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The thesis commences with a brief account of the biological action of
rapamycin (1.1.1) followed by a comprehensive review of the chemistry and
synthetic work published on rapamycin (1.1.1) to date. An outline of our
groups approach to the total synthesis of rapamycin is followed by a detailed
account of our synthesis of the C10-C18 lactone fragment (2.2.1) and the C21-
C26 vinyl iodide fragment (2.2.2). The syntheses of both fragments were
achieved from a common starting material using the same key
diastereoselective cyclisation reaction reported by Suzuki.

Palladium catalysed cross-coupling reactions of the vinyl iodide (2.2.1)
with (E)-1,2-di(tributylstannyl)ethene gave a modest yield of the C10-C20
dienyl stannane (5.8.1). However coupling reactions of vinyl iodide (2.2.2)
with the dienyl stannane (5.8.1) failed to yield any desirable products.
Exchange of the C26 dithio acetal protecting group for a dimethoxy acetal to
yielded the vinyl iodide (5.15.1). The subsequent palladium catalysed cross
coupling reaction with vinyl iodide (2.2.1) may have yielded the desired
Southern fragment of rapamycin (5.16.1) but with only THNMR and UV data
obtained the result is inconclusive.
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CHAPTER 1: BACKGROUND.
1.1 The biological action of rapamycin (1.1.1).

Rapamycin (1.1.1) is a fungal metabolite isolated from a strain of S.
Hygroscopicus found in a soil sample from Easter island in 19751 . The
structural determination was carried out by Findlay2.3 using a combination of
2D NMR spectroscopy and X-ray crystallography. The numbering system used
for rapamycin (1.1.1) in scheme 1.1 will be used throughout this thesis.

The immunosuppressant activity of rapamycin (1.1.1) and FK-506
(1.1.2), and the implications for the treatment of organ rejection and auto
immune diseases has led to considerable biological and synthetic interest.
Scheme 1.1

Rapamycin (1.1.1) FK-506 (1.1.2)
Both rapamycin (1.1.1) and FK-506 (1.1.2) bind strongly to the enzyme
FK binding protein (FKBP) via C1-C11 and the cyclohexyl portions of the
molecules4,5. FKBP catalyses the interconversion of the cis and trans
rotamers of a peptidyl prolyl amide bond. Rapamycin (1.1.1) and FK-506 (1.1.2)
bind strongly to FKBP and inhibit it's rotamase activity. It is postulated that
Scheme 1.2

twisted
leucyl-prolyl bond

Rapamycin R=H
FK-506 R = OMe |

@) @)

(structurally similar areas are circled)



the binding domain of rapamycin (1.1.1) and FK-506 (1.1.2) mimic the
transition state structure of the twisted leucyl prolyl amide bond6 (scheme
1.2). Tt is the FKBP-FK-506 or the FKBP-rapamycin complex that exerts the
immunosuppressant effect by inhibiting specific signal transduction pathways
that lead to T. lymphocyte activation. Interestingly the FKBP-FK-506 and the
FKBP-rapamycin complexes inhibit different signal transduction pathways7-9.
T. lymphocyte activation is triggered by stimulation of the T. cell
receptor on the cell surface by a foreign antigen. The T. cell receptor (TCR)
signal transmission pathway is thus activated and the signal is transduced
through the cell cytoplasm to the nucleus by an unknown mechanism. The
TCR signal stimulates the extracellular secretion of the lymphokine
interleukin 2 (IL-2) and also the expression of IL2 receptors (IL-2R) on the cell
surface. When IL-2 binds to the IL-2R, the lymphokine receptor (LKR) signal
transmission pathway is stimulated. The signal is again transduced through
the cytoplasm to the cell nucleus and leads to cell differentiation and
proliferation (scheme 1.3).
Scheme 1.3

IL-2R

TCR

L t
T. lymphocyte l L2

‘ LKR
signal
@ TCR

The first TCR pathway is calcium dependent i.e.there is an intracellular
rise in the concentration of Ca2+ on binding of the foreign antigen to the TCR.
It is thought that the FKBP-FK-506 complex inhibits the first TCR signal
pathway by binding to the calmodulin dependent enzyme calcineurin (CN).
CN is a heterodimeric protein composed of two subunits, calcineurin A

Rapamycin
celi differentiation P

and cell proliferation
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CN is a heterodimeric protein composed of two subunits, calcineurin A
(CNA) a phosphatase, and calcineurin B (CNB) a Ca?+ binding protein. The
phosphatase activity of CN is potently inhibited by binding to FKBP-FK-506
complex. The location of the 'nuclear transcription factors' in the cell is
thought to be dependent on their phosphorylation state, hence the
transcription of IL-2 is prevented by inhibition of the phosphatase activity of
CN.

Rapamycin inhibits a second step that is Ca2* independent. The
mechanism of inhibition is thought to be similar to that of FK-506, in that the
FKBP-rapamycin complex inhibits the action of another enzyme or protein,
however the target enzyme has yet to be identified.



1.2 The chemistry of rapamycin (1.1.1).

Goulet, in an attempt to obtain fragments for the synthesis of FK-506
(1.1.2) and rapamycin (1.1.1) congeners, degraded rapamycin (1.1.1)10 in the
manner shown in scheme 1.4. Exhaustive ozonolysis removed the triene
system and yielded the keto enol (1.4.1) and the ozonide (1.4.2) as a single
diastereoisomer of unknown configuration. The C30-C42 fragment was then
removed by a DBU elimination reaction. Unfortunately the stereochemistry
at C34 is destroyed during the course of the reaction to yield diene (1.4.4) and
tricarbonyl region (1.4.3). However Goulet also reports10 a two step method to
re-introduce the chirality at C34 of fragment (1.4.4).
Scheme 1.4

TBSO,,

MeO

Rapamycin A_B>

(1.1.1)

7/
26 ’0
MeO e

22 l""l
OHC' (1.4.2)

D REAGENTS AND YIELDS
A- TBSOTI, 2,6-utidine
B- i)Og DCM, MeOH i) DMS
L N\ AOBN C 69% PhsPCHCO,Me, DCM

D 85% i) DBU, THF, 0°C ii)PhCHN,, Et,0

(1.4.3) (1.4.4)

Caufield examined the base catalysed degradation of rapamycinll. At
room temperature with an excess of aqueous methanolic sodium hydroxide,
rapamycin (1.1.1) undergoes a p-elimination at C34 and a retro aldol reaction
at C28 (scheme 1.5). The reaction may be a concerted intramolecular process.



Scheme 1.5

N MeO

Rapamycin
(1.1.1) —

reaarangement

1) benzilic acid
l 2) decarboxylation o

1. 0O

Me

REAGENTS AND_YIELDS
A excess NaOH, H,0, MeOH

O l air
oxidation,
acid, closure OMe

Under even milder conditions, using only one equivalent of sodium
hydroxide or amines as the source of base, the f-elimination reaction is
observed to yield the open chain acid salt (1.6.1) (scheme 1.6). On treatment
with strong aqueous acid or dehydrating agent, (1.6.1) loses water and
undergoes a spirolactonisation reaction to yield the seven-membered lactone
(1.6.2).



Scheme 1.6

MeO

Rapamycin p
(1.1.1) — O

REAGENTS AND YIELDS

A NaOH, MeOH, 1eq, 1, or
DMAP, DCM, reflux, or
Et,NH, MeOH, nt

B HCI, DCM, or
N,N-dimethylaminopropylethylcarbodiimide

Luengo investigated the action of Lewis acids on rapamyecin (1.1.1)12
(scheme 1.7) and discovered the B-elimination reaction was heavily solvent
dependent. When rapamycin (1.1.1) was treated with zinc (II) chloride in
methanol, a benzilic acid type rearrangement occurred to yield (1.7.1) as a
mixture of diastereoisomers at C9. On prolonged exposure to the conditions
above, a retro-aldol reaction between C27 and C28 occurred to yield aldehyde
(1.7.2). The retro-aldol reaction could also be effected without the
accompanying benzilic acid rearrangement by the employment of zinc (II)



chloride in THF to yield aldehyde (1.7.3). Luengo also reports12 that treatment
of aldehyde (1.7.3) with DBU in THF gives the B-elimination product (1.5.2)

reported by Caufieldll.
Scheme 1.7
HO,,,
MeO z
Rapamycin A =
(t.1.1) —

REAGENTS AND YIELDS
A 78% ZnCly, MeOH, rt
B 65% ZnCly, THF, 1t

MeO

Rapamycin g

(1.1.1) —



In a separate paper Luengo also reports!3 an efficient method (82%) of
removing the pipecolinate moiety from rapamycin (1.1.1) using
tetrabutylammonium cyanide (scheme 1.8), a method which avoids the [3-
elimination reaction at C34. Luengo reports that the C27-C28 retro aldol
reaction can also be performed on adduct (1.8.1) to give access to synthetically
useful fragments.

