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ABSTRACT 

INTRA.MOLECULAR 13-DIPOLAR CYCLOADDITIONS OP 
NORBORNADIENE-TETHERED NITRILE OXIDES 

Carol Yip Advisor: 
University of Guelph Dr, William Tarn 

Although the intermolecular reactions of 1,3-dipoles with norbornadiene and its 

derivatives have been subjected to considerable investigation, the intramolecular variants 

have not been shidied- In this thesis, a novel strategy to a highly regio- and 

stereocontrolled assembly of anguiar fused-tricyclic frameworks via intramolecular 

cycloaddition reactions of norbomadiene-tethered nitrile oxides is presented. Efficient 

routes to the synthesis of norbomadiene-tethered ritrile oxides have been developed and 

their intramolecular 1,3-dipolar cycloadditions were studied. The cycloadditions 

occurred in good yields for a variety of substrates. In al1 cases, single regio- and 

stereoisomer of these cycloadducts were obtained. 

In the course of investigating such cycloaddition reactions, a simple and 

convenient route to a variety of 2,3-disubstituted norbomadienes that cannot be prepared 

by the traditional Diels-Alder method has been developed by applying the method of 

double lithium halide exchange. Application of this general methodology to the synthesis 

of a wide varieV of C-3 substituted norbomadiene-tethered nitrile oxides is discussed. 

The effects of various functionalities at the C-3 position of norbornadiene upon the regio- 

and stereoselectivity of the cycloaddition are also addressed. 
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Chapter 1 

Introduction 



1.1 Cycloaddition Reactions 

Classes of reactions which have found broad applicability in organic chemistry 

are t 'ose that address the issues of regio- and stereocontrol and are compatible with a 

variety of functionai groups.l Reactions which form multiple bonds, rings, andior 

stereocenters are particularly important tools for the efficient assembly of complex 

moiecuiar structures. Of the many families of reactions discovered over the past 75 

years, cycioaddition reactions hold a prominent place in the arsenal of synthetic methods 

currently avdable to organic chemists and research in this field shows no signs of 

abatement. Growth in the use of cycloaddition reactions in heterocyclic synthesis stems 

fiom an understanding of the mechanisms? The Woodward-Hofbann theories of orbital 

symmetry conservation have provided a basis for understanding the mechanisrns of the 

various classes of cycloadditions. Furthemore, frontier molecular orbital theory has 

provided a basis for interpreting the effect of substituents on the rates and selectivities of 

cycloadditions. 

In the formation of heterocyclic compounds fiom open-chah precursors, a wide 

range of cycloaddition processes is available. The most important types of cycloaddition 

processes that have been used for the synthesis of heterocycles are: 1,3-dipolar 

cycloadditions, hetero-Diels-Alder reactions, and [2+2] cycloadditions (Scheme I ) . ~  For 

the construction of five-mernbered rings, 1.3-Dipolar cycloaddition is an efficient method 



Scheme 1 

Types of Cycloaddition Processes Used for Heterocyclic Synthesis 

(a) 1,3-Dipolar Cycloaddition 

O 

(b) Hetero-Diels-Alder Reaction 

B-C 
\' A' D B-C 

(c) [2+2] Cycloaddition 

+ - A-B 
I I 

X=Y 
x-Y 

due to the availability of a wide variety of 1,3-dipoles and these undergo addition to 

carbon-carbon multiple bonds or to multiple bonds containing heteroatoms. While 1,3- 

dipolar cycloaddition is considered to be the most useful method for the synthesis of five- 

membered heterocyclic ring systems, the DieIs-Alder reaction is best known as a method 

of forming cyclohexene denvatives. However, heteroatoms c m  be incorporated 

successfülly into the skeleton of the diene or the dienophile, or both, to provide important 

routes to many six-membered heterocycles. Among the cycloaddition reactions that have 

been shown to have general synthetic utility are the [2+2] cycloadditions of ketenes and 

alkenes? This latter cycloaddition process offers an efficient route to the synthesis of 

four-membered rings. In terms of reaction conditions, cycloadditions have been 



promoted by heat, light, Lewis acids, high pressure, sonkation or metal catalysts.' The 

method of choice in a particuiar case usually depends upon the pattern of substituents 

required in the product. This thesis will be concemed primarily with the former 

cycloaddition process-1,3-dipolar cycloaddition. 

11.2 Cycloadditions with Norbornadienes 

Bicyclo [2.2.1] hepta-2,5-diene, norbornadiene (NBD), was fïrst reported in the 

patent literature in 195 1 .4 Unlike other o I e h s  containkg two isolated double bonds, the 

two double bonds of MBD are homoconjugated. Indeed, NBD is a classic exarnple of a 

molecule in which a c'through-space" interaction between the two doubie bonds is 

operative (Fig. I ) . ~  Reactions of NBD follow the pattern typically observed in bridged 

bicyclic molecules, namely, that reactions occur preferentially on the more accessible exo 

face, although there are a few exceptions which yield exclusively the endo products.4 

Fig. I 



The signincant strain energy (25.6 kcal/mol) of NBD in comparision to 

norbomene, which has a strain energy of 17.6 kcal/mol, makes the former a suitable 

compound for studies of reactivity? The reactivity of NBD is respoaible for many of 

the reactions it undergoes, including cycloaddition reactions under thermal, 

photochernical, Lewis acidic, or metal-catalyzed conditions. 

Scheme 2. Various Modes of Cycloaddition of Norbornadiene 

GD- Co-cat \ 
[2+2+2] 

& ' Cycloaddition 1,3-Dipolar 
F3C CF3 



Some representative examples of thermal and metal-catalyzed cycloaddition reactions to 

generate novel, strained polycyclic compounds fiom NBD are shown (Scheme 2)? 

There are two main types of intermolecular cycloaddition reactions with NBD. In the 

synthesis of cycloadducts 2 to 6, only one of the double bonds of NBD participates in the 

cycloadditions to generate highly strained olefbic systems- ]In the formation of the 

cycloadducts 7 to 9, the homoconjugated dienes of NBD are involved in the 

cycloaddition reactions. Noteworthy is the synthesis of 6 which belongs to a special type 

of cycloaddition known as the 1,3-DC reaction. 

1.3.1 Basic Aspects 

Compared to the Diels-Alder reaction which was discovered in 1928, the 

chemistry of the 1,3-dipolar cycloaddition (1,3-DC) reaction has evolved for more than 

100 years with the discovery of diazoacetic ester by Curtius in 1883.' Although the 

synthetic value of the Diels-Alder reaction soon became obvious after its discovery, the 

generd application of 1,3-dipoles in organic chemistry was not established until the 

1960s. It was the monumental work of Huisgen and CO-workers which led to the general 

concept of 1,3-dipolar ~ ~ c l o a d d i t i o n . ~ ~  The addition of a 1 J-dipole to an alkene for the 

synthesis of five-membered rings is now a classic reaction in organic chemistry. The 1,3- 

DC reactions are used for the preparation of a vast array of molecules of fundamental 



importance for both acadernia and industryuStryl' Accessibility and low cost of reactants 

combined with simple reaction conditions apply in many cases to this reaction. 

Scheme 3 

(a) Reaction Between Dipole and Dipolarophile 

(b) Types of 1,3-Dipoles 

Al lyl type 

O 

octet-structure A O a c 

sextet-structure @ ~ b \  
a c  

PropargyVallenyl type 

Simi1a.r to the Diels-Alder reaction, 1,3-DC reaction is a [ d s  t z2sJ process and 

it proceeds through a 6nelectron transition state. It ciiffers fiom the Diels-Alder reaction 

in that the 4z-electron component is not a diene but a 13-dipole, in which the four n- 

electrons are distributed over only three atoms. A variety of different 1,3-dipoles have 



been discovered.12 A 13-dipole undergoes 1,3-DC reactions to a multiple-bond system, 

the dipolarophile (Scheme 3).13 There are two types of 1,3-dipoles: the allyl type and 

the propargyValleny1 type. The allyL type is characterized by four x-eIectrons in three 

parailel pz orbitals-peqendicular to the plane of the dipole and the 1,3-dipole is bent. 

The two resonance structures in which the three centers have an electron octet, and the 

two structures in which a or c has an electron sextet are shown. The arnbivdent character 

of the 1,Mipole is Uustrated by the sextet structures as the terminal centers of the 1,3- 

dipole can be both nucleophilic and electrophilic. The central atom b can be a group V 

element (nitrogen, phosphonis, etc.) or a group VI element (oxygen, sulfur). The 

propargyL'alleny1 type, which has a triple bond in one canonicd fom, contains an 

additional n orbital located in the plane orthogonal to the allenyl type molecular orbital 

(MO), and the former orbital is therefore not directly involved in the resonance structures 

and reactions of the dipole. The propargyValleny1 type is linear and the central atom b is 

limited to nitrogen since ody  an atom of a group V element bears a positive charge in the 

tetravalent state. A considerable number of 1,3-dipoles containing various combinations 

of carbon and heteroatoms are theoretically possible and many have been made and their 

reactions with dipolarophiles studied. By restricting the permutations to second-row 

elements (C, N, O), Huisgen has classified twelve dipoles of the allyl trpe and six dipoles 

of the propargyValleny1 m e .  Representative examples of the two types of 1,3-dipoIes 

are shown in Fig. 2. 



Fig. 2 

Allyl type Propargylfalleny type 

\ 0 0  

/"=Yo Nitrones 

\ O 0  
C=N-N 

I I \  
Azomethine lmines 

O O 
-C'N-O Nitrile Oxides 

O O 
N=N-O Nitrous Oxide 
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The most widely accepted view of the mechanism of 1,3-DC reactions is that it is 

a concerted process proceeding through an unsymmeticd transition state-the two new cr 

bonds are both partially formed in the transition state, although not necessarily to the 

same extent? The reaction can be represented as going through a transition state in 

which the 4x-electron system of the dipole interacts with the 2z-electron system of the 

dipolarophile. This is a '%ermally allowed" process on the basis of the Woodward- 

Ho£&nann It involves the suprafacial combination of the three orbitals of the 

1,3-dipole and the two pz orbitals of the dipolarophile. 

The reactivity of 1J-dipoles towards different dipolarophiles varies considerably. 

According to the fiontier orbital treatment of lY3-DC, the relative reactivity of a given 

1,3-dipole toward a series of dipolarophiles will be determined primarily by the extent of 

stabilization afforded the transition state by interaction of the frontier orbitals of the two 

reactants?'OsL2 Sustm a m  has classified the reactions into three types based on the 

relative fiontier molecular orbital (FMO) energies between the dipole and the 



dipolarophile (Fig. 3).15 In type 1 1 J-DC reactions, the dominant FM0 interaction is that 

of the HOMOdipole with the LUMOdiwlmphiie. Azomethine ylides and azometbe imines 

belong to this type of classification. However, most 1,3-DC reactions fall into type 11: in 

whîch the similarity of the dipole and dipolarophile FM0 energies implies that both the 

HOMO-LUMO interactions are important. Reactions of nitrones are normally classified 

as type II. For type III 1,3-DC reactions, the dominant FM0 interaction is between the 

L ~ O d i p o l e  and the HOMOdipoImp~i~e. Examples of type IU interactions are 1,3-DC 

reactions of ozone and nitrous oxide. Reactions of 1,3-DC of nitrile oxides are classified 

as type II, however, since nitrile oxides have relatively low iying HOMO energies, they 

are borderline to type m. 

Fig. 3. Classification of 1,3-di polar Cycloaddition Reaction 
on the Basis of FMOs 

Dipole Alkene Dipole Alkene Dipole Alkene 

- 
- LUMO 

Energy 

HOMO 

Type 1 Type II Type III 

The introduction of electron-donating or electron-withdrawing substituents on the 

dipole or the dipolarophile can alter the relative FM0 energies, and therefore the reaction 

type as well as the kinetics of the reaction. The smaller the energy gap between the 

IO 



controlling orbitals, the faster the reaction. Type 1 1,3-DC reactions are accelerated by 

electron-donating substituents in the dipole and electron-withdrawing substituents in the 

dipolarophile, while type ID 1,3-DC reactions are accelerated by electron-withdrawing 

substituents in the dipole and electron-donating substituents in the dipolarophile. For type 

II 1,3-DC reactions, the controlling interaction in these cases depends on the nature of the 

dipolarophile and on the electronic nature of the substituents in the dipole. These 

reactions can be accelerated by b o t .  electron-donating and electron-withdrawing 

substituents in either component. The change in orbitai control fiom HOMOdiwie to 

LUMOaipoie or vice versa fÏom one reaction to another may have consequences on the 

regioselectivities of the reactions. Regioselectivity is determined by the relative 

magnitudes of the atomic orbital coefficients in the HOMO and LUMO of the 1,3-dipole 

and dipolarophile.l' The favored cycloadduct is the result of the union of the atorns 

having the largest coefficients in the two eontier orbitals. However, in some reactions, 

electronically preferred orientations rnay be disfavoured by steric effects. 

As well as being regioselective, 1,3-DC reactions are highly stereoselective. The 

mechanism for cycloaddition is suprafaciai and ensures the complete transfer of 

stereochemical information fiom the dipolarophile to the cycloadduct. ' Apparent 

exceptions have been shown to be due to isomenzation either before or after the 

cycloaddition. Thus, 2-allcenes lead to cis-products while E-alkenes lead to pans- 

products (Scheme 4). This feature is cornmon to al1 1,3-DC reactions and makes these 

reactions particdarly useful for the stereocontroiied synthesis of a variety of cornplex 

molecules. 



Scheme 4 

cis 

RI 

trans 

Cycioadditions of 1,3-dipoles to dipolarophiles containing hetero multiple bonds, 

such as imines, nitriles and carbonyl components have been effected, so that a wide 

variety of five-membered heterocyclic compounds can be made by this general route. 'Ov1 l 

Nitrile oxides are among the most widely used of the 1 J-dipoles in organic synthesis, 

and the present chapter will focus on their roles in cycloaddition r e a c t i o n ~ . ' ~ ~ ~ ~  

The 1,3-DC reaction of nitrile oxides with aikenes provides an efficient route to 

the synthesis of isoxazolines and of many five-membered heterocyclic systems.10~11*17118 

Since nitrile oxides are highly reactive 1,3-dipoles, they are almost always prepared and 

trapped in situ in order to avoid dimerization. Generated in the presence of a 

dipolarophile, they form the cycloadduct directly. The two synthetic routes to nitrile 

oxides most commonly employed are: (a) reaction of aldoxirnes with oxiciizing agents or 



halogenating species or @) reaction of primary nitroallcanes with a dehydratîng agent, 

e.g. . ethyl chloroformate in the Shimizu method or aromatic isocyanates in the 

Mukaiyama method (Scheme 5)? However, both methods suffer f?om limitations. In the 

Scheme 5. Routes to Nitrile Oxidoc 

former case, the halogenating reagent may disallow the presence of some fünctional 

groups whereas in ihe latter, the yield of cycloaddition products ofien is low or side 

reactions predominate due to the high temperature required. Recently, a new method has 

been reported by Hassner and CO-workers for generation of nitrile oxides in situ fiom 

nitroalkanes under milder  condition^.'^ The reaction of nitroalkanes with di-tert-butyl 

dicarbonate in the presence of 4-dimethyIaminopyndine and an excess ofdipolarophiles 

at room temperature afforded the cycloadducts in much improved yields (Scheme 6)  than 

in the S h i m i n i  or Mukaiyama procedure. The use of di-fert-butyl dicarbonate and 

DMAP was found to be superior for intramolecular cycloadditions as weli. Lg 



Scheme 6 
(BOC)fl, DMAP 

Scherne 7 

Bimolecular 1,3-DC reactions of nitde oxides with norbornadiene and derivatives 

have been documented (Scheme 7).720 Unfortunately, these cycloaddition reactions often 

yield a mixture of cycloadducts. In the 1,3-DC reactions of benzylnitrïie oxide or 

phenylglyoxylonitrile oxide to NBD and derivatives, the exo-adducts were always the 

major products although the stereoselectivities were rather low. 

Despite the considerable amount of Iiterature deahg  with intermolecular 1,3-DC 

reactions of nitrile oxides, intramolecular 1,3-DC reactions of nitrile oxides, often 

abbreviated INOC, have o d y  recently started to receive synthetic and mechanistic 

interest by the scientific communiiy. 12,213 Intramolecular nitrile oxide olefin 

cycloaddition is an effective tool for the construction of bi- and polycyclic isoxazolines. 



Due to the rigid linear structure of the nitrile oxide, the reaction of alkenylnitriie oxides 

aImost aiways proceeds to give bicyclo[x,3,0] derivatives for x = 3 - 5 (eq. 1). 

In systems where the dipole and dipolarophile are linked by several atoms, the 

highly ordered transition state will induce useful regiochemical control? The very 

negative entropies of activation associated with tethering the two reactive components to 

form five- or six-membered heterocyclic rings suggests that the reaction is significantly 

more facile than the intermolecular counterpart. A favorable entropy term wiU help 

offset unfavorable elec~onic and stenc factors. An example of the effects of chah length 

between dipole and dipolarophile on INOC was reported by Garanti et al. .24 Treatment 

of the substrate 10 with 1-chlorooxime and triethylamine generated the nitrile oxide 11 in 

situ (Scheme 8). Cycloaddition gave the fused-ring isoxazoline 12. Although high yields 

were obtained for the reactions leading to 12a and 12b, Garanti and CO-workers found 

tbat tarry mixtures of 12c were obtained fiom which no product could be isolated and 

characterized. Thus, the likelihood of intramolecular cycloaddition decreases with 

increasing distance betweeen the reacting groups. 



Scheme 8 

Aside f?om the regiochemical aspects, an attractive feature of the intemal 

cycloaddition is the opportunity to controf the stereochemistry of the products at several 

centers. The generation of angular-fbsed tricyclic isoxazolines 16 via intramolecular 1,3 - 

DC of nitrile oxide precursors is an example. Nitro cycloaikenes 13 of varying ring sizes 

were treated with phenyl isocyanate (14) in the presence of triethylamine so as to 

generate the corresponding nitrile oxide 15 (Scheme 9)? In each case, the transient 

nitrile oxide 15 was found to cyclize readily to the tricyclic isoxazoline 16 with yields in 

the range of 81-91%. Three stereocenters and three rings were generated in a single 

reaction. 



Scheme 9 

Scheme 10 

(CH21 " 
n =  1, 3 , 4  GT 

N-O 

A similar cycloaddition was obtained on treatment of 4,4-dimethyl-7-nitro-1- 

heptene (17) with phenyl isocyanate (14) in the presence of triethylamine.26 The nitrile 



oxide 18 cyclized to give the cycloadduct 19 as the exclusive product in isolated yield of 

91% (Scherne 10). 

1.3.3 Syn fitefic Uses cf Zïv framoiecuiar 1,3-Dipolar Cycloadditions of Nifrie Oxides 

The application of intramolecular 1,3-DC reactions of nitrile oxides to the 

synthesis of complex natural products has been recognized as a very powerful synthetic 

tool. The 1,3-DC reactions of nitrile oxides to o l e h  are especially suited for the 

syntheses of alkaloids because the introduction of the nitrogen atom occurs 

sirnultaneously with the assembly of the carbon skeleton? Kozikowski and Ishida have 

reported a novel strategy for the formation of temcyclic compounds possessing suitably 

functionalized C rings f?om indole-4-carboxaldehyde via an intramolecular 1,3-DC 

reaction of a nitrile oxide." In the total synthesis of the ergot alkaloid chanoclavim I 

(23), conversion of the nitro group of indole 20 into the corresponding nitrile oxide 21 

followed the phenyl isocyanate procedure developed by Mukaiyama as described earlier 

(Scheme 11). The major product corresponded to isoxazoline 20a-c and no side products 

resulting fiom reaction of the dipole with the electron-nch indole nucleus were detected. 

The chanoclavine 1 (23) was forrned in a subsequent senes of steps fiom the isoxazoline 

nucleus. 

The prowess of INOC was M e r  demonstrated by Confidone et al. in the 

stereospecifïc preparation of the key intermediate amino alcoho127 from cycloheptene in 

the synthesis of biotin (Scheme 1 2).28 Compound 25 undenvent spontaneous cyclization 



Scherne 11 

Scheme 12 
O 

PhN=C=O 

"'"i,~ 14 



to the tricyclic isoxazoline 26, which was then transformed into the target structure of 

biotin (28), taking fidl advantage of the stereospecificity of the key ring-forming 

cycloaddition. 

1.4. Scope of the Thesis 

Although the intermolecular reactions of dipoles with norbornadiene and i ts 

denvatives have been subjected to considerable investigation, the intramolecular variants 

have not been studied. The design and development of a novel strategy to a highly regio- 

and stereocontrolled assembly of angular füsed-tricyclic fhneworks via intramolecular 

cycloaddition reactions of norbornadiene-tethers is the subject of the research (Scheme 

Scheme 13 

Investigation on the synthesis of norbomadiene-tethered nitrile oxides (with R = 

H) and studies on their intramolecular 1J-dipolar cycloaddition reactions will be the 

focus of Chapter 2. Subsequent selective cleavage of the N-O bond of the cycloadducts 

will then give parnino alcohols, and related compounds (Scheme 14). In the light of 



recent developments, compounds of these types have shown considerable utility in 

29-32 naturd products synthesis. 

Scheme 14 

During the examination on the synthesis of such cycloadducts, a simple and 

convenient route to a variety of 2,3-disubstituted norbornadienes that cannot be prepared 

by the traditional Diels-Alder method has aiso been deve10~ed.~~ 2,3-Disubstituted NBD 

are important intermediates in the synthesis of many natural products, such as 

prostaglandin endoperoxides PGHz and PGG2, cis-trikentrin B, and ,&xantalol. 3437  A 

comprehensive account of the synthesis of a wide variety of 2,3-disubstituted NBD will 

be presented in Chapter 3. 

Having discovered an efficient method in the generation of 2,3-disubstitued NBD, 

Chapter 4 continues the exploration of the btramolecular 1,3-dipolar cycloaddition 

reactions of norbornadiene-tethered nieiles oxides with C-3 substituents. Such a study 



opens the door to the synthesis of a vast array of functionalized cycloadducts which are 

of importance in natural product synthesis. 

In the final chapter, the expetimental procedures involved in the synthesis of all 

compounds will be detailed. The spectroscopie data of these compounds will also be 

reported. 

An Epilogue discussing the significance of  the research and areas requiRng 

fiirther study will follow. 



Chapter 2 

Intramolecular 12-Dipolar Cycloadditions of Norbornadiene-Tethered Nitrile 

Oxides 



2.1 Introduction 

Cycloaddition reactions are among the most powerfkd methods for the 

construction of rings?8 In particular, intramolecular cycloadditions with hi& regio- and 

stereocontrol are important tools for the efficient assembly o f  complex molecular 

structures. The objective of the project is to develop an efficient route for the 

construction of angular-fused tricyclic fiameworks via intramolecular 1,3 -dipolar 

cycloadditions. Selective cleavage of these cycloadducts can then yield a variety of 

spirocyclic compounds with high regio- and stereocontrol (Scheme X5). In this chapter, 

Scheme 15. General Outline for Construction o-f Tricyclic 
& Spirocyclic Frarneworks via lntramolecular 
Cycloadditions of Norbornadienes and 
Subsequent Cleavage of the Cycloadducts 

Cleavage of 
Cleavage of double 
bond and X-Y I 



only C-2 tethered norbomadiene nitrile oxides will be focused on. The scope and 

limitations of the effects of tether length (n = 0, 1, 2, 3) and the type of heteroatom (Z = 

O, S, Si, N) upon the regio- and stereoselectivity of the cycloaddition will a l s ~  be 

addressed. 

1,3-Dipolar cycloadditions offer a convenient one-step route for the construction 

of various complex five-membered heterocycles. The 1,3-dipolar cycloadditions of 

nitrile oxides are well-documented in the literature. I0,12 These reactions provide an 

efficient route to the synthesis of 2-isoxazolines which are versatile intermediates in 

organic synthesis. 9*11y39 Herein, the synthesis of norbornadiene-tethered nitrile oxide and 

its conversion to cycloadduct will fïrst be presented. An extensive discussion on the 

conditions for the generation of the cycloadduct such as solvent and temperature studies 

will follow. Application of the general methodology to the synthesis of various 

no rbomadiene-tethered nitrile oxides will be reported. A comprehensive account of the 

identification of the cycloadducts fkom spectroscopic data wilI be detailed as well. 

For the investigation on the intramolecular 1,3-DC reactions, an efficient route to 

the synthesis of norbornadiene-tethered nitro compound 31 was developed. This 

compound 31 then served as a precursor of the required nitrile oxide 32 for the 

cycloaddition reaction (Scheme 16). Accordhg to Schiosser and Brandsma' s protocol, 

deprotonation of the vinylic proton of norbomadiene (1) with Schlosser's base 



"BuLiIt~uOK occurred smoothly at -78OC in THF.~' Treatment of the resulting 

norbornadienyl anion with an excess of 1,4-dibromobutane (29) gave the norbornadiene- 

tethered bromide 30 in good yield? Displacement of the bromide 30 with sodium nitrite 

in the presence of phloroglucinol in DMSO afforded the required nitro compound 31." 

In the absence of phlorogIucino1, a significant amount of the corresponding nitnte was 

obtained and the yield of the nitro compound 31 was very low. Ln the h a 1  step of the 

reaction pathway, 31 was converted to the intermediate nitrile oxide 32 and the 

Scheme 16. Proposed Route to the Synthesis of Cycloadduct 

1. 'BUOK, "BUL~, 
THF, -78' to 40°C 

* 

Method X - 
1 NaN02, DMF 

phloroglucinol 
r.t. 

Method 1: (BOC)20, DMAP 
Method 2: Ph-N=C=O, (C2H&N 
Method 3: EtOC(O)CI, DMAP, Et3N 



generation of the cycloadduct 33 was provided. The nitrile oxide intermediate 32 is 

highiy reactive and must be generated and trapped in situ in order to avoid dimerization. 

Although there are several methods for generation of nitrile oxide 32 fkom the 

nitro precursor 31, the three most wideiy used routes were investigated. The three 

methods are: (1) Hassner methodlg which involves reaction of the nitro compound 31 

with di-tert-butyl dicarbonate and 4-dhethylaminopyridine as catalyst or (2) Mukaiyama 

aromatic isocyanate ~ n e t h o d ~ ~  which involves reaction of 31 with the dehydrating agent 

phenyl isocyanate and the base tnethylamine or (3) Shimizu ethyl chloroformate 

m e t h ~ d ~ ~  which involves reaction of 31 with ethyl chlomformate, 4- 

dimethylaminopyridine and triethyIamine. Reaction conditions of each cycloaddition 

method were ùivestigated in the development of a general route with optimum conditions 

for different classes of substrates. These results will be presented in a later section. 

2.3 Proposed Mechankm for fhe Conversion of a Nhoalkane to a Nitrile Oxide 

Mechanisms of the three aforementioned methods for the conversion of a 

nitroalkane to a nitrile oxide intermediate are quite similar. Herein, only the rnechanism 

of the Hassner method will be discussed. 



This method is based on the rationaiization that formation of nitrile oxides fiom 

nitroalkanes involves generation of a nitronate ester 35 in Scheme 17, followed by base- 

catalyzed elimination of a carboxylate unitLg A detailed description of each step of the 

mechanistic pathway is as follows. 

Scheme 17. Conversion of Nitroalkane to Nitrile Oxide Intermediate 

O 
DMAP 

PYc" 
R NO, 

In the f is t  step, the pyridinium nibogen of DMAP attacks the carbonate carbon of 

@OC)20 to generate the N-allcoxycarbonylpyridinium salt 34, carbon dioxide and tert- 

28 



butoxide. The strong base tert-butoxide then deprotonates the hydrogen at the carbon 

adjacent to the nitro fiinctionality of the nitroalkane. This negatively charged nitro 

compound then displaces the positively charged DMAP, a good leaving group, to form 

the nitroate ester 35. Since DMAP is known to be an excellent catalyst for esterification 

of alcohols by acid anhydrides, the apparent rate determining step, namely formation of 

the nitronate ester 35, is enhanced. Thus, the reaction is dowed to occur at room 

temperature- Furthemore, DMAP is a strong enough base to deprotonate the vinylic 

proton in the nitronate ester 35 to generate the corresponding nitrile oxide. The resulting 

tert-butoxide will then deprotonate the protonated DMAP, fonning a second tert-butanol 

rnolecule, At the end of the reaction, DMAP is regenerated and hence it is a catalyst. 

DMAP can react with another di-tert-butyi dicarbonate molecule and the whole process is 

repeated again. The only side products in this reaction are CO2 and tert-butanol. 

2.4 Optintizafion of Intramolecular I,3-Dipolar Cycloaddifions of Norbornadiene- 

Tethered Nifrile Oxides 

Studies on the conversion of nitroalkane to the intermediate nitrile oxide and 

hence to the cycloadduct has been documented in the literat~re.'~*'~ As discussed in 

section 2.2, the conversion c m  be carried out by three different methods: the Hassner 

(BOC)20/DMAP method, the Mukaiyama aromatic isocyanate method and the Shimizu 

ethyl chloroformate method. The appiication of these three methods to intramolecular 

1,3-dipolar cycloadditions of norbomadiene-tethered nitrile oxides was undertaken. In 



order to maximize the yield of the cycloadduct obtained, solvent and temperature studies 

on each of these three methods were performed. 

2-4.1 Conditions for the Gerterution of Cycloadducf 

Table 1 displays the yields obtained fiom the three different cycloaddition 

methods. For each method, the reactîon was performed either in toluene or chloroform at 

temperatures of 90°C and 60°C respectiveIy. The time allowed for the 

Table 1. Conditions for the Generation of Cycloadduct 

method solvent temperature time yield 

EtOCOCl toluene 90 OC 96 h 25 % 
Et3N, DMAP 

CHCI3 60 OC . 96 h 72 % 



reaction was 96 h. From Table 1, it was observed that with the use of (BOC)20/DMAP, a 

higher yieid of the cycloadduct was obtained for the reaction carried out in toluene at 

90°C- However, in the Mukaiyama and Shimizu methods, a different scenario was 

observed. For both of these methods, the use of toluene resulted in much lower yields of 

the cycloadducts as compared to the cases where chloroform was used. From this study, 

it was concluded that the Hassner (BOC)20/DMAP method under the reaction conditions 

of toluene at 90°C afforded the best yield of the cycloadduct. 

2.4.2 Effecf of Solvent on Cycloaddirion 

Having deterrnined that the Hassner (BOC)20/DMAP method was the method of 

choice, this method was employed for the solvent studies on the cycloaddition reactions. 

A wide variety of solvents were used for the investigation. As shown in Table 2, the 

cycloadditions were carried out at the respective temperatures of the solvent used. The 

period of time aliowed for these reactions was more or less the same. From the results 

dispiayed, it was evident that there was no real correlation between solvent polarity and 

the yield of the cycloadduct obtained. Thus, independent of the solvent used, the 

cycloaddition reactions gave yields within the range of 60 - 90%. Noteworthy is the 

reaction in toluene at 90°C which provided the cycloadduct with the highest yield. 



Table 2. Effect of Solvent 

Solvent Temperature Tirne Y ield 

Toluene 90 O C  48 h 86 % 

THF 60 O C  39 h 76 % 

DME 80 O C  45 h 72 % 

2.4.3 Effect of Temperature on Cycioaddition 

At this point of the study, it was established that cycloaddition was best 

perfomed in toluene. To m e r  the investigation on the cycloaddition reactions, another 

reaction condition that was explored was the temperature. As illustrated in Table 3, the 

choice of temperature also inauenced the yield, sometimes dramatically. The reactions 

were ailowed to stir for approximately 40 to 50 h. From Table 3, it was clear that there 

was an excellent correlation between the temperature and the yield of the cycloadduct 

obtained. As the temperature was increased, so was the yield of the cycloadduct 



achieved. Reaction temperature higher than 90°C was also investigated in the study by 

employing mesitylene as the solvent. It was found that at 150°C, decomposition of the 

product was observed. Thus, it was evident that the optimum temperature at which 

cycloaddition could occw to provide the best yield of the cycloadduct was 90°C. 

