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SYNTHESIS OF CYCLOPENTANOID DERIVATIVES vI4a A METAL
ASSISTED (3+2) CYCLOADDITION REACTION

by Christopher Martin Exon

The reactions of (n'-allyl)Fp complexes with electron-deficient olefins and
acetylenes, and the replacement of the iron complex of the cyclopentyl-Fp
complexes thus formed with an organic functionality have been investigated.
Cyclic adducts were the exclusive products from the reaction of the

simple (n'-ally1)Fp complex (20a) and the (n'-3-methoxyallyl)Fp complex
(28) with olefinic species, whereas linear adducts (arising from a H-
transfer process), as well as cyclic products, were isolated from the
reaction of the (n'-2-methoxyallyl)Fp complex (66) with unsaturated
moieties. The reactivity of the 2-methoxyallyl complex was observed to be
substantially greater than that of either (20a) or (28).

Ammonium ceric nitrate oxidation of alcoholic solutions of cyclopentyl-Fp
and 2-methoxycyclopentyl-Fp complexes led to the replacement of the Fp
group with a carboxylic ester functionality. Similar treatment of 1-
methoxycyclopentyl-Fp complexes gave a mixture of ketalic and olefinic
derivatives. Reaction of cyclopentyl-Fp complexes with gaseous hydro-
chloric acid afforded products resulting from a ring-opening process, as
well as cyclic adducts arising from the replacement of the Fp complex with
a proton. Analogous treatment of 2-methoxycyclopentyl~Fp complexes resul-
ted in the elimination of FpOMe to give cyclopentene derivatives. A
mixture of brominated and olefinic derivatives were isolated from the reaction
of cyclopentyl-Fp complexes with N-bromopyridinium bromide.

A preliminary study of the possible uses of the metal assisted (3+2)
cycloaddition reaction in the synthesis of a variety of cyclopentanoid
natural products was also performed.
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CHAPTER ONE

Introduction



Introduction

A number of classes of naturally occurring compounds are character-
ised by a substituted cyclopentane unit. These include the iridoid
g]ycosides], prostag1and1‘ns2 and cyclopentanoid insect terpenoids3, of
which Toganin (1), PGEl (2) and iridodial (3) are examples respectively.

X 0Glu.
\“ H 1
' 0
HO---
i (O,Me
(1)
S __CHO
CHO

Further illustrations of biologically active cyclopentanoid natural
products are provided by pyrethrolone (4), corylone (5), brefeldin A (6)
and sarkomycin (7).

The total synthesis of compounds of this type presents considerable
difficulties due to the complexity of their structures. Numerous concept-~
ually different routes have been devised however to both natural and modified



prostagiandins2

, and to a lesser extent tomany other cyclopentanoid
natural products. These are in general based on simple cyclopentane
derivatives, although in a number of syntheses the ring is formed in
the latter stages by an intramolecular cyclisation reaction. It was
thought that an alternative and perhaps more convenient method for
the construction of the complex five-membered ring system could be
via a (3+2) cycloaddition reaction.

The cycloaddition of an allyl anion to activated olefins has been
reported by several workers4"7. Kauffman% found that 2-phenylallyl-
Tithium (8) formed by treating a-methylstyrene with Tithium diisoprop-
ylamide, could be reacted with trans-stilbene to give the cyclopentane
derivative (9) in 41% yield (Scheme 1). Further work by Martens6
demonstrated that allyl anions with a nitrile group attached to the
central carbon atom readily undergo analogous cycloadditions with
styrene, 1,1-diphenylethylene, and acetonag@hy?ene, as well as trans-
stilbene (Scheme 2). The electron withdrawing group effecting charge
stabilisation of the initial cycloadduct. Similarly, treatment of

Ph Rh ph Rh  ph
L _ B q O
h Li Ph Ph
(8) (9)
Scheme 1

X +
P%%?h 5 Ph—\u/—Ph h/ﬁ\% : h Ph
| P P
Li CN CN

Li CN (N

Scheme 2



0 SR 0,6t 0 R
RI
> COEt
- R=H,COEt >
(10) (11) '
Scheme 3

2-thiomethylenecyclohexanone with Tithium diisopropylamide generated a
thioallyl anion (10), which reacted with ethyl acrylate and diethyl-
fumarate to afford hydrindanones of structure (11) (Scheme 3)7.

In recent years a variety of (3+2) cycloaddition reactions have
appeared in the Titerature, involving transition metal organometallic
complexes. Noyori et al discovered that the cationic 2-oxyallyl
species (12), generated by the reaction of o, o'~dibromoketones (13)
18°9, could be trapped with aromatic olefins to

with diiron nonacarbony

give the corresponding 3-arylcyclopentanones (14), in fair to good
10,11

yields (Scheme 4) This reaction has been applied to the synthesis

Ln = Br, CO, solvent, etc; Ry - Rg = alkyl, aryl or H

Scheme 4



R R,

3
)7===<i 2, =Morpholine R
3
R,
Scheme 5

0
RW/E\rR+<~\N> n 1 Fea(c0)s >R
Br Br

Fe,(C0)q
P
+
Br
(16)
Scheme 6
12,13
of cyclopentenones (15, Scheme 5) , and a cuprene type terpene, a-
14

cuparenone (16, Scheme 6)

The preparation of methylenecyclopentane derivatives (17) has
recently been accomplished by Trost and Chan 5 using a palladium (0)
catalyst. They found that in the presence of tetrakis(triphenylphosphine)
palladium, 2-acetoxymethyl-3-allyltrimethylsilane (18) could be reacted
with o}efins bearing an electron-withdrawing group (EWG = ~C02R, ~CN,
-COR, -50,), resulting in the formation of the cycloadduct (17). This
annulation reaction is thought to proceed via a zwitterionic inter-
mediate (19), which adds to the olefin in a stepwise manner (Scheme 7)]6.
Table 1 illustrates some of the products and yields obtained,

Mef OAc
MeBSi\/U\/OAc — TN MesSi0AC - =
(18) + PdL, pd* B
N &)
e EWG EWG Lm )L
= 9
> & —— g; -
Pd*
7\ (17)

Scheme 7



TABLE 1

Methylenecyclopentane Annu]ations}5

Olefin . Product Yield (%)

Methyl acrylate 15, EWG = ~COZMe 68

Acrylonitrile 15, EWG = ~CN 35

Methyl vinyl ketone 1§,P$wa = ~C0OMe 30

CL Cl= s
SG,Ph $0,Ph

The metal assisted (3+2) cycloaddition reaction of dicarbonyl
(no-cyclopentadienyl) (n'-allyl)iron complexes [hereafter denoted
as (n'-allyl)Fp complexes] with unsaturated units (Scheme 8) has been

17-21 . 22-25

extensively investigated by Rosenblum and by Wojcicki . This

process could provide a viable route to precursors in the synthesis of

?
Fp“\z___..-.j[————-> Fp’q 4
P“/i\qgo

a variety of cyclopentanoid natural products. Therefore, as a back-

Scheme 8

ground to the present study, a brief review of the preparation,
reactions and demetalation of dicarbonyl(5-cyclopentadienyl)iron
(i.e. Fp) complexes is presented.

General methods for the preparation of (n'-allyl)Fp complexes

Two general methods have been reported for the preparation of

(n'-ally1)Fp complexes; that of direct metalation of allyl halides

21,24,26-28

or tosylates with the dicarbonyl(nS-cyclopentadienyl)ferrate



29, or by the deprotonation of dicarbonyl (n°-cyclopentadienyl)

18,20,21

anion (Fp')
(n2-olefin)iron cations [Fp(n2-olefin)™] These olefin complexes
are in turn available from a number of sources. The first reported prep-
arations included the reaction of FpBr with simple olefins in the

presence of a Lewis acid, usually aluminium trich]oride3o
of (n'-allyl)Fp comp]exe526, and hydride abstraction from alkyl-Fp

comp]exes3]. More recently, these cations have been prepared by the

, protonation

reaction of the Fp anion with an epoxide followed by treatment with aC'id32

and through an exchange reaction with the readily dissociable Fp(isobu-
tylene)21’23 and Fp(tetra,hydrofuran)34
summary of these transformations, which are treated in more detail below.

cations. Scheme 9 provides a

C. >
f:§'+ 442)& FP"’”\\_‘_O*
Ft FF;-+ X
P ;U\ + olefin M
or

)+

Fp(THF b.

THF = Tetrahydrofuran \\\\\5S§ d.
Lewii/////;7
acid

FpBr + olefin

Scheme 9

3



(a) Metalation

The metalation of simple allyl chlorides with the complexed Fp
anion was first reported in 1963 by Green and NagyZG, and has since
been widely used for the preparation of a large number of primary and
secondary (n'-allyl)Fp complexes (20 and_21)21’24’27’28. The starting
materials, products and yields of some of the metalation reactions
investigated are summarised in Table 2. It has been discovered27’27
that, in general, allyl chlorides give higher yields than the correspon-
ding bromides opr tosylates. In addition, reactions which could lead to
either primary or secondary (n'-allyl)Fp complexes were found to yield
only the Former27. This result may be due to preferential metalation at
a primary carbon atom. However, it has been observedZT that (20d) and (20e)
are formed from the deprotonation of the Fp(cis-2-butene) cation (22e)
with triethylamine (Scheme 10). As the initial product in this reaction

Fp —_— Fp'<: "““‘;p—\m\fp N~
)

(20g) (20e) (20d)

(22

Scheme 10
must be the isomeric (1-methallyl)Fp complex (20g), then metalation at
a secondary carbon atom followed by allylic rearrangement cannot be
excluded as an alternative mechanism.

(b) Synthesis of Fp(olefin) cations

A variety of methods are now available for the synthesis of
Fp(n?-olefin) cations (22 and 23). The most common method is an exchange
reaction (reaction b, Scheme 9) with the Fp(isobutylene) complex (232)21’23
or Fp(tetrahydrofuran) [Fp(THF)] complex™ ", achieved by heating a chloro-
carbon solution of the cation in the presence of an excess of displacing
olefin. This reaction is 1imited however to the formation of cations
more stable than(22b) or the Fp(THF) complex, and stability generally
decreases with olefin substitution. The yields obtained for a number of
simple olefins are summarised in Table 3.



(n'-ally1)Fp complexes prepared by metalation

TABLE 2

Al1yl species Product Yield (%) Ref.
- N 208 91 21,26
=g 20a 25 21
—_4 20b 88 21,24
> 20dte (1:2) 94 21

\\===~u_~c[ 20d+e (3:4) 84 21
:>==°\»_~c1 20c 88 28
D 20¢ 52 21
Ph
\\==“\u__gl 20f 72 28
Ph
\\===\\—~O§%Ph 20f 22 21
[;;:>-Ci 2la 60 21
<£;;;>»-{l 21b 91 21
<:;;;>——Br 21b 6 21
Fp (CHZ)H
Ri Ry Ry Ry
208 H H H H |
—-*“p: Me H H H 2'} a
¢ H Me Me H R
d H Me H H b
e H ¥ Me H
T H H Ph H
g H H H Me ,H



"n
T4
! L
R
-
Ty
CF%'>>
o
N
3

R, R,
Ry Ry Rs Ry n

22a H H H 23 a 2

b Me Me H b 3

¢ H H H Me c 4

d H H H Et d 5

e H Me H Me

f  Me H H Me

g H H H Ph

h  Ph H H Ph

i H Ph H Ph

Jj H H H CH=CH,

k H H H CHO

1 Me H H COoEL

m H H H CH,0Me

TABLE 3

Yields of [Fp(n®-olefin)]BF, from the exchange reaction

Olefin Yields from Yields from the Yields from the
22b (%) EggTHF) cation BFg3 reaction (%)

Ethylene 44 92 -

Cyclopentene 100 - -

Cyclohexene 2 17 92

Cycloheptene 100 75 99

Cyclooctene 51 - -

1,4-cyclohexadiene 102 802 9ga

1,5-Cyclooctadiene 802 782 862

Norbornadiene 542 892 -

@Yield of 1:1 adduct
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The importance of steric factors in the exchange reaction is
demonstrated by the Tow yields obtained with cyclohexene. It has been
postulated that this result is due to serious steric interactions
between the organometallic radical and an axial homoallylic proton in
the ring, thus preventing the incoming olefin from displacing the iso-
butylene or THF Tigands. To overcome this problem Reger and Co1eman34
bubbled boron trifluoride through a methylene chloride solution con-
taining the Fp(THF) complex and the olefin in order to complex out the
THF as a BF3*THF adduct. Under these conditions the yield of the cyclo-
hexene complex was improved to 92%.

In such circumstances where the exchange process cannot be employed,
the epoxide reaction sequence (reaction ¢, Scheme 9)32 provides an
alternative and facile method for the synthesis of the required complex
cation. Treatment of the epoxides at room temperature with the Fp anion,
one of themost powerful organometallic nucleophiles known35, results in
their rapid conversion to the corresponding alkoxide. These, on reaction
in situ with two equivalents of fluoroboric or hexafluorophosphoric acid,
are converted instantaneously, and in high overall yield, to their
respective Fp(n2-olefin) complexes. Table 4 provides a summary of some
cations prepared from the corresponding epoxides.

TABLE 4

Conversion of epoxides to Fp(n2~olefin) cations

Epoxide Fp(n2-olefin) cation Yield (%)32
Ethylene oxide 22a 90
Propylene oxide 22¢ 91
1-Butene oxide 22d 91
cis-2-Butene oxide 22e 64
trans-2-Butene oxide Pyl 50
Styrene oxide 229 62
trans-Stilbene oxide 22h 83
cis~-Stilbene oxide 221 82
Cyclopentene oxide 7238 47
Cyclohexene oxide 23b 60
Cycloheptene oxide 73¢ 31
Butadiene oxide 227 91
Acrolein oxide 72K 90
trans-Ethyl crotonate 22T 96
oxide a
3-Methoxypropene oxide  22m 78

8Ref 20



- 11 -

The transformation of epoxides to olefin complexes was found to be
a highly stereoselective process, as cis- and trans-2-butene, cis- and
trans-stilbene and trans-ethyl crotonate were all converted to the cor-
responding olefin complexes with greater than 98% retention of configur-
ation 2. This stereochemical result was readily accounted for32 by a
mechanism involving initial SNZ opening of the epoxide, followed by a
trans migration of the organometallic group concerted with loss of water
from the oxonium ion formed on protonation of the alcohol. The same
group of workers32 discovered that the relative rates of reaction of the
Fp anion with terminal and internal epoxides reflects the large steric
demand of the reagent. Thus, while the reaction with terminal epoxides
is essentially complete within several minutes, several hours are required
for complete consumpton of internal epoxides.

Compounds containing functional groups susceptible to nucleo-
philic attack can also be reacted in this manner, as demonstrated by the
conversion of the epoxides of crotonate and acrolein in high yield to the
olefin complexes (22k) and(221)

Fp(n2-olefin) complexes may alternatively be prepared by a two step
process involving initial addition of the Fp anion to an alkyl halide,
followed by g-hydride abstraction with trityltetrafluoroborate (reaction
d, Scheme 9)21’36’37. Some examples of the products obtained from this
reaction are presented in Table 5.

TABLE 5

Preparation of Fp(n2-olefin) cations from alkyl halides

Yield of alkyl-Fp Fp{n2-olefin)

complex (%) BFg Yield Ref

AlkyThalide

% K 50 36

/\% + Fp+
. o F
//”\\(/ 30 P 82 36
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A small number of C-3 substituted olefin complexes have been
synthesised by reaction of the simple (n'-allyl)Fp complex (20a) with
cationic electrophiles (Scheme 11)20.
complexes obtained in this manner.

Table 6 summarises the range of

TABLE 6

C-3 substituted Fp(n2-olefin) cations20

Complex E Yield % Complex E Yield %
24 -SOMe 80 2e Ph‘><<0i:] 95

24b ~Me 85 24f ~CH(é&e)3 a

24c -COMe a 243 -Br 87

24d ~CH(OMe), 78

ield not given

(c) Deprotonation of Fp(n2-olefin) cations

Deprotonation of the readily available Fp(n2-olefin)
species (22) and (23) with tertiary amines occurs rapidly below room

temperaturela’zo’z]

and constitutes a second general route to (n'-allyl)Fp
complexes. The reaction appears to be highly stereospecific, proceeding
by loss of an allylic proton trans to the metal-olefin bond. Thus, while
the cyclopentene, cyclohexene and cyclooctene complexes (23a,b,d) are

smoothly deprotonated, the cycloheptene complex (23c) is inert. An
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18 indicated that, in contrast to the situation in

examination of models
the other cycloalkene complexes, no trans-allylic protons are available

in the preferred conformation (25) of complex(23c).

F ” “{D . ﬂ@

X=CN
(25) X=504H
X=M

oo

B
iﬂio‘iw
D

A further example of the stereospecificy of the deprotonation
process is the conversion of the cyclopentene complexes (26a-c)to the
(n'-allyT)Fp complexes (27a-c), respective1y18. This result is especially
striking for (26a,b), in which the cyano and sulphonic acid groups would
otherwise be expected to control the course of the reaction.

The deprotonation of monosubstituted Fp(n2-olefin) cations gener-
ally Teads to predmoninant, or exclusive, formation of (trans-n'-allyl)Fp
complexeszo. This suggested that thermodynamic factors of product stab-
ility were determinant in the reaction. However, this didnot account for
the exclusive formation of the (eis-n'-allyl)Fp complexes (28) and(29) in
the deprotonation of (22m) and (24g). Rosenblum also showed™ that the

FPUME FpUr
(28) (22)

cisémethoxylcomp1ex is not formed by isomerisation of an initially gen-
erated trans-isomer. It would therefore appear that this reaction is
best explained in terms of a kinetic deprotonation process, in which
conformational effects play a dominant rolezo. Hence, although con-
formation (30a) for monosubstituted olefin complexes may be favoured on
steric grounds, for deprotonation to occur the reaction must proceed
preferentially via (30b) and (30c). Of these, the less sterically hind-
ered conformer (30b) would yield (¢rans-n'-allyl)Fp complexes on

deprotonation.
R H H
H H H H H A
H H H™ K L H R H H H
Fo Fg Frr Ay OMe  [Fd

0oC (0 o gr MO
(30a) (30b) (30c) (31) (32)
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With respect to cations (22m) and({24g), models have indicated?’

that the methoxyl oxygen atom in (22m) may readily approach within bond-
ing distance of one of the carbonyls (31), whereas the larger carbon-
bromine bond in (24g) allows the halogen atom to interact with both
Tigands (32). These cations, on deprotonation, must give rise to (cis-
n'-allyl)Fp complexes.,

Metal assisted (3+2) cycloaddition reactions
17

In 1971 it was observed ' that the simple (n'-allyl)Fp complex
(20a) entered into a rapid (3+2) cycloaddition reaction with tetra-
cyancethylene (TCNE) at room temperature. This reaction has since

been applied to the synthesis of a lTarge number of cyclic and bicyclic

TCNE adducts (33)and 34) in high yields.20»21524
R1 (CN)Q ] (CN)2
%R (CN),
Ry R, Refs 7
3Ba H H 17,21 %2 o,
b Me H 17, 21 b (CHy),
c H Me 21, 24 c (CHy)g
4 H H, Me 21, 25 4 (CHy)y,
e H H, Ph 21, e (CH=CH)
f H H, OMe 20
g H H, Br 20
h H H, COMe 20
i H H, CH(OMe), 20
Jd H H, CHPh(OCH,), 20
kK H H, CO,Me 20

_n
W]
=
('
O
M
.
o
-
— <=
=
.
0
m
8%
=
m

NC

(39) (36) (37)
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CN
CE SO SO
Vi 2
(e X, O
CN (0Me
(R
(38) (39) (40)
Fp
NS
e
g N
R] R2 X Refs, z
4a HoH 50,1 18, 21 2'%% 2 (o),
b H Me 50,C1 22, 23 b (cH);
€ H HyPh S0, 22, 23 ¢ (CHECH)
d H Ts 18, 21
e Me H Ts 18, 21
f H Me Ts 21
g H H,Ph Ts 21
h H H, OMe Ts 20
1 H H Ms 18
kK H Me cocT 21

A variety of other electrophilic unsaturated moieties have been
shown to undergo an identical (3+2) cycloaddition reaction with complex
(20a). Thesemoieties include dichlorodicyanO*p-quinone]7, 2,2-dicyano-
o-chlorostyrene, dimethy]methylenemalonateZT, 1,2-dicyano-1,2-bis(tri-
f1uoromethy1)ethy1en325, N-sulphonyl urethaneZT, and su]pheneZ],
which on reaction with complex (20a) yield the adducts (35-40) respectively.
Similarly, many isocyanates have been reacted with both acyclic and
cyclic (n'-allyl)Fp complexes to give condensation products,examples of
whose structures are given by compounds (41]) and(ﬁg)]g’zo"zz. No
products were obtained however with either p-quinone 7, tetrachloro-p-

quinone]g, ethyl 1‘soc‘yanate]8 or phenyl 1socyanate]8, in similar reactions.
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A number of closely related metal assisted cycloaddition reactions
in which the metal is acting as an electron donor centre, have also been
observed with (n'~propargy1)iron]8’23"25’38"45, (n'-a11eny1)iron38,

(cyc]opmpy])iron46 and (cycTopropy1methyT)1ron17 complexes (Scheme 12).

Fp‘“\\\\ P\ - _Q Fp‘>

Scheme 12

Two different mechanisms have been formu?ated]7 to account for
these (3+2) cycloaddition reactions; that of a two step process
involving initial formation of a dipolar ion (43) and its subsequent
collapse through an internal cyclisation reaction (Schemes 12 and 13),
and a concerted ("Za + mye + 0,) process (Scheme 14). Of these, the

Fp\__ + E —> Fﬁ‘—ll\/E_ — Fp‘CE

(43)

Scheme 13

Scheme 14
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mechanism involving a substantial jonic intermediate is beh‘eved”’24 to

be the more Tikely from the following observations and comparisons.

(1) A dipolar metal-olefin complex (ﬁﬁ) has been detected and
characterised in the reaction of (20a) with 50247 (which Tike TCNE, is
a good electrophile).

Fp—\ + S0 —mm> FﬁL{L\\//FZb
(20a) (44)

(2) The reactions of olefins with TCNE proceed via an ionic
48

mechanism .

(3) The Fp complex has the capacity to stabilise the positive
charge in both the dipolar intermediate and in the transition state lead-
ing to it, as demonstrated by the comparative stability of Fp(n2-olefin)

. 18,20,21,32,33
cations (22) and (23) .

(4) The reaction between FpCH,C=CCH4 and TCNE requires less than
60 sec. in acetonitrile, about 60 sec. in THF or benzene, and approxi-
mately 30 min. in pentane24, this dependence of rate on the polarity of
solvent being consistent with an ionic mechanism.

Further evidence of a dipolar intermediate is provided by a number

of processes which have been observed to compete with closure of the

21 23

zwitterion. These include proton transfer®', insertion
18

molecular zwitterion decomposition ~. The former two processes lead to

, and intra-

Tinear products, and are exemplified by the reaction of complex (20a)
with trichloroacetyl isocyanate to give exclusively the trans product
(45) (Scheme 15)21, and by the reaction of (20b) with chlorosulphonyl

isocyanate, which affords complex (46) as the sole product (Scheme 16)23.
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roccl,
o -
S [ CoY
}NHCOCQB
(20a) T
5 _ _ (45)
Scheme 15
S0, i i
F N NSO,Cl
e e s F+;“\/§
C 0
(20b) 0 i |
?ozu T g
—> [Fp] _
p NSO.Cl
(46) 0
Scheme 16 (47)

It is interesting to note that insertion does not occur between
complex (20b) and toluenesulphonyl isocyanatelg. Instead a normal
cyclisation product is isolated. This was thought to be due to increased
anion stabilisation and hence a higher dipolar fon equilibrium
concentration for the reaction leading to insertion, which would provide
a competitive pathway for irreversible transformation of the dipolar ion,
either by direct competition or by a mechanism involving prior dis-
sociation to an ion pair (ﬁZ)Z].

Intramolecular zwitterion decomposition is illustrated by the
reaction of chlorosulphonyl isocyanate and methyl N-sulphonylmethane with
the cyclic (n'-allyl1)Fp complex (2la), which exclusively yield the
cations (26a)and(26b) through loss of the chlorosulphonate anion or
methyl cyanate from the presumed intermediate dipoTarion18, In these
examples, the zwitterion is highly stabilised and displacement by the
anionic terminus at the metal is not stereochemically possible, hence

. . . . A
irreversible decomposition of the anion is preferred over cyclisation” .
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The observation that p-quinone and tetrachloro-p-quinone fail to
react with simple (n'-ally1)Fp complexes is probably due to their
inability to stabilise the substantial negative charge of the dipolar
ion. This is indicated by a comparison of their electron affinities49

with those of the more reactive olefins (Table 7).

TABLE 7
Electron affinities49 of the olefins investigated by
Rdsenb]um and Giering]7
Olefin - Electron Affinity (eV)
TCNE 2.90

2,3-Dichloro-5,6-dicyano-p-quinone 3.00
Tetrachloro-p-quinone 2.50

p-Quinone 1.98

An increase in reactivity of the allyl system has recently been
achieved by Rosenblum and Waterman50 by replacing a carbon monoxide
group of the simple Fp complex (20a) with P(OPh)4 or P(OCHZ)BCCHS.
They found that whereas no reaction occurred between ethoxymethylene-
malononitrile and (20a), cyclic products were obtained with both the
phosphite complexes (48a) and (48b) (Scheme 17) due to the increased
electron density at the metal. To measure the relative reactivities

. Ef' :\ o

' N

ocC L OEt
=P(0Ph)3 Yield = 80-85%

Scheme 17
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of these two complexes, competitive reactions were performed with
Timiting quantities of electrophilic olefins, 2,2-dicyano-styrene and
ethoxymethylenemalononitrile. The results of these experiments are
summarised in Table 8.