Scheme 1.8

MeO
Rapamycin p

(1.1.1) —™

REAGENTS AND YIELDS
A 82% n-BuyNCN, THF, H;0, -5°C

In conclusion we have seen that rapamycin (1.1.1) is prone to base-
catalysed hydrolysis and elimination at the C34 position and retro-aldol
reaction at the C27-C28 bond to generate fragments that are useful for both
biological and synthetic investigations. A benzilic acid type rearrangement of
the tricarbonyl region occurs under aqueous basic and aqueous Lewis acid
conditions, creating gem hydroxy acids or esters at C9. Under ozonolysis
conditions the binding domain of rapamycin (1.1.1) can be efficiently

removed.
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1.3 The total syntheses of rapamycin (1.1.1).

Nicolaou's synthesis.

Nicolaou's synthesis of rapamycinl4-16 involves the synthesis of two
large fragments, the C8-C18 (1.9.9) and C21-C42 (1.13.6). The fragments are
coupled at the N7-C8 amide bond and the macrocyclisation is effected by the

palladium-catalysed introduction of C19 and C20 using a Stille-type coupling

of the acyclic precursor with E-1,2-di(tributylstannyl)ethene.
Scheme 1.9

TMS._ _~

- = - %, = = O
z : : ‘0 <2 : F
MeOTIPSO .« MeO MeO O
(1.9.6) t (1.9.5) (1.9.4)
OPMB
lK L
I M I % :Ph
- - - - PMBO /—\
MeOTIPSO o MeOTIPSO .« N_ O
(1.9.7) (1.9.8) g
o HO O 0
lN,O P
GENTS AND YIELDS 118
A 70% DCC, NHMe(OMe)-HCI, EtsN, DCM, 1t - Y
B 70% (1.9.10), t-BuLi, Et,0, -78°C 9 2
C 86% Lil, LAH, Et,O, -100°C MeO TIPS o
D 94% NaH, Mel, DMF,
E 93% CSA, MeOH, it 0
F -  EtN,MsCl, DCM, 0°C
G 64% KCOq, MeOH, 1t TMS\/kl oH
H 88% (1.9.11), t- BuLi, 2-thienylCuCNLi, Et,0, -100-0°C | (1.9.10)
| 98% TIPSOTH, 2,6-lutidine, DCM, 0°C
J 97% NIS, THF, it
K 94% DDQ,DCM,H,0, it '\/l\/OPMB
L 98% (COCI), DMSO, Et3N, DCM, -78-0°C (1.9.11)
M 88% Bu,BOT, (1.9.12), Et3N, toluene, DCM, -50-0°C .
N 86% i) LIOH, HyOp, THF, H,0, 0°C ii) CHoN,, Et,0, 0°C
O 80% i) Ac,O, DMAP, pyridine, rt ii) DDQ, DCM, H,0, it | PMBO
P 95% LiOH, THF, H,O, MeOH, 0°C

N/_\O
(191)Kn/ Y
O

0
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The synthesis of the C8-C18 fragment (1.9.9) is outlined in scheme (1.9).
Acid (1.9.1) was synthesised by a literature procedure from L-ascorbic acid.
Conversion to the Weinreb amide (1.9.2), followed by coupling to a
vinyllithium species (generated in situ from vinyl iodide (1.9.10)) generated
adduct (1.9.3). A highly diastereoselective chelation-controlled reduction of
ketone (1.9.3) was then achieved by the method of Mori and Suzuki thus
introducing the stereochemistry of the methoxy group at C16. Elaboration of
protected diol (1.9.4), via acetal hydrolysis, mesylation, and base induced
epoxidation, to epoxide (1.9.5) was achieved in 64% for three steps. Epoxide
(1.9.5) was then treated with a cuprate (derived in situ from vinyl iodide
(1.9.11)), yielding the PMB ether (1.9.6). A sequence of protection, deprotection
and oxidation steps gave aldehyde (1.9.7). A diastereoselective aldol reaction
using Evans chiral boron enolate was then employed to attach the C8-C9
carbons. Subsequent oxidative hydrolysis and manipulation of protecting
groups yielded the desired acid (1.9.9).

Scheme 1.10
o] (0] OH OTBDPS

A
/\/\/U\N/lko /\:/\:/l\l)
(1.10.1) > < H R OMe
Ph o)

o)
RE IELDS m /U\(1-1073)
A 85% Bu,BOTI, EzN, (1.10.7), DCM, -78°C-rt N o
B 98% LiBH,, H,0, Et,0, 0°C EF
C 90% TsCl, pyridine, 0°C —— R=
D 92% LiEtsBH, THF, 0°C-rt BD Ph
E 93% TBAF, THF, 0°C-nt
F 95% (1.10.8), CSA, DCM, rt L= R=Me, (1.10.4) ,
G 98% DIBALH, DCM, -78°C-tt
H 96% (COCI),, DMSO, EtzN, DCM, -78-0°C PMP
PMBO (@] O @]
22 |
= 28 G,H 4
- - [ SR - -
10.6) = z 1.10.5) % z
(1.10.6) £ z OMe ( )2 : OMe
0 OTBDPS OMe
MeO
H/”\I) C iom
(110.7) OMe (1.10.8) €

The C21-C42 (1.13.6) fragment was synthesised from four components,
the synthesis of the C21-C28 fragment (1.10.6) is shown in scheme 1.10. The
oxazolidinone (1.10.1) was synthesised in four trivial steps from (+)-B-
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citronellene. Evans' diastereoselective aldol reaction with aldehyde (1.10.6)
yielded adduct (1.10.2). Removal of the chiral auxilliary was achieved in three
steps by reduction to the alcohol, tosylation and subsequent displacement of
the tosylate with hydride, giving alcohol (1.10.3) in 81% yield. Manipulation
of the hydroxy protecting groups followed by Swern oxidation gave the
desired aldehyde (1.10.5).

Scheme 1.11

@) OTBS PMBO OTBS PMBO OTBS
/”\) ak /\/'\/l = \/l\)
— - ————
=

(1.11.1) ‘ (1.11.2) (1.11.3)

A 70% E-but-2-ene, KOt-Bu, BulLi, (+)-lpc,BOMe,
BF4+E1,0, THF, -78°C-1t

B 90% PMBBr, NaHMDS, THF, DMF, 0°C

C 80% i) O, MeOH, pyridine, DCM ii) DMS, -78-0°C PMBO  OTBS

D 90% CBrg, Zn, PPhg, DCM, rt |29 a4

E 98% i) BuLi, THF ii) Mel, -78-0°C =

F 85% i) Cp,ZrHC!, DCM iy, 0°C

REAGENTS AND YIELDS lF

(1.11.4)

The synthesis of the C29-C34 (1.11.4) fragment is shown in scheme 1.11.
Ketone (1.11.1) was obtained from but-3-ene-1-ol in two steps. The chirality at
C31 and C32 was introduced using Brown's asymmetric crotylboration to
yield, after protection, the alkene (1.11.2). Elaboration of the alkene
functionality to the methyl acetylene (1.11.3) was achieved using standard
conditions. Hydrozirconation and subsequent quench with iodine gave the
E-vinyl iodide (1.11.4).

Synthesis of the C35-C42 (1.12.9) fragment (scheme 1.12), proceeds via
ketone (1.12.3) which is generated from epoxy ether (1.12.1) in 4 steps.
Conversion to the alcohol (1.12.5) was achieved by using palladium acetate
oxidation of the TMS enol ether, followed by cerium-mediated borohydride
reduction of the enone (1.12.4). Eschenmoser-Claisen rearrangement to give
amide (1.12.6) followed by functional group manipulation and olefination
furnished fragment (1.12.9).



Scheme 1.12
O"’io A, B U
(:)Bn

(1.12.1)

(1.12.7) lJ'L

: “OTBS

(1.12.8)

REAGENTS A LD

88% CSA, MeOH, 1t )k
98% TBSOTY, 2,6-lutidine, DCM, 0°C P OEt),

95% Pd(OH),/C, Hp, E1OH, nt
92% (COCI)p, DMSO, EtzN, DCM, -78-0°C \ \/
88% i) LDA, TMSCI, THF, -78°C ii) Pd(OAc),, MeCN, 50°C %
95% LiBH,, CeClg*7H,0, MeOH, THF, -78°C

(1.12.10)

89% N,N-dimethylacetamide dimethyl acetal, xylene, reflux
92% LiEt3BH, THF, 0°C-rt
96% Pd/C, Hy, EtOH, 1t
93% 0-NO,CgH,SeCN, BugP, THF, 0-rt
86% H,0,, H,0, THF, 0-1t
92% i) O, DCM, MeOH, -78°C ii) DMS, rt
96% {1.12.10), LiCl, Hunig's base, MeCN, rt
75% i) Rh(PPh3)3Cl, Et3SiH, 50°C ii) HF, H,0, MeCN, 0°C
i) TBDPSCI, imidazole, DMF, 1t

ZIrXCTIEHTMMOOm>»