Table 3. Effect of Temperature 

Solvent Temperature Time Yield 

Toluene 25 O C  43 h 46 % 

Toluene 60 OC 39 h 66 % 

Toluene 90 OC 48 h 86 % 

2.4.4 Summary 

From the above study, it was concluded that the use of (BOC)fi  and DMAP in 

toluene at a temperature of 90°C were the best reaction conditions for the system 

investigated, providing the cycloadduct in the highest yield. As shown in Scheme 18, 

starting fiom a cheap, commercially available compouod, norbornadiene (l), a complex 



angular-fused tricyclic compound 33 can be synthesized in just three simple steps with 

good yields. 

Scheme 18. Optimized Conditions for Cycloaddition 

& 3 steps 
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To study the generality of the intramolecular 1,3 -dipolar cycloaddition of 

norbornadiene-tethered nitnile oxides, a variety of norbomadiene-tethered nitro 

compounds was synthesized and subjected to the optimïzed cycloaddition conditions. 

The synthesis of nitro compounds with different tether lengths (n = 0, 1, 2, 3) will first be 

presented, followed by those bearing various fùnctionalities within the tethered 

norbomadiene nitrile oxides. Finally, synthesis of nitro compounds with different 

heteroatoms (Z = O, S, Si, N) within the tether will be discussed. 

2.5. I Syn thesk of Nurbornadiene- Teth ered Nitrile Oxides wi'fh Dzyferen f Tefh er 

Lengths 

An attempted synthesis of the four-membered cycloadduct 40 is illustrated in 

Scheme 19. Starting with norbomadiene (1), deprotonation of the vinylic proton was 

made possible by Schlosser's base in THF at -78OC. Addition of the resulting 

norbomadienyl anion to an excess of 3-bromo-1-propanol afforded alcohol 36 with a 

yield of 74%. Since the hydroxyl functionality is a poor leaving group, 36 was not 

readily susceptible to nucleophilic substitution reaction with sodium nitrite. Thus, the 

hydroxyl group of 36 was first activated with tosyl chloride to generate 37. Displacement 



Scheme 19 
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Method 2 (B0C)20, DMAP 
Mesitylene, 1 50°C 

of the tosylate with sodium nitrite then Sorded the required nitro compound 38. Two 

attempts were then made to convert the nitro compound 38 to the cycloadduct 40. In the 

first case, the reaction mixture was conducted in toluene at 94°C. After 20 h of reaction 

time, only the starthg material was observed fÎom the 'H NMR (200 MHz)  spectmm. 

Thus, a higher boiling solvent was needed for the second atternpt. Mesitylene was the 

solvent of choice and the reaction mixture was allowed to stir at 150°C for 18 h. In thîs 



latter case, a mixture of unidentifïed materials was observed fiom the 'H NMR (200 

MHz) spectrum. It was concluded that the cycloadduct 40 would have considerable ring- 

strain and cycloaddition, therefore, was not feasible. 

2-5.1.2 Five-Mernbered Cychadduc f 

Scheme 20 & 1- 'BUOK, "BUL~ 
THF, -78 to -40 O C  

2. 1,4-dibrornobutane 

(BOC)@, DMAP 
1 

Toluene, 90°C 
NO2 

(56%) NaNo*, DMSO 
phloroglucinol, r.t, 

v 



Synthesis of the five-membered cycloadduct was described earlier in section 2.2. 

Therefore, only a brief description will be addressed herein. As s h o w  in Scheme 20, a 

relatively complex tricyclic compound 33 was generated fkom a few simple steps fiom 

norbornadiene (1). Good yield of the cycloadduct was obtained. Only a single regio- and 

stereoisomer of 33 was detected. 

\ 

Scheme 21 & 1. 'BUOK, "BUL~ 
THF, -78 to 40 OC 

2. 1,5-dibromopentane 
41 

(BOC)20, DMAP 

Toluene, 90°C 



The synthetic methodology to the six-membered cycioadduct was o d y  a siight 

modification of the route to the five-membered adduct- Following Schlosser and 

Brandsma' s pro tocol, the vinylic proton of norbornadiene (1) was deprotonated with 

"BUL~PBUOK at -78OC in THF. Rather than adding the generated norbomadienyl anion 

to an excess of 1,4-dibromobutane as in the case of the five-membered cycloadduct, the 

norbornadienyl anion was added to an excess of 1'5-dibromopentane to provide 41 

(Scheme 21). The resulting bromide 41 then undenvent displacement reaction with 

sodium nitrite to give the nitro compound 42. As in the case of the five-membered 

cycloadduct, conversion of the bromide to the corresponding nitro compound gave poor 

yields. NevertheIess, the nitro compound 42 was successfully converted to the six- 

membered cycloadduct 44 as the ody  regio- and stereoisomer with the use of the Hassner 

method. 

In order to complete a full investigation on the effect of tether length on the 

intramoIecular 1,3-dipolar cycloaddition of tethered norbornadiene nitde oxides, 

synthesis of the seven-membered cycloadduct was dso attempted (Scheme 22). 

Noteworthy is the conversion of norbornadiene (1) to bromide 45. In tbis case, the 

norbomadienyl arion was trapped with 1,6-dibromohexane. Although the corresponding 

nitro compound 46 was easily prepared, conversion of 46 to the seven-membered 



cycloadduct 48 was unsuccessful. The large spatial separation between the nitriie oxide 

and the double bond of norbomadiene possibly explained the difficuity in the formation 

of the cycloadduct. 

Scheme 22 
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2-52 SyntfieFis of Norbornadiene-Tethered Nitrie Oxides Bearing Functionaiity 

Within the Tefher 

2-5.2.1 Six-Membered Cycloadducf Bearing a a-SÏlyf Ether Substituent 

In the course of studying the intramolecular 1,3-dipolar cycloadditions of 

norbornadiene-tethered nitriIe oxides, cycloadduct precursors having fiinctionality within 

the tether were also investigated. Synthesis of the nitro compound 52 with a silyl ether 

substituent is shown in Scheme 23. Hydrolysis of bromide 30 with HMPA-H20 and 

sodium bicarbonate at 100°C led to the formation of the alcohol 49 in excellent yield. 

This latter compound was then subjected to Swern oxidation conditions to generate the 

correspondhg aldehyde 50. Nitromethane was then added to aldehyde 50 in the presence 

of alumiria to yield 51. Protection of the dcohol group with TBSCl in the presence of 

imidazole and DMF gave 52 in fair yield. Sirnilar to previously described synthetic 

routes to cycloadducts, the nitro compound 52 was converted to the cycloadduct 54 with 

the use of the Hassner @OC)20/DMAP method in toluene at 90°C. Although the nitro 

compound 52 bears a a-substituent , cycloaddition occurred smoothly to afford 54 with a 

78% yield. Only the exo cycloadduct was detected. 
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2.5.2.2 Sk-Membered Cycloadduct Bearing a a-Carbonyl Substituent 

Scherne 24 

b Method X P 
(Did Not Work) 55 

~ e t h o d  1 Dess-Martin Periodinone I 
1 

CH2CI2, pyridine, r-t. 
I 
1 
1 

Method 2 oxalyl chloride, DMSO 1 
1 

Et3Nl CH2C12, -78OC to r.t. 
1 
1 
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Since formation of the six-mernbered cycloadduct 54 with the a-silyl ether 

functionality occurred successfully, investigation on the generation of other cc-substituted 

nitro precursors continued. As shown in Scheme 23, the alcohol51 was synthesized fiom 

the bromide 30 in three simple steps with relatively good yields. In order to generate a 

six-membered cycloadduct with a a-carbonyl substituent, 51 was subjected to various 

oxidation conditions. Two attempts were made to oxidize the secondary alcohol to the 

ketone fûnctionality (Scheme 24). Unfortunately, in both cases, only a mixture of 

unidentified materials was detected from the 'H NMR (200 MHz) spectra. T'us, m e r  

investigation on the synthesis of cycloadduct 57 was not carried out. 



2.5.2.3 FNe-Membered Cycioadduct Bearing a ~Carbonyi Substituent 

Scheme 25 

THF, -78 to 4 0  OC -------------..-----+ 
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OH 
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Although attempts to synthesize a cycloadduct b e a ~ g  a a-carbonyl substituent 

were unsuccessful, a synthetic route to the formation of cycloadduct 61 with a carbonyl 

fùnctionality at the y position was studied. A simplified scheme for the generation of 

such cycloadduct is shown (Scheme 25). Synthesis of the alcohol58 Erom norbomadiene 



(1) was attempted. Unfortunately, the cmde TLC o d y  showed a mixture of products. 

Further investigation on the synthesis of cycloadduct 57 was not carried out. 

2.5.3 Synthesis of Norhrnadiene-Tethered Nitrile Oxides Bearing Reteroatom 

Within the Tether 

2.5.3.1 Cycioudducts Bearing an Oxygen Within fhe Tefher 

Synthesis of cycloadducts with an ovgen in the tether were also investigated. 

Methodology for the synthesis of the five-membered cycloadduct will first be presented, 

followed by the synthesis to the six-membered adduct. 

Simifar to the attempted synthesis of 58 Eom norbornadiene (1) as shown in 

Scheme 25, alcohol 62 was synthesized fiom norbornadiene (1) in the same marner 

(Scheme 26). The only exception to this synthesis was that rather than adding the 

reaction mixture to a solution of y-butyrolactone in THF as in the case for the attempted 

synthesis of 58, paraformaldehyde was added to the reaction mixture to generate 62. The 

norbomadiene-tethered allylic alcohol 62 was then reacted with THP-protected 

chloroethanol 63 in the presence of tetrabutylammonium bromide and sodium hydroxide. 

Compound 64 was formed in fair yieId. The THP ether functionality was removed under 

mild acidic conditions to afford 65. Since the hydroxyi fiinctionality is a poor leaving 

group, 65 was not readily susceptible to nucleophilic substitution reachon with sodium 

nitrite. Thus, the hydroxyl group of 65 was f k t  converted to iodide 66 with the 
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employment of iodlne, triphenylphosphine and imidazole in the presence of THF and 

CH3CN. Displacernent of the iodide with sodium nitrite then af5orded the required nitro 



compound 67. Using the Hassner ( 1 3 0 C ) 2 0 / D M ~ ~  method, the nitro compound 67 was 

converted to the required cycloadduct 69 as a single regio- and stereoisomer. 
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The six-membered cycloadduct with an oxygen in the norbornadiene-tether was 

synthesized in a sirnilar fashion (Scheme 27). The procedure was only slightly modified 

in the formation of the alcohol 70. In this case, instead of the addition of 

paraformaldehyde which led to the generation of the norbomadiene-tethered allylic 

alcohol 62 (Scheme 26), ethylene oxide was added to the reaction mixture to yield the 

norbomadiene-tethered homoallylic alcohol 70. Following the same reaction sequence 

for the five-membered cycloadduct, cycloaddition of the nitro precursor 74 occurred 

smoothly to provide the six-membered cycloadduct 76 bearing an oxygen in the tether 

with a moderate yield. The presence of an unideneed product, about 20%, was also 

detected, however, fiom the 'H NMR (400 MHz) spectnm. 

Attempts to synthesize cycloadduct precursors with both an oxygen and a silicon 

hctionality within the norbomadiene-tether were also undertaken (Scheme 28). 

Saking with the norbornadiene-tethered ailylic alcohol 62, two methods were 

investigated to convert the alcohol 62 to 77. In the first method, compound 77 was 

achieved with a yield of 29%. Due to the poor yield obtahed, a second attempt was 

needed. With the use of trieth;ylamine and chloro(chloromethyl)dimethyIsilane in THF, a 

much improved yield (41%) of compound 77 was obtained. Thus, the second method 

was the method of choice. Since the chlore functionality is a poor leaving group, 77 was 

not readily susceptible to nucleophilic substitution reaction with sodium nitrite. Thus, 77 

was first converted to iodide 78 by the Finkelstein method. Reaction proceeded smoothly 

to give 78 in good yield. Displacement of iodide with sodium nitrite, however, did not 

yield the required nitro compound 79. After purification of the cmde reaction mixture by 

column chromatography, the 'H NMR (200 MHz) spectnun detected the presence of 



nitro(nitromethyl)dimethylsilane and the starhg material norbornadiene-tethered allylic 

alcohol62, Further investigation on the synthesis of cycloadduct 81 was not attempted, 

Scheme 28 

1 Nal, acetone 
(75%) 5ooc 

NaN02, DMSO 
phloroglucinol, r.t. 

*---------,--------- 

79 4 78 ''Sini / \ 

Method 1 1. "BUL~, THF, -78OC 
2. chloro(chloromethyl)dimethylsilane 

(29%) 

Method 2 Et3N, THF 
chloro(chloromethyl)dimethyIsilane 

r.t. 
(41 %) 
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Synthetic route to cycloadduct 85 consisting of a lactone component was 

exarnined (Scheme 29). From the norbornadiene-tethered dylic alcohoi 62, bromide 82 

was formed in excellent yield. Two methods were investigated in the conversion of 82 to 

Scheme 29 

bromoacetyl brornide 
pyridine, CH2C12, O°C 

62 (96%) 82 
O 

Method X 
- 

Method Y 
+----------------- 

83 
O 

- 84 Method X I  NaN02, DMSO 
phloroglucinol, r.t. 

I 
I Method X2 AgN02, CH3CN, r-t- : (Did Not Work) 
I (24%) 

Method Y1 (BOC)20, DMAP 
Toluene, 90°C 

O 
Method Y2 phenyl isocyanate 

Et3N, CHC13, 60°C 

the corresponding nitro compound 83. As illustrated in Method XI, displacement of the 

bromide with sodium &rite in the usual fashion did not provide the nitro compound 83. 

The presence of the nitrite compound was detected. In method X2, bromide 82 was 



converted to the nitro compound 83 with the use of AgNOa and CH3CN. Compound 83 

was achieved although the yield of this reaction step was very poor (24%). Attempts to 

synthesize the cycloadduct 85 followed. As with aU the other synthetic routes to 

cycloadducts fiom the nitro precursors described to this point, the Hassner 

(BOC)20/DMAP method was appiied, The reaction was carried out in toluene at a 

temperature of 90°C (Method YI). Unfominately, it was found fiom the 'H NMR (200 

MHz) spectrum of the crude reaction mixture that oniy compound 86 was present (Fig. 

4). Since the Hassner method failed for this systern, the Mukaiyama aromatic isocyanate 

method Y2, which involved reaction of the nitro compound 83 with the dehydrating agent 

phenyl isocyanate and the base triethylarnine in chloroform, was attempted. In this case, 

only compound 87 was observed fkom the 'H NMR (200 MHz) spectnim of the crude 

reaction mixture. 

Fig. 4 



2.5.3.2 CycZoadducf Bearing a SuCfur Wifrrin fhe Tether 

Scheme 30 
1. PPh,, DlAD 
2. AcSH 

k O H  3- NHI, MeOH 
62 4. ClCH2CH20H 88 

L NaN02, DMSO 
phloroglucinol, r.t. 

(BOC),O, DMAP 
Toluene, 90°C 

* 

In order to broaden the studies on the effects of various heteroatoms within the 

norbomadiene tether on cycloaddition reactions, a synthetic route to the generation of 



cycloadduct 93 bearhg a sulfiir atom within the tether was investigated. As shown in 

Scheme 30, the norbornadiene-tethered ailylic alcohol 62 was hrst converted to the 

norbornadiene-tethered aiiylic thiol by the Mitsunobu method. The latter compound then 

undement a two-carbon homologation to yield alcohol 88. The hydroxyl group of 88 

was converted to an iodide functionality with the use of iodine, tnphenylphosphine and 

imïdazole in the presence of THF and CH3CN. Followhg the synthetic method which 

has been described previously for the generation of the nitro compound fiom the iodide 

compound, displacement of the iodide 89 with sodium nitrite would afFord the required 

nitro compound 91. However, in this case, not only was the nitro compound 91 achieved 

but also the nitrite analogue 90. In fact, the latter compound 90 was the major product of 

the reaction. Cycloaddition was performed. The minor product 91 was converted to the 

required cycloadduct 93 using the Hassner @OC)20/DMAP method in toluene at 90°C. 

A moderate yield of the cycloadduct 93 was obtained. 

2.5.3.3 Cyciuadducts Bearing a Nifrogen Wifhin the Tether 

Thus far, cycloadducts bearing an oxygen or a s W  atom within the 

norbornadiene-tether had been synthesized successfully as described in the previous 

sections. Herein, synthesis of cycloadduct 97 bearing a nitrogen functionality within the 

tether was attempted. Starting with the norbomadiene-tethered allylic alcohol 62, four 

atternpts were made to generate 94 (Scheme 31). Since the hydroxyl hctionality is a 

poor leaving group, 62 was not readily susceptible to nucleophïlic substitution reaction 



Method 1 1. "~uLi .  THF, -78OC. Method 3 1. PPh3, DIAD, THF, O°C, 

30 min. 
2. TsCI, THF, -78OC, 

10 min. 

30 min. 
2- PhNH,, THF, O°C, i h to 

r.t., 4.5 h to 60°C, 16 h 

3. PhNH2, -78OC, 30 min. 

Method 2 1. MsCI, Et3N, CH3CN, Method 4 1. PPh3, DIAD, THF, O°C, 
30 min. 

2. PhNH2, "BUL~, THF 

with aniline. In the f%st method, the hydroxyl group of 62 was first converted to the 

tosylate functionality which was then later converted to the phenyl amine. However, 
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afler 3.5 h of reaction time, the 'H NMR (200 MHz) spectnim of the crude only showed a 

mixture of aniline and the starting material 62. In the second attempt, the hydsoqd group 

of 62 was fist converted to the mesyl fünctionality, which was then iater converted to the 

phenyl amine. As with the fïrst method, d e r  3 h of reaction t h e ,  the 'H NMR (200 

MHz) spectmm of the crude only showed a mixture of aniline and the starting materiai 

62. The Mitsunobu method to the synthesis of 94 was then used in the last two attempts. 

Methods 3 and 4 were carried out under the same reaction conditions. The only 

difference was that in Method 4, "BuLi was added. Unfortunately, in these two cases, the 

cmde TLC showed a mixture of products. Both aniline and the starting material 62 were 

observed. Since conversion of 62 to 94 was unsuccessfùl, M e r  investigation on the 

synthesis of cycloadduct 97 was not performed- 

2.5.4 Iden @cation of the Regio- and Stereochemktry of fhe Cychdduc& 

Theoretically, norbomadiene-tethered nitrile oxides can undergo four possible 

modes of intramolecula. 13-dipolar cycloadditions, generating a variety of cycIoadducts 

(Scheme 32). In terrns of regioselectivity, the nitrile oxide in the tether 32 cm cycke on 

C6-Ci-Cz to give the adduct 98 or it can cyclize on C& to give the adduct 99 or on Ca- 

C3 to give 33 and 100. In terms of stereoselectivity, cycloaddition of the norbomadiene- 

tethered nitrile oxide on the C2-C3 double bond fiom the exo and endo faces cm provide 

the exo and endo cycloadducts 33 and 100. Throughout the studies conducted, formation 

of adduct 99 was not detected possibly due to the large spatial separation between the 



Scheme 32. Possible Cycloadducts 

nitrile oxide and the double bond of the norbornadiene. In addition, cycloadducts 98, 99, 

and 100 were not observed. This codd be due to the severe ring-strain found in these 

resulting molecules. In fact, the intramolecdar cycloaddition of the norbornadiene- 

tethered nitrile oxide 32 was found to be highly regio- and stereoselective, giving the exo 

cycloadduct 33 as a single regio- and stereoisomer. It is noteworthy to mention here that 

the intermolecdar 1,3-dipolar cycloaddition of norbomadiene with benzonitrile oxide 

produces a 4: 1 exo/endo cycloadducts." 

The regio- and stereochemistry of cycloadduct 33 were confïrmed by NMR 

techniques. The presence of the two olefinic protons in the 'H NMR spechum eliminated 

the possibilities of cycloadducts 98 and 99. The exo and endo stereochemistry of the 

cycloadduct can easily be distinguished by the couplhg constant between the proton Ha 

adjacent to the isoxazoline oxygen and the allylic bridgehead proton H~ in the 'H NMFt 

~ ~ e c t n i m . " * ~ ~  Since the dihedral angle between Ha and H~ in the exo cycloadduct 33 is 

almost 90°, the coupling constant between these two protons is very srnall (J -  O - 2 Hz). 

In the endo cycloadduct 100, the dihedral angle between Ha and H~ is approximately 42O 
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and a doublet with J - 5 Hz would have been observed.4' NOESY experirnents also 

provided additional confinnation of the ex0 stereochemistry of the cycioadduct. 



2.6 Conclusions 

Results of the intramolecular 1,3 -dipolar cycloadditions of norbomadiene-tethered 

nitrile oxides are illustrated in Table 4. In the course of studying the effects of tether 

length on the cycloaddition reactions, it was found that o d y  cycloadducts synthesized 

from the nitro compounds 31 and 42 were obtained. In both cases, the cycloadditions 

were highly regio- and stereoselective, giving only the exo cycloadducts 33 and 44. The 

yield of the five-membered cycloadduct 33 was slightly better than that of the six- 

membered adduct 44. Unfortunately, cycloadditions to the four- and seven-membered 

cycloadducts (40 and 48) were not detected. Cycloaddition leading to the four-membered 

adduct 40 did not occur possibly due to the severe ring-strain found in the resulting 

compound. In the case of the seven-membered cycloadduct 48, the large spatial 

separation between the nitrile oxide and the double bond of norbomadiene possibiy 

explained the difficulty in the formation of the ~ ~ c l o a d d u c t . ~  Thus, the likelihood of 

intramolecular cycloaddition decreases with increasing distance between the reacting 

groups . 

To broaden the scope of the study, synthesis to cycloadduct precursor having 

bctionality within the norbomadiene tether was also investigated. The nitrile oxide 

generated fiom the nitro compound 52 with a a-silyl ether substituent provided the 

corresponding exo cycloadduct 54 in good yield. 

Formation of the five- and six-membered cycloadducts (69 and 76) bearing an 

oxygen within the tether also proved to be successfd, giving moderate yields of the 

cycloadducts. In the case of cycloaddition with the nitrile oxide generated fkom nitro 



compound 74, an unidentined product (- 20%) was detected in addition to the exo 

cycloadduct 76. This is the only case in which a side product was observed. 

Table 4. lntrarnolecular 1,3-Dipolar Cycloaddition of 
Norbornadiene-Tetherd Nitrile Oxides 

Nitroalkane Cvcloadduct YieId 

OTBS 78% 

a Prepared by other rnernbers of the Tarn research group. 



Cycloadduct precursors containing other heteroatom within the norbornadiene- 

tether were aiso included in the study. As shown in Table 4, cycloaddition of the nitro 

compound 91 bearing a suLfur within the tether occurred smoothiy to generate the five- 

membered cycloadduct 93 in fair yield. Simila. to the other cycloadditions described 

above, only the exo adduct 93 was achieved Thus, the reaction was highly regio- and 

stereoselective. 



Chapter 3 

Synthesis of 2,3-Disubstituted Norbornadienes 



3.1 Introduction 

In the course of studying the effects of a C-3 substituent on the regio- and 

stereoselectivity in the in'tramolecular 1,3 -dipolar cycloadditions of norbomadiene- 

tethered nitrile oxides (Scheme 3314', a problem of synthesizing the 2,3-disubstituted 

norbornadienes 101 was encountered. Most of the syntheses of 2,3-disubstituted 

Scherne 33 

norbornadienes reported in the literatue rely on Diels-Alder reactions between 

49-53 cyclopentadiene and highly activated acetylenes (Scheme 34). Although Diels-Alder 

cycloaddition reactions have drawn a great deal of synthetic attention in recent years, 

owing to their extensive application in the construction of ring systems which are 

frequentiy required for the synthesis of natural products, drugs and other bioIogicalIy 



Scheme 34 

0""' A 

(98%) - COOMe 

active compounds, there are several disadvantages in the conventional preparation of the 

Diels-Alder products, namely, (i) the reaction time is occasionally too long, and (ii) 

unsuitable in the presence of some hct ional  g r o ~ ~ s . ~ ~  Less activated or unactivated 

acetyfenes are notoriously poor dienophiles in Diels-Alder reactions, and are indeed 

resistant to C4-f-21 cycloaddition reactions. Thus, substituents on the norbomadiene ring 

system are only Limited to electron-withdrawing groups. An alternative approach is 

requïred to overcome this barrier. Iq this chapter, a new and generd procedure for the 

synthesis of 2,3-disubstituted norbornadienes 110 and 111 which is compatible with a 

wide variety of substituents (El and Ez) will be presented (Scheme 35).33 

Scheme 35 

1. 'BUOK, "Bu~ i .  THF. -78O to -40°C 

2. BrCH2CHiBr 

1. 'BUL~. TH F, -78OC 
2. electrophile (E~+) 

I 
1 

& - El 1. 'BUL~, THF, -78OC 

2. electrophile (E,~) 
111 E2 110 Br 



23-Disubstituted norbomadienes have considerable synthetic versatility in the 

synthesis of many natual products. Some of these cornpounds are key intermediates for 

the synthesis of biologically active analogues of the prostag1andin endoperoxides PG& 

and PGG2, cis-trïkentrin B, and ~santalol.  3437 Another interesîing aspect of the 

chemiçtry of 2,3-disubstituted norbomadienes involves the photochernical isomerization 

of norbomadiene derivatives to the correspondhg quadricyclanes and its cataiytic 

rever~a . l .~~-~~ Extensive investigation of 2,3-disubstituted norbomadienes-quadricyclaneç 

interconversion for solar energy storage has demonstrated the efficiency and switching 

potentid of these reversible systems. 60-62 

3.2 General Methodology for the Synth esis of 2,3-Disrrbstilufed Norborn adienes 

Schlosser and Brandsma showed independentiy that deprotonation of the vinylic 

hydrogen of norbornadiene (1) could be achieved by the use of Schlosser's base, a 

mixture of n-butyIIithium ("BuLi) and potassium or sodium tert-butoxide ~ B U O K  or 

  BU ON^) in tetrahydrofüran at -780c.~'" Trapping of the metalated norbomadiene with 

electrophiles led to the formation of various 2-substituted norbornadienes (Scheme 36). 

Scheme 36 



The application of fast lithium-bromine exchange for the synthesis of 2,3-dibromo- 

bicyclo L2.2. l ] hepta-2,5-diene was reported b y Szeimies and CO-workers during their 

studies on the isomerization of quadncyclanes to the corresponding 

oxa~es~uuiorbornatrienes.~~ In an attempt to improve the yield of dibromide 109 

obtained by Szeimies, the reaction procedure was modified in order to achieve a more 

reliable large-scale (10 - 20 g scale) synthesis of the compound (Scheme 37). 

Scheme 37 

1. 'BUOK, "BuLi, THF, -78O to -40°C 

2. BrCH2CH2Br (0.5 eq.), -40°C, 1.5 h 
1 

3. BrCH2CH2Br (1 -5 eq.), -78' to 25OC, 4 h 109 Br 
1 

c 
1 (40-65%) 4 1 

(0.5 eq.) 

After deprotonation of the vinylic hydrogen of norbomadiene (1) with Schlosser's base in 

THF at -7g°C, 0.5 equivalent of 1,Z-dibromoethane was added to the norbornadienyl 
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potassium. The reaction mixture was kept at -40°C for 1.5 h. Another 1.5 equivalent of 

1,2-dibromoethane was added which would then react with the remaining 0.5 equivalent 

of norbomadienyl potassium. It was found that maintaining the reaction mixture at the 

correct temperature was extremely important at this stage. If the temperature was either 

too high or too low, serious side reactions could occur, tbus lowering the yield of 

dibromide 109. Since the acidity of the vinylic hydrogen was enhanced by the vicinal 

bromide in 110a, the norbomadienyl potassium was basic enough to remove the proton to 

af5ord 112. Addition of an excess of 1,2-dibromoethane then led to the formation 109. 

Monolithium halide exchange of 109 with ' ~ u ~ i  (2 equivalents) produced 2- 

bromo-3-lithionorbornadiene (113). Trapping of this organoiithium with electrophiles 

(Table 5)  generated a variety of 2,3-disubstituted norbornadienes bearing a bromine 

functionality in moderate to good yields. Formation of the intermediate, norbornenyne 

(114), was not detected in any case (eq. 2)? 

A second lithium halide exchange in llOb was carried out, followed by trapping 

of the generated organolithiurn with various electrophiles (Table 6). A broad range of 

2,3 -disubstituted norbomadienes (1 1 la - I l  lg) having different functionalities was 

obtained in fair yields. From the above examples, the application of double lithium 

halide exchange proved to be a versatile methodology for the preparation of 2,3- 

disubstituted norbomadienes containing a methyl group. Nonetheless, particular 



Table 5. Synthesis of MonobrornoSubstituted Norbornadienes 

&sr k u i i  (2 eq-)w&Li _ &El 
THF, -78% eiectrophile 

109 Br 113 Br 110a-110p Br 

Entry Electrophile Norbomadiene El Yield (%) 

H20 

Mel 

-1 

THPO-' 

~ r - ~ ~  

BnBr 

Me3SiCI 

' B U M ~ ~ S ~ C I  

TsCl 

12 

Bu3SnCI 

EtOC(0)Ci 

CH3CH0 

PhCHO 

CH3COCH3 

PhCOPh 

H 

Me 

"~exy l  

(CH2)40THP 

(CH2)4Br 

CH2Ph 

SiMe3 

S ~ M ~ ~ B U  

CI 

1 

SnBu3 

COOEt 

CH(OH)CH3 

CH(0H)Ph 

C(OH) 

C(OH)Ph2 

a Prepared by other rnernben of the T& research group. 



attention should be paid to the reactions of  llOc and llOd with 1,4-dibromobutane (entry 

8) and methyl chloroformate (entry 9) respectively which led to the formation of the 2,3- 

disubstituted norbornadienes 111 h and I l  li. These disubstituted adducts served as 

important precursors for the synthesis of norbornadiene-tethered nitrile oxides in the 

studies of intramolecdar 1,3 -dipolar cycloaddition reactions. 

Table 6. Synthesis of Disubstituted Norbornadienes via 
Double Lithium-Halide Exchange 

El 1. 'BUL~ (2 eq.), THF, -78OC 

2. electrophile 
I IO~ ,C ,~  Br . 111a-III~ E2 
- -  - - -- pp - 

Entry El Electrophile Norbomadiene E2 Yield (%) 

5 Me 12 I l l e a  1 60 

6 Me EtOC(0)Cl I l l f  COOEt 77 

7 Me MeCOMe 1119 C(0H)Me2 80 

8 "Hexyl ~ r -  " 1 1 1 h (CH2)4Br 54 

9 (CHJ,OTHP MeOC(0)CI Illi COOMe 74 

a Prepared by other members of the Tarn research group. 
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3.3 Results and ~ r ~ c & s i o n  

3.3.1 SyntheslS of 2,3-Dbubstifufed Norbornadienes front 2,3- 

Dibromonorbornadiene via Monolifhium-Hulide Exchange 

As iliustrated in Table 5 of section 3.2, a diversified array of 23-disubstituted 

norbornadienes having a bromine fünctionality as one of the substitutents was generated 

fi-om monolithium-halide exchange of 2,3-dibromonorbomadiene (109) with 2 

equivalents of '~uLi .  A wide variety of electrophiles was used in the synthesis, including 

water, alkyl halides, various heteroatoms, acyl chlondes, aldehydes, and ketones. A 

detailed discussion of the synthesis involving the aforementioned electrophiles as well as 

some of the attempted synthesis using less reactive electrophiles will be presented. 

Since the first three entries of TabIe 5 were performed by other members of the 

Tarn research group, o d y  a brief overview of the reactions will be given. It is important 

to note that only with the exception of the f i s t  entry of Table 5, the monolithium-balide 

exchange in 2-bromo-3-lithionorbornadiene (113) ied to the formation of 2,3- 

disubstituted norbomadienes. In the f i s t  entry, a monosubstituted product was generated 

fiom the reaction of 113 with water as the etectrophile. In the second and third entries, 

the intermediate 113 was trapped with alkyl halides. Reactions of 113 with iodomethane 

and iodohexane led to the formation of llOb and llOc respectively in good yields. 

