Total Synthesis of ( +)-Brefeldin A
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ABSTRACT
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(+)-Brefeldin A was synthesized through an efficient route, which features (1) construction of the five-membered ring from a Crimmins aldol
via tandem Li —I exchange and carbanion-mediated cyclization with concurrent removal of the chiral auxiliary, (2) introduction of the lower side

chain (C10 to C16) via a Rh-catalyzed Michael addition of a vinyl boronic acid, (3) stereoselective reduction of the C7 ketone with Sml

(4) a 2-methyl-6-nitrobenzoic anhydride-mediated (Shiina) lactonization.

2, and

(+)-Brefeldin A (BFA, 1) is one of the naturally occurring

the natural compound itself, derivatives and analogues of

compounds of lasting interest over the decades. Since its firstBFA are also receiving more and more attention.

isolatiort in 1958, BFA has been a target of study for

In 2004 we reported an aldol approach 1oand its

numerous chemists and bio-scientists. In particular, in the 7-epimer?) The same strategy has also been applied to the
field of total synthesis more than 30 successful approachessynthesis of the 15-demethyl analogéiéhile that approach

have been documented during the past 30 yeamart from

(1) Singleton, V. L.; Bohonos, N.; Ullstrup, A. Blature(Londor) 1958
181, 1072—1073.

(2) (a) Corey, E. J.; Wollenberg, R. Hetrahedron Lett1976, 4705—
4708. (b) For syntheses of BFA before 1997, see a review: Kobayashi, Y.;
Watatani, K.Yuki Gosei Kagaku Kyokaisti997 55, 110-120; Chem.
Abstr. 1997,126, 185901. For recent total syntheses (from 1997 on) of
BFA, see: (c) Haynes, R. K.; Lam, W. W.-L.; Yeung, L. L.; Williams, 1.
D.; Ridley, A. C.; Starling, S. M.; Vonwiller, S. C.; Hambley, T. W.;
Lelandais, PJ. Org. Chem1997,62, 4552—4553. (d) Wang, Y.; Romo,
D. Org. Lett.2002,4, 3231—3234. (e) Trost, B. M.; Crawley, M. . Am.
Chem. Soc2002,124, 9328—9329. (f) Suh, Y. G.; Jung, J.-K.; Seo, S.-Y.;
Min, K.-H.; Shin, D.-Y.; Lee, Y.-S.; Kim, S.-H.; Park, H.-J. Org. Chem.
2002,67, 4127—4137. (g) Kim, D.; Lee, J.; Shim, P. J.; Lim, J. I.; Doi, T.;
Kim, S.J. Org. Chem2002,67, 772—781. (h) Kim, D.; Lee, J.; Shim, P.
J.; Lim, J. I.; Jo, H.; Kim, SJ. Org. Chem2002,67, 764—771. (i) Wu,
Y.-K.; Shen, X,; Yang, Y.-Q.; Hu, Q.; Huang, J.-Hetrahedron Lett2004
45, 199—202. (j) Wu, Y.-K.; Shen, X.; Yang, Y.-Q.; Hu, Q.; Huang, J.-H.
J. Org. Chem2004, 69, 3857—3865. (k) Seo, S.-Y.; Jung, J.-K.; Paek,
S.-M.; Lee, Y.-S.; Kim, S.-H.; Suh, Y.-Gletrahedon Let2006 47, 6527
6530 (formal synthesis). (I) Lin, W.; Zercher, C. K. Org. Chem2007,
72, 4390—4395 (formal synthesis).
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is efficient in constructing the key C4/C5 stereogenic centers,
the route to the key intermediate endhand the lower side
chain was rather lengthy. Establishment of the C7 stereogenic
center was also unsatisfactory. Efforts to circumvent these
drawbacks led to a much more efficient synthesi,afhich

is presented here below.

