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Boronolide was synthesized stereoselectively from hydroxyacetylfuran 5 and valeraldehyde 6 using a novel dizinc aldol catalyst. Ring closing
metathesis provides the lactone ring. The synthesis requires 12 steps and proceeds in 26% overall yield.

Polyhydroxylated natural products are abundant in nature. In this paper, we describe an efficient stereoselective
Fascinated by their broad range of biological activities and synthesis of (+)-boronolidé utilizing our aldol methodol-
structural diversity which range from simple carbohydrates ogy. Boronolide is a C12 lactone with a polyhydroxylated
to complex alkaloids and polyketides, synthetic chemists side chain isolated from the bark and brancheBeifadenia
continue to pursue their total syntheses and the development

of new methodologiesThe most direct and atom economical
method of assembling polyol functionalities is the aldol Scheme 1. Retrosynthetic Analysis
reactior? Catalytic enantioselective Mukaiyama type aldol : :
reactions have been the focus of various methodology
developments Despite their tremendous success in obtaining OR1 OR2

high yields and enantioselectivity, the preconversion of the (;‘ J\/\/

ketone nucleophile to a more reactive species such as a silyl ROM—— 5 OR)

enol ether is unavoidable in all these catalytic asymmetric \g/o . )

. enantioselective sy aldol
aldol reactions. We have recently reported the use of a novel
dizinc catalyst in direct aldol reactiohsvhich allows an
unmodified hydroxy ketone to add to an aldehyde to give a
syndiol product in high enantioselectivity and good diaster-
eoselectivity and yield (Scheme 2)Similar advances have ﬂ
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been reported by Shibasaki et al. and List et al. which utilize
chiral binol based catalysts or proline to perform direct aldol
reactions.

(1) Recent reviews of polyol natural product synthesis, see: (a)- \ OH
Rychnovsky, S. DChem. Rev1995,95, 2012. (b) Schneider, @ngew. 4
Chem., Int. Ed.1998, 37, 1375. See also: Enders, D.; Ince, S. J.;
Bonnekessel, M.; Runsink, |.; Raabe, 8nlett2002, 962.

(2) For reviews on asymmetric aldol bond constructions using chiral
enolates, see: (a) Evans, D.Asymmetric Syntl1984,3, 2. (b) Heathcock, O o
C. H. Asymmetric SyntH984,3, 111. (c) Heathcock, C. H.; Kim, B. M.; OH J\/\/
Williams, S. F.; Masamune, S.; Paterson, |.; Gennari, @dmprehensie H
Organic SynthesjsTrost, B. M., Fleming, I., Eds.; Pergamon Press: Oxford
1991; Vol. 2. (c) Franklin, A. S.; Paterson,Contemp. Org. Syntii.994,
1, 317.
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Scheme 2. Asymmetric Aldol

fruticosaand from the leaves dfetradenia barbergewhich

plan relies on the direct aldol reaction between hydroxy
acetylfuran5 and valeraldehydé to give syn-diol4 which
contains 8 of the 12 carbons of the natural product (Scheme
1). Appropriate functional group manipulations followed by
allylation will install the last stereogenic center, and ring
closing metathesis of an acrylic ester followed by global
deprotection should afford deacylboronolidewhich can
be easily converted to boronolideby acylation.

The synthesis began with a detailed study of the key aldol
reaction, and the results are summarized in Scheme 2 and
Table 1. The reaction required only 1.1 equiv of ketone

Table 1. Optimization of the Aldol Reactich

isolated yields

entry ligand syn/anti drb ee syn/antic
1d 7a 56/14 4.3:1 97/84
2 7a 78/16 4.6:1 97/84
3 7a® 58/13 351 95/81
4 7b 77115 4:1 93/83
5 7c 78/12 6:1 97/86
6f 7a 76/17 4.2:1 96/83

a All reactions were carried out on 2 mmol scale using 5 mol % catalyst,
1.1 equiv of ketone and 100 mg of 4 A molecular sieves in 0.33 M of THF
solution at—35 °C for 12 h unless noted otherwiseDetermined by NMR
of the crude reaction isolaté Determined by chiral HPLC using Chirapak
AD column; see Experimental Section for detaihis reaction was run
for 4 h.€2.5 mol % catalyst was usetiThis reaction was done on a 16
mmol scale of valeraldehydg

have been used as local folk medicine in Madagasgar and

southern Africal. Deacetylated® and dideacetylated borono-
lide 3 have been obtained froffetradenia riparig a central
Africa species typically employed by the Zulu as an emetic,
while an infusion of the leaf has been reported to be effective
against malari&® Previous asymmetric syntheseslofiere
mainly based on chiral pool starting material such as taftrate
or glucose? or by Sharpless dihydroxylatidéOur synthetic

