The Total Synthesis of Insect Antifeedant
(-)-Dihydroclerodin Starting from
R-(-)~Carvone



dr. Ae. de Groot, hoogleraar in de bio-organische chemie
Promotor:  d gr B. J. M. Jansen, universitair docent,
Co-promotor: d: jeerstoelgroep bio-organische chemie



T. M. Meulemans

The Total Synthesis of Insect Antifeedant

(-)-Dihydroclerodin Starting from
R-(-)-Carvone

proefschrift
ter verkrijging van de graad van doctor
op gezag van de rector magnificus
van Wageningen Universiteit,
dr. C. M. Karssen,
in het openbaar te verdedigen
op woensdag 10 mei 2000
des namiddags te vier uur in de aula.




ISBN 90-5808-195-8

BIBLIOTHEEK
LANDBOUWUNIVERSITET?
WAGENINGEN



pNoB et , 218Y

Stellingen bij het proefschrift van Tommi M. Meulemans

Stellingen betekenen niks zonder bronvermelding.
bron: T. M. Meulemans zaterdagmorgen bij het lezen van de krant.

. Het zoeken naar werk kost onnodig veel tijd door het ontbreken van de discipline

in de titel van de vacatures.
Bron: Intermediair, Volkskrant

Statistiek zou een vereist vak moeten zijn voor journalisten en nieuwslezers.

. Het refereren naar internetpagina’s getuigt niet van het vertrouwen dat je werk na

een jaar nog gelezen wordt.

. De stap voor een bioloog naar de chemie wordt als veel groter ervaren dan de stap

voor een chemicus naar de biologie.

Goed literatuuronderzoek verdient zichzelf terug.

. Dat Hagiwara er al. naar de Groot en Luteijn verwijzen voor de reductie van enon

14 met Li/NH; is op zijn minst raar te noemen.
bron: (a) Hagiwara, H.; Inome, K.; Uda, H. J. Chem. Soc., Perkin Trans. 11995,
757-764. (b} Luteijn, J. M.; de Groot, A. J. Org. Chem. 1981, 46, 3448-3452.

. De vergelijking van de door Drewes et al. geisoleerde verbindingen met

warburganal is onterecht en het lijkt erop dat Drewes mee wil liften met de
bekendheid van dit drimaan sesquiterpeen.

bron: Drewes, S. E.; Horn, M. M.; Connolly, J. D.; Bredenkamp, B.
Phytochemistry 1998, 47, 991-996.

. De als nieuw aangemerkte clerodanen, geisoleerd door Ohno ez ai,, zijn hoogst

waarschijnlijk chemische producten die gevormd zijn tijdens de extractie met
ethanol.
bron: Ohno, A.; Kizu, H.; Tomimon, T. Chem. Pharm. Bull. 1996, 44, 1540-1545.

10. Het is onjuist om aan te nemen dat er geen racemisatie op zal treden op C5

gedurende de Robinson annulering van dihydrocarvon.
bron: Beauhaire, J.; Durcot, P.-H.; Simon, 1. Synth. Comm, 1995, 25, 3015-3025.

11. De waarde die door Chen et al. wordt toegekend aan de resultaten van moleculair

modelling bij het ophelderen van de structuur van het clerodaan lupilin F is
onjuist.

bron: (a) Chen, H.; Liu, D. Q.; Zhang, L. X.; Xia, Z. H.; Yang, L.; Liu, Z. L.; Tan,
R. X. Indian J Chem. 1999, 388, 743-745. (b) Boneva, I. M.; Mikhova, B. P;
Papanov, P. Y_; Duddeck, H.; Spassov, §. L.. Phytochemistry 1990, 29, 2931-2933.

10 mei 2000




VYoorwoord

Op de reis van carvon naar dihydroclerodin, beschreven in dit boek, hebben veel mensen
meegereisd. Deze zou ik graag op deze pagina bedanken.

Allereerst Aede de Groot voor de vele discussies over hoe nu verder en zijn enthousiasme
gedurende de hele reis.

Ben Jansen voor het bijbrengen van de fijne kneepjes van de synthese en zijn begeleiding de
afgelopen vijf jaar,

Bep van Veldhuizen voor de vele NMR spektra en de manier waarop hij slecht maar ook goed
nieuws kan brengen.

Andre Stork voor het synthetiseren van verbinding 246 en 203.

Hugo en Kees voor de massa's.

Elbert, Harm en Pim voor het in stand houden van de GC apparatuur.

Cyril, Mareen, Havier, Elena, Cindy en Fliur voor hun werk aan dit project als student, PhD of
gastmedewerker.

Nou rest nog een hele groep mensen die gezorgd heeft dat alles goed en vooral ook met veel
plezier verliep. Tk noem naast de mensen die ik hierboven al genoemd heb Romano, Henk, Frans,
Natasha, Anja, Svetlana, Victoria en Sasha voor de goede sfeer op zaal. Matthew, Wiet, len,
Theo, Nadia, Beatrice, Marjon, Yvonne, Patric, Dorien, Hendra, Roel, Maarten, Han en eigenlijk
alle mensen die gedurende de afgelopen vijf jaar bij Organisch hebben gewerkt voor de goede
sfeer op de vakgroep.

Marina bedank ik speciaal voor het lezen en nakijken van dit proefschrift en de vele discussies
thuis over hoe je iets opschrijft en voor het fotograferen en ontwerpen van de kaft. En naturtijk
Pim die zeer lief was tijdens het schrijven van dit proefschrifi.



Table of contents

1 Introduction 1
L1 Dihydroclerodin, Structure, Nomenclature 2
1.2 Antifeedant 3
1.3 Synthesis of clerodanes 6
1.4 The strategy in the synthesis of dihydrocierodin, and the scope of this thesis 21

2 Enantioselective synthesis of highly functionalized cyclohexanones starting from R-(-)-carvone-—-———-15

2.1 Introduction 26
2.2 Synthesis of highly functionalized cyclohexanones 26
2.4 Conclusions 29
2.4 Experimental 30
3 The synthesis of 2-methoxy-hexahydrofure[2,3-b]furan 37
3.1 Mtroduction 38
3.2 Syntheses of 2-methoxy-hexahydrafure{2,3-b]furan 41

3.2.1  Synthesis of 2-methoxy-hexahydrofuro 2, 3-blfuran from methyl 2-methoxytetrahydro-3-furancarboxylate

42
3.2.2  Enantioselective synthesis of (2-Methoxy-tetrahydrofuran-3-yl)- methanol 44
3.2.3  Synthesis of 2-methoxy-hexahydrofuro2,3-bffiran from 3-allyldihydro-2(3H)-furanone ---——---—---—- 45
3.2.4  Synthesis of racemic 2-methoxy-hexahydrofiuro[2,3-blfiran from 2,3-dihydrofiran --—-v-—-—--——---—-46
3.3 Conclusions 46
3.4 Experimental 47
4 Studies towards the synthesis of the decalin system of dihydrocleredin via Robinson annulation ««-—--m- 53
4.1 Imtroduction 54
4.2 Annulation reactions of B-keto aldehydes with methyl vinyl ketone 55

4.3 Steric considerations around the Robinson annulation 57




4.4 Annulation reactions of 0-cyano ketones with methyl vinyl ketone 61
4.4 Conclusions 63
4.5 Experimental 63
5 The total synthesis of Dihydroclerodin and Lupulin-C 67
5.1 Introduction 68
5.2 Annulation of ring A via a 1, 4-addition 68
5.3 Annulation of ving A via a I,2-addition 70
5.4 Synthesis of dikvdroclerodin and lupulin C 72
5.5 Conclusions 77
5.6 Experimental 77
6 Discussion and outlook 93
6.1  Why the synihesis of dihydroclerodin? 94
6.2  Why carvone as a starting malerial? 94
6.3 Discussion of the total synthesis 25
6.4  Qutlook of the approach, described in this thesis 101
7 Summary 103
8§ Samenvatting 107




Chapter 1

Introduction

6 (EJAc
\OAc
dihydroclerodin (1) R-{-)-carvone (2)



Chapter 1

1.1 Dihydroclerodin, Structure, Nomenclature

Dihydroclerodin (1) is a natural diterpene (Cao) which belongs to the family of clerodanes,
a subclass of the diterpenes. It has been first isolated from the Caryopteris divaricata’ and many
years later from the Scutelaria discolor® and the Ajuga parviflora’. The name of the family of
clerodanes is derived from clerodin (3) which was isolated from the Indian Bath tree
(Clerodendron infortunatum) and characterized by Barton ef al. in 1961.* The nomenclature of
clerodanes is confusing because a mistake was made in the determination of the absolute
stereochemistry of a bromolactone derived from clerodin (3), and this compound was published®
as its enantiomer. The revision of its absolute stereochemistry® has led to the nomenclature; neo-
clerodanes for those compounds with the same absolute stereochemistry as clerodin (3) and enz-
neo-clerodanes for those compounds enantiomeric to clerodin (3). A further classification of the
clerodanes has led to a division in cis- and trans-clerodanes, depending on the stereochemistry of

the decalin ring junction.

figure 1.17

clerodin (3) neo-trans-clerodane  ent-neo-transclerodane  neo-cis-clercdane
skeleton skeleton skeleton

' Hosozawa, S.; Kato, N.; Munakata, K. Phytochemistry 1973, 12, 1833-1834.

