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Invited Lecture
Transition Metal Cation Salts in Organic Synthesis

Chong-Nan Chuang { FEHPFg ), Li-Wen Chuang ( §FBEEY ), Ming-Chang P. Yeh* ( 3EZH )
Depariment of Chemistry, National Taiwan Normal University, Taipei, Taiwan 117, R.0.C.

- * Reaction of lithium diisopropylamide (LDA) with {n*-1,3-cyclohexadiene)Fe(CO), complexes bearing
‘ functionalized side chains at C-5, under an atmosphere of carbon monoxide, gives bridged bicyclo[3.2.1]oc-
‘r tene and bicyclo[3.3.1lnonene systems after electrophilic quenching. Under the same reaction conditions,
3 intramolecular cyclization of acyctic (n*-1,3-butadiene) Fe(CO),; complexes with functionalized side chains
= at the terminal position of the diene ligands furnishes fused bicyclo{3.3.0loctanone and bicy-
- clo{4.3.0]nonanone derivatives after acid quenching. The addition of a variety of the highly functionalized
— zinc-copper reagents RCu(CN)Znl to the (n"-cycioheptatrienyl)Cr{CQ), gives (n°-cyclohepta-1,3,5-
- triene)Cr(COY, complexes with a functionalized side-chain at the C-7 position of the ring. Intramolecular
cyclization of ester-subsbtuted adducts using fithium diisopropylamide generates fused bicyclo[3.3.0)de-
- cane and bicyclo{5.4.0lundecane derivatives. The addition of a variety of the highly functionalized zinc-
- copper reagents RCu(CN)Znl to the (n*-cyclohexa-1,3-diene)Mo(CQ),(Cp) at the terminus of the coordi-
& nated diene ligand gives [Mo(r-allyl}(CO),(Cp){Cp = cyclopentadienyl) complexes with the functionalized

side-chain at the C-4 position of the ring. Intramolecular cyclization of the (n-allyl)molybdenum complex

containing 4 pendant propanoic acid unit generates the -lactone derivative.

INTRODUCTION

Transition metal cation salts are versatile organic sub-
strateé towards nucleophilic additions. Due to the highly
electron-deficient character and the high stereo- and regio-
chemical control, transition metal cations promoted carbon-
carbon bonds formation bas attracted much attention. Sev-

- eral t{aﬁSidon metal catton salts are known to undergo nn-

d_tj:oph_ilic attack and are used in the synthesis of complex
molecules. These cations include (n’-alkene)Fe(CO),Cp-
(Cp = cyclopentadienyl),” (m*-allyDFe(CO)s-,> (n°-butadi-

= ene)Mo(CO)Cp-,” (n'-cyclohexadiene)Mo(CO)Lp-" (1’
~ pentadienylFe(CO)s-,”  (m*-cyclohexadienyl)Ee(CQ)s-, ‘%

(n"-arene)Mn(CO)-,” and (2" cycloheptatrieny)Cr(CO);"
cation salts. Among 1°-metal cation species, cyclohexadi-

_enyl tricarbonyl cation salts, gencrating from hydride ab-

straction of neutral ’n"-(cyclohexa—1,3-diene)Fe(CO)3 coin-
plexes with triphenylcarbenium hexafluorophospbate, have
been most extensively studied and used in organic synihesis.
Since substituted cyclohexadienes are readily available by

~ Birch reduction of substituted aromatics, a variety of diene

substrates is readily available. These cationic cyclohexadi-
enyl complexes are general reactive toward a wide range of
nucleophiles, including organolithium, -copper, -cadmiom,
and -z:iiic reagents, ketone cnolates, nitroalkyl anions,
amines, phthalimide, and even nucleophilic aromatic com-
pounds such as indole and trimethoxybenzene.” Nucleo-
philic addition occurs exclusively from the face opposite the

metal carbonyl moieties, and exclusively at a terminal posi-
tion of the dieny! ligand, regenerating an 1 -diene iron tri-
carbonyl complex. Decomplexation of neuiral complexes
by oxidation with amine oxides liberaies the organic ligand.
Manipulation of the organic substance to the synthesis of
natural products has been extensively used by Pearson.'
However, the sequential addition of nucleophiles to iransi-
tion metal cation salts will be an excellent strategy for con-
stuction of cyclic products in highly diastereomeric fashion,
if the initial nucleophile bears functional groups. A func-
tional group on the side chain of a neutral n*-diene iron -
carbonyl complex will allow intramolecular cyclization oc-
cur by simply treating the 1'-diene irontricarbony! complex
with LDA (lithium diisopropylamide). Theretore, a mole-
cule having two nucleophilic sites will be suitable for the se-
guential addition. Recently Knochel has found thas poly-
functionalized zinc-copper reagents (also known as the
Knochel reagents) can be generated by transmetallation of
the corresponding functionalized zinc compounds with
CuCN-2LiCl in THE." Prior to our study, several classes of
stablized lithium nucleophiles such as enolates, as well as
nonstabilized lithivin, magnesium, cadmium, and zinc or-
ganometallics have been shown to add to the cations 1-4.
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However, there are some disadvantages among these alky-
lating reagents. Reaction of the cation 1 with lithium re-
agents occurred at both C-2 and C-1 positions of the r-sys-
iem, generating a mixture of 6,3’ -iron complexes and 1*-di-
ene complexes.®™ Reaction of the cation 2 with direthyl so-
diomalonate proceded by attacking at both C-1 and C-5 tet-
mini (C-1/C-5 = 1/1.8) in only 51% yield."> Reaction of
Grignard reagents with the cation 3 has been shown to Iead
by reductive coupling to the bis [5,5"-(m"-cyclohexa-1,3-di-
ene)tricarbonyliron(0)] complex or 1o decomposition.6a Ot-
gano-cadmium and -zinc reagents {prepared in ether or THF
by reaction of the appropriate Grignard reagents with cad-
mium and zinc chloride) reacted with cations 3 or 4 to give
adducts only n satisfactory yiclwds.6c Moreover, the alkyla-
tion is unsuccessful with dimethylzine and dimethyicad-
miom. Surprisingly, the reports on the addition of organoc-
uprates to cations 1-4 are rare.**™° Furthermore, organocu-
prates obtained from the corresponding lithium reagents and
copper salts do not bear functional groups. We now report
the reaction of functionalized copper reagents with cations
1-4 {Scheme I).’3 The reaction are performed in the expec-
tion that further manipulation of the molecules will then be
possible after the intial additions.

Scheme [
Zn CuCNe2LIC
FO-R| ——————# FG-R-Znl ————— FG-R-Cu{CN)Zal
25-45°C Gor .
BG = ester, pittile
aceloxy, benzylic
{OChFe,
salt Lor2 ﬁ
[ R.EG
salt 3or 4 tn-de R=Hor Me
(OChFe, {OC)sFe, {OCyFe,
L @ T
REG o {CH )N
6061 R = H or OMe 1 s

Excess functiopalized copper reagents (1.6 molar
equiv) is added at 5 "C under nitrogen to a strirred suspen-
sion of the cations 1-4 in dry THF. The reaction mixture is
stirred at 28 “C for 2 h. The yields of the addition are gener-
ally high (6(-08%, Table 1) after chromatography on silica
gel. The highly reactive benzylic copper reagent 5d adds
smoothly under our reaction conditions to give complexes
64, 61, and 6k (sec Entries 4,9, and 11, Table 1) with higher
yields than the benzylic zinc compound." However, with
the less reactive cation 4, the reaction became very slug-
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gish with copper reagents 5a and §b. Addtion of the copper
reagent 5b to the cation 4 did not give the desired adduct.
Instead, (1'-cyclohexa-2,4-dien-1-one)uricarbonyliron((}
complex 7 was isolated in 70% yield after hydrolysis of the
reaction mixture.'® While the addition of the copper reagent
5a to the cation 4 gave the desired adduct 8 in only 45%
yield together with a significant ammount of complex 7.
The addition is highly regioselective (C-5 attack) with cat-
jons 2 and 4. Normally less than 5% of C-1 adducts can be
detected in the crude reaction mixture by 200 MHz 'H NMR
spectroscopy. The results are consistent with organocu-
prates attacking at less sterically hindered sites.**™ The
stereochemistry assignment for diene complexes 6a,6b,6¢
(Z), and 6d, 6e (E,Z) is based on the coupling constants of
the adjacent protons. For instance, the 'H NMR spectro-
scopic data of complex 6e exhibits a signal at 8 5.22 (dd, J =
5.0, 9.0 Hz) for H-2 and a signal at § 5.09 (dd, /=5.0,7.0
Hz) for H-3 (sec Entry 5, Table 1).*" The easy available of
the (1*-1,3-diene)tricarbonyliron(0) derivative took 5 steps
starting with dimethyl potassionmalonate and the cations in
29% overall yield.'® While under our reaction conditions,
complex 6g is obtained in only one step and 78% yield.

Intramolecular Nucleophile Additions

Qur cyclization study began with complex 6h. Treat-
ment of 6h with 1.5 molar equiv of LDA at -78 °C under ni-
trogen produced a major product in 50% yield, identified as
bicyclo[3.3. 1 nonenecarboxylic acid derivative 2 with an
incorporated CO at the C-9 position. Thus, the addition was
performed under an atmosphere of CO (14 psi}, which in-
creased the yield of cycloadduct 9 to 82% after purification
by flash column chromatography and distillation under re-
duced pressure. 1t is irnportarit to note that three new stereo-
genic centers of compound 9 are created, however, only the
single diastereomer shown was isolated.

NMR stadies provided the initial evidence for support
of the structural assignments, The 'H NMR spectrum of
compound 9 exhibited a broad singlet at 8 9.59 assigned o
the Formyl H at C-10; a doublet of triplets, centered at 8
5.94, assigned to the vinyl H at C-7; a broad doublet of dou-
blets, centered at & 5.67, assigned to the vinyl H at C-8; two
narrow quartets, centered at §4.15, assigned io the two dias-
tereotopic methylene protons at C-12; and a triplet, centered
at & 1.28, assigned to the methy! group at C-13. The °C
NMR spectrum exhibited a signal at 8 203.3 assigned to C-
10 (formyl), a signal at & 173.8 assigned to C-11 (carbonyl
of the ester functionality), and two signals at & 133.1 and
124.5 assigned to two vinyl carbons (C-7 and C-8). At-
tempis to confirm the relative stereochemistry of bicy-
clo[3.3.1] compound 9 using NOESY (nuclear Overhanser
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Table 1. (n*-Diene)tricasbonyliron(0) Complexes (6a-61) Obtained by the Functionalized Copper Reagents (Sa-

5d) to the Cationic Salts (1-4)
Engy FG-RCu(CN)Znl Cationic Salt Produet. Yield{%)"
i NCCHp3Cu(CN)Znl Sa 1 J -\ +~ Fe(CO)
R
6a; R = NC(CH);- 50
2 NC(CH),Ce(CNYZal S 1 6h ; R = NC(CH,),- 84
3 EtO,C(CH);Cu(CN)Zal Se 1 6 : R = EtO,C(CH,)s- 97
2 3
4 PhCH,Cu(CN)ZnBr 5d 2 7 -\ ; - Fe{CO)R
1
R
6d:R= thCHz— 96
5 5a 2 6e : R = NC(CHy)s- 98
23
6 Sa 3 - - Fe(CQO)
1 4
6
R
61: R = NC({CHy)s- 15
50 3 6 : R = NC(CHj)s- 78
Se 3 6h : R = EtO,C(CHa)a- 83
g ’ sd 3 6i:R= thCH;— 81
10 AcO(CHy)4Cu(CN)Zal Se 3 6} : R = AcQ(CH,)y- &0
: MeO
i1 sd 4 -~ Fe(COl
R
6k:R= thCHz' 92
12 5c 4 6l: R = EtO,C(CHps- 76

Al products described in this table are purified and exhibit spectral ('HNMR, *C NMR, IR, Mass) and
analytical (HRMS) data consistent with the assigned structures.

_enhancement SPECIrOscCopy) measurements were Unsuccess-
ful. Rigorous proof of the structure of 9 was finally accom-
plished by X-ray diffraction analysis of the (2,4-dini-
trophenyl)hydrézone derivative 10."” The X-ray diffraction
analysis clearly shows that both bulky ester and hydrazone
#TOUpS OCCUPY. equatorial positions on the six-membered
ting.”® Under tbe same reaction conditions, however, cycli-
zation of the starting complex 11 gave a mixture of dias-
tereomeric products 12a and 12b in a 2:1 ratio in 37% total
yield.

The structures for 12a and 12b were established by
comparison of their 'H and ’C NMR spectral data with the

corresponding data of 9. The stereochemistry assignment
for 12a as an endo isomer was based on the downfield shift
of H, (8 6.03), due io the deshielding effect of the carbonyl
of the endo ester group, and the assignment for 12b as the
exo isomer was deduced from the upfield shift of Hy (d
2.38), owing to the shielding effect of the carbonyl of the
exo ester group. The reason for the formation of two dias-
iereomeric products of the bicycle(3.2. 1}octenecarboxylic
acid derivatives 12a, 12b and a single isomer of the bicy-
clo(3.3.11nonene carboxylic acid derivative 9 was not clear,
1t was suggested, that for complex 6h, only one of the dias-
tereotopic protons at the ¢-carbon of the ester group was re-
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moved by LDA under the kinetically controlled reaction
conditions. Thus, only one diastereomer was isolated.
However, with only two carbon atoms on the side chain, for
example complex 11, deproionation would be affected by
both the ester group and the cyclohexadiene ring. There-
fore, the selectivity for the removal of the diastereotopic
protons at the ce-carbon was poor, and the cyclization gave
both diastercomers, The same reaciion mixture could be
coupled with carbon electrophiles such as iodomethane or
benzyl broraide to give methyl and benzyl ketone, respec-
tively, in moderate yields.'” Results of cycloaddition/
quenching processes are summarized in Table 2.