(3) For reviews on catalytic enantioselective aldol reactions, see: (a)
Nelson, S. GTetrahedron: Asymmetr$998,9, 357. (b) Carreira, E. M.

In Comprehensive Asymmetric Catalysis; Jacobsen, E. N., Pfaltz, A.,
Yamamoto, H., Eds.; Springer; Heidelberg, 1999; Vol. 3, p 998. (c)
Sawamura, M.; Ito, Y. IrCatalytic Asymmetric Synthesnd ed.; Ojima,

l., Ed.; Wiley-VCH: 2000; p 493. (d) Carreira, E. M. I€atalytic
Asymmetric Synthesis, 2nd ed.; Ojima, |., Ed.; Wiley-VCH: 2000; p 513.

(4) Aldol reactions: (a) Trost, B. M.; Ito, HI. Am. Chem. So@000,
122, 12003. (b) Trost, B. M.; Ito, H.; Silcoff, E. R.. Am. Chem. Soc.
2001,123, 3367. (c) Trost, B. M.; Silcoff, E. R.; Ito, HDrg. Lett.2001,3,
2497. Nitro aldol reactions: (d) Trost, B. M.; Yeh, V. S.&xgew. Chem.,
Int. Ed. Engl.2002,41, 861. (e) Trost, B. M.; Yeh, V. S. C; Ito, H,;
Bremeyer, N.Org. Lett,2002, in press.

(5) For the catalytic asymmetric synthesissyh- oranti-diols by binol
type catalysts, see: (a) Yoshikawa, N.; Suzuki, T.; Shibasaki].MDrg.
Chem.2002,67, 2556. (b) Yoshikawa, N.; Kumagai, N.; Matsunaga, S.;
Moll, G.; Ohshima, T.; Suzuki, T.; Shibasaki, M. Am. Chem. So001,
123, 2466. For synthesis of anti-diols by proline: Notz, W.; ListJBAm.
Chem. Soc2000,122, 7386.

(6) (a) Franca, N. C.; Polonsky, J. ®. Acad. Sci. Parid971,273,
439. (b) Davis-Coleman, M. T.; Rivett, D. Phytochemistryl987, 26,
3047.

(7) Watt, J. M.; Brandwijk, M. G. BThe Medicinal and Poisonous Plants
of Southern and Eastern Africaivingston: Edinburgh, 1962; p 516.

(8) (a) Van Puyvelde, L.; Dube, S.; Uwimana, E.; Uwera, C.; Domisse,
R. A.; Esmans, E. L.; Van Schoor, O.; Vlietinck, Rhytochemistry1 979,

18, 1215. (b) Van Puyverde, L.; De Kimpe, N.; Dube, S.; Chagnon-Dube,
M.; Boily, F.; Borremans, F.; Schamp, M. J. @hytochemistry1981,20,
2753.
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nucleophile5 and was complete within 12 h (entry 1 vs 2).
In all cases, the enantioselectivity of the magyn diol
product was above 90% and the % ee of #méi product
was in the mid-80s. The reported yields were the isolated
yield of the respective majaynand the minoanti product
(vide infra for discussion of the minor product). Employment
of 5 mol % of catalyst ensured completion of the reaction
(entry 2 vs 3). Ligand7c gave a superior performance in
terms of diastereoselectivif§.The reaction was scaled up
to 16 mmol of aldehyde to give multigram quantities of the
desired product with consistent dr and ee from run to run
(entry 6).

With substantial amounts &fin hand, we continued the
synthesis ofl by protection of the diol as its corresponding
acetonide8 (Scheme 3). The reduction of ketoBeunder
Felkin—Anh control using L-selectride proceeded with
excellent diastereoselectivity (98:2)The secondary alcohol
was then protected as a TBS silyl ett8rThe furan was

(9) Ghosh, A. K.; Bilcer, G.Tetrahedron Lett200Q 41, 1003. First
recemic synthesis, see: Jefford, C. W.; Moulin, M.H&lv. Chim. Acta
1991,74, 336.

