
Synthesis and reactions of organoiron compounds

Item Type text; Dissertation-Reproduction (electronic)

Authors Wang, Haofan

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 26/05/2023 09:26:27

Link to Item http://hdl.handle.net/10150/289994

http://hdl.handle.net/10150/289994


SYNTHESES AND REACTIONS OF ORGANOIRON COMPOUNDS 

By 

Haofan Wang 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF CHEMISTRY 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSPHY 

In The Graduate College 

University of Arizona 

2003 



UMI Number: 3108966 

INFORMATION TO USERS 

The quality of this reproduction is dependent upon the quality of the copy 

submitted. Broken or indistinct print, colored or poor quality illustrations and 

photographs, print bleed-through, substandard margins, and improper 

alignment can adversely affect reproduction. 

In the unlikely event that the author did not send a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletion. 

UMI 
UMI Microform 3108966 

Copyright 2004 by ProQuest Information and Learning Company. 

All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code. 

ProQuest Information and Learning Company 
300 North Zeeb Road 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346 



2 

THE UNIVERSITY OF ARIZONA ® 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by HAOFAN WANG 

entitled SYNTHESES AND REACTIONS OF ORGANOIRON COMPOUNDS 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

7 
i Ol no i 

Professor Richard S Glass Date 

Professor Robin I Polt 

(J ^ Profes^af Eugene A Mash Date 

Date 

Professor Zhiping Zheng Date 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement^-^ 

11?/27[o :2) 
Dissertation Director Professor Richard S Glass Date 



3 

STATEMENT BY AUTHOR 

The dissertation has been submitted in partial fulfillment of requirement for an 

advanced degree at the University of Arizona and is deposited in the University Library 

to be made available to borrowers under rules of the library. 

Brief quotations from this dissertation are allowable without special permission, 

provided that accurate acknowledgement of source is made. Requests for permission for 

extended quotation from or reproduction of this manuscript in whole or in part may be 

granted by the head of the major department or the dean of the graduate college when in 

his or her judgment the proposed use of the material is in the interest of scholarship. In all 

other instances, however, permission must be obtained from the author. 

Signed 



4 

Acknowledgements 

The completion of my studies here at the University of Arizona is only possible with 

the support of many people and whom I would like to thank. First, I would like to deeply 

thank my research advisor Professor Richard S Glass for his guidance, patience and 

encouragement during my studies here. 

I would also like to thank my committee members, Professor Eugene Mash, 

Professor Robin Polt, Professor Ann Walker and Professor Zhiping Zheng for their help. 

I would also like to thank Glass group members, Dr. Rafal Kaminski, Dr. Maya 

Singh, Dr. Nhu Y Tran Stessman, Uzma Zakai, Liyan Moghadam for their friendship and 

help. 



5 

TABLE OF CONTENTS 

LIST OF FIGURES 7 

LIST OF SCHEMES 8 

ABSTRACT 10 

Chapter 1 
An Introduction to the Application of Ferrocene Derivatives in Charge 
Transfer Complexes and Electron Transfer in DNA 12 
1. Charge-transfer complexes 12 
2. Ferrocene containing charge-transfer complexes 13 
3. Electron transfer in DNA 20 
4. Rationale of the research 33 

Chapter Two 
Synthesis of [e]-Ferrocenyl-4-aniinopyrimidine 36 
1. Retrosynthetic synthesis 36 
2. Results and Discussion 39 
2.1 Synthesis of ferrocene aminopyrimidine through cyclopentapyrimidine derivatives.39 
2.2 Improved synthesis of ferrocenyl 4-aminopyrimidine: 57 
3. Experimental 67 

Chapter Three 
Synthesis of (2,5- Dimethoxy-4-Fluoro-Phenyl) Acetic Ester 88 
1. Synthesis through direct fluorination 88 
2. Synthesis through electrophilic fluorination 89 
3. Synthesis introducing acetic acid methyl ester 90 
4. Experimental 97 

Chapter Four 
Chemical model for biosynthesis of cyanide ligand in hydrogenase 
enzyme 104 
1. Introduction 104 
2. Chemical model for biosynthesis of cyanide Ugand 106 
3. Results and discussion 108 
4. Experimental part 113 

Appendix; Spectroscopic Data 120 



6 

TABLE OF CONTENTS Continued 

References 127 



7 

LIST OF FIGURES 

Figure 1-1 An Example of Charge Transfer Complex 12 
Figure 1-2 Ferrocene as Donor in Charge Transfer Complex 14 
Figure 1-3 Examples of Organic Acceptors used for the Formation of CT complexes with 
Ferrocene 15 
Figure 1-4 Some CT Complexes Containing [Cp*Fe] and Organic Acceptors 16 
Figure 1-5 Charge Transfer Salts of Octamethylferrocenyl Thioethers with Organic 
Acceptors 17 
Figure 1-6 X-ray Structure of Charge Transfer Complexes of Octaferrocenyl Thioethers 
with Organic Acceptors 18 
Figure 1-7 Deoxyribonucleic Acid (DNA) 20 
Figure 1-8 DNA Double Helix 21 
Figure 1-9 Hydrogen Bonding Between Complementary Bases 22 
Figure 1-10 Polypyridyl complexes of Ru(II) Donor and Co(III) Acceptors 23 
Figure 1-11 Ru(Phen)2dppz^'^ as a molecular "light switch" for DNA 24 
Figure 1-12 Electron Transfer between the Metallointercalators through the DNA... .25 
Figure 1-13 Modified DNA bases 26 
Figure 1-14 DNA Molecule Trapped between Two Metal Nanoelectrodes 27 
Figure 1-15 Oligonucleotide Sequences DNA(l) and DNA(2) and the Structure of 
Anthraquinone Conjugate 28 
Figure 1-16 Symbolic Representation of a Polaron-like Distortion in Duplex DNA.. .29 
Figure 1-17 Efficiencies of the Charge Transfer in a Unistep and a Multistep Reaction 
over 17 and 54 A 30 
Figure 1-18 Ferrocene Derivative Tethered in Sugar Moiety 31 
Figure 1-19 C-5 Ferrocene Thymidine Derivative 32 
Figure 1-20 Models of Fc-labeled DNA bound to a Au surface 32 
Figure 1-21 Design of Adenine Analogue 34 
Figure 1-22 Design Of Thymine Analogue 35 
Figure 1-23 A Thymine Isostere 35 
Figure 2-1 X-ray of [e]-Ferrocenyl-4-aminopyrimidine 66 
Figure 4-1 Two Main Classes of Hydrogenase Enzymes 105 



8 

LIST OF SCHEMES 

Scheme 2-1 Retrosynthetic Analysis (1) : by Manipulating Ferrocene Derivatives 36 
Scheme 2-2 Previous Synthesis of [e]-Ferrocenyl-4-aminopyrimidine 37 
Scheme 2-3 Retrosynthetic Analysis (2) :Cyclopenta-4-aminopyrimidine Approach....38 
Scheme 2-4 Ziegler-Thorpe Synthesis of Enaminonitrile 17 and 4-Aminopyrimidine 
Formation 39 
Scheme 2-5 Protection of Amino Group in Cyclopenta-4-aminopyrimidine 40 
Scheme 2-6 Attempted Direct Formation of Double Bond 41 
Scheme 2-7 Bromination of 4,5-Dimethylpyrimidine 42 
Scheme 2-8 Bromination of Monoacetamide 18 42 
Scheme 2-9 Bromination of Diacetamide 19 43 
Scheme 2-10 Attempted Dehydrobromination of Dibromide 21 44 
Scheme 2-11 NMR Study of Dehydrobromination of Dibromide 45 
Scheme 2-12 Synthesis of Cyclopentapyrimidine 24 by Inverse-Electron Demand Diels-
Alder Reaction 46 
Scheme 2-13 Bromination of Cyclopentapyrimidine 24 and Attempted 
Dehydrobromination of Dibromide 25 46 
Scheme 2-14 N-Oxidation of Cyclopentapyrimidine 24 47 
Scheme 2-15 Synthesis of Cyclopentapyrimidine Acetic Ester 28 
and Attempted Elimination Reaction 48 
Scheme 2-16 Hydrolysis of Acetate 28 and Attempted Elimination Reactions 48 
Scheme 2-17 Oxidation of Alcohol 29 and Attempted Double Bond Formation 49 
Scheme 2-18 Synthesis of Seleno Derivatives of Cyclopentapyrimidine 31 and 
Attempted Elimination Reaction 50 
Scheme 2-19 Proposed Synthesis of Ferrocenyl-4-aminopyrimidine 
via Exocyclic Double Bond Approach 51 
Scheme 2-20 Synthesis of 7-Benzylidene-6,7-dihydro-
5H-cyclopentapyrimidine 33 52 
Scheme 2-21 Attempted Deprotonation by LDA 52 

Scheme 2-22 Attempted Deprotonation by BuLi 53 
Scheme 2-23 Synthesis of Cyclopentapyrimidine-7-ylidene-acetic Acid Ethyl Ester 34.54 
Scheme 2-24 Proposed Synthesis of Adenine Analogue for PNA Synthesis 55 
Scheme 2-25 Converting Amino Group into Chloro Group in Cyclopenta-4-
aminopyrimidine 56 
Scheme 2-26 Introducing Exo-double bond in Chlorocyclopentapyrimidine 35 56 
Scheme 2-27 Asymmetric Introduction of Methyl Ester Group on the Ferrocene 58 
Scheme 2-28 Deprotection of Chiral Acetal and Ester Group 59 
Scheme 2-29 Curtius Rearrangement 60 
Scheme 2-30 Improved Curtius Rearrangement 61 



9 

LIST OF SCHEMES Continued 

Scheme 2-31 Conversion of Aldehyde to Nitrile and Deprotection of Carbamate 62 
Scheme 2-32 Cyclization of 4-Aminopyrimidine 64 
Scheme 2-33 Overview of The Improved Synthesis of (S)-[e]-Ferrocenyl-4-
aminopyrimidine 65 
Scheme 3-1 Attempted Direct Regioselective Fluorination 89 
Scheme 3-2 Attempted Electrophilic Fluorination via Bromo-Precusor 90 
Scheme 3-3 Synthesis of Fluorohydroquinone 91 
Scheme 3-4 Regioselective Bromination and Protection of Hydroxy Group 91 
Scheme 3-5 Introducing Ethyl Ester Group 92 
Scheme 3-6 Hydrolysis of Ethyl Ester 93 
Scheme 3-7 Amdt-Eistert Reaction 93 
Scheme 3-8 Amdt-Eistert Reaction 94 
Scheme 3-9 Acid Promoted Decomposition of a-Diazoketone 95 
Scheme 3-10 Arndt Eistert Reaction 95 
Scheme 3-11 Acid Assisted Decomposition of Diazoketone 96 
Scheme 4-1 Biosynthesis of Cyanide Ligand 106 
Scheme 4-2 Chemical Model of the Biosynthesis of Cyanide Ligand 107 
Scheme 4-3 Direct Dehydration on Metal Center 108 
Scheme 4-4 Synthesis of Thiocarbamate 108 
Scheme 4-5 Dehydration of Thiocarbamate 109 
Scheme 4-6 Synthesis of FpCONHa... 109 
Scheme 4-7 Decompostion of FpCONH2 in NH3 (1) 110 
Scheme 4-8 Dehydration of FpCONH2 Ill 
Scheme 4-9 Transfer of Nucleophilic Cyanide Ligand to Metal 112 
Scheme 4-9 Transfer of Electrophilic Cyanide Ligand to Metal 112 



10 

ABSTRACT 

The multistep synthesis of the redox active adenine analog [e]-ferrocenyl-4-

aminopyrimidine is reported. The redox active system will be incorporated into 

oligonucleotides to study the electron transfer through the molecular pi-system of DNA 

in future studies. 

Attempts were made to synthesize a cyclopenta-4-aminopyrimidine derivative which 

possesses an endocyclic double bond in the cyclopentane ring. This intermediate can be 

subsequently coupled with cyclopentadienyl iron dicarbonyl (Fp) group and, after 

thermal decarbonylation, form the desired ferrocene ring. Many double bond precursors 

are prepared, including dibromide, acetate, alcohol, ketone and phenylseleno derivatives 

of cyclopentapyrimidine. However efforts to form an endocyclic double bond turned out 

to be unsuccessful. Exocyclic double bond derivatives of cyclopentapyrimidine have also 

been prepared. 

An improved chiral synthesis of [e]-ferrocenyl-4-aminopyrimidine is achieved, in 

which a Curtius rearrangement to form an 0-benzylcarbamate was done using a formyl 

ferrocene carboxylic acid. The yield of the final cyclization step was also greatly 

improved. 
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The synthesis of methyl-(2,5-dimethoxy-4-fluorophenyl)-acetate, a thymine isostere 

precursor, is reported. It will be used as a substitute for a thymine base in a peptide 

nucleic acid (PNA) synthesis in the future. 

Regioselective bromination of 2-fluoro-hydroquinone introduced a bromo group at 

the desired position. After protection of hydroxyl groups in this product, a carboxylic 

acid ethyl ester group was introduced . Finally, an Arndt-Eistert reaction was used to 

extend the carboxylic acid by one carbon to the corresponding phenyl acetic acid ethyl 

ester. 

A chemical model mimicking the biosynthesis of the cyanide ligand in the enzyme 

hydrogenase is developed. In this model a thiocarbamate is first formed and subsequently 

dehydrated by polyphosphate ethyl ester(PPE) to make a thiocyanate. Finally, the cyanide 

moiety is transferred to the metal center. The direct dehydration of a carboxamidoiron 

species to form a cyano ligand is also reported. 
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Chapter 1 

An Introduction to Ferrocene Derivatives in 
Charge Transfer Complexes and Electron Transfer in DNA 

1. Charge-transfer complexes 

Charger-transfer (CT) complexes contain a donor (D) component capable of donating 

electron density and even forming stable radical cations by complete electron transfer and 

an acceptor (A) component capable of accepting electron density and even forming stable 

radical anionsV In the solid state, complexes with planar pi-donors and acceptors 

typically display a stacked structure of planar components. There are two main types of 

stacked structures; segregated and alternating. In segregated stacks, donor and acceptor 

components are in separated stacks (...D"^D"^ D"^D"^ D"^D"^ D"^D"^ ...; ...A"A"A'A'A"A"A"A' 

...). These complexes are likely to be electrically conducting. In alternating stacks, donor 

and acceptor components are placed in an alternating fashion (...D"'"A' D"*'A" D^A' D^A" 

...). These complexes are likely to be insulating materials. 

One example of an organic charge transfer complex involves tetrathiafulvalene (TTF) 

as the donor and tetracyano-p-quinodimethane (TCNQ) as the acceptor(Figurel-l). ^ 

Figure 1-1 

An Example of a Charge Transfer Complex 

TTF TCNQ 
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In order to form CT complexes displaying either type of stacking in the solid state, 

donor and acceptor molecules must meet several requirements . (a) The molecules should 

be planar or composed of planar fragments which can allow parallel arrangement. The 

matching of the size of donor and acceptor molecules favors high conductivity (b) The 

energy gap between the HOMO of donor molecules and LUMO of the acceptor should be 

small, so that they can undergo electron transfer and form stable radical species. 

According to the above requirements, ferrocene is a perfect candidate for charge 

transfer materials. First of all, it is a compact, cylindrical molecule, composed of two 

planar cyclopentadienyl rings held together by strong covalent interactions with the iron 

atom, and occupying two parallel planes with a distance of about 3.3A between the two 

Cp rings'. Also, ferrocene easily undergoes one-electron reversible oxidation, and the 

resulting ferrocenium salt is stable. By varying substituents in the ferrocene rings, its 

electron-donating ability can be modified accordingly over a broad range. 

2. Ferrocene containing charge-transfer complexes 

Ferrocene itself has been used for charge transfer complex formation for a long time. 

In 1962, Webster and associates '^found that ferrocene and tetracyanoethylene (TCNE) 

form a green 1:1 CT complex at 60°C which is soluble in acetonitrile. ESR studies 

indicated the presence of the TCNE radical anion and ferrocenium radical cation. A later 

crystal structure study ^showed it was a typical alternating arrangement in the solid state 

as shown in Fig 1-2 and it is paramagnetic. 
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Figure 1-2 

Ferrocene as Donor in Charge Transfer Complex 

FeCpa + TCNE , » {FeCpaj* + [TCNEj-
MeCN 

K = 2.5 10-3 

Numerous ferrocene derivatives have been used to make charge transfer complexes, 

including polyalkylferrocenes, bisferrocenes and heterocycle conjugated ferrocene. 

Among which, decamethylferrocene [FeCp*2] (Cp*= rj^-CsMes), is the most extensively 

studied. It has the important advantage of resistance towards substitution reactions, ring 

exchange and hydrolysis. Also it is much more electron rich than ferrocene and therefore 

shows stronger electron donating ability. Miller, Epstein and co-workers have made 

many charge transfer complexes using decamethylferrocene and various electron 

6 13 acceptors (Figure 1-3) and studied their structures and electronic properties " . 
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Figure 1-3 

Examples of Organic Acceptors used for the 
Formation of CT complexes with Ferrocene 

NC. ,CN 

CN CN CN CN 

ON N 
CN N 

CN 

[CjCood" 
CN CN 

[C4(CN)d-

CN 

CN 
CN 

[C3{C(CN)2}3]-

NO. •CN NC. •CN 

k 

NC CN 

[TCNQ^]-

NC CN 

[TCNQir 
N ^CN 

[DDO [M&DCNQI 

[PDCI]" 

"CN 
[TODBTl" 
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Most of the charge transfer complexes tend to form an alternating arrangement of 

donor and acceptor instead of segregated structures as illustrated in Figure 1-4. 

Figure 1-4 

Some CT Complexes Containing [Cp*Fe] and Organic Acceptors 

Acceptor Structure Stoichio- Main behavior' 
metry 

[TCNE]- ID-DADA 1 1 Bulk ferromagn 
[C3(CN)5]- ID-DADA 1 1 Antiferromagne 
[Q(CN)6]- ID-DADA 1 1 Ferromagnetic 
[C3{C(CN)3}3]- ID-DDAA monociinic 1 1 Antiferromagne 
[C3{C(CN),}3]- ID-DDAA triclinic I 1 Paramagnetic 
[TCNQr ID-DADA 1 1 Metamagnetic 
[TCNQ]- DAAD dimer 1 J Paramagnetic 
[(TCNQ),]- Segregated stacks 1 Conducting 
{TCNQF,]- DAAD dimer 1 1 Paramagnetic 
[TCNQFJ-- DADDAD chains 2 1 b 

fTCNQI^]- ID-DADA 1 1 Ferromagnetic 
[DDQ]- ID-DADA 1 I Ferromagnetic 
[Me2DCNQIl- Not determined 1 1 Ferromagnetic 
[C(CN) 3 ] - Complex 1 1 Paramagnetic 
[(PTCI).]- Segregated stacks 1 2 Semiconducting 
[{PDCiy^ Segregated stacks 1 2 Semiconducting 
((TCIDBT),]- Segregated stacks 1 2 Semiconducting 

Recently, Togni and co-workers''^ studied the charge transfer complexes of 

octamethylferrocenyl thioethers 1, 2, 3 with organic acceptors(TCNQ and TCNQF4) . 

