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Abstract: A convergent synthesis of
bafilomycin A, a potent inhibitor of V-
type ATPases, is presented. The syn-
thesis relies on the zinc triflate mediat-
ed diastereoselective addition of a
complex enyne to a sensitive aldehyde
as the key fragment coupling. A ruthe-

. - synthesis
nium-catalyzed trans-reduction of the

Introduction

Bafilomycin A; (1) was first isolated in 1983 by Werner and
Hagenmaier from a culture of Streptomyces griseus sp. Sul-
phurus!! and was classified as a member of the plecomacro-
lide family, a class of naturally occurring polyketides which
also includes the hygrolidines, the concanamycins, formamy-
cin and elaiophyllin.”! While the connectivity of bafilomycin
A, could be elucidated by extensive NMR experiments in
combination with IR and UV spectroscopy,!! the relative
and absolute configuration of the plecomacrolides was first
proposed by Corey using molecular modeling analysis on
the basis of NMR studies,™! and could subsequently be veri-
fied for bafilomycin A, by X-ray crystallographic analysis.”!
The structure of bafilomycin A, is characterized by a 16-
membered macrolactone ring with two distinct diene subu-
nits, an acid- and base-sensitive six-membered cyclic hemi-
ketal that is linked to the macrocycle by a three-carbon
spacer, and a characteristic hydrogen bonding network be-
tween the hydroxyl group of the hemiketal, the C17-hydrox-
yl group and the carbonyl group of the macrolactone.

The unique hydrogen-bonding network is believed to
impose a defined three-dimensional structure on bafilomy-
cin A, both in the solid state and in solution,” and thus
plays a crucial role for its biological activity. Apart from its
broad antibacterial and antifungal potency,! the ability of
bafilomycin A, to selectively inhibit V-type ATPases!® has
attracted much attention. V-type ATPases generate proton
gradients across vacuolar membranes, a function that is gen-
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resulting propargylic enyne efficiently
installs the required C10-Cl13 trans,-
trans-diene subunit, implementing an
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alternative strategy to traditional palla-
dium-catalyzed cross-coupling strat-
egies. A highly selective oxidation of a
secondary hydroxyl group in a triol sets
the stage for the completion of the syn-
thesis.

erally important in the pH regulation within cell compart-
ments. As multiple diseases, with osteoporosis being the
most prominent one, are associated with pH regulation, the
potential of bafilomycin A, and related analogs as drug can-
didates was demonstrated by development of structure-ac-
tivity relationships.”

The unique biological and structural properties of bafilo-
mycin A; have attracted significant attention from the syn-
thetic community. Since its discovery, total syntheses have
been reported by the groups of Evans® Toshima,”
Roush,' and Hanessian.'!l The Marshall group published a
synthesis of bafilomycin V;,/¥ a derivative obtained by
methanolysis of the natural product, and numerous ap-
proaches to fragments have been described. While the
four previously published syntheses of bafilomycin A, differ
in the methodologies used to assemble the aldol-type struc-
tures of the respective fragments, they all rely on a common
palladium-catalyzed Stille or Suzuki cross-coupling strategy
to join the two major fragments under mild conditions by
formation of the C11-C12 bond, at the same time installing
the challenging trans,trans-diene portion of the molecule.

Our interest in bafilomycin A; was stimulated by the op-
portunity to explore and evaluate new reaction methodology
in the context of the synthesis of a complex polyketide. A
preliminary report of our synthesis of bafilomycin A; was
published in 2009.% Specifically, we intended to take ad-
vantage of the magnesium-mediated diastereoselective ni-
trile oxide cycloaddition™! to establish the four contiguous
stereogenic centers at C15 to C18 with their challenging syn-
anti-syn relationship, and the stereoselective zinc triflate
mediated addition of terminal alkynes to aldehydes as the
key step for fragment coupling."® In combination with the
development of conditions for an efficient enyne semireduc-
tion of the resulting enyne to access the trans,trans-1,3-diene
motif corresponding to the C10-C13 portion of the mole-
cule, this approach would introduce a novel and alternative
strategy to the Pd-catalyzed coupling reactions commonly
used for the installation of trans,trans-diene units.
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In our retrosynthetic analysis of bafilomycin A,
(Scheme 1), the C21-C25 portion of bafilomycin A; would
be introduced by a Mukaiyama aldol reaction, related to the
approach developed by Roush.'”! The methyl ketone 3
could be accessed from linear enyne 4 in a sequence consist-
ing of trans-selective semireduction, macrolactonization and
oxidation of the C19 hydroxyl group. Propargylic enyne 4
could be assembled using the zinc triflate-mediated addition
of C1-C13 fragment 6 to aldehyde 5. A nitrile oxide cyclo-
addition would provide aldehyde 5, and the stereogenic cen-
ters of the enyne fragment 6 could be set using a Myers al-
kylation and a Masamune anti-aldol addition.
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Scheme 1. Retrosynthetic analysis of bafilomycin A, (1).

Results and Discussion

Synthesis of the C1—C13 enyne fragment: In the first-gener-
ation synthesis of the C1-C13 fragment 6, the stereogenic
center at C8 was set using a diastereoselective Myers alkyla-
tion'”! of (—)-pseudoephedrine-derived propionylamide 7
with propargyl bromide at —78°C, providing the alkylation
product 8 as a 94:6 mixture of diastereomers!' in combined
65% yield (Scheme 2). Attempts to recrystallize the oily
alkyne 8 and thus increase the diastereomeric purity of the
alkylation product failed. Reductive cleavage of the (—)-
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Scheme 2. First-generation synthesis of alcohol 10. a) LDA, LiCl, THF,
—78°C — RT, 75 min, then propargyl bromide, —78°C, 4.25 h, d.r. 94:6,
65%; b) LDA, BH;:NH;, THF, 0°C — RT, 30 min, then amide 8, RT,
2 h, 50%; c) [Cp,ZrCl,] (40 mol %), AlMe;, CH,Cl,, —10°C, then alcohol
9, RT, 12.5 h, then I,, THF, —40°C — RT, 30 min, 74 %.