2 Ohno, A.; Kizu, H.; Tomimori, T. Chem. Pharm. Bull. 1996, 44, 1540-1545.

3 Beauchamp, P. S.; Bottini, A. T.; Caselles, M. C_; Dev, V.; Hope, H.; Larter, M.; Lee, G.; Mathela, C. 8,
Melkani, A. B.; Millar, P. D.; Miyatake, M.; Pant, A. K.; Raffel, R. L.; Sharma, V. K.; Wyatt, D.
Phytochemistry 1996, 43, 827-834.

*  Barton, D. H. R. C,, H. T.; Cross, A. D.; Jackman, L. M.; Martin-Smith, M. J. Chem. Soc. 1961, 5061-5073,

* Paul, I. C.; Hamor, T. A.; Monteath Robertson, J. J. Chem. Soc. 1962, 4133-4145,

§ (a) Harada, N.; Uda, H. J. Am. Chem. Soc. 1978, 100, 8022-8024. (b) Rogers, ID.; Unal, G. G.; Williams, D.

J.; Ley, S. V; Sim, G. A.; Joshi, B. S.; Ravindranath, K. R. J Chem. Soc., Chem. Comm. 1979, 97.

Throughout this thesis the clerodane numbering according to figure 1.1 will be used in 2ll discussions.
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The biosynthesis of clerodanes starts with geranylgeranyl pyrophosphate (4), which is
first cyclized to an emt-labdane skeleton. In the ent-labdane carbocation 5 a number of hydride
and methyl shifts then leads to the frans- and cis-clerodanes.® The trans-clerodanes can be
formed by a concerted migration of H9, C20, H5 and C19 or via a stepwise process in which first
a concerted migration of HY, C20 and H5 takes place, leaving a carbocation at C5, followed by a
shift of C19 at the end of the pathway, Via a similar stepwise process the cis-clerodanes can be
formed, when C18 migrates in the last step. The pathways depicted in scheme 1.1 explain the
configuration of the majority of the clerodanes.

scheme 1.1

OFP

OPP ______, trans-neo-
clerodane
5 P
| H H9, C20, Hs,
S C19 migration QPP c19
migration
( |J He, C20, H5
!-FD.J W;ﬁon
cis-neo-
4 c18 clerodane

migation

1.2 Antifeedant

Of the relatively few clerodanes that were tested for biological activity, many were found
to possess interesting activities, which vary from antifeedant to antiviral, antitumor, antibiotic,
antipeptic ulcer, and piscicidal activity.” Probably the best known is the insect antifeedant
activity, an activity of the clerodanes that stops insects from eating the plant without killing the
insect directly. Dihydroclerodin is found to possess a high insect antifeedant activity against the
Egyptian cotton leafworm (Spodoptera littoralis),'® larvae of the tobacco cut leafworm
(Spodoptera litura),"" and larvae of the African armyworm (Spodoptera exempta).”® Recently an
extensive review about the antifeedant activities of clerodanes has been written by klein

*  Wilson, . R.; Neubert, £ A ; Huffman, J. C. J. Am. Chem. Soc. 1976, 98, 3669-3674.

? Merrit, A. T.; Ley, S. V. Nat. Prod. Reports 1992, 9, 243-287.

10 Blaney, W. M.; Simmonds, M. 8. 1; Ley, S. V.; Jones, P. 8. Entomol. Exp. Appl. 1988, 46, 267-274.

" (a) Hozokawa, S.; Kato, N.; Munakata, K. Agric. Biol. Chem. 1974, 38, 823-826; (b) Hozokawa, S.; Kato, N.;
Munakata, K.; Chen, Y. L. Agric, Biol. Chem. 1974, 38, 1045-1048.
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Gebbinck.'? In the table below the antifeedant activity of several clerodanes possessing a
hexahydrofuro[2,3-b]furan moiety as in structure A and C (figure 1.2) is depicted. For
comparison with similar structures possessing an unsaturated furofuran moiety, the activities of
clerodanes with structure B are also shown in the table. The activity of clerodanes with a
hexahydrofuro[2,3-b]furan moiety is comparable to that of their 14,15-unsaturated analogs.

figure 1.2

E2 =

E3

O
E1 =\‘)LO
o}
Q
|

test A | test B® | test C" | testD' | test B
e
Name R' R? R} R R? R® | conc® | conc. conc. conc. congc. £
Al Al Al Al Al ]
dihydro- 100 100 100 50 we |
., | OAc |OAc¢! H H (H|H "
clerodin (1) 95% 47% 4% 100% [ 37%
. 100 100 100 50 1e,
clerodin (3) OAc | OAc H H H H -—- "
74% 78% 76% 100%
3fB-hydroxy- 100
Phydroxy- | o 0c |oac | por| v | B3 | H U R R R
ajugavensin’ 0%
j tansi 100
ajugarip S oac | 0Ac BOH| H E2 | H — - 13
40%
14,15-
dehydro- 100
) ey .| OAc |OAc i BOH| H E2 | H 13
ajugareptansin 92%
b
L 100 e
ivainI° OAc [OAc | B-E1 |BOH| H | H - — - -
60%
R 100 12
ivain IT OAc | OAc | B-El H H H - - - —
75%
P A 100 14 |
ivain IV’ OAc |OAc | BE2 |poH| H | H |
79% i

12 {(a) klein Gebbinck, A. E. PhD thesis, Wageningen University, 1999; (b) klein Gebbinck, A E; B. J. M.
Jansen; de Groot, A. to be published in Phytochemistry.,

3 Bremner, P. D.; Simmonds, M. 8. I; Blaney, W. M_; Veitch, N. C. Phyvtochemistry 1998, 47, 1227-1232.

" Belles, X.: Camps, F.; Coll, J.; Piulachs, M. D. J. Chem. Ecol. 1985, 11, 1439-1445.
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2- 1- Q- 100
| oAc | 0Ae | BEI H | o N T N
ivain [ QAc 79%
dihydro- 100
T | 0Ac |oAc| pE2 |0c0H| H | H I R R T
aJugapltm ‘0%
100
ajugapitin® | OAc |OAc | B-E2 |B-OH| H | H — - - S
92%
dihydro- - 80
] oac |oac| © H|n|u| - |
caryoptin OAc 100%
o 200
tin® | OAc | DA H H| H —
caryoptin < c OAc 100%
dihydro- 100
ly . o | QAc | QAc |o-OH | H H H -— - — - n
caryoptinol 100%
b 200 N
caryoptinol OAc | OAc¢ | o-OH H i H — — - -
100%
dihydro- 100 15,
i . OAc | OAc H H E3 H - .- — - "
jodrellin T 63%
100
scutegalin A° | QAc | E3 H H H | E3 16
41%

{a) structure A figure 1.2; (b) structure B figure 1.2; (¢) structure C figure 1.2; (d) test A activities against
larvae of the Egyptian cotton leafworm (Spodoptera fitforalis}y measured in a two-choice feeding assays;
{e) concentrations are in ppm'? (f) Al is Antifeedant Index™ (g) test B activities against larvae of the fall
armyworm {Spodoptera frugiperda) measured in a two-choice feeding assays; (h) test C activities against
larvae of the African armyworm (Spodoptera exempta) measured in a two-choice feeding assays; (i) test
D activities against larvae of the tobacco cut leafworm (Spodoptera lifura) measured in a two-choice
feeding assays; (J) test E activities against larvas of the cotton bollworm (Heliothis amigera) measured in a

two-choice feeding assay

* Cole, M. D.; Anderson, J. C.; Blaney, W. M,; Fellows, L. L.; Ley, 8. V.; Sheppard, R. N.; Simmonds, M. S. J.
Phytochemistry 1990, 29, 1793-1796.

16 Rodriguez, B.; Delatorre, M. C.; Rodriguez, B.; Bruno, M.; Piozzi, F.; Savona, G.; Simmonds, M. 8. J;
Blaney, W. M.; Perales, A. Phytochemistry 1993, 33, 309-315.
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1.3  Synthesis of clerodanes

During the last two decades a number of clerodanes has been synthesized, starting with
the synthesis of annonene in 1979."7 Since 1987'® also optically active clerodanes have been
synthesized. The clerodanes syntheses can be divided into two main groups; cis- and trans-
clerodanes. In this review, the total syntheses of trans- and cis-clerodanes starting from 1989"%
will be discussed.

