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ABSTRACT

This thesis describes the work performed developing synthetic approaches to the
guanidine containing marine natural products cylindrospermopsin and batzelladine F,
and the bicyclic lactone containing compounds, the plakortones.

(1) A reductive guanidine addition-cyclisation reaction was employed to prepare the
left hand portion of batzelladine F from a bis-a,B-unsaturated ketone which was
prepared from succinaldehyde using Wittig methodology.

(i)  Attempts were made to prepare a 6,6-bicyclic analogue of cylindrospermopsin
in four steps from 5-hexen-1-ol utilising as the key step a tandem 1,4-addition/epoxide
opening methodology. This was found to lead to a 7,6 product via a competitive
process.

(iii)  Intramolecular epoxide opening reactions involving guanidines were also
studied providing access to several glycomimetic analogues. These included a simple
five and seven membered ring system, together with a more complex substituted five
and six membered ring system as well as a dimeric 7,7 system.

(iv) A bicyclic 5,5-furanofuran was prepared via the reaction of n-butylmagnesium
bromide with an a-hydroxy-y-ketocarboxylic acid which leads to the formation of a
tetrasubstituted y-butyrolactone which in turn was converted to the required system, an
analogue of the bicyclic lactones found in the marine natural products, the plakortones.
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CHAPTER 1

THE GUANIDINIUM GROUP AND ITS
BIOLOGICAL ROLE



THE GUANIDINIUM GROUP AND ITS BIOLOGICAL ROLE

1.1 INTRODUCTION

The guanidinium motif is commonly used by proteins and enzymes to recognise

and bind anions." This variety of ion pairing patterns coupled with its strong basicity

allows the guanidinium moiety to play a key role in ion recognition and catalysis.

1.2 BASICITY AND HYDROGEN BONDING

Guanidine [1] is the imine of urea and is one of the most basic neutral nitrogen

containing compounds known with a pKa of 13.5 in water,” the strength of which is
comparable to that of sodium hydroxide. This strong basicity is a result of the stability
of the cation after protonation of the imino nitrogen. The positive charge on the
guanidinium ion can spread equally between the three nitrogens by virtue of resonance,
producing the three resonance hybrids depicted below in Fig. 1.

NH

. s

HZN NHZ HzN G Hg

N e
N
H,N (}\IHZ

Fig. 1. Guanidine and its protonated resonance hybrids.

In comparison the guanidinium group is a very weak base with a pKa of -11. In
aqueous media the guanidinium group is well solvated due to the extensive hydrogen
bonding to the solvent. The partial positive charge of the hydrogen bond donors

increases their strength for donation to the negative dipole of water' and therefore alkyl



substituted guanidines show decreased solvation effects due to the loss of hydrogen
bonding sites. The basicity of the substituted guanidines remains high due to the
electron donating character of the alkyl groups, this effect is observed in arginine which
has a pKa of 12.5 in aqueous media.’

In contrast both phenylguanidiniums and acylguanidiniums have lower pKa
values than alkylguanidiniums due to the disruption of the canonical forms of the
guanidinium ion. Table 1. shows examples of several substituted guanidines and their

related pKa values.

NHR,
RN=  HX pKa
NHR;3

R, R, R;

H H H 13.6
Me H H 134
Me Me H 13.4
Me Me Me 13.9
Ph H H 10.77

CONH, H H 8.11 +0.05
COMe H H 8.20+0.05
COPh H H 6.98+0.05
CO,Et H H 7.03+0.05

OH H H 7.96 + 0.04

Table 1. pKa values of substituted guanidines.”

On comparison of acylguanidiniums and phenylguanidiniums it can be seen that
a high degree of amide resonance stabilisation results in acylguanidiniums having lower
pKa values than phenylguanidiniums. Moreover substituted phenylguanidines must be
considered separately as their pKa values will be dependent upon the nature of the
substituent. The presence of an electron donating group will therefore increase the pKa
and vice versa for electron withdrawing groups.’

The dimensions for simple guanidine derivatives®’ have been obtained by X-ray

crystallographic analysis which has revealed several common features. The C-N single



bond length in alkylguanidines is typically shorter than the usual C-N single bond. The
three C-N bonds in the guanidinium group itself are virtually equivalent with an average
of 1.33 A This is further illustrated in Table 2 with examples of derivatised

guanidines, furthermore, the three bond angles (N-C-N ) are almost equal at an average
of 120°.



R,

Compound C-N bond lengths (A) NCN bond angles (°)
R, R, C-N' [ c-N? | c-N° | N'CN? | NCN° | N'CN?
H NO, 134 | 1.34 | 1.35 118 129 112°
H CN 1333 | 1339 | 1.341 | 1187 | 1238 | 117.5
H SO,CeH,NH,-p 1329 | 1334 | 1348 | 1181 | 126.0 | 115.8"°
H OCH,CH,CH(NH;)(CO,) | 1.361 | 1.347 | 1.302 | 1164 | 1252 | 1184"
OH NO, 1391 | 1.307 | 1.346 | 1193 | 129.1 |111.7"

Table 2. Crystallographic dimensions of functionalised guanidines




1.3 ARGININE AND THE BIOLOGICAL ROLE

1.3.1 INTRODUCTION

Many enzymes have incorporated within their active site an arginine residue. It

is the guanidine motif within the arginyl residue which plays a vital role in enzymatic
activity. In some cases it provides support, in others it aids in the orientation of the
guest to the host molecule, the ‘Lock and Key’ hypothesis. Probably the most common
anionic substrates that require arginyl residues for activity are phosphates and
carboxylates. This results in the formation of oxoanionic bonds (Fig. 2), which is of

great interest to the bio-organic chemist.

*NH, ' NH,
M n i

R\ITI If/ R\III ITI/
g g oo
O 0 6. ¢
N e

Ro‘ OR

R

Fig. 2. Oxoanionic bonding with carboxylates and phosphates.

Many examples of arginyl incorporated active sites exist; however, only a few
will be discussed within this section. For a more detailed account the reader is advised

to read a text by Hannan and Ainsly.'

1.3.2 ARGININE AND ITS BIOLOGICAL ROLE

As discussed in section 1.2 the unique structure of the guanidinium ion allows it

to form hydrogen bonding patterns which are rare and possibly unique in biological
systems. In fact, these properties may account for nature’s selection of arginine as one

of the twenty naturally occurring amino acids found in proteins.
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Fig. 3. Arginine 1n its zwitterionic form.

Arginine (Fig. 3) is one of three amino acids which are positively charged at
physiological pH; this ionic charge is provided by protonation of the guanidinium
moiety.’ Nature offers many examples in which arginine is a key component in a
biological system, recognition of anionic substrates by enzymes and receptor sites,
binding of antibody to antigen'® and the maintenance of protein conformation.

Enzymes of notable interest containing the arginine residue in the active site
include staphylococcal nuclease™ (Fig. 4), bovine carboxypeptidase A' (Fig. 5),
transcarbamylases' (Fig. 6) (in which in 1980 Marshall and Cohen found Arg 54 and
Arg 105 at the carbamyl phosphate binding site of bovine omithine transcarbamylase
and concluded the residues importance for catalysis), alkaline phosphatase’,
prostaglandin H, synthase'® and Nitric oxide synthase oxygenase.'” The final three are

discussed in greater detail.

O
ASP40 TASPZ] Asp40 O ASPZI
9T O i i
Hog o eal | -
H” ~ o 4’ HwO: Gl 15 N\H Cz;\ﬁl HfO
: 3 }43 ” ﬁ\\,.\‘
A H,, '&/”%H e | .OH
H‘O v ' 3 g3 4, g P--..._ OR’;I
3 OR. O A
‘ 5 (ORrs
,Ir{ H y i
+ / H H
H—’N N l .
h _N )
H H \fN\H
N
Al'gg';/ \H /N\
Arggy H

Fig. 4. Current mechanistic view of the initial step in catalysed DNA hydrolysis by SNase.



145

127N
Arg ~ \H

Fig. S. Structure of bovine carboxypeptidase A bound to
(-)-3-(p-methoxybenzoyl)-2-benzoylpropanoic acid.
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Fig. 6. The active site of carbamyl phosphate in bovine ornithine transcarbamylase.

1.3.3 ALKALINE PHOSPHATASE
Alkaline phosphatase is a dimeric enzyme which contains two Zn*" ions and one
Mg”" in each monomer. It is a non-specific phosphomonoesterase that can either

produce inorganic phosphate or transfer phosphoryl groups between alcohols.' The



important features of the active site (illustrated in Fig. 7) are the amino acids Ser-102
and Arg-166.

Serjg
Mg®*  4sPsi /FN/
I\ll I*IJ 0] 0O N Hisy)z
s ~.r OH H 2.‘{.‘\.\\“
\l_r-t- H‘ ‘\\Z‘:_-nh" H H Ser]{)z
N & O L) \
Argies” H, . PO N $
B166 f-Q/ \OR ASP369 Argl66/ %‘\...u N\ “”“0 Om,,zn
RV, H — H-Noy L f F
O,ME $7+ //\N rn,,.,o—___P‘___._'o-{
.§Zl—:tr|N / .:.F...
Asp3yy 0 N—_—_—\ His33; RG, ‘:'z*‘
%/N‘*H g0
\
Hiss7o H

Fig. 7. The coordination sphere of phosphate in alkaline phosphatase.

The current mechanistic interpretation is that the Arg-166 residue aligns the
phosphate within the active site correctly, as well as stabilising the charged
intermediates and transition state; this coupled with experimental data infers the
involvement of a phosphoryl serine intermediate in which the phosphate substrate
bridges to both zinc ions, and is linked to the Mg”" ion via a water hydrogen bond. This
produces a pocket with a 7" charge which provides an extremely electrophilic
environment for phosphate binding. Arg-166 is not necessarily involved in catalysis but

its presence is beneficial for catalytic activity. 18

1.3.4 PROSTAGLANDIN H, SYNTHASE-1

As prostaglandin biosynthesis has been implicated in the pathophysiology of
cardiovascular disease, cancer and inflammatory diseases, the active site of PGHS-1 has
been greatly investigated.'” Non-steroidal anti-inflammatory drugs (NSAID) such as
asprin, ibuprofen and indomethacin target PGHS and affect its activity. Prostaglandin
belongs to the family of eicosanoids, as do the thromboxanes and leukotrienes which
are formed from the essential fatty acid arachidonic acid.'® PGHS-1 catalyses a key

step in the production of prostaglandins and thromboxanes from arachidonic acid. This



enzyme exhibits both cyclooxygenase activity and peroxidase activity. Both sites are
functionally and spatially distinct but they do require the presence of a single heme
unit.

PGHS has two functions, the initial cyclooxygenase reaction which is the target
for NSAID’s, and secondly, the conversion of the acid to PGG, while the peroxidase
active site converts PGG, to PGH,. Examination of the crystal structure of PGHS-1
with S-flurbiprofen (Fig. 8) suggests that Arg-120 has three main functions. It provides
a ligand with which the carboxylate of arachidonic acid can bind, forms an important
salt bridge with Glu-524, and, as Arg-120 is found near the mouth of the channel
opposite the bulky phenyl group of Tyr-355, it may determine the stereochemistry of

PGHS-1.

10
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Channel Mouth

e

Fig. 8. The active site of cycloxygenase in PGHS-1.

The active site lies between the heme group (Red), at the top and the channel mouth. Bound within the active
site is NSAID flurbiprofen (Yellow) which lies near Ser-524 (Orange). Tyr-385 (Blue) lies between the heme and
flurbiprofen. The carboxylate of flurbiprofen ligates with Arg-120 (Green) and Tyr-355 (Blue). Glu-524 (Red) may
also interact with Arg-120.
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1.3.5 NITRIC OXIDE SYNTHASE OXYGENASE

Nitric oxide (NO) is a key intercellular signal and defensive cytotoxin in the
1

nervous, muscular, cardiovascular’’ and immune systems,2 and is produced by the
oxidation of arginine by nitric oxide synthase (NOS). Neuronal NOS and endothelial
NOS produce low concentrations of nitric oxide which is subsequently used for
neurotransmission, insulin release and penile erection to name a few. The high
concentrations of NO which is produced by cytokine-inducible NOS is used to counter
pathogens and organise T-Cell response.

Citrulline and nitric oxide are obtained via a NOS catalysed two step heme
based, five electron oxidation of arginine. The first step of the reaction pathway is a
mixed function oxidation in which arginine is hydrolysed to N°-hydroxy-L-arginine
(NOH-L-Arg), and secondly NOH-L-Arg is converted to both NO and L-citrulline. The
mechanism by which this occurs (Fig. 9) involves the guanidine moiety of arginine
donating a proton to the peroxo-iron intermediate, enabling O-O bond cleavage to occur
and subsequent conversion to a proposed peroxoiron (IV) n cation radical species,
which then rapidly hydroxylates the neutral guanidinium to NOH-L-Arg, via a radical-

based mechanism.*

Arg
H ~ N-H-0 Ghusyy
/N'_‘-. -
H ITI—H -0
..*..
NOS + L-Arg 2o J [:{
5 0O 0
02+28 I;ﬂ“ /U\
]
S Trpsss
/
g NOH-L-Arg
H "NI:{ H--0 Gl HO\ RP{PN—H"O\_ G[U371
\N == \ A7) N:< \
"OH ITI—H——O” i
H - b
N =
S! Trp3es P
v /

Fig. 9. A mechanistic representation of NOS.
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2.1 INTRODUCTION

The ocean covers nearly three quarters of the earth's surface, with these wide

expansive tracts of water being home to a variety of flora and fauna. This makes the
marine environment a huge potential resource for natural products and their associated
applications (pharmaceutical science, food additives, cosmetics, novel enzymes and
medicinal science). Many of these natural products contain guanidine with the more
elaborate products being a great synthetic challenge to the organic chemist.”

Improved analytical techniques have led to the isolation and structural
elucidation of many natural products, which are more elaborate than their terrestrial
counterpart if any exists. Only a selected few will be discussed in this chapter,
however, for a more overall account the reader is pointed towards reviews by Mori*!

and more recently Berlink.?’

2.2 TETRODOTOXIN AND SAXITOXIN

Tetrodotoxin [2] is probably the most well known guanidine containing marine

natural product. This lethal neurotoxin, found in the ovaries and eggs of the tiger puffer
fish tara fugu and the closely related puffer fish ma fugu, has a lethal dose of 8ug/kg.
Structural elucidation was carried out simultaneously in 1964 by American and
Japanese groups.”® However, the first total synthesis was not achieved until 1972 by
Kishi and co-workers”® Further studies by Mosher and co-workers”? found

tetrodotoxin to be present in many organisms, the Californian newt Taricha torsa,”’

octopus Hapalochaena maculosa®™

and the skin and eggs of the Costa Rican frog
Atelpus chiriaauiensis.” Yasumoto®® isolated tetrodotoxin from the skin of Atelopus
subornatus, A. peruensis and A. oxyrhynchus Bufonidae toads,” and Shimidu and co-
workers in 1988 isolated tetrodotoxin from extracts of marine sediment off the coast of
Japa.n.3 :

In 1992 and 1995 several derivatives of tetrodotoxin were found by Yotsu et al.*? in
several new species of puffer fish. Compounds [3] and [4] were isolated from Arothron
nigropunctatus and Fugu poecilonotus respectively, along with a more abundant
epimer of [4] at C-4 [S]. Structural elucidation of both [4 & 5] was achieved by

analysis of spectroscopic data, along with circular dichroism, which established the

configuration at C-9. Yamamoto in 1994 reported an asymmetric synthesis of

tetrodotoxin. >

14



[4] A R;=H, R2:OH

5
[2]; R=CH,OH  HpN
[5]; R{=0OH, Ry=H

[3]; R=H

R Me

OH

Fig. 10. Tetrodotoxin and its derivatives.

The symptoms of poisoning are well documented and go back to antiquity. The
puffer fish Tetraodon lineatus has been identified amongst the figures on the walls of
the tomb of the Egyptian Pharaoh Ti of the Vth Dynasty. It is believed that the early
Egyptians knew the puffer fish to be poisonous and the earliest known reference to fugu
poisoning is from the Han Dynasty (202BC-AD220).

Saxitoxin [6] was isolated in 1957 by Schantz ef al.** and is found in normally
edible bivalves such as clams and mussels Mytilus californianus. The toxin
accumulates and concentrates within the bivalves when they ingest toxic blooms of
dinoflagellates (Plankton) Gonyaulax catenella®  and Gonyaulax tamarensis.>
Consumption of contaminated shellfish by humans results in PSP (Paralytic Shellfish

Poisoning) which can be fatal. Saxitoxin is also the paralytic agent of the Alaskan

Butterclam Saxidomad giganteus.>®

Structural elucidation of the complex molecule proved to be extremely
problematical until Rapport’’ and Schantz®® in 1975 obtained crystalline derivatives.
The first total synthesis of Saxitoxin was reported in 1977 by Kishi ef al. and via a
similar route in 1984 by Jacobi.**® More recently in 1995 Kishi er al.*® produced a
series of bioassays with the natural (+)-saxitoxin [6], (+)-decarbamoylsaxitoxin [7] and

the unnatural derivatives. This proved that only the natural orientations displayed

sodium channel blocking activity.

15
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Fig. 11. Saxitoxin and derivative.

Both tetrodotoxin [2] and saxitoxin [6] display similar activity in terms of their
selective affinity towards sodium channel inhibition even though their structures are

markedly different.

2.3 ANATOXIN -a-(S)

Anatoxin-a-(S) [8] is a neurotoxin which was isolated from the cyanobacteria
Anabaena flos-aquae®® in 1989 by Moore and co-workers. It is stable between pH 3 and
5 but under basic conditions decomposes readily. Carmichael ef a/ suggested the high
level of toxicty anatoxin-a-(s) displayed (LDsp-20-40 pg/kg of mice) was due to the

exceptional anti-cholinesterase activity. "’

X
(0] OM
/—(\ N(CHs) g, r= ;P\i )

HN_ N_ o O
\[r R [9]; R=OH
o+ - o
NH, [10]; R=H

Fig. 12. Anatoxin-a-(S).
Structural elucidation was achieved by spectroscopic analysis 'H, *C and *'P
NMR along with NMR studies on anatoxin-a-(S) that had beeﬁ uniformly enriched to
50% "*C and 90+ % "°N. Storage of anatoxin-a-(S) led to decomposition products [9 &
10] as well as monomethylphosphate. The absolute stereochemistry around C-5 was
determined by Moore ef al. by means of synthesising the R and S geometries of [10]
from D- and L-asparagine (Scheme 1).
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NHTs NH,
[14] [10]

Scheme 1. Reagents and Conditions: (i) N-hydroxysuccinimide, DCC, dioxane, 0°C
10min to RT 15h; (ii) Me,NH in Et,0; (iii) CF3CO,H, RT 1h; (iv) 10% Pd-C, Hy, MeOH;
(v) excess BH3/Me;,S, THF, reflux 15h; (vi) S,S-dimethyl-N-tosyliminodithiocarbonimifate,
EtOH, reflux 15h; (vii) 48% HBr, reflux 4h.

