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1. Introduction

EtO,C @ ”
Nucleophilic addition to cationic polyenyl-metal cplaxes is P(NMey),
an exemplar of organometallic chemistry. Where¢heactions @ —> R (2)
proceed in good yield and with high regioselectivityey have B
been utilized in organic synthesis. There are numerous Me Fe(CO)s* Me Fe(CO)s
examples of the reaction of (cyclohexadienyl)- and 3a R=H 4a, R =H, R'=Me (46%)
(cycloheptadienyl)Fe(1+) cationd&d, eqn. 1) with stabilized 30 R =0Me 4b, R = OMe, R' = CH,CH,CH=CMe; (50%)
carbon nlﬂfleophiles such as maloné‘l‘ésﬁ-ketoesteré‘,"_": B- We and others have examined the reactivity of acycl
diketones™ 2-cyano acetatéd; and arylsulfonyl acetatés (pentadienyl)iron(1+) catiorBwith nucleophiles. While certain
nucleophiles attack at the pentadienyl terminugenoerateE,Z-
EWG! EWG' EWG? diene complexes, other nucleophiles react via attack at an
@\—EWG2 CO,R COzR internal pentadienyl carbon to generate 2-substiti8-pentene-
@CHZ)" = CO:R  C(OR (1) 1,5-diyl)Fe complexeg. This latter reactivity is relatively
: : Al Fe(CO) Fe(CO)
H = CO,R CN ! 3 3
a,n=1,L=CO;b,n=1,L=PPh3; R1/|Ej\R5
c,n=2L=C0;d n=2L=P(OPh), u PF Fe(CO)s
In spite of their potential as synthons for HornemrBons 6 5 |/ CO insertion ;Z 21 ;E\\;VV(GE
olefination, there are few examples of the reactibdienyl-iron ’
cationd or other organometallic catichswith phosphonate N %[oxidant]
stabilized carbon nucleophiles. Stephensral., reported the  Nu red. u Nu
reaction of (cyclohexadienyl)Fe(CQ)cations 3a/b with the ﬂ R \ H
potassium salt ofi-phosphoramide acetates proceeded with good Rt R5 I NRs \ RS
regioselectivity, but in only modest vyields (egn.).®2 o) o~ Fe(CO)2 EWG
Furthermore, the productswere not further processed into the 8 9 10
corresponding alkenes via reduction of the estdrsbsequent

Scheme 1. Nucleophilic attack on acyclic pentadienyl-iron

elimination. i
cationsb.
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unique to acyclic (pentadienyl)Feations compared to their
cyclic counterpartd. Complexea, in which the R substituent
attached to the iron-bonded ®sparbon is not an electron-
withdrawing group,
decompose to cyclohexenone produds via CO insertion
followed by reductive elimination and olefin isonziion®’ In
contrast, those complexegb which possess an electron-

Tetrahedron

Deprotection of the silyl ether of alkylat@dketophosphonate
14b, gave the alcoholl7 (Scheme 3), which upon Swern
oxidation afforded aldehydE8; both17 and 18 were obtained as

are not stable and these eventualla mixture of diastereomers. Subsequent intramtdeddorner-

Emmons olefination 018 gave the cyclohexenor® as a single
diastereomer. Notably, a signal&6.20 ppm in théH NMR
spectrum corresponds to H3' and signal® 4198.4, 143.9, and

withdrawing R substituent are stable, isolable species which ar¢41.8 ppm in thé’C NMR spectrum correspond to the carbonyl

resistant to CO insertion. Oxidatively induced-redsc
elimination of complexes7b generate vinylcyclopropane-
carboxylate€0.?

We herein report on the reaction of acyclic (peigtag)iron
cations with phosphonate stabilized carbon nucldeghi
culminating in an application to the synthesis ofygenated
metabolites of carvone.

2. Results and Discussioh

Addition of the anion generated from trimethyl
phosphonoacetate or diethyl (2-oxopropyl)phosplernat (1-
methoxypentadienyl)iron cation1y)'® proceeded at the C2
carbon to afford the 2-substituted (pentenediyh)immplexes
13ao0r13b (Scheme 2, Table 1). In a similar fashion, additf
the anions generated from trimethyl phosphonoaeeaiat]6-(-
butyldiphenylsilyl)oxy]-2-oxohexylphosphonic  acid intethyl
estel' with cation (2* afforded the (pentenediyl)iron
complexesl4a or 14b. Complexesl3a 13b, 14a 14b were
obtained as inseparable mixtures of diastereont¢heandicated
(*) carbon, as determined b{H NMR spectroscopy. Each
exhibited two doublet signals in the rany®.01-0.80 ppm which
were assigned to the hydrogen attached tootheund carbon
(HY) of each diastereom&"* That 133 14a and 13b were
diastereomeric at the indicted carbon was furthemoborated by
their conversion to a single enoate or endtteg(16a or 15b)
upon Horner-Emmons olefination with paraformaldehyde.

(ON \
F_e(CO)3+ H P(OR);
27~ R
E RS T~ : "RS ET-: "RS
PFg- H! Fe(CO), H! Fe(CO),
11,R5=H 13a, R5=H, R =CO,Me 15a, R®=H, R = CO,Me
12,R5=Ar  13b,R5=H, R = C(O)Me 15b, R5=H, R = C(O)Me

14a, R5= Ar,R = CO,Me 16a, R5= Ar,R = CO,Me
14b, R5 = Ar, R = C(O)R"

Scheme 2Addition of phosphonate stabilized nucleophile§ito

methoxycarbonylpentadienyl)iron(1+) cations, andosaquent

HWE olefination. Ar = 2,5-dimethoxyphenyl; R” =
(CH,),0SiPht-Bu. Reagents) Na "CH[P(O)(OR'}R]; ii) base,

paraformaldehyde.

