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Abstract:

The synthetic strategy for producing multigram quantities of
(+)-discodermolide (1) using a hybridized Novartis-Smith—
Paterson synthetic route via common precursor 3 is described.
In the first part of this five-part series, we present a multiki-
logram preparation of a-methyl aldehyde 10 from Roche ester,
its syn-aldol reaction with Evans boron enolate, removal of the
chiral auxiliary, and the preparation of Weinreb amide 3 (Smith
common precursor). The common precursor was produced
without any chromatography.

Introduction
A small, but structurally diverse collection of naturally

mouse models (including PTX-resistant tumdrB)iscoder-
molide is currently undergoing phase | clinical trials.

Structurally, discodermolide consists of a linear polypro-

pionate chain containing 13 stereocentres, six of which are
hydroxyl-bearing, with one of these esterified as-actone
(C5) with another as a carbamate (C19). It also features seven

occurring non-taxane microtubule-stabilizing agents (MTS) methyl-bearing stereocentres and thifeonfigured alkenes,
has been discovered over the past decade. These include thene of these being part of the terminal diene unit. Also
epothilones (EPO), eleutherobin, laulimalide, and discoder- present in the structure is a common stereo triad (methyl,

molide. (+)-Discodermolide 1) is a novel polyketide natural

hydroxyl, and methyl) that is repeated three times. The

product first isolated from extracts of the marine sponge Schreiber group has synthesized both antipodes, thus estab-

Discodermia dissolutéby researchers at Harbor Branch
Oceanographic Institution (HBO})Discodermolide stabi-
lizes microtubules faster and more potently than any of the
other known MTS agents and is a potent inhibitor of tumor
cell growth in vitro, including paclitaxel (PTX)- and EPO-
resistant cell§.Discodermolide also demonstrates significant
human tumor growth inhibition in hollow fiber and xenograft

* Author for correspondence. E-mail: stuart_john.mickel@pharma.novartis.
com.
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Scheme 1. High-pressure phosphonium salt formation

1) PPh,, I,, benzene/ether

12.8 kbar

2) PPh,, i-Pr,NEt, benzene/toluene,

NaHMDS,
THF, -20 °C

Z:E =15 -24:1, Yield 85 - 95%

preparations of various discodermolide fragmeriave
appeared in the literature. A useful review of the available
synthetic approaches has recently been published.

The compound supply for development cannot be met
through the isolation and purification of discodermolide from
Discodermiasp. (which must be harvested using manned
submersibles). Attempts to reproducibly isolate a discoder-
molide-producing microorganism for fermentation have not

been successful to date. Therefore, all discodermolide used

for late preclinical research and development activities as
well as for the ongoing clinical trial has been supplied by
total synthesis.

The synthetic route used for the preparation of multigram
amounts of discodermolide was envisaged as a hybrid

synthesis which advantageously incorporated the best featuresveo,c ©

of the published syntheses by Smith and Paterson (vide infra).

Selection of these two syntheses was made after a detailed

analysis of every publication on discodermolide and related
syntheses.
Smith’s publication of the one-gram synthesis of disco-

Scheme 2. Last steps of Paterson’s route
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dermolide predisposed our selection, and we started practic-] for this approach was readily available. It was clear from

ing this route because the starting materig)-lRoche ester
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the beginning of this venture that there was a need for
changing some chemistry in the late steps; for example, the
high-pressure reaction (12.8 kbar) used for introducing the
Cs_g cis-double bond (Scheme 1) was not practicable on large
scale (added in revision: Professor Smith has recognized
this limitation of his synthesis and has recently described a
solution to this problem. Smith, A. B.; Freeze, B. Scott;
Brouard, I.; Hirose, TOrg. Lett 2003 5, 4405-4408). On

the other hand, Paterson’s reagent-controlled, chiral boron
enolate methodology (Scheme 2) fit into our strategy. The
Paterson aldehyd& could be obtained via an advanced
intermediate that was described by Sniitfthus, it seemed
logical to us that a combination of these two approaches
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Scheme 3. Novartis synthetic route to (+)-discodermolide
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could offer a viable opportunity to scale up the synthesis of aluminium hydride was efficient; however, the workup
1. The resulting hybridized synthetic approach for producing proved problematic. Large quantities of aluminum salts were
1 is outlined in Scheme 3. formed, which did not allow for efficient filtration (it required
Our work progressed in three stages: proof of synthesis, >24 h). Switching the reducing agent to lithium borohydride
preparation of a 6-g batch, and production of 60 g-bj-( solved this problem and furnished alcot®ih >98% yield
discodermolide. The present five-part publication describes after acetic acid quench and extractive isolation. Conversion

our experience with large-scale preparatioriofn Part 1, of 9 to 10 called for a Swern oxidation. This was not an
we discuss some of the problems we encountered, and theoption for us on large scale, since the formation of methyl
solutions we found in scaling up the preparation3ofin sulfide (stench) as a byproduct was not environmentally

Part 2, we describe the conversion of this common inter- friendly. This reagent was replaced by a simple, two-phase,
mediate into fragments 1G5 (6) and G-14 (4). Part 3 TEMPO/bleach oxidation in dichloromethane, which af-
describes the preparation of thesG; fragment b). Part 4 forded aldehydd 0 in quantitative yield. HoweverlO was
relates to the preparation of fragment-C,4 (7). Part 5 not stable for extended storage. Racemization of the stereo-
illustrates the linkage of fragments,.G and G—_,4 and the genic centre was observed within 2 days of storage, even at

final steps leading to the production of 60 g bf 0 °C. To overcome this hurdle, crud® was subjected to
Evans’synaldol reaction without further purification.
Results and Discussion Evans’ syn-Aldol Reaction. Enolization of 3-propionyl-

Smith’s approacti to 3 from Roche este2 is outlined in (R)-4-benzyloxazolidinonelQa) with dibutylboron triflate
Scheme 4. This pathway was optimized by us into a more in the presence of triethylamine at TC, followed by

efficient route for the large-scale production ®f treatment of the resulting enolate with crub@at —78 °C,
Chiral Aldehyde. The formation of the 4-methoxybenzyl furnished alcohol1in 46—55% yield on a 26-25-kg scale.
ether 8 from Roche este? proceeded in> 98% yield, The success of this reaction was largely dependent on the

employing Smith’s protocol. Reduction & with lithium quality of dibutylboron triflate. Aged reagent did not perform
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Scheme 4. Smith’s synthesis of the common precursor
PMBO(C=NH)cCl, .-©

- LIAH,, THF
HO\/\CO Me —8 8 > O\/:\ _—
PPTS, CH,Cl,, CO,Me

2 cyclohexane 8

Figure 1. Single-crystal X-ray structure of 11.

well and resulted in low yield £35%). This may be
overcome by distillation of the reagent; however, a distillation
is not practical for large-scale operation. On a-30-g scale
in the lab, we routinely achieved yields ef75% for this
aldol reaction, but we were unable to replicate it in the pilot
plant. The reasons for this are still unclear. More work is
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could be recovered by crystallization from the reaction mix-
ture after workup. The purity a3 obtained by this protocol
was 85%. The remaining 15% was a series of minor by-
products: one being generated in this reaction (compound
13), and the rest were impurities carried through the synthesis
from preceding steps.

We studied this reaction by calorimetry and found that
the addition of triisobutylaluminum to a suspensior\yD-
dimethylhydroxylamine hydrochloride in THF was highly
exothermic. It was noted that the resulting complex of
triisobutylaluminumi,O-dimethylhydroxylamine/THF was
thermally unstable. According to DSC, this complex started
to give off heat at 30C and reached the maximum at 140
°C, resulting in the release of a total-e#106 kJ/kg of energy.

required to achieve a completely robust and reproducible The instability is presumably due to an aluminum-catalyzed
process. The acceptable quality of dibutylboron triflate polymerization reaction of tetrahydrofuran. Thus, in case of
especially needs to be better defined. A recent publication & cooling failure in the plant, the chance of a thermal runaway
may be able to assist in solving this quality definitidn. could be very high. The high risk in process safety made
The aldol reaction was completely stereoselective, and this process unfeasible for scale-up. To make this chemistry
none of the undesired diastereoisomer was ever detected bynore amenable to the pilot plant, we investigated the
us. The reaction can also be run at room temperature withoutfollowing variations: inverse addition, alternative solvents,
detriment to the selectivity. In contrast to the published €xtending the addition times, and lowering the temperature.
procedure, which purified1 by chromatography, we were In all cases, we observed the formation of significant amount
able to crystallize the aldol produtl with 80% recovery. ~ ©Of byproductl3, attributed to the opening of the oxazolidi-
This was accomplished by dissolving the crude aldol adduct None ring. We were unable to define conditions which could
in a mixture ofn-butanol and diisopropyl ether, followed Minimize this competitive ring-opening reaction.
by careful addition of heptane over an extended period of

time to afford crystallinel1 of high purity; the structure was E "

confirmed by single-crystal X-ray analysis (Figure 1). H o—-’(
Transamidation. The Smith approach employed tri- PMBO NH

methylaluminum-promoted transamidationldfinto Wein- OH O A

reb amide3, which was a nice one-step conversion. However, 13

trimethylaluminum was not an ideal choice of reagent for a
large-scale plant operation due to its pyrophoric properties.
We decided to replace it with triisobutylaluminum, which
was safer and which had been utilized on an industrial scale
in Ziegler—Natta processes. We found that th@®-dimeth-

In view of these results, we decided to abandon the
transamidation protocol and to investigate two other methods.

Amide Formation Employing Chloroformate. Forma-
tion of an amide bond from a carboxylic acid via a

ylhydroxylamine/triisobutylaluminum complex (3.5 equiv)
had reacted efficiently with1 (1 equiv) at room temperature
and produced the desir&n 75—80% yield, depending on
the purity of 11. Two-thirds of 4-benzyloxazolidinon&2

mixed anhydride was investigated as the first alternative
(Scheme 5).

(11) Medina, J. R.; Cruz, G.; Cabrera, C. R.; Soderquist, 1.0rg. Chem
2003 68, 4631.
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Scheme 5. Synthetic route to 3 using isobutyl chloroformate
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Scheme 6. Alternative route to 3 using CDMT
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Without further purification, we proceeded to cleave the dimethoxy-1,3,5-triazine (CDMT) as the coupling reagent
oxazolidinone by treating it sequentially with hydrogen was investigated (Scheme 6). CDMT had been used to
peroxide and lithium hydroxide in a mixture of water and activate a carboxylic acid by forming an activated triazine
methanol. After workup, the resulting acid was isolated as a ester, which was subsequently coupled with an amine in the
crystalline salt of R)-2-phenylethylaminel()in 84% yield same pot to generate an amidd.reating11 with hydrogen
from 11 Crystallisation of the salt at this stage is the first peroxide and lithium hydroxide furnished aci@ as an oll
purification carried out thus far in the synthesis and also in 71% vyield. After activation ofl8 with CDMT in the
serves to protect the rather unstable acid from decompositionpresence ofN-methylmorpholine, we found the resulting
Chiral auxiliary 12 was easily recovered by crystallization triazine esterl9 to be quite stable, and its formation could
without degradation of either chemical or enantiomeric purity be monitored by HPLC. As soon as the formatiori6fhad

(see Experimental Section).

been completed, the amine (MeNHOMe) was added to afford

After liberation of the acid, by treatment of the sa# 3in good yield. A large batch a3 (1.34 kg) was produced
with hydrochloric acid and extractive isolation, formation in 85% yield and with high purity (95.8% HPLC) without
of a mixed anhydride with isobutyl chloroformate followed chromatography. The major triazine byprod20tgenerated
by reaction withN,O-dimethylhydroxylamine afforded Wein-  during this reaction was easily removed from the product
reb amide3 in 75—80% yield. The choice of chloroformate during aqueous acid and base workup. Another minor
was an important factor for the success of this process. Thebyproduct,21, was identified.

use of ethyl chloroformate resulted in the formation of several

byproducts 15, 16, and17). Replacing ethyl chloroformate \j)\
with isobutyl chloroformate minimized the byproducts. )N\/ JN\
~ X, o
0 e . o OPMB 07 "N” TO N 0N
Eo N O~ @VOMI{I\ ) o ?ﬂl/ /\Nr
! 0l 6 & PMBO\/H)\H/O T
Y O—

OEt

15 16

Amide Formation Employing CDMT. An alternative

OH O ¢

21

N-O

/
17

\ . .
To ensure total conversion df to 3, the reaction vessel

(12) (a) Kaminski, Z. JSynthesid 987, 10, 917-920. (b) Kaminski, Z. J.; Paneth,

strategy of amide bond formation utilizing 2-chloro-4,6- P.; Rudzinski, JJ. Org. Chem1998 63, 4248.
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must be kept closed so that no volatheO-dimethylhy-
droxylamine escapes from the reaction medium.

toluenesulphonate (3.79 kg, 15 mol) was added in one portion
and the reaction mixture stirredrf@ h at 0 to 5°C. After

With the common precursor in hand, we were ready to this time a suspension formed, and the temperature of the
proceed to the next stage of discodermolide synthesis, whichmixture was raised to 24C and stirred for a further 18 h.

is described in the following contributions.

Conclusions

The suspension was filtered and the solid rinsed with heptane
(3 x 20 kg). The combined filtrate was concentrated under
vacuum at 25C to a volume of about 71 L. Heptane (379

In summary, Smith’s procedure for the preparation of kg) was added to the oily residue, followed by Cellflock (17.9

common precursoB from Roche esteR was modified to
facilitate large-scale production in the pilot plant. Evasys

kg). The suspension was stirred for 30 min at room
temperature and filtered. The solid was rinsed with heptane

aldol reaction product was crystallized, and the structure was (3 x 35 kg), and the combined filtrate was evaporated under

confirmed by X-ray. Kilogram quantities of Weinreb amide

vacuum at 30°C to give 8 (69.6 kg) as an oil (GC, 96.5

3were prepared using two peptide synthesis protocols, whicharea %, corrected to 67.16 kg, 100% yieldy]fp —12.0

eliminated the use of trialkylaluminum. Intermedi&e&vas
thus prepared in six steps without chromatography.

Experimental Section

For this five-part series the following general experimental
details apply: Reagents and solvents were obtained from
commercial sources and used as received. Proton and carbon-
13 NMR data were recorded on a Brucker SP 400 instrument
at 400.1 and 100.2 MHz, respectively. Melting points were
determined on an Electrothermal 8101 apparatus and ar

uncorrected. IR spectra were recorded with a NICOLET . . .
h complete, the reaction mixture was stirred for anothh at

Magna 550 instrument. Optical rotations were measured wit
a JASCO-P 1030 polarimeter.

(9)-3-(4-Methoxybenzyloxy)-2-methylpropionic  Acid
Methyl Ester (8). To a stirred suspension of sodium hydride
(1.31 kg of a 60% suspension in mineral oil, 32.75 mol) in
67.5 kg oftert-butyl methyl ether was added a solution of
4-methoxybenzyl alcohol (45 kg, 325.69 mol)tert-butyl
methyl ether (15 kg) over a period of 30 min, maintaining
the temperature at 222 °C. The addition equipment was
washed with 10 kg oftert-butyl methyl ether, and the
resulting reaction mixture was stirred for a further 90 min
at 20-22 °C. The mixture was cooled to-& °C, and

e

(c = 1, CHCIy); 'H NMR (CDCl) 6 7.28 (m, 2H), 6.84
(m, 2H), 4.45 (s, 2H), 3.81 (s, 3H), 3.70 (s, 3H), 3.65 (dd,
J = 12.0, 6.0 Hz, 1H), 3.45 (dd]) = 12.0, 6.0 Hz, 1H),
2.75(m, 1H), 1.15 (dJ = 10.0 Hz, 3H).
(R)-3-(4-Methoxybenzyloxy)-2-methylpropan-1-ol (9).
(A) Reduction with Lithium Aluminium Hydrid&ithium
aluminium hydride (32.1 kg of a 10% solution) was diluted
with anhydrous THF (179.2 kg) and cooled to°C. A
solution of este(8) (18.6 kg, 100%, 77.73 mol) in THF (54.1
L) was added over 60 min. The reaction was exothermic,
and gas evolution was observed. After the addition was

0 °C. After this time, a solution of potassium sodium tartrate
(14.8 kg, 54.45 mol) in water (23 L) was added slowly.
During the initial phase of the addition, this quench was very
exothermic, and vigorous gas evolution was observed.
Finally, the gray suspension was stirred overnight at room
temperature. The suspension was filtered (filtration was
extremely slow) and the solid rinsed with THF £218 kg).
The combined filtrate was evaporated to dryness under
vacuum at 25C to give alcohoB (16.49 kg, 100%) as an
oil, which was used without further purificationo]p +14.6

(c =1, CHCE); *H NMR (CDCly) 6 7.23 (m, 2H), 6.86 (m,

trichloroacetonitrile (50.3 kg, 348.36 mol) was added over 2H), 4.43 (ABq,J = 12 Hz, 2H), 3.79 (s, 3H), 3.643.49

100 min. The reaction mixture was stirred for 90 min,

(m, 3H), 3.37 (dd,) = 9.57, 8.17 Hz, 1H), 2.60 (br m, 1H),

warmed to room temperature, and concentrated under2-05 (m, 1H), 0.85 (dJ = 6.9 Hz, 3H).

vacuum to a final volume of about 100 L. At room

(B) Reduction with Lithium Borohydridd.o a solution

temperature, the concentrate was treated sequentially withOf lithium borohydride (172 kg of a 10% w/w solution in
heptane (143 kg) and methanol (1.05 kg) containing 25 g of THF) was added dropwise a solution of esi¢85 kg, 272.81
an antistatic agent. To the resulting suspension was addednol, as obtained) in THF (133 kg) and ethanol (42.4 kg)

Cellflock filter aid (5 kg); the mixture was stirred for 30

over 3 h, maintaining the temperature at ZD. After the

min at room temperature and filtered. The solid was rinsed addition was complete, the mixture was stirred at@0for

with heptane (2x 25 kg), and the combined filtrate was

a further 2 h. After this time the reaction mixture was diluted

concentrated under vacuum to a final volume of about 85 L With tert-butyl methyl ether (79.5 kg) and acetic acid (398

at a maximum temperature of 3€ to produce 97.2 kg of
the intermediate trichloroimidate as an oil.
A solution of (§-3-hydroxy-2-methyl propionic acid

kg of a 2 Msolution) was added within 5 h. Vigorous gas
evolution was noted, and the reaction was exothermic. When
the addition was completed, the two-phase mixture was

methyl ester (33.3 kg, 281.89 mol) in a mixture of 118 kg stirred for 15 min at room temperature and the organic layer
of dichloromethane and 132 kg of cyclohexane was cooled separated. The organic layer was washed with aqueous
to 0°C, and the trichloroimidate (89.9 kg, corresponding to sodium hydroxide solution (212 kg, 2 M). The organic layer
79.7 kg of trichloroimidate with 100% purity, 282.06 mol), was separated and washed with brine (192 kg), dried over
prepared as described above, was added over 45 minNaSO, (11 kg), and filtered. The solid was rinsed witrt-
maintaining the temperature between 0 andG The butyl methyl ether (2x 20 kg), and the combined filtrate
addition funnel was rinsed with a mixture of dichloromethane was evaporated under vacuum atZ5to yield product9

(59 kg) and cyclohexane (68.8 kg). Solid pyridine (50 kg, 100%).
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(5)-3-(4-Methoxybenzyloxy)-2-methylpropionalde-
hyde (10).A solution of alcohol(9) (29 kg, 137.85 mol)
in dichloromethane (470 kg) was cooled to TC.
TEMPO (210 g, 1.34 mol) was added followed by a 2.75 M

Example of Crystallization of 11. The crude aldol
product (53.8 kg) containing-44 area % by HPLC of.1
was dissolved in butanol (26.1 kg), and diisopropyl ether
(39.0 kg) and heptane (76.4 kg) were added. The solu-

aqueous solution of potassium bromide (34.9 kg) and a 1.6tion was seeded with purgl (10 g) and stirred for 22 h
M aqueous solution of potassium hydrogen carbonate (152at 22°C. The thin suspension was cooled in a linear man-
kg). To the rapidly stirred two-phase mixture was added a ner to 8-12 °C over 2 h and stirred for 6.5 h. The suspen-

solution of bleach (126 kg of a 11% solution, 185.5 mol)
over 90 min. The resulting mixture was stirred for a further
40 min at 0 to 5°C. A 1.0 M aqueous solution of sodium

sion was warmed to 20C over 30 min and stirred for
16 h. The suspension was cooled tol®2 °C over 1 h in a
linear fashion, and heptane (75.6 kg) was added over 6 h.

thiosulphate (79.9 kg) was added. The mixture was then After the addition was completed, stirring was continued for
warmed to room temperature within 15 min, and the layers a furthe 1 h and the suspension warmed to 20 Finally
were separated. The organic layer was washed with waterthe suspension was stirred for 20 h at ZD), filtered, and
(2 x 184 kg). Sodium sulphate (7.5 kg) was added, and therinsed three times with a mixture of heptane (34 kg) and
suspension was stirred for 10 min at room temperature andbutanol (4.3 kg). The solid was dried under vacuum at

filtered. The solid was rinsed with dichloromethaneq22

30 °C for 24 h to yield11 (19.0 kg, 80%): mp 6970 °C;

kg), and the combined filtrate was concentrated under [a]?% —35.6 € = 1, CH,Cl,); *H NMR (CDCl) 6 7.35—

vacuum at 26-25 °C to afford aldehydd 0 (28.6 kg) as an
oil, which was used immediately in the next stepi]?o
+30.7 € = 1, CH,Cl,); *H NMR (CDCl) 6 9.64 (d,J =
1.5 Hz, 1H), 7.19 (m, 2H), 6.83 (m, 2H), 4.40 (s, 2H), 3.75
(s, 3H), 3.62-3.53 (m, 2H), 2.60 (m, 1H), 1.10 (d,= 7.3
Hz, 3H).
(R)-4-Benzyl-3-[(R,3S,4S)-3-hydroxy-5-(4-methoxy-
benzyloxy)-2,4-dimethyl-pentanoyl]-oxazolidin-2-one (11).
A solution of (R)-4-benzyl-3-propionyloxazolidin-2-one (30.0
kg, 128.61 mol) in dichloromethane (233 kg) was cooled to
0 °C and treated with dibutylboron triflate (193 kg, 1.0 M
in dichloromethane). The solution was stirred for 10 min at
0-5 °C, and triethylamine (22.1 kg, 218 mol) was added
dropwise. The addition funnel was rinsed with dichlo-

7.10 (m, 7H), 6.80 (m, 2H), 4.61 (m, 1H), 4.38 (s, 2H),
4.12 (m, 2H), 3.88 (m, 1H), 3.80 (m, 1H), 3.74 (s, 3H),
3.50-3.40 (m, 2H), 3.27 (ddJ = 13, 3.0 Hz, 1H), 2.70
(dd,J = 13.6, 9.7 Hz, 1H), 1.91 (m, 1H), 1.52 (br s, exch
D,0, 1H), 1.19 (dJ = 6.7 Hz, 3H), 0.88 (dJ = 6.93 Hz,
3H).

(2R,35,49)-3-Hydroxy-5-(4-methoxybenzyloxy)-2,4-di-
methylpentanoic Acid Methoxymethylamide (3).(A) Tri-
isobutylaluminum-Promoted Amide Formatiénsuspension
of N,O-dimethylhydroxylamine hydrochloride (13 g, 133.35
mmol) in THF (97 mL) was cooled to @C and treated with
triisobutylaluminum (133.35 mL, 1.0 M in hexane). The
suspension slowly turned into a solution as the mixture was
warmed to room temperature over 15 min. The solution of

romethane (67 kg), and the reaction mixture was stirred for the aluminum complex was stirred for 60 min at room

45 min at G-5 °C. The resulting enolate solution was cooled
to —80 to —75 °C. A solution of10 (24.3 kg, 116.68 mol)

temperature and a solution &f (16.84 g, 38.14 mmol) in
THF (30 mL) was added over 4%0 min. The reaction

in dichloromethane (72.5 kg) was added over 60 min. The mixture was stirred fo3 h atroom temperature, cooled to

addition funnel was rinsed with dichloromethane (15 kg),
and the reaction mixture was stirred for 60 min-at5 °C.
The reaction mixture was warmed te45 °C over 30 min
and stirred for 60 min. Finally the reaction was warmed to
0 °C within 30 min and stirred for a further 60 min. Water

0 °C, and quenched carefully with a 2.0 M aqueous
hydrochloric acid (194 mL). The mixture was warmed to
room temperature and stirred for 30 min. The phases were
separated, and the organic layer was washed with a saturated
solution of sodium bicarbonate (194 mL), followed by brine

(100 kg) was added, and the two-phase system was stirred194 mL). The organic layer was dried overJS&, filtered,
for 10 min. The organic phase was separated, treated with aand concentrated under vacuum to give crude pro8l(@%5.4
pH 7 phosphate buffer solution (242 kg), and cooled to 0 to g) as an oil. This oil was dissolved in a mixture tefrt-

5 °C. Hydrogen peroxide (28.8 kg of 35% w/w solution,

butyl methyl ether (21.2 mL) and heptane (6.8 mL) and

317.6 mol) was added slowly, and the mixture was stirred seeded withR)-4-benzyloxazolidin-2-onél2). The suspen-

for 60 min at 0-5 °C. Excess peroxide was destroyed by

sion was stirred for 60 min at room temperature. Heptane

the addition of a 2.0 M aqueous solution of sodium sulphite (6.8 mL) was added dropwise, and the mixture was cooled

(213 kg) over 30 min (exothermic). The mixture was warmed

to 0 °C and stirred for an additional 60 min. The mixture

to room temperature, and the organic phase was separatedyas treated with heptane (3.4 mL) and stirred Z2oh at 0

washed with water (2« 350 kg), and treated with N&O,

°C. The solid was isolated by filtration to recovi2 (5.22

(20 kg). The suspension was filtered and the solid rinsed g, 77%). The filtrate was evaporated to dryness to @ve

with dichloromethane (% 30 kg). The filtrate was evapo-
rated under vacuum at 3 to a final volume of 65 L. To

(17.6 g, contaminated with2) as an oil, which was utilized
without further purification. Chromatography on silica gel

remove butanol formed by the oxidation process, toluene eluting with heptane/ethyl acetate, 2/1, afforded a pure

(409 kg) was added to the residue and evaporated &€45

sample: *H NMR (CDCl) 6 7.25 (m, 2H), 6.85 (m, 2H),

under vacuum. This procedure was repeated once more and.43 (s, 2H), 3.75 (s, 3H), 3.#8.50 (m, 7H), 3.18 (s, 3H),

delivered aldol productl 68.4 kg, 62% by HPLC, corrected
yield 82%) as an oil.
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3.05 (br s exch BD, 1H), 1.89 (m, 1H), 1.15 (d] = 7.0
Hz, 3H), 0.0.97 (dJ = 6.8 Hz, 3H).



Also isolated was 1.5 g of byprodudt3: 'H NMR
(CDCls) 6 7.30—7.10 (m, 7H), 6.82 (m, 2H), 5.21 (br s, exch
D20, 1H), 4.40 (m, 3H), 4.05 (m, 3H), 3.75 (s, 3H), 3:60
3.40 (m, 5H), 3.05 (s, 3H), 2.872.70 (m, 3H), 2.35 (m,
1H), 1.85 (m, 1H), 1.05 (dJ = 7.0 Hz, 3H), 0.76 (d,) =
7.1 Hz, 3H).

(2R,3S,4S)-3-Hydroxy-5-(4-methoxybenzyloxy)-2,4-di-
methylpentanoic Acid (R)-1-Phenylethylamine Salt (14).

To a solution of crudell (25 kg, 56.6 mol) in methanol
(167.2 kg) was added water (105.6 kg) and hydrogen
peroxide (24.6 kg of 35% w/w solution, 253.24 mol). A 2
M aqueous solution of lithium hydroxide (60.8 kg) was added
over 2 h (oxygen was evolved), and the mixture was stirred
for 2 h atroom temperature. A 2.0 M aqueous solution of
sodium sulphite (52.0 kg) was added slowly (exothermic).
The mixture was stirred for 10 min at room temperature and

be present. The chemical purity was determined by HPLC
(as previously) to be>99.8% (m/m).
(2R,3S,4S)-3-Hydroxy-5-(4-methoxybenzyloxy)-2,4-di-
methylpentanoic Acid (18).A solution of11 (2980 g, 6.75
mol) in THF (14.5 L) was cooled to 0C, and then KO
(3.6 L) was added, while maintaining the temperature at 0
°C. The solution was cooled te5 °C, and a 30% aqueous
solution of HO, (2493 g, 22.0 mol) was added dropwise,
maintaining the temperature at°C. A solution of lithium
hydroxide monohydrate (354.1 g, 8.44 mol) inCH(3.6 L)
was added, while maintaining the temperaturéd The
reaction was stirred for 30 min at @. The reaction was
guenched by adding a solution of }; (2600 g, 20.63
mol) in H,O (16 L), maintaining the temperature at’G.
The mixture was concentrated under vacuum at@band
the residual mixture was washed widrt-butyl methyl ether

extracted with toluene (102.6 kg). The aqueous phase was(3 x 2 L). The aqueous layer was cooled t&and adjusted

re-extracted with toluene (% 102.6 kg). The combined
toluene phases containel®?, which could be recovered
according to the procedure described below.

to pH 2 with 12 M HCI (750 mL). The oily precipitate was
extracted withtert-butyl methyl ether (2x 4 L). The
combined organic layers (containing product) were washed

Toluene (77 kg) was added to the aqueous phase, andvith H,O (2 x 2 L) and saturated NaCl (2 L) and

the two-phase mixture was treated with concentrated hy-

drochloric acid until the pH reached 2:2.5 (ca. 15.8 kg
of 37% HCI required). More toluene (70 kg) was added,
and the mixture was stirred for 15 min at room tempera-

concentrated under vacuum at 25. The residual oil was
cooled to 5°C and dissolved in saturated NaHgQO L).

