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ABSTRACT

Natural products have long stood as a rich source of biologically relevant molecules
bearing highly functionalized and complex architectures. On one hand, they are a focal
point for the development of new therapeutic agents owing to their inherent biological
activities. On the other, they serve as an exciting testing ground for existing synthetic
methodologies and provide opportunities for the development of new reactions.

Herein, we describe a modular strategy that was employed for the total synthesis of
the antibiotic (+)-pleuromutilin. Key features of our synthesis include (1) the development
of a highly stereoselective Sml>-mediated ketyl radical cyclization to establish the central
eight-membered ring and (2) a modular crotylation reaction to install the eight-membered
ring’s backbone that permits full control over the stereochemistry at C12 as desired. During
our synthetic studies, a transannular [1,5]-hydrogen atom transfer reaction that affects a
stereospecific redox relay to set the C10 stereocenter was serendipitously uncovered. This
strategy enabled the completion of a concise total synthesis of (+)-pleuromutilin,
proceeding in 18 steps. To demonstrate the modularity of our synthetic approach, the same
strategy was readily applied to the synthesis of (+)-12-epi-pleuromutilin with no
reoptimization, providing a new platform for the preparation of fully synthetic derivatives
that may hold promise as broad-spectrum antibiotics.

This report also highlights the work we have conducted in the development of a
synthetic strategy towards (—)-merrilactone A. We detail our investigation of a Pd-
catalyzed asymmetric allylic alkylation reaction that rapidly constructs the D ring bearing
the C5 and C6 vicinal quaternary centers. Potential paths forward to complete the synthesis
of this neurotropic natural product leveraging this advanced intermediate will also be

discussed.
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Chapter 1

An Introduction to Pleuromutilin

1.1 INTRODUCTION

“One sometimes finds what one is not looking for. When I woke up just after dawn
on Sept. 28, 1928, I certainly didn’t plan to revolutionize all medicine by discovering the
world’s first antibiotic, or bacteria killer. But I suppose that was exactly what I did.” In
1928, Alexander Fleming serendipitously discovered penicillin after finding that a
staphylococcus culture plate had been contaminated with mold.! Upon closer examination,
he realized that the bacteria in close proximity to the mold colonies had stopped
proliferating. He then isolated the mold and identified it as a member of the Penicillium
genus, which he found to be effective against all Gram-positive pathogens. He noted that
it was not the mold itself but rather the mold juice, or penicillin, that possessed antibiotic

properties. Despite this breakthrough, there were still significant challenges in
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implementing these findings for widespread use against bacteria, most notably the isolation
and purification of penicillin. Fortunately, in 1940, Howard Florey and Ernst Chain
reported a purification technique, leading to the mass production and distribution of
penicillin in 1945.

The discovery of penicillin, as well as Ehrlich’s sulfonamide antibiotics,? set up the
paradigms for future drug discovery and small molecule research where a number of new
antibiotics closely followed. The period between the 1950s and the 1970s is now
considered the golden age of discovery of novel antibiotics classes; however, few have
been discovered since then.? With the rapid emergence of pathogenic antibiotic resistance
and the decline of discovery rate of new antibiotics, there has been a renaissance in the

scientific community toward discovering new antibiotics.

1.2 PLEUROMUTILIN

In 1951, Kavanagh and coworkers*® reported that Pleurotus mutilus and P.
Passeckerianus of the genus Pleurotus were found to produce substances that inhibit
Staphylococcus aureus. At the time of isolation, the full structure of (+)-pleuromutilin (1,
Figure 1) had not yet been elucidated; however, the authors found that its antibiotic
characteristics were lost by boiling the metabolite in a 0.1 N solution of sodium hydroxide,
presumably removing the glycolic ester residue. This functionality was later determined to
be critical for its biological activity. The antibacterial substance was isolated as a
crystalline solid from culture liquids and named pleuromutilin, whose structure and

biosynthetic pathway®’ were elucidated by Birch and Arigoni independently in the 1960s.
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Me OH
N Me
---.,/ Me:
= ~OH
H e OH Me
© "o o
(+)-pleuromutilin (1) o (+)-mutilin (2)

Figure 1. (+)-Pleuromutilin (1) and mutilin antibiotics.

1.3 PROPOSED BIOSYNTHESIS

The biosynthesis of pleuromutilin is suspected to occur through a pathway similar
to other cyclic terpenes, beginning with pyrophosphate ester 3.%7 Cyclization of the
pyrophosphate of all-trans geranylgeraniol (3, Scheme 1) commences with protonation,
which leads to a cationic polyene cyclization cascade to generate cationic trans-decalin 4.
A subsequent 1,2-hydride shift, 1,2-methyl shift, and second 1,2-hydride shift migrates the
positive charge, resulting in a hydride induced ring contraction to afford the hydrindane
framework 6. Transannular cyclization of the isopropenyl unit in an Sn2’ fashion
eliminates the phosphate moiety with concomitant formation of the C11-C12 bond, forging
the medium-sized ring in pleuromutilin. Addition of water and simultaneous hydride
migration installs the C14 hydroxyl.

Studies done by Oikawa and coworkers® have shown that 8 is an intermediate in
the biosynthesis of pleuromutilin. After studying the later oxidation steps of the
biosynthetic pathway, it was postulated that C11 is first oxidized before introduction of the
C3 carbonyl to forge mutilin (2). This hypothesis was later confirmed by Foster and
coworkers,” who used stepwise heterologous expression to elucidate the full biosynthetic

pathway. Addition of cytochrome p450 monooxygenase gene pl-p450-1 resulted in C11
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oxidation (9). Further addition of p/-p450-1 and p/-p450-2 led to subsequent C3 oxidation
(10). Addition of dehydrogenase/reductase p/-sdr resulted in formation of the C3 ketone
(2), where then acetylation of the C14 hydroxyl with acetyl transferase pl-atf and final

oxidation of C22 with cytochrome P450 monooxygenase pl-p450-3 provided pleuromutilin

(D).
H* Me cationic ™ Me
t polyene ring
74 cyclization contraction

Me
elimination/ / OH addition/
transannular transannular
ring closure .Me__ OH, H-shift
LR ——

Cci11 C3 C3
oxidation oxidation Me.) dehydrog.
—_— —_— —_—
PI1-P450-1 Pl-P450-2 H M Pl-sdr

e

M ca2 22
Me A\ "1H acetylation © oxidation Mem\\F
: —_— /&O —_— : o
Me Pl-atf e PI-P450-3 Me

mutilin (2) pleuromutilin (1)

Scheme 1. Proposed biosynthesis of (+)-pleuromutilin (1).
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1.4 BIOLOGICAL ACTIVITY

The ribosome is an organelle comprised of ribosomal proteins and ribosomal rRNA
that polymerizes amino acids into proteins using information encoded in mRNA. During
the elongation stage of protein synthesis, amino acid monomers are transported to the
initiation complex where there are three binding sites for tRNA: the acceptor site (A site),
peptidyl site (P site), and the exit site (E site). The first peptidyl tRNA binds to the P site,
and the tRNA carrying the amino acid to be added enters the A site. Within the PTC, the
peptide bond is formed, and the newly formed protein chain grows in the E site of the 50S
subunit. The ribosome then moves down the mRNA, freeing the A site, and enabling the
continuation of this process. Although many characteristics of the ribosome are conserved
across all organisms, the differences that exist in rRNA sequence allow pleuromutilin
antibiotics to be selective for bacterial ribosomes.

