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Part 13.' Synthesis of

6,6-Disubstituted Tricarbonyl(cyclohexadienylium)iron Salts, and their
Conversion into 4,4-Disubstituted Cyclohexa-2,5-dienones

By Anthony J. Pearson * and Chi Wi Ong, University Chemical Laboratory, Lensfield Road, Cambridge CB2 1EW

Oxidative cyclisation of cyclohexadiene—Fe(CO), complexes having a hydroxy-group in the 3-position of a 5-exop,-
substituent can be effected with either thallium(iit) trifluoroacetate or iron(H1) chloride on silica gel. The products

were readily converted into the title compounds.

OUR recent discovery 2 that tricarbonylcyclohexadiene-
iron complexes bearing a B-hydroxylated substituent at
C-5 can be oxidatively cyclised to give tetrahydro-
furanoid derivatives prompted us to examine the poten-
tial application of this procedure to the preparation of
hitherto unobtainable cyclohexadienylium complexes
such as (1) having a quaternary C-6 centre. Such com-
pounds can not be prepared by hydride abstraction from
gem-disubstituted complexes such as (2) owing to steric
factors.® We were initially interested in this type of

OMe MeO Fe(co)
Fe(CO), 3

3w
\ AY

R 'R BF” R R2
(2)R',R? # H,R3=H
(3)R',RIRY # H

dienylium complex in order to study the limitations on
nucleophile addition, which normally proceeds stereo-
specifically at the exog, face (opposite the metal atom).%{
Thus with very bulky substituents R? the question arises
as to whether a nucleophile would now add endoy,.
Furthermore, successful addition of a carbon nucleophile
would be expected to provide an entry into complexes
such as (3), which might serve as valuable intermediates
in a number of synthetic projects in which we are cur-
rently involved.

RESULTS AND DISCUSSION
Oxidative Cyclisations.—Our starting point was the

diastereoisomeric keto-ester complexes (5) and (6),°
which we have previously prepared in quantitative yield
from the dienylium complex (4) as shown. Each dia-
stereoisomer was studied separately, although the subse-
quent experiments can be performed on the mixture.
Sodium borohydride reduction occurred with ca. 85—
909, stereoselectivity along the axial vector to give the
major epimers (7) and (8), respectively, which were
obtained pure by crystallisation. Examination of the

+ The prefixes exo and endo have been used to denote stereo-
chemistry in metal complexes for some time, but they are not
entirely satisfactory when compared with their application to
organic structures. The terms exop. and endoy. give a clearer
indication of stereochemical relationships between metal and sub-
stituents on the ligand. See also B. F. G. Johnson, J. Lewis,
D. G. Parker, and G. R. Stephenson, J. Organomet., Chenr. 1980,
197, 77.

liquors in each case indicated the presence of the axial
alcohols (9) and (10), but at this juncture we did not
isolate and fully characterise these minor components.
The stereochemistries were readily ascertained by
inspection of the i.r. spectra of {7) and (8) and of their
derived methoxymethyl ethers (11) and (12). Thus, the
ester peaks for the unprotected hydroxy-derivatives

Fe(CO). CO,Me

MeO g (oR j
(4) l

Fe (CO),
Me CO,Me

(5) o -CO,Me
(6) B-COMe

l

Fe(CO)
Me CO,Me

(7)a-COyMe, OR=ct - OH
(8)P - COyMe, OR=P - OH
(9) a - CO;Me, OR=f - OH
(10) B - CO,Me, OR =t - OH
(1) « - CO,Me, OR =ct - OCH,0Me
(12) B - CO,Me, OR = - OCH,0OMe

occur at ca. 1 700 cm™, whilst the methoxymethyl ether
derivatives show the ester absorption at ca. 1 730 cm™.
The recrystallisation liquors from (7) gave i.r. absorptions
at 1 700 cm™ [due to (7)] and at 1 720 cm™, the latter in-
dicating the presence of the axial OH epimer (9), whilst
the n.m.r. spectrum indicated the presence of two iso-
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meric compounds as a 1:1 mixture. Thus, hydrogen-
bonding between the ester group and the ¢is-OH reduces
the carbonyl stretching frequency of (7), and removal of
the hydrogen-bonding by ether formation results in
raising of this frequency, as expected.

To effect oxidative cyclisation of the OH group of (7)

Me  CO,Me
(14)

or (8) onto the diene-Fe(CO), unit there were two methods
at our disposal: treatment with thallium(1ir) trifluoro-
acetate 26 (TTFA) or with iron(111) chloride on silica gel.2
The latter reagent has also been found useful recently for
oxidative coupling of aromatic compounds.® When
isomer (7) was treated with buffered TTFA the oxidative
cyclisation product was obtained, but in only 30—409;
yield. The n.m.r. spectrum of this compound, when run
immediately, showed a single diastereoisomer which was
presumed to be (13) based on the probable concertedness
of the cyclisation under these conditions. However,
on standing in chloroform, which contains traces of acid,

H H

+
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presence of acid may proceed by only one mechanism as
shown in the Scheme. Clearly, the first mechanism
shown in this Scheme, an accepted process for such
complexes, can not proceed to give (14) from (13). This
interconversion is only possible via opening of the oxygen
ring, rotation about the C—C bond, and re-closure of the
ring.

Sodium borohydride reduction of the keto-ester com-
plex (15) 7 occurred stereospecifically at the less sub-
stituted face of the cyclopentanone ring to give, as
expected, the hydroxy-ester (16), illustrating the well-
known differences between five- and six-membered
carbocyclic systems. This compound underwent smooth
cyclisation on treatment with FeCls-silica gel to give a
single diastereoisomer which did not undergo rearrange-
ment on exposure to chloroform, reflecting the thermo-
dynamic stability of thisisomer compared with {13), which
was assigned the structure (17) on the basis of its spectral
data (Experimental section).

