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ABSTRACT 

(+)-N-Phthalimido-S-£-methoxyphenyl-S-vinyl 

sulfoximine, a new compound, has been synthesized in five 

steps. This compound undergoes Diels-Alder cycloaddition 

with cyclopentadiene to give four racemic diastereomers. 

These products are separated by HPLC and their structure 

determined by "'"H NMR spectroscopy. There is only modest 

asymmetric induction in this cyclization. 

5 3+2-Cycloaddition of n -cyclopentadienyl iron 

1 dicarbonyl n -cyclopentadiene with activated unsaturated 

compounds followed by oxidation renders this organometallic 

reagent the synthetic equivalent of methyl cyclopentadiene-

5-carboxylate in Diels-Alder reactions. Previously 

unreported cycloaddition reactions of this organometallic 

reagent with acrylonitrile and £-benzoquinone are reported. 

In addition, diethylchloroalane facilitates the cycloaddi

tion reaction. Methyl acrylate and dimethyl maleate do not 

react in the absence of diethylchloroalane but readily form 

cycloadducts in its presence. A mechanism is proposed for 

the cycloaddition reactions. Oxidation of the new cyclo

adducts with ammonium cerium(IV) nitrate in methanol 

5 saturated with carbon monoxide transforms the ri -

cyclopentadienyl iron dicarbonyl moiety into a -CC^Me 

group in good yield. 

viii 



CHAPTER I 

SYNTHETIC APPLICATIONS USING SULFOXIMINES 

Introduction 

The Diels-Alder reaction is a widely used reaction 

in organic chemistry. Many otherwise inaccessible compounds 

can be generated using this reaction (1-5). One of the 

attractive possibilities of this reaction is the ability to 

functionalize both the diene and the dienophile. Various 

substituents typically on the dienophile are CHO, COR, COOH, 

CN, and recently various substituents containing sulfur 

(6, 7). This chapter will be concerned with asymmetric 

induction in the Diels-Alder reaction using one class of 

sulfur containing compounds, the vinyl sulfoximines. 

Vinyl sulfoximines were selected because they 

provide (a) a chiral center (the sulfur) to introduce 

asymmetry into the product molecule, (b) the proven 

reactivity of isoelectronic compounds (vinyl sulfones) in 

Diels-Alder type reactions, and (c) the possibility of 

useful transformations into other functional groups. The 

ability of the sulfur to act as an electron withdrawing 

group and its ability to be chiral at a position close to 

the site of induction is what initially attracted our 

1 
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attention. The closer the chiral center can be to the site 

of induction the greater the asymmetric induction. 

There are various sulfur containing molecules which 

could be used in Diels-Alder chemistry (Figure 1.1). Among 

this series phenyl vinyl sulfoxides (7) and phenyl vinyl 

sulfones (7) are known to undergo Diels-Alder reactions. 

Phenyl vinyl sulfilimines are also known, however Diels-

Alder reactions with them are not known. 

P , 0 J 3 0 

YS-R2 "it"? R1- 2 V "R2 
N-R3 

s u l f o x i d e  s u l f o n e  s  u 1 f i l i m i n e  s u l f o x i m i n e  

R =CH=CH2 

Figure 1.1. Sulfur containing molecules which could be used 
in Diels-Alder chemistry. 

Vinyl sulfones are more reactive in Diels-Alder 

reactions than vinyl sulfoxides. This is to be expected 

because of the greater electron withdrawing ability of the 

sulfonyl group over the sulfinyl group. Sulfones are very 

useful in organic synthesis because after suitable 

transformations they become synthetic equivalents of ketenes, 

ethylene, and substituted ethylenes (Figure 1.2). Sulfones 

while more reactive than sulfoxides lack the ability to be 



1  )  L D A  
•fol 

2 )  M o O P H  

N a ( H g )  

S R  N a 2 H P 0 4  

1  )  b a s e  

2 )  P h C H 2 B r  

3 )  N a ( H g )  

51 % 

7 6  %  

85 % 

Figure 1.2. Diels-Alder reaction of vinyl sulfones and 
subsequent transformations of the cycloadducts. 
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chiral. It is the isoelectronic analogue, the sulfoximine 

which retains this chirality. 

organic synthesis. Several review articles have recently 

explored some of the utility of the sulfoximine group (8, 9). 

However, the authors have used it primarily as a moiety to 

stabilize an anion alpha to the sulfur. These anions then 

act as alkylidene transfer agents and react with electro-

philic double bonds such as ketones, alpha, beta-unsaturated 

ketones or esters, and N-substituted imines. Some examples 

are shown in Figure 1.3 (10). 

Sulfoximines have become increasingly useful in 

CH 3 

NaH 
Ph-S-CH0Na 

K 2 
N-Ts 

0 0 
Ph^ 

P h  DMSO 

P h  

Figure 1.3. Sulfoximines as alkylidene transfer agents. 



One point that has been somewhat ignored in these 

studies and reviews was the potential of sulfoximines as 

reagents to induce asymmetry. Since sulfoximines are 

isoelectronic with sulfones and possess the ability to be 

chiral (like the less reactive sulfoxides) they would be 

excellent reagents to induce asymmetry in other molecules. 

0 o 

1  II 
•" P_ -S 

A  R |  * 1 4  
Ra ^ 

RR^ °^N-R3 

s u l f o x i d e  s u l f o x i m i n e  

Figure 1.4. Chiral sufoxide and chiral sulfoximine, 

Asymmetric induction is a well known phenomena in 

the Diels-Alder (11-18) reaction and in other types of 

reactions such as the Michael (15, 16) addition and cyclo-

additions. But the use of a chiral sulfur reagent to induce 

asymmetry in reactions has only begun to be explored (17-

22). The chiral sulfoximine is one example of this surge of 

interest in chiral sulfur atoms (23-25). One type of chiral 

sulfur atom recently examined is the vinyl sulfoximine (26). 

Reineke examined two sulfoximines (Figure 1.5) for 

asymmetric induction. The results are summarized in Table 
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^ VWTJYI ^N-N 

8  ft 
H3C °?N 

S-£-Ni trophenyl-N-phthalimi do- S-^-Tolyl-N-phthalimido-
S-vinyl sulfoximine S-vinyl sulfoximine 

Figure 1.5. Chiral vinyl-sulfoximines used by Reineke. 



Table 1.1. Yields from Diels-Alder reaction of two chiral 
sulfoximines and cyclopentadiene. 

% of yield 

adduct 

Pht 

(2R,R) 

Phf 

(2S,S) 
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Recently pi-pi interactions in the transition state 

have been used to explain asymmetric induction in Diels-

Alder reactions (27). Figure 1.6 shows a schematic of the 

possible endo transition state geometry for the reaction of 

a diaryl substituted sulfoximine with cyclopentadiene. The 

S-aryl substituent should interact with the forming double 

bond to a greater extent than the N-aryl substituent since 

it is closer to the bonds being formed. If the theory of 

pi-pi interactions is correct changes in the electronics of 

the S-aryl pi-system would be expected to give changes in 

the product distribution. 

Figure 1.6. Proposed transition state for reaction of 
diaryl substituted sulfoximines with cyclo
pentadiene . 
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As can be seen in Table 1.1 a small change in 

product distribution is seen going from the p-tolyl system 

to the p-nitrophenyl system. What effect would going from 

the electron poor system to a very electron rich system 

have? To answer that question was the purpose of this 

chapter. 

Results and Discussion •. 

The sulfoximine that was chosen was S-p-

methoxyphenyl-N-phthalimido-S-vinyl sulfoximine (Figure 1.7). 

This compound was chosen because of the ability of the -O-Me 

substituent to donate electrons to the aryl substituent on 

the sulfur, without a great change in steric bulk from the 

p-tolyl or p-nitro substituent that Reineke had examined. 

Though a new compound it was prepared by appropriate 

literature methods (Figure 1.8) (28, 29). 

Figure 1.7. S-p-methoxyphenyl-N-phthalimido-S-vinyl 
sulfoximine. 
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Me-O^f^SH ] ]  BaSe. ... ... - Me 
X^Z 2) C1-CH2-CH2- OH 

CH2-CH2-OH 

1 
A/ 

1 
'\z" 

S0C1 
2*. Me-O- S-CH2-CH2-CI 

KOH, ale. 

-&• Me 
-•O 

S-CH=CH, 

2 
/•v 

3 
/v 

3 
MCPBA 

Me-0 S-CH=CH, 

4 /\f 

4 
/•v 

H2N-N^(0) 
ti 

Pb(OAc) 
Me-0- -CH=CH 

Figure 1.8. Synthesis of S-p-methoxyphenyl-N-phthalimido-
S-vinyl sulfoximine. 
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The assignment of stereochemistry of the cyclo-

adducts was based upon a combination of ^"H NMR and X-ray 

crystallographic techniques. High performance liquid 

chromatographic techniques were used to separate the four 

diastereomers. Reineke used these techniques to un

equivocally establish the stereochemistry of the four 

possible adducts of the reaction between the p-tolyl vinyl 

sulfoximine and cyclopentadiene (26, 30). 

