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ABSTRACT
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A series of six 2,5-disubstituted adjacent bis(tetrahydrofuran) stereoisomers with translerythro Icis, trans/threoltrans, or cis/threo/cis relative
stereochemistry have been synthesized from known dihydroxycyclooctenes via ring opening/cross metathesis and Pd(0)-mediated asymmetric

double cycloetherification. The stereochemistry of four of these isomers has been found in the biologically active annonaceous acetogenin

natural products.

Annonaceous acetogenins comprise a large class of natur{

products isolated from th&nnonaceae, a family of tropical
and subtropical trees and shruigsThe annonaceous aceto-
genins display a myriad of interesting biological properties
including anthelmintic, cytotoxic, antimalarial, antimicrobial,
antiprotozoal, and pesticidal activities. Annonaceous aceto-
genins are the most powerful known inhibitors of mitochon-
drial complex | (NADH/ubiquinone oxidoreductase) in mam-
malian and insect electron-transport systémhey are also
potent inhibitors of NADH oxidase in the plasma membranes Trilobin: R" = H; RZ = OH
of cancer cells. These actions decrease both oxidative and Squamocin-N Trlobecio: = OH; £~ H
cytosolic ATP production, which results in apoptosis through
ATP deprivatiort The annonaceous acetogenins have re-
ceived considerable attention in the synthetic community
because of their interesting structural and biological proper-
ties> Figure 1 shows representative annonaceous acetogenins
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that contain bis(THF) cores wittis/thred/cis, tranderythrd acetate)3 in excellent yield. However, RO/CM o,
cis, andtrans/threo/trangelative stereochemistry about the symmetric2 andent-2under the same conditions gave the
adjacent THF rings. corresponding diol bis(allylic acetates) in low yiéld.
We initially demonstrated the utility of asymmetric double Substituting 1,4-dibenzoyloxgis-2-butene and using (5
cycloetherification to construct 2,5-disubstituted bis(THF) mol %) yielded diol bis(allylic benzoate€) and ent-4 in
ring systems in a formal synthesis of uvariéim this letter, good vyield. In all reactions, the major product is that with
we present short, efficient syntheses of several diol bis(allylic all E double bonds, with a small amount®&fZ double bond
acetate) and diol bis(allylic benzoate) cycloetherification isomers also detectabléOur experience with asymmetric
substrates as well as a general approach to six stereoisomeridouble cycloetherificatiof has shown the presence BfZ
bis(THF) cores of annonaceous acetogenins and analoguessomers to be inconsequential. This independence of the
thereof. cycloetherification reaction on double bond geometry was
Our synthetic strategy is illustrated in Scheme 1. We verified for five-membered ring formation (vide infra).
envisioned using reagent control through asymmetric double  With the meso-symmetric bis(allylic acetate) and the
enantiomericC,-symmetric bis(allylic benzoate) substrates
] in hand, we systematically evaluated the Pd(0)-mediated
Scheme 1. Synthetic Strategy allsymme'tric doqble cycloetherification..A general representa—
tion of this reaction usingxR)-N-[2,(2-diphenylphosphino)-

//—Q—@—\\:>~© benzamidocyclohexyl] (2'-diphenylphosphino) benzamide

c ligand [(R,R)-DPPBA] and3 is shown in Scheme 3.
Pd°/DPPBAT lmeso‘” 2

diol formation

RO/CM
HO OH /
OAc AcO

Scheme 3. Double Cycloetherification o8

(R,R?—tjt()g)PBA
cycloetherification of diol bis(allylic acetates) to set the g _ Addive
outermost stereocenters of the bis(THF) cores to maintain Sotvent
Co-symmetry or to breaknesesymmetry. The requisite diol
bis(allylic esters) could be accessed via ring opening/cross Q Q o 4
metathesis (RO/CM) afeso- or G-symmetric dihydroxy- NH HN
cyclooctenes, which are availabfefrom inexpensive cy- PPh, PhyP
clooctadiene (COD). (R.A)-DPPBA

The syntheses aheso-diol bis(allylic acetated and C,-
symmetric diol bis(allylic benzoated)andent-4are shown
in Scheme 2. Known 1,2-dihydroxycycloocterigs2 2 and

Although early attempts resulted in complete conversion to
an adjacent bis(THF) core, we obtained a mixture of the

_ desired desymmetrized produgand two undesirecheso-

Scheme 2. Preparation ofmeso-Bis(allylic acetated and symmetric diastereomersand 8 in which stereochemical
C,-Symmetric Bis(allylic benzoateg) andent-4# errors had occurred in one of the THF ring-forming reactions.
aco—" \onc The configuration of the newly formed stereocenters in
10 mol % 5 N this Pd(0)-mediated, chiral ligand-controlled cycloetherifi-
CHZ%IS;yreﬂux OAc Aco” cation can be predicted using Trost’s transition-state model
HO 1 OH — shown in Figure 24 The phenyl groups from the,-
Mes—N___N-Mes
Cl ph
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80— \—o8s Zhang, Y.; Diaz, F. AOrg. Lett.2006 8, 2369. (d) Marshall, J. A.; Sabatini,