Inspection of Dreiding models indicates that this dif-
ference is most likely a consequence of unfavourable
interaction between the protons on the cyclopentane
ring «-face and the diene-Fe(CO); moiety in the un-
observed isomer (18) compared with the analogous (14) and
with the observed product (17). Suchnon-bonded inter-
actions do not occur in (14) due to the ability of the
cyclohexane ring to adopt a full chair conformation, and
to the different stereochemistry of the oxygen substituent.
There are no such unfavourable interactions in (17)
making this isomer considerably more stable than (18),
whereas the difference in stability between (13) and (14)
can be seen to be almost negligible. In constructing
suitable models we have utilised our own X-ray crystal-
lographic data %8 which show the cyclohexadiene~

—_—
-

Tl“* H Me Co,Me Me CO;Me
Fe(CO
Feco, QM R
z Me -H*
- Co,Me =— (14) (enantiomer)

2
T

SCHEME

the single compound rapidly rearranged to an equimolar
mixture of diastereoisomers (13) and (14). Treatment
of hydroxy-ester (8) with TTFA gave initially the single
diastereoisomer (14), but in only 329, yield, and which
again rearranged to the same mixture of (13) and (14).
Reaction of (7) with iron(111) chloride on silica gel gave
directly the same mixture of diastereoisomers, in ca. 909,
yield. The rearrangement of these compounds in the

Fe(CO); unit to have a shape very similar to the boat
form of cyclohexene.

We also examined the cyclisation of the mono-protected
diol (22), mainly for clarification of n.m.r. spectra
of the later products (see below) and also as an illustration
of selective protection. This compound was prepared
from (16) by formation of the methoxymethyl ether (19),
which was reduced to the primary alcohol (20) by di-
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isobutylaluminium hydride, converted into the methyl
ether (21) and thence to the secondary alcohol derivative
(22). This was then cyclised to the complex (23) with

Fe(CO); OR

MeO MeO
—
Me EOZMe
(16) R=H
(19) R = CH,0Me
ln:u
H,H
MeO o =
(CO);3Fe 2
Me R
(17) R = CO,Me
(23) R = CHZOMe
H H
MeO 0
(CO)3Fe
Me COzMe

(18)

FeCly-silica gel. The use of methoxymethyl ether as
alcohol protection on diene—Fe(CO), complexes deserves
comment. Firstly, it was found necessary to control the
temperature of the reaction during the deprotection
step (21) —» (22): at too high a temperature acid-
catalysed isomerisation of the diene-Fe(CO); group
occurs.? Secondly, we have used the tricarbonyliron

Fe(CO)3 OR

MeO

- 1.
(19) R=H,R =Me

(23)
Me  CH,OR'
(20)R = CH,OMe,R'=H

(21)R = CH,0Me,R'=Me
(22)R = H, R'=Me

"

group as dienol ether protection, since it would not nor-
mally be possible to remove the methoxymethyl ether
group in the presence of the more acid-labile enol ether.
This is worth bearing in mind when planning a synthetic
strategy employing these complexes.

Synthesis and Reactions of Dienylium Salts.—Treatment
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of the crude mixture of diastereoisomeric cyclised com-
plexes (13) and (14), from the FeCly—silica reaction, with
tetrafluoroboric acid-acetic anhydride resulted in ring-
opening and acetylation of the hydroxy-function to give
the' 6,6-disubstituted cyclohexadienylium complex (24)
in 669, overall yield from the hydroxy-ester derivative
(7). The n.m.r. spectrum showed a single compound, as
evidenced by the single peaks observed for each of the
OMe, CO,Me, OAc, and Me groups, but clearly showed
the non-equivalence of 1-H and 5-H, and of 2-H and 4-H,
expected as a result of the proximity of the asymmetric
cyclohexane substituent. Small W-couplings were ob-
served between these pairs of protons. We were unable
to obtain any products of nucleophilic addition to the

Fe(§0)3 OR

|

Me (:ZOZMe

(13) + (14) —>

(24) R =COMe; X = BF,
(28) R = COCH,COMe; X =PFg

/CH(C%MHZ \m. (24)
0
|

!
CCH(COyMe),

(CO)ZFe QAC

(25) +

05 (C0),CO,Me

dienylium ligand from the reaction of (24) with dimethyl
sodiomalonate or thiophenol in the presence of triethyl-
amine; the latter we have previously found to add
successfully to less highly substituted salts.2s A number
of products were obtained, the major one being the
dienone derivative (25) (see later) which possibly arises
as a result of nucleophilic attack at the metal, followed
by fragmentation of the resulting complex. This was
the only product isolated (659, yield) from the thio-
phenoxide reaction at room temperature, probably
reflecting the high affinity of sulphur nucleophiles for the
metal. Whilst the dienone (25) was the major product
of reaction of dimethyl sodiomalonate, we were able to
isolate a minor product which had spectral properties
consistent with the structure (26), the product of nucleo-
philic addition at a carbonyl ligand. The instability of
this compound precluded rigorous purification for com-

(27)
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bustion analysis, but the n.m.r. spectrum was quite free
from any major contamination. Unambiguous mass
spectral data were not forthcoming, again due to thermal
instability. However, the n.m.r. spectrum showed a
pattern assignable to (26), all the dienylium protons being
shifted to high field in comparison with the cationic
analogues such as (24). Thus, 2-H and 4-H appeared
coincidentally as a doublet (J 7 Hz) at 3 4.95, whilst 1-H
and 5-H appeared as doublets of doublets with a 7 Hz
vicinal coupling and a small W-coupling (2.5 Hz) to
each other, comparable with (24), but at much higher
field, § 2.57 and 2.30 [¢f. 8 4.04 and 3.60 in (24)]. The
malonyl methine proton occurred as a sharp singlet at
the distinctively low field of § 5.23, reflecting considerable
deshielding by the three flanking C=0O groups. Had this
group been attached directly to the metal we might have
expected this proton to be slightly shielded relative to a
normal malonyl methine group, in line with other iron(0)
o-complexes.’® The methoxy-group resonated at 3
3.92, and the methyl group at 8 1.60, both slightly higher
field than in (24). The remainder of the spectrum was
as expected (Experimental section). Furthermore, the
dienyl proton shieldings are similar to those reported for
the osmium complex (27) * which is, as far as we are
aware, the only other example of this type of complex
which has been subjected to n.m.r. analysis. This latter
compound is unstable above 0 °C. The i.r. spectrum of
(26) showed the metal carbonyl frequencies at 2 030 and
1 982 cm™, consistent with there being no nett positive
charge on the metal, whilst there was observed an
absorption of medium intensity at 1 690 cm™, close to the
ester peaks at 1 738 and 1 725 cm™, and attributable to
M-C=0 stretching [¢f. a band at 1 635 cm™ observed for
complex (27) 1], An absorption at 1 533 cm™, similar
to that given by (24), (28), (30), and (31), was consistent
with the presence of the 3-methoxycyclohexadienyl
ligand. Whilst this result is intrinsically interesting in

