We 

verified this result with the attempted cycloaddition of ketene precursor 7 (eq 2.3). 

-K- (2.3) 
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Indeed, a complex mixture of products was obtained, but no desired 

bicyclo[2.1.1]hexanone 8 could be detected. Therefore, we turned our attention to a 

photochemical [2+2] cycloaddition approach, to construct the tricyclic core of solanoeclepin 

A. The retrosynthetic scheme is depicted in eq 2.4. 

1 OFT 

PGO 
11 

O P G \ ^ 2 

OR 

11 

(2.4) 

A formyl acetate derived precursor such as 11 should provide photoadduct 10 with 

the appropriate handles for elaboration towards 9. However, it is known that acyclic formyl 

acetate derived enol ethers are incapable of photoaddition to olefins.3 Therefore, the ester 

moiety and the enol should be connected through an acetal carbon. In other words, 

substituents R2 and R3 should constitute a ring. The chromophore then obtained is known as 

a dioxenone.4 Indeed, the dioxenone structure has been frequently shown to be a versatile 

and efficient building block in synthetic photochemistry, especially allowing elegant 

cyclobutane ring formation via [2+2] cycloaddition.5 Moreover, in its intramolecular version, 

a high degree of stereo- and regiochemical control is usually attainable due to geometric 

constraints.6 For instance, the photocyclization of dioxenone 12 bearing a 3-butenyl side 

chain at C-5 gives crossed adduct 13 (scheme 2.1), as has been reported by Kaneko and Sato.7 

Scheme 2.1 

'0 

13 66% 

16 

1,5-closure 
crossed 

1,6-closure 

straight 

14 not observed 

The corresponding straight cycloadduct 14 was not observed. This outcome follows 

the so-called empirical "rule of five",8 which explains the regiochemistry by the supposedly 

preferential 1,5-closure of intermediate biradical 15, during the first step of the cyclizarion 

process. However, when we started our investigations to the best of our knowledge this was 

the only example of an intramolecular cycloaddition between a dioxenone and an alkene 

10 



12+2] Cycloadditions ivith 6-methyhlioxenones 

connected by a two carbon tether. Therefore we set out to explore the synthetic potential of 

the [2+2] photocycloaddition for the synthesis of our target fragment.9 A remark about the 

superfluous dioxenone C-6 methyl group should be made here. We were aware that removal 

of this extra carbon at a later stage of the total synthesis might not be a trivial chore. 

However, the presence of this methyl group greatly facilitates the synthesis of the required 

dioxenones. Therefore, we decided at this stage of the research to condone this methyl group 

and later work towards more appropriately substituted dioxenones. 

2.2 Preparation and Cyclization of Monosubstituted 3-Alkenyl Dioxenones 

Our first experiments had two objectives, viz. (1) to verify the robustness of the 

photocyclization process of Kaneko and (2) to establish that further transformations of the 

cycloadducts were possible without destruction of the fragile bicyclo[2.1.1]hexane moiety. 

Therefore, cyclization precursor 20 was synthesized from terf-butyl acetoacetate (18) via 

alkylation with l-bromo-3-butene10 (19) and subsequent dioxenone formation according to a 

literature procedure11 (eq2.5). 

O O 

O'Bu 

18 

KO'Bu, Nal (cat.) 
THF, 0 °C -> reflux 

16 h 

O'Bu 
Ac,0, H,SO. 

20 57% 

(2.5) 

Cyclization precursor 20 was subjected to irradiation at 300 nm using acetone as a 

triplet sensitizer. After 4 h, complete conversion of the starting material was observed and 

the expected crossed cycloadduct 21 was formed (eq 2.6). 

hv (300 nm) 

MeCN/acetone 
(9:1 v/v), rt, 4 h 

21 

LiAlH, 

THF, rt, 5 min. 
OH (2.6) 

22 
47% from 20 

This cycloadduct appeared to be unstable, decomposing slowly under the reaction 

conditions and during the subsequent work-up. This instability was attributed to the fact 

that dioxanones, when fused to a cyclobutane, can readily undergo a retro-aldol reaction.5" 

Therefore, we sought a reducing system that would convert the cycloadduct 21 into diol 22. 

Reductions with either DIBAL-H or LiAlhLi at temperatures ranging from -78 to 0 °C gave 

poor yields and complex product mixtures. We reasoned that a more rapid and exhaustive 

reduction was necessary to circumvent these problems, which were probably resulting from 

a competitive retro-aldol process of the intermediate in the reduction process. Gratifyingly, 

reaction with excess L1AIH4 at room temperature was successful and gave diol 22 as a 

crystalline compound in 47% overall yield from 20. Importantly, the X-ray crystal structure 

11 
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determinat ion of 22 p rov ided unequivocal proof of the bicyclo[2.1.1]hexane structure (figure 

2.1). 

c 

c % 

4 * 4? 
c^ 

Figure 2.1 Crystal structure of 22 

Encouraged by these results we tu rned our at tention to more highly functionalized 

cyclization precursors , necessary for eventual application in the total synthesis of 

solanoeclepin A. Initially, it was investigated whe the r similar chemistry could be used wi th a 

C-2 oxygen subst i tuent in the 3-alkenyl sidechain. Therefore, allyl d ioxenone 24 was 

synthesized in an analogous way as shown before (eq 2.7).12 

O O 
^ Br 

° ' B u KO'Bu, Nal(cat.) ' 
THF, 0 °C -> reflux 

18 16 h 

0 . B u Ac 2 0 ,H 2 S0 4 

acetone 
0 °C, 16 h 

23 81' 

(2.7) 

Oxidat ive cleavage of olefin 24 by O s 0 4 / N a I 0 4 a l lowed formation of a ldehyde 25 (eq 

2.8), which proved to be a very versatile bui ld ing block in our subsequent s tudies (vide infra). 

O 

Os0 4 (cat.), N a l 0 4 O. 

THF/water (1:1 v/v) 
rt, 8 h O' 

25 75% 

(2.8) 

Alkylation of 25 wi th v iny lmagnes ium bromide gave allylic alcohol 26, thus al lowing 

the installation of the required secondary alcohol (eq 2.9). Alongside the desired product , a 

substantial a m o u n t of unreacted a ldehyde w a s recovered. This is probably d u e to partial 

enolization of 25 unde r the reaction condit ions, render ing it unreact ive towards the Gr ignard 

reagent. Alcohol 26 was subsequent ly protected (27) wi th the methoxymethyl g roup (MOM). 

25 
^ M g B r 

THF, -78 °C 
1 h 

+ 25 
MOMC1 

DIPEA, CH2C12 MOMO 
r t ,16h 

12 

O 
27 

43% from 25 

(2.9 



[2+2] Ci/cloaddititmf with b-mctln/ldioxenones 

The photocycloaddi t ion of 27 afforded the unstable crossed adduc t 28 as a 1:1 

mixture of dias tereomers (eq 2.10). Immedia te reduct ion as described above led to diol 29 as 

a 1:1 mixture of isomers in 52% overall yield from 27. 

O 

MOMO MeCN/acetone 
r t , 4 h 

27 
MOMO 

.0 LiAlH, 

O THF, rt, 5 min. 

28 
MOMO 

/ x 0 H 

29 
52?/0 from 27 

N o w that it w a s firmly established that the C-2 oxygen subst i tuent in the alkenyl 

sidechain did not interfere wi th the synthesis of the cyclization precursors , nor wi th the 

pho tocyc loadd i t ion / reduc t ion sequence, the stage w a s set to investigate more highly 

subst i tu ted penden t alkenes. 

2.3 Preparat ion a n d C y c l i z a t i o n of T r i s u b s t i t u t e d C y c l o a l k e n y l D i o x e n o n e s 

For the construct ion of the tricylic core of solanoeclepin A, a cyclohexene moiety 

should be te thered to the dioxenone. Since this type of d ioxenone cycloaddit ion wi th 

subst i tuted alkenes had no precedent , the f ive-membered r ing analog w a s p repa red as well. 

In this w a y the influence of the r ing size on the cycloaddit ion as well as on the stability of the 

cycloadducts w a s investigated. The synthesis of these cyclization precursors started wi th the 

chromium(II) /nickel(II) media ted coupling1 3 of cyclopentenyl1 4 and cyclohexenyl1 5 triflate to 

a ldehyde 25 (scheme 2.2). 

Scheme 2.2 

25 

CrCl2 (4 equiv 

OTf 

n=l 
n=2 

MOMCI 

| DIPEA, CH2CI2 

r t , 16h 

O 

33 n=2, 85% 

imidazole 
DMF, rt, 16 h 

In its intramolecular form, the [2+2] cycloaddit ion is generally k n o w n to p roduce the 

n e w stereogenic centers of the four-membered r ing with a very high degree of 

stereoselectivity.16 The stereochemistry of r ing fusion be tween the cyclobutane and other 

13 
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r ings in the pho toadduc t s is nearly a lways cis. Fur thermore , subst i tuents in the tether can 

have a p ronounced influence on the overall diastereoselectivity of the process.17 To 

investigate the degree of diastereoselection induced by the size of the subst i tuent in our two 

carbon tether, two protective g roups were chosen, differing in size. Allylic alcohols 30 and 31 

were protected as M O M ethers, to afford 32 and 33, respectively (scheme 2.2). In addit ion, 30 

w a s equ ipped wi th the bulky TBDMS group , p rov id ing precursor 34. 

To prevent the formation of ep imers at the carbon a tom bear ing the protected alcohol, 

and in that w a y aid the characterizat ion of the cycloadducts , the allylic alcohols 30 and 31 

were oxidized to the cor responding ketones 35 and 36, respectively, a n d subsequent ly 

protected according to Noyor i ' s protocol1 8 to give dioxolanes 37 and 38 (eq 2.11). 

35 n=l, 78% 
36 n=2, 95% 

37 n=l, 66% 
38 n=2, 66% 

(2.11) 

When the precursors were subjected to the irradiat ion condit ions very smooth 

cyclizations took place. However , we were very surpr ised to find that all these 

cycloaddit ions showed a remarkable complete preference for the undes i red straight m o d e of 

closure. The results are collected in table 2.1. 

Table 2.1 

entry precursor 

MOMO 

32 n=l 
33n=2 

TBDMSO 

34 

Notes: (a) yield of unpurified material 

cycloadduct 

to 
CM 

39 n=l, 100%a 

40 n=2, 95% 

MOMO 

<<>n 

Ê O 

41 n=l, 97% (57:43) 
42n=2, 83% (50:50) 

TBDMSO., O 

IA, 

43 97% (75:25) 
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[2+2] Ci/clotidditioiis with 6-incthyldioxenones 

The cyclic acetal precursors 37 and 38 (entries 1 and 2) afforded straight cycloadducts 

39 and 40 as the exclusive regioisomers, in excellent yields and, as expected, as single 

diastereomers. This proved that the four stereocenters generated in the [2+2] cycloaddition, 

are indeed being formed in a completely controlled fashion. A readily noticed and most 

remarkable property of these bicyclo[2.2.0]hexanes was their greatly enhanced stability 

compared to crossed adduct 28, even towards silica gel column chromatography, allowing 

the isolation and full characterization of these strained molecules. The cyclopentane and 

cyclohexane adducts appeared to be equally stable, indicating that the size of this ring is of 

no influence on the stability of the products. Figure 2.2 shows the iH-NMR spectrum of 40. 

;i . 

Figure 2.2 ]H NMR spectrum (5.0-0.5 ppm) of 40 

MOM protected precursor 32 (entry 3) afforded straight cycloadduct 41 in an 

excellent yield, as a 57:43 mixture of diastereomers. Analog 33 (entry 4) afforded 42 as a 50:50 

mixture of diastereomers. Similarly, TBDMS ether 34 (entry 5) led to adduct 43, but in this 

case a 75:25 mixture of diastereomers was obtained. The major isomer was identified as 

having the protected alcohol cis with respect to the cyclopentane ring, whereas the minor 

isomer bears a trans relationship between the two. This small but significant effect on the 

diastereoselectivity of the cycloaddition can be explained by looking at a model of the 

transition state (eq 2.12). 

TBDMSO 

34 

OTBDMS 

TBDMSO. 
1 il 

/ " " i - ? . (2.12) 

43 
major diastereomer 
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In order to arrive at the appropriate geometry for the straight mode of closure, the 

cyclization precursor 34 has to adopt a boat-like conformation. The orientational preference 

of the hydroxyl substituent in the transition structure 44 determines the diastereoselectivity. 

The major diastereomer 43 results from the conformer where the bulky TBDMS ether is in a 

favorable pseudo-equatorial situation. Obviously, for the less bulky MOM ether this effect is 

negligible leading to a nearly 50:50 distribution of diastereomers. 

2.4 Preparation and Cyclization of Tetrasubstituted Alkenyl Dioxenones 

We hypothesized about the origin of the remarkable and unprecedented selectivity 

for the straight mode of closure, observed with the trisubstituted cycloalkenyl precursors. 

Our first reasoning was that the first bond formation simply took place at the least hindered 

side of the pendent alkene, resulting in 1,6-closure. Furthermore, the charge distribution of 

an excited enone is the opposite of its ground state configuration, and thus the enone ß-

carbon bears a partial negative charge.19 If this is also true for dioxenones, this means that the 

first bond forms at the least electron-rich side of the ground-state alkene, in our systems 

again resulting in 1,6-closure.20 In order to evaluate the importance of these two factors on 

the regioselectivity, a new precursor was designed bearing an additional electron-

withdrawing ester group on the tethered cycloalkene. The synthesis of such a precursor was 

easily achieved by coupling of ß-keto ester derived vinyl triflate 4521 with aldehyde 25 

(scheme 2.3).^ This afforded hydroxy ester 46, which was subsequently protected with a 

MOM group (47). 

Scheme 2.3 

O. 
O 

o + 

25 

CrCl2 (4 equiv.) 
NiCl2 (1 mol%) 

"OTf DMF, rt, 16h ' 
C02Me 
45 

Me02C OH 

46 73% 

MOMC1 
DIPEA, CH2C12 

rt, 16 h 
O 

Me02C n 

47 55% 

However, subjection of precursor 47 to the irradiation conditions again resulted in the 
exclusive formation of the straight cycloadduct (48), as a 60:40 mixture of diastereomers (eq 
2.13). 

16 



[2+2] Cycloadditions with 6-methyhiioxenones 

hv (300 nm) 

MeCN/acetone (9 
r t , l h 

MOMO O 

1 v/v) \̂ 1—L 
O 

Me02C : 

48 78% (60:40) 

(2.13) 

MOMO., o 

Me02C 

\J 
y 

Figure 2.3 'H NMR spectrum (5.0-1.0 ppm) of the minor isomer of 48 

The minor ep imer of cycloadduct 48 was crystalline (mp 62-64 °C) and appea red 

suitable for a crystal s t ructure de terminat ion (figure 2.4). Thus , from this result w e h a d to 

conclude that the preference for 1,6-closure w a s not caused by differences in steric 

hindrance, nor by the polarizat ion of the tethered alkene. 

0 , 

0 

: 

Figure 2.4 Crystal structure of 48 

(minor isomer, hydrogen atoms omitted for clarity) 
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Our next reasoning was that the tether, although only two carbons long, was perhaps 

too flexible. Because it is known that intramolecular [2+2] cycloadditions are sensitive to 

geometrical constraints, we hoped that a more rigid precursor could direct the 

photochemistry towards the desired mode of closure. The appropriate rigidity was found in 

lactone 50, which was obtained when aldehyde 25 was coupled with ß-keto ester derived 

vinyl triflate 49^ (eq 2.14). While the five-membered ring analog 46 did not lactonize 

(scheme 2.3), nor could be forced to do so by heating, with the six-membered ring the 

intermediate allylic alcohol spontaneously lactonized under the coupling conditions. 

O 

25 

CrCI2 (4 equiv.) 
NiCl2 (1 mol%) 

0 T f DMF, 50 °C, 8 h 

50 75% 

(2.14) 

This precursor again was subjected to the regular cyclization conditions. We were 

very pleased to find that in this case crossed product 51 was formed with complete regio-

and diastereoselectivity, in a very clean cycloaddition (eq 2.15). 

50 

hv (300 rail) 

MeCN/acetone (9:1 v/v) 
rt, 1 h 

(2.15) 

As before, this bicyclo[2.1.1]hexane was found to be unstable to silica gel column 

chromatography. However, crystallization from CHbCh/pentane afforded crystals (mp 177-

178 °C) suitable for X-ray diffraction and the crystal structure obtained is shown in figure 

2.5. 

* 

Î ' 
I, 

L» m* 
Figure 2.5 Crystal structure of 51 

(hydrogen atoms omitted for clarity) 
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[2+2] Cycloadditions with 6-mcthyldioxenones 

The complexity of this very compact highly functionalized pentacyclic structure is 
noteworthy. The four-membered ring of the bicyclo[2.1.1]hexane is exhaustively substituted 
and consists solely of quaternary carbon atoms. 

Figure 2.6 'H NMR spectrum (5.0-0.5 ppm) of 51 

2.5 Preparation and Cyclization of Disubstituted Alkenyl Dioxenones 

So far, we observed the completely regioselective formation of either crossed or 

straight cycloadducts, depending on the type of precursor used. Intrigued by the 

capriciousness of the cycloaddition's regioselectivity, we decided to investigate disubstituted 

alkenes tethered to the dioxenone. These precursors do not contain the pendent alkene in a 

ring, but they do have an additional substituent on the double bond. Therefore, they were 

anticipated to be in-between the unsubstituted alkene 27, which led to crossed cycloaddition, 

and cycloalkenyl precursors 32 and 33, which both led to straight cycloadducts. The 

synthesis of the precursors was rather straightforward and is depicted in scheme 2.4. 

Scheme 2.4 

R! 
Br 

CrCl, (4 equiv.) 
NiCL, (1 mol%) 

DMF, rt 

53 R 
H, Rz = Me 
Me, R2 = H 

MOMC1 
DIPEA, CH2C12 

54 R1 = H, R- = Me, 70% from 25 
55 R1 = Me, R2 = H, 29% from 25 
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Precursor 54 contains a methyl subst i tuent at the internal carbon of the penden t 

alkene, whereas 55 has a methyl g r o u p at the external olefinic carbon. We anticipated 54 to 

engage in 1,6-closure d u e to steric obstruction of the internal olefinic carbon and 55 to 

behave as an unsubst i tu ted alkene and cyclize in a 1,5-fashion. However , both precursors 

afforded straight cycloadducts (56 and 57, scheme 2.5), in modera te yields, d u e to partial 

polymerizat ion of the precursors du r ing the photolysis.2 4 

Scheme 2.5 

MOMO 

54 

hv (300 nm) 

MOMO, 

Me, 
MeCN/acetone (9:1 v/v) 

rt, 2 h E O" 

56 47% 

MOMO 

55 

hv (300 nm) 
MOMO, 

MeCN/acetone (9:1 v/v) 
rt, 6.5 h 

DA, O 

Me 1 0 

57 36% (7:2:1) 

Product 56 appeared to be a single dias tereomer as no other isomers in the lH NMR 

of the c rude reaction mixture could be detected. NOE difference measuremen t s a l lowed the 

ass ignment of the relative stereochemistry of 56. Photolysis of 55 proceeded more slowly 

than its analogue 54 and resulted in a complex mixture, of which three inseparable 

dias tereomers were obtained after column chromatography in a ratio of 7:2:1 (the main 

isomer is d rawn in scheme 2.5). Due to the presence of other minor adduc ts in the ' H NMR 

spectrum of the crude produc t (minor adduc t s 57 <10%), which turned out to be unstable 

du r ing subsequent purification, it was not possible to rule out the presence of small amoun t s 

of crossed adducts . However , the determinat ion of the stereochemistry of the main isomer of 

57 was possible as before by us ing NOE difference experiments . Both adduc t s 56 and 57 

showed to have the protected alcohol g r o u p at the concave side a n d the methyl g roup 

s t emming from the penden t alkene at the convex side of the bicyclo[2.2.0]hexane moiety. In 

both cases a no tewor thy stereoselectivity of the reaction was observed, probably d u e to a 

more severe steric interaction be tween the methyl g r o u p wi th the M O M protected alcohol in 

compar ison with the methylene carbon in the cycloalkenyl s tructures. 

2.6 M e c h a n i s t i c C o n s i d e r a t i o n s 

Thus, of the eleven photocycloaddit ion precursors investigated, three (20, 27 and 50) 

cyclize in the expected crossed m o d e obeying the rule of five, whi le the others (32-34, 37, 38, 

47, 54 and 55) cyclize in the unexpected straight mode . In view of the available precedent , 20 

20 



[2+2] Cycloadditions with 6-wetln/ldioxenoiics 

and 27 show 'normal' cyclization behavior ("rule of five"). The mechanism of the 

photocycloaddition reaction of alkenes with cyclic enones has been the subject of a number 

of investigations.25 The most recent experimental data on inter-26 and intramolecular 

processes27 suggest that the regiochemistry of the cyclization depends on the partitioning of 

the 1,4-biradical intermediate in the triplet excited state between cyclobutane ring formation 

and bond cleavage to give the ground state starting material as was first suggested several 

years ago by Bauslaugh.28 About dioxenones much less is known. In the intramolecular 

process the initial bond formation should take place at the C(ß) of the formed 1,4-biradical 

dioxanyl moiety as has been shown by Winkler et al.29 

Bearing this in mind, modeling studies by molecular mechanics (MM2 force field)30 

indicate that in the case of cyclic alkenes 32-34, 37, and 38 (see table 2.1) and even with ester 

47 (see eq 2.14) initial five-membered ring formation cannot be readily followed by a second 

CC-coupling due to conformational constraints (the two orbitals containing the radicals are 

too much parallel). Therefore, the triplet 1,4-biradical intermediate 58 (scheme 2.6, the 

biradical derived from 47 is taken as an example) would collapse to ground state starting 

material. However, if biradical structure 59 is formed upon 1,6-closure, both radicals are 

properly oriented to allow the second CC-bond formation to occur. 

Scheme 2.6 

Q 

Q .. 
- '•"•• 

MOMO 

crossed adduct 
not detected 

4 

MM2 minimized conformation 
of biradical intermediate 58 

straight adduct 48 (78%) 

On the other hand, in the more rigid lactone intermediate 60 (scheme 2.7) the two 

radicals are positioned in a favorable orientation (product-like conformation by 

pyramidalization of the sp2-hybridized carbon atom next to the y-lactone carbonyl), allowing 

facile crossed adduct formation. 
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Scheme 2.7 

9 

MM2 minimized conformation 
of biradical intermediate 60 

crossed adduct 51 (95% straight adduct 
not detected 

In the case of acyclic alkenes 54 and 55 (see scheme 2.4) the conformational effect is 

less obvious. Moreover, both low yields and slow reaction rates point towards a difficult 

process. One could reason that the first attack on the least hindered carbon of 54 could justify 

the regiochemical outcome leading to the straight adduct. Moreover, the presence of unstable 

side products in the case of the analog 55, which we assume to be crossed adducts (see 

above), suggests that the regioselectivify is less pronounced. However, during the straight 

adduct formation, the second cyclization step could be favored due to the lack of the methyl 

group shielding the radical. 

2.7 Conclusions 

In this chapter the efficient preparation of 6-methyldioxenones tethered to mono- di-, 

tri- and tetrasubstituted alkenes is described. Monosubstituted olefins cyclized as expected to 

bicyclo[2.1.1]hexanes, according to the rule of five. Di- en trisubstituted alkenes exhibited a 

remarkable preference for 1,6-closure, leading without exception to highly substituted 

bicyclo[2.2.0]hexanes. Ester substituted alkene 47 displayed the same selectivity for the 

straight mode of closure, indicating that steric hindrance and the electronic nature of the 

alkene, is not the determining factor for the regiochemical outcome of the cycloaddition. 

However, the more rigid lactone precursor 50 afforded the desired 

bicyclo[2.1.1]hexane skeleton. This allowed the stereoselective synthesis of the highly 

compact and complex pentacyclic bislactone 51, which contains the appropriate substitution 

pattern and stereochemistry for elaboration towards the right-hand side of solanoeclepin A. 

Finally, a mechanistic rationale for the regioselectivify of the [2+2] photocycloadditions, 

based on molecular modeling results, is presented in this chapter. 
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2.9 Experimental Section 

General information. All reactions were carried out under an inert atmosphere of 

dry nitrogen, unless stated otherwise. Standard syringe techniques were applied for transfer 

of air sensitive reagents and dry solvents. Infrared (IR) spectra were obtained from CHCI3 

solutions, using a Bruker IFS 28 FT-spectrophotometer and wavelengths (v) are reported in 

cm1. JH and 13C nuclear magnetic resonance (NMR) spectra were determined in CDCI3 using 

a Bruker ARX 400 (400 MHz and 100 MHz, respectively) unless indicated otherwise. 

Chemical shifts (5) are given in ppm downfield from tetramethylsilane. HRMS 

measurements were carried out using a JEOL JMS-SX/SX 102 A Tandem Mass Spectrometer. 

Chromatographic purification refers to flash chromatography31 using the indicated solvent 

(mixture) and Acros silica gel (0.030-0.075 mm). Rf values were obtained by using thin layer 

chromatography (TLC) on silica gel-coated plastic sheets (Merck silica gel F254) with the afore 

mentioned solvent (mixture) unless noted otherwise. Melting points are uncorrected. Dry 

THF and Et^O were distilled from sodium benzophenone ketyl prior to use. Dry DMF, 

CH2CI2 and MeCN were distilled from CaH2 and stored over MS 4A under a dry nitrogen 

atmosphere. Triethylamine was dried and distilled from KOH pellets. All commercially 

available reagents were used as received, unless indicated otherwise. 

5-But-3-enyl-2,2,6-trimethyl-[l,3]dioxin-4-one (20). To a solution of 2-

acetyl-hex-5-enoic acid ferf-butyl ester10 (2.38 g, 11.2 mmol) and AC2O (3.8 

mL, 40 mmol) in acetone (1.8 mL) was added dropwise at -10 CC, 

concentrated H2SO4 (0.7 mL). The solution was allowed to warm to room 

temperature over 16 h. The reaction mixture was poured into icewater (150 mL) and 

subsequently stirred for 1 h. The aqueous phase was extracted with CH2CI2 (3 x 100 mL). The 

combined organic layers were washed with brine (50 mL), dried over MgSC>4 and 

concentrated in vacuo. Purification by chromatography (EtOAePE = 1:6) afforded 20 (1.25 g, 

57%) as a colorless oil. R/= 0.25. iH NMR: 5.80 (ddt, ƒ = 17.0,10.2, 6.8,1H), 5.06-4.96 (m, 2H), 

2.38-2.35 (m, 2H), 2.26-2.20 (m, 2H), 1.98 (s, 3H), 1.64 (s, 6H). IR: 1718,1644. 

General procedure A for the intramolecular [2+2] cycloadditions. The photoreaction 

was carried out in a Pyrex glass vessel with a Rayonet RPR 3000A at room temperature. A 

solution of precursor in acetonitrile/acetone (25mM, 9:1 v/v) was degassed by bubbling 

argon through for 30 min. The solution was kept under argon and irradiated for the time 
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indicated. The reaction was followed by monitoring the UV absorption of the starting 

material on TLC. When complete conversion was observed, the solvent was removed in 

vacuo. 

Ny/ 4,4,6-Trimethyl-3,5-dioxa-rricyclo[4.3.0.11'7]decan-2-one (21). According to 

/~y^_y general procedure A, irradiation of 20 (50 mg, 0.26 mmol) for 3.5 h afforded the 

\-]- / ° unstable cycloadduct 21 (50 mg, 100% crude yield) as a yellow oil. The crude 

product was used immediately in the next reaction without further purification. 

iH NMR (C6D6): 2.56-2.53 (m, IH), 2.11-2.09 (m, 1H), 1.95-1.89 (m, 1H), 1.46-1.37 (m, 1H), 1.41 

(s, 3H), 1.32-1.15 (m, 2H), 1.30 (s, 3H), 1.03 (d, ƒ = 6.5 Hz, IH), 0.88 (s, 3H). »C NMR (C6D6): 

169.8,109.8, 83.9, 51.0, 46.2, 42.8, 30.9, 30.7, 25.5, 23.5. 

OH/OH l-Hydroxymethyl-5-methyl-bicyclo[2.1.1]hexan-5-ol (22). To a solution of 

\yj LiAlH-i (IM in THF, 0.9 mL, 0.9 mmol) was added dropwise at room 

temperature a solution of the crude cycloadduct 21 (50 mg) in THF (0.5 mL). 

The reaction mixture was stirred for 10 min. Then, the reaction was quenched by addition of 

EtOAc and saturated aqueous Na2SQt (10 drops) was added. The resulting mixture was 

stirred for 1 h. After addition of additional solid Na2SO.i the mixture was filtered through 

Celite® and concentrated in vacuo. Purification by chromatography (EtOAePE = 3:1) afforded 

22 (17 mg, 47% from 20) as a white powder. X-ray crystal structure determination was 

allowed after recrystallisation from Et20/pentane. Colorless crystals. Rf = 0.25. mp 88-89 °C. 

iH NMR: 3.88 (d, / = 11.7 Hz, IH), 3.75 (d, ƒ = 11.7 Hz, IH), 2.67-2.65 (m, IH), 2.55 (br, IH), 

2.35 (br, IH), 2.26-2.25 (m, IH), 1.64-1.60 (m, 2H), 1.45-1.32 (m, 2H), 1.15 (s, 3H), 1.04 (d, ƒ = 

6.8 Hz, IH). 

2 OH OH 
Crystallographic data for 22: orthorhombic, P2A21, a = 6.3570(8), b = 10.693(1), 

c = 11.866(1) Â, V = 806.6(1) À3, Z = 4, Dx = 1.317 gem3, ?i(CuKa) = 1.5418 Â, 

H(CuKa) = 6.29 cm-', F(000) = 312, 243 K. Final R = 0.051 for 745 observed 

reflections. 

Table 2.2 Bond distances of the non-hydrogen atoms (A) of 22 (standard deviations)  
C(l)-C(2) 1.561(6) C(2)-C(3) 1.532(8) C(6)-C(8) 1.503(8) 
C(l)-C(5) 1.512(7) C(3)-C(4) 1.522(8) C(6)-0(2) 1.438(5) 
C(l)-C(6) 1.562(6) C(3)-C(6) 1.536(7) C(7)-0(l) 1.441(6) 
C(l)-C(7) 1.491(6) C(4)-C(5) 1.565(8)  

Table 2.3 Bond angles of the non-hydrogen atoms (°) of 22 (standard deviations)  
C(2)-C(l)-C(5) 100.8(4) C(2)-C(3)-C(4) 102.1(5) C(l)-C(6)-0(2) 111.1(4) 

C(2)-C(l)-C(6) 85.2(3) C(2)-C(3)-C(6) 87.1(4) C(3)-C(6)-C(8) 120.4(5) 

C(2)-C(l)-C(7) 121.8(4) C(4)-C(3)-C(6) 103.1(5) C(3)-C(6)-0(2) 110.2(4) 

C(5)-C(l)-C(6) 102.4(4) C(3)-C(4)-C(5) 98.1(4) C(8)-C(6)-0(2) 109.7(5) 

C(5)-C(l)-C(7) 118.4(4) C(l)-C(5)-C(4) 99.8(4) C(l)-C(7)-0(1) 112.1(4) 

C(6)-C(l)-C(7) 121.8(4) C(l)-C(6)-C(3) 82.3(3) 

C(l)-C(2)-C(3) 82.4(3) C(l)-C(6)-C(8) 120.6(4) 
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9 5-Allyl-2,2,6-trimethyl-[l,3]dioxin^-one (24). To a solution of 2-acetyl-pent-

O 4-enoic acid ferf-butyl ester12 (1.0 g, 5.0 mmol) and Ac20 (1.7 mL, 18 mmol) 

c r \ in acetone (0.8 mL) was added dropwise at -10 °C, concentrated H2S04 (0.3 

mL). The solution was allowed to warm to room temperature over 16 h. The 

reaction mixture was poured into icewater (50 mL) and subsequently stirred for 1 h. The 

aqueous phase was extracted with CH2C12 (3 x 50 mL). The combined organic layers were 

washed with brine (50 mL), dried over MgS04 and concentrated in vacuo. Purification by 

chromatography (EtOActPE = 1:5) afforded 24 (575 mg, 63%) as a colorless oil. Rj = 0.28. iH 

NMR: 5.82 (ddt, ƒ = 17.1,10.1, 6.1 Hz, 1H), 5.07-5.00 (m, 2H), 3.02 (d, / = 6.1 Hz, 2H), 1.97 (s, 

3H), 1.66 (s, 6H). WC NMR: 164.2, 161.8, 134.9, 114.9, 104.8, 102.8, 28.8, 24.9, 17.2. IR: 1710, 

1644. 

(2,2,6-Trimethyl-4-oxo-4H-[l,3]dioxin-5-yl)-acetaldehyde (25). To a 

solution of 24 (10.0 g, 55 mmol) in THF/water (600 mL, 1:1 v/v) were 

added at 0 °C, osmium tetroxide (10 mL, 1 wt. % solution in water, 0.4 

mmol) and NaI04 (28 g, 131 mmol). The resulting mixture was allowed to 

warm to room temperature and stirred for 7 h. Then, most of the THF was evaporated, the 

remaining mixture was diluted with water (500 mL) and extracted with EtOAc (4 x 300 mL). 

The combined organic layers were washed with IN NaHS03 (300 mL), water (300 mL), 2N 

NaHCOj (300 mL) and brine (300 mL), dried over MgS04 and concentrated in vacuo. 

Purification by chromatography (EtOAcPE = 1:1) afforded 25 (7.57 g, 75%) as a pale yellow 

waxy solid. R/= 0.27. iH NMR: 9.69 (s, 1H), 3.43 (s, 2H), 1.94 (s, 3H), 1.72 (s, 6H). «C NMR (in 

C6D6): 197.9, 165.72,161.9,106.0, 99.2, 40.6, 25.4,17.7. IR: 1722, 1650. HRMS (FAB) calculated 

for C9H13O4 (MH+) 185.0814, found 185.0809. 

5-(2-Hydroxy-but-3-enyl)-2,2,6-trimethyl-[l,3]dioxin-4-one (26). To a 

solution of aldehyde 25 (265 mg, 1.44 mmol) in THF (1 mL) was added at 

-78 °C vinylmagnesium bromide (1.5 mL, 1.0 M solution in THF, 1.5 

mmol) and the resulting solution was stirred at -78 °C for 15 min. 

Saturated aqueous NH4C1 (5 mL) was added and the resulting mixture was allowed to warm 

to room temperature and diluted with EtOAc (1 mL). The layers were separated and the 

aqueous phase was extracted with EtOAc (3 x 10 mL). The combined organic layers were 

washed with brine (10 mL), dried over MgSQi and concentrated in vacuo to yield an 

inseparable mixture of the desired alcohol 26 and starting material 25 (3:2, 323 mg). The 

crude product was used in the next reaction without further purification. 'H NMR: 5.93-5.83 

(ddd, ƒ = 17.1, 10.4, 5.8 Hz, IH), 5.27 (dt, ƒ = 17.1, 1.5 Hz, IH), 5.12 (dt, ƒ = 10.4, 1.4 Hz, IH), 

4.30 (m, IH), 2.57 (dd, ƒ = 14.5, 4.9 Hz, IH), 2.47 (dd, ƒ = 14.5, 7.4 Hz, IH), 2.38 (br, IH), 2.01 

(s, 3H), 1.66 (s, 3H), 1.65 (s, 3H). 

General procedure B for the preparation of the MOM protected products. To a 

solution of the alcohol in CH2CI2 (0.5M) at 0 °C were added DIPEA (4 equiv.) and MOMC1 

(2.5 equiv.). The mixture was stirred at 0 °C for 1 h and subsequently at room temperature 
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for 16 h. Saturated aqueous NH4C1 was added. The layers were separated and the aqueous 
phase was extracted with CH2C12. The combined organic layers were washed with brine, 
dried over MgS04 and concentrated in vacuo. 

5-(2-Methoxymethoxy-but-3-enyl)-2A6-trimethyl-[l,3]dioxin-4-one (27). 
According to general procedure B, the mixture of aldehyde 25 and alcohol 

26 (2:3, 323 mg) afforded the MOM protected product 27 (157 mg, 43% 

from aldehyde 25) as a colorless oil and recovered aldehyde 25 (58 mg, 

22%) after purification (EtOAcPE = 1:2). R/= 0.34. 'H NMR: 5.69 (ddd, ƒ = 

17.6,10.3, 7.6 Hz, 1H), 5.23-5.15 (m, 2H), 4.62 (d, ƒ = 6.6 Hz, 1H), 4.52 (d, ƒ = 6.6 Hz, 1H), 4.16 

(q, ƒ = 6.7 Hz, 1H), 3.31 (s, 3H), 2.51 (d, ƒ = 6.7 Hz, 2H), 1.99 (s, 3H), 1.62 (s, 3H), 1.61 (s, 3H). 

WC NMR: 165.0, 162.0, 137.8, 117.5, 104.7, 101.4, 94.0, 76.6, 55.3, 31.3, 25.1, 24.8,17.8. IR: 1716, 

1645. HRMS (EI) calculated for C13H20O5 256.1311, found 256.1304. 

/ 8-Methoxymethoxy-4,4,6-trimethyl-3,5-dioxa-tricyclo[4.3.0.117]decan-2-
one (28). According to general procedure A, irradiation of 27 (157 mg, 0.61 

mmol) for 3 h afforded the unstable cycloadduct 28 (159 mg, 100% crude 

yield) as yellow oil. The crude product was used immediately in the next 

reaction without further purification, m NMR: 4.40 (d, ƒ = 6.9 Hz, 1H), 4.37 (d, / = 6.9 Hz, 

1H), 4.31 (s, 2H), 3.92 (dd, ƒ = 6.6,1.6 Hz, 1H), 3.83-3.81 (m, 1H), 3.07 (s, 3H), 3.04 (s, 3H), 2.68-

2.66 (m, 1H), 2.54-2.44 (m, 4H), 2.07 (dd, ƒ = 12.3, 6.8, 2.9 Hz, 1H), 1.98 (d, ƒ = 6.6 Hz, 1H), 1.93 

(ddd, ƒ = 12.3, 6.8, 2.9 Hz, 1H), 1.69-1.65 (m, 1H), 1.47 (s, 3H), 1.41 (s, 3H), 1.39 (s, 3H), 1.36 (s, 

3H), 1.26 (s, 3H), 0.87 (d, / = 6.9 Hz, 1H), 0.77 (s, 3H). 

l-Hydroxymethyl-3-methoxymethoxy-5-methyl-bicyclo[2.1.1]hexan-5-ol 

MOMO 

(29). To a solution of LiAIH4 (IM in THF, 2.5 mL, 2.5 mmol) was added 
M O M O dropwise at room temperature a solution of the crude cycloadduct 21 (159 

mg) in THF (1.5 mL). The reaction mixture was stirred for 10 min. Then, the reaction was 

quenched by addition of EtOAc and saturated aqueous Na2S04 (10 drops) was added. The 

resulting mixture was stirred for 1 h. After addition of additional solid Na2S04 the mixture 

was filtered through Celite® and concentrated in vacuo. Purification by chromatography 

(EtOAc) afforded 29 (64 mg, 52% from 27) as a 1:1 mixture of diastereomers as a colorless oil. 

Ri = 0.33. 29a (OMOM down): iH NMR (C6C(,): 4.52 (s, 2H), 4.05 (dd, ƒ = 6.9,1.6 Hz, 1H), 3.60 

(s, 2H), 3.17 (s, 3H), 2.81-2.75 (m, IH), 2.49-2.48 (m, IH), 1.73 (ddd, / = 11.8, 6.9, 3.0 Hz, 1H), 

1.70 (d, ƒ = 6.6 Hz, IH), 1.32 (dd, ƒ = 11.8, 2.0 Hz, IH), 0.92 (s, 3H). « c NMR (C6C6): 96.2, 84.8, 

76.0, 63.1, 55.7, 55.3, 51.9, 37.3, 32.6, 18.8. 29b (OMOM up): 'H NMR (C6C6): 4.46 (s, 2H), 3.95 

(ddd, ƒ = 8.6, 2.9,1.7 Hz, IH), 3.67 (d, / = 11.6 Hz, IH), 3.53 (d, ƒ = 11.6 Hz, IH), 3.15 (s, 3H), 

2.81-2.75 (m, IH), 2.45 (dd, ƒ = 3.1, 1.6 Hz, IH), 1.63 (dd, ƒ = 11.8, 8.6 Hz, IH), 1.46 (ddd, / = 

11.8, 3.9, 3.1 Hz, IH), 1.46 (s, 3H), 0.77 (d, / = 7.0 Hz, IH). »C NMR (C6C6): 97.0, 85.2, 78.1, 

63.1, 56.2, 55.8, 52.2, 36.6, 35.6, 34.4, 20.2. HRMS (FAB) calculated for C10H19O4 (MH+) 
203.1283, found 203.1284. 
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General procedure C for the Cr(II)/Ni(H) mediated coupling reactions. To a 

solution of aldehyde 25 in DMF (0.4M) at 0 °C were added CrCl2 (4 equiv.), NiCh (1 mol%) 

and the vinyl triflate/bromide (2.2 equiv). The mixture was allowed to warm to room 

temperature and stirred at room temperature for 20 h, unless indicated otherwise. Saturated 

aqueous NH4C1 was added and the aqueous phase was extracted with EtOAc. The combined 

organic layers were washed with water and brine, dried over MgS04 and concentrated in 

vacuo. 

