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Progress toward a library of new DNA transfection agents that feature the L-proline 

motif was examined.  Lipid and aliphatic chains were grafted on a pseudo-L-proline core. 

Other investigations discussed include asymmetric free radical cyclizations using sugars 

as chiral auxiliaries; and the use of Ring Opening Metathesis Polymerization (ROMP) in 

a new method of polymerization of molecular imprinted polymers as well as the synthesis 

of new selective nerve gas detectors.  

DNA transfection agents are cationic molecules that possess lipidic chains. These 

chains allow the formation of supramolecular edifices and also hydrophobicity properties 

suitable for in vivo use. The cationic charges trap the DNA helixes (which are negatively 

charged) and protect the DNA from DNAses. Synthesis of a new proline based agent was 

undertaken.  With this analogue in hand, biological testing is the next step.  

Later on, our agents were submitted to a solid-phase peptide synthesis to graft an 

RGD sequence on the proline core. RGD is a tripeptide recognition sequence that is 
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composed of three amino acids (arginine, glycine, and aspartic acid). This sequence is 

recognized by receptors on the extracellular matrix that, in turn, are responsible for the 

adhesive properties of cells.  

Asymmetric free-radical cyclizations under the influence of a carbohydrate scaffold 

were also investigated. O-ketyl cyclization processes were studied under a number of 

conditions to find optimal conditions for stereochemical closure.  With variation in 

temperature, solvent, and Lewis acid, a potentially useful synthetic process was shown. 

Finally, Molecular Imprinted Polymers (MIPs) were made by using ROMP 

methodology. This new methodology allowed the synthesis of highly selective MIPs 

while using milder conditions and simplifying work-up steps compared to the commonly 

used radical polymerization. Once the superiority of ROMP methodology was proven, 

the synthesis of new selective nerve-gas detectors was undertaken. Fluorescent sensors 

were synthesized, and their incorporation into MIPs is still in progress in our group. 
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CHAPTER 1 
HISTORICAL BACKGROUND 

History of Free-Radicals 

Gomberg1 identified the first radical in 1900 (in the form of a trivalent carbon 

compound, triphenylmethyl). However the first application of radical pathways in 

synthetic transformations did not appear until 1937, with the work of Hey and Waters2 in 

the area of hemolytic phenylation of aromatic substrates; and the work of Karasch3 in the 

regioselectivity of HBr addition to alkenes. An interesting note in cyclization reactions is 

that many aspects of radical chemistry were outlined in detail by Surzur4 and Julia5 in the 

1960s, but were not applied to synthetic endeavors until the 1980s (by Stork, Curran, 

Enholm, and others).6 Radical species are generated when a covalent bond is cleaved 

homolytically. Those intermediates are neutral in nature. Therefore solvation effects, 

racemization at adjacent centers, and unwanted synthetic transformations of labile 

functional groups are less pertinent issues with this type of chemistry. Although radicals 

are considered as neutral species, their reactivity is vast, making carbon-carbon 

free-radical bond formation a powerful tool in synthetic chemistry. 

 
 

Scheme 1-1 

A D+A D

 
Radical synthetic pathways can be used in various areas, such as cyclizations, 

alkylations, and atom transfer in an intramolecular as well as intermolecular fashion. A 

radical can be defined as a compound or more frequently an atom or functional group 

with an unpaired electron.7 All of these species contain an odd number of electrons, and 
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the simplest examples are atoms such as Br• and H•. These species are generally very 

reactive and  quite unstable.  The unpaired electrons combine to form a covalent bond 

(such as bromine and hydrogen radical combining to form hydrogen bromide).  Radicals 

are generally formed by a homolysis (Scheme 1-1) of bonds in nonpolar solvents.  Polar 

solvents tend to favor heterolytic bond cleavage, leaving charged species. 

Generation of Radicals 

One rule in generating radicals is that bonds must be sufficiently weak for 

homolysis to occur.  Many sources of energy can lead to radicals.  The most common 

sources are thermolysis, photolysis, ultraviolet, X-ray, and oxidation and reductive 

processes.  Most of these methods require high temperatures (such as thermal initiators) 

or harsh conditions for metal-promoted oxidation.  A typical initiating system is tributyl 

tin hydride (HSnBu3) and AIBN (2,2-azobisbutyronitrile).  This particular system is very 

common and is used in a wide array of organic transformations (such as reduction of 

halogens and cyclizations).8-10 Tributyltin hydride (TBTH) is extremely popular, because 

the rates of initiation and propagation are well known.  TBTH has a bond-dissociation 

energy of 74 kcal per mol.  With this low bond dissociation energy, the tributyl tin radical 

is usually readily formed and stable.

Br
AIBN, SnBu3H

     Benzene1-1 1-2
 

Scheme 1-2 
 

Another popular radical source similar to TBTH is tristrimethylsilyl silane, whose 

bond-dissociation energy is 79 kcal per mol.  This is a viable alternative to TBTH. 

Termination, caused by the propagating radicals combining, can be minimized with lower 
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concentrations of the propagating species.  A general example of the reductive capability 

of tributyltin hydride is shown where a cyclic halide (1-1) can be reduced to the 

cyclopentane 1-2 (Scheme 1-2). Solvent choice in this transformation is generally 

high-boiling nonpolar solvents such as benzene and toluene. 
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Scheme 1-3 

 
Interest has grown, in recent years, in performing radical reactions in a 

stereospecific manner.  Since most of the initiating systems require high temperatures for 

homolysis, stereochemical induction with radical chemistry was based on steric and 

electronic effects.  Lack of an appropriate initiating system at lower temperatures 

hindered progress of stereoselective radical reactions; however, in the last 10 years new 

initiating systems have been developed to address this issue.9, 11-12 Lowering the 

temperature tends to lock out reactive conformations.  The most used of these systems is 

the triethyl borane oxygen system (Scheme 1-3).  The mechanism starts by initiation with 

triplet oxygen ejecting an ethyl radical (1-3) from borane. The ethyl radical then abstracts 
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a halogen.  The propagating radical continues to do the chemistry desired. The 

mechanism shown, involves an atom-transfer process. With this system, a wider variety 

of solvents (such as methylene chloride, ether, and tetrahydrofuran) can be used.  

Free-Radical Cyclizations 

Radical cyclizations usually consist of intramolecular additions to double or triple 

bonds. Use of intramolecular radical closures in organic synthesis6 began in the 1980s. 

Many mechanistic studies have shown that a wide range of mono- and polycyclic 

products can be obtained with regio- and stereoselectively (natural products, alkaloids, 

etc).6 Because the conditions are neutral and therefore compatible with most functional 

and protecting groups, this free-radical transformation can be applied to many precursors. 

To illustrate that, very often a hydroxyl group doesn’t need to be protected before a 

radical transformation. The mechanism of radical cyclization involves a controlled chain 

reaction: initiation, propagation and termination, as previously described (Scheme 1-4). 

A site-specific radical is generated from an organic substrate by atom or group 

abstraction. The radical then reacts with tin hydride to generate the reduced product (or 

with itself to obtain a cyclized adduct). The transferability of various substrate X to the 

tin radical is generally in the order of I>Br>SePh = OC(S)SMe>Cl>SPh.8, 9 Although 

steric interactions influence the cyclization energy barrier, highly complex molecules 

nonetheless can be constructed through radical additions.When radical closures occur on 

a double bond, the radical center is either external to the newly formed bond (exo) or 

resides internally in the generated cyclic structure (endo). 
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Initiation: 

NC N N CN

NC

∆

NC

NC N2+.2

. nBu3SnH nBu3Sn.+
 

Propagation: 

nBu3Sn. X
nBu3SnX

.

.
.

++

 

Termination: 

.
nBu3SnH

 

Scheme 1-4 
 

Of the two possible cyclizations, exo and endo, generally the former is preferred 

kinetically (scheme 1-5).13  
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Scheme 1-5 
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Cyclizations are sensitive to the same thermochemical, steric and polar effects as 

intermolecular additions, but they are subject to an additional constraint of ring 

formation. 

5-Hexenyl Radical Cyclizations 

The hexenyl radical is unique in that radical cyclization predominates and favors 

exo regioselectivity. According to Baldwin, exo-cyclizations (which predominate for a 

5-membered ring closure) are favored over endo-cyclizations (which result in the 

formation of cyclohexyl systems).13 Less-favorable entropies and steric effects in the 

6-endo cyclization transition state (such as 1,3-diaxal interactions) also account for the 

favored formation of the 5-exo cyclization adduct.4, 14 Because of these energy factors 

and steric considerations, cyclizations  usually are faster for the formation of 5-membered 

rings than any other ring size. Since the 5-hexenyl radical cyclizations are twenty times 

faster than 6-heptenyl closures, 5-membered ring formation is less prone to competitive 

side reactions than the slower reacting 6-membered radical closures.15 An additional 

advantage to formation of a cyclopentyl system is its predictable and outstanding 

regioselectivity. Moreover, the stereoselectivity of the reaction can be foreseen 

successfully by the Beckwith transition state model.16

According to Beckwith’s theory, the early transition state of a 5-exo radical 

cyclization resembles a cyclohexane ring, preferring a chair instead of a boat 

conformation and pseudo-equatorial substituents to pseudo-axial substituents (Scheme 

1-6). Furthermore, the Beckwith model suggests that C1 or C3 substitution of the 

5-hexenyl radical gives primarily cis-disubstituted cyclopentanes; whereas C2 or C4 

substitution results in a trans molecule.17 This stereoselectivity is explained by a 
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transition state in the chair configuration, the substituents preferably being in the 

equatorial position. 

.

 

Scheme 1-6. Beckwith’s chair model for the transition state of a 5-exo-hexenyl radical 
closure 

 
Through the formation of these cyclopentyl skeletons, highly complex or hindered 

structures can result. For instance, in Nagarajan’s synthesis of an angular triquinane 

silphilene, a neopentyl/quartinary center is produced (Scheme 1-7).6, 7 In this case, a 

derivative of p-tolythionocarbonate 1-4 was treated with tributyltin hydride. The 

generated radical added stereoselectively to the double bond of the enone, yielding 

angular triquinane 1-5, exclusively. This radical, intramolecular cyclization was among 

the first approaches to the tricyclo[6.3.0.01, 5]undecane skeleton, and is a clear example of 

the complexity that can be achieved with the versatile radical-cyclization methodology. 

O S
O

O

O O
n-Bu3SnH, AIBN

      PhH, 80oC
1-4 1-5  

Scheme 1-7 
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Chiral Templates for Free-Radical Chemistry 

The triethylborane and oxygen initiation system aids in design of asymmetric 

radical reactions.  An initiating system is not the only ticket for a desired stereochemical 

result.  Other factors can and must be exploited.  One of these factors is the use of a chiral 

template.  Use of chiral auxiliaries in free-radical chemistry is not a new idea, and has 

been investigated thoroughly for the last 20 years.  Many different appendages have been 

used to assess free-radical reactions on chiral support.  Templates have been used to 

study asymmetric radical transformations (such as conjugate type additions, cyclizations, 

and atom transfer processes).  A wide variety of chiral moieties have been explored in 

recent literature (Scheme 1-8).18 Curran’s derivative of Kemp’s triacid19 received great 

acclaim for its selectivity, although construction of the appending molecule is quite 

tedious.

NO

O

R

O
S
O

R

OR

O

Ph O

O
O

OBn

O

R

:

Sibi's oxazolidinone20
Malacria's chiral 
sulfoxide ligand21

Nishida's chiral
       ester22

Enholm's carbohydrate
          template25

 

Scheme 1-8 
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Many investigators have used Evan’s oxazolidinone; perhaps most notable was 

Sibi’s attempts at intermolecular stereoselective free-radical additions with such a 

template.20 Other scaffolds such as sulfoxides and chiral esters also were used in radical 

transformations with moderate success.21, 22 Carbohydrate derivatives, despite their 

complex chiral nature and ready availability, curiously are underexploited in this realm of 

chemistry. Ours is one of the few studies in this area. Sugar derivatives have been 

regarded as too complex to be useful in asymmetric synthesis, containing too many chiral 

centers, and with too many functional groups. It was thought that the chiral information 

they contain could not be exploited in a stereodifferentiating selection process, in an 

organized and surveyable fashion. Therefore, carbohydrates have been transformed and 

converted into diverse, interesting chiral natural products (as opposed to taking advantage 

of their inherent asymmetry for auxiliary purposes).23, 24 The steric, stereoelectronic, and 

coordinating properties of carbohydrate templates also can be used selectively to attain 

high levels of induction in processes such as Diels-Alder reactions, [2+2] cycloadditions, 

cyclopropanations, and Michael additions; however, their application to free radical 

chemistry remained mostly unexplored until Enholm and coworkers investigated the use 

of (+)-isosorbide as a chiral appendage.25 Although the asymmetric influence of the 

appended chiral auxiliary is apparent in the free-radical process, asymmetric induction 

has not been all that successful in this area of chemistry. In fact, it was not until Renaud 

and Porter demonstrated the powerful tandem of chiral auxiliaries and Lewis acids in the 

free radical reactions, illustrating that true selectivity is observed.9, 26

Before the utility of combining Lewis acids and chiral auxiliaries was realized, the 

first application of Lewis acids in radical reactions involved polymerization reactions.27 
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These studies observed that the Lewis acid could control the reactivity of radicals. This 

effect was not applied to synthetic radical chemistry until fairly recently. An early 

example concerns the cyclization of an aminyl radical precursor, where the PTOC is 

pyridine-2-thion-N-oxycarbonyl (Scheme 1-9).28  

N PTOC N
SPy

Ti(OPr)Cl3

CH2Cl2, hυ
-78oC, 98%  

Scheme 1-9 
 

Under strictly neutral conditions (no Lewis acid), the cyclic product is not 

observed. However, by using the titanium metal complex, formation of the cyclization 

product is quantitative. The amount of product formed exceeds the amount of Lewis acid 

used, implicating a potential, catalytic cycle.29

The role of Lewis acids in radical reactions is thought to be multifunctional. 

Commonly, Lewis acids are responsible for substrate activation (as in the above case, for 

radical addition), resulting in higher yields of products.9 Chiral, designer Lewis acids 

(alone, or in combination with chiral auxiliaries) are used to achieve good selectivity. For 

instance, in the case of the popular oxazolidinone scaffold, a bidentate Lewis acid is 

suggested to control the rotamer population so that the N-enolyloxazolidinone can attain 

a conformation that favors the formation of 1-6 (Scheme 1-10).20  

NO
Ph

OO

I

NO

O O
Ph

H
1-6

     Bu3SnH

    AIBN, 80oC
82%, >98% d.e.  

Scheme 1-10 
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This powerful combination instigated the use of amide, ester, and sulfoxide 

moieties as potential chiral auxiliaries. Chelation by a Lewis acid provides a steric bias 

toward the oncoming radicophile, and also locks the chiral scaffold into a preferred 

conformation or rotameric form.20 This combination coaxed many synthetic chemists 

back to the benefits of free radical chemistry, gaining both neutrality in reaction 

conditions and stereoselectivity in a free-radical transformation. Moreover, this 

combination elucidated the powerful potential of carbohydrate derivatives as chiral 

scaffolds. The complexation of Lewis acids (which results in an organized arrangement 

of the functional groups of a carbohydrate) seemed paramount to effective use of sugar 

templates as stereodifferentiating tools in asymmetric synthesis.  

Enholm25 has shown that carbohydrate template 1-7 and zinc chloride as a chelating 

agent gave a diastereomeric ratio of 100:1 for the cyclization of 1-8. Saponification 

recovers the carbohydrate template and (S)-(+)-indan acid 1-9.  In a different example, 

similar success using a different auxiliary was examined (Scheme 1-11).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 1-11 
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In this example, a (+)-xylose-derived template 1-10 was used and similar 

diastereoselectivity was achieved. 

These studies show that a number of factors are required to achieve a good 

asymmetric radical reaction. A template with an appropriate choice of solvent, 

temperature and Lewis acid will affect the outcome of most asymmetric radical 

processes. Recently, Enholm and coworkers also successfully showed that using 

D-xylose as a chiral appendage provided a Karasch atom transfer with 

enantioselectivities up to 71% using Eu(OTf)3 as a Lewis acid (Scheme 1-12).30

O
O

O

BnO

O
O

Br

O
O

O

O

BnO

O

BEt3, O2, 1-hexene

     Lewis Acid
Br

d.e. up to 12.5:1  
Scheme 1-12 

DNA Transfection 

The use of DNA as a “drug” is a fairly new concept, and appears to be a promising 

way for curing DNA-linked illnesses such as mucoviscidosis. When DNA is used in 

therapeutic applications, the process is called gene-therapy.31 One of the most important 

and difficult early stages of the gene-therapy protocol is to transfer the DNA into the 

target cell (cancer cells for instance). To do so, recombinant viruses or gene-transfection 

synthetic vectors are developed.32 Viral vectors are powerful tools in terms of 

transduction efficiency. However, immunogical problems limit their continued use in 

clinical studies. Twelve years ago, synthetic vectors were an alternative because, lacking 

any DNA information, they were not a threat and should not induce immunologic 

response. The most efficient synthetic vectors currently used lead to the complexation 
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and the compaction of DNA. In order to complex and compact, lipids, polymers, or 

cationic peptides able to electrostatically interact with DNA are synthesized.33 Among 

cationic polymers, polyamines of primary, secondary and tertiary amines are the most 

efficient, because they provide a wide spectrum of protonation.32 Particles of 

DNA/polyamines are still capable of being protonated when, during their endocytosis, 

they are trapped in the endosomes. This “proton-sponge” effect would explain the 

endosomolytic activity associated with the polyamines (which favor a transmembrane 

crossing of the DNA into the cytosol). So far, we are unable to explain why these 

synthetic vectors provide a much higher transfection rate than the naked DNA itself. The 

mechanism remains unclear. This dissertation presents the synthesis of a new DNA 

transfection-agent precursor based on a pseudo-proline moiety 1-12 (Scheme 1-13).  

N
CO2HFmoc

O

HN

R'O
O

OO

O
R

O
R

1-12

R= cationic lipids, amines or steroids

 

Scheme 1-13 

RGD Analogues 

Proteins are a continuous source of possible drug candidates.  Much of the focus 

with respect to peptide-based drugs is on cyclic peptides as drug candidates.34 Studies 

show that cyclic peptides exhibit greater stability in vivo.  Lack of motion possibly allows 

masking of an active bioconformation that could aid the study of protein folding.  If a 

conformation of a designed cyclic peptide is not biologically active, then manipulation of 

functionality can give one a diverse library of cyclic peptide analogues.  
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A recurring problem with proteins as potential therapeutics is size.  In vivo, active 

peptides show a very short half-life.35 Most active peptides are degraded by a variety of 

different proteases, making passing through the diffusion barrier of the cell wall 

extremely difficult.  Many strategies can be used to help the uptake of peptides through 

cell barriers.  One approach is incorporation of proteins or peptides into nanoparticles.  

The other approach is making the protein a prodrug which is focused on the 

physiochemical properties; however, the most popular and most effective way to alter 

peptides is through chemical modification.  Incorporation of D-amino acids and other 

spacers can potentially change the active bioconformation.35 

Natural cyclic peptide analogues are the most frequently used, because of the 

availability of individual amino acids.  An L-amino acid in combination with 

oligonucleotides is a common variation from an all peptide backbone (Figure 1-1). These 

analogues are based on nucleic acids along with peptides, to try and mimic nucleotide 

cleavage.   

