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The enantioselective synthesis of a 7,11-dihydroxyguaianolide bearing the stereochemistry present in thapsigargin, a potent and selective
inhibitor of the Ca 2™ SERCA-ATPase pumps, is described. Starting from ( +)-dihydrocarvone, the synthesis presents two key steps. The first
one involves the photochemical rearrangement of a  y,0-unsaturated ketone eudesmane into the corresponding guaiane. The second step
consists of the regioselective oxidation of an unprotected tetrahydroxylated ketone to provide a dihydroxylactone with the required
stereochemistry.

Thapsigargin (Tgl) was first isolated by Christensen and ||| N

co-workers from the roots ofhapsia garganicgdUmbel-
liferae)! This compound belongs to a family of guaianolides
whose structures differ in the nature of their substituents on
C-2 and C-8 (Figure 1.

Tg presents a remarkable histamine-releasing ability,
inducing within 4-5 h erythema, the appearance of small

vesiculae, and intense itching, which remain for several days 1 Thapsigargin Ry =0-Oct R, =But
when applied directly on the skinHowever, the most 2 Trilobolide Ry =H R, = (S)-2-MeBut
important activity displayed by Tg is its capacity to inhibit 3 Nortrilobolide  R; = H R, = But
selectively the sarco- and endoplasmic reticulun?*€a 4 Thapsivillosin F R = H R, = Sen

dependent ATPases (SERCAJhis inhibition of the SER-
CA pumps leads to depletion of the Tapool and a
capacitance influx of extracellular &a resulting in a

Oct = octanoyl ~ But = butanoyl

Sen = senecioyl Ang = angeloyl

Figure 1. Structure of thapsigarginl) and guaianolides synthe-
(1) Rasmussen, U. S. B.; Christensen, S. B.; Sandbewycta. Pharm. sized by the Ley group2(4) (vide infra).

Suec.1978 15, 133.
(2) Christensen, S. B.; Rasmussen;Tétrahedron Lett198Q 21, 3829.
(3) Christensen, S. B.; Andersen, A.; Smitt, U. ®kog. Chem. Org.

Nat. Prod.1997 71, 130. sustained elevation of the cytosolic €aconcentration,
17(()%)7(a()bl)->;tt0n_. JG V\éestlin, MW Hr;cmllge_y, r':/l Rl.BBioth;gglggé g’?g leading to DNA fragmentation and apoptosis of the treated
. nesi, G.; Sagara, Ccnh. blochem. blo . : . e e . . -
(c) Treiman, M,; Carpersgen, C.; Christensen, STBn%syPharm. Scl998 _Ce"S'S Especially S|gn|_f|cant I Its capacity t_o induce apopt_05|s
19, 131. in human androgen-independent prostatic cancer cell fines.
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This phenomenon is even found in primary human prostatic seven-membered rings fusion opposite to that found in the
cancer cell cultures in which about 98% of the cells are in rest of guaianolides isolated from other families of plants.
Go. This ability to kill proliferatively quiescent gcells by Our proposed retrosynthesis is outlined in Scheme 1. We
inhibiting the ubiquitous SERCAs means that Tg cannot be envisaged a photochemical rearrangement from the corre-
administered systemically due to the toxicity to the host. To
prevent this problem, Christensen, Isaacs, et al. have
forr_’nulated a Tg-bas_e_d inactive prodrug with a carrier pept_|de Scheme 1. Retrosynthetic Analysis of the
which targets specifically PSA, a prostate-specific serine 7,11-Dihydroxyguaianolid&
protease active only in the extracellular fluid of prostatic
cancer cells and inactive in blood serum. This prodrug
selectively hydrolyzes the amide bond between a GIn and a
Leu residue, liberating the active drug only in the extracel-
lular fluid of PSA-secreting prostatic cells, thus targenting
only prostatic cancer celfs.

The use of such an interesting compound is limited by
dependence on natural sources, and the availability of
synthetic thapsigargin-related compounds would be wel-
comed by those involved in the treatment of this severe
illness.

