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ABSTRACT

a-Amino acid radicals can be conveniently prepared through the B-scission of

alkoxy radicals, which themselves can be formed either aia the photolysis of

OÞ-nitro-B-hydroxy amino acid derivatives, or through their reaction with

AIBN. The process of B-scission involves bond homolysis of an alkoxy radical to

give a carbonyl species and a carbon centred radical, and competes with the

process of hydrogen abstraction, which involves the direct transfer of a hydrogen

atom from either the solvent or an alternative hydrogen source (for example,

tributyltin hydride)'to give the corresponding alcohol. The preparation of

cr-amino acid radicals ain the process of B-scission provides information on the

factors affecting their relative stability, as the rate of hydrogen abstraction is

relatively independent of the nature of the alkoxy radical. Therefore, the ratio of

the rate of p-scission to that of hydrogen abstraction (determined from the ratio

of the two products formeduia the respective processes) is a good measure of the

efficiency of B-scission.

The studies contained in this thesis have shown the rate of B-scission to be

dependent upon a number of factors, including steric effects on the initial alkoxy

radical formed, the stability of the product carbonyl compound, and the stability

of the product radical.

An increase in substitution at the amino acid B-position has been shown to

increase the rate of B-scission by factors oí > 6, with this increase being attributed

to steric effects on the alkoxy radical during the B-scission process. Further

increases in the rate of B-scission are noticed if the transition state for p-scission

is stabilised by the production of a conjugated carbonyl compound, such as

benzaldehyde. A similar steric effect has also been observed through an increase

in substitution at the amino acid a-position.

A study of the comparative effects of a benzamido group versus a phthalimido



group at the incipient radical centre has shown that the presence of a

phthalimido group relative to a benzamido group causes a reduction in the rate

of p-scission, due to the reduced stabilisation afforded by the phthalimido

substituent.

Finally, it has been shown that the process of B-scission is enhanced by the

Presence of both the methoxycarbonyl and benzamido substituents at the

incipient radical centre. Based'on the proposal that the transition state for

p-scission is highly polar with a õ+ charge at the radical centre, it is proposed that

the methoxycarbonyl substituent contributes to the polar effect, while the

electron donating resonance effect of the benzamido substituent provides

stabilisation of the õ + charge. In a comparison of the effects of the

methoxycarbonyl and benzamido substituents, it has been found that the

stabilisation afforded by the benzamido substituent on the electron deficient

radical centre is significantly greater than that afforded by the metÌroxycarbonyl

substituent.
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The amino acids are regarded as one of the main types of building blocks

with over five hundred having been isolated from nature.l They are formally

defined2 as any organic acid having at least one amino substituent, but a more

specific definition, which applies to the twer-rty amino acids commonly found in

proteins and known as c{,-am.ino acids, is that of a carboxylic acid having an

amino group bonded to the carbon which is adjacent to the carboxyl group.2

cr-Amino acids are found in proteins and peptides joined aiø amide or peptide

linkages.

Proteins, peptides and other amino acicl derivatives are important bioiogically as

they have been irnplicated to be important in a range of areas, including

nutrition, metabolism, physiology, and also in the makeup of biological

structures; for example, in membrane walls. Due to this, amino acids have been

a subject of research in the fields of biology, biochemistry, chemistry, physiology

and genetics for many years.

A particular area of amino acid chemistry rvhich has attracted a significant

arnount of research interest over past clecacles is amino acid radical reactions,

which have been shown to be important in rnany aspects of biological systems.

Examples of these include the cross-linking of protein to DNA,3-5 the yellowing

of protein,6 ancl the biosynthesis of tl-re penicillins and cephalosporins.T-1'1'

Free-radical reactions are also proposed. to be important in many

enzyme-catalysed reac tions.

Amino acid radicals in peptides are typically prodr.rced in nature through one of

three possible pathways, principally through reaction with oxygen-centred

radicals and electron transfer processes, and, to a lesser extent, through the

irradiation of proteins. They can be classified into three broad grouPs:

sulfur-centred radicals, aromatic radicals, ancl aliphatic radicals. Of these groups,

sulfur-centred radicals have been the most comprehensively studied. Their

1
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Introduction

formation is thought to involve the sensitisation of sulfur-containing side

chains by aromatic amino acid residues.l2-14 The disruption of disulfides is a

particular pathway for sensitisation by amino acid residues. This is of particular

interest as in many cases these linkages are highly important in the maintenance

of tertiary protein structure. Aromatic amino acid radicals are formed from

reactions of aromatic side chains in amino acid residues such as tryptophan,

tyrosine and phenylalanine.15 Aliphatic amino acid radicals formed in peptides

consist almost entirely of o-centred radicals (Figure 1), and they have been

widely studied since'they are unique to amino acid chemistry.

H
I

o

Figure 1. s-Centred radicals formed by the irradiation of peptides.

The reactivity of protein bound amino acid derivatives in radical reactions is

influenced by a number of factors, including the stability of the product radicals.

Broadly speaking, radical stability is determined by the ability of the groups

attached to the radical centre to delocalise the unpaired electron, thereby

decreasing the spin density.l0 Thus, the stability of an cr-centred amino acid

radical will be influenced by the nature of the side chain (i.e. the R group) and

the ability of the resonance electron withdrawing carboxyl group and the

resonance electron donating amido group to delocalise the unpaired electron.

The extent of delocalisation of tl"re unpaired electron by the amido and carboxyl

substituents has been investigated through electron spin resonance (ESR)

spectroscopic studies of the cr-centred radicais (1) and (2) formed from

glycylglycine and N-acetylglycine, respectively.lT-2+ The ESR spectra of these

a
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Introduction

radicals show that only 70 - 757o of the unpaired spin clensity is at the

cr-carbon,I7,18,24,25 with the remainder being spread over the arnido and carboxyl

groups. This delocalisation of unpaired spin density is also supported through

molecular orbital calculations undertaken for the cr-centred radical (2) derived

from N-acetylglycine (Figure 2).2s

H
I

coz

H
I

N CO,+
NH3 ìr Y Y-Y

HHo

H

o

(1) (2)

0.i0 -0.03

H:C -0.05 0.77

-0.004

Figure 2. The distribution of the unpaired spin density in

the o-centred radical (2) derived from N-acetylglycine.25

Radicals like the glycylglycinyl radical (1) and the N-acetylglycine radical (2) have

been classified by Viehe st a1.26,27 as capto-dative radicals. The term capto-dative

refers to the combined resonance effect of an electron withdrawing (capto) and

an electron donating (dative) group on stabilisation of a radical centre. In the

case of the glycylglycinyl radical (1), the capto and datir¡e groups are the carboxyl

and amido groups respectively. The theoretical basis of stabilisation by an

electron donating ancl an electron withdrawing group was first postulated by

Dewar2S in 1952. ThePÈ#-\,r,as subsequently supported by the work of

Balaban et a\,,29-3t who presentecl several exarnples of radicals stabilised by

OH015 4.17

I

H o
0.29
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lntroduction

"push-pull" resonance. Similarly, the term "merostabilisation" was

independently developed by Katritzl<y et o¡,,32,33 in a study of qualitative valence

bond, molecular orbital and Linnett double quartet theories. Flowever,

capto-dative is now generally accepted as the term usèd to describe stabilisation

of this nature. The emphasis of current work in this area34-43 is concerned with

whether the overall stabilisation afforded by the electron donating and electron

withdrawing groups is greater than the sum of the effects produced by the

individual groups, with several exarnples offering evidence that this is so.34,42,43

Å

H
I

HoH
I

o

Å

o

aN
I

Ho

N
I

H

a

(3) (4)

According to standard theory,16 radical stability increases with the clegree of

substitution at the raciical centre. FIence, a tertiary o-centred amino acid radical,

such as the alaninyl radical (3), should be more stable than a seconclary cr-centred

amino acid radical, such as the glycinyl ladical (4). This expectation is based on

two main factors. Firstly, the degree of stabilisation afforded by the process of

hyperconjugation in a tertiary ractical is greater than that for a secondary radical,

due to the greater interaction in tl're tertiary radical of the semi-occupied p-orbital

with the o-bonds B to the radical centre. Secor-rdly, fortnation of the tertiary

radical is sterically favoured as the release of steric strain during the formation of

a tertiary raclical normally will be greater than that in the formation of a

secondary radical. The release of steric strain results from the reactant sp3

hybricliseci molecular orbitals forrning sp2 hybriciised orbitals in either the

product radical, or in the transition state leading to the produ.¡ tu¿i.u1.44,45

4



lntroduction

Contrary to this expectation, the majority of cr-centred amino acid radicals

formed in irradiation experiments with crystalline samples of proteins and

peptides are glycinyl radicals.25 This preferential reactivity of glycine derivatives

has also been observed in the work of Elad et a1.,46:52 on the modification of

proteins and peptides aia photoalkylation. The general trer-rd observed can be

demonstrated through consideration of the reactions of the derivatives of

glycylalanine (5) and alanylglycine (6).48 Upon irradiation of these substrates

with ultraviolet light in the presence of acetone and toluene, the selectivity for

alkylation of the glycine resiciue over the alanine residue was 7 : 1 for the

glycylalanine derivative (5), ancl 20 : 1 for the alanylglycine derivative (6). When

the alkylating agent was changed from toluene to but-1-ene these respective

ratios changed to 10 : 7 andT :7.

CH 3H
I

H
I

NcF3coNHìl*YcozcH: cF3coNH _ CO2CH3

o CH¡ o

(6)

The proposed mechanism for the photoalkylation is shown in Scheme 1. The

absorption of ultraviolet light by acetone produces the triplet ketone, which then

abstracts a hydrogen atorn frorn the amino acicl derivative to form an cr-centred

radical. This radical then reacts at the terminal carbon of the double bond of

but-l-ene. The mechanism is supportecl through the detection of the low

molecular weight telomers (7) and (B) in the reaction of the glycylglycine

derivative (9) with but-l-ene. For the reactions carried out in the presence of

toluene, the cx-centred arnino acid raclical reacts througll combination with

benzyl radical, forrnecl through initial hydrogen abstraction from toluene. The

(s)

5



Introduction

detection of bibenzyl, formed through dimerisation of benzyl radical, is

consistent with the proposed mechanisrn. In the absence of an alkylating agent,

dehydrodimers of the at¡ino acid derivatives were formed,48 presumably from

the coupling of two cr-centred arnino acid raciicals.

co2cH3

H
I

N

cF3coNH

H

N_../, CO2CH?

cF3coNH

N-,/, CO2CH3

H I
o

o

(7)

Å
H3 cH3

cF3coNH-Y

(8)

H

o

(e)

ha

Hec cHg

Scheme 1
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*
o
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o
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a

l+ ----------------

I + z\'/
o

Å

a

HO

o
I

Ho
I

H

HO

a

o
I

HHO

a

oHo
I

H

*

cH3 +
o

Å
a

---> CHz
H3 CH¡C

+
OH

Å
C

Scheme 1 (continuecl)
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cH2 +

o

tÅry
a

+ CH2 #'

oHoH

a

cH2

,,1t-
aa

I

Ho
I

H

I

H

I

H

+ o
o

o

Scheme 1 (continued)

Preference for the formation of radicals from glycine residues over alanine

residues has also been observed in studies53 on the relative rates of reaction of

N-benzoylglycine methyl ester (10a) and N-benzoylalanine methyl ester (10b)

with N-bromosuccinimide and di-tert-butyl peroxide. The relative rates of

formation of the corresponding radicals (11a) and (11b) through reaction of

N-benzoylglycine methyl ester (10a) and N-benzoylalanine methyl ester (10b)

with N-bromosuccinimide were found to be - 3 : 1. Based on the assumption

that hydrogen atom abstractions in reactions with N-bromosuccinimide are

selective for production of the most stable product radical,54 and the fact that the

rate determining step of these reactions has been shown to be the hydrogen atom

transfer step,53 it can therefore be concluded that the secondary glycinyl radical

(11a) forms more easily and is more stable than the corresponding tertiary

alaninyl radical (11b).

