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ABSTRACT 

The scope of the cycloaddition reaction between .eta.-5-cyclo

pentadienyliron(II) dicarbonyl-.eta.-1-cyclopentadiene (1.12a) and elec

trophilic olefins (1.4) and acetylenes (1.5) producing 7-syn-.eta.-5-

cyclopentadienyliron(II) dicarbonyl-.eta.-1-bicyclo[2.2.1]hept-5-enes 

(2.1) and 7-syn-.eta.-5-cyclopentadienyliron(II) dicarbonyl-.eta.-1-

bicyclo[2.2.1]hept-2,5-dienes (2.2), respectively, is found to be general 

for non-sterically h'jndered olefins and bis-activated acetylenes. The 

range of reactive 1.4 compounds is extended to include some sterically 

hindered olefins through precoordination of the olefin to diethylchloro

alane or ethyldichloroalane. In contrast to all other acyclic cis and 

trans-1,2-disubstituted olefins, maleonitrile (1.41) cycloadds with 

1.12a with complete retention of alkene stereochemistry. The relative 

rates for the cycloaddition between 1.12a and 1.41 in benzene, dichloro

methane, and methanol are found to be 1:2:4, respectively. These 

stereochemical and kinetic results are more consistent with a concerted 

[4+2] cycloaddition than a two-step dipolar [3+2] cycloaddition. A 

dramatic stereochemical dependence on solvent polarity is observed in 

the cycloadducts resulting from the reaction of 1.12a with 1.41. 

Depending on the sol vent the Al der "endo" rule is obeyed (methanol) or 

fl agrantly viol ated (benzene). Reacti on of 2.1 with ammonium cerium (IV) 

nitrate, bromine, or chlorine in acetonitrile containing excess sodium 

azide gives bicyclo[2.2.1]hept-5-ene-7-syn-carbonylazides (3.4). The 

xi 
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reaction is found to be general using 1,2-disubstituted 2.1 compounds 

with bromine or chlorine. The thermally induced rearrangement of 3.4 

compounds in refluxing toluene-tert-butanol gives 7-syn-t-Boc

aminobicyclo[2.2.1]hept-5-enes (4.4) in good yield. This is the first 

high yield stereospecific synthesis of 4.4 compounds. Furthermore, the 

synthetic equivalency of 1.12a is shown to include 5-carbonylazide-

1,3-cyclopentadiene (3.9) and 5-t-boc-amino-1,3-cyclopentadiene (4.5) as 

well as 5-carbomethoxy-1,3-cyclopentadiene (3.10) [11,12]. 



CHAPTER 1 

INTRODUCTION 

The synthesis and reactivities of bicyclo[2.2.1]heptene (1.1) 

and bicyclo[2.2.1]heptadiene (1.2) compounds (Figure 1) have been the 

subject of a vast quantity of chemical literature [1,2]. The most 

recently published studies have been directed primarily towards functi

onalizing these ring systems and using the resultant products as 

chemical intermediates in the synthesis of other more useful chemicals. 

An important example is the stereocontrolled total synthesis of all the 

primary prostaglandins from a single bicyclo[2.2.1]hept-5-ene precursor 

reported by Corey and co-workers [3]. 

1.1 1.2 

Figure 1. Structures of 1.1 and 1.2 

1 



The most versatile and successful method of synthesizing 1.1 

and 1.2 ring systems is through a [4n + 2nJ cycloaddition reaction 

(commonly referred to as a Diels-Alder reaction) (Equations 1.1 and 

1.2). 

2 

0+ (1.1 ) 

1.3 1.4 

1.3 + (1.2) 

Electron withdrawing groups on the olefin (1.4) or acetylene (1.5) 

greatly facil itate this process. It shoul d be noted that such reactions 



3 

with olefins substituted with 1-3 functional groups leads to mixtures 

of cycloadducts. This phenomenon has been the subject of many studies 

[2] and some success has been achieved in making the reaction diastere

omerically selective. The substituents attached to C(2) and C(3) [where 

C = carbon] in 1.2 are attached to a double bond and must lie in the 

same plane as C(2) and C(3). This means that 1.2 type compounds can 

exist as enantiomers but not diastereomers. Thus, the cycloaddition 

reaction of electrophilic, substituted olefins and acetylenes with 

cyclopentadiene (1.3) has been shown to be quite useful for functional

izing the C(2) and C(3) positions in 1.1 and 1.2 type compounds. 

The Diels-Alder reaction can also be used to place functional

ity at other ring positions by starting with substituted cyclopentadi

enes (Equation 1.3). 

~ + E=E ~ ~ (1.3) 

1.6 R R 

1.6 = 1.4 or 1.5 

The most useful synthetic results have been achieved using 

1 ~ [4], 2 - [4], and hexa-[5] substituted cyclopentadienes (Equations 

1.4, 1.5, and 1.6). 



~-- + ? 1.6 

R 

Q+ 
R 

1.6 

~+ /"F- 1.6 

---..;)0' at: 
R 

1.7 

4 

( 1.4) 

(1. 5) 

(1. 6) 



The methods available for placing single substituents at the 

C(7) position1 are much more limited (Equation 1.7.) 

5 

H~ + 1.6 / 

~ REEl R/~ E 

~F + ff-l-Ef ( 1.7) 

R~ 
1.10 1.11 

This is due to the instability of the 5-substituted-1,3-cyclopentadi

enes. The Diels-Alder reactions of these isomers usually yield 

mixtures of 1.7 and 1.8. These products arise from an initial rapid 

isomerization of the 5-substituted-1,3-cyclopentadiene to the more 

stable 1- and 2-substituted isomers (Equation 1.8) which then cycloadd 

with the olefin [4,6J. 

Q (l.8) 

R 

1products 1.10 and 1.11 differ in the relative orientation of their 
carbon-7 substituent. rne-orientation in 1.10 is referred to as anti 
(opposite to the double bond) and that of ~ is syn (on the same-sTde 
as the double bond). -- --
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A variety of chemical reactions can be used in conjunction with 

the Diels-Alder reaction to produce type 1.10 compounds or produce 

syn-anti mixtures [7]. 

However, obtaining type 1.11 compounds stereospecifically with 

organic functional groups at the 7-syn position, through any method, 

has been difficult and limited. 

Only one synthetically useful (i.e. high yield and high stereo

specificity) method is available for producing type 1.11 compounds 

directly [3] (Equation 1.9). In this synthesis, a 5-substituted-l,3-

cyclopentadiene is prepared and trapped at low temperature in a Diels

Alder reaction before isomerization can occur. This method proceeds to 

give good yields of the products with a limited number of olefins. 

This preparation suffers two shortcomings, though. The low reaction 

temperature limits the reaction to good dienophiles and the starting 

5-alkoxymethylene-l,3-cyclopentadienes are prepared from strong 

mutagens which can be very dangerous to work with. 

( 1.9) 



Studies have shown that several 5-metal-substituted-1,3-cyclo

pentadienes (1.12) readily cycloadd with 1.4 and 1.S to stereospecifi

cally produce 7-syn-metal substituted-bicyclo[2.2.1]hept-S-enes and 

7-syn-metal substituted-bicyclo[2.2.1]hept-2,5-dienes, respectively 

[8-12] (Equation 1.10). 

H>O + 1.6 
M --

31 fft-; (1.10) 

1.12 

l.I2a M = (nS-CsHs)Fe(COh 

I.I2b M = (n S-CsMe s)Fe(CO)2 

1.12c M = Me 3Sn 

l.I2d M = (n-Bu)3Sn 

7 

The lack of synthetic methods for stereospecifically replacing 

the metal in the resultant products has limited the usefulness of most 

of these reactions. 

A two-step reaction sequence was recently introduced by Glass, 

Wright, and coworkers which allows the stereospecific introduction of 

an ester functionality at the 7-syn position in 1.1 and 1.2 type 

compounds beginning with the transition metal intermediate 1.12a. This 

two-step method gives overall comparable yields to Equation 1.9, but 

introduces the more easily derivatized ester functionality [11,12] 

(Equations 1.11 and 1.12). 
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1.12a + 1.6 )00 !t Z j (loll) 

E 
1.13 

F = 
p 

(n 5-C H )Fe{CO) 
552 

Me0
2£i: 

1.13 
Ce+4 , °E (1.12) ) I I CO, 

E 
MeOH 

1.14 

A synthetic method which would allow the introduction of other 

functional groups in place of the ester group at the 7-syn position in 

1.14 would be synthetically useful. Equations 1.11 and 1.12 illustrate 

a potentially very general method of preparing such compounds 

(Scheme 1). 



o 

Nu 

1.13 
OX, 

)' 

L, 
Nu-

L = Ligand 

Nu = Nucleophile 

OX = Oxidant 

Scheme I 

Reaction Scheme for the General Synthesis of Acyl 
Derivatives from 1.13 Compounds 

9 
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This dissertation presents work directed towards developing 

this two-step process into a more general synthetic method. Chapter 2 

explores the synthetic scope of the initial cycloaddition reaction 

(Equation 1.11) and examines some possible mechanisms for the process. 

Chapter 3 examines alternate synthetic methodology for further gener

alizing the iron-carbonyl bond cleavage reaction (Equation 1.12) to 

allow the synthesis of other useful acyl derivatives (Scheme I). 

Chapter 4 examines the synthetic utility of this modified two-step 

synthetic method. 



CHAPTER 2 

CYCLOADDITION REACTIONS OF .ETA.-5-

CYCLOPENTADIENYLIRON(II)DICARBONYL-.ETA.-1-CYCLOPENTADIENE 

Introduction 

As discussed in Chapter 1, the cycloaddition reaction between 

1.12a and electrophilic olefins (1.4) or acetylenes (1.5) has been much 

studied recently (Equations 1.11 and 1.12) [9-12]. The regio- and 

stereospecificity of this cycloaddition coupled with the ease of stereo

specifically replacing the Fp group (vide infra) makes it a potentially 

useful synthetic method for obtaining norbornenes and norborndienes 

substituted with 7-syn-organic functional groups, products which are· 

very difficult to obtain by any other method. 

Compound 1.12a was synthesized in 1956 by Wilkinson and Piper 

[13]. It was first used in a cycloaddition reaction with tetracyano

ethylene in 1976 by Rosenblum and coworkers [9] (Equation 2.1). 

NC eN 

1.12a + "--./ 
~ 

NC eN 

(2.1) 

eN 

11 
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Soon thereafter, Wojcicki and coworkers were able to show that 

other strongly electrophilically activated olefins and acetylenes would 

also cycloadd with 1.12a [10J (Equations 2.2 and 2.3). 

R, R2 
1.12a '---I 

+ r-"\ 
R3 R4 

1.4 

1.4a Rl R = CN; R3 = 2 
1.4b Rl = R4 = CN; R2 = 

1·4c Rl = R4 = CN; R2 = 

1.I2a + R1 -==-Rz 
1.5 

1.5a Rl = R2 = CN 

1.5b Rl = R2 = CF 3 

R = CF 4 3 
R = H 3 
R = H 3 

liI 

~ / ~4 (2.2) 
~ 

R, 

2.1 
R3 

2.1a R = R = CN; R = R = CF 3 1 4 2 3 
2.Ib R1 (3) = CN; R2(4) = CN 

~ Rz 
I / (2.3) 

2.2 R, 

2.2~ Rl = Rl = CN 

2.2b Rl R = CF 2 3 

The cycloaddition wa5 thought to proceed only with strongly 

activated olefins or acetylenes and was deemed of marginal synthetic 

util ity. 

Wright, Glass, and coworkers essentially rediscovered 1.12a in 

1983 [11,12J. These worker~ were able to show that the reaction 



proceeded well with mildly activating olefins and acetylenes such as 

acrylonitrile (Equations 2.4 and 2.5, respectively). 

13 

1.12a + 1.4 2.1 (2.4) --

1.4d Rl = R4 = C02Me; R2 = R3 = H 

1.4e R1 =R2 =(CO)0(CO); R3=R4 
=H 

1.4f Rl =CN; R2=R3=R4=H 

.h19.. Rl = C1; R3 = CN; R2 = R4 = H 

1.12a + --

2.1c Rl = R4 = C02t·1e; R2 = R3 = H 

2.1d R3=R4 =(CO)0(CO); Rl=R2=H 

2.1e Rl =CN; R2=R3=R4=H 

2.1 f R 3 = CN; R 1 = R2 = R4 = H 

bl9.. Rl =Cl(CN); R3=CN(Cl); 
R = R = H 2 4 

2.2 

2.2c R = R = CO Me 
122 

(2.5) 

In addition, throu~h precoordination of the olefins with certain Lewis 

acids, the reaction could be made to include olefins which had 

previously been shown to be unreactive (Equation 2.6). However, the 

full scope of the reaction remains to be determined. 

The primary goal of the research presented in this chapter was 

to determine the scope of the cycloaddition reaction between olefins or 
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acetylenes and 1.12a. The stereochemistry of the C(2) and/or C(3) sub

stituents in the resultant cycloadducts and some possible mechanisms 

for this cycloaddition reaction were also examined. 

1.12a + 1.4 Lewis 
" 2.1 (2.6) . 

acid 

1.4h R = CO Me" R = R = R =H 2.1h R = CO Me; R =R = R = H 
1 2' 2 3 4 1 2 2 3 4 

1.4i Rl = R2 = C02t·1e; R = R = H 3 4 2.1 i R3 = C02Me; R=R=R=H 124 

2.1c 

Results and Discussion 

Synthetic Methods 

The olefins and acetylenes studied are shown in Figure 2. The 

olefins range from trisubstituted to monosubstituted. They incorporate 

ester, carbonitrile, aldehyde, anhydride, and ketone functional groups. 

In addition, sterically hindering electron donating methyl groups are 

located at various a and a positions in some olefins. The acetylenes 

contain ester, carbonitrile, and amide functionality. 

The synthetic methods used for the cycloaddition reactions were 

virtually identical to those reported by Wright, Glass, and coworkers 

[11,12]. A brief description of each method used is presented below. 



1.4j Rl = R2 = R3 = C02Me; R4 = H 

1.4c R = R = CN' R = R = H 
1 4 '2 3 

1.41 R
1

=R2 =CN; R3=R4=H 

104m Rl = R2 = (CO)O(CO); R3 = R4 = H 

104n Rl = R2 = (CO)O(CO); R3 = CH j ; 

1.40 Rl = CH 3; R4 = CHO; R2 = R3 = H 

..hie. Rl = CH 3; R3 = CN; R2 = R4 = H 

1:.d9. Rl = CHO; R3 = CH 3; R2 = R4 = H 

104r Rl = CsHsN; R2 = R3 = R4 = H 

R = H 
4 

1.45 Rl = CH 3; R3'= C02Me; R2 = R4 = H 

104t Rl = R2 = (CH 2) 3CO ; R3 = R4 = H 

1.4u Rl=R2=(CH2)~CO; R3=R4=H 

104v Rl = CH2=CH; R3 = H = R2; R4 = C02Me 

1.4w Rl = R2 = (CH 2) 3CO ; R4 = C02Me; R3 = H 

104x Rl = R2 = (CH 2)3CO ; R4 = CH; R3 = H 

.!.d.t. R1 =R2 =(CH2)4; R4 =CN; R2=H 

1. 5d R 1 = H; R 2 = CN 

1.5e Rl = H; R2 = C0 2Me 

1.5f Rl = CH 3; R2 = C02Me 

h§.[ Rl = H; R2 = CONH 2 

1.4z Rl = R2 = ((CH 3)2 CH )CH(CH 2)/0; R3 = R4 = H 

Figure 2. Olefin (1.4) and Acetylene (1.5) Reagents 

15 
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For full experimental details, the reader is referred to references 11 

and 12 and to the Experimental Section at the end of this chapter. 