Initial studies on pleuromutilin’s mode of action were carried out throughout the
1970s and 1980s first by Hogenauerd!®-!2 and then Cheney,!? revealing that pleuromutilins
selectively bind to the PTC within the 50S ribosomal subunit and inhibit bacterial protein
synthesis.'* Later in 2004, the crystal structure of tiamulin (19) complexed with the 50S
ribosome subunit of Deinococcus radiodurans was solved, providing a detailed picture of
its interactions with the 23S rRNA and explaining the molecular mechanism of its
antibiotic activity. The molecule’s tricyclic core is situated in the A site; the peptidyl tRNA
has already bound to the P site therefore disrupting the correct positioning of the second
tRNA. This prevents formation of the first peptide bond, and thus protein synthesis cannot
begin.!® This discovery is further supported by previous findings that tiamulin competes

with chloramaphenicol, puromycin, and carbomycin A, which also bind to the A site.!?
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Due to their mode of action in binding to functionally important nucleotides, the
pleuromutilin class of antibiotics has experienced less cross-resistance than many other
antibiotics, making it an exciting family of compounds to target for human use. However,
these molecules suffer from low in vivo efficacy due to poor pharmacokinetics and rapid
metabolism.!” To combat these issues, many pleuromutilin derivatives have been

synthesized in academic and industrial labs through modification of the natural product.

1.5 SYNTHETIC MODIFICATIONS OF PLEUROMUTILIN

Due to the emergence of multi-drug resistant bacteria, scientists are now focusing
their research efforts on developing new antibiotics with novel modes of action and activity
against resistant organisms.'® With this goal in mind, derivatives of (+)-pleuromutilin (1),
of which several analogs were successfully developed for veterinary medicine, have
regained interest in the past few years as promising antibiotics with potential for human
application. Herein, a selection of previously reported synthetic strategies toward accessing

various derivatives will be discussed.

1.5.1 Glycolic Ester (C14 and C22) Modifications

Perhaps the most extensively derivatized position on pleuromutilin is the C22
hydroxyl due to its ease of functionalization.'®2! Acyloxy derivatives are typically
prepared through activation of the C22 hydroxyl group as a tosylate 13 or mesylate 12,
followed by substitution with a thiol, amine, or alcohol to forge the corresponding
derivatives (Scheme 2). In an effort to rapidly investigate various pleuromutilin nucleoside

22,23

conjugates, Nielsen and coworkers= substituted tosylpleuromutilin 13 with sodium azide
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and introduced purine rings on the side chain using click chemistry and alkynyl
nucleotides. However, the in vitro potencies of these compounds against E. coli were only

modest.

2O o sl * Rxu
, orMs
Me... o /g NaOH /g base Me...
o) (o]
Me Me Y=0,NH, S
X =0Ms, 12
+)-pleuromutilin (1 X=0Ts, 13
0 (+)-p (1) 0 KIEX:I,14

Scheme 2. C22 functionalization of (+)-pleuromutilin (1).

While C22-modification of pleuromutilin is facile, selective functionalization of
the C14 hydroxyl of mutilin has proven to be more challenging due to the more reactive
C11 hydroxyl group. Berner and coworkers?* demonstrated that stereochemical inversion
of C4 can be accomplished with a concomitant 1,5-hydride shift from C11 to C3 to forge
resultant ketone 16 (Scheme 3). Because this compound now has only one hydroxyl
functionality at C14, it can be selectively functionalized with the desired acid chloride to
form C14 mutilin derivatives 17. Subsequent treatment with ZnCl> and HCI restores the
C4 stereochemistry, and a concomitant 1,5-hydride shift from C3 to C11 reestablishes the
desired C3 carbonyl and C11 hydroxyl functionalities. Although not discussed herein,
numerous alternative approaches to access C14 derivatives, specifically carbamates, have

also been explored.?>2
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1. CH(OMe);
H,SO,

2. NaOH
MeOH H

pleuromutilin (1) MeO HMe 16

(o)

Scheme 3. C14 functionalization of (+)-pleuromutilin (1).

Due to the wide availability of (+)-pleuromutilin (1) through fermentation and ease
of rapid late-stage derivatization, thousands of C14 pleuromutilin derivatives have been
prepared through the methods described above. However, only sulfanylacetyl derivatives

have advanced into or beyond Phase I clinical studies (Figure 2).!7:1-20

veterinary antibiotics human topical
NMe
NEt,
(o) o (o] ®
tiamulin (19, DENEGARD®) valnemulin (20, ECONOR®) retapamulin (21, ALTABAX™)
preclinical agents
OH
lefamulin (22) azamulin (23, TMD85330) BC-3205 (24) BC-7013 (25)

Figure 2. Clinical and preclinical pleuromutilin antibiotics.
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On the other hand, the lack of general methods to functionalize the tricyclic core still
remains an obstacle; as a result, the number of structural and core-modified derivatives

remains relatively low.

1.5.2 Structural Modifications

As shown in the work described earlier by Berner and coworkers,** as well as that
of many other groups,**?’-3? the unique molecular structure of pleuromutilin is susceptible
to alkyl and hydride shifts under forcing conditions. This can lead to stereochemical
inversion, as well as ring expansion or contraction. Such structural rearrangements are
often reported as undesired reaction side products.

One interesting and important finding by Berner and coworkers®! is that the C12
quaternary center can be epimerized to a 1:1 mixture of C12 epimers through a zinc-
mediated retroallylation-allylation reaction (Scheme 4). This strategy was later employed
by Herzon and coworkers®? in 2017 for the completion of their total synthesis; the only

difference in the Herzon system is that C22 hydroxyl group was protected as a trityl ether.

(1986) Berner, R=Ts
39% 12-epi-30, 37% 30

(2017) Herzon, R =Tr
33% 12-epi-31, 56% 31
(after trityl hydrolysis)

H @
0 Me
12-epi-29

Scheme 4. Berner’s zinc-mediated retroallylation-allylation for C12 epimerization.



Chapter 1 — An Introduction to Pleuromutilin 10

Birch and coworkers® reported a ring contraction reaction that generates a novel 5-
6-7 tricyclic skeleton (33) through treatment with PCls. It is suspected that this shift occurs
through activation of the C11 hydroxyl as a leaving group, leading to C11-C13 bond
formation. This finding has industrial relevance: as previously discussed, many
pleuromutilin derivatives are accessed through activation of C22 through mesylation,
followed by nucleophilic displacement (vide supra, Scheme 2), and it has been noted that
if any competing Cl1-mesylation occurs, this side product readily undergoes ring

contraction in the manufacturing process.

Me" (\ (o) H

H @ .
o) (o) H : OH
Me { o e O{
pleuromutilin (1) O 32

Scheme 5. PCls-medidated ring contraction from Birch and coworkers.

Alternatively, Springer and coworkers?”-?8

reported that prolonged conditions used
for methoxymethyl (MOM) protection led to formation of a tricyclic 5-6-9 ring system
(36), where dimethoxymethane acts as a single carbon linchpin that facilitates the ring
expansion reaction (Scheme 6). Furthermore, it was also reported that pleuromutilin readily
undergoes oxidative cleavage of the cyclopentanone ring through a Kornblum-DeLaMare
type fragmentation. Although this fragmented product no longer contains the central

tricyclic core, the bicyclic system, such as that shown in 37, has shown promising activity

against Streptococcus pneumonia A49585.28
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ring expansion

Me OoMOM Me OH 2
> Me/ > Me/ 20
// CHy(OMe), 7/ CHy(OMe),
wannl P4o10 --lll19 P4O1O Me
h —_—
y “Me 1h . Me 4 days Me
H : H : H
0" Mme O{OTBD'ZS 0 " Me O{OTBD:’S oM fe O{OTBDPS
(o} o] o
oxidative cleavage
Me  OMOM Me  OMOM Me ~ OMOM  \
N N Me// N Me//
- " 4 steps i
_>
70% HO,C 07 <~"Me HO,CO™ ~~—("Me
: OTBDPS : S
Me O Me O
37 38
o] o]

Scheme 6. Ring expansion and oxidative cleavage reports from Springer.

Currently, the vast majority of pleuromutilin derivatives are synthesized through
modification of the natural product itself, primarily at C14 and C22. As a result, access to
more complex structural derivatives and alternatively functionalized tricyclic cores has

remained a challenge that can only be addressed with de novo synthesis.