TABLE 8

Relative reactivities of (n'~a11y1) comp1exes

Electrophile 20a CQQSQBX 48b
PhCH=C(CN), 1 180

PhCH=C(CN), 5
EOCH=C(CN),, 1o

The stereochemistry of metal assisted cycloaddition reactions has
been shownZ] to correspond to a suprafacial addition of the electro-
phile to the allyl complex. Therefore, any geometric isomerism
associated with a substituent at C-3 in the (n'-allyl)Fp complex 1is
preserved in the product by the relationship between this substituent

and the adjacent Fp group (Scheme 18)21. This has been demonstrated by
H 1 i
JR-‘—L—% N7 —> G
Fp Fp hoR Fp "
Scheme 18

the formation of TCNE adduct (33d) with a cis:trans ratio of 3:17 from
an identical ratio of cis- and trans-butenyl complexes (20d and 20e).



Demetalation

The replacement of the organometallic group of alkyl-Fp complexes
with an organic function has been carried out using a variety of pro-
cedures. These are outlined in Scheme 19,

RH + pr Refs : 51-55
)/)> RCOR Refs : 56-60

ROH
F \

Refs : 20,53,58,

oh, ¢ RX + FpX 61-64

R R

F l\lJDaI Or ( Refs : 32,36,37

? ph3 g 52,60

Scheme 19

Only a small number of proton cleavage reactions have been
reported involving alkyl-Fp complexes. An example, is the cleavage of

complex (49) by hydrogen chloride (Scheme 20)54; This type of reaction
has been shown to proceed with a high degree of stereospec1f1c1ty55 as
@ HOL 0
FCHLCHPY g FpCL + PhCH,CCH,
(49) 65%
Scheme 20

treatment of cis- or trans-4-methylcyclohexyl-Fp (59 and 60) with HC1-d
or trifluoroacetic acid-d, gives the deuterated product with greater
than 85% retention of configuration.

In comparison, halogenolysis of Fp-C bonds occurs with either
inversion58’6]’63 or retention53’62’64 depending on the alkyl-Fp complex

investigated., For example, complex (50) was cleaved with inversion
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(Scheme 21)6]’63 and BT) with retention (Scheme 22)62’64. To account for
these results, a mechanism involving one and/or two oxidation steps
(Scheme 23) has been postulated53’64. It is thought that in the case of

X Fp
Scheme 21 (51) Scheme 22

Me3 CME3 Ph Ph
Hé[) X D@H H X, D
— H
N N7 Oy N &
Fp X

(50)

(54)
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the phenylethyl iron derivative (51), the reaction probably proceeds
through intermediate (53, which dissociates to yield FpBrand the
phenonium ion @E} ‘Backside nucleophilic attack will then lead to
retention of conf%guration. No phenonium-?ike intermediate is possible
however for the t-butyl analogue, and therefore inversion probably
proceeds via intermediate @g)either by homolysis of the iron-carbon bond
to give a radical which could react with X* with epimensation, or by
direct attack on the a-carbon atom of the alkyl group by X* or X 64.

Cleavage of primary alkyl-Fp derivatives with N~bromopyridinium
bromide or N-bromopyridinium perbromide was found to be a very rapid
reaction and could be effected selectively at -78°¢ in the presence of
a double bondm° This was illustrated by the conversion of(gg to'@§§?1

Fp Br
—_—>

(59) (56)

The replacement of the Fp group with a carboxylic ester function
has been readily achieved by the oxidation of alcoholic solutions of
alkyl-Fp complexes with cupric ch]oride57’59, ceric sa1t556’60, oxygen58
or bromine58. The reaction has been rationalised as a three step
process (Scheme 24)56’57 proceeding through the oxidised form of the

iron complex 67), and that ligand transfer (R to carbonyl) within such a

T

Fe Fef ——> Fet ——=> ROR’
.~ ~
0C” / 0"/ '\ N
oL R L % o .
(57) (58)
Scheme 24

species is greatly facilitated by the increased electron deficiency at
the carbonyl carbon atom due to diminished back bonding from the metal.
Subsequent nucleophilic displacement of the rearranged cation(QQL which
again is likely to be facilitated by the positive charge of the iron,
results in the formation of the esterified product.
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Nicholas and Rosenb]um57 have found that, in general, lower yields
are obtained with secondary alkyl-Fp complexes and when
secondary and tertiary alcohols are employed (Table 9).

TABLE 9

Yields of carboxylic esters from alkyl-Fp complexes

Yield of ester
FpR Alcohol (R'OH ester,
P (RTOH) " peort (%)

EtOH 85
<z::>>—CH2— i-PrOH 60

t-BuOH
<i:::>%_ MeOH 64
BtOH 48

The reaction appears to be highly Stereospecific occurring with
retention of configuration. Thus, oxidative carboxylation of cis- and
trans-4-methylcyclohexyl-Fp (59 and gg) with cupric chloride in ethanol
gives the corresponding cis— and trans-ethyl esters (61 and 62),
respective1y57°

(59) (e1) | (80) (62)
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This type of oxidative process has recently been used to
synthesise a number of mono- and bicyclic g-lactams (Scheme 25)65.
Moderate yields of the required product were obtained with the oxidising

reagents lead dioxide and silver oxide.

0 T80 > o

:

NHCH,Ph NHCH,Ph
R R

/» !
:

F [0] Fet
Y T ag >
PhCH,N PhCH, PhCH;” Yy
R

R

Scheme 25
Conversion of alkyl-Fp complexes to Fp(n?-olefin) cations, followed
by treatment with sodium iodide to Tiberate the alkene, constitutes a
fourth general method for replacing the Fp group with an organic
32’36’37’606 Baird et 130537 have utilised this process to

function
convert cations of the type Tisted in Table 5 into their respective
olefins in essentially quantitative yields. Similarly, treatment of
cation (64) (generated from the cyclopentyl complex (63) by reaction with
trityl tetrafluoroborate) with sodium iodide afforded the olefin (65) in
84% yield.

ot e gey

“CHICOE), CHICO.E), CH(CO,EH),

(63) (64) (65)



CHAPTER TWO

Reactions of Dicarbonyl (n5-Cyclopentadienyl) (n'-allyl)iron
Complexes with Olefins and Acetylenes
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Introduction

Reactions of dicarbonyl (n°-cyclopentadienyl) (n'-allyl)iron
complexes have so far been limited to those involving extremely electron-
deficient olefins. It was considered that the use of an electron-rich
(n"-ally1)Fp complex might extend the scope of these processes.
Dicarbonyl (n°-cyclopentadienyl) (n'-2-methoxyallyl)iron (66) was
therefore prepared66’67 and its reactions with a variety of activated
olefins and acetylenes, together with those of the simple (n'-allyl)Fp
complex (20a) and (n'-3-methoxyallyl)Fp complex (28), investigated.

P = Fp*—k—: FPUM :
MeO
(66) (202) (28)

Results and Discussion

1. Synthesis of (n'-allyl)Fp complexes

(a) Dicarbonyl (n®-cyclopentadienyl) (n'-2-methoxyallyl)iron (66)66’67

The (n'-2-methoxyallyl)Fp complex (66) was prepared by the
reaction sequence outlined in Scheme 26. Treatment of 1-bromo-2,2~
dimethoxypropane with NaFp (generated from sz and 4% Na/Hg amalgam)
in tetrahydrofuran (THF), gave the expected ketal (67) together with
considerable quantities (v~ 40%) of the methoxyallyl complex (66). This
air sensitive mixture was converted into the air stable crystalline
tetrafluoroborate salt (68) (isolated as the exclusive product in 75%
overall yield)by treatment with fluoroboric acid in acetic anhydride.
Similar cationic acetal species (69) have been prepared by Resenblum
et aZ68 in an anal gous manner (Scheme 27).

Conversion of the cationic salt to the allyl complex by a de-
protonation reaction was attempted using a variety of baseség. It was
discovered, however, that in addition to the required product, several
other Fp complexes could be formed in the reaction. These included
the ketal (67), the hydrolysed product (70), olefins (71)and(72), and
the ester complex (73). Table 10 provides a summary of the ratio of
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OMe

Me Me MeQ Me
THF
FpNa + FS><?\ > +
Br Fp Fp
(67) (66)
sz /
Fp Dabco 4
Fp
el THF MeO””
(68)
Scheme 26
R OR Fo R OR' Ph3c+ R
R > > < T fp !
X Fp OR (69) OR
X =Cl,Br; R =H,Me; R' = Me,Et
Scheme 27

r

(70)

F Fp Fp
D‘X_ —>-0Me ——>=0
Me0 MeO
(71) (72) (73)
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TABLE 10

Product ratios from the deprotonation of the

Eg(n2—01ef1n) cation (68)

b C . 29 a
Base Solvent Product ratio (2%)
(66) (67) (70) (71) (72) (73)

Dabco CHZCTZ 46 4 17 15 7 10
Dabco THF 74 1 7 7 6 7
NaH THF 52 7 16 7 10 8
NaH MeOCHZCHZOMe 67 11 21 - - -
Ph3?L1 MeOCHZCHZOMe 69 14 12 - - 5
Et('Pr),NOTs  THF 32 8 4 19 25 12

(a) Estimated from the NMR spectrum of the crude reaction mixture
(b) Dabco = 1,4~diazobicyclo[2.2.2]octane

(c) THF = Tetrahydrofuran.

of products obtained with a number of bases. Triethylamine gave an
adduct resulting from addition to the co-ordinated double bond. No
products could be isolated using either n-butyllithium or Tithium
diisopropylamide.

From these results it was apparent that 1,4-diazobicyclo[2.2.2]
octane (dabco) was the most convenient and successful reagent for this
deprotonation, since it gave the allyl complex cleanly, in high yield
(~v74%). The allyl complex was found to be extremely air and moisture
sensitive, being readily hydrolysed to the ketone (70). Thus normal
chromatographic procedures could not be used to purify (66) as such
treatment led exclusively to the isolation of FpCHZCOMe6 . However,
as the cation (68) appears to bestable indefinitely when kept under an
inert atmosphere, salt formation followed by deprotonation as required
has proved to be a useful method of storage and regeneration of the
2-methoxyallyl complex.
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An interesting by-product of the deprotonation reaction was the

ester complex FpCHZCOZMe. This compound has also been prepared by the

68

reaction of NaFp with methyl chloroacetate A mechanism can be postu=-

lated to account for its formation (Scheme 28), but it involves

- Fp Fp
Fa—-/--u\ ¢ O —> N —>
MeO M
MeO €
(o (73)
Scheme 28

preferential loss of a methyl anion over a methoxyl anion, which seems
unlikely. Work by T.S. Abram69 showed that the addition of water or
acid did not cause an increase in the amount of ester formed. However,
an increase was observed when hydroxide ion [e.g. Ca(OH),] was present
in the reaction mixture. It was also observed that the addition of an
excess of dabco resulted in none of the ester complex being formed.
This suggests that a process competitive with deprotonation (such as
Scheme 28) gives rise to (73).

(b) Dicarbonyl (n°-cyclopentadienyl) (n'-allyl)iron (20a)

In a modification of the procedure described by Green
and Nagy™, allyl chloride was reacted with NaFp, and the product
treated with fluoroboric acid to give the tetrafluoroborate salt in 86%
overall yield. The allyl complex was regenerated quantitatively from the
salt by treatment with triethylamine (Scheme 29).

26

NaFp !/\ HBE, : . -
Jl/\ Fp - ‘”\Bﬁ

EN

Scheme 29
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(c) Dicarbonyl (n°-cyclopentadienyl) (n'-3-methoxyallyl)iron (28)

The cis-3-methoxyallyl complex (28) was prepared by the
method of Rosenblum et azzo, by reacting the Fp anion with 1,2-epoxy-3-
methoxypropane to give the intermediate alkoxide (74). This was con-
verted <n situ, to the tetrafluoroborate salt (72% overall yield) by
the addition of fluoroboric acid. Reaction of this cation with triethyl-
amine afforded the required allyl species in quantitative yield (Scheme
30).

o

Me p()Me

Scheme 30

2. Reactiomsof (n'-allyl)Fp complexes with electron-deficient olefins
and acetylenes

(a) General procedure

In a typical reaction the appropriate (n'-allyl)Fp complex
was generated from the corresponding Fp(n4-olefin)tetrafluoroborate salt
by treatment with base, and then reacted in the crude form with an excess
of the olefin or acetylene, all operations being performed in an inert
atmosphere. Products were isolated by the removal of solvent under
reduced pressure followed by column chromatography on neutral alumina
(normally Act. III) or florisil,

(b) Reactions of dicarbonyl (n3-cyclopentadienyl) (n'-2-methoxyallyl)
iron (66)

(1) Tetracyanoethylene (TCNE)

Reaction of the (n'-2-methoxyallyl)Fp complex with
TCNE in methylene chloride occurred rapidly at room temperature, to afford
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a yellow-green crystalline adduct (75) in quantitative yie1d66’67.

Although the product could not be purified by chromatographic methods,
addition of THF, or diethylether, to the reaction mixture precipitated
the adduct in sufficient purity for full spectral analysis.

N
~>=: * Me0 N
NC N N

MeO
(75)

Comparison of theILuc]ear magnetic resonance (NMR) spectra of the
TCNE adduct and the 2-methoxyallyl complex indicated a characteristic
shift (8 = 3.51 to 6 = 3.23) for the methoxyl resonance on going from a
vinylic position 8 to the Fp group to one which is quarternary and o to

the iron complex.

(i1) Trimethyl ethylenetricarboxylate [Me0,CCH = C(COZMSIZ]

Trimethyl ethylenetricarboxylate was prepared according
to the procedures of House70 and Hame11n7]. Reaction of one equivalent of
this olefin with the allyl complex in dimethylformamide gave, after
column chromatography on neutral alumina (Act. III), three 1:1 adducts
in approximately a 6:1:3 ratio, together with the ketone FpCHZCOMe. In
this reaction it is feasible that the collapse of the intermediate zwitterion
(66) could follow several routes - (i) cyclisation, (ii) H-transfer, and
(ii1) insertion. The Tatter two processes would give rise to linear pro-
ducts which could in turn be hydrolysed on the column to afford ketones
(79) and (81) (Scheme 31).

After examination of the spectral data, the three adducts were
assigned the structures (78)(77)and(79) respectively, on the basis that:-

(i) The NMR frequencies of the «CHZ-, methoxyl, and cyclo-
pentadiene (Cp) groups of adduct (78) compared favourably with those of the
allyl complex (66). The IR spectrum contained an olefinic absorbtion and
a C=0 stretch at similar wave number to the C=0 stretch in (78).

(i1) The NMR and IR spectra of the cyclic adduct (73) contained
methoxyl, Cp and carbon monoxide frequencies similar to those of the TCNE
adduct (75). The absence of olefinic and ketone resonances was also observed.
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(76) (77)
EZCOZME
£
Fp— ; Fp—E
Me c E
E E Mel
(78) (80)
\
E
Fp Fp E
F E
E E 0
(79) (81)
Scheme 31

(iii) Adduct (79) contains carbon monoxide, ketone, FpCH2~

and Cp functionalities identical to those of FpCHQCOMe.

In the NMR spectrum of the H-transfer product (78) the ~CH,~ group
was observed as two doublets, centred at ¢ = 1.80 and 2.17 (J = 9.5 Hz).
This is presumably due to the ester functionality at C-4 (relative to the
iron complex) causing a distortion in the molecule which results in the
two protons becoming non-equivalent.
The NMR spectrum of the crude reaction mixture showed no hydro-
lysed product (79), hence it appeared that hydrolysis was occurring on
the alumina column. Exclusive formation of the ketone (79) was achieved
in 38% isolated yield by treatment of an aqueous THF solution of the reaction
mixture with p-toluenesulphonic acid.
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TABLE 11

Reactions of complex (66) with trimethyl ethy%enetricarbonyatea

Solvent (77) P2§g§5t YZEéss (%g;CHZCDMe
pMFd 5 31 18 29
DMF 18 24 7 -
DMF 6 15 26 -
DMF 16 30 3 -
chpctp,d 9 29 - 36
CHoCl, 22 28 5 -
CH,Clp 25 10 7 -
THF 0 64 0 -
THF 6 21 16 -
THF - - 38® .
Benzene 8 50 3 -

(a) Reactions were generally performed with two
equivalents of olefin, at room temperature,

for 20 hrs.

(b) DMF = Dimethylformamide;

furan
(c) Isolated yield

(d) Using 1.1 equivalents of olefin

THF = tetrahydro-

(e) After treatment with aqueous acid.

A summary of the yields obtained employing a variety of reaction

conditions is provided in Table 11.

From the results obtained it appears

that the solvent has an influence on the direction in which the reaction

proceeds, since the H-transfer product was formed almost exclusively in
THF and benzene, whereas DMF and methylene chloride gave a mixture of
the two adducts. It is also apparent that the product ratio can vary
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considerably under essentially the same reaction conditions. This is
thought to be due to the presence of trace quantities of base in some
of the reaction mixtures but not in others, as the addition of dabco to
a reaction performed in methylene chloride caused a change in the ratio
of H-transfer to cyclic products from approximately 1:1 to 11:1. It was
also observed that the use of two equivalents of dabco in the deproton-
ation of cation (68) Tled to the isolation of substantial quantities (v
0.15 equivalents) of the base with the allyl complex, after removal of
the THF under reduced pressure followed by extraction with pentane.

This result is surprising since dabco is virtually insoluble in pentane,
although it may be complexing to the allyl complex or to any THF not
removed during work up. It seems likely therefore that the anomalies

in the product ratio are due to the use of excess dabco in a number of
deprotonation reactions. Similarly, the presence of acid (e.g.:~ dabco-
HBF4) in the reaction mixture would also be expected to promote the H-
transfer process.

To investigate the effect of solvent on the rate of reaction,
samples were removed after various reaction times and worked up by the
removal of solvent under reduced pressure and filtration of a diethyl-
ether solution of the residues through a neutral alumina (Act III) plug.
The amount of FpCHZCOMe present was then estimated from the NMR spectrum
of the crude product. From the results obtained (Table 12) it was
apparent that the more polar the solvent, as indicated by its dielectric

constant (Table 12;? the more rapid the reaction.

TABLE 12

Effect of solvent on the reaction rate

Dielectric Constant Reaction Time % of FpCH2COMe

Solvent ..75cG¢ (hrs) Present
DMF 36.71 0.5 <10
CHpClz  8.93 0.5 40

3 20

21 15
THF 7.58 1.25 25

3.5 15

20 10

Benzene 2.275 - -
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(i11) Diethyl methylenemalonate [HZC=C(C02Et)2]

Diethyl methylenemalonate, prepared by the method

of Kunichika et aZ73 is an extremely unstable olefin, which readily poly~
74

merises in the pure state Reactions involving this material were
therefore performed using freshly distilled samples.

Column chromatography on neutral alumina (Act III) of the products
obtained from the reaction of the allyl complex with two equivalents of
the olefin, in DMF at room temperature, resulted in the separation of
three major fractions. The NMR spectrum of the first band isolated con-
tained two singlets at § = 2.03 and 3.41 which correlated with the FpCH2~
and methoxyl resonances of the H-transfer adduct obtained with trimethyl
ethylenetricarboxylate.This product was therefore assigned the structure
(82a). It appears to be a mixture of polymeric H-transfer products
since the intensity ratio of ester peaks to the rest of the spectrum is
too high for it to be solely the 1:1 adduct. The second fraction con-
sisted mainly of FpCHZCOMe (v 25% yield) and the third, polymeric
hydrolysed H-transfer products (83a).

Fp Fp
E
Me ’
2 n
(82) (83) (84)
b E = CO,Me n=1,2 etc.

To confirm that (83a) was the hydrolysed product, both (82a) and
the crude reaction mixture were treated with p-toluenesulphonic acid in
aqueous THF. This resulted in exclusive formation of the polymeric
ketones (83a).

When the reaction was performed in benzene, and one equivalent of
the olefin employed, only two fractions were isolated from the column.

In analogy to the reaction performed in DMF, the first fraction contained
the polymeric, unhydrolysed, H-~transfer product. The second, however,
consisted of an inseparable 1:3 mixture of FpCHZCOMe and the 1:1 adduct
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(83a , n=1), obtained in approximately 30% yield. The major difference
between the NMR spectrum of this adduct (83a) and that of the polymeric
ketone is the absence of a doublet at § = 2.56 (J=6Hz), assigned to the

-CHZw group of adduct (84).

(iv) Dimethyl methylenemalonate [HZC=C(COZMe)2}

FpCHZCOMe was the only product that could be iso-
lated, by column chromatography, from the reaction of dimethyl
methylene-malonate with the allyl complex in DMF, THF or diethyl ether
although a brightly coloured band did remain at the top of the column.
By performing the reaction in benzene, the polymeric H-transfer adduct
(82b) was obtained, however, along with FpCHZCOMe. It was assumed that
the coloured band that remained on the column was the hydrolysed H-
transfer product (83b).

(v) Tetramethyl and tetraethyl ethylenetetracarboxylate
[ (RO,C),C=C(CO,R),]

Reaction of tetramethyl ethylenetetracarboxylate
(prepared in a similar manner to that described for tetraethyl ethylene-
tetracarboxy]ate75) with the 2-methoxyallyl complex, at room temperature,
afforded exclusively the H-transfer product (85) as an amber oil. The

W LT

E = COZMe COzEt (85) (86)

best yields were obtained from reactions performed in DMF, by using a
vast excess of the olefin and by hydrolysis of the crude product to the
ketone (86) with p~toluene-sulphonic acid in aqueous THF before column
chromatography (Table 13).
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TABLE 13

Reactions of the 2-methoxyallyl complex with tetramethyl and

tetraéthy} ethylienetetracarboxylate

Molar Equivs Reaction Product Yields %)a

of olefin  S01vent iine (hrs) (85) §§§)
E=COzMe 2 DMF 70 13 -

3 DMF 70 8 6

4 THF 93 . 14

4 DMF 70 : 39°

5 DMF 93 7 16

5 DMF 94 - 26°
E=002Et 3 DMF 94 - 12

4 DMF 48 - 16

(a) Isolated yields after column chromatography on neutral alumina
(Act III).

(b) Crude product was treated with aqueous THF plus p-toluene
sulphonic acid before column chromatography.

Tetraethyl ethylenetetracarboxylate also gave the H-transfer adduct,
but in slightly lower yields (Table 13). This product was completely
hydrolysed to the ketone on neutral alumina.

(vi) Ethyl-3,3-dicyanoacrylate [EtOZCCH=C(CN)2]

Ethyl 3,3-dicyanoacrylate was prepared in 16% yield
by a Knoevenagel reaction between malononitrile and ethyl glyoxylate
(Scheme 32). This olefin afforded the cyclic adduct (87) as the sole
product on reaction with the allyl complex in DMF at room temperature
for three hours. The yellow solid adduct, isolated in yields of 45% and
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NC Fp}= - CN
NC\CH + O____ a. E Me > p>@§CN

N o N \oEr MeO ot

(a) g-Alanine, H,0, EtOH (87)

Scheme 32

32% after column chromatography on florisil and neutral alumina (Act III)
respectively, was further purified by recrystallisation from hexane-
diethyl ether. The low yield for this reaction is probably due to product
decomposition during chromatography, as the NMR spectrum of the crude
product indicated quantitative conversion to (87). By performing the
reaction in methylene chloride for 20 hours the yield was increased to
58%.

(vii) Diethyl 1-cyanoethylene~1,2-dicarboxylate [EtOZCCH:C(COZEt)CN]

Diethyl 1-cyanoethylene-1,2-dicarboxylate was pre-
pared as the trans-isomer (with respect to the ester groups) according
to the procedure described by Hall and Ykman76 for the synthesis of
dimethyl 1-cyanoethylene-1,2-dicarboxylate. Examination of the NMR
spectrum of the crude product, obtained from a reaction performed in
methylene chloride using one equivalent of the olefin, indicated that
the reaction had produced a mixture of Tinear and cyclic products. The
ratio of these products varied between reactions, although H-transfer ap-
peared to be the predominant process. The spectrum also contained a
large number of cyclopentadienyl peaks (> 5), probably due to the form-
ation of polymeric species.
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Fp 5\1 CN Fp FD>K<:i:fECN

E MeO F
Me E MeQ

_ E N/ R
E=C0,E 88) (n= P etc) (89)

AR

m

Considerable problems were encountered in the isolation and
purification of the products from the above reaction. Column chroma-
tography on neutral alumina (Act III) only afforded FpCHZCOMe, with the
bulk of the products remaining at the top of the column, even after
elution with ethyl acetate. Three fractions were isolated however by
using neutral alumina (Act IV). The first consisted of a mixture of
polymeric H-transfer adducts (88) (~ 14% yield) and the cyclic adduct
(89) (~ 2% yield), the second FpCH,COMe, and the third, the hydrolysed
1:1 H-transfer adduct (90) (Yield = 27%). Considerable quantities of
material could not be recovered from the column.

In an attempt to obtain the desired ketone in high yield, the
crude reaction mixture was treated with aqueous THF and p-toluenesulphonic
acid. Purification on neutral alumina (Act IV) resulted in the isolation
of the 1:1 adduct (90) in 19% yield, as well as a mixture of FpCHZCOMe
(v 13% yield) and (89) (~ 6% yield). Attempts to further purify the
ketone by column chromatography resulted in the product remaining at the
top of the column. This suggests that hydrolysis of some of the H-
transfer adduct (88) occurred during chromatography rather than before-
hand (i.e. by the treatment with acidic aqueous THF) and that it was then
probably removed from the column before it could fully complex with the
alumina.

By using neutral alumina (Act V) or a short florisil column the
polymeric hydrolysed adduct (91) was isolated in low yield.
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Summarising the results obtained with diethyl 1-cyanoethylene-1,2-
dicarboxylate it appears that:-

(i) the H-transfer process is favoured over cyclisation
(i1) polymeric species are formed

(ii1) hydrolysis of these polymeric species occurs readily on
neutral alumina and florisil to give products which can
only be isolated in low yields.

(viii) Ethyl 2,3-dicyanoacrylate [NCCH=C(CO,Et)CN]

Ethyl 2,3-dicyanoacrylate was prepared in a eis:
trans ratio (with respect to the cyano groups) of 8:1 by the method of
Noren and Ha1177. Reaction of this olefin with the allyl complex 1in
methylene chloride at room temperature, afforded the cyclic adduct (92)
as a mixture of diastereocisomers, as indicated by the presence of a num-
ber of methoxyl resonances in the & = 2.95-3.30 range of the NMR spectrum.