Acid [11] was converted to dimethylamide [12], deprotection with TFA/H,/Pd-C
and subsequent reduction with BH3;-Me,S complex afforded triamine [13] which was
treated with S,S-dimethyl-N-tosyliminodithiocarbonimidate to furnish the cyclic
guanidine [14]. Deprotection of imine [14] by heating at reflux with 48%, aq HBr
afforded [10]. Spectroscopic analysis indicated that synthetic [10] derived from L-

asparagine had identical NMR characteristics to anatoxin-a-(S).

2.4 CYLINDROSPERMOPSIN
2.4.1 ISOLATION AND STRUCTURAL ELUCIDATION

In 1985 Hawkins ef al. reported on a study concerning an outbreak of

hepatoentritis that occurred on Palm Island in Northern Australia in 1979 affecting 148
inhabitants. Within the course of their study three species of cyanobacteria were
identified as regular components of phytoplankton. Two varieties of Anrabacna
circinalis were found and were shown to be non-toxic after testing, however
Cylindrospermopsis raciborskii, a species previously not thought to be toxic was found
to be the causative agent in this outbreak.” Cylindrospermopsis raciborskii was
identified by J. Komdrek of the Institute of Botany, Tiebon, Czechoslovakia, and

isolated using treated agar plates.*
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Structure elucidation did not occur until 1992 when Moore and co-workers**
isolated cylindrospermopsin [15] from the same cyanobacterium Cylindrospermopsis
raciborskii as did Hawkins. They utilised S00MHz 'H and 125 MHz C NMR spectra
in D,0 coupled with 2D COSY, HMQC and HMBC experiments as well as HREABMS
and UV spectral analysis. The intense negative ion FABMS (M-H m/z 414) and UV
spectrum in H,O inferred a substituted uracil. The high chemical shifts of carbons
C-10, C-15, C-8 and C-14 (845.0, 48.3, 53.6, and 57.9 respectively) suggested nitrogen
was attached, whereas oxygen was present on carbons C-7 and C-12 (870.7 and 78.2
respectively). Isotope shifts established the positions of the NH’s (C-8 and C-15) and
the OH (C-7) with CIDMS data supporting the position of the sulphate group (C-12).
The cis, trans and geminal coupling constants associated with the signals for protons on
C-8 to C-14 indicated the six membered rings and their attached functional groups.
Moore ef al. established the presence of a tricyclic moiety by HMBC experiments.
Protons on C-8 and one proton on C-15 were coupled to a guanidino carbon (5156.5).

In 1994 Herada et al.* isolated cylindrospermopsin from a new cyanobacteria
Umezakia natans found in Lake Mikata, Fukui, Japan and in 1997 Sukenik er al.*
isolated [15] from a further cyanophyte Aphanizomenon ovalisporum in Lake Kinneret

in Israel.

H

§

B
N._ _NH HN
c
NH 0O
[15]

Fig. 13. Cylindrospermopsin.

Runnegar et al.*” found cylindrospermopsin to be toxic to cultured rat
hepatocytes, functioning by inhibition of reduced glutathione synthesis. The
preliminary investigations established doses of 3.3-5.0 uM caused 40-67% cell death by
LDH release after incubation for 18 hours while nontoxic doses of cylindrospermopsin
1.6-2.5 uM decreased cell glutathione by 50%. They also concluded that toxic doses of
5.0 uM lead to loss of glutathione before the onset of toxicity by six hours.
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2.4.2 SYNTHETIC APPROACHES

Preliminary efforts towards the synthesis of cylindrospermopsin was attempted

by Weinreb and co-workers “® in 1993. They reported the production of an analogue
AB ring system which had the stereochemistry at C-7,8 & 10 comparable to
cylindrospermopsin. Amidine [16] was lithiated* and alkylated producing diene [18]
and the isomeric unconjugated diene [17] as an inseparable mixture in 67% yield.
Hydrolysis of [17 & 18] afforded an inseparable mixture of isomeric amines [19 & 22]
which were then further converted to benzyl carbamates [20 & 23] in 65% yield.

Compounds [19 & 22] were secondly converted to a mixture of ureas [21 & 24] in 48%

yield.
S
O 2 e 0L
N N i N
M T
~
B
[16] ’ T8 Tl g
-

(i) /ﬁ
o T, - O
Me NR

o — [19].R=H .. — [22].R=H
(iif) Q[ZOI»R=002CH2PD i) (@) C,\ [23].R=CO,CH,Ph (iv)
[21].R=CONH, [24].R=CONH,

Scheme 2. Reagents and Conditions: (i) ‘BuLi, THF, CuC,H,Pr, 1-chloro-2,4-hexadiene,
4:1 67% total yield; (i) KOH, MeOH / H,0, 94% yield inseparable; (iii) PhnCH,OCOCI, Et3N,
CH,Cl,, 65%; (iv) NaOCN, HCI, 48%.

Weinreb ef al. observed that treatment of [21 & 24] with thionyl chloride and
imidazole at -78°C produced a single Diels Alder adduct [26] in 67% yield, based upon
[21] and urea [24] was recovered unchanged. Structural characterisation of [26] was
established by X-ray crystallography. The diastereomeric adduct [27] was not detected
and so Weinreb and co-workers performed modelling studies on [25] which established

two possible reasons for the production of [26] and not [27]: (a) the presence of better
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overlap in an exo transition state comparable to intermediate A leading to [26] and (b)

the presence of a non-bonded interaction which would destabilise B relative to A.

@ /\[
p1] —> -

\ |
jL

— — \ﬁ+ "
H
N
W Oj/l
\I-rN\ . J\

] I '\S

Hilg Me < :

o ) N
L . H

A B

[28]

Scheme 3. Reagents and Conditions: (i) SOCl,, CHCI,, imidazole, -78°C; (ii) PhMgBr,
THF, -78°C; (iii) (MeO);P, MeOH, A, 65%.

Stereospecific conversion of [26] by treatment with phenylmagnesium bromide

and a [2,3] sigmatropic shift of the sulfoxide intermediate furnished [28] in a 65% yield.
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Weinreb ef al. were pleased to find their AB system had the same stereochemistry at C-
7, 8 & 10 as cylindrospermopsin.

In order to extend their approach to the total synthesis of cylindrospermopsin
Weinreb and co-workers™ needed to access the generalised substituted diene system
[30] which held the correct functionality and stereochemistry as cylindrospermopsin

and envisaged that aldehyde [29] would be a suitable precursor to this system.

[30] [29]

Fig. 14. Weinreb's retrosynthetic analysis.

Initial investigations focused on an imino Diels Alder reaction of diene [31]
with acetate [32] forming the cycloadduct [33] as a single stereoisomer. However
modification of [33] to the required intermediate [29] proved difficult. Ester [33] was
first converted to alcohol [34] without problem; however, Swern oxidation of alcohol
[34] to aldehyde [35] yielded 89% of the requisite aldehyde but, under basic conditions

epimerisation occurred leading to the unwanted #rans product [36].

= o A ,COyEt
Aon 0, /Hi}
Rite * I Me Ts

NTs
0" ph PHCH,0”
[31] [32] 2 [33]
R CHO
(ii) /@ (iv) /@/
o M N
Me N‘*Ts - Me ~Ts
PhCH,0” PhCH,0”
(i) B R=CHLOH [36]
[35] R=CHO

Scheme 4. Reagents and Conditions: (1) ZnCl,, PhMe, RT, 58%; (i1) LiAlH,, Et,0, 94%;
(i11) Swern, 89%; (iv) Base.
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As the next stage of the proposed synthesis involved the modification of C-2,
several homologation reactions were attempted, including homologation of [34] using
cyanide, via the corresponding mesylate and Wittig homologation of aldehyde [35].
Both attempts did produced the desired products [37] and [38] but in low yields. As
these homologation methods proved to be difficult, Weinreb and Heintzelman
employed a new strategy in which aldehyde [35] was oxidised to the requisite
carboxylic acid [39] and then treated under Arndt-Eistert homologation conditions.
Unfortunately this also led to a complex mixture of products including the required

ester [40] as well as lactone [41], again in low yields.

u"'\
) CN
[34] & N
——
CYANIDE M < STs 37
DISPLACEMENT
PhCH,0”
-”,..-\:F()Me
[35] Kl JQ‘]\
—_—
wittic  Me Ts  [38]
PhCH,0”
“.,.CO;gH ~
(iif) (iv) «"NC0,Me
—_—
BSl  ormarton e : P ESTERIFICATION N_
: e Y Ts
PRCELO”  [39 / [40]
2 [39] PhCH,O
+
7 Yo 20
M S\N O
€ m,,,'/
[41]

Scheme 5. Reagents and Conditions: (1) MsCl, TEA, KCN, DMSO, 14%,;
(i1) PhsP=CHOMe, 5-10%; (iii) Jones oxidation, 83%; (iv) Oxalyl chloride,
CH,N,, Et,O, Ag,O, MeOH, [40] 17%, [41] 39%.
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A new strategy was thus adopted in which N-tosylamine [32] was reacted with
oxygenated diene [42] (4:1 ratio of £:Z) which, after an in situ acid hydrolysis, resulted

in formation of cis and trans enones [43] and [44] respectively.

o A 0) A
iHL OF: ;ﬂ/\ L T e Y

NTs CO,Et CO,Et

(32] [42] [43] [44]

Scheme 6. Reagents and Conditions: (i). PhMe, H;O™.

They observed that the ratio yields of [43] : [44] were dependent upon reaction
conditions, (summarised in Table 3) and determined that these differences were a result

of £/Z isomerisation of the diene or epimerisation that occurred during work up and

purification.
Catalyst Material Ratio Percentage Yield
[43] : [44] [43] : [44]
AlCl; PhMe, -78°C, 3h. 71 53
ZnCly PhMe, -78°C, 3h 22:1 60
- PhMe, RT, 3h 4.7:1 51

Table 3. The various conditions employed for production of [43] & [44].

Weinreb et al. suggested the major cis product [43] was derived from a Z-diene
which ultimately proceeded via a transition state which had the carboxylate group of
imine [32] endo. This led to the conclusion that the minor trans adduct [44] arose from
the £-diene. Due to the problematic nature of assignment Weinreb et al. treated both
the major and minor adducts with vinylmagnesium bromide yielding vinyl ketones [45]
and [47] as single stereoisomers. Reduction of both with L-Selectride afforded
piperidine alcohols [46] and [48] as crystalline materials, enabling clarification of the

original assignment with [47] Thaving the correct stereochemistry for

cylindrospermopsin.
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0] A 0O HO,, S
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CO,Et CO,Et CO,Et

[43] [45] [46)
0 X 0 N HO S
MBD ~Ts L Men STs — Mem
GO, 0Bt CO,Et
[44] [47] [48]

Scheme 7. Reagents and Conditions: (1) Vinylmagnesium bromide, Cul, THF, BF3-Et;0, 96%);
(ii1) Vinyl magnesium bromide, Cul, THF, 88%; (i1) L-Selectride, THF, 59%, 49% respectively.

Weinreb and co-workers produced several active intermediates which were
further functionalised and predicted that these would be instrumental in developing a
total synthesis of cylindrospermopsin.

In 1995 Snider and Harvey®' repeated their synthesis of an AB model system of
cylindrospermopsin via a ten step convergent synthesis. The key reaction in this
approach being a double Michael addition of ammonia to dienone [S4]. Dienone [54]
was prepared from 1,3-dibromo-2E-butene [49], firstly by treatment with lithium
bis(trimethylsilyl)amide in THF followed by metal halogen exchange, subsequent
addition of crotonaldehyde furnished [S1]. Without any further purification, the TMS
protecting group was cleaved, producing [52], and the amine function protected, with
Boc,O producing [53] in 44% yield from [49]. Further oxidation of [S3] with MnO,
gave [54] in 86% yield.
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1V

[53]; R;=H, R,='Bu0

Scheme 8. Reagents and Conditions: (i) LIN(TMS),, THF 25°C, 2h, 40-50%; (ii) ‘BuLi -78°C,
crotonaldehyde; (iii) MeOH, overnight 25°C; (iv) BOC,0, CHCI,, 1M NaOH, 44%; (v) MnO,,
CHCl,, 16h, 25°C, 86%.

Dienone [54] was elaborated by a double Michael addition of ammonia
producing piperidinone [55] as a mixture of diastereomers, the major diastereomer,
having all three substituents equatorial (H,, H; and Hs were axial indicated by large
vicinal coupling constants J,3;=10.3 and Js;,=12.0Hz) as required for
cylindrospermopsin, in 55% yield after purification. Snider er al. observed that
equilibration of the mixture of diastereomers under the original reaction conditions
afforded further quantities of [S5]. They envisaged the guanidine moiety could be
introduced by deprotection of [55] with TFA followed by subsequent treatment under
Kay>> conditions using carbonimidothioate [57]. This produced the unforeseen
protected O-methylisourea [58]; however, cyclisation to produce [59] was achieved by
heating [58] at 60°C in methanol. Preliminary NMR studies of the cyclic intermediate
[59] indicated a change in stereochemistry of Hs, in terms of an axial to equatorial
arrangement. Snider ef al. suggested that isomerisation could have been a result of a
retro-Michael and subsequent Michael reaction being thermodynamically driven by A

strain between the equatorial methyl and acyl guanidine.
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Scheme 9. Reagents and Conditions: (i) NH4OH, NH,Cl, MeOH, 67°C, 16h sealed tube;
(i) TFA, CH,Cl,, 25°C, 16h; (iii) [57], DMF, 25°C, 16h; (iv) MeOH, 60°C.

This isomerisation was prevented by reduction of ketone [S5] with L-Selectride
to the desired axial alcohol [60] in 88% yield. After deprotection of the amine
furnishing [61] and treatment with [57] to obtain [62], cyclisation to the bicyclic system
[63] did not occur.

'‘BOCHN 111 Me | H:N H Me |

[60] [61]
COZCHZCC13 (1302CH2CC13
OMe H
LR RS
I H %b
H Me
H OH
[62] [63]

Scheme 10. Reagents and Conditions: (i) L-Selectride; (ii) TFA; (iii) [56], DMF, 25°C, 16h.
As with their first attempt, steric interactions were considered to be the major
problem. Therefore, a more reactive precursor was used enabling production of
guanidine [63]. Snider and Harvey then used isothiocyanate [64] which after generation

in situ was reacted with [61] to furnish the protected thiourea [65]. Subsequent
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treatment with HgCl, and Et;N in DMF produced the bicyclic system [63] in 40% yield
from [61]. Guanidine deprotection and sulfonation gave the cylindrospermopsin model
[67] which on comparison with the reported data for the natural material, was shown to

possess the correct stereochemistry.

CO;CHZCCIg CO:CHCCy

Scheme 11. Reagents and Conditions: (1) in-situ, [64]; (i) HgCl,, EtsN, DMF, 40%; (iii) Zn dust, AcOH,
H,S, HCI, 81%; (iv) DMF.SO;, DMF, quantitatively.

One of the most recent studies towards the total synthesis of cylindrospermopsin
was carried out by Snider and Xie in 1998.>> After reporting the formation of the
bicyclic guanidinium sulphate [67] they further attempted the synthesis of the third ring
of cylindrospermopsin and the hydroxymethyluracil side chain. This was partially
achieved by a convergent synthesis based upon the coupling of acetylene [69b] with
aldehyde [71].

Acetylene [69b] was prepared in 97% yield via the reaction of pyridine with
Grignard [68] and BnOCOC! under Yamaguchi conditions,” followed by deprotection.
Compound [71] was obtained from elaboration of orotic acid by the procedure of
Gershon® forming dimethoxy-4-pyrimidinecarboxylate [70]. After treatment with
LiBH,4 which afforded 93% of the corresponding primary alcohol, this was subsequently
oxidised with Dess-Martin reagent to give aldehyde [71] in 90% yield. Reaction of
[69b] with EtMgBr furnished an intermediate acetylenic Grignard which on treatment

with aldehyde [71] resulted in an 85% yield of [72] as a mixture of diastereomers.
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Scheme 12. Reagents and Conditions: (i) BnOCOCI, THF, 0°C, 2h, 95%; (i) K,CO3, MeOH, 25°C,
20 min, 97%; (iii) EtMgBr; (iv) LiBH4, THF, 93%; (v) Dess-Martin, 90%, (vi) Direct combination [69¢]
and [71], 85%.

Hydrogenation of [72] over 5% Pd/C reduced both the acetylene and pyridine
moieties as well as cleaving the CBZ protecting group giving [73] in 94% yield as a
mixture of diastereomers. Further elaboration of [73] by treatment with thiourea [74]
introduced the guanidine moiety in 74% yield, and following subsequent treatment with

HgCl,, Et;N and oxidation, again with the Dess-Martin reagent, afforded 72% of ketone
[75].

OH
OMe OH
- OMe
| M) A
N_ _N s |
\( NH N_ _N
~CBZ OMe
[72] [73] OMe
0
MeS._ _NHCBZ OMe
i X
NCRZ [74]
. }\ YN
NHCBZ
(iii) ZBCN OMe
[75]

Scheme 13. Reagents and Conditions: (i) H,, 5% Pd/C, MeOH, 94%; (ii) [74], HgCl,,
EtsN, DMF, 74%; (iii) Dess-Martin, 72%.

Ensuing bromination with CuBr, provided crude bromoketone [76] which
Snider and Xie found unstable and could not be purified. Hydrogenolysis of [76]
deprotected the guanidine moiety thus enabling an S,2 reaction to form the second six

membered ring. Under these conditions the ketone was also hydrogenated giving
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alcohols [77a-d] as a mixture of diastereomers in a ratio of 81:14:4.5:0.5 around C1 and
C2. Compound [77a] had the correct stereochemistry with relation to
cylindrospermopsin even after treatment with conc. HCI thus forming in 95% yield the

analogue [78] from [77a].

HO
T i H OM
: = i ¢
Y 0
NH, OMe [77d,0.5%]

Scheme 14. Reagents and Conditions: (i) CuBr,, EtOAc, 40°C, 15min; (ii) H,, Pd/C, MeOH,
2h, two steps; (ii1) conc. HCl, reflux 6h, 95%.
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Snider and Xie developed a short synthetic pathway which enabled them to
access the tetrahydropyrimidine ring and hydroxymethyluracil side chain of
cylindrospermopsin.

Following the completion of the work described in this thesis, McAlpine and
Armstrong®® reported the synthesis of a tricyclic guanidinium analogue of
cylindrospermopsin. In a key step in this synthesis, the advanced intermediate [79] was
cyclised by treatment with a catalytic amount of p-TsOH in refluxing benzene. This
yielded one diastereomer of the corresponding Z-protected piperidine in 74% yield,
subsequent hydrogenation giving [80] in quantitative yield.

The absolute stereochemistry of [80] correlated with that of the A ring of
cylindrospermopsin and was assigned by 2D NOESY. Guanylation of [80] was
achieved by reaction with bis-Z-methylthiopseudourea [81].

(0]
H SMe H

OTBS 1] N_ _NzZ
/U\/\/ﬁ/\/ i__ e NH O ____[_3_+ Me

(i) (i) |
Mc z /;
[79] TBSO” [80] TBSO™ [82]

Scheme 15. Reagents and Conditions: (i) pTSA, benzene, 74%; (ii) Hy, Pd/C, 100%,;
(iti) [81], HgCl,, EN, DMF, 85%.