Tentative endo-exo structural assignments were made 

using 250 MHz "'"H NMR. This could be done because 

norbornenes have well established coupling constants between 

protons. First in the exo isomers the chemical shift of 

the endo H2 (Figure 1.9) is moved upfield by the shielding 

from the double bond of the norbornene system. As a result 

the chemical shift of the endo H2 is approximately 0.7 to 

0.8 ppm upfield of the exo H2. Second each singlet for the 

exo or endo H2 is split by three nonequivalent protons, Hi, 

H3 exo and H3 endo. H3 exo has a large coupling constant 

(^ 8-10 Hz) with the H2 exo and the H3 endo has a large 

coupling (^ 8-10 Hz) with the H2 endo. H3 exo has a some

what smaller coupling constant 4-6 Hz) with the trans H2 

endo as does the H3 endo with the H2 exo. H3 exo and H3 

endo thus give essentially the same splitting to both the 

exo and endo H2 protons. However the coupling between the 

bridgehead proton HI and the endo or exo proton H2 varies 

significantly. The coupling constants for exo H2 and Hi are 
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H7anti 

^H4 

H7anti 

/fcH3exo 
H3endo 

12 exo 

endo ex0 

Figure 1.9. Endo and exo adducts in the reaction of S-aryl-
N-phthalimido-S-vinyl sulfoximine with cyclo-
pentadiene. 

on the order of 3-4 Hz. The coupling for endo H2 and HI 

are on the order of 0-2 Hz. 

Using similar methodology assignments can be made 

for the stereochemistry about the sulfur atom. In the endo 

isomers the H4 absorbs consistently at ^ 3.03 ppm regardless 

of the stereochemistry about the sulfur. However the Hi 

proton is shifted considerably going from 3.9 ppm for the 

(S)endo-p-tolyl phenyl-sulfoximine group to 2.8 for the 

(R)endo-p-tolyl phenyl-sulfoximine group. This upfield 

shift is due to the shielding effect of an aryl group. 

Since the most favored rotamer has oxygen occupying a 

position under the ring either the phenyl ring or the 

phthalimido aromatic ring could provide the shielding. 

However the bond lengths for the phthalimido moiety are such 

as to put the aromatic ring out beyond the proton. The 
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phenyl ring possesses the proper bond length to provide the 

shielding. 

In the exo p-tolyl isomers the chemical shifts for 

H4 are consistently about 2.95. Hi absorbs at 3.93 in the 

(S) exo p-tolyl isomer and 2.69 in the (R) exo p-tolyl 

isomer. Since the most favorable rotamer has the oxygen 

over the norbornene ring, the shift is again due to either 

the phenyl ring or the phthalimido aromatic ring. The pi 

system of the phthalimido ring is so far out as not to 

affect the chemical environment of the bridgehead proton HI. 

The phenyl ring possesses the proper bond length to provide 

the shielding. 

Using this knowledge the stereochemistry of- the four 

adducts obtained from the cycloaddition of (+)-(R,S)-S-p-

methoxyphenyl-N-phthalimido-S-vinyl sulfoximine and cyclo-

pentadiene can be determined. The first adduct (fraction one 

from the HPLC) has H2 absorbing at 3.39-3.45 ppm and three 

coupling constants two relatively large and a third much 

smaller 1.5 Hz) associated with coupling between an endo 

proton and the bridgehead proton. The second adduct 

(fraction two from the HPLC) has H2 absorbing at 3.29-3.45 

ppm also with three coupling constants two relatively large 

and a third much smaller (^ 1.5 Hz) associated with coupling 

between an endo proton and the bridgehead proton. Examina

tion of the spectra from adducts three and four (fraction 

three and four) shows two sets of absorbances one at 



4.00-4.10 ppm and the other at 1.80-1.90 ppm. The 

absorbances at 1.80-1.90 ppm possess coupling constants of 

^ 11-12 Hz which come from a geminal not vicinal proton. 

Since H2 does not have a geminal proton these absorbances 
r 

are due to the H3 endo proton. Finally the H2 absorption 

at 4.00-4.10 ppm (in fractions three and four) has two 

relatively large coupling constants and a third small 

coupling constant 3.4 Hz) expected for coupling between 

an exo proton and a bridgehead proton. The endo exo assign

ments are made as follows: Fraction one and two are exo 

sulfoximines and Fractions three and four are endo 

sulfoximines. 

In the exo isomers (fractions one and two) the 

absorbance for Hi goes from 3.90 ppm to 2.8 0 ppm going from 

fraction one to fraction two. This would follow from 

shielding from the p-methoxyphenyl substituent on the 

sulfur. Thus the complete assignment for fraction one 

(1.9a, Figure 1.9) is (+)-(2R,S)-bicyclo[2.2.1]-hept-5-enyl-

N-phthalimido-S-p-methoxyphenyl sulfoximine. The complete 

assignment for fraction two (1.9b, Figure 1.9) is (+)-

(2R,R)-bicyclo-[2.2.1]-hept-5-enyl-N-phthalimido-S-p-

methoxyphenyl sulfoximine. 

In the endo isomers the absorbance for Hi goes from 

3.7 9 ppm in fraction three to 3.03 ppm in fraction four. 

This again would be the result of shielding from the p-

methoxyphenyl group on the sulfur. The stereochemical 
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N 

0 

1.9a (+)-(2R,S)-bicyclo[2.2.1]-hept-5-enyl-N-phthalimido-
S-p-methoxyphenyl sulfoximine 

1.9b (+)-(2R,R)-bicyclo[2.2.1]-hept-5-enyl-N-phthalimido-
S-p-methoxyphenyl sulfoximine 

-R 

1.9c (+)-(2S,R)-bicyclo[2.2.1]-hept-5-enyl-N-phthalimido-
S-p-methoxyphenyl sulfoximine 
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>—R 

1.9d (+)-(2S,S)-bicyclo[2.2.1]-hept-5-enyl-N-phthalimido-
S-p-methoxyphenyl sulfoximine 

assignment for fraction three (1.9c, Figure 1.9) is ( + )-

(2S,R)-bicyclo[2.2.1]-hept-5-enyl-N-phthalimido-S-p-

methoxyphenyl sulfoximine. The assignment for fraction four 

(1.9d, Figure 1.9) is (+)-(2S,S)-bicyclo[2.2.1]-hept-5-

enyl-N-phthalimido-S-p-methoxyphenyl sulfoximine. 

Since the reaction went quantitatively the integra

tion from the HPLC provides the amounts of each adduct. The 

integration provided was 7:27:20:47. 

Compare this ratio with Reineke's two compounds 

(Table 1.2). One interesting point emerges from the table. 

There is very little change in ratio between the (2S,S) and 

the (2S,R) isomers going from the p-nitrophenyl to the p-

methoxyphenyl isomers (see Table 1.3). The large change 

occurs in the ratio between the (2R,S) and the (2R,R) 

isomers. What is causing this, steric factors, electronic 

factors, or what? Further studies are required since it 

appears that some type of asymmetric induction is occurring 
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Table 1.2. Yields from Diels-Alder reaction of three chiral 
sulfoximines and cyclopentadiene. 

-O-CH -CH - N O  
adduct 

(2R,S) 

Sh.h 
(2R,R) 

Phth 

(2S.R) 

<7 
Phth 

(2S ,S) 
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Table 1.3. Ratios of diastereomers produced in the reaction 
between chiral sulfoximines and cyclopentadiene. 

~^adduct^— 
-OCH3 -CH3 -NO2 

4:1 2:1 1:2 
Vhth 

S about sulfur 

K 

/& 1:2.5 1:2.0 1:1.5 

oJLW1 

Vhth 

S about sulfur 
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and that changing the immediate environment does affect the 

ratio. 

Experimental 

Melting points were measured on a Thomas-Hoover 

apparatus and were uncorrected. IR spectra were recorded on 

a Perkin-Elmer Model 983 spectrophotometer using KBr pellets 

unless otherwise noted. The IR spectra were reported in cm 

from the 1601 cm band of polystyrene. "*"H NMR spectra were 

recorded at 250 MHz on a Bruker model WM 250 spectrometer. 

Chemical shifts were reported as delta units from tetra-

methylsilane as internal standard using deuterochloroform 

as solvent. Coupling constants were reported in Hz. Fisher 

AR grade ethyl acetate was purified using the procedure of 

Hurd and Strang (31) . Hexane was stirred over concentrated 

sulfuric acid and distilled from potassium hydroxide. 

Tetrahydrofuran was distilled from sodium/benzophenone ketyl 

under a nitrogen atmosphere. All other solvents were 

reagent grade and were used as received. Analytical and 

preparative thin layer chromatography was carried out using 

Merck HF-254 (type 60) silica gel supplied by Brinkmann 

Instruments, Inc. Preparative thin layer plates were made 

on 8 x 8 in plates with a 0.75 mm layer of absorbent. 