Fp Efi)zc \‘ [CN Fp @Eﬁzﬁ
MeO N

Me CN

These adducts were purified on neutral alumina (Act IV or V) in yields of
64-71%, or on florisil in 52% yield. Chromatography on neutral alumina
(Act III) proved unsuccessful.

(ix) Dimethyl acetylenedicarboxylate [Me0,CC=CCO,Me]

Reaction of dimethylacetylenedicarboxylate (DMAD)78

with the 2-methoxyallyl complex in THF or DMF at room temperature gave a
single product, in variable yields (Table 14)66’69, which was purified by
column chromatography on neutral alumina (Act III), although separation
from any FpCHZCOMe present proved difficult. This adduct was assigned

the structure of the H-transfer product (93) (Scheme 33) on the basis

that the NMR spectrum indicated the presence of two dissimilar olefinic
protons, together with vinylic methoxyl and FpCHZ functionalities. It is
interesting to note that, presumably due to conjugation, this product does
not hydrolyse during chromatography.
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Me
f= COZME
_— Fai:it\\/;] E—
MeQ” ™ E MeO
E
(93)
Scheme 33
TABLE 14
Reactions of DMAD with complex (66)
Molar EQUivs  goqyent  REGCEiON Product Yield (%)°
of DMAD Time (hrs) FpCH,COMe (92)
1 THF 24 17 25
1 DMF 20 10 41
2 DMF 3 Trace 63

(a) Isolated yields

(x) ‘Butylcyanoketene [ 0=C=C(CN)C(CHg) ;]

tButy]cyanoketene was generated according to the method
of Weyler et az79, by refluxing a benzene solution of the quinone (94) for
2 hours. Addition of this solution to the allyl complex at room tempera-
ture resulted in the exclusive formation of a linear product assigned the
structure (g§)69. The NMR spectrum of the crude product contained two
t-butyl, two cyclopentadienyl and two vinylic methoxyl resonances in a
3:2 ratio, presumably corresponding to the isomers (95a) and (95b). Column

chromatography on neutral alumina (Act III) however caused the isomerisation
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FD’“E MeQ (95a)
N .__:£§~“;> 0:::::;Zf\ MeQ > +
N, N
=+ I

Me

0. .0

H— L (95b)
H Yy

(96)

of the major product to the minor one, which was isolated in 63% yield.
Since the trans-configuration is 1ikely t0 be the more stable of the two,
due to dipole-dipole interactions between the methoxyl and ketone groups
(96), it was thought that the major product from the reaction is the cis~
isomer (95a) which isomerises to the trams-isomer (95b) on the column.

As with the DMAD H-transfer product, no hydrolysis of the adducts
occurred on neutral alumina.

(xi) Unreactive olefins and acetylenes

No products were isolated from the reaction of the
2-methoxyallyl complex with methyl acrylate, acrylonitrile, cis-dimethyl

ethylene-1,2-dicarboxylate, trans-1,2-dicyanoethylene, methyl cinnamate,

80, B*nitrostyreneai, tetraacety]ethy1ene82, maleic

83

ethyl 3-nitroacrylate
anhydride, p-quinone, methyl propiolate = and bis-trimethylsilylacetylene,
employing the reaction conditions summarised in Table 15. All reactions

were performed in DMF.

(c) Reactions of dicarbonyl(n®-cyclopentadienyl) (n'-allyl)iron (20a)

(i) Olefins (97a-h)

Reaction of the simple (n'-allyl)Fp complex (20a) with
olefins (97a-g) resulted in the exclusive formation of cyclic adducts (98).
The yields of the reactions, together with the reaction conditions
employed, are summarised in Table 16.
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TABLE 15

Unreactive olefins and acetylenes

Molar Equivs of the Reaction
Olefin/Acetyelenes Time (hrs)

—_rOMe 3 97>

Olefin/Acetylenes

___—_}N a 1 a8”, 24°
/zzz\ b C
Meozc COZME a. 1 48, 24
N
a. 1.25 28°, 24°
Ph N
\—:_—\ a 1 24D 6gC
Ph COzMe b
\=\ 3 4 20°, 24°
OZN PJOQ
\===X 1.25 24P
Et
A
¢ 3 1 240 94©

24P

g
(@)
cid(:zzxig;
fan]
™Y
P
)

0:<:>:o 1 24°, 36°
H=COMe a. 4 24", 24
Me,SIC=CSiMe; a. ] 24°, 24°

(a) These reactions were performed by T.S. Abram, and the results
are produced with due acknowledgement.

(b) At room temperature

(c) Ata0-a5°C
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TABLE 16

Reactions of complex (20a) with the electron

deficient olefins (97a-h)

R
R" R3 ~ 1
P 7 % Fp‘CﬁFR?i
2 A '

\Rh
(97) (98)
Ry Ro R3 Ry
2 COMe  COMe  H H
b CO,Et  CO,Et H H
¢ CO,Me CO,Me H CO,Me
h CO,Me CO,Me CO,Me CO,Me
d CN CN H C02Et
e COZEt CN H COZEt
f CO,Et  CN H CN
g N CO,Et  H CN
Olefin Molar Equivs Solvent Reaction Recovered Yield of
of olefin Time (hrs) starting Product
Material (%) (98) (%)
97a 2 CH,C1, 20 ~ 64,
1.25 Et,0 20 - 66
97b 2 THF 20 56 26(62)
2 DMF 20 20 63(80)
2 CH,C1, 20 Trace 70
97c 2 DMF 20 58 21(51)
2.5 DMF 70 50 24(59)
3 DMF 70 - 42
3 DMF 70 - god
3 DMF 90 - 50
2 THF 70 62 0
2 CH-C1, 70 53 0
2 Benzene 70 58 0
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TABLE 16 (Continued)

Olefin Molar Equivs Solvent Reaction Recovered Yield of
of Olefin Time (hrs) Starting Product a
Material (%) (98) (%)

97h 3 DMF 70 92 0
97d 1.1 CHoC1, 1 - 67
97e 1.1 DMF 1 - 69
1.1 CHoCT, 1 - 81
97f,g 1.11 CH5C1, 1 - 83$
B 1.25 CH2CT 1 - 94

(a) Isolated yields from column chromatography on neutral alumina (Act III).
Yields basedon unrecovered starting material are given in parenthesis.

Ref. 21.

Averaged over three reactions.

)
)
d) Obtained on only one occasion.
) From florisil column.

)

From neutral alumina (Act V) column,

The cyclic adducts (98) were in general air stable and crystalline,
existing as a mixture of diastereoisomers. This was indicated by the pre-
sence of two cyclopentadienyl resonances and several -OCH3 singlets or
—OCHZ— quartets in the NMR spectra.

It was also observed that the spectrum for adduct (98d) contained more
than two -OCHZ— quartets. This suggests that each diastereoisomer of (98d)
exists in two conformations. These two conformers may have resulted from
dipole-dipole interactions between the carbon atom of a nitrile functionality
and either the carbonyl, or the ether, oxygen atoms of the ester group (99
and 99b).
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N
B

(99b)

It is feasible that bond rotation about the indicated carbon-
carbon bond of the dipolar intermediate in the reaction with diethyl
1-cyanoethylene-1,2-dicarboxylate (Scheme 34) may lead to the formation

of the cyclic adduct (100) as well as (98e).

Williams and wojcickiZS

have shown however that the thermodynamically more stable ¢rans-
configuration of 1,2-dicyano-1,2-bis(trifluoromethyl)ethylene reacts

B
-2

E
Fp (N
E
(98e)
&
Me —(N

\CF3
(101)

o
-

F=CO,Ft

Scheme 34

_ LN
I
~k

CN
~£
E
(100)

CN
Fp CE
Me - (N
\EFB

(102)

with complex (20b) to give almost exclusively the trans-cyclic adduct
(101), whereas the cis-olefin isomerises during the reaction, by bond
rotation, to afford a mixture of (101)and (02) in a ratio of 3:1.
Therefore, it is probable that (98e) was the predominant product in the

reaction of (97e) with (20a).
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From the above results, it is apparent that the solvent is an
important factor in these processes since trimethyl ethylenetricar-
boxylate only afforded the cyclic adduct when the reaction was performed
in DMF. No products were isolated by using methylene chloride, THF or
benzene. In addition (98b) was obtained in higher yields in DMF and
methylene chloride than in THF. This may be due to polymerisation of
the olefin in THF before reaction with the allyl complex.

Another interesting result is that no reaction was observed between
(20a) and tetramethyl ethylenetetracarboxylate. This implies that the
simple (n'-allyl)Fp complex (20a) is not as reactive as the 2-methyoxy-
allyl complex (66). \

(11) Acetylenes

Reaction of the (n'-allyl)Fp complex with two equiv-
alents of DMAD in DMF, at room temperature, for 90 hours resulted in
the formation of three 1:1 adducts in a ratio of 17:5: 7869 These pro-
ducts were isolated in an overall yield of 54% after column chromatog-
raphy on neutral alumina (Act III).
As previously observed, the collapse of the dipolar intermediate
(103) could be expected to follow several routes as outlined in Scheme 35.

F
Fp

/ E
s m %Fpi/[ s Fp@[

105)
E-COzMe (103) HE
Fp
Scheme 35 (106) E

Me Me
SO
NN D : H
P

e

Scheme 36
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Williams and WOjcicki84 discovered that insertion is the exclusive

process in the reaction of (20a) with dicyanoacetylene, affording
adduct (107) 1in 30% yield. The insertion of DMAD into alkyl-Fp
complexes (Scheme 36) has also been reported by Whitesides et aZSS.

Examination of the NMR spectrum of the adduct which was obtained
in 9% yield indicated that this was the insertion product (104), since
the spectrum contained a doublet at § = 3.09 corresponding to the ~CH2*
group, as well as three olefinic resonances. (A comparison of the
spectral data for adducts 104 and 107 1is given in the experimental
section). The major and minor products showed the spectral character-
istics of the cyclic and H-transfer adducts respectively, and therefore
were assigned the structures (19§)and(igg).

Only starting material was isolated (in 83% yield) from the reac-
tion of (20a) with four equivalents of methyl propiolate in DMF at room
temperature for 80 hours.

(d) Reactions of dicarbonyl (n®-cyclopentadienyl) (n'-3-methoxyallyl)
iron (28) with olefins and acetylenes

The cyclic adducts (108-110) were the exclusive products
from the reaction of olefins (98b-g) and DMAD with the (eis-n'-3-
methoxyally1)Fp complex (28). Table 17 summarises the reaction conditions
employed and the yields obtained. Tetramethyl ethylenetetracarboxylate
and methyl propiolate gave no observable reaction.

Two cyclic products, easily separated by column chromatography on
florisil, were isolated in a 3:2 ratio from the reaction between ethyl
1,2-dicyanoacrylate (97d) and (28). It can be postulated that this
process could Tead to the formation of four diastereoisomers (108d, 109d,
111a, 111b). It is unlikely, however, that a mixture of cis-and trans—
isomers (with respect to the Fp and methoxyl groups) are formed, as the

CN (N (N CN
- N (N FDC{{N deCN
~ Y ~f ) E
Me Me Med Med

E=CO,Et
(108d) (1099) (111a) (111b)

i FERE
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TABLE 17
Reactions of complex (28) with electron deficient olefins

and acety1eneé

DMAD
OzMe
Fp
0,Me
MeO (110)
b COEt  COEt H H
£ COMe CopMe  H  CO,Me
4 oy eN o COEt
e
= CO0,Et  CN H o CONEt
T oot o H o CN
g N COEt H  CN
Olefin Molar Equivs Solvent Reaction Product Yield (%)
of olefin Time (hrs)
19b 3 DMF 92 5
— 4 DMF 90 25
19¢ 3 DMF 66 43
4 DMF 90 16
19d 1.1 CH,C1, 3 85C (108:109 =
19e 1.1 CH,C1, 3 89¢ (108:109 =
— 1.1 W3 6 80¢
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TABLE 17 (Continued)

Olefin Molar Equivs Solvent Reaction Product Yield (%)
of Olefin Time (hrs)
19f,q CH,CT, 3 86% (108:109 = 1:1)
Acetylene
DMAD e DMF e 778
10 DMF 45 66
10 DMF 70 68a
10 CHoCl o 92 51

(a) Isolated by column chromatography on neutral alumina (Act III).

(b) Isolated by column chromatography on florisil and then neutral
alumina (Act III).

(c) Isolated by column chromatography on florisil.
(d) Dilute solution.

(e) Four equivalents for 48 hours plus a further two equivalents for
24 hours.

NMR spectrum of the product obtained with DMAD (110) contained only
single peaks for the cyclopentadienyl and methoxyl resonances. This
suggests that the Fp and methoxyl functionalities are either cis or
trans, but not a mixture of the two. Rosenblum et gl have Shown

that any geometric isomerism associated with a substituent at C-3 in
the allyl complex is retained in the product (see Chapter One). Hence
it can be assumed that the two products isolated from the reaction of
(97d) with (28) have the c¢is arrangement of Fp and methoxyl groups, as
in (108d) and (109d).

The structure (108d) was assigned to the major product as the C-2
proton resonated as a doublet of a doublet in the NMR spectrum (Table
18), which indicates a B,8,0 configuration for the C-1 - C-3 protons.
This proton, however, resonated as a triplet in the spectrum of the
minor product, indicating that the C~1 - C~3 protons are 8,8,8, as in
(109d).
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TABLE 18

C-2 and C-3 proton magnetic resonances of (108d) and (109d)

Isomer Proton Chemical Shift Multiplicity Coupling

(8 value) Constant (Hz)
108d c-2 3.95 dd 2.5 and 5.5
108d c-3 3.45 d 2.5
109d c-2 4.04 t 3.5
109d c-3 3.34 d 3.5

|

(a) d = doublet, dd = doublet of a doublet, t = triplet

Mixtures of cyclic products (108e, 109e and 108f,g, 109f,g) were
also obtained with olefins (97¢) and (97f,g). The ratio in which the
adducts were isolated varied depending on the olefin employed (see
Table 17). No isomerisation of (108)or(109) was observed during
chromatography. It is likely that the allyl complex would approach
the olefin such that the methoxyl and Rg substituents are in the more
sterically favoured trans-configuration in the dipolar intermediate.
Two processes could be postulated which would initially give this
configuration (Schemes 37 and 38). In the case of diethyl 1-cyano-
ethylene-1,2-dicarboxylate (97e) the considerable steric bulk of the
ester functionalities would be expected to favour the latter of these
two processes (Scheme 38), resulting in the formation of (109e) in
higher yield. By replacing one of the ester groups with a cyano
functionality the steric hindrance may be reduced to such an extent
that either the former process (Scheme 37) predominates, as with ethyl
3,3-dicyanoacrylate (97d), or that the olefin can approach the allyl
complex equally from any direction giving a 50:50 mixture as with
ethyl 2,3-dicyanoacrylate (97f,g).
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Scheme 37 Scheme 38

It was discovered that column chromatography on neutral alumina
led to the elimination of methanol from the adducts (108d)and (09d)
(Scheme 67). In general, (108d) was isolated in low yield (< 15%)

CN N (N

~- “a Neutral ~.
Fp CNyFP CN atumina = FD**<:;;Ii;CN

\\E E E

Me Me (112)
E=CO,Ef

Scheme 67
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from the column, whereas (109d) always gave the product of elimination.
This provides further evidence that these adducts have the stereo-
chemistry shown since a trans-E2 elimination reaction is the more
favoured. No elimination of methanol was apparent from adducts (108,
109b,c,e,f).

The isolation of (108d)and (109d) was achieved in high yield by
column chromatography on florisil. The NMR spectra of both isomers
consisted of two guartets for the ~OCH2~ resonance. This, as with
the cyclic adduct (98d), is probably due to the existence of two con-

formations of each isomer.

Further Discussion

A summary of the products (113, 114), yields and conditions employed
in the reactions of the (n'-allyl)Fp complexes (66),(20a) and (28) with
electron-deficient olefins and acetylenes is provided in Table 19.

Fp Y
4
X R;
66 X = OMe, Y=H
20a X = H, Y=H
28 X = H, Y=0Me  (97)

The H-transfer products obtained with complex (66) were susceptibie
to hydrolysis, and indeed this occurred to a large extent during
chromatography of the crude reaction mixture, thereby giving subs-
tantial quantities of the ketone (Scheme 39). Hydrolysis could also be

Fp F
R e R

Scheme 39
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B=KOH,R;N Scheme 40

induced by treatment with p-toluenesulphonic acid in aqueous tetrahydro-
furan. The reaction of (66) with dimethyl or diethyl methylene-malonate
gave the polymeric species (82) which could be hydrolysed to (83).
Similar base catalysed polymerisation of these olefins (Scheme 40) have
been reported by Hopff et a285. Polymeric adducts were also formed
with diethyl T-cyanoethylene-1,2-dicarboxylate.

From the results obtained, it is apparent that the (n'-2-
methoxyally1)Fp complex (66) is considerably more reactive than both
the simple (n'-allyl)Fp complex (20a) and the (n'-3-methoxyallyl)Fp
complex (28), since no reaction was observed between the latter two
compiexes and tetramethyl ethylenetetracarboxylate (97h). Complex (66)
however failed to react with moderately activated olefins. Furthermore,
whereas the C-2 methoxyl group tends to promote reaction, the opposite
is observed with C-3 substitution, resulting in Tower yields being
obtained with (28) compared to complex (20a) when the less reactive
olefins (97b and 97c) were employed. It is also clear that the C-2
methoxyl group leads to the formation of considerable quantities of
linear products. This may be explained by the increased stability of
the intermediate zwitterion (115) for which processes other than ring
closure may then become important. Cyclisation is additionally dis-
favoured on steric grounds as metal-quarternary bonds are formed, and
also because the considerable steric bulk of the ester functionalities
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would hinder the closure of the anion to the cation. Thus, H-transfer
becomes the predominant process with olefins containing more than one
ester group. This steric hindrance is reduced however by the presence
of a number of cyano functionalities, as in olefins (97d), (97f,g) and
TCNE, such that cyclisation becomes the preferred process. It is
interesting that for complex (28) the C-3 methoxyl substitution entirely
eliminates H-transfer, so giving a greater specificity to the reactions
of this compound. This is further highlighted by the reaction of DMAD
with these complexes (Table 20).

TABLE 20

Reactions of DMAD with complexes (66), (20a) and (28)

Y E E X
(116) (117) (118)
66 x =0Me, Y =H E = CO,Me
20a x = H, Y =H
28 x =H, Y = OMe
(n'-allyl)Fp Molar Solvent Reaction Product Product Ratio (%)
Equivs of Time Yield (%) 116 117 118
DMAD (hrs)
66 2 DMF 3 70 - 100 -
20a 2 DMF 91 57 78 5 17

28 6 DMF 67 77 100 -~ -
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The choice of solvent appears to be an important factor in a
number of these reactions. For example, no products could be isolated
from the reaction of the simple (n'-ally1)Fp complex (20a) with
trimethyl ethylenetricarboxylate in methylene chloride or THF.

However, a good yield of the cyclic adduct was obtained in DMF. This
result is best explained in terms of the polarity of the solvent, since
the reaction is more Tikely to proceed if the intermediate zwitterion is
stabilised by a solvent of high polarity, such as DMF (as indicated by
its dielectric constant, Table 12).

Summarx

From the results obtained it can be concluded that the reactions
of the simple (n'-ally1)Fp complex (20a) and the (n'-3-methoxyallyl)Fp
complex (28) with olefinic species Teads to the exclusive formation of
cyclic adducts. These two complexes appear to be of comparable reac-
tivity, although (20a) tended to give higher yields with the Tess
reactive olefins. In comparison, large quantities of linear products
were obtained in the reaction of the (n'-2-methoxyallyl)Fp complex (66)
with a number of unsaturated moieties. Complex (66) was also observed
to be considerably more reactive than the other complexes. This
increase in reactivity was insufficient, however, to bring about
reaction with moderately electron-deficient olefins such as methyl
acrylate, acrylonitrile, maleic anhydride, etc.



CHAPTER THREE

Demetalation Reactions
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Introduction

For the (3+2) cycloaddition reactions of (n'-allyl)Fp complexes with
unsaturated units to be of synthetic use, a convenient method for the
replacement of the organometallic group of alkyl-Fp complexes with an
organic function is required. The removal of the Fp complex from the
adducts prepared in this study was therefore investigated using a variety
of procedures. These included:

(i) oxidative carboxylation (RFp - RCDZR')56"6O

(i1) acid cleavage (RFp *+~RH)5]*55

(1i1) bromination (RFp - Rer)20» °3:58,61-64

(iv) g-hydride abstraction, followed by liberation of the olefin
(R'CHoCHRFp ~ R'CH=CHR)32»36537,52,60

Results and Discussion

1. Oxidative Carboxylation

(a) General procedure

To a solution of the Fp adduct in either methanol or ethanol,
previously saturated with carbon monoxide, was added four equivalents of
ammonium ceric nitrate [(NH4)ZCe(NO3)6] in one portion at room temperature.
Carbon monoxide was then bubbled through the solution while the reaction
was continued for approximately sixteen hours (overnight). The products
were isolated by removal of the solvent under reduced pressure and extrac-
tion of an aqueous solution of the residue with benzene. Adducts obtained
in this manner were generally purified by column chromatography on florisil,
although NMR analysis of the crude product proved useful. No attempt was
made to optimise the yields of these reactions.

Use of diethyl ether or methylene chloride for the extraction of the
crude reaction mixtures led to the isolation of organometallic complex by~
products. These organometallic compounds caused the NMR spectra to be
broadened, and were difficult to remove by chromatographic procedures.

This problem was not encountered when using benzene as the extraction
solvent.
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(b) 1-Methoxycyclopentyl-Fp complexes

Treatment of alcoholic solutions of the cyclic adducts (75)
and (87) with the ceric salt resulted in the formation of the ketal (119)
and olefin (120) in the yields and ratios given in Table 2156269 o
identifiable products were obtained, however, from the oxidation of (77)

Ry R Rs Ry
CN CN CN  CN
CN CN Ho COEt
COMe  COMe H  COMe
CO,Et  CN Ho CN

gz
3
Ry Ro R3 Ry
a  CN  CN CN  CN
b CN  CN H o CONEt
c H  COEt CN N

TABLE 21

Cerium (IV) oxidation reactions of 1-methoxycyclopentyl-Fp complexes

. gr G
Fp adduct ROH Product yield (%) Ket§¥o?¥$g)kat181éé%n (120)

St

75 MeOH  Quantitative® 88 12
75 EtOH  Quantitative® 66 34
87 MeOH — 92° 89 1

(a) The product could not be purified by column chromatography
(b) Isolated yield after column chromatography on florisil
(c) Estimated from the NMR spectrum of the mixture.



jv'a /F+
) o @) &5 B N P Mi)
Me0
ROH @ (121)
a b
(119) (120)

Scheme 41

and (92). The mechanism of this reaction probably involves the inter-
mediate cation (121) which can either undergo attack by ROH or collapse
through the loss of a proton (Scheme 41). The increase in yield of the
olefin on using ethanol as the solvent was possibly due to steric factors,
since an increase in the steric bulk of the incoming group would be
expected to disfavour ketal formation.

(¢) Linear alkyl-Fp complexes

Surprisingly, oxidation of ketone (70) in methanol afforded
none of the expected product, methylacetoacetate (122a). Instead what
appears to be a mixture of polymeric species was isolated. A similar
result was obtained on oxidation of adduct (79).

Fp & . MeOf
h MeOH/C0 ~ H
0

(79) R=H (120a)

(79)  R=CH(CO,Me)CH(COMe), (122b)

omiomirgeo—

oV

Treatment of a methanolic solution of the linear compound (95b)
with the ceric salt did result however in the formation of a single
product (124) in 95% isolated yield after column chromatographng.

This replacement of the Fp functionality with a proton may have proceeded



- 62 -
?
> oc
Me Me
CN 0 CN
)

(95b
OC/F e’ /}%R

< <— 0
MeO MeO
0 N 0 CN MeO '
, 00 N
(124) Scheme 4?7 (123)

via the intermediate enol anion (123), by the mechanism given in Scheme
42.

(d) Cyclopentyl-Fp complexes

The carboxylated derivatives (128b-g, i) and (126) were
the exclusive products isolated (in the yields summarised in Table 22)
from the cerium (IV) oxidation of Fp adducts (98b-g, i) and (105). The
NMR spectra of the crude products indicated that these reactions had pro-
ceeded to give a mixture of isomeric compounds.

(e) 2-Methoxycyclopentyl-Fp complexes

Treatment of alcoholic solutions of the 2-methoxycylopentyl-
Fp complexes (108d-g, i) (109d-g, i) and (110) with ammonium ceric
nitrate also resulted in the replacement of the Fp group with an ester
functionality. The isolated yields of the carboxylated derivatives
obtained (127, 128 and 129) are summarised in Table 23.
Nicholas and Rosenb]um57 have shown that the oxidative carboxylation
of alkyl-Fp complexes occurs with retention of configuration. Thus, as

the NMR spectra of the crude products contained only one methoxyl reson-
ance, it was assumed that the oxidation of the 2-methoxycycloalkyl com-
plexes had also proceeded with retention. Derivatives (128d-g) isomerised
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TABLE 22

Oxidative carboxylation of cyclopentyl-Fp complexes

[e—

Ry & R
F R =—> ROL R
P R, ROH/CO 2 R
\RL& \R
(98) (125)
b COEt  COfEt H H
c COZMG COoMe COzMe COoMe
d cN CN H COHEt
e CO)Et  CN H COpEY
£ COpEt  CN H CN
g CN CO,Et M CN
i CN CN CN CN
COMe w CO,Me
Fp e Me0.C
MeOH/CO z
OMe C0,Me
(105) (126)
Product
Fp adduct ROH Product Yield (%)a
98b EtOH  125b 62
[ MeOH c 63
d E£0H d 77°
e E£OH e 60
f,9 EtOH f,9 63
i MeOH i 70°
105 MeOH 126 87

(a)
(b)

Isolated yield

carried out by

T.S. Abram69.