The two most important disubstituted analogues generated are llOd and llOe. 

These were used in the synthesis of C-2, C-3-disubstituted norbornadiene-tethered nitrile 

oxides 101 (Scheme 33) in the studies of intramolecular 1,3-dipolar cycloaddition 



reactions. Trapping of 2-bromo-3-lithionorbornadiene (113) with TEP-protected 

iodopentanol and 1,4-dibromonorbomadiene (29) provided llOd (Scheme 38) and llOe 

(Scheme 39) respectively. Noteworthy is the former reaction which gave the highest 

yield among all of the 2,3-disubstituted norbornadienes generated by monolithiun- 

bromide exchange. 

As shown in Scheme 40, 2-bromo-3-lithionorbornadiene (113) codd also be 

trapped with benzyl bromide. The reaction occurred smoothly to yield the disubstituted 

adduct 1 lof in moderate yield. 

Scheme 38 

Br 1. 'BuLi, THF, -78OC 

2. wOTHP 
109 Br 1 =&y- OTHP 

-78OC to r.t. IIOd 

Scheme 39 

&- Br 1. 'BUL~, THF, -78OC 

2. -Br 
109 Br Br 29 

Br 
110e 

-78OC to r-t. 
(93%) 

Scheme 40 



In an attempt to synthesize 2,3-disubstituted norbornadienes with heteroatoms (Si, 

Cl, 1 and Sn), a wide variety of electrophiies were used. Trapping of the intermediate 2- 

bromo-3-lithionorbornadiene (113) with silyl chlorides (entries 7 and 8), tosyl chloride 

(entry 9), iodine (entry IO), and tributyItin chloride (entry 11) aBorded the corresponding 

products in fair yields. The following two syntheses aiso fall h t o  this category of 2,3- 

disubstituted norbornadienes bearing heteroatoms. As s h o w  in Scheme 4 1, reaction of 

109 with dimethyl disulnde was carried out. Unfortunately, a mixture of products was 

observed fiom the crude TLC. 

Scheme 41 

dimethyl disuifide \ 

I I O g  Br 
THF, -78OC, 3 h to 
O°C, 7 h 

(Did Nat Work) 

Since good yields of the 2,3-disubstituted norbornadienes l lOi  and 11Oj were 

obtained fkom the reactions of 113 with tosyl choride and iodine respectively, synthesis 

of llOr was attempted (Scheme 42). In the f ist  method, the intermediate 113 was added 

to a mixture of ccSelectfluor'y and THE A solubility problem was encountered as the 

ccSelectfIuor'y did not dissolve in TEIF. The reaction mixture was d o w e d  to stir at -78OC 

. for 1 h. At this point, the crude TLC showed no indication of the formation of product. 

The undissolved ccSelec$luor" in the synthesis could possibly account for the 

disappointing result. A slightly modkfïed method was then applied. In this case, the 



order of addition was reversed. Rather than adding 113 to ccSelec~uor", the electrophile 

was added to the intermediate 113. The reaction was also carrïed out for a signifïcantly 

longer period of time. Unfomuiately, the 'H NMR spectrum only showed a mixture of 

unidentified materials. 

Scheme 42 

Method X 
-----------------+ 

109 È r  (Did Not Work) ltOr 

Method 1 1. 'BUL~, THF, -7g°C, 30 min. 
2. Selecffluor, -78OC, 15 min. 

to r.t., 1 h 

Method 2 1. 'BUL~, THF, -7g°C, 30 min. 
2. Selecffluor, -78OC, 5 h 

Having investigated the reactions of various heteroatom-containhg electrophiles 

with 2-bromo-3-lithionorbornadiene (113) to provide 2,3-disubstituted norbornadienes 

bearing the heteroatom and b r o d e  substituents, the challenge to make other 

hctionaIized 2,3-disubstituted norbomadienes, which could lead to M e r  studies on 

the intrafllolecular cycloadditions of C-2, C-3-disubstituted norbornadiene-tethered nitrile 

oxides, was undertaken. Reactions involving the trapping of the intemediate 113 with 

carbonyl-containing electrophiles were investigated. 

In the reaction of 2-bromo-3-lithionorbornadiene (113) with ethyl chloroformate, 

the corresponding ester 1101, was generated (Scheme 43). Particular attention should be 

paid to the experimental procedure of this reaction. In most reactions involving 



electrophiles, the product was synthesized by the addition of the electrophile to the 

intermediate. However, if this order of addition was followed with the use of ethyl 

chioroformate, double addition of the nucleophile codd occur, Ieading to the formation 

of side products. Thus, in order to maximize the yield of the reaction, the intermediate 

113 was added to ethyl chloroformate. As shown in Table 5, the yield of the reaction was 

comparable to those obtained fiom synthesis involving heteroatorn-containhg 

electrop hiles. 

Scheme 43 

Br 'BUL~, THF, -78OC 

Br 

+ &y 
Br 

1 09 113 

(61 %) l ethyl chloroformate 
-78OC 

Attempts to synthesize 2,3-disubstituted norbornadienes bearïng an aldehyde 

functionaiity were carried out as weil. Similar to the experimental procedure for the 

generation of 1101, the synthesis of 110s (Scheme 44) also involved the addition of the 

intermediate 2-bromo-3 -lithionorbornadiene (1 13) to the electrophile. In this case, DMF 

was used. Unfortunately, the yield of the reaction was only 18%. ho the r  route to the 



synthesis of 110s was needed- As demonstmted earlier, 1101 was obtained in good yieId 

via monolithium-halide exchange (Scheme 43). An attempt to reduce the carboxylic acid 

ethyl ester fûnctionality to an aldehyde using oniy 1 equivalent of DIBAL in CH2C12 at 

-78°C was performed (Scheme 45). In this case, o d y  starting matenal was detected fiom 

'H NMR (200 MHz) spectroscopy. Although the direct approach, by way of 

monolithium-bromide exchange, gave a low yield of the prodüct IlOs, it was nonetheless 

the better route. 

Scheme 44 
O 

&- Br 1. 'BUL~, THF, -78OC 

Br 2. DMF, THF, -78OC 1 O9 Br 
(1 8%) 110s 

Scherne 45 

(Did Not Work) ' 

Thus far, only 2,3-disubstituted norbomadienes bearing carbonyI fûnctionalities 

such as ethyl ester 1101 and aldehyde 110s have been discussed. The synthesis of 2,3- 

disubstituted norbornadiene with a ketone group as one of the substituents was explored. 

As shown in Scheme 46, an attempt to generate l l O t  from the reaction of the 

intermediate 113 with acetyl chloride was made. Sirnilar to reactions involvhg 

electrophiles bearing carbonyl groups, the intermediate 113 was added to the electrophile 



in order to suppress the formation of possible side products. However, the attempt to 

generate l l O t  was unsuccessfiil. The crude TLC showed a mixture of products 

Scheme 46 
O 

1. 'BUL~, THF, -78OC ....................... 
Br 2. acetyl chloride 

109 THF, -78OC l l O t  Br 

(Did Not Work) 

in addition to the investigations on 2,3-disubstituted norbornadienes having a 

carbonyl group as one of the substituents, synthesis of 2,3-disubstitued norbornadienes 

having an alcohol functionality was also performed. The synthesis of adducts having a 

primary aicohol functionality will fist be presented, followed by those with secondary 

alcohols and last but not least, the ones with tertiary alcohols. Various aldehydes were 

used as the electrophiles in the synthesis of adducts bearing prïmary and secondary 

alcohols. In the case of the formation of adducts with tertiary alcohols, ketones were 

used. 

Four different methods were attempted to generate the disubstituted adduct 

bearing a primary alcohol functionality llOu (Scheme 47) using the electrophile 

paraformaldehyde. In the first method, the generated intermediate 113 was added to a 

stirred solution of paraformaldehyde in THF whereas in the second method, the order of 



Scheme 47 

Method 1 

Method 2 

Method 3 

Method 4 

1. 'BUL~, THF, -78OC, I h 
2. paraformaldehyde, THF 

r-t., 4 h 

1. 'BUL~, THF, -78OC, 1 -2 h 
2. paraformaldehyde, THF 

r-t., 15 h 

1. 'BUL~, THF, -78OC. I h 
2. paraformaldehyde, THF 
-78OC, 55 min. 

1. 'BUL~, THF, -78OC, I h 
2. paraformaldehyde, THF 

-1 OO°C, 30 min. 

addition was reversed with the addition of paraformaldehyde to the intermediate 113. 

Although the reaction of method 2 was carried out for a significantly longer period of 

time than that of method 1, both 'H NMR (200 MIIz)  spectra sshowed a mixture of 

unidentified materials. With the conclusion that the reactions were too vigorous at room 

temperature, the following two attempts were carried out at much lower temperatures, at 

-78°C and -100°C in methods 3 and 4 respectively. The time ailowed for the reactions 

was also much shorter. Unfortunately, in these latter two methods, the crude TLCs of the 

reaction mixtures o d y  showed a mixture of products- 



Although the ckect synthesis of 2,3-disubstituted norbornadiene bearing a . 

pn'mary alcohoi substituent failed via monolithiun-bromide exchange, an alternative 

approach to the synthesis of llOu was investigated. S d a r  to the reaction of 113 with 

ethyi chloroformate to generate 1101 (Scheme 42), llOv was synthesized using the same 

experïmental procedure with the exception that methyl chloroformate was used as the 

electrophile (Scheme 48). A slightly better yield of the 2,3-disubstituted norbornadiene 

was obtained with methyl chloroformate than with ethyi chioroformate. The ester llOv 

then underwent reduction with DIBAL in C&CI2 at -78°C to provide llOu in fair yield. 

Scheme 48 

& Br 1. 'BUL~, THF. -78OC 

2. methyl chloroformate 
1 O 9  

Br Br 
THF, -78OC I I O V  

(65%) 

Synthesis of 2,3-disubstituted norbornadienes with a secondary alcohol 

functionality codd  be performed with the monolithium-halide exchange procedure. 

Good yields were obtained for these adducts. As illustrated in Scheme 49, reaction of 2- 

brorno-3-lithionorbornadiene (113) with acetddehyde provided l l O m  with a yietd of 



83%. Reaction of the intermediate 113 with benzaldehyde was ais0 investigated (Scheme 

50). In this case, a slightly lower yield of the adduct 110n was obtained. 

Scheme 49 

&+-Br 'BUL~, THF, -78OC- &Li 

1 acetaldehyde 
(83%) -780~ 

Scheme 50 

Br 'BUL~, THF, -78OC 

Br 

= Q-Li 
113 Br 109 

To M e r  the studies on the consîmction of 2,3-disubstituted norbornadienes, 

investigations on the synthesis of adducts bearing a tertïary alcohol substituent was 
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carried out. Various ketones served as the electrophiles in these reactions. In Scheme 5 1, 

the reaction of 2-bromo-3-lithionorbornadiene (113) with acetone occurred smoothly to 

afford 1100 in fair yield. Another example on the synthesis of adduct with a tertiary 

alcohol group as one of the substituents is s h o w  in Scheme 52. The slightly Lower yield 

obtained for product llOp could possibly be accounted by its considerable steric 

bulkiness. 

Scheme 51 

&- Br 'BUL~, THF, -78OC 

Br 

- 
1 09 113 

Br 

Scheme 52 

Br 'BUL~, THF. -78OC 

(66%) 
benzophenone 
-7pc 



3-3.2 Synthais of 2,3-DiSubstifuted Norbornadienes from 2,3- 

Dibromonorbornadr'ene via Double Lithium Hafide Ewchange 

At this point, only synthesis of 2,3-disubstituted norbomadienes bearing a 

bromine group as one of the substituents have been demonstrated. However, in order to 

broaden o w  studies on the intramolecular 1,3-dipolar cycloadditions of C-2, C-3- 

disubstituted norbornadiene-tethered nitrile oxides, a versatile methodology to the 

synthesis of 2,3-disubstituted norbornadienes with various fünctionalities other than 

bromine was needed. 

As shown in Table 6 in section 3.2, a variety of 2,3-disubstituted norbomadienes 

was generated by double lithium-halide exchange. A second lithium halide exchange of 

llOb foilowed by trapping of the generated intermediate with 1-bromohexane (Table 6, 

entry l), 1,4-dibromobutane (entry 2), trimethylsilyl chionde (entry 3), tosyl chloride 

(entry 4), iodine (entcy 5) provided a broad range of 2,3-disubstituted norbornadienes 

( l l l a  - I l l e )  with various functional groups in moderate to good yields. 

Similar to the previous studies on the synthesis of 1101 fiom 2,3- 

dibromonorbornadiene (log), the investigation to functionalize the bromide llOb with a 

carbonyl group by carrying out a second lithium-halide exchange continued. Result on 

the synthesis of the adduct bearing a carboxylic acid ethyl ester group will first be 

presented, followed by a brief examination on the synthesis of the adduct bearing an 

aldehyde group. 

As shown in Scheme 53, monolithium-bromide exchange of llOb with 2 

equivalents of %Li generated the intemediate 2-methyl-3-lithionorbornadiene. As with 



the synthesis of 1101, particuiar attention should be paid to the experimental procedure of 

this reaction. In order to suppress the formation of side products, the generated 

organolithium was added to a solution of ethyl chloroformate ia THF. The reaction 

occurred smoothly to provide l l l f  with a yield of 77%. 

Scheme 53 

CH3 1. 'BUL~, THF, -78OC 

Br 2. ethyl chloroformate 
110b THF, -78OC I l l f  O 

Although unsuccessful attempts were made to synthesize 2,3 -disubstituted 

norbornadienes with aidehyde and bromine functionalities via monolithium-bromide 

exchange of 109 (Scheme 44) or the indirect approach of reducing 1101 with DIBAL 

(Scheme 4 9 ,  the challenge to generate l l l j  was undertaken. As shown in Scheme 54, 

l l l f  was reduced with 1.0 equivaient of DIBAL in CHzClz at -7PC. Unfortunately, the 

'H NMR (200 MHz) spectnim of the crude reaction mixture gave no evidence of the 

formation of the product. The signal corresponding to an aldehyde group was not 

detected. 

Scheme 54 



Synthesis of 2,3-disubstituted norbornadienes vvia tertiary alcohol functionality 

fiom 110b was also examined. As illustrated in Scheme 55, reaction of 110b with 

acetone generated lllg. This reaction gave the highest yield among all of the 2,3- 

disubstituted norbornadienes synthesized fiom 1lOb. 

Scheme 55 

CH3 1. 'BUL~,THF,-?~~C 

Br 2. acetone, -78OC 
llOb (80%) 1119 OH 

Particdar attention shouid be drawn to the syn.-thesis of the 2,3-disubstituted 

norbornadienes l l l h  and I l l i .  These compounds serve& as important precursors of the 

norbornadiene-tethered nitrile oxides for the shrdies of intramolecular 1,3-dipolar 

cycloaddition reactions. Trapping of bromide llOc with 1.4-dibromobutane (Scheme 56) 

led to the formation of l l l h .  

Scheme 56 

1 IV-  

THF, -78OC 

As demonstrated earlier, reactions which involved. ethyl chloroformate often led 

to 2,3-disubstituted norbornadienes in moderate yields. Herein, the synthesis of l l l i  
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fÏom llOd which involved the electrophile methyl chloroformate is reported (Scheme 

57). S i d a r  to other reaction involving carbonyi-containing electrophiles mentioned to 

date, the same experimend procedure applied. The reaction proceeded by the addition 

of the intemediate organolithium to methyl chioroformate, Good yield of the 2,3- 

disubstituted norbornadiene l l l i  was obtained. 

Scheme 57 
O 

1. 'BUL~. THF, - 7 8 0 ~  

OTHP 2. methyl chloroformate 
:* 

l l l i  
OTHP 

1 IOd THF, -78OC 

Investigation on the synthesis of 2,3-disubstituted norbornadiene bearing a phenyl 

functionality was dso carrïed out. The attempt to convert compound llOg to l l l k  with 

the use of tetrakis(tripheny1p hosphine)palladium(O) and tributylphenylth was made. 

Unfortunately, a mixture of products was observed from the crude TLC. 

Scheme 58 



3.4 Conclusions 

Various 2,3-disubstituted norbomadienes that are impossible to prepare by the 

traditional Diels-Alder method were synthesized in moderate to good yields by double 

iithiuru-halide exchange of 2,3-dibromonorbornadiene. Analogues 1 lOa - 1 lOp are very 

useful precursors for the synthesis of many other 2,3-disubstituted norbomadienes. Some 

of these compounds are used in the studies of intrarnolecular 1,3-dipolar cycloaddition 

reactions of norbornadiene-tethered nitrile oxides. 

Although the 2,3-disubstituted norbomadienes l l l a  - l l l i  are synthesized via a 

second lithium-halide exchange as discussed earlier, alternative methodologies to these 

compounds are possible. For instance, couphg of the bromides 110 with organotin 

compounds (for the Stille  oup pl in^^^^^), with organoboron compounds (for the Suzuki 

c o ~ p l i n ~ ~ ~ ) ,  with alkenes (for the Heck reaction63, and with 1-allcynyl (for the Castro- 

Stephens-Sonogashira c o ~ ~ l i n ~ ~ ~ )  to generate broad classes of vinyl, aryl, and aIkynyl 

norbornadienes. These couphg reactions in the synthesis of novel conjugated 

norbomadiene-based polymers are currently under investigation in the Tarn group. 

Studies on the asymmetric lithium-halide exchange of 2,3-dibromonorbornadiene (109) 

by precornplexation of 'BUL~ with a chiral base34 are dso underway. 



Chapter 4 

Intramolecular 1,3-Dipolar Cycloadditions of Norbornadiene-Tethered Nitrile 

Oxides with a C-3 Substituent 



Having discovered a simple and convenient method to synthesize various 2,3- 

disubstituted norbornadiene via double lithium haiide exchange (Chapter 3), investigation 

of the intramolecular 1.3-dipolar cycloadditions of norbornadiene-tethered nitrile oxides 

bearing a C-3 substituent was pursued (Scheme 59). In this chapter, a novel strategy to 

cycloadduct precursors with a C-3 substituent will fïrst be presented. Application of this 

general methodology for the synthesis of a wide variety of C-3 substituted 

norbomadiene-tethered nitrile oxides will follow. The effects of various functionalities- 

electron donating or electron withdrawing-at the C-3 position of norbornadiene and the 

size of these functionalities upon the regio- and stereoselectivity of the cycloaddition will 

also be addressed. Identification of the cycloadducts fiom spectroscopie data will then be 

discussed. In the final section, a brief sumnaary detailing the intramolecular 1,3-dipolar 

cycloaddition of C-3 substituted norbornadiene-tethered nitrile oxides will be presented. 

Scheme 59 



4.2 Syn thes& of C-3 Substif uted Cycloadducis 

The methodology for the synthesis of C-3 substituted cycloadducts is very sirnilar 

to the one described for the unsubstituted adducts in section 2.2, A general route for the 

synthesis of C-3 substituted cycloadducts fiom norbornadiene (1) is shown in Scheme 60, 

This method was applied to the synthesis of cycloadducts bearing a methyl, hexyl, 

bromo, chioro, or TMS group at the C-3 position. Following Schlosser and Brmdsma's 

protocol, deprotonation of the vinylic proton of norbornadiene (1) with Schlosser's base 

"BS~~BUOK occurred smoothly at -78OC in THF. 40*63 The generated norbornadienyl 

anion was then trapped with 0.5 equivalent of 12-dibromoethane. The remaining 0.5 

equivalent of norbornadienyl potassium then acted as a base, deprotonating the vinylic 

proton fiom 2-bromonorbornadiene. Addition of an excess of 1,2-dibromoethane then 

led to the formation of 2,3-dibromonorbornadiene (109). Monolithium halide exchange 

of 109 with 'BuLi produced 2-bromo-3-lithionorbornadiene. Trapping of this 

organolithium with electrophiies generated a varie@ of 2,3-disubstituted norbornadienes 

bearing a bromine functionality 110 in good yields. A second lithium hdide exchange 

was then performed under the same reaction conditions as  descnbed. The generated 

organoIithium was then trapped with 1,4-dibromobutane (29) to give the norbornadiene- 

tethered bromide 111. Displacement of the bromide with sodium nitrite in the presence 

of phloroglucinol in DMSO afforded the corresponding nitro compound 115. In the final 

step of the reaction pathway, 115 was converted to the cycloadduct 104 with the use of 

the Hassner (BOC)20/DMAP method in toluene at 90°C. Generally, good yields of the 

cycloadducts were O btained. 



Scheme 60. Proposed Route to the Synthesis of C-3 Substituted 
Cycloadduct 

1 1. 'BUL~, THF, -78OC 
2. R-X 

& 1. 'BYLI. THF. -B°C 

115 Br 2. I3rvBr Br 

1 NaN02, DMF 
phloroglucinol 

r-t. 



4.3 Resulfs and Discussion 

4.3.1 Synthesis of Norbornudiene-Tethered Nihile Oxides Beuring a Halogen at the 

C-3 Position 

4.3.I.1 Cycïoudducf Bearing a Bmmo Subsiituen f 

Scherne 61 

NaN02, DMSO 
p hlorog lucinol 

Br (48%) 
IIOe 116a NO2 

I 

Î 
(BOC)pO, DMAP 
Toluene, 90°C 

Synthesis to the bromo-substituted cycloadduct 104a was among the shortest in 

cornparision to routes leading to other substituted cycloadducts. In this case, only one 

lithium halide exchange was required in the synthetic route. Following the general 

synthetic methodology descnbed in section 42,  monolithium-halide exchange with 'BUL~ 

produced 2-bromo-3-lithionorbornadiene, which was then trapped with 1,4- 

dibromobutane (29) to afford the norbomadiene-tethered bromide 110e. Displacement of 



the bromide with sodium nitrite gave 116a (Scheme 61)- In the usual fashion, by the 

employment of the Hassner (l30C)20/DMAP method, 116a was converted to the 

required bromo-substituted cycloadduct 104a with a yield of 69%. Oniy a single regio- 

and stereoisomer of 104a was obtained. 

4.3. I.2 Cycloadducf Bearrlng a Chloro Substituent 

Since cycloaddition of bromo-substituted norbornadiene-tethered nitrile oxides 

was possible Ieading to cycloadduct 104a, investigation on the effects of other halogen 

substituent at the C-3 position was carried out. It was thought that the size of the 

substituent might affect the yield of the cycloadduct obtained. Thus, synthesis of chloro- 

substituted cycloadduct precursors was performed (Scheme 62). Starting with 2,3- 

dibromonorbornadiene (109), monolithium halide exchange of 109 produced 2-bromo-3- 

lithionorbornadiene. Trapping of this organolithium with tosyl chloride gave 11Oi in 

moderate yield. A second lithium balide exchange was then carried out, foUowed by 

trapping of the generated organolithium with 1,4-dibromobutane. The norbornadiene- 

tethered bromide 115a was obtained in good yield. In the usual marner, conversion of 

115a to the corresponding nitro compound 116b took place. Compound 116b then 

cyclized under the conditions of the Hassner (BOC)20/DMAP method. The chloro- 

substituted cycIoadduct 104b was obtained with a yield of 89% which was significantly 

higher than that of the bromo-substituted cycloadduct 104a. hdeed, a sterically smaller 



substituent did improve the yield of the cycloaddition reaction. The reaction was highly 

regio- and stereoselective, giving only the exo cycloadduct. 

Br 1. 'BUL~, THF, -?$OC - 
2- TsCI, -78OC to r.t 

1 O 9  Br (75%) 

- & - c i  

110i Br 

I 

(BOC)20, DMAP 
Toluene, 90°C 

(''%) 

NaNO,, DMSO 
phloroglucinol, r.t. 

4 

(52%) Br 

1. 'BUL~, THF, -78OC 
2. 1,4-dibrornobutane 

-78OC to r.t. 



4-3-1.3 Cycloadduct Bearhg un h d o  Substituent 

In order to have a full understanding on the effects of the size of the haiogen atom 

on cycloaddition reactions, investigation on the cycloaddition of iodo-substituted 

norbomadiene-tethered nitrile oxide was needed. The synthetic route is shown in 

Scheme 63.  Starting with llOd (see section 3.3. I for the synthesis), lithium halide 

exchange of llOd generated the required organolithium. Trapping of the generated 

organolithium with iodine aEorded the iodo-substituted compound 117 in good yield. 

The THP ether functionality was then removed under mild acidic conditions to provide 

118. Since the hydroxyl functionality is a poor leaving group, 118 was not readily 

susceptible to nucleophilic substitution reaction with sodium nitrite. Thuç the hydroxyl 

group of 118 was fist converted to 119 with the employment of iodine, 

triphenylphosphine and imidazole in the presence of THF and CH3CN. Displacement of 

the iodide with sodium nitrite then gave the required nitro compound 1 l6c. Using the 

Hassner (E30C)ÎO/DMAP method in toluene at 90°C, 116c was converted to the iodo- 

substituted cycloadduct 104c. In this case, only a 5% yield of the adduct was achieved. 

Thus, the size of the hdogen is an important factor in cycloaddition reaction. The Iarger 

the halogen atom at the C-3 position of the norbornadiene-tethered nitrile oxide, the 

lower the yield of the cycloadduct obtained. The cycloaddition remained highly regio- 

and stereoselective since only the exo cycloadduct was obtaùied. 



Scheme 63 

1. 'BUL~. THF, -78% 
OTHP 2. 12, -78OC to r.t. 

110d (84%) OTHP 

MeOH 
(91%) 1 PpTs 

(48%) 1 NaNo*, DMSO 
phloroglucinol, r.t. 

(BOC)20, DMAP 

No2 Toluene, 90°C 
116c 



4.3.2 Synthesis of Norbornadiene-Teihered Niîde Oxides Bearing an Aikyi 

Substituent at the C-3 Position 

4.3.2.1 Cycloudduct Bearing a Methyl Substituent 

Scheme 64 

NaNo*, DMSO 
phloroglucinol 

Br (37%) 
I l l b  116d 

NO2 

(BOC)20, DMAP 
Tohene, 90°C 

Foilowing the general methodology for the synthesis of C-3 substituted 

cycloadducts, the methyl substituted adduct lOld was obtained. To synthesize 

cycloadduct precursors bearing a methyl substituent, the organolithium generated fiom 

the monolithium halide exchange was fïxst trapped with iodomethane. A bief  outline of 

the synthetic route is shown in Scheme 64. In the muai fashion, the norbornadiene- 

tethered bromide 115c was converted to the nitro compound 116d with sodium nitrite and 

DMSO in the presence of phloroglucinol. Ushg the Hassner (BOC)2O/DMAP rnethod in 

toluene at 90°C, 116d was then converted to the required cycloadduct 104d with a yield 



of 82%. As was reported in Chapter 2, the yield of the five-membered cycloadduct 

without a C-3 substituent was 86%. Surprisingiy, the presence of a methyl functionality 

at the C-3 position had little effect on the cycloaddition reaction. Simîlarly, oniy a singIe 

regio- aud stereoisomer of 104d was obtained. 

Having successfidly synthesized the methyl substituted cycloadduct 104d, study 

on the synthesis of norbomadiene-tethered n i tde  oxide precursors bearing akyl 

substituent with considerable more steric buIk at the C-3 position was undertaken. In this 

case, synthesis of cycloadduct bearing a hexyl substituent at the C-3 position was 

investigated. Foilowing the general methodology described in section 4-2, the 

organolithium generated from the monolithium halide exchange was Erst trapped with 

iodohexane. Scheme 65 showed a brief reaction sequence. Displacement of the 

norbornadiene-tethered bromide lllh with sodium nitrite afforded l16e with a yield of 

40%. In the usual fashion, the nitro compound ll6e was converted to the cycloadduct 

104e. The cycloaddition occurred smoothly to give the hexyl substituted cycloadduct 

104e with a yield of 83% which was marginally better than that achieved for the methyl 

substituted adduct 104d. In fact, the long -1 chah at the C-3 position had no effect on 

the cycloaddition reaction. The cycloaddition provided a single regio- and stereoisomer 

of cycloadduct 104e. 



Scheme 65 

NaN02, DMSO 
phloroglucinol 

(40%) 
116e l l l h  

I (BOC)20, DMAP 
Toluene, 90°C 

1 

4.3.3 Synih esis of Nurbornadiene- Tethered Nifrile Oxide Beuring an ACCyl 

Substituent af the C-3 Position 

4.3-3.1 Cycloadduct Bearing an Allyl Substituent 

Synthesis of allyl-substituted norbornadiene-tethered nitrile oxide precursors was 

also included in the study. As s h o w  in Scherne 66, Lithium halide exchange with 

compound llOd led to the formation of the organolithium. Trapping of the 

organolithium with d y l  bromide gave 120 with a 64% yield. In the usual fashion, 

removai of the THP ether functionality was carried out under mild acidic conditions with 

the use of methanol and PPTS at a temperature of SOC. Surprisingly, the alcohol 121 

was not obtained. The 'H NMR (200 MHz) spectnim onli showed a mixture of 



unidentined materiais. Fuaher investigation on the synthesis of cycloadduct 104f was 

not carried out. 

Scheme 66 
1. 'BUL~, THF, -78OC 
2. allyl bromide, THF 
-78OC to r.t. 

IIOd OTHP (64%) 

& OTHP 

1 120 

: MeOH, PPTS (Did Not Work); 



4.3.4 Synthesir of Norbornadiene-Tethered Nitrile Oxide Bearing un Aryl Substituent 

ut the C-3 Position 

4.3.4.1 Cycloudduct Bearing a Pheny f Substituent 

Scheme 67 

Method X 
. - - - -  - -------  + 

OTHP (Did Not Work) 122 
OTHP 

IIOd 
Method 1 PhSnBu3, Pd(PPh3),, LiBr a 

1 
1 

THF, 65OC, 16 h 1 I 
1 

Method 2 PhSnBu3, Pd(PPh,),, LiBr I I 
I 
1 

Toluene, 11 O°C, 16 h I I 

Thus far, only cycloadducts bearing straight chah alIcyI groups at the C-3 position 

were investigated. To broaden the scope of the study, synthesis to the phenyl-substituted 



cycloadduct 104g was also addressed Two different synthetic routes were attempted to 

generate phenyl-substituted norbornadiene-tethered nitde oxide precursors (Scheme 67). 

For both methods 1 and 2, only a mixture of products was observed fÏom the TLC of the 

crude reaction mumire. Another route to the synthesis of phenyl-substituted 

norbornadiene-tethered nitrile oxide was required. As shown in Scheme 68, an attempt 

was made to convert 116a to compound 116g. In this method, phenyltrichlorosilaoe, 

KO- and palladium (II) chlonde were employed. Unfortunately, the 'H NMR (200 

MHz) spectrum only showed a mixture of unidentified matenals. Synthesis of 

cycloadduct 104g was not investigated m e r .  

Scheme 68 

(Did Not Work) 



4.3.5 Synthesis of Nurbornadiene-Tethered Nitrile Oxide Bearing a Silane- 

Containing Substituent at the C-3 Position 

4.3-5.1 Cycloadduct Bearing a Trime fhyisilane Suhtituent 

Scheme 69 r 
(BOC)20, DMAP 
Toluene, 90°C .-------------+ 

116h 
L 

(Did Not Work) 

Following the general methodology described in section 42, synthesis of the 

trïmethylsilane-substituted norbomadiene-tethered nitro compound 116h was attempted 

by other members of the Tarn research group. In this reaction sequence, the 

organolithium generated fiom the monolithium halide exchange was first trapped with 

trimethylsilyl chloride. A brief outline of the synthetic route is shown in Scheme 69. In 

the usuai ftshion, the norbornadiene-tethered bromide was converted to the nitro 

compound 116h with sodium nitrite and DMSO in the presence of phloroglucinol. 

Intramolecular 1,3-dipolar cycloaddition of 116h was attempted using the Hassner 



(BOC)2O/DMAP method in toluene at 90°C. However, no cycloadduct was detected 

fiom the 'H NMR spectrum. Due to the large stenc bullc of this C-3 substitutent, 

intrarnolecular cycloaddition between the nitrile oxide and the double bond of 

norbornadiene was not possible. 