pseudoephedrine auxiliary with lithium amidoborate
(LAB)"4¥ provided alcohol 9, the isolation of which
proved to be a challenging task as a result of its volatility™
and the formation of small amounts of 1-butanol® as a side
product under the reaction conditions, formed by reductive
opening of THF.*

With alcohol 9 in hand, the introduction of the vinyl
iodide moiety by a Negishi carboiodination®! reaction using
trimethylaluminum and iodine was performed next.* Prod-
uct 10 could be reliably isolated in about 70 % yield at reac-
tion scales below one millimole, yet yields dropped signifi-
cantly on scale-up because of incomplete turnover in the ini-
tial carboalumination step. Attempts to increase the rate of
carbometallation by addition of water according to the
modification reported by Wipf and co-workers®' did not
lead to any improvement (Scheme 2).

As a result of the encountered problems, a modified ap-
proach to alcohol 10 was developed (Scheme 3). By incorpo-
ration of the vinyl iodide moiety into the electrophile used
in the Myers alkylation reaction, the troublesome Negishi
carboiodination became obsolete, and the increased molecu-
lar weight of all intermediates decreased their volatility and
therefore facilitated the isolation.

Allylic bromide 12 was identified as suitable alkylating
agent, easily accessed on large scale from known alcohol
117 by transformation of the hydroxyl functionality into
the mesylate and in situ displacement with bromide.”!
Mpyers alkylation with excess propionylamide 7 under stan-
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Scheme 3. Second-generation synthesis of alcohol 10. a) Ms,O, LiBr,
NEt;, Et,0, —65°C — 0°C, 2h; b) LDA, LiCl, THF, —78°C — 0°C,
1.5 h, then allylic bromide 12 (0.7 equiv), 0°C, 20 h, d.r. 97:3, 87% (two
steps); ¢) LDA, BH;-NH;, THF, 0°C — RT, 30 min, then amide 13, RT,
3h,87%.
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dard conditions furnished the alkylated product 13 with a
diastereoselectivity of 97:3 in 87% yield over two steps
from alcohol 11. After removal of excess propionylamide 7
by chromatography on silica gel, the product was obtained
as white crystalline solid. Recrystallization from toluene
provided essentially a single diastereoisomer in 88 % yield.
As before, reductive cleavage of the pseudoephedrine auxili-
ary was performed with lithium amidoborate!™ to give the
previously synthesized alcohol 10 in 87 % yield. Determina-
tion of the enantiopurity of alcohol 10 by HPLC on a chiral
stationary phase® showed an enantiomeric excess of
>99% ee.

Oxidation of alcohol 10 to the corresponding aldehyde 14
was carried out with Dess-Martin periodinane® in the pres-
ence of pyridine as buffer. Aldehyde 14 was used immedi-
ately in the Masamune anti-aldol reaction®™ of ester 15 with
Cy,BOTf and NEt;, giving diastereomerically pure [-hy-
droxy ester 16 in 90 % yield (Scheme 4). The free hydroxyl
group of aldol product 16 was subsequently protected with
TESCI and catalytic amounts of DMAP to furnish the corre-
sponding silyl ether 17 in 98 % yield. Reduction of the ester
with DIBAL-H in CH,CI, provided primary alcohol 18 in
95% yield.*!

Oxidation of the primary hydroxyl group in alcohol 18
with catalytic amounts of TPAP®? and NMO as stoichiomet-
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Scheme 4. Completion of the enyne fragment 6. a) DMP, pyridine,
CH,Cl,, 0°C — RT, 3 h, 99%; b) ester 15, NEt;, Cy,BOTf, —78°C, 4 h,
then aldehyde 14, —78°C, 7 h, 90%; c) TESCI, cat. DMAP, imidazole,
DMF, RT, 4.5h, 98%; d) DIBAL-H, CH,Cl,, —78°C, 1.5h, 95% (96 %
recovered auxiliary); e) NMO, 4 A MS, CH,CL, RT, 30 min, then TPAP
(5mol%), 0°C — RT, 1.5 h; f) Ph;P=C(Me)CO,Et (19), toluene, 65°C,
19h, d.r. >95:5, 87% (two steps); g) DIBAL-H, CH,Cl,, —78°C, 1.5 h,
98 %; h) TMS-acetylene, Cul (12 mol % ), [Pd(PPh;),] (5 mol %), pyrroli-
dine, 0°C — RT, 2h, 96%; i) MnO,, CH,Cl,, RT, 8h, 94%; j)
(iPrO),P(O)CH(OMe)CO,Me (23), [18]crown-6, KHMDS, 0°C, 30 min,
then aldehyde 22, 0°C, 2 h, d.r. >95:5; k) K,CO;, MeOH, RT, 80 min,
96 % (two steps).
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ric oxidant led to the corresponding aldehyde, which was
subjected without previous purification to a Wittig olefina-
tion with stabilized ylide 19 in toluene, providing o.,3-un-
saturated ester 20 with >95:5 diastereoselectivity in 87 %
yield over two steps. Subsequent reduction of o,f-unsaturat-
ed ester 20 with DIBAL-H then led to allylic alcohol 21 in
98 % vyield, intercepting an intermediate in the synthesis of
bafilomycin A, published by Hanessian and co-workers.!'3

Sonogashira coupling of the vinyl iodide moiety was sub-
sequently carried out to install the enyne portion, using tri-
methylsilylacetylene in pyrrolidine.® The primary alcohol
was then oxidized under mild conditions with manganese di-
oxide to the corresponding a,fB-unsaturated aldehyde 22 in
94% vyield (Scheme 4). Subsequent Horner-Wadsworth—
Emmons reaction with methoxy-substituted phosphonate
2359 provided the corresponding ester with >95:5 diaste-
reoselectivity in favor of the desired (E)-isomer.”” Partial
deprotection of the TMS group of the alkyne occurred
under the reaction conditions, which was inconsequential
because of the projected desilylation in the next step. Treat-
ment of the mixture of protected and unprotected enyne
with K,CO; in MeOH selectively removed the TMS-protect-
ing groups of the alkyne, providing enyne fragment 6 in
96 % yield over two steps (Scheme 4). The absolute configu-
ration of all three stereogenic centers in the C1-C13 enyne
fragment could be unambiguously assigned by X-ray crystal
structure analysis of p-methoxybenzylidene acetal 24, ob-
tained as a single diastereoisomer in two steps from alcohol
18 (Figure 1, see Supporting Information for details).