(29)

view of recent speculations concerning attack by nucleo-
philes at either the carbonyl ligand ! or the metal 12 as a
general mechanism of such reactions, it is not a synthetic-
ally useful process, and so we have pursued its study no
further. An attempt to deliver the nucleophile intra-
molecularly, in a similar fashion to our previously
reported spirocyclisation reactions,!® required conversion
of (13) and (14) into the acetoacetate-containing dienyl-
ium complex (28). This was readily achieved with
keten dimer in the presence of tetrafluoroboric acid, but
the resulting stable salt did not undergo cyclisation to the
desired compound (29) on treatment with a number of
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bases, and instead gave (13) and (14), presumably via
fragmentation of the keto-ester group, and a cyclo-
hexadienone whose characterisation was not rigorously
pursued. These products were evidence by chromato-
graphic and i.r. properties.

Treatment of the cyclisation products (17) and (23)
with tetrafluoroboric acid in acetic anhydride as above
gave the tetrafluoroborates (30) and (31), respectively.
Reaction of (31) with sodiomalononitrile, which we
have previously shown to be less sterically demanding
then dimethyl sodiomalonate in its reaction with di-
enylium complexes,!¥ resulted in the formation of the

Fe(§0)3 OAc OAc

MeO

Me R  BF,- Me R

(30) R = CO,Me
(31) R = CH,0Me

(32) R = CO,Me
(33) R = CH,0Me

dienone derivative (33) as the only isolable product.
Further reactions were not pursued. It is evident that
under no circumstances will trreversible nucleophilic
addition occur at the endog, face, in contrast with earlier
observations on addition of methoxide where some endo
product has been obtained.!! The formation of cyclo-
hexadienones in this way led us to investigate their
direct formation by oxidative removal of the Fe(CO),
group. Whilst this has been effected with a number of
mild oxidising agents for diene-Fe(CO); complexes, no
reports of similar reactions of dienylium complexes have
appeared. Reaction of the tetrafluoroborates (24), (30),
and (31) with cerium(rv) ammonium nitrate proceeded
smoothly to give the dienones (25), (32), and (33),
respectively, which were readily identified.

Thus, whilst the above dienylium salts are too hindered
at the exop. face to allow nucleophilic addition reactions,
they are readily convertible to highly substituted cyclo-
hexadienones. This complements existing methodology,
such as para-alkylation of para-substituted phenolate
anions, which is limited to fairly simple electrophiles,
and dehydrogenation of 4,4-disubstituted cyclohexenones
(which are also readily accessible using our methodology)
using, for example, phenylselenation-deselenation.16

EXPERIMENTAL

Lr. spectra were determined with a Perkin-Elmer 577,
mass spectra with A.E.I. MS30, and 'H n.m.r. spectra with
Varian EM390 instruments. M.p.s were measured on a
Kofler block and are uncorrected. All chromatographic
operations were conducted under nitrogen.

Tricarbonyl{methyl 2-hydroxy-1-(2—5-n-4-methoxy-1-
methylcyclohexa-2,4-dienyl)cyclohexanecarboxylatelivon, Dia-
steveotsomers (1) and (8).—The procedure is described for the
synthesis of (7), that for (8) being identical. The keto-ester
complex (5)5 (6.5 g) was stirred in dimethoxyethane—
methanol (70 : 20; 90 ml) under nitrogen at 0 °C with sodium
borohydride (1.7 g) for 7 h, when t.l.c. examination indi-
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cated complete reaction. Aqueous work-up followed by
ether extraction afforded the crude hydroxy-ester complex
free from any ketonic starting material (6.6 g, 1009%,).
Recrystallisation from 59, EtOAc—hexane afforded the pure
single epimer (7), m.p. 107.5-109 °C (5.0 g, 77%,). Chrom-
atography of the liquors (Si0,, 209, benzene-hexane)
afforded an oil, homogeneous on t.l.c., the i.r. and n.m.r.
spectra of which indicated a 1:1 mixture of the epimeric
hydroxy-esters (7) and (9) (1.1 g, 179, total yield 949%,).
Similarly, the keto-ester (6) (5.8 g) gave the pure hydroxy-
ester (8), m.p. 83—84 °C (hexane), (4.1 g, 719%,) and the
epimeric mixture (8) and (10) (1.3 g, 229,). Spectral data:
(7): vy (CHCLy) 3 530, 2 050, 1 975, 1 700, and 1 488 cm™;
3 (CDClLy) 495 (1 H, dd, J,3 7, /352 Hz, 3-H), 3.75 (3 H, s,
CO,Me), 3.7 (1 H, m, CHOH), 3.6 (3 H, s, OMe), 3.2 (1 H, m,
5-H), 3.15 (1 H, d, [, 3 7 Hz, 2-H), 2.55 (1 H, dd, [ 15,
Jse 3 Hz, endo-6-H), 1.4 (1 H, dd, [y 15, J;5.6 3 Hz, exo-6-
H), 1.2 (3 H, s, Me), and 2.3—0.8 (9°*H, m, OH and 4 X
CH,); m/e (%) 392 (30, M* — CO), 364 (10), 336 (65), and
318 (100) (Found: C, 54.7; H, 5.85. C,,H,,FeO, requires
C, 54.33; H, 5.76%,). Compound (8): v, . (CHCl,) 3 540,
2 045, 1 970, 1 700, and 1 487 cm™; § (CDCl;) 5.10 (1 H, dd,
J23 6, Js5 2 Hz, 3-H), 3.68 (3 H, s, CO,Me), 3.58 (3 H, s,
OMe), 3.23 (1 H, m, 5-H), 3.15 (1 H, d, J 12 Hz, CHOH), 2.6
(1 H, d, J,, 6 Hz, 2-H), 2.55 (1 H, dd, Jm 16, J5¢ 3 Hz,
endo-6-H), 1.28 (1 H, dd, Jym 16, J;5 3 Hz, exo-6-H), 1.13
(3 H, s, Me), and 2.4—1.0 (9 H, OH and 4 x CH,); m/e (%)
392 (25, M+ — CO), 364 (10), 336 (60), and 318 (100)
(Found: C, 54.4; H, 5.65. C, H,,FFeO, requires C, 54.33;
H, 5.769%,).

