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Abstract

An effective, asymmetric total synthesis of the antibiotic (+)-sorangicin A (1) has been achieved.
Central to this venture was the development of first and second generation syntheses of the
signature dioxabicyclo[3.2.1]octane core, the first featuring chemo- and stereoselective epoxide
ring openings facilitated by a Co,(CO)g-alkyne complex, the second involving a KHMDS-
promoted epoxide ring formation/opening cascade. Additional highlights include effective
construction of the dihydro- and tetrahydropyran ring systems, respectively via a stereoselective
conjugate addition/a-oxygenation protocol and a thioketalization/hydrostannane reduction
sequence. Late-stage achievements entailed two Julia—Kociénski olefinations to unite three
advanced fragments with high E-stereoselectivity, followed by a modified Stille protocol to
introduce the Z,Z,E trienoate moiety, thereby completing the carbon skeleton. Mukaiyama
macrolactonization, followed by carefully orchestrated Lewis and protic acid-promoted
deprotections that suppressed isomerization and/or destruction of the sensitive (Z,Z,E)-trienoate
linkage completed the first, and to date only, total synthesis of (+)-sorangicin A (1)
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1. Introduction

In 1985 Hofle, Jansen, and co-workers reported the isolation and structural elucidation of a
new class of macrolide antibiotics termed the sorangicins, from a fermentation broth derived
from the myxobacteria Sorangium cellulosum (strain So ce 12).1 Sorangicin A (1, Figure 1),
the most prevalent and potent congener, displayed extraordinary antibiotic activity against
both Gram-positive and Gram-negative bacteria with minimum inhibitory concentrations
(MIC) of 0.01-0.3 and 3-25 ug/mL, respectively.

Subsequently the Jansen group demonstrated that the mechanism of action entails inhibition
of DNA-dependent RNA polymerase (RNAP) both in Escherichia coli (E. coli) and
Staphylococcus aureus, while not affecting eukaryotic cells.? Rats infected with virulent E.
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coli underwent marked improvement when dosed with sorangicin A. Comparison studies, in
conjunction with the Darst group, of (+)-sorangicin A (1) and rifampicin (2, Figure 1), the
latter a clinically used ansamycin antibiotic possessing a broad spectrum of activity,
revealed that, despite being chemically unrelated, the two antibiotics possess remarkably
similar overall molecular shapes, leading to the same mechanism of action, namely
inhibition of RNA elongation by binding to the same B-subunit pocket of RNAP.3
Importantly, in cross-resistance studies (+)-sorangicin A displayed an advantage against
rifampicin-resistant microbial mutants. This observation, based on molecular dynamic
simulations, was proposed to arise from an increase in conformational flexibility of the
C(14)-C(20) segment of (+)-sorangicin A, permitting better adaptation to mutational
changes within the RNAP binding pocket. As such, conformational flexibility of sorangicin
A and analogues thereof holds important implications for future drug design against rapidly
mutating pathogenic bacteria.

Architecturally (+)-sorangicin A (1) is comprised of a C(1)-C(8) carboxylic acid side chain,
attached to a highly unsaturated 31-membered macrocyclic lactone, possessing 15
stereogenic centers. Structural elements inscribed within the macrocyclic ring include the
signature dioxabicyclic[3.2.1]octane, a rare (Z,Z,E)-trienoate linkage, and di- and
tetrahydropyran ring systems. Initially the backbone connectivity, relative stereochemistry
and olefin geometries were assigned based on extensive one- and two-dimensional NMR
experiments, along with molecular weight assignment by mass spectrometry. X-ray analysis
confirmed the structure and stereochemistry, with the absolute configuration being verified
via a Hamilton test.# Of interest was the observation of dynamic disorder in the crystalline
solid in the C(17)-C(18) region. Significant solvent and pH effects were also observed in the
NMR spectra, presumably due to a hydrogen bond between the C(1) carboxyl oxygen and
the C(21, 22, and 25)-triol moiety.*

In addition to (+)-sorangicin A (1), 12 additional sorangicin congeners have been reported,
with 8 possessing varying degrees of isomerization of the C(37)—-C(43) trienoate region, the
latter suggesting instability of this linkage.® That (+)-sorangicin A (1) possessed
considerable instability leading to decomposition was demonstrated upon treatment with a
variety of reagents (e.g., fluoride ion, DDQ, and the dissolving metal sodium amalgam).®
Taken together, the intricate and challenging architecture, in conjunction with the potent
antibiotic activity, and novel mechanism of action has led to considerable interest in (+)-
sorangicin A (1) by the synthetic community, including pioneering studies from the
Morken,” Schinzer,8 Lee,® and Yadav2? research groups, with a recent (2011) formal total
synthesis achieved by Crimmins et. al.11 Herein we provide a full account on the evolution
of a synthetic strategy, that in 2009 led to the first, and to date only, total synthesis of this
architecturally intriguing antibiotic.12

At the outset of this synthetic program, we relied on the structure of (+)-sorangicin A to
possess the R-configuration at C(10) (Scheme 1, Structure 3) as depicted in reference 6, and
not as originally reported correctly in reference 4 as S at C(10) (Figure 1, Structure 1). As
will be described, this misunderstanding came to light late in our synthetic venture (vide
infra).

2. Results and Discussion

2.1. Initial Synthetic Planning

At the outset of the total synthesis that follows, a central tenet was to take full advantage of
the reported chemical sensitivities of (+)-sorangicin A.6 Toward this end, we initially
planned to mask the delicate (Z,Z,E)-trienoate moiety as dienyne (4) to attenuate the
potential for isomerization and/or decomposition (Scheme 1). Disconnection of 4 at the
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macrocyclic lactone, the C(38)-C(39) c-bond, and both the C(15)-C(16) and C(29)-C(30)
trans disubstituted olefins revealed four potential advanced subtargets: the signature bicyclic
aldehyde 5, tetrahydropyran 6, dihydropyran 7, and enyne 8. In the forward sense, we
envisioned consecutive Julia—Kociénski unions of 6 with 5 and 7 to install the C(29)-C(30)
and C(15)-C(16) trans olefins, thereby uniting three of the four advanced fragments.
Subsequent Stille union of known enyne 813 with the strategically placed C(38) vinyl iodide
in 5 was anticipated to complete construction of the full carbon skeleton possessing a
dienyne moiety. Macrolactonization and semihydrogenation at a late stage would then be
followed by global deprotection to reveal the labile (Z,Z,E)-triene. To mask the vicinal
21,22-diol in 6 during construction of the (+)-sorangicin A skeleton, we selected a dimethyl
acetonide, since protection and deprotection of (+)-sorangicin A (1) employing the acetonide
functionality had been successfully achieved by Hofle and co-workers in conjunction with
the preparation of various sorangicin analogues.* Protection of the C(25) hydroxyl as a
MOM ether (illustrated in 6) and the C(1) carboxylic acid as a t-butyl ester (depicted in 7)
were also envisioned, considering their acid lability. Importantly their removal would not
require use of fluoride, oxidizing and/or reducing agents, conditions known to destroy the
natural product.

Continuing with this analysis, the signature 2,6-dioxabicyclo[3.2.1]octane was anticipated to
arise via an unprecedented chemo- and stereoselective epoxide ring-opening cascade of 9,
facilitated by a Cop(CO)g-alkyne complex (Scheme 2). That is, upon formation of the
Co,(CO)g-alkyne complex of bis-epoxide 10, a stereocontrolled epoxide ring-opening of the
activated propargylic epoxide mediated by acid would generate the tetrahydrofuran ring;
completion of the bicyclic skeleton would then entail a 6-exotet epoxide ring-opening via
the derived C(35) secondary hydroxyl. For construction of sulfone 6, the presence of the 2,6-
cis-disubstituted tetrahydropyran ring initially suggested application of the Petasis-Ferrier
union/rearrangement protocol, a tactic developed in our laboratory,1® which would unite
known B-hydroxy acid (+)-1115¢ with aldehyde (+)-12.16 Finally, construction of 2,3,6-
trans, cis-trisubstituted dihydropyran 7 would call upon conjugate addition of vinyl bromide
14 to known dihydropyranone (—)-13,17 followed by o-oxygenation and elaboration of the
C(11,12) double bond. Stereocontrol during construction of 7 would be provided by the
stereogenicity at C(13) (Scheme 2).