OMe

Figure 1. ORTEP representation of the crystal structure of p-methoxy-
benzylidene acetal 24.

Synthesis of the C14-C20 aldehyde fragment: The magnesi-
um-directed nitrile oxide cycloaddition previously developed
in our laboratories seemed to provide a convenient solution
to the installation of the challenging syn-anti-syn stereote-
trad at C15 to C18. Concomitantly, this strategy would pro-
vide flexibility in terms of the protecting group pattern,
which seemed to be beneficial in light of the potentially del-
icate zinc-acetylide coupling with the C1-C13 enyne frag-
ment. However, the required use of a chiral allylic alcohol
made C—C bond scission necessary in order to access the al-
dehyde functionality at C14 from the corresponding secon-
dary alcohol. The transformation of the secondary alcohol
into the alkene and subsequent oxidative cleavage seemed
to be the most promising approach.

The feasibility of such a transformation was examined
using known isoxazoline 25 (Scheme 5).'5* Early attempts
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to obtain alkene 27 by base-induced elimination of the cor-
responding mesylate under a variety of different conditions
were not successful. Displacement of the mesylate with phe-
nylselenide and in situ oxidation to the selenoxide furnished
alkene 27 in low and varying yields. A three-step sequence
proved to be more promising: oxidation of alcohol 25 with
TPAP and NMO as stoichiometric oxidant gave the inter-
mediate ketone in 93 % yield. Access to vinyl triflate 26 was

TBSO N—O TBSO N—O
| Me a),b) |
Me Me OH_ I\:/Ie Me OTf
25 26
©)
N
TBSO N—O TBSO N—O
' oPiv .98 ' /
Me Me l\:/Ie Me
28 27

Scheme 5. Model studies on C—C bond scission for the synthesis of the
C14-C20 aldehyde fragment. a) TPAP, NMO, 4 A MS, CH,Cl,, 0°C —
RT, 2.5 h, 93%; b) KHMDS, THF, —78°C, 30 min, then PhNTf,, —78°C,
45 min, 80%; c) Pd(OAc), (10 mol%), HCO,H, NEt;, DMF, 60°C,
15 min, 77 %; d) O;, MeOH, —78°C, 50 min, then NaBH,, —78°C — RT,
1 h; e) PivCl, pyridine, RT, 11 h, 65% (two steps).

then obtained by regioselective enolate formation using
LDA and trapping with PhNTTf,, providing the desired prod-
uct 26 in 80% yield under optimized conditions.’’! Palladi-
um-catalyzed reduction with formic acid as reducing agent
then furnished the targeted alkene 27. However, careful
monitoring of the reaction progress in the reduction of vinyl
triflate 26 was crucial to prevent partial epimerization of the
resulting vinyl isoxazoline 27 on prolonged exposure to the
reaction conditions. Mechanistically, the epimerization to
the thermodynamically preferred 3,4-trans-substituted isoxa-
zoline trans-27 presumably occurs via intermediate forma-
tion of the allyl palladium species (Scheme 6). Oxidative
cleavage of the double bond in 27 was then accomplished
using ozone. After reductive work-up with NaBH,, the inter-
mediate primary alcohol was protected as the pivaloate to
give fully protected intermediate 28.

The failure to access the desired alkene functionality di-
rectly from the secondary alcohol led to the modification of
the allylic alcohol reaction partner in the nitrile oxide cyclo-

TBSO N—O
| P PdoL,
I\:/Ie Me l
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. I X7 ®
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! N =

I\:/Ie Me
trans-27

Scheme 6. Epimerization of vinylisoxazoline 27.
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addition reaction. Instead of an alkene as latent aldehyde
functionality, we intended to form the aldehyde in the ulti-
mate step by oxidative cleavage of an appropriate diol.

Two routes with similar efficiency to the required chiral
allylic alcohol 29 were independently developed (Scheme 7).
Wittig olefination of known bis-acetal protected (R)-glycer-
aldehyde 30,“” prepared in two steps from D-mannitol, pro-
vided the corresponding (Z)-alkene with 92:8 d.r. in 65%
yield over two steps. Deprotection using a mixture of acetic
acid and water liberated diol 31, the primary hydroxyl group
of which was selectively protected as trityl ether, giving al-
lylic alcohol 29 in 88 % yield. Alternatively, the same allylic
alcohol 29 could be synthesized under the conditions of the
zinc triflate mediated addition of terminal alkynes to alde-
hydes,'! starting from gaseous propyne and previously de-
scribed trityl-protected aldehyde 32. In this transforma-
tion, the argon atmosphere above the reaction was simply
exchanged for propyne after standard preformation of the
catalyst. The generated zinc acetylide then added efficiently
to aldehyde 32, giving propargylic alcohol 33 in 88% yield
and 94 % ee.*” Carefully monitored Lindlar reduction of the
alkyne then efficiently installed the (Z)-alkene.