Column chromatography was carried out using Analtech Silica 

Gel (75-150 nm) with ca. 20 times the weight of adsorbent 

as sample to be chromatographed. 
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Analytical and semipreparative high performance 

liquid chromatography was performed using a commercially 

packed column (4.6 x 150 mm) of Beckman Ultrasphere ODS 

(5 nm). Solvents for elution were purified hexanes and ethyl 

acetate. Elutents were monitored using an Altex model 153 

detector at 28 0 nir.. On all chromatographic separations 

(analytical or preparative) the eluting solvents and ratios 

were listed in parentheses. 

Preparation of 2-(4-Methoxyphenylthio)-
ethanol (1_) 

A dry 25 ml round bottom flask was charged with 

paramethoxy benzenethiol (1.02 g, 7.25 mmol), a stir bar, 

and 10 ml of I^O. Beta-chloroethanol (1.5 ml, 22.3 mmol) 

was syringed into the stirred solution. The solution was 

heated at 60°C until litmus paper shows the solution slightly 

acidic. The pH was brought to approximately 11 by the 

addition of 1 M aqueous sodium hydroxide solution. Then 

more beta-chloroethanol (0.5 ml, 7.0 mmol) was added. The 

reaction was monitored by TLC (elute with diethyl ether, 

develop with ultraviolet light). After the reaction reaches 

completion the aqueous phase was separated and extracted 

with diethyl ether (3 x 50 ml). The combined organic 

extracts were dried over anhydrous magnesium sulfate and the 

solvent removed under reduced pressure. Distillation of the 

crude product using a Kugelrohr apparatus (120 degrees C at 



6 mm Hg) gives 0.94 g (73% yield) of 2-(4-methoxyphenylthio) 

ethanol (1). Anal. Calcd. for CgH1402S: C, 58.60; H, 6.50. 

Found: C, 58.54; H, 6.6.0. MP: 38-39 degrees C. 

IR(KBr) cm""1: 3200-2700 (OH), 1497, 1286, 1249, 1030, 817. 

1H NMR (CDCL3) delta: 7.38 (d, 2H, J=9.0 Hz, Ar-H), 6.84 

(d, 2H, J=9.0 Hz, Ar-H), 3.79 (s, 3H, CH30) , 3.67 (t, 2H, 

J=5.9 Hz, CH20), 2.99 (t, 2H, J=5.9 Hz, CH2S), 2.20 (s, 

1H, -OH). 

Preparation of Beta Chloroethyl-(4-
methoxyphenyl) Sulfide (2j 

A dry 5 ml round bottom flask was charged with a 

stir bar, 2-(4-methoxyphenylthio)ethanol (0.75 g, 4.0 mmol), 

and 1.2 ml of N,N-dimethylaniline was syringed into the 

flask. Thionyl chloride (0.65 ml, 8.0 mmol) was added 

dropwise using a syringe over 20 min period. The reaction 

was heated at 90 degrees C for 10 min. The reaction was 

cooled and extracted with diethyl ether (3 x 50). The 

extracts were combined, dried over anhydrous magnesium 

sulfate, filtered and the solvent removed under reduced 

pressure. Distillation of the crude product using 

Kugelrohr apparatus (105 degrees C at 3 mm Hg) gives 0.77 g 

(95% yield) of beta chloroethyl-(4-methoxyphenyl)-sulfide 

(2). IR(KBr) cm-1: 2931, 1495, 1286. 1H NMR (CDC12) delta: 

7.36 (d, 2H, J=9.0 Hz, ArH), 6.83 (d, 2H, J=9.0 Hz, ArH), 

3.77 (s, 3H, CH30) , 3.55 (t, 2H, J=6.9 Hz, CH^) , 2.99 (t, 

2H, J=7.0 Hz, SCH2). 
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Preparation of p-Methoxyphenyl Vinyl 
Sulfide (3) 

A dry 25 ml round bottom flask was charged with beta 

chloroethyl-p-methoxyphenyl sulfide (0.69 g, 3.4 mmol), 

absolute ethanol (1 ml) and a stir bar. Potassium hydroxide 

(0.36 g, 6.5 mmol) in absolute ethanol (2 ml) was added over 

a 20 min period. The reaction was then heated at reflux for 

2 hrs. The reaction was cooled and poured into 50 ml of 

water in a separatory funnel. The organic layer was removed 

and the aqueous layer was extracted with diethyl ether 

(3 x 50 ml). The organic layers were combined and dried 

over anhydrous magnesium sulfate, filtered and the solvent 

removed under reduced pressure. The product was distilled 

using a Kugelrohr apparatus (85 degrees C at 5 mm Hg) giving 

0.29 g (52% yield) of p-methoxyphenyl vinyl sulfide (3J. 

MP: 36-38 degrees C. IR(KBr) cm-1: 2940, 1719, 1592, 1494, 

1251, 1030, 829. 1H NMR (CDC^) delta: 7.30 (d, 2H, J=8.8 

Hz, ArH), 6.90 (d, 2H, J=8.8 Hz, ArH), 6.57 (dd, 1H, J= 

9.6, 16.4 Hz, SCH=), 5.22 (d, 1H, J=9.6 Hz, HC=), 5.00 (d, 

1, J=16.4 Hz, HC=) , 3.70 (s, 3H, CH30) . 

Preparation of p-Methoxyphenyl Vinyl 
Sulfoxide (4_) 

A 25 ml round bottom flask was charged with p-

methoxyphenyl vinyl sulfide (0.28 g, 1.48 mmol), a stir bar 

and dried, distilled methylene chloride (3 ml). The stirred 



solution was cooled to -78 degrees C and meta-

chloroperoxybenzoic acid (0.32 g, 1.48 mmol) dissolved in 

dried distilled methylene chloride (2 ml), was added over 

2 0 min. The flask was allowed to warm to room temperature 

over 1 hr. period. The reaction was poured into 50 ml of 

saturated aqueous sodium bicarbonate solution in a separatory 

funnel. The organic layer was removed and the remaining 

aqueous layer extracted with methylene chloride (3 x 6 0 ml). 

The organic layers were combined and dried over anhydrous 

magnesium sulfate, filtered and the solvent was removed 

under reduced pressure. The residue was distilled using a 

Kugelrohr apparatus (120 degrees C at 6 mm Hg) giving 

0.25 g (93%) of p-methoxyphenyl vinyl sulfoxide (£) . 

IR(KBr) cm"1: 1593, 1496, 1254, 1087, 1027, 831. 1H NMR 

(CDC13) delta: 7.56 (d, 2H, J=8.8 Hz, ArH), 7.01 (d, 2H, 

J-8.8 Hz, ArH), 6.57 (dd, 1H, J=9.6, 16.4 Hz, S(0)CH=), 

6.17 (d, 1H, J=16.4 Hz, HC=), 5.89 (d, 1H, J=9.5 Hz, HC=), 

3.85 (s, 3H, CH30). 

Preparation of S-p-Methoxyphenyl-S-vinyl-N-
phthalimido-sulfoximine (5^) 

A dry 25 ml round bottom flask was charged with p-

methoxyphenyl sulfide (0.22 g, 1.2 mmol), a stir bar and 

methylene chloride (2.5 ml). N-Aminophthalimide (0.24 g, 

1.5 mmol) was added to the stirred solution. Next lead 

tetraacetate (0.71 g, 1.6 mmol) was added and the solution 

was stirred at room temperature for 1 hr. The reaction 



was poured into 70 ml of water in a separatory funnel. The 

organic layer was removed and the aqueous layer extracted 

with methylene chloride (3 x 50 ml). The organic extracts 

were combined and dried over anhydrous magnesium sulfate, 

filtered and the solvent removed under reduced pressure. 

The residue was dissolved in a minimum of chloroform and 

placed on a 15 g silica gel column (1 cm x 15 cm). The 

reaction was eluted with ethyl acetate:hexanes (50:50) 

giving 0.39 g (95% yield) of S-p-methoxyphenyl-S-vinyl-N-

phthalimido sulfoximine (.5). Anal. Calcd. for ci7Hi4N4°2S: 

C, 59.60; H, 4.11. Found: C, 59.53; H, 4.14. MP: 142-142 

degrees C. IR(KBr) cm 1780, 1603, 1471, 1250, 1113. 