Several entries in Table 2 deserve speciai mention. In-
tramolecular cyclization of 6f produced a mixture of ende
(14a) and exo (14b) isomers in a ratio of 1:2 (entry 4, Table
2). Unlike an ester group, a cyano group is rather small.
Thus, either one of the two a-protons is possibly removed by
LDA. Furthermore, cycloaddition of the starting complexes
with a methoxy group at C-2 of the diene ligand gave bicy-
clof3.3.1]nonanone derivatives without incorporation of a
carbon monoxide molecule {entries 10 and 11, Table 2).
Nonetheless, the product distributions of the reactions were
consistent with the previous results. Cyclization of com-
plexes with three carbon atoms and an ester group on the
side chain of the starting complex, for example, cyclization
of complex 61, gave oaly one isomer (20, entry 10, Table 2).

Chuang et al.

Attempted intramolecular cyclization using tethers longer
than three methylene groups, for example complex 23, gave
only Claisen-condensation product 24. However, we were
able to isolate bicyclo[4.3.11decene derivative 26 by cycli-
zation of starting complex 25 followed by conversion of the
resulting aldehyde to hydrazone derivative 26 in 5% overall
yield. The difficuity in forming bicyclo[4.3.1]decene sys-
tems might be attribuied to unfavorable forrnation of seven-
membered rings.

{CHYCOE
o og=s—em—{_)
t O ¢ Coln RO
FeiCON I/
o)
» FeiCOh 2
NGy
_(CH'D«CN
O ON N=N=C
Fe(COR 5 :
N
L 26 17

Using the same methodology, we are able to construct
fused bicyclo[3.3.Gloctanone angd bicyclo{4.3.0]nonanone
derivatives via intramolecular cyclization of acyclic (n4-1,3'#
diene)Fe(CO)s compliexes with functionalized side chains at
the terminal positions of the diene ligands. Treatment of 28
with LDA under an aimosphere of CQ at -78 and 25 "C for 2
h, respectively, followed by quenching the reaction mixture
with CECOOH at -78 °C, gave bicyclo[3.3.0]Joctanone 29
as the only diastereomeric product in 35% yield after purifi-
cation via flash column chromatography and short-path dis-
tillation of the residue. None of the endo isomer 27 was ob-
tained.

The relative stereochemistry al the ring juncture in 29
was fixed by more stable cis fusion, and 'H NMR studies
provided the initial evidence for support of the structure as-
signments. The protonatd2.69 asadt, J=9.5,4.9 Hz, was
assigned to Hy,. The coupling constant of H.-Hy (fin) 0f 9.5
Hz agrees with the 9-10.5 Hz coupling constant for similarly
disposed trans hydrogens compared to the 7-8 Hz observed
when these protons are cis.”’ The excellent diastereoselec-
fivity can also be explained by the kinetically controlled re-
action conditions and is consistent with complexes 6h and
61 having a long side chain and an ester functionality. Sev-
eral examples of cyclization of acyclic diene-iron com-
plexes are summarized in Table 3.

Subsirates with an additional methyl group at the di-
ene ligand, 30 and 32 {(entries 2 and 3, Table 3), also under-
went intramolecular cyclization to produce bicyclo-
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Table 2. Intramolecular Cyclization and Electrophilic Quenching of Complexes

Entry Starting Compiex Electrophile Product Yield (%)
| &h CF,COCH 9 8%
5 1 CF,CO0H 12a + 12b 37%
X
' 3 6h Mel 13 0%
X =MeCO

Y Y =endo CO.F

4 61 CF,CO0H 14a  +  14b 159
' X =CHO X =CHO
¥ =endo CN Y =exo CN
1 : 2
- + %
— 5 6t Med 15n 15h 42 %
R X = MeCO X =MeCO
-~ Y =endo ON Y =exoCN
) 1 2
16a + 16b 49 %
= 6 &t PhCH,Br
— ) X = PhCH,CO X = PhCHACO
- Y =endo CN Y =exo CN
- t H 2
X
= Y
j 17a + 17b 45 %
= X=CHQ X=CHO
— Y =epdo CN Y =exoCN
= 7 : 4
8 1] Mel 188+ 18b 15%
- X =MeCO X =MeCO
L Y =endo ON Y zexo CN
5 9 ig PhCH,Br 19a +  19b 14 %
X =PhCH.CO X =PhCH,CO
Y =endo CN Y =exo ON
- 10 6l CFyCOCH 74 %
T - C X
20
5 X =endo CO,EL
11 21 CF;CO0H 222 + 22h 42 %
X=endoON X=exoCN
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Table 3. Intramolecular Cyclization of Complexes

Chuang et al.

Entry Starting Complex

Yield %

Fe(CO)%

71N

(CHp),CO,Et
28

Ife(CO)-_;
2N
(CH,),CO4EL
30

2

Fe(CO)

7 N
(CHp),CO,E
32

Fe(CO);
7 N
(CHy)sCO4EL
6¢

4

I."'e(CO)g
7 1\
(CH}CO4EL
k ]

Fe(CO)

7N

(CH,)3CO4E
37

6

55

30

[3.3.0loctanones 31 and 33, respectively, as the only dias-
tereomeric product in each case. It is worth noting that three
carbon-carbon bonds and four steredgenic centers are cre-
ated in a single step, and ouly one diastereomer is isolated.

The relative stereochemistry of products 31 and 33 was de-
termined by 'H NMR spectroscopy, with assigniments deriv-
ing from decoupling experiments. For example, coupling
constants of 7.2 and 10.0 Hz for H.-H, and Hy-H. of 33, re-
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spectively, indicated a cis relationship between H, and Hq
and a traps relationship between Hyand F.. A coupling coti-
stant of 1027 Hz for Hy-Hy of 31 suggested a trans relation-
ship between Hy and Ha. A cross peak for H, and H, in the
NOESY specizum of 31 showed the cis relationship between

* Haand I,

Increasing the tether tength by one with complex 6c
(entry 4, Table 3) led to a 54% yield of bicycio[4.3.01-
nonanone derivative 34 as the only diastereomeric product
isolaled. The stereochemistry of the ring juncture was as-
signed as cis on the basis of C NMR spectral data, which
wis close to. that of the parent cis-1-hexahydroindanone re-
poried in the literature. A coupling constant of 11.9 Hz
for H:-H, indicated a trans relationship between H, and H,.
Additional support for this assignment came from a crass
peak for H, and H. in the NOESY specirum of 34. With an
additional methyl group at the C-1 position of the starting

- complex, for example, cychzation of complex 35 (entry §,
fl_‘able 3 gave bicyclo[4.3.0uonanone derivative 36 as the

major product under conditions identical with those used
above. A small arnount (< 7%) of the other diastereomer
was also isolated, presumably derived from epimerization at

"~ the w-carbon (C-8) of the keto group during acid quenching

and aqueous workup. The relative stereochemistry of com-

~ pound 36 was determined by 'H NMR spectroscopy, with

assignments deriving from decoupling experiments. Cou-

" pling constants of 5.5 and 11.2 Hz for H,-H, and H.-H,, re-

spectively, in 36, indicated a cis ring juncture and a irans H,-
H. refationship. The methyl group at C-8, assigned to be on
the endo face, was determined by the peak patterns and cou-

pling constants of Hy-H., and He-H;. Coupling constants of

9.6and 1.0 Hz for Ha-Hy and He-H,, respectively, suggested
that Hq and Hy would likely to be trans. This assignment was

“ also confirmed by the large coupling constant of He-H, (10.3
—Hz, trans selationship). Cyclization of complexes with a

methyl gronp at the C-2 position of the diene ligand, for ex-
ample, cyclization of complex 37 (entry 6, Table 3), gave bi-

_ cyciof4.3 Ononanone derivative 38 in 28% vield, and only
.- the diasiereomer shown was isolated. The relattve stereo-
-ehemistry of compound 38 was assigned on the basis of de-

coupling experimenis. A coupling constant of 8.8 Hz for
Ha.-Hy suggested a trans. relationship between H, and He. A

_..coupling consui_ut of 3.3 Hz for H.-He suggests a cis reia-
- tionship between H, and H.. The stereochemistry of the ring

juncture was assigoed as cis on the basis of its "C NMR
spectral data, which was close to that of compound 34, The
high diastereoselectivity of these fused bicyclic compounds
may be duye to the formation of kinetic enolates and is con-
sistent with cyclic precursors having a long side chain and
an ester functionality, for example, complexes 6h and 61

J. Chin. Chem. Soc., Vol. 42, No. 4, 1995 T19

The formation of bicyclof3.3.1] and -{3.2.1] skeletons
agrees closely with the mechanism proposed for the inter-
molecular addition of nucleophiles to (n4-1,3-cyclohexadi-
ene)Fe(CO); complex.” Deprotonation of 39 using LDA
at -78 “C gave anion 40 {Scheme 11). The stabilized secon-
dary carbanion underwent kinetically controlled anti addi-
tion at C-3 of the diene ligand to give the putative homoallyl
anion intermediate 41. Ttis important 10 mention that secon-
dary carbanions such as 2-lithiopropionitrile and fert-butyl
2-lithiopropionate do not add efficiently to m*-1,3-cyclo-
hexadiene)Fe(CO); complexes imermolecularly.m More-
over, the intramolecular addition occurred exclusively at the
(-3 postion of the diene Hgand, and none of the addition at
C-2 was found. Carbonyl insertion was then enhanced by an
external CO (14-18 psi) to generate acyliron anion interme-
diate 42. Electrophilic quenching of 42 with trifluoroacetic
acid or carbon electrophiles (iodomethane or benzy! bro-
mide) produced 43, which underwent reductive elimination
to form bicyclo{3.3.1} and bicyclof3.2.1] compounds 44, In
general, two diastereomeric products were generated from
intramolecular nucleophile additions, whereas in the cases
of 6h and 61, only one isomer was isolated. It is presumed
that the relative stereochemistry of bridgehead carbons and
the or-carbon of the formyl group was fixed according to the
mechanism proposed above. With a long side chain (three
carbon atoms away from the cyclohexadiene ring and the
iron-carbonyl moiety) and an ester functionality, only one of
the diastereotopic protons was removed under the kineti-
cally conirolled reaction conditions. [tis important to men-
tion that trifluoroacetic acid is the most efficient quenching

Scheme 11

ot -
Fe(CO, TE heiCon
@ at
n=l0r2
G = CN or COzE¢
ca e~{CHy),, B '(Tﬂz)n
[P —— -0(}{ e s et H
COpFeg g | BRI CORR"Ny gy
42 PhCH,Br 43
o)
E
— CigHn,
R
“
E=H
Mel
PHCH,
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reagent for acyliron anion 42. [odomethane and benzyl bro-
mide were able to couple with 42, however, only in less than
50% isolated vields. Unlike the previous results, cycliza-
tion of complexes with a methoxy gronp at C-2 of the diene
ligand, for example complexes 61 and 21 (entries 10, 11, Ta-
ble 2), gave the bicyclo(3.3.1] skeletons without an incorpo-
rated CQ. The reason for this difference is not clear, itis
suggested that the homoallyi anionic intermediate 45 was
formed initially (Scheme III}). Detachment of the alkene li-
gand (due to the electronic effect of the methoxy group at C-
2) generates 46.°> Reaction of anion 46 with strong acid
gave bicyclo[3.3.1]nonanone derivative 47 after hydrolysis
of the methyl vinyl ether during aqueous workup.

Scheme 111
((I:Hn)z Q ‘5‘3‘91 wm,o
oms
MeD” VRe(CONn g MeO F‘(CO LT ¢ g
4 “% &7

Under the same reaction conditions, intramolecular
cyclizations of acyclic substrates 28, 30, 32, 6¢, 35, and 37
led to 25-35% yields of bicyclo[3.3.0)octanones 29, 31, 33,
and bicyclo[4.3.0]nonanones 34, 36, 38 as the only dias-
tereomeric product in each case. The highly stereocon-

Chuang et af.

trolled outcome is consistent with the formation of cy-
clopentanone derivatives by intermolecular addition of nu-
cleophiles to acyclic diene-iron complexes under an atmos-
phere of carbon monoxide. ™ Under kinetically controlled
reaction conditions (-78 "), the Kinetic ester enolate 49
(Scheme 1V} could add at the internal C-3 of the diene li-
gand to produce the homoaliyl anion intermediate 50, fol-
lowed by carbony! insertion (to give 51) and intramolecular
atkene insertion (1o give 52). The postulated initial bicyclic
intermediate 52 could rearrange rapidly to the enolate-iron
derivative 53. The rearrangement involves a stereospecific
hydrogen transfer, presumably via B-hydride elimina-
tion/readdition. Protonation of 53 generates bicyclic com-
pound 55. It is important to mention that the endo stereo-
chemistry of the methyl groups of 31 and 33 and of 36 and
38 as well as only cis ring fusion found for bicyclo-
[4.3.0lnonanones 34-38 is consistent with the reaction path-
way proposed above. However, bicyclo[3.3.0]octanone de-
rivative 31 and bicyclo[4,3.0[nonanone derivative 36 conld
epimerize at C-7 and C-§, respectively, to give the more sta-
ble exo form {methyl group) when the reaction mixture
stirred in trifluoroacetic acid for 12 h.