Table 1. Addition of phosphonate stabilized nucleophileglo
methoxycarbonylpentadienyl)iron(1+) cations, andosaquent
HWE olefination (E = CGMe)

R R R Product Base Product
(yield) (yield)
COMe Me 13a(69%) NaH  1Ea (84%)
H CO)Me Et 13b(66%) NaH  15b (50%)
Ar COMe Me 14a(85%) n-BuLi  16a (90%)
Ar C(O)R” Me 14b (98%)

Ar = 2 5-dimethoxyphenyl; R” = (ChHlLOSiPht-Bu

and olefinic carbons of the cyclohexenone fragment.

OMe OMe
TBAF ( 14b,R = CH,OSiPh,t-Bu 19 (50%)
17, R = CH,OH (80%) NaH/THF
omsO K 18, R = CHO (quant)
(cocl),
NEt,
Scheme 3. Intramolecular Horner-Emmons olefination to

generate cyclohexenone (pentenediyl)iron comfpiex

The regioselectivity for addition of the phosphanstabilized
nucleophiles to catiodl is similar to the addition of malonate,
arylsulfonyl acetates and alkenyl Grignards to tlsiame
cation®*®" |n contrast, the regioselectivity for addition1t®is
considerably greater than that for addition of ajt&rignards to
this cation®™ Additionally, the functionality introduced ontoeth
(pentenediyl) ligand by the present sequence ofleophilic
addition/Horner-Emmons olefination would not be aafalié
within an alkenyl Grignard reagent.

In contrast to the above results, reaction of (@eienyl)iron

cation 20 with sodium trimethyl phosphonylacetate gave a
mixture of regioisomeric cyclohexenongka22a, each of which
consisted of a mixture of diastereomers at thecatdd (*)
carbon (Scheme 4, Table 2). The ratio Bla22a was
determined by integration of tHel NMR signals for H3 oR1a
compared to the integration of the H3 signald@a Olefination
of the mixture of21a/22awith paraformaldehyde gave a mixture
of 23a24a a pure sample d23a could be obtained by column
chromatography. In a similar fashion, reactior2@fvith sodium
diethyl (2-oxopropyl)phosphonate or with sodium kbt
(phenylsulfonyl)-methanephosphonate gave a mixtuoé
21b/22b or 21c respectively; each of which consisted of a
mixture of diastereomers. Olefination of the mixtofe21b/22b
with formaldehyde gave a mixture 88/24b, while olefination
of 21c gave the vinylsulfonatg3c The structures d@1 and23
were assigned as 5-substituted-2-methylcyclohexenamethe
basis of their NMR spectral data. In particulag $ignals for H-
3 and the Me-2 appear at &6.7-6.6 (m) and 1.75-1.80 (s) ppm
respectively in theitH NMR spectra, while the signals for C1,
C2, C3 and Me-2 appear at @199, 135, 144, and 15.9 ppm
respectively in theil’C NMR spectra.

Formation of cyclohexenone produi is rationalized by
nucleophilic attack at an internal pentadienyl carlof 20 to
afford the (pentenediyl)iron compleg (R' = H, R = Me,
Scheme 1). Carbonyl insertion followed by reducglienination
and subsequent conjugation of the double bonddsffi.



Os‘ [} 1 //O
Fe(CO)s* OspoR), | PIOR): (R05)2P ;
m R“© Na+ R 5 s 3 R
_— »
Me Me Me
PFB_ 20 (o] (6]

21a R'=Me,R=CO.,Me 22a
21b R =Et, R=C(O)Me 22b

21c R'=Et,R=S0,Ph 22c
i) NaH
ii) paraformaldehyde
3 5
R™ 3 3 R
Me Me
23a R =CO,Me 24a

23b R=C(O)Me 24b
23¢c R =S0,Ph

Scheme 4Addition of phosphonate stabilized nucleophileglto
methylpentadienyl)Fe(C@)cation.

Table 2. Addition of phosphonate stabilized nucleophileglo
methylpentadienyl)iron(1+) cations, and subsequétifVE

olefinatiorf
R OR’ Product Product
(ratio?yield)  (ratio; yield)
COMe OMe 2la+22a 23at24a
(10:1, 87%)  (10:1, 69%)
COMe OEt 21b+22b 23b+24b
(6:1, 74%) (6:1, 89%)
SOPh OEt 21c (47%) 23c (72%)

®Ratio of constitutional isomeric products deterrdiney 'H
NMR integration of thg-hydrogen signals.
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3. Conclusions

In contrast to the addition @f-phosphoramide acetate anions
to (cyclohexadienyl)iron(1+) cations, the additmfiphosphonate
stabilized carbon nucleophiles axyclic (pentadienyl)iron(1+)
cations occurs primarily at an internal dienyl @arbto form
(pentenediyl)iron complexes. The fate of the (peatliyl)iron
products depends on the presence or absence ofeatmon
withdrawing ester substituent at tleebound carbon. Horner
Wadsworth Emmons olefination of the phosphonate tiddi
products generates (2-alkenyl-3-pentene-1,5-yl)aomplexes or
5-alkenyl-2-methyl-2-cyclohexenones. The lattee &uitable
precursors for the preparation of 10-hydroxycarvoaerd
carvonic acid.

4. Experimental
4.1. General Data.

All reactions involving moisture or air sensitiveagents were
carried out under an nitrogen atomosphere in ovetd
glassware with anhydrous solvents. THF and ether distiled
from sodium/benzophenone. Purifications by chromaphy
were carried out using flash silica gel (32468 NMR spectra
were recorded on either a Varian Mercury+ 300 MHz ¥agdan
Unitylnova 400 MHz instrument. CDgICD;OD, d-acetone
were purchased from Cambridge Isotope LaboratoridsNMR
spectra were calibrated to 7.27 ppm for residual GHCB1 ppm
for CD,HOD, or 2.05 ppm for gacetone’*C NMR spectra were
calibrated from the central peak at 77.23 ppm fDICG, 49.15
ppm for CQOD, or 29.92 ppm for gacetone. Coupling
constants are reported in Hz. Elemental analyses wletained
from Midwest Microlabs, Ltd., Indianapolis, IN, andgh-
resolution mass spectra were obtained from the Usityeof
Nebraska Center for Mass Spectrometry and the COSalGt
Old Dominion University.

