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Total Synthesis of Borrelidin
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Enzymatic desymmetrization
Regioselective methylation ‘
and directed hydrogenation  _ A

Stereoselective

Smi,-mediated intramolecular :'
Reformatsky-type reaction

Reformatsky-type reaction \

MgBryEt)O-mediated _
chelation-controlled =~

allylation Borrelidin (1)

The total synthesis of borrelidin has been achieved. The best feature of our synthetic route is
macrocyclization at C1:2C12 for the construction of an 18-membered ring after esterification between
two segments. A detailed examination of the macrocyclization led us to the samarium(ll) iodide-mediated
intramolecular Reformatsky-type reaction as the most efficient synthetic approach. The two key segments
were synthesized through regioselective methylation, directed hydrogenation, stereoselective Reformatsky-

type reaction, and MgBtEt,O-mediated chelation-controlled allylation.

Introduction

Borrelidin (1), a structurally unique 18-membered macrolide,
was first isolated fronBtreptomyces roché@i 1949 by Berger
et al. as an antibiotic possessing dadirrelia activity.! The
planar structure of borrelidin was elucidated by Keller-Schierlein
in 19672 and its absolute configuration was determined by
Anderson et al. by X-ray crystallography of a chiral solvate.
Structural and functional features of borrelidif) (nclude a
reduced polypropionate moiety with the 4,6,8,10-methyl groups
(borrelidin numbering) possessing a distinctive syn/syn/anti
relationship, aZ/E cyanodiene unit at C}2C15, and a

T School of Pharmacy, Kitasato University.

* The Kitasato Institute.

8 Yokohama College of Pharmacy.

I'Kitasato Institute for Life Sciences and Graduate School of Infection Control
Sciences, Kitasato University.
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cyclopentane carboxylic acid subunit at C17. These features
turned out to be identical to the previously reported antibiotic,
treponemycirf. Borrelidin (1) possesses interesting biological
activity including antibacterial activit}> which involves selec-
tive inhibition of threonyl tRNA synthetaseantiviral activity,
antiangiogenesis activifand inhibitory activity toward cyclin-
dependent kinase Cdc28/CIn2 8accharomyces cerisiae®

The biosynthesis of borrelidinl) has also been reported by
Salas and co-worket8:11

(5) Singh, S. K.; Gurusiddaiah, S.; Whalen, J. Ahtimicrob. Agents
Chemother1985 27, 239.

(6) Paetz, W.; Nass, CGeur. J. Biochem1973 35, 331.

(7) Dickinson, L.; Griffiths, A. J.; Mason, C. G.; Mills, R. Mature
1965 206, 265.
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Méndez, C.; Leadlay, P. F.; Salas, J. Ghem. Commur2003 22, 2780.
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TABLE 1.
Other Drugs

In Vitro Antimalarial Activities of Borrelidin (1) and
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SCHEME 1. Retrosynthesis of Borrelidin (1)

ICso (NM) A OTBS
compound K1 strain FCR3 strain OHG™ " o
borrelidin 1.9 1.8 ’ NC A‘\(')
artemether 7.6 2.2 =~ 3\ -
artesunate 11 2.7 Br ~OPMB
chloroquine 357 29
Borrelidin (1) 2
TABLE 2. In Vivo Subcutaneous Antimalarial Activities of J

Borrelidin (1) and Other Drugs

EDso EDgo .
parasite compound (mg/kg) (mg/kg) ‘S __ LOTBS Br
P. bergheiN® borrelidin 0.18 2.0 THPOM +
artemether 0.95 3.8 HO.C
artesunate 1.7 10.0
chloroquine 15 25 3 4
P. yoeliissp. N8 borrelidin 0.07 0.8
artemether 11 5.1 . .
artesunate 04 26.0 Results and Discussions
chloroquine 4.5 >100.0

aDrug-sensitive strair? Chloroquine-resistant strain.

Retrosynthetic Analysis. We envisioned a convergent ap-
proach toward borrelidinlj) via an intramolecular Reformatsky-
type reactio?? of a-bromo«,3/y,0-unsaturated nitrile2 with
macrocyclization at C1112 after esterification between acid

Recently, we also found borrelidin to exhibit potent antima- - 3 3nq alcoholt, as shown in Scheme 1. While the stereoselective
larial activity against chloroquine-resistant strains, both in vitro  constructions of the C11 stereogenic center and the trisubstituted
and in vivo!2 Borrelidin (1) was isolated from the cultured broth  glefin at C12-13 in the key reaction might cause difficulties,
of an actinomycete strain OM-0060 in a research center for we expected that this synthetic strategy would afford a concise
tropical diseases in the Kitasato Institute. The antimalarial route to borrelidin ) as elaboration of the long-chain seco acid,

activity of borrelidin () and the standard antimalarial drugs
used against K1 and FCR3 strainsRiasmodium falciparum
in vitro, and againsP. bergheiandP. yoelii ssp. NS in vivo,
are summarized in Tables 1 and®2# Borrelidin is a more

including stereogenic centers andzE)-diene, would not be
necessary (Scheme 1).

Synthesis of Acid 3.We started from the known chiral
monoacetat® (97% ee), which was readily obtained from the

potent antimalarial drug than artemether, artesunate, and chlo-Meso-diol5 by enzymatic desymmetrizatigfto give the acid

roquine, both in vitro and in vivo.

This interesting biological profile as well as the structural
complexity of borrelidin has prompted substantial synthetic
effort toward its total synthesis. Recently, four total syntheses

3 (Scheme 2). The conversion & to aldehyde8%* was
efficiently accomplished by a series of protections and depro-
tections followed by TPAP oxidation of the resulting alcofiol
(82% overall yield). The aldehyd®underwent clean addition

of lithium acetylide, prepared from known dibromoolefit®

of borrelidin have been reported by the representative groupspy treatment witt-BuLi, and was then quenched with MgO

of Morken !> Hanessiari® Theodorakis, and oursi® and three
studies toward the total synthesis have been preséttéd.
Herein, we provide a complete account of our synthetic studies.

(12) Otoguro, K.; Ui, H.; Ishiyama, A.; Kobayashi, M.; Togashi, H.;
Takahashi, Y.; Masuma, R.; Tanaka, H.; Tomoda, H.; Yamada, mur@,

S. J. Antibiot. 2003 56, 727.

(13) Otoguro, K.; Kohana, A.; Manabe, C.; Ishiyama, A.; Ui, H.; Shiomi,
K.; Yamada, H.; @nura, S.J. Antibiot.2001, 54, 658.

(14) Otoguro, K.; Ishiyama, A.; Ui, H., Kobayashi, M.; Manabe, C.; Yan,
G.; Takahashi, Y.; Tanaka, H.; Yamada, Hm@ra, S.J. Antibiot.2002
55, 832.

(15) Duffey, M. O.; LeTiran, A.; Morken, J. B. Am. Chem. So2003
125 1458.

(16) Hanessian, S.; Yang, Y.; Giroux, S.; Mascitti, V.; Ma, J.; Raeppel,
F.J. Am. Chem. So@003 125 13784.

(17) Vong, B. G.; Kim, S. H.; Abraham, S.; Theodorakis, E.Afgew.
Chem., Int. Ed2004 43, 3947.

(18) (a) Nagamitsu, T.; Takano, D.; Fukuda, T.; Otoguro, K.; Kuwajima,
I.; Harigaya, Y.; Onura, S.Org. Lett.2004 6, 1865. (b) Nagamitsu, T.;
Harigaya, Y.; Onura, S.Proc. Jpn. Acad., Ser. BO05 81, 244.

(19) (a) Haddad, N.; Grishko, M.; Brik, Aletrahedron Lett1997, 38,
6075. (b) Haddad, N.; Brik, A.; Grishko, Mletrahedron Lett1997, 38,
6079.

(20) Novak, T.; Tan, Z.; Liang, B.; Negishi, E.-l. Am. Chem. Soc.
2005 127, 2838.

(21) Krishna, C. V.; Maitra, S.; Dev, R. V.; Mukkanti, K.; Igbal, J.
Tetrahedron Lett2006 47, 6103.

CCl to furnish the corresponding methyl carbonhfe Subse-
guent decarboxylation of0 under Radinov conditioR% fur-
nished11 in 90% vyield over two steps. Removal of the PMB
ether of11 with DDQ led to homopropargyl alcoh@R in 97%
yield.

Next we turned to regioselective methylation of homoprop-
argyl alcohol12 to construct Z)-homoallylic alcoholl3 (Table
3). Ouir first attempt under the conditions reported by Schiavelli

(22) To see reviews of the samarium(ll) iodide-mediated Reformatsky-
type reaction: (a) Edmonds, D. J.; Johnston, D.; Procter, Dhdm. Re.
2004 104, 3371. (b) Ocampo, R.; Dolbier, W. R., Jretrahedron2004
60, 9325. (c) Kagan, H. BTetrahedron2003 59, 10351. (d) Molander,

G. A.Chem. Re. 1992 92, 29-68. (e) Molander, G. A. l€Comprehensie
Organic Synthesjsrost, B. M., Fleming, ., Eds.; Pergamon Press: Oxford,
U.K., 1991; Vol. 1, pp 253282.