They envisaged the next important step in the synthesis as two Sy2 displacement
reactions. The first required the alcohol with appropriate stereochemistry resulting
from reduction of the methyl ketone. As this was an initial investigation McAlpine and
Armstrong treated [82] with NaBH,, which produced an inseparable 5:1 mixture of
alcohols [83], which upon Mitsunobu cyclisation generated guanidine bicycles [84 &
85] in 75% combined yield. 2D NOESY experiments confirmed that the minor product
[85] had the equatorial conformation of the methyl group necessary in the B-piperidine

ring of cylindrospermopsin.
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Scheme 16. Reagents and Conditions: (1) NaBHy, MeOH, 100%; (i) PPhy, DIAD, [84] 63%, [85] 12%.

Despite this, further model studies on [84] established that tricycle [87] could be
formed by initial treatment with NaH in a THF : methanol (1:1) solution to selectively
deprotect one Z-group. Subsequent treatment with TBAF in THF removed both TBS
protecting groups and cyclisation under Mitsunobu conditions produced the tricycle

[87] in 27% yield, as the only isolated structure.

H H H
TBSOWMG HO. Me HO Me
@) (i1) Ij’/\r (iii) :C*/Y
84
[ ]——'—Me NYN —* NYN T v NYN

! NEZ P NEZ iz
8S0” HO™
[85] [86] [87]
Scheme 17. Reagents and Conditions: (1) NaH, THF, MeOH, 67%,; (i1) TBAF, THF, 84%,
(iii) PPhs, DIAD, 27%.

McAlpine and Armstrong concluded that the synthesis of tricycle [87] (albeit
with the wrong stereochemistry) demonstrated the feasability of a double displacement

strategy to install the tricyclic guanidinium core.
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2.5 PTILOMYCALIN A AND RELATED COMPOUNDS

2.5.1 ISOLATION AND STRUCTURAL ELUCIDATION
In 1989 Kashman and Hirsh isolated a new unique polycyclic guanidine

containing natural product, ptilomycalin A [88], from the Caribbean sponge Ptilocaulis
spiculifer and the Red Sea sponge Hemimycale sp._57 More recently ptilomycalin A has

38

been isolated from the starfish Fronia manilis and Celerina hetfernani”® and the

Caribbean sponge Batzella sp.5 A

Structural elucidation was achieved by a combination of several NMR
techniques and mass spectrometry. Ptilomycalin A exhibited cytotoxicity against P388
(ICs 0.1pg/ml), L1210 (ICsp 0.4pg/ml) and KB (ICs 1.3pg/ml) as well as antifungal
activity against Candida albicans (MIC 0.8 pg/ml) and antiviral activity against HSV
(0.2pg/ml).

Kashman and co-workers studied the structure and chemical properties of
ptilomycalin A extensively; however, most of the structural work was carried out on the
bis(trifluoroacetyl) derivative [89] which gave sharper signals in the 'H and ®C NMR
spectra. In a latter publication Kashman related ptilomycalin A to a vessel and
anchor,” the polycyclic framework being the vessel and the alkyl chain and spermidine

moiety the anchor.

|88]; R=H, X=Unspecified.
[89}; R:COCF3, X:CF3C02.

Fig. 15. Ptilomycalin A and the bis(trifluoroacetyl) derivative.

The spermidine unit was assigned using COSY, HOHAHA, COLOC and HMBC
experiments as well as degradation studies. Assignment was aided with the isolation of
[90] from Prilocaulis spiculifer and Hemimycale sp.. Kashman and Hirsh noted the
accompaniment of small signals with the seven methylene groups, implying the

spermidine moiety existed as two rotational isomers. This was confirmed by preparing
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[91]. The NMR properties of [91] were equivalent to [89] with respect to the

spermidine moiety.

NHR;  (90]; R;=CH3(CHy)14, Ry=H.

RI\H,N\/\/NHRIA [91]; R,=CF3, R,=COCF3.
o

Fig. 16.

The HOHAHA spectrum also enabled the identification of the central tricyclic
unit and both N,0-Acetyl units. The downfield NH protons at $10.22 and 69.87
suggested an ammonium or guanidinium salt. This was clarified by treatment of a
sample in CDCl; with sodium hydroxide. The peaks in question disappeared but
regenerated over a 24hr period strongly suggesting a guanidine. In addition the typical
carbon signal of a guanidine 5149.09 remained uncorrelated in any NMR experiments.
Final ratification was achieved by treatment of the CDCIl; sample with 3 equivalents of
CD;0OD which split the signal at $149.09 into three new signals 149.09, $149.02 and
5148.94 due to the isotopic effect of the deuterium. This suggested the carbon was
adjacent to two exchangeable protons indicating a guanidine moiety.  The

stereochemistry of [89] was established by phase sensitive NOESY and ROESY

experiments.

2.5.2 SYNTHETIC APPROACHES

Not surprisingly ptilomycalin A became the focus of much synthetic attention.

Snider and Shi in 1993°' developed a biomimetic approach to the tricyclic portion of
ptilomycalin A. They found the tricyclic unit could be accessed from a bis-o,p—
unsaturated ketone [92] in two steps.

The required substrate [92] was obtained as a 1:1 mixture of stereoisomers in
61% yield from a Knoevenagel condensation reaction. This was then heated in the
presence of O-methylisourea and NaHCO; at 50°C, which produced a 3:1 trans : cis
mixture of the bicyclic adducts [93] and [94] in 56% yield  The relative
stereochemistry was determined by ROSEY experiments, and the authors were pleased
to observe both isomers were converted to the tricycle [96] in 60% yield by treatment

with excess NH,;OAc in methanol, which was saturated with anhydrous NH; at 60°C in
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a sealed tube. Again the stereochemistry around C-10 and C-13 was established by
ROESY experiments.

MeO CsHy; CsHy,
H;sCz CsHy, (l) 0
H;sCq
CO,Me HisCy COMe CO,Me
[92] [93] [94]
(i)
H H
RO I N CsHy & HzN\n,N CsHy
N
o e P\
H;sC7 N
H;sCq
COMe CO;Me
[96]; R=CH, =

Scheme 18. Reagents and Conditions: (i) O-methylisourea hydrogen sulphate, NaHCO;, DMF, 2h
3:1 trans:cis, 56%; (i1) NH40Ac, MeOH sat. with anhydrous NHj, 4d, 60°C, 60%.

In 1994 Snider and Shi®* elaborated on earlier work and synthesised the
pentacyclic nucleus of ptilomycalin A, using similar methodology which gave them
access to the tricyclic unit. The bis-o,b-unsaturated ketone employed in the synthesis
was obtained from the Knoevenagel condensation of aldehyde [97] and B-ketoester [98]
(prepared in nine and four steps from commercially available materials).

The Knoevenagel condensation between [97] and [98] to produce [99] as a 1:1
mixture of isomers was achieved using; a catalytic amount of piperidine at -78°C and
warming to -20°C in DCM. Double Michael addition and enamine formation was
accomplished in DMSO giving the two frans and two cis diastereomers [100 & 101] in
52% yield, both in a 4:1 ratio. Stereochemical assignment was based on NMR
correlation with the previously synthesised cyclic systems (8 4.3-4.5 ppm cis isomer and
8 4.1-4.2 trans isomer). Deprotection of the silyl ethers [102 & 103] with aqueous
hydrofluoric acid and acetonitrile followed by cyclisation resulted in a 1.3:1 ratio of the
pentacyclic core [105] in 34% yield as well as [106] in 26% yield where the methyl

ester is equitorial.
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[99a]; R=TBDPS, E [100], R=TBDPS, Hy, Hy3 trans
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—
(104]
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)
i)

[106]

Scheme 19. Reagents and Conditions: (i) Piperidine, DCM, -78°C to -20°C, 20h, 64%;

(ii) O-methylisourea, i-ProEtN, DMSO, 80°C, 1.5h, 52%, (4:1 [100]:[101]); (iii) NHs, NH;OAc,
'‘BuQH, 60°C, 40h, 72%, (1:1 [102]:[103]); (iv) 3:7 HF:CH3CN, -30°C, 3d; (v) EzN, MeOH,
60°C, 20h, 78% from [102], (1.3:1 [105]:[106]); (vi) EtsN, 1:1 HyO:MeOH, 60°C, 16h.

Snider and Shi found that 2D-NMR ROSEY depicted structural similarities
between the synthesised pentacyclic core [105] and ptilomycalin A.

A latter approach by Overman et al. in 1995% based on a model study® on
tethered Biginelli condensation reactions for the preparation of advanced ftricyclic
intermediates, led to the first total enantioselective synthesis of (-)-ptilomycalin A.

Their approach involved the condensation of B-ketoester [108], urea [107], to
give bicyclic urea [109] in 44% yield. Condensation occurred with good diastereomer
selectivity at 70°C in the presence of morpholinium acetate, a catalytic amount of acetic

acid and Na,SO4. Cleavage of the TBDMS protecting group enabled subsequent
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spirocyclisation with p-TsOH which produced tricycle [110]. This was found to be
epimeric with ptilomycalin A. Swern oxidation, followed by protection and activation
of the urea moiety yielded the intermediate [111].

OH

0 QTBDMS

RO,C :

R=(CH,);5sCOAll
[108]

W’\O/
CO,(CHy);5COLAI CO,(CH,);5CO,All

[111] [110]

Scheme 20. Reagents and Conditions: (i) Morpholine, AcOH, EtOH, Na;SOy, 70°C, 61%;
(ii)PPTS, MeOH, 50°C; (iii) p-TsOH, CHCl3, 23°C, 96%; (iv) Swern Oxidation; (v) MeOTT,
R3N, 23°C, 67%.

Condensation of [111] with 2 equivalents of the Grignard reagent [112]
followed by Swern oxidation afforded ketone [113] in 58% yield. The pentacyclic core
was obtained in 51% yield via cleavage of the protecting group and ammonolysis.
Further cleavage of the allyl ester and subsequent coupling with [112] furnished the
amide. Epimerization of the ester with Et;N in methanol produced the o—ester
ptilomycalin A analogue [113]. Further deprotection with formic acid furnished (-)-

ptilomycalin A in quantitative yield.
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[114] RHN/\/\N Ond

RHN [116]; R=BOC, X=HCO,
(vii)( (-)-Ptilomycalin A, R=H, X=CI

R=(CH,);5CO,All

Scheme 21. Reagents and Conditions: (i) 2 equiv. [112], THF, -78°C, morpholinium acetate; (i) Swem oxidation,
58% overall yield; (iii) TBAF, NH;, NH40Ac, ‘BuOH, 60°C, 51%; (iv) Pd(Ph3P)s, pyrrolidine, MeCN, 23°C,
75%: (v) [115], EDCL, DMAP, DCM, 23°C, 60%; (vi) EtsN, MeOH, 65°C, 50%; (vii) HCO,H, 23°C, 100%.

Murphy ef al.>® ® have also been pursuing the total synthesis of ptilomycalin A
utilising a strategy based upon the double 1,4-Michael addition of guanidine to a bis-
o,B-unsaturated ketone.  Preliminary studies illustrated that the formation of
pentacyclic guanidines [120] and [123] was possible using this strategy. The substrate
utilised in their investigations was prepared by the reaction of lactones [117] with two
equivalents of methylene triphenylphosphorane, followed by silyl protection of the
intermediate phosphonium alkoxide furnishing phosphorane [118]. Wittig reaction of
[118a] with succinaldehyde gave the symmetrical bis-a,B-unsaturated ketone [119] in
54% vyield. Further reaction of [119] with one equivalent of guanidine, followed by
removal of solvent, deprotection/cyclisation with methanolic HCl and subsequent
counter-ion exchange afforded two products identified as the cis and frans pentacycles
[120] in a 4:1 ratio. Murphy ef al. isolated the major frans product in 25% yield by
recrystallisation.

Furthermore, Murphy ef al. found reaction of phosphorane [118a] with an
excess of succinaldehyde led to the formation of aldehyde [121] in 43% yield, based

upon the lactone starting material. Subsequent reaction with phosphorane [118b] gave
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the unsymmetrical bis-a,B-unsaturated ketone [122]. Reaction of [122] with guanidine
led to the formation of two pentacycles again in a 4:1 ratio, and from which the

unsymmetrical pentacycle [123] was obtained by recrystallisation in 20% yield.

(i-ii) ] (i) e
S " PPy, oo
0”0 TBSO” O P TBSO 0

[118a]; n=1
L] [118b]; n=2 g
iy
n=1
WSt 0 [119]
[121]
(Vi)l
BF,
TBSO H
TBSO (0] [120]
0
(vii)
[122] T

Scheme 22. Reagents and Conditions: (i) 2 Eqv. CH,=PPh;, THF, -78°C; (ii) TBDMSCI, Imidazole, DMF;
(iii) 0.4 Eqv. succinaldehyde, THF, 48h, 54% overall, (iv)(2) Guanidine, DMF, 3h., (b) MeOH, HCl, 0°C-RT,

24h, (c) aq. NaBF, (sat), (d) Trituration and crystallisation; 25% overall; (v) steps (i-ii) then 10 Eqv.
succinaldehyde, THF, 43%; (vi) [118b], THF, 48 h, 37%, (vii) as (iv) 20%.

An alternative theory to the production of ptilomycalin A was suggested by
Hiemstra and co-workers in 1996.°° In this tricyclic guanidines were prepared from
substituted pyrrolidin-2-ones utilising an N-acyliminium ion coupling reaction with silyl
enol ethers. Followed by a direct guanylation reaction with bis-BOC-thiourea and
mercury (II) chloride.

The authors reported that reaction of silyl enol ether [124] with lactam [125] led
to the formation of the substituted lactam [126] in a 63% yield. After conversion of

[126] into the corresponding thiolactam, an Eschenmoser sulfide contraction procedure

was utilised leading to the formation of the vinylogous amide [127]. Subsequent
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reduction and N-BOC protection gave [128]. They then subjected [128] to a three stage
procedure which included the protected guanidine [129] as an intermediate. Cyclisation
under acidic conditions furnished guanidine [130] in 33% overall yield, accompanied
by several other trans-substituted guanidines which were recycled by treatment with

ammonia and ammonium acetate in methanol at 60°C to give further [130].

| & MGOZC M602C
125l g (1) 1\|J (11-v)
O O™ H

126 127
MeO [ 1 [127]
[124]
0 MeO OMe X
(vi-viii) (ix-x)
i N Ph —» Me N Ph
|
MeO L )\
Mo o BOC N7 >NHBoc
[129]
(xi)
——

|
3] H Ha

Scheme 23, Reagents and Condition: (i) TMSOTY, -78°C-RT, DCM, 18h, 63%; (ii) Lawesson's reagent, PhCHs,
80°C, 10 min, 91%; (iii) PhCOCH,Br, Et,0, RT, 18h; (iv) Et;N, DCM, RT, 2h, 83%; (v) PPhs, DCM, 60°C,
18h, 82%; (vi) NaCNBHj3, 3:1 AcOH-THF, 0°C, 40 min, 99%; (vii) Boc,0, DIPEA, THF, RT, 18h, 91%; (viii)
PCC, DCM, mol. sieves (4A), RT, 3h, 91%; (ix) CH(OMe)s, H,S04 (cat), MeOH, 50°C, 5h; (x) SC(NHBoc),,
HgCly, Et;N, DMF, 0°C-RT, 18h, X=0, (OMe),; (xi) HCI, MeOH, RT, 3h, 33% for three steps.

In 1996 Hiemstra et al.*® further elaborated on his methodology by reporting the
reaction of bis-acetoxylactam [131] with silyl enol ether [132] in a stereocontrolled
fashion to furnish [133], which could be an intermediate in the total synthesis of

ptilomycalin A.
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Scheme 24. Reagents and Conditions: (i) TMSOTT, -78°C-RT, DCM, DIPEA, 1h, 75%.

2.5.3 THE CRAMBESCIDINS

[134]; R;=R,=OH, n=14
[135]; R;=R,=OH, n=15
[136]; R;=R,=OH, n=16
[137]; R;=H, R,=OH, n=14

Fig. 17. The Crambescidins 816 [134], 830 [135], 844 [136], 800 [137].
X=unspecified.

Crambescidins 816 [134], 830 [135], 844 [136] and 800 [137] were isolated in
1991 by Rinehart”’ from the red encrusting sponge Crambe crambe. More recently
[137] has been isolated from a Brazilian specimen Mananchora arbuscula® and
Celerina heffernani”® The structural similarities between ptilomycalin A and the
Crambescidins is easily notable, both have the unique pentacyclic core and the linear ®-
hydroxy fatty acid which links the core to the spermidine or hydroxy spermidine moiety
respectively. These compounds differ only in the length of the w-hydroxy fatty acid
linker and the presence or absence of a hydroxy group at C-43. As in ptilomycalin A
the crambescidins are biologically active with [134], [136] and [137] inhibiting HSV-1
completely, with diffuse cytotoxicity at 1.25ug/ml and are 98% effective against L1210
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cell growth at 0.1pg/ml. However, 13,14,15-isocrambescidin 800° [138] (Fig. 18) was
substantially less cytotoxic to L1210 and had no observable antiviral activity against
HSV-1 and in contrast to the other crambescidins the protons around the pyrrolidine

ring were anti as were the spirocyclic units present in the pentacycle, depicted in fig.
18.

Fig. 18. 13,14,15-isocrambescidin 800 [138].

Structural elucidation of the crambescidins was achieved using HREABMS, 'H
and C NMR coupled with COSY, COLOC and HMBC experiments.

2.5.4 CELEROMYCALIN AND FROMIAMYCALIN

Furthermore in 1995 Minale and co-workers™ isolated two new highly cytotoxic

guanidine alkaloids from the starfish Fromia manilis and Celerina heffernani collected
off New Calodonia, species which already had been shown to contain: ptilomycalin A
and the crambescidins. These metabolites celeromycalin [139] and fromiamycalin
[140] contained the same pentacyclic core as ptilomycalin A and crambescidin 800 and

celeromycalin possessed a similar spacer unit and spermidine moiety.

[]37]; R1=H, R2=OH, n=11
[139]; R;=OH, R,=H, n=11
[88]; R;=R,=H, n=11

N /\/\ NH2
NH,

R,
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Fig. 19. Celeromycalin [139], ptilomycalin A [88], crambescidin 800 [137],
and fromiamycalin [140].

Both celeromycalin and fromiamycalin were shown to be active against cells
CEM4 infected by HIV-1 with a ICsy of 0.32 pg/ml and 0.11 pg/ml respectively without
cytoprotective effects at a dose of <0.1pg/ml. These results relate closely to the other
family members of this unique group of alkaloids. This emerging pattern suggests that
a relationship exists between the structural features of the alkaloids and its biological

activity.

2.5.5 BIOLOGICAL ACTIVITY

There has been much speculation as to the exact biological role of ptilomycalin

A which has centred on its similarities to abiotic guanidine based anionic receptor
molecules and its involvement in oxoanionic bonding (nucleotides or phosphates). This
concept is supported by considering the comparison between the pentacyclic cores of

ptilomycalin A [88] and the inactive 13,14,15-isocrambescidin 800 [138].