The resulting aqueous solution was washed with ethyl acetate
(2 x 8 L) andtert-butyl methyl ether (2< 2 L). The pH of

ture. The organic phase was separated, and the aqueous phatiee aqueous layer was adjusted to 2 with 12 M HCI (600

was extracted with toluene (140 kg). The combined tol-
uene extracts were washed with water (176 kg) and
concentrated under vacuum at 35 to a volume of about
124 L, which was filtered, and the solid (inorganic salts)
was washed with toluene (8 40 kg). The combined fil-
trate containing acidl8 was transferred to a second re-
actor containing toluene (22 kg). The concentration of acid
18 was determined by titration of the toluene solution. The
toluene solution was treated witlR)}1-phenylethylamine
(7.14 kg, 59 mol) and stirred fol h atroom tempera-
ture (crystallization began towards the end of the amine
addition). The suspension was cooled t6@, stirred for
2.5 h, filtered, and the solid was rinsed with toluenex(3
25 kg). The solid was dried under vacuum at°80to give
salt14 (19.13 kg, 84%) [a]p +16.9 € = 1, CH,Cly); H
NMR (CDCls) 6 7.40-7.20 (m, 7H), 7.156.80 (br m, 6H
becomes 2H on D exch), 4.40 (s, 2H), 4.18 (d,= 7.0

Hz, 1H), 3.78 (s, 3H), 3.65 (br m, 1H), 3.55 (Br m, 1H),
3.42 (br m, 1H), 2.30 (br m, 1H), 1.80 (br m, 1H), 1.50 (d,
J= 8.0 Hz, 3H), 0.95 (dJ = 8.5 Hz, 3H), 0.80 (dJ = 8.0

Hz, 3H).

Recovery of 12. The toluene extracts from several
reactions were combined to give a total volume of 2000 L.
This was evaporated under vacuum afB3o a final volume
of about 200 L, cooled to 28C, and seeded with commercial
12 (10 g). The resulting suspension was cooled t6Q)
stirred for 1 h, and filtered. The solid was rinsed with a

mL), while maintaining the temperature at’G. The oily
precipitate was extracted intert-butyl methyl ether (3x 3
L). The combined extracts (containing product) were washed
with H,O (2 x 2 L) and brine (2 L), dried over MgSQ500
0), and filtered. The filter cake was rinsed witkrt-butyl
methyl ether (2x 1 L). The combined filtrates were
concentrated to affordl8 (1342 g, 71%) as a viscous
colorless oil: IR (CHCJ) 3010.6, 1747.2, 1612.7, 1514.0
cm%; *H NMR 300 MHz (CDC}) ¢ 7.23 (d,J = 8.5 Hz,
2H), 6.88 (d,J = 8.5 Hz, 2H), 4.45 (s, 2H), 3.92 (dd,=
8.5, 3.3 Hz, 1H), 3.79 (s, 3H), 3.63 (dd,= 9.2, 4.1 Hz,
1H), 3.50 (apparent ] = 8.5 Hz, 1H), 2.64-2.61 (m, 1H),
2.05 (s, 1H), 1.231.14 (m, 1H), 1.17 (dJ = 7.0 Hz, 3H),
0.89 (d,J = 7.0 Hz, 3H);13C NMR (75 MHz, CDC}) ¢
159.0, 129.5, 129.3, 113.0, 76.0, 74.0, 73.0, 55.0, 42.0, 35.0,
13.0, 9.0. Anal. Calcd for H2,0s: C, 63.81; H, 7.86.
Found: C, 63.43; H, 7.90.
(2R,35,49)-3-Hydroxy-5-(4-methoxybenzyloxy)-2,4-di-
methylpentanoic Acid Methoxymethyl Amide (3). (A)
Isobutyl Chloroformate Procedurd suspension of salt4
(34.0 kg, 84.26 mol) in water (63 L) and dichloromethane
(168 kg) was cooled to 6C. A 1.0 M aqueous solution of
hydrochloric acid (87.3 kg) was added over 15 min and
stirred for an additional 20 min at 8C. The phases were
separated, and the aqueous layer was extracted with dichlo-
romethane (112 kg). The combined organic phases were
washed with brine (50 kg) and dried over 48&, (11 kg).

mixture (9/1) of heptane/ethyl acetate (60 kg) and dried under The suspension was filtered, and the solid was rinsed with

vacuum at 40°C to recoverl2 (47.7 kg). Chiral HPLC,
(Chiralcel-OD column, 250 mnx 4.6 mm, eluting with
n-hexane/ethanol, 75/25, flow rate 0.7 mL/min, at’Csand
215 nM detection) showed none@.1%) of the antipode to

dichloromethane (% 25 kg). The combined filtrate contain-
ing the acidl8 was concentrated under vacuum at°85to

a volume of about 84 L, which was then cooled t6@.
N-Methylpiperidine (8.76 kg, 88.48 mol) was charged,
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followed by dropwise addition of isobutyl chloroformate
(11.5 kg, 84.25 mol). The mixture was stirred at© for
another 20 min. To the resulting mixed anhydride solution
was added a 103-kg of a mixture HfO-dimethylhydroxy-
lamine hydrochloride (10.4 kg, 106.72 mol) ahdmeth-
ylpiperidine (11.1 kg, 112.1 mol) in dichloromethane (96.6
kg) within 20 min. The reaction mixture was stirred for
another 30 min at OC and treated wittN-methylpiperidine
(0.876 kg, 8.85 mol), followed by a second portion of
isobutyl chloroformate (1.16 kg, 8.5 mol). The reaction was
stirred for 15 min at 0C, and a second portion (10.3 kg) of
the mixture ofN,O-dimethylhydroxylamine hydrochloride
andN-methylpiperidine in dichloromethane, from above, was
added over 15 min at 0C. The reaction was stirred for 30
min at 0°C and warmed to 2&, and 1.0 M hydrochloric

suspension was cooled to 10, andN,O-dimethylhydroxyl-
amine hydrochloride (449.8 g, 4.61 mol) was added. Next,
N-methylmorpholine (466.5 g, 4.61 mol) was added drop-
wise, while maintaining the temperature at 10C. The
resulting heavy suspension was stirred for 24 h at@8
The suspension was filtered, and the filter cake was rinsed
with tert-butyl methyl ether (2< 1 L). The combined filtrate
was concentrated under vacuum at°2h The residual oil
was dissolved irtert-butyl methyl ether (6 L) and washed
with H,O (2 x 2 L), 1 M HCI (3 x 2 L), H,O (2 x 2 L),
saturated NaHC®(2 x 2 L), H,O (2 x 2 L), and brine (1

x 2 L). The organic layer was dried over Mgs®00 g),
filtered, and rinsed withtert-butyl methyl ether (2x 500
mL). The combined filtrate was concentrated under vacuum
at 20°C to afford3 (1309 g, 85%) as a colorless oiloJP%

acid (147 kg) was added. The phases were separated, ang-10.8 € = 1.0, CHC}); IR (film) 3459, 2964, 2936, 1612,
the aqueous phase was extracted with dichloromethane (14@585, 1513, 1461, 1421, 1385, 1301, 1247 &mMH NMR
kg). The combined dichloromethane phases were washedCsDg) 6 7.25 (d,J = 8.6 Hz, 2H), 6.85 (dJ = 8.6 Hz,
with saturated aqueous solution of sodium bicarbonate (1302H), 4.44 (AB,, Jag = 11.6 Hz,Adxs = 17 Hz, 2H), 3.79

kg) and water (2x 105 L). The organic phase was dried

(s, 3H), 3.7 (ddd,J = 8.2, 3.2, 2.2 Hz, 1H), 3.66 (s, 3H),

over NaSQ, (11 kg) and concentrated under vacuum at 35 3.62 (dd,J = 9.0, 4.0 Hz, 1H), 3.53 (dd] = 9.1, 5.9 Hz,

°C to give crude8 (28.62 kg, HPLC purity 76.7%, corrected
yield 80%).

(B) CDMT ProcedureA cold (3 °C) solution of acidl8
(1340 g, 4.75 mol) in THF (12 L) was charged with CDMT
(915 g, 5.22 mol). To the resulting solutiod;methylmor-
pholine (528.3 g, 5.22 mol) was added dropwise, while
maintaining the temperature afQ. The reaction was stirred
for an additional h at 3°C. Next, N,O-dimethylhydroxy-

lamine hydrochloride (926.5 g, 9.5 mol) was added to the

cold suspension (3C), followed by dropwise addition of
N-methylmorpholine (961.1 g, 9.5 mol), while maintaining
the temperature at @C. The nitrogen purge was discontin-

1H), 3.17 (s, 3H), 3.0#3.01 (m, 1H), 1.9%1.84 (m, 1H),
1.17 (d,J = 7.0 Hz, 3H), 0.98 (dJ = 7.0 Hz, 3H);3C
NMR (125 MHz, GDg) 6 174.9, 159.3, 130.7, 126.1, 113.7,
76.3,73.2,71.6,61.2,55.2,39.0, 38.9, 37.8, 14.4, 12.9. Anal.
Calcd for G/H,7NOs. C, 62.74; H, 8.37; N,4.31. Found: C,
62.58; H, 8.07; N, 4.22.
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Abstract; a strategy involving acetylene chemistry, followed by a
Kilogram-scale syntheses of fragments C¢ (6) and Co-14 (4) Negishi coupling, and introduction of the vinyl iodide at
of (+)-discodermolide from common precursor 3 are described. the end (Scheme 3). Unfortunately neither of these elegant
Improved procedures for each step of both fragments were de-  routes was deemed suitable for scale-up primarily because
veloped by minimizing or eliminating the formation of byprod- (1) the selenium chemistry utilized by Paterson is highly
ucts that were isolated and characterized in Smith’s synthesis.  toxic and (2) in the Panek approach, the use of large ex-
cesses of the Schwarz reagent combined with the uncertain
stability of thep-methoxybenzyl group id (despite literature

Introduction reports that this group would survive the chemistry).
The marine natural product+)-discodermolidé (1) Therefore, the original procedure starting witdescribed
contains a stereo triad that repeats itself three times,(C by Smitl¥ was developed for our multikilogram production

Cio-12, ClB—ZO)- of fragment4.

Similarly, fragment G_¢ (6), required for the construction
of the lactone ring of {)-discodermolide, can also be
synthesized fron3. As a result, there would be a synergy in
preparing both fragment; 5, and6 from the same precursor
3 for our multigram synthesis off)-discodermolide. The
preparation of fragmeriis discussed in part 3 of this series.

Results and Discussion

These fragments can, therefore, be made conveniently from  Synthesis of Fragment G_14 (4). The four-step route
a common precurs@, as described by Smithln Part 2 of that we employed for the preparation of fragmdnirom
this series, we discuss the large-scale preparation of inter-the common precurs@ (obtained from2, as described in
mediates ¢ 14 (4) and G- (6) from the common precursor  part 1 of this series) is shown in Scheme 4.
3 (Scheme 1). Silylation of 3 with tert-butyldimethylsilyl triflate afforded

Fragment G-14 (4) contains acis-trisubstituted double  TBDMS ether8 in excellent yield (90%) after chromatog-
bond at Gs-14 and offers a synthetic challenge in controlling raphy on silica gel. Smith’s procedure employed DIBAL-H
the stereochemistry. Numerous approaches for the construcfor the reduction of Weinreb amidgat —78 °C to produce
tion of this trisubstitutedcis double bond have been the desired aldehyd® However, it also generated an alcohol
described, some of which were quite ingenious. For example, byproduct due to the uncontrolled over-reduction of the
Patersof described a route leading to a trisubstituted ole- resulting aldehyde. We developed an alternative process for
fin via a Claisen rearrangement (Scheme 2). Panglzed the reduction employing Red-Al at20 °C, a temperature

* Corresponding author: E-mail: stuart_john.mickel@pharma.novartis.com thatis eaSIGr for -pIIOt-plant operation. [t was e-qual!y effective
(1) (3) Gunasekera, S. P.. Gunasekera, M.; Longley, R. E.: Schulte, G. K. and avoided tedious low-temperature operations in our plant.

Org. Chem 199Q 55, 4912; correction). Org. Chem1991, 56, 1346. (b) The isolated yield 0B as an oil was also high (68%) after
Gunasekera, S. P.; Paul, G. K.; Longley, R. E.; Isbrucker, R. A.; Pomponi, A
S. A J. Nat. Prod 2002 65 1643, chromatography on silica gel.

(2) Smith, A. B.; Beauchamp, T. J.; LaMarche, M. J.; Kaufman, M. D.; Qiu,

Y.; Arimoto, H.; Jones, D. R.; Kobayashi, K. Am. Chem. So200Q 122, (4) (a) Panek, J. S.; Hu, T. Org. Chem1997, 62, 4912. (b) Arefolov, A.;
8654. Langille, N. F.; Panek, J. Srg. Lett 2001 3, 3281. (c) Arefolov, A.;
(3) Paterson, I; Florence, G. J.; Gerlach, K.; Scott, JARgew. Chem., Int. Panek, J. SOrg. Lett 2002 4, 2397.
Ed. 200Q 39, 377. (5) Critcher, D. J.; Connolly, S.; Wills, MJ. Org. Chem1997, 62, 6638.
10.1021/0p0341317 CCC: $27.50 © 2004 American Chemical Society Vol. 8, No. 1, 2004 / Organic Process Research & Development o 101
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Scheme 1. Synthetic strategy leading to fragment G—¢ (6) and Co—14 (4)

3 + 1 steps

HO“co,me

‘ 6 + 2 steps

5 steps

Scheme 2. Paterson’s approach to GsjscCis-trisubstituted double bond

EO\T:OEt PMBO PMBO
PMBO
NalO,
SePh Y > ¥
H 0.0 0._0
OH OH \gi TT
SePh
O+ OAr PMBO
PMBO 3 steps N
Z 66% overall 0
OTBS o)

The success of converting ami8ento aldehyded was
very dependent on the quality of silyl eth@rlf 8 was not

however, aldehydé&0 can easily be isolated and subjected
to the standard silylation conditions to regenerfieBy

pure, the yield of aldehyde would drop to below 60%. The maintaining the reaction temperature betweehnto 0 °C,
reaction time and temperature were also found to be critical. formation of 10 was also minimized. Another byproduct

When the reaction was held too long at®©, a competing
de-silylation reaction occurred that led to the formation
significant amounts of hydroxy aldehyd®. If necessary,
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(olefin 11) was isolated in small quantity, which was formed
of by g-elimination either of silyl alcohol fron® or of water
from 10. Attempts to convert all oB into 9 were unsuc-



Scheme 3. Panek’s approach to GssCis-trisubstituted

double bond
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Scheme 4. Synthesis of fragment G—14
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cessful. The final reaction conditions were a compromise to
minimize byproduct formation. Aldehyd® was stable if
stored at<—10 °C.

PMBO\/:-\‘)\fO PMBO\/E\)YO

OH H H

10 1"

Utilizing the Zhao olefination procedufealso used by
Smitt? and Marshalf, we obtained the desiredis-vinyl
iodide 4 in 31% yield after chromatography purification on
silica gel. Only small amounts of the undesiteahsisomer
were detectedc{sitrans = 15:1). We did not observe any
desiodo olefin12, suggesting that the formation 8&from
9b via ylide iodination (Scheme 4) had been completed
before it was added to aldehy@e

This olefination step was one of the most difficult
reactions for scale-up. We consistently obtained-25%
yield on the maximum scale of 2.5 kg of aldehy8e
Complicated workup procedures and instability oton-
tributed to low yield. Smith utilized iodine for the conversion
of ethyltriphenylphosphonium iodid®lf) into the iodo ylide
(99).2 We found thatN-iodosuccinimide can be used to
replace iodine without detriment. While this makes the

ketonel3® during the workup. This byproduct can be avoided
by using nonaqueous workup.

Smith? reported that the reaction &a with 9 afforded
epoxide 14 in addition to the desired! in a 1:1 ratio.
Alternative approaches were investigated to minimize this
major byproduct; however, they were unsuccessful. For
example employing a method described by Shehere the
initially formed betaine intermediate was deprotonated with
a second equivalent of base and then iodinated, produced
des-iodo olefinl2. Utilizing Hanessian’s phosphonatém
this process also resulted in only des-iodo ol€fih

/S:\
A 1a

Synthesis of Fragment G (6). The five-step synthesis
of fragment6 from common precursoB is outlined in
Scheme 5.

The published approagho aldehydel6 from 3 was
followed. Hydrogenolysis of PMB eth&(same intermediate
as for fragmen# synthesis) with palladium on carbon in
tert-butyl alcohol afforded alcohdl5. Due to its propensity
for lactonisation tal8, 15 was used as tert-butyl alcohol
solution immediately for the next step without isolation or
purification. Oxidation of15 with TEMPO (2,2,6,6-tetra-
methylpiperidine-1-oxy radical) and diacetoxy iodobenzene
furnished aldehydd6 as an oil which was again used for
the next step without purification. Further elaboratiorl6f
to the analogous Paterson fragniehineeded for the final
aldol coupling (see Part 5 of this series) proceeded by
utilising a methyl Grignard reagent and produced secondary
alcohol17 as a mixture of diastereoisomers. Siricéalso
lactonized readily tdl9, it was oxidized immediately with
SOy/pydridine in DMSO to yield pure methyl ketong
(fragment G_g) after chromatography. By following these
continuous operations, the amounts of both lactoh8suGd
19) were minimized. The overall yield for the five-step
sequence was 66% on a routine scale of several kilograms.

O (0] O (6]
0 0
18 19

Having prepared both fragments-G, (4) and G5 (6)

reaction easier to handle, it did not contribute to an increasein large quantities from common precursdyrsynthesis of

in yield. Initially, we observed the formation of the methyl

(6) Chen, J.; Zhao, KTetrahedron Lett1994 35, 2827.
(7) Marshall, J. A.; Johns, B. Al. Org. Chem1998 63, 7885.

(8) Arimoto, H.; Kaufmann, M. D.; Kobayashi, K.; Qiu, Y.; Smith, A. Bynlett
1998 765.
(9) Shen, Y.; Gao, SJ. Chem. Soc., Perkin Trans.1P95 1331.
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Scheme 5. Synthesis of fragment G—¢ (6)
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diacetoxy iodobenzene
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6 ,{,\ SO,, Py : ,l,\ MeMgBr HMN\
0 (I) 0 DMSO OH cl) 0 O Q o
6 17 16
the third structural segment (FragmentsG;) will be and the cooling bath temperature adjusted t6Q0 The
undertaken next (Part 3). reaction mixture was quenched by the portionwise addition
of 10% aqueous solution of citric acid (initially 4 0.6 kg
Experimental Section portions followed by one portion of 139 kg, total 141.4 kg).
(2R,3S,49)-3-(tert-Butyldimethylsilanyloxy)-5-(4-meth- The mixture was allowed to warm to room temperature, and
o the two-phase system was stirred for an additional 20 min.

oxybenzyloxy)-2,4-dimethylpentanoic acid methoxymethyl ) ) PO
amide (8). To a cooled (65 °C) solution of amide3 (25 The organic phase was separated and washed with 10% citric

kg, 76.8 mol) in toluene (840 kg), 2,6-lutidine (107 kg, 99.9 acid solution (141 kg) and twice Wlth dl|ut8d brine (111 kg
mol) was addedert-butyldimethylsilyl triflate (24.4 kg, 92.3 Water'plus 34 kg of sat_urated sodium chlorlde; solution). The
mol) dropwise over a period of 30 min, maintaining the ©Organic phase was dried over 184 (3 kg), filtered, and
temperature between 0 and’. The reaction mixture was ~ concentrated under vacuum to give crig 1.76 kg) as an
stirred for 36-60 min at 6-5 °C and treated with 10% Ol Chromatogra_phy on silica gel, eluting with heptane/ethyl
aqueous solution of sodium hydrogen sulphate (120 kg). The&cetate, 9/1, delivered pure aldehy@i¢8.30 kg, 68%):'H
phases were separated, and the aqueous phase was r&IMR (CDCly) 0 9.70 (d,J = 2 Hz, 1H), 7.25 (m, 2H), 6.85
extracted with toluene (63 kg). The combined organic phases(M: 2H), 4.40 (ABq,J = 13 Hz, 2H), 4.20 (m, 1H), 3.81 (s,
were washed twice with water 2 120 kg) and concentrated ~ 3H), 3:40 (m, 1H), 3.38 (m, 1H), 2.50 (m, 1H), 2.05 (m,
under vacuum at 46C to give crude silyl ethes (37 kg) as 1), 1.13 (d,J = 6 Hz, 3H), 0.95 (dJ = 6 Hz, 3H), 0.85
an oil. This crude material was chromatographed in two (S: 9H), 0.05 (s, 3H), 0.00 (s, 3H).

portions of 18 kg over silica gel (150 kg) eluting initially ~AlSC isolated were the following two byproducts.

with heptane/ethyl acetate 15/1 followed by ethyl acetate to  Desilylated aldehyde 10:*H NMR (CDCls) 6 9.69 (s,
give the purified8 (30.4 kg, 90%) as an oil:lH NMR 1H), 7.19 (m, 2H), 6.83 (m, 2H), 4.40 (s, 2H), 4.03 (dt=
(CDC|3) 57.18 (m, 2H), 6.80 (m’ 2H), 4.32 (ABd,= 115 9.0, 2.0 Hz, exch BD, 1H), 3.75 (S, 3H), 3.58 (dd,= 9.13,
Hz, 2H), 3.86 (ddJ = 8.17, 2.53 Hz, 1H), 3.74(s, 3H), 354  3-2 Hz, 1H), 3.45 (pseudo § = 8.41 Hz, 1H), 2.38 (m,
3.48 (m, 4H), 3.09 (ddJ = 9.8, 8.2 Hz, 1H), 3.05 (m, 4H),  1H), 1.94 (m, 1H), 1.08 (d) = 6.9 Hz, 3H), 0.79 (dJ =
1.84 (br m, 1H), 1.05 (dJ = 7 Hz, 3H), 0.94 (dJ=6.6  ©:5Hz 3H).

Hz, 3H), 0.83 (s, 9H), 0.00 (s, 6H). o,f-Unsaturated aldehyde 11*H NMR (CDCl) 6 9.31
(2R,3S,4S)-3-(tert-Butyldimethylsilanyloxy)-5-(4-meth- (s, 1H), 7.18 (m, 2H), 6.80 (m, 2H), 6.25 (d,= 15 Hz,
oxybenzyloxy)-2,4-dimethylpentanal (9).A solution of 1H), 4.35 (s, 2H), 3.75 (s, 3H), 3.31 (m, 2H), 2.95 (m, 1H),

amide8 (14.1 kg, 32.07 mol) in toluene (78 kg) was cooled 1.73 (s, 3H), 1.05 (d) =6 HZ* 3H).

to an internal temperature 6f20 °C. Red-Al (14.0 kg, 70% tert-Butyl-{(2)-(1R,25)-4-iodo-1-[(S)-2-(4-methoxyben-
solution in toluene, 48.48 mol) was added dropwise over 60 ZYIOXy)-1-methylethyl]-2-methylpent-3-enyloxy -dimeth-
min, maintaining the temperature at20 °C. After the ylsilane (4). (A) Procedure Utilizing lodineA suspension

addition was completed, the reaction was stirred for 60 min ©f ethyltriphenylphosphonium iodide (4.44 kg, 10.62 mol)
in dry THF (40 L) was treated with a 40% solution of sodium

(10) (a) Stowell, M. H. B.; Ueland, J. M.; McClard, R. Wetrahedron Lett hexamethyldisilazane il’_l THF (4.87_kg, 10.6 moI) at I’00m
1990 ?1) 3261. (b) Patois, C.; Savignac, :PetrahedrﬂndLettl%l 32, temperature. The resulting red solution was added dropwise
1317. (c) Hanessian, S.; Bennani, Y. L.; DelorneTBtrahedron Lett199Q s . ° . P
31, 6461. (d) Hanessian, S.; Bennani, Y. Tetrahedron Lett199Q 31, within 30 mll’l to a cold (—78 C_) solution of iodine (27 kg’
6465. 10.6 mol) in THF. The resulting dark red suspension was
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stirred for an additional 15 min at78 °C, and a 40%
solution of sodium hexamethyldisilazane in THF (4.6 kg,
9.56 mol) was added over 10 min. The slightly turbid red
solution was then treated with a solution®{2.55 kg, 6.7
mol) in THF (10 L). The reaction mixture was warmed to
—20 °C and stirred for 20 min. A solution of ammonium
chloride (12 kg) in water (70 L) was added. The organic

combined filtrates were evaporated under vacuum to give
the crude product. Chromatography, as described above,
yielded pured (956 g, 27.5%).

Des-iodo olefin 12 (Obtained by the Procedure De-
scribed by Sher): 'H NMR (CDCl) 6 7.21 (m, 2H), 6.83
(m, 2H), 5.31 (m, 1H), 5.19 (m, 1H), 4.36 (s, 2H), 3.77 (s,
3H), 3.50 (ddJ = 9.2, 4.9 Hz, 1H), 3.40 (dd] = 7.3, 3.9

layer was separated and the aqueous layer re-extracted withHz, 1H), 3.20 (dd,J = 10.3, 8.5 Hz, 1H), 2.62 (m, 1H),
THF (20 L). The combined organic layers were washed with 1.97 (m, 1H), 1.54 (dd) = 6.7 & 1.5 Hz, 3H), 0.93 (dJ =

brine (50 L), dried over MgS@and filtered. The filtrate was
concentrated under vacuum at 30 to a volume of about
35 L. Heptane was added, followed by Cellflock filter aid
(12 kg). The mixture was filtered and the solid rinsed with

7.1 Hz, 3H), 0.88 (dJ = 6.7 Hz, 3H), 0.83 (s, 9H), 0.01 (s,

3H), 0.00 (s, 3H).
(2R,3S,49)-3-(tert-Butyldimethylsilanyloxy)-5-hydroxy-

2,4-dimethylpentanoic Acid Methoxymethyl Amide (15).

heptane (70 L) in three portions. The combined filtrates were A 51.3% water suspension of palladium on charcoal (1.11

concentrated under vacuum to give crude iocdid22.3 kg).

kg, 20%) was diluted withert-butyl alcohol (11.8 kg). This

This material was chromatographed over 50 kg of silica gel suspension was added to a solutior8¢2.78 kg, 6.32 mol)

eluting initially with heptane/TBME, 99/1 (37 L), followed
by heptane/TBME, 97/3 (14 L), to give pud&1.08 kg, 31%)
after evaporation of the solventdH4 NMR (CDCl) 6 7.25
(m, 2H), 6.86 (m, 2H), 5.27 (ddg,= 8.8, 1.5 Hz, 1H) [Note:
containing< 1.0% oftrans C=CH signal at 6.0 as a dq],
4.40 (ABq,J = 11.7 Hz, 2H), 3.80 (s, 3H), 3.58 (pseudo t,
J =6 Hz, 1H), 3.50 (ddJ = 9.0, 4.8 Hz, 1H), 3.22 (dd]
= 9.25, 8 Hz, 1H), 2.562.40 (m, 4H, CHMe+ Me), 1.95
(m, 1H), 0.99 (dJ = 6.85 Hz, 3H), 0.94 (dJ = 6.86 Hz,
3H), 0.88 (s, 9H), 0.03 (s, 3H), 0.00 (s, 3H). Further elution
yielded bothcis- and transepoxide 14 as well as small
amounts of ketoné3.

cis-Epoxide 14:*H NMR (CDCly) ¢ 7.21 (m, 2H), 6.81
(m, 2H), 4.37 (ABg,J = 11.5 Hz, 2H), 3.75 (s, 3H), 3.72
(dd,J = 6.5, 2.9 Hz, 1H), 3.51 (dd] = 9.0, 4.6 Hz, 1H),
3.19 (dd,J = 9.05, 7.85 Hz), 3.03 (dq] = 5.88, 1.33 Hz,
1H), 2.72 (dd,J = 9.41, 4.2 Hz, 1H), 1.96 (m, 1H), 1.43
(m, 1H), 1.20 (dJ = 5.4 Hz, 3H), 0.89 (dJ = 7 Hz, 3H),
0.86 (d,J = 7 Hz, 3H), 0.84 (s, 9H), 0.02 (s, 3H), 0.00 (s,
3H).

trans-Epoxide 14:*H NMR (CDCl) 6 7.21 (m, 2H), 6.81
(m, 2H), 4.37 (ABg,J = 11.6 Hz, 2H), 3.78 (s, 3H), 3.61
(dd, J = 6.6, 2.8 Hz, 1H), 3.42 (dd) = 9.0, 5 Hz, 1H),
3.23 (dd,J = 9.3, 7.1 Hz, 1H), 3.02 (dg] = 5.7, 1.4 Hz,
1H), 2.79 (ddJ = 9.5, 4.0 Hz, 1H), 1.96 (m, 1H), 1.55 (m,
1H), 1.23 (d,J = 5.5 Hz, 3H), 1.07 (dJ = 6.6 HZ, 3H),
0.91 (d,J = 6.9 Hz, 3H), 0.91 (s, 9H), 0.02 (s, 6H).

Ketone 13:*H NMR (CDCl) 6 7.27 (m, 2H), 6.85 (m,
2H), 4.39 (ABq,J = 11.5 Hz, 2H), 3.78 (s, 3H), 3.50 (dd,
J=09.1, 45 Hz, 1H), 3.47 (dd] = 6.16, 3 Hz, 1H), 3.21
(dd,J =9.1, 7.4 Hz, 1H), 2.48 (dd] = 16.3, 4.4 Hz, 1H),
2.28 (dd,J = 16.2, 8.0 Hz, 1H), 2.21 (m, 1H), 1.89 (m,
1H), 0.96 (d,J = 7 Hz, 3H), 0.86 (s, 9H), 0.86 (d, = 6.6
Hz, 3H), 0.01 (s, 3H), 0.00 (s, 3H).