Tricarbonyl[methyl 1-(2—5-v-4-methoxy-1-methylcyclohexa-
2,4-dienyl)-2-(methoxymethoxy)cyclohexanecarboxylate]  iron
(11).—This compound and the diastereoisomer (10) were
used to verify the stereochemistry of the above products by
comparison of i.r. spectra. The preparation and properties
of (11) are described here, those for (10) being similar. The
hydroxy-ester (8) (0.50 g) was refluxed under nitrogen in dry
dichloromethane (10 ml) with di-isopropylethylamine (0.64
ml) and chloromethyl methyl ether (0.60 ml) for 7h. The
solution was cooled, water (5 ml) was added, and the mixture
was stirred vigorously for 15 min, after which time the pale
yellow organic layer was separated, washed twice with
water, dried (MgSO,), and evaporated to give the methoxy-
methyl ether as a yellow oil (0.53 g, 96%); v ,. (CHCl,)
2 045, 1970, 1 730, and 1 488 cm™; 3 (CDCly) 5.13 (1 H, dd,
J2.36, Ja5 2.5 Hz, 3-H), 4.78 and 4.63 (2 H, AB q, / 7 Hz,
OCH,0), 3.71 (3 H, s, CO,Me), 3.64 (3 H, s, 4-OMe), 3.5 (1 H,
m, CHOCH,OMe), 3.42 (3 H, s, OMe), 3.28 (1 H, m, 5-H),
2.96 (1 H, dd, [em 16, J5,¢ 3 Hz, endo-6-H), 2.61 (1 H, d, J 6
Hz, 2-H), 1.40 (1 H, dd, J,m 16, J5 ¢ 3 Hz, exo-6-H), 1.16
(3H,s, Me), and 2.4—1.0 (8 H). Since this compound was a
viscous oil which could not be distilled, and could not be
freed from traces of residual solvent, combustion analysis
was not undertaken.

Tricarbonyl[methyl 2-hydroxy-1-(2—5-n-4-methoxy-1-
methylcyclohexa-2,4-dienyl)cyclopentanecarboxylate]ivon
(16).—The keto-ester complex (15) 7 (2.0 g) was dissolved in
methanol (60 ml) under nitrogen and cooled to 0 °C with
stirring. With a back flush of nitrogen, sodium boro-
hydride (0.5 g) was added and the mixture was stirred for
1hat0°C. Aqueous work-up and ether extraction afforded
the hydroxy-ester (16) as a single epimer, m.p. 118—119 °C
(hexane) (1.94 g, 97%); v,.. (CDCl;) 3 620, 3 600—3 300,
2052, 1977, 1719, and 1 489 cm™; § (CDCl,) 5.01 (1 H, dd,
J2.2 6.5, Ja5 2.5 Hz, 3-H), 4.54 (1 H, br, CHOH), 3.71 (3 H,
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s, CO,Me), 3.66 (3 H, s, OMe), 3.30 (1 H, m, 5-H), 2.54 (1 H,
dd, Jgem 16, J543.56 Hz, 6-H), 2.09 (1 H, d, [,, 6.5 Hz, 2-H),
2.3 (1 H, m)and 1.6 (6 H, m) [3 x CH, and OH (exchange-
able with D,0)], 1.45 (1 H, dd, Jgm 16, J5 2.5 Hz, 6-H), and
1.33 (3 H, s, Me); m/e (%) 406 (15), 378 (27), 350 (5), 322
(45), and 304 (100) (Found: C, 53.0; H, 5.4. C;gH,,FeO,
requires C, 53.22; H, 5.469%,).

Tricarbonyl[methyl 1-(2—5-n-4-methoxy-1-methylcyclohexa-
2,4-dienyl)-2-(methoxymethoxy)cyclopentanecarboxylatelivon
(19).—The hydroxy-ester (16) was converted quantitatively
to its methoxymethyl ether (19) by the method described
above for the preparation of compound (11), and was
obtained as a pale yellow crystalline solid, m.p. 83—84 °C;
Yoax, (CHCLy) 2 050, 1 975, 1 720, and 1 488 cm™; & (CDCl,)
5.01 (1 H,dd, J,;6.5, J3 ;2.5 Hz, 3-H), 4.58 (2 H, narrow
AB q, OCH,0), 4.35 (1 H, m, CH-0), 3.70 (3 H, s, CO,Me),
3.65 (3 H, s, 4-OMe), 3.36 (3 H, s, OMe), 3.28 (1 H, m, 5-H),
257 (1 H, Ad, Jgum 17, J5.6 3 Hz, 6-H), 2.06 (1 H, d, J,,
6.5 Hz, 2-H), 2.3 (1 H, m), and 1.9—1.3 (6 H, 3 x CH,),
1.42 (1 H, dd, fpm 17, Js,¢ 3 Hz), and 1.27 (3 H, s, Me);
mle (%) 450 (5), 422 (35), 366 (60), and 304 (100) (Found:
C, 53.7; H, 5.8. C,yH,sFeOq requires C, 53.35; H, 5.82).