Trans-clerodanes, a synthesis survey

In 1992 Piers et al.®° reported the total synthesis of optically active (-)-kolavenol (18) and
{(-)-agelasine B (21) starting from cyclohexanone 8. A conjugate addition of trimethylstannyl
cuprate to cyclohexanone 8, followed by capturing the copper enolate with methyl iodide gave a
cyclohexanone, which was converted into enone 9 by oxidation with DDQ of the kinetic
trimethyl silyl ether. Now the carbon atoms for the second ring were introduced by a conjugate
addition of cuprate 10. Ring closure was carried out by converting the chloride into a iodide,
which then easily underwent an intramolecular nucleophilic substitution reaction by the enolate to
give cis-decalin 11. Reduction of the carbonyl group and the trimethylstannyl function with
Li/NHj3 gave alcohol 12. Oxidation of the hydroxyl group followed by equilibration with sodium
methoxide at C8 and C10 gave the #rans-decalone 132! A nitrile was introduced at C9 by an
addition of tosylmethyl isocyanide to the carbonyl group and the second substituent at C9 was
introduced by a-alkylatien of this nitrile to give 14. Reduction of the nitrile group by DIBALH
gave an aldehyde which was reduced by a Wolf-Kishner reaction to a methyl group. The MOM
group was removed by Me;BBr, and during this reaction the exocyclic double bond partly
isomerized to the endocyclic position. Complete isomerization of the exocyclic double bond to
the endocyclic position was accomplished by treatment with acid. The introduction of 16 via a
Pd(dba), and triphenylarsine catalyzed coupling reaction proceeded in high yield to give 17.
Removal of the silyl protecting group yielded (—)-kolavenol (18). Treatment of the silyl ether 17
with PhsPBry gave the allylic bromide. Alkylation of adenine 19 with the allylic bromide at N1
gave the desired salt 20 besides the product obtained by alkylation at N2. Separation of these two
isomers, followed by electrochemical deprotection of the N-methoxy group finally led to (-)-
agelasine B (21).

' Takahashi, $.; Kusumi, T.; Kakisawa, H, Chem. Lett. 1979, 515-518.

'® Lio, H.; Monden, M.; Okada, K.; Tokorovama, T..J Chem. Soc., Chem. Commun. 1987, 358-359.

" For older reviews see:(a) Vader, J, PhD thesis , Wageningen Agricultural University, 1989; (b) Luteijn, J. M.
PhD thesis, Wageningen Agricultural University, 1982; (c) de Groot, A.; van Beek, T. A, Recl. Trav. Chim.
Pays-Bas 19871, 106, 1-18; (d) Sarma, A. 8. J. Scientific & fnd. Res. 1987, 46, 492-504; (e) Tokoroyama, T.
Yuki Gosei Kagaku Kyokaishi 1993, 51, 1164-1177 (in Japanese).

* Piers, E.; Roberge, J. Y. Tetrahedron Leti. 1992, 33, 6923-6926.

' Piers, E.; Roberge, 1. Y. Tetrahedron Lett. 1991, 32, 5219-5222,
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scheme 1.2
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In 1994 Hagiwara et al.” synthesized the antibacterial clerodane, 16-hydroxycleroda-
3,13(14)Z-dien-15,16-olide (31) starting from the optically active diketone 22 which could be
obtained in 99% optical purity using D-B-phenylanaline as a catalyst in the Robinson annulation.
Protection of the carbonyl group at C6, followed by reduction of the enone system with Li/NH;
and capturing of the enolate with allylbromide gave 23 with the desired stereochemistry at C10
and C9.2* Ozonolysis of the double bond followed by reduction gave a diol. The hydroxyl group
at C8 was oxidized again after protection of the primary alcohol in the side chain to yield 24.
Hagiwara used a lengthy nine step procedure to achieve the introduction of an equatorial methyl

3 Hagiwara, H.; Tnome, K.; Uda, H. J. Chem. Soc., Perkin Trans. 11995, 757-764.
B Hagiwara, H.; Uda, H. J. Org. Chem. 1988, 53, 2308-2311.
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group at C8. First ketone 24 was converted to enone 25 by introduction of a phenylselenyl group,
followed by oxidation and elimination. Addition of methyllithium, followed by oxidative
rearrangement yielded the transposed enone 26. Now the enone was reduced with Li/NH;, but
this reduction was not completely selective and gave a mixture of the ¢~ and f-methyl group at
C8, which had to be separated. The desired ketone was reduced and the resulting alcohol was
converted into the xantogenate ester. This xantogenate ester was then reduced with tributyltin
hydride to yield 27. In my opinion a much shorter route is possible when ketone 24 will be
submitted to a Wittig olefination, followed by a Pd/C catalyzed reduction to give the desired
stereochemistry at C8 as is shown in the synthesis of (-)-ilimaquinone (scheme 1.4).%°
Deprotection of the carbonyl group in 27 was not selective and the hydroxyl group in the side
chain had to be protected again as its silyl ether. Methyllithium was added to the carbonyl group,
followed by elimination of the tertiary hydroxyl group with thionyl chloride to yield a mixture of
double bond isomers. Refluxing in xylene with a catalytic amount of iodine was necessary to
isomerize the obtained mixture completely into compound 28. After deprotection of the primary
hydroxyl group, a Swern oxidation gave aldehyde 29. Addition of 3-furyllithium to this aldehyde
gave, in high yield, a mixture of alcohols. This mixture of alcohols was converted into their
acetates, and reductive removal of these acetates with Li/NH; yielded annonene 30.
Photochemical oxidation of the furan moiety to a y-hydroxybutenolide gave 16-hydroxycleroda-
3,13(14)Z-dien-15,16-olide (31).

scheme 1.3

1) D-CSA, TIPSO
7) LDA, TMSCI
o o O 8)PhSeCl
— 9) H,0, ©
2) LiNH;,
allylB 0
yiBr k/o
22 25
16) p-TsOH, HyO
12) Li, NH, 17) TIPSOTF
. 13) LiAIH, 18) MeLi
10) Meli 14) BuLi, CS,, Mel . 19) SOCly, Py
11) CrOs 15} BugSnH, AIBN 20) Iy, A

H Bruner, S. D.; Radeke, H.; Tallarico, J. A.; Snapper, M. L. J. Org. Chem. 1995, 60, 1114-1115.



scheme 1.3 (continued)

g;) Bﬁ‘go 23) 3-furyllithium
)(Cocn' 24) AcyO N « 26) O, Rose Bengal,
2 25) LilNH, " tungsten lamp
29 30 31

In the same year Bruner er al.’* reported the total synthesis of (—)-ilimaquinone (37)
which is a sesquiterpene quinone, but resembles the enf-neo-clerodane structure. In this total
synthesis they started with the enantiomer 32 of the diketone used by Hagiwara (scheme 1.3).
The carbonyl group at C4 is selectively reduced with NaBHi. Then the upper part of the
sesquiterpene is introduced by a substitution reaction on benzylbremide 33 by the lithium enolate
obtained by reduction of the enone with Li/NH;. In this reaction the desired configurations at C9
and C10 were obtained. The carbonyl group at CR in 34 was submitted to a Wittig olefination,
and the thus obtained exocyclic double bond at C8 was reduced with hydrogen by a PtO;
catalyzed reduction into the desired B-methyl group. Oxidation of the hydroxyl group at C4,
followed by a Wittig olefination reaction gave the exocyclic double bond. Oxidation by ceric
ammonjum nitrate of the benzyl group in 36 yielded the chloromethoxyquinone that could be
converted to (—)-ilimaquinone (37) by a palladium mediated exchange of the chioride by a
hydroxyl group.
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scheme 1.4
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a6 37

Also in 1995, Goldsmith ez al.** succeeded in the total synthesis of ajugarin IV (48) and
annonene (54}, using the Diels-Alder approach that was published earlier in studies towards the
synthesis of ajugarin 1.2 In ajugarin TV the C19 is not oxidized which made the synthesis less
complicated. A #rans-decalin system 40 was obtained after a Diels-Alder reaction between 38 and
39 and isomerization at C10. Hydrolysis of the acetate and acidic treatment yielded a methoxy
acetal at C6. The desired configuration at C8 was obtained after a Pd/C catalyzed reduction of the
C7-C8 double bond. A Wittig olefination at C9 afforded the exocyclic double bond at C9, which
gave aldehyde 42 after hydroboration, followed by oxidation. After allylation at C9 from the
desired P-side, the aldehyde was reduced by a Wolf-Kishner reaction to a methyl group. The
C12-C13 double bond was ozonolyzed, and after reduction and mesylation transformed into the
thiophenyl ether 43. The methoxy acetal was hydrolyzed, and the resulting ketone was reduced to
diol 44. After oxidation of the sulfide, a series of reactions was performed to invert the
configuration at C4. The primary hydroxyl group at C18 was tosylated and eliminated under
basic conditions to yield an exocyclic double bond. The hydroxyl group at C6 was protected
before the double bond was treated with disiamylborane to the hydroxymethyl group with the
desired configuration at C4. This hydroxyl group was protected as its silyl ether. Now the
finishing of the side chain was undertaken by performing a Michael addition to 46 and
subsequent elimination of the phenylsulfonyl group to give 47. The phenylsulfonyl group was
reductively removed to finish the synthesis of the side chain. The construction of the correct
functional groups in the lower part of the molecule was performed next. Deprotection and