8
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aPhCONH co2cH3

(10a) R = H
(10b) R = CHe

PhCONH co2cH3

(11a) R = H
(11b) R = CHe

An explanation for this anomaly has been reported53 based on a consideration of

the geometry of the radical species (11a) and (11b). As discussed above,

stabilisation of the radicals (11a) and (11b) results from overlap of their

semi-occupied p orbitals with the æ orbitals of their amido and methoxycarbonyl

substituents. Overlap will be maximised when the radicals (11a) and (11b) adopt

planar conformations, as shown in Figure 3. In such conforrnations the alaninyl

radical (11b) is destabilised relative to the glycinyl raclical (1fa) clue to

non-bonding interactions associatecl with the cr-methyl group. These

unfavourable destabilising influences outweigh the therrnodynamic preference

which would typically favour the formation of the tertiary alaninyl radical (i1b)

over the seconclary glycinyl raclical (11a).

CH 3

ocH3 ocH3
P a P

o o

(11a) (11b)

Figure 3. Non-bonding interactions

conformations of the radicals (11a) and (i1b).

l11 planar

The selective formation of glycinyl raclicals has been extensively exploited in

synthetic chemistry. For example, treatment of the valylglycine derivative (12a)

and the glycylvaline derivative (13a) with N -bromosuccinimide in

a

il
N

I

H
I

H
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Introductíon

dicl-rloromethane produced the correspondir"rg brominated peptide derivatives

(12b) and (13b).ss The yields of the brominated peptides (12b) and (13b) and the

degree of selectivity for brornination of glycine residues were gauged through

conversion of the bromides (72b) and (13b) - to the corresponding

mefhoxy-substituted peptide derivatives (12c) anci (13c). The respective yields of

the methoxides (12c) and (13c) were 650/o and 73Vo, reflecting high selectivity for

the o-brornination of glycine residues. Reaction of the brominatecl peptides (12b)

and (13b) with two equivalents of malonate anion in situ yielded the

corresponding adducts (12ct) anct (13d) each in a yield of 78"/o. Similar reactions of

other halogenated glycine derivatives har¡e found application in the synthesis of

aspartic acid deriv¿¡iys5.56,57

R

co2cH3 PhCONH
co2cH3

PhCONH
o

H
I

H
I

OR

(12a) R= H
(12b) R = Br
(12c) R = OCH3
(12d) R = CH(CO2C2H5)2

(13a) R = H
(13b) R = Br
(13c) R = OCIIg
(13d) R=CH(CO 2C2H)2

In f urther work,s 8 reaction of the diketopiperazine Oqù with

N-bromosuccinirnide in a 1:1 rnixture of dichloromethane/carbon tetrachloride

gave the a-bromoglycine derivative (14b) as a single diastereoffrer in 86To yield.

The selective reaction of the glycine residue in this case is consistent with that

observed with acyclic peptides.53,59 Reaction of the cr-brornoglycine derivative

(14b) with allyltributyltin in benzene yielded the correspónding allylglycine

derivative (14c) in 6ook yieìcl. The regioselectivity of the reaction to give the

cr-bromoglycine derivative (14b) oin selective reaction of the glycine residue and

10
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the subsequent substitution with the allyl group illustrates the high degree of

diastereoselectivity that can be expected in the elaboration of cr-haloglycine

derivatives in cyclic dipeptides. Further use of the bromide (lab) as a template

for the asymmetric synthesis of amino acid derivatives might be expected.

ÇH(CH¡)z

o ,.cocH 3 (14a) R = H
(14b) R = Br
(14c) R = CHzCH=CHz,,N

H3CCO

With protected dipeptides, radical reactions have been observed to occur at

both C-terminal and N-terminal glycine residues. For example, in the

photoalkylation of the glycylglycine derivative (1Sa) with toluene, benzyl

incorporation was observed at both the C-terminal and N-terminal glycine

residues to give the products (15b) and (15c), in respective yields of 27Vo and

25%.48 Similarly, the reaction of the glycylglycine derivative (16a) produced the

benzyl-substituted derivatives (16b) and (16c), in yields of 267o and 357o

respectively.a8 The reaction of the benzoyl-substituted gtycylglycine derivative

(77a) with Ñ-bromosuccinimide in dichloromethane produced only the

bromide (77b). The bromide (77b) was characterised by conversion to the

corresponding methoxyglycine derivative (77c), which was isolated in a yield of

62% based on the starting material (72ù.ss In contrast, the reaction of

thecorresponding phthatoyl-substituted glycylglycine derivative (18a)

produced only the bromide (18b), from which the methoxyglycine derivative

(18c) was isolated in a74Vo yield.60 In the reactions of the benzamicle (17a) and

the phthalimide (18a), neither the bromides (19) or (20), nor their derivatives,

were detected.

o
R
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co2cH3

co2cH3

co2cHl
I{3CCONH

Ph

PhCONH

2

(15a) R1 = R2 = Ff
(15b) Rl = CHrPh,
(15c) R1 = H, R2 =

(lea) Rt = R2 = FI
(16b) R1 = CHrPh, R2 = H
(16c) R] = H,I{2 = CHzPh

PhthNYYto'tt'
R.H

R2=H
cH2Ph

_ co2cH-ì

CO?CH3

H
I

o

(17a) R= H
(17b) R = Br
(17c) R = ÖCH¡

Ro

(18a) R = H
(18b) R = Br
(18c) R = OCH3

H
I

N

H
I

N

Br

OBr o

(1e) (20)

A definite explanation for the regioselective reaction of the N-terminal amino

acid residue of the ber-rzoyl-substitutecl glycylglycine derivative (17a) has not been

found, though it has been postulate¿61 that the selectivity results from

intramolecular hydrogen bonding giving rise to a restricted conformation of the

dipeptide derivative (17a) in clichloromethane. The regioselective bromination

of the C-terrninal amino acict residue in the phthalirnide (18a) can be explained,

however, through consideration of the relative destabilising effect of the

72
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phthalimido substituent. There are three main factors which influence the

reduced stabilisation of an cr-centred radical by a phthalimido substituent over

an amido substituent.62 While both groups can provide stabilisation of the

radical through resonance, the delocalisation of the unpaired spin density

provided by a phthalimido group is less than that provided by an amido group.

This is because in the phthalimido group the nitrogen electrons are less available

as they are involved in resonance with two carbonyl groups (Figure 4), as

opposed to one in the amido group (Figure 5). A second factor is the inductive

effect. Although both the amido and phthalimido substituents are inductively

deactivating, the phthalirnido group is more deactivating because it has greater

electron demand. A third factor is steric effects; with N-phthaloyl-substituted

amino acid derivatives, unfavourable steric effects (Figure 6) prevent the

cr-centred radicals from adopting the planar conformations required to permit

maximum delocalisation of the unpaired spin density.

ooo
+ aa +.

RRR

o

N
<:--> <-->

o o

Ro
-ll+

R'

o

Figure 4. Resonance stabilisation by the phthalimido substituent
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R

I

H

.+
N

I

H

R'

Figure 5. Resonance stabilisation by an amiclo substituent

H
a

N

o
o

Figure 6. Nonboncling interactions associated with planar

conformations of phthalirnido substituted radicals.

The recluced effect on radical stability of the pl-rthalimido substituent relative to

an amido substituent has been demonstratecl through reaction of

N-benzoylglycine rnethyl ester (10a) ancl N-phthaloylglycine methyl ester (22a)

with N-bromosuccinirnide in carbon tetrachloride.63 The reaction of the

benzamide (10a) with one equivalent of N-brornosuccinimide to produce the

bromide (21) was complete in 0.25 h, r,r'hereas reaction of the phthalimide QZa)

with two equivalents of N-brorrosuccinirnicle for 43 h procluced only a 50o/o yield

of the brornide (22b). Similar results were obtained in competitive experiments.

Br

Phth co2cH3

(22a) R = H
(22b) R = Br

PhCONH

(21)

CO?CH3

74
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Stability of the cr-centred radical is not tl-re only factor important in determining

the reactivity of an amino acid derivative in a radical reaction. Another factor is

polar effects resulting from partial charge development in the transition state of

the reaction.48 Polar effects develop in radical brominations where the

electronegative bromine atom abstracts a hydrogen and induces a partial positive

charge in the transition state on the carbon attached to the departing hydrogen.6a

If this partial charge can be dissipated through delocalisation, the process of

hydrogen abstraction will be acceleratecl.

A study into the polar effects affecting production of amidocarboxy-substituted

free radicals frorn valine and sarcosine clerivatives has been conducted by Easton

et aL65 Reaction of N-benzoylvaline methyl ester (23a) with sulfuryl chloride

proceeded mainly aia hydrogen atom transfer from the B-position, followed by

the incorporation of chlorine to give the rnonochloride (23b), while a

corresponding reaction with N-bromosuccinirnide gave the clibromide (23c),

formed aiø initial hydrogen atom abstraction from the a-position. Similarly,

N-benzoylsarcosine methyl ester (24a) reacted with N-bromosuccinimide to give

the cr-brornosarcosine derivative (24b), rvhereas the reaction with sulfuryl

chloride gave the N-chlorornethylglycine derivative (24c). These differences in

regioselectivity can be accounted for by considering the differing degrees of C-H

bond homolysis in the transition states of the reactions. The reaction of

N-benzoylsarcosine methyl ester Qaù with N-bromosuccinimide proceeds uiø

the radical (25), whereas the corresponding reaction with sulfuryl chloride

proceeds aiø the less stable raclicai (26). Similarly, the reaction of

N-benzoylvaline methyl ester (23a) rvith N-brornosuccinirnide proceeds uiø the

radical (28), and reaction with sulfuryl chloride aia the less stable radical (27).

The reactions of N-benzoylvaline methyl ester (23a) and N-benzoylsarcosine

methyl ester (24a) with sulfuryl chloride proceed uia the less stable radicals (26)

and (27) because the degree of C-H bond hornolysis in each reaction transition

15
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state is minor. Under these circumstances the regioselectivity is controlled by

the inductive electron withdrawing effects of the amido and carboxy

substituents, which retard attack at the a-position by electrophilic radicals. The

reactions with N-bromosuccinimide proceed aia tlne most stable radicals (25) and

(28) however, since there is greater cìevelopment of radical character in those

transition states.

2R
R1

PhCONH
R2

CO2CH?