Scheme 1.13 outlines the construction of the advanced rapamycin
intermediate (1.13.6) from the component fragments (1.10.5), (1.11.4), (1.12.9)

and N-Boc-L-pipecolic acid. A chromium-mediated addition reaction effected
the coupling of (1.10.4) and (1.11.4), whilst an Evans aldol reaction was used to

attach the C35-C42 fragment. Coupling of the pipecolic acid moiety was
achieved using a diisopropylcarbodiimide-mediated esterification reaction.
Deprotection of the amine functionality followed by functional group
manipulation generated intermediate (1.13.6).
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Scheme 1.13
»s PMBO (I) PMBO  OTBS
F . . 28
2§ OMe
(1.10.5) A (1.11.4)

PMBO OH  PMBO  OTBS

37I

(1.13.2) lE Ph (1.12.9)

PMBO OTIPS PMBO OH

OMe

OMe

E E 0
=% OMe
(1.13.3) OTBDPS O)J\N
I-N \ |/
l HN7 — R= s %
F-H Ph %
1 > R = Me, (1.13.5)
TESO OTIPS TESO 07 YO
1 7 OMe
OMe ,
(1.13.6) ‘OTBDPS

REAGENTS AND YIELDS

87% CrCl,, DMSO, rt
98% TIPSOTY, 2,6-lutidine, DCM, 0°C
97% HF-pyridine, THF, rt N

96% (COCI),, DMSO, Et;N, DCM, -78-0°C Boc
95% Bu,BOTY, Et3N, DCM, -78°C-rt
98% LiBH,, Ho0, Et,0, 0°C (1.13.7)

o

OH

90% TsCl, EtgN, DMAP, DCM, rt

91% LiEtzBH, THF, 0°C

85% (1.13.7), diisopropylcarbodiimide, Hunig's base,
4-pyrrolidinopyridine, DCM, 0°C

- 0s04, NMMO, acetone, H,0, rt

75% Pb(OAc)4, Nap,CO3, CgHg, 0°C-t

94% CHl3, CrCl,, THF, dioxane, 1t

98% DDQ, CHCI3, Ho0, rt

94% TESOTY, 2,6-lutidine, DCM, 0°C

—IOTMMOO D>

Zgr X<«

“OTBDPS

O

(1.13.4)
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Scheme 1.14

(1.9.9)

+ —

(1.13.4)

(1.14.1) 21

MeO

Rapamycin (1.1.1)

(1.14.2) 21

REAGENTS AND_YIELDS

A 95% 1-hydroxy benzotriazole, DCM,
diisopropylcarbodiimide, 0°C (1.14.3)

B - (COCl),, DMSO, Et3N, DCM, -78-0°C

C- HF / pyridine, THF, nt

D - (COCI),, DMSO, Et3N, DCM, -78-0°C

E 70% HF, HyO, CH3CN, 1t

F 28% (1.14.3), Hunig's base, Pd(CH3CN),Cl,, DMF, rt

Scheme 1.14 illustrates the conclusion of Nicolaou's synthesis of
rapamycin (1.1.1) The coupling of the two major fragments (1.9.9) and (1.13.4)
was achieved by diisopropylcarbodiimide-mediated amide formation. After a
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series of oxidations and selective deprotections, the macrocyclisation was
effected by a palladium-catalysed cross coupling reaction to yield rapamycin
(L.1.1).

Danishefsky's synthesis of rapamycin (1.1.1).17-21

Schemes 1.15, 1.16 and 1.17 show the synthesis of the C28-C42 (1.17.5)
fragment. The substituted cyclohexane fragment (1.15.6) was synthesised in
seven steps from the benzylideneacetal of 2-deoxy-D-glucose (scheme 1.15),
using the Ferrier transformation to rearrange the oxygen functionality.
Scheme 1.15

Ph,,, (o Br
O, HO,, BnO,,
, o) A-C ’y 0 D ‘" O
HO “*OMe MeO “OMe MeO “"OMe
(1.15.1) (1.15.2) (1.15.3)
lE
OH (o] O
BnO,, 42 BnO,, BnO,,
I’ G I, F l,
e e —————
MeO 37 MeO MeO OH

(1.15.6) (1.15.5) (1.15.4)

REAGENTS AND YIELDS

90% NaH, Mel, DMF, 0°C-it

93% BaCOg, NBS, CCl,, reflux

82% NaOMe, MeOH, rt

90% BnBr, NaH, DMF, BugNI, 0°C-rt
85% acetone, H,O, HgCly, reflux
91% MsCl, pyridine, rt

67% CeCly7H,0, LiBH,, THF, MeOH

GMMOoOOW>
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The C30-C36 (1.16.5) fragment was synthesised as shown in scheme 1.16
by a route that yielded mixtures of diastereoisomers in two steps. The desired
isomer was subsequently isolated by column chromatography.

Scheme 1.16

on 2, Ox oBn_D, o OBn

(1.16.1) /OTBS (1.16.2) (1163) 3. Arss

O

OBn

HO

36 : :
(1165 % & OTBS (1.16.4) 15O OTBS

REAGENTS AND YIELDS

A 75% allyl trimethyl silane, TiCl,

B 98% TBSCI, DMF, imidazole, rt

C 75% i) Oz, MeOH, DCM, pyridine ii) DMS, -78°C

D - S,S-diisopropyl tartrate, E-crotylboronate, toluene, -78°C
E - TBAF, THF, nt

F 47% chromatographic separation of isomers

G 93% TBSCI, DMF, imidazole, rt

H 98% i) 9-BBN, THF, rt ii) NaOH, H,O

1 90% (COCI),, DMSO, EtsN, DCM, -78-0°C

J 99% KMnO,, t- BuOH, NaH,PO,, H,0O
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The two fragments (1.15.6) and (1.16.5) were joined by means of an
EDCI coupling reaction. Formation of the silyl ketene acetal, and subsequent
Ireland-Claisen rearrangement yielded a silyl ester that was hydrolysed to give
acid (1.17.2). Lactonisation, diimide reduction of the C41-C42 double bond,
DIBALH reduction, and Suarez oxidation gave lactol (1.17.3). A number of
trivial steps then yielded the C28-C42 fragment (1.17.5).

Scheme 1.17
OH OH - OTBS -

BnO,, A oBn AB 2 OBn

‘e (e} v 0] ~ v

36 z 30 =
37 TBSO OoTBS BnO TBSO OTBS

MeO n ll,'

(1.15.6) (1.16.5) (1.17.1)

MeO C.D

OBn
TBSé oTBS
Fa 0oTBS
' lHO (1.17.3) O (1.17.2)
HO.,, TIPSO,,
, H'J ’,
OH
MeO Y MeO Y
(1174 Hcod  OTBS (1.17.5) 1o o)
REAGENTS AND YIELDS 28

A 75% EDCI, DMAP, DCM, rt

B - LDA, HMPA, TBSCI, THF, -78°C

C - toluene, reflux

D - LiOH, H,0O, THF, rt

E - i) (COCI)5, DMAP, DCM ii) TsNHNH,, DME, NaOAc, H,0, 90°C iii) DIBALH, toluene, -78°C
F 85% l», PhI(OAc),, cyclohexane, light

G 90% i)Ph3SnH, AIBN, toluene, 110°C ii) Hp, Pd(OH),,

H - 4-hydroxy-TEMPO-benzoate, Ca(OCl),, DCM, NaHCOj3, HO

| 73% PhsPC(CH3)CO,EL, toluene, 80°C

J 62% i) TIPSOTY, 2,6-lutidine, DCM, 0°C ii) DIBALH, toluene, -78°C iii) MnO,, DCM

The C10-C26 triene portion of the molecule (1.20.1) was generated by
the coupling of two small fragments (1.18.8) and (1.19.9). The synthesis of the
C10-C19 (1.18.8) fragment from the 6-O-TBS derivative of D-glucal is shown in
scheme 1.18. The vinyl iodide fragment (1.18.10) was made from tetrolic acid
in five steps. The addition of the vinyl chromium species to the appropriate
aldehyde, gave a 1 : 1 mixture of epimers at C16. The mixture was oxidised to
the corresponding ketone and diastereoselectively reduced to give alcohol
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(1.18.7) as a single diastereoisomer.