4.3.6 Syntheslr of Norbornadiene-Tethered Nitrie Oxides Bearuig a Carbonyl- 

Contain ing Substituent at the C-3 Position 

4.3.6.1 Cycloadduct Bearing a Carboxyiic Acid Mefhyl Ester Substituent 

In the course of studying the intrarnolecuiar 1,3-dipolar cycloaddition of C-3 

substituted norbornadiene-tethered nitrile oxides, cycloadduct precursors having a 

carboxylic acid methyl ester functionality at the C-3 position were also investigated. 

Synthesis of the nitro compound 116i with the carboxylic acid methyl ester substituent is 

shown in Scherne 70. Lithium halide exchange of llOd followed by trapping of the 

organolithiurn with methyl chloroformate provided compound l l l i  in moderate yield. 

Deprotection of the THP ether fimctionality under mild acidic conditions then gave the 

alcohol 123. The hydroxyl group of 123 was then converted to 124 with the use of 

iodine, triphenylphosphuie and imidazole in the presence of THF and CH3CN. 

Displacement of the iodide with sodium nitrite then afforded the required nitro compound 

116i. In the usual fashion, the nitro compound 116i was converted to the carboxylic acid 

methyl ester-substituted cycloadduct 104i. A moderate yield of the adduct 104i was 



obtained. The reaction was highly regi0- and stereosetective, providing only the exo 

adduct of 104i. 

Scheme 70 

1. 'BUL~, THF, -78OC 
2. methyl chloroformate 

-78% 

OTHP (74%) Illi OTHP 

12, PPh3, lmidazole + O  
THF/CH3CN 

(84%) * 123 OH 

(89%) 
MeOH, PPTS 
55oc 

Toluene, 90°C 

116i No2 

(48%) NaNo*, DMSO 
phlorogIucinol, r.t. 

'I 



4.3.6.2 Cycioudduct Bearing a Cmbaldehyde Substituent 

Since carboxyfic acid methyl ester-substituted norbomadiene-tethered nitrile 

oxide precursors could be easily prepared as shown above (Scheme 70), numerous 

attempts to synthesize the carbaidehyde-substituted norbomadiene-tethered nitrile oxide 

analogues were undertaken. The objective was to study whether the carbonyl-containing 

substitutents affect the &ramoleular 1,3-dipolar cycloaddition reactions. 

Starting with 116i, reduction of the ester fuactionality to the carbaldehyde 116j 

with the use of only 1 equivalent of DIBAL ia CHzC12 at -7S°C was performed (Scheme 

71). Both 'H NMR (200 MHz) and IR spectroscopies on the crude reaction mixture did 

not detect the formation of 116j. 

Scheme 71 
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Rather than synthesizhg the carbaldehyde fkom reduction of the carboxyiic acid 

methyl ester fûnctionaky, an atternpt to synthesize the carbaidehyde fiom lithium halide 

exchange of llOe was carried out, Two methods were shown for the conversion of llOe 

to l l5b (Scheme 72). Unfortunately, fiom the TLCs of the crude reaction mixture of 

both methods, only a mixture of products was observed. 

Scheme 72 
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Since compound llOe contained two bromides, selective lithium halide exchange 

would be required to generate the carbaldehyde hctionality at the C-3 position. In the 

following synthesis, hydration of llOe to 125 with DMSO/H20 and sodium bicarbonate 

at 85°C was first performed (Scheme 73). Attempts were then made to convert 125 to 

126. Conditions for the lithium halide exchange and the trapping of the generated 

organolithium with DMF are shown. Both methods had failed. The 'H NMR (200 M H i )  

spectra ody  detected the presence of the norbomadiene-tethered alcohol and DMF. 

Scheme 73 
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The two atrempts to the synthesis of 116j which wiU be discussed both involve 

activation of the hydroxyl functionality of 125. In Scheme 74, the norbomadiene- 

tethered alcohol 125 was activated with tosyl chloride in the presence of pyridine and 

CH2Cl2 at room temperature. The reaction occurred smoothly to give compound 127 in 

good yield. Lithium halide exchange of 127 was canied out, followed by trapping of the 

organolithium with DMF. Conditions for the reaction are shown. Unfortunately, the 'H 

NMR (200 MHz) spectrum of the crude reaction mixture only showed a mixture of the 

starting materials 127 and DMF. 

Scheme 74 
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Since generation of the carbaidehyde functionality at the C-3 position of the tosyi- 

protected cornpound 128 failed, another synthesis to activate the aicohol group of 125 

was studied. In this route, the hydroxyi group of 125 was activated with TBSCl in the 

presence of imidazole and DMF (Scheme 75). 

Scheme 75 
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Although the reaction occunwl srnoothly to a o r d  129, the yield of the TBS-protected 

compound 129 was siightly lower than that achieved for the tosyl-protected analogue 

127. Nevertheless, the investigation on the generation of a carbaldehyde-substituted 

precursor continued. Similar to the synthesis described for the tosyl-protected compound 

127, lithium halide exchange of 129 was performed, followed by trapping of the 

organolitbium with DMF. Successfully, the carbaldehyde-substituted compound 130 was 

obtained with a yield of 84%. The TBS group was then removed to afford compound 

131. Two methods were attempted. Both involved the use of tetrabutylammoniurn 

fluoride. In both cases, no product was observed fiom the 'H NMR (200 MHz) spectnim. 

At this point, it was established that synthesis to tethered-norbornadiene 

precursors bearhg a carbaldehyde hctionaliQ at the C-3 position was possible. 

Investigation of the conversion of llOd to 131 was performed (Scheme 76). In the usual 

fashion, lithium halide exchange of llOd generated the required organolithium which 

was then trapped with DMF. The reaction occurred smoothiy, dthough the yield of the 

reaction was low. Following the same reaction procedure which was applied to 

precurçors with THP ether fiuictionality, removal of the THP ether was attempted under 

miId acidic conditions. Unfortunately, o d y  a mixture of products was observed fiom the 

TLC of the cmde reaction mixture. 



Scheme 76 

1. 'BUL~, THF, -78OC 

OTHP 2. DMF, THF, -78OC 
to r.t. 131 

OTHP 
IIOd 

(53%) I t 

: MeOH, PPTS 
(Did Not Work) : 55OC 

4.3.7 Synthesis of Norbornadiene-Tetliered Nitrile Oxide Bearing a Mefioxy- 

Containing Substituent at the C-3 Position 

4.3.7. I Cycfoadducf Bearing a Metlroxymethyl Substituent 

In section 4.3.6.1, it was shown that carboxylic acid methyl ester-substituted 

tethered-norbomadiene nitrile oxide precursors could be easily prepared. Herein, an 
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investigation on the synthesis of rnethoxymethyl-substituted norbornadiene-tethered 

nitrile oxide precursors is reported. Startïng with compound llli, reduction of the 

carboxylic acid methyl ester occurred smoothiy to give compound 132 bearing the 

hydroxymethyl functionality (S cheme 77). Protection of the alcohol firnctionality with 

iodomethane generated 133 in good yield. Following the same reaction sequence shown 

in the syathesis of the carboxylic acid methyl ester-substituted norbomadiene-tethered 

nitro compound 116i, deprotection of 133 was carried out under mild acidic conditions. 

Since the hydroxyl fiinctionality is a poor leaving group, 134 was not susceptible to 

nucleophilic substitution reaction with sodium nitrite. Thus, the hydroxyl group of 134 

was first converted to 135. Displacement of the iodide with sodium nitrite then afTorded 

the required nitro compound l l 6 k  Using the Hassner method, ll6k was converted to 

the corresponding cycloadduct 104k with a yield of 66%. Only a single regio- and 

stereoisomer of the cycloadduct was obtained. 

4.3.8 IdenfrIficafioon of the Regio- and Sfereochemistry of the C-3 Substituted 

Cycloadducts 

For cycloadducts without a C-3 substituent, the regio and stereochemistry of these 

adducts were confinned by using NMR techniques. As discussed in section 2.5.4, the 

srnail coupliog constant between Ha and EIb (Scheme 32) of cycloadducts 33 (normally J 

< 1.5 Hz) in the 'H NMR indicated the exo stereochemistry of the cycloadducts. With a 

substituent at C-3 (R it H), this method of identification is no longer useful. In these 



cases, NOESY experiments were used to confirm the exo stereochenistry of the 

cycloadducts. Furthemore, these assignments were also supported by X-ray 

crystallography. An X-ray crystal structure of the cycloadduct bearing a methyl 

substituent at the C-3 position was obtained." 

Results of the intramolecular 1,3 -dipolar cycioadditions of C-3 substituted 

norbomadiene-tethered nitrile oxides are illustrated in Table 7. In the course of studying 

the effects of the size of the halogen atom on cycloaddition reactions, it was found that 

the smalier the halogen atom used as the C-3 substituent, the higher the yield of the 

cycloadduct obtained. Cycloadducts bearing a bromo 104a, chloro 104b or iodo 104c 

substituent at the C-3 position were investigated. The highest yield was obtained for the 

chloro-substituted adduct 104b whiie the lowest yieId was obtained for the iodo adduct 

104c. 

To broaden the scope of the studies, synthesis of cycloadduct precursors b e a ~ g  a 

methyl or hexyl substituent was also investigated. The yields achieved for these two 

cycloadducts 104d and 104e were more or less the same. Since the hexyl chain is fiee 

rotating, its long chain had no effect on the cycloaddition reaction. 

Cycloadduct bearing a trimethylsilane substituent 104h at the C-3 position was 

included in the study. Unfortunately, no cycloadduct was detected fiom the 'H NMR 

spectrum. Due to the large steric b ~ &  of this C-3 substitutent, intramolecular 



cycloaddition between the nitrile oxide and the double bond of norbornadiene was not 

possible. 

Formation of cycloadducts bearing a carboxylic acid methyl ester functionality 

104i or a methoxymethy1 substituent 104k at the C-3 position also proved to be 

successfiil, giving moderate yields of the cycloadducts. 

Table 7. lntramolecular 1,3-Dipolar Cycloaddition of 
C-3 Substituted Norbornadiene-Tethered Nitrile Oxides 

Nitroalkane Cvcioadduct Yield 



Chapter 5 

Experimental Procedures 



5.1 General Procedures 

AU reactions were carried out under an inert atmosphere of dry nitrogen using 

ffame-dried glassware. Chromatographie purification refers to flash chrorna t~grah~~~ 

using the indicated solvent (mixture) and Siiicycle silica gel (230 - 400 mesh). Rlvalues 

reported as vlv with the indicated solvent (mixture) were obtained by using thin-layer 

chromatography (TLC) on Merck precoated silica gel 60 F254 plates. ViSualization of 

spots on TLC plates was accomplished by the use of UV light (250 nm) and the plates 

were stained in anisaldehyde with heating. Infkared spectra were recorded on a Bomem 

MB-100 FTIR spectrophotometer. All NMTC spectra were recorded on a Bruker-400 

spectrometer. Chemicd shifts were reported in parts per million @pm) fiom 

tetramethylsilane with the solvent resonance as the internal standard. In the measmement 

of 'H NMR chemical shifts, intemal chloroform (6 7.26 ppm ) was used as reference 

whereas internal deuterochloroform (6 77.0 ppm) was used for 13c N M R  chemical shifts. 

High resolution mass spectra were obtained fiom Mass Spectrometry Laboratory Services 

Division at the University of Guelph. Elemental analyses were performed by Canadian 

Microanalytical Service Ltd., British Columbia or by Quantitative Technologies Inc., 

New Jersey. 

Commercial reagents were used without purification unless otherwise stated. 

Solvents were purified by distillation under dry nitrogen pior to use: fiom Ca& 

(C&C12, 1,2-dichloroethane, chloroform, DMF, Et3N, pyrïduie); fiom 4 A molecular 



sieves (DMSO); fiom sodium (toluene); fkom potassiumhenzophenone (THF); and fiom 

sodium/benzophenone (EtzO). 

5.2 Synthetic Procedures for Chapter 2: Intramolecular 1,3-Dipolar 

Cycloaddifions of Norbornadiene-Tethered Nitrile Oxides 

5.2.1 Norbornadiene-Tefhered Nitrile M e s  with Difjent  Tether Lengths 

1. 'BUOK, % u ~ i  
THF, -78 to -40 OC 

1 2. 1,4-dibromobutane 
(80%) 30 

(BOC)*O, DMAP - 
Toluene, 90°C 

NO2 



Preparation of Bromide 30. Norbornadiene (1) (3.50 mL, 32.5 mmol) was added to a 

flame-dried three-necked flask containhg potassium t-butoxide (2.70 g, 24.0 mmol) and 

THF (30 mL) which was cooled at -78OC (cryobath). n-ButyIlithium (9.60 mL, 2.5M, 

24.0 mrnol) was added dropwise through a dropping firnnel to the solution over 1 h, 

maintainhg the temperature below -65°C. The reaction mixture was stirred at -65°C for 

30 min. and at 40°C  for 30 min- M e r  cooling the mixture to -78"C, this Light brown 

solution was added via a cannuia over 30 min. to a cooled flask containing 1,4- 

dibromobutane (29) (7.64 mL, 64.0 m o l )  in THF (1 5 mL) at -65°C. The reaction 

mixture was stined at 40°C for 2 h and at O°C for 2 h. After the reaction was quenched 

with saturated ammonium chloride (50 mC) and water (50 mL), the aqueous layer was 

extracted with diethfi ether (3x100 mC), and the cornbined organic Iayers were washed 

sequentially with water (100 mL) and brine (100 mL) and dried over magnesium sulfate. 

The solvent was removed by rotary evaporation and the crude product was purified by 

vacuum distil1ation to give three fractions. The f is t  fraction (5 - 6 torr at 65°C - 80°C) 

contained mainly the excess I,4-dibromobutane (29). The second fraction (1 - 3 torr at 

50°C - 60°C) contained 1,4-dibromobutane (29) and product in a ratio of 4:l as 

determined by 'H NMR. The third fiaction (0.8 - 1.0 torr at 65OC - 88OC) contaiaed 

pure bromide 30 (4.37 g, 19.2 mmol, 80%) as a colorless oz. 

2-(4-Bromobutyl)bicyclo[2.2.l]hepta-2,5-de (30). RJ 0.83 (Et0Ac:hexanes = kg); 

IR (neat, NaCl) 3064 (m), 2966 (s), 2934 (s), 2865 (m), 1555 (w), 1437 (m), 1306 (m), 

1261 (m) cm-'; 'H NMR (CDClsy 400 MHz) 6 6.75 (m, 2H), 6.15 (m, lH), 3.49 (br. s, 

lH), 3.39 (t, 2H7 J =  6.6 Hz), 3.28 (m, 1H), 2.26 - 2.18 (m, 2H), 2.07 - 1.92 (m, 2H), 



1.88 - 1.74 (m, 2H), 1-65 - 1.48 (m, 2H); 13c NMR (CDC13, 100 MHz) G 157.9, 143.8, 

142.2, 134.0,73,4,53.3,50.0,33.6,32.2,30.4,25.6. 

Conversion of Bromide 30 to Nitro Compound 31. Bromide 30 (4.00 g, 17.6 mmol) in 

DMSO (10 mLJ was added via a c m u l a  to a flask containing NaN02 (3.01 g, 43.6 

mmol) and phloroglucinol (3.55 g, 21.9 mmol) in DMSO (8 d). The light brown 

reaction mixture was stirred at room temperature for 48 h. M e r  quenching the reaction 

with water (100 mL), the aqueous layer was extracted with diethyl ether (4x40 mL) and 

the combined organic layers were washed sequentially with water (100 mL) and brhe 

(100 mL) and dried over magnesium sulfate. The solvent was removed by rotary 

evaporation and the crude product was purified by column chrornatography 

(Et0Ac:hexanes = 1 :9) to give 31 (1.91 g, 9.88 m o l ,  56%) as a colorless viscous oil. 

2-(4-Nitrobutyl)bicyclo[2.2.l]hepta-2,s-diene (31). Rf 0.40 (Et0Ac:hexanes = 1 :9); IR 

(neat, NaCl) 3065 (w), 2969 (s), 2933 (s), 2866 (m), 1553 (s), 1434 (m), 1382 (m), 1301 

(m) cm-'; 'H NMR (CDCli, 400 MHz) 6 6.73 (m, ZH), 6.15 (m, lH), 4.35 (t, 2H, J =  7.0 

Hz), 3.49 (m, lH), 3.25 (m, lH), 2.24 (m, 2H), 1.97 - 1.90 (m, 4H), 1.51 (m, 2H); I3c 

NMR (CDC13, 100 MHz) 8 157.2, 143.7, 142.1, 134.4, 75.4, 73.4, 53.2, 50.0, 30.4,26.7, 

23.6. HRMS calcd. for CI lH15N02: m/z 193.1 103, found m/z 193.1 105. Anal. Calcd, 

for Cl1Hi5NO2: C, 68.37; H, 7.82; N, 7.25. FoundC, 68.59; H, 7.79; N, 7.20. 



In situ Generation of Nitrile Oùde fkom Nitro Compound 31 and Subsequent 

Cycloaddition. 

Di-tert-butyl dicarbonate, (B0C)zO (274 mg, 1.25 mmol), in toluene (2.5 mL) was added 

via a cannula to a flame-dried fiask containhg the nitro compound 31 (100 mg, 0.51 8 

mmol), 4-dimethylaminopyridine, DMAP (12.4 mg, 0.10 1 mrnol), in toluene (2.5 mL). 

The reaction mixture was stirred at 90°C for 96 h. The solvent was removed by rotary 

evaporation and the cmde product was purifïed by column chromatography 

(Et0Ac:hexanes = 1:9) to give cycloadduct 33 (77.6 mg, 0.443 mmol, 86%) as white 

crystals. Recrystallization with 10% EtOAchexanes provided colorless needle-like 

crystals- 

Cycloadduct 33. Rf 0.25 (Et0Ac:hexanes = 1:9); mp 67.5OC; KR (CHzC12) 3073 (w), 

2979 (s), 2949 (s), 1647 (w), 1446 (w), 1430 (w), 1320 (m), 1256 (m), 1246 (m) cm-'; 'H 

NMR (CDCI,, 400 MHz) G 6.27 (d4 lH, J =  5.7, 3.0 Hz), 6.00 (dd, lH, J =  5.7,3.2 Hz), 

4.33 (s, lH), 3.18 (m, lH), 2.75 (br- s, 1H)j 2.34 (t, 2H, J =  7.8 Hz), 2.16 - 1.96 (m, 2H), 

1.77 (m, lH), 1.72 (d, 1H, J =  9.3 M), 1.57 (dd, 1H, J =  9.1, 1.1 Hz), 1.31 (ddd, lH, J =  

12.8, 7.9, 2.3 Hz); 13c NMR (CDCï3, 100 MHz) G 167.5, 138.0, 135.3, 92.6, 76.2, 50.5, 

46.7, 44.4, 32.0, 24.0, 20.2. HRMS calcd. for C&3NO: m/z 175.0997, found d z  

175.0999. Anal. Calcd. for C~IHI~NO:  C, 75.40; H, 7.48; N, 7.99. Found C, 75.60; H, 

7.55; N, 7.88. 



1. t ~ ~ ~ ~ ,  'BLJL~ 
THF, -78 to -40 O C  

1 
2. 1,5-dibromopentane 

(81 %) -Br 41 1 
NaN02, DMSO 
phioroglucinol, r.t. 

(%OC)2U, DMAP 
4 

Toluene, 90°C C N O 2  

Preparation of Bromide 41. Norbornadiene (1) (24.0 mL, 222 mmol) was added to a 

£lame-dried three-necked flask containing potassium t-butoxide (1 8.7 g, 167 m o l )  and 

THF (220 mL) which was cooled at -78OC (cryobath). n-Butyllithium (66.8 mL, 2SM, 

167 m o l )  was added dropwise through a dropping funne1 to the solution over 1 h, 

maintaining the temperature below -65°C. The reaction mixture was stirred at -65OC for 

30 min. and at -40°C for 30 min. After cooling the mixture to -78"C, this light brown 

solution was added via a cannula over 30 min. to a cooled flask containing 1,5- 
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dibromopentane (100 mL, 734 mmol) in THF (80 mL) at 65OC. The reaction mixture 

was stirred at 40°C  for 2 h and at O°C for 2 h. After the reaction was quenched with 

saturated ammonium chlonde (200 mL) and water (200 mL), the aqueous layer was 

extracted with diethyl ether (3x300 mL), and the combined organic layers were washed 

sequentially with water (400 mL) and brine (400 mL) and dried over magnesium sulfate. 

The solvent was removed by rotary evaporation and the crude product was pudied by 

vacuum distillation to give three &actions. The fist fiaction (3 - 5 torr at 65°C - 80°C) 

contained mainly the excess 1,5-dibromopentane. The second fiaction (1 - 3 torr at 60°C 

- 70°C) contained 1,5-dibromopentane and product in a ratio of 3: 1 as determined by 'H 

NMR. The third fiaction (0.2 - 0.8 torr at 70°C - 85OC) contained pure bromide 41 (32.5 

g, 135 mmol, 8 1 %) as a colorless oil. 

2-(5-Bromopentyl)bicycio[2.2.1]hepta-2,5-diene (41). RI 0.65 (hexanes); IR (neat, 

NaCl) 3 117 (w), 3064 (w), 2966 (s), 2933 (s), 2863 (m), 1622 (w), 1555 (w), 1460 (w), 

1430 (w), 1301 (m), 1262 (w), 1246 (w), 1 184 (w) cm-'; 'H NMR (CDC13, 400 MHz) 6 

6.75 (m, 2H), 6.13 (m, lH), 3.49 (m, 1H), 3.40 (t, 2H, J =  6.8 Hz), 3.27 (m, lm, 2.20 (m, 

ZH), 1.98 (dt, lH, J= 5.7, 1.5 Hz), 1.94 (dm, lH, J =  5.7 Hz), 1.85 (m, 2K), 1.48 - 1.36 

(m, 4H); 13c NMR (CDC13, 100 MHz)  6 158.5, 143.8, 142.3, 133.6, 73.5, 53.4, 50.0, 

33.9, 32.7, 31.2, 27.8, 26.3. HRMS calcd. for CI2HI7Br: m/z 240.0514, found m/z 

240.05 16. 

Conversion of Bromide 41 to Nitro Compound 42. Bromide 41 (2.03 g, 8.42 m o l )  in 

DMSO (2.5 mL) was added via a cannda to a flask containing N W 2  (2.06 g, 29.9 

mmol) and phloroglucinol (1.81 g, 11.2 mmol) in DMSO (3.5 mL). The Iight brown 



reaction mixture was e e d  at room temperature for 48 h. After quenching the reaction 

with water (40 d), the aqueous Iayer was extracted with diethyl ether (4x40 mL) and 

the combined organic layers were washed sequentially with water (80 mL) and brine (80 

EL) and dried over magnesium sulfate. The solvent was removed by rotary evaporation 

and the crude product was purified by column chromatography (Et0Ac:hexanes = 1:19) 

to give 42 (866 mg, 4.18 m o l ,  50%) as a colorless viscous 03. 

2-(5-Nitropentyl)bicyclo[23.1] hepta-2,5-dïene (42). Ry 0.43 (EtûAc:hexanes = 1 : 19); 

IR (neat, NaCl) 3065 (w), 2969 (m), 2932 (m), 2864 (m), 1553 (s), 1461 (w), 1435 (m), 

1383 (m), 1301 (m), 1185 (w) cm-'; 'H NMR (CDC13, 400 MHz) G 6.73 (m, 2H), 6.12 

(m, lm, 4.35 (t, 2H, J =  7.0 Hz), 3.48 (m, lm, 3.25 (m, Ill), 2.20 (m, 2H), 2.02 - 1.92 

(m, 4H), 1.46 (m, 2H), 1.33 (m, 2H); I3c NMR (CDCl3, 100 MHz) 6 157.9, 143.7, 142.1, 

133.8, 75.5, 73.4, 53.3, 49.9, 30.9, 27.1, 26.2, 25.7. HRMS calcd. for Cl2HI7NO2: m/z 

207.1259, found m/z 207.1258. Anal. Calcd. for Ci2H17N02: C, 69.54; H, 8.27; N, 6.76. 

Found C, 69.39; H, 8.29; N, 6.79. 

In situ Generation of Nitde  Oxide from Nitro Compound 42 and Subsequent 

Cycloaddition. 

Di-tert-buwl dicarbonate, (BOC)20 (333 mg, 1.53 mmol), in toluene (2.5 mL) was added 

via a cannula to a flame-dried flask containing the nitro compound 42 (129 mg, 0.621 

m o l ) ,  4-dimethylaminopyridine, DMAP (1 2.3 mg, 0.1 0 1 mmol), in toluene (2.5 mL) . 

The reaction mixture was stirred at 90°C for 65 h. The solvent was removed by rotary 

evaporation and the crude product was purified by column chromatography 



(Et0Ac:hexanes = 1:9) to give cydoadduct 44 (88.5 mg, 0.468 mmol, 75%) as a 

colorless viscous oïl. 

Cycloadduct 44. Rf 0.23 (EtOAchexanes = 1:9); IR (neat, NaCl) 3062 (w), 2975 (s), 

2936 (s), 2859 (m), 1626 (w), 1448 (m), 1354 (w), 1326 (m), 1255 (w), 1232 (w), 1148 

(w), 1049 (w) cm-'; 'H NMEt (CDC13, 400 MHz) 8 6.29 (dd, lH, J = 5.8, 3.0 Hz), 5.97 

(dd, IH, J =  5.7, 3.2 Hz), 4.02 (t, lH, J =  1.3 Hz), 3.16 (m, lH), 2.90 (rn, lH), 2.59 (dm, 

lH, J= 13.6 Hz), 2.08 (td, lH, J=  13.3, 5.3 Hz), 1.98 (m, lH), 1.72 - 1.65 (m, 2H), 1.61 

- 1.52 (m, 3H), 1.49 - 1.40 (m, 2H); 13c NMR (CDC13, 100 MHz) 6 160.8, 137.9, 133.9, 

90.9, 67.8, 50.7, 44.7, 44.3, 36.7, 27.4, 23.8, 22.6. HRMS calcd. for Ci2Hi5NO: m/z 

189.1 154, found d z  189.2 159. 



5.2-2 Norbornadiene-Tefhered Nitrile Oxide Bearing Functionafity Wifhin the Tetlier 

5-2.2.1 SbMembered Cycloadducf Bearing a a- Efher Substituent 

HMPA-H20 
NaHC03, 1 OO°C 

(95%) = L O H  49 
30 1 (COCI)*, DMSO 

CH3NOp, alurnina 
4 

NO2 (70%) 
51 50 

(BOC)20, DMAP 
rn 

N02 Toluene, 90% 

(75%) 

% 
- 53 OTBS 

TBSCI, lmidazole 
DMF 



Preparation of Alcohol49. HMPA (187 mL), water (33 mL) and sodium bicarbonate 

(7.50 g, 89.3 m o l )  were added to a flask containing brornide 30 (10.1 g, 44.4 rnmol). 

The reaction mixture was stirred at 100°C for 36 h. After quenching the reaction with 

water (500 d), the aqueous layer was extracted with diethyl ether (4x400 mL), and the 

combined organic layers were washed sequentially with water (500 mL) and brine (500 

mL) and dned over magnesium sulfate. The solvent was removed by rotary evaporation 

and the crude product was p d e d  by vacuum distillation (0.2 torr at 90°C) to give 

alcohol49 (6.93 g, 42.2 mmol, 95%) as a colorless oil. 

4-(Bicyclo[2.2.l]hepta-2,5-dien-2-yl)but1-01 (49). 'H md "C NMR spectrd data 

were identical to those reported in the l i te ra t~re .~~ 

Oxidation of Alcohol 49 to Aldehyde 50. DMSO (5.00 mL, 70.5 mmol) was added 

dropwise to a flame-dried flask containing oxalyl chloride (3 -30 mL, 37.8 mmol) and 

CH2C12 (60 mL) at -78°C. Five minutes &er the addition, alcohol 49 (5.13 g, 3 1.2 

mmol) in CH2Clr (30 mL) was added via a cannula at -78OC. The reaction mUmile was 

stirred for 3 0 min. at -78°C. Triethylamine (21 .O mL, 150.7 m o l )  was then added and 

the reaction mixture was sGrred at room temperature for 2 h. M e r  quenchùig the 

reaction with water (80 mL), the aqueous layer was extracted with diethyl ether (3x100 

mL), and the combined organic layers were washed sequentially with water (100 mL) and 

brine (100 mL) and dried over magnesium sulfate. The solvent was removed by rotary 

evaporation and the crude product was purified by vacuum distillation (1 - 2 torr at 75°C 

- 85°C) to give aldehyde 50 (4.05 g, 25.0 rnrnol, 80%) as a colorless oil. 



4-(Bieyelo [2.2.l] hepta-2,5-dien-2-yl) b u t a  (50). 'H and 13c NlMR spectral data were 

identical to those reported in the literature.* 

Conversion of Aldehyde 50 to Nitroalcohol51. Nitromethane (0.05 mL, 0.923 mmol) 

was added to a flask containùig aldehyde 50 (120 mg, 0.738 m o l )  at OOC.'~ Dry 

alumina was added at 0°C and the reaction mixture was s k e d  for 3 h and allowed to 

stand at room temperature for 24 h. Column chromatography (Et0Ac:hexanes = 1:4) 

provided 51 (1 15 mg, 0.520 mmol, 70%) as a colorless viscous oil. 

5-(Bicyclo [2.2. l] hepta-2,5-dien-2-y1)-1-niopea-O (51). Rf 0 S O  (Et0Ac:hexanes 

= 1 :4); IR (neat, NaCl) 3536 (m), 3437 (m), 3064 (w), 2971 (s), 2934 (s), 2865 (m), 1621 

(w), 1555 (s), 1457 (w), 1422 (m), 1384 (m), 1301 (m), 1097 (m) cm"; 'H NMR (CDCln, 

400 MHz) 6 6.74 (m, 2H), 6.15 (m, lH), 4.42-4.29 (m, 3H), 3.50 (m, TH), 3.27 (m, 1H), 

2.63 (m, lH), 2.22 (m, 2H), 1.95 (m, 2H), 1.55 - 1.39 (m, 4H); "C NMR (CDC4, 100 

MHz) 6 157.8, 143.9, 143.8, 142.22, 142.18, 134.18, 134.16, 80.57, 80.56, 73.5, 68.45, 

68.41, 53.34, 53.33, 50.0, 33.2, 33.1, 30.93, 30.88, 22.62, 22.59. HRMS calcd. for 

C12H17N03: m/z 223.1208, fomd m/z 223.1204. 

Conversion of Nitroalcohol 51 to Nitro Compound 52. To a flame-dried flask 

containhg nitroalcohol 51 (103 mg, 0.460 m o l )  in DMF (1 d), imidazole (56.0 mg, 

0.823 mmol) and t e r t - b u l e y l s y l  chloride (104 mg, 0.690 mmol) were added at 

room temperature. The reaction mixture was stirred at room temperature for 18 h. After 

quenching the reaction with water (10 mL), the aqueous layer was extracted with 1:9 

CH2C12/hexanes (3x20 rd), and the combined organic layers were washed sequentially 



with water (20 mL) and brine (20 m . )  and dried over magnesium sulfate. The solvent 

was removed by rotary evaporation and the crude product was p d e d  by column 

chromatography (Et0Ac:hexanes = 1:19) to give 52 (1 16 mg, 0.344 mmol, 75%) as a 

colorless oil. 

TB$-Protected Alcohol-containing Nitro Compound (52). R/ 0.43 (EtOAc:hexanes = 

1:29); IR (neat, NaCl) 3066 (w), 2958 (s), 2932 (s), 2859 (m), 1557 (s), 1472 (w), 1463 

(w), 1386 (w), 1362 (w), 1301 (w), 1258 (m), 11 12 (m), 1021 (w) cm-'; 'H NMR (CDC13, 

400 MHk) 6 6.74 (m, 2H), 6.14 (m, lH), 4.39 -4.30 (m, 3H), 3-50 (m, lH), 3.26 (m, lH), 

2.20 (m, 2H), 1.96 (m, 2H), 1.55 - 1.41 (m, 4H), 0.85 (s, 9H), 0.06 (s, 3H), 0.01 (s, 3H); 

I3c NMR (CDC13, 100 MHz) 6 157.7, 153.6, 143.84, 143.80, 142.15, 142.09, 134.2, 

134.1, 81.01, 80.99, 73.5, 70.0, 69.9, 53.3, 50.0, 34.7, 34.6, 31.2, 31.1, 25.6, 22.4, 22.1, 

17.8, -4.7, -5.2, -5.3. HRMS calcd. for CL8H31SiN03: m/Z 337.2073, found m/z 

337.2078. 