(2¡a) R1 = R2 = FI
(æb) Rl = CI, R2 = FI
(23c) R1 = R2 = Br

I

NCOPh
a

R1 NCOPh

co2cH3

(24a) Rl = R2 = FI
(24b) R1 = Br, R2 = FI
(24c) R1 = FI, R2 = CI

. CHrt-
H NCOPh

co2cH3

(26)

PhCONH co2cH3

(28)

a

co2cH3

(2s)

a H

HPhCONH

(zz)

co2cH3
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Introduction

In all of the studies described above, the cx-carbon-centred amino acid radicals

were generated through intermolecular hydrogen transfer; however, this limits

the types of processes that can be stuclied and the information that can be

obtained. Accordingly, the main aim of the work described in this thesis was to

investigate the formation of arnino acid radicals aia the intramolecular

B-scission of alkoxy radicals.

Alkoxy radicals66,67 are considered to be the most versatile and ubiquitous of all

the oxygen-centred. species.6T They are capable of undergoing a variety of

reactions, including rearrangement, acldition, displacement, hydrogen

abstraction and fragmenta¡içv1.66,67 Tìre Iatter two have been comprehensively

studied because they typically occur in competition, and a study of their

comparative rates can be used as a kinetic probe. The process of hydrogen

abstraction (Equation 1) involves the direct transfer of a hydrogen atom from

either the solvent or an alternative hyclrogen source to give the corresponding

alcohol, while fragmentation (Equation 2) involves bond homolysis aia the

process of B-scission to give a carbonyl species and a carbon-centred radical.

R3C-O' + R'H ------------> R3COH + R'. (1)

R3C-O' _____:> R2CO + Q)R.

The rate of hydrogen abstraction has been shown to be relatively independent of

the nature of the alkoxy ¡¿¿i6¿1.(r8 Thus, the ratio of the rates of B-scission to

hydrogen abstraction, which can be deterrnined from the ratio of the products, is

a good measure of the efficiency of the B-scission process.

The efficiency of the B-scission process is dependent on a number of factors,

including the stability of the product raciical. Greene et a\,69 studied reactions of

a series of alkoxy radicals procìucecl through decomposition of tertiary alkyl
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hypochlorites. The rates of fragmentation to give primary alkyl radicals were

found to exceed the rates of fragmentation to give methyl radical by factors as

Iarge as one hundred to one. For exarnple, reaction of the hypochlorite (29) in

trichlorofluoromethane afforded neopentyl chloride (from the primary

neopentyl radical) and acetone in a yield of 55o/o, and methyl chloride (from

methyl radical) and methyl neoper-rtyl ketone in a yielcl of less than 0.5%. The

rates of fragrnentation to give secondary alkyl radicals exceeded the rates of

fragmentation to give primary alkyl radicals by factors of between thirty and fifty.

For exatnple, decouiposition of the hypochlorite (30) in carbon tetrachloride

yielded 2-chloropropane (frorn the secondary isopropyl radical) and 3-pentanone

in a yield of 84o/o, and ethyl chloricie (from the primary ethyl raciical) and

2-methyl-3-pentanone in a yield of approxinately 3o/o. While the relative size of

the product carbon-centred radical was also found to be important in

determining the ease of the fragmentation process, Greene et a\.69 concluded that

the stability of the departing radical was the principle factor in the determination

of the relative rates of tl-re B-scission processes.

ocr
oct

(2e) (30)

A second factor important in determining the efficiency of B-scission is the

stability of the product carbonyl compound. For example, a phenyl group lowers

the energy of the transition state for B-scission, and woulcl thus be expected to

increase the efficiency of p-scission due to conjugation of the incipient carbonyl

group with the aromatic ring.7O An exarnple of an enhancgment in the rate of

B-scission due to the presence of a phenyl group was reported by Walling and

18
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Padwa.68 At 70oC, rearrangernent of the phenyl-substituted raclical (31) to give

methyl radical and acetophenone occurred -12 tirnes faster than p-scission of the

tert-butoxy radical (32) to give rnethyl raclical ancl acetone. Contrary to this, in

the work of Kochi,71 the tert-atnyloxy radical (33) and the 2-phenyl-2-butoxy

radical (34) efficiently undergo B-scission to produce predorninantly ethyl radical

in respective yields of 87"/o and 92o/o. This is despite an expected increased

efficiency of B-scission for the 2-phenyl-2-butoxy radical (34) due to enhanced

stabilisation of the transition state through the production of acetophenone.

Given that the obseived enhancement was negligible, KochiTl conclucled that

while the structure of the fragmentecl carbonyl compound is of some

irnportance, the predominant driving force for the efficiency of B-scission is the

stability of the product radical. This conclusion has been subsequentì1, supported

by the work of Begley et a\.,70 r,r'ho recordecl approximately equal efficiencies of

fragmentation for the alkoxy radicals (35) and (36), despite an expected rate

enhancement for the alkoxy radical (35) due to the presence of the pìrenyl group.

Qo Qo Qe

(31) (32) (33) (34)

Ph
TBS TBS

a

aa

ooo

X
(3s)

79

(36)
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A third factor important to the efficiency of B-scission reactions is polar effects,

with the stability of the transition state for the process of B-scission able to be

enhanced through either an inductive effect of the substituents, or through

stabilisation by the solvent. Walling and WagnerT2 have provided evidence

supporting the development of a partial positive charge at the incipient radical

centre, which would imply that stabilisation is possible through the presence

of electron donating groups or solvents. The development of this partial

positive charge can be clemonsLrated through the contribution of the

resonance structures (37) - (39). The experimental support for this theory was

obtained through a comparative stucly of the rates of B-scission for several

tert-butoxy radicals in various solvents. Increased efficiencies of B-scission were

obtained when chloroethylenes or aromatics were used as solvents.

Additionally, a significantly higher efficiency of B-scission was observed

when acetic acid was used as solvent, providing evidence for transition state

stabilisation ain the process of hydrogen bonding (Figure 7). The

possibility that the increased efficiency of B-scission was due to simple

differences in solvent polarity rvas discounted on the basis of comparable

observed efficiencies in acetonitrile and a haloalkane, which are significantly

different in polarity.

(37)

Oo H3C +. o H3C . o

(3e)(38)
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o
HaC -' OH

Figure 7. Stabilisation of the transition state for B-scission of

an alkoxy radical through the process of hyclrogen bonding.

oxygen raclicals can be produced in a variety of ways,67 including the

decomposition of alkyl hyciroperoxides, diaikyl peroxydicarbonates, peresters,

alkyl hypohalites, alkyl nitrosohydroxylamines ancl alkyl hyponitrites, the

photolysis of alkyl nitrites and other esters, the one-equivalent oxidation of

alcohols and alkyl l'rydroperoxides by l'reavy metals, and the disproportionation

of alkylperoxy radicals through autoxidation. An additional method of

generation is aiø the B-scission of O-nitro compounds upotl treatment with

tributyltin hydride, initiated with either AIBN (azoisobutyronitrile) or by

photolysis.

The generation and use of alkoxy radicals from O-nitro con-tpounds has found a

number of interesting synthetic applications. An example of this is in the work

of Begley et ø1,,70 who reported the synthesis of the bicyclic dioxolanes (a0) - (43)

from the corresponding alkoxy radicals (44) - (47), generated in situ from the

O -nitro compounds (48) - (51). These were particularly challenging

transformations for two reasons. Firstly, the forrnation of a six-mernbered ring is

typically slower than the formation of the correspollding five-lnembered ring,

thus introducing the possibility of side reactions occurring. Also, cyclisations

onto ester containing side chains usually fail due to the preference of the ester to

adopt a trøns-conformaiion rather than the cis which is required for

cyclisation.73,74 7¡¿ use of alkoxy raclicals to produce stable raclicals by p-scission

was chosen for the desired transformations as prior studies had shown that

successful cyclisations onto ester containing side chains have occurred when the

21
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attacking radicals are highly stabilised and hence relatively long lived.70 The

dioxolanyl radicals formecl through B-scission of the alkoxy radicals (4+¡ - 147¡

satisfy both of these criteria. Although the reported yields (20 - 40Vo) are only

satisfactory, single stereoisomers were formed in each case. Other examples of

synthetic applications r,r'hich utilise the generation of alkoxy radicals viø the

B-scission of O-nitro compounds include the preparation of a key lactone

required for the syntl-resis of serni-synthetic milbernycins,T5 the preparation of

2-deoxy sugar derivatives,T6 the preparation of spiroketals required for the

synthesis of ginkgblides,TT and the preparation of various carbohydrate

derivative 5.78,79

oo
oo

o

R

.X

X

R

(40) R = COzCHs
(4t) P = P¡

o

(44) R = COzCHs
(45) R = Pl-t

R

(42) R = COzCH¡
(43) R = Ph

R

a

o Ph

(46) R = COzCHs
(47) R = Ph

o

o
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(48) R = COzCH¡
(49) R = Ph

R

Introduction

Ph

Nqt- NGl'
o o

o

"X X
(50) R = COzCHg
(51) R = Ph

This thesis embodies a study of the factors affecting the production of

cr-arnino acid radicals produced ain the intramolecular B-scission of alkoxy

radicals formed frorn the reaction of OÞ-nitro-B-hydroxy amino acid derivatives

with tributyltin hydride. The Of3-nitro-B-hydroxy amino acid derivatives

required were prepared through the reaction of amino acid derivatives with

nitric acid in acetic anhyciricle, a technique which has been shown in prior

studies to be applicable to a range of substra¡g5.75-81 The B-hydroxy amino acids

were chosen as the starting substrates as they are readily available, and it was

envisaged that B-scission of the alkoxy radicals generated through reaction of

the corresponding nitro compouncls with tributyltin hydride would produce the

cr-centred amiuo acid raclicals required for the studies being undertaken. A study

of the competing processes of B-scission and hyclrogen abstraction for these

substrates has provided general information on the relative stabilities of the

amino acid radicals produced, ancl the factors affecting the procluction of these

radicals.

Various OÊ-nitro-B-hydroxy amino acid derivatives were therefore prepared, and

the syntheses ancl characterisafion of these are reported upon in Results and

Discussion - Part 1. The treatment of these derivatives with tributyltin hydride
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under conditions of photolysis in order to procluce arnino acid radicals uia the

process of p-scission, as rvell as the conclusions obtained from these reactions in

regard to the factors affecting the efficiency of the B-s_cission reactions, are both

discussed in Results and Discussion - Part 2.

1AL+
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Results and Discussion

PART 1: SYNTHESIS OF SUBSTRATES

The compounds required for the work described in this thesis were obtained as

outlined below. The starting materials used in all syntheses were racemic. The

threo-isorners of the alcohols (54) (otherwise known as threonine) and (55)

(B-phenylserine) were used. Subsequent derivatisations of these compounds

showed no indication of the formation of diastereomers.

The N-benzoylamino acid methyl esters (60) - (63) were each prepared through a

two step synthesis 'as shown in Scheme 2. The intermediate methyl ester

hydrochloride salts (56) - (59) were prepared initially through reaction of the

amino acids (SZ) - (55) with methanolic hydrogen chloride solution, which had

been prepared through the slow addition of thionyl chloride to dry methanol at

0"C. Benzoylation was then effected through reaction of the hydrochlorides

(56) - (59) with benzoyl chloride and aqueous sodium bicarbonate/ethyl acetate at

room temperature.