The teactions outlined herein demonstrate that the in-
tramolecular iron-mediated cycloaddition can be an effec-
tive method for the formation of bridged and fused bicyclic

Scheme IV
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compounds. The ability to achieve exclusive cis ring junc-
ture and excellent stereocontrol of tour stereogenic centers
in fused bicyclic compounds in a simple reaction may have
further applications, Specifically, the preparation of more
highly substituted systems for natural product synthesis
would be expected to demonsirate still higher levels of
stereocontrol, as is often the case for the intramolecular
Diels-Alder reaction.”

* Construction of Fused Bicyclo[5.3.0]decane and Bicy-

clof5.4.0]undecane Ring Skeletons Mediated by Chromi-
umiricarbonyls

Seven-membered carbocycles are often used in con-
struction of complicated naturat products.*** Specially, the
perhydroazulene or bicyclo[5.3 0}decane ring system is the
most commonly encountered of the cycloheptane derived
structure in natural occuring biological active compounds.®
Recently, tropone has been shown to be a versatile building
block for the synthesis of a variety of sesquiterpenies with

~_the bicyclo[5.3.0]decane ring skeleton.” Normally, several

steps startirig from 1,8-addition of a protected functional-
ized three-carbon chain to tropone are needed to construct
the bicycio[5.3.0]decane ring skeleton. However, bicy-

’ ¢lo[5.3.0]decane and bicycio[5.4.0]undecane derivatives

may be easily available via sequential additions of nucleo-
philes to [(tropyliom)Cr(CO);] cation 56. This method al-
lows the formation of 5,7- and 6,7-cis-fused bicyclic sys-

‘tems which can not be generated by sequential additions of

nuclegphiles to (n’-pentadieny)Fe(CO),.” Prior to our in-

- vestigation, several classes of nucleophiles, such as hy-

drides, methoxides, and hydrogen sulphides have been
shown to add to cation 56 to produce 7-exo-substituted (n°-
cyclohepta-1,3,5-riene)Cr(CO); complexes.” However,
the addition of an excess of sodinm diethylmalonate or lith-

_ium cyclopentadienide to 56 provided the ring constraction

proguct [CéH;sCr(CO)a}“" and the reaction of ¢yanide with
56 led by reductive coupling to a mixture of bi(cyclohep-

"~ radienyDCr(CO)s and  bi(cyclobeptadieny)Cr(CO);.™

Moreover, pheny) lithium failed to react with 56. Surpris-
ingly, reports on the addition of organccopper derivatives to
cation 56 are lacking. We now report that the highly func-
tionalized zinc-copper reagents [RCu(CN)ZnI1"' add effi-
ciently to 56 {o afford (1°-cyclohepta-1,3,5-triene) Cr(CO)s
complexes 57a-h with a functionalized side-chain at the C-7
position of the ring. The reaciions are performed in the ex-

‘pectation that further manipulation of the resulting com-

plexesawill then be possible after the initial additions.
Cation 56 was prepated in two steps from cyclohepta-

1,3,5-triene and Cr{CO)3(CH:CN}1 (85% overall vield) fol-

lowing the literature procedures.”® Finally, our synthesis of
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C-7-substituted (n°-cyclohepta-1,3,5-triene) Cr(CO)s com-
plexes 57 involved the slow addition of a tetrahydrofuran
{THF) solution of the highly functionalized zinc-copper re-
agents RCua{CNYZnl (1.2 mol. equiv.) to a stirred suspension
of cation 56 in THF at 0 °C under nitrogen. The addition
was carried out for 5 h at 23 °C followed by workup with
saturated aqueous aramonium chioride and ether extraction.
After purification by flash column chromatography on silica
gel, complexes 57a-h were obiained as the major products
and in good yields (69-96%, Scheme V). The trans relation-
ship between the nucleophile and the metal moiety of com-
plexes 57 was assigned based upon comparison of their 'H
NMR spectra with the spectra of 7-exo-(m°-cyclohepta-
1,3,5-iriene)Cr(CO); complexes reported in the literatures.”
Further manipulation of the resuling compiexes 57 was
demonstrated as follows. Treatment of $7b with lithivm di-
isopropylamide (LDA, 1.2 mol. equiv.) in THF and hex-
amethylphosphoramide (HMPA, THE/HMPA = 3/1) at -78
*C for | h followed by quenching of the reaction mixiure
with triflyoroacetic acid (10 mol. equiv.) produced a mix-
ture of perhydroazulenc derivatives 58a and 58b in a 1:1 ra-
tio in 77% total yield. The formation of bicyclo(5.3.0] com-
pounds 58a and 58b agrees closely with the mechanism pro-
posed for the intermolecular addition of nucleophiles to (n°-
arene)}Cr(C0),.>* Deprotonation of 57b using LDA at -78
*C in THF/HMPA would result in the formation of the ki-
netic ester enolate.””" Anti addition of the ester enolate 1o
the terminal position of the triene ligand gave (0 S-cyclohcp—
tadieny)Cr(C0O); anion complex 59 (n = 1). Electrophilic
guenching of 59 with irifleoroacetic acid afforded bicy-
clo[5.3.0]decane derivatives 60a and 60b. However, diene
migration ocenrred and produced thermally more stable iso-
mers 58a and 58b under the reaction conditions. Treatment
of 57¢ with LDA (1.2 mol. equiv.) in THE/HMPA (3/1) un-
der an atmosphere of CO at -78 °C for 1 h followed by
quenching of the reaction mixture with iodomethane (5 mol.

Scheme V
R
RCU(CNZal G
BF;
N 23°C,4h :
* CHCOY ér(CDh
56 57

a; R = [CH,],C0,EL 96%
b; R = [CH;1,CO,Ft, 9%6%
o, R = [TH,1,CO,EL, 88%
d; R = [CH, 1N, 69%

v, R = [CH 14 CN, 69%

. R = {CH,],CN, 9%6%

. R = CH;Ph, 8%%

k; R = CH,CH=CH,, 84%
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equiv.; CO; 25 "C; 2 h), and then iodine (4 mol. equiv.; 25
°C; 4 b) generates bicyclo(5.4.0Jundecane derivative 61 as
the major product in 63% yield. Reaction of 59 (n = 2) with
iodomethane under an atomsphere of CO would give the bi-
cyclof5.4.0tundecane derivative 62°> which isomerized to
provide the highly conjugate dienone 61, The cis stereo-
chemisiry at the ring junciure of 61 is fixed by anti adddition
of the esier enolate to the terminal position of the triene li-
gand (to give 59, n = 2), and the ester group assigned as exo
was resulted from the formation of the kinetic ester enolate
under the kinectically controlled reaction conditions.” 'H
NMR studies provided the initial evidence for support of the
structural assignments. The 'H NMR spectrum of com-
pound 61 exhibited a doublet of doublets, centered at 6 3.2,
J=12.0, 2.8 Hz, assigned to H,. The coupling constant of
Ha-Hy (Ja) of 12.0 Hz agrees with the 12.7 Hz couwpling con-
stant observed for the similarly cis fused bicyclo[5.4.0lun-
decanorne and the coupling constant of H.-H. (J..) of 2.8 Hz
agrees with the 3.2 Hz coupling constant observed for the

similarly disposed trans hydrogens.”
Cn

-

COzEt COzEL 'ér(CO)g ‘COZE[
5%a 58b 59
H H
: ' ; : ) :.
' “ I 5
H CO4F B COsEt
G0a 60b

We have demonstrated that the addition of the highly
functionalized zinc-copper reagents RCa(CNYZnl to the
[(tropylium)Cr(CO)4] cation 56 gave [(n°-cyclohepta-1,3,5-
triene}Cr(COY ] complexes 57 in good yields. Intramolecu-
lar cyclisation of ester-substituted complexes 57b and 57¢
using LDA farnished bicyclo[5.3.0)decane and bicy-
clo[5.4.0Jundecane derivatives, respectively.

Synthesis of Bicyclic 8-Lactone Mediated by Molybde-
num Carbonyl
The addition of various nucleophiles at the terminal

Chuoang et al.

position of the [Mo(m-cyclohexa-1,3-diene)(CO)ACp)]”
cation 63 offers an easy access (o a variety of [Mo{r-al-
IyI{CO)(Cp)) complexes (Cp = cyclopentadienyl) ¢
Detachment of the mate] moiety can be performed effi-
ciently by using iodolactonisation-ozonisation procedures
to give useful organic intermediates.*’ Alternativety, the
resulting (m-allyDmolybdenum complexes can be further ac-
tivated towards nucleophilic additions by hydride abstrac-
tion on treatment with triphenylcarbenivm hexafluorophos-
phate (PhsCPFs) to form a new cationic salt. A second nu-
cleophile can then add to the new cation at the less hindered
terminus of the coordinated diene ligand to establish 1,3-
stereocontrol in the six-membered ting.>* Several classes of
stabilized lithium enolates as well as nonsiabilized enolates
of simple esters, keto imines, hydrides, Grignard reagents
and the cyano anion have been shown to add to cation
63.°% Among these, the stabilized enolates add most effi-
ciently (o the cation. However, the reactions can only intro-
duce a two carbon atom side chain at the C-4 position of the
IMo(r-allyl{CO).(Cp)] complexes. Surprisingly, reports
on the addition of organocopper derivatives (o cation 63 are
rare” and the reactions proceed in low yields (ca. 35%);”
this has been confirmed in our preliminary investigations
(Table 4, entry 9), Furthermore, organocuprates obtained
from the corresponding lithium reagents and copper salis do
not bear functional groups. Recently Knochel has found
that polyfunctional copper reagents can be generated by
transmetallation of the corresponding functionalized zinc
organometallic compounds with CaCN-2LiC] in tetrabyro-
furan (THF). We now report that the highly functionalized
copper reagents 64a-h add efficiently at the terminal posi-
tion of the coordinated diene ligand of cation 63 10 generate
[Mo(m-allyl)}(CO)(Cp)] complexes 65a-h with a function-

Table 4. Reaction of Cation 63 with the Highly Functionalized

RCu{CN)Zal
Bntry  RCuo{CN)Znl 64 Product 65  Yield (%)
1 =, R = [CH,],CO,EL 65a 50
2 b; R = [CH3}sCOEL 65h 90
3 . R = {CHyJ;C0. Bt 65c 33
4 d; R = [CH, N 654 58
5 & R =[CHylCN 65¢ 41
& £ R = [CHylOAc 650 5
7 £ R = [CH,;1,0C0Ph 65g 57
8 h; R=CH;Ph 65h 57
9 {1; Bu,Culi) 651 18

* All products were punfied by flash column chromatogrphy on
silica gel and have been fully charactenzed by 'H and C NMR,
IR, mass, and bigh resolution mass spectra.
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alized side-chain at the C-4 position. The reaction of 64i led
0 alower yield. The reactions are performed in the expec-
tation that further manipulation of the resulting complexes
will then be possible afier the initial additions.

Cation 63 was prepared in five steps from cyclohexene
(62% overall yield) following the literature procedures. ™
Slow addition of a THF solution of the highly functionalized
copper reagents RCu(CN)Zal (1.2 mol. equiv.) to a stirred

- suspension of cation 63 in THF at 0 "C for 5 b under nitro-

gen, followed by work-up with saturated aqueons ammo-
niwm chloride, cther extraction and flash column chroma-
tography onsilica yielded the [Mo(r-allyl)(COYCpl com-
plexes 65a-h in fair to'good yields (33-90%). In general, the

—additions proceeded smoothly under our reaction condi-

S

L

ﬂ

D

B

“tions. However, the zinc-copper homoenolate of ethyl

propionate 64c appeared to be loss reactive even in the pres-

_ ence'of hexamethylphosphoramide (HMPA).> The trans
~relationship between the nucleophile and the metal moiety

of _c,omplex“ﬁs was assigned based upon compairsion of
Lheir: 'Y NMR specira ‘with the spectra of [Mo{n-allyl)-
(CO(Cp)) complexes made by Faller and Pearson, Further

" manjpulation of the resuling compiexes 65 was demon-
.strated as follows. Hydrolysis of the ester 65¢c using KOH in

McOH}ﬁTHP—HzO a123 " C gave the cotresponding acid 66 in

90% yield (Scheme VI). The carboxylic acid 66 was con-
verted to-cation 67 by ligand exchange (NOBFy), followed

by addition of triethylamine to produce the §-lactone 68

Scheme VI Formation of functionalized [Mo(r-al-
IyDH{CO),{Cp)] complexes 65 and the §-lactone 68. R

-may contain an ester, a nitrile, an acetoxy, a benzoy-
loxy or a benzy} group

@ RCWCNIZNL 64 @ o
: 0%. 5k .
* Mol COYCpPFy ~ Mo(CONCp
63 [ 19
[3-50%)

KOHMeOHTHFH,0 @-i':ﬂ OO

Mo(CONCp
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(35%, two sieps).”” The 8-lactone 68 was previously not ac-
cessible since the additton of lithivm enolates to the cation
could only introduce a two carbon aiom side chain onto the
six-membered ring. Alternatively, iodolactonisation of
complex 67 (I, MeCN; 23 °C) also gave the d-lactone 68 in
27% vyield. The cis-stereochemistry of the 8-lactone 68 was
assigned based upon the coupling constant (5.0 Hz) of the
adjacent 1-H and 6-H. This assignment is consistent with
that for the cis-y-lactones reported by Pearson.™

In conclusion, we have demonstrated that the addition
of the highly functionalized zinc-copper reagents RC-
(CN)Znl to the (Mo(n'-cyclohexa-1,3-diene)(CO)(Cp)]
cation 63 occurred at the terminus of the dtene system to fur-
nish polyfunctionalized [Mo(m-allyl}(CO);Cpl complexes.
Further activation of the resulting (n-allyl)molybdenum om-
plexes to the new cations can be accomplished by ligand ex-
change using NOBF, or by hydride abstraction adding
PhsCPFe.