(23) Fujita, K.; Mori, K. Eur. J. Org. Chem2001 66, 493.

(24) For another synthetic route, see: (a) Smith, A. B., Ill; Condon,
S. M.; McCauley, J. A.; Leazer, J. L., Jr.; Leahy, J. W.; Maleczka, R. E.,
Jr.J. Am. Chem. Sod997 119 947. (b) Smith, A. B., Ill.; Maleczka,

R. E., Jr.; Leazer, J. L., Jr.; Leahy, J. W.; McCauley, J. A.; Condon, S. M.
Tetrahedron Lett1994 35, 4911. Also see: (c) Roush, W. R.; Hoong,
L. K.; Palmer, M. A. J.; Straub, J. A.; Palkowitz, A. J. Org. Chem.
199Q 55, 4117.

(25) Paquette, L. A.; Guevel, R.; Sakamoto, S.; Kim, I. H.; Crawford, J.
J. Org. Chem2003 68, 6096.

(26) Randinov, R.; Hutchings, S. Detrahedron Lett1999 40, 8955.
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SCHEME 2. Synthesis of Homopropargyl Alcohol 12
1. TBSCI, Imid.,
CHyCly, r.t.
_ _ B _ 2. KoCO3, _ _ cat. TPAP,
R Lipase AK F R
HOu A _on _TPEeAK o o _ MeOHrt o _omepps _NMO.MS4A
THE, 5 °C 3. TBDPSCI, Imid., CHyCly, ..
5 (80%, 97% ee) 6 DMF, r.t. 7 (88%)
4. cat. PPTS,
EtOH, 50 °C
(93%, 4 steps)
J\)Bi
PMBO. A g
- s 9 PMBO. HO
OHC/;\/?\/OTBDPS , n-BuLi < H : DDQ A H H
THF, —20 °C CHCly-H0,
8 then MeO,CCI R OTBDPS 't » OTBDPS
(97%)

cat. Pd(PPha),, _

BugP, HCO,NH,, 10 R =0COMe

Toluene, 80 °C _

(90%, 2 steps) 1 R=H

SCHEME 3. Synthesis of Carboxylic Acid 3

1. cat. PPTS, DHP,

CHyCly, r.t.
cat. Rh[(nbd)dppb]BF,, s o s 2. TBAF, s or oz
H, (1Mpa) e THF, 0 °C A cHO
OTBDPS CH.Cly, r.t. MTBDPS 3. cat. TPAP, NMO, "
Ho (91%) HO Ms4°A, CHCl,rt. 0
13 14 (85%, 3 steps) 15
9 o
B’\)LN”(O s oz 1. TBSOTY, 2,6-lutidine, A
Bn)\/ , Smly A A A_OH CH,Cl,, 0°C A A A_LOTBS
3
THF, -78 °C . o] 2. LIOH, Hy0,, m
(92%) THF-H,0, 0 °C 2
THPO BN o THPO
(84%, 2 steps)
Ay 3
16
( + C3 epimer 6%)
SCHEME 4. Synthesis of Aldehydes 19 and 20 The Z stereochemistry of the constructed trisubstituted olefin
HO PMBCI,  HO 13 was confirmed by NOE experiments.
zj“‘\OH Nat b-“‘\OPMB ' Subsequent directed hydrogenafforof (Z)-homoallylic
DM E::jdmz:: alcohol13 using a catalytic amount of Rh[(nbd)dppb]BEder
. 18 CH,Cl,, . high pressure (1 MPa) gave alcohtd with the desired C8
(89%, stereochemistfy in 91% yield (Scheme 3). THP ether forma-
1) BnBr, NaH, 2 steps) tion, deprotection of the TBDPS ether, and TPAP oxidation
oHC 2) DbQ, O, OHC efficiently produced aldehydesin 85% yield over three steps.
~0Bn rt. zj«\‘\oma Stereoselective Reformatsky-type reaction of the aldeliyde
3) Dess-Martin \_/vith a chiral bromoacetyl oxa_z_olidinone using samarium(ll)
0 pccla_‘ricginar:e, ‘0 iodide under Fukuzawa’s conditicisfforded the correspond-
,Cly, 1.t.

(58%, 4 steps)

et al?” gave the desired produds in poor yield (16%) and
recoveredl2 (77%) (entry 1). Although it seemed likely that a
rise in the reaction temperature would lead to side reactions
such as oligomerization, we were pleased to find that this
reaction could be effected in a much improved, 80%, yield and
with a short reaction time if the reaction temperature was set at
—5 °C and excess M@l —TiCl, was used (entry 4). Reaction
with other titanium reagents did not proceed at all (entrieg)5

(27) (a) Schiavelli, M. D.; Plunkett, J. J.; Thompson, D. WOrg. Chem.
1981 46, 807. (b) Ewing, J. C.; Ferguson, G. S.; Moore, D. W.; Schults,
F. W.; Thompson, D. WJ. Org. Chem1985 50, 2124.
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ing adductl6 with the desired C®) stereochemistry in 92%
yield; the absolute configuration was confirmed by application
of the advanced Mosher ester analydiThe productl6 was
then subjected to TBS protection followed by removal of the
chiral auxiliary to give the desired ac@lin 84% yield over
two steps.

(28) Evans, D. A.; Morrissey, M. M.; Dow, R. [Tetrahedron Lett1985
26, 6005.

(29) Stereochemistries of C8 and C11 were confirmed by the achievement
of the total synthesis of borrelidirL).

(30) Fukuzawa, S.; Matsuzawa, H.; YoshimitsuJSOrg. Chem200Q
65, 1702.

(31) Ohtani, I.; Kusumi, J.; Kashman, Y.; Kakisawa, H.Am. Chem.
Soc.1991, 113 4092; also see the Supporting Information.
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TABLE 3. Regioselective Methylation of Homopropargyl Alcohol 12
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nOe
OO H
o o 5.5% (;
X - -
CHCl,  HO , OTBDPS
OTBDPS ¢
12 13
entry reagents temp time products {96)
1 MesAl (2.2 equiv), —78°C 2h 13(16), recovered 2 (77)
TiCl4 (1.1 equiv)
2 MesAl (2.2 equiv), 0°C 5 min 13(50)
TiCls (1.1 equiv)
3 MesAl (2.6 equiv), —20°C 3h 13(80)
TiCls (1.3 equiv)
4 MesAl (4.0 equiv), —-5°C 15 min 13(80)
TiCl4 (2.0 equiv)
5 MesAl (2.2 equiv), rt 12h no reaction
CpTiCl; (1.1 equiv)
6 MesAl (2.2 equiv), rt 10h no reaction
Cp.TiCl2 (1.1 equiv)
7 MesAl (2.2 equiv), 80°C 5h no reaction

Cp.TiCl; (1.1 equiv)

a|solated yield

TABLE 4. Stereoselective Allylation of Aldehydes 19 and 20

OHC

zj.»‘\on Allylation
o, .
19 R=PMB 21 R=PMB
20 R=Bn 23 R=Bn
entry aldehyde reagents solvent products (96)
1 19 allylMgBr THF 21(54),22(42)
2 19 allylIMgBr, ZnCl, Et,O —78t00 25h 21(18),22(16)
3 19 (—)-IpcoBallyl Et,O —78t00 1h 21(30),22(25)
4 19 (—)-lpcBallyl toluene —78t00 1h 21(33),22(30)
5 20 allyltrimethylsilane, TiCl} CH,Cl, —78 10 min 23(75),24(24)
6 20 allyltrimethylsilane, SnGl CH,Cl, —78 10 min 23(44),24(16)
7 19 allyltrimethylsilane, MgB3-Et,O CH.Cl; 0 6h 21(90),22(4.5)
8 19 allyltrimethylsilane, BR-Et,O CH.Cl, —78 30 min 21(35),22(42)

a|solated yield.

Synthesis of Alcohol 4.Next, we turned to preparation of
the alcohol4, starting from the known chiral dial7, which
was readily derived from succinic acid by Yamamoto asym-
metric carbocyclizatiod? Monoselective PMB protection of the
diol 17 followed by Dess-Martin oxidation of the resulting
alcohol 18 afforded aldehydd9 in 89% yield over two steps
(Scheme 4). The alcohdlB was also converted into aldehyde
20 via benzyl ether formation, deprotection of the PMB ether
with DDQ, and DessMartin oxidation in 58% yield over four
steps.

We then needed to perform stereoselective allylation of the
aldehydesl9 and 20 to construct the C13-hydroxy group
(Table 4). Treatment with allylmagnesium bromide (entries 1
and 2) and Brown allylatio® with (—)-Ipc,Ballyl (entries 3

(32) (&) Misumi, A.; lwanaga, K.; Furuta, K.; Yamamoto, Bl. Am.
Chem. Soc1985 107, 3343. (b) Fujimura, O.; de la Mata, F. J.; Grubbs,
R. H. Organometallics1996 15, 1865.

(33) Brown, H. C.; Randad, R. S.; Bhat, K. S.; Zaidlewicz, M.; Racherla,
U. S.J. Am. Chem. Sod.99Q 112, 2389.