1H NMR (CDC13) delta: 8.16 (d, 2H, J=8.9 Hz, ArH), 7.83 (m, 

2H, ArH (phth ring)), 7.70 (m, 2H, ArH (phth ring)), 7.05 

(d, 2H, J=8.9 Hz, ArH), 6.84 (dd, 1H, J=9.5, 16.4 Hz, 

S(0)CH=), 6.50 (d, 1H, J=16.4 Hz, HC=), 6.16 (d, 1H, J= 

9.5 Hz, HC=) , 3.90 (s, 3H, CH-jO) . 

Preparation of S-Bicyclo[2.2.1]-hept-5-enyl-N-
phthalimido-S-p-methoxyphenyl Sulfoximine (Figure 1.9) 

A dry 5 ml round bottom flask was charged with S-p-

methoxyphenyl-S-vinyl-N-phthalimido sulfoximine (0.1 g, 

0.31 mmol), a stir bar, dried, distilled methylene 

chloride (1.9 ml) and cyclopentadiene (0.19 g, 2.8 mmol), 

the reaction was heated at reflux for 24 hours. The solvent 

was removed and the oily residue dissolved in 5 ml of abso

lute ethanol. This solution was triturated with hexanes to 



give a pale yellow solid (0.12 g, 92% yield) S-bicyclo-

[2.2.1]-hept-5-enyl-N-phthalimido-S-p methoxyphenyl 

sulfoximine. The solid was dissolved in a minimum of 

methylene chloride and chromatographed using HPLC. Four 

fractions were collected and the peak area of each fraction 

calculated to determine the relative amounts. To determine 

stereochemistry, 250 MHz ^H NMR spectra were taken of each 

fraction. First fraction (7% by area): MP: 178-180 degrees 

C (dec.). IR(KBr) cm"1: 2929, 1718, 1591, 1263. 1H NMR 

(CDCL3) delta: 8.04-8.08 (d, 2H, J=9.0 Hz, ArH), 7.71-7.75 

(dd, 2H, J=2.8, 5.5 Hz, ArH (phth ring)), 7.61-7.69 (dd, 2H, 

J=2.2, 5.5 Hz, ArH (phth ring)), 7.01-7.03 (d, 2H, J=8.3 Hz, 

ArH), 6.25 (s, 2H, HC=), 3.90 (d, 1H, J=1.5 Hz, CH(1)), 3.84 

(s, 3H, CH30), 3.39-3.45 (ddd, 1H, J=1.5-5.7, 7.1 Hz, CH(2)), 

2.96 (s, 1H, CH(4)), 1.96-1.97 (d, 1H, J=10.1 Hz, CH(7 anti)), 

1.78-1.87 (ddd, 1H, J=3.3, 4.9, 8.4 Hz, CH(3 exo)), 1.48-

1.52 (m, 1, CH(7 syn)), 1.28-1.30 (m, 1H, CH(3 endo)). 

Second fraction (27% by area): MP: 185-187 degrees C (dec.). 

IR(KBr) cm"1: 2926, 1716, 1262, 1091, 1022, 710. 1H NMR 

(CDCL3) delta: 8.14-8.17 (d, 2H, J=9.0 Hz, ArH), 7.73-7.76 

(dd, 2H, J=2.9, 5.4 Hz, ArH (phth ring)), 7.61-7.65 (dd, 2H, 

J=3.2, 5.2 Hz, ArH (phth ring)), 7.04-7.07 (d, 2H, J=9.0 Hz, 

ArH), 6.26-6.29 (d, 1H, J=2.9, 5.6 Hz, HC=), 5.96-5.99 (d, 

1H, J=3.2, 5.5 Hz, HC=), 3.88 (s, 3H, CH30), 3.29-3.44 (ddd, 

1H, J=1.6, 4.9, 7.5 Hz, CH(2)), 3.02 (s, 1H, CH(4)), 2.79-

2.80 (d, 1H, J=1.6 Hz, CH(1)), 2.58-2.65 (ddd, 1H, J=3.8, 



5.0, 8.5 Hz, CH(3 exo)), 1.88-1.91 (d, 1H, J=8.7 Hz, CH(7 

syn)), 1.68-1.74 (ddd, 1H, J=1.2, 7.0, 9.1 Hz, CH(3 endo), 

1.3 (m, 1H, CH(7 anti). Third fraction (20% by area): 

MP: 180-181 degrees C (dec.). IR(KBr) cm : 2934, 1716, 

1590, 1262, 1216, 1088, 1024, 715. 1H NMR (CDC13) delta: 

8.01-8.04 (d, 2H, J=9.Q Hz, ArH), 7.70-0.74 (dd, 2H, J=2.8, 

5.4 Hz, ArH (phth ring)), 7.60-7.62 (dd, 2H, J=3.3, 5.8 Hz, 

ArH (phth ring)), 6.96-6.99 (d, 2H, J=9.0 Hz, ArH), 6.33-

6.35 (dd, 1H, J=2.9, 5.6 Hz, HC=), 6.17-6.21 (dd, 1H, J=3.1, 

5.4 Hz, HC=), 4.11-4.17 (ddd, 1H, J=3.4, 5.3, 7.3 Hz, CH(2)) 

3.85 (s, 3H, CH30), 3.79 (d, 1H, J=2.8 Hz, CH(1)), 2.95 (s, 

1H, CH(4)), 1.86-1.95 (dd, 1H, J=3.8, 7.4, 12.3 Hz, CH(3 

exo)), 1.46 (m, 1H, CH(7 anti)), 1.32-1.33 (dd, 1H, J=5.8, 

12.2, Hz, CH(3 endo)), 0.9 (m, 1H, CH(7 syn). Fourth 

fraction (47% by area): MP: 182-184 degrees C (dec.). 

IR(KBr) cm"1: 2926, 1718, 1262, 1089, 1025, 796. 1H NMR 

(CDC13) delta: 8.01-8.04 (d, 2H, J=9.0 Hz, ArH), 7.70-7.74 

(dd, 2H, J=2.9, 5.8 Hz, ArH (phth ring)), 7.60-7.64 (dd, 2H, 

J=3.2, 5.6 Hz, ArH (phth ring)), 6.96-6.99 (d, 2H, J=9.0 Hz, 

ArH), 6.29-6.33 (dd, 1H, J=3.6, 5.7 Hz, HC=), 5.83-5.87 (dd, 

1H, J=2.8, 5.2 Hz, HC=), 4.13-4.17 (ddd, 1H, J=3.9, 5.1, 6.1 

Hz, CH(2)), 3.89 (s, 3H, CH30), 3.03 (d, 1H, J=3.7 Hz, 

CH(1)), 2.69 (s, 1, CH(4)), 2.25-2.30 (m, 1H, CH(3 exo)), 

1.99-2.01 (m, 1H, CH(7 anti)), 1.41-1.43 (m, 1H, CH(3 endo)) 

0.9 (m, 1H, CH(7 anti). 



CHAPTER II 

SYNTHETIC APPLICATIONS.USING n5-CYCLOPENTADIENYL 
IRON DICARBONYL n -CYCLOPENTADIENE 

Introduction 

Cyclopentadiene and substituted cyclopentadienes are 

useful reagents in Diels-Alder chemistry. However 5-

substituted cyclopentadienes have proven to be difficult 

reagents to work with in the Diels-Alder reaction. For 

example the notorious [1,5]-hydrogen shift makes a regio-

specific substitution on the cyclopentadiene ring very 

difficult (Figure 2.1) (32, 33). Further complicating the 

matter is the possibility of polysubstitution when preparing 

substituted cyclopentadienes. This problem is the result 

of the acidity of the protons on the ring and that most 

substitutions occur under basic conditions (Figure 2.2) 

(34). These problems are unfortunate since 5-substituted 

cyclopentadienes would give 7-substituted norbornenes and 

norbornadienes in cycloaddition reactions with alkenes and 

alkynes respectively. 

Some groups can be introduced if the proper 

stoichiometry and low temperatures are used (Figure 2.3). 

Even here though, if the temperature is raised above 0 

degrees C isomerization occurs to the 1-methoxymethyl-l,3-

cyclopentadiene. 

27 
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Figure 2.1. [1,5]-Hydrogen shifts on a cyclopentadiene 
ring. 

Figure 2.2. Polysubstitution on a cyclopentadiene ring. 

ch3-O-CH2^ 

©/ + Cl-CH2-0-CH3 

THF 

Figure 2.3. Substitution by chloromethyl ether on a 
cyclopentadiene ring. 
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One method of generating 7-substituted norbornenes 

is that described by Corey, Koelliker and Neuffer (35) 

(Figure 2.4). Several disadvantages appear in this pro

cedure. First throughout the reaction the temperature must 

be kept below 0 degrees C, preferably below -20 degrees C, 

since at room temperature the 5-substituted cyclopentadiene 

has a half life of about 40 minutes (34) . Second thallium 

itself is quite toxic (36). And third the chloromethyl 

ether contains numerous by-products which are very 

carcinogenic (37). 

T1 
- 2 0  

CH3-O-CH2. 

+ C1-CI-L-0-CH, 

CH3-O-CH2 

D -20  

H3C-O-CH2 

Cu(II) 

Figure 2.4. Corey synthesis of a 7-substituted norbornene 
using thallium salts. 

Alternate routes using fulvenes have problems with 

stereochemistry since upon hydrolysis a mixture of products 

is generated (Figure 2.5) (8). 
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OAc 
.CN 
CI 

CI 

Figure 2.5. Diels-Alder reaction between fulvene and 
reactive dienophile. 