2.2. Construction of the Signature Dioxabicyclo[3.2.1]Joctane Fragment 5 (Figure 2):
Application of a Cyclization Cascade Facilitated by a Co,(CO)g-Acetylene Complex

In 1994, Mukai and co-workers introduced stereocomplementary approaches to cis- and
trans-2-ethynyl-3-hydroxytetrahydrofurans via epoxide ring-opening of 3,4-epoxy-6-
substituted hex-5-yn-1-ols (Scheme 3).18 Specifically, exposure of either the trans- or cis-
epoxy alcohol (15 or 16) to BF3*OEt; resulted in intramolecular epoxide ring-opening with
inversion of stereogenicity at the propargylic center to furnish respectively the trans- or cis-
tetrahydrofurans (i.e., 15 — 17, or 16 — 18). Alternatively, addition of BF3*OEt; to the
corresponding Co,(CO)g-alkyne complexes induced “Nicholas” cyclizations® to furnish
respectively the cis- or trans-cobalt-complexed tetrahydrofurans. Importantly, epoxide ring-
opening proceeded with overall retention of stereochemistry at the propargylic center.
Subsequent demetallation with ceric ammonium nitrate (CAN) led to the respective
tetrahydrofuran in a single-flask (i.e., 15 — 18, or 16 — 17). The observed retention of
stereochemistry 7 for the epoxide ring-opening was rationalized to involve a double-Syll
inversion.20

Based on this precedent, we became intrigued with the feasibility of constructing the (+)-
sorangicin A signature bicycle subunit beginning with bis-epoxide 10 exploiting a four-step,
one-flask reaction sequence (Scheme 4). If successful, a very rapid, highly stereocontrolled
route to the signature subunit of (+)-sorangicin A would be in hand.

Tetrahedron. Author manuscript; available in PMC 2012 December 23.
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Our synthetic analysis of bis-epoxide 10 (Scheme 5) thus began with removal of both
epoxides, and in turn scission of the C(34)-C(35) o-bond to afford epoxy alcohol 23 and
known vinyl bromide 24.21 In the forward sense, we envisioned that epoxide ring-opening
of 23 via an organometallic reagent derived from 24 would furnish enyne 22; removal of the
PMB group, ring-closure to furnish the terminal epoxide, and application of the elegant Shi
oxidation protocol would provide bis-epoxide 10, the substrate for the proposed four-step
construction of 21. Continuing with this analysis, removal of the epoxide moiety in 23 leads
to a homoallylic alcohol,22 which upon application of a Brown crotylation retron, yields
known aldehyde 25.23

We began the synthesis of 21 with aldehyde 25. Initially, bis-PMB ether 26,24 prepared from
cis-2-butene-1,4-diol, was subjected to ozonolysis, in the presence of Sudan I1l as
indicator,2> followed by reductive workup (PPhs). Kugelrohr distillation reproducibly
furnished aldehyde 25 in 53% yield (Scheme 6). On larger scale (ca. 35 g), yields however
were variable. As an alternative, ozonolysis of 26, followed by reduction of the ozonide,
recrystallization and basic extractive workup of the derived bisulfite adduct 2728 provided
aldehyde 25 on 35 g scale in 69% yield (3 steps) from cis-2-butene-1,4-diol, without
chromatography or distillation.

Brown crotylation,2” followed by Sharpless dihydroxylation,28 next furnished triol (+)-29 in
74% yield for the two steps as a separable mixture (9:1) of diastereomers (Scheme 7). The
absolute configuration of (+)-28 was confirmed via Mosher ester analysis, exploiting the
Kakisawa test,29 while the relative stereochemistry of the major diastereomer [(+)-29],
obtained via Sharpless dihydroxylation, was verified via the Rychnovsky-Evans

empirical 13C acetonide tactic.39 Application of the Fraser-Reid epoxide ring construction
furnished epoxide (+)-23 in modest yield (42-44%), after separation of the minor
diastereomer, along with 15-16% trisylated product (—)-30.3! To eliminate over-trisylation,
1.05 equivalents of KHMDS could be used, employing slow addition of the trisylimid (1.5
h) as reported by Forsyth and coworkers.32 Although these conditions eliminated over
trisylation, the yield of (+)-23 remained modest (48%).

With a route, albeit non-optimal, to epoxide (+)-23 established, we turned to union with 24
(Scheme 8). To our dismay, efforts to prepare the vinyl Grignard derived from 24,21
followed by addition to epoxide (+)-23, led only to recovery of starting materials.33

We therefore turned to installation of the E-enyne moiety via the anion derived from
commercially available 1,4-bis(trimethylsilyl)-1,3-butadiyne (33) (Scheme 9),3* followed by
chemo- and stereoselective reduction of the internal triple bond, directed by the resulting
homoallylic alcohol.3% However to proceed with this scenario, improvement of the low
efficiency of the conversion of triol (+)-29 to epoxide (+)-23 was required (i.e., 48% vyield,
Scheme 7). The hydroxyl group in (+)-28 was therefore protected as a PMB ether with the
view of circumventing potential over-trisylation in the epoxide ring-closure. Sharpless
dihydroxylation?® followed by application of the Fraser-Reid protocol3! then led to epoxide
(—)-32 in excellent yield (98%) as a single diastereomer (Scheme 9).

With ample quantities of epoxide (—)-32 in hand, we examined the ring-opening with
lithium trimethylsilylbutadiyne.3¢ Pleasingly generation of lithium trimethylsilylbutadiyne
(2 equiv), followed by inverse addition of epoxide (—)-32 in THF containing BF3*OEt,
furnished alcohol (—)-34 in 92% yield on a 20 g scale (Scheme 9). Pre-cooling the THF/
BF3°OEt; solution of epoxide (—)-32 to —78 °C, prior to addition to the —78 °C THF
solution of lithium trimethylsilylbutadiyne, and executing an inverse reaction quench with
NH4ClI (Sat.) proved critical to achieving a high yield of (—)-34. Reduction with LiAlHy,
followed by oxidative removal of both PMB groups furnished in turn alcohol (—)-35 and
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triol (+)-36, both in excellent yield as single E-isomers.3> Presumably, the chemo- and E-
stereoselectivity arises via generation of an alkenyl aluminate (i.e., 37).37:38

What remained to complete the synthesis of bis-epoxide 10 was to form the internal and
terminal epoxides. Unfortunately, closure of triol (+)-36 to terminal epoxide (+)-38 led
irreproducibly to (+)-38 under a variety of conditions (Scheme 10A). Alternatively,
protection of (—)-35 as the tert-butyl-diphenylsilyl (BPS) ether (Scheme 10B), followed by
oxidative removal of both PMB groups and epoxide formation, employing the Mitsunobu
conditions, reproducibly furnished terminal epoxide (—)-39 in 66% yield (three steps on a 4
g scale).

Initially the critical Shi epoxidation3? of alcohol (+)-38 led to (+)-10 with modest efficiency
(Scheme 11). Better results were obtained with (—)-39, when the oxidation was carried out at
low concentration (0.016 M) with addition of oxone and K,COs3 over 5 h; bis-epoxide
(—)-40 was reproducibly formed in 66% yield, along with 22% recovered starting material.

Our goal, with bis-epoxides (+)-10 and (—)-40 now available, was to construct the signature
2,6-dioxabicyclo[3.2.1]octane ring system of (+)-sorangicin A in a single-flask via the
proposed sequential bis-epoxide ring-opening cascade (see Scheme 4). To define the
landscape of this cyclization process, we initially investigated a stepwise protocol.
Treatment of bis-epoxide (+)-10 with 1.1 equiv Cop(CO)g in CH,Cl, at ambient
temperature, followed by 0.10 equiv BF3*OEt, at —78 °C, furnished cobalt complex (+)-19
in 75% vyield as a single cis-isomer (Scheme 12). Pleasingly, the reaction proceeded with
complete chemoselectivity at the activated propargylic epoxide. Single-crystal X-ray
analysis verified that the epoxide opening had occurred with retention of stereochemistry.18

Turning to the second epoxide-ring opening in the same flask, treatment of (+)-19 with a
variety of acids and bases failed to produce the desired bicycle 20 (Scheme 12). Instead,
selective formation of bicycle (—)-41, arising from a 7-endo-tet cyclization, was observed
with camphorsulfuric acid (CSA), while with BF3*OEt,, mixtures of (—)-41, along with
respectively 6- and 7-membered bicycles (—)-42 and (—)-43 were formed, both having
undergone epimerization (!) at the propargylic center. The structure and stereochemistry of
bicycles (—)-41, (-)-42 and (—)-43 were assigned via H, COSY and D,0 exchange
experiments. Reexposure of the individual bicycles to BF3*OEt, did not result in any
improvement, suggesting that the cyclizations proceeded via kinetic control.

Based on the X-ray crystal structure of (+)-19 (Scheme 12), we reasoned that the steric bulk
of the cobalt complex disfavored the desired 6-exo-tet ring-opening process, thereby
preventing a one-flask cascade. We therefore removed the cobalt moiety from the alkyne
prior to attempting the second cyclization (Scheme 13). A three-step operation, performed in
a single-flask, furnished epoxide (—)-44 in 88% yield.