Charge transfer complexes were made with different stoichiometrics. X-ray crystal 

structural studies of 4, 5, 6 and 7 have been carried out. The charge transfer complexes 4 

and 5, containing TCNQ, display stacks of acceptor molecules with uncommon 
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donor/accetor stoichiometrics of 3:7 for 4 and 1:3 for 5, whereas the charge transfer 

complexes 6 and 7, containing TCNQF4, display strongly interacting dimers of acceptor 

anions. Charge transfer complexes 4 and 5 behave as semiconductors; while charge 

transfer complexes 6 and 7 displayed strong antiferromagnetic properties. 

Figure 1-5 

Charge Transfer Salts of Octamethylferrocenyl 
Thioethers with Organic Acceptors 

CH.CN 
Donor + Donor 

(X=H) TCNQ 
(X=F) TCNQF4 

[1]3(TCNQ)7 
[2],(TCNQ)3 

[1]i(TCNQF4)I 
[3]i(TCNQF4)I 
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Figure1-6 

X-ray Structures of Charge Transfer Complexes of 
Octamethylferrocenyl Thioethers with Organic Acceptors 

B*^N S 

( a )  
( b )  

( C )  ( d )  

(a) CT Complex 4: Donor 1 and Acceptor TCNQ (b) CT Complex 5: Donor 2 and 
Acceptor TCNQ 
(c) CT Complex 6: Donor 3 and Acceptor TCNQF4 (d) CT Complex 7: Donor 3 and 

TCNQF4. 



19 

In summary, past studies on the ferrocene-containing charge transfer complexes 

have shown that ferrocene and its derivatives are suitable CT components. However, "the 

rational design of organic/organometallic ferromagnetic materials with given structure 

and given physical properties still remains an essentially unattained goal".' 
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3. Electron Transfer in DNA 

DNA( deoxyribonucleic acid) is composed of a polyanionic sugar-phosphate 

backbone, linking together combinations of the DNA bases adenine(A), guanine(G), 

cytosine(C) and thymine(T). '^(Figure 1-7) 

Figure 1-7 

Deoxyribonucleic Acid (DNA) 

0 H 

0=P O-

1 
0-
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The DNA double helix is formed when two single strands combine to form an 

extended array of A-T and G-C base pairs (Figure 1-8). The helix is held together by 

hydrogen bonding between the complementary bases and is stabilized by the ;i-stacking 

interactions between base pairs. 

Figure 1-8 

DNA Double Helix 

"V 
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Figure 1-9 

Hydrogen Bonding Between Complementary Bases 

.HiiinniiiiiiMio 

< 
N 

/ 

HN-

•NiimmiiH N 

Adenine Thymine 

HN H'IMIIO 

MIIIIUUH N 

OIIIIIIIH NH 

Cytosine Guanine 

Due to its highly ordered stack of electronically coupled heterocycles, it was 

speculated that double helical DNA might be an ideal medium for electron transfer since 

its structure was discovered'^. 

Recently studies were carried using DNA as a medium for electron transfer by Barton 

and associates. They studied electron transfer behavior of various electron donor-acceptor 

pairs in the presence of DNA'^. The donor and acceptor employed are polypyridyl 

complexes of Ru( II) and Co( III) respectively, as shown in Figure 1-10; 
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Figure 1-10 

Polypyridyl complexes of Ru(II) Donor and Co(III) Acceptors 

a. b. A'3.M*Co 

In the absence of DNA, the electron transfer rates are close to -1.5 x 10^ M"'s'' for 

donor-acceptor pairs, as evaluated by laser flash photolysis experiments. With addition of 

DNA, the electron transfer rate increased to ~2 x lO^^M'^s"^ vicinity. This result showed 

that DNA assists the electron transfer between the metal-centered donor acceptor pairs. 

To allow precise control of the location of the donors and acceptors along the double 

helix, Barton and associates developed synthetic techniques to append the metallo-

1 R 
intercalates covalently to the DNA duplex . In that study, bis(phenanthroline) 

(dipyridophenazine)ruthenium (II), Ru(phen)2dppz 
2+ and bis(9,10-

phenanthrenequinonediimine)(phenanthroline) rhodium (III), Rh(phi)2phen^"^, were used 
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as donor and acceptor respectively. Both Ru(phen)2dppz^"^ and Rh(phi)2phen^^ have a 

"light switch" characteristic, which means that photoexcited Ru(phen)2dppz^"^ shows no 

luminescence in aqueous solution because the metal-to-ligand charge transfer state is 

strongly quenched by proton transfer from solvent to the phenazine nitrogens. In contrast, 

the luminescence is intense in the presence of DNA because the intercalation of the 

dipyridophenazine ligand protects the phenazine nitrogen atoms from quenching by 

water. Similiarly, Rh(phi)2phen^"^ is tightly bound to nucleic acids by intercalation of the 

phenanthrenequinonediimine(phi) ligand^^ (Figure 1-11) 

Figure 1-11 

Ru(Phen)2dppz^"^ as a molecular "light switch" for DNA 

a 

•Mt 

.2 
m 

2000 

• 

1500 

1000 

500 

0 

+ DNA 

Ru(phen)2dppz' 

500 800 600 700 
X (nm\ 

The donor and acceptor pair of Ru(phen)2dppz^'^ and Rh(phi)2phen^"^ are tethered to 

the 5' termini of the 15-base pair DNA duplex. These metal complexes are intercalated 

either one or two base pairs in from the helix termini. The distance between the 



25 

metallointercalators in the DNA-helix is estimated to be >40 A (Figure 1-12). The 

photoinduced electron transfer between the metallointercalators through the DNA helix 

over a pathway consisting of ;t-stacked 15 base pairs is quite rapid. The rate of electron 

transfer is 3 x 10^ s"\ and the p value is estimated to be < 0.2 (Figure 1-12). 

Figure 1-12 

Electron Transfer between the Metallointercalators through the DNA 

r 
Niittii 

hVVN. ! 
ho^n-OU 

O O 

3+ 

2+ 

H , 

HN 'NH 

O o 

OH 
3+ 

An important step in studying electron transfer of DNA is the application of the 

DNA bases (or modified bases) themselves as donors and/or acceptors. Barton and 

associates prepared adenosine analogs, 2-aminopurine (A2) and 1, Ne-ethenoadenine 

(Ae), as electron acceptors and guanine as the donor to study electron transfer in a short 

DNA helix^". The rate of electron transfer rate between A2-G is > 10^° s '. However, the 
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rate of electron transfer between Ag -G system takes place at a slower time scale (ket ~ 

10'° s"^). The result showed that A2 behaves like a normal base and undergoes a Watson-

Crick pairing with thymine which gives a well-stacked helix, and as the result, the rate of 

electron transfer remains fast. On the other hand, the bulky acceptor Ag does not pair well 

with thymine and adopts a nonrigid, poorly stacked conformation within the helix, the 

rate of electron transfer decreases rapidly as the distance between the donor and acceptor 

is increased. 

More recently, electrochemical measurement has been used as a tool to exploit the 

electron transfer in DNA. Dekker and associates^^^^ prepared the poly(dG)- poly(dC) 

DNA oligomers each consisting of 30 base pairs. This duplex length is 10.4 nm which is 

adequate to span two closely spaced metal nanoelectrodes as a linear, nearly stiff 

structure. This duplex oligonucleotide was positioned between nanoelectrodes and the 

rate of electron transport between the electrodes through the duplex was measured 

(Figure 1-14 ). A fast electron transport rate of lO'^ electron s"' over the 10 nm distance is 

Figure 1-13 

Modified DNA bases 

A2 
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observed. This indicates that a relatively large current can be supported by the DNA 

molecule. 

Figure 1-14 

DNA Molecule Trapped Between Two Metal Nanoelectrodes 

There has been rapid progress in the mechanistic understanding of electron transfer in 

DNA. In a work by Schuster and associates^^, an anthraquinone linked duplex DNA 

oligomer containing 60-base pairs was synthesized. The complementary strand contains 

four isolated GG sequences, which serve as traps for a migrating radical cation (Figure 1-

15). Irradiation of the quinone leads to the electron transfer from the DNA to the quinone 

forming the anthraquinone radical anion and a base radical cation. The radical cation 

migrates through the DNA, causing reaction at GG steps revealed as strand breaks. It was 

found that the efficiency of strand cleavage falls off exponentially with distance from the 

quinone. 
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Figure 1-15 

Oligonucleotide Sequences DNA(l) and DNA(2) and the 
Structure of Anthraquinone Conjugate 

AQ o 

»NA(« 3'-ATG CAC COA AAA GCC AGT GAC GTA ATC AAT TTC CTT ACA CGC OAC TOG TTC CTT GGT TTC AQ-S' 

DNA(2) 5*-TAC GTJg OCT TTT CGG TCA CTO CAT TAG TTA AAG GAA TGT GCG CTG ACC AAG GAA CCA AAO-3' 

A phonon-assisted (thermally activated) polaron-like hopping model was proposed to 

explain the result (Figure 1-16). In this model, a polaron is a radical ion self-trapped by 

structural distortion of its containing medium, and DNA is a dynamic structure in which 

bases moves rapidly. Injection of charge into DNA will cause its structure to change to 

stabilize the electron deficient base radical cation by reduction of the intrabase distance 

or decrease in the twist angle of DNA, which will increase the pi-electron overlap 

between bases and thus stabilize the radical cation. The distortion of the DNA structure 

eventually results in charge migration (hopping from base to base). 

G55 G« 
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Figure 1-16 

Symbolic Representation of a Polaron-like 
Distortion in Duplex DNA 
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Studies by the Giese group^" also indicated that the hopping mechanism operates in 

long range electron transfer in DNA. In these studies, charge is selectively injected in a 

guanine base to form a guanine radical cation(G"^), and the efficiency of the electron 

transfer to a GGG sequence was studied. The efficiency decreased dramatically with the 

increasing number of A:T base pairs between G"^ and GGG. When there are 4 A:T base 
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pairs in between , the efficiency is only 3%. However, a 70% efficiency was observed if 

there are many G exist between G"^ and GGG(figure 1-17). This can be explained by 

hopping between G and G^, which dramatically increased electron transfer efficiency. 

Figure 1-17 

Efficiencies of the Charge Transfer in a Unistep and a 
Multistep Reaction over 17 and 54 A 

Reacion I 
Sŷ r©«hafTfe Medianisml 

yyltistep Reaction i 
Hopping y«cihartism 
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Incorporation of ferrocene and its derivatives into DNA to form redox-active 

oligonucleotides has attracted some attention in recent years. Ferrocene derivatives have 
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been attached to the sugar moiety and tethered to the nucleobase moieties. Yu et al7^ 

designed and synthesized a new ferrocene-modified adenosine phosphoramidate, in 

which the ferrocene derivative was attached to the 2' position of the sugar through a 

butoxy linker (Figure 1-18). By employing automated DNA/RNA synthesis techniques 

the ferrocenyl complexes have been inserted into oligonucleotides at various positions 

and further incorporated into CMS-DNA chips. 

77 
Houlton and associates have synthesized a C-5 ferrocenyl thymidine derivative, in 

which an alkyne ferrocene is attached to 5-position of thymidine by Pd catalyzed 

coupling reactions(Figure 1-19). The ferrocenyl thymidine derivative was then 

incorporated into oligonucleotides to give redox active DNA strands. 

Figure 1-18 

Ferrocene Derivative Tethered in Sugar Moiety 

l)HW% 
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Figure 1-19 

C-5 Ferrocene Thymidine Derivative 

The electron transfer rate of ferrocenyl-linked DNA was also studied. In a study by 

Kraatz and associates'®, two double stranded DNA were bound to two gold surfaces 

through sulfur bonds(Figure 1-20). They only differ in the ferrocene attachment point: 

one is at the same strand of thiolate linkage, the other one is at the complementary strand. 

The subtle difference in structure leads to a difference in £^(formal potential) values (29 

mV) and in ET rate constants (25 vs 115 s"'). 

Figure 1-20 

Models of Fc-labeled DNA Bound to a Au Surface 

1:2 3:4 
Fc Fc 

3' 

Au ^0-
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4. Rationale of the research 

Despite the extensive research that has been carried out to study the rate of electron 

transfer in DNA, whether DNA is a conductor or an insulator is still a controversial 

issue^V Better approaches are needed to further investigate electron transfer through the 

DNA 7t-stack. From the work by Barton and other research groups, the rate of electron 

transfer depends on the nucleotide sequence and 7i-stacking of the base moieties, electron 

donor and acceptor. In conjunction with the stong electron donating ability of ferrocene, a 

modified DNA base 8 is designed^^. Nucleoside 8 is an analogue of 2'-deoxyadenosine 9, 

which could be selectively introduced into an oligonucleotide sequence. Because the 

amino pyrimidine ring in 8 is the same as in 9, hydrogen bonding to thymine, important 

for base-pairing and formation of a duplex structure, should occur. Furthermore, the 

CpFe moiety should be correctly positioned for overlap with the jr-stack of a duplex 

oligonucleotide and, since ferrocene undergoes reversible one-electron transfer on 

oxidation, 8 should behave analogously. Incorporating two such moieties into an 

oligonucleotide should allow the assessment of electron transfer rates in a mixed valence 

duplex structure. 
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Figure 1-21 

Design of Adenine Analogue 

8 

To complement the donor 8, another modified DNA base 10 is also designed. 10 is an 

analogue of 2'-deoxythymine 11. Quinone is an well-known electron acceptor and 

readily participates in 7i-stacking. 
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Figure 1-22 

Design of Thymine Analogue 

HO, 

o 
HO. 
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OH H 

11 

OH H 

10 

Furthermore, we are also interested in the simple aromatic analogue 12, which is 

also an isostere of thymine with pi stacking ability and which can be used in 

PNA(peptide nucleic acid) synthesis. Kool and coworkers^^ have shown that analogous 

isosteric substitution still results in hybridization and duplex DNA formation. 

Figure 1-23 

A Thymine Isostere 

o 

OMe 

12 
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Chapter Two 

Synthesis of [e]-Ferrocenyl-4-aminopyrimidine 

1. Retrosynthetic synthesis: 

There are several different strategies for the synthesis of the target molecule 8. One of 

the approaches is to first synthesize the ferrocene aminopyrimidine core structure 13 and 

then regioselectively introduce the sugar moiety to synthesize the nucleoside. Ferrocene 

aminopyrimidine 13 can be prepared from cyclization of ferrocene 1,2-aminonitrile 14. 

Ferrocene 1,2-aminonitrile 14 can be made by the manipulating of ferrocene aldehyde, as 

illustrated in Scheme 2-1: 

Scheme 2-1 

Retrosynthetic Analysis (1): by Manipulating Ferrocene Derivatives 

NHa NHa 
CN 

Sugar 13 14 

Fe 
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In fact this approach has been studied by a former graduate student, Nhu Y 

Stessman.^^'^^ She successfully synthesized ferrocene 4-aminopyrimidine 13 from 

ferrocenyl aldehyde in a 12 step protocol (Scheme 2-2). However, in that synthesis, there 

are two low yield conversions that made the synthesis not very efficient. One problematic 

step is the conversion of a carboxylic acid to a carbamate using the Curtius rearrangement 

procedure which only gave 17% of the desired product due to the competition of benzyl 

alcohol as nucleophile to give a benzyl ester side product. The other is the cyclization 

step. This procedure only gave less than 10% yield of the final desired product. 

Scheme 2-2 

Previous Synthesis of [e]-Ferrocenyl-4-aminopyrimidine 

l.CH(OMe)3, 
PTSA CO2MG 

2. (S)-l,2,4-butanetriol 
CSA 4 

3. NaOH, Mel 

2. ClCOaMe, 

-78"C to r.t 

NH20H«a 
NaOAc,EtOH 

H2O _ I  ̂ DCC, benzene 

(Ph0)2P(0)N3 

EtjN, PhCH20H, 
heat 

17% 

•CN 

aq. NaOH, THF H2, Pd/C, MeOH NHCOjCHjPh 
75% 75% 

CH(0Me)3, 

PTSA 

80% 

:CHOMe 
Fe 

MeOH, NH3, rt 

9% 
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So when the project was started, another strategy was attempted first. In this 

strategy, the ferrocene moiety is formed at a later stage of the synthesis via a 

cyclopentadiene fused with a pyrimidine ring. The pyrimidine ring can come from 

cyclization of enaminonitrile 17, then the substituted cyclopentadiene double bond 

introduced. Finally the ferrocene is formed from 15 and the sugar attached, as shown in 

Scheme 2-3: 

Scheme 2-3 

Retrosynthetic Analysis (2): 
Cyclopenta-4-aminopyrimidine Approach 

NH; 

X 15 

NH; 

CpFe 

Sugar 8 

16 

CN 

17 
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2. Results and Discussion 

2.1 Synthesis of ferrocene aminopyrimidine through cyclopentapyrimidine 

derivatives 

The synthesis started from commercially available adiponitrile. Following a known 

procedure^"^, adiponitrile was dissolved in THF cooled to -78°C, and LDA was added to 

deprotonate the a-hydrogen. When the temperature was raised to -50 °C, intramolecular 

cyclization took place. According the literature, the key for the reaction is to quench it 

below -20 °C; otherwise, intermolecular attack will take place and result in dimerization. 