Asp
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O
N
H

O

OOH
NO

HN

HN NHR

HN

O O

Pd(OAc)2, PPh3, 

 Bu3NCl

1-13
1-14

Figure 1-1. Cyclization of an RGD analogue 

An example of a cyclic peptide application would be one that incorporates the RGD 

sequence.  RGD (Asp-Gly-Arg) is a tripeptide recognition motif that is important in 
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cellular adhesive properties. The tripeptide recognition sequence of arginine, glycine, and 

aspartic acid (R-G-D) is found in the binding domain of many extracellular matrix 

proteins.  Interest in this sequence has increased due to its binding to specific receptors.  

The processes the binding controls include are hemostasis, cell proliferation, cellular 

transduction, and tumorgenesis.36, 37 All seem to be controlled by binding of the sequence 

(Figure 1-2) to extracellular matrix receptors.  The receptors are called integrins. Binding 

of RGD to an integrin mediates a cellular signal that is sent from the matrix to the interior 

of the cell.  Once inside the cytoplasm, the specific function that the signal caused 

commences. Integration of messages from the extracellular matrix to the cytoplasm 

seems to be caused (and to some degree controlled) by initial binding.36, 39 

N
H

H
N N

HO

HN
NH

H2N

O

O

O
OH

AAAAAA AAAAAA

Gly AspArg

R-G-D

AA= amino acid

Figure 1-2. RGD recognition sequence 

Integrins are receptors found on the surface of the extracellular matrix that binds 

the sequence.  A variety of integrin receptors exist, each controlling a number of cellular 

processes.  An important integrin-RGD binding event is seen in the protein fibronectin. 

Much is known about this protein, since it was the first well-characterized adhesive 

protein.  Though its structure is extremely complex, the protein is folded into specific 

domains; and several of the domains are exposed to the integrin receptor, allowing RGD 

sequences to bind.  Binding of RGD in fibronectin to integrin receptors helps prevent 

tumor development.40 Many other matrix proteins bind to integrins and have RGD as its 

 



16 

initial trigger.  The synthetic community’s interest has turned to finding RGD mimics that 

bind to integrins.41 A summary of RGD binding with respect to an integrin receptor 

(Figure 1-3) shows binding to fibrinogen.  

 

Figure 1-3. RGD binding to an integrin 

Binding of RGD sequences on matrix proteins is based on many factors. 

Conformation of the sequence is extremely important.42, 43 Changing flanking amino 

acids can have effects on binding. A simple example is changing a flanking amino acid 

from an aspartic acid to a glutamic acid.38 A change in one methylene unit can alter 

conformation drastically especially in cyclic-polypeptide moieties.  Along with a change 

in flanking amino acids, restricted conformation has been important in design of potential 

RGD-binding agents.38  

The approach in design of RGD mimics uses Kessler’s spatial screening 

approach.44, 45 Spatial screening relies heavily on known domains of integrins.  Design of 

possible mimics is based on what is known of space that is free for a sequence to 

approach.46, 47 
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Figure 1-4. Kessler’s sugar-based cyclic tripeptide. 

However, in preparing a mimic, uncertainty will still arise as to whether the design 

fits into the pocket of a receptor.  

Since conformation is all-important in designing analogues, progress has been 

made in cyclic peptides and peptidomimetics of the sequence.  Carbohydrate-based 

analogues were the first to anchor the tripeptide in a cyclic array. Kessler37 used 

sugar-based amino acids (1-15, 1-16) to anchor the tripeptide (Figure 1-4).  The only 

difference between the two analogues is the stereochemistry at the C1 position.  The 

subtle change had an effect on binding to different types of αIIIbβ3 integrins.  The IC50 

value for 1-15 was 720 nM as opposed to 13.4 nM for analogue 1-16.  A huge difference 

in potency based of IC50 values is observed from just one different stereocenter.  

A second set of analogues shows a similar effect of structure and activity 

relationships. This set is based on 6,5-fused bicyclic lactams. Key features of the scaffold 

include a natural proline residue built into the 6,5-system.48 Inclusion of proline is 

important in the design because it can mimic a β-turn.  Evidence suggests that RGD 

recognition sequences may be in a β-turn structure.35 In this set of analogues (1-17, 1-18, 

1-19), the difference is at the stereochemistry of the ring junction. Analogue 1-18 showed 

an extremely high binding affinity for the integrins associated with the matrix protein 
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echisatin (Figure 1-5).  Since these analogues have an unnatural amino acid, they are 

referred to as cyclic pseudopentapeptides. The bicyclic lactam systems are based on 

natural proline; and interest in our group turned to solely proline-based RGD systems.   
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Asp Gly

Arg
HN

N
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Asp Gly

Arg
HN

N
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O
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Arg
HN

1-17 1-18 1-19  

Figure 1-5. RGD analogues 

No analogue had been made of an actual proline-anchored RGD system (1-20). 

Enholm and coworkers were the first to propose synthesis of a proline-anchored RGD 

system. The advantage in design of an analogue with a natural anchor is that there is no 

required synthesis of an “unnatural” piece. An analogue contains all naturally occurring 

L-amino acids.  Even if the binding of analogue 1-20 is not as that of 1-17, 1-18, and 

1-19, a comparable natural analogue may be more attractive because of the availability of 

the anchor (L-proline).  Their study consisted of synthesis of the cyclic RGD (1-20) with 

L-proline as its anchor via a solid-phase peptide synthesis (Figure 1-6). 
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Figure 1-6. L-Proline based cyclic RGD 
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Similar to the work done by Enholm et al., the proline-based transfection-agent 

precursor could be submitted to a similar synthetic pathway and provide RGD analogues 

bearing lipids and/or cationic chains, leading to a new class of synthetic vectors. 

Combining cationic/lipophilic properties of the grafted chains and 3-D conformation of 

the RGD moiety could provide better adhesion to the membrane of the target cell, 

specific recognition by the cell receptors, and more efficient transfection of the DNA into 

the cytoplasm. 

History of Molecular Imprinting 

Molecularly imprinted polymers (MIPs), discovered in 1972, represent a new class 

of materials that have artificially created receptor structures.49 In the last decade, the 

development of assays, sensors and membrane-capillary electrophoresis was a new area 

in which MIPs provided opportunities for advancement. Molecular imprinting technology 

has recently developed into a viable approach for mimicking natural recognition entities, 

such as antibodies and biological receptors.50 Materials with very high selectivity can be 

obtained using this method. This is especially the case in separation science, for which 

applications ranging from chiral separation to solid-phase extraction and combinatorial 

library screening have been proposed.51 Much attention is also being given to applying 

the technique to diagnostic drug assays (in which the characteristics of the imprinted 

materials may potentially complement current antibody-based methodologies); and to the 

replacement of biological receptors involved in biosensor technology. 

One of the most intriguing challenges for the use of molecularly imprinted 

polymers (MIPs) however, is their application as enzyme mimics in synthesis and 

catalysis.52 In parallel to the work done with catalytic antibodies and supramolecular 

(model) systems, attempts have been made to build catalytic activity into molecularly 
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imprinted materials. Given the combination of high selectivity and robustness that can be 

accomplished with imprinted materials, their use in demanding processes may find many 

niches, such as operations at elevated temperature and pressure, reactions under acidic or 

basic conditions, and reactions in organic solvents.  

Methodology and Principles of Molecular Imprinting 

Molecular imprinting is a technology in which recognition sites are created in a 

macromolecular matrix (or plastic) using a molecular template in a casting procedure. 

The selected ligand or print molecule is first allowed to establish bonds with functional 

monomers and the resulting complexes are subsequently captured into a rigid two- or 

three-dimensional network following polymerization. Subsequent extraction of the print 

molecule then develops the recognition sites that are left in the matrix, where the spatial 

arrangement of the complementary functional entities of the network, together with the 

shape image, correspond to the imprinted molecule. 

The process of molecular imprinting involves complex formation between a 

macromolecule and low molecular weight template in solution, followed by drying and 

washing the solid complex with a selective solvent that removes the template but does not 

dissolve the polymer. Since the molecular mobility of the polymer chain is very low in 

the solid state, the macromolecule retains the conformation induced by the template even 

after the template has been removed from the complex (Scheme 1-14). Three particular 

features have made MIPs the target of intense investigation: their high affinity and 

selectivity (similar to those of natural receptors), their unique stability which is superior 

to that demonstrated by natural biomolecules, and finally the simplicity of their 

preparation and the ease of adaptation to different practical applications.  
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Scheme 1-14. Principles of molecular imprinting 
(left) Self-assembly approach. (right) Preorganized approach. 

 
Radical polymerization is the most commonly used in MIP technology, this 

polymerization proved to be adequate and entirely compatible with a wide range of 

application and templates. However, radical polymerization can’t be used in specific 

applications: for instance with light or heat sensitive templates or for substrates that react 

with free radicals like halides. Radical initiation requires either heat or irradiation, the 

template could be destroyed or altered. It then appears necessary to develop new ways of 

making MIPs. To date, no studies used Ring Opening Metathesis Polymerization 

(ROMP), so this dissertation presents the first study of ROMP application in MIP 

technology. As shown in chapter 3, compared to radical polymerization, ROMP method 

is more efficient in term of selectivity, speed of reaction, and compatibility. We hope this 

might lead to a totally new way to perform these polymerizations. 
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Fluorescence and Fluorescent Molecules in MIP 

Fluorescence is a radiative process, this is a phenomenon in which absorption of 

light of a given wavelength by a fluorescent molecule is followed by the emission of light 

at longer wavelengths. The distribution of wavelength-dependent intensity that causes 

fluorescence is known as the fluorescence excitation spectrum, and the distribution of 

wavelength-dependent intensity of emitted energy is known as the fluorescence emission 

spectrum (Scheme 1-15). 

 

Scheme 1-15. Illustration of the fluorescence process: An incident ultraviolet photon is 
absorbed and transfers its energy to an electron (process 1), the electron loses some of its 

energy in non-radiative processes, 2, and then the electron makes a transition to the 
ground state, process 3, emitting a photon with energy in the visible region. 

 
Fluorescence has proven to be a versatile tool for a myriad of applications. It's a 

powerful technique for studying molecular interactions in analytical chemistry, 

biochemistry, cell biology, physiology, nephrology, cardiology, photochemistry, and 

environmental science. It boasts phenomenal sensitivity for the analytical chemist or the 

life scientist working at nanomolar concentrations. But fluorescence offers much more 

than mere signal-gathering capability. New developments in instrumentation, software, 

probes, and applications have resulted in a burst of popularity for a technique that was 

first observed over 150 years ago. 
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As the theoretical underpinnings of fluorescence became more understood, a more 

powerful set of applications emerged that gave detailed information about complex 

molecules and their reaction pathways. The binding of biochemical species can be easily 

studied in situ.53 Distances within macromolecules may be measured. The dynamics of 

the folding of proteins can be studied. Concentrations of ions can be measured inside 

living cells. Membrane structure and function may be studied with fluorescence probes. 

Drug interactions with cell receptors can be investigated. Minute traces of fluorescent 

materials can be detected and identified in mixtures. Oil samples can be finger-printed 

and identified by their fluorescence.54 Electronic structure and dynamics of an excited 

state of a molecule may be elucidated. These are only a few examples of the applications 

of modern fluorescence techniques. For instance Miller and Copeland55 have developed 

molecules that are able to fluoresce in presence of acidic compounds. Meanwhile, others, 

like Swager56, focused on molecules able to fluoresce in presence of phosphorous 

compounds. Combining fluorescent molecules and MIP technology could provide highly 

selective detectors. In fact, MIPs provide specific cavities which will only trap the 

molecules that have been used as template. Thus, if we can graft, on the cavities, 

molecules that fluoresce in presence of the template, then we would have a selective 

detector. To illustrate this concept let’s assume that one has a mixture of different sugars 

and that he wants to detect only glucose. A MIP using glucose as template and a 

molecule that fluoresces with any sugar could be made; without the MIP the molecule 

would give a positive response with any sugar, but since the MIP selectively traps the 

glucose, this detector would only give positive result with the template it has been 

imprinted with, in that case glucose. 
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This dissertation presents the first attempted synthesis of the MIP of selective 

fluorescent detectors of nerve gases such as sarin, soman, tabun or VX, using our new 

ROMP methodology. 

Nerve Gases 

A factory for production of this first nerve agent was built and a total of 12,000 

tons of tabun were produced during the years three years (1942-1945). At the end of the 

second world war the Allies seized large quantities of this nerve agent and other nerve 

agents that Schrader57and his co-workers had synthesized: they had synthesized about 

2,000 new organo-phosphorus compounds, including sarin (1938).58 The third of the 

"classic" nerve agents, soman, was first produced in 1944.59 These three nerve agents are 

known as G agents in the American nomenclature. The manufacture of sarin never started 

properly and up to 1945 only about 0.5 ton of this nerve agent was produced in a pilot 

plant. This was in hindsight a very lucky outcome or the history books would read very 

differently. Enough sarin gas could easily have won Germany the war. There is evidence 

that suggests that Hitler was advised against using the agents and even stopped their 

production. Hitler's Minister of Production, Albert Speer, said after the war, "All sensible 

army people turned gas warfare down as being utterly insane, since, in view of America's 

superiority in the air, it would not be long before it would bring the most terrible 

catastrophe upon German cities." Immediately after the war, research was mainly 

concentrated on studies of the mechanisms of the nerve agents in order to discover more 

effective forms of protection against these new CW agents. The results of these efforts 

led not only to better forms of protection but however to new types of agents closely 

related to the earlier ones. By the mid-1950's a group of more stable nerve agents had 

been developed, known as the V-agents in the American nomenclature.60 They are 
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approximately ten-fold more poisonous than sarin and are thus among the most toxic 

substances ever synthesized. Nevertheless due to Sarin’s other properties, it is still 

extremely effective. The first publication of these substances appeared in 1955. Ghosh61 

and J.F. Newman, described one of the new strains of nerve agents substances, known as 

Amiton, as being particularly effective against mites. At this time, intensive research was 

being devoted to the organo-phosphorus insecticides both in Europe and in the United 

States. At least three chemical firms appear to have independently discovered the 

remarkable toxicity of these phosphorus compounds during the years 1952-53. 

Surprisingly enough, some of these substances were available on the market as pesticides. 

A remarkably stupid decision, they were soon withdrawn owing to their considerable 

toxicity to mammals and therefore humans. This served as a warning that the proper 

research should be carried out before bringing out new products to spray over our food.  

Another, more persistent agent, named VX was discovered by British chemist R. 

Ghosh.61 It was touted as being even more toxic than the previously synthesized nerve 

agents. Since the discovery of VX in 1949 there have been only minor advancements in 

the development of new nerve agents (Figure 1-7). In the United States, the choice fell in 

1958 on a substance known by its code name VX as suitable as a chemical warfare agent 

of persistent type. It had the consistency of thick motor oil but slowly broke-down in the 

rain. Full-scale production of VX started in April 1961 but its structure was not published 

until 1972. Stockpiling the existing agents became a way for global heavyweights to flex 

their power in the later half of this century, but now efforts are being made to destroy the 

enormous stockpiles.  
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Figure 1-7. Nerve gases 

A famous contemporary use of nerve agents was in the Iran-Iraq war (1984-1988). 

In this conflict the UN confirmed that Iraq used the nerve agent Tabun and other 

organophosphorous nerve agents against Iran. This incident is a prime example of how 

chemical warfare technology was shared during the Cold War. The Soviets would arm 

their allies while the US did the same for its allies. Iraq was obviously a benefactor and 

implemented its chemical stockpiles during the war. Another contemporary incident of 

nerve agent use occurred in Japan. The Aum Shinrikyo Cult was reported to have used 

the nerve agent Sarin in a Tokyo subway. This incident of use gives some clue as to the 

new roles that nerve agents play as tools of terrorists instead of powerful nations. 

 While chemists put a lot of time on making nerve agents, they did not think of 

developing ways of efficiently detect those substances. A few detection systems exist, 

however they are either not selective enough (they do not detect only nerve gases but also 

any phosphorous compounds like pesticides) or do not give a result fast enough.56 Some 

of them require a minimum of 30 minutes to provide a response, meanwhile people 

would already die. Swager56 proposed a promising fluorescent detector which gives a fast 

and reliable response in a few minutes. Nevertheless his molecule is not selective enough, 

it can react with pesticides. To be efficient and usable, Swager’s probe needs to be more 
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selective. This dissertation presents the synthesis of a new detector based on the 

combination of the ROMP-MIP technology and the use of fluorescent probe. 

 

 



CHAPTER 2 
ALKENE-ALDEHYDE CYCLIZATION VIA O-KETYL RADICAL USING LEWIS 

ACIDS AND SUGARS AS AUXILIARIES 

Introduction 

Radical cyclizations with activated olefins offer synthetic chemists a well-

documented and reliable means of carbon-carbon bond formation.62 Synthetic benefits 

include neutral reaction conditions and tolerance of various functional groups and 

protecting schemes. All of these advantages render this methodology attractive for a wide 

variety of synthetic sequences.63 Many radical cyclizations utilize precursors to 

carbon-centered radicals (such as halides, alkenes, alkynes, selenides, and sulfides), 

which are usually tethered to a suitable free-radical acceptor to produce cyclic derivatives 

when treated with tributyltin hydride. An aldehyde is not generally considered to be a 

good carbon-centered radical in these cyclizations. However, a free-radical cyclization 

promoted by a O-stannyl ketyl has shown that aldehydes and α,β-unsaturated ketones and 

esters can be utilized.64 In the most cases the diastereoselectivity of free radical reactions 

has been greatly enhanced due to the use of a combination of Lewis acids and appended 

chiral auxiliaries, scaffolds, and templates. 9, 65-66 Although radical additions to activated 

olefins have been studied extensively, 19, 63, 67 alkene-aldehyde cyclizations with chiral 

auxiliaries such as oxazolidinones, sulfoxides, and chiral esters have been far less 

investigated.22, 68 Interestingly, carbohydrates as removable chiral auxiliaries for 

O-stannyl ketyl free-radical cyclizations have not been studied. In a previous study by 

Enholm25 and Cottone, those sugars gave excellent diastereoselectivity for a 5-hexenyl 

28 
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radical cyclization. Our investigation examined the utility of two inexpensive 

carbohydrate derivatives as sources of asymmetry for an aldehyde-alkene radical 

cyclization via an O-stannyl ketyl radical at low temperatures (-78oC) with tributyltin 

hydride, BEt3, and O2 (Scheme 2-1). Very high diastereomeric ratios were achieved while 

the effects of temperature dependence, Lewis acids, and solvents were all studied. By 

correlation with known compounds, the newly generated chiral centers in 11a,b in both 

carbohydrate-mediated cyclizations are (3R,4S). 
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Scheme 2-1 
 

Earlier investigations of auxiliaries used in various radical reactions have relied on 

a chiral oxazolidinone ring. 2, 9, 19, 66-69 However, these investigations examined the 

commercially available and less expensive sugar auxiliaries (+)-isosorbide and 

(+)-isomannide. Both carbohydrates are highly oxygenated and provide multiple sites for 

metal chelation unlike oxazolidinones. In addition, those sugars are isomers, and could 

provide different chelation properties. Thus, additional affinity that strongly attracts the 

Lewis acid was a key and desirable trait in selecting these auxiliaries.  
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Preliminary Study 

A preliminary study of the cyclization without any chiral appendage has been 

carried out. Precursor 2-8 was to be constructed via a Wittig reaction; the main 

framework was to be assembled via an unsaturated ester and an aliphatic aldehyde. The 

ylide 2-6 was synthesized from bromomethyl acetate and triphenylphosphine with a 98% 

yield, then reacted with the lactol 2-5 obtained in 98% yield by reduction with DIBAL of 

commercially available valerolactone. The rate of the Wittig coupling is faster than the 

rate of the equilibrium between the lactol and its open form (hydroxyl-aldehyde). The 

cis/trans mixture of the free primary alcohol 2-7 was then oxidized using PDC 

(pyridinium dichromate). The E and Z isomers 2-7 were not separable by flash 

chromatography, however after oxidation the trans precursor 2-8 was easily separated 

from the cis in 85% yield.  
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Scheme 2-2 

The cyclization of 2-8 gave two products, the trans isomer A and the cis isomer, 

which through a lactonization provided B (Scheme 2-2). Effect of the temperature and the 

presence of Lewis acid have been explored. As expected, the lower the temperature the 

higher the alcohol:lactone (A:B) ratio (thermodynamic control). The different ratios were 

obtained from the 1H NMR spectra and also from HPLC. Since A and B are two different 

compounds their ratios can be easily measured from the spectra but, for more precision 
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HPLC was used. Many Lewis acids were tested, and after analysis of the crude reaction 

mixtures, it appeared that the use of Cu(I)OTf and MgBr2 gave ratios up to >100:1, as 

shown in Table 2-1. That showed that the metal provided a suitable chelation. Of course, 

as we didn’t have any source of chirality, no enantioselectivity for A as well as B was 

observed: A and B were obtained as racemic mixtures. 

