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Approximately one-third of the world population, primarily
in developing nations, is infected with the pathogenic germ
Mycobacterium tuberculosis, the causative agent of tuber-
culosis and annually more than 1.4 million people die from
this disease.l'! Tremendous effort is being invested in the
search for new and effective antibiotics to combat acute and
dangerous life-threatening infections. However, just as impor-
tant are further studies towards a better understanding of the
underlying molecular-biological processes, ideally giving rise
to an effective vaccine in the long term.”!

One approach towards this goal takes advantage of the
special structure of the cell wall of M. tuberculosis, which
consists in part of glycolipids with long-chain fatty acids.”
Two prominent representatives of this substance class are the
sulfoglycolipids Ac,SGL (1) and SL-1 (2), featuring a 2-
sulfated trehalose as a central carbohydrate, which is acylated
two or four times, respectively (Scheme 1). In addition to
palmitinic acid, the polymethylated C;, and Cs, fatty acids
hydroxyphthioceranic acid (3) and phthioceranic acid (4)
were also found in these rather uncommon glycolipids.
Studies revealed that at least 1, possibly 2 as well, is
a potentional antigen for a specific immune response towards
M. tuberculosis. It was shown to stimulate T-cells for the
production of y-interferon for discovering and killing cells
that are infected with M. tuberculosis.”! The special methyl
substitution in 3 and 4 as well as its relative position in the
trehalose core regulates the specific identification of Ac,SGL-
specific T-cells. At least two methyl substituents are necessary
for successful stimulation. Based upon this knowledge,
sulfoglycolipids like 1 and 2 have been proposed as promising
components of a possible vaccine against M. tuberculosis.

The main challenge for chemists pursuing a total synthesis
of 1 or 2 is the stereoselective preparation of the polydeox-
ypropionates 3 and 4. Pioneering work in this area was
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Scheme 1. Sulfoglycolipids Ac,SGL (1) and SL-1 (2) and the polydeoxy-
propionates hydroxyphthioceranic acid (3) and phthioceranic acid (4).

accomplished by the group of Minnaard and Feringa, who not
only reported the first synthesis of 3 and 4, but additionally
synthesized the complete sulfoglycolipid Ac,SGL (1).1!

In general, polydeoxypropionates are important struc-
tural motifs found in many natural products with completely
different biological activities and origins.”! Numerous effi-
cient synthetic strategies have been developed for their highly
selective formation.”®! As a general feature all these methods
share a linear-iterative principle: one deoxypropionate unit
after the other is typically attached to the growing alkyl chain
in the carbon—carbon bond-forming event. For the conversion
of the product of the previous cycle into the substrate for the
next cycle additional transformations have to be performed,
however, which affect the overall yield, efficiency, and atom-
economy of the processes, in particular for long-chain
polydeoxypropionates. The sole exception in this respect is
the methodology of Micalizio etal.,”) who reported the
synthesis of smaller polydeoxypropionates through a conver-
gent alkyne/allylic alcohol cross-coupling with subsequent
substrate-controlled asymmetric hydrogenation.

We herein report the first convergent, conceptually novel
synthesis of the two glycolipid components hydroxyphthio-
ceranic acid (3) and phthioceranic acid (4), which is based on
our recently developed, noniterative strategy for the stereo-
chemically flexible construction of trideoxypropionates 6
(Scheme 2).' This methodology relies on a highly stereose-
lective and high-yielding three-step reaction sequence com-
prising an oxy-Cope rearrangement of aldol product 5,
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Scheme 2. Stereoselective synthesis of trideoxypropionates 6.
X.=chiral auxiliary.

hydrogenation of the enol ester, and auxiliary-controlled
enolate methylation.

