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TOTAL SYNTHESIS OF PANCRATISTATIN. A REVIEW 
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MANPADI AND KORNIENKO 

Converting diol 237 to cyclic sulfate 238 and reacting the latter with DBU followed 
by acidic workup led to the installation of the C3-C4 double bond (Scheme 36). As was the 
case in the previous syntheses of pancratistatin, dihydroxylation occurred from f3-face to 
afford 240 which has fully functionalized C and A rings. Similar to Magnus's synthesis, acetyl 
protection of the hydroxyl groups followed by Bischler-Napieralski cyclization using 
Tf,O/DMAP accomplished the lactam formation and two regioisomers 243 and 242 were 
formed in 7: 1 ratio. Removal of the phenolic methyl group allowed for facile separation of the 
two regioisomers. Final deprotection with sodium methoxide gave pancratistatin in 3.6% 
overall yield over 16 steps. 

2. Evaluation of the Strategy 

Starting Material. The synthesis began with the Homer-Wadsworth-Emmons process of phos- 
phonate 215 made in five steps from methyl gallate 210 and acrolein dimer 216. Phosphonate 

QH GAG 

Bischler-Napieralski dihy droxylation 

cyclization 

OMe 
241 

OH 0 
pancratistatin 

QH 

dihydroxylation 0 $ ,iodolactonization> 

elimination rearrangement 
cyclic sulfate (o I / iHC02Me Curtius 

OMe 
OMe 235 239 

Homer-Wadsworth - 
-Emmons 

Claisen 
rearrangement 

OMe 
218 

OMe 
217 

OHC 0 0 4- <qpo(oMek I HO*ocH, 

OMe 
215 Ho 210 216 

Scheme 37 

215 has all three oxygens installed in proper positions. 
a)  Asymmetric Strategy. The investigators initially started with the synthesis of racemic 
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TOTAL SYNTHESIS OF PANCRATISTATIN. A REVIEW 

pancratistatin. After having worked out the Claisen rearrangement and iodolactonization 
processes they attempted an asymmetric synthesis using aryl bromide 146 and (R)-225. Enan- 
tiopure (R)-225 had been previously prepared by the same investigators utilizing enzymatic reso- 
lution of racemic y-hydroxy vinylstannane 246 in > 99% ee (Scheme 38).90 However, the prob- 
lems with purification of the mixture of 230 and 231 and scale-up of the synthesis forced the 
investigators to pursue the synthesis of (&)-pancratistatin. 

GAc 
t & +  2 Ax lipozyme* 

Bu3Sn Bu3Sn 
245 246 247 248 

Bu3SnH 

Pd(PPh&C12 

NaOMe 1 98% 

Scheme 38 (R)-225 

b)  Installation of Stereocenters. [3,3]-sigmatropic rearrangement of the E-olefin 217 installed the 
aromatic ring at ClOb and the aldehyde group at C4a cis to each other. The C1 hydroxyl was 
efficiently introduced by iodolactonization of the acid 219 to form bicyclic lactone 221, which 
after methanolysis formed 222 with C1, ClOb and C4a stereocenters installed in the desired 
configuration. After the disappointment with epoxidation of 235, the investigators found success 
by dihydroxylation and cyclic sulfate elimination reactions to introduce the C2 hydroxyl. Simple 
dihydroxylation of the 239 completed the functionalization of ring C of pancratistatin. 
c) Lacram Formation. Curtius rearrangement of the azide formed by the reaction of acid 233 
with DPPA gave the intermediate isocyanate, which upon treatment with sodium methoxide 
afforded carbamate 235. Lactamization was accomplished by the Bischler-Napieralski process at 
a much later stage in the synthesis similar to the precedent of Magnus. Lactam 243 was formed 
along with its regioisomer 242 in 7: 1 selectivity. 
d) Regioselecrive Introduction of the Substituents on the Aromatic Ring. Methyl gallate already 
has three oxygen groups as hydroxyl functionality. Two of them were protected as a methylene- 
dioxy ring and the remaining alcohol was protected as methyl ether. 

IX. SHORTEST SYNTHESIS OF (+)-PANCRATISTATIN BY LI’S GROUP (2006) 
1.  Synthetic Sequence and Tactical Nuances 

The starting material for Li’s synthesisg1 of pancratistatin was pinitol 249, which is 
expensive but has the right stereochemistry at five out of the six carbons present in the cyclitol 
portion of pancratistatin (Scheme 39). Compound 251 was prepared in two steps from pinitol by 
selective protection of the trans and cis hydroxy functionality using the bulky TIPDS and 
acetonide protecting groups. It is noteworthy that TIPDS is a selective protecting group for trans 
di01s.”~ The configuration of the only remaining hydroxyl was inverted using the Mitsunobu 
reaction with methyl sulfonate as nucleophile, followed by the S,2 substitution of the sulfonate 
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MANF'ADI AND KORNIENKO 

OM9 OM9 
TIPDSC12, 
imidazole "Q: HO\\'' DMAP * 

OH 94% 
OH 
249 250 

GMe 1. PPh3, DEAD, 
CH3S03H TBAF 

2. NaN3 
- 
N3 

252 

72% 

OMe 

OH 
251 

1. SOCl2, Et3N 

2. NaI04, RuC13 
c 

87% 

with azide ion to install the C4a nitrogen center in pancratistatin, utilizing the procedure by Aher 
and P0re.9~ The silyl group was then removed and the diol functionality in 253 was converted to 
the cyclic sulfate to give 254. The Staudinger reduction process for converting the azide to free 
amine generated the crucial intermediate 255 that would undergo a coupling reaction in a later 
part of the synthesis. 