4.2, Tricarbonyl (5-(methoxycarbonyl)-4-(1-
methoxycar bonyl dimethyl phosphonomethyl)-2-penten-1,5-
diyliron. ()-13a

To a stirring suspension of sodium hydride (175 g, mmol)

10-Hydroxycarvone 45, Scheme 5) has been isolated fromin dry THF (120 mL) at C under N, was added trimethyl
Hyssopus cuspidatus, a plant used in Chinese folk medicine for phosphonoacetate (885 mg, 4.86 mmol). The reactibiure

the treatment of fever and broncusus astfthahis terpene has
also been isolated as a minor carvone metaboli® ftultured
cells of the Madagascar periwinki@atharanthus roseus,*® and
as an excreted metabolite of carvone in the urinalibits'**and
human volunteer§™® while carvonic acid 46) has also been
isolated as a human metabolite of carvbhié. 10-
Hydroxycarvone has been prepared from carvone
regioselective chlorination at C10 and subsequelvolysis of
the halide"**® Saponification of23a afforded carvonic aci@é.
Attempted reduction o026 with borane gave a complex mixture
of products. Alternatively, a-deprotonation of the
cyclohexenone&3a with LDA, followed by addition of DIBAL
gave25 after workup. The spectral data obtainedZbrand 26
were consistent with their literature vald&s:*

HO,C HO
e

o} o}
(+)-26 <—| |—> (£)-25

(52%) LiOH xs LDA/-78 °C;  (76%)
THF/MeOH/H,O then DIBAL

Me

Scheme 5Synthesis of oxygenated metabolites of carvone.

was stirred for 30 min, and then a solution/suspensf (+)-11
(2.00 g, 4.86 mmol) in dry THF (60 mL) was added.heT
reaction mixture was stirred overnight, and thenngbed with
water. The mixture was diluted with GE1, and the layers were
separated. The aqueous layer was extracted onceCkitBI,
and the combined organic extracts were washed ontle wi

b¥aturated aqueous NaCl, and dried (MgS@nd concentrated

under reduced pressure. The residue was purifiedolymn
chromatography (Si§) ethyl acetate) to afford the product (%)-
13a(372 mg, 69%) as a yellow oib, (400 MHz, CDC1) 4.69-
4.39 (2H, m, H-3 and H-4), 3.81-3.55 (14H, m, 4 x Q@Hd H-
2 and H-6), 2.67-2.39 (2H, m, H-5exo and H-5endd}3Gand
0.01 (1H total, 2 x dJ 8.7 Hz each, H-1)% (partial, 100 MHz,
CDCls) 210.2, 209.9, 209.7, 209.6, 203.5, 203.3, 1797R.6,
167.3 (d,Jep 5.3 Hz), 166.7 (dJcp 4.7 Hz), 97.9, 97.4, 62.7,
62.6, 60.8, 60.6, 37.44 3.8 Hz), 37.0Jcp 4.0 Hz), 13.3 I»
1.9 Hz), 12.1 Je 14.1 Hz). HRMS (FAB): MN4-3CO, found
385.0110. GH,40,PFeNa requires 385.0114.

4.3. Tricarbonyl (5-(methoxycar bonyl)-4-(1-diethyl phosphono-2-
oxopropyl)-2-penten-1,5-diyl)iron. (+)-13b.

The reaction of the anion generated from diethybX@propyl)
phosphonate (240 mg, 1.21 mmol) and sodium hydriddry
THF with cation11 (500 mg, 1.21 mmol) was carried out in a
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fashion similar to the preparation df3a The residue was
purified by column chromatography (SiOethyl acetate) to
afford (+)-13b (365 mg, 66%) as a yellow oi§, (400 MHz,

CDCl) 4.79-4.50 (2H, m, H-3 and H-4), 4.29-4.05 (4H, m, —

OCH,CH), 4.01-3.87 and 3.72-3.63 (2H total, H-2 and H-6),
3.76 and 3.74 (3H total, 2 x s, OgH2.98-2.51 (2H, m, H-5exo
and H-5endo), 2.37 and 2.18 (3H total, 2 x s, CQCH48-1.31
(6H, m, —OCHCH,), 0.44 and 0.01 (1H total, 2 x d,8.4 Hz
each, H-1)d¢ (partial, 100 MHz, CDG) 210.0 [209.7] (COMe),
203.3 [203.2], 201.9 [201.8], 201.21 [201.20] (F®C 179.6
[179.5] (-CQCH,), 97.0 [96.8] (C-4), 64.2, 61.7, 61.5, 54.4, 51.3
[51.2] (-COCH,), 36.5, 36.1, 32.3, 29.8, 12.5, 11.9 [11.8] (C-1).
HRMS (FAB): MN4, found 397.0476. GH,;0sPFeNa requires
397.0474.