Our synthesis of hydroxyphthioceranic acid (3) is based
on the convergent assembly of three building blocks 8-10 of
similar size and complexity. It was planned to link them
through two cross-coupling reactions with subsequent stereo-
selective hydrogenations to afford the complete carbon
framework of 3 (Scheme 3). Both 8 and 10 should be

OTBDPS | OH
|
Hs:Crs . W
7 8
OH ﬂ | oTBS l
|
H31C4 5/5( + w = 6

9 10

Scheme 3. Strategy for the convergent synthesis of hydroxyphthiocer-
anic acid (3). TBDPS = tert-butyldiphenylsilyl, TBS =tert-butyldimethyl-
silyl.

accessible from trideoxypropionate 6 in only a few steps. As
the starting point of the synthesis a Suzuki-Miyaura reac-
tion!"!! of iodo-substituted allylic alcohol 9 and trideoxypro-
pionate 10 was envisioned. We expected the subsequent
hydrogenation of the exo-methylene group to be stereoselec-
tive and substrate-controlled such that the Ci—C;, fragment 7
would be obtained with the correct absolute configuration.
Finally, 7 was to be coupled with vinyl iodide 8 in a second
Suzuki-Miyaura reaction to link the remaining C,—Cy frag-
ment.

For the synthesis of the enantiomerically pure iodo-
substituted allylic alcohol 9 an enzymatic kinetic resolution”
of the readily available propargylic alcohol 11 proved to be
particularly practical, selective, and efficient (Scheme 4).
With the commercially available Novozym 435 both enantio-
mers of 11 could be obtained in very good overall yield and
optical purity.

Mitsunobu inversion of the S enantiomer with p-nitro-
benzoic acid and DIAD, as well as esterification of the R
enantiomer with p-NO,BzCl afforded the common ester 12
which was recrystallized to enantiomerically pure form
(>99% ee) with a total yield of 69 % starting from 11. This
sequence was easily accomplished on a multigram scale and
routinely afforded 10-20 g amounts of the desired product.
Regioselective, substrate-controlled hydrozirconation of the
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Scheme 4. a) CAL-B, vinyl acetate, hexane, RT; b) acetyl S enantiomer,
NaOH, MeOH/H,0, reflux; c) p-NO,BzCl, pyridine, CH,Cl,, 0°C, 96 %;
d) p-NO,BzOH, PPh;, diisopropyl azodicarboxylate (DIAD), THF, 0°C
to RT, 84 %,; e) recrystallization from hexane, 73 %; f) NaOH, MeOH/
H,0, reflux, 94%; g) 1. MeLi, THF, —20°C to RT; [Cp,ZrHCl]/ZnCl,,
THF, 40°C; 2. 1,, THF, 0°C, 70%.

free propargylic alcohol (R)-11 was accomplished according
to the protocol of Ready and Zhang™® with the assistance of
a [Cp,ZrHCl)/ZnCl, complex. After subsequent iodination
the branched vinyl iodide 9 was obtained in 70% yield and
with > 99 % ee, without observation of the linear regioisomer.

The two building blocks 8 and 10 were accessible from the
common intermediate 13!”! in only a few steps (Scheme 5).
Simple iodination gave 10 almost quantitatively. A second

| OoTBS

OH OTBS

S OTBS OH
b,

terminal/internal >50:1

Scheme 5. a) PPh;, imidazole, |,, Et,0/CH;CN, 0°C, 98%; b) 1. 1-
hydroxy-1,2-benziodoxol-3(1H)-one 1-oxide (IBX), DMSO/THF, RT;

2. Bestmann—Ohira reagent, NaOMe, THF, —78°C; then aldehyde,
THF, —78°C to 0°C, 88 % over 2 steps; c) 1. nBuli, THF, —78°C;

2. Mel, dimethylhexahydro-2-pyrimidinone (DMPU), —78°C to RT,
97%,; d) 1. [Cp,ZrHCI], THF, RT; 2. I, THF, RT; 86 %; e) tetrabutyl-
ammonium fluoride (TBAF), THF, RT, 98 %.

equivalent of 13 was elongated by one C, unit: the internal
alkyne 14 was obtained as a single regioisomer in 85 % yield
over a sequence of four steps comprising an IBX oxidation,
alkynylation with the Bestmann—-Ohira reagent,'* methyla-
tion, and hydrozirconation/iodination with the Schwartz
reagent. Cleavage of the TBS group finally afforded the
second building block 8 for the following Suzuki—Miyaura
reaction.

