Total Synthesis of Spirotryprostatin B
via Diastereoselective Prenylation
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spirotryprostatin B

Spirotryprostatin B was synthesized in eight steps, utilizing an efficient palladium-catalyzed prenylation reaction to construct the quaternary

C3 stereocenter. The decarboxylation —alkylation of a series of substituted
class of pronucleophiles and allylating agents.

P-keto esters is described, demonstrating the broad scope of this

In an endeavor to identify natural products capable of syntheses o2 have been reportednotivated in part by its

regulating specific stages of the cell cycle, Osada et al.

isolated spirotryprostatins ALY and B @) from the fermen-

spirotryprostatin A

spirctryprostatin B

Figure 1. Spirotryprostatin A (1) and spirotryprostatin B)(

tation broth of Aspergillus fumigatusin 1996! These
compounds inhibit the G2/M phase of the mammalian cell
cycle at micromolar concentrations. Biosyntheticallyand

2 likely derive from the diketopiperazine of tryptophan and
proline, a motif also found in the tryprostatiand fumi-
tremorgir¥ families of natural products. A number of
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scarce natural abundance (11 mg from a 400 L fermentation)
and its unique structure. The scaffold of spirotryprostatin B
has recently served as the blueprint for a library of cellular
probes’

The most synthetically challenging structural features in
2 are the spirocyclic ring juncture at C3 and the adjacent
prenyl-substituted C18. Our approach to spirotryprostatin B
involves the construction of the C3 quaternary stereocenter
in a highly controlled mannera feat that has proven difficult
in prior syntheses. Approaches towé&dhat generate the
spirocyclic stereocenter by using substrate control, e.g., using
Mannich-type processé$ typically result in a mixture of

(3) (@) Yamazaki, M.; Fujimoto, H.; Kawasaki, Them. Pharm. Bull
1980, 28, 245—254. (b) Hino, T.; Nakagawa, Mieterocyclesl997,46,
673—704.

(4) (a) Overman, L. E.; Rosen, M. Bingew. ChemInt. Ed.2000,39,
4596—4599. (b) Sebahar, P. R.; Williams, R. 31 Am. Chem. So2000,
122, 5666—5667. (c) von Nussbaum, F.; Danishefsky, 8ndew. Chem.,
Int. Ed. 2000,39, 2175—2178. (d) Wang, H.; Ganesan,JAOrg. Chem.
2000, 65, 4685—4693. (e) Sebahar, P. R.; Osada, H.; Usui, T.; Williams,
R. M. Tetrahedron2002,58, 6311—-6322. (f) Bagul, T. D.; Lakshmaiah,
G.; Kawabata, T.; Fuji, KOrg. Lett.2002,4, 249—251. (g) Meyers, C.;
Carreira, E. MAngew. Chemlnt. Ed. 2003,42, 694—696. (h) Marti, C.;
Carreira, E. M.Eur. J. Org. Chem2003, 2209—2219. (i) Miyake, F. Y.;
Yakushijin, K.; Horne, D. A.Angew. Chem.Int. Ed. 2004 43, 5357
5360. (j) Marti, C.; Carreira, E. MJ. Am. Chem. So005,127, 11505—
11515.

(5) Lo, M. M.-C.; Neumann, C. S.; Nagayama, S.; Perlstein, E. O
Schreiber, S. LJ. Am. Chem. So@004,126, 16077—16086.



diasteromeric products, resulting in a low overall yield for to allyl or 2-substituted allyl groups. Going beyond such
this relatively simple natural product. While this problem limited substrates would be an important step in enhancing
has been addressed with the use of stoichiometric chiralthe utility of this methodology. Therefore we have undertaken
auxiliaries, there has been only one report of a strategy thatan examination of systems with trisubstituted olefins such
invokes asymmetric catalysis to forge the C3 spirocenter, as prenyl, presented here in the context of a natural product

although the route ultimately proved to be rather I6tighe

shortest route exercises no stereocontrol at any*step.
Retrosynthetically, we envision thatcan derive from the

functionalization of3 (Figure 2), which raises the question
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Figure 2. Retrosynthetic analysis.

of whether a prenyl chain can be introduced via palladium-
catalyzed allylic alkylation. The required nucleophilés a

stabilized carbanion that can be thought of as a vinylogous
1,3-dicarbonyl species. As the location of the double bond
in 4 is presumably labile, a number of compounds could

potentially serve to generate the same reactive intermediate.