(B) Procedure Utilizing N-lodosuccinimidelhis was

in tert-butyl alcohol (10 kg). The suspension was hydroge-
nated under k(9 bar) for 35 min at room temperature. The
reaction mixture was filtered and the catalyst rinsed with
tert-butyl alcohol (4 kg). Theert-butyl alcohol solution of
15 was used immediately in the next step.
(2R,3S,4R)-3-(tert-Butyl-dimethylsilanyloxy)-2,4-di-
methyl-5-oxo-pentanoic Acid Methoxymethyl Amide (16).
To thetert-butyl alcohol solution ofLl5 were added TEMPO
(2,2,6,6-tetramethylpiperidin-1-oxy radical, 146.6 g, 0.94
mol) and solid diacetoxy iodobenzene (4.13 kg, 12.8 mol)
at room temperature. The suspension was stirred for 75 min
at room temperature and diluted with toluene (13.7 L) and
10% aqueous solution of sodium thiosulfate (23 L). The two-
phase system was stirred for 10 min at room temperature,
and the phases were separated. The organic phase was
concentrated to about one-third of its original volume and
filtered. The solid was rinsed with toluene (1 L), and the
combined filtrates were concentrated under vacuum at 45
°C to give 2.27 kg of crude aldehydks as an oil, which
was used without further purification.
(2R,35,4S)-3-(tert-Butyl-dimethylsilanyloxy)-5-hydroxy-
2,4-dimethylhexananoic Acid Methoxymethyl Amide (17).
The crude aldehyd#&6 (1.4 kg) was dissolved in dichloro-
methane (16 L) and cooled te20 °C. A solution of meth-
ylmagnesium bromide (5.3 L, 1.4 M) was added dropwise
within 90—100 min, maintaining the temperature-&20 °C.
The reaction mixture was quenched with 10% aqueous
solution of ammonium chloride (44 L) and allowed to warm
to 5 °C. The dichloromethane phase was separated and
washed with water (% 10 L). The solvent was concentrated
under vacuum to give 1.61 kg of crude alcohi@las an oil,
which was used without further purification.
(2R,35/4R)-3-(tert-Butyldimethylsilanyloxy)-2,4-dimethyl-
5-oxo-hexananoic acid methoxymethyl amide (6)The
crude alcoholl7 (1.35 kg) was dissolved in dichloromethane

performed exactly the same as the above Procedure A, excep{4 L) and cooled to OC. Triethylamine (3.0 L) and DMSO
that N-iodosuccinimide was used to replace iodine. The (1.6 L) were added. The mixture was cooled-t@0 °C,

workup was simplified as follows: sodium sulfate decahy-

and a solution of the sulphur trioxide pyridine complex (2.73

drate was added to the reaction mixture and the suspensiorkg) in DMSO (8 L) was added over 20 min. The mixture

stirred for 10 min at—20 °C. The resulting light-yellow

was warmed to 0C and stirred for an additional 2 h. The

suspension was treated with heptane and Cellflock (filter aid) mixture was diluted withtert-butyl methyl ether (27.4 L)
and filtered. The solid was washed with heptane, and the and treated with a solution of sodium hydrogen sulfate (1.86
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kg) in water (17 L). The organic phase was separated and (3R,4S,55)-4-(tert-Butyldimethylsilanyloxy)-3,5,6-tri-

washed sequentially with sodium bicarbonate (20 L) and methyltetrahydropyran-2-one (19) (1:1 mixture of dia-

water (20 L). The solvent was concentrated under vacuum stereoisomers)H NMR (CDCl) 6 4.33 (dd,J = 6.8, 2.7

to give crudes (1.26 kg) as an oil. Chromatography on silica Hz, 2H), 3.66 (ddJ = 9.9, 4.1 Hz, 2H), 2.37 (qd} = 11.2,

gel (25 kg) eluting with heptanift-butyl methyl ether 10/1 7.0 Hz, 2H), 1.88 (m, 2H), 1.26 (d,= 6.6 Hz, 3H), 1.22

gave, after removal of solvents, 0.94 kg (73% overall yield (d, J = 6.9 Hz, 3H), 0.89 (d,J = 7.4 Hz, 3H), 0.85-0.82

from 8) of pure compoun®: *H NMR (CDCls) 6 4.28 (dd, (m, 21H), 0.01 (m, 12H).

J=17.8, 4.2 Hz, 1H), 3.67 (s, 3H), 3.22.93 (br m, 4H),

2.69 (s, 3H), 1.09 (d) = 6.8 Hz, 3H), 1.03 (dJ = 6.9 Hz, Acknowledgment

3H), 0.86 (s, 9H), 0.06 (s, 6H). Also isolated were the

following compounds:
(3R,4S,55)-4-(tert-Butyldimethylsilanyloxy)-3,5-dimeth-

yltetrahydropyran-2-one (18): 'H NMR (CDCl) ¢ 4.19

(dd,J=11.2, 9.9 Hz, 1H), 4.06 (ddd,= 10.9, 4.7, 0.8 Hz,

1H), 3.62 (m, 1H), 2.55 (qd] = 7.7, 3.9 Hz 1H), 2.13 (m, Received for review September 16, 2003.

1H), 1.23 (d,J = 7.5 Hz, 3H), 0.90 (dJ = 7.4 Hz, 3H),

0.83 (s, 9H), 0.01 (s, 3H), 0.00 (s, 3H). OP0341317
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Abstract; Scheme 1. Synthetic strategy leading to fragment Gs—21
Smith’s procedure of preparing fragment Cis1 (5) from (5) and (+)-discodermolide
common precursor 3 was optimized. The ease of plant opera-

tions made this six-step route successful for the production of

several kilograms of this fragment with high purity.

HO~co,me
2

‘ 6 + 2 steps

Introduction V\(i;'ﬁr
In the previous two parts of this series, large-scale
|
Z,
9
Sis.
4

5 steps

3
. 6 + 1 steps.

preparations of two key fragments required for the total
synthesis of {)-discodermolide 1) are discussed.

In this contribution, the third part of the series, we present
the route and results leading to the synthesis of fragment
Ci5-21. The strategy for the synthesis of this fragment (alkyl
iodide 5) from the common precurs@ and its conversion

to 1 is outlined in Scheme 1. 3steps |
1
Results and Discussion _ (PMP) aceta8in 61% yield. This is one of several crystalline
The published routéfor the synthesis of fragment€2: intermediates in the synthesis that can be purified easily by

(5) from the common precurs@ was very attractive from  recrystallization of the crude material. Acegalvas produced
the scale-up point of view, since all intermediates en route presumably by an oxidative cyclization pathway via cations
were reported as crystalline solids. We decided to further 33 and3b as shown in Scheme 3. Anhydrous conditions are
develop this six-step sequence for our multigram synthesis highly critical to obtain high yields of this reaction. If water
of (+)-discodermolide (Scheme 2). is not excluded completely, some further oxidizecheth-
Synthesis of PMP-Protected Aldehyde 9Treatment of  oxybenzyl cation8a can be captured by water, leading to
the Smith common precurs8t (described in Part 1) witha  penzoatel3 as a major byproduct (Scheme 4). Controlled
solution of DD in toluene in the presence of 4-A powdered reduction of the Weinreb amid@ with LiAIH 4 provided
molecular sieves furnished crystallipenethoxybenzylidene  another crystalline compound, aldehy8ein high yield

: : : ; , (91%). Intermediated was isolated with high purity by
* Corresponding author. E-mail: stuart_john.mickel@pharma.novartis.com. . . X .
(1) (8) Smith, A. B.; Beauchamp, T. J.; LaMarche, M. J.; Kaufman, M. D.; crystallization and filtration.

Qiu, Y; Ari(rE;)to, Hh Jones, D. $.; Kobayashi, &ALn- Chem. So@00Q ) Evans Aldol Reaction.To extend the carbon chain, the
122 8654. Smith, A. B.; Kaufman, M. D.; Beauchamp, T. J.; LaMarche, . .
M. J.: Arimoto, H.Org. Lett. 1999 1, 1823, Evans aldol condensation protocol was employed. Coupling
(2) Oikawa, Y.; Yoshioka, T.; Yonemitsu, Jetrahedron Lett1982 23, 889. of aldehyde9 with oxazolidinone9a at —78 to —10 °C
10.1021/0p034132z CCC: $27.50 © 2004 American Chemical Society Vol. 8, No. 1, 2004 / Organic Process Research & Development o 107
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Scheme 2. Synthesis of fragment Gs—»; from the common
precursor /
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Figure 1. NOE of 15.

Scheme 4. Formation of benzoate byproduct
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Scheme 5. Formation of byproduct 14
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° guench, significant amounts of byproducigl,(major, and
Scheme 3. Oxidative cyclization 15, minor) formed. Removal of byproduct4 from the
a S _n |/ desired p'roducll.O by crystallization was difficult, §ince it
M Cljﬁ( cocrystallized with the product. As a result, it was important
o to keep the reaction mixture below @ to suppress the

T’ formation of these byproducts.
H,Cl,
4A Sieves

H I)/\

19
3
N
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-— | OI&O | 0
14R=H 15
| 16 R = TBDMS
O+
/ . . .
L 3a _ L b _ Formation of these byproducts suggested instability of the

p-methoxybenzyl protecting group. Formation 4 was
mediated by dir-butylboron triflate afforded the desired attributed to the presence of excesswdiutylboron triflate
Cis-21 backbone. The success of the aldol reaction was and enolat®b, which could open the acetal ring mediated
dependent largely on the quality of the rdbutylboron by the boron (Lewis acid) (Scheme 5). The structure of
triflate, as previously discussed (see Part 1 in this series).byproduct14 was supported by NMR spectroscopy. The
Gratifyingly, intermediated.O was also a crystalline solid and  structure of15 was also supported by NMR experiments
could be readily isolated from the reaction mixture after (NOE indicated by arrows) as shown in Figure 1.

workup, crystallization, and filtration in 85% vyield. The Intermediatel0 was unstable at ambient temperature and
diastereomeric excess of this compound was so high thatunderwent epimerization at the;dposition. This can be
none of the undesired diastereoisomer was detected. How-completely suppressed by storing it at temperatures below
ever, when the same reaction was carried out either at room—210 °C. Thus, rapid workup and isolation were essential to
temperature or allowed to warm to room temperature before achieve a higher yield. Epimerization was most likely caused
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Scheme 6. Reduction via a thio ester Silyl etherl6was also reduced under the same conditions

z to furnish diol 18 as an analytical reference. Interestingly,
4q rBuLi,RSH S7RLiBH,, THF the partially reduced, mono-oxazolidinori® was also
_— — 12 )
00 0 O isolated.
Si

e} H /‘
/17 R = (CH,), Me \Si/o\/ﬁ)\/ko'* H ™%
= 2)9 7( \ \Si/O\/—YH/'\WN\‘(
7 o

le) O\S_/

by retro-aldol/aldol reactions initiated by the unprotected j)\(:ﬁ\6 Q O‘S(\%

hydroxy group. This was supported by the fact that silyl ether o o m

11, formed by silylation ofLO with TBDMSOTf/lutidine in 18 [ HO 0

quantitative yield, was found to be stable at ambient tem- 19

perature. Both hydroxyl groups of byprodult were also . . . ,

silylated to furnish bis-silyl ethei6 as a stable reference T inally, conversion of alcohol2 into the desired alkyl

sample. iodide5 was accomplished by employing #Mil./imidazole.
Conversion to the lodo Intermediate 5. Reductive The desired product was isolated as an oil in 90% yield

removal of the oxazolidinone chiral auxiliary frobt leading ~ Without chromatography. lodidgis light sensitive and forms

to an alcohol was required. Treatmentidfwith a solution & low-melting crystalline solid. o

of lithium borohydride in THF/EtORigave an average yield In conclusion, fragment £.1 (5) was produced in six

of 60% of the desired alcohdi2 after chromatography on  St€PS from the common precursbwith an overall yield of
silica gel. We were unable to reproduce the high yields 24%. Although the yield was about half of what was reported

(>80%) reported in the literatufedespite examining various  2Y SMith (56%),? the ease of plant operations made this

other reducing agents, solvents, etc. For example, reductionro_me successfu_l for'the prqductlon of several kilograms of

of 11 with sodium borohydricewas very slow and resulted  tHiS fragment with high purity.

in a very messy reaction. Another alternative approach, where . .

11was converted into a thio este? followed by reductiors, ~ ExPerimental Section

did not improve the yield (Scheme 6). Attempts to reduce  (R)-N-Methoxy-2-[(4S,55)-2-(4-methoxyphenyl)-5-meth-

11to the corresponding aldehyde with the Schwartz reagent,Y!-1-[1,3]dioxin-4-yl]-N-methyl- propionamide (8). To a

according to a recently described procedumeere also ~ Selution of common precurs@(18.1 kg, 77% purity, 42.83

unsuccessful. mol) in toluene (260 kg) was added powdered 4-A molecular
We found the lower yield was caused by several compet- SI€V€S (181 kg). The suspension was cooled 16',0and a

ing reactions that led to four byprodu@e—23 20was the ~ selution of DDQ (15.0 kg, 66.1 mol) in toluene (90.4 kg)
major byproduct. It is obvious tha20, 22, and 23 were was added over 60 min. The addition equipment was washed

generated by uncontrolled reductions of the carbonyl groups Vit ;[oluene (17 kg). The suspension was stirred overnight
internal and external to the oxazolidinone ring. The exact &t 0 °C. Cellflock (filter aid) (18.1 kg) was added and the

H

pathway for the formation 021 was unclear. suspension filtered. The solid was washed with toluene (1
x 175 kg, followed by 2x 36.4 kg). The combined filtrates
were washed wit 2 M aqueous sodium hydroxide solution

@ (92.1 kg). The organic phase was then washed with four

times with water (128 kg) containing 15% aqueous NaCl
M;‘C\OH (‘M° (26.8 kg) and concentrated under vacuum at@%o about

N one-third of the original volume. The residue was filtered,
\L \© and the solid was rinsed with toluene ¢ 9.1 kg). The
Si% o combined filtrate was concentrated under vacuum &tGl5

S to give an oil. The oily residue was dissolved in diisopropyl

_0 ether (15.8 kg), and the resulting solution was stirred for 60

20 21 min at room temperature after which time crystallization
began. The suspension was cooled t&0) and stirred for

@ an additional 2.5 h. The product was isolated by filtration,

N

washed with 10 kg of a 2/1 diisopropyl ether/heptane mixture

OH : ‘(\OH
: NH (3) Penning, T. D.; Djuric, S. W.; Haack, R. A.; Kalish, V. J.; Miyashiro, J.
~ M.; Rowell, B. W.; Yu, S. SSynth. Commur199Q 20, 307.

o__O O‘S'/ 0_0 o (4) Prashad, M.; Har, D.; Kim, Hong-Yong; Reépi0. Tetrahedron Lett1998
1
I §

s 39, 7067.
|\6 (5) Evans, D. A.; Wu, L. D.; Wiener, J. J. M.; Johnson, J. S.; Ripin, D. H. B.;
Tedrow, J. SJ. Org. Chem1999 64, 6411.
(6) Liu, H. J.; Bukownik, R.; Pednekar, P. Bynth. Commuri981, 11, 599.
o (7) White, J. M.; Ashok, R T.; Georg, G. . Am. Chem. So200Q 122
22 - 23 11995.
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and dried at 30°C to give 8 (6.9 kg, 50%) as a white
crystalline solid: *H NMR (CDCl;) 6 7.40 (m, 2H), 6.86
(m, 2H), 5.46 (s, 1H), 4.40 (dd,= 11.6, 4.0 Hz, 1H), 3.90
3.76 (m, 4H), 3.51 (pseudod,= 10.9 Hz, 1H), 3.223.11
(m, 4H), 1.95 (m, 1H), 1.26 (d] = 6.9 Hz, 3H), 0.75 (dJ
= 6.9 Hz, 3H). The following compoundl®) was also
isolated by chromatography from the mother liquors.
4-Methoxybenzoic acid (&,3S,4R)-3-hydroxy-4-(meth-
oxymethylcarbamoyl)-2-methyl-pentyl ester (13)1H NMR
(CDCl3) 6 7.92 (m, 2H), 6.84 (m, 2H), 4.48 (A part of ABq,
J=11.7, 3.7 Hz, 1H), 4.30 (B part of ABg}, = 11.7, 6.7
Hz, 1H), 4.10 (br s, exch f, 1H), 3.79 (s, 3H), 3.76
3.70 (m, 1H), 3.26-2.98 (m, 4H), 1.99 (m, 1H), 1.12 (d,
= 6.7 Hz, 3H), 0.94 (dJ = 7.5 Hz, 3H).
2-[(4R,5S,69)-2-(4-Methoxyphenyl)-5-methyl-[1,3]dioxin-
4-yl]-propionaldehyde (9). A solution of amide8 (1.953
kg, 6.04 mol) in anhydrous THF (16 L) was cooled-t@5
°C. A solution of lithium aluminum hydride (1.2 kg of a 10
wt/wt % solution in THF, 3.16 mol) was added dropwise
over 30 min. The reaction mixture was warmed-20 °C,

min at 0 °C, and a 50% aqueous solution of sodium
thiosulphate (10 kg) was added slowly (very exothermic for
the addition of the first 23 kg). The mixture was stirred
for 30 min at 5°C, and the organic phase was separated,
washed with water (13 L), dried over MggQnd filtered.
The solvent was concentrated under vacuum &3 give

the crude product as an oil. This oil was dissolved in
2-propanol (2.6 L), and heptane (6.5 L) was added dropwise.
The solution was seeded and stirred at room temperature for
60 min. More heptane (5.2 L) was added to the suspension
and stirred for 20 h at 20C. The solid was collected by
filtration, rinsed, and dried at 2TC to afford10 (2.066 kg,
85%) as a white crystalline solid:a]*%> —16.3 € = 1,
CHCl3); *H NMR (CDs0OD) ¢ 7.41—7.23 (m, 7H), 6.90 (m,
2H), 5.51 (s, 1H), 4.69 (m, 1H), 4.24.07 (m, 4H), 4.01
(dd,J = 6.9, 4.9 Hz, 1H), 3.81 (s, 3H), 3.67 (dd= 10.0,

1.7 Hz, 1H), 3.57 (pseudod,= 11.0 Hz, 1H), 3.16 (A part

of ABg, J = 13.5, 3.5 Hz, 1H), 2.95 (B part of ABg} =
13.5, 7.9 Hz, 1H), 2.131.94 (m, 2H), 1.27 (dJ = 6.93

Hz, 3H), 1.09 (d,J = 7.3 Hz, 3H), 0.82 (dJ = 6.6 Hz,

and ethyl acetate (0.58 kg, 6.6 mol) was added dropwise 3H).

over 15 min. The mixture was treated with 50% (w/v)

Chromatography of mother liquors on silica gel allowed

aqueous solution of sodium potassium tartrate (16 L) and the isolation of byproduct$4 and 15.

stirred for 60 min. The organic layer was separated, and the

Compound 14:*H NMR (CsDg) 6 7.50 (m, 2H), 7.26-

agueous phase was re-extracted with THF (7 L). The organic7.00 (m, 8H), 6.88 (m, 2H), 6.71 (m, 2H), 5.64.87 (m,
layers were concentrated under vacuum, and toluene (10 L)2H), 4.32 (m, 2H), 3.89 (m, 1H), 3.753.40 (m, 10H), 3.32
was added to the residue. The toluene solution was extractedm, 1H), 3.28 (s, 3H), 3.17 ( = 6.5 Hz, exch RO, primary

with 20% aqueous solution of citric acid 3 L), followed
by washing with water (3x 3 L). The organic phase was
concentrated under vacuum at 40, and heptane (6 L) was

OH, 1H), 2.88 (A part of ABqg,) = 13.5, 3.5 Hz, 1H), 2.64
(B part of ABq,J = 13.5, 7.9 Hz, 1H), 2.322.16 (m, 2H),
1.45-1.35 (m, 7H, becomes 6H on,D exch), 1.04 (dJ =

added to the residue. Crystallization began immediately. The6.7 Hz, 3H), 0.98 (dJ) = 7.2 Hz, 3H). After derivitization

suspension was cooled to°€ and stirred for 3.5 h. The
solid was collected by filtration, rinsed with heptane X2
500 mL), and dried to give aldehyd®e(1.455 kg, 91%) as
a white crystalline solid: ¢]?*% +10.3 ¢ = 1, CHCE). H
NMR (CDCl) ¢ 9.74 (d,J = 0.61 Hz, 1H), 7.32 (m, 2H),
6.84 (m, 2H), 5.47 (s, 1H), 4.13 (dd~= 11.3, 4.7 Hz, 1H),
4.05 (dd,J =9.7, 2.8 Hz, 1H), 3.77 (s, 3H), 3.56 (pseudo t,
J=11.7 Hz, 1H), 2.56 (qd] = 7.21, 2.8 Hz, 1H), 2.09 (m,
1H), 1.22 (d,J = 7.2 Hz, 3H), 0.79 (dJ = 6.6 Hz, 3H).
(R)-4-Benzyl-3{(2R,3S,4S)-3-hydroxy-4-[(4S,5S)-2-(4-
methoxyphenyl)-5-methyl-[1,3]dioxin-4-yl]-2-methylpen-
tanoyl}-oxazolidin-2-one (10) A solution of (R)-4-benzyl-
3-propionyloxazolidin-2-oneQa (1.81 kg, 7.76 mol) in
dichloromethane (6.5 L) was cooledt® to 0°C. A 26 wt
% solution of din-butylboron triflate (2.44 kg, 8.54 mol)
was added within 20 min. Triethylamine (995 g, 9.85 mol)
was added within 20 min, and the mixture was stirred for
60 min at 0°C. The resulting enolate solution was cooled
to —78 °C, and a solution of aldehyd®(1.3 kg, 4.92 mol)
was added dropwise within 15 min. The mixture was stirred
for an addition&l h atthis temperature. The reaction mixture
was warmed stepwise to°@ by holding at—50 °C for 1 h
and at—22 °C for 16 h. Upon reaching OC, aqueous

with trichloroacetyl isocyanate, the following spectrum was
obtained: *H NMR (CgDg) 6 7.45 (m, 2H), 7.26-6.95 (m,
8H), 6.82 (m, 2H), 6.76 (m, 2H), 5.23 (dd= 9.0, 4.0 Hz,
1H, CHOH), 4.85 (dJ = 11.0 Hz, 1H, OCHPhOMe), 4.75
(qd,J=11.0, 4.0 Hz, OCCH(CH3)OCHPhOMe), 4.50 (dd,
J=10.2,5.0 Hz, 1H), 4.40 (m, 1H), 4.30 (m, 1H), 3.43 (m,
1H), 3.72 (pseudo t) = 10 Hz, 1H), 3.66-3.45 (m, 4H),
3.30-3.18 (m, 5H), 2.83-2.67 (m, 3H), 2.35 (B part of ABq,
J = 13.5, 8.4 Hz, 1H), 1.86 (m, 1H), 1.3.20 (m, 6H),
0.98 (d,J = 6.7 Hz, 3H), 0.89 (dJ = 7.0 Hz, 3H).
(R)-4-Benzyl-3{ (R)-2-[4S,5R]-6-((S)-2-hydroxy-1-
methylethyl)-2-(4-methoxyphenyl)-5-methyl[1,3]dioxin-4-
yl]-propionyl }-oxazolidin-2-one (15):*H NMR (CgDg) 6
7.52 (m, 2H), 7.05 (m, 3H), 6.83 (m, 4H, 5.50 (s, 1H), 4.56
(m, 1H), 4.31 (dd,J = 10.0, 2.1 Hz, 1H), 4.20 (m, 1H),
3.70-3.58 (m, 3H), 3.44 (ddJ = 10.5, 4.3 Hz, 1H), 3.31
(s, 3H), 3.15 (pseudo §,= 9.5 Hz, 1H), 2.94 (dd] = 12.5,
4.1 Hz, 1H), 2.25 (dd) = 12.2, 8.2 Hz, 1H), 2.061.90
(m, 2H), 1.56 (dJ = 6.8 Hz, 3H), 1.13 (dJ = 6.9 Hz, 3H),
0.66 (d,J = 7.4 Hz, 3H).
(R)-4-Benzyl-3{(2R,3S,4R)-3-(tert-butyl-dimethylsila-
nyloxy)-4-[(4S,5S)-2-(4-methoxyphenyl)-5-methyl-[1,3]-
dioxin-4-yl]-2-methylpentanoyl} -oxazolidin-2-one (11).

phosphate buffer solution (6.5 L, pH 7.0) was added, Compoundl0 (2.05 kg, 4.12 mol) was dissolved in dichlo-
followed by dropwise addition of aqueous hydrogen peroxide romethane (15 L) and treated with 2,6-lutidine (850 g, 7.93
(1.52 kg, 35% solution) over 45 min, maintaining the mol). The solution was cooled te-10 °C, and tert-
temperature at 0C. The reaction mixture was stirred for 60 butyldimethylsilyl triflate (1.8 kg, 6.81 mol) was added
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dropwise over 15 min. The reaction mixture was stirred at

—10 °C for a further 30 min and warmed to . The
mixture was diluted withert-butyl methyl ether (24 L) and

(2R,3S,4R)-3-(tert-Butyldimethylsilanyloxy)-4-[(4 S,55)-
2-(4-methoxyphenyl)-5-methyl-[1,3]dioxan-4-yl]-2-meth-
ylpentanoic acid ((R)-1-benzyl-2-hydroxyethyl)-amide

washed with 10% aqueous solution of sodium hydrogen (20): *H NMR (CDCLk) ¢ 7.47 (m, 2H), 7.22 (m, 3H), 7.01
sulphate (15 L). The organic phase was separated and washe@n, 2H), 6.95 (m, 2H), 5.545.49 (m, 2H), 4.12 (m, 2H),

with brine, dried over MgS@ filtered, and concentrated
under vacuum to give silyl ethetl as an oil (2.881 kg,
114%), which was used without further purificatiodH
NMR (CDCl) ¢ 7.38 (m, 2H), 7.25 (m, 3H), 7.15 (m, 2H),
6.81 (M, 2H), 5.45 (s, 1H), 4.27 (m, 1H), 4.10 (dd= 6.8,
4.5 Hz, 1H), 4.05-3.90 (m, 2H), 3.86-3.70 (m, 4H), 3.48
(pseudo t) = 10.6 Hz, 1H), 3.08 (A part of ABg] = 13.5,
3.5 Hz, 1H), 2.58 (B part of ABgJ) = 13.5, 7.9 Hz, 1H),
2.10-1.90 (m, 2H), 1.18 (dJ = 6.8 Hz, 3H), 1.05 (dJ =
7.4 Hz, 3H), 0.9 (s, 9H), 0.71 (d,= 6.7 Hz, 3H), 0.02 (s,
6H).

Compound 16.Compoundl4 (0.46 g, 0.63 mmol) was
silylated in the same fashion 44 to produce 0.95 g of6:
H NMR (CDCl) 6 7.40-7.20 (m, 10H), 7.15 (m, 2H), 6.86
(m, 2H), 4.80-4.65 (m, 2H), 4.45 (m, 2H), 4.183.90 (m,
4H), 3.80 (s, 3H), 3.66 (m, 1H), 3.638.52 (m, 3H), 3.30
(m, 1H), 2.95 (m, 2H), 3.16 (A part of ABgl = 13.5, 3.5
Hz, 1H), 2.63 (B part of ABg,) = 13.5, 7.9 Hz, 1H), 2.10
(m, 1H), 1.61 (m, 1H), 1.05 (m, 6H), 1.6®.78 (M, 22H),
0.08-0.00 (m, 12H).