(34) For the effectiveness of MgBE®0 in chelation-controlled ally-
lation, see: Williams, D. R.; Klingler, F. DTetrahedron Lett1987, 28,
869.

(35) lorga, B.; Ricard, L.; Savignac, B. Chem. Soc., Perkin Trans. 1
2000 3311.

and 4) led to low stereoselectivity. We therefore investigated
chelation-controlled allylation with allyltrimethylsilane in the
presence of Lewis acids. After screening of Lewis acids (entries
5-7), it was found that magnesium dibromiéigave the best
results, affording the desired CH{allyl adduct21 with high
yield (90% vyield) and diastereoselectivity (20:1 d.r.); the
absolute configuration was again confirmed by application of
the advanced Mosher ester analysis.

Stereoselective allylation d using the optimum conditions
(entry 7 in Table 4) is thought to occur via chelation of
magnesium dibromide with the formyl oxygen and the PMB
ether oxygen, with the allyltrimethylsilane adding to giéace
of the formyl carbon. Thee face of the formyl group is
considered to be sufficiently screened by the cyclopentyl group
to favor highly selective formation of the desired allyl adduct
21 (Scheme 5). Nonstereoselective allylation in the presence
of BFs*Et;O would support the chelation-controlled reaction
mechanism (entry 8 in Table 4). TBS protection of the secondary
alcohol followed by oxidative cleavage of the terminal olefin
afforded the corresponding aldehy@é quantitatively, which

(36) Blanchette, M. A.; Choy, W.; Davis, J. T.; Essenfeld, A. P.;
Masamune, S.; Roush, W. R.; Sakai,Tetrahedron Lett1984 25, 2183.
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SCHEME 5. Synthesis of Alcohol 4
Br
MgBr,-Et,0, | PMB
OHC Br—Mg--0 N WOH TBSOTf, N OTBS
S~OPMB TMs/\/ \ [ H 2,6-Iutidine H
\ < H ‘. ) ‘. .
2 ] T CHCln 0°C “opMB  CHzCl, 0°C “opmB
(90%) Si (99%)
!

19 /' 21 25
1. cat. 0sO,, NMO, OTBS LOTBS (EtO),P(O)C(Br\CN,

Acetone-H,0, r.t. OHC™ PhyP=CHCHO OHC™ ™" DBU, LiCl
2. Nalo,, ““opmB Benzene, 80 °C ““opmB MeCN, 0 °C

MeOH-H,0, 0 °C (73%) (96%)

(100%, 2 steps) 26 27

~OTBS HF-pyridine
N THF, r.t. "N
OPMB (94%) OPMB
28 a
SCHEME 6. Synthesis of Aldehyde 2

was then subjected to a Wittig reaction to give thHe-(
unsaturated aldehyd27 in 73% vyield. Subsequent Horner
Emmons olefination of the aldehyd® with diethyl bromo-
(cyano)methylphosphondbeusing DBU and LiCt#® furnished
the correspondingg,E)-vinyl bromide28%7 as a single isomer
in 96% yield. The TBS protecting group &8 was finally
removed by exposure to Hpyridine to provide the desired
alcohol4 in 94% yield.

Synthesis of the Key Intermediate Aldehyde 2The next
step was to obtain the key intermeditéor the intramolecular

Reformatsky-type reaction (Scheme 6). Esterification of the

carboxylic acid3 and the alcoho4 was performed under
Yamaguchi conditior?$ to give the corresponding est82 in

(37) (a) In early synthetic studies of borrelidin in our laboratory, the
model substrate R)-vinyl bromide] 31 had been synthesized by another
route which required more steps as follows: (i) Wittig reaction, (ii)
reduction, oxidation, and isomerization, (iii) conversion of aldehyde into
nitrile.

1) DIBAL,CH,Cly,
—78°C

PhPs_ CO,Et
oTBS 2) NtInOZ, CH,Cl,
. Br EtO,C rt
benzene, “ 3) cat. DMAP,
reflux Nopms  CHzCla, rt.
(98%) (93%, 3 steps)
29a
(Z:E=48:1)
1) NH,OH - HCl,
OTBS NMP, 50°C
(73%)
N 31
" 2) 1,1'-carbonyldiimidazole,
OPMB ™ c1,Cly, 1t
nOe 30 (92%)

10.3%

(b) In early synthetic studies of borrelidin in our laboratory, this Refor-
matsky-type reaction usir@fl and isobutyraldehyde had also been studied.
The resulting trisubstituted olefir33 was an E/Z mixture under any

\OPMB

EtzN, DMAP,
Benzene, r.t.

2,4,6-trichlorobenzoyl chloride,
(97%)

~opPMmB

OTBS
THPO\)/\/\;),

1. cat. PPTS,
EtOH, 50 °C

2. cat. TPAP,
NMO, MS4A,
CHyCly, r.t.

(73%, 2 steps)

OTBS

“oPMB

Wage
W?z

conditions, with the stereoselectivity dependent on the reducing agent (not 97% Yyield, which was then converted to the target aldel®&de
shown in Table 5). These results showed that the stereochemistry of theby THP deprotection followed by TPAP oxidation in 73% yield

trisubstituted olefin of the starting material would not be critical in the key
macrolactonization and led us to first seldcas the key intermediate for
the total synthesis, rather th&4i, which could be synthesized fro&V in
fewer steps.

(38) Inanaga, J.; Hirata, K.; Saeki, H.; Katsuki, T.; YamagauchiBml.
Chem. Soc. Jprll979 52, 1989.

(39) Maruoka, K.; Hashimoto, S.; Kitagawa, Y.; Yamamoto, H.; Nozaki,
H. Bull Chem. Soc. Jpri98Q 53, 3301-3307.

2748 J. Org. Chem.Vol. 72, No. 8, 2007

over two steps.

Macrocyclization 1: Intramolecular Reformatsky-Type
Reaction.Prior to carrying out the intramolecular Reformatsky-
type reaction, we conducted a study on the Reformatsky-type
reaction using a model substra®43’2 and isobutyraldehyde
(Table 5). In this case, use of zinc reagéht8and chromium
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TABLE 5. Model Study on Reformatsky-Type Reaction Using 31 and Isobutyraldehyde

OTBS +
“opme
31 33 34
entry reagents solvent temp time productsy%)
1 Zn, ERAICI, cat. CuBr, MS4A THF rt 2h 33(20),34(61)
2 EtZn, cat. RhCI(PP¥)3 THF 0°C 2h degradation products
3 Zn/Cu THF rt 12h 33 (trace),34(82)
4 Zn/Cu, BR-Et;0 THF rt 12h 33 (trace),34(73)
5 CrCh THF rt 2h no reaction
6 CrCh DMF rt 2h 33(26),34(48)
7 Smb THF —78°C 3h no reaction
8 Smb THF 0°C 2h 33(29),34(35)
9 Smb—HMPA (1:4) THF —78°C 30 min 33(42),34(2)
10 Smp—HMPA (3:2) THF —-78°C 30 min 33(65),34(32)

a|solated yield.

J/\/\gj,onas

SCHEME 7. Sml-Mediated Intramolecular Reformatsky-Type Reaction of 2
A~ _OTBS OTBS
Smly (15 equiv),
HMPA (10 equiv) | oHg” ™~ 0
22— —
THF, -78 °C, NG E 0
5 mM, 30 min DS H:. Hr..
-~ “OPMB 1oSm
N | ] N I

NaBH,, CeCly7H,0,
MeOH, 0 °C

(66%,
2 steps from 38)

39

Dess-Martin periodinane,
CH,Cly, r.t.

(

38 (19%)

37 (21%)

33% overall yield
from 2

)

dichloride* in DMF resulted in low yields, and along with the
desired producB3, the debrominated side produg# in 50 to
~80% vyield (entries 1, 3, 4, and 6). Next, treatment with
samarium(ll) iodidé? at —78 °C gave no reaction, and the
starting material was recovered quantitatively (entry 7). Al-

(40) Kanai, K.; Wakabayashi, H.; Honda, @rg. Lett.200Q 2, 2549~
2551.

(41) Gabriel, T.; Wessjohann, [etrahedon Lett1997 38, 1363-1366.

(42) (a) Inanaga, J.; Ishikawa, M.; Yamaguchi, @hem. Lett 1987,
1485-1486. (b) Shabangi, M.; Flowers, R. A., Metrahedron Lett1997,
38, 1137-1140. (c) Shabangi, M.; Sealy, J. M.; Fuchs, J. R.; Flawers,
R. A., ll. Tetrahedron Lett1998 39, 4429-4432.

though a rise in reaction temperature t6@ afforded a small
amount of the desired addu88, complex mixtures including
34 were also obtained (entry 8). To prevent decomposition of
31 and 33, we next examined using HMPA as an additive to
increase the reducing power of samarium(ll) iodide-@8 °C 42
Consequently, it was found that a 1:4 ratio mixture of samarium-
(I1) iodide and HMPA gave the desired add3&in 42% yield;

(43) In the following papers, the authors named similar reactions as the
Baylis—Hillman reaction. (a)Youn, S. W.; Park, H. S.; Kim, Y. Bhem.
Commun 200Q 2005-2006. (b) Concello, J. M.; Huerta, M.; Garfer
Granda, S.; Daz, M. R.Chem. Eur. J2003 9, 5343-5347. (c) Concelln,

J. M.; Huerta, M.J. Org. Chem2005 70, 4714-4719.
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13

49

FIGURE 1. Conformational analysis &9 and50.