Reducing the steric bulk of alkyne did indeed facilitate the 6-exo-tet pathway, furnishing the
desired bicycle (—)-21, upon treatment of epoxide (—)-44 with 0.10 equiv CSA in CH,Cl, at
ambient temperature. An equal amount of the undesired 7-endo-tet bicycle (—)-45 was also
formed (Table 1, Entry 1). Importantly, no epimerized products were observed. Employing
BF3*OEt; at higher temperatures increased both the reaction rate and the amount of the
desired 6-exo-tet bicycle (compare Entries 2 and 3; 5 and 6). Best results were obtained with
0.1 eq BF3*OEt; at 40°C to afford a 1:1 ratio of (—)-21 and (—)-45 (Entry 4). Attempts to
increase the yield of (—)-21 with other Lewis acids (e.g., TiCls or CeCls), or under basic
conditions (e.g., KH, DMSO) proved unsuccessful.40

Having achieved access to bicycle (—)-21, we envisioned further enhancing the ratio of the
6-exo-tet derived bicycle by additional reduction of steric bulk at the alkyne. Accordingly,
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the TMS group of (—)-44 was removed to furnish (—)-46. Conditions identical to those
employed in Entry 3 (Table 1) did modestly enhance delivery of the desired tricycle (—)-47
(1.4:1, Entry 1, Table 2). Single crystal X-ray analyses verified the structures and
stereochemistries of both (—)-47 and (—)-48. We next performed the cyclization by addition
of (—)-46 to a solution of CH,Cl, at reflux for 5 minutes, containing 10.0 equiv BF3*OEty.
Again modest improvement in the product ratio (ca. 2.1:1) was achieved (Entry 2). Solvents
such as benzene or acetonitrile at a variety of temperatures however led to no improvement.
Notably, uncatalyzed bicycle formation was observed upon storing neat (—)-46 at —20 °C,
favoring the undesired 7-endo-tet product (1:2, Entry 6).

We also explored a series of acids, stronger than BF3*OEt, (Table 2). The best ratio of
desired to undesired bicycle was achieved with TfOH (2.5:1, Entry 3), however the
BF3*OEt, conditions (Entry 2) provided a higher overall yield (65%) of (—)-47. The
conditions in Entry 2 were therefore employed to advance material to (—)-47.

Having achieved construction of bicycle (—)-47, we were of course cognizant that
preparation and epoxidation of enyne (+)-38 was less efficient than the synthesis and
epoxidation of BPS-protected enyne (—)-39 (see Schemes 10 and 11). For material
advancement, we therefore utilized the BPS-protected bis-epoxide (—)-40 to furnish (—)-47
in gram quantities (Scheme 14).41

Completion of the synthesis of (—)-5, the signature core fragment for (+)-sorangicin A (1),
was achieved via radical induced hydrostannylation/iodination®? of (—)-47, followed by
Dess-Martin oxidation.*3 Interestingly, application of a palladium-catalyzed
hydrostannylation protocol,** followed by iodination, furnished the undesired a-iodide as
the major regioisomer, while use of iodine in place of NIS in the AIBN promoted
hydrostannylation led to significant protodestannylation, presumably due to the formation of
HI upon addition of iodine to the excess Bu3SnH. In the end, the signature core fragment
(—)-5 for (+)-sorangicin A could be prepared in 15 steps (longest linear sequence) and in 3%
overall yield utilizing the Co,(CO)g-alkyne complex approach.12

2.3. A Second-Generation Synthesis of the Bicycle (—)-5: Development of a KHMDS-
Promoted Cyclization Cascade

Although effective, the first-generation synthesis of (—)-5 was not considered sufficiently
efficient vis-a-vis material advancement; a second generation approach based on precedence
from the Crimmins laboratory112 was therefore developed. Early on we had recognized that
the pyran portion of bicyclic aldehyde (—)-5 shares the same 2,6-trans-relationship as
dihydropyran 7 (Scheme 1). We therefore envisioned a route featuring a similar substrate-
controlled, stereoselective conjugate addition of a Michael donor to dihydropyranone (—)-13
(vide infra), followed by electrophilic trapping to install the C(47) methyl group (Scheme
15). In retrospect, the synthesis of (+)-sorangicin A would be significantly streamlined if
two of the major subtargets would arise from the same homochiral starting material. The
second-generation route would also be differentiated from the Co,(CO)g-alkyne approach by
constructing the tetrahydropyran ring in advance of the tetrahydrofuran moiety, a tactic that
was envisioned to avoid the 7-endo-tet cyclization.

Construction of dihydropyranone (—)-134° began by exploiting a hetero Diels-Alder (HDA)
reaction between the Danishefsky diene?6 and aldehyde 51,47 promoted by chromium(li1)
complex 5248 (Scheme 16). Both the yield and enantioselectivity proved excellent (98%;
20:1 e.r.). A three-component conjugate addition/alkylation sequence involving
dihydropyranone (—)-13, a suitable Michael donor, disguised as an aldehyde synthon, and
methyl iodide, were employed to fashion the requisite 2,3,6-trans, cis-configuration.
Initially, dihydropyranone (—)-13 was expected to be a somewhat reluctant Michael
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acceptor, as the ring oxygen would deactivate the p position.#? Indeed, efforts to add a
mixed zincate, derived from BnOCH,SnBugs, resulted only in recovery of the starting enone,
even with promoters such as Cu(OTf), and P(OEt)3.50 These observations however proved
to be more of a donor problem, as a-alkoxycopper reagents lack reactivity toward Michael
additions.®1

Recourse was thus made to the commercially available B-bromostyrene (53), a surrogate
addend, with a view to achieving oxidative cleavage of the styrene olefin at a later stage
(Scheme 17). Pleasingly, the mixed zincate, generated via lithiation of p-bromostyrene (53)
and transmetallation with Me,Zn, underwent effective conjugate addition to
dihydropyranone (—)-13 to furnish the zinc enolate, which upon quenching with excess Mel
and HMPA furnished adduct 54 (629).52 Although commercial f-bromostyrene is a cis/
trans isomeric mixture (ca. 1:9), 54 was obtained as a single diastereomer (confirmed by
nOe studies), the result of excellent substrate control, as well as low reactivity of the minor
cis-derived zincate.>3

Reduction of tetrahydropyranone 54 with L-Selectride then furnished a single diastereomer;
again the newly generated stereogenetic center was verified via nOe correlations. Protection
of the secondary hydroxyl 55 was next envisioned, followed by desilylation and Grieco
elimination to furnish diene 56, which was projected to undergo stereoselective
dihydroxylation to furnish diol 57. Attack by the C(33) hydroxyl that proceeds with
inversion of the C(36) stereogenicity would be required to construct the bicyclic skeleton
possessing the S configuration at C(36). A critical question remained: could the requisite
chemoselective oxidation of the terminal alkene be achieved in the presence of the electron
rich styrene olefin?

With this issue in mind, further analysis revealed that the synthesis of subtarget (—)-5 could
be significantly streamlined if the S-configuration at C(36) was installed early on.
Dihydropyranone (—)-59%4 (Scheme 18) was therefore selected as a more advanced Michael
acceptor, possessing the S-configuration at C(36). Pleasingly, this Michael acceptor could be
readily prepared via cyclocondensation between the Danishefsky diene*® and aldehyde
(—)-58,%° employing the same Jacobsen catalyst 52.48 An analogous three-component
coupling protocol furnished adduct (+)-61 (51%), again as a single diastereomer via Zn-
enolate 60. Careful examination of the reaction mixture, however, led to the isolation and
identification of a,a’-bismethylated product (+)-62 (ca. 20%). The mechanism of this side
reaction is ascribed to the unusual reactivity of Zn-enolate 60; a similar observation was
recorded by Alexakis et al.>® The hightened reactivity of the Zn-enolate (60) could be
mitigated by addition of CulsPBuj just prior to the addition of Mel. The result was a slower,
albeit effective reaction process furnishing (+)-61 in 73% yield. Other copper species,
including Cu(OTf),*P(OEt)3 and (2-Th)Cu(CN)Li, also proved effective.

Having assembled (+)-61 in two steps, L-Selectride reduction followed by acid promoted
deprotection led to triol (—)-63, setting the stage for the critical tetrahydrofuran ring
construction (Scheme 19).