(2S,3R,4R)-3-(tert-butyldimethylsilanyloxy)-4-[(4 S,55)-
2-(4-methoxyphenyl)-5-methyl-[1,3]dioxin-4-yl]-2-meth-
ylpentan-1-ol (12). Silyl ether11 (5.0 kg, 8.17 mol) was

3.96 (m, 1H), 3.86 (m, 2H), 3.79 (s, 3H), 3.51 (pseudd t,
= 11.5 Hz, 1H), 3.44 (ddJ = 10.9, 3.6, 1H), 3.16 (dd] =
11.5, 6.7 Hz, 1H), 2.722.57 (br s, 1H), 2.552.45 (m, 2H),
2.23(dd,J=13.9, 7.3 Hz, 1H), 2.111.96 (m, 2H), 1.02
0.97 (m, 6H), 0.92 (s, 9H), 0.73 (d,= 6.7 Hz, 3H), 0.08
(s, 3H), 0.04 (s, 3H).
(5R,69)-3-[(R)-1-Benzyl-2-tert-Butyldimethylsilanyloxy)-
ethyl]-6-{ (R)-1-[(4S,5S)-2-(4-methoxyphenyl)-5-methyl-
[1,3]dioxan-4-yllethyl}-5-methyl-[1,3]oxazinane-2,4-di-
one (21): 'H NMR (CDCls) 6 7.40 (m, 2H), 7.347.22 (m,
5H), 6.90 (m, 2H), 5.44 (s, 1H), 4.64 (m, 2H), 4.14 (m, 2H),
4.03 (pseudo t) = 8.6 Hz, 1H), 3.95 (ddJ = 8.43, 3.7 Hz,
1H), 3.84 (s, 3H), 3.55 (m, 1H), 3.45 (ddi= 10.4, 2.5 Hz,
1H), 3.34 (m, 1H), 2.82 (dd] = 13.6, 11.1 Hz, 1H), 2.66
(qd,J = 7.4, 3.3 Hz, 1H), 2.18 (m, 2H), 1.27 (d,= 7.2
Hz, 3H), 1.24 (dJ = 6.5 Hz, 3H), 0.95 (s, 9H), 0.81 (d,
= 6.5 Hz, 3H), 0.33 (m, 6H).
(R)-2-({(2S,3R,4R)-3-(tert-Butyldimethylsilanyloxy)-4-
[(4S,55)-2-(4-methoxyphenyl)-5-methyl[1,3]dioxan-4-yl]-
2-methylpentyl} -methylamino)-3-phenylpropan-1-ol
(22): 'H NMR (CDCl3) 6 7.41 (m, 2H), 7.23 (m, 3H), 7.08
(m, 2H), 6.90 (m, 2H), 5.44 (s, 1H), 4.13 @~= 11.4, 4.7
Hz, 1H), 3.82 (s, 3H), 3.69 (dl = 7.1 Hz, 1H), 3.61 (dJ

dissolved in THF (50.0 kg), and the solution was cooled to = 9.4 Hz, 1H), 3.54 (pseudo § = 11.4 Hz, 1H), 3.46
—35°C. Ethanol (0.957 kg) was added, followed by dropwise 3.30 (m, 2H), 2.98-2.87 (m, 2H), 2.43 (ddJ = 12.6, 8.3
addition of a 10 wt % solution of lithium borohydride in  Hz, 1H), 2.35-2.24 (m, 6H, becomes 5H on?D exch),
THF (4.52 kg, 20.75 mol) over a period of 35 min. The 2.15-2.01 (m, 2H), 1.92 (m, 1H), 1.05 (d,= 7.4 Hz, 3H),
mixture was warmed to 23C within 60 min and stirred for ~ 0.95 (s, 9H), 0.90 (d) = 6.8 Hz, 3H), 0.77 (dJ = 6.8 Hz,

2 h. A 1.0 M aqueous solution of sodium hydroxide (44.4 3H), 0.07 (m, 6H).

kg) was added slowly, and the mixture was stirredZd at (R)-2-({ (2S,3R,4R)-3-(tert-Butyldimethylsilanyloxy)-4-

20 °C. tert-Butyl methyl ether (31.6 kg) was added. The [(4S,59)-2-(4-methoxyphenyl)-5-methyl[1,3]dioxan-4-yl]-
organic layer was separated, washed with brine (50 kg), dried2-methylpentylamino} -3-phenylpropan-1-ol (23): *H NMR
over NaSQ,, and concentrated under vacuum at°Zsto (CDCl3) 6 7.44 (m, 2H), 7.33 (m, 2H), 7.27 (m, 1H), 7.22
give the crude product as an oil (4.72 kg, 131%). The crude (m, 2H), 6.89 (m, 2H), 5.44 (s, 1H), 4.10 (d#i= 10.9, 4.1
material was dissolved in a mixture of cyclohexane (32.8 Hz, 1H), 3.83-3.31 (m, 6H, becomes 5H on,D exch),
kg) and methanol (7.46 kg). Water (2.36 kg) was added, and3.53 (d,J = 8.2 Hz, 1H), 3.56-3.44 (m, 2H), 3.33 (dd] =
the two-phase mixture was stirred for 10 min. The organic 14.5, 7.6 Hz, 1H), 3.13 (m, 1H), 2.72 (td= 10.6, 4.0 Hz,
phase was separated and concentrated under vacuum to givéH), 2.55 (td,J = 11.2, 2.3 Hz, 1H), 2.522.44 (m, 2H),
an oil (3.39 kg). This material was divided into three portions, 2.15-2.00 (br m, 2H, becomes 1H on,® exch), 1.80 (m,
and each (1.13 kg) was chromatographed over 25 kg of silicalH), 0.96 (d,J = 6.8 Hz, 3H), 0.89 (s, 9H), 0.72 (d,= 6.7
gel eluting with hexane/ethyl acetate mixtures (starting with Hz, 3H), 0.63 (d,J = 6.5 Hz, 3H), 0.00 (s, 3H);-0.04 (s,
15% of ethyl acetate, followed by 20, 30, and finally 75% 3H).

of ethyl acetate). The fractions containing the desired product  (2R,3S,4R)-3-(tert-Butyldimethylsilanyloxy)-4-[(4S,55)-
from all three chromatographies were combined and con- 2-(4-methoxyphenyl)-5-methyl-[1,3]dioxin-4-yl]-2-meth-
centrated under vacuum to give alcohi@l(1.989 kg, 56%) ylpentanethioic acid S-decyl ester (17).A solution of
as an oil: p]®p +38.6 € = 1, CHCE); *H NMR (CDCly) 1-decanethiol (89.7 mg, 0.48 mmol) in THF (3 mL) was
0 7.34 (m, 2H), 6.83 (m, 2H), 5.36 (s, 1H), 4.06 (dd= cooled to—78°C and treated with-butyllithium (0.739 mL,
8.1, 4.7 Hz, 1H), 3.81 (dd]) = 7.0, 2.4 Hz, 1H), 3.76 (s, 1.18 mmol). The solution was stirred for 5 min, and a
3H), 3.36-3.38 (m, 3H), 2.16-1.85 (m, 2H), 1.70 (brt, exch  solution 0f11 (0.3 g, 0.47 mmol) in THF (5 mL) was added
D,0O, 1H), 0.99 (dJ = 7.0 Hz, 3H), 0.85 (s, 9H), 0.81 (d, dropwise. The mixture was stirred at78 °C for 10 min,

J = 6.7 Hz, 3H), 0.71 (dJ = 7.1 Hz, 3H), 0.00 (s, 3H), warmed to 0°C, and stirred for 30 min. The reaction was
—0.03 (s, 3H). The following byproduct2@—23) were also guenched by the addition of saturated aqueous ammonium
isolated by chromatography on further elution. chloride solution (20 mL) and diluted witlert-butyl methyl
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ether (10 mL). The organic layer was separated, washed withwas dissolved in a mixture of toluene (30 kg) and acetonitrile
water, dried over N&8QO,, and concentrated under vacuum (4.77 kg). Imidazole (1.37 kg, 20.13 mol) and triphenylphos-
at 30°C to give an oil (0.35 g). Chromatography on silica phine (2.70 kg, 10.3 mol) were added, and the solution was

gel gave thio estet7 (0.188 g, 66%) as a waxy solidtH
NMR (CDCls) 6 7.41 (m, 2H), 6.86 (m, 2H), 5.43 (s, 1H),
4.19 (dd,J = 6.8, 3.6 Hz, 1H), 4.09 (dd] = 11.3, 4.54 Hz,
1H), 3.79 (s, 3H), 3.61 (ddJ = 10.5, 1.9 Hz, 1H), 3.49
(pseudo tJ = 11.0 Hz, 1H), 2.98 (qd]) = 6.8, 3.3 Hz, 1H),
2.79 (td,J = 7.8, 2.3 Hz, 2H), 2.021.90 (m, 2H), 1.51 (m,
1H), 1.36-1.20 (m, 16H), 1.12 (dJ = 7.1 Hz, 3H), 1.01
(d,J= 7.1 Hz, 3H), 0.89-0.87 (m, 12H), 0.71 (d) = 6.7
Hz, 3H), 0.00 (s, 3H);~0.04 (s, 3H).

cooled to 16-15 °C. A solution of iodine (2.59 kg, 10.2
mol) in toluene (24.5 kg) containing acetonitrile (3.89 kg)
was added dropwise over 25 min. The mixture was warmed
to room temperature within 30 min and stirred for 3 h. A
5% aqueous solution of sodium thiosulphate (58 kg) was
added, and the reaction mixture was stirred for 10 min. The
organic phase was separated and washed sequentially with
5% aqueous sodium thiosulphate (58 kg) and brine (66 kg).
The organic phase was dried over,88&, and concentrated

Silyl ether16 was reduced using the same procedure as under vacuum at 40C until a final volume of 10 L was

described for the conversion il to 12. The following two
compounds 18 and 19) were isolated.

(2S,3R,4R,5S,69)-3, 7-Bis-tert-butyldimethylsilanyloxy)-
5-[3-hydroxy-1-(4-methoxyphenyl)-2-methylpropoxy]-2,4,6-
trimethylheptan-1-ol (18): 'H NMR (CDCk) 6 7.20 (m,
2H), 6.85 (m, 2H), 4.15 (dJ = 10 Hz, 1H), 3.85 (br m,
1H), 3.75 (s, 3H), 3.763.50 (m, 4H), 3.37 (ddJ = 11.0,
8.0 Hz, 1H), 3.20 (dJ = 6.0 Hz, 1H), 3.052.90 (m, 3H),
2.25-2.05 (m, 2H), 1.60 (m, 2H), 0.96 (d,= 7.0 Hz, 3H),
0.90 (m, 12H), 0.80 (s, 9H), 0.60 (d,= 6.5 Hz, 3H), 0.52
(d, J = 6.8 Hz, 3H), 0.02 to—0.04 (m, 12H).

(R)-4-Benzyl-3{(2R,3S,4R,5S,6S)-3,7-bis-tert-butyl-
dimethylsilanyloxy)-5-[3-hydroxy-1-(4-methoxyphenyl)-2-
methylpropoxy]-2,4,6-trimethylheptanoly} -oxazolidin-2-
one (19): 'H NMR (CDCl) 6 7.20 (m, 7H), 6.82 (m, 2H),
6.02 (br m, exch BO, 1H), 4.30 (dJ = 10 Hz, 1H), 4.20
(m, 2H), 3.85 (s, 3H), 3.863.30 (m, 8H), 2.90 (A part of
ABq, J=13.5, 3.5 Hz, 1H), 2.60 (B part of ABg,= 13.5,
7.9 Hz, 1H), 2.46-2.20 (m, 2H), 1.60 (m, 4H), 1.00 (d,=
7.2 Hz, 3H), 0.95-0.75 (m, 15H), 0.70 (s, 9H), 0.58 (d=
6.5 Hz, 3H), 0.02 to—0.05 (m, 12H).

tert-Butyl-((1S,2R)-3-iodo-1{ (R)-1-[(4S,5S9)-2-(4-meth-
oxyphenyl)-5-methyl-[1,3]dioxin-4-yl]-ethyl} -2-methylpro-
poxy)-dimethylsilane (5).Alcohol 12 (2.75 kg, 6.27 mol)
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reached. Hexane (37.4 kg) was added, and the suspension
was stirred for 10 min. The solid was filtered and rinsed
with heptane (2< 10 kg). The combined filtrates were cooled

to 2°C and stirred for 8 h. The solid was filtered and rinsed
with heptane (4 kg). The combined filtrates were charged
with methanol (17.4 kg) and water (5.5 kg). The resulting
two-phase system was stirred for 10 min, and the organic
phase was separated. This procedure was repeated once more.
The combined organic layers were dried over8@, and
concentrated under vacuum at3Dto give iodo compound

5 (3.11 kg 90%) as a light-sensitive oil. If required, this
material may be purified by chromatography on silica gel
eluting with hexaneért-butyl methyl ether: *H NMR
(CDCl) 6 7.36 (m, 2H), 6.83 (m, 2H), 5.37 (s, 1H), 4.05
(dd,J = 11.0, 4.7 Hz, 1H), 3.81 (ddl = 7.2, 2.1 Hz, 1H),

3.75 (s, 3H), 3.483.40 (m, 2H), 3.10 (dd) = 7.2, 2.0 Hz,

1H), 2.16-1.95 (m, 2H), 1.80 (m, 1H), 0.97 (d,= 7.0 Hz,

3H), 0.93 (dJ = 6.8 Hz, 3H), 0.85 (s, 9H), 0.68 (d,= 6.7

Hz, 3H), 0.02 (s, 3H), 0.00 (s, 3H).

Received for review September 16, 2003.
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Abstract:

Coupling of Cg-14 (4) and Cy5-21 (5a) fragments to produce the
cistrisubstituted olefin was achieved using Suzuki-type coupling
conditions employed by Marshall (5atert-BuLi/B-OMe-9-BBN
added to 4/CsCO4/Pd(dppf),). The terminal (Z)-diene moiety
was attached to aldehyde 10 by using a sequential Nozaki
Hiyama allylation and Peterson olefination sequence; careful
monitoring of the disappearance of both diastereomerig-hy-
droxysilanes was found to be essential for achieving a high yield.
In the oxidation of alcohols 12 and 16 to 13 and 7, respectively,
using iodobenzene diacetate and TEMPO, addition of a trace
of water was found to be crucial for complete conversion. The
Cs—9 (2)-0lefin functionality was introduced on to aldehyde 13
using a Still-Gennari HWE reaction. Subsequent carbamate
installation at C-19 followed by a reduction/oxidation sequence
gave the title fragment G—»4 (7) ready to be coupled with the
C1-¢ fragment, which is described in Part 2 of this series.

Introduction

In the preceding contributions of this five-part series, the
large-scale preparations of the; G Co—14, and Gs-»;
fragments that are required for the total synthesis-oF (
discodermolide X) are discussed.

In this contribution we present the results of coupling the
key Go-14 (4) and Gs-21 (5) fragments and further chain

* Corresponding author. E-mail:

com.
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10.1021/0p034133r CCC: $27.50 © 2004 American Chemical Society
Published on Web 12/04/2003

elaboration to afford an advanced intermediaiefX7) that

is needed for the final stage of the discodermolide synthesis.
This required the construction of the synthetically challenging
Z-trisubstituted double bond via %psp’ cross coupling of

an alkyl iodide and a vinyl iodide and subsequent elaboration
of the product to the target aldehydeln the course of this
synthetic sequence we smoothly make the transition from
the Smith stratedgyto the attractive end game approach of
Patersoh (Scheme 1).

Results and Discussion

Coupling of Fragments G-14 and Cy5-21. The coupling
of Cy-14 (4) and Gs-21 (58) fragments to produce the (2)-
trisubstituted olefin8 is shown in Scheme 2. We initially
examined a variation of the Negishi couplfras practiced
by Smith! This process produced several side products, as
indicated by the NMR spectrum of the crude reaction mixture
after workup, which were not separable from the desired
product. Marshall describédan alternative Suzuki-type
cross-coupling step in his approach to discodermolide. Em-
ploying this protocol for our coupling reactiorhd/tert-BuLi/
9-methoxy-9-borabicyclo[3.3.1]Jnonane addedH8s,COs/
Pd(dppf)C}, resulted in a much cleaner reaction mixture.
The only byproduct generated was des-iodo compdimd
Sometransisomer of8, carried over from thé&ransimpurity
in 4, was also observed. PuBwas easily obtained from
the crude product in good yield (73%) by crystallization from
acetonitrile. The structure and absolute configuratior8 of

(1) Smith, A. B.; Beauchamp, T. J.; LaMarche, M. J.; Kaufman, M. D.; Qiu,
Y.; Arimoto, H.; Jones, D. R.; Kobayashi, K. Am. Chem. So200Q 122,
8654.

(2) Paterson, I.; Florence, G. J.; Gerlach, K.; Scott, JAfgew. Chem, Int.
Ed. 200Q 39, 377.

(3) Negishi, E.; Valente, L. F.; Kobayashi, M. Am. Chem. Sod 980 102,
3298.

(4) Marshall, J. A.; Johns, B. Al. Org. Chem1998 63, 7885.

(5) Miyaura, N.; Suzuki, AChem. Re. 1995 95, 2457.
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Scheme 1. Synthetic strategy leading to the advanced fragment &-,4 (7) and (+)-discodermolide (1)

HO A
~">co,Me

\ 6 + 2 steps

O
OMN\
OH O

3
3+ 1 steps ‘

5 steps
6 + 1 steps

Scheme 2. Coupling of Cg—14 and C;5—»; fragments?

PMBO~_s |

aReagents: a)-BuLi. 9-MeOBBN, THF,—78 °C; b) CsCOs;, DMF, Pd(dppf)Cl,, 20 °C; c) DDQ.

was confirmed by single-crystal X-ray analysisafif(Figure was now required to arrive at the finab-G, coupling part-

1), obtained by removal of the-methoxybenzyl protecting  ner. This necessitates the elaboration of both termini to

group of8 with DDQ. introduce the Z)-enal and the terminalzZj-diene unit and
With the first fragment union successfully completed, introduction of the pendant carbamate moiety as detailed in

the transition from the Smith approach to the Paterson routeScheme 3.
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not be determined by TLC analysis since TLC could not
separate these two compounds. This was overcome by de-
veloping an HPLC method to monitor the Peterson elimina-
tion reaction. Aided by HPLC, we observed that diastereo-
mers 11a and 11b underwentsynelimination at different
rates. As a result, it was important to ensure that Ifekly-
droxysilanes were consumed before work up and isolation.
This made the conversion of aldehyd® to dienell re-
producible and afforded the latter as an oil in 81% yield after
chromatography.

Conversion of C9 Alcohol to ¢)-Enal. Oxidative re-
moval of the twgp-methoxybenzyl protecting groups of diene
11 with DDQ/H,O gave diol12 as a foam in high yield
(88%) after chromatography. Oxidation of di&@P with
iodobenzene diacetate and TEMPO produced aldehgde
Figure 1. Single-crystal X-ray structure of fragment 8b. as ared oil in 91% yield. Attempts to directly oxidizé to

13 were unsuccessféilAldehydel3thus generated was used

Installation of the Terminal Diene. The elaboration of  without purification, since the iodobenzene generated from
intermediate8 to the advanced {24 fragment {) is the reduction was judged not to interfere in the next step. It
described in Scheme 3. Cleavage of fhmethoxyphenyl  should be noted that traces of water have a dramatic effect
(PMP) acetal with DIBAL afforded alcohoB in high yield on this reaction. This oxidation when performed on a 300-
(92%). Oxidation 0B under Parikh-Doering conditions with mg to 1-g scale with 2,2,6,6,-tetramethyl-1-piperidinyloxy
SOy/pyridine in DMSO gave aldehyd#0 in 93% yield. A (TEMPO, 0.1 equiv) and iodobenzene diacetate (DAIB, 1.2
cautious workup of the reaction mixture was critical for a equiv) gave a good yield df3. However, this reaction was
high yield. If the reaction mixture was not rendered slightly not reproducible on scale-up, and the yield dropped to 10%.
basic, significant amounts (up to 20%) of tifeunsaturated  As the original report by Piancatéllmentioned that the
aldehydel7 could be generated via elimination pfmeth-  reaction “...can be performed in an open flask without any
oxybenzyl alcohol. particular precautions, e.g., inert atmosphere or dry sol-
vent...”, we felt that these factors may be crucial for the
progress of the reaction. This conclusion led to the addition
of water (0.1 equiv) and resulted in a dramatic acceleration
of the oxidation reaction.

Introduction of thecis-double bond @ ¢ was accom-
plished utilizing the Stik-Gennari variation of the Horner
Wadsworth-Emmons reactio® Thus, generation of the
anion of bis-2,2,2-trifluoroethylphosphonoacetic acid methyl
ester with potassium hexamethyldisilazide in the presence

With the aldehyddOin hand, we departed from Smith's ¢ 18 crown-6 and reaction with crude aldehyi®gavecis-
approach and turned our attention to the installation of the 5 ofin 14in 76% yield from12. About 2.5% of thetrans

terminal diene. Numerous strategies have been employed for|fin 18 was formed under these conditions. Tinans

the intr_oduction of this motif within the conte_xt of disco-_ isomer was separated by chromatography on silica gel, since
dermolide syntheses. We chose to adopt the highly attractive,

_ _ we felt that purification at this stage was appropriate.
Paterson two-step, one-pot protoédihis was achieved by Compound18 was used to make the correspondingns
first employing Nozaki-Hiyama allylation conditions, whereby  igqmers19—21 for reference.
aldehyde 10 and allyl bromide 10b were added to a
suspension of Cr@lin dry THF to yield ag-hydroxysilane
intermediate, which on treatment with KH underwent a
Petersonsynelimination to afford the requiredz}-diene. ,
Reproducibility of this protocol was initially problematic after 0 - )%
we had replaced KH with KOH as the base for reasons of S\
safety and ease of operation. We observed that diéneas )V

: ) . S 18 19, R' = CO,Me
consistently contaminated with significant amounts of an 20, R' = CH,0OH
impurity as shown by NMR. Further investigation suggested 21, R'=CHO

that a mixture of diastereomerithydroxysilanesl1aand Formation of carbamatts proceeded in quantitative yield

11bwas generated under our modified conditions (Scheme ,y reaction of14 with trichloroacetyl isocyanate followed
4). Whether conversion dflato 11 was completed could

(8) (a) Nakajima, N.; Uoto, K.; Yonemitsu, (Heterocyclesl99Q 31, 5. (b)

(6) (a) Takano, S.; Akiyama, M.; Sano, S.; OgasawaraCKem. Lett1983 McDonald, C. E.; Nice, L. E.; Kennedy, K. Hetrahedron Lett1994 35,
1593. (b) Evans, D. A.; Ng, H. Pletrahedron Lett1993 34, 2229. 57. (c) Organ, M. G.; Bilokin, Y. V.; Bratovanov, S. Org. Chem2002
(7) Paterson, I.; Schlapbach, 8ynlett1995 498. 67, 5176.
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Scheme 3. Synthesis of fragment G—24 (7)

SO,/pyridine  PMBO
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QO O OH
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Scheme 4. Installation of the terminal diene unit
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by methanolysis as described by Patetsohis modification

of the Kocovsky proceduré.Reduction of the ester group
15 with DIBAL in dichloromethane at-78 °C yielded a
mixture of alcoholl6 and aldehyd& (10—20%, depending
on the reaction time). Attempts to reduce edteexclusively

to aldehyde7 were unsuccessful, since the latter was easily
reduced to alcohol6. This mixture was used in the next
step without further purification. Oxidation 46 with iodo-
benzene diacetate and TEMPO in the presence of traces of
water afforded7 as a white foam in 80% yield (two steps
from 15) after chromatography. Three byproduc2?,23
and 24) were also isolated during the purification. Their
origin could be attributed to byproducts present in the
previous steps.

Having successfully assembled the pivotal fragmen

(9) De Mico, A.; Margarita, R.; Parlanti, L.; Vescovi, A.; Piancatelli, . we were ready to address the most challenging phase of the
Org. Chem 1997, 62, 6974. . ; . .

(10) Still, W. C.; Gennari, CTetrahedron Lett1983 24, 4405. entire campaign, the finale based on the-C; coupling.

(11) Kocovsky, PTetrahedron Lett1986 27, 5521. The following contribution describes the chemistry involved
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and the problems encountered in the large-scale synthesi€.88 (m, 15H), 0.85 (dJ = 6.3 Hz, 3H), 0.62 (dJ = 6.5

of (+)-discodermolide.

Experimental Section
(4S,59)-4-[(2)-(1R,2R,3S,7S,8R,99)-2,8-bis-tert-butyl-
dimethylsilanyloxy)-10-(4-methoxybenzyloxy)-1,3,5,7,9-
pentamethyldec-5-enyl]-2-(4-methoxyphenyl)-5-methyl-
[1,3]dioxane (8).(A) Suzuki Procedured solution oftert-
butyllithium (2.4 kg, 15%, 5.63 mol) in diethyl ether was
diluted with 3 L of hexane and cooled to an internal
temperature of-80 °C. To this solution was added a pre-
cooled (40 °C) solution of iodide5a (1.58 kg, 2.91 mol)
in 16 L of tetrahydrofuran in 30 min, followed by the addition
of a pre-cooled {40 °C) solution of 9-methoxy-BBN (530
g, 3.49 mol) in tetrahydrofuran (5 L) in 15 min. A suspension
formed after the addition. The cooling bath was removed,
and this borane intermediate was added to a mixture of vinyl
iodide 4 (1.1 kg, 2.12 mol) in DMF (19 L) containing
Pd(dppf)C} (78 g, 0.10 mol) and cesium carbonate (2.4 kg,
7.37 mol, predissolvechi2 L of water) within 2.5 h. The
resulting mixture was allowed to warm to 26 and stirred
for an additional 20 h. The mixture was filtered through
Cellflock (filter aid). The solid was rinsed with heptane, and

Hz, 3H), 0.05 (s, 3H), 0.00 (s, 3H).

(B) Negishi ProcedureéA solution of5 (13.7 g, 25 mmol)
in 400 mL of diethyl ether was treated with 26 mL of a 1.0
M solution of zinc chloride (1.0 M in diethyl ether), and the
resulting thin suspension was cooled to an internal temper-
ature of —75 °C. A solution oftert-butyllithium (40 mL,
1.7 M solution in pentane, 65 mmol) was added dropwise
over 60 min. The solution was stirred for 30 min-af5 °C
and slowly warmed to 20C within 60 min. The resulting
white suspension was stirred for 60 min at®2Dand treated
with a solution of4 (10.4 g, 20 mmol) in diethyl ether (140
mL). Tetrakis(triphenylphosphine)palladium(0) (1.0 g) was
added, and the suspension was stirred3ft at 20°C. The
reaction mixture was treated with water (250 mL) and stirred
for 30 min at 20°C. The mixture was then filtered through
Cellflock, and the solids were rinsed with 300 mL teft-
butyl methyl ether. The organic phase was separated and
washed with brine (200 mL). The solvent was removed in
vacuo at 30C to give 21.5 g of an oil. This oil was purified
by silica gel chromatography eluting with hexane/ethyl
acetate mixtures (1.5 L, 98/2 then 2 L, 94/6). The appropriate
fractions were combined and evaporated to dryness to give

the combined heptane filtrates were evaporated to a volume12 5 g, 76.8%, oB as a pink oil. This oil was dissolved in

of about 12 L. Ethanolamine (235 g, 3.85 mol) was added,
and the mixture was stirred for 15 min and filtered through
Cellflock. The solids were rinsed with heptane X33 L).

acetonitrile (200 mL) containing 10% hexane. The mixture
was concentrated at 3T in vacuo (ca. 60 mL distilled)
and cooled to 20C to induce crystallization. The suspension

The combined heptane filtrates were evaporated to a volume,y a5 stirred for 60 min at 25C and cooled to 0C, stirred
of about 3 L. This concentrate was chromatographed on silicasor 60 min. and filtered. The solid was rinsed with 35 mL

gel eluting with a mixture of heptarteft-butyl methyl ether

to give, after evaporation of the solvent, 2.07 kg of a light-
orange oil. This oil was redissolved in a mixture&L of
acetonitrile ad 2 L of heptane and warmed to 3G. About

2.5 L of the solvent was removed by distillation at 30
(mainly heptane), and the product began to crystallize. The

suspension was cooled to room temperature, and the thick

suspension was diluted with 3.5 L of acetonitrile. The
suspension was cooled to €, stirred for 30 min, and
filtered. The solid was rinsed with cold acetonitrile (1 L)
and dried in a vacuum to give oleft(1.26 kg, 73% based
on 4): [o]p +27.7 € = 1, CHCE); 'H NMR (CDCl) ¢
7.36 (m, 2H), 7.22 (m, 2H), 6.85 (m, 4H), 5.37 (s, 1H), 4.99
(d, J = 9.97 Hz, 1H), 4.36 (ABg,J = 11.8 Hz, 2H), 4.09
(dd,J = 11.0 4.8 Hz, 1H), 3.78 (s, 3H), 3.77 (s, 3H), 3.60
(dd,J = 7.0 & 1.9 Hz, 1H), 3.56-3.40 (m, 3H), 3.37 (dd,
J=6.3 4.8 Hz, 1H), 3.18 (pseudod,= 8.9 Hz, 1H), 2.50
(m, 1H), 2.31 (m, 1H), 2.121.82 (m, 4H), 1.65 (m, 1H),
1.54 (s, 3H), 1.04 (dJ = 6.9 Hz, 3H), 0.93 (dJ) = 7.7 Hz,
3H), 0.89 (s, 9H), 0.87 (s, 9H), 0.72 (d,= 6.2 Hz, 3H),
0.02 (s, 3H), 0.00 (s, 9H). Note: The mother liquors were

of cold acetonitrile, dried in vacuo at 2 to give8 (10.0
0, 62% based od): mp 79-80.5°C; NMR identical to
that above.