SCHEME 8. Reformatsky-Type Reaction of 29a with

Isobutyraldehyde

OTBS Sml,, THF,
- -78°C

50

Favored by
ca. 2.9 kcal/mol

Isobutyraldehyde,

YN without HMPA
OPMB

Borrelidin (1) %

)/\/\Q’OTBS
AllylO,C
~“>oPMB

@

J/\/\Q,OTBS
A"Y'C’zc/\\/\% ~~0OPMB

37
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SCHEME 10. Synthesis of Aldehyde 43

PhSPY CO,Allyl

B AllylO,C
27
Benzene,
80 °C
(84%) "
HF-Py, THF,
r.t.
(96%)
opmB
45 A~ _A_OTBS
\ THPO. ., 0.
3, 2,4,6-trichlorobenzoyl chloride, ’
EtsN, DMAP, Br Ke
Benzene, r.t. - H -
(100%) AllylO,C A~ OPMB
46
PPTS, EtOH,
i oms (96%)
Br ,\\0
=
= H.. —
AllylO,C ~"~OPMB
a7 OTBS
TPAP,W f\/\g

MS4A, 0
CH,Cly, r.t.
(86%) AIIyIOZC ~0PMB

Using the optimum conditions obtained in the model study
(Scheme 7), we next attempted the intramolecular Reformatsky-
type reaction. Treatment of the key aldehy@leunder high
dilution gave not only the desired cyclized prod®at (21%
yield)?® but also the debrominated uncyclized compo@id
(13% yield), the cyclized compound with undesiraBlstere-
ochemistry at C1213 36 (22% yield), and the cyclized C11
epimer38(19% yield)?® The stereochemistries of the C123
olefin in the cyclized compounds were confirmed by NOE
experiments. The key reaction would proceed through a forma-
tion of vinylsamarium species #f Consequently, the likely
equilibria betweenK)- and @)-vinyl radical intermediates*t
and between vinylsamarium species Il and nitrile allenolate
intermediate 11l would lead to nonstereoselective construction
of the C11 stereogenic center and the trisubstituted olefin at
C12-13 in macrocyclization. Not surprisingly, treatment of a
stereocisomeR*® with a C12-13(2) trisubstituted olefin under
the same conditions also gave similar results, as shown in
Scheme 7. Fortunately, inversion of the hydroxyl group of the
C11 epimer38 by Dess-Martin oxidation followed by Luche
reduction (d.r= 12:1) was quite effective in affording7 in
66% yield over two steps. As a result, we could obtain the

however, many degradatlon compounds were also detecteddesired producd7 from the key aldehyd2 in 33% overall yield.

(entry 9). Careful follow-up experiments revealed that treatment
of the aldehyde31 with a 3:2 ratio mixture of samarium(ll)
iodide and HMPA at-78 °C afforded the desired addugs in
65% yield, representing with the best results (entry31D).

2750 J. Org. Chem.Vol. 72, No. 8, 2007

The key intermediate2 for macrocyclization could be
prepared by this convergent approach very efficiently; however,
the subsequent samarium(ll) iodide-mediated intramolecular
Reformatsky-type reaction only afforded a moderate yield of
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SCHEME 11. Smb-Mediated Intramolecular
Reformatsky-Type Reaction of 43

A OTBS

Br )\O
S

= H:. )

AllylO,C ~TOPMB

Smly, THF,
—78°C, 1 mM
without HMPA

+ an inseparable mixture of
diastereomeric cyclized products

(21%)

the desired produc®7. Further studies on the intramolecular
Reformatsky-type reaction of aldehy@eproved very difficult
because the cyclized products could be produced without
decomposition only under a limited set of reaction conditions.
Using a smaller amount of HMPA resulted in a lower yield of
the desired produ@7 along with the unreacted starting material
2, and using CrGlas an alternative reducing agent provided
the debrominated uncyclized compousfilas a major product
(70% vyield) with only a trace amount of the desired
product37.

Macrocyclization 2: Attempts to Improve the Intramo-
lecular Reformatsky-Type Reaction. In the course of the
model studies of the samarium(ll) iodide-mediated Reformatsky-
type reaction mentioned above, we also found tidiromo-
o,Bly,0-unsaturated este?9a8” was a much better substrate,
affording the desired produd® in excellent yield without the
debrominated productl, even in the absence of HMPA
(Scheme 8).

To improve the yield of the samarium(ll) iodide-mediated
intramolecular Reformatsky-type reaction, we next focused on
the allyl ested3instead of2, which would afford the cyclized
products includingd2 without decomposition and without the
formation of the debrominated uncyclized compound under
milder conditions (Scheme 9). Although in this synthetic strategy

(44) Curran, D. P. IlComprehensie Organic SynthesisTrost, B. M.,
Fleming, 1., Eds.; Pergamon Press: Oxford, U.K., 1991; Vol. 4, pp 715.
(45) Also see the Supporting information:

A OTBS
Br

S

1) 3, 2,4,6-trichlorobenzoyl chloride,
EtzN, DMAP, Benzene, r.t. (82%)

2) cat. PPTS, EtOH, 50°C (91%)
31

3) cat. TPAP, NMO, MS4A, CH,Cl,,
r.t. (76%)

(46) This reagent was synthesized from an allyl alcohol and bromoacetyl
bromide, according to the following papers on the synthesis of (ethoxy-
carbonylbromomethylidene)triphenylphosphorane: (a) Denney, D. B.; Ross,
S. T.J. Org. Chem1962 27, 998. (b) Kayser, M. M.; Zhu, J.; Hooper,

D. L. Can. J. Chem1997, 75, 1315.
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SCHEME 12. Conversion of 43 into 51 via Olefin
Isomerization
A A_0TBS
o) 1) Sml,, THF, 2) Dess-Martin
OHCJ/"\/\QI ) Z785C periodinane,
Br  ~9 CHoCl, Tt
= H:. —
AllylO,C ~~OPMB
43

4) NaBH,, CeCl5-7H,0,
MeOH, 0 °C
(61%, 4 steps)

other
diastereomeric products

(20%)

51

additional steps are required to convert allyl ed2into nitrile

37 for achievement of the total synthesis, we anticipated that
the overall yield would improve and the desired cyclized
intermediate42 would give new borrelidin derivatives with
modification at the nitrile group, which could not be synthesized
from natural borrelidin.

The aldehydé3was derived fron27 without any difficulties
according to the procedure shown above (Scheme 10). The
aldehyde27 was subjected to Wittig reaction with (allyloxy-
carbonylbromomethylidene)triphenylphosphoré&ne furnish
allyl ester44in 84% yield, which was treated with Hpyridine
for deprotection of the TBS ether to afford alcoldd in 96%
yield. Subsequent esterification 45 and3 under Yamaguchi
conditions provided diesté6 quantitatively. THP deprotection
followed by TPAP oxidation afforded the aldehyd®in 86%
yield over two steps.

We then turned to the samarium(ll) iodide-mediated intramo-
lecular Reformatsky-type reaction 48 (Scheme 11). As we
expected, the reaction proceeded smoothly even without the

J. Org. ChemVol. 72, No. 8, 2007 2751
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SCHEME 13. Unsuccessful Olefin Isomerization of 36

Ky

Dess-Martin
periodinane
HO (0] CH,Cly, r.t.
~>opPmB
36
DMAP
No reaction
CH,Cl,, r.t.
DABCO
Decomposed
CHyCly, r.t.

addition of HMPA to produce the separable major cyclized
product 48 in 79% vyield as a single diastereomer (C11

stereochemistry was not determined) and an inseparable mixture

of diastereomeric cyclized products in 21% yield. However, the
stereochemistry of the C2L3 olefin in the major product8
was determined to be the undesirgdonfiguration by NOE
experiments. Therefore, we next investigated olefin isomeriza-
tion of the cyclized mixture$’

Following a brief purification, the mixture of cyclized
products obtained by the intramolecular Reformatsky-type
reaction of43 was subjected to Desdvartin oxidation to
produce a mixture of ketoned49 and 50 (>4:1), which
underwent olefin isomerization without purification. Treatment
with a stoichiometric amount of DMAP at room temperature
for 7 days followed by Luche reduction afforded alcobdalin
61% yield over four steps from3 (Scheme 12). The stere-
ochemistries of the C11 hydroxy group and the €13 olefin
of 51 were unknown at this stage. The other recovered
diastereomeric products~@0%) were again subjected to a
sequence of olefin isomerizations as described to give alcohol
51. Conformational analysis @9 and50was carried out using
the following protocol. First, conformational searching was
carried out using the MMFF94 molecular mechanics force field
with the program CONFLEX%® Second, the conformation
structures obtained were further optimized using density func-
tional theory (DFT) together with the Perdewang LDA
functional (PWC}° and the double numerical plus d-functional
(DND) basis set, using the DMol3 package of Accelrysihet
The calculations revealed tha is ca. 2.9 kcal/mol more stable
than49 (Figure 1). Therefore, the resulting olefin isomerization
would proceed with an equilibrium existing between the ketones
49 and 50 upon addition and elimination of DMAP, and the
thermodynamically favore80 would be furnished as a major
product.