5 mol % 5 —/ RY<{R — J. J.0rg. Lett.2006,8, 3557. (e) Zhao, H.; Gorman, J. S .T.; Pagenkopf,

T oh.CL relux HO OH 2 B. L. Org. Lett.2006,8, 4379.
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Table 1. Optimization of Double Cycloetherification & with

4b THF N(Hex)sCle 50%sh 9:1%
3.5¢ CHyCles N(Hex)sCle 78%2 1.3:1%
7 dioxane N(Hex),Cle 89%¢  19.9:1% >200:1

(R,R)-DPPBA
[PA(0)]* solvent  additive yield dri er!
1 4b THF none 87%  2.12:1  25.7:1
2 8b THF none 74%¢  1.85:1%
3 20 THF none 58%  2.88:10
4 4b CHsCl, none T4%¢<  4.5:1%
5 3.5¢ dioxane none 89%=  1.8:1%
6 4b CH,Cl; NEtg? 76%" 1.53:1
7
8
9

* Reactions in THF and Cil, were run at ®C to room temperature.
Reactions in dioxane were run at room temperature. Legémdi % of
Pd(0) source?Pdy(dbay-CHCls; Pd(dbay; 92 equiv;60 mol %.f The sum
of separately isolated yields 6fand a mixture of7 and8 after extensive
chromatography? Yield of a mixture of6, 7, and8. " Reaction did not go
to completion. dr is the ratio of6 to the mixture of7 and 8.7 Ratio
determined by isolated yield$Ratio determined by quantitativéC NMR 2
I'See ref 18.

Maiched case Mismatched case Encouraged by this initial result, we examined several
potential influences on the diastereoselectivity of the cy-
clization. As mentioned earlier, the ring opening/cross
metathesis was an efficient way to acc8slsut left some

E/Z isomers in the product. The di-analogue of3 was

synthesizet? and subjected to the same Pd(0)/DPPBA
cycloetherification conditions. No change in the diastereo-

Figure 2. Transition-state model usin®{R)-DPPBA for matched
and mismatched cyclizations.

symmetric bis(diphenylphosphine) ligand surround the Pd
mr-allyl complex in such a way that they act as a “flap” and ) i
a “wall” as showns The Pd complex can undergo-o—x selectivity was observed, so we do not believe E&
interconversion, allowing Pd complexation to either face of ISOMers have any effect on the selectivity. Differences in
the z-allyl. The R group, representing the rest of the substrate geometry are no longer present in the cycloetheri-
molecule, can therefore be positioned in open space towardfication transition state if geometric isomerization of the Pd
aflap, which is the favored lower-energy complex, or toward “-allyl complex occurs> _ _
a wall, which is disfavored because of steric congestion. ~ Changing the concentration of Pd(0) in solution can also
With our substrates in this favored complex, when the affect the stereoselectivity of asymmetric allylic alkylation.
alcohol nucleophile is lined up for intramolecular attack, the Ll0yd—Jones found that at high Pd(0) concentrations the

rest of the molecule, Rwill either extend away into open discrete 1:1 ratio of Pd to ligand assumed thus far is in

space in the matched case, leading to acs&disubstituted ~ €duilibrium with several oligomers that are no longer
THF, or extend back toward the large Reallyl complex symmetricZWhen Pd(0) concentration was increased to 8

in the mismatched case, affording a Z:ans-disubstituted Mol % (entry 2), there was a slight decrease in diastereo-
THF ring. selectivity from the initial experiment, and when it was
decreased to 2 mol % (entry 3), there was a slight increase
in diastereoselectivity. Although consistent with the precedent
cited?! these variations in stereoselectivity were modest.

