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Resume

L’étude des précédents exemples de synthése totale du rhazinilam et de ses analogues,
nous a conduit a élaborer notre propre approche basée sur une réaction d’aldolisation
croisée de Mukaiyama comme étape clé. La voie de synthése est décrite (en partie) ci-

dessous :
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La détermination de la diastéréosélectivité des reactions concernées est realizée par
analyse des structures par diffractométrie de rayons-X.

Les étapes suivantes ont été étudiées sur un modéle simplifié. Le composé 1 est obtenu
par N-acylation du 1H-pyrrole-2(5H)-one suivie de la déprotection de la fonction alcool.
L’oxydation controlée de la fonction alcool de 1 en aldéhyde suivie d’une réaction de

Wittig permet d’obtenir le composé 2.
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La méthodologie envisagée pour aboutir a la synthése des analogues du rhazinilam est
la suivante : on forme le cycle a six chainons par une réaction d’addition de Michael
suivie de la réduction du groupement nitro et, enfin, une réaction de lactamisation

permet de former le cycle a neuf chainons.
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Abstract

Having studied the previous total syntheses of rhazinilam and of its analogues, we
developed our own strategy based the crossed aldol Mukaiyama reaction as the key

step. The synthetic pathway is depicted below:

DTMS
NO; NO, NO:;
* 2steps __ PPhy ? Boc,O / DMAP. :
—_—
Mukalyama rc. THF/ 1% H,0 HO-
\
HN N
[e] / (e}

The determination of the dlastereoselectlwty of the reactions reported above could be
achieved with the help X-ray structures.

Working with model molecules, by acylation of 1H-pyrrole-2(5H)-one to nitrogen,
cleavage of hydroxyl group protection, we could obtain 1-(4-hydroxybutanoyl)-1H-pyrrol-
2(5H)-one (1). The oxidation of product 1 to aldehyde followed by Wittig reaction will

lead to the compound 2.

r
LT - -
o
F F
F TBAF_ HO.
i o I/L T o B h O

The last steps planed for the synthesis of the rhazinilam analogues are: six membered
ring formation by Michael reaction, reduction of nitro group and cyclisation to nine

membered ring.

C2HsO
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1. Introduction

1.1. (-)-Rhazinilam: biosynthetic origins, semi-synthesis and structural elucidation

(-)-Rhazinilam, a natural product, was isolated for the first time from Melodinus australis
in 1965!". Later it has been found in other South-east Asian members of the specific
family Apocynaceae'?: Rhazya stricta, Aspidosperma quebracho-blanco, Leuconotis
eugenifolia, Kopsia singapurensis and Kopsia teoi. More recently, (-)-rhazinilam was
isolated from intergeneric somatic hybrid cell culture of two members of the same family:

Rauvolfia serpentine and Rhazia stricta.

(-)-rhazinilam (1)

The structure of (-)-rhazinilam 1 was initially established through spectroscopic analysis
and chemical degradation studies® then confirmed using X-ray crystallographic
techniques!. Compound 1 is characterized by the presence of four rings: the phenyl A-
ring, the nine-membered lactam B-ring, the pyrrole C-ring and the piperidine D-ring.
Through X-ray analysis, it was determined that the A-C dihedral angle of rhazinilam is
ca. 90°, the amide bond possesses a cis conformation and the median ring adopts a
boat-chair conformation. This molecule bears two stereogenic elements: the quaternary
carbon atom C-20 and the phenyl-pyrrole chirality axis. Unfortunately, it was not possible
to determine the absolute configuration (R, aR) by X-ray analysis. Instead, it was
established via semi-synthesis of 1 from an aspidosperma alkaloid (+)-1,2-
didehydroaspidospermidine (3)\. (-)-Rhazinilam is considered now as an artefact of the
isolation procedure employed during the extraction from the source plant.

The naturally occurring indole alkaloid (+)-1,2-didehydroaspidospermidine (3) was
sequentially treated with m-CPBA and ferrous sulfate to give (-)-rhazinilam in ca. 30%

yield (Scheme 1).
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Scheme 1: Semi-synthesis of (-)-rhazinilam

The mechanism of this stepwise conversion was first proposed by Smith and later
confirmed by Baudoin®® ”. The reaction sequence begins with the acid-catalysed removal
of the ester group in (+)-vincadifformine (2) providing (+)-1,2-didehydroaspidospermidine
(3) quantitatively. The next step is m-CPBA oxidative cleavage of the C2-C3 indoline
bond to produce the nine-membered ring in 4 in 65% vyield. By treatement with Fe(ll),
compound 4 was reduced to a 9:1 mixture of rhazinilam (1) and 5,21-dihydrorhazinilam
(2) (itself giving rhazinilam upon exposure to air for several days). This slow conversion
5—1 suggested that the formation of rhazinilam from compound 4 occurred via a
Polonovski-type reaction. Indeed, it was found that subjecting compound 4 to acetic
anhydride and Et;N (standard Polonovski conditions) afforded (-)-rhazinilam (1) in 81%.
These observations led to the conclusion that, in the plant, the direct biogenetic
precursor of 1 is almost certainly the air-sensitive 5,21-dihydrorhazinilam (5).
Nevertheless, since (+)-1,2-didehydroaspidospermidine (3) has never been found to co-
occur in vivo with alkaloids 1 or 5, the question if 3 is the actual biogenetic precursor of
the compound 5 remains an open one. Since the absolute configuration of (+)-
vincadifformine (2) had been unambiguously determined, this semi-synthesis provided

the first experimental evidence of the absolute configuration of (-)-rhazinilam (1).



Other alkaloids possessing the same tetracyclic-system as rhazinilam have been
isolated from various members of the family Apocynaceae: 3-oxo-rhazinilam (6)

(rhazinicine), 3-oxo-14,15-dehydrorhazinilam (7), (-)-leuconolam (8) and rhazinal (9).

HN

Figure 1: Natural analogues of (-)-rhazinilam 1

Such alkaloids are also likely to be derived from 5,21-dihydrorhazinilam (5) via oxidative
pathways.

Rhazinal (9) has a particular interest because it possesses similar properties to those of
(-)-rhazinilam (1). 9 was prepared via Vilsmeier-Haack formylation of (-)-rhazinilam as
part of a structure-activity relationship (SAR) study around this family of compounds. In
1998, Kam and co-workers® reported the isolation of (-)-rhazinal (9) from stem extracts
of a Malayan member of the Apocynaceae, Kopsia teoi, a plant that also produces (-)-

rhazinilam (1).



1.2. Biological activity of rhazinilam and its analogues

Cancer is a class of diseases in which a group of cells shows uncontrolled growth
(growth and division beyond the normal limits), invasion (intrusion on and destruction of
adjacent tissues) and, sometimes, metastasis (spread to other locations in the body via
lymph or blood)®. This disease causes about 13% of all deaths. According to the
American Cancer Society!'”, about 565’650 Americans are expected to die of cancer in
2008 (more than 1500 people a day). Cancer can be treated by surgery, chemotherapy,
radiation therapy, immunotherapy, photodynamic therapy, monoclonal antibody therapy
or other methods. The choise of therapy depends upon the location and grade of the
tumor' and the stage of the disease, as well as the general state of the patient.

Chemotherapy is the treatment of cancer with drugs that can destroy cancer cells. The

term “chemotherapy” usually refers to the use cytotoxic drugs which affect rapidly
dividing cells in general, in contrast with targeted therapy. Chemotherapy drugs interfere
with cell division in various possible ways: the duplication of DNA or the separation of
newly formed chromosomes (mitosis). Most targets of chemotherapy are rapidly dividing
cells and chemotherapy is usually not specific for cancer cells. Some degree of
specificity may come from the inability of many cancer cells to repair DNA damage, while
normal cells generally can. Hence, chemotherapy has the potential to harm healthy
tissue, especially those tissues that have a high rate of cell division (e.g.: hair). These
cells usually repair themselves after chemotherapy.

Cell division is facilitated by the formation of the mitotic spindle apparatus which is
constructed from a complex and ordered network of microtubules. Microtubules are
themselves formed through the reversible dimerisation of a protein called tubulin. In
mitotic process, a dynamic interconversion of tubulin and microtubules is required.
Consequently, small molecules that disrupt the assembly (vinblastine, colchicine) (Figure
2) or disassembly (paclitaxel, also known as Taxol, and docetaxel) of microtubules have
shown a remarkable ability to suppress cell proliferation. Many of these molecules are
derived from natural sources and, indeed, some of them, have been successfully

employed in the treatment of certain cancers (Figure 3)'?.
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Figure 2: (A) Normal assembly of the tubulin (dynamic instability)*®; (B)

Colchicine inhibits polymerization of tubuline in microtubules™*.
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Figure 3

The discovery of the tubulin-binding properties of rhazinilm was made through the
screening of a number of Malaysian plant extracts by the Poitier group in Gif sur
Yvette!". Indeed, this group established that (-)-rhazinilam mimics the effect of both
vinblastin and paclitaxel: it exerts a vinblastine-like effect by inducing the non-reversible
assembly (spiralisation) of tubulin, as well as inhibiting the cold-induced disassembly of
microtubules in the same manner as the taxoids!'®.(-)-Rhazinilam has also demonstrated
a similarity to Taxol by inducing the formation of anomalous tubulin assemblies (Figure
4)"1,



Figure 4. Presence of spirals at the two extremities of a microtubule preincubated
at 37 °C in the presence of rhazinilam (125 uM) and further submitted to a 30 min.
treatment at 0 °C[*"]

As a consequence of its tubulin-binding properties, (-)-rhazinilam shows moderate

cytotoxicity towards KB cell lines, with ICsevalues in the range 7 uM®© ',

Observing the novel mode of interaction of (-)-rhazinilam with tubullin, several structure-
activity relationship (SAR) studies seeking to identify analogues with improved
pharmacological properties have been conducted. The analogues were prepared by
semi-synthesis from (-)-rhazinilam itself or by “total” synthesis. Thus, for exemple, semi-
synthetic routes related to those employed for producing useful quantities of (-)-
rhazinilam have also been used for the generation of its enantiomer (+)-rhazinilam, from
the alkaloid (-)-tabersonine!'®. Significantly, the (+)-rhazinilam enantiomer failed to inhibit
tubulin polymerization due to a lack of binding affinity for this protein.