Table 2-1. Diastereoselectivities achieved with the precursor 
Entry Lewis Ac. Solvent Temperature % Yield A:B 

1a none Benzene 80 oC 97 1.1:1 

2 none CH2Cl2 20 oC 70 1.8:1 

3 none CH2Cl2 0 oC 58 3:1 

4 none CH2Cl2 -78 oC 30 7:1 

5 MgBr2.OEt2 CH2Cl2, ether -78 oC 83 >100:1 

6 CuI(OTf) CH2Cl2 -78 oC 98 >100:1 

7 ZnCl2 CH2Cl2, THF -78 oC 90 >100:1 

a AIBN was used as initiator in entry 1, all other entries used BEt3 and O2. 

After this preliminary study of the stereocontrol of the radical cyclization in 

presence of Lewis acid we wanted to see if the use of sugars as chiral auxiliaries could 

provide a diastereocontrol of this radical reaction. 

Synthesis of the Chiral Precursors 

Chiral precursors 2-10a,b were constructed via a Wittig reaction; the main 

framework was assembled via an unsaturated chiral ester and an aliphatic aldehyde. 

Carbohydrate-derived Wittig reagents 2-4a and 2-4b were synthesized from monobenzyl 
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ethers 2-2a and 2-2b, respectively, in two steps in overall 42% and 23% yields, as 

illustrated in Scheme 2-3. 
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Scheme 2-3 

Monobenzylation of (+)-isosorbide 2-1a and (+)-isomannide 2-1b was achieved by 

Williamson etherification with benzyl bromide and benzyl chloride respectively, 

affording 2-2a and 2-2b, respectively in 82% and 45% yields. Compound 2-2a was 

obtained by Williamson etherification using NaH and benzyl bromide in THF with a 

catalytic amount of TBAI. Another procedure using DMF instead of THF was also 

performed, however DMF is not a great solvent to deal with: tedious work-up is 

necessary and traces of DMF always remain. Switching to THF required the use of a 

phase transfer reagent. After having tried TBABr, it appeared that TBAI gave better 

yields. The monobenzylation of 2-2b proved to be more difficult, this was probably due 

to the fact that the two alcohols are cis. Thus they are more sterically hindered and less 

accessible. The previous procedure (THF, NaH and TBAI) was first tested: 2-2b was 

obtained with a 30% yield. We finally applied a procedure reported by Loupy.70 The 

commercially available isomannide was dissolved in water with potassium hydroxide and 
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refluxed. Subsequent addition of benzyl chloride and acidic work-up provided 2-2b with 

50% yield after recrystallization in ether. The remaining hydroxyl functionality of 2-2a 

and 2-2b was converted to the chloromethylene esters 2-3a and 2-3b using chloroacetic 

anhydride and pyridine.13 Corresponding ylides 2-4a and 2-4b were obtained in 80% 

yields using the common procedure (triphenyl phosphine followed by a basic treatment). 

Similarly to the synthesis of the achiral precursor, 2-4a and 2-4b were coupled with the 

lactol 2-5 in methylene chloride. However, the reaction didn’t give yields higher than 

10%. In that case, the rate of the Wittig coupling is not high enough to compete with the 

lactol-hydroxyaldehyde equilibrium. A way to trap the lactol 2-5 in its open form was 

needed. The easiest way was to protect the alcohol. 
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Scheme 2-4 
 

Treatment of 2-5 with Et3N and TBDPSCl provided the silylether 2-5’ in 83% 

yield. 2-5’ was then coupled with the ylides and provided the esters 2-10’a and 2-10’b in 

80% yield. However, various attempts at deprotection of the alcohol failed. Indeed, as 

soon as the alcoholate was formed, it added to the α,β-unsaturated esters 2-10’a,b via a 

1,4-Michael addition and led to compound 2-15a,b (Scheme 2-4). Another route was 

devised. Surprisingly, the Wittig reagents simply coupled with freshly distilled 
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glutaraldehyde 2-6 provided the chiral precursors 2-10a and 2-10b in 75% yield. Once 

the α,β-unsaturated ester of each carbohydrate derivative was synthesized, various 

reaction conditions for a radical cyclization were explored (Scheme 2-5). 
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Scheme 2-5 
 

Results and Discussion 

At 80oC, AIBN was used as a radical initiator; however, triethylborane and oxygen 

were used for the lower temperature studies. As expected, the radical cyclization proved 

to be more selective at lower temperatures. We also discovered that the formation of the 

lactones 2-12 and 2-12’ were unfavored with isosorbide, due probably to the hindrance of 

the sugar, forcing the alcohol and the ester to be trans (Table 2-2).  

Without a Lewis acid, the diastereomeric ratios for 2-11a,a’ were very low, ranging 

from 1:1 to 1.1:1. When a Lewis acid was used, diastereomeric ratios increased 

substantially, suggesting the formation of an activated metal chelate with the 

isosorbide-appended auxiliary. Not all Lewis acids gave good diastereomeric ratios, 
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among the best of the Lewis acids studied, zinc chloride proved to be the most effective 

for the isosorbide chiral scaffold with a diastereomeric value of 9:1. 

Table 2-2. Diastereoselectivities achieved with isosorbide 
Entry Lewis Ac. Solvent Temperature % Yield 2-11a,a’:2-12,12’ d.e.* 

1a none Benzene 80 oC 84 2:1 1:1 

2 none CH2Cl2 0 oC 40 3.3:1 1:1 

3 Eu(OTf) CH2Cl2 0 oC 65 6:1 1.7:1 

4 MgBr2 CH2Cl2 -78 oC 71 98:2 1.1:1 

5 CuIOTf CH2Cl2 -78 oC 70 98:2 2.3:1 

6 ZnCl2 CH2Cl2, THF -78 oC 73 98:2 9:1 

7 Yb(OTf)3 CH2Cl2 -78 oC 68 98:2 1.4:1 

a AIBN was used as initiator in entry 1, all other entries used BEt3 and O2. 
* d.e. for the compounds 2-11a and 2-11a’. 
 

The radical cyclization of isomannide-adduct 2-10b proved to be even more 

successful, as shown in Table 2-3 (Scheme 2-6). 
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Scheme 2-6 
 

Notice that formation of the lactones 2-12 and 2-12’ was not observed even at high 

temperatures and without Lewis acid, showing that isomannide proved to have different 
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properties compared to isosorbide. We believe those differences are due to the 

stereochemistry of the hydroxyl groups. Indeed, in the case of isomannide the two 

hydroxyl groups are in the cup formed by the fused cyclopentoses, providing better steric 

hindrance of one alcohol.   

Similar to Table 2-1, temperature dependence and an improvement in 

diastereomeric ratios with Lewis acids were observed for these cyclizations. Isomannide 

gave a higher diastereomeric ratio 100:1 for 2-11b,b’ with ZnCl2 (compared to 

isosorbide). We assume that the position of the hydroxyl groups provide better chelation 

with the Lewis acids, hence giving a better diastereoselectivity. 

Table 2-3. Diastereoselectivities achieved with isomannide 
Entry Lewis Ac. Solvent Temp. % Yield 2-11b,b’:2-12,12’ d.e. 

1a none benzene 80 oC 96 >100:1 1:1 

2 MgBr2 CH2Cl2 -78 oC 91 >100:1 >100:1 

3 Cu(I)OTf CH2Cl2 -78 oC 89 >100:1 >100:1 

4 ZnCl2 CH2Cl2, THF -78 oC 93 >100:1 >100:1 

5 Yb(OTf)3 CH2Cl2 -78 oC 68 >100:1 2:1 

a AIBN was used as initiator in entry 1, all other entries used BEt3 and O2 
* d.e. for the compounds 2-11b and 2-11b’ 
 

For both sugars, lanthanides such as Eu(III) and Yb(III) were uniformly ineffective 

in enhancing the diastereoselectivity of the cyclization.  

In some cases, the lanthanide Lewis acids gave ratios that were similar to those 

reactions lacking any added Lewis acids. This wasn’t unexpected, because lanthanide 

Lewis acids demonstrated poor results in the previous radical study involving those 

sugars in our research.25
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In addition it is important to report that, aside from 2-11 and 2-12, the reduction of 

the aldehyde into 2-14 was observed, but remained low (<5% yield) (Scheme 2-7). 

Once the diastereomeric ratios of each reaction parameter set were determined, 

elucidation of the absolute stereochemistry of the major diastereomer formed was 

investigated (Scheme 2-8).  
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The major isomer from the cyclization with isomannide in presence of ZnCl2 

(Entry 4 , Table 2-3) was saponified with potassium hydroxide to remove the chiral 

sugar. Esterification of the corresponding carboxylic acid in methanol was done, 

affording the known trans-(3R, 4S)-4-hydroxy-cyclopentane acetic acid methyl ester 2-13 

with a specific rotation of +43.1o,  indicating that the absolute configuration of the isomer 

2-11b is trans-(3R, 4S).71 The same process was done with the 9:1 mixture of alcohols 
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from the cyclization of the isosorbide adduct (Entry 6, table 2-2): after transesterification, 

a specific rotation of +34.5o was measured, suggesting that the major isomer of 2-11a’ is 

also trans-(3R, 4S). 

Conclusion 

In conclusion, the highly oxygenated nature of carbohydrate derivatives is 

extremely advantageous, offering ease in functionalization, multiple sites for Lewis acid 

chelation, inexpensive and ready availability. As chiral templates for free-radical, both 

(+)-isosorbide and (+)-isomannide gave high diastereomeric ratios. This high selectivity 

can be attributed to the steric hindrance and the multiple sites of chelation, firmly 

anchoring the Lewis acid to the polyoxygenated sugar. Nevertheless, (+)-isomannide 

provided better diastereoselectivity, probably due to its higher steric hindrance. 

 

 



CHAPTER 3  
MOLECULAR IMPRINTING WITH ROMP METHODOLOGY: EFFECTS ON 

POLYMERIZATION AND IMPRINTED PROPERTIES 

Introduction 

The general approach of the Molecular Imprinting technique is to combine the 

desired "imprint" molecule with a solution of small monomers which has several desired 

features:  

• The monomers have a variety of functional groups (e.g., hydrogen bond donors, 
acceptors, possibly acidic or basic groups, or aliphatic or aromatic groups). One or 
more of these groups can specifically interact with the imprint molecule (e.g., they 
can form specific hydrogen bonds) 

• The monomers can be made to polymerize to form a rigid, or semi-rigid polymer 

• The imprint molecule is soluble in the monomer solution 

• The monomers, either in solution or during the polymerization process, do not form 
covalent bonds with the imprint molecule (the interaction is strictly non-covalent) 

• After polymerization of the monomers (in the presence of the imprint molecule) the 
general features of the polymer are as follows 

• The polymer is porous enough to allow the imprint molecule to diffuse in and out 

• The polymer is rigid enough that the organization of monomers in response to the 
imprint molecule is retained 

• Therefore, the stereochemistry (i.e., size, shape and orientation of appropriate 
functional groups) of the pocket where the imprint molecules were located is retained 

• These sites in the polymer constitute an "induced molecular memory" capable of 
selectively recognizing the imprint molecule 

Comparison of ROMP versus Radical Induced Polymerization 

Our research is focused primarily on the synthesis of sensors. In fact, typical 

problems that remain unsolved in connection with biological receptors for use in 

39 
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biosensors are: low stability, high cost and absence of enzymes or receptors that are able 

to recognize certain target analytes. MIPs could be considered as appropriate alternatives 

to the biological receptors for use in sensors principally because of their high stability. 

The most promising application area for MIP sensors is medicine and pharmaceutical 

industry in cases where the stability of MIPs would confer significant advantage. MIP 

sensors can be made for toxins and immunodepressants, which are difficult targets for the 

development of immunosensors. Because of easy regeneration, MIP sensors are 

considered to be particularly suited to the design of high throughput screening (HTS) and 

toxicity evaluation systems.72  

Synthesis of the MIPs 

Our contribution to this area consists in the fact that ROMP catalyzed by Grubb’s 

catalysts was used for the synthesis of our MIPs while all other researchers use radical 

induced polymerization. To our knowledge, we are the first to report the use of ROMP 

methodology in molecular imprinting technology. The main advantages of the ROMP 

versus radical polymerization are: shorter time of reaction, mild synthetic conditions, 

high stability of the monomers, improved cross-linking, and tolerance of ROMP to a 

large type of functional groups. 

Templates 

We used acetylcholinesterase inhibitors (such as pyridostigmine bromide 3-1) as 

templates (Figure 3-1). It is important to note that we used these molecules just for a 

model study. Indeed our first project was to study a new methodology involving ROMP, 

and after succeeding in the formation of highly selective polymers we decided to apply it 

in the synthesis of nerve gas detectors. Therefore there are no links whatsoever between 

the use of acetylcholinesterase inhibitors as templates and the synthesis of nerve gas 
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detectors. Those molecules have been extensively studied. Recently, pyridostigmine 

bromide was approved by the FDA as pretreatment against nerve gas. This is the first 

drug approved to increase survival after exposure to Soman “nerve gas” poisoning. Thus 

it appeared interesting to study the MIPs on those particular molecules. Those templates 

are polar and are able to create hydrogen bonds with the acid and esters groups present in 

the MIPs, providing the formation of a tight complex around the ligand.  
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Figure 3-1. Templates 

Radical Polymerization 

The template was allowed to form solution complexes with functional building 

blocks (methacrylic acid). These complexes were subsequently fixed using a 

cross-linking monomer (ethylene glycol dimethacrylate) into a rigid network, locking the 

complexes in position in the resulting material (Scheme 3-1). As usually reported, the 

[template/monomer/cross-linking agent] ratio was [1/4/16]. AIBN was used as initiator, 

however irradiation could also been used, but our templates were light sensitive so it 

could have been an issue. The solid polymer was then ground and removal of the print 

molecule by refluxing the polymer in ethanol/acetic acid then exposed the recognition 
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sites. More than 99% of the initial mass of template was recovered. The powder was then 

filtered, dried and ready for testing. 
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Scheme 3-1 

ROMP Polymerization 

Ring opening metathesis polymerization (ROMP) and acyclic diene metathesis 

(ADMET) have shown utility in soluble supported organic chemistry. ROMP is based on 

release of ring strain usually from a norbornene system. The reactive double bond readily 

reacts with a catalyst to provide supports for organic transformations.   
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Figure 3-2. Grubbs ruthenium catalysts 
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Both of these processes require specific catalysts to trigger the process.  The two 

popular catalysts are the Grubbs’73 first generation catalyst 3-5 and Shrock’s74 catalyst. A 

second generation Grubbs’ catalyst 3-4 is now more frequently used due to its tolerance 

of a multitude of functional groups (Figure 3-2).75  
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Ring opening metathesis polymerization works via coordination of the ruthenium 

catalyst 3-7 to the double bond of the norbornene 3-6 and a [2+2] cycloaddition to form a 

metallocyclobutane 3-8. A subsequent retro [2+2] cycloaddition places the ruthenium on 

a double bond terminus 3-9. This process continues to the next norbornene double bond 

until the reaction is capped (Scheme 3-2). This is accomplished by addition of a capping 

agent such as ethyl vinyl ether that kills the catalyst. Two beneficial aspects of this 

process are that the ring stain of the norbornene system provides a driving force for the 

initial [2+2] addition of the ruthenium and that typically less than 10 mol% of catalyst is 

required to proceed.  With the development of second generation Grubbs’ catalyst 3-4, 

polar groups that could have coordinated ruthenium can now undergo a polymerization. 

Norbornene systems are not necessary to perform polymerizations with the two 

generations of Grubbs’ catalyst and other metathesis catalysts.  Molecules that are not 
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confined to a strained system can undergo polymerization by acyclic diene metathesis 

(ADMET). 
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Although the driving force for release of ring strain does not exist in this 

polymerization, a more diverse array of polymers can be made since the minimum 

requirement are two sets of double bonds.  
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Scheme 3-4 

 
The steps of catalyst loading and chain elongation are the same. The catalyst 

attaches to a terminal double bond (Scheme 3-3). Subsequent release of ethylene and then 
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attachment to double bond terminus are the steps in this process. A summary of the 

processes (RCM and ADMET) is shown in Scheme 3-4. Comparing the two processes, 

ADMET gives a more diverse array of materials due to a lack of a strained system 

requirement, while RCM sees more total synthetic applications. 

Development of these catalysts helped in design of polymers for biological 

purposes.  Polymers that are designed for these purposes can sometimes be called 

biomaterials.  These molecules have a tremendous effect on human health as seen in the 

wide variety of applications.  Possible uses of biomaterials include medical devices, 

sensors, drug delivery systems, and tissue engineering.76, 77 

Synthesis of the Monomers 

Our monomers 3-10 and 3-12 are norbornene derivatives. Monomer 3-12 was 

easily synthesized with excellent overall yields (Scheme 3-5). 
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 Commercially available 5-norbornene-2-carboxaldehyde was reduced with NaBH4, 

providing quantitatively the 5-norbornene-2-methanol 3-11. Treatment of 3-11 with 

adipoyl chloride in presence of pyridine gave the diester 3-12 (92% yield) that would be 

used as cross-linking agent. Grubb’s catalysts 3-5 (5% cat.) provided a cross-linked 

polymer insoluble in methylene chloride in less than 1 minute, while it took more than 10 

hours for radical polymerization, whatever the initiation method (irradiation or thermal 

activation). 
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Scheme 3-6 

Different [template/monomer/cross-linking agent] ratios have been tested, and it 

appeared that the best one in term of rate of polymerization and mechanical properties of 

the polymer was [1/4/16]. Second generation Grubbs’ catalyst (3-4) proved to be more 
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efficient than the regular one. It allowed not only a faster polymerization (hours versus 

couple of minutes) but also a higher cross-linking. This higher cross-linking rate would 

not only give a more robust polymer but also a denser 3-D network which could provide 

a better encapsulating of the template. After removal of the solvent, the “rubbery” solid 

was ground into a fine powder which was subsequently refluxed in ethanol to remove the 

template (Scheme 3-6). After filtration of the ethanol suspension, the powdered MIP was 

ready for selectivity tests. After concentration of the filtrate in vacuo, more than 99% of 

the initial mass of template was recovered. 