Some efforts aimed at the synthesis of this type of
compounds have been reported. Christensen and Ley have
carried out several SAR studies in which some Tg-related sponding eudesmane to afford a guai&nehich after the
compounds have been synthesiZéRiecently, Ley and co-  appropriate transformations would lead to a tetrahydroxylated
workers have reported an impressive synthesis of threeguaiane. The structural complexity of this tetrahydroxylated
members of the thapsigargin series: triloboli@g qortri- compound provided an excellent opportunity to explore the
lobolide @), and thapsivillosin F4) (Figure 1)° synthetic utility of the TEMPO/NaCIO/NaCloxidation

Herein, we present our methodology for the synthesis of methodology developed in our laboratdry.
the 7,11-dihydroxyguaianolidg which possesses five of the We were mindful that tetrad should be oxidized to the
eight chiral centers present in thapsigargin itself. This corresponding-lactone avoiding the cleavage of the C-11/
compound is a suitable intermediate for the total synthesis C-13 bond that is observed when 1,2-diols are treated with
of thapsigargin as the functional groups present in C-3 and most oxidant systems.
C-7 would enable access to C-2 and C-8 in which an octanoyl The synthesis of guaianolidecommenced with the one-
and a butanoyl group are present, respectively. Moreover, Pot Robinson annulation and furtheg/®OH y-hydroxyla-
recently it has been reported that it is not necessary for thetion between {)-dihydrocarvoned and ethyl vinyl ketone
C-2 carbon to be oxygenated and that trilobolide and other 10, affording the hydroxyenonglin 70% yield (Figure 2j?
2-deoxythapsigargins are alternative to Tg as starting materi- T he dehydrogenation dfl was accomplished with DDQ in
als for the development of SERCA inhibitdfs. refluxing 1,4-dioxane, furnishing the dieno@é 70% yield.

The initial study of the target molecule displayed several When8was irradiated with a Hg-medium pressure lamp for
difficulties that should be solved. In addition to the high © N inaceticacid, notonly the desired guaiadavas formed
degree of oxidation in such a small backbone, Tg and all but important amounts of the cyclic ethE3 and the tricyclic

guaianolides isolated so far from plants from the Umbel- enonel4 were also isolated.

liferae family present the stereochemistry of the five- and  AteMPts to avoid the formation of undesiré8 and 14
proved unsuccessful. Protection of the hydroxyl groug,of

as its acetate or MEM derivative, effectively suppressed the

(5) Christensen, S. B.; Andersen, A.; Kromann, H.; Treiman, M.; Tombal,
B.; Denmeade, S.; Isaacs, J.Biorg. Med. Chem1999 7, 1280.
(6) Jacobsen, C. M.; Denmeade, S. R.; Isaacs, J. T.; Gady, A.; Olsen, C.  (11) For initial reports, see: (a) Barton, D. H. R.; De Mayo, P.; Shafiq,