Initial investigation of this reaction was
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TABLE 23

Oxidative carboxylation of 2-methoxycyclopentyl-Fp complexes

C
ROH/CO
&
ROH/CO ~
Ry R R3 Ry
d N CN Ho COpEt
e COpEt  CN H  COpEt
£ COpEt  CN H CN
g CN COpEt  H  CN
i CN CN CN  CN
(O,Me O,Me
P Me(f/zto > Melyt
(OMe (0,Me
Me Me

(110) (129)

o,

Fp adduct ROH Product Product a
Yield (%)

108d EtOH  127d 71
e EtOH e 58
f.g EtOH f.g 75
i MeOH i 93¢

109d EtOH 1284 77
e EtOH e 41b
f.g EtOH f,q 53b

11 MeOH 129 25

RS———

(a) Isolated yield
(b) Isolated as a mixture of isomers after column chromatography
(c) This product could not be purified by column chromatography
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however during chromatography to afford a mixture of isomers. This was
demonstrated by the presence of a number of methoxyl resonances in the
NMR spectra of the chromatographically isolated products. This isomer-
isation (of 128d-g) provides further evidence that adducts (128d-g) have
the structures shown, since a derivative with an all ecis-arrangement of
substituents would be expected to rearrange to one with a more stable
configuration on the column.

The Tow isolated yield of the DMAD adduct (129) is thought to be
due to decomposition during chromatography, as the NMR spectrum of the
crude product indicated quantitative conversion to (129).

(f) Summary

The cerium (IV) oxidation of cyclopentyl~- and 2-methoxy-
cyclopentyl-Fp complexes resulted in the expected replacement of the Fp
group with an ester functionality. Similar treatment of 1-methoxycyclo-
pentyl-Fp complexes however afforded a mixture of ketal and olefin deriva-
tives,

2. Acid (Cleavage

(a) General procedure

Hydrogen chloride gas was passed through a solution of the
Fp adducts in methylene chloride for one hour. The reaction mixture was
then set aside overnight in a well-stoppered flask. Completion of reac-
tion was indicated by IR, since the carbon monoxide stretching frequencies
of the product, FpCl, (v .. = 2050 and 2005 cm"1) differs considerably
from that of the starting materials (vg,, = 2000 and 1950 cm']). On a
number of occasions further treatment with hydrogen chloride was required
to bring about complete reaction. After removal of the solvent under
reduced pressure, the residue was dissolved in carbon tetrachloride and
exposed to sunlight for several hours to decompose the FpCl present54,
during which time a green solid precipitated. This solid was then filter-
ed off and the filtrate concentrated to yield the crude product, which

was purified by flash chromatography86 on silica gel,.
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(b) Cyclopentyl-Fp complexes

A sing?e product was isolated, in 67% yield, from the reaction
of the Fp adduct (98b) with HC1. The spectral data for this product was
identical to that of diethyl 3-butenylmalonate (130p) prepared by the reac-

tion of the sodiu§~sa1t of diethyl malonate with 4-bromobutene (Scheme 43)87.
H
(O,Et E+0,(n_OFt
- 2 2
Fpel OO L NN Fp—]| a
CH,CL,
(98b) (131)

O,Et
/\/\BF Na —CH(COQET)Z OMF > \/‘\/i\coza

(130b)

Scheme 43

The IR spectrum of the crude reaction mixture indicated that the
reaction had proceeded via the cationic intermediate (131), since the
spectrum contained carbon monoxide frequencies (“max = 2075 and 2040 cmm1)
characteristic of an Fp(n®-olefin) complex. A similar process has also
been observed by Rosenblum et aZ6O, who found that treatment of an ether

solution of complex (132) with HBF4.Et20 led to the immediate and

Fp
HB%‘:ETZO S FeE .
PH HCU/CHLL, Ph
)
(132) (229)
Scheme 44

quantitative precipitation of Fp(styrene)BF, (22g), and to the formation

of cyclohexanone (Scheme 44). The same reaction was effected with HCI

in methylene chloride, although somewhat less rapid1y60.
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Although analogous Tinear products (130c and 130e) were obtained
from the reaction of adducts (98c) and (98e) with HC1, Fe-C bond cleavage
to afford cyclic derivatives (133c and 133e) was also observed. The
product yields and ratios are summarised in Table 24. The formation of these
cyclic products may be due to the presence of the electron-withdrawing

TABLE 24

Acid cleavage of cyclopentyl-Fp complexes

S TR e

RB
(98) (130) 133
R, R, Ry R,
b COpEt  COpEt H  H
¢ COpMe COoMe H COoMe
e COpEt CN H COpEt
Product Product Ratio (%)P
Fp adduct Yield (%)a 130 133
98b 67 100 -
c 70 50 50
e 61 33 67
105 75 100 -

(a) Isolated yield

(b) Estimated from the NMR spectrum of the mixture

group R4, causing a reduction in the electron density at the C-4 carbon
atom (to which Ry and Ro are attached) such that the ring-opening pro-
cess becomes less favoured.
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The cyclic derivative (134) was the exclusive product from the
reaction of the DMAD adduct (105) with HC1 (Table 24). The spectral

data for this compound was identical to that reported for dimethyl cyclo-
pentene-~1,2- dxcarboxylateSS.

EOZME HC[ COZME
=0 > (I
(0,Me A

(105) (134)

(c) 2~Methoxycyc1openty1~Fp complexes

Treatment of a methylene chloride solution of adducts (108e)
and (109) with hydrogen chloride resulted in the exclusive formation of
olefin (136), which was isolated in yields of 75-81%. The IR spectrum
of the crude reaction mixture indicated that the reaction had proceeded via

- E —
{Nor o *E HU ﬁ‘{N -
Fp “E
—  (135)
_— G N s <;f "N E=C0,Et
(136) (137)
Fp HCL o + -
N\ ove o Fp%’ .
(138) (22a)

Scheme 45

an Fp(n2;01efim cation (probably 135), Busetto et al have converted the

2-methoxyethyl-Fp complex ( 38) to the Fp(n2-ethylene) cation (22a) in
a similar manner (Scheme 45).



- 69 -

The NMR specrum of (136) was very unusual, in that the olefinic
protons resonated as a broad singlet (6=5.90) instead of the expected
complex multiplet. Treatment of an ethanolic solution of this olefin
with sodium ethoxide isomerised the double bond to give the o,8-
unsaturated ester (137), in which the olefinic proton resonated as a
triplet (8= 7.15, J=2Hz) as expected.

Fp adduct (108d) also gave the eliminated product (139) in 56% yield
on reaction with HC1. The ~OCH2* protons of this olefin were found to
resonate as two quartets of equal intensity, which suggests that (139)
exists in two conformations (as with the Fp adducts 78d, 108d and 109d -
see Chapter Two). The occurrence of two discrete conformations may

arise from dipole-dipole interactions between the carbon atom of one of
the nitrile functionalities and either the carbonyl, or ether, oxygen
atoms of the ester group (139a and 139b).

N N
o ~N HCL @{N
o b (0,

V

Me
(108d) (139)
N N
~CN (N
OEt
Et 0
(139a) (139b)

[ERSSERE

Reaction of the DMAD adduct (110) with HCT occurred rapidly at room
temperature to afford a mixture of products which could not be separated
by flash chromatography. Examination of the NMR and mass spectra of the
mixture (the mass spectrum is given in Table 25) indicated the presence of
the olefin (140) and a chlorinated derivative (141) (or derivatives) of
this olefin (i.e. 140 + HC1).



- 70 -

OMe (0,Me
Fp _7jq._*5;, <<;::][: + "chlorinated
Gjﬂﬂe ZCQ COQME products"
Me
(110) (140) (141)
TABLE 25

Mass spectrum of the mixture of (140) and (141)

m/e Intensity (%) Ion assignment
187 10 141 - OMe

183 43 141 - ¢1

182 10 140

154 40 141 - COpMe
158 30 141 - H, CO Me
151 100 140 - OMe

124 54 140 - CO,CHy

(d) Summary

Linear products resulting from a ring-opening process,
together with those arising from the replacement of the Fp group with
a hydrogen atom, were isolated (in varying ratios) from the reaction of
cyclopentyl-Fp complexes with HC1. Similar treatment of 2-methoxy-
cyclopentyl-Fp complexes resulted in the elimination of FpOMe to give
cyclopentene derivatives as the sole products.

3. Bromination

(a) General procedure

To a solution of the Fp adduct in methylene chloride at
approximately -70°C was added 1-3 equivalents of N-bromopyridinium
bromide in one portion. The reaction mixture was then allowed to come
to room temperature, with an additional 1-2 equivalents of the brominating
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reagent being added when the temperature had reached ~200C. The extent
of reaction was again monitored by IR spectroscopy. On reaching room
temperature the solution was either filtered through a short column of
neutral alumina (Act III) (or florisil) or washed with saturated aqueous
sodium thiosulphate solution to remove the excess N-bromopyridinium
bromide present. After removal of the solvent under reduced pressure
the residue was, in general, dissolved in a 50:50 mixture of diethyl
ether/petroleum ether (40-60) and exposed to sunlight for several hours
to decompose any FpBr present. The solution was then filtered, the fil-
trate concentrated and the crude product purified by column chromatography
on neutral alumina (Act III).

(b) Cyclopentyl-Fp complexes

Treatment of a methylene chloride solution of Fp adducts
(98b,c,e) with N-bromopyridinium bromide afforded, after work up, a mix~
ture of brominated and olefinic products (Scheme 46). No analogous
compounds could be isolated however from the bromination of complexes
(98d) and (98f,g), although the IR spectra of the reaction mixtures indi-
cated complete reaction. The reaction conditions empioyed and the yields
and ratios of the products obtained are summarised in Table 26. No
attempt was made to optimise the yields of (142) and (143), or to effect
reaction with complexes (98d) and (98f.g), by using a different bromin-
ating reagent or by varying the reaction conditions.

TABLE 26

Bromination of cyclopentyl-Fp complexes

R1 R'l
Fp.Cf:Rg > Br~<>ﬁ§z +
R, \RAB




(98) —— (142) + (143)

Ry R, Rz Ry
b CO,ET COoEt H H
¢ COoMe COpMe H COoMe
d CN CN H COoEt
e COpEL CN H COoEt
f COxEt CN H CN
g CN COoEt H CN
Scheme 46
Fp Adduct Molar equivgign?g of  Procedure for the Pyoduct d Proguct
N-bromo pyridinium removal of excess yield (%) ratio (%)@
bromide added at:- bromide 142 143
~700¢ -20°¢ - T
98b 2 - a 85 65 35
b 1 1 b 76 65 35
c 1 1 a 29 75 25
c 1 1 b 43 75 25
d 3 2 a 0 - -
e 1.5 1.5 b 60 40
f,g 2 2 c 0 - -

(a) Washed with saturated aqueous sodium thiosulphate solution

(b) Filtered through a short neutral alumina column (Act III) or (¢) a
short florisil column.

(d) Isolated yield

(e) Estimated from the NMR spectrum of the mixture
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It has been postufated33’64 that brominolysis of iron-carbon bonds

involves initial formation of an iron radical cation by an oxidative pro-
cess. This intermediate could then undergo direct attack either by Br’
or Br~ (see Chapter One). Steric factors may disfavour this process
however with the cyclopentyl-Fp complexes such that the elimination of FpH
also occurs.

The brominated product (142e) was isolated as a mixture of two
isomers (144a and 144b), which were partially separated by flash chroma-
tography on silica gel. It is probable that the bromination reaction

(O, 0,5t
Br——Cr\CN Br-- <j N
(0, (O, Et
(1442) (144b)

has occurfed with inversion of configuration61’63’64. Hence, it can be
concluded that the Fp adduct (98e) must also exist as a mixture of
isomers.

3,4,5-Tribromocyclopentene (145) was the only product isolated, 1in
approximately 20% yield, from the reaction of (98d) and (98f,g) with
N-bromopyridinium bromide. This unusual compound was thought to have
arisen from the bromination of the cyclopentadienyl group of the Fp
complex, as treatment of a carbon tetrachloride solution of tricarbonyl
(n5~cyclopentad1eny]) rhenium (146) with bromine at room temperature
afforded 3,4,5-tribromocyclopentene in 21% yield (Scheme 47)90. Compound
(145) was formed to a lesser extent from the bromination of adducts (98b,c,e).

Br
-
070 ooty o
0c Br
i (146) (145)

Scheme 47
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The Tow isolated yields obtained in a number of reactions, together
with the failure to isolate any of the desired product (142) from the
bromination of adducts (98d) and (98f,g), may be due to the decomposition
of the brominated adduct (142) on irradiation with sunlight, since the
crude reaction products (142, 143, FpBr, etc) were obtained in high yield
(70-100%). In addition, FpBr was separated from (142b) and (143b) by
column chromatography on neutral alumina (Act III). The isolation proce-
dure involving decomposition of the iron complex with 1ight followed by
filtration was not required in this case, which could account for the
high isolated yield of these two derivatives, (142b) and (143b). Separ-
ation of FpBr from adducts (142c,e) and (143c,e) could not be effected by
chromatographic means however, as the retention times for these adducts
were too similar to that of the iron complex on neutral alumina, silica
gel and florisil.

4. p-Hydride Abstraction Followed by Olefin Liberation

(a) General procedure

A solution of the Fp adduct in methylene chloride was
treated with one equivalent of trityl tetrafluoroborate at 45%C and the
progress of the reaction monitored by IR spectroscopy. Complete reaction
was normally indicated after approximately three hours. The reaction mix-
ture was then cooled to 0°C and diethyl ether added to precipitate the
Fp(n?-olefin) tetraf?uoroborate salt. This was collected, dissolved in
acetone (without quher purification) and treated with two equivalents of
sodium jodide for one hour at room temperature. The solvent was then
removed <n vacuo and the crude product purified by flash chromatography85
on silica gel. The Fpl formed in the reaction was removed by exposure
of a carbon tetrachloride solution of the mixture to sunlight for several
hours, followed by filtration to remove the decomposed adduct.

(b) Cyclopentyl-Fp complexes

Reaction of the cyclopentyl-Fp complex (98b) with trityl
tetrafluoroborate and then sodium iodide resulted in the formation of
the linear product (130b) in 51% yield (Scheme 48). A number of analogous
reactions have recently been reported by Rosenblum et aZﬁO. For example,
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the malonate adduct (151) was converted to the ethylene cation (22a) on
treatment with trityl tetrafluoroborate in methylene chloride at 45°¢
(Scheme 50)60. The formation of the linear compound (130b) is surpri-
sing in that a ring-opening process would be expected to yield the trityl
derivative (147). One possible explanation for this result is that the
considerable steric bulk of the trityl group may have destabilised the
cation (148) such that dissociation to the zwitterion (149) occurred

- _@LE 1 PhBE S~ -

2.Nal 130b (147) E
(98b) Scheme 48 —
E=CO,Et

PR 5 Fif
T e Iy e N
(a8 F (a9) E

148 (150) .
E=C02Ef Scheme 49
Fp—\—<[02a- PhECBF; Fe __“ BF;
| (O,Et
(151) (22a)
Scheme 50 -

under the reaction conditions employed. Addition of a proton to this
dipolar ion would then lead to the requied Fp(n“-olefin)cationic inter-
mediate (150, Scheme 49). Alternatively, HBF4 may have been generated
in the reaction mixture, and this may have reacted with (98b) in an
identical manner to that earlier described for the HCl1 reaction,
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(c) 2-Methoxycycloalkyl-Fp complexes

The olefinic derivative (136) was the exclusive product
(isolated in 62% yield) from the treatment of the Fp adduct (108e) with
the trityl cation, followed by reaction of the intermediate Fp(n2-olefin)
tetrafluoroborate salt (152) with sodium iodide (Scheme 51). This

\~E -
Me(ﬂwC o (152) (136)
(a) PhyCBF2,CHCT, (b) NaI, acetone E = COEt
Scheme 51

elimination of FpOMe has also been observed by Rosenblum et al in the

reaction of the 2-methoxyethyl-Fp complex (138) with trityl tetrafluoro-
borate in methylene chloride at 0°C (Scheme 52)9]

®

F Ph,CBE -
l:]——\~—OMe o Fﬁ——” B,

CH,Cly
(138) (22a)

Scheme 52



CHAPTER FOUR
Synthesis of Cyclopentanoid Natural Products via a Metal
Assisted (3+2) Cycloaddition Reaction;
A Preliminary Study
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1. PGFa Type Prostaglandins

Introduction

We reasoned that the reaction of an appropriate (n'-ally1)Fp complex
(153, Y = protecting group) with a suitable electron-deficient olefin, or
acetylene, could lead to bicyclic derivatives ngg,.lgg) which could then

Fp FP
R1
F 0
RR \ —> ’/\r "2 R \
3 O\Y O\Y/O R Y
f R»] R
ase) @ D=(C> (153 (BIRF=-R, (4
R’ R,
OH QH
R '/\CZZI?/\/\COZH
/ CHO , !
OH OH OH
(156) R = CHO
(157) R = CH,CHO (1)
X
K\ /YBP m/;:p
s
(158) (159) (153)
Scheme 53

be converted to intermediates (156, 157) of value in the synthesis of PGFq,

type prostaglandins, such as PGF,. (1). The preparation of the Fp complex
(153) by the route outlined in Scheme 53 was therefore investigated,
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Results and Discussion

A route to the protected propene-1,3-diol (159) was devised invol-
ving the reduction of diethyl (phenylthio)malonate (160) followed by
protection of the diol thus formed. A dehydrosulphenylation reaction
should then give rise to the required olefin. Although the diester (160)
was prepared in high overall yield by the procedure described by Huntress

and Olsen (Scheme 54)93, reduction of this adduct with Tithium aluminium

92

PhSH+CICH,00,H 2> PSCHLOH s> PRSCH.COEt

c,d

~5> PRSCHICOEH, ——> PhSCHICH,0H), + PRSCHIMe)CH,OH
(160) (161) (162)

(a) aq NaOH (d) a

(b) cH,S0,, EtOH (e) LiATH,, THF

‘ Scheme 54

hydride afforded 2-phenylthiopropane-1,3-diol (161) in only 20% yield.
Starting material, thiophenol and 2-phenylthiopropane-1-o0l (162) were
also isolated from the reaction mixture. The formation of the latter
compound (162) was surprising since the removal of a hydroxyl group by
Tithium aluminium hydride normally requires the presence of a Lewis acid
Several worker595’96 have encountered similar difficulties in the reduc-
tion of analogous compounds. A different approach to the protected
2—pheny1thiopropane~],3~dioi (158, X = SPh) was therefore adopted.

In a modification of the method of Foster et a297§ a mixture of cis-
and trans-5-hydroxy-2-phenyi-1,3-dioxane (163) was prepared (in approxi-
mately an 8:1 ratio of cis:trans) by an acid catalysed reaction between
glycerol and benzaldehyde. The czs-isomer was thought96 to have pre-
dominated in the product mixture as, in the preferred conformation (163a)
of this isomer, the phenyl group occupies the more favoured equatorial

position, with the hydroxyl group consequently axial (where hydrogen-
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SPh Ph
C (/H d e q
% 0 0 81% O\l/ 0 OY
\P‘w/ Ph Ph
(165) (166) (167)
(a) cHZSO4 (c) NaSPh, DMF (e) &
(b) TsC1, pyridine (d) MCPBA, CCI4
H Scheme 55
s H
e 0
_—0
- PhS
0 A’/Ph 0 A’/Ph
b H
(163a) (1652)

bonding with the ring-oxygen atoms can occur). Conversion of the alcohol
(163) into the cis-p-toluenesulphonate (lgﬁ)gs, and reaction of the latter
with sodium phenylsulphide in dimethylformamide (DMF) afforded the phenyl-
thio-derivative (1§§)95, which was assumed to have the trans-configuration
(165a) (the result of an Sy2 displacement process). This product (165)

an oxidation with m-chloroperbenzoic acid (MCPBA) gave the phenylsulphox-
ide (166) 1in high overall yield (Scheme 55). The elimination of benzene
sulphenic acid (PhSOH) from the sulphoxide (lﬁé) was then attempted using
a variety of reaction conditions. These conditions, together with the
results obtained, are summarised in Table 27.
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TABLE 27

Attempted dehydrosulphenylation of the phenylsulphoxide (166)

Tenp (%) Sotvent beection ) Resoversd starting  Product
80 Refluxing benzene 24 100 -
110-111 Refluxing toluene 120 50 None
137-142 Refluxing xylene 17 0 None
140-150 DMF 24 0 None

It has been shown92

elimination mechanism (Scheme 56). In the case of the cyclic phenyl-

that dehydrosulphenylation proceeds via a syn

sulphox1de 166), considerable deformation of the ring would have to occur

,0«
L, 1
Scheme 56

before the required syn conformation could be achieved. Hence, from the
results obtained (Table 27) it appears that 80°C (refluxing benzene) was
too Tow a temperature to bring about this deformation and elimination.
On using higher temperatures loss of starting material (166) was observed,
although no products could be isolated after the removal of the solvent
under reduced pressure. This suggested that decomposition of either the
sulphoxide (166) or the olefinic product (167) had occurred, possibly to
derivatives of similar boiling point to the solvents employed in the reac-
tion.

2-Phenyl-1,3-dioxin (167) was prepared in yields of 14%, 48% and 89%
respectively, by the reaction of 2-phenyl-5-{p-toluenesulphonyloxyr1,3-
dioxane (164) with either solid potassium hydroxidegg, n-butyllithium in
tetrahydrofuran, or potassium t-butoxide in dimethylsulphoxide. On
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heating a carbon tetrachloride solution of this olefin under reflux, a
retro-Diels Alder reaction occurred to afford acrolein and benzaldehyde
(Scheme 57). The complete lack of desired products from the above men-
tioned attempted dehydrosulphenylation reaction (166-167) may therefore

be accounted for by the elimination of PhSOH ., followed by rearrange-
ment of the olefin (167). As both acrolein and benzaldehyde are relatively
Tow boiling Tiquids they would be removed along with the solvents.

The next step in the reaction sequence is the allylic bromination of
2-pheny1-1,3-dioxin employing N-bromosuccinimide. This reaction could
not be carriedoutusing the standard reaction conditions]OO, since the
olefin (167) rapidly decomposed at the reaction temperatures normally
employed (e.g. refluxing carbon tetrachloride). Irradiation of the
reaction mixture with visible 1light, and performing the reaction in the
presence of a radical initiator, at Tower temperatures resulted in none
of the desired allylic bromide being formed. This was indicated by NMR
analysis. Similar problems have been encountered by Shelton and Ciadella
in the attempted allylic bromination of dihydropyran]a].

It was considered that the stability of the protected propene-1,3-
diol (159) could be increased by using a phosphorus protecting group,
since phosphorus-oxygen bonds are considerably stronger than carbon-
oxygen bonds. Treatment of the p-toluenesulphonate (164) with acidic
aqueous methanol led to the formation of 2-(p-toluenesulphonyloxy)-
propane-1,3-diol (168) in 85% yield. Low yields (<6%) of the desired
cyclic phosphate (169) were obtained however on reaction of this diol
with either (1) phosphorus oxychloride followed by treatment with methanol,
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(2) trimethylphosphite followed by oxidation of the product with dinitro-
gen tetroxide, or (3) phosphorus trichloride followed by treatment of the
product with methanol and dinitrogen tetroxide (Scheme 58). The Tow
yields of these reactions may be due to hydrolysis of the required product
(169) giving cyclic or linear dialkylphosphate esters (170 or 171) during
column chromatography on neutral alumina (Act III). Alternatively, poly-
meric species (172) may have been formed in the reaction.

A base catalysed condensation reaction of the 1,3-diol (168) with
t-butylphosphonyldichloride (173) 102 also failed to give the desired
cyclic derivative (174) (Scheme 59).
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Although this was not attempted, it may be possible to prepare the
phosphorus protected propene-1,3-diol via the known phosphate ester
(115)103’104 (see Scheme 60). Allylic bromination followed by metalation
could then Tead to the desired (n'-ally1)Fp complex (153).
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2. Brefeldin A

Reaction of ethyl 2-cyano-4,4-trimethylenedithiocrotonate (177) with (n'-
allyl)Fp complexes : Ve

It was considered that a (3+2) cycloaddition reaction between the
(n'-2-methoxyally1)Fp complex (66) or the simple (n'-allyl)Fp complex
(20a) and olefins such as ethyl 2-cyano-4,4-trimethylenedithiocrotonate
(177) could lead to synthetic precursors of a number of cyclopentanoid
natural products. Two proposed syntheses of brefeldin A (2) involving a
(3+2) cycloaddition reaction are presented in Scheme 62.

Ethyl 2-cyano-4,4-trimethylenedithiocrotonate (177) was prepared by
a Knoevenagel condensation reaction between 3,3-trimethylenedithiopropanal
(1z§)105 and ethyl cyanoacetate, catalysed by g-alanine (Scheme 61). The
product was only partially purified by flash chromatography on silica ge185
as separation from the ethyl cyanoacetate present proved difficult.
Distillation <n vacuo resulted in considerable decomposition of the olefin.

Reaction of olefin (177) with the 2-methoxyallyl complex (66), in
methylene chloride at room temperature for 2 hours, afforded the 1inear
adduct (179) (cf the desired cyclic adduct 180) in 54% isolated yield
(Scheme 61). Surprisingly, no hydrolysis of this product occurred during
chromatography on neutral alumina (Act III). A cyclic product (181) was
obtained however from the reaction between the olefin (177) and the simple
(n'-ally1)Fp complex (20a), performed in dimethylformamide at room tempera-
ture for 20 hours. This cyclic adduct (181) was isolated in 41% yield
after column chromatography on neutral alumina (Act. IIT), Attempts to
cleave the iron-carbon bond of adduct (181) with N-bromopyridinium
bromide failed however to give the brominated product (182).

No reaction was observed between ethyl 1-cyano-4,4-trimethylene-
dithiocrotonate (177) and the (n'-3-methoxyallyl)Fp complex (28) over 24
hours, at room temperature, when the reaction was performed in dimethyl
formamide, although the NMR spectrum of the crude product indicated complete
Toss of the olefin. This may have been due to the decomposition of olefin
(177) before reaction with the Fp complex (28) could occur.
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3. Sarkomycin

Boeckman et aZlOﬁ have synthesised the antitumour agent

sarkomycin (7) vza the sulphone (183). It was considered that it could
be possible to prepare this adduct (183) from diethyl 1-cyano-3-
cyclopentene-1,3~dicarboxylate (136) by the route outlined in Scheme 63.