Scheme 1.18 .
TBSO TBSO TBSO
HO.,, MsO.,, b g MsO,,
0O AcC o 2E o
Ho” N\ Bno” BnO "OMe
(1.18.1) (1.18.2) (1.18.3) lF
HO
~
G.H : QBn S/j
b - ped
EtO HO™ S
Sms (1-184)
J-N
EtO
(1.18.6)
PhO,S
o-T
TBSO  OMe
10 z :
TESO Z 19
(1.18.8)
PhO,S
REAGENTS AND YIELDS OEt

Bu,SnO \/K
- BnBr, BusNBr PhP N0

99% MsCI, pyridine, rt
88% NIS, CHsCN, MeOH, rt (1.18.9)
71% BugSnH, AIBN, benzene

74% 1,3-propanedithiol, BF3*Et,0, DCM, rt | SO,Ph
72% Pb(OAc),, benzene, nt Z

62% (1.18.9), DCM, 0°C (1.18.10)

74% CuCN, MelL.i-LiBr, BF3°Et,0, THF, -78°C

83% (PhgP)3RhCI, Hy, benzene, nt

- NBS, acetone, H,0, -20°C

- (1.18.10), CrCl,, NiCl,, DMSO, rt

- Dess Martin periodinane

75% BClg, DCM, -78°C

- Et,BOMe, NaBH,, toluene, -78°C

71% i) LiOH, THF, MeOH, H,0, 0°C ii) EDC}, DCM, t
- Ag,0, Mel, rt

- K,COj3, MeOH, 1t

86% TBSOT, 2,6-lutidine, 0°C

86% i) DIBALH, THF, 0°C ii) TESCI, EtgN, DCM

- NIOUVOZZIr-XC"IOTMOOD>»

The C20-C26 fragment (1.19.9) was synthesised as shown in scheme 1.19. and
uses identical methodology to introduce the allylic ether functionality into
(1.19.8) as is used in the synthesis of (1.18.6).
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Scheme 1.19

OMe
AN

— BnO

o BnO

oY)

3

O

E O
I

2 H

Z “OTMS
(1.19.1) (1.19.2) (1.19.3) (1.19.4)

i
Tun

Tle] m nuan
T

OH s/j el OH
HO\/'\/\)\
WS S
(1.19.7) l\,’ K (1.19.-6) (1.19.5)
OTBDPS 0] OPiv

l\/\/\) LM /20\/\/\/126
7 — e 0Z NN

(1.19.8) (1.19.9) &

LI
neen
1
i
i
e

Toun
TN

REAGENTS AND VYIELDS PhyP ==

A 75% hdgEBrz, 1-P1Fa rt O
B - DIBALH, benzene, rt EtO

C 88% FPrOH, TsOH.H,O (1.18.9)
D - Pd, A|203, H», EtOAc, nt .
E 68% Pd, C, Hy, EtOAc, 1t

F 96% 1,3-propane dithiol, BFz*Et,O, DCM, -78°C

G 60% Pb(OAc),, CH3CN, KOAg, -20°C

H 81% (1.18.9), DCM, rt

| 95% DIBALH, toluene, -78°C-rt

J - i) TBDPSCI, Et3N, DCMii) NCS, AgNO;, THF, MeOH
K 67% glyoxylic acid, AcOH, DCM

L - i) NaBH,4, EtOH ii)PivCl, Et3N, DCM

M 82% i) HF, CH3CN, H,O ii) Dess-Martin Periodinane, DCM
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Scheme 1.20

TESO OPiv

(1.18.8)
+
(1.19.9)

TESO lB

(1.20.3)

REAGENTS AND YIELDS

A 89% i) LDA, THF, -78°C ii) Ac,0, EtzN, DMAP, DCM iii) DBU, THF, 1t

B 67% i) DIBALH, toluene, 0°C ii) Na (Hg), KHoPO,, THF, MeOH, -20°C, iii) Dess-Martin periodinane, pyridine
C 77% i) LICH,OCHa, Et,0, -78°C ii) Dess-Martin periodinane, pyridine, DCM, rt

D 86% i) AcOH, THF, H,0, tt ii) Dess-Martin periodinane, pyridine, DCM

The fragments (1.19.9) and (1.18.8) were linked to form (1.20.1) by
means of a sulphone anion / aldehyde coupling (scheme 1.20). The acetate
and sulphone moieties were then removed using standard conditions to yield
triene (1.20.2). A one carbon fragment addition, and subsequent functional
group interconversion yielded triene (1.20.3).

The assembly of rapamycin was achieved (scheme 1.21) by the coupling
of the three fragments (1.17.5), (1.20.3) and (1.21.1). (Adduct (1.21.1) was
synthesised
from tert-butyl-N-[2-(phenylthio)acetyl]-L-pipecolinate with NalO4 / MeOH.)
The pipecolinate moiety was attatched using a sulphoxide anion / aldehyde
addition, and the C28-C42 fragment was coupled using a DCC esterification
reaction. After functional group manipulation and deprotection steps the
macrocyclisation was achieved vig an aldol reaction to yield a mixture of
diastereoisomers one of which was C40 TIPS rapamycin. Removal of the TIPS
group with HFe.pyridine complex afforded rapamycin (1.1.1).
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Scheme 1.21
1 _0OtBu
o N 1_OtBu %) N
I /S 0] OMe
/S\g/g O Ph
Ph 0 A HO
L+ (1211 .

(1.20.3)
REAGENTS_ AND YIELDS (1.21.2)
A 57% LDA, THF, -78°C B-D o
B - Dess-Martin periodinane, pyridine

DCM, 1t

C 32% HFe+pyridine, THF, rt

D 66% i) HCOoH, DCM, 1t ii) allyl bromide
K>CO3, BuyNI, DMF, rt

E 94% TMS-imidazole, DMAP, DMF,it

F 70% Pd(PPha)s, PPhs, DCM, rt

G 85% DCC, DMAP, DCM, -20°C

H 50% TBAF, AcOH, THF, 50°C

I 89% Dess-Martin periodinane,
DCM, pyridine, nt

J 11% TiClg(Oi-Pr), DCM, -78°C, Et3N

K 85% HF-pyridine, THF, 1t

Rapamycin (1.1.1) 4_'._K_

(1.21.4)
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Schreibers synthesis of rapamycin (1.1.1).

Schreibers synthesis22-25 of the C10-C20 fragment is shown below
(scheme 1.22). The synthesis starts with homochiral (R)-methyl-3-hydroxy-2-
methylpropionate (1.22.1), and uses an enantioselective reduction to secure
the stereochemistry at C14 and a chelation-controlled reduction to induce the
stereochemistry at C16.

Scheme 1.22

AF MeO

COOMe -
OH (1.22.1) 0] O (1.22.2) OPMB

lQH

H OPMB

TBSO

(MeO)MeN
OH OH OH
lL y (1-22:4) (1.22.3)

=
o)
QO

TBSO

0

Me6

=TBS, R, = H, (1.22.6)

(1.2255) = o R
OMe E R, R, = TBS, (1.22.7)
GENTS AND YIELDS Pl R-=H,R;=TBS, (1.228)

DHP, H-
LAH lO’T
- NaH, PMBBr
73% MeOH, H*
93% PPhs, NBS
90% MeO,CCH,COMe, NaH, BuLi, HMPA | HO :
88% RuCl,[(S)-binap), EtzN, Hy OMe OTBS OMe
97% MeNHOMe+HCI, MesAl
85% (i) BuLi (i) +-BulLli, (1.22.11) lU’ V. W (1.22.9)
93% DDQ
98% Et,BOMe, NaBH, (Ph),OP
- RUC'Z(PPha)s
78% NaH, Mel y y
60% TiCly, HS(CHy),SH : :
94% TBSOTY, 2,6-lutidine OMe OTBS OMe
86% HF-pyr, pyr (1.22.10)
73% PhI(OCOCF3),, MeOH
BaMnQ,, Celite

77% PhgPCHCO,E TBSO
83% DIBALH P
- HCA, PPhg, 2,6-di-t- butylpyridine Br

- LiPPh,
65% air (1.22.11)

OMe

§<C—'|UJJJO'UOZ§F'XL-IG)TIITIOOUJ> m
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Scheme 1.23
OEt
OoPMB
o" S
(1.23.1) (1.23.2) (1.23.3) :
OMe
o) CO,Et 1[’
MeO,C OMe
£ 0] £ OH
e F
1.23. 235) 3.4 :
(1.23.6) 1 (1.235) &\ (123.4) 5\
G-I
HOH,C OMe
RO g
(1.23.7) “OTIPS (1.23.8) S\ . "OTIPS
MeN\/ lL
HO <8 oM
: ° M HO AL OMe
(1.23.10) (1.23.9)
OTIPS TIPS

0.,

7 S /N

(1.23.11) “"OTIPS (1.23.12)

REAGENTS AND YIELDS

A 55% L-(+)-DIPT, Ti(O/-Pr),, t-BuOOH, DCM, -23°C

94% PMBBr, NaH, THF, 0°C

87% i) LICCOEY, BF3°Et,0, THF, -78°C ii) NaH, Mel, Et,0, rt
78% i) HgCl,, EtOH, 1t ii) DDQ, DCM, rt

83% p-TSA, 4A sieves, benzene, 1t

87% i) DCM, TBSCI, Et3N, -78-0°C ii) toluene, 110°C i) CHoNp, Et,0
65% i) BHg THF, THF, -78-0°C ii) HyOp, NaOH, 1t

100% TIPSOT{, DCM, Et3N, 0°C-rt

87% LAH, THF, 0°C

90% |y, Ph3P, imidazole

87% (1.23.12)

71% m-CPBA, DCM, diethylamine, MeOH

M 88% L-(+)-DIPT, Ti(Oi-Pr),, - BuOOH, DCM, -23°C

N 83% MesAl

O 57% i) TsCl, pyridine ii) KoCO3, MeOH

rX&«—IOMMoOO®
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The synthesis of the C33-C42 fragment (1.23.11) is shown in scheme
1.23. The stereochemistry at C37 and C39 is ultimately derived from the
kinetic resolution of allylic alcohol (1.23.1) under the conditions of Sharpless.
Subsequent elaboration and sigmatropic rearrangement yielded cyclohexene
derivative (1.23.6). The chirality at C40 was introduced by the employment of
a diastereoselective hydroboration followed by an oxidative aqueous work up,
further elaboration of the functionality yielded the desired fragment (1.23.11).