Tricarbonyl[1-hydroxymethyl-1-(2—5-7-4-methoxy-1-
methylcyclohexa-2,4-dienyl)-2-(methoxymethoxy)cyclopentane)-
ivon (20).—To a stirred solution of the ester (19) (2.14 g) in
dry tetrahydrofuran (50 ml) under nitrogen at 0 °C was
added di-isobutylaluminium hydride (13 ml, 1M in hexane),
and the mixture was stirred overnight, warming to room
temperature. The aluminium complex was destroyed by
addition of methanol (10 ml) and water (10 ml) followed by
stirring for 30 min. The mixture was filtered through Celite,
the pad washed well with ether (200 ml), and the filtrate
washed with water, dried (MgSO,), and evaporated to give
the complex (20) as a pale yellow crystalline solid, m.p.
116—118 °C (1.80 g, 98%); v, (CHCl,) 3 635, 3 450, 2 048,
1972, and 1488 cm™; § (CDCl;) 4.97 (1 H, dd, J,, 6.5,
Js5 2.5 Hz, 3-H), 4.56 (2 H, narrow AB q, OCH,0), 3.81
(1 H, m, CHO), 3.62 (3 H, s, 4-OMe), 3.54 (2 H, br m,
CH,0OH), 3.36 (3 H, s, OMe), 3.28 (1 H, m, 5-H), 2.69 (1 H,
d, /.3 6.5 Hz, 2-H), 2.29 (1 H, dd, Jgn 16, J5 2.5 Hz, 6-H),
1.9-1.3 (8 H, 3 x CH,, 6-H, and OH), and 1.28 (3 H, s, Me);
mle (%) 422 (8), 394 (15), 366 (2), and 338 (100) (Found: C,
53.85; H, 5.95. C, H,;FeO, requires C, 54.05; H, 6.219,).

Tricarbonyl[1-methoxymethyl-1-(2—5-n-4-methoxy-1-
methylcyclohexa-2,4-dienyl)-2-(methoxymethoxy)cyclopentane]-
ivon (21).—Sodium hydride (0.70 g, 509, dispersion in
mineral oil) was washed under nitrogen with dry pentane,
and dry tetrahydrofuran (10 ml), followed by a solution of
the complex (20) (1.8 g) in tetrahydrofuran (15 ml), were
added. To the stirred mixture at 0 °C was added methyl
todide (7 ml) and stirring was continued for 36 h at room
temperature. Excess of sodium hydride was destroyed by
careful addition of methanol and the product was extracted
in the usual way to give the methyl ether (21) as a yellow oil,
spectroscopically and chromatographically pure (1.88 g,
100%); vy (CHCly) 2045, 1975, and 1487 cm™; 3§
(CDCl,) 4.97 (1 H, dd, J,3 6.5, J;5 2.5 Hz, 3-H), 4.56 (2 H,
close AB q, OCH,0), 3.86 (1 H, m, CHO), 3.64 (3 H, s,
4-OMe), 3.36 (3 H, s, OCH,OMe), 3.34 and 3.08 (each 1 H,
d, Jap 10.5 Hz, CH,0), 3.29 (3 H, s, OMe), 3.29 (1 H, m,
obscured, 5-H), 2.65 (1 H, d, J,; 6.5 Hz, 2-H), 2.32 (1 H, dd,
Jgem 16, J5 4 2.5 Hz, 6-H), 1.9—1.3 (6 H, 3 x CH,), 1.45
(I H, dd, Jgem 16, J5.6 3 Hz, 6-H), and 1.26 (3 H, s, Me);
mfe (%) 436 (1), 408 (15), 380 (1), and 352 (100) (Found:
M*, 436.116.  CyoHygFeO, requires M, 436.1185).
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Tricarbonyl[2-hydvoxy-1-methoxymethyl-1-(2—5-n-4-
methoxy-1-methylcyclohexa-2,4-dienyl)cyclopentanelivon (22).
—The above complex (21) (1.88 g) was stirred in methanol
at 55 °C under nitrogen with toluene-4-sulphonic acid (1.6 g)
for 4 h, when t.l.c. examination indicated complete reaction.
The usual extractive work-up gave the product (22) as a
yellow syrup, chromatographically pure (1.40 g, 83%); vy ...
(CHCl,) 3 620, 3 600—3 300, 2 050, 1 975, and 1488 cm™®;
3 (CDCl,) 4.99 (1 H, dd, J,; 6.5, J55 2.5 Hz, 3-H), 4.13
(1 H, br, CHO), 3.66 (3 H, s, 4-OMe), 3.36 and 3.10 (each
1H,d, Jag 10 Hz, CH,0), 3.33 (1 H, m, 5-H), 3.31 (3 H, s,
OMe), 2.65 (1 H, d, [, 4 6.5 Hz, 2-H), 2.34 (1 H, dd, Jzn 16,
Js.6 3Hz, 6-H), 1.9—1.3 (6 H, 3 x CH,), 1.48 (1 H, dd, Jgum
16, J5 ¢ 3 Hz, 6-H), and 1.34 (3 H, s, Me); m/fe (%) 364 (50,
M+ — CO), 336 (25), and 308 (100) [Found: M* — CO
364.1006. C,,H,,FeO, (M — CO) requires 364.0973].