(0]
)Kl/\ 2)0) °
Sint QP
" "Me
Me” Sme 3 _
30 OTr
M Me OH
e
H d) R e) 29
ot T~ ot
(0] OH
32 33

Scheme 7. Synthesis of chiral allylic alcohol 29. a) Ph;PEtBr, nBulLi,
THEF, 0°C, 30 min, then aldehyde 30, —78°C — RT, 6.5 h, d.r. 92:8, 65 %
(two steps); b) AcOH/H,0 1:1, 60°C, 6.5 h, 93 %; c) TrCl, pyridine, cat.
DMAP, CH,Cl,, RT, 5h, 88%; d) Zn(OTf),, (+)-NME, NEt;, toluene,
RT, 2 h, then propyne, RT, 15 min, then aldehyde 32, RT, 1h, 94% ee,
88%; e) Lindlar catalyst, H,, EtOAc, RT, 25 min, 97 %.

The oxime reaction partner 34 which served as precursor
for the nitrile oxide was assembled using an Evans aldol ap-
proach (Scheme 8).[! Treatment of (R)-propionyl oxazolidi-
none 35 with Bu,BOTf and NEt; and subsequent aldol reac-
tion with acetaldehyde provided multigram quantities of the
syn-aldol product 36 in 84 % yield as a single diastereoiso-
mer. Subsequent silyl protection under standard conditions
with TBDPSCI and imidazole in DMF furnished silyl ether
38 in 95 % yield.

Removal of the chiral auxiliary proved to be more diffi-
cult than expected. Attempted reductive cleavage with
LiBH, in the presence of either EtOH*! or H,0"! afforded
the expected alcohol 39“¢! in only 50 and 61 % yield, respec-
tively. Under all conditions tested, formation of the corre-
sponding amide, resulting from reductive opening of the iso-
xazoline auxiliary, could be observed.”! A two-step ap-
proach via the intermediate benzyl ester, originally reported
by Evans!* slightly improved the overall yield of the trans-
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Scheme 8. Synthesis of oxime 34. a) Bu,BOTf, NEt;, CH,Cl,, 0°C, then
acetaldehyde, —78°C — RT, 3 h, d.r. >95:5, 84 %; b) TBDPSCI, imida-
zole, DMF, RT, 44 h, 95%; c) LiBH,, EtOH or H,0, Et,0, 0°C — RT,
4h, 50% or 61%; d) benzyl alcohol, nBuLi, THF, 0°C, 76 %; ¢) DIBAL-
H, CH,Cl,, —78°C, 1.5h, 88%; f) TEMPO (3 mol%), NaOCl, KBr,
CH,CL,/pH 8.6 buffer 1:1, 0°C, 25 min; g) Me(MeO)NH,*Cl~, AlMe;,
THEF, 0°C, 30 min, then imide 36, 0°C, 2.5 h, 84 %; h) TBDPSCI, imida-
zole, cat. DMAP, DMF, RT, 12h, 98%; i) DIBAL-H, THF, —78°C,
1.75 h, 89 %; j) HONH,-HCI, EtOH/pyridine 6:1, RT, 12 h, 98 %.

formation to 67 % yield. Oxidation of primary alcohol 39 to
the corresponding aldehyde 40 was finally carried out using
catalytic amounts of TEMPO and NaOCI as stoichiometric
oxidant.®! A higher-yielding approach to aldehyde 40 was
established by transformation of the initial syn-aldol product
36 into Weinreb amide 37, conveniently achieved in 84 %
yield under standard conditions using AlMe; and N,O-dime-
thylhydroxylamine hydrochloride. Subsequent protection of
the free hydroxyl group as the TBDPS ether using
TBDPSCI and DMAP as catalyst was followed by reduction
with DIBAL-H.P*!l The oxime 34 was then synthesized in
98 % vyield by condensation of aldehyde 40, prepared ac-
cording to either route presented in Scheme 8, with hydrox-
ylamine hydrochloride in the presence of pyridine.

Treatment of oxime 34 with rBuOCI in CH,Cl, at —78°C
led to in situ formation of the corresponding hydroximinoyl
chloride, from which the nitrile oxide was generated by
elimination upon slow addition to a solution of allylic alco-
hol 29, iPrOH and EtMgBr in CH,Cl, at 0°C. Magnesium-
directed 1,3-dipolar cycloaddition then provided isoxazoline
41 as a single diastereoisomer™ in 74 % yield. The influence
of the TBDPS protected hydroxyl group at C19 was shown
to be inconsequential for the diastereoselectivity of the reac-
tion. When the epimeric oxime 42°% was subjected to the
standard reaction conditions, the corresponding isoxazoline
43 was obtained as a single diastereoisomer (Scheme 9).5*
The bulky trityl protecting group proved essential in order
to prevent coordination of the protected primary alcohol to
magnesium.

The envisaged reductive opening of the isoxazoline neces-
sitated protection of the free secondary hydroxyl group at
C14. As the trityl group was incompatible with the reductive
conditions of the isoxazoline opening, it was replaced at this

3602 — www.chemeurj.org
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Scheme 9. Nitrile oxide cycloadditions with epimeric oximes 34 and 42.

stage by a carbonate to mask the 1,2-diol unit. The trityl
group was cleaved with p-TsOH in methanol to furnish the
diol in 92 % yield, which was subsequently protected as the
carbonate using triphosgene and pyridine in 97 % yield. Fi-
nally, reductive opening with Raney-nickel in the presence
of boric acid under a hydrogen atmosphere cleanly gave f3-
hydroxy ketone 44 in 88% yield.” Installation of the 1,3-
anti-diol using the conditions reported by Evans®! proceed-
ed sluggishly and only afforded a 4.3:1 ratio of diastereoiso-
mers in combined 74 % yield. Despite extensive efforts to
optimize the reaction and attempted use of other methods
known to provide 1,3-anti-relationships,*” the diastereose-
lectivity of the reduction could not be improved. The highly
sterically congested environment around both the ketone
and the hydroxyl group in combination with the unfavorable
impact of the relative configuration of the stereogenic cen-
ters are the likely reasons for the low diastereoselectivity
and the reduced reactivity of the system. Protection of the
diol unit provided acetonide 45 in 99 % yield. The carbonate
was efficiently hydrolyzed with 1~ LiOH in a mixture of
THF, MeOH and H,O, and subsequent cleavage of the re-
sulting diol with NalO, absorbed on silica gel furnished al-
dehyde 5 in 99% yield (Scheme 10).5*