Scheme 1.25 shows the synthesis of the C22-C32 fragment (1.25.8) and
the coupling chemistry employed to attach the C33-C42 fragment (1.23.11). A
diastereoselective hydogenation reaction and an Evans diastereoselective
aldol reaction introduced chiral centres at C23, C26 and C27. The C33-C42
fragment (1.23.11) was linked by means of a sulphone anion / epoxide
coupling to yield adduct (1.25.9). The conversion of the sulphone moiety to
the ketone functionality was achieved via an olefination process reported by
Julia followed by oxidation to the ketone (1.25.10).

The Evans-Tischenko reaction was employed to attatch the pipecolic
acid group. The reaction proceeds via a chelation controlled bicyclic
transition state causing highly diastereoselective (>20 : 1) reduction of the
ketone functionality at C34 (scheme 1.24).

Scheme 1.24

BocN

After manipulation of protecting groups and Swern oxidation,
aldehyde (1.26.2) was condensed with phosphonate (1.22.10) to yield triene
(1.26.3).



Scheme 1.25
O

MeO

(1.25.1)

OTBS

X =0H,

T

OTBS PMBO

22

(1.25.8)

OoTBS PMBO

1

OoTBS PMBO

22

OBn

<

X

(1.25.6)
X = 0OPMB,

(1.25.9)

26

7

ol

MeO

(1.25.7)

lKN

ODEIPS  SO,Ph

32

7

MeO
O

ODEIPS

MeO

ODEIPS

MeO

OBn

X = CO,Et, (1.25.2) F
X = CH,OH, (1.25.3)

OTBS

G-l

e

(1.25.

wnQ
I

A -
B 80%

D -

E 94%
F 90%
G-

H 50%
| 63%
J 61%
K 78%

L 90%
M 96%
N 90%
0O 75%
P 69%

REAGENTS AND YIELDS

DIBALH
PhsPC(Me)CO,Et

C 100% DiBALH

TBSCI, EtzN

Na/ NH3

(1.25.11), Hy

Swern

{1.25.12), Bu,BOTY, Hunigs base
MeNHOMe-HCI, MejAl
PMBOC(NH)CCl3, TfOH

t-BuLi, (4R)-2-bromo-4-methyl-5-
phenylthio-2-pentene

Zn(BHy),

DEIPSOTY, 2,6-lutidine

m- CPBA, pyridine

Bulli, (1.23.11), BF3-Et;0

i) Bull, THF, CHal,, FPrMgCl, -78°C
ii) OsQ,, pyridine, NaHSO4

i) NalO,, SiO,, Tris HCI, pH 7 buffer

OH

(1.25.4)

OH

0
-~
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Scheme 1.26

OTBS PMBO ODEIPS O  OH
22 -

LITYER)
1

MeO "
(1.25.10) OTIPS
lA BocN
OTBS PMBO ODEIPS OH

unQ
O

(1.26.1) “OTIPS
lB-E BocN >
? AlocO

ODEIPS  OAloc 07 O

- Z

(1.26.2) “oTIPS
F
TIPSO l
ODEIPS
26)nnQAloc
10
MeO

(1.26.3)

REAGENTS AND YIELDS

A 95% (S)-N-Boc pipecolinal, PhRCHO, Sml,, THF, -10°C
B - DDQ, NaHCO4

C 87% AlocCl, pyridine, 2,6-lutidine, THF

D 71% PPTS, TsOH, THF, H,O

.E 96% Swern

F 71% Buli, HMPA, (1.22.10), -78°C
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Schreiber used an ingenious method to introduce the two remaining
carbon atoms of the tricarbony! unit (scheme 1.27). Treatment of the
dimethoxy acetal (1.26.3) with PPTS in acetone gave an aldehyde which was
subjected to an aldol reaction with the lithium enolate of ethoxyethylacetate
(1.27.2). The aldol adducts were trapped out as allyl carbonates. Treatment of
the protected aldol adduct with TESOT led to deprotection at the N7 position,
and transesterification at the C8 position. After hydrolysis of the TES ester
with silica, the macrocyclisation was performed using the conditions of
Mukaiyama to give cyclic adduct (1.27.1). Deprotection of the allyl carbonates
with Pd(0) and ammonium formate followed by oxidation of the methylene
group at C9 and subsequent deprotection of the remaining silyl ethers yielded
rapamycin (1.1.1).

Scheme 1.27
TIPSO\

MeO™"

(1.26.3) A0,

ODEIPS

AlocO 26 wQAloc

(1.27.1)

lE-G OLi /|\
Rapamycin (1.1.1) )\O O/\
(1.27.2)
REAGENTS AND YIELDS
A 56% PPTS, acstone, 43°C Z +
B - i) (1.27.2), THF, -78°C ii) AlocCl, 2,6-lutidine, -78°C-rt | .
C - TESOT{, 2,6-lutidine, DCM, 0°C ™
D 40% (1.27.3), EtsN, DCM N Cl
E-  Pd(PhgP)s ammonium formate, THF I\'Ae
F - Dess-Martin periodinane, DCM
G 30% HF-pyridine, pyridine, THF (1.27.3)
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1.4 Comparison of the three total syntheses of rapamycin (1.1.1).

Nicolaou's synthesis is highly convergent, constructing the large
framents (1.13.6) and (1.9.8) from several small fragments ranging in size
from two to nine carbons. Extensive use of Evans' aldol chemistry secures
many of the chiral centres in rapamycin (1.1.1). Nicolaou's final cyclisation
strategy is the most original of the three total syntheses and has the advantage
of assembling the sensitive triene functionality as the last step thus avoiding
the problems of functional group incompatibilty.

Danishefsky's synthesis suffers from longwinded fragment syntheses
i.e. the C20-C26 fragment (1.19.9) (12 steps) and the C10-C18 fragment (1.18.8)
(20 steps). However notable features of the synthesis include the elegant
coupling of the cyclohexyl fragment (1.15.6) via an EDCI esterification and
subsequent [2,3] sigmatropic rearrangement. The macrocyclisation was
achieved using an intramolecular aldol reaction which proved to be very low
yielding and proceeded with poor diastereo control.

Schreiber's synthesis is also very convergent making extensive use of
small fragments (1.25.5), (1.22.11) and (4R)-2-bromo-4-methyl-5-thiaphenyl-2-
pentene. The notable features of the synthesis are the Evans-Tishchenko
reaction used to couple the pipecolic acid moiety, the sulphone anion of
(1.25.8) / epoxide (1.23.11) coupling and oxidative removal of the sulphone
moiety. The final cyclisation was achieved using Mukaiyama's conditions to

perform a macroamidation.
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1.5 Synthesis of rapamycin (1.1.1) fragments.
Paterson's synthesis of the C24-C32 sub-unit of rapamycin

Paterson26 has devised a convergent approach to a fragment of
rapamycin using a highly anti selective aldol reaction. The two sub fragments
(1.28.3) and (1.28.7) are derived, using simple chemistry, from opposite
enantiomers of methyl-3-hydroxy propionate. The aldol reaction is then
performed using the E-enol borinate of (1.28.3). The reaction proceeds via a
six centred transition state with 97% diastereoselectivity to give (1.28.8).

The chemistry Paterson has used is both convergent and selective but
significant changes to the synthesis of sub fragment (1.28.3) are required if the
chemistry is to be applied to a total synthesis of rapamycin (1.1.1).

Scheme 1.28

?Me OMe
HO\/l\”/OMe —_— B"O\/l\(NMe A BnO
(128.1) I (1.282) § (1.28.3)

0]

TBDPSO\/H TBDPSO TBDPSO
- . |
(1.28.4) O (1.28.5) OMe (1.28.6)
0] OH
= lD
TBDPSO 2
TBDPSO ~
-— |
0
(1.28.8) (1.28.7) |
24 o
OBn
REAGENTS AND YIELDS
A 80% Bulli, (1.28.9), THF, -78°C
B-  MeO,CC(Me)PPhg
C- DIBALH A~
D-  Dess-Martin periodinane MeO SnBug
E 94% (C-CGHﬁ)zBCI, E'(3N, (1.28.3) (1.28.9)
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Hoveyda's synthesis of the C22-C29 fragment of rapamycin (1.1.1).

In his programme aimed at the total synthesis of rapamycin (1.1.1).
Hoveyda has devised a synthesis for the C22-C29 fragment27. The synthesis
commences with a diastereoselective intramolecular platinum catalysed

hydrosilylation to give siloxane (1.29.2). The siloxane ring is used to relay

asymmetry along the chain by employment of an osmium catalysed olefin

oxidation reaction to give a 94 : 6 ratio of the desired isomer (1.29.4).