Ring A part of pancratistatin was introduced using the intermediate 256, which was 
synthesized according to the previously known method (Scheme 40).94 Removal of the PMB 
protection and phosgene mediated coupling with amine 255, yielded amide 259, in which the 
phenolic hydroxyl was protected as MOM ether to give 260 (Scheme 41). The crucial reaction of 
this synthesis involved the intramolecular ring opening of the cyclic sulfate at the ClOb carbon. 
Nucleophilic ring opening using aryllithium and arylmagnesium species led to various side reac- 
tions due to the basic nature of these reagents. However, the low basicity and high nucle- 
ophilicity of the arylcerium reagents compared to the aryllithium or arylmagnesium ones makes 
it a softer nucleophile and ideal for intramolecular ring opening rea~tions.9~ There had k e n  no 
previous precedence of organocerium reagents being used for such reactions. Using 
organocerium methodology, compound 261 was obtained in 72% yield from 260. Removing all 
the protecting groups using BBr3 and methanol completed the synthesis of pancratistatin. This 
sequence represents the shortest synthesis of (+)-pancratistatin so far involving only 13 steps and 
proceeding in 9% overall yield from (+)-pinitol. 
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TOTAL SYNTHESIS OF PANCRATISTATIN. A REVIEW 

e q B r  0 

OPME 
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CHFOOH 

97% 
t (Tar 0 

OH 
257 

MgBr2.0Etz 
t 

COC12.255 
64% 

258 

2. Evaluation of the Strategy 

a)  Starting Material. One of the synthetic challenges presented by pancratistatin is the presence of 
six stereocenters on ring C. Li’s synthesis of pancratistatin utilized (+)-pinit01 as the starting mate- 
rial. Although relatively expensive, it has four stereocenters already present in pancratistatin. 
h) Asymmetric Strategy. The investigators approached the synthesis starting with optically pure 
(+)-pinitol. Unlike the previous syntheses of pancratistatin (except Pettit’s synthesis), where the 
researchers started with achiral starting materials and introduced asymmetry by enzymatic or 
chemical desymmetrization, Li and his coworkers approached the synthesis of (+)-pancratistatin 
utilizing a chiral pool starting material (+)-phito]. 
c) lnstullation of Stereocenters. (+)-Pinit01 has the correct stereochemistry at C1, C2, C3, C4 
carbons and opposite geometry at C4a and ClOb positions. Mitsunobu inversion of C4a followed 
by azide substitution successfully installed the C4a nitrogen present in pancratistatin. To attain 
inversion of ClOb, the investigators functionalized the trans C1 and C4a diol as a cyclic sulfate. 
Nucleophilic ring opening using arylcerium allowed for the coupling of the aromatic and the 
cyclitol portions of pancratistatin with the inversion of configuration at C1 Ob. 
d) Lactarn Formation. Phosgene mediated coupling of the amine 255 and the presumed interme- 
diate acid chloride 258 afforded the crucial amide 259. It was envisioned that generation of the 
carbanion in 260 by halogen metal exchange would cause nucleophilic ring opening of the cyclic 
sulfate closing the B ring of pancratistatin. The investigators could not accomplish this step with 
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MANPADI AND KORNIENKO 

,,\OMe phosgene mediated . 
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OH 0 MOM0 0 
pancratistatin 260 

OMe 

Staudinger 

258 
255 253 

OMe QMe 

Mitsunobu inversion differential - 
azide substitution protection of OH HO\v ~ 

5 H  functionality 6 H  
25 1 249 

Scheme 41 

traditional reagents such as ArLi and ArMg, which are strong bases and led to a complex mixture 
of products. The authors developed a new methodology using organocerium, a softer nucle- 
ophile, for the desired ring opening to obtain 261 in 72% yield. 
e )  Regioselective Introduction of the Substituents on the Aromatic Ring. Aromatic ring A was 
synthesized from 2,3-dihydroxybenzaldehyde following the procedure developed by Coleman 
and Gurrala (Scheme 42)P4 Formation of the presumed acid chloride 258 occurred ortho to the 
phenolic hydroxyl and para to an oxygen of the methylenedioxy moiety. 