(3) (&) Argade, A. B.; Haugwitz, R. D.; Devraj, R.; Kozlowski, J.;
Fanwick, P. E.; Cushman, M. Org. Chem1998 63, 273-278. (b) Argade,
A. B.; Devraj, R.; Vroman, J. A.; Haugwitz, R. D.; Hollingshead, M.; Cush-
man, M.J. Med. Chem1998,41, 3337—3346. (c) Zhu, J.-W.; Nagasawa,
H.; Nagura, F.; Mohamad, S. B.; Uto, Y.; Ohkura, K.; Hori,Blorg. Med.
Chem.2000, 8, 455—463. (d) Zhu, J.-W.; Hori, H.; Nojiri, H.; Tsukuda,
T.; Taira, Z.Bioorg. Med. Chem. Letl997,7, 139—144. (e) Weigele, M.;
Loewe, M. F.; Poss, C. S.; Lazarova, T. (Ariad Pharmaceuticals, Inc.,
U.S.A.). PCT Int. Appl. WO 9521614 A1, Aug 17, 1995, 54 fghem.
Abstr.1996,124, 8507. (f) Weigele, M.; Loewe, M. F.; Poss, C. S. (Ariad
Pharmaceuticals, Inc., U.S.A.). U.S. US 5516921 A, May 14, 1996, 14 pp;
Chem. Abstr1996 125 58201. (g) Anadu, N. O.; Davisson, V. J.; Cushman,
M. J. Med. Chem2006,49, 3897—3900. (h) Hubscher, T.; Helmchen, G.
Synlett2006 1323-1326. (i) Shen, X.; Yang, Y.-Q.; Hu, Q.; Huang,
J.-H.; Gao, J.; Wu, Y.-KChin. J. Chem2007,25, 802—807.



One of the factors that contributed to the efficiency of the

The resultant was connectéd to the readily accessilfe

present approach was an expeditious synthesis (Scheme 1g¢hiral auxiliary 6 to afford the acyl oxazolidinthiond'.

of enone2, which exploited a cyclization initiated by the
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attack of an in situ formed vinyl lithium onto an internally
tethered carbonyl group with concurrent removal of the chiral
auxiliary. Successful execution of this plan called for facile
access to a vinyl halide building block of pure cis config-
uration. Consequently, quite a few known protoéalere
examined, including decarboxylative elimination aff-
dibromocarboxylic acids under microwave conditidns,
addition of catecholborane to a terminal alkyne followed by
halogenatiort” conversion of vinyl 1,1-dibromide into a cis
vinyl monobromide under the BBnH/Pd(PP¥), conditions’c
and Wittig reaction of P¥P=CHFY with an aldehyde.

Subsequent treatment @fwith the knowrl enal 8 under
the Crimming conditions afforded the enantiopure syn aldol
9in 90% isolated yield. Other diastereomers, formed in less
than 3% vyield altogether, were readily removed by chroma-
tography. The newly formed hydroxyl group $hwas then
protected with TBSCI/2,6-lutidine/DMF, leading to the TBS
ether10.

The tandem lithiurrriodine exchangecyclization reaction
was first attempted using an equimolar amounheBulL.i.

The exchange was expected to work well because vinyl
carbanions are more stable than alkyl carbanions in general.
However, the product in this case was rather complex,
containing several components apart from unreat€ahd

the expected chiral auxiliarg. Introduction of additional
n-BuLi (<0.3 mol equiv with respect td0) did result in
complete disappearance of the startifiy However, it also

led to an even more complex product mixture. Later, we
found in the literature that Negistiad used-BuLi to realize

a smooth lithium—iodine exchange/ring closure from a
simple amide precursor. Although the situation in our case
appeared to be more complicated because of the presence
of a chiral auxiliary and the high risk of subsequent elimi-
nation of theg-silyloxy group, to our gratification used
t-BuLi instead ofn-BuLi did indeed result in a great im-
provement. The number of components in the product mix-
ture was remarkably reduced. Through careful optimization
of the reaction conditions, we finally managed to obthin

in 75% yield?

Transposition of the carbonyl group il was executed
following Carnell’s® reduction-oxidation stratagem. The
ketone was first reduced to the alcohol under Ldéhe
conditions. The resultarit2 was then re-oxidized with PCC/
p-TsOH, giving enon& in 63% yield (from11). PCC/SiG!d
or PCC/4 A MS®% also afforded2 in 60—65% yield.
However, IBX/DMSG° oxidation did not lead to ang but
only 11.

Completion of a highly efficient route to enoeset the
stage for introduction of the lower side chain. In our first

However, none of them gave satisfactory results. The desired (5) (8) Apparu, M.; Demenge, P.; Fagret, D.; Ghezzi, C.; Majid, S.;

product was either formed in low yields or it was contami-

Mathieu, J.-P.; Manuclaire, L.; Pasqualini, R.; Vidal, M. PCT Int. Appl.
WO 9600717 Al, Jan. 11, 1996, 56 p@hem. Absrt1996,124, 288981.

nated with the undesired trans isomers. Finally, the problem (b) Corey, E. J.; Schmidt, GTetrahedron Lett1979,5, 399—402. (c)

was solved using Oshimd%protocol. Thus, by treating the
commercially available alkynd@ with DIBAL-H/InCl /Et;B/
I, very pure cis4 was cleanly formed in 82% yiel.