E.; Christensen, S. Bl. Med. Chem2001, 44, 4696. M. J. Chem. Socl957 929. For first mechanistics studies, see: (b)
(7) (@) Denmeade, S. R., Jacobsen, C. M.; Janssen, S.; Khan, S. R.;Zimmerman, H. E.; Schuster, D.J. Am. Chem. Sod.962 84, 4527. (c)
Garrett, E. S.; Lilja, H.; Christensen, S. B.; Isaacs, JJ.TNatl. Cancer. Zimmerman, H. E.; Swenton, J. $. Am. Chem. Sod.967, 89, 906. (d)
Inst. 2003 13, 990. (b) Isaacs, J. BJU Int. 2005 96, 35. Caine, D.; Brake, P. F.; De Bardelen, J. F.; Dawson, 1.BDrg. Chem.
(8) (a) Lauridsen, A.; Cornet, C.; Vulpius, T.; Moldt, P.; Christensen, S. 1973 38, 967. For some practical uses, see: (e) Caine, D.; Gupton, J. T,
B. Acta Chem. Scand.996 50, 150. (b) Sghoel, H.; Liljefors, T.; Ley, S. Ill.J. Org. Chem1975 40, 809. (f) Caine, D.; Deutsch, H.; Gupton, J. T.,
V.; Oliver, S. F.; Antonello, A.; Smith, M. D.; Olsen, C. E; Isaacs, J. T.; lll. J. Org. Chem1978 43, 343. (g) Caine, D.; Kotian, P. L.; McGuiness,
Christensen, S. Bl. Med. Chem2005 48, 7005. M. D. J. Org. Chem1991, 56, 6307. For a more recent example in the
(9) (a) Qliver, S. F.; Hgenauer, K.; Simic, O.; Antonello, A.; Smith, synthesis of a natural product, see: (h) Jackson, S. R.; Johnson, M. G.;
M. D.; Ley, S. V.Angew. Chem., Int. EQ2003 42, 5996. (b) Ley, S. V.; Mikami, M.; Shiokawa, S.; Carreira, E. Mingew. Chem., Int. EQR001,
Antonello, A.; Balskus, E. P.; Booth, D. T.; Christensen, S. B.; Cleator, E.; 40, 2694.
Gold, H.; Hggenauer, K.; Hoger, U.; Myers, R. M.; Oliver, S. F.; Simic, (12) (a) Aladro, F. J.; Guerra, F. M.; Moreno-Dorado, F. J.; Bustamante,
O.; Smith, M. D.; Sghoel, H.; Woolford, A. J. ARroc. Nat. Acad. Sci. J. M,; Jorge, Z. D.; Massanet, G. Nletrahedron Lett200Q 41, 3209. (b)
U.S.A.2004 101, 12073. Moreno-Dorado, F. J.; Guerra, F. M.; Ortega, M. J.; A4)l#.; Massanet,
(10) Sghoel, H.; Lund Jensen, A.-M.; Mgller, J. V.; Nissen, P.; G. M. Tetrahedron: Asymmetrg003 14, 503.
Denmeade, S. R.; Isaacs, J. T.; Olsen, C. E.; Christensen, BioBrg. (13) Aladro, F. J.; Guerra, F. M.; Moreno-Dorado, F. J.; Bustamante, J.
Med. Chem2006 14, 2810. M.; Jorge, Z. D.; Massanet, G. M.etrahedron2001, 57, 2171.

2880 Org. Lett, Vol. 8, No. 13, 2006



KOH, O
—_—
MeOH

DDQ
1,4-dioxane
70%

o -
OH

1"

70%

+O

18%

(8%)

Figure 2. Photochemical rearrangement&f

formation of the cyclic ether, but the efficiency of the
photorearrangement was still low.

Since the irradiation o8 yielded important amounts of
13and14, respectively, we decided that a feasible alternative

(OH),/C)'® to form the corresponding enedione did not
proceed at all, the starting material being totally recovered.

Other approaches based in the isomerization of the C-4/
C-5 double blond to C-5/C-6 (formation of the enol acetate,
protection of the carbonyl group, selective bromination) did
not work.

We then tried a different approach. When endffevas
treated with selenium dioxide anert-butyl hydroperoxide,
an alcohol group was quantitatively introduced at C-7 leading
to 18.

Nevertheless, attempted elimination reactions under dif-
ferent protocols mainly led to the cyclic eth&®, and only
minor amounts of the elimination produ@6 and21 were
observed in some cases (Figure 3).

Taking into account the difficulties found to set a double
bond between C-6 and C-7 in the guaiane skeleton, we
decided to install such a double bond prior to the irradiation
(Figure 4). Thus, starting from hydroxydieno8gexposure
to Burgess reagent produced smoothly the fully conjugated
alkenone22in quantitative yield The terminal double bond
C11-C13 was then submitted to treatment with AD-noix
in a 1:1t-BuOH/H,O mixture, giving rise to diolk3 (4:1
selectivity favoring the required 1%epimer). After purifica-
tion by preparative HPLC, did23 was dissolved in acetic

was to carry out the photochemical rearrangement on a2cid and irradiated for 2.5 h, yielding guaiadé The high
substrate lacking any functional group at C-6 as in the caseYi€ld of this process is remarkable given the precedented

of 154 The existence of the double bond €85 would
allow the functionalization of C-6 of the guaiane framework
in subsequent steps (Figure 3).
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Figure 3. Second strategy: photochemical rearrangement in an
unfunctionalized C-6 eudesmane.