R2
co2H
NHz

R2

R1

R2

R1

Scheme 2

co2cH3
NHt o[1ç1

PhCOCI
EtOAc/HrO

co2cH3
NHCOPh

(56) R1 = R2 = FI
(52) R1 - H, R2 =
(58) Rl = CFI., R2
(59) R1 = Ph,-R2 =

soc12

CH¡
cHs
-H
HR1
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N-Benzoylserine methyl ester (60) was obtained as a clear viscous oil in a yield of

877o. Attempts to effect crystallisation uia a variety of methods were

unsuccessful. The 1H n.m.r. spectrum of the alcohol (60) is distinguished by a

pair of doublets of doublets (/ 17.4,3.6 F{z) at ô 4:00 ppm and ô 4.06 ppm,

representing the two B-protons. The cr-proton, coupled to both of the B-protons

as well as the amide proton, comes into resonance at ô 4.84 ppm, while

resonances in the aromatic region (87.34-7.80 ppm) and at E 3.77 ppm account

for the aromatic protons of the benzamido substituent and the methyl ester

protons respectively; The 13C n.m.r. spectrum shows all nine chemically distinct

carbons, with the distinguishing features being the two carbonyl carbons at

8767.78 ppm and õ777.02 ppm. The E.I. mass spectrum of N-benzoylserine

methyl ester (60) is consistent with that which is expected, with both a molecular

ion at mlz 223 and an M-OH peak at mf z 206, confirming identification.

Accurate mass determination for the molecular ion (M+') produced a value

compatible with that required.

N-Benzoyl-cr-methylserine methyl ester (61) was prepared in a yield of 507o. The

lower yield relative to that of the corresponding serine derivative (60) is an

indication of difficulties encountered with the second step of the synthesis. The

1H n.m.r. spectrum consists of two singlets at õ 1.66 ppm and ô 3.83 ppm, which

represent the protons of the o-methyl and the ester methyl groups respectively.

Doublets (J 77.4F{2) at ð 3.93 ppm and E 4.22 ppm represent the two B-protons,

and resonances in the õ 7.42 - 7.80 ppm region represent the aromatic protons of

the benzamido substituent. The 13C n.m.r. spectrum shows all ten chemically

distinct carbons, while the E.I. mass spectrum shows both an M+H+ ion at

mlz 238, and loss of the hydroxyl group to give an ion at mlz 220.

N-Benzoylthreonine methyl ester (62) was obtained in 96,/" yield. The 1H n.m.r.

spectrum consists of a doublet (/ 6.4Hz) atõ 7.29 ppm, representing the B-methyl

substituent; a singlet at ô 3.80 ppm, ,"p."r".,ting the ester methyl group; a
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doublet of quartets (J 2.4, 6.4 IH,.z) at E 4.47 ppm, representing the B-proton; a

doublet of doublets at õ 4.84 ppm (] 2.4,8.8 Hz) representing the cr-proton; and

resonances in the region E 7.42 - 7.87 ppm corresponding to the aromatic protons

of the benzamido group. The 13C n.m.r. spectrum- shows all ten chemically

distinct carbons, while the E.I. mass spectrum is distinguished by an M+H+ ion at

mf z 238, and an M-OH ion at mlz 220. Accurate mass determination for the

M+H+ ion produced a value compatible with that required.

threo-N-Benzoyl-B-phenylserine methyl ester (63) was prepared in a yield of

86%. The 1H n.m.r. spectrum consists of a singlet at ô 3.77 ppm, representing the

three protons of the rnethyl ester group; a doublet of doublets (l 8.7,3.2}{r2) at

ô 5.08 ppm, representing the o-proton; doublets at õ 5.40 ppm (/ 3.2H2) and ô 6.98

ppm (/ 8.7 I{z) representing the B and amido protons respectively; and multiplets

in the range õ 7.26 - 8.27 ppm, representing the ten aromatic protons of the

benzamido substituent and the B-phenyl group.

R2 R2

co2cH3 HNO3
ozN co2cH3

NHCOPh (cH3co)2o NHCOPh

R1 R1

(6+) nt = R2 = FI
(65) R1 - H, R2 =
(66) Rl = CFI., R2

(67) Rl = Ph,"R2 =

CH"
J_H

H

Scheme 3

The nitrates (64) - (62¡ were prepared according to the technique reported by

Honeyman and SteningS0 and Vite and Fraser-Reid,76 which involved direct

esterification with fuming nitric acid in acetic anhydride at 0oC, as outlined in

Scheme 3. Problems with tire reported work up procedures were experienced,

with difficulty encountered in effecting removal of both the residual nitric acid
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as well as the acetic acid formed through reaction of the nitric acid with acetic

anhydride. A number of workup procedures were tested, with some (e.g,,

washing with sodium hydroxide solution) leading to decomposition of the target

molecule. The most effective technique involved repeated washings with

aqueous solutions of sodium carbonate.

N -Benzo yl-O Ê-nitroserine methyl ester (6+) was prepared from the

corresponding alcohol (60) in a yield of BS%. Its formation is characterised in the

1H n.m.r. spectrum by the downfield shift of the two p-protons from ô 4.00 ppm

and ô 4.06 pprn in the alcohol (60) to õ 4.91 ppm and ð 4.9g ppm in the nitrate

(ø+¡. The a-proton experiences a downfield shift of 0.31 ppm, from ô 4.84 ppm in

the alcohol (60) to ô 5.15 ppm in the nitrate (64). This difference is related to the

high electronegativity of the O-NO2 group and the associated deshielding effect

on the B-protons. Accordingly, the B-carbon experiences a significant downfield

shift in the 13C n.m.r. spectrum, from E 62.69 ppm in the alcohol (60) to ô 71.31

ppm in the nitrate (64). The E.I. mass spectrum of the nitrate (6a) is characterised

by an M+H+ ionat mfz269, a molecular ion (M*') atmfz 268, f.ragmentation of

the o-No2 and CH2-O-NO2 groups to give ions of mlz 206 an,J mfz 792

respectively, and a base peak at mlz 704. Microanalysis of N-benzoyl-Ol"J-

nitroserine methyl ester (64) produced values within the required range of those

expected.

The synthesis of N-benzoyl-o9-nitro-cr-methylserine methyl ester (65) from the

corresponding alcohol (61) proceeded in 3\o/o yield. The lower yield relative to

the serine derivative (64) is a reflection of ptotl"*r experienced in the

purification of the target compound, a side reaction of the alcohol (61), and

difficulty in effecting removal of the acetic acid formed through reaction of tl're

acetic anhydride. The main features of the 1H n.m.r. spectrum of the nitrate (65)

are a singlet of three proton intensity at ô 1 .76 ppm, representing the cr-methyl

group, and a pair of doublets (l 1,1.1 lHz) at E 4.9T ppm and ô 5.35 ppm,
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representing the two B-protons. The respective downfield shifts for these two

Iatter protons of 7.04 ppm and 1.13 ppm relative to the alcohol (61), are consistent

with the shif ts experienced by the corresponding protons in
N-benzoyl-OÊ-nitroserine methyl ester (64), and provide supporting evidence for

the successful substitution of the OH group by the O-NOz group. The 13C n.m.r.

spectrum for N-benzoyl-OÞ-nitro-cr-methylserine methyl ester (65) is consistent

with the trends obtained for N-benzoyl-O1-nitroserine methyl ester (64).

+.

co2cH3
HzC NHCOPh

(68)

H3CCOO
co2cH3
NHCOPh

(6e)

N-Benzoyl-OF-acetyl-cr-methylserine methyl ester (69) was aiso isolated from the

reaction mixture of the preparation of N-benzoyl-OÞ-nitro-cr-methylserine

methyl ester (65) in a yield of 79o/o. It is proposed that this compound was

formed through reaction of the alcohol (61) with acetic anhydride. The spectral

characteristics of the acetate (69) are similar to those of the nitrate (65). The 1H

n.m.r. spectrum consists of two singlets at õ 7.72 ppm and ô 2.03 ppm, each of

three proton intensity and representing the cr-methyl group protons and the

protons of the acetyl methyl group respectively; apair of doublets (/ 17.2FI2) at

ô 4.50 ppm and ô 4.80 ppm, each representing one B-proton; and resonances at

87.47 -7.55 ppm and ô 7.81 ppm, and also at ô 3.81 ppm, which account for the

protons of the benzamido and methoxycarbonyl groups respectively. In the

13Cn.m.r. spectrum, signals at E 727.58 pp*, õ i29.18 ppm, ô 132.30 ppm, and

ô 134.86 ppm represent the four chemically distinct carbons of the benzamido

substituent; a resonance at ð 20.58 pp* is due to the cr-methyl carbon; a
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resonance at õ 27.26 ppm is due to the methyl carbon of the acetyl group; a

resonance at ô 53.71 pprn is due to the methoxycarbonyl group; the resonances at

ô 60.66 ppm and õ 66.45 ppm are due to the o and B carbons; and the resonances

atô 173.31 Ppm, õ777.28 pprn, and õ 767.22 ppm arise from the three carbonyl

carbons. In the E.I. mass spectrurn, a (M+H+) ion at mlz 280 supports the

structure of the acetate (69), and a peak at mf z 220, coruesponding to the fragment

ion (68), shows that the basic carbon skeleton is the same as that of the nitrate

(65). The identification of this byproduct as the acetate (69) is also supported

through accurate mass determination of the M+H+ ion.

COzCHe

H3CCOO
NHCOPh

(70)

Preparation of N-benzoyl-OF-nitrothreonine methyl ester (66) from the

corresPonding alcohol (62) proceedecl ir-r a yield of 86Vo. In the 1H n.m.r.

spectrum the B-proton appears as a doublet of quartets (l 2.6, 6.5 lFrz) at ô 5.73

ppm, a downfield shift of 7.26 ppm relative to the corresponding alcohol (62).

Further supporting evidence for the successful synthesis of the nitrate (66) is

found in the 13C n.m.r. spectrum, where the B-carbon has a signal at E 79.72 ppm,

a downfield shift of 11.51 ppm relative to the alcohol (62). The E.I. mass

spectrum is distinguished by a M+H+ ion at mf z 283, and fragment ions at mf z

220 and mlz 792, produced through the characteristic losses of the O-NO2 and

(CHs)CU-O-NO2 groups respectively. Microanalysis of the nitrate (66) affords

values compatible with the expected. The presence of N-benzoyl-oÊ-

acetylthreonine methyl ester (70), (formed aia an analogous manner to that for

the corresponding cr-metl'rylserine clerivative (69)), was detected as a trace
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material in the lH n.m.r. spectrum of the crude product in a negligible yield, but

was not isolated

threo-N-Benzoyl-OÞ-nitro-p-phenylserine methyl ester (67) was obtained in a

yield of 577o from the corresponcling alcohot (63). Its formation is characterised

in the 1H n.m.r. spectrum by a downfield shift of the B-proton from E 5.40 ppm

in the alcohol (63) to õ 6.44 ppm in the nirrate (67). The relatively high ô value

for the p-proton in the nitrate (67) is due to the fact that it is benzylic as well as

adjacent to the highly electronegative O-NOz group. The E.I. mass spectrum of

threo-N-benzoyl-OÞ-nitro-B-phenylserine methyl ester (67) produces an M+H+

ion of mlz 345, as well as a base peak at ntf z 282, corresponding to loss of the

O-NO2 group. Microanalysis of the nitrate (67) affords a formula compatible

with that which is expected.

o

H
RoR

H

NPhth
OH

(71) R = CH3
(zz¡ ¡ = Ph

soc12 R

cH3oH

CHs

NPhthNHz Dioxane
OH OH

(54) R = CHa
(55) R = Ph

(73

(74
CHs
Ph

)R=
)R=

Scheme 4

N-Phthaloylthreonine methyl ester (73) and threo-N-phthaloyl-B-phenylserine

methyl ester (74) were each prepared aiø a'two step synthesis, outlined in

Scheme 4. N-Phthaloylthreonine (71) and threo-N-phthaloyl-B-phenylserine

(72) were prepared initially using the technique of Sheehan et al.,B2 which

involved refluxing finely ground phthalic anhydride with. each of the amino

acids (54) and (55) in dioxane for 5 h. Esterification was then effected through

addition of the crude product to methanolic hydrogen chloride solution, as

31



Results ønd Discussion

employed for the synthesis of the corresponding N-benzoyl derivatives (62) and

(6a).