3 Goldsmith, D. J.; Deshpande, R. Synet: 1995, 495-497.
% Goldsmith, D. .; Srouji, G.; Kwong, C. J. Org. Chem. 1978, 43, 3182-3188.
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Chapter 1

oxidation of the hydroxyl group at C18 yielded an aldehyde. The hydroxyl group at C6 was
deprotected and acetylated. Now the aldehyde was further oxidized to an acid and esterified with
diazomethane to yield ajugarin IV. In the last steps of this synthesis no hemiacetal formation was
mentioned, as is described figure 1.3, which is somewhat surprising since in the synthesis
reported in this thesis (chapter 5) this hemiacetal formation proved to be very rapid.”’

figure 1.3

H H
R R
0=£< oh' Ho~—T0
H

scheme 1.5
2) NaOH
(o] 3) p-TsOH
4) Hy, Pd/C 6) BHy Me,S
& 1) BF;. EL,0 5} PhyP=CH, 7) CrO,.Py
S
AcO © AcO
38 39 40 a1
8) LDA, allyl@r PhS
9) NoH,, KOH 15) m-CPBA
10} Oy, LiAlH, 16) TsCl,
11) MsCl o 13) p-TsOH ) DABCO
12} PhSNa «" 14) LiAlH, 17) MOMCI
0 "'OMG
a3
18) dislamylborane o 21) Na, Hg
19) TBDMSCI  PhS0, 22) p-TsOH
20) LDA, gg; PlE)I_COH
p-Ts
PROS o 25) Ac,0
] 26) Cr03
4650 27) CHN,
“a OMOM
45 TBOMSC 47

¥ The Jack of an experimental part and yields in the publication about the synthesis of ajugarin IV and annonene
by Goldsmith is a shortcoming,
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Chapter 1

For the synthesis of annonene (54) (scheme 1.6) a modified procedure was followed
starting from aldehyde 42. This aldehyde was o-allylated and reduced by a Wolf-Kishner
reduction at 210°C, which also caused opening and reduction of the methoxy acetal to yield
compound 49. After ozonolysis of the double bond and protection of the hydroxyl group, 3-
furyllithium was added to the aldehyde to give alcohol 51. The allylic hydroxyl group was
mesylated and eliminated under basic conditions, and the formed double bond was reduced to
give 52. Now the hydroxyl at C18 was deprotected and mesylated, followed by elimination under
basic conditions to yield an exocyclic double bond. Tsomerization to the endo position by acidic
treatment yiclded annonene (54).

scheme 1.6

. 1) LDA, allyiBr . 3) O3 MeyS
" 2) NHy/KOH " 4) TBDMSCI
d "ome
HO
42
6) MsCl 9) TBAF
7) BABCO o 10)MsCI
8) Hy/Pd " 11) DABCO
ahnonane
TBDMSO
52 53 54

Xiang e al.”® published the total synthesis of clerocidin, a clerodane with a challenging
structure in the upper part. For the construction of the decalin part they followed the route of
Takahashi.'” The insertion of C18 was achieved by treatment of the enol triflate with tributyltin
hydride under a CO atmosphere and Pd(0) catalysis to obtain the o,B-unsaturated aldehyde 56.
The aldehyde was reduced to a hydroxyl group and protected as its p-methoxybenzyl ether. After
removal of the silyl protecting group at C12 this hydroxyl group was oxidized to give aldehyde
57. The upper part of the molecule is now constructed via a novel enantioselective Brown
homoallenyl boration of 57 with 58 to yield 39. In this reaction a diastereomeric excess of 71%
was obtained. A Sharpless asymmetric epoxidation and protection of the C12 hydroxyl group as
its silyl ether gave 60. Deprotection of the hydroxyl group at C18, followed by oxidation with
PCC to an aldehyde yielded 61. Dihydroxylation of the terminal olefin gave a mixture of diols 62,
which was oxidized by Swern's method to an a-keto aldehyde, and in situ desilylation of the C12

2 Xiang, A. X.; Watson, D. A; Ling, T. T.; Theodorakis, E. A. J. Org. Chem. 1998, 63, 6774-6775.
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Chapter 1

hydroxyl group, gave rise to the cyclized product 63 upon methanolic workup. Dissolving of 63
in methylene chlotide and evaporation of the solvent gave clerocidin (64).

scheme 1.7
131N HCl
2) TIPSC
JNaHMDS,  TIPSOU 5 9.8an Oy_y 9 molsieves,
PhNTY, ) 6) NaH, PMBC }‘ “
«+ 4) Pd{PPh3),, CO, « T)TBAF (L DIPTB
BusSnH, LiCI " 8)PCC 58
(o PMBO
55 56 57
= = \;-‘\ == _“h\
10) D-{-)}-DET, 0 0
wiOH Ti(PrO)s, wOTES wOTES
#-BuOOH 3 12) DDQ, Hz0 “ &Dggg)fg:;\ L
:{_ 11) TESOTE L -Mart e
] ) 13} Dess-Martin KaFe(CN)g
PMBQY
59 60 ]
OH
HO . “ o)
0 0 .
OTES dxl
15} (COCl)p, DMSO,
EtsN, TBAF, , .
MeOH 16} evaporation = clerocidin

62

Recently, Watanabe e al.®® published the total synthesis of (—)-tanabalin (76) starting
from (-)-citronello]l (65), which was converted into lactone 66 following standard procedures.
Alkylation of the enolate of lactone 66, first with methyl iodide and then with prenyl bromide,
gave the desired configuration at C9. Reductive opening of lactone 67 gave an aldehyde which,
after protection of the hydroxyl group, was submitted to a Wittig olefination to vield 69. Removal
of the silyl protecting group and substitution of the resulting hydroxyl group with a bromide,
followed by substitution of the bromide with a iodide gave 70. Now the key step of this approach,
an elegant tandem intramolecular alkylation-intramolecular Robinson annulation, yielded decalin
72. In this one pot reaction a frans-decalin, with an oxidized C19, C18, and C2, was obtained in
good yield. Reduction of the carbony] group at C2 and conversion of the resulting hydroxyl group

 Watanahe, H.; Onoda, T.; Kitahara, T. Tetrahedron Lett. 1999, 40, 2545-2548.
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info its thiocarbamate followed by treatment with tributyltin hydride yielded a methylene at C2.
Acid hydrolysis of the methoxy acetal followed by reduction gave diol 74. Oxidation with
Fetizon reagent gave the ring closed y-lactone. Selective ozonolysis of the double bond, followed
by addition of dimethylsulfide gave aldchyde 75, which was submitted to an addition of 3-
furyllithium, Separation of the 1:1 mixture at C12 and subsequent acetylation of the desired
diastereoisomer gave (—)-tanabalin (74).

scheme 1.8
7) DIBALH
8) TBDMSCI
1) Ac,0 9) n-Buli,
2) Og, MeyS 5) LDA, Mel o 0
3) K,C04 B) LDA, = MeOM
= 4y PCC 0 o prenylBr 0 e ( b2 $
HO. O
65 67
10) HE-Et3N
11} CBry, PPh
12% Nalr * ? 13) NaOMe

TB8DMSO
69

1) alkylation

2) Michael addition

3) Rabinson annulation

16) BuaSNH,
AIBN 19) Ag;CO4

14) DIBALH 17) AcOH 20) O, NaHCO4
15) Im-C(S}-Im  Im-C(S)0., 18) DIBALH 21) Me,S

22) 3-furyliithium
23) separation
24) Acz0, py

{-)-tanabalin
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Cis-clerodanes, a synthesis survey