The Thal group was the first to conduct SAR studies!? by total synthesis of phenyl-
pyrrole analogues!'® . To study the role of the lactame B-ring of rhazinilam, they
synthesized a number of achiral phenyl-pyrrole lacking this ring or having different

lactame ring size (6 0 9-membered):
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10 11
n=0,1,20r3
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R'=H, R%H
Scheme 2: Precursors of phenyl-pyrrole analogues

Substituted phenyl-pyrrole such as 11 were prepared using the Barton-Zard®” or the
Gupton?"! methods. Functionalisation of the R® chain and cyclisation afforded various
tricyclic lactam 10. The fact that all intermediates such as 11 lacking the lactam B-ring
were inactive on tubulin was confirmed in subsequent studies. Tricyclic analogues,
including those having a 9-membered lactame ring such as rhazinilam showed a 200
times smaller activity compared to rhazinilam. These important results provided the first
evidence that both the lactame B-ring and the substitution at C-20 atom were essential
for the interaction with tubulin. The presence of bulky substituents at C-20 induces the

lactam ring of rhazinilam a rigid boat-chair conformation which is the active species in

/ Suzuki coupling

the term of the tubulin binding process.

I ot

12

Scheme 3: Synthesis of phenyl-pyrrole analogues

An achiral tricyclic 7-membered lactam 12 was inactive on the cold-induced disassembly
of microtubules. It showed inhibition of tubulin polymerization with an I1Cs, value of 27 uM
(ICs0 = 7 uM for rhazinilam and a significant toxicity towards KB cells (ICso = 7 uM, 1/14
compared to rhazinilam).

Studies aimed at replacing the pyrrole C-ring of rhazinilam by other aromatic rings have
been undertaken. In the first place, a number of racemic biphenyl analogues having the

general structure 13 have been synthesized using a strategy similar to that leading to 12,



with construction of the biphenyl bond by a Stille or Suzuki-Miyaura coupling and final

cyclisation to form the bridging ring?.

13 14 15
R',R2= H, Me, Et R3, R*, R%= Me, OMe, NO,, F R, R2= Et
X,Y=NH, O Y=CH,, 0

Figure 5

Some analogues like 13A, having the structure closest to rhazinilam, but with no D-ring,
were less active than the natural product. Decreasing the size and the number of alkyl
substituents R' and R? (entries 2 and 3, Table 1) a dramatic decrease of the antitubulin
activity in accordance with observation from Thal and co-workers was observed.
Replacing the lactam by a lactone (entry 4) or by urea (entry 5) proved unfruitful, but the
replacement by a carbamate (entry 6) was particulary interesting. Indeed racemic
compound (13F) was equipotent to rhazinilam on the inhibition of both microtubule
assembly and disassembly and was twice less cytotoxic towards KB and MCF7 cells. It
was shown also that the presence of a cyclohexane ring fused with C-ring as in
rhazinilam (entry 7) is not essential.

The next attempt was the optimization of the structure 13F. To this purpose, a synthetic
sequence based on a one-pot borylation Suzuki coupling strategy was proposed!®.
Racemic biaryl analogues 14 bearing substituents on the A-ring were thus synthesized
in a direct procedure from substituted anilines. But all these analogues (entries 8-12)
were less active than unsubstituted 13F on tubulin, pointing out the negative influence of
increasing the steric bulk on this ring. The naphthyl-phenyl product 14F was more
cytotoxic than (-)-rhazinilam and the most active analogue 13F towards the MCF7 cell
line (entry 13), but its effect on tubulin could not be determined.

Pyridine-phenyl analogues have been synthesized by Rocca and colaborators'??.
Unfortunately, these analogues (entries 14-15) were less active than their surrogates

probably due to the basicity of the pyridine.



entry No. IMD IMA CT-KB | CT-MCF7
product

1 13A 1/8 1/11

2 13B 1/21 inact.

3 13C 1/17 1/26

4 13D inact. 1/11

5 13E 1/15 1/40

6 13F 1 1 1/2 1/1.5

7 13G 1/3 1/10

8 14A inact. 1/24 1/5 1/4

9 14B inact. 1/28 <1/30 1/5

10 14C 1/55 1/15 1/18 1/1.6

11 14D 1/1.7 1/1.8 1/6 1/2

12 14E 1/5 1/11 1/7 1/2

13 14F 1/9 1/3

14 15A 1/10

15 15B 1/6 1/8

Table 1
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(-)-Rhazinilam is a natural product with unique tubullin-binding properties. For this
reason and due to its intriguing molecular structure, several synthetic groups were
interested in synthesizing and studying the structure-activity relationship of rhazinilam

analogues!'® '* 228 These total synthesis are discussed in the following section.

10



1.3. Previous total syntheses

From the first extraction of Rhazinilam in 1965 till our days, seven total syntheses of
rhazinilam have been reported: three of the racemic (x)-rhazinilam and four of the
natural product or (-)-enantiomer. More than any medicinal chemistry issue, the main
purpose of these studies was the synthetic challenge posed by the structure of this
compound. The A-C biaryl axis of chirality, the quaternary-carbon centre at C-20, the
5,6,7,8-tetrahydroindolizine C-D rings substructure and the nine-membered lactam B
ring are all structural elements that present a significant challenge to those considering a

new assembly of this intriguing natural product.

The first total synthesis of the racemic (z)-rhazinilam was reported by G. F. Smith et al in
1973 The key step was the N-alkylation of 2-methoxycarbonyl-4-(2'-nitrophenyl)-
pyrrole 17 as the sodium salt by the tosyl derivative of 5-ethyl-5-(3-
hydroxypropyl)dihydrofural-2(3H)-one 18 to provide pyrrole 19 in 90%.

©i[>,cooCH3
1) AICl3 (50%)
> COOCHs — . . . >~ CO,CH
90% ®  2) H,/Adams' cat. e
/é\/ :
Hooc
OTos
pcc
95%

1) NaOH /CH30H /H,O
CO,CHs
47
0. 2) 240 °C/0.05 mm

Scheme 4: Smith’s total syntheS|s of ()-rhazinilam (1973)
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This intermediate, containing all the carbons present in the target molecule plus an
additional methyl ester group at the pyrrolic C-5 position, was then treated with
aluminium chloride in nitromethane gave tetrahydroindolizine derivative in 50%.
Subsequent reduction of the nitro-group on the phenyl ring using Adams’ catalyst
afforded the corresponding aniline 20 in 86%. Lactamisation of intermediate 20 was
effected with DCC at room temperature to provide compound (%)-21 in 95%. The
synthesis was complete via a two-step procedure: saponification of the ester group to
give the corresponding acid and then, subsequent thermally-induced decarboxylation of
this acid to provide (+)-rhazinilam (1) in 86% yield over these final two steps. The identity
of the racemic product with (-)-rhazinilam from Rhazya stricta was established by
complete identity of their UV, IR, 100 MHz NMR and mass spectra, together with

identical TLC behavior in four different systems.

In 2001, a straightforward and very elegant synthesis of (x)-rhazinilam was reported by
Philip Magnus and Trevor Rainey?”!. Beginning with 2-piperidinone, two sequential o-
alkylation reactions provided the product 24. Thiophenyl iminoether 25 was then
generated, by conventional means, from the 2-piperidinone derivate 24 in two steps and
81% yield (Scheme 5).

0 0 0 CeHsS
1) n-BuLi
NH 4y nBuLi NH  2) Me,sicI 7 NH 1) PClg 7 N
—— R — >
2)Etl 3) LiNIPr, 2) PhSH / NEt,
4) Allyl bromide
22 23 24 25

Scheme 5: Preparation of thiophenyl iminoether 25

12



~ NO, . ~ —
CeHsS
x B
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==N®
2)DBU/0 °C
25 26
NO,
1) BHy S(CHa),
\ N\ 1)Raney Ni/H, / CH;OH AN 2) H,0, / NaOH
2)_A\©.CH, \ 3) py. SO; / DMSO / Et;N
o NH N @ © 0 OH N 4) AgNO, / KOH
7
Cl
Et;N / PhMe
1 29

Scheme 6: Magnhus'’ total synthesis of (£)-rhazinilam (2001)

N-alkylation of compound 25 with 1-(3—bromoprop-1-enyl)-2-nitrobenzene produced,
after treatment with base, the ylide 26 which engaged in a Grigg-type 1,5-
electrocyclisation reaction®, leading to intermediate 27 that subsequently underwent
thiophenol elimination to generate compound 28 in 71% vyield from imine 26. This
intermediate, now containing all carbons necessary for the final target, was converted
into the alcohol using standard hydroboration reaction conditions followed by oxidation
work-up. Attempts to oxidize the alcohol to the acid using silver nitrate under alkaline
conditions converted in 29 without any complications. Finally, Raney nickel reduction of

the nitro group and lactamisation under Mukaiyama conditions afforded (x)-rhazinilam

(1).