The yield for the preparation of N-phthaloylthreonine methyl ester (73) was

33%. The 1H n.m.r. spectrum consists of a singlet at ô 3.79 ppm, representing the

methyl ester protons; two doublets at õ 7.22 ppm (/ 6.6 lFrz) and ô 4.97 ppm

(l 4.3H'2), representing the B-methyl group protons and the o-proton
respectively; a doublet of quartets at ô 4.65 ppm, representing the B-proton; and a

multiplet in the region E 7.78 - 7.94 ppm, representing the four protons of the

phthalimido substituent. The 13C n.m.r. spectrum shows all nine chemically

distinct carbons, while the E.I. mass spectrum is distinguished by an M+H+ ion at

mf z 264, and an M-OH ion at mlz 246.

threo-N-Phthaloyl-p-phenylserine methyl ester (74) was prepared in 92Vo yield.

The 1H n.m.r. spectrum consists of a singlet at ô 3.86 ppm, representing the three

protons of the ester rnethyl group; doublets at ô 5.14 ppm (/ 70.6 lHz) ancl ô 5.51

pPm (/ 4.6H.2), representing the cr-proton and the hydroxyl proton respectively; a

doublet of doublets (] 4.6,70.6 Hz) at ô 5.71 ppm, representing the p-proton; and

mutiplets in the regions õ 7.76 - 7.36 ppm and õ 7.68 - 7.87 ppm, representing the

nine aromatic protons of the B-phenyl group and the phthalimido substituent.

The 13C n.m.r. spectrurn shows all twelve chemically distinct carbons. The E.I.

mass spectrum is distinguished by an M+H+ ion at mlz 326, and an M-OH ion at

mlz 308. Synthesis of N-phthaloylserine methyl ester (75) was not required, as

an adequate supply was available from the work of Burgess.83

TIre preparation of the nitrates (76) - (78) was carried out using direct

esterification with nitric acid in acetic anhydride (Schenre 5), as employed for the

synthesis of the corresponding N-benzoyl derivatives (64), (66) and (67).
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CO zCHa

NPhth
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HNq

(76) R = CHs
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Scheme 5

N-Phthatoyl-OÊ-nitroserine methyl ester (78) was prepared from the

corresponding alcohol (75) in a yield of 53%. The 1H n.m.r. spectrum consists of

a singlet at õ 3.79 ppm, representing the three methyl ester protons; two doublet

of doublets at ô 4.60 ppm (/ 9.9,7t.2 IF'z) and õ 4.92 pprn (l 4.9,7t.7 Hz),

representing the two p-protons; a doublet of doublets (l 4.3,9.9Lfz) at ô 5.18 ppm,

representing the cr-proton; and the four protons of the phthalimido substituent

in the range of õ7.76 - 7.91, ppm. The distinguishing feature of the 1H n.m.r.

spectrum of the nitrate (78) relative to the alcohol (75) is the clownfield shift of

the two p-protons by 0.77 ppm and 0.97 ppm. The E.I. mass spectrum is

characterised by an M+'ion atmfz294, and loss of the O-NO2 group to give an

ion at mlz 232. The structure of the nitrate (78) was also confirmed through

accurate mass determination of the M-ONOz ion.

Synthesis of N-phthaloyl-OÞ-nitrothreonine methyl ester (76) from the alcohol

(73) proceeded in a yield of 437o. The large downfield shift of the B-proton by

1.34 ppm in the 1H n.m.r, spectrum is the distinguishing feature confirming the

formation of the nitrate (76). The downfield shift of the B-carbon in the

13Cn.m.r. spectrum by 7.65 ppm is also characteristic. In the E.I. mass spectrum,

the distinguishing features are loss of the NO2 and O-NO2 groups to give ions at

mlz 262 and mf z 246 respectively, as well as the presence of an M+H+ ion at

mlz 309.
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Two other products were isolated in moderate yields from the reaction mixture

in the preparation of the nitrate (76). The elimination product, methyl

2-phalimidobut-2-enoate (79) was isolated in a yield oÍ 78Vo. Its identification is

based on a combination of spectrometric techniques. -The 1Hn.m.r. spectrum is

characterised by the allylic methyl group protons, which appear at ô 1.85 ppm as a

doublet (l 7 .7 F{z), and the olefinic proton at õ 7 .47 ppm (qua rtet, | 7 .7 Hz). In the

13C n.m.r. spectrum, the two olefinic carbons appear within the range ô 120 - 745

PPm (with the three chemically distinct phthalimido group aromatic carbons),

and the allylic carbon appears upfield at õ 74.44 ppm. The E.I. mass spectrum

shows a molecular ion (M+') atntfz 245, and peaks at mfz 230 and mlz 186,

which represent losses of the CH3 and COzCHg fragments respectively. The

formation of methyl-2-phthalimidobut-2-enoate (79) from the nitrate (76) or the

alcohol (73) is presumably aided by the accornpanying increase in entropy, caused

by the resulting increase in disorder frorn the splitting of the molecule.

Eliminations of this nature have not been reported in previous work with

nitrates, probably due to the fact that the current series of nitrates being studied

have acidic a-hydrogens, which enhance the elimination process.

COzCH¡ CO zCHa

hth
H3CCOO

NPhth

(7e) (80)

The second by-product (in 327o yield) was identif ied as

N-phthatoyl-OÊ-acetylthreonine methyl ester (80). Its formation is aia an

analogous manner to that for the corresponding derivatives of N-ben zoyl-u-

methylserine (69) ar-rd N-benzoylthreonine (70). Its 1H n.m.r. spectrum is similar

to that of the nitrate (76), with the B-methyl group at ô 1.43 ppm (doublet,
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| 6.4H2), the o-proton at ô 4.88 ppm (doublet, / 6.4lH2), the p-proton at ô 5.74 ppm

(doublet of quartets, J 6.4,6.4lFr2), the methyl ester group protons at ô 3.25 ppm,

and the phthalimido group protons within the range or E 7.75 - 7.92 ppm. The

only significant difference is the appearance of a sharp singlet at ô 1.91 ppm,

representing the three protons of the acetyl group. Similarly, the 13C n.m.r.

spectrum of the acetate (80) differs only slightly from that of the nitrate (76),with

the only significant difference being the appearance of two additional peaks, one

at ô 18.55 ppm and the other in the range õ 766 - 770 ppm, representing the

methyl and carbonyl carbons of the acetyl group respectively. The E.I. mass

spectrum gives an M+H+ ion at mf z 306, and also shows the loss of the acetyl

group with an ion at mlz 246. The structure of the acetate (80) is also supported

by microanalysis.

Synthesis of threo-N-phthaloyl-OÞ-nitro-p-pher-rylserine methyl ester (77) from

the corresponding alcohol (74) proceeded in a yield of 47To. The 1H n.m.r.

spectrum is distinct from that of the alcohol QÐ by the downfield shift of the

p-proton from ô 5.71 ppm in the alcohol (74) to ð 6.63 ppm in the nitrate Q7).

The trends observed in the 13C n.m.r. spectrum are consistent with those

observed with the other related cornpounds in this series, with the most

significant being the downfietd shift of the p-carbon from õ 72.47 in the alcohol

(7+) to õ 82.87 ppm in the nitrate (77). In the E.L mass spectrum, both a molecular

ion at mlz 370, as well as loss of the O-NOz fragment to give an ion of mlz 308,

confirm the identification of the nitrate (77).

The N-benzoyl derivarives (83) and (84) of 2-aminoethanol (St) and

3-aminopropanol (82) were prepared through reaction with benzoyl chloride in

aqueous sodium bicarbonate/ethyl acetate at room temperature as outlined in

Scheme 6.
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NHCOPhNHz PìrCOCl
HOM EtOAc/H2O HO

(81) n=l
(82) n =2

^V
(83) n=1
(84) n=2

Scheme 6

2-Benzarnidoethanol (83) was prepared in a yield of 777o. The 1H n.m.r.

spectrum shows the hydroxyl proton at ô 3.37 pprn; the two C1 protons at ô 3.59

ppm (triplet, | 4.8 Hz); the trvo C2 protons at ð 3.80 pprn (triplet, | 4.8 Hz); the

amido proton at õ 6.94 ppn; and the protons of the benzamido group at

87.37 -7.57 ppm and õ7.76 ppm. The 13C n.m.r. spectrum shows the Cl and C2

carbons at ô 62.00 ppm ancl ô 43.31 ppm respectively; the benzamido carbons at

õ727.53 ppm, õ728.92 ppm, ô 132.01 ppm and ô i34.59 ppm; and the carbonyl

carbon at ô 169.31 ppnl. The structure of Z-benzamidoethanol (83) is also

supported in the E.I. rnass spectrum, r,r'hich gives an M+H+ ion at mf z 766, and

shows the loss of the OH and CH2OH fragments at mf z 148 and mlz 734

respectively. Accurate nìass determination on the M+H+ ion also gives a result

which is compatible with the expected forrnula.

The yield for the preparation of 3-benzamidopropanol (84) was 797o. The 1H
e\

n.m.r. spectrum shows the two C2 protons as a (l 5.6,ñ Hz) at

ô 1.80 ppm; trvo trvo proton triplets (l 5.6 lHz) at ô 3.63 ppm and õ 3.73 ppm

(representing the C1 and C3 protons); the arnido proton at ô 6.81 ppm; and the

benzamido group protons at ô 7.40 - 7.53 ppm, and ô 7.76 -7.79 ppn The 13C

n.m.r spectrum shows the carbons C2, C1 and C3 at ô 31.86 ppm, ð 59.90 pprn and

õ 37.39 ppm respectively, the benzamido group carbons at õ 7.26.98 pp-, õ 728.49

ppm, ô 131.48 pprn and 6 734.22 ppnl, and the carbonyl carbon at ô 168.62 ppm.

Evidence for the successful synthesis of 3-benzatnidopropanol (84) is als<t

provided in the E.L mass spectrum, rt,hich shows an M+H+ ion at ntfz 780, and
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shows the loss of the OH, CH2oH and CH2CH2OH fragments at mlz 762, mlz 148

and mf z 134 respectively. Accurate mass determination of the M+H+ ion also

gives a result compatible with the expected formula.