5-(2-Cyclopent-l-enyl-2-hydroxy-ethyl)-2,2,6-trimethyl-[l,3]dioxin-4-

one (30). According to general procedure C, the reaction of aldehyde 25 

(221 mg, 1.2 mmol) with cyclopentenyl triflate14 afforded 30 (193 mg, 

64%) as a colorless oil after purification (EtOAcPE = 1:4). Rf = 0.13. 'H 

NMR: 5.62 (br, 1H), 4.40 (br, 1H), 2.61 (dd, ƒ = 14.5, 4.4 Hz, 1H), 2.49 (dd, ƒ = 14.5, 8.2 Hz, 1H), 

2.34-2.29 (m, 5H), 2.00 (s, 3H), 2.00-1.75 (m, 2H), 1.65 (s, 6H). IR: 3600-3300,1714,1644. HRMS 

(EI) calculated for C14H20O4 252.1362, found 252.1362. 

5-(2-Cyclohex-l-enyl-2-hydroxy-ethyl)-2,2,6-rrimethyl-[l,3]dioxin-4-
one (31). According to general procedure C, the reaction of aldehyde 25 
(325 mg, 1.76 mmol) with cyclohexenyl triflate15 afforded 31 (402 mg, 
86%) as a colorless oil after purification (EtOAcPE = 1:2). R, = 0.25. iH 

NMR: 5.62 (br, IH), 4.08-4.05 (m, IH), 2.51 (dd, ƒ = 14.4, 5.1 Hz, IH), 2.43 (dd, ƒ = 14.4, 7.7 Hz, 

IH), 2.38 (br, IH), 2.08-1.89 (m, 4H), 1.96 (s, 3H), 1.63-1.44 (m, 4H), 1.61 (s, 6H). »C NMR: 

164.5,163.0,139.4,122.5,104.7,102.4, 75.4, 31.2, 24.9, 24.7, 24.5, 23.6, 22.3,17.5. IR: 3600-3300, 

1705,1644. HRMS (FAB) calculated for C15H23O4 (MH+) 267.1596, found 267.1598. 

5-(2-Cyclopent-l-enyl-2-methoxymethoxy-ethyl)-2,2,6-trimethyl-[l,3]-
dioxin-4-one (32). According to general procedure B, alcohol 30 (123 

mg, 0.49 mmol) afforded the MOM protected product 32 (102 mg, 70%) 

as a colorless oil after purification (EtOAcPE = 1:3). Rf = 0.25. ]H NMR: 

5.59 (br, IH), 4.54 (d, ƒ = 6.5 Hz, IH), 4.46 (d, / = 6.5 Hz, IH), 4.37 (t, ƒ = 

6,9 Hz, IH), 3.29 (s, 3H), 2.55 (dd, ƒ = 14.2, 7.0 Hz, IH), 2.49 (dd, ƒ = 14.2, 7.0 Hz, IH), 2.32-

2.20 (m, 4H), 1.98 (s, 3H), 1.86-1.79 (m, 2H), 1.61 (s, 3H), 1.59 (s, 3H). «C NMR: 164.7, 161.9, 

143.3, 129.0, 104.6, 102.0, 94.0, 74.3, 55.4, 32.0, 30.3, 30.0, 25.1, 24.7, 23.2, 17.7. IR: 1706, 1632. 

HRMS (EI) calculated for C16H24O5 296.1624, found 296.1618. 

r 

5-(2-cyclohex-l-enyl-2-methoxymethoxy-ethyl)-2,2,6-trimethyl-[l,3]di-
oxin-4-one (33). According to general procedure B, alcohol 31 (215 mg, 

0.81 mmol) afforded 33 (213 mg, 85%) as a colorless oil after 

purification (EtOAcPE = 1:3). R/= 0.27. 'H NMR: 5.62 (br, IH), 4.56 (d, ƒ 

= 6.5 Hz, IH), 4.45 (d, ƒ = 6.5 Hz, IH), 4.05 (t, ƒ = 7.0 Hz, IH), 3.31 (s, 

3H), 2.56 (dd, / = 14.2, 6.8 Hz, IH), 2.49 (dd, ƒ = 14.2, 7.2 Hz, IH), 2.00-1.89 (m, 4H), 2.00 (s, 

3H), 1.63-1.45 (m, 4H), 1.63 (s, 3H), 1.61 (s, 3H). 13C NMR: 164.5, 161.9, 136.2, 126.4, 104.6, 
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102.2, 93.6, 79.8, 55.4, 29.6, 25.0, 25.0, 24.8, 22.8, 22.5, 22.4, 17.8. IR: 1710, 1644. HRMS (FAB) 

calculated for G7H27O5 (MH+) 311.1858, found 311.1858. 

/ \ 9 5-(2-ferf-Buryldimethylsilyloxy-2-cyclopent-l-enyl-ethyl)-2,2,6-tri-
^ y ^ Y ^ ° methyl-[l,3]dioxin-4-one (34). To a solution of alcohol 30 (120 mg, 0.48 

TBDMSO y^Q-À^ mmol) in DMF (2 mL) was added at 0 °C, imidazole (97 mg, 1.4 mmol), 

TBDMSC1 (144 mg, 0.96 mmol) and a catalytic amount of DMAP (5 

mg). The reaction mixture was allowed to warm to room temperature and after stirring for 

15 h the reaction was quenched by the addition of saturated aqueous NH4CI (2 mL). The 

layers were separated and the aqueous phase was extracted with Et20 ( 3 x 4 mL). The 

combined organic layers were washed with water (2 mL) and brine (2 mL), dried over 

MgSQi and concentrated in vacuo. Purification by chromatography (Et20:PE = 1:9) afforded 

34 (150 mg, 86%) as a colorless oil. R, = 0.20. 'H NMR: 5.49 (br, 1H), 4.51 (t, ƒ = 6.5 Hz, 1H), 

2.47 (dd, ƒ = 14.0, 5.6 Hz, 1H), 2.39 (dd, ƒ = 14.0, 7.4 Hz, 1H), 2.41-2.34 (m, 1H), 2.29-2.21 (m, 

3H), 1.97 (s, 3H), 1.86-1.78 (m, 2H), 1.62 (s, 3H), 1.60 (s, 3H), 0.84 (s, 9H), -0.02 (s, 3H), -0.04 (s, 

3H). "C NMR: 164.7,162.0,147.0,125.7,104.6,102.0, 70.9, 32.7, 32.0, 30.5, 25.9, 25.8, 24.2, 23.4, 

18.1, 17.9, -5.1, -5.2. IR: 1709, 1644. HRMS (EI) calculated for C2oH3404Si 366.2226, found 

366.2220. 

General procedure D for the oxidation of the alcohols. To a solution of oxalyl 

chloride (1.1 equiv) in CH2C12 (0.5M) was added dropwise at -60 °C -> -50 °C, DMSO (2 

equiv.), then after 5 min a solution of the alcohol in CH2C12 (0.5M), and finally, after 30 min 

triethylamine (5 equiv.). The mixture was stirred for 5 min, allowed to warm to room 

temperature and stirring was continued for 15 min. Water was added and the resulting 

mixture was stirred for 15 min. The layers were separated and the aqueous phase was 

extracted with CH2C12. The combined organic layers were washed with saturated aqueous 

NH4CI, saturated aqueous NaHCOj and brine, dried over MgS04 and concentrated in vacuo. 

5-(2-Cyclopent-l-enyl-2-oxo-ethyl)-2,2,6-trimethyl-[l,3]dioxin-4-one 
0 (35). According to general procedure D, the oxidation of alcohol 30 (161 

^ 0 ^ \ mg, 0.64 mmol) afforded ketone 35 (124 mg, 78%) as a colorless oil after 

purification (EtOAcPE = 1:3). R/= 0.30. 'H NMR: 6.89 (br s, 1H), 3.69 (s, 

2H), 2.58-2.24 (m, 4H), 1.94-1.91 (m, 2H), 1.93 (s, 3H), 1.73 (s, 6H). «C NMR: 194.5, 165.5, 

162.1,144.6,144.4,105.2, 99.9, 34.9, 33.9, 30.5, 24.7, 22.5,17.6. IR: 1718,1669. 

5-(2-cyclohex-l-enyl-2-oxo-ethyl)-2,2,6-trimethyl-[l,3]dioxin-4-one 

(36). According to general procedure D, the oxidation of alcohol 31 (312 

mg, 1.17 mmol) afforded ketone 36 (294 mg, 95%) as a colorless oil after 

purification (EtOAc:PE = 1:4). R, = 0.19. 'H NMR: 7.05 (br s, 1H), 3.63 (s, 

2H), 2.36-2.21 (m, 4H), 1.88 (s, 3H), 1.73 (s, 6H), 1.65-1.52 (m, 4H). » c NMR: 197.0, 165.4, 

162.2,140.8,138.6,105.3,100.3, 33.3, 26.1, 24.9, 23.1, 21.8, 21.4,17.4. IR: 1709,1651. HRMS (EI) 

calculated for C15H20O4 264.1362, found 264.1357. 
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General procedure E for the preparation of the acetal protected products. To a 

solution of ketone in CH2C12 (0.3M) at -78 °C were added dropwise, (TMSOCH2)2 (2.5 equiv.) 

and TMSOTf (0.4 equiv.). The mixture was allowed to warm to 0 °C over 1 h and kept at 0 °C 

for 30 h. Saturated aqueous NaHCCb was added and the resulting mixture was stirred for 15 

min. The layers were separated and the aqueous phase was extracted with CH2C12. The 

combined organic layers were washed with water and brine, dried over MgSO.t and 

concentrated in vacuo. 

9 5-(2-Cyclopent-l-enyl-[l,3]dioxolan-2-ylmethyl)-2,2,6-tiimethyl-[l,3]-

_~>v^ | ? „ dioxin-4-one (37). According to general procedure E, ketone 35 (79 mg, 

""O \ 0-32 mmol) afforded acetal 37 (61 mg, 66%) as a colorless oil after 

purification (EtOAcPE = 1:6). R, = 0.13. >H NMR: 5.71-5.69 (m, 1H), 

3.93-3.90 (m, 2H), 3.87-3.82 (m, 2H), 2.82 (s, 2H), 2.43-2.39 (m, 2H), 2.33-2.27 (m, 2H), 2.01 (s, 

3H), 1.93-1.85 (m, 2H), 1.55 (s, 6H). «C NMR: 165.6, 162.2, 144.0, 127.9, 109.3, 104.2, 100.6, 

64.2, 32.2, 31.6, 31.4, 24.7, 23.6,18.1. IR: 1722,1644. 

5-(2-cyclohex-l-enyl-[l,3]dioxolan-2-ylmethyl)-2,2,6-trimethyl-
[l,3]dioxin-4-one (38). According to general procedure E, ketone 36 
(165 mg, 0.62 mmol) afforded acetal 38 (127 mg, 66%) as a colorless oil 

after purification (EtOAcPE = 1:4). R, = 0.24. iH NMR: 5.77 (br, 1H), 

3.84-3.82 (m, 2H), 3.76-3.72 (m, 2H), 2.73 (s, 2H), 2.05-2.03 (m, 2H), 1.98 (s, 3H), 1.96-1.87 (m, 

2H), 1.61 (s, 6H), 1.58-1.56 (m, 2H), 1.50-1.47 (m, 2H). »C NMR: 165.5, 162.2, 136.5, 123.7, 

111.0, 104.3, 100.9, 64.0, 31.6, 24.8, 24.7, 23.9, 22.5, 21.8, 18.2. IR: 1721, 1645. HRMS (FAB) 

calculated for G7H25O5 (MH+) 309.1702, found 309.1714. 

\~0 Cycloadduct 39. According to general procedure A, irradiation of 37 (64 mg, 

° J ~ l X 0.22 mmol) for 75 min. afforded 39 (64 mg, 100% crude yield) as a white 

I/- powder. The crude product was used immediately in the next reaction 

= ° \ without further purification. An analytically pure sample was obtained after 

chromatography (EtOAcPE = 1:3) to afford 39 as a white powder. Rf = 0.3. mp 126-127 °C. 

'H NMR: 4.03-3.82 (m, 4H), 3.13 (d, ƒ = 14.0 Hz, IH), 2.76 (br d, ƒ = 9.0 Hz, IH), 2.62 (d, / = 

14.0 Hz, IH), 2.13 (dd, ƒ = 13.4, 6.6 Hz, IH), 1.92 (dd, / = 14.2, 5.8 Hz, IH), 1.73-1.64 (m, 3H), 

1.60 (s, 3H), 1.53 (s, 3H), 1.48 (s, 3H), 1.42-1.36 (m, IH). «C NMR: 169.9, 106.8, 104.0, 74.8, 

67.4, 65.0, 64.6, 49.0, 39.0, 37.6, 29.2, 28.6, 27.7, 25.9, 25.6, 25.3. IR: 1729. HRMS (FAB) 

calculated for Ci6H2305 (MH+) 295.1545, found 295.1555. 

<{0 Cycloadduct 40. According to general procedure A, irradiation of 38 (127 

° s T n l t ^ mg, 0.41 mmol) for 90 min. afforded 40 (121 mg, 95%) as a colorless oil after 

f ? / purification (EtOAcPE = 1:2). R, = 0.40. JH NMR: 4.04-3.99 (m, IH), 3.95-

^ ^ \ 0 A 3.90 (m, IH), 3.85-3.80 (m, IH), 3.77-3.72 (m, IH), 3.14 (d, ƒ = 14.8 Hz, IH), 

2.70 (dd, ƒ = 9.1, 6.7 Hz, IH), 2.58 (d, ƒ = 14.1 Hz, IH), 1.98-1.89 (m, IH), 1.73-1.39 (m, 5H), 

1.58 (s, 3H), 1.55 (s, 3H), 1.51 (s, 3H), 1.26-1.13 (m, 2H). «C NMR: 169.2, 108.1, 104.5, 77.4, 

29 



Chapter 2  

65.0, 64.4, 58.1, 41.7, 41.1, 36.7, 29.5, 29.2, 24.1, 21.1, 20.9, 20.3, 18.6. IR: 1730. HRMS (FAB) 

calculated for G7H25O5 (MH+) 309.1702, found 309.1695. 

-̂  O Cycloadduct 41. According to general procedure A, irradiation of 32 (92 

— S^O rng, 0.31 mmol) for 30 min. afforded 41 (89 mg, 97%) as an inseparable 

—'-^(Y\ 1:1.3 mixture of diastereomers as a colorless oil after purification 

(EtOAc:PE = 1:2). R/= 0.27 and R/= 0.22. 'H NMR: 4.65 (d, ƒ = 6.8 Hz, 1H), 

4.60 (d, ƒ = 6.8 Hz, 1H), 4.59 (d, ƒ = 6.6 Hz, 1H), 4.55 (d, ƒ = 6.6 Hz, 1H), 4.36 (dd, ƒ = 5.9, 5.9 

Hz, 1H), 4.31 (dd, ƒ = 9.9, 5.9 Hz, 1H), 3.36 (s, 3H), 3.32 (s, 3H), 2.95 (dd, ƒ = 13.6, 9.9 Hz, 1H), 

2.88 (d, ƒ = 9.0 Hz, 1H), 2.80 (dd, ƒ = 13.6, 5.1 Hz, 1H), 2.58 (dd, ƒ = 13.6, 6.3 Hz, 1H), 2.35 (d, ƒ 

= 9,0 Hz, 1H), 2.25 (dd, / = 13.6, 5.9 Hz, 1H), 2.12-2.05 (m, 1H), 2.10 (dd, ƒ = 13.9, 6.8 Hz, 1H), 

1.94 (dd, ƒ = 13.8, 5.7 Hz, 1H), 1.83-1.66 (m, 3H), 1.82-1.36 (m, 4H), 1.60 (s, 3H), 1.55 (s, 3H), 

1.52 (s, 3H) 1.51 (s, 3H), 1.50-1.39 (m, 2H), 1.46 (s, 3H), 1.44 (s, 3H). «C NMR: 170.1, 104.3, 

103.9, 96.0, 95.3, 76.0, 74.5, 74.2, 62.2, 61.7, 55.6, 55.4, 54.2, 48.0, 42.6, 41.4, 31.6, 29.3, 29.2, 28.9, 

28.6, 27.4, 26.4, 25.8, 25.3, 25.1, 24.9. 

MOMO 

r-tlA Cycloadduct 42. According to general procedure A, irradiation of 33 (145 

O mg, 0.47 mmol) for 30 min. afforded 42 (120 mg, 83%) as an inseparable 

\ X " — = s o ' \ "^ m i x t u r e °f diastereomers as colorless oil after purification (EtOAcPE 

= 1:2). R/= 0.28. 1H NMR: 4.64 (d, ƒ = 6.6 Hz, 1H), 4.59 (d, ƒ = 6.6 Hz, 1H), 

4.57 (d, ƒ = 4.4 Hz, 1H), 4.55 (d, ƒ = 4.4 Hz, 1H), 4.15 (t, ƒ = 6.4 Hz, 1H), 4.04 (dd, ƒ = 9.7, 6.6 Hz, 

1H), 3.36 (s, 3H), 3.35 (s, 3H), 3.00 (dd, / = 13.4, 9.7 Hz, 1H), 2.79 (dd, ƒ = 9.7, 4.5 Hz, 1H), 2.74 

(dd, ƒ = 13.0, 6.5 Hz, 1H), 2.53 (dd, ƒ = 13.0, 6.4 Hz, 1H), 2.16 (t, ƒ = 7.4 Hz, 1H), 2.13 (dd, ƒ = 

13.4, 6.6 Hz, 1H), 2.00-1.00 (m, 8H), 1.59 (s, 6H), 1.56 (s, 3H), 1.52 (s, 6H) 1.45 (s, 3H). «C 

NMR: 169.8,169.1,104.8,103.9, 78.6, 77.0, 76.0, 55.5, 52.3, 52.2, 49.8, 43.7, 42.5, 31.2, 29.5, 29.4, 

29.1, 29.1, 28.4, 27.9, 24.7, 22.9, 21.6, 21.5, 20.9, 20.9, 20.8, 20.6, 18.4. IR: 1714. HRMS (EI) 

calculated for G7H26O5 310.1780, found 310.1776. 

TBDMSO 

ca n*» 
Cycloadduct 43. According to general procedure A, irradiation of 34 

(150 mg, 0.41 mmol) for 30 min. afforded 43 (146 mg, 97%) as an 

inseparable 3:1 mixture of diastereomers as a colorless oil after 

purification (EtOAcPE = 1:5). R, = 0.3. JH NMR: 4.43-4.39 (m, 2H), 2.94 

(dd, ƒ = 13.4, 9.5 Hz, 1H), 2.86 (d, ƒ = 9.0 Hz, 1H), 2.71 (dd, ƒ = 13.2, 5.3 Hz, 1H), 2.52 (dd, / = 

13.2, 5.3 Hz, 1H), 2.23 (d, ƒ = 8.5 Hz, 1H), 2.11-2.04 (m, 3H), 1.90 (dd, / = 14.2, 5.5 Hz, 1H), 

1.79-1.17 (m, 9H), 1.57 (s, 3H), 1.53 (s, 3H), 1.50 (s, 3H), 1.49 (s, 3H), 1.44 (3H), 1.42 (s, 3H), 

0.86 (s, 18H), 0.01 (s, 6H), -0.01 (s, 3H), -0.03 (s, 3H) »C NMR: 170.6, 104.2, 103.6, 76.1, 74.2, 

70.4, 65.6, 64.1, 62.6, 54.0, 47.2, 42.2, 41.3, 32.5, 31.9, 31.3, 29.2, 29.1, 28.8, 28.6, 27.1, 26.6, 25.7, 

25.6, 25.4, 25.0, 25.0, 24.9, 18.1, 17.9, -4.7, -4.8, -4.9. IR: 1716. HRMS (FAB) calculated for 

C2oH3504Si (MH+) 367.2305, found 367.2301. 
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MeO,C 

2-[l-Hydroxy-2-(2,2,6-trimethyl-4-oxo-4H-[l,3]dioxin-5-yl)-ethyl)-
cyclopent-1-enecarboxylic acid methyl ester (46). According to 

general procedure C, the reaction of aldehyde 25 (133 mg, 0.72 

mmol) with vinyl triflate 452' a t 50 °C for 18 h afforded 46 (164 mg, 

73%) as a colorless oil after purification (EtOAc:PE = 1:2). R, = 0.29. 'H NMR: 4.84-4.77 (br s, 

1H), 4.34-4.32 (br s, 1H), 3.74 (s, 3H), 2.80-2.71 (m, 2H), 2.70-2.55 (m, 4H), 2.10 (s, 3H), 1.89-

1.81 (m, 2H), 1.67 (s, 3H), 1.66 (s, 3H). 

MeO?C 

2-[l-Methoxymethoxy-2-(2,2,6-trimethyl-4-oxo-4H-[l,3]dioxin-5-yl)-
ethyl]-cyclopent-l-enecarboxylic acid methyl ester (47). According 

to general procedure B, alcohol 46 (117 mg, 0.38 mmol) afforded the 

MOM protected product 47 (73 mg, 55%) as a colorless oil after 

purification (EtOAcPE = 1:1). R, = 0.38. 'H NMR: 5.41 (t, ƒ = 14.2 Hz, 

1H), 4.54 (s, 2H), 3.71 (s, 3H), 3.34 (s, 3H), 2.78-2.45 (m, 6H), 2.07 (s, 3H), 1.90-1.73 (m, 2H), 

1.63 (s, 3H), 1.60 (s, 3H). »C NMR: 165.9,165.3,161.9,157.4,130.9,104.7,101.0, 95.4, 72.2, 55.8, 

51.2, 34.0, 33.1, 29.4, 25.4, 24.6, 21.6,17.7. IR: 1712,1642. HRMS (FAB) calculated for C18H27O7 

(MH+) 355.1757, found 355.1765. 

MOMO o 

JA, at 
MeO,C 

Cycloadduct 48. According to general procedure A, irradiation of 47 (61 

mg, 0.17 mmol) for 1 h afforded a 2:3 mixture of diastereomers 48a and 

48b (48 mg, 78%) as colorless oil after purification (EtOAcPE = 1:1). 

Repeated chromatography led to pure isomers. 48a: X-ray crystal 

structure determination was allowed after recrystallisation from CTbCh/pentane. Colorless 

crystals. Rf = 0.41. mp 62-64 °C. 'H NMR: 4.55 (d, ƒ = 6.6 Hz, 1H), 4.50-4.46 (m, 2H), 3.62 (s, 

3H), 3.32 (s, 3H), 2.91 (dd, ƒ = 13.7, 9.9 Hz, 1H), 2.63-2.56 (m, 1H), 2.29 (dd, ƒ = 13.7, 4.5 Hz, 

1H), 2.03-2.02 (m, 1H), 1.92 (s, 3H), 1.87-1.76 (m, 3H), 1.66-1.56 (m, 1H), 1.55 (s, 3H), 1.50 (s, 

3H). «C NMR: 174.2, 170.2, 104.3, 95.6, 77.9, 70.6, 65.0, 60.8, 55.4, 51.0, 40.5, 33.9, 32.8, 29.6, 

29.1, 28.6, 24.2, 23.4. IR: 1724. 48b: colorless oil. R/= 0.34. 'H NMR: 4.72 (t, / = 6.6 Hz, 1H), 4.68 

(d, ƒ = 6.6 Hz, 1H), 4.63 (d, ƒ = 6.6 Hz, 1H), 3.71 (s, 3H), 3.37 (s, 3H), 2.79 (dd, ƒ = 13.2, 6.5 Hz, 

1H), 2.58 (dd, ƒ = 13.1, 6.8 Hz, 1H), 2.55-2.52 (m, 1H), 2.11 (dd, ƒ = 12.4, 5.5 Hz, 1H), 1.77-1.44 

(m, 4H), 1.60 (s, 3H), 1.55 (s, 3H), 1.44 (s, 3H). "C NMR: 179.7, 173.1, 104.0, 95.4, 76.3, 70.3, 

65.0, 62.5, 55.4, 51.5, 40.2, 32.5, 31.4, 29.3, 28.4, 26.9, 23.2, 22.5. 

o 

v+â 
. o 

B-O^o 1 

07 U 

Crystallographic data for 48a: triclinic, P î , a = 7.4493(7), b = 

9.6161(8), c = 13.540(2) Â, a = 106.434(10), ß = 99.44(1), y = 95.661(9) °, 

V = 906.8(2) À3, Z = 2, Dx = 1.30 gcm-3, >i(CuKa) = 1.5418 À, u(CuKa) = 

8.30 cm-i, F(000) = 380, 248 K. Final R = 0.046 for 3197 observed 

reflections. 
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Table 2.4 Bond distances of the non-hydrogen atoms (A) of 48 (standard deviations) 
C(l)-C(2) 1.570(3) C(4)-C(5) 1.482(3) C(12)-C(13) 1.529(4) 

C(l)-C(4) 1.556(2) C(4)-C(12) 1.548(2) C(13)-0(4) 1.415(3) 

C(l)-C(16) 1.516(3) C(5)-0(l) 1.348(2) C(14)-0(4) 1.409(3) 

C(l)-0(2) 1.435(2) C(5)-0(3) 1.205(2) C(14)-0(5) 1.389(3) 

C(2)-C(3) 1.556(2) C(6)-C(7) 1.506(3) C(15)-0(5) 1.420(3) 

C(2)-C(9) 1.559(2) C(6)-C(8) 1.517(4) C(17)-0(6) 1.199(3) 

C(2)-C(17) 1.506(3) C(6)-0(l) 1.466(2) C(17)-0(7) 1.349(3) 

C(3)-C(4) 1.591(3) C(6)-0(2) 1.403(3) C(18)-0(7) 1.440(4) 

C(3)-C(ll) 1.512(3) C(9)-C(10) 1.526(4) 

C(3)-C(13) 1.547(2) qio)-C(ii) 1.523(3) 

Table 2.5 Bond angles of the non-hydrogen atoms (' ') of 48 (standard deviations) 
C(2)-C(l)-C(4) 89.9(1) C(ll)-C(3)-C(13) 123.2(2) C(9)-C(10)-C(ll) 105.2(2) 

C(2)-C(l)-C(16) 116.3(2) C(l)-C(4)-C(3) 89.7(1) C(3)-C(ll)-C(10) 102.9(2) 

C(2)-C(l)-0(2) 109.7(1) C(l)-C(4)-C(5) 118.8(1) C(4)-C(12)-C(13) 91.2(2) 

C(4)-C(l)-C(16) 117.2(1) C(l)-C(4)-C(12) 116.9(2) C(3)-C(13)-C(12) 90.9(1) 

C(4)-C(l)-0(2) 111.2(1) C(3)-C(4)-C(5) 119.4(2) C(3)-C(13)-0(4) 116.4(2) 

C(16)-C(l)-0(2) 111.0(2) C(3)-C(4)-C(12) 88.5(1) C(12)-C(13)-0(4) 112.7(2) 

C(l)-C(2)-C(3) 90.5(1) C(5)-C(4)-C(12) 116.4(2) 0(4)-C(14)-0(5) 112.3(2) 

C(l)-C(2)-C(9) 115.5(1) C(4)-C(5)-0(l) 118.5(2) C(2)-C(17)-0(6) 126.5(2) 

C(l)-C(2)-C(17) 119.3(2) C(4)-C(5)-0(3) 123.1(2) C(2)-C(17)-0(7) 110.3(2) 

C(3)-C(2)-C(9) 103.4(2) 0(l)-C(5)-0(3) 118.3(2) 0(6)-C(17)-0(7) 123.0(2) 

C(3)-C(2)-C(17) 119.2(1) C(7)-C(6)-C(8) 112.2(2) C(5)-0(l)-C(6) 119.5(1) 

C(9)-C(2)-C(17) 107.5(2) C(7)-C(6)-0(l) 105.2(2) C(l)-0(2)-C(6) 117.7(1) 

C(2)-C(3)-C(4) 89.1(1) C(7)-C(6)-0(2) 106.2(2) C(13)-0(4)-C(14) 114.2(2) 

C(2)-C(3)-C(ll) 108.4(1) C(8)-C(6)-0(l) 107.8(2) C(14)-0(5)-C(15) 112.6(2) 

C(2)-C(3)-C(13) 119.7(1) C(8)-C(6)-0(2) 115.1(2) C(17)-0(7)-C(18) 116.1(2) 

C(4)-C(3)-C(ll> 121.5(2) 0(l)-C(6)-0(2) 110.1(2) 

C(4)-C(3)~C(13) 89.0(1) C(2)-C(9)-C(10) 106.7(2) 

3-(2,2,6-Trimethyl-4-oxo-4H-[l,3]dioxin-5-ylmethylH,5,6,7-terrahy-

dro-3H-isobenzofuran-l-one (50). According to general procedure C, 

the reaction of aldehyde 25 (300 mg, 1.6 mmol) with vinyl triflate 4923 at 

50 °C for 7 h afforded 50 (375 mg, 79%) as a white powder after 

purification (EtOAcPE = 1:1). Rf= 0.28. 'H NMR: 4.99 (br, 1H), 2.89 (dd, ƒ = 14.8, 3.8 Hz, 1H), 

2.58 (dd, ƒ = 14.8, 6.4 Hz, 1H), 2.58-2.52 (m, 1H), 2.26-2.04 (m, 3H), 2.04 (s, 3H), 1.72-1.64 (m. 

4H), 1.66 (s, 3H), 1.57 (s, 3H). »C NMR: 172.9,167.1,163.7,161.7, 126.8,104.8, 98.6, 81.7, 27.9, 

25.7, 23.4, 22.9, 21.2, 21.2,19.8,17.9. IR: 1748,1706,1639. HRMS (FAB) calculated for Ci6H2i05 

(MH+) 293.1389, found 293.1395. 

Cycloadduct 51. According to general procedure A, irradiation of alkene 50 

(100 mg, 0.34 mmol) 1 h afforded 51 (95 mg, 95% crude yield), which was used 
0 in the next reaction without further purification. X-ray crystal structure 

determination was allowed after recrystallization from ŒbCh/pentane. 

Colorless crystals, mp 177-178 °C. 'H NMR: 4.54 (d, ƒ = 4.2 Hz), 2.39 (dt, ƒ = 13.3, 4.7 Hz, 1H), 

2.33 (dd, ƒ = 12.8, 4.2 Hz, 1H), 2.23-2.20 (m, 1H), 1.98 (d, ƒ = 12.8 Hz, 1H), 1.89-1.85 (m, 1H), 

1.81-1.61 (m, 2H), 1.73 (s, 3H), 1.64 (s, 3H), 1.56-1.40 (m, 2H), 1.40 (s, 3H), 1.05-0.93 (m, 1H). 
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"C NMR: 174.7, 164.9, 109.9, 83.2, 79.7, 62.1, 60.4, 51.5, 33.7, 31.1, 29.2, 21.8, 21.7, 21.4, 20.4, 

19.4. 

Crystallographic data for 51: monoclinic, P2i/c, a = 14.219(1), b = 7.3084(7), 

' c = 14.697(2) Â, ß = 111.05(1)°, V = 1425.4(3) À ,̂ Z = 4, Dx = 1.36 gcm-3, 

?i(CuKa) = 1.5418 À, u(CuKa) = 8.30 cm-', F(000) = 624, 248 K. Final R = 

0.056 for 2510 observed reflections. 

Table 2.6 Bond distances of the non-hydrogen atoms (À) of 51 (standard deviations) 
C(l)-C(2) 1.624(3) C(3)-C(15) 1.559(4) C(10)-C(ll) 1.537(4) 

C(l)-C(4) 1.552(4) C(4)-C(9) 1.526(3) C(ll)-C(12) 1.522(5) 

C(l)-C(5) 1.489(3) C(4)-0(2) 1.432(3) C(12)-C(13) 1.534(4) 

C(l)-C(14) 1.521(4) C(5)-0(l) 1.342(3) C(14)-C(15) 1.550(4) 

C(2)-C(3) 1.550(3) C(5)-0(3) 1.199(4) C(15)-0(4) 1.451(3) 

C(2)-C(10) 1.513(4) C(6)-C(7) 1.500(3) C(16)-0(4) 1.372(3) 

C(2)-C(16) 1.510(4) C(6)-C(8) 1.511(4) C(16)-0(5) 1.188(3) 

C(3)-C(4) 1.549(3) C(6)-0(l) 1.488(3) 

C(3)-C(13) 1.507(4) C(6)-0(2) 1.410(3) 

Table 2.7 Bond angles of the non -hydrogen atoms (' ') of 51 (standard deviations) 

C(2)-C(l)-C(4) 87.9(2) C(4)-C(3)-C(15) 101.9(2) O(l)-C(6)-0(2) 111.8(2) 

C(2)-C(l)-C(5) 115.2(2) C(13)-C(3)-C(15) 121.3(2) C(2)-C(10)-C(ll) 108.1(2) 

C(2)-C(l)-C(14) 101.9(2) C(l)-C(4)-C(3) 83.2(2) C(10)-C(ll)-C(12) 113.4(2) 

C(4)-C(l)-C(5) 119.4(2) C(l)-C(4)-C(9) 123.5(2) C(ll)-C(12)-C(13) 112.2(3) 

C(4)-C(l)-C(14) 100.9(2) C(l)-C(4)-0(2) 107.8(2) C(3)-C(13)-C(12) 110.6(2) 

C(5)-C(l)-C(14) 124.5(2) C(3)-C(4)-C(9) 115.3(2) C(l)-C(14)-C(15) 95.6(2) 

C(l)-C(2)-C(3) 80.9(1) C(3)-C(4)-0(2) 112.4(2) C(3)-C(15)-C(14) 102.4(2) 

C(l)-C(2)-C(10) 124.5(2) C(9)-C(4)-0(2) 111.6(2) C(3)-C(15)-0(4) 104.1(2) 

C(l)-C(2)-C(16) 114.0(2) C(l)-C(5)-0(1) 115.0(2) C(14)-C(15)-0(4) 104.7(2) 

C(3)-C(2)-C(10) 117.4(2) C(l)-C(5)-0(3) 125.0(2) C(2)-C(16)-0(4) 107.6(2) 

C(3)-C(2)-C(16) 104.6(2) 0(l)-C(5)-0(3) 119.6(2) C(2)-C(16)-0(5) 130.1(3) 

C(10)-C(2)-C(16) 110.7(2) C(7)-C(6)-C(8) 112.3(2) 0(4)-C(16)-0(5) 122.2(3) 

C(2)-C(3)-C(4) 90.7(2) C(7)-C(6)-0(l) 105.5(2) C(5)-0(l)-C(6) 122.2(2) 

C(2)-C(3)-C(13) 118.2(2) C(7)-C(6)-0(2) 115.8(2) C(4)-0(2)-C(6) 115.7(2) 

C(2)-C(3)-C(15) 91.5(2) C(8)-C(6)-0(l) 105.9(2) C(15)-0(4)-C(16) 104.9(2) 

C(4)-C(3)-C(13) 124.9(2) C(8)-C(6)-0(2) 105.3(2) 

5-(2-Hydroxy-3-methyl-but-3-enyl)-2,2,6-trimethyl-[l,3]dioxin-4-one 

(52). According to general procedure C, the reaction of aldehyde 25 (431 

mg, 2.3 mmol) with 2-bromopropene afforded 52 (527 mg) as a yellow oil. 

The crude product was used in the next reaction without further 

purification. iH NMR: 5.17 (br, 1H), 4.93 (br, 1H), 4.15 (dd, ƒ = 7.8, 4.4 Hz, 1H), 2.81-2.79 (br, 

1H), 2.54 (dd, ƒ = 14.6, 4.4 Hz, IH), 2.41 (dd, ƒ = 14.6, 7.7 Hz, IH), 1.97 (s, 3H), 1.73 (s, 3H), 

1.62 (s, 6H). 

5-(2-Hydroxy-(E)-pent-3-enyl)-2,2,6-rrimethyl-[l,3]dioxin-4-one (53). 

According to general procedure C, the reaction of aldehyde 25 (307 mg, 

1.7 mmol) with (E)-l-bromo-l-propene afforded an inseparable mixture 
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of starting material 25 and desired alcohol 53 (1:9, 254 mg) as a yellow oil. The crude product 

was used in the next reaction without further purification. JH NMR: 5.63 (dq, ƒ = 15.0, 6.4 Hz, 

1H), 5.28 (ddq, / = 15.2, 5.5,1.5 Hz, 1H), 4.12-4.07 (m, 1H), 2.53 (dd, ƒ = 14.4, 5.2 Hz, 1H), 2.46 

(dd, / = 14.4, 6.9 Hz, 1H), 2.00 (s, 3H), 1.69 (dd, ƒ = 6.4,1.5 Hz, 3H), 1.65 (s, 3H), 1.63 (s, 3H). 

5-(2-Methoxymethoxy-3-methyl-but-3-enyl)-2,2,6-trimethyl-[l,3]dioxin-
4-one (54). According to general procedure B, alcohol 52 (527 mg, 2.3 

mmol) afforded the MOM protected product 54 (437 mg, 69% from 

aldehyde 25) as a colorless oil after purification (EtOAc:PE = 1:4). Rf = 

0.20. m NMR: 4.93 (br, 1H), 4.91 (br, 1H), 4.55 (d, / = 6.5 Hz, 1H), 4.48 (d, ƒ 

= 6.5 Hz, 1H), 4.17-4.13 (m, 1H), 3.31 (s, 3H), 2.57 (dd, ƒ = 14.3, 6.1 Hz, 1H), 2.49 (dd, ƒ = 14.3, 

7.1 Hz, 1H), 2.01 (s, 3H), 1.72 (s, 3H), 1.64 (s, 3H), 1.62 (s, 3H). "C NMR: 164.8, 161.9, 143.9, 

114.0, 104.6, 101.8, 93.9, 79.1, 55.4, 29.9, 25.1, 24.8, 17.7, 16.8. IR: 1722, 1645. HRMS (FAB) 

calculated for G4H23O5 (MH+) 271.1545, found 271.1543. 

5-(2-Methoxymethoxy-(E)-pent-3-enyl)-2,2,6-trimethyl-[l,3]dioxin-4-
one (55). According to general procedure B, the mixture of aldehyde 25 
and alcohol 53 (1:9, 254 mg) afforded the MOM protected product 55 
(129 mg, 29% from aldehyde 25) as a colorless oil after purification 

(EtOAcPE = 1:4). Rf = 0.18. m NMR: 5.65 (ddq, ƒ = 15.2, 6.5, 0.5 Hz, 1H), 

5.30 (ddq, / = 15.2, 8.4, 1.6 Hz, 1H), 4.66 (d, ƒ = 6.6 Hz, 1H), 4.50 (d, ƒ = 6.6 Hz, 1H), 4.13-4.09 

(m, 1H), 3.32 (s, 3H), 2.53 (dd, ƒ = 14.1, 7.0 Hz, 1H), 2.48 (dd, ƒ = 14.1, 6.9 Hz, 1H), 2.00 (s, 3H), 

1.68 (dd, ƒ = 6.5, 1.6 Hz, 3H), 1.64 (s, 3H), 1.62 (s, 3H). "C NMR: 164.7, 161.9, 130.7, 129.5, 

104.6,101.7, 93.4, 76.1, 55.2, 31.4, 25.0, 24.7, 17.7,17.5. IR: 1722, 1647. HRMS (FAB) calculated 

for G4H23O5 (MH+) 271.1545, found 271.1550. 

MOMO, o 
3-Methoxymethoxy-4,6,8,8-terramethyl-7,9-dioxa-tricyclo[4.4.0.01'4]de-

can-10-one (56). According to general procedure A, irradiation of alkene 

54 (277 mg, 1.03 mmol) for 2 h afforded 56 (130 mg, 47%) as a colorless oil 

after purification (EtOAcPE = 1:3). R, = 0.24. m NMR: 4.58 (d, / = 6.6 Hz, 

1H), 4.53 (d, ƒ = 6.6 Hz, 1H), 4.06 (dd, ƒ = 9.8, 6.7 Hz, 1H), 3.32 (s, 3H), 3.07 (dd, ƒ = 13.5, 9.8 

Hz, 1H), 2.65 (d, / = 13.2 Hz, 1H), 2.11 (dd, ƒ = 13.6, 6.8 Hz, 1H), 1.93 (d, ƒ = 13.2 Hz, 1H), 1.56 

(s, 6H), 1.53 (s, 3H), 1.26 (s, 3H). »C NMR: 168.9, 104.9, 95.7, 77.1, 74.9, 55.4, 50.1, 42.4, 39.6, 

29.8, 29.3, 27.6, 23.0, 21.3. IR: 1729. HRMS (FAB) calculated for C4H23O5 (MH*) 271.1545, 

found 271.1539. 

MOMO. 

H. IK 
3-Methoxymethoxy-5,6,8,8-tetramethyl-7,9-dioxa-tricyclo[4.4.0.014]de-

can-10-one (57). According to general procedure A, irradiation of alkene 

55 (111 mg, 0.41 mmol) for 6.5 h afforded a mixture of straight adducts 

(7:2:1) 57 (40 mg, 36%) as a colorless oil after purification (EtOAcPE = 

1:7). Rf = 0.12. Main adduct: iH NMR (QD6): 4.49 (ddd, / = 9.6, 6.7, 4.3 Hz, 1H), 4.36 (d, / = 6.5 

Hz, IH), 4.34 (d, / = 6.5 Hz, IH), 3.28 (ddd, ƒ = 13.1, 9.6, 2.5 Hz, IH), 3.13 (s, 3H), 2.77 (dq, ƒ = 
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7.2, 4.7 Hz, 1H), 2.62 (ddd, ƒ = 6.8, 4.7, 2.5 Hz, 1H), 2.23 (dd, ƒ = 13.2, 6.9 Hz, 1H), 1.42 (s, 3H), 

1.22 (s, 3H), 1.13 (s, 3H), 1.07 (d, / = 7.2, 3H). IR: 1731. HRMS (FAB) calculated for G4H23O5 

(MH+) 271.1545, found 271.1552. 
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CHAPTER 3 

FURTHER CHEMISTRY WITH 6-METHYLDIOXENONE CYCLOADDUCTS 

3.1 Introduction 

It has been known for some time that ß-dicarbonyl compounds participate in [2+2] 

photocycloadditions to alkenes. One of the first examples was the addition of 2,4-

pentanedione (1) to several alkenes to give 1,5-diketones such as 3 (eq 3.1).1 

O O o ' H o hv OH 

O 
(3.1) 

This reaction is often referred to as the De Mayo reaction and proceeds through a 

nvdrogen bonded enol tautomer of 1 which in the excited state reacts with alkenes in the 

same way as a,ß-unsaturated ketones. The primary photoproduct 2 is not stable and 

undergoes spontaneous retro-aldol cyclobutane fragmentation to afford the diketone 3. The 

intramolecular hydrogen bond in acyclic ß-diketones confers sufficient configurational 

stability to prevent energy consuming cis~trans isomerization and thus to allow successful 

photocycloadditions. Acyclic ß-keto esters do not give cyclobutanes on irradiation, probably 

due to the weak hydrogen bonding capacity compared to the diketones. However, a 

dioxenone such as 4, which is in fact a ß-keto ester in its covalently restricted enol form, 

behaves very well in cycloaddition chemistry and leads to cycloadduct 5 in good yield (eq 

3.2)2 

hv 

O Me02C 

pTSA 

?o 

5 81% 

MeOH, reflux 

O (3.2) 

6 91% 

Although in most cases photoproducts such as 5 are stable and can be isolated, it is 

well known that a dioxanone fused to a cyclobutane can be readily fragmented via a retro-

aldol reaction under either acidic or basic conditions.3 This leads to compounds such as 6 

providing a useful extension of the classical De Mayo approach to the enols of ß-keto esters. 