Cyclisations with Thallium(int) Trifluoroacetate.—Tri-
carbonyl[1—4-7n-(4aB,5a8,6,7,8,9,9a,9b-octakydro-3-methoxy-
ax-methoxycarbonyl-9bB-methyldibenzofuran)livon (13). The
hydroxy-ester (7) (0.446 g) was stirred in dry ethanol (10 ml)
at 0 °C. Solid sodium hydrogencarbonate (0.3 g) followed
by thallium(111) trifluoroacetate (1.2 g) were added and the
mixture was stirred for 15 min, after which time a further
quantity of NaHCO; (0.3 g) and TTFA (1.2 g) were added.
After 15 min an excess of aqueous sodium carbonate
was added, followed by ethyl acetate, and the thallium
residues were removed by filtration through Celite. The pad
was washed with ethyl acetate and the combined organic
extracts were washed with water, dried (MgSO,), and evapor-
ated to give the crude produce (0.20 g). Preparative layer
chromatography (SiO,, 109, EtOAc-benzene) afforded the
cyclised product (0.15 g) and a minor amount of recovered
hydroxy-ester (0.04 g) (yield based on recovered starting
material, 37%). A number of attempts to improve the
yield met with no success. The product (13} had m.p.
203-—205 °C (sublimes); v . 2055, 1983, 1727, and 1 490
cm™; § (CDCl,) 4.95 (1 H, dd, J,; 6, J,, 2.5 Hz, 2-H), 3.85
(1 H, d, J 3.5 Hz, 4a-H), 3.75 (3 H, s, CO,Me), 3.65 (3 H, s,
OMe), 3.50 (1 H, dd, J 10, 4.5 Hz, 5a-H), 3.20 (1 H, dd, J 3.5,
2.5 Hz, 4-H), 2.30 (1 H, d, J 6 Hz, 1-H), 2.3—1.0 (8 H,
4 x CH,),and 1.18 (3 H, s, Me); m/e (%) 418 (12), 390 (40},
362 (5), and 344 (100) (Found: C, 54.25; H, 5.35. C, H,,-
FeO, requires C, 54.56; H, 5.309,).

Tricavbonyl[1—4-7-(4aB,5ax,6,7,8,9,9a,9b-octahydro-3-
methoxy-9aB-methoxycarbonyl-9bB-methyldibenzofuran)livon
(14). The hydroxy-ester complex (8) (0.100 g) was treated
with TTFA-NaHCO, as above and gave the cyclised product
(14) (32 mg, 32%) as a pale yellow crystalline solid; v_,
(CHCly) 2 055, 1 975, and 1 490 cm™; 3§ (CDCly) 5.25 (1 H,
dd, J 6,2.5Hz, 2-H),4.10(1 H, d, J 3.5 Hz, 4a-H), 3.66 (3 H,
s, CO,Me), 3.60 (3 H, s, OMe), 3.5 (1 H, obscured, 5a-H),
3.18 (1 H,dd, J 3.5, 2.5 Hz, 4-H), 2.15 (1 H, d, J 6 Hz, 1-H),
2.1—1.2 (8 H, 4 x CH,), and 1.14 (3 H, s, Me) (Found: C,
54.5; H, 5.05. C,,H,,FeO, requires C, 54.56; H, 5.309%).

Cyclisations with Ivon(in1) Chlovide on Silica Gel.—The
procedure is described for the cyclisation of hydroxy-ester
(7), the others being conducted in an identical manner.
Hydrated iron(imr) chloride (6.0 g) was dissolved in the
minimum volume of diethyl ether, and thoroughly mixed
with silica gel (60 g, Merck Kieselgel 60, 70—230 mesh) by
shaking. The solvent was removed on the rotary evapor-
ator and the resulting mix was placed under high vacuum
(0.01 mmHg) at 80—90 °C for 6 h, when a greenish mix was
obtained. The hydroxy-ester (0.60 g) in dry tetrahydro-
furan (20 ml) was added to the cooled mix in portions,
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shaking thoroughly after each addition, and the mixture was
evacuated at room temperature for 45 min. The silica
reaction mixture was poured onto a column of basic
alumina (50 g, Woelm B, activity 1) and the products
eluted with ethyl acetate to give a 1 : 1 mixture of products
(13) and (14) (0.54 g, 90%,), which was used without further
purification for the subsequent steps.

The hydroxy-ester complex (16) (0.120 g) gave tricarbonyl-
{6—8-1-(2,3,3ac,4ap,8a,8b-hexahydro-6-methoxy-8ba-meth-
oxycarbonyl-8aB-methyl-1H-cyclopenta[blbenzofuran)}ivon
(17) (0.11 g, 929%), m.p. 124—125 °C (pentane); v ..
(CHCl,) 2 040, 1 960, and 1 710 cm™; 3 (CDCl,) 5.06 (1 H,
dd, J 6.5, 2.5 Hz, 7-H), 4.58 (1 H, m, 3a-H), 410 (1 H,d, J
4 Hz, 4a-H), 3.72 (3 H, s, CO,Me), 3.71 (3 H, s, OMe), 3.10
(1H, dd, J4,2.5Hz,5-H),2.21 (1 H,d, J 6.5 Hz, 8-H), 2.0—
1.5 (6 H, m, 3 x CH,), and 1.34 (3 H, s, Me); m/e 404 (M)
(Found: C, 53.3; H,5.2. C,H, FeO, requiresC, 53.49; H,
4.99%).

The mono-protected diol complex (22) (0.290 g) gave tri-
carbonyl{5—8-1-(2,3,3an,4aB,8a,8b-hexahydro-6-methoxy-
8ba-methoxymethyl-8a3-methyl-1H-cyclopenta[blbenzofuran)}-
iron (23) (0.237 g, 82%), m.p. 121—122 °C (pentane); v
(CHCly) 2 050, 1 975, and 1 490 cm™; § (CDCl,) 5.37 (1 H,
dd, J 6.5, 2.5 Hz, 7-H), 4.15 (1 H, dd, J 4, 0.7 Hz, 3b-H),
3.86 (1 H, br s, 3a-H), 3.76 (3 H, s, 6-OMe), 3.59 and 3.12
(each 1 H, d, J,5 9.0 Hz, CH,0OMe), 3.37 (3 H, s, OMe), 3.22
(1H,dd, J 4,2.5Hz, 5-H), 2.54 (1 H, dd, ] 6.5, 0.7 Hz, 8-H),
1.77 (6 H, br s, 3 X CH,), and 1.35 (3 H, s, Me); m/e (%)
390 (20), 362 (70), 334 (20), 306 (70), and 274 (100) (Found:
C, 55.15; H, 5.75. C,H,,FeO, requires C, 55.40; H,
5.68%).