According to conditions developed by Marshall and Lee
for similar palladium-catalyzed sp>-sp’® cross-coupling reac-
tions, ™ iodide 10 was converted into a reactive alkyllithium-
boranate complex through halogen-metal exchange with
fBuLi and reaction with B-OMe-9-BBN.'!l Treatment of
this complex with equimolar amounts of vinyl iodide 9 gave
rise to the allylic alcohol 15 in 79 % yield under very mild
conditions (Scheme 6). Initial efforts to hydrogenate the free
allylic alcohol 15"” were accompanied by an isomerization to
the ketone and resulted only in low selectivity. Thus, 15 was
first converted into ester alcohol 16, whose hydrogenation
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Scheme 6. a) 1. 10, tBuli, Et,0, —78°C, then B-OMe-9-borabicyclo[3.3.1]nonane (B-OMe-9-BBN), THF, —78°C to RT; ii: 9, K;PO,, 5 mol %

[PdCl,(dppf)]-CH,Cl,, DMF, RT, 79%; dppf=1,1"-bis(diphenylphosphanyl)ferrocene; b) p-NO,BzCl, CH,Cl,, pyridine, 0°C, 97 %;
(90 bar), CH,Cl,, RT, 98 %;
g) TBDPSOTH, 2,6-lutidine, CH,Cl,,

nium tribromide (TBABr;), MeOH, RT, 97%,; d) 2 mol% 17, H,
CH,Cl,, RT, 99%; f) MeOH, K,COs, 60°C, 94%,;

c) tetrabutylammo-
e) TBSCI, imidazole, 4-dimethylaminopyridine (DMAP),
0°C, 98%; h) TBABr;, MeOH/THF, RT, 99%; i) PPh;,

imidazole, 1,, Et,0/CH,;CN, RT, 99%; j) 1. tBuli, Et,0, —78°C, then B-OMe-9-BBN, THF, —78°C to RT; 2. 8, K;PO,, 5 mol % [PdCl,(dppf)]-CH,Cl,,

DMF, RT, 85%; k) TBAF, THF, RT, 94%; I) 2.5 mol % 21, H, (60 bar), CH,Cl,, RT, 99%;

m) NaHCO;, KBr, NaOCl, 2,2,6,6-tetramethylpiperidin-N-

oxyl (TEMPO) (5 mol %), CH,Cl,, 0°C, 93 %; n) tBuOH/H,O/isoprene, NaClO,, NaH,PO,, RT, 88 %.

instantly succeeded with the Crabtree catalyst (as BAry~ salt)
with a diastereoselectivity of 95:5 in favor of the syn isomer of
18. We then turned to the further optimized iridium catalyst
([Ir(cod)(SIMes)(Pyr)]"PF,") (17; cod=cyclooctadiene,
SIMes = 1,3-dimesitylimidazolin-2-ylidene)"® carrying an N-
heterocyclic carbene (NHC) ligand instead of the PCyj; ligand.
With this catalyst the diastereoselectivity increased to 98:2
syn/anti and the catalyst loading required for full conversion
could be lowered to 2 mol %. The relative configuration of 18
was determined by two-dimensional NMR spectroscopy
according to the method of Breit et al. (see the Supporting
Information)."!

In order to facilitate the second Suzuki-Miyaura cross-
coupling the base-sensitive p-nitrobenzoyl group was
exchanged for a TBDPS group in 19 which was further
converted into iodide 7. Under the same conditions, which
had been proven successfully above, the sp’-sp® cross-
coupling of alkyl iodide 7 and vinyl iodide 8 delivered the
product in 85% yield. Once again, an excess of one of the
substrates was not necessary and after cleavage of the silyl
ether, alkene 20 was obtained in very good yield and as
a single stereoisomer.

In order to establish the last stereogenic center in the
carbon backbone of the natural product, the trisubstituted
alkene 20 needed to be hydrogenated with full stereochemical
control. For this purpose we intended to use our experience in
the enantioselective hydrogenations of unfunctionalized,
trisubstituted alkenes with chiral iridium pyridyl phosphinite
complexes.”?! In the event, alkene 20 was hydrogenated
with the assistance of the chiral iridium complex 21
(2.5 mol %) to afford the all-syn-configured alkane 22 with
complete diastereoselectivity and excellent yield in direct
analogy to y-tocotrienyl acetate.”!! Again, the relative con-
figuration of 22 was assigned with the method of Breit!"! and
was in agreement with the observed asymmetric induction in
hydrogenations of structurally similar, trisubstituted alke-
nes.™™ 4 Final oxidation of hydroxyphthioceranol (22) in
a two-step process consisting of TEMPO and Pinnick
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oxidation furnished hydroxyphthioceranic acid (3) in 82%
yield. Thus, the natural product was produced in 23 steps
along the longest linear route and 25 % overall yield (starting
with the N-acylated Evans auxilary) and on a practical half-
gram-scale.