Regioselective sulfonylation of the least hindered hydroxyl in (—)-63 was readily achieved
with KHMDS (1 equiv), followed by the slow addition of the bulky Trisylimid (1 equiv),
which in turn was treated with an additional 2 equiv KHMDS to promote the expected
cyclization cascade, involving epoxide ring formation followed by epoxide opening to
generate bicycle (—)-66.32 The yield of (—)-66 however was disappointing (33%); the major
side product proved to be over-sulfonylation to furnish (—)-67 (36%). Lowering the reaction
temperature or use of potassium tert-butoxide in tert-butanol32 did not affect an
improvement. We therefore turned to an alternative stepwise protocol developed by the
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Tanaka group.®’ Treatment of (—)-63 with triisopropyl-benzenesulfonyl chloride (TrisyICI)
in pyridine/CH»Cl, at room temperature (Scheme 20) selectively furnished the primary
sulfonate (—)-68 in 77% yield, which proved stable to regular laboratory handling. Addition
of 1.2 equiv KHMDS then delivered (—)-66 in excellent yield (91%). Thus, the signature
dioxabicyclo[3.2.1]octane core of (+)-sorangicin A (1) could now be elaborated in 6 steps
and 35% overall yield from (—)-58.

To arrive at advanced bicycle (—)-5 (Scheme 20), installation of the trans vinyl iodide and
access to the C(30) aldehyde remained. Toward this end, (—)-66 was subjected to Parikh-
Doering oxidation,®® and without purification, the resultant sensitive aldehyde subjected
immediately to Takai olefination conditions.>® To our surprise, a diastereomeric mixture of
Z/E isomers (1:3.2) was obtained as evidenced by the observed 'H NMR olefin coupling
constants (8 Hz and 15.8 Hz). This selectivity was contrary to the general trend, in which a-
alkoxy-aldehydes are reported to furnish nearly complete E-selectivity in the Takai
olefination.89 Switching the reaction medium from THF to dioxane/THF81 did not alter the
E/Z ratio, but did improve the scalability of the process; under these conditions (—)-69 and
(—)-70 could be obtained in 16% and 52% yield on half gram scale after flash
chromatography.

The challenge at this stage was to differentiate the two olefins in (—)-70. From the outset we
speculated that the vinyl substituents, an electron-withdrawing iodide and an electron-
donating phenyl group, might introduce sufficient differences in electron-density to permit
the required chemoselectivity. In the event, Sharpless dihydroxylation28 led only to reaction
at the styrene olefin in (—)-70 to furnish the corresponding diol, which upon NalOg4
treatment with pH 7 buffer generated the desired advanced aldehyde (—)-5, now available in
10 steps and 11% overall yield from (—)-58.12¢

2.4. Construction of Advanced Linchpin Fragment 6

As noted earlier, the 2,6-cis-disubstituted tetrahydropyran embedded in fragment 6 (Figure
3) suggested application of the Petasis-Ferrier union/rearrangement tactic, ideally exploiting
known B-hydroxy acid (+)-11159 and aldehyde (+)-1218 (Scheme 21). This strategy,
however, was not without risk. First, the Petasis-Ferrier rearrangement had not previously
been employed with either an a-oxygenated aldehyde or a resident acetonide moiety on the
aldehyde. Second, there were no examples in a tetrahydro-pyranone endowed with a 2,3,6-
cis-trisubstitution substituent pattern of selective reduction of a C(4) carbonyl to the
corresponding axial alcohol (vide infra).

With this overview, we prepared known B-hydroxy acid (+)-1115¢ and aldehyde (+)-12,16
and examined the union/rearrangement tactic. Silylation of (+)-11, followed by condensation
with (+)-12, promoted by TMSOTH,%2 furnished dioxanone (+)-71; Petasis-Tebbe
olefination®3 then provided enol ether (+)-72 in 79% vyield over the three steps without
purification (Scheme 21). Exposure of (+)-72 to our optimized Lewis acid (Me,AICI)
protocol, to trigger the Petasis-Ferrier rearrangement, pleasingly furnished
tetrahydropyranone (+)-73 in 70% yield as a single diastereomer. The cis stereochemistry
was established based on nOe enhancements between H(23) and H(27). This transformation
represented the first validated example of an a-oxygenated aldehyde in a Petasis-Ferrier
union/rearrangement sequence.%4

Reduction of the ketone in (+)-73 to the requisite C(25) axial alcohol however proved to be
a major road block. A wide variety of reducing conditions, including K- and L-Selectride,
NaBH,4/CeCl3, the CBS reagents, the latter employing either the (R) and (S) enantiomers,
delivered only the undesired C(25) equatorial alcohol as the major product. Best results were
obtained with DIBAL-H, albeit a mixture (1:1) of diastereomers resulted. Equally daunting,
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Mitsunobu inversion of the undesired diastereomer led only to elimination. At the time that
these results were recorded, a nearly identical observation, including Mitsunobu elimination,
was reported by Funk and Cossey®® for an analogous 2,3,6-cis-Cis-trisubstituted
tetrahydropyranone. More recently, Yadav and co-workers!02 corroborated both
observations in their synthesis of an advanced THP fragment for (+)-sorangicin A.

Although we were able to arrive at the required 2,3,6-cis,cis-trisubstituted
tetrahydropyranone system employing the Petasis-Ferrier union/rearrangement tactic,
advancing materials through a sequence involving an unselective tetrahydropyranone
reduction was viewed as less than optimal. A second-generation strategy was therefore
developed.

2.5. Linchpin 6: A Second-Generation Synthesis

At this stage, we opted to explore a strategy that would first construct a linear precursor for
the tetrahydropyran ring system 6, that would permit installation of the C(25) hydroxyl
group with the requisite stereogenicity prior to ring formation (Scheme 22). An aldol tactic
between aldehyde 78 and methyl ketone 79 became our focus (Scheme 22). Cyclization of
77 to ketal 75, followed in turn by reductive deoxygenation, application of a Suzuki—
Miyaura union with alkyl boronate 76, and installation of the phenyltetrazolyl-sulfone (PT)
would deliver the required advanced THP fragment 6 after protecting group adjustments.
Installation of the C(25) hydroxyl in a stereoselective fashion to furnish 77 was viewed as
the principle issue. Boron-mediated aldol reactions involving methyl ketones, governed
respectively by the a- or B-alkoxy substituent of the methyl ketone, are known to give rise to
the 1,4-anti or 1,5-anti adducts.56 For ketone 79 however the a- and B-benzyloxy groups
would operate in an opposite sense. Which structural feature would dominate however was
not clear.

With this question in mind, we constructed coupling partners 78 and 79. Protection of
known alcohol (+)-801d as the TES ether, followed by removal of the chiral auxiliary and
oxidation with SO3epy®8 furnished aldehyde (+)-78 in 91% yield over the three steps
(Scheme 23A). Methyl ketone 79 was next prepared in five steps (Scheme 23B). Reduction
of known lactone (+)-8187 with DIBAL-H followed by exposure of the resulting lactol to
TMSCHN,/LDA®8 provided alkynyl alcohol (+)-82 in good overall yield (85%, 2 steps).
Parikh-Doering oxidation®8 was then followed by methylation of the resulting aldehyde with
AlMegs; a second Parikh-Doering oxidation led to the corresponding methyl ketone, albeit
with partial racemization at the a-stereogenic center during the methylation. The less basic
nucleophile generated from MeMgBr and anhydrous CeCl3 furnished a pair of
diastereomeric secondary alcohols without epimerization. Oxidation then led to methyl
ketone (+)-79 in 74% yield. Overall, the five-step sequence to (+)-79 proceeded in 62%
yield.

With both coupling partners in hand, reaction of aldehyde (+)-78 (Scheme 24) with the
boron enolate derived from methyl ketone (+)-79 via dicyclohexylboron chloride (Chx,BCI)
led to a separable mixture of C(25) diastereomers (3.2:1), in favor of the desired -alcohol,
demonstrating that in this case, when the a- and B-alkoxy substituents act in opposite
fashion, 1,4-anti selectivity dominates over 1,5-anti selectivity. Treatment of the alcohol
mixture with PPhzeHBr in MeOH to effect desilylation followed by cyclization furnished
both (+)-75, the desired methyl ketal, and the C(25) epimer (+)-83 in good yield. Although
the aldol diastereoselectivity had proven to be only modest (3.2:1), this route held
considerable appeal since the undesired methyl ketal (+)-83 could be oxidized to
tetrahydropyranone (+)-84, and then reduced with L-Selectride to deliver (+)-75 as a single
diastereomer (89% yield, 2 steps), permitting advancement of all synthetic material. The
difference in stereochemical outcome vis-a-vis the selectivity observed with reductions of
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(+)-73 and (+)-84 is illustrated in Figure 4. In the case of tetrahydropyranone (+)-73, axial
attack of the hydride is generally favored, aided by the steric hindrance of the C(26) axial
methyl group. In ketone (+)-84, the axial trajectory however is highly unfavored due to the
axial C(23) methoxy group, leading instead to the desired a-alcohol (+)-75.