In situ Generation of Nitrile Oxide from Nitro Compound 52 and Subsequent 

Cycloaddition. 

Di-tert-butyl dicarbonate, (BOC)20 (55.0 mg, 0.252 mmol), in toluene (0.5 mL) was 

added via a cannula to a flame-dried flask containing the nitro compound 52 (35.0 mg, 

0.1 O4 mmol), 4-dimethylaminopyndine, DMAP (2.5 mg, 0.020 mmol), in toluene (0.5 

mL). The reaction mixture was stirred at 90°C for 18 h. The solvent was removed by 

rotary evaporation and the crude product was purified by column chromatography 

(Et0Ac:hexanes = 1:19) to give two separable diastereomers of ex0 cycloadducts 54a 



(14.8 mg, 0.0463 mmol) and 54b (1 1.0 mg, 0.0344 mmol) with a combined yield of 78% 

(25.8 mg, 0.0807 m o l )  as colorless viscous oils. 

Cycloadduct 54a. RI 0.3 1 (Et0Ac:hexanes = 1 : 19); IR (neat, NaCL) 3064 (w), 2934 (s), 

2857 (m), 1555 (w), 1361 (w), 1257 (m), 1115 (m), 1063 (m), 1027 (m) cm-'; ' H N '  

(CDCL3, 400 M m )  6 6.34 (d4 lH, J =  5.7, 3.0 Hz), 6.00 (dd, lH, J =  5.7, 3.2 Hz), 4.68 

(t, lH, J =  2.4 Hz), 4.07 (s, lH), 3.36 @r. s, lm, 3.20 (t, 1& J= 1.4 Hz), 2.07 - 1.94 (m, 

2H), 1.73 - 1.46 (m, 4H), 0.89 (br. s, 9H), 0.10 (br. s, 3H), 0.06 (br. s, 3H); 1 3 ~ ~ ~ ~  

(CDC13, 100 MHz) 6 160.4, 138.8, 134.0, 92.2, 67.1, 64.7, 50.7, 46.6, 44.6, 37.1, 36.2, 

25.7, 17.7, -5.0, -5.2. 

Cycloadduct 54b. Rf0.23 (Et0Ac:hexanes = 1: 19); IR (neat, NaCl) 3064 (w), 2934 (s), 

2857 (ml, 1555 (w), 1361 (w), 1257 (m), 11 15 (m), 1063 (m), 1027 (m) cm-'; 'H NMR 

(CDCG, 400 MHz) 6 6.29 (dd, 1H, J =  5.7,3.0 Hz), 6.01 (dd, lH, J =  5.7, 3.2 Hz),4.43 - 

4.39 (m, IH), 4.14 - 4.13 (m, LH), 3.22 (f lH, J =  1.4 Hi), 2.85 (m, lH), 2.17 (m, lH), 

1.80 - 1.59 (m, 4H), 1.42 (m, lH), 0.94 (br. s, lH), 0.92 (m, 8H), 0.14 (br. s, 3H), 0.09 

(m, 3H); 13c NMR (CDC13, 100 MHz) G 162.1, 137.8, 134.2, 91.8, 69.4, 68.4, 50.9, 45.3, 

44.4,38.1,36.2,25.8,23.1, -4.9, -5.4. 



5.2.3 ~orbokadiene-~ethered ~i fn- te  Oxides Bearing Heteroatorn Witlin the Tether 

5.2.3.1 Five-Membered Cycloadduct Bearing an Oxygen Wifhin the Tether 

THF, -78 to -40 'C 

2. LiBr 
1 3. paraformaldehyde 62 

12, PPh3 
lmidazole 
THF/CH3CN 

NaN02, DMSO 
phloroglucinol, r.t. 

(53%) 
67 

(BOC)îO, DMAP 
Toluene, 90°C 



Preparation of Alcohol 62. Norbomadiene (1) (14.0 mL, 130 mmol) was added to a 

flame-drïed three-necked nask containing potassium r-butoxide (10.6 g, 94.5 mmol) and 

THF (200 mL) which was cooled at -78°C (cryobath). n-Butyllithium (50.0 mL, 1.6M, 

80.0 mmol) was added dropwise through a dropping fiumel to the solution over 1 h, 

maintainhg the temperature below -65°C. The reaction mixture was s h e d  at -65OC for 

30 min. and at -40°C for 30 min. After cooling the mixture to -78"C, a solution of 

lithium bromide (9.00gY 104 mmol, dried at 150°C under vacuum-pump for 1 h) in THF 

(50 d) was added via a cannula at -65OC. The reaction mixture was stirred vigorously 

at -50°C for 15 min. and dry parafonnaidehyde powder (33.1 g, 367 mmol, dried under 

vacuum ovemight) was added. The reaction mixture was stùred at -50°C for 10 min. and 

at room temperature for 2 h. After the reaction was quenched with saturated ammonium 

chloride (50 mL), the excess paraformaldehyde was nItered by suction filtration and the 

solid was washed thoroughly with diethyl ether. The aqueous layer was extracted with 

diethyl ether (3x100 mL), and the combined organic layers were washed sequentially 

with water (100 mL) and brhe (100 mL) and dried over magnesium suifate. The solvent 

was removed by rotary evaporation and the crude product was purified by vacuum 

distillation (12 torr at 90°C - 95OC) to give pure alcohol62 (5.58 g, 45.7 mmol, 57%) as a 

colorless oil. 

(Bicyclo[2.2.l]hepta-2,5-dien-2-yl)methanol (62). 'H and 13c NMR spectral data were 

identical to those reported in the literatureS4O 

Conversion of 62 to 64. To a £lame-dried flask containing alcohol 62 (1.03 g, 8.46 

mmol), THP-protected chloroethanol 63 (2.79 g, 17.0 mmol) and tetrabutyiammonium 

bromide (565 mg, 1.70 mmol), 50% NaOH (2.6 g in 2.6 rnL water, 65.0 mmol) was 



added at O O C . ~ ~  The reaction mixture was stirred at 70°C for 42 h. Mer  quenching the 

reaction with saturated sodium chloride (25 mL) and water (50 mL), the aqueous layer 

was extracted with diethyl ether (3x100 mL), and the combined organic layers were 

washed sequentidy with water (100 mL) and brine (100 mL) and dried over magnesium 

sulfate. The solvent was removed by rotary evaporation and the crude product was 

purified by column chromatography (Et0Ac:hexanes = 1:4) to give 64 (1.41 g, 5.63 

m o l ,  66%) as a coiorless oil. 

THP-protected Alcohol64. A mixture of two diastereomers. Rf0.47 (Et0Ac:hexanes = 

1:4); IR (neat, NaCl) 3065 (w), 2939 (s), 2868 (s), 1556 (w), 1352 (m), 1260 (w), 1202 

(m), 1185 (m), 1127 (s), 1077 (s), 1036 (s), 1021 (s) cm'; 'H NMR (CDC13, 400 MHz)  6 

6.76 (m, lH), 6.69 (dd, lH, J =  5.0, 3.0 Hz), 6.43 (m, lm, 4.61 (t, lH, J= 3.6 Hz), 4.16 

(ddd, lH, J =  13.1, 3.0, 1.4 Hz), 4.10 (dt, lH, J= 13.4, 1.7 Hz), 3.86 - 3.78 (m, 2H), 3.58 

- 3.43 (m, 6H), 2.00 (m, 1H), 1.95 (dt, lH, J =  5.9, 1.4 Hz), 1.80 (m, 1H), 1.69 (m, lH), 

1.62 - 1.46 (m, 4H); 13c C (CDC13, 100 MHz) 6 154.91, 154.87, 143.2, 142.50, 

142.46, 138.43, 138.39,98.71,98.66, 73.54,73.50, 69.44,69.43, 68.7,66.48,66.46,62.0, 

51.2, 51.1, 50.1, 30.4,25.3, 19.3. Anal. Calcd. for CisHuOP: C, 71.97; H, 8.86. Found 

C, 71.92; H, 8.89. 

Conversion of 64 to 65. To a flame-dried flask containhg 64 (1.31 g, 5.22 mmol) in 

MeOH (43 mL), pyridiump-toluenesulfonate, PPTS (143 mg, 0.569 mmol), was added at 

room temperature. The reaction mixture was stirred at 55OC for 45 min. After quenching 

the reaction with water (30 mL), the aqueous layer was extracted with diethyl ether (3x50 

mL), and the combined organic layers were washed sequentidy with water (50 mL) and 



brine (50 mL) and dried over rnagnesium sulfate. The solvent was removed by rotary 

evaporation and the crude product was purified by column chromatography 

(Et0Ac:hexanes = 1 :4) to give 65 (754 mg, 4.54 m o l ,  87%) as a colorless oil. 

2-(Bicyclo [23.1] hepta-2,5-dien-2-yl-methoxy)ethanol (65). Rf 0.10 (Et0Ac:hexanes = 

1:4); IR (neat, NaCl) 3412 (s), 3065 (w), 2968 (s), 2934 (s), 2866 (s), 1556 (w), 1449 (w), 

1351 (m), 1187 (w), 1129 (s), 1110 (s), 1064 (s) cm-'; 'H NMR (CDC13, 400 MHz) 6 

6.77 (dd, lH, J =  5.2,3.1 Hz), 6.71 (dd, lH, J =  5.1, 3.0 Hz), 6.44 (m, lH), 4.15 (dd, lH, 

J =  13.0, 1.3 Hz), 4.09 (dd, lH, J =  13.0, 1.5 Hz), 3.67 (t, 2H, J =  4.5 Hz), 3.53 (m, IH), 

3.47 - 3.37 (m, 3H), 2.63 (br. s, lH), 2.00 (dt, lH, J =  5.9, 1.6 Hz), 1.96 (dm, lH, J= 5.9 

Hz); "C NMR (CDC13, 100 MHz) 6 154.6, 143.2, 142.4, 138.7, 73.6, 70.9, 69.5, 61.6, 

5 1.2, 50.1- Anal. Calcd- for CLOHi402: C, 72.26; H, 8.49. Found C, 72.46; H, 8.43. 

Conversion of Alcohol 65 to Iodide 66. To a flame-dried flask containhg PPh3 (296 

mg, 1-13 mmol), imidazole (170 mg, 2.49 mmol), acetonitrile (1 -5 mL) and THF (0.5 

mL), I2 (3 18 mg, 2.5 1 mmol) was added at 0°C. The reddish-brown reaction mixture was 

stirred for 15 min. at 0°C. Alcohol65 (93.1 mg, 0.560 m o l )  in acetonitde (1 mL) was 

added via a cannula at O°C. The reaction mixture was stirred at room temperature for 5.5 

h. The reaction mixture \vas diluted with CH2C12 (15 mL) and quenched with water (15 

mL). The aqueous layer was extracted with diethyl ether (3x20 mL), and the combined 

organic layers were washed sequentially with water (20 mL) and b ~ e  (20 mL) and dried 

over rnagnesium sulfate. The solvent was removed by rotary evaporation and the crude 

product was purified by column chromatography (Et0Ac:hexanes = 1:19) to give iodide 

66 (151 mg, 0.55 mmol, 98%) as a colorless oil. 



2-(2-Xodoethosymethyl)bieyelop2.1] hepta-2,5-die (66). Rf 0.40 (Et0Ac:hexanes = 

1:19); IR (neat, NaCl) 3064 (w)., 2934 (m), 2866 (m), 1556 (w), 1350 (w), 1261 (w), 

1187 (m), 1126 (m), 1085 (s), 1059 (m), 1019 (w) cm-'; 'H NMR (CDCb, 400 MHz) 6 

6-78 (ddy lHy J= 5.1,3.2 HZ), 6-31 (dd, lHy J= 5.0, 3-0 HZ), 6-46 (m, 1HJY 4-16 (dd, lH, 

J=  12.9, 1.2 Hz), 4.10 (dd, lHy J = 12.9, 1.5 Hz), 3.59 - 3.53 (m, 3H), 3.46 (m, IH), 3.20 

(t, 2H, J =  6.8 Hz), 2.01 (dt, lHy J =  5.9, 1.5 Hz), 1.97 (dm, lH, J =  5.9 Hz); 13c NMR 

(CDC13, 100 MHz)  6 154.3, 143.1, 142.3, 138.9, 73.5, 70.0, 69.0, 51.1, 50.0, 3.17. 

HRMS cdcd. for CloH131[O: m/z 276.0013, found mlz 276.0009. 

Conversion of Iodide 66 to Nitro Compound 67. Iodide 66 (344 mg, 2.24 mmol) in 

DMSO (1.2 mL) was added via a cannula to a flask containing NaNOz (321 mg, 4.65 

mmol) and phloroglucinol (263 mg, 1.63 mmol) in DMSO (1 -2 mL). The light brown 

reaction mixture was stirred at raom temperature for 36 h. After quenching the reaction 

with water (10 d), the aqueous layer was extracted with diethyl ether (4x20 mL) and 

the combined organic layers were washed sequentially with water (50 mL) and brine (50 

mL) and dried over magnesium d a t e .  The solvent was removed by rotary evaporation 

and the crude product was purifïed by column chromatography (Et0Ac:hexanes = 1 :4) to 

give 67 (128 mg, 0.656 mmol, 53%) as a colorless viscous oil. 

2-(2-Nitroetho~methyl)bicyclo~2.2.l~hepta-2,5-diene (67). Rf0.44 (Et0Ac:hexanes = 

1 :  IR (neat, NaCl) 3066 (w), 2980 (m), 2936 (m), 2868 (m), 1557 (s), 1466 (w), 1421 

(m), 1372 (m), 1309 (w), 1300 (w), 1283 (w), 1218 (rn), 1187 (w), 1129 (m), 1091 (m), 

1032 (w) cm-'; 'H NMR (CDC13, 400 MHz) G 6.77 (dd, lH, J =  5.2, 3.1 HZ), 6.72 (dd, 

IH, J =  5.1, 3.0 Hz), 6.49 (m, lM), 4.49 (t, 2H, J =  4.9 Hz), 4.17 (dd, lH, J =  12.9, 1.3 



Hz), 4.10 (dd, IH, J =  12.9, 1.5 Hz), 3.82 (m, 2H), 3.55 (m, IH), 3.40 (rn, lm, 2.01 (m, 

lH), 1.97 (m, 1H); 13c NMR (CDC13, 100 MHz) 6 153.8, 143.2, 142.4, 139.7,75.1, 73.7, 

69.5, 64.8, 51 - 2 ,  50.1. Anal- Caicd- for CloHi3N03: C, 61.53; H, 6.71; N, 7-17. Found 

C, 61.44; H, 6.70; N, 7.31. 

In situ Generation of Nitrile Oxide from Nitro Compound 67 and Subsequent 

Cycloaddition. 

Di-tert-butyl dicarbonate, (BOC)20 (206 mg, 0.944 mmol), in toluene (2 mL) was added 

via a cannda to a flame-dried flask containing the nitro compound 67 (68.9 mg, 0.353 

mmol), 4-dimethyIaminopyridine, DMAP (15.4 mg, 0.126 mmol), in toluene (1 EL). 

The reaction mixture was stirred at 90°C for 64 h. The solvent was removed by rotary 

evaporation and the crude product was purified by column chromatography 

(Et0Ac:hexanes = 1:9) to give cycloadduct 69 (43.0 mg, 0.243 mrnol, 69%) as a 

colorless viscous oil. 

Cycloadduct 69. Rf 0.28 (Et0Ac:hexanes = 1 :4); IR (neat, NaCl) 3 055 (m), 2986 (m), 

2878 (w), 1422 (w), 1348 (w), 1325 (w), 1266 (s), 1012 (m) cm"; 'H NMR (CD& 400 

MHz) 6 6.39 (dd, lH, J= 5.8, 3.0 Hz), 6.15 (dd, IH, J =  5.7,3.3 Hz), 4.68 (t, lH, J =  1.5 

HZ), 4.40 (m, 2H), 3.88 (d, lHy J =  8.6 Hz), 3.51 (d, lH, J =  8.5 Hz), 3.36 (m, lH), 3.08 

(m, IH), 1.91 (dm, lH, J =  9.4 Hz), 1.77 (dm, lH, J =  9.4 Hz); 13~NMR(CDC13, 100 

MHz) 6 164.6, 138.2, 136.7, 92.9, 76.7, 73.2, 61.0, 50.6, 47.1, 44.7. Anal. Calcd. for 

CI OH^ INOZ: C, 67.78; H, 6.26; N, 7.90. Found C, 68.02; H, 6.23; N, 7.86. 



5.2.3.2 Siw-Membered Cycloadducf Bearing an Oxygen Wlfhin the Tefher 

& 1. 'BUOK, " 6 u ~ i  
THF, -78 to -40 OC 

1 
2. LiBr 
3. ethylene oxide 70 

(65%) 
CI 

-0THP 

(88%) 63 
Bu,NBr, NaOH 

70°C 

MeOH, PPTS, 55OC 

(52%) 
72 

I 71 

NaN02, DMSO 
phloroglucinol, r.t. 

(47%) 
73 74 

(BOC)20, DMAP 
Toluene, 90°C 



Preparation of Alcohol 70. Norbomadiene (1) (5.60 mL, 51.9 mmol) was added to a 

flame-dried three-necked fiask containing potassium t-butoxide (4.18 g, 37.2 mmol) and 

THF (60 mL) which was cooled at -78°C (cryobath). n-Butyllithim (14.0 mL, 2SM, 

35.0 mmol) was added dropwise through a dropping h e l  to the solution over 1 h, 

maintainhg the temperature below -65OC. The reaction mixture was stirred at -65°C for 

30 min. and at -40°C for 30 min. M e r  cooling the mixture to -7g°C, ethylene oxide 

(3.93 g, 89.2 m o l )  was added. The reaction mixture was çtured at -40°C for 30 mie, at 

0°C for 30 min. and at room temperature for 20 min. After the reaction was quenched 

with water (80 mL), the aqueous layer was extracted with diethyl ether (4x80 d), and 

the combined organic layers were washed sequentially with water (100 mL) and brine 

(100 mC) and dried over magnesium sulfate. The solvent was removed by rotary 

evaporation and the crude product was p d e d  by bulb-to-bulb distillation (6 - 8 torr at 

85°C - 95°C) to give pure dcohol70 (3.03 g, 22.2 rnmol, 65%) as a colorless oil. 

2-(Bicyelo[2.2.l]hepta-2,5-dien-2-yl)ethano1(70). 'H and 13c NMR spectral data were 

identical to those reported in the literature? 

Conversion of 70 to 71. To a flame-dned flask contauiing alcohol 70 (2.87 g, 21.0 

mmol), THP-protected chloroethanol 63 (6.97 g, 42.3 mmol) and tetrabutylammonium 

bromide (1.42 g, 4.28 mmol), 50% NaOH (6.50 g in 6.5 mL water, 1 63 m o l )  was added 

at OOC.'' The reddish-brown reaction mixture was stirred at 70°C for 48 h. After 

quenching the reaction with saturated sodium chloride (20 mL) and water (30 mL), the 

aqueous layer was e-cted with diethyl ether (3x50 mL), and the combined organic 

layers were washed sequentidy with water (50 mL) and brine (50 mL) and dried over 



magnesium sulfate. The solvent was removed by rotary evaporation and the cmde 

product was piinned by column chromatography (Et0Ac:hexanes = 1:4) to give 71 (4.88 

g, 18.5 mmol, 88%) as a colorless oil. 

THP-protected Alcohol71. RI 0.54 (Et0Ac:hexanes = 1:4); IR (neat, NaCl) 3065 (w), 

2938(s), 2867 (s), 1556 (w), 1352 (w), 1307 (rn), 1202 (m), 1184 (m), 1126 (s), 1077 (s), 

1037 (s), 1021 (s) cm-'; 'H NMR (CDC13, 400 MHz) 6 6.69 (m, 2H), 6.17 (rn, lH), 4.60 

(m, lH), 3.82 (m, 2K), 3.58 - 3.47 (m, 6H), 3.44 (m, IH), 3.30 (m, lH), 2.46 (m, 2H), 

1.94 (dm, lH, J =  5.6 Hz), 1.89 (dm, lH, J =  5.6 Hz), 1.80 (m, 1H), 1.68 (m, lH), 1.58 - 

1.46 (m, 4H); 13c NMR (CDC13, 100 MHz) 6 155.2, 143.6, 142.3, 134.9,98.7, 73.5, 69.9, 

69.5, 66.4, 61.9, 53.5, 50.0, 31.6, 30.4, 25.3, 19.3. Anal. Calcd. for C16H2403: C, 72.69; 

H,9.15. FoundC,72.78;Hy9.11. 

Conversion of 71 to 72. To a flame-dried flask containing 71 (4.58 g, 17.3 m o l )  in 

MeOH (140 mL), pyridiurn p-toluenesulfonate, PPTS (529 mg, 2.1 1 mmol), was added at 

room temperature. The reaction mixture was stirred at 55°C for 45 min. Approxirnately 

100 mL of MeOH was then removed by rotary evaporation. After quenching the reaction 

with water (100 rd), the aqueous Iayer was extracted with diethyl ether (4x 100 mL), and 

the combined organic Iayers were washed sequentially with water (100 mL) and b ~ e  

(100 mL) and dried over magnesium sulfate. The solvent was removed by rotary 

evaporation and the crude product was p H e d  by column chromatography 

(Et0Ac:hexanes = 1:4) to give 72 (1 -61 g, 8.93 mmol, 52%) as a colorless oil. 

2-(2-Bicyclo [2.2.l] hepta-2,s-dien-2-yl-etho)ethao (72). Rf 0.16 (Et0Ac:hexanes = 

1:4); IR (neat, NaCl) 3421 (s), 3064 (w), 2964 (s), 2933 (s), 2866 (s), 1686 (w), 1556 (w), 



1457 (w), 1357 (w), 1306 (m), 1226 (w), 1122 (s), 1057 (s) cm-'; 'H NMR (CDC13, 400 

MHz) 6 6.73 (m, 2H), 6.20 (m, lH), 3.67 (m, 2H), 3.53 (t, 2H, J =  6.9 Hz), 3.50 (m, 2H), 

3.48 (iii, lH), 3.30 (m, IH), 2.53 - 2.41 (m, 3H), 1.96 (dm, 1H, J =  5.8 Hz), 1.92 (dm, 

lH, J =  5.7 Hz); I3c NMR (CDCl3, 100 MHz) 6 155.1, 143.7, 142.3, 135.2, 73.6, 71.6, 

69.2, 61.6, 53.5, 50.0, 31.6. &al. Calcd. for CI1Hl6O2: C, 73.30; H, 8.95. Found C, 

73.12; H, 8.99. 

Conversion of Alcohol72 to Iodide 73. To a flame-Qned flask containhg PPh3 (4.3 8 g, 

16.7 mmol), imidazole (2.51 g, 36.9 mmol), acetonit.de (15 mL) and THF (7.5 d), Iz 

(4.76 g, 37.5 mmol) was added at O°C. The reddish-brown reaction mixture was stirred 

for 15 rnin. at O°C. Alcohol72 (1 -50 g, 8.33 mmol) in acetonitrile (23 mL) was added via 

a cannula at O°C. The reaction mixture was stirred at room temperature for 4 h. The 

reaction mixture was diluted with CHzCl2 (25 mL) and quenched with water (25 mL). 

The aqueous layer was extracted with diethyl ether (3x50 d), and the combined organic 

layers were washed sequentially with water (50 d) and brine (50 mL) and dried over 

magnesium sulfate. The solvent was removed by rotary evaporation and the cmde 

product was purifïed by column chromatography (Et0Ac:hexanes = 1 :19) to give iodide 

73 (1.85 g, 6.38 mmol, 76%) as a colorless oil. 

2-[2-(2-1odoethoxy)-ethyl] bicyc10[2.2.1] h e p - 2 - d i e  (73). RJ 0.39 (Et0Ac:hexanes 

= 1:19); IR (neat, NaCl) 3064 (w), 2968 (m), 2932 (m), 2865 (m), 1555 (w), 1357 (w), 

1306 (m), 1262 (w), 1168 (w), 11 18 (s), 1098 (s), 1040 (w) cm-'; 'H NMR (CDCI,, 400 

MHz)  6 6.74 (m, 2H), 6.22 (m, lm, 3.68 (t, 2H, J =  7.0 Hi), 3.55 (t, 2Hy J =  7.0 Hz), 

3.49 (m, lH), 3.33 (m, IH), 3.22 (t, 2H, J =  7.0 Hz), 2.48 (m, 2m,  1.99 (dt, lH, J =  5.7, 



1.6 Hz), 1.93 (df 1% J =  5.7, 1.6 EEz); 13c NMR (CDC13, 100 MHz) 6 154.9, 143.7, 

142.2, 135.3, 73.6, 71.3, 69.1, 53.5, 50.0, 31.6, 3.0. HRMS calcd. for ClrH1510: d z  

290.0169, found d z  290.0164. 

Conversion of Iodide 73 to Nitro Compound 74. Iodide 73 (1.60 g, 5.53 mmol) in 

DMSO (5 mL) was added via a cannula to a flask containhg NaNO2 (1 -43 g, 20.7 m o l )  

and phloroglucinol (1 -17 g, 7.21 mmol) in DMSO (5 mL)- The light brown reaction 

mixture was stirred at room temperature for 69 h. A . e r  quenching the reaction with 

water (30 mL), the aqueous Iayer was extracted with diethyl ether (4x40 mL) and the 

cornbined organic layers were washed sequentially with water (50 mL) and brine (50 mL) 

and dried over magnesium sulfate. The solvent was removed by rotary evaporation and 

the crude product was purified by column chromatography (Et0Ac:hexanes = 1:4) to 

give 74 (539 mg, 2.58 mmol, 47%) as a colorless oil. 

2-[2-(2-Nitroethoxy)ethyqbiryclo[2.2.1 Jhepta-2,5-diene (74). Rf 0.45 (Et0Ac:hexanes 

= 1:4); IR (neat, NaCl) 3065 (w), 2969 (m), 2933 (m), 2867 (m), 1559 (s), 1421 (w), 

1380 (m), 1364 (m), 1307 (w), 1219 (w), 1125 (m), 1042 (w) cm-'; 'H NMR (CDC13, 400 

MHz) 8 6.70 (m, 2H), 6.17 (m, lH), 4.48 (t, 2H, J=5 .0  Hz), 3.91 (t, 2H, J = 5 . 1  Hz), 

3.52 (t, 2H, J =  6.9 HZ), 3.45 (m, lm, 3.27 (m, lH), 2.44 (m, 2H), 1.94 (dt, lH, J=5.7, 

1.6 Hz), 1.90 (dm, 1Hy J =  5.7 Hz); I3c NMR (CDC13, 100 MHz) 6 154.7, 143.6, 142.1, 

135.3, 75.0, 73.5, 69.5, 65.9, 53.4, 50.0, 31.3. HRMS caicd. for C11HL5N03: d z  

209.1052, found m/z 209.105 1. 



In sifu Generation of Nitrile Oxide from Nitro Compound 74 and Subsequent 

Cycloaddition. 

Di-tert-butyl dicarbonate, (BOC)20 (3 10 mg, 1.42 mmol), in toIuene (3 mL) was added 

Ma a c m u l a  to a flame-dried fiask containing the nitro compound 74 (109 mg, 0.521 

mmol), 4-dimethylaminopyridine, DMAP (22.4 mg, 0.183 mmol), in toluene (1 mL). 

The reaction mixture was stirred at 90°C for 64 h. The solvent was removed by rotary 

evaporation and the crude product was purifIed by column chromatography 

(Et0Ac:hexa.e~ = 1:9) to give cycloadduct 76 (51.5 mg, 0.269 rnmol, 52%; 

contaminated with a minor cycioadduct -20%) as a coIorless viscous oïl. 

Cycloadduct 76. Rf 0.23 (Et0Ac:hexanes = 1 :4); IR (neat, NaCl) 2976 (m), 2853 (w), 

1460 (w), 1326 (w), 1094 (s), 1081-(s), 1054 (m) cm-'; 'H NMR (CDC13, 400 MHz)  6 

6.34 (dd, lHy J =  5.8, 3.0 HZ), 6-06 (dd, 1H, J =  5.7, 3.3 HZ), 4-50 (d7 1H3 J =  12-6 HZ), 

4.19 (s, l m ,  4.10 (d, LH, J =  12.6 Hz), 3.92 (ddd, IH, J= 12.0,4.6, 1.5 Hz), 3.70 (td, lH, 

J =  12.3,2.0 Hz), 3.26 (m, lH), 3.09 (m, lH), 2.18 (td, lH, J =  13.3,4.6 Hz), 1.64 - f .63 

(m, 2H), 1.45 (dm, lH, J =  13.6 Hz); I3c NMR (CDCh, 100 MHz) 6 156.2, 137.8, 134.5, 

91.4, 69.7, 64.8, 62.3, 50.1, 44.7, 44.4, 38.3. HRMS calcd. for CllHi3NOz: (CI, 

W + H ] ~  mlz 192.1025, found m/z 192.1032. 



5.3 Synthefic Procedures for Chapter 3: 2,3-Dkubstituted Norbornadienes 

5.3.1 2,3-Dkubsritufed Norbornadienes fiom 53-Dibromonorbornadiene via 

Monolithium-hafide Exchange 

Synthesis of Compound 110d. 

1 . 'BUOK, "BuLi, THF, -78' to -40°C 

2. BrCH2CH2Br (0.5 eq.), -40°C, 1.5 h 
1 

3. 5rCH2CH2Br (1 -5 eq.), -78O to 25OC. 4 h 109 Br 

1. 'BUL~, THF, -78OC 
4 

OTHP 
2. -0THP 

I 

Preparatioa of Dibromide 109. Norbomadiene (1) (35.0 mL, 324 mmol) was added to 

a £lame-dried three-necked flask containing potassium f-butoxide (1 8.7 g, 167 mmol) and 

THF (240 EL), which was cooled at -78°C (cryobath). n-Butyllithium (66.0 mL, 2SM, 

165 mmol) was added dropwise through a dropping funne1 over 2 h, maintaining the 

temperature below -70°C. The reaction mVmile was stirred at -65°C for 30 min. and at 

40°C for 30 min. After cooling the mixture to -78"C, I,2-dibromoethane (7.20 d, 83.5 

m o l )  was added, and the mixture was stirred at 40°C for 1.5 h. Excess 1,2- 



diiromoethane (21.6 mL, 250 mmol) was then added at -70°C. The brown mixture was 

stirred at -40°C for 2 h and at room temperature for 4 h, M e r  quenching the reaction 

with saturated ammonium chloride (150 mL) and water (300 mL), the aqueous Iayer was 

extracted with diethyl ether (4x300 mL), and the combined organic layers were washed 

sequentiaiiy with water (500 mL) and brine (500 mL) and dried over magnesium sulfate. 

The solvent was removed by rotary evaporation, and the crude product was punfied by 

vacuum distillation to give three kctions. The first fiaction (20 - 30 torr at 40°C - 

60°C) contained mainiy the excess 1,2-dibromoethane and norbornadiene. The second 

fiaction (10 - 15 torr at 50°C - 60°C) contained Zbromonorbomadiene and 2,3- 

dibromonorbomadiene in a ratio of 2:l as determined by 'H NMR The third hct ion (6 

- 9 torr at 80°C - 100°C) contained pure 109 (13.6 g, 54.4 mmol, 65%) as a colorIess oil. 

2,3-Dibromobicyclo[2.2.~hepta-2,5-diene (109). Rf 0.67 (hexanes); 'H NMR (CDCLs, 

400 MHz) 8 6.88 (s, 2H), 3.61 (m, 2H), 2.45 (dd, lH, J =  6.3, 1.1 Hz), 2.18 (dt, lH, J =  

6.3, 1.4 Hz); 13c NMR (CDCb, 100 MHz) 6 141 -2, I33.0,72.0, 58.6. Spectral data were 

identical to those reported in the literature? 