We also tried the olefin isomerization using the previous
undesired cyclized produc86 as shown in Scheme 13.
Unfortunately, reaction of the produb® obtained by Dess

(47) For a description of the previously observed nucleophilic equilibra-
tion of a,3-unsaturated carboxylic acid derivatives with DMAP, see: (a)
Keck, G. E.; Boden, E. P.; Mabury, S. A. Org. Chem1985 50, 709. (b)
Evans, D. A.; Black, W. CJ. Am. Chem. S0d.993 115 4497.

(48) (a) Goto, H.; Osawa, El. Am. Chem. Sod.987 111, 8950. (b)
Goto, H.; Osawa, EJ Chem. Soc., Perkin Trans.1®93 187. (c) Goto,

H.; Ohta, K.; Kamakura, T.; Obata, S.; Nakayama, N.; Matsumoto, T.;
Osawa, ECONFLEXS5 Conflex Corp.: Tokye-Yokohama, Japan, 2004.
(49) Perdew, J. P.; Wang, Yhys. Re. B 1992 45, 13244.
(50) Delley, B.J. Chem. Phys199Q 92, 508.
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SCHEME 14. Conversion of Allyl Ester 51 into Nitrile 38

DIBAL,
CH,Clp, =78 °C

(43%)

RO 54

RSM.
AlYIO,C B (+RSM.53)
“Sopms
TBSOT, B
2,6-lutidine, 51 R=0H
CHeCl2, 0°CL— 53 R=0TBS
(85%) L
PA(PPhg)s,

NaBH,, MeOH, 0 °C
(85%)

BOP, Et3N,
OTBS NHj in dioxane

THF, rt.
(69%)

56

1) DMC, TFA, E3N, HO
CHCly, r.t.

2) K,CO3, MeOH, NC
r.t.

(33%, 2 steps
not optimized)

38

Martin oxidation of36 did not proceed with DMAP and led to
decomposition of the substrates with DABCO.

We proceeded in turn to additional studies on the conversion
of 51into 37 (Scheme 14). Our first attempt was the construction
of a nitrile via an aldehyde. Protection of the secondary alcohol
of 51 furnished TBS ethe53 in 85% yield. Subsequent
chemoselective DIBAL reduction of the allyl ester group was
unsuccessful, affording the undesired aldeh§deas a major
product with recovere&3 due to the high susceptibility of the
lactone to DIBAL reduction. Therefore, we next focused on
the construction of a nitrile through amide formation. Depro-
tection of allyl esteb3 under standard conditions with palladium
catalyst gave carboxylic ackb in 85% yield with deprotection
of the C11 TBS ether. At this stage, tBestereochemistry of
the C12-13 olefin of 51 was confirmed by NOE experiments.
Treatment 065 with ammonia-dioxane solution in the presence
of BOP and EN provided amide56 in 69% yield. Finally,
dehydration of56 with 2-chloro-1,3-dimethylimidazolinium
chloride (DMCY?2 afforded the nitrile compound in 33% yield.
Although the yield was unsatisfactory, priority was given to
determination of the C11 stereochemistry of the nitrile com-
pound over optimization of the reaction. After comparison of
the spectral data, the nitrile compound proved to be the undesired
38, not37. This result showed that Luche reduction of flhiketo
allyl ester50 afforded the undesired C19)(alcohol stereose-
lectively in Scheme 12 and contrasted sharply with the results

(51) Delley, B.J. Chem. Phys200Q 113 7756.
(52) Isobe, T.; Ishikawa, TJ. Org. Chem1999 64, 6984.
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SCHEME 15. Third Retrosynthesis of Borrelidin (1)

Borrelidin (1)

/(\/\Q,OTBS

0

TIPSO

““SopmMB

@

f\/\g/OTBS

s

T|PSO\)\/\/& ~~~0OPMB

583 X= r

of Luche reduction ofs-keto nitrile 39 in Scheme 7, in which
the desired C1R) alcohol was obtained stereoselectively.
Although Mitsunobu reactions db1 under conditions using
DEAD/p-nitrobenzoic acid/PRR® and TMAD/p-anisic acid/
BusP>* were also attempted, the desired product with the C11-
(R) hydroxy group was not obtained.

As mentioned above, we found that samarium(ll) iodide-
mediated intramolecular Reformatsky-type reaction using the
new precursor43 instead of2 was quite effective for the
construction of the 18-membered macrocyclic ring even without
HMPA. Subsequent olefin isomerization also proceeded smoothly
to give the desired CI213(E) olefin in good overall yield.
However, we could not achieve efficient installation of the C11-
(R) hydroxy group by this route.

Macrocyclization 3: Nozaki—Hiyama—Kishi Reaction.
Seeking a more efficient synthetic strategy for the macrocy-
clization in the total synthesis of borrelidin, we selected the
Nozaki—Hiyama—Kishi reaction>56since the reaction is very
mild and tolerant of functional group diversity. In this case,
however, we needed to construct the trisubstituted vinyl halides
58a or 58b stereoselectively and to perform several steps for
elaboration of the nitrile group (Scheme 15). We expected that
this route would lead to an improvement of overall yield.

Synthesis of the trisubstituted vinyl halid@8aand58b was
commenced with Wittig olefination of the aldehy@&. The

(53) Mitsunobu, OSynthesis981 1.

(54) Tsunoda, T.; Yamamiya, Y.; Kawamura, Y.;
Lett. 1995 36, 2529.

(55) (a) Jin, H.; Uenishi, J.; Christ, W. J.; Kishi, ¥. Am. Chem. Soc.
1986 108 5644. (b) Takai, K.; Tagashira, M.; Kuroda, T.; Oshima, K;
Utimoto, K.; Nozaki, H.J. Am. Chem. S0d.986 108 6048.

(56) For recent reviews on Cr-mediated reactions, see: ‘(&}rar, A.
Chem. Re. 1999 99, 991. (b) Wessjohann, L. A.; Scheid, Synthesis
1999 1. (c) Saccomano, N. A. IB6omprehensie Organic Synthesigrost,

B. M., Fleming, |., Eds.; Pergamon: Oxford, U.K., 1991; Vol. 1, p 173.

Ito, Betrahedron
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Synthesis of Aldehydes 58a and 58b

a) PhsPyCOZEt
Br
Benzene, 80 °C
(81%)

SCHEME 16.

27

b) Fh;Pﬁ,COQEt

1
K,CO,, TBAB, - ';f:f EI" 29a,b
MeOH, r.t. =
(61%) DIBAL, CH,Cl,
0°C
HF-py, THF, r.t. ~OTBS

ah \
hoe i/ OPMB
a=3.1%
b=6.7% 59a (92%)
59b (91%)
“SopmB
60a (90%)
60b (95%)
TIPSO
el
TIPSOTH, 2,6-lutidine, OPMB
CH,Cl,, 0°C
61a (67%)
61b (75%)
AL AR OTRS
HO m
e |l o 1) 3, 2,4 6-trichlorobenzoyl chloride,
TIPSO e H.) _ s~opMmB EtgN, DMAP, Benzene, r.t.

2) PPTS, EtOH, 50 °C

62a (77%, 2 steps)
62b (83%, 2 steps)

|

'Y (0]
TPAP, NMO, MS4A = b
CH,Cly, r.t. TIPSO ~OPMB
58a (83%)
58b (82%)

trisubstituted vinyl bromid&29a" was obtained in 81% vyield
under standard conditions; however, synthesis of the trisubsti-
tuted vinyl iodide29b under the same conditions resulted in a
low yield and decomposition. After screening of several
conditions, Wittig olefination of the aldehy®¥ with (ethoxy-
carbonyliodomethylidene)triphenylphosphor&iie the presence

of K,CO; and a catalytic amount of tetrabutylammonium
bromidé™ was found to give the best results, affording the
trisubstituted vinyl iodide29b in 61% yield (Scheme 16). The
vinyl halides29aand29b were subjected to DIBAL reduction
to produce allyl alcohol$9a (92%) and59b (91%), whose
stereochemistries at the C123 olefin were determined to be
the desiredZ configuration by NOE experiments. Exposure of
59a and 59b to HF-pyridine gave diolss0a (90%) and60b
(95%). Subsequent selective protection of the primary alcohol
with TIPSOTf furnished alcohol§la (67%) and61b (75%).
Esterification between the carboxylic acddand the alcohols
6laand61b under Yamaguchi conditions followed by depro-
tection of the THP ether led to est&2a(77%, two steps) and

J. Org. ChemVol. 72, No. 8, 2007 2753
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SCHEME 17. Nozaki-Hiyama—Kishi Reaction of
Aldehydes 58a and 58b

P OTBS
§ 0
OHcm 58b X =| ———

X kY

= \ : 57 55%

TIPSO Hd_ ~~opmB Crg’:ﬁi:Nuctnz, 5
oL 63X=H11%
58a X =Br
CrClp, NiClz, e
57 13%,
+
recovered 58a 68%
57
dr.=2:1
SCHEME 18. Completion of the Total Synthesis of

Borrelidin (1)

1. TBSOTHf,
2,6-lutidine,
CHyCl,, 0°C

2.DDQ,
CH,Cly-H;0,
0°C

(68%, 2 steps)

8 P

64

1. Dess-Martin periodinane,
CHCl, r.t.

2. NaClO,, NaH,PO,-2H,0,
2-methyl-2-butene,
BuOH-H,0, r.t.

3. HF-pyridine,
THF, r.t.
(85%, 3 steps)

Borrelidin (1)

62b (83%, two steps). Finally, oxidation of the primary alcohol
with TPAP afforded the desired aldehyds3a (83%) and58b
(82%).