The syntheses of the nitrates (85) and (86) were accomplished by the reaction of

the corresponding alcohols (83) and (8a) with nitric acid in acetic anhydride at

OoC, as outlined in Scheme 7.

NHCOPh HNO3 NHCOPht\t¿Y vHO
(cH3co)2o 02No

(83) n=1
(84) n=2

(85) n=1
(86) n=2

Scheme 7

O-Nitro-2-benzamidoethanol (85) was prepared from the alcohol (83) in a yield of

43%. The 1H n.m.r. spectrum consists of two triplets (/ 5.1 lHz) at ô 3.30 ppm and

ô 4.53 ppm, representing the C2 and Cl protons respectively, and two multiplets

in the region õ 7.44 - 8.10 ppm, representing the arornatic protons. The 13C n.m.r.

spectrum shows the C1 and C2 carbons at õ 59.95 ppm and õ 62.82 ppm; the four

chemically clistinct aromatic carbons at õ 727.14 ppm, ô 128.38 ppm, õ lzg.4g ppm,

and ô 733.22 PPm; and the carbonyl carbon of the benzamido substituent at

8165.56 ppm.

O-Nitro-3-benzamidopropanol (86) was prepared from the alcohol (84) in a yield

of 66Vo. The distinguishing feature in the 1H n.m.r. spectrum is the downfield

shift of the C1 protons from õ 313 ppm in the alcohol (84) to õ 4.56 ppm in the

nitrate (86). Similarly, in the 13C n.m.r. spectrum, the C1 carbon moves

downfield from õ 59.90 ppm in the alcohol (84) to E 77.24 ppm in the nitrate (86).

In the E.I. mass spectrum, a M+FI+ ion at mf z 225, and loss of the NO2 and the

O-NOz fragments to give ions at mlz 778 and mfz 762 provides further support
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for the structure of the nitrate (86).

The synthesis of p-hydroxypropionic acid methyl ester (88), initially thought to

be a relatively straightforward procedure, ended up presenting an interesting

synthetic challenge. Synthesis was initially attempted aia a direct esterification

of p-hydroxypropionic acid (87) through a reflux with hydrochloric acid in

2,2-dimethoxypropane, as used by Bodanszkyga and outlined in Scheme 8. This

method was unsuccessful, due to a number of reasons, including the possible

decomposition of the product during the work up procedure, as well as general

problems encountered with the use of the p-hydroxypropionic acid (87), which is

available commercially only as a 5Oo/o solution in water.

HO1-,co2H (CH3O)2C(CH g)z ,^=-COzCH¡
HCI HO

(87) (88)

Scheme 8

An alternative synthesis (Scheme 9) was therefore devised, using a ring opening

of p-propiolactone (89) with acidified methanol. The main advantage of this

technique is that it avoids usage of B-hydroxypropionic acid (87), which is

extremely hygroscopic and also difficult to work with. This synthesis produced

the desired compound in a moderate yield of 24Vo. The 1H n.m.r. spectrum of

p-hydroxypropionic acid methyl ester (88) consisrs of a rripler (l 5.6H2) at ô 2.59

pPm, representing the two C2 protons; a broad singlet at ô 2.86 ppm, representing

the hydroxyl proton; a triplet (l 5.6F{2) at ô 3.88 ppm for the two C3 protons; and

a singlet at õ 3J2 ppm for the ester protons. The simple 13C n.m.r. spectrum

consists of only four peaks, the carbons C2, C3 and the ester methyl carbon at

ô 36.58 ppm, ô 51.71 ppm and ô 58.18 ppm respectively, ancl the carbonyl carbon at

õ 773.23 ppm.
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(e0)

(8e) (88)

Scheme 9

An additional product, 3-methoxypropionic acid methyl ester (90), formed aia

the mechanism outlined in Scheme 70, was obtained in a yield of 727o.

Identification is based primarily on the 1H n.m.r. spectrum, which consists of

two two proton triplets (l 6.3F{2) atõ2.54 ppm and õ3.62 ppm, representing the

C2 and C3 protons respectively, and two three proton singlets at ô 3.31 ppm and

ô 3.66 PPm, which represent the methoxy and methyl ester protons respectively.

cH3oH
H3CO

4,,. CO2H

o H+

(8e) cH3oH

Scheme 10

H3CO
4=.CO2CH3

The low overall yields for this reaction can be explained through difficulties

experienced during the purification process, as neither the pfoducts nor starting

material were detectable by thin layer chromato graphy, and hence purification by

chromatography was extremely difficult.

39



Results and Discussion

The subsequent synthesis of OÊ-nitro-B-hydroxypropionic acid methyl ester (91)

from B-hydroxypropionic acid methyl ester (88), aia tlrre route outlined in

Scheme 11, also gave rise to an additional product which was detected in the

lH n.m.r. spectrum of the crude reaction mixture. - Though the isolation and

identification of this by-product was unsuccessful, it is possible that it is the

acetate (92) arising from the reaction of the alcohol (88) with acetic anhydride as

encountered previously in the syntheses of N-benzoyl-OÞ-nitro-o-methylserine

methyl ester (65), N-benzoyl-OÞ-nitrothreonine methyl ester (66), and

N-phthaloyl-OÞ-nitrothreonine methyl ester (76).

Hoæco2cH3
HNO3

^=-CO2CH3(cH3co)2o o2No

(BB) (et)

Scheme 11

H3CCOO \_^ co2cH3

(gz)

The yield of OÞ-nitro-B-hydroxypropionic acid methyl ester (91) from the alcohol

(88) was 23To. Tlne lH n.m.r. spectrum consists of a triplet (l 6.3 ÍIz) at õ 2.76 ppm,

representing the two cr-protons; a singlet at õ 3.74 ppm, representing the three

protons of the methyl ester group; and a triplet (l 6.3 F{z) at õ 4.74 ppm.

representing the two B-protons. The downfield shift of the p-protons, from

õ 3.88 ppm in the alcohol (88) to õ 4.74 ppm in the nitrate (91), is consistent with

the observed trend with tl're other nitrates (64) - (67),(76) - (78), (85) and (86). The

distinguishing feature of the E.I. mass spectrum is an M+'ion atmlz 749.
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Complete characterisation of this compound (91) has not been possible, due to

the presence of interferring impurity signals which were present in the 1H n.m.r.

spectrum (in the regions of õ 1.25 - 7.70 ppm and õ 2".07 - 2.77 ppm) and which

could not be removed through various attempts at purification. However, the

purity of the nitrate (91) is not less than 85%.
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PART 2: REACTIONS OF NITRATES

It was anticipated that photolysis of the nitrates obtained as described in Part 1 of

the Results and Discussion of this thesis would produce alkoxy radicals, which

would then either undergo p-scission or react with tributyltin hydride aiø

hydrogen abstraction to produce alcohols. To examine this hypothesis, the

reactions of N-benzoyi-OÞ-nitroserine methyl ester (64), N-benzoyl-OÞ-nitro-cr-

methylserine methyl ester (65), N-benzoyl-OÞ-nitrothreonine methyl ester (66),

threo-N-benzoyl-OÞ-nitro-B-phenylserine methyl ester (62¡,

O-nitro-2-benzamidoethanol (85) and OÊ-nitro-B-hydroxypropionic acid methyl

ester (91) with tributyltin hydride in benzene, initiated through photolysis, were

investigated and compared. The N-benzoyl-OÊ-nitro methyl ester derivatives of

serine (64), threonine (66) and B-phenylserine (67), which differ structurally only

in the degree of substitution at the p-amino position (the serine derivative (64) is

a primary nitrate, while the threonine (66) and the B-phenylserine derivatives

(67) are both secondary nitrates), were chosen to examine the effect of this

difference in substitution on the rate of B-scission; the o-methylserine derivative

(65) was chosen to examine the effect of a change in substitution at the cr-amino

position on the rate of B-scission (in comparison with the serine derivative (64),

which is secondary aL the cr-amino position, whereas the o-nlethylserine

derivative (65) is tertiary); while the 2-benzamidoethanol derivative (85) and the

p-hydroxypropionic acid derivative (86) (with the serine derivative (64)) were

chosen to examine the effect of the benzamido and methoxycarbonyl

substituents on cr-centred radical formation through a comparison of their

relative rates of B-scission.

The reactions were perforrned as two hour irradiations with ultraviolet light (at

approximately 40"C) in ct6-benzerle, uncler an inert atmosphere of argon. Product

yields were calculated througir use of ethylbenzene as an internal standard, with
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product identifications based on direct 1F{ n.m.r. spectroscopic analysis of the

crude reaction mixtures immediately after the completion of the two hour

reaction time. Product identifications were confirmed through use of 1H ,r.-.r.

spectroscopy spiking experiments, and also by analysiS of crude reaction mixtures

by thin layer chromatography. The initial nitrate concentration was set at

-100 mg/ml. A five molar excess of tributyltin hydride (concentration of

-7.75 M) was used, so that it could be assumed that there would be no appreciable

change in the concentration of the tributyltin hydride during the course of the

reaction

Treatment of N-benzoyl-OÞ-nitroserine methyl ester (64) with tributyltin hydride

under these conditions afforcled the alcohol, N-benzoylserine methyl ester (60),

in a yield of 57%, and N-benzoylglycine methyl ester (10a), in a yietd of 77Vo. The

alcohol (60) was identified through comparison of the 1H n.m.r. spectrum of the

crude reaction mixture with that of an authentic sample, while the identification

of the glycine derivative (10a) was based on the presence of a two proton doublet

at õ 4.24 ppm (/ 5.7 I{z) in the 1H n.m.r. spectrum (corresponding to the two

o-protons), and was subsequently supported through use of thin layer

chromatography and 1¡1 n.m.r. spectroscopy spiking experiments. The

formation of these products can be rationalised through consideration of the

mechanisms outlined in Scheme 72. Upon photolysis of

N-benzoyl-OÊ-nitroserine methyl ester (64), the alkoxy radical (93) is initially

formed, and this then undergoes either direct hydrogen abstraction from

tributyltin hydride to give N-benzoylserine methyl ester (60), or undergoes

B-scission aia tlne mechanism outlined in Scheme 12 to give N-benzoylglycine

methyl ester radical (11a), which then abstracts a hydrogen atom from the

tributyltin hydride to give N-benzoylglycine methyl ester (10a).
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CH¡

ozN

(64)

NHCOPh

AIBN

CH,

NHCOPh

f[o

CH"
J

NHCOPh

-------+ cH2o +
CO.CH.
l' 

J

NHCOPh
a

(e3) (1 1a)

(60)

f{o

CH,

H NHCOPh

(10a)

Scheme 12

Treatment of N-b enzoyl-O Ê-nitro-a-methylserine methyl ester (65) with

tributyltin hydride under the same conditions as described above produced a

crude reaction mixture containing predominantly N-benzoylalanine methyl

d of 88%), with identification based on the presence of a

resonance at 84.80 ppm (l 7.2,*E Hz), and a doublet

resonance at õ1.53 ppm (l7.LHz) in the 1H n.m.r. spectrum, with these peaks

corresponding to the cr-proton and the o-methyl group protons respectively.