Two other very elegant total syntheses of (-)-rhazinilam were reported, first in 2000 by
Sames and co-workers®®. Initial work was directed towards the preparation of the
racemate and then, in 2002, an adaptation of this work leading to the natural (-)-
enantiomer, the first asymmetric total synthesis reported in the literature®. Both
syntheses proceed through the achiral intermediate 34 which contain the three A-B-C

rings present in (-)-rhazinilam.

13



NO2
N O/\/\/ =
A ~Br Ag,CO; / PhMe
B —— B

DMF /100 °C =N® o
Br
30 31
NH»
OCHs 1) CCl,COCI
\ AN 2) NaOMe / MeOH
-
3)H,/ PdIC

z
o

34

Scheme 7: Synthesis of the achiral intermediate 34

Compound 34 was synthesized in an efficient sequence as depicted in Scheme 7.
Iminium salt 31 was generated from readily available imine 30**! and 1-(3—bromoprop-
1-enyl)-2-nitrobenzene. Heating of 31 in the presence of silver carbonate accomplished
both cyclisation and aromatization yielding pyrrole intermediate 32 in 70% vyield. The
methyl carboxylate group was then installed as a temporary protection to stabilize the
sensitive pyrrole ring, followed by reduction of the nitro group to furnish the amine 34.

The completion of the synthesis of the racemic (t)-rhazinilam involved Schiff base

condensation of compound 34 with an achiral ketone.

N
A
OCH, | Cofts
N\ 7
\ 1) TsOH, toluene

N ° 2) [Me,Pt(s-SMe)l;

34

Scheme 8: Preparation of the Pt-complex 35
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The stereocontrol in the asymmetric version of the total synthesis was provided by Schiff
base formation using the enantiopure ketone as a chiral auxiliary. Complexation of the
ensuing imine with the dimethyl platinum reagent [Me,Pt(u-SMe,)], afforded the complex
35 in 29% vyield over the two steps. Addition of triflic acid to the complex led to the rapid

formation of the intermediate 36 with concomitant loss of methane.

38
Scheme 9: Synthesis of the chiral intermediate 38

The thermolysis gave the platinum alkene-hybrid complex 37 as a mixture of
diastereomers. The platinum metal was subsequently removed via treatment with
aqueous potassium cyanide, followed by hydrolysis of the resulting Schiff base in the

presence of hydroxylamine. To complete the total synthesis of (-)-rhazinilam, a one-

1) BocoO / DMAP
2) 0s04/ NalO4
3) PhgP=CHCO,Bu

4) Hy / PdIC

5) TFA/ DCM

6) PyBOP / HOBT / IPr,NEt
7) NaOHaq / MeOH then HCI

Scheme 10: Final steps in the Sames’ total synthesis of (-)-rhazinilam

carbon extention of the vinyl group and the subsequent macrocycle closure was then
carried out in a standard fashion. Transformation of the double bond of 38 to an
aldehyde was followed by Horner-Emmons reaction, catalytic hydrogenation and, finally,

a macrolactam formation.
In 2005, Trauner and co-workers published the second total synthesis of enantiomer ()-

rhazinilam®? (the fifth total synthesis of rhazinilam reported till now in literature). They

used an intramolecular Heck-type reaction as the key step. The starting compounds are

15



the same as in synthesis of Smith®, enantiomer R of tosyl derivative of 5-ethyl-5-(3-
hydroxypropyl)dihydrofural-2(3H)-one. The tosyloxy group of 18 was readily displaced by
the sodium salt of carbomethoxy pyrrole to give the N-alkylated pyrrole 40 in 94% yield.
In an analogous fashion to the second transformation used in Smith’s total synthesis,
compound 40 underwent an intramolecular Friedel-Crafts alkylation upon the treatment
with aluminium chloride to afford, in 55% yield, tetrahydroindolizine carboxylic acid 41, a
compound now bearing the requisite quaternary-stereocenter associated with final
product rac-rhazinilam. Coupling of 41 with 2-iodoaniline under Mukaiyama’s conditions
afforded amide 42 . Protection of the amide 42 as a methoxymethyl (MOM) derivative
then gave key intermediate 43 in 85% yield. Heating of 43 with 10% of Buchwald’s
“DavePhos” ligand 67 and Pd(OAc), in the presence of a base resulted in the clean
formation of the strained, nine-membered lactam 46 in 47% vyield. The removal of the
methoxymethyl amide-protecting group was effected by treatment of intermediate 46
with a large excess of boron trichloride at low temperature and thus afforded the
previously reported ester 21°% in 60% vyield. Saponification of the ester moiety in
compound 21 followed by immediate acid-catalysed decarboxylation, then gave the (-)-
rhazinilam (1) in 85% yield.

=z

42 I

NaH /momer [ RER 42

Scheme 11: First steps in the Trauner’s total synthesis of (-)-rhazinilam
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H,

NaOH / H,0 BCly
-

Scheme 12: Trauner’s total synthesis of (-)-rhazinilam (2005)

In 2006, Nelson and co-workers reported an elegant and original enantioselective (the
3 total synthesis of (-)-rhazinilam®. Their strategy was based on the successful
application of the Au(l)-catalyzed pyrrole-allene addition. Allenes offer the potential to
relay the associated axial chirality to the ensuing bond forming process. The 3,4-cis-
disubstituted B-lactone 48, used as starting material, was obtained from propionyl
chloride 2-pentynal in 76% yield (99% ee). B-Lactone ring opening with (3-(1H-pyrrole-1-
yl)propyl)magnesium bromide provides the allene 49 as a single diastereomer. To be
sure that the methyl-bearing stereocenter had no effect on the stereoselection of the
annulation, the methyl ester 49 was subjected to Ph;P AuOTf-catalyzed cyclisation that
provided tetrahydroindolizine 50 with nearly complete transmission of allene chirality
(92%, 94% de).
0 J~y

O Q
EtCOCI/ TMSQn K/\MQB, PhgP AuOTS QQ
R \\
MgCIZ/ ProNEt CucN CHs
CoHs \ \ CH H3CO,C
RO,C 5 50
CoHs

47 48 CHy

TMSCHNZES gHs 49

Scheme 13: First steps in the Nelson’s total synthesis of (-)-rhazinilam

After the construction of the tetrahydroindolizine and the installation of the quaternary

carbon in the preparation of 50, introducing the aniline moiety represented the last

17



challenge to complete the total synthesis. To circumvent difficulties associated with the
oxidation of the heterocycle, pyrrole basicity was effectively attenuated by regioselective
carboxylation to provide 51. Oxidative olefin cleavage, Horner-Wittig homologation and
catalyzed dehydrogenation afforded ester 53. Biaryl bond construction proceeded by
regioselective pyrrole iodination (89%) and ensuing Suzuki-Miyaura cross-coupling of
iodine 54 with N-Boc aniline boronic ester using Buchwald’s SPhos ligand®! to afford the
3-arylpyrrole 55 in 86% yield. Chemoselective ester saponification and aniline N-
deprotection (93% over two steps) induced the lactamisation of the resulting amino acid
to deliver 10-(carbomethoxy)rhazinilam 21 in 74% vyield over three steps. Pyrrole

decarboxylation provided synthetic (-)-rhazinilam (1) in 96% yield (94% ee).

CO,CH3 CO,CHg
050, /NMO
=

then NalO4

1) PhgP=CHCO,CH;
AR b
2)H,/ PIC

52

1) Ba(OH),
2)TFA
3) HATU / PPryNEt

; B(OH), !

CO,CHy _NH
Boc
-

Pd,(dba)s H.CO,C
SPhos, K,CO;  © © T\

1) NaOH [ xecoiHs 211 55 54

2)aq. HCI

Scheme 14: Nelson'’s total synthesis of (-)-rhazinilam (2006)

The last total synthesis (the 4™ enantioselective synthesis) was reported in 2006 by
Banwell et al®. Their key step was the intramolecular Michael addition reaction in an
enantioselective fashion using MacMillan’s first generation organocatalyst ((56S)-2,2,3-
trimethyl-5-phenylmethyl-4-imidazolidinone monotrifluoroacetate). The reaction between
potassium salt of pyrrole 56 with y-butyrolactone 57 afforded, after acidic work up, the
acid 58 (60-90%) which was converted into the amide in 87% yield. This amide was then
treated with ethyl magnesium bromide giving ethyl ketone 59 (95%). The target aldehyde
61 was synthesized after Horner-Wadsworth-Emmons-type olefination of ketone 59,
reduction with DIBAL-H, the corresponding mixture of allylic alcohol was immediately
oxidized with bariummanganate followed by intra-molecular Michael addition. The

enantiomeric purity of this cyclisation product was established through its reduction with
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56/12 () @ () )K I\

N

N
160 °C 1) MeN(H)OMe-HCI 1) NaH / (Et0),POCH,CO,CH; cat  H :
+ — O _— > 0 I —— e N
2) EtMgBr 2) DIBAL-H oHe® X
)O:> 3) BaMnO,

OH CoHs CoHs
58 59 60 61

57

Scheme 15: First steps in the Banwell’s total synthesis of (-)-rhazinilam

sodium borohydride to the corresponding alcohol 62 (84%, 74% ee). The mesylate
intermediate derived from the alcohol (95%) was subjected to reaction with sodium
cyanide in DMPU giving the nitrile which was converted into the corresponding methyl
ester 63 in 63% yield by reaction with KOH in aqueous methanol followed by acidic work
up and reaction of the ensuing free-acid with DCC in methanol containing catalytic
amounts of DMAP. Vilsmeier-Haack formylation of pyrrole 63 then afforded the aldehyde
(78%) which was subjected to electrophilic iodination using molecular iodine in the
presence of silver (I) trifluoroacetate and thereby affording iodide 64 (quant.) in a
completely regioselective manner. Suzuki-Miyaura cross-coupling of 64 with pinacolate
ester of o-aminophenylboronic acid afforded the arylated pyrrole 65 (64%) which
engaged in a simple two-step lactamisation procedure to deliver synthetic (-)-rhazinal 9
in 68% vyield (74% ee). Decarboxylation of (-)-rhazinal was the final step needed for

obtaining (-)-rhazinilam (1).