Subsequent diastereoselective reduction and functional group manipulation
secures the final chiral centre at C28 and yields the fragment (1.29.8).

Scheme 1.29
SiMe,H |
o” 0—Si—
A
(1.29.1) "(1.29.2)
OH O
7~
TrO = z r}‘
: : OMe OMe
(1.29.5)
I,J
OTBS O
TrO Z z
: z OMe
(1.29.6)

REAGENTS AND YIELDS

A - Pt catalysed hydrosilylation
B 80% H,, Pd

C - Swern oxidation

D 70% Horner-Emmons olefination
E 80% NMO, 0sO,

F - Trepyr-BF,

G 88% Mel, NaH

H 88% TBAF

I - 2-lithio propene
J 75% TBSOTf

K 90% Zn(BH4),

L - NaH, DMSO

M 80% Swern oxidation

K, L
—_—

O0—Si— 0]
W\)]\ /
OBn —B;D> : = ';j
: = OMe
(1.29.3) lE-G
—Si——O0 0
H 7~
— TrO 4 z I}l
: : OMe OMe
(1.29.4)
OH C_)TBS

TrO

(1.29.7)

TrO

(1.29.8)
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Pattenden's synthesis of the C1-C15 tricarbonyl region of rapamycin (1.1.1).

Pattenden28 uses known chemistry to yield the acetylenic amide (1.30.7)
in nine steps (scheme 1.30). The acetylene moiety is oxidised using catalytic
ruthenium (IV) oxide in the presence of NalO4 to give a 35% yield of the
tricarbonyl compound (1.30.8). The lactol ring is closed by acidic cleavage of
the silyl ethers to give the fragment (1.30.9) as a 1 : 1 mixture of epimers at
C11. The synthesis suffers from a lack of selectivity, a low yielding key step,
and a curious choice of disconnective strategy. Scheme 1.30.

oj( A 0 Bg o)(
| 0 MeO,C Y OHC :
\/’\/ 2

(1.30.1) H ( .30.2)mv (1.30.3) W

x . __oTBS SAS x ~_"
H H
(e
N

(1.30.6)

(1.30.7) H

REAGENTS AND YIELDS lK
55% Bu,;SnCl, NaBH,, fight, methylmethacrylate, 20°C

- DIBALH, THF
- PCC, NaOAc

76% dibromomethylenetriphenylphosphoranylide

95% Buli, THF, -70°C

- HCI, MeOH OMe
- TBSC!, imidazole, DMF N

86% BuLi, HMPA, CO,, -50°C

86% (1.30.10), (2S)-2-methoxymethyl piperidine
35% RuO,, NalO,

- HF, CHaCN

H

N, (1.30.10)
N
Vs -
N PFg

|+
PO(NMe,),

X~ IOMMmMmOOm@>
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Kallmerten's synthesis of the C24-C36 fragment of rapamycin (1.1.1).
Scheme 1.31

o

O \J
(1.31.5) BnO

(1.31.1)

(:)Me

R=R'=H, (1.31.2) G H
B E R=TBS, R’ = MOM, (1.31.3)
HO OMOM R=H, R = MOM, (1.31.4) OMOM

BnO"
lK-o (1.31.7)

OMOM

BnO"
(1.31.8)

(1.31.100  BnO"

REAGENTS AND YIELDS

A 67% MeOH, HCI

B 87% i) TBSCI, imidazole, THF ii) MOMCI, Hunig's base
C 99% TBAF, THF Swern oxidation

- Swern oxidation MeCCMgBr, THF, -78°C

K - KH, BnBr, DME
L
M
N -
MeCCMgBr, THF, -78°C O 64% MnO,, DCM
P
Q
R
s

89% i) TFA, HoO ii) LAH

5% Swern oxidation ZnCl,, NaBH,, Et,0, 0°C
MeMgBr, THF, -78°C

1% LAH, THF, 45°C
chloromethyloxazoline, KH, DME

70% Buli, THF, -78°C

97% Ho, Lindlar, MeOH
- KH, Me3SnCH,CI, DME
44% Mell, THF, -78°C

I OTMMO
lmlml

Kallmertens synthesis29 starts with (1.31.1) (readily obtainable from D-
glucose). The chiral centres at C31, C32 and C35 were secured by using two [2,3]
Wittig rearrangements. The final fragment (1.31.10) suffers from two serious
drawbacks:- 1) the lack of oxygen functionality at C34 means that the C33-C34
double bond must be oxidised in the presence of the C29-C30 double bond,
and 2) poor disconnection strategy at C24 and C36.
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Rao's synthesis of the C1-C17 fragment of rapamycin (1.1.1).
Scheme1.32

OH OH
OTBDPS OTBDPS
7 A B "OH  ¢f G.H
OBn OBn OH Br
(1.32.1) (1.32.2) (1.32.3) (1.32.4)
OTBDPS OTBDPS
I OBn
———
e
(1.32.5) (1.32.6) (1.32.7)
CO,H lK'L OBn
2 OTBDPS

(1.32.8)

(Nj\cone

H
(1.82.11) H (1.32.12) (1.32.13)

REAGENTS AND YIELDS
A - (+)-DET, TBHP, 3A seives, Ti(Oi-Pr), | 60% LiNH,, NHg, (1.32.4), -33°C

B 90% MezAl, pentane, DCM, rt J 95% Lindlars catalyst, H,, quinoline, MeOH
C- NalO,, THF, H,0, 0°C K 60% (-)-DIPT, TBHP, 3A seives, Ti(O+Pr),
D - NaBH,, MeOH, 0°C L 75% Red-Al, THF, rt

E - TBDPSC, imidazole, DMF, 0°C M- TBAF, THF, rt

F 80% H,, Pd/C, MeOH, rt N - acetone, p-TSA

G- MsCl, Et;N, DCM, 0°C O 80% Swern oxidation

H 60% LiBr, NaHCOj3, THF, rt P 70% Zn, ethyl bromoacetate, benzene, 80°C

Q 70% LiOH, DME

R 75% F5CgOH, DMAP, DCC, (1.32.13)

S 60% Dess-Martin periodinans, pyridine, DCM
T 70% 0.001M HCI, MeOH

Rao's synthesis30 of the C1-C17 fragment uses the Sharpless
asymmetric epoxidation to introduce stereochemistry at C14 and indirectly to
secure the stereochemistry of the C11 methyl group. The tricarbonyl region is
introduced by means of a Reformatsky reaction of aldehyde (1.32.9) with ethyl
bromoacetate, the central methylene is then oxidised using Dess-Martin



35

periodinane.

Kotsuki's synthesis of the cyclohexyl portion of rapamycin
Scheme 1.33

1, COZEt O,“ COzEt
D-Mannitol — >< ’Ci —>- Ph~—<
CO,Et CO,Et

(1.33.1) (1.33.2)

ls

BnO.,,, BnOu,,, COH BnO:C:COZEt
I l ‘ I CO,Et

(1.33. 5) (1 33.4) O (1.33.3)

BEAGENTS AND YIELDS

A 86% i) 2M HCI, CHaCN, H,0 ii) PACH(OMe),, p- TSA, benzene
RO.,,, 42 B97% Et3SiH, TiCls, DCM, -78°C

C87% i) Hp, Rh/C, EtOAc ii) c. HCI, AcOH

D66% Phl(OAc),, I, CCly, 1,1,2,2-tetrachioroethane, light
E94% LiN(TMS),, THF, -90°C

F 100% H,, Pd(OH), / C, EtOAc, rt

0O 36
0]

R = Bn, (1.33.6)
FL R=H, (1.33.7)

Kotsuki's synthesis31 uses (D)-mannitol as it's source of chirality at C39
and C40. The final centre at C37 is introduced by means of a diastereoselective
intramolecular alkylation reaction to yield the bicyclic lactone (1.33.6).
Removal of the benzyl protecting group was achieved using palladium
catalysed hydrogenation to furnish the final product (1.33.7).
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CHAPTER 2: INTRODUCTION
2.1 The Southampton approach to rapamycin (1.1.1).

A retrosynthetic analysis of rapamycin (1.1.1) is shown in scheme 2.1.
Rapamycin (1.1.1) has been disconnected at the C1 ester linkage, the C9-C10
bond, the C26-C27 bond and the C29-C30 bond, making the triene (2.1.1) and
the dicarbonyl fragment (2.1.2) the major targets of our synthesis. The C30-C42
fragment (2.1.2) has been synthesised by Thom32, and the technology to
introduce the pipecolic acid moiety has already been devised as part of the
groups approach to FK-506 (1.1.2)33. Work on model systems of the C27-C29
fragment is underway. So far no work on the coupling major fragments has
been attempted.