We ultimately targeted the use of estgras a nucleo-
phile precursor. Upon exposure to palladium catalysis,
would potentially ionize and decarboxylate, triggering the
prenylation reaction.

The decarboxylationalkylation of 5 is related to the
Carroll reactiof” of allyl-3-ketoesters. While this reaction
was originally conducted by thermolysis, Sae§usa Tsujf
demonstrated that it could be catalyzed by palladium at much
lower temperatures. More recently, enantioselective variants
have been developed by our grétipnd otherg!1?

Reports of palladium-catalyzed decarboxylatiaikyla-
tion using phosphinooxazoline (PHOX) ligands pioneered
by Williams!® and Pfaltz and Helmchéhhave been limited

(6) Carroll, M. F. J. Chem. S0d.940, 1266—1268.
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1987,52, 2988—2995.
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M. Angew. Chemlnt. Ed. 2005,44, 6924—6927.
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synthesis.

The type of anion depicted ih also poses the challenge
of control of regioselectivity. Compound features two
nucleophilic sites (the oxindole and diketopiperazine car-
bons), making eight potential isomeric products. We desire
the product arising from decarboxylative allylation with
double bond transposition, which has not previously been
reported.

A rapid synthesis db was accomplished starting with Cbz-
proline and dimethyl aminomalonate hydrochloride (Scheme
1). Known diketopiperazin8'® was transesterified to prenyl

Scheme 1. Synthesis of Prenylation Substrate

MeO,C.__CO,Me fe)
1) DCC, HOBt, NMM, MeO.,C
NH3CI CH.Cly, 11, 88% o2 N
Cbz, 6 -
N HN. -
2) Hy, PA/C, 3
HO,C H 7 MeOH, rt, then reflux, 77% o] 8
)\/\ i i
g Aol A
> HN_ -
Otera’s catalyst (3 mol %), H
toluene, 85 °C, 73% O 9
O 0] OH
HN NaOMe, ethyl formate, HN™
MeOH, 60 °C, 94%
10 1
X
TsCl, i-ProNEt, 0 O © 0
DMF, 0 °C to r1;
then 9, LDA, THF, 79% HN = N
> SN
H
le} 5

ester9 with use of Otera’s cataly3t.In a one-pot reaction,
oxindole11” was activated as its vinyl tosylate, then treated
with the lithium salt of 9. The coupled produchk was
obtained in good yield as a 1:1.7 mixture of diastereorifers,

a stereogenic center that is later destroyed and subsequently
reconstituted.

(15) (a) Kametani, T.; Kanaya, N.; Ihara, M.Chem. SocPerkin Trans.
11981, 959—-963. (b) Kardassis, G.; Brungs, P.; Steckhaeiahedron
1998,54, 3471—3478.

(16) (a) Otera, J.; Dan-oh, N.; Nozaki, Bl.Org. Chem1991 56, 5307~
5311. (b) Otera, JChem. Rev1993,93, 1449—1470. The isothiocyanate
catalyst pictured below was used:

NCS BL; Bu

gﬁ';sln—?—sl'n—Ncs
SCN—Sp—0—sn 3
8l B NCS
(17) Wenkert, E.; Bhattacharyya, N. K.; Reid, T. L.; Stevens, TJ.E.
Am. Chem. Sod 956,78, 797—801.
(18) The E/Z configuration of oxindole-bound olefin irb and its
derivatives is not known, but presumed to be as depicted based on known
trends ofa,-unsaturated amides.
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With the key substrate in handy was subjected to
palladium catalysis. We were pleased to find that prenylation Scheme 2. Synthesis of Spirotryprostatin B
indeed occurred, giving the desired ison3as the major

o} o}
. . o 0 0
product. A screening of reaction conditions (Table 1) yn—4 PhSeBr, CsOAc,  HN—
y N HOAc, rt, then y THN\/>
_—

: H,0,, pyridine, :

O H THF, nt, 94% 0 H

3 16

Table 1. Selected Optimization Studres

17 (18-epi-2), 14%
18 (12-epi-2), 10%

+

O, Q [o] @\/0
BER i W Pe, »L? aluminum amide, generated in situ by the treatment®f
PPh, Ph,P "o with trimethylaluminum, does succeed in promoting the
cyclization to give spirotryprostatin B in 45% isolated yield