TBDPS/O\)\T/l\(\ TBDPS;O\)O]\;:l/\
Me Me OH Me Me [¢]
a1 \\<
d).e)
Me)(l\/le Me Me
TBDPSO O O

TBDPSOQ (o]
A f).9)

Me Me O
5

M AN

Me Me O\\<

Scheme 10. Completion of the C14-C20 aldehyde fragment 5. a) p-
TsOH-H,O (cat.), MeOH, RT, 1.75h, 92%; b) triphosgene, pyridine,
CH,Cl,, —78 — 0°C, 1.5 h, 97 %; c) cat. Raney-Ni, B(OH);, H,, MeOH/
H,O 5:1, RT, 3 h, 88 %; d) Me,N*HB(OAc);", AcOH/MeCN 1:1, —-10°C,
5d, dr. 43:1, 74%; e) p-TsOH-H,O (cat.), 2,2-dimethoxypropane, RT,
20 min, 99%; f) 1N aq. LiOH, THF/MeOH/H,O 5:1:1, RT, 25 min, 92 %;
g) NalO, on silica, CH,Cl,, RT, 30 min, 99%.
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Synthesis of the C21—-C25 aldehyde fragment: The C21-C25
aldehyde fragment provided the opportunity to highlight the
potential of the asymmetric catalytic version of the zinc tri-
flate mediated addition of terminal alkynes to aldehydes for
the straightforward large-scale synthesis of chiral building
blocks. Addition of TMS acetylene to isobutyraldehyde in
the presence of 20mol% Zn(OTf), provided the corre-
sponding propargylic alcohol 46 in 77 % yield and 92% ee,
as determined by GC on a chiral stationary phase
(Scheme 11). Direct removal of the TMS protecting group
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Scheme 11. Synthesis of aldehyde 2. a) Zn(OTf), (20 mol%), (+)-NME
(22 mol%), NEt; (50 mol%), toluene, 60°C, 12h, 92% ee, 77%;
b) K,CO;, MeOH, RT, 7.5 h; ¢) [Cp,ZrCL] (20 mol%), AlMe,, CH,CL,
RT, 24 h; d) TBSCI, imidazole, DMF, RT, 18 h, 71% (three steps); e) 9-
BBN, THF, —78°C — RT, 13.5 h, then THF/EtOH, 2™ aq. NaOH, 30 %
aq. H,0,, RT, 2h, dir. 96:4, 69%; f) (COCI),, DMSO, NEt,, CH,CL,
—78°C, 70 min, 81 %.

gave the intermediate volatile alcohol.”” A zirconium-cata-
lyzed carboalumination of the alkyne installed the 2-methyl
substituted terminal alkene. After extensive optimization,
best results were obtained when the reaction was run with
20 mol % of [Cp,ZrCl,] and 6.2 equivalents of AlMe;. The
use of deoxygenated CH,Cl, proved to be essential for high
turnover. The resulting allylic alcohol was directly subjected
to silylation with TBSCI, providing silyl ether 47 in 71 %
yield over three steps. As documented in many cases, the at-
tempted zirconium-mediated carboalumination of the TBS-
protected propargylic alcohol failed under a variety of con-
ditions. The subsequent diastereoselective hydroboration of
47 with 9-BBN, previously described by Evans and co-work-
ers/® afforded the known anti-substituted primary alco-
hol® in 69% yield and 96:4 d.r. Finally, oxidation of the al-
cohol using Swern conditions gave aldehyde 2 in 81 % yield.

Coupling of the C1—C13 and C14—C20 fragments and mac-
rolactonization: The zinc triflate mediated coupling of
enyne 6 with aldehyde 5 constituted the key step in the syn-
thesis of bafilomycin A,. In the event, formation of the zinc
acetylide from enyne 6 in the presence of (4+)-NME and
subsequent addition to aldehyde 5 proceeded smoothly, pro-
viding propargylic alcohol 4 in 91 % yield as a single diaste-
reoisomer according to analysis by 'H NMR spectroscopy
[Eq. (1)].11 Only slight modifications of the standard reac-
tion conditions reported earlier!"” were required: a two-fold
excess of dried zinc triflate and 2.3 equivalents of both
(+)-NME and amine base were best suited to provide for
high reproducibility.[®”! The standard base NEt; was general-
ly replaced by the bulkier iPr,NEt to minimize the risk of
epimerization at the labile a-stereogenic center of aldehyde
5. A control experiment with the lithium acetylide derived
from enyne 6 revealed complete lack of selectivity in the ad-
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dition event, affording the product as a 1:1 mixture of dia-
stereoisomers. The excellent reagent control of the zinc tri-
flate mediated addition was further demonstrated by switch-
ing to the enantiomeric (—)-NME, forming the epimeric
propargylic alcohol as a single diastereoisomer.[*]
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91%, d.r. >95:5

Selective semi-reduction of the enyne moiety to the corre-
sponding trans,trans-diene constituted the next challenge in
the synthetic sequence. Traditional methods for propargylic
alcohols frequently used in organic synthesis comprise re-
duction under dissolving metal conditions in liquid ammo-
nial®! or directed reduction with Red-Al or LiAIH,.*) The
early installation of the C1-C5 a,,y,0-unsaturated ester unit
in 4 excluded these approaches due to lack of chemoselec-
tivity. As the most promising alternative, a hydrosilylation—
protodesilylation sequence was chosen instead./*”-*!