The alcohol4 was oxidized into the knowf acid 5 by
Jones oxidation in 95% yield. Use of PEX®r IBX/oxone*

here was less satisfactory (82% and 62% yield, respectively).

(4) (a) Kuang, C. X.; Senboku, H.; Tokuda, Metrahedron Lett2001,
42, 3893—-3896. (b) Brown, H. C.; Subrahmanam, C.; Hamaoka, T.;
Ravindran, N.; Bowman, D. H.; Misumi, S.; Unni, M. K.; Somayaiji, V.;
Bhat, N. G.J. Org. Chem1989,54, 6068-6075. (c) Uenishi, J.; Kawahama,
R.; Yonemitsu, O.; Tsuji, J. Org. Chem1998 63, 8965-8975. (d) Wang,
X.; Porco, J. A., JrJ. Am. Chem. So2003,125, 6040—6041. (e) Takami,
K.; Mikami, S.; Yorimitsu, H.; Shinokubo, H.; Oshima, K. Org. Chem
2003,68, 6627—6631. (f) To our knowledge, a clear-cut stereoselective

Thottumkara, A. P.; Bowsher, M. S.; Vinod, T. Rrg. Lett 2005 7, 2933~
2936.

(6) (a) Ho, G.-J.; Mathre, D. J. Org. Chem1995,60, 2271—-2273. (b)
Wu, Y.-K,; Yang, Y.-Q.; Hu, QJ. Org. Chem2004,69, 3990—3992.

(7) Crimmins, M. T.; King, B. W.; Tabet, E. Al. Am. Chem. S0@997,
119, 7883—-7884.

(8) Sawada, H.; Webb, M.; Stoll, A. T.; Negishi, ETletrahedron Lett.
1986,27, 775—778.

(9) A similar lithium—iodine exchange has been reported to be failed,
see: Morita, A.; Kuwahara, $rg. Lett.2006,8, 1613—1616.

(10) (a) Carnell, A. J.; Casy, G.; Gorins, G.; Kompany-Saeid, A.;
McCague, R.; Olivo, H. F.; Roberts, S. M.; Willetts, A.Jl.Chem. Soc.,
Perkin Trans. 11994, 3431—3439. (b) Buchi, G.; Egger, B.0rg. Chem.
1971, 36, 2021—2023. (c) Backstrom, P.; Okecha, S.; De Silva, N.;
Wijekoon, D.; Norin, T.Acta Chem. Scand. Ser. ®82,36, 31-36. (d)
Luzzio, F. A.; Moore, W. JJ. Org. Chem1993,58, 2966-2971. (e) Mehta,
G.; Murthy, A. N.; Reddy, D. S.; Reddy, A. \. Am. Chem. S0d.986,
108, 3443—3452. (f) Shibuya, M.; Ito, S.; Takahashi, M.; Iwabuchi, Y.

synthesis of this compound has never been documneted so far. For aOrg. Lett.2004,6, 4303—4306.

synthesis of cis/trans mixture df see: Nishida, A.; Shirato, F.; Nakagawa,
M. Tetrahedron: Asymmetrg000,11, 3789—3806.
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(11) Gemal, A. L.; Luche, J.-LJ. Am. Chem. S0d 981,103, 5454—
5459.
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generatiofi synthesis of BFA and many of previous ones, [ llNENENGTGNGNGNNGEGEGEGEEGEEEEEEEEE

this was accomplished via a Michael addition of an in situ Scheme 3
formed organolithium cuprate species. Although the best . o
yield of that approach exceeded 90%, the operation was y 9788 (COD=15Cyclooctadiene)
cumbersome and the outcome varied from run to run. Failure O~ %74 A1 [RhCKCOD)]; 8 8

. . . BnO (0.03 equiv) H
to meet the requirement for strict exclusion of oxygen/ 9 2 MeQH-H,0 OTBS
moisture and the precise stoichiometry of the reagents often OH  BnO Ton s 1
led to formation of only undesired side products. Besides, B ' ° ST
waste of 2 equiv of the optically active lower side chain there HO S(Cf‘l Table 1) N8 Mg,
was another shortcoming. During the present endeavor we (118 o00m) 18 T:FZ%I OBn

found, in the literature, that similar Michael additions could
also be achievéd using boronic acids and an appropriate

oTBS

Rh catalyst. Although the methodology was tested only on 7 =

relatively simple compounds (to our knowledge), the impres- HOW

sive yields, the need for only a slight excess of the boronic (OH H_

acids, and its operational simplicity encouraged us to examine 20 0% (Previously < 3:2) 20

it on our substrate.
The requisite lower side chaih8 was synthesized by _ _ _ _ o
incorporating different literature steps, as shown in Scheme With the simple substrates in the literature, the anticipated

2. The alcoholl5 was assembled from the commercially ketonel9was obtained cleanly. Although the yield is only
slightly higher than that in the previous lithium cuprate-

mediated protocol, the present approach is much simpler and
consumes less of the lower side chain.