Upon quenching with saturated aqueous ammonium chloride solution, the enaminonitrile 

17 was formed as a single product in quantitative yield. Refluxing the enaminonitrile in 

formamide gave 6,7-dihydro-5H-cyclopentapyrimidin-4-ylamine 16 in about 50% 

yield^^. (Scheme 2-4) 

Scheme 2-4 

Ziegler-Thorpe Synthesis of Enaminonitrile 17 
and 4-Aminopyrimidine Formation 

"CN IDA, THF 

,CN -78°C to -20°C 

quantitative 

Formamide 

220°C, 2 hr 

50% 

17 16 

Before introducing the double bond into the cyclopentane ring, it was decided that it 

would be advantageous to protect the amine group in the 4-aminopyrimidine ring. So 

following a typical procedure^^'^^, cyclopenta-4-aminopyrimidine 16 is heated with AC2O 

for 3hr. Although we intended only to protect the amine group as monoacetamide, a ~ 1:1 
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mixture of monoacetamide and diacetamide was obtained. Prolonged heating did not 

change the product ratio significantly. On investigation of the reaction conditions, it was 

found that heating the reaction solution at 90 °C for 20 minutes resulted in 80% 

monoacetamide 18 and 10% diacetamide 19, while refluxing the mixture of cyclopenta-4-

aminopyrimidine 16 with AC2O and pyridine and a catalytic amount DMAP overnight 

resulted in 10% monoacetamide 18 and 70% diacetamide 19 (Scheme 2-5). The reaction 

can be further modified to improve the yield and selectivity, for example, by using one 

equivalent of AciO and a solvent to make 18, and by using a more reactive acetylating 

reagent, e.g. AcCl, to make 19. 

Scheme 2-5 

Protection of the Amino Group in Cyclopenta-4-aminopyrimidine 

NH2 NHAc 
NAC2 

conditions 

16 18 
19 

Conditions 
% yield 

AcjO, 100°C, 3hr 

AC2O, 90°C, 20 min 

Ac20/Pyridine/DMAP 

reflux overnight 

18 
54 
80 

19 
46 
10 

10 70 

The initial attempt was to introduce a double bond directly in the cyclopentane ring. 

DDQ is a well-known reagent for benzylic oxidation^^, so it was used to introduce 
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the double bond. However, it was not successful. There is either no reaction or 

decomposition depending on conditions as shown in Scheme 2-6. 

Scheme 2-6 

Attempted Direct Formation of Double Bond 

NHAc NHAC 

conditions 

18 

Conditions 
DDQ,Benzene, rt 
DDQ,Benzene, reflux 
DDQ, THF, H2O, reflux 

results 
no reaction 
decomposition 
decomposition 

The strategy was changed by introducing a leaving group first then eliminating to 

form a double bond. In the literature, it is known that the alkyl side chains on pyrimidine 

can be regioselectively brominated. For example, when 4,5-dimethyl-pyrimidine was 

heated with 1 eq of bromine in AcOH, monobromination took place at the 5-methyl side 

chain. When this substrate is reacted with NBS in CCI4 under free radical conditions. 

monobromination at the 4-methyl side chain was obtained^^ (Scheme 2-7). 
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Scheme 2-7 

Bromination of 4,5-Dimethylpyrimidine 

Br 

N NBS, CC]4 

light 

77% 

N BRJ, AcOH 
• 

SO^C, 2 hr 

75% 

When monoacetamide 18 was heated with bromine in acetic acid at 80°C, the same 

conditions as those used for 4,5-dimethyl pyrimidine, a mixture of monobromide 20 and 

dibromide 21, each in about 15% yield, along with significant amount of starting material 

was obtained (Scheme 2-8). 

Scheme 2-8 

Bromination of Monoacetamide 18 

NHAc NHAc NHAc 

Brj/AcOH 
1 

80°C, 2hr 

18 

+ starting materials 

We became more interested in dibromide 21, since its dehydrobromination would 

give a vinyl bromide with bromine in the desired position, which would enable us to 

introduce the sugar moiety. However, when 2 equivalent of bromine was used, 2 hr 
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heating only gave -20% dibromide 21 and some starting material. Prolonged heating 

resulted in significant decomposition. 

Since the proposed mechanism suggests that in this reaction the substrate first 

undergoes isomerization to form an enamine intermediate which can be subsequently 

brominated, unprotected 4-aminopyrimidine may facilitate the isomerization and hence 

favor bromination. So unprotected cyclopenta-4-aminopyrimidine 16 was used as the 

substrate in the bromination. However, bromination of cyclopentapyrimidine 16 resulted 

in very little product formation. In addition, due to the very polar amine group, isolation 

of the product became much more difficult. 

Next we used diacetamide 19 as the substrate in the dibromination. The premise is 

that this derivative would be more like an alkyl pyrimidine. Indeed, the results shown that 

dibromide 21 is the predominating product after heating with 2.5 eq of bromine in acetic 

acid in a sealed tube for 2 hours. One of the N-acetyl groups is also removed, probably 

due to sodium bicarbonate work up (Scheme 2-9). 

Scheme 2-9 

Bromination of Diacetamide 19 

NAcg NHAc 

Brz (2.5 eq) 

AcOH, 

2hr  

Br B"" 21 

55% 

19 
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With dibromide 21 in hand, formation of the corresponding vinyl bromide through 

dehydrobromination was attempted. Unfortunately, despite the numerous conditions 

used, no product was isolated. However, under one condition, 22 was isolated in 52% 

yield (Scheme 2-10). 

Scheme 2-10 

Attempted Dehydrobromination of Dibromide 21 

NHAc NHAC 

Conditions 

Br Br 

21 

Conditions 

1.^BuOK, ^BuOH 

2. DBU, DCIVI 

3. ^BuOK, DMF 

4. NaaCOg, IVIeOH 

5. EtsN, reflux 

6. NaH, THF 

7. LDA, THF 

8. Ag20 

No product isolated 

No product isolated 

No product isolated 

No product isolated 

No product isolated 

No product isolated 

No product isolated 

No product isolated 

9. LiCI/Li2C03/DMF/rt/24hr 

NHAc 
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The elimination reaction was monitored by NMR spectroscopy. When the dibromide 

21 was reacted with KO'Bu in deuterated DMSO, the NMR changed from that of starting 

material to a spectrum with two peaks at 6.1 and 6.5 ppm, presumably due to dianion 23, 

In a very short period of time(~30 seconds after adding base), the signal disappeared. 

Attempts  to  t rap the intermediate  by TMSCl or  HCl were not  successful  (Scheme 2-11) .  

Scheme 2-11 

NMR Study of Dehydrobromination of Dibromide 

NHAc NAc 

N KOtBu 

DMSO-dg 

Br er 21 L- Br 

decomposition 

23 

The difficulty in the dehydrobromination of dibromide may be due to the acetamide 

group, so a model study was conducted with the compound without an acetamide group. 

Cyclopentapyrimidine 24 was made by inverse electron demand Diels-Alder reaction 

according to a procedure reported by Boger and associates^" (Scheme 2-12). 
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Scheme 2-12 

Synthesis of Cyclopentapyrimidine 24 by 
Inverse-Electron Demand Diels-Alder Reaction 

reflux overnight 

dioxane 

Dibromination worked well with this substrate, with a slight change of reaction 

conditions^'. Dibromide 25 was formed in 60% yield. However, dehyrobromination did 

not work under any of the reaction conditions used for the dehydrobromination of 

substrate 21. Only decomposition of starting material was observed (Scheme 2-13) 

Scheme 2-13 

Bromination of Cyclopentapyrimidine 24 and 
Attempted Dehydrobromination of Dibromide 25 

Bro/AcOH/AcONa 

80°C, 2hr 

dehydrobromination 
^ decomposition 

It appears that the desired vinyl bromide is not stable under basic conditions. So we 

decided to change the precursor so it can be eliminated under nonbasic conditions. It is 
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known that the ring nitrogen in aromatic heterocycles, such as pyridine and pyrimidine, 

can be easily oxidized by peracids. The resulting N-oxide can be acetylated and 

rearranged to the alkyl side chain. MCPBA was used to oxidize cyclopentapyrimidine 24. 

After stirring overnight in dichloromethane, two regioisomers were obtained in 65% total 

yield ^^(Scheme 2-14). 

Scheme 2-14 

N-Oxidation of Cyclopentapyrimidine 24 

MCPBA 

DCM 

65% total 

O-

24 26 

The ratio of two regioisomers was about 2:1, with the desired N-oxide 26 as the 

major isomer. They can be separated by chromatography, but since they are fairly close 

in Rf value, the mixture is usually not separated but used in the next step. After refluxing 

with AcaO for two hours, cyclopentapyrimidine acetate 28 can be isolated in 41% yield 

from starting material 24 ( Scheme 2-15). 



48 

Scheme 2-15 

Synthesis of Cyclopentapyrimidine Acetate 28 
and Attempted Elimination Reaction 

AC2O 
26+27 

llO°C, 2 h T  

Cone. H2SO4 

AcO 
28 

Attempted elimination of the acetate in the presence of concentrated sulfuric acid, 

using a procedure Gregory Fu and coworkers used in the synthesis of ferrocenyl DMAP^^ 

, resulted in the disappearance of starting material but no product could be isolated. 

Acetate 28 was hydrolyzed to alcohol 29 by potassium carbonate in methanol in 90% 

yield^^. Elimination of water was attempted, but, unfortunately, no product could be 

isolated (Scheme 2-16). 

Scheme 2-16 

Hydrolysis of Acetate 28 and 
Attempted Elimination Reaction 

N TsOH K2CO3 

MeOH 

95% 

Benzene 

AcO 

28 
29 
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Alcohol 29 is further converted to ketone 30 by PCC oxidation. Attempts to form a 

TMS enol ether by reaction with base and trapping the anion with TMSCl failed. 

(Scheme 2-17). 

Scheme 2-17 

Oxidation of Alcohol 29 and 
Attempted Double Bond Formation 

PCC 

CH2CI2 

15% 

29 

N Et.N 

TMSCl \ 
TMSO 

All of the above elimination attempts were done under acidic or basic conditions, and 

the product may not be stable under those conditions. Therefore we decided to try the 

phenyl selenoxide derivatives as the alkene precursor. It is known that intramolecular 

elimination of selenoxide is very facile even under very mild conditions. 

Cyclopentapyrimidine 24 is reacted with LDA at 0°C to generate the anion which is 

quenched with diphenyldiselenide to give the phenylseleno derivative 31 in 45% yield^'^. 

However, attempts to oxidize selenium and generate the alkene resulted in disappearance 

of starting materials but no product can be isolated (Scheme 2-18). 
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Scheme 2-18 

Synthesis of Seleno Derivatives of Cyclopentapyrimidine 31 
and Attempted Elimination Reaction 

N 

N LDA 

PhSeSePh 

45% 
PhSe 

Conditions 

24 31 1. H2O2, THF, H2O 
or 

2. NaI04, H2O, MeOH 

The preceding results suggested that with the double bond endocyclic the compound 

is not stable, so the synthetic strategy was modified. In this new approach, an exocyclic 

double bond is introduced, followed by base deprotonation. Reaction with Fpl 

[Fp=(Ti^-Cp)Fe(CO)2] can introduce a Fp group in the cyclopentane ring. Subsequent base 

treatment should be able to isomerize the double bond to generate the desired 

intermediate 34. Heating this intermediate should result in the formation of ferrocene 

through loss of two CO molecules^®'^^ (Scheme 2-19 ). 
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Scheme 2-19 

Proposed Synthesis of Ferrocenyl-4-aminopyrimidine 
via Exocyclic Double Bond Approach 

1. ethyl glyoxylate 

pyridine 

2. AcoO 

EtOgC 

Base 

Fpl 

EtOaC 

N Base 
CpFe, 

Heat 

EtOgC 

34 

As a model study, cyclopentapyrimidine 24 is deprotonated by LDA and quenched 

with benzaldehyde to form the addition product 32 as a mixture of two diasteroisomers in 

60% total yield. GC/MS analysis showed that the ratio of the two isomers was about 2 to 

1. The mixture was then refluxed with TsOH in dichloroethane to give 7-benzylidene-5, 

6-dihydro-5H-cyclopentapyrimidine 33 in 90% yield (Scheme 2-20). 
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Scheme 2-20 

Synthesis of 7-Benzylidiene-6,7-dihydro-5H-cyclopentapyrimidine 33 

TsOH N N LDA 

PhCHO ^ CICH2CH2CI 
I 

90% 60% 

HO' 
Ph' 

32 

To introduce a substituent into the cyclopentane ring, 33 was reacted with LDA and 

quenched with TMSCl. However, even after stirring 33 with LDA at room temperature 

for 24 hours, GC analysis showed that there is very little silylated product, and over 90% 

of the starting material is recovered (Scheme 2-21). 

Scheme 2-21 

Attempted Deprotonation by LDA 

LDA 
• Starting materials recovered 

TMSCl 

33 

This result showed that in this substrate, the hydrogen is not acidic enough to react 

with LDA, so a stronger base n-BuLi is used for deprotonation. However, crude NMR 
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shows a complicated mixture. The mixture was analyzed by GC/MS and there is very 

little silylated product, instead there are some butyl adducts present. It is known that 

t-butyl lithium attacks pyridine to form 2,6-di-t-butyl pyridine. In our case, the 

pyrimidine ring was probably attacked (Scheme 2-22). 

Scheme 2-22 

Attempted Deprotonation by BuLi 

nBuLi 
n-Butyl adduct 

TMSCl 

Ph 

To increase the acidity of the hydrogen in the cyclopentane ring, we decided to switch 

from benzylidene 33 to a, P-unsaturated ester 34. The a, p-unsaturated ester should 

greatly enhance the acidity. 

EtOoC 

To prepare 34, we first tried the same procedure as used for the preparation of 

benzylidene 33, using ethyl glyoxylate as the electrophile instead of benzaldehyde. 

However, the yield of the reaction was found to be rather low. Possibly ethyl glyoxylate 

polymerized under the reaction conditions. Since ethyl glyoxylate exists in a polymeric 

form, it is necessary to depolymerize it with heating. Thus we employed another 
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procedure to introduce unsaturated ester^^'^^. Cyclopentapyrimidine was refluxed with 

ethyl glyoxylate and pyridine overnight and acetic anhydride was added and reflux 

continued for two more days to give 34 in -40% yield (Scheme 2-23). 

Scheme 2-23 

Synthesis of Cyclopentapyrimidine-
7-ylidene-acetic Acid Ethyl Ester 34 

1. ethyl glyoxylate 

pyridine 

EtOgC 24 

It would be interesting if a substrate such as 35 can be made, in which a leaving 

group is installed, because it would allow us to transform via 36 to the desired ferrocene 

derivative 37 as shown in Scheme 2-24 after amine displacement of the chloro group. 

Compound 37 can be used a substitute for adenine in PNA synthesis. It is not known 

whether anyone has used DNA base isostere in PNA synthesis (Scheme 2-24). 
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Scheme 2-24 

Proposed Synthesis of Adenine Analogue for PNA Synthesis 

1. ethyl glyoxylate 

Pyridine 
Base 

Fpl 
2. Ac^O 

Et02C' 
CI 

CpFe 
heat 

EtOgC 

35 

NH. 

CpFe 

37 

So we studied the transformation from cyclopenta-4-aminopyrimidine 16 to 4-chloro 

cyclopentapyrimidine 35.Treatment of 16 with nitrous acid in a mixture of acetic acid 

and water at room temperature generated a diazonium ion, which upon reflux, gave 

cyclopentapyrimidinone 38 in 90% yield'^°. 38 was reacted with POCI3 to give 35 in 
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88 % yield (Scheme 2-25). 

Scheme 2-25 

Converting Amino Group into Chloro Group in Cyclopenta-4-aminopyrimidine 

NH. 

1. NaNOo/AcOH/H.O 

2. reflux 

90% 

16 38 35 

Using the same procedure for making 34 from cyclopentapyrimidine 24, but with 35 

as the substrate, the unsaturated ester side chain was successfully introduced; however, 

the -CI is hydrolyzed at the same time in the reaction conditions to give 39 in 42% 

yield(Scheme 2-26). 

Scheme 2-26 

Introducing Exo-Double Bond in Chlorocyclopentapyrimidine 35 

O 

CI 

1. ethyl glyoxylate 

N pyridine ^ 

2. AC2O 

35 
EtOgC 
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2.2 Improved synthesis of ferrocenyl 4-aminopyrimidine: 

The disappointing results from the above approaches based on retrosynthetic analysis 

(2) encouraged an attempt to improve the ferrocene approach, that is, retrosynthetic 

analysis (1). As mentioned earlier, there are two low yield transformations in that 

approach. One of them is the conversion of carboxylic acid to benzyl carbamate. It was 

done at a rather late stage of the synthesis, so we would like to move this step earlier and 

see if the yield can be improved. The first several steps of the reaction are done as in the 

earlier synthesis. Ferrocenecarboxaldehyde was quantitatively converted to dimethyl 

acetal by heating in neat trimethyl orthoformate in the presence of a catalytic amount of 

PTSA. Transacetalization of the crude dimethyl acetal with (S)-(-)-l,2,4-butanetriol was 

performed at room temperature in the presence of activated molecular sieves with 

camphorsulfonic acid as catalyst to give (2S, 4S)-4-(hydroxymethyl)-2-ferrocenyl-l,3-

dioxane 40. The free alcohol was then protected as its methyl ether using sodium hydride 

and methyl iodide in THF to provide the desired (2S,4S)-4-(methoxy)-2-ferrocenyl-l,3-

dioxane 41 in 80% yield in three steps. To introduce a methyl ester at the ortho position, 

Kagan's procedure, improved by a former student Nhu Y Stessman, was used. (2S,4S)-4-

(methoxy)-2-ferrocenyl-l,3-dioxane was lithiated using t-BuLi and diethyl ether; the 

lithiated salt was quenched with ten equivalents of methyl chloroformate at -78°C and 

this temperature was maintained for 6 hours before it was allowed to slowly warm up to 

room temperature. After quenching with aqueous sodium bicarbonate solution and work-



58 

up, (2S,4S,Sfc)-4-(methoxymethyl)-2-(a-carboxyferrocenyl)-l,3-dioxane 42 was obtained 

in 78% yield (Scheme 2-27). 

Scheme 2-27 

Asymmetric Introduction of Methyl Ester Group on the Ferrocene 

'OMe (S)-l,2,4-butanetriol 
CH(OMe)3 

PTSA 

OH NaH/THF /C T)' 

1 .t-BuLi/ether 

2.ClCO,Me C02Me 
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At this point, we attempted to hydrolyze the methyl group to the free acid while 

keeping the acetal protecting group. It turns out the hydrolysis is rather slow and in the 

acidic work up, the acetal group was partially removed. Therefore both protecting groups 

were removed. By switching the order of deprotecting, both steps became much easier, 

the acetal group was readily removed by PTSA at room temperature. Then the methyl 

ester was readily hydrolyzed in aqueous NaOH and THF to give (S)—carboxylferrocene 

carboxaldehyde 43 in 95% yield (Scheme 2-28). 

Scheme 2-28 

Deprotection of Chiral Acetal and Ester Group 

•OMe 

Fe 

l.PTSA,DCM 

2.Na0H,Me0H,H20 

95% 

42 43 

Conditions for the conversion of carboxylic acid to benzyl carbamate via Curtius 

rearrangement were then investigated. First the conditions used in the previous synthesis 

were applied."^^ (S)-Carboxylferrocene carboxaldehyde 43, diphenylphosphoryl azide and 

triethylamine in toluene was refluxed for 2 hours before benzyl alcohol was added. 

However, it only gave 30% of the desired benzyl carbamate 44(Scheme 2-29). 
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Diphenylphosphoryl azide is known to decarbonylate at high temperature, which might 

be the reason for the low yield. 

Scheme 2-29 

Curtius Rearrangement 

CO2H 

Et3N, PhCH20H 

(PhO)2PON3 

30% 
NHCOgCHaPh 

43 44 

Next we tried a milder way for the preparation of the carbonyl azide"^^. The acid is 

first converted to the acid chloride using oxalyl chloride and one drop of DMF in 

dichloromethane. The acid chloride is then reacted with sodium azide under phase 

transfer conditions to provide the carbonyl azide 45 in 89% yield. Curtius rearrangement 

was done by heating the carbonyl azide in toluene at 105°C generating isocyanate in situ, 

which was quenched by benzyl alcohol to form benzyl carbamate 44 in 80% yield 

(Scheme 2-30). 
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Scheme 2-30 

Improved Curtius Rearrangement 

N3 PhCH20H^^^ 

Toluene 

105°C ,,^=55^ 

1. (C0C1)2 

NHCOzCHaPh ^•^2 2 
2. NaNj, TBAB 
H,0, CH.Cl, 

The next step of the synthesis was to transform the aldehyde functionality of 

compound 44 to the needed nitrile functionalityIt was reacted with hydroxylamine 

hydrochloride and sodium acetate in a mixture of ethanol and water at reflux to give 

ferrocenecarboxyaldoxime 46 in 80% yield. The ferrocenecarboxyaldoxime was then 

dehydrated using N,N-dicyclohexylcarbodiimide in refluxing benzene to give (S)-2-

cyanoferrocene-O-benzylcarbamate 47 in 75% yield. This provides a route to an 

intermediate in the previous synthesis but in improved yield. Following the previous 

synthesis, the key intermediate (S)-(e)-aminoferrocenenitrile 14 was obtained by catalytic 

hydrogenation in 80% yield (Scheme 2-31) 
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Scheme 2-31 

Conversion of Aldehyde to Nitrile and Deprotection of Carbamate 

NOH 

NH2OH HCl DCC 
'NHCOzCHaPh 

NaOAc ^NHCOaCHaPh Benzene 

80% 75% 

44 

,CN 

NHCOgCHaPh 
Fe Pd/C 

80% 

47 
14 

The remaining task for the synthesis is the cyclization of the (S)-2-

aminoferrocenenitrile 14 to form (S)-[e]- ferrocene-4-aminopyrimidine. Since there are 

many methods for the cycUzation of o-aminobenzonitrile, we investigated two one-step 

cychzation procedures. First, (S)-2-aminoferrocenenitrile was refluxed with formamide; 

however, no product is observed. Next, (S)-2-aminoferrocenenitrile was heated with 

triazine in acetic acid at 100°C. In TLC analysis, some product is observed at the 

beginning of the reaction, but then it disappeared as the reaction progressed. 

It appears that the product is fragile and mild conditions are needed, so we went back 

to modify the previous conditions. (S)-2-Aminoferrocenenitrile 14 was heated in neat 
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trimethylorthoformate in the presence of a catalytic amount of p-toluenesulfonic acid to 

form (S)-cyano-methylferroceneiminoether 48 in 80% yield. It was then stirred in liquid 

ammonia for 24 hours, then the liquid ammonia was evaporated under inert gas and argon 

saturated ethanol was added. After stirring for about one hour, the desired (S)-(e)-

ferrocene-4-aminopyrimidine was isolated in about 50% yield over the two steps. IR 

spectroscopic analysis of the intermerdiate after standing in liquid ammonia for 24 hours 

showed a strong CN stretching band at 2224 cm ', while after stirring in ethanol for a 

while, the CN band continued to diminish and disappear. This indicated that in liquid 

ammonia the methoxy group was displaced and cyclization did not take place. In ethanol 

solution the cyclization occurred and isomerization to the 4-aminopyrimidine (Scheme 2-

32). 
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Scheme 2-32 

CycUzation of 4-Aminopyrimidine 

CH(0Me)3 

14 

PTSA 

80% 

48 

NH.Cl) 

OMe 

49 

EtOH 

50% over 
2 steps 

13 

In summary, an improved synthesis of (S)-[e]-ferrocenyl-4-aminopyrimidine 13 is 

achieved. An overview of the synthesis is shown in the following scheme(Scheme 2-33) 
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Scheme 2-33 

Overview of The Improved Synthesis of (S)-[e]-ferrocenyl-4-aminopyrimidine 

l,CH(0Me)3, 
PTSA 

BuLi, -78 C to r.t 

2. CIC02Me, 

-78°C to r.t 

2. (S)-l,2,4-butnetriol 

CSA, 

3. NaOH, Mel 

OMe 

80% 3 steps 

1. PTSA, CHjCl, 

2. NaOH, HjO, 

MeOH 

Fe CO2H 

95% 2 steps 

1. (COCl)2, CH2CI2 

2. NaNj, HjO, 

CH2CI2, TBAB 

3. PhCHzOH, Tolene 

105°C 

H 

NHCOgCHgPh 

74% 3 steps 

1.NH2OH HCl, NaOAc 

H2O, MeOH 

2. DCC, Benzene 

NHCOjCHjPh H2, Pd/C, MeOH 

60% 2 steps 75% 

1. CH(OMe)3, PTSA 

2. NHjfO 
3. MeOH 

40% 3 steps 
13 

total yield 7.9% 

over 15 steps 
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An X-ray crystallographic structure is obtained for the final product [e]-ferrocenyl-4-

aminopyrimidine 13, which confirmed that it is the right product. (Figure 2-1) 

Figure 2-1 

X-ray of [e]-Ferrocenyl-4-aminopyrimidine 13 

N(3A) 

FeilA) 

tdIA) 
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3. Experimental 

2-Amino-cycIopent-l-enecarbonitrile (11)?'^ To a stirred solution of diisopropyl 

amine(14 ml, 100 mmol) in anhydrous THF (200 ml) at -78°C, in an argon atmosphere, 

was added 1.6M n-butyl lithium (62.5 ml, 100 mmol) in hexane. The solution was stirred 

for 15 min. Adiponitrile (10.8 g, 100 mmol) in 40 ml of THF was added by cannula. The 

temperature was adjusted to -50 °C. At which point the formation of a white flocculent 

precipitate was observed. The reaction mixture was allowed to warm slowly up to -20 °C. 

A saturated aqueous solution of NH4CI (40 ml) was added, the organic and aqueous 

layers were separated and the aqueous was extracted with AcOEt ( 2 x 100 ml). The 

combined organic layer was washed with saturated NH4CI solution, dried with MgS04 

and the solvents removed in vaccuo to yield 2-amino-cyclopent-l-enecarbonitrile 17 

quantitatively (lO.Bg); 'H NMR (500 MHz, CDCI3) 5 5.10(2H, s, br, NHi), 2.45(4H, m, 

CH2, CH2), 1.90(2H, m, CH2) ppm. 

6,7-Dihydro-5H-cyclopentapyrimidine-4-ylamine (16). ^^2-Amino-cyclopent-1 -

enecarbonitrile 17 (13.9g, 120 mmol) was suspended in formamide (20 ml) and heated at 

220 °C in an oil bath for 3 hours. The reaction mixture was then allowed to cool to room 

temperature and poured into a flask containing 400 ml of acetone; the flask was allowed 

to stand in refrigerator overnight and the precipitate filtered. The solid was dissolved in 

boiling ethanol and small amount Norite was added. The solution is filtered through 
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Celite and washed with hot ethanol to give 6, 7-dihydro-5H-cyclopentapyrimidine-4-

ylamine 16 (8.2 g, 50% yield). It is pure by 'H NMR spectroscopic analysis and can be 

used for next step without further purification. NMR (300MHz, DMSO-de): 6 8.15 

(IH, s, N=CH), 6.59(2H, s, br, -NHa), 2.66(2H, m, CH2), 2.59(2H, m, CH2), 1.94(2H, m, 

CH2) ppm; "C NMR(75MHz, DMSO-de) 5 170.3, 159.9, 156.7, 114.9, 33.5, 27.0, 20.9 

ppm. 

N-(6,7-dihydro-5H-cyclopentapyrimidiii-4-yI)-acetamide (18). A solution of 6,7-

dihydro-5H-cyclopentapyrimidine-4-ylamine 16 (1.35 g, 10 mmol) in 30 ml of AC2O was 

heated in a 90°C oil bath for 30 minutes. Excess AcaO was then evaporated in vacuo and 

the residue was purified by flash column chromatography, eluting with ethyl acetate to 

give N-(6,7-dihydro-5H-cyclopentapyrimidin-4-yl)-acetamide 18 (1.40g, 80%) along 

with N-acetyl-N-(6,7-dihydro-5H-cyclopentapyrimidin-4-yl)-acetamide 19 (0.20g, 10%). 

N-(6,7-dihydro-5H-cyclopentapyrimidin-4-yl)-acetamide 18: 'H NMR (300MHz, 

CDCI3) 5 9.21(1H, s, br, NH), 8.66(1H, s, N=CH), 3.00-2.90(4H, m, CH2, CH2), 2.27(3H, 

s, CH3), 2.12-2.02(2H, m, CH2) ppm; "C NMR (75MHz, CDCI3) 5 177.2, 169.3, 155.9, 

153.4, 125.3, 34.5, 29.9, 24.3, 21.9 ppm; IR (NaCl plate) 3236(N-H), 2172 (C-H), 

2971(C-H), 1709 (CO), 1596, 1508(C=C, C=N) cmHRMS(FAB, M + H"") C9H12ON3, 

calculated 178.0984, observed 178.0984. 

N-Acetyl-N-(6, 7-dihydro-5H-cyclopentapyrimidin-4-yl)-acetamide (19). To a 

solution of 6,7-dihydro-5H-cyclopentapyrimidine-4-ylamine 16 (3.4 g, 25.2 mmol) in 60 
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ml of AC2O was added 10 ml of pyridine and catalytic amount DMAP (0.2 g). The 

resulting solution was refluxed for 2 days and then the excess pyridine and AcaO were 

evaporated in vacuo and the residue was purified by flash column chromatography, 

eluting with ethyl acetate to give N-acetyl-N-(6,7-dihydro-5H-cyclopentapyrimidin-4-yl)-

acetamide 19(3.7 g, 70% yield) along with N-(6,7-dihydro-5H-cyclopentapyrimidin-4-

yl)-acetamide 18 (0.45 g, 10% yield). 

N-acetyl-N-(6,7-dihydro-5H-cyclopentapyrimidin-4-yl)-acetamide 19: 'H NMR 

(200MHz, CDCI3) 5 8.74(1H, s, -N=CH), 2.90(2H, t, J=7.8Hz, CH2), 2.60(2H, t, 

J=7.8Hz, CH2), 2.06 (6H, s, -CH3), 2.90 1.83-2.12(2H, m) ppm; ''C NMR (50 MHz, 

CDCI3) 5 178.0, 170.8, 157.3, 154.9, 132.7, 33.9, 27.5, 25.7, 21.1 ppm;. IR (neat, NaCl 

plate) 2963(C-H), 1725(CO), 1596, 1556 (C=C, C=N) cm"'; HRMS (FAB, M + H^) 

C11H14O2N3, calculated 220.1086, observed 220.1093. 

N-(7- Bromo- 6,7-dihydro -5H-cycIopentapyrimidin-4- yl)-acetamide (20). N-(6,7-

dihydro-5H-cyclopentapyrimidin-4-yl)-acetamide (120 mg, 0.68 mmol) was dissolved in 

1 ml of acetic acid and Bra (120 mg, 0.75 mmol) was added. The mixture was heated at 

a 80°C oil bath for 4 hr. the reaction mixture was then cooled to room temperature and 10 

ml of ether was added. The precipitated solid was filtered and treated with 10% aqueous 

NaHCOs solution to adjust to pH ~8. The resulting solution was then extracted with ethyl 

acetate (3 x 15 ml), dried over MgS04 and concentrated under vacuum. The crude 

product was chromatographed with ethyl acetate to give N-(7- bromo- 6,7-dihydro -5H-

cyclopentapyrimidin-4- yl)-acetamide 20(39 mg, 22% yield): 'H NMR (300MHz, CDCI3) 
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5 8.79(1H, s, N=CH), 8.22(1H, s, br, NH), 5.32(1H, dd, J-2.4 Hz, 3.0Hz, CHBr), 2.51-

2.44(1H, m, CH), 2.34(3H, s,CH3) ppm; "C NMR (75MHz, CDCI3) 6 173.6, 157.2, 

154.4, 50.3, 34.2, 28.2, 24.7 ppm; IR(film on NaCl plate) 3190(NH), 1710(CO) cm"'; 

HRMS(FAB, M+H^) CgHnONgBr, calculated 256.0085, observed 256.0072. 

N-( 7,7-Dibromo-6,7 -dihydro- 5H- cyclopentapyriinidin-4-yl)- acetamide (21). N-

Acetyl-N-(6,7-dihydro-5H-cyclopentapyrimidin-4-yl)-acetamide 7b (660 mg, 3 mmol) 

was dissolved in 20 ml of acetic acid in a 100 ml pressure tube. To this was added Bri 

(1.2 g, 7.5 mmol). The resulting solution was heated at an 80°C oil bath for 2.5 h. The 

reaction mixture was then cooled to room temperature. The solvent was evaporated under 

vacuum and the residue was treated with saturated sodium bicarbonate aqueous solution 

(50 ml). The aqueous solution was extracted with ether (3 x 50 ml). The combined 

organic layer was washed with brine(50 ml), dried over MgS04, filtered and concentrated 

in vacuo. The residue was purified by flash column chromatography, eluting with 1:1 

hexane/ethyl acetate to give N-( 7,7-dibromo-6,7 dihydro- 5H- cyclopentapyrimidin-4-

yl)- acetamide 11 (550 mg, 55% yield ): 'H NMR (200 MHz, CDCI3) 6 9.50(1 H, s, br, 

NH ), 8.82(1H, s, N=CH), 3.12(2H, t, J=5.80 Hz, -CH2), 3.01(2H, t, J=5.80 Hz, -CH2) 

ppm; "C NMR (50 MHz, CDCI3) 5 172.6, 169.8, 157.4, 155.1, 119.6, 60.1, 48.6, 28.2, 

24.4 ppm; IR (neat, NaCl plate) 3260(NH), 1701 (CO), 1573, 1508 (C=C, C=N) cm"'; 

HRMS(FAB, M-i-H^) C9HioON3Br2, calculated 333.9191, observed 333.9191. 
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N-(7-Chloro-5H-cyclopentapyrimidin-4-yl )-acetaimde (22). N-( 7,7-dibromo-6,7 -

dihydro- 5H- cyclopentapyrimidin-4-yl)- acetamide 21 (175 mg, 0.52 mmol) was 

dissolved in 3 ml of DMF, followed by the addition of LiCl (220 mg, 5.2 mmol) and 

LiaCOs (42 mg, 0.57 mmol). The solution stirred at room temperature for 24 hours, at 

which time TLC analysis showed that conversion was complete. The reaction mixture 

was run through a short silica gel column, eluting with ethyl acetate. The fractions 

containing products were combined and washed twice with brine to remove residue DMF 

to give N-(7-chloro-5H-cyclopentapyrimidin-4-yl)- acetamide 22 (57 mg, 52% yield): 

NMR (300 MHz, CDCI3) 6 8.85(1H, s, NCH), 8.70(1H, br, s, NH), 7.23(1H, t, J=1.8Hz), 

3.82(2H, d, J=1.8Hz) 2.27(3H, s, CH3) ppm; '^C NMR (75 MHz, CDCI3) 6168.8, 168.6, 

156.7, 151.5, 138.6, 131.7, 121.2, 37.5, 24.4 ppm; IR ( NaCl plate) 3230(NH), 3158(C-

H), 1710(C=0), 1571,1505(C=C) cm\ HRMS(FAB, M+H""): C9H9CIN3O calculated 

210.0434, observed 210.0436. 

6 ,7-Dihydro-5H-cyclopentapyrimidine (24). solution of 1-pyrrolidino-cyclopent-l-

ene (1.2 eq) in dry dioxane was added to 1,3,5-triazine (0.8 g, 10 mmol) under nitrogen at 

room temperature and the resulting solution was heated to gentle reflux over night. The 

solvent was then evaporated and residue purified by flash column chromatography on 

silica gel, eluting with ethyl acetate to give 6 ,7-dihydro-5H-cyclopentapyrimidine 24 

yield (870 mg, 72%); 'H NMR(CDCl3) 5 8.96(1 H, s, N=CH), 8.51(1H, s, N=CH), 

2.92(4H, m, CH2, CH2), 1.74 (2H, m, CH2) ppm. 
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7,7-Dibromo-6,7-dihydro-5H-cyclopentapyrimidine (25). 6, 7-Dihydro-5H-

cyclopentapyrimidine 24 ( 1.2 g, 10 mmol) and NaOAc (4.1 g, 50 mmol) was dissolved 

in 30 ml of AcOH and the reaction mixture was heated at 80°C oil bath. Bra (3.6 g, 22 

mol) in 10 ml of AcOH was added dropwise via an addition funnel over 20 minutes, and 

heating continued for an additional 2 hours. AcOH was evaporated under reduced 

pressure and 50 ml of saturated sodium bicarbonate aqueous solution was added to the 

residue. The solution was extracted with ethyl acetate (3 x 50 ml), washed with brine (2x 

20 ml), dried over MgS04 and filtered. The solvent was evaporated in vacuo and the 

residue purified on silica gel, eluting with ethyl acetate, to give 7,7-dibromo-6,7-dihydro-

5H-cyclopentapyrimidine 25 ( 1.65 g, 60% yield): 'H NMR (300 MHz, CDCI3) 5 

9.23(1H, s, N=CH ), 8.71(1H, s, N=CH), 3.24(2H, t, J=6.6 Hz, -CHa), 3.05(2H, t, J=6.6 

Hz, -CH2) ppm; ''C NMR (75 MHz, CDCI3) 5 171.5, 158.8, 155.0, 129.4, 59.9,49.7, 27.0 

p p m ;  I R  ( n e a t ,  N a C l  p l a t e )  3 0 4 3 ,  2 9 8 7 ( C - H ) ,  1 5 5 6 . 5 ( C = C ,  C = N )  c m H R M S  ( F A B ,  

M+H^) CvHyNaBra, calculated 276.8976, observed 276.8981. 

6 ,7-Dihydro-5H-cyclopentapyrimidine 1-oxide (26) and 6 ,7-Dihydro-5H-

cyclopentapyrimidine 3-oxide (27). 6,7-Dihydro-5H-cyclopentapyrimidine 24 (300 mg, 

2.5 mmol) was dissolved in 15 ml of CHCI3 and cooled in an ice/water bath. To this was 

added MCPBA( 755 mg, 57%, 2.5 mmol) in 5 ml of CHCI3 dropwise. The solution was 

then stirred overnight. A solution of sodium thiosulfate (1.87g) in 10 ml of water and a 

solution of sodium carbonate (1 g) in 5 ml of water was added successively with ice-

cooling. The organic layer and aqueous layer were separated and the aqueous layer was 
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extracted with chloroform (3 x 20 ml), the combined organic layer washed with brine, 

dried over sodium sulfate, filtered and concentrated in vacuo, the residue was purified by 

flash column chromatography on silica gel, eluting with ethyl acetate then 5:1 ethyl 

acetate/methanol to give 6 ,7-dihydro-5H-cyclopentapyrimidine 1-oxide 26 (43% yield), 

6 ,7-dihydro-5H-cyclopentapyrimidine 3-oxide 27 (21% yield). 

6 ,7-Dihydro-5H-cyclopentapyrimidine 1-oxide 26: NMR (200 MHz, CDCI3) 5 8.74 

(IH, s, N=CH), 8.01(1H, s, N=CH), 3.12(2H, m, CH2), 3.03(2H, m, CH2), 2.17(2H, m, 

CH2) ppm; ''C NMR (50MHz, CDCI3) 5 159.8, 147.5, 139.6, 6 137.8, 6 29.2, 6 21.7 

ppm; IR (film on NaCl plate) 3501, 2971(C-H), 1556(C=C) cm '; HRMS (FAB, M+H^) 

C7H9N2O, calculated 137.0715, observed 137.0714. 

6, 7-Dihydro-5H-cyclopentapyrimidine 3-oxide 27: 'H NMR (200 MHz, CDCI3) 6 8.68 

(IH, s, N=CH), 8.12(1H, s), 2.87(4H, m, CH2, CH2 ), 2.15 (2H, m, CH2) ppm; NMR 

(50MHz, CDCI3) 6 162.9, 147.5, 140.6, 136.2, 32.7, 28.2, 23.3 ppm; IR ( film on NaCl 

plate) 3501, 3059(C-H), 1596, 1523, 1452(C=C, C=N) cm'; HRMS(FAB, M+H^) 

C7H9N2O, calculated 137.0715, observed 137.0714. 

7-Acetoxy-6,7-dihydro-5H-cyclopentapyrimidine (28). A solution of 6 ,7-dihydro-5H-

cyclopentapyrimidine 1-oxide (103 mmol) in 4 ml of AC2O was heated at 110°C for 3 

hours. The solvent was evaporated under vacuum. The residue was separated by flash 

column chromatography, eluting with ethyl acetate to give 7-acetoxy-6,7-dihydro-5H-

cyclopentapyrimidine 28 as a yellow oil in quantitative yield: 'H NMR (200 MHz, 

CDCI3) 5 9.06 (IH, s, N=CH), 8.63(1H, s, N=CH), 6.07(1H, m, CH), 2.87-3.10(2H, m. 
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CHa), 2.56-2.80(lH, m, CH), 2.08 (3H, s, CH3), 1.92-2.10(1H, m, CH) ppm; ''C NMR 

(50MHz, CDCI3) 6 170.9, 169.8, 158.3, 154.3, 135.3, 30.9, 26.3, 21.5 ppm; 

HRMS(FAB, M+H^) C9H11N2O2, calculated 179.0821, observed 179.0820. 

6,7-Dihydro-5H-cyclopentapyrimidin-7-ol (29). To a solution of 7-acetoxy-6,7-

dihydro-5H-cyclopentapyrimidine 28 (450 mg. 2.5 mmol) in 50 ml of ethanol was added 

5.2 g potassium carbonate (38 mmol). The resulting suspension was stirred for 4 hours. 

10 g of ammonium chloride is added and stirred for 30 minutes. Then the mixture was 

filtered. The filtrate was concentrated and the residue was purified by flash column 

chromatography on silica gel, eluting with 5:1 ethyl acetate/methanol to give 6, 7-

dihydro-5H-cyclopentapyrimidin-7-ol 29 (308 mg, 90% yield): NMR (300 MHz, 

CDCI3) 5 9.07(1H, s, N=CH), 8.63(1H, s, N=CH), 5.21(1H, m, 0-CH), 3.10(1H, m, CH), 

2.85 (IH, m, CH), 2.59(1H, m, CH), 2.04(1H, m, CH) ppm; "C NMR (125 MHz, CDCI3) 

5 173.1, 157.2, 153.7, 134.0, 74.1, 32.5, 25.5 ppm; IR (film on NaCl plate) 3284(OH), 

2922 (CH), 1564.5(C=C, C=N ) cm'^ 

5,6-Dihydro-5H-cydopentapyrimidin-7-one (30). 6,7-Dihydro-5H-

cyclopentapyrimidin-7-ol 29 (206 mg, 1.51 mmol) was dissolved in 20 ml of CH2CI2 and 

PCC (590 mg, 2.7 mmol) was added, the reaction mixture was stirred at room 

temperature overnight. Then 0.5 ml of isopropyl alcohol was added and stirring continued 

for 30 minutes. Solvent was then evaporated under reduced pressure and the residue 

purified on a silica gel column, eluting with ethyl acetate to give 5,6-dihydro-5H-
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cyclopentapyrimidin-7-one 30 (21 mg, 10% yield): 'H NMR (200MHZ, CDCI3) 5 

9.40(1H, s, N=CH), 9.15(1H, s, N=CH), 3.22(2H, t, J=5.5Hz, CH2), 2.79(2H, t, J=5.5Hz, 

CH2) ppm; IR ( neat, NaCl plate) 1668(C=0), 1605, 1565(C=C) cm"\ 

7-Phenylselenyl-6, 7-dihydro-5H-cyclopentapyrimidine (31). 6, 7-Dihydro-5H-

cylopentapyrimidine (120 mg, 1 mmol) was dissolved in 5 ml of dry THF and cooled to 

-78 °C. To this was added 2M LDA in THF (0.6 ml, 1.2 mmol) and stirred for 30 

minutes. Then the temperature was gradually warmed up to 0 °C and stirring was 

continued for 1 hour at this temperature. Then the solution was cooled back to -78 °C and 

diphenyl diselenide (375 mg, 1.2 mmol) in 10 ml of THF was added dropwise and 

gradually warmed up to room temperature and stirred overnight. Then the solution was 

quenched with saturated aqueous ammonium chloride (10 ml), extracted with ethyl 

acetate (3 X 15 ml). The combined organic layer washed with brine, dried over MgS04, 

filtered and concentrated in vacuo. The residue was purified by flash column 

chromatography, eluting with 3:1 hexane/ethyl acetate then 2:1 hexane/ethyl acetate to 

give 7-phenylselenyl-6,7-dihydro-5H-cyclopentapyrimidine 31 (136 mg, 49% yield): 'H 

NMR (300 MHz, CDCI3) 6 9.04(1H, s, N=CH), 8.48 ppm (IH, s, N=CH), 7.51 ppm ( 2H, 

m , CH, CH ), 7.48( 3H, m , CH, CH, CH ), 4.73(1H, m, Se-CH), 2.56-2.83( 3H, m , CH, 

CH, CH), 2.26-2.28( IH, m, CH) ppm; '^C NMR (125 MHz, CDCI3) 6 173.3, 157.4, 

152.6, 134.2, 128.9, 128.3, 127.7, 45.5, 31.6, 26.8 ppm; IR (neat, NaCl plate) 3051, 

1931(C-H), 1557 (C=C, C=N); HRMS(FAB, M+H+) Ci3Hi3N2Se, calculated 277.0244, 

observed 277.0243. 
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7-Benzylidene-6,7-dihydro-5H-cyclopentapyrimidine (33). 6, 7-Dihydro-5H-

cylopentapyrimidine 24(600 mg, 5 mmol) was dissolved in 25 ml of dry THF and cooled 

to -78 °C. To this was added 2M LDA in THF (3 ml, 6 mmol) and stirred for 30 minutes. 

Then the temperature was gradually warmed up to 0 °C and stirring was continued for 1 

hour. Then the solution was cooled back to -78 °C and benzaldehyde (583 mg, 5.5 mmol) 

was added, and the reaction solution was gradually warmed up to room temperature and 

stirred overnight. Then the solution was quenched with saturated aqueous ammonium 

chloride (50 ml), extracted with ethyl acetate (3x 80 ml ). The combined organic layer 

washed with brine, dried over MgS04, filtered and concentrated in vacuo. The residue 

was separated by flash column chromatography to give a mixture of diasteromeric (6,7-

dihydro-5H-cyclopentapyrimidin-7-yl)-phenyl-methanol 32 in 60% total yield. GC/MS 

analysis showed two peaks with the same molecular weight of 227 in a ratio 2:1. 

The mixture was dissolved in 15 ml of dichloroethane and p-toluenesulfonic acid 

monohydrate (1.24 g, 6.5 mmol) was added, the resulting solution was refluxed in an oil 

bath for two hours. The solvent is concentrated and residue purified by flash column 

chromatography to give a single isomer 7-benzylidene-6,7-dihydro-5H-

cyclopentapyrimidine 33 in 90% yield: 'H NMR (300 MHz, CDCI3) 6 9.04(1 H, s, 

N=CH), 8.60(1H, s, N=CH), 7.28-7.66( 5H, m , phenyl), 3.11(1H, m, CH2, CH2) ppm; 

"C NMR (125 MHz, CDCI3) 6 168.1, 157.3, 153.6, 139.1, 136.4, 135.6, 129.5, 128.6 

128.0, 126.6, 28.2, 26.3 ppm; IR(film on NaCl plate) 2915(C-H), 1580,1553(C=N, C=C) 

cm"'; HRMS(FAB, M+H"^) C14H13N2, calculated 209.1079, observed 209.1080. 
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5, 6(-Dihydro-5H-cyclopentapyrimidin-7-ylidene)-acetic acid ethyl ester (34). To a 

solution of 6, 7-dihydro-5H-cylopentapyrimidine 24 (240 mg, 2 mmol) and pyridine (780 

mg, 10 mmol) in 10 ml of toluene was added ethyl glyoxylate (410 mg, 4 mmol, freshly 

depolymerized by refluxing for 5 hours). The solution was refluxed overnight. AcaO (1.2 

g, 10 mmol) was then added and refluxing continued for 48 hours. The reaction mixture 

was then cooled to room temperature and poured into saturated aqueous ammonium 

chloride (20 ml), extracted with ethyl acetate (3 x 30 ml), the combined organic layer was 

washed with brine, dried over MgS04, filtered and concentrated in vacuo. The reside 

was purified by flash column chromatography, eluting with ethyl acetate, to give (5, 6-

dihydro-5H-cyclopentapyrimidin-7-ylidene)-acetic acid ethyl ester 34 in 46% yield: 'H 

NMR (300 MHz, CDCI3) 5 9.09(1H, s, N=CH), 8.75(1H, s, N=CH), 6.90( IH, m , CH ), 

4.22(2H, q, J= 7.2 Hz, CH2), 3.30(2H, m, CH2), 3.08(2H, m, CH2), 1.30(3H, t, J=7.2Hz, 

CH3) ppm; ''C NMR (75 MHz, CDCI3) 5 166.6, 165.7, 157.1, 155.0 138.6, 115.0, 60.3, 

26.3, 14.3 ppm; IR(film on NaCl plate) 1692 cm"^(CO); HRMS(FAB, M+H^) 

CnHi3N202, calculated 205.0977, observed 205.0977. 

3,5,6,7-Tetrahydro-cyclopentapyrimidin-4-one (38). A solution of sodium nitrite (830 

mg, 12 mmol) in 10 ml of water was added dropwise to a solution of 6,7-dihydro-5H-

cyclopentapyrimidin-4-ylamine 24 (1.35 g, 10 mmol) in 40 ml of 25% AcOH with 

cooling, and the reaction mixture was allowed to warm up slowly and kept at room 

temperature overnight. The mixture was then refluxed for 2 hours and was cooled to 
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room temperature. The solvent was evaporated and the resulting solid extracted in a 

Soxhlet extractor with chloroform to give 3,5,6,7-tetrahydro-cyclopentapyrimidin-4-one 

38 (1.46 g, 90% yield): 'H NMR (500 MHz, DMSO-de) 6 8.00(1H, s, N=CH), 2.73(2H, 

m, CH2), 2.61(2H, m, CH2), 1.94(2H, m, CH2) ppm; ''C NMR (125MHz, DMSO-dg) 8 

168.7, 169.6, 148.9, 124.5, 34.2, 27.1, 20.5 ppm. 

4-Chloro-6,7-dihydro-5H-cyclopentapyrimidine (35). A suspension of 3,5,6,7-

tetrahydro-cyclopentapyrimidin-4-one 38 (L.Og, 7.4mmol) in 2 ml of POCI3 was heated 

at 100°C for 3 to 4 minutes during which time a complete solution resulted. The solution 

was poured into 35 ml cold saturated aqueous sodium bicarbonate solution. On standing, 

a yellow solid formed and it was extracted from the mixture with 35 ml of methylene 

chloride. The extract was treated with Norite, filtered and the methylene chloride 

evaporated in vacuo to leave 1.0 g (88%) of 4-chloro-6,7-dihydro-5H-

cyclopentapyrimidine 35: mp 39-40°C; 'H NMR (300 MHz, CDCI3) 5 8.72(1H, s, 

N=CH), 3.06(2H,t, J=7.8Hz), 2.99(2H, t, J=7.5Hz), 2.15(2H, td, J=7.8Hz, 7.5Hz) ppm; 

"C NMR (75 MHz, CDCI3) 5 170.1, 162.8, 149.7, 139.2, 32.8, 29.4, 21.6. 

(4-Oxo-3,4,5,6-tetrahydro-cyclopentapyrimidin-7-ylidene)-acetic acid ethyl ester 

(39). To a solution of 4-chloro-6,7-dihydro-5H-cyclopentapyrimidine 35 ( 312 mg, 2 

mmol) and pyridine( 790 mg, 10 mmol) in toluene was added added ethyl glyoxylate 

(410 mg, 4 mmol, freshly depolymerized by refluxing for 5 hours). The solution was 

refluxed overnight, AcaO (1.2g, lOmmol) was then added and refluxing continued for 48 
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hours. The reaction mixture was then cooled to room temperature and poured into 

saturated ammonium chloride (20 ml), extracted with ethyl acetate (3 x 30 ml), and the 

combined organic layer was washed with brine, dried over MgS04, filtered and 

concentrated in vacuo. The reside was purified by flash column chromatography on silica 

gel, eluting with ethyl acetate, to give (4-oxo-3,4,5,6-tetrahydro-cyclopentapyrimidin-7-

ylidene)-acetic acid ethyl ester 39(185 mg, 42% yield): 'H NMR (300 MHz, CDCI3) 6 

8.11 (IH, s, N=CH), 6.64( IH, s , =CH ), 4.21(2H, q, J= 7.2 Hz, CH2), 3.24(2H, m, 

CH2), 2.94(2H, m, CH2), 1.60(1H, s, NH), 1.30(3H, t, J=7.2Hz, CH3) ppm; ''C NMR (75 

MHz, DMSO-de) 5 165.8, 160.3, 150.1, 133.9, 111.7, 59.7, 28.2 , 25.5, 14.2 ppm; 

HRMS(FAB, M+H^) C11H13N2O3, calculated 221.0926, observed 221.0925. 

(2S,4S)-(Hydroxymethyl)-2-ferrocenyl-l, 3- dioxane (40).^*' To a solution of 

ferrocenecarboxylaldehyde (25 g,117 mmol) in 150 ml of trimethyl orthoformate was 

added a catalytic amount of p-toluenesulfonic acid monohydrate (1.1 g, 0.05 eq.) and the 

dark solution was stirred at 80 °C overnight. Anhydrous potassium carbonate was then 

added, and the stirring was maintained while the solution was allowed to cool. The 

suspension was washed with ether and filtered on Celite, and the filter cake was washed 

with ether until the filtrate was colorless. After concentration of the ethereal solution 

under reduced pressure and drying on the vacuum pump overnight, crude acetal was 

quantitatively isolated and directly used in the next step. (S)-(-)-l,2,4-Butanetriol(12.4 

g,l 17 mmol) was weighed in a 500 ml flask and dried by mixing with toluene followed 

by removing the toluene by rotary evaporation and drying on a vacuum line overnight. 
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The triol was then mixed with 150 ml of CHCI3, 75 g of 4 A molecular sieves, and a 

catalytic amount of camphorsulfonic acid (1.4 g, 0.05 eq) in a 500 ml flask. The crude 

acetal was diluted with 50 ml of CHCI3 and added to the flask. The reaction mixture was 

stirred overnight at room temperature and treated with potassium carbonate before 

filtration on Celite, washing with dichloromethane, and concentration under reduced 

pressure. The crude crystalline reaction mixture was extracted with 120 ml of boiling 

toluene. The solution was allowed to cool and placed in a freezer(-20°C) to crystallize. 

The yellow crystals formed were filtered and dried. The mother liquors were 

concentrated and purified on silical gel, eluting with 1:1 hexane/ethyl acetate to give 

(2S,4S)-(hydroxymethyl)-2-ferrocenyl-l, 3- dioxane 40 (80% yield); NMR(300MHz, 

CDCI3) SI.39 (IH, m), 1.83 (IH, m), 3.63 (3H, s), 3.90 (2H, m), 3.90 (2H, m), 4.12 (2H, 

m), 4.15 (5H, s), 4.21 (IH, m), 4.31 (2H, m), 5.40 (IH, s) ppm. 

(2S, 4S)- 4- (Methoxymethyl)-2- ferrocenyl-l,3-dioxane (41). A dry Schlenk tube was 

charged with NaH (2.45g, 100 mmol) under argon, and 30 ml of dry THF were added. 

The suspension was cooled with an ice-water bath, and the dioxane 40 (20 g, 66 mmol) 

in 180 ml of dry THF was added dropwise via an addition funnel over 2 hrs. Neat 

iodomethane (12.4 g, 199 mmol) was then injected, and the resulting suspension was 

slowly allowed to come to room temperature with magnetic stirring overnight. Excess 

NaH and CH3I were destroyed at 0 "C by slow addition of methanol, and the reaction 

mixture was quenched with water. The solvents were evaporated under reduced pressure, 

and the residue was taken up in ether , washed with water and brine, dried over MgS04 
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and concentrated to give the desired acetal 41 in quantitative yield: NMR i 1.47 (IH, 

m), 1.76 (IH, m), 3.40 (3H, s), 3.45 (2H, 2 dd AB), 3.88 (IH, m), 3.98 (IH, m), 4.05-4.35 

(lOH, m), 5.35(1H, s). 

(2S,4S,Sfc)-4-(MethoxymethyI)-2-(carbomethoxyferrocenyl)-l,3-dioxane (42).To a 

150 ml of round bottom flask, acetal 41 (3.85 g, 12.2 mmol) is added under nitrogen and 

dissolved in 50 ml of dry ether. The solution was cooled to -78°C and 1.25M ffiuLi in 

hexane (10.7 ml, 13.4 mmol) was injected dropwise. After 10 min stirring, the cooling 

bath was removed and the mixture was allowed to stir at room temperature for 1 hr. The 

mixture was then cooled back to -78 °C and methyl chlorofomate (11.6 g, 122 mmol) was 

injected neat. The solution was then kept stirring at this temperature for 8 hr before it was 

allowed to warm up to room temperature and stirred overnight. The reaction was then 

diluted with 200 ml of ether and quenched with 100 ml of water. The organic layer and 

aqueous layer were separated. The aqueous layer was extracted with ether (3 X 50 ml). 

The combined organic layer was washed with brine (2 X 30 ml), dried over MgS04, 

filtered and concentrated in vacuo. The residue is separated by flash column 

chromatography on silica gel, eluting with 2:1 hexane/ethyl acetate to give (2S,4S,Sfc)-4-

(methoxymethyl)-2-(a-carbomethoxyferrocenyl)-l,3-dioxane 42 (3.6 g, 78% yield): 'H 

NMR( 300MHz, CDCI3) 5 1.50 (IH, m), 1.83 (IH, m), 3.23 (3H, s), 3.40 (2H, m), 4.15 

(7H, m), 4.31 (2H, m), 4.53 (IH, m), 4.78 (IH, IH, m), 6.33 (IH, s) ppm. 
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(S)-2-FormylferrocenyIcarboxylic acid (43). (2S,4S,Sfc)-4-(Methoxymethyl)-2-(a-

carbomethoxyferrocenyl)-l,3-dioxane (1.89 g, 5 mmol ) was dissolved in 25 ml of 

dichloromethane, p-toluenesulfonic acid ( Ig ) was added, and the solution was stirred 

ovemight. TLC analysis was used to determine when all of the starting materials had 

reacted. Then reaction mixture was extracted once with saturated aqueous sodium 

bicarbonate solution (20 ml) then dichloromethane. The solvent was removed under 

vacuum. A mixture of 20 ml IM NaOH and 40 ml of methanol was added and the 

resulting solution was refluxed ovemight. After cooling to room temperature, the reaction 

solution was acidified with 6M HCl and extracted with CH2CI2 (3 X 100 ml), the 

combined organic layer washed with water (1 X 50 ml), dried over MgS04, filtered and 

concentrated to give (S)-2-formylferrocenyl carboxylic acid 43 (1.26 g, 95%): 'H 

NMR(300MHz, CDCI3) S 9.93( IH, s, HC=0), 5.60 (IH, s, CH), 4.96( 2H, s, 2 CH), 

4.42(5H, s, Cp); NMR(75MHz, CDCI3) S 197.4, 170.6, 80.4, 76.6, 73.3, 72.6 ppm; JR 

(film on NaCl plate) 3500-2500(br, OH), 1728(HC=0), 1671(C=0), 1613(C=C) cm '; 

[a]D=+76° (CO.OlO g/100 ml, CH3OH); HRMS (ESI) M+Na"", CiaHioOaFeNa Calculated: 

280.9877, found 280.9889. 

(S)-2-Acylazidoferrocenylcarboxaldehyde 45. (S)-2-Formylferrocenyl carboxylic acid 

43 ( 1.11 g, 4.3 mmol) was dissolved in 35 ml of CH2CI2. Oxalyl chloride ( 9 mmol) was 

added, followed by a drop of DMF. The mixture was stirred at room temperature for 4 h, 

after which time the solvent and residual oxalyl chloride were removed in vacuo. The red 

solid residue was dissolved in 60 ml of dichloromethane. Tetrabutylammonium chloride 
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(15 mg) was added, followed by a solution of NaNs (315 mg, 4.5 mmol) in 12 ml of 

water, and the solution was stirred rapidly at room temperatue overnight. An additional 

70 ml of water was added, and the organic layer was separated. The aqueous layer was 

extracted with CH2Cl2(3 X 50 ml), the combined organic layer was dried with MgS04, 

filtered and solvent removed in vacuo. The residue was purified by flash column 

chromatography on silica gel, eluting with 1:1 hexane/ethyl acetate to give (S)-2-

acylazidoferrocenylcarboxaldehyde 45 (1.02 g, 83%): 'H NMR(300 MHZ, CDCI3) 5 

10.61(1H, s, HC=0), 5.24(1H, s, HCO), 5.07(1H, s, HCO), 4.83(1H, s, HCO), 4.34(5H, 

s, Cp) ppm; "C NMR (75 MHz, CDCI3) S 194.1, 176.6, 80.4, 76.3, 74.9, 73.8, 73.1, 72.0 

ppm; IR ( neat, NaCl plate) 3116, 2971, 2866(C-H), 2143(N3), 1773(CHO), 1685(CO) 

cm"\ 

(S)-2-Formylferrocenylbenzylcarbamate 44. (S)-2-Acylazidoferrocenylcarboxaldehyde 

45 (340 mg,1.2 mmol) was dissolved in 10 ml of toluene. The solution was heated to 

105°C for 15 minutes and benzyl alcohol (285 mg, 2.6 mmol) was added, and the reaction 

mixture was stirred at this temperature for two hours. At which time, IR spectroscopy 

showed that the N3 band had disappeared. The reaction was then cooled to 0°C and IM 

NaOH (20 ml) added, the solution stirred for 5 minutes the organic layer was separated. 

The aqueous layer was extracted with CH2Cl2(3 x 20 ml), the combined organic layer 

was dried with MgS04, filtered and solvent removed in vacuo. The residue was purified 

by flash column chromatography, eluting with 3:1 hexane/ethyl acetate to give (S)-2-

formylferrocenyl benzylcarbamate 44 (380 mg, 89% yield): 'H NMR (300MHz, CDCI3) 5 
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9.98( IH, s, HC=0), 8.03(1H, s, NH), 7.38(5H, m, phenyl), 5.58(1H, s, CH), 5.18(2H, s, 

CH2), 4.36(1H, s, CH), 4.33(1H, s, CH), 4.19 (5H, s, Cp) ppm; '^C NMR (75 MHz, 

CDCI3) S 196.2, 153.5, 135.9, 128.3, 128.03, 127.9, 98.9, 70.3, 68.7, 66.8, 66.7, 66.5, 

64.4 ppm; IR(film on NaCl plate) 3356.9( NH), 1733(CHO), 1652 (CO) cm-^; [a]D= 

-325°(C0.0530 g/100 ml, CH3OH); HRMS (FAB, M+H+) CigHnOsFeN Calculated: 

363.0558, found 363.0561. 

(S)-2-Carboxyaldoximeferrocenylbenzylcarbamate 46. Hydroxylamine hydrochloride 

(342 mg, 5 mmol) and anhydrous sodium acetate (1.23 g, 15 mmol) were added to a 

solution of (S)-2-formylferrocenylbenzylcarbamate 44 (380 mg, 1.04 mmol) in 22 ml of 

ethanol:water(1.2/l). The solution was refluxed overnight. TLC was carefully checked to 

make sure conversion is completed because starting material and product have very close 

Rf values. After cooling to room temperature, the solvent was evaporated and 30 ml of 

water was added and was extracted with ether (3 x 30 ml). The combined organic layer 

was washed with brine (2 X 10 ml), dried with MgS04, filtered and solvent removed in 

vacuo. The residue was purified by flash column chromatography on silica gel, eluting 

with 3:1 hexane/ethyl acetate to give (S)-2-carboxyaldoximeferrocenylbenzylcarbamate 

46 (230 mg, 83% yield): 'H NMR (300MHz, CDCI3) S 8.00(1H, s, br, CH=N), 7.81(1H, 

s,br,), 7.39-7.31(5H, m, Ph), 7.04(1H, s, br), 5.37(1H, s, CH), 5.17(2H, s, CH2), 4.18(7_H, 

s, br, Cp+2 CH) ppm; ^^C NMR(75MHz, CDCI3) a 153.7, 152.0, 140. 6, 136.2, 128.6, 

128.3128.0, 96.1, 70.3, 70.1, 66.9, 65.4, 65.2 ppm; IR( neat, NaCl plate) 2800-3400(br, 
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OH), 1638(C=0) 1556(C=C) cm ^ [a]D= -437°(C0.100 g/100 ml, CH3OH); HRMS 

(FAB, M+H^) CigHigOaFeNa Calculated: 378.0667. found 378.0687. 

(S)-2-Cyanoferrocene-0-benzylcarbamate 47 1,3-Dicyclohexylcarbodiimide (143 mg, 

0.69 mmol) was added to a solution of (S)-2-carboxyaldoxime ferrocenyl 

benzylcarbamate 46 (175 mg, 0.46 mmol) in 10 ml of benzene. The reaction mixture was 

refluxed overnight and the disappearance of starting material was checked by TLC. It was 

then cooled to room temperature, and filtered on Celite. The filter cake was washed with 

benzene until the solution was clear. After concentration, the residue was purified by 

flash column chromatography, eluting with 3:1 hexane/ethyl acetate to give (S)-2-

cyanoferrocene-O-benzylcarbamate 47 (78%): 'H NMR (300MHZ, CDCI3): 1:3 7.39 ppm 

(5H, m, phenyl), 6.5 ppm (IH, br, NH), 5.35 ppm(2H, s, CHiPh), 5.32 ppm( IH, s, CH ), 

4.58 ppm (IH, s, CH), 4.22 ppm(5H, s, Cp), 4.20 (IH, s, CH). 

(S)-2-Aininoferrocenenitrile 14. A mixture of (S)-2-cyanoferrocene-0-

benzylcarbamate 47 ( 570 mg) was dissolved in 20 ml of ethanol and a catalytic amount 

of 10% Pd/C was added. The mixture was rapidly stirred under a balloon of hydrogen 

until TLC analysis showed complete conversion. The reaction was filtered through a 

Celite cake and washed with dichlomethane until colorless. The solvent was evaporated 

under vacuum, the residue was taken up with diethyl ether (30 ml). The organic layer was 

extracted with IM HCl ( 3 x 30 ml). The acidic layer was made basic with 2M NaOH, 

and extracted with chloroform (3 x 50 ml). The combined organic extract was dried over 
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with MgS04 and evaporated to obtain (S)-2-aminoferrocenenitrile 14 (80%): NMR ( 

300MHz, CDCI3) 4.33(1H, q, J=2.7 Hz, 1.5Hz, CH), 4.22(5H, s, Cp), 4.19( IH, q, 

J=2.6Hz, 1.4Hz, CH), 4.04(1H, t, J=2.7 Hz, CH), 2.97 (2H, s, br, NH2). 

(S)-[e]-Ferrocenyl-4-aminopyriimdine (S)-2-Aniinoferrocenenitrile 14 (580 mg) was 

dissolved in 5 ml trimethyl orthoformate(saturated with argon beforehand) and 50 mg of 

p-toluenesulfonic acid monohydrate was added, the resulting solution was heated at 90°C 

for 6 hours until all of the starting material disappeared. The mixture was cooled to room 

temperature and treated with K2CO3, then it was filtered through Celite and washed with 

dichloromethane. The solvent was evaporated to give (S)-2-cyano-methyl ferrocene 

iminoether 48: ^H NMR( 300 MHz, CD3OD) 5 8.10(s, IH, N=CH), 4.53(1H, m, CH), 

4.29(5H, s, Cp), 4.24(1H, m, CH), 3.85(3H, s, CH3). 

The crude (S)-2-cyano-methylferroceneiminoether 48 was dissolved in liquid 

ammonia (~ 10 ml) in a pressure tube at -78°C and allowed to stir at room temperature 

overnight, the excess liquid ammonia was evaporated under argon and vacuum. IR 

spectroscopy of the sample indicated that it is the uncyclized compound 49: IR(NaCl 

plate) 2224(CN), 1660(C=N) cm"\ Then 10 ml of argon saturated ethanol was added and 

the solution was stirred for 1-2 hours until TLC analysis showed complete conversion. 

The process usually takes one hour. The solvent was evaporated and residue was purified 

by flash column chromatography on alumina under argon or nitrogen, eluting first with 

ethyl acetate to flash out all other byproducts, then switched to 5/1 ethyl acetate/methanol 

to flash out (S)-[e]-ferrocenyl-4-aminopyrimidine 13 as a red solid: mp 180°C(dec.); 'H 
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NMR( 300 MHz, CD3OD) 5 7.96(1H, s), 5.07( IH, dd, J= IHz, 1.5Hz), 5.00( IH, dd, 

J=0.9Hz, IHz), 4.35( 1 H, t, J=0.9 Hz, 1.5Hz). 3.97(5H, s), 3.38(2H, s, br) ppm; 

NMR( 75MHz, CD3OD) 6 172.6, 156.8, 109.4, 71.4, 70.8, 65.6, 64.1, 59.7, 49.9; IR(KBr 

pellet) 3428(br, NH), 1625, 1571, (C=C, C=N) cm"^ [a]D=+ 2662°(C0.0470 g/100 ml, 

CH3OH); HRMS( EI ) CnHiiNsFe calculated 253.0302, found 253.0311. For x-ray 

analysis, satisfactory crystals were obtained by recrystallization from methanol. 
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Chapter Three 

Synthesis of (2,5- Dimethoxy-4-Fluoro-Phenyl) Acetic Ester 

1. Synthesis through direct fluorination 

There are several ways to synthesize the precursor to the thymine isostere, (2,5-

dimethoxy-4-fluoro-phenyl) acetic ester 12. The most straightforward route is potentially 

regioselective fluorination of the commercially available 2,5-dimethoxyphenyl acetic 

acid. Since bromination is known to take place exclusively at desired 4-position in 2,5-

dimethoxy phenyl acetic acid, it was hoped that fluorination can also be done 

regioselectively. Of the available fluorinating reagents, N-fluoro, N-chloromethyl 

trimethylenediamine bis(tetrafluoroborate) (F-TEDA-BF4)was chosen"^^, it is also called 

selectfluor reagent due to its high regioselectivity feature"^^. So 1 equivalent of selectfluor 

reagent was stirred with 2, 5-dimethoxy acid in dichloromethane at room temperature. 

However, a mixture of products was obtained(Scheme 3-1). In its crude 'H NMR 

spectrum, there are a lot of peaks around 7 ppm. In its GC/MS, there are four peaks in a 

1:1:1:1 ratio with molecular weights corresponding to the monofluorinated compound, 

indicating that all three positions in the benzene ring as well as benzylic position have 

similar reactivity towards fluorination, despite the fact that bromination with this 

compound is highly regioselective. 
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Scheme 3-1 

Attempted Direct Regioselective Fluorination 

OMe 

F-TMDA-BF4 
^ 

CH2CI2 
Mixture of products 

OMe 

F-TMDA-BF4 = 
^N+ 
I 
CHgCI 

(BF4-)2 

2. Synthesis through indirect electrophilic fluorination: 

Next we attempted a second strategy. 2,5-Dimethoxy phenylacetic acid was 

brominated by Bra in acetic acid according to the know procedure to give 4-bromo-2,5-

dimethoxy phenyl acetic acid 50 in 92% yield"^®. Then it was treated with BuLi, and 

quenched with a fluorinating reagent , N-fluoro-benzenesulfonimide"^^. However, no 

matter whether 2 eq or 3 eq of butyllithium was added, a mixture of products resulted as 

determined by 'H NMR spectroscopic analysis of the crude product. This analysis 

showed that the -CH2CO2H group is modified (Scheme 3-2). 
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Scheme 3-2 

Attempted Electrophilic Fluorination via Bromo-Precusor 

OMe OMe 

Br,/AcOH 

2.N-fluoro-benzenesulfonimide 

3. Synthesis through introducting acetic acid methyl ester 

Since selective fluorination of 2,5-dimethoxyphenylacetic acid was unsuccessful, the 

fluorohydroquinone was made first and then the acetic acid side chain was introduced. 

Following a procedure by Feiring and associates^®, 2-fluorophenol 51 is oxidized by 

potassium persulfate in basic media to give 2-fluorohydroquinone 52 in 41% yield plus 

35% starting material(Scheme 3-3). 
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Scheme 3-3 

Synthesis of Fluorohydroquinone 

OH 

1. NaOH, K2S2O8 

2.HC1 

41% 

51 
OH 

52 

Then 2-fluorohydroquinone 52 was brominated regioselectively by Br2 in AcOH to 

give 85% of 2-bromo, 4-fluorohydroquinone 53 which can be subsequently methylated 

by NaH/Mel in DMF to give l-bromo-4-fIuoro 2,5-dimethoxy benzene 54 in 95% 

yield(Scheme 3-4). 

Scheme 3-4 

Regioselective Bromination and Protection of Hydroxy Group 

Br,/AcOH NaHMel 
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Metal-halogen exchange works well when l-bromo-4-fluoro-2,5-dimethoxy 

benzene 54 was reacted with BuLi. TMSCl quenching and GC/MS analysis show that 

metal-halogen exchange only between Li and bromine occurs. However, when quenching 

with ethyl chloroformate instead of TMSCl, inverse addition of the lithiated substrate to a 

large excess of ethyl chloroformate is required, otherwise, significant amounts of doubly 

reacted product 56 will be produced. With inverse addition, ethyl 4-fluoro-2, 5-

dimethoxy benzoate 55 is produced as the major product in about 65% yield(Scheme 3-

5). 

Scheme 3-5 

Introducing Ethyl Ester Group 

2. ClCGjEt 

Ethyl 4-fluoro-2, 5-dimethoxybenzoate 55 was hydrolyzed in refluxing NaOH to 

give 4-fluoro-2,5-dimethoxybenzoic acid 57 in quantitative yield(Scheme 3-6). 
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Scheme 3-6 

Hydrolysis of Ethyl Ester 

NaOH 

reflux 2 hrs 

To convert the benzoic acid to phenyl acetic acid, the Arndt-Eistert reaction was 

used. However, when we used a typical one-pot Arndt-Eistert procedure^', a mixture of 

products is produced (Scheme 3-7). 

Scheme 3-7 

Arndt-Eistert Reaction (1) 

OMe 

1. soa2 

2. CH2N2 

"CO2H 
3. Ag20/dioxane/H20 

Mixture of products 

OMe 

57 
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To analyze the problem, the reaction was done stepwise instead. The conversion of 

acid to acid chloride followed by the addition of diazomethane is smooth and the 

diazoketone 58 could be isolated by column chromatography. But the following step 

produced two products, which on TLC accidentally have the same Rf value, so they are 

not separable by column chromatography. From 'H NMR and GC/MS analysis, we are 

able to figure out that one compound is the desired product (2,5-dimethoxy-4-methyl-

phenyl)-acetic acid methyl ester 12, and the other is 5-fluoro-5-methoxy-benzofuran-3-

one 59 (Scheme 3-8). It seems that the diazocompound got protonated and attacked by 

the neighboring methoxy group. 

Scheme 3-8 

Amdt-Eistert Reaction 

MeOH 

350nm 
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In the literature, the acid promoted decomposition of a-diazoketones and attack by 

an ortho methoxy group is well documented. For example, with catalytic amount of HCl, 

diazoketone 60 was converted into cyclic compound 61 in 87% yield '"^(Scheme 3-9). 

Scheme 3-9 

Acid Promoted Decomposition of a-Diazoketone 

0.05 eq HCl 

• 

H2O 

87% 

Consequently, pyridine is added to suppress this acid induced process and (2,5-

dimethoxy-4-methyl-phenyl)-acetic acid methyl ester is thereby produced as the only 

product in 75% yield. 

Scheme 3-10 

Arndt-Eistert Reaction 

MeOH/Pyridine 

350nm 
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To test if protonation is the reason for converting diazo compound to 5-fluoro-5-

methoxy-benzofuran-3-one, the diazo compound is stirred with acetic acid. In fact, after 

10 minutes stirring at room temperature, 5-fluoro-5-methoxy-benzofuran-3-one was 

isolated in quantitative yield (Scheme 3-11). 

Scheme 3-11 

Acid Assisted Decomposition of Diazoketone 

OMe 

OMe 

AcOH, rt, 10 min 

100% 

59 
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4. Experimental 

(4-Bromo-2,5-dimethoxy-phenyl)-acetic acid (50). To a solution of 2,5-dimethoxy-

phenylacetic acid ( 1.96 g, 10 mmol) in acetic acid (50 ml) was added bromine (1.6 g, 10 

mmol) in acetic acid (20 ml) dropwise over one hour using an addition funnel with 

vigorous stirring. The resulting solution was stirred for another two hours. Then 200 ml 

of water was added and the flask was allowed to stand overnight. The desired product 4-

bromo-2, 5-dimethoxyphenylacetic acid 50 precipitated out and was separated by 

filtration ( 2.53 g, 92%): NMR(300MHz, CDCI3) 8 11.2(1H, br, COOH), 7.05(1H, s, 

PhH), 6.77(1H, s, PhH), 3.81( 3H, s, CH3), 3.74(3H, s, CH3), 3.60(2H, s, CH2) ppm. 

2-Fluorobenzene-l, 4-diol (49). This compound was synthesized according to a 

published procedure. o-Fluorophenol (11.3 g, 100 mmol) was dissolved in 400 ml of 

6% aqueous NaOH solution. Solid potassium persulfate (27 g, 100 mmol) was added to 

this stirred solution in several portions over 10 minutes. The dark mixture was stirred 

overnight at room temperature and then concentrated to about 100 ml on a rotary 

evaporator. The solution was neutralized with concentrated HCl and extracted once with 

200 ml of ether. The aqueous solution was acidified with 100 ml of concentrated HCl, 

boiled for 1 hr, and then concentrated to about 50 ml on the rotary evaporator. Addition 

of 200 ml of acetone precipitated the inorganic salts, which were removed by filtration. 

The filtrate was taken to dryness on the rotary evaporator and the dark residue was 

dissolved in acetone and added to 15 g of silica gel. The solvent was removed the 



98 

material was added to a column of 100 g of silica gel packed with hexane. The column 

was eluted with 10% acetonitrile in chloroform to afford 5.3 g of 2-fluorobenzene-l, 4-

diol 52 (41% yield): mp 122-123°C; NMR (300 MHz, DMSO-de) 5 8.97(2H, s, OH), 

6.23-6.97 (3H, m, ArH) ppm. 

2-Bromo-5-fluorobenzene-l, 4-diol (53). To a solution of 2-fluorobenzene-l, 4-diol 52 

(1.29 g,10 mmol) in glacial acetic acid (50 ml) was added Bra (1-6 g, 10 mmol) in acetic 

acid dropwise over Ihr using an addition funnel with vigorous stirring. The resulting 

solution was stirred for another two hours. Then the solvent was evaporated on a rotary 

evaporator and the solid residue was crystallized from methanol/chloroform to afford 2-

bromo-5-fluoro-benzene-l,4-diol 53 (1.75 g, 85% yield ) as white solid: mp 108-109°C; 

^H NMR(300MHz, CDCI3) 5 7.12 (IH, d, J=2.3Hz, ArH), 6.80( IH, d, J=5.6Hz, PhH), 

5.24(br, IH, OH ), 4.94(br, IH, OH) ppm; NMR( 75Hz, CDCI3) 5 152.3, 146.1, 

137.7, 119.6, 103.6, ppm; IR(film on NaCl plate) 3500-2500(OH), 1507(C=C) cm"' ; 

HRMS(FAB, M-i-H^) calculated for C6H4BrF02 205.9379, observed 205.9377. 

l-Bromo-4-fluoro-2, 5-dimethoxy-benzene ( 54 ). To a solution of 2-bromo-5-fluro-

benzene-1, 4-diol 53 (1.04 g, 5 mmol) in 20 ml of DMF at O^C was added NaH (245 mg, 

10 mmol). This solution was stirred until the evolution of hydrogen gas stopped. Then 

Mel (1.4 g 10 mmol) is added in one portion. The solution is then stirred overnight at 

room temperature. Water(100 ml) is added to the reaction mixture and the solution is 

extracted with ether (3x100 ml), the combined organic solution was washed with brine 
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(3 X 50 ml), dried with MgS04, filtered and concentrated in vacuo. The residue was 

purified on silica gel, eluting with 10:1 hexane/ethyl acetate to afford l-bromo-4-fluoro-

2,5-dimethoxy-benzene 54 (1.10 g, 95% yield) as white solid: mp 73-74°C; NMR 

(300MHz, CDCI3) 5 7.14(1H, d, J=9 Hz, ArH), 6.71(1H, d, J=12.5Hz, ArH), 3.82(3H, s, 

CH3), 3.81(3H, s) ppm; NMR( 75MHz, CDCI3) 6 153.5, 150.1, 141.8, 118.7, 104.7, 

101.8, 57.2, 56.9 ppm; IR (film on NaCl ) 2935(m), 2840(m), 1507(s), 1438(s), 1386(s), 

1023(s), 798(s) cm^ HRMS (FAB, M+H^) calculated for C8H8BrF02 233.9692, 

observed 233.9693. 

Ethyl 2, 5-dimethoxy-4-fluorobenzoate (55). A solution of l-bromo-4-fluoro-2, 5-

dimethoxy-benzene 54 (1.18 g, 5 mmol) in 20 ml of THF is cooled to -78°C, then nBuLi 

in hexane (2.2 ml x 2.5M) is added and the resulting solution is stirred for Ih at -78''C 

and warmed up to O^C for 15 minutes. The solution is cooled back to -78°C and 

cannulated to a solution of ethyl chloroformate (5.4 g, 50 mmol) in THF (10 ml) at -78°C 

over 20 minutes. The resulting solution is stirred overnight at room temperature. The 

reaction is quenched by saturated aqueous NH4CI (50 ml), extracted with dichlomethane 

(3 X 60 ml), the combined organic layer is washed with brine(2 X 50 ml), dried over 

MgS04 , filtered and concentrated in vacuo. The residue is separated by flash column 

chromatography, eluting with 3:1 hexane/ethyl acetate to afford ethyl 2, 5-dimethoxy-4-

fluorobenzoate 55 (745 mg, 65% yield) as white solid along with (4, 4'-difluoro-2, 2', 5, 

5'- tetramethoxy)-benzophenone 56 ( 270 mg, 16% yield). EthyI-2, 5-dimethoxy-4-

fluoro-benzoate 55: mp 45-47°C; 'H NMR (300MHz, CDCI3) 5 7.42(1H, d, J=9.6 Hz, 
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ArH), 6.71(1H, d, J=12.9Hz, ArH), 4.30( 2H, q, J=7.2Hz, CH2), 3.82(3H, s, OCH3), 

3.79(3H, s, OCH3), 1.32(3H, t, J=7.2 Hz, CH3), ppm; NMR (75 MHz, CDCI3) 5 

165.2, 157.1, 154.5, 153.6, 140.9, 117.1, 101.9, 61.0, 57.0, 56.8, 14.3 ppm; IR ( film on 

NaCl) 2996(s), 1706(s), 1594(s), 1516(s), 1464(s), 1412(s), 1256 (s), 1222(s), 1031(s) 

cm'^; HRMS(FAB, M+H"^) calculated C11H14FO4 229.0876, observed 229.0877. 

(4, 4'-Difluoro-2, 2', 5, 5'- tetramethoxy)-benzophenone 56: mp 104-106°C; 'H NMR 

(300MHz, CDCI3) 8 7.09(1H, d, J=9.9 Hz, PhH), 6.64(1H, d, J=12.6 Hz, ArH), 3.82(3H, 

s, CH3), 3.53(3H, s, CH3) ppm; NMR ( 75MHz, CDCI3) 5 192.0, 156.5, 153.1, 141.4, 

125.5, 115.4, 101.1, 56.8, 56.2 ppm; IR(film on NaCl plate) 2942, 2827(C-H), 

1646(C=0), 1580, 1515(C=C) cm ^ HRMS (FAB, M+H+) calculated C17H17F2O5 

339.1044, observed 339.1046. 

(2, 5-Dimethoxy-4-fluoro)-benzoic acid (57). A solution of ethyl 2, 5-dimethoxy-4-

fluorobenzoate 55 (850 mg, 3.71 mmol) in 50 ml of 2N NaOH is heated to reflux for 

4 h. After cooling to room temperature, conc. HCl was added to make the solution acidic. 

This solution was allowed to stand overnight. The precipitated white crystals are 

collected by filtration and washed with cold water to give (2, 5-dimethoxy-4-fluoro)-

benzoic acid 57 (745 mg, 100%): mp 153-154''C; 'H NMR (300MHz, CDCI3) 5 9.39 ( 

IH, d, J=9.6 Hz), 8.50 (IH, d, J=12Hz), 5.68 (3H, s), 5.54 (3H, s) ppm; "C NMR ( 

75MHz, CDCI3) 5 164.8, 157.5, 154.1, 152.6, 142.5, 117.4, 113.1, 101.5, 57.4, 56.6 
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ppm; FTIR( film on NaCl) 3252(s), 1733(s), 1516(s), 1419(s); HRMS(FAB, M+H^) 

calculated C9H10FO4 201.0563, observed 201.0562. 

(2, 5-Dimethoxy-4-fluoro)-benzoyl Diazomethane (58). To (2,5-dimethoxy-4-fluoro)-

benzoic acid 57 (1.28 g, 6.3 mmol) in a 100 ml round bottom flask was added 30 ml of 

thionyl chloride and sodium carbonate( 1.35 g, 12.6 mmol). The suspension was heated 

under reflux for 2 h. The excess thionyl chloride was evaporated under vacuum and the 

residue was redissolved in 30 ml of dichloromethane. This solution was cooled in an ice 

bath and diazomethane in ether (20 mmol) was added and the resulting solution stirred at 

O^C for 4 h. The solvent was evaporated and the residue was purified by flash column 

chromatography on silica gel, eluting with 10:1 hexane/ethyl acetate to give the desired 

(2,5-dimethoxy-4-fluoro)-benzoyl diazomethane 58 (1.2 g, 85% yield) as yellow solid: 

'H NMR (300MHZ, CDC13) 5 7.62 (IH, d, J=9.6 Hz, ArH), 6.71(1H, d, J=12.6 Hz, ArH), 

6.39( IH, s, br, CH), 3.84(3H, s, OCH3),. 3.82 (3H, s, OCH3) ppm; NMR (75Hz, 

CDCI3) 5 183.3, 156.7, 153.4, 141.7, 121.2, 115.1, 101.2, 58.0, 56.6, 56.3 ppm; IR (film 

on NaCl)  3147 (s) ,  2963(s) ,  2103(ss) ,  1588(s) ,  1226(s)  cm\  

Diazomethane®^. A mixture of 30 ml of diethyl ether and 9 ml of 40% aqueous 

potassium hydroxide is cooled in an ice/water bath. To this is added, with continuous 

cooling and efficient stirring or swirling, 3 g of finely powdered N-nitrosomethylurea in 

small portions is added as rapidly as the solid dissolves(a few minutes). The deep yellow 

ethereal solution of diazomethane was separated from the aqueous layer by decantation. 
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The solution which contains about 0.84 g (20 mmol) of diazomethane, is dried over 

pellets of pure potassium hydroxide in a refrigerator for 3h. 

Methyl (2,5-dimethoxy-4-fluoro-phenyl) acetate ( 12 ). A solution of (2,5-dimethoxy-

4-fluoro)-benzoyl diazomethane 58 (113 mg, 0.5 mmol) in 50ml of MeOH and 5 ml 

pyridine in a Pyrex tube was irradiated using a 350 nm UV lamp for 4 h, at which time 

TLC showed all of the starting material was converted. Then the organic solvent was 

evaporated under vacuum and 20 ml of dichloromethane was added. The solution was 

washed with IM HCl (2 x 10 ml) and brine(l x 10 ml), dried over MgS04, concentrated 

to give the desired product methyl (2,5-dimethoxy-4-fluoro-phenyl) acetate 12 (91 mg, 

80% yield): 'H NMR (300 MHz, CDCI3) 5 6.84(1H, d, J=9.3Hz, ArH), 6.68(1H, d, 

J=12.6Hz, ArH), 3.84(3H, s, OCH3), 3.75(3H, s, OCH3), 3.69(3H, s, OCH3), 3.57(2H, s, 

CH2), ppm; NMR(75MHz, CDCI3) 5 172.0, 153.6, 151.7, 150.4, 140.9, 118.0, 117.0, 

100.7, 57.2, 56.2, 52.0, 35.1 ppm; IR(NaCl plate) 2960(C-H), 1734(C=0), 1517(C=C) 

cmHRMS(FAB, M+H"") calculated CUH14FO4 229.0876, observed 229.0875. 

6-Fluoro-5-methoxy-benzofuran-3-one ( 59 ). (2, 5-Dimethoxy-4-fluoro)-benzoyl 

diazomethane 58 ( 52mg, 0.23 mmol) was dissolved in 2 ml of AcOH and stirred for 10 

minutes at room temperature. The solvent was evaporated and the residue purified by 

flash column chromatography on silica gel, eluting with 2:1 hexane/ethyl acetate to yield 

42 mg of 6-fluoro-5-methoxy-benzofuran-3-one 59 (100% yield): 'H NMR (300MHz, 

CDC13) 5 7.13(1H, d, J=8.7Hz, ArH), 6.86(1H, d, J=10.2Hz, ArH), 4.60(2H, s, CH2), 
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3.85( 3H, s, OCH3) ppm; NMR(75MHz, CDCI3) 5 198.4, 169.3, 161.2, 157.7, 144.6, 

105.5, 101.9, 75.5, 56.5, ppm; IR( NaCl plate) 3081, 2950(C-H), 1712(C=0), 1597, 

1490(C=C) cm'; HRMS(FAB, M+H^) calculated CgHgFOs 183.0457, observed 

183.0456. 
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Chapter Four 

Chemical models for the biosynthesis of the cyanide 
ligand in the enzyme hydrogenase^^ 

1. Introduction 

Hydrogenases catalyze the reversible oxidation of molecular hydrogen into protons 

and electrons, as shown in equation 1: 

H2 .  2 } f  +  2e" (1) 

They are widely distributed among microorganisms, and they provide them with the 

capacity either to use hydrogen as an energy source or to dissipate excess reducing 

equivalents in the form of molecular hydrogen. These enzymes have attracted 

considerable attention, not only because of the distinctive chemical nature of their 

substrate and the reaction mechanism but also because of their potential biotechnological 

applications^"^. 

Two major classes of hydrogenases can be differentiated according to the metal 

content of the active site cofactor: Fe-hydrogenases and NiFe-hydrogenases. Although the 

overall structure of their metal centers differs, they share one unusual feature: diatomic, 

nonproteinaceous iron ligands, namely, carbon monoxide and cyanide. In NiFe-

hydrogenases, the iron of the center carries two cyanide and one carbon monoxide 

moieties^^. The presence of these ligands stabilizes iron in a low oxidation and spin state. 
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Figure 4-1 

Two Main Classes of Hydrogenase Enzymes 

CO 

NC^ ^CN 

S Cys 

In metal center synthesis and incorporation into proteins, important issues are control 

of the fidelity of insertion of the correct metal into the cognate target protein, 

maintenance of a folding state of the protein competent for metal addition, and 

conformational change to internalize the assembled metal center^® . In this context, the 

synthesis of the CN and CO ligands of NiFe-hydrogenases poses intriguing questions 

because of their toxicity in the free state and, in particular, because addition of CO and 

CN to the metal reflects organometallic chemistry unprecedented in biology. 

A total of seven auxiliary proteins are required for the synthesis and incorporation of 

the metal center in NiFe-hydrogenases^'. One of them, the HypF protein, accepts 

carbamoyl phosphate (CP) as a substrate and catalyzes both a CP phosphatase reaction in 

the absence of any other substrate and a CP-dependent hydrolysis of ATP into AMP and 

inorganic pyrophosphate (PPi). Because the latter reaction is reversible, as shown by a 

CP-dependent pyrophosphate-ATP exchange, it was postulated that an adenylated CP 

derivative is an intermediate in the reaction and that the CP phosphatase activity may 
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reflect a side reaction followed in the absence of ATP^^ . The necessity of CP for the 

synthesis of the metal center was then clearly proven by the inability of mutants devoid of 

CP synthetase activity to mature NiFe-hydrogenases^^. 

The steps in CN formation catalyzed by the hydrogenase maturation proteins 

HypF and HypE are summarized in Figure 4-2. HypF forms the postulated 

AMPOCONH2 from which the carbamoyl group is transferred to the COOH-terminal 

cysteine of HypE (step 1). HypE-carbamoylation (step 1) is followed by the ATP-

dependent dehydration of carbamoylated HypE (step 2) and the transfer to the iron atom 

(step 3). 

Scheme 4-1 

Biosynthesis of the Cyanide Ligand 

(1) a i f  X AMP-O^ 
O 

NH2 NH2 

7 
Pi 

cys—S-CN 

(3) cys—S-CN cys—SH 

+ + 

LnFb LmFs—CN 
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2. Chemical model for the biosynthesis of the cyanide ligand 

From a chemical standpoint, none of the three steps shown in Scheme 4-1 is known 

chemistry. So a chemical model is designed to determine the chemical feasibility of the 

above steps. 

Scheme 4-2 

Chemical Model of the Biosynthesis of the Cyanide Ligand 

HN=C=0 .0 
(1) R-SH ^ RS^ 

NHa 

/P ? 
(2) RS^ ^ RS-C=N 

NHa 

(3) RS-C=N LNpe-CN 

For step 1, formation of the AMPOCONH2 intermediate will be studied in a separate 

project. On the other hand, it is known that thio-compounds react with cyanic acid to give 

thiocarbamate. The second step involves dehydration of thiocarbamate to form 

thiocyanate. Though the dehydration of amide (RCONH2) to nitrile(RCN) and 

dehydration of urea (RNHCONH2) to RNHCN is well developed chemistry, there is no 

precedent for the dehydration of thiocarbamate to thiocyanate. For the third step, there is 

also no report for the transfer of the cyanide moiety of a thiocyanate to a metal center in 

the literature. 

Furthermore, it is also of interest to study the direct dehydration of LNFe-C0NH2 to 

LnFeCN. This is an alternative for the synthesis of the cyanide ligand in the metal center. 
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Scheme 4-3 

Direct Dehydration on the Metal Center 

O ? 
LNFc—\ ^ iNpe—CN 

NH2 

3. Results and discussion 

S-(n-Decyl) thiocarbamate was prepared by using a similar procedure to that in the 

literature in 65% yield^°. 

Scheme 4-4 

Synthesis of Thiocarbamate 

NaOCN /? 
CH3(CH2)9SH CH3(CH2)9S-«C 

CH2CI2 '^'^2 
TFA 65% 

Among the numerous dehydrating agents, ethyl polyphosphate (PPE) is the one that 

most resembles ATP and is soluble in organic solvents. Thus, treatment of 5-(«-decyl) 

thiocarbamate with ethyl polyphosphate(PPE) gave a 55% yield of the corresponding 

thiocyanate. 
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Scheme 4-5 

Dehydration of Thiocarbamate 

0H3(CH,).SA^„^ — 
^O® 1 EtaN 

CH3(CH2)9S-a.^^ CH3(CH2)9S-C=N 

55% 

Similiarly, (rj^- C5H5)Fe(CO)2CONH2 (FpCONHi) was prepared and dehydration 

conditions studied. The preparation of FpCONHa started from Fp dimer, [(rj^-

C5H5)Fe(CO)2]2- Reaction of Fp dimer with AICI3 and Br2 followed by work up with 

NH4PF6 give Fp cation, FpC0"^PF6", in 75% yield^\ Upon treatment with liquid 

ammonia, FpC0"^PF6" was converted into Fp carbamoyl amide in 88% yield (Scheme 4-

6). 

Scheme 4-6 

Synthesis of FpC0NH2 

CO CO CO + 

1. AICI3, Br2 

Fe Fe— Fe CO PFg" 
2. NH4PF6 

CO CO 75% CO 

H 
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It is noteworthy that Fp carbamoyl amide is extremely unstable, Angelici has pointed 

out that it readily decomposes to Fp dimer^^. Behrens has also shown that ammonia 

reacts with FpCONHa to give ammonium isocyanate( NH4OCN) and Fp hydride (FpH), 

which eventually forms Fp dimer^^ (Scheme 4-7). 

Scheme 4-7 

Decomposition of FpCONHa in NH3 (1) 

Sequential treatment of FpCONHi with PPE followed by triethylamine results in a 

57% yield of FpCN^"^. Treatment of FpCONHa with another phosphorus reagent POCI3 

and triethylamine gives a much more facile reaction and a higher yield (Scheme 4-8). 
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Scheme 4-8 

Dehydration of FpCONHa 

l-fC- 45r- D-<~ 
H 57% 

^ f'f=" 
H 75% 

Nevertheless, the biochemical results show that the dehydration of the carbamoyl 

moiety occurs when bound to sulfur, rather than iron, followed by transfer of the CN 

moiety to iron. Consequently, chemical modeling of such a transfer was studied. 

Reduction of phenylthiocyanate by phenylthiolate in the presence of FpBr generated a 

50% yield of FpCN. This reaction validates the proposed model in which a nucleophilic 

CN is transferred to an electrophilic iron center (Scheme 4-9). 

Scheme 4-9 

Transfer of Nucleophilic Cyanide Ligand to Metal 

PhS' + PhSCN + FpBr ^ PhSSPh + FpCN + Br" 

Because the identity of the iron species in the biological system is unknown, another 

chemical model system was studied in which the iron is nucleophilic and the CN 
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electrophilic. Phenylthiocyanate was first chosen to react with Fp", however, almost no 

FpCN was formed, instead, the major product was diphenyl disulfide(57%) and Fp 

dimer(40%) plus some phenylthiocyanate starting material(20%). Fp" attacked sulfur 

more favorably than carbon. So f-butylthiocyanate was treated with Fp" in which the 

bulky t-butyl group limits the attack of the sulfur. Indeed, the reaction brought about a 

20% yield of FpCN. These chemical models validate the feasibility of the proposed 

biosynthesis of the CN ligand and its transfer from sulfur to iron. 

Scheme 4-10 

Transfer of Electrophilic Cyanide Ligand to Metal 

2 Fp- +2 PhSCN PhSSPh + Fpg + 2 CN" 

Fp" + 'BUSCN FpCN + tBuS" 

In sum, the cysteine residue of HypE undergoes unprecedented biotransformations in 

serving as the site for dehydration of a carboxamido moiety to CN, in carrying the CN 

residue, and in transfering the CN to iron. Previously, thiocyanates were rarely 

encountered in nature. Thiocyanate synthesis in the marine sponge Axinyssa n. sp. has 

been proposed to involve sulfuration of cyanide to give "SCN followed by reaction with a 

sesquiterpene cation^^, although cyanation of a thiol moiety has also been suggested^^'^^. 
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4. Experimental 

Cyclopentadienyliron tricarbonyl hexafluorophosphate. This compound is 

synthesized using a published procedure. A suspension of 17.7g (50 mmol) of bis(Ti^-

cyclopentadienyldicarbonyliron) and 27.0 g ( 200 mmol) of AICI3 in 50 ml of decalin in a 

two-necked flask fitted with a reflux condenser and a dropping funnel was placed under a 

N2 atmosphere and heated to 100°C. A solution of 3.0 ml (8.8 g, 55 mmol) of Bri in 10 

ml of decalin was added dropwise and with stirring over a period of about 10 minutes. 

The mixture was then heated with stirring for 3 h at 150°C, then cooled to room 

temperature and poured into 200 ml of ice-water and any residue in the reaction flask was 

washed out with water and ether. The organic layer was removed and the aqueous layer 

washed with ether until the washing was colorless. The aqueous solution was then poured 

into a solution of 7.0 g (50 mmol) of NH4PF6 in 30 ml of water. The yellowish solid that 

precipitated was collected by filtration. After redissolving in CH3NO2, drying over 

MgS04, and upon addition of ether, 12.8g (72%) of cyclopentadienyliron tricarbonyl 

hexafluorophosphate was obtained as pale yellow powder: NMR(200 MHz, dg-

acetone) 5 6.18(Cp) ppm; NMR(50 MHz, de-acetone) 5 90.1(Cp) 202(CO) ppm; 

IR(NaCl) 2120, 2068 cm'^CO). All data are in good agreement with those reported in the 

literature. 

Cyclopentadienyliron dicarbonyl carboxamide. This compound is synthesized using a 

modified precedure from the literature®^. To a 3-necked round bottom flask equipped 
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with a dry ice/acetone cooling bath and a Schlenk filtration flask under nitrogen, 1.53g of 

FpCO^PFe' is added and the flask is cooled to -78°C. Then -10 ml of liquid ammonia is 

added and the reaction is stirred at -78°C for 1 hr. The excess ammonia is evaporated 

under vacuum at -78°C. Degassed dichloromethane (20ml) is precooled to -78°C and 

added to the yellowish solid residue. The solution is filtered and dichloromethane is 

evaporated in vacuo, leaving 0.85 g of a bright yellow solid, 88% yield: NMR(300 

MHz, CDCI3) 6 4.91(Cp) ppm. 

Cyclopentadienyliron dicarbonyl cyanide (FpCN) (from reaction of FpCONHa and 

POCI3). In a 15 ml round bottom flask 3 ml of degassed dichloromethane is added and 

cooled to -78°C. Then 50 mg of FpCONH2(0.23 mmol) is added and dissolved, followed 

by NEt3(230 mg, 2.3 mmol) and P0Cl3( 42 mg, 2.8 mmol). The reaction mixture is 

stirred for 15 minutes at this temperature, then the reaction mixture is warmed to room 

temperature and stirred for another 10 minutes. Then the solvent is evaporated and the 

residue separated by flash column chromatography (2:1 hexane/acetone), yield: 36 mg 

(77%). NMR(CDCl3) 5.11(Cp). The spectroscopic data is identical with the authentic 

sample made from reaction of NaCN and Fpl^"^. 

Ethyl polyphosphate (PPE). PPE was made according to a published procedure^^. 

Phosphorus pentaoxide (15 g) is added to a solution of anhydrous ether(30 ml) and 

alcohol free chloroform(30 ml). The reaction mixture is refluxed under nitrogen for 4 

days and the resulting clear solution decanted from a small amount of residue. The 
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solution is concentrated to a colorless syrup in a rotary evaporator. The last traces of 

solvent are removed by heating the syrup in a rotary evaporator. 

Cyclopentadienyliron dicarbonyl cyanide (from reaction of FpC0NH2 and PPE). PPE 

(1 ml) is added to 6 ml of degassed dichloromethane and stirred until dissolved, then the 

temperature is lowered to -78°C and 50 mg of FpCONH2 is added. The solution is stirred 

at -78°C for 30 minutes and the temperature raised to 0 °C and stirred for another one 

hour. Then 230 mg of triethylamine (2.3 mmol) is added to the reaction and stirred for 

two hours. Aqueous sodium bicarbonate solution is added to destroy the excess PPE. 

Then the reaction mixture is extracted with dichloromethane (3 x 15 ml), washed with 

brine (2x15 ml) and dried over magnesium sulfate, filtered and the solvent is vaccum 

evaporated. The residue is purified by flash column chromatography. Yield: 24 mg 

(57%). The spectroscopic data are identical with the authentic sample made from reaction 

ofNaCNandFpI^^ 

Cyclopentadienyliron dicarbonyl bromide (FpBr). FpBr was synthesized according to 

the method described in the literature^^. A solution of Fp dimer (0.9 g, 2.5 mmol) in 

CHCI3 (25 ml) and CH2CI2 (15 ml) was cooled to 0°C and a solution of Br2 (0.48 g) in 

CH2Cl2(7 ml) was added dropwise over 40 minutes and further stirred for 3 hours and 

then washed with aqueous saturated Na2S203 and water, dried over magnesium sulfate, 

followed by removal of the solvent to give FpBr (1.04 g, 85% yield): NMR (300 

MHz, CDCI3) 5 4.93 (s, Cp) ppm; IR 2052, 2007 (CO) cm"'. 
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?ert-ButyI thiocyanate ('BuSCN) ferf-Butyl thiocyanate was synthesized according to a 

reported procedure^°. A water-jacked column was slurry packed from bottom upward 

with activated charcoal (1.5 g), KSCN-silica (28 g, 65 mmol of KSCN) and KSCN-

alumina (40 g, 67 mmol of KSCN). t-butyl bromide (4.0 ml, 35 mmol) was loaded and 

passed through the column. Elution with hexane was sufficiently slow to allow reaction 

on column for 2-3 hours while at 50°C. t-Butyl isothiocyanate was eluted out first 

followed by t-butyl thiocyanate. The t-butyl thiocyanate fraction is further purified by 

vacuum distillation (40°C, 10 mmHg): IR(neat) 2159 cm"'(SCN); 'H NMR (300MHz, 

CDCI3) 5 1.5 l(s) ppm; "C NMR (75MHz, CDCI3) 6 111.7, 51.9 ppm. 

n-Decylthiocarbamate ( CH3(CH2)9SCONH2). n-Decylthiocarbamate was synthesized 

by adapting a published procedure^". To a stirred mixture of n-decylthiol (1.74 g, 10 

mmol) in 10 ml dichloromethane was slowly added trifluoroacetic acid (2.28 g, 21 mmol) 

in 5 ml of dichloromethane and the solution stirred for 4 hours. Then 5 ml of water is 

added and the organic layer is separated and dried. After evaporation of solvent, the 

residue is chromatographed over silica gel to afford n-decylthiocarbamate (1.40 g, 65% 

yield): NMR (300MHz, CDCI3) 8 5.43( 2H, b, -NH2), 2.87(2H, t, J= 6.3 Hz, CH2-S), 

1.57( 2H, m, .CH2-CH2-S), 1.28(m, 14H), 0.85(3H, s, CH3) ppm; NMR(CDCl3) 5 

169.5(CO) ppm; IR(NaCl)  3389(NH),  3196(CH),  1645(C=0)  cm\  

Sodium cyclopentadieneiron dicarbonyl (Na^Fp). Na^Fp" was prepared according to a 

literature method^^To mercury (7 ml) stirring under nitrogen in a 500 ml flask with a 
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Stopcock in the bottom is slowly added sodium metal (0.72g), cut into small pieces, under 

a strong flow of nitrogen. The resulting 1% Na/Hg is allowed to cool to room temperature 

and continuously stirred for 40 minutes. And 15 ml of THF is added, followed by Fp 

dimer(3.54 g, 10 mmol). The mixture is stirred for 2 hours, and the mercury is drained 

through the stopcock. The resulting NaFp is used without further purification. 

Dehydration of re-decylthiocarbamate. A mixture of n-decylthiocarbamate (100 mg, 

0.5 mmol) and PPE (1.5 g) in 1.5 ml of CHCI3 is stirred at room temperature for two 

hours and EtsN (200mg, 2 mmol) is added and the mixture stirred for 3 days. The mixture 

is then poured into cold aqueous sodium bicarbonate solution (5 ml) and extracted with 

CHCI3 (3 X 10 ml). The organic layer is dried over anhydrous magnesium sulfate and the 

solvent is rotary evaporated. The residue is flash chromatographed over alumina to give 

n-decylthiocyanate(55%) and «-decylthiocarbamate(10%). 

n-Decylthiocyanate. An authentic sample of n-decylthiocyanate is made according to a 

published procedure'^. A mixture of «-decyl bromide (lOg, 45 mmol) and KSCN (13.2g, 

137 mmol) in 15 ml of water and 0.5 g of tetrabutylammonium bromide was placed in a 

100 ml round bottom flask and refluxed for 3 hours. The reaction mixture was then 

cooled to room temperature and separated. The organic layer was dried with anhydrous 

magnesium sulfate and distilled under vacuum to give n-decylthiocyanate; IR(neat) 2151 

(SCN) cm-^ 
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Phenylthiocyanate (PhSCN). PhSCN was synthesized following the published 

procedure^^. Aniline(18.6 g, 0.20 mol) was dissolved in a mixture of concentrated H2SO4 

( 40 ml) and water (160 ml) in a 1 L round bottom flask. To this well stirred mixture was 

added a solution of sodium nitrite (18.7 g, 0.27 mol) in water (100 ml) dropwise at below 

10°C. The aqueous solution of the diazonium salt thus obtained was added dropwise to a 

solution of KSCN (38.8 g, 0.4 mol) and FeCls (30 g, 0.12 mol) in water ( 50 ml) at room 

temperature. After the addition was complete, the mixture was stirred overnight and then 

steam distilled to give a yellow solution which was extracted with benzene. The extract 

was evaporated and residue worked up by chromatography. The second colored fraction 

was collected and vacuum distilled to give PhSCN(16.2 g, 60%). 

Reaction of thiophenol and FpBr and phenylthiocyanate. Thiophenol (55mg, 0.5 

mmol) is dissolved in 1 mmol of THF and cooled to -78°C. 2M n-BuLi in hexane (0.25 

ml, 0.5 mmol) is added and stirred for 1 hr. Then it is added to a solution of PhSCN(675 

mg, 5 mmol), FpBr (130 mg, 0.5 mmol) in 10 ml THF at -78''C. After stirring at -78°C 

for 2 hours, the reaction solution was allowed to warm up to room temperature and stirred 

overnight. Then the solution is poured into saturated aqueous NH4CI solution (10 ml) and 

extracted with ethyl acetate ( 3 x 20 ml). The combined organic layer was washed with 

brine (1 x 20 ml), dried over anhydrous magnesium sulfate, the solvent was evaporated 

and residue chromatographed over silica gel to give 22 mg FpCN(50% based 

on conversion) and 66mg of FpBr (51%). Spectroscopic data of both compounds are 

identical with the authentic compounds. 
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Reaction of Phenylthiocyanate and NaFp. Phenylthiocyanate (135 mg, 1 mmol) was 

dissolved in 10 ml of THF and added dropwise via an addition funnel to a solution of 

Na"^Fp" (1 mmol) in 3 ml of THF. The solution was then stirred under argon for 6 h at 

room temperature. The solvent was then evaporated and residue chromatographed on 

alumina, eluting first with hexane then 20/1 hexane/ethyl acetate to give PhSSPh(62 mg, 

57%), PhSCN(30 mg, 22%) and Fp2(70 mg, 40%). 

Reaction of ^-butylthiocyanate and NaFp. r-Butylthiocyanate (115 mg, 1 mmol) is 

dissolved in 10 ml of THF at room temperature. To this solution was added NaFp 

(1 mmol) in 3 ml of THF over 15 minutes. The resulting solution was stirred for 3 hours. 

Then the solvent is evaporated and residue chromatographed to give FpCN(40 mg, 20%) 

along with 27 mg Fp dimer. 
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Appendix 

Spectroscopic Data 
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