[88] [138]
Fig. 20. Pentacyclic core of [88] and [138].
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The above diagram (Fig. 20) shows that there exists within the pentacyclic core
of ptilomycalin A [88] an ionic pocket, which could be acting as a recognition site and
conveying much of the biological activity.

In 1995 Hart and Grillot” reported the synthesis of a structural analogue which
contained the same w-hydroxy fatty acid spacer and spermidine moiety as ptilomycalin
A but replaced the polycyclic core with a bicyclic core. This was prepared in an effort
to mimic the biological activity of ptilomycalin A. Analogue [142] was prepared in 6%
overall yield via a 12 step convergent sequence from acyclic precursors. They
discovered that although carbamate [141] was stable, the amine [142] underwent
cleavage of the ester linkage via an unidentified process, thus precluding the
determination of its biological activity. Hart et al. did speculate that the role of the
spiro-N-O-acetals linkage in ptilomycalin A could be to protect the ester functionality

from hydrolysis or aminolysis.

NHR

O
Q-
A 0 (i 11411 X-H, RCBZ, (O salt)
1\|T N
b

[142]; X=H, R=H, (fris-HCl salt)

Scheme 25. Reagents and Conditions: (i) Pd(OH),, 1,4-cyclohexadiene, EtOH;
(i1) HCl, MeOH, 70%, 6% overall yield.

2.6 THE BATZELLADINE ALKALOIDS
2.6.1 INTRODUCTION

Since the emergence of HIV and AIDS a great deal of research has been

conducted in an attempt to find a cure and develop effective treatments to alleviate the
symptoms. The hallmark of the disease is the progressive decline in the number of
CD4" cells that are present in the body, which ultimately leads to the decline of the
immune system and consequently those infected become susceptible to opportunistic
diseases such as pneumonia.” HIV is known to be the primary cause of AIDS, a fact

originally reported by SmithKline and Beecham.”' The HIV gp120 binds to the CD4"
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cell surface receptor protein and initiates the decline in the CD4 cells and so,

antagonism of HIV replication is a therapeutic approach for the treatment of AIDS.

2.6.2 BATZELLADINES A-E
2.6.3 ISOLATION AND STRUCTURAL ELUCIDATION

The Batzelladines A-E were isolated by Patil ef a/. in 1995'* from the Caribbean

sponge Batzella sp. together with ptilomycalin A and several other known metabolites.
Originally this sponge was thought to be of a different species to Prilocaulis spiculifer,
the sponge from which ptilomycalin A was isolated; however, after re-examination of
Kashman’s voucher specimen by Van Soest,”” the correct assignment was achieved and
the two were found to be in fact identical.

A total of 21 compounds was obtained during this screening, several known
alkaloids: crambsecidin 800 [137], 816 [134] and some minor metabolites relating to
ptilomycalin A [88], ptilocaulin [143] and crambescin A [144].

HN” “NH N” "NH
}Ii CoHyo
NN~~~
s oo
[143] NH [144]

Fig. 21. Ptilocaulin and crambescin A.
Patil et al. used 'H and *C NMR coupled with inter alia DQFCOSY, COSY 45,
TOCSY, HMQC, COLOC and HMBC experiments, as well as FABMS and correlated

their findings with the data from ptilocaulin and crambescin A.
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Fig. 22. A representation of the batzelladines A-E with the
original stereochemical assignment.

Interestingly batzelladines A [145] and B [146] were the first low molecular
weight natural products to inhibit the binding of HIV gp120 to CD4 cells and thus have
potential as anti-AIDS agents.

2.6.4 SYNTHETIC APPROACHES

Several approaches towards the synthesis of the batzelladines have been

reported, mainly concentrating on the tricyclic moiety. Initial investigations were
pursued by Murphy ef al. in 1996”° whereby they reasoned that the tricyclic core could
be accessed using a proposed biomimetic approach via a sequential double Michael
addition of guanidine to a bis-a,B-unsaturated ketone, thus producing a hemiaminal

structure, which upon selective reduction, would afford the desired tricyclic system

fig. 23.
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Me (8] 0] C9H19

Fig. 23. Murphy et al. proposed synthesis.

This hypothesis was tested by preparing simple bis-a,B-unsaturated ketones in
three high yielding steps.

PhyP PhsP //_\.\
N (i) j\ (ii) o?
— —_—
0 Me 0 C9H19 (@) C 9H] 9
[150] [151] [152]

(iii)
—
Me @) (@)

[153]

Scheme 24. Reagents and Conditions: (1) n-Buli, -78°C, CgH;41, RT, 16h;
(i1) 3.0 eqv. succinaldehyde, THF, 24h; (iii) MeCOCHPPh;, DCM, 24h;

(iv)(a) Guanidine, DMF, 0°C-RT, 5h; (b) 3:1:3, DMF / H,0 / MeOH, NaBH,,

16h; (c) HCI; (d) saturated aq. NaBF4.

Deprotonation of the commercially available phosphorane [150], which was
achieved with n-BulLi, followed by alkylation with octyl iodide produced the desired
phosphorane [151] in quantitative yield. Subsequent treatment with succinaldehyde
yielded o,B-unsaturated ketone [152] in 71% overall yield. Further treatment under
Wittig conditions with [150] produced in 66% yield bis-a,B-unsaturated ketone [153].
Addition of guanidine vie subsequent Michael additions, selective reduction with
NaBH, and ion exchange afforded the desired tricyclic analogue [154] in 31% yield as a
single diastereomer. The relative stereochemistry around the four stereocentres H,, Hy,
H; and Hy was obtained via NOE studies and crystallographic data. A series of
analogues of [154] were produced by varying the phosphorane used (Table 4) and in
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line with the previous example [154] the relative stereochemistry was identical to that

originally reported for the batzelladines.

PP () /f/_\ Gi)
Lo C 3
0~ "R R0 07 R R

[155] [156]

Scheme 27. Reagents and Conditions: (1) 0.4 eqv. succinaldehyde, THF, 24-48h;
(ii)(a) Guanidine, DMF, 0°C-RT, 5-8h; (b) 3:1:3, DMF / H,0O / MeOH, NaBH,,
16h; (c) HCI; (d) saturated aq. NaBF4.

R Percentage Yield of [155] | Percentage Yield of [156]
Me 74 33
Ph 68 32
n-pentyl 54 27
n-nonyl 36 22

Table 4. Yields for tricyclic formation.

A further synthetic approach was reported by Snider and Chen in 1996* which
initially led to the tricyclic portions of batzelladines A [145], B [146], D [148], E [149]
and revision of the stereochemistry of the tricyclic moieties of A and D.

Their approach was based on earlier findings of guanidine systems and involved
trans [160a] being obtained from a Knoevenagel condensation reaction of [157] and
[158]. As with work on ptilomycalin A, Snider et al. formed the tricyclic unit with the
reaction of O-methylisourea under standard conditions leading to a 35% yield of a 6:1
mixture of the dihydropyrimidine [160a] and [161a]. Ammonolysis of [160a] and
[161a] afforded [162a] in 56% yield as the only isolated product. Careful reduction of
[162a] with NaCNBH; in NaH,PO,-buffered MeOH at 25°C for 16 hours furnished
[163a] which on comparison with the reported NMR data for the methanolysis product

of batzelladine B proved to be identical.
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[a], R;=C;H;5, R,=CH,4
[b]; R;=CgH g, Ry=CH;3
[c]; Ri=C7H,5, R;=CsHy,

Scheme 28. Reagents and Conditions: (i) [158], DCM, 0.2 eqv. piperidinium acetate, 48h, -20°C;

(ii) 1.5 eqv. O-methylisourea hydrogen sulphate, i-Pr,EfN, DMSQ, 75°C, 5h, 6:1 trans [160]: cis [161],
35% from [157]; (iii) NH,;OAc, MeOH sat. with anhydrous NH;, 48h, 60°C, 56%; (iv) NaCNBH3,
NaH,PO,-buffered MeOH, 25°C, 16hrs, >90%.

The reduction of [162a] forming [163a] provided Snider and Chen with an
efficient stereoselective route to access the tricyclic core of batzelladine B.

The authors employed the same methodology to access [163b] by an analogous
series of reactions using decanal, rather than octanal to prepare [157]. Hydrogenation
of [163b] furnished [164b] in >90% yield. They observed that the data for [164b] was
different to the NMR data of the tricyclic portion of batzelladine A, suggesting the
tricyclic portions were in fact not the same. As a result of this discrepancy [164b] was
converted to the hydrolysis product of batzelladine A by epimerisation of [164b] with
NaOMe, which afforded [165b] again in >90% yield followed by subsequent hydrolysis
to furnish acid [166b] in 85% yield.
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Scheme 29. Reagents and Conditions: (i) Hy/Rh/Al,04, 100:1 MeOH-formic acid, >90%;
(ii) NaOMe, MeOH, 25°C, 12hrs, >90%; (iii) NaOH, MeOH, 25°C, 12hrs.

Comparison of the NMR data of both the natural and synthetic [166b]
determined that the protons H,.; and Hgg were axial in both compounds, inferring the
difference to be around the syn/anti arrangement of the two six membered rings. Asa
result of this Snider and Chen prepared the hydrolysis product from the ¢rans-isomer
[160b]. The ketone function was protected by reduction to alcohol [167b], which was
then converted to guanidine [168b]. Regeneration of the ketone function led to the
formation of the tricyclic guanidine [169b] which was reduced and saponified to furnish
the hydrolysis product [170b], so establishing the stereochemistry in these two products

A and D to be indeed frans and not cis across the pyrrolidine ring.
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Scheme 30. Reagents and Cenditions: (i) NaBH,, i-PrOH, 25°C; (ii) NH,, NH,OAc, MeOH,
60°C, 2 d, (iii) Dess-Martin reagent, DCM, 25°C, then MeOH, 25°C, 12 h; (iv) NaCNBH;,
NaH,POy4, MeOH, 25°C, 16 h, then 65°C, 5h; (v) NaOH, MeOH, 25°C, 18h.

In 1998 Snider and Chen”™ reported the first total synthesis of batzelladine E
and its associated isomer using a similar approach to the one reported in 1996 which
gave them access to the tricyclic cores of batzelladines A, B and D. Originally [149E]
was prepared with the guanidino butyl ester present o to the pyrrolidine unit before
production of the polycyclic framework. Earlier research had indicated that once the
polycyclic framework had been formed the ester functionality could not be
introduced.” Their initial investigations led to the Knoevenagel condensation of [173a}
(prepared by DMAP catalysed condensation of [171a] with methyl 3-oxooctanoate
[172]) with [175] (prepared from aldehyde [174]) producing [176a] as a 1:1 mixture of

stereoisomers in 45% yield.
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Scheme 31. Reagents and Conditions: (i) [172], DMAP, C¢Hs, 80°C; (ii). LICC(CH,);0TBDMS,
THF, -78°C, 86%; (iii) LAH, THF, 65°C, 90%; (iv). Dess-Martin periodinane, $2%.

(o] (0] Ry
|
H”CSMO/\/\\,N\RZ
(i)
{173a]; R =CBZNH(HN=C), R,=CBZ.
[173b]; R;=BOC, R,=H. )
s H [176a]; R,=CBZNH(HN=C), R,=CBZ, (45%).
B © [176b]; R,='BOC, R,=H, (67%).
1111 O H
@ R N0
—_—

OMe
[177a]; R,=CBZNH(HN=C), R;=CBZ, (51%).
[177b]; R,="BOC, Ry=H, (64%).

Scheme 32, Reagents and Conditions: (i) Piperidinium acetate, DCM, -20°C, 72h;
(ii). O-methylisourea hydrogen sulphate, DMSO, i-Pr;EtN, 55°C, 4h.

Heating [176a] with O-methylisourea hydrogen sulphate afforded [177a] as a
ratio of 6:1 trans:cis in 67% yield. However, they established that final cyclisation
could not occur due to a CBZ protecting group being cleaved during final ring closure,
due to this [173b] was prepared in two steps from 4-amino-1-butanol in 85%. After a
series of analogous reactions [177a] was obtained in 64% as a mixture of 6:1 frans:cis
isomers. On this occasion Snider and Chen found that cyclisation proceeded without
any problems forming the tricyclic system [178E] which, after reduction with
NaCNBHj;, formed [179E] in 42% yield.
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Scheme 33. Reagents and Conditions: (i) NH,0Ac, NH;, ‘BuQH, 60°C, 24h; (ii) NaCNBHj3,

NaH,PQ,4, MeOH, 25°C, 42%; (iii) 1:4 TFA / DCM, 90%; (iv) N,N'~di-(t-butoxycarbonyl)thiourea,
2-chloro-methylpyridinium iodide, Et3N in DCM, 70%; (v) 1:1 TFA / DCM, 2h, 88%.

Deprotection of [179E] with TFA and DCM afforded [180E] in 90% yield. The
guanidine side chain was introduced by treatment with N, N -di-(t-butoxycarbonyl)
thiourea, 2-chloro-methylpyridinium iodide, Et;N and DCM following Lipton’s’™"
procedure. Subsequent deprotection gave [149E] in 88%.

NMR correlation of Snider’s synthetic analogue [149E] and the isolated
compound displayed some differences, most notably in the olefinic region. The alkene
hydrogens of [149E] resonated at 8 5.52 and 5.44 ppm eachas a dtJ = 15.5 and 6.0 Hz.,
whereas in the isolated structure the corresponding protons overlapped. Snider and
Chen suggested that, because allylic carbons of cis alkenes absorb 5-6 ppm upfield of
trans alkenes in °C NMR, the data suggested that batzelladine £ had a Z configuration
rather than the supposed £.

To test their hypothesis Snider ef al. synthesised (Z) batzelladine E in a 9 step
convergent synthesis initially utilising methodology developed by Murphy®® ® to
alkylate the phosphorane and produce [182]. Condensation with succinaldehyde
produced [183] in 65% yield. Subsequent Knoevenagel condensation reaction, with
0.33 equivalents of piperidine and 0.30 equivalents of acetic acid to avoid isomerisation
to the unwanted £ isomer, was conducted producing [184]. The original methodology
which gave them access to the £ isomer was employed and [149Z] was obtained in a

3% overall yield. The key steps are highlighted in scheme 34.
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H

Scheme 34. Reagents and Conditions: (i) n-BuLi, THF, -78°C, 1-bromo-2Z-hexene, 64%;
(ii) succinaldehyde, THF, -25°C, 24h, 65%; (iii) 0.33 eqv. piperidine, 0.3 eqv. HOAc, DCM,
-20°C, 48h.

Again NMR correlation with [185] made apparent some differences but Snider
postulated that this was due to concentration factors and the fact that his analogue was a
TFA derivative whereas the original species wasn’t.

The most recent approach to the batzelladines was reported by Overman and co-
workers in 1999.”7® They envisaged the use of a tethered Biginelli reaction’”””® as a
strategic key in the construction of the tricyclic core of the batzelladines, the key stage

of the reaction centres around guanidine [186] and B-ketoester [187] combining as

0 ?/\[ Syn or Anti relative to 8a I
0O H H
COR
R] + 3

illustrated in fig. 24.

[187] _ RO 2a>N""8a
| N I;IJL
H H

[186]

Fig. 24. Key stage in Overman et al. synthesis.

Guanidine [186] was prepared in two series [a,b]. Initial exploratory studies [a]
utilised a n-nonyl side chain intermediate whilst series [b] utilised n-heptyl side chains.

There were several key steps incorporated within the synthetic pathway, firstly, the
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enantioselective reduction of [188a] using a modification of Noyori’s procedure
afforded [189a] in 93% yield with a 95% ee. Conversion of [189a] to Weinreb amide
[190a] followed by addition of 3,3-dimethoxypropylmagnesium bromide afforded
[191a] in 71% overall yield. Selective reduction with diethylmethoxy borane and
NaBH, furnished [192] in 82% as a single diastereomer.

MeOWR ) XY\;/R (i) (MeO)MeN\(\:/R

O O O OH O OH
[188a] [189a,b]; X=OMe [190 a,b]
OMe OMe
— Me0 A= Meo
O OH OH OH
[191] [192]
OMe (i OMe

(v) g T M) J\/\KYR
T T MeO RS
S)J\ HN NH

XX e hd
(viy [193a,b]; X=N3 NTroc
[194a,b]; X=NH, [196a,b]

(viii)
i HO N [a] series R=n-CgH;q
5 )\ [b] series R=#-C;Hy
HNZ NTSR
H
[197a,b]

Scheme 35. Reagents and Conditions: (1) Ru, HCI, H; (40 psi), [a]. 93%, [b]. 87%.

(i) AlMes, HCL.NH(OMe)Me, [a]. 84%, [b]. 93%; (iii) 3,3-dimethoxypropyl magnesium
bromide, THF, [a]. 84%, [b]. 79%,; (iv) Et,BOMe, NaBHy, [a]. 82%, [b]. 98%;

(v) HNj3, PPhs, DEAD, [a] 98%, [b] 94%,(vi) LiAlHy, [a] 93%, [b] 85%; (vii) [195],
DCM, |a] 89%, [b] 82%; (viii) Zn, AcOH-H,0, quantitative.

Secondly, introduction of the guanidine moiety by standard Mitsunobu

displacement of [192a] with hydrazoic acid, followed by reduction of the resulting
diazide [193a] with LiAlH, furnished 91% of [194]. Further condensation of diamine
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[194] with carboniumidothioate [195] in DCM formed tetrahydropyrimidine [196].
Subsequent deprotection using zinc and aqueous acetic acid produced the desired
compound [197] as a 1:1 mixture of aminal epimers, with no evidence of monocyclic
guanidine-aldehyde tautomers or higher oligomers. This though was only achieved
after precipitation of the formed zinc residues with H,S and acidification with HCL.
Overman et al. investigated the formation of the tricyclic unit utilising the
aforementioned tethered Biginelli cyclisation on [197]. This produced the required
products as a 1:1 mixture of stereoisomers, depending on solvents used and reaction
temperature. The more efficient conditions for the reaction are summarised in table 5.
During this cycle of reactions Overman and co-workers also attempted the cyclisation
utilising Knoevenagel conditions (1 equivalent of morpholinium acetate) and found this

predominantly formed the syn arrangement.

0"

[197a] [198] [199]
[a]; R=Me, [b]; R=CH,CH=CH,

R Acid® Base® Solvent Temp. (°C) | Yield Ratio
[198]:[199]

[a] | HOAc Morpholine CF;CH,0H 90 b 9:1

[b] | HOAc Morpholine® CF;CH,0H 90 80 6.5:1

[b] | HOAc Morpholine THF 66 80 5.7:1

[a] | HOAc Morpholine CI(CH,),Cl 90 95 1.3:1

[b] | HOAc Morpholine CI(CH,),Cl 85 64 3.7

Table 5. Summary of the results obtained from the tethered Biginelli condensation.
NOTE:- "1 equivalent, ” Not determined, © 2 equivalents.