4.4, Tricarbonyl (5-(methoxycarbonyl)-4-(1-
methoxycar bonyl di methyl phosphonomethyl)-1-(2,5-
dimethoxyphenyl)-2-penten-1,5-diyl)iron. (1)-14a

The anion generated from trimethyl phosphonoacga#0 g,
2.2 mmol) and NaH (58 mg, 2.4 mmol) in dry THF (10)ralt O
°C was added by cannula to a solution of 12){1.1 g, 2.0
mmol) in dry CHCI, (50 mL) at —78C. After stirring for 1h at —

Tetrahedron

4.64 (1H total, 2 x dJ 12.8 Hz each, H-5), 4.57 and 4.30 (1H
total, 2 x t,J 7.2 Hz each, H-3), 3.92, 3.86, 3.79, 3.76, 3.743 3.
3.72, 3.71, 3.67 and 3.65 (17 H total, 10 x s and>@H; and
CH,0Si), 3.00 (0.5H, dd, %, 11.7, %y 22.0 Hz
CH(COR)P(0)(OMe)), 2.92 (0.5H, dd>J,y 11.8,%Jp, 21.3 Hz,
CH(COR)P(0)(OMe), 2.73-2.64 (1H, m), 2.40-2.30 (1H, m),
1.75-1.45 (4H, m), 1.022 and 1.018 (9H, 2 x s, SiGj§H0.80
and 0.33 (1H total, 2 x d] 8.4 Hz each, H-1)d> (162 MHz,
CDCl) 21.0, 22.0. Due to the presence of two diasterenras
well as*!P coupling, interpretation of tH&C NMR spectrum was
not attempted.

4.6. Tricarbonyl (4-(1-methoxycar bonyl ethenyl)-5-
(methoxycar bonyl)-2-penten-1,5-diyl)iron. (x)-15a

To a solution of (x)t3a(40 mg, 0.088 mmol) in dry THF (3 mL)
at 0°C was added NaH (2.6 mg). The mixture was stirred $or
min, and then paraformaldehyde (2.6 mg, 0.11 mnvad added
at 0°C. The reaction mixture was warmed to room tempegatu
over a 3 h period and then quenched wit®HThe mixture was
diluted with CHCI, and the layers were separated. The aqueous
layer was extracted once with @B, and the combined organic
extracts were washed once with saturated aqueous MHa@l,

78 °C, the reaction mixture was slowly warmed to roomdried (MgSQ), and concentrated under reduced pressure. The

temperature, and then quenched with saturated aguébiCl.
Workup of the reaction mixture was similar to that £3a The
residue was purified by column chromatography ¢Sifadient
ethyl acetate— ethyl acetate-methanol = 4:1) to afford ()a
as a yellow solid (0.99 g, 85%). An analytically punéture of
diastereomers (ca. 2:1 ratio) was obtained by réelgstion
from CH,Cl,/hexanes; mp 150-15iC; [Found: C, 47.37; H,
4.92. GaH;0,PFe requires C, 47.20; H, 5.17%]; (400 MHz,

CDCl;) major diastereomer 6.70-6.85 (3H, m,_ArH), 5.27 (1H,

dd,J 7.2, 12.7 Hz, H-4), 4.66 (1H, d,12.8 Hz, H-5), 4.32 (1H,
t, J 7.2 Hz, H-3), 3.87, 3.72, 3.69, 3.67 (19H total, 4 & m,
OCH; and H-2), 2.71 (1H, dd3Ju, 11.3, sy 20.6 Hz,
CH(CO;Me)P(0)(OMe)), 0.77 (1H, d,J 8.5 Hz, H-1); minor
diastereomer: 6.85-6.70 (3H, m,_ArH), 5.33 (1H, dd,.2, 12.7
Hz, H-4), 4.61 (1H, dJ 12.8 Hz, H-5), 4.52 (1H, {] 7.2 Hz, H-
3), 3.76, 3.74, 3.69, 3.67, 3.64, 3.59 (19H, 6 x MEOCH, and
H-2), 2.69 (1H, dd, %), 11.3, % 20.6 Hz,
CH(CO;Me)P(0)(OMe)), 0.44 (1H, dJ 8.5 Hz, H-1);5. (100

residue was purified by column chromatography ¢SH@xanes—
ethyl acetate = 17:3) to afford (2pa (25 mg, 84%) as a yellow
oil which solidified in the refrigerators, (400 MHz, CDCY)
6.08 (1H, d,J 1.2 Hz, C=CH), 5.36 (1H, dJ 1.6 Hz, C=CH),
4.70 (1H, td,J 7.4, 12.0 Hz, H-4), 4.60 (1H, §,7.2 Hz, H-3),
4.11 (1H, br tJ 8.2 Hz, H-2), 3.72 (3H, s, QGH 3.69 (3H, s,
OCHy), 3.48 (1H, tdJ 1.8, 7.6 Hz, H-5ex0), 2.21 (1H, d&i2.0,
12.4 Hz, H-5endo), 0.34 (1H, d,8.8 Hz, H-1). 6c (100 MHz,
CDCly) 211.0, 210.4, 204.1, 180.1, 166.3, 142.7, 129458,
62.1, 53.9, 51.7, 51.3, 40.0, 11.0. HRMS (FAB):Nd—6CO,
found 555.0386. (zH,40.Fe)Na requires 555.0386.

4.7. Tricarbonyl (4-(1-methenyl-2-oxypropyl)-5-
(methoxycar bonyl)-2-penten-1,5-diyl)iron. (£)-15b

The Horner-Emmons olefination of (#8b (360 mg, 0.789
mmol) with sodium hydride (1.13 mmol) in dry THF (30L),
followed by the addition of paraformaldehyde (24 n@gy80
mmol) was carried out in a fashion similar to thegaration of

MHZ, CDC|3) ma]OI' diastereomer: 2102, 2094, 2037, 1798,15a Purification of the residue by column Chromaml'y

167.4 0cp 5.2 Hz), 153.6, 151.3, 128.3, 113.4, 111.5, 10334,
70.2, 55.9, 55.8, 54.7, 54.0, 53.4, 53.3, 52.8;,%1.4, 37.01p
7.5 Hz), 12.8 Icp 8.5 Hz); minor diastereomer: 210.0, 209.4,
203.8, 179.7, 166.8)¢> 4.9 Hz), 153.6, 151.3, 128.3, 113.4,
111.5, 109.4, 93.0, 56.2, 55.9, 54.8, 54.5, 53365,5%52.7, 51.4,
37.5 Qcp 4.2 Hz), 11.6 Jcp 13.9 Hz);0» (CDCh, 162 MHz) 21.4
(major), 21.6 (minor).