Preparvation of Dienylium-Fe(CO); Salts—Tricarbonyl-
[1-—5-1-6-ex0yp-(2-acetoxy-1-methoxycarbonylcyclohexyl)-3-
methoxy-6-endoype-methylcyclohexadienylium]ivon tetrafluoro-
borate (24). Tetrafluoroboric acid (1 ml, 409, aqueous) was
added dropwise to stirred acetic anhydride (10 ml) at 0 °C.
The mixture was allowed to attain room temperature and
the crude mixture of cyclised products (13) and (14) from
above (0.54 g) in dichloromethane (10 ml) was added drop-
wise. Stirring was continued under nitrogen for 30 min,
the mixture was poured into stirred diethyl ether, and the
product was removed by filtration and washed with ether
to give the tetrafluoroborate (24) (0.52 g, 73%); v, (Nujol)
2125, 2 095, 2 070, 1 743, 1 717, and 1 537 cm™; § (CD,CN)
5.83 (2 H, ABX, 5 peaks, J,, = J45 = 7, J24 2.5 Hz, 2-H,
4-H), 443 (1 H, dd, J 10, 4 Hz, CHOACc), 4.06 (3 H, s, OMe),
4.04 and 3.60 (each 1 H, dd, J 7, 2 Hz, 1-H and 5-H), 3.72
(3 H, s, CO,Me), 2.03 (3 H, s, OAc), 1.73 (3 H, s, Me), and
1.9—1.0 (8 H, 4 x CH,) (Found: C, 45.7; H, 4.8. C,H,-
BF,FeQ, requires C, 46.04; H, 4.609,).

Tricarbonyl[1—5-7-6-eX0ye-(2-acetylacetoxy-1-methoxy-
carbonylcyclohexyl)-3-methoxy-6-endoy-methylcyclohexadi-
enyliumlivon hexafluorophosphate (28). The cyclisation
products (13) and (14) (0.137 g) were dissolved in dichloro-
methane (10 ml) and a solution of keten dimer (2 ml, 509, in
acetone) followed by 409, aqueous tetrafluoroboric acid
(0.1 ml) were added. The mixture was refluxed gently
under nitrogen for 2 h, the solvent removed i vacuo, and
the residual oily salts taken up in water. The water layer
was extracted with ether to remove organic material and
ammonium hexafluorophosphate (0.1 g) was added. The
salts were extracted into dichloromethane (4 x 2 ml), pre-
cipitated with ether, collected by filtration, washed with
ether, and dried ¢» vacuo to yield the pale yellow hexafluoro-
phosphate (28) (0.171 g, 819%); v, (Nujol) 2120, 2110,
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2 090, 2065, 2050, 1757, 1750, 1713, and 1545 cm™;
Ve (MeCN) 2115, 2070, 1748, 1718, and 1538 cm™};
8 (CD,CN) 5.83 and 5.72 (each 1 H, dd, ABX, J,, 2.0,
Jie = Jas = 7.0Hz,2-Hand 4-H), 4.67 (1 H, dd, broadened
by virtual coupling, J 9, 3 Hz, CHOAc), 4.06 (3 H, s, MeO),
4.04 (1 H, dd, obscured) and 3.63 (1 H, dd, J 7, 2.5 Hz, 1-H
and 5-H), 3.70 (3 H, s, CO,Me), 3.53 (2 H, s, CH, aceto-
acetate), 2.21 (3 H, s, OAc), 1.75 (3 H, s, Me), and 1.9—1.0
(8 H, 4 x CH,) (Found: C, 42.7; H, 4.2. C,;H,,FFeO,P
requires C, 42.61; H, 4.209%,).

Tricarbonyl[1—5-1-6-ex0y,-(2-acetoxy-1-methoxycar-
bonylcyclopentyl)-3-methoxy-6-endoye-methylcyclohexadi-
enylium]ivon tetrafluovobovate (30). The complex (17) (0.12
g) was treated as above with HBF,-acetic anhydride to give
the tetrafluoroborate (30) (0.13 g, 829%); v, (Nujol) 2 115,
2 070, 2 050, 1 742, 1 727, and 1 537 cm™; 3 (CD,CN) 5.95
and 5.80 (each 1 H, dd, J 7, 2 Hz, 2-H and 4-H), 5.33 (1 H,
d, J 6 Hz, CHOACc), 4.10 (3 H, s, OMe), 3.93 and 3.65 (each
1H,dd, J 7, 2 Hz 1I-H and 5-H), 3.66 (3 H, s, CO,Me), 2.0
(3 H, s, OAc), 1.65 (3 H, s, Me), and 1.8—1.2 (6 H, 3 x
CH,) (Found: C, 44.75; H, 4.35. C,,H,;BF,;FeOq4 requires
C, 44.98; H, 4.349%,).

Tricarbonyl[1—5-1-6-ex0ge-(2-acetoxy-1-methoxymethyl-
cyclopentyl)-3-methoxy-6-endops-methylcyclohexadienylium]-
ivon tetrafluovoborate (31). Treatment of the complex
(23) (0.237 g) as above gave the fetrafluoroborate (31) (0.260 g,
82%); V,a.x (Nujol) 2115, 2 060, 1 745, and 1 540 cm™; §
(CD,CN) 5.90 and 5.68 (each 1 H, dd, ABX, J 7, 2 Hz, 2-H
and 4-H), 4.77 (1 H, d, J 6 Hz, CHOAc), 4.07 (3 H, s, OMe),
3.82 centred (2 H, 5-peak ABX, J 7, 2 Hz, 1-H and 5-H),
3.20 (3H, s, OMe), 3.04 (2 H, s, CH,OMe), 1.97 (3 H, s, OAc),
1.74 (3 H, s, Me), and 1.8—1.2 (6 H, 3 x CH,) (Found: C,
45.95; H, 4.65. C,,H,,BF,FeO, requires C, 46.19; H,
4.85%).