For the synthesis of phthioceranic acid (4) we pursued
a slightly modified strategy because this natural product has
both one hydroxy group and one deoxypropionate unit less
than 3. At the same time we intended to demonstrate the
flexibility of our strategy. The key step for the assembly of the
polydeoxypropionate backbone of 4 should be the sp?-sp®
Suzuki-Miyaura cross-coupling of building blocks 23 and 24
with subsequent hydrogenation, reactions that had served so
well in the synthesis of hydroxyphthioceranic acid
(Scheme 7). The terminal vinyl iodide 24 is identical to
building block 8 used in the synthesis of 3 except for the
MOM group. Alkyl iodide 23 differs from the coupling
partner 10 employed in the previous synthesis in terms of the
exchanged functional groups at the termini. This was done
since it seemed easier now to first join building blocks 23 and
24 and complete the polydeoxypropionate fragment of the
natural product before attaching the long, lipophilic alkyl
chain in a copper-catalyzed Grignard reaction.

Owing to the bifunctional character of trideoxypropionate
6 as starting material this strategic change posed no problems
and the envisioned synthesis worked smoothly. Both building
blocks 23 and 24 were synthesized in very good overall yields

ﬂ

OTBDPS |

_MgBr
H31C1s *
23 24

Scheme 7. Strategy for the convergent synthesis of phthioceranic acid
(4). MOM = methoxymethyl.
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according to the strategy described above for building blocks
8 and 10 (for details see the Supporting Information).

The Suzuki-Miyaura-reaction of alkyl iodide 23 and vinyl
iodide 24 was accomplished as described above and furnished
alkene 25 in excellent yield (Scheme 8). In the second key
step alkene 25 was hydrogenated to give alkane 26 in high
yield and 92:8 sym/anti diastereoselectivity employing
4.5 mol % of the chiral iridium catalyst 21. Small amounts of

OTBDPS | OMOM OTBDPS OMOM
CYTYYY -
23 24 25
OTBDPS OMOM
c,d b
21
(4.5 mol%)
26
OTs OMOM o]
27 4

Scheme 8. a) 1. 23, tBuli, Et,0, —78°C, then B-OMe-9-BBN, THF,
—78°C to RT; 2. 24, K;PO,, 5 mol % [PdCl,(dppf)]-CH,Cl,, DMF, RT,
92%; b) 4.5 mol % 21, H, (85 bar), CH,Cl,, RT, 94% (92:8 d.r.);

c) TBAF, THF, RT, 95%; d) TsCl, CH,Cl,/pyridine, DMAP, RT, 92%;
e) CisH;MgBr, 8 mol % Li,CuCl,, Et,0, RT, 76 %; f) (CH,Cl),/MeOH,
cat. HCl, 70°C, 96 %; g) RuCl;, NalO,, CH;CN/CCl,, 85%.

the minor diastereomer were easily separated in the following
reaction steps by column chromatography. Finally, 26 was
converted into tosylate 27 and the C,; alkyl chain was
introduced through a copper-catalyzed Grignard addition
with the third building block. MOM deprotection and
oxidation of the primary alcohol to the carboxylic acid®
completed the synthesis of phthioceranic acid (4) with a total
yield of 21 % over the longest linear route of 19 steps.

In conclusion, we have developed the first convergent
total syntheses of the glycolipid components hydroxyphthio-
ceranic acid (3) and phthioceranic acid (4) providing these
natural products with high efficiency and stereoselectivity and
in preparatively useful amounts. Key steps of our strategy are
two palladium-catalyzed Suzuki-Miyaura reactions to couple
three single building blocks, respectively, with subsequent
catalyst-controlled and highly diastereoselective hydrogena-
tions. The trideoxypropionate 6 employed as the starting
material in our syntheses is easily accessible on large scale
through a sequence of an oxy-Cope rearrangement, hydro-
genation, and enolate methylation which establish most of the
stereogenic centers in the products 3 and 4. We believe that
our conceptually novel strategy not only provides an efficient,
selective, and rapid access towards the target compounds, but
also holds great potential for the synthesis of other natural
products especially those with very long polydeoxypropionate
chains.
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