4.5, Tricarbonyl[ 4-(6-t-butyldiphenylsilyl oxy-1-
(dimethyl phosphonyl)-2-oxohexyl)-5-methoxycar bonyl-1-(2,5-
dimethoxyphenyl)-2-penten-1,5-diyl]iron. (x)-14b

A solution of the anion prepared from [Bbutyldiphenyl-
silyl)oxy]-2-oxohexylphosphonic acid dimethyl estér46 g, 1.0
mmol) and NaH (48 mg, 1.2 mmol) in dry THF (30 mL)04C,
was subsequently cooled to —t8and a solution of ()2 (0.82
g, 1.5 mmol) in dry CECIl, (50 mL) was added with stirring.
Workup of the reaction mixture was similar to that f4a The
residue was purified by column chromatography ¢(St@xanes-
ethyl acetate = 4:1» 2:1 gradient) to afford an equimolar
mixture of diastereomers (4}4b (0.85 g, 98%) as a yellow solid;
mp 44-46°C; [Found: C, 58.37; H, 5.99.,1:,0,,PSiFe requires
C, 58.27; H, 6.29%]d, (400 MHz, CDC}) 7.68-7.62 (4H, m,
SiPhy), 7.43-7.33 (6H, m, SiBjh 6.88-6.79 (3H, m, ArH), 5.35
and 5.15 (1H total, 2 x dd), 7.2, 12.8 Hz each, H-4), 4.70 and

(Si0,, hexanes-ethyl acetate = 17:3) gavelEp (131 mg, 50%)
as a yellow oil.3,4 (400 MHz, CDC})) 5.91 (1H, d,J 1.8 Hz,
C=CH,), 5.51 (1H, dJ 1.8 Hz, C=CH), 4.69 (1H, tJ 7.0 Hz, H-
3), 4.61 (1H, tdJ 7.5, 11.6 Hz, H-4), 4.15 (1H,1,9.0 Hz, H-2),
3.72 (3H, s, OCBH), 3.45 (1H, dJ 8.4 Hz, H-5ex0), 2.25 (3H, s,
COCH;), 2.18 (1H, dJ 11.2 Hz, H-5endo), 0.36 (1H, 38.8 Hz,
H-1); 8¢ (100 MHz, CDC}) 210.8, 210.1, 204.0, 180.4, 142.9,
124.0, 97.8, 62.4, 54.1, 52.0, 51.6, 40.3, 11.5. ISR(AAB):
M,Na’, found 523.0483. (GH,,OsFe)Na requires 523.0477.

4.8. Tricarbonyl (5-(methoxycarbonyl)- 4-(1-
methoxycar bonylethenyl)-1-(2,5-dimethoxyphenyl)-2-penten-1,5-
diyliron (x)-16a

To a solution of (+)t4a (0.40 g, 0.68 mmol) in dry THF (20
mL) at —78°C was added a solution ofbutyl lithium in hexanes
(0.47 mL, 1.6 M, 0.75 mmol). The mixture was stirfer 1 h,
and then paraformaldehyde (41 mg, 1.36 mmol) waedddhe
reaction mixture was warmed to room temperature avér h
period and then quenched with saturated aqueougCNHhe
mixture was extracted several times with ether apdcttmbined
organic extracts were dried (p80,), and concentrated under
reduced pressure. The residue was purified by aolum
chromatography (Si©) hexanes—ethyl acetate = 4:1) to afford



(#)-16a (0.30 g, 90%) as a yellow solid. mp 163-1%5 (dec).
[Found: C, 54.37; H, 4.66. ,6H,,04Fe requires C, 54.34; H,
4.56%];64 (400 MHz, CDC}) 6.87 (1H, dJ 2.4 Hz, ArH), 6.86-
6.77 (2H, m, ArH), 6.11 (1H, d,2.0 Hz, C=CH), 5.45 (1H, dJ
2.0 Hz, C=CH), 5.41 (1H, ddJ 7.2, 12.4 Hz, H-4), 4.52 (1H,4,
7.2 Hz, H-3), 4.42 (1H, d] 12.4 Hz, H-5), 4.23 (1H, br 8, 8.4
Hz, H-2), 3.89, 3.76, 3.75 and 3.72 (12H total, 4 ®€H;), 0.85
(1H, d,J 8.8 Hz, H-1);3¢ (100 MHz, CDC}) 210.3, 209.9, 204.3,
180.4, 166.5, 153.7, 151.4, 142.6, 128.7, 124.3.211111.6,
109.4, 93.4, 69.8, 56.1, 56.0, 55.9, 51.9, 51.6,41D.6.

4.9. Tricarbonyl[ 4-(1-(dimethyl phosphonyl)-6-hydr oxy-2-
oxohexyl)-5-methoxycar bonyl - 1-(2,5-dimethoxyphenyl)-2-penten-
1,5-diyl]iron. (£)-17

To a solution of (£)t4b (1.00 g, 1.15 mmol) in dry THF (50
mL) under N, was added a solution of TBAF in THF (2.3 mL,
1M, 2.3 mmol). The reaction mixture was stirred rabm
temperature for 18 h, concentrated under reducesspre, and
the residue purified by column chromatography ¢Si€thyl
acetate— ethyl acetate-methanol = 4:1) to afford an equanol
mixture of diastereomers ()7 as a yellow solid (0.58 g, 80%).
mp 45-47°C; &, (400 MHz, CDC})) 6.88-6.77 (3H, m, ArH),
5.33 and 5.20 (1H total, 2 x dd,7.2, 12.8 Hz each, H-4), 4.68

5

645.0801. Due to the presence of two diastereorasmsgell as
*p coupling, interpretation of theC NMR spectrum was not
attempted.