Reactions of Dienylium Salts.—(a) With Cerium(1v)
Ammonium Nitrate. The procedure is described for (23),
that for the other complexes being identical. The tetra-
fluoroborate (0.200 g) was stirred in 509, aqueous ethanol
(4 ml) at room temperature, and cerium(rv) ammonium
nitrate (1.5 g) was added in portions over 40 min. The
mixture was poured into water, filtered through Celite, and
the pad washed with ether. The aqueous layer was ex-
tracted with ether, the combined extracts washed with
water, dried (MgSO,), evaporated and chromatographed
(silica gel, ether) to give 4-(2-acetoxy-1-methoxycarbonyl-
cyclohexyl)-4-methylcyclohexa-2,5-dienone (25) as a colourless
crystalline solid, m.p. 101—102 °C (hexane-chloroform),
yield 0.076 g (70%); v,,.. (CCly) 1743, 1725, 1 673, 1 633,
and 1607 cm™; § (CDCl,) 7.05 and 6.83 (each 1 H, dd, J
10, 2 Hz, 3-H and 5-H), 6.24 (2 H, d, J 10 Hz, 2-H and 6-H),
4.72 (1 H, dd, J 9, 5 Hz, CHOACc), 3.80 (3 H, s, CO,Me), 1.98
(3H,s,0Ac),1.30 (3H, s, Me),and 2.5—1.1 (8 H, 4 x CH,);
mife (%) 306 (2) and 108 (100) (Found: C, 66.4; H, 7.1%,;
M+, 306.1455. C,;H,,0; requires C, 66.65; H, 7.24%;
M, 306.1467).

The tetrafluoroborate (30) (0.120 g) gave 4-(2-acetoxy-1-
methoxycarbonylcyclopentyl)-4-methylcyclohexa-2,5-dienone
(32) (0.063 g, 96%,) as colourless crystals, m.p. 69.5—71 °C;
Vyas (CClg) 1742, 1673, 1633, and 1607 cm™; & (CDCl)
7.23 and 7.04 (each 1 H, dd, J 11, 3 Hz, 3-H and 5-H),
6.27 (2 H, d, J 11 Hz, 2-H and 6-H), 5.56 (1 H, br s,
CHOAC), 3.77 (3 H, s, CO;Me), 1.97 (3 H, s, OAc), 1.32 (3 H,
s, Me), and 2.6—1.6 (6 H, 3 x CH,) (Found: C, 66.05; H,
6.85%; M™*, 292.1314. C,(H,;O; requires C, 65.74; H,
6.90%; M, 292.1311).
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The tetrafluoroborate (31) (0.150 g) gave 4-(2-acetoxy-1-
methoxymethylcyclopentyl)-4-methylcyclohexa-2,5-dienone (33)
(0.072 g, 909%,) as a colourless oil, chromatographically and
spectroscopically pure; v (CCly) 1745, 1672, 1 630, and
1605 cm™; § (CDCl;) 7.34 and 7.15 (each 1 H, dd, ABX, J
11, 3 Hz, 3-H and 5-H), 6.22 (2 H, dd, J 11 Hz, 2-H and
5-H), 6.22 (2 H, dd, J 11 Hz, 2-H and 6-H), 5.22 (1 H, dd,
J 6,4 Hz, CHOAc), 3.27 (3 H, s, OMe), 3.37 and 3.15 (each
1 H,d, Jen 10 Hz, CH,0OMe), 1.96 (3 H, s, OAc), 1.33 (3 H,
s, Me), and 2.4—1.4 (6 H, 3 x CH,) (Found: M™, 278.1512.
C,6H,,0, requires M, 278.1518).

Reaction of Complex (24) with Dimethyl Sodiomalonate.—
Sodium hydride (509, dispersion in mineral oil, 15 mg,
washed with dry pentane) was stirred in dry tetrahydro-
furan (1 ml) under nitrogen whilst dimethyl malonate (50
mg) in tetrahydrofuran (1 ml) was added. Stirring was
continued at room temperature for 10 min, and the complex
(24) (100 mg) was added with back-flushing of nitrogen.
The resulting blood-red mixture was stirred at room tem-
perature for 15 min, poured into brine, and extracted with
ether. The extracts were washed with 209, aqueous
hydrochloric acid, saturated sodium hydrogencarbonate
solution, and water, dried (MgSOy), and evaporated to give
a yellow oil (65 mg). T..c. examination showed three
compounds, one of which was unreacted dimethyl malonate.
Preparative layer chromatography (silica gel-ether) afforded
the dienone (25) (40 mg, 729%) and a yellow oil whose
spectral properties were consistent with the structure (26)
(11 mg, 10%); v,., (CCl,) 2030, 1 982, 1738, 1 725, 1 690,
and 1533 cm™; § (CD,Cly) 5.23 (1 H, s, malonyl CH), 4.95
(2H,d, J7Hz, 2-H, 4-H), 4.55 (1 H,dd, J 9, 5 Hz, CHOACc),
3.92 (3 H, s, MeO), 3.63 (3 H, s, CO,Me), 3.50 (6 H, s,
2 x CO,Me), 2.57 and 2.30 (each 1 H, dd, J 7, 2.5 Hz, 1-H
and 5-H), 1.98 (3 H, s, OAc), 1.60 (3 H, s, Me), and 1.9—1.0
(8 H, 4 x CH,); m/e 592 (M™).

Reaction of (31) with Sodiomalononitrile—Sodiomalono-
nitrile was prepared in tetrahydrofuran as above from sodium
hydride (10 mg, 509, in mineral oil) and malononitrile
(25 mg). The tetrafluoroborate (25 mg) was added, and the
mixture was stirred for 15 min and worked up as above to
give the dienone (33) (10 mg) identical to that prepared by
reaction of (31) with CelV. No other products were
observed.
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