Conversion of 109 to 110d. tert-Butyiiïthium (24.0 mL, 1.7M, 40.8 mrnol) was added to 

a flame-dried flask containing dibromide 109 (5.10 ,a, 20.4 mmol) in THF (41 mL) at - 

78°C. After the yellow mixture was stirred for 3 0 m, 2-(4-iodo-butoxy)-tetrahydro-p yran 

(4.43 g, 15.6 m o i )  was added at -78°C- The reaction mixture was stirred at -78°C for 1 

h and at room temperature for 20 h. After quenching the reaction with water (80 r d ) ,  the 

aqueous layer was extracted with diethyl ether (3x80 d), and the combined organic 

layers were washed sequentially with water (100 mL) and brhe (100 mL) and dried over 



magnesium sulfate. The solvent was removed by rotary evaporation and the cmde 

product was purïfïed by column chromatography (Et0Ac:hexanes = 1: 19) to give llOd 

(6.0 1 g, 18.4 mmoi, 90%) as a colorless oil. 

Compound 110d. A mumire of two diastereomers. R10.35 (Et0Ac:hexanes = 1 : 19); IR 

(neat, NaCl) 3067 (w), 2939 (s), 2867 (s), 1633 (w), 1558 (m), 1440 (m), 1352 (m), 1323 

(w), 1297 (m), 1260 (m), 1224 (w), 1201 (m), 1137 (m), 1120 (m), 1077 (m), 1033 (m) 

cm-'; 'H NMR (CDC13, 400 MHz) 6 6.84 (dd, lH, J =  4.9,2.9 Hz), 6.73 (dd, lH, J =  4.9, 

2-9 &), 4.55 (m, lH), 3.85 (m, lH), 3.71 (m, lH), 3.51 - 3.42 (m, 3H), 3.37 (m, lH), 

2.27 - 2.10 (m, 3H), 2.01 (dm, lH, J =  5.9 Hz), 1.80 (m, lH), 1.70 (m, lH), 1.59 - 1.42 

(m, 8H); I3c NMR (CDCb, 100 MHz) G 150.9, 141.8 (2), 129.3, 98.8, 98.7, 71.5, 67.2, 

62.24, 62.22, 57.9, 53.3,30.7,29.1,28.9,25.4,23.13,23.11, 19.61, 29.59. HRMS calcd. 

for C&23Br02: m/z 326.0882, found m/z 326.0886. 

Synthesis of Compound 110f. 

Br 'BUL~, THF, -78OC h i  BnBr 

Br Br -78OC to r.t. Br 
109 113 (63%) 

110f 

Preparation of 110f. tert-ButyUithium (19.0 mZ, 1.7M, 32.3 mmol) was added to a 

flame-dried flask containhg dibromide 109 (4.0 g, 16 mmol) in THF (48 rnL) at -78'C. 

M e r  the yellow mixture was stirred for 1.2 h, benzyl brornide (2.85 mL, 24.0 mmol) was 



added at -78°C. The mixture was stirred at -78OC fo r  2 h and at room temperature for 22 

h. After quenching the reaction with water (25 mL), the aqueous layer was extracted 

with diethyl ether (4x25 mL), and the combined orgatnïc layers were washed sequentially 

with water (25 mL) and brine (25 mL) and dried ov-er magnesium sulfate. The solvent 

was removed by rotary evaporation and the excess b e n q l  bromide was removed by bdb- 

to-bulb distillation (5 torr at 120 OC for 3 h). The cmde product was pwified by column 

chromatography (hexanes) to give llOf (2.62 g, 10.0 m o l ,  63%) as a yellow oïl- 

Compound 110f. Rf0.85 (Et0Ac:hexanes = 1:9); IR (neat, NaC1) 3064 (m), 3027 (s), 

2976 (s), 2938 (s), 2867 (s), 1630 (m), 1601 (m), 155 7 (m), 1494 (s), 1453 (s), 1428 (w), 

1297 (s), 1264 (m), 1224 (m), 1168 (w), 1087 (w), 10:74 (m), 1029 (s), 1010 (m) cm-'; 'H 

NMR(CDC13, 400 MHz) 8 7.31 -7.20 (m, 3H), 7.12 (dm, 2H, J =  7.2 Hz), 6.81 (dd, lH, 

J=4.9, 3.0 HZ), 6.55 (dd, lH, J=4.9, 2.9 HZ), 3.57 (dAB, lH, J =  14.9 HZ), 3.55 (bï. S, 

lH), 3.48  AB, LH, J =  14.9 Hz), 3.30 (m, lH), 2.21 (dt, 1H, J =  6.0, 1.5 Hz), 2.00 (dt, 

la J =  6.0, 1.6 Hz); I3c NMR (CDCG, 100 MHz) 25 149.7, 142.0, 140.9, 137.5, 129.9, 

128.8, 128.3, 126.2, 71.4, 57.9, 53.4, 35.7. HRMS cdcd. for C1&I13Br: mlz 260.0201, 

found m/z 260.0 189. 



Br 'BU, THF, -78OC 

Br 

z &y 
Br 

109 113 

Preparation of 1101. tert-Butyliithium (1 -20 mL, 1.7M, 2.04 mmol) was added to a 

flame-dried flask containhg dibromide 109 (219 mg, 0.876 mmol) in THF (2.4 mL) at 

-78°C. M e r  stirring the reaction mixture for 1 h, the resulting yellow mixture was added 

to a flame-dried flask containhg ethyl chloroformate (0.40 mL, 4.18 m o l )  in THF (2 

r d )  at -78°C. The reaction mixture was stirred at -78OC for 3 h. After quenching the 

reaction with water (15 mL), the aqueous layer was extracted with diethyl ether (4x15 

mL), and the combined organic layers were washed sequentially with water (20 mL) and 

brine (20 mL) and dned over magnesium sulfate. The solvent was removed by rotary 

evaporation and the cmde product was p d e d  by column chromatography 

(Et0Ac:hexanes = 1: 19) to give Il01 (130 mg, 0.535 mmol, 61%) as a colorless 02. 

3-Bromobicyclo [2.2.1] hepta-2,s-diene-2-carboxylic acid ethyl ester (1 101). R. 0.70 

(Et0Ac:hexanes = 1 :4); IR (neat, NaCl) 2980 (m), 2943 (m), 2872 (w), 1718 (s), 1717 



(s), 1704 (s), 1699 (s), 1695 (s), 1559 (m), 1368 (m), 13 10 (s), 1290 (s), 1277 (s), 1249 

(s), 1235 (s), 1203 (w), 1150 (m), 1101 (s), 1086 (s), 1024 (w) cm-'; 'H NMR (CDC13, 

400 MHz) 6 6.90 (dd, la J=4.9, 3.0 HZ), 6.84 (m, lH), 4.21 (m, 2H), 3.99 (m, lm, 

3.67 (m, lH), 2.30 (dt, lH, J= 6.6, 1.5 Hz), 2.11 (dt, lH, J =  6.7, 1.6 HZ), 1.30 (t, 3H, J= 

7.1 Hz); 13c NMR (CDC13, 100 MHz) 6 163.7, 148.4, 143.0, 142.0, 140.4, 71.7, 61.6, 

60.4, 52.0, 14.2. Anal. Calcd- for CioH11BrO2: C, 49.41; H, 4.56. Found C, 49.23; H, 

4.58. 

Synthesis of 110m. 

&- Br 'BUL~, THF, -78OC 

Br 

* &y 
Br 

119 113 

Preparation of 110m. tert-Butyiiithium (0.50 mL, lJM, 0.850 mmol) was added to a 

flame-dried flask containing dibromide 109 (106 mg, 0.424 mrnol) in THF (2 mL) at 

-78OC. M e r  the yellow reaction mumire was stirred for 45 min., acetaldehyde (0.10 mL, 



2.88 mmol) was added at -78°C. The reaction mixture was stirred at -78°C for 1 h. 

After quenching the reaction with water (5 mL), the aqueous layer was extracted with 

diethyl ether (3x10 mL), and the combined organic layers were washed sequentiaily with 

water (10 mL) and brine (10 mL) and dried over magnesium sulfate. The solvent was 

removed by rotary evaporation and the cmde product was pwifïed by column 

chromatography (EtOAc:hexanes = 1:4) to give llOm (75.9 mg, 0.353 rnmol, 83%, 1:l 

inseparable mixture of diastereomers) as a colorless oïl. 

1-(3-Brornobicyclo (23.11 heptn-2,s-dien-2-y1)ethao (1 10m). Rf 0.33 (Et0Ac:hexanes 

= 1:4); IR (neaî, NaCl) 3354 (br. s), 3069 (w), 2973 (s), 2939 (s), 2869 (s), 1628 (m), 

1558 (m), 1449 (m), 1368 (m), 1327 (m), 1296 (s), 1268 (m), 1224 (m), 1209 (m), 1091 

(s), 1062 (s), 1030 (III), 1009 (III) cm1; 'H NMR (CDC13, 400 MHz) 6 6.86 - 6.76 (m, 

2H),4.70 (q, OSH, J=6.2Hz),4.69 (q, OSH, J=6.2Hz), 3.72 (br. s, OSH), 3.68 (br. s, 

OSH), 3.50 @r. s, lH), 2.16 (m, lm, 2.04 (m, ZH), 1.87 (br. s, lH), 1.62 Pr. s, IH), 1.33 

(d, LSH, J =  6-4 Hz), 1.11 (d, lSH, J =  6.5 Hz); I3c NMR (CDC13, 100 MHz) 6 152.6, 

152.4, 142.9, 142.5, 141.4, 141.2, 130.4, 130.2, 71.8, 71.3, 64.6, 64.5, 58.2, 58.1, 50.0, 

49.5, 20.8, 18.9. Anal. Cdcd. for C9Hl iBrO: C, 50.26; H, 5.15. Found C, 50.09; H, 

5.16. 



Synthesis of 1lOn. 

&- Br 'BUL~, THF, -78OC 

Br 

- 
Br 

109 113 

Preparation of 110n. tert-Butyllithium (1.10 mL, 1.7M, 1.87 mmol) was added to a 

flarne-dried ffask containhg dibromide 109 (212 mg, 0.849 m o l )  in THF (4.2 mL) at 

-78°C. M e r  the yellow reaction mixture was stirred for 1 h, benzaldehyde (0.10 mL, 

0.98 mmol) was added at -7g°C. The reaction mixture was stirred at -78°C for 2 h. 

After quenching the reaction with water (15 mu, the aqueous layer was extracted with 

diethyl ether (4x1 5 rnL), and the combined organic layers were washed sequentially with 

water (15 mL) and brine (15 mL) and dned over magnesium sulfate. The solvent was 

removed by rotary evaporation and the crude product was purifïed by column 

chromatography (EtOAc:hexanes = 1 :9) to give llOn (164 mg, 0.592 mmol, 70%, 1 : 1 

inseparable mixture of diastereomers) as a colorless oil. 

Compound 110n. Rf 0.55 Q5tOAc:hexanes = 1:4); IR (neat, NaCl) 3395 (s), 3064 (m), 

3028 (m), 2992 (s), 2939 (s), 2869 (m), 1626 (m), 1602 (w), 1557 (w), 1494 (m), 1449 



(s), 1299 (s), 1266 (m), 1224 (m), 1127 (w), 1037 (s), 1021 (s), 1002 (s) cm-'; 'H NMR 

(CDCl3, 400 MHz) 6 7.42 - 7.22 (m, 5H), 6.88 (dd, OSH, J =  5.0, 3.0 Hz), 6.82 (dd, 

OSH, J =  5-0, 3.0 Hz), 6.58 (d4 OSH, J= 4.9, 3.0 Hz), 6.22 (dd, OSH, J =  4.9,2.9 Hz), 

5.70 Fr. s, OSH), 5.68 (4 0.5H, J= 2.7 Hz), 3.58 (br. s, OS@, 3.55 (br. s, lH), 3.47 (br. 

s, OSH), 2.26 (dm, OSH, J=2 .0  Hz), 2.19 (dm, OSH, J=6 .2  Hz), 2.09 (dm, OSH, J =  

6-2 HZ), 2-03 (d, 0-5H, J =  3.4 HZ), 1 a98 (dd, lHy J =  6.2, 1-3 Hz); I3c NMR (CDC13CDC4, 100 

MHz) 6 1513, 151.1, 142.7, 142.5, 141.5, 141.1, 139.2, 139.0, 132.0, 130.9, 128.4, 

128.2, 127.4, 127.3, 125.6, 125.5, 72.1, 70.4, 70.3, 70.0, 58.2, 58.1, 50.8, 49.6. And. 

Calcd. for Cl&I13BrO: C, 60.67; H, 4.73. Found C, 60.83; H, 4.71. 



Preparation of 1100. tert-Butyllithium (1.05 mL, 1.7M, 1.79 mmol) was added to a 

flame-drkd flask containing dibrornide 109 (199 mg, 0.797 mmol) in THF (4.0 mL) at 

-78°C. M e r  the yeiiow reaction mixture was stirred for 1 h, acetone (0.40 mL, 5.4 

mmol) was added at -78°C. The reaction mixture was stirred at -78OC for 2 h. After 

quenching the reaction with water (15 mL), the aqueous layer was extracted with diethyl 

ether (4x15 mL), and the combined organic layers were washed sequentially with water 

(15 mL) and brine (15 mC) and dned over magnesium sulfate. The solvent was removed 

by rotary evaporation and the crude product was purifïed by column chromatography 

(Et0Ac:hexanes = 1 :9) to give 1100 (0.133 mg, 0.580 m o l ,  73%) as a colorless oïl. 

2-(3-Bromobicyclo [2.2.1] hepta-2,5-dien-2-y1)propan-2-01 (1100). Rf 0.45 

(Et0Ac:hexanes = l:4); IR (neat, NaCl) 3400 (s), 3122 (w), 3069 (w), 2975 (s), 2937 (s), 

2869 (m), 1614 (m), 1557 (m), 1463 (m), 1363 (s), 1296 (s), 1269 (m), 1249 (m), 1232 

150 



(m), 1170 (s), 1141 (s), 1058 (m) cm-'; 'H NMR (CDC13, 400 MHz) 6 6.87(dd, lH, J =  

5,0,3.3 Hz), 6.80 (dd, lH, J =  5.0, 2.9 Hz), 3.67 (m, lH), 3.47 (m, IH), 3.17 (dt, lH, J= 

6.1, 1.5 Hz), 2.13 (br. s, lH), 1.94 (dt, lH, J= 6.1, 1.7 Hz), 1.38 (s, 3K), 1.37 (s, 3H); I3c 

NMR (CDCl3, 100 MHz) 6 154.1, 142.2, 142.6, 126.0, 71.9, 70.7, 60.2, 53.0,28.1,28.0. 

Anal. Cdcd. for CioH13BrO: C, 52.42; H, 5.72. Found C, 52.61; H, 5.70. 

Synthesis of 110p. 

benzophenone 
(66%) qpc 

Preparation of 110p. tert-Butyllithium (1.20 mL, 1.7M, 2.04 mmol) was added to a 

flarne-dried flask containing dibromide 109 (225 mg, 0.902 mmol) in THF (4.5 mL) at 

-78°C. After the yellow reaction mixture was stirred for 1 h, benzophenone (204 mg, 

1.12 mmol) was added at -78°C. The reaction mixture was stirred at -78OC for 3 h. 

After quenching the reaction wrth water (15 mL), the aqueous layer was extracted with 

151 



diethyl ether (4x 15 mL), and the combined orgaaic layers were washed sequentidy with 

water (20 mL) and brine (20 mL) and dried over magnesium sulfate. The solvent was 

removed by rotary evaporation and the crude product was purifïed by column 

chromatography (EtOAchexanes = 1 : 19) to give llOp (21 0 mg, 0.594 mmol, 66%) as a 

colorless oil. 

Compound (110p). R10.40 (EtûAc:hexanes = 1:9); IR (neat, NaCI) 3560 (m), 3061 (m), 

2938 (m), 2868 (m), 1557 (w), 1492 (s), 1448 (s), 1329 (m), 1295 (s), 1259 (w), 1210 

(w), 1163 (m), 1032 (s), 1017 (s) cm-'; 'H NMR (CDCl3,400 MHz) 8 7.34 - 7.25 (m, 

lOH), 6.79 (dd, lH, J =  4.7, 3.0 Hz), 6.48 (dd, lH, J =  4.8, 2.9 Hz), 3.58 (m, lH), 3.41 

(m, lH), 2.98 (s, lH), 2.36 (dt, lH, J =  6.2, 1.5 Hz), 1.95 (dt, lH, J =  6.3, 1.7 HZ); 13c 

NMR (CDC13, 100 MHz) 8 153.0, 143.81, 143-77, 142.5, 140.2, 129.7, 128-1, 128.0, 

127.6, 127.5, 80.7, 70.3, 60.7, 54.5. KRMS caicd- for C20Hr7Brû: m/z 352.0463, found 

mk 352.0461. 



5.3.2 2,3-Dkubstitufed Norbornadienes from 2,3-Dibromonorbornadiene via Double 

Lithium-Hafide &change 

Synthesis of l l l f .  

1. 'BUL~, THF, -78OC 

2. ethyl chloroformate 
THF. -78OC II 

l l l f  0 
(77%) 

Preparation of lllf. tert-Butyllithlum (1.10 mL, 1.7M, 1.87 mmol) was added to a 

flame-dried flask containing bromide llOb (1 58 mg, 0.852 mmol) in (2.0 mL) at 

-78°C. After stirring the reaction mixture for 1 h, the resulting yellow mixture was added 

to a flame-dried flask containing ethyl chloroformate (0.3 8 mL, 4.0 mmol) in THF (2.5 

mL) at -78°C. The mixture was stirred at -78OC for 3 h. After quenching the reaction 

with water (15 d), the aqueous layer was extracted with diethyl ether (4x15 mL), and 

the combined organic layers were washed sequentially with water (20 mL) and brine (20 

mt) and dried over magnesium sulfate. The solvent was removed by rotary evaporation 

and the crude product was purified by column chromatography (Et0Ac:hexanes = 1 :9) to 

give l l l f  (109 mg, 0.655 m o l ,  77%) as a colorless oil. 

3-Methylbicyclo [2.2.1 J hepta-2,5-diene-2-caboc acid ethyl ester (1 119. RJ 0.50 

(Et0Ac:hexanes = 1:4); IR (neat, NaCl) 2978 (m), 2939 (m), 2870 (w), 1702 (s), 1632 

(m), 1558 (w), 1370 (m), 1331 (ni), 1314 (m), 1295 (s), 1249 (m), 1237 (s), 1189 (m), 

i l46 (m), 1101 (m), 1066 (m), 1047 (m), 1019 (w) cm-'; 'H NMR (CDC13, 400 MHz)  6 



6.86 (dd, lH, J =  5.0, 3.0 HZ), 6.70 (dd, lH, J=4.9, 3.2 Hz), 4.14 (m, 2H), 3.86 (br. s, 

IH), 3.37 (br. s, IH), 2.19 (s, 3H), 2.02 (dm, lH, J= 6.4 Hz), 1.92 (dm, lH, J =  6.4 Hz), 

1.26 (t, 3H, J = 7.1 Hz); 13c NMR (CDCl3, 100 MHz) G 169.4, 165.9, 144.0, 140.3, 

138.3, 70.8, 59.6, 58.0, 50.9, 17.1, 14.3. Anal. Calcd. for CI1Hl4O2: C, 74.13; H, 7.92. 

Found C, 73.99; H, 7.95. 

Synthesis of lllg. 

&- C H ~  1. 'BUL~, THF, -78OC 

Br 2. acetone, -78OC 
(80%) 

CH3 
110b 

Preparation of lllg. tert-ButyUiulium (0.80 d, 1.7M, 1.4 m o l )  was added to a 

flame-dried £la& containing bromide 110b (1 16 mg, 0.627 m o l )  in THF (3 .O mL) at 

-78°C. M e r  the yellow reaction mixture was stirred for 1 h, acetone (0.35 mL, 4.8 

mmol) was added at -78°C. The reaction mixture was stirred at -78OC for 3 h. After 

quenching the reaction with water (15 mL), the aqueous layer was extracted with diethyl 

ether (4x 15 mL), and the combined organic layers were washed sequentially with water 

(20 mL) and brine (20 mL) and dried over magnesiun sulfate. The solvent was removed 

by rotary evaporation and the crude product was pwified by column chromatography 

(Et0Ac:hexanes = 1:4) to give lllg (82 mg, 0.50 mmol, 80%) as a colorless oil. 



2-(3-Methylbicyclo [2.2.l] hepta-2,5-dien-2-yl)propan-2-ol (Illg). Rf 0.45 

(Et0Ac:hexanes = 1:4); IR (neat, NaCl) 3384 (s), 3063 (m), 2971 (s), 2932 (s), 2864 (s), 

1557 (w), 14-48 (m), 1372 (m), 1299 (s), 1250 (rn), 1236 (m), 1174 (m), 1 132 (m), 11 12 

(m), 1023 (w) cm-'; 'H NMR (CDCb, 400 MHz) S 6.76 (m, 2H), 3.48 (m. lH), 3.16 (m, 

lH), 1-92 (s, 3H), 1.89 (dm, 1H, J =  5.7 Hz), 1.75 (dm, 1H, J =  5.7 Hz), 1-53 (br. s, l m ,  

1-34 (s, 3H3, 1.32 (s, 3H); I 3 c  NMR (CDCS, 100 MHz) G 150.3, 143.0. 142.9, 141.9, 

72.4, 70.0,57.6, 52.5,29.2,28.8, 15.9. HRMS calcd. for CIIHisO: m/z 164.1201, found 

d z  164.1206. 

Synthesis of l l l i .  

1. 'BUL~, THF, -78OC 

OTHP 2. methyl chloroformate OTHP 
THF, -78OC 

(74%) 

Preparation of l l l i .  tert-Butyllithium (14.0 mL, 1.7M, 23.8 mrnol) was added to a 

flarne-dried flask containing bromide llOd (3 .O0 g, 9.17 mmol) in THF (1 7.0 mL) at 

-78OC. Mer stixring the reaction mixture for 1 h, the resulting yeliow mixture was added 

via a carmula to a flarne-dried flask containing methyl chloroformate (3.0 mL, 39 mmol) 

in THF (7.0 mL) at -78OC. The reaction mixture was stirred at -78°C for 3 h. After 

quenching the reaction with water (20 mL), the aqueous layer was extracted with diethyl 

ether (4x20 mL), and the combined organic layers were washed sequentimy with water 
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(25 mL) and brine (25 d) and dried over magnesiun sulfate. The solvent was removed 

by rotas. evaporation and the crude product was p d e d  by column chromatography 

(EtOAc:hexanes = 1:9) to give llli (2.07 g, 6.76 mmol, 74%) as a colorless oil. 

Compound llli. A mixture of two diastereomers. Rf0.55 (Et0Ac:hexanes = 1:4); IR 

(neat, NaCl) 2941 (s), 2868 (m), 1700 (s), 1695 (s), 1558 (w), 1435 (m), 1342 (m), 1295 

(s), 1238 (s), 1200 (m), 1163 (m), 1138 (m), 11 19 (m), 1103 (m), 1074 (s), 1034 (s), 1022 

(m) cm-'; 'H NMR (CDC13, 400 MHZ)  6 6.85 (dd, 1 H, J = 5.0,3 .O Hz), 6.67 (dd, 1 H, J = 

4.7, 3.3 Hz), 4.55 (m, 1H), 3.86 - 3.84 (m, 2H), 3.72 (m, lH), 3.69 (s, 3H), 3.50 - 3.48 

(m, 2H), 3.37 (m, IH), 2.76 -2.64 (m, 2H), 2.01 (dm, lH, J =  6.4 Hz), 1.94 (dm, lH, J =  

6.4 Hz), 1.80 (m, lH), 1.69 (m, IfI), 1.61 - 1.44 (m, 8H); 13c NMR (CDC13, 100 MHz) S 

173.3, 166.2, 143.8, 240.7, 138.5,98.81, 98.78, 71.0,67.2, 62.30, 62.27, 55.9, 51.0, 50.9, 

30.7, 29.9, 29.3, 25-4, 23.5, 19.64, 19.62. Anal. Calcd- for C18H2604: C, 70.56; H, 8.55. 

Found C, 70.67; H, 8.52. 



5.4 Synfhetic Procedures for Chapfer 4: IntramoIecuCar 1,3-Dipoar 

Cycïoadditions of Norbornadipne-Tefhered Nitrile Oxides with a C-3 

Substituent 

5.4.1 Norbornadiene-Tethered Nifriïe Oxides Bearing a Halogen at the C-3 Position 

5.4.1.1 Cycloadducf BeanLng a Bromo Substif uent 

NaN02, DMSO 
phlorog lucinoi * 

Br (48%) 
110e 

(BOC)20, DMAP 
Toluene, 90°C 

Conversion of Bromide llOe to Nitro Compound 116a. Bromide llOe (1.05 g, 3.42 

mmol) in DMSO (1 0 mL) was added via a carmula to a flask containing N a 2  (896 mg, 

13.0 -01). and phloroglucinol (800 mg, 4.94 mmol) in DMSO (15 mL). The light 

brown reaction mixture was stirred at room temperature for 48 h. After quenching the 

reaction with water (50 mL), the aqueous layer was extracted with diethyl ether (4x50 

mL) and the combined organic layers were washed sequentially with water (100 rd,) and 
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brine (100 mL) and dried over magnesium sulfate. The solvent was removed by rotary 

evaporation and the crude product was pmined by column chromatography 

(Et0Ac:hexanes = 1:9) to give 116a (448 mg, 1.65 mmol, 48%) as a colorless viscous 

oil, 

2-Bromo-3-(4-nitrobutyl)bicyclo[2.2.1]hepta-2,5-diene (116a). Rf 0.68 

@tOAc:hexanes = 1:9); IR (neat, NaCl) 3067 (w), 2975 (m), 2938 (m), 2867 (m), 1633 

(w), 1553 (s), 1455 (w), 1434 (m), 1383 (m), 1297 (m), 1261 (w), 1225 (w) cm-'; 'H 

NMR (CDC13, 400 MHz) G 6.84 (dd, lH, J =  5.1,3.3 Hz), 6.73 (dd, IH, J =  5.1, 2.9 Hz), 

4.35 (t, ZH, J= 2.0 Hz), 3.46 (m, lH), 3.40 (br. s, IH), 2.29 -2.14 (m, 3H), 2.02 (dt, 1H, 

J = 6.0, 1.6 Hz), 1.89 (m, 2H), 1.49 (m, 2H); 13c NMR (CDC13, 100 MHz) 6 149.7, 

141.9, 141.6, 130.4, 75.2, 71.6, 57.9, 53.2, 28.1, 26.4, 22.9. HRMS calcd. for 

Cl lH14BrN02: m/z 27 1.0208, found m/z 27 1 .O2O7. 

ln sifu Generation of Nitrile Oxide from Nitro Compound 116a and Subsequent 

Cycloaddition. 

Di-tert-butyl dicarbonate, (BOC)20 (290 mg, 1.33 mmol), in toluene (2 mL) was added 

via a cannula to a £lame-dried flask containhg the nitro compound ll6a (104 mg, 0.382 

mmol), 4-dimethylaminopyridine, DMAP (6.5 mg, 0.0530 mmol), in toluene (2 mL). 

The reaction mixture was stirred at 90°C for 48 h. The solvent was removed by rotary 

evaporation and the crude product was purified by column chromatography 

(Et0Ac:hexanes = 1:9) to give cycloadduct 104a (67.0 mg, 0.264 m o l ,  69%) as white 

crystals. Recrystallization with 10% EtOAchexanes provided colorless needle-like 

crystals. 



Cycioadduct 104a Rf 0.28 (Et0Ac:hexanes = 1:9); IR (CH2Cld 3074 (w), 3025 (m), 

3011 (s), 2980 (s), 2879 (m), 1648 (w), 1463 (m), 1456 (m), 1452 (m), 1434 (m), 1252 

(m), 1218 (w), 1180 (m), 1130 (m), 1103 (w), 1059 (m) cm-'; 'H NMR (CDC13, 400 

MHz) 6 6.36 (dd, LH, J =  5.7, 3.0 Hz), 6.21 (dd, lH, J= 5.6, 3.1 Hz), 3.68 (m, lH), 3.03 

(m, IH), 2.58 - 2.53 (m, 2H), 2.28 - 2.12 (m, 3H), 1.83 (dm, lH, J =  9.5 Hz), 1.75 (dm, 

J= 9.6 Hz), 1-37 (m, 1H); 13c NMR (CD& 100 MHz) 6 171.0, 137.4, 136.0, 114.1, 

79.1, 58.5, 47.1,44.0,34.1,25.9,21.6. Anal. Calcd. for CiiHi2BrNO: C, 51.99; H, 4.76; 

N, 5.51. FoundC, 51.79; H, 4.79;N, 5.54, 



5.4.1-2 Cycfoadduct Bearing a Ch foro Substituent 

&- Br 1. 'BUL~, THF, -78OC 
2. TsCI, -78OC to r.t 

1 O 9  Br (75%) 

- &-CI 
1 i O i  Br 

(BOC)20, DMAP 
Toluene, 90°C 

%) 

NaN02, DMSO 
phloroglucinol, r-t. 

1. 'BUL~, THF, -78OC 
2. 1.4-dibromobutane 

Conversion of 109 to 1 loi. tert-Butyllithium (1 .O0 mL, 1.7M, 1.70 rnmol) was added to 

a flame-drïed flask containing dibromide 109 (213 mg, 0.852 mmol) in THF (4 rnL) at 

-78OC. After the yellow mixture was stirred for 30 min., p-toluenesulfonyl chloride (345 

mg, 1.8 1 mmol) was added at -78°C- The reaction mixture was stirred at -78°C for 45 

min- and at room temperature for 1 h. After quenching the reaction with water (5 mL), 

the aqueous layer was extracted with diethyl ether (3x 10 mL), and the combined organic 
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Iayers were washed sequentially with water (10 mL) and brine (10 mL) and dned over 

magnesium sulfate. The solvent was removed by rotary evaporation and the crude 

product was purified by column chromatography (hexanes) to give llOi (130 mg, 0.635 

mmol, 75%) as a colorless oil. 

2-Bromo-3-chlorobicycIo[2~hepta-2,5-diene (110i). Rf 0.76 (hexanes); 'H NMR 

(CDC13, 400 MHz)  6 6.89 (m, 2H), 3.60 (m, lH), 3.52 (m, lH), 2.43 (dtd, lH, J =  6.3, 

1.6, 0.3 Hz), 2.19 (dt, 1H, J =  6.3, 1.9 Hz); "C NMR (CDCL, 100 MHz) 8 144.0, 141.6, 

141.1, 128.3, 71.5, 57.8, 56.8. Spectral data were identical to those reported in the 

Conversion of llOi to 115a. tert-ButylIithium (12.5 mL, 1.7M, 21.3 m o l )  was added 

to a flame-dried flask containing llOi (2.07 g, 10.1 mmol) in THF (50 mLJ at -78°C. 

M e r  stirring the reaction mixture for 1 h, the resulting yellow mixture was added to a 

flarne-dned Bask containing 1,4-dibromobutane (3.5 mL, 29.3 mmol) in THF (52 mL) at 

-78°C. The reaction mixture was stirred at -78°C for 1 h and at room temperature for 29 

h. After quenching the reaction with water (150 mL), the aqueous layer was extracted 

with diethyl ether (4x150 mL), and the combined organic layers were washed 

sequentially with water (150 mt) and brine (150 mL) and dned over magnesiurn sulfate. 

The solvent was removed by rotary evaporation and the crude product was purified by 

vacuum distillation to give two hctions. The fÏrst fiaction (2 - 5.5 torr at 70°C - 80°C) 

contained rnainly the excess 1,4-dibromobutane. The second fraction (0.5 torr at 70°C - 

80°C) contained 115a (2.40 g, 9.17 mmol, 9 1%) as a colorless oil. 