In Method A, all reactions were run by adding a solution of 

1.12a in dichloromethane to a solution of the olefin or acetylene in 

dichloromethane cooled to 0 °C over a period of ca. 10 minutes. The 

reaction progress was monitored by following the disappearance of the 

infrared absorptions at 2014 cm-1 and 1964 cm-1 characteristic of 

1.12a. When no further change was noted in the carbonyl region of the 

infrared spectra of the reaction mixtures, the reactions were worked up 

by first removing the reaction solvent under vacuum. The resultant 

crude reaction mixtures were subjected to col umn chromatography on 

alumina (activity grade III). Isomeric mixtures were usually separated 

using MPLC. 

Methods Band C used a slightly modified reaction procedure. 

The olefin or acetylene in dichloromethane was precoordinated to 1 

molar equivalent of either diethylchloroalane (Method B) or ethyldi

chloroalane (Method C). To this reaction mixture was added a solution 

of 1.12a in ca. 5 mL of dichloromethane over ca. 5 minutes. The 

reaction was monitored as described for Method A. When complete, the 

reaction mixture was slowly poured into water followed by extraction 

with diethyl ether. The diethyl ether extracts were dried, fil tered, 

and the solvent removed from the crude product under vacuum. The 

product mixtures were further purified by column chromatography as 

described in Method A. 



17 

Cycloaddition Reactions 

Examination of Table 2.1 shows that Method A can be used with 

olefins possessing two or more electron withdrawing groups (1.4c, 1.41, 

and 1.4m) to give fair to high yields of the cycloadducts. This method 

gave' only moderate yiel ds of cycloadducts when sterically hindered 

olefins with two electron withdrawing groups (1.4j and 1.4n) were used. 

Sterically hindered olefins with one eiectron withdrawing group (1.40, 

~, 1.4r-u), compounds 1.4v-z, and acetylenes 1.5d-g failed to react. 

The results obtained using Method B indicate that it can be 

used with a greater variety of olefins and acetylene types. This 

method produced cycloadducts in virtually all cases. It should be 

noted, however, that although this method was very general, only low 

yields of the cycloadducts could be obtained. 

Method C gave results similar to Method B. An improved yield 

was obtained in the case of ~ only. 

Some attempts were made to increase yields by using other 

Lewis acids (BF3°Et20, TiC1 4, SbF5) or by using a large excess of the 

olefin or acetylene. These alternate Lewis acids failed to produce any 

cycloadducts. Excess olefins or acetylenes gave comparable results to 

those presented in Table 2.1. 

These results combined with the previously reported results 

quite well define the scope of this cycloaddition. Under the reaction 

conditions tested, the reaction is severely limited by electron

donating, sterically hindering olefin substituents. 



Compound 

1.4j 

1.4c -
1.41 

1.4m 

1.4n 

1.40 

Tabl e 2.1 

Specific Experimental Details for the Cycloaddition Reactions 
of 1.12a with 1.4 and 1.5 

Ratio of 1.12a Reaction Products b Isomer Ratios Method a to 1.4/1-:-;-- Time (h) (Yield %) (exo: endo: trans) Used-

A 1:2.0 1 2.1j (37) c 

A 1:2.0 2 2.1b (85) X 

A 1:1.5 1 2.1k (45) 1:1 

Ad 
2.IT (49) 

1:1.5 1 2.TK (77) 6:1 
2.IT (13) 

Ae 1:1.5 1 2.IT (33) 1:2 
2.TI (60) 

A 1:1.1 2 2.1m (97)9 1:7h 

Ad 1:1.1 2 
2.f(f 
2.Trii (90)9 • h 1.2.5 
2.Td 

1:2h Af 1:1.1 2 2.Trii (92)9 
2.Td 

A 1:2.0 4 2.1n (50)9 1:4h 

2.lo -
B 1:1.0 4 2.1p (30) c I-' 

OJ 



Table 2.1, Continued 

Ratio of 1.12a Reaction Productsb 
Compound Method a to 1.4/1:;-- Time (h) (Yield %) Used-

!.:iE. B 1:1.0 1 2.1q (40) 9 
2."I"r 

C 1:1.0 O.S 2.lq (70) 
2.T'r --

1.4q B 1:1.0 24 2.1s (19) 
1.4r B 1:1.0 2 2.lt (14) 
LSd B 1:1.0 2 2.2d (20) ~ 

C 1:1.0 1 2.2cI (14)1 

1.5e B 1:1.0 1 2.2e (24)i 

aT he reaction solvent was dichloromethane unless otherwise specified. 
bAll products are bicyclo[2.2.1]heptenes unless otherwise specified. 
cIsomer ratio undetermined. 
dReaction solvent was benzene. 
eReaction solvent was methanol. 
fReaction solvent was a 1:1 (v/v) benzene-hexanes solution. 
9These are combined product yields. 
hOetermined by analysis of the 2S0 MHz 1H NMR of the isomeric mixtures. 
iThe products are substituted bicyclo[2.2.1]hept-2,S-dienes. 

Isomer Ratios 
(exo:endo:trans) 

3:1 h 

3:1 h 

c 
c 

....... 
1.0 



Product Characterization 

The infrared absorption spectra for all the cycloadducts 

(except 2.1j) between 2100 cm-l and 1900 cm-l displayed two strong 

carbonyl absorptions in the ranges of 2011 cm-l to 2003 cm-l and 

20 

1960 cm-l to 1946 cm-l. These absorptions have been shown to be char

acteristic of 2.1 and 2.2 type cycloadducts [9-12]. 

The 250 MHz proton NMR and carbon-13 NMR spectroscopic data 

for the resultant cycloadducts was especially useful in assigning the 

stereochemistry at the C(2) and C(3) positions in type 2.1 compounds. 

It has been shown that norbornenyl ring systems (Figure 3) exhibit 

certain characteristic coupling patterns. Studies have shown that 

there is little or no coupling between H2-endo or H2-exo protons and 

the H7-anti proton [14,15]. Also, the H2-endo protons do not appreci

ably couple with the bridgehead protons, whereas the H2-exo protons do. 

Finally, endo protons are shielded by the pi cloud of the adjacent 

double bond and resonate upfield (ca. 0.7 ppm) from the signal due to 

the exo protons. 

H5 

H6 

H3-endo 
H2-exo 

H 2 -endo 

Figure 3. Labeling Scheme for the Ring Hydrogen Atoms of 
Bicyclo[2.2.1]hept-5-ene 
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All the proton NMR spectra of the type 2.1 compounds exhibited 

the following general characteristic resonances: olefinic ( 6.40 to 
S . 

S.80), n -C5HS (0 4.80 to 4.S0), and norbornenyl (0 4.30 to 1.00). 

MPLC failed to give any separation of isomers in the product 

mixture obtained from reacting 1.4j with Fp(nLCSHS). By collecting 

fractions off the col urnn and subjecting each of these fractions to 

proton NMR analysis, the major reaction product could be identified. 

This product displayed olefinic, n5-CsHs, and norbornenyl resonances at 

o 6.24, C 4.56, and 0 5.3 to 0 3.S, respectively. The resonance for the 

methyl group occurs at 0 3.73. This information does not allow an 

assignment of the product stereochemistry. 

As reported by Williams and Wojicki [10J, furnaronitrile and 

Fp(n1-CSHS) rapidly react at room temperature to give a cycloadduct of 

undefined stereochemistry. The 1H NMR spectra of this compound agree 

with the data previously reported. Especially instructive for assigning 

the stereochemistry of this ·cycloadduct as trans is analysis of its 1H 

NMR spectrum at 2S0 MHz. The key absorptions at 0 3.04 (dd, 1, ~ = 3.8, 

3.9 Hz) and 02.SS (d, 1, ~ = 3.8 Hz) are assi~ned to the exo- and 

endo-CHCN protons, respectively. Double irradiation demonstrated that 

they are coupled to each other (~ = 3.8 Hz), and the endo hydrogen atom 

absorbing upfield is not coupled to the adjacent bridgehead proton 

whereas the downfiel d absorbing exo-hydrogen atom is (~ = 3.9 Hz). 

Surprisingly, maleonitrile rapidly reacts with Fp( LCSHS) at 

room temperature. Indeed, allowing maleonitrile and fumaronitrile to 

compete for Fp( l-CSHS) reveals the two alkenes to be of comparable 
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reactivity. This dramatically contrasts with the results with dimethyl 

fumarate anq dimethyl maleate [12J. Reaction of Fp(n1-CsHs) with 

dimethyl fumarate occurs rapidly at room temperature whereas no 

reaction is detected with dimethyl maleate in the absence of diethyl

chloroalane. Fp(n1-CsHs) and maleonitrile form a 1:1 mixture of cyclo

adducts in 90% combined yield after purification. These cycloadducts 

are easily separated by column chromatography on deactivated alumina 

(activity grade III). Elemental microanalysis and IR spectroscopy 

reveal them to be cycloadducts isomeric with 2.1b. Base-catalyzed 

equilibration of each of these cycloadducts using potassium 

tert-butoxide in tert-butanol separately provides predominantly 2.1b 

that is isolated in high yield (90-~4%) after purification. This result 

shows that compounds 2.1b, 2.1k, and 2.11 are isomeric at C(2) and C(3). 

Detailed analysis of the spectra at 2S0 MHz of the cycloadducts from 

maleonitrile and Fp(n1-CSHS) permits their assignment as 

2-exo,3-exo-2.1k, in which the absorptions due to C(2-endo) and 

C(3-endo) hydrogen atoms occur as a sharp singlet at 0 2.69, and 

2-endo,3-endo-2.1l, in which the resonances of C(2-exo) and C(3-exo) 

hydrogen atoms appear as a multiplet in which there is coupling to the 

bridgehead hydrogen atoms as shown by double irradiation experiments at 

o 3.1S. 

There was a dramatic dependence of the exo:endo product ratio 

on solvent polarity in this reaction. The ratios of 2.1k:2.1l were 6:1, 

1:1, and 1:2 in benzene, dichloromethane, and methanol, respectively. 

In order to obtain information regarding the possible causes of this 



observed solvent dependence, a more detailed understanding of the 

reaction between 1.12a and 1.41 to give 2.1k and 2.11 (Equation 2.7) is 

necessary. The ratio of 2.1k and 2.11 formed in the reaction ;s 

determined by the relative magnitudes of the rate constants k1' k2' 

k_1' and k_2• Two cases exemplary of how these rate constants can 

influence product composition are worth further examination. 
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2.1k 1.12a + 1.41 2.11 (2.7) 

If k1 and k2 are much greater than k_1 and k_2' respectively, 

and if k_1 and k_2 are near zero (Case 1), then effectively no equili

brium exists between the products and starting reactants. The effect 

of this on product formation is that the product possessing the larger 

forward rate constant will be formed predominantly. Furthermore, the 

cycloadducts should be formed in the isomer ratio corresponding to the 

ratio of their forward rate constants k1 and k2• This ratio is termed 

the kinetic product ratio. This means that product formation is inde

pendent of product concentration. 

Alternatively, if k_1 and k_2 are less than k1 and k2 but 

greater than zero (Case 2), then an equilibrium can exist between the 
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products and starting reactants. These conditions would initially give 

a predominance of the product possessing the greatest forward rate 

constant. However, the products can now revert back to starting 

reactants. The product which has the greatest reverse rate constant 

would more rapidly revert. At equilibrium, a predominance of the 

product with the lowest reverse rate constant should be observed. 

Therefore, the final product ratios are not necessarily the same as the 

initial (i.e. kinetic) product ratios. This resultant product ratio is 

termed the thermodynamic product ratio. Product formation in this 

process is dependent on product concentration. 

It should be possible to determine whether the reaction of 

1.12a with 1.41 proceeds to the kinetic or the thermodynamic product 

ratios by determining the dependence of product formation on product 

concentra ti on. 

The stabi1 ity of 2.11 to the reaction conditions was determined 

by allowing 2.11 to stir with dich10romethane, dich10romethane and 

1.12a, and dich10romethane and 1.41 for 1 h at ambient temperature. 

The solvents were removed under vacuum and the resultant reaction 

mixtures were analyzed by proton NMR analysis. The spectra displayed 

resonances attributable to the starting material only. There was no 

isomerization of 2.11 to 2.1k observed. These results are consistent 

with Case 1 but not Case 2 where isomerization would be expected. 

Additional information supportive of Case 1 was obtained from 

the reactions of 1.12a with 1.41 in the presence of 2.1k or 2.11 in 

methanol or benzene, respectively. The reaction of 1.12a with 1.41 in 



25 

benzene gave 2.1k and 2.11 in the molar ratio of 6:1. Case 1 predicts 

that addition of five molar equivalents of 2.11 to the reaction mixture 

would give a 1:1 ratio of 2.1k to 2.11 at equilibrium. In Case 2, the 

added 2.11 can isomerize and the normal 6:1 product ratio of 2.1k to 

2.11 would be expected at equilibrium. The reaction of 1.12a with 1.41 

in methanol gave 2.1k and 2.11 in a molar ratio of 1:2. Case 1 predicts 

that addition of one molar equivalent of 2.1k to the reaction mixture 

would give a 1:1 ratio of 2.1k to 2.11 at equilibrium. Case 2 predicts 

that the product isomer ratio of 2.1k to 2.11 would be 1:2 at equili

brium. These reactions were run as described above and in the Ixperi

mental section of this chapter. Proton NMR analysis of the crude 

reaction mixtures allowed the isomer ratios of 2.1k to 2.11 to be 

determined 'to be 1:1 in both reactions. 

These results show that the product ratios observed are the 

kinetic product ratios and that the reactions do conform to or disobey 

the Alder "endo" rule depending on the solvents used. Dependence of 

product stereochemistry on solvent in [4+2] cyc1oaddition reactions has 

been reported [16], however the effect was smaller than that observed 

here. 

Original studies reported the reaction of 1.4m to proceed to 

give only the endo cyc10adduct 2.1d. However, proton NMR analysis at 

250 MHz of the crude reaction mixture revealed the presence of the exo 

isomer 2.1m. Anhydrides react with alumina and silica gel. For this 

reason, column chromatography could not be used to separate 2.1m from 

2.1d. Repeated selective crystallizations allowed the mother liquor to 
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be enriched in 2.1m but it could not be obtained without some 2.1d 

being present. The key resonances for 2.1m occur at 0 3.02 as a sharp 

singlet. The absence of coupling and the upfield shift from the two 

exo hydrogens (0 3.54) allows this resonance to be attributed to the 

two endo protons, H2-endo and H3-endo. 

Although the effect of solvent polarity on this reaction's 

endo-exo product isomer ratio was not as great for 1.4m as was 

observed for 1.41, it was, however, observable. 

Reaction of 1.4n with 1.12a produced 2.10 and 2.1n in the 

exo:endo ratio of 1:4, respectively. The key absorptions in the proton 

NMR spectra of these two isomers both occur as sharp singlets at 0 1.61 

and 0 1.30. These resonances are attributable to the exo and endo 

methyl groups in 2.1n and 2.10, respectively. 

The only sterically hindered, mono-activated olefin found to 

react in good yield was 1.4p which gave a mixture of exo and endo 

cycloadducts. The product stereochemistry of 2.1q and 2.1r was 

determined by proton and carbon-13 NMR. The proton NMR resonances at 

o 1.53 and 0 1.19 are assigned to the ~ and endo methyl groups in 2.1r 

and 2.1q, respectively. This assignment is further supported by the 

relative positions of the cyano group and methyl group carbon 

resonances in the carbon-13 spectra. The exo cyano carbon resonance in 

2.1q occurs at 0 128.5 and the endo methyl group carbon absorbs at 

o 25.2. The resonance for the endo cyano carbon in 2.1r occurs upfield 

from 2.1q at 0 127.0 and the ~ methyl group carbon in 2.1r absorbs 

downfield from 2.1q at 0 26.6. 
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Sufficiently pure products for 1.40, 1.4q, and 1.4r could not be 

obtained for characterization by proton NMR. 