Analytical Method, Results and Discussion 

General Method 

Gas chromatography and mass spectrometry methods were used to determine the 

affinity of each polymer for various compounds.  Each polymer was suspended in a 

solution of equimolar amounts of two materials: the template and one molecule that was 

structurally close to the template (test molecule).  Aliquots were taken over time for 

which the polymer was filtered and the remaining solution was analyzed by GC/MS to 

determine its composition.  Since it was impossible to quantitatively measure the quantity 

of template and test molecule trapped in the polymer, a back analysis was performed. 

From the starting amount of material and the amount present in each aliquot, we could 

quantitatively see the affinity and rate of binding for each polymer to a material. The 

percentage (%) of what remained in solution for both the template and the test molecule 

were calculated and, plotting the percentages against time allowed us to see the affinity 

and rate of binding. Comparing the selectivity properties of the different MIPs was then 

possible.  
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Tests: Two different tests were performed, the first one consisted in evaluating the 

binding properties of the MIP while the other one would give us more insight about the 

increase of selectivity provided by the ROMP. For the first test, after having made the 

polymer (radical induced or ROMP) using x moles of template, a solution of x/2 moles of 

template and x/2 moles of test molecule was prepared. The ground polymer was then 

added to the solution and aliquots were taken over time. This test didn’t provide any 

absolute proof of selectivity, but showed the binding properties of each polymer. 

The second test differed from the first one only by the fact that instead of using x/2 

moles we used x moles of both the template and the test molecule. This method 

undoubtedly shows the selectivity of the polymer. Both tests were performed five times 

for accuracy. 

The first template studied was Edrophonium Chloride (3-2). 

Test 1: The polymer formed via radical propagation trapped 91% of the initial 

edrophonium chloride (3-2) and 68% of the initial eserine (3-3) (Figure 3-3).  

When the ROMP polymer was used, 93% of the original edrophonium chloride was 

trapped (increase of 5% compared to the radical) while the eserine concentration in 

solution increased (46% versus 32%) (Figure 3-4).  

An increase in the affinity for the template was shown in the ROMP method. No 

change was shown for the affinity of the test molecule.  It also appeared that the ROMP 

MIP trapped more selectively the template than the test molecule, the second test would 

confirm it. 
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Figure 3-3. Radical polymerization with edrophonium chloride - test 1 

0

10

20

30

40

50

60

70

80

90

100

0 2 4 6 8 10 12 14 16 18

Time (minutes)

%
 r

em
ai

ni
ng

 in
 so

lu
tio

n

20

Edrophonium chloride
Eserine

 
Figure 3-4. ROMP polymerization with edrophonium chloride - test 1 
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Test 2: The radical induced polymer showed a really poor, not to say zero 

selectivity (Figure 3-5). When the eserine and edrophonium chloride molecules were in 

competition (test 2), the polymer seemed unable of differentiating them. There seemed to 

be an exchange process: the concentration of the test molecule and the templates kept 

changing through time, the cavities provided by the radical induced MIP were not 

selective enough to selectively trap the templates molecules. The templates and test 

molecules were not differentiated by the MIP.  
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Figure 3-5. Radical polymerization with edrophonium chloride - test 2 

 
However, when the ROMP polymer was used, the selectivity was greatly enhanced 

and only the templates molecule (i.e., edrophonium chloride) got trapped in the matrix 

(Figure 3-6). 
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In that case the cavities formed in the MIP were shaped on the template and did not 

allow the test molecules to enter. The trapping process for the template was faster than 

the one for the test molecule. This result proved, in that particular case, that the ROMP 

methodology permitted the formation of more selective and better shaped cavities than 

the ones present in the radical induced MIP.  
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Figure 3-6. ROMP polymerization with edrophonium chloride - test 2 

The second template was Pyridostigmine Bromide (3-1). 

Test 1: The polymer formed via radical propagation trapped 70% of the initial 

pyridostigmine bromide and 50% of the initial eserine (Figure 3-7). When the ROMP 

polymer was used, 90% of the original pyridostigmine bromide was trapped (increase of 

29% compared to the radical) while the eserine concentration remained the same (52% 

versus 50%) (Figure 3-8). An increase in the affinity for the template was once again 

shown in the ROMP method. No change was shown for the affinity of the test molecule. 
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Figure 3-7. Radical polymerization with pyridostigmine bromide - test 1 
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Figure 3-8. ROMP polymerization with pyridostigmine bromide - test 1 
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Test 2: As reported with edrophonium chloride, once again the radical induced 

polymer showed a really poor, not to say zero selectivity (Figure 3-9). When the eserine 

and pyridostigmine bromide molecules were in competition (test 2), the polymer seemed 

unable of differentiating them. However, with the ROMP polymer the selectivity was 

greatly enhanced and only the templates molecules (i.e., edrophonium chloride) got 

trapped in the matrix (Figure 3-10). 

With this second template it also appeared that the ROMP MIP more selectively 

trapped the template molecule than the test molecule. In both cases, we were pleased to 

see that the trapping process of the template took less than 20 minutes. Two different 

tests were necessary to prove both the binding properties and the high selectivity 

provided. 

0

10

20

30

40

50

60

70

80

90

100

0 2 4 6 8 10 12 14 16 18 2

Time (minutes)

%
 r

em
ai

ni
ng

 in
 so

lu
tio

n

0

Pyridost igmine bromide

Eserine

 
Figure 3-9. Radical polymerization with pyridostigmine bromide - test 2 
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Figure 3-10. ROMP polymerization with pyridostigmine bromide - test 2 

Control Experiments 

One can wonder whether the molecules were in the cavities within the polymer or 

simply attached on the surface of the polymer. In the second case, the selectivity provided 

by the MIP wouldn’t come from the cavities but only from the nature of the interactions 

between the molecules and the surface of the polymer. Control experiments were needed. 

To make sure that the molecules actually got trapped in the cavities and did not stay on 

the surface of the polymer (adsorption), a third type of analysis was performed with blank 

polymers for both radical and ROMP MIPs. Each blank polymer was mixed with one 

solution of a single molecule (pyridostigmine bromide, edrophonium chloride or eserine) 

of known weight (the conditions and quantities used in these control tests were identical 

to those used in the synthesis of the printed polymers). The mixture was stirred under 

argon and after 10 minutes, the suspension was filtered. The filtrate was concentrated in 
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vacuo, the mass measured and a 1H NMR as well as a GC trace were taken to check the 

purity of the residue. For each analysis the percentage of mass recovered was calculated. 

The results are reported in Table 3-1. The errors are due to the precision of the balance (± 

0.1 mg). 

Table 3-1. Control experiments 
Entry MIP Molecule % recovery % trapped 

1 Radical Eserine 96 ±3 4 ±3 

2 Radical Pyridostigmine bromide 98 ±4 2 ±4 

3 Radical Edrophonium chloride 95 ±1 5 ±1 

4 ROMP Eserine 96 ±3 4 ±3 

5 ROMP Pyridostigmine bromide 95 ±1 5 ±1 

6 ROMP Edrophonium chloride 98 ±4 2 ±4 

 

The control experiments showed that a small quantity (average of 3.5%) of 

molecules was trapped by the blank polymers, meaning that the surface wasn’t 

responsible for the high selectivities previously observed (Figures 3-3 to 3-10).  

When a template was used during the formation of the MIPs, the percentage of 

molecules trapped greatly increased, proving that the cavities present in the MIPs were 

responsible for the trapping of the molecules.  

These control experiments proved that the majority of the molecules retained by the 

MIP was actually trapped in the cavities and not adsorbed on the surface.  

Using MIP Technology in the Synthesis of Selective Nerve Gas Detectors 

Many times in history chemists created molecules that could be used in warfare, 

and unfortunately they did not think about ways of detecting them. The proliferation of 
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toxic gases like Soman, Sarin and Tabun forced governments to encourage the 

development of detectors in order to protect soldiers from exposure. 

As terrorist acts and threats are growing, many scientists recently put interest in the 

synthesis and the study of nerve gas sensors. As the common frame of these gases are 

P=O bonds, they develop chemicals (sensors) able to fluoresce in presence of the gas 

molecule itself or even its hydrolyzed form (Figure 3-11).56, 78 These molecules proved to 

be effective in solution and also on polymeric materials, and gave positive results even 

for a small quantity of nerve gas. However, these sensors are not particularly selective, 

they react not only with nerve gas, but also with any substance containing phosphorous 

like pesticides. Besides, these fluorescent molecules indicate the presence of toxic gas but 

do not give its actual nature (identity): it is then impossible to accurately respond to the 

threat and apply a destructive (deactivation) process.  
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O P
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O
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NVX

Tabun Sarin
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3-13 3-14

3-15 3-16  

Figure 3-11. Nerve gases 

Our approach involves the use of our new ROMP-based MIP in combination with 

fluorescent sensors to create a selective nerve gas detector able to, not only detect nerve 

gas in the atmosphere, but also tell us its nature. One could then launch an effective 

response to inactivate the gas and protect soldiers (and/or targeted civilians). We proved 

that ROMP based MIPs are more selective than regularly used radical induced MIPs. 
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Using nerve gas molecules (or their hydrolyzed form) as templates will provide specific 

cavities. This MIP’s property coupled with the presence of fluorescent sensors directly in 

the MIP cavities will give a specific response: the MIPs are selective, thus only the 

molecules used as templates would get into the cavities and react with the chemosensors. 

The idea is to create one MIP for every single nerve gas: one for Sarin, one for Soman 

and so forth. It is then possible to make a device containing each MIP and use it as a 

detector (Figure 3-12).  

This device will be fast and reliable. To illustrate let us assume the following: “A 

cult decides to spray Soman in a mall. Our detector will “react” and only the MIP 

imprinted on Soman will fluoresce. Authorities will directly know that an attack with 

Soman is in progress and will respond accordingly by using known deactivation of 

Soman processes.” 

VX

VXVX

SomanSarin Tabun

TabunSarin Soman Sarin Soman Tabun

Tabun
Soman

= non-fluorescent

= fluorescent

Each MIP as been imprinted with a different template, and will fluoresce ONLY in             
presence of the molecules of template.

MIP polymers

 

Figure 3-12. Detection device 
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Synthesis of the Sensors 

Our current work is the synthesis of fluorescent sensors for nerve gases based on 

ROMP-MIP chemistry. We have tried to obtain two different sensors in order to compare 

their properties in the imprinted polymers. 

N O

OMe
OYN

3-22

3-18  

Figure 3-13. Fluorescent sensors 

The molecules of interest are a cyclic amine 3-17 and an aryl-pyridine 3-18 which 

will fluoresce in the presence of nerve gas molecules (Figure 3-13). 

A molecule synthesized by Copeland and Miller was chosen. This sensor is a pH 

sensitive fluorophore which undergoes PET (Photo-induced Electron Transfer) processes 

when in the free amine form 3-17, but fluoresces when protonated. As the phosphore 

oxygen bounds are very polar, these molecules are acidic enough to protonate 3-17 

(Scheme 3-7).  
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Scheme 3-7 

 
The first step was the esterification of isonipecotic 3-19 acid with HCl gas in 

methanol to give 3-20. In order to get 3-22, the methyl ester underwent a reductive 
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amination with 9-anthraldehyde 3-21 (Scheme 3-8). After different procedures, we 

noticed that the amination was possible only with powdered molecular sieves. 
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Scheme 3-8 

 
The contact surface needs to be increased because of the high hydrophilicity of the 

methyl ester and also because of the water formed during the reductive amination.  
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Scheme 3-9 

 
Then, to be able to graft a sensor in the imprint polymer, methyl ester 3-21 was 

saponified with NaOH to give 3-17. By this way, the monomer 3-23 was synthesized by 

DIC (N, N’-diisopropylcarbodiimide) coupling of 3-17 and 3-11 (Scheme 3-9). To 

increase the chance of getting a successful sensor, we tried to synthesize another kind of 

fluorescent molecule. The second molecule we focused on was Swager’s sensor.56 The 

biaryl compound 3-18 detects nerve agents by reacting with nerve gas molecules. This 

biaryl is a naphthalene derivative bearing a pyridyl and a hydroxyl (or siloxyl) 
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substituent. Nerve agents (such as Sarin 3-14) are volatile organophosphorous 

compounds that react with a hydroxyl group in biological tissue to form a phosphate 

ester. When this reaction occurs at the catalytic site of acetylcholinesterase - an enzyme 

critical to nerve function - the enzyme’s activity is inhibited, leading to convulsions and 

death. In the detection system, organophosphates (which are used as model compounds 

for the nerve agents) react with the hydroxyl or siloxyl group of the indicator to form a 

phosphate ester. As this ester is a good leaving group, the indicator molecule 

spontaneously undergoes an intramolecular cyclization reaction, yielding a tetracyclic 

product 3-18+B- that fluoresce at a different wavelength and intensity than the starting 

compound (Scheme 3-10). 

OYN N O
P
O

OR
OR

N
+

B

O
P(OR)2X

3-18 3-18+B-

B- = PO2(OR)2
-

Y = H, SiMe3

Blue Green

-YX

 

Scheme 3-10 
 

Swager56 and Zhang have shown that the sensor, in the form of a thin film, 

responds in seconds to 10 ppm of diisopropylfluorophosphate vapor, which is a less 

reactive than sarin gas. Visually, the sensor signals the presence of a toxic compound by 

shifting its fluorescence emission from blue to green. A more favorable color change 

would be green to red, noting the dye could be modified to optimize the response even if 

this sensor has the potential to detect nerve agents in the sub-parts-per-billion range as 

Swager has said. However, this system in solution is not designed to identify the agents it 

detects. Then, this “turn on” fluorescent detector is going to be used in an imprint 
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polymer, hence the idea of the monomer 3-24a/b, which was tend to be synthesized by 

esterification of the biaryl 3-18a/b with 3-11 (Scheme 3-11).79

OTMSN OTMSN

O
O

OH

HO2C

3-18a/b

DIC, DMAP+

3-11

3-24a/b
CH2Cl2

  

Scheme 3-11 

To obtain the monomer 3-24a/b, the biaryl compound must first be synthesized. 

For that, a convergent synthesis has been devised (Scheme 3-12). First, naphthalic 

anhydride 3-25 reacted with mercury acetate (Hg(OAc)2) and acetic acid to give 

anhydro-8-(hydroxymercuri)-1-naphthoic acid 3-26.  The 8-Bromo-1-naphthoic acid 3-27 

was obtained by treating 3-26 with NaBr/Br2. Successive treatment of 3-27 with SOCl2 

and LiAlH4 gave the alcohol 3-28. Protection of the alcohol with TMSCl provided the 

aryl bromide 3-29. 

O Br
OHOO O OO Hg

BrTMSOBrOHO BrOH

98% 62%

64% 90%

3-26 3-27

3-28 3-293-27
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Scheme 3-12 
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In a second part, aromatic substitution of 2-amino-4-methylpyridine with NaNO3 

and NaBr/Br2 gave the 2-bromo-4-methylpyridine 3-31.  

N NH2 N Br N Sn

N Br N Sn

3-31 3-32a

BuLi, Me3SnCl

H2O
NaNO2,2)

HBr,
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NaOH aq3)
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72%3-30

BuLi, Me3SnCl

3-32b96%3-33
Et2O, -78oC

Et2O, -78oC

 

Scheme 3-13 
 

After substitution of the bromine 3-31 by Me3SnCl, 3-32a was obtained. 

Commercially available 2-Bromo-5-methylpyridine was substituted using the same 

reagent and gave 3-32b (Scheme 3-13).81, 82

The choice of substituted pyridine was not random. In order to graft our fluorescent 

molecule on a monomer it was necessary to have an alkyl group that will be 

functionalized later on in the synthetic pathway. To obtain a sensor, 3-33a/b, capable of 

being coupled with the norbornene alcohol, 3-11, an attempt was made to couple 3-32a/b 

and 3-29 by Stille’s coupling and then oxidize the coupled product with KMnO4 to get an 

acid for subsequent esterification (Scheme 3-14).56 In fact, the presence of a carboxylic 

acid on one of the aryl shuts down the coupling. 
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Scheme 3-14 
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Different conditions have been tested in order to get 3-33a/b. The desired 

cross-coupled product has yet to be successfully obtained. Thus, the future work is the 

synthesis and optimization of 3-33a/b and the development of a procedure to graft the 

fluorescent sensor onto the monomer.  

Analytical Studies 

With the different monomers (3-24a,b, 3-12) in hand, the MIPs will be made. The 

monomer carrying the sensor (3-24,b or 3-23) will be mixed with the template in a 

stoechiometric amount for a few minutes in order to allow bonding. Through this process 

we will only have the chemosensors in the specific cavities and not all around the 

polymer. In fact, if sensors are present everywhere in the polymer it will loose the 

selectivity offered by the MIP. Then norbornene-amine and monomer 3-12 will be added 

to the mixture. In the model study we used norbornene-carboxilic acid 3-10 as monomer; 

but in the synthesis of the nerve gas detectors, since the sensors are acid-sensitive, we 

must use neutral or slightly basic monomers like norbornene-amine. After adding 

Grubbs’ catalyst the MIP will be ground and the template will be removed. MIPS will be 

made for every single nerve gas. For every template we will make 2 different polymers: 

one with the amine as sensor, and the other with the biaryl. Analytical studies will tell us 

which one provides the best results.  

Conclusion 

We report one the first uses of ROMP in molecular imprinting technology, this 

method of polymerization not only improved the binding properties of the template but 

also the selectivity of the MIPs. Compared to the usually used radical induced 

polymerization, our method is faster, uses milder conditions and requires easier work-up. 

It is now possible to synthesize highly selective MIPs in a few minutes; time-consuming 
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work-up is no longer needed. Beside, due to the tolerance of Grubbs’ catalyst to a large 

number of functional groups, our technique provides a larger field of applications. It is 

now possible to print heat and light sensitive templates.   

The synthesis of new highly selective nerve gas detectors are in progress in our 

group. The new MIP technology based on ROMP methodology provides material in a 

timely manner offering very high selectivity and binding properties. 

 

 



CHAPTER 4 
NEW SYNTHETIC VECTORS FOR DNA TRANSFECTION BASED ON A PROLINE 

MOIETY 

Introduction 

Gene delivery into cultured cells or in vivo is a promising approach to the treatment 

of diseases. Several gene delivery systems have been developed to promote gene 

expression either in vitro or in vivo. Concerns about viral-induced immune response, the 

risk associated with replication-competent viruses, and production issues have stimulated 

efforts toward the development of alternative gene delivery systems such as cationic 

lipids and polymers. These positively charged molecules interact through electrostatic 

forces with DNA. This results in the formation of highly organized supramolecular 

structures where DNA molecules are condensed and protected against DNAse 

degradation. Association of DNA with cationic lipids under a micellar or liposomal form 

leads to lamellar organization with DNA molecules sandwiched between lipids layers.  