EXPERIMENTAL SECTION

All reactions were run under a nitrogen atmosphere in
oven-dried glassware unless otherwise indicated. Anhy-
drous solvents ot reaction mixtures were transferred via an
oven-dried syringe or cannuwla. Diethyl ether (ether) and
tetralydrofuran (THF) were distilled under nitrogen from a
deep blue sodium henzophenone ketyl solution, Methylene
chloride was distilled from calcium chloride. Copper cya-
aide (CuCN), 1,3-cyclohexadiene, 1-methoxy-1.4-eycio-
hexadiene, triphenylcarbenium hexafluorophosphate, (2,4-
dinitrophenylyhydrazine, franstrans,2,4-hexadien-1-0l,
fluoroboric acid (48% in water), and hexafluorophosphoric
acid (60% in water) were purchased from Aldrich Chemical
Co. and used as received. Zinc pasticles (purity > 99.9%),
ethy!l 4-chlorobutyrate, 4-chlorobutyronitrile, 3-chloto-
propionitrile, and ethyl 3-chloropropionate were purchased
from Merck Co. and used without further purification, (n’-
1,3-Diene)Fe(COY complexes 2a and 5 were obtained by
treatment of the corresponding free dienes with dtiron non-
acarbonyl in refluxing ether for 12 h. Complex 2b was ob-
tained in three sieps from 2-cyclohexen-1-one according (o
the literature proccdure.” Diiron nonacarbonyl was ob-
tained by photolysis of iron pentacarbony! in benzene and
acetic acid according to the literature procedure.” Flash
column chromatography, following the method of Still,*
was carried out with E. Merck silica gel (Kieselgel 60, 230-
400 mesh) using the indicated solvents. Analytical thin-
layer chromatography was performed with sitica gel 60 Fas
plastic plates of 0.2-mm thickness from E. Merck. The term
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“concentration” refers to the removal of solvent with an as-
pirator pump (Yamato Instrument Company Model WP-15)
with a Buchi Rotovapor-R. The term "under nitrogen” im-
plies that the apparatus was evacuated (oil pump) and then
filled with nitrogen three times. The term "flash distilla-
tion" refers to a vaconm distillation at 25 °C with a receiver
at -78 °C. The term "short-path distillation” refers to the
process in which the entire distillation apparatus (a tube
closed at one end, held horizontaily) with the exception of
the collection butb was slowly heated in an air bath from 23
to 150 °C under vacoum; the distillate was collected at ~78
°C, and boiling points for fractions refers to the bath tem-
perature range. Melting points were determined in open
capiilaries with a Thomas-Hoover apparatus and are uncor-
rected. 'H nuclear magnetic resonance (NMR) spectra were
obtained with JEOL-EX 400 (400 MHz), Bruker AC-300
(300 MTiz), and Bruker AC-200 (200 MHz) spectrometers.
Chemical shifts are reported in parts per million with cither
tetramethylsilane (0.00 ppm} or CHCl: (7.26 ppm) as inter-
nal standards. C NMR spectra were recorded with JEGL-
EX 400 (100.4 ppm) and Bruker AC-200 (50.2 ppm) spec-
trometers with CDCls (77.0 ppm) as the internal standard.
Infrared (IR) spectra were recorded with a JASCO IR-700
spectrometer. Mass spectra were acquired on a IEOQL fMS-
D 100 spectrometer at an ionization potential of 70 eV and
are reporied as mass/charge (m/z with percent relative abun-
darice. High-resolution mass spectra were obtained with an
AEI MS-9 double-focusing mass spectrometer and a JEOL
IMS-HX 110 spectrometer in the Department of Chemisgry,
Northern Instrament Center, Hsin Chu,

General Procedure for the Formation of Cation 3°**!

To a solution of triphenylcarbenivm hexafiuorophos-
phate {PbsCPFs, 8.5 g, 22 mmol) in 60 mL of dry dichlo-
romethane under nitrogen was added rapidly a solution of
complex 2 (16.2 mmol). The reaction mixture was stirred at
25°C for 12 h. The reaction mixture was diluted with 100
mL of cold ether, and the precipitate was filtered. The yel-
low solid was washed four times with ether and dried wnder
vacuum to give cation 3 (3a 99%, 3b 92%) as a pale yellow
powder.

General Procedure for the Formation of Functional-
ized Zinc-Copper Reagents''®

To a solution of sodium iodide (30 g, 0.2 moti) in 90
ml of anhydrous acetone were added functionalized alky)
chiorides (0.1 motl). The reaction mixture was stirred under
reflux for 16 h. After a regular aqueous process, the residue
was distilled under vacuum to give the corresponding func-
tionatized alkyl iodides (60-90%). Zinc (1.8 g, 28 mmol)

Chuang et al.

was added in a dried three-neck round-bottom Rask
equipped with a dropping funnel, a thermometer, and a ni-
trogen outlet. To the reaction were added 2.5 mL of THF
and 0.2 mL of 1,2-dibromoethane. The reaction mixture
was heated with a heat gon for 30 s and allowed to cool ©©
room temperature. The process was repeated two times be-
fore 0.2 mL of chlorotrimethylsilane was added via syrinige.
The mixture was stirred for 30 min before a THF (4 mL) so-
jution of functionalized alkyl iodides (14 mmol)
[ICHDFG, FG = CO:Et or CN] was added via the dropping
funnel. Normally, the reaction was stirred at 40-50 °C for
14 h. In the case of ethyl iodopropionate and iodopropioni-
trile, the insertion was complete at 25 °C for 8 h. Copper
cyanide (0.98 g, 10.95 mimol) was added to predried LiCl
(150 °C, 3 h under vacuum, .93 g, 22 mmol) in a Schlenk
flask under nitrogen. The reaction mixture was cooled to 0
°C before 10 mL. of THF was added via syringe. The reac-
tion mixture was stirred at 25 *C until the solid was dis-
solved. The above solution was cooled to -78 °C, and the
functionalized alkylzinc iodide was added dropwise to the
reaction mixture. The resulting light green solution was
stitred at 0 °C for 30 min, and the functionalized zinc-cop-
per reagent was ready to use.

General Procedure for Addition of Functionalized Zinc-
Copper Reagents RCu(ZnD)CN to (1’-Cyclohexadieny)-
and (n’-Pentadieny])Fe(CO)3 Cation Salts

A solution of functionalized zinc-copper reagents (2.0
molar equiv) in 5 mL of THF was added (o a stitred suspen-
sion of a cation salt (3 or 6) in 5 mL of THF at 5 °C under
nitrogen. A homogeneous solution was obtained after the
reaction mixture was stirred at 25 *C for 2 h. The reaction
mixture was then quenched with saturated aqueocus ammo-
niom chloride solution at 0 °C and was diluted with 100 mL
of 50% ethy! acetate/hexanes. The resultant solution was
washed with water (100 mL x 3) and brine (100 ml. x 3),
dried over anhydrous magnesium sulfate (10 g}, and concen-
trated o give the crude mixiure. The crude mixture was po-
rified via flash column chromatography to give pure com-
pound. Spectral data of these compounds are listed in Table
3.

Geperal Procedure for Intramolecular Cyelization of
(n4-Diene)Fe(C0)3 Complexes Bearing Functionalized
Side Chains

In a typical procedure, to a solntion of diisopropy-
lamine (6.64 ml., 4.5 mmol) in 4 mL of THF under nitrogén
at -78 °C was added rapidly, neat, via syringe, a solution of
n-butyilithium (2.8 ml, 4.5 mmol, 1.6 M) in hexane fol-
lowed by addition of 0.8 mL of hexamethylphosphoramide.
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Table 5. Spectral Data for Compounds 6¢, 61-h, 6l, 11, 21, 25, 28, 30, 32, 35,37

Compd. MS(EI)  High MS(EI} IR{CH,CL) BC NMR (100.4 Miz) 'H NMR (400.0 MHz)
- No. miz M Caled.(Found) cm’! 5 &
6c 266 266.0605 3051, 2988, 2935, 2113, 173.5, 90.6, 543 (ddd. 1=98.7.5, 49Hz 1 H), 528
(M-2C0)  (266.0609) 2860, 2046, 1973,  B6.9, 60.2, 59.9, 40.8, (dd, J=78 49 Hz 1 H), 411 (q. 7 =73
: (M-2C0) 1728, 1658, 1448, 34.0,32.3, 284, 244, Hz, 3 1), 2.55(ddd. J = i3.1, 7.8, 4.9 Hz,
1375, 1275, 1182, 142 1H), 224(t,7=73 Hz, 2 H), 1.88 (dd, J
1141, 927 =75 24Hz 1 H) 1.55(m, 3 H), 148
(dd, F=7.6,2.8Hz, L H), 1.45(m, 2 H),
1.25(L, J=73Hz, 3H), LO7 (m, 1 HD
6f 287 287.0244 3059, 3010, 2939, 2119, 120.0, 858, 535(dd,J=6.0 4.1 Hz, i H), 5.29(1d, s
’ (2870233 2850, 2244, 2045, 84.5, 65.6, 59.5,38.7, =60, 1.8 Hz, 1 H), 3.05(m, 2 H), 2.26
1975, 1425, 1328, 37.5,30.6,24.0, 173 {t, F=6.9 Hz 2 H), 2.05(m, 1 H), 2.00
1158, 1027, 980, (dd, 10.8 42 Hz I H), .54 (m, 2 H),
814, 547 1.35-1.28 (m, 3 H)
63 273 189.0239 3032, 3004, 2942, 211.6, 1159.3, 85.9, 579(dd, 7 =6.1,4.0Hz, 1 H), 531 (dd,
(189.0231) 2847, 2468, 2250,  B4.3, 63.8, 59.0, 36.9, 7=6.1,3.0Hz, } H), 3.04 (brs, 2 H),
(M-3CQ) 2049, 1962, 1424, 34.6, 303, 15.6 230t J=84Hz 2 H), 2.19 (m, 1 H),
1350, 1165, 960 207 (dd, J =147, 47Hz 1 H), 1.56 (m,
_ 2H), 1.24(d,7=14.7Hz, 1 H)
6h 334 334.0504 2987, 2849, 2465, 212.1, 173.4, 85.5, 532(dd, F=63,4.1 Hz. 1 H), 5.3 (id, J
(334.0504) 2043, 1964, 1734, 84.5, 66.5, 60.2, 59.8, =61, 1L.5Hz 1 H),407(q, 7=T72Hz2
1628, 1539, 1455, 39.3,37.9,34.2, 30.6, H), 3.08(dd, =64, 3.0Hz, 1 H}, 3.00
137, 1241, 1186, 235 14.2 (m, L ¥}, 2194, J=T73 Hz, 2 H), 2.09
1030, 567, 861, 617 (m, TH), 1.52 {(dd, 7 =104, 3.7 Hz, 1 H},
1.5 (p F=T7.5Hz 2 H), .17 (4 J=7.2
Hz, 3 H), 1.28-1.05(m, 3 H)
6l 364 364.0608 2938, 2040, 1960, 2113, 1734, 139.8, 505(dd, J=6.522Hz, 1 H), 407 (q, 7
(364.0628) 1735, 1524, 1438, 66.4, 60.2, 55.2, 54.2, =72Hz 2H),361(s,3H),325(qs=
1424, 1373, 1227,  52.7,39.4, 37.5,343, 3.5Hz 1 H), 270 (dd. J = 6.4, 3.3 Hz, |
1177, 1054, 1027, 31.1, 23.6, 142 H),2.25(, 7=73Hz 2, 2.00(dd, /=
925,797, 614 108, 42Hz 1 H), 1.90(m, 1 H), 1.55
(m, 2H), 1.30-1.20(m, 3 H}, 1L.23 (t. 7=
: 73Hz. 3 H)
11 320 320.0347 3056, 2990, 2934, 211.9, 173.3, 85.5, 537(dd J=63,44Hz, | H). 529(d, J
{320.0292) 2852, 2050, 1978,  84.5 65.6,60.2, 59.5, =49 1.5Hz 1H), 411 (g, F=68Hz 2
1726, 1605, 1447,  37.4,34.5,32.8, 304, H).3.08(dd, =64, 43 Hz, | H),3.03
1373, 1330, 1185, 14.1 (dd, 7=40,20Hz, 1 1), 223 (L /=78
1092, 1031 Hz, 2H), 2.13(m, 1 H), 2.00{dd, J =
14.2, 3.9 Hz, 1 H), 1.50(m, 2 H),
1.30-1.21 (m, 4 H)
21 317 233.0503 3066, 3011, 2941, 211.1, 1398, 1194, 5.03(dd, 7 =6.522Hz, 1 H).3.61(s.3
: (233.0456) 2916, 2852, 2244, 6.2, 54.3, 54.2, 52.4, H), 3.25(m, 1 H), 2.60 (dd, /=6.5,33,
(M-3C0) 2040, 1964, 1511,  38.7,37.1, 316, 24.2, 1H), 226 (4 J=69Hz 2H) 2.05(dd 5
1477, 1457, 1423, 17.2 =92 35Hz, 1 H), 1.90(m, 1 ), 1.56
1328, 1221, 1172, (m, 2 H), 1.34-1,27 (m, 3 1Ty
1039, 967, 8653, 635,
56
25 301 301.0401 3oé,5, 2934, 2240, 212.0, 139.8, 119.6, 535(L7=53Hz, 1 H),527(dd. J=
301.0402) 2042, 1964, 1606, 85.6, 84.5, 66.3, 55.7, 53,49 Hz, | H) 3.09 (brs, 1 H), 3.04
1455, 1432, 1244, 39.0,.37.9, 30,6, 272, (bis, 1), 231 (t, J=6.8Hz 2 H),
1089 256, 17.0 204 (m, 1 H), 1.97 (dd, 7 =10.2, 3.9
Hz, 1 H), 1.58 (m, 2 H), 1.38-1.19 (m, 5
th
28 308 252 0449 7982, 2047, 1960, 211.0, 173.3, 90.8, 544 (ddd. 7=98, 73, 49Hz 1 H),
. (252.0455) 1726, 1603, 1449, 86.9, 77.0, 59.6, 40.9, 530(dd, J=8.0,4.5Hz, 1 H), 410 (q,
(M-2C0) 1375, 1182, 1028 33.6,28.0, 14.2 J=T3Hz 2H), 2.54 (1d, 7= 13.1,48