~ M — M Tl n s

1) DMF / POClg
—_—

2) NaCN / DMPU 2) 1,/ AgQOCOCF,
3) KOH

H B NaBH, B 1) CH3S0,CI / Et;N

= - = - B

KOH then EDCI/ DMAP
_—

Scheme 16: Banwell’s total synthesis of (-)-rhazinilam (2006)
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Banwell’s strategy is the only one which allows to synthesize rhazinilam’s analogues: (-)

rhazinal 9, (-)-leuconolam 8 (28%) and (+)-epi-leuconolam 66 (46%).

PCC/MS

Scheme 17: Synthesis of rhazinilam analogues by Banwell’'s strategy

NO, /
CO,CHy

R 7,

) Smith’s total synthesis (1973)
° 13 steps; 4.2% yield overall
7) Banwell’s total synthesis (2006) % coscH
16 steps; 3.7% yield overall YF()O @/\)

&\ .
NH |:> |:> + ) "
/

% 2) Magnus'’ total synthesis (2001)
8 steps; 7.8% yield overall

E=3

—
N
=
H,

=

HiCO,C.

HyCOC

6) Nelson’s total synthesis (2006)
11 steps; 21.5% yield overall

3) Sames’ total synthesis (2000) :17 steps; 9.3% vyield overall

5) Trauner's total synthesis (2005) 4) Sames’ total synthesis (2002) : 12 steps; 12.7% yield overall

7 steps; 7.9% yield overall

Scheme 18: Survey of total syntheses of rhazinilam
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2. Goal

The goal of our work is the development of a novel methodology applicable to the
synthesis of simplified analogues of (-)-rhazinilam (1). The attractiveness of the unusual
tetracyclic structure of (-)-rhazinilam (1) lies in its unique biological effects exercised by a
relatively simple biaryl structure. (-)-Rhazinilam (1) intervenes in mitosis. It resembles to
simple biaryl foldamers and can therefore be considered as a mimic to a-helices of
peptides. The scientific challenge of this relatively simple natural product is to
understand and to explain in structural terms its activity. The chosen strategy must allow
the synthesis of many derivatives to check structure activity relationships. It should also

take into account sensitivity issues due to the presence of the pyrrole C-ring.

% %O

(-)-rhazinilam (1) rhazinilam analogues

Figure 7

The retrosynthesis of our target molecule is shown in Figure 8:

NO, NO,
= o = o = o =
[o!
H
NH N :> NH, N :> HO, N :> N
C2Hs0,C C3Hs0,C CoHs0,C o f

NO, NO, NO,
oTMS
NO, ' )‘\ <:02N o} <: o<:] = o <:] =
T HO HO
o NH N\
s |

Boc C,Hs0,C OH

Figure 8:
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The retrosynthesis of the target molecule includes the following steps : cyclisation of the
nine-membered lactam ring, cyclisation of six-membered D-ring under Molander
conditions (Sml,)!" 2, N-alkylation of pyrrole, crossed aldol Mukaiyama reaction for
introducing all the atom needed for nine-membered ring, dehydroxylation and N-Boc
protection in “one-pot” reaction from five-membered lactame ring leadind to the N-
protected pyrrole-one, Mukaiyama reaction between 2-azido-1-(2-nitrophenyl)ethanone

as electrophile and (1-methoxyvinyloxy)trimethylsilane as nucleophile.

References:

[1] G. A. Molander, J. A. McKie, J. Org. Chem. 1991, 56, 4112.
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3. Analysis of the Retrosynthesis of Rhazinilam

In view of the relative simplicity of Rhazinilam it is surprising that only seven total
syntheses have been reported so far. Out of the seven total syntheses four syntheses
lead to the enantiomerically pure natural products. These four enantioselective
syntheses have been reported only during the last five years. In view of the spectacular
development of the available synthetic methodologies and of the art of natural products
synthesis, the progress around the Rhazinilam synthesis has been slow. The question

has to be asked, why is this so?

Analysing the Rhazinilam structure using the classic retrosynthesis approach heralded
by Correy, the following elements have to be considered to be challenging: the nine-
membered lactam B-ring, the quaternary center o to the pyrrole C-ring, the axial chirality
and the enantioselective creation of the asymmetric center C-21. Following the
traditional wisdom one would consider the aromatic benzene A-ring and the heterocyclic
pyrrole C-ring to be elements which one should be able to introduce without any

difficulties.

Analysing the retrosyntheses which lead to successful total syntheses of the natural
product 1, one comes up with a surprising conclusion: all the reported syntheses, with
the exception of only one, have to introduce an additional electron attracting auxiliary
substituent to the pyrrole C-ring, usually an ester. One of the reported syntheses uses an
ester substituted pyrrole ring as starting material. The other syntheses have to introduce
the stabilizing substituent in a separate additional step, which prolongs their synthetic
approach. This auxiliary, stabilizing substituent is kept in place until one of the final
steps. This additional functional group has then to be removed to liberate the structure of

the natural product.
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Figure 9: Survey of the introduction of ester or aldehyde function steps on pyrrole

In view of today’s pressure to create the most efficient synthesis, which often means the
shortest possible synthesis, it is surprising that five different groups had to introduce one,
two or even three additional steps into their syntheses, which prolong the synthetic

pathway without advancing the construction of the skeleton. The chosen protection



deprotection strategy prolongs most of these syntheses by at least two steps. Avoiding
this strategy would considerably shorten the synthetic pathways and thereby increase
the yields. Reading the reports it becomes clear that these protection-deprotection
strategies were necessary to be able to execute the transformation needed, avoiding

side reactions due to the sensitivity of the pyrrole C-ring.
As it is known, the pyrrole is an electron rich heteroaromatic compound (six electrons
distributed over five atoms). Without these stabilising substituents the pyrrole ring is

easily attacked. Under the influence of small amounts of acids, unstabilised pyrroles are

polymerised and autooxidised to give so called pyrrole black!".

H T A& H T T

Scheme 19: The behavior of pyrrole in acidic conditions

Pyrrole can also be sulfonated in the 2-position by treatment with the pyridine-sulfur

trioxide complex?:

Scheme 20: Sulfonation of pyrrole

In conclusion the protection deprotection strategy chosen by the five groups mentioned
above is a consequence of the sensitivity of the pyrrole C-ring and the additional steps
needed can not be avoided.

In view of the preceding arguments it is surprising that in the synthesis reported by the
Magnus group, these protection-deprotection steps could be avoided. This is all the
more surprising because the key intermediate reported by Magnus is structurally very

similar to the intermediate reported by Sames.
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Figure 10: Comparison Maghus — Sames strategies

In view of the known sensitivity of pyrroles towards oxidation processes and to the
treatment with acids it is highly interesting to observe that Magnus reports three
oxidation processes, occurring with high yields. Reading carefully the experimental part it
is not evident, how the Magnus group has been able to avoid the side reactions, which

are usually induced under such conditions.

Our group has developed a novel synthetic methodology leading in a convergent way to
substituted pyrrole rings in the synthesis of phorphobilinogen, a precursor for many
natural products. The key transformation is the use of the Mukaiyama crossed aldol
reaction to assemble the adequately substituted skeleton, typically followed by (i)
reduction using a Pd/C catalyst to transform the azido group into the amino function. The
molecule is then set up in such a way that a cascade of reaction steps directly leads to
the aromatic pyrrole ring. Once the amino group is set free, it reacts with the &-keto
function. The imine is in equilibrium with the corresponding enamine, which expulses the
methoxy group leading to the protonated pyrrole, which is transformed into its tautomeric

form, the heterocyclic aromatic pyrrole ring.

J
CO,CH3
o O/

HsCO,C
H, / PdiC

_— =
\ /
N3 O N; mr: F m N
v NH
o

Scheme 21: Synthesis of protected porphobilinogen’®
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Or by (ii) the Staudinger reaction:
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Scheme 22: Staudinger (Aza-Wittig) mechanism

The method used to “deprotect” the azido function has no influence on the final outcome

of the reaction sequence.

The advantages of this methodology are the convergency of the sequence used to
construct the skeleton, the availability of many easily available building blocks and the
mild methodologies used for the formation of the pyrrole ring. Our method is
complementary to the known classic literature procedures*".. Mono-, di-, tri- and tetra-
alkylpyrroles can be synthesized using this method. The yields are good to excellent and

the ease of the final reaction step allows to isolate these sensitive compounds in high

purity.