As the batzelladines A, D, F and G (the latter two being discussed in section
2.6.5) contained the saturated tricyclic core, Overman conducted studies into the
selective facial reductions of [198a] and [199a]. In 1996 Snider et al/. communicated
such hydrogenations using Rh in methanol; because of this and the apparent need to

access such structures, Overman used two hydrogenation systems for both syn and anti
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arrangements. They observed that the facial selectivity of hydrogenation, whether o or
B face, was dependent on the catalyst used. In the first instance of [198a] to [200] and

[201] differing ratios of syn:anti were observed with Rh in methanol to those for Pd on

carbon in methanol.

[198a] [200] [201]

Rh/AL,03 [200]:[201] = 20:1.
Pd/C [200]:[201] = <1:>20.

Rh/Al,05 [202]:[203] = 1:1.
Pd/C [202]:[203] = <1:>20.

Fig. 25, Hydrogenation of the syn and anti isomers.

Hydrogenation of [199a] was also undertaken under the same conditions, but on
this occasion the Rh on alumina in methanol displayed no such selectivity;, however,

using Pd/C Overman et al. observed the single formation of [203] in 94% yield.

2.6.5 BATZELLADINES F-I

Patil et al. in 1997” isolated four new alkaloids from the Jamaican sponge

Batzella sp. Over 3500 extracts were screened and only two were of interest. Further
research unfortunately determined that one of the extracts contained the non-specific
halitoxins which demonstrated a broad range of general activity. However, the second
methanol extract from Batzella sp., containing the aforementioned alkaloids illustrated
remarkable activity in the p56-CD4 dissociation assay, relevant to

immunosuppression and ultimately a valuable treatment of autoimmuno diseases and
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allograft rejection. These new natural products were designated batzelladines F-I [204-

207].

Fig. 26. The batzelladines F-1 [204-207].

2.6.6 BIOLOGICAL ASSESSMENT®

The biological activity of the batzelladines A-D and crambescin A were tested

for comparison of activity in an ELISA-based assay which measures the association of

soluble CD4 to immobilised recombinant gp120. This was then followed up with cell
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based assays that measured the binding ability of gp120 to CD4" T-cells. Batzelladines
A and B were active in this assay with ICsy values of approximately 3puM, suggesting
that the tricyclic moiety and crambescin A bicyclic unit must be present for ultimate

activity.

IC5(uM)

Compound gpl120-CD4 ELISA Cell based assay
Batzelladine A 29+4 10
Batzelladine B 31+12 P
Batzelladine C >100 >100
Batzelladine D T2i%2 >100
Crambescin A >100 >100

Table 6. Inhibition of HIV-1 gp120 binding to CD4 by the batzelladines

A-D and crambescin A.

Batzelladines A and B were tested against HIV-1 infectivity but antiviral activity
could not be assessed due to their toxicity. Additional bioassays were carried out on
other ligand-receptor interactions to test their diversity and potency and, as previously,
batzelladines A and B were generally more active than the remainder. These results are

summarised in table 7.

ICso(nM)

Compound PKC* IL8a" IL.8b° CGRP* Cytotoxicity®
Batzelladine A 1.4 4.7 7.8 1.7 1.6
Batzelladine B L5 2.6 6.5 1.7 1.8
Batzelladine C 6.8 94 9.4 43 1:k
Batzelladine D il 15 14 26 0.5
Crambescin A 9.6 47 41 7.1 0.7

Table.7. The activity of the batzelladines A-D and crambescin A in additional
bioassays.
Note:- * Protein Kinase C enzyme assay using rat brain enzyme and histone protein as substrate.

® Binding of interleukin-8 to the nonpermissive receptor.

¢ Binding of interleukin-8 to the nonpermissive receptor.

* Binding of calcitonin gene-related peptide to porcine lung membranes.

¢ Cytotoxicity to proliferating Vero cells, 72 h exposure with an XTT read.

b4 are all radioligand binding assays.
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CHAPTER 3

SYNTHETIC APPROACHES TO
BATZELLADINE F
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3.1 INTRODUCTION
The methodology for the synthesis of the simple tricyclic and more complex

systems has already been established through previous research by members of the
Murphy research group.®’ Their synthetic pathway revolved around a biomimetic
approach via a reductive double Michael addition of guanidine to a suitably

functionalised bis-a,B-unsaturated ketone.

ROOC

Scheme 36. Reagents and Conditions: (i) Guanidine, DMF, 0°C-RT, 5h;
(i1) 3:1:3, DMF / H,0 / MeOH, NaBHy, 16h; (iii) HCI; (iv) saturated aq. NaBF,.

As stated earlier one of the two main aims of this project was to utilise the
methodology already in place to synthesise the left hand portion of batzelladine F. This
was of great interest as it lacked the problematic ester functionality o to the nitrogen on
the pyrrolidine ring. Secondly, and of similar importance was the continuation of the
synthetic pathway to enable access to the right hand portion of batzelladine F.

The synthesis of batzelladine F [204] was channelled into two separate
approaches: the left hand portion and right hand portion (Fig. 28).

Left Hand Portion

Right Hand Portion

Fig. 28. Synthetic approach

3.2 SYNTHESIS OF THE LEFT HAND PORTION

The bis-o,B-unsaturated ketone required for the guanidine addition was
prepared in nine steps from tetrahydropyran [208]. Acid hydrolysis of [208] with dilute

HCI** under reflux conditions produced hydroxypyran [209a], which existed in

60



equilibrium with aldehyde [209b].*' This was most noticeable in the IR spectrum with
the occurrence of a C=0 stretch at 1723 cm™. Treatment of the masked aldehyde with
methylmagnesium bromide in THF at reflux overnight afforded 1,5-hexandiol [210]
after chromatography in 95% yield.

_ N OH
0L = 0™
0 0 OH 0 0 GH

H
[208] [209a] [209b] [210]

. OH
i : OTBDPS (v)
- /]\/\/\ = )\/\/\
OTBDMS

OTBDMS
[211] 212]
OTBDPS OTBDPS
OTBDPS (vi)
—— OTs I
OH [214] [216]
[213]
(vi1) OTBDPS (viif) T
MOMS

[215]

Scheme 37. Reagents and Conditions: (i) 0.2N HCI, reflux overnight, 92%; (ii) MeMgCl, THF, 0°C,
THF, warm RT over 30 min, reflux, 95%; (iii) 0°C, DMF, imidazole, TBDMSCI, 92%; (iv) DCM, RT,
TBDPSCI, imidazole, DMAP, 89%; (v) absolute EtOH, PPTS, 48h, 91%; (vi) 0°C, pyridine, p-toluene

sulphonylchloride, 0°C to RT, stir 18h, 30%; (vii) MsCl, Et;N, DCM, 24h; (viii) Acetone, Nal, reflux 4h,
80% for 2 steps.

Diol [210] was then converted into the monoprotected alcohol [213] in three
high yielding steps. The initial protection of the primary alcohol was achieved with
t-butyldimethylsilyl chloride in DMF to furnish alcohol [211] in 92% yield. Further
protection of the secondary alcohol with s-butyldiphenylsilyl chloride in DCM
proceeded in 84% yield with subsequent deprotection using PPTS, which afforded [213]
in 91% yield NMR studies indicated the loss of the singlet at & 0.01 ppm
corresponding to the methyls on the TBDMS group in [212], with other spectral data
being consistent with alcohol [213]. In order to generate iodide [216] monoalcohol
[213] was originally tosylated with pyridine and tosyl chloride. The presence of a
signal at & 7.7 ppm and increased multiplicity and integration at 8 7.2 ppm indicated the
formation of [214]. However, this method only produced a 30% yield of [214] together
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with recovered starting material and further repetition did not improve this. Therefore,
alcohol [213] was mesylated under standard conditions to form [215] with no further
purification, the singlet at 8 2.8 ppm indicative of the methyl group present on the
mesylate. Iodination by Finkelstein displacement with Nal in acetone afforded [216] in
80% crude yield.

Alkylation of phosphorane [150] with iodide [216] was accomplished by initial
treatment of [150] at -78°C with 1.1 equivalents of #-BuLi.® The resulting lithium
enolate (red solution) was stirred and allowed to warm to between -50 and -60°C over a
period of one hour, when a solution of iodide [216] in THF was added at -78°C. The
resulting mixture was allowed to warm to RT over 4 hours where a distinct colour
change was observed (red to yellow). Removal of the solvent furnished a brown solid
which was re-dissolved in ethyl acetate, washed with water and dried to produce

phosphorane [217] in near quantitative yield.

)Ofis\/\ PhBP;\/\/\/[T\BDPS (“)
PPh3
[216] I l
. [217]
LiO

0,///_5\/\/\/?1\]31)138 i /( j\/\/\/oiBDPS
111
0 (0] (6]

[218] [219]

Scheme 38. Reagents and Conditions: (i) CH;COCHPPh;, THF, -78°C, n-BuLi, warm between

-50 & -60°C, 1h, [216], THF, -78°C, 4h warm to RT, quant.; (i) succinaldehyde, DCM, 24h, 54%;
(111) CH3COCHPPh3, DCM, 24h, CH;COCHPPhs, 24h, 91%.

Phosphorane [217] was used without any further purification and reacted with
excess succinaldehyde™" to give the o,fB-unsaturated ketone [218] in 54%. The trans
geometry was assigned by the large coupling constant J = 15.8 Hz of the olefinic
protons at & 6.1 ppm as a broad doublet and & 6.8 ppm as a doublet of triplets.

A second Wittig reaction to furnish [219] was achieved by treatment of [218]
with 2 equivalents of phosphorane [150]. After 24 hours a further 1.5 equivalents of
[150] were added and stirring continued for a further 24 hours. This generated the

" Prepared by treatment of 2,5-dimethoxytetrahydrofuran with either 0.1 N HCl or 1% aqueous acetic acid.
Both procedures required purification by vacuum distillation.
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desired bis-a,[3-unsaturated ketone [219] in 91% yield after purification by flash
chromatography.

Thus, the precursor to the tricyclic unit had been prepared in nine high yielding
steps, with the exception of the penultimate step ((ii) in scheme 38) which only
proceeded in 54% yield.

With the bis-enone in hand we effected the formation of the tricycle by addition
of a DMF solution of guanidine to [219] dissolved in DMF at 0°C. After 4 hours, during
which time the reaction was stirred at room temperature, water and methanol were
added and the presumed intermediate [220] was reduced with sodium borohydride.
Work-up and ion exchange with saturated sodium tetrafluoroborate and
chromatography led to the formation of the silylated guanidine [221] in 29% overall
yield.

=0 0

[222]; R=H, X=BF,

OR
] /\/\/}\ @ 223a]; R=Ac, X=C
N7 (v) (__[223b]; R=Ac, X=BF,

Scheme 39. Reagents and Conditions: (i) 0°C, DMF, guanidine, DMF, warm RT 4h, 0°C
(ii) 3:1:3 DMF/MeOH/H,0, NaBHjy, 16h, DCM, 2N HCl, sat. NaBFy, 29%; (iii) 0°C, MeOH,
MeOH/HCI, sat. NaBF,, 91%; (iv) Ac,O/pyridine, 2N HCI, 41%; (v) sat. NaBF,, quant.
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NMR studies of [221] indicated the presence of the tricyclic moiety with the key
BC signals at 8 57.97 and 56.05 ppm indicating the presence of two CH carbons on the
pyrrolidine ring. Signals at 8 34.45, 35.75, 46.1 and 50.41 ppm confirmed the presence
of the six membered rings. Furthermore, the silyl group had remained intact with
signals at 8 19.3 and 27.05 ppm. Further correlation was established by the presence of
the aryl signals in both 'H and *C NMR.

The silyl ether [221] was deprotected in 91% yield after treatment with
methanolic HCI, ion exchange and flash chromatography. The lack of TBDPS signals
on both 'H and °C NMR indicated a complete removal of the protecting group. Further
evidence was obtained by the presence of a broad singlet at 8 2.0 ppm which had not
been previously correlated in the 'H NMR of [221] and the presence of an OH signal at
3370 cm™ in the IR spectrum.

To complete the synthesis of the model for the left hand portion of batzelladine
F the ester functionality had to be incorporated at the end of the chain. This was
initially attempted using acetic acid in the presence of HOBt and EDCl. However, upon
work-up and purification there appeared no indication of the tricyclic compound.

The production of [223a] was finally achieved by dissolving alcohol [222] in
pyridine with subsequent treatment of the solution with acetic anhydride. After stirring
at room temperature for 48 hours, work-up and purification by flash chromatography
[223a] was obtained in 41% yield as the hydrochloride salt. Counter-ion exchange with
saturated sodium tetrafluoroborate furnished [223b] in quantitative yield. C NMR
studies indicated a successful conversion by the presence of three methyl groups

620.21,20.72 and 21.23 ppm and the carbonyl signal at § 172.68 ppm.

3.2.1 NMR CORRELATION
Comparison of the '>C NMR spectra of [222] and [223b] with that reported for

batzelladine F [204] by Patil es al.”’ indicated a strong correlation. However, the

question of stereochemistry around the tricyclic core still exists. In earlier work by
Murphy, 26 65 7

unsaturated enones leads to the tricyclic products in which H 8, 10, 13 and 15 are syn.

it was found conclusively that the addition of guanidine to the bis-o, -

It is apparent from this observation that the assignment of Patil’* for batzelladine

I is incorrect and the real relative stereochemistry for the natural material is as
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illustrated in [222] and [223b]. This contradicted the publication by Patil ef a/. in

1997" which indicated the stereochemistry as anti.

Proposed structure for
1 2 batzelladine F, Patilefal. | ,

8b
N 3
K
& -'ifl ''''''' 7' 6' 5 b 3! h 1'
I I

[223b]
Hyp H

Carbon | Batzelladine F [204] | Analogue [222] | Analogue [223b]
Patil ef al. (6 ppm) (5 ppm) (8 ppm)

1 20.5 235 20.2
2 73.3 68.4 2.3
3 36.9 40.0 36.6
4' 26.5 26.6 26.0
5' 30.5 30.5 30.2
6' 26.2 26.1 26.3
7 35.8 35.7 35.6
g 20.7 20.7 20.7

1 31.1 31.0 31.0

2 31.1 31.0 31.0

3 34.8 34.6 34.7
3a 57.4 57.4 57.4

4 51.6 51.5 51.5

7 47.2 47.2 47.3

8 36.9 36.6 36.8
8a 57.5 57.5 57.5
" - - 212
2" - - 172.7

Table 8. *C NMR correlation between the two analogues and batzelladine F.
"Bold notation equates to better than 0.1 ppm correlation.
1NMR solvent for [204], [222] and [223b] was CD;0D.
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Whilst these assignments are not absolute proof of the structure of batzelladine
F [204] the spectroscopic evidence does suggest the original assignment in terms of
stereochemistry around the left hand tricyclic core of batzelladine F is possibly
incorrect, and the true assignment is that suggessted above in which the protons at
C3a, 4, C7 and C8a exist in a syn arrangement. Both analogues [222] and [223b] show
good correlation with the data obtained for the natural product. Furthermore the signals
of interest, C2 and C3a, correlate closely to those of batzelladine F [204]. This
information further supported the stereochemistry assigned.

In 1999 Snider and Busuyek® also published a paper on the revision of the
stereochemistry of batzelladine F and their unsuccessful synthetic approach to the
formation of the hydroxyguanidine moiety of batzelladines G-I. They prepared an anti
substituted system [224] using methodology reported by Murphy et al.*® > They
were able to isolate this anti isomer in a low 10% (mixed syn:anti) yield and illustrated
its vastly different NMR data to that found in batzelladine F as can be seen in table 9

overleaf.
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[224a];R=Me

[224b};R=CH

Fig. 29. Snider anti conformer.

Carbon® | Batzelladine F [203] Analogue Snider’s anti Snider’s anti
Patil et al (5 ppm) | [223b] (5 ppm) | analogue [224a] | analogue [224b]

1 31.1 31.0 31.8 31.1

2 31.1 31.0 31.8 31.1

3 34.8 34.7 36.4 36.8
3a 57.4 57.4 56.5 57.5

4 51.6 51.5 48.0 473

7 47.2 47.3 48.0 51.6

8 36.9 36.8 36.4 34.8
8a 57.5 578 56.5 575

8 20.7 20.7 21.7 35.9

Table 9. ®C NMR correlation between batzelladine F analogue [223b] and
Snider’s anti analogues [224a] and [224b]
"Bold notation equates to better than 0.1 ppm correlation.

II\JMZR solvent for [204], [223b], [224a] and [224b] was CD;0D.
$Only the important carbons are shown, and the numbering of the tricyclic moiety are kept the

same for ease of comparison.

These repeated studies of the Murphy protocol by Snider et al. did further

confirm that the original assignment of batzelladine F was in fact wrong and, as Murphy

et al. reported in 1999

arrangement reported by Patil e a/ in 1997.”
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33 ATTEMPTED SYNTHESIS OF THE RIGHT HAND PORTION
3.3.1 RETROSYNTHESIS

The retrosynthetic analysis for the right hand tricyclic core as illustrated in

fig. 30 is similar to that previously employed for the left hand side, in that the
guanidinium moiety is removed to furnish a bis-a,B-unsaturated ketone [225]. The only
main difference being the presence an ester function as the alkane. Several potential

disconnections could be employed to enable the synthesis of [225].

O

‘Bu0

i Q
Buo)‘:L & ‘BuO o B0y
o _>
CoHjo (0] (8]

[230] [226] © [227] [229]

U X >~

Pphg\
o/ 0 ™y ,Buokf/x
O CoH
9il19 o [228]

OA

0
[230] [231]

Fig. 30. Retrosynthetic analysis of the right hand core.

One method would be to disconnect bond A to give the B-ketoester [230] and
aldehyde [226] which could then be coupled in a Knoevenagel-like condensation, a
protocol employed by Snider et al..” However, extensive studies have been carried out
within the Murphy research group on this type of reaction, and other similar

Knoevenagel condensation reactions in an attempt to prepare [225] and related
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compounds which have met with little success."’ Attempts have also been made to
repeat the work reported by Snider, again with no success. It is worth noting that in
some cases Snider does report difficulty with this type of reaction and also problems
with the work-up.”

Somewhat surprisingly research has shown the major product of the reaction of
[226] with piperidine or piperidine acetate (as reported by Snider) is the cyclopenten-ol
[233] in 50% yield.®' Mention of this aldol type of reaction is not made by Snider in any
of his papers.

O 0:
O H . 0%) H
CoHyg L]\j/ (1) CoHyg
7 ey

- b R,N B

R;NH  [232]
o OH o OH
-R,NH
CoHyg C9H19
R,N
[233]

Scheme 40. Reagents and Conditions: (1) CH3(CO)CH2CH2'Bu, piperidine, HOAc.

The failure of this methodology enabled two further related synthetic
approaches to be investigated, which are outlined in fig. 30. They both centred around
disconnecting bond B to give aldehyde [227], which it was hoped could be accessed

from alkene [228] either by ozonolysis or periodate oxidation of epoxide [229]. We
hoped that compound [228] was accessible from aldehyde [231].