SChCe):]e 2 It is noteworthy that although the rhodium catalyst is quite
= n-BuLi stable to air and moisture, it appears rather sensitive to
13 THE/-78 °C Li-BUOK D\ catechol. Compound8, when contaminated by traces of
H AMPA | 59% Il OH catechol (which is difficult to completely remove by routine
14&0 96% 15 16 workup or/and chromatography), did not undergo the Michael
4 122 (broadened) addition at all.

(hardly recognizable NaH | DMF

’ o, BnBr| 919 Reduction of C7 inl9was a challenge that remained from
g“/ Bn @EdBH Q our previoud work; where the best/s-OH ratio achieved
HO’wg e 89% Il OBn after screening a range of different reagents/conditions was
17 3:2 (by Corey-Bakshi—Shibat¥ reduction). In the hope of
finding better conditions in the present endeavor, we

i i ) examined three other reducing agents (Table 1), which are
available alkynel3 and epoxide 4 as reportetf by Nokami. less common compared with those tested earlier.
However, in the subsequent zip reaction (migration of

the triple bond) Lesot's Lilt BUOKH N CH )N, con
ditions gave significantly higher yields than Nokam¥s . .
KH/H.N(CH,),NH, (89% vs 68%). Protection of the hy- Table 1. Reduction of the C7 Carbonyl Group in Ketoh@

droxyl group in 16 with BnBr afforded the knowh 17. under Different Conditions (cf. Scheme 3 for the Structures)
Finally, treatment ofl7 with catecholborane followed by entry conditions a/f (total yielde)
alkaline hydrolysis yielded the desired boronic at&f"® 1 SmL,/i-PrOH/0 °C/24 h 5:16 (89%)
Addition of the boronic acid 8to enone2 was performed 2 Sm/cat. Io/i-PrOH/0 °C/30 h 5:1¢(77%)
under the Csaky'8" conditions (Scheme 3). Despite the 3 ¢-BuLi/DIBAL-H/—78 °C/1 h -OH only (95%)
presence of additional labile functionalities 2ncompared 4 n-BuLi/DIBAL-H/-78 °C/1 h 1:5¢(100%)
- - - - aBased on isolated productsCalculated from isolated isomersCal-
(12) (a) Sakai, M.; Hayashi, H.; Miyaura, ®rganometallics1997,16, culated fromtH NMR of the crude mixture.

4229—4231. (b) de la Herran, G.; Mba, M.; Murcia, C.; Plumet, J.; Csaky,
A. G. Org. Lett.2005,7, 1669—1671.
(13) Nokami, J.; Ohkura, M.; Dan-oh, Y.; Sakamoto, Tetrahedron

Let(tiifglﬁlt 2?962412 (with Jonil\% SRecifIiC rgtatign [epoge'g)-L , Interestingly, although the number of reagents examined
arenty, A.; Campagne, J.-M.; Aroulanda, C.; LesoD#f. Lett. . . . .
2002,4, 1663—1666 (the antipode a5). in this work is much smaller than that in the previgustudy,

(15) It should be noted that the olefinic carbon directly bonded to boron the results turned out to be much better. The SrRirOH?
in 18 appears ift3C NMR as an almost unrecognizable lump (caused by ; ; . ;
11B) at around) 122 as revealed by the HMQC experiment. The difficulty (Emry 1) gave a very pleaSIWﬁ ratio of 5:1, while the
in detecting this signal presumably misled some investigators to report only
one of the two olefinic carbones or to take the extra line (stemming from (16) (a) Corey, E. J.; Bakshi, R. K.; Shibata,JSAm. Chem. S04.987,
the trimer gradually formed on standing) for another olefinic carbon in 109 5551-5553. (b) For a review, see: Singh, V. 8ynthesid992 605—

similar cases, see, e.g.: (a) Morrill, C.; Grubbs, RJHOrg. Chem2003, 617.