The C5 epimer of annonene, the cis-clerodane 15,16-epoxy-cis-clero-3,13(16),14-trienc
(88), was synthesized by Tokoroyama e? al3® The decalin system was obtained via a Diels-Alder
reaction of 77 and 78.*' Reduction of the anhydride function yielded diol 79, which upon
treatment with tosyl chloride cyclized to a tetrahydrofuranyl moiety. The chleride was then
substituted in situ with sodium iodide, and subsequently substituted with sodium cyanide to give
nitrile 80. Selective allylic oxidation on the C4 position could be accomplished in a moderate
yield of 30-50% using SeQ;. The obtained hydroxyl group was further oxidized to give enone 81.
Catalytic reduction with palladium and hydrogen yielded a frans-decalin system. Opening of the
tetrahydrofuranyl ring by hydroiodic acid and concomitant hydrolysis of the cyano group gave
lactone 82. Reduction of the iodide gave the methyl group at C8. Angular methylation at C5 was
achieved in good yield, after protection of the C3 position as a butylthiomethylene group, by
using a large excess of potassium t-pentyloxide and methyl iodide. This methylation only gave
the cis fused decalin system. Deprotection of C3 by alkaline hydrolysis, and protection of the
carbonyl group at C4 vielded lactone 84. Addition of 3-furyllithium to the lactone, followed by
immediate reduction gave a diol, which was acetylated to give 85. Reductive removal of the
acetate group at C12, followed by oxidation of the C20 hydroxyl group gave aldehyde 86.
Reduction of the aldehyde, and deprotection of the carbonyl group at C4 yielded ketone 87.
Olefination of this carbonyl group was achieved by the use of Nozaki's reagent and after
isomerization of the exocyclic double bond the cis-clerodane 88 was obtained. The synthesis of
compound 89 was published carlier by Tokoroyama et al** and was mentioned as a suitable
starting material for a shorter synthesis of 88.

scheme 1.9

o]
cl 1} sealed tube CI 3) TsCl E §) 520,
L&z 2) LiAlH, OH 4) NaCN, Nal \ 6) MnO,
LN

oV
77 78
0
9) Zn, AcOH 12) Mel, t-pentylOK

o
o\

—Q 7)PdC, B,
< 8)HI, AcOH, A

10) HCOZE, NaH

13} KOH, (CH,0H);, A
~—141) BuSH, TsOH

<"14) (CHOH),, TsOH

# Tokoroyama, T.; Kanazawa, R.; Yamamoto, S.; Kamikawa, T; Suenaga, H.; Miyabe, M. Bull. Chem. Soc.
Jpn. 1990, 63, 1720-1728.

3 Tokoroyama, T.; Matsuo, K.; Kubota, T. Tetrahedron 1978, 34, 1907-1913.

2 Tokoroyama, T.; Tsukamoto, M.; Asada, T.; Lio, H. Tetrakedron Lett, 1987, 28, 6645-6648.
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scheme 1.9 (continued)

15) 3-furylitihium
16) NaAl{OCH-
A CH;OMe),H,
' . 17 ACQO

20--OAC 18) LifNH,

CHO 20) N3Ha, KOH
& 19) Cro4.(Im), N

« 21) Hel

. 22) Zn, CH,Br,, TiCl,
S 23) KNH(CH,)NH,

In 1995 Piers er al.>® reported the total synthesis of (-)-agelasine A (99), in which they
used the cis-decalin system 12 mentioned in scheme 1.2, Oxidation of the hydroxyl group in 12
yielded ketone 90 {scheme 1.10). Addition of trimethylsilyl chloromethyl lithium to this decalone
gave a Cl1 epimeric mixture of epoxides without epimerization of the configuration at C10.
These epoxides were opened with BF+ctherate to a mixture of aldehydes, and these aldehydes
were converted to a mixture of nitriles 92 via dehydration of their oximes. The two nitriles (o and
B) were separated, and separately treated with a base followed by addition of alkyliodide 93. In
both alkylations compound 94 was obtained but for abstraction of the B proton at C9 the
potassiutn variant of LDA was necessary to obtain good results. The reduction of the nitrile to a
methyl group was performed by reduction with DIBALH to an aldehyde, followed by conversion
into a hydrazone and heating in the presence of potassium hydroxide. In this reaction a mixture of
the protected and deprotected hydroxyl group together with a mixture of the exo- and endocyclic
double bond isomers 95 were obtained. Treatment of this mixture with PPTS, to remove the
MOM group completely, followed by treatment with anhydrous p-TsOH to isomerize the
exocyclic double bond to the endo position, gave alcohol 96 in 74% overall yield from 94.
Finishing of the synthesis of (-)-agelasine A (99) was carried out in a similar manner as for the
synthesis of (-)-agelasine B (21) in scheme 1.2,

* Piers, E.; Breau, M, L.; Han, Y.; Plourde, G. L.; Yeh, W.-L. J. Chem. Sec., Perkin Trans. I 1995, 963-966.
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scheme 1.10

2) BF3.Et,0.
(o} Q SiMes MBOH, HCl CN 5) LDA or KDA,
P 3) HyNOH.HC (-~ -OMOM
4} SOClp, DMAP 93

92 12) PhyP, I,
13) t-BuLi, ZnBr>,
Pd,{dba)s, PhaAs,

6) DIBALH 10) PPTS, OTIPS
8) HoNNH, t-BuOH =76
9) KOH, 220°C 11) p-TsOH i

94
OTIPS
14) Ph,PBr,
P 15} BugNl,
Me /N
1-]

‘N’g\//(

19 Ome

Liao et al.** reported the synthesis of (£)-(13E)-2-ox0-50-cis-170,200-cleroda-3,13-dien-
15-0ic acid (111), a clerodane isolated by Avila et al.3* Oxidation of phenol 100 in the presence
of 101 gave an intermediate acetal, which contained the diene and dienophile, that underwent a
Diels-Alder reaction to the tricyclic compound 102, Reductive opening of the methoxy acetal was
achieved by Sml,, and the obtained hydroxyl group was protected as its benzyl ether. Addition of
trans-1-propenyllithium in the presence of MgBr: gave almost selectively the endo adduct 104.
Treatment of this alechol with potassium hydride gave via an anionic oxy-cope rearrangement the
cis-decalin 105. Removal of the benzyl group and reduction of the C6-C7 double bond, could not
be achieved in one step. Therefore first the benzyl ether was reduced and protected as its acetate.
Now catalytic reduction with platinum and hydrogen, followed by oxidation of some overreduced
product gave ketone 106, Protection of the carbonyl group at C2, followed by hydrolysis of the
acetate, and oxidation of the hydroxyl group yielded an aldehyde at C11. A Wittig olefination to
this aldehyde yielded compound 108. Hydroboration of the double bond, and a consecutive
palladium catalyzed cross-coupling reaction gave the complete clerodane skeleton 110. The

¥ Lee, T.-H.; Liao, C.-C. Tetrahedron Lett. 1996, 37, 6869-6872.
35 Avila, D.; Medina, 1. D. Phytochemistry 1991, 30, 3474-3475.
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carbonyl group at C2 was hydrolyzed and selectively converted to a silylenol ether. Bromination
of this silylenol ether, followed by dehydrobromination gave the desired enone. In the last step
the ethyl ester was hydrolyzed to give the cis-clerodane acid 111, but its 'H and *C-NMR spectra
were different from the natural product that was proposed by Avila. For further proof the acid
111 was converted again to its ethyl ester and this structure was elucidated by X-ray diffraction as
being the ester of 111. This means that the structure of the product found by Avila should be
revised.

scheme 1.11
2) Sml,
1) Phl(OAc);, 3) NaH, BnBr
NaHCO,, 4) t-BuLl, MgBr,,
OH )=/ o] 0 N
O el | o | o
OMe OMe OMe
102

100

6) PA/C, H (5 atm)
7) Ac,0, DMAP

& _8)PtO, Hy (5 atm)
i~ 9) Jones o

11) KOH, MeOH
12) PDC
13) PhyP=CH,

106
14) 9-BBN CO,Et COH
15) Cs,C03,
PdCly{dppf), 18) HC!
PhyAs, 17) LDA, TMSCI
] 18) PhNMe3Br;
o 7S COZE (\0 19) LiBr, Li,CO; O <
109 o 20) KOH
110 11

In 1998 Liao et al*® reported the synthesis of cis-clerodane 123 possessing the most
common decalin skeleton in cis-clerodanes. A similar approach as described in scheme 1.11 was
used. The intermolecular Diels-Alder led to the configuration at C9 and C8 as is depicted in
compound 105, but instead an intramolecular Diels-Alder would lead to the opposite
configuration at C9 and C8. The intramolecular Diels-Alder product 115 was obtained in good
yield by a Diels-Alder reaction of methyl triglate (114) and the masked o-benzoquinone 113,
which was stabilized by a bromo substituent. The bromide was removed with tributyltin hydride,
and the resulting compound was reduced to a diol, and protected as its diacetate. Acid kydrolysis

¥ Liy, W-C.; Liao, C.-C. Syniett 1998, 912-914.
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of the methoxy acetal yielded ketone 116. The o-keto acetate was reduced by Sml;, and the
second acetate was hydrolyzed, and the hydroxyl group was protected with benzyl bromide to
give 117. Addition of propenyllithium gave the endo adduct 119, and an anionic oxy-Cope
rearrangement yielded the cis-decalin 120. In contrast to the reduction of compound 105, now the
reduction of the benzyl protecting group and the C6-C7 double bond could be achieved in one
step. The finishing of the synthesis was achieved in the similar way as in scheme 1.11 to obtain
the cis-clerodane acid 123.