1.6 PREVIOUS SYNTHESES OF PLEUROMUTILIN

The development of de novo syntheses of (+)-pleuromutilin (1) has been the focus
of intense effort by the synthetic community over the past four decades.?*34*° Because
synthetic work in this area has been extensively reviewed by Procter and coworkers in
2014,%! this section is focused on completed total syntheses. Thus far, there have been five
completed syntheses of (+)-pleuromutilin (1), each utilizing distinct strategies in

construction of the eight-membered ring.?!-3241-44
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1.6.1 Gibbons’ Total Synthesis of (+)-Pleuromutilin

Gibbons’ strategy commences with construction of tricyclic intermediate 41 by a
double Michael addition of cyclohexenone 39 to cyclopentene 40 (Scheme 7). Elaboration
of 41 through an eleven-step procedure affords key tetracyclic intermediate 42. The initial
ring expansion reaction was envisioned to proceed through a retro-aldol fragmentation;
however, those efforts were unsuccessful. Ultimately, this transformation was
accomplished through a bromination-induced Grob fragmentation to construct the central
eight-membered ring (43).

In five steps, diketone 44 was reduced to the correct oxidation states present in the
natural product (1) and MOM protection of the C14 hydroxyl, followed by ozonolysis of
the C12 exocyclic olefin afforded ketone 45. At this stage, elaboration of the ketone to the
C12 quaternary center was investigated. Gibbons reported that carbanion formation at C12
resulted in elimination of the C11 hydroxyl group, and methods that relied on a carbocation
at C12 also proved unsuccessful. Alternatively, a four-step route from ketone 45 to the
C12-functionalized tricycle 47 was developed. Enal formation, followed by reduction
afforded allylic alcohol 46, which upon y-alkylation with Murahashi’s conditions®
afforded 47. Benzyl deprotection of 47, oxidation, and MOM cleavage completed the first
racemic total synthesis of mutilin (2), which was converted to pleuromutilin (1) through

bis-glycolic ester formation and hydrolysis.
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0
? | Me
Me V€ OMOM
“"Me
Me HO
39 OBn 42
m
> Me
43

e ‘Me
Me OMOM
47

m racemic
m 31 linear steps

(x)-mutilin (2) (x)-pleuromutilin (1) O

Reagents and conditions: a) LDA, 62%; b) CH2CHLI, 67%; ¢) PCC, 79%; d) MeLi, 88%; €) MnO2, 88%; f)
Hz, 10% Pd/Al203, MgO, 61%; g) K=COs, 92%; h) POCIls, DMAP, py; i) TFA, 80% (2 steps); j) tBuOOH,
VO(acac)z, 97%; k) tBuOK, BuOH; I) KH, MOMCI, 71% (2 steps); m) N-bromoacetamide, NaOAc; n) Zn,
AcOH, 81% (2 steps); 0) DIBAL; p) MsCl, py; q) LiAlH4, 68% (3 steps); r) PCC; s) Na, Na/Hg, 88% (2 steps);
t) MOMBtr, iPraNEt; u) Os; v) P(OMe)s, 95% (3 steps); w) (2)-[2-ethoxyvinyl]lithium; x) H2SOs, 50% (2 steps);
y) DIBAL, 95%,; z) Cul, MeLi, [BusPN(Me)Ph]*I-, 50%; aa) Li, NHs; bb) PCC; cc) HCI, 80% (3 steps); dd)
AcOCH2COOQOH, MsCI, DMAP, py; ee) KOH, MeOH.

Scheme 7. Gibbons’ total synthesis of (+)-pleuromutilin (1).

1.6.2 Boeckman’s Total Synthesis of (+)-Pleuromutilin

Boeckman’s synthetic route*> towards pleuromutilin (1) involved early
construction of the tricyclic framework devoid of functionalities with the intention of

installing them at a later stage (Scheme 8). The strategic design was guided by two
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hypotheses that were based on MM2 calculations: 1) all substituents on the eight-
membered rings resided in equatorial-like environments in the most stable conformation.
2) The few accessible conformations available to the eight-membered ring by the bicyclic
ring fusion greatly reduce the conformational complexity to only two unique low-energy
conformations.

First efforts were focused on construction of vinyl carbinol 52 for investigation of
the key anion oxy-Cope that would afford tricycle 53 (Scheme 8). Two-step Robinson
annulation of cyclohexenone 48 and pentanone 49, followed by deprotection and tosylation
afforded dienone tosylate 50. This intermediate was now primed for their key conjugate
addition—alkylation sequence to install the C6 methyl substituent. Methyl cuprate addition
resulted in complete axial selectivity, delivering methylated bicycle 51; however, vinyl
addition resulted in a 1:1 mixture of diastereomers. Resubjection of the undesired
diastereomer could be performed to obtain a 70% overall yield of rearrangement precursor
52 after two cycles of equilibration. Key anionic oxy-Cope rearrangement proceeded
smoothly to afford tricycle 53.

Following construction of the carbon skeleton, investigations toward installing the
functionalities on the eight-membered ring commenced. Formation of functionalized
tricycle 54 occurred through a four-step procedure that involved epoxidation and
rearrangement at C3, selective ketalization, C3 ketone reduction, and benzyl protection.
Subsequent treatment with Py"HBr3~ forged the equatorial bromo-ketal and syn-
elimination delivered E-alkene 55. Hydration to install the C14 hydroxyl, ketal hydrolysis,
and MOM protection afforded methoxymethyl ether 56. Initial attempts at installing the

C11 hydroxyl were focused on selective silyl enol ether formation; however this strategy
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always resulted in mixtures that led to a mixture of silyloxy products upon oxidation.
Fortunately, Rubottom-type oxidation selectively installed the C11 hydroxyl as a single

epimer, and MOM protection afforded Gibbons’ intermediate 57 (vide supra, Scheme 7).

OTs
OTBS Me
Me

0 a-d e f
s, 5 o 7
Me Me 93% e o 43-70%

a8 49
Me Me 50 Me 51

Me*’

50%
H “Me (3 steps)
BnO Me OMOM

58 59

m racemic m 27 linear steps

(+)-pleuromutilin (1) O

Reagents and conditions: a) LDA, 61%; b) pyrrolidine; AcOH, NaOH, 98%,; ¢) AcOH; d) pTsCl, DMAP, py,
74% (2 steps); €) (Me)2CuLi, HMPA, 93%; f) CH2CHMgBr, 43%, minor epimer recycled, PhSCI, MeOH,
P(OEt)s, 70% after 2 cycles); g) KH, 18-crown-6, 99%; h) mCPBA; i) BFs-OEt2 (CH20H)2, 89% (2 steps); j) Li,
NHs; k) KH, BnBr, 69% (2 steps); I) pyH*Brs—; m) BuOK, DMSO, 67% (2 steps); n) pTsOH, H20, 67%; 0)
MOMCI, iPrNEt; p) TMSI, HMDS; q) mCPBA, NaHCOs; r) TBAF, 62% (4 steps); s) MOMCI, iPr2NEt, 90%; t)
CH2CHMgBr; u) SOCI2; v) MeCuB(Me)s, 50% (3 steps); w) Li, NHs; x) PCC; y) HCI/EtOH, 80% (3 steps); 2)
AcOCH2COOMs, DMAP; aa) KOH, MeOH, 39% (2 steps).

Scheme 8. Boeckman'’s total synthesis of (+)-pleuromutilin (1).
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At this stage, attention was turned towards installing the C12 quaternary center.
Using a strategy similar to Gibbons’, vinyl addition followed by treatment of the resulting
mixture of allylic alcohols with thionyl chloride and triethylamine furnished allylic
chloride 58 (Scheme 8). Sn2’ methyl addition afforded the C12 quaternary center as a 5:1
mixture of diastereomers, favoring the correct stereochemistry, intercepting Gibbons’
intermediate 59. Despite constructing differentially protected analogues of 59, Boeckman
ultimately found Gibbons’ final steps to be the most concise, and therefore both syntheses

were completed in the same manner.