entry ligand solvent mol % Pd drof3 3:15 yield® (%) along with minor amounts of isomerk7 and 182° The
1 PPh; dioxane 10 11 121 89 effectiveness of this reagent can be attributed to its dual role
2 12 dioxane 10 241 451 83 as both a Brgnsted base and a Lewis acid.
i g ??E ig ig:i 11-311 22 Having completed the synthesis of the natural product, we
ouene o ' , decided to explore the key allylic alkylation in more detail
5¢ 12 toluene 10 16:1 14:1 89 Table 2). C d49-21 b . . f allvii
6 12 toluene 9 91 131 71 (Table 2). Compoun , bearing a variety of allylic
7 13 toluene 10 1:1.7 11:1 71
g 14 THF 10 0
aUnless otherwise indicated, all reactions were conducted 4C66n Table 2. Allylic Alkylation with Various Substrates
a 24umol scale at 24M with Pdx(dba)-CHCI; as a catalyst precursor. R

bBased on NMR relative tdl-methylformanilide as an internal standard.

¢Reaction conducted on a 300 mg scélesolated yield.c Reaction o o\/oo JO (0] o o)
conducted at 50C. N N N HN-—, NN N
HNTK\.;> R? HNTHQ HNTHQ
H o H a 5 Hp

determined that the best results were obtained with ligand ©

12 in toluene at 60°C (entries 4 and 5). . 2 ,, . Vield®
The use of triphenylphosphine gave essentially a statistical entry R R drofA AB (%)

mixture of product isomers, highlighting the need for t{\)\ ﬁ(\)\ 16:1 14:1 20

asymmetric catalysis. The catalyst loading could be lowered s 3

to 2 mol % palladium (entry 6), but the regioselectivity was 2 324/19 s{\%\ 12:1 3.9:1 83

diminished. Entry 7 shows that the use d®,R)-13is _ P

stereochemically mismatched. When the two diastereomers ¥ ¥ M 33 ~201 >

of 5 were separated and reacted individually, a similar 4 ¥ 0 €00 231 >20:1 79

product mixture was obtained in each case. These results a Al .

. . reactions were conducted at 8C on a 24 umol scale at 24M at
support the notion that the reaction proceeds through eo °c with Pd(dbayCHCl; as a catalyst precursorAbsolute stereo-
common intermediaté. Therefore, it was more convenient chemistry assigned by analogy3o°Isolated yields< Reaction run at 40
to carry 5 through the synthesis as a mixture of isomers.
We were pleased to find that the prenylation reaction gave
even better results (dr 16:1, regioselectivity= 14:1) on a
larger scale (300 mg), affordingin 89% isolated yield.

To functionalize the prenyl chain and complete the
synthesis (Scheme 2), we turned to selenium chemistry
originally developed by Sharple&sln one operation3 was
first treated with PhSeOAc (prepared in situ), and then the
selenide was oxidized and eliminated with hydrogen perox-
ide, giving the allylic acetaté6 in excellent yield.

For the final cyclization, a survey of conditions using
catalytic palladium or copper failed. However, the use of an

substituents, were synthesized in a manner analogofs to
As a means to obviate the selenium step, we imagined
introducing the side chain at a higher oxidation state. Thus,
vinyl chloride 21 was prepared.

With all substrates, the reaction proceeded with alkylation
primarily at the oxindole carbon. Nucleophilic attack oc-
curred at the more sterically accessible terminus of the Pd-
allyl intermediate, giving linear products in all cases.

(20) The formation ofL8 (12-epi-2) can be attributed to the basicity of
the reaction conditions. This stereocenter has been shown to be labile, e.g.,
(19) Sharpless, K. B.; Lauer, R. B. Org. Chem1974,39, 429—430. ref de.
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Therefore, vinyl chloride23 was not useful for further  able steric clash between the wall and the geminal dimethyl
elaboration to2. The “reversed esterl9 also functioned. substituents of the prenyl group may force rapid collapse of
Although the dr was somewhat reduced compares) tmod the ion pair, giving the kinetic produ& A slower reaction
regioselectivity was observed. may allow the Pd-bound prenyl to equilibrate its position
We propose a model for this reaction depicted in Figure on the catalyst, giving reduced selectivity. This notion is
321 In our standard “wall and flap” depiction of the ligand/ supported by the diminished regioselectivity observed in a
reaction with 2 mol % palladium catalyst (Table 1, entry 6).
In conclusion, we have developed a rapid synthesis of
spirotryprostatin B that delivers the natural product in 8 steps
and 13% overall yield. The decarboxylatioprenylation of
5, with transposition of the double bond, is an unprecedented
transformation. The exquisite control in the formation of the
quaternary C3 stereocenter presents a major improvement
in the synthesis of this family of alkaloids.
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