Wright (38) has recently demonstrated a new 

synthesis using n "^-cyclopentadienyl iron dicarbonyl n^-

cyclopentadiene (Figure 2.6). It is interesting to note 

cyclopentadiene was first synthesized by Piper and 

Wilkinson (39) in 1957 (Figure 2.7). Cutler et al. (40) 

had reacted this compound with tetracyanoethylene (TCNE) and 

observed that the reaction resulted in a substituted 

norbornene with the iron moiety at the 7 position syn to the 

double bond. Cutler et al."s reaction while giving a 7-

substituted norbornene was not itself synthetically useful. 

The iron moiety had to be removed and other dienophiles 

besides TCNE needed to be used if this reaction was to be 

synthetically useful. The Ce(IV) oxidation shown by Wright 

made this reaction synthetically useful. 

To summarize (a) the synthesis of 5-substituted 

cyclopentadienes is complicated by the ready 

5 1 that the H -cyclopentadienyl iron dicarbonyl n 



SI 
Fp = 

FP 

X 
f'F4e 
0° o 

o 
_,CN 

"to 

0 
II 

Ce(IV) 

MeOH 

CN 

Figure 2.6. Metal assisted synthesis of 7-carbomethoxy 
norbornene. 

5 Figure 2.7. Synthesis of n -cyclopentadienyl iron 
dicarbonyl ri^-cyclopentadiene. 
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[1,5]-sigmatropic rearrangement; (b) synthons which have 

been developed (i.e., using fulvene) result in a mixture of 

products at the 7 position; and (c) the Corey method is both 

difficult to work with and fairly dangerous. A reagent 

which could provide a synthon for 5-substituted cyclo-

pentadienes in synthesis of 7-substituted norbornenes and 

norbornadienes and not be toxic could prove very useful. 

In Wright's synthesis the synthetic chemist now had a 

convenient synthon for 5-carbomethoxy cyclopentadienes in 

Diels-Alder reactions. The scope of the reaction remained 

somewhat limited and the stereochemistry after oxidation was 

not clear. It was with these problems in mind that I started 

the work presented in this chapter. 

Results and Discussion 

The primary goal was to expand the types of alkenes 

to which Fp-n^-cyclopentadiene cycloadds. The scope of the 

uncatalyzed reaction has been expanded to include acrylo-

nitrile and parabenzoquinone (Table 2.1). 

Willows and Wojcicki (41) demonstrated the mechanism 

of cycloaddition of Fp-n^-cyclopentadiene using both cis and 

trans-1,2-dicyano-l,2-(bis)trifluoromethyl ethylene. 

Willows and Wojcicki reacted these compounds with Fp-n"'"-

19 cyclopentadiene then measured the F NMR. In the spectra 

of the product Willows and Wojcicki observed two singlets of 

equal intensity. For this to occur the presence of the 
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Table 2.1. Attempted reactions of Fp-ri cyclopentadiene with 
various alkenes. 

alkene product yield 

2-chloroacrylonitri le 

para-benzoquinone 

87 

maleic anhydride 80 

dimethyl fumarate' 

acrylonitri le 

3 

90 

74 
b 

dimethyl maleate N/R 

methyl acrylate N/R 

a. See ref. 9 b. 1:1 endo: exo 
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diastereomer with trans CF^ groups is likely. It is 

possible that there are equal amounts of exo-cis, and endo-

cis diastereomers, however this is unlikely (42). The 

mechanism consistent with these observations is shown in 

Figure 2.8. 

\ 

OCF 3X> 
NC\ /CN + c=c 

sCF-j 

Cfe-CN 

FP-C f o§N 

Figure 2.8. Mechanism for cycloaddition between Fp n" 
cyclopentadiene and alkenes. 

The 

expanded by 

type of alkenes suitable for reaction was 

the use of a Lewis acid. Initially it appeared 
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that Lewis acids would not be effective catalysts. 

Bucheister, Klemarczyk, and Rosenblum (43, p. 1679) had 

tried Lewis acid catalysts, among them LiBF^, CiCl^, SbCl,-, 

and AICI3/ in the reaction of Fp n^-allyl with various 

alkenes but "of these, only AlCl^ afforded cycloaddition 

with cyclohexenone but again in low yield (8%)." 

A potential problem in using TiCl4, SbClg, and AlCl3 

is the generation of protic acids. These protic acids can 

react with the intermediate formed in cycloaddition (Figure 

2.9). This cationic species then will not undergo cyclo

addition. 

HCl 

Figure 2.9. Reaction between protic acids and intermediate 
in cycloaddition. 

What is required then is a Lewis acid that activates 

dienophiles but does not generate Bronsted acids. One that 

has been proven very effective is diethylchloroalane (44). 

Several advantages accrue to this reagent. As 

shown in Figure 2.9 water has the potential to react with 

the intermediate zwitterion. Therefore, the use of strictly 
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anhydrous conditions should minimize this side reaction. 

However to prepare anhydrous proton-free AlCl^, BF3' etc. is 

very difficult. Diethyl aluminum chloride is by its nature 

anhydrous since it will react with water to generate ethane 

and a new Lewis acid. Using diethyl aluminum chloride as a 

catalyst will not only enhance the reactivity of the 

dienophile it will also decrease the possibility of a side 

reaction. 

In the catalyzed reaction 1 mole of diethyl aluminum 

chloride is used for each mole of Fp-n^-cyclopentadiene 

(Figure 2.10). The results have been impressive with a 

broad range of previously unreactive dienophiles (Table 2.2). 

Several interesting points can be developed from 

this table. First dimethyl maleate reacts with the Fp-ri''"-

cyclopentadiene. (It should be recalled from Table 2.1 that 

in the uncatalyzed reaction only dimethyl fumarate would 

react not dimethyl maleate.) Second that the product of 

the dimethyl maleate reaction was identical to that of the 

dimethyl fumarate reaction. Third that the endo/exo ratio 

for the acrylonitrile was the same in both the catalyzed 

and uncatalyzed reaction (50% endo; 50% exo). 

Examining the products a possible mechanism emerges. 

It involves first formation of a catalyst olefin complex 

then stepwise cycloaddition with the Fp-n^-cyclopentadiene 

(Figure 2.11). 
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Fp 

,  1  m° le equiv.  Et„AlC1 
\ j j  + alkene 1  ^  

CH2C12, 0° 

Figure 2.10. Catalyzed cycloaddition reaction. 

Table 2.2. Products of the catalyzed reaction of Fp rf 
cyclopentadiene. 

alkene 

methyl  acry late 

product  
Fp 

CO2CH3 

% y ie ld 

78 

acr loni t r i  le  82 

dimethyl  maleate 

CCLCH 

CO2CH3 

73 
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\ 

«r- <#•+• 
A1 0 

\\ —R 

0 A 

\n 
R 

Figure 2.11. Catalyzed cycloaddition. 

What is the evidence for this mechanism. First the 

dimethyl maleate would appear to be no less sterically 

hindered to attack from the Fp-ri -cyclopentadiene than the 

dimethyl fumarate. So if attack was based solely on 

stereochemistry maleate would react. But if attack is a 

function of steric and electronic effects then maleate with 

its nonplanar ester groups would be less electrophilic and 

as such less subject to attack. The diethyl aluminum 

chloride complexing with the maleate would increase the 

electrophilicity of the maleate enabling it to react. 

The possibility exists that isomerization of the 

dimethyl maleate to dimethyl fumarate occurs prior to 

cycloaddition with the Fp-ri^-cyclopentadiene. To examine 

this possibility dimethyl maleate was combined with 

diethylchloroalane and allowed to stir. The "'"H NMR spectrum 

taken after one hour showed only dimethyl maleate and 

diethylchloroalane. This suggests that isomerization did 

not occur prior to cycloaddition. 
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Further evidence that a mechanism similar to 

Wojcicki's is working is the endo/exo ratio for the 

acrylonitrile. In both the catalyzed and uncatalyzed 

reaction the endo/exo ratio remains the same. If another 

mechanism were working, say a more "classical" Diels-Alder 

reaction, this ratio would be significantly enhanced by the 

Lewis acid (45). It is not. 

However one experiment suggests that another 

mechanism might be working. The endo adduct of the reaction 

between Fp-n^-cyclopentadiene and methyl acrylate was 

dissolved in methylene chloride and stirred with 

diethylchloroalane. An NMR spectra of this reaction showed 

a mixture of endo and exo isomers. This suggests that 

isomerization can occur after cycloaddition as well as 

during cycloaddition. More work is needed to clarify this 

point before a final mechanism can be proposed. 

To summarize this portion of the thesis, the reac

tion of Fp-n^-cyclopentadiene with olefins has been expanded 

to include nitrile and keto activating groups. Mono ester 

and strained diester groups now can be used if used in the 

presence of diethyl chloroalane. 

In analyzing the products from the reaction of 

monosubstituted olefins one problem appeared: "How to assign 

the stereochemistry on the norbornene skeleton?" After the 

two isomers (endo/exo) were separated, 250 MHz "'"H NMR spectra 

were taken of each compound. Comparing the two spectra 
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revealed that one peak had moved significantly. This peak 

could tentatively be assigned to the proton alpha to the 

ester group. The chemical shift of the proton would be 

different due to the change in its chemical environment. In 

going from the endo position in which it is over the pi 

cloud of the olefin, to the exo position where it is removed 

from the pi cloud, the proton would move measurably down-

field. 