Alcohol 8b Crystal for X-ray. To a solution of olefin8
(1.33 g, 1.6 mmol) in 16 mL of dichloromethane under a
nitrogen atmosphere at @ was added water (75 mg, 4.1
mmol). To this solution was added solid DDQ (387 mg, 1.7
mmol). The red-brown suspension was stirred &cdor 4
h. The mixture was dried over MgSQdiluted with 20 mL
of dichloromethane, and filtered. The filtrate was passed
through a 1-in. thick pad of silica gel that was pre-wetted
with ethyl acetate/hexane (1:1). The pad was rinsed with 25
mL of ethyl acetate/hexane (1:1). The filtrate was evaporated
under vacuo to give an off-white solid (1.2 g). This solid
was partially dissolved in 50 mL of ethanol at 23. To the
suspension was added solid sodium borohydride (250 mg,
6.7 mmol) at 23°C. The resulting suspension was stirred
for 20 min at 23°C. The mixture was cooled to @, and
guenched with saturated agueous ammonium chloride (50
mL). The mixture was concentrated under vacuum to remove

concentrated and Chroma’[ographed on silica ge] to y|e|d anthe ethanol. The residue was partitioned between dichlo-

additional 66-80 g of 8. Further elution of the chromatog-
raphy column led to the isolation &h.

tert-Butyl-((R)-1-{ (R)-1-[(4S,5S)-2-(4-methoxyphen-
yl)-5-methyl-[1,3]dioxan-4-yl]-ethyl} -2-methylpropoxy)-
dimethylsilane (5b): *H NMR (de-DMSQ) 6 7.30 (m, 2H),
6.92 (m, 2H), 5.45 (s, 1H), 4.02 (dd,= 11.9 5.5 Hz, 1H),
3.78 (s, 3H), 3.66-3.45 (m, 3H), 2.6-1.80 (m, 3H), 1.06-

romethane (200 mL) and water (100 mL). The dichlo-
romethane layer was separated, washed with water (100 mL),
dried over MgSQ filtered, and evaporated under vacuum
to give a crude white solid (1.1 g, 100%). A single crystal
of suitable size was grown for X-ray studies by dissolving
20 mg of this solid in 2-propanol and allowing the solvent
to evaporate slowly under ambient conditions.
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(2)-(25,35,4R,5R,6S,10S,11R,12S)-5,11-Bis-tert-bu-
tyldimethylsilanyloxy)-3,13-bis-(4-methoxybenzyloxy)-
2,4,6,8,10,12-hexamethyltridec-8-en-1-ol (9 solution of
olefin 8 (1.92 kg, 2.36 mol) in toluene (17 L) was cooled to
an internal temperature of15 to —20 °C. A solution of
DIBAL in toluene (10.9 kg of a 1.0 M solution, 10.9 mol)

12-hexamethyltrideca-2,8-dienal (17):'*H NMR (CDCly)
0 9.37 (s, 1H), 7.22 (m, 2H), 6.84 (m, 2H), 6.36 (= 9.5
Hz, 1H), 5.00 (d,J = 10.3 Hz), 4.36 (ABgqJ = 12.7 Hz,
2H), 3.78 (s, 3H), 3.45 (m, 2H), 3.35 (ddi= 4.83, 4.2 Hz,
1H), 3.19 (pseudo tJ = 7.8 Hz, 1H), 2.87 (m, 1H), 2.46
(m, 1H), 1.94 (m, 1H), 1.74 (s, 3H), 1.54 (s, 3H), 1.054d,

was added dropwise within 60 min. The reaction mixture = 6.6 Hz, 3H), 0.91 (m, 12H), 0.86 (m, 12H), 0.72 (U=

was warmed to 85 °C and stirred for 60 min. Ethyl acetate
(15 L) was then added within 45 min, maintaining the
temperature at OC, followed by a solution of saturated

6.6 Hz, 3H), 0.06 (s, 3H), 0.05 (s, 3H), 0.00 (s, 6H).
p-Hydroxysilanes 1la and 11b.A dried 5-L, four-
necked, round-bottomed flask equipped with paddle stirrer,

sodium potassium tartrate (60 L). The mixture was warmed rubber septum, thermometer, and a glass stopper was filled
to 25°C and stirred for an additional 60 min. The organic with argon and placed in a dry bag under nitrogen purge.
layer was separated. The aqueous phase was re-extracted witBhromium(ll) chloride (23.1 g, 0.19 mol) was transferred
ethyl acetate (12 L). The combined organic phases wereto the flask in the dry bag under nitrogen purge. The flask
washed with 10 L of water. The organic layer was dried was sealed and placed on a mechanical stirrer. Anhydrous,
with MgSQ, and filtered, and the solvent was removed in degassed THF (1.0 L, inhibited with 250 ppm of 2, 6teit-
vacuo at 50°C to give 1.91 kg of an oil. This oil was butyl-4-methylphenol) was added via cannula, and the green
chromatographed on silica gel eluting with heptane/ethyl suspension was cooled t6G under argon purge. A solution
acetate, 3/1. The appropriate fractions were combined andof aldehydel0 (34.0 g, 0.04 mol) in anhydrous, degassed

concentrated to give as an oil (1.78 kg, 92%)*H NMR
(CDCls) 6 7.32 (m, 4H), 6.85 (m, 4H), 5.01 (d,= 10.5
Hz, 1H), 4.49 (ABqJ = 9.2 Hz, 2H), 4.36 (ABq,) = 11.7
Hz, 2H), 3.78 (s, 3H), 3.77 (s, 3H), 3.73 (dil= 11.3 &
2.9 Hz, 1H), 3.66-3.43 (m, 4H), 3.35 (m, 1H), 3.19 (pseudo
t, J = 8.8 Hz, 1H), 2.86-2.67 (br s, exch BD, 1H), 2.49
(m, 1H), 2.22 (pseudo ] = 12.0 Hz, 1H), 2.0%+1.84 (m,
4H), 1.73 (m, 1H), 1.57 (s, 3H), 1.03 (m, 6H), 0.92 (m, 12H),
0.86 (m, 12H), 0.72 (dJ = 6 Hz, 3H), 0.06 (s, 6H), 0.00 (s,
6H).

(2)-(2R,3R,4R,5R,6S,10S,11R,12S)-5,11-Bis-tert-bu-
tyldimethylsilanyloxy)-3,13-bis-(4-methoxybenzyloxy)-
2,4,6,8,10,12-hexamethyltridec-8-enal (LO\ solution of
alcohol9 (1.64 kg, 2.01 mol) in 10.5 L of dichloromethane
containing 5.8 L of dimethyl sulfoxide was treated with 660
0, (6.52 mol) of triethylamine. The mixture was cooled to
—5 °C, and a solution of sulfur trioxide/pyridine complex
(768 g, 4.83 mol)n 9 L of dimethyl sulfoxide was added
dropwise within 30 min. The mixture was stirred for 60 min

THF (2.2 L) was further degassed with argon for 30 min
and transferred via cannula to the reaction flask. Allyl
bromidel0b (40.4 g, 0.21 mol) was added via syringe. With
cooling bath in place and positive argon pressure applied,
the reaction mixture was allowed to warm to 26 and
stirred for an additional 16 h. Analytical samples fbta
and 11b were obtained by flash chromatography on SiO
(hexanes/ethyl acetate, 95/5, fada and hexanes/ethyl
acetate, 90/10, fotlb).

P-Hydroxysilane 11a:colorless oil;R: 0.35 (toluene); -
%55 —3.3 = 0.5, CHC}); IR (KBr) 3496, 2957, 2930, 2856,
1613, 1514, 1463, 1360, 1302, 1172 ¢ptH NMR (CDCly)
0 7.28-7.21 (m, 4H), 6.96-6.82 (m, 4H), 5.98 (ddd) =
17.4, 10.4, 10.4 Hz, 1H), 5.03 (d,= 10.2 Hz, 1H), 4.95
(dd,J=10.2, 2.1 Hz, 1H), 4.83 (dd, = 17.3, 2.1 Hz, 1H),
4.52 (ABQ,Jas = 10.8 Hz,Adas = 29.3 Hz, 2H), 4.38 (ABq,
Jag = 11.6 Hz,Adpg = 19.4 Hz, 2H), 3.86 (b, 1H), 3.80 (S,
3H), 3.79 (s, 3H), 3.763.71 (m, 1H), 3.52 (ddJ = 6.6,
2.0, 1H), 3.48 (ddJ = 9.2, 4.9 Hz, 1H), 3.39 (dd] = 6.3,

at 0°C, and heptane (30 L) was added followed by water 4.7 Hz, 1H), 3.34 (ddJ = 6.4, 3.5 Hz, 1H), 3.21(dd] =
(20 L). The organic phase was separated and washeds.7, 8.7 Hz, 1H), 2.572.44(m, 1H), 2.32 (dd) = 12.4,
sequentially with water (10 L), saturated sodium bicarbonate 12.4, 1H), 2.0+1.79 (m, 4H), 1.73 (bd]) = 10.7, 1H), 1.68

(10 L), and finally water (4x 10 L). The organic phase was
dried with MgSQ and filtered, and the solvent was removed
to give an oil. This oil was purified by chromatography on
silica gel to givel0 as an oil (1.53 kg, 93%)H NMR
(CDCly) 6 9.79 (d,J = 2.4 Hz, 1H), 7.21 (m, 4H), 6.84 (m,
4H), 5.01 (d,J = 10.2 Hz, 1H), 4.45 (ABg, = 11.2 Hz,
2H), 4.35 (ABq,J = 11.9 Hz, 2H), 3.76 (s, 6H), 3.573.52
(m, 2H), 3.45 (ddJ = 9.2, 4.4 Hz, 1H), 3.36 (dd] = 6.5,
4.8 Hz, 1H), 3.19 (pseudo d,= 9.2 Hz, 1H), 2.73 (m, 1H),
2.49 (m, 1H), 2.23 (pseudo J§,= 12.3 Hz, 1H), 1.93 (m,
3H), 1.64 (m, 1H), 1.56 (s, 3H), 1.10 (d,= 7.1 Hz, 3H),
1.01 (d,J = 6.8 Hz, 3H), 0.94-0.89 (m, 12H), 0.880.83
(m, 12H), 0.71 (dJ = 6.5 Hz, 3H), 0.05 (s, 3H), 0.04 (s,
3H), 0.00 (s, 6H). The following compound?) was also
isolated from the chromatography.
(2E,82)-(4R,5R,6S,10S,11R,12S))-5,11-Bis-(ert-butyl-
dimethylsilanyloxy)-13-(4-methoxybenzyloxy)-2,4,6,8,10,-

118 «  Vol. 8, No. 1, 2004 / Organic Process Research & Development

(bd,J=11.3, 1H), 1.59 (s, 3H), 0.97 (d,= 7.0, 3H), 0.93
(d,J=7.5, 3H), 0.92 (s, 9H), 0.89 (d,= 7.5, 3H), 0.88 (s,
9H), 0.77 (d,J = 6.9, 3H), 0.74 (d,) = 6.7, 3H), 0.068 (s,
3H), 0.062 (s, 3H), 0.037 (s, 9H), 0.029 (s, 3H), 0.023 (s,
3H); 3C NMR (CDCk) 6 159.8, 159.4, 136.3, 132.0, 131.9,
131.4, 130.5, 129.9, 129.4, 114.3, 114.1, 113.8, 87.4, 78.8,
77.9,75.3,75.0,73.1,72.9,55.7, 42.0, 41.3, 39.9, 39.2, 37.8,
36.1, 35.3, 32.0, 26.7, 26.5, 23.6, 23.0, 18.9, 18.8, 17.5, 16.2,
14.9,14.5, 13.0,12.2;1.8,—2.8,—2.9,—3.4,—3.5. Anal.
Calcd for GgHgq4O;Sis: C, 68.63; H, 10.21; Si, 9.08.
Found: C, 68.74; H, 10.02; Si, 9.03.

p-Hydroxysilane 11b: colorless oil;R 0.07 (toluene);
[a]?p +3.2 ¢ = 0.8, CHC}); IR (KBr) 2957, 2931, 2856,
1613, 1513, 1463, 1376, 1312, 1249, 1080, 1039'¢cAH
NMR (CDCl) 6 7.25 (d,J = 5.65, 2 H), 7.24 (dJ) = 5.8
Hz, 2H), 6.90-6.82 (m, 4H), 5.82 (ddd] = 17.1, 10.4, 10.4
Hz, 1H), 5.04 (dJ = 10.2 Hz, 1H), 5.00 (dd) = 10.4, 2.0



Hz, 1H), 4.91 (ddJ = 17.1, 1.8 Hz, 1H), 4.54 (ABQlas = gel eluting with toluene/ethyl acetate mixtures (initially 97.5/
10.8 Hz,Adxs = 25.9 Hz, 2H), 4.38 (ABQgJss = 11.6 Hz, 2.5, finally 90/10). The fractions containing product were
Adag = 17.9 Hz, 2H), 4.164.10 (m, 1H), 3.79 (s, 3H), combined and concentrated to afford di@as a foam (792
3.78 (s, 3H), 3.52 (dd] = 5.6, 3.4 Hz, 1H), 3.48 (dd] = g, 88%): 'H NMR (CDCl;) 6 6.62 (dtd,J = 16.8, 11.7,
9.2, 4.9 Hz, 1H), 3.43 (dd] = 5.6, 5.6 Hz, 1H), 3.40 (dd,  1.09 Hz, 1H), 6.13 (pseudol= 10.9 Hz, 1H), 5.32 (pseudo
J=6.1, 4.7 Hz, 1H), 3.21 (dd] = 8.8, 8.8 Hz, 1H), 2.62  t, J = 10.4 Hz, 1H), 5.22 (dJ = 16.7 Hz, 1H), 5.14 (dJ

(b, 1H), 2.56-2.46 (m, 1H), 2.28 (ddJ = 12.4, 12.4 Hz, = 10.1 Hz, 1H), 4.99 (dJ = 10.4 Hz, 1H), 3.66 (ddJ =
1H), 2.0+-1.88 (m, 3H), 1.88-1.74 (m, 2H), 1.71 (bd) = 10.9, 4.5 Hz, 1H), 3.61 (dd} = 5.8, 3.3 Hz, 1H), 3.39 (dd,
12.1 Hz, 1H), 1.60 (s, 3H), 1.01 (d,= 7.0 Hz, 3H), 0.99 J=16.9, 3.8 Hz, 1H), 3.33 (dd] = 8.1, 3.0 Hz, 1H), 2.80
(d,J=7.0 Hz, 3H), 0.95 (dJ = 6.6 Hz, 3H), 0.94 (s, 9H), (M, 1H), 2.57 (m, 1H), 2.17 (pseudol,= 11.7 Hz, 1H),
0.89 (s, 9H), 0.88 (dJ = 7.3 Hz, 3H), 0.76 (dJ = 6.7 Hz, 1.95-1.75 (m, 7H, becomes 5H onD), 1.62 (s, 3H), 1.06
3H), 0.071 (s, 3H), 0.068 (s, 3H), 0.03 (s, 3H), 0.025 (s, 0.88 (m, 30H), 0.75 (d) = 6.6 Hz, 3H), 0.09 (s, 6H), 0.08
3H), 0.021 (s, 9H)}*C NMR (CDCk) ¢ 159.1, 159.0, 138.0, (s, 6H).

131.54, 131.49, 131.0, 130.9, 129.0, 114.0, 113.77, 113.68, (5Z,137)-(2R,3R,4S,8S,9R,10R,11S,12S)-3,9-Bis-tert-
85.0,78.4,77.6,75.2,72.7,72.5,69.7, 55.3, 42.1, 40.2, 39.3,butyldimethylsilanyloxy)-11-hydroxy-2,4,6,8,10,12-
38.8, 36.8, 35.7,35.1, 26.3, 26.1, 23.1, 22.7, 18.5, 18.4, 17.1 hexamethylhexadeca-5,13,15-trienal (13Y.0 a solution of
14.1, 13.4,11.7, 10.8;1.9,—3.2,—3.8,—3.9. Anal. Calcd alcohol12 (782 g, 1.31 mol) in dichloromethane (4 L) was
for CsgHosO;Siz: C, 68.45; H, 9.84; Si, 9.13. Found: C, added water (2.4 g). A mixture of iodobenzene diacetate (620

68.57; H, 10.20; Si, 9.06. g, 1.92 mol) and TEMPO (40.1 g) was added in five portions
1-[(52,132)-(2S,3R,4S,85,9R,10R,11S,12S)-11-(4-Meth- over a period of 30 min with vigorous stirring. The orange
oxybenzoxy)-3,9-bistert-butyldimethylsilanyloxy)-2,4,6,8,- reaction mixture was stirred for an additional 60 min at 25

10,12-hexamethylhexadeca-5,13,15-trienyloxymethyl]-4-  °C and a 25% solution of sodium thiosulphate was added.
methoxybenzene (11)A suspension of chromium(ll) chloride  The mixture was stirred for 15 min, and the organic phase
(980 g, 7.97 mol) in tetrahydrofuran (90 L) was cooled to 0 was separated. The aqueous phase was re-extracted with
°C and treated with a solution of aldehyti@ (1.52 kg, 1.87 dichloromethane (5 L), and the combined organic phases
mol) in tetrahydrofuran (20 L). To the suspension was added were treated with solid sodium bicarbonate (400 g). The
a solution of 1-bromoallyltrimethylsilane (2.0 kg, 10.4 mol) suspension was filtered. The filtrate was washed with water
in tetrahydrofuran (10 L). The mixture was stirred for 15 (2 L) and evaporated in vacuo at 20 to give aldehydd.3
min at 0°C and warmed to 15C, stirred for 60 min, and  as a red oil (1.10 kg):*H NMR (CDCl) 6 9.63 (s, 1H),
recooled to °C. Methanol (7.5 L) was added followed by 6.64 (dt,J = 16.8, 11.7 Hz, 1H), 6.15 (pseudoX= 10.9
15 L of a 6 Msolution of potassium hydroxide. The mixture Hz, 1H), 5.35 (pseudo tJ = 10.2 Hz, 1H), 5.25 (dJ =
was warmed to 28C and stirred for 16 h. The organic phase 16.7 Hz, 1H), 5.17 (dJ = 9.8 Hz, 1H), 4.83 (dJ = 10.5
was separated and the aqueous phase re-extracted with 30 Hz, 1H), 3.76 (ddJ = 8, 3.6 Hz, 1H), 3.62 (ddJ = 5.8,
of tetrahydrofuran. The combined organic layers were 3.3 Hz, 1H), 3.36 (ddJ = 7.6, 3.3 Hz, 1H), 2.83 (m, 1H),
washed with brine (10 L) and concentrated to give 1.71 kg 2.54 (m, 1H), 2.19 (pseudod,= 12.4 Hz, 1H), 1.961.72
of an oil. The oil was purified by chromatography on silica (m, 4H), 1.60 (s, 3H), 1.08 (dl = 7.1 Hz, 3H), 1.0%-0.86
gel eluting with heptane/isopropyl alcohol mixtures to give (m, 27H), 0.74 (dJ = 6.5 Hz, 3H), 0.10 (s, 9H), 0.07 (s,
cis-dienell as an oil (1.27 kg, 81%)*H NMR (CDCl) ¢ 3H). This oil was used without further purification.
7.24 (m, 4H), 6.84 (m, 4H), 6.57 (df, = 16.5, 10.5 Hz, (22,72,152)-(4S,55,6S,105,11R,12R,135,14S)-5,11-Bis-
1H), 5.99 (pseudo tJ = 10.6 Hz, 1H), 5.55 (pseudod,= (tert-butyldimethylsilanyloxy)-13-hydroxy-4,6,8,10,12,14-
10.4 Hz, 1H), 5.18 (dJ = 16 Hz, 1H), 5.09 (dJ = 9.0 Hz, hexamethyloctadeca-2,7,15,17-tetraenoic Acid Methyl Es-
1H), 4.94 (d,J = 10 Hz, 1H), 4.50 (ABg,J = 9.6 Hz, 2H), ter (14). A solution of 18-crown-6 (315 g), and bis-2,2,2-
4.35 (ABq,J = 11.2 Hz, 2H), 3.77 (s, 3H), 3.76 (2, 3H), trifluoroethylphosphonoacetic acid methyl ester (570 g, 1.8
3.42 (m, 2H), 3.34 (m, 1H), 3.263.14 (m, 2H) 2.98 (m, mol) in 10.3 L of toluene was cooled to @ and treated
1H), 2.43 (m, 1H), 2.061.89 (m, 2H), 1.851.69 (m, 2H), with a solution of potassium hexamethyldisilazide in toluene
1.51 (s, 3H), 1.09 (dJ = 6.9 Hz, 3H), 0.98 (dJ) = 6.9 Hz, (3 kg, 0.5 M solution, 1.72 mol). The red solution was stirred
3H), 0.93 (m, 9H), 0.90 (d]) = 6.4 Hz, 3H), 0.86 (m, 9H),  for 45 min at 0°C and cooled to—20 °C. A solution of
0.84 (d,J = 6.9 Hz, 3H), 0.69 (dJ = 6.9 Hz, 3H), 0.08 (s, crude aldehydé3 (1.05 kg, 1.76 mol) in toluene (3 L) was
6H), 0.00 (s, 6H). added within 15 min. The reaction mixture was stirred for
(5Z,132)-(2S,3R,4S,8S,9R,10R,11S,12S)-3,9-Bis-tert- 10 min, warmed to OC, and stirred for an additional 90
butyldimethylsilanyloxy)-2,4,6,8,10,12-hexamethylhexadeca- min. The reaction was quenched with saturated aqueous
5,13,15-triene-1, 11-diol (12)To a solution of diend1(1.28 ammonium chloride solution (10 L). The organic phase was
kg, 1.51 mol) in 20 L of dichloromethane was added solid separated, washed with brine (10 L), dried over MgSO
DDQ (983 g, 4.33 mol). The red-brown suspension was filtered, and concentrated to produce a yellow oil. Chroma-
stirred for 75 min at 25C and filtered through Cellflock.  tography over silica gel eluting with hexane/ethyl acetate,
The solid was rinsed with 20 L of dichloromethane in two 15/1, afforded estet4 (622 g, 76% frontl2): [o]?% +53.7
portions, and the solvent was concentrated to give 1.41 kg(c = 1, CHCE); '"H NMR (CDCl) 6 6.64 (dtd,J = 16.9,
of a red oil. This was purified by chromatography over silica 10.6, 1.0 Hz, 1H), 6.36 (dd] = 11.9, 9.7 Hz, 1H), 6.12
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(pseudo tJ = 11.1 Hz, 1H), 5.70 (dJ = 11.4 Hz, 1H),
5.33 (pseudo t) = 10.6 Hz, 1H), 5.23 (ddJ = 16.8, 2.0
Hz, 1H), 5.14 (d,J = 9.8 Hz, 1H), 4.90 (dJ = 10.6 Hz,
1H), 3.713.61 (m, 4H), 3.57 (dd) = 5.7, 3.5 Hz, 1H),
3.38-3.29 (m, 2H), 2.80 (m, 1H), 2.31 (m, 1H), 2.09 (pseudo
t,J = 12.4 Hz, 1H), 1.89-1.73 (m, 2H), 1.64 (dJ = 11.6,
1H), 1.55 (s, 3H), 1.00 (d] = 6.9 Hz, 3H), 0.96 (dJ = 6.4
Hz, 3H), 0.93 (d,J = 6.7 Hz, 3H), 0.930.89 (m, 18H),
0.81 (d,J = 6.9 Hz, 3H), 0.69 (dJ = 6.6 Hz, 3H), 0.07 (s,
3H), 0.05 (s, 9H). Further elution of the chromatography
column led to the isolation of8.
(2E,7Z,152)-(4S,5S,6S,10S,11R,12R,13S,14S)-5,11-Bis-
(tert-butyldimethylsilanyloxy)-13-hydroxy-4,6,8,10,12,14-
hexamethyloctadeca-2,7,15,17-tetraenoic acid methyl ester
(18): *H NMR (CDCl3) 6 6.94 (dd,J = 15.3, 7.4 Hz, 1H),
6.59 (dtd,J = 16.8, 10.65, 1.1 Hz, 1H), 6.10 (pseudd =
11.9 Hz, 1H), 5.64 (dd] = 15.9, 1.7 Hz, 1H), 5.30 (pseudo
t, J = 10.8 Hz, 1H), 5.20 (dd) = 16.5, 2.3 Hz, 1H), 5.12
(d,J=10.2 Hz, 1H), 4.88 (dJ = 10.3 Hz, 1H), 3.743.53
(m, 5H), 3.5%3.26 (m, 2H), 2.77 (m, 1H), 2.552.33 (m,
2H), 2.10 (pseudo t] = 12.5 Hz, 1H), 1.96-1.77 (m, 4H),
1.54 (s, 3H), 0.99 (d) = 7 Hz, 3H), 0.95-0.78 (m, 27H),
0.68 (d,J = 6.7 Hz, 3H), 0.04 (s, 3H), 0.00 (s, 9H).
(22,72,152)-(4S,5S,65,10S,11R,12R,135,14S)-5,11-Bis-
(tert-butyldimethylsilanyloxy)-13-carbamoyloxy-4,6,8,10,-
12,14-hexamethyloctadeca-2,7,15,17-tetraenoic Acid Meth-
yl Ester (15). To a solution of estet4 (739 g, 1.14 mol) in
dichloromethane (5 L) was added dropwise trichloroacetyl
isocyanate (332 g, 1.76 mol) over a period of 30 min. The
reaction mixture was stirred for 90 min, and methanol (3 L)
was added. The mixture was concentrated in vacuo &€20
until no more solvent distilled. Methanol (7.5 L) was added
to the residue followed by solid sodium carbonate (365 Q).
The suspension was stirred at 25 for 2 h, and water (10
L) and tert-butyl methyl ether (10 L) were added. The

(CDClg) 6 6.93 (dd,J = 15.9, 7.2 Hz, 1H), 6.59 (diJ =
16.9, 10.6 Hz, 1H), 5.99 (pseudodt= 11.1 Hz, 1H), 5.63
(dd,J = 15.5, 2.4 Hz, 1H), 5.33 (pseudod,= 10.2 Hz,
1H), 5.23-5.06 (m, 2H), 4.85 (dJ = 4.8 Hz, 1H), 4.69
(pseudo tJ = 6.3 Hz, 1H), 4.51 (s, 2H, N}, 3.74-3.53
(m, 5H), 3.5%3.26 (m, 2H), 2.77 (m, 1H), 2.552.33 (m,
2H), 2.10 (pseudo t] = 12.5 Hz, 1H), 1.96-1.07 (m, 4H),
1.54 (s, 3H), 0.99 (d) = 7 Hz, 3H), 0.95-0.78 (m, 27H),
0.68 (d,J = 6.7 Hz, 3H), 0.04 (s, 3H), 0.00 (s, 9H).
Carbamic Acid (6Z,117)-(1S,2R,3R,4S,8S,9S,10S)-3,9-
Bis-(tert-butyl-dimethylsilanyloxy)-13-hydroxy-2,4,6,8,10-
pentamethyl-1-(¢)-(S)-1-methylpenta-2,4-dienyl)-trideca-
6,11-dienyl Ester (16).A solution of carbamaté5 (789 g,
1.14 mol) in dichloromethane (15 L) was cooled+@8 °C.
A solution of DIBAL (5.6 L, 1.0 M solution in dichlo-
romethane) was added dropwise over 60 min. The mixture
was stirred for an additional 60 min a{78 °C and quenched
with 12 L of a saturated aqueous solution of sodium
potassium tartrate. Water (10 L) was added followeddnly
butyl methyl ether (10 L). The mixture was stirred vigorously
for 15 min. The organic layer was separated and washed
with water (2x 7 L). The solvent was concentrated in vacuo
at 20°C to give crude alcohal6 (810 g): []?% +76.3 €
=1, CHCE); *H NMR (CDCls) 6 6.56 (dtd,J = 16.8, 10.6,
1.1 Hz, 1H), 5.99 (pseudo §,= 11.0 Hz, 1H), 5.59-5.67
(m, 2H), 5.32 (pseudo t] = 10.6 Hz, 1H), 5.18 (ddJ =
16.8, 2 Hz, 1H), 5.09 (dJ = 10.3 Hz, 1H), 4.92 (dJ =
10.3 Hz, 1H), 4.67 (pseudo d,= 6.1 Hz, 1H), 4.574.65
(s, 2H, NH,), 4.04 (dd,J = 10.8, 3 Hz, 2H), 3.35 (dd] =
5.7, 3.6 Hz, 1H), 3.21 (dd] = 7.2, 3.4 Hz, 1H), 2.94 (m,
1H), 2.60 (m, 1H), 2.33 (m, 1H), 1.83 (m, 1H), 1:63.53
(m, 6H), 0.95 (d,J = 6.6 Hz, 3H), 0.92:0.86 (m, 24H),
0.84 (d,J = 6.6 Hz, 3H), 0.66 (dJ = 6.8 Hz, 3H), 0.05 (s,
3H), 0.04 (s, 3H), 0.01 (s, 3H), 0.00 (s, 3H). This was used
without further purification.

organic phase was separated, and the aqueous phase was re- Carbamic Acid (6Z,11E)-(1S,2R,3R,4S,8S,9S,105)-3,9-

extracted withtert-butyl methyl ether (7.5 L). The combined
organic layers were dried over Mggdiltered, and con-
centrated to give carbamalé (789 g, 100%) as a foam:
[a]?% +76.3 € = 1, CHCE); 'H NMR (CDCls) ¢ 6.58 (dtd,
J=17,10.6, 1.0 Hz, 1H), 6.36 (dd,= 11.6, 9.79 Hz, 1H),
6.01 (pseudo tJ = 11.4 Hz, 1H), 5.69 (ddJ = 11.6, 0.8
Hz, 1H), 5.37 (pseudo t] = 10.8 Hz, 1H), 5.20 (ddJ =
17, 1.8 Hz, 1H), 5.12 (dJ = 10.1 Hz, 1H), 4.87 (dJ =
10.3 Hz, 1H), 4.71 (pseudod,= 5.9 Hz, 1H), 4.51 (s, 2H,
NHy), 3.71-3.61 (m, 4H), 3.39 (pseudod,= 4.5 Hz, 1H),
3.33(dd,J = 7.2, 2.8 Hz, 1H), 2.97 (m, 1H), 2.27 (m, 1H),
1.99 (pseudo t) = 12.8 Hz, 1H), 1.9%1.74 (m, 2H), 1.54
(s, 3H), 1.00 (dJ = 7.2 Hz, 3H), 0.98 (dJ = 7.0 Hz, 3H),
0.91 (m, 21H), 0.86 (dJ = 7.0 Hz, 3H), 0.67 (dJ = 6.9
Hz, 3H), 0.07 (s, 3H), 0.06 (s, 6H), 0.05 (s, 3H). This was
used without further purification.
(2E,72,152)-(4S,55,65,10S,11R,12R,135,145)-5,11-Bis-
(tert-butyldimethylsilanyloxy)-13-carbamoyloxy-4,6,8,10,-
12,14-hexamethyloctadeca-2,7,15,17-tetraenoic Acid Meth-
yl Ester (19). Employing the same procedure for converting
14 to 15, thetrans-carbamatel9 can be obtained from the
correspondingrans-esterl8in a similar manner:*H NMR
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Bis-(tert-butyl-dimethylsilanyloxy)-13-hydroxy-2,4,6,8,10-
pentamethyl-1-(¢)-(S)-1-methylpenta-2,4-dienyl)-trideca-
6,11-dienyl Ester (20).Employing the same procedure for
converting 15 to 16, the transallyl alcohol 20 can be
obtained from the corresponditigans-ester19in a similar
manner *H NMR (CDCl;) 6 6.57 (dt,J = 16.9, 0.5 Hz,
1H), 6.00 (pseudo t] = 10.8 Hz, 1H), 5.65 (dJ = 7.4 Hz,
1H), 5.61 (d,J = 7.9 Hz, 1H), 5.52 (m, 1H), 5.34 (pseudo
t, J = 10.5 Hz, 1H), 5.19 (dJ = 10.5 Hz, 1H), 5.10 (dJ
= 10.1 Hz, 1H), 4.91 (dJ = 10.16 Hz, 1H), 4.69 (pseudo
t, J = 6.1 Hz, 1H), 4.55-4.45 (s, 2H, NH), 4.05 (m, 1H),
3.31 (m, 2H), 3.24 (m, 1H), 2.90 (m, 1H), 2.58.33 (m,
2H), 2.10 (pseudo t] = 12.5 Hz, 1H), 1.96-1.77 (m, 4H),
1.54 (s, 3H), 0.99 (d) = 7 Hz, 3H), 0.95-0.78 (m, 27H),
0.68 (d,J = 6.7 Hz, 3H), 0.04 (s, 3H), 0.00 (s, 9H).
Carbamic Acid (6Z,112)-(1S,2R,3R,4S,8S,9S,109)-3,9-
Bis-(tert-butyl-dimethylsilanyloxy)-2,4,6,8,10-pentamethyl-
1-((2)-(9)-1-methylpenta-2,4-dienyl)-13-oxo-trideca-6,11-
dienyl Ester (7). A solution of crude alcohdl6 (810 g, 1.22
mol) in dichloromethane (5 L) was charged with water (1.8
g). A mixture of iodobenzene diacetate (478 g, 1.5 mol) and
TEMPO (31 g) was added in five portions over a period of