BMPO,&JHO 95% 

73% 

262 263 Br 
264 

% NaOH BMpo&H BrCH2CI_ 96% (qBf 0 
OPMB 

256 
83% T 

Br 

265 Scheme 42 
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TOTAL SYNTHESIS OF PANCRATISTATIN. A REVIEW 

X. CONCLUSION 

The above discussion of the successful strategies, resulting in completed syntheses of 
the promising medicinal agent (+)-pancratistatin, illustrates the challenge of developing a prac- 
tical scalable pathway suitable for preparation of multigram quantities of this natural product. 
Pancratistatin has been in preclinical development for over 20 years with two major hurdles 
towards its advancement to clinical trials, namely its poor aqueous solubility (53 pg/mL) and 
lack of availability from natural sources. The first problem has been addressed in a variety of 
ways including the addition of DMSO or complex formation with nicotinamide to enhance the 
aqueous solubility.Y6 In addition, the use of a 40% aqueous solution of hydroxypropyl-P- 
cyclodextrin (HPCD) solubilizes pancratistatin up to 1.2 mg/mL?7 The best solution was, 
however, offered by Pettit’s group with the preparation of phosphate prodrugs 266 and 267 
( F i g .  12), which were designed to undergo non-specific dephosphorylation in biological 
systems with the release of pan~ratistatin.2~~~ These prodrugs have already shown efficacy in 
experimental in vivo cancer systems and their clinical development is anticipated?02’ Both 266 
and 267, however, are prepared from the natural product itself and the availability of pancratis- 
tatin has become an even more pressing necessity. 

OH 

U 

266 Fig 12 
267 

The nine successful synthetic pathways to pancratistatin are summarized in Table. 
Apart from a short 10-step relay synthesis of (+)-pancratistatin from its natural congener (+)- 

narciclasine, only two other synthetic sequences involve less than 15 steps. This number has 
been suggested by Hudlicky?’ and it serves as a good standard for evaluation of practicality of 
synthetic endeavors. The synthesis of Hudlicky, albeit short, is rather low yielding and very 
arduous. A number of important issues have to be resolved before the synthesis can be scaled- 
up. The shortest synthesis so far is the most recent report from Li’s group. It proceeds in 13 
steps and good 9% overall yield. The main drawback is the expense of the starting material, 
(+)-pinitol. The practicality, however, should also be assessed on the basis of the number of 
chromatographic purifications. The investigators are encouraged to combine sequential steps, 
so that crude material is utilized as often as possible, as well as replace chromatography with 
recrystallization whenever possible. On the basis of this criterion, none of the reported 
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MANPADI AND KORNIENKO 

syntheses stands out. The publications from Trost’s and Li’s groups, however, are in a 
communication format and full procedures have not been disclosed. Therefore, no evaluation 
can be done until full articles appear. 

Table 
Year Author #of Yielda Starting Material Price per # of Column 

stepsa % 10 grams Purifications 

1989 Danishefsky 27 0.16 pyrogallol $3.71 27 
1995 Hudlicky 14 2 bromobenzene $1 13 
1995 Trost 20 8 benzoquinone $3 1 NAb 
1997 Haseltine 24 0.97 benzoquinone $3 1 16 
1998 Magnus 22 1.2 o-vanillin $6 17 
2000 Rigby 23 0.35 methylcyclohex-3-enecarboxylate $18 17 
2001 Pettit 10 3.6 narciclasine NA“ 3 

2002 Kim 21 4 methyl gallate $12 15 
2006 Li 13 9 (+)-pinit01 $1,027 NAb 
a) Number of steps and overall yield from commercially available starting material for the 
longest linear sequence. One-pot procedures are counted as one step. If the utilized starting mate- 
rial is not commercially available, but had been reported previously by other investigators, the 
number of steps and yields were taken from the cited sources. b) Procedures are unavailable. c) 
Isolated from plant sources. 

Finally, the investigators are encouraged to continue optimizing their synthetic routes in 
search for practicality and scalability. The challenge of pancratistatin clearly requires multigener- 
ational synthetic effort to facilitate its long-awaited advancement to human clinical trials. 

Acknowledgement.- US National Institutes of Health (CA-99957 and RR-16480) are gratefully 
acknowledged for financial support. 
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Ac, acetyl; AIBN, azobisisobutyronitrile; Bn, benzyl; BOC, t-butoxycarbonyl; CSA, 
camphorsulfonic acid; DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene; DCC, N,”-dicyclohexylcar- 
bodiimide; DDQ, 2,3-dichloro-5,6-dicyano- 1,4-benzoquinone; DMP, Dess-Martin periodinane; 
DPPA, diphenylphosphorylazide; LDA, lithium diisopropylamine; mCPBA, rn-chloroperbenzoic 
acid; MsCl, methanesulfonyl chloride; NBS, N-bromosuccinimide; NMO, N-methylmorphoiine- 
N-oxide; PMB, p-methoxybenzyl; TBAF, tetra-n-butylammonium fluoride; TBSCI, t-butyl- 
dimethylsilyl chloride; Tf,O, triflic anhydride; TIPDSCI,, 1,1,3,3-tetraisopropyl- 1,3- 
dichlorosiloxane; TIPS, triisopropylsilyl; TMEDA, tetramethylethylenediamine; TMS, 
trimethylsilyl; TsCl , p-toluenesulfonyl chloride 
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