Further if the proton is endo it will have a large 

coupling constant to the endo proton on carbon 3. It will 

have a small coupling constant to the exo proton on carbon 3 

and almost no coupling to the bridgehead proton. All of this 

follows from the Karplus relationship (46) . The 2-endo 

proton then will be split into a doublet of doublets with a 

large J and a small J. If the proton is exo it will have a 

large coupling constant to the exo proton on carbon 3. It 

will have smaller coupling constants to the endo proton and 

a still smaller coupling constant to the adjacent bridgehead 

proton. What will be seen is a doublet of doublet of 

doublets, with one relatively large coupling constant and 

two smaller coupling constants. 

Comparing the coupling constants for the two differ

ent spectrum of the product from the reaction of methyl 

acrylate and Fp-rî -cyclopentadiene it is seen that in the 

spectrum with the peak shifted upfield there exists a 

doublet of doublets with coupling constants of 11.0 and 4.4 
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Hz. This indicates that this compound has the endo proton. 

In the spectrum with the proton downfield there appears a 

peak of doublet of doublets of doublets coupled as a 11.5, 

8.8 and a small 3.0 Hz. This confirms our tentative assign

ment for this must be the exo proton. 

For the reaction to be useful the iron had to be 

removed. This could be done using cerium (IV) in a 

nucleophilic solvent such as methanol. In this oxidation 

what is seen is the replacement of the Fp moiety with a 

carbomethoxy moiety. It has now been done on a large group 

of adducts including acrylonitrile, dimethyl fumarate (9), 

para-benzoquinone, and methyl acrylate. 

The retention of stereochemistry at the 7 position 

was also crucial to the generation of a 7-carbomethoxy 

norbornene. It would do no good to make a stereo-

specifically substituted iron compound only to lose the 

stereospecificity during the oxidation step. Wright has 

shown that the Fp moiety is syn to the double bond. He did 

this by a single crystal X-ray of the cycloadduct of Fp-r}"*"-

cyclopentadiene and maleic anhydride (9). However there 

was no direct evidence that the subsequent replacement of 

the Fp moiety by the carbomethoxy group occurs with reten

tion of stereochemistry. 

Two forms of evidence support the contention that 

the stereochemistry was retained. The first was provided by 

Whitesides and coworkers (47). They first synthesized two 
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deuterated alcohols with threo and erythro stereochemistry 

(Figure 2.12). The deuterium decoupled "^H NMR spectrum 

showed that the erythro aldohol had a coupling constant of 

9.2 Hz for the carbon 2 and carbon 3 protons. The deuterium 

decoupled "'"H NMR spectrum showed that the threo alcohol had 

a coupling constant of 5.8 Hz for the carbon 2 and carbon 3 

protons. It was further shown that as a rule all threo 

compounds have coupling constants of less than 8 Hz and all 

erythro compounds have coupling constants greater than 8 Hz. 

Knowing this Whitesides substituted the Fp group for the 

alcohol moiety in the threo compound (Figure 2,13). The 

deuterium decoupled ^H NMR spectrum for the Fp substituted 

alcohol showed a coupling of 13.1 Hz for the carbon 2 and 

carbon 3 protons. For a coupling constant this large there 

had to be conversion from the threo configuration to the 

erythro configuration. This conversion implies an inversion 

at the alcohol carbon. For this inversion the Fp anion 

would have to displace the brosylate in an Sn2 manner. 

Examination of the deuterium decoupled "^"H NMR 

spectrum of the cerium oxidation product showed a coupling 

of 11.1 Hz. As stated above all erythro compounds have a 

coupling constant greater than 8 Hz. The oxidation product 

must have an erythro configuration. What is seen then is 

retention of stereochemistry in the cerium (IV) oxidation 

of the iron-carbon bond. 
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Figure 2.12. Erythro and threo deuterated alcohols. 
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Figure 2.13. Replacement of alcohol moiety by Fp group on 
threo alcohol and the subsequent oxidation of 
the Fp group. 
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Further evidence for the retention of stereo

chemistry is found in "'"H NMR. Because of the geometry of 

norbornenes it is possible for the 7-syn proton to couple 

with the protons at the endo positions on carbons 2 and 3 

(Figure 2.14) (48). Similar coupling does not occur between 

the 7-anti proton and the protons on aarbons 2 and 3. 

H 

Figure 2.14. W-type four bond coupling in norbornenes. 

Literature values for the W-type coupling are 

approximately 2.0-4.0 Hz (49-52). Examination of the C-7 

protons in various adducts shows no coupling. The 

stereochemistry of the 7-carbomethoxy norbornene thus 

retains the stereochemistry of the 7-Fp norbornene. 

In summary this chapter has shown Fp-n"'"-

cyclopentadiene as a new synthon for 5 carbomethoxycyclo-

pentadiene in cycloaddition reactions. The synthon is 

generated in a highly efficient two step synthesis. The 
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evidence for the stereochemistry in the cycloadduct comes 

from three different areas: (a) precedent, (b) X-ray 

crystallography, and (c) "*"H NMR data. The potential for 

the usage of the Fp-rî -cyclopentadiene in complex organic 

synthesis is enormous. 

Experimental 

All manipulation of complexes and solvents were 

carried out using standard Schlenk techniques under an 

atmosphere of purified argon or nitrogen. Solvents were 

degassed and purified by distillation under nitrogen from 

standard drying agents. Spectroscopic measurements utilize 

the following instrumentation: ^"H NMR, Bruker WM 250 FT (at 

250 MHz); IR Perkin Elmer 983; NMR chemical shifts were 

reported in delta versus Me^Si. The n^-cyclopentadienyl 

iron dicarbonyl n"^-cyclopentadiene was prepared by a 

literature method (10). The Fp n^-cyclopentadiene was 

contaminated by ferrocene (^ 2 0%) after column chromatography 

(alumina III, hexane/benzene, 3/2, v/v) and used in this 

form. The alumina (Woelm N32-63) for the medium pressure 

chromatography was purchased from Universal Scientific and 

deactivated to grade III. The column chromatography alumina 

was Alfa products, 60 mesh deactivated to grade III. Medium 

pressure chromatography utilizes a column 15 x 500 mm unless 

otherwise specified. NMR solvents were routinely degassed 
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by three consecutive freeze-pump-thaw cycles and stored 

under nitrogen. 

Preparation of 2-Cyano-syn-7-Fp-ri^-
bicyclo[2.2.1]hept-5-ene 

A dry 50 ml round bottom flask was charged with 

acrylonitrile (0.57 ml, 8.6 mmol), a stir bar, methylene 

chloride (25 ml), and placed under argon. In a 15 ml round 

5 1 bottom flask, n -cyclopentadienyl iron dicarbonyl n -

cyclopentadiene (0.50 g, 1.45 mmol) was dissolved in 10 ml 

of methylene chloride. This was then cannulated into the 

stirred acrylonitrile/methylene chloride solution over a 

period of 10 min. The reaction was monitored by IR. After 

3 days the reaction was stopped. The solvent was removed 

under vacuo. Medium pressure chromatography of the reaction 

mixture with benzene produced two bands. The first band 

gave 0.20 g (36% yield) of exo-2-cyano-syn-7-Fp-n^-

bicyclo[2.2.1]hept-5-ene. The second band gave 0.21 g (38% 

yield) of endo-2-cyano-syn-7-Fp-n'''-bicyclo [2 . 2 .1] hept-5-ene. 

Anal, calcd for C^^H^2N02Fe: C' 61.01; H, 4.50. Found 

C, 60.91; H, 4.51. Endo and exo mixture IRfCI^C^) cm ^: 

2005 (CO), 1949 (CO), 2230 (CN) . Endo isomer "'"H NMR (CDCl3) 

delta: 6.19-6.22 (dd, 1H, J=5.5, 2.3 Hz, HC=), 6.05-6.08 

(dd, 1H, J=5.4, 2.8 Hz, HC=) , 4.67 (s, 5H, C^) , 3.06 (s, 

1H, CH(l)), 2.84 (s, 1H, CH(4)), 2.72-2.76 (ddd, 1H, J=9.2, 

5.3, 3.9 Hz, CH (2 exo)), 2.25 (s, 1H, CH(7)), 2.03 (m, 1H, 

CH (3 exo)), 1.35-1.41 (dd, 1H, J=11.4, 4.0 Hz, CH (3 endo)). 
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Exo isomer ^"H NMR (CDCl^) delta: 6.03-6. 06 (dd, 1H, J=5.3, 

3.1 Hz, HC=), 5.90-5.94 (dd, 1H, J=5.5, 3.02 Hz, HC=), 4.73 

(s, 5H, C5H5), 3.05 (s, 1H, CH(1)), 2.88 (s, 1H, CH(4)), 

2.70 (s, 1H, CH(7)), 2.2-2.25 (dd, 1H, J=9.2, 4.1 Hz, CH 

(2 endo)), 1.86-1.94 (dt, 1H, J=11.5, 3.8 Hz, CH(3 exo)), 

1.55-1.63 (t, 1H, J=ll.2 Hz, CH(3 endo)). 