0 = (' = O

(136) (_1.3.2.)
E = =
—E —H
N N
0
SMe
> > I
Ly O —H
(183) (O,Me \COZH
Sarkomycin
(a) NaOEt,EtOH (c) KOt-Bu, MeSCHZI
(b) [ 0]
Scheme 63

Isomerisation of the cyclopentene derivative (136) to the a,8-
unsaturated ester (137) was achieved in 78% yield by the treatment of an
ethanolic solution of this olefin with sodium ethoxide, at room tempera-
ture, for 30 seconds. Lower yields were obtained when longer reaction
times were employed, whereas only 25% isomerisation occurred on heating
a pyridine solution of (136) for 24 hours at approximately 100°c. No
reaction was observed on treatment of (136) with sodium acetate in diethyl
ether.
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Although unchanged starting material was the only material isolated
from the attempted dimethylsulphoxide oxidation of the o,B~unsaturated
ester (137), several alternative methods have been r‘eportedm7 which could
bring about this conversion. It should, therefore, be possible to syn-
thesise sarkomycin by the proposed route (Scheme 63).

4. Future Work

Corey108 and Bartlett have reported the total synthesis of racemic

brefeldin A (2) via the intermediates (184b,c) and (185). It was postula-
ted that reaction of diethyl 4-bromo-1-cyanocyclopentane-1,2-dicarboxylate
(142e) with the sodium salt of benzyl alcohol might Tead to the benzyl
ether (186, R=CH2Ph), a possible precursor of these intermediates. The
proposed reaction sequence for the conversion of (186) to (184) is outlined
in Scheme 64. For this synthesis to be viable however, the yield of the
bromination reaction (98e - 142e) would have to be improved. In addition,
problems could be encountered in the formation of the benzyl ether as
elimination of HBr or reaction with the ester functionalities i5 also pos-
sible.
Allylic oxidation of the cyclopentene derivative (136), followed by de-

carboethoxylation of the a,g-unsaturated ketone (187) thus formed, could
Tead to the formation of a useful intermediate (188) for the synthesis of
PGA type prostaglandins (189). Alternatively, a similar intermediate (190)
could be prepared from the products isolated from the oxidative carboxy-
fation of Fp adducts (108e) and (109e) (see Chapter Three). Schemes 65
and 66 provide a summary of these synthetic possibilities.

109
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Experimental
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General Details

NMR spectra were obtained at 60 MHz on a Perkin -Elmer R12, and at
100 MHz on an XL100 Fourier Transform instrument in deuterochlorform, un-
less otherwise stated, withtetramethylsilane (TMS) as the internal
reference. In all cases the resonances are quoted as & values (TMS = 0).
coupling constants (J) are given in Hz. Infra-red (IR) spectra were
recorded on a Perkin-Elmer 157G spectrometer, generally as solutions in
methylene chloride, chloroform, or carbon tetrachloride. The absorption
bands are given in cm™! relative to a polystyrene standard (1603 cm']).
The following abbreviations are used to define the signals in the NMR and
IR spectra.

NMR - s = singlet, d = doublet, t = triplet, q = quartet, qt =
quintet, m = multiplet, b = broad.

IR - s = strong, m = medium, w = weak.

Mass spectra (MS) were run on either an AEI MS 12 spectrometer
employing a VG Digispec Data Acquisition machine, or a Kratos MS 30 in
conjugation with a Data General Nova 3 computer utilising the DS 50 S Data
System. An ionising potential of 70 eV was used unless otherwise stated.
The major ion fragments (m/e), together with those of structural importance,
are quoted as percentages of the base peak (100%). Elemental analyses were
recorded by Butterworth Laboratories Ltd., University College, London, and
ICT Pharmaceutical Division, Alderley Edge. Melting points were deter-
mined in sealed capillaries and are uncorrected.

Column chromatography was performed with 100-200 mesh silica gel (W.
R. Grace Ltd), neutral alumina (Woelm, Act. III-V), or 100-200 mesh
florisil (Floridin). A ratio of approximately 30:1 column packing:
material to be chromatographed (w/w) was used. Flash column chromatography
was performed with 230~400 mesh silica gel (Merk, Type 60). Analytical
thin-layer chromatography (TLC) was carried out using microscope slides
with approximately 0.2 mm thickness of silica gel HF254+366 (Merk, Type 60),
or pre-coated silica gel plates (Merk, Type 25 UV254). Visualisation was
effected by a combination of UV fluorescence, iodine vapour, or spraying
with aqueous potassium permanganate solution.

8b
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A1l operations involving organometallic complexes were performed in
a nitrogen or argon atmosphere. Solvents were dried by standard procedures,
degassed, and stored under nitrogen or argon and over molecular sieves.
Ether refers to diethyl ether and petrol to petroleum ether (40-60°C).
Other reagents were used as supplied or prepared as described below.
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Reagent Preparation

(a) 1-Bromo-2,2-dimethoxypropane:

1-Bromo-2,2-dimethoxypropane was prepared from bromoacetone by
the method of Jacobson et o' \0. Yield : 77%, bpy 52-53°C (1it.10 bp
83-86).
NMR 1.44(3H,s,Me), 3.23(6H,s,0Me), 3.37(2H,s,CHy).

(b) 1,2-Epoxy-3-methoxypropane

1,2-Epoxy~-3~chloropropane was converted to 1-methoxy-2~hydroxy-
3-chloropropane, and then to 1,2~epoxy~3-methoxypropane according to the
procedure of Flores-Gallardo and Po]lard]]]. Overall yield : 50%, bp
110-116% (15t."1" bp 53.5-53.7°).
Qbﬁ A //H
NMR 2.50(1H,q,J=5 and 6Hz,~cﬁ» H), 2.55(1H,q,d=5 and 7Hz,—CH~C\\ )
H

2.82-3.10(2H,m,CH,0Me) , 3.32(3H,s,0Me), 3.46, 3.60(2H,2xt,d=11Hz
B.Nd J:}O. SHZ,MCHZOCHB) a

(c) N-Bromopyridinium bromide

N-Bromopyridinium bromide was isolated in 94% yield from the
reaction of pyridine with bromine, performed in carbon tetrach?oride]lz.
Mp 56-58°C.

(d) Trityl tetrafluoroborate

Trityl tetrafluoroborate was synthesised in 88% yield from tripheayl

methano1]]3 according to the procedure described by Dauben et az]}4.
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Olefin Preparation

(2) Dimethyl and diethy] methylenemalonate (97a,b)

Diethyl methylenemalonate (97b) was prepared by the method of

73, via a Knoevenagel reaction between diethyl malonate

Kunichika et al
and paraformaldehyde in acetic acid, catalysed by anhydrous cupric acetate.
The crude product was stored in benzene to prevent polymerisation and dis-
tilled prior to use. Yield : 51%, bpy, 90-92°C (bpy, crude product : 80-
105%, 1it'1% bp. o 210°).

NMR 1.32(6H,t,Jz?Hz,COZCHZCH3), 4.28(4H,q,J=7Hz,COZCHZCH3), 6.44(2H,

s,C=CH2). 116

Dimethyl methylenemalonate (97a) was prepared in a similar manner
to that described for the diethyl derivative73. Yield : 28%, bpO 5 48-50°¢
(bp of crude product 80~1OOOC). .

NMR 3.84(6H,s,C0,Me), 6.60(2H,s,C=CH,).
2 2

(b) Trimethyl ethylenetricarboxylate (97¢)

Method A : Reaction of the sodium salt of diethyl malonate with
ethyl bromoacetate, followed by bromination-dehydrobromination of the
product thus formed, afforded trimethyl ethylenetricarboxylate (97¢) in 36%
overall yie]d70.

Method B : 97c was also prepared vig a Knoevenagel reaction between
methyl g]yoxylatéTT7 and dimethyl malonate, performed in refluxing acetic
anhydride as described by Joucla and Hamelin’!. Bp, 147-153°C.

NMR 3.83, 3.89 and 3.92(each 3H,each $5C0,Me), 6.96(1H,s,C=CH).

(c) Tetramethyl and tetraethy]l ethylenetetracarboxylate

Tetraethyl ethylenetetracarboxylate was prepared from diethy]
bromomalonate by the method of Corson and Benson75, Yield : 52%, mp(from
ethanol) 47-51° (1it’% mp 52.5-53.5%).

NMR 1.32(12H,t,J=7Hz,COZCH2CH3), 4.26(8H,q,J=7Hz,COZCH2CH3).

Tetramethyl ethylenetetracarboxylate (97h) was obtained in an analo-
gous manner to that reported75 for the tetraethyl derivative, Yield : 34%,
mp (from methanol) 119-120% (1it'"8 mp 119-120%¢).

NMR 3.87(12H,s ,C0,CHs) .
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(d) Ethyl 3,3-dicyanoacrylate (97d) -

To a mixture of freshly distilled malononitrile (27.75 g, 0.42 mol)
and ethyl g]yoxylate]]7 (51.0 g, 0.50 mol) at OOC, was added a solution
of g-alanine (600 mg, 6.7 mmol) in water (60 ml1) over 15 minutes. Ethanol
(v90 m1) was then added until the mixture became homogeneous. After stir-
ring at room temperature for approximately 20 hours the resulting solution
was poured into water (600 ml) and extracted with ether (4 x 200 m1). The
combined extracts were washed with water (200 ml1), dried over anhydrous
sodium sulphate, and the solvent removed in vacuo. The residue was flash
distilled at 200°c, 0.5-1.0 Torr, and the major fraction collected (26 g),
bp 80-120°c. Redistillation afforded ethyl 3,3-dicyanoacrylate as a colour-
less 011, which solidifed on cooling. Yield : 16%, pr.S 90~9106, mp
[ from diethyl ether-petroleum ether (40-60°)] 38-39°C.

NMR T.39(3H,t,J=7Hz,COZCH2CH3), 4.41(2H,q,J=7Hz,C02CﬁéCH3), 7.16(1H,
s,C=CH).

IR (CHC15); 2235(2,C=N), 1732(s,C=0), 1616(m,C=C).

MS 150(1.1,u), 122(11), 105(100,4-0Et), 78(14), 77(22,M-CO,EL),
66(12), 45(15), 32(22).

Elemental Calculated for C,H-N,0, : C, 56.00; H, 4.03; N, 18.66
Analysis 7767272
y Found : C, 55.33; H, 4.14; N, 18.55

(e) Diethyl 1-cyanoethylene-1,2-dicarboxylate (97e)

Diethyl 1-cyanoethylene-1,2-dicarboxylate (97e) was prepared by
the procedure described by Hall and Ykman76 for dimethyl 1-cyanoethylene-
1,2-dicarboxylate.

To a solution of ethyl cyanocacetate (101.7 g, 0.9 mol) in absolute
ethanol (500 ml) at approximately 10°C was added sodium (20.7 g, 0.9 mol)
over 2.5 hours followed by ethyl bromoacetate (50.1 g, 0.3 mol) dis-
solved in absolute ethanol (75 ml). The reaction mixture was stirred for
22 hours at room temperature, then poured into a mixture of concentrated
hydrochloric acid (113 ml1) and ice (750 g). Water was added (400 ml) and
the mixture divided into three fractions (v 600 ml each). Each fraction
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was extracted with methylene chloride (3 x 200 m1), the organic layer
backwashed with water (100 m1), dried overnight over anhydrous sodium
sulphate, the solvent removed in vacud and the residue distilled in
vacuo to yield crude diethyl cyanosuccinate (55.75 g). Redistillation
afforded slightly impure diethyl cyanosuccinate in 68% yield (40.8 g,
bpy 5 102-104°C).

To a solution of diethyl cyanosuccinate (27.2 g, 68.4 mmol) and
ben%@] peroxide (0.13 g) in carbon tetrachloride (100 m1) was added a
solution of bromine (4.1 mls, 13.5 g, 74 mmol) in carbon tetrachloride
(156 mls) portionwise under irradiation with visible light. Irradiation
was maintained for 3 hours after completion of addition. Removal of the
solvent in vacuo gave the crude brominated product as a red oil.

The crude bromide was dissolved in ether (100 m1) and triethylamine
(9 ml, 6.53 g, 64.5 mmol) was added dropwise with cooling. The reaction
mixture was kept for 30 minutes at 5°C and 45 minutes at room temperature,
then filtered and solvent removed in vacuo. The crude product was frac-
tionally distilled twice under reduced pressure to give diethyl 1-
cyanoethylene-1,2-dicarboxylate in 62% yield (16.8 g, pr.] 84—8806) from
the ethane.

NMR 1.38(6H, t,=7Hz,C0pCH,CH3) > 4.41(4H,bq,d=THz,C0,CH,CH,) , 7.49
(1H,s,C=CH)

IR (CHyCl,)5 2240(w,C=N), 1730(s,C=0), 1640(w,C=C)

(f) Ethyl 2,3-dicyanoacrylate (97f,g)

Ethyl 2,3-dicyanopropionate was prepared viq the reaction be-
tween glycolonitrile ? and ethylcyanoacetate according to the procedure
of Dickinson et aZ]ZO, and then converted to ethyl 2,3-dicyancacrylate
(97f,g) by the method of Noren and Ha1177. The olefin was isolated in a
cis:trans ratio (with respect to the cyano groups) of 8:1. VYield (from
glycolonitrile) : 19%, bp, , 91-93°C (19t’/ bpy | 78-80°C).

NMR 1.30(3H,t,J=7Hz,C0,CH,Cl3) , 4.45(2H,q,J=7Hz,C0,CH,CH,), 6,76

11H,s, 17(0.89H,5,H/ = NCO0,E) .
(0.11H,s H-§§'C02Eth7 7(0.89H,s CO,Et)
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(9) Tetraacetylethylene

Tetraacetylethylene was prepared by the method of Adembri et azgz
in 22% yield from acetylacetonate, Mp (from benzene) 144-146°¢ (Titgz
mp 139-140°¢).
NMR 2.33(12H,s,Me)
Ir (CHC13); 1704, 1692(s,C=0)

(h) Ethyl 3-nitroacrylate

Ethyl 3-nitroacrylate was prepared from ethyl acrylate, via
ethyl 2-iodo-nitropropionate, by theomethod88f McMurray gnd Musser8o.
Yield : 70%, mp (from pentane) ca 20 C (1it™" mp 26-26.5°C).

NMR T.35(3H,t,J=7Hz,COZCH2CH3), 4.33(ZH,q,J=7Hz,COZCH2CH3), 7.08
and 7.72(2H,ABq,J=14Hz,CH=CH).

(1) g-Nitrostyrene

B-Nitrostyrene was synthesised according to tge procedure of
Worrall™ 1in 80% yield, mp (from ethanol) 56-58°¢ (1it 1 57»580C)
NMR 7.52-8.17(7H,m)

81

(3) Dimethyl acetylenedicarboxylate (DMAD)

DMAD was prepared from the mono-potassium salt of acetylenedi-
carboxylic acid as described by Huntress et a2’S. Yield : 70%, bpg o 55°C
(19’8 bp, 4 95-98°C). '

NMR 3.84(6H,s,0Me)

(k) Methyl propiolate

Propargyl alcohol was converted to propiolic acid by the pro-
cedure of Wo1fe]2], andsthen esterified by the method of Grovesg. Yield
. 700 0 . .83 0
: 70%, bp760 1027°C (1it bp760 1007¢).

NMR 2.95(1H,s,C=CH), 3.76(3H,s,0Me)
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(1) t-Butylcyanoketene

2,5-Di-t-butyl-p-quinone was converted to 2,5-diazido-3,6-di-t~
butyl-p-quinone (94) in 72% overall yield by the reaction sequence (con-
sisting of 5 steps) reported by Weyler et aZ79. The ketene was then
generated quantitatively by heating a benzene solution of the diazide to
reflux for 2 hours.
NMR 9.23(9H,s, tBu)

(m) Ethyl T-cyano-4,4-trimethylenedithiocrotonate (177)

A solution of dithiane (48 g, 0.4 mol) in anhydrous THF (ca
600 ml1) was cooled to -60°C under Argon and n-butyllithium (200 ml1,1.5M
solution in hexane) added over 30 minutes. After stirring at ~30 - -40°¢
for 3 hours bromoacetaldehyde diethyl acetal (48 m1 0.32 mol) was added
and the reaction mixture allowed to warm to room temperature overnight.
Water (400 ml1) was then added and the mixture was extracted with ethyl
acetate (2x400 ml1). The combined extracts were washed with water (100 ml),
dried over anhydrous sodium sulphate and the solvent removed <n vacuo.
Distillation of the residue afforded unchanged starting materials (ca.
8 g, bpo.1 < T]OOC) and 1,1~diethoxy—3,3—trimethy1enedithiopropaneT22 in
65% yield (45.7 g, bpy 5 110°C).

NMR T.21(6H,t,J=7Hz,0CH,CH3), 1.80~2.30(4H,m,SCHZCHZCHZS and CHCH,CH)
2.75 - 3.00(4H,m,SCH,CH,CH,S), 3.60 and 3.64(each 2H,each q,
J=7Hz,0C#,CH3) , 4.13[MH,t,J=7Hz,CH,CHS), 4.80(TH,t,J=6Hz,CH,CHOEL)

A solution of 1,1-diethoxy-3,3-trimethylenedithiopropane (10 g, 42
mmol), 20% aqueous perchloric acid solution (6 ml) and water (44 ml) in
dioxane (90 ml) was heated for 2 hours at 40-50°C. The reaction mixture
was then extracted with ether (1 x 100 ml plus 4 x 50 m1), and the combined
organic layers were washed with saturated aqueous sodium chloride solution
(6 x 50 m1) and dried over anhydrous sodium sulphate. The solvent was
105 (6.67 g, 974
crude yield) of sufficient purity to be used in the next step without

removed <n vacuo to give 3,3-trimethylenedithiopropanal

further purification.
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NMR 1.7O~2.4O(2H,m,SCHZCHZCHZS), 2@70—3.16(6H,m,SCH2CH

Ci,S and C,CHO)
4.50(TH, t,d=7Hz,CH,CHS), 9.75(1H,t,J=1.75Hz,CHO).

2

A solution of 3,3-trimethylenedithiopropanal (6.6 g, 41 mmol) ethyl
cyanoacetate (3.88 g, 34 mmol), acetic acid (0.7 m1, 0.73 g) and g~
alanine (20 mg, 0.22 mmol) in benzene (40 ml1) was heated to reflux for
20 hours. The water produced inthe reaction was removed azeotropically
using a Dean and Stark apparatus. After removal of the solvent <n vacuo
the residue was partitioned between ether (150 m1) and water (50 ml), and
the aqueous Tayer discarded. The organic layer was then washed with
saturated aqueous sodium chloride solution (50 m1) dried (anhydrous sodium
sulphate) filtered through celite and the solvent removed in vacuo. Flash
chromatography of the above crude product (7.2 g), eluting with ether-
petrol (3:2), afforded an inseparable mixture of ethyl 1-cyano-4,4-
trimethylenedithiocrotonate (179) and ethyl cyanoacetate (as a yellow oil,
6.47 g, ca 78% yield), in a ratio of approximately 9:1. Distillation
resulted in considerable decomposition of the olefinic product, although
it could be isolated in low yield ( 45% crude, bpo.2m0.3 160.17000).

NMR 1.36(3H,t,d=7Hz,C0,CH,CH5) , 1.71-2.31(2H,m,SCH,CH,CH,S) , 2.80-
3.14(6H,m,SCH,CH,CH,S and CHCH,CH=C), 4.20(1H,t,J=8Hz,CH,CES),
4.34(2H,q,0=7Hz,C0,CH,CHy) , 7.67(1H,t,J=7.5Hz,C=CH).

IR (CHC1;); 2235(w,C=N), 1735(s,C=0), 1665(m,C=C)

M 257(5,M), 122(5), 121(9), 120(7), 119(100,M-HC=C(CN)CO,EL),
106(8), 75(4), 73(6).
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Preparation of (n'-Ally1)Fp Complexes

1. Dicarbonyl (n3-cyclopentadienyl)ferrate ahion (Fp—)zg’67

A 4% sodium amalgam was prepared by the careful addition of
sodium (3 g, 0.13 mol), in small portions, to mercury (650 g, 3.25 mol)
which was rapidly stirred throughout. Considerable quantities of heat
were evolved during the addition. The amalgam was allowed to return
to room temperature over approximately 1 hour and a solution of bis
(cyclopentadienyliron ch'canrbon.y])-!22 (i.e. sz; 10.62 g, 30 mmol) in
tetrahydrofuran (THF; 100 ml) was added in one portion and the reaction
mixture efficiently stirred for 20 hours. The amber THF solution of FpNa
was then separated from the amalgam and transferred via syringe.

66,67,69

2. Dicarbonyl (n5-cyclopentadienyl)(n'-2-methoxyallyl)iron (66)

(a) Reaétion of FpNa with 1~bromo-&2»dimethoxypropane66’67

A THF solution of FpNa (60 mmol in 100 m1 of THF, see above)
was cooled to 0°C and a solution 1~bromo-2,2-dimethoxypropane (11g, 60
mmol) dissolved in THF (10 ml) was added dropwise over 30 minutes. The
yellow-brown solution was stirred at 0°C for a further 30 minutes and
at room temperature for 3 hours. The solvent was then removed <n vacuo,
the residue extracted with pentane (ca 200 ml), and the pentane extract
filtered through a sinter under a constant head of nitrogen. Removal of
the solvent <n vacuo afforded an air sensitive amber oil (13.8 g) con-
taining a mixture (ea 2:1) of the 2,2-dimethoxypropane-Fp complex (67)
and the (n'-2-methoxyallyl)Fp complex (66).

(b) Conversion of (66) and (67) to the Fp (n?-olefin) tetrafluoro-
borate salt (68732367 DA

The above mixture was taken up in ether (40 ml) and added
dropwise over 15 minutes to a 40% aqueous solution of fluoroboric acid
(10 m1, 60 mmol, technical solution) in acetic anhydride (100 ml) at 0°c.
The reaction mixture was stirred at 0°C for 30 minutes and ether (ca
300 m1) was then added slowly over 1 hour. A heavy orange precipitate
rapidly separated after addition of only a small portion (50 ml) of
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ether. The precipitate was filtered and washed with ether (ea 200 ml).
The remaining solvent was removed from the salt in vacuo affording (68)
(15.02 g, 75% yield from Fpo) as an orange crystalline solid, mp 90-91°¢.
The salt could be stored indefinately under vacuum and was handled in air
without incurring any noticeable loss.

(c) Regeneration of the (n'-2-methoxyallyl)Fp complex (66) from salt
(68)66,67,69

To a suspension of salt (68) (1.5 g, 4.5 mmol) in THF (20 m1)
at 0°C was added 1,4-diazabicyclo[2.2.2]octane (Dabco) (0.5 g, 4.5 mmol,
freshly recrystallised from ether) 1in one portion. The reaction mixture
was stirred at 0°C for 30 minutes and at room temperature for 1 hour.

The solvent was then removed in vacuo, the residue extracted with pentane
(ca 40 m1) and filtered through a sinter under a constant head of nitrogen.
Removal of solvent in vacuo afforded a mixture (1.06 g, ca 95% yield) of
the allyl complex (66), the ketone FpCH,COCH 4 (193?601ef1ns (71) and (72),
and the ester complex FpCHZCOZMe (73). The ratio of these products
(estimated as 11:1:1:1:1 of 66:70:71:72:73 from the NMR spectrum of the
mixture) varied slightly between deprotonation reactions. The yields of
the adducts obtained from the reactions between this allyl complex (66)
and unsaturated moieties were therefore calculated assuming exclusive
formation of the (n'-2-methoxyallyl)Fp complex from the salt (68).

Column chromatography of (66) on neutral alumina (Act IIT) with ether-
petrol (1:1-1:3) afforded the hydrolysed adduct (FpCHZCOCH3) in quantit-
ative yield.

(d) Preparation of FpCHoCOoMe (73)

FpCHZCOZMe was prepared in a similar manner to that described

by Rosenblum et o168,

A solution of FpNa, prepared from the dimer Fpo (1.77 g, 5 mmol), in
THF (20 m1) was added slowly to methyl bromoacetate (1.53 g, 10 mmol) dis~
solved in THF (10 ml) at 0%C. The reaction mixture was stirred at 0°C for
30 minutes then allowed to warm to room temperature during 1 hour. The
solvent was removed <n vacuo, the residue extracted with hexane, and the
extracts concentrated and chromatographed on neutral alumina (Act III),
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FpCHZCOZMe was eluted with petrol-ether (9:1) in 4% yield (95 mg; 1it
yield®® = 10%) as an amber oil.

(e) Investigation of the formation of FpCH,CO,Me from the deprotona-
tion of the Fp(n2-olefin) complex (68)

Treatment of (68) with:

(i) Dabco plus p-toluenesulphonic acid69

The Fp(n2-olefin) complex (68) (300 mg, 0.9 mmol) was
added to a solution of p-toluenesulphonic acid (170 mg, 0.9 mmol) and
dabco (200 mg, 1.8 mmol) in THF (20 m1) at 0°C. The NMR spectrum of the
crude product, obtained employing the normal reaction and work-up proce-
dures, indicated no increase in the amount of FpCHZCOZMe formed (ca 5%).

(i1) Dabco plus water

To a solution of the salt (300 mg, 0.9 mmol) in THF (15
ml) at 0°C was added water (8 mg, 0.5 mmol) followed by dabco (100 mg,
0.9 mmol). As with the reacton above no increase in the amount of ester
complex formed was observed in the NMR spectrum of the crude product.

(ii1) Dabco plus calcium hydroxide

Calcium hydroxide (eca 120 mg, 1.6 mmol) and dabco (180
mg, 1.6 mmoT) were added to a solution of the salt (68) (540 mg, 1.6 mmol)
in THF (10 m1) at 0%. After performing the normal reaction and work-up
procedures the crude product was chromatographed on neutral alumina
(Act I1II), eluting with ether-petrol (1:9), to give FpCH,CO,Me in 30%
yield (120 mg).