1.6.3 Procter’s Total Synthesis of (+)-Pleuromutilin

Similar to the previous two syntheses discussed, Procter’s strategy towards
pleuromutilin centers on early construction of the tricyclic core and late stage
functionalization of the eight-membered ring. At the heart of their approach is a Smlo-
mediated cyclization cascade to construct the tricyclic core in a single step, forming both
the five- and eight-membered rings and four stereocenters. Their synthesis also features the
first efficient conversion of mutilin (2) to pleuromutilin (1) in 75% yield over two steps,
whereas prior unselective methods gave 39% yield.

Construction of the Sml,-cyclization precursor commenced with synthesis of
dialdehyde 64 through a nine-step protocol from (+)-trans-dihydrocarvone (60), Scheme
9).4-48 Oxidative fragmentation of the isopropenyl unit, conjugate addition, and Saegusa—
Ito oxidation*® afforded enone 61. Conjugate addition with silylisopropenyl nucleophile
installed the C9 quaternary center and proceeded to give an inseparable 2.5:1 mixture of

diastereomers; subsequent trapping with Comin’s reagent forged the vinyl triflate.
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Palladium-catalyzed methoxycarbonylation then furnished the o,B-unsaturated ester 62
that is critical for their cascade. Cyclization precursor 64 was formed through Hosomi—
Sakurai allylation of allyl silane 62 and the corresponding aldehyde to afford homo-allylic
alcohol 63. Subsequent pivalate protection, bis-desilylation, and bis-oxidation then set the

stage for the key Smlz-mediated cyclization cascade.

J ™S
Me” a-c de J/g
Me TBSO Me TBSO Me
o I 61 0 62

002Me

TBSO OH

—_— '/r/“'

TBSO Me
63  CO,Me 64 CO,Me

Reagents and conditions: a) O3, MeOH, then FeS04:7H20, CuOAcz, 57%; b) TBSO(CH2)sMgBr,
CuCN-2LiCl, THF, —45 °C, 20 min; TMSCI, 10 min, 23 °C; ¢) Pd(OAc)2 (10 mol %), DMSO, Oz, 3 days, 85%
(2 steps), 95% ee by HPLC; d) Cul, TMSCH2C(MgBr)CHz, THF, =78 °C to 0 °C, 10 min; 61, —78 °C, 1.5 h,
Comins’ reagent, —78 °C to 23 °C, 60 h, 85%, 2.5:1 dr; e) Pd(OAc)2, PPhs, EtsN, MeOH, DMF, CO, 40 °C, 24
h, 85%, 2.5:1 dr; f) TBSOO(CH2)2.CHO, BFs-OEtz, TBAT, 4 A MS, —78 °C, 18 h, —20 °C, 4 h, 73%, 2.5:2.5:1:1
dr; g) PivCl, Py., DMAP, CHzCl2, 18 h; h) HF, Pt. MeCN, 0 °C to 23 °C, 16h; i) DMP, CH2Cl2, 3 h, 88% (3
steps).

Scheme 9. Procter’s synthesis of Sml.-mediated cyclization cascade precursor 64.
Dialdehyde 64 underwent smooth cascade cyclization to give 65 upon treatment
with 2.5 equiv Sml, (Scheme 10). Procter proposed that the cascade commences with
single-electron ketone reduction to form radical anion 66. A 5-exo-trig cyclization®® then
forges the C3—C4 bond and selectively forms the (Z)-Sm'-enolate 67°! due to Sm'
chelation of the radical anion with the ester carbonyl. The stereochemistry is consistent

with the 8-membered ring formation by a chelation-controlled aldol cyclization through
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transition state 68. It is proposed that the high diastereocontrol was achieved due to pre-
coordination of samarium to the carbonyl group and unsaturated ester.>

o) OPiv

Sml, (2.5 equiv)
THF/tBUuOH (5:1)

0°C
Me
88%
COZMe
PivO /O -
chelation
anti- OMe conirolied
5-exo-trig 0] aldol
émm sm''o
30 67

Scheme 10. Procter’s key Sml,-mediated cyclization cascade.

After validation of the key Smlx-mediated cyclization cascade, bis-silylation,
pivalate deprotection, and oxidation of the C12 hydroxyl gave a separable 2.5:1 mixture of
diastereomers (69) that arose from conjugate addition to forge C9 (vide supra, Scheme 9).
Subsequent Pd-catalyzed hydrogenation of alkene 70 furnished a separable 3:1
diastereomeric mixture at C10. The next key challenge of their synthesis involved
reduction of the methyl ester to the C5 methyl substituent present in pleuromutilin. Initial
attempts at reduction involved treatment with lithium aluminum hydride that ultimately led
to an additional five steps of protecting group manipulations and reduction to access diol
71. However, improved efforts later shortened the sequence to two steps through ketal
protection with concomitant C3 desilylation, followed by methyl ester reduction with
conditions utilizing SmI>.3*->> Final reduction of the primary hydroxyl to the desired methyl

oxidation state (72) was accomplished in three steps: 1) protection of the C3-hydroxyl with
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p-methyl benzoate (MBz), 2) conversion of the primary hydroxyl to the thioimidazolide,

and 3) deoxygenation under radical conditions.

Me
OPiv (0) 0
a-c d ef
— — —
4 *Me oY “Me 7% 4 Y “Me
HO \eo,C OH TBSO pje0,C  OTBS TBSO \le0,C OTBS
65 69 70
Me
i’ D
q oI “Me
MBzO Me OTBS
72
Me OMOM OH

H
MBzO  pe OMOM Me OH
74 (+)-mutilin (2) (+)-pleuromutilin (1) ‘o

m enantiospecific m 35 linear steps

Reagents and conditions: a) EtsN, TBSOTf, CHz2Cl2, 0 °C, 5 min, 23 °C, 30 min, 76%; b) LiAlH4, Et2O, 30
min; ¢) DMP, CH2Clz, 16 h, 63% (2 steps); d) Hz, 10 % Pd/C, EtOH, 12 h, 3:1 dr, 75%; e) 1,2-ethanediol,
HC(OCHs)3, Amberlyst® 15, PhMe, MeCN, 23 °C, 40 h, 96%; f) Smlz, pyrrolidine, H20, THF, 23 °C, 18 h, 95%;
g) LDA, —78 °C, 30 min; MBzClI, THF, =78 °C, 30 min, 97%; h) TCDI, THF, 60 °C, 5 days; i) nBusSnH, AIBN,
PhMe, 80 °C, 4 h, 66% (2 steps); j) FeCls-SiO2, acetone, 23 °C, 24 h, 99%; k) HMDS, TMSI, CH2Clz, —20 °C
to 10 °C, 3 h; I) NaHCOs, mCPBA, CHzClz, 0 °C, 10 min; m) TBAF, THF, 23 °C, 3 min, 94%; n) HF q), MeCN,
23 °C, 18 h, 78%; 0) MOMCI, DIPEA (3 additions), CH2Clz, 23 °C, 2 days, 75%; p) EtOCHCHSNBus, nBuLi,
THF, =78 °C, 1 h, 73, THF, —78 °C, 15 min; q) FeCls-SiOz, acetone, 23 °C, 5 min; r) NaBH4, THF/H20, 23 °C,
30 min, 63% (3 steps); s) NCS, DMS, CHzClz, 0 °C, 10 min, —20 °C to 23 °C, 16 h, 97%; t) CuCN, DMF, 23
°C, 30 min, Me2Zn, —20 °C, 24 h, 71%; u) LiAlH4, THF, 23 °C, 90 min; v) DMP, CH2Cl2, 23 °C, 1 h; w) AcCl,
EtOH, 23 °C, 3 h, 69% (3 steps); x) trifluoroacetylimidazole, EtOAc, —45 °C, 30 min; y) 2-(2,2,2-
trifluoroacetoxy)acetic acid, EDCI, DMAP, CHzClz, 23 °C, 30 min; MeOH, EtsN, 24 h, 75% (2 steps).