DNA delivery systems are used in the field of gene therapy to introduce foreign 

DNA encoding therapeutic protein sequences into cells. Ideally, these DNA delivery 

systems should: 

• Be safe, non toxic, non-immunogenic, and well-tolerated 

• Contain DNA in small particles; below 500 nm in diameter in order to be compatible 
with cell penetration through endocytosis 

• Provide a stealthy behavior in order to improve in vivo bioavailability (i.e., prevent 
the removal of particles from the blood by the monophagocytic system) 

• Target particular cells 

65 
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• Penetrate the target cell 

• Escape from the endosomes 

• Protect DNA molecules from extracellular and intracellular DNAse degradation 

• Target the nucleus for transgenic expression 

The future of gene therapy will depend on the ability to engineer all the properties 

listed above into DNA delivery systems. Cationic lipid/DNA and cationic polymer/DNA 

complexes are called lipoplexes and polyplexes, respectively. Despite the extensive use 

and diverse applications of lipolexes and polyplexes, it must be stressed that their 

supramolecular characteristics and their mechanisms of transfection are in many ways 

surprisingly ill-defined.  

The efficient transfection of eukaryotic cells using cationic liposomes was first 

described in 1987 by Felgner et al.83 These cationic liposomes, composed of a cationic 

lipid {N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride, DOTMA} and 

a natural neutral phospholipids (dioleoyl phosphatidylethanolamine, DOPE) in a ratio 

1:1, were shown to bind DNA efficiently, leading to cellular uptake of plasmid DNA and 

to high levels of transgene expression. Many synthetic amphiphiles have been 

synthesized since then that present the common features of vesicles formation in aqueous 

solutions, DNA binding, and more or less efficient gene transfer.  

The lipoplexes are usually described by the theoretical charge ratio (express as 

moles of positive charges per mole of negative charge). Cationic lipids are composed of a 

hydrophobic moiety (cholesterol, acyl chains, etc.) linked to a cationic headgroup 

including quartenary ammonium such as dioctadecyl-ammonium bromide (DODAB), or 

dioleoyl trimethylammonium propane (DOTAP), or a polycation such as a lipopolyamine 

(RPR120535) or a bisguanidinium trencholesterol (BGTC) (Figure 4-1).  
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Figure 4-1. Commonly used lipoplexes 

Our interest was to synthesize a library of a new kind of lipoplexes 4-3 based on a 

pseudo-proline moiety 4-1.  Proline provides a β-turn which is thought to be an important 

feature in the activity (potency) of RGD transfection agent.35
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Figure 4-2. Lipoplex precursor 
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After studying the feasibility of our methodology on a precursor 4-2 (Figure 4-2), 

4-1 was submitted to a solid-phase peptidic synthesis to provide synthetic vectors (4-3) 

bearing the cyclic RGD sequence (Figure 4-3). 
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Figure 4-3. Synthetic pathway to the RGD-based lipoplex 

We hope that the presence of RGD sequence on our lipoplexes will provide 

improved selectivity properties. RGD is known to specifically bind to integrin receptors 

present on fibronectin, so one can assume that the lipoplexes will preferably target those 

cells. 

Synthesis of the Proline Moiety 

Construction of our lipoplexes was based on a chiral proline structure. This 

structure can be arrived by starting with the commercially available pure enantiomer of 

trans-4-hydroxy-L-proline. A convergent synthesis was devised to get to the precursor 

4-2. A total of 8 steps were required. 
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Commercially available trans-4-hydroxy-L-proline 4-4 was protected using Fmoc. 

Adding Fmoc-chloroformate to a mixture of 4-4/DIPEA (diisopropyl ethylamine a.k.a. 

Hunig’s base) in H2O/dioxane gave the Fmoc-trans-4-hydroxy-L-proline derivative 4-5 

in 100% yield as a white solid.84 Treatment of 4-5 with Jones reagent (CrO3, H2SO4) 

provided the ketone 4-6, once again with a quantitative yield. Finally, esterification of 4-6 

in presence of thionyl chloride in MeOH gave the Fmoc-keto-L-proline methyl ester 4-7 

in 60% yield (59% overall yield from trans-4-hydroxy-L-proline) (Scheme 4-1).85
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Scheme 4-1 
 

Synthesis of the Tartrate Derivative 

Tartrate derivatives were chosen to graft the lipids (oleyl alcohol) to the proline 

moiety. The interesting feature of this tartrate derivative is that we can easily create a 

library of lipoplexes by grafting different kinds of lipids and cationic chains. 

Commercially available diethyl-L-tartrate 4-8 was protected with an isopropylidene by 

treatment with dimethoxypropane and TsOH in acetone, giving 4-9 in 82%. Reduction of 
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the esters of 4-9 in presence of NaBH4 in MeOH provided the diol 4-10 with 96% yield 

(Scheme 4-2). 
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Scheme 4-2 
 

The fatty chains were to be grafted to the diol 4-10 using Williamson’s ether 

synthesis. Oleyl alcohol 4-11 was treated with DDQ, triphenylphosphine and Bu4NBr in 

CH2Cl2 to give the oleyl bromide 4-12 in 85% yield.86 Etherification of 4-10 with 

bromide 4-12 required Bu4NBr in order to get a decent yield. In fact the solubility of the 

oleyl bromide 4-12 was an issue and a phase transfer agent (i.e., Bu4NBr) was the easiest 

solution. The etherification of 4-10 provided the diether 4-13 in 40% yield. Subsequent 

acidic removal of the acetal, in THF, provided the diol 4-14 in quantitative yield from 

4-13 (Scheme 4-3). 
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Convergent Synthesis: Formation of the Acetal 

The final step of the convergent synthesis was to couple the proline derivative 4-7 

with the diol 4-14. 
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Scheme 4-4 

 
To do so, typical conditions were used: refluxing 4-7 and 4-14 in toluene in 

presence of a catalytic amount of TsOH and using a Dean-Starke trap. The acetal 4-2 was 

successfully synthesized in 81% yield (22% overall yield in 8 steps from commercially 

available starting materials) (Scheme 4-4).  

Once the methodology proved to be successful, the RGD solid-phase synthesis 

previously developed in our group was carried out. With this new route, the peptide can 

be synthesized on a resin and then cleaved. Cyclization and deprotection would be 

attempted off of the solid-phase support.  Use of a solid-phase support allows one to use 

higher boiling solvents such as DMF since it can be washed off of the bead.87 By 

choosing this resin, it was observed that when the peptide was cleaved, the side chain 

protecting groups remained unaffected.  If the protecting groups were removed many 

problems in isolation could occur, specifically formation of oligomers.  Solid-phase 
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synthesis of the peptide was linear.  However, the site of cyclization remained between 

the C-terminus of glycine and the N-terminus of aspartic acid. 

Solid-Phase Synthesis of the Cyclic Tetrapeptide 

The resin chosen was the SASRIN (Super Acid Sensitive Resin) 4-15a.88, 89 It is a 

derivative of the WANG resin 4-15b. A major difference, other than subtle structural 

differences, is the condition of cleavage (Scheme 4-5).   
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Scheme 4-5 

 
Wang resin90 requires harsh conditions typically 50% TFA.  This is not compatible 

with our strategy due to potential cleavage of the protecting groups on arginine and 

aspartic acid.  SASRIN resin cleavage requires only 1%TFA in methylene chloride.  Side 

chain protecting groups will survive these conditions. Starting with the 

SASRIN-Gly-NHFmoc 4-16, the solid phase synthesis was developed.  The sequence to 

the tetrapeptide on the resin involved a number of similar steps.  The steps were 

deprotection of the Fmoc moiety to free the amine under standard conditions with 

piperidine followed by coupling with diisopropylcarbodiimide (DIC), 

1-hydroxybenzotriazole (HOBt), 2,4,6-collidine, and the appropriate amino-acid. The 

amino groups were protected with Fmoc, which is base labile. The β-position of the 

aspartic acid and the terminal nitrogen of the guanidine side chain of arginine were 

protected as a t-Butyl ester and acid-sensitive Pbf (where Pbf stands for 
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2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl) respectively. Both are acid labile. 

TFA removes both in one step, leaving the N-protected Fmoc intact.  

All the reagents in the coupling reactions were used in excess, typically threefold, 

leading to the tetrapeptide 4-19 on the solid support (Scheme 4-6). 
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Yields of the steps were all over 95% based solely on the recovery of the bead.  

Tetrapeptide 4-19 was subjected to mild cleavage conditions: 
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It was treated with 1% TFA in methylene chloride gave 4-20 which was purified 

via size exclusion chromatography. Linear proline-based RGD 4-20 will be treated with 

HATU (N,N,N' N'-Tetramethyl-O-(7-azabenzotriazol-1-yl)uranium 

hexafluorophosphate), HOBt and 2,4,6-collidine to yield 4-21 (Scheme 4-7). Cyclic RGD 

4-21 will be treated with a mixture of trifluoroacetic acid, thioanisole, anisole, and water 

(90:5:3:2).  Thioanisole and anisole are used as ion (i.e., pyridinium salts) scavengers. 

Solvent like 1,2-ethanedithiol can also be added as another trap for the cation but it is 

unnecessary in this sequence (Scheme 4-8).  After purification, the isolated cyclic peptide 

4-21 was obtained in 23% yield.  
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Scheme 4-8 

 
Solution-Phase Synthesis of the Tetrapeptide 

Since solid-phase synthesis do not allow for large scale production because of the 

price of the resin, a solution-phase synthesis was also carried out. A convergent approach 

was chosen with the synthesis of two separate dipeptide fragments 4-29 and 4-31 

(Scheme 4-9).  
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Scheme 4-9 

 
Cyclization was envisioned between aspartic acid and glycine to avoid steric 

congestion. From retrosynthetic analysis, C-protected keto-proline 4-22, 

Fmoc-Arg(Pbf)-OH 4-23, C-protected glycine 4-24 and Fmoc-Asp(OtBu)-OH 4-25 were 

needed. Fmoc-protected 4-keto-L-proline 4-6 was reacted with thionyl chloride in benzyl 

alcohol to give Fmoc-4-keto-L-proline benzyl ester 4-26 in 79% yield. Amino-acid 4-26 

was then deprotected using 20% piperidine in DMF to yield 4-27 (86%).  
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Scheme 4-10 
 

Coupling of 4-27 with commercially available Fmoc-Asp(OtBu)-OH 4-25 using the 

water-soluble carbodiimide EDCI (to ease the purification), HOBt and triethylamine will 
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yield the protected dipeptide 4-28. Dipeptide 4-28 will be treated with palladium 

hydroxide under a hydrogen atmosphere (1 atm) to give 4-29 (Scheme 4-10).  

The second dipeptide was made from commercially available Fmoc-Arg(Pbf)-OH 

4-23 and glycine benzyl ester 4-24. The two protected amino-acids were coupled using 

EDCI, HOBt and triethylamine and yield the dipeptide 4-30 in 71% yield. The Fmoc 

group was removed using standard conditions with 20% piperidine to give 4-31 in 57% 

yield (Scheme 4-11).  
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Scheme 4-11 

 
Protected amino-acids 4-31 and 4-29, under similar coupling conditions, will give 

the protected tetrapeptide 4-32. It was decided to deprotect the amine first under standard 

conditions. Linear peptide 4-20 will be treated with a 20% piperidine solution in DMF 

followed by hydrogenation with Pearlman’s catalyst to yield the cyclization precursor 

4-20. Compound 4-20 will not be purified but taken on to the cyclization step (same 

procedure that the one used in the solid-phase peptide synthesis): it will be treated with 

HATU, HOBt in DMF to give 4-21 (Scheme 4-12). 
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Synthesis of the DNA Transfection Agent Precursor 

With the cyclic tetrapeptide in hand, the acetonide can be made by reacting the diol 

4-14 bearing the two oleyl moieties with 4-21 in benzene in presence of TsOH in 

catalytic amount, and a Dean-Starke trap (Scheme 4-13). The acetonide 4-22 will then be 

obtained and purified. 

The side chains protecting groups (t-Butyl and Pbf) should survive the acidic 

treatment. If not, then it wouldn’t be an issue since our goal is to get a non-protected 

RGD transfection agent (to bind to the integrins).  

When the agents are made they will be tested in vivo and in vitro to check their 

biological activity. 
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Scheme 4-13 

Conclusion 

The methodology we developed on the proline core was successful, the SPPS of the 

RGD fragment was achieved with good yield. Meanwhile the solution-phase synthesis 

needs to be done. The molecule 4-22 would be the first RGD-based DNA transfection 

agent precursor ever made. It opens a new area of interest in gene therapy and provides 

an easily way to create libraries thanks to the versatility offered by the acetonide 4-14. 

Our methodology allows the grafting of different type of groups on the acetonide, leading 

to a wide library of compounds. Another advantage of the tartrate is its acid sensitivity, 

allowing the agent to be easily degraded in the body. 

 
 
 
 

 



CHAPTER 5 
EXPERIMENTAL METHODS 

General Methods 

All moisture and air-sensitive reactions were performed in oven dried glassware 

under a positive pressure of Argon. Sensitive liquids and solutions (e.g., n-butyllithium) 

were transferred by syringe and introduced into the reaction vessels through rubber septa. 

All commercial solvents and reagents were used without further purification unless 

otherwise indicated. Solvents were freshly distilled before use.  All yields reported refer 

to isolated material determined to be pure by NMR spectroscopy and thin layer 

chromatography. Infrared (IR) spectra were recorded on a Perkin-Elmer 1600 FT-IR 

spectrometer and are reported in wave numbers (cm-1). 1H Nuclear magnetic resonance 

spectra were recorded on a Varian Gemini-300 (300 MHz).  13C NMR spectra were 

recorded at 75 MHz on the same spectrometers.  Chemical shifts are reported in ppm 

downfield relative to tetramethylsilane (TMS) as an internal standard.  All mass 

spectroscopy was performed by the Mass Spectroscopy Service at the University of 

Florida-Department of Chemistry. Elemental analysis was performed by Atlantic 

Microlab Inc. in Norcross, GA. The GC/MS analyses were performed on a Shimadzu 

GC-17-A/GCMS-QP5000. HPLC analysis were performed on a Shimadzu LC-6 AD with 

a RID 10 A detector and a CHIRALCEL OD-H from Darcel Inc.. 

79 
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Monobenzylated isosorbide 2-2a. 

O
O

OH

OBn

H

H
 

Sodium hydride (60% mass) (15.0 mmol, 0.6 g) was added to a flask flushed with 

argon.  The gray powder was washed three times with pentane to remove the protective 

oil.  A dilute solution of isosorbide 2-1a (13.7 mmol, 2.0 g) in DMF (30 mL) was added 

to the sodium hydride.  The mixture was stirred for 20 minutes.  Benzylbromide (14.0 

mmol, 1.7 mL) was added to the reaction flask and allowed to stir for 15 hours at ambient 

temperature. The reaction was monitored by TLC.  Workup entailed an extraction with 

brine and diethyl ether.  The organic layer was dried with anhydrous magnesium sulfate 

and the solution concentrated.  The product was isolated by flash chromatography with 

silica gel (hexane/ether 35:65), leaving a colorless, residual oil (2.7 g, 82%). 1H NMR 

(CDCl3) δ 7.35 (m, 5H), 4.6 (m, 3H), 4.25 (m, 1H), 4.1 (m, 2H), 3.85 (m, 2H), 3.5 (dd, 

9.3 Hz, 1H), 2.8 (s, 1H).  All spectral data is in agreement with known literature values.91

Chloro-acetate of isosorbide 2-3a. 

O
O

O

OBn

O

Cl

H

H
 

The monobenzylated isosorbide 2-2a (17.2 mmol, 4.07 g) was dissolved in 

chloroform (80 mL).  The solution was cooled to 0oC in an ice-bath and allowed to stir 
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for 10 minutes.  After addition of pyridine (60.3 mmol, 4.9 mL), the reaction was stirred 

at 0oC for 15 minutes.  In a seperate vessel, chloroacetic anhydride (34.5 mmol, 5.9 g) 

was dissolved in chloroform (70 mL).  This solution was added dropwise to the above 

reaction mixture.  The reaction was stirred at room temperature for 12 hours.  After 

consumption of starting material, dilute HCl was added to neutralize the pH.  Workup 

entailed an extraction with brine and chloroform.  The organic layer was dried with 

anhydrous magnesium sulfate and the solution was concentrated.  The product was 

isolated by flash chromatography on silica gel (hexane/ether 45 : 55), leaving a residual 

oil (4.5 g, 84%). 1H NMR (CDCl3) δ 7.35 (m, 5H), 5.25 (d, 3.5 Hz, 1H), 4.75 (d, 11.9 Hz, 

1H), 4.67 (t, 4.6 Hz, 1H), 4.55 (d, 11.9 Hz, 1H), 4.5 (m, 1H), 4.1 (m, 5H), 3.86 (dd, 8.8 

Hz, 1H), 3.65 (dd, 8.7 Hz, 1H); 13C NMR (CDCl3) δ 166.3, 137.5, 128.4, 127.8, 127.7, 

85.4, 80.5, 80.0, 78.8, 73.2, 72.3, 70.4, 40.5 ; IR (neat): 2877.7, 1757.8, 1174.1, 699.8 

cm-1; HRMS calcd for [C15H17O5Cl]+ 312.0764, found 312.0764; Anal. Calcd for 

C15H17O5Cl: C, 57.61; H, 5.48. Found  C, 57.73; H, 5.49. 

Wittig reagent 2-4a 

O
O

O

OBn

O
PPh3

H

H
 

Ester 2-3a (39.4 mmol, 12.3 g) was mixed with triphenylphosphine (118.2 mmol, 

31.0 g) and benzene (50 mL) and allowed to reflux for 15 hours.  The resulting solution 

was cooled to room temperature.  Hot water was added to dissolve the salt formed in the 

flask. The benzene layer was discarded. Then 0.1 M NaOH was added dropwise until no 
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further white precipitate was formed.  More precipitate was observed upon cooling of the 

flask in an ice-bath for 1 hour.  Workup entailed an extraction with brine and methylene 

chloride.  The organic layer was dried with anhydrous magnesium sulfate and the 

solution was concentrated.  The product was thoroughly dried by a vacuo pump (17.2 g, 

81%). 1H NMR (CDCl3) δ 7.63 (m, 5H), 7.42 (m, 10H), 7.29 (m, 5H), 5.1 (d, 12 Hz, 1H), 

4.77-4.4 (m, 4H), 4.07-3.4 (m, 6H), 1.98 (d, 13 Hz, 1H); 13C NMR (CDCl3) δ 166.3, 

137.5, 128.4, 127.8, 127.7, 85.4, 80.5, 80.0, 78.8, 73.2, 72.3, 70.4, 40.5 ; IR (neat): 

3048.5, 2954.5, 2355.1, 1619.3, 1434.3, 1190.4, 1108.1, 884.8, 743.8, 696.8 cm-1; 

HRMS calcd for [C33H32PO5]+ 538.1909, found 538.1987.  