The infrared carbonyl absorptions at 2006 cm-1 to 2003 cm-1 

and 1948 cm-1 to 1942 cm-1 for the 2,3-norbornadienyl products 2.2d and 

2.2e are typical of these type cycloadducts. 

The proton NMR spectra of these products display their olefinic 

resonances between 0 7.80 and 0 6.50. The bridgehead protons absorb 

between 0 4.10 and 0 4.90. The methyl group in 2.2e absorbs at 0 3.69. 

Compounds 2.2d and 2.2e are very air sensitive and thermally unstable 

and satisfactory elemental microanalyses could not be obtained. 

The structural assignments for all product cycloadducts were 

made based on this data (Figure 4). 

Possible Mechanisms 

The results obtained from the cycloaddition of 1.12a with 1.41 

have important mechanistic implications. The cycloaddition of Fp 

n1-allyl complexes with electrophilic olefins and acetylenes is 

believed to occur by a two-step [3+2] mechanism [9,10,17]. This 

suggestion is primarily supported by the fact that a concerted 

mechanism cannot explain the formation of intramolecular insertion 

products or the observed exclusive formation of trans cycloadducts. 

The analogous reaction of Fp n1-cyclopentadienyl complexes with 

electrophilic alkenes is shown in Scheme II. 

Zwitterion 2.3 is formed as an intermediate that cyclizes with 

overall 1,2-metal migration. The double bonded carbon atoms of the 

starting alkene are singly bonded in zwitterion 2.3. The 



2.1b Rl = R4 = CN; R2 = R3 = H 

2.1j Rl =C02r~e(H); R3 =H(CO/le); 

R2 = R4 = C02Me 

2.1k Rl =R2 =Ctl; R3=R4=H 

2.11 R3 =R4 =CN; Rl=R2=H 

2.1m Rl = R2 = (CO)O(CO); R3 = R4 = H 

2.1n Rl = R2 = (CO)O(CO); R3 = CH 3; R4 = H 

2.10 R3 = R4 = (CO)O(CO); Rl = CH 3; R2 = H 

2.2 

2.2d R1 =CN;R2 =H 

b.1.E. R1 =CH 3(H); R3 =H(CH 3); R2 =H(CNO); R4 =CHO(H) 

bl9. R1=CN; R3 =CH 3; R2=R4=H 

2.1r R3 =CN; R1 =CH 3; R2=R4=H 

2.1s Rl = CH)CHO); R3 = CHO(CH 3); R2 = R4 = H 

2.lt Rl = pyr(H); R3 = H(pyr); R2 = R4 = H 

Figure 4. Structures of 2.1 and 2.2 Products 
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stel'eochemistry of the starting alkene may be lost if rotation about 

this single bond is fast relative to cyclization. Thus reaction of both 

trans- and cis-1,2-bis(trifluoromethyl)-1,2-dicyanoethylene with 

Fp(n1-C5H5) affords the same trans cycloadduct 2.1a. Addition of 

dimethyl maleate to a solution of Fp(nl-C5H5) in the presence of 

diethylchloroalane affords cycloadduct 2.1c in which the ester groups 

are trans to one another. Both of these results can be explained by a 

two-step [3+2] cycloaddition in which there is isomerization in the 
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intermediary zwitterion. However, Williams and Wojicki propose an 

additional possibil ity [10]. If the cis isomer slowly cycloadds 

relative to the trans isomer, then the cis isomer may isomerize to the 

trans isomer which then rapidly cycloadds. Therefore, the trans 

stereochemistry in the cycloadduct does not distinguish a two-step 

[3+2] cycloaddition from a concerted [4+2] cycloaddition. Clearly, the 

retention of alkene stereochemistry observed with the isomeric butene

dinitriles precludes two-step [3+2] cycloaddition in which there is time 

for rotation about the carbon-carbon single bond in zwitterion 2.3. 

These results require that cyclization is fast in zwitterion 2.3 

relative to rotation about the carbon-carbon single bond (electrostatic 

interactions in the zwitterion could disfavor rotation relative to 

cyclization [18]) or the cycloaddition is concerted. To distinguish 

these two possibilities, the rate of the reaction of Fp(n1-C5H5) with 

excess maleonitrile in solvents of very different polarity was 

determined. Two-step dipolar reactions are known to generally exhibit 

a large rate dependence on solvent polarity, whereas concerted cycload

ditions exhibit only a small rate dependence on solvent polarity 

[19,20]. 

(1) 

so: d[1.12a] = 
[1.l2a] 

-K dt 3 

If [1.4] » [1.12a] 

then [1.4n] ~ K2 

and K2 • Kl = K3 



(2) 

(3) 

ln Ct = 
Co 

Formula 
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A = sbC 

The kinetic studies were all run under pseudo-first-order 

kinetics by using a large excess of olefin (Formula 1). Integration of 

Formula 1 gives Formula 2. Using Beer's law, absorption can be substi

tuted for concentration, giving Formula 3. A plot of the ln A versus 

time gives the slope of the straight line as kobs• All reactions were 

reproducible to 8 percent up to 3 reaction half-lives. The reaction 

rates were determined by following the disappearance of the ultraviolet 

absorpti?n maxima of Fp(n1-C5H5)' The relative rates in benzene, dich

loromethane, and methanol were 1:2:4, respectively. 

This small difference in relative rates and the observation 

that methanol did not trap any intermediary zwitterion and the stereo-

chemical results strongly suggest that this reaction occurs by a 

concerted [4+2] cycloaddition. 

Experimental 

All reactions and subsequent manipulations were carried out 

using standard Schlenk techniques under argon or purified nitrogen 

atmospheres. Solvents were routinely dried by standard procedures [21] 

and stored under an inert atmosphere. The NMR solvents were predried 
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over 3-~ molecular sieves, subjected to three consecutive freeze-thaw-

pump cycles, and stored in a Schlenk flask under an inert atmosphere. 

In addition, NMR samples wer~ routinely passed through a plug of Celite 

to remove finely divided dectimposition particles. 

Spectroscopic measurements utilized the following instrumenta

tion: IH NMR, Varian EM360, Bruker WM-250 (at 250 MHz); 13C NMR, 

Bruker WM-2S0 (at 62.9 MHz); IR, Perkin-Elmer PE983; UV-vis, IBM 9420. 

NMR chemical shifts are reported in units versus internal tetra-

methylsilane. The CDC1 3 resonance in carbon-13 spectra was assigned as 

77.0 ppm. The reported carbon-13 NMR spectra were run with proton 

broad band decoupling, and resonances may be assumed to be singlets 

unless multiplicity was specified (off-resonance spectra were run to 

confirm assignments). 

(n S-CsH5)Fe(CO)2 (nl-CSH5) (1.12a) was prepared by literature 

methods [13J. The I ~ solutions of diethylchloroalane in hexanes and 

ethyldichloroalane in toluene were purchased from Aldrich Chemical Co. 

and used as purchased. Crotonaldehyde, methacrolein, 4-vinylpyridine, 

methyl propiolate, methyl 2-butynoate, cyclohexenone, cyclopentenone, 

and 1.4y were purchased from Aldrich Chemical Co. Methyl methacrylate 

and citraconic anhydride was purchased from Matheson, Coleman, and 

Bell. Maleic anhydride was purchased from Fisher Scientific Co. Fuma

ronitrile was purchased from Monsanto Chemical Co. and recrystallized 

from diethyl ether-hexanes before use. Trimethyl ethylenetricarboxyl

ate [22], maleonitrile [23], propynamide [24], cyanoacetylene [24], 1.4v 

[24b], 1.4w [24bJ, 1.4x [24cJ, and 1.4z [24dJ were prepared by 
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literature methods. Neutral alumina (60-150 mesh) for column chroma~ 

tography was purchased frqm Al drich Chemical Co., Al fa Products or 

Strem Chemical s, Inc. and deactivated to grade III [25J. Woel m N32-60 

neutral alumina for medium-pressure liquid chromatography (MPLC) \'ias 

purchased from Universal Scientifics, Inc. and deactivated to grade III 

[25J. Medium-pressure liquid chromatography used a column 15 x 500 mm 

unless otherwise specified. Elemental analyses were performed by 

analysts at Atlantic Microlab Inc., Atlanta, Georgia. 

General Procedures for the Reactions of 
(nS-CsHslFe(CO) (n1-CsHs) (1.12a) 
with Olefins or Acetylene-s---

The specific reaction details for each olefin or acetylene 

studied are given in Table 2.1. Initial reaction concentrations of 1.12a 

used in Methods A, B, and C varied between 0.15 mmol to 1.5 mmol, 

unless otherwise specified. 

Method A 

To a solution of the olefin (1.4) or acetylene (1.5) in 25 mL of 

dichloromethane cooled to 0 °C was added a solution of 1.12a in 5 mL of 

dichloromethane over 5 min with rapid stirring. The reaction mixture 

was then allowed to warm to ambient temperature. The progress of the 

reaction was monitored by following the disappearance of the infrared 

carbonyl stretching absorptions at 2014 cm-1 and 1964 cm-1 which are 

characteristic of 1.12a. The reaction was considered complete when no 

further change was observed in the carbonyl region of the infrared 

spectrum of the reaction mixture. When complete, the solvent was 
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removed under vacuum at ambient temperature. The crude reaction 

mixture was then subjected to column chromatography (LC) on neutral 

alumina (activity grade III). All columns were first eluted with 

hexanes giving an initial yellow band identified as ferrocene. In 

reactions that do not consume all of 1.12a an orange band of 1.12a 

elutes immediately after the ferrocene •. The products were then eluted 

from the columns using the appropriate solvents. Isomeric product 

mixtures were subsequently subjected to MPLC to separate the mixtures 

into their individual isomers. 

Method B 

To a solution of the olefin (1.4) or acetylene (1.5) in 25 mL of 

dichloromethane at 0 °C was added 1.0 equivalents of a 1 ~ solution of 

diethylchloroalane in hexanes. After stirring for 15 min, a solution of 

1.12a in 10 mL of dichloromethane was added dropwise over a period of 

10 min. The reaction was allowed to warm to room temperature and was 

monitored for completion as in Method A. When complete, the reaction 

mixture was poured into 50 mL of water. The aqueous solution was then 

extracted with dichloromethane (3 x 30 mL). The combined organic 

layers were then washed with 50 mL portions of water until the 

washings remained clear (ca. 5 times). The organic layer was dried 

over anhydrous magnesium sulfate, filtered through Celite, and the 

solvent removed under vacuum at ambient temperature. The crude 

products were then purified as described in Method A. 
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Method C 

A dichloromethane solution containing the olefin (1.4) or 

acetylene (1.5), 1.0 equivalents of a 1.0 !i solution of ethyldichloro

alane in toluene, and 1.12a was prepared, monitored, and the resultant 

products purified as described in Method B. 

Chromatography and Analytical Data for the 
Products Resulting from the Cycloaddition 
Reactions of 1.12a with the Following 
Olefins and Acetylenes: 

With (t~e02C)HC=C(C02Me)2 (1.4j) 

The product was eluted from the LC column using dichloro-

methane. The solvent was removed under vacuum at ambient temperature 

giving a red oil. The oil was subjected to MPLC using a 1:5 (v/v) 

solution of ethyl acetate-hexanes. The product became spread out on 

the column, but no separation was observed. The product was collected 

in 30 mL portions from the column. The solvents were removed under 

vacuum at ambient temperature. Examination of the 1H NMR spectra of 

each of the fractions allowed the major product to be identified as 

2.1j: IH NMR (CDC1 3, 250 MHz) 0 6.24 (m, 1, CH=), 4.56 (s, 5, C5H5), 3.73 

(s, 3, CH3), 3.61 (s, 3, CH3), 3.59 (s, 3, CH3), 3.50-4.25 (m, 4, CHiS); IR 

(CH2C1 2) v 2017, 1966 (C=O) cm-1. 

With trans=(NC)HC=CH(CN) (1.4c) 

The product was eluted from the LC column using a 1:1 (v/v) 

solution of hexanes-dichloromethane. The dichloromethane was removed 

under vacuum causing the crystall ization of 2.1b as a yell ow sol ide 

The solid was collected by filtration and dried under vacuum. The 
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IH NMR (60 MHz) spectrum of this material was identical with that 

reported for 2.1b [10J. The carbonyl and nitrile stretching frequencies 

in the IR for this material were also the same as those reported for 

2.lb [10J. The spectroscopic data for the sample of 2.1b synthesized 

as above is: IH NMR(CDC1 3, 2S0 MHz) 6 6.2S (m, 2, HS, H6), 4.74 (s, 5, 

CSHS)' 3.2S (m, 1, H4), 3.20 (m, 1, Hl), 3.04 (dd, 1, ~ = 3.9, 3.8 Hz, 

H3-exo), 2.60 (m, 1, H7-anti), 2.55 (d, 1, ~ = 3.8 Hz, H2-endo). 

With cis-(NC)HC=CH(CN) (1.41) 

Elution of the LC column with a 3:1 (v/v) hexanes-dichlorometh

ane solution gave 2.lk as a yellow solid. Further elution with a 1:3 

(v/v) hexanes-dichloromethane solution gave 2.11 as a yellow solid. 

The spectroscopic parameters and elemental microanalysis results for 

each of these compounds are as follows: 

2.lk: IH NMR (CDC1 3, 2S0 MHz) 6 6.08 (m, 2, H5, H6), 4.77 (5, S, 

CSHS)' 3.20 (m, 2, HI, H4), 2.88 (m, 1, H7-anti), 2.69 (s, 2, H2-endo, 

H3-endo); IR (KBr) \) 2240, 2236 (C=N), 2003, 1943 (C=O) cm-1; UV-vis 

(benzene) 3S1 nm (866). Anal. Calcd for C16H12FeN202: C, 60.03; H, 

3.78. Found: C, 60.08; H, 3.8S. 

2.11: (CDC1 3, 250 MHz) 6 6.37 (m, 2, H5, H6), 4.70 (5, 5, C5H5), 

3.22 (m, 2, H1, H4), 3.15 (m, 2, H2-exo, H3-exo), 2.18 (m, 1, H7-anti); IR 

(KBr) \) 2241, 2236 (C=N), 2004, 1947 (C=O) cm-1; UV-vis (benzene) 351 nm 

(866). Anal. Calcd for C16H12FeN202: C, 60.03; H, 3.78. Found: C, 

60.17; H, 3.89. 
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Wi th rna 1 ei c anhydri de (1. 4m) 

The crude reaction mixture was dissolved into a 1:1 (v/v) 

dichloromethane-hexanes solution. The dichloromethane was removed 

under a stream of argon yielding a yellow solid whose 1H NMR and IR 

spectra matched those reported for 2.1d [11]. Removal of the solvent 

from the mother liquor yielded additional.yellow solid shown by 1H NMR 

to be composed primarily of 2.1m with some 2.1d and ferrocene present. 

The ferrocene was removed by washing the solid with cold hexane until 

the hexanes wash remained clear. The solid mixture could be enriched 

in 2.1m by repeated crystallizations from hexanes-dichloromethane, but 

2.1m could not be obtained without some 2.1d being present. The spec

troscopic parameters for 2.1m are as follows: 1H NMR (CDC1 3, 250 MHz) 

15 6.18 '(m, 2, H5, H6), 4.68 (s, 5, CSHS)' 3.24 (m, 2, HI, H4), 3.02 (s, 2, 

H2-endo, H3-endo), 2.48 (bs, 1, H7-anti); IR (CH2C1 2) \i 2011, 1955 (C=O), 

1776 (C=O) cm-1• 

With citraconic anhydride (1.4n) 

The crude reaction mixture was rapidly passed through 5 cm of 

alumina using a 1:1 benzene-dichloromethane solution as the eluant. 