Scheme 11. Procter’s completion of (+)-pleuromutilin (1).
Now that the final oxidation state of the C5 methyl substituent was installed,

attention was turned towards functionalizing the eight-membered ring. Ketal deprotection
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revealed the C12 ketone and use of Boeckman’s procedure for selective a-hydroxylation
(vide supra, Scheme 8) followed by desilylation and MOM protection furnished ketone
intermediate 73. Building off the work of Gibbons and Boeckman, conversion of the C12
ketone to the desired quaternary center was accomplished through a similar sequence.
Ketone 73 was treated with a lithiated enol ether. The addition product was hydrolyzed and
the intermediate enal was reduced and subjected to Corey-Kim chlorination>® conditions to
give allylic chloride 74. SN2’ displacement of the chloride with Me>Zn and CuCN in DMF
afforded a single diastereomer at C12. Thus, benzoate deprotection, Dess-Martin oxidation,
and MOM cleavage furnished (+)-mutilin (2) in 69% overall yield.

After identifying that existing methods for the conversion of mutilin to
pleuromutilin suffered from poor yields and selectivity, Procter and coworkers turned
towards methods developed in industry®’ for the conversion of mutilin to C14 analogues
of pleuromutilin. Protection of (+)-mutilin (2) as the C10 trifluoroacetate, followed by
coupling with 2-(2,2,2-trifluoroacetoxy) acetic acid and subsequent deprotection furnished
(+)-pleuromutilin (1) in 75% overall yield, concluding the first enantiospecific total

synthesis of 1.

1.6.4 Herzon’s Total Synthesis of (+)-Pleuromutilin

Herzon and coworkers developed a modular route to access (+)-pleuromutilin (1)
and its stereochemical derivatives, specifically at C11 and C12. Proceeding through the
intermediates that are epimeric at C12, their synthesis was made possible through known
diastereomer equilibration conditions developed by Berner and coworkers in 1986 (vide

supra, Scheme 4).
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The Herzon synthesis commences with a Cu-catalyzed enantioselective conjugate
addition-acylation reaction into cyclohexenone 75, followed by methylation that proceeds
in high enantio- and diastereoselectivity, respectively, to afford B-keto ester 76 (Scheme
12).38 Deprotonation and trapping of the resultant enolate with N-phenyltriflimide
furnished vinyl triflate 77, which was then converted to dienone 78 via a Pd-catalyzed
carbonylative coupling.’® Cu-catalyzed Nazarov cyclization delivered hydrindanone 79 as
a single olefin isomer. A Nagata hydrocyanation®® was next performed on hydrindanone
79 to afford the C9 addition product in 3:1 dr; however, because this reaction forged the
undesired trans-ring junction, subsequent epimerization with sodium hydroxide was

necessary to access 80. Ketal protection of ketone 80 provided 81.

(o)

MeO (0) Li

0/7 o) 1 :Me
Me.,, H o) N > (0]
Me > OMq —/L
—» Me { / NBoc
Me N\

= i 0 0"\

82 meZ N 83 o 84 H

Reagents and conditions: a) Zn(Me)s, Cu(OTf)2 (0.5 mol %), ligand (1.0 mol %), PhMe, 0 °C, then MeLi, —
78 °C, then methylcyanoformate, —78 °C; b) Mel, NaOBu, MeOH, 0 °C, 71%; ¢) KHMDS, PhNTf., THF, —78
°C, 88%; d) CO, tetravinyltin, LiCl, Pd(PPhs)s (5 mol %), DMF, 40 °C e) Cu(OTf)z2 (5 mol %), (CH2Cl)2, 70 °C;
f) Et2AICN, THF, 0 °C, then DIBAL, —78 °C; g) 0.01 M NaOH, MeOH/H20 (5:1), 0 °C, 65%; h) TMSOTH,
(TMSOCHz2)2, CH2Cl2, 30 °C; i) MeLi, PhMe, 0 °C, then Bocz0, 0 °C, 80%.

Scheme 12. Synthesis of Herzon'’s key enimide intermediate 84.
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It was reported that selective functionalization of the C9 nitrile was challenging due
to steric congestion; however, it was ultimately found that treatment with excess
methyllithium, followed by di-tert-butyl dicarbonate, provided cyclic enimide 84. This
cascade is likely to occur through methyllithium addition to the nitrile, followed by
intramolecular cyclization onto the C5 methyl ester and deprotonation to form intermediate
83. Final N-acylation would forge their key enamide intermediate 84, setting the stage for
the key two-fold neopentyl fragment coupling.

In the key sequence to form the eight-membered ring, addition of the organolithium
derived from iodoether 85 to enimide 84 resulted in addition at C14; in situ hydrolysis of
the resulting lithioenamine provided methyl ketone 86 (Scheme 13). It was noted that
electronic activation of the C14 carbonyl group and minimization of nearby nonbonded

interactions via the cyclic enimide was critical for the success of the reaction.

jVIe
Me 7 0 \\
o~ a
{ / T{LNBoc + Me —>
o N I\)Q\/OPMB 48%
H 84 85
Me !
—790 Me 790 Me
Me Me
b 0 | (W cd, (\o 2 /
o) o Q
- X “ormB - X Yo
H g7 gg H

Reagents and conditions: a) {BulLi, 85, Et20, —45 °C, then 84, —45 °C, then HCI, THF, 0 °C, 48%; b) KHMDS,
Comin’s reagent, THF, =78 °C, 81%; ¢) DDQ, CHzCl2, pH 7 buffer, 20 °C; d) DMP, CH2Cl2, 20 °C, 83% (2
steps)

Scheme 13. Herzon's synthesis of reductive cyclization precursor 88.

Formal dehydration of methyl ketone 86 through base-induced elimination of a transiently-

formed vinyl triflate provided alkyne 87. Deprotection and Dess-Martin oxidation
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furnished aldehyde 88, setting the stage for an exo-selective reductive cyclization for the
construction of the central eight-membered ring.

The authors envisioned that the limited number of rotatable bonds along the nascent
macrocycle would lower the entropic penalty of ring closure while enhancing regio- and
stereocontrol. Furthermore, it was proposed that the presence of the sp>-hybridized carbon
atoms at C10 and C14 of 88 would alleviate transannular nonbonding interactions in the
eight-membered ring. Using a nickel-based catalyst, a single diastereomer of an allylic silyl
ether was formed and desilylated to provide tricycle 89 in high diastereo- and
regioselectivity (Scheme 14). Interestingly, their attempts to perform the Ni-catalyzed
reductive cyclization on the substrate bearing the correct C12 stereochemistry resulted in
tetracycle 91 formation. Thus, their strategy for accessing (+)-pleuromutilin (1) with the
correct stereochemistry in place at C12 was thwarted, forcing them to proceed through the

12-epi cyclization substrate 89.

Ni(cod), (30 mol %)
IPr (30 mol %), Et,SiH

THF, 20 °C
then TBAF, 20 °C

H gs8 60%
12-epi
Precursor with correct stereochemistry leads to unproductive tetracycle

Me Ni(cod),
3 NHC ligand
0
Me Z EtsSiH
o o 12
Me  349% over
N\ 3 steps
~ X0 P
H
90 not observed
correct C12
stereochemistry

Scheme 14. Herzon’s reductive cyclization reaction of 88 (12-epi).
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Completion of their synthesis required five subsequent transformations. Dess-
Martin oxidation of the C11 alcohol to the enone and conjugate reduction with Sml;
afforded the C10 methyl with complete site- and stereoselectivity. (+)-12-epi-mutilin (94)
and (+)-11,12-di-epi-mutilin (95) were then formed as a thermodynamic 3:1 mixture of
diastereomers upon single-electron reduction with excess sodium; the two mutilin
diastereomers were brought forward to form several stereochemical pleuromutilin

derivatives (Scheme 15).