30 min with vigorous stirring. The orange reaction mixture (m, 24H), 0.63 (dJ = 7.3 Hz, 3H), 0.04 (s, 3H), 0.03 (s,
was stirred for 60 min at 2&, and a 25% solution of sodium  6H), 0.00 (s, 3H); MS (N&) 714.4.

thiosulphate was added. The mixture was stirred for 15 min,  Alcohol 23: 'H NMR (CDCl) ¢ 9.75 (d,J = 7.9 Hz,
and the organic phase was separated. The aqueous phase wabl), 6.86 (pseudo tj = 10.9 Hz, 1H), 6.54 (dt) = 16.6,
re-extracted with dichloromethane (5 L). The combined 10.3 Hz, 1H), 5.98 (pseudod,= 10.9 Hz, 1H), 5.84 (dd)
organic phases were treated with solid sodium bicarbonate= 10.3, 8.0 Hz, 1H), 5.285.09 (m, 2H), 4.86 (m, 1H),
(400 g). The suspension was filtered, and the filtrate was 3.39-3.04 (m, 3H), 2.98 (m, 1H), 2.20 (m, 1H), 1.94.62
washed with water (2 L) and concentrated in a vacuum at (m, 7H), 1.04 (d,J = 6.9 Hz, 3H), 0.965 (dJ = 6.9 Hz,
20 °C to give 1.04 kg of a red oil. This was purified by 3H), 0.90-0.79 (m, 24H), 0.62 (d) = 7.3 Hz, 3H), 0.04
chromatography over silica gel eluting sequentially with 0.00 (m, 12H).

mixtures of hexane/ethyl acetate, 12/1, 10/1, 8/1, and finally =~ Carbamic Acid (6Z,11E)-(1S,2R,3R,4S,8S,9S,105)-3,9-
4/1. The product fractions were combined, and the solvent Bis-(tert-butyldimethylsilanyloxy)-2,4,6,8,10-pentamethyl-
was concentrated to give aldehyd€47 g, 80%) as a white  1-((2)-(S)-1-methylpenta-2,4-dienyl)-13-oxo-trideca-6,11-
foam: [0]*% +84.9 € = 1, CHCE); 'H NMR (CDCl) 6 dienyl Ester (21). Employing the same procedure for
9.78 (d,J = 8.1 Hz, 1H), 6.67 (pseudod,= 11.0 Hz, 1H), convertingl6to 7, trans-aldehyde?1 can be obtained from

6.54 (dtd,d = 17.0, 10.4 Hz, 0.95H, 1H), 5.94 (pseuddt,
= 10.7 Hz, 1H), 5.84 (ddj = 11.3 & 8.5 Hz, 1H), 5.32
(pseudo tJ = 10.7 Hz, 1H), 5.16 (ddJ = 17.0, 2.0 Hz,
1H), 5.08 (d,J = 10.4 Hz, 1H), 4.87 (dJ = 10.4 Hz, 1H),
4.67 (pseudo t) = 4.4 Hz, 1H), 4.56-4.41 (s, 2H, NH),

the correspondingrans-alcohol20in a similar manner:!H
NMR (CDCl) 6 9.42 (d,J = 7.6 Hz, 1H), 6.83 (ddJ =
16.3, 7.0 Hz, 1H), 6.57 (df] = 16.7, 10.8 Hz, 1H), 6.0%
5.89 (m, 2H), 5.31 (pseudo d,= 10.8 Hz, 1H), 5.16 (dJ
= 16.7 Hz, 1H), 5.08 (dJ = 10.1 Hz, 1H), 4.92 (dJ =

3.42-3.27 (m, 2H), 2.92 (m, 1H), 2.24 (m, 1H), 1.79 (m,
2H), 1.53 (s, 3H), 1.04 (dl = 6.9 Hz, 3H), 0.96 (dJ = 6.9
Hz, 3H), 0.90-0.78 (m, 24H), 0.63 (dJ = 7.3 Hz, 3H),
0.04 (s, 3H), 0.03 (s, 6H), 0.00 (s, 3H). The following
byproducts 22 and23) were also isolated by chromatogra-
phy.

Formyl carbamate 22: 'H NMR (de-DMSO) ¢ 10.91
(d,J=9.2 Hz, 1H), 9.78 (dJ = 8.1 Hz, 1H), 8.87 (dJ =
8.5 Hz, 1H), 6.676.56 (m, 2H), 6.05 (pseudo d,= 10.7
Hz, 1H), 5.83 (ddJ = 11.3, 8.5 Hz, 1H), 5.39 (pseudolX,
=10.7 Hz, 1H), 5.25 (d) = 17 Hz, 1H), 5.17 (dJ = 11.3
Hz, 1H), 5.00 (d,J = 10.4 Hz, 1H), 4.82 (pseudod,= 5.1
Hz, 1H), 3.55-3.20 (m, 4H [partially obscured by solvent]),
3.06 (m, 1H), 2.24 (m, 1H), 1.79 (m, 2H), 1.53 (s, 3H), 1.04
(d, J = 6.9 Hz, 3H), 0.96 (dJ = 6.9 Hz, 3H), 0.96-0.78

10.1 Hz, 1H), 4.66 (pseudo d,= 5.9 Hz, 1H), 4.554.38
(s, 2H, NH), 3.42-3.29 (m, 2H), 2.93 (m, 1H), 2.61 (m,
1H), 2.35 (m, 1H), 1.81 (m, 2H), 1.571.49 (m, 5H), 1.03
(d, J = 6.9 Hz, 3H), 0.94 (dJ = 6.9 Hz, 3H), 0.89-0.78
(m, 24H), 0.64 (dJ = 7.3 Hz, 3H), 0.04 (s, 3H), 0.00 (s,
9H).
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Abstract: key step was in analogy with the corresponding methyl ester
The finale of the large-scale preparation of 60 g of the highly of 2 that was used by Paterson and co-workdos the
complex marine natural product, (+)-discodermolide (1), using controlled introduction of the £hydroxyl-bearing stereo-

a hybridized Novartis—Smith—Paterson synthetic route is center in their recent discodermolide total synthesis. This
presented. This contribution, which is the concluding part of a complex aldol coupling requires the use of reagent-control
five-part series, highlights a reagent-controlled stereoselective  to reverse the intrinsic substrate selectivity, i.e. it is a
boron enolate aldol reaction between 2 and 3 forming the C7  mismatched reaction. Initial screening of these conditions
hydroxyl-bearing stereocenter, selective reduction of 4a to  [(+)-DIP-chloride, NE4, ether] for the aldol reaction of
generate the 1,3anti-diol 5, and a global deprotection and ketone2 with aldehyde3 were encouraging. However, on
concomitant lactonization leading to (+)-discodermolide (1). A large scale this reaction proved to be much more complex
novel procedure for converting the minor epimeric aldol adduct than we expected, and the solution presented here is by no
4b into discodermolide using a five-step sequence is also means optimal but sufficient to achieve our objective. The
described. This large-scale synthesis of discodermolide involved  details of the steps leading to the production -6)-@isco-

39 steps (26 steps in the longest linear sequence) and several dermolide are outlined in Scheme 1.

chromatographic purifications and delivered sufficient material

for early-stage human clinical trials. Results and Discussion
Aldol Coupling. Reaction of 6.6 equiv of the correspond-
Introduction ing boron enolate oR, prepared by treatment & with

After 36 chemical steps and a gallant effort by many (+)-B-chlorodiisopinocampheylborane (DIP-CI) and trieth-

dedicated scientists, we now describe the finale that resultedy/@mine in diethyl ether at €C, followed by aldol addition,

in the delivery of 60 g of 4)-discodermolide 1), attesting at—.78°C, with cysa,ﬂ—unsaturated aldehydded to alcohol

to the power of contemporary organic synthesis in making 4&in 55—60% yield after chromatography on reverse-phase
available sufficient quantities of a highly complex organic Silica gel, together with its epimetb in a ratio of ~4:1.
molecule, sourced from nature in submilligram quantities, ' "€ quality of commercial)-DIP-Cl was capricious.

for a thorough evaluation of its therapeutic potential. We used commercially available solig-DIP-Cl initially.
This reagent is difficult to obtain and to handle in large

quantity as it is hygroscopic and inherently unstable. On
storage it eliminates pinene, which reduces the quality of
the reagent. Obtaining a well-defined quality reagent on a
large scale from a commercial supplier was problematic.
Routine analytical methods are not really suitable for moni-
toring the quality of this boron reagent. On several occasions
) ) ) we did not obtain the desireth but thetrans-aldol 6 together
Ha_vmg descrlbe_d the sy_nth_eSIS _Of fragme_ntlss(hnd_ with its epimer7 in a 3:1 ratio together with isomerized
Cr-24n the preceding contributions in this series, the final aldehyde8. Also obtained were significant amounts of allyl

C_OUP"”Q of these two_fragments was foreseen as p_roceed'_ngalcoholg and itstransisomerl10resulting from the reduction
via a mismatched chiral boron enolate aldol reaction. This

(1) (a) Paterson, I.; Florence, G. J.; Gerlach, K.; Scott, Arigew. Chem.,
* Author for correspondence. E-mail: stuart_john.mickel@pharma.novartis. Int. Ed. 200Q 39, 377. (b) Cowden, C. J.; PatersonQrg. React 1997,
com. 51, 1.
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Scheme 1. Linkage of fragments 2 and 3 and the end game

Q =
ANA .
O Q (0] BCI
TBS
2
+ 2
50 - 55%

4aR = (S)-OH
4b R = (R)-OH

3 Me,N+(OAc),BH |  75%

HCI/MeOH

(+)-1

70%

of the aldehyd@ (see part 4 for NMR data). The mechanism This reagent problem was solved by utilizing a 70%
of this double bond isomerization is not clear. It occurs at solution of (+)-DIP-CI in hexane, which is, according to the
—78°C even before the aldol reaction and may be the con- manufacturer, indefinitely stable at room temperature. A
sequence of an addition/elimination process of chloride or solution is also more amenable to scale-up, eliminating the
triethylamine induced by boron coordination to the alde- problems associated with handling the solid reagent. When
hyde oxygen atom, but this is speculative. carried out on a 250-mg scale, the reagent immediately
brought about the formation of the correct proddatand

its epimerdb (4:1) in around 45% yield after chromatography
on reverse-phase silica gel. Also isolated from this chroma-
tography were small quantities of adid. This most probably
arises from peroxide oxidation & However, on scale-up

;Si/
7T 6 R = 7-(S)-OH L
7R = 7-(R)-OH P )%

(50 g of 3) the yield of the desired produda was reduced

to 23%. What actually happened was the reductio tf

9, and unfortunatel® was not recoverable from the complex
reaction mixture. We surmised that the probable cause was
incomplete enolization. Extending the time for enolate for-
mation to 24 h at 0C on a small scale provided a yield of
50% vyield of 4a together with significant amounts of the
Claisen condensation productR&R)-5-(tert-butyl-dimeth-
ylsilanyloxy)-4,6-dimethylcyclohexane-1,3-dion&2}.

X,

OTBDMS

1"

12
9 R = OH (cis olefin) On large scale, we were still unable to reproduce the result
10 R = OH (trans olefin) of the small-scale experiment although the reduction was
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no longer a problem. After investigating the fate of the
desired aldol intermediate throughout the entire process, we
determined the reason for the low yield was due to the
apparent instability of the aldol adduct (or its boron complex)
to the workup conditions. Prior to the peroxide treatment,
guenching of the reaction mixture with water followed by
phase separation and evaporation of the ether led to a
reduction in yield of around 15%. A further reduction of
15—20% of the yield occurred after the peroxide workup.
The reason for this instability is still unclear as we could
not isolate any byproducts containing any of the structural
features of the reactants. Some loss of product also occurred
when the reaction mixture was purified on normal-phase
silica gel.

All these problems were overcome by simply omitting
these workup steps. After washing with water, the mixture
was directly applied to a reverse-phase silica gel column,
and elution with acetonitrilégrt-butyl methyl ether/water
removed all the “reactive components”. The proddgtvas
obtained by further elution with acetonitriteft-butyl methyl
ether (1:1) followed by evaporation of the product-containing Figure 1.
fractions, extraction of the residue witkert-butyl methyl molide.
ether, and re-evaporation, in-585% yield in a reproducible
manner. The epimetb is easily isolated by further elution ~ Of the reaction mixture, play no further part in the reaction,
from the column and may be recycled(to)-1 as described ~ and decrease the overall yield bfif this occurs they may
below. We also examined other bases for enolate formation,be readily isolated from the reaction mixture and recycled.
e.g., diisopropylamine, 2,6-lutidine, as well as increa&ing Neutralization of the reaction mixture followed by extractive
or decreasing the excessesfNo positive effects were ~ workup afforded crudé. Chromatography on reverse-phase
noted, and we settled on the conditions described above. silica gel with an acetonitrile/water mixture delivergt)-1

Evans-Saksena reducti@mf 4a with tetramethylammo-  in 70% yield. The compound thus isolated was shown by
nium triacetoxyborohydride delivered the Ja8ti-diol 5 in HPLC to be a mixture of lactone and hydroxy acid
high stereoselectivity and reasonable yield after chromatog-(92:8). This equilibrium was readjusted completely to the
raphy. Contrary to the corresponding methyl ester used bylactone side by lowering the pH with hydrochloric acid.
Patersott where the product from the reduction was, on
some occasions, formed as a mixtureaoti-diol and the
corresponding lactone in a ratio of 85:15, no lactdrige
derived fromanti-diol 5 was observed. HO

Single-crystal X-ray structure of (+)-discoder-

O OH OH OH 0

Thus, on crystallization from acetonitrile/water (85:15)
at pH 4 the lactone was the only product isolated as sandy
' crystals in 95% yield. The polymorphic form (monohydrate)
OTBS 1 that was obtained by the above recrystallization method was
highly reproducible. Discodermolideis known to exist in
Final Step and Isolation. With the diol 5 in hand, the ~ several other polymorphic forms depending on the method
stage was set for the cleavage of silyl grduged lacton- of isolation. All spectroscopic data, the single-crystal X-ray
ization leading tdl. This cleavage reaction required carefully ~structure, and optical rotation are in full agreement with the
controlled reaction conditions. Hydrochloric acid must be data reported in the literaturéFigure 1).
added tdb in portions during a period of around 10 h. Careful ~ Recycling of Byproducts from the Desilylation Step.
washing of the reactor walls with portions of methanol was In the desilylation step there are several intermediates formed
necessary to keep3 and other partially desilylated inter- Which eventually convert to the final product. After the
mediates in solution, otherwise these intermediates oil outisolation of1 in pure form from the reverse-phase column,
the combined remaining fractions indicated the following %

(2) Evans, D. A.; Chapman, K. T.; Carreira, E. M. Am. Chem. Sod988 area composition by HPLC: 5.56% discodermolide, 5.68%
110, 3560. ; . . . 0 X

(3) Smith, A. B.; Beauchamp, T. J.; LaMarche, M. J.; Kaufman, M. D.; Qiu, 3-tert-butyldimethylsilyl discodermolide, 9.83% of a bis-
Y. P.; Arimoto, H.; Jones, D. R.; Kobayashi, . Am. Chem. So200Q silylated discodermolide, and 78.92% of 3,11,17-teg-

122, 8654 and references therein. . . . . . .
(4) Gunasekera, S. P.. Mickel, S. J.. Daeffler, R.; Niederer, D.; Wright, A. E.: butyldimethylsilyl discodermolid&3. Treatment of this mix-

Linley, P.; Pitts, T.J. Nat. Prod.Submitted November 2003. ture with 37% hydrochloric acid in acetonitrile/water (9/1)
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at 0°C, workup, and crystallization from acetonitrile/water
gave discodermolide of around 995% purity (by HPLC).
Analysis of the mother liquors from this crystallization re-

2. Stereocontrolled 1,8ynreduction of4b was accomplished
by utilizing modified NarasakaPrasad conditions Treat-
ment of 4b with dicyclohexylchloroboranetriethylamine

vealed the presence of other side products. Extensive chro-complex generated the corresponding boron aldolate that was

matography on silica gel with dichloromethane/methanol

then reduced in situ with LiBH3OMe, which, after an

mixtures enabled their isolation in pure state and character-oxidative workup, afforded the expected Eyxdiol 20 with

ization with the following proposed structur&6—18. Their
detailed isolation and spectral characteristics will be de-
scribed elsewhereThese compounds are also formed in
small amounts by treatment of discodermolide itself with
HCI/H-0.

OH

Y iy
OTBS
18

We also noticed the presence of a trac¢rafis-dienel9
under these desilylation conditions. As the NozaHiyama—
Peterson sequerfcef generating theis-diene is clean, the
formation oftrans-diene was attributed to subsequent acid-
catalyzed isomerization.

Conversion of the Epimeric Aldol Adduct 4b to
Discodermolide. The undesired aldol epiméib was con-
verted tol following the five-step process shown in Scheme

(5) Paterson, I.; Florence, G. J.; Gerlach, K.; Scott, J. P.; Sereinid, Am.
Chem. Soc2001, 123 9535.
(6) Paterson, I.; Schlapbach, S8ynlett1995 498.

>97% diastereoselectivity1,3-Syndiol 20 was then con-
verted to 7-epi-TBS-discodermolid2l in 98% vyield by
treatment with acetic acid in MeCN and water.

With 21in hand stereochemical correction of C7 was now
required. This would involve oxidation of the €EDH to
the corresponding ketone followed by substrate controlled
reduction to the known keto-lactori®.

A range of oxidants was investigated. Ded#artin
periodinane gave the best result (80% yield), while a Swern
oxidation was not as clean, and the recovery was very poor.
Pyridine/SQ complex in DMSO with an excess off&t gave
no reaction. Oxidation with TPAP, NMO, and 4-A molecular
sieves seemed at first very clean; however, only 50% of the
desired product was isolated. The stereocontrolled reduction
of 22 was then investigated. Gratifyingly, reduction with
K-Selectride in toluene proceeded cleanly in favor of the
desired {9-configuration in13 (85%, 97:3 drY. On scaling
up, the recovery ol3 decreased to around 6G0% yield.
Two factors were attributed to the significant loss in yield:
(1) the sensitivity of the substrate to the oxidative workup
employed and (2) chromatography on “normal phase” silica
gel. Finally, global deprotection as described earlier led to
(+)-1. This efficient five-step sequence recycles the C7
epimer 4b to the target drug substance with complete
stereocontrol; as a result, the byproduct proves to be highly
valuable rather than an inconvenience.

Conclusions

Over 60 g of +)-discodermolide (Figure 2) was prepared
in 39 steps and required 17 chromatographic purifications.
The entire process took some 20 months to complete, an
average of one step per fortnight. Surprisingly, the majority
of the steps were transferred to larger scale without any great
problems. We identified around seven problematic steps, of
which three occur early in the route. Clearly, improving the
yields of these problematic areas would be highly beneficial,
especially at the beginning of the synthesis, to reduce the
guantities of early intermediates. An improved route to the
common intermediate would be an advantageous, one
avoiding the difficult boron aldol (part 1), as reagent quality
was suboptimal. The end game is far from ideal; after such
a synthetic sequence the final few steps leading to the final
drug substance need to be kept “simple”. The arduous
chromatography of the final aldol coupling product (part 5)
is clearly not practical to move into production; fortunately,
the predicted low dosage levels should keep the yearly
manufacturing requirements to a minimum.

One major problem associated with a synthesis of this
length is the proper laboratory examination of the later
reactions in a sequence. Initially, there are no answers to

(7) Paterson, I.; Delgado, O.; Florence, G. J.; Lyothier, I.; Scott, J. P.; Sereinig,
N. Org. Lett 2003 5, 35.

Vol. 8, No. 1, 2004 / Organic Process Research & Development o 125



Figure 2. (+)-Discodermolide.
Scheme 2. Epimer 4bto 1

Cy,BCl, LiBH,OMe

4b

HOAc, MeCN/H20
98% (two steps)

K-Selectride

85%

HCI/MeOH
_— (+)1
70%
o 0
- 4 [
oTBS T8S
13

these supply problems; one just has to run the small-scaleNovartis, and its progress was avidly followed by the entire

reaction and hope that on transfer to larger scale the reactiordepartment who were all interested in the “disco”. The

proceeds as expected. We certainly stumbled over this exacsuccess of this project and its chemistry paves the way for
point during the final aldol coupling, and as a result the other, perhaps even more complex, natural products to be
project very nearly ended in failure, or at least the required prepared for early-phase clinical evaluations and sends a
amount of discodermolide would not have been able to be positive message to the both the isolation and synthetic aca-
delivered. On a positive note, this project was a first for demic community and possibly other pharmaceutical com-
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panies that: “your work need not just be of academic
interest” and it may be worth taking a few risks.

A total of over 43 chemists participated in the concept of
the synthesis, experimental design, and execution. Several
early steps were carried out in our pilot plant. The hybridized
Novartis—-Smith—Paterson synthetic route that resulted from
this exercise, and the preparation of 60 g of a structurally
complex molecule containing 13 stereogenic centers is a
crowning achievement to all those who participated in this
endeavor. The option of optimizing the present synthesis
further or replacing with a better one is a topic of our ongoing
studies, and we are confident of climbing this mountain as
the situation demands.

Experimental Section

Coupling of 2 with 3. (a) With Solid ¢)-DIP-CI. A
solution of ()-DIP-CI (0.99 g, of 95% purity, 0.94 g, 2.93
mmol) in diethyl ether (10 mL) was cooled te-@ °C, and
triethylamine (0.3 g, 2.93 mmol) was added. The resulting
suspension was stirred for 5 min af@, and a solution of
2 (0.96 g, 2.89 mmol) in diethyl ether (2 mL) was added
within 10 min. The enolate was allowed to form oh at
0°C, cooled to—78°C, and3 (1.28 g, 1.93 mmol) in diethyl
ether (2 mL) was added within 20 min. The mixture was
warmed slowly to—7 °C and stirred overnight. The reaction
was quenched with methanol (20 mL) and the solvent
evaporated to give an oil. This was redissolved in methylene
chloride, and 50 mL of pH 7 phosphate buffer was added.
The two-phase system was treated with hydrogen peroxide
solution (0.41 g of a 30% solution) and stirred for 10 min.
The organic layer was separated and washed with 20 mL o
a 50% solution of sodium thiosulfate followed by 50 mL of
water. The organic solution was dried over sodium sulphate
and filtered, and the solvent was removed to give 2.17 g of
an oil. This oil was purified by filtration over 40 g of reverse-
phase silica gel initially eluting with acetonitrile, then
acetonitriletert-butyl methyl ether (85/15), and finally with
acetonitrile/tert-butyl methyl ether (80/20) to give 0.44 g
(23% vyield) of6. Also isolated was an inseparable mixture
of 3, 8,9, and10.

Carbamic acid (6Z,11E)-(1S,2R,3R,4S,8S,9S,10S,13S,-
16R,17S,18R)-3,9,17-tris-{ert-butyldimethylsilanyloxy)-
13-hydroxy-18-(methoxymethylcarbamoyl)-2,4,6,8,10,16-
hexamethyl-1-(€)-(S)-1-methylpenta-2,4-dienyl)-15-oxo-
nonadeca-6,11-dienyl ester (6)!H NMR (CDCl) 6 6.57
(dt, J = 16.7 10.3 Hz, 1H), 6.01 (pseudod,= 10.6 Hz,
1H), 5.63 (dd,J = 15.7 7.7 Hz, 1H), 5.565.25 (m, 2H),
5.20 (d,J = 17.5 Hz, 1H), 5.10 (dJ = 10.6 Hz, 1H), 4.90
(d,J=11.0 Hz, 1H), 4.824.42 (m, 4H), 4.27 (dd) = 7.7
3.5 Hz, 1H), 3.68 (s, 3H), 3.37 (m, 1H), 3.26 (m, 1H), 313
2.88 (m, 5H), 2.842.25 (m, 6H), 2.09-1.47 (m, 10H), 1.10
(d, J = 6.8 Hz, 3H), 1.04 (dJ = 7.2 Hz, 3H), 0.99-0.80
(m, 39H), 0.68 (d,J = 6.5 Hz, 3H), 0.13 t6-0.03 (m, 18H).

Further elution provided small quantities ¢2Z,7Z,-
157)-(4S,5S,6S,105,11R,12R,13S,14S)-5,11-bis-(ert-butyl-
dimethylsilanyloxy)-13-carbamoyloxy-4,6,8,10,12,14-hex-
amethyloctadeca-2,7,15,17-tetraenoic acid (12H NMR
(CDClg) 6 12.5-12.0 (br s, exch BD, 1H), 6.61 (dtdJ =
16.6, 10.5 1.0 Hz, 1H), 6.44 (dd= 11.9 9.9 Hz, 1H), 6.12

f

(pseudo tJ = 10.9 Hz, 1H), 5,72 (dJ = 11.7 Hz, 1H),
5.33 (pseudo tJ = 10.3 Hz, 1H), 5.22 (ddJ = 16.8 2.0
Hz, 1H), 5.14 (dJ = 10.6 Hz, 1H), 4.33-4.20 (br s, 2H),
B.68-3.55 (m, 2H), 3.38 (ddJ = 7.4 2.8 Hz, 1H), 3.33
(dd,J = 7.6 3.5 Hz, 1H), 2.80 (m, 1H), 2.33 (m, 1H), 2.11
(pseudo tJ = 12.5 Hz, 1H), 1.89-1.65 (m, 3H), 1.56 (s,
3H), 1.00 (d,J = 7.3 Hz, 3H), 0.96 (dJ = 6.3 Hz, 3H),
0.93 (d,J = 7.1 Hz, 3H), 0.9%0.88 (m, 21H), 0.69 (d] =
6.7 Hz, 3H), 0.07 (s, 6H), 0.06 (s, 6H). (M Na) = 703,
(M* — H) = 679.

(b) With (+)-Dip-Cl 70% in Hexane (Aldol Reaction Final
Conditions) A solution of (+)-DIP-Cl in hexane (263 g, 70%
in hexane, 0.574 mol) was diluted with diethyl ether (453
g) and the resulting solution cooled te-8 °C. Triethylamine
(71.4 g, 0.71 mol) was added within 5 min. The addition
funnel was washed with diethyl ether (14.2 mL) and the
suspension stirred at® for 5 min. A solution of2 (234 g,
0.706 mol) in diethyl ether (305 mL) was added within 22
min, and the addition funnel was washed with diethyl ether
(122 mL). The resulting suspension was stirred 4CCfor
at least 10 h and cooled to an internal temperature &8
°C. A solution of3 (71 g, 0.107 mol) in diethyl ether (305
mL) was added within 30 min. The addition funnel was
washed with diethyl ether (122 mL) and the reaction mixture
stirred at—78 °C for 1 h. After this time the reaction mixture
was warmed to—65 °C over 15 min and stirred for 3 h.
Warming was then continued untit55 °C was reached
within 15 min and the mixture stirred at55 °C for 3.75 h.
After further warming to—45 °C over 15 min and stirring
for 105 min, the reaction mixture was warmed-t@0 °C
within 15 min and stirred for 55 min. Water (1530 g) was
added followed bytert-butyl methyl ether (305 mL). The
mixture was stirred for 5 min and the organic layer separated.
The aqueous layer was re-extracted wght-butyl methyl
ether (1220 mL), and the organic layers were combined (1525
mL total volume). This product solution was chromato-
graphed on reverse-phase silica gel (20 kg, LiChroprep
PR-18) eluting with 584 kg of a mixture of acetonitrtient-
butyl methyl ether/water (75/12.5/12.5) followed by 152 kg
of an acetonitrilgért-butyl methyl ether mixture (51.5/48.5).
The product-containing fractions were combined, and the
solvent was removed by distillation until a volume of around
35 L was obtainedert-Butyl methyl ether (23 L) was added,
the mixture was stirred for 10 min, and the organic phase
was separated. The lower phase was re-extractedteuith
butyl methyl ether (5 L), and the organic extracts were
combined. The solvent was removed in vacuo at a temper-
ature of 30°C. tert-Butyl methyl ether (1 L) was added, the
mixture was stirred for 10 min, and the organic phase was
separated. The lower phase was re-extracted witfbutyl
methyl ether (1 L), and the organic extracts were combined.
The solvent was removed in vacuo at a temperature of 30
°C to give 66.9 g, 62.8%, of the desirdd as a nonhygro-
scopic foam.H NMR (CDCl) ¢ 6.53 (dt,J = 16.8 10.1
Hz, 1H), 5.96 (pseudo t] = 10.7 Hz, 1H), 5.43 (pseudo t,
J = 10.7 Hz, 1H), 5.355.24 (m, 2H), 5.15 (dJ = 16.8
Hz, 1H), 5.06 (dJ = 10.1 Hz, 1H), 4.98 (dJ = 10.1 Hz,
1H), 4.72 (td,J = 8.0 2.1 Hz, 1H), 4.65 (pseudol~ 6.06
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Hz, 1H), 4.55-4.41 (br s, 2H), 4.25 (dd]) = 7.8 4.3 Hz,
1H), 3.66 (s, 3H), 3.35 (pseudod,= 3.35 Hz, 1H), 3.23
(pseudo tJ = 10.8 Hz, 1H), 3.03 (s, 3H), 2.93 (m, 2H),
2.76-2.62 (m, 3H), 2.40 (m, 1H), 1.941.75 (m, 2H), 1.65
1.48 (m, 5H), 1.21 (dJ) = 6.8 Hz, 3H), 1.15 (dJ = 7.3 Hz,
3H), 1.07 (d,J = 6.5 Hz, 3H), 1.04 (dJ = 6.7 Hz, 3H),
0.90-0.77 (m, 30H), 0.65 (d] = 6.8 Hz, 3H), 0.06 to-0.05
(m, 18H).