The solvent was removed under vacuum at ambient temperature giving a 

red liquid shown by 1H NMR to contain 2.1n, 2.1~, and citraconic 

anhydride. Attempts to remove the olefin impurity from this mixture by 

further chromatography (alumina or silica gel), low temperature crys

tallization, or vacuum distillation failed. The spectroscopic 

parameters for the isomeric mixture of 2.1~ and 2.10 are as follows: 
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2.1n: 1H Nr~R (CDC1 3), 2S0 MHz) c 6.1S-6.27 (m, 2, HS, H6), 4.72 

(s, S, CSHS)' 3.29-2.81 (m, 4, Hl-4), 1.61 (s, 3, CH3); IR (CH2C1 2) \) 2011, 

1957 (C=O) cm-1• 

2.10: 1H NMR (CDC1 3, 250 MHz) 0 6.38-6.27 (m, 2, H5, H6), 4.69 

(s, 5, C5H5), 3.24-2.96 (m, 4, H1-4), 1.30 (s, 3, CH3); IR (CH2C1 2) 2011, 

1957 (C=O) cm-1• 

With (H3C)HC=CH(CHO) (1.40 

The crude reaction mixture was eluted from the LC column using 

a 1:1 hexanes-ethyl acetate solution. The solvent was removed under 

vacuum at ambient temperature giving a red oil shown by IH NMR to 

contain at least two isomers. The oil exhibited infrared carbonyl 

frequencies at 2006 and 1948 cm-1. 

With H2C=C(CH3)CN (1.4p) 

The product was eluted from the LC column using a 1:4 (v/v) 

solution of hexanes-dichloromethane. The solvent was removed under 

vacuum at ambient temperature giving a yell ow sol ide This material was 

then subjected to MPLC using a 2:3 (v/v) dichloromethane-hexanes 

solution. Compound 2.1q eluted first, followed by 2.1r. The 

spectroscopic parameters and elemental microanalysis results are as 

foll ows: 

2.1r: IH NMR (CDC1 3, 2S0 ~~Hz) 0 6.23 (m, 1, CH=), 6.16 (m, 1, 

CH=), 4.67 (s, 5, CSH5), 2.68 (bs, 1, H1), 2.61 (bs, 1, H4), 1.79 (d, 1, ~ 

= 11.7 Hz, H3-endo), 1.60 (dd, 1, ~ = 3.8, 11.7 Hz, H3-exo), 1.S3 (s, 3, 

CH3), 2.21 (s, 1, H7-anti); 13C NMR (CDC1 3) 0 217.4,217.1 (C 0), 138.6, 



136.2 (CH=), 127.0 (C=N), 8S.7 (CSHS)' 67.9 (CH), 62.4 (CH), 53.7 (CH), 

43.1 (C~2)' 36.1 (~(CN)CH3)' 26.6 (CH3); IR (CH 2C1 2) v 200S, 1948 

(C=O) cm-1 
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~: 1H NMR (COC1 3, 2S0 MHz) 0 6.12 (m, 1, CH=), 5.87 (m, 1, 

CH=), 4.71 (s, S, CSHS)' 2.99 (s, 1, HI), 2.86 (bs, 1, H4), 2.79 (bs, 1, 

H7-anti), 2.26 (dd, 1, ~ = 3.7, 11.7 Hz, H3-exo), 1.19 (s, 3, CH3), 1.10 

(d, 1, ~ = 11.7 Hz, H3-endo); 13C NMR (COC1 3) <5 217.4, 217.2 (C=O), 139.0, 

131.7 (CH=), 128.S (C=N), 85.9 (C 5H5), 63.4 (CH), 53.7 (CH), 47.6 (CH), 

42.2 (CH2), 37.5 (~(CH )CN), 25.2 (CH 3); IR (CH 2C1 2) v 2005, 1948 (C=O) cm 

C, 61.98; H, 4.90. 

With H2C=C(CH3)CHO (~) 

The products were eluted from the LC column using a dich1oro

methane solution. The solvent was removed leaving a red oil. The oil 

was subjected to MPLC using a 3:7 (v/v) dich10romethane-hexanes 

solution. No separation was observed. The products exhibited infrared 

carbonyl frequencies characteristic of cyc10addition adducts at 2004 

and 1946 cm-1• 

With 4-viny1pyridine (1.4r) 

The products were eluted from the LC column using a 1:1 (v/v) 

dich10romethane-hexanes solution. The solvent was removed under 

vacuum at ambient temperature giving a yellow oil. The oil displayed 

infrared carbonyl frequencies characteristic of cycloaddition adducts at 

2003 and 1945 cm-1• 
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With HC=C-CN (1.Sd) 

The crude product was eluted from the column using a 1:1 (v/v) 

dichloromethane-hexanes solution. The solvent was removed giving 2.2d 

as a red-yellow oil: 1H NMR (CDC1 3, 2S0 MHz) 0 7.76 (m, 1, H3) 6.72, 

6.S9 (m, m, 2, HS, H6), 4.68 (s, S, CSHS)' 4.18, 3.90 (m, 2, H1, H4), 4.4S 

(m, 1, H7-anti); IR (CH2C1 2) v 2203 (C=N), 2003, 1942 (C=O) 1612 cm-1• 

With HC=CC02Me (l.Se) 

The product was eluted from the column using a 2:3 (v/v) 

hexanes-dichloromethane solution. The solvent was removed giving 2.2e 

as a yellow oil: 1H NMR (CDC1 3, 2S0 MHz) 0 7.80 (m, 1, H3), 6.7S, 6.S8 

(m, m, 2, HS, H6), 4.8S (bs, 1, H1), 4.6S (s, S, CSHS)' 3.90 (bs, 1, H4), 

3.69 (s, 3, CH3), 3.S3 (m, 1, H7-anti); IR (CH 2C1 2) v 2006, 1948 (C=O) 

cm-1• 

With other olefins 

Attempts were made to cycloadd 1.12a with the following 

olefins or acetylenes: 1.4t-z,~,~, and 1.Sf. No cycloadducts 

could be obtained with these olefins or acetylenes using Methods A, B, 

or C. 

Competitive Reaction of Fumaronitrile (1.4c) and 
Maleonitrile (1.41) with Fp(n1-CsHs) (1.12a) 

Fumaronitrile (13 mg, 0.17 mmol), maleonitrile (13 mg, 

0.17 mmol), and deuteriochloroform (O.S ml containing 1% tetramethyl

silane) were combined in an NMR tube. To this solution was added 

Fp(n1-CsHs) (41 mg, 0.17 mmol) in deuteriochloroform (0.2 ml) with 



agitation to obtain rapid mixing. 1H NMR spectroscopic analysis at 

250 MHz after 1 h showed the ratio of 2.1b:2.1k + 2.11 to be 1.17:1.00 

with no observable Fp(n1-C5HS) left in solution. 

Equilibration of 2.1b, 2.1k, and 2.11 

To a sol ution of 2.1b (20 mg, 0.06 mmol) in tert-butyl al cohol 

(1 mL) at 30°C was added potassium tert-butoxide (8 mg, 0.06 mmol). 

The reaction mixture was stirred for 45 min. The solution was then 
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cooled to 0 °c, neutralized with dilute aqueous hydrochloric acid 

solution, and extracted with diethyl ether. Removal of the diethyl 

ether gave a yellow-orange solid shown by 1H NMR spectrosccpic 

analysis at 250 MHz to consist of 2.1b, 2.1k, and 2.11 in the ratio of 

10:1:3, respectively, as judged from the relative integrations of the 

olefinic and Fp groups. This isomeric mixture was separated by column 

chromatography on alumina of activity grade III. Elution with 7:3 (v/v) 

hexanes-dichloromethane gave products whose 1H NMR and IR spectra were 

identical with those of authentic samples. 

Compounds 2.1k and 2.11 gave identical isomeric mixtures when 

subjected to the reaction conditions given for 2.1b. 

Kinetic Measurements of the Reaction 
of 1.12a with 1.41 

The absorption maxima and extinction coefficients for 1.12a, 

2.1k, and 2.11 between 300 and 800 nm were determined to be 322 (7774), 

351 (866), and 3S1 nm (866), respectively. All reactions were conveni

ently monitored at 322 nm. The reactions were studied under 

pseudo-first-order conditions using a large excess of olefin. 



Pseudo-first-order rate constants, kobs ' were calculated from the 

slopes of plots of In[(at-Aoo)/(AO-Aoo)] vs. time. All of the reactions 

obeyed first-order kinetics for at least three half-lives. All 
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reactions were run at the following initial concentrations: 1.12a, 1.33 

. x 10-3 M (±5%); 1.41, 2.1 x 10-2 !i (±5 %), using a 1.0 mm quartz cell at 

23.3 ± 0.5 °c. Three separate runs with each solvent studied were 

performed, giving an average reproducibility of ±8%. The observed 

rates in each solvent were as follows: benzene, 3.8 x 10-4 s-l; 

dichloromethane, 7.3 x 10-4 s-1; methanol, 16 x 10-4 s-l. 

Stability of 2.11 in Dichloromethane 

Complex 2.11 (17 mg, 0.053 mmol) was stirred in ca. 5 mL of 

dichloromethane for 1 h. The dichloromethane was removed under vacuum 

at ambient temperature leaving a crystalline yellow solid (17 mg, 

100%) which displayed 1H NMR and IR spectra identical to those reported 

for an authentic sample of 2.11. 

Stability of 2.11 in Dichloromethane 
Containing Mal eonitril e 1.41 

Complex 2.11 (17 mg, 0.053 mmol) was stirred for 1 h at ambient 

temperature in ca. 5 mL of dichloromethane containing 1.41 (4.2 mg, 

0.053 mmol). The dichloromethane was removed under vacuum at ambient 

temperature leaving a crystalline yellow solid which displayed 1H NMR 

resonances attributable only to 2.11 and 1.41. The yellow solid was 

column chromatographed on alumina (activity grade III) eluting with a 

1:1 (v/v) hexanes-dichloromethane solution collecting only the yellow 

band. The solvent was removed under vacuum leaving a yellow solid 



(16 mg, 92%) which displayed 1H NMR and IR resonances identical to 

those reported for an authentic sample of 2.11. 

Stability of 2.11 in Dich10romethane 
Containing 1.12a 
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Complex 2.11 (17 mg, 0.053 mmo1) was stirred for 1 h at ambient 

temperature in ca. 5.mL of dich10romethane containing 1.12a (11.3 mg, 

0.05 mmo1). The dich10romethane was removed under vacuum at ambient 

temperature leaving a yellow-orange solid which displayed 1H NMR 

resonances attributable only to 2.11 and 1.12a. The yellow solid was 

column chromatographed on alumina (activity grade III) eluting with a 

1:1 (v/v) hexanes-dich10romethane solution separately collecting the 

two yellow bands. The solvent was removed from each collected band 

under vacuum at ambi~nt temperature. The first compound to elute from 

the column displayed 1H NMR and IR spectra identical to those reported 

for an authentic sample of 1.12a. The second compound to elute (16 mg, 

92%) displayed 1H NMR and IR spectra identical to those reported for an 

authentic sample of 2.11. 

Reaction of 1.12a with 1.41 in 
Benzene Containlng 2.11---

A solution of 1.41 (5 mg, 0.60 mmo1) in ca. 1 mL of benzene was 

added to a stirred solution of 1.12a (13 mg, 0.054 mmol) and 2.11 

(12.3 mg, 0.038 mmo1) in ca. 5 mL of benzene at ambient temperature. 

After 1 h, the solvent was removed under vacuum leaving a yellow oil. 

The 1H NMR spectra of this oil displayed resonances attributable to 

2.1k, 2.11, and 1.41. The ratio of 2.1k to 2.11 was 1:1 as determined 
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from the integration data obtained for the olefinic resonances at 0 6.08 

and 0 6.37 for 2.1k and 2.11, respectively. 

Reaction of 1.12a with 1.41 in 
Methanol Contalning 2.1~ 

A solution of 1.41 (5 mg, 0.060 mmol) in ca. 1 mL of methanol 

was added to a stirred solution of 1.12a (13 mg, 0.054 rnmol) and 2.1k 

(5.7 mg, 0.018 mmol) in ca. 5 mL of methanol at ambient temperature. 

After 1 h, the solvent was removed under vacuum leaving a yellow oil. 

The 1H NMR spectra of this oil displayed resonances attributable to 

2.1k, 2.11, and 1.41. The ratio of 2.1k to 2.11 was 1:1 as determined 

from the integration data obtained for the olefinic resonances at 0 6.08 

and 0 6.37 for 2.1k and 2.11, respectively. 



CHAPTER 3 

REACTIONS OF THE Fp GROUP IN 7-SYN

CYCLOPENTADIENYLIRON(II)DICARBONYL

BICYCLO[2.2.1]HEPT-5-ENES 

Introduction 

Organoiron compounds have been shown to be useful intermedi

ates in the synthesis of organic compounds [11,12,26-35]. A particu

larly useful transformation of the Fp group into a C02Me group with 

stereochemical control is shown in Equation 3.1. 

+ [OX] (3.1) 

Recently, Wright, Glass, and coworkers have shown that this 

method can be used to synthesize methyl bicyclo[2.2.1]hept-5-ene-

7-syn-carboxylate compounds from 7-syn-Fp-bicyclo[2.2.1]hept-5-ene 

compounds [11,12] (Equation 1.12). 

If a similar but slightly modified reaction sequence could be 

developed for the stereospecific replacement of the Fp group by other 

useful acyl functional groups in 2.1 and 2.2 type compounds, then the 
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synthetic utility of Fp(nLC5H5) (1.12a) and its cycloadducts (2.1 and 

2.2) wou 1 d be greatly enhanced (Scheme 1). 
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As with most synthetic processes, the choice of reaction 

c'onditions can greatly infl uence the course of the reaction. It has 

been shown that this is true of Equation 3.1 also [28-37]. The 

literature indicates that this transformation can be made to proceed 

selectively to yield either an acyl or an alkyl derivative by using the 

proper combination of oxidant, solvent, alkyl group, nucleophile and 

1 i gand. 

In order to extend this reaction sequence to allow the 

synthesis of other useful acyl derivatives, an understanding of how 

each of these reaction parameters influences which reaction product is 

formed is necessary. The most studied oxidants have been cupric 

halides, ammonium cerium(IV) nitrate, halogens (e.g. Cl, Br, I), and 

electrochemical oxidation. Types of solvent range from non-coordinat

ing (e.g. CH2X2) to coordinating (e.g. alcohols, CH3CN). The nucleo

philes can originate from external sources or through decomposition of 

the oxidant. Alkyl groups range from methyl to 7-norbornenyl. Ligand 

types vary from weakly coordinating (e.g. alcohols, CH3CN) to strongly 

coordinating (e.g. CO, PR3). 

A 11 of the oxi dation reactions, regardl ess of oxi da1!t, solvent, 

nucleophile, ligand, or alkyl group, have been shown to proceed by an 

initial one electron oxidation of the iron from a +2 to +3 oxidation 

state (Equation 3.2). It is proposed that 3.1 initially exists as a 

tight ion pair contained within a solvent cage [29]. 



+ [Ox] --> 

3.1 

The products obtained using cupric halides as oxidants in 

dihalomethane solvents were shown to be primarily alkyl halides 

[28-30] (Equations 3.3, 3.4, and 3.5). 

+ CuX 

+ ---+~ F p. + R + X- + CuX 

-------.... ;: F· + RX 
P + CuX 

[F R ••• XCuX] 
p 

--------~~ F· + RX + CuX p 
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(3.2) 

(3 .. 3) 

(3.4) 

(3.5) 
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Alkyl groups normally susceptible to nucleophilic attack (R = 

CH3, ~CH2) and good nucleophiles (X = Br-, Cl-) favor reaction via 

Equation 3.5. This reaction is thought to occur within the solvent cage 

through an SN2 type mechanism resulting in an inversion of the stereo

chemistry at the carbon atom which is bound to the iron atom. 