Based on this observation we were interested to test the scope and limitations of our
methodology using (-)-rhazinilam as our goal. The hope was that our approach should
allow to solve the sensitivity problem, using our mild method and avoiding degradation

due to the use of too harsh reaction conditions.
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Scheme 23: Retrosynthesis of rhazinilam analogue
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ABSTRACT

As a novel approach to biaryl core structure of rhazinilam different variants of the
sequence crossed Mukaiyama aldol reaction followed by the Staudinger reaction were
studied. The reaction sequence reacting the adequately substituted acetophenone with
the O-methyl-O-trimethylsilyl ketene acetal gave in good to excellent yields the
pyrrolidinones 12a and 12b. These intermediates could be transformed in four high-
yielding steps into the pyrrolic precursor 17 containing all atoms necessary for the

construction of the rings A, B and C of rhazinilam.

For a long time the number of natural products containing pyrrole rings as characteristic

structural element was comparatively small'". The tetrapyrrolic “pigments of life”®

were
an important exception to this empirical observation. They represented on their own a
major class of natural products with an impressive variation of the basic structural
element and an even more remarkable variety of functions®®. In contrast to the large
number of pyrrole containing macrocyclic compounds found in nature, the simple
heterocycle pyrrole itself had been identified only in a limited number of natural
products™®®. Comparing the relative “rareness” of pyrrolic natural products with the
ubiquitous presence of pyridine containing natural products’®'? can be correlated with
the high chemical stability of pyridine and its protonated form. In contrast non stabilized
alkyl pyrroles are highly sensitive. Protonation leads to oligomer or polymer formation as

13

was detected already in the 19" century!"®. This high inherent reactivity in the presence
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of Broensted acids is used in the third dedicated step of the biosynthesis of the
“pigments of life”?.

The number of pyrrole containing natural products has steadily increased in recent
years!". This constant increase of identified pyrrole containing natural products is
certainly due to the combination of more efficient isolation methods with more
sophisticated structure determination procedures!”. The interest for a new natural
product stems from their biological functions, their application in humans and for the
chemist from their chemical structure!™. In this context it is interesting to note, that the
world’s largest selling drug, Lipitor®, contains a pyrrole as its central aromatic ring in a
triaryl structural motive!'® "1,

(-)-Rhazinilam, a mono-pyrrolic natural product, was first isolated by Linde in 1965 from
Melodinus australis well before the development of modern highly automatized isolation
techniques!'”!. The structure of (-)-rhazinilam was determined in the early seventies by a
combination of chemical, NMR- and X-ray-analysis!'®?!. The structure of this compound
isolated from natural sources is unusual in different respects. It contains a biaryl unit
composed of a substitued benzene and a pyrrole ring, rings A and C of (-)-rhazinilam. In
contrast to many other pyrrole containing natural products the pyrrole ring of (-)-
rhazinilam lacks a directly linked electron attracting substituent. The tetracyclic system is
unusual, especially the nine membered ring containing the lactam function is an
uncommon structural element in natural products?'. Finally (-)-rhazinilam contains two
elements of asymmetry, the chiral center at C(9) and the chiral axis fixed by the
restricted conformational flexibility of the nine-membered lactam ring.

Already during the process of isolation and structure determination it became evident
that (-)-rhazinilam might be formed during the isolation procedure!®. The first indication
came from the observation that (-)-rhazinilam accumulated in vitro in a basic fraction of
Rhazia strictal™®. This hypothesis could be confirmed using different natural alkaloids like
(+)-1,2-dehydroaspidospermidin as natural precursor. Oxidation followed by hydrolytic
ring cleavage lead in acceptable yields to (-)-rhazinilam®!. Due to these findings (-)-
rhazinilam has lost the status of a genuine natural product. It is however possible that
small quantities of (-)-rhazinilam could be formed naturally under oxygen stress
conditions without human intervention®!. The usual assumption is that artifacts of the
isolation process should not exercise a biological function as these artifacts of isolation
do not evolve under the selection pressure of evolution. The change in biological

properties generally admitted for artifacts formed by oxidation is an increase in solubility
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due to the increased polarity of the oxidation products helping to excrete these
degradation products®. It is however possible that small quantities of (-)-rhazinilam
could be formed naturally under oxygen stress conditions without human intervention.[lit.
ref.]

It came therefore as a surprise, when almost twenty years later screening experiments
gave evidence for interesting cytotoxic and pharmacological properties of (-)-rhazinilam
in vivo due to its interference with the tubulin-microtubule equilibrium® 2%, A comparison
of the mode of the antimitotic action of (-)-rhazinilam with other compounds intervening
in this important process showed that (-)-rhazinilam had a specific profile. (-)-Rhazinilam
combines a vinblastine-like activity provoking the aggregation of tubulin into spirales with
a taxol-like activity inhibiting the disassembly of microtubules®®”!. Taxol and vinblastine
have structures which are considerably more complex than the tetracyclic structure of (-
)-rhazinilam®®® #. Colchicine, which represents also a “special” expanded biaryl
skeleton®, is the only known natural product of similar simplicity acting on the mitotic
process.

Microtubule formation through the assembly of tubulin must be a highly controlled
process. Microtubules form the internal skeleton of cells sustaining their form and
volume. More important and more visible is the role of the microtubules during mitosis,
where the geometry and the timing of their formation has to be carefully controlled to
guarantee the smooth proceeding of the process of cell division. Impressive progress
has been made in understanding the structures of tubulin, its association into o-f-
heterodimers and the tubulin-microtubule equilibrium controlled by the association with
GTP and its hydrolysis product GDP. Wheras the overall process is reasonably well
understood on a molecular bases the detailed control elements necessary for the
assembly and disassembly of mitotic spindle needed during mitosis are not known.
Small molecules interfering with this process are not only excellent tools to provoke cell
arrest and can therefore be used as anticancer drugs, but they give valuable hints at the
complex control mechanism in charge of this intricate process. (-)-Rhazinilam obviously
intervenes with the protein-protein interactions leading to the microtubule formation
through the association of tubulin molecules.

The protein-protein interactions are important factors as control elements in many
biological processes such as signaling, skeleton formation, gene silencing, gene
transcriptions and activation or silencing of enzymes?" 3. Studying of the effects of and

the site of interaction of small (natural) molecules with these communication processes

33



has given important clues for the understanding of these processes®. In the
classification of the crucial elements for the protein-protein interactions proposed by
Clackson and used by Hamilton and collaborators one of the simpler recognition

el 3 In g

elements is the interaction between an o-helix and a protein surfac
systematic empirical approach to imitate the sequence of recognition elements
presented by a-helices Hamilton and his group synthesized specifically substituted
biphenyls and terphenyls as analogues imitating a-helices®. The biphenyls and
terphenyls are used as foldmers which are capable to imitate the geometry of one full or
two full turns of substituted a-helices®® . In this approach only two aspects of an o-
helix are imitated: the type and polarity of the side chains in positions i and i + 3 and the
distance and the dihedral angle viewed along the cylinder axis. In view of the simplicity
of the skeleton used to replace an a-helix turn composed of three amino acids bound
through peptide bonds the inhibition results obtained by the Hamilton group are truly
remarkable® 1. As (-)-rhazinilam is formed during the “artificial” isolation process from
plant material, it is not obvious how the biological properties of (-)-rhazinilam could have
evolved in a “natural” selection process. At the moment one can not exclude that the
structure of (-)-rhazinilam might be a chance finding not related to any “natural” process
in the tubulin-microtubule equilibrium. If this should be the case the information one can
deduce from (-)-rhazinilam is essentially a structural information, using the reasoning
applied to artificial drugs in order to describe the receptor blocked by these drugs. As
many small molecules playing the role of natural messengers are formed by oxidation

processes!*? 4!

one can not exclude the possibility that (-)-rhazinilam is playing the role
of a specific recognition element in a protein-protein interaction as proposed by Hamilton
and his group for their artificial molecules®. As a consequence one would expect (-)-
rhazinilam to be an a-helix mimick, which fills a more or less shallow pocket made for a
“natural” protein-protein interaction based on the recognition of a natural a-helix element.
Assuming this hypothesis to be true, one should be able to find the natural messenger,
which is imitated by (-)-rhazinilam. This sort of “retrodesign” has been successfully
applied to understand the physiological activities of morphine type molecules, which
imitate the natural pharmacophore the endorphins*+"..

The systematic research undertaken by the group of Guénard to define the
pharmacophore responsible for the action of (-)-rhazinilam showed, that the rings A, B

[48-51

and C are necessary for the pharmacological activity!*®*". In contrast to these three

cycles the six-membered ring D is optional. The pyrrolic ring C can be replaced by a
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B2l The nine-membered ring B is crucial. The lactam

benzene ring without loss of activity
function can be replaced by other functional groups which have similar polarity and
hydrogen bond donating and accepting properties like carbamates. These results are
compatible with the design principles proposed by Hamilton and his group™® %! and
thereby add credit to the hypothesis that (-)-rhazinilam acts as an a-helix mimick.