This process has found several applications in the synthesis of very complex molecules.4 We 

wanted to apply this protocol to the dioxenone-alkene cycloadducts described in chapter 2, 

in order to probe the synthetic utility of these interesting bicyclohexanes. Furthermore, it 
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would provide additional proof of the structure of some of our cycloadducts, which could 

not always be assigned unequivocally. 

3.2 Retro-Aldol Reactions 

The bicyclo[2.1.1]hexane 7 was subjected to a retro-aldol reaction under basic 

conditions followed by methylation with diazomethane (eq 3.3).5 

> 9 o H KOH 

l,4-dioxane/H20 
Ü °C, 150 min. 

CH,N, 
(3.3) 

9 78% 

Thereby, the crossed adduct 7 allowed formation of the interesting tricycloundecane 

structure 9 as a single product. This retro-aldol product contains ample functionality for 

further modification. The pseudo-equatorial position of the ester group was deduced from 

the nuclear Overhauser effect between the acetyl methyl group and the five-membered ring 

protons. With these successful retro-aldol conditions in hand, several of the straight 

cycloadducts were subjected to the fragmentation reaction (table 3.1). 

Table 3.1 
entrv cycloadduct product 

0 
o -

0 c 
o— 

C 
? o 
— ^ OMe 

1 
2 

10n=l 
l l n = 2 

14 n=l, 78% (50:50) 
15 n=2, 75% (70:30) 

MOMO, o MOMO 0 

'/^0 * - 4 — ^ ^ O M e 

H^O-V Y 
3 12 16 77% (70:30) 

MOMO, o MOMO, o 

H«. A0 H - i — ^ OMe 

^o\ ^Y° 
4 13a 17 75% (70:30) 

Notes: (a) main adduct drawn 
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New functionalized cyclobutane structures 14-17 were obtained in good yields from 

the straight adducts. The cyclopentane and cyclohexane straight adducts 10 and 11 
underwent ring fragmentation to spiro compounds 14 and 15, respectively, obtained as 

mixtures of epimers in good yields. Because the retro-aldol reaction proceeds through an 

ester enolate intermediate, epimerization most probably takes place at this position. Both 

isomers of 15 could be separated by flash chromatography. The main epimer of 15 was a 

crystalline solid (mp 86 °C), which was subjected to X-ray analysis. This epimer showed the 

same stereochemistry as precursor 11. More importantly, the X-ray structure ultimately 

proved the mode of photocycloaddition, i.e. the structure of 11. 

Il I ' 

V 
Figure 3.1 Crystal structure of the main isomer of 15 

(hydrogen atoms omitted for clarity) 

The retro-aldol sequence was also applied to the bicyclo[2.2.0]hexanes 12 and 13. 

Although the latter was not completely pure, both underwent clean base-induced 

fragmentation to 16 and 17, respectively, as 70:30 isomeric mixtures, which were fully 

characterized as cyclobutanes by extensive NMR experiments. These cyclobutane products 

can only arise from straight adducts (a crossed adduct would lead to a five-membered ring), 

so that herewith the 1,6-closure process in the case of acyclic alkenes 12 and 13 was 

unequivocally proven. Finally, this De Mayo variant provides a synthetic pathway towards 

trifunctionalized spiro[3.5]nonanes or spiro[3.4]octanes6 as well as to novel substituted 

cyclobutanes. 

3.3 Reduction Reactions 

As described in chapter 2, we developed reduction conditions to release a diol 

function from the cycloadducts. In that way, it was possible to prove the structure of 

cycloadduct 19, which was not stable towards column chromatography and therefore could 

not be purified and characterized completely (eq 3.4). 

P 
hv(300nm) £ t f ^ LiAlH4 < 7 p ^ O H 

MeCN/acetone ^ | J THF, rt, 5 min. | 
(9:1 v/v), rt, 4 h 1 9 

OH 

(3.4) 

20 
47% from 18 
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The rather harsh reduct ion condit ions were necessary to prevent a competi t ive r e t ro -

aldol process dur ing the reaction, which wou ld destroy the judiciously constructed 

cyclobutane ring. Al though most of the cycloadducts described in chapter 2 could be 

purified, either by chromatography or by crystallization and therefore did not need this extra 

reduct ion step, w e were interested to see whe the r this sequence could be generally applied 

to the cycloaddit ion products , both crossed and straight. Thus , w e subjected a n u m b e r of 

cycloadducts to the reduct ion reaction. The results are depicted in table 3.2. 

Table 3.2 

entry cycloadduct product 

,° O 
IA 

i l 

o 

u-OH 

OH 

23 99% 

RO O 

A0 

2 
3 

21 R = MOM (57:43) 
22 R = TBDMS (75:25) 

Q°^C 
a!\ry vo 

4 7 

R0„ 

Co ^OH 

OH 

24 R = MOM, 86% (57:43) 
25 R = TBDMS, 70% (75:25) 

26 52% 

Straight cycloadduct 11 afforded the expected diol 23 in a virtually quant i ta t ive yield 

(entry 1). Analogously, 21 (entry 2) and 22 (entry 3) afforded reduced produc ts 24 and 25, 

respectively, in good yields. The somewha t lower yield of 25 is d u e to the modera t e stability 

of the TBDMS protecting g r o u p u n d e r the reduct ion condit ions. In addit ion, crossed 

cycloadduct 7 was successfully reduced to tetraol 26 (entry 4), albeit in a more modera te 

yield of 52%. However , this tetraol seemed a good precursor for further model s tudies 

t owards the r igh t -hand side of solanoeclepin A. Apar t from the superf luous methyl g roup 

on the cyclobutane, which h a m p e r s the formation of the required cyclobutanone, 26 contains 

the appropr ia te substi tution pat tern and stereochemistry for further investigations towards 

the r igh t -hand side of solanoeclepin A. 
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3.4 Model Studies towards the Right-Hand Side of Solanoeclepin A 

The functionalization of 26 towards our target model system 27, required the 

differentiation of all four hydroxyl groups (eq 3.5)7 

(3.5) 

Especially, the distinction between the rather similar primary hydroxyls was deemed 

to be not a trivial chore. We wanted to utilize the fact that only one of the primary alcohols 

could form a six-membered ring with the tertiary hydroxyl group upon acetalization (eq 

3.6) .s 

RO OR 

R l X R 2 

(3.6) 

However, all efforts under either thermodynamic or kinetic conditions resulted in a 

complex mixture of acetal isomers. Therefore, a different method was sought that would 

allow the selective functionalization of one of both primary hydroxy groups. Unfortunately, 

all attempts to directly mono-protect one of the primary alcohols by means of steric bias met 

with failure, even when very bulky protective groups such as pivaloyl chloride or TIPSC1 

were employed. In all cases, no significant distinction between the alcohols was observed, 

lowever, it was found that by using a reactive bulky silylating agent such as TBDMSOTf, 

three out of four hydroxyl functions could be protected (eq 3.7). 

TBDMSO 

TBDMSOTf 

2,6-lutidine 
CH2C12, 0 °C, 1 h 

TBDMSO 

OTBDMS (3.7) 

29 83% 

This reaction resulted in the formation of tris-silyl ether 29 in good yield. Only the 

tertiary alcohol was left untouched, allowing selective further functionalization of this group. 

\gain, we wanted to make use of the possible six-membered ring between this tertiary and 

one of the primary alcohols, but now instead of an acetal linkage, a cyclic carbonate was 

envisaged. 
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Therefore, mixed carbonate 30 was p repared from 29 by deprotonat ion of the tertiary 

alcohol with KHMDS, followed by acylation wi th phenyl chloroformate (scheme 3.1). 

Scheme 3.1 

TBDMSO 

TBDMSO 

KHMDS 

OTBDMS phenyl chloroformate 
THF/toluene, -78 °C -» rt, 4 h 

TBDMSO r, 

ICO OPh 

29 

TBDMSO 
32 65',"o 

TBDMSO 

NaH 

THF, 0 °C, 15 min. 

TBDMSO 

OTBDMS 

30 76% 

CSA 
CH2Cl2/MeOH 
0 °C -> rt, 4 h 

31 80% 

Formation of the cyclic carbonate, first required the hydrolysis of the p r imary silyl 

e thers in the presence of the secondary one. This was effected by t rea tment of 30 wi th a 

catalytic a m o u n t of camphorsulfonic acid in a mixture of CH2C12 and MeOH, to afford diol 

31 in 80% yield.9 We were very pleased to find that u p o n deprotonat ion of the p r imary 

alcohols wi th sod ium hydr ide , the expected p r imary alcohol cyclized to give cyclic carbonate 

32, leaving only one p r imary alcohol unprotec ted and ready for further elaboration. The 

choice of the phenyl carbonate g r o u p p roved to be crucial for the success of this strategy. The 

analogously p repared ethyl carbonate 33 did not engage in the intramolecular cyclization 

reaction, instead only migrat ion of the carbonate g roup was observed (eq 3.8). 

TBDMSO 
33 

NaH 

THF, 0 °C, 1 h 

TBDMSO 

O OEt 

34 53% 

(3.8) 

Apparent ly , the ethoxy g r o u p is a worse leaving g roup than the tertiary alcoholate, 

p reven t ing the formation of the cyclic carbonate. The increased acidity of the phenol 

subst i tuent , however , is sufficient to allow this t ransformation to occur. 
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3.5 Conclusions 

In this chapter retro-aldol reactions with the 6-methyldioxenone cycloadducts are 

described. The application of this transformation to the pentacyclic bislactone 7 allowed the 

stereoselective synthesis of the interesting tricycloundecane 9. Furthermore, this variant on 

the classical De Mayo reaction provides a synthetic pathway towards trifunctionalized 

spiro[3.5]nonanes (15) and spiro[3.4]octanes (14) as well as to novel substituted cyclobutanes 

(16-17). In addition, we have shown that the cycloadducts can be functionalized without 

four-membered ring fragmentation, by a rapid and exhaustive reduction leading to the 

release of a diol function from the dioxanone moiety. Application of these conditions on 

cycloadduct 7 afforded tetraol 26. This tetraol has been further functionalized by a four-step 

sequence to cyclic carbonate 32 in which all four hydroxyl groups have been differentiated. 
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3.7 Experimental Section 

General information. For general experimental details, see Section 2.9. 

General procedure A for the Retro-Aldol Reaction. To a solution of the cycloadduct 

in dioxane (0.05M) at room temperature was added dropwise an aqueous solution of KOH 

(IM, 10 equiv.). The mixture was stirred for the indicated time. The reaction mixture was 

cooled to 0 °C, carefully acidified with 2N HCl to pH 2-3 and extracted with CH2C12. The 

combined organic layers were washed brine, dried over MgSQi and concentrated in vacuo. 

The remaining mixture was dissolved in methanol (0.1M), cooled to 0 °C, treated with an 

excess of diazomethane and subsequently concentrated in vacuo. 

6-Acetyl-9-oxo-8-oxa-tricyclo[5.2.2.01'6]undecane-10-carboxylic acid methyl 
OMe 

../ ester (9). According to general procedure A, cycloadduct 7 (100 mg, 0.34 

~° ° mmol) was stirred for 150 min. to afford 9 (71 mg, 78%) as a white powder 

after purification (EtOAc:PE = 1:1). Rf = 0.22. mp 144-146 °C 

;'EtOAc/pentane). iH NMR: 4.75 (br s, 1H), 3.69 (s, 3H), 3.29 (dd, ƒ = 10.3, 4.5 Hz, 1H), 2.48 

(ddd, ƒ = 14.4, 4.5, 1.0 Hz, IH), 2.19-2.15 (m, 2H), 2.15 (s, 3H), 1.96 (ddd, ƒ = 6.6, 3.3, 1.3 Hz, 

IH), 1.89 (ddd, ƒ = 14.4, 10.3, 2.0 Hz, IH), 1.74-1.57 (m, 3H), 1.45-1.33 (m, IH), 1.05 (dq, ƒ = 

13.7, 3.6 Hz, IH). « e NMR: 205.2,175.1, 171.8, 78.7, 67.4, 56.8, 52.3, 42.7, 31.6, 25.6, 25.6, 22.3, 

21.8, 20.1. IR: 1775,1732,1705. Anal. Calcd for C H H 1 8 0 5 : C, 63.15; H, 6.81. Found: C, 62.98; H, 
6.93. 
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7-Acetyl-l,4-dioxa-dispiro[4.0.4.2]dodecane-ll-carboxylic acid methyl 
ester (14). According to general procedure A, cycloadduct 10 (56 mg, 0.19 

mmol) was stirred for 105 min. to afford a 50:50 mixture of diastereomers 

14a and 14b (40 mg 78%) as a colorless oil after purification (Et20:PE = 1:3). 

Repeated chromatography led to pure isomers. 14a: white powder. R, = 

0.21. mp 68-71 °C. iH NMR: 3.94-3.70 (m, 4H), 3.58 (s, 3H), 2.89 (dd, ƒ = 9.3, 7.6 Hz, 1H), 2.45 

(dd, ƒ = 12.6, 7.6 Hz, IH), 2.40 (dd, / = 12.6, 9.3 Hz, IH), 2.29-2.23 (m, IH), 2.12 (s, 3H), 2.01 

(ddd, ƒ = 13.0, 10.2, 7.9 Hz, IH), 1.83-1.51 (m, 5H), 1.60 (s, 3H). » c NMR: 221.1, 175.3, 109.0, 

64.8, 64.4, 62.4, 51.6, 51.4, 37.5, 37.3, 32.2, 29.6, 28.6, 21.7. IR: 1728, 1708. HRMS (FAB) 

calculated for C4H21O5 (MH+) 269.1389, found 269.1401.14b: colorless oil. R,•= 0.13. 'H NMR: 

3.96-3.91 (m, 3H), 3.81-3.76 (m, IH), 3.66 (s, 3H), 3.27 (dd, ƒ = 7.8, 6.1 Hz, IH), 3.09 (dd, / = 

9.7, 8.8 Hz, IH), 2.60 (dd, ƒ = 12.3, 9.7 Hz, IH), 2.24 (s, 3H), 2.21 (dd, ƒ = 12.3, 8.7 Hz, IH), 

2.14-2.08 (m, IH), 1.86-1.81 (m, IH), 1.75-1.50 (m, 4H). » C NMR: 210.6,172.8,108.6, 64.9, 64.5, 

63.1, 53.4, 51.4, 36.3, 36.2, 31.3, 29.7, 28.2, 23.0. IR: 1733,1702. 

ö£-
7-Acetyl-l,4-dioxa-dispiro[4.0.5.2]tridecane-12-carboxylic acid methyl 
ester (15). According to general procedure A, cycloadduct 11 (43 mg, 0.14 

mmol) was stirred for 105 min. to afford a 30:70 mixture of diastereomers 

15a and 15b (30 mg 75%) as a colorless oil after purification (EtOAcPE = 

1:5). Repeated chromatography led to pure isomers. 15a: colorless oil. R/ = 

0.17. "H NMR: 3.96-3.75 (m, 4H), 3.56 (s, 3H), 2.60 (dd, ƒ = 9.6, 8.0 Hz, IH), 2.42 (dd, / = 7.9, 

12.6 Hz, IH), 2.33 (dd, / = 9.6,12.6 Hz, IH), 2.21-2.12 (m, IH), 2.10 (s, 3H), 1.94-1.90 (m, 2H), 

1.72 (ddt, ƒ = 13.9, 5.8, 3.5 Hz, IH), 1.60-1.56 (m, 2H), 1.45-1.38 (m, IH), 1.32 (qt, ƒ = 13.0, 4.0 

Hz, IH), 1.06 (qt, / = 13.2, 3.6 Hz, IH). «C NMR: 210.5,174.8,108.3, 64.6, 64.3, 55.9, 51.3, 47.3, 

40.6, 36.7, 29.9, 29.0, 26.1, 23.9, 21.1. IR: 1723 (br). HRMS (FAB) calculated for C15H23O5 (MH+) 

283.1545, found 283.1540. 15b: X-ray crystal structure determination was allowed after 

recrystallization from EtOAc/PE. Colorless crystals. Rf = 0.08. mp 85-87 °C. ]H NMR: 3.94-

3.68 (m, 4H), 3.67 (s, 3H), 3.54-3.52 (m, IH), 2.70 (dd, ƒ = 7.2, 4.1 Hz, 1H), 2.58 (dd, ƒ = 12.6, 9.2 

Hz, 1H), 2.19 (s, 3H), 2.14 (dd, ƒ = 12.6, 9.0 Hz, 1H), 2.07-2.02 (m, 1H), 1.64-1.50 (m, 5H), 1.27-

1.24 (m, 2H). « e NMR: 211.1,174.0,109.1, 64.7, 64.3, 56.9, 51.6, 51.4, 36.2, 35.2, 30.4, 27.1, 26.4, 

23.9, 21.9. IR: 1731,1711. 

Crystallographic data for 15b: monoclinic, P2i/a, a = 10.090(2), b = 

> 5 9.9196(8), c = 15.0683(10) À, ß = 102.024(7)°, V = 1475.1(3) A3, Z = 4, Dx = 

1.27 gcm-3, ^(CuKa) = 1.5418 Â, u(CuKa) = 7.80 cm' , F(000) = 608, 293 K. 

Final R = 0.084 for 2421 observed reflections. 
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Table 3.3 Bond distances of the non-hydrogen atoms (Â) of 15b (standard deviations) 
C(l)-C(2) 1.523(6) C(6)-C(12) 1.517(6) C(ll)-0(2) 1.430(7) 
C(l)-C(6) 1.539(6) C(7)-C(8) 1.555(7) C(12)-C(13) 1.519(7) 
C(l)-C(7) 1.566(6) C(7)-C(14) 1.511(6) C(12)-0(3) 1.195(6) 
C(l)-C(9) 1.593(6) C(8)-C(9) 1.504(7) C(14)-0(4) 1.199(7) 

C(2)-C(3) 1.532(7) C(9)-0(l) 1.374(6) C(14)-0(5) 1.343(6) 
C(3)-C(4) 1.517(9) C(9)-0(2) 1.421(5) C(15)-0(5) 1.457(9) 
C(4)-C(5) 1.514(9) C(10)-C(ll) 1.474(9) 
C(5)-C(6) 1.538(6) C(10)-O(l) 1.423(7) 

Table 3.4 Bond angles of the non-hydrogen atoms (' ') of 15b (standard deviations) 
C(2)-C(l)-C(6) 108.7(4) C(5)-C(6)-C(12) 109.5(4) C(10)-C(ll)-O(2) 105.8(4) 
C(2)-C(l)-C(7) 116.0(3) C(l)-C(7)-C(8) 89.7(3) C(6)-C(12)-C(13) 115.8(5) 
C(2)-C(l)-C(9) 112.1(4) C(l)-C(7)-C(14) 117.7(4) C(6)-C(12)-0(3) 123.6(4) 
C(6)-C(l)-C(7) 116.0(4) C(8)-C(7)-C(14) 112.4(4) C(13)-C(12)-0(3) 120.3(5) 
C(6)-C(l)-C(9) 114.8(3) C(7)-C(8)-C(9) 91.7(4) C(7)-C(14)-0(4) 126.4(4) 
C(7)-C(l)-C(9) 88.0(3) C(l)-C(9)-C(8) 90.5(3) C(7)-C(14)-0(5) 110.0(4) 
C(l)-C(2)-C(3) 113.2(4) C(l)-C(9)-0(1) 116.6(3) 0(4)-C(14)-0(5) 123.6(4) 
C(2)-C(3)-C(4) 111.3(4) C(l)-C(9)-0(2) 112.9(3) C(9)-O(l)-C(10) 107.5(4) 
C(3)-C(4)-C(5) 110.8(5) C(8)-C(9)-0(l) 115.1(4) C(9)-0(2)-C(ll) 106.9(4) 
C(4)-C(5)-C(6) 111.0(5) C(8)-C(9)-0(2) 114.0(4) C(14)-0(5)-C(15) 113.3(6) 
C(l)-C(6)-C(5) 110.2(3) 0(l)-C(9)-0(2) 107.3(3) 
~(1)-C(6)-C(12) 116.8(4) C(ll)-C(10)-O(l) 102.6(5) 

'•• 9 3-Methoxymethoxy-2-methyl-2-(2-oxo-propyl)-cyclobutanecarboxylic 
—I—k^OMe acid methyl ester (16). According to general procedure A, cycloadduct 

12 (81 mg, 0.3 mmol) was stirred for 30 min. to afford a 30:70 mixture of 

diastereomers 16a and 16b (56 mg 77%) as a colorless oil after 

purification (Et20:PE = 1:4). Repeated chromatography led to pure isomers. 16a: colorless oil. 

= 0.15. « NMR: 4.55 (d, ƒ = 6.6 Hz, 1H), 4.50 (d, ƒ = 6.6 Hz, 1H), 3.74 (dd, ƒ = 8.7, 7.4 Hz, 

IH), 3.63 (s, 3H), 3.34 (s, 3H), 2.80 (d, ƒ = 18.0 Hz, 1H), 2.64 (d, / = 18.0 Hz, 1H), 2.44 (dd, ƒ = 

10.8, 7.5 Hz, 1H), 2.34-2.24 (m, 2H), 2.11 (s, 3H), 1.44 (s, 3H). "C NMR: 207.2,173.3, 96.7, 76.3, 

55.3, 51.5, 48.8, 42.5, 40.6, 28.4, 26.1. IR: 1731. HRMS (FAB) calculated for G2H21O5 (MH+) 

245.1389, found 245.1382. 16b: colorless oil. R, = 0.10. 'H NMR: 4.56 (d, ƒ = 6.5 Hz, 1H), 4.53 

(d, ƒ = 6.5 Hz, 1H), 3.98 (ddd, ƒ = 7.0, 5.2,1.0 Hz, 1H), 3.68 (s, 3H), 3.32 (s, 3H), 3.01 (ddd, ƒ = 

9.3, 5.9,1.0 Hz, 1H), 2.80 (d, ƒ = 16.8 Hz, 1H), 2.68 (d, ƒ = 16.8 Hz, 1H), 2.54 (ddd, ƒ = 12.8, 7.1, 

5.9 Hz, 1H), 2.15 (s, 3H), 2.01 (ddd, ƒ = 12.7, 9.3, 5.2 Hz, 1H), 1.16 (s, 3H). »C NMR: 207.2, 

173.9, 95.6, 77.3, 55.4, 51.4, 48.0, 46.0, 42.7, 31.4 27.3, 20.6. IR: 1733. 

'•• 9 3-Methoxymethoxy-2-(l-methyl-2-oxo-propyl)-cyclobutanecarboxylic 
H—\—I^^OMe acid methyl ester (17). According to general procedure A, cycloadduct 

13 (22 mg, 0.08 mmol) was stirred for 45 min. to afford a 70:30 mixture of 

diastereomers 17a and 17b (15 mg 75%) as a colorless oil after 

purification (Et20:PE = 1:3). Repeated chromatography led to pure isomers. 17a: colorless oil. 

R/ = 0.12. iH NMR: 4.64 (d, ƒ = 6.7 Hz, 1H), 4.56 (d, ƒ = 6.7 Hz, 1H), 4.32-4.26 (m, 1H), 3.59 (s, 

3H), 3.57 (s, 3H), 3.13-3.06 (m, IH), 2.99 (ddd, / = 8.8, 7.9, 0.9 Hz, IH), 2.38-2.34 (m, 2H), 2.17-

114 (m, IH), 2.15 (s, 3H), 1.13 (d, ƒ = 7.0 Hz, 3H). «C NMR: 211.5,174.3, 94.6, 70.5, 55.5, 51.4, 
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45.2, 42.9, 35.5, 30.7, 28.3, 16.3. IR: 1714, 1712. HRMS (FAB) calculated for C12H21O5 (MH*) 

245.1389, found 245.1383. 17b: colorless oil. R, = 0.08. ^H NMR: 4.66 (d, ƒ = 6.7 Hz, 1H), 4.53 

(d, ƒ = 6.7 Hz, 1H), 4.34 (ddt, ƒ = 6.6, 2.3, 0.9 Hz, 1H), 3.67 (s, 3H), 3.37 (s, 1H), 3.03 (ddt, ƒ = 

9.1, 8.2, 0.9 Hz, 1H), 2.95 (dq, ƒ = 10.6, 6.8 Hz, 1H), 2.88-2.82 (m, 1H), 2.35 (ddd, ƒ = 12.5, 8.2, 

1.0 Hz, 1H), 2.17-2.11 (m, 1H), 2.14 (s, 3H), 1.57 (s, 3H), 1.12 (d, ƒ = 6.8 Hz, 3H). »C NMR: 

211.2,174.9, 94.5, 71.2, 55.6, 51.6, 46.0, 45.5, 40.0, 30.1, 28.3,15.1. IR: 1734,1711. 

General procedure B for the reduction reactions. To a solution of LiAlH4 (IM in 

THF, 5 equiv.) was added dropwise at room temperature, a solution of the cycloadduct in 

THF (0.5M). The reaction mixture was stirred for 10 min. Then, the reaction was quenched by 

addition of EtOAc and saturated aqueous Na2S04 (10 drops) was added. The resulting 

mixture was stirred for 1 h. After addition of additional solid Na2S04 the mixture was 

filtered through Celite® and concentrated in vacuo. 

Diol 23. According to general procedure B, cycloadduct 11 (96 mg, 0.31 

~ ^ . mmol) afforded diol 23 (78 mg, 99%) as a colorless oil without further 

purification. 'H NMR: 4.01-3.85 (m, 4H), 3.81-3.75 (m, 2H), 2.62 (dd, / = 8.8, 

. ' 0 H 6.4 Hz, 1H), 2.55 (d, ƒ = 13.9 Hz, 1H), 2.40-2.20 (br s, 2H), 2.20 (d, ƒ = 13.9 Hz, 

1H), 1.81-1.73 (m, 2H), 1.70-1.43 (m, 3H), 1.37-1.26 (m, 1H), 1.27 (s, 3H), 1.14-1.06 (m, 1H). « c 

NMR: 109.1, 79.4, 64.5, 64.3, 62.7, 51.6, 45.1, 40.7, 40.5, 24.0, 21.5, 20.8,19.5,18.3. HRMS (FAB) 

calculated for Q4H23O4 (MH+) 255.1596, found 255.1592. 

•h— 4-Hydroxymethyl-2-methoxymethoxy-5-methyl-rricyclo[4.3.0.01-4]nonan-

O— ̂ "OH 5-ol (24). According to general procedure B, cycloadduct 21 (41 mg, 0.14 

~~> 0 H mmol) afforded diol 24 (29 mg, 86%) as an inseparable 57:43 mixture of 

diastereomers as a colorless oil after purification (EtOAc). R, = 0.22. 'H 

NMR: 4.66 (d, ƒ = 6.6 Hz, 1H), 4.59 (d, ƒ = 6.6 Hz, 1H), 4.57 (d, ƒ = 6.6 Hz, 1H), 4.56 (d, ƒ = 6.6 

Hz, 1H), 4.17-4.10 (m, 2H), 3.90 (br d, ƒ = 11.2 Hz, 1H), 3.79 (br d, ƒ = 11.7 Hz, 1H), 3.71 (br d, ƒ 

= 11.2 Hz, 1H), 3.65 (br d, / = 11.7 Hz, 1H), 3.35 (s, 3H), 3.33 (s, 3H), 2.87 (d, ƒ = 8.7 Hz, 1H), 

2.59-2.52 (m, 4H), 2.40 (br s, 1H), 2.37 (d, ƒ = 8.8 Hz, 1H), 2.21 (dd, ƒ = 13.3, 9.4 Hz, 1H), 2.15 

(dd, ƒ = 13.3, 7.0 Hz, 1H), 2.03-1.81 (m, 6H), 1.80-1.72 (m, 3H), 1.55-1.36 (m, 4H), 1.34 (s, 3H), 

1.33 (s, 3H). « e NMR: 95.4, 95.0, 78.4, 76.3, 75.7, 71.6, 64.2, 63.6, 56.4, 55.4, 55.2, 52.9, 50.3, 47.0, 

45.3, 33.9, 33.5, 30.1,18.1, 27.9, 27.0, 26.1, 26.0, 25.6, 25.0. IR: 3415 (br). HRMS (FAB) calculated 

for O3H23O4 (MH+) 243.1596, found 243.1589. 

2-(tert-Butyl-dimethyl-silanyloxy)-4-hydroxymethyl-5-methyl-
vOH tricyclo[4.3.0.0W]nonan-5-ol (25). According to general procedure B, 

"OH cycloadduct 22 (121 mg, 0.33 mmol) afforded diol 25 (72 mg, 70%) as an 

inseparable 75:25 mixture of diastereomers as a colorless oil after 

purification (EtOAc). Rf = 0.40. 'H NMR: 4.21 (dd, ƒ = 9.3, 6.4 Hz, 1H), 4.16 (dd, ƒ = 5.2, 2.2 Hz, 

1H), 3.80 (d, ƒ = 11.4 Hz, 1H), 3.77 (d, ƒ = 11.7 Hz, 1H), 3.73 (d, ƒ = 11.4 Hz, 1H), 3.63 (d, ƒ =' 

11.7 Hz, 1H), 2.87 (d, ƒ = 8.7 Hz, 1H), 2.72 (br s, 4H), 2.55 (dd, / = 13.8, 5.3 Hz, 1H), 2.32 (d, ƒ = 
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8.2 Hz, 1H), 2.14 (dd, ƒ = 13.1, 9.3 Hz, 1H), 2.02 (dd, ƒ = 13.1, 6.4 Hz, 1H), 1.96-1.77 (m, 6H), 

1.75-1.68 (m, 3H), 1.55-1.23 (m, 4H), 1.32 (s, 3H), 1.30 (s, 3H), 0.87 (s, 9H), 0.86 (s, 9H), 0.01 (s, 

6H), -0.01 (s, 6H). « e NMR: 78.6, 75.7, 72.2, 66.4, 63.9, 63.4, 57.7, 57.0, 51.9, 50.9, 46.3, 45.2, 

36.7, 36.6, 29.8, 28.3, 27.7, 27.4, 25.9, 25.8, 25.8, 24.9, 18.1, 18.0, -4.6, -4.7, -4.9. IR: 3415 (br). 

HRMS (FAB) calculated for Cr/FfeOsSi (MH+) 313.2199, found 313.2214. 

l,7a-Bis-hydroxymethyl-8-methyl-octahydro-l,3a-methano-indene-3,8-diol 

(26). According to general procedure B, cycloadduct 7 (95 mg, 0.32 mmol) 
1 afforded the tetraol 26 (43 mg, 52%) as a white powder after purification 

(EtOAeacetone = 1:1). fy = 0.31. « NMR (CD3OD): 4.38 (dd, / = 11.4, 2.5 Hz, 

IH), 3.94 (dd, ƒ = 7.4, 3.1 Hz, 1H), 3.77 (d, ƒ = 11.1 Hz, 1H), 3.38 (d, ƒ = 11.1 Hz, 1H), 3.34 (d, ƒ 

- 11.4 Hz, IH), 3.26 (d, / = 11.4 Hz, IH), 3.03-2.95 (m, IH), 2.03-1.87 (m, 4H), 1.65-1.61 (m, 

iH), 1.55-1.25 (m, 4H), 1.08 (s, 3H). «C NMR (CD3OD): 84.5, 73.0, 62.4, 59.1, 58.6, 58.1, 51.9, 

37.6, 27.0, 23.0, 22.5, 21.9, 19.3. HRMS calculated for QsHzzO-tNa (MNa*) 265.1416, found 

265.1425. 

3-(rerr-Buryl-dimethyl-silanyloxy)-l,7a-bis-(ferr-butyl-dimethyl-

OH silanyloxymethyl)-8-methyl-octahydro-l,3a-methano-inden-8-ol 

"OTBDMS (29). To a solution of 26 (40 mg, 0.17 mmol) in CH2CI2 (1 mL) was 

TBDMScf ' a d d e d dropwise at 0 °C, TBDMSOTf (195 uL, 0.85 mmol) and 2,6-

lutidine (200 uL, 1.7 mmol). The resulting mixture was stirred at 0 

C for 1 h. The reaction was quenched by addition of saturated aqueous NaHC0 3 (1 mL). 

The layers were separated and the aqueous layer was extracted with Et20 ( 3 x 2 mL). The 

combined organic layers were washed with brine, dried over MgSC>4 and concentrated in 

uo. Purification by chromatography (EtOAePE = 1:40) afforded 29 (80 mg, 83%) as a 

«•less oil. Rf = 0.19. m NMR: 4.50 (dd, ƒ = 10.6, 2.4 Hz, IH), 4.04 (d, / = 10.7 Hz, IH), 3.83 

(dd, ƒ = 7.5, 2.5 Hz, IH), 3.80 (d, ƒ = 10.7 Hz, IH), 3.25 (d, ƒ = 10.6, IH), 2.88 (s, IH), 2.86-2.77 

im, IH), 2.00 (dd, / = 12.3, 7.5 Hz, IH), 2.00-1.87 (m, 2H), 1.64-1.59 (m, 2H), 1.48-1.43 (m, 2H), 

.7-1.18 (m, 2H), 1.13 (s, 3H), 0.88 (s, 27H), 0.04 (s, 3H), 0.04 (s, 3H), 0.03 (s, 3H), 0.02 (s, 3H), 

00 (s, 3H), -0.01 (s, 3H). "C NMR: 85.0, 73.1, 63.6, 62.7, 57.7, 55.8, 50.6, 37.8, 27.3, 26.0, 25.9, 

25.8, 22.0, 21.7, 21.1, 20.8, 18.24, 18.1, 18.0, -4.7, -5.1, -5.3, -5.5, -5.6, -5.7. HRMS (FAB) 

( alculated for d Ä s O - Ä (MH+) 585.4191, found 585.4079. 

Carbonic acid 3-(ferf-butyl-dimethyl-silanyloxy)-l,7a-bis-(ferf-

butyl-dimethyl-silanyloxymethyl)-8-methyl-octahydro-l,3a-

"OTBDMS methano-inden-8-yl ester phenyl ester (30). To a solution of 29 

TBDMSÖ ' (53 mg, 0.091 mmol) in THF (0.5 mL) was added dropwise at -78 

°C, KHMDS (0.5M in toluene, 350 uL, 0.18 mmol). The reaction 

fixture was stirred at -78 °C for 1 h. To this solution was added at -78 °C, phenyl 

chloroformate (55 |jL, 0.44 mmol). The mixture was allowed to warm to room temperature 

and stirred for 3 h. The reaction was quenched by addition of saturated aqueous NH4C1 (1 

iL). The layers were separated and the aqueous layer was extracted with Et20 ( 3 x 2 mL). 
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The combined organic layers were washed with brine, dried over MgSCu and concentrated in 

vacuo to afford 30 (49 mg, 76%) as a colorless oil, which was used crude in the next reaction. 

iH NMR: 7.40-7.36 (m, 2H), 7.26-7.21 (m, 1H), 7.16 (dd, ƒ = 8.7,1.1 Hz, 2H), 4.49 (dd, ƒ = 10.7, 

2.2 Hz, IH), 3.91 (d, ƒ = 10.8 Hz, IH), 3.89-3.87 (m, IH), 3.80 (d, ƒ = 10.8 Hz, IH), 3.28 (d, / = 

10.7 Hz, IH), 2.44-2.37 (m, 2H), 1.99-1.96 (m, IH), 1.75-1.61 (m, 4H), 1.55 (s, 3H), 1.44-1.26 (m, 

3H), 0.89 (s, 27H), 0.08 (s, 3H), 0.04 (s, 6H), 0.04 (s, 3H), 0.01 (s, 6H). "C NMR: 152.2, 151.3, 

129.4, 125.8, 121.4, 93.1, 71.9, 62.7, 59.7, 59.5, 57.9, 50.4, 36.8, 26.0, 25.9, 25.8, 25.7, 21.9, 20.8, 

20.6,18.3,18.1,17.9,17.3, -4.7, -5.1, -5.3, -5.5, -5.6, -5.7. 

TBDMSO 

Carbonic acid 3- (ferf-butyl-dimethyl-silanyloxy)-l,7a-bis-hydroxy-
methyl-8-methyl-octahydro-l,3a-methano-inden-8-yl ester phenyl 
ester (31). To a solution of 30 (49 mg, 0.069 mmol) in CH2Cl2/MeOH (1 

mL, 9:1 v/v) was added at 0 °C, CSA (2 mg, 0.008 mmol). The mixture 

was allowed to warm to room temperature and stirred for 4 h. The 

reaction was quenched by addition of saturated aqueous NaHC0 3 (2 mL). The layers were 

separated and the aqueous layer was extracted with Et2Û ( 3 x 2 mL). The combined organic 

layers were washed with brine, dried over MgSC>4 and concentrated in vacuo to afford 31 (26 

mg, 80%) as a colorless oil, which was used crude for the next reaction. JH NMR: 7.41-7.36 

(m, 2H), 7.26-7.22 (m, IH), 7.16-7.13 (m, 2H), 4.43 (dd, ƒ = 11.7, 2.3 Hz, IH), 3.94 (dd, ƒ = 6.9, 

2.3 Hz, IH), 3.74 (d, ƒ = 12.0 Hz, IH), 3.62 (d, ƒ = 12.0 Hz, IH), 3.42 (d, ƒ = 11.7 Hz, IH), 2.25-

2.04 (m, 4H), 1.79-1.70 (m, 2H), 1.59-1.36 (m, 4H), 1.44 (s, 3H), 0.90 (s, 9H), 0.08 (s, 3H), 0.06 (s, 

3H). »C NMR: 152.5, 151.0,129.5, 126.1, 121.2, 94.1, 71.5, 62.1, 59.7, 59.3, 58.9, 50.6, 37.9, 25.8, 

25.6, 21.1, 20.9, 20.6,18.0,15.2, -4.8, -5.1. 

TBDMSO 

0 O Cyclic carbonate (32). To a solution of 31 (25 mg, 0.052 mmol) in THF (1 

- 0 mL) was added at 0 °C, NaH (60 wt. % dispersion in mineral oil, 5 mg, 

0.13 mmol). The mixture was stirred at 0 °C for 15 min. The reaction was 

quenched by addition of saturated aqueous NH4CI (1 mL). The layers 

were separated and the aqueous layer was extracted with EtOAc ( 3 x 2 

mL). The combined organic layers were washed with brine, dried over MgS04 and 

concentrated in vacuo. Purification by chromatography (EtOAcPE = 1:1) afforded 32 (13 mg, 

65%) as a colorless oil. R, = 0.23. m NMR: 4.70 (d, ƒ = 11.9 Hz, IH), 4.48-4.44 (m, IH), 4.43 (d, 

ƒ = 11.9 Hz, 1H), 3.97 (dd, ƒ = 7.3, 2.5 Hz, 1H), 3.45 (d, ƒ = 11.5 Hz, 1H), 2.09-1.97 (m, 3H), 1.92 

(dd, ƒ = 12.6, 7.4 Hz, 1H), 1.77-1.69 (m, 2H), 1.54-1.45 (m, 3H), 1.39-1.22 (m, 2H), 1.22 (s, 3H), 

0.84 (s, 9H), 0.03 (s, 3H), 0.01 (s, 3H). «C NMR: 148.6, 89.7, 72.8, 70.9, 64.8, 59.2, 50.2, 47.1, 

37.3, 28.7, 25.7, 22.0, 21.0, 21.0, 18.0, 16.8, -4.8, -5.1. IR: 1736. HRMS (FAB) calculated for 

C2oH3505Si (MH') 383.2254, found 383.2254. 
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CHAPTER 4 

DIOXENONE DERIVATIVES AND ALTERNATIVE CHROMOPHORES 

4.1 Introduction 

Compound 4 represents the right-hand fragment of solanoeclepin A (scheme 4.1). As 

described in chapter 2, we successfully approached the bicyclo[2.1.1]hexane skeleton of 4 by 

means of a photochemical [2+2] cycloaddition of 6-methyldioxenone 1. Cycloadduct 2 was 

then further functionalized to 3 (chapter 3). 

Scheme 4.1 

O O 

O'Bu 

hv (300 ran) 

MeCN/acetone (9:1 v/v) 
r t , l h 

TBDMSO 

5 steps 

However, the implementation of this methodology in the synthesis of 4, and thus in 

the total synthesis of solanoeclepin A, is hindered by two major issues. Firstly, 3 lacks the 

functionality to connect the right-hand side to the left-hand side, i.e. the ß-keto ester derived 

triflate in the cyclohexane ring. Secondly, the methyl group on the cyclobutane, 

originating from C-6 of the dioxenone, hampers the formation of the necessary 

cyclobutanone. Therefore, our next experiments had two objectives, viz. (1) to construct an 

analog of 3 with an additional functional handle on the cyclohexane ring, which would allow 

the connection with the left-hand side and (2) to find a way to equip the C-6 methvl of the 

dioxenone with a functionality that would allow transformation into a ketone. The 

combination of the results of the two objectives should then provide a picture of how to 

-A'nthesize target fragment 4. For the first objective, only a slightly modified cyclization 

precursor had to be constructed. The second objective required a more careful evaluation of 

the photosubstrate. The latter resulted in the design of precursor 7, which contains an 

additional oxygen substituent on the dioxenone (eq 4.1). After cycloaddition and 
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functionalization this would result in vicinal diol 6, from which the cyclobutanone can be 
formed by oxidative cleavage. 