Synthesis of linchpin 6 continued via reductive deoxygenation of the methyl ketal in (+)-75,
with Et3SiH and TMSOTHT, followed by MOM protection to furnish tetrahydropyran (+)-85
in 93% yield for the two steps (Scheme 25). The stereochemical outcome in (+)-85 was
verified by nOe correlations. Installation of the trans vinyl iodide moiety was next achieved
via a hydrozirconation/iodination protocol,8% which in turn permitted Suzuki—Miyaura cross
coupling”® with alkyl boronate 761 to provide olefin (+)-86 as a single E-isomer,
possessing the full carbon skeleton of THP fragment 6. Debenzylation via treatment with
lithium 4,4’-di-tert-butylbiphenolide (LiDBB), followed by acetonide formation and
selective removal of the primary BPS group with KOH/DMPU?2 in acetonitrile then
furnished alcohol (+)-87 in 59% vyield for the three steps. The phenyltetrazolyl sulfone (PT)
was next installed to arrive at fragment (—)-6. Overall (—)-6 was constructed in 17 steps
beginning with commercially available D-erythronolactone.12P

2.6. An Augmented Synthesis of Advanced Linchpin (—)-6

Upon scaling the first-generation synthesis of (—)-6, a number of issues were encountered.
First, the C(25) axial hydroxy in (+)-75 was prone to elimination during the Lewis acid
promoted reductive deoxygenation. To solve the issue, we envisioned that thioketalization
would provide an intermediate that could be reduced under conditions that would not
activate the C(25) hydroxyl toward elimination (e.g., radical reduction). A second issue
related to removal of the primary BPS-ether in the presence of the primary TBS-ether to
afford (+)-87 employing strong basic conditions. An orthogonal protecting group strategy
would address this problem. Aldehyde (+)-89 (Scheme 26A) possessing a terminal benzyl
ether, was therefore prepared from known amide (+)-8872 in 2 steps (80%).

To improve convergency, we also decided to introduce the vinyl iodide moiety at an earlier
stage. After a number of experiments, hydrozirconation of 90, protected as the TES ether,
(Scheme 26B) with the Schwartz reagent [Cp,Zr(H)CI]8? and I, furnished vinyl iodide 91
in 59% yield along with alkene 92 (12%). Speculating that the Schwartz reagent was
reacting to generate HI with the excess iodine, which in turn would quench the intermediate
vinylzirconocene to generate 92, NIS was employed to remove zirconium. These conditions
furnished vinyl iodide (+)-93 in 65% yield along with concomitant desilylation. This
sequence could be further streamlined by conducting the hydrozirconation directly on
alcohol (+)-82, employing LiEt3BH to achieve deprotonation prior to treatment with the in
situ generated Schwartz reagent.59 These conditions produced (+)-93 in 87% yield. The
resulting vinyl iodide was then converted to methyl ketone (+)-94 in similar fashion to the
conversion of (+)-82 to (+)-79 (see Scheme 23).

With both coupling partners in hand, realization of the aldol condensation became our focus.
Initial NMR experiments in CD,Cl, indicated that the previously employed Lewis acid
Chx,BCI did not efficiently generate the desired enol-boronate. Consequently, the more
reactive Lewis acid, Chx,BBr,’* was employed. Moderate diastereoselectivity (B:a = 3:1)
was obtained using a slight excess of the Lewis acid (1.25 equiv), albeit at the expense of
yield (33%, Scheme 27). The reaction could be driven to completion by increasing the
amount of Lewis acid (3.5 equiv), albeit nearly equal quantities of the a- and p-adducts were
obtained, which fortunately could be separated by flash chromatography. The observed
modest diastereoselectivity is in line with the expectation that the substituents on (+)-94 act
in the opposite sense to direct the anti-selective aldol (vide ante). Given that the undesired o-
diastereomer was also a viable intermediate, via an oxidation/reduction sequence en route to
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sulfone (—)-6, further optimization of the aldol reaction was not pursued. Rather both acyclic
precursors were utilized in the subsequent thioketalization studies.

Beginning with adduct (+)-958, desilylation was successfully achieved with EtzNe3HF
giving rise to 96, which exists as a mixture of hemiketal tautomers 96/97 (Scheme 28A).
Treatment with a catalytic amount of BF3*OEt, (0.33 equiv) in CH,CI,/EtSH at -15 °C
effected thioketalization to produce the desired thioketal (+)-98 (33%), along with
competitive elimination of the C(25) hydroxyl to afford near equal quantities of (+)-99
(34%). Attempts with different temperature and Lewis acids régimes did not improve the
matter. Diastereomer (+)-95a faired better under the same thioketalization conditions,
resulting in less dehydration and in higher efficiency (Scheme 28B). This was not surprising
considering that the equatorial C(25) hydroxyl group in (+)-102, based on stereoelectronic
effects, would be expected to be less prone to elimination as compared to the C(25) axial
diastereomer (+)-98.

Gratifyingly, a further screen of solvents with additional optimization revealed that slow
addition of a catalytic amount of BF3*OEt; (0.08-0.16 equiv) in MeCN via syringe pump to
solutions of both 96 and 100 in MeCN/EtSH furnished the desired thioketals in 82—-83%
yield, with <10% of dehydration product (+)-99 observed (Scheme 29).7> A similar two-step
oxidation/reduction protocol (see Scheme 24) then transformed thioketal (+)-102 into the
desired (+)-98 with good overall efficiency (83% yield, 2 steps).

At this point, attempts to protect the C(25) hydroxyl of (+)-98 as the corresponding MOM-
ether led only to recovered starting material, suggesting that in the presence of the axial
thioethyl group the same steric factor permitting effective conversion of (+)-102 to (+)-98
hinders ether formation. Fortunately, extension of the side-chain of (+)-98 without
protection of the C(25)-hydroxyl could be achieved via Suzuki union’® with boronate 76, to
furnish (+)-103 in good yield (85%, Scheme 30).

Initial experiments to reduce the thioketal employing excess BusSnH as the radical reductant
provided the desired (+)-105, albeit in low yield (ca. 21-28%, Scheme 30). As anticipated
the reaction was not plagued by C(25) hydroxyl elimination, however competitive
deprotection of the primary benzyl ether occurred, leading to (+)-104; yields ranged from
34-52%. Attempts to reprotect the free 1°-hydroxyl as a benzyl ether in the presence of the
secondary alcohol were not rewarding.

We reasoned that if the highly reactive tributyltin radicals were responsible for removal of
the primary benzyl ether, a less reactive and hence more stable radical source might suppress
the debenzylation process. To this end, we turned to PhaSnH to furnish (+)-105 in 65%
yield, with only modest loss of the benzyl group (15%, Scheme 31).

With the axial thioethyl group removed, the C(25) hydroxyl of (+)-105 was protected as the
MOM ether, and in turn, triol (+)-106 was generated upon treatment with excess lithium
4,4'-di-tert-butylbiphenylide (LiDBB) (Scheme 31). Selective conversion of the primary
alcohol to the corresponding mesylate (+)-107 (80%) was then achieved using carefully
defined conditions (MsClI, collidine) to avoid loss of the TBS group. The resultant vicinal
diol in (+)-107 was then protected as the acetonide, using 2-methoxypropene and catalytic
PPTS, to furnish (+)-108 in near quantitative yield.

Installation of the Julia-Kociénski sulfone, was next achieved via displacement of the
mesylate in (+)-108 with cesium arylthiolate derived from phenyltetrazole-thiol (PTSH) and
Cs,CO3 in DMF to produce (—)-109 (97%). Use of the more readily available sodium
thiolate on the other hand led to significant B-elimination to furnish the terminal olefin. The
Julia-Kociénski sulfone (—)-6 was then generated in excellent yield (96%) upon oxidation
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with the ammonium molybdate-hydrogen peroxide oxidative system
[(NH4)§M07024+4H,0-H50,].76 Overall the thioketalization-based approach produced the
requisite advanced THP linchpin (—)-6 in 17 steps (longest linear sequence) and in 9.2%
overall yield.