Due to the special pharmacological activities of (-)-rhazinilam the interest to develop total
syntheses of this molecule has been kept alive over more than 30 years. Seven total
syntheses have been reported so far, three of them leading to racemic rhazinilam and

four recent synthesis allow to obtain enantiopure (-)-rhazinilam!?? 53-%8!,

Ne

o + o« y 1) Smith’s total synthesis (1973)
°ﬁ 13 steps; 4.2% yield overall

7) Banwell’s total synthesis (2006) % o) cocH,

16 steps; 3.7% yield overall

Magnus total synthesis (2001)

6) Nelson’s total synthesis (2006) 8 steps; 7.8% vyield overall

11 steps; 21.5% yield overall

3) Sames’ total synthesis (2000) :17 steps; 9.3% yield overall

5) Trauner's total synthesis (2005) 4) Sames’ total synthesis (2002) : 12 steps; 12.7% yield overall

7 steps; 7.9% yield overall

Figure 1.

For obvious reasons the construction of the sensitive pyrrole ring is the key step in three
of the reported total synthesis. These three syntheses take care of the sensitivity
problem by forming the acid sensitive pyrrole ring relatively late in the synthesis.
Introducing the pyrrole ring late, the lack of stability associated with the presence of the

pyrrole ring can be avoided during the early steps in the synthesis. The two more recent
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total syntheses introduce the pyrrole ring intact®” *°\. In one approach a chiral auxiliary is
fixed to the precursor and the enantiomerically pure intermediate is obtained by an
organometallic C-H activation reaction. In the second approach an organocatalytic
approach is used to induce an enantioselective Michael addition. We describe our
approach to the rhazinilam skeleton synthesizing adequately substituted phenyl-pyrrole
ring systems using the sequence developed in our group. The advantage of our
approach is the wide variety of starting materials available and the mildness of the
pyrrole building step.

Our group has developed a versatile pyrrole synthesis based on the two steps sequence
Mukaiyama crossed aldol reaction followed by the Staudinger reaction®®3. Our method
allowed the synthesis of sensitive alkyl substituted pyrroles in good to excellent yields,
complementing the classical Knorr pyrrole synthesis®®. We decided to investigate a

synthetic path towards the rhazinilam skeleton based on our pyrrole synthesis (Figure 2)

ON oN CH(OCH),

= Ny Br

RO,C

N OSi(CHy)s

Figure 2.

The key step of our proposed retrosynthesis was a novel variant of our pyrrole synthesis.
To test the compatibility of our methodology with the high density of functional groups
needed for the application of our strategy to a rhazinilam synthesis was an additional
motivation for our studies.

The condensation of Il with IV should lead to the substituted pyrrole I, suitably
protected. The introduction of the side chain necessary for the formation of ring B should
be regioselective using this starting material. In the initial trials we were unable to control
the reaction conditions adequately. We mostly isolated polymeric materials, probably
due to the high reactivity of the substituted phenylacetaldehyde obtained after the
crossed aldol reaction. To avoid this problem we modified the nucleophile, using O-

alklylketene-O-silylacetals of the type 3a — 3c instead of the silyl enol ether (Scheme 1).
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HsCO OCH;
+ —_—
X P X OCH;

R

OSi(CH3)s o}
N3
3a X =0Me 4a R=H
3b x=o0Et 4b R=Br 5 X =0OMe (20%)
3c X =SEt 4c R=N;

Scheme 1. Reagents and conditions: TiCl,, CH,Cl,.

Using the ketene-acetal 3a and the acetal 4c we could isolate small amounts of the aldol
product 5. Using the aldehydes 6a — 6¢ improved the yields considerably (Scheme 1 and
Table 1). Acetals react smoothly, as shown by Mukaiyama in his previous work!®® % The
major advantage of using acetals is the fact that the substituent in the p-position of the
aldehyde is an ether, which exhibits a reduced reactivity compared to the B-hydroxy

group. However aldehydes show an increased reactivity for these transformations.

OSi(CHa)3 o]
R
6a R=H
3a-3c 6b R=cl Ta-Te
6C R=CO,Et

Scheme 2. Reagents and conditions: 6 equiv. TiCls, CH,Cl,, -78 °C.

Entry Substrates Product Isolated yield (%)
1 3a 6a 7a 51
a2 3b 6a 7b 34
3c 6a 7c 70
3c 6b 7d 51
3c 6C 7e 13

Table 1.
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We therefore used simple aldehydes of the type 6a — 6b as electrophiles. The yields of
the aldol products 7a — 7d obtained under these optimized conditions were satisfactory
to excellent. Only the Mukaiyama reaction between the ketene acetal 3c and the
aldehyde 6¢c was unsatisfactory. 6¢c was difficult to obtain in anhydrous form and the
enolisation of the B-aldehydo ester occurs easily, diminishing the amount of active
aldhyde present under the reaction conditions.

In view of these results we decided to keep the retrosynthetic dissection of rhazinilam,
but to invert the roles of the two fragments needed for the pyrrole synthesis (Figure 3).
The part introducing the nitro substituted aromatic ring (VIl) becomes the electrophile,

whereas the aliphatic part becomes the nucleophile (VIII).

ROLC o H;CO oTMS
2

N
H H N3

\ Vi Vil Vil

Figure 3.

The inversion of the polarity should also allow to solve the problem of the regioselectivity
for the introduction of the aliphatic side chain into the sterically more hindered o-position
of the pyrrole ring.

We initially used 6 equivalents of TiCl, and near stoechiometric amounts of the reagent
9.

The reaction was initiated at — 78 °C, then allowed to warm up slowly to room
temperature. Under these conditions moderate yields of the condensation products 10a
and 10b were isolated (Table 2,).

Careful studies indicated that the starting materials and the products are unstable if the
temperature of the reaction mixture is too high. At temperatures above —10 °C the
formation of side products and a corresponding reduction of the yield was observed. The
presence of large quantities of the strong Lewis acid TiCl,, which had to be neutralized,
rendered the work-up more difficult and lowered the vyield.

In a systematic study, the amount of TiCl, was reduced from 6 equivalents to 0.5

equivalents. The amount of the ketene acetal was increased to 3 equivalents and the
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reaction temperature was kept between —30 °C and —15 °C. Under these conditions the
reaction time could be kept just under 1 h allowing the isolation of the products in
excellent yields of up to 87% (Table 2, entry 2). The reaction was allowed to run for 2 h

without significant change in the yield.

o H3CO OTMS

X X CO,CH;

8a-8e 9 10a - 10e

Scheme 3. Reagents and conditions: 0.5 equiv. TiCls, CH,Cl,, -30 °C then -15 °C, 45

min.
Entry Substrates 8 Isolated yield 10 (%)
1 a X=Cl,R=H 20
b X=Br,R=H 87
3 c X=N3;, R=H 74
°4 d X = Br, R=NO, 48
5 e X=N3, R=NO, 80
Table 2.

The Staudinger reaction transforming the aldol products 10c and 10e into the
pyrrolidinones 1la and 11b occurred without any problems in good vyields using 1.5

equivalents of triphenylphosphine (Scheme 4).

R R
HO _ HO =
N CO,CH4 HN
o)
10c R=H 1lla R=H (76%)
10e R=NO, 11b R =NO, (80%) lla 11b

Scheme 24. Reagents and conditions: PPhs, H,O, THF, RT.
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The isolation of 11b was very expedient because the product is not soluble in THF. Just
a filtration allowed to isolate the pure product. The X-ray crystallographic analysis of 11b
revealed that all fonctionnal groups are implicated in a dense network of hydrogen bonds
(Figure 4).

.
02 e

Figure 4.

Two chains of hydrogen bonds cross the whole crystal forming a sheet and further
hydrogen bonds extand into the 3™ dimension (not shown in Figure 3). This particular

arrangment is in accordance with the low solubility observed.

Entry Atoms Distance (A) Observation
1 O(3)-H-O(4) 2.72 Normal length
2 N(2)-H-O(1) 3.15 Normal length
3 N(2)-H-O(2) 3.23 Unusual big length

Table 3.

On the opposite the solubility of 11a in organic solvents is sufficient and does not create

any problems for further transformations. The X-ray analysis of 11a revealed that the
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molecules are associated as dimers. A third hydrogen bond links these dimers together

into an one-dimensional chain (Figure 5).

Figure 5.

Whereas 11b makes 6 hydrogen bonds per molecule the absence of the nitro group

onto 11a reduces this number to 4.

The elimination of the tertiary alcohol was more difficult than we had anticipated. The
alcohol reacted only sluggishly, if at all with many of the reagents tried. Part of the
problem is the low solubility of compound 11b.

We ftried to eliminate the tertiary alcohol of 11b under acidic conditions but we only
observed the degradation of the starting material. Because of the slightly higher
reactivity of the lactam compared to the alcohol and the problem of solubility we

protected first this fonction with a benzyl group in good yield (Scheme 5).

NO,

NH

11b 13

Scheme 5. Reagents and conditions: NaH, DMF, -20 °C then -10 °C, 60%.
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To eliminate the alcohol we decided to introduce a good leaving group. However the
tertiary alcohol of 13 was very unreactive and the formation of a derivative could only be
observed under very harsh conditions (table 4, entry 7). Only the acetate could be
introduced in 73 % yield at 100 °C. No elimination of the acetyl group could be observed

under these conditions.

NO, NO,
o o}
HO . RO
dj dj
13 14

Scheme 6.
Entry Reagents T (°C) Isolated yield (%)
1 Pyridine, Ac,O rt -
2 NaH, Ac,0, DMF -20 then rt -
3 Et;N, TMSCI, toluene rt -
4 Pyridine,MsClI rt -
5 Pyridine, Tf,O rt -
6 NaH, Tf,0, CH.Cl, -20 then rt -
7 Ac,O 100 73%
Table 4.