(+)-12-epi-mutilin (94) (+)-11,12-di-epi-mutilin (95)

Reagents and conditions: a) DMP, CHzClz, 20 °C; b) Smlz, THF, MeOH, 20 °C, 98% (2 steps); ¢) Na, EtOH,
20 °C, then HCI, H20, MeOH, THF, 20 °C, 52%; d) HCI, H20, MeOH, THF, 20 °C, 96% for 94, 81% for 95.

Scheme 15. Herzon’s synthesis of (+)-12-epi-mutilin (94) and (+)-11,12-di-epi-
mutilin (95).

Pressing forward, Herzon and coworkers found that the isolated mutilin
diastereomers 94 and 95 could be elaborated to their respective pleuromutilin derivatives.
It was also found that (+)-12-epi-mutilin (94) could be epimerized at C12 and advanced to
(+)-pleuromutilin (1) through a three-step procedure (Scheme 16). Following Procter’s
protocol (vide supra, Scheme 11), trifluoroacetyl protection of C11 and O-acylation of C14
with trifluoroacetylglycolic acid, followed by in situ methanolysis of the trifluoroacetyl

esters furnished (+)-12-epi-pleuromutilin (94). The same procedure was also applied to
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(+)-11,12-di-epi-mutilin (95) for the synthesis of (+)-11,12-di-epi-pleuromutilin. Because
(+)-12-epi-mutilin (94) is en route to (+)-pleuromutilin (1), their synthesis of the natural
product was made possible by epimerization conditions developed by Berner and
coworkers (vide supra, Scheme 4). Trifluoroacetyl protection of C11, followed by trityl-
protected glycolic ester installation and methanolysis furnished trityl-protected (+)-12-epi-
pleuromutilin derivative 97, where treatment with zinc-mediated conditions to effect
equilibration at C12 via a retro-allylation/allylation sequence afforded (+)-pleuromutilin
(1) in 33% yield, with the major isomer formed being (+)-12-epi-pleuromutilin (96) in 56%
yield. They were also able to synthesize (+)-11,12-di-epi-pleuromutilin through a similar

reaction sequence.

EDC, DMAP;
MeOH, NaHCO,

N 59%, 2 steps
N
-

(+)-12-epi-mutilin (94)
TFA_
1.

(+)-12-epi-pleuromutilin (96)

2. O EDC, DMAP; MeOH, NaHCO,4
TrO\)j\
OH
OTr 64%, 2 steps

(o)
Me Et,Zn
then HCI
33%

(+)-pleuromutilin (1)

Scheme 16. Completing the synthesis of (+)-pleuromutilin (1).
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1.7 CONCLUDING REMARKS

The mutilins are a class of antibiotics that bind to the peptidyl transferase center of
the bacterial ribosome. To date, the C14 glycolic ester has served as the focal point of
optimization of the antibacterial activity, with thousands of C14 analogs having been
prepared through semisynthesis. However, evidence suggests that the tricyclic core has
potential for further optimization. For example, epimerization of the C12 quaternary center,
followed by functionalization of the primary olefin can provide extended spectrum
antibiotics with activity against Gram-negative and drug-resistant pathogens.®! Ultimately,
these structural derivatives can only been accessed through development of a de novo
synthesis of (+)-pleuromutilin. In the following chapter, we will discuss our development
of a modular and enantiospecific route towards (+)-pleuromutilin (1) and (+)-12-epi-

pleuromutilin.
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Chapter 2

Total Synthesis of (+)-Pleuromutilin and (+)-12-epi-Pleuromutilin

2.1 INTRODUCTION

At the outset of our studies towards developing a synthetic route to access (+)-
pleuromutilin (1) and its derivatives, there had only been three prior syntheses reported:
those of Gibbons,! Boeckman,? and Procter.>* While these three prior synthetic routes were
unique in their construction of the tricyclic core, they shared two common features: 1) early
construction of the central eight-membered ring led to numerous functional group and
redox manipulations, and 2) all were linear in fashion. In contrast, we initiated a synthetic
campaign towards developing a modular and convergent total synthesis of (+)-
pleuromutilin (1) that would feature late-stage construction of the eight-membered ring.
This chapter will outline the synthetic strategies attempted that ultimately enabled an 18-

step total synthesis of (+)-pleuromutilin and (+)-12-epi-pleuromutilin.
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2.2 RETROSYNTHETIC ANALYSIS

In considering a design plan for a synthesis of (+)-pleuromutilin (1), we envisioned
a modular approach in which a hydrindane fragment (e.g., 2 and 4) would be annulated to
form the eight-membered ring through two sequential C—C bond-forming steps. This
proposed annulation could occur through two different approaches: 1) C5-C14 and C10-
Cl11, or 2) C5-C14 and C11-C12. Either disconnection links vicinal stereogenic centers

which were identified as strategic points of disconnection.

convergent
fragment
coupling

eO:

Me'u &
10

Scheme 1. Conceptual retrosynthetic analysis.

With this modular annulation strategy in mind, (+)-pleuromutilin (1) was first
simplified to 6 via disconnecting the C14 glycolic ester (Scheme 2). Considering that the
previously reported syntheses construct the tricyclic core at a very early stage, it was
envisioned that C5—C14 could be forged through a diastereoselective samarium diiodide
mediated cyclization reaction of aldehyde 7 to construct the eight-membered ring of
pleuromutilin (1) at a late stage in the synthesis. This strategy would minimize the number
of redox manipulations upon construction of the core, as well as leverage the constrained
molecular geometry of the cyclization precursor to dictate the stereoselectivity of the

cyclization reaction.
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Smi o— PG 0
mediated
cyc//zatlon

Scheme 2. Construction of eight-membered ring.

Preparation of cyclization precursor was envisioned to arise through a fragment
coupling reaction between a hydrindanone fragment (e.g., 8 and 10, Scheme 3) with its
respective coupling partner (e.g., 9 and 11). At the outset of the retrosynthetic design, two
different disconnections were identified: 1) C10 and C11 could be joined through the use
of hydrindanone 8 as a nucleophile (e.g. Nozaki-Hiyama-Kishi reaction)>’ and 2) C11 and
C12 could be joined through the use of hydrindanone 10 as an electrophile (e.g. crotylation
reaction)®"!°, Both strategies would allow for diversification of the eight-membered
backbone through variation of the coupling partner. As a means to investigate the

feasibility of both coupling strategies, both hydrindanones could be prepared from alkyne

12.
Me 9 B(OH)
0} 2
PGO\:.2 / 11 Me/ | |
» fragment = 4, | /. / | Me -
= coup//ng 12
°\=0 or — Me
Me Me 5pg Me oa Me
O 12
0 7
nuc/eoph///c

hydrindanone
Scheme 3. Two fragment coupling approaches.

The oxidation pattern of alkyne 12 (Scheme 4) could be obtained through a methyl

addition and oxidative transposition sequence from 13. Hydrindenone 13 was then
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envisioned to arise through a conjugate alkynylation and aldol cyclization from

cyclohexenone 14, which, in turn, would be accessible from chiral methyl cyclohexenone

15.
| | 1,2-addition/ ”l conjugate conjugate
oxidative alkynylation/ addition/
transposition aldol oxidation
— —— 0 o Me — Me
Me Me K) 0 0
o Me
12 13 14 15

Scheme 4. Hydrindenone alkyne 12 retrosynthesis.