2-(4-Bromobutyl)-3-chIorobieyelo[2.2.1] hepta-2,s-dien (115a). RI 0.63 (hexanes); IR 

(ne& NaCl) 2974 (s), 2938 (s), 2867 (m), 1639 (w), 1558 (w), 1452 (m), 1297 (s), 1267 

(m), 1249 (m), 1225 (m), 1093 (w) cm-'; L~~ (CDC13, 400 MHz) 6 6.86 (dd, IH, J =  

5.0, 3.0 Hz), 6.78 (dd, lH, J= 5.0,3.0 Hz), 3.45 (br. s, lH), 3.40 (t, 2H, J =  6.7 Hz), 3.38 

(br. S, lH), 2.28 - 2.14 (m, 3H), 2.03 (dm, 1 H, J = 6.0 Hz), 1.76 (m, 2H), 1.56 (m, 2H); 

13c NMR (CDCI,, 100 MHz)  6 146.4, 142.2, 141.8, 140.8, 71.2, 56.3, 52.9, 33.7, 3 1.9, 

26.6,25.0. 

Conversion of 115a to Nitro Compound 116b. To a flame-dned flmk contauiing 115a 

(501 mg, 1.92 m o l )  in DMSO (10 mL), NaNOz (729 mg, 10.6 mmol) and 

phloroglucinol(583 mg, 3.60 mmol) were added. The light brown reaction mixture was 

stirred at room temperature for 64 h. M e r  quenching the reaction with water (25 mL), 

the aqueous layer was extracted with diethyl ether (4x25 mL) and the combined organic 

layers were washed sequentidy with water (25 d) and brine (25 mL) and dned over 

magnesium sulfate. The solvent was removed by rotary evaporation and the cmde 

product was purifïed by column chromatography (EtûAc:hexanes = 1 :9) to give 116b 

(227 mg, 0.995 mmol, 52%) as a colorless viscous oil. 

2-Chloro-3-(4-nitrobutyl)bicyclo [2.2.l] hep 2 5 - d e  (116b). Rf 0.63 

(Et0Ac:hexanes = 1:4); IR (neat, NaCl) 2976 (m), 2939 (m), 2869 (m), 1639 (w), 1553 

(s), 1453 (m), 1434 (m), 1382 (m), 1297 (m), 1226 (w), 1097 (w), 1045 (m), 1015 (w) 

cm-'; 'H NMR (CDC13, 400 MHz) 8 6.86 (dd, 1H, J= 5.0,2.7 Hz), 6.76 (dd, lH, J= 5.0, 

2.9 Hz), 4.36 (t, 2H, J= 6.9 Hz), 3.39 (br.s, 2H), 2.25 (m, 2H), 2.17 (dm, lH, J =  6.0 fi), 

2.03 (dm, lH, J= 6.0 Hz), 1.89 (p, 2H, J= 7.3 Hz), 1.50 (m, 2H); 13c NMR (CDCb, 100 



MHz) 8 145.8, 142.1, 141.9, 141.4, 75.3, 71.3, 56.4, 52.9, 26.7, 26.5, 23.2. Anal. Calcd, 

for CilHi&lN02: C, 58.03; H, 6.20. Found C, 58.01; H, 6.21. 

In  situ Generation of Nitrile Oxide from Nitro Compound 116b and Subsequent 

Cycloaddition. 

Di-tert-butyl dicarbonate, (BOC)20 (493 mg, 2.26 mmol), in toluene (3 mL) was added 

via a cazulula to a flame-dried flask containing the nitro compound 116b (138 mg, 0.606 

mmol), 4-dimethylaminopyridine, DMAP (163 mg, 1.33 mmol), in toluene (5.5 mL). 

The reaction mixture was stirred at 90°C for 72 h. The solvent was removed by rotary 

evaporation and the crude product was purified by column chromatography 

(Et0Ac:hexanes = 1:4) to give cycloadduct 104b (1 14 mg, 0.544 m o l ,  89%) as  a 

colorless viscous oïl. 

Cydoadduct 104b. Rf 0.47 (Et0Ac:hexanes = 1 :4); IR (CfiCb) 3073 (w), 2979 (s), 

2883 (m), 1454 (m), 1429 (m), 1326 (s), 1251 (m), 1062 (m), 1013 (s) cm-'; 'H NMR 

(CDC13, 400 MHz) 6 6.35 (dd, lH, J =  5.7, 3.0 Hz), 6.25 (dd, lH, J =  5.7, 3.1 Hz), 3.54 

(dm, lH, J =  1.4 Hz), 3.08 (br. s, IH), 2.61 - 2.48 (rn, 2H), 2.33 -2.17 (m, 2H), 2.10 - 

2.02 (m, lH), 1.81 (dm, IH, J =  9.6 HZ), 1.73 (dm, IH, J =  9.6 Hz), 1.39 (ddd, IH, J =  

13.1, 7.0, 3.0 Hz); "C NMR (CDC13, 100 MHz) 6 171.0, 136.6, 135.9, 118.3, 78.9, 57.0, 

47.9, 44.3, 3 1.3, 26.0, 21.6. Anal. Calcd. for CliH&INO: C, 63.01; H, 5.77; Found C, 

63.00; H, 5.74. 



5.4.1.3 Cycloadduct Bearr'ng an Iodo Substituent 

1. 'BUL~, THF, -78OC - 
k o ~ ~ p  110d 2. 12, -78% (84%) t~ ~ t .  OTHP 

121 PPh3 

1 
lrnidazole 

119 THF/CH3CN 

1 NaNO,, DMSO 
(48%) phloroglucinol, r.t. 

(BOChO, DMAP 
7 

No2 Toluene, 90°C 
116c 



Conversion of llOd to 117. tert-Butyfithiun (8.4 mL, MM, 14.3 mmol) waç added to 

a flarne-dried flask containing bromide llOd (2.12 g, 6.48 mmol) in THF (1 5 mL) at 

-78°C. After stirnng the reaction mixture for 30 min., the resdting yellow mixture was 

added via a cannda to a flame-dried flask containing I2 (1.73 g, 13.6 mmol) in THF (1 8 

mL) at -78°C. The reaction mixture was stirred at -78°C for 3 h and at room temperature 

for 30 min. After quenching the reaction with water (50 mL), the aqueous layer was 

extracted with diethyl ether (4x50 mL), and the combined organic layes were washed 

sequentially with water (50 mL) and brine (50 mL) and dned over magnesium sulfate. 

The solvent was removed by rotary evaporation and the crude product was p&ed by 

colurnn chromatography (Et0Ac:hexanes = 1 : 19) to give 117 (2.03 g, 5.42 mmol, 84%) 

as a colorless oii. 

Iodide 117. A mixture of two diastereomers. R'0.70 (Et0Ac:hexanes = 1:4); IR (neat, 

NaCl) 2938 (s), 2866 (m), 1557 (w), 1453 (w), 1440 (w), 1352 (w), 1323 (w), 1297 (m), 

1259 (w), 1200 (m), 1137 (m), 1120 (m), 1077 (m), 1034 (s), 1023 (s) cm-'; 'H NMR 

(CDC13, 400 MHz) 6 6.83 (dd, lH, J =  5.0, 2.9 Hz), 6.70 (dd, lH, J =  5.0, 2.9 Hz), 4.56 

(m, lm, 3.85 (m, l m ,  3.72(m, lH),3.57(br.s, lH),3.49 (m, 1H),3.42@r.sY lH), 3.38 

(m, lH), 2.25 (m, lH), 2.17 - 2.10 (m, ZH), 1.99 (dm, lH, J =  6.0 Hz), 1.82 (m, lH), 

1.70 (m, lm, 1.60 - 1.44 (m, 8H); I3c NMR (CDCl3, 100 MHz) 6 158.5, 142.0, 141.4, 

101.0, 98.8, 98.7, 72.1, 67.3, 67.2, 62.2, 60.95, 60.88, 53.4, 31.8, 30.7, 29.1, 25.4, 23.2, 

19.6. HRMS Calcd. for C1&I02: d z  374.0743, found d z  374.0740. 

Conversion of 117 to 118. To a flame-drîed flask containing 117 (1 -93 g, 5.15 mmol) in 

MeOH (43 mL), pyridiurn p-tohenesulfonate, PPTS (332 mg, 1.28 mmol), was added at 



room temperature. The reaction mixture was s h e d  at 55°C for 1 h. M e r  quenching the 

reaction with water (50 mL), the aqueous layer was extracted with diethyl ether (4x50 

mL), and the combined organic Iayers were washed sequentidy with water (50 mC) and 

brine (50 mL) and dried over magnesium sulfate. The solvent was removed by rotary 

evaporation and the crude product was punfied by column chromatography 

(Et0Ac:hexanes = 1 :4) to give 118 (1.36 g, 4.69 mmol, 9 1%) as a colorless oil. 

4-(3-Iodo bicyclo [2.2.1] hep ta-2,s-dien-2-yl) butan-1-01 (1 18). Rf 0.25 (Et0Ac:hexanes 

= 1:4); IR (neat, NaCl) 3334 (s), 3066 (w), 2971 (s), 2935 (s), 2865 (s), 1653 (w), 1617 

(w), 1557 (m), 1456 (m), 1296 (s), 1259 (w), 1224 (m), 1160 (w), 1052 (s), 1023 (KU), 

1000 (m) cm-'; 'H NMR (CDC13, 400 MHZ)  6 6.82 (dd, lH, J = 5.0, 2.9 Hz), 6.70 (dd, 

lH, J =  5.0,2.9 Hz), 3.63 - 3.57 (m, 3H), 3.41 (br. s, IH), 2.25 (m, lH), 2.16 - 2.08 (m, 

2H), 2.00 (m, IH), 1.53 - 1.40 (m, 5H); 13c C (CDC13, 100 MHz) 6 158.4, 142.0, 

141.4, 101.2, 72.1, 62.5, 60.9, 53.4, 32.0, 31.8, 22.6. And. Calcd. for CirHrsIO: C, 

45-54; H, 5.21. Found C, 45.84; H, 5.05. 

Conversion of AIcohol118 to Iodide 119. To a flame-dried flask contiiining PPh3 (4.20 

g, 16.0 mmol), imidazoie (2.52g7 37.0 mmol), acetonitrile (12 mL) and THF (8.1 mL), 

(4.30 g, 33.9 mmol) was added at O°C. The reddish-brown reaction mixture was stirred 

for 15 min. at O°C. Alcohol 118 (1 .O6 g, 3.65 mmol) in acetonitrile (6 mL) was added via 

a cannula at 0°C. The reaction mixture was stined at room temperature for 4 h. After the 

reaction was quenched with water (20 mL), the aqueous layer was extracted with diethyl 

ether (4x20 mL), and the combined organic layers were washed sequentially with water 

(20 mL), saturated sodium thiosulfate (20 mL) and brine (20 mL) and dried over 



magnesium sulfate. The solvent was removed by rotary evaporation and the crude 

product was purified by column chromatography @exanes) to give iodide 119 (1.13 g, 

2.82 m o l ,  77%) as a colorless oil. 

2-Iodo-3-(4-iodobutyl)bicyclo[2.2.1] hepta-2,s-diene (119). RJ 0.80 (Et0Ac:hexanes = 

1:4); IR (neat, NaCl) 3065 (w), 2971 (s), 2934 (s), 2864 (m), 1616 (w), 1557 (m), 1449 

(m), 1426 (m), 1295 (s), 1260 (m), 1216 (s), 1181 (m), 1163 (m) cm'; 'H NMR (CDC13, 

400 M)Zz) 6 6.85 (dd, lH, J =  5.1, 2.9 Hz), 6.73 (dd, 1H, J=5-1 ,  2.9 Hz), 3.60 (br. s, 

lH), 3.43 (br. s, lH), 3.20 (t, 2H, J =  6.8 Hz), 2.27 (m, lK), 2.17 (dm, lH, J =  6.0 Hz), 

2.15 (m, lH), 2.02 (dm, lH, J= 6.0 Hz), 1.73 (m, 2H), 1.53 (m, 2H); 13c NMR (CDCh, 

100 MHz) 6 158.0, 142.0, 141.4, 101.6, 72.2, 61.0, 53.4, 32.5, 30.9, 27.2, 7.1. HRMS 

calcd. for CllH14.12: m/z 399.9185, found m/z 399.9188. 

Conversion of Iodide 119 to Nitro Compound 116c. To a flame-dried flask containing 

iodide 119 (1.13 g, 2.82 m o l )  in DMSO (9 mL), NaNOz (822 mg, 11.9 mmol) and 

phIoroglucino1 (688 mg, 4.24 m o l )  were added. The light brown reaction mixture was 

s h e d  at room temperature for 20 h. After quenching the reaction with water (20 mL), 

the aqueous layer was extracted with diethyl ether (4x20 mL) and the combined organic 

layers were washed sequentially with water (50 d) and brine (50 mL) and dried over 

magnesium suifate. The solvent was removed by rotary evaporation and the crude 

product was purified by column chromatography (Et0Ac:hexanes = 1:9) to give 116c 

(43 1 mg, 1.35 mmol, 48%) as a colorIess viscous oil. 

2-Iodo-3-(4-nitrobuty1)bicyclo w.11 hepta4$diem (116c). RI 0.6 1 (Et0Ac:hexanes 

= 1:4); IR (neat, NaCl) 3066 (w), 2973 (m), 2936 (m), 2866 (m), 1560 (s), 1556 (s), 1549 



(s), 1453 (m), 1434 (m), 1382 (m), 1296 (m), 1258 (w), 1225 (w), 1190 (w), 1163 (w), 

1131 (w), 1022 (w) cm-'; 'H NMR (CDCl3, 400 MHz) 6 6.85 (dd, lH, J =  5.0, 2.9 Hz), 

6.71 (dd, lH, J= 5.0, 2.9 HZ), 4.38 (t, 2H, J =  6.8 Hz), 3.60 Pr- s, lH), 3.41 (br. s, lH), 

2-31 (m, lH), 2.18 (m, lH), 2.16 (dm, lH, J=6.1 Hz), 2.03 (dm, lH,J=6.1 Hz), 1.90 

(m, 2H>, 1.52 (m, 2H); 13c NMR (CDCl3, 100 MHz) S 157.4, 142.2, 141.2, 102.3, 75.4, 

72.3, 61.0, 53.4, 31.1, 26.5, 23.1. Anal. Calcd. for CliHim02: C, 41.40; H, 4.42. 

Found C, 41.75; H, 4.32. 

In sitrr Generation of Nitrile Oxide from Nitro Compound 116c and Subsequent 
I 

Cycloaddition. 

Di-tert-butyl dicarbonate, @OC)2O (518 mg, 2.37 mmol), in toluene (3 mL) was added 

via a cannda to a flame-dried flask containhg the nitro compound 116e (227 mg, 0.712 

mmol), 4-dimethylaminopyridine, DMAP (195 mg, 1.56 mmol), in toluene (7 mL). The 

reaction mixture was stïrred at 90°C for 137 h. The solvent was removed by rotary 

evaporation and the crude product was purified by column chromatography 

(Et0Ac:hexanes = 1:4) to give cycloadduct 104c (11.4 mg, 0.0379 mmol, 5%) as a 

colorless viscous oil. 

Cychadduct 104c. Unstable, gradually decomposed upon standing at room temperature 

(%O% pure by NMR.). Rf 0.69 (Et0Ac:hexanes = 2:3); IR (neat, NaCl) 2967(m), 2884 

(w), 1747 (s), 1721 (s), 1716 (s), 1453 (w), 1405 (w), 1371 (w), 1320 (w), 1274 (m), 

1252 (w), 1185 (w), 1148 (ml, Il30 (w) cm"; 'H N M R  (CDC13, 400 MHz) 6 6.63 (dd, 

lH, J =  5.5, 2.8 Hz), 6.24 (dd, lH, J =  5.4, 3.4 Hz), 3-11 (dd, lH, J =  3.1, 1.5 Hz), 3.03 

(m, lH), 2.93 (dm, lH, J =  9.7 Hz), 2.45 - 2.30 (m, 2H), 2.17 - 2.04 (m, 3H), 1.87 (m, 



lH), 1.73 - 1.66 (m, 1H); 13c NMR (CDC13, 100 MHz) 6 215.3, 211.8, 142.1, 134.0, 

60.7,56.0,47.8,46.1,39.3,36.7, 19.6. 

5.4.2 Norbornadiene-Tethered Nitrile Oxides Bearing an AIkyl Substituent af the C-3 

Position 

5.4.2.1 Cycluadducf Bearing a MetItyC Substituent 

NaN02, DMSO 
phloroglucinol 

Br (37%) 
l l l b  116d 

'"02 

I 
(BOC)20, DMAP 
Toluene, 90°C 

Conversion of Bromide l l l b  to Nitro Compouod 116d. Bromide l l l b  (1.98 g, 8.20 

m o l )  in DMSO (9 mL) was added via a cannula to a flask containhg NaN02 (1.49 g, 

22.0 mmol) and phloroglucinol (1 -52 .g, 9.40 mmol) in DMSO (9 mC). The iight brown 

reaction mixture was stirred at room temperature for 48 h. Mer quenchiog the reaction 

with water (50 mL), the aqueous iayer was extracted with diethyl ether (4x50 mL) and 
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the combined organic iayers were washed sequentiaiiy with water (100 mL) and b ~ e  

(100 mL) and dried over magnesiurn sulfate. The solvent was removed by rotary 

evaporation and the crude product was purifïed by column chromatography 

(Et0Ac:hexanes = 1 :9) to give 116d (630 mg, 3.04 mmol, 37%) as a colorless oil. 

2-Methyl-3-(4-Nitro buty1)bicycIo [2.2.1] hep ta-2,5-diene (1 16d). 4 0.40 

(E3OAc:hexanes = 1:9); IR (neat, NaCl) 3063 (w), 2964 (s), 2932 (s), 2863 (m), 1556 (s), 

1436 (m), 1382 (m), 1302 (m) cm-'; 'H NMR (CDC13, 400 MHz) 6 6.73 (a, lH), 6.70 

(m, lH), 4.33 (t, ZH, J= 7.0 Hi), 3.26 (br. s, lH), 3.21 (br. s, IH), 2.18 (m, lH), 2.10 (m, 

lH), 1-90 - 1-81 (my 4H)y 1.68 (s, 3H), 1-45 (m, 2H); 13c NMR (CDC13, 100 MHZ) 6 

144.6, 144.2, 142.5, 142.2, 75.5, 70.9, 55.2, 52.9, 27.0, 26.7, 23.9, 14.1. HRMS cdcd. 

for C12H17N02: d z  207.1259, found m/z 207- 1255. 

In situ Generation of Nitrile Oxide from Nitro Compound 116d and Subsequent 

Cycloaddition. 

Di-tert-butyl dicarbonate, (BOC)20 (247 mg, 1.13 mmol), in toluene (2.5 mL) was added 

via a caflllda to a flame-dried flask containing the nitro compound 116d (98.5 mg, 0.475 

mmol), 4-dimethylaminopyridine, DMAP (8.6 mg, 0.0704 mmol), in toluene (3.5 mL). 

The reaction mixture was stirred at 90°C for 48 h. The solvent was removed by rotary 

evaporation and the crude product was purified by column chromatography 

(Et0Ac:hexanes = 1:9) to give cycloadduct 104d (73.8 mg, 0.390 m o l ,  82%) as white 

crystals. Recrystallization with 10% EtOAchexanes provided colorless needle-like 

crystals- 



Cycloadduct 104d. RI 0.49 (Et0Ac:hexanes = 1:9); mp 83°C; IR (CH2C12) 3055 (w), 

2975 (m), 2881 (w), 2307 (w), 1638 (w), 1448 (w), 1374 (w), 1326 (w), 1266 (s), 1139 

(w), 1101 (w) cm"; 'H NMR (CDC13,400 MHz) 6 6.17 (m, 2H), 3.01 (br. s, lH), 2.92 

(br. s, IH), 2.43 (t,-2H, J =  8.5 Hz), 2.26 - 2.06 (m, 2H), 1.73 (ci, 1H, J =  9.0 Hz), 1.58 

(m, IH), 1.49 (d, la J= 9.1 Hi), 1.09 (s, 3H), 1.05 (ddd, lH, J = 13.0, 7.8, 2.4 Hz); I3c 

NMR (CDC13, 100 MHz) 6 169.1, 136.5, 135.1, 97.9, 74.6, 54.9, 48.9, 44.4, 29.3, 25.6, 

21-3, 21-0. Anal- Calcd. for Ci2Ht5NO: C, 76.16; H, 7.99; N 7.40; Found C, 76.29; H, 

7.93; N, 7.55. 

5.4.2.2 Cycloadduct Bearing a H q I  Substituent 

NaN02, DMSO 
phloroglucinol 

(40%) 
l l l h  116e 

(BOC)20, DMAP 
Toluene, 90°C 



Conversion of Bromide l l l h  to Nitro Compound 116e. Bromide l l l h  (680 mg, 2.18 

mmol) in DMSO (10 mC) was added via a citll~lula to a flask containïng NaN02 (50 1 mg, 

7.26 mmol) and phloroglucinol (527 mg, 3.25 mmol) in DMSO (10 mL). The light 

brown reaction mixture was stirred at room temperature for 48 h. After quenching the 

reaction with water (50 mL), the aqueous layer was extracted with diethyl ether (4x50 

d) and the combined organic layers were washed sequentidy with water (100 mL) and 

brine (100 mL) and dried over magnesium sulfate. The solvent was removed by rotary 

evaporation and the cmde product was purified by column chromatography 

(Et0Ac:hexanes = I:9) to give l l 6e  (239 mg, 0.862 m o l ,  40%) as a colorless viscous 

oil. 

2-HexyI-3-(4-nitro butyl) bicyclo [2.2.1 h e p - 2 - d e  (116e). Rf 0.76 (EtOAc: hexanes 

= 1:9); IR (neat, NaCl) 3063 (w), 2960 (s), 2929 (s), 2859 (s), 1555 (s), 1465 (m), 1457 

(rn), 1435 (m), 1381 (m), 1303 (m), 1229 (w), 1200 (w) cm-'; 'H NMR (CDC13, 400 

h4Hz) 6 6.70 (m, 2H), 4.35 (t, SH, J =  7.0 Hz), 3.32 (m, lH), 3.27 (m, lH), 2.23 - 1.97 

(m, 4H), 1.92 - 1.83 (m, 4H), 1.50 - 1.33 (m, 4H), 1.30 - 1.17 (m, 6HJ, 0.87 (t, 3H, J =  
t 

6.8 Hz); 13c NMR (CDC13, 100 MHk)  6 148.3, 145.0, 142.6, 142.2, 75.6, 71.1, 53.2, 

52.9, 3 1.7, 29.0, 28.2, 27.5, 27.2, 26.8, 24.1, 22.6, 14.1. HRMS calcd. for Cl7HZ7NO2: 

m/z 277.2042, found m/z 277.2047. 

In situ Generation of NitriIe Oxide from Nitro Compound 116e and Subsequent 

Cycloaddition, 

Di-tert-butyl dicarbonate, (BOC)20 (205 mg, 0.939 mmol), in toluene (3 mL) was added 

via a cannda to a flame-dried flask contaixillig the nitro compound l l 6e  (107 mg, 0.385 



mmol), 4-dimethylaminopyridine, DMAP (8.0 mg, 0.0655 mmol), in toluene (3 mL). 

The reaction mixture was stirred at 90°C for 48 h. The solvent was removed by rotary 

evaporation and the crude product was purified by co1umn chromatography 

(Et0Ac:hexanes = 1:9) to give cycloadduct 104e (83.2 mg, 0.320 mmol, 83%) as a 

colorless viscous oil. 

Cycloadduct 104e. Rj 0.33 (Et0Ac:hexanes = 1:9); IR (CH2(&) 3135 (w), 3062 (m), 

2956 (s), 2857 (s), 1638 (m), 1569 (w), 1455 (s), 1436 (m), 1378 (w), 1326 (s), 1264 (m), 

1212 (w), 1145 (w) cm-'; 'H NMR (CDCS, 400 MHz) 6 6.15 (dd, lH, J =  5.7,2.9 Hz), 

6.11 (dd, lHy J =  5.5, 3.1 Hz), 3.16 (br. s, lH), 2.91 (br. s,lH), 2.41 (t, 2H, J =  6.9 Hz), 

2.19 (m, lm, 2.09 (m, lH), 1.70 - 1.31 (m, 6H), 6.12 - 6.10 (m, 6H), 1.01 (ddd, lH, J= 

12.8, 7.7, 2.4 Hz), 0.90 (dd, lH, J =  12.9, 4.0 Hz), 0.84 (t, 3H, J =  6.0 Hz); 13c NMR 

(CDC13, 100 MWZ) S 169.3, 136.0, 135.2, 100.2, 75.1, 51.9, 48.9, 44.1, 35.3, 31.6, 29.7, 

29.0,25.6,24.4,22.5,21.2, 14.0. HRMS calcd. for CI7H&O: dz259.1936, found m/z 

259.1932. 



5.4.3 Norbornadine-Tethered Nitrile Oxides Bearing a Carbonyl-Containing 

Substituent at fhe C-3 Position 

5.4.3. I Cycloadduct Bearing a Carboxylic Acid Methyi Esfer Substituent 

1. 'BUL~, THF, -78OC 
2. methyl chloroformate 

-78OC 

OTHP (74%) I l l i  OTHP 

I MeOH, PPTS 
(89%) 55oc 

t\ 
O 
II (BOC)20, DMAP 

(48%) 

y 

Toluene, 90°C 

116i No2 

NaNO,, DMSO 
phloroglucinol, r.t. 



Conversion of 110d to 111i. tert-Butyllihium (14.0 mL, 1.7M, 23 -8 mmol) was added 

to a flame-dried flask containing bromide llOd (page 142 - 143, 3.00 g, 9.17 mmol) in 

THF (17.0 mL) at -78°C. After stimng the reaction mixture for 1 h, the resulting yellow 

mixture was added via a carinula to a flame-dried flask containing methyl chloroformate 

(3.0 mL, 39 mmol) in TEE (7.0 mC) at -78OC. The reaction mixture was s h e d  at -78°C 

for 3 h. After quenching the reaction with water (20 mL), the aqueous layer was 

extracted with diethyl ether (4x20 mL), and the combined organic layers were washed 

sequentially with water (25 mC) and brine (25 mL) and dried over magnesium sulfate. 

The solvent was removed by rotary evaporation and the cmde product was purified by 

column chromatography (EtOAc:hexanes = 1:9) to give llli (2.07 g, 6.76 mmol, 74%) 

as a colorless oïl. 

Compound llli. A mixture of two diastereomers. Rf 0.55 (Et0Ac:hexanes = 1:4); IR 

(neat, NaCl) 2941 (s), 2868 (m), 1700 (s), 1695 (s), 1558 (w), 1435 (m), 1342 (rn), 1295 

(s), 1238 (s), 1200 (m), 1163 (m), 1138 (m), 1119 (m), 1103 (m), 1074 (s), 1034(s), 1022 

(m) cm-'; 'H NMR (CDCl,, 400 MHz) 6 6.85 (dd, lH, J =  5.0, 3.0 Hz), 6.67 (dd, lH, J =  

4.7, 3.3 Hz), 4.55 (m, lH), 3.86 - 3.84 (m, 2H), 3.72 (m, lH), 3.69 (s, 3H), 3.50 - 3.48 

(m, 2l3, 3.37 (m, lH), 2.76 - 2.64 (m, 2H), 2.01 (dm, IH, J =  6.4 Hz), 1.94 (dm, lH, J= 

6.4 Hz), 1.80 (m, lH), 1.69 (m, lH), 1.61 - 1.44 (m, 8H); I3c NMR (CDCI3, 100 MHz) G 

173.3, 166.2, 143.8, 140.7, 138.5, 98.81, 98.78, 71.0, 67.2, 62.30, 62.27, 55.9,51.0,50.9, 

30.7, 29.9, 29.3, 25.4, 23.5, 19.64, 19.62. Anal. Calcd. for Cl8I&O4: C, 70.56; H, 8.55. 

Found C, 70.67; H, 8.52. 



Conversion of l l l i  to 123. To a flame-dried flask containhg l l l i  (412 mg, 1.34 mmol) 

in MeOH (1 1.2 mL), pyridiurn p-toluenesulfonate, PPTS (69.3 mg, 0.276 mmol), was 

added at room temperature. The reaction mixture was stirred at 5S°C for 1 h. M e r  

quenching the reaction with water (10 mL), the aqueous layer was extracted with diethyl 

ether (4x25 mL), and the combined organic layers were washed sequentially with water 

(25 mL) and brine (25 mL) and dried over magnesiurn sulfate. The solvent was removed 

by rotary evaporation and the crude product was p d e d  by c o h  chromatography 

(Et0Ac:hexanes = 2:3) to give 123 (265 mg, 1.19 m o l ,  89%) as a colorless oil. 

3-(4-Eydroxybutyl)bicyclo[2.2.1]hepta-2,5-diene-2-carbolrylic acid methyl ester 

(123). Rf 0.35 (Et0Ac:hexanes = 2:3); IR (neat, NaCl) 3393 (m), 2938 (s), 2867 (m), 

1700 (s), 1695 (s), 1683 (s), 1653 (m), 1628 (m), 1558 (w), 1436 (m), 1345 (m), 1295 (s), 

1239 (s), 11 93 (m), 1160 (m), 1103 (m), 1070 (rn) cm-'; 'H NMR (CDCls, 400 MHz) 6 

6.85 (dd, lHy J=5.0,  3.0 Hz), 6.68 (dd, lH, J=5.0,  3.2Hz), 3.86 (br. s, lH), 3.69 (s, 

3H), 3.63 (t, 2H, J =  5.9 Hz), 3.50 (br. s, ZH), 2.77 -2.63 (rn, 2H), 2.01 (dm, lH, J=  6.4 

Hz), 1.95 (dm, lHy J =  6.4 Hz), 1.79 (br. s, lK), 1.61 - 1.24 (m, 4H); 13c NMR (CDC13, 

100 MIHZ) 6 173.6, 166.3, 143.8, 140.7, 138.6, 71.2, 62.4, 56.0, 51.0, 50.9, 32.0, 29.7, 

23.0. Anal. Calcd. forCi3His03: C, 70.24; H, 8.16. Found C, 70.39; H, 8.13. 

Conversion of Alcohol123 to Iodide 124. To a flame-dried flask containing PPh3 (1 -10 

g, 4.19 mmol), imidazole (651 mg, 9.56 mmol), acetonitrile (2.9 mL) and THF (2 mL), Iz 

(1.18 g, 9.30 m o l )  was added at 0°C. The reddish-brown reaction mixture was stinced 

for 15 min. at 0°C. Alcohol 123 (216 mg, 0.970 mmol) in acetonitrile (2 mL) was added 

via a cannula at O°C. The reaction mixture was stirred at room temperature for 21 h. The 



reaction mixture was diluted with CfiC12 (20 mL) and quenched with water (20 mL). 

?lie aqueous layer was extracted with diethyl ether (3x40 d), and the combined organic 

layers were washed sequentialiy with water (40 EL), saturated sodium thiosulfate (40 

mL) and brine (40 mL) and dried over magnesium sulfate. The solvent was removed by 

rotary evaporation and the cmde product was purined by colurnn chromatography 

(Et0Ac:hexanes = 1:9) to give iodide 124 (272 mg, 0.82 mmol, 84%) as a colorless oïl. 

3-(4-Iodobutyl)bicycIo[2.2.l]hepta-2,5-dien~2-carbo~~c acid methyl ester (U4). Rf 

0.68 (Et0Ac:hexanes = 1:4); IR (neat, NaCl) 3067 (w), 2970 (s), 2937 (s), 2867 (m), 

1694 (s), 1682 (m), 1626 (s), 1558 (m), 1433 (s), 1340 (s), 1294 (s), 1249 (s), 1239 (s), 

i l91 (s), 1155 (s), 1102 (s), 1068 (m), 1038 (w), 1019 (w) cm"; 'H NMR (CDC13, 400 

MHz) 6 6.87 (dd, lH, J =  5.0, 3.0 Hz), 6.71 (dd, lH, J = 5.0, 3.2 Hz), 3.88 (br. s, lH), 

3.71 (s, 3H), 3.51 @r. s, lH), 3.19 (t, 2H, J= 6.8 Hz), 2.71 (m, 2H), 2.03 (dm, lH, J= 6.4 

Hz), 1.97 (dm, 1H, J =  6.4 Hz), 1.75 (p, 2H, J =  7.1 Hz), 1.67 - 1.50 (m, 2H); 13c NMR 

(CDC4, 100 MHz) 6 172.6, 166.1, 143.8, 140.7, 139.0, 71.2,55.9, 51.1,51.0, 32.6,28.9, 

27.5, 6.8. And. Calcd. for C13H17102: C, 47.01; H, 5.16- Found C, 46.87; H, 5.18. 