Relatively hindered alkyl groups (R = n-Bu, (CH3)3CCH2CH2) and 

poor nucleophiles (X = (N03)(OP~3» favor reaction via Equation 3.3. The 

alkyl radicals formed are thought to abstract halides from the solvent 

and/or the oxidant to form the alkyl halides. Experimental evidence 

suggests that diffusion of the components from the solvent cage occurs 

prior to bond breakage. 

Equation 3.4 has been proposed to explain the unusual results 

obtained using erythro and threo FpCH2CH2~. The reaction proceeds with 

a high degree of stereochemical retention but with complete scrambling 

of the carbon-13 labeled ethylene carbons. The formation of the 

phenonium ion (3.2) is suggested to account for these results (Equation 

3.6). Experimental evidence also indicates this process probably occurs 

after diffusion of the components from the solvent cage. 

+ 
Fp~¢ Fp. + (3.6) 
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Changing the reaction medium from a non-coordinating, non

nucleophilic solvent to a coordinating, nucleophilic solvent (e.g. 

alcohols) causes drastic changes in the reaction mechanism and, conse-

quently, the reaction products (Equation 3.7). 

[C Fe(CO) R]+ [CuX ]-
p 2 

ROH (3.7) 

Carbonyl insertion (also referred to as migratory ligand 

transfer) into the iron-carbon bond now occurs competitively with 

Equations 3.3, 3.4, and 3.5. This process has been shown to proceed 

stereospecifically with retention of configuration at the migrating 

carbon center [33]. The presence of excess ligand (CO, CH3CN, PR3) 

greatly facilitates carbonyl insertion [29,37]. It is not known whether 

this process occurs inside or outside the solvent cage. 

Presumably, the esters result from cleavage of the acyl-iron 

bond through nucleophilic attack of the alcohol at the 
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electrophilically activated carbonyl group. The fate of the ·iron 

leaving group is unknown. 

The reaction products using CAN [where (NH4)2Ce(N03)6 = CANJ in 

CO saturated methanol are also esters. The non-nucleophilic and non

coordinating nature of this oxidant and of its decomposition products 

further facilitate acyl formation over direct iron-carbon bond cleavage 

in coordinating solvents (Equation 3.8). This oxidant has been shown to 

be the most reliably selective oxidant for producing esters 

[11,12,26,32,33]. 

L ---... 

ROH (3.8) 

An additional mechanistic possibility exists when halogens are 

used as oxidants (Equation 3.9) in non-nucleophilic and relatively non

polar solvents. 

It is possible that a second electron could be transferred 

between the ion pair within the solvent cage. This would result in a 

species such as 3.3 and give an overall two electron oxidation. 

Although the literature lacks definitive evidence, the available experi

mental data tends to favor Path B [29,34J. 



Path A 

[C
p
Fe(CO)2(X)(R)]+ [X]-

3.3 
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1 Path B (3.9) 

RX RX 

Running the reaction with C1 2 or Br2 in CO saturated methanol 

produces esters in moderate to low yields (Equation 3.10). 

o 
co II 

R-C-m~e + RX 
MeOH (3.10) 

+ ROMe 

Ether and alkyl halioe formation were found to be competitive processes 

in some of these reactions [33,35]. For unexplained reasons, using 

chlorine in chloroform produces the acyl chlorides and not the alkyl 

chlorides. It is conceivable that the halogen oxidations in methanol 

also proceed through the acyl halide which would immediately react 

with the methanol to form the ester (Equation 3.11). 

Halogen oxidants in coordinating, polar solvents do not 

generally produce esters as reliably or in as high yield as other 

oxidants discussed. 
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+ 
CO 

----.> + RCOX 
(3.11) 

The literature contains one other report demonstrating the use 

of a nucleophile other than an alcohol or halogen. R05enblum and 

coworkers were successful in synthesizing a-lactams in ca. 30% yields 

through an intramolecular displacement of the Fp group by an amine 

using A920 or Pb02 oxidants [27] (Equation 3.12). 

ox 

(3.12) 

KOt-Bu 

From this data a general procedure for producing acyl deriva

tives becomes apparent. The combination of excess ligand and polar 

solvents favors the reaction pathway leading to the acyl derivatives 

(Equation 3.13). 



Equations 
3.3, 3.4, 3.5 

Path B 

L ---... 
Sol 

Path A 
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(3.13) 

In order to design a synthetic method capable of using a novel 

nucleophile, primary consideration must be given to these two reaction 

parameters. Studies have shown that acetonitrile is capable of facili

ta~ing CO insertion in FpR+ complexes [36,37], but it is not suffi-

. ciently nucleophilic to cleave the iron-carbonyl bond. It is also~ 

highly polar and should solvate the resultant ions well. 

Many nucleophi1es are readily available. Consideration must be 

given to both the compatibility of the nucleophile to the reaction 

conditions as well as to type of the acyl product formed. It would be 

desirable not only to develop a general synthetic method for using 

another nuc1eophi1e, but also to produce acyl compounds which could be 

further stereospecifically derivatized to other organic compounds which 

are difficult to obtain otherwise. 

A nuc1eophi1e which meets these criteria is the azide anion, 

N3-. This anion is a very good sterically non-hindered nuc1eophile and 

coul d produce acyl azide derivatives (3.4) (Scheme III). Esters, 



isocyanates, acyl nitrenes, aziridines, and urethanes are all easily 

obtained from acyl azides [38]. 

o 

it 
F 

I T 
E 

ox. L 

Sol. 

3.4 

Scheme III 

Reaction Scheme for the Synthesis of Acyl Azides 
(3.4) from 1.13 Compounds 
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Competitive oxidation of the azide anion and the organoiron 

compounds is probable. The data in the literature indicate that these 

species have similar oxidation potentials [36,37,39,40]. An excess of 

azide reagent must therefore be used to maintain a maximum concentra

tion of the azide anion in solution during the course of the reaction. 

Some considerations must also be given to the choice of 

oxidants. Cupric halides, halogens, and CAN have all been shown to 

produce acyl derivatives in polar, coordinating solvents and should all 

be tested. An undesirable complication might occur using cupric halides 

in the presence of azide anion (Equation 3.14). Compound 3.5 has been 

known to detonate when dry [41]. For this reason, only C1 2, Br2, and 

CAN should be tested as oxidants. 

The test FpR compounds should incorporate attributes that 

would yield the most useful information relative to the scope of the 

reaction and what functional groups the reaction will tolerate. 
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(3.14) 

Results and Discussion 

Synthetic Methods 

The compounds chosen for study are listed in Figure 5. These 

compounds range from 2,2,3,3-tetra-substituted to mono-substituted and 

contain ester, nitrile, and olefinic functional groups in various exo 

and endo stereochemistries. 

All reactions, unless otherwise noted, were run by adding 

2-6 molar equivalents of the oxidant to a solution of acetonitrile 

cooled to 0 °C containing one molar equivalent of the FpR compound and 

10 molar equivalents of sodium azide. 

Oxidations 

Examination of Table 3.1 reveals that the three methods tested 

all produced the desired acyl azide products in various yields. 

Method A produces only one product, 3.4b, in the synthetically 

useful yield of 73 percent. However, low yields of the acyl azides 

3.4a (40 percent) and 3.4e (35 percent) were obtained. Crude product 

mixtures of 3.4a and 3.4c contained considerable amounts of unreacted --- ---
2.1b and 2.11. Compounds 3.4c, 3.4f, and 3.4g could only be detected in 

trace amounts and could not be isolated pure. Compound 2.1u produced 



2.1b R
1

= R3 =CfJ; R2=R3=H 

2.1k Rl = R2 = CN; R3 = R4 = H 

2.11 R3 =R4 =CrJ; Rl =R2=H 

2.1c Rl = R4 = COl1e; R2 = R3 = H 

2.1e R =CN", R =R =R =H 
1 2 3 4 

2.1f R
3

=Cfl; R =R =R =H 
124 

2.1 i 

2.1h 

2.1u 

R3 = C02t1e; R = R = R = H 
124 

Rl =CO/1e; R2=R3=R4=H 

R = R = R = R = CN 
1 2 3 4 

2.2c R =R =CO r'1e 
-- 1 2 2 

Figure 5. Norbornene (2.1) and Norborndiene 
(2.2) Reagents 
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Tabl e 3.1 

Specific Experimental Details for the Conversion of 2.1 
Compounds to 3.4 Compounds 

Compound Method a Equivalents of 
Oxidant Usedb Products (Yiel d, %)c 

2.1b A 6 3.4a (40) 2.1b (50)d 

B 3.0 3.4a (82) 
C 3.0 3.4a (60)e 

2.1k A 6 3.4b (73) 
B 3.0 3.4b (86) 
C 3 3.4b (75) 

2.11 A 6 3.4c f 2.11 (90) 
B 3.0 3.4c (80) 
C 3 3.4c (73) 

2.1c B 2.0 3.4d (36) 3.6 (46) 

C 3 3.4i (63) 

2.1e A 6 3.4e (25)e 

B 2.5 2.4e (40)e 

2.lf A 6 3.4f f 

B 2.5 3.4f (17) 

2.li A 6 3.49 f 

B 2.5 3.49 f 

C 3 3.49 f 

2.1h A 6 3.4h f 

B 2.5 3.4h f 
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Table 3.1, Continued 

Compound Method a Equivalents of 
Oxidant Usedb 

2.1u B 3.0 
C 3 

2.2c B 2.5 
C 3 

Products (Yield, %)c 

2.1u (60) 
2.1u (36) 

3.7 (65) FpBr 
3.8 (23)d 
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(63) 

aAll reactions were run using acetonitrile as the reaction solvent. 

bDetermined by TLC (silica gel) as described in the experimental 
section for Method B only. 

cThese yields are average yields of isolated products unless 
otherwise specified. 

dYield determined by 250 MHz proton NMR compared to a known 
quantity of added benzene. 

eThese products could not be obtained completely free from the 
large numbers of impurities present in the reaction mixture. Thete 
yields are probably accurate to only ±10% as judged from IR and H NMR 
analyses. 

fOnly trace amounts of the products could be detected by IR 
analysis. 
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no desired acyl azide product. The ultimate fate of the starting 

material 2.1 in the low yield reactions of 2.1e, 2.1f, 2.11, and 2.1h is 

unknown. Some effort was directed at increasing the product yields 

through slight alterations of the reaction conditions used in Method A. 

Various combinations between lower reaction temperatures (ca. -30 to 

o °C), longer reaction times (1 to 24 hours), and slower addition of 

oxidant (1 to 9 hours) either lowered or maintained the original product 

yields in reactions of 2.1b and 2.1k. Addition of 2 molar equivalents 

of trimethyl phosphite to the reaction mixture of 2.1i before oxidation 

gave no measurable increase in the yield of azide 3.4g. 

Method B worked well for compounds 2.1b, 2.1k, and 2.11, giving 

acyl azides in 82, 86, and 80 percent yields, respectively. Compounds 

3.4d, 3.4e, and 3.4f could also be obtained in the moderate yields of 

36, 40, and 17 percent, respectively. An additional bicyclic compound 

was isolated in 46 percent yield from the product mixture resulting 

from the reaction of 2.1c. This product was identified as the alkyl 

bromide 3.6. Compounds 3.4g and 3.4h could only be detected in trace 

amounts. Bromine oxidation of 2.1u returned only unreacted 2.1u. The 

reaction of 2.2c gave a 65 percent yield of the bicyc1ic alkyl bromide 

3.7. A 63 percent yield of FpBr [42J was also isolated from this 

reaction and no acyl azide could be detected. The 25U MHz proton NMR 

spectra of reaction mixtures that produced low yields and trace 

amounts of the desired acyl azides indicate the presence of a wide 

variety of organic by-products. These impurities severely complicated 

product purification and characterization. Evidence suggests some of 
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these products probably arise from undesired side reactions with the 

bromine oxidant. Isolation of 3.6 and 3.7 suggests one type of side 

reaction. Bromine addition across the double bond is also probable. In 

an effort to reduce undesirable bromine related side reactions, the 

reaction progress was monitored by thin layer chromatography after the 

addition of 0.5 molar equivalents of bromine every 15 minutes. The 

reaction was worked up when there was no starting FpR left in solution. 

The stoichiometries obtained are presented in Table 3.1. 

Method C was successful in producing acyl azides 3.4a, 3.4b, 

3.4c, and 3.4d in the synthetically useful yields of 60, 73, 75, and 

63 percent, respectively. Compound 3.4g could be detected only in 

trace amounts. Reaction of Compound 2.1u under the conditions of 

Method C gave results virtually identical to those reported for 2.1u in 

Method B. Product mixtures using Method C contained large amounts of 

by-products. The acyl azide products could only be isolated pure after 

many repeated crystallizations. Compound 2.2c gave the alkyl chloride 

3.8 when subjected to C1 2 oxidation. Again, no acyl azide could be 

detected in this reaction mixture. 

An unidentified azide-containing compound was isolated from all 

reaction mixtures obtained from every oxidation. It displays an intense 

infrared absorption at 2105 cm-1 which can sometimes mask the weaker 

acyl azide stretching absorption at ca. 2150 cm-1 in crude reaction 

mixtures. The exact origin of this material is unknown, but it could 

result from various combinations of the solvent, oxidant, nucleophile, 

and/or the n5-cyclopentadiene ring cleaved from the Fp leaving group. 
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The results show that Methods Band C can be successfully used 

with Type 2.1 compounds containing two electron-withdrawing groups at 

the C(2) and C(3) positions to produce acyl azide derivatives in syn

thetically useful yields. These methods showed tolerance for ester, 

cyano and olefinic functional groups. Also, no cis-trans isomerization 

was observed in the cis-isomers tested of 2.1. Method B provides the 

highest overall yields, whereas Method C gives more general results but 

somewhat lower product yields. Method A was found to be the most 

limited in scope. 

These results confirm that the azide anion can indeed be used 

in th~ iron-carbon bond cleavage reaction studied to form acyl azides 

(Scheme III). Furthermore, the overall synthetic goal of synthesizing 

bicyclo[2.2.1]-hept-S-ene-6-syn-carbonylazides (3.4) was realized. This 

effectively makes Fp(nLCSHs)' 1.12a, a two-step synthetic equivalent 

of S-carbonylazide-cyclopentadiene (3.9) as well as S-carbomethoxy-cyc

lopentadiene (3.10) [11,12] (Equation 3.15) in cycloaddition reactions. 

FP-o Me 0'-0 :~ (3.15) 

3.10 3.9 
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Product Characterization 

Acyl azides are known to be thermally ~nd photochemically 

unstable. This can sometimes lead to problems in their isolation and 

characterization. The availability of a stable model system which 

would produce a proton NMR spectrum similar to the expected acyl 

azides proton NMR spectra should greatly facilitate product characteri

zations. The esters reported by Wright, Glass, and coworkers should be 

ideal. The azide functionality should be far enough removed that their 

proton NMR spectra should differ only slightly in chemical shift and ~ 

values from the expected products. Spectra were available for all the 

model esters but the three isomeric dicarbonitrile norbornenes 3.11a-c 

(Figure 6). 

These esters were prepared from compounds 2.1b, 2.1k, and 2.11 

using synthetic methods analogous to those used by Wright and Glass. 

The yields of 60, 72 and 69 percent were obtained for esters' 3.11a, 

3.11b, and 3.11c, respectively. Table 3.2 presents the proton NMR 

chemical shifts and ~ values for all the model esters. The spectral 

characteristics for esters 3.11a, 3.11b, and 3.11c are consistent with 

characteristics discussed in Chapter 2 for their parent Fp substituted 

compounds and require no detailed analysis. 