FTO 
(4.1) 

OFT 

The oxidative cleavage of a vicinal diol moiety is a known method to prepare 

cyclobutanones.1 However, literature precedent for the formation of bicyclohexanones via 

this method is absent. Nonetheless, we were interested to see whether we could employ this 

strategy in the synthesis of 5. This would allow us to use the chemistry developed so far, 

with only a minor modification of the dioxenone. 

4.2 The Connection Handle 

Tine synthesis of a cyclization precursor with an appropriate functional handle for 

connecting the right- and the left-hand side of solanoeclepin A, required the use of ß-keto 

ester derived vinyl triflate 10, containing an additional oxygen substituent on the 

six-membered ring (eq 4.2). 

B(X ^ / .0 || EtCX 
EtO LDA 

L J MeOC(0)OMe 
NaH, THF 

-78 °C -> rt, 16 h 

OMe 
NaH, Et,0 
0 °C, 2.5 h 

OTf 

OMe 

O 

(4.2) 

9 52% 10 75" 

Vinyl triflate 10 was synthesized from commercially available enone 8, bv 
carboxylation of the enolate with dimethyl carbonate,2 followed by transformation of ß-keto 
ester 9 into the desired triflate 10.' Coupling of 10 to aldehyde 11 afforded lactone 12 in good 
yield (eq 4.3). 

OEt 

EtO CrCl, (4 equiv.) 
Nid 2 (1 mol%) 

DMF,50°C,16h' 
(4.3) 

12 75% 

Precursor 12 appeared unsuitable for the photochemistry leading to extensive 

decomposition of the starting material, most likely due to the diene interfering with the 

cycloaddition. Therefore, enol ether 12 was hydrolyzed to the corresponding ketone 13 (eq 
4.4). 
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OEt 

5% HCl 

water/THF 
rt, 2 h 

(4.4) 

13 99% 

However , the photochemis t ry wi th 13 w a s unsuccessful, indicating that a ke tone at 

that posi t ion w a s not tolerated by the cycloaddit ion as well. Consequent ly , the strategy w a s 

slightly adap t ed and a protected alcohol was chosen as a masked ketone equivalent . 

Therefore, ke tone 13 was reduced wi th s o d i u m borohydr ide , which resulted in alcohol 14 as 

a 60:40 mixture of d ias tereomers (eq 4.5). 

13 
NaBH, 

MeOH 
-78 °C, 30 min. 

(4.5) 

14 86% (60:40) 15 85% (60:60:40:40) 

The hydroxyl g r o u p of 14 was subsequent ly protected wi th an ethoxyethyl g roup 

(EE), which resul ted in the formation of 15 as an inseparable mixture of four dias tereomers . 

The formation of isomeric mixtures is an unavoidable side effect of the use of the ethoxyethyl 

ether and obviously this g roup was not our first choice. However , several other protect ive 

)ups either d isplayed l imited stability t owards the subsequent reaction steps, or they 

roved to be too stable, m a k i n g cleavage, w h e n necessary, a very problemat ic process. Thus , 

the mixture of isomers 15 w a s subjected to the irradiation condit ions, which resul ted in the 

smooth formation of cycloadduct 16 (eq 4.6). 

EEO 
EEO 

hv (300 nm) 

MeCN/acetone (9:1 v/v) 
rt, 90 min. 

(4.6) 

As was observed wi th the p rev ious bicyclo[2.1.1]hexane adduc t s (chapter 2), 16 was 

not stable t owards silica gel co lumn ch romatography and therefore the c rude material was 

used for the subsequent reaction. Exhaust ive reduct ion of 16 afforded the stable tetraol 17, 

which could be purified a n d completely characterized (eq 4.7). 
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EEO 

16 

EEO 

LiAlFL 

THF, rt, 5 min. OH (4.7) 

HO 
17 60% from 15 

The successful construct ion of tetraol 17 n o w set the stage for the formation of the 

envisaged ketone from the ethoxyethyl ether. Therefore, all hydroxyl g roups of 17 except for 

the tertiary alcohol were acetylated, to afford triacetate 18 (scheme 4.2). 

Scheme 4.2 

EEO. 

AcO 
20 75% 

EEO. 

A c O 

OH pyridine, DMAP (cat.) 
50 °C, 16 h 

OAc 

AcO 
18 501; 

OAc 
TPAP (cat.), NMO 

acetone, rt, 75 min. 

5% AcOH 
water/THF 
rt, 4 h 

OAc 

AcO 
19 99% 

Subsequent ly, the ethoxyethyl ether was hydro lyzed u n d e r mildly acidic condit ions 

to afford alcohol 19 in quant i ta t ive yield. Finally, oxidation of the secondary hydroxyl 

function furnished ketone 20. This ketone should eventually allow the connection of the Ieft-

and r igh t -hand fragments of solanoeclepin A and thus our first objective w a s achieved. 

4.3 V i c i n a l D i o l A p p r o a c h to the C y c l o b u t a n o n e 

Our second objective was to investigate the formation of the required cyclobutanone 

via oxidative cleavage of a vicinal diol (viz. c o m p o u n d 6, eq 4.1). To obtain an appropriately 

subst i tuted precursor for the vicinal diol it was necessary to in t roduce an addi t ional oxygen 

subst i tuent on the C-6 methyl of the dioxenone. This was conveniently achieved in two 

steps. Bromination of the dienolate der ived from 21 afforded the allylic b romide 22, which 

was subsequent ly converted into the acetate 23 (eq 4.8).4-5 
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LHMDS 

0 ^ BrCCl2CCl2Br 
THF, -78 -> -50 °C 

21 

(4.8) 

OAc 

23 96% from 21 

Subsequent ly , oxidative cleavage of the terminal olefin of 23 resulted in the formation 

of a ldehyde 24 (eq 4.9). 

0 Os0 4 (cat.), NaI0 4 ° 

THF/water (1:1 v /v) 
rt, 6 h 

(4.9) 

OAc 
24 74% 

Making use of the condit ions developed for the 6-methyldioxenone precursors , 

a ldehyde 24 was then coupled wi th cyclohexenyl triflate6 (scheme 4.3). 

OAc 
27 60% 

OTf 

CrCl2 (4 equiv.) 
NiCl"2 (1 mol%) 

DMF, rt, 16 h ' 

(TMSOCH2)2 

TMSOTf 

CH2C12, -78 -> 0 °C 
16 h 

Allylic alcohol 25 was oxidized u n d e r Swern condit ions to afford ketone 26, which 

acetalized according to Noyor i ' s protocol7 to obtain dioxolane 27. In view of the results 

'brained wi th the 6-methyldioxenones (chapter 2), w e were aware that the photochemis t ry 

precursor 27 wou ld lead to the undes i red straight cycloadduct . However , 

inctionalization of this cycloadduct was anticipated to be more facile than in the case of the 

propriate crossed pentacyclic bislactone. Therefore, precursor 27 was used as a mode l to 

investigate the formation of the desired cyclobutanone. 
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OAc 
27 

hv (300 ran) 

MeCN/acetone (9:1 v/v) 
rt, 45 min. 

o-
? o 

1 0 
AcO^ 

28 94% 

(4.10) 

Indeed, irradiat ion of 27 led to the formation of bicyclo[2.2.0]hexane 28 in excellent 

yield (eq 4.10). Unequivocal s tructural proof was obtained by X-ray diffraction, p rov id ing 

the crystal s t ructure depicted in figure 4.1. 

J* 

Figure 4.1 Crystal structure of 28 

(hydrogen atoms omitted for clarity) 

Reduct ion of cycloadduct 28 afforded triol 29, sett ing the stage for the oxidative 

cleavage of the vicinal diol (eq 4.11). Surprisingly, instead of the expected cyclobutanone, 

keto-acid 30 was isolated in 86% vield. 

?iX O 

O' \ 
AcO 

28 

LiAlH4 

THF, rt, 5 min 

O-

1 ^ M 
OH NalOi 

OH 

H O ^ 
29 42% 

H 2 0 , 0 °C, 4 h 
(4.11) 

A possible mechanist ic explanat ion for the formation of 30, involves the intermediacy 

of the anticipated cyclobutanone 31 (scheme 4.4). This cyclobutanone undergoes a retro [2+2] 

cycloaddit ion, leading to hydroxy-ke tene 32. Intramolecular lactonization followed by ß-

elimination of the carboxylate leads to a ,ß-unsa tura ted acid 33. Finally, u p o n acidic w o r k u p 

the dioxolane is hydrolvzed, leading to keto-acid 30. 
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Scheme 4.4 

o-at 
HO-" 

29 

NaI04 
"OH 

OH 

O' O 
\ / U Ü 2 H 

33 

"OH 

V. 

This result indicates the instability of the cyclobutanone towards the oxidative 

cleavage conditions and consequently a different strategy to obtain the target ketone 

functionality had to be explored. 

4.4 Alternative Chromophores 

So far, the use of dioxenone derived precursors provided a very efficient entry into 

the construction of bicyclohexanes, including pentacyclic bislactone 2, which contains the 

appropriate substitution pattern and stereochemistry for elaboration towards the right-hand 

lagment of solanoeclepin A (eq 4.12).8 However, the functionalization of cycloadduct 2 

proved to be less straightforward than its formation (see section 3.4). 

hv (300 nm) 

MeCN/acetone (9:1 v/v) 
rt,lh 

(4.12) 

The main reason for the difficult functionalization is the dioxanone carbonyl group, 

which not only renders the cycloadduct rather unstable, but also makes it very difficult to 

differentiate this part of the molecule from the 5-membered ring lactone. We realized that the 

a,ß-unsaturated-y-butenolide moiety of precursor 1 could also be used as the chromophore 

in the [2+2] cycloaddition, making the dioxenone no longer necessary. Intramolecular 

photochemical cycloadditions of such lactones with pendent alkenes have been reported,9 

1 though seldom with a two atom tether.10 To investigate the potential of this method in the 

synthesis of target fragment 5, we set out to synthesize an appropriate cyclization precursor. 

The synthesis started with glycerol derived ketone 34," which was subjected to a Horner-
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E m m o n s olefination to afford a ,ß-unsa tura ted ester 35 (scheme 4.5). Deconjugation of the 

double bond by protonat ion of the dienolate at low temperature 1 2 afforded ß,y-unsaturated 

ester 36. 

Scheme 4.5 

O. NaH 
O triethyl phosphonoacetate 

CO,Et 

O Ph 
34 

THF, 0 °C, 1.5 h 

KHDMS, THF/toluene 
O -78 °C, 30 min. 

»-
then EtOH, -78 °C 

CO,Et 

OTf 

O Et 

39 O 
X 

O ^ P h CrCl2(4equiv.; 
NiCl2 (1 mol%) 

DMF,~50 °C, 16 h 

Dess-Martin 

O Ph 
38 86% 

LiAlH4 

THF, -78 °C 

'0 Ph 
37 90% 

Reduction of 36 furnished homoallylic alcohol 37, which was oxidized to a ldehyde 38 

by means of Dess-Mart in per iodinane. Unfortunately, the c h r o m i u m media ted coupl ing 

with vinyl triflate 3913 did not afford cyclization precursor 40, bu t instead led to complete 

decomposi t ion of a ldehyde 38. The instability of this a ldehyde was at t r ibuted to the 

benzyl idene acetal moiety, because rap id cleavage of this g r o u p u n d e r the reaction 

condit ions was observed. Therefore, w e set out to construct an analogous a ldehyde 

containing a d imethyl acetal, which was assumed to be more stable unde r the coupl ing 

condit ions. Start ing from ketone 411 4 , the same sequence of reactions as before, afforded 

a ldehyde 45 in good overall yield (scheme 4.6). 

Scheme 4.6 

O. 

O 
41 

NaH 
C02Et 

^ p O triethyl phosphonoacetate 

THF, 0°C, 1.5 h 

39 

OTf 

OEt 

O 

CrCl2 (4 equiv.) 
NiCl2 (1 mol%) 

DMF, 50 °C, 16 h 

KHDMS, THF/toluene 
-78 °C, 30 min. 

then EtOH, -78 °C 

COoEt 

Dess-Martin 
HO 

periodinane 
i 

CH2C12, 0 °C 
30 min. 

LiAlH4 

THF, -78 °C 
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Aldehyde 45 displayed the expected stability towards the coupling conditions and 

afforded cyclization precursor 46 in 71% yield. Unfortunately, the photochemistry with 

butenolide 46 was not successful. Irradiation of 46 only led to decomposition of the starting 

material, and no cyclization products could be observed after, or even during the reaction. 

As possible reasons for the failure of the [2+2] cycloadditions, we hypothesized that either 

the butenolide chromophore was not efficient enough to initiate the cycloaddition, or the 

pendent alkene was not stable towards the irradiation conditions. To investigate these 

possibilities enone 48 was prepared by coupling of aldehyde 45 with cyclohexenyl triflate6 

and subsequent oxidation of allylic alcohol 47 to the corresponding ketone 48 (eq 4.13). 

Generally, l,5-dien-3-ones such as 48 are known to participate well in [2+2] cycloadditions,15 

indicating the efficiency of the enone chromophore. 

45 + 
(4.13) 

However, irradiation of 48 again resulted in complete decomposition of the 

photosubstrate, which led to the conclusion that the pendent enol was not stable towards the 

photochemistry. Therefore, we had to abandon the idea of using this type of cyclization 

precursors and search for alternative ways to construct the right-hand fragment of 

olanoeclepin A. 

4.5 Conclusions 

In this chapter the introduction of a functional handle to connect the left- and the 

right-hand fragments of solanoeclepin A has been described. The use of ß-keto ester derived 

. inyl triflate 9 enabled the introduction of a masked ketone equivalent into the [2+2] 

cycloaddition precursor 15. After elaboration of cycloadduct 16 the original ketone 

functionality could be restored by TRAP oxidation of alcohol 19. This handle should 

fventually allow the connection of the two substructures of the natural product. In addition, 

we have explored the possible use of a vicinal diol to obtain the required cyclobutanone. 

Therefore, dioxenone derivative 23 bearing an additional oxygen substituent on the C-6 

'nethyl group was prepared. Unfortunately, this strategy was unsuccessful due to the 

instability of bicyclohexanone 31 towards the oxidative cleavage conditions. Finally, we have 

investigated the potential of alternative chromophores, other than the dioxenone, for the 

2+2] cycloaddition. To this end, a,ß-unsaturated-y-butenolide 46 and a,ß-unsaturated 

ketone 48 were synthesized. These precursors would greatly facilitate the functionalization 

of the corresponding cycloadducts. However, in both cases the photochemistry resulted 

usively in decomposition of the substrates, probably due to the instability of the pendent 

••nol ether towards the irradiation conditions. 
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4.7 Experimental Section 

General information. For general experimental details, see Section 2.9. 

Eto^^y^° 4-Ethoxy-2-oxo-cyclohex-3-enecarboxylic acid ethyl ester (9). To a 

l \ ^ ^ , O M e solution of diisopropylamine (25 mL, 0.18 mol) in THF (250 mL) was 

5 added dropwise at -78 °C, n-butyllithium (1.6M in hexanes, 112 mL, 0.18 

mol). The resulting mixture was stirred at -78 °C for 1 h. Then a solution 

of enone 8 (20 mL, 0.14 mol) in THF (75 mL) was added dropwise at -78 °C. The resulting 

mixture was stirred at -78 °C for 30 min. and then transferred by canula to a suspension of 

NaH (60 wt. % dispersion in mineral oil, 13.6 g, 0.34 mol) in dimethyl carbonate (162 mL, 1.9 

mol) at 0 °C. The reaction mixture was allowed to warm to room temperature and stirred for 

16 h. Then the mixture was cooled to 0 °C and MeOH (125 mL) and water (500 mL) were 

added. The pH was adjusted to 7 with acetic acid (80 mL) and the aqeous phase was 

extracted with EtOAc (2 x 500 mL). The combined organic layers were washed with water 

(500 mL), saturated aqueous NaHCOs (500 mL) and brine (500 mL), dried over MgS04 and 

concentrated in vacuo. Purification by chromatography (EtOAc:PE = 2:3) afforded 9 (14.1 g, 

52%) as a white solid. R, = 0.42. 'H NMR: 5.37 (s, 1H), 3.91 (q, ƒ = 7.1 Hz, 2H), 3.74 (s, sH), 3.33 

(dd, ƒ = 8.9, 5.0 Hz, 1H), 2.60-2.53 (m, 1H), 2.45-2.29 (m, 2H), 2.19-2.12 (m, 1H), 1.36 (t, ƒ = 7.1 

Hz, 3H). "C NMR: 193.5,177.6,170.6,101.8, 64.4, 52.1, 52.0, 27.2, 23.9,13.9. 

E t o - Y ^ \ ^ O T f 4-Ethoxy-2-trifluoromethanesulfonyloxy-cyclohexa-l,3-dienecarboxylic 
L^JL^OMe acid methyl ester (10). To a suspension of NaH (60 wt. % dispersion of 

^ mineral oil, 3.13 g, 78 mmol) in Et20 (250 mL) was added dropwise at 0 

°C, a solution of 9 (14.1 g, 71.2 mmol) in EtzO (100 mL). The reaction 

mixture was stirred at 0 °C for 30 min. Then, triflic anhydride (13.2 mL, 78 mmol) was added 

dropwise, and the resulting solution was stirred at 0 °C for 2 h. The mixture was poured into 

saturated aqueous NaHCOs (350 mL) and the layers were separated. The organic layer was 

washed with saturated aqueous NaHC0 3 (150 mL), dried over Na2S04 and concentrated in 

vacuo. Purification by chromatography (EtOAePE = 3:7) afforded triflate 10 (17.6 g, 75%) as a 

pale yellow oil. Rf = 0.62. m NMR: 4.89 (s, 1H), 3.89 (q, / = 7.0 Hz, 2H), 3.78 (s, 3H), 2.72 (t, ƒ = 

9.9 Hz, 2H), 2.40 (t, ƒ = 9.9 Hz, 2H), 1.36 (t, / = 7.0 Hz, 3H). «C NMR: 168.0,164.8,151.4,123.3, 

120.0, 116.9, 113.7, 108.5, 91.5, 64.6, 51.7, 27.1, 23.2, 14.0. HRMS (FAB) calculated for 

C11H14O6F3S (MH+) 331.0463, found 331.0475. 
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° E t 3-(2,2-Dimethyl-4-oxo-[l,3]dioxan-5-ylmethyl)-5-ethoxy-6,7-dihydro-

3H-isobenzofuran-l-one (12). To a solution of aldehyde 11 (1.0 g, 5.4 

mmol) in DMF (30 mL) at 0 °C were added CrCl2 (2.65 g, 21.6 mmol), 

NiCh (2 mg, 0.015 mmol) and vinyl triflate 10 (3.6 g, 10.9 mmol). The 

mixture was warmed to 50 °C stirred at that temperature for 16 h. 

Saturated aqueous NH4C1 (50 mL) was added and the aqueous phase was extracted with 

EtOAc (3 x 75 mL). The combined organic layers were washed with water (100 mL) and 

brine (100 mL), dried over MgSC>4 and concentrated in vacuo. Purication by chromatography 

(EtOAcPE = 7:3) afforded 12 (1.35 g, 75%) as a colorless oil. R, = 0.44. JH NMR: 5.25 (s, 1H), 

5.03-5.01 (m, 1H), 3.97-3.90 (m, 2H), 2.90 (dd, ƒ = 14.9, 3.2 Hz, 1H), 2.56-2.41 (m, 5H), 2.04 (s, 

3H), 1.69 (s, 3H), 1.61 (s, 3H), 1.36 (t, ƒ = 7.0 Hz, 3H). "C NMR: 172.4,167.1,166.9,162.7,162.1, 

113.4, 105.1, 99.6, 89.0, 79.8, 64.3, 28.9, 28.0, 25.6, 24.3, 18.2, 17.8, 14.2. IR: 1732, 1703, 1648, 

1640. HRMS (FAB) calculated for CISHJSOè (MH+) 335.1495, found 335.1477. 

3-(2,2,6-Trimethyl-4-oxo-4H-[l,3]dioxin-5-ylmethyl)-6,7-dihydro-
3H,4H-isobenzofuran-l,5-dione (13). To a solution of 12 (830 mg, 2.5 

mmol) in THF (15 mL) was added, 5% aqueous HCl (15 mL). The 

reaction mixture was stirred for 2 h, cooled to 0 °C and quenched with 

saturated aqueous NaHCCb (25 mL). The layers were separated and the 

aqueous phase was extracted with EtOAc (3 x 50 mL). The combined organic layers were 

washed with brine (50 mL), dried over Na2SC>4 and concentrated in vacuo. Purification by 

chromatography (EtOAcPE = 7:3) afforded ketone 13 (755 mg, 99%) as a colorless oil. R, = 

1.26. iH NMR: 5.03 (br s, 1H), 3.55 (br d, ƒ = 22.1 Hz, 1H), 3.04 (br d, ƒ = 22.1 Hz, 1H), 2.85 (dd, 

| = 14.9, 4.5 Hz, IH), 2.64 (dd, / = 14.9, 5.3 Hz, IH), 2.60-2.54 (m, 2H), 2.52-2.44 (m, 2H), 2.01 

is, 3H), 1.60 (s, 3H), 1.53 (s, 3H). "C NMR: 205.1, 171.0, 168.0, 162.1, 160.8, 126.7, 105.1, 97.7, 

80.3, 37.6, 37.1, 27.7, 25.8, 23.5, 19.6, 18.1. IR: 1761, 1712, 1649, 1634. HRMS (FAB) calculated 

for Ci6Hi906 (MH+) 307.1182, found 307.1178. 

5-Hydroxy-3-(2,2,6-trimethyl-4-oxo-4H-[l,3]dioxin-5-ylmethyl)^,5,6,7-
tetrahydro-3H-isobenzofuran-l-one (14). To a suspension of NaBHi (68 

mg, 1.8 mmol) in MeOH (3 mL) was added dropwise at -78 °C, a 

solution of 13 (495 mg, 1.6 mmol) in MeOH (3 mL). The resulting 

mixture was stirred at -78 °C for 30 min. and allowed to warm to 0 °C. 

The reaction was quenched by the dropwise addition of NaOH (IM in water, 12 mL) and the 

aqueous phase was extracted with EtOAc (3 x 10 mL). The combined organic layers were 

dried over Na2SÛ4 and concentrated in vacuo. Purification by chromatography (EtOAc:PE = 

9:1) afforded alcohol 14 (424 mg, 86%) as a 60:40 mixture of diastereomers as a colorless oil. 

Rf = 0.23. m NMR: 4.90 (br s, 2H), 4.09 (br s, IH), 4.01 (br s, IH), 3.40 (br s, IH), 3.00 (br s, 

2.78-2.73 (m, 3H), 2.59-2.44 (m, 5H), 2.23-1.95 (m, 4H), 1.93 (s, 3H), 1.92 (s, 3H), 1.74-1.59 

i. 4H), 1.52 (s, 6H), 1.43 (s, 6H). »C NMR: 172.4,167.8,167.5,162.5,161.8,161.5,161.1,126.4, 

126.2, 104.9, 104.7, 98.1, 81.4, 81.3, 64.6, 64.3, 31.7, 28.8, 28.4, 27.5, 27.4, 25.8, 25.8, 23.1, 23.0, 
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17.9, 16.9, 16.6. IR: 3400-3200, 1748, 1701, 1634. HRMS (FAB) calculated for QusHzrO« (MH+ 

309.1338, found 309.1328. 

5-(l-Ethoxy-ethoxy)-3-(2,2,6-tximethyl-4-oxo-4H-[l,3]dioxin-5-
ylmethyl)-4,5,6,7-terrahydro-3H-isobenzofuran-l-one (15). To a 

solution of alcohol 14 (50 mg, 0.16 mmol) in CH2C12 (1.5 mL) were 

added ethyl vinyl ether (78 uL, 0.81 mmol) and a catalytic amount 

of PPTS. The resulting mixture was stirred for 1.5 h and then 

quenched by the addition of saturated aqueous NaHC0 3 (2 mL). 

The layers were separated and the aqueous phase was extracted with EtOAc ( 3 x 3 mL). The 

combined organic layers were dried over Na2S04 and concentrated in vacuo. Purification by 

chromatography (EtOAcPE = 2:3) afforded 15 (52 mg, 85%) as 60:60:40:40 mixture of 

diastereomers as a colorless oil. Rf = 0.26. JH NMR: 4.94-4.93 (m, 4H), 4.79-4.74 (m, 4H), 4.07-

3.99 (m, 4H), 3.63-3.54 (m, 4H), 3.49-3.41 (m, 4H), 2.88-2.81 (m, 6H), 2.65-2.21 (m, 18H), 2.01 

(s, 3H), 2.00 (s, 3H), 1.99 (s, 6H), 1.84-1.67 (m, 8H), 1.63 (s, 6H), 1.62 (s, 6H), 1.61 (s, 3H), 1.56 

(s, 3H), 1.54 (s, 3H), 1.51 (s, 3H), 1.28-1.14 (m, 24H). »C NMR: 172.3,167.1,166.9,161.9,161.9, 

161.6, 161.5, 161.2, 161.2, 127.0, 126.9, 126.7, 126.5, 105.0, 105.0, 104.9, 104.9, 99.3, 99.0, 98.9, 

98.5, 98.3, 98.3, 98.3, 98.2, 81.6, 81.5, 81.5, 81.4, 68.9, 68.7, 68.6, 68.4, 60.6, 60.2, 60.0, 53.7, 29.9, 

29.1, 25.7, 25.4, 24.2, 23.7, 20.6, 20.4, 20.3,18.1,18.1,18.0,15.2,15.2. IR: 1753,1716,1637. HRMS 

(FAB) calculated for C20H29O7 (MH+) 381.1913, found 381.1892. 

' ~y "YcT^} \ / Cycloadduct 16. Irradiation of a solution of 15 (52 mg, 0.14 mmol) in 
acetonitrile/acetone (15 mL, 9:1 v/v) for 90 min. afforded 16 (52 mg, 

O 100% crude yield), which was used in the next reaction without 

further purification. iH NMR (C6D6): 4.68-4.35 (m, 4H), 4.09-4.03 (m, 

2H), 3.84-3.78 (m, 4H), 3.56-3.20 (m, 12H), 2.61-2.32 (m, 10H), 1.97-1.50 (m, 20H), 1.47-1.02 (m, 

48H), 0.69-0.62 (m, 12H). »C NMR (C6D6): 172.4, 172.2, 171.9, 110.0, 110.0, 109.9, 109.8, 99.9, 

99.0, 98.6, 83.3, 83.3, 82.5, 82.4, 81.2, 81.1, 79.5, 70.8, 70.4, 70.2, 69.0, 62.3, 60.7, 60.7, 52.3, 52.2, 

51.5, 31.4, 31.2, 30.1, 29.6, 29.6, 29.5, 21.7, 21.6, 21.5, 21.4, 21.4, 21.2,16.3. 

5-(l-Ethoxy-ethoxy)-l,7a-bis-hydroxymethyl-8-methyl-octahydro-

l,3a-methano-indene-3,8-diol (17). To a solution of L1AIH4 (IM in 
0 H THF, 0.5 mL, 0.5 mmol) was a d d e d dropwise , a solut ion of the 

HO crude cycloadduct 16 (52 mg, 0.14 mmol) in THF (0.5 mL). The 

reaction mixture was stirred for 5 min. Then, the reaction was quenched by addi t ion of 

EtOAc and saturated aqueous Na2SO.i (10 drops) was added . The result ing mixture was 

stirred for 1 h. After addi t ion of addi t ional solid N a 2 S 0 4 the mixture was filtered through 

Celite® and concentrated in vacuo. Purification by ch romatography (EtOAcacetone = 3:2) 

afforded tetraol 17 (27 mg, 60%) as a colorless oil. R, = 0.28. ' H N M R (CD3OD): 4.89-4.77 (m, 

4H), 4.41-4.35 (m, 5H), 4.13-4.07 (m, I H ) , 4.03-4.00 (m, 1H), 3.95-3.93 (m, 1H), 3.77-3.63 (m, 

8H), 3.57-3.48 (m, 6H), 3.44-3.36 (m, 2H), 3.32-3.30 (m, 2H), 3.27-3.19 (m, 2H), 3.04-2.98 (m, 

4H), 2.07-1.44 (m, 24H), 1.34-1.04 (m, 44H). « C NMR (CD3OD): 100.7,100.5,100.5,100.3, 83.8, 
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82.0, 81.9, 74.8, 74.7, 73.0, 72.9, 72.8, 72.7, 72.4, 62.8, 62.1, 62.0, 61.6, 59.3, 59.3, 58.4, 58.3, 58.3, 

57.9, 57.9, 51.8, 51.6, 51.6, 51.5, 38.3, 38.2, 37.6, 30.7, 30.4, 30.2, 30.1, 30.0, 27.6, 26.8, 26.4, 23.0, 

21.7, 21.7, 21.3, 21.1, 20.9, 20.3, 20.2, 19.3, 19.2, 15.6, 14.5. IR: 3500-3100. HRMS (FAB) 

calculated for G7H31CV, (MH+) 331.2121, found 331.2112. 

E t O v ^ O ^ / ^ ° A c Acetic acid 3-acetoxy-l-acetoxymethyl-5-(l-ethoxy-

ethoxy)-8-hydroxy-8-methyl-hexahydro-l,3a-methano-inden-7a-
~OAc yimethyl ester (18). To a solution of 17 (26 mg, 0.08 mmol) in 

AcÖ ' pyridine (0.5 mL) were added, acetic anhydride (75 uL, 0.8 mmol) 

and a catalytic amount of DMAP. The reaction mixture was warmed to 50 °C and stirred at 

that temperature for 16 h. Then the mixture was allowed to cool to room temperature and 

concentrated in vacuo. Purification by chromatography (EtOAcPE = 1:1) afforded 18 (18 mg, 

50%) as a colorless oil. R/= 0.27. 'H NMR: 6.11 (s, 1H), 6.02 (s, 1H), 5.29 (s, 1H), 5.02-5.01 (m, 

2H), 4.91-4.88 (m, 2H), 4.84-4.74 (m, 4H), 4.64-4.59 (m, 2H), 4.56-4.49 (m, 4H), 4.34-4.25 (m, 

6H), 4.10-4.00 (m, 7H), 3.67-3.56 (m, 4H), 3.50-3.43 (m, 4H), 3.28-3.21 (m, 2H), 3.15-3.06 (m, 

2H), 2.54-2.51 (m, 2H), 2.41-2.33 (m, 4H), 2.06-2.02 (m, 36H), 1.97-1.80 (m, 8H), 1.73-1.41 (m, 

L2H), 1.36-1.11 (m, 36H), 0.98-0.74 (m, 4H). "C NMR: 172.2, 171.3, 171.1, 171.0, 170.6, 170.6, 

170.6, 98.8, 98.7, 98.4, 82.8, 80.5, 80.4, 74.4, 73.3, 71.7, 71.7, 69.9, 69.7, 69.6, 65.1, 65.1, 62.6, 60.3, 

60.2, 60.2, 59.4, 59.4, 56.85, 54.8, 54.8, 54.5, 47.9, 34.8, 34.6, 28.9, 28.8, 28.6, 28.5, 21.2, 21.2, 21.1, 

21.0, 21.0, 20.9, 20.5, 20.4, 20.3,15.3,15.3,15.2. 

IA c Acetic acid 3-acetoxy-l-acetoxymethyl-5,8-dihydroxy-8-
(~OH methyl -hexahydro- l ,3a-methano- inden-7a-y lmethyl ester (19). To a 

0 A c solution of 18 (16 mg, 0.036 mmol) in THF (1.5 mL) was added, acetic 

AcÖ acid (5% solution in water, 2.5 mL). The resulting mixture was stirred 

>r 4 h and then quenched by the addition of saturated aqueous NaHC0 3 (2 mL). The 

aqueous phase was extracted with EtOAc ( 3 x 3 mL). The combined organic layers were 

dried over Na2SQi and concentrated in vacuo. Purification by chromatography (EtOAc) 

afforded two pure diastereomers of 19 (60:40, combined yield 14 mg, 99%). 19a: colorless oil. 

= 0.30. iH NMR: 4.95 (dd, ƒ = 7.8, 2.8 Hz, 1H), 4.68-4.41 (m, 4H), 4.11-4.03 (m, 3H), 3.21-3.12 

(m, IH), 2.40 (dd, ƒ = 13.5, 7.8 Hz, IH), 2.08 (s, 3H), 2.07 (s, 3H), 2.06 (s, 3H), 1.86 (dd, ƒ = 13.5, 

2.8 Hz, IH), 1.86-1.79 (m, IH), 1.69-1.54 (m, 4H), 1.14 (s, 3H). "C NMR: 172.5, 171.1, 170.5, 

80.8, 73.8, 64.9, 64.8, 60.9, 56.8, 55.4, 48.7, 36.3, 28.2, 27.7, 22.0, 21.2, 21.1, 21.0, 20.4. 19b: 
colorless oil. R/= 0.25. 'H NMR: 4.91 (dd, ƒ = 7.8, 2.9 Hz, IH), 4.61 (dd, ƒ = 11.9, 2.5 Hz, IH), 

4.56 (d, ƒ = 12.0 Hz, IH), 4.46-4.41 (m, IH), 4.07-4.02 (m, 2H), 3.14-3.08 (m, IH), 2.50 (s, IH), 

139 (dd, ƒ = 13.5, 7.8 Hz, IH), 2.08 (s, 3H), 2.06 (s, 3H), 2.05 (s, 3H), 1.94-1.84 (m, 3H), 1.76-

1.66 (m, IH), 1.38-1.16 (m, 3H), 1.13 (s, 3H). »C NMR: 172.3,171.1,170.6, 82.8, 73.3, 67.2, 65.1, 

61.0, 59.7, 54.8, 48.3, 35.6, 31.4, 30.9, 26.0, 21.2, 21.1, 21.0, 20.5. IR: 3500-3200, 1738. HRMS 

(FAB) calculated for G9H29O8 (MH+) 385.1862, found 385.1869. 
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Acetic acid 3-acetoxy-l-acetoxymethyl-8-hydroxy-8-methyl-5-
oxo-hexahydro-l,3a-methano-inden-7a-ylmethyl ester (20). To a 

O A c solution of 19 (14 mg, 0.036 mmol) in acetone (1 mL) were a d d e d N M O 

AcO (7 mg, 0.06 mmol) and a catalytic a m o u n t of TPAP. The resul t ing 

mixture was stirred for 75 min. Subsequent ly the mixture was filtered th rough a short pad of 

silica gel and the filter w a s r insed wi th EtOAc. The resul t ing solution was dr ied over N a 2 S 0 4 

and concentrated in vacuo. Purification by chromatography (EtOAc:PE = 4:1) afforded ketone 

20 (10 mg, 75%) as a colorless oil. Rf = 0.36. iH NMR: 4.88 (dd, ƒ = 7.8, 2.9 Hz , 1H), 4.53 (dd, ƒ 

= 11.7,1.6 Hz , I H ) , 4.41 (d, ƒ = 12.0 Hz , I H ) , 4.37 (d, ƒ = 11.7 Hz, IH) , 4.13 (d, ƒ = 12.0 Hz , I H ) , 

3.36-3.30 (m, IH) , 2.48-2.23 (m, 6H), 2.08 (s, 6H), 2.05 (s, 3H), 2.04-1.95 (m, 2H), 1.17 (s, 3H). 
13C NMR: 211.4, 171.6, 171.0, 170.5, 82.2, 72.7, 66.6, 61.4, 60.4, 54.1, 47.0, 37.1, 36.9, 36.0, 29.1, 

21.1, 21.0, 20.9, 19.6. IR: 1737. HRMS (FAB) calculated for G9H27O8 (MH+) 383.1706, found 

383.1698. 

5-Allyl-6-bromomethyl-2,2-dimethyl-[ l ,3]dioxin-4-one (22). To a solution 

of l i thium bis(tr imethylsilyl)amide (28 mL, 1.0M solution in hexanes, 28 

mmol) w a s a d d e d at -78 °C, a solution of al lyldioxenone 21 (5.0 g, 27 mmol) 

Br in THF (25 mL). The resul t ing mixture was stirred at -78 °C for 30 min. and 

then al lowed to w a r m to -30 °C. Then, the solution was a d d e d by canula to a solution of 1,2-

dibromotet rachloroethane (9.23 g, 28.3 mmol) in THF (25 mL) at -78 °C. The resul t ing 

mixture was al lowed to w a r m to -50 °C a n d stirred for 30 min. The reaction was quenched 

by addi t ion of sa tura ted aqueous NH4C1 (50 mL). The layers were separated and the aqueous 

layer was extracted wi th Et20 (3 x 50 mL). The combined organic layers were washed with 

brine (25 mL), dr ied over MgSCX and concentrated in vacuo to afford 22 (7.15 g, 100%) as a 

slightly yellow oil. The c rude p roduc t was used immediate ly in the next reaction. ] H NMR: 

5.85 (ddt, / = 16.3, 10.1, 6.2 Hz , I H ) , 5.13-5.04 (m, 2H), 3.93 (s, 2H), 3.07 (dt, ƒ = 6.2, 1.5 Hz, 

2H), 1.68 (s, 6H). 

Acetic acid 5-allyl-2,2-dimethyl-6-oxo-6H-[l,3]dioxin-4-ylmethyl ester (23). 

To a solution of 22 (7.15 g, 27 mmol) in DMF (35 mL) was a d d e d at room 

tempera ture , sod ium acetate (11 g, 81 mmol) . After stirring for 16 h, water 

OAc (30 mL) was a d d e d and the resul t ing mixture was extracted wi th E t 2 0 (5 x 

30 mL). The combined organic layers were washed wi th brine (30 mL), dr ied over MgSOi 

and concentrated in vacuo. Purification by chromatography (EtOAcPE = 1:4) afforded 23 

(6.29 g, 96%) as a colorless oil. R, = 0.19. ^H NMR: 5.77 (ddt, ƒ = 16.2, 10.1, 6.1 Hz , IH) , 5.02-

4.95 (m, 2H), 4.62 (s, 2H), 3.04 (dt, ƒ = 6.1, 1.6 Hz, 2H), 2.04 (s, 3H), 1.61 (s, 6H). " C NMR: 

169.9,161.3,159.2,134.8,115.5,106.0,105.7, 59.4, 28.1, 24.8, 20.3. IR: 1715,1652. 

OAc 
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Acetic acid 2,2-dimethyl-6-oxo-5-(2-oxo-ethyl)-6H-[l,3]dioxin-4-ylmethyl 

ester (24). To a solution of 23 (6.29 g, 26 mmol) in T H F / w a t e r (350 mL, 1:1 

v / v ) were a d d e d at 0 CC, o smium tetroxide (5 mL, 1 wt. % solution in 

water , 0.2 mmol) and N a I 0 4 (13 g, 61 mmol) . The resul t ing mixture was 
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allowed to warm to room temperature and stirred for 6 h. Then, most of the THF was 

evaporated, the remaining mixture was diluted with water (500 mL) and extracted with 

EtOAc (5 x 250 mL). The combined organic layers were washed with IN NaHS03 (200 mL), 

water (200 mL), 2N NaHC0 3 (200 mL) and brine, dried over MgS04 and concentrated in 

vacuo. Purification by chromatography (EtOAcPE = 2:1) afforded 24 (4.67 g, 74%) as a pale 

yellow oil. R, = 0.41. iH NMR: 9.61 (s, 1H), 4.52 (s, 2H), 3.48 (s, 2H), 1.99 (s, 3H), 1.64 (s, 6H). 

i-C NMR: 197.4, 169.9, 161.4, 161.0, 106.4, 100.6, 59.8, 39.0, 24.6, 20.2. IR: 1726, 1655. HRMS 

(FAB) calculated for CnHisOé (MH+) 243.0869, found 243.0874. 

Acetic acid 5-(2-cyclohex-l-enyl-2-hydroxy-ethyl)-2,2-dimethyl-6-oxo-
6H-[l,3]dioxin-4-ylmethyl ester (25). To a solution of aldehyde 24 (200 

mg, 0.83 mmol) in DMF (3 mL) at 0 °C were added CrCl2 (492 mg, 4 

mmol), NiCl2 (1 mg, 0.008 mmol) and cyclohexenyl triflate<> (480 mg, 1.7 

mmol). The mixture was allowed to warm to room temperature and 

stirred at room temperature for 16 h. Saturated aqueous NH4C1 (2 mL) was added and the 

aqueous phase was extracted with EtOAc ( 3 x 5 mL). The combined organic layers were 

washed with water (5 mL) and brine (5 mL), dried over MgSCX and concentrated in vacuo. 

u-ication by chromatography (EtOAcPE = 1:2) afforded 25 (220 mg, 82%) as a colorless oil. 

. = 0.17. m NMR: 5.70 (br s, 1H), 4.78 (d, ƒ = 13.5 Hz, 1H), 4.73 (d, ƒ = 13.5 Hz, 1H), 4.12-4.09 

m, 1H), 2.64 (dd, ƒ = 14.5, 4.1 Hz, 1H), 2.53 (dd, ƒ = 14.5, 8.5 Hz, 1H), 2.13-1.93 (m, 5H), 2.10 

. 3H), 1.68 (s, 3H), 1.67 (s, 3H), 1.66-1.50 (m, 4H). «C NMR: 170.3,162.4,159.8,139.4, 122.6, 

7, 105.6, 74.8, 59.9, 30.7, 24.9, 24.8, 24.7, 23.9, 22.5, 22.4, 20.4. IR: 3550-3300, 1720, 1650. 