scheme 1.12

2 HC{OMg)a, o) 3) Bu3SnH, AIBN
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- CMe
OH 0 o
112 113 115
10) t-Butli,
7) Smly CeCl;.
8)KoCO3  Bno Sy Br OH 11) KH,
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/ ———
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13} sthylene glycol, PhsAs,
p-TsCH
14} PDC <— P CO,Et
15) PhyP=CH, o 109 o
- 18) HCI
: 19) PhNMezBry
120 121 20) LiBr, Li;CO5
21) KOH 123
Liu et al.’” reported the synthesis of (+)-6B-acetoxy-2-oxokolavenool (134) starting with

the Diels-Alder of dienone 126> and trans-piperylene (127). Mono protected diketone 124 was
treated with base, followed by alkylation with methyl bromo acetate at C9. Reduction of the
methyl ester in the side chain and the carbonyl group at C8 gave a diol. The primary alcohol in
the side chain was selectively protected with a benzyl group. Now the enol ether was hydrolyzed
by hydrochloric acid, and subsequent dehydration gave enone 125. The methyl ester at C5 was
introduced by formation of an enolate with LDA followed by addition of methylcyanoformate,

3 Liu, H.-1.; Shia, K.-S. Tetrahedron 1998, 54, 13449-13458.
*® Lin, H.J; Shia, K. S.; Han, Y.; Wang, Y. Syrlet 1995, 545-546.
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Treatment of this compound with phenylselenium chloride in pyridine and subsequent oxidation
of the phenylselenyl group, followed by elimination gave dienone 126. A Diels-Alder of 126 and
127 occurred from the less hindered side opposite to the benzyl protected side chain to give the
cis-decalin 128. The methyl group at C8 was introduced by a conjugate addition, and in the same
flask LiAIH, was added to reduce the methyl ester while the carbonyl group was still protected as
its enolate. Mesylation of the primary hydroxyl group at C19, and treatment of this mesylate with
Nal and zinc gave cyclopropanol 129. Opening of the cyclopropane ring yielded ketone 130,
Reduction of the carbonyl group, and reductive cleavage of the benzyl ether gave a diol which
could be selectively oxidized to aldehyde 131. A Wittig olefination by methoxy enol ether 132,
followed by hydrolysis of the methoxy enol ether vyielded ketone 133. Addition of
vinylmagnesium bromide to the carbonyl group gave an inseparable 1:1 mixture of diols.
Photooxygenation of the C2-C3 double bond and in the same flask acetylation yiclded the desired
cis-clerodane 134 and its C13 epimer, which could be separated by high performance liquid
chromatography (HPLC).

scheme 1.13
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~Chapter 1

1.4 The strategy in the synthesis of dihydroclerodin, and the scope of this thesis

The total synthesis of clerodane insect antifeedants is a topic in our research group for a
long time. In 1982 Luteijn et gl. attempted the synthesis of ajugarin I which ultimately ended in
the synthesis of 4-epi-ajugarin 1.** In 1989 Vader ef al. studied the synthesis of the furofiran part,
as well as the decalin part, of clerodanes like clerodin.*’ In our strategy towards the synthesis of
dihydroclerodin we have chosen to accomplish the coupling of the upper part and the decalin in
an early stage of the total synthesis, for two reasons. The early introduction of the
hexahydrofuro[2,3-b]furan moiety gives the opportunity to study the stereochemistry at C9, C11,
C13, and C16 in an early stage of the synthesis, so if necessary other routes can be chosen. This is
especially important for the stereochemistry at C11, because it is known that when this
configuration is correct, the configurations at C13 and C16 can be adjusted relatively easy.
Second, because it was assumed that the hexahydrofuro[2,3-5]furan moiety would be resistant to
probably all the reaction conditions that will be necessary in the later stages of the synthesis.
Another important feature in our strategy was the use of R-(—)-carvone as a homochiral starting
material. This would give the opportunity to syni:hesize an optically active clerodane. From
previous work in our laboratories was known that a conjugate addition of a methyl group at C8
could be captured as its silyl enol ether 135. This enol ether was studied for the introduction of
functional groups at C9 that can be converted into side chains as encountered in clerodanes. The
results of these studies are described in chapter 2.

scheme 1.14

R, ~
e TMSO. 0
a f—— e ——
135

R-(-)}-carvone (2)

The coupling of the hexahydrofuro[2,3-F]furan moiety, can result in a mixture of
diastereoisomers especially when racemic fragments are used. However, the synthesis of an
optically active hexahydrofuro[2,3-b]furan fragment seemed possible starting from butylester
145-(38) which could be obtained in high optical purity using an enzymatic transesterification
reaction developed by Franssen ef al. in our group.*! Several other methods for the synthesis of
hexahydrofuro[2,3-b]furan moiety were investigated as well, and these studies are described in
chapter 3.

¥ (a) Luteijn, . M. PhD thesis, Wageningen Agricultural University, 1982; (b) Luteijn, J. M.; de Groot, A.
Tetrahedron Lett. 1982, 23, 3421-3424.

® Vader, J. PhD thesis, Wageningen Agricultural University, 1989,

' Franssen, M. C. R.; Jongejan, H.; Kooijman, H.; Spek, A, L.; Nuno, L, F. L.; Mondril, N. L. F. L. C.;
Dossantos, P. M. A. C. B.; de Groat, A. Tetrahedron Asymm. 19%6, 7, 497-510.
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scheme 1.15
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The synthesis of an optically active decalone seemed possible starting from R-(-)-carvone
(2) which possesses the desired absolute configuration for the synthesis of dihydroclerodin. For
the synthesis of a decalin system two reaction sequences were investigated. The first reaction
sequence consists of the annulation of carvone followed by the introduction of the methyl group
at C8 and the side chain at C9 (scheme 1.16). The second method starts with the introduction of
the methyl group at C8 and the side chain at C9, followed by the annulation of the second ring. In
the second approach the substituents are introduced first which results in a heavily substituted
cyclohexanene. It was expected that the annulation of these compounds would be more difficult
and would need special attention. Both approaches could lead to decalone 141 and they will be
described in chapter 4.

scheme 1.16

\‘o

/ R~{(-)-carvone (2}

142 135
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Starting from compound 141 several ways for the construction of ketone 143 and 144 can
be imagined but none of them could be investigated since enone 141 was not obtained, despite
several attempts which are also described in chapter 4.

The isopropenyl in carvone has two functions, first as a chiral handle during the
introduction of the methyl group at C8 and the side chain at C9, and second as a protecting group
for a carbonyl function (at C6) or a double bond.”? A second possibility for the construction of
enone 144 can be found starting from ketone 142. Qzonolysis of ketone 142, followed by a
Criegee rearrangement could give enone 146,* which offers several possibilities for the
construction of decalin 144. All these possibilities have to lead to the correct stereochemistry at
C10. To achieve the correct stereochemistry, two reaction sequences have been investigated,
which will be described in chapter 5,

scheme 1.17

146 142

A conjugate addition to enone 144 and trapping of the enolate with formaldehyde should
give the desired functionalities and stereochemistry at C5.** Reduction of the carbonyl group at
Cé and acetylation should give diacetate 147. In the last part of the synthesis the introduction of
the epoxide at C4 has to be accomplished. In earlier studies it was shown that epoxide formation
via epoxidation of an exocyclic double bond at C4 gave a mixture in favor of the undesired
epoxide.** Addition of an oxidizing reagent leads to a preferential approach from the B-side,
therefore we assumed that the addition of bromine to this double bond would also come from the

% (a) Verstegen-Haaksma, A. A.; Swarts, H. J.; Jansen, B. J. M.; de Groot, A. Tetrahedron 1994, 50, 10095-
10106; (b) Schreiber, S. 1.; Liew, W -F. Tetrahedron Lett, 1983, 24, 2363-2366.

* Schreiber, 8. L. J. Am. Chem. Soc. 1980, 102, 6165-6166.