(10) Nagano, H.; Yasui, HChem. Lett1992, 1045.

(11) Honda, T.; Horiuchi, S.; Misutani, H.; Kanai, K. Org, Chem.
1996,61, 4944.

(12) Examples of L-selectride reduction of ketones via Felénh
model: (a) Nicolaou, K. C.; Daines, R. A.; Chakraborty, T. K.; Ogawa, Y.
J. Am. Chem. S0d988,110, 4685. (b) lida, H.; Yamazaki, N.; Kibayashi,
C.J. Org. Chem1986,51, 3769. (c) Faucher, A.; Brochu, C.; Landry, S.
R.; Duchesne, |.; Hantos, S.; Roy, A.; Myles, A.; Legault,Tétrahedron
Lett. 1998,39, 8425.
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Scheme 3. Propagation of Chiraliy Scheme 4. Endgane
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a(a) 2 mol % Grubbs’ cat., C}l,, 40 °C, 92%; (b) aq HF,

(o) 0, . -
a(a) DMP, Amberlyst 15, ChCly, rt, 98%: (b) L-selectride, THF, CHLCN, 65%2 and 30%15; () AGO, DMAP, i-PrNEL, CHCI,

° 0,
~100°C; H,0,, NaOH, 89%, dr 98:2; (c) TBSOT, 2,6-lutidine, 0 < 86%:
CH,Cly, 0 °C, 98%); (d) RuGl(cat.), NalQ, CCl, CHCN, H,0;
CH;N,, Et,0, 70%; (e) LiBH,, Et,O, MeOH, 0°C, 98%; (f) Dess— , " ,
Martin periodinane, CkCly, t, 100%; (g) ¢)-(Ipc).B-allyl, E,O, N-heterocyclic carbene-containing catalys CH,Cl, at 40
100°C; H,O,, NaOH, 85%, dr 8:1; (h) acryloyl chloridePr,NEt, °C, lactonel4 was obtained in 92% (Scheme 4). In contrast
CH.Cl, 0 °C, 89%. to the earlier synthesis of Gho8hhe reaction proceeded

well without the addition of Ti(Oi-Pg) using the second
generation Grubbs’ catalyst. Global deprotectiod4fising
oxidatively cleavetf using catalytic amount of Rug€hnd aqueous HF in CKCN occurred slowly. Deacetyboronolide
NalG, as the stoichiometric oxidant to give the corresponding 2 was recovered in 65% after stirring 5 days at room
acid which was directly converted to the methyl est@by temperature. Silyl ethet5was also recovered in 30% yield
treatment of the acid with ethereal diazomethane. Edler  and could be recycled under the same deprotection conditions
was converted via a two-step procedure to give aldefiylde  to give 2, [0]%, +75.9 (c2.87, EtOH); lit. [0f% +56 (c
quantitatively without epimerization of the-stereogenic  0.07, EtOHS® in near quantitative yield after 2 days. The
center. Diastereoselective allylation of the aldehydevas spectroscopic data ¢f (*H NMR, 3C NMR, IR) were in
more challenging than we anticipated. Using achiral allyl-
metal reagents, we were met with poor diastereoselectivi-
ties: allylation using allyltributyltin and Bf#EtO in

CH,Cl, at—78°C gave dr of 2:1; reaction with diallyl ziAe QH
in THF at—78°C gave dr of 1:1. Aldehyd&1 decomposed ] 3 4
under standard conditions for allylindium (allyl bromide, In OH 46

powder, THF/HO, rt).16 Obviously, the allylation did not
occur under simple Felkin—Anh control, and the influence
of the -stereogenic center may also influence the diastereo-
selectivity. The desired homoallylic alcohb? was finally
obtained in 85% by using Brown'’s chiral allylbordherhich
gave a dr of 8:1. The diastereomers could be separated
cleanly by silica gel chromatography, ah@was then treated
with acryloyl chloride and DIPEA to give the corresponding
acryloyl esterl3 in 89%. 17
The formation of thex, unsaturated lactone was achieved
by ring closing metathesi§.Thus, using 2 mol % of Grubbs’

(13) (a) Carlsen, P. H.; Katsuki, T.; Martin, V. S.; Sharpless, KJB.
Org. Chem.1981, 46, 3936. (b) Dondoni, A.; Franco, S.; Junquera, F.;
Merchan, F. L.; Merino, P.; Tejero, T. Org. Chem1997,62, 5497.