Further elution provided the 7-epi isoméb. 'H NMR
(CDCl3) 6 6.55 (dt,J = 16.6 10.1 Hz, 1H), 5.98 (pseudo
J = 10.5 Hz, 1H), 5.56-5.24 (m, 4H), 5.17 (dJ = 16.2
Hz, 1H), 5.07 (d,J = 9.1 Hz, 1H), 4.89 (dJ = 8.8 Hz,
1H), 4.82-4.57 (m, 4H), 4.25 (ddJ = 8.8 3.4 Hz, 1H),
3.70 (s, 3H), 3.35 (m, 1H), 3.24 (dd,= 7.8 2.7 Hz, 1H),
3.16 (s, 3H), 3.052.85 (m, 2H), 2.70 (m, 1H), 2.422.25
(m, 2H), 2.05 (pseudo ] = 11.8 Hz, 1H), 1.941.73 (m,
3H), 1.58 (s, 3H), 1.08 (d] = 6.8 Hz, 3H), 1.03 (d) = 7.3
Hz, 3H), 0.94 (d,J = 6.7 Hz, 3H), 0.96-0.80 (m, 39H),
0.65 (d,J = 6.8 Hz, 3H), 0.10 to—0.05 (m, 18H).

Carbamic Acid (6Z,117)-(1S,2R,3R,4S,8S,9S,10S,-
13S,155,16S,17S,18R)-3,9,17-Tris-(ert-butyldimethyl-si-
lanyloxy)-13,15-dihydroxy-18-(methoxymethylcarbamoyl)-
2,4,6,8,10,16-hexamethyl-1-Z)-(S)-1-methyl-penta-2,4-
dienyl)-nonadeca-6,11-dienyl Ester (5).A solution of
tetramethylammonium triacetoxy borohydride (385 g, 1.46
mol) in 410 g of tetrahydrofuran was treated with glacial
acetic acid (972 g). The mixture was stirred for-2ZD min
at room temperature and cooled t@®5 °C. A solution of
4a (103 g, 0.103 mol) in tetrahydrofuran (343 g) was added
within 30 min. The addition funnel was rinsed with 104 mL
of tetrahydrofuran and the reaction mixture stirred for 30
min at—25 °C. The mixture was warmed within 30 min to

—

6.8 Hz, 3H), 0.06 to-0.07 (m, 18H). §]p +37.8, c=1in
CHCl).

(+)-Discodermolide (1). (Note: discodermolide is a
cytotoxic agent, and appropriate measures must be taken to
ensure safe handling and nonexposure of personmel.a
solution of5 (77.5 g, 77.7 mmol) in methanol (22 kg) was
added every 15 min a 1.02-kg portioh®M hydrochloric
acid. This was repeated 16 times. Finally four portions of
2.03 kg d 3 M hydrochloric acid were added every 15 min.
The reactor walls were washed with 2.4 kg of methanol and
the reaction mixture stirred f8 h atroom temperature. A
further portion of hydrochloric acid (8.13 kg, 3 M) was
added, and stirring continued for a further 2 h. A solution
of saturated sodium bicarbonate (144 kg) was added slowly
(gas evolution) followed by 5.54 kg of a pH 7 phosphate
buffer solution. The methanol was removed by distillation
in vacuo at 30C until 33 L had been collected. (pH control
is necessary; the pH may rise above 7; if that is the case, it
may be adjusted by the addition of small portions of 3 M
hydrochloric acid until a value of 6.5 is obtained.) Ethyl
acetate (16.0 kg) an@rt-butyl methyl ether (20.7 kg) were
added, and the mixture was extracted. The organic phase
was separated and the aqueous phase re-extracted with the
ethyl acetate (16.0 kg) artdrt-butyl methyl ether (20.7 kg)
mixture. The organic phase was separated and combined with
the first extract. The combined extracts were dried over
magnesium sulphate and filtered, and the solid was washed
with tert-butyl methyl ether (13.2 kg). The solvent was
removed in vacuo at 38C to give 38 g, 82.4%, of crude
This material was redissolved in 2-propanol (8.81 kg), and
water (78.4 kg) was added. This solution was passed through
a filter onto a column containing 15 kg of ODS-RP-18

0 °C and stirred at that temperature for 18 h. The reaction reverse-phase silica gel and eluted with acetonitrile/water (25/

was guenched with a sodiunpotassium tartrate solution
(462 mL of a 50% solution), allowing the temperature to
rise to 20°C. Water (4.6 L) was added followed Hgrt-
butyl methyl ether (1.03 kg). The two-phase mixture was
vigorously stirred during the addition of sodium hydroxide
solution until a pH of 6.5-7.5 was reached (around 2.6 kg

75). The product-containing fractions were combined and
evaporated to around 66% of the original volume. The
remaining aqueous phase was extracted twice with ethyl
acetate (2 30 kg). The ethyl acetate was removed in vacuo
to give 28.0 g, 60.6% of+)-1 as a foam, which was

crystallized as described below. The filter was washed with

of a 30% solution required). The organic phase was separate®-propanol and the solvent removed to give an oil. This oil

and the aqueous phase re-extracted wgtitrbutyl methyl

mostly contained the fully protected discodermolidavhich

ether (1.03 kg). The organic phase was separated andwas hydrolyzed according to ref 4.

combined with the first extract. The combined organic phases

(+)-Discodermolide Monohydrate (1).The material (65

were washed sequentially with brine (1.66 kg) and saturatedg) obtained from several chromatographies, as described
sodium bicarbonate solution (1.47 kg). The organic phasesearlier, was redissolved in 8.73 kg of a mixture of acetoni-
were dried with sodium sulfate and filtered, and the solvent trile/water (85/15) at pH 4. The solution was concentrated

was removed to give the crude product as an oil (101.3 g).

This was purified by chromatography on silica gel eluting

in vacuo to a volume of 3.3 L. Water (1.27 kg) was added
and the resulting thin suspension concentrated in vacuo to a

with heptane/ethyl acetate mixtures to produce 76 g, 73.3%volume of 1.4 L. The resulting suspension was cooled to 0

of 5 as a nonhygroscopic foarfid NMR (CDCls) 6 6.52
(dt, J = 16.5 10.3 Hz, 1H), 5.95 (pseudod,= 11.1 Hz,
1H), 5.55-5.24 (m, 2H), 5.15 (dJ = 16.9 Hz, 1H), 5.05
(d,J=10.7 Hz, 1H), 4.91 (d) = 9.8 Hz, 1H), 4.64 (pseudo
t,J= 6.2 Hz, 1H), 4.614.49 (m, 3H), 4.10 (d) = 8.9 Hz,
1H), 3.91-3.82 (br s, 2H), 3.66 (s, 3H), 3.33 (m, 1H), 3.19
(pseudo tJ = 6.2 Hz, 1H), 3.13 (s, 3H), 3.673.00 (m,
1H), 2.91 (m, 1H), 2.59 (m, 1H), 2.34 (m, 1H), 2.03 (m,
1H), 1.89-1.45 (m, 7H), 0.950.75 (m, 45H), 0.63 (d] =
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°C and stirred for 2 h. The product was collected by filtration,
thoroughly washed with water, and dried in a vacuum at 35
°C for 16 h to give 61.7 g (95% yield) ofH)-discodermolide
monohydrateH NMR (CDsCN) 6 6.58 (dtd,J = 16.73,
10.5 0.89 Hz, 1H), 5.99 (pseudot= 11.1 Hz, 1H), 5.46
(pseudo tJ = 10.5 Hz, 1H), 5.385.25 (m, 2H), 5.17 (dd,
J=17.1 2.0 Hz, 1H), 5.164.92 (br m, 3H), 4.88 (dJ =
10.1 Hz, 1H), 4.63 (dd) = 7.99 3.85 Hz, 1H), 4.484.30

(m, 2H), 3.54 (pseudo g] = 5.18 Hz, 1H), 3.25 (dJ =



4.88 Hz, 1H), 3.16-2.94 (m, 3H), 2.74 (dJ = 5.33 Hz,
1H), 2.62 (d,J = 5.33 Hz, 1H), 3.57 (dJ = 6.8 Hz, 1H),
2.55-2.44 (m, 2H), 2.18 (m, 1H), 1.801.46 (m, 8H), 1.38
(ddd,J = 14.5, 10.7 2.2 Hz, 1H), 1.10 (d,= 7.3 Hz, 3H),
0.92 (d,J = 6.8 Hz, 3H), 0.90 (dJ = 7.0 Hz, 3H), 0.86 (d,
J=6.8 Hz, 3H), 0.80 (dJ = 5.8 Hz, 3H), 0.71 (dJ = 7.0
Hz, 3H). 3C NMR (CD:CN) 6 173.4, 157, 132.9, 132.5,

5.29 (m, 3H), 5.21 (dd) = 16.8, 1.5 Hz, 1H), 5.12 (d] =
10.1 Hz,1H), 4.99 (dJ = 10.1 Hz,1H), 4.73 (ddJ = 6.1,
6.1,), 4.58 (br s, 2H), 4.574.50 (m, 1H), 4.15 (ddJ = 9.7,

2.6 Hz, 1H), 4.00 (br s, 1H), 3.74 (s, 3H), 3.52 (s, 1H), 3.41
(dd,J = 4.8, 4.3 Hz, 1H), 3.32 (dd] = 6.9, 3.6 Hz, 1H),
3.30-3.05 (m, 5H), 2.99 (m, 1H), 2.692.59 (m, 1H), 2.49
2.39 (m, 1H), 2.11 (dd) = 12.5, 12.4 Hz, 1H), 1.961.82

132.4,131.9, 129.8, 127.2, 116.9, 78.5, 77.9, 76.1, 74.7, 71.9(m, 2H), 1.86-1.50 (m, 4H), 1.59 (s, 3H), 1.16 (3H, d=
62.0, 42.7, 40.9, 37.2, 35.7, 35.3, 35.0, 33.3, 32.9, 22.0, 18.4,6.9 Hz, Me): 0.99 (3H, d,J = 6.8 Hz, Meg), 0.96-0.89

16.9, 16.3, 14.5, 14.3, 11.8, 7.%1)p = +20.1 ¢ =1 in
MeOH).

Also isolated from the column was thieansdiene 19.

H NMR (ds-DMSO) 6 6.58 (dtd,J = 16.73, 10.5 0.89
Hz, 1H), 5.99 (pseudo ] = 11.1 Hz, 1H), 5.46 (pseudo t,
J =10.5 Hz, 1H), 5.385.25 (m, 2H), 5.17 (ddJ = 17.1
2.0 Hz, 1H), 5.16-4.92 (br m, 3H), 4.88 (d) = 10.1 Hz,
1H), 4.63 (dd,J = 7.99 3.85 Hz, 1H), 4.484.30 (m, 2H),
3.54 (pseudo gJ = 5.18 Hz, 1H), 3.25 (dJ = 4.88 Hz,
1H), 3.16-2.94 (m, 3H), 2.74 (dJ = 5.33 Hz, 1H), 2.62
(d,J =5.33 Hz, 1H), 3.57 (dJ = 6.8 Hz, 1H), 2.55-2.44
(m, 2H), 2.18 (m, 1H), 1.861.46 (m, 8H), 1.38 (ddd] =
14.5, 10.7 2.2 Hz, 1H), 1.10 (d,= 7.3 Hz, 3H), 0.92 (dJ
= 6.8 Hz, 3H), 0.90 (dJ = 7.0 Hz, 3H), 0.86 (dJ = 6.8
Hz, 3H), 0.80 (d,J = 5.8 Hz, 3H), 0.71 (dJ = 7.0 Hz,
3H).

Conversion of 4b to 1. (R,35,4S,55,7R,82,10S,11S,-
12S,137,16S,17R,18S,19S,20S,217)-3,11,17-Tris-tert-bu-
tyldimethylsilyloxy)-5,7-dihydroxy-19-carbamoyloxy-N,2,4,-
10,12,14,16,18,20-nonamethy-methoxy-tetracosa-
8,13,21,23-tetranamide (20)Aldol adduct4b (1 g, 1.004
mmol) was dissolved in THF (20 mL) and cooled to
—78 °C. cHexBCI/EtzN mixture, freshly prepared from
cHexBCI (2.07 mL, 10 mmol) and BN (1.32 mL, 18 mmol)
in THF (5 mL) at OC, (2 M solution, 3.01 mL, 6.02 mmol,

(m, 36H), 0.85 (dJ = 7.0 Hz, 3H), 0.130.04 (m, 18H);
13C NMR (CDCh): oc 177.8, 157.0, 133.7, 133.6, 132.5,
132.3,132.1, 130.9, 129.7, 117.8, 80.7, 78.6, 77.1, 74.2, 73.9,
68.2,61.7, 46.5,41.8, 38.4, 38.1, 37.4, 36.5, 36.2, 34.8, 34.5,
32.4,26.2 (2 signals), 26.0, 22.8, 18.5, 18.4, 18.3, 18.1, 17.8,
17.4, 16.5, 13.5, 12.4, 10.24,3.3,—3.4 (2C),—3.9, —4.2,
—4.4; HRMS (ES) calcd for GzH10AN200SisNa [M + NaJ*
1019.6947, found 1019.6993.
3,11,17-Tris-tert-butyldimethylsilyl)-7-epi-discoder-
molide (21). Diol 19 (1 g, 1.004 mmol) was dissolved in
acetonitrile (10 mL), water (10 mL), and acetic acid (10 mL).
The reaction mixture was stirred at 8G for 5 h and then
at room temperature for 20 h, before being quenched with
saturated aqueous sodium bicarbonate (50 mL). The aqueous
layer was extracted with ethyl acetate 650 mL). The
combined extracts were dried (sodium sulfate) and concen-
trated under reduced pressure. Purification by flash chro-
matograph on silica gel (hexane/ethyl acetate, 6:1) afforded
the title compound0 (920 mg, 98%).

R 0.45 (35% EtOAc/Hexane)o]p +20.0 ¢ = 0.33,
CHClg); IR (thin film) 3460, 2958, 2930, 2857, 1726, 1600,
1462, 1385 cm?; *H NMR (CDCly) 6y 6.60 (dddJ = 16.8,
10.7, 10.6 Hz, 1H), 6.03 (dd, = 11.0, 11.0 Hz, 1H), 5.59
(dd,J =10.7, 10.6 Hz, 1H), 5.425.28 (m, 2H), 5.22 (dJ
=16.7 Hz, 1H), 5.13 (dJ = 10.2 Hz, 1H), 5.04 (dJ = 9.7

6 equiv) was added, and the reaction mixture was stirred atHz, 1H), 4.72 (ddJ = 6.0, 5.8 Hz, 1H), 4.724.63 (m, 1H),

—78°C for 40 min. A freshly prepared [by adding at’C
MeOH (0.9 mL, 22 mmol) to a suspension of LiBK440
mg, 20 mmol) in THF (20 mL) and stirring at room
temperature for 1.5]hL M solution of LiBH;OMe (15.06
mL, 15.06 mmol, 15 equiv) was added slowly, and the
mixture was stirred at-78 °C for 1 h. It was allowed to
warm very slowly (up to—10 °C over 2 h) and was then
stirred at 0°C for 3 h. A pH 7 buffer (10 mL) was added
very slowly, followed by MeOH (5 mL) and 30% aqueous
H,0, (2 mL), dropwise, and the reaction mixture was stirred
at room temperature for 40 min. After dilution with water
(200 mL), the aqueous layer was extracted with dichlo-
romethane (4« 50 mL) and ethyl acetate (2 50 mL). The
combined organic extracts were dried ¢(§&y) and con-

4.56 (br s, 2H), 4.32 (dd] = 9.2, 8.5 Hz, 1H), 3.65 (br s,
1H), 3.41 (dd,J = 4.3, 4.1 Hz, 1H), 3.29 (dd] = 5.9, 3.8

Hz, 1H), 3.02-2.98 (m, 1H), 2.782.69 (m, 1H), 2.65

2.57 (m, 1H), 2.47-2.38 (m, 1H), 2.14 (dd) = 12.5, 12.5

Hz, 1H), 2.05-1.95 (m, 1H), 1.951.84 (m, 4H), 1.77

1.66 (m, 1H), 1.62 (s, 3H), 1.26 (d,= 7.1 Hz, 3H), 0.99

(d, J = 6.1 Hz, 3H), 0.98 (dJ = 6.1 Hz, 3H), 0.96-0.83

(m, 36H), 0.71 (dJ = 6.6 Hz, 3H), 0.16-0.04 (m, 18H):

13C NMR (CDCh) ¢ 173.6, 156.9, 135.7, 133.8, 132.5,
132.1, 131.4,131.0, 129.8, 117.9, 80.8, 79.2, 78.6, 76.1, 74.3,
64.9, 43.8, 40.7, 38.1, 36.7, 36.6, 36.4, 34.8, 34.5, 33.9, 26.3,
26.2,25.7,22.7,19.4,18.5, 18.4,17.9, 17.4 (2C), 16.2, 14.0,
13.3, 10.2,-3.3, —3.5 (2C),—3.7, —4.5, —4.8; m/z (ES")

958 (100, [M+ NaJ*); HRMS (ES") calcd for GiHg7Os-

centrated under vacuum. The cyclohexanol was removed byNSisNa [M + Na]" 958.6420, found 958.6449.

Kugelrohr distillation (50°C, 0.5 mmHg). Purification by

3,11,17-Tris-tert-butyldimethylsilyl)-7-oxo-discoder-

flash chromatography on silica gel (petroleum ether/ethyl molide (22). Compound21 (125 mg, 0.133 mmol) was

acetate, 4:1) then afforded the desisadiol 19 (1.01 g,
guantitative yield).

R: 0.25 (20% AcOEY/PE);d]p +30.4 €= 0.20, CHC});
IR (thin film) 3450, 2958, 2928, 1663, 1252, 1093, 1037,
834, 774 cm*; 'H NMR (CDCI3) 6y: 6.60 (ddd,J = 16.8,
10.9, 10.4 Hz, 1H), 6.03 (dd,= 11.0, 11.0 Hz,1H), 5.44

dissolved in dichloromethane (5 mL), and Des#artin
periodinane (113 mg, 0.266 mmol, 2 equiv) was added. The
reaction mixture was stirred at room temperature for 4 h.
Purification by flash chromatography on silica gel (petroleum
ether/ethyl acetate, 4:1) afforded the title compound (100
mg, 80%) as a white solid.
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R 0.21 (20% EtOAc/Hexane);o]p+77.8 € = 1.3, 1253, 1037, 836 cnt; *H NMR (CDCls) 6y 6.60 (ddd,J =
CHCl); IR (thin film) 3372, 2958, 2931, 2857, 1732, 1606, 17.1, 10.7, 10.2 Hz, 1H), 6.03 (dd= 11.0, 10.7 Hz, 1H),
1472, 1385 cmt; *H NMR (CDCl) 6y 6.60 (dddJ = 16.6, 5.51 (dd,J = 10.6, 10.2 Hz, 1H), 5.465.30 (m, 2H), 5.22
10.7, 10.6 Hz, 1H), 6.25 (dd} = 11.3, 9.8 Hz, 1H), 6.10 (d,J=16.6 Hz, 1H), 5.13 (dJ = 10.3 Hz, 1H), 5.01 (d br,

(d, J = 11.5 Hz, 1H), 6.03 (ddJ = 11.1, 11.0 Hz, 1H), J=9.8 Hz, 1H), 4.86-4.70 (m, 1H), 4.72 (dd) = 6.2, 5.6
5.39 (dd,J = 10.6, 10.5 Hz, 1H), 5.22 (d] = 16.2 Hz, Hz, 1H), 4.68-4.58 (m, 1H), 4.49 (s br, 2H), 3.70 (m, 1H),
1H), 5.14 (d,J = 10.2 Hz, 1H), 4.86 (dJ = 10.2 Hz, 1H), 3.50-3.45 (m, 1H), 3.27 (dd) = 5.0, 4.7 Hz, 1H), 3.05

4.77 (dddJ = 9.7, 5.0, 5.0 Hz, 1H), 4.74 (dd,= 6.2, 6.0 2.95 (m, 1H), 2.86-2.70 (m, 1H), 2.76-2.60 (m, 1H), 2.48

Hz, 1H), 4.61 (br s, 2H), 3.66 (dd, = 2.8, 2.8 Hz, 1H), 2.39 (m, 1H), 2.09 (dd) = 12.6, 11.9 Hz, 1H), 1.981.75
3.63-3.54 (m, 1H), 3.453.35 (m, 2H), 2.99 (ddg] = 10.0, (m, 5H), 1.68-1.50 (m, 5H), 1.26 (d) = 7.5 Hz, 3H), 1.03-

6.6, 6.0 Hz, 1H), 2.86 (dd] = 16.1, 5.4 Hz, 1H), 2.70 (dd,  0.80 (m, 39H), 0.71 (dJ = 6.5 Hz, 3H), 0.62 (tJ = 7.9
J=16.1,5.0 Hz, 1H), 2.63 (qd,= 7.4, 3.6 Hz, 1H), 2.38 Hz, 3H), 0.60 (t,J = 7.9 Hz, 3H), 0.11 (s, 3H), 0.08 (s,
2.27 (m, 1H), 2.26-2.08 (m, 1H), 2.08-2.00 (m, 1H), 1.96- 3H), 0.05 (s, 3H), 0.03 (s, 3H)*C NMR (CDCk) 6 C 173.9,
1.80 (m, 2H), 1.651.57 (m, 1H), 1.57 (s, 3H), 1.3601.20 156.9, 134.8, 133.6, 132.1, 132.0, 131.4, 131.2, 129.8, 118.0,
(m, 3H), 1.08-0.95 (3x d,J= 6.0, 6.6, 7.0 Hz, 9H), 0.95 80.6, 78.8,77.2,76.9,74.5,63.9,44.1,41.2, 37.9, 37.0, 36.3,
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18H); 13C NMR (CDCk) oc 196.8, 173.7, 157.0, 152.4, 17.1,16.3,13.8,13.7,10.1, 6.8, 4:93.1,—3.4,—3.5,—3.9;
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The Development of a Practical Total Synthesis of Discodermolide, a
Promising Microtubule-Stabilizing Anticancer Agent

Ian Paterson*/2l and Gordon J. Florence!?!

Dedicated to the memory of D. John Faulkner!*!

Keywords: Antitumor agents / Cytotoxic / Marine polyketides / Total synthesis / Tubulin

Marine organisms provide an important source of natural
product diversity with an associated range of significant bio-
logical activities. Discodermolide, isolated in microscopic
quantities from a deep-water sponge, shares the same micro-
tubule-stabilizing mechanism as Taxol and has a promising
antitumor profile. There is, however, a chronic supply prob-
lem hampering clinical development and so a practical total

synthesis of discodermolide is an important goal. This review
highlights the completed total syntheses of discodermolide,
focusing on the various methods and strategies employed for
achieving stereocontrol and realising the pivotal fragment
couplings.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

1. Introduction

The vast ecosystem in our oceans provides a practically
unlimited reservoir of structurally diverse secondary metab-
olites."?l The biological activity of these marine natural
products is often startling, demonstrating, for example, po-
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1 1942—-2002; pioneer in marine natural products chemistry

tent cytotoxic properties.>* The low natural abundance,
however, of many of these compounds, as isolated from
sponges, corals and other marine organisms, dictates that
alternative means of supply are usually required to further
investigate and exploit their biological activities. These fac-
tors, coupled with their often complex molecular architec-
tures and elaborate stereochemistry, offer compelling chal-
lenges for contemporary organic synthesis.>-*! Along with
other synthetic groups, we have sought innovative strategics
and methods to deliver these precious compounds and their
analogues for further biological studies and preclinical de-
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velopment. A notable example, and a primary focus of our
group’s research over the past decade, is discodermolide, a
promising microtubule-stabilizing anticancer agent of
sponge origin.[’~*

2. Isolation and Biological Activity of
Discodermolide

Discodermolide (1, Figure 1) is a unique polyketide that
was isolated by Gunasekera and co-workers at the Harbor
Branch Oceanographic Institution in 1990 from the Carib-
bean deep-sea sponge Discodermia dissoluta.'°~ 12 Initially,
the sponge was collected off the Bahamas by manned sub-
mersibles at a depth in excess of 33 m.l'!l These samples
were exhaustively extracted and purified to provide crystal-
line discodermolide, C33H55sNOg, in 0.002% w/w isolation
yield from the frozen sponge. Discodermolide’s structure,
as determined by extensive spectroscopic studies and single-
crystal X-ray crystallography, features 13 stereogenic
centres, a tetrasubstituted d-lactone, one di- and one trisub-
stituted (Z)-alkene, a carbamate moiety and a terminal (Z)-
diene. Discodermolide adopts a U-shaped conformation,
where the internal (Z)-alkenes act as conformational locks
by minimising 1,3-allylic strain between their respective
substituents and syn-pentane interactions along the back-
bone are avoided, while the d-lactone is held in a boat-like
conformation.

X-ray structure of discodermolide (1);
hydrogen atoms omitted for clarity

Figure 1. Structure and conformation of discodermolide (1)

Discodermolide was found initially to be a potent immu-
nosuppressive agent,l'>14 similar to FK-506 and rapamy-
cin, as well as displaying antifungal activity. Further bio-
logical screening revealed striking cytotoxicity in a variety
of human and murine cell lines (ICs, 3—80 nMm), causing cell
cycle arrest at the G2/M phase boundary and subsequent

2194 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

cell death by apoptosis.['>!¢ Discodermolide is a member
of an elite group of natural products (Figure 2) that act as
microtubule-stabilizing agents and mitotic spindle
poisons,’~ %171 which currently include Taxol® (paclitaxel)
(2),18 epothilones A (3) and B (4),[' sarcodictyin A (5),2"
eleutherobin (6)," laulimalide (7),*21 FR182877 (8),] pel-
oruside A (9),*4 and dictyostatin (10).*°! Despite showing
no apparent structural similarities, discodermolide stabil-
izes microtubules more potently than the clinically import-
ant anticancer drug Taxol® and competitively inhibits the
binding of radiolabelled Taxol to microtubules, suggesting
that it occupies the same or an overlapping binding site on
B-tubulin.[!5:26]

Notwithstanding the general resemblance in mechanism
of action to Taxol® and its analogues, such as Taxotere®
(11),*71 discodermolide has some unique activities. Notably,
the growth of Taxol-resistant ovarian and colon carcinoma
cells that overexpress P-glycoprotein are inhibited by disco-
dermolide at low-nanomolar concentrations.”8! Further-
more, unlike the epothilones and eleutherobin, discodermo-
lide cannot substitute for Taxol in a Taxol-resistant carci-
noma cell line that requires low concentrations of Taxol for
normal growth.[?”! Significantly, the presence of low con-
centrations of Taxol amplified the toxicity of discodermol-
ide by 20-fold against this cell line, a feature that was not
observed with the epothilones or eleutherobin. Hence, the
combination of discodermolide with Taxol and other an-
ticancer drugs may offer potential synergies. Moreover, in
hollow fiber and xenograft mouse models, discodermolide
demonstrates significant growth inhibition of human tu-
mors in vivo, including those that are Taxol-resistant."]

The highly encouraging biological profile of discodermo-
lide makes it a promising candidate for clinical development
as a chemotherapeutic agent for the treatment of breast
cancer and other drug-resistant solid tumors. This feature
has been recognised by Novartis Pharmaceuticals Corpor-
ation, who licensed discodermolide from the Harbor
Branch Oceanographic Institution in 1998 to develop it as
a new-generation anticancer drug.