However treating 11b with 2 equivalents of Boc-anhydride in the presence of DMAP
using THF as a solvent introduced the Boc-protecting group on the lactam nitrogen and
effected at the same time the elimination of the tertiary alcohol in almost quantitative
yield to give the product 16b. This one-pot procedure was an elegant solution of the
solubility and the correlated reactivity problem.

A systematic study of this reaction revealed that we were able to isolate 3 different

products changing the amount of Boc,O (Table 5).
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NH NBoc NBoc NBoc

NO, NO, NO, NO,
- + = +
0 o} 0 \ \ OBoc
HO HO
16b 17

11b 15

Scheme 7. Reagents and conditions: x equiv. Boc,O, DMAP, RT.

Entry Boc,O (eq.) Solvent Reactiontime (h) | 15 16b 17 Isolated yield (%)
1 1 DMF 1 75 25 - -
2 2.1 THF 24 - 98 2 98%
3 3 DMF 2 - - 100 93%
4 THF 2 - - 100 82-93%
Table 5.

With one equivalent of Boc,O we isolated a mixture of 15 and 16b. These conditions
were not optimized. If 11b was treated with 3 equivalents of Boc,O we isolated the
pyrrolic tautomer 17 in almost quantitative yield. We initially made this reaction in DMF
because of the low solubility of 11b. However using THF as solvent the reaction has the
same efficiency and the purification is easier.

This study suggests that the first step is the N-bocylation followed by the O-bocylation.
The elimination with the help of the third equivalent of Boc,O will produce the aromatic

compound 17 (Scheme 8).

NO, NO, NO, NO, NO,
P = —_— \
o] (o] o] o} \ OBoc
HO HO BocO

NH NBoc NBoc NBoc NBoc

11b 15 18 16b 17
Scheme 8.
In spite of our efforts we never isolated or observed the compound 18. Applying the

same strategy for 11a we isolated 16a in almost quantitative yield (Scheme 9). The nitro

group on the phenyl ring seems to have no direct impact on this reaction.
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In order to introduce the four carbon side chain, the pyrrolinone was first silylated
forming 19a and 19b, which correspond to a protected form of the pyrrolic tautomer of

e®” %8 The compound 19a was more sensitive to hydrolysis than 19b.

the pyrrolidinon
Whereas we were able to purify 19b by flash chromatography on silica gel, 19a was not
stable under these conditions. We had to purify 19a by distillation to prevent any
hydrolysis. The side chain was introduced using the aldehyde 20a-d as electrophile and
BF; etherate as catalyst® ", The aldehyde 20a was obtained using a procedure
described in literature’?. Hydrolysis and esterification of y-butyrolactone followed by
Swern oxidation gave the ethyl derivative 20b in 75% yield over two steps. The
derivatives 20c and 20b were synthesized using an equivalent strategy compare to 20b.
First the hydrolysis of y-butyrolactone followed by the esterification to give the
corresponding alcohol which was oxidized using a Swern procedure. The respective

yields over 3 steps were 70 and 75%.

HO e —_—

HN BocN

o o] oTBS [¢]
lla rl=H 16a Rl=H (93%) 19aRl=H (62%) 20a R?=Me  (74%) 2la R2=Me (84%) 22a R?=Me (52%)
11b R'=NO, 16b R!=NO, (98%) 19b R!=NO, (98%) 20b R?=Et  (75%) 21b RZ=Et  (93%) 22b RZ=Et (77%)
20c R2=Bz  (70%) 21c R?=Bz  (94%) 22¢ R?=Bz (78%)

20d R?=PMBz (75%) 21d R?2=PMBz (91%)

Scheme 9. Reagents and conditions: (a) Boc,O, DMAP, THF, RT; (b)TBSOTf, 2,6-
Iutidine, CHZC|2, (C) BFgoEtz, CHzclz, -78 OC; (d) PDC, CHzclz, 0 °C.

84 to 94% yield of aldol products 21a-d were obtained starting with the compound 19b.
The diastereoselectivity of the reaction controlling the two newly formed chiral centers
was low. In the next step the alcohols 21a-c were oxidized using PDC in the presence of

molecular sieves.
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No. R PDC (equiv.) Conc.(M) Temp.(°C) Time (h) MS4A (g) Yield(%)

1 Me 34 2.4 107 RT 1 2 23
2 Me 2.5 1.6 102 RT 3 2 52
3 Et 1.8 1.6 107 RT 3 2 43
4 Et 1.1 1.6 1072 RT 3 25 35
5 Et 1.1 1.4 10 0 6 45
6 Et 2 9103 0 7 77
7 Bz 2 11072 0 7 78
Table 6.

The compounds 22a-c contain all the carbons necessary to form the 9 membered ring B
(Scheme 10) .

Ie) NO, 1) hydrolisis HN

2) reduction o)

N 3) cyclisation -

RO.L BocN H

22a-c 23

Scheme 10.

The hydrolysis of 22b under basic conditions gave the corresponding acid 24 but in

moderate yield (Scheme 11).

NO,

EtO,C HO,C

BocN BocN

(0] (0]
22b 24

Scheme 11. Reagents and conditions: MeOH, NaOH (50%), 1 h, RT, 40%.

We were not able to improve this result changing the parameters of this procedure. Part
of the problem could be the high acidity of the proton in position 5 of the pyrrolidinone.
The best conditions for basic hydrolysis found were the treatment of 22b with and an

excess of aqueous sodium hydroxide and MeOH at room temperature. The hydrolysis
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under acidic conditions gave no better results. Compounds 22a-c were too sensitive to
acids. Different other procedures as enzymatic hydrolysis or hydrogenation (22c) were

tried to optimize this step but without any significant result.

To reduce the pyrrolidinone 22b to the needed pyrrole we developed a method using
Pd° as catalyst starting from the triflate derivative 25d for the reductive elimination. We
synthesized in good to moderate yields 4 different triflate derivatives (25a-d) (Scheme
12).

X X
—_—
R AN R
BocN BocN
OTf
16a-b, 22a-b 25a R=H, X=H (82%)
25b R=H, X =NO, (61%)

25C R = MeCO,(CH,),CO, X =NO, (21%)
25d R = EtCO,(CH,),CO, X =NO, (74%)

Scheme 12. Reagents and conditions: Tf,0O, Base, CH.Cl..

The choice of the base is critical for this reaction. By analogy with the synthesis of 19a,b
we used 1,3-lutidine as base for the non substituted pyrrolidinones 16a,b giving the
corresponding triflate 25a,b in good yield. But in presence of the side chain this base
gave a moderate yield only (25c). Changing 1,3-lutidine for Et;N allowed to improve this

reaction and to obtain 25d in good yield.

We observed for all the compounds 25a-d a ®J coupling in the "H-NMR between H(3)
and the fluorines of the triflate group (Figure 5). The 'H-NMR of H(3) is a doublet of
quadruplets. The coupling constant of the doublet is a classical “J for pyrrole rings
between H(3) and H(5) with a typical coupling constant of 2.3 Hz. The coupling constant
of the quadruplet is much smaller (0.8 Hz) and is correlated with the coupling constant of
the doublet (0.7 Hz) observed in '°F-RMN.
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Figure 6.

The X-ray analysis of the derivative 25a revealed that the triflate group is not in the same
plane than the pyrrole ring (Figure 7). This conformation brings the fluorines into close

van der Waals contact with H(3).

¢ R F =
A O
(0] //S\\\O
25a

Figure 7.

The distance between H(3) and the nearest fluorine atom is rather short (2.80 A). The
triflate group in 25a is turned out of conjugation with the n-system of the adjacent pyrrole
ring to avoid strong steric contact with the N-Boc group. The same conformation was

observed for the O-Boc group in compound 17. The comparison of the X-ray analysis of
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17 and 25a revealed the same 3D arrangement for the two different O-substituants
(Figure 8).

NO,

BocN

OBoc
17

Figure 11.

The superposition of the structures 17 and 25a shows that the substituants on the
nitrogen and the oxygen of the pyrrole ring have the same geometry. The bulky Boc-
group on the pyrrole nitrogen is in the plane of the pyrrole ring. This arrangement
maximizes the overlap between the lone pair of the pyrrole nitrogen and the carbonyl of
the Boc-group. To avoid the steric hindrance, the substituents on the vicinal oxygen of
17 and 25a are pushed out of the plane. The oxygen Boc-group in 17 is arranged in a
zig-zag conformation in the plane which is almost orthogonal to the plane of the pyrrole
ring. The triflate on the oxygen does not show a streched conformation but the

trifluoromethyl group is turned towards the pyrrole ring.

The reduction of 25d using Et3SiH in the presence of Pd(OAc), and dppf as catalyst
afforded the expected pyrrole in good yield (Scheme 13). This reduction was very fast at
room temperature (less than 1 min.) and we had to lower the temperature to be able to

control it.
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NO,

Et0,C /

Et0,C N

BocN

orf
25d 26

Scheme 13. Reagents and conditions: (a) 2.5 equiv. Et,SiH, 5% Pd(OAc),, dppf, DMF,
-10 °C (64%); (b) TFA, CH,Cl,, RT (88%).

Finally the deprotection of the Boc group under standard conditions using TFA in CH,Cl,

gave the compound 26 in 88% yield.