(14) Keck, G.; Boden, E. Pletrahedron Lett1984,25, 265.

(15) Nagaoka, H.; Rutsch, W.; Schmid, G.; lio, H.; Johnson, M. R.; Kishi, s 1.40 & 1.26 ppm
Y. J. Am. Chem. S0d 980,102, 7962.

(16) Paquette, L. A.; Mitzel, T. MJ. Am. Chem. S04.996,118, 1931. . L . .

(17) (a) Racherla, U.; Brown, H. Q. Org. Chem1991,56, 401. (b) Figure 1. Determination of absolute configuration ©6.
Brown, H. C.; Bhat, K. S.; Randad, R. $. Org. Chem1989,54, 1570.
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excellent agreement with the literat$fd=inally, peracylation
of 2 with acetic anhydride gaveH)-boronolide1, [a]%%
+29.5 (c1.56, EtOH); lit? [o] 26, +28 (c0.08, EtOH). The
spectral datall NMR, 13C NMR, IR) were identical to that
reported for the natural product its&las well as a synthetic
sample’

The diastereoselectivity of the aldol reaction can derive
from either (a) competitive addition to the enantiotopic faces
of the enolate and one face of the aldehyde, (b) competitive
addition to the enantiotopic faces of the aldehyde and one
face of the enolate, (c) indiscriminate addition to both
partners, or d) formation of botk and Z enolates. To 19 20
dete.rmine.the source Qf the _diastereoselectivity, the tlalbsoluteFiglJIre 2. Proposed transition states.
configuration of the minor diastereom#&8 was determined
by theO-methyl mandelate meth&tand is shown in Figure

L T_hus, Fhe minor dlastereomer has the same abSOI'“'tenas been achieved utilizing osyn-selective aldol catalyst.
conf|gurat_|on atc-2 and the epimeric one at C-3 compared o synthesis consists of 12 steps starting from commercially
to the major _dlastereomer. . N available valeraldehyde in 24% overall yield. The catalyst
On the bas's. of aur proposed mcitels deppted InFigure oy hibits high enantiotopic facial selectivity with respect to
2, the enolization of the ketone nucleophile is largélgnd theZ-enolate and the degree of such selectivity with respect

it forms a bidentate ligand bridging the two zincs. Coordina- to the aldehyde largely determines the diastereoselectivit
tion of the aldehyde as shown 19 then delivers the major y gey -

synproduct. When the coordination of the aldehyde is asin  acknowledgment. We are indebted to the National
20, then theanti product is formed. In line with our previous  |pstitutes of Health (GM13598) and the National Science
results}® ligand 7c exerts greater facial selectivity in the  Foundation for their generous support of our programs. Mass
binding of the aldehyde which in this case translates to an spectra were provided by the Mass Spectrometry Regional
increase in the dr of the products. Center of the University of CaliforniaSan Francisco,

In summary, a short and efficient stereoselective synthesissupported by the NIH Division of Research Resources. We
of the polyhydroxylated natural product (+)-boronolile  gjso thank professor Arun Ghosh bt and3C NMR of 1.

(18) For recent reviews on RMC, see: (a) Armstrong, SJKChem.

Soc., Perkin Trans. 1998, 371. (b) Furstner, AAngew. Chem., Int. Ed. Supporting Information Ava"able:. E?(perimental pro-
2000,39, ﬁOﬁS. = _ b cedures and spectroscopic characterization*tiR:*C NMR,
gsgg) Scholl, M.; Ding, S.; Lee, C. W.; Grubbs, R. Brg. Lett.1999,1, HRMS) of all key compounds. This material is available free

(20) Trost, B. M.; Belletire, J. L.; Godleski, S.; McDougal, P. G.; Of charge via the Internet at http://pubs.acs.org.
Balkovec, J. M.; Baldwin, J. J.; Christy, M. E.; Ponticello, G. S.; Varga,
S.L.; Springer, J. PJ. Org. Chem1986,51, 2370. OL026665I
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