Nevertheless, all the attempts to use thg-unsaturated
ketone group to access to C-6 were unfruitful. As an example,
treatment of16 under Corey’s conditionst-BuOOH, Pd-

(14) 15 was prepared by a standard Robinson annulation reaction as in
11 avoiding the presence of;@nd further treatment with DDQ.
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sensitivity of this type of photorearrangements to the
conditions in which the substrate is irradiated (time, con-
centration, solvent, etc.).

With guaiane24 in hand, the stereoselective functional-
ization of the double bond C6C7 became the new task.
After some experimentation, it was found that treatment with
osmium tetraoxide and-methylmorpholineN-oxide in the
presence of methanesulfonimide produced the tetrahydrox-
ylated compound in 61% yield. Despite the existence of
four free hydroxyl groups, this compound could easily be
purified by column chromatography using mixtures of
acetone and hexanes. Finally, we arrived at one of the key
steps of the synthesis in which the highly hydroxylated
compound6 should be submitted to selective oxidation of
the primary alcohol to the corresponding carboxylic acid,
without affecting any of the three remaining hydroxyl
groupst’ Although we were aware of the smoothness of the
oxidations with the system TEMPO/NaClO/NaG)@e were
not totally confident that the presence of four hydroxyl
groups in four contiguous centers of the molecule would
resulted in the clean formation of the lactone. To our delight,
when we treated the tetra6lwith such an oxidant system,
we observed a very smooth and quantitative formation of
lactoneb.

Diagnostic strong NOE enhancements between H-6 and
H-8a, H-6 and 3H-15, and H-6 and 3H-14 served to confirm
the relative stereochemistry of H-6 as In addition, the
relative configuration3 of the hydroxyl group at C-7 was

(15) Yu, J. Q.; Corey, E. 1. Am. Chem. So2003 125 3232.

(16) (a) Burckhardt, SSynlett200Q 4, 559. (b) Burgess, E. M.; Penton,
H. R.; Taylor, E. A.J. Org. Chem1973 38, 26.

(17) A similar approach was successfully employed by the Ley group
by using TPAP (see ref 9a).
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Figure 4. Synthesis of 7,11-dihydroxyguaianolide

stated from the cis course of the dihydroxylation reaction. dihydrocarvone and ethyl vinyl ketone. An investigation to
The stereochemistry at C-11 was nevertheless more difficultaccess to thapsigargin itself frobis currently in progress.
to be determined as no significative NOE effect was
observed. Acknowledgment. This investigation was supported by
ThUS, from 11ep|_23 the same Synthetic Sequence was the Spanish Ministerio de EdUCéniq Cultura (Grant No.
followed in order to confirm the absolute stereochemistry at BQU2001-3076) and Consejarde Medio Ambiente de la
C-11. 11ep|_5 was Synthesized and Submitted to NOEd|ff Junta de Andalt]al. F.L.M. is gl’ateful to Junta de Anda[BCI
experiments. A correlation between H-6, 3H-14, and 3H-13 for a fellowship.
allowed us to determine &R configuration for C-11 in 11 ) ) ) )
epi5 and consequently § configuration for C-11 irb. Supporting Information Avallable: 'ExperlmenFaI pro-
In summary, we have enantioselectively synthesized 7111_cedures and spgctroscoplc data. Th|§ material is available
dihydroxyguaianolides, an important intermediate in the free of charge via the Internet at hitp://pubs.acs.org.
synthesis to thapsigargin in six steps starting froi-( 0L061024Z
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