(iv) Two equivalents of dabco

Two equivalénts of dabco (1.0 g, 9.0 mmol) were added,
in one portion, to a solution of the salt (68) (1.5 g, 4.5 mmol) in THF
(20 m1) at 0. After stirring at 0°C for 30 minutes and at room temper-
ature for 1 hour, the solvent was removed <n vacuo and the residue
extracted with pentane (ca 40 ml). The extract was filtered, and the
solvent removed <n vacuo to give a mixture (1.07 g) of the allyl complex
(66), FpCHoCOCH3, and dabco in a ratio of 10:1:2. NMR analysis indicated
that none of the ester complex (73) was present.
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3. Dicarbonyl (n3-cyclopentadienyl) (n'~allyl)iron (203)24,26

(a) Preparatxon of the Fp(n2-propene) tetrafluoroborate sa]t (22¢)
vig the (n'-allyl)Fp complex (20a)

To a solution of FpNa (60 mmol) in THF (100 m1) at 0°C was
added freshly distilled allyl chloride (10 g, 10.6 m1, 13 mmol) dissolved
in THF (10 m1). After stirring at 0°C for 45 minutes, the reaction mix-
ture was allowed to warm to room temperature over 1 hour and then con-
centrated <n vacuo. The residue was extracted with pentane (eca 400 ml),
filtered through a sinter under a constant head of nitrogen, and the
solvent was removed <n vacuo to give the (n'-allyl)Fp complex (20a) in 96%
(12.5 g) crude yield.

This crude product was dissolved in ether (30 m1) and added drop-
wise to a 40% aqueous solution of fluoroboric acid (12 ml, 72 mmol,
technical solution) in acetic anhydride (50 ml) at 0°C. The reaction
mixture was stirred at this temperature for 30 minutes and ether was
added to precipitate the Fp(nz—propene)tetraf1uoroborate salt (22C) as a
bright yellow solid. This precipitate was collected, washed well with
ether (ca 200 ml) and dried <n vacuo to afford the salt in 86% (15.75 g)
overall yield from Fp.

(b) Regeneration of the (n'-allyl)Fp complex (20a) from the salt (22¢)

A solution of the Fp salt (22c) (2 g, 65 mmol) in methylene
chloride (20 m1) was cooled to 0°¢ and triethylamine (2 m1, 1.45 g, 14
mmol) added in one portion. After stirring at 0°C for 30 mins and at room
temperature for 30 minutes, the solvent was removed <n vacuo and the
residue extracted with pentane (ca 40 ml1). The pentane extract was fil-
tered under nitrogen and concentrated to give the (n'-allyl)Fp complex
(20a) in quantitative yield (ca 1.4 g) as an amber o0il. Although reac-
é;;;s were generally performed using the crude product, the allyl complex

(20a) could be purified by column chromatography on neutral alumina (Act
I1I) (the complex being isolated on elution with petrol).
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4, Dicarbonyl (n5~cyc1opentadieny})(n'*3~methoxya11y1)iron’(28)20

(a) Preparatfon of”the‘Fp(nzvolefih) tetfafiudfoborateféa]t (22m)20

1,2-Epoxy~-3-methoxypropane (5.28 g, 60 mmol) was added to
a solution of FpNa (ef 60 mmol) in THF (100 ml1) and the reaction mix-
ture stirred at 0°C for 45 minutes. A 40% aqueous solution of fluoro-
boric acid (20 m1, 120 mmol, technical solution) in acetic anhydride
(30 m1) was then added. After stirring at 0°C for a further 15 minutes,
ether (ca 250 m1) was added to precipitate the crude product, which was
collected and dried <n vacuo. This precipitate was then dissolved in
boiling methylene chloride, filtered (to remove NaBF4) and the solution
concentrated (to ca 50 ml). Addition of ether (eca 150 ml) to this
solution, followed by filtration, afforded the desired tetrafluoroborate
salt (22m) in 72% overall yield from Fps.

(b) Generation of the (n'-3-methoxyallyl)Fp complex (28) from the
salt (22m)

A suspension of the salt (22m) (1.38 g, 4.1 mmol) in
methylene chloride (10 ml) was cooled to 0°C, and triethylamine (0.6
ml, 0.43 g, 4.3 mmol) was added in one portion. After stirring at 0°c
for 30 minutes and at room temperature for 30 minutes, the solvent was
removed under reduced pressure, and the residue extracted with pentane
(ca 40 m1). The extract was filtered, then concentrated to give the
crude product (28), as an orange-brown solid, in essentially quantitative
yield. This allyl complex could be purified by column chromatography on
neutral alumina (Act III) [eluting with petrol-ether (9:1)], although
the crude product was generally used in the (3+2) cycloaddition reactions
investigated.
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Reactions of (n'-Allyl1)Fp CompTexes'with‘E16ctr0n*Deficﬁent.O]efins
“‘and Acetylenes '

1. General procedure

To a solution of the allyl complex (ca 2 mmol) in either dimethyl-
formamide (DMF), tetrahydrofuran (THF), methylene chloride or benzene
(5-15 m1) was added the unsaturated moiety (1-10 equivalents) dissolved
in the same solvent (1-5ml). The reaction mixture was then stirred at
room temperature for the reaction times indicated. After removal of
the solvent under reduced pressure (DMF and THF at 0.1 Torr, and methylene
chloride and benzene at 14 Torr), the crude product was chromatographed
on either neutral alumina (ea 30 g, Act. III-V) or florisil (ea 30 g)
employing a 20 mm x 30 cm column. The residue was, in general, applied
to the column as a solution in benzene (2-5 ml), the solvent being
removed on elution with petrol. The products were then eluted with
ether-petrol. 1In a number of cases the products were further purified by
recrystallisation from hexane-ether,

2. Reactions of dicarbonyl (n°-cyclopentadienyl) (n'-2-methoxyallyl)iron (66)
66,67

(a) Tetracyanoethylene

A solution of TCNE (384 mg, 3.0 mmol, freshly sublimed) 1in
THF (2.5 ml) was added dropwise, over 5 minutes, to the 2-methoxyally]l
complex (66) (652 mg, 2.6 mmol) dissolved in methylene chloride (20 m1)
at room temperature. The green-black solution became noticeably warm and
a black precipitate formed after 5 minutes. After stirring the solution for
2 hours, hexane (ca 40 ml) was added slowly to complete the precipitation
of the TCNE adduct (75), which was collected and washed with hexane (ca
100 m1). This adduct was isolated as a yellow-green crystalline solid,
mp ]58~1590C(dec.), in 73% yield (711 mg; 96% yield assuming the allyl
complex to be 75% pure).

(b) Trimethyl ethylenetricarboxylate (97¢)

(1) Standard reaction

The reaction of the allyl complex (66) (490 mg, 2.0
mmol) with trimethyl ethylenetricarboxylate (97c) (800 mg, 4.0 mmol)
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performed in methylene chloride (20 m1) for 20 hours was carried out
employing the general reaction procedure. Column chromatography of

the crude product on neutral alumina (Act III) resulted in the isolation
of the following complexes.

1. FpCH,CO,Me (30 mg, 6%) plus the H-transfer adduct (78) (245 mg,
28%) on elution with ether petrol (2:3).

2. FpCH,COMe (37 mg, 8%) plus the cyclic derivative (72) (200 mg,
22%) on elution with ether-petrol (3:2).

3. The hydrolysed H-transfer adduct (79) (44 mg, 5%) on elution
with ether.

A1l three addition products were isolated as unstable amber oils, although
crystallisation of the hydrolysed H-transfer adduct (79) (to give a yellow,
air-stable, crystalline solid; mp 66»6700) was induced by cooling a
solution of this complex in hexane-ether to -20°¢ overnight.

Table 11 (Page 33, Chapter Two) summarises the product yields and
ratios obtained when the reaction of the allyl complex (66) with trimethyl
ethylenetricarboxylate was performed in DMF, THF and benzene, as well as
methylene chloride.

(11) Treatment of an aqueous THF solution of the crude product
with p-~toluenesulphonic acid

Water (eca 0.5 ml) followed by p-toluenesulphonic acid
(eca 20 mg) were added to a solution of the allyl complex (538 mg, 2.2 mmol)
and the olefin (79c) (870 mg, 4.3 mmol) in THF (30 m1) which had pre-
viously been stirred at room temperature for 20 hours. The mixture was
then stirred for a further six hours at room temperature. After removal
of the solvent, Zn vacuo, the residue was chromatographed as described
above, to give the hydrolysed H-transfer adduct (79) in 38% yield (363 mg).

(ii1) Reaction performed in the presence of 1,4-djazobicyclo[2.2.2]
octane ' ’ ' ‘

To a solution of the allyl complex (190 mg, 0.77 mmol)
in methylene chloride (5 ml) was added dabco (90 mg, 0.87 mmol), followed
by a solution of trimethyl ethylenetricarboxylate (313 mg, 1.55 mmol)
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in methylene chloride (5 ml1). The reaction mixture was stirred at room
temperature for 2.5 hours. The solvent was then removed <n vacuo and

the residue chromatographed on neutral alumina (Act III). Elution with
ether-petrol afforded the H-transfer adduct (78), the cyclic derivative
(77), and the hydrolysed H-transfer adduct (79) in yields of 21% (74 mg),
5% (18 mg) and 37% (128 mg) respectively (i.e. in a ratio of 11:1 of
Tinear : cyclic adducts, ¢f to the normal 1:1 ratio).

(c) Diethyl méthy1ehema16ﬁa£e‘(§7b)

(1) Reaction pekformed in dimethylformamide

The standard procedure wés employed for the reaction
of the 2-methoxyallyl complex (550 mg, 2.2 mmol) with diethyl methylene-
malonate (97b) (760 mg, 4.4 mmol), performed in DMF (10 m1). Column
chromatography of the crude product on neutral alumina (Act III) with
the solvents detailed below resulted in the isolation of the polymeric
H-transfer adducts (82a) (166 mg), FpCH,COMe (142 mg, 27%) and the hydro-
lysed polymeric H-transfer adducts (83a) (188 mg). These three complexes
were isolated on elution of the column with ether-petrol (1:1), ether-
petrol (3:2) and ether respectively.

(i1) Reaction performed in benzene

Column chromatography of the residue obtained by per-
forming the above reaction in benzene (50 m1) on neutral alumina (Act III)
eluting with ether-petrol also afforded the polymeric H-transfer adducts
(82a) (219 mg), plus an inseparable mixture of FpCHZCOMe (50 mg, 10%) and
the hydrolysed 1:1 H-transfer adduct (265), (83a, n=1) (265 mg, 29%).

(ii1) Treatment of an aqueous THF solution of the crude product with
p-toluenesulphonic acid

The crude product, obtained from the reaction of (66)
(280 mg, 1.5 mmol) with diethyl methylenemalonate (316 mg, 1.8 mmol)
carried out in benzene (40 ml), was dissolved in THF (5 m1) and then
treated with water (0.5 m1) and p-toluenesulphonic acid (20 mg) as described
in section 2 (b,i1) of this Chapter. Column chromatography on neutral
alumina (Act III) with ether petrol (3:2) then gave a mixture of the poly-

meric ketones (83a) and FpCHZCOMe in approximately a 5:2 ratio (11 mg).
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These hydrolysed adducts (83a) were also isolated as the exclu-
sive products from analagous treatment of the polymeric H-transfer
adducts (82a).

(d) Dimethyl methylenemalonate (97a)

Dimethyl methylenemalonate (97a) (265 mg, 1.8 mmol) dis-
solved in benzene (10 ml), was added to a solution of the allyl complex
(380 mg, 1.5 mmol) in benzene (30 ml), and the mixture stirred at room
temperature for 20 hours. The solvent was then removed 7n vacuo and
the residue chromatographed on neutral alumina (Act III). Elution of
the column with ether-petrol (3:2) resulted in the isolation of an insep-
erable mixture of FpCHZCOMe (ca 69 mg, 19%) and the polymeric H-transfer
product (82b) (154 mg).

(e) Tetramethyl ethylenetetracarboxylate (97h)

A solution of the allyl complex (410 mg, 1.7 mmol) and
tetramethyl ethylenetetracarboxylate (1.7 g, 6.5 mmol) in DMF (10 m1)
was stirred for 70 hours at room temperature. After removal of the sol-
vent <n vacuo, the residue was dissolved in THF (5 ml1) and treated with
water (0.5 ml) plus p-toluenesulphonic acid (20 mg) for 6 hours. The
reaction mixture was then concentrated and the crude product chromato-
-raphed on neutral alumina (Act III) to give the hydrolysed linear com-
plex (86, E=CO,Me) in 39% yield (320 mg) as an amber oil,

(f) Tetraethyl ethylenetetracarboxylate

The reaction between (66) (540 mg, 2.2 mmol) and tetra-
ethyl ethylenetetracarboxylate (2.75 g, 8.7 mmol), performed in DMF (10 m1)
for 48 hours employing the standard reaction procedure, afforded a mix-
ture of FpCH,COMe (160 mg, 31% yield) and the hydrolysed H-transfer
adduct (86, E=COZEt) (187 mg, 16% yield). This mixture was eluted from
a neutral alumina (Act III) column with ether-petrol (3:1).

(g9) Ethyl 3,3-dicyanoacrylate (97d)

To a solution of the allyl complex (300 mg, 1.2 mmol) in
methylene chloride (15 ml) was added ethyl 3,3-dicyanoacrylate (240 mg,
1.6 mmol) dissolved in the same solvent (5 m1). The mixture was stirred
for 20 hours and the solvent then removed in vacuo. Chromatography of
the residue thus obtained gave the cyclic derivative (87) in 58% yield
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(275 mg), as a yellow crystalline solid [ mp 96-98°¢ (from hexane-ether],
on elution with ether-petrol (1:1).

When the reaction was performed in DMF for three hours, this adduct
was isolated in yields of 45% and 32% after column chromatography on
florisil and neutral alumina (Act III) respectively, on elution with ether-
petrol (1:1).

(h) Diethyl T-cyanoethylene-1,2-dicarboxylate (97e)

(i) Standard reaction

Diethyl 1-cyanoethylene-1,2-dicarboxylate (97e)
(476 mg, 2.4 mmol) was reacted with the allyl complex (600 mg, 2.4 mmol)
in methylene chloride (20 ml) for 2.5 hours using the general reaction
procedure. The crude product was then chromatographed on neutral alumina
(Act IV) to give the following complexes.

1. A mixture of polymeric H-transfer adducts (88) (ca 110 mg) and
the cyclic adduct (89) (ca 26 mg, 2%) on elution with ether-petrol (2:3).

2. FpCHyCOMe (ca 120 mg, 21%) on elution with ether-petrol (2:3).

3. The hydrolysed 1:1 H-transfer adduct (90) (280 mg, 27%) on
elution with ether-petrol (3:1).

A11 three products were isolated as amber oils.

Chromatography of the crude product on either neutral alumina (Act
V) or florisil afforded the hydrolysed polymeric adducts (91), in Tow
yield (< 25%), on elution with ether-petrol (3:1).

(1) Treatment of an aqueous THF solution of the crude product
with p-toluenesulphonic acid

The product mixture, obtained from the reaction of the
allyl complex (330 mg, 1.3 mmol) with (97e) (262 mg, 1.3 mmol) in methyl-
ene chloride (30 m1), was dissolved in THF (10 m1) and treated with water
(1 m1) and p-toluenesulphonic acid (ca 20 mg) for 30 mins. After
removal of the solvent i<m vacuo the residue was chromatographed on neutral
alumina (Act IV) and a mixture of FpCH)oCOMe (ca 42 mg, 13% yield) and the
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cyclic adduct (89) (ca 34 mg 6% yield), plus the hydrolysed product
(90) (114 mg, 19% yield),eluted with ether—petrol.

(i) Ethyl 2,3-dicyanoacrylate (97f,q)

The general reaction procedure was employed for the reaction
of ethyl 2,3-dicyanoacrylate (97f,g) (273 mg, 1.8 mmol) with (66) (450 mg,
1.8 mmol) in methylene chloride (15 m1) for 1 hour. The crude product
was chromatographed on neutral alumina (Act IV) and the cyclic adduct (92),
eluted with ether-petrol (3:1) in 64% yield (460 mg), isolated as a yellow
crystalline solid, mp (from hexane-ether) 148-149°C.

Column chromatography on neutral alumina (Act V) and florisil, with
ether, resulted in the isolation of (92) in yields of 71% and 52% respec~
tively.

(j) Dimethyl acetylenedicarboxylate (DMAD)66’69

DMAD (0.5 ml1, 568 mg, 4.0 mmol) was added in one portion to

a solution of the allyl complex (500 mg, 2.0 mmol) in DMF (5 ml), and the
reaction mixture stirred at room temperature for 3 hours. The solvent
was then removed <n vacuc, and the residue chromatographed on neutral
alumina (Act III). Elution with ether-petrol (2:3) afforded the linear
adduct (93), as an amber 011, in 63% yield (492 mg).

Alternative reaction conditions were also employed for this reaction
and these are summarised,together with the yields of (93) obtained, in
Table 14 (Page 41, Chapter Two).

(k) t—Butylcyanoketene69

A solution of 2,5-diazido-3,6-di-t-butyl-p-quinone (94)
(400 mg, 1.3 mmol) in benzene (10 ml1) was refluxed for 2 hours to convert
the diazide into t-butylcyanoketene (ca 2.5 mm01)78. This solution was
then cooled to room temperature and added in one portion to the allyl com-
plex (66) (450 mg, 1.8 mmol) dissolved in benzene (10 ml). After stir-
ring at room temperature for 2 hours, the solvent was removed <n vacuo
and the residue chromatographed on neutral alumina (Act IIT). Elution with
ether-petrol (1:3) afforded the H-transfer adduct (95b) as a yellow crystal-
line solid, mp 104-105°C, in 63% yield (425 mg).
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(1) Unreactive olefins and acetylenés

The 2-methoxyallyl complex (66) was reacted in turn with
methyl acrylate, acry]onitriTeﬁg, cts~dimethyl ethy]ene—1,2~dicarboxy1ate69
trans-],Z-dicyanoethyleneﬁg, methyl cinnamate69, ethyl 3-nitroacrylate,
B-nitrostyrenesg, tetraacetylethy]eneﬁg, maleic anhydride, p-quinone,
methyl propiolate and bis-trimethy]si1y1acety]ene69 employing the stan-
dard reaction procedure and the reaction conditions given in Table 15(p 43
Chapter Two).

(m) Ethyl 1-cyano-4,4-trimethylenedithiocrotonate (177)

To a solution of (66) (544 mg, 2.2 mmol) in methylene chlor-

ide (15 m1) was added ethyl 1-cyano-4,4-trimethylenedithiocrotonate (177)
(ca 90% pure, 760 mg, ca 2.8 mmol) also dissolved in methylene chloride

(5 ml). The reaction mixture was then stirred at room temperature for 2
hours. After removal of the solvent in vacuo, the residue was chromato-
graphed on neutral alumina (Act III) to give the H-transfer adduct (179)

in 54% yield (595 mg). This product was isolated from the column as an
amber oil on elution with ether -petrol (1:2 - 1:1).

3. Reactions of dicarbonyl (n°-cyclopentadienyl) (n'-allyl)iron (20a)

The general reaction and chromatographic procedures were employed
(unless otherwise stated) for the reactions of the simple (n'-allyl)Fp
complex (20a) with electron-deficient olefins and acetylenes. Unreacted
starting material (i.e. 20a) was eluted from the neutral alumina and
florisil columns with ether-petrol (1:19).

(a) Dimethyl methylenemalonate (97&)

20a : 330 mg, 1.5 mmol 97a : 390 mg, 2.7 mmol
Solvent : CH2C12 (15 m1) Reaction Time : 20 hours

Column Chromatography : neutral
alumina (Act III)
Product : 98a?l ETuent : ether-petrol (1:3-1:1)

Yield : 350 mg, 64%
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(b) Diethyl methylenemalonate (97b)

20a : 400 mg, 1.8 mmol 97b : 680 mg, 3.9 mmol

Solvent : CH,Cl, (15 ml) Reaction Time : 20 hours

Column Chromatography : Neutral
alumina (Act. III)

Product : 98b Eluent : ether-petrol (1:1)
Description : yellow solid, mp (from hexane-ether) 69.0-70.5°C
Yield : 500 mg, 70%

20a : 260 mg, 1.2 mmol 97b : 410 mg, 2.4 mmol

Solvent : DMF (10 ml) Reaction Time : 26 hours
Isolated yield of 98b : 295 mg, 64% (80% based on unrecovered 20a)

20a : 247 mg, 1.11 mmol 97b : 400 mg, 2.3 mmo]l

Solvent : THF (20 ml) Reaction Time : 20 hours
Isolated yield of 98b : 117 mg, 26% (62% based on unrecovered (20a)

(c) Trimethyl ethylenetricarboxylate (97¢)

20a : 478 mg, 2.2 mmol 97¢ : 1.33 g, 6.6 mmol

Solvent : DMF (10 ml) Reaction Time : 70 hours

Column Chromatography : Neutral
alumina (Act. III)

Product : 98¢ Eluent : Ether-petrol (1:1)
Description : Yellow solid, mp (from hexane-ether) 103.5-105.5
Yield : 738 mg, 80%

20a : 1.5 mmol 97¢ : 3.0 mmol

Solvent : CH2C12(20 ml), THF(20 ml) or Benzene (20 ml)
Reaction Time : 70 hours

Yield of 98¢ : 0%

Yield of recovered 20a : 53-62%.

Additional reaction conditions investigated, together with the yields
of {98c) obtained, are summarised in Table 16 (Chapter Two).
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(d) Ethyl 3,3~dicyanoacry1ate (97d)

20a : 655 mg, 3.0 mmol 97d : 500 mg, 3.3 mmol
Solvent : CHZC12 (20 m1) Reaction Time : 1 hour

Column Chromatography : neutral
alumina (Act. III)

Product : 98d Eluent : Ether-petrol (1:1)
Description : yellow solid, mp(from hexane-ether) 86-88°C
Yield : 735 mg, 67%

(e) Diethyl 1-cyanoethylene-1,2-dicarboxylate (97e)

20a : 340 mg, 1.6 mmol 97e : 340 mg, 1.7 mmoT
Solvent : DMF (7 ml) Reaction Time : 1 hour

Column Chromatography : neutral
alumina (Act III)

Product : 98e ETuent : ether-petrol (1:1-3:1)
Description : Amber oil
Yield : 444 mg, 69%

20a : 640 mg, 2.9 mmol 97e : 640 mg, 3.2 mmo]l

Solvent : CHZCTZ (30 m1) Reaction Time : 1 hour
Isolated Yield of 98e : 990 mg, 81%

(f) Ethyl 2,3-dicyanoacrylate (97f,g)

20a : 335 mg, 1.5 mmol 97f,g : 254, 1.7 mmol
Solvent : CH2C12 (15 m1) Reaction Time : 1 hour
Column Chromatography : florisil

Product : 98f,g Eluent : ether-petrol (3:1)

Description : yellow solid, mp (from ether) 115-120°¢
Yield : 467 mg, 83% ‘ ‘

As in 1)
Column Chromatography : neutral alumina (Act V)
Product : 98f.g Eluent : ether

Yield ; 700 mg crude, 94%
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(g) Tetramethyl ethylenetetracarboxylate (97h)

20a : 269 mg, 1.2 mol 97h : 960 mg, 3.7 mmol
Solvent : DMF (10 ml) Reaction time : 70 hours

Column Chromatography : neutral
alumina (Act III)

Product Yield : 0%
Yield of recovered 20a : 247 mg, 92%

(h) Dimethyl acetylenedicarboxylate (DMAD)69
20a : 470 mg, 2.2 mmol DMAD : 640 mg, 4.5 mmol
Solvent :DMF (5 ml) Reaction Time : 20 hours

Column Chromatography : neutral
alumina (Act III)

Product : 104 plus 106 Eluent : ether-petrol (1:4)
Description : amber oils
Yield of 104 plus 106 : 93 mg, 12% (104:106 ca 9:2)

Product : 105 Eluent : ether-petrol (1:3-1:2)
Description : yellow solid, mp 94-96°¢ Yield:326 mg, 42%

(i) Methyl propiolate

20a : 400 mg, 1.8 mmol Methyl propiolate : 0.65 ml,
7.2 mmol
Solvent : DMF (5 ml) Reaction Time : 80 hours

Column Chromatography : neutral
alumina (Act III)

Product Yield : 0%
Yield of recovered 20a : 330 mg, 83%

(j) Tetracyanoethylene (TCNE)21

To a solution of the simple (n'-allyl)Fp complex (20a) (1175 g, 5.4
mmo1) in methylene chloride (15 m1) at room temperature was added
TCNE (770 mg, 6.0 mmol) dissolved in THF (5 ml) After stirring at
this temperature for one hour, hexane (éa 50 ml) was added slowly to
the reaction mixture to precipitate the TCNE adduct (951) as a green
solid. This precipitate was collected and dried <n vacuo to afford
(981) in 95% yield (1.781 g).
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(k) Ethyl 1-cyano-4,4-trimethylenedithiocrotonate (177)

20a : 390 mg, 1.8 mmol 177 : 600 mg (ca 90% pure),
ca 2 mmol
Solvent : DMF (10 ml) Reaction Time : 20 hours

Column Chromatography : neutral
alumina (Act III)

Product : 181 Eluent : ether-petrol (2:1)
Description : amber solid, mp (from hexane-ether) 122-124°¢C (dec)
Yield : 348 mg, 41% (ca 60% based on unrecovered 20a)

Reactions of dicarbonyl (n3-cyclopentadienyl) (n'-3-methoxyallyl)iron (28)

The general reaction and chromatographic procedures were employed

(unless otherwise stated) for the reactions of the (n'-3-methoxyallyl)Fp
complex (28) with electron-deficient olefins and acetylenes. Unreacted
(28) was recovered from the neutral alumina and florisil columns on
elution with ether-petrol (1:4).

i)

if)

(a) Diethyl methylenemalonate (97b)

28 : 450 mg, 1.8 mmol 97b : 1.05 g, 6.1 mmol

Solvent : DMF (7 ml) Reaction Time : 92 hours

Column Chromatography : neutral
alumina (Act III)

Product : 108b Eluent : ether-petrol (1:3)
Description : amber oil
Yield : 40 mg, 5% (8% based on unrecovered 28)

28 : 520 mg, 2.1 mmol 97b : 1.38 g, 8.0 mmol
Solvent : DMF (15 ml) Reaction Time : 90 hours

Column chromatography : florisil
followed by neutral alumina (Act III)

Product : 108b Eluent : ether-petrol (1:3)

Description : amber solid (after recrystallisation from hexane-ether)
mp 63-65°C

Yield : 224 mg, 25% (44% based on unrecovered 28)



i1)

i1)

- 115 -

(b) Trimethyl ethylenetricarboxylate (97c)

28 : 560 mg, 2.3 mmol 97¢ : 1.37 g, 6.8 mmo]

Solvent : DMF (8 ml) Reaction Time : 66 hours

Column chromatography : neutral
alumina (Act III)

Product : 108c, 109c Eluent : ether-petrol (1:1-3:1)
Description : amber oil
Yield : 45 mg crude, 4% (14% based on unrecovered 28)

28 : 520 mg, 2.1 mmol 97¢ : 1.69 g, 8.4 mmol

Solvent : DMF (15 m1) Reaction Time : 90 hours

Column Chromatography : florisil
followed by neutral alumina (Act III)

Product : 108¢c, 109c¢ Eluent : ether-petrol (3:1)
Description : yellow solid, mp 124-125°¢
Yield : 147 mg, 16% (24%based on unrecovered 28)

(c) Ethyl 3,3-dicyanoacrylate (97d)

Standard reaction

28 : 410 mg, 1.7 mmol 97d : 303 mg, 2.0 mmol
Solvent : CH2C12 (20 m1) Reaction Time : 3 hours
Column Chromatography : florisil

Product 108d Eluent : ether-petrol (1:1)

Description : amber solid, mp (from hexane-ether) 88-89°¢
Yield : 320 mg, 49%

Product : 109d Eluent : ether-petrol (3:1)
Description : yellow solid, mp (from hexane-ether) 149-140°C
Yield : 240 mg, 36% ‘

ETimination of methanol from (108d) and (109d)

Reaction of the 3-methoxyallyl complex (28) (645 mg, 2.6 mmol) with
ethyl 3,3-dicyancacrylate (97d) (412 mg, 2.7 mmol) was carried out in
methylene chloride (20 ml) employing the standard reaction procedure.
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Column chromatography of the crude product, obtained after removal of

the solvent <n vacuo, on neutral alumina (Act III) afforded the
cyclic adduct (108d) in 13% yield (153 mg), plus the olefinic
derivative (112) in 32% yield (287 mg). These two products were
eluted from the column with ether-petrol (1:1) and ether respec-
tively.