RMS (EI) calculated for Ci7H2406 324.1573, found 324.1545. 

Acetic acid 5-(2-cyclohex-l-enyl-2-oxo-ethyl)-2,2-dimethyl-6-oxo-6H-

[l,3]dioxin-4-ylmethyl ester (26). To a solution of oxalyl chloride (132 

(iL, 1.5 mmol) in CH2CI2 (3 mL) was added dropwise at -60 °C —> -50 

°C, DMSO (215 |iL, 3.0 mmol), then after 5 min a solution of alcohol 25 
(445 mg, 1.4 mmol) in CH2CI2 (2 mL), and finally, after 30 min 

hvlamine (0.9 mL, 6.5 mmol). The mixture was stirred for 5 min, allowed to warm to 

room temperature and stirring was continued for 15 min. Water (3 mL) was added and the 

• .'suiting mixture was stirred for 15 min. The layers were separated and the aqueous phase 

extracted with CH2CI2 ( 3 x 3 mL). The combined organic layers were washed with 

u rated aqueous NH4C1 (2 mL), saturated aqueous NaHCÜ3 (2 mL) and brine (2 mL), dried 

er MgSÛ4 and concentrated in vacuo. Purification by chromatography (EtOAcPE = 1:2) 

afforded ketone 26 (381 mg, 86%) as a colorless oil. R, = 0.27. 'H NMR (C6D6): 6.68-6.67 (m, 

LH), 4.45 (s, 2H), 3.69 (s, 2H), 2.22-2.20 (m, 2H), 1.84-1.81 (m, 2H), 1.62 (s, 3H), 1.48 (s, 6H), 

1.36-1.22 (m, 4H). »C NMR (C(,D6): 197.0, 170.2, 162.3, 160.8, 141.1, 139.5, 106.8, 105.3, 60.8, 

33.9, 26.7, 25.4, 24.2, 22.8, 22.3, 20.6. IR: 1722, 1665, 1637. HRMS (EI) calculated for G7H22O6 

122.1416, found 322.1415. 
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Acetic acid 5-(2-cyclohex-l-enyl-[l,3]dioxolan-2-ylmethyl)-2,2-
dimethyl-6-oxo-6H-[l,3]dioxin-4-ylmethyl ester (27). To a solution of 
ketone 26 (340 mg, 1.06 mmol) in CH2C12 (3 mL) at -78 °C were added 

dropwise, (TMSOCH2)2 (0.65 mL, 2.7 mmol) and TMSOTf (76 |iL, 0.41 

mmol). The mixture was allowed to warm to 0 °C over 1 h and kept at 0 

°C for 16 h. Saturated aqueous NaHCCb (2 mL) was added and the resulting mixture was 

stirred for 15 min. The layers were separated and the aqueous phase was extracted with 

CH2C12 ( 3 x 3 mL). The combined organic layers were washed with water (2 mL) and brine (2 

mL), dried over MgSCU and concentrated in vacuo. Purification by chromatography 

(EtOAcPE = 1:2) afforded acetal 27 (231 mg, 60%) as a colorless oil. R/= 0.27. iH NMR (C6D6): 

5.86-5.84 (m, IH), 4.81 (s, 2H), 3.48-3.36 (m, 4H), 3.00 (s, 2H), 2.25-2.21 (m, 2H), 1.91-1.87 (m, 

2H), 1.68 (s, 3H), 1.60-1.54 (m, 2H), 1.48-1.38 (m, 2H), 1.40 (s, 6H). «C NMR (Cf,D6): 170.3, 

161.8,161.0,138.0,124.6,111.6,105.8,105.2, 64.8, 61.3, 32.1, 25.8, 25.5, 24.9, 23.6, 23.2, 20.8. IR: 

1726,1651. HRMS (EI) calculated for Ci9H2607 366.1679, found 366.1667. 

O 
Cycloadduct (28). Irradiation of a solution of alkene 27 (220 mg, 0.60 mmol) 

0
in acetonitrile/ acetone (25 mL, 9:1 v/v) for 45 min. afforded 28 (207 mg, 

\y 94%), as a crystalline solid after purification by crystallization from 

J o A CH2Cl2/pentane. Colorless crystals, mp 150-151 °C. JH NMR (C6D6): 4.71 
A c 0 (d, ƒ = 11.8 Hz, IH), 4.47 (d, ƒ = 11.8 Hz, IH), 3.46 (d, ƒ = 14.1 Hz, IH), 3.46-

3.41 (m, IH), 3.37-3.32 (m, IH), 3.26-3.15 (m, 2H), 3.04 (t, ƒ = 8.5 Hz, IH), 2.45 (d, ƒ = 14.1 Hz, 

IH), 2.15-1.99 (m, 2H), 1.66 (s, 3H), 1.66-1.54 (m, 3H), 1.41 (s, 3H), 1.39-1.29 (m, IH), 1.23 (s, 

3H), 1.23-1.16 (m, IH), 1.09-0.99 (m, IH). "C NMR (C6D6): 170.7,168.5,108.9,104.9, 77.8, 67.8, 

65.6, 65.1, 58.8, 41.1, 39.0, 37.9, 29.6, 29.6, 22.4, 22.3, 21.5, 21.1, 21.1. IR: 1733. HRMS (FAB) 

calculated for Ci9H2707 (MH+) 367.1757, found 367.1785. 

050" 

10k *• 

O 04 03 

'0-O 

0 0 6 

O 07 

Crystallographic data for 28: monoclinic, P2i/n, a = 8.896(1), b = 23.700(3), 

c = 9.383(3) À, ß = 112.77(2)°, V = 1824.1(7) Â=>, Z = 4, Dx = 1.33 gem* 

X(CuKa) = 1.5418 À, u(CuKa) = 8.41 cm' , F(000) = 784, 243 K. Final R = 

0.064 for 3375 observed reflections. 

Table 4.1 Bond distances of the non-hydrogen atoms (A) of 28 (standard deviations) 
C(l)-C(2) 1.560(4) C(4)-C(13) 1.543(4) C(13)-C(14) 1.516(4) 
C(l)-C(4) 1.549(4) C(5)-0(2) 1.334(4) C(14)-0(4) 1.414(3) 
C(1)-C(17) 1.526(3) C(5)-0(3) 1.202(3) C(14)-0(5) 1.399(4) 
C(l)-0(1) 1.423(4) C(6)-C(7) 1.516(3) C(15)-C(16) 1.478(7) 
C(2)-C(3) 1.555(4) C(6)-C(8) 1.506(5) C(15)-0(4) 1.397(6) 
C(2)-C(9) 1.541(4) C(6)-0(l) 1.409(3) C(16)-0(5) 1.405(7) 
C(3)-C(4) 1.595(4) C(6)-0(2) 1.455(3) C(17)-0(6) 1.444(3) 
C(3)-C(12) 1.513(3) C(9)-C(10) 1.506(4) C(18)-C(19) 1.485(6) 
C(3)-C(14) 1.580(4) qio)-C(ii) 1.519(5) C(18)-0(6) 1.320(4) 
C(4)-C(5) 1.500(3) C(ll)-C(12) 1.522(5) C(8)-0(7) 1.189(4) 
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Table 4.2 Bond angles of the non-hydrogen atoms (c ) of 28 (standard deviations) 

C(2)-C(l)-C(4) 91.2(2) C(3)-C(4)-C(5) 117.1(2) C(3)-C(14)-0(4) 115.9(2) 

C(2)-C(l)-C(17) 112.4(2) C(3)-C(4)-C(13) 89.9(2) C(3)-C(14)-0(5) 114.5(2) 

C(2)-C(l)-0(1) 112.3(2) C(5)-C(4)-C(13) 116.9(2) C(13)-C(14)-0(4) 114.6(2) 

C(4)-C(l)-C(17) 117.8(2) C(4)-C(5)-0(2) 117.8(2) C(13)-C(14)-0(5) 113.9(2) 

C(4)-C(l)-0(1) 112.0(2) C(4)-C(5)-0(3) 122.5(3) 0(4)-C(14)-0(5) 106.4(3) 

C(17)-C(l)-0(1) 110.0(2) 0(2)-C(5)-0(3) 119.5(2) C(16)-C(15)-0(4) 106.0(4) 

C(l)-C(2)-C(3) 89.9(2) C(7)-C(6)-C(8) 112.7(3) C(15)-C(16)-0(5) 105.3(6) 

C(l)-C(2)-C(9) 116.2(3) C(7)-C(6)-0(l) 114.5(2) C(l)-C(17)-0(6) 104.6(2) 

C{3)-C(2)-C(9) 116.1(2) C(7)-C(6)-0(2) 107.4(2) C(19)-C(18)-0(6) 112.3(3) 

C(2)-C(3)-C(4) 89.7(2) C(8)-C(6)-0(l) 106.4(2) C(19)-C(18)-0(7) 126.4(3) 

C(2)-C(3)-C(12) 119.7(2) C(8)-C(6)-0(2) 105.4(2) 0(6)-C(18)-0(7) 121.3(3) 

C(2)-C(3)-C(14) 114.8(2) 0(l)-C(6)-0(2) 110.0(2) C(l)-0(1)-C(6) 117.1(2) 

C(4)-C(3)-C(12) 124.5(2) C(2)-C(9)-C(10) 113.5(3) C(5)-0(2)-C(6) 118.6(2) 

C(4)-C(3)-C(14) 86.8(2) C(9)-C(10)-C(ll) 110.0(3) C(14)-0(4)-C(15) 106.1(3) 

C(12)-C(3)-C(14) 115.0(3) C(10)-C(ll)-C(12) 109.9(3) C(14)-0(5)-C(16) 108.6(3) 

C(l)-C(4)-C(3) 88.8(2) C(3)-C(12)-C(ll) 113.2(3) C(17)-0(6)-C(18) 117.5(2) 

C(l)-C(4)-C(5) 118.6(2) C(4)-C(13)-C(14) 91.0(2) 

C(1)-C(4)-C(13) 117.6(2) C(3)-C(14)-C(13) 91.5(2) 

I - , OH 

OH 

HO 

Triol 29. To a solution of LiAlH4 (IM in THF, 0.5 mL, 0.5 mmol) was added 

dropwise, a solution of cycloadduct 28 (52 mg, 0.14 mmol) in THF (0.5 mL). 

The reaction mixture was stirred for 5 min. Then, the reaction was quenched 

by addition of EtOAc and saturated aqueous Na2S04 (10 drops) was added. 

The resulting mixture was stirred for 1 h. After addition of additional solid 

Na2S04 the mixture was filtered through Celite® and concentrated in vacuo. Purification by 

chromatography (EtOAc) afforded triol 29 (16 mg, 42%) as a colorless oil. Rf = 0.14. !H NMR: 

4.00-3.77 (m, 6H), 3.52 (d, ƒ = 10.4 Hz, 1H), 3.41 (d, ƒ = 11.3 Hz, 1H), 2.65 (dd, ƒ = 8.7, 5.4 Hz, 

1H), 2.59 (d, ƒ = 14.0 Hz, 1H), 2.30 (d, ƒ = 14.0 Hz, 1H), 1.88-1.73 (m, 2H), 1.61-1.32 (m, 5H), 

1.12-1.00 (m, 1H). "C NMR: 109.1, 80.0, 64.6, 64.3, 60.8, 51.7, 44.7, 40.6, 36.0, 21.7, 20.7, 19.4, 

18.8. HRMS (FAB) calculated for G4H23O5 (MH+) 271.1546, found 271.1549. 

4-Cyclohex-l-enyl-2-methylene-4-oxo-butyric acid (30). To a solution of 

triol 29 (12 mg, 0.044 mmol) in water (0.5 mL) was added at 0 °C, NaI04 

Co2H (21 mg, 0.097 mmol). The resulting mixture was stirred at 0 °C for 4 h. 

Then the mixture was basified (pH 10) with 2M NaOH and extracted with 
1 ) (3 x 1 mL). Subsequently, the mixture was acidified (pH 2-3) and extracted with EtOAc 

3 x 1 mL). The combined organic layers were dried over MgS04 and concentrated in vacuo, 

to afford ketone 30 (9 mg, 86%) as a colorless oil. R, (EtOAc) = 0.39. m NMR: 6.96 (br s, 1H), 

44 (s, 1H), 5.70 (s, 1H), 3.67 (s, 2H), 2.27-2.24 (m, 4H), 1.67-1.58 (m, 4H). "C NMR: 197.5, 

70.9, 140.8, 138.8, 134.5, 130.2, 39.9, 26.1, 23.1, 21.9, 21.5. IR: 3500-2500, 1701, 1668, 1637. 

HRMS (FAB) calculated for G1H15O3 (MH*) 195.1021, found 195.1036. 

C02Et (2-Phenyl-[l,3]dioxan-5-ylidene)-acetic acid ethyl ester (35). To a dispersion of 

O sodium hydride (60 wt. % dispersion in mineral oil, 88 mg, 2.2 mmol) in THF 

"^P h (4 mL) at 0°C was added dropwise a solution triethyl phosphonoacetate (436 
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ui, 2.2 mmol). The resulting mixture was stirred for 1 h at 0 °C and a solution of ketone 34 
(356 mg, 2.0 mmol) in THF (4 mL) was added dropwise. The solution was stirred for 30 

minutes at 0 °C and allowed to warm to room temperature. A saturated aqueous solution of 

NH4C1 (10 mL) was added and the resulting mixture was stirred for 15 minutes. The layers 

were separated and the aqueous phase was extracted with Et20 (3 x 10 mL). The combined 

organic layers were washed with water (5 mL), dried over MgS04 and concentrated in vacuo. 

Purification by chromatography (EtOAcPE = 1:2) afforded 35 (402 mg, 81%) as a colorless 

oil. R, = 0.31. iH NMR (QDa): 7.50-7.47 (m, 2H), 7.40-7.35 (m, 3H), 5.75-5.69 (m, 3H), 4.66-4.50 

(m, 3H), 4.19 (q, ƒ = 7.1 Hz, 2H), 1.29 (t, ƒ = 7.1 Hz, 3H). 

C02Et (2-Phenyl-4H-[l,3]dioxin-5-yl)-acetic acid ethyl ester (36). To a solution of 

"O KHMDS (0.5M in toluene, 1.6 mL, 0.8 mmol) was added dropwise at -78 °C, a 

"O Ph s o l u t i o n o f 3 5 C173 mg, 0.70 mmol) in THF (0.5 mL). The resulting mixture was 

stirred at -78 °C for 30 min. The reaction was quenched at -78 °C by the 

addition of EtOH and allowed to warm to room temperature. Saturated aqueous NH4C1 (2 

mL) was added and the layers were separated. The aqueous phase was extracted with Et20 

( 3 x 2 mL). The combined organic layers were washed with water (5 mL), dried over MgS04 

and concentrated in vacuo, to afford 36 (168 mg, 97%) as a colorless oil. JH NMR: 7.52-7.50 (m, 

2H), 7.42-7.38 (m, 3H), 6.63 (s, IH), 5.78 (s, 1H), 4.61 (d, ƒ = 15.1 Hz, 1H), 4.35 (d, / = 15.1 Hz, 

1H), 4.17 (q, ƒ = 7.1 Hz, 2H), 2.95 (s, 2H), 1.28 (t, ƒ = 7.1 Hz, 3H). «C NMR: 170.9,141.5,136.9, 

129.3,128.4,126.2,108.0, 98.1, 66.9, 60.9, 35.1,14.2. 

2-(2-Phenyl-4H-[l,3]dioxin-5-yl)-ethanol (37). To a solution of LiAlHt 

(IM in THF, 1.0 mL, 1.0 mmol) was added dropwise at -78 °C, a solution 

of the ester 36 (120 mg, 0.48 mmol) in THF (0.5 mL). The reaction mixture 

was stirred at -78 °C for 30 min. Then, the reaction was quenched by addition of EtOAc and 

saturated aqueous Na2S04 (15 drops) was added. The resulting mixture was stirred for 1 h. 

After addition of additional solid Na2S04 the mixture was filtered through Celite® and 

concentrated in vacuo. Purification by chromatography (EtOAc) afforded alcohol 37 (89 mg, 

90%) as a colorless oil. R/= 0.41. iH NMR: 7.54-7.49 (m, 2H), 7.43-7.38 (m, 3H), 6.24 (s, IH), 

5.66 (s, IH), 4.18-4.15 (m, 2H), 3.61 (q, ƒ = 6.2 Hz, 2H), 2.17 (t, ƒ = 6.2 Hz, 2H). »C NMR: 140.8, 

136.3,129.1,128.5,126.3,109.2, 98.5, 65.3, 61.2, 35.9. 

H ^ \ ^ 0 (2-Phenyl-4H-[l,3]dioxin-5-yl)-acetaldehyde (38). To a solution of alcohol 

O ^ 0 ^ p h
 3 7 (81 m g ' °-39 mmol) in CH2C12 (1 mL) was added at 0 °C, Dess-Martin 

periodinane (331 mg, 0.78 mmol). The resulting mixture was stirred at 0 °C 

for 30 min. The reaction was quenched by addition of saturated aqueous NaHC0 3 (1 mL). 

The layers were separated and the aqueous phase was extracted with CH2C12 (3 x 2mL). The 

combined organic layers were washed with brine (2 mL), dried over MgSQj and 

concentrated in vacuo. Purification by chromatography (EtOAc:PE = 1:1) afforded aldehyde 

38 (68 mg, 86%) as a colorless oil. R,•= 0.31. m NMR (C6D6): 9.00 (s, IH), 7.60-7.51 (m, 2H), 

7.14-7.03 (m, 3H), 6.17 (s, IH), 5.52 (s, IH), 4.09 (d, ƒ = 15.1 Hz, 1H), 3.85 (d, ƒ = 15.1 Hz, 1H), 



Dioxenoiw derivatives and alternative chromophorcs 

2.20-2.08 (m, 2H). «C NMR: 198.1, 142.9, 138.4, 130.0, 129.1, 127.5, 107.1, 99.1, 67.4, 44.2. 

HRMS (FAB) calculated for G2H13O3 (MH+) 205.0865, found 205.0878. 

(2,2-Dimethyl-[l,3]dioxan-5-ylidene)-acetic acid ethyl ester (42). To a 

dispersion of sodium hydride (60 wt. % dispersion in mineral oil, 132 mg, 3.3 

mmol) in THF (5 mL) at 0°C was added dropwise a solution triethyl 

phosphonoacetate (0.65 ml, 3.3 mmol). The resulting mixture was stirred for 1 h 
at 0 °C and a solution of ketone 41 (390 mg, 3.0 mmol) in THF (5 mL) was added dropwise. 

The solution was stirred for 30 minutes at 0 °C and allowed to warm to room temperature. A 

saturated aqueous solution of NH4CI (10 mL) was added and the resulting mixture was 

stirred for 15 minutes. The layers were separated and the aqueous phase was extracted with 

EtzO (3 x lOmL). The combined organic layers were washed with water (5 mL), dried over 

MgSQi and concentrated in vacuo. Purification by chromatography (Et20:PE = 2:7) afforded 

42 (529 mg, 88%) as a colorless oil. R, = 0.29. 'H NMR: 5.61-5.59 (m, 1H), 4.87-4.86 (m, 2H), 

4.27-4.26 (m, 2H), 4.16 (q, ƒ = 7.2 Hz, 2H), 1.40 (s, 6H), 1.27 (t, ƒ = 7.2 Hz, 3H). «C NMR: 165.7, 

157.8,112.3,100.1, 62.9, 61.6, 60.1, 23.9,14.2. IR: 1708,1647. 

(2,2-Dimethyl-4H-[l,3]dioxin-5-yl)-acetic acid ethyl ester (43). To a solution of 

KHMDS (0.5M in toluene, 4.4 mL, 2.2 mmol) was added dropwise at -78 °C, a 

solution of 42 (400 mg, 2.0 mmol) in THF (2 mL). The resulting mixture was 

stirred at -78 °C for 30 min. The reaction was quenched at -78 °C by the 

addition of EtOH and allowed to warm to room temperature. Saturated aqueous NH4CI (4 

mL) was added and the layers were separated. The aqueous phase was extracted with Et^O 

(3x4 mL). The combined organic layers were washed with water (5 mL), dried over MgSO.) 

and concentrated in vacuo, to afford 43 (388 mg, 97%) as a colorless oil. iH NMR: 6.33 (s, 1H), 

4.20 (s, 2H), 4.14 (q, ƒ = 7.1 Hz, 2H), 2.89 (s, 2H), 1.46 (s, 6H), 1.27 (t, ƒ = 7.1 Hz, 3H). »C NMR: 

171.4,139.9,108.9, 98.5, 66.4, 60.7, 35.4, 24.1,14.2. 

2-(2,2-Dimethyl-4H-[l,3]dioxin-5-yl)-ethanol (44). To a solution of LiAlH4 

(IM in THF, 3.8 mL, 3.8 mmol) was added dropwise at -78 °C, a solution 

of the ester 43 (364 mg, 1.82 mmol) in THF (2 mL). The reaction mixture 

was stirred at -78 °C for 30 min. Then, the reaction was quenched by addition of EtOAc and 

iturated aqueous Na^SQi (20 drops) was added. The resulting mixture was stirred for 1 h. 

After addition of additional solid Na2SQt the mixture was filtered through Celite® and 

oncentrated in vacuo. Purification by chromatography (Et20) afforded alcohol 44 (248 mg, 

86%) as a colorless oil. R, = 0.28. m NMR: 6.29 (s, IH), 4.15-4.14 (m, 2H), 3.63 (q, ƒ = 6.1 Hz, 

2H), 2.14 (t, ƒ = 6.1 Hz, 2H), 1.44 (s, 6H). »C NMR: 138.5,111.7, 98.8, 65.1, 60.8, 36.1, 24.6. 

^ O (2,2-Dimethyl-4H-[l,3]dioxin-5-yl)-acetaldehyde (45). To a solution of 

O ^ 0 ^ \ alcohol 44 (220 mg, 1.39 mmol) in CH2CI2 (4 mL) was added at 0 °C, Dess-

Martin periodinane (1.18 g, 2.78 mmol). The resulting mixture was stirred 

;t 0 °C for 30 min. The reaction was quenched by addition of saturated aqueous NaHCCh (4 
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mL). The layers were separated and the aqueous phase was extracted with CH2C12 (3 x 4mL). 

The combined organic layers were washed with brine (3 mL), dried over MgS04 and 
concentrated in vacuo. Purification by chromatography (EtOAcPE = 1:1) afforded aldehyde 

45 (200 mg, 92%) as a colorless oil. R, = 0.29. iH NMR: 9.00 (s, 1H), 5.98 (s, 1H), 3.87 (s, 2H), 

2.11 (s, 2H), 1.36 (s, 6H). » c NMR: 198.4, 139.6, 107.9, 98.4, 66.2, 44.1, 24.2. HRMS (FAB) 

calculated for C8Hi303 (MH+) 157.0865, found 157.0854. 

3-(2,2-Dimethyl-4H-[l,3]dioxin-5-ylmethyl)-4,5,6,7-tetrahydro-3H-iso-
benzofuran-1-one (46). To a solution of aldehyde 45 (120 mg, 0.77 

mmol) in DMF (3 mL) at 0 °C were added CrCl2 (379 mg, 3.1 mmol), 

NiCl2 (1 mg, 0.008 mmol) and vinyl triflate 39 (465 mg, 1.5 mmol). The 

mixture was warmed to 50 °C stirred at that temperature for 16 h. Saturated aqueous NH4C1 

(3 mL) was added and the aqueous phase was extracted with EtOAc ( 3 x 5 mL). The 

combined organic layers were washed with water (5 mL) and brine (5 mL), dried over 

MgS04 and concentrated in vacuo. Purication by chromatography (EtOAc:PE = 1:2) afforded 

25 (145 mg, 71%) as a colorless oil. R, = 0.27. ^H NMR: 6.28 (s, IH), 4.81-4.80 (m, IH), 4.19-4.07 

(m, 2H), 1.26 (dd, ƒ = 15.1, 3.8 Hz, IH), 2.26-2.20 (m, 4H), 1.06 (dd, ƒ = 15.1, 6.8 Hz, IH), 1.77-

1.67 (m, 4H), 1.42 (s, 3H), 1.39 (s, 3H). "C NMR: 172.4, 159.8, 139.1, 126.7, 109.4, 98.6, 81.4, 

65.9, 29.1, 25.7, 23.5, 23.3, 22.5, 21.1, 20.4. HRMS (FAB) calculated for G5H2 104 (MH+) 

265.1440, found 265.1448. 

l-Cyclohex-l-enyl-2-(2,2-dimethyl-4H-[l,3]dioxin-5-yl)-ethanol (47). 
To a solution of aldehyde 45 (60 mg, 0.38 mmol) in DMF (2 mL) at 0 °C 

were added CrCL (187 mg, 1.5 mmol), NiCl2 (1 mg, 0.008 mmol) and 

cyclohexenyl triflate6 (175 mg, 0.76 mmol). The mixture was allowed to 

warm to room temperature and stirred at room temperature for 16 h. Saturated aqueous 

NHjCl (2 mL) was added and the aqueous phase was extracted with EtOAc ( 3 x 5 mL). The 

combined organic layers were washed with water (5 mL) and brine (5 mL), dried over 

MgS04 and concentrated in vacuo. Purication by chromatography (EtOAcPE = 1:2) afforded 

47 (71 mg, 78%) as a colorless oil. R/= 0.26. JH NMR: 6.26 (s, IH), 5.68 (br s, IH), 4.15 (s, 2H), 

3.99-3.96 (m, IH), 2.14-1.91 (m, 6H), 1.64-1.52 (m, 4H), 1.43 (s, 3H), 1.42 (s, 3H). »C NMR: 

139.4,137.7,123.3,108.0, 98.2, 74.8, 61.6, 35.7, 25.0, 24.4, 23.8, 23.6, 22.5. 

l-Cyclohex-l-enyl-2-(2,2-dimethyl-4H-[l,3]dioxin-5-yl)-ethanone (48). 
To a solution of oxalyl chloride (26 uL, 0.3 mmol) in CH2C12 (1 mL) was 

added dropwise at -60 °C -> -50 °C, DMSO (42 |iL, 0.59 mmol), then 

after 5 min a solution of alcohol 47 (64 mg, 0.27 mmol) in CH2CI2 (1 

mL), and finally, after 30 min triethylamine (188 uL, 1.4 mmol). The mixture was stirred for 5 

min, allowed to warm to room temperature and stirring was continued for 15 min. Water (1 

mL) was added and the resulting mixture was stirred for 15 min. The layers were separated 

and the aqueous phase was extracted with CH2C12 ( 3 x 2 mL). The combined organic layers 

were washed with saturated aqueous NH4C1 (2 mL), saturated aqueous NaHCOa (2 mL) and 
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brine (2 mL), dried over MgSC>4 and concentrated in vacuo. Purification by chromatography 

(EtOAc:PE = 1:3) afforded ketone 48 (59 mg, 92%) as a colorless oil. R/= 0.31. 'H NMR (C6D6): 

6.33-6.31 (m, 1H), 6.20 (s, 1H), 4.22 (s, 2H), 2.77 (s, 2H), 2.24-2.19 (m, 2H), 1.79-1.74 (m, 2H), 

1.50 (s, 6H), 1.41-1.22 (m, 4H). »C NMR: 198.0,139.9,139.7, 139.4,107.3, 99.4, 62.7, 38.7, 30.9, 

26.6, 25.1, 24.2, 22.8, 22.4. HRMS (FAB) calculated for G4H21O3 (MH+) 237.1491, found 

237.1504. 

4,8 References 

• a) Crimrnins, M. T.; Jung, D. K.; Gray, J. L. ƒ. Am. Chem. Soc. 1993, 225, 3146. b) Zouaoui, M. 

A.; Carré, M. G; Jamart-Gregoire, B.; Geoffroy, P.; Caubère, P. Tetrahedron 1989, 45, 5485. 

- Pearson, A. J.; Richards, I. G; Gardner, D. V. ƒ. Org. Chem. 1984, 49, 3887. 
3 Bosse, F.; Tunoori, A. R.; Niestroj, A. J.; Gronwald, O.; Maier, M. E. Tetrahedron 1996, 52, 

9485. 

• Jones, R. C. F.; Tankard, M. ƒ. Chem. Soc, Perkin Trans. 2 1991, 240. 

' Sato, M.; Sakaki, J.; Takayama, K.; Kobayashi, S.; Suzuki, M.; Kaneko, C. Chem. Pharm. Bull. 

1990, 38, 94. 
6 Stang, P. J.; Treptow, W. Synthesis 1980, 283. 

Tsunoda, T.; Suzuki, M.; Noyori, R. Tetrahedron Lett. 1980, 22,1357. 

1) Blaauw, R. H.; Brière, J.-F.; de Jong, R.; Benningshof, J. C. J.; van Ginkel, A. E.; Rutjes, F. 

P. J. T.; Fraanje, J.; Goubitz, K.; Schenk, H.; Hiemstra, H. ƒ. Chem. Soc., Chem. Commun. 2000, 
1463. b) Blaauw, R. H.; Brière, J.-F.; de Jong, R.; Benningshof, J. C. J.; van Ginkel, A. E.; 

Fraanje, J.; Goubitz, K.; Schenk, H.; Rutjes, F. P. J. T.; Hiemstra, H. }. Org. Chem. 2001, 66, 

233. 

Coates, R. M.; Senter, P. D.; Baker, W. R. ƒ. Org. Chem. 1982, 47, 3597. b) Coates, R. M.; 

Muskopf, J. W.; Senter, P. A. ]. Org. Chem. 1985, 50, 3541. 

' ierz, W.; Kulanthaivel, P. Phytochemistry 1985, 24,1761. 
; 1 Crich, D.; Beckwith, A. L. J.; Chen, G; Yao, Q.; Davison, I. G. E. ]. Am. Chem. Soc. 1995, 227, 

3757. 

Davies, H. M. L.; Doan, B. D. ƒ. Org. Chem. 1998, 63, 657. b) Paquette, L. A.; Gao, Z.; Ni, 

Z.; Smith, G. F. J. Am. Chem. Soc. 1998, 220, 2543. c) Kaisalo, L.; Koskimies, J.; Hase, T. 

ynth. Commun. 1999, 29, 399. 

ers, E.; Tse, H. L. A. Can. J. Chem. 1993, 72, 983. 

orbes, D. G; Ene, D. G.; Doyle, M. P. Synthesis 1998, 879. 

Wolff, S.; Agosta, W. C. ƒ. Am. Chem. Soc. 1983, 205,1292. b) Wilson, P.; Wolff, S.; Agosta, 

W. C. Tetrahedron Lett. 1985, 26, 5883. c) Dauben, W. G.; Cogen, J. M.; Ganzer, G. A.; Behar, 

V. ƒ. Am. Chem. Soc. 1991, 223, 5817. 

71 





CHAPTER 5 

[2+2] CYCLO ADDITIONS WITH 6-UNSUBSTITUTED DIOXENONES 

5.1 Introduction 

In view of the unsatisfactory results with alternative chromophores (chapter 4), we 

decided to reinvestigate the application of dioxenones in the synthesis of the 

bicyclo[2.1.1]hexane subunit of solanoeclepin A. However, instead of using 6-

methyldioxenones1 (chapter 2), we wanted to explore the synthetic potential of 6-

. nsubstituted dioxenones in [2+2] photocycloaddition chemistry. The retrosynthetic scheme 

is depicted in eq 5.1. 

(5.1) 

The secondary oxygen substituent on the four-membered ring, arising from the use 

>f dioxenones of type 3, was envisaged to be a good precursor for the cyclobutanone 

functionality present in the target structure 1. The 6-unsubstituted dioxenones have already 

found successful application in intermolecular [2+2] cycloadditions.2-4 On the other hand, 

intramolecular examples are more scarce.3 To the best of our knowledge, the use of 6-

nsubstituted dioxenones bearing a pendent alkene at C-5 for intramolecular [2+2] 

cycloadditions has not been reported to date. Therefore, we set out to investigate the 

behavior of these substrates in the photochemistry, in order to evaluate their potential in the 

synthesis of our target fragment 1. Yet, the synthesis of C-5 substituted 6-unsubstituted 

dioxenones such as 3 is relatively unexplored.4'5 Sato et al. have reported a straightforward 

synthesis of unsubstituted dioxenone 6 starting from formyl Meldrum's acid 4 (eq 5.2).6 

O O 

H^Ao 
c r r r 

4 

cyclohexanone 

xylene, reflux 
30 min. 

-JO 

(5.2) 

The reaction proceeds via a thermal retrocyclization of 4 leading to formyl ketene 5, 

hich in the precence of an excess of cyclohexanone undergoes a hetero Diels-Alder reaction 

afford 6. Iododioxenone 8 was then formed in 67% yield over two steps, viz. 1) iodo-

jtoxylation by means of N-iodosuccinimide in acetic acid followed by 2) elimination of the 

ß-acetate with Et3N (eq 5.3).5 
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Clhijilcr 5 

O 

NIS 

AcOH, rt 

I 

AcO' "O ' 

7 

Et,N 

CHoCl,, rt 

O 

O 

O' 

67% from 6 

(5.3) 

Vinyl iodide 8 w a s envisaged to be a good start ing point for the synthesis of the 

desired precursors for the [2+2] photocvcloaddit ion. 

5.2 Preparat ion a n d C y c l i z a t i o n of a C - 5 But -3 -eny l D i o x e n o n e 

As there was no precedent for the intramolecular [2+2] photocycloaddi t ion wi th 6-

unsubs t i tu ted dioxenones, our first goal was to verify whether our strategy was still 

applicable. Therefore, a d ioxenone bear ing a s imple monosubs t i tu ted p e n d e n t alkene was 

chosen as the first cyclization precursor . The synthesis started wi th the formylation of 

M e l d r u m ' s acid7 (9), which was achieved by t rea tment of 9 wi th tr imethyl or thoformate, 

followed by hydrolysis of enol ether 10 wi th I N HCl (eq 5.4). 

O 

Ac 
0 ^ 0 ^ 

MeO O 

HC(OMe)3 

100 °C, 3 h 

10 95% 

OH O 

IN HCl 

0 °C, 30 min. 

,AA 
ö * x y 

4 93*; 

(5.4) 

C o m p o u n d 4 was then converted to unsubst i tu ted dioxenone 6 by refluxing in xylene 

in the presence of cyclohexanone, according to a l i terature p rocedure (eq 5.5).6 However , 

despi te n u m e r o u s at tempts , in our hands this reaction never exceeded the rather 

d isappoint ing yield of 37%. 

OH O 

cAo' 
cyclohexanone 

xylene, reflux 
30 min. 

O 

O 

6 37% 

(5.5) 

Nevertheless, the reaction could be performed on a ra ther large scale, so that 

appreciable amoun t s of 6 could be obtained. In literature, the subsequent in t roduct ion of the 

a- iodo subst i tuent was carried ou t in a two- s t ep sequence.5 In the course of our work, w t 

found that t rea tment with iodine in py r id ine /CCU directly led to iododioxenone 8 wi th an 

improved yield of 95% (eq 5.6). 
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(2+2j Cycloadditions with 6-unsubstituted dioxenones 

O 

pyridine/CC14 

rt, 16 h 

O 
(5.6) 

O' 

!95% 

This type of iododioxenone h a d already been used in pa l l ad ium catalyzed C C - b o n d 

forming reactions.5 Therefore, as the key step in the in t roduct ion of the required 3-alkenyl 

side chain, w e appl ied a Sonogashira reaction of 8 wi th p ropargy l alcohol (scheme 5.1). 

Scheme 5.1 

O 

O 

HO > ^ 

PdCl2(PPh3)2 

* 
Cul (10 mol%) 

Et,N, DMF, 80 °C 
11 48% 12 96% 

Dess-Martin 
periodinane 
CH2C12, 0 °C 
30 min. 

KHMDS 
Ph3PMeBr 

« 
toluene/THF 
-78 °C -» rt 

14 81% from 12 13 

Cross-coupl ing p roduc t 11 was obtained in a modera t e yield of 48%, d u e to the 

: mal instability of iododioxenone 8. This reaction w a s repor ted by Kaneko to proceed in a 

mparable yield.5 Subsequent ly , the acetylene was exhaustively hydrogena ted , to afford 

•hoi 12. Oxidat ion to a ldehyde 13 followed by Witt ig olefination eventual ly led to 

cyclization precursor 14 in 81% yield over the last two steps. The use of KHMDS as the base 

in the Wittig olefination was found to be crucial for the success of this reaction, as the use of 

ithiurn bases led to complete decomposi t ion of the a ldehyde substrate . Cyclization 

ursor 14 was subjected to i r radiat ion at 300 ran a n d after 2 h complete conversion to the 

expected crossed cycloadduct 15 was reached (eq 5.7). 

hv (300 ran) 

MeCN/acetone 
( 9 : l v / v ) , r t , 2 h 

P 
b Ö-i 

14 15 70% crude 

(5.7) 
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This mode of closure was also observed with the corresponding 6-methyldioxenone 

as was described in chapter 2. Cycloadduct 15 was used as a key intermediate in the 

synthesis of a right-hand substructure of solanoeclepin A, as will be described in chapter 6. 

The successful formation of 15 proved that our cycloaddition strategy could be successfully 

applied to 6-unsubstituted dioxenones. Encouraged by this result, we set out to construct 

more appropriately substituted cyclization precursors. 

5.3 Preparation and Cyclization of C-5 Alkenyl Dioxenones 

For the synthesis of the dioxenones bearing substituted alkenyl side chains, we 

wanted to employ the methodology developed for the 6-methyldioxenones (chapter 2). 

Therefore, an allyl group had to be introduced at C-5 of the dioxenone. Kaneko et al. 

reported a photochemical allylation of iododioxenone 8 with allyltrimethylsilane.5 

Unfortunately, we were unable to reproduce this result. Moreover, because the reaction 

requires a large excess of the allylsilane (15 equiv.) and highly diluted conditions (0.008M), 

this method does not allow the formation of sufficient quantities of the allyldioxenone to 

serve our purpose. Consequently, we sought an alternative way to bring in the allyl side 

chain. Unfortunately, all attempts to introduce this moiety by means of palladium catalysis 

failed. Additionally, attempted lithium-iodide exchange with ferf-butyllithium at -90 °C met 

with failure. However, Knöchel recently reported the conversion of 5-iodouracil derivatives 

into the corresponding Grignard reagents by magnesium-iodide exchange with iso-

propylmagnesium bromide.8 These polyfunctional organomagnesium compounds could 

then be reacted with various electrophiles in good yields. We were very pleased to find that 

the application of this method to iododioxenone 8, resulted in the quantitative formation of 

the magnesiated species 16 (eq 5.8). 

O 'PrMgCl 

THF, -78 °C ' 

CIMg 
O 

O' 

16 

,Br 

CuCN (cat.) 
-78 °C, 30 min. 

(5.8) 

The in situ formed Grignard reagent 16 was then reacted with allyl bromide in the 
presence of a catalytic amount of copper cyanide to afford allyl dioxenone 17 in 80% yield. 
Subsequent oxidative cleavage of olefin 17 with Os0 4 /NaI0 4 allowed formation of aldehyde 
18 (eq 5.9). 

Os04 (cat.), NaI04 

THF/water(l:l v/v) 
rt, 7 h 

(5.9) 
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[2+2] Ci/clondditions with 6-iinsitbstitiited dioxenones 

Unfortunately, a ldehyde 18 p roved to be ra ther unstable in the 

ehromium(II)/nickel(II) media ted coupling9 wi th cyclohexenyl triflate.10 This resulted, after 

VfOM protection of the in termedia te ally lie alcohol 19, in a d i sappoin t ing 35% yield of the 

cyclization precursor 20 (scheme 5.2). 

Scheme 5.2 

O 

18 

MOMO, O 

O 

O" 

21 
86% (55:45) 

OTf 

CrCl2 (4 equiv.) 
NiCl2 (1 mol%) 

DMF, rt, 16 h 

hv (300 ran) 

MeCN/acetone 
(9:1 v/v) , rt, 30 min. 

MOMC1 
DIPEA, CH2C12 

rt, 16 h 

MOMO 

20 
35% from 18 

As expected from the results wi th the 6-methyldioxenones, subjection of 20 to the 

usual irradiat ion condit ions led to the exclusive formation of bicyclo[2.2.0]hexane 21, as a 

5:45 mixture of diastereomers . The cyclization of 20 to 21, together wi th the cyclization of 14 

o 15, clearly indicates that the lack of the methyl subst i tuent at C-6 of the d ioxenone has no 

nfluence on the regioselectivity of the cycloaddit ion process, nor on the reactivity of the 

: îxenone itself. 

The instability of a ldehyde 18 towards the chromium(II) /nickel(II) media ted 

mpling condit ions was even more evident , w h e n the reaction was performed wi th the less 

: tive ß-keto ester der ived vinyl triflate 2 2 " (eq 5.10). 

OTf 

OEt 

CrCl2 (4 equiv.) 
NiCl2 (1 mol%) 

X 
DMF, 50 °C 

22 

(5.10) 

Only on one occasion, a trace a m o u n t of the desired cyclization precursor 23 could be 

led. All other a t tempts resul ted in rap id and complete decomposi t ion of a ldehyde 18. 

p rompted us to look for an alternative me thod to construct 23. 
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Baker and Coates had shown the coupl ing of b r o m o - a m i d e 24 to a ldehydes and 

ketones via the intermediacy of organol i th ium c o m p o u n d 25, leading after acidic w o r k - u p to 

te t rahydro-isobenzofuranones 26 (eq 5.II).12 

Br 
1 'BuLi OC» 

0 

R 1 ^ R 2 r 
Rv1 R 2 

1 
-75 "C OC» 

75-80% -S; 
0 

24 25 26 

(5.11) 

W e decided to investigate the applicability of this me thod in our synthesis of 

cyclization precursor 23. Therefore, p ipe r idy l -amide 28 was synthesized from k n o w n acid 27 

(eq5.12). '2 

Br 

OH 

27 

1) SOCl2, DMF (cat.) 
benzene, 0 °C —> rt, 1 h 

2) piperidine 
0 °C -> rt, 1 h 

Br 

N 

O 

28 75% 

(5.12) 

Unfortunately, the organol i th ium species der ived from 28 was too reactive to be used 

in the coupl ing to sensitive a ldehyde 18 and caused complete decomposi t ion of the starting 

material . The cor responding organozinc in termediate was not reactive enough, even after the 

addi t ion of accelerating ligands.1 3 However , the Gr ignard reagent der ived from 28, formed in 

situ from the lithiated species by transmetal lat ion wi th freshly p repared magnes ium 

bromide , d isplayed just the right reactivity. In this way , cyclization precursor 23 could be 

formed, albeit in a modes t yield of 36% (eq 5.13). 