As little precedence for the reduction of propargylic
enynes has been reported in the literature, a model study on
trans-reductions via hydrosilylation-protodesilylation was
carried out (Scheme 12). Propargylic enyne 48, easily acces-
sible in one step by addition of TIPS protected (E)-pent-2-
en-4-yn-1-ol to cyclohexane carbaldehyde, was chosen as a
model system. Treatment of 48 with 1.2 equivalents
(EtO);SiH and catalytic amounts of [Cp*¥*Ru(NCMe);|PF(*!
in CH,Cl, under the reported conditions led to a mixture of
isomeric vinylsilanes 49 and 50.7°! As a result of the sensitiv-
ity of the intermediate vinylsilanes, the unpurified reaction
product was carried on directly to the next step. Treating
the mixture of 49 and 50 with excess TBAF in THF at room
temperature led to clean formation of diol 51 in 68 % yield.
Reducing the amount of TBAF to exactly one equivalent re-
sulted in selective protodesilylation in 71% yield, leaving
the TIPS group untouched.

These modifications proved to be crucial for a successful
application of the hydrosilylation—protodesilylation se-
quence in the synthesis of bafilomycin A,, for which selec-
tive protodesilylation of the vinylsilane in the presence of
two silyl protected hydroxyl groups was a mandatory condi-
tion. Later experiments revealed that the temperature could
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Scheme 12. Model study on hydrosilylation-protodesilylation of propar-
gylic enyne 48. a) (EtO);SiH, [Cp*Ru(NCMe);|PF, (4 mol %), CH,Cl,
0°C — RT, 2h; b) TBAF (3.1 equiv), Cul, THF, RT, 11 h, 68% (two
steps); ¢) TBAF (1.0 quiv.), Cul, THF, RT, 1.25h, 71% (two steps); d)
tBuOK, THF, —20°C, 25 min, then Mel, —20°C, 1.5 h, 53% (71 % based
on recovered 48); e¢) (EtO);SiH, [Cp*Ru(NCMe);]*PF,~ (8 mol %),
CH,Cl,, 0°C — RT, 1.5h; f) TBAF (3.0 equiv), Cul, THF, RT, 24 h,
traces (two steps).

be further reduced to 0°C, with the protodesilylation being
essentially complete within 10 min. In order to guarantee
high reliability and reproducibility, the TBAF solution was
always freshly prepared from solid TBAF-3H,O and anhy-
drous THE.

The synthetic plan required subsequent methylation of
the Cl14-hydroxyl group after trans-reduction of the enyne
moiety. From a synthetic point of view, the order of these
two transformation could be reversed, thus performing the
trans-reduction of the enyne moiety after methylation of the
propargylic hydroxyl group. Hydrosilylation of propargylic
ether 53, however, showed that only sluggish conversion was
observed under the developed conditions, leading to forma-
tion of multiple products. Subsequent protodesilylation fur-
nished only traces of the corresponding methylated diene 54
(Scheme 12). These results highlight that the availability of
a free hydroxyl group is important for efficient hydrosilyla-
tion, suggesting that replacement of one alkoxy group of the
silane by the propargylic hydroxyl group ideally positions
the silane for an intramolecular hydrosilylation.

When the established reaction conditions for the hydrosi-
lylation were applied to enyne 4, clean conversion of the
starting material was observed. Treatment of the intermedi-
ate mixture of vinyl silanes with TBAF in the presence of
Cul provided the trans,trans-diene 55 in excellent 72 % yield
for the two-step transformation, with none of the isomeric
cis,trans-diene detected by "H NMR (Scheme 13). Most im-
portantly, the TES-protected C7-hydroxyl functionality
proved to be stable to the conditions of the protodesilylation
of the intermediate vinyl silane. Subsequent treatment of
the allylic alcohol with Mel and NaH in a mixture of THF
and DMF cleanly afforded the corresponding C14 methyl
ether. The TES group on the C7 hydroxyl group was then
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Scheme 13. Trans-reduction of propargylic enyne 4. a) (EtO),SiH,
[Cp*Ru(NCMe);]PF; (14 mol%), CH,Cl,, 0°C — RT, 15 min; b) TBAF
(1.05 equiv), Cul, THF, 0°C, 10 min, 72% (two steps); ¢) Mel, NaH,
THF/DMF 1:1, 0°C — RT, 2 h, 89 %; d) HF-pyridine, pyridine, THF, 0°C
— RT,7h,91%.

selectively removed using HF-pyridine in THF to provide al-
cohol 56. This deprotection was necessary in the light of pre-
vious reports from the Evans and the Roush laboratories,
which had shown that efficient macrolactonization did only
occur when the C7 hydroxyl group was unprotected, pre-
sumably due to higher population of conformations favoring
macrolactonization.!

Hydrolysis of the acetonide and saponification of the
methyl ester were supposed to set the stage for the macro-
lactonization. Unfortunately, the cleavage of the acetal pro-
tecting group posed a significant challenge, with problems
arising from the unexpected acid sensitivity of the C10-C13
diene subunit. When acetonide 56 was treated with 5 mol %
CSA in MeOH at 0°C for 30 min, the expected triol 57 was
obtained in only 25% yield (Scheme 14).

Two additional reaction products were isolated and identi-
fied by mass spectroscopy as well as 1D- and 2D-NMR ex-

OMe Me Me

CSA (5 mol%)
MeOH, 0 °C>RT

OMe Me Me

58: R =-C(Me)o-
59:R=H

Scheme 14. Attempted deprotection of acetonide 56.

Chem. Eur. J. 2012, 18, 3598 -3610


www.chemeurj.org

Total Synthesis of Bafilomycin A,

periments as 1.6:1 diastereomeric mixtures of tetrahydrofur-
ans 58 and 59. Mechanistically, the formation of the tetrahy-
drofuran moiety can be explained by a conjugate displace-
ment of the methoxy group as a result of the attack of the
C7-hydroxyl group onto carbon atom C10 of the diene
moiety."? Analysis of NOE experiments revealed that the
tetrahydrofuran ring of the major diastereomer possessed an
anti-substitution pattern, while the minor diastereomer was
found to be the corresponding syn-isomer. When the depro-
tection reaction was allowed to proceed for several hours,
triol 57 and acetonide 58 both converged towards dihydrox-
ytetrahydrofuran 59.