* Jones, P.S.; Ley, 8. V,; Simpkins, N. S.; Whittle, A. J. Tetrghedron 1986, 42, 6519-6534.
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B-side. Using this stereoselectivity we reasoned that bromination of 148, followed by reduction
would give bromohydrine 149 that by treatment with a base could be transformed into the desired
epoxide. Another approach involved the ozonolysis of the exocyclic double bond at C4 into
ketone 150. This carbonyl could then be subjected to a Corey epoxidation, which probably would
take place from the B-side, to yield the desired epoxide of dihydroclerodin. The synthesis of
enone 144, the introduction of the substituents at C4, C5 and their final transformation into
dihydroclerodin is described in chapter 5.

scheme 1.18
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Enantioselective synthesis of highly
functionalized cyclohexanones starting from
R-(-)-carvone®

dihydrocleradin (1)

145

— )

R-(-)-carvone (2}

* Menlemans, T. M.; Stork, G. A.; Jansen, B, J. M.; de Groot, A. Tetrahedron Lett. 1998, 39, 6565-6568.
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2.1 Introduction®

Copper (1) catalyzed conjugate addition of methylmagnesium iodide to enones leads to
enolates that can be captured as their silyl enol ethers and a catalyzed Mukaiyama aldol reaction
then allows the clean introduction of a second substituent. When these two reactions are applied
to one of the enantiomers of carvone, highly functionalized chiral cyclohexanones are obtained
that are excellent starting compounds for the total synthesis of enantiomerically pure natural
products.*”* Carvone is especially useful in such total syntheses because the isopropenyl group
determines the stereochemistry of the 1,4-conjugate addition and the stereochemical outcome of
the Mukaiyama aldol reaction. In this way the configurations at C2 and C3 in the carvone derived
intermediates are fixed, and the isopropenyl group can then be removed without further
consequences for the stereochemical integrity of the compound. This isopropenyl group can be
transformed by ozonolysis into a hydroxyl group,” an acetate,” a double bond,* or a carbonyl
group’! for further functionalization of the cyclohexane ring.

Using this strategy, it is possible to make useful synthons for the total synthesis of
clerodanes. Not only the highly functionalized ring B of clerodanes can be constructed in a few
reaction steps (see scheme 2.1) but starting from R-(-)- or S-(+)}-carvone both types of natural
occurring clerodanes can be obtained without the necessity of separation of enantiomers. We
investigated several examples of copper (1) catalyzed conjugate additions of methylmagnesium
iodide to R-(-)-carvone, followed by trapping of the enolate ag its trimethylsilyl enol ether and
the subsequent introduction of a functionalized side chain via a Lewis acid catalyzed Mukaiyama
aldol reaction.

2.2 Synthesis of highly functionalized cyclohexanones

The efficiency of trityl perchlorate (TrC104)> or trityl hexachloroantimonate (TrClsSb)™
as a catalyst for the Mukaiyama aldol reaction has been published in the literature,****® but to
our knowledge this Mukaiyama addition never has been used for the preparation of highly
substituted cyclohexanones. In Table 2.1 several functional groups are mentioned that were
introduced using a standard procedure with TrClO, as a Lewis acid catalyst.

Throughout this thesis the clerodane numbering according to figure 1.1 will be used in all discussions.

*1 Murai, A.; Tanimoto, N.; Sakamoto, N.; Masamune, T. J. dm. Chem. Soc. 1988, 110, 1985-1986.

48 Verstegen-Haaksma, A. A.; Swarts, H. I.; Jansen, B. J. M.; de Groot, A. Tetrahedron 1994, 50, 10073-10082.
* Schreiber, 8. L.; Liew, W.-F. Tetrakedron Letz. 1983, 24, 2363-2366.

% Schreiber, S. L. J. Am. Chem. Soc. 1980, 102, 6165-6166.

1 Swarts, H. J.; Verstegen-Haaksma, A. A.; Jansen, B. J. M.; de Groot, A. Tetrahedron 1994, 50, 10083-10094.
2 This catalyst can ¢asily and cheaply be prepared (ref 59) and can be stored at 20°C for only a few weeks.
This catalyst is for sale and can be stored at 5°C for months.

% Mukaiyama, T.; Kobayashi, S.; Murakami, M, Chem. Letr, 1984, 1759-1762.

35 Marczak, $.; Michalak, K.; Urbanczyk-Lipkowska, Z.; Wicha, 1. J. Org. Chem. 1998, 63, 2218-2223.

36 Baranovsky, A. V.; Jansen, B. J. M.; Meulemans, T. M.; de Groot, A. Terrahedron 1998, 54, 5623-5634.
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o) . TMSO )
a b
88%
2 135

142, 157-164

{a) MeMgl, CuBr«Me,S, TMSCI; (b) TrCIO,, reagent {table 2.1)

scheme 2.1

table 2.1
Entry Reagent Product Reaction Isolated
R time Yield
1 H;CO (g) TMSOCH— 157 20 min 71%°
0, o
2 |: )—OMe 0\< 20 min 75%
o 151 158
MeQ OMa
3 )—OMe MeO 72h 49%
MeQ 151 \Q 159 °
. 90%
4 20 min b
96%
40%°
5 4h
86%"°
6 20 min 0%
Q|
7 78h T5%
142 111 164

(a} quenched with Et;N; (b) ZnCl,, CH,Cly, 0°C; {€) RT; (d} i) CH:Cl;, SnCl,, —78°C, i} silica, EtsN.

The products were obtained in good yield but adaptations of the general procedure proved

to be necessary to get high yields. In entry 1 the product was captured as its silyl ether by adding
triethylamine to the cold solution. The reactions in entry 2 and 4 were surprisingly fast probably
due to the relatively high stability of the intermediate carbocation, For entry 5 and 6 mixtures of
threo and erythro isomers were found. For emtry 3, 5 and 7 the reactions were rather slow
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probably due to steric hindrance. After two days at —78°C only 10% of compound 161 was
formed in entry 5. By raising the temperature to room temperature the conversion was complete
after 4 hours, but in low yield. The use of SnCly gave a better vield of 86%. In entry 7 racemic 2-
methoxy-hexahydro-furo[2,3-b]furan was used, so in principle the formation of eight
diastercoisomers is possible. To our surprise only two were formed in a one to one mixture.
Compound 164 could be completely separated from its diastereoisomer 142 by crystallization
from diisopropyl ether. Compound 142 was obtained as an oil after evaporation of the solvent.

The diastereoselectivity of the Mukaiyama reaction in entry 7 can be explained by an
approach of the silylenol ether to the less hindered convex side of both enantiomers of the
hexahydrofuro[2,3-b]furan cation, which leads to the formation of diastereoisomers 142 and 164
(scheme 2.2}. In an approach of the silylenol ether to the concave side of the hexahydrofuro[2,3-
b]furan cation, serious steric hindrance would be developed between the substituents on the
silylenol ether and C14 and C135 of the hexahydrofuro[2,3-&]furan moiety, and for this reason the
diastereoisomers 142a and 164a are not formed.

scheme 2.2

Q
0 0,
Q
o | o7 |
142 164

o | T
Qto)+ OI}O)+
3 %m«
TMSO Y | ™SO ) |

o
O o

o | o !
142a 164a

N |

%
T™MSQ') | TMSQ Y |

The structure of 164 was determined by X-ray crystallography,” but for the oily 142
some transformations had to be performed to obtain a crystalline product suitable for X-ray

1 X-ray crystallography was performed by Veldman, N.; Menzer, S.; Spek, A. L. Bijvoet Center for

Biomolecular Research, Department of Crystal and Structural Chemistry, Utrecht University.
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analysis. First the mixture of the two diastercoisomers was treated at ~78°C with Li-selectride. In
this reaction only ketone 142 was reduced to give alcohol 165, but ketone 164 was unaffected
even at room temperature. This big difference in reactivity was also observed in the reduction of
the diastereomeric mixture of 162 and 163. The configuration at C10 is nicely shown by
treatment of the obtained alcohol with a trace of acid, which gives the ether 167 in quantitative
yield.*® Alternatively, elimination of this hydroxyl group could be achieved by transforming it to
the mesylate, followed by treatment with LiBr and LiyCOs; in DMF at 160°C, to give crystalline
166 in 37% overall yield. Structure elucidation by X-ray crystallography showed that 166 had the
desired natural stercochemistry at C8, C9, C1t, C13, and C16.%’

scheme 2.3

142

167 163 166

{a) i} Li-selectride, i) H,O,; (b} HBr; (¢} MsCI, pyridine; (d) LiBr, Li,CO,.

2.4 Conclusions

The enantioselective synthesis of highly functionalized cyclohexanones starting from
R-(—)-carvone, following the procedure described in this chapter, can be achieved in good yield
with different substituents. The introduction of the hexahydrofuro[2,3-b]furan moiety is
remarkably diastereoselective, and can serve as a good starting point for the synthesis of
dihydroclerodin. The absolute stereochemistry in compound 142 is the same as in
dihydroclerodin as was determinated by X-ray crystallography.