The consistency between the 250 MHz proton NMR spectra of 

these acyl azides and their ester analogs is remarkable. Inspection of 

Table 3.2 shows that only minor differences exist between the 

resonances of comparable protons. This is as predicted and strongly 

supports the assigned structures of 3.4a-f. Proton assignments for 



o 

3.11 

3.lla Rl = R4 = CN; R = R = H 
2 3 

3.l1b Rl = R2 = CN; R3 = R4 = H 

3.11c R3 = R4 = CN; Rl = R2 = H 

3.l1d R =R =CO r·le" R =R =H 
1 4 2' 2 3 

3.11e Rl = CN; R = R = R = H 
2 3 4 

3.11 f R3 = CN; R = R = R = H 124 

3. 11 i R = . CO Me' R = R = R = H 32' 1 2 4 

3.l1h Rl = C02t1e; R2 = R3 = R4 = H 

o 

3.12 

Figure 6. Structures of Ester (3.11) t·lodel Systems 
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Table 3.2 

Proton NMR Resonances for 3.4 and 3.11 Compounds 

111 NHR Dataa III 11M I! Oataa,b 

Proton Compound ( )e J values Compound ( )e J values (liz) 

3.4a 3.11a 

liS, 116 6.39 (dd) 1.8, 1.8 6.36 (dd) 1.9, 1.8 

114 3.70 (dd) 3.4, 1.7 3.69 (ud) 3.4, 1.7 

III 3.66 (dd) 3.6, 1.7 3.66 

113-exo 3.27 (dd) 4.1, 3.6 3.26 (dd) 4.2, 3.4 

117-anti 2.90 2.90 

112-endo 2.56 (d) 4.3 2.55 (d) 4.2 

3.4b 1:..!.!£ 
liS, 116 6.25 (dd) 1.8, 1.8 6.23 (dd) 2.2, 1.8 

HI, H4 3.68 (dd) 5.5, 1.8 3.69 (dd) 2.2, 1.8 

H2-endo, 2.75 (s) 2.73 (s) 113-endo 

117-anti 3.18 3.18 

3.4e 3.11e 

liS, 116 6.51 (dd) 1.8, 1.8 6.49 e e 
HI, 114 3.69 (dd) 3.1, 1.6 3.69 

112-exo 3.38 (dd) 1.7, 1.2 3.38 113-exo 

H7-anti 2.54 (dd) 1.8, 1.2 2.54 

3.4d 3.lldf 

HS, H6 6.18d (dd) 5.7, 2.9 6.14d(dd) 5.7, 3.1 
III 3.40 3.3B 
114 3.58 e 

112-endo 2.73 (d) 4.4 2.70 (d) 4.6 
H3-exo 3.44 (dd) 4.2, 3.9 3.42 
H7-anti 2.95 (dd) 1.8, 1.4 2.91 

(j) 
.j::>. 



Table 3.2, Continued 

Proton 

H5, H6 

HI 

112-endo 1 
H3-~ 

H3-endo 

114 

H7-anti 

H5, H6 

HI 

H2-exo 

H3-exo 

H3-endo 

H4 

H7-anti 

COOIpound 

3.4e 

3.4f 

111 NMR Dataa 

<5 ( )c J Values (Hz) 

6.1
g e e 

3.3 

2.3-1.1 

2.8 

3.5 

6.27 (dd) 5.7, 2.9 

3.51 

2.96 (ddd) 5.5, 3.8, 3.8 

2.26 (ddd) 13.0, 9.4, 3.6 

1.40 (dd) 12.4, 4.1 

3.32 

2.45 

a250 MHz, unles otherwise specified. 

bMethyl group resonances not reported. 

COOIpound 

3.11/ 

3.11l 

III IIMR Dataa,b 

6 ( )c J Values (Hz) 

6.05 

3.29 

2.19 (dtl) 9.2, 4.2 

2.02 (ddd) 12.3, 3.9, 3.9 

1.56 (dtl) 12.3, 9.2 

2.77 

3.45 

6.27 (dtl) 5.8, 2.9 

3.53 

2.97 (dJd) 9.2, 3.9, 3.9 

2.27 (ddd) 12.6, 9.4, 3.6 

1.40 (dd) 12.2, 3.8 

3.34 

2.45 

cMultiplicities: s = singlet; d = doublet. Unreported multiplicities are either singlets or 
unresolved multiplets. 

dAverage va I ue of resonances 

eNot reported 

f References 11 and 12 

g60 MHz O'l 
U1 
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type 3.4 products were made as described in Chapter 2 and the 

literature reports for their 7-syn-carbomethoxy [12J and 7-syn-Fp sub

stituted [9,10J analogs. The reader is referred to these sources for 

an in-depth description of the proton NMR spectra analysis process. 

Products 3.4a-h all displayed strong infrared absorptions at 

2145 to 2173 cm-1 and 1699 to 1709 cm-1 characteristic of the. presence 

of an acyl azide functionality. 

Further structural proof was obtained through a chemical 

transformation. A well-documented derivatization reaction can be used 

to convert acyl azides to esters. The azide anion is displaced by the 

more nucleophilic methoxy group generated from catalytic amounts of 

weak base [38J. 

Subjection of type 3.4 compounds to these reaction conditions 

should yield the well characterized 3.11 7-syn-carbomethoxy compounds. 

Successful conversion of one type 3.4 compound to a type 3.11 compound 

through this well established procedure coupled with the previously 

discussed proton NMR and IR data would confirm the structures of 

3.4a-f. 

When 3.4b was reacted with methanol containing 0.1 molar equiv

alents ·of anhydrous potassium carbonate for 36 hours, a 94 percent 

yield of ester 3.11b was obtained. This further supports the identifi

cation of 3.4b as the desired azide. Since this conversion reaction 

does not occur at the C(7) carbon, one can infer that the acyl azide 

group must be formed stereospecifically syn to the double bond during 

carbonyl insertion. This retention of stereoche~istry is entirely 
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consistent with previously discussed carbonyl insertion processes in FpR 

compounds [28,33]. 

Due to the sensitivity of acyl azides to heat and light, 

elemental microanalysis is generally not used for molecular formula 

confirmation and it was not used here. 

In light of these spectral and chemical results, the acyl azide 

reaction products were assigned structures 3.4a-f (Figure 7). 

Supportive proton NMR data could not be obtained for compounds 3.4g or 

3.4h. 

3.4a R = R = CN· R =R =H 
1 4 ' 2 3 

3.4b R = R = eN; R =R =H 
1 2 3 4 

3.4c R =R = eN; R =R =H 
3 4 1 2 

3.4d R =R = CO Me; R =R =H 
1 4 2 2 3 

3.4e R = eN· R = R =R =H 
1 ' 2 3 4 

3.4f R = eN; R =R =R =H 
3 1 2 4 

Figure 7. Structures of Acyl Azide (3.4) Products 



Electrochemical Oxidation 

In an effort to obtain some insight into the cause of the 

reactivity differences noted between the F pR compounds tested, cycl ic 

voltammetry studies were performed [29,37]. The reactions were all 
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run in 0.1 !i (n-Bu)4N+C104- in acetonitrile solutions using 1 cm x 3 cm 

platinum foil working and counter electrodes. Peak potentials were 

measured between 0.0 V and 1.3 V using 200 mV/s scan rates. Peak 

potentials were measured against a Ago/saturated AgN03 in acetonitrile 

reference electrode. The results obtained are presented in Table 3.3. 

Some representative cyclic voltammograms are shown in Figures 8, 9, and 

10. 

Compound 2.1u displayed the highest peak potential. The three 

isomeric dicarbonitriles 2.1b, 2.1k, and 2.11 came next followed by the 

diester 2.1c and finally the mono nitriles and esters 2.1e, 2.1f, and 

2.1i. Apparently, the number and type of electron withdrawing groups 

located at positions 2 and 3 greatly influence the ability of the iron 

to be oxidized. As seen, the difficulty of oxidation increases as 

electron withdrawing ability increases. Therefore, a higher potential 

is required to oxidize 2.1u than 2.1f. 

These observations could explain the resultant differences in 

the molar equivalents of oxidant needed in the chemical oxidations. It 

is likely that there is competition between oxidation of the FpR 

compound and oxidation of the azide anion. Lower peak potentials for 

the FpR compounds should make their oxidation more competitive. The 

major consequence of this is that less oxidant would be required. 
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Table 3.3 

Cycl ic Voitammetry of 2.1 and 2.2 Type Compounds 

Compound Oxidation Peak Potentialsa (Volts) 

1st 2nd 

2.1b 0.92 

2.1k 0.91 

2.11 0.8 

2.1c 0.75 0.94 

2.1e 0.76 0.94 

2.1f 0.75 0.94 

2.1h 0.66 (0.67)b 0.96 (0.94)b 

2.1u 1.05 1.23 

2.2c 0.73 0.91c 

aDetermined in a 0.1 ~ solution of (n-Bu)4NC104 in acetonitrile and 
measured against a Ago/AgN03 saturated in acetonitrile reference 
electrode, unless otherwise specified. 

bDetermined in a 0.1 ~ solution of LiC104 in acetonitrile. 

cA third oxidation peak potential occurs at 1.16 V. 



1.0 0.5 0.0 

POTENTIAL (volts versus Ag/AgN03) 

Cyclic Voltammagram for 2.1b 

1.0 0.5 0·0 
POTENTIAL (volts versus Ag/AgN03) 

Cyclic Voltammagram for 2.11 

Figure 8. Cyclic Voltammagrams for 2.1b and 2.11 
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1.0 0.5 0.0 

POTENTIAL (volts versus Ag/AgN03) 

Figure 9. Cyclic Voltammagram for 2.1f 
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1.0 0.5 0·0 

POTENTIAL (volts versus Ag/AgN03) 

Figure 10. Cyclic Voltammagram for 2.1i 
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A second higher peak potential is observed in some of the 

cyclic voltammagrams. A variety of factors could be responsible for 

this second peak oxidation potential. If iron-carbon bond cleavage is 

fast (Equations 3.3, 3.4, and 3.5), radicals would be produced which 

could then be further oxidized. Alternatively, the second peak 

oxidation potential could simply arise from removal of a second 

electron from FpR as is proposed for halogen oxidations (Equation 3.9). 

Both processes would be effected similarly by the number and type of 

electron withdrawing substituents at C(2) and C(3). It should be noted 

that all of the compounds that give low yields of acyl azides and 

return no unreacted starting material also display this second peak 

potential. 

Possible Mechanisms 

The basic goal of this research was the development of a new 

selective transformation of the.Fp group. Primary interest lay in 

isolating and characterizing these specific derivatives. Thus, a 

detailed analysis of all the reaction products formed was not 

undertaken. However, the results obtained do suggest certain mechanis

tic possibilities. 

The reactions proceed to the proposed ion pair, 3.1, as 

described earlier. The cation can then further react by two competing 

reaction paths (Equation 3.13). Path A leads to the carbonyl insertion 

products. Path B proceeds to give alkyl halides. 

Reports have shown that alkyl groups which are capable of 

forming stable carbenium ions can proceed as depicted in Equation 3.4. 
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The cation dissociates into Fp radicals and resonance stabilized 

carbeniu~ ions. An analogous dissociation of 3.12 into Fp radicals and 

the norbornenyl cation 3.13 could also be occurring here (Equation 

3.16). 

+ 

~ 
+ 

, Fp. + ~ 
3.12 3.13 

1 
(3.16) 

£ X-
~ 

3.14 

After bond dissociation, the cation 3.13 should be resonance stabilized 

through interaction with the double bond (3.14). This would shift the 

reaction equilibrium towards the bond dissociation process. The 

isolation of the alkyl halides 3.6 certainly adds support to this 

suggestion. The high yield of 3.7 coupled with the observation that no 

acyl azide derivative was formed in the reaction is especially 

supportive. It is known that C(7) groups positioned anti to a double 

bond in [2.2.1]bicyclic compounds are rapidly dissociated in polar 
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solutions [43]. The presence of the double bond anti to the Fp cation 

in 3.15 should facilitate the bond dissociation process (Equation 3.17). 

Fp. + 

3.15 

(3.17) 

Equations 3.16 and 3.17 predict specific C(7) stereochemistry. 

Unfortunately, the proton NMR spectroscopic data obtained for 3.6 and 

3.7 does not allow the designation of specific C(7) stereochemistry. 

In conclusion, it appears that the compounds that are electron

ically deactivated towards forming norbornenyl cations (i.e., 2.1b, 2.1k, 

and 2.11) favor Path A (Equation 3.13). It is reasonable to suggest 

that resistance to bond dissociative processes should allow more time 

for the competitive carbonyl insertion reaction to occur. The electron 

withdrawing ability of the two ester functionalities in 2.1c must place 

2.1c in the intermediate range between being deactivated or activated 

towards bond dissociation. It should also be noted that higher yields 

of 3.4d were obtained using chlorine as the oxidant. Chloride anion is 
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less reactive as a nucleophile than bromide. The increase in yield of 

3.4d using the less reactive nucleophile suggests that Equation 3.5 

might be operating in alkyl halide formation. Compounds activated (i.e. 

2.2c) favor Path B (Equation 3.13). This is the most probable reaction 

path for the moderately deactivated mono-substituted compounds (2.1e, 

2.1f, and 2.1h) also. Compounds too deactivated (2.1u) fail to be 

oxidized initially. 

Experimental 

Melting points were measured on a Thomas-Hoover melting point 

apparatus and are uncorrected. Solvents were routinely dried by 

standard procedures [21] and stored under an inert atmosphere. The 

NMR solvent~ were predried over 3-~ molecular sieves and stored in a 

Schlenk flask under an inert atmosphere. In addition, NMR samples were 

routinely passed through a plug of Celite to remove finely divided 

decomposition particles. 

Spectroscopic measurements utilized the following instrumenta

tion: IH NMR, Varian EM360, Bruker WM-250 (at 250 MH~); IR, Perkin

Elmer PE983. NMR chemical shifts are reported in 6 units versus 

internal tetramethylsilane. Low resolution mass spectra were 

performed at the College of Pharmacy, University of Arizona, and were 

run on a Varian MAT 311A mass spectrometer coupled with a Varian SS-

200 data system. 

Cyclic voltammetry was performed using a Princeton Applied 

Research Model 362 scanning potentiostat coupled with a Houston Instru

ments Model 200 XY recorder. 



The Merck HF-254 (type 60) silica gel used for analytical and 

preparative thin layer chromatography was purchased from Brinkmann 

Instruments, Inc. Preparative thin layer plates were prepared on 8 x 

8 in. plates to give a layer of adsorbent 0.75 mm thick. 
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The 7-syn-Fp-bicyclo[2.2.1Jhept-5-ene (2.1) and 

7-syn-Fp-bicyclo[2.2.1Jhept-2,5-diene (2.2) complexes were prepared as 

described in Chapter 2 of this dissertation or by literature methods 

[9,11,12J. Sodium azide was purchased from Ventron Chemical Co. No 

reactivity difference was observed between the sodium azide used 

directly from the bottle versus activated samples [44J. 

General Procedure for the Preparation of 
Methyl Bicyclo[2.2.1Jhept-5-ene-7-
syn-carboxylates (3.11) 

To a stirred solution of 2.1 in 15 mL of methanol saturated 

with carbon monoxide at 0 °C was added 6 equivalents of ammonium 

cerium(IV) nitrate. The reaction mixture was allowed to stir for 1 h 

at 0 °C and 1 h at room temperature with carbon monoxide bubbling 

through the solution. The methanol was then removed under reduced 

pressure. The resultant solid was dissolved in water and extracted 

with dichloromethane (5 x 35 mL). The combined dichloromethane layers 

were dried over anhydrous magnesium sulfate, filtered through Celite, 

and the solvent removed under vacuum giving crude product. 

The analytical data and the specific details for the purifica

tion of each product obtained are given below. 