Despite extensive efforts, reaction conditions preventing
this undesired tetrahydrofuran formation could not be iden-
tified. Under a wide range of conditions, employing either
Brgnsted or Lewis acids in the presence or absence of nucle-
ophilic solvents, the formation of 58 and 59 occurred to a
significant degree. The decision was therefore taken to tem-
porarily protect the C7 hydroxyl group with an acid-stable,
but base-labile protecting group that could be cleaved
during saponification of the ester moiety. When the corre-
sponding benzoyl-protected acetonide 60 was subjected to
deprotection using 10 mol % CSA in MeOH at 0°C, the de-
sired diol 61 was isolated together with a slightly less polar
byproduct 62 that had slowly formed during the course of
the reaction (Scheme 15). The structure could be assigned
by mass spectroscopy in combination with 1D- and 2D-
NMR experiments to be tetrahydrofuran 62, resulting from
S\2 displacement of the allylic C14 methoxy group by the
C17-hydroxyl group.

OMe Me Me

CSA (10 mol%)
MeOH, 0 °C—RT

OMe Me Me
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Me Me Me Me OMe
1 .0TBDPS

Me 62

Scheme 15. Attempted deprotection of acetonide 60.

Again, extensive attempts to optimize the reaction condi-
tions and suppress formation of tetrahydrofuran 62 were
met with no success. However, the observed tetrahydrofuran
formation occurred at a significantly slower rate than forma-
tion of tetrahydrofurans 58 and 59. Interestingly, any prod-
ucts resulting from S\2 displacement of the Cl4-methoxy
group by the Cl17-hydroxyl group were never observed in
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the case of acetonide 56. Best results for deprotection of the
acetonide in 60 were obtained by quenching the reaction
after approximately 30% conversion and resubmission of
the isolated starting material 60 to the reaction conditions.
This procedure provided diol 61 in 69% yield (80% yield
based on recovered acetonide 60) after three cycles. Though
this approach would have provided access to sufficient
amounts of material to continue the synthesis, modification
of the protecting group at the C7-hydroxyl group was re-
quired, as the benzoyl protecting group turned out to be too
stable for removal under the conditions of the saponifica-
tion. Therefore, the C7-hydroxyl group was protected as the
corresponding formate, the sterically least demanding ester
protecting group, in 99 % yield using the mixed anhydride of
formic and acetic acid (Scheme 16). The resulting acetonide

OMe Me Me

R=H 56

MeO,C~ X
TBDPSO OH OH

c)

Scheme 16. Formation of triol 57 and macrolactonization. a) AcO(O)CH,
DMAP, CH,Cl,, RT, 15 min, 99%; b) CSA (0.05equiv), MeOH, RT,
20 min, three cycles; ¢) K,CO;, MeOH, RT, 20 min, 68 % from 63 (79 %
based on recovered 56); d) 1N aqueous LiOH, THF/MeOH/H,0 5:1:1,
RT, 12 h; e) 2,4,6-trichlorobenzoylchloride, iPr,NEt, toluene, RT, 4 h,
then diluted with toluene, DMAP, RT — 40°C, 5 h, 60% (two steps).

63 was treated under the previously described conditions for
the benzoyl protected acetonide 60, applying the same strat-
egy of quenching the reaction after approximately 30 % con-
version and resubmission of the isolated starting material 63
to the reaction conditions. After the third cycle, the crude
reaction mixture containing remaining acetonide 63 and diol
64 was combined with diol 64 isolated from the two previous
cycles, and the formate protecting group was removed under
mild conditions employing K,CO; in MeOH. This strategy
finally provided triol 57 in 68 % yield (79 % yield based on
recovered acetonide 56)."

With triol 57 in hand, the attention turned to the forma-
tion of the 16-membered macrolactone. Inspired by synthet-
ic precedence from Hanessian’s approach toward bafilomy-
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cin A, we attempted selective formation of the macrolac-
tone in the presence of the unprotected C17-hydroxyl group.
We anticipated that the bulky TBDPS protecting group on
the C19-hydroxyl group would prevent ring closure to the
18-membered macrolactone. In addition, computational
studies by Hanessian and co-workers had indicated that the
larger ring was also significantly higher in energy.” In the
event, saponification of the methyl ester using 1N LiOH in
a mixture of THF, MeOH and water at room temperature
smoothly provided the corresponding seco-acid. Macrolacto-
nization proceeded best using Yonemitsu’s modification of
the Yamaguchi method,™ furnishing as expected selectively
the 16-membered macrolactone 65 in 60 % yield over two
steps, without any detectable trace of the larger ring
isomer."!

Introduction of the C21-C25 fragment and completion of
the synthesis: The introduction of the C21-C25 aldehyde
fragment via a Mukaiyama aldol reaction required oxidation
of the C19-hydroxyl group to the corresponding ketone. A
traditional and conservative approach required prior protec-
tion of the free hydroxyl groups on C7 and C17, selective re-
moval of the TBDPS-protecting group, and deprotection of
the newly introduced protecting groups after the Mukaiya-
ma aldol reaction. Such a strategy would not only increase
the total number of steps, but proved also difficult due to
protecting group incompatibilities and the required mildness
of the conditions for global deprotection imposed by the
sensitivity of bafilomycin A; toward basic and acidic condi-
tions.!