18 + 28 

1) 'BuLi, THF/pentane, 
-78 °C, 15 min. 

2) MgBr2, Et20/benzene 
-78 °C, 30 min. 

3) AcOH, T H F / H 2 0 
-78 °C -> rt, 1 h 23 36% 2 9 2 7 o 

(5.13) 

The main reason for this low yield is enolization of a ldehyde 18 du r ing the Grignar 

addit ion, render ing it unreact ive t owards the organometal l ic reagent and leading to a 

substantial amoun t of self-condensat ion p roduc t 29. However , with 23 in h a n d the stage wa 

set for the [2+2] photocycloaddi t ion. Pleasingly, subjection of 23 to the usual irradiation 

condit ions led to a very smooth reaction, affording the desired crossed cycloadduct 30 i. 

excellent yield (eq 5.14). 
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[2+2] Cycloadditions with 6-unsubstituted dioxenones 

23 

hv (300 nm) [ \ , J o x ~~~P 

O MeCN/ acétone (9:1 v/v) O T ^ ~ C ) 
r t , l h " ^ 

(5.14) 

30 95'; 

Again, this cyclization p roduc t was crystalline (mp 186-187 °C), and the crystals 

ippeared suitable for an X-ray crystal s t ructure de terminat ion (figure 5.1). 

i if 

Figure 5.1 Crystal structure of 30 

(hydrogen a toms omit ted for clarity) 

l ; 
1 Ü 3.0 

igure 5.2 'H NMR spectrum (5.5-0.5 ppm) of 30 
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The n e w prepara t ive me thod for the cyclization precursors , involving the Gr ignard 

addi t ion of a vinyl b romide to a ldehyde 18, enabled the construction of precursors that were 

unaccessible via the prev ious route . This al lowed us to investigate whether the five-

membered lactone was crucial for the regiochemical ou tcome of the cycloaddition, or that 

connect ing the tether and the alkene via any other r ing wou ld also suffice (for a detailed 

hypothes is about the effect of conformational constraints on the ou tcome of the 

cycloaddition, see section 2.6). Therefore, s even -membered r ing acetonide 32 was p repared 

by add ing bromo-a lcohol 311 4 to 18, followed by acetalization of the result ing diol (eq 5.15). 

Br 1) fBuLi, THF/pentane, 

-78 °C, 15 min. 
»-

2) 2,2-dimethoxypropane 
OH PPTS, DMF, rt, 4 h 

18 31 

(5.15) 

Precursor 32 still holds the tether and the alkene in a cyclic ar rangement , however , 

wi th a significant reduct ion of rigidity compared to lactone 23. This decrease of strain is 

directly visible in the outcome of the [2+2] photocycloaddit ion, which afforded exclusively 

the straight cycloadduct 33 as a single dias tereomer in excellent yield (eq 5.16). 

hv (300 nm) 

MeCN/acetone (9:1 v /v) 
rt, 30 min. 

W 

O 

IA 

JL 

33 88% 

(5.16 

ÜüLJJJMX 
ppis 5 4 3 

Figure 5.3 ]H NMR spectrum (5.5-0.5 ppm) of 33 
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(2+2) Cycloadditions with 6-unsubstituted dioxenones 

The s e v e n - m e m b e r e d r ing clearly offers too m u c h flexibility to direct the 

cycloaddition towards the crossed m o d e of closure. Therefore, a n e w precursor was 

designed, which closely resembled precursor 23. Only the f ive-membered lactone was 

changed into a f ive-membered r ing lactol. The synthesis s tarted wi th the addi t ion of b r o m o -

diene 3415 to a ldehyde 18 (scheme 5.3). The terminal alkene of the obtained p roduc t 35 w a s 

oxidatively cleaved wi th O s 0 4 / N a I 0 4 , to afford the very sensitive lactol 36. Subsequent 

methylation of the hydroxy g roup at low tempera tu re led to cyclization precursor 37. 

Scheme 5.3 

MeO 

'BuLi 

THF/pentane 
-78 °C, 15 min. 

KHMDS, Mel 

THF, -78 °C 

35 47% 

Os0 4 (cat.), NaI0 4 

THF/water (1:1 v/v) 
rt, 7 h 

37 81% 36 72% 

The propens i ty of lactol 36 to el iminate the hydroxy g r o u p became apparen t u p o n 

mpted silylation, which rapidly led to furan 38 in a virtually quant i ta t ive yield (eq 5.17). 

TBDMSC1 

Et,N, CH7C19, 0 °C, 15 min. i 2 ^ i 2 

38 96% 

(5.17) 

The photochemis t ry wi th precursor 37 led to a complex mixture of p roduc t s (eq 5.18). 

iparently, 37 offers l imited stability t owards the i rradiat ion condit ions. After exhaust ive 

reduction of the c rude p roduc t mixture wi th LiAlH4, only a trace a m o u n t of diol 39 could be 

ited. 

MeO 

1) hv (300 nm) 
MeCN/acetone (9:1 v/v) 
rt, 2 h 

2) LiAlH4, THF, rt, 15 min. 
MeO 

(5.18) 

39 <10% 
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Regarding the regioselectivity of the cycloaddit ion wi th precursor 37, no solid 

conclusions can be d r a w n from the isolation of 39, because of the presence of other 

pho toadduc t s in the J H NMR spec t rum of the crude cycloaddit ion mixture. 

5.4 C y c l o a d d u c t F u n c t i o n a l i z a t i o n 

To see whe the r the re t ro-aldol reaction could also be performed on the cycloadducts 

from the 6-unsubsti tuted dioxenones, 30 w a s subjected to the hydrolysis condit ions as 

described in chapter 3 (eq 5.19). 

30 

KOH 

l,4-dioxane/H20 
0 °C, 30 min. 

(5.19) 

40 84'! 

This resulted in the very smooth formation of tricyclic a ldehyde-ac id 40, as a single 

diastereomer. This route al lows stereocontrolled access to highly subst i tuted rrans-fused 

bicyclo[4.3.0]nonanes, wi th ample functionality for further elaboration. 

We n o w concentrated on the model s tudies towards solanoeclepin A. Therefore, 

cycloadduct 30 was exhaustively reduced wi th LiAlKi to afford tetraol 41 (eq 5.20). 

LiAlH4 

THF, rt, 5 min. 

30 

(5.20) 

41 60% 

Unfortunately, all a t tempts to directly differentiate the hydroxyl functions bj 

acetalization resulted in a complex mixture of products . However , TIPS protect ion of the 

pr imary alcohols, resulted in the preferential formation of one of both possible mono-sily! 

ethers (eq 5.21). 

TII'SCI 

imidazole 
DMF, rt, 16 h 

ÖTIPS 

42 72" 

OTIPS 

43 19% 

(5.21 
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The major isomer from this reaction, silyl ether 42, seemed a good star t ing point for 

further functionalization. In order to minimize the a m o u n t of protect ion steps, it was deemed 

necessary to remove the remaining p r imary alcohol of 42 as soon as possible. In 

solanoeclepin A, a methyl g roup is present at tha t position. Therefore, we envisaged a 

reductive removal of the alcohol via the cor responding tosylate. Unfortunately, t rea tment of 

42 wi th tosyl chloride a n d pyr id ine resulted in the nearly quant i ta t ive formation of 

tetrahydrofuran 44 (eq 5.22). 

TsCl 

ÖTIPS pyridine, rt, 1 h 

(5.22) 

44 97% 

A plausible explanat ion for the formation of 44 is the displacement of the 

intermediate tosylate by the proximate secondary hydroxy g roup . Therefore, an alternative 

strategy towards a suitably functionalized in termediate for our mode l s tudies had to be 

explored. It w a s found that t rea tment of tetraol 41 wi th TBDPSC1 resul ted in a near ly 50:50 

i;stribution of mono-silyl ethers 45 and 46 (scheme 5.4). 

heme 5.4 

MOMÖ 
49 93% 

TBDPSC1 

imidazole 
DMF, 0 °C 

TBAF 

THF, 0 °C, 1 h 

OTBDPS 

45 46% 

MOMO 
48 78% 

MOMC1 

DIPEA 
CH2C12, 0 °C 

46 44% 

MeCX ^OMe 

PPTS, DMF 
rt, 4 h 

OTBDPS 

47 80% 

Silyl ether 46 was chosen as the best candida te for further elaboration, a n d converted 

3 acetonide 47 in good yield. This left only one secondary alcohol unprotec ted , a n d after 

' tment of 47 wi th MOMC1, fully protected in termedia te 48 was obtained. Deprotect ion 

with TBAF al lowed the release of one p r imary alcohol, leading to 49. 
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Unfortunately, conversion of the primary alcohol to the corresponding tosylate did 

not succeed, instead decomposition of the starting material was observed. Similarly, 

attempted transformation of the hydroxyl group into the corresponding primary iodide met 

with failure. Perhaps the proximate MOM ether participates in intramolecular substitution of 

the formed leaving group (comparable to the facile formation of tetrahydrofuran 44, eq 5.22), 

leading to cationic skeletal rearrangements. If this is the case, the use of an electron 

withdrawing protective group for the secondary alcohol should remedy the problem. 

However, at this point, lack of material prohibited further investigations towards the 

removal of the primary alcohol, which proved to be a surprisingly difficult task. 

5.5 Conclusions 

In this chapter the preparation and cyclization of 6-unsubstituted dioxenones 

tethered to mono-, tri- and tetrasubstituted alkenes is described. The monosubstituted alkene 

precursor 14 was made via a palladium catalyzed coupling reaction of iododioxenone 8 and 

propargyl alcohol. The key step in the synthesis of the tri- and tetrasubstituted cyclization 

precursors comprised a very efficient magnesium-iodide exchange reaction with 8, which 

allowed allylation at C-5 of the dioxenone. The 6-unsubstituted dioxenones showed very 

similar behavior compared to the 6-methyl analogs (chapter 2), with respect to the reactivity 

and regioselectivity in the [2+2] photocycloaddition reactions. Precursor 32 afforded straight 

adduct 33 indicating that a seven-membered ring allows too much conformational flexibility 

in the cycloaddition. The five-membered ring acetal 37 exhibited very poor behavior in the 

photochemical step, probably due to its limited stability. Crossed cycloadduct 30 was 

elaborated to alcohol 49, a useful intermediate in model studies towards solanoeclepin A. 
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5.7 Experimental Section 

General information. For general experimental details, see Section 2.9. 

? H 9 2,2-Dimethyl-4,6-dioxo-[l,3]dioxane-5-carbaldehyde (4).6 To a suspension or 

H^Y^° 1 0 (122-5 g- °-66 m o 1 ) i n w a t e r (6 6 0 m L ) w a s added dropwise at 0 °C, cone 

c r ^ O ^ T HCl (59 mL, 0.72 mol). The resulting mixture was stirred at 0 °C for 30 mir 

Then, Et2Û (350 mL) was added and the mixture was stirred for an additional 

30 min. The solution was diluted with EtOAc (350 mL) and the layers were separated. Thi 
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organic layers was dried over MgSOi and concentrated in vacuo (bath temperature 30 °C) to 

afford 4 (105.6 g, 93%) as a pale brown solid. 'H NMR: 8.54 (s, 1H), 3.77 (s, 1H), 1.75 (s, 6H). 

T
3-Iodo-l,5-dioxa-spiro[5.5]undec-3-en-2-one (8).5 To a solution of 6 (1.00 g, 6.0 

O mmol) in CCU/ pyridine (20 mL, 1:1 v/v) was added at 0 °C, h (6.09 g, 24 

çf\ mmol). The mixture was allowed to warm to room temperature and stirred for 
^ ^ 16 h. An aqueous solution of Na2S203 (2M, 20 mL) was added and the 

suiting mixture was stirred for 1 h. The layers were separated and the aqueous phase was 

traded with EtOAc (3 x 10 mL). The combined organic layers were washed with brine (10 

mL), dried over MgS04 and concentrated in vacuo. Purification by crystallization from EtOAc 

orded 8 (1.68 g, 95%) as a white solid, mp 104 °C (lit. 97-98 °C, Et20/hexane). R, = 0.35 

(EtOAcPE = 1:4). iH NMR: 7.45 (s, 1H), 2.07-1.95 (m, 4H), 1.75-1.44 (m, 6H). 

"? 9 5-Methoxymethylene-2,2-dimethyl-[l,3]dioxane-4,6-dione (10).7 Meldrum's 

y " i D acid (100 g, 0.69 mol) was dissolved in trimethyl orthoformate (380 mL). The 

c r~o ' ' l solution was warmed to 100 °C and stirred for 3 h. The solution was allowed 

to cool to room temperature and concentrated in vacuo, to afford 10 (122.5 g, 

) as a yellow solid. iH NMR: 8.15 (s, IH), 4.27 (s, 3H), 1.72 (s, 6H). "C NMR: 172.5,163.3, 

38.8,104.9, 97.0, 66.5, 27.4. 

3-(3-Hydroxy-prop-l-ynyl)-l,5-dioxa-spiro[5.5]undec-3-en-2-one 

(11). To a solution of iododioxenone 8 (600 mg, 2.04 mmol), propargyl 

alcohol (0.6 mL, 10.3 mmol), triethylamine (0.6 mL, 4.3 mmol) and 

copper(I) iodide (20 mg, 0.11 mmol) in DMF (15 mL), was added 

b(PPh3)2 (36 mg, 0.05 mmol). The resulting mixture was warmed to 80 °C and stirred for 

I h. Then the solution was allowed to cool to room temperature and water (15 mL) was 

d. The aqueous phase was extracted with EtOAc (4 x 15 mL). The combined organic 

rs were washed with brine (10 mL), dried over MgSO.} and concentrated in vacuo. 

•irification by chromatography (EtOAcPE = 1:1) afforded 11 (218 mg, 48%) as a colorless 

I. Rf= 0.26. 'H NMR: 7.44 (s, IH), 4.41 (s, 2H), 2.45 (br s, IH), 2.05-1.94 (m, 4H), 1.74-1.55 (m, 

•iH), 1.50-1.43 (m, 2H). 

3-(3-Hydroxy-propyl)-l,5-dioxa-spiro[5.5]undec-3-en-2-one (12). To a 

solution of 11 (200 mg, 0.90 mmol) in EtOAc (3 mL), was added PtOz 

(10 mg, 0.05 mmol). The resulting mixture was stirred at room 

temperature under an atmosphere of H2 for 4 h. Then the mixture was 
-ed through Celite® and concentrated in vacuo. Purification by chromatography 

\c:PE = 2:1) afforded 12 (195 mg, 96%) as a colorless oil. R, = 0.27. iH NMR: 6.96 (s, IH), 

i, ƒ = 6.0 Hz, 2H), 2.27 (t, ƒ = 7.3 Hz, 2H), 2.15 (br s, IH), 2.03-1.88 (m, 4H), 1.75-1.40 (m, 
13C NMR: 162.2,153.5,108.9,107.3, 61.2, 33.7, 32.0, 24.5, 22.1, 22.0. IR: 1723,1642. HRMS 

() calculated for Ci2H1904 (MH+) 227.1283, found 227.1284. 
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3-(4-Oxo-l,5-dioxa-spiro[5.5]undec-2-en-3-yl)-propionaldehyde (13). 
To a solution of 12 (180 mg, 0.80 mmol) in CH2CI2 (2 mL) was added at 

0 °C, Dess-Martin periodinane (405 mg, 0.95 mmol). The resulting 

mixture was stirred at 0 °C for 30 min. The reaction was quenched bv 

addition of saturated aqueous NaHCCh (2 mL). The layers were separated and the aqueous 

phase was extracted with EtOAc ( 3 x 2 mL). The combined organic layers were washed with 

brine (2 mL), dried over MgSO.j and concentrated in vacuo, to afford 13 (174 mg, 97% crude 

yield), which was used crude for the next reaction. JH NMR: 9.78 (s, 1H), 7.03 (s, 1H), 2.72 (t, 

ƒ = 6.9 Hz, 2H), 2.47 (t, ƒ = 6.9 Hz, 2H), 2.01-1.87 (m, 4H), 1.73-1.41 (m, 6H). 

3-But-3-enyl-l,5-dioxa-spiro[5.5]undec-3-en-2-one (14). To a solution 

of methyltriphenylphosphonium bromide (330 mg, 0.92 mmol) in THF 

(1 mL) at 0°C was added dropwise KHMDS (0.5M in toluene, 1.9 mL, 

0.95 mmol). The resulting mixture was stirred for 30 minutes at 0 °C 

and cooled to -78 °C. Then, a solution of aldehyde 13 (174 mg, 0.78 mmol) in toluene (1 mL) 

was added dropwise. The solution was stirred for 30 minutes at -78 °C, for 30 minutes at 0 

°C and allowed to warm to room temperature over 3 hours. The reaction was was quenched 

by addition of saturated aqueous NH4CI (2 mL). The layers were separated and the aqueous 

phase was extracted with Et20 ( 4 x 2 mL). The combined organic layers were washed with 

brine (2 mL), dried over MgSQi and concentrated in vacuo. Purification by chromatography 

(EtOAc:PE = 1:6) afforded 14 (144 mg, 81% from 12) as a colourless oil. R, = 0.27. iH NMR: 

6.89 (s, IH), 5.80-5.73 (m, IH), 5.05-4.98 (m, 2H), 2.25 (br s, 4H), 2.04-1.89 (m, 4H), 1.73-1.42 

(m, 6H). '3C NMR: 161.5, 153.0, 137.5, 115.7, 108.8, 107.0, 34.0, 32.7, 25.5, 25.0, 22.0. IR: 1730, 

1639. HRMS (FAB) calculated for G3H9O3 (MH+) 223.1334, found 223.1333. 

Cycloadduct 15. According to general procedure A, irradiation of alkene 14 (60 

mg, 0.27 mmol) for 2 h afforded 15 (60 mg) as a colorless oil. The purity was 

/ X _ _ - ^ estimated to be 70% based on the 'H NMR spectrum of the crude product. ]H 
0 NMR: 3.44 (d, / = 5.9 Hz, IH), 2.68-2.67 (m, IH), 2.14 (s, IH), 1.90 (dt, / = 10.5, 3.9 

Hz, IH), 1.81-1.77 (m, 2H), 1.56-1.09 (m, 12H). «C NMR (C6D6): 168.8, 109.2, 78.5, 49.1, 42.8, 

41.3, 37.9, 35.2, 25.6, 25.4, 23.5, 23.3. IR: 1712. 

3-Allyl-l,5-dioxa-spiro[5.5]undec-3-en-2-one (17). To a solution iso-

propylmagnesium chloride (2M in Et20, 2.8 mL, 5.6 mmol) was added via 

syringe pump at -78 °C, a solution of 8 (1.47 g, 5 mmol) in THF (10 mL). 

After the addition was complete, CuCN (45 mg, 0.5 mmol) and all} 

bromide (0.65 mL, 7.5 mmol) were added sequentially. After being stirred for 30 min. at -? 

°C the reaction was quenched by the addition of saturated aqueous NH4CI (10 mL) and tl 

mixture was allowed to warm to room temperature. The layers were separated and i 

aqueous phase was extracted with Et20 (3 x 10 mL). The combined organic layers wen 

washed with brine (10 mL), dried over MgSO.t and concentrated in vacuo. Purification b] 

chromatography (EtOAcPE = 1:5) afforded 17 (833 mg, 80%) as a colorless oil. R, = 0.29. 
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NMR: 6.89 (s, 1H), 5.81 (ddt, ƒ = 16.8,10.1, 6.6 Hz, 1H), 5.12-5.04 (m, 2H), 2.91 (dd, ƒ = 6.6,1.2 

Hz, 2H), 2.02-1.88 (m, 4H), 1.71-1.39 (m, 6H). «C NMR: 161.2,153.4,134.6,116.8,108.0,107.2, 

33.7, 29.8, 24.5, 22.0. 

9 (4-Oxo-l,5-dioxa-spiro[5.5]undec-2-en-3-yl)-acetaldehyde (18). To a 
3 Y ^ T | O solution of 17 (890 mg, 4.27 mmol) in THF/water (60 mL, 1:1 v/v) were 

H 0^1 added at 0 °C, osmium tetroxide (0.4 mL, 1 wt. % solution in water, 0.03 

^ ^ mmol) and NaI04 (2.0 g, 9.4 mmol). The resulting mixture was allowed to 

warm to room temperature and stirred for 7 h. Then, most of the THF was evaporated, the 

naming mixture was diluted with water (50 mL) and extracted with EtOAc (4 x 25 mL). 

The combined organic layers were washed with 1JV NaHSCb (25 mL), water (25 mL), 2N 

NaHC03 (25 mL) and brine (25 mL), dried over MgS04 and concentrated in vacuo. 

Purification by chromatography (EtOAcPE = 1:1) afforded 18 (673 mg, 75%) as white waxy 
R,•= 0.28. iH NMR: 9.72 (s, 1H), 7.04 (s, 1H), 3.30 (s, 2H), 2.11-1.97 (m, 4H), 1.74-1.43 (m, 

i3C NMR: 197.9, 161.1, 155.4, 108.2, 102.1, 40.1, 33.6, 24.5, 22.1. IR: 1725, 1644. HRMS 

Î) calculated for CnHi504 (MH+) 211.0970, found 211.0987. 

3-(2-Cyclohex-l-enyl-2-methoxymerhoxy-ethyl)-l,5-dioxa-spiro-

[5.5]undec-3-en-2-one (20). To a solution of aldehyde 18 (210 mg, 1 

mmol) in DMF (3 mL) at 0 °C were added CrCl2 (492 mg, 4 mmol), 

NiCl2 (1 mg, 0.008 mmol) and cyclohexenyl triflate (506 mg, 2.2 

mmol). The mixture was allowed to warm to room temperature and 

stirred at room temperature for 16 h. Saturated aqueous NH4C1 (2 mL) was added and the 

leous phase was extracted with EtOAc ( 3 x 5 mL). The combined organic layers were 

led with water (5 mL) and brine (5 mL), dried over MgS04 and concentrated in vacuo. 

> rude mixture was dissolved in CH2CI2 (2 mL) and treated with DIPEA (0.5 mL, 2.9 

imol) and MOMC1 (150 uL, 2 mmol) at 0 °C. The resulting mixture was allowed to warm to 

n temperature and stirred for 16 h. Saturated aqueous NaHCOs (2 mL) was added and 

iqueous phase was extracted with EtOAc ( 3 x 2 mL). The combined organic layers were 

washed with brine (2 mL), dried over MgS04 and concentrated in vacuo. Purification by 

chromatography (EtOAcPE = 1:3) afforded 20 (118 mg, 35%) as a colorless oil. R, = 0.29. m 

•: 6.91 (s, IH), 5.60 (br s, IH), 4.55 (d, ƒ = 6.5 Hz, IH), 4.42 (d, ƒ = 6.5 Hz, IH), 4.05 (t, ƒ = 

! Iz, IH), 3.29 (s, 3H), 2.42 (dd, ƒ = 14.2, 7.3 Hz, IH), 2.34 (dd, ƒ = 14.2, 6.9 Hz, IH), 2.01-

(m, 8H), 1.65-1.37 (m, 10H). »C NMR: 161.4, 154.2, 135.7, 127.2, 107.1, 106.4, 93.6, 79.0, 

33.9, 33.2, 30.1, 25.0, 24.6, 22.7, 22.4, 22.1. IR: 1722, 1640. HRMS (FAB) calculated for 

• II29O5 (MH*) 337.2015, found 337.2019. 

General procedure A for the intramolecular [2+2] cycloadditions. The photoreaction 

carried out in a pyrex glass vessel with a Rayonet RPR 3000Â at room temperature. A 

lion of precursor in acetonitrile/acetone (25mM, 9:1 v/v) was degassed by bubbling 

1 through for 30 min. The solution was kept under argon and irradiated for the time 

ated. The reaction was followed by monitoring the UV absorption of the starting 
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material on TLC. When complete conversion was observed, the solvent was removed in 
vacuo. 

0 Cycloadduct 21. According to general procedure A, irradiation of 20 a IA 
o 

(50 mg, 0.15 mmol) for 30 min. afforded 21 (43 mg, 86%) as an 

inseparable 56:44 mixture of diastereomers as colorless oil after 

purification (EtOAc:PE = 1:2). R, = 0.26. ]H NMR: 4.59-4.51 (m, 5H), 4.33 

(d, / = 5.6 Hz, 1H), 4.08 (t, ƒ = 6.4 Hz, 1H), 4.01 (dd, ƒ = 9.6, 6.9 Hz, 1H), 3.30 (s, 6H), 3.14-3.09 

(m, 1H), 2.86 (dd, ƒ = 13.0, 9.6 Hz, 1H), 2.59 (dd, ƒ = 12.2, 6.6 Hz, 1H), 2.42-2.38 (m, 2H), 2.04-

1.87 (m, 3H), 1.98 (dd, ƒ = 13.0, 6.9 Hz, 1H), 1.81- 0.99 (m, 33H). IR: 1717. HRMS (FAB) 

calculated for Q9H29O5 (MH+) 337.2015, found 337.2021. 

3-(3-Oxo-l,3,4,5,6,7-hexahydro-isobenzofuran-l-ylmethyl)-l,5 
dioxa-spiro[5.5]undec-3-en-2-one (23). To a solution of 28 (272 mg, 

1.0 mmol) in THF (2 mL) was added dropwise at -78 °C, ferf-butv 

lithium (1.7M in pentane, 1.3 mL, 2.2 mmol). The resulting mixturt 

was stirred for 15 min. Then, freshly prepared MgBr2 (IM in Et20/benzene 3:1 v/v , 1.1 mL 

1.1 mmol) was added dropwise at -78 °C and the resulting mixture was stirred for 30 min. 

Next, a solution of 18 (210 mg, 1.0 mmol) in THF (1 mL) was added dropwise at -78 °C. After 

stirring for 1 h at -78 °C, the reaction was quenched by addition of a mixture of 

AcOH/H?0/THF (5 mL, 1:4:4 v/v), allowed to warm to room temperature and stirred for 1 

h. The layers were separated and the aqueous phase was extracted with EtOAc ( 3 x 5 mL) 

The combined organic layers were washed with saturated aqueous NaHC0 3 (5 mL), water ( 

mL) and brine (5 mL), dried over MgSO.1 and concentrated in vacuo. Purification b\ 

chromatography (EtOAcPE = 2:3) afforded 23 (115 mg, 36%) as a colourless oil. iH NMR: 

7.06 (s, 1H), 4.95 (br s, 1H), 2.77 (dd, / = 14.9, 3.1 Hz, 1H), 2.52-2.46 (m, 1H), 2.48 (dd, ƒ = 14.9 

6.3 Hz, 1H), 2.26-1.84 (m, 7H), 1.72-1.42 (m, 10H). "C NMR: 173.2, 163.5, 161.4, 156.4, 127.; 

107.7, 102.7, 80.6, 34.3, 32.6, 28.4, 24.5, 23.2, 22.1, 21.5, 20.0. IR: 1745, 1721, 1676,1635. HRMÏ 

(FAB) calculated for GsHaOs (MH*) 319.1545, found 319.1548. 

3r / \ (2-Bromo-cyclohex-l-enyl)-piperidin-l-yl-methanone (28). To a suspension 

^ ^ of acid 27 (1.08 g, 5.27 mmol) in benzene (10 mL) were added dropwise at 

£ °C, DMF (100 uL, 1.29 mmol) and thionyl chloride (0.5 mL, 6.85 mmol). The 

resulting mixture was allowed to warm to rt and stirred for 1 h. Then th 

solution was cooled to 0 °C and piperidine (1.5 mL, 15 mmol) was added dropwise. 1 

resulting mixture was allowed to warm to room temperature and stirred for 1 h. The reactie 

was quenched by the addition of water (10 mL). The layers were separated and the aqueot 

phase was extracted with Et2Ü (3 x 10 mL). The combined organic layers were washed \v 

2M HCl (10 mL), saturated aqueous NaHC0 3 (10 mL) and brine (10 mL), dried over MgSO 

and concentrated in vacuo. Purification by chromatography (EtOAcPE = 3:2) afforded 

(1.07 g, 75%) as a white solid. Rf= 0.30. 'H NMR: 3.57-3.54 (m, 2H), 3.40-3.27 (m, 2H), 2.48-
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137 (m, 3H), 2.05-2.01 (m, 1H), 1.76-1.46 (m, 10H). "C NMR: 168.6, 134.5, 119.2, 47.0, 41.8, 

35.1, 28.9, 26.4, 25.2, 24.5, 24.0, 21.2. IR: 1614. 

Cycloadduct 30. According to general procedure A, irradiation of alkene 23 
(120 mg, 0.38 mmol) for 1 h afforded 30 (114 mg, 95%), as a crystalline solid 

after purification by crystallization from acetone/ n-hexane. Colorless crystals. 
0 mp 186-187 °C. 'H NMR: 4.67 (d, ƒ = 3.9 Hz, 1H), 4.02 (s, 1H), 2.34 (dt, / = 13.3, 

.5 Hz, 1H), 2.23 (br d, ƒ = 13.0 Hz, 1H), 2.17-2.07 (m, 2H), 1.97-1.90 (m, 3H), 1.81-1.42 (m, 

. 1.07-0.95 (m, 1H). 13C NMR: 174.5,165.2,110.5, 78.4, 78.0, 60.5, 57.8, 46.8, 36.9, 34.8, 34.6, 

5, 22.2, 22.1, 21.7, 21.6, 21.3, 20.6. IR: 1783, 1740. HRMS (FAB) calculated for CMHBOS 

[+) 319.1545, found 319.1553. 

Crystallographic data for 30: monoclinic, P2i/c, a = 6.6011(5), b = 16.1185(1), 

c = 14.513(1) À, ß = 91.431(7)°, V = 1543.7(2) À', Z = 4, Dx = 1.37 gem-1, 

X(CuKa) = 1.5418 Â, u(CuKa) = 8.2 cm-i, F(000) = 680, 243 K. Final R = 0.050 

'O for 2586 observed reflections. 

able 5.1 Bond distances of the non-hydrogen atoms (A) of 30 (standard deviations) 
-.2) 1.508(4) C(7)-0(l) 1.351(4) C(13)-C(14) 1.502(4) 
C(6) 4.551(3) C(7)-0(2) 1.205(4) C(13)-C(18) 1.522(4) 
C(8) 1.547(4) C(8)-C(9) 1.552(4) C(13)-0(3) 1.472(3) 

' (H) 1.549(3) C(8)-0(l) 1.464(3) C(13)-0(4) 1.430(3) 
-C(3) 1.528(4) C(9)-C(10) 1.519(4) C(14)-C(15) 1.524(4) 

C(4) 1.524(5) C(10)-C(ll) 1.535(3) C(15)-C(16) 1.516(4) 
C(5) 1.538(4) C(10)-C(12) 1.489(4) C(16)-C(17) 1.516(4) 
C(6) 1.510(4) C(ll)-0(4) 1.418(3) C(17)-C(18) 1.522(4) 
C(7) 1.512(4) C(12)-0(3) 1.340(3) 

(10) 1.617(3) C(12)-0(5) 1.197(4) 

Table 5.2 Bond angles of the non-hydrogen atoms (' ') of 30 (standard deviations) 
1 |-C(6) 118.0(2) C(6)-C(7)-0(2) 129.1(3) 0(3)-C(12)-0(5) 119.2(2) 

(1)-C(8) 121.5(2) 0(l)-C(7)-0(2) 122.6(3) C(14)-C(13)-C(18) 112.4(2) 
L)-C(ll) 125.1(2) C(l)-C(8)-C(9) 101.9(2) C(14)-C(13)-0(3) 105.7(2) 

(1)-C(8) 92.3(2) C(l)-C(8)-0(1) 103.8(2) C(14)-C(13)-0(4) 106.8(2) 
L)-C(ll) 89.6(2) C(9)-C(8)-0(l) 104.6(2) C(18)-C(13)-0(3) 107.7(2) 

(l)-C(U) 101.7(2) C(8)-C(9)-C(10) 95.8(2) C(18)-C(13)-0(4) 112.9(2) 
2)-C(3) 110.4(2) C(6)-C(10)-C(9) 103.0(2) 0(3)-C(13)-0(4) 111.2(2) 
1)-C(4) 112.3(2) C(6)-C(10)-C(ll) 87.7(2) C(13)-C(14)-C(15) 111.5(2) 

:4)-C(5) 112.5(2) C(6)-C(10)-C(12) 116.8(2) C(14)-C(15)-C(16) 110.9(2) 
5)-C(6) 108.6(2) C(9)-C(10)-C(ll) 99.4(2) C(15)-C(16)-C(17) 111.3(2) 
6)-C(5) 116.9(2) C(9)-C(10)-C(12) 124.6(2) C(16)-C(17)-C(18) 111.2(2) 
6)-C(7) 103.9(2) C(ll)-C(10)-C(12) 118.1(2) C(13)-C(18)-C(17) 110.9(2) 
6)-C(10) 81.0(2) C(l)-C(ll)-C(10) 83.8(2) C(7)-0(l)-C(8) 105.4(2) 
(6)-C(7) 112.6(2) C(l)-C(ll)-0(4) 115.1(2) C(12)-0(3)-C(13) 123.7(2) 
:'.)-C(10) 123.7(2) C(10)-C(ll)-O(4) 110.1(2) C(ll)-0(4)-C(13) 111.9(2) 
-)-C(10) 113.3(2) C(10)-C(12)-O(3) 115.4(2) 
>0(1) 108.3(2) C(10)-C(12)-O(5) 125.2(2) 
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3-(7,7-Dimethyl-l,2,3,4,5,9-hexahydro-6,8-dioxa-benzocyclohepten-
5-ylmethyl)-l,5-dioxa-spiro[5.5]undec-3-en-2-one (32). To a solution 

of 31 (80 mg, 0.42 mmol) in THF (1.0 mL) was added dropwise at -78 

°C, ferf-butyl lithium (1.7M in pentane, 0.74 mL, 1.26 mmol). The 

resulting mixture was stirred for 15 min. Then, a solution of 18 (88 mg, 0.42 mmol) in THF 

(1.0 mL) was added dropwise at -78 °C. After stirring for 1 h at -78 °C, the reaction was 

quenched by addition of saturated aqueous NH4CI (2 mL). The layers were separated and 

the aqueous phase was extracted with EtOAc ( 3 x 2 mL). The combined organic layers were 

washed with brine (2 mL), dried over MgSÜ4 and concentrated in vacuo. The crude mixture 

was dissolved in DMF (2 mL) and treated with 2,2-dimethoxypropane (0.25 mL, 2.0 mmol) 

and a catalytic amount of PPTS. The resulting mixture was stirred for 4 h and quenched by 

the addition of saturated aqueous NaHCCb (2 mL). The layers were separated and the 

aqueous phase was extracted with Et2Ü ( 3 x 2 mL). The combined organic layers were 

washed with water (2 mL), brine (2 mL), dried over MgSÛ4 and concentrated in vacuo-

Purification by chromatography (EtOAcPE = 1:5) afforded 32 (67 mg, 44%) as a colorless oil 

R, = 0.28. m NMR: 7.02 (s, 1H), 4.62 (br d, ƒ = 10.0 Hz, 1H), 4.48 (d, ƒ = 15.7 Hz, 1H), 3.61 (d, ; 

= 15.8 Hz, 1H), 2.85 (ddd, ƒ = 14.4, 2.9, 1.1 Hz, 1H), 2.07 (dd, ƒ = 14.4, 10.0 Hz, 1H), 2.04-1.85 

(m, 8H), 1.80-1.42 (m, 8H), 1.37 (s, 3H), 1.33-1.27 (m, 2H), 1.30 (s, 3H). 

Cycloadduct 33. According to general procedure A, irradiation of 

alkene 32 (32 mg, 0.088 mmol) for 30 min. afforded 33 (28 mg, 88%), 

as a colorless oil after purification by chromatography (EtOAcPE = 

1:5). R, = 0.24. iH NMR: 4.86 (s, 1H), 4.19 (d, ƒ = 13.0 Hz, 1H), 4.10 (da 

ƒ = 8.7,1.6 Hz, IH), 3.44 (d, ƒ = 13.0 Hz, IH), 2.91 (dd, ƒ = 12.7, 8.7 Hz, IH), 2.20-2.16 (m, IH 

1.98 (dd, ƒ = 12.7, 1.6 Hz, IH), 1.80-1.35 (m, 16H), 1.39 (s, 3H), 1.37 (s, 3H), 1.21-1.15 (m, 111 

13C NMR: 171.1, 106.0, 102.3, 78.5, 73.1, 69.9, 54.0, 47.4, 39.6, 36.4, 35.7, 33.4, 30.4, 27.3, 24.8, 

24.7, 23.8, 22.8, 22.6, 22.1,19.5. IR: 1721. HRMS (FAB) calculated for C21H31O5 (MH+) 363.2171, 

found 363.2176. 

3-[2-Hydroxy-2-(2-vinyl-cyclohex-l-enyl)-ethyl]-l,5-dioxa-spir 

[5.5]undec-3-en-2-one (35). To a solution of 34 (79 mg, 0.42 mmol) 1 

THF (1.0 mL) was added dropwise at -78 °C, ferf-butyl lithium (1.7M 

in pentane, 0.50 mL, 0.85 mmol). The resulting mixture was stirn 

for 15 min. Then, a solution of 18 (88 mg, 0.42 mmol) in THF (1.0 mL) was added dropwise at 

-78 °C. After stirring for 1 h at -78 °C, the reaction was quenched by addition of saturate.:1 

aqueous NH4CI (2 mL). The layers were separated and the aqueous phase was extracted wi 

EtOAc ( 3 x 2 mL). The combined organic layers were washed with brine (2 mL), dried o. 

MgSÛ4 and concentrated in vacuo. Purification by chromatographv (EtOAcPE = 1:2) affoi • 

35 (63 mg, 47%) as a colorless oil. R/= 0.27. iH NMR: 6.94 (s, IH), 6.85 (dd, / = 17.1,11.0 

IH), 5.16 (d, ƒ = 17.1 Hz, IH), 5.07 (t, ƒ = 6.8 Hz, IH), 5.01 (d, ƒ = 11.0 Hz, IH), 2.48 (dd, / = 

14.2, 8.0 Hz, IH), 2.36-2.31 (m, IH), 2.33 (dd, ƒ = 14.2, 5.8 Hz, IH), 2.18-2.16 (m, 2H), 2.05-1 
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(m, 6H), 1.70-1.41 (m, 10H). «C NMR: 162.2,154.3,137.4,133.5,130.7,112.6,107.5,106.5, 68.5, 

34.0, 33.2, 32.3, 25.3, 24.5, 23.5, 22.7, 22.2. 

3-(3-Hydroxy-l,3,4,5,6,7-hexahydro-isobenzofuran-l-ylmethyI)-l,5-
dioxa-spiro[5.5]undec-3-en-2-one (36). To a solution of 35 (40 mg, 

0.13 mmol) in THF/water (2 mL, 1:1 v/v) were added at 0 °C, 

osmium tetroxide (0.1 mL, 1 wt. % solution in water, 0.008 mmol) 

NaIO.i (65 mg, 0.3 mmol). The resulting mixture was allowed to warm to room 

nperature and stirred for 4 h. Then, most of the THF was evaporated, the remaining 

ixture was diluted with water (2 mL) and extracted with EtOAc ( 4 x 2 mL). The combined 

nie layers were washed with IN Na2S2Û3 (2 mL), water (2 mL), 2N NaHCC>3 (2 mL) and 

jrine (2 mL), dried over MgSCU and concentrated in vacuo, to afford 36 (30 mg, 72%), which 

used without further purification. 'H NMR: 7.10 (s, 1H), 7.05 (s, 1H), 5.77 (s, 1H), 5.71 (d, 

= 2.8 Hz, 1H), 4.88 (br s, 1H), 4.63 (d, ƒ = 3.7 Hz, 1H), 3.00-2.60 (br s, 2H), 2.59 (dd, / = 14.8, 

[z, 1H), 2.51 (dd, ƒ = 14.8, 3.6 Hz, 1H), 2.42 (dd, / = 14.8, 5.2 Hz, 1H), 2.32 (dd, ƒ = 14.8, 7.2 

1H), 2.11-1.90 (m, 16H), 1.68-1.41 (m, 20H). »C NMR: 162.0, 161.6, 155.6, 155.3, 138.8, 

.3, 133.8, 133.4, 107.2, 107.0, 104.9, 104.5, 103.7, 103.6, 84.6, 84.2, 34.6, 34.2, 33.0, 32.2, 30.9, 

, 24.6, 24.5, 22.1, 22.1, 22.1, 22.0, 21.6, 21.4, 21.1. 