Isosorbide Wittig adduct 2-10a. 

O

O O
O

O
BnO

H
H

 

 Freshly distilled glutaric dialdehyde (14.64 mmol, 465 mg) and Wittig reagent 

from isosorbide 2-4a (5.57 mmol, 3 g) were combined in an oven dried flask and 

dissolved in freshly distilled methylene chloride (1 M).  The reaction was stirred for 15 

hours at room temperature.  After completion of the reaction, the solvent was evaporated 

and the remaining residue was purified with column chromatography (hexane/ether 

50:50) (1.75 g, 75%). 1H NMR δ 1.75 (quint, J=6.4 Hz, 2H), 2.2 (q, J=6.4 Hz, 2H), 2.45 

(dt, J=6.4, 8.9 Hz, 2H), 3.4-4.08 (m, 7H), 4.1 (q, J=6.5 Hz, 1H), 4.8 (t, J=6.3 Hz, 1H), 

5.15 (q, J=6.4 Hz, 1H), 5.82 (d, J=12.7 Hz, 1H), 6.9 (dt, J=8.9,12.7 Hz, 1H), 7.12 (m, 

5H), 9.7 (s, 1H). HRMS calcd for [C20H24O6]+ 360.1573, found 360.1575.  
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Monobenzylated isomannide 2-2b. 

O
O

OH

OBn

H

H
 

Isomannide 2-1b (6.85 mmol, 1.0 g), potassium hydroxide (6.85 mmol, 0.44 g) 

were dissolved in H2O (3.5 mL) and the resulting solution was heated to reflux for 20 

minutes. The mixture was cooled to room temperature, benzyl chloride was added 

dropwise (6.85 mmol, 0.78 mL). The solution was refluxed for additional 3 hours before 

an acidic quench (HCl 2N, 3.5 mL) and extraction with ethyl acetate (3 X 2mL). The 

combined organic layers were dried (MgSO4) and concentrated under vacuo. The crude 

product was then precipitated in cold Et2O (5 mL) to give the monobenzylated 

isomannide 2-2b (0.73 g, 45%) as a white solid. Mp=93oC. 1H NMR δ 2.85 (d, J=8.5 Hz, 

1H), 3.74–3.80 (m, 2H), 4.02–4.05 (m, 2H), 4.08 (dd, J=4.8, 8.1 Hz, 1H), 4.29 (dq, J=5.5, 

8.5 Hz, 1H), 4.50 (dd, J=4.6, 5.5 Hz, 1H), 4.57 (dd, J=4.6, 4.8 Hz, 1H), 4.58 (d, 

J=11.8 Hz, 1H), 4.78 (d, J=11.8 Hz, 1H), 7.30–7.40 (m, 5H); 13C NMR δ 71.4, 72.3, 72.6, 

74.9, 78.9, 80.6, 81.7, 128.0, 131.0; IR (νmax, cm-1, film) 1220, 2850–3000, 3400; 

[α]D
20=+138.0° (c=1, CHCl3); Anal. Calcd for C13H16O4: C, 66.09; H, 6.83. Found: C, 

65.69; H, 6.76. 
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Chloro-esterified isomannide 2-3b. 

O
O

O

OBn

O

Cl

H

H
 

The monobenzylated isomannide 2-2b (17.2 mmol, 4.07 g) was dissolved in 

chloroform (80 mL).  The solution was cooled to 0oC in an ice-bath and allowed to stir 

for 10 minutes.  After addition of pyridine (60.3 mmol, 4.9 mL), the reaction was stirred 

at 0oC for 15 minutes.  In a separate vessel, chloroacetic anhydride (34.5 mmol, 5.9 g) 

was dissolved in chloroform (70 mL).  This solution was added dropwise to the above 

reaction mixture.  The reaction was stirred at room temperature for 12 hours.  After 

consumption of starting material shown by TLC, dilute HCl was added to neutralize the 

pH.  Workup entailed an extraction with brine and chloroform.  The organic layer was 

dried with anhydrous magnesium sulfate and the solution was concentrated.  The product 

was isolated by flash chromatography on silica gel (hexane/ether 45 : 55), leaving a 

residual oil (4.5 g, 84%).  [α]25
D= +77.6o (C=0.105, chloroform), 1H NMR (CDCl3) δ 

7.35 (m, 5H), 5.25 (d, J=3.5 Hz, 1H), 4.75 (d, J=11.9 Hz, 1H), 4.67 (t, J= 4.6 Hz, 1H), 

4.55 (d, J=11.9 Hz, 1H), 4.5 (m, 1H), 4.1 (m, 5H), 3.86 (dd, J=8.8 Hz, 1H), 3.65 (dd, 

J=8.7 Hz, 1H); 13C NMR (CDCl3) δ 166.3, 137.5, 128.4, 127.8, 127.7, 85.4, 80.5, 80.0, 

78.8, 73.2, 72.3, 70.4, 40.5 ; IR (neat): 2877.7, 1757.8, 1174.1, 699.8 cm-1; MS (EI) m/z 

312 (M+), 234, 183, 136, 112, 107, 91; HRMS calcd for [C15H17O5Cl]+ 312.0765, found 

312.0769; Anal. Calcd for C15H17O5Cl: C, 57.61; H, 5.48. Found: C, 57.73; H, 5.49. 
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Wittig reagent 2-4b. 

O
O

O

OBn

O
PPh3

H

H
 

Ester 2-3b (39.4 mmol, 12.3 g) was mixed with triphenylphosphine (118.2 mmol, 

31.0 g) and THF (50 mL) and allowed to reflux for 15 hours.  The resulting solution was 

cooled to room temperature.  Hot water was added to dissolve the salt formed in the flask. 

The THF layer was disregarded. Then 0.1 M NaOH was added dropwise until no further 

white precipitate was formed.  More precipitate was observed upon cooling of the flask in 

an ice-bath for 1 hour.  Workup entailed an extraction with brine and methylene chloride.  

The organic layer was dried with anhydrous magnesium sulfate and the solution was 

concentrated.  The product was thoroughly dried by a vacuo pump (17.2 g, 81%). 1H 

NMR (CDCl3) δ 7.63 (m, 5H), 7.42 (m, 10H), 7.29 (m, 5H), 5.1 (d, J=12 Hz, 1H), 4.77-

4.4 (m, 4H), 4.07-3.4 (m, 6H), 1.98 (d, J=13 Hz, 1H); 13C NMR (CDCl3) δ 166.3, 137.5, 

128.4, 127.8, 127.7, 85.4, 80.5, 80.0, 78.8, 73.2, 72.3, 70.4, 40.5 ; IR (neat): 3048.5, 

2954.5, 2355.1, 1619.3, 1434.3, 1190.4, 1108.1, 884.8, 743.8, 696.8 cm-1; HRMS calcd 

for C33H32PO5 538.1909, found 538.1987.  

Isomannide Wittig adduct 2-10b. 

O

O O
O

O
H

H

BnO  
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Freshly distilled glutaric dialdehyde (14.64 mmol, 465 mg) and Wittig reagent from 

isomannide 2-4b (5.57 mmol, 3 g) were combined in an oven dried flask and dissolved in 

freshly distilled methylene chloride (1 M).  The reaction was stirred for 15 hours at room 

temperature.  After completion of the reaction shown by TLC, the solvent was evaporated 

and the remaining residue was purified with column chromatography (hexane/ether 

50:50) (1.75 g, 75%). 1H NMR δ1.75 (quint, J=6.4 Hz, 2H), 2.2 (q, J=6.4 Hz, 2H), 2.45 

(dt, J=6.4, 8.9 Hz, 2H), 3.4-4.08 (m, 7H), 4.1 (q, J=6.5 Hz, 1H), 4.8 (t, J=6.4 Hz, 1H), 

5.15 (q, J=6.4 Hz, 1H), 5.82 (d, J=12.7 Hz, 1H), 6.9 (dt, J=8.9,12.7 Hz, 1H), 7.12 (m, 

5H), 9.7 (s, 1H). HRMS calcd for C20H24O6 360.1573, found 360.1575.  

Tetrahydropyran-2-ol 2- 5. 

O OH

 

Method 1: 3-4 Dihydropyran (10.93 mmol, 1 mL) was stirred in THF (22 mL) at 

room temperature under Argon pressure. To the flask was added water (55 mmol, 1 mL) 

then some drops of concentrated HCl. The reaction was stirred at room temperature for 2 

hours and monitored by TLC. Workup entailed an extraction with diethyl ether. The 

organic layer was dried with anhydrous magnesium sulfate and the solution concentrated 

under vacuo leaving a residual colorless oil (949 mg, 85%). 

 Method 2: Valerolactone (23.7 mmol, 2.2 mL) was stirred in dry methylene 

chloride (50 mL) at –78oC under Argon pressure. To the flask was added Dibal-H 

(diisobutylaluminum hydride, 1 M in hexane) (26 mmol, 26 mL) dropwise via a syringe 

over 10 minutes. The reaction was stirred 10 more minutes and monitored by TLC. Then, 

the reaction was quenched slowly at –78oC with methanol (5 mL) and the solution was 
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poured into aqueous saturated Rochelle’s salt solution (300 mL). The mixture was stirred 

for 1hour then extracted with diethyl ether. The organic layer was dried with anhydrous 

magnesium sulfate and the solution concentrated under vacuo leaving residual colorless 

oil (2.37 g, 98%). All spectral data was in agreement with known literature values.92

(Methoxycarbonylmethylene)triphenylphosphorane 2-6. 

Ph3P
CO2Me

 

Methyl bromoacetate (31.69 mmol, 3 mL) was added to triphenylphosphine (95.1 

mmol, 25 g) already dissolved in ethyl acetate (500 mL) at room temperature. The 

mixture was stirred overnight. The white precipitate was filtered, washed with diethyl 

ether and dried under vacuo at 40oC for half an hour. The solid was redissolved in hot 

water. NaOH was added and ylide 2-6 precipitated (10.4 g, 98%). All spectral data was in 

agreement with known literature values.93

7-Hydroxyhept-2-enoic acid methyl ester 2-7. 

HO

CO2Me

 

Tetrahydropyran-2-ol 2-6 (17.1 mmol, 1.75 g) was stirred in chloroform (17 mL) at 

room temperature. To the flask was added the ylide 6 (25.65 mmol, 8.6 g) and a tip of 

benzoic acid (10 mg). The reaction ran overnight. Workup entailed an extraction with 

diethyl ether. The organic layer was dried with anhydrous magnesium sulfate and the 

solution concentrated under vacuo and triphenylphosphine oxide was removed by flash 

chromatography (hexane/ether 50:50) leaving a residual light yellow oil. (2.1 g, 76%). 

All spectral data is in agreement with known literature values.94
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Trans-7-oxohept-2-enoic acid methyl ester 2-8. 

O

CO2Me

H

 

7-Hydroxyhept-2-enoic acid methyl ester 2-7 (12.7 mmol, 2 g) was stirred in 

freshly distilled methylene chloride (25.4 mL) at room temperature. To the flask was 

added Celite® (12 g) then PDC (19 mmol, 7.1 g) to prevent caking. The mixture was 

stirred overnight. Workup entailed a dilution with ether, filtration and concentration 

under vacuo. The trans compound was isolated by flash chromatography on silica gel 

(hexane/ether 50:50), leaving a white powder (85%). All spectral data was in agreement 

with known literature values.95

General Procedure for Radical Cyclizations.   

Aldehyde 2-8 (0.13 mmol, 0.06 g) and methylene chloride (0.5 M) were added to 

an argon flushed, oven-dried, round bottom flask.  The Lewis acid (1 equiv.) was also 

added to the reaction vessel and allowed to stir under argon at room temperature for 15 

minutes.  The reaction mixture was then cooled to –78oC with a dry-ice/acetone bath.  

Tributyltin hydride (0.63 mmol, 0.17 mL) and triethylborane (1M in hexane) (0.32 mmol, 

0.32 mL) were then added to the solution in that order.  After all the reagents were 

allowed to stir at –78oC for 10 minutes, oxygen and triethylborane (1M in hexane) (0.32 

mmol, 0.32 mL) was injected into the mixture for five minutes intervals every 30 

minutes.  The reaction was monitored by TLC until completion.  Workup entailed an 

extraction of the crude mixture with ethyl acetate and sodium carbonate saturated 

solution. The combined organic layers were dried and concentrated under vacuo. The 
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mixture was applied to a pad of potassium fluoride on top of a column of silica gel.  After 

leaving the residue on the pad for thirty minutes, the cyclized product was eluted (30:60 

ether:hexane) yielding a clear oil. 

Product 2-11a,a’ (3R, 4S). 

O
O

O

O

H
H

OHBnO

 

[α]D
25=+125.4° (c=0.1, MeOH); 1H NMR δ 1.21 (m, 1H), 1.58 (m, 2H), 1.71 (m, 

1H), 1.94 (m, 2H), 2.11 (m, 1H), 2.38 (dd, J=16.5, 7.8 Hz, 1H), 2.41 (ddd, J=16.5, 6.3, 

1.0 Hz, 1H), 2.60 (br s, 1H), 3.82 (m, 8H), 4.23 (q, J=6.3 Hz, 1H), 4.81 (t, J=6.3 Hz, 1H), 

5.12 (q, J=6.6 Hz, 1H), 7.23 (m, 5H); 13C NMR (CDCl3) δ 172.8, 137.2, 128.4, 127.6, 

83.3, 79.0, 76.8, 75.5, 74.1, 72.2, 64.9, 64.2, 36.5, 32.0, 30.7, 23.7, 17.2. HRMS calcd for 

[C20H26O6]+ 362.1729, found 362.1736. Anal. Calcd for C20H26O2: C, 66.28; H, 7.23. 

Found: C, 66.55; H, 7.46. 

Product 2-11b,b’ (3R, 4S). 

O
O

O

O

H
H

OHBnO

 

[α]D
25=+137.6o (c=0.1, MeOH); 1H NMR δ 1.16-1.36 (m, 1H), 1.54-164 (m, 2H), 

1.67-1.77 (m, 1H), 1.91-1.99 (m, 2H), 2.03-2.13 (m, 1H), 2.39 (dd, J=16.3, 8.0 Hz, 1H), 

2.45 (ddd, J=16.3, 6.1, 1.0 Hz, 1H), 2.51 (br s, 1H), 3.40-4.08 (m, 7H), 3.85 (m, 1H), 
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4.20 (q, J=6.5 Hz, 1H), 4.85 (t, J=6.4 Hz, 1H), 5.15 (q, J=6.4 Hz, 1H), 7.14 (m, 5H); 13C 

NMR (CDCl3) δ 172.0, 137.2, 128.4, 127.6, 82.9, 79.2, 76.4, 75.6, 73.8, 72.2, 65.4, 64.6, 

36.1, 31.8, 30.7, 23.5, 16.9 HRMS calcd for [C20H26O6]+ 362.1729, found 362.1732. 

Anal. Calcd for C20H26O2: C, 66.28; H, 7.23. Found: C, 66.44; H, 7.44. 

2-12 and 2-12’. 

O

O

 

1H NMR δ 1.55 (dddt, J=1.0, 4.1, 13.0, 4.1 Hz, 1H), 1.68-1.77 (m, 3H), 1.86 (m, 

1H), 2.05 (td, J=4.4, 14.8 Hz, 1H), 2.29 (dd, J=2.5, 18.1 Hz, 1H), 2.82 (dd, J=10.2, 18.1 

Hz, 1H), 2.88-2.96 (m, 1H), 5.00 (td, J=1.5, 5.9 Hz, 1H); 13C NMR (CDCl3) δ 23.35, 

33.43, 33.56, 35.93, 37.89, 86.32, 177.66; MS (EI) m/z 126 (M+), 98, 97, 83, 80, 67, 54 

HRMS (EI) calcd for [C7H10O2]+ 126.0681, found 126.0678. 

2-13 (3R, 4S). 

R

MeO
O

OH
S

 

[α]D
25=+43.1° (c=1, MeOH); 1H NMR δ 1.16-1.3626 (m, 1H), 1.54-164 (m, 2H), 

1.67-1.77 (m, 1H), 1.91-1.99 (m, 2H), 2.03-2.13 (m, 1H), 2.39 (dd, J=16.3, 8.0 Hz, 1H, 

CH2CO), 2.45 (ddd, J=16.3, 6.1, 1.0 Hz, 1H, CH2CO), 2.51 (br s, 1H, OH), 3.66 (s, 3H, 

OMe), 3.85 (m, 1H, CHOH); 13C NMR (CDCl3) δ 21.83, 30.70, 34.26, 38.17, 44.35, 

51.77, 78.85, 174.64; MS (EI) 159(MH+), 141, 127, 109, 81   
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General procedure for radical polymerization 

Pyridostigmine bromide (0.75 mmol, 195.8 mg) was added to a round bottom flask, 

methacrylic acid (30.0 mmol, 0.28 mL) was poured and the mixture was allowed to stir 

for 10 minutes under argon. Ethylene glycol (12.0 mmol, 2.25 mL), AIBN (0.17 mmol, 

28 mg) and distilled acetonitrile (3.0 mL) were added. The mixture is refluxed for 8 

hours. The white solid obtained was then ground, suspended in ethanol and refluxed 

overnight to remove the template (pyridostigmine). The powder was dried under vacuo to 

give the polymer. 

General procedure for ROMP polymerization: 

Pinacolyl methylphosphonate (0.76 mmole, 138.0 mg), bicyclo[2.2.1]hept-5-en-2-

carboxylic acid (3.06 mmoles, 422.0 mg) and hexanedioic acid dibicyclo[2.2.1]hept-5-en-

2-ylmethyl ester 3-12 (12.3 mmoles, 4.4 g) were dissolved in CH2Cl2 (31 mL). After 

waiting 30 minutes for electrostatic bonding to occur between monomers and templates, 

Super Grubbs’s catalyst (0.09 mmole, 81.3 mg) was added and the solution was allowed 

to stir until a solid  formed. In few minutes, the solution became a soft gelatin structure 

with a pink color. To remove Grubbs’s catalyst, the solid was washed up with CH2Cl2 

(100 mL) and ethyl vinyl ether after grinding. The solution was stirred 15 minutes and 

filtered. To remove the excess of ethyl vinyl ether and monomers, the solution was 

washed with EtOAc and filtered. Then to remove the template, the mixture was refluxed 

overnight with ethanol, filtered and the solvent was removed under reduce pressure. 

Bicyclo[2.2.1]hept-5-en-2-yl-methanol or 5-Norbornene-2-methanol 3-11. 

OH  
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Aldehyde (1.23 mol, 15 g, 14.9 mL) was dissolved in methanol (150 mL) and the 

mixture was cooled at 0oC. Sodium borohydride (0.49 mol, 18.6 g) was added and the 

solution was stirred overnight. A solution of saturated solution of ammonium chloride 

was added and the solution was filtered: the white solid was washed with water. The 

aqueous layer was then extracted with chloroform. The solvent was removed in vacuo 

and the crude product 3-11 (14.9 g, 98%) was used without further purification. 1H 

(CDCl3) δ 6.18 (m, 1H), 5.96 (m, 1H), 3.38-3.25 (m, 2H), 2.95 (m, 1H), 2.82 (m, 1H), 

1.82 (m, 1H), 1.47 (m, 2H), 1.38 (m, 2H); 13C (CDCl3) δ136.93, 136.40, 136.23, 132.01, 

66.72, 66.74, 49.22, 44.65, 43.32, 43.03, 41.95, 41.36, 41.26, 41.20, 29.34, 28.62. 