Intramolecular NozaktHiyama—Kishi reaction of58aand
58b was performed as shown in Scheme 17. In the reaction of
the vinyl bromide58awith 10 equiv of chromium(ll) chloride
in the presence of a catalytic amount of nickel(ll) chloride (1
mol %) in DMF (0.01M) at room temperature the cyclized
product57 was obtained in only 13% yield with low diaste-
reoselectivity (2:1 d.rf along with recovere&8ain 68% yield.

Nagamitsu et al.

vinyl bromide, and we expected an improved result for
intramolecular NozakiHiyama—Kishi reaction of the more
reactive vinyl iodide58b under the same conditions. However,
this reaction resulted in a moderate yield (55%p@fwith the
same diastereoselectivity (2:1 d.r.), accompanied by a 11% yield
of the proton substituted produgB. Use of DMSO as a solvent
gave no reaction, and increased amounts of chromium(ll)
chloride and nickel(ll) chloride did not yield improved results.
In this route, synthesis of the trisubstituted vinyl iod2ib by
Wittig olefination and NozakiHiyama—Kishi reaction as the
key reaction were unsatisfactory.

We investigated three synthetic strategies for macrocyclization
as mentioned above. The results demonstrated that among these
strategies the initial samarium(ll) iodide-mediated intramolecular
Reformatsky-type reaction using aldehy@lewas the most
efficient route, providing the shortest number of steps and the
highest overall yield of the key intermedia@@. Therefore, we
decided to adopt this initial macrocyclization approach for the
total synthesis.

Completion of the Total Synthesis of Borrelidin. In the
closing stages, TBS protection and removal of the PMB ether
provided the corresponding alcoh® in 68% yield over two
steps (Scheme 18), which was then subjected to a tandem
approach of oxidation of the primary alcohol followed by
deprotection of the TBS ether with H#yridine, affording
borrelidin (L) in 85% yield over three steps. Synthetic borrelidin
was identical to an authentic samble all respects.

Conclusion

In summary, we have accomplished the total synthesis of
borrelidin. The best feature of our synthetic route is a samarium-
(I) iodide-mediated intramolecular Reformatsky-type reaction
for macrocyclization, after esterification between two key
intermediates prepared by concise and efficient synthetic routes.
This strategy differs significantly from other total syntheses
reported previously. Other key features of our total synthesis
include regioselective methylation followed by directed hydro-
genation, MgBs-EtO-mediated stereoselective allylation, and
construction of the cyclopentane carboxylic acid subunit by
Yamamoto asymmetric carbocyclization. Development of bor-
relidin analogues as antimalarial agents are currently in progress
in our laboratory.

Experimental Section

(3S,4S,6S,8R,10S)-((S,3E,5E)-6-Bromo-6-cyand{I-R,2R)-
2-[(4-methoxybenzyloxy)methyl]cyclopentyl hexa-3,5-dienyl)
3-(tert-Butyldimethylsilyloxy)-4,6,8,10-tetramethyl-11-(tetrahy-
dro-2H-pyran-2-yloxy)undecanoate (32)To a stirred solution of
3 (113 mg, 0.239 mmol) in benzene (2.4 mL) was added
triethylamine (67uL, 0.479 mmol), followed by 2,4,6-trichloroben-
zoyl chloride (41uL, 0.263 mmol) at room temperature. The
resulting solution was stirred for 1 h, treated with a solutiord of
(130 mg, 0.311 mmol) in benzene (1.4 mL) and DMAP (38.0 mg,
0.311 mmol) in benzene (1 mL), and stirred for an additional 30
min. The reaction was quenched with saturated aqueous N@gHCO

This result was partly predictable due to use of the less reactivesolution, and the aqueous phase was extracted with EtOAc. The

(57) This reagent was synthesized from (carbethoxymethylene)tri-
phenylphosphorane ang &ccording to the following papers on the synthesis
of (ethoxycarbonyliodomethylidene)triphenylphosphorane: (a) Chenault, J.;
Dupin, J.-F. E.Synthesisl987 498. (b) Zhang, X.; Zhong, P.; Chen, F.
Synth. Commur2004 34, 1729.

(58) The C11 stereochemistry is unknown.
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combined organic extracts were dried over anhydrousSRaand
concentrated in vacuo. Flash chromatography (25:1 hexanes/EtOAc)
afforded32 (204 mg, 97%) as a colorless oit]fp —7.4° (¢ 0.76,
CHCl); IR (KBr) 2957, 2927, 2856, 1732, 1259, 1092, 1034 ¢m
IHNMR (270 MHz, CDC}) o 0.03 (s, 3H), 0.07 (s, 3H), 0.80

0.92 (m, 23H), 0.991.42 (m, 5H), 1.46:1.94 (m, 16H), 2.07 (m,
1H), 2.31-2.60 (m, 4H), 3.16-3.39 (m, 3H), 3.45:3.59 (m, 2H),
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temperature. The mixture was filtered through a pad of silica gel

and concentrated in vacuo. The residue was purified by flash

chromatography (10:1 to 5:1 hexanes/EtOAc) to aff8fd(6.10

Hz), 7.07 (d, 1HJ = 11.2 Hz), 7.24 (d, 2HJ = 8.6 Hz, ArH); mg, 13%),36 (10.5 mg, 22%), the desired¥ (10.2 mg, 21%), and

13C NMR (67.5 MHz, CDC}) 6 —4.7,—4.4, 14.5, 16.4, 16.5, 18.0, the C11 epimeB8 (9.20 mg, 19%) each as a yellow oil.

19.4,19.5, 20.4, 20.6, 25.0, 25.5, 25.8, 26.9, 27.0, 27.2, 29.6, 30.1, 36: [a]*p +16.2 (c 0.91, CHCY); IR (KBr) 3471, 2954, 2856,

30.6, 30.8, 30.9, 35.4, 36.4, 39.6, 39.9, 40.8, 40.9, 41.4, 45.1, 45.7,2213, 1738, 1644, 1613, 1587, 1514, 1464, 1362, 1301, 1250, 1174,

55.1, 61.9, 62.0, 71.5, 72.6, 73.7, 73.9, 74.0, 75.6, 85.0, 98.6, 98.9,1080, 1039, 973, 939, 836, 775, 758 ¢m'H NMR (400 MHz,

113.6, 114.4, 128.0, 128.9, 130.5, 141.5, 149.3, 159.0, 171.5; HRMSCDCl) ¢ 0.10 (s, 3H), 0.16 (s, 3H), 0.67 (m, 1H), 0.76 (d, 3H,

(FAB, m-NBA) [M + Na]* calcd for G7H;60;NBrSiNa 896.4472, J=6.6 Hz), 0.77 (d, 3HJ = 6.9 Hz), 0.72-1.66 (m, 26H), 1.67

found 896.4473. 2.19 (m, 6H), 2.26-2.62 (m, 4H), 3.27 (dd, 1H] = 9.0, 7.5 Hz),
(3S,4S,6S,8R,10S)-((S,3E,5E)-6-Bromo-6-cyand{l-R,2R)- 3.35 (dd, 1HJ = 9.0, 6.3 Hz), 3.69 (d, 1H]) = 9.0 Hz), 3.80 (s,

2-[(4-methoxybenzyloxy)methyl]cyclopentyl hexa-3,5-dienyl) 3H), 4.00 (dt, 1H,J = 8.8, 2.2 Hz), 4.39 (d, 1HJ = 11.7 Hz),

3-(tert-Butyldimethylsilyloxy)-4,6,8,10-tetramethyl-11-oxounde- 4.45 (d, 1H,J = 11.7 Hz), 5.15 (ddd, 1H] = 11.2, 7.0, 3.8 Hz),

canoate (2).To a solution 0f32 (195 mg, 0.223 mmol) in EtOH 6.53 (ddd, 1HJ = 14.5, 11.2, 1.6 Hz), 6.60 (d, 1Kd,= 11.2 Hz),

(5 mL) was added PPTS (28.0 mg, 0.112 mmol), and the resulting 6.87 (d, 1HJ = 8.7 Hz), 7.26 (d, 1HJ = 8.7 Hz);13C NMR (100

solution was stirred at 58C. After 10 h, the reaction mixture was ~ MHz, CDCk) 6 —5.0,—3.5, 15.4, 18.0, 18.1, 19.2, 20.1, 25.0, 25.6,

diluted with water, and the aqueous phase was extracted with25.9, 26.1, 29.0, 29.7, 30.2, 35.3, 35.5, 36.4, 37.6, 41.7, 43.2, 46.8,

EtOAc. The combined organic extracts were dried over anhydrous 48.8, 55.2, 72.8, 73.0, 74.3, 74.9, 79.7, 113.8, 114.6, 116.0, 140.9,

N&SO, and concentrated in vacuo. Flash chromatography (7:1 144.5, 159.2, 171.5; HRMS (FABn-NBA) [M + Na]" calcd for

hexanes/EtOAc) afforded the corresponding alch@l64 mg, C42Hs706NSiNa 732.4635, found 732.4640.