The presence of the alanine derivative (10b) was further confirmed through a 1H
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n.m.r. spectroscopy spiking experiment with an authentic sample, and through

analysis of the crude reaction mixture by thin layer chromatography. No

evidence was obtained for the formation of the alcohol, N-benzoyl-o-

methylserine methyl ester (61), which is the expected product of direct hydrogen

abstraction by the alkoxy radical (94). The formation of N-benzoylalanine methyl

ester (10b), aíø þ-scission of the alkoxy radical (94), is consistent with the

corresponding formation of the glycine derivative (1Oa) from the alkoxy radical

(93) formed from the photolysis of N-benzoyl-OÞ-nitroserine methyl ester (64), as

outlined in Scheme 12.

oQ co2cH3
NHCOPh

(e4)

Treatment of N-be nzoyl-O1-nitrothreonine methyl ester (66) with tributyltin

hydride under the same conditions as for the corresponding serine derivative

(e+¡ Oto¿uced a crude reaction rnixture containing N-benzoylthreonine methyl

ester (62), N-benzoylglycine rnethyl ester (10a), and the unreacted nitrate (66), in

respective yields of 74o/o,37% and35o/o. The corrected yields (based on recovered

starting material) for the alcohol (62) and the glycine derivative (10a) are 22To

and 487o respectively. Identification of the glycine derivative (10a) was based

primarily on the presence of a doublet (/ 5.7 lHz) at õ 4.24 ppm in the iH n.m.r.

spectrum, and was also supported by 1H n.m.r. spectroscopy spiking experiments

and through use of thin layer chromatography. The formation of these products

uiø direct hyclrogen abstraction and B-scission of the alkoxy radical (95)

respectively, can be accounted for through analogy with the,mechanism oulined

in Scheme 72 for the reaction of the alkoxy radical (93) formed from the

corresponding serine derivative (64).
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a

CHe

NHCOPh

(es)

Treatment of threo-N-benzoyl-OÞ-nitro-B-pher-rylserine methyl ester (67) with

tributyltin hydride produced a crude reacbion mixture which was shown to

contain two main proclucts througìr analysis of the crude reaction mixture by 1H

n.m.r. spectroscopy. These products \^/ere identified as N-benzoylglycine methyl

ester (10a) and threo-N-benzoyl-B-phenylserine methyl ester (63), in respective

yields of 73% and 72o/o. The identification of these products was based upon

comparison of the 1H n.m.r. spectrum rvith spectra of authentic samples, and

also through use of analytical thin layer chromatography and 1¡1 n.m.r.

spectroscopy spiking experiments. The formation of threo-N-benzoyl-B-

phenylserine methyl ester (63) aia iryc-irogen abstraction, and N-benzoylglycine

methyl ester (1Oa) aia B-scission of tìre alkoxy raclical (96) formed from

threo-N-benzoyl-OÞ-nitro-B-phenylserine methyl ester (78), can be accounted for

through analogy with the lnechanisms oulined in Scherne 72 for the

corresPoncling formation of the alcohol (60) and N-benzoylglycine rnethyl ester

(10a) from the alkoxy radical (93) formed from the serine derivative (64).

CH,

NI{COPh

Ph

(e6)

oQ

Treatment of O-nitro-2-benzamidoetharrol (85) with tributyltin hydricle using the

same conditions as ernployed for the N-benzoyl derivatives (64) - (67) produced
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crude reaction mixture containing three compourlds, including the unreacted

nitrate (85) in a yield of 227o, as n,ell as the alcohol, 2-benzamicloethanol (83), in a

yield of 670/o, and N-methylbenzarnicle (98) in a yield of 8o/o. Based on recovered

starting material, the corrected yields for -the alcohol (83) and

N-methylbenzamide (98) are 78% ancl 10% respectively. The basis of

identification of N-methylbenzamide (98) was the presence of a three proton

doublet (l 4.8iH2) atE2.gg ppm in the 1H n.rlr.r. spectrurn, with identification

being confirmed through use of lFI r-r.n"r.r. spectroscopy spiking experiments and

analysis of the crucie reaction mixture by thin layer chromatography. The

mechanisms for the forrnation of 2-benzan'ridoethanol (83), uiø direct hydrogen

abstraction by tl-re alkoxy radical (97) procluced frorn O-nitro-2-benzamicloethanol

(85), and the corresponding formation of N-methylbenzarnide (98) oín B-scission

of the alkoxy radical (97), are shon,n in Scheme 13.

NHCOPh CH2O + .CHzNHCOP¡

(ez¡

f{r f{o

HO
NHCOPh cH3NHCOPh

(83) lqR)

Scheme 13

Irradiation of OÞ-nitro-p-hycìroxypropionic acicl methyl ester (91) witìr tributyltin

hydride proceecled rvith 100% conversion to the alcohol, B-hydroxypropionic acid
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methyl ester (88), with identification based on 1H n.m.r. spectroscopy signals at

ô 2.59 ppm (tripret, | 5.6 Hz) and ô 3.88 ppm (triplet, J 5.6 Hz), which represent the

cr and B protons respectively. Identification was also subsequently confirmed

through the use of 1H n.m.r. spectroscopy spiking êxperiments, and through

analysis of the crude reaction mixture by thin layer chromatography. The

mechanism for the formation of B-hydroxypropionic acid methyl ester (88), aiø

direct hydrogen abstraction by the alkoxy radical (99) produced from reaction of

O0-nitro-B-hydroxypropionic acid merhyl ester (91) with AIBN, is ourlined in

Scheme 14.

oQ f{o HO
co2cH3 co2cH3

(ee) (88)

Scherne 14

The results of the irradiation reactions discussed in the previous pages are

summarised in Table 1 (page 63), with all yields shown based on recovered

starting material. In all of these reactions, the rate of direct hydrogen abstraction

by the alkoxy radical to producc alcohols can be assumed to be relatively

constant.68 Therefore, the ratio of the yield of the product formed oiø p-scission

to that of the alcohol produced uiø hydrogen abstraction will give a good

indication of the efficiency of the B-scission process. The ratios for the formation

of the p-scission product to the product formed aiø hydrosen abstraction for the

nitrates (6+) - (62¡, 195¡ and (91), based on the results shown in Table 1, are shown

in Table 2 (page 64).

It can be seen from Table 2 that each of the alkoxy radicals (95) and (96) produced

from the N-benzoyl-OÊ-nitro methyl ester derivatives of threonine (66) and
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threo-þ-phenylserine (67) respectively each undergo B-scission with greater

efficiency (by respective factors of -6 and -18) than the alkoxy radical (93)

produced from the corresponding serine derivative (64). The main driving

force for the process of p-scission is usually the stabilíty of the product radical,69

but, as in these three cases the product radical is the same in each example (the

N-benzoylglycine methyl ester radical (ita)¡, other contributing factors become

important in deciding the efficiency of p-scission. The two main factors

identified as having an influence here are steric effeòts imposed on the initial

alkoxy radical formed, as well as the effect of the substituent groups on the

p-scission process, which is largely dependent upon the comparative stability of

the ejected carbonyl compound, and its' ability to lower the energy of the

transition state for the B-scission process.

The alkoxy radicals (95) and (96) produced from the threonine derivative (66)

and the threo-þ-phenylserine derivative (67) respectively are comparatively

more sterically hindered than the corresponding alkoxy radical (93) produced

from the serine derivative (64). Thus, the process of B-scission for the alkoxy

radicals (96) and (95) produced from the N-benzoyl-B-phenylserine (67) and

threonine (66) derivatives respectively will be aided by the greater release of

steric strain during the forrnation of the glycinyl radical (1la), and this is expected

to have a positive (but minor) effect on the rate of B-scission in order of both

increased substitution and size. Based on this argurlrellt, the order of efficiency

of p-scission would thus be expected to be serine derivative (64) < threonine

derivative (66) < B-phenylserine derivative (67), which is consistent with the

trend observed experimentally. Sirnilarly, in the p-scission of the alkoxy radicals

(96) and (95) produced from the corresponding N-benzoyt methyl ester

derivatives of B-phenylserine (67) and threonine (66), the respective ejected

carbonyl compounds are benzaldehyde and acetaldehyde, both of which are

expected to provide a significant lowering of the energy of the transition state
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due to the interaction of the phenyl/methyl group with the incipient carbonyl

grouP. In particular, the release of benzaldehyde during B-scission of the alkoxy

radical (96) formed from the B-phenylserine derivative (67) \s expected to have a

significant enhancing effect on the rate of p-scission'through a lowering of the

energy of the transition state, due to the conjugation of the incipient carbonyl

grouP with the aromatic ring. Flowever, in the case of the alkoxy radical (93)

formed from the serine derivative (64), no significant lowering of the energy of

the transition state occurs, as stabilisation of the transition state through the

release of formaldehyde is minor. Based on these arguments, the greater

efficiencies of B-scission observed for the alkoxy radical (95) produced from the

threonine derivative (66) and the alkoxy radical (96) produced from the

B-phenylserine derivative (67) relative to that of the alkoxy radical (93) produced

from the serine derivative (64) are consistent with that expected, and the greater

efficiency of B-scission for the alkoxy radical (96) produced from the

B-phenylserine derivative (67) relative to the alkoxv radical (95) produced from

the threonine derivative (66) is also consistent with that expected. The factor of

-3 for the comparison of the alkoxy radical (96) formed from the B-phenylserine

derivative (67) with the alkoxy raclical (95) formed from the threonine derivative

(66) is also within the range of that reported in the literature. Walling and

Wagner7z found a ku/k¿ value (representing a ratio of the hydrogen abstraction

product to the p-scission product) of 7.28 for the tert-butoxy radical (32), and 5.62

for the corresponding phenyl-substituted radical (31), in chlorobenzene at 7OoC.

This reflects that the rate of B-scission in the radical (31) to give acetophenone

and methyl radical is faster by a factor of -4.3 relative to the analogous p-scission

of the tert-butoxy radical (32) to give acetone and methyl radical. The

replacement of one of the methyl groups in the tert-butoxy radical (32) by a

phenyl group in (31) has thus produced an increase in the rate of p-scission by a
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factor of -4.3, which is consistent with the factor of -3 obtained here

differences in substrates and reaction conditions.

A contrasting literature example in which the phenyl group has no enhancing

effect on the rate of p-scission is found in the work of Begley et ø1.,70 in which the

alkoxy radicals (35) and (36) both undergo B-scission with approximately equal

rates of efficiency. This is despite the alkoxy radical (35) having a phenyl group

alpha to the oxygen radical, which was expectedT0 to lead to an increased rate of

B-scission relative to that for the derivative (36) due to an expected lowering of

the energy of the transition state for the B-scission process, brought about by the

conjugation of the incipient carbonyl group with the aromatic ring. However, it

must be noted that in this exarnple, the basis for comparison is different, as the

phenyl-substituted derivative (36) ejects acetone upon B-scission, which is a

disubstituted carbonyl compound, whereas the p-scission of the radical (35)

produces benzaldehyde, which is only a monosubstituted carbonyl compound.

Thus, the rate of B-scission for the radical (36) is favoured on account of steric

effects, which could counteract the enhanced stabilisation afforded by the

production of benzaldehyde during the p-scission of the radical (35).

The extent of steric effects on the rates of p-scission of alkoxy radicals has been

demonstrated in earlier work by Gray s¡ 0¡.85'86 For example, the primary ethoxy

radical (100) undergoes p-scission to give formaldehyde and methyl radical at

approximately half the rate of the corresponding process of p-scission for the

secondary isopropoxy radical (101) to give acetaldehyde and methyl radical.