5 Reaction Between 11 -Cyclopentadienyl Iron 
Dicarbonyl n^-Cyclopentadiene and Para-
benzoquinone and the Cycloadducts Subsequent 
Oxidation 

A dry 50 ml round bottom flask was charged with para 

benzoquinone (0.90 g, 8.2 mmol), a stir bar, methylene 

chloride (20 ml), and placed under argon. In a 15 ml round 

5 1 bottom flask, n -cyclopentadienyl iron dicarbonyl n -

cyclopentadiene (0.25 g, 0.8 mmol) was dissolved in 10 ml 

of methylene chloride. This was then cannulated into the 

stirred para-benzoquinone solution over a period of 2 0 min. 

The reaction was monitored by IR. After 45 min the reaction 

was stopped. The solvent was removed under vacuo. Note 

that the compound was not able to be isolated. The spectra 

were taken on the crude reaction mixture. IR (C^C^) cm : 

2007 (CO), 1951 (CO). 1H NMR (CDC13) delta: 6.50 (m, 2H, 

HC=CH (enone vinyl protons)), 6.00 (m, 2H, HC=CH), 4.70 (s, 

5H, Cr-H,.) , 3.45 (m, 2H, CH) , 3.30 (m, 2H, CH) . The crude 
D D 

product was dissolved in methanol (40 ml), charged with a 

stir bar, eerie ammonium nitrate (2.61 g, 4.80 mmol) and 

placed under a CO atmosphere. The reaction was stirred at 



48 

room temperature for 2 0 min. The reaction was then poured 

into a 125 ml separatory funnel. The reaction was salted 

with NaCl and extracted with 50:50 benzene:diethyl ether 

(3 x 75 ml). The organic layers were combined and dried 

over anhydrous magnesium sulfate, filtered and the solvent 

removed under vacuo. IR (CI^Cl) cm-1: 1713 (C=0), 1671 

(C=0). 1H NMR (CDC13) delta: 6.62 (s, 2H, HC=CH (enone vinyl 

protons)), 6.07 (s, 2H, HC=CH), 3.85 (m, 2H, CH), 3.62 (s, 

3H, OCH3), 3.34 (m, 2H, CH). 

Preparation of Methyl syn-7-Fp-ri^-
bicyclo[2.2.1]hept-5-ene-2-Carboxylate 

Diethylchloroalane (0.88 ml, 1.5 mmol) was syringed 

into a CH2CI2 (50 ml) solution at 0 degrees C containing 

methyl acrylate (1.38 ml, 15 mmol). A CH2C12 (10 ml) 

solution containing Fp-r^-cyclopentadiene (0.53 g, 1.5 mmol) 

was added dropwise over 20 min to the methyl acrylate/ 

diethylchloroalane mixture. The reaction mixture was 

allowed to warm to 25 degrees C and stirred for an addi

tional 30 min. The reaction was then quenched with ^0 

(10 ml), the layers were separated, and the aqueous layer 

was extracted with CI^C^ (2 x 25 ml) . The organic fractions 

were combined, dried over anhydrous magnesium sulfate, 

filtered and the solvent removed under vacuum. The crude 

product was redissolved in a minimum of benzene and 

subjected to medium pressure column chromatography (alumina 

III, benzene). Ferrocene, exo-methyl carboxylate, and 



endo-methyl carboxylate were collected as three yellow 

bands in that order. Removal of solvent from the second 

of the bands affords 0.19 g (43%) of methyl-syn-7-Fp-ri"''-

bicyclo[2.2.1]hept-5-ene-2-exo-carboxylate. Anal. Calcd. 

for C16H1604Fe: C, 58.55; H, 4.90. Found C, 58.57; H, 5.11 

Removal of solvent from the third band gave 0.18 g (42%) 

of methyl-syn-7-Fp-bicycloI2.2.1]hept-5-ene-2-endo-

carboxylate. Exo and endo mixture IRfCI^CI^) cm : 2003 

(CO), 1944 (CO), 1722 (C=0). Endo isomer: 1H NMR (CDCl3) 

delta: 6.10 (dd, 1H, J=3.1, 5.6 Hz, =CH), 5.79 (dd, 1H, 

J=2.8, 5.6 Hz, =CH), 4.68 (s, 5H, CcHc), 3.61 (s, 3H, 
O D 

C02CH3), 3.06 (m, 1H, CH(1)), 2.90 (dd, 1H, J=4.0, 8.8 Hz, 

CH(2 exo)), 2.77 (bs, 1H, CH(4)), 2.51 (s, 1H, CH(7)), 1.87 

(dd, 1H, J=3.7, 8.8, 11.5 Hz, CH(3 exo)), 1.50 (dd, 1H, 

J=4.1, 11.5 Hz, CH(3 endo)). Exo isomer 1H NMR (CDCl-j) 

delta: 6.02-6.06 (d, 1H, J=2.6 Hz, HC=), 5.96-5.99 (d, 1H, 

J=2.7 Hz, HC=), 4.71 (s, 5H, C5H5), 3.69 (s, 3H, C02CH3), 

2.90 (s, 1H, CH (1)), 2.77 (s, 1H, CH(4)), 2.72 (s, 1H, 

CH(7)), 2.27-2.32 (dd, 1H, J=9.5, 4.4 Hz, CH(2 endo)), 1.80 

1.88 (ddd, 1H, J=3.9, 7.9, 11.3 Hz, CH(3 exo)), 1.44-1.53 

(t, 1H, J=10.0 Hz, CH(3 endo)). 

Preparation of 2-Cyano-syn-7-Fp-n^-
bicyclo[2.2.1]hept-5-ene Catalyzed by 
Diethylchloroalane 

Diethylchloroalane (2.80 ml, 5.3 mmol) was syringed 

into a CH2CI2 (50 ml) solution at 0 degrees C containing 
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acrylonitrile (1.05 ml, 16.1 mmol) . A (10 ml) 

1 solution containing Fp-r) -cyclopentadiene (1.8 g, 5.3 mmol) 

was added dropwise over 2 0 min to the acrylonitrile/ 

diethylchloroalane mixture. The reaction mixture was 

allowed to warm to 25 degrees C and stirred for an 

additional 3 0 min. The reaction was then quenched with 

H2O (10 ml), the layers were separated, and the aqueous 

layer was extracted with CI^C^ (2 x 25 ml) . The organic 

fractions were combined, dried over anhydrous magnesium 

sulfate, filtered and the solvent removed under vacuum. The 

crude product was redissolved in a minimum of benzene and 

subjected to medium pressure column chromatography (alumina 

III, benzene). Ferrocene, exo-nitrile and endo-nitrile 

were collected as three yellow bands in that order. Removal 

of solvent from the second of the bands affords 0.65 g 

(42%) of 2-exo-cyano-syn-7-Fp-ri"''-bicyclo 12 . 2 .1] hept-5-ene. 

Removal of solvent from the third band gave 0.63 g (40%) of 

2-endo-cyano-syn-7-Fp-n"''-bicyclo [2. 2 .1] hept-5-ene. Exo and 

endo mixture IR(CH2C12) cm-1: 2005 (CO), 1949 (CO), 2230 

(CN) . Endo isomer "'"H NMR (CDCl^) delta: 6.19-6.22 (dd, 1H, 

J=5.5, 2.3 Hz, HC=), 6.05-6.08 (dd, 1H, J=5.4, 2.8 Hz, HC=), 

4.67 (s, 5H, C5H5), 3.06 (s, 1H, CH(1)), 2.84 (s, 1H, CH 

(4)), 2.72-2.76 (ddd, 1H, J=9.2, 5.3, 3.9 Hz, CH(2 exo)), 

2.25 (s, 1H, CH(7)), 2.03 (m, 1H, CH(3 exo)), 1.35-1.41 (dd, 

1H, J=ll.4, 4.0 Hz, CH(3 endo)). Exo isomer 1H NMR (CDCl3) 

delta: 6.03-6.06 (dd, 1H, J=5.5, 3.1 Hz, HC=), 5.90-5.94 (dd, 
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1H, J=5.5, 3.02 (Hz, HO), 4.73 (s, 5H, CgHg) , 3.05 (s, 1H, 

CH(l)), 2.88 (s, 1H, CH(4)), 2.70 (s, 1H, CH(7)), 2.2-2.25 

(dd, 1H, J=9.2, 4.1 Hz, CH(2 endo)), 1.86-1.94 (dt, 1H, 

J=ll.5, 3.8 Hz, CH(3 exo)), 1.55-1.63 (t, 1H, J=11.2 Hz, 

CH(3 endo)) . 