Hexanedioic acid dibicyclo[2.2.1]hept-5-en-2-ylmethyl ester 3-12. 

O
O

O

O  

Norbornene alcohol 3-11 (0.81 mmol, 100 mg) was dissolved in freshly distilled 

methylene chloride (2 mL), pyridine (2.42 mmol, 191.4 mg, 0.2 mL) was added at room 

temperature and the solution was allowed to stir for 30 minutes. Then, the reaction was 

cooled at 0oC and adipoyl chloride (0.885 mmol, 0.13 mL) was added slowly. The 

solution was stirred overnight. Brine was added to the mixture and the aqueous layer was 

extracted with methylene chloride, the organic layers were then dried over magnesium 

sulfate. The solvent was removed in vacuo and the crude material was purified by flash 

chromatography with ether/hexane (50/50) to give a clear oil (267 mg, 92%). 1H (CDCl3) 

δ 6.14 (dd, J= 2.6 Hz, J= 3.0 Hz, 2H), 5.93 (m, 2H), 3.82 (dd, J= 6.6 Hz, J= 10.8 Hz, 2H), 
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2.84 (d, J= 15 Hz, 4H), 2.34 (m, 7H), 1.82 (m, 2H), 1.64 (m, 4H), 1.42 (dq, J= 7.5 Hz, J= 

2.5 Hz, 2H), 1.26 (m, 5H); HRMS for [C22H31O4+2H]+ calc. 360.2144, found 360.2251. 

1-Anthracen-9-ylmethyl-piperidine-4-carboxylic acid methyl ester 3-22 

N

O

OMe

 

Isonipecotic acid (38.7 mmol, 5.0 g) was dissolved in MeOH (125 mL) and HCl 

gas was bubbled through the solution for 4 hours. The solvent was removed, the resulting 

white solid was suspended in CH2Cl2 and ammonia was bubbled through the mixture for 

20 minutes. The mixture was filtered and the residue washed with CH2Cl2, and the 

mother liquor was then concentrated to yield the methyl ester of isonipecotic acid as a 

clear oil 3-20 (4.7 g, 82%). 

The methyl ester 3-20 (33.9 mmol, 4.9 g) and 9-anthraldehyde 3-21 (33.9 mmol, 

7.0 g) were dissolved in THF (135 mL) and 4Å powdered molecular sieves (8 g) were 

added to the solution. After stirring for 30 minutes, NaCNBH3 (48.5 mmol, 3.0 g) was 

added and the mixture was allowed to stir overnight. The solvent was evaporated and the 

residue was dissolved in CH2Cl2 (170 mL), washed with 1N HCl (3 x 90 mL), saturated 

NaHCO3 (3 x 90 mL) and dried over Na2SO4. Evaporation of solvent yielded sensor 3-22 

as a pale yellow crystalline solid (3.6 g, 72%). 1H (CDCl3) δ 8.50 (d, J= 9.2 Hz, 2H), 8.42 

(s, 1H), 8.01 (d, J= 8.4 Hz, 2H), 7.54-7.45 (m, 4H), 4.41 (s, 2H), 3.66 (s, 3H), 2.94 (m, 

2H), 2.38-2.27 (m, 3H), 1.85-1.81 (m, 2H), 1.75-1.66 (m, 2H); 13C (CDCl3) δ 175.7, 

131.3, 129.9, 128.9, 127.3, 125.5, 124.8, 54.5, 53.0, 51.5, 41.2, 28.4; IR (CH2Cl2) 3425, 
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3355, 1740, 1670, 1672, 1636; HRMS (ES) for [C22H23NO2+H]+ calc. 334.1807, found 

334.1802. 

1-Anthracen-9-ylmethyl-piperidine-4-carboxylic acid 3-17 

N

O

OH
.HCl

 

To a solution of sensor 3-22 (23.5 mmol, 8.7 g) in THF/MeOH (260 mL / 104 mL) 

was added aqueous NaOH solution (516 mmol, 20.6 g, dissolved in 46 mL of H2O). The 

solution was stirred for 4 hours and the solvent was removed in vacuo. The residue was 

dissolved in H2O (195 mL), and the pH was adjusted to <2 using 1N HCl which induced 

precipitation. The solids were collected, washed with cold (0oC) H2O and dried over 

MgSO4 to afford sensor 3-17 (6.5 g, 75%) as the HCl salt. 1H (DMSO-d6) δ 12.09 (br s, 

1H), 8.55 (s, 1H), 8.47 (d, J= 8.8 Hz, 2H), 8.06 (d, J= 8.4 Hz, 2H), 7.56-7.48 (m, 4H), 

4.37 (s, 2H), 2.79 (m, 2H), 2.24 (m, 3H), 1.72 (m, 2H), 1.42 (m, 2H); 13C (DMSO-d6) δ 

176.1, 130.9, 130.8, 129.8, 128.8, 127.1, 125.7, 125.1, 125.0, 53.6, 52.5, 40.3, 28.2; IR 

(film) 3389, 3049, 2930, 2848, 1703, 1571, 1406; HRMS (ES) for [C21H21NO2Na]+ calc. 

342.1470, found 342.1474. 

1-Anthracen-9-ylmethyl-piperidine-4-carboxylic acid bicyclo[2.2.1]hept-5-en-2-
ylmethyl ester 3-23 

N

O

O
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1-Anthracen-9-ylmethyl-piperidine-4-carboxylic acid 3-17 (0.56 mmol, 200.0 mg) 

and DIC (N, N’, diisopropylcarbodiimide) (1.75 mmol, 277.1 mg) in CH2Cl2 (1 mL) were 

cooled to 0oC. DMAP (4-dimethylaminopyridine) (0.23 mmol, 28.6 mg) was added and 

the solution was stirred for 30 minutes at this temperature. 5-Norbornene-2-methanol 3-

11 (0.58 mmol, 72.5 mg) was added dropwise to the solution and warmed to room 

temperature. The reaction was monitored by TLC (hexane/EtOAc, 65:35). After 

completion, the volatiles were removed under reduced pressure. The resulting residue 

was dissolved in CH2Cl2 and hexane (1:1, 100 mL). The solid was removed via filtration 

and the filtrate was evaporated leaving 3-23 (197.7 g, 83%). 

Anhydro-8-(hydromercuri)-1-naphthoic acid or 2-Oxa-1-mercura-phenalen-3-one 3-
26 

OO Hg

 

1,8-Naphthalic anhydride 3-25 (0.13 mole, 25.0 g) was suspended in aqueous 

NaOH (0.46 mol, 18.5 g, in 792 mL of H2O) and refluxed until the solid material 

dissolved. The excess base was neutralized with glacial CH3COOH (50 mL), and a 

solution of mercuric acetate (0.132 mol, 42.0 g) was added in one portion. After the 

mixture was refluxed 30 min, additional glacial CH3COOH (90 mL) was added to the 

white slurry, resulting in slow evolution of carbon dioxide. The slurry was refluxed for 48 

h, cooled and filtered. The highly insoluble solid was washed with H2O and then dried 

under vacuo at 105oC overnight to give 3-26 as a tan storable powder (48.2 g, 98%). All 

spectral data was in agreement with known literature values.96
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8-Bromo-1-naphthoic acid or 8-Bromonaphthalene-1-carboxylic acid 3-27 

OOH Br

 

Anhydro-8-(hydroxymercuri)-l-naphthoic acid 3-26 (0.13 mol, 48.2 g) suspended 

in glacial acetic acid (190 mL) and H2O (30 mL) was stirred vigorously at 0oC. NaBr 

(0.42 mol, 42.8 g) in H2O (155 mL) and Br2 (0.134 mol, 21.4 g, 6.9 mL) were added 

slowly while the reaction temperature was maintained at 0-5oC. The resulting slurry was 

then slowly heated to 100oC and poured on ice (380 g). The precipitate was washed with 

H2O, dissolved in hot aqueous NaOH (0.75 mol, 30.2 g, in 63 mL of H2O), and filtered 

through Celite. When the filtrate was acidified with concentrated HCl and cooled, acid 3-

27 was obtained as white crystals (20.1 g, 62%). Mp 174-175oC (lit. 174-175oC). All 

spectra data are in accord with literature.97

(8-Bromo-1-naphthyl) methanol or (8-Bromonaphthalen-1-y1)methanol 3-28  

BrOH

 

A solution of naphthoic acid 3-27 ( 0.08 mol, 20.0 g) and SOCl2 (0.84 mol, 100.0 g, 

62.0 mL) was refluxed 6 hours and concentrated under reduced pressure. Crystallization 

of the residue from hexane yielded 8-bromo-1-naphthoyl chloride (18.5 g, 86%). 

O (58 mL) was added to LiAlH8-Bromo-1-naphthoyl chloride (0.07 mol, 18.5 g) in Et2 4 

(0.054 mol, 2.0 g) suspended in Et2O (58 mL). After the addition was complete, the 

mixture was refluxed 5 hours, cooled, and hydrolyzed with saturated aqueous NaSO . 4
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When the ether layer was dried over MgSO4 and concentrated at reduced pressure, the 

residue obtained yielded 3-28 as a pale yellow solid (10.2 g, 64%). HRMS for 

[C11H9BrO] calc. 235.9837 found 235.9834. All spectra data were in accord with 

literature.80

(8-Bromo-naphthalen-1-ylmethoxy)-trimethyl-silane 3-29  

BrTMSO

 

To (8-bromo-naphthy1) methanol 3-28 (3.16 mmol, 0.7 g) dissolved in CH2Cl2 (3.5 

mL) was added Et3N (4.00 mmol, 0.4 g, 0.56 mL) and let stir 30 minutes. Then TMSCl 

(1.2 eq., 3.67 mmol, 0.4g, 0.47 mL) was added dropwise at 0oC and let stir 4 hours at 

room temperature. The resulting solution was neutralized with NH4Cl, extracted with 

Et2O (3 x 20 mL), washed with H2O (3 x 20 mL) and dried over MgSO4. After filtration 

and evaporation of the solvent, a brownish liquid 3-29 was obtained (0.9 g, 90%). 1H 

(CDCl3) δ 8.76-7.26 (m, 6H), 5.67 (s, 2H), 0.22 (s, 9H); HRMS for [C14H17OSiBr]+ calc. 

308.0232, found 308.0234. 

2-Bromo-4-methylpyridine 3-31 

N Br  

2-Amino-4-methylpyridine (9.25 mmol, 1.0 g) was added over 10 minutes to cold 

(-5oC) aqueous HBr (51.8 mmol, 4.2 g, 6.1 mL). With stirring and external cooling, Br2 

(27.8 mmol, 4.4 g, 3.0 mL) was added slowly enough to allow the temperature to remain 

below 0oC. When the addition was complete, the dark red precipitate was treated with a 
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solution of NaNO2 (25.0 mmol, 1.7 g) in H2O (3 mL) that was added at such as a rate as 

to keep the temperature of the reaction mixture below 5oC. After stirring for one hour 

while the temperature gradually rose to about 20oC, a solution of NaOH (94.3 mmol, 3.8 

g) in H2O (5 mL) was added dropwise with external cooling at a rate such that the 

temperature of the reaction mixture did not rise above 25oC. When the addition was 

complete, the reaction mixture was extracted with Et2O (3 x 25 mL), The combined ether 

extracts were washed with brine (3 x 20 mL), dried over anhydrous MgSO4, filtered and 

concentrated at reduced pressure. Two distillations yielded the bromopicoline 3-31 (1.5g, 

95%). 1H (CDCl3) δ 8.38 (d, J= 5.8 Hz, 1H), 7.48 (d, J= 0.6 Hz, 1H), 7.25 (dd, J= 5.8 Hz, 

J= 0.6 Hz, 1H), 2.52 (s, 3H); 13C (CDCl3) δ 150.2, 149.6, 142.0, 128.4, 123.6, 20.6; 

HRMS for [C6H6NBr+2H]+ calc. 172.9840 found 172.9665. 

Methyl-2-trimethylstannylpyridine 3-32a,b] 

N Sn
3-32a

 

N Sn
3-32b

 

2-Bromo-4-methylpyridine 3-31 (5.8 mmol, 1.0g) was charged in a flask, 

evacuated and put under argon. Freshly distilled THF (11 mL) was added from a syringe 

under stirring, and the solution was cooled to -78oC in a dry ice/acetone bath. n-BuLi (2.5 

M in cyclohexane, 5.8 mmol, 2.35 mL) was added dropwise from a syringe, and the 

reaction mixture was stirred for 1/2 h under continued cooling. Then, trimethylstannyl 

chloride (1.0 M in THF, 6.4 mL, 6.4 mmol) was added dropwise from a syringe. After 1 
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h, the reaction mixture was allowed to warm slowly to room temperature overnight. 

Saturated NH4Cl was added and the aqueous layer was extracted with ethyl ether, the 

combined organic layers were dried and concentrated in vacuo. The crude yellow oil was 

purified on alumina to yield 3-32a (1.3 g, 72%) as a clear oil. Yield for the product 3-

32b: 90%. 3-32a: 1H (CDCl3) δ 7.37 (m, 3H), 2.31 (s, 3H), 0.58 (s, 9H). 3-32b: 1H 

(CDCl3) δ 7.37 (m, 3H), 2.31 (s, 3H), 0.58 (s, 9H); HRMS for [C9H15NSn]+ calc. 

257.0226, found 257.0228. 

2-Bromoisonicotinic acid and 2-Bromonicotinic acid 3-33 

N Br

COOH

N Br

HOOC

 

2-Bromomethylpyridine  3-32a or 3-32b (9.3 mmol, 1.6 g) was suspended in H2O 

(32 mL) and KMnO4 (21.3 mmol, 3.4 g) was added in one portion. The purple-brown 

solution was refluxed for 6 hours and then an additional portion of KMnO4 (1.9 mmol, 

0.3 g) was added and refluxed for one more hour. The hot solution was filtered with 

vacuum and the residue washed with boiling H2O (10 mL). The cooled aqueous solution 

was extracted with Et2O (2 x 5 mL) and concentrated in vacuo to a volume of about 15 

mL and the cool solution was acidified with HCl (6 N) to precipitate the product. 

Recrystallization of the precipitate from hot H2O yielded 2-bromoisonicotinic acid 3-33a 

(0.6 g, 29%) or 2-bromonicotinic acid 3-33b (0.99 g, 84%). 3-33a 1H (DMSO-d6) δ 8.59 

(d, J= 4.8 Hz, 1H), 7.99 (d, J= 0.3 Hz, 1H), 7.85 (dd, J= 4.8 Hz, J= 0.3 Hz, 1H); 3-33b 1H 

(DMSO-d6) δ 8.85 (d, J= 2.4 Hz, 1H), 8.16 (dd, J= 8.1, J= 2.4 Hz, 1H), 7.81 (d, J= 8.1 

Hz, J= 0.3 Hz, 1H). 
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N-Fmoc-trans-4-hydroxy-L-proline 4-5 

N
CO2H

O
O

OH

 

Hydroxy-proline 4-4 (20.0 g, 152 mmol) and DIPEA (66.3 mL, 49.1 g, 380 mmol) 

were suspended in 150 mL H2O + 300 mL dioxane. Fmoc chloroformate (43.25 g, 1.1 eq) 

in 100 mL dioxane was added dropwise. The temperature of the reaction was not allowed 

to rise above 10oC during the addition. The mixture was stirred vigorously overnight, and 

most of the solvent was removed in vacuo. Water and saturated NaHCO3 were added 

(250 mL each), and the solution extracted with 250 mL diethyl ether, which was 

discarded. The aqueous layer was acidified to pH 1 with concentrated HCl, extracted 

twice with ethyl acetate (2 X 300 mL), and the organic extracts were washed with brine. 

The solution was dried over MgSO4, filtered and the solvent removed in vacuo. The pure 

product 4-5 crystallized from concentrated solution (53.75 g, 100% yield). HRMS for 

[C20H19NO5+H]+ calc. 354.1341, found 354.1344. Anal. Calcd for C20H19NO5: C, 67.98; 

H, 5.42; N, 3.96 Found: C, 67.94; H, 5.54; N, 3.91. 
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N-Fmoc-keto-L-proline 4-6 

N
CO2H

O
O

O

 

Fmoc-trans-4-hydroxy-L-proline 4-5 (4 g, 11.32 mmol) was dissolved in 50 mL 

reagent acetone. A solution of 8 N Jones reagent (CrO3, H2SO4) was added dropwise until 

the color of the solution remained dark brown-orange. The mixture was allowed to stir an 

extra half hour and the excess Jones reagent was quenched with iPrOH. The solution was 

diluted with EtOAc and washed with brine. The solution was dried over MgSO4, filtered 

and the solvent removed in vacuo. The crude N-Fmoc-keto-L-proline 4-6 was obtained as 

yellow solid (1.84 g, 90%) and was used in the next steps without further purification. 

Mp 74-75oC. 1H (CDCl3) δ 9.68 (bs, 1H), 7.75 (m, 2H), 7.56 (m, 2H), 7.30 (m, 4H), 4.78 

(m, 1H), 4.46 (m, 2H), 4.21 (m, 1H),  3.9 (m, 2H), 2.81 (m, 2H); 13C (DMSO-d6) 

δ 209.60, 173.85, 155.13, 144.47, 141.61, 128.64, 128.10, 126.11, 121.04, 80.08, 73.37, 

68.05, 67.25, 56.93, 53.07, 47.39; HRMS for [C21H19NO5]+ calc. 351.1107, found 

351.1097 
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N-Fmoc-keto-L-proline methyl ester 4-7 

N
CO2Me

O
O

O

 

N-Fmoc-keto-L-proline 4-6 (500 mg, 1.42 mmol) in MeOH (400 mL) at 0oC was 

treated with SOCl2 (0.21 mL, 338.7 mg, 2.85 mmol), and the resulting solution was 

heated under reflux for 2 hours. The reaction mixture was concentrated in vacuo and 

chromatographed on silica gel (EtOAc/hexane 20:80) to give 4-7 as a colorless oil (406 

mg, 78%). HRMS for [C21H19NO5]+ calc. 365.1263, found 365.1257 

(-)-Diethyl-2,3-O-isoproylidene-L-tartrate 4-9 

O
O

O
O

O O
 

To a solution of diethyl-L-tartrate 4-8 (23.2 g, 112.3 mmol) and dimethoxypropane 

(6.4 g, 33.7 mmol) in acetone (280 mL) was added p-toluenesulfonic acid (0.48 g, 2.55 

mmol). The vessel was purged of all oxygen by degassing with argon for 20 min. The 

solution was stirred at room temperature overnight. The resulting solution was 

neutralized with sodium bicarbonate and extracted with diethyl ether. The concentrate 

resulted in a yellow oil 4-9 (20.9 g, 85%). 1H (CDCl3) δ 4.73 (s, 2H), 4.24 (q, 4H), 1.47 

(s, 6H), 1.25 (t, 6H). All data are similar to those published in previous literature.98
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(+)-2,3-isopropylidene-L-threitol 4-10 

HO OH

O O
 

(-)-Dimethyl-2,3-O-isoproylidene-L-tartrate 4-9 (10 g, 45.83 mmol) was dissolved 

in MeOH (80 mL) and the solution was cooled to 0oC. NaBH4 (3.82 g, 100.84 mmol) was 

added by portions and the solution was allowed to stir at room temperature for one hour. 