Thus, an increase in substitution from primary to secondary has produced a

doubling in the rate of B-scission, which is consistent with the six fold increase in

rate obtained here when the significant differences in substrates are taken into

account. Ingold8T has concluclecl that alkoxy raclicals of similar structure undergo

p-scission at approximately equal rates, unless the ketone formed is conjugatecl

ssl0n
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with either a doubie bond or an aromatic ring. Therefore, based on this

assumption, the increased rate of B-scission for the alkoxy radical (96) produced

from the threonine derivative (66) compared to that for the alkoxy radical (93)

produced from the corresponding serine derivative (64), can be attributed to an

increase in the amount of steric assistance during the p-scission process, while

the greater rate of B-scission for the alkoxy radical (96) produced from the

p-phenylserine derivative (67) compared to that for the alkoxy radical (95)

produced from the threonine derivative (66), can be attributed to both an

increase in steric strain as well as an additional lowering of the energy of the

transition state in the case of the B-phenylserine derivative (67) through the

production of benzaldehyde.

Qr Qo

(100) (101)

A comparison of the rates of B-scission relative to hydrogen abstraction for the

alkoxy radicals (93) and (94) produced from N-benzoyl-OÞ-nitroserine methyl

ester (64) and the corresponding o-methylserine clerivative (65) respectively

shows that p-scission of the cr-methylserine alkoxy radical (94) is approximately

300 times faster than the rate of B-scission of the serine alkoxy radical (93). This

implies that the alaninyl radical (11b) forms more easily than the corresponding

glycinyl radical (11a). This result is inconsistent with previously reported

work,46-52 (discussed in the Introduction of this thesis) which has shown that the

glycinyl radical (1la) forms more easily, and is more stable than the alaninyl

radical (11b). Based on this earlier work,46-52 the alkoxy radical (93) produced

from N-benzoyl-OÞ-nitroserine methyl ester (64) woutd have been expected to

undergo B-scission more efficiently than the alkoxy radical (94) produced from
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the corresponding a-methylserine derivative (65). It is proposed that the

anomalous result observed here is due to differences in the ease of formation of

the radicals (i1a) and (11b), and is independent of their relative stabilities. The

formation of the alaninyl radical (1lb) from the alkoxy radical (94) is assisted by a

greater release of steric strain during the B-scission process, compared to the

corresponding formation of the glycinyl radical (11a) from the alkoxy radical (93)

produced from the corresponding serine derivative (64). This result is consistent

with the trend obtained in the study of rates of B-scission for the serine (93),

threonine (95) and p-phenylserine (96) alkoxy radicals, as discussed above.

An investigation into the effects of the benzamido and methoxycarbonyl groups

on o-amino acid radical stability was made through an investigation of the

comparative rates of B-scission for the alkoxy radicals (99), (92) and (99) produced

from N-benzoyl-OÞ-nitroserine methyl ester (64), O-nitro-2-benzamidoethanol

(85), and OÞ-nitro-p-hydroxypropionic acid methyl ester (91) respectively. The

substrates OÊ-nitro-B-hydroxypropionic acid methyl ester (91) and O-nitro-2-

benzamidoethanol (85) were chosen to examine the individual effects of the

methoxycarbonyl and benzamido substituents respectively on the rate of

cr-amino acid radical formation, while the serine derivative (0+¡ acts as a

standard, i.e, it shows the combined effect of both the benzamido and

methoxycarbonyl groups.

The alkoxy radical (99) produced from OÊ-nitro-B-hydroxypropionic acid merhyl

ester (9t¡ ,Oott photolysis undergoes hydrogen abstraction exclusively, with the

alcohol, B-hydroxypropionic acid methyl ester (BB), being the only product

detected, thus giving a B-scission/hydrogen abstraction ratio of < 1 : 100.

However, f or the alkoxy radicals (93) and (97) obtained from

N-benzoyl-OÊ-nitroserine methyl ester (64) and O-nitro-2-benzamidoethanol (85)

repectively, the dominant process is B-scission in both cases, with the respective
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B-scission/hydrogen abstraction ratios being 1 : 3 and 1 : 8. While an increased

rate of p-scission for the alkoxy radical (93) produced frorn the serine derivative

was to be expected on the basis of the steric effects as discussed above, the

magnitude of the rate enhancement obtained is much greater than that which

can be attributed solely to this effect. Hence it is proposed that the observed

difference is due to both the benzarnido and methoxycarbonyl substituents

having a positive effect on the rate of B-scission. Additionally, based on the

assumption that the main driving force for B-scission is the stability of the

product radical, it is therefore proposed that both the benzamido and

methoxycarbonyl substituents contribute to the stability of the product radical.

The benzamido and methoxycarbonyl substituents are both able to stabilise the

resulting radicals formed uiø B-scission; the former by electron donation and the

latter by electron withdrawal. Thus, stabilisation (and therefore the rate of

B-scission) will be maximised when both substituents are present, as in the case

of the glycinyl radical (11a) produced uiø B-scission of the alkoxy radical (93)

(formed from N-benzoyl-OÊ-nitroserine methyl ester (64)). It has been

proposedTz that the transition state for B-scission is highty polar with a ð+ charge

at the radical centre due to the contribution of the resonance structures (ZZ) - 13rr.

Theref ore, in the case of the alkoxy radicai (93) produced f rom

N-benzoyl-OÞ-nitroserine methyl ester (64), the rate of B-scission is enhanced as

the glycinyl radical (11a) (produced uiø p-scission) is stabilised by the combined

effect of the methoxycarbonyl and benzamido substituents. The

methoxycarbonyl substituent enhances the polar effect (created through the

inductive interaction between the electron deficient centre of the substituent and

that developing in the transition state at the site of hydrogen abstraction), while

the electron donating resonance effect of the benzamido substituent provides

stabilisation of the õ+ charge.63
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This result is consistent with the work of Easton et aL63 who concluded that the

effect of the methoxycarbonyl group in combination with the benzamido

substituent is proactive towards radical stability. This conclusion was based on a

study of the reactions of N-benzoylglycine methyl estêr (10a) and N-benzoyl-B-

alanine methyl ester (102) with N-bromosuccinimide in carbon tetrachloride to

give the corresponding bromide (21) (formed from the glycinyl radical (11a)) and

a mixture of the cr,p-dehydro-p-alanine derivatives (104) and (105) (formed from

the radical (103)) respectively. Reaction of N-benzoylglycine methyl ester (10a)

was complete in 0.25 h, whereas reaction of N-benzoyl-þ-alanine methyl ester

(106) required 2 h for complete reaction. Additionally, in a competitive reaction,

there was no evidence for reaction of the B-alanine derivative (102) until the

conversion of N-benzoylglycine methyl ester (lOa) to the corresponding bromide

(21) was complete. Based on these experiments, a conservative estimate for the

relative rate of reaction of N-benzoylglycine methyl ester'(10a) and N-benzoyl-p-

alanine methyl ester (102) was calculated as 10:1. This greater relative rate of

formation of the glycinyl radical (11a) from N-benzoylglycine methyl ester (10a)

was the basis of the overall conclusion made from their work. They proposed

that the apparent proactive nature of the methoxycarbonyl group in combination

with the benzamido substituent could be explained by the ability of the

benzamido substituent to delocalise the charge developed in the transition state

during the abstraction of the hydrogen atom by the bromine atom. The resultant

reduction of the polar effect of the methoxycarbonyl substituent leads to the

enhanced rate of formation of the resonance stabilised radical (11a). This

conclusion is consistent with the results obtained here.

H

PhCONH

(102)

zCHa
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H CO zcHsPhCONH

H

2cI{3

Br PhCONH Br

(104) (10s)

A comparison of the rates of p-scission for the alkoxy radicals (97) and (99) shows

that the benzamido-substituted alkoxy radical (92) undergoes B-scission faster (by

a factor ol > 72) than the methoxycarbonyl-substituted alkoxy radical (99). This

result suggests that the stabilisation affordecl by the benzamido substituent on

radical stability is significantly greater than that afforded by the methoxycarbonyl

substituent. Based on the theories discussed above, it is proposed that the

benzamido substituent is more efficient in overcoming the high poìarity of the

transition state of p-scission than r,r'hat the rnethoxycarbonyl substituent is.

During the course of this work, the reaction of O-nitro-3-ber-rzamidopropanol

(86) with AIBN and tributyltin hyctride was also investigated. This substrate (86)

was chosen as a reference, as both the methoxycarbonyl and benzamido groups

are absent and are thus unable to affect the stability of the resulting radical

forrned from the B-scission process. Ideally, O-nitrocthanol would havc bccn thc

preferred reference compound usecì, horvever, problems with the volatility of

the subsequent products formed from the B-scission process made this

compound an impractical choice.

In preliminary experiments with this substrate (86), only the alcohol,

3-benzamidopropanol (84), and the unreacted nitrate (86), were detected in

significant yields, with no evidence being obtainecl to inclicate the formation of

the expected product frotn B-scission, N-ethylbenzarnicle.' The formation of

3-benzamidopropanol (8a) aia hyclrogen abstraction by the alkoxy racìical (106) is

analogous with the corresponding formation of Z-benzamidoethanol (83) from

56



Results and Discussíon

the alkoxy radical (97) as shown in Scheme 13. This result is consistent with the

work discussed above, as it shows that both the methoxycarbonyl and benzamido

substitients are having a positive effect on the rate of p-scission. In subsequent

work, repeat reactions of O -nitro-2-benzamîdoethanol (85) and

O-nitro-3-benzamidopropanol (86) with tributyltin hydride under conditions of

dilution (which should have favoured the process of B-scission over hydrogen

abstraction) produced reaction mixtures which were consistent with those

obtained in the original reactions in terms of the ratios of B-scission to hydrogen

abstraction products, and therefore provide support for the conclusions reached

above.

oQ NHCOPh

(106)

A study into the comparative effects of the benzamido and phthalimido

substituents on radical stability was rnade through a comparison of the rates of

p -scission for the alkoxy radicals (707) and (108) produced from

N -phthaloyl-O P-nitroserine methyl ester (78) and

N-phthaloyl-OÞ-nitrothreonine methyl ester (76) respectively, with the rates of

p-scission for the corresponding alkoxy radicals (93) and (95) produced from the

N-benzoyl derivatives (64) and (66) respectively.

CO zCHe CO zCHE

oQ
NPhth NPhth

(107) (108)

oQ

Trial reactions with these substrates showed them to be considerably less reactive

towards alkoxy radical formation. For example, irracliation of N-phthaloyl-OÞ-
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nitroserine methyl ester (78), using sirnilar reaction parameters as employed for

the N-benzoyl-OÞ-nitroamino acid methyl esters (64) - (67) prod,uced a crude

reaction mixture containing predominantly the unreacted nitrate (78), with

neither the alcohol, N-phthaloylserine methyl ester (75), or the expected

p-scission product, N-phthaloylglycine rnethyl ester (22a) being detected by
1H r,.*... spectroscopy. Similarly, reaction of N-phthaloyl-OÊ-nitrothreonine

methyl ester (76) under these conditions produced a reaction mixture containing

both the unreacted