Hz, 1 H), 2.24(q, 7=7.8 Hz, 2 H), 1.86
(dd, 7=73, Z4 Hz, 1 H), 1.75-1.48 (m,
3 H), 1.44 (dd, J = 9.8, 2.4 Hz, 1 H),

1.24 (t, J =7.32 Hz, 3 H), 1.06 (m, L H)
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Table 5 (continues)

Chuang et al.

Compd. MS(ED  High MS(EI) IR{CH,C)y) BC NMR (100.4 MHz) ' NMR (400.0 MHz)
No. mAMY  Caled.(Found) cm’! 3 3
30 266 266.0605 3059, 2982, 2040, 211.9, 173.3, 94.6, 521(dd, J=89,49Hz, | H), 508 (dd, J
M-2C0) (266.0612) 1967, 1728, 1452, 82.2, 603, 58.8, 57.7, =76, 51Hz, 1H).408(q, J=7.1Hz, 2
1377, 1277, 1261, 33.6, 28.8, 28.0, 20.2, H), 2.44-2.17 (m, 3 H), 1.68-1.47 (m, 4
1186, 1030 14.2 Hj, 1.41{d, J=62Hz, 3 H), 1.22(t,J =
7.1 Hz, 3 H), 1.06 (m, 1 H}
32 322 294.0554 3050, 2980, 2042, 211.3,173.4, 108.0, 522(d,J=T5Hz, 1 H),410{(q, F=71
(294.0550) 1969, 1728, 1442, 88.7, 60.3, 55.6, 43.5, Hz, 2H) 2.41-223 (m, 4 H), 2.18(5, 3
{M-CO) 1277, 1257, 1184, 33.7, 28.0, 24.6, 17.6, H), 1.89-1.47(m, 4 H), 1.24(t, F=7.1
1033 4.2 Hz 3 H), 1.13 (m, 1 H)
35 280 280.0762 3053, 2982, 1961, 212.0, 173.6,94.5, 524(dd, 7=92 49Hz 1 H), 5.12 (dd, J
(M-2C0O)  (280.0760) 1423, 1377, 1273, 82.3, 60,2, 59.6, 57.6, =78 52Hz | H), 412 (g, J=68Hz 2
(M-2CG} 1186, 1030 34.1,32.5,29.0, 244, H), 2.44 (ddd, s = 14.2, 7.3, 6.8 Hz 1 H},
202,142 233 (m, 1 H), 2.25(t =73 Hz 2 H),
1.68-1.50(m, SH), 144, J=59Hz 3
H), 1.26 (1, 7 =68 Hz 3 H), 1.08 {m, 1
H)
k 7 336 308.0711 3061, 2932, 2042, 2113, 173.5, 107.8, 5.17(brd, J=7.6 Hz, | H), 4.07(q. J=
{308.0703) 1977, 1728, 1440, 85.8, 60.1, 563, 433, 7.1 Hz, 2 H), 236 (td, S = 7.6, 4.0 Hz, 1
{M-CO) 1377, 1263, 1184, 34.0,32.3, 28.0, 24.3, H), 219t J=72Hz 1 i), 2.13 (5, 3
1032 24.2, 14.1 H), 1.82 (m, 1 H), 1.57-1.32 (m, 6 H},

1.21(t J=7.1Hz, 3 H) 1.06 (m, [ H)

The reaction mixture was stirred at -78 “C for 20 min. With
the solution at -78 "C, carbon monoxide was added to the
system via a syringe needle and was pressurized to cg. 2
psig (always keeping a posttive pressure on the systemn) as
measured by a regulator at the CO cylinder. The CO pres-
sure was then released via an additional needle, and the CO
was allowed to flow through the system for 20 s. A solution
of a diene-iron complex (4 or 7, 2 mmol) in 3 mL of THF
was added dropwise via syringe, the gas exit needle was re-
moved, and the closed system was pressurized 1o ca. 14 psig
with CO. The mixture was siirred at -78 °C for 2 h and 25
“Cfor 2h. After this time, the mixture was again cooled to
-78 C, the CO needie was removed, and the system was de-
pressurized via insertion of a syringe needle into the sep-
tum, which was quickly removed when gas flow counld no
longer be heard. The reaction mixture was quenched with
elecirophiles (trifluoroacetic acid, iodomethane, or benzyl
bromide, 5 molar equiv, Table 1) via a syringe needle and
was stirred at 25 °"C for 2 b. After this time, the reaction
mixture was dilated with a mixture of ethyl acetate/hexanes
(1/2, 100 mL). The resultant solution was washed with
water (100 mL x 3} and brine (100 ml, x 3), dried over anhy-
drous magnesiom sulfate (10 g), and concentrated to give
the crude mixture. The crude mixiure was purified via tlash
column chromatography to give pure compouiid.

{(6-9-m)-Ethy} cis-6,8-nonadienoateltricaybonyli-
ron Complex (6¢): 93%,

lexo-4-1(1-4-1)-1,3-Cycichexadien-5-yl]butyronitr
ileftricarbonyliron Cemplex (6f): as a yellow oil; 73%.

lexa-3-](1-4-1)-1,3-Cyclohexadien-5-yl Jpropionitr
ilejtricarbonytiron Complex (6g): as a yellow oil; 79%.

[Ethyl exo-4-1(1-4-1)-1,3-cyclohexadien-5-yl)-
butyratejtricarbonyliron Complex (6h): as a yellow oil;
79%.

{Ethyl 5-ex0-4-[(1-4-11)-2-methoxy-1,3-cyclo-

hexadien-5-yllbutyratej tricarbonyliron Complex (61):
as a yellow otl; 76%.

[Ethyl exo-3-{(1-4-11)-1,3-cyclohexadien-5-yl]-
propionateltricarbonyliron Complex (11): as a yellow
oil; 83%.

{exo-4-[(1-4-1)-2-Methoxy-1,3-cyclohexadien-5-
yllbutyromitrile]tricarbonyliron Complex (21): as a yel-
low oil; 70%.

[exe-5-[(1-4-1)-1,3-Cyclohexadien-5-yl}pentaneni-
trile]tricarbonyliron Complex (25): as a yellow oil; 66%.

[(5-8-1)-Ethyl cis-5,7-octadieroate)tricarbonyliron
complex (28} as a yellow oil; 95%.

[(5-8-m)-Ethyl cis-5,trans-7-nonadienoate]tricar-
bonyliron Complex (30): as a yellow oil; 99%.

[(5-8-n)-Ethyi 7-methyl-cis-5,7-octadienoateltri-
carbonyliron Complex (32): as a yellow oil; 85%.

[(6-9-n)-Ethyl cis-6,frans-8-decadienoate]tricar-
bonyliron Complex (35): as a yellow oil; 82%.

[(6-9-1)-Ethyl 8-methyl-cis-6,8-nonadienocate]tri-
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Compd.
No.

MS(EI)
mizM*

High MS(ED)
Caled.(Found)

IR(CH.CL)
cm’

B¢ NMR (100.4 MHz)
3

'H NMR (400.0 MHz)
3

9

12a

12b

i3

14a

14b

15a-

15b

t6a

i6b

222

208

208

236

175

175

189

139

222.1255
(222.1238)

208.1100
(208.1089)

208.1100
(208.1102)

236.1412
(236.1412)

175.0997
{175.0936)

175.0997
{175.1001)

189:1153
(189.1145}

189.1153
(189.1147)

256.1466
(256.1446)

256.1456
(256.1448)

3032, 7942, 2716,
1736, 1514, 1472,
1457, 1384, 1378,
1375, 1186, 1018,
998, 984

3036, 2984, 2950,
2906, 2838, 2722,
2252, 1715, 1585,
1434, 1371, 1291,
1097, 1033

3060, 2952, 2042,
1969, 1721, 1606,
1440, 1371, 1283,
1195, 1043

3038, 2934, 1732,
1634, 1428, 1370,
1302, 1245, 1180,
1044, 1021

3066, 3036, 2538,
2236, 1710, 1637,
1449, 1428, 1374,
1286, 1140, 1097,
927, 920

3064, 3046, 2940,
2240, 1725, 1607,
1447, 1425, 1374,
1287, 1153, 1090,
1023, 954, 932

3392, 3048, 3030,
2930, 2252, 1707,
1424, 1354, 1283,
1243, 1178

3064, 2988, 2934,
2308, 1732, 1634,
1442, 1428, 1370,
1302, 1245, 1220,
1180, 1092, 1021,
937

3682, 3032, 2934,
2236, 1709, 1604,
1494, 1452, 1422,
1335, 1103, 922

3680, 3060, 3032,
2936, 2238, 1710,
1605, 1495, 1451,
1422, 1342, 1283,
1124, 1090, 924

203.3, 173.8, 133.1,
124.5, 60.4, 52.9, 45.5,
32.9,29.2, 269,204,
14.2

202.5, 174.8, 130.7,
127.3, 60.7, 54.8, 52.6,
393,357 347 33.1,
14.2

202.6, 173.0, 1282,
127.9, 60.5, 56.3, 52.5,
383,346,338, 334,
143

208.6, 173.8, 132.0,
124.3,60.2, 54.2,46.0,
334,33.2,294, 275,
26.8,20.1, 142

2017, 134.3, 124.5,
121.3, 487,323, 299,
29.5,28.8,26.5 208

2014, 1346, 123.1,
121.0, 514,323,318,
31.1,289,261,222

207.5, 133.3, 124.6,
121.6, 50.0,33.4, 30.7,
29.6,27.7,26.5,20.5

207.0, 1338, 123.1,
121.2, 52.9,33.0, 32.0,
31.8,29.2, 27.0, 26.6,
21.9

206.3, 133.9, 133.4,
129.4, 128.7, 1286,
128.0, 1269, 1243,
121.0,49.2, 46.0, 333,
307,302,293, 27.6,
20.5

2063, 133.9, 133.7,
129.2, 128.6, 126.9,
122.9, 121.Q, 51.7, 46.0,
33.0,328,293, 27.0,
218

959 (s, LH, HIO), 594(dt, /=98 33
Hz, 1H H7). 567 (dd, J=9.8,27Hz 1
U, HB), 4.15 (dg, J = 1.6, 7.2 Hz, 2 H,
H12),3.23 (brs, } H), 2.56 (dt, /=110,
3.8Hz tH) 249 (m, 1 H), 2.29 (m, 1
H), 1.87-1.64(m, 6 H), 1L.2B(t, 7 =72
Hz, 3 H, H13)

9.85(s, 1 H), 603 (dd, 7 =88, 73 Hz |
H, Ha), 544 (dd, 7 =93, 3.0 Hz, t H),
4.12(q, 7=73Hz 2 1), 3.0t (m, 2 H),
2.80(dd, J =44 49Hz 1 H Hb), 273
{brs, 1 H), 2.47 (m, 1 H), 233 (m, 1 H),
1941.82(m, 2H), 1.26 (t J=73Hz 3
)