Methyl Bicyclo[2.2.1]hept-5-ene-2-exo, 
3-endo-dicarbonitrile-7-syn-carboxylate (3.11a) 
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Compound 2.1b (0.24 g, 0.75 mmol) was converted to ester 3.11a 

as described above. Distillation (80°C, 0.5 mm) of the crude product 

from bulb to bulb gave 3.11a as a clear oil (90 mg, 60%). A sample 

was purified by gas chromatography on a 0.25 in. x 5 ft 10% SE-30 on 

Chromosorb W column at 200°C: 1H NMR (CDC1 3, 250 MHz) ~ 6.36 (dd, 2, ~ 

= 1.8, 1.9 Hz, H5, H6), 3.69 (dd, 1, ~ = 1.7, 3.4 Hz, H4), 3.66 (m, 1, HI), 

3.64 (s, 3, CH3), 3.26 (dd, 1, ~ = 3.4, 4.2 Hz, H3-exo), 2.90 (m, 1, 

H7-anti), 2.55 (d, 1, ~ = 4.2 Hx, H2-endo); IR (KBr) v 2245 (C:N), 1744 

(C=O), 1216 em-I. Anal. Calcd for C11H10N202: C, 65.33; H, 4.99. 

Found: C, 65.09; H, 5.05. 

Methyl Bicyclo[2.2.1]hept-5-ene-2-exo, 
3-exo-dicarbonitrile-7-syn-carboxylate (3.11b) 

Compound 2.1k (0.32 g, 1.0 mmol) was converted to ester 3.11b 

as described above. Repeated crystallizations of the crude product 

from dichloromethane-hexanes gave needle-like crystals of 3.11b 

(0.145 g, 72%): mp ,125-135 °c dec; 1H NMR (COC1 3, 250 MHz) ~ 6.23 (ddd, 

2, ~ = 0.5, 1.8, 2.2 Hz, H5, H6), 3.69 (dd, 2, ~ = 1.8, 2.2 Hz, HI, H4), 

3.65 (s, 3, CH3), 3.18 (m, 1, H7-anti), 2.73 (s, 2, H2-endo, H3-endo); IR 

(KBr) v 2242 (C:N), 1744 (C=O), ,1216 cm-1• Anal. Calcd for C11H10N202: 

C, 65.33; H, 4.99. Found: C, 65.41; H, 5.03. 

Methyl Bicyclo[2.2.1]hept-5-ene-2-endo, 
3-endo-dicarbonitrile-7-syn-carboxYlate (3.11c) 

Compound 2.11 (0.32 g, 1.0 mmol) was converted to ester 3.11c 

as described above. Repeated crystallizations of the crude product 
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from dichloromethane-hexanes gave plate-like crystals of 3.11c (0.14 g, 

69 %): mp 114-115.5 °c dec; 1H NMR (CDC1 3, 250 MHz) 15 6.49 (m, 2, H5, 

H6), 3.69 (m, 2, HI, H4), 3.62 (s, 3, CH3), 3.38 (m, 2, H2-exo, H3-exo), 

2.54 (m, 1, H7-anti); IR (KBr) v 2250 (C=N), 1733 (C=O), 1206 cm-1• 

Anal. Calcd for C11H10N202: C, 65.33; H, 4.99. Found: C, 65.27; H, 

5.06. 

General Procedures for the Preparation of 
Bicyclo[2.2.1]hept-5-enes-7-syn-
carbonylazides (3.4) -

The specific reaction details are presented in Table 3.1. All 

reactions were run between 0.15 and 1.0 mmol of 2.1, unless otherwise 

specified. 

Method A. Oxidation of 2.1 Using 
Ammonium Cerium(IV) Nitrate 

To a solution of 2.1 in 15 ml of acetonitrile was added 

10 molar equivalents of sodium azide. This slurry was s~irred for 

30 min at room temperature and then cooled to 0 °C. To the reaction 

mixture was added 6 molar equivalents of ammonium cerium(IV) nitrate in 

one portion with vigorous stirring. The reaction was allowed to stir 

an additional 1 h at 0 °C and then poured into 60 ml of water. This 

aqueous solution was extracted with dichloromethane (5 x 30 ml). The 

combined organic layers were washed with 25 ml portions of water until 

the washing remained clear (ca. 7 times). The organic layer was then 

washed with a saturated solution of sodium chloride, dried over 

anhydrous magnesium sulfate, filtered through Celite, and the solvent 

removed at or below ambient temperature giving crude 3.4. In some 
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reactions the product is contaminated with an orange-red oil. This 

contaminant was most easily removed by dissolving the crude product 

into a 1:1 (v/v) solution of diethy1 ether-hexanes and allowing this 

solution to stir open to the air for 24-36 h at room temperature. The 

solution was then filtered through Ce1ite and the solvent was removed 

under vacuum at or below ambient temperature. Most products were 

obtained pure by crystall ization from the appropriate sol vents. Since 

the products are thermally unstable, all crystallizations were 

performed at or below ambient temperature. The solutions were all 

concentrated by removing the volatile solvents under a stream of argon. 

Once crystals began to form, the solutions were cooled to -20 °c for 

24 h. The resultant crystals were collected. A second, smaller crop 

of crystals could be obtained by concentrating the mother liquor and 

recoo1 ing it. 

Method B. Oxidation of 2.1 and 2.2 
Using Bromine - -

To a solution of 2.1 or 2.2 in 15 mL of acetonitrile was added - -
10 mol ar equiva1 ents of sodium azide. This sl urry was stirred for 

30 min at ambient temperature and then cooled to 0 °C. To this was 

added 0.5 molar equivalents of bromine every 15 min until TLC of the 

reaction mixture indicated that all FpR had been consumed. The 

reaction was then poured into 60 mL of water and extracted with 

dichloromethane (5 x 25 mL). The organic layers were combined and 

worked up as described in Method A. 



Method C. Oxidation of 2.1 and 2.2 
Using Chlorine 

A standard solution of chlorine was prepared by saturating 
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carbon-tetrachloride with chlorine gas at ambient temperature for 1 h. 

The molarity of the chlorine solution was determined by titration as 

described in reference 45. 

A solution of 2.1 or 2.2 and 10 molar equivalents of sodium 

azide in 15 mL of acetonitrile was prepared and cooled to 0 °C. To 

this slurry was added 3.0 molar equivalents of the chlorine in carbon

tetrachloride solution over 1 h. The reaction was then poured into 

60 mL of water and extracted with dichloromethane (5 x 25 mL). The 

organic layers were combined and worked up as described in Method A. 

Bicyclo[2.2.1]hept-5-ene-2-exo,3-endo
dicarbonitrile-7-syn-carbonylazide (3.4a) 

The crude product was purified by repeated crystallization from 

diethyl ether-hexanes. The spectroscopic parameters for 3.4a are as 

follows: 1H NMR (CDC1 3, 250 MHz) 0 6.39 (dd, 2, ~ = 1.8, 1.8 Hz, H5, 

H6), 3.70 (dd, 1, ~ = 3.4, 1.7 Hz, H4), 3.66 (dd, 1, ~ = 3.6, 1.7 Hz, HI), 

3.27 (dd, 1, ~ = 4.1, 3.7 Hz, H3-exo), 2.90 (m, 1, H7-anti), 2.56 (d, 1, ~ 

= 4.3 Hz, H2-endo); IR (KBr) v 2243 (C:N), 2145 (N3), 1709 (C=O), 

1159 cm-1• 

Bicyclo[2.2.1]hept-5-ene-2-exo,3-
exo-dicarbonitrile-7-syn-carbonylazide (3.4b) 

The crude product was purified by repeated crystallization from 

diethyl ether-hexanes. The spectroscopic parameters for 3.4b are as 

follows: 1H NMR (CDC1 3, 250 MHz) 0 6.25 (dd, 2, ~ = 1.8, 1.8 Hz, H5, 
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H6), 3.68 (dd, 2, ~ = 3.5, 1.8 Hz, HI, H4), 3.18 (bs, 1, H7-anti), 2.75 (s, 

2, H2-endo, H3-endo); IR (KBr) \) 2242 (C:N), 2173 (N3), 1709 (C=O), 

1202 cm-1• 

Bicyc10[2.2.1]hept-5-ene-2-endo,3-
endo-dicarbonitri1e-7-syn-carbony1azide (3.4c) 

The crude product was purified by repeated crystallization from 

diethyl ether-hexanes. The spectroscopic parameters for 3.4c are as 

foll ows: 1H NMR (CDC1 3, 250 MHz) 15 6.51 (dd, 2, ~ = 1.8, 1.8 Hz, H5, 

H6), 3.69 (dd, 2, ~ = 3.1, 1.6 Hz, HI, H4), 3.38 (dd, 2, ~ = 1.7, 1.2 Hz, 

H2-~, H3-exo), 2.54 (m, 1, H7-anti); IR (KBr) " 2246 (C:N), 2155 (N3), 

1701 (C=O), 1177 cm~l. 

Dimethyl Bicyc1 0[2.2.1 ]hept-5-ene-2-exo,3-endo
dicarboxylate-7-syn-carbonylazide (3~ ana-
Dimethyl 7-Bromoblcyc10[2.2.1]hept-~ 
ene-2-exo,3-endo-dicarboxy1ate (3.6) 

Acyl azide 3.4d was crystallized from a -20°C hexane solution 

of the crude reaction mixture over 24 h. Repeated recrysta11izations 

gave 3.4d as a white solid. The solvent was removed from the combined 

mother liquors leaving a clear oil. This oil was column chromato

graphed on silica gel using a 1:1 (v/v) solution of diethy1 ether

hexanes as the eluant. Removal of the solvent gave a clear liquid 

identified spectroscopically as 3.6. 

The spectroscopic parameters for 3.4d and 3.6 are as follows: 

3.4d: 1H NMR (CDC1 3, 250 MHz) 15 6.28 (dd, 1, ~ = 2.9, 5.8 Hz, 

CH=), 6.09 (dd, 1, ~ = 2.8, 5.6 Hz, CH=), 3.74 (s, 3, CH3), 3.66 (s, 3, 

CH3), 3.58 (m, 1, H4), 3.44 (dd, 1, ~ = 4.2, 3.9 Hz, H3-exo), 3.40 {m, 1, 



HU, 2.95 (m, 1, H7-anti). 2.73 (d, 1, ~= 4.5 Hz, H2-endo); IR (KBr) \) 

2154 (N3), 1726, 1699 (C=O), 1202, 1178 cm-1. 

3.6: 1H NMR (CDC1 3, 250 MHz) 15 6.15, 5.99 (d, 2, ~ = 5.6, 

4.6 Hz, CH=), 4.14 (bs, 1, H7), 3.73 (s, 3, CH3), 3.69 (s, 3, CH3), 

3.74-2.95 (m, 4, Hl-4); m. s., !!/~ (relative intensity) 290 (M+ + 2, 

0.95), 288 (M+, 0.96), 209 (100). 

Bicyclo[2.2.1]hept-5-ene-2-exo
carbonitrile-7-syn-carbonylazTde (3.4e) 

The crude product was purified by column chromatography on 

silica gel using a 4:1 (v/v) solution of hexanes-diethyl ether as the 
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eluant. The spectroscopic parameters of the oil identified as 3.4e are 

as follows: IR (KBr) \) (C=N), 2142 (N3), 1714 (C=O), 1171 cm-1; 1H NMR 

(CDC'3' 60 MHz) 15 6.1 (m, 2, H5, H6), 3.3 (m, 1, H1), 2.3-1.1 (m, 3, CHIs), 

2.8 (m, 1, H4), 3.4 (m, 1, H7-ant;). 

Bicyclo[2.2.1]hept-5-ene-2-endo
carbonitrile-7-syn-carbonylazide (3.4f) 

The crude product was purified by repeated crystallization from 

hexanes. The spectroscopic parameters for 3.4f are as follows: 1H NMR 

(CH3, 250 MHz) 15 6.34 (dd, 1, ~ = 3.0, 5.7 Hz, CH=), 6.22 (dd, 1, ~ = 2.8, 

5.6 Hz, CH=), 3.51 (m, 1, HI), 3.32 (m, 1, H4), 2.96 (dt, 1, ~ = 3.8, 

5.5 Hz, H2-exo), 2.45 (bs, 1, H7-antl), 2.26 (ddd, 1, ~ = 3.6, 9.4, 

13.0 Hz, H3-exo), 1.40 (dd, 1, ~ = 4.1, 12.4 Hz, H3-endo); IR (KBr) \) 2236 

(C=N), 2142 (N3), 1707 (C=O), 1169 em-I. 



Dimethyl 7-Bromobicyclo[2.2.1]hept-
2,S-diene-2,3-dicarboxyl ate (3.7) 
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The crude product was purified by crystallization from hexanes. 

The spectroscopic parameters for ~Z are as follows: 1H NMR (CDC1 3, 

2S0 MHz) 06.80 (m, 2, HS, H6), 4.S6 (bs, 1, H7), 4.08 (m, 2, H1, H4), 

3.78 (s, 6, CH 3); IR (KBr) v 1732, 170S (C=O), 1202, 161S cm-1; m. s., 

~/~ (relative intensity) 288 (M+ + 2, 3.S), 286 (M+, 3.7) 207 (100). 

Electrochemical Oxidation of 2.1 
and 2.2 Compounds 

Cyclic voltammograms were obtained for compounds 2.1b, 2.1c, 

2.1e, 2.1f, 2.1h, 2.1i, 2.1k, 2.11, 2.1u, and 2.2c. The cyclic voltammo

grams were run in 8 mL of a 0.1 !i sol ution of tetra-n-butyl ammonium 

perchlorate in acetonitril e at 23.3 ± O.S °c using two 1 cm x 3 cm 

platinum squares as the working and counter electrodes. The oxidation 

potentials were measured between 0.0 and 1.3 volts with a scan rate of 

200 mV/s. The peak potentials were measured against a Ago/saturated 

AgN03 in acetonitrile reference electrode. 

The peak oxidation potentials determined for each compound 

tested are presented in Table 3.3. 

Conversion of Acyl Azide 3.4b to 
Methyl Ester 3.11b ----

To a sol uti on of 3.4~ (34 mg, 0.16 mmol) in S mL of methanol 

was added anhydrous potassium carbonate (2.2 mg, 0.016 mmol). The 

reaction solution was stirred at ambient temperature for 36 h. The 

methanol was removed under vacuum at ambient temperature leaving a 

clear oily solid. To this material was added 10 mL of dichloromethane 



and the resultant solid-liquid mixture filtered through Celite. An 

equivalent volume of hexanes was added and the dichloromethane was 
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removed under a stream of argon until the solution became cloudy. The 

solution was then cooled to -20°C for 3 h. The r'esultant crystals 

were collected. A second crop of crystals was obtained by concen

trating the mother liquor and recooling the solution. The combined 

crystals were purified by recrystallization from dichlorometh

ane-hexanes giving 30 mg (93%) of white needles. The IH NMR spectrum 

at 250 MHz and IR spectrum and mp of this material were identical to 

those of an authentic sample of 3.11b. In addition, there was no 

observed mixed melting point depression. 

• 



CHAPTER 4 

CURTIUS REARRANGEMENT REACTIONS OF BICYCLO

[2.2.1JHEPT-5-ENE-7-SYN-CARBONYLAZIDES 

Introduction 

The acyl azide group is easily converted into oth~r useful 

functional ities [40J. Acyl azides can be thermally induced to stereos

pecifically rearrange to isocyanates [46J (Equation 4.1). This process 

is commonly referred to as the Curtius rearrangement. 

R-N=C=O 

4.1 

+ 

Isocyanates are known to readily add protic nucleophiles ~t the 

carbonyl carbon (Equation 4.2) to give type 4.2 compounds. 

+ NuH )I 
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RNHCONu 

4.2 

(4.1) 

(4.2) 
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The most commonly used nucleophiles have been alcohols (Equation 4.3). 

Urethanes (4.3) (also referred to as carbamates) are the final products. 

4.2 + ROH (4.3) 

This methodology allows the stereospecific replacement of an 

acyl group attached to a chiral center with a nitrogen. 