" Reduction of ketone 162, followed by acid treatment yielded a similar ether bridge (see experimental).
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2.4 Experimental

General: All reagents were purchased from Aldrich or Across, except for carvone which
was a generous gift of Quest International, and were used without further purification unless
otherwise stated. Melting points are uncorrected, NMR experiments were conducted with Bruker
AC-E 200 or DPX 400 instruments; signals are reported in ppm (8). HRMS data were obtained
with a Finnigan MAT 95 spectrometer. Optical rotations were measured with a Perkin-Elmer 241
polarimeter. Solvents were freshly distilled by common practice. Product solutions were dried
over MgSO, prior to evaporation of the solvent under reduced pressure by using a rotary
evaporator. For flash chromatography, Merck Kieselgel silica 60 (230-400 Mesh ASTM) was
used with mixtures of ethyl acetate and petroleum ether bp 40-60°C as eluens (10% EA/PE
means 10 volume percent of ethyl acetate in petroleum ether). Reactions were monitored by GC
with a DB-17 column (30 m x 0.25 mm i.d.) or by TLC on silica gel plates and visualization of
compounds was accomplished by UV detection and by spraying with basic KMnO, or by acidic
anisaldehyde solution. Ozone was generated by a Fisher ozone generator 502.

{((3R,5R)-5-Isopropenyl-2,3-dimethyl-i-cyclohexen-1-yl)oxy)(trimethyl)silane (135).

To a mechanically stirred solution of CuBr«Me:S (3.68 g, 17.9 mmol), HMPA (50 mL, 285
mmol), and dry THF (400 mL) at -60°C, was added freshly prepared MeMgl (150 mL, 3M
solution in ether), and stirred for 1 h. After this period R~(—)-carvone (2} (42.0 g, 280 mmol), and
trimethylsilylchloride (60 g, 553 mmol) were added at —78°C, and stirring was continued for an
additional 6 h at this temperature, followed by addition of Et;N (55 mL). Stirring was continued
for an additional 1 h while the temperature rose to rt. After this period water (500 mL.) was added.
The aquecus phase was extracted three times with ether. The combined organic layers were
washed with brine, dried, and evaporated. The residue was filtered over a short column of silica
to give 135 (58.6 g, 246 mmol, 88%) as a colorless oil. "H NMR (CDCl,, 200 MHz) & 0.16 (s,
9H), 0.99 (4, J = 8.2 Hz, 3H), 1.51 (m, 2H), 1.53 (s, 3H), 1.73 (s, 3H), 1.98 (m, 2H), 2.18 (m,
1H), 2.39 (m, 1H), 4.71 (m, 2H). *C NMR (CDCl;, 50 MHz) § 0.6 (g, 3C), 14.6 (), 19.6 (q),
20.7 (@), 33.5 (d), 35.1 (1), 35.7 (1), 37.1 (d), 108.6 (t), 115.9 (s), 142.4 (s), 149.4 (5). IR Vinax
(neat) 3082, 1684, 1644, 1251, 1188 em ™. [a]*’p + 72.7 (¢ 2.7, CHCL3).

(2R ,3R,5R)-5-1sopropenyl-2,3-dimethyl-2-{((trimethylsilyl)oxy)methyl)cyclohexanone (157).

To a stirred solution of 135 (0.95 g, 4.0 mmol) in CH;Cl; (20 mL) at —78°C, was added dropwise
triphenylmethyl perchlorate™ (0.16 g, 0.4 mmol) dissolved in CH»Cly (15 mL). Then dried
(CaCl; ) formaldehyde gas, prepared by heating paraformaldehyde under a flow of N; at 180°C,
was purged through the stirred solution for 10 min. After this period the reaction was quenched
by addition of Et;N (0.5 g, 5.0 mmol)}, followed by addition of a saturated aqueous NaHCO;
solution (10 mL). The aqueous phase was extracted three times with CH;Cl,. The combined
organic layers were washed with brine, dried, and evaporated. The remaining oil was purified by

*  Dauben, H. J.; Honnen, L. R.; Harmon, K. M. J. Org. Chen. 1960, 25, 1442-1445.
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flash chromatography (5% EA/PE) to give 157 (0.76 g, 2.8 mmol, 71%) as a colorless oil. 'H
NMR (CDCl, 200 MHz) 4 0.02 (s, 9H), 0.84 (d, /= 7.2 Hz, 3H), 0.89 (s, 3H), 1.58 (m, |H), 1.69
(s, 3H), 1.92 (m, 1H}, 2.10-2.54 (m, 4H), 3.59 (d, /= 9.7 Hz, 1H), 3.6% (d, /= 9.7 Hz, 1H), 4.65
(bs, 1H), 4.72 (m, 1H). >C NMR (CDCl;, 50 MHz) & 0.7 (g, 3C), 15.9 (g}, 16.3 (g), 21.1 (q),
33.0(t), 33.5 (d), 40.2 (d), 43.4 (1), 53.7 (s), 67.2 (1), 110.1 (1), 147.4 (s}, 214.2 (5).

(2R 3R,5R)-2-(1,3-Dioxolan-2-yl)-5-isopropenyl-2,3-dimethylcyclohexanone (158).

To a stirred solution of 2-methoxy-[1,3]dioxolan (10.5g, 101 mmol) and 135 (23.0 g, 96.6 mmol)
CH,Cl; (50 mL) at —78°C, was added dropwise triphenylmethyl perchlorate (0.99 g, 2.89 mmol)
dissolved in CH,Cl, (60 mL). The reaction mixture was stirred for 20 min at —78°C. (Samples for
monitoring the reaction were diluted nsing ether with Et;N). After this period the reaction was
quenched by addition of a saturated aqueous NaHCO, solution (150 mL). The aqueous phase was
extracted three times with CH;Cl;. The combined organic layers were washed with brine, dried,
and evaporated. The remaining oil was distilled (140°C, 0.05 mmHg) to give 158 (17.2 g, 72.5
mmol, 75%} as a colorless oil. 'H NMR (CDC1;, 200 MIz) & 0.90 (d, J = 7.2 Hz, 3H), 0.96 (s,
3H), 1.59 (m, 1H), 1.72 (s, 3H}, 2.16 (m, 1H), 2.30-2.62 (m, 4H), 3.91 (m, 4H), 4.73 (s, 1H), 4.76
(m, 1H), 5.35 (s, 1H). >C NMR (CDCl;, 50 MHz) & 12.6 (q), 16.6 (q), 20.6 (g), 33.4 (1), 36.2 (d),
40.8 (d), 44.7 (1), 56.4 (s), 65.2 (), 65.6 (1), 105.1 (d), 109.8 (t), 147.6 (5), 211.6 (5). IR vyax
(neat) 3081, 1710, 1645, 1089 cm .

(2R,3R,5R)-2-(Dimethoxymethyl)-5-isopropenyl-2,3-dimethylcyclohexanone (159).

To a stirred solution of trimethyl orthoformate (0.51g, 4.8 mmal) and 135 (0.95 g, 4.0 mmol)
CH,Cl; (35 mL) at -78°C, was added dropwise triphenylmethyl perchlorate (0.16 g, 0.48 mmol)
dissolved in CH2Cl; (20 mL). The reaction mixture was stirred for 72 h at —78°C. After this
period the reaction was quenched by addition of a saturated aqueous NaHCOj; solution (20 mL.).
The aqueous phase was extracted three times with CH;Cl;. The combined organic layers were
washed with brine, dried, and evaporated. The remaining oil was purified by flash
chromatography (20% EA/PE) to give 159 (0.47 g, 1.96 mmol, 49%) as a colorless oil. 'H NMR
(CDCl;, 200 MHz) 6 0.85 (d, /= 7.2 Hz, 3H), 0.97 (s, 3H), 1.46 (m, 1H), 1.76 (s, 3H), 2.02 (ddd,
J =186, 10.8, 4.5 Hz, 1H), 2.23-2.62 (m, 4H), 3.41 (s, 3H), 3.57 (s, 3H), 4.57 (s, 2I), 4.63 (bs,
1H). *C NMR (CDCl;, 50 MHz) § 12.9 (q), 16.2 (), 20.8 (q), 33.5 (1), 34.9 (d), 40.6 (d), 44.1
(t), 57.7 (d), 58.0 (s), 59.7 (d), 108.9 (d), 109.7 (), 147.6 (s), 211.8 (s).

(25,3R,5R)-2-(1,3-Dithiolan-2-yl)-5-isopropenyl-2,3-dimethylcyclohexanone (160).

a) A suspension of ZnCl; (2.0 g, 15 mmol) in toluene was dried under Dean Stark condition for 4
h. This suspension was cooled and then added to a stirred mixture of 135 (7.13 g, 30 mmol)}, and
2-ethoxy-1,3-dithiolan® (4.5 g, 30 mmol) in CH,Cl, at 0°C. Stirring was continued for 4 h. After
this period the reaction was quenched by addition of EtsN (5 mL), followed by a saturated
aqueous NaHCO; solution (50 mL). The aqueous phase was extracted three times with CH,Cl,.

0 ) PhD thesis Sicherer-Roetman, A., Wageningen Agricultural University, 1984; b) Tanimoto, S.; Miyake, T.;
Okano, M. Bull. Inst. Chem. Res. 1977, 55, 276-281.
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