A report on oxidation reactions in natural bafilomycin A,
encouraged us to attempt the selective oxidation of the C19-
hydroxyl group in the presence of the unprotected C7- and
C17-hydroxyl groups.””! We reasoned that the C19-hydroxyl
group was the sterically least hindered, and that oxidation
systems capable of oxidizing primary alcohols to aldehydes
in the presence of free secondary alcohols might also effi-
ciently differentiate between the three secondary alcohols
present in the substrate. Most promising seemed to be
TEMPO as a particularly bulky oxidant, with PhI(OAc),
serving as stoichiometric oxidant."¥ Suitable reaction condi-
tions were developed using diol 66 as a model system that
closely mimicked the steric environment of the C14-C20
region. When diol 66 was treated with catalytic amounts
of TEMPO and PhI(OAc),, slow but clean transformation
to the corresponding methyl ketone 67 was observed in
90% yield (Scheme 17). Oxidation of the C17-hydroxyl
group or overoxidation to the diketone was never detected
during analysis of the crude reaction mixtures by 'H NMR.
To test the influence of the absolute configuration at C19 on
the outcome of the selective oxidation, a 2:1 mixture of syn-
diol 66 and the corresponding anti-diol epimeric at C19 was
subjected to the reaction conditions. When the reaction was
stopped after 90 % conversion, the reisolated starting mate-
rial consisted exclusively of the anti-isomer, demonstrating
that oxidation of syn-diol 66 occurred at a higher reaction
rate than oxidation of the epimeric anti-diol.
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Scheme 17. Model studies on the selective oxidation of the C19-hydroxyl
group and the Mukaiyama aldol reaction. a) TEMPO, PhI(OAc),,
CH,Cl,, RT, 4d, 90 %; b) NEt;, TMSCI, LIHMDS, THF, —78°C, 1.5 h; ¢)
aldehyde 2, BF;-OEt,, CH,Cl,, —78°C, d.r. >95:5; d) TAS-F, H,0, DMF,
RT, 3 h, 61 % (three steps).

Ketone 67 was subsequently used to determine reaction
conditions for the Mukaiyama aldol addition. The transfor-
mation required formation of the silylenol ether and con-
comitant protection of all free hydroxyl groups as the corre-
sponding TMS ethers. Adjustment of the conditions previ-
ously reported by Paterson for a similar transformation effi-
ciently provided protected silylenol ether 68, using LIHMDS
and the TMSCI-NEt; complex. The silylenol ether 68 then
reacted with aldehyde 2 in the presence of BF;OEt, as
Lewis acid to provide hydroxy ketone 69.! Due to partial
deprotection during work-up, removal of all silyl groups was
directly carried out with buffered TAS-F on the unpurified
reaction mixture, providing hemiketal 70 in 61 % yield over
three steps (Scheme 17).*!! X-ray crystallographic analysis
of the corresponding C21 p-nitrobenzoate revealed the cor-
rect relative configuration of the newly formed stereogenic
centers (Figure 2).

With reaction conditions successfully established, the last
steps of the synthesis could be attempted. The TBDPS
group in 65 was removed using TAS-F buffered with water,
providing the corresponding triol in 90 % yield (Scheme 18).
Subsequent treatment of the triol with TEMPO and
PhI(OAc), provided selectively methyl ketone 72 in excel-
lent 71 % yield, with no other oxidation products being de-

Figure 2. ORTEP representation of the crystal structure of p-nitroben-
zoate 71.
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Scheme 18. Completion of the synthesis of bafilomycin A; (1). a) TAS-F,
H,0, DMF, 0°C — RT, 4h, 90%; b) TEMPO, PhI(OAc),, CH,Cl,, RT,
4d, 71%; c) NEt;, TMSCI, LIHMDS, THF, —78°C, 25 min; d) aldehyde
2, BF;-OEt,, CH,Cl,, —78°C, 30 min; e¢) TAS-F, H,0, DMF, RT, 45 min,
35% (three steps; 76 % based on recovered 72).

tected. This present example is one of the rare cases in
which two secondary hydroxyl groups could be efficiently
differentiated in an oxidation reaction.[*?

The silylenol ether for the Mukaiyama aldol reaction was
then accessed from ketone diol 72 using LIHMDS, TMSCI
and NEt; in THF, leading to concomitant protection of both
free hydroxyl groups as the TMS ethers. Subsequent treat-
ment with aldehyde 2 and BF;-OEt, led to a mixture of bis-,
mono- and unprotected aldol products 73. As in the case of
the model system, the crude mixture was directly subjected
to global removal of all silyl protecting groups using buf-
fered TAS-F, providing directly synthetic bafilomycin A; in
35% yield over three steps, or 76 % based on recovered
ketone 72.%]

Conclusion

In summary, we have successfully completed a stereoselec-
tive, convergent synthesis of bafilomycin A, which highlights
the potential of two synthetic methodologies developed in
our laboratories—the nitrile oxide cycloaddition and the
zinc acetylide addition to aldehydes—for the use in the syn-
thesis of complex natural products. The C14-C20 portion
with its four contiguous stereogenic centers was assembled
in high selectivity using our nitrile oxide cycloaddition meth-
odology. The use of a chiral allylic diol in this transforma-
tion provided straightforward access to the Cl4-aldehyde
functionality. The efficient coupling of aldehyde 5 and
enyne 6 highlights the mildness and versatility of zinc acety-
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lide mediated addition of terminal alkynes to aldehydes, al-
lowing the stereoselective coupling of complex and highly
functionalized fragments. In combination with the semire-
duction of the enyne using a sequence of hydrosilylation
and protodesilylation, the C10-C13 trans,trans-diene subunit
of the target structure was installed. This strategy offers an
alternative to classical palladium-catalyzed cross-coupling
approaches for the stereoselective installation of 1,3-diene
systems and could be applied to the efficient, convergent
coupling of complex and densely functionalized fragments
in the synthesis of other natural products.

Experimental Section

Full experimental details with complete characterization of all new com-
pounds are given in the Supporting Information.
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spectrum taken from the crude reaction product displayed only a
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