4.11. Tricarbonyl (5-(methoxycar bonyl)- 4-(6-oxo-1-
cyclohexenyl)-1-(2,5-dimethoxyphenyl)-2-penten-1,5-diyl)iron.
(#)-19

To a suspension of NaH (8 mg, 0.3 mmol) in dry THB (1
mL) at 0°C under N was added dropwise a solution of (H§-
(0.10 g, 0.16 mmol) in dry THF (10 mL). The reaatimixture
was stirred for 5 h, warmed to room temperature,thad heated
at reflux for 4 h. After cooling to room temperaythe reaction
mixture was quenched with saturated J&H (20 mL) and the
resulting mixture was extracted several times with @ The
combined extracts were concentrated under reduesdyme, and
the residue purified by column chromatography Sii@xanes—
ethyl acetate = 1:1) to afford (#9 (40 mg, 50%) as a bright
yellow solid. mp 160-162C; 5, (400 MHz, CDC)) 6.85-6.75
(3H, m, ArH), 6.49 (1H, br s, H-3"), 5.29 (1H, d#i7.0, 12.2 Hz,
H-4), 4.63 (1H, tJ 7.6 Hz, H-3), 4.36 (1H, d] 12.8 Hz, H-5),
4.20 (1H, br tJ 8.4 Hz, H-2), 3.90, 3.74, 3.73 (9H, 3 x s, OfLH
2.36-2.25 (4H, m), 1.89-1.84 (2H, m), 0.86 (1HJ&.8 Hz, H-
1); 6c (100 MHz, CDC}) 210.6, 210.1, 204.4, 198.4, 180.6,

and 4.64 (1H total, 2 x d] 12.8 Hz each, H-5), 4.32 and 4.13 153.7, 151.4, 143.9, 141.8, 129.1, 113.0, 111.8,3®3.1, 69.4,
(1H total, t,J 7.1 Hz each, H-3), 3.96-3.92 (1H, m), 3.91, 3.90,58.3, 56.0, 55.9, 51.6, 39.3, 38.9, 25.9, 22.7, HRMS (ESI):

3.76, 3.74, 3.73, 3.72, 3.69, 3.68, 3.66 (15H,59 ®CH), 3.60-
3.56 (2H, m), 3.03 (0.5H, dd®J,, 11.7, 2Joy 22.0 Hz,
CH(COR)P(0)(OMe)), 2.92 (0.5H, dd®Jy 11.7,%Jp 21.1 Hz,
CH(COR)P(0)(OMey), 2.86-2.56 (1H, m), 2.40-2.30 (1H, m),
2.20 (1H, br s), 1.75-1.45 (4H, m), 0.74 and 0.33 (@tal, 2 x d,

J 8.4 Hz each, H-1)%¢ (100 MHz, CDCJ) 210.0 [209.9], 209.4
[209.1], 204.1 (d,Jpc 4.7), 203.7 [203.5], 203.1 (dlc 3.7),
179.9 [179.7], 153.6, 151.2, 128.2, 113.2, 111(8.2 [109.1],
92.7 [92.6], 70.0, 61.9, 60.9, 60.6, 59.7, 56.085555.77, 55.7,
55.4, 55.2, 53.3, 53.2, 53.1, 52.9, 51.4, 51.33,482.9, 36.9,
36.5, 31.6 [31.5], 19.5 [19.4], 12.4, 11.7 [11.6}; (162 MHz,
CDCl) 21.9, 21.0. HRMS (ESI): MNa found 647.0958.
C,eH330.,PFeNa requires 647.0957.

4.10. Aldehyde ()-18
To a solution of oxalyl chloride (0.13 g, 1.0 mmii)dry CHCI,

MNa", found 519.0712. GH,OsFeNa requires 519.0718.
4.12. Carvonic acid methyl ester (+)-23a

To a solution of the anion generated from trimethyl
phosphonoacetate (0.533 g, 2.73 mmol) and NaH 26@),
5.460 mmol) in dry THF (50 mL) at @, was added solid cation
20 (1.0 g, 2.7 mmol) in one portion. The reaction tig
warmed to room temperature and stirred for 2 h,ngdutihis time
a yellow-brown turbidity began to appear. The reactnixture
was diluted CHCI, (50 mL), saturated solution of methanolic
NaHCGQ; (80 mL) was added, and the mixture stirred overnigh
Water (30 mL) was added, and the mixture extraceceral
times with CHCI,. The combined extracts were dried (MgpO
and concentrated. The residue was purified by flaslumn
chromatography (Si) ethyl acetate—hexanes = 50% 70%
gradient) to afford a mixture of diastereomeric lopexenones

(10 mL) at —78°C under N was added dropwise a solution of 21a22aas a light yellow oil (458 mg, 87%). Due to the qbex

DMSO (0.14 mL, 2.0 mmol) in dry Ci&l, (10 mL). The
reaction mixture was stirred for 2 min, and thewlation of (t)-
17 (0.30 g, 0.48 mmol) in dry C&l, (10 mL) was added
dropwise over a period of 5 min. After stirring f&a6 min,
triethylamine (0.5 g, 5.0 mmol) was added and thectren
mixture was stirred for 5 min. The reaction mixtwas warmed
to room temperature over a period of 1 h, and duethavith
water (50 mL). The mixture was extracted severaksirwith

nature of the'H and *C NMR spectra, this mixture was not
further characterized. The mixture of diastereomeric
phosphonate esters (210 mg, 0.721 mmol) was added to
suspension of sodium hydride (43 mg, 1.1 mmol)rinTHF (20
mL) at 0 °C. The mixture was stirred at 0 °C for 8.
Paraformaldehyde (43.4 mg, 1.48 mmol) was added glatva
rate such that the temperature remained below 3(aR@,the
mixture was stirred for 1 h. The mixture was diluteidh H,O