2.7. Construction of Advanced Dihydropyran Fragment 7 (Figure 5)

As earlier illustrated (Scheme 2), disconnection of the C(8)-C(9) sp?-sp® carbon-carbon
bond in 7 revealed dihydropyranone (—)-1317 and vinyl bromide 14 (Scheme 32). In the
synthetic direction, we envisioned that the C(13) stereocenter in (—)-13 would permit control
of the stereochemical outcome at both C(9) and C(10). To this end, 1,4-conjugate addition of
the cuprate derived from vinyl bromide 14 and enone (—)-13 (Scheme 16), the latter
prepared during the synthesis of bicycle aldehyde (—)-5, would furnish the 2,6-trans-
disubstituted tetrahydropyranone enolate 110. Direct capture of this enolate, or that derived
from the silyl enol ether with an oxygen source would in turn set the C(10) stereogenicity.
Installation of the requisite C(11)-C(12) unsaturation via reduction of the kinetic enol
triflate obtained from the C(11) ketone, followed by oxidation state adjustments, would then
complete construction of advanced fragment 7.

Preparation of vinyl bromide 14 entailed Myers alkylation’” of the lithium enolate derived
from amide (+)-111 with alkyl iodide 112, the latter prepared in two-steps and in 93% yield
from 1,5-pentanediol (Scheme 33). Amide (+)-113 was produced both in excellent yield and
with high diastereoselectivity (99%, d.r. >20:1). In turn, reduction with LiHAI(OEt)3
generated in situ, led directly to aldehyde (—)-114 in good yield after hydrolysis of the
intermediate pseudoephedrine aminal.””.”8 A Corey-Fuchs homologation/methylation
sequence,’® followed by hydrozirconation with Schwartz reagent,%® and bromination with
N-bromosuccinimide (NBS) then led to vinyl bromide (—)-14 as a single stereo- and
regioisomer in excellent yield. Overall, vinyl bromide (—)-14 was prepared in 7 steps
(longest linear sequence) and in 55% overall yield from commercially available starting
materials.120

Union of dihydropyranone (—)-13 with vinyl bromide (—)-14 entailed addition of the derived
cuprate to the Michael acceptor (—)-13 (Scheme 34); a single diastereomer (—)-116 resulted
with excellent stereocontrol, albeit in modest yield (46%). The proposed Rubottom
oxidation however proved problematic, likely due to the ring oxygen. At best a 27% yield of
TBS ether (—)-118 was obtained. Alternate oxidation with either methyl-
(trifluoromethyl)dioxirane generated in situ,89 0s0,,8! or attempted oxidation of the enolate
derived from enol acetate (+)-117 provided no improvement.

The stereogenicity of the newly generated C(9) and C(10) centers were assigned based on
the observed NMR coupling constants of 8.3 Hz and 9.4 Hz (i.e., axial-axial) between H(9)
and H(10) in (—)-118 and (—)-119, respectively, indicative of the trans relationships.82 The
absolute stereochemistry of the C(10) center was confirmed via Kakisawa analysis?® of the
corresponding Mosher esters derived from alcohol (—)-119.

To improve the efficiency of this reaction sequence, we reasoned that the sterically less
demanding TES enol ether might be a better oxidation substrate compared to (—)-116. We
therefore prepared TES enol ether (+)-120 (Scheme 35), via conjugate addition of the mixed
higher-order cuprate [i.e., R(2-Th)Cu(CN)Li,]8 derived from vinyl bromide (—)-14 and
freshly prepared (2-Th)Cu(CN)Li to dihydropyranone (—)-13; in situ capture of the enolate
with triethylsilyl chloride (TESCI) furnished the somewhat hydrolytically unstable TES enol
ether (—)-120 in 77% yield. Purification of (+)-120 required activity (111) basic alumina to
prevent TES hydrolysis.
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With (+)-120 in hand, we installed the requisite C(10) oxygen exploiting the sterically less
demanding TES enol ether (Scheme 35). Optimal conditions entailed m-CPBA buffered
with NaHCOg3 in CH,Cly; (—)-121 was obtained in 54% yield as a single stereoisomer.
Additional screening of the Davis oxaziridines84 and magnesium bis(monoperoxyphthalate)
(MMPP)® as oxidants proved unrewarding. Utilization of TES enol ether (+)-120 in place
of the TBS ether required the subsequent conversion of TES ether (—)-121 to the TBS ether
(—)-118, which was achieved in two-steps (95% yield), that did not require chromatographic
purification.

The requisite C(11)-C(12) unsaturation was then installed via kinetic enolate formation
(LDA, THF/HMPA), followed in turn by treatment with Comins reagent [N-(5-chloro-2-
pyridytriflimide],86 and reduction employing catalytic Pd(PPhs), with Et3SiH as the
hydride source (Scheme 36).87 The observed nOe enhancements between the C(9) methine
and the C(14) methylene protons in (—)-122 confirmed both that the C(9) and C(13)
substituents remained trans and that the C(13) center had not undergone epimerization via a
retro-Michael pathway upon kinetic enolization.

Oxidative removal of the PMB group in (—)-122, followed by sequential oxidations
employing Dess-Martin*3 and Pinnick conditions,88 and in turn protection of the resulting
carboxylic acid as the tert-butyl ester employing N,N’-diisopropyl-O-tert-butylisourea
(123),89 led to (—)-124 in 69% yield over the four steps (Scheme 36). Chemoselective
removal of the primary TBS group was then achieved with HFepy to furnish the primary
alcohol (—)-125 in 77% yield. Notably, allowing the reaction to proceed to higher
conversions led to hydrolysis of the C(10) TBS ether. Dess-Martin oxidation88 then
completed construction of dihydropyran fragment (—)-7. Overall, advanced fragment (—)-7
was prepared in 19 steps (longest linear sequence) and in 8% overall yield from
commercially available starting materials.12

2.8. Advanced Fragment Union: Unexpected Challenges

Having secured ample quantities of the three major subtargets (—)-5, (—)-6, and (—)-7, we
turned to their union via the planned consecutive Julia-Kociénski olefinations.? Metallation
of sulfone (—)-6 with LiHMDS, followed by addition of aldehyde (—)-5 in DMF/HMPA
(3:1)%1 provided exclusively the desired E-isomer (—)-126, as verified by the coupling
constant of H(30) (J = 15.2 Hz, Entry 1, Table 3). This transformation, although proceeding
in low yield (ca. 11-24%), permitted substantial recovery of the coupling partners. Utilizing
KHMDS in DME, a set of conditions traditionally employed for trans alkene production,®!
led to low E/Z selectivity (2:1) with higher conversion (54%, Entry 3). After a variety of
different base/solvent combinations were explored (Table 3), best results were achieved with
t-BuLi in combination with polar aprotic solvents (DMF/HMPA) to furnish (—)-126 as a
single E isomer in 39% yield, when run on a 300 mg scale (Entry 5). With several recycles
an overall yield of 65% could be achieved.

Turning to the second Julia—Kociénski union (Scheme 37), removal of the TBS group in
(—)-126 was achieved with Et3Ne3HF to provide alcohol (—)-127, which in turn was
subjected to Mitsunobu coupling with phenyltetrazole-thiol (PTSH) followed by
molybdenum (V1)-catalyzed oxidation to deliver the PT-sulfone (—)-128. The Julia—
Kociénski union again proved challenging. In this case, the E/Z selectivity was reversed,
with KHMDS vyielding the best E-selectivity in DME, with no selectivity observed with
LiHMDS in DMF/HMPA. Low conversions were observed in both cases. Validation of the
E-configuration at C(15)-C(16) also proved less than straightforward, as the H(15) and
H(16) vinyl protons shared identical chemical shifts at 5.54 ppm. Recourse was therefore
made to the method employed by Ho6fle and co-workers during their elucidation of (+)-
sorangicin A. They assigned the E-configuration of the C(15)-C(16) olefin based on the 13C
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shift of the C(17) carbon at 33.4 ppm, which was in line with theoretical calculations of 33
ppm.22 In our case, the chemical shift of the C(17) carbon was 32.7 ppm, supporting the
trans configuration.

We reasoned the observed low efficiency for both Julia—Kociénski unions resides in the
nature of the THP-containing sulfones [i.e., (—)-6 and (—)-128]. The combination of difficult
initial deprotonations and the presumed resultant intramolecular coordination of the sulfone
anions in particular impeded efficient conversion. Reversal of the Julia—Kociénski anion and
aldehyde coupling partners appeared as a viable option. For the first union however such a
reversal would not be without risk, owing to potential B-elimination of the sulfone anion
derived from bicycle (—)-5. Reversal of coupling partners for the second Julia—Kociénski
union appeared more feasible (Scheme 38).