Conversion of Iodide 124 to Nitro Compound 116i. Iodide 124 (209 mg, 0.628 mmol) 

in DMSO (1 mL) was added via a c m d a  to a flask containing NaNOz (184 mg, 2.66 

mmol) and phloroglucinol (155 mg, 0.955 m o l )  in DMSO (1 mL). The light brown 

reaction mixture was stirred at room temperature for 36 h. After quenching the reaction 

with water (10 mL), the aqueous layer was extracted with diethyl ether (4x20 mL) and 

the combined organic layers were washed sequentially with water (20 mL) and brine (20 

mL) and dried over magnesium sulfate. The solvent was removed by rotary evaporation 



and the crude product was purifïed by column chromatography (Et0Ac:hexanes = 2:3) to 

give 116i (75.7 mg, 0.30 1 mmol, 48%) as a colorless viscous oii. 

3-(4-Nitrobuty1)bicyclo 12.2.11 hepta-2,5-diene-2-carboxyiic acid methyl ester (116i). 

Rf 0.75 (EtOAchexanes = 2:3); IR (neat, NaCl) 3068 (w), 2972 (s), 2949 (s), 2869 (m), 

1704 (s), 1699 (s), 1683 (s), 1626 (s), 1563 (s), 1557 (s), 1549 (s), 1455 (m), 1435 (s), 

1384 (s), 1295 (s), 1239 (s), 1193 (m), 1162 (s), 1135 (w), 1103 (s), 1072 (s), 1019 (w), 

1004 (w) cm-'; 'H NMR (CDCL, 400 MHz) S 6.87 (dd, lH, J =  4.9, 3.1 Hz), 6.69 (d4 

lH, J =  4.9, 3.3 Hz), 4.39 (t, 2H, J =  6.9 &), 3.89 (br. s, lH), 3.71 (s, 3HJ, 3.48 (br. s, 

IH), 2.75 (m, 2H), 2.03 (dm, 1H, J =  6.5 Hz), 1.98 (dm, lH, J= 6.5 Hz), 1.93 (p, 2H, J= 

7.2 Hz), 1.65 - 1.50 (m, 2H); I3c NMR (CDCL3, 100 MHk) 6 171.9, 166.0, 143.9, 140.6, 

139.7, 75.2, 71.4, 55.8, 51.1, 51.0, 28.9, 26.5, 23.3. Anal. Calcd. for Ci3Hi7N04: C, 

62-14; H, 6.82. Found C, 63 -56; H, 6.74. 

In situ Generation of Nitrile Oxide from Nitro Compound 116i and Subsequent 

Cycloaddition. 

Di-tert-htyl dicarbonate, (B0C)fi (146 mg, 0.668 mmol), in toluene (1 mL) was added 

via a canutda to a flame-dned flask containing the nitro compound 116i (48.7 mg, 0.194 

mmol), 4-dimethylaminopyridine, DMAP (48.1 mg, 0.394 mmol), in toluene (1.5 mL). 

The reaction mixture was stirred at 90°C for 24 h. The solvent was removed by rotary 

evaporation and the crude product was purified by column chromatography 

(Et0Ac:hexanes = 1:4) to give cycloadduct 104i (32.3 mg, 0.138 mmol, 71%) as a 

colorless viscous oil. 



Cycioadduct 104i. Rf 0.25 (EtOAc:hexanes = 1:4); IR (neat, NaCl) 3070 (w), 2979 (s), 

2956 (s), 2882 (m), 2847 (w), 1732 (s), 1571 (w), 1456 (m), 1435 (s), 1325 (s), 1286 (s), 

1256 (s), 1193 (m), 1 168 (w), 1 129 (m), 1 104 (ml, 1081 (s), 1054 (w), 1008 (w) cm1; 'H 

NMR (CDC13, 400 MHZ) 6 6.32 (dd, lHy J= 5-63 3.2 HZ), 6.25 (dd, 1H7 J= 5.6, 3-1 HZ), 

3.72 (s, 3H), 3.37 (m, lH), 2.98 (br. s, lm, 2.54 - 2.41 (m, 2H), 2.29 - 2.10 (m, 2H), 

1.83 (dm, lH, J =  9.4), 1.82 (m, lH), 1.61 (dm, IH, J =  9.4 Hz), 1.22 (ddd, IH, J= 12.9, 

7.5, 2.6 Hz); 13c NMR (CDCl3, 100 MHi) 6 170.2, 168.9, 137.4, 134.5, 99.4, 81.4, 52.7, 

52.2,48.9,44.5,30.4,25.8,20.7. AnaI.Calcd.forCL3H1+Iû3: C766.94;H,6.84. Found 

C, 66.71; H, 6.49. 

5.4.3.2 CycCoadduct Precursors Bearing a Carbaldehyde Substituent 

Synthesis of 125. 

Conversion of 1101 to 125. To a flame-dried flask containing 1101 (4.10 g, 13.4 mmol), 

NaHCO3 (3.12 g, 37.2 mmol), DMSO (56 mL) and Hz0 (14 mL) were added at room 

temperature. The reaction mixture was stirred at 85OC for 24 h. After quenching the 

reaction with water (1 00 mL), the aqueous layer was extracted with diethyl ether (4x 100 



mL), and the combined organic layers were washed sequentialiy with water (100 mL) and 

brine (100 mL) and dried over magnesium sulfate. The solvent was removed by rotary 

evaporation and the m d e  product was purined by column chromatography 

(Et0Ac:hexanes = 1:4) to give 125 (2.60 g, 10.7 mmol, 80%) as a colorless oil. 

4-(3-Bromobicyclo [2.2.l] hepta-2,5-dien-2-y1)butan-1-01 (125). Rf 0.23 

(Et0Ac:hexanes = 1:4); IR (neat, NaCl) 3334 (s), 3067 (w), 2973 (s), 2937 (s), 2866 (s), 

1633 (w), 1557 (m), 1455 (m), 1435 (m), 1297 (s), 1262 (m), 1224 (m), 1204 (w). 1163 

(w), 1054 (s), 1030 (s), 1011 (m) cm-'; 'H NMR (CDC13, 400 MHz) 6 6.84 (ddrn, 1H, J =  

5.1,2.9 Hz), 6.74 (ddm, 1H, J =  5.1,2.9 Hz), 3.62 (t, 2H, J =  6.2 Hz), 3.46 (dm, 2H, J =  

13.1 Hz), 2.27 -2.11 (m, 3H), 2.02 (dt, lH, J =  6.0, 1.7 Hz), 1.61 (br. s, lH), 1.52 - 1.40 

(m, 4H); 13c NMR (CDC13, 100 MHz) 6 150.8, 141.9, 141.8, 129.5, 71.6, 62.6, 57.9, 

53.4, 32.0, 28.8,22.6. And. Calcd. for CIIHrsBrO: C, 54.34; H, 6.22. Found C, 53.96; 

H, 6.53. 

Synth'esis of 127. 

TsCI, pyridine 

OH CH2Clp, r.t. OTS 
125 (81%) 127 

Conversion of 125 to 127. To a flame-dried flask containhg 125 (50.3 mg, 0.207 mmol) 

in CH2Clî (0.8 mL), pyridine (0.05 mC) and TsCl(104 mg, 547 mmol) were added. The 



reaction mixture was stirred at room temperature for 23.5 h. After quenching the reaction 

with water (3 mt), the aqueous Iayer was extracted with CH2C12 (4x10 mL), and the 

combined organic Iayers were washed sequentially with water (15 mL), saturated CuS04 

(15 mL) and brine (15 mL) and dried over rnagnesium suifate. The solvent was removed 

by rotary evaporation and the crude product was punfied by column chromatography 

(Et0Ac:hexanes = 1 :9) to give 127 (66.2 mg, 0.167 mmol, 8 1 %) as a colorless oil. 

Compound 127. Rf 0.50 (Et0Ac:hexanes = 1:4); IR (neat, NaCI) 3066 (w), 2974 (s), 

2940 (s), 2867 (m), 1633 (w), 1598 (m), 1557 (w), 1495 (w), 1360 (s), 1297 (s), 1260 

(w), 1224 (w), 1189 (s), 1178 (s), 1120 (w), 1098 (s), 1010 (m) cm-'; 'H NMR (CDC13, 

400 MHz) S 7.79 - 7-77 (m, 2H), 7.35 - 7.33 (m, ZH), 6.82 (dd, lH, J =  5.0, 2.9 Hz), 

6.70 (dd, IH, J =  4.9, 2.9 Hz), 4.00 (m, 2H, J =  6.3 Hz), 3.45 (m, lH), 3-37 (m, lH), 

2.44 (br. s, 3H), 2.18 - 2.05 (m, 3H), 2.01 (dt, IH, J =  6.0, 1.6 Hz), 1.60 - 1.35 (m, 4H); 

13c NMR (CDC13, 100 M H i )  6 150.2, 144.7, 141.9, 141.7, 133.0, 130.0, 129.8, 127.8, 

71.6,70.3, 57.9,53.3,28.3,28.0,22.2,21.6. 



TBSCI, lmidazole - 
OH DMF, r.t. 

-&y- 
i 29 OTBS 

125 (73%) 
I 

Conversion of 125 to 129. To a flame-dried flask containing 125 (168 mg, 0.691 mmol) 

in DMF (3 d), imidazole (1 2 7 mg, 1 -72 m o l )  and TBSCl (209 mg, 1 -3 9 mmol) were 

added. The reaction mixture was stirred at room temperature for 3 h. After quenching 

the reaction with water (15 mL), the aqueous layer was extracted with 1:9 

CH2Clz/hexanes (4x 15 mL), and the combined organic layers were washed sequentiaily 

with water (15 mL) and brine (15 mL) and dried over magnesium sulfate. The solvent 

was rernoved by rotary evaporation and the cmde product was purifïed by column 

chrornatography (Et0Ac:hexanes = 1: 19) to give 129 (1 80 mg, 0.504 mmol, 73%) as a 

colorless oil. 

Compound 129. Rf0.80 (Et0Ac:hexanes = 1:19); IR (neat, NaCl) 3069 (w), 2936 (s), 

2858 (s), 1633 (w), 1558 (w), 1472 (m), 1463 (m), 1388 (m0, 1361 (m), 1297 (m), 1256 

(s), 1225 (w), 1102 (s), 1032 (m), 1007 (m) cm"; 'H ElhlfR (CDCb, 400 MHz) 6 6.85 (dd, 

lH, J =  5.0, 2.9 Hz), 6.74 (dd, lH, J= 5.0,2.9 Hz), 3.61 - 3.58 (m, 2H), 3.47 - 3.43 (m, 
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2H), 2.26 -2.09 (m, 3H), 2.02 (m, lH), 1.51 - 1.38 (m, 4H), 0.89 (s, 9H), 0.05 (s, 6H); 

13c NMR (CDC13, 100 MHk) 6 151.1, 141.92, 141.90, 129.3,71.5,62.8, 57.9, 53.4,32.2, 

28.9,26.0,22.7, 18.4, -5.3. 

Conversion of 129 to 130. tert-Butyllithium (0.56 mL, 1.7M, 0.952 mmoi) was added to 

a flame-dried flask containing bromide 129 (170 mg, 0.475 mmol) in THF (2.4 mL) at 

-78°C- After stirring the reaction mixture for 40 min., DMF (0.1 1 mL, 7 -42 mmol) was 

added. The reaction mixture was stirred at -78°C for 3 h. M e r  quenching the reaction 

with water (5 mL), the aqueous layer was extracted with diethyl ether (4x 10 mL), and the 

combined organic layers were washed sequentially with water (10 mL) and brine (10 mL) 

and dried over magnesium sulfate. The solvent was removed by rotary evaporation and 

the crude product was purified by column chromatography (Et0Ac:hexanes = 1:9) to 

give 130 (1 22 mg, 0.398 mmol, 84%) as a colorless oil. 

Compound 130. RJ 0.33 (Et0Ac:hexanes = 1:9); IR (neat, NaCl) 3070 (w), 2952 (s), 

2935 (s), 2858 (s), 2737 (w), 1661 (s), 1613 (m), 1558 (w), 1472 (m), 1463 (m), 1387 

(m), 1361 (w), 1336 (w), 1292 (m), 1256 (m), 1231 (w), 1217 (m), 1102 (s), 1022 (w), 

1006 (w) cm-'; 'H NMR (CDC4,400 MHz)  6 9.83 (s, lH), 6.82 (m, lH), 6.67 (m, 1H), 

4.00 (br. s, IH), 3.62 - 3.57 (m, 3H), 2.70 - 2.67 (m, 2H), 2.03 (dm, IH, J =  6.6 Hz), 

1.98 (dm, lH, J =  6.4 &), 1.66 (m, lH), 1.58 - 1.42 (m, 3H), 0.88 (s, 9H), 0.04 (s, 6H); 

I3c NMR (CDCliy 100 MHz)  G 184.8, 180.9, 148.8, 143.8, 140.6, '70.4, 62.5, 55.8,47.4, 

32.2,28.9,25.9,23.4, 18.3, -5.3. 



5.4.4 Norbornadiene-Tefhered Nitrile Oxide Bearing a Methoxy-Confaining 

Substituent at the C-3 Position 

5.4.4. I Cychadduct h i n g  a Me fhoxymethyC Substif uenf 

DIBAL 

OTHP CH2CI2, -78OC 
(70%) 

- 
132 

OTHP 
Illi 

1. NaH, THF 
(78%) r.t. to 30°C 

2. CH31, r.t. 

MeOH, PPTS, 55OC 

OH (95%) 
134 133 OTHP 

1 12, PPh3 
(82%) Imidazole 

THF/CH3CN 

r\ NaNO,, DMSO 
phloroglucinol, r.t. 

L- 

I (48%) 

l (BOC)20, DMAP 

Toluene, 90°C 



Conversion of llli to 132. To a flame-dried flask containing llli (page 155 - 156, 1.84 

g, 6.00 mmol) in CH2Clz (10 mL), DIBAL (16.0 mL, 1 -OM, 16.0 m o l ) ,  was added at 

-78°C. The reaction mixture was stirred at -78OC for 50 min. ARer quenching the 

reaction with water (10 mL), the aqueous layer was extracted with CHCh (4x25 d), 

and the combined organic layers were washed sequentidy with water (30 mL) and brine 

(30 mL) and dried over magnesium sulfite. The solvent was removed by r o t q  

evaporation and the crude product was purined by column chromatography 

(Et0Ac:hexanes = 1 :4) to give 132 (1.17 g, 4.20 mrnol, 70%) as a colorless oil. 

Compound 132. A mixture of two diastereomers. Rf 0.16 (Et0Ac:hexanes = 1 :4); IR 

(neat, NaCl) 3423 (m), 3062 (w), 2939 (s), 2865 (s), 1658 (w), 1556 (w), 1453 (m), 1441 

(m), 1353 (m), 1323 (w), 1201 (m), 1137 (m), 1120 (m), 1076 (m), 1023 (s) cm''; 'H 

NMR (CDC13, 400 MHz) 6 6-78 (dd, lHy J =  5-0,2-9 HZ), 6.71 (dd, lHy J= 4.9,2.9 HZ), 

4.54 (m, lH), 4.23 (dAB, lH, J =  12.2 Hz), 4.11 (dABd, 1H, J =  12.2, 2.0 Hz), 3.85 (m, 

1H), 3.71 (m, l m ,  3.53 (m, IH), 3.49 (m, lH), 3.39 - 3.33 (m, 2H3,2.25 (m, ZH), 2.15 

(111, lH), 1.93 (dm, lH, J =  5.8 Hz), 1.88 (dm, ZH, J =  5.8 Hz), 1.80 (m, lH), 1.67 (rn, 

lH), 1.56 - 1.38 (m, 9H); I 3 c  NMR (CDC4, 100 MHz) 6 152.1, 145.7, 143.0, 142.13, 

142.11, 98.79, 98.76, 71.4, 67.3, 62.34, 62.31, 58.8, 53.5, 51.87, 51.85, 30.7, 28.94, 

28.92, 27.8, 25.4, 23.9, 19.62, 19.60. Anal. Cdcd. for C17H2a03: C, 73.55; H, 9.41. 

Found C, 73.74; H, 9.18. 

Conversion of 132 to 133. Alcohol132 (1 .O1 g, 3.63 rnmol) in THF (1.3 mL) was added 

via a cannula to a flame-dried flask containing NaH (2 12 mg, 8.83 m o l )  in THF (4 mL). 

The reaction mixture was stirred at room temperature for 30 min. and at 30°C for 1.5 h. 



Iodomethane (1.20 mL, 19.3 mmol) was then added, and the reaction mixture was 

allowed to stir at room temperature for 3 h. After quenching the reaction with water (20 

mC), the aqueous layer was extracted with diethyl ether (4x20 d), and the combined 

organic layers were washed sequentially with water (20 rnL) and b ~ e  (20 mL) and dried 

over rnagnesium sulfate. The solvent was removed by rotary evaporation and the crude 

product was purified by column chromatography (EtûAc:hexanes = 1 :9) to give 133 (83 1 

mg, 2.84 m o l ,  78%) as a coloriess oil. 

Compound 133. Rf0.55 (Et0Ac:hexanes = 1:4); IR (neat, NaCl) 3064 (w), 2936 (s), 

2865 (s), 2815 (m), 1658 (w), 1557 (w), 1453 (m), 1441 (rn), 1376 (m), 1353 (m), 1323 

(w), 1305 (w), 1260 (w), 1229 (w), 1200 (m), 1191 (m), 1160 (rn), 1139 (s), 1120 (s), 

1077 (s), 1035 (s), 1023 (s) cm-'; 'H NMR (CDCl,, 400 MHz) 6 6.73 (dd, lH, J =  5.0,3.0 

Hz), 6.65 (dd, lH, J =  5.0, 3.1 Hz), 4.50 (m, lH), 3.99 (da, lH, J =  11.8 Hz), 3.83 (dm, 

ZH, J =  11.8 Hz), 3.79 (m, IH), 3.67 (m, IH), 3.47 - 3.41 (m, 2H), 3.32 -3.30 (m, 2H), 

3.16 (s, 3H), 2.21 (rn, lH), 2.11 (m, lH), 1.89 (dm, lH, J =  5.8 Hz), 1.83 (dm, lH, J =  

5.8 HZ), 1.77 (m, lH), 1.66 (m, 1 H), 1.55 - 1.35 (m, 8H); "C NMR (CDCb, 100 MHz) 6 

153.1, 143.4, 142.8, 141.8, 98.62, 98.60, 71.1, 67.9, 67.1, 62.1, 57.3, 53.5, 51.9, 30.6, 

29.1, 27.9, 25.3, 23.9, 19.5. And. Calcd. for C18H2803: C, 73.93; H, 9.65. Found C, 

73.96; H, 9.64. 

Conversion of 133 to 134. To a flame-dried flask containing 133 (690 mg, 2.36 m o l )  

in MeOH (20 mL), pyridiump-toluenesulfonate, PPTS (149 mg, 0.593 mmol), was added 

at room temperature- The reaction mixture was stirred at 55OC for 1 h. Mer quenching 

the reaction with water (20 mL), the aqueous layer was exîracted with diethyl ether (4x40 



mL), and the combined organic layers were washed sequentially with water (40 mL) and 

brine (40 mL) and dried over rnagnesium sulfate. The solvent was removed by rotary 

evaporation and the crude product was purifïed by column chromatography 

(Et0Ac:hexanes = 1:4) to give 134 (466 mg, 2.24 mrnol, 95%) as a colorless oil. 

4-(3-Methoxymethylbicyc10[2.2.1] hepta-2,5-die-2-1)bta-O (134). RI 0.30 

(Et0Ac:hexanes = 2:3); IR (neat, NaCl) 3394 (m), 3064 (w), 2975 (s), 2934 (s), 2864 (s), 

2819 (m), 1556 (w), 1451 (m), 1376 (m), 1355 (m), 1307 (rn), 1190 (m), 1141 (m), 1073 

(s), 1025 (m) cm-'; 'H NMR (CDC13, 400 MHz) G 6.75 (dd, 1H, J = 4.8, 3.0 Hz), 6.67 

(dd, 1H, J=4.8, 3.0 Hz), 4.01 (dm, lH, J =  11.8 Hz), 3.85 (dm, 1H, J =  11.8 &), 3.56 

(t, 2H, J =  6.2 Hz), 3.46 (br. s, lH), 3.34 (br. s, lm, 3.18 (s, 3H), 2.28 (br. s, lm, 2.19 - 

2.26 (m, 2H), 1.91 (dm, lH, J= 5.8 Hz), 1.85 (dm, 1H, J =  5.8 Hz), 1.34 - 1.55 (m, 4H); 

13c NMR (CDC13, 100 MHz) S 153.3, 143.3, 142.9, 141.8, 71.2, 68.0, 62.4, 57.3, 53.5, 

51.9,32.1,27.9,23.5. 

Conversion of Alcohol134 to Iodide 135. To a £lame-dried flask containing PPh3 (2.56 

g, 9.86 mmol), imidazole (1 -54 g, 22.6 mmol), acetonitrile (8 mL) and THF (5 mL), I2 

(2.76 g, 21 -7 mmol) was added at 0°C. The reddish-brown reaction mixture was stirred 

for 15 min. at 0°C. Alcohol 134 (466 mg, 2.24 mmol) in acetonitde (3 mL) was added 

via a cannula at 0°C. The reaction mixture was stirred at room temperature for 3 h. After 

the reaction was quenched with water (20 mL), the aqueous layer was extracted with 

diethyl ether (4x20 mL), and the combined organic layers were washed sequentially with 

water (40 mL), saturated sodium thiosulfate (40 mL) and b ~ e  (40 mL) and dried over 

magnesium sulfate. The solvent was removed by rotary evaporation and the crude 



product was p&ed by column chromatography (Et0Ac:hexanes = 1: 9) to give iodide 

135 (584 mg, 1.84 mmol, 82%) as a colorless oi t  

2-(4-Iodobuty1)-3-methoxymethyIbicyclo[2.2.1] hepta-2,s-diene (135). Rf 0.44 

(Et0Ac:hexanes = 1 :9); IR (neat, NaCl) 3062 (w), 2968 (s), 293 1 (s), 2863 (s), 28 14 (m), 

1556 (w), 1449 (m), 1376 (w), 1354 (w), 1307 (m), 1288 (m), 1216 (m), 1189 (m), 1170 

(m), 1141 (m), 1098 (s) cm-'; 'H NMR (CDCb, 400 M H k )  6 6.79 (dd, lH, J =  S.O,3.0 

w, 6.73 (dd, lH, J =  5.0, 3.0 Hz), 4.02 (dm, lH, J =  11.8 HZ), 3.88 (dAB, lH, J =  11.8 

Hz), 3.50 (br. s, lm, 3.38 (br. s, lH), 3.23 (s, 3H), 3.17 (t, 2H, J =  6.8 Hz), 2.26 (m, ZH), 

2-15 (m, l m ,  1.95 (dm, lH, J =  5.8 Hz), 1.89 (dm, lH, J =  5.8 Hz), 1.77 - 1.68 (m, 2H), 

1.59 - 1.40 (m, 2H); NMR (CDCb, 100 MHz) 6 152.6, 144.0, 143.0, 141.9, 71.4, 

68.1,57.6,53.6, 52.1, 32.8, 28.1,27.l, 6.9. 

Conversion of Iodide 135 to Nitro Compound 116k To a flame-dried flask containhg 

iodide 135 (523 mg, 1.64 mrnol) in DMSO (7.5 mL), NaNû2 (528 mg, 7.65 mmol) and 

phloroglucinol (428 mg, 2.64 mmol) were added. The light brown reaction mixture was 

stirred at room temperature for 20 h. M e r  quenching the reaction with water (25 mL), 

the aqueous layer was extracted with diethyl ether (4x25 mL) and the combined organic 

layers were washed sequentially with water (30 mL) and brine (30 mL) and dried over 

magnesium sulfate. The solvent was removed by rotary evaporation and the crude 

product was puiiied by column chromatography (Et0Ac:hexanes = 1:9) to give 116k 

(187 mg, 0.788 rnmol, 48%) as a colorless viscous oïl. 

2-Metho~ymethyl-3-(4-nitro butyl) bicyclo [2.2.1] hepta-2,5-diene (116k). Rf 0.73 

(Et0Ac:hexanes = 2:3); IR (ne* NaCl) 3064 (w), 2969 (s), 2932 (s), 2865 (s), 2818 (m), 



1660 (w), 1552 (s), 1452 (m), 1435 (m), 1382 (s), 1355 (m) 1306 (m), 1288 (w), 1247 

(w), 1230 (w), 1190 (m), 1141 (m), 1095 (s) cm"; 'H NMR (CDC13, 400 MHz) G 6.79 

(dd, lH, J =  5.1, 3-0 HZ), 6-70 (ddy lHy J =  5.1, 3-0 HZ), 4.35 (t, 2Hy J =  6.9 HZ), 4.02 

 AB, lH, J =  11.8 Hi), 3.88 (dm, 1H. J =  11.8 HZ), 3.50 (br. s, lH), 3.34 (br. s, lH), 3.23 

(s, 3H), 2.29 (m, lH), 2-19 (m, lH), 1.94 (dm, 1H, J =  5.9 Hz), 1.89 (dm, IH, J =  5.9 

Hz), 1.87 (m, 2H), 1.45 (m, 2H); 13c NMR (CDC13, 100 MHz) S 151.8, 144.7, 143.1, 

141-8,75.4, 71 -5,68.1,57.7,53.5,52.2, 27.3,26.7,23.9. 

In situ Generation of Nitrile Oxide from Nitro Compound 116k and Subsequent 

CycIoaddition. 

Di-tert-bu@ dicarbonate, (BOC)2O (281 mg, 1.29 mmol), in toluene (2 mL) was added 

via a cannda to a flame-dried flask containing the nitro compound 116k (83 -0 mg, 0.3 50 

mmol), 4-dimethylaminopyridine, DMAP (95.6 mg, 0.783 mmol), in toluene (3 mL). 

The reaction mixture \vas stirred at 90°C for 66 h. The solvent was removed by rotary 

evaporation and the crude product was purified by column chromatography 

(Et0Ac:hexanes = 2:3) to give cycloadduct 104k (50.9 mg, 0.232 m o l ,  66%) as a 

colorless viscous oil. 

Qcloadduct 104k Rf0.50 (Et0Ac:hexanes = 2:3); IR (neat, NaCl) 3072 (w), 2998 (m), 

2973 (s), 2950 (s), 2876 (m), 2816 (w), 2752 (w), 1637 (w), 1475 (TV), 1450 (m), 1391 

(w), 1329 (m), 1299 (w), 1271 (w), 1254 (w), 1247 (m), 1202 (m), 1148 (w), 1129 (m), 

11 11 (s), 1098 (s) cm-'; 'H NMR (CDCla, 400 MHz) 6 6.21 (dd, lH, J =  5.7, 3.0 Hz), 

6.17 (dd, lH, J =  5.6, 3.1 Hz), 3.36 (s, 3H), 3.27 (d, lH, J =  10.5 Hz), 3.21 (br. s, lH), 

3.16 (d, IH, J =  10.5 Hz), 2.94 (br. s, lH), 2.46 - 2.42 (m, 2H3, 2.22 (m, lH), 2.11 (m, 



lH), 1-76 (dm, lHy J= 9-2 HZ), 1-71 (m, lH), 1.54 ( d a  lHy J =  9-2 HZ), 0.96 (ddd, IH, J 

= 12.7,7.7,2.5 Hz); "C NMR (CDC13, 100 MHz) 6 169.5, 136.3, 135.3,99.5,75.5,74.9, 

59.6, 51.6, 49.1, 44-4, 28.5, 25.7, 21.1. Anal. Calcd. for CI3Hl7NO2: C, 71.21; H, 7.81. 

Found C, 70.87; H, 7.84. 



Epilogue 



The intramof ecular 1,3-dipolar cycloaddition of norbornadiene-tethered nitrile 

oxides has been demonstrated to be a convenient and simple method for the preparation 

of isoxazolines. These cycloadditions were found to be highly regio- and stereoselective, 

giving the exo cycloadducts in good yields. The siguiticance of these reactions, however, 

lies in the access it provides to fiinctionaiized carbon skeletons by cleavage of the 

isoxazoline ring. The sequence of reactions-cycloaddition, ring cleavage of the 

isoxazoline and manipulation of functional groups-can provide a valuable regio- and 

stereocontrolled route to a variety of usefiil spirocyclic systems (Scheme 78). 

Natural products containhg spirocyclic ring systems are widespread. 76-8 1 

Knowledge of spirocyclic compounds possessing intereshg biologicd activity is 

continually expanding. Representative examples are shown in Fig. 5. Powell et al. have 

reported antileukemic activity associated with ses banine (136), a spirocyclic compound 

based on the 2,7-naphthyridine nucleus and an extract fiom seeds of Sesbania 

drumrnondii. s2-ss The spirocycle lubimin (137) has been isolated as a stress metabolite 

86,87 fiom infected potato tubers. It has been demonstrated that 137 possesses antifungal 

properties which may be involved in the defense mechanism of the potato against various 

pathogens. Many spirocyclic compounds, well-known for their olfactory properties, have 

prompted the fkagrance industries to develop convenient methods to prepare suitable and 

ueful spirocycles. An example of a compound with such properties is hhesol (138) .~~  

Aithough nurnerous spirocyclic compounds with a spiro[4S]decane fiamework have led 

to successfd synthesis of one or more natural products, the development of other 

spirocyclic systems including the spiro[4-41nonane group should be pursued. 



Scherne 78. Angular-fuoed Tricyclic and Spirocyclic Compounds Derived 
from lt04 
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There are several ~ c u l t i e s  in the construction of spirocycles. In addition to the 

problem of constructing the quatemary centre, one needs unambiguous stereochemical 

control between substituents in the two carbocyclic rings. The major stereochemical 

problem is establishing the correct sense of chirality of the spirocahon relative to the 

centres present in one or both rings. Since the cycloadduct 104 is a ngid skeleton, mild 

reduction of the labile N-O bond will yield the spirocyc2ic compound with complete 

stereochernical control (Scheme 78). Thus, the ease of preparation of the cycloadduct 

and facility of stereocontrolled fragmentation will make them ideal building blocks in the 

synthesis of stmcturally complex ~ ~ i r o c ~ c l e s . ~ ~ ~ ~ ~  In addition, the various fùnctionalities 

that will be generated through the cleavage of the isoxazohe ring will allow these 

spirocycles to serve as usefui intermediates for the construction of other systerns. The p 

amino alcohol unit is present in several natural product classes, e.g. arnino polyols, ;unino 

sugars, and amino acids. Many of these exhibit notable physiological properties.g' 

Another important functionalized unit is the ,&hydroxy carbonyl, which is found in a 

large number of important natural products?2 From the standpoint of synthetic strategy, 

the vast majority of phydroxy ketones are constructed by a carbonyl addition as the key 

carbon-carbon bond-forming reaction. Clearly the development of other fiuidamentally 

different strategies that might complement the aldol type reaction would be desirable. 

Hence, the synthesis of the Phydroxy carbonyl unit of the spirocycles that invofves 

cycloaddition, rather than carbonyl addition as the key carbon-carbon bond-forming 

reaction might then have tremendous potential for applications in complex naturai 

product synthesis. 



With increasing demand for optically active cornpounds, tfie investigation of new 

approaches to chiral spirocycles is important. An extension of this work might aUow the 

generation of chiral spirocycles fkom chiral norbomadiene-tethered nitrile oxides. Nitrile 

oxide cycloaddition chemistry c m  serve as a powerfiil tool for crafting the diverse 

molecdes of Nature- 
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