CH.CIl,, and the combined extracts were concentrated undemd extracted several times with £Hp. The combined extracts

reduced pressure. The residue purified by

columrwere dried (MgSQ and concentrated. The residue was purified

chromatography (Si§) ethyl acetate—methanol = 10:1) to afford by flash chromatography (SjOether—hexanes = 0%> 75%

an equimolar mixture of diastereomers {8{0.30 g, quant.) as
a yellow solid. mp 40-42C; 3, (400 MHz, CDC}) 9.76 and 9.70

(1H total, 2 x t,J 1.0 Hz each, CHO), 6.90-6.70 (m, 3H, ArH),
5.35 and 5.22 (1H total, 2 x dd,7.2, 12.8 Hz each, H-4), 4.71

gradient) to afford a mixture of (£3aand (x)24a (10:1 ratio
by '"H NMR integration) as a pale oil (136 mg, 97%). @are
column chromatography gave a pure sample28& V.
(CH,CI,) 3470, 2924, 2853, 1717, 1675 1457, 1375'¢p (400

and 4.65 (1H total, 2 x d] 12.8 Hz each, H-5), 4.54 and 4.32 MHz, CDCL) 6.76-6.72 (1H, m, H-3), 6.27 (1H, s, C=¢}b5.58
(1H total, 2 x tJ 7.2 Hz each, H-3), 3.92, 3.91, 3.80, 3.78, 3.77(1H, s, C=CH), 3.74 (3H, s, OCk), 3.29-3.20 (1H, m), 2.62

3.75, 3.74, 3.715, 3.71, 3.70, 3.68, 3.67 (16H, 18 and m,
OCH; and H-2), 2.99 (0.5H, ddJ,, 11.6, Jpy 22.0 Hz,
CH(COR)P(0)(OMe)), 2.90 (0.5H, dd®J, 11.6,%Jp 21.2 Hz,
CH(COR)P(0)(OMey), 2.82 (0.5H, tJ 7.0 Hz), 2.77 (0.5H, §)
7.2 Hz), 2.52-2.34 (3H, m), 1.95-1.75 (2H, m), 0.77d .32
(1H total, 2 x dJ 8.4 Hz, H-1);65 (162 MHz, CDC}) 21.7, 20.8.
HRMS (ESI): MN4&, found 645.0811. £H;,0;,,PFeNa requires

(1H, ddd,J 2.4, 4.0, 16.2 Hz, H-6), 2.62-2.53 (1H, m), 2.44 (1H,
dd,J 12.8, 16.0 Hz, H-6), 2.35-2.25 (1H, m), 1.79 (3H2-8Je);

3¢ (100 MHz, CDCY) 199.2, 167.0, 144.4, 142.4, 135.7, 124.8,
52.2, 43.1, 37.0, 31.9, 15.9. HRMS (ESI): MNa&ound
411.1786. ¢H.,03),Na requires 411.1778.
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4.13. Diethyl (1-(4-methyl-3-oxocyclohex-4-en-1-yl)-2-
oxopropyl)phosphonate (+)-21b and diethyl (1-(2-methyl-3-
oxocyclohex-4-en-1-yl)-2-oxopropyl ) phosphonate (+)-22b

To an ice cold stirring suspension of NaH (25 mg20r6nol)
in freshly distilled THF (10 mL) was added dropwidetlyl 2-
oxopropylphosphonate (79 mg, 0.41 mmol) in dropte T
resultant mixture was stirred afQ for 45 min. The solid cation

Tetrahedron

mg, 0.13 mmol). The mixture was stirred af® for 30 min,
paraformaldehydél4 mg, 0.47 mmol) was added slowly at such
a rate that the temperature remained belo®C3and the reaction
mixture stirred for 1 h at room temperature. Té&ction mixture
was diluted HO (10 mL) and the mixture extracted several times
with CH,Cl,. The combined extracts were dried (MgH@nd
concentrated. The residue was purified by flash malu
chromatography (Si§) ethyl acetate-hexane = 0-45% gradient) to

20 (150 mg, 0.409 mmol) was added slowly. The reactior}J1ff0rd (£)23¢ (25 mg, 72%) as a pale o (300 MHz, CDCY)

mixture was stirred at room temperature for 2 h. Téaction
mixture was diluted with CKCl, (10 mL) and saturated

NaHCO/MeOH (10 mL). The reaction was stirred for 24 h. The

reaction was quenched with water (10 mL). The orgpaitions
were extracted several times with £H,, washed with brine,

dried (NaSQ,) and concentrated. Purification of the residue b

flash column chromatography (SiCethyl acetate-hexane = 0-
60% gradient) afforded an inseparable mixture giaisomeric
cyclohexenones (#4b and (+)22b (~ 7:1 ratio by'H NMR
integration)as a colorless oil (89.7 mg, 74%j NMR (CDCl,
major isomer, 300 MHzp 6.75-6.62 (1H, m, H-3), 4.18-4.07
(4H, m, P(O)(O®i,CHs),), 3.22 and 3.15 (1H total, 2 x d#i8.7,
9.3 Hz each, CH(COMe)P(O)(ORk}) 2.89-2.66 (2H, m), 2.43-
2.21 (3H, m), 2.33 and 2.29 (3H total, 2 x s, C(O)Me]5 (3H,
s, Me-2), 1.32 (6H total, § 7.2 Hz, OCHCH,); ESI-HRMS m/z
325.1175 (calcd. for £H,:0sPNa (M+Na) m/z 325.1175). Due
to the presence of two diastereomers, as wefl'ascoupling,
interpretation of thé°C NMR spectrum was not attempted.