Scheme 2.1

rapamycin
(1.1.1)

(2.1.1) (2.1.2)

2.2 The Southampton approach to the Southern fragment (2.1.1).

The aim of the project was to develop efficient routes to vinyl iodides
(2.2.1) and (2.2.2) and then use a palladium catalysed cross coupling reaction to
link the fragments and generate the Southern fragment of rapamycin (2.1.1)
(scheme 2.2). The work in chapters 3-6 describes the Southampton approach
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to the triene (2.1.1). Our original idea was to perform the coupling reaction
with the dithioacetal in place on vinyl iodide (2.2.2) so that the acidity of the
proton at the C2 position of the dithiane ring could be exploited in chain
extension reactions. However the palladium coupling reactions of vinyl
iodides with vinyl stannanes failed to yield any desirable products in the

presence of the dithioacetal.
Scheme 2.2

S S

HT N
2 carbon I
fragment 7

The syntheses of the two fragments (2.2.1) and (2.2.2) commence with a
common starting material and involve the same key diastereoselective
cyclisation of alcohols on to ketene dithioacetals34.35, making the synthesis of
the triene both convergent in its strategy and conservative in its use of
methodology.

In chapter 3 the synthesis of the lactone fragment (2.2.1) is described.
Particular reference is made to the introduction of the stereochemistry at the
three stereogenic centres and also the problems we encountered due to
functional group incompatibility of the oxadithiaspiro moiety with strong
Lewis acids, and oxidising conditions.

Chapter 4 discusses the synthesis of vinyl iodide (2.2.2), again the low
yields of a number of steps were attributed to the functional group
incompatibility of the dithioacetal with Lewis acids and oxidising agents. The
employment of the diastereoselective cyclisation reaction in the case of ketene
dithioacetal (2.3.1) was high yielding but less selective (7 : 1) than in other

cases (scheme 2.3).
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Scheme 2.3
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w
w
)
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(2.3.1) (2.3.2)
REAGENTS AND YIELDS
A 100% HClin DCM

Chapter 5 summarises the attempts at making dienes, ene-ynes and the
triene (2.1.1) using palladium catalysed coupling reactions reported by
Stille36.37, Farina38 and Kobayashi39.

Chapter 6 describes two failed attempts to synthesis the lactone
fragment (2.2.1), one by using the Sharpless asymmetric epoxidation of allylic
alcohols#0 to generate the chiral centre at C14, and the other by using an
enantioselective enzymatic reduction4! of a B-keto ester.
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CHAPTER 3: THE SYNTHESIS OF THE C10-C18 LACTONE (2.2.1.).
3.1 The cyclisation of ketene dithioacetals

The syntheses of fragments (2.2.1) and (2.2.2) involve as their key step
the diastereoselective cyclisation of alcohols on to the ketene dithioacetal
moiety (scheme 3.1). The reaction proceeds smoothly to yield predominantly
diequatorally substituted ring systems. Corey34 was the first to report the
reaction as a method of lactone protection, but it was Suzuki35 who later
observed the high diastereoselectivity of the reaction when applied to 2-(1,3-
dithia-2-enyl)-5-substituted pentan-5-ols (scheme 3.1).

Scheme 3.1
S S HCI/DCM S S
| . o)
R
[
OH 141 H
(3.1.1) (3.1.2)

Suzuki35 does not propose a mechanism for the reaction. Okuyama42.43
has however published a complete analysis of the acid catalysed hydrolysis of
2-methylene-1,3-dithiolane. The first three steps of the hydrolysis are
essentially the same as the cyclisation reaction. The initial step is rapid and
reversible protonation of the alkene to form a sulphur stabilised carbocation
(scheme 3.2). Under anhydrous conditions the carbocation is quenched with
the alcohol moiety. Whether the ratio of products obtained is under kinetic or
thermodynamic control is not known, but Suzuki postulates35 that the ratio
of products obtained reflects their thermodynamic stability, and the work
published by Okuyama#42.43 supports Suzuki's postulate.



42

Scheme 3.2
S-S Sat.8 Sat.S
HCI/DCM
R — R . ) R
S S H S S H
nl, O_: + O:
R R
H H

During the course of our studies a number 2-(1,3-dithia-2-enyl)-5-
substituted pentan-5-ols have been synthesised and cyclised under Suzuki's
conditions (scheme 3.3). The diastereoselection in each case was 12 : 1 ({H
NMR) or greater in favour of the desired product.

Scheme 3.3
S S S S
l HCI/DCM o 0
OFEt /
OEt
(3.3.1) OH O H (33.2)

12 :1

S S S S
| HCl/DCM o
OH /
OH
(3.3.3) OH 15 1 H 33.4)
) oo [ )
S S B Bn% overnight S S
r o,
| N/ \o A0°C o o j\
b N o
OH O / H

o) : } /
19:1 Br
(3.3.5) (3.3.6)
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However when the reaction was attempted using (45)-2-(1,3-dithia-2-
enyl)-4-methyl pentan-5-ol) a diastereoselectivity of only 7 : 1 ({H NMR) was
achieved (scheme 3.4). Initially we thought the small steric bulk of the methyl
group was the cause of the drop in selectivity but cyclisation of alcohol (3.4.1)
proved that this was not the case.

Scheme 3.4

b
D

)
w

0]
I

l>
o w

(2.3.1) (2.3.2)

b

w
(%)

BREAGENTS AND YIELDS
— A 100% HCI 0.5 eq, DCM, 0°C
B 83% HCI 0.5 eq, DCM, 0°C

341)  OH H (3.42) 14:1
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3.2 The synthesis of the C10-C18 lactone (2.2.1)

Scheme 3.5 outlines the synthesis of lactone (2.2.1).

Scheme 3.5

(3.5.11)

H
(2.2.1)

REAGENTS_AND YIELDS
A 83% (3.5.13), THF, -80°C-rt
B 80% DIBALH, DCM, -80°C

D 47% storage at 0°C for 16 h

E 82% Zn dust, MeOH, NH,CI, sonication, rt

F 89% i-PrOH, Ti(Oi-Pr),, THF, 82°C

G 88% DIBALH, DCM, -80°C

H 82% TMSCCMgBr, THF, -80°C

I 89% PhgP, DEAD, p -nitrobenzoic acid, THF, rt
J 96% NaOH, EtOH, H,0, 1t

K 88% TBAF, THF, 0°C

L 83% NaH, Mel, THF, 0°C-rt

M 95% I,, H,0, Et,0, NaHCO;, 37°C

N 49% i) BuagSn(Bu)Cu(CNjLis, THF; i) HMPA, Mel -80°C-rt
0 91% I,, Et,0, 0°C

C - i)(3.5.14), EtO; ii) EtsN; iii) BupBOTF; iv) (3.5.3), -80-0°C

M

S. .S (35.13)
Li > PO(OEt),

0]
NJkO

o )—(js.m

Bn
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3.3 Synthesis of aldehyde (3.5.3)

Formation of the ketene dithioacetal (3.5.2) from ethyl levulinate (3.5.1)
was achieved cleanly by employing the conditions of Jacobine and Marshall44.
Reduction of the ester functionality to aldehyde (3.5.3) with DIBALH was
initially troublesome, with yields ranging from 50% on large scale to 80% on
small scale. The problem was solved by adapting the work up procedure of
Baeckstrom45: hence, the cold reaction mixture was transferred via cannula
to a rapidly stirring slurry of ice, water and sodium potassium tartrate. The
above procedure gave reproducible yields of 80% on 0.1 mol scale. We
postulate that a high concentration of water causes rapid hydrolysis of the
intermediate di-isobutyl aluminium alkoxide which itself is a reducing agent
capable of further reactions.

3.4 Securing the stereochemistry at C-14 and synthesis of aldehyde (3.5.6)

The stereochemistry at C14 of lactone (2.2.1) was introduced using
Evans' diasteroselective aldol reaction46. Unfortunately a substituent at C15,
not present in rapamycin (1.1.1), is required if the reaction is to be selective.
Evans has reported aldol reactions with a variety of substituents o to the
carbonyl of the N-acylated oxazolidinone, including alkyl47, alkoxy48 and
halide46. We opted for a bromide moiety in the hope that it could be removed
under reducing conditions. 3-(bromoacetyl)-4R-benzyl-oxazolidinone (3.5.14)
was prepared by a literature procedure49.

When the N-acyl oxazolidinone (3.5.14) is treated with triethylamine
and dibutylboron triflate at -80°C a mixture of the Z and E enolates are
formed in a 75 : 25 ratio46. The Z enolate adopts a bisected conformation
(either (3.6.1) or (3.6.2)) (scheme 3.6) with the plane of the oxazolidinone ring
perpendicular to the plane of the enolate due to allylic strain. The
conformation (3.6.1) is favoured over (3.6.2) due to the steric interactions of
the butyl group and the benzyl group. The aldehyde then approaches enolate
(3.6.1) from the opposite face to the benzyl group to form intermediate (3.6.3).
The configuration of intermediate (3.6.3) shown is favoured due to the
coordination of the aldehyde oxygen to the boron atom, and the aldehyde
molecule adopting a postion between the two least sterically demanding
groups. The aldol reaction then ensues via a six centred transition state
(3.6.4)50 in which the sterically demanding groups adopt equatorial or pseudo
equatorial positions leading to the formation of the desired product (3.3.5).
Evans reports that although there is a significant amount of the E enolate
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present in the reaction mixture the difference in reaction rates is such that
good selectivity (>10 : 1) can still be obtained.