Towards this end, conversion of alcohol (—)-125 to PT-sulfone (+)-130 was achieved in two
steps, and in high overall yield (Scheme 38). More important, use of KHMDS in DME for
the Julia—Kociénski olefination with aldehyde (—)-131, derived from (—)-127, provided the
coupled product (—)-129 in high yield (79%) with complete E-selectivity. With the second
Julia—Kociénski olefination efficiently achieved, the three advanced fragments had thus been
united. For installation of the Z,Z E trienoate moiety, removal of the silyl group from the
secondary TBS ether in (—)-129 was next readily accomplished, employing solid
TBAF+3H,0, to furnish alcohol (—)-132.

2.9. The Sorangicin A Trienoate: A Model Study

Early on Hofle and co-workers demonstrated that the instability of (+)-sorangicin A was a
direct result of the resident trienoate system." In particular, a series of products having
undergone isomerization of the trienoate unit were isolated and identified. We of course
fully recognized the pending challenge of the sensitive trienoate fragment. Initially we
planned to mask the extended unsaturation as a dienyne; model studies thus appeared
prudent.

To this end, Stille coupling®3 between vinyl iodide (—)-50 and enyne 813 proceeded
smoothly to furnish dienyne (—)-133 in 60% yield (Scheme 39). Subsequent
semihydrogenation with 5% Pd/CaCOs, poisoned with Pb, in the presence of quinoline, as
expected furnished trienoate 134, assigned based on *H NMR of an unpurified sample.
Unfortunately all attempts to remove the excess quinoline, either with NaHSO4 (1M) or by
SiO, chromatography, led to rapid isomerization. We therefore abandoned the dienyne tactic
and opted to install the C(37)-C(43) fragment with the correct Z,Z,E trienoate configuration
onto (—)-132, with a view to increase convergency.

With this idea in mind, we turned to the use of known stannyl dienoate 135% bearing the
desired Z,Z-configuration, which proved to be a stable compound under standard laboratory
conditions, due to the electropositive tin stabilizing the electron deficient system as a o-
donor. In a second model study, Stille union between vinyl iodide (—)-70 and (Z,2)-135,
employing PdCIl,(PhCN), (5 mol%) proceeded well in terms of yield (96%), albeit a
geometric mixture of isomers was obtained, which proved difficult to separate (Entry 1,
Table 4). Addition of 1.5 equivalent of Ph,PO,NBuy,, an additive generally employed as a
tin scavenger to improve coupling efficiency,%® did not improve the situation (Entry 2).
However, when an excess of Pho,PO,NBu,4 (6 equiv) was employed, trienoate (+)-136 was
obtained as a single Z,Z,E-isomer in high yield (Entry 3). The requisite Z,Z,E-geometry of
the extended unsaturation system was assigned based on coupling constants and nOe
correlations. Presumably, Ph,PO,NBuy inhibits Z/E isomerization by either arresting
formation of detrimental iodide side products, or by accelerating dissociation of the Pd
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catalyst after reductive elimination. Of interest, trienoate (+)-136 proved to be stable for
days in CDCls3, but quickly decomposed in the neat state.

2.10. Elaboration of the Complete Carbon Skeleton of (+)-Sorangicin A

Having succeeded in introducing the trienoate fragment in a simple model, we turned to the
construction of the full carbon skeleton (Scheme 40). Pleasingly, the Z,Z,E-triene could be
introduced in a similar fashion as the model system, albeit an even larger excess of
PhoPOoNBuUy (ca. 12 equiv) was required to furnish (+)-137 as a single Z,Z,E-isomer in 87%
yield. Hydrolysis of (+)-137 was then achieved with LiOH in aqueous THF to provide acid
138 in 70% yield. Although the Z,Z,E-configuration was preserved, saponification
proceeded quite slowly, with some starting material recovered even after 4 days. To improve
the hydrolysis, the methyl ester, dienoate (Z,2)-139, was prepared in analogous fashion to
(Z,2)-135 and coupled with vinyl iodide (—)-132; again the coupling proved excellent
(88%). The hydrolysis now proceeded to completion in 1.5 days to furnish 138.96

2.11. Macrocyclization

With the full carbon skeleton of (+)-sorangicin A assembled, attention shifted to the critical
macrocyclization, a task considered nontrivial both due to the hindered C(10) 2°-hydroxyl
and the labile trienoacid (Scheme 41). We first selected the conditions of Mukaiyama, as
modified by Evans,®’ given both the convenience of this protocol and the lack of acidic or
thermal conditions commonly employed in alternative macrocyclizations that might destroy
the sensitive triene. Towards this end, treatment of seco-acid 138 with Mukaiyama reagent
141 and NaHCO3 in CH,Cl5 indeed furnished macrolactone 142, albeit contaminated with
minor amounts of other geometric isomers that proved difficult to remove. Recalling that the
Yonemitsu modification of the Yamaguchi conditions,?8 involving direct introduction of
DMAP at room temperature without preformation of the mixed anhydride, had successfully
been employed by the Curran group in their total synthesis of (—)-dictyostatin possessing a
Z,E-dienoacid,® we explored this tactic. Unfortunately, these conditions led to significant
isomerization. We reasoned that the formation of geometric isomers might be due to a
reversible Michael-type addition of DMAP to the activated trienoacid during the cyclization
event. The iodide present in Mukaiyama salt 141 held a similar risk. Another risk associated
with activator 141 was halogen exchange leading to 143, a reagent known to be inert toward
carboxylic acid activation.100

To address these issues, the modified Mukaiyama reagent 144 was adopted, which possesses
a non-nucleophilic counterion, tetrafluoroborate, envisioned to mitigate both isomerization
and inactivation pathways.191 Pleasingly, macrolide 142 was obtained in excellent yield
(80%), with minimum isomerization (<10%) under dilute conditions (c<1x1073 M),
employing 144 (Scheme 42). Moreover, the Z,Z,E-triene configuration was retained, as
confirmed from the observed NMR coupling constants (Scheme 42). In this case, the larger
1-ethyl group in 144, may also contribute to the success, by suppressing decomposition of
the pyridinium salt, a result of attack on the 1-alkyl group, while at the same time not being
too sterically encumbered to hinder cyclization upon acid activation.

2.12. Global Deprotection: A Challenging Transformation

All that remained to complete the total synthesis of (+)-sorangicin A (1) was to define
suitable conditions to remove the three acid labile protecting groups: the t-butyl ester, the
acetonide, and the MOM ether group, while maintaining the delicate macrocycle. This
proved to be a daunting task, due to the proclivity of the macrolide to undergo isomerization
of the (Z,Z,E)-trienoate. As noted in the introduction, Hofle and coworkers demonstrated
that natural (+)-sorangicin A (1) could be protected efficiently as acetonide 145 with TFA in
acetone (ca. 98%), and that deprotection could be achieved in 70% yield employing TFA in
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aqueous THF at 85 °C (Scheme 43).14 Indeed, exploiting this protocol they prepared an
extensive library of sorangicin analogues. The efficiency of deprotection however was
highly substrate-dependent, ranging from 20% to 50%.

With this in mind, treatment of the fully protected macrolide 142 with TFA in aqueous THF,
first at room temperature, led to acetonide removal, a process that was accelerated by silica
gel (Scheme 44). Additional heating at 85 °C did not lead to further deprotection; only
decomposition occurred.

Encouraged by our ability to remove the acetonide, we initiated a series of deprotection
studies on the more readily available, advanced fragments (+)-108 and (—)-125 to preserve
the valuable macrolide 142. These efforts demonstrated that aqueous TFA/THF conditions
would remove the acetonide in (+)-108 at 45 °C, and when the temperature was raised to 85
°C the MOM group (Scheme 45A). Liberation of the acid from t-butyl ester (—)-125
(Scheme 45B) however could only be achieved in 42% yield at 85 °C, indicating that a more
effective protocol had to be devised to hydrolyze the t-butyl ester. Anhydrous TFA in
CH,Cl, was not an option, as decomposition of the delicate trienoate linkage proved
competitive. Turning to Lewis acids, B-bromocatecholboranel92 removed both the MOM
and acetonide groups in (+)-108, but removal of the t-butyl group of the ester remained
sluggish (Scheme 45C and D).

Subsequent screening revealed that treatment of (—)-125 with TMSOTT in 2,6-lutidine
liberated the acid with good overall efficiency, after an acidic workup (1M KHSO,) (88%,
Scheme 46). These conditions also cleanly removed the MOM group in (+)-108. With these
observations in hand, we attempted to remove both the MOM and t-butyl groups
simultaneously, employing late stage intermediate 142. Only decomposition resulted!

We reasoned that TMSOTf was sufficiently powerful to liberate the acid from the t-butyl
ester, but too reactive to maintain the delicate trienoate. In the end, we discovered that
TBSOTH, a bulkier reagent, buffered with 2,6-lutidine, fulfilled both the requirements:
selective removal of the t-butyl group without compromising the (Z,Z,E)-trienoate linkage to
furnish the now TBS protected ester 153, after an acid workup (0.2 N HCI) (Scheme 47).
Notably, the MOM and acetonide protecting groups in 142 were not affected by these
conditions. Treatment of TBS ester 153 with B-bromocatecholborane at low temperature
then furnished the fully deprotected macrolide 154.