3. Total Synthesis

While the early clinical development of Taxol (2) was sev-
erely hampered by its supply, this problem was eventually
resolved by semi-synthesis from 10-deacetylbaccatin III,
which is obtained by extracting the needles of the European
Yew tree.3!! In comparison, the epothilones, which are cur-
rently in clinical trials as anticancer agents, can be obtained
by fermentation.*? Unfortunately, this approach is not pos-
sible for discodermolide as yet, even though as a polyketide
it is likely to be produced by a symbiotic microorganism
associated with the sponge source. Therefore, the supply
problem for discodermolide is chronic and can be solved at
present only by total synthesis, rather than semi-synthesis
as with Taxol. Consequently, there has been considerable
synthetic effort directed towards discodermolide, culminat-
ing in several total syntheses!**~371 and numerous fragment

Www.eurjoc.org Eur. J. Org. Chem. 2003, 2193—2208
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R = Ph : Taxol® (2)
R = OfBu : Taxotere® 11)

peloruside A (9)

O OH O

laulimalide (7)

o]
R
| — N
N
OH
COyMe
R= H : epothilone A (3) sarcodictyin A (5)

R = Me : epothilone B (4)

HO,,

OH OH
dictyostatin (10)

Figure 2. Microtubule-stabilizing agents; the configurational assignments of peloruside A and dictyostatin have not been rigorously estab-

lished

syntheses.l*¥! This Microreview highlights the completed
syntheses of discodermolide by ourselves and the groups of
Schreiber, Smith, Myles and Marshall. In particular, we fo-
cus on the strategies employed to configure the multiple
stereogenic centres and (Z)-alkenes, and the pivotal frag-
ment coupling steps.

3.1 Schreiber Syntheses of Discodermolide!>>!

Schreiber and co-workers disclosed their total synthesis
of ent-discodermolide (ent-1) in 1993, which served to es-
tablish the absolute configuration.?3®! In 1996, they re-
ported the first synthesis of the natural antipode (+)-disco-
dermolide (1), essentially using the same route performed
in the correct enantiomeric series (Scheme 1), along with
several analogues designed to study their tubulin-binding
and microtubule-stabilizing properties.>33 Their synthetic
route to (+)-discodermolide involved two key fragment
couplings at C7—C8 and CI15-Cl16, based on a
Nozaki—Kishi addition®! and an enolate alkylation,
respectively. This approach relied on the use of three subun-
its 12 (C1—-C7), 13 (C8—C15) and 14 (C16—C24) that were
accessed from the homoallylic alcohols 15 and 16, where
the characteristic stereotriads were configured by two sep-
arate Roush asymmetric crotylation reactions®! performed
on the chiral aldehyde 17, derived from the Roche ester 18.

The C16—C24 segment 14 was synthesised in seven steps
from homoallylic alcohol 15 (Scheme 2), in which the ter-
minal (Z)-diene unit was introduced by a palladium-cata-
lysed Negishi coupling*'l of vinyl iodide 19 with vinylzinc
bromide to give 20. The C1—C7 aldehyde 12, as precursor

Eur. J. Org. Chem. 2003, 2193—2208 WWw.eurjoc.org

to the d-lactone, was prepared in eight steps from homoal-
lylic alcohol 15. The sequence included an intramolecular
Michael addition of a hemiacetal to the (FE)-enoate 21,
which proceeded with complete stereoselectivity at C5.[4%]
A further five-step sequence, performed on the acetal 22,
completed the synthesis of the thioacetal 12. The trisubsti-
tuted (Z)-alkene was introduced efficiently Dby
Still—Gennari HWE olefination [(Z)/(E) > 20:1], following
silyl protection and ozonolysis of 16. The resulting (Z)-eno-
ate 23 was then converted into iodoacetylene 13 in a further
five steps.

The Nozaki—Kishi coupling reaction of iodoacetylene 13
and aldehyde 12, in the presence of CrCl,/NiCl,, gave pro-
pargylic alcohol 24 with dr = 2:1 at C7 (Scheme 3).31 The
low level of stereocontrol in this addition represents a dis-
advantage of this disconnection. The minor, undesired ep-
imer can be recycled, however, by an oxidation/CBS re-
duction*3! protocol. Following elaboration, the resulting
bromide 25 was coupled to the methyl ketone 14 via the
lithium enolate. Further alkylation of the lithium (Z)-enol-
ate of 26 with methyl iodide gave 27, introducing the C16
stereocentre with dr = 3:1. Installation of the carbamate
was followed by the presumed chelation-controlled re-
duction of the ketone 28 to introduce the OH group at C17
with dr = 30:1. Global deprotection completed the syn-
thesis of discodermolide (1), with an overall yield of 4.3%
achieved over 24 steps in the longest linear sequence.

The Schreiber synthesis is particularly noteworthy in that
the absolute stereochemistry of discodermolide was as-
signed unambiguously, and through the preparation of nu-

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2195
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Scheme 1. Strategy for the total synthesis of discodermolide devel-
oped by Schreiber et al.

merous analogues the first structure—activity relationship
study was possible.?3] Perhaps most surprising was the dis-
covery that the unnatural antipode (ent-1) is also cytotoxic
and causes cell cycle arrest in the S-phase.[*4!

3.2 Smith Syntheses of Discodermolide!3*!

Smith and co-workers first achieved the total synthesis
of ent-discodermolide (ent-1) and subsequently developed a
second-generation approach to provide discodermolide it-
self.?4 Their strategy involved key fragment couplings at
C8—C9 and C14—C15 using a Wittig olefination and a Ne-
gishi*!l cross-coupling reaction, respectively (Scheme 4).
The modifications to their original route involved the ear-
lier introduction of the terminal (Z)-diene unit by a Yama-
moto olefination*?! and the replacement of thioacetal alde-
hyde 29 with d-lactone aldehyde 30 for the C1—C8 subunit.
The segments 31 (C9—C14) and 32 (C15—C21) were used
in both syntheses in the appropriate enantiomeric series. In

2196 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1. PMB protection (\E)m ozonolysis;
2. ozonolysis; NaHMDS, TBSO OH Ph3PC¥-ICé)2Me. 86%

PhaP*CHgl, 70% 15
= |
TBSO\W 22 ’ = OMe
17z = 5
OPMB TBSO OH (o]
19 21
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86%, 2 steps, Z: E=>20:1

0. OMe

T
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Scheme 2. Synthesis of the C1—-C7, C8—CI15 and C16—C24 seg-
ments of discodermolide according to Schreiber et al.

their second-generation route, all three segments were de-
rived from the common precursor 33, which incorporates
the repeating stereotriad sequence of discodermolide.

The common precursor 33 was configured using the syn-
aldol reaction of the a-chiral aldehyde 34, which is derived
in three steps from Roche ester 18, with the Evans propioni-
mide 35 (Scheme 5).14¢! The (Z)-alkenyl iodide at C14 was
introduced directly in moderate yield and variable selec-
tivity [(£)/(E) = 8:1—17:1] by the Zhao—Wittig olefination
protocol®”48 performed on aldehyde 36, following silyl
protection and DIBAL reduction of 33. The synthesis of
C15—C21 segment 32 utilised a second Evans-aldol reac-
tion to configure the syn relationship of C16—C17 to pro-
vide 37 and was completed in a further three steps. Pal-
ladium-catalysed cross-coupling of the zincate derived from
the vinyl iodide 31 with primary iodide 32 then gave the
C9—C21 segment 38.[41
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Scheme 4. Strategy for the total synthesis of discodermolide devel-
oped by Smith et al.

In the initial Smith synthesis of ent-discodermolide,34¢]
the C1—C8 thioacetal aldehyde 29 was prepared in 14 steps
from ent-33, exploiting the coupling of dithiane 39 with

Eur. J. Org. Chem. 2003, 2193—2208 WWw.eurjoc.org

epoxide 40, derived from (R)-glycidol, to complete the
carbon skeleton in 41 (Scheme 6).

The elaboration of the C9—C21 fragment ent-38 to phos-
phonium salt 42 proved troublesome and required the treat-
ment of intermediate iodide 43 with triphenylphosphane at
ultrahigh pressure (12.8 kbar = 12.6 X 10* atm) for 6 d
using a specialised reactor (Scheme 7).14%-*% Subsequent
(Z)-selective Wittig coupling of aldehyde 29 and phos-
phonium salt 42 gave the advanced C1—C21 intermediate
44. The terminal (Z)-diene unit was then introduced by a
three-step sequence utilising the Yamamoto olefination pro-
tocol to give 45.431 A further five-step sequence was re-
quired to complete the synthesis of ent-discodermolide (ent-
1), with 2.2% overall yield obtained over 28 steps (longest
linear sequence).

The Smith second-generation approach was designed
both to reduce the number of steps and to generate a gram
of the natural (+)-enantiomer of discodermolide (1), and
the common-precursor strategy was used to access the o-
lactone aldehyde 30 that now replaced 29 (Scheme 4). The
synthesis of the aldehyde 30 was achieved in eight steps
from the Weinreb amide 33 (Scheme 8). A remarkable non-
Felkin-selective addition of silyl enol ether 46 to aldehyde
47 gave ketone 48, after acid-catalysed 6-lactonisation, fol-
lowed by K-Selectride reduction at C7 to give alcohol 49
with dr = 9:1. The sequence was completed by TBS protec-
tion and ozonolysis to produce 30, corresponding to a total
of 13 steps in 21% yield. In comparison, ent-30 was syn-
thesised earlier by the Paterson group in 12 steps and 29%
yield when a similar Wittig strategy was employed.[384

The earlier installation of the terminal diene unit was ad-
dressed with the C9—C21 fragment 38 (Scheme 9). The di-
ene was installed in a five-step sequence to give the
C9—C24 intermediate 50, with a (Z)/(E) ratio of 8:1—12:1,

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2197
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Scheme 5. Synthesis of the C9—C21 segment of discodermolide
according to Smith et al.

again utilising the Yamamoto olefination.[*] The phos-
phonium salt 51 was prepared from 50 in a further two
steps, again requiring ultrahigh-pressure conditions. The
key Wittig coupling of phosphonium salt 51 and aldehyde
30 gave 52 with a (Z)/(E) ratio of 15:1—24:1. A further three
steps were required to complete this second-generation syn-
thesis of discodermolide, which proceeded in an improved
6% yield over 24 steps (longest linear sequence).

The Smith synthesis is notable in that it provided an im-
pressive 1.043 g of discodermolide, which was considerably
more than had ever been isolated from the sponge source,
and this synthesis proved to be timely to enable further bio-
logical and preclinical evaluation. Further scale-up of this
route, however, would pose significant technical challenges,
in particular because of the limited availability of ultrahigh-
pressure reactors for performing large-scale preparations of

2198 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 6. Synthesis of the C1—C8 segment of ent-discodermolide
according to Smith et al.

the phosphonium salt 51, as required for the late-stage frag-
ment coupling.

3.3 Myles Synthesis of ent-Discodermolide!35!

In the total synthesis of ent-discodermolide (ent-1) re-
ported by Myles and co-workers,*! the three segments 53
(C1-C7), 54 (C9—C15) and 55 (C16—C21) were employed,
as shown in Scheme 10, with key couplings performed at
C7—C8 based on a Nozaki—Kishi addition® and
C15—C16 relying on an ambitious enolate alkylation step.

The synthesis of the C9—C15 segment 54 exploited meth-
odology developed in the Danishefsky groupP!! to intro-
duce the trisubstituted (Z)-olefin (Scheme 11), where TiCl,-
mediated cyclocondensation of the chiral aldehyde 56 and
diene 57, gave the dihydropyrone 58.13°%]

Subsequent Luche reduction and Ferrier rearrangement
provided the lactol 59, which was then converted into the
iodide 54 in five further steps. The lithium-mediated aldol
reaction of pentan-3-one and the Roche ester derived alde-
hyde ent-34, followed by hydroxy protection, allowed access
to the C16—C21 segment 55.035¢

The C1—C7 aldehyde 53 was prepared in 10 steps from
homoallylic alcohol 60, where the C5-OH group was intro-
duced by a Brown asymmetric allylation on aldehyde 61.
The resulting alcohol 62 was then converted into 53 by a
five-step sequence.

The adventurous ethyl ketone alkylation strategy to form
the C15—C16 bond had also been explored by Schreiber!*3
and Heathcock.[*3®] Both of these groups, however, were
unable to obtain the C16 configuration of discodermolide
with useful selectivity using the ethyl ketone. In contrast,
Myles found that in the alkylation of 54 with the lithium
(Z)-enolate of 55, the MOM protection of the C19-OH
group and the judicious choice of lithium base and solvent
system were critical to provide the desired C9—C21 segment
63 with dr = 6:1 (Scheme 12).13%] Subsequent manipu-
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Scheme 8. Synthesis of the C1—C8 segment of discodermolide ac-
cording to Smith et al.

lations, including reduction at C17 (dr = 8:1), and a
Stork —Wittig olefination gave the C8—C21 vinyl iodide
64.1%1 Following PMB deprotection and oxidation, the ter-
minal diene unit was installed using the modified Roush
allylation reagent 65 with subsequent Peterson-type syn
elimination.[®3>¥ Introduction of the carbamate followed to
afford the vinyl iodide 66. In a manner similar to the Schre-
iber synthesis,[*¥ the Nozaki—Kishi coupling to form the
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C7—C8 bond through addition of iodide 64 to aldehyde 53
proceeded, at best, in moderate yield to give 67 with dr =
2:1 at C7. Global deprotection and concomitant d-lactonis-
ation of 67 gave ent-discodermolide (ent-1) in a synthesis
that proceeded in ca. 1.4% overall yield from iodide 54 (the
yields and full details of this synthesis are not available in
the literature).

3.4 Marshall Synthesis of Discodermolide!3°!

The synthetic plan adopted by Marshall and co-work-
ersi®l for (+)-discodermolide involved the three segments
68 (C1—-C7), 69 (C8—C13) and 70 (C15—C24), with key
coupling steps performed at C7—C8 by lithium acetylide
addition to an aldehyde and C14—CI15 using a novel Suzuki
cross-coupling reaction (Scheme 13).55

The stereopentad found in the C15—C24 segment 70 was
built using methodology developed within the Marshall
group,® involving the addition of chiral allenylstannane
71 to the Roche ester derived aldehyde 17 to give 72 with
dr > 20:1 (Scheme 14). Introduction of the C19 and C20
stereocentres utilised a sequence of reduction, Sharpless
epoxidation, and methyl cuprate opening of the resulting
epoxide to afford diol 73.136°]

Installation of the terminal diene unit was performed
using the Nozaki—Hiyama/Peterson protocol developed in
the Paterson group,*®1 and protecting group transform-
ations completed the synthesis of the iodide 70 in a further
eight steps.

The common stereotriad found in 68 (C1—C7) and 69
(C8—CI13) was accessed with dr = 9:1 by the addition of a
chiral allenylzinc species, prepared in situ from the treat-
ment of propargylic mesylate 74 with Et,Zn and catalytic
Pd°, to the a-chiral aldehyde 75. Protection of the resulting
alcohol 76 as the MOM ether gave the C8—CI13 segment
69. A further nine-step sequence performed on 76 provided
the C1—C7 segment 68, which involved Red-Al reduction,
Sharpless epoxidation, and hydride opening of the resulting
epoxide to introduce the C5-OH group.3¢°]
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Scheme 9. Total synthesis of discodermolide according to Smith et al.
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Scheme 10. Strategy for the total synthesis of ent-discodermolide
developed by Myles et al.

As shown in Scheme 15, the addition of the lithium ace-
tylide derivative of alkyne 69 to the aldehyde 68 proceeded
in high yield to give alcohol 77 as a 6:1 ratio of epimers at
C7 (where the minor epimer could be recycled by Mitsu-
nobu inversion). Following the Lindlar hydrogenation of
the alkyne moiety and protecting group manipulations, the
Zhao—Wittig protocol was employed on 78 to introduce
the (Z)-alkenyl iodide,*”! which was characterised by vari-
able yields and selectivity [(Z2)/(E) = 1.3:1—-9:1). The ef-
ficient Suzuki cross-coupling®y of vinyl iodide 79 and
C15—C24 boronate 80, derived from primary iodide 70, fa-
cilitated the assembly of the advanced C1—C24 intermedi-
ate 81. After a series of manipulations and deprotections,

2200 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 11. Synthesis of the C1-C7, C9—C15 and C16—C21 seg-
ments of discodermolide according to Myles et al.

the synthesis of discodermolide (1) was completed in 2.2%
overall yield achieved over 29 steps (longest linear se-
quence). The Marshall synthesis clearly demonstrated the
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Scheme 12. Total synthesis of ent-discodermolide according to Myles et al.
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Scheme 13. Strategy for the total synthesis of discodermolide devel-
oped by Marshall et al.

versatility of their chiral allenylmetal methodology for the
preparation of polypropionate arrays and the utility of the
Suzuki cross-coupling for complex fragments.
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Scheme 14. Synthesis of the C1-C7, C8§—C13 and C15—C24 seg-
ments of discodermolide according to Marshall et al.

3.5 Paterson Syntheses of Discodermolide!>”!
The synthesis of discodermolide and structural analogues
has been the subject of extensive effort within our grou-
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Scheme 15. Total synthesis of discodermolide according to Marshall et al.

p.B738al1381 The construction of the requisite polypropion-
ate arrays found in discodermolide was accomplished, at an
early stage 3841381 with relative ease using our aldol-based
methodology.’7 =9 Problems were encountered, however,
in the fragment-coupling steps and introducing the trisub-
stituted (Z)-olefin, such that a revised strategy was designed
to circumvent these difficulties. As shown in Scheme 16, this
approach was based on the application of two aldol reac-
tions to unite three subunits 82 (C1—C6), 83 (C9—C16) and
84 (C17—C24).37a=37c] The stereochemical motifs present
in each of these compounds were configured, utilising our
group’s methodology, by employing the ethyl ketones 85,
86 and 87 as chiral building blocks.P®8I5°T The full carbon
backbone was completed by an adventurous aldol coupling
reaction at C6—C7 between methyl ketone 82 and the ad-
vanced (Z)-enal 88. The latter compound was assembled by
a lithium-mediated aldol reaction at C16—C17 between aryl
ester 83 and aldehyde 84. This approach constituted a novel
construction of the carbon skeleton of (+)-discodermolide
by installing three stereogenic centres in two fragment-
coupling steps, while the trisubstituted (Z)-alkene was in-
stalled efficiently by a Claisen rearrangement using
Holmes methodology.[®"]

Our synthesis of the C1—C6 methyl ketone 82 started
with an anti-aldol reaction between the ethyl ketone 85, pre-
pared in three steps from Roche ester 18, and acetaldehyde
(Scheme 17).581 Enolization with ¢Hex,BCI/Et;N and ad-
dition of acetaldehyde to enolate 89 provided the intermedi-
ate aldolate, where an in situ reduction with LiBH, gave
diol 90 (dr > 30:1).1°] Subsequent protecting group ma-
nipulations provided 91 and the synthesis of 82 was com-
pleted through oxidation at C1 and C5, and subsequent
methyl ester formation.

Our synthesis of the C9—C16 aryl ester 83 began with
the anti-aldol reaction of ethyl ketone 86 with methacrolein
to provide 92 with dr > 30:1 (Scheme 17). An Evans anti

2202 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 16. Strategy for the first-generation synthesis of disco-
dermolide developed by Paterson et al.; Ar = 2,6-dimethylphenyl

reduction provided diol 93 (dr > 30:1),[°”] which then
underwent transacetalisation with 94 to give acetal 95. Fol-
lowing the Holmes protocol,[®® oxidation and thermal elim-
ination of the phenyl selenoxide gave the intermediate ke-
tene acetal 96, which in turn underwent Claisen [3,3] re-
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Scheme 17. Synthesis of the C1—C6 and C9—C16 segments of discodermolide according to Paterson et al.

arrangement to afford the lactone 97, leading to complete
selectivity for introduction of the trisubstituted (Z)-alkene.
A further three-step sequence was then required to com-
plete the ester 83.

As shown in Scheme 18, our synthesis of the C17—C24
aldehyde 84 began with the boron-mediated aldol reaction
of the lactate-derived ethyl ketone 87 with the a-chiral alde-
hyde 17 to give the anti adduct 98 exclusively.>® Subsequent
protecting group manipulations and oxidative cleavage gave
aldehyde 99. Following the protocol that we had developed
earlier, the terminal (Z)-diene moiety was introduced ef-
ficiently by sequential Nozaki—Hiyama allylation and Pet-
erson elimination reactions.’®7 Addition of the allylchro-
mium compound 100, generated from bromide 101, to alde-
hyde 99, provided the (Z)-diene 102 after syn elimination of
the intermediate adducts. Silyl deprotection and oxidation
completed the synthesis of 84.

As shown in Scheme 19, the lithium-mediated anti-aldol
reaction of the Heathcock-type aryl ester 83 with aldehyde
84 gave the expected adduct 103 with dr = 30:1 based on
Felkin—Anh stereoinduction.[®¥ Following ester reduction,
either in situ or after isolation of 103, a two-step deoxygen-
ation sequence was performed on 104, to introduce the
C16-CHj; group. TBS protection of the C17-OH group and
subsequent PMB deprotection gave diol 105. Following
selective primary oxidation with TEMPO,®¥ the C8—C9
(Z)-olefin was introduced efficiently by a Still—Gennari
HWE reaction to give 106 with (Z)/(E) > 30:1. Subsequent
carbamate installation at C19 and a reduction/oxidation se-
quence at the C7 terminus gave enal 88 in readiness for
the pivotal C6—C7 aldol coupling. This step proved to be
particularly challenging and required considerable effort to
secure the desired C7 configuratiom.[374737¢] Enolization of
82 with ¢Hex,BCI/Et;N provided the boron enolate 107,
which on addition to 88 gave the undesired (7R) adduct

Eur. J. Org. Chem. 2003, 2193—2208 WWw.eurjoc.org
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Scheme 18. Synthesis of the C17—C24 segment of discodermolide
according to Paterson et al.
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108 with dr = 7:1, arising from high levels of remote 1,4-
stereoinduction from the (Z)-enal with preferred attack on
the sterically less congested re face as indicated. Therefore,
to obtain the desired (7S) adduct 109, it was necessary to
employ a chiral boron reagent to overturn the n-facial bias
of aldehyde 88. Gratifyingly, enolisation of 82 with (+)-
Ipc,BCI/Et;N and addition of 107 to enal 88 gave the de-
sired aldol adduct 109 with dr = 5:1.1%] This result rep-
resents a rare example of the use of reagent control to re-
verse the intrinsic substrate selectivity successfully in a com-
plex aldol coupling of two chiral carbonyl components. An
Evans 1,3-anti reduction on 109 introduced the final stere-
ogenic centre at CS5 with dr > 30:1. Global deprotection
and 6-lactonisation then completed our synthesis of disco-
dermolide (1) in 10.3% yield over 23 steps (longest linear se-
quence).

This first-generation synthesis of discodermolide demon-
strated the novel application of complex aldol reactions in
key fragment unions and achieved essentially complete con-
trol over the double-bond geometry. The only step that pro-
ceeded with less-than-perfect stereocontrol was the final al-
dol coupling, but we have since developed an effective se-
quence to convert also the minor (7R) adduct 108 into dis-
codermolide. (¢!

Following our first-generation synthesis, a revised strat-
egy towards discodermolide was devised (Scheme 20) both
to eliminate the use of all chiral reagents and auxiliaries,
thus relying solely on substrate control, and to reduce the

LiTMP, LiBr
83 + 84

81%,>30:1dr

OTBS

oTBS

total number of steps.’7d! To achieve these specific goals, a
novel aldol coupling across C5—C6 was employed between
aldehyde 110 and methyl ketone 111, relying on long-range
asymmetric induction from the C10 y-stereocenter. The use
of a common building block 112, containing the repeating
anti-syn stereotriad found in the three subunits 110, 113 and
84, helped to reduce the total number of steps.

Our synthesis of the common building block 112 started
with the boron-mediated aldol reaction of ethyl ketone 86
with formaldehyde to give adduct 114 with dr = 20:1, con-
taining the required 1,3-anti-configured methyl groups
(Scheme 21).581 A hydroxy-directed reduction then gave
diol 112 with dr = 10:1, which was isolated conveniently in
stereochemically pure form by recrystallization. Notably,
the five-step synthesis of 112, starting from Roche ester 18,
can be performed on a large scale without recourse to chro-
matographic purification.

Our synthesis of the C1—CS5 subunit 110 from the com-
mon precursor 112 began with a selective TEMPO oxi-
dation of the C1—OH group to give 115. Further oxidation
to the carboxylic acid and conversion into the methyl ester
was followed by TBS protection. Deprotection of 116 at the
C5 terminus and oxidation completed the C1—CS5 aldehyde
110 in six steps. In parallel, the C9—C16 subunit 113 was
accessed in five steps utilising aldehyde 115. The trisubsti-
tuted (Z)-olefin was introduced by Still—Gennari HWE
olefination, as used in the Schreiber synthesis,*3 and TBS
protection of the C11-OH group then provided 117. Re-

LiAH, 88%  "MBO

—

one pot aldol/reduction,
62%, >30:1dr OTBS 104

1. ArSO,CI, Et3N, 95%

2. LiAH4, 97%
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1. TEMPO, PhI(OACk yo
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-
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Scheme 19. Completion of first-generation synthesis of discodermolide according to Paterson et al.; Ar = 2,4,6-trimethylphenyl
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Scheme 20. Strategy for the second-generation synthesis of disco-
dermolide developed by Paterson et al.; Ar = 4-methoxy-2,6-di-
methylphenyl

duction of the methyl ester and conversion into the iodide
118 was followed by alkylation with the lithium enolate of
the novel aryl ester 119, to complete the C9—C16 subunit
113. The revised synthesis of the C17—C24 subunit 84 from
the common precursor 112 began with a three-step se-
quence of protecting group manipulation to give 120. Oxi-
dation of the primary hydroxy group was followed by instal-
lation of the terminal (Z)-diene by our usual method!* to
provide the known intermediate 102, which was converted
into 84 as before.372

The lithium-mediated aldol coupling of 113 and 84 pro-
vided 121 with dr = 6:1,1°% which was then converted into
alcohol 105 (Scheme 22) by following our previously estab-
lished route.?72:37°1 Selective primary oxidation of 105 and
introduction of the (Z)-enone moiety under modified
Still—Gennari HWE conditions provided 111 with (Z)/
(E) = 12:1,17 following carbamate installation at C19. The
novel boron-mediated aldol reaction of methyl ketone 111
and aldehyde 110 exploited remote 1,6-asymmetric induc-
tion from CI10 as in the indicated transition state. Enolis-
ation of 111 with ¢Hex,BCI/Et;N and reaction with 110
gave the desired (55) adduct 122 with dr = 20:1. In con-
trast, the analogous lithium-mediated reaction gave the
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Scheme 21. Synthesis of the C1—-C5, C9—C16 and C17—C24 seg-
ments of discodermolide according to Paterson et al.

(5R) adduct exclusively, as expected from Felkin—Anh con-
trol. Acid-promoted &-lactonisation of 122 was followed by
K-Selectride reduction at C7,34 introducing the final
stereogenic centre with dr > 30:1. Global deprotection then
completed our second-generation synthesis of discodermol-
ide (1), which proceeded in 5.1% yield over a 24-step longest
linear sequence (35 total steps).

In comparison with our original route, this second-gener-
ation approach reduced substantially the total number of
steps required to complete discodermolide. The use of chi-
ral reagents and auxiliaries was eliminated, altogether
achieving a more cost-effective route. In contrast to the ear-
lier syntheses of discodermolide by the groups of Schreiber,
Smith, Myles and Marshall, which start out from the
ubiquitous Roche ester 18, our second route relies solely on
substrate control to configure all the remaining stereo-
centres.
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Scheme 22. Completion of second-generation synthesis of discodermolide according to Paterson et al.

4. Outlook

The different synthetic approaches developed to date
clearly demonstrate the feasibility of chemical synthesis
providing useful quantities of discodermolide, and this fea-
ture has enabled further biological and preclinical evalu-
ation of this potent microtubule-stabilizing antimitotic ag-
ent, as well as inspiring the development and application
of new methods for acyclic stereocontrol. It is evident that
lengthy total syntheses of such complex natural products
are no longer limited to delivering milligrams of product.[®8]
The prospect of realising the crossover of discodermolide
from laboratory to clinic as a new-generation anticancer ag-
ent will require a practical and scaleable synthesis that can
ultimately deliver kilogram quantities. Rising to this chal-
lenge, the Chemical Development Group of Novartis
Pharma AG in Basel has recently succeeded in synthesising
discodermolide on a sufficiently large scale for Phase I clini-
cal trials. Thanks to the power of modern organic synthesis,
the problem of discodermolide supply is certainly not insur-
mountable!

Abbreviations

Ac: acetyl; Ar: unspecified aryl group; 9-BBNOMe: 9-
borabicyclo[3.3.1]nonyl methoxide; Bn: benzyl; Bz: benzoyl;
DDQ: 2,3-dichloro-5,6-dicyano-1,4-benzoquinone;  DI-
BAL: diisobutylaluminium hydride; dppf: 1,1’-bis(diphenyl-
phophino)ferrocene; dr: diastereomeric ratio, HMPA: hexa-
methylphosphoramide; HWE:  Horner—Wadsworth—
Emmons; Ipc: isopinocampheyl; KHMDS: potassium bis-
(trimethylsilyl)amide; L: unspecified ligand; LiHMDS:
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lithium bis(trimethylsilyl)amide; LDA: lithium diisopro-
pylamide; MOM: methoxymethyl; Ms: methylsulfonyl;
NaHMDS: sodium bis(trimethylsilyl)amide; OTT: trifluoro-
methanesulfonate; PMB: p-methoxybenzyl; PMP: p-meth-
oxyphenyl; PPTS: pyridinium p-toluenesulfonate; Piv:
pivaloyl; pyr: pyridine; TBS: fert-butyldimethylsilyl; TES:
triethylsilyl; TFA: trifluoroacetic acid; TIPS: triisopropyl-
silyl, TMEDA: N,N,N’,N’-tetramethylethylenediamine;
TMS: trimethylsilyl;, TMP: 2,2,6,6-tetramethylpiperidine;
TPAP: tetrapropylammonium perruthenate; TsOH: p-tolu-
enesulfonic acid.
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