A substantial improvement in diastereoselectivity for this
double cycloetherification was accomplished through the
screening of several different solvents and additives. In the
absence of an additive, there was a slight improvement in
diastereoselectivity to 4.5:1 in GBI, when compared to
(14) Trost, B. M., Toste, F. DJ. Am. Chem. S00.999, 121, 4545, THF and dioxane as solvents (entries 1, 4, and 5). Additives

(15) Trost, B. M.; Machacek, M. R.; Aponick, Acc. Chem. Re2006 were found to change selectivity significantly. In &,
39, 747-760. ) ) the addition of NEf reduced the diastereoselectivity (entry
(16) We found thab could be isolated, buf and 8 were inseparable
from one another; so, the dr is reported as the ratié wf the mixture of
7 and8. (19) The synthesis of the al-3 is shown in the Supporting Information.
(17) Gawley, R. EJ. Org. Chem2006,71, 2411. (20) (a) Lloyd-Jones, G. C.; Stephen, S. C.; Fairlamb, I. J. S.; Martorell,
(18) The enantiomeric ratio (er) was determined by HPLC after deriva- A.; Dominguez, B.; Tomlin, P. M.; Murray, M.; Fernandez, J. M.; Jeffery,
tization. For all bis(THF) diene products, the terminal alkenes were J. C.; Riis-Johannessen, T.; Guerziz,Pure Appl. Chem2004,76, 589.
ozonolytically cleaved, reduced to the primary diol with NaBtnd (b) Fairlamb, 1. J. S.; Lloyd-Jones, G. Chem. Commur2000,24, 2447.
converted to the dibenzoate with BzCl and pyridine. Details and HPLC (21) Claridge, T. D. WHigh-Resolution NMR Techniques in Organic
traces are in the Supporting Information. Chemistry; Elsevier: Oxford, England, 1999; pp $146.

Initial conditions for the double cycloetherification in
Scheme 3 employed 4 mol % of Pd(0) in THF without any
additive. As shown in Table 1, these reaction conditions led
to a modest 2.12:1 diastereomeric ratio (dr) @to the
mixture of 7 and8'6 but an excellent enantiomeric ratio (€r)
of 25.7:1 for6 (entry 1)1 Note that two stereochemical
“errors” are required to fornent-6.
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6), possibly due to an increase in the rate of nucleophilic ||| llGTGNGNN

attack of the alcohd® decreasing the extent of interconver-
sion of r-allyl complexes and consequently decreasing the
ligand-mediated selectivity.

Addition of a chloride ion to Pd(0)-catalyzed allylic
substitutions is thought to promote interconversionrily!
complexes by coordinating to the Pd center and facilitating
o-complex formatiorf>23 allowing more rapidz—o—n
exchange. In this case, use of N(HgX)in dioxane led to
a dramatic increase in diastereoselectivity2(:1) and very
high enantiomeric ratios=(200:1) for the major diastereomer
(entry 9).

Application of these optimized conditions ®with the
enantiomeric DPPBA ligands is summarized in Scheme 4.

Scheme 4. Cyclization of 3 to Enantiomeridrans/erythro/
cis-Bis(THF) Core%

Pd(dba), Pd(dba),
(R,R)-DPPBA (S,5)-DPPBA
N({Hex),Cl N(Hex),Cl
6+7+8 = » ent6+7+8
Dioxane Dioxane
89% 81%
19.9:1 dr 14:1 dr
>200:1 er 180:1 er

a Diastereomer ratios determined by quantitafit@ NMR.

Cyclization using R,R)-DPPBA resulted in an 89% yield
of a mixture favoringé as a single enantiomer in a 19.9:1
dr. Using §,S)-DPPBA, we observed similar results, with a
mixture of 14:1 dr produced in 80% yield and an er of the
desired productent-6, of 180:1 as determined by chiral
HPLC18

With the success of the chloride ion additive in dioxane,
we applied these conditions to tk-symmetric substrates
4 andent-424 Scheme 5 shows the reaction of substrate
with (S,3-DPPBA, which yielded a 5.0:1 ratio of the desired
product10 and the undesired, dissymmetéiin 81% yield.
Double cycloetherification of with (R,R-DPPBA afforded
a 5.8:1 ratio of1l and 9 with 11 formed in 71.6:1 ef®

Scheme 5. Double Cycloetherification ofi?

¢H  Pd(dba)s Pd(dba),
0 (S.5-DPPBA  (R.R)-DPPBA
o N{Hex)(Cl N(Hex)4Cl
H  Dioxane Dioxane g
81% 80%
[ 5.0:dr 5.8:1dr
71.6:1 erof 11

aDiastereomer ratios determined by gquantitafit®@ NMR.

products from theC,-symmetric substrates are not as high
as in the desymmetrization ofieso-symmetric substrase
they are synthetically useful.

In summary, we have demonstrated a general, efficient,
two-step approach to 2,5-disubstituted adjacent bis(THF)
stereoisomers utilizing ring opening/cross metathesis and
Pd(0)-mediated asymmetric double cycloetherification. High
diastereomeric ratios (dr) and very high enantiomeric ratios
(er) were observed for the reagent-controlled asymmetric
double cycloetherifications in the presence of a chloride ion
additive. Differentiation of the homotopic or diastereotopic
terminal alkenes of these bis(THF) dienes is underway and
should provide rapid access to numerous adjacent bis(THF)-
containing annonaceous acetogenins.
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