93%) as a colorless oilo]]?%, —10.2 (c 0.31, CHC}); IR (KBr) 37: [a]?p —19.0C° (c 0.54, CHCY}); IR (KBr) 3470, 2956, 2926,

3500, 2956, 2927, 1733, 1250, 1172, 1084, 1036%¢AH NMR 2853, 1737, 1513, 1463, 1249, 1079, 1036 &mMH NMR (270

(270 MHz, CDC}) 6 0.03 (s, 3H), 0.07 (s, 3H), 0.8@.91 (m, MHz, CDCk) 6 0.10 (s, 3H), 0.11 (s, 3H), 0.79 (d, 3d,= 6.9

24H), 0.94-1.41 (m, 4H), 1.451.81 (m, 9H), 1.88 (m, 1H), 2.06  Hz), 0.81 (d, 3HJ = 5.9 Hz), 0.86 (m, 3H), 0.89 (s, 9H), 1.03 (d,

(m, 1H), 2.3+2.60 (m, 4H), 3.243.47 (m, 4H), 3.80 (s, 3H), 3H,J = 6.6 Hz), 0.76-1.41 (m, 9H), 1.52-2.20 (m, 7H), 2.26-

4.06 (m, 1H), 4.37 (d, 1H) = 11.9 Hz), 4.41 (d, 1HJ = 11.9 2.25 (m, 6H), 3.17 (dd, 1H) = 8.9, 7.6 Hz), 3,34 (dd, 1H] =

Hz), 4.93 (m, 1H), 6.10 (m, 1H), 6.36 (dd, 18i= 14.8, 11.2 Hz), 8.9, 4.9 Hz), 3.80 (s, 3H), 4.04 (m, 1H), 4.08 (d, 1H+ 9.9 Hz),

6.87 (d, 2H,J = 8.6 Hz), 7.06 (d, 1HJ = 11.2 Hz), 7.24 (d, 2H, 4.38 (d, 1H,J = 11.9 Hz), 4.43 (d, 1HJ = 11.9 Hz), 5.02 (m,

J = 8.6 Hz);13C NMR (67.5 MHz, CDC}) 6 —4.7,—4.4, 14.4, 1H), 6.17 (m, 1H), 6.30 (dd, 1H} = 14.8, 10.9 Hz), 6.82 (d, 1H,

15.9, 18.0, 20.5, 20.6, 25.0, 25.8, 27.0, 27.2, 29.6, 30.1, 33.1, 35.4,J = 10.9 Hz), 6.87 (d, 2HJ) = 8.6 Hz), 7.24 (d, 2HJ = 8.6 Hz);

36.5,39.5,39.6,41.0,41.5,45.1, 45.7,55.1, 69.1, 71.7, 72.7, 73.9,53C NMR (67.5 MHz, CDC}) 6 —5.4,—4.4, 14.9, 17.9, 18.6, 19.8,

75.7, 85.0, 113.7, 114.4, 128.0, 129.0, 130.5, 141.5, 149.3, 159.0,20.7, 25.0, 25.9, 26.1, 26.2, 30.0, 30.3, 35.3, 35.6, 36.2, 36.4, 37.6,

171.6; HRMS (FAB,m-NBA) [M + Na]* calcd for GoHegOs- 42.7,43.4,43.6,48.1,55.3,72.6, 72.9, 73.8, 74.0, 75.2, 77.2, 113.8,

NBrSiNa 812.3897, found 812.3936. 115.5, 126.9, 128.9, 130.7, 139.7, 144.2, 159.1, 171.5; HRMS
To a solution of the alcohol (153 mg, 0.194 mmol) in £H (FAB, mNBA) [M + NaJ* calcd for GyHg7OsNSiNa 732.4635,

(4 mL) were added dried MS4 A (1 g), TPAP (3.40 mg, Qundol), found 732.4639.

3.80 (s, 3H), 3.86 (m, 1H), 4.06 (m, 1H), 4.41 (d, 1H= 11.9
Hz), 4.44 (d, 1HJ = 11.9 Hz), 4.57 (m, 1H), 4.96 (m, 1H), 6.11
(m, 1H), 6.37 (dd, 1H) = 15.2, 11.2 Hz), 6.87 (d, 2H] = 8.6

and NMO (45.6 mg, 0.388 mmol) at room temperature. The
resulting solution was stirred for 30 min and filtered through a silica
pad. After evaporation of the filtrate, the residue was purified by

38 [0]2% —17.6 (c 1.05, CHCH); IR (KBr) 3454, 2955, 2926,
2854, 1737, 1513, 1463, 1248, 1175, 1078 &mMH NMR (270
MHz, CDCk) 6 0.99 (s, 3H), 0.11 (s, 3H), 0.77 (d, 3H,= 6.9

flash chromatography (15:1 hexanes/EtOAc) to affdrd20 mg,
79%) as a colorless oilo]?>s —3.7° (¢ 0.19, CHCY); IR (KBr)
2955, 2929, 2856, 1731, 1513, 1462, 1249, 1084¢AH NMR
(270 MHz, CDC}) 6 0.03 (s, 3H), 0.07 (s, 3H), 0.8®.91 (m,
21H), 0.93-1.10 (m, 2H), 1.07 (d, 3H) = 6.9 Hz), 1.18-1.43
(m, 2H), 1.47-1.76 (m, 9H), 1.86 (m, 1H), 2.05 (m, 1H), 2:30
2.59 (m, 4H), 3.23-3.38 (m, 2H), 3.80 (s, 3H), 4.05 (M, 1H), 4.40
(d, 1H,J = 11.9 Hz), 4.44 (d, 1H) = 11.9 Hz), 4.96 (m, 1H),
6.10 (m, 1H), 6.36 (dd, 1H] = 15.2, 11.2 Hz), 6.87 (d, 2H =

Hz), 0.78 (d, 3HJ = 5.9 Hz), 0.86 (s, 9H), 0.88 (m, 3H), 1.05 (d,
3H,J=6.9 Hz), 0.72-1.17 (m, 5H), 1.2%+2.12 (m, 13H), 2.18&
2.40 (m, 4H), 3.27 (dd, 1H) = 8.9, 7.3 Hz), 3.36 (dd, 1H] =
8.9, 5.9 Hz), 3.80 (s, 3H), 4.00 (m, 1H), 4.40 (d, 1H= 11.9
Hz), 4.44 (d, 1HJ = 11.9 Hz), 4.54 (d, 1H) = 3.3 Hz), 5.04 (m,
1H), 5.90 (m, 1H), 6.38 (dd, 1H} = 14.2, 11.5 Hz), 6.74 (d, 1H,
J=11.5Hz), 6.87 (d, 2H) = 8.6 Hz), 7.25 (d, 2H,) = 8.6 Hz);
13C NMR (67.5 MHz, CDC}) 6 —5.2,—4.3,12.4,17.9, 18.5, 19.9,
20.7, 25.0, 25.7, 25.9, 26.0, 29.4, 30.2, 35.7, 35.9, 37.0, 37.4, 37.5,
8.6 Hz), 7.07 (d, 1HJ = 11.2 Hz), 7.24 (d, 2H) = 8.6 Hz), 9.61 41.6,43.8,46.4,48.4,55.2,72.0,72.8,73.2,74.3,74.7,77.2, 112 .4,
(d, 1H,J = 1.6 Hz);13C NMR (67.5 MHz, CDC}) 6 —4.7,—4.4, 113.8, 126.7, 129.0, 130.7, 142.2, 145.8, 159.1, 171.3; HRMS
13.0, 14.6, 18.0, 20.4, 20.5, 25.0, 25.8, 27.3, 27.4, 29.7, 30.2, 35.4,(FAB, m-NBA) [M + NaJ* calcd for G,He7OsNSiNa 732.4635,
36.3, 36.5, 39.5, 40.7, 41.5, 44.1, 45.1,45.2, 55.2, 71.5, 72.7, 74.0,found 732.4642.
75.6, 85.1, 113.6, 114.4, 128.1, 129.0, 130.5, 141.5, 149.3, 159.0, (2S,4E,6Z,8R,9S,11R,13S,15S,16S)-16-(tert-Butyldimethylsi-
171.6, 205.1; HRMS (FABm-NBA) [M + Na]* calcd for lyloxy)-8-hydroxy-2-{ (1R,2R)-2-[(4-methoxybenzyloxy)methyl]-
Ca2HesOsNBISiNa 810.3740, found 810.3770. cyclopentyl}-9,11,13,15-tetramethyl-18-oxooxacyclooctadeca-4,6-
(2S,4E,6Z,8R,9S,11R,13S,15S,16S)-16-(tert-Butyldimethylsi-  diene-7-carbonitrile (37) (Oxidation/Reduction of 38).To a
lyloxy)-8-hydroxy-2-{ (1R,2R)-2-[(4-methoxybenzyloxy)methyl]- solution 0f38 (13.2 mg, 18.6umol) in CH,Cl, (1 mL) was added
cyclopentyl-9,11,13,15-tetramethyl-18-oxooxacyclooctadeca-4,6-  Dess-Martin periodinane (22.6 mg, 55:8mol). After stirring for
diene-7-carbonitrile (37) (Intramolecular Reformatsky-Type 30 min, the reaction was quenched by saturated aqueosB0éa
Reaction of 2).To a solution of Sy (0.1 M solution in THF, 20 solution and saturated aqueous NaHG0Olution, and the aqueous
mL, 2.00 mmol) was added HMPA (244, 1.37 mmol) at room phase was extracted with GEl,. The combined organic extracts
temperature. The resulting solution was cooled-#8 °C, and2 were dried over anhydrous 80, and concentrated in vacuo. The
(54.2 mg, 68.9umol) was added dropwise over 30 min. After residue 89) was subjected to the next reaction without further
exposure to oxygen gas, the reaction mixture was treated with silica purification.
gel (20.0 g) and hexane (20 mL) and stirred for 20 min at room  To a solution of the crud89 in MeOH (1 mL) at 0°C was
added cerium(lll) chloride (14.0 mg, 372mol) followed by
(59) The chemical number of the alcohol in the Supporting Information Sodium borohydride (1.40 mg, 37.2nol). The reaction was stirred
is 32a for 10 min and then poured into water. The aqueous phase was
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extracted with EtOAc. The combined organic extracts were dried 171.4; HRMS (FABmM-NBA) [M + Na]* calcd for GoH730sNSiz-
over anhydrous N&O, and concentrated in vacuo. Flash chroma- Na 726.4925, found 726.4924.