Scheme 3.6
Br H Br H
/u\ Bu,BOTH, Et3N, I
')k e y
BUZBO + BUZBO N...nl\
o>\ o
Ph (3.6.2)
Disfavoured
S S
Aux= N \"/O
O

After mildy basic aqueous work up (NaHCO3) and chromatography the
open chain aldol adduct (3.3.5) cyclised on storage at 0°C overnight without an
external source of acid catalysis. The source of acid may be from slight
decomposition of the substrate. The modest yield (47%) of the above two steps
may be due to a combination of the ketene dithioacetal binding to the dibutyl
boron triflate, and the incomplete hydrolysis of the boronate intermediate.
Evans recommends an oxidative aqueous work up using hydrogen peroxide46
which is not compatible with the sulphur functionality.
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Removal of the bromine atom was attempted by a number of methods,
(NaBH3CN, Mg/MeOH, and BuzSnH) and was eventually achieved by
employing an adaptation of the method published by Jarowicki5! which uses
powdered zinc, ammonium chloride and methanol. Jarowicki reports that
the reduction is achieved over 16 h at room temperature, in our hands no
reaction occurred until sonicating conditions were employed>2. The adduct
(3.5.4) was then recrystallised from acetone / ether to remove the minor
diastereoisomers present.

The next challenge in our synthesis was to find a high yielding method
of removing the oxazolidinone auxilliary. There are many methods in the
literature to affect this transformation notably LAH/THEF53, LiOBn53,
LiOOH14, Me(MeO)NH.HC1/ AlMes, and Ti(OBn)s/BnOH54. Previous
experience had taught us that performing oxidation reactions in the presence
of the oxadithiaspiro moiety was at best a low yielding process (chapter four
and six), hence a method that left the oxygen functionality at C16 in the
carbonyl oxidation state was required. The conditions used to make the
Weinreb amide (Me(MeO)NH-HCl/AlMe3) or the carboxylic acid
(LIOOH/H20) derivative were incompatible with the sulphur functionality.
Transesterification using LiOBn gave the the benzyl ester but only in modest
yield (50%), however treatment of adduct (3.5.4) with Ti(OBn)4/BnOH gave
the benzyl ester in good yield (90%) but on reduction with DIBALH to give
aldehyde (3.5.6) the benzyl alcohol liberated proved to be inseparable from the
product aldehyde (3.5.6). The process was adapted by using Ti(Oi-Pr)4 in i-
PrOH to give ester (3.5.5) in 89% yield. DIBALH reduction of ester (3.5.5)
afforded the pure aldehyde (3.5.6) in 88% yield.

3.5 Securing the stereochemistry at C16.

Chelation controlled 1,3-chiral induction in addition reactions to chiral
B-alkoxy aldehydes is a well documented reaction55,56 and is particularly
selective when titanium is the metal chelated between the two oxygen atoms
(scheme 3.7). When a metal atom coordinates to the two oxygen atoms a new
ring is formed which adopts a twisted chair conformation due to the II system
of the aldehyde group. Since titanium exists in an octahedral environment
the alkyl group to be transferred is held over the aldehyde carbon atom and
Reetz suggests56 the addition occurs via an intramolecular process (3.7.1).
Magnesium however exists in a tetrahedral environment placing the alkyl
group to be transferred pointing away from the aldehyde carbon (3.7.2). We
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postulate therefore that the addition of the Grignard reagent occurs viz an
intermolecular process, and the selectivity observed arises purely to the
difference in steric accessability of the si and re face of the aldehyde (3.5.6).
Approach to the si face is slightly obscured by the axial C14 proton whereas
approach to the re face is essentially unhindered.

Scheme 3.7
H H
R, | R
) L ) M/
0----Ti— 0----Mg
H ; H i
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(3.7.1) (3.7.2)
s
NU: H\g\ m
S
.---Mg S
/o o O OH
H H o 357

TMS

1

The ratio of products obtained was 2.5 : 1 in favour of the desired S-
propargylic alcohol (3.5.8). The relative stereochemistry of the major
diastereoisomer was confirmed by X-ray diffraction of S-propargylic ether
(3.5.10). The two products formed, (3.5.7) and (3.5.8), could be separated easily
by column chromatography, having a difference in R¢ of 0.2. The R-
propargylic alcohol (3.5.7) was efficiently recycled (90% for two steps) by using
the conditions reported by Mitsunobu57 followed by treatment with aqueous
sodium hydroxide which hydrolysed the ester and the TMS group yielding
propargylic alcohol (3.5.9). The S-propargylic alcohol (3.5.8) was desilylated by
using TBAF. Methylation was affected by sodium hydride and methyl iodide
to give propargylic ether (3.5.10).

3.6 Deprotection of the lactone and introduction of the trisubstituted double
bond.

A mercury (II) catalysed hydrolysis35 of protected lactone (3.5.10) also
led to hydrolysis of the acetylene (scheme 3.8) giving a modest yield of impure
methyl ketone (3.8.1). Treatment of (3.8.1) with chromium (II) chloride and
iodoform58 afforded vinyl iodide (3.8.2) asa3:2(Z: E) mixture of geometric
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isomers in a low yield, hence the approach was abandoned.
Scheme 3.8

BEAGENTS AND YIELDS
A 41% HgCl,, CH3CN, H,0, pH 7 buffer, rt
B 36% CrCl,, CHI3, DCM, 40°C

Oxidative hydrolysis59 of dithiane (3.5.10) with iodine to yield lactone
(3.5.11) proved to be the deprotection method of choice (scheme 3.5).

The elaboration of the acetylene functionality to yield a tri-substituted
double bond was attempted via a number of methods (scheme 3.9). Negishi's
zirconium mediated carboalumination reaction60 failed to give any of the
desired product when performed on lactone (3.5.11) or protected lactone
(3.5.10).(scheme 3.9). Other approaches to E or Z vinyl silanes, both of which
can be converted to an E vinyl iodide61, are listed below:-

1) copper (I) mediated addition of methyl magnesium bromide across
silyl acetylene (3.5.8) gave only recovered starting material62.

2) silyl cupration63 of acetylene (3.5.10) gave a complex mixture of
products probably due to decomposition via the allene.

3) silyl cupration63 of propyne and subsequent quench of the vinyl
copper species with HMPA and aldehyde (3.5.6) also led to a complex mixture
of products.
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Scheme 3.9

(3.5.10)

o O C“% K-
H
H' 658
REAGENTS

A ZrCp,Cly, AlMeg, 1,2-dichloroethane, rt
B ZrCpsCl,, AlMeg, 1,2-dichloroethane, rt
C Cul, MeMgBr, THF, 1t

D i) LiSiMe,Ph, THF; ii) CuCN; iii) (3.5.10); iv) Mel, HMPA, rt
E THF, HMPA, rt
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Lipshutz's stannyl cupration reaction64 proved to be the method of
choice for alkyne functionalisation (scheme 3.5). Although Lipshutz reports a
lack of regioselectivity in his original papert4, subsequent publications by
Parsons65 and Ricci66 indicate that in the case of proparglic ethers and amines
the stannyl cuprate reacts to place the tin on the terminal carbon. Ricci has
proposed that coordination of the alkyne to the stannyl cuprate leads to
elimination of lithium cyanide to generate the intermediate (3.10.2) (scheme
3.10). The postulation that the reaction proceeds via (3.10.2) seems reasonable
since HMPA has been reported to activate cuprate species in a similar
manner67. Ricci then claims that the species (3.10.3) and (3.10.4) are formed
after the metallometallation reaction and that (3.10.3) is stabilised over (3.10.4)
by coordination of copper to the propargylic hetero atom. We postulate that
more likely intermediates would be (3.11.1) and (3.11.2), with (3.11.1) being
stabilised over (3.11.2) by coordination of copper to the propargylic hetero
atom (scheme 3.11). The vinyl copper intermediate can be methylated using
methyl iodide and HMPA. Unfortunately the yield of the process is at best
50% and more ususally 35% even after rigorous purification of all the
reagents. The E vinyl stannane (3.5.12) is not obtained completely pure due
to incomplete methylation or regioselection. Transformation to the vinyl
iodide proceeded smoothly under the conditions of Kobayashi and Sato39.
Scheme 3.10

Ricci's postulation

OMe BusSn(Bu)Cu(CN)Li» MeO
o "
R :
~ R Gu-snBu,
(3.10.1) | .
Bu Li
/ (3.10.2) \
_ o - _ o -
MeO. 3 + MeO —
‘Cu--‘?nBua Li+ BUSSI’II ----Cu Li+
CN CN

(3.10.3) - - (3.10.4)



Scheme 3.11

Our postulation
MeO

R C;)u-SﬂBus

Bu
(3.10.2)
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