3-(3-Methoxy-l,3,4,5,6,7-hexahydro-isobenzofuran-l-ylmethyl)-

l,5-dioxa-spiro[5.5]undec-3-en-2-one (37). To a solution of KHMDS 

(0.5M in toluene, 0.2 mL, 0.1 mmol) was added dropwise at -78 °C, 

a solution of 36 (30 mg, 0.094 mmol) in THF (1 mL). The resulting 

ire was stirred at -78 °C for 30 min. Then, methyl iodide (30 |iL, 0.47 mmol) was added 

wise at -78 °C, and the resulting mixture was stirred for 1 h. The reaction was quenched 

dition of saturated aqueous NH4CI (1 mL). The layers were separated and the aqueous 

hase was extracted with EtOAc ( 3 x 2 mL). The combined organic layers were washed with 

(2 mL), dried over MgSO.t and concentrated in vacuo. Purification by chromatography 

tOAc:PE = 1:4) afforded 37 (25 mg, 81%) as an inseparable 60:40 mixture of diastereomers 

olorless oil. R, = 0.27. m NMR: 7.07 (s, 1H), 7.02 (s, 1H), 5.47 (d, ƒ = 2.3 Hz, 1H), 5.39 (s, 

[), 4.86 (br s, 1H), 4.68 (s, 1H), 3.39 (s, 3H), 3.30 (s, 3H), 2.62-2.44 (m, 3H), 2.33-2.28 (m, 1H), 

1.82 (m, 16H), 1.76-1.39 (m, 20H). «C NMR: 162.3, 162.1, 155.8, 155.6, 139.7, 138.7, 131.9, 

31.8, 110.2, 109.6, 107.2, 107.0, 105.0, 104.7, 84.9, 84.6, 54.9, 52.9, 34.6, 34.3, 34.2, 33.8, 33.0, 

1 2, 30.6, 29.2, 26.2, 24.6, 22.5, 22.1, 21.7, 21.3, 20.9. IR: 1721,1644. HRMS (FAB) calculated for 

ZwKfeOs (MH+) 335.1858, found 355.1861. 

O 3-(4,5,6,7-Tetrahydro-isobenzofuran-l-ylmethyl)-l,5-dioxa-spiro-
-•Q [5.5]undec-3-en-2-one (38). To a solution of 36 (30 mg, 0.094 mmol) in 

CH2Q2 (2 mL) were added at 0 °C, triethylamine (65 uL, 0.47 mmol) 

\ / and TBDMSC1 (21 mg, 0.14 mmol). The reaction was stirred for 15 

n. at 0 °C and then quenched by the addition of saturated aqueous NaHCCh (2 mL). The 

vers were separated and the aqueous phase was extracted with EtOAc ( 3 x 2 mL). The 
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combined organic layers were washed with brine (2 mL), dried over MgS04 and 

concentrated in vacuo. Purification by chromatography (EtOAcPE = 1:5) afforded 38 (27 mg, 

96%) as a colorless oil. R/= 0.39. m NMR: 7.04 (s, 1H), 6.85 (s, 1H), 3.43 (s, 2H), 2.52-2.45 (m, 

4H), 2.00-1.92 (m, 4H), 1.68-1.45 (m, 10H). «C NMR: 161.3, 153.9, 144.7, 135.8, 122.3, 117.6, 

107.4,106.8, 33.8, 24.6, 23.3, 23.2, 22.8, 22.1, 20.2. HRMS (FAB) calculated for C18H2304 (MH+) 

303.1596, found 303.1601. 

6-Formyl-9-oxo-8-oxa-rricyclo[5.2.2.0lf>]undecane-10-carboxylic acid (40). To 

y a solution of cycloadduct 30 (50 mg, 0.16 mmol) in dioxane (4 mL) at room 

e=0 O temperature was added dropwise an aqueous solution of KOH (IM, 1.6 mL) 

The mixture was stirred for 45 min. The reaction mixture was extracted with 

Et20 ( 3 x 5 mL). The aqeous phase was acidified carefully with 2N HCl to pH 2-3 and 

extracted with CH2CI2 ( 3 x 5 mL). The combined organic layers were washed brine, dried 

over MgS04 and concentrated in vacuo to afford 40 (32 mg, 84%) as a white solid, mp 193-194 

°C. iH NMR: 9.67 (s, 1H), 4.74 (s, 1H), 4.13 (br s, 1H), 3.22 (dd, ƒ = 10.2, 4.6 Hz, 1H), 2.41 (dt, 

= 14.5, 4.6 Hz, 2H), 2.09-2.01 (m, 2H), 1.94 (dt, ƒ = 13.4, 4.7 Hz, IH), 1.79 (br d, ƒ = 15.3 Hz 

IH), 1.72-1.64 (m, 2H), 1.53-1.41 (m, IH), 1.27-1.12 (m, IH). »C NMR: 198.4,174.2, 171.6 77.9 

65.4, 56.3, 43.5, 31.7, 24.2, 22.7, 21.7, 20.2. IR: 3250-2700 (br), 1788, 1724. HRMS (FAB 

calculated for G2H15O5 (MH+) 239.0919, found 239.0930. 

l,7a-Bis-hydroxymethyl-octahydro-l,3a-methano-indene-3,8-diol (41). To a 

solution of LiAlHi (IM in THF, 2.0 mL, 2.0 mmol) was added in sma 

"OH portions, cycloadduct 30 (120 mg, 0.38 mmol). The reaction mixture wa 

HO stirred for 5 min. Then, the reaction was quenched by addition of EtOAc ant. 

saturated aqueous Na2S04 (10 drops) was added. The resulting mixture was stirred for 1 ! 

After addition of additional solid Na2S04 the mixture was filtered through Celite® an 

concentrated in vacuo. Purification by chromatography (EtOAc:acetone = 1:1) afforded 41 (5 

mg, 60%) as a white powder, mp 173 °C. 'H NMR (CD3OD): 4.21 (dd, ƒ = 11.4, 2.2 Hz, 11 

3.83 (dd, / = 7.9, 2.9 Hz, IH), 3.76 (d, ƒ = 11.2 Hz, IH), 3.47 (s, IH), 3.41 (d, ƒ = 11.2 Hz, 11 

3.32 (d, ƒ = 11.4 Hz, IH), 2.77-2.70 (m, IH), 1.98-1.88 (m, 3H), 1.78 (dd, ƒ = 12.1, 8.0 Hz, II 

1.65-1.51 (m, 4H), 1.41-1.34 (m, IH). "C NMR (CD3OD): 83.6, 72.8, 61.5, 58.9, 57.5, 57.2, 5( 

38.0, 25.1, 23.8, 22.7. HRMS (FAB) calculated for C]2H2104 (MH+) 229.1440, found 229.1437. 

OH 

7a-Hydroxymethyl-l-tiiisopropylsilanyloxymethyl-octahydro-l,3, 
tÇOH methano-indene-3,8-diol (42). To a solution of 41 (20 mg, 0.088 mmol) in 

OTIPS DMF (1 mL) were added at 0 °C, imidazole (30 mg, 0.44 mmol) ar. 

HO TIPSCl (28 uL, 0.13 m m o l ) . The resu l t ing m i x t u r e w a s a l l owed to w a r m to 

room temperature and stirred for 16 h. The reaction was quenched by the addition 

saturated aqueous NaHC0 3 (1 mL). The aqueous phase was extracted with EtOAc (3 x 2 

mL). The combined organic layers were washed with brine (2 mL), dried over MgSOi a 

concentrated in vacuo. Purification by chromatography (EtOAcPE = 2:1) afforded 42 (24 n 

72%) as a colorless oil. R/= 0.28. iH NMR (CD3OD): 4.22 (dd, ƒ = 11.8, 2.2 Hz, IH), 3.96 (d, / 
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1.4 Hz, 1H), 3.83 (dd, ƒ = 8.0, 2.9 Hz, 1H), 3.65 (d, ƒ = 10.4 Hz, 1H), 3.48 (s, 1H), 3.28 (d, / = 

11.8 Hz, 1H), 2.77-2.70 (m, 1H), 2.01-1.90 (m, 2H), 1.94 (dd, ƒ = 12.1, 2.8 Hz, 1H), 1.79 (dd, / = 

i, 8.0 Hz, 1H), 1.66-1.51 (m, 4H), 1.45-1.34 (m, 1H), 1.19-1.01 (m, 21H). 

Tetrahydrofuran 44. To a solution of 42 (24 mg, 0.062 mmol) in pyridine 

(1 mL) was added, tosyl chloride (24 mg, 0.12 mmol). The resulting 

mixture was stirred for 1 h and then quenched by the addition of 

rated aqueous NaHCCh (1 mL). The aqueous phase was extracted with EtOAc ( 3 x 2 

nL). The combined organic layers were washed with brine (2 mL), dried over MgSO.i and 

entrated in vacuo. Purification by chromatography (EtOAePE = 1:3) afforded 44 (23 mg, 

as a colorless oil. R/= 0.26. iH NMR: 3.99 (d, ƒ = 4.5 Hz, 1H), 3.95 (d, ƒ = 2.2 Hz, 2H), 3.69 

= 8.9 Hz, IH), 3.55 (d, ƒ = 8.9 Hz, IH), 2.85 (d, ƒ = 2.3 Hz, IH), 2.55 (dt, ƒ = 14.1, 4.7 Hz, 

1.92-1.81 (m, 2H), 1.67-1.42 (m, 6H), 1.33-1.19 (m, IH), 1.17-0.98 (m, 21H). «C NMR: 82.9, 

, 69.0, 61.7, 54.7, 53.1, 52.8, 33.9, 23.6, 22.1, 21.6, 20.7, 18.0, 11.9. HRMS (FAB) calculated 

CziH3903Si(MH+) 367.2668, found 367.2672. 

\ OTBDPS 7a-(tert-Butyl-diphenyl-silanyloxymethyl)-l-hydroxymethyl-octahydro-
F.OH l,3a-methano-indene-3,8-diol (46). To a solution of 41 (20 mg, 0.088 mmol) 

^OH in DMF (1 mL) were added at 0 °C, imidazole (30 mg, 0.44 mmol) and 

TBDPSC1 (34 (iL, 0.13 mmol). The resulting mixture was allowed to warm to 

temperature and stirred for 16 h. The reaction was quenched by the addition of 

ited aqueous NaHCCb (1 mL). The aqueous phase was extracted with EtOAc ( 3 x 2 

mL). The combined organic layers were washed with brine (2 mL), dried over MgSO.i and 

ntrated in vacuo. Purification by chromatography (EtOAePE = 5:1) afforded 46 (18 mg, 

as a white solid. R, = 0.25. iH NMR (CD3OD): 7.68-7.65 (m, 4H), 7.47-7.37 (m, 6H), 4.42 

/ = 11.0, 1.8 Hz, IH), 3.93 (d, ƒ = 11.5 Hz, 1H), 3.76 (dd, ƒ = 7.8, 2.8 Hz, 1H), 3.61 (d, ƒ = 

.5 Hz, 1H), 3.48 (s, 1H), 3.38 (d, ƒ = 11.0 Hz, 1H), 2.80-2.74 (m, 1H), 2.09-2.05 (m, 1H), 1.97-

ß (m, 3H), 1.50-1.30 (m, 4H), 1.06 (s, 9H), 0.96-0.90 (m, IH). "C NMR (CD3OD): 137.2, 

• 9,134.7,134.4,131.1,131.0,129.0, 83.5, 72.8, 63.8, 59.9, 57.6, 50.6, 37.9, 27.7, 24.7, 23.7, 22.8, 

20.3. 

OTBDPS T B D P S acetonide (47). To a solution of 46 (18 mg, 0.039 mmol) in DMF (1 

-•*ÇP/° m L ) w e r e added, 2,2-dimethoxypropane (24 (iL, 0.20 mmol) and a catalytic 

amount of PPTS. The resulting mixture was stirred for 4 h. The reaction was 

quenched by the addition of saturated aqueous NaHCCb (1 mL). The 

leous phase was extracted with EtOAc ( 3 x 2 mL). The combined organic layers were 

•lied with brine (2 mL), dried over MgSÜ4 and concentrated in vacuo. Purification by 

omatography (EtOAePE = 2:3) afforded 47 (16 mg, 80%) as a colorless oil. R, = 0.33. 'H 

R: 7.68-7.64 (m, 4H), 7.44-7.35 (m, 6H), 4.24 (dd, ƒ = 10.8,1.7 Hz, IH), 4.22 (d, ƒ = 11.9 Hz, 

I, 3.96 (d, ƒ = 11.9 Hz, IH), 3.95-3.90 (m, IH), 3.53 (d, / = 10.8 Hz, IH), 3.43 (s, IH), 3.25-3.18 

I H), 2.17 (br d, ƒ = 13.9 Hz, IH), 1.90 (d, ƒ = 4.4 Hz, IH), 1.75-1.50 (m, 5H), 1.44 (s, 3H), 

-1.36 (m, IH), 1.36 (s, 3H), 1.25-1.07 (m, IH), 1.07 (s, 9H). "C NMR: 135.9, 135.8, 133.9, 
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133.6, 129.5, 129.5, 127.6, 97.3, 78.9, 73.3, 64.9, 62.5, 56.9, 48.4, 45.1, 36.7, 29.2, 27.1, 26.4, 23.0 
22.3, 22.2,19.3,19.0. 

1 M O M T B D P S acetonide (48). To a so lu t ion of 47 (16 m g , 0.032 m m o l ) ir, 

CH2CI2 (1 mL) w e r e a d d e d at 0 °C, t r i e thy lamine (22 uL, 0.16 mmol ) and 

MOMC1 (5 uL, 0.064 m m o l ) . The resu l t ing mix tu re w a s s t i r red for 16 h 

MOMÖ a n d then q u e n c h e d by the add i t i on of s a tu r a t ed a q u e o u s NaHCC>3 (1 mL) 

The layers were separated and the aqueous phase was extracted with EtOAc ( 3 x 2 mL). Tht 

combined organic layers were washed with brine (2 mL), dried over MgS04 and 

concentrated in vacuo. Purification by chromatography (EtOAcPE = 1:3) afforded 48 (14 mg. 

78%) as a colorless oil. Rf = 0.40. 'H NMR: 7.68-7.63 (m, 4H), 7.43-7.32 (m, 6H), 4.35 (d, ƒ = 6./ 

Hz, 1H), 4.32 (d, ƒ = 11.9 Hz, 1H), 4.31 (d, ƒ = 6.7 Hz, 1H), 4.14 (dd, ƒ = 10.8, 2.1 Hz, 1H), 3.9 

(d, ƒ = 11.9 Hz, 1H), 3.70 (dd, ƒ = 7.5, 3.0 Hz, 1H), 3.49 (d, ƒ = 10.8 Hz, 1H), 3.44 (s, 1H), 3.24 

3.17 (m, 1H), 3.10 (s, 3H), 2.33 (br d, / = 14.0 Hz, 1H), 1.74-1.46 (m, 6H), 1.46 (s, 3H), 1.41-1.3. 

(m, 1H), 1.36 (s, 3H), 1.13-1.06 (m, 1H), 1.06 (s, 9H). »C NMR: 135.9,135.8,134.2,133.8,129.4, 

127.5, 97.3, 95.5, 78.7, 78.0, 64.0, 62.7, 56.1, 55.1, 48.7, 44.9, 34.9, 29.2, 27.1, 25.7, 23.1, 22.4, 22.0, 

19.2,18.9. 

°" MOM acetonide (49). To a solution of 48 (14 mg, 0.025 mmol) in THF ( 

'••°° . 0 mL) was added at 0 °C, a solution of TBAF (IM in THF, 50 uL, 0.05 mmoi 

The resulting mixture was stirred at 0 °C for 1 h and then quenched by the 

MOMÖ addition of saturated aqueous NaHC0 3 (1 mL). The layers were separah 

and the aqueous phase was extracted with EtOAc ( 3 x 2 mL). The combined organic layer', 

were washed with brine (2 mL), dried over MgS04 and concentrated in vacuo. Purification I 

chromatography (EtOAcPE = 2:1) afforded 49 (8 mg, 93%) as a colorless oil. R, = 0.28. 

NMR: 4.67 (d, ƒ = 6.7 Hz, 1H), 4.60 (d, / = 6.7 Hz, 1H), 4.12 (br d, ƒ = 10.5 Hz, 1H), 4.08 (d, / 

12.3 Hz, 1H), 3.96 (d, / = 12.3 Hz, 1H), 3.87 (dd, ƒ = 7.7, 2.8 Hz, 1H), 3.62 (d, / = 11.6 Hz, 1H . 

3.48 (s, 1H), 3.36 (s, 3H), 3.36-3.28 (m, 1H), 1.97-1.88 (m, 2H), 1.81-1.36 (m, 7H), 1.44 (s, 311 

1.37 (s, 3H). 13C NMR: 97.5, 96.1, 78.5, 78.2, 65.8, 62.5, 56.6, 55.5, 48.3, 45.0, 35.3, 29.1, 27.6, 23 

22.4, 22.1,18.9. HRMS (FAB) calculated for O7H29O5 (MH+) 313.2015, found 313.2021. 
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CHAPTER 6 

SYNTHESIS OF THE RIGHT-HAND SUBSTRUCTURE OF SOLANOECLEPIN A 

6.1 Introduction 

In chapter 5 our successful approach towards the skeleton of the right-hand side of 

solanoeclepin A has been described. A photochemical [2+2] cycloaddition of 6-unsubstituted 

\enone 1 afforded cycloadduct 2, which could be elaborated in five steps to the advanced 

intermediate 3, containing the appropriate substitution pattern and stereochemistry for the 

synthesis of the right-hand fragment (eq 6.1). 

5 steps 
(6.1) 

MOMO 
2 95% 

To secure the chemistry necessary for completion of the right-hand side, we decided 

synthesize a smaller model system including the bicyclo[2.1.1]hexanone and the 

opropane carboxylic acid moiety (4), as present in the natural product.1 The 

(synthetic approach is depicted in eq 6.2. 

...C02H 

O 

OH 

tfQp^OH (6.2) 

Compound 4 consists of only ten carbon atoms, but already contains three different 

g sizes ranging from three to five, together with four stereogenic centers. The synthesis of 

model should allow us to probe both the formation of the strained bicylo[2.1.1]hexanone 

and the introduction of the cyclopropane ring next to this labile moiety. Cyclization 

ursor 6 had already been prepared (chapter 5) and was anticipated to provide the 

> clo[2.1.1]hexane skeleton, needed to construct 4. However, we were not satisfied by the 

• followed to prepare 6 and therefore an alternative synthesis was necessary. The 

stigations presented in this chapte deal with the construction of alkenyldioxenone 6, and 

functionalization of diol 5 towards the target compound 4. The results obtained from 

se experiments provide useful information about the properties of the right-hand 

structure of solanoeclepin A, and could eventually be transferred to the total synthesis of 

natural product. Finally, model 4 contains some of the key features of the natural 
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hatching agent and therefore could be tested for biological activity, to p rov ide insight into 

the s t ructure-act ivi ty relat ionship of solanoeclepin A. 

6.2 Preparat ion a n d F u n c t i o n a l i z a t i o n of B icyc lo [2 .1 .1 ]hexaned io l 

For the synthesis of cyclization precursor 6 w e a t tempted the direct in t roduct ion of 

the 3-butenyl side chain at C-5 of the dioxenone. Therefore, iododioxenone 7 (chapter 5) was 

subjected to an i od ide -magnes ium exchange reaction2 at low tempera ture , which afforded 

the in termedia te Grignard reagent 8 (eq 6.3). 

'PrMgCl 

THF, -78 °C 

CIMg 
O 

(6.3) 

Unfortunately, 8 appea red to be too unreacrive to react wi th l - iodo-3-butene. The 

addi t ion of copper salts d id no t seem to r emedy this problem. Acrolein on the other hand, 

p roved to be an excellent electrophile in this reaction, if the magnes ium in termedia te was 

pre t reated with copper(I) and H M P A leading to a smooth 1,4-addition to afford a ldehyde 9 

in high yield (6.4).3 

CIMg 
acrolein 

CuBr-Me2S (cat.) 
HMPA'THF 
-78 °C -> rt 

(6.4) 

Subsequent Wittig olefination p rov ided butenyld ioxenone 6, sett ing the stage for the 

[2+2] photocycloaddi t ion reaction (6.5). 

KHMDS 

toluene/THF 
-78 °C -> rt 

(6 

This me thod to construct cyclization precursor 6 from iododioxenone 7 (64%, 2 steps 

p roved to be significantly more efficient than the route described in chapter 5 (37%, 4 step: 

Alkene 6 was subjected to the s t andard irradiat ion condit ions, to afford bicyclo[2.1.1]hexa 

10 (eq 6.6). 
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hv (300 ran) o ,o 

MeCN/acetone 
(9:1 v/v) , rt, 2 h 

& \ 
LiAlH4 

Ö THF, rt, 10 min. 

10 

OH 
^ f ^ O H 

36% from 6 

(6.6) 

As was observed wi th prev ious crossed cycloadducts (chapters 2 and 5), 10 was 

unstable t owards purification by silica gel co lumn chromatography . Therefore, the c rude 

duct mixture was exhaust ively reduced wi th excess l i thium a l u m i n u m hydr ide to afford 

e stable diol 5. The modes t yield of this two- s t ep reaction sequence is d u e to part ial 

' lymerization of the terminal alkene precursor du r ing the cycloaddition. Next, the p r imary 

i ho i had to be converted into an olefin, to enable the envisaged cyclopropanat ion. 

ever, the functionalization of the p r imary hydroxy! g r o u p required the differentiation of 

e two alcohols of 5. This was efficiently achieved via the following two-s t ep sequence. 

it, both alcohols were conver ted to the cor responding TES ethers, by t rea tment wi th 

SCI (eq 6.7). 

/ v 0 H 
TESC1 

OTES 

DMF, imidazole 
0 °C -> rt, 1 h 

On OTES 
Swern 

OTES u i c ^ n 

11 95% 12 

(6.7) 

Subsequently, the p r imary silyl ether of 11 was selectively oxidized u n d e r Swern 

dirions to afford a ldehyde 12.4 This a ldehyde p roved to be ra ther unstable and therefore 

ie crude a ldehyde w a s subjected to a Wittig olefination to afford the stable olefin 13 (eq 6.8). 

OTES, 

£K 
12 

«-BuLi 

hexane/Et20 
-78 °C -> rt 

OTES 

13 
55% from 11 

(6.8) 

Terminal alkene 13 was envisaged to be a good star t ing material for the introduct ion 

ii' cyclopropanecarboxylic acid moiety. Unfortunately, this alkene p roved to be very 

i ilatile and difficult to handle . Therefore, a n e w strategy was p robed involving allylic 

:ohol 15 as the cyclopropane precursor. Thus , c rude a ldehyde 12 was subjected to a 

io rner -Emmons reaction, affording unsa tu ra ted ester 14 as a single double bond isomer (eq 

subsequent reduct ion wi th DIBAL-H led to the desired allylic alcohol 15 in 75% overall 

! from silyl ether 11. 
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r-,„ O O 
EtOj i 

£K 
P T E S 0 E t O ' P ^ ^ O E t 0 T E S ?\ niRAT-H ©TES 

NaH,THF ^ 0 E t toluene/CH2C12 ^ 7 ^ OH (6.9) 
0°C->rt,1.5h - 7 8 ° C ^ r t , l h 

12 14 15 
75% from 11 

This (E)-alkene was expected to be a good precursor for a Simmons-Smith 
cyclopropanation,5 which should lead to the trans substituted cyclopropane of the target 
molecule 4. 

6.3 Cyclopropanation Reactions 

When Charette's reagent6 was employed on alcohol 15, smooth three-membered ring 
formation occurred to give the desired trans cyclopropane 16 in 88% yield as an inseparable 
60:40 mixture of diastereomers (eq 6.10). 

OTES OTES . OTES 

^ ^ O H I ^ ^ ^ . „ . ^ t ^ ^ O H (6ii| 

15 0 °C -> rt, 15 min. 
16 88% (60:40) 

After cleavage of the silyl ether with TBAF, both isomers of diol 17 could be 
separated by silica gel column chromatography (eq 6.11). 

TBAF 
16 

OH „ OH 

&ri\ "OH + ^rf^°H 
THF,0°C,15min. \ ^ 7 H 1 U " T M ! U H ("D 

H H 
17 99% (17a:17b = 60:40) 

Minor isomer 17b was a crystalline solid (mp 92-93 °C) and appeared suitable for 

crystal structure determination by X-ray diffraction (figure 6.1), thereby providin 

unequivocal proof of its tricyclic structure. Unfortunately, the crystal structure also reveal« 

that the minor isomer contained the appropriate relative stereochemistry for the synthesis 

4. Attempts to improve the diastereoselectivity of the cyclopropanation reaction by usi 

enantiomerically pure auxiliaries such as Charette's ligand7 or tartaric ester dem 

additives5* failed. In both cases, smooth cyclopropane formation took place but no improv« 

stereoselectivity was observed. It could be that the steric bulk on one side of the alke 

prevents the correct approach of the ligand-metal complex. 
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L 

€ 

~ u 
i 
Figure 6.1 Crystal structure of 17b 

Disappointed by the diastereoselectivity of the cyclopropanat ions wi th the allylic 

iol; we tu rned our at tention to d iazo-es ter carbenoid chemistry wi th alkene 13 (eq 6.12).9 

OTES 

^ ^ + N; 

O 

OEt 

13 

N N 

'Bu 18 'Bu 

x 
CuOTf 

0 T E S / i II 
(6.12) 

19 

However , no reaction was observed in the presence of the bis-oxazoline l igand 1810 

i the start ing material was fully recovered. Assuming that this ou tcome was d u e to the 

kiness of our substrate , w e paid attention to H a d d a d ' s work1 1 on the formation of 

omerically enriched cyclopropane r ings from sterically h indered alkenes wi th chiral 

.•ester derivatives. Following this approach, d i azo -amide 20 der ived from the 

polzer's sultam1 2 was synthesised, al lowing the reaction wi thou t the necessity of any 

external l igands (eq 6.13). 

OTES 

^ 

13 

Rh,OAc4 

— 1 X— 
OTES 

$lfr\ 
S 

o o 
21 

(6.13) 

Unfortunately, a complex mixture of p roduc t s was obtained in which no 

opropanated produc t could be detected. Finally, a pa l lad ium catalyzed reaction wi th 

. /omethane was a t tempted on the a ,ß-unsa tura ted ester 14. But once again, the s tar t ing 

Serial was completely consumed and no t h r ee -membered r ing formation could be 
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observed in the ' H N M R spect rum of the c rude mixture. These results indicate the instability 

of bicyclo[2.1.1]hexanes 13 and 14 towards carbenoid species, which probably engage in r ing 

open ing reactions unde r the cyclopropanat ion condit ions. 

6.4 S y n t h e s i s of the R i g h t - H a n d Subs tructure of S o l a n o e c l e p i n A 

With alcohol 16 in hand , albeit as a 60:40 mixture of diastereoisomers, we decided to 

probe the fo l low-up chemistry of our s t ructure and especially to investigate the formation of 

the bicyclo[2.1.1]hexanone subuni t of solanoeclepin A, which was expected to be rather 

unstable. The carboxylic acid moiety was first in t roduced via oxidation of 16 wi th 

R u C b / N a l Q j to afford 22, and subsequent ly t ransformed into the cor responding benzyl 

ester 23 (scheme 6.1). 

Scheme 6.1 

OTES 

#fh°" 
RuCI3 (cat.) 

NaI0 4 

MeCN/CCl 4 /H 2 0 

16 
60:40 mixture of diastereomers, 

minor isomer drawn 

OH ° 

H 

24 66% 

0 °C, 3 h 

TBAF 

THF, 0 °C, l h 

22 

Cs2C03 

benzyl bromide 
MeCN, rt, 16 h 

0TES^ ?\ 

23 64% from 16 

Removal of the TES g roup wi th TBAF afforded secondary alcohol 24, the precurso 

for the strained cyclobutanone. As far as w e know, the only repor ted oxidat ions of . 

bicyclo[2.1.1]hexanol into its cyclobutanone counterpar t involve rather ha rsh chromium(Vi 

media ted strongly acidic conditions.1 3 So, more subtle condit ions which should be 

compatible wi th the sensitive substra te du r ing the last s tage of the synthesis of our targt 

molecule were sought . We were very pleased to find that a smooth oxidation reactioi 

occurred wi th TPAP and N M O at 0 °C giving rise to bicyclo[2.1.1]hexanone 25 in a virtual!« 

quant i ta t ive yield (eq 6.14). Finally, hydrogenolysis of the benzyl ester led to the right-harn 

subst ructure of solanoeclepin (4). 

OH 

OBn 
TPAP, NMO 

1 

acetone 
0 °C, 45 min. 

24 

H2 

Pd(OH)2 

OBn 
MeOH 

rt, 30 min 

(6.1 

4 57% 
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With these successful oxidation conditions in hand, a shorter pathway towards 4 was 

investigated. Starting from diol 17, a one-pot TPAP bis-oxidation afforded keto-aldehyde 26 
n good yield (eq 6.15). 

lor isomer drawn 
26 77% 

RuCl3 (cat.) 
NaI04 

MeCN/CCl4 

H20, 0 °C 
30 min. 

OH (6-15) 

4 56% 

A rapid ruthenium oxidation (30 min.) of carboxaldehyde 26 provided target 

molecule 4. This compound proved to be sufficiently stable to be isolated and purified. 

\ ever, slow decomposition of the bicyclo[2.1.1]hexanone was observed by JH NMR when 

is treated with an excess of MeOH in CDC13. It is believed that the instability of the 

trained cyclobutanone, probably due to the reactivity of the ketone towards nucleophilic 

k, could in part be at the origin of the activity and instability of solanoeclepin A. 

[fortunately, the isomeric mixture of 4 showed no hatching activity for potato cyst 

lematodes, indicating that more elaborated structures are necessary for biological activity. 

6.5 Conclusions 

In this chapter a straightforward synthesis of the right-hand substructure of 

inoeclepin A, containing the bicyclo[2.1.1]hexanone unit and the cyclopropanecarboxylic 

! moiety, is described. The intramolecular [2+2] photocycloaddition of dioxenone 6 

owed by exhaustive reduction furnished the bicyclo[2.1.1]hexanol unit 5. A 

•stereoselective cyclopropanation using the classical methods failed, due to both the 

bility and the steric hindrance of this dense bicyclic structure. However, a Simmons-

dth type reaction on the allylic alcohol 15 afforded a diastereoisomeric mixture of trans 

•clopropanes 16. Finally, TPAP oxidation allowed the smooth formation of the strained 

lobutanone. This allowed the synthesis of the right-hand substructure 4 of solanoeclepin 

. The target molecule 4 unfortunately showed no hatching activity for potato cyst 

natodes so that more elaborated structures have to be investigated. 
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6.7 Experimental Section 

General information. For general experimental details, see Section 2.9. 

3-(4-Oxo-l,5-dioxa-spiro[5.5]undec-2-en-3-yl)-propionaldehyde (9). 
O To a solution of isopropylmagnesium chloride (2M in THF, 11 mL, 22 

"<j\ mmol) in THF (16 mL) at -78 °C was added dropwise a solution of 

^-^ iododioxenone 7 (5.89 g, 20.0 mmol) in THF (80 mL) over 4 h. 

Copper(I) bromide-dimethyl sulfide complex (412 mg, 2.0 mmol) was added in one portion, 

followed by hexamethylphosphoric triamide (10.4 mL, 57 mmol). Then, a solution of acrolein 

(2.8 mL, 42 mmol), and trimethylsilyl chloride (7.6 mL, 60 mmol) in 10 mL of THF was added 

dropwise over 30 min. The mixture was stirred for 5 h at -78 °C, allowed to warm to room 

temperature and stirred for 12 h. The reaction was quenched by the addition of saturated 

aqueous NH4C1 (40 mL) and most of the THF was evaporated. The aqueous phase was 

extracted with EtOAc (4 x 40 mL). The combined organic layers were washed with water 

(2 x 15 mL), dried over MgSC>4 and concentrated in vacuo. Purification by chromatography 

(EtOAcPE = 1:4) afforded 9 (3.99 g, 89%) as a colorless oil. The product showed some 

degradation after being stored at -20 °C for a week. R, = 0.21. 'H NMR: 9.78 (s, 1H), 7.04 (s, 

1H), 2.73 (t, ƒ = 6.9 Hz, 2H), 2.47 (t, / = 6.9 Hz, 1H), 2.00-1.91 (m, 1H), 1.70-1.57 (m, 3H), 1.48-

1.44 (m, 2H). "C NMR: 201.1, 161.4, 154.3, 107.6, 107.4, 42.6, 33.7, 24.5, 22.1, 18.9. IR: 2710, 

1727,1640,1187. 

3-But-3-enyl-l,5-dioxa-spiro[5.5]undec-3-en-2-one (6). To a solution of 

methyltriphenylphosphonium bromide (10.4 g, 29 mmol) in THF (18 

mL) at 0 °C was added dropwise KHMDS (0.5M in toluene, 57 mL, 29 

mmol). The resulting mixture was stirred for 30 min. at 0 °C and cooled 

to -78 °C. Then, a solution of aldehyde 9 (5.80 g, 25.9 mmol) in toluene (10 mL) was added 

dropwise. The solution was stirred for 30 min. at -78 °C, 30 min. at 0 °C and allowed t< 

warm to room temperature over 3 h. The reaction was quenched by addition of saturate*, 

aqueous NH4CI (30 mL). The layers were separated and the aqueous phase was extracten 

with Et2Ü (4 x 20 mL). The combined organic layers were dried over MgSC>4 an 

concentrated in vacuo. Purification by chromatography (EtOAcPE = 1:9) afforded 6 (4.15 g, 

72%) as a colorless oil. R, = 0.33. m NMR: 6.90 (s, 1H), 5.83-5.70 (m, 1H), 5.05-4.99 (m, 2H) 

2.25 (br s, 4H), 2.01-1.94 (m, 5H), 1.75-1.55 (m, 3H), 1.48-1.45 (m, 2H). ™C NMR: 161.5, 153.1 

137.5, 115.7, 108.8, 107.0, 34.0, 32.7, 25.5, 25.0, 22.0. IR: 1730, 1639, 1186. HRMS (FAB 

calculated for G3H19O3 (MH+) 223.1334, found 223.1333. 

Cycloadduct 10. Irradiation of a solution of alkene 6 (351 mg, 1.58 mmol) i; 

acetonitrile/acetone (40 mL, 9:1 v/v) for 2 h afforded adduct 10 (351 mg), which 

was used in the next reaction without further purification. 'H NMR: 3.44 (d, / = 

5.9 Hz, 1H), 2.68-2.67 (m, 1H), 2.14 (s, 1H), 1.90 (dt, ƒ = 10.5, 3.9 Hz, 1H), 1.81-1.77 0-i 
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m, 2H), 1.56-1.09 (m, 12H). " C NMR (C6D6): 168.8,109.2, 78.5, 49.1, 42.8, 41.3, 37.9, 35.2, 25.6, 

.4, 23.5, 23.3. IR: 1712. 

OH 

@T< 

& ^ 

l-Hydroxymethyl-bicyclo[2.1.1]hexan-5-ol (5). To a solution of UAIH4 (IM in 

THF, 28 mL, 28 mmol) was added dropwise at room temperature a solution of 

• ude cycloadduct 10 (1.76 g, 7.9 mmol) in THF (15 mL). The reaction mixture was stirred for 

10 min. Then, the reaction was carefully quenched by addition of EtOAc and saturated 

: ueous Na2S04 (3 mL) was added. The resulting mixture was stirred for 1 h. After addition 

)f additional solid Na2SO.j, the mixture was filtered through Celite® and concentrated in 

10. Purification by chromatography (EtOAc) afforded 5 (364 mg, 36% from 6) as a white 

der. Rf = 0.23. mp 66-68 °C 'H NMR: 3.91 (d, ƒ = 6.5 Hz, 1H), 3.86 (d, ƒ = 11.6 Hz, 1H), 

u i ƒ = 11.6 Hz, 1H), 2.80 (br s, 1H), 2.65-2.63 (m, 1H), 2.32-2.30 (m, 1H), 2.14 (br s, 1H), 

1.64-1.61 (m, 2H), 1.48-1.45 (m, 2H), 1.22 (dd, ƒ = 6.9-6.7 Hz, 1H). »C NMR: 82.6, 63.8, 53.6, 

35.0, 26.4, 24.2. IR: 3334 (br). HRMS (EI) calculated for C7H12O2 128.0837, found 

.1822. 

5-Triethylsilanyloxy-l-triethylsilanyloxymethyl-bicyclo[2.1.1]hexane (11). 
To a solution of alcohol 5 (175 mg, 1.37 mmol) and imidazole (377 mg, 5.5 

nol) in DMF (5 mL) at 0 °C was added TESC1 (0.7 mL, 4.1 mmol). The mixture was 

iwed to warm to room temperature and stirred for 1 h. The reaction mixture was then 

luted with water (6 mL) and the aqueous layer was extracted with Et20 ( 3 x 5 mL). The 

ombined organic layers were washed with water ( 2 x 3 mL) and saturated aqueous 

CO3 (5 mL), dried over MgSCU and concentrated in vacuo. Purification by 

.-•omatography (EtOAePE = 1:9) afforded 11 (464 mg, 95%) as a colorless oil. R/= 0.7. 'H 

DR: 3.75 (d, ƒ = 10.5 Hz, 1H), 3.67 (d, ƒ = 6.5 Hz, 1H), 3.55 (d, ƒ = 10.5 Hz, 1H), 2.22-2.19 (m, 

. 1.55-1.52 (m, 4H), 1.13 (dd, ƒ = 6.4, 6.3 Hz, 1H), 0.95 (t, ƒ = 7.8 Hz, 9H), 0.94 (t, ƒ = 7.8 Hz, 

0.57 (br q, ƒ = 7.8 Hz, 12H). "C NMR: 80.3, 61.1, 55.2, 43.4, 35.6, 25.9, 24.0, 6.8, 4.9, 4.5. 

• RMS (FAB) calculated for CwHuO-Sia (MH*) 357.2645, found 357.2645. 

•TES 0 5-TriethyIsilanyloxy-bicyclo[2.1.1]hexane-l-carbaldehyde (12). To a solution of 

\ oxalyl chloride (198 |iL, 2.25 mmol) in CH2CI2 (6 mL) was added dropwise at -60 

°C DMSO (341 nL, 4.8 mmol), then after 5 min. a solution of silyl ether 11 (381 

.., 1.07 mmol) in CH2CI2 (3 mL). The mixture was stirred for 40 min. at -40 °C. Finally, 

thylamine (2.3 mL, 17 mmol) was added at -78 °C and the solution was allowed to warm 

• room temperature over 30 min. Water (7.5 mL) was added and the resulting mixture was 

nved for 15 min. The layers were separated and the aqueous phase was extracted with 
!i2Cl2 ( 3 x 5 mL). The combined organic layers were washed with water ( 2 x 3 mL), a 

crated aqueous solution of NaHCOi (3 mL), dried over MgSO.i and concentrated in vacuo. 

E crude product was used immediately in the next reaction without further purification, 

analytically pure sample was obtained after chromatography (EtOAePE = 1:9) to afford 

as a colorless oil. R/= 0.41. m NMR: 9.75 (s, 1H), 4.08 (d, ƒ = 6.4 Hz, 1H), 2.98-2.96 (m, 1H), 

I (br s, 1H), 1.81-1.65 (m, 4H), 1.40 (dd, ƒ = 6.8, 6.7 Hz, 1H), 0.93 (t, ƒ = 7.9 Hz, 9H), 0.57 (q, ƒ 
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= 7.9 Hz, 6H). 13C NMR: 202.9, 83.9, 62.7, 44.4, 35.2, 24.5, 23.7, 6.6, 4.6. IR: 2800, 2725,1713. 

OTES Triethyl-(l-vinyl-bicyclo[2.1.1]hex-5-yloxy)-silane (13). To a solution oi 

YZJ methyltriphenylphosphonium bromide (123 mg, 0.34 mmol) in Et20 (3 mL) ai 

0°C was added dropwise rc-BuLi (1.6M in hexane, 221 LIL, 0.35 mmol). The 

resulting mixture was stirred for 1 h at 0 °C. Then, a solution of aldehyde 12 (81 mg, ca. 0. 

mmol) in EtzO (2 mL) was added dropwise. The solution was stirred for 1 h at 0 °C and thei 

allowed to warm to room temperature. The reaction mixture was quenched with acetone (2 

mL) and filtered through a short pad of silica gel. The solvent was carefully evaporated 1 

afford the volatile alkene 13 (45 mg, 55% from 11) as a colorless liquid. JH NMR: 5.99 (dd, / ̂  

15.7, 10.7 Hz, 1H), 5.04 (m, 2H), 3.70 (d, 1H), 2.55-2.53 (m, 1H), 2.18 (br s, 1H), 1.61-1.64 (n\ 

2H), 1.30-1.21 (m, 2H), 0.94 (t, ƒ = 7.9 Hz, 9H), 0.56 (q, ƒ = 7.9 Hz, 6H). 

OTES 9 3-(5-Triethylsilanyloxy-bicyclo[2.1.1]hex-l-yl)-acrylic acid ethyl este 
fsiy ^ ^ L ) E t (14). To a dispersion of sodium hydride (60% dispersion in mineral oil, 4 

mg, 1.2 mmol) in THF (3 mL) at 0 °C was added dropwise a solution 

triethyl phosphonoacetate (244 ul, 1.2 mmol). The resulting mixture was stirred for 1 h at ! 