Application of this methodology to type 3.4 compounds should 

result in the stereospecific production of 7-syn-amino-norbornenyl 

compounds (4.4) (Scheme IV). A search of the chemical literature 

indicates that there are no reported stereospecific procedures for syn

thesizing these compounds. 

ROH 

ROCOHitN 

E 
I I 

E 

Scheme IV 

Reaction Scheme for the Synthesis of Carbamates 
(4.4) from 3.4 Compounds 
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Success in stereospecifically producing 4.4 compounds from 3.4 

compounds would exemplify their synthetic usefulness. In addition, this 

process would effectively make 1.12a a synthetic equivalent of 5-amino-

1,3-cyclopentadiene (4.5). The literature contains no reported examples 

citing the use of 4.5 for stereospecifically synthesizing 7-syn-amino

bicyclo[2.2.1]hept-5-enes in Diels-Alder reactions. 

Results and Discussion 

The thermal rearrangements were all run using the same 

reaction conditions. The acyl azide in toluene was added to a refluxing 

2:1 toluene and tert-butanol solution over 1 hour. The reaction 

mixture was refluxed an additional hour. The solvents were removed 

under vacuum and the resultant residue was subjected to column chroma

tography on MPLC grade neutral alumina. The synthetic results are 

presented in Table 4.1. 

Examination of the table shows that the desired carbamates can 

be obtained using this synthetic methodology. The three isomeric 

nitriles (3.4a-c) react cleanly and in very high yield. Moderate yields 

of the trans-diester (4.4d) and the mono-exo-nitriles (4.4e and 4.4f) 

could be achieved. Product mixtures that gave low yields of the 

carbamate contained several other organic compounds, but no unreacted 

acyl azide. Side reactions leading to undesired by-products are known 

to occur in this rearrangement [38]. No attempt was made to maximize 

the yields in these reactions. It is probable that through altering 

reaction conditions, higher yields of these products could be obtained. 
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Tabl e 4.1 

Yields of 4.4 Compounds 

RCON3a RNHC02R 'a,b 

3.4 4.4 (Yiel ds, % ) 

3.4a 4.4a (99) 

3.4b 4.4b (95) 

3.4c 4.4c (94) 

3.4d 4.4d (60) 

3.4e 4.4e· (40) 

3.4f 4.4f (85) 

aWhere R = bicyclo[2.2.1]hept-5-ene 

bWhere R' = tert-butyl. 



The infrared absorption spectra of 4.4a-e all display medium 

absorptions between 3400 cm-1 and 3100 cm-1 characteristic of 
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secondary amines. In compounds 4.4b and 4.4e, two bands appear in this 

regioil. This phenomenon can be attributed to effects caused by inter

molecular cis and trans hydrogen bonding (Figure 11) [47]. 

cis 

RI R 

\N-H - --o==( 
---o==< N -H - - -

R " 
trans 

Figure 11. Intramolecular cis and trans Hydrogen Bonding 
Modes for Amides-

The carbamate functionality is similar in structure to that of 

an amide (Figure 12). For this reason, compounds 4.4a, 4.4b, and 4.4e 

also display the amide II band [47]. In addition, all the products 

displayed strong absorptions from 1710 cm-1 to 1690 cm-1 and 1250 cm-1 

to 1150 cm-1• These bands are characteristic of a carbonyl functional-

ity and carbon-nitrogen, carbon-oxygen single bonds, respectively. 

RCONHR' RCOCONHR 

Amide Carbamate 

(Urethane) 

F~gure 12. Structures of Amide and Carbamate (Urethane) 
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Examination of the proton NMR spectral data for compounds 

4.4a-f indicates that each compound's spectra exhibit very similar char~ 

acteristics. All the spectra display olefinic (0 6.4-6.0), secondary 

amino (0 4.8-4.7), tert-butyl (0 1.5-1.2), and norbornenyl (0 4.1-2.1) 

resonances. Although the chemical shifts of each comparable proton 

have changed, the coupling patterns are seen to be consistent with 

those reported for their parent acyl azide analogs. The general 

downfield shift is consistent with the presence of a more electronega

tive element attached to carbon 7. The resonance due to the proton 

attached to the nitrogen in 4.4b was established by allowing this 

proton to be slowly exchanged by a deuterium in a slightly acidic 1:1 

(v/v) solution of deuterated acetone-deuterated chloroform. After 

3 days the resonance at ca. 0 4.8 had completely disappeared (N~) and 

the resonance at ca. 0 4.1 (H7-anti) had become much sharper. The rest 

of the resonances in the spectra remained the. same. The proposed 

molecular formulas for most of the products were confirmed through 

elemental microanalysis. Based on these results and the known stereo

specificity of the rearrangement reaction, the products were assigned 

structures 4.4a-f (Figure 13). 

The high yields obtained for 4.4 readily demonstrate the 

synthetic usefulness of 3.4. In addition, it further extends the 

synthetic equivalency of Fp(n1-C5H5) (1.12a) to include 5-amino-1,3-cyc

lopentadienes (4.5) as well as 5-carbonylazide- (3.9) and 5-carbometh

oXY-1,3-cyclopentadienes (3.10) (Figure 14). 



4.4a Rl =R4 =CN; R2=R3=H 

4.4b Rl =R2 =CN; R3=R4=H 

4.4c R3 = R4 = CN; Rl = R2 = H 

4.4d Rl = R4 = C02Me; R2 = R3 = H 

4.4e Rl = CN; R2 = R3 = R4 = H 

4.4f R3 = CN; Rl = R2 = R4 = H 

Figure 13. Structures of Carbamate (4.4) Products 
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Figure 14. Reagent 1.12a as a Synthetic Equivalent 
of 3.9, 3.10, and 4.5 
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Experimental 

Melting points were measured on a Thomas-Hoover melting point 

apparatus and are uncorrected. Solvents were routinely dried by 

standard procedures [21J and stored under an inert atmosphere. The 

NMR solvents were predried over 3-~ molecular sieves and stored in a 

Schlenk flask under an inert atmosphere. In addition, NMR samples were 

routinely passed through a plug of Celite to remove finely divided 

decomposition particles. 

Spectroscopic measurements utilized the following instrumenta

tion: IH NMR, Varian EM360, Bruker WM-2S0 (at 2S0 MHz); IR, Perkin

Elmer PE983. NMR chemical shifts are reported in 0 units versus 

internal tetramethylsilane. 

The preparations of the bicyclo[2.2.1Jhept-5-ene-7-syn-car

bonylazides (3.4) are described in Chapter 3 of this dissertation. 

Neutral alumina for med)um-pressure liquid chromatography was 

purchased from Universal Scientifics, inc., and deactivated to grade III 

[2SJ. Medium-pressure liquid chromatography used a column 3 x 20 mm 

unless otherwise specified. Elemental microanalyses were performed by 

analysts at Atlantic Microlab, Inc., Atlanta, Georgia. 

General Procedure for the Preparation 
of 7-syn-t-Boc-Aminobicyclo[2.2.1J 
hept-5-enes (4.4) 

A solution of 3.4 (O.OS to 0.38 mmol) in 10 mL of toluene was 

added dropwise over 1 h to 15 mL of a 1:2 (v/v) refluxing solution of 

toluene and tert-butanol. The solution was refluxed an additional 1 h 

and the solvent was removed using a rotary evaporator. The crude 
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reaction mixture was then column chromatographed on MPLC grade alumina 

using the appropriate eluants as described below. Most products were 

further purified by recrystall ization. 

7-syn-t-Boc-Aminobicyclo[2.2.1]hept-
5-ene-2-endo,3-exo-dicarbonitrile (4.4a) 

Compound 3.4a (29 mg, 0.14 mmol) was converted to the 

carbamate 4.4a as described above. The crude product was eluted from 

the LC col umn using diethyl ether. It was further purified by 

recrystallization from diethyl ether-hexanes yielding 4.4a as a white 

solid (35 mg, 99 %): m.p. 159-160 °C; 1H NMR (CDC1 3, 250 MHz) <5 6.37 (m, 

2, CH=), 4.73 (m, 1, Nill, 4.10 (m, 1, H7-anti), 3.41 (m, 1, H4), 3.30 (m, 

1, HI), 3.27 (dd, 1, ~ = 3.8, 4.5 Hz, H3-exo), 2.45 (d, 1, H2-endo), 1.41 

(s, 9, (CH3)3C); IR (KBr) " 3244 (NH), 2246 (C=N), 1694 (C=O), 1165, 1399, 

1370 cm-1• Anal. Calcd for C14H17N302: C, 64.84; H, 6.61; N, 16.21. 

Found: C, 64.56; H, 6.67; N, 16.10. 

7-syn-t-Boc-Aminobicyclo[2.2.1]hept-
5-ene-2-exo,3-exo-dicarbonitrile (4.4b) 

Compound 3.4b (51 mg, 0.24 mmol) was converted to the 

carbamate 4.4b as described above. The product was eluted from the LC 

col umn with dichloromethane. It was further purified by recrystall iza

tion from diethyl ether-hexanes giving 4.4b as a white solid (59 mg, 

95 %): m.p. 214-215.5 °C; 1H NMR (CDC1 3, 250 MHz) <5 6.23 (m, 2, CH=), 

4.69 (m, 1, (N!:!) , 4.32 (m, 1, H7-anti), 3.37 (bs, 2, H1, H4), 2.66 (s, 2, 

H2-endo, 3-endo), 1.51 (s, 9, (CH3)3C); IR (KBr) n 3333 (NH), 2242 (C=N), 



1683 (C=O), 1167, 1527, 1258 em-I. Anal. Calcd for C14H17N302: C, 

64.84; H, 6.61; N, 61.12. Found: C, 64.57; H, 6.59; N, 16.01. 

7-syn-t-Boc-Aminobicyclo[2.2.1]hept-5-ene-
2-endo,3-endo-dicarbonitrile (4.4c) 
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Compound 4.4c (80 mg, 0.38 mmol) was converted to the 

carbamate 4.4c as described above. The product was eluted from the LC 

column using dichloromethane. It was further purified by recrystalli

zation from dichloromethane-hexanes yiel ding 4.4c as a white sol id 

(92.4 mg, 94%): m.p. 220-227 °c dec; 1H NMR (COC1 3, 250 MHz) 06.50 (m, 

2, CH=), 4.74 (m, 2, N.!:!), 3.76 (bd, 1, ~ = 9.1 Hz, H7-anti), 3.37 (s, 2, 

H2-exo, H3-~), 3.35 (bs, 2, H1, H4), 1.38 (s, 9, (CH3)3C); IR (KBr) \l 

3442 (NH), 2246 (C=N), 1703 (C=O), 1163, 1514, 1243 cm-1• Anal. Calcd 

for C14H17N302: C, 64.84; H, 6.61; N, 16.21. Found: C, 64.70; H, 6.64; 

N, 16.15. 

Dimethyl 7-~-t-Boc-Aminobicyclo[2.2.1]hept-
5-ene-2-end~~exo-dicarboxy1ate (4.4d) 

Compound 4.4d (45 mg, 0.17 mmo1) was converted to the 

carbamate 4.4d as described above. The product was eluted from the LC 

column with diethy1 ether. The solvent was removed under vacuum 

yie1 ding a clear oil (33 mg, 60%): 1H NMR (COC1 3, 250 MHz) 0 6.22 (dd, 

1, ~ = 2.8, 5.4 Hz, CH=), 6.02 (dd~ 1, ~ = 2.8, 5.4 Hz, CH=), 4.77 (m, 1, 

N!!), 4.00 (m, 1, H7-anti), 3.45 (dd, 1, ~ = 4.2, 4.3 Hz, H3-exo), 3.26 (m, 

1, H4), 3.10 (m, 1, HI), 2.63 (d, 1, ~ = 4.8 Hz, H2-endo), 1.39 (s, 9, 

(CH3)3C); IR (neat) \l 3386 (NH), 1732 (C=O), 1175, 1206 em-I. 



7-syn-t-Boc-Aminobicyclo[2.2.1]hept-
5-ene-2-exo-carbonitrile (4.4e) 
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Compound 3.4e (30 mg, 0.16 mmol) was coverted to the carbamate 

4.4e as described above. The product was eluted from the LC column 

with diethyl ether yiel ding 4.4e as a white sol id (14 mg, 40 %): m.p. 

134-136 °C; 1H NMR (CDC1 3, 250 MHz) 15 6.16 (dd, 1, ~ = 3.0, 5.7 Hz, CH=), 

6.03 (dd, 1, ~ = 3.0, 5.7 Hz, CH=), 4.72 (m, 1, N~), 4.04 (M, 1, H7-anti), 

3.13 (bs, 1, H1), 3.00 (m, 1, H4), 2.18-2.01 (m, 3, H2-endo-, H3-endo, 

H3-exo), 1.23 (s, 9, (CH3)3C); IR (KBr) v 3255 (NH), 2236 (C=N), 1696 

(C=O), 1164, 1382, 1365 cm-1• 

7-syn-t-Boc-Aminobicyclo[2.2.1]hept-
5-ene-2-endo-carbonitrile (4.4f) 

Compound 3.4f (7 mg, 0.04 mmol) was converted to the carbamate 

4.4f as described above. The product was eluted from the LC column 

with diethyl ether yiel ding 4.4f as a white sol id (7.3 mg, 85 %): 1H 

NMR (CDC1 3, 250 MHz) 15 6.33 (dd, 1, ~ = 2.9, 5.7 Hz, CH=), 6.19 (dd, 1, ~ 

= 2.7, 5.7 Hz, CH=), 4.78 (m, 1, N!!.), 3.67 (d, 1, ~ = 9.1 Hz, H7-anti), 

3.17 (m, 1, H1), 2.97 (dd, 1, ~ = 3.9, 7.7 Hz, H'2-exo), 2.93 (d, 1, ~ = 

3.7 Hz, H4), 2.25 (ddd, 1, ~ = 3.6, 0.2, 12.8 Hz, H3-exo), 1.39 (s, 9, 

(CH3)3C), 1.28 (dd, 1, ~ = 4.3, 12.4 Hz, H3-endo); IR (KBr) \) 3257, 3123 

(NH), 2239 (C=N), 1687 (C=O), 1399, 1367, 1164 cm-1• 

Deuteration of 4.4b 

Compound 4.4b (6 mg, 0.023 mmol) was stirred with a 1 mL 1:1 

(v/v) solution of acetone-~ and deuteriochloroform for 3 days. The 

acetone was removed under vacuum giving a white solid. The 250 MHz 
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proton NMR spectrum in deuterioch10roform of this material differs 

from that" reported for 4.4b only by the disappearance of the resonance 

at 6 4.69 and a sharpening of the resonance at 6 4.32. 

Preparation of 7-syn-Aminobicyclo[2.2.1]hept-
5··ene-2-exo,3-exo:(ffcarbonitril e (4.6) 

A solution of 4.4b (24 mg,·0.093 mmol) and p-toluenesu1fonic 

acid (21 mg, 0.11 mmo1) in 15 mL of acetonitril e was stirred at ambient 

temperature for 15 h. The reaction mixture was dissolved into 25 mL of 

diethyl ether, washed with a saturated aqueous sodium bicarbonate 

solution, dried over anhydrous magnesium sulfate, filtered through 

Celite, and stripped of solvent under vacuum. The crude product was 

recrystall ized from diethyl ether-hexanes yiel ding 4.6 as a white solid 

( ) 1 ( _ 8.1 mg, 66%: H NMR CDC1 3, 250 MHz) 15 6.23 (bs, 2, CH-), 3.75 (bs, 1, 

H7-anti), 3.20 (Bs, 2, HI, H4), 2.60 (s, 2, H2-endo, H3-endo), 1.35 (m, s, 

N!:!); IR (KBr) " 3388, 3326 (NH2), 2240 (C=N), 1260 em-I. 
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