985 (s, 1 H), 5.86{dd, F=83,64Hz |
H, Ha), 5.64(dt, 7 =93,36Hz, I H),
412(2q,J=73Hz, 2H), 3.4 (m, 2 H),
269 (brs, 1 H), 2.58 (brs, 1 H, Hb), 2.49
(brd, 7= 18.6 Hz, 1 H), 232 (m, 1 H},
2.02-1.96(m, 2 H), .26 (t, /=73 Hz. 3
H}

574 (dt, F=9.9,33 Hz, 1 ), 5.50(dd, J
=99 61Hz, 1 ), 402(2q, J="7.1Hz,
2 H), 3.17 (brs, 1 H), 2243 (m, 2 H), 2.29
{m, 1 H),2.05(,3H), 1.70-1.58(m, 6
H), 1.18(t 7 =7.1 Hz, 3 H)

9.50(d. - =2.9Hz 1 H), 592 (dt 7=
98 ,34Hz 1 H), 559(dd, /=98,64
Hz, 1 H), 3.08 (brs, I H), 278 (m, | H},
2.74 (brs, 1 H), 2.60 (brs, 1 H), 2.40 (dd,
J=19.5 6.8Hz 1 H), 196173 (m. 5 H)

9.55 (brs, 1 H), 6.10(dr J = 9.8, 3.4 Hz,
1H), 59(dd, J =98 63 Hz, 1 H), 3.13
(ors, 1 H), 271 (dt, J=11.2,3.9Hz 1
H), 2.52 (brs, 1 H), 2.40 (dd, = 19.5,
6.8 Hz, 1 H), 2.24 (brs, 1 H), 1.90-1.83
{m, 4 H), 1.60 (m, 1 H}

590 (dd, 7= 9.3, 68 Hz, 1 H), 5.61 (dt,
93,32Hz, 1H), 3.07 (m, 1 H), 2.9 (m,
L H), 2.77 (brs, | H), 2.59 (brd, 7 = 18.3
Hz, 1 H), 2.41 (m, 1 H), 2.16 (3, 3 H),
2.03 (dd, J =9.28, 4.39 Hz, 2 H), 1.82
{dd, 7 =185, .9 Hz, 1 H), 1.20 (m. 2 H}
6.01(dt /=98 34 Hz I H) 588(dd. J
=98 62Hz 1 H),3.15(brs, 1 H), 2.69
{brd, J= 11,0 Hz, 1 H), 2.52 (brs, L H),
243 (dd, s =19.5, 6.8 Hz, 1 H), 2.25
(brs, 1 H), 2.11 (3,3 B, 1.86-1.72{m, 4
H), L58 (m, L H)
131{,J=73Hz,2H), 7.26(d J=7.0
He, 1 D), 7.16{d, 7=7.4 Hz, 2 H), 5.92
{dt 7 =98, 3.4 Hz L H), 559 (dd, J =
7.1, 64Hz, 1H),3.77(s,2H),3.12
(brs, 1 H}, 2.93 (d, 7= 11.2 Hz, L }),
2.78 (brs, 1 H), 2.60 (brs, 1 H), 2.42 (m,
1 H), 1.92-1.72 {(m, 5 H}

7327 =68Hz 2H),7.26(d, F =73
Hr, {H), 7.16(d, J=T4Hz 1 H), 6.03
(dt, 7=9.8,3.4Hz, 1 H), 585{dd. 7 =
100, 6.4 Hz, 1 H), 3.75 (s, 2 H), 3.19
(brs, 1H), 2.67(d, 7=11.2Hz 1 H),
2.64 (brs, 1 H), 2.42 (dd, 7= 19.5, 6.8
Hz, 1 Hj, 2.40 (brs, 1 H), 1.84-1.78 (m. 4
H), 1.57 (m, 1 H}
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Table 6 (continues)

Chuang et al.

Compd. MS(E)  High MS(ED IR(CHCly) B NMR (100.4 MHz) *H NMR (400.0 MHz)
No. miMY Caled.(Found) em’ 5 5
17a 161 161.0840 3484, 3054, 2928, 2004, 128.5, 1284, 9.85 (s, 1 H), 5.96 (brdd, 7 = 9.0, 6.9 Hz,
(161.0855) 2852, 2238, 1709, 1222, 547,403,378, 1 H), 563 (dt, /=93, 24 Hz, | H), 3.08
1607, 1433, 1378,  355,34.1,33.0 (m, 1 H),3.03 (dd, 7= 93,3.4 Hz, 1 H),
1306, 1289, 1148, 2.92 (brg, | H), 2.85 (brs, 1 H), 2.50 (d, J
1088, 1042, 1007, =19.0Hz, 1 H), 2.36 (m, 1 H), 2.05 (dd, J
963, 931, 905 =137,93Hz, 1 H), 1.94(d, J = 19.1,
2.0Hz, 1 H)
18a 175 175.0997 3040, 2959, 2236, 206.2, 128.6, 127.9, 590 (dd, =54, 6.9 Hz, 1 H), 5.56 {dt, J
(175.0986) 1707, 1605, 1426, 122.6, 6.2, 41.2,37.2, =93,3.2Hz 1 H), 3.03 (m, 1 H), 2.97
1360, 1247, 1180, 35.5,34.2, 33.1, 284 (d.J =78 3.9Hz, 2 1), 2.81 (brs, 1 H),
1092 2.58(d, J=186Hz 1 H), 233 (m, 1 H),
2.22(s, 3 H), 2.04(dd, 7=9.3,69Hz, 1
H), 1.84(dd, J= 186, 19 Hz 1 1)
18b 175 175.0097 3030, 2960, 2240,  206.0, 128.8, 127.6, 5.99(dd, J =98, 64 Hz, [ H), 572 (dt, J
{175.097N 1706, 1608, 1451, 121.2, 57.5,38.7, 36.4, =98,3.2Hz, 1 H),3.06(dd, F =88 54
1360, 1255, 1183 354, 34.1,33.7, 284 Hz, 1 H),3.01(dd, F =112, 5.4 Hz, [ H),
2.71¢brs, 1 H),2.60(d, 7=191Hz 1
H), 2.57 (brs, 1 H), 2.48 (m, 1 H), 2.18
(5, 3H), 1.92 (dd, J = 19.1,3.2 Hz, 1 1),
1.82 (dd, J =14.2, 63 Hz, 1 H)
15b 251 251.1310 3044, 2956, 2240, 205.5, 133.9, 1293, T32(t, J=68Hz 2H), 723 (d, =68
(251.1308) 1708, 1638, 1600, 1289, 127.5, 127.1, Hz [}, 7.16(d, /=68 Hz 2 H), 6.01
1495, 1451, 1350, 1212, 556,479,385 ~ (dd,.=93,64Hz 1 H), 574 (dd, J =
1232, 1185, 1108, 36.4, 363,34.2, 338 9.6,39Hz 1 H),3.78 (s, 2H}, 3.06 {m.
1075, 1031, 915 1 H), 3.0 (ddd, F = 17.0, 11.7, 54 Hz, |
H), 2.74 (brs, [ H), 2.66 (brs, 1 H ), 2.63
(d, J=19.0 Hz, 1 I}, 2.46 (dad, 7 = 11.2,
73,19z, [ H), 1.94 (dd, 7 = 17.5, 2.0
Hz, 1 H), 1.81 (dd, F = 14.2, 63 Hz, 1 1)
20 210 210.1255 2978, 2931, 2860, 2317, 173.6 607, 4.12(2q.J=6.8 Hz, 2 H), 2.87 (brs, |
(210.1252) 2360, 2341, 2040, 477,454, 39.7, 33.2, H). 269 (m, 1 H),2.53 (dd, J = 13.2, 88
1967, 1762, 1635,  31.0, 2B.9, 25.7, 22.6. Hz, 2 H), 2.40 (m, 2 H), 2.09 (m, 2 H),
1546, 1516 14.0 1.91-1.75 (m, 5H), 1.30 (t, 7 =73 Hz, 3
H)
22a 163 163.0997 3686, 3048, 2936, 206.9, 121.3, 46.8, 2.80 (brs, 1 1), 2.57 (dd, F = 17.7, 84
(163.0996) 2308, 2238, 1708, 46.2,32.8,32.4, 29.2, Hz 2H), 238 (m,2H), 2.16 (dt, J =
1606, 1456, 1431, 28.6, 28.0, 20.6 18.0, 3.6 Hz, 2 H), 1.92-1.54 (m, 6 H}
1426, 1292, 1284,
1111, 935, 923
22b 163 163.0997 3686,3070, 2989,  209.9, 119.9, 46.2, 2.81 (brd, J = 15.3 Hz, 1 H), 2.77 (brs, 1
{163.1004) 2306, 2242, 1708,  39.1,31.7.31.0, 308, H), 2.53 (dd, J = 19.0, 8.2 Hz, | H), 2.49
1607, 1443, 1428, 277,249 246 (dd, 7=19.0, 78 Hz, 1 H), 2.16 (m, 3 H),
123283. 1079, %42, 1.87-1.78 (m, 6 1)
g

carbonyliron Complex (37): as a yellow oil; 83%.
(1R*,25+,55% 9R*)-2-Carbethoxy-9-formylbicyclo
[3.3.1)non-7-ene (9): as a colorless liquid; 82%.
(IR*,28*,58* 9R*)-2.Carbethoxy-9-formylbicyclo
[3.3.1lnon-7-ene (2,4-Dinitrophenyl)hydrazone (10): as a
yellow solid; mp 172-173 °C; IR (CH,Cly) 3686, 3060,
2986, 1720, 1618, 1519, 1443, 1438, 1431, 1427, 1335,
1286, 928 cm™; 'H NMR (400 M Hz, CDCly) § 10.99 (s, 1
H),9.12(d, /=25 Hz, I H),8.30(dd, J=9.5,2.5Hz, 1 H),

7.89(d, J=9.5Hz, | H), 7.46 (4, J= 5.0 Hz, 1 H), 5.99 (at,
J=88,45Hz, 1 H),565(dd, J=8.7, 58 Hz, 1 H), 4.15 (2
g, J =73 Hz, 2 H),2.79 (m, 1 H), 2.62 (m, 2 H), 2.35 (m, 1
H), 1.86-1.66 (m, 6 H), 1.30 (1, J= 7.3 Hz, 3 H); “C NMR
(100.4 MHz, CDCly) § 173.7, 154.0, 145.1, 137.8, 132.3,
129.9, 128.9, 124.3, 123.5, 116.4, 60.4, 45.7, 43 .9, 34.9,
33.4,29.5,29.2,20.2, 14.2;, MS (70 eV} m/z (1e] intensity)
402 (M", 15), 401 (48), 384 (56), 328 (10), 207 (20), 167
(13), 150 (68), 130 (100); HRMS (EI)} m/z calcd for
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Table 7. Spectyal Data for Compounds 29, 31, 33, 34, 36, 38