°C and a solution of crude aldehyde 12 (260 mg, ca. 1.1 mmol) in THF (3 mL) was addet 

dropwise. The solution was stirred for 30 min. at 0 °C and allowed to warm to rooi 

temperature. Saturated aqueous NH4CI (10 mL) was added and the resulting mixture w,: 

stirred for 15 min. The layers were separated and the aqueous phase was extracted with Ey 

( 3 x 7 mL). The combined organic layers were washed with water (5 mL), dried over MgS( 

and concentrated in vacuo. The crude product was used in the next reaction without furtht 

purification. An analytically pure sample was obtained after chromatography (EtOAcPE 

1:9) to afford 14 as a colorless oil. R, = 0.55. iH NMR: 7.05 (d, ƒ = 15.9 Hz, 1H), 5.79 (d, J = 15.« 

Hz, IH), 4.19 (q, / = 7.1 Hz, 2H), 3.78 (d, ƒ = 6.4 Hz, IH), 2.64-2.62 (m, IH), 2.25-2.24 (m, II 

1.69-1.59 (m, 4H), 1.31-1.25 (m, IH), 1.28 (t, ƒ = 7.1 Hz, 3H), 0.93 (t, ƒ = 7.9 Hz, 9H), 0.56 (q, / 

7.9 Hz, 6H). » e NMR: 166.8,147.4,121.3, 83.7, 60.0, 55.7, 44.0, 37.7, 28.0, 24.1,14.2, 6.8, 4.7. i 

1722. HRMS (FAB) calculated for Ci7H3i03Si (MH+) 311.2042, found 311.2045. 

/ 7 ° T E \ 3-(5-Triethylsilanyloxy-bicyclo[2.1.1]hex-l-yl)-prop-2-en-l-ol (15). To 

\^U 0 H solution of crude ester 14 (340 mg, ca. 1.1 mmol) in CH2CI2 (5 mL) at -78 

°C was added dropwise a solution of DIBAL-H (1.5M in toluene, 1.7 ml 

2.5 mmol). The resulting mixture was stirred for 1 h at -78 °C and allowed to warm to ro< 

temperature. Then, the reaction was carefully quenched bv addition of EtOAc and 

saturated aqueous solution of Na2SO.i (10 drops) was added. The resulting mixture v\ 

stirred for 1 h. After addition of additional solid Na2SC>4 the mixture was filtered throu 

Celite® and concentrated in vacuo. Purification by chromatography (EtOAcPE = 1:6) afforc 

15 (216 mg, 75% from 11) as a colorless oil. R,•= 0.30. 'H NMR: 5.85 (d, ƒ = 15.7 Hz, IH), 5, 

(dt, ƒ = 15.7, 5.9 Hz, IH), 4.13 (m, 2H), 3.69 (d, ƒ = 6.4 Hz, IH), 2.54-2.52 (m, IH), 2.20-2.18 1 

IH), 1.65-1.52 (m, 4H + OH), 1.23 (dd, ƒ = 6.6, 6.4 Hz, IH), 0.94 (t, ƒ = 7.9 Hz, 9H), 0.56 (q, j 

7.9 Hz, 6H). « e NMR: 131.7,129.5, 83.5, 63.9, 55.1, 43.5, 37.9, 28.1, 24.2, 6.7, 4.7. IR: 3297 (br). 
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9TI^V| [2-(5-Triethylsilanyloxy-bicyclo[2.1.1]hex-l-yl)-cyclopropyl]-methanol 

^ ^ O H (16). To a solution of DME (150 uL, 1.4 mmol) and Et2Zn (IM in hexane, 1.4 

mL, 1.4 mmol) in freshly distilled CH2C12 (3 mL) at -10 °C was added 

dropwise CH2I2 (225 |iL, 2.8 mmol). The resulting solution was stirred for 30 min. at -10 °C. 

To a solution of allylic alcohol 15 (49 mg, 0.18 mmol) in freshly distilled CH2CI2 (2 

mL) at 0 °C was added dropwise the previously prepared Zn(CH2r)2-DME reagent (2 mL, 

0.3M, 0.6 mmol). The mixture was allowed to warm to room temperature and stirred for 6 h. 

rated aqueous NH4CI (4 mL) was added at 0 °C and the resulting mixture was stirred for 

min. The layers were separated and the aqueous phase was extracted with Et20 ( 3 x 3 

1. The combined organic layers were dried over MgS04 and concentrated in vacuo. 

ncation by chromatography (EtOAcPE = 1:7) afforded 16 (45 mg, 88%) as a 60:40 

ure of diastereomers as a colorless oil. R/= 0.25. 'H NMR: 3.67 (d, ƒ = 6.5 Hz, 1H), 3.63 (d, 

.5 Hz, 1H), 3.57 (dd, ƒ = 10.7, 6.5 Hz, 1H), 3.45 (dd, ƒ = 11.0, 7.0 Hz, 1H), 3.38 (dd, ƒ = 11.0, 

[z, 1H), 3.29 (dd, ƒ = 10.7, 7.9 Hz, 1H), 2.23-2.21 (m, 1H), 2.15-2.13 (m, 3H), 1.60-1.58 (m, 

1.54-1.50 (m, 8H), 1.37-1.20 (m, 4H), 1.05 (dd, ƒ = 6.5, 6.3 Hz, 2H), 1.01-0.96 (m, 2H), 0.96 

; = 7.9 Hz, 18H), 0.89-0.83 (m, 1H), 0.80-0.75 (m, 1H), 0.71-0.61 (m, 3H), 0.42-0.35 (m, 

[), 0.27-0.23 (m, 1H). IR: 3334 (br). HRMS (EI) calculated for Ci6H28OSi (M+-H20) 264.1909, 

d 264.1910. 

H l-(2-Hydroxymethyl-cyclopropyl)-bicyclo[2.1.1]hexan-5-ol (17). To a 
< ^ " ^ O H solution of alcohol 16 (39 mg, 0.14 mmol) in 4 mL of THF at 0 °C was 

added dropwise TBAF (IM in THF, 280 uL, 0.28 mmol). The resulting 

:re was stirred for 15 min. at 0 CC. Saturated aqueous NH4CI (5 mL) was added and the 

ilting mixture was stirred for 15 minutes. The aqueous phase was extracted with Et2Ü (3 

5 mL). The combined organic layers were washed with water (5 mL), dried over MgSC>4 

oncentrated in vacuo. Purification by chromatography (EtOAc) afforded 17 (18 mg, 99%) 

60:40 mixture of diastereomers as a colorless oil. Both isomers were obtained pure after 

ited chromatography. 17a: colorless oil. R, = 0.31 « NMR: 3.89 (dd, ƒ = 10.6, 5.4 Hz, 1H), 

id, ƒ = 6.4 Hz, 1H), 3.07 (dd, ƒ = 10.6, 9.3 Hz, 1H), 2.75 (br s, 1H), 2.23 (q, ƒ = 1.5 Hz, 1H), 

I (br s, 1H), 2.10-2.07 (m, 1H), 1.61-1.38 (m, 4H), 1.25-1.16 (m, 1H), 0.97 (t, ƒ = 6.6 Hz, 1H), 

'.63 (m, 1H), 0.35-0.26 (m, 2H). »C NMR: 82.8, 67.0, 53.7, 41.0, 34.2, 29.0, 24.3,18.6,16.9, 

ER: 3300 (br). 17b: X-ray crystal structure determination was allowed after 

rystallization from EtOAc/pentane. Colorless crystals. R, = 0.24. mp 92-93 °C. 'H NMR: 

id, / = 6.4 Hz, 1H), 3.66 (dd, ƒ = 11.0, 6.2 Hz, 1H), 3.25 (dd, ƒ = 11.0, 8.0 Hz, 1H), 2.28 (br s, 

. . 2.22-2.19 (m, 2H), 1.67 (br s, 1H), 1.59-1.53 (m, 2H), 1.41-1.37 (m, 1H), 1.32-1.27 (m, 1H), 

1 (dd, ƒ = 6.7, 6.4 Hz, 1H), 0.93-0.87 (m, 1H), 0.65 (ddd, ƒ = 8.3, 5.5, 4.6 Hz, 1H), 0.44 (dt, / = 

i, 4.8 Hz, 1H). BSC NMR: 82.4, 66.1, 53.1, 41.5, 36.2, 29.7, 27.1, 24.2,16.2, 7.4. IR: 3300 (br). 

Crystallographic data for 17b: monoclinic, P2i, a = 5.502(2), b = 29.18(2), c 
vOH = 12.004(4) Â, ß = 94.66(3)°, V = 1920.9(17) A3, Z = 8, Dx = 1.163 gcnv\ 

A.(CuKa) = 1.5418 À, u(CuKa) = 6.32 cm1, F(000) = 736, 240 K. Final R = 

for 2114 observed reflections. 
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Table 6.1 Bond distances of the non-hydrogen atoms (A) of 17b (standard deviations) 
0(1)-C(6) 1.401(9) C(3)-C(6) 1.5211(2) C(7)-C(8) 

O(2)-C(10) 1.433(9) C(3)-C(4) 1.577(10) C(7)-(C9) 

C(l)-C(2) 1.562(11) C(4)-C(5) 1.581(11) C(8)-C(9) 

C(l)-C(5) 1.537(11) C(5)-C(6) 1.533(10) C(9)-C(10) 

C(2)-C(3) 1.535(12) C(5)-C(7) 1.519(12)  

1.506(10) 
1.514(10) 
1.516(11) 
1.463(12) 

Table 6.2 Bond angles of the non-hydrogen atoms (°) of 17b (standard deviations) 
C(2)-C(l)-C(5) 98.1(5) C(l)-C(5)-C(7) 120.2(6) C(8)-C(7)-C(9) 60.3(5) 
C(l)-C(2)-C(3) 100.5(5) C(4)-C(5)-C(6) 85.0(5) C(5)-C(7)-C(9) 122.0(6) 
C(2)-C(3)-C(6) 102.4(6) C(4)-C(5)-C(7) 119.0(6) C(7)-C(8)-C(9) 60.1(5) 
C(2)-C(3)-C(4) 100.2(6) C(l)-C(5)-C(6) 102.2(6) C(7)-C(9)-C(8) 59.6(5) 
C(4)-C(3)-C(6) 85.5(6) 0(1)-C(6)-C(3) 113.4(6) C(7)-C(9)-C(10) 120.0(6) 
C(3)-C(4)-C(5) 81.4(5) C(3)-C(6)-C(5) 84.8(6) C(8)-C(9)-C(10) 118.8(7) 
C(6)-C(5)-C(7) 121.0(7) 0(1)-C(6)-C(5) 115.0(6) O(2)-C(10)-C(9) 110.0(6) 
C(l)-C(5)-C(4) 1027(7) C(5)-C(7)-C(8) 120.1(7) 

OTES 2-(5-Triethylsilanyloxy-bicyclo[2.1.1]hex-l-yl)-cyclopropanecarboxyl; 
OH acid (22). To a solution of alcohol 16 (21 mg, 0.073 mmol), NaI04 (62 mg, 

0.29 mmol) and NaHC03 (12 mg, 0.15 mmol) in MeCN/CCl 4 /H 20 (1 

mL, 1:1:1.5 v/v) at 0 °C was added a catalytic amount of RuCl3-xH20. The resulting solution 

was stirred for 3 h at 0 °C and then filtered through Celite®. The filtrate was dried ov 

MgSC>4 and concentrated in vacuo (bath temperature: 30 °C) to afford acid 22 (17 mg) as 

yellow oil. The crude product was used immediately in the next reaction without furtl-

purification. « NMR: 11.52 (br s, 2H), 3.68 (d, ƒ = 6.4 Hz, 1H), 3.67 (d, ƒ = 6.5 Hz, 1H), 2.24 (1 

s, 2H), 2.13 (br s, 2H), 1.70-1.66 (m, 1H), 1.61-1.45 (m, 5H), 1.43-1.33 (m, 4H), 1.22-1.19 ( 

2H), 1.08-1.00 (m, 4H), 0.94 (t, / = 7.9 Hz, 18H), 0.90-0.85 (m, 2H), 0.58 (q, ƒ = 7.9 Hz, 6H), 0. 

(q, / = 7.9 Hz, 6H). IR: 2955 (br), 1699. 

OTES O 2-(5-Triethylsilanyloxy-bicyclo[2.1.1]hex-l-yl)-cyclopropanecarboxv 
^ ^ ^ ^ " O B n acid benzyl ester (23). To a solution of the crude acid 22 (17 mg, 0.057 

mmol) in 2 mL of MeCN at room temperature was added CS2CO3 (20 ni; 

0.061 mmol). The solution was stirred for 15 min. and benzyl bromide was added dropv\ 

(8 uL, 0.07 mmol). The resulting mixture was stirred for 16 h at room temperature. Satui\ 

aqueous NH4CI (5 mL) was added and the resulting mixture was stirred for 15 min. Tl • 

aqueous phase was extracted with EtzO ( 3 x 4 mL). The combined organic layers we 

washed with brine (5 mL), dried over MgSO-i and concentrated in vacuo. Purification 

chromatography (EtOAcPE = 1:7) afforded 23 (18 mg, 64% from 16) as a 60:40 mixture 

diastereomers as a colorless oil. R, = 0.55. 'H NMR: 7.36-7.31 (m, ÎOH), 5.14 (d, ƒ = 12.4 1 ' 

1H), 5.12 (d, ƒ = 12.4 Hz, 1H), 5.06 (d, ƒ = 12.4 Hz, 1H), 5.05 (d, ƒ = 12.4 Hz, 1H), 3.66 (d, ƒ = 

Hz, 2H), 2.29-2.27 (m, 1H), 2.22 (br s, 1H), 2.11 (br s, 2H), 1.78-1.74 (m, 1H), 1.60-1.54 (m, 1 

1.41-1.33 (m, 4H), 1.20-1.15 (m, 1H), 1.04-0.99 (m, 4H), 0.95-0.89 (m, 1H), 0.93-0.89 (m, 18H 

0.79 (ddd, / = 8.2, 6.7, 3.9 Hz, 1H), 0.59-0.51 (m, 12H). «C NMR: 174.7, 174.7, 136.2, 13 

128.5, 128.5,128.2,128.1,128.1, 82.5, 82.4, 66.2, 66.1, 53.2, 53.1, 42.6, 42.6, 35.6, 35.6, 27.7, 27 

23.9, 23.7, 22.8, 22.6,17.2,15.8,12.8,11.1, 6.7, 6.7, 4.8, 4.7. IR: 1728. 
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OH y 2-(5-Hydroxy-bicyclo[2.1.1]hex-l-yl)-cyclopropanecarboxylic acid 
%J^^ 1 / ^OBn benzyl ester (24). To a solution of ester 23 (18 mg, 0.047 mmol) in THF (2 

mL) at 0 °C was added dropwise TBAF (IM in THF, 67 |iL, 0.067 mmol). 

The solution was stirred for 1 h at 0 °C. Then, saturated aqueous NH4CI (5 mL) was added 

and the resulting mixture was stirred for 15 min. The aqueous phase was extracted with EtiO 

3 x 4 mL). The combined organic layers were washed with brine (5 mL), dried over MgSC>4 

ind concentrated in vacuo. Purification by chromatography (EtOAcPE = 2:5) afforded 24 (8 

mg, 66%) as a 60:40 mixture of diastereomers as a colorless oil. R/ = 0.21. 'H NMR: 7.39-7.30 

(m, ÎOH), 5.14 (d, ƒ = 12.4 Hz, 1H), 5.13 (d, ƒ = 12.4 Hz, 1H), 5.09 (d, ƒ = 12.4 Hz, 1H), 5.08 (d, / 

= 12.4 Hz, 1H), 3.79 (d, ƒ = 6.4 Hz, 1H), 3.77 (d, ƒ = 6.5 Hz, 1H), 2.22 (br s, 4H), 1.84 (br s, 2H), 

30-1.76 (m, 2H), 1.59-1.35 (m, 10H), 1.25-1.21 (m, 1H), 1.11-1.02 (m, 4H), 0.79 (ddd, ƒ = 8.2, 

6.7, 4.0 Hz, 1H). IR: 3444 (br), 1724. 

2-(5-Oxo-bicyclo[2.1.1]hex-l-yl)-cyclopropanecarboxylic acid benzyl 
X>Bn ester (25). To a solution of alcohol 24 (8 mg, 0.031 mmol) and NMO (11 

mg, 0.09 mmol) in acetone (2 mL) at 0 °C was added TPAP (0.5 mg, 0.002 

mmol). The resulting solution was stirred for 45 min. at 0 °C, concentrated in vacuo to 1 mL 

>ath temperature: 30 CC) and filtered through a short pad of silica gel. Purification by 

:omatography (EtOAc:PE = 2:5) afforded 25 (8 mg, 99%) as a 60:40 mixture of 

lereomers as a colorless oil. Rf = 0.40. ]H NMR: 7.37-7.32 (m, ÎOH), 5.14 (d, ƒ = 12.4 Hz, 

5.08 (d, J = 12.4 Hz, 2H), 2.79 (br s, 2H), 1.90-1.66 (m, 10H), 1.60-1.56 (m, 2H), 1.44 (d, / = 

[z, 1H), 1.39 (d, ƒ = 7.2 Hz, 1H) 1.26-1.20 (m, 4H), 1.13-1.09 (m, 1H), 1.08 (ddd, ƒ = 8.4, 6.7, 

Hz, 1H). 13C NMR: 199.7, 199.6, 173.7, 173.7, 138.0, 137.8, 128.5, 128.2, 128.2, 128.1, 128.1, 

66.4, 64.5, 66.4, 52.4, 52.2, 31.4, 30.9, 25.4, 25.0, 21.8, 21.7, 19.9, 17.3, 17.1, 12.8, 12.2. IR: 1776, 

2-(5-Oxo-bicyclo[2.1.1]hex-l-yl)-cyclopropanecarboxylic acid (4 from 25). 
"OH To a solution of ester 25 (8 mg, 0.031 mmol) in MeOH (2 mL) at room 

temperature was added a small portion of Pd(OH)2. The solution was 

porously stirred while hydrogen was bubbled through for 5 min. Finally, the solution was 

bred for 30 min. under hydrogen atmosphere. The mixture was filtered through Celite® 

I concentrated in vacuo (bath temperature: 30 °C). Purification by chromatography 

OAc:PE = 3:4 + 1% acetic acid) afforded 4 (3 mg, 57%) as a 60:40 mixture of diastereomers 

white solid. Rf = 0.21. m NMR: 11.0 (br s, 2H), 2.81 (br s, 2H), 1.89-1.68 (m, 10H), 1.61-

(m, 2H), 1.45 (d, ƒ = 7.2 Hz, 1H), 1.40 (d, ƒ = 7.2 Hz, 1H), 1.30-1.23 (m, 4H), 1.18-1.12 (m, 

I. 13C NMR: 199.6, 199.4, 179.7, 64.4, 64.2, 52.4, 52.3, 31.4, 30.9, 25.4, 25.0, 21.8, 21.7, 20.7, 

17.1,16.8,13.3,12.7. IR: 1776,1695. 

2-(5-Oxo-bicyclo[2.1.1]hex-l-yl)-cyclopropanecarbaIdehyde (26). To a 

"H solution of diol 17 (17 mg, 0.10 mmol) and NMO (37 mg, 0.31 mmol) in 

acetone (3 mL) at 0 °C was added TPAP (2 mg, 0.005 mmol). The resulting 

• Uion was stirred for 2 h at 0 °C, concentrated in vacuo to 1 mL (bath temperature: 30 °C) 
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and filtered through a short pad of silica gel. Purification by chromatography (EtOAcPE = 

2:3) afforded 26 (17 mg, 77%) as a 60:40 mixture of diastereomers as a colorless oil. R/= 0.38. 

iH NMR: 9.15 (d, ƒ = 4.9 Hz, 1H), 9.12 (d, ƒ = 5.0 Hz, 1H), 2.83 (m, 2H), 2.09 (m, 1H), 2.02 (m, 

1H), 1.91-1.66 (m, 8H), 1.62-1.56 (m, 2H), 1.47 (d, ƒ = 7.2 Hz, IH), 1.42 (d, ƒ = 7.2 Hz, IH), 1.37 

1.24 (m, 5H), 0.97-0.85 (m, IH). "C NMR: 200.6, 200.5, 199.6, 199.5, 64.4, 64.2, 52.7, 52.6, 31.8 

31.2, 27.0, 26.9, 25.7, 25.2, 22.0, 21.9, 20.2,19.9,12.4,12.0. IR: 1773,1705. 

., f 2-(5-Oxo-bicyclo[2.1.1]hex-l-yl)-cyclopropanecarboxylic acid (4 from 26 

N ^ ^ ^ O H To a solution of keto-aldehyde 26 (8 mg, 0.05 mmol) and NaI04 (43 mg 

O 0.20 mmol) in MeCN/ CCL,/ H 2 0 (1.8 mL, 1:1:1.5 v/v) was added at 0 °C, 

catalytic amount of RUCI3H2O. The resulting solution was stirred for 30 min. at 0 °C and 

then filtered through Celite®. The filtrate was dried over MgS04 and concentrated in vacuo 

(bath temperature: 30 °C). Purification by chromatography (EtOAcPE = 3:4 + 1% acetic acid) 

afforded 4 (5 mg, 56%) as a 60:40 mixture of diastereomers as a white solid. 
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CHAPTER 7 

RETROSPECTION AND FUTURE PROSPECTS 

:l The Right-Hand Side 

This thesis deals with the development of a synthetic route towards the delicate 
-hand side of solanoeclepin A (1). 

,v\C02H 

Although we have successfully constructed the complex framework of this right-

and fragment (chapters 2, 3 and 5)1 and secured the chemistry to form the cyclobutanone 

i the cyclopropanecarboxylic acid moieties (chapter 6),2 the actual synthesis of the 

impiété right-hand side remains to be achieved. One of the main difficulties in the 

ithesis as described in chapter 5, is the formation of the appropriate cyclization precursor 
4(eq7.1). 

Br 

'N 

1) 'BuLi, THF/pentane, 
-78 °C, 15 min. 

• » 
2) MgBr2/ EtzO/benzene 

-78 °C, 30 min. 
3) AcOH, THF/H20 

-78 °C -> rt, 1 h 

(7.1) 

4 36% 

This reaction consistently resulted in a rather poor yield and proved especially 

ficult on larger scale, due to laborious purification. Therefore, this method did not allow 

• synthesis of sufficient quantities of material, necessary to complete the construction of 

right-hand side. However, in the mean time a new procedure for the construction of 

itosubstrate 4 has been briefly investigated, involving the silver trifluoroacetate mediated 
ling of enol ether 5 with allylic iodide 6 (eq 7.2)? 

TIPSO 

AgOCOCF3 

CH2C12 

-78 -» 0 °C, 4 h 
(7.2) 

4 >90% 
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The prel iminary results indicate that in this w a y the cyclization precursor 4 can bi 

obtained in high yield and good puri ty. The approach via the enol ether coupl ing should als< 

enable the s traightforward synthesis of a cyclization precursor containing an appropriate 

handle for connect ing the r igh t -hand side to the lef t -hand fragment (see section 4.2). Thi-

would require the synthesis of enol ether 12, which probably can be derived from the known 

triflate 74 via the sequence del ineated in scheme 7.1. 

Scheme 7.1 

DIBAL-H 

.O THF, -78 -> 0 °C 

Pd(PPh3)4 

OTf O Et 

7 

OPG 

OTf OH 

CO (1 atm.) 
LiCl, MeCN, 80 °C 

hydrolysis 

TIPSO 

1)LDA 
THF, HMPA 
-78 -> 0 °C 

' 2) TIPSOTF 
-78 -> -15 °C 

OPG 1) NaBH4 

MeOH 
-78 °C, 30 min. 

2) Protection 

PG = protective group 

Reduction of the ester moiety by means of DIBAL-H, followed by palladia 

catalyzed carbonylation of vinyl triflate 8, should furnish furanone 9.5 Subsequent h y d r o h 

of the dioxolane leads to ketone 10.4 This ketone is then reduced and protected (see sect) 

4.2) to afford 11. Finally, enol ether formation provides the required coupl ing substrate 1 

Almost all of these t ransformations have already been carried out on the system lacking the 

addit ional oxygen subst i tuent on the cyclohexane ring a n d therefore are expected to proce 

wi thout difficulties. 

Another problematic stage in the synthesis of the r i gh t -hand side, p roved to be 

functionalization of tetraol 14, der ived from cycloadduct 13 (eq 7.3, see section 5.4). 

hv(300nm) K „ , l o P LiAlH4 

O, \s»^7 o THF, rt, 5 min. 

13 95% 14 60% 
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Retrospection and future prospects 

The direct discrimination of the four hydroxyl functions could never be thoroughly 

investigated, due to the limited amounts of available material. However, because the new 

hod to construct cyclization precursor 4 (vide supra) allows the preparation of 4 in larger 

quantities, a proper re-examination of the tetraol functionalization process should be 

possible. A careful study of protection strategies in carbohydrate chemistry could perhaps 

p; )\dde some useful information in this case. 

Model Systems 

In the course of the investigations, some model systems of solanoeclepin A have been 

subjected to hatching activity tests, to get insight into the structure-activity relationship of 

I natural product. Both the tetracycle 156 and tricycle 162 proved to be devoid of any 

activity, although they contain some of the key functionalities of the natural hatching agent. 

,X02H 

16 

This triggers the need for more elaborated model systems, resembling the natural 

p luct to a greater extent. Therefore, compounds 17, 18 and 19 are currently under 

ligation. Especially 19 is of great importance, because it will provide information about 

cessity of the cyclobutanone for hatching activity. 

C02H 

° H O 

19 

„AC0 2 H 

If it would prove possible to omit the cyclobutanone and still retain useful biological 

[y, a whole new range of target structures is opened up. The application of compounds 

o.ilar to 19 as a method to combat the potato cyst nematodes would become within reach, 

ise efficient synthetic routes towards these structures can be developed. However, 
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future investigations will have to provide the solutions to the afore mentioned problem, 

which to a great extent are associated with the four-membered ring, in order to achieve 

successful total synthesis of solanoeclepin A. 
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SUMMARY 

INTRAMOLECULAR [2+2] PHOTOCYCLOADDITIONS AS AN APPROACH 

TOWARDS THE RIGHT-HAND SIDE OF SOLANOECLEPIN A 

Solanoeclepin A (1) is the most active natural hatching agent for the potato cyst 

atode. This compound is excreted in minute quantities from the roots of young potato 

plants, which serves as a signal for the nematodes to leave the cysts. Subsequently, they 

prate to the roots of the plant and feed on them, with disastrous consequences for the host. 

An extensive research program from 1985 until 1992, involving several research groups in 

ie Netherlands, has resulted in the isolation and characterization of this interesting natural 

product. 

,C02H 

C02H 

Its heptacyclic structure contains all ring sizes ranging from three to seven and 

ses nine stereogenic carbon atoms. The most striking structural feature is the densely 

istituted bicyclo[2.1.1]hexanone unit, a highly strained ring system, which is an 

unprecedented structural feature in natural products. The structure of 1 to a certain extent 

semblés that of glycinoeclepin A (2), the hatching agent of the soybean cyst nematode, 

which the name of solanoeclepin A has been derived. The extreme scarcity of the 

al material, its fascinating architecture and the potential role it has in the search for an 

onmentally benign method to combat the nematodes, make 1 a challenging target for 

synthesis. 

In chapter 1 some general information about solanoeclepin A and glycinoeclepin A, is 

i sented, as well as a retrosynthetic analysis of the target natural product. 

Chapter 2 deals with the preparation and intramolecular photochemical 

addition of 6-methyldioxenones with mono-, di-, tri- and tetrasubstituted alkenes, 

ected at C-5 of the dioxenone via a two atom tether. Depending on the substitution 

| rn of the alkene and the rigidity of the tether, the photocycloaddition exhibited 

rkable regiochemistry, switching with complete selectivity from crossed to straight and 

versa. Monosubstituted alkene 1 afforded exclusively the crossed cycloadduct 2 (eq 1). 

hv (300 ran) 

MOMO MeCN/acetone (9:1 v/v) 
rt,4h MOMO 

(1) 
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Summary 

Di-, tri- and tetrasubst i tuted alkenes, on the other hand , afforded exclusively the 

straight products (e.g. the conversion of 3 to 4, eq 2). 

hv (300 nm) 

MOMO o 

MOMO MeCN/acetone (9:1 v/v) 
rt, l h 

O 

O 

4 83% 

The more rigid lactone precursor 5 showed the opposi te regioselectivity aga 

leading to the desired bicyclo[2.1.1]hexane skeleton (eq 3). 

hv (300 nm) 

MeCN/acetone (9:1 v/v) 
rt, l h 

(3) 

6 95% crude 

This a l lowed the stereoselective synthesis of the highly compact and comp : 

pentacyclic bislactone 6, which contains the appropr ia te subst i tut ion pat tern a .1 

stereochemistry for elaboration towards the r igh t -hand side of solanoeclepin A. Finally, a 

mechanist ic rationale for the regioselectivity of the [2+2] photocycloaddi t ions, based n 

molecular model ing results, is presented in chapter 2. 

In chapter 3 further chemistry wi th the 6-methyldioxenone cycloadducts is descril 

Retro-aldol reactions on the pho toproduc t s p rov ide stereoselective pa thways to indai>. i, 

trifunctionalized spiro[3.5]nonanes and spiro[3.4]octanes as well as to novel substitu A 

cyclobutanes (e.g. the formation of 8 from 7, eq 4). 

O 

o- o 1) KOH, l ,4-dioxane/H20 
0 °C, 105 min. 

2) CH2N2, MeOH, 0 °C 

o-
? o 

LA OMe ' 

78% 

In addit ion, chapter 3 deals w i th the functionalization of the cycloadducts with i 

four -membered r ing fragmentation, by a rapid and exhaust ive reduct ion leading to 

release of a diol function from the d ioxanone moiety. Applicat ion of these condition 

cycloadduct 6 afforded tetraol 9 (eq 5). 

) 

9 52% TBDMSÖ . 
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This tetraol has been further functionalized by a four-step sequence to cyclic 

carbonate 10 in which all four hydroxyl groups have been differentiated. 

In chapter 4 the possible use of a vicinal diol to obtain the required cyclobutanone is 

explored. Therefore, dioxenone derivative 11 bearing an additional oxygen substituent on 

the C-6 methyl group was prepared (eq 6). Unfortunately, this strategy was unsuccessful, 

to the instability of the intermediate bicyclohexanone towards the oxidative cleavage 

conditions. 

o-
0 1) hv (300 nm) 

2) LiAlH^ THF 
rt, 5 min. 

NaI04 OH 

»OH H20, 0 °C, 4 h 
(6) 

11 
OAc 

HO 
12 39% 

O C02H 

13 86% 

Furthermore, chapter 4 describes the attempted use of alternative chromophores, 

other than the dioxenone, for the [2+2] cycloaddition. To this end, a,ß-unsaturated-y-

lolide 14 and oc,ß-unsaturated ketone 15 have been synthesized. 

These precursors would greatly facilitate the functionalization of the corresponding 

ladducts. However, in both cases the photochemistry resulted exclusively in 

«position of the substrates, probably due to the instability of the pendent enol ether 

rds the irradiation conditions. 

In chapter 5 the preparation and cyclization of 6-unsubstituted dioxenones tethered 

mo-, tri- and tetrasubstituted alkenes is described. The key-step in the synthesis of the 

rid tetrasubstituted cyclization precursors comprised a very efficient magnesium-iodide 

inge reaction with 16, which allowed allylation at C-5 of the dioxenone (eq 7). 

O 'PrMgCl 

THF, -78 °C ' 

CIMg 

CuCN (cat.) 
-78 °C, 30 min. 

(7) 

The 6-unsubstituted dioxenones showed very similar behavior compared to the 6-

vl analogs (chapter 2), with respect to the reactivity and regioselectivity in the [2+2] 

117 



Summary  

photocycloaddi t ion reactions. Thus , photocycloaddi t ion of precursor 19 afforded the 

bicyclo[2.1.1]hexane 20 in excellent yield (eq 8). 

hv (300 run) 

MeCN/acetone 
rt, l h 

4 steps 
I 

20 95% MOMÖ 21 

Crossed cycloadduct 20 was elaborated to alcohol 21, a useful in termediate in model 

s tudies towards solanoeclepin A. In order to investigate whether the f ive-membered l a d 

w a s crucial for the regiochemical ou tcome of the cycloaddit ion, or that connect ing the tt 

and the alkene via any other r ing would also suffice, s even -membered r ing acetonide 22 

prepared (eq 9). However , 22 afforded straight cycloadduct 23 indicating that a sevi -

membered r ing allows too much conformational flexibility in the cycloaddit ion. 

hv (300 nm) 

MeCN/acetone (9:1 v/v) 
rt, 30 min. 

23 88% 

•>) 

In chapter 6 the synthesis of a small r i gh t -hand subs t ruc ture of solanoeck I 

containing both the bicycIo[2.1.1]hexanone a n d the cyclopropanecarboxylic acid moieties of 

the na tura l product , is described (scheme 1). The key steps involve the [2 I] 

photocycloaddi t ion of dioxenone 25 to afford 26, and the cyclopropanat ion of allylic a lo ! 

28, which afforded a 60:40 mixture of trans cyclopropanes . At tempts to improve 

diastereoselectivitv of the latter reaction, remained unsuccessful. 

Scheme 1 

C02H 4 steps 
OTES 

hv (300 nm) 

O 29 28 

'&i 

OH . - -
2 steps 

O 

26 

3 steps 

OTES „ 

27 

C o m p o u n d 29 (60:40 mixture of trans cyclopropanes , minor isomer d rawn) has b n 

subjected to hatching activity tests, bu t unfortunately p roved to be devoid of any act! 
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RAMOLECULAIRE [2+2] FOTOCYCLOADDITIES IN DE SYNTHESE VAN DE 

RECHTERHELFT VAN SOLANOECLEPINE A 

Solanoeclepine A (1) is de meest actieve natuurlijke wekstof voor het 

i ppelcysteaalrje. De wekstof wordt in minieme hoeveelheden uitgescheiden door de 

els van jonge aardappelplanten, wat als signaal voor de aaltjes werkt om uit de cystes te 

komen. Hierna bewegen zij zich naar de wortels van de plant en voeden zich eraan, met 

desastreuze gevolgen voor de gastheer. Een uitgebreid onderzoeksproject van 1985 tot 1992, 

in meerdere Nederlandse instellingen nauw hebben samengewerkt, heeft geleid tot de 

ie en karakterisering van deze interessante natuurstof. 

.,*C02H 

C02H 

De heptacyclische structuur van solanoeclepine A omvat alle ringgroottes van drie tot 

en en herbergt negen asymmetrische koolstofatomen. Het meest opvallende 

ïructuurelement is het sterk gesubstitueerde bicyclo[2.1.1]hexanonfragment, een zeer 

nnen ringsysteem dat nog niet eerder in natuurstoffen is aangetroffen. De structuur 

I lijkt in enige opzichten op die van glycinoeclepine A (2), de wekstof van het 

i steaaltje, aan welke solanoeclepine A zijn naam ontleent. De extreme schaarste van het 

urlijke materiaal, zijn fascinerende architektuur en de rol die het zou kunnen spelen in 

ilieuvriendelijke bestrijding van het aardappelcysteaaltje, maken solanoeclepine A tot 

klagend doel voor totaalsynthese. 

In hoofdstuk 1 wordt algemene informatie over solanoeclepine A en glycinoeclepine 
en, alsmede een retrosynthetische analyse van solaneclepin A. 

Hoofdstuk 2 behandelt de synthese en intramoleculaire fotocycloadditie van 6-

hyldioxenonen met mono-, di-, tri- en tetragesubstitueerde alkenen, gebonden aan C-5 

tiet dioxenon door middel van een twee atomige keten. De cycloadditie vertoonde zeer 

rkelijke regiochemie, wisselend met complete selectiviteit van "crossed" naar "straight" 

ice versa, afhankelijk van het substitutiepatroon van het alkeen en de rigiditeit van de 

ten. Monogesubstitueerd alkeen 1 leverde uitsluitend het "crossed" product 2 (vgl 1). 

hv (300 nm) 

MOMO MeCN/aceton (9:1 v/v) 
kt, 4 h 

MOMO 

(1) 
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Di-, tri- en tetragesubstitueerde alkenen daarentegen, leidden uitsluitend tot de 

"straight" producten (bijvoorbeeld de omzetting van 3 naar 4, vgl 2). 

MOMO 

M 

hv (300 nm) 

JMU 

r. 
4 S 

O 

MeCN/aceton (9:1 v/v) 
kt, l h 

JMU 

r. 
4 S 3% 

Het meer starre lacton 5, vertoonde wederom de omgekeerde regioselectiviteit, i t 

resulteerde in de vorming van het gewenste bicyclo[2.1.1]hexaanskelet (vgl 3). 

hv (300 nm) 

MeCN/aceton (9:1 v/v) 
kt, l h 

5 6 95% ruw 

Op deze wijze kon het zeer compacte en complexe pentacyclische bislacton 6 wo: 

gesynthetiseerd, dat het juiste substitutiepatroon en de juiste stereochemie bevat v< or 

verdere functionalisering tot de rechterhelft van solanoeclepine A. Tenslotte wordt in 

hoofdstuk 2 een mechanistische verklaring gegeven voor de opmerkelijke regiochemie ï 

de [2+2] fotocycloaddities, gebaseerd op molecular modeling resultaten. 

In hoofdstuk 3 wordt de vervolgchemie met de 6-methyIdioxenoncycloaddu n 

beschreven. Door middel van retro-aldol reacties met de fotoproducten, worden indai 

trigefunctionaliseerde spiro[3.5]nonanen of spiro[3.4]octanen en nieuwe gesubstitue. Ie 

cyclobutanen stereoselectief verkregen (bijvoorbeeld, de vorming van 8 uit 7, vgl 4). 

? o 
IK 

^Ho 

1) KOH, l,4-dioxaan/H20 
0 °C, 105 min. 

2) CH2N2, MeOH, 0 °C 
OMe i) 

Verder wordt in hoofdstuk 3 de functionalisering van de cycloadducten zo 

fragmentatie van de vier-ring behandeld. Een snelle, volledige reductie van Ie 

fotoproducten, maakt een diolfunctie vrij uit het dioxenon. Het toepassen van deze com 

op cycloadduct 6, leidde tot de vorming van tetraol 9 (vgl 5). 

LiAIH, 

Ö THF, kt, 5 min. 
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Tetraol 9 is vervolgens gefunctionaliseerd tot cyclisch carbonaat 10 door middel van 

con vierstapssequentie, waarbij alle hydroxylgroepen zijn gedifferentieerd. 

In hoofdstuk 4 wordt het mogelijke gebruik van een vicinaal diol om het benodigde 

cvclobutanon te verkrijgen behandeld. Derhalve werd dioxenonderivaat 11 gesynthetiseerd, 

uïn een extra zuurstof substituent is opgenomen (vgl 6). Helaas bleek deze strategie niet 

succesvol, wat te wijten is aan de instabiliteit van het intermediaire cyclobutanon onder de 

andigheden die nodig zijn voor de oxidatieve splitsing van het diol. 

NaI04 OH 

0 H H20, 0 °C, 4 h 
(6) 

11 
OAc 

HO 
12 39% 

O C02H 
13 86% 

Voorts worden in hoofdstuk 4 de pogingen beschreven tot het gebruik van 

latieve chromoforen, anders dan het dioxenon, voor de [2+2] cycloadditie. Derhalve 

werden a,ß-onverzadigd y-butenolide 14 and a,ß-onverzadigd keton 15 gesynthetiseerd. 

Deze precursors zouden het functionaliseren van de cycloadducten aanzienlijk 

nvoudigen. Echter, in beide gevallen leidde de fotochemie uitsluitend tot ontleding van 

abstrafen, wat mogelijk veroorzaakt wordt door de instabiliteit van de enolether onder 

de reactieomstandigheden. 

In hoofdstuk 5 wordt de synthese en cyclisatie van 6-ongesubstitueerde dioxenonen 

verbonden met mono-, tri- en tetragesubstitueerde alkenen beschreven. De belangrijkste stap 

de synthese van de tri- en tetragesubstitueerde cyclisatieprecursors omvat een 

.^nesium-jodide uitwisselingsreactie met 16, wat allylering op C-5 van het dioxenon 

:ijk maakte (vgl 7). 

O 

O 'PrMgCl 

THF, -78 °C ' 

CIMg 

CuCN (kat.) 
-78 °C, 30 min. 

(7) 

De 6-ongesubstitueerde dioxenonen bleken zeer vergelijkbaar te zijn met de 6-methyl 

lioga (hoofdstuk 2), in termen van reactiviteit en regioselectiviteit in de fotochemie. Dit 
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bleek onder andere uit de cycloadditie van precursor 19, waarbij bicyclo[2.1.1]hexaan 20 

zeer goede opbrengst we rd verkregen (vgl 8). 

hv (300 nm) 

MeCN/aceton 
kt, 1 h 

20 95° MOMÖ 21 

Cycloadduct 20 werd vervolgens verder gefunctionaliseerd tot alcohol 21, een nutt 

intermediair in model s tudies naar de rechterhelft van solanoeclepin A. O m te onderzoek; 

of het vijf-ring lacton van 19 cruciaal was voor d e regiochemie van de cycloadditie, of d 

een andere r ing die de keten me t het alkeen verbindt zou volstaan, w e r d zeven-r i 

acetonide 22 gesynthetiseerd (vgl 9). Echter, 22 leverde "straight" adduc t 23, w a t a a n g c 

dat een zeven- r ing te flexibel is o m de regioselectiviteit van de cycloadditie te dicteren. 

hv (300 nm) ic 
O 

MeCN/aceton (9:1 v/v) 
kt, 30 min. 

ic 
- o -

23 88% 

In hoofdstuk 6 w o r d t de synthese behande ld van een kleine subs t ruc tuur \ 

solanoeclepine A, waar in zowel de bicyclo[2.1.1]hexanoneenheid als de cyclopropa t-

ca rbonzuurgroep van de natuurstof ver tegenwoord igd zijn (schema 1). De belangrijk-

s tappen zijn de fotochemische omzet t ing van dioxenon 25 tot 26 en de cyclopropaner ing \ 

de allylische alcohol 28, w a t le idde tot een 60:40 mengsel van trans cyclopropanen. Pogiru 

o m de diastereoselectiviteit van deze laatste reactie te verbeteren, bleven zonder resultaat. 

Schema 1 

COoH 4 stappen 
OTES 

hv (300 nm) 

OH 
2 stappen 

O 29 28 

£K 
26 

3 stappen 

OTES „ 

OH 0 
27 

Verbinding 29 (60:40 mengsel van trans cyclopropanen, de minst voorkomende 

isomeer is getekend) is getest als wekstof, maa r bleek helaas geen activiteit te bezitten. 
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