3.3.2 SYNTHETIC APPROACHES

A report by Lehnert®® detailed the Knoevenagel condensation reaction of simple
aliphatic aldehydes using a titanium (IV) chloride-THF complex and pyridine. A
protocol which had already been attempted within the Murphy research group,” and
was repeated with aldehyde [231] and B-ketoester [230] in an attempt to obtain a
greater yield.

TiCl, was thus dissolved in carbon tetrachloride and added dropwise to a cooled

(0°C) solution of THF. The resulting bright yellow suspension was stirred for 15
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minutes, whereupon 4-pentenal [231] and rert-butylacetoacetate [230] as a solution in
THF were added. This resulted in a colour change to reddish brown. After addition of
pyridine in THF over 2 hours at 0°C, the reaction was left to warm to room temperature

for 48 hours.

O
, .
BuO ®,_
+ Z BuO
O
O

[230] [231]

Scheme 41. Reagents and Conditions: (i)(a) TiCl, CCly; (b) THF, 0°C, 15 min;
(c) [230 & 231], THF, 0°C; (d) Dry Pyridine, THF, 0°C, 43%.

This produced a mixture of unidentified geometric isomers in a 2:1 ratio which
was determined by the integration of the olefinic signal for Hy and, after careful
purification, afforded a single unassigned isomer in 19% yield.

With [228] in hand, it was dissolved in DCM and cooled to -78°C and one
equivalent of ozone was passed into the solution. Triphenylphosphine was then added
at -78°C followed by phosphorane [150] after the complete dissolution of
triphenylphosphine. The reaction was then left to warm to room temperature overnight.
Work-up and purification failed to give the required product, all that was observed by
'H and "C NMR were decomposition products and nothing resembling bis-ai-p-

unsaturated ketone [225].

0]

0 0
'BuO X (i): 'Buo)i%_\\o (iia fBuo)f_\j\
0 0 0O O

[228] [227] [225]

Scheme 42. Reagents and Conditions: (i) DCM, O3, -78°C, 3 mins 30 secs, PPhs;
(i) -78°C, PhsPCOCHCH3, overnight -78°C to RT.

Due to the lack of success with the ozonolysis of [228], the second approach

was adopted, which utilised the synthesis of the epoxide intermediate [229] and its
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treatment with periodic acid to form the aldehyde [227] in situ. Thus, alkene [228] was
epoxidised using mCPBA which produced [229] in 81% yield.

‘BuO X 'BuO

O [228] o [229]

Scheme 43. Reagents and Conditions: (i) mCPBA, DCM, 81%.

NMR studies indicate a successful reaction as indicated by the loss of the alkene
signals at 6 5.0, 5.8 ppm in the 'H NMR and the signals at & 115.7 and 136.8 ppm in the
3C NMR. The appearance of an increased integration at & 2.5 ppm in the 'H NMR and
signals at & 2.7 and 3.0 ppm together with signals at  46.7 and 51.3 ppm in the °C
NMR also indicated the presence of an epoxide.

The NMR’s below depict the region of most interest, the loss of the olefinic
signals of [228] and the formation of epoxide signals in [229].

LJ[L w Ml

Fig. 31. Olefinic signals [228].

Fig. 32. Epoxide signals [229].
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With [229] in hand, in situ aldehyde formation was attempted by the addition of
periodic acid” to epoxide [229] in THF. This was allowed to stir at room temperature
overnight. The reaction mixture was then diluted with DCM, washed and dried over
MgSO,. 'H NMR studies were carried out on a small sample of the product to establish
the formation of [227] before phosphorane [150] was added. 'H NMR studies
established [227] had not been produced, nor had starting material been re-isolated as
the epoxide signals at 8 2.7 and 3.0 ppm were no longer present.

This procedure was repeated whilst varying the temperature and monitoring the
reaction by TLC. '"H NMR analysis of the product did suggest the formation of [227] by
the presence of an aldehyde signal at & 9.7 ppm. However, after addition of
phosphorane [150] and subsequent work-up, there was no evidence by both 'H and *C

NMR of the presence of [225].

BuO 5 ‘BuwO ) ‘BuO
(i-ii) (iii)
0 0 o o
[229] [227) [225]

Scheme 44. Reagents and Conditions: (i) THF, 0°C, Periodic Acid, RT, 1h; (ii)) DCM, H,O, MgSQy;
(iii) PhsPCOCHCH; [150].

Time limitations prevented further investigation of this synthetic pathway.
However, the feasability of an in situ aldehyde formation reaction by periodate
oxidation, despite not being able to perform the Wittig step has been illustrated. This
protocol, although in its infancy, could be a viable methodology to access the bis-o,3-

unsaturated ketone although more work is required.

72



3.3.3 BIOLOGICAL EVALUATION.”

Several of the synthesised compounds were tested to determine their biological

activity against several cancer strains and also tested for activity against HIV-RT1

inhibition.

OH N

BF,
[223b]

Fig. 33. Structures sent for biological testing.

Structure K562" | A2780° | H-460° | P388° HIV'
[221] 1.22 3.87 1.44 1.94 41%
[222] 16.91 46.77 NT 22.18 100%
[234] 18.18 41.79 NT NT 100%
[223b] 6.79 9.94 29.6 17.42 100%

Table 10. IC 50’s ug/ml of several synthetic guanidines.
YHuman chronic myelagenous leukaemia.

*Human ovarian carcinoma.

YHuman large cell carcinoma lung. High DT-Diaphorase.

*Mouse Lymphoid neoplasm.

NT- Non Toxic.

YHIV-RT1 % of initial enzymatic activity at concentration =[10pM] of compound.
"Synthesised by Dr G Black 1998.

It can be seen from the above results that the four compounds do show varying
activity towards the different cell lines. Of great importance is the fact they do not
show toxicity across the whole spectrum and show some signs of selectivity.
Compounds [221] and [223b] show the best activity. This could be related to the

lipophilic side chain functionality which is present in both.
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In the HIV-RT1 assay the only compound with any activity is the silyl protected
tricycle [221], again possibly reflecting that a high degree of lipophilicity is required for
significant activity.

3.3.4 CONCLUSIONS

As this section of the work was attempted near the end of the research project,

the conversion of epoxide [229] to aldehyde [227], and ultimately bis o,B-unsaturated
ketone [225] was not achieved. Further investigative studies could be carried out
utilising different oxidising agents as well as varying reaction conditions. This
sequence of reactions though in its infancy could, with some further investigation, be a
useful route to the required bis-a,B-unsaturated ketone and ultimately the right hand
side of batzelladine F with installation of the problematic ester functionality.

Current studies by Murphy et al. are concentrating on the formation of the
required substrate [225] by Knoevenagel condensation reactions with protected
aldehydes [235] and [236].®' Subsequent deprotection to give [227] and standard Wittig
methodology should then give access to the bis-o,3-unsaturated ketone [225]. Coupled
with this approach Murphy et /. are using an acetal protecting group in a similar

fashion. These approaches are summarised below.

//_>“s {BuO,C /_>vs
o= 4 ) 0 f $ Y _a,
Me 0

g tBuO,C o
_ tBuO,C 0 Me [227]
2 Q U, O\) )
O\) Me (0]
[236]

Fig. 34. An outline of the new methodology Murphy ef al. is utilising to access the right hand portion
of batzelladine F. (i) A, ‘BuO,CH,COCHj3, Knoevenagel condensation; (i1) HgCl,, HgO, H,0,
A; (ii1) PPhs, CBry, acetone.
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CHAPTER 4

ATTEMPTED SYNTHESIS OF THE ABC
RING SYSTEM OF CYLINDROSPERMOPSIN

75



4.1 INTRODUCTION

Initial investigations were directed towards using the methodology previously

discussed in chapter 3, which essentially was to utilise a 1,4-addition of guanidine to a
bis-o,B-unsaturated ketone. However, on retrosynthetic analysis, slight modifications
were required to the synthetic precursors which would ultimately lead to the target

compound.

4.2 RETROSYNTHESIS

Upon consideration of cylindrospermopsin the initial target was the tricyclic

core containing the guanidine moiety, which, as with other guanidine containing
metabolites appears to be the active portion, and of great interest. The remainder, the
a-hydroxy uracil chain, was not to be included in the synthetic approach at this early
stage and the simplified structure [237] was to be considered first.

R "0380 WR
o o <— 0O O

Me

OBn OP
[239] [238]

Scheme 45. Retrosynthetic analysis of the cylindrospermopsin core.

Removal of the guanidine functionality from [273] furnished the synthon [238]
which contained an enone and a ketone function. Continuing retrosynthetic analysis
was required leading ultimately to commercially available starting materials. This was
initially achieved by simplifying target enone [238] by removal of both sulphate and

methyl groups to give [239]. In essence this is a similar retrosynthesis to the
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batzelladine F [223b] synthesis as the compound contains four masked electrophilic

centres, viz the enone (2 centres), ketone (1 centre) and the protected alcohol (1 centre).

/ﬁrR /o OBn
o 0 - 0 p— Q/)

opn [239] OBy 1240] [241]

Fig. 35. Retrosynthesis of enone [239] to a commercially viable target.

The production of [239] was envisaged via an in situ Wittig reaction from
aldehyde [240] which could be accessed via ozonolysis of alkene [241]. This in turn
should be accessible from the parent alcohol [244].

4.3 SYNTHETIC APPROACHES TO THE AB RING SYSTEM OF
CYLINDROSPERMOPSIN

Cyclopent-1-ene-1-methanol [244] is a literature compound’* which is prepared

from trans-cyclohexane-1,2-diol [242] by oxidation with sodium periodate. This yields
a dialdehyde intermediate which undergoes an intramolecular aldol condensation on
base treatment to give [243] in 81% yield. 'H NMR studies clarified the production
with a singlet at & 9.8ppm for the aldehyde functionality and a triplet at & 6.9 ppm for
the olefinic proton. *C NMR added further confirmation with signals at 5189, 153 and
147 ppm equating to the aldehyde, CH olefin and quaternary carbon respectively.
Reduction of the aldehyde with NaBH, furnished [244] in 69% yield, with NMR studies
establishing a successful conversion. Infra-red spectroscopy added further evidence for
conversion with the appearance of an OH stretch at 3350 cm™ and loss of the carbonyl
stretch at 1677cm™. Subsequent treatment of alcohol [244] with sodium hydride
followed by benzyl bromide afforded [241] in 69%. The presence of aromatic signals at
d 7.4 ppm as a multiplet and a singlet at § 4.6 ppm for the CH,Ph respectively, further

confirmed the structure of the product.
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o) OH OBn
OH
—_—> —_ e
"OH

[242]

[243]

[241]

Scheme 46. (i)(a) Sodium periodate, water, c. HNO;, NaOH pH = 4, [242], (b) ether, KOH,

25°C, 81%; (ii) MeOH, 0°C, NaBHy, stir overnight, 69%; (iii) NaH, dry THF, 0°C, [244] dry
THF, tetrabutylammonium iodide, benzyl bromide THF, 69%.

The principal synthetic step in the preparation of substrates [239a] and [239b]

was ozonolysis of the protected alcohol [241] followed by an in situ Wittig reaction.

Initial attempts with acetylmethylene triphenylphosphorane produced the desired

product [239a] in a disappointing 21% yield. Further investigation led to the discovery

that varying the temperature at which the phosphorane and ylid were added had a

drastic effect on the yield of the reaction. These results are summarised in the Table 11

below.
OBn
R
i /ﬁ( [239a]; R=Me
OBn
Scheme 47. (i) Dry DCM, -78°C, O3, -78°C PPhs,
PPh;CHCOCHj; ([239a]), PPhsCHCOPh ([239b])

Attempt | R Temp. PPh; added (°C) Temp. Ylid added (°C) | % Yield
1 Me -78 to RT RT 21
2 Me -78 to -20 -20 to RT 54
3 Me -78 -78 to RT 95
4 Ph -78 to RT RT 71
5 Ph -78 to -20 -20 to RT 85
6 Ph -78 -78to RT 94

NOTE: Ozonolysis carried out at >-78°C and in DCM.
[244]; R=Me, [245]; R=Ph.

Table 11. Summary of ozonolysis reactions.

Once the blue colouration was observed, it was found warming to RT before the

addition of triphenylphosphorane and subsequent addition of the ylid resulted in a low
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yield. This could have been due to stability reasons of the intermediate ozonide and
warming to RT led to decomposition. Thus, the addition reactions were performed at
-20°C and -78°C and found that the best yields were obtained with the latter
temperature.

Both 'H and C NMR of substrates [239a] and [239b] indicated the successful
production of the enone functionality with olefinic signals at 6 6.7 ppm for [239a] as a
broad doublet of triplets and a doublet of triplets at & 6.7 ppm for [239b]. The coupling
constants J = 15.9 and 1.4 Hz and 15.9 and 6.8 Hz respectively clarifying the frans
geometry.

[239a] [239b]

Carbon 'H Bc 'H Yo

1 4.1 75.0 4.1 75.0

2 - 198.5 - 190.6

3 2.5 3.7 2.6 32.0

4 1.8 214 1.9 215

5 2.25 27.0 24 38.0

6 6.7 131.8 7.0 132.7

7 6.1 147.0 6.9 148.4

8 - 208.1 - 208.2

9 2.25 38.0 7.5 133.9-137.8
PhCH, 4.55 73.4 4.6 73.4
PhCH, 7.3 127.9-137.1 7.3 133.6-137.1

Table 12. 'H and C NMR details of both enone systems.

The presence of the phenyl ring adjacent to the a,3-unsaturated ketone in [239b]
and the affect of conjugation resulted in increasing the complexity of the olefinic
splitting pattern. Expansion of the region & 7.0 ppm established a doublet of triplets at
8 6.97-7.1 ppm and a doublet at 8 6.85-6.95 ppm with coupling constants J = 15.4, 6.6
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Hz and 15.4 Hz respectively. As with system [239a] the large coupling constant
inferred the trans geometry. Both IR, MS and HRMS further confirmed the production
of both enone systems.

With [239a] and [239b] in hand, both systems were ideally arranged for the
reaction of guanidine via a 1,4 and 1,2 Michael addition using the methodology
described. Thus, guanidine was added as a solution in DMF to a stirred and cooled
(0°C) solution of [239a] or [239b] in DMF. This was allowed to warm to room
temperature over 5 hours which was followed by addition of NaBH,, H,O and MeOH at

0°C and stirring overnight to ambient temperature.

O R R
q\r 12+14 ! ('NOH}

OBn
HoN Q NH,

OH H
R R
= N_. _NH A N. _NH
—_— _—
HO \ff H \ﬂ/
NH NH
| OBn ] OBn

Scheme 48. Proposed route of guanidine addition.

Initial NMR studies were inconclusive, however, signals at & 3.5-4.0 ppm which
in common with other guanidine metabolites (ptilomycalin A and related compounds,
chapter 2) were symbolic of the protons o to the nitrogen in the piperidine ring were
encouraging.  Flash chromotography isolated several fractions which looked
encouraging; however, none displayed the characteristic N-H signal expected for a
guanidine containing compound in the 'H NMR at 7-9 ppm (N-H) and BC NMR
between 150 and 160 ppm (guanidine C).

As the bicyclic system had not been obtained, the guanidine addition reaction

was further investigated using substrates [239a] and [239b] as the starting materials.
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The conditions of the reactions were modified to some extent by changing the
concentration of the guanidine in the reaction and by changing the reducing agent to the
less harsh NaCNBH;. These changes had no effect, and no guanidine containing

compounds were obtained. The results of these reactions are summarised in Table 13.

Attempt | Temp | Substrate | Concentration' | Equivalents* | Red ucing | Yield
Agent
1 0 [244] 0.21 1 NaBH, -
2 0 [244] 0.21 1 NaBH, -
3 0 [244] 0.25 1.1 NaCNBH; -
4 0 [245] 0.13 1 NaBH, -
5 0 [245] 0.21 1 NaBH, -
6 0 [245] 0.23 1.1 NaCNBH; -

Note. The concentration and equivalents refers to the addition of guanidine and not the reducing agent.
*Concentration of guanidine in DMF (x10™ g/ml)
*Equivalents of guanidine with respect to starting substrate

Table 13. A summary of the guanidine addition reactions.

To try and establish what had actually occurred in this reaction, a mass spectrum
of one of the major products formed during the addition was obtained. The M"
obtained was 264 daltons which, compared to the starting material mass of 260
indicated the addition of two equivalents of hydrogen, i.e. the reduction of two double
bonds. Thus, as no alkene protons were present in the 'H NMR spectrum of the
product, the likely nature of decomposition is as suggested in fig. 36 in that an
intramolecular base catalysed 1,4-addition had occurred, mediated by guanidine, which
led to cyclohexanone [245], which is reduced to diol [246] on treatment with NaBH,.

Diol [246] would be expected to display signals in the 'H NMR at & = 3.5 - 4.0
for the CHOH and CHOBn products and has the mass required (M" = 264) for the

material obtained.

[\Me
H

H H
/\’.b Me Me
O > ™
OB 0 OH
OBn OBn
O H H
O OH

NH,
239 245 246
[239a] HN)\NHZ [245] [246]

Fig. 36. Possible decomposition mechanism for substrate [239a].
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With the failure of this method, we attempted to utilise the methodology
described by Snider et a/’' who utilised O-methylisourea to introduce the guanidine
moiety over two steps. Therefore, the addition of O-methylisourea to both enones
[239a] and [239b] was envisaged with which, after reduction, would furnish the bicycle
[248]. With this in mind both substrates were treated under the conditions reported by

Snider,%* the results obtained are summarised below in Table 14.

R

N_ _N
[239a]; R—Me OI?( T

OMe OMe
[239b];R=Ph BnO [247] [248]

Scheme 49. Reagents and Conditions: (i) O-methylisourea hydrogen sulphate, NaHCO;,
DMF; (ii) NaCNBH3, DMF.

Attempt | Substrate | Temperature | Solvent | Time (hr) | Yield
%
1 [239a] 50 DMF 2 -
2 [239a] 75 DMSO 25 -
3 [239D] 50 DMF 2 -
4 [239b] 75 DMSO 25 -

Table 14, Summary of addition reactions.

Entries 1 and 3 followed the reported conditions of Snider® exactly, but gave no
indication of reaction with starting material being recovered from both attempts. With
the lack of success both the reaction temperature and time were increased to 75°C and
25 hrs respectively (entries 2 and 4), again with no success.

It was apparent that the attempts to add guanidine or O-methylisoureas hydrogen
sulphate to both substrates [239a] and [239b] were problematic for differing reasons.
As a result of this the synthetic approach was changed in order that some progress be
made.

Therefore a more stable substrate was prepared from the commercially avaliable
5-hexen-1-ol [249]. 5-Hexen-1-ol was thus oxidised with PCC to afford 5-hexenal
[250] in somewhat inconsistent yields which seemed to be dependent on the quantity of
solvent used to wash the inorganic residues produced by the oxidation. In order to

improve this yield the reaction was repeated, but with the addition of Celite as a
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dispersant for the PCC by products and filter aid for the work-up. As Table 15 below

shows the average yield per reaction was greater with Celite than without.

Entry | Yield (%) | Celite
1 60 -
2 97 -
3 47 -
4 92 Yes
5 77 Yes
6 85 Yes

Table 15. Several examples illustrating the difference
between Celite / PCC oxidation and just PCC.