2.3 CYCLOOCTANE FORMATION

Medium-ring construction is a centerpiece of prior art towards (+)-pleuromutilin,
perhaps best exemplified by the highly stereoselective anionic oxy-Cope rearrangement
employed by Boeckman and the chelation-controlled aldol cyclization key to Proctor’s Sm-
ketyl radical cyclization cascade (16, Figure 1).>* Both strategies employ minimally-
functionalized cyclization substrates and subsequently leverage the resulting tricyclic
architecture to install remaining stereocenters in laborious 18 to 25-step sequences. An
important difference, however, lies in the constrained nature of Boeckman’s vinyl carbinol
precursor, critical for dictating the stereochemical outcome of the key anionic oxy-Cope
cyclization. Proctor’s cyclization substrate lacks this rigidity and instead relies on chelation
control to dictate cyclization. We envisioned a hybrid, convergent strategy leveraging both
the innate functionality of a highly decorated, geometrically constrained cyclization
precursor to guide medium-ring formation as well as the propensity of ketyl radicals

towards conjugate addition at a sterically-congested -terminus.
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In accordance with this logic, Sml> cyclization of 17 was expected to provide

tricycle 6 with C3, C14, and C15 in the correct oxidation states for advancement to 1.

— Procter et al.: This Work:
OPiv Me /
B 8-membered ring
formed by aldol

B 8-membered ring
formed by ketyl

N addition
B Cyclization o
product has C3 oSm!!! B Cyclization
and C15 at product has C3
Me incorrect Me andC15at
oxidation states 3 correct oxidation
CO,Me states

Figure 1. Comparison of Sml, approaches to pleuromutilin (1) framework.

2.4 FORWARD SYNTHETIC EFFORTS
2.4.1 First Generation Approach Towards Hydrindanone
Fragment

Synthetic efforts towards (+)-pleuromutilin (1) commenced with preparation of
hydrindanone alkyne 12. Recognizing that (+)-dihydrocarvone (18) may serve to provide
the C6 methyl stereocenter present in (+)-pleuromutilin (1), this material was subjected to
a one-pot ozonolysis-oxidation procedure developed by Schreiber and coworkers.!!>1?
Ozonolysis of the terminal alkene in methanol generated methoxy hydroperoxide 19
(Scheme 5). Single-electron transfer of an electron from iron(Il) sulfate to the peroxide
produced oxy radical 20. Collapse of this tetrahedral intermediate led to formation of a
carbon radical that undergoes radical combination with copper(Il) acetate to yield alkyl

copper intermediate 21. Oxidative elimination from this intermediate affords a 3:1 mixture

of 15 and 22, in favor of the desired o.,3-unsaturated enone.
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Jl HOO OMe ‘0O OMe
A FeSO, ,
Me”™ ™ Os Me)/ (1.2 equiv) Me)/
6
MeOH
Me 30 °C[ Me] 15 min Me
18 o 19 (0] 20 0]

(+)-trans-dihydrocarvone

chu
+
Me ; "Me ‘ \Q\Me
(o) 0]
15 21

Cu(OAc),
(2 equiv)

—20°C,7h
o]
0 23°C, 3 h
22
17% yield 57% yield

Scheme 5. Chiral enone 15 from fragmentation of (+)-trans-dihydrocarvone 18.

With enone 15 in hand, investigations toward setting the C9 quaternary center
commenced. Conjugate addition of the cuprate derived from 23 followed by Pd-catalyzed
Saegusa-Ito oxidation furnished the trisubstituted enone 14, setting the stage for installation
of the C9 quaternary center through conjugate addition (Scheme 6).

In 1974, Corey and coworkers'? developed a nucleophilic ethynyl group equivalent
24 and were able to perform conjugate additions into a,f-enones; subsequent treatment
with lead(IV) tetraacetate unmasked the alkyne. Our initial attempts at performing this
transformation with hexamethylphosphoramide as an additive resulted in no product
formation; however, use of hexamethylphosphorous triamide instead greatly improved the
reactivity, affording 25 as a 2.6:1 mixture of separable diastereomers in 58%. According
to Corey and coworkers,'* the insolubility of cuprous acetylides can often lead to reaction
complications. This can be overcome through addition of superstoichiometric amounts of
trialkyl- or triarylphosphines to the cuprate. However, tertiary phosphines are often

difficult to separate from reaction products; a solution to this practical issue is the use of a
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water-soluble phosphine, such as hexamethylphosphorus triamide. Pressing forward with

vinyl stannane 25, treatment with lead(IV) tetraacetate afforded alkyne 26 in 88% yield.

MgBr 1. CUCN-2LiCl, TMSCI
THF, —45 °C then15

h
-

2. Pd(OAc), (10 mol %) o o Me
DM 23°
” S0, 0,, 23 °C v O 14
91% over
2 steps
SnBU3 24 .
|| Li+ (1.9 equiv)
Cu—==—nPr
, Pb(OAc), (3 equiv) SnBus/\/
) - -
MeCN, 23 °C HMPT (5 equiv), THF

(o) 0 Me o Me -78°C - -40°C,3h

88% o
(J ¥ 1
2.6:1dr
26

Scheme 6. Installation of the C9 quaternary center.

Alkyne 26 was elaborated to bicycle 13 through an acid-promoted intramolecular
aldol condensation (Scheme 7). Treatment with 6 N HCI led to epimerization of the C6
stereocenter, giving rise to a 4:1 mixture of inseparable methyl diastereomers that were
separated at the vinyl iodide (8) stage in the synthesis. Advancing 13 as a diastereomeric
mixture, cerium-promoted 1,2-methyl addition!> followed by Dauben oxidative
transposition'® afforded key hydrindanone alkyne 12. Thus, fragment coupling

investigations began.

1. CeCly-2LiCl
MeMgCl
Ji HCI (3 equw) THF, 0 °C
THF, 70 °C 1h M 2. PCC, CH,Cl,
73%, 4:1 dr ®  64% over
/nseparable 2 steps
26 13 12

Scheme 7. Synthesis of hydrindanone alkyne 12.



Chapter 2 — Total Synthesis of (+)-Pleuromutilin and (+)-12-epi-Pleuromutilin 42
2.4.2 Fragment Coupling Investigations

Hydrindanone alkyne 12 was identified as an intermediate that would enable access
to both vinyl iodide 8 and enal 10 for fragment coupling investigations. Iodoboration!”-!3
followed by proto-deboration afforded vinyl iodide 8 in 94% yield. Subsequent palladium-
catalyzed reductive carbonylation afforded hydrindanone enal 10 (Scheme 8). With

hydrindanone coupling partners 8 and 10 in hand, the first of two key C-C bond

construction required to form the bridging eight-membered ring was investigated.

B-1-9-BBN Pd(PPhg)4 (7 mol %)
r
—20°C =+ 0°C, 2h; Me Bus;SnH, CO, 60 °C
then AcOH
o Me 79%
94%
12 8
nucleophilic
hydrindanone

Scheme 8. Hydrindanone alkyne 12 derivatization for fragment coupling.
Preliminary Nozaki-Hiyama-Kishi reaction investigations with pentanal 27
produced none of the coupled product; instead, hydrodehalogenation 28, homocoupled
hydrindanone 29, and starting material 8 were observed (Table 1). It appeared that vinyl
iodide 8 was not amenable to NHK coupling, and investigations into this disconnection

were halted.
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0

’N NHSO,Me

| Me FUJ/sawa/K/sh/

Me

ligand

o CrCI2, NiCl,

* J\/\/Me .

me H solvent, 23 °C

0 Me

8 27 Me 29
CrCl, NiCl, Ligand % Yield % Yield
Entry (equiv) (equiv) (equiv) Solvent % SM (alkene) (dimer) 9 Yield
4 0.2 - DMF (0.05 M) - 42%  42% -
4 0.02 - DMF (0.05 M) - 37%  35% -
9 1 —  THF/DMF/4-1BuPy  — 28%  30% -
(6:3:1, 0.05 M)
4 3.4 0.2 3.4 THF (0.1 M)/ 52%  23% - -
EtsN (3.4 equiv)
5 3 1 3 THF (0.05 M)/ 91% 6% - -

EtsN (3 equiv)

Table 1. Nozaki-Hiyama-Kishi addition investigations.