2.13. The Structure of (+)-Sorangicin A

With the first synthetic sample of the fully deprotected macrolide 154 in hand, careful
comparison of the TLC of an authentic sample of (+)-sorangicin A (1), kindly provided by
Hofle, with a sample of the synthetic macrolide was not promising, although high-resolution
mass spectroscopy confirmed the correct molecular formula. The 500 MHz *H NMR
spectrum of 154, albeit not pure, clearly indicated that the trienoate remained intact during
the two-step deprotection process.

Before committing additional, highly valuable advanced materials to provide access to pure
154 for detailed NMR analysis, we compared the 500 MHz 1H NMR spectrum of natural
(+)-sorangicin A in CD30D with that of the synthetic protected pure macrolide 142, having
assigned the majority of the resonances in the latter via extensive 2D NMR experiments
(Figure 6). This analysis revealed that: (a) the trienoate regions matched closely; (b) the
C(21)-C(23) segments did not resemble each other, an understandable observation given the
local conformational effects arising from the acetonide in 142; and (c) significant
differences in chemical shifts and line shapes were observed for three vinyl protons: H(7),
H(11) and H(12). We thereby suspected that the structure of the dihydropyran ring, and in
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particular the C(10) stereochemical center in 142 was not consistent with (+)-sorangicin A

0.

Given that single-crystal X-ray structure 1554 (Figure 7) had been employed by Hoéfle and
coworkers to confirm their initial structure assignment of (+)-sorangicin A (1), an error
involving the misassignment of backbone connectivity or relative stereochemistry was
eliminated. Review of the original 1989 publication? revealed that (+)-sorangicin A was
depicted as 156 with S-C(10) configuration (Figure 7). However, in a later publication
(1993),% a publication that we had relied upon, Héfle and co-workers depicted (+)-
sorangicin A as structure 3 with the C(10) R configuration. Clearly the R configuration at
C(10) in synthetic 142 led to the discrepancies of the H(7), H(11) and H(12) resonances in
our synthetic material.

2.14. In-House X-Ray Analysis of (+)-Sorangicin A (1)

Before taking final action to complete the total synthesis of (+)-sorangicin A (1), we
conducted an X-ray analysis of natural (+)-sorangicin A, kindly provided by Dr. Rolf
Jansen. By collecting the X-ray intensity data at low temperature, 143 K, compared to the
Hofle analysis at 293 K, we not only confirmed the S configuration at C(10), but also
provided new information on the dynamic disorder identified by the H6fle team.* In
particular, the C(16)-C(17)-C(18) moiety was disordered by rotation of approximately 30°
about the C(14)-C(15) and C(19)-C(20) bonds, which upon refinement of two contributing
disorder fragments [C(16), C(17), C(18), and C(16"), C(17"), C(18")] with 50% occupancies,
gave rise to high resolution structures that confirmed the single bond nature of the C(17)-
C(18) moiety, a matter of early concern in the initial structure analysis (Figure 8). The
reader will recall that the high flexibility of the C(14)-C(20) region had been correlated with
the superior adaptive ability of (+) sorangicin A (1) towards microbial mutation, leading to
an advantageous cross-resistant profile over rifampicin (2), a discovery with clear
implications vis-a-vis future drug design and development against fast evolving microbes.3

2.15. Inversion of the C(10) Stereogenicity: Access Advanced Intermediate 161

We began with global desilylation of (—)-124, followed by selective silylation of the primary
hydroxyl group to furnish allylic alcohol (—)-158 in excellent yield (Scheme 48). Attempts
to invert the C(10) center employing a variety of Mitsunobu conditions failed due to
intervention of an SN2’ pathway, presumably due to the bulky nature of the C(1)—C(8) side
chain. Recourse to a Ley oxidation103/Luche reduction1%4 sequence however quickly
delivered the desired allylic alcohol (+)-159 as a single diastereomer. Pleasingly, the line
shape of H(9) in the 1H

NMR of (+)-159 changed from a doublet (J = 7.1 Hz) as in (—)-158 to a singlet after
inversion, closely resembling that of the natural product. Protecting group manipulations
followed by introduction of the sulfone unit employing the conditions developed earlier
(Scheme 38) completed construction of (+)-161. The eight step sequence proceeded in 46%
yield.

2.16. Completion of the First Total Synthesis of (+)-Sorangicin A (1)

With the stereogenicity at C(10) now secure, Julia—Kociénski union between aldehyde
(—)-131 and sulfone (+)-161 proceeded smoothly to furnish vinyl iodide (+)-162 after
desilylation (Scheme 49). Additional (+)-162 was also available via an oxidation/reduction
sequence employing advanced intermediate (—)-132. Conversion of (+)-162 to (+)-
sorangicin A (1) now proved straight forward. Importantly the critical Mukaiyama
macrolactonization was highly efficient (88%). Finally, somewhat more effective conditions
to remove the MOM, acetonide, and TBS protecting group, employing 4N HCI in THF, led
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to synthetic (+)-sorangicin A (1). Interestingly, (+)-sorangicin A proved stable to strong
aqueous protic acid in the absence of oxygen over 24 h. The overall yield for the five steps
was 45%. Synthetic (+)-sorangicin A (1) proved to be indistinguishable from an authentic
sample of 1 by NMR, mass spectrometric, and chromatographic comparisons (three solvent

systems).12d Moreover, the chiroptic properties { [@]'%: +56 (c 0.06, MeOH); lit.4 [a]2:
+60.9 (¢ 0.7, MeOH)} confirmed that the absolute configuration of (+)-sorangicin A is as
depicted in 1, consistent with the X-ray analysis achieved by Héfle and co-workers.*

3. Conclusion

The first and to date only total synthesis of (+)-sorangicin A (1) has been achieved. The
longest linear sequence was 30 steps that proceeded in 3.2% overall yield. The
enantioselective route features high convergency, as well as a number of key features and/or
tactics, including: a first- and second-generation synthesis of the dioxabicyclo[3.2.1]octane
core, effective constructions of the advanced di- and tetrahydropyran ring systems,
consecutive Julia—Kociénski olefinations to unite three advanced fragments with high E-
stereoselectivity, a modified Stille union to introduce the sensitive Z,Z,E triene functionality,
a highly efficient Mukaiyama macrolactonization, and carefully defined Lewis and protic
acid-promoted deprotection protocols to achieve global deprotection in the final stage of the
synthetic venture.
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Fig 1.
Structures of (+)-Sorangicin A (1) and Rifampicin (2)
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Fig 2.
Structure of Bicyclic Fragment 5
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Fig 3.
Structure of THP Fragment 6
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Fig 4.
Rationale for observed stereoselectivity in the reduction of (+)-73 and (+)-84
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Fig 5.
Structure of DHP Fragment 7
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Comparison of the 1H NMR data for natural 3 and synthetic 142

Tetrahedron. Author manuscript; available in PMC 2012 December 23.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Smith et al.

K

Olsordor
ORTEP Drawing (155)

Original Drawing of
(+)-Sorangicin A (156)
Jansen, R Irschik, H.; Reichenbach, H.; Schomberg, D.
Wray. V.; Hofle, G Liobigs Ann. Chem 1988, 111

o3

Revised Drawing of (+)-Sorangicin A (3)
Schummer, D.; Irschik, H ; Hofle, G.
Liebigs Am. Chem. 1993, 293

RI-R=H

Dinydropyran
otan

e

Comparison of ORTEP of (+)-sorangicin A with two reported structures

Tetrahedron. Author manuscript; available in PMC 2012 December 23.

Page 30



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Smith et al.

HO*
HOM21

Conformation of (+)-Sorangicin A (1) (+)-Sorangicin A (1)

Fig 8.
X-ray structure verification of (+)-sorangicin A
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Table 4
Model Stille coupling to afford (+)-136

573 (d,J=11.4 Hz)

BusSn, =
E/_\OO;EI
2,2)135
(Z.2) H
PdAClz(PhCN)z
DMF (degas) Ph
no light, rt L}

(96%) 6.53(d, J=158Hz) ¢ 6.46(appt J=11.0Hz)
6.24 (dd, J = 15.1, 5 Hz)

(+)-136
Entry Additive Geometric Isomers
1 mixture
2 Ph,PO,NBu, (1.5 equiv) mixture
3 Ph,PO,NBuj, (6 equiv) pure Z,Z,E isomer
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