NMR analysis of the product formed after oxidation established the successful
production of [250] with the aldehyde functionality observed at & 9.7 ppm as a triplet
J=0.95 Hz. The Wittig reaction between [250] and [150] yielded the required substrate
in 88% yield after trituration and column chromatography. NMR analysis indicated the
successful production of [251] with the olefinic protons appearing at 8 5.0 and 5.6 ppm
as two sets of multiplets. C NMR further clarified the production with signals at
8 202.3, 137.5 and 115.2 ppm for the ketone and olefinic regions respectively. Again,
the stereochemistry around the double bond was found to be trans due to the large

coupling constant of 15.9 Hz.

I e )
= OH = =6 =
[249] [250] [251] j\

O Me

Scheme 50. Reagents and Conditions: (i) Dry DCM, 0°C; 2 eqv. PCC / Celite,

90min; 0°C, 0.5 eqv. PCC / Celite, stir overnight, 92%; (ii) acetylmethylene
triphenylphosphorane, dry DCM, RT overnight, 88%.

With [251] in hand one equivalent of guanidine as a solution in DMF was added
to a cooled (0°C) solution of [251] in DMF. After 4 hours stirring to room temperature
the assumed intermediate was reduced with NaBH,, after addition of methanol and
water in a ratio of 3:1:3 (DMF:MeOH:H,0). On the two occasions this procedure was

attempted no guanidine containing products were obtained.
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| [251] [252] z [253]

Scheme 51. Reagents and Conditions: (i) 0°C, DMF, guanidine, DMF, warm RT 4h; (ii) 0°C
3:1:3 DMF/MeOH/H,0, NaBH,, 16h, HCl/water.

Further investigative studies moved towards a substrate that had an excellent
leaving group attached to the enone functionality so the addition reaction would be
more favourable. Therefore, a compound with a more stable electrophilic centre that
did not possess enolisable protons was prepared. It was apparent that an epoxide
function would fit this criteria, hence, the reaction of epoxide [254] with guanidine was

envisaged which after dehydrative cyclisation would yield tricycle [256].

OR
N NH

[254] N [256]

Fig. 37. Envisaged production of tricycle [256].

The ester functionality was chosen, as the reaction of single acrylides had been
proven within the group to lead to pyrimidines in good yields.”

This approach utilised the previously prepared aldehyde [250]. Treatment of
[250] with carboethoxymethylene triphenylphosphorane in dry DCM at an ambient
temperature furnished ester [257] in 88% yield. The 'H NMR displayed several signals
of interest, including the multiplet at & 5.0 ppm for CH,-1, a multiplet at & 5.8 ppm for 2
x CH-2/7 and finally the doublet of triplets at § 6.9 ppm for CH-6, ] = 15.9 and 6.9 Hz.
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[249] [250]

[257] o

Scheme 52. Reagents and Conditions: (i) Dry DCM, 0°C; 2 eqv. PCC / Celite,

90min; 0°C, 0.5 eqv. PCC / Celite, stir overnight, 92%; (ii) carboethoxymethylene
triphenylphosphorane, dry DCM, RT overnight, 88%.

The next stage in the synthetic approach could have progressed via two
pathways. Firstly guanidine could have added to substrate [257] leading to the
monocyclic intermediate [258], after which the olefin at C7 could be epoxidised to give
[259], which would then undergo nucleophilic ring closure to the bicyclic system [260].
Alternatively these steps could be reversed giving epoxide [261a] which could then be
cyclised in one step to yield the same product [260].

0 . -
epoxidation

b -
I *NH,. X

guanﬁi/nw
/r\%/\ [258]

257 © 07
+
NH,. X
RN e
Guanidine cyclise

j\ via [259]. [260]
07

[261a] O

Fig. 38. The possible approaches to obtain the bicyclic system.

Both these pathways were investigated to establish viable methodology. Thus,
ester [257] was dissolved in dry DMF and cooled to 0°C, whereupon a solution of
guanidine in DMF was added. The reaction was then allowed to warm to room
temperature and stir for 72 hours. The reaction mixture was then filtered to give a
white solid which was washed with diethyl ether and dried in vacuo to furnish [258] in

31% yield (Scheme 53).
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0 o N HN}\S E 0‘_}%/\ l +11er
[257] H Cr

Scheme 53. Reagents and Conditions: (i) DMF, 0°C, guanidine, DMF;
warm to RT 72 h, methanolic HCI, 27%.

Attempts at producing further [258] were made by evaporating the reaction
solvent residues and filtrate. However, after trituration and chromatography of the oily
residues the only material found was contaminated starting material together with what
could have been trace amounts of [258], but were more likely to be by products from
the reaction. Mass spectral analysis of [258] gave a clear M" at 182 daltons with
HRMS corresponding exactly to [258]. Both 'H and *C NMR also aided in structural

determination, the data is provided in Table 16.
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ey
o ppm CD;0D | Species | J (Hz) o ppm CD;0D

1 - - - -

2 - - - 159.00
3 - - - -

4 - - - 173.44
5 29 CH J=35.5 37.33

2.6 CH J=82

6 3.6 CH, m 50.88
1 17 CH, m 35.16
2! LS CH, m 26.11
3 2.1 CH, m 35.05
4' 5.9 CH m 141.55
5' 5.1 CH, m 117.58

Table 16. 'H and °C NMR for analogue [258].

With [258] in hand it remained to introduce the epoxide on C1 which would
enable production of the bicyclic system [260]. This transformation was envisaged by
treatment with mCPBA which would then enable nucleophilic attack of the amine
group present within the guanidine moiety to open the epoxide and form the bicyclic
analogue [260]. Which contained the non-functionalised analogue rings A and B,
comparable to cylindrospermopsin [15].

Unfortunately treatment with mCPBA did not affect the required transformation
and all that was isolated was recovered starting material. One possible cause for the
lack of success was solubility problems with [258]. The product was originally isolated
as the free base which would have absorbed atmospheric CO, as H,O and so produce

the carbonate, which is highly insoluble. Thus [258] was treated with methanolic HCIl

87



to convert the salt to the chloride which would be slightly more reactive however, this
failed to improve matters and no epoxide was obtained. Isopropyl alcohol was added to
aid solubility, this though could have been interfering with the cyclisation step via the
epoxide. The attempts to produce [258] are shown in Table 17 where varying

equivalents of mCPBA were utilised.

0 [ 0] 0
N (1) N
B O P e el e
*NH,.CI NH OI:'INHZ.CI'
[258] 8 [259] ] [260]

Scheme 54. Reagents and Conditions: (i) DCM, isopropyl alchol, mCPBA, DCM, RT, 70 h.

Attempt | Equivalents mCPBA' Solvent System [258].X % Yield [261]
1 1.5 DCM/ IPA free! -
2 L5 DCM/IPA free! -
3 2.0 DCM /IPA Cl -
4 3.0 DCM /IPA Cl -

"The equivalents were based on molar concentration of [258]
fAssumed to be . HCO;

Table 17. Attempted epoxidation reactions of [258].

With the failure of route A the next step in the synthesis was to reverse the steps
in the reaction, and consider the epoxidation of [257]. This involved treatment of [257]
with mCPBA in DCM, which surprisingly produced two epoxides [261a] and [261b] in

a ratio of 80:10 after purification by column chromatography.

)/\k 0 m N "
D D
o7 ol © i 07 S ™

257 © (261a] [261b]

Scheme 55. Reagents and Conditions: (1) mCPBA, dry DCM, [257], dryDCM, stir overnight,
80% [261a]: 10% [261b].
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It was apparent from NMR analysis that [261a] was the required mono-epoxide

and [261b] the bis-epoxide.

structural elucidation using 'H and *C NMR (Table 18).

The presence of the bis-epoxide was confirmed by

o
z [261a] [261b] ?
Position 'H ®c 'H e 'H BiL.E
1 - 166.68 - 166.57 - 169.0
P 58 148.89 5.8 148.32 H.J3.2 57.2
3 69 137.98 6.9 121.79 H,3.1 52.8
4 2.4 33.05 1.6 31.75 1.6 31.8
5 1.5 31.46 1.6 24.44 1.6 223
6 2.1 27.13 2.3 46.90 1.6 31.9
7 5.8 121.57 HJ3.0 51.90 H.2.9 51.8
8 5.0 115.07 H,2.5 60.17 H,2.5 46.8
H,2.8 H,2.7
1' 4.2 60.12 472 60.2 42 61.5
2' 1.3 14.25 1.4 14.23 1.3 14.0

Table 18. Comparison of starting substrate to mono and bis-epoxides.

As can be seen from Table 18 [261a] had three epoxide signals corresponding to

Hanse at 8 2.5, 2.8 and 3.0 ppm respectively (Fig. 39a.) and [261b] had five epoxide

signals corresponding to Hypywae at 8 2.5, 2.7, 2.9, 3.1 and 3.2 ppm respectively (Fig.

39b.).
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T‘T “T—T—T—I*'I—rﬁ e B | "I B I Ci e | T
3.0 2.5 3.0 2.5
Fig. 39a. "H NMR of [261a] Fig. 39b. "H NMR of [261b]

With epoxide [261a] in hand, guanidine was dissolved in DMF was added to a
cooled (0°C) solution of [261a] in DMF. This was allowed to warm to room
temperature whereupon the reaction was ceased after 96 hours. After filtration of the
solid product, washing with diethyl ether and treatment with methanolic HCI a white
solid was produced in 16% yield. However, '"H NMR analysis in D,O established the
epoxide signals were still present (8 2.7, 2.9 and 3.2 ppm). Guanidine had added 1,4 to
produce [259] but had not then undergone an intramolecular nucleophilic attack to

furnish the bicyclic analogue [260] (Both 'H and ">C data are shown in Table 19).
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I B I ey
1 - - - -

2 - 159.00 - 156.00
3 - - - -

4 - 173.44 - 173.40
5 2.9 37.33 23 68.5

2.6
6 3.6 50.88 3.7 532
I' 1.7 35.16 1.5 33.7
2 1.5 26.11 15 23.1
3 2.1 35.05 1.5 25.8
4 3.9 141.55 3.1 53.1
3 5.1 117.58 2.7 50.6
2.9

Table 19. NMR data of the two prepared analogues [258] and [259].

As a result of the successful production of intermediate [259] the next step
necessitated the intramolecular nucleophilic opening of the epoxide and ultimately
formation of [260]. Several attempts were made at facilitating this step, initially
utilising the intermediate itself [259] by re-dissolving in DMF and heating to 60°C.
This though yielded no bicyclic product. The reaction was repeated with the same
methodology, guanidine addition in DMF, stir for 96 hours and then warm the stirring
reaction mixture for a further 96 hours to 60°C. This though did not produce [260].
Several attempts were made to convert [261a] to [260] these are summarised in Table

20, there was no success.
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o 0
() (1)
o
@) OEt 0 NH
[261a] [259] [260]

Scheme 56. Reagents and Conditions: (i) DMF, 0°C, guanidine, DMF, RT 96 hrs;
D 60°C, 96-168 hrs; (ii) methanoli HCI.

Attempt | Conditions %Yield
1 (i) dry DMF, 0°C, guanidine, dry DMF, stir RT 96 hrs; (ii) -
methanolic HCL
2 (i) dry DMF, 0°C, guanidine, dry DMF, stir RT 96 hrs; A60°C .
96 hrs; (ii) methanolic HCI.
3 (i) dry DMF, 0°C, guanidine, dry DMF, stir 96 hrs ;A60°C 168 -
hrs; (i1) methanolic HCI.

Table 20. Attempted cyclisation products to form [260].

On inspection of the literature, some recent work reported by Le Merrer ef al. on
the nucleophilic attack of epoxides by guanidine, as a route to potential substrates or
inhibitors of nitric oxide synthases,”* enabled an alternative method to be used. They
had developed an efficient method for the synthesis of monosubstituted guanidines
through the regiospecific nucleophilic opening of an epoxide by free guanidine,
followed by an in sifu selective protection of the guanidine moiety. What was of great
importance was both the method of producing the free guanidine and the solvent system

used.”
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[264]

Scheme 57. Reagents and Conditions: (i) (GuanH " ),.SO4, NaH, ‘BuOH, 60°C, 130 h;

(ii) iPr,NEt, TMSCI, (CICH,),, 40°C, 2 h; (iii) iPr,NEt, ZCl, 0°C to 20°C overnight, 51%.
(iv) guanidinium hydrochloride, EtOH:H,0, Amberlite™; (v) guanidine, EtOH, [264], reflux
1 h, 97%.

As can be seen Le Merrer et al. generated the free guanidine initially by
treatment of guanidinium sulphate with NaH in ‘BuOH followed by in situ guanidine
cyclisation at 60°C which furnished [263] in 51% yield. In a later publication they
treated guanidinium hydrochloride with an ethanol : water mix on Amberlite followed
by guanidine cyclisation which produced [265] in 97% yield.

With this methodology in hand, guanidine hydrochloride was dissolved in
‘BuOH and treated with NaH. This mixture was allowed to stir for 30 minutes to enable
the free guanidine to be produced. Compound [261a] was then added as a solution in
'BuOH at RT. This was stirred for 96 hours before being warmed to 60°C and stirred
for a further 96 hours. The reaction mixture was evaporated in vacuo, treated with
methanolic HCI and then purified using column chromatography which furnished the
supposed bicycle [260] as a white solid in 41% yield (entry 2 in Table 21).
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(i-1ir) (iv-v)

— HN_ _N —
o ¥ H
(@] OEt NH
[261a] - [259] =5

Scheme 58. Attempted synthesis of the AB analogue

Attempt | Conditions % Yield

1 (i). Guanidine hydrochloride, ‘BuOH; (ii). NaH, stir 30mins, RT; (iii). 21
[261a], ‘BuOH, RT 96 hrs; (iv), A60°C 96 hrs; (v). Methanolic HCI.

2 (i). Guanidine hydrochloride, ‘BuOH; (ii). NaH, stir 30mins, RT; (iii). 41
[261a], ‘BuOH, RT 96 hrs; (iv), A60°C 96 hrs; (v). Methanolic HCI.

3 (i). Guanidine hydrochloride, ‘BuOH; (ii). NaH, stir 30mins, RT; (iii). | 35
[261a], ‘BuOH, RT 96 hrs; (iv), A60°C 96 hrs; (v). Methanolic HCI.

Table 21. Attempts made to cyclise epoxide [261a].

Initial analysis of the product of this reaction was attempted using MS which
indicated that the bicyclic compound had been formed, due to the the presence of the
required M" at 198 Daltons. The 'H NMR of the product was extremely complex but
appeared to fit the general structure [260]. However, on close inspection of the °C
NMR it was clear that the reaction was not as clean as those previously observed for the
formation of the bicycles [258] and [259]. The second factor was that the °C NMR of
the major component did not appear to correlate with the formation of the 6,6-bicycle
[260]. Comparison of the 'H NMR with the known compound [266]’ indicated that the
expected signals at ca 6 = 64.0 (CH,OH) and & = 50.3 (CHN) were not present, instead
signals at & = 71.0 (CHOH) and 58.4 (CH,) were indicative of the formation of the 6,7
bicycle [267] a more detailed analysis of the major signals in the spectrum (Table 22)
seems to support this hypothesis, as very little if no correlation with the known
compound [266] is apparent.

This result is somewhat disappoiting as this reaction was the cornerstone of our

proposed methodology.
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o O
5 3
. N_,2NH
he ’ NH,.Cl
[267] [266]
Position S Position Lo
1 160.2 1 %
2 - 2 151.6
3 169.5 3 -
4 375 4 50.3
4a 60.8 4a <
5 35.3¢ 5 22.7
6 21.1 6 45.5
7 35.1% 7 P
8 71.0 8 -
9 58.4 9 -
i . 1’ 64.0

Table 22. NMR data of [267] with Mendoza’s bicycle [266].
*Bold notation indicates simalarity to the natural product [15].
Interchangeable assignments.

4.4 CONCLUSIONS

A methodology has been established which has enabled access to a bicyclic
intermediate via a 1,4-addition of guanidine to [261a]. This furnished the epoxide
intermediate [259] which could be isolated, however subsequent heating of the reaction
to 60°C enabled an intramolecular nucleophilic epoxide opening to generate the

bicyclic guanidine [267] (summarised in scheme 59).
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"NH,.CI
[267]

Scheme 59. Reagents and Conditions: (i) guanidine hydrochloride, ‘BuOH;

(ii) NaH, stir 30min, RT; (iii) [261a], ‘BuOH, RT 96 h; (iv) A,60°C 96 h;
(v) Methanolic HCI..

The reaction methodology gave the 6-7 product [267] rather than the desired 6-6
product [260]. It was extremely difficult though to obtain a pure sample of [267] due to

its polar nature and the presence of reaction by-products and polymeric material.
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CHAPTER 5

GLYCOMIMETICS
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3.1 INTRODUCTION

Owing to the problems which arose during the opening of the epoxide system
leading to the AB analogue of cylindrospermopsin, and the inability to obtain pure
products or good yields, we decided to investigate the ring opening of epoxies using
guanidine in a more fundamental manner, in order that we might ascertain what was
actually occurring during the intramolecular nucleophilic epoxide ring opening
reactions. The envisaged scheme of work would produce monocyclic guanidines which
are related to a class of biologically active compounds called glycosidase inhibitors.

There is an increasing interest in the isolation and synthesis of glycosidase

98,99

inhibitors’’ due to their potential use as chemotherapeutic agents. Furthermore they

may constitute useful tools to unravel the catalytic mechanism of the corresponding

enzymes.'®'®!  Glycosidase inhibitors'® have been used to treat diabetes and other

metabolic disorders,'*> % 1%

106, 107

and have been implicated in the blocking of viral
infections. Inhibitors for these enzymes are usually designed to mimic the
transition-state or transient intermediate present in the active-site during enzyme

catalysis.'® 1%

A key objective in the emerging field of glycobiology’ has been the development
of specific glycomimetics, i.e. carbon or heteroanalogues of sugars which mimic the
structure and properties of carbohydrates.''® Such research has produced many linkage
and configuration-specific inhibitors of glycosidases such as the polyhydroxylated

HL19% and amidrazones''>'” which disrupt the biosynthesis of N-linked

piperidines
glycoproteins and glycolipids that play prominent roles in immune recognition
phenomena and cellular adhesion.'”'” A major challenge for synthetic chemists is to
devise non-carbohydrate templates (i.e. saccharide 'look-alikes') with which to assemble
bioactive mono- and oligosaccharide analogues. Several examples of these analogues

are depicted below in Fig, 41.'9% 110

OH
5 o i HO ,
K, N>\NH
H,N_ _NH OH - | NH, ! [
*NH, [268] [269] [270]

Fig.41. Several examples of glycomimetic analogues
Wong et al. and Ganem ef al. respectively. Kz
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3.2 PREPARATION OF SIMPLE FIVE MEMBERED CYCLIC
GUANIDINES

The object of this investigative work was primarily to understand how guanidine

was opening the epoxide ring. Thus, similar reaction conditions were used to those
utilised in the preparation of the cylindrospermopsin analogue [260] (Chapter 4).

