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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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Chapter 4  

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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Dioxenone derivatives and alternative chwmoplwrcs 

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). 

53 



Chapter 4 

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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Dioxcno)ie derivatives and alternative chromoplu 

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 

58 



Dioxenone derivatives and alternative chromophores 

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), 
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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. 
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