Precedent from Szabé and coworkers!® suggested that crotylation would be a
reliable method for forming congested vicinal stereocenters. As such, attention was turned
towards synthesis of crotylation fragment 35 (Scheme 9). Trityl protection of butynol 30
afforded 31 in reasonable yield. Deprotonation and nucleophilic addition into ethyl
chloroformate furnished ynoate 32, which upon conjugate addition with methyl cuprate
and reduction with DIBAL-H provided allylic alcohol 34. Treatment with palladium-
catalyzed conditions for allylicboronic acid synthesis?® afforded Z-allylic boronic acid 35,

the crotylation fragment.
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/\/OH TrtCl, NEtg /\/om DIPA, "BuLi, THF
—»
4 DMAP, CH,Cl, then EtOCOCI
59% -78°C - 23°C
30 31 73%
OTrt
DIBAL-H )(L/(\ I EtOW
= Z then ynoate
CH20|2, —7225 EtO Me THF, _78 OC o
° 33 96%, 96:4 Z:E 32
Pd(MB%ﬁl;l)(%F )
e
OTrt 5 molt/o) e OTrt
= > =
HO Me DMSO (HO),B Me
35
34 crotylation
fragment

Scheme 9. Crotylation fragment 35 prepapration.

With enal 10 and Z-allylic boronic acid 35 in hand, use of conditions developed by

Szab6 and coworkers provided a mixture of separable diastereomers 36 and 37 (Scheme

0 (HO),B Z>Me

3,3™-Br,-(R)-BINOL
"°H (20 mol %)

10).

Me tBuOH, 3 A MS
Me PhMe, 0 °C

o 10 80%, 99% brsm
1.2:1 dr 36:37

poor facial selectivity arises from lack of steric hinderance

desired undesired

Scheme 10. Crotylation reaction and rationale for poor facial selectivity.
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While the reaction proceeded with excellent selectivity for syn crotylation—consistent with
a closed transition state, the catalyst did not discriminate between the faces of the aldehyde
during the nucleophilic attack (Scheme 10). A brief investigation of alternative catalytic
asymmetric crotylation conditions proved unfruitful (Table 2, Entries 2—4), and thus
prompted further catalyst investigations. An initial survey of chiral phosphoric acids and
PyBOX ligands yielded no product, and thus our efforts were focused on BINOL ligands.
Use of the S catalyst (Table 2, Entry 5) provided a 1:1.4 mixture of 36 and 37. It was
ultimately determined that 3,3’-(CF3)2-(R)-BINOL (Table 2, entry 7) provided a yield

comparable to that of 3,3’-Br:-(R)-BINOL with slightly improved diastereoselectivity.

35/\/(\0-”t
o (HO),B A Me

catalyst
""H (20 mol %)
o > OTrt
Me tBuOH, 3 A MS
Me PhMe, 0 °C Me
0]
10
yield
entry catalyst combined dr
1 none 80% 1.2:1
2 38 - -
3 39 - -
4 40 - -
5 3,3’-Br,-(S)-BINOL 66% 1:1.4
6 3,3™-1,-(R)-BINOL 79% 1.4:1
7 3,3-(CF3),-(R)-BINOL 77% 1.7:1
nucleophiles

.Me
. OTrt
o. Z 0 Z "B Me
p B Me =
i-PrO,C.. 6 I\I\I:Iee ,B Me Me
38 M 0 49 40
e

i-PrOZC Me

Table 2. Crotylation investigations.
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In the first generation retrosynthesis, the initial motive for targeting hydrindanone
alkyne 12 was to access both vinyl iodide 8 and enal 10. Therefore, the route was optimized
for hydrindanone alkyne 12, not the desired coupling partner 10. After determining that the
key fragment coupling to forge the C11-C12 bond would proceed through a crotylation
reaction between boronic acid 35 and enal 10, attention was turned towards the
development of a streamlined second generation synthesis of enal 10. The reasons the
first generation route needed to be redesigned were three-fold: 1) Conjugate addition using
mixed cuprate 24 proceeded in poor 2:1 dr and necessitated the use of toxic tin reagents
that were not amenable to large-scale material throughput (Scheme 11). 2) Acid-promoted
aldol cyclization of 26 furnished 13 in reasonable yield; however, the reaction conditions
also resulted in C6 epimerization to a mixture of inseparable diastereomers. 3) The reagent
used for iodoboration (B-I-9-BBN) was not reliably available for purchase and attempts to
freshly prepare the reagent led to irreproducible results. With these targeted issues in mind,

attention was shifted toward developing a new route towards hydrindanone enal 10.
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vinyl tin conjugate addition (toxic and poor dr)

Li+_ 04 SnBu3
Bu3Sn/\/
o 0 Me HMPT, THF /E
K) 0 78 °C t0 —40 °C

14 59%, 2:1 dr

acid- promoted cyclization (inseparable dlastereomers)

HCI ( aq
THF, 70 °C
73%, 4:1 dr

inseparable o 13

hydr0|odonat|on (unreliable reagent availability)

B-1-9-BBN
DCM, —40 °C
then AcOH, —20 °C
94%

Me 12

Scheme 11. Reasons for route redesign.

2.4.3 Second Generation Approach Towards Hydrindanone
Fragment

After evaluating the first generation ten-step route towards hydrindanone enal 10,
it was realized that many of the issues stemmed from installation of an alkyne at C9. In the
initial substrate design, it was envisioned that targeting hydrindanone alkyne 12 would give
access to both vinyl iodide 8 and enal 10 for fragment coupling investigations. However,
validation of the crotylation reaction with enal 10 led to designing a more efficient
synthetic route towards hydrindanone enal 10.

Beginning from trisubstituted enone 14, conjugate addition of in situ generated

vinylcuprate afforded 41 in 73% yield and 6:1 dr, a three-fold improvement from the 2:1
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dr observed from vinylstannane 24 (vide supra, Scheme 12). This diastereoselectivity
presumably arises from trans-diaxial effects to minimize the twist-boat conformation that
would arise from formation of the undesired diastereomer. With this significant
improvement in diastereoselectivity, a two-step procedure to elaborate 41 to alkyne 26 was
developed, obviating the need to proceed through the previous route. Ozonolytic cleavage
of the installed olefin furnished aldehyde 42.

Initial attempts to convert the aldehyde to alkyne 26 resulted in a more rapid
intramolecular aldol cyclization to forge [2.2.1]-bicycle 43. It was suspected that the high
concentration of methoxide in solution led to unselective reactivity for a-deprotonation.
This was further supported by solvent investigations; in exchanging methanol for less
acidic solvents such as ethanol and isopropanol (Scheme 12, entries 2 and 3), decreased
formation of aldol product 43 was observed; however, the reaction rate also slowed
considerably where the use of isopropanol as the solvent led to no formation of the desired
product. Solvent mixture investigations ultimately proved fruitful, where tetrahydrofuran-
methanol mixtures (Scheme 12, entries 5 and 6) significantly improved yields of the

desired alkyne 26 while minimizing bicycle 43 formation.
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_0
MgBr ‘.,
CUl THF 03/02
o~ o Me 78°C—' —-25°C Me CH,Cl,/MeOH O~ O Me
v 14 73%, 6:1 dr then PPhg 0 42
90%
. Ohira-Bestmann
% Yield % Yield HO Orgzlaraéﬁsslt(mggn reagent, K,CO4
Entry  Solvent 26 43 oM gent, FobMs) [1:3 MeOH/THF
. °C
1 MeOH 17%  83% 0% 239,
2 EtOH 26%  30% 16%||23°C
3 /PrOH 0% 2% 78%] 0 |
4 MeOH 20% 54% 0% ]
5 MeOH/THF (1:1) 46% 31%