4.14. 2-Methyl-5-(1-methyl ene-2-oxopr opyl )-2-cyclohexenone
()-23b and 6-Methyl-5-(1-methylene-2-oxopropyl)-2-
cyclohexenone (z)-24b

The Horner-Wadsworth-Emmons olefination2ifty22b (74 mg,
0.25 mmol) with paraformaldehyd@4 mg, 0.47 mmol) was
carried out in a fashion similar to the preparattb@3a24a The
residue was purified by flash column chromatograg8iO,,
ethyl acetate-hexane: 0-60% gradient) to affordireeparable
mixture of regioisomerg+)-23b and (+)24b (~5:1 by'H NMR
integration) as a pale oil (39 mg, 89%23b: &, (300 MHz,
CDCly) 6.75-6.69 (1H, m, H-3), 6.14 (1H, C=GH6.01 (1H, s,
C=CH,), 3.42-3.28 (1H, H-5), 2.58-2.42 (2H, m, H-6 & H-6’),
2.41-2.30 (4H, m & s, MeCO & H-4), 2.26-2.12 (1H, m, H-4
1.78 (3H, s, Me-2)pc (75 MHz, CDC}) 199.5, 199.3, 150.7,
144.6, 135.6, 125.2, 43.1, 354, 32.1, 26.6, 184k &4 (300
MHz, CDCL, partial) 6.93-6.84 (m), 6.20 (s), 6.05-5.98 (6187
(s), 3.13-2.99 (m), 2.72-2.60 (m). HRMS (ESI): MN#&ound
201.0886. ¢H,,0O.Na requires 201.0887.

4.15. 2-Methyl-5-(1-phenyl sulfonyl ethenyl)-2-cyclohexenone (+)-
23c

To an ice cold stirring suspension of NaH (25 mg20r6nol) in
freshly distiled THF (10 mL) was added dropwise oyt
(phenylsulfonyl)methylphosphonate (116 mg, 0.409al)mrhe
resultant mixture was stirred afQ for 45 min. The solid cation

20 (150 mg, 0.409 mmol) was added slowly. The reaction

mixture was stirred at room temperature for 2 h. Téaction
mixture was diluted with CKCl, (10 mL) and saturated

NaHCO/MeOH (10 mL). The reaction was stirred for 24 h. The

reaction was quenched with water (10 mL). The orgpaitions
were extracted several times with £H,, washed with brine,

dried (NaSQ,) and concentrated. Purification of the residue by

flash column chromatography (SiCethyl acetate-hexane = 0-
80% gradient) afforde@1c as a pale oil (76 mg, 47%). HRMS
(ESI): MNd, found 423.1002. H,:0sSPNa requires 423.1002.
This compound was used in the olefination reactiothaut
further characterization. To an ice-cold stirrisgspension of
NaH (6 mg, 0.2 mmol) in dry THF (3 mL) was add2bc (50

7.85 (2H, d,J 7.7 Hz, ArH), 7.65 (1H, tJ 8.3 Hz, ArH), 7.55
(2H, 1,3 7.7 Hz, ArH), 6.66 (1H, dJ 5.8 Hz, H-3), 6.53 (1H, s,
C=CH,), 5.89 (1H, s, C=C})}, 3.08-2.95 (1H, m), 2.67-2.55 (1H,
m), 2.43-2.23 (3H, s & m), 1.74 (3H, s, Me-2} (75 MHz,
CDCl;) 197.8, 153.1, 143.8, 138.9, 135.8, 134.1, 12978.3,
y124.5, 43.6, 35.6, 33.0, 15.9. HRMS (ESI): MNdound
299.0712. GH;,0:SNa requires 299.0709.

4.16. 10-Hydroxycarvone (+)-25

To a stirring solution of LDA in heptanes (0.91 mLQ M,
1.8 mmol) in THF (5 mL) at —78 °C was added dropwase
solution o0f23a(91 mg, 0.61 mmol) in THF (1 mL). The reaction
mixture was stirred at this temperature for 30 wditer which a
solution of DIBAL-H in hexanes (2.8 mL, 1.0 M, 2.8 minwas
slowly added. The reaction mixture was stirred at °Z8or 3 h,
after which the mixture was warmed to room temperatune
stirred for 1 h. The reaction was quenched with watetracted
several times with C}TCl,, and the combined extracts were
washed with brine and concentrated. The residue wafsep by
flash column chromatography (SiCacetone—hexanes = 0%
35% gradient) to afford (£25 (56 mg, 76%) as a yellow oy
(300 MHz, CROD) 6.92-6.85 (1H, m, H-3), 5.14 (1H, s,
C=CH,), 4.96 (1H, s, C=C¥}), 4.08 (2H, s, CKDH), 2.88-2.76
(1H, m), 2.62-2.35 (4H, m), 1.76 (3H, br s, Me-&);(75 MHz,
CDCly) 199.7, 150.4, 144.6, 135.8, 110.6, 65.1, 43.%,381.8,
15.9. The NMR spectral data for this product wassistent
with the literature value¥?

4.17. Carvonic acid (£)-26

To a solution of (¥23a (69 mg, 0.46 mmol) in
THF/methanol/HO (2:2:1, 4 mL) was added in small portions
lithium hydroxide (116 mg, 2.77 mmol). The mixtwas stirred
at room temperature for 1 h and then the mixture acdified
with dilute aqueous HCI and the resulting mixture wasacted
several times with ethyl acetate. The combined etdravere
washed with brine, dried (Nagand concentrated. The residue
was purified by flash chromatography ($i@cetone—hexanes =
0% — 50 % gradient) to afford carvonic acitl){26 (43 mg,
52%) as a yellowish oiby (300 MHz, CDC}) 6.80-6.72 (1H, m,
H-2), 6.44 (1H, s, C=C}), 5.72 (1H, s, C=C}), 3.32-3.20 (1H,
m, H-5), 2.66 (1H, ddJ 2.8, 11.8 Hz, H-6), 2.62-2.57 (1H, m),
2.48 (1H, ddJ 9.6, 12.3 Hz, H-6’), 2.40-2.29 (1H, m), 1.80 (3H,
s, Me-2);6¢ (CDCL, 75 MHz) 199.2, 144.4, 141.8, 135.8, 127.2,
43.1, 36.8, 31.8, 15.9, signal for COOH not observEide NMR
spectral data for this product was consistent with literature
values'®
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