1269, 1182, 1032

32.0,252 244,223,
19.0, 14.2

Compd. MS(E)  High MS(ED) IR(CH,CL;) C NMR (100.4 MHz) 'H NMR (400.0 MHz)
No. maM*  Cded.(Found) em’! 5 8
29 196 196.1099 3074, 2964, 1724, 221.7, 174.7, 604, 4.16(q, J=7.1Hz, 2H), 3.03 (dg, J =
(196.1106} 1458, 1376, 1253,  52.0,45.3, 36.8, 30.5, 9.5,3.8Hz, 1 H, Ha), 2.69 (td, J = 9.5,
1194, 1039 28.1, 25.0, 14.1 49 Hz 1 H Hb), 2.52(q J=73Hz |
H), 232 (dd,J =8.8. 73 Hz, 2 H), 2.17
_ (dt, J=13.2, 7.8 Hz, | H), 2.08 (m. 1 H),
- 1.92 (g, J=8.0 Hz, 2 H), 1.82 (m, 2 H),
- 1.28(t, /= 50 Hz, 3 H)
. 3 210 210.1255 2970, 1729, 1454, 220.8, 173.1, 60.3, 4.14(dg, J =43, 7.1 Hz, 2 H), 3.00 (dy, 7
(210.1249) 1375, 1185, 1039 50.4, 48.8, 44.7, 39.9, =10.3,7.7Hz, 1 H, Hb), 2.86 (dt, 7 =
5 319, 27.6 263, 14.3, 107, 7.0Hz, 1 H, Hd), 273 (d, 7 = 7.7,
- 12.8 1.2 Hz, 1 H, He), 2.31 (qd. 7 = 13.8,6.8
— Hz, 1 H Ha), 2.16 (dd, F = 194, 74 Hz, |
’ H), 1.94 {dd, = 10.2, 24 Hz, 1 H), 1.79
¢m, 1 1), 1.67 (m, 1 H), .61 (m, 1 H),
1.25(t J=7.1Hz, 3 H), 1.01(d, =67
- Hz, 3 H), 1.03 (m, 1 H)
= 33 210 210.1255 2568, 1728, 1454, 2219, 1754, 60.5, 4,14 (m, 2 H), 3.06 (44, 7= 10.0, 7.2 Hz,
o (210.1240) 1378, 1252, 1192,  54.7, 50.5, 44.5, 43.6, 1 H, Hdy, 2.71 {ddd, F = 10.0, 7.3, 3.2 Hz,
1035 324 307, 282, 164, 1 H, He), 2.50 (m. 2 H, He, HE), 2.34 (dd,
- 14.1 I=186 81Hz 1 H, Hb), 2.08 (m, i H),
1.94 (m, 1 H, Ha), 1.83 (m, 3 H), 1.25(t,
J=7.1Hz,3H), 1.09{d, J =68 Hz 3 H)
— 34 210 210.1255 2944 1731, 1446, 230.0, 174.0, 60.2, 4.09(q.J=73Hz 2H), 2.62{m 2 Y,
3 2101261} 1237, 1201, 1174, 48.4, 421,373,368, Hb, Hd), 236 (dd, 7= 19.0, 8.0 Hz, 1 1),
1029 23.6,22.2,20.5, 14.2 220 (dt, = 11.9, 6.0 Hz, 1 H, Ha), 2.13
- dd. 7=19.0,6.0Hz 1 H), 1.80(m, 4 H,
- Ha and others), 1.54 (m, ZH), 1.20(t 7 =
70 Hz 3 H), 113 (m, 2 H)
36 224 224.1412 2974, 1730, 1423,  220.0, 172.1, 60.2, 4.18(2q,J=69Hz 2 H), 278 (ddd, J =
. (224.1410) 1284 1195, 1172 49.0, 1.8, 40.0, 34.5, 11.2, 103, 5.5 Hz, 1 H, Ha), 2.71 (ddd, J
- 293, 24.6, 22.6, 22.0, =11.7. 55 3.1 Hz, 1 H Hb), 245 {dq, J
- 16.8, 14,2 =96, 7.6Hz, 1 H, Hd), 2.29¢d, J =
= 11.0, 48 Hz, 1 H, He), 220 (ddd, J =
12.0,10.3, 9.6 Hz, 1 H, HN, 1.84 (m, 2
H), 168 {m, 21, 1.47 (dd, J = 12.0, 6.9
Hz, ' H, He), 1.27 (t J =6.8Hz, 3 H),
= 1.22(m, 2 ), 1.11(d, /=7.8Hz. 3 H)
— 33 224 224.1412 2943, 1732, 1631, 220.0, 174.5, 60.3, 4.18(2q J=69Hz 2H), 276 (m, 2 H,
. ' {224.1410) 1448, 1377, 1286,  473,46.6,41.5, 395, Ha, Hd), 2.60 (8 lines, J=8.8.7.0,3.3

Hz 1 H, He), 246 {dd, J = 18.0, 83 Hz,
1 H), 2.26 (dd, F = 8.8, 78 Hz, 1 H, Hb),
2.08 (dd, = 18.0, 3.4 Hz, 1 B), 1.BO
(m, 2H), 1.68 (m, 1 H), 1.50{m, 1 H),
146 (m, 1 H), 1.25{t 7=7.0Hz 3 H),
1.22(m, 1 H), 1.09 (d, J=7.3 Hz, 3 H)

C1oHpuNaOg (M) 402.1539, found 402.1547.
{(1R*,28+ 45+ 8R *}-2.Carbethoxy-8-formylbicyclo
[3.2.1]oct-6-ene (12a): as a colorless liquid; 25%.
(1R*,2R*,4S* 8R*)-2-Carbethoxy-8-formyl-
bicyclof3.2.1Joct-6-ene (12b): as a colorless liquid; 12%.
(1R¥*,28*,58* 9R*)«2-Carbethoxy-9-acetylbicyclo
{3.3.1]non-7-ene (13): as a coloriess liquid; 40%.
(18* 28+ 58% 9R +).2.Cyano-9-formylbicyclo[3.3.1]-
non-7-ene (14a): as a light orange solid; mp 105.0-05.5°C
{hexane/ethyl acétate); 27%.

{(18%,2R*,55* 9R #)-2-Cyane-9-formythicyclo[3.3.1]-
non-7-ene (14b): as a red liquid; 52%

{18+,28+ 58* 9R*)-2-Cyano-9-acetylbicyelo{3.3.1]-
non-7-ene (15a): as a yellow liquid; 14%.

(15*,2R#*,58%,9R *).2-Cyano-%-acetylbicyclo{3.3.1]-
non-7T-ene (15b): as a colorless solid; mp 112-112.5 °C
fhexane/ethyi acetate); 28%.

(18%,28%,58+ 9R*).2-Cyano-9-(2-phenyl-1-oxoeth
yhhicycto[3.3.1]non-7-ene (16a): as a yellow liquid; 16%.

(18*,2R*, 558 9R*)-2-Cyano-9-(2-phenyl-1-oxoet
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Table 8. Speciral Data for Compounds 57
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Compd. MS(EI}  High MS(ED IR(CH,Cls) 30 NMR (100.4 MHz) 'H NMR (400.0 MHz)
No. maM*  Caled {Found) cm™ 5 3
57a 328 328.0398 3069, 2993, 2961,  231.6, 172.8 99.1, 5.97 (brm, 2 H), 4.82 (brm, 2 H), 408 (g,
(328.0407) 2928, 1979, 1912, o78 66.3, 60.4, 353, J=7.0Hz 2 H),3.69 (¢, F=8.5Hz, 2 H},
1883, 1728, 1620,  33.9, 28.6, 14.2 2.96 (m, | H), 2.02 (t, 7 = 7.5 Hz, 2 H),
1470, 1426, 1375, 1.23(t, F=7.0Hz 3 H), 0.56 (g, J = 7.5
1157 Hz 2 H)
57b 342 342.0554 3020, 2996, 2942, 2318, 173.2, 98.9, 5.96 (brm, 2 H), 4.79 (brm, 2 H), 4.09 (g,
(342.0556) 1977, 1910, 1881 9738, 67.2, 603,382, J=73Hz, 2H),3.71(, J=88Hz 2 H),
1728, 1609, 1424, 358 337,192, 142 2,92 (m, 1 H), 208 (t, J=7.8 Hz, 2 1),
1101 136(q7=78He, 2 H), 1.23(t J=73
Hz,3H),027(qJ=78Hz 2 H)
§7c 1356 356.0710 3067, 3046, 2992, 2319, 173.4, 98.8, 555 (brs, 2 H), 477 {brs, 2 H), 410 (q,J
(356.0712) 2540, 1977, 1910,  97.8 677, 60.2, =7.2Hz 2 H),3.70( J=86Hz 2 H),
1R79, 1728, 1620,  38.6,35.9 34.0, 290(m ! H),2.17(4J=73Hz, 2 H),
1424, 1252 243,232, 142 139(m, 2 H), 1.23(t, J=72Hz 3 1),
1.06(m, 2 H),025(m 2 H)
57d 281 281.0141 3053, 2249, 1981, 231.1, 118.8,99.1, 6.00 (brs, 2 H), 487 (brs, 2 H), 3.68 (t. 7
(281.0143) 1915, 1888, 1609, 97.2, 640,349, =86Hz 2 H), 3.10(m, 1 H), 2.06(t J=
1530, 1472, 1424  33.0, 120 73Hz,2 H), 055, J=73Hz 2 H)
S7e 295 295.0297 3067, 3046, 2994,  231.5, 119.0, 97.8, 5.99 (brs, 2 H), 482(m, 2 H), 3.68 (. J =
(295.0300) 2930, 2R57, 2251, 92.6, 66.0, 37.6, 86Hz, 2 H),295(m, L H), 2.15¢t 7=
1979, 1913, 1883, 35.5, 19.9, 168 73 Hz, 2 H), L.40(m, 2 H), 0.40{(g, f =
(609, [424 78Hz, 2 H)
57t 309 309.0453 3040, 2942, 2863, 231.7, 1193, 98.9, 597 (brs, 2 H), 4.80(m, 2 H), 3.70 (4, J =
(309.0458) 2251, 1977, 1906, 97.8, 67.0, 38.0, 88Hz 2 H), 292(m. 1 ), 223 (1, J =
1882, 1470, 1425, 35.9,24.8 229, 7.0 Hz 2 H), 1.44 (m, 2 H), 1.20 (m, 2 H),
1373 16.9 027(qs=78Hz 2 )
57g 318 318.0344 3082,3030, 1977, 232.0, 137.0, 129.5, 7.22 (m, 3 H), 6.54 (m, 2 H), 6.03 (m,
(318.0341) 1912, 1883, 1609, 1286, 126.6, 99.4, 2 H), 485(m, 2 H),3.64(tJ=88Hz
1424 98.1, 67.7, 45.0, 38.5 2H),3.20(m, 1 H), 1.52(d, J=78Hz,
2H
57h 268 268.0188 3073, 3040, 1977, 231.7, 132.6, 117.4, 6.08 (m, 2 H), 5.53 {(m, 1 ), 5.05-4.90
(268.0187) 1912, 1881, 1640, 99.0, 97.8, 67.4, {m, 4 H),3.81 (t, T=8.8 Hz, 2 H), 3.12
1607, 1424, 1277,  43.2,36.1 (m, 1 H), .10t 7=73Hz, 2 H)
1258

hybbicyclo[3.3.1Inon-7-ene {16b): as a colorless solid; mp
122.0-122.5 °C; 33%.

(15%,25*,48* 8R*)-2-Cyano-8-formylbicyclo[3.2.1}-
oct-6-ene (17a): 28% as a yellow 0il; 28%.

17b: as a colorless solid; 17%. Compound 17b slowly
decomposed in the air. Further identification of 17b was not
successful.

(18*,28*,45* 8R *)-2-Cyano-8-acetylbicyclo{3.2.1]-
oct-6-ene (18a): as a yellow oil; 9%.

(15*,2R*,48* 8R+¥)-2-Cyano-8-acetylbicycio[3.2.1]-
oct-6-ene (18b}): as a colorless liquid; 6%.

(15*,2R*,48*,8R *)-8-(2-Phenyl- t-oxoethyl)bicy-

clo[3.2.1joct-G-ene (19b): 14% Only 19b was isolated as a
colorless and analytically pure compound,

19a: 2%,

(1R*,28* 58+).2-Carbethoxy-8-oxobicyclo}3.3.1]
nonane (20): as a colorless oil; 74%.

(1R *,25+*,58%}).2.Cyano-8-oxobicyclo[3.3.1]nonane
(22a): as a white solid; mp 103.0-103.5°C; 21%.

(1R* 2R *,55%).2.Cyano-8-oxabicyclo[3.3.1Jnonane
(22b): as a colotless liquid; 21%.