(d) Diethyl 2,3-dicyanoacrylate (97e)

28 : 625 mg, 2.5 mmol 97e : 546 mg, 2.8 mmol
Solvent : CH,CT, (20 m1) Reaction Time : 3 hours
Column Chromatography : florisil

Product : 108e Eluent : ether-petrol (2:3)

Description : yellow solid, mp (from hexane-ether) 98.5-99.5
Yield : 366 mg, 33%

Product : 109e Eluent : ether-petrol (3:2)

Description : amber solid, mp(from hexane-ether) 102-103%C
Yield : 631 mg, 56%

28 : 465 mg, 1.9 mmo]l 97e : 400 mg, 2.0 mmol
Solvent : DMF (7 ml) Reaction Time : 6 hours

Yield of 108e : 224 mg, 27%
Yield of 109e : 444 mg, 53%

(e) Ethyl 2,3-dicyanoacrylate (97f,q)

Standard work up procedure

28 : 585 mg, 2.4 mmol 97f,g : 390 mg, 2.6 mmol
Solvent : CH2012 (20 m1) Reaction Time : 3 hours

Column Chromatography : florisil

Product : 108f,g ‘ Eluent : ether-petrol (1:1-3:1)

Description : yellow solid, mp (from hexane-ether) 135-136°¢
Yield : 412 mg, 44% ‘

Product : 109f,g Eluent : CH2012 then Acetone
Description : yellow solid, mp (from hexane-ether) 162-163°¢C
Yield : 395 mg, 42% “
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ii) Alternative work up procedure

To a solution of the 3-methoxyallyl complex (28) (625 mg, 2.5 mmol) in
methylene chloride (15 ml) was added ethyl 2,3-dicyanoacrylate (97f,g)
(416 mg, 2.8 mmol) also dissolved in methylene chloride (5 ml1). The
reaction mixture was stirred at room temperature for 3 hours, and

the solvent removed Zn vacuo. The residue was then extracted with
ether (ca 50 m1) and the brown solid (Crude 109f,g) (485 mg, 48%)
collected. Concentration of the filtrate, followed by column chroma-
tography of the residue on florisil eluting with ether-petrol (1:1)
afforded the cyclic adduct (108f,g) in 32% yield (317 mg).

(f) Tetramethyl ethylenetetracarboxylate (97h)

28 : 426 mg, 1.7 mmo] 97h : 2.2 g, 8.5 mmol
Solvent : DMF (10 ml) Reaction Time : 67 hours

Column Chromatography : neutral
alumina (Act III)

Product Yield : 0%

(g) Dimethyl acetylenedicarboxylate (DMAD)

DMAD (0.8 ml, ca 6 mmol) was added in one portion to a solution of
the allyl complex (20a) (367 mg, 1.5 mmol) in DMF (10 ml1). After
48 hours at room temperature an additional two equivalents of DMAD
(0.4 ml, ca 3 mmol) was added, and the reaction allowed to contin-
ue for 20 hours. The solvent was then removed under reduced pres-
sure and the residue chromatographed on neutral alumina (Act III).
The cyclic derivative (110) was eluted with ether petrol (1:1) in
77% yield (446 mg), and recrystallised from hexane-ether to give

a yellow solid, mp 94-96°C. Additional reaction conditions invest-
igated, together with the yields of (110) obtained, are summarised
in Table 17 (Chapter Two). ‘

(h) Methyl propiolate
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28 : 475 mg, 1.9 mmol Methyl propiolate : 1.0 ml,
ca 11 mmol
Solvent : DMF (6 ml) Reaction Time : 92 hours

Column Chromatography : neutral
alumina (Act III)

Product Yield : 0%
Yield of recovered 28 : 330 mg, 69%

(i) Tetracyanoethylene (TCNE)

A solution of TCNE (220 mg, 1.7 mmol) in THF (4 ml) was added to the
allyl complex (28) (390 mg, 1.6 mmol) dissolved in methylene chloride
(10 m1), and the reaction mixture was stirred at room temperature for
30 minutes. Hexane (ca 50 ml) was then added to precipitate the
product, which was collected and dried <m vacuo to give the TCNE
adduct (1081) in 74% yield (440 mg) as a green-brown solid.

(j) Ethyl 1-cyano-4,4-trimethylenedithiocrotonate (177)

28 : 500 mg, 2.0 mmol 177 : 1.04 g (ca 90% pure)
ca 3.6 mmol
Solvent : DMF (10 ml) Reaction Time : 20 hours

Column Chromatography : florisil
Product Yield : 0%
Yield of recovered 28 : 343 mg, 69%
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Demetalation Reactions

Oxidative Carboxylation

1. General procedure

To a solution of the Fp adduct (ca 0.5 mmol) in either anhydrous
methanol or ethanol (40 ml), previously purged with carbon monoxide for
2 hours, was added four equivalents of ammonium ceric nitrate [(NH4)2
Ce (NO3)6] in one portion, at room temperature. Carbon monoxide was then
bubbled through the solution overnight. After removal of the solvent in
vacuo, water (50 ml) was added to the solid residue and the aqueous solu-
tion extracted with benzene (4 x 25 ml). The combined organic extracts
were dried over anhydrous sodium sulphate, the solution filtered and con-
centrated, and the crude product chromatographed on florisil eluting with
ether-petrol.

2. 1-Methoxycyclopentyl-Fp complexes

(a) 3,3,4,4-Tetracyano-1-methoxycyclopentyl-Fp (75)66’69

i) 75 : 750 mg, 2 mmo] ce'V salt : 5.5 g, 10 mmol
Solvent : MeOH (40 ml)
Product : 119a (R=Me) plus 120a (light-yellow solid)

Yield of crude product : 506 mg, quantitative (119a:120a, 88:12)

These two products (119a and 120a) were too polar to be purified
by column chromatography, although recrystallisation from chloroform
afforded the ketal adduct (119a,R=Me), in Tow yield (<10%), as a white
solid, mp 143-144°C.

i1) 75 : 750 mg, 2 mmol Ceiv salt : 5.0 g, 9 mmol
Solvent : EtOH (30 ml)
Product : 119a (R=Et) plus 120a
Yield of crude product : 600 mg, quantitative (119a:120a, 66:34)

Recrystallisation from chloroform followed by sublimation (80—1200C,

0.04 Torr) afforded theOketa1i(119a, R=Et) in 4% yield (20 mg) as a
white solid, mp 149-151"C.
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(b) 4,4—Dicyano-3~ethoxycarbony]41*méthoXy¢yc1openty]~Fp?(87)69

v

87 : 250 mg, 0.63 mmol Ce " salt : 1.4 g, 2.5 mmol

Solvent : MeOH (30 m1)

Product : 119b (R=Me) plus 120b Column eluent : ether-petrol
(2:3 - 3:2)

Yield : 143 mg, 92% (119b : 120b, 9:1)

(c) 3,3,4-Trimethoxycarbonyl-1-methoxycyclopentyl-Fp (77)

iv

77 + 200 mg, 0.4 mmol Ce’ " salt : 1.1 g, 2.0 mmol
Solvent : MeOH (10 m1)

Product : unknown Rf : 0.5; ether-petrol (1:1)
Yield : 31 mg

NMR  1.60-3.50(11 units,bm), 3.14, 3.20(8 units,2xs), 3.73, 3.79
(34 units,2xbs)

IR (CHCl4); 1735-1740 (s,C=0)

MS  273(18), 240(55), 213(81), 209(75), 197(64), 186(71), 181(55),
153(71), 59(100)

(d) 3,4-Dicyano-3-ethoxycarbonyl-1-methoxycyclopentyl-Fp (92)

92 : 175 mg, 0.4 mmol ce’ salt : 964 mg, 1.7 mmol
Solvent : MeOH (50 ml)

Product : unknown Column Eluent : ether:petrol (3:1)
Yield : 34 mg

NMR  1.43(3H,t,J=7Hz), 2.15-2.70(2H,m), 2.80-3.05(2H,m), 3.25-4.00
(4H,m), 4.50(2H,q,J=7Hz) ‘

Linear alkyl~Fp complexes

(a) FpCH,COMe (70)
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70 : 400 mg, 1.7 mmol ce’ salt : 2.81 g, 5.1 mmol
Solvent : MeOH (60 ml)

Product : unknown Column Eluent : ether

Yield : 65 mg

NMR  2.18(3 units,bs), 2.18-2.65(4 units,m), 3.10-3.60(4 units,bm),
3.74(4 units,s), 3.74-4.00(3 units,m).

IR (CH2C12); 1745-1750(s,C=0)
ef Methyl acetoacetate

NMR  2.20(3H,5,Me), 3.50(2H,s,CH,), 3.78(3H,s,0Me)

(b) 4,5,5-Trimethoxycarbonyl-2-oxopentyl-Fp (79)

79 : 387 mg, 0.9 mmol ce'V salt : 1.95 g, 3.6 mmol
SoTvent : MeOH (40 m1)
Product : unknown Column Eluent : ethylacetate-

petrol (1:1-3:1)
Yield : 130 mg

NMR  2.90-3.55(10 units,bm), 3.71(5 units,s), 3.76(15 units,bs)

(c) 5-t-Butyl-5-cyano-2-methoxy-4-0xo-2-pentenyl~Fp (95b)69

95b : 152 mg, 0.41 mmol ce'V salt : 1.0 g, 1.8 mmol
Solvent : MeOH (30 ml)

Product : 124 Re ¢ 0.52; ether-petrol (1:3)

Yield : 76 mg, 95%

Cyclopentyl-Fp complexes (98b-g,i) and (105)

(a) 3,3-Diethoxycarbonylcyclopentyl-Fp (98b)

iv

98b : 175 mg, 0.45 mmol Ce  salt : 1.01 g, 1.8 mmol
Solvent : EtOH (60 ml)
Product : 125b Rf : 0.65; ether-petrol (1:3)

Yield : 80 mg, 62%
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(b) 3,3,4-Trimethoxycarbonylcyclopentyl-Fp (98¢)

iv

98¢ : 260 mg, 0.62 mmo]l Ce " salt : 1.36 g, 2.5 mmol
Solvent : MeOH (60 ml)
Product : 125¢ Rg : 0.17; ether-petrol (1:3)

Yield : 118 mg, 63%

(c) 4,4—Dicyano~3—ethoxycarbony1cyc1openty1—Fp (98d)

iv

98d : 386 mg, 1.05 mmol Ce " salt : 2.5 g, 4.5 mmol
Solvent : EtOH (30 ml)
Product : 125d Re ¢ 0.72;5 ether-petrol (1:1)

Yield : 212 mg, 77%

(d) 3-Cyano-3,4-diethoxycarbonylcyclopentyl-Fp (98e)

98e : 525 mg, 1.3 mmol ce'V salt : 2.77 g, 5.1 mmol
Solvent : EtOH (40 m1)
Product : 125e Re + 0.32; ether-petrol (1:3)

Yield : 235 mg, 60%

(e) 3,4—Dicyano—S-ethoxycarbony]cyc]openty1-Fp (98f,9)

98f,q : 160 mg, 0.4 mmol ce™ salt : 950 mg, 1.7 mmol
Solvent : EtOH (50 m1)
Product : 125f,g Re : 0.47; ether-petrol (1:1)

Yield : 72 mg, 63%

(f) 3,3,4,4-Tetracyanocyclopentyl-Fp (981)

98i : 175 mg, 0.5 mmol Ceigalt : 1.1 g, 2.0 mmol
Solvent : MeOH (50 m1)

Product : 1251

Crude yield : 130 mg, 70%

Although (1251) could not be purified by column chromatography, sublima~
tion (100-10506, 0.05 Torr) gave the pure adduct, as a white solid
(mp 85-86°), in very low yield (ca 3 mg, 3%).
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(g) 3,4-Dimethoxycarbonyl-3-cyclopentenyl-Fp (105)

iv

105 : 230 mg, 0.63 mmol Ce " salt : 1.4 g, 2.5 mmol
Solvent : MeOH (30 ml)
Product : 126 Re ¢ 0.56; ether-petrol (1:1)

Yield : 135 mg, 87%

2-Methoxycyclopentyl Fp complexes (108d-g,i) (109d-g,i) and (110)

(a) 4,4-Dicyano-3-ethoxycarbonyl-2-methoxycyclopentyl-Fp

Isomer (108d)

iv

108d : 170 mg, 0.43 mmol Ce " salt : 936 mg, 1.7 mmol
Solvent : EtOH (50 ml)
Product : 127d Rg : 0.84; ether-petrol (1:1)

Yield : 89 mg, 71%

Isomer (109d)

iv

109d : 160 mg, 0.4 mmol Ce " salt ; 880 mg, 1.6 mmol
Solvent : EtOH (60 ml)
Product : 128d Rf ¢ 0.33; ether-petrol (1:1)

Yield : 91 mg, 77%

(b) 4-Cyano-3,4-diethoxycarbonyl-2-methoxycyclopentyl-Fp

Isomer (108e)

108e : 190 mg, 0.43 mmol Ceiv salt : 936 mg, 1.7 mmol
Solvent : EtOH (50 m1)
Product : 127e Re + 0.81; ether-petrol (1:1)

Yield 84 mg, 58%
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ii) Isomer (109e)

109e : 160 mg, 0.36 mmol ce' salt : 788 mg, 1.4 mmol

Solvent : EtOH (50 ml)

Product : 128e (plus isomer) Re @ 0.56; ether-petrol (1:1)
[&F of isomer : 0.75; ether-

petrol (1:1)]
Yield : 50 mg, 41%

(¢c) 3,4-Diqyano-4-ethoxycarbony1-2~methoxycyciopentyT—Fp

i) Isomer (108f,q)

i

108f,g : 130 mg, 0.33 mmol ce' salt : 716 mg, 1.3 mmol
Solvent : EtOH (30 ml)
Product : 127f,g Re (127f): 0.49; ether-petrol (1:1);

Rf (1279) : 0.623 ether-petrol
(1:1)
Yield : 72 mg, 75%

ii) Isomer (109f,.g)

109f,g : 210 mg, 0.53 mmol ce' salt : 1.16 g, 2.1 mmol
Solvent : EtOH (50 ml)
Product : 128f,g (plus isomers) Re of mixture : 0.21 and 0.60;

ether-petrol (1:1)
Yield : 82 mg, 53%

(d) 3,3,4,4-Tetracyano-2-methoxycyclopentyl-Fp (1081)

1081 : 200 mg, 0.53 mmol Ce'
Solvent : MeOH(40 m1)
Product : 1271

Crude Yield : 128 mg, 93% (this product could not be purified by col-
umn chromatography on florisil).

Visalt : 1.12g, 2.0 mmol
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(e) 3,4-Dimethoxycarbonyl-2-methoxy~3~cyclopentenyl-Fp (110)

110 : 200 mg, 0.51 mmol ce'V salt : 1.12 g, 2.0 mmol
Solvent : MeOH (60 ml1)
Product : 129 Re : 0.42;  ether-petrol (1:1)

Crude Yield : 142 mg, quantitative
Yield of purified product : 35 mg, 25%

Acid Cleavage

1. General Procedure

Hydrogen chloride gas was bubbled through a solution of the Fp
adducts (ca 0.4 mmol) in methylene chloride (ca 40 ml) at 0°¢ for 1 hour,
and the reaction mixture was then set aside, in a well-stoppered flask,
for the reaction times indicated, After removal of the solvent <n vacuo,
the residue was dissolved in carbon tetrachloride (ca 50 m1) and exposed
to sunlight for three hours to decompose the FpCl present, during which
time a green solid precipitated. This solid was then filtered off, the
filtrate concentrated and the crude product purified by flash chromatogra-
phy86 (10g of silica gel; 20 mm column).

2. Cyclopentyl-Fp complexes (98b,c,e) and (105)

(a) 3,3-Diethoxycarbonylcyclopentyl-Fp (98b)

98b : 130 mg, 0.33 mmol Reaction Time : 20 hours
Column Eluent : ether-petrol (1:1)
Product : 130b Re = 0.20;  ether-petrol (1:9)

Yield : 48 mg, 67%

This product was identical, by NMR, IR MS and TLC,to an authentic
sample of diethyl 3~butenylmalonate (130b) prepared by the reaction
of 4-bromobutene with the sodium salt of diethyl malonate 7
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98¢ : 95 mg, 0.23 mmol Reaction Time : 40 hours
Column Eluent : ether-petrol (1:2)
Product : 130¢ plus 133c Rg ¢ 0.33 and 0.40; ether-

petrol (2:3)
Yield : 40 mg, 70% (130c:133c, 1:1)

(c) 3-Cyano-3,4-diethoxycarbonylcyclopentyl-Fp (98e)

98e : 200 mg, 0.48 mmol Reaction Time : 40 hours
CoTumn ETuent : ether petrol (1:4)
Product : 130e plus 133e R¢ : 0.17 and 0.19; ether-

petrol (71:4)
Yield : 70 mg, 61% (130e:133e, 1:2)

(d) 3,4-Dimethoxycarbonyl-3-cyclopentenyl-Fp (105)

105 : 98 mg, 0.27 mmo] Reaction Time : 40 hours
Column Eluent : ether-petrol (1:4)
Product : 134 Reg ¢ 0.18; ether-petrol (1:4)

Yield : 38 mg, 76%

2-Methoxycyclopentyl-Fp complexes (108d), (108e), (109e) and (110)

(a) 4,4~Dicyano~3~ethoxycarbony]~2—methoxycyciopenty1~Fp (108d)

108d : 240 mg, 0.60 mmol Reaction Time : 24 hours
Column Eluent : ether petrol (1:1)
Product : 139 Re + 0.27; ether-petrol (1:1)

Yield : 64 mg, 56%

(b) 4-Cyano-3,4-diethoxycarbonyl-2-methoxycyclopentyl=-Fp

Isomer (108e)

108e : 120 mg, 0.27 mmol Reaction Time : 20 hours
Column Eluent : ether-petrol (1:4)
Product : 136 Re¢ : 0.34; ether-petrol (1:2)

Yield : 52 mg, 81%
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ii) Isomer (109e)

109 : 120 mg, 0.27 mmol Reaction Time : 20 hours
Product : 136
Yield : 48 mg, 75%

(c) 3,4-Dimethoxycarbonyl-2-methoxy~3-cyclopentenyl-Fp (110)

110 : 165 mg, 0.43 mmol Reaction Time : 30 minutes
Column Eluent : ether-petrol (1:2)
Product : 140 plus 141 Rg ¢+ 0.19 and 0.23; ether-

petrol (1:2)
Yield : 43 mg (140:141, ca 11:9)

Bromination of cyclopentyl-Fp complexes (98b-g)

(a) 3,3-Diethoxycarbonylcyclopentyl-Fp (98b)

(i) N-Bromopyridinium bromide (67 mg, 0.28 mmol) was added in one
portion to a solution fo the Fp adduct (98b) (110 mg, 0.28 mmol) in methyl-
ene chloride (10 ml1) at approximately -70°C. After 60 minutes IR spectral
analysis indicated incomplete reaction. Additional brominating reagent
(67 mg, 0.28 mmol) was therefore added, and the reaction mixture allowed
to come to room temperature over 3 hours. The solution was then filtered,
the solvent removed <n vacuo and the residue chromatographed on neutral
alumina (Act III) eluting with ether petrol (1:3). This afforded a mix-
ture of the brominated and olefinic derivatives (142b) and (143b) in
approximately 76% yield (57 mg; 142b:143b, ca 65:35). Rg : 0.16 and 0.20
ether-petrol (1:19).

(i1) To a solution of the Fp adduct (98b) (80 mg, 0.21 mmol) in methy-
lene chloride (10 ml1) at -70°C was added N-bromopyridinium bromide (49 mg,
0.21 mmol). The reaction mixture was then allowed to warm to ~20%C over
3 hours and a further equivalent of the brominating reagent (49 mg, 0.21
mmol) was added. On reaching room temperature the methylene chloride
solution was washed with saturated aqueous sodium thiosulphate solution
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(10 m1), the aqueous layer backwashed with methylene chloride (2 x 10 m1)
and the organic extracts were combined and washed with saturated
aqueous sodium chloride solution (20 m1). The organic extract was then
dried over anhydrous magnesium sulphate, the solvent removed in vacuo,
and the residue chromatographed on neutral alumina (Act III). Elution
with ether-petrol (1:3) afforded the mixture of (142b) and (143b) in
approximately 95% yield (46 mg, 142b:143b, ca 65:35).

(b) 3,3,4-Trimethoxycarbonylcyclopentyl-Fp (98c)

(i) The Fp adduct (98c) (134 mg, 0.32 mmol) in methylene chloride
(10 m1) was cooled to -70°C and treated with N-~bromopyridinium bromide
(75 mg, 0.32 mmol). The reaction mixture was then allowed to come to
room temperature over 4 hours, N-bromopyridinium bromide (76 mg, 0.32
mmo1) being added when the temperature reached -20°C. After filtration
of the solution through neutral alumina (Act III; 2cmx6cm column),
eluting with methylene chloride the solvent was removed 4in vacuo, the
residue dissolved in ether-petrol (50 m1; 1:1) and exposed to sunlight
for 6 hours to decompose the FpBr present. This solution was then
concentrated and the crude product chromatographed on neutral alumina
(Act IIT). Elution with ether-petrol (1:1) afforded a 75:25 mixture of
the brominated and olefinic products (142c) and (143c) in approximately
43% yield (42 mg). Rf : 0.31; ether-petrol (1:2).

(ii) 98¢ : 180 mg, 0.43 mmol
N-Bromopyridinium Bromide : 102 mg, 0.43 mmol at -60°¢C plus
102 mg at -209C

Reaction Procedure : Identical to that described for the brom-
ination of (98b) in (a,ii) except that the crude product was
dissolved in ether-petrol (50 m1; 1:1) and exposed to sunlight
for 7 hours before column chromatography on neutral alumina
(Act III)

Product : 142c plus 143c
Yield : 39 mg, ca 29% (142c:143c, ca 3:1)

(c) 4,4~Dianno~3;ethoxycarbony1cycTopenty]~Fp (98d)

98d : 160 mg, 0.43 mmol

N-Bromopyridinium Bromide : 314 mg, 1.32 mmol at -70%¢ and 210 mng,
0.89 mmol at -150¢C

Reaction Procedure : identical to that described for the bromination
of (98c) in (b,i1)
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Product : None

(d) 3-cyano-3,4-diethoxycarbonylcyclopentyl-Fp (98e)

ggg : 245 mg

N-Bromgpyridinium Bromide : 212 mg, 0.89 mmol, at -70°C plus 212 mg
at -15°C

Reaction Procedure : Identical to that given for the bromination of
(98c) in (b,1).

Product : 142e plus 143e

Rf : 0.37, 0.44 and 0.55, ether-petrol (1:3)
Column Eluent : ether petrol (1:3)

Yield : 55 mg, ca 32% (142e:143e, ca 3:2)

Flash chromatography (6g silica gel; 10 mm column) eluting
with ether-petrol (3:7) resulted in the isolation of the following three

fractions.
1. 7 mg of either (144a) or (144b); R¢ : 0.44; ether-petrol (1:3)

2. 28 mg of a mixture of (143e), (144a) and (144b)

3. 13 mg of the other isomer of’Qﬁﬂ)p]us some of the olefinic
adduct (143e)

(e) 3,4-Dicyano-3-ethoxycarbonylcyclopentyl-Fp (98f,g)

To a solution of the Fp adduct (98f,g) (184 mg, 0.5 mmol) in
methylene chloride (10 m1) at -70°C was added N-bromopyridinium bromide
(239 mg, 1.0 mmol) in one portion. The reaction mixture was then allowed
to come to ~15°C, and a further two equivalents of brominating reagent
(239 mg, 1.0 mmol) was added. After stirring at room temperature for 20
hours an IR spectrum indicated complete reaction, The solution was
filtered through florisil (2cmx5cm column) while eluting with methylene
chloride and the solvent removed <n vacuo. The residue was then dis-
solved in ether (50 ml) and exposed to sunlight for three hours to
decompose any FpBr present. After filtration and removal of the solvent
under reduced pressure, the crude product was purified by flash chroma-
tography (6g silica gel; 10 mm column) eluting with ether-petrol (3:2)
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to give 3,4,5-tribromocyclopentene (145) (26 mg, 17%), plus a mixture of
unidentifiable derivatives (19 mg).