To test the feasibility of the methodology a simple epoxide, epibromohydrin,
[271] was treated with guanidine at RT in ‘BuOH to theoretically give the guanidinium
hydrobromide [272] in situ. Deprotonation of this with KO'Bu was followed by
heating for 3 days to effect cyclisation to one of the possible products [273] and [274].

These arise from either a 5-exo-tet or 6-endo-tet reaction illustrated in Fig. 42.

O*] 5 I_l{ (O 5 H

o)
[271] \ =NH Rl SF=NH
NH N-g > ~H

H
&)

HoN NH; S-exo-tet 6-endo-tet (Disfavoured)
OH
0
- OH
+ (11)
Br’ H,N %f/ NH — ~ HN\[(NH HN AN E
+ +
[272] [273] [274]

Fig. 42. Determination of which ring would be formed from epibromohydrin.
(i) ‘BuOH, guanidine, BuOH, stir 36hrs RT; (ii) K'BuO, A 60°C 96hrs.

Analysis of the 'H NMR produced five separate signals at & 3.73, 3.77, 3.84,
3.93 and 4.3 ppm as four sets of double doublets and a multiplet respectively. This
data pointed towards [273] as the structure, as this would be expected to show two

ABX type coupling patterns.
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BC NMR also aided in the structural determination of [274] as the plane of
symmetry which exists in [274] would only produce three signals but four were

observed at & 44.59, 56.46, 62.68 and 158.24 ppm.

OH
[~ Br — Y [275]; X =Cl

[271] YNH,.[X]

Scheme 60. Reagents and Conditions: (i) epibromohydrin, ‘BuOH, guanidine,
‘BuOH, stir 36h RT; (ii) K'BuO, A 60°C 96h; (iii)(a) 0°C, MeOH, TFA stir 5 min,
61%; (b) 0°C, Methanolic HCI, stir 5 min, 75%.

The molarity of the reaction was also investigated to establish whether this
would affect the yield of [273]. Initially this was not the case, however, after several
attempts the yield of the isolated TFA salt increased to 61% at a molarity of 0.27 M
with respect to guanidine (Table 23 entries 1-5). The next step in the optimisation
sequence was to repeat the synthesis but alter the acid used in the work-up to establish
whether this would make isolation and purification easier. Thus, the reaction was
repeated with methanolic HCI replacing TFA. Again the reaction was undertaken at
two different molarities 0.27M and 0.8M. The different counterion made no real
difference to purification, however, the different concentration increased the yield from
53% at 0.8 M (entry 6) to 75% at 0.27M (entry 7 and 8). As a result of this observation

all the subsequent reactions were carried out at 0.27 M. These results are summarised
in Table 23.

Attempt %Yield Molarity'
1 12 0.8
2 33 0.8
3 32 0.27
4 61 0.27
5 52 0.27
6 53 0.8
7 75 0.27
8 73 0.27

*The molarity was based on the quantity of guanidine used (x10~ g/ml).
*Entries 1-5 [273], entries 6-8 [275].

Table 23. Percentage yields of the different salts of [273] at different concentrations.
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It is worth noting that in all cases several fractions from the purification by
column chromatography were obtained which appeared to have polymeric material
present, an aspect which has been observed in other guanidine reactions.®” ** ¥ As
NMR studies of these materials showed the presence of trace impurities and exhaustive
chromatography was used to produce analytically pure samples, an attempt was made to
ease purification by reducing the polarity of the products by derivatisation. Problems
with purification were compounded by the presence of mixed counterions as a result of
the experimental work-up, this mean’t the desired product had differing Rf values
which made purification much harder.

Derivatisation was achieved by reacting either [273] or [275] with tert-

butyldimethylsilyl chloride in the presence of imidazole. Both salts were used as to

ascertain which would undergo protection, purification and isolation the easiest.

HN/_Q > o) il

—_— HN_ _NH [276]; X = CI

[273]; X = TFA y
[275]; X = Cl (“)( [277]; X = BF4

NH,.[X] NH,.[X]

Scheme 61. Reagents and Conditions: (i) dry DMF, 0°C, imidazole, TBDMS-CI, 0°C-RT
overnight, 54%(X = TFA); (ii) CH,Cl,, sat. NaBF4 solution, RT, overnight, 43% (X = Cl).

The methodology used to access [276] was altered in an attempt to produce a
one-pot synthesis. Thus, [271] was reacted with guanidine under the standard reaction
conditions. The crude product from this reaction was passed through a short silica plug
to remove inorganic salts and polymeric material and the product silylated. However,
this produced very low yields of [276] (10% and 9% respectively from [273] and [275]),
therefore, it was concluded the purification step was essential prior to silylation.

0 iy [ OH (iv) [ omnms

>~ B —> HN_ NH [273]; X=TFA——» HN_ NH
[275]; X=Cl

276
*NH,.[X] NH,.[CT]

[271]
Scheme 62. Reagents and Conditions: (i) epibromohydrin, ‘BuOH, guanidine, BuOH, stir 36h RT;

(if) K'BuO, A 60°C 96h; (iii)(a) 0°C, MeOH, TFA stir 5 min; (b) 0°C, Methanolic HC, stir 5 min;
(iv) dry DMF, 0°C, imidazole, TBDMS-CI, 0°C-RT overnight.
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Structural elucidation was achieved by 'H and "*C NMR studies which indicated
both salts had undergone protection to initially furnish [276] as the hydrochloride.
However, MS analysis also indicated the existence of bromide ions. Establishing
conversion was achieved initially by IR spectroscopy of the neat compound to prove
loss of the broad OH stretch at 3300cm™. "H NMR further aided identification with
signals at § 0.0 and 0.8 ppm for the silyl ether with the equivalent °C signals at §-5.52,
18.1 and 25.68 ppm. It was seen that conversion to the silylether was more efficient if
the original starting material was [273], the TFA based salt yielding 54% of [276], with
[275] producing only a 20% yield. These materials, as expected, were very easy to
purify and analysis of the data was consistent with pure compounds. Ion exchange to
the tetrafluoroborate salt [277] was achieved by treatment of [276] with a saturated
solution of sodium tetrafluoroborate in DCM.

The use of mesylate [279] was also investigated as a possible starting reagent to
access the glycomimetic analogues. Compound [279] was obtained by the treatment of
glycidol [278] with methanesulphonyl chloride and triethylamine to access mesylate
[279] in 87% yield. Both 'H and “C NMR established conversion. The 'H NMR
signals at 3 2.65, 2.9 and 3.25 ppm equated to the epoxide functionality and & 3.05 ppm
for the methyl group adjacent to the SO; group. C NMR found signals at & 37.64,
44.49 ppm for the epoxide carbons and & 49.09 ppm for the methyl group of the
mesylate. Subsequent guanidine addition as with the initial glycomimetics furnished a
suspension which was not previously observed with the reactions utilising

epibromohydrin [271];, however, continuation of the reaction furished [273] in 30%

yield.
_ 0 OH
O o 0,05 ol me i) HN( NH
] T
NH,.[TFA']
[278] [279] [273]

Scheme 63. Reagents and Conditions: (i) 0°C, dry DCM, Et;N, methanesulphony! chloride,
0°C to RT overnight, 87%; (ii) ‘BuOH, guanidine, ‘BuOH, stir 36 h RT, (iii) KO'Bu, A, 60°C,
96 h; (iv) 0°C, MeOH, TFA, stir 5 min, 30%

These initial studies proved the best methodology to adopt to form the five
membered guanidines [273] and [275] was treatment of epibromohydrin [271] with
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guanidine in ‘BuOH, with subsequent protection of the free hydroxyl with fert-
butyldimethylsilyl chloride, and finally ion exchange to the tetrafluroborate salt to
remove any other ions such as Br’, CH;SO;’, ClI" and CF;CO,’, which apparently led to

purification problems.

5.3 PREPARATION OF SEVEN MEMBERED CYCLIC
GUANIDINES

With the previous reactions in hand, the next step was to investigate the

preparation of the corresponding six membered guanidine systems. The required
starting material for these structures was obtained via the epoxidation of 4-bromobut-1-
ene [280] using mCPBA. This furnished the epoxide [281] in 92% yield with 'H NMR
indicating the loss of the olefinic signals and the appearance of signals at § 2.4, 2.7 and
3.0 ppm indicating the production of the epoxide. Signals at & 46.95 and 50.62 ppm in
the *C NMR also confirmed this.

i O
A N"pr L).. I>\/\Br

[280] [281]
Scheme 64. Reagents and Conditions. (i) DCM, mCPBA, 92%.

With epoxide [281] in hand, guanidine was added as with [271] to afford what
was assumed to be the desired products, [282a] with the addition of trifluoroacetic acid
and [282b] with methanolic HCI in 92% and 84% yield respectively. On inspection of
the C NMR data for these products it became apparent that this was not actually the
case. Structure [282a/b] resembled previous isolated compound [266]” and would be
expected to display a CH, signal at ca 64.0 ppm in the "C NMR. However, on
inspection of the C NMR the presence of CH signals at & = 71.3 and 70.2 ppm were
indicative of the formation of the isomeric 7-membered products [283a/b].

The remainder of the C data for these compounds is shown in Table 24 and
supports this structure. Unfortunately, no other 7-membered guanidines of this nature
are not known in the literature so a direct comparison is not possible, however the 9-
membered product [284] does show some correlation with [283a/b] as do the

highlighted signals in [266].
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" NH.[X]

[282a]; X = TFA
[282b]; X = CI

1
HN

3
2 NH
NH,.[X]
[283a]: X = TFA
[283b]; X = Cl

Scheme 65. Reagents and Conditions: (i) 'BuOH, guanidine, '‘BuOH, stir 36 h RT,

(i) KO'Bu, A, 60°C, 96 h; (iii)(a) 0°C, MeOH, TFA, stir 5 min, 79%; (b) 0°C,
Methanolic HCI, stir 5 min, 84%.

OH (\I:I 2 5
6 5
0 L d 2 4
7 4 A\él 3
: H OH
HN_> NH (2 _NH .
NH,.[TFA] NH,.[CT] [266]
[283a] [283b] [284]
Position | “C 35 (ppm)’ | “C&(ppm)’ | Position | ®C& | Position | °C3s
(ppm)* (ppm)*
1 - - - - - -
2 158.24 155.02 - 159.6 - 151.6
3 - B . B “ w
4 56.7° 56.7 4/9 54.7 4 50.3
5 71.3 70.2 5/6 | 742 and . 3
/8 76.1
6 34.8 33.7 4 5 5 22.7
7 46.8 45.9 - - 6 45.5
s - - - . I 64.0

YAll NMR’s were carried out in CD,QD.
*All NMR’s in D,0.

$ bold type shows similar signals.
[284]%, [266]""

Table 24. 'H and "C NMR comparison of [283a], [283b], [284] and [266].

Other spectral data for these materials displayed the presence of a minor

impurity which from MS analysis was found to be a dimeric material displaying a mass
of 200 Daltons for the protonated guanidine [M'] as opposed to 130 Dalton [M] for the
monomeric adduct [283].
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Several dimeric products are possible, however the C NMR signals observed
seem to indicate an element of symmetry was present in the product and we thus
hypothesised that the dimeric structure was [285]. This should arise from the double
displacement of halide from bromide [281] followed by two epoxide opening steps
leading to [285].

0
o @) (i)
Br
H,N _N
[281] ? T ~H
NH
D(\j; - HO\C\N OH
0 o (i A\
—_— +
N

Br’
Scheme 66. Reagents and Conditions: (i) BuOH, guanidine, (ii) [281], KO'Bu,
(iif) A, 60°C.

In order to establish whether this reaction was occurring the initial cyclisation
reaction was repeated, but using two equivalents of epoxide [281] to enhance
production of what was percieved to be the main by-product. A similar method was
adopted in which guanidine was added as a solution in ‘BuOH to a solution of the
epoxide [281] in ‘BuOH. This was then stirred for 24 hours after KO'Bu was added
followed by a further portion of [281], after which the reaction was heated to 60°C for
96 hours.

@) i
- i N N on
Br N )\
281] T 0T p2sel
H H
TFA

Scheme 67. Reagents and Conditions: (i) '‘BuOH, guanidine, stir 24 h RT,
(ii) KO'Bu, stir 24 h RT; (iii) [281], stir 24 h RT; (iv) KO'Bu, stir 24 h RT;,
(v) A, 60°C, 96 h; (vi) 0°C, MeOH, TFA, stir 5 min, 36%.
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Two major fractions were isolated after purification by column chromatography
with the >C NMR’s of these displaying some interesting signals. Fractions A (Fig. 43)
was obviously a mixture composed largely of the previously isolated compound [283a].
Fraction B (Fig. 44) however was obviously composed of a mixture of two isomeric

compounds with very similar chemical shifts (Fig. 44).

RV VS O o o

[ ! [ ] - [ ! [ I [ !
80 60 40 80 60 40
Fig.43. Fraction A. Fig.44. Fraction B.
¥C NMR in CD,0OD BCNMR in D,0

The >C NMR chemical shifts of both compounds [283a] and [286] are shown in
Table 25 below, and as can be seen there is an excellent correlation of these two

structures suggesting that the proposed structure [286] is correct..
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OH
6 5
; . HO
1 3
HN_: NH
NH,.[TFAT] TFA’
[283a] [286]
Position | C 5 ppm (CD;0D) B¢ § ppm (D,0)
1 - ;
2 158.24 158.4
3 N "
4 56.7° 59.7 and 58.65
5 71.3 72.56 and 72.22
6 34.8 35.42 and 35.18
7 46.8 50.03

%Bold type denotes similar signals

Table 25. °C NMR comparisons between the monocyclic guanidine [283a] and
the 1solated bicyclic guanidine [286].

As with [273] both [283a] and [283b] were treated with fert-butyldimethylsilyl

chloride in the presence of imidazole. Both salts were used to ascertain which would

undergo protection, purification and isolation to produce the greatest yield.

OH OTBDMS
6 5 6 )
7 4 . 7 4
- @ L3
HN_ 2 NH i HN_ 2 NH
NH,.[X] NH,.[X]
[283a]; X = TFA (i) [287]; X =CI’
[283b]; X = CI [288]; X =BF4

Scheme 68. Reagents and Conditions: (i) dry DMF, 0°C, imidazole, TBDMS-CI,
0°C-RT overnight; (ii) CHCl,, sat. NaBF,4, RT overnight, 83%.
Structural elucidation was achieved by 'H and >C NMR studies which indicated
both salts had undergone silylation to give [287]. Again as seen with [276] MS analysis
displayed the presence of several counterions. Establishing conversion was achieved

initially by IR spectroscopy of the neat compound to prove loss of the broad OH stretch
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at 3346cm™ for [283a] and 3389cm™ for [283b]. The 'H NMR of [287] displayed
signals at & 0.0 and 1.3 ppm for the silyl ether with the equivalent *C signals at 5-4.85,
17.91 and 25.69 ppm. It was seen that conversion to the silyl ether was more efficient if
the original starting material was [283a] the TFA based salt yielding 64% of [287], with
[283b] producing only a 14% vyield. This step had made purification by column
chromatography a great deal easier, due to the reduction in polarity of the species. Ion
exchange to the tetrafluoroborate salt [288] was achieved in similar fashion to [277].
This furnished [288] in 83% yield.

As with the five membered analogue conversion to [287] was attempted without
1solating the intermediate alcohols. This was carried out in exactly the same manner as
detailed in Section 5.2 leading to a similar result, in that very low overall yields of 7%

and 5% were obtained..

OH OTBDMS
6 5 6 5
3 4 7 4
T 3
OD\/\ i) PﬂiﬁfNH (iv) Hﬁﬁ,NH
Br — > "
[281] NH,.[X] NH,.[X]
[283a]; X = TFA [287]; X =CI
[283b]; X = Cl

Scheme 69. Reagents and Conditions: (i) [281], ‘BuOH, guanidine,'BuOH, stir 36h RT;
(i) K'BuO, A 60°C 96h; (iii)(a) 0°C, MeOH, TFA stir 5 min; (b) 0°C, Methanolic HCL, stir 5 min;
(iv) dry DMF, 0°C, imidazole, TBDMS-CI, 0°C-RT overnight.

As with the five membered analogue, further investigations were carried out on
the starting material used. Originally bromoepoxide [281] was utilised to afford
addition and subsequent cyclisation, it was however, percieved that a mesylate may
allow a more favourable addition and purification, not necessarily seen with [271].

Mesylate [291] was prepared by treatment of 1-hydroxy-but-3-ene [289] with
mCPBA to afford epoxide [290] in 74% yield. The successful conversion being
established by the lack of olefinic signals in both 'H and *C NMR and the appearance
of epoxide signals at § 2.6, 2.75 and 3.1 ppm and & 46.71 and 50.43 ppm respectively.
Subsequent treatment of [290] with methanesulphonyl chloride afforded mesylate [291]
in 74% yield. Both 'H and *C NMR studies established successful mesylation with the
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appearance of a signal at 5 3.1 ppm in the 'H NMR and a signal at & 37.31 ppm in the
*C NMR, indicative of the mesylate group.

6 5
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[289] [290] [291] NH,.[TFA']
[283a]

Scheme 70. Reagents and Conditions: (i) 0°C, dry DCM, mCPBA, 74%; (ii) 0°C, dry DCM, E;N,
methanesulphonyl chloride, 0°C to RT overnight, 74%; (iii) ‘BuOH, guanidine, ‘BuOH, stir 36 h RT,
(iv) KO'Bu, A, 60°C, 96 h; (v) 0°C, MeOH, TFA, stir 5 min, 30%.

Again as with the five membered analogue guanidine addition was achieved
under our standard conditions affording [283a] in a 30% yield.

Both studies have proven the feasibility of the guanidine addition to the requisite
epoxides and have established a methodology in which to access cyclic guanidine
systems. Inspection of the literature of similar amine type cyclisation reactions

illustrates that these addition reactions give rise to mainly seven membered ring

products.'> 17

However, six membered systems have been obtained from similar
cyclisation reactions but with substantially lower yields.""®!"® It appears the size of the
ring system which is formed is extremely dependent on the particular substrate used in
the cyclisation. If there exists no large conformational restraint on the system then a
mix of six and seven membered rings is formed whereas, if there exists a strong
conformational restraint the seven membered ring predominates. It may be that in this
system the presence of the planar guanidine group gives sufficient bias to the system to

force it to give the seven membered product which attacks the sterically less demanding

primary position, as opposed to attack at the more hindered secondary position.
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Fig. 45. Representation of the epoxide opening.
Furthermore both studies have established the best methodology for the
synthesis of these cyclic guanidines is to prepare the silyl protected system in which the
counterions have been exchanged for tetrafluoroborates, thus, removing any problems

encountered with mixed ion products which has made isolation problematic.

3.4 PREPARATION OF THE SUBSTITUTED FIVE MEMBERED
CYCLIC GUANIDINES

As the previous two experiments of this reaction had been utilising epoxides

derived from terminal alkenes and thus, terminal epoxides, synthetic efforts were
focused on investigating the use of more substituted epoxides. The two sy