68, 6031—6034. (b) Fairlamb, I. J. S.; Marrison, L. R.; Dickinson, J. M.; (17) (a) Singh, A. K.; Bakshi, R. K.; Corey, E. J. Am. Chem. Soc
Lua, F.-J.; Schmidt, J. BBioorg. Med. Chem2004,12, 4285—4299. Cf. 1987,109, 6187—6189. (b) Fukuzawa, S.-i.; Nakano, N.; Saitofur. J.
also the description in the Supporting Information section. Org. Chem.2004, 2863—2867.
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t-BuLi/DIBAL-H 8 (Entry 3) led exclusively to thg isomer.

1980. However, as in a recéntrelated transformation,

Thus, selective reduction of the C7 carbonyl group to either Shiina’$* MNBA (2-methyl-6-nitro-benzoic anhydride) was

isomer of the alcohol becomes much more feasible now.

found to be superior. In the present work we also tried

The subsequent steps were performed similarly to those MNBA. The results were quite satisfactory. While the yield

in our previoud work. The C7 hydroxyl group was masked

of 24 was essentially the same as the best achieved under

as a TBS ether (using a different reagent here). The Bnthe Yamaguchi conditions, the operation was remarkably

groups were cleaved under the Higonditions. The newly
released benzylic alcohol was selectively oxidized first with
MnO,?° and then NaCl@NaH,POy/methyl-2-butené! pro-
viding the hydroxy acid23 (Scheme 4).

Scheme 4
OTBS
2,6-lutidine TBS
OBn 1gsci con L 0Bn
————TB
= BnO 92%
H10
TBSQ 1) MnO, L[/Naphthalene 91%
2) NaCIO,
OTBS
0 =
23 H (H TN A~ _OH
~OTBS TBSO«
H
MNBA Oli;%’
DMAP 2 H

81% OTBS

2" B o
4
_~_ O
10 18
s 24 M

Yamaguch# lactonization has been the method of choice
for the ring-closure in all the relevant BFA syntheses since

2N HCI TBSO!:+

TTHE
93%

(18) (a) Bian, J.; Van Wingerden, M.; Ready, J. 8.Am. Chem. Soc
2006,128, 7428-7429. (b) Kovacs, G.; Galambos, G.; JuvancZynthesis
1977, 171-172.

(29) Liu, H.-J.; Yip, J.; Shia, K.-STetrahedron Lett1997,38, 2253—
2256.

(20) Papadooulos, E. P.; Jarrar, A.; Issidorides, Cl.10rg. Chem1966
31, 615—616.

(21) (a) Hillis, L. R.; Ronald, R. CJ. Org. Chem1985,50, 470—473.
(b) Bal, B. S.; Childers, W. E.; Pinnick, H. Wetrahedrornl 981, 37, 2091
2096.

(22) (a) Yamaguchi, M.; Innaga, J.; Hirata, K.; Saeki, H.; Katsuki, T
Bull. Chem. Soc. Jpr1979,52, 1989—1993. (b) In synthesis of BFA, the
yield of the ring-closure product(s) fluctuated considerably from run to run
(to our experience).

1536

simpler, and the yield no longer varied drastically from run
to run.

Finally, the TBS protecting groups were removed with 2
N HCI to yield the end product (+)-BFAL.

In summary, a concise enantioselective total synthesis of
natural BFA has been completed. The potentially interesting
elements encapsulated include (1) a facile access to pure cis
vinyl iodo alkenol4,?5 (2) direct formation of an enone from
a Crimmins aldol via tandem lithium—iodine exchange and
intramolecular neucleophilic addition with concurrent re-
moval of the chiral auxiliary, (3) use of a boronic acid as
the lower side chain and the Michael addition mediated by
a rhodium catalyst, (4) stereoselective reduction of the C7
ketone in an extremely difficult situation, and (5) a macro-
lactonization using MNBA, which is more convenient than
the Yamaguchi protocol (the best choice up to now in all
BFA syntheses involving similar lactonization).
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(23) Wu, Y.-K.; Yang, Y.-Q.J. Org. Chem2006,71, 4296—4301.

(24) (a) Shiina, I.; Kubota, M.; Ibuka, Rletrahedron Lett2002,43,
7535—7539. (b) Shiina, I.; Kubota, M.; Oshiumi, H.; Hashizume, M.
Org. Chem.2004,69, 1822—1830.

(25) Such pure cis-vinyl iodo alkenols (more difficult to obtain in pure
form than the corresponding trans isomers) may find diverse uses as
bifunctional building blocks in organic synthesis.
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