(1R*,25% 65*,10R*)-2-Cyano-10-formylbicyclo-
[4.3.1]dec-8-ene (2,4-nitrophenyDhydrazone (26): as a
yellow solid; mp 153-156 °C; 3%, IR (CH:CL:) 3682, 3306,
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Compd. MS(E)  High MS(ED TR(CH,Cl) “C NMR (100.4 MHz) 'H NMR (400.0 MHz)
No. maM Caled (Found) cm’ & 3
65a 428 428.0885 2990, 1932, 1849, 2360, 235.5, 173.7, 5.28(s, 5 H,Cp), 4.18 (m, 3 H, C2 and
(428.0887) 1731, 1373, 1242, §2.0, 60.2, 59.0, 56.8, C123,3.72(m, | H, Cl orC3), 3.63 (m.
1046 55.7,35.0,343,31.7, 1H ClorCs), 230(t 2H,J=7.32Hz
277,25.2,23.2, 187, C10), 1.95(m, 1 H, C6), 1.71-1.39 (m,
14.2 & H,C4, C6, C7. CBand C9), 1.26 (t, 3 H.
J=732Hz C13), 082 {m. | H,C5),
.- 0.50 (m, 1 H, C5)
65b 414 4140728 3078, 2972, 1934, 236.0, 235.5, 173.7, 5.29(s, 3 H.Cp), 4164.11 (m,3 H C2
{414.0705) 1851, 1727, 1606, 92.0, 60.2, 58.6, 56.9, and C11), 3.70(m, 1 H, Cl or C3), 3.63
1459, 1430, 1375, 557 38.8,345 315, (n, 1 H, Clor(C3), 227233 (m, 3 H 4
- 1349, 1241, 1192,  23.5,233,187 142 and C9Y, 1.95 (m, 1 H, C6), 1.73-1.42 (m,
1096, 1029 SH, C6, CTand CB), 1.25(dd, 3 H, 7=
6.91, 6.78 Hz, C12), 0.86 {m, 1 H, C5),
0.50 {m. 1 H, C5)
65¢ 400 400.0566 3050, 2936, 1933, 2359, 2354, 173.9, 526 (s, 5 H, Cp), 4.16-4.07 (m, 3 1),
{400.0576) 1852, 1726, 1447,  92.1, 60.3, 57.8, 57.0, 3168 (m, ! H)3.56(m, 1 H), 235(t 7=
1423, 1373, 1183,  55.8,34.1,33.1, 316, 78Hz, 2 HY, 1.93 (m. 1 H), 1.82 (m, iH),
1112, 1071, 1034 23.1, 187, 14.2 171(m, 2 I, 167 (m 1 H), 1.23 (4 J=
71Hz 3 1), 079 (m, 1 H), 0.46 (m, 1H)
65d 38t 381.0626 3082, 2932, 2306, 235.0, 234.4, 118.8, 529(s, 5 H Cp), 416 (m, | H, C2),3.69
{381.0630) 1993, 1851, 1609, 91.1, §7.3, 559, 54.7, (m,1 HClorC3),3.59(m, 1 H,Clor
1458, 1275, 1182, 37.5,30.6, 26.2, 24.6, C3), 236 ¢t, =732 Hz. 1 H, C10), 1.96
1160, 1113, 1011 224, 17.8,16.2 (m, | H,C6), 1.78-1.57 (m, 7 H, C7,C8,
C9 and C4), 1.25(m, | H, Co), 0.79 (m,
1 4,C5),051¢m, 1 HC5
65e 367 367.0470 3060, 2030, 2306, 2359, 2349, 120.0, 5.29(s, 5 H,Cp).4.15(m. 1 H,C2),3.71
(367.0450) 1935, 1853, 1606,  92.1, 58.0, 57.0, 55.7, (m, 1 H ClorC3),3.58 (m, 1 H,Clor
) 1423, 1277, 1252, 3872 31.3,24.0, 23.2, C3), 234 (m. 2 H. C9), 1.96{m, 1 H. C6),
1160, 1113, 1011 186, 17.4 1.78-1.57 (m. 5 H, C7, CBand C4), 1.24
(m, 1 H C6),0.79 (m, 1 K, C5),0.51 (m,
_ 1 H,C5)
65t 414 414.0729 3062, 2936, 1934, 236.0,235.6, 171.2, 5301(s,5 H, Cp), 4.18-4.03 (m.3 H{, C2
: {414.0739) 1855, 1731, 1606,  92.0,64.5 58.9, 56.5, and C10), 3.71-3.60 (m, 2 H, CI and C3),
1425, 1367, 1240, 557,389 31.7, 288, 231(m, 1 H C4,2.06(3 HCI2)
138 245 23.2, 23.0, 18.7 1.95(m, 1 H, C6), 1.66-1.22 (m, 7 H, C6,
C7.C8and C9), 0.8 (m, 1 H.C5).05(m,
1 H,C5)
65g 476 476.0885 3085, 2936, 1934,  236.1, 235.5, 166.6, 8.05-8.00 (m, 2 H, Ph}, 7.54-7.38 (m,
{476.0875) 1851, 1712, 1605,  132.8, 130.5, 129.5, 3 H,Ph), 5265 5 H,Cp), 431 (dd 2 HJ
1439, 1423, 1314, 1283, 92.0,64.9, 589, =6.50,6.55 Hz, C10), 4.12 (dd, 1 HJ=
1254, 1176, 1071 569, 55.7,38.9, 31.7, 7.18, 7.19 Hz, C2), 3.68-3.58 (m, 2 H,
289, 24.6, 233, 187 Cland C3), 1.90 (m, 1 H, C6), 1.75(m,
1 H,C4), 1.58-1.48 (m, 5 H, C7, C8 and
C9), 1.27 (m, 1 H, C9), 0.86-0.79 (m, 2 H,
C5 and C6), 0.45 (m, 1 H. C5)
65h 330 390.0517 3060, 2930, 1935, 235.9, 235.4, 141.2, 726-7.08 (m. 5 H, Ph), 522(s. 5 H,
(390.0511) 1852, 1606, 1425, 1292, 1282, 12538, Cp).4.12(dd. 1 H./=7.18 714 Hz,
1253 92.0, 58.4, 56.7, 55.9, €2),3.67 (m, 1 H,ClorC3),3.45(m,
45.7,34.0,22.9, 186 1 H.Clor(C3), 268 (m, 1 H, €N,
1.99-1.92 (m, 2 H, C4and C6), 1.57 (m,
1 H, C6), 0.77 (m, 1H, C5), 0.38 (m,
1 H,C5)
651 356 356.0668 7978, 2860, 1931, 216.1, 235.6, 92.0, 528(s, 5 H,Cp), 415(dd. | HJ =
(356.0670) 1849, 1620, 1457, 59.5, 269, 55.5,39.1, 6.84, 736 Hz, C2),3.70(m, ! H,Clor

1422

31.7,30.4, 23.3, 187,
146

C3),3.66(m, 1 H, Clor C3), 1.93 (m,

1 H, C6), 1.68 (m. 1 H, C4), i.58 (m,
1HCNH 1,47 (m, 1 H, T, 1.40-1.33
{m, 5 H, C6, CBand C9), 0.90 (dd. 3 H.J
= 6,84, 7.32 Hz, C10), 0.82 (m, 1 H,

C5), 046 (m, 1 H, C5)




132 J. Chin. Chem. Soc., Vol. 42, No. 4, 1995

3060, 2984, 2932, 2238. 2042, 1617, 1594, 1517, 1425,
1334, 1284, 1139, 1086 cm™; 'H NMR (400 MHz, CDCls)
10.98 (s, 1 H)9.04 (d, S = 2.44 Hz, 1 H} 8.23 {dd, J = 9.28,
244 Hz, 1 H),783(d,J=928Hz, | H), 744 (d, 7= 3.91
Hz,1H), 5.94 (dd, /=8.0,4.8 Hz, 1 H), 5.55(dt, J=8.0,3.1
Hz, 1 H),3.15(brs, 1 H), 2.96 (br d, /= 12.7 Hz, 2 H), 2.36
(m, 2 H), 1.78-1.66 (m, 3 H), 1.54 (m, 4 H); °C NMR (100 4
M Hz, CDCly) 8 153.1, 145.0, 138.0, 130.1, 130.0, 129 5,
129.0, 126.2, 123.4, 116.6, 39.2, 374, 35.2, 334, 30.8,
30.4, 29.7, 21.6; MS (70 eV) m/z (rel intensity) 369 (M",
14), 285 (18),227 (18), 187 (37}, 145 (37), 91 (100): HRMS
(E]) /7 caled for C13H19N504 (M+) 369.1437, found
369.1445,

(1R*,2R* ,5R¥)-2-Carbethoxy-6-oxobicyclo[3.3.0
octane (29): as a colorless liquid; 55%.

(1R*,2R*,5R*,758%}-2-Carbethoxy-7-methyl-6-ox0
hicyclo]3.3.0)Joctane (31): as a colorless liquid; 34%.

(1 R*,2R*,SR*,SR*)-2-Carbethoxy-s-methyl-ﬁ-
oxobicyclo[3.3.0Joctane (33): as a colorless liguid; 30%.

(lR*,ZR*,GR*)-2-Carbetlmxy-7-0xobicyclo[4.3.0]
nonane (34): as a colorless liquid; 54%.

(1R*,ZR*,6R*,SS*)-2-Carbethoxy-8-methyl-‘?-oxo
bicyclof4.3.0]nonane (36): as a colorless liquid; 25%.

(1R*,2R*,6R*,9S*)-2-Carbethoxy-9-methyl-7-oxo
bicyclo[4.3.0]nonane (38): as a colorless liquid; 28%.

{Ethyl exe-3-[(1-6-1)-cycloheptatrien-7-y1]-
propionate]tricarbonyl-chromivm (57a): as a brown-red
oil; 96%,

[Ethyl exa-4-1(1-6-n)-cycloheptatrien-7-yl]-
butyratejtricarbonylchromium (57h): as a brown-red ail;
96%.

(Ethyl exo-5-[(1-6-11)-cycloheptatrien-7-yl}-valer-
ate]tricarbonyl chromium (57¢): as a brown-red oil; 88%%.

[exo—3-[(1~6-n)-Cyc!oheptatrien—7-yl]propionitrile]-
tricarbonylchromium (57d): as a brown-ted oil; 69%.

[exo-4-[(1-6-1])-Cycloheptatrien-7-yl]butyronitrile]-
tricarbonylchromium (57¢): as a brown-red oil; 69%.

[exo-S-[(1-6-11)-Cycloheptatrien-’l-yl]valeronitrile]-
tricarbonylchrominm (57£): as a brown-red oil; 96%.

[exo-Phenyl[(l-(i-n)-cycloheptatrien-‘?-yl]methane]-
tricarbonylchromium (57g): as a brown-red oii; §89%.

[exo-3-[(1-6-1])-Cycloheptatrien-?-yl]propene]tri-
carbonylchromium (57h): as a brown-red oil; 84%.

10-(Ethoxycarbonyl)bicyclo[5.3.0]dec-1(7),2-diene
(58a) and 8-(Ethoxycarbonyl) bicyclo[5.3.0)dec-1(7),2-
diene (58b): IR (CH.CL) 2996, 2930, 2870, 1725, 1609,
1424, 1375, 1182 cm™; *"H NMR {CDCls, 400 MHz) 5 5.82-
572 (m, 2 H), 4.18-4.09 (m, 2 H), 3.47 (m, 1 H), 2.65-1.74
(m, 10 H), 1.28-1.24 (m, 3 H); “C NMR (CDCls, 100.4
MHz) 8 175.6, 175.1, 144.8, 137 .6, 1354, 133.3, 132.2,

Chuang et al.

130.1, 124.3, 123 3, 60.3, 56.7, 55.3,38.9, 37.5,32.3, 31 1,
30.9,30.7,26.9,26.7, 24.3, 24.1, 14.2; MS (30 eV) m/z (rel
intensity) 206 (M",27), 133 (100), 119 (11}, 105 (19), 91
(32); HRMS (EL m/z caled for CsHis02 206.1302, Found
206.1312,

(15%,TR*,115%)-2- A cetyl-11-(ethoxycarbonyl)bic-
yclo{5.4.0lundec-2,4-diene (62): IR (CIH,Cl:) 3072, 3055,
2995, 2940, 1723, 1659, 1601, 1427, 1375, 1182 cm™; 'H
NMR (CDCY,, 400MHz) 6 6.84 (d, J= 7.8 Hz, 1 H), 6.14
(dd, J=10.7,8.3Hz, 1 H), 5.91 {m, 1 H), 4.14{q, /=6.8 Hz,
2 H),3.26 (dd, J=12.0, 2.8 Hz, | H), 2.71-2.61 (m, 2 H),
244 (m, 1 H), 2.34 (s, 3 H), 2.12 (m, 1 H), 1.82-1.23 (m, 9
H); "C NMR (CDCls, 100.4 MHz) § 199.4, 174.3, 144.8,
139.5, 133.7, 122 8, 60.0, 47 .3, 41 8, 34.8, 27.8, 276, 26.1,
25.5, 21.8, 14.1; MS (30 eV) »/z (rel intensity) 262 (M,
77}, 216 (23), 188 (37), 145 (100}, 105 (9}, 91 (17); HRMS
(El) m/z caled for C,sHax0s 262.1563, Found 262.1567.

Dicarbonyi(m’-cyclopentadieny))|Ethy} 4-exo-[(1-
3-n)-cyclobexen-4-yllpentarate] molybdenum (65a): as a
yellow oil; 20%.

Dicarbonyl(ns-cyclopentadienyl)[Ethyl 4-exo-j(1-
3-h}-cyclobexen-4-yl)butyrate] molybdenum (65b): as a
yellow oil; 90%.

Dicarbonyl(n’-Cyclopetadienyl){ Ethyl 3-exo-[(1-3-
1)-cyclohexen-4-yllpropionate) molybdenum {(65¢): as a
vellow oil; 73%.

Dicarbonyl(nS-cyclopentadienyl)[4-exo-[(1-3-11)-
cyclohexen-4-yl|pentanonitrile] molybdenum (65d): as a
vellow oil; 58%.

Dicarbonyl(1y’-cyclopentadienyl)[4-exo-[(1-3-1))-
cyclohexen-4-yljbutyronitrile] melybdenum (65¢): as a
vellow oil; 41%.

Dicarbonyl(n5-cyclopentadienyl)[4-ex0-[(1-3-T])-
cyclohexen-4-yljbutyl acetate] molybdennm (65f): as a
yellow oil; 51%,

Dicarbonyl(n5-cyclopentadienyl)[4-exo-[(1-3—1\)-
cyclohexen-4-yl[butyl-benzoate] molybdenum (65g): as a
vellow oil; 57%.

Dicarbonyl(n’-cyclopentadienyD[(1-3-1)-cyclo-
hexen-4-yllphenylmethyl] molybdenum (65h): as a yel-
low oil; 57%.

Dicarbonyl(ns-cyclopentadienyl) [4-exo0-(1-3-1)- cy~
clohexen-4-yln-butyl] molybdenum (65i): 18%.

2-Hydroxycyclohex-3-enyl propionic acid Lactone
(68): TR (CH.ClL,) 3022, 2930, 1724, 1432, 1360, 1335,
1206, 1048 cm™; '"H NMR (CDCls, 400 MHz) § 6.02 (m, 1
H), 5.82 (m, 1 H), 4.78 (brm, 1 H), 2.52 (m, 2 H), 2.21-2.00
(m, 4 1), 1.73-1.60 (m, 3 H); “C NMR (CDCl, 100.4 MHz)
8172.1,132.7,124.5,749,30.9,28.3, 24.1, 24.0, 23.7, MS
(30 eV) mvz (rel intensity) 152 (M*, 48), 124 (38), 96 (52),
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80 (86), 67 (26), 35 (100); HRMS (EI) m/z calcd for
CsHi20: 152.0834, Found 152.0928.
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