In conclusion we have developed the synthesis of compound 26, an advanced synthetic
intermediate for the rhazinilam analogue I. The total yield of 26 starting from 10e is 22%.
The approach is convergent, starting from simple, inexpensive materials and allows to
obtain structural variations of the skeleton. Further efforts towards the synthesis of the

rhazinilam analogue are in progress.
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3.2. Supporting Material

General procedure for 3a,b,c:

A solution of LHMDS 1M in THF (15 mmol, 1.2 equiv.) is diluted in dry THF (50 mL)
under N,. Ester (12.4 mmol, 1 equiv.) is added dropwise. After 15 min. at RT, the
reaction is cooled to -78 °C and TMSCI (72.1 mmol, 5.8 equiv.) is added slowly. The
reaction is kept under stirring at this temperature for 1 h. The solvent is evaporated
under vacuum and salts are precipitated with pentane. The solution is filtered over celite
and the solved is evaporated. Purification by distillation (P=0.07 mbar, T=76 °C) (93%).

Synthesis of (1-methoxy-2-phenylvinyloxy)trimethylsilane (3a)

A solution of LHMDS 1M in THF (34 mL, 34 mmol) is diluted in dry THF (100 mL) under
N.. Methyl 2-phenylacetate (4.28 g, 28.6 mmol) is added dropwise. After 15 min. at RT,
the reaction is cooled to -78 °C and TMSCI (18.02 g, 165.9 mmol) is added slowly. The
reaction is kept under stirring at this temperature for 1 h. The solvent is evaporated
under vacuum and salts are precipitated with pentane. The solution is filtered over celite
and the solvent is evaporated. Purification by distillation (P=0.055 mbar, T=64-65 °C)
(92%).

'H-NMR (400 MHz, CDCls) : isomer E : 7.44 (dd, ®J(4,5) = 8.1, *J(4,6) = 1.3, 2H, H(4)),
7.26 (tripletoide, °J(5,4) = 8.1, %J(5,6) = 7.4, 2H, H(5)), 7.04 (tt, °J(6,5) = 7.4, *J(6,4) =
1.3, 1H, H(6)), 4.70 (s, 1H, H(2), 3.72 (s, 3H, H(1")), 0.35 (s, 9H, H(1")).

'H-NMR (400 MHz, CDCls) : isomer Z : 7.44 (dd, *J(4,5) = 8.1, “J(4,6) = 1.3, 2H, H(4)),
7.26 (dd, *J(5,4) = 8.1, %J(5,6) = 7.4, 2H, H(5)), 7.04 (tt, °J(6,5) = 7.4, *J(6,4) = 1.3, 1H,
H(6)), 4.62 (s, 1H, H(2)), 3.71 (s, 3H, H(1’)), 0.31 (s, 9H, H(1")).

C-NMR (100 MHz, CDCl3) : 158.0 (C(1)); 137.2 (C(3)); 128.3 (C(5)); 126.5 (C(4));
123.7 (C(6)) ; 78.8 (C(2)) ; 55.3 (C(1")) ; 0.6 (C(17)).

ESI-MS : [M + H + TFA]" = 337.4

Synthesis of (1-ethoxy-2-phenylvinyloxy)trimethylsilane (3b)

A solution of LHMDS 1M in THF (15 mL, 15 mmol) is diluted in dry THF (50 mL) under
N,. Ethyl 2-phenylacetate (2.03 g, 12.4 mmol) is added dropwise. After 15 min. at RT,
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the reaction mixture is cooled to -78 °C and TMSCI (7.84 g, 72.1 mmol) is added slowly.
The reaction mixture is kept under stirring at this temperature for 1 h. The solvent is
evaporated under vacuum and salts are precipitated with pentane. The solution is
filtered over celite and the solvent is evaporated. Purification by distillation (P=0.07
mbar, T=76 °C) (88%).

'H-NMR (400 MHz, CDCls) : isomer E : 4.72 (s, 1H, H(2)), 4.18 (q, %J(1,2’) = 7.1, 2H,
H(1%)), 1.28 (t, J(2',1°) = 7.1, 3H, H(2))).

Note : the signals for protons 4, 5, 6 et 1” are hided by the majority isomer Z

13C-NMR (100 MHz, CDCls) :isomer E : 128.5 (C(5)); 126.6 (C(4)); 123.8 (C(6)); 86.5
(C(2)); 62.7 (C(1")); 15.2 (C(2)).

Note : the signals for protons 4, 5, 6 et 1” are hided by the majority isomer Z

'H-NMR (400 MHz, CDCls) : isomer Z : 7.45 (dd, 3J(4,5) = 8.0, “J(4,6) = 1.3, 2H, H(4)),
7.26 (dd, 3J(5,6) = 7.5, °J(5,4) = 8.2, 2H, H(5)), 7.03 (tt, °J(6,5) = 7.4, “J(6,4) = 1.3, 1H,
H(6)), 4.59 (s, 1H, H(2)), 3.94 (q, J(1,2’) = 7.1, 2H, H(1")), 1.39 (¢, °J(2’,1’) = 7.1, 3H,
H(2)), 0.33 (s, 9H, H(17)).

3C-NMR (100 MHz, CDCl3) : isomer Z : 157.0 (C(1)) ; 137.4 (C(3)) ; 128.2 (C(5)) ; 126.4
(C(4)); 123.5 (C(6)) ; 79.2 (C(2)) ; 63.8 (C(1’)) ; 14.6 (C(2)); 0.7 (C(1")).

ESI-MS : [M + H]" = 237.1

Synthesis of (1-ethylthio-2-phenylvinyloxy)trimethylsilane (3c)

A solution of LHMDS 1M in THF (15 mL 15 mmol) is diluted in dry THF (50 mL) under
N.. Ethyl 2-phenylacetate (2.03 g, 12.4 mmol) is added dropwise. After 15 min. at RT,
the reaction is cooled at -78 °C and TMSCI (7.84 g, 72.1 mmol) is added slowly. The
reaction is kept under stirring at this temperature for 1 h. The solvent is evaporated
under vacuum and salts are precipitated with pentane. The solution is filtered over celite
and the solvent is evaporated. Purification by distillation (P=0.08 mbar, T=80-82 °C)
(92%).

1H-NMR (200 MHz, CDCl;, 298 K) : isomer E: 7.54-7.15 (m, 5H, H(ar)), 6.06 (s, 1H,
H(2)), 2.79 (q, °J(1,2’) = 7.3, 2H, H(1)), 1.34 (t, °J(2’,1’) = 7.3, 3H, H(2)).

1H-NMR (200 MHz, CDCls, 298 K) : isomer Z: 7.54-7.15 (m, 5H, H(ar)), 5.88 (s, 1H,
H(2)), 2.79 (q, °J(1,2’) = 7.3, 2H, H(1)), 1.28 (t, °J(2’,1’) = 7.3, 3H, H(2)).
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Synthesis of 2-azido-1,1-dimethoxyethane (4c)

NaNj3; (3.00 g, 46.2 mmol) and Kl (0.50 g, 3.0 mmol) are mixed in a flask with DMF (50
mL). 2-bromo-1,1-dimethoxyethane (5.00 g, 29.6 mmol) is added and the solution is
heated at 95 °C. After 6 h, the solution is cooled and H,O (100 mL) is added. The
aqueous phase is extracted with Et,O. The combined organic phases are dried over

MgSO,. The solvent is evaporated and a red oil is recuperated (79%).
Synthesis of methyl 4-azido-3-methoxy-2-phenylbutanoate (5)

TiCl, (6.60 mL, 59.7 mmol) is added to a solution of acetal 4c (532 mg, 4.1 mmol) in dry
CH.CI, (20 mL) under Ar. 3a (902 mg, 4.5 mmol) is then added dropwise. The mixture
becomes green and is stirred at this temperature. After 1 h, H,O (100 mL) is added and
phases are separated. Aqueous phase is extracted 3 times with CH,Cl,. The organic
phases are successively washed with water and brine and dried over MgSOQO,. After
concentration the residue is purified by flash chromatography (silica gel, EtOAc/hexane
1:3) to give 200 mg of 5 (20%).

'H-NMR (400 MHz, CDCls, 298 K) : 7.38-7.24 (m, 5H, H(ar)), 4.37-4.34 (m (X part of the
system ABX (partially solved)), °J(3,2) ~ 9.6, 3J(X,A) ~ 5.6, 3J(X,B) ~ 2.9, 1H, H(3)), 3.81
(d, J(2,3) = 9.6, 1H, H(2)), 3.76 (s, 3H, H(2")), 3.70 (s, 3H, H(1")), 3.25, 3.24, 3.05 and
3.03 (2xdd system ABX, %J = 12.8, 3J(A,X) = 5.6, 3J(B,X) = 2.9, 2H, H(4)),

Note : the signal due to an impurity: 7.38-7.24 (m, H(ar)) double intensity of integrals)
3C-NMR (100 MHz, CDCl;, 298 K) : 173.2 (C(1)) ; 138.1 (C(arq)) ; 129.3 (C(ar)) ; 128.7
(C(ar)) ; 128.5 (C(ar)) ; 72.6 (C(3)) ; 54.8 (C(2)) ; 53.5 (C(4)) ; 52.4 (C(2)) ; 52.4 (C(1")).

Note : the signal due to an impurity: for C(ar) the difference between product and

impurity is not well difined
ESI-MS: [M - H + H,O] = 265.3; [[M + H + H,O] 