3,4,5—Tribromocyc1opentene90:

NMR  4.94(1H,bs,CHBrCZBrCHBr), 5.15(2H,bs,CHBrCHBrCHBr), 6.13(2H,
bs,CH=CH)

IR 1600 (m,C=C)

MS  306(0.4), 304(0.4), 227(49), 225(100), 223(54), 146(39),
145(16), 144(39), 143(15), 65(82), 39(32)

(f) 3-Cyano-3-ethoxycarbonyl-4-(2,2-trimethylenedithioethyl)cyclopentyl-Fp
(181)

181 : 170 mg, 0.36 mmol

N-Bromopyridinium Bromide : 128 mg, 0.54 mmol at -70°¢C plus 128 mg
0
at -20°C

Reaction procedure : Identical to either the procedure described for
the bromination of (98b) in (a,i), or that described for (98) in
(b,ii).

Product : None

B-Hydride abstraction followed by olefin liberation

1. 3,3-Diethoxycarbonylcyclopentyl-Fp (98b)

(i) B-Hydride Abstraction

A solution of trityl tetrafluoroborate (140 mg, 0.42 mmo1)
in methylene chloride (2 m1) was added dropwise to a solution of the Fp
adduct (98b) (166 mg, 0.43 mmol) in the same solvent (3 ml) at 45°¢.
After stirring at this temperature for 2 hours an IR spectrum indicated
complete reaction. The reaction mixture was then cooled to 0°C and the
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intermediate Fp(n2-olefin) salt precipitated by the addition of ether
(ca 30 m1). The solvent was decanted off and the residue washed with
ether (ca 20 m1) and dried 4n vacuo to give the salt in 66% crude yield
(134 mg).

IR (CH,Cl,); 2075, 2035(s,C=0)

(i1) Olefin liberation

To a solution of the salt (134 mg, ca 0.28 mmol) in ace-
tone (2 m1) was added, sodium fodide (85 mg, 0.57 mmol), in one portion,
and the reaction mixture stirred at room temperature for 1 hour. After
removal of the solvent under reduced pressure, the residue was extracted
with methylene chloride (ca 10 ml) and the extracts were filtered (to
remove excess sodium jodide) and concentrated. Th crude product was
then dissolved in carbon tetrachloride (20 ml1), the solution exposed to
sunlight for 3 hours (to decompose the Fpl present), filtered and the
solvent removed <n vacuo. Flash chromatography (10 g silica gel, 20
mm column), eluting with ether-petrol (1:4) afforded diethyl 3-buteynyl-
malonate (130b) in 51% yield (46 mg) from (98b).

2. 4-Cyano-3,4-diethoxycarbonyl-2-methoxycyclopentyl-Fp; Isomer (108e)

(1) g-Hydride Abstraction

108e : 119 mg, 0.27 mmo]l

Trityl Tetrafluoroborate : 90 mg, 0.27 mmol

Reaction Procedure : Identical to that described for (98b) above
Crude Yield of intermediate salt (152) : 112 mg, ca 76%

IR (CH,C1,); 2075, 2030(s,C=0).

(ii) Olefin libertion

152 : 112 mg, ca 0.20 mmol

Sodium lodide : 63 mg, 0.42 mmol

Reaction Procedure : Identical to that described for (98h) above
Column Eluent : ether-petrol (1:4)

Product : 136

Yield : 39 mg, 62% (from 108e)
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Synthesis of Cyclopentanoid Natural Products via a Metal-Assisted
(3+2) Cycloaddition Reaction; A Preliminary Study

1. PGFo type prostaglandins

Reduction of diethyl (phenylthio)malonate (160)

A solution of diethyl (phenylthio)malonate (1§Q)92 (2.68 g, 10 mmol)
in anhydrous ether (10 m1) was added dropwise to a suspension of lithium
aluminium hydride {0.76 g, 20 mmol) in dry ether (10 ml) at 0. Stir-
ring was maintained at this temperature for 30 hours. The excess reagent
was then destroyed by cautious addition of water (ca 1 ml), the reaction
mixture acidified with 6N hydrochloric acid solution, and the ether layer
collected and mixed with further ethereal extracts of the aqueous phase
(3 x 20 m1). The combined extracts were washed with saturated aqueous
sodium hydrogen carbonate solution (3 x 10 ml), dried over anhydrous
sodium sulphate, and concentrated. Distillation of the residue afforded
a Tower boiling fraction containing thiophenol (odour) and a fraction
(bpo.] 140—1600) containing a mixture of compounds. Preparative thin-
tayer chromatography [0.5 mm silica gel, ether-petrol (1:1)] of this
mixture resulted in the isolation of 2-phenylthiopropane-1,3-diol (161)
and 2-phenylpropane-1-o01 (162) in yields of 20% (0.77 g) and 8% (0.13 g)
respectively.

2-Phenylthiopropane-1,3-diol (161); Rf = 0.06 [ ether-petrol(1:1)]

NMR  2.95(2H,s,0H), 3,40(TH,qt,J=6HZ,OCH2CHCH20), 3.82(4H,d,J=6Hz,
0CHpCHCH,0), 7.40(5H,m,Ph)

MS,  184(46,m), 136(27), 123(27), 110(100), 109(69), 77(20),
45(31), 44(69).

2-Phenylthiopropane-1-01; Rfg = 0.29 [ether-petrol (1:1)]

NMR ].30(3H,d,J:6.5Hz,CHCH3), 2.23(1H,bs,0H), 3.00-3.85(3H,m,
CHCHQOH), 7.34(5H,m,phenyl).

MS  168(46,1), 137(100), 123(26), 110(75), 109(51), 65(24),
51(24), 45(27).
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5-Hydroxy-2-pheny1-1,3-dioxane (163)

In a modification of the procedure described by Foster et a297, a

continuous stream of air was drawn through a mixture of redistilled
benzaldehyde (20 g, 0.19 mole), glycerol (22 g, 0.24 mmol) and concen-
trated sulphuric acid solution (1 drop) at approximately 95°C. Benzene
(50 m1) was then added and the water produced in the reaction (ca 4 ml)
removed azeotropically overnight, using a Dean and Stark apparatus.
After removal of the benzene 7n vacuo, the residue was seeded and stored
at 0°C for 3 hours. The crystalline product was collected, dissolved in
benzene (ca 100 m1), washed with dilute aqueous ammonia soluticn (2 x 50
m1) and recovered by the removal of the solvent in vacuo. Recrystal-
lisation from benzene-petroleum ether (60-800C) afforded a mixture of
cis and trans-5-hydroxy-2-phenyl-1,3-dioxane (163) in 72% yield (24.4 g),
mp 52-56°C; Rf = 0.22-0.27 [ether petrol (2:1)]

NMR  3.58(2H,m,CH,CHOH), 4.08(4H,d,J=1.5Hz,0CH,CHCE,0), 5.43(3H,
s,CHPh of trans-isomer), 5.55(%H,s,CHPh of cis-isomer),
7.41(5H,m,Ph)

MS  180(50,M), 178(64), 107(100), 105(72), 91(28), 79(52), 77(64)
51(30)

2-Phenyl-5-phenylsulphoxide-1,3-dioxane (166)

5-Hydroxy-2-phenyl-1,3-dioxane (163) was tosylated by the method of
Matheson and Angya168, and converted to the phenylthio-derivative (165)
(in 48% yield from the alcohol) by the method of Baig and Owen96

A solution of 2-phenyl-5-phenylthio-1,3~dioxane (165) (0.4 g, 1.5
mmol) in anhydrous carbon tetrachloride (30 m1) was cooled to 0°¢ and
m-chloroperbenzoic acid (0.30 g, 1.5 mmol based on 85% purity) in carbon
tetrachloride (10 ml) was added with vigorous stirring. After 20 hours
at room temperature TLC analysis indicated complete Toss of starting
material [ R (165) = 0.77; ether-petrol (1:5)]. The reaction mixture
was then poured into a separating funnel containing ether (10 m1) and 10%
aqueous sodium sulphite solution (10 m1). The organic layer was separated,
backwashed with saturated aqueous sodium hydrogen carbonate solution
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(2 x 10 m1), dried over anhydrous sodium sulphate, and concentrated to
give the phenylsulphoxide (166) as a white solid in 80% yield (0.34 g},
mp (from ethanol) 121-1229¢C; Rf = 0.27 [ ether-petrol (2:1)7.

NMR  (d®-DMs0); 3.84-4.20(5H,m,0CH,CACH,0), 5.58(1H,s,CAPh), 7.40
(5H,m,Ph)

MS  288(0.8,M), 271(26), 164(11), 163(100), 107(18), 106(16),
105(18), 91(19), 57(19)

Attempted elimination of benzene sulphenic acid from 2-phenyl-5-phenyl-
sulphoxide-1,3-dioxane (166)

(1) The crude phenylsulphexide (166) (288 mg, 1.0 mmol) was dissolved in
either benzene, toluene or xylene (20 ml), and the resulting solution
heated to reflux in the presence of calcium carbonate (200 mg, 2.0 mmol).
After the time periods given in Table 27 (Chapter Four) the solvents
were removed in vacuo to afford starting material in the reactions per-
formed in benzene and toluene (280 mg and 150 mg respectively), and a
trace of diphenyl disulphide (PhS-SPh) when xylene was employed as the
solvent.

(11) A solution of the sulphoxide (166) (288 mg, 1.0 mmol) in DMF (20 ml)
was heated to 140-150°C for 24 hours in the presence of calcium carbonate
(200 mg, 2.0 mmol). After cooling to room temperature, water (30 m1) was
added and the aqueous phase extracted with ether (3 x 20 m1). The com-
bined extracts were then dried over anhydrous sodium sulphate and con-
centrated to give a solid (27 mg), of which diphenyl disulphide [ NMR
7.30(10H,m)] was the major component.

2-Phenyl1-1,3-dioxin (167)

(1) A mixture of powdered potassium hydroxide (10 g, 180 mmol) and the
p-toluenesulphonate (164) (10 g, 30 mmol) was placed under vacuum (0.1
Torr) and heated to 125%¢ according to the procedure of Fischer et azgg.
A colourless liquid distilled, which was redistilled (bp0.08 ca 70°C) to

give 2-phenyl-1,3-dioxin (107) in 14% yield (0.7 g).
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(11) n-Buty1lithium (5.0 mmol) in hexane (3.5 mls) was added dropwise to
a solution of the p-toluenesulphonate (164) (1.67 g, 5.0 mmol) in anhy-
drous THF (20 m1) cooled to -70°C under nitrogen. After completion of
addition the reaction mixture was allowed to come to room temperature.
Water (10 m1) was then added, the organic layer separated, dried over
anhydrous sodium sulphate and concentrated. NMR analysis of the crude
product (0.84 g, quantitative yield) indicated that the reaction had
proceeded to give a 60:40 mixture of 2-phenyl-1,3-dioxin (167) [Rf =
0.62; ether-petrol (1:1)] and 1-phenyl-1-pentanol [Rf = 0.61; ether-
petrol (1:1)7.

1-Pheny1-1-pentanol:

R'2% 0.70-2.00(9H,m,"Bu), 2.05(1H,s,0H), 4.65(1H,t,d=7Hz,

CH,CEPh), 7.34(5H,s,Ph).

NM

(ii1) A solution of the p-toluenesulphonate (164) (10 g, 30 mmol) in
dimethyl sulphoxide (60 m1) was added, with stirring, to a solution of
potassium t-butoxide (6.7 g, 60 mmol) in dimethyl sulphoxide (30 ml).

An ice bath was used to maintain a reaction temperature of 20-25°¢C.
After stirring at this temperature for 30 minutes, pentane (10 ml) was
added, the reaction mixture was stirred for an additional minute, and
then paured into ice-water (100-150 m1). The hydrocarbon layer was
separated and the aqueous phase extracted with pentane (3 x 10 m1). The
combined extracts were washed with saturated aqueous sodium chloride
solution (3 x 15 ml), dried over anhydrous sodium sulphate, and the
solvent removed 7n vacuo. Distillation of the residue afforded 2-phenyl-
1,3-dioxin (167), pr.OB 69-71°¢ (Iitgg pr.T 72m75°C), in 89% yield
(4.43 g).

2-Pheny1-1,3~-dioxin:

NMR (CCly); 4.43(2H,bsCHCE,0), 4.97(1H,m,CH=CHCH,), 5.82(1H,s,
CaPh), 6.67(1H,bd,d=6Hz,0CH=CHCH,), 7.50(5H,m,Ph)

MS 162(0,), 106(87), 105(86), 78(20), 77(100), 56(34), 55(24),
51(49), 50(25)
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Thermal rearrangement of 2-phenyl-1,3-dioxin (167)

A solution of 2-phenyl-1,3-dioxin (ea 100 mg) in carbon tetrachlor-
ide (10 m1) was heated to reflux in an atmosphere of nitrogen for 4.5
hours. NMR analysis of the solution after this time period indicated
the presence of unreacted starting material, acrolein and benzaldehyde
in a ratio of approximately 2:3:3.

Attempted bromination of 2-phenyl-1,3-dioxin with N-bromosuccinimide (NBS)

General Procedure

A solution of the olefin (167) plus 1-1.5 equivalents of NBS 1in
carbon tetrachloride (3-10 m1) was stirred in the presence of a radical
initiator (either benzoyl peroxide or ultra-violet 1ight) at 15-80°C for
the reaction times indicated. After cooling to OOC, the reaction mixture
was filtered, and the filtrate washed with water (2 x ca 5 ml), dried over
anhydrous sodium sulphate and concentrated. The residue was then analysed
by NMR spectroscopy. In general, either unreacted starting material,
benzaldehyde or unidentifiable compounds [NMR (CCl4)5 2.50(6H,bs), 3.90
(5H,bm), 6.20(1H,s,), 7.30(12H,m)] were isolated from the reactions
investigated.

Reaction conditions employed

(i) 167 : 100 mg, 0.62 mmol NBS : 122 mg, 0.69 mmol
CClg : 5 ml Radical Initiator : benzoyl
peroxide (0.26 mg)
Temp : 80°¢ Reaction Time : 4 hours

Isolate Adducts : benzaldehyde and unreacted starting material (ca
1:1), plus a trace of the unidentifiable products.

Yield : 70 mg
(ii) 167 : 270 mg, 1,67 mmol NBS © 330 mg, 1.85 mmol
CClg : 3 ml Radical Initiator : benzoyl
‘ peroxide
Temp : 2506 Reaction Time : 24 hours

Isolated Adducts : unreacted starting material plus a trace of
benzaldehyde and the unidentifiable products.

Yield : 180 mg
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(iii) 167 : 1.72 g, 11 mmol NBS : 2.058 g, 12 mmol
CCT4 : 10 ml R§dica1 Initiator : ultra violet
1ight
Temp : 80°c Reactian Time : 4.5 hours
Isolated Adducts : predominantly benzaldehyde
Yield : 0.91 g
(iv) 167 : 1.0 g, 6.2 mmol NBS : 1.1 g, 6.2 mmol
CCT4 : 5ml Radical Initiator : ultra violet
Tight
Temp : 15°¢ Reaction Time : 20 hours

Isolated Adducts : unreacted starting material, plus a trace of
benzaldehyde and the unidentifiable products.

Yield : 0.86 g

(v) 167 : 1.0 g, 6.2 mmol NBS : 1.6 g, 9.0 mmol
CC14 : 5 mil Radical Initiator : ultra violet
1ight
Temp : 15°¢C Reaction Time : 20 hours

Isolated Adducts : predominantly benzaldehyde
Yield : 0.46 g.

2-(p-Toluenesulphonyloxy)propane~1,3~diol (168)

To a solution of 2-phenyl-5-(p-toluenesulphonyloxy)-1,3-dioxane
(164) (8.6 g, 26 mmol) in methanol (122 ml) at 55°C was added 1N sulphuric
acid solution (105 m1) preheated to the same temperature. The reaction
mixture was stirred at 55-60°C for 20 hours, then cooled and neutralised
with dilute aqueous ammonia solution. After removal of methanol and
benzaldehyde under reduced pressure, the residual solution was extracted
with ether (5 x 30 m1), the combined extracts dried over anhydrous sodium
sulphate, and concentrated to give a thick oil which solidifed on cooling.
Recrystallisation from ethyl acetate-petrol afforded 2-(p-toluenesulphonyl-
oxy)propane-1,3-diol in 78% yield (4.95 g), mp 49-50°C (11t 2% mp 53-54°C);
Rf¢ = 0.52 (ethyl acetate).
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NMR  (d®-DMS0); 2.46(3H,s,ArMe), 3.57(4H,d, J=5Hz,0C H,CHCH,0) ,
4.29(1H,qt,J=5Hz,0CH,CHCH,0) , 4.69(2H,s,0H), 7.45 and 7.75
(each 2H, each d,J=8Hz, ArH)

MS  246(0,), 198(18), 156(10), 155(80), 92(18), 91(100), 65(21),
43(11), 39(8)

CMR  s(ppm) (d®-DMS0); 21.1(ArCHs), 59.5(0CH,), 84.1(CHOSO,),
127.7 and 129.9(ArCH), 133.9 and 144.6(ArC).

2-(p-Toluenesulphonyloxy)propane-1, 3-phosphate (169)

(i) To vigourously stirring anhydrous methylene chloride (40 m1) main-
tained at 0°C and under nitrogen was added a solution of 2-(p-toluene-
sulphonyloxy)propane-1,3-diol (168) (2.68 g, 11 mmol) and pyridine (1.8
mi, 1.76 g, 22 mmol) in methylene chloride (20 m1) simultaneously with
a solution of phosphorus oxychloride (1.67 g, 11 mmol) also in methylene
chloride (20 m1). After completion of addition (ea 1 hour) the reaction
mixture was stirred at room temperature for 2 hours and a solution of
methanol (0.5 ml, 0.44 g, 12 mmol) and pyridine (0.9 m1, 11 mmol) in
methylene chloride (20 ml) was added dropwise. The resulting solution
was stirred at room temperature for a further 1.5 hours, the solvent was
then removed <n vacuo and the residue chromatographed twice on neutral
alumina (Act III). Elution with ethyl acetate afforded the cyclic
phosphate ester (169) in 3.5% yield (123 mg); R¢ = 0.26 (ethyl
acetate).

(11) 2-(p-Toluenesulphonyloxy)propane-1,3-diol (168) (2.07 g, 8.4 mmol)
in anhydrous toluene (40 ml) was heated to 90-95°C and freshly distilled
trimethyl phosphite (1.05 g, 8.5 mmol) was added rapidly to the stirred
solution. The solution was heated to 10006 for 2 hours, during which time
the methanol produced in the reaction was removed by distillation at at-
mospheric pressure. The solvent and excess trimethyl phosphite were
then removed under reduced pressure and the residue chromatographed on
neutral alumina (Act IIl) to give the crude phosphite as a colourless oil

[962 mg; Rf = 0.67 (ethyl acetate)], on elution with ethyl acetate.
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This crude product (962 mg) was dissolved in dry methylene chloride
(40 m1) and cooled to -50°C under nitrogen. Dinitrogen tetroxide (puri-
fied and dried by the method of Cox and Westheimerizs) was then distil-
Ted into the solution until a faint green colour appeared. The reaction
mixture was allowed to come to room temperature over four hours, and the
solvent and excess dinitrogen tetroxide removed under reduced pressure.
Column chromatography of the residue on neutral alumina (Act III) eluting
with ethyl acetate afforded the phosphate ester (169) in 5.5% yield (150

mg).

(ii1) A solution of freshly distilled phosphorus trichloride (2.36 g, 17
mmol) in methylene chloride (45 ml1) and a solution of 2-p-toluenesulphonyl-
oxypropane-1,3-diol (4.2 g, 17 mmol) and triethylamine (4.8 ml, 3.48 g,

35 mmol) in the same solvent (45 ml) were added simultaneously to vigor-
ously stirred anhydrous methylene chloride (90 ml) at 0°C and under
nitrogen. After completion of addition (ca 1 hour), the reaction mix-

ture was stirred at room temperature for 3 hours. The solvent was then
removed <n vacuo, and the residue extracted with anhydrous ether (100 ml1).
The extract was filtered, the filtrate cooled to 0°C and a solution of
methanol (0.7 m1, 0.62 g, 17 mmol1) and triethylamine (2.4 ml, 1.74 g, 17
mmol) in ether (20 ml) was introduced. The reaction mixture was allowed

to come to room temperature over 2 hours, filtered, and the filtrate con-
centrated to give the desired phosphite as a colourless oil (2.49 g). This
crude product was purified and oxidised with nitrogen tetroxide as
described in (ii) above, to give the cyclic phosphate ester (109) in 5%
yield (253 mg).

2- p~Toluenesulphonyloxypropane -1,3-phosphate (169):

NMR  2.47(3H,s,ArMe), 3.82(3H,d,J=11Hz,POMe), 4.00-4.80(5H,m,
0CH,CHCH,0), 7.43 and 7.89 (each 2H, each d,J=9Hz,ArH)

MS  324(5), 323(12), 322(100,), 259(8), 258(89), 202(9),
151(5), 134(4)
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Attempted condensation of 2-(p~toluenesulphonyloxy)propane-1,3-diol (168)
with t-Butylphosphonyl dichloride (173) : o

A solution of 2-(p-toluenesulphonyloxy)propane-1,3-diol (ca 4 mmol),
t-butylphosphonyl dich]oride]o2 (ca 4 mmol) and two equivalents of base
in either methylene chloride or chloroform (ca 20 m1) was heated to
reflux, under nitrogen, for the reaction times given in Table 28. TLC
and NMR analysis of the crude product, obtained after removal of the

TABLE 28

Reaction conditions employed for the attempted condensation
of (168) with (173)

Base Solvent Reaction Temp. (OC) Reaction Time (hrs)
EtgN CH2C19 40 30
Pyridine CHoCT2 40 30
NaHCO4 CHoCl2 40 120
NaHCO3? CH2CT, 61 120
K,C03 CHoC12 40 60

a) plus a catalytic amount of copper powder.

solvent Zn vacuo indicated that no reaction had occurred.
Both sodium hydride in THF at 0°C, and n-butyllithium in THF at -70°C
reacted with the 1,3-diol (168) to give unidentifiable products on work
up. (NB these products contained no p-toluenesulphonate functionality,
as shown by NMR analysis).

2. Sarkomycin

Isomerisation-of diethyl 1—cyano-ancycTopentene—l,Zedicarboxylate‘ngg)
to diethyl 1-cyano-2-cyclopentene-1,2-dicarboxylate (137).

(a) Sodium ethoxide in ethanol

To a solution of diethyl-1-cyano-3-cyclopentene-1,2-dicarboxy-
Tate (136) (155 mg, 0.65 mmol) in anhydrous ethanol (1 ml) was added
sodium ethoxide (prepared from 15 mg, 0.65 mmol, of sodium) dissolved
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in ethanol (1 ml). After stirring at room temperature for 30 seconds,
the reaction mxiture was neutralised with 0.1 N hydrochloric acid
solution and then partitioned between methylene chloride (10 ml1) and
saturated aqueous sodium chloride solution (10 m1). The organic layer
was separated, the aqueous phase further extracted with methylene
chloride (4 x 10 m1) and the combined extracts dried over anhydrous
magnesium sulphate and concentrated. Flash chromatography86 (10 ¢
silica gel, 20 mm column) eluting with ether-petrol (1:1) afforded
diethyl 1-cyano-2-cyclopentene-1,2-dicarboxylate (137) in 78% yield
(121 mg); Rf = 0.19 [ether-petrol (1:2)], ef R¢ (136) = 0.34 [ ether-
petrol (1:2)7].

The yield of the isomerised product (137) decreased to 38% yield
on stirring the reaction mixture for 5 minutes.

(b) Pyridine

A solution of the cyclopentene derivative (136) (110 mg, 0.46
mmol) in anhydrous pyridine (1 m1) was heated to 100°C for 24 hours.
After cooling to room temperature, the reaction solution was poured into
a mixture of water (10 m1) and methylene chloride (10 ml) and the organic
layer separated. The aqueous phase was then further extracted with
methylene chloride (3 x 10 ml), backwashed with 1IN hydrochloric acid
solution (3 x 10 m1), dried over anhydrous magnesium sulphate and con-
centrated. Column chromatography of the residue on florisil afforded a
50:50 mixture of unreacted starting material (136) and the isomerised
product (137) in a combined yield of 47% on elution with ether-petrol
(2:1-3:1).

(c) Sodium acetate in ether

Fused sodium acetate (60 mg, 0.73 mmol) was added to a solution
of the olefin (136) (33 mg, 0.14 mmol) in anhydrous ether (2 m1), and
the reaction mixture was heated to reflux for 4 hours. TLC analysis at
this time indicated that no reaction had occurred.

Attempted oxidation of .diethyl 1- cyano -2 cyc1opentene -1,2~ d1carboxy1ate
(137) with dimethyl sulphoxide &
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A stirred solution of the cyclopentene derivative (137) (34 mg,
0.14 mmo1) in dimethyl sulphoxide (1 ml) was heated at 160-170°C for
5 hours, and allowed to cool to room temperature overnight. The
solution was then poured into a mixture of water (5 ml) and ether (5 ml)
the organic layer was separated and the aqueous layer extracted with
ether (2 x 5 ml). The combined extracts were washed with water (2 x 5
ml) and saturated aqueous sodium chloride solution (5 ml), dried over
anhydrous sodium sulphate and concentrated to give unreacted starting
material in 82% recovered yield (28 mg).
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