tography (8:1 hexanes/EtOAc) afford&d (8.50 mg, two steps Borrelidin (1). To a solution 064 (8.80 mg, 12.5tmol) at room

66%) and38 (0.70 mg, two steps 5.3%). temperature was added Deddartin periodinane (10.6 mg, 25.0
(2S,4E,6Z,8R,9S,11R,13S,15S,16S)-8,16-bis(tert-Butyldimeth-  #mol). The mixture was stirred for 30 min. The reaction was

ylsilyloxy)-2-[(1R,2R)-2-(hydroxymethyl)cyclopentyl]-9,11,13,- quenched with saturated agqueous$@; solution and saturated

15-tetramethyl-18-oxooxacyclooctadeca-4,6-diene-7-carboni- ~ aqueous Nz5,0s solution, and the aqueous phase was extracted
trile (64). To a solution of37 (13.1 mg, 18.4umol) in CH,Cl, with CHCl,. The combined organic extracts were dried over
(200uL) cooled to 0°C was added 2,6-lutidine (4L, 31.4umol) anhydrous Ng50, and concentrated in vacuo. The resulting crude
followed by TBSOTf (6uL, 24.0 umol). The resulting solution aldehyde was subjected to the next reaction without further
was stirred at 0C for 1 h. The reaction mixture was diluted with ~ Purification. . )

water and extracted with Gi8l,. The combined organic extracts The crude aldehyde was dissolvediBUOH (250xL) and HO
were dried over anhydrous p&0, and concentrated in vacuo. Flash (250 L) at room temperature. 2-Methyl-2-butene 4F, 62.8
chromatography (25:1 hexanes/EtOAc) afforded the corresponding#mol), sodium phosphate (5.80 mg, 375ol), and sodium chlorite
bis-TBS ethef® (11.4 mg, 75%) as a colorless ottt —37.8 (3.30 mg, 37.5umol) were added to the solution. After 30 min,
(c 0.69, CHCH); IR (KBr) 2956, 2928, 2856, 1738, 1612, 1513, the reaction mixture was poured into water and th_e aqueous phase
1250, 1084 cm®; 'H NMR (270 MHz, CDC}) 6 0.00 (s, 3H), was extracted with EtOAc. The combined organic extracts were
0.05 (s, 3H), 0.10 (s, 3H), 0.12 (s, 3H), 0:78.20 (m, 17H), 0.90 dried over anhydrous N80, and concentrated in vacuo to give
(s, 9H), 0.91 (s, 9H), 1.232.09 (m, 11H), 2.162.33 (m, 5H), the corresponding carboxylic acid. o
2.52 (m, 1H), 3.17 (dd, 1H) = 8.6, 8.3 Hz), 3.35 (dd, 1H] = To a solution of the crude acid |.n.THF (2.0 mL) and pyrldlne
8.9, 4.9 Hz), 3.80 (s, 3H), 3.981.10 (m, 2H), 4.39 (d, 1H) = (1.0 mL) was added dropwise H#yridine (500uL). The solution
11.9 Hz), 4.43 (d, 1H) = 11.9 Hz), 5.02 (m, 1H), 6.096.32 (m, was stirred for 2 da_y_s. The resulting solution was filtered through
2H), 6.75 (d, 1HJ = 10.6 Hz), 6.87 (d, 2HJ = 8.6 Hz), 7.23 (d, a short plug of silica gel and concentrated in vacuo. Flash
2H,J = 8.6 H);13C NMR (67.5 MHz, CDC}) 6 —5.6, 4.9, —4.6, chromatography (30:1 hexanes/EtO_Ac) afforded borrelithifg.20
—3.5,15.3,17.9, 18.1, 18.5, 20.0, 20.7, 22.6, 25.0, 25.6, 25.7, 26.1,M9, 85% for three steps) as a white solid] —26.7 (c 0.10,
26.2,29.7,30.0, 30.2, 35.6, 35.9, 36.3, 37.1, 42.9, 43.5, 48.1, 55.2,EtOH), lit' —28" (EtOH); mp 146-142°C, authentic sample 141
72.6,73.3,73.9,74.0,75.3, 77.2, 113.8, 118.8, 127.1, 129.0, 130.7,143°C, lit! 145-147°C; IR (KBr) 3446, 2924, 2853, 1717, 1465,
139.0, 142.9, 159.1, 171.5; HRMS (FABFNBA) [M + NaJ* 1275, 1259 cm!; 'H NMR (400 MHz, CDC}) 6 0.73 (m, 1H),
calcd for GgHg10sNSiN 846.5500, found 846.5494. 0.80 (d, 3H,J = 6.3 Hz), 0.83 (d, 3HJ = 7.2 Hz), 0.84 (d, 3H,

To a solution of the bis-TBS ether (11.4 mg, 13.9 mmol) i,CH 1?16(21 H3Z|2|') 11055(3 131|_|E]m= éSHt‘; ';Z%zo(ggié‘l:(r?a%H?z %Eg)
Cl, (250 uL) and HO (50 L) was added DDQ (3.70 mg, 16.6 ' / Tl y i 5 ’ iy ,

5 . . . . 2.44 (dd, 1HJ = 16.8, 9.9 Hz), 2.492.78 (m, 4H), 3.87 (dt, 1H,
mmol) at 0°C. The reaction mixture was stirred for 15 min and J=19.9, 2.3 Hz), 4.11 (d, 1H] = 9.6 Hz), 4.98 (df, 1HJ = 10.6,

then poured into water. The aqueous phase was extracted with z _
EtOAc. The combined organic extracts were dried over anhydrous i435H21)1 g.ioz)(dgdésll(-g 1Hl]4.=5,1?§, SSE?,\?MSR? Eggoll\:]Hz
N&SO, and concentrated in vacuo. Flash chromatography (8:1 Cbél:;) 6. 14.9 ’16.9 18‘2 20.1 25'-’ 2 26’ 2 271 297 31.2 ’35 2
hexanes/EtOAc) afforde64 (8.80 mg, 90%, 68% for two steps) a5 ¢35 9 374 393 43.0 45.8 47.8.48.4. 69.8 73.1. 77.2 115.9

s ‘
o5 coress AL, 572 (0036, CHO IR (kB0 9447 115 1270, 1385, 14, 1722, 180 HRVS (FAREA)
! ’ ! ' ! ! ! ' i [M + Na]* calcd for GgH430sNa 512.2988, found 512.2978.

NMR (270 MHz, CDC}) 6 —0.01 (s, 3H), 0.05 (s, 3H), 0.11 (s,

3H), 0.13 (s, 3H), 0.80 (d, 3Hl = 5.9 Hz), 0.81 (d, 3HJ = 7.3 Acknowledgment. This work was supported in part by a
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—4.9,—-4.6,—3.4, 15.3, 17.9, 18.1, 18.4, 20.0, 20.7, 22.7, 25.1,
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