Preparation of Dimethyl-syn-7-Fp-n^-
bicyclo[2.2.1]-hept-5-ene-trans-2,3,-
carboxylate 

A dry 50 ml round bottom flask was charged with 

dimethyl maleate (1.8 ml, 14.5 mmol), a stir bar, methylene 

chloride (25 ml), diethyl aluminum chloride (0.80 ml, 1.45 

mmol) and placed under argon. In a 15 ml round bottom flask, 

5 1 n -cyclopentadienyl iron dicarbonyl n -cyclopentadiene 

(0.50 g, 1.45 mmol) was dissolved in 10 ml of methylene 

chloride. This was then cannulated into the stirred 

dimethyl maleate/diethyl aluminum chloride solution over a 

period of 10 min. After a reaction time of 2 5 min the 

diethyl aluminum chloride was quenched with the addition of 

10 ml of water. The reaction was poured into a separatory 

funnel and the organic layer removed. The remaining aqueous 

layer was extracted with methylene chloride (3 x 50 ml). 

The organic layers were combined and dried over anhydrous 

magnesium sulfate, filtered and the solvent was removed 

under vacuo. Medium pressure chromatography of the reaction 

mixture with hexane/benzene (4/1, v/v) removed the 

ferrocene leaving a yellow band near the top portion of the 



column. Elution with hexane/ethyl acetate (3/2, v/v) gives 

0.41 g (73%) of dimethyl-syn-T-Fp-n^-bicyclo12.2.1]-hept-5-

ene-trans-2, 3,-carboxylate. IR (CI^C^) cm : 2005 (CO), 

1949 (CO), 1728 (C=0). 1H NMR (CDCL3) delta: 6.18 (m, 1H, 

HC=) , 5.86 (m, 1H, HC=) , 4.71 (s, 5H, CgHg) , 3.71 (s, 3H, 

OCH3(exo)), 3.62 (s, 3, OCH3(endo)), 3.26 (m, 1H, CH(1)), 

3.12 (m, 1H, CH(4)), 3.01 (m, 1H, CH(2)), 2.78 (m, 1H, 

CH(7)), 2.74 (s, 1H, CH(3)). 

Attempted Isomerization of Dimethyl 
Maleate 

A 5 ml round borrom flask was charged with dimethyl 

maleate (0.27 g, 1.9 mmol), CDCl^ (2.66 ml), diethylchloro-

alane (0.10 ml, 0.09 mmol), a stir bar, and placed under 

argon. After one hour a 0.5 ml sample was removed and a 

"'"H NMR spectrum taken. The NMR sample was returned to the 

flask. Immediately after the "'"H NMR was taken dimethyl 

fumarate (0.27 g, 1.9 mmol) was added to the mixture. 

Another "'"H NMR was taken. Dimethyl maleate ^"H NMR (CDCl^) 

delta: 6.21 (s, 2, HC=CH), 3.88 (s, 6, 2 (OCH3)). Dimethyl 

maleate and diethylchloroalane "^H NMR (CDCl3) delta: 6.21 

(s, 2, HC=CH), 3.88 (s, 6, 2 (OCH3)), 1.18 (m, 2H, Al-CH2), 

1.90 (m, 3H, CI^CH^ . Dimethyl maleate, diethylchloroalane 

and dimethyl fumarate ''"H NMR (CDCl3) delta: 6.21 (s, 2, 

HC=CH maleate), 6.78 (s, 2, HC=CH fumarate), 3.88 (s, 6, 2 

(OCH maleate)), 3.86 (s, 6, 2 (OCH3 fumarate)), 1.18 (m, 2H, 

A1-CH2), 1.90 (m, 3H, CH2CH3). 
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Equilibration of Methyl-syn-7-Fp-n^-
bicyclo[2.2.1]hept-5-ene-2-endo-
carboxylate 

Diethylchloroalane (0.30 ml, 0.5 mmol) was syringed 

into a CH2Cl2 (30 ml) solution at 0 degrees C containing 

methyl-syn-7-Fp-ri"'"-bicyclo [2 .2.1] hept-5-ene-2-endo-

carboxylate (0.18 g, .54 mmol). The reaction was allowed to 

warm to R.T. over a period on 1 H. A 15 ml sample of the 

reaction was then quenched with H20 (10 ml), the layers were 

separated, and the aqueous layer was extracted with CH2C12 

(2 x 25 ml). The organic fractions were combined, dried 

over anhydrous magnesium sulfate, filtered and the solvent 

removed under vacuum. The crude product was redissolved in 

a minimum of CH2C12 and subjected to column chromatography 

(alumina III, 1 cm dia. 5 cm length, CH2Cl2) . The solvent 

was removed and spectroscopic data taken. IR (CH2CL2) cm ^: 

2003 (CO), 1944 (CO), 1722 (C=0). Mixture of endo and exo: 

1H NMR (CDC13) delta: 6.00 (m, 2H, HC=CH), 5.90 (m, 2H, 

HC=CH) , 4.72 (s, 5H, C^) , 4.65 (s, 5H, CgHg) , 3.70 (s, 3H, 

C02CH3), 3.60 (s, 3H, C02CH3). 

Preparation of 2-exo-Cyano-syn-7-carbomethoxy-
[2.2.1]-hept-5-ene 

A dry 100 ml round bottom flask was charged with 2-

exo-cyano-syn-7-Fp-n'''-bicyclo [2. 2 .1] hept-5-ene (0.13 g, 

0.44 mmol), methanol (40 ml), a stir bar, eerie ammonium 

nitrate (1.44 g, 2.64 mmol) and placed under a CO atmosphere. 

The reaction was stirred at room temperature for 4 h. At the 
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end of 4 h the reaction was poured into a 125 ml separatory 

funnel. The reaction was salted with NaCl and extracted 

with 50:50 benzene:diethyl ether (3 x 50 ml). The organic 

layers were combined and dried over anhydrous magnesium 

sulfate, filtered and the solvent was then removed under 

vacuo. The remaining yellow residue was drawn up in a 

minimum of benzene and placed upon a column (alumina III, 

0.5 cm dia. 5 cm length). The column was eluted with 100 ml 

of methylene chloride. The solvent was removed under 

reduced pressure and the residue placed on an oil pump over

night. This gave 0.53 g (82%) of 2-exo-cyano-syn-7-

carbomethoxy-[2. 2 .1]-hept-5-ene. IR (CI^C^) cm : 1736 

(CO), 2239 (CN). 1H NMR (CDCl3) delta: 6.11 (m, 1H, HC=), 

5.99 (m, 1H, HC=) , 3.55 (s, 3H, CC>2CH3) , 3.45 (s, HI, CH(7)), 

3.29 (s, 1H, CH(1)), 2.77 (s, 1H, CH(4)), 2.19 (dd, 1H, 

J=4.2, 9.2 Hz, CH(2 endo)), 2.02 (ddd, 1H, J=3.9, 3.9, 

12.3, CH (3 exo)), 1.56 (dd, 1H, J=9.2, 12.3 Hz, CH(3 endo)). 

Preparation of Methyl-syn-7-carbomethoxy-
bicyclo[2.2.1]hept-5-ene-2-exo-carboxylate 

A dry 100 ml round bottom flask was charged with 

methyl-syn-7-Fp-bicyclo[2.2.1]hept-5-ene-2-exo-carboxylate 

(0.61 g, 1.9 mmol), methanol (70 ml), a stir bar, eerie 

ammonium nitrate (6.2 g, 11.4 mmol) and placed under a CO 

atmosphere. The reaction was stirred at room temperature 

for 4 h. At the end of 4 h the reaction was poured into a 

125 ml separatory funnel. The reaction was salted with NaCl 



and extracted with 50:50 benzene:diethyl ether (3 x 50 ml). 

The organic layers were combined and dried over anhydrous 

magnesium sulfate, filtered and the solvent was then removed 

under vacuo. The remaining yellow residue was drawn up in a 

minimum of benzene and placed upon a column (alumina III, 

0.5 cm dia. 5.0 cm length). The column was eluted with 

100 ml of methylene chloride. The solvent was removed under 

reduced pressure and the residue placed on an oil pump 

overnight. This gave 0.26 g (80%) of methyl-syn-7-

carbomethoxy-bicyclo12.2.1]hept-5-ene-2-exo-carboxylate. 

IR (CH2C12) cm"1: 1731 (C=0) . 1H NMR (CDCl-j) delta: 6.13 

(m, 2H, HC=CH), 3.72 (s, 3H, OCH3 (at C-7)), 3.60 (s, 3H, 

OCH3 (at C-2)), 3.33 (s, 1H, CH(7)), 3.24 (s, 1H, CH(1)), 

2.92 (s, 1H, CH(4)), 2.28 (dd, 1H, J=4.4, 9.1 Hz, CH(2 

endo)), 2.04 (dd, 1H, J=4.28, 12.07 Hz, CH(3 exo)), 1.43 

(dd, 1H, J=9.1, 12.1 Hz, CH(3 endo)). 
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