The reaction mixture was diluted with H2O (400 mL) and extracted with ethyl acetate. 

The organic extracts were dried over MgSO4, filtered and concentrated in vacuo. The 

crude was chromatographed (EtOAc/hexane 1:1) to yield (+)-2,3-isopropylidene-L-

threitol 4-10 as a yellow oil (7.14 g, 96%). 1H (CDCl3) δ 3.9 (s, 2H), 3.7 (s, 4H), 3.5 (s, 

1H), 1.38 (s, 6H). HRMS for [C7H14O4+H]+ calc. 163.0970, found 163.0975. 

Oleyl bromide 4-12 

Br
7 8  

DDQ (34.4 g, 151.8 mmol), PPh3 (48.9 g, 151.8 mmol) and Bu4NBr (39.8 g, 151.8 

mmol) were dissolved in freshly distilled CH2Cl2 (1 L) and cool with a cold water bath.  

Oleyl alcohol (33.96 g, 126.5 mmol) was added dropwise to the flask, immediately 

changing the solution from red to dark blue. To ensure completion, the reaction was 

stirred for 10 minutes. The solvent was removed in vacuo and the residue purified on 

silica with straight pentane, yielding a clear oil (37.74 g, 90%). 1H (CDCl3) δ 5.38 (m, 

2H), 3.41 (t, J=6.8 Hz, 2H), 2.06 (m, 4H), 1.85 (q, J=6.8 Hz, 2H), 1.35 (m, 20H), 0.91 (t, 

J=6.8 Hz, 3H); 13C (CDCl3) δ 130.11, 129.97, 33.95, 33.03, 32.83, 32.13, 29.98, 29.90, 

29.75, 29.67, 29.55, 29.37, 28.97, 28.38, 27.41, 27.35, 22.90, 14.31; HRMS for 
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[C18H35Br]+ calc. 330.1922, found 330.1921. Anal. Calcd for C18H35Br: C, 65.24; H, 

10.65 Found: C, 65.64; H, 11.04 

(+)-2,3-L-threitol 4-13 

O O

O O

7 7

8 8

 

Sodium hydride (60% mass) (514.0 mg, 12.33 mmol) was added to a flask flushed 

with argon.  The gray powder was washed three times with pentane to remove the 

protective oil.  A dilute solution of (+)-2,3-isopropylidene-L-threitol 4-10 (200 mg, 4.93 

mmol) in THF (10 mL) was added to the sodium hydride.  The mixture was stirred for 20 

minutes, then Bu4NBr (647 mg, 2.46 mmol) was added. Oleyl bromide 4-12 (1.63 g, 4.93 

mmol) was added to the reaction flask and allowed to stir for 15 hours at ambient 

temperature. The reaction was monitored by TLC.  Workup entailed an extraction with 

brine and diethyl ether.  The organic layer was dried with anhydrous magnesium sulfate 

and the solution concentrated.  The product 4-13 was isolated by flash 

chromatography with silica gel (hexane/EtOAc 3:1), leaving a colorless, residual oil (327 

mg, 40%). 1H (CDCl3) δ 5.33 (m, 4H), 3.93 (m, 4H), 3.70 (m, 5H), 3.49 (m, 5H), 2.01 

(m, 8H), 1.59 (m, 4H), 1.42 (s, 6H), 1.1.26 (m, 40H), 0.87 (m, 6H). HRMS for 

[C43H82O4]+ calc. 662.6213, found 662.6202. 
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1,4-Bis-octadec-9-enyloxybutane-2,3-diol 4-14 

O O

HO OH

7 7

8 8

 

4-13 (300 mg, 0.45 mmol) was dissolved in freshly distilled THF (1 mL). 

Concentrated HCl (1.1 mL) was added and the reaction was stirred overnight at room 

temperature. The solution was concentrated in vacuo, yielding crude 4-14 (280.4 mg, 

99%) which was used without further purification. 1H (CDCl3) δ 5.33 (m, 4H), 3.80 (m, 

2H), 3.67 (m, 4H), 3.56 (m, 4H), 3.44 (m, 4H), 1.99 (m, 4H), 1.84 (m, 4H), 1.68 (m, 4H), 

1.54 (m, 4H), 1.32 (m, 40H), 0.86 (m, 6H). 

2,3-Bis-octadec-9-enyloxymethyl-1,4-dioxa-7-azaspiro[4.4]nonane-7,8-dicarboxylic 
acid 7-(9H-fluor-9-ylmethyl) ester 8-methyl ester 4-2 

O O

7 7

8 8

O O

N

O
O

O
O

 

1,4-Bis-octadec-9-enyloxy-butane-2,3-diol 4-14  (50 mg, 0.08 mmol) was 

dissolved in freshly distilled benzene (1 mL). To the solution was added N-Fmoc-keto-L-

proline methyl ester 4-7 (59 mg, 0.16 mmol) and TsOH (2 mg, 0.01 mmol). The solution 

was refluxed overnight and a Dean-Starke trap was used. The reaction mixture was 
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concentrated in vacuo and chromatographed (EtOAc/hexane 1:3) to yield 4-2 (630 mg, 

81%). 

SASRIN-O-Gly-Arg(Pbf)-NH Fmoc (4-17): 

O
O N

H

O
NHFmoc

NH
NHPbfHN

 

In a solid phase reaction vessel Fmoc-Gly SASRIN resin (0.300 g, 0.150 mmol) 

was treated with 20% piperidine in DMF (10 mL, 1 x 3 min, 2 x 25 min).  The reaction 

vessel was shaken for the specified period of time and the liquid drained from the vessel. 

The beads were then washed with DMF (4 x 15 mL), MeOH (3 x 10 mL), and DCM 

(dichloromethane, 4 x 10 mL).  The deprotection was assessed with a TNBS test.  In a 

separate flask N-Fmoc-Arg-(Pbf)-OH (0.45 mmol, 292 mg) and HOBt (0.45 mmol, 61 

mg) were dissolved in DCM/DMF (2:1, 7 mL).  At 0o C DIC (0.45 mmol, 57 mg) was 

added dropwise and allowed to stir for 10 minutes. The solution was then transferred to 

the reaction vessel and agitated for 12 hours.  The solution was drained and the beads 

washed with DMF (3 x 10 mL) and DCM (3 x 10 mL).  The coupling was assessed by a 

TNBS test.  To account for the presence of free amino groups acetylimidazole (1.50 

mmol, 165 mg) was added in DCM (10 mL) and agitated for 4 hours.  The solution was 

drained and the resin washed with DCM (4 x 15 mL). 
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SASRIN-O-Gly-Arg(Pbf)-keto-Pro-NHFmoc (4-18): 

O

O
N
H

O H
N

NH

NHPbfHN

O
N
Fmoc

O

 

 In a solid phase reaction vessel 4-17 (0.300 g, 0.150 mmol) was treated with 20% 

piperidine in DMF (10mL, 1 x 3 min, 2 x 25 min).  The reaction vessel was shaken for 

the specified period of time and the liquid drained from the vessel. The beads were then 

washed with DMF (4 x 15 mL), MeOH (3 x 10 mL), and DCM (4 x 10 mL).  The 

deprotection was assessed with a TNBS test.  In a separate flask N-Fmoc-keto-L-Pro-OH 

(0.300 mmol, 105.4 mg), HOBt (0.300 mmol, 41 mg) and 2, 4, 6-collidine (0.300 mmol, 

36 mg) were dissolved in DCM/DMF (3:1, 5 mL).  At 0oC DIC (0.300 mmol, 37 mg) was 

added dropwise to the flask and allowed to stir for 10 minutes.  The solution was then 

transferred and suspended in the beads.  The suspension was agitated for 18 h.  The 

solution was drained and the beads washed with DMF (3 x 10 mL) and DCM (3 x 10 

mL).  The coupling was assessed by a TNBS test.  To account for the presence of free 

amino groups acetylimidazole (1.50 mmol, 165 mg) was added in DCM (10 mL) and 

agitated for 4 hours.  The solution was drained and the resin was washed with DCM (4 x 

15 mL). 
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SASRIN-O-Gly-Arg(Pbf)-keto-Pro-Asp(Otbu)-NHFmoc (4-19): 

O

O
N
H

O H
N

NH

NHPbfHN

O
N

O

O
NHFmoc

OtBu

O

 

In a solid phase reaction vessel N-Fmoc-keto-Pro-Arg (Pbf)-Gly-OSASRIN resin 

(0.300 g) was treated with 20% piperidine in DMF (10 mL, 1 x 3 min, 2 x 25 min).  The 

reaction vessel was shaken for the specified period of time and the liquid drained from 

the vessel.  The beads were then washed with DMF (4 x 15 mL), MeOH (3 x 10 mL), and 

DCM (4 x 10 mL). The deprotection was assessed with a TNBS test.  In a separate flask 

N-Fmoc-Asp (Otbu) (0.60 mmol, 246 mg), HOBt (0.60 mmol, 81 mg) and 2,4,6-collidine 

(0.60 mmol, 73 mg) were dissolved in DCM/DMF (2:1, 10 mL). DIC (0.60 mmol, 76 

mg) was added dropwise and allowed to stir for 10 minutes. The solution was then 

transferred and suspended in the beads.  The suspension was agitated for 24 h.  The 

solution was drained and the beads washed with DMF (3 x 10 mL) and DCM (3 x 10 

mL).  The coupling was assessed by a TNBS test.  To account for the presence of free 

amino groups acetylimidazole (1.50 mmol, 165 mg) was added in DCM (10mL) and 

agitated for 4 hours. The solution was drained and washed with DCM(4 x 15 mL). 
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HO-Gly-Arg(Pbf)-keto-Pro-Asp(Otbu)-NH2 (4-20): 

N

O

O

NH2

O

NH

HN
NHPbf

NHON
HO

HO

O
O

 

In a solid phase reaction vessel N-Fmoc-Asp(Otbu)-keto-Pro-Arg (Pbf)-Gly-

OSASRIN resin (0.300 g) was treated with 20% piperidine in DMF (10 mL, 1 x 3 min, 2 

x 25 min).  The reaction vessel was shaken for the specified period of time and the liquid 

drained from the vessel.  The beads were then washed with DMF (4 x 15 mL), MeOH (3 

x 10 mL), and DCM (4 x 10 mL).  The deprotection was assessed with a TNBS test.  To 

cleave from the bead, 1% TFA in DCM (3 x 7.4 mL) was added and agitated each time 

for 5 minutes.  The bead turns purple.  Each filtrate fraction was immediately neutralized 

with 18% pyridine in MeOH solution (0.89 mL).  The neutralized fractions were 

evaporated leaving a white solid.  To remove pyridinium salts, the brown solid was 

purified by size-exclusion chromatography with Amberlite (XAD-2, H2O) resin.  The 

resin was first washed with water and then with methanol (80 mL).  The methanol 

fractions that contained spots as determined by TLC (Chloroform:MeOH 9:1) were 

combined and evaporated to leave the product as a white solid that required no further 

purification. 

HRMS (ESI, M + H) calcd for [C34H51N7O11S]+ 765.3367 Found: 765.3359 
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Cyclized Protected Tetrapeptide (4-21): 

N

O

O O

NH

HN NHPbf

NH

ON
H

O
O

O
HN

 

4-20 (40 mg, 0.053 mmol) in DMF (18 mL) under an argon atmosphere was stirred 

for 5 minutes.  Then HATU (61 mg, 0.16 mmol), HOBt (22 mg, 0.16 mmol) and 2,4,6-

collidine (19 mg, 0.16 mmol) in DMF (11 mL) was added dropwise and allowed to stir 

for 24 hours.  DMF was removed by vacuo distillation leaving a residue in the flask that 

was further purified by flash chromatography (DCM: MeOH 95:5 to 90:10) leaving a 

yellow foam (9 mg, 33%)  

HRMS(ESI, M + H) calculated for C34H49N7O10S: 747.3262. Actual: 747.3265 

Fmoc-keto-Pro benzyl ester 4-26 

N
CO2Bn

O

Fmoc  
4-6 (1 g, 2.85 mmol) was added to a mixture of benzyl alcohol (2 mL) and thionyl 

chloride (0.41 mL, 67.73 mg, 5.7 mmol) at 0oC. After addition, the reaction was stirred 

for 15 hours. The solution was then concentrated in vacuo and the crude oil 4-26 (930.0 

mg, 76%) was used in the next step without further purification. 1H (CDCl3) δ 7.75 (m, 

2H), 7.56-7.30 (m, 11H), 4.76 (m, 1H), 4.46 (m, 2H), 4.19 (m, 1H), 3.9 (m, 2H), 3.75 (s, 

2H), 2.81 (m, 2H) 

 



111 

Keto-Pro benzyl ester 4-27 

HN
CO2Bn

O

 
4-26 (883 mg, 2 mmol) was added to a 20% solution of piperidine in either DMF or 

CH3Cl3 (5 mL). The mixture was heated for 30 minutes or until disappearance of the 

starting material by TLC (CHCl3:MeOH, 9:1). To remove the dibenzofulvene the 

solution was cooled to room temperature then poured into cold water (30 mL). The white 

solid was removed by vacuum filtration, The filtrate was concentrated under reduced 

pressure and a stream of nitrogen leaving 4-27 (377 mg, 86%) as an oil which required no 

further purification. HRMS for C12H13NO3 calcd 219.0895, found 219.0889 

Fmoc-Arg(Pbf)-Gly benzyl ester 4-30 

OPh O

NH

O
NHFmoc H

N NH

NHPbf

 
Dissolve Fmoc-Arg(Pbf)-OH (0.160 g, 0.248 mmol) was dissolved in a mixture of 

DMF/CHCl3 (3:1, 3.5 mL). To that solution was added EDCI (0.066 g, 0.347 mmol) and 

HOBt (0.067 g, 0.496 mmol) and allowed to stir a t room temperature for 15 minutes. 

The solution was cooled to 0oC and glycine benzyl ester hydrochloride (0.050 g, 0.248 

mmol) in DMF (0.20 mL) and triethylamine (0.049 g, 0.491 mmol) was added. After the 

addition the solution was warmed to room temperature. The solution was stirred for 8 

hours and the solid removed by vacuum filtration. Water (15 mL) was added to the 

filtrate and the aqueous layer was extracted with ethyl acetate (5 x 40 mL). The organic 

layer was washed with 10% citric acid and brine, and dried with sodium sulfate. After 
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removal of the volatiles, the resulting oil was purified via flash chromatography 

(CHCl3:MeOH, 99:1 to 96:4) leaving a clear oil (0.113 g, 57%). 1H NMR (CDCl3) δ 7.71 

(d, 2H, J= 7.7 Hz), 7.51 (t, 2H, J= 7.0 Hz), 7.41-7.38 (m, 3H), 7.35-7.01 (m, 6H), 6.51 (s, 

2H), 6.30 (d, 1H, J= 53.9 Hz), 4.81 (m, 2H), 4.41 (m, 1H), 4.29-4.20 (m, 21H), 4.10 (t, 

1H), 3.88 (m, 2H),  3.65 (m, 1H), 3.25 (s, 1H), 2.49 (s, 3H), 2.40 (s, 3H). 13C NMR 

(CDCl3) δ 170.05, 156.01, 153.86, 149.49, 143.96, 141.48, 136.94, 135.98, 135.24, 

129.40, 129.31, 129.10, 127.97, 127.44, 127.33, 127.20, 126.99, 125.21, 125.40, 120.21, 

106.92, 98.41, 81.73, 67.40, 63.71, 57.70, 52.35, 50.51, 49.69, 47.27, 46.67, 33.96, 30.87, 

28.24, 25.74, 25.09 HRMS for C43H49N6O8S calcd 796.3302, found 796.3301. 

Glycine-benzyl ester-Arg(Pbf)-NH2 4-31 

OPh O

NH

O
NH2 H

N NH

NHPbf

 
4-30 (0.421 g, 1.26 mmol) was added to a 20% solution of piperidine in either DMF or 

CH3Cl3 (5 mL). The mixture was heated for 30 minutes or until disappearance of starting 

material by TLC (CHCl3:MeOH, 9:1). To remove dibenzofulvene the solution was 

cooled to room temperature then poured into cold water (30 mL). The white solid was 

removed by vacuum filtration and the filtrate was concentrated under reduced pressure 

and a stream of nitrogen leaving 4-31 (0.215 g, 71%) as a white solid which required no 

further purification. M.p. decomposes rapidly at 245-247oC. 1H NMR (CDCl3) δ 7.42-

7.33 (m, 5H), 6.63 (s, 2H), 6.43 (d, 1H, J= 6.0 Hz), 4.81 (m, 2H), 4.41 (m, 1H), 3.88 (m, 

2H), 3.65 (m, 1H), 3.25 (s, 1H), 2.49 (s, 3H), 2.40 (s, 3H), 2.00 (s, 3H), 1.93-1.86 (m, 

3H), 1.43 (s, 3H), 1.28 (d, 3H, J= 8.3 Hz). IR: 3303.9, 2950.06, 2761.53, 1748.2, 
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1669.53, 1614.69, 1591.96, 948.63, 745.48 HRMS (FAB, M+H) for C28H39N6O6S calcd 

574.2621, found 574.2650. [α]25
D=-38.2o (c=1, MeOH). 

 

 
  

 



APPENDIX A 
SPECTRAL DATA 

Selected spectra of compounds from Chapters 2, 3 and 4. 

 

  
 
 
 

114 



115 

 

Figure A-1. 1H NMR of isosorbide precursor agent 
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Figure A-2. 1H NMR of isomannide precursor agent 
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Figure A-3. 1H NMR of isosorbide cyclized adduct 

 



118 

 

Figure A-4. 1H NMR of the diester cross-linking agent 
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Figure A-5. 1H NMR of the fluorescent detector 
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Figure A-6. 1H NMR of 2-Bromo-4-methyl pyridine 
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Figure A-7. 1H NMR of methyl-2-trimethylstannyl pyridine 
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Figure A-8. 1H NMR of (8-Bromo-naphthalen-1-ylmethoxy)-trimethyl-silane 
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Figure A-9. 1H NMR of Fmoc-keto-Proline 
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Figure A-10. 1H NMR of Fmoc-keto-Proline methyl ester 
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Figure A-11. 1H NMR of oleyl bromide 
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Figure A-12. 1H NMR of the dioleyl ether isopropylidene 
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Figure A-13. 1H NMR of the DNA transfection agent precursor 

 



APPENDIX B 
HPLC TRACES 

HPLC traces for the free-radical cyclization of isosorbide and isomannide adducts 
from Chapter 2. 

Conditions:  
• Isopropanol/hexanes 20:80 

• Flow: 0.75 mL/min 

• Temperature: 25oC 
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Figure B-1. Cyclization of isosorbide at -78oC in presence of ZnCl2 
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Figure B-2. Cyclization of isomannide at 80oC without any Lewis acid 
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Figure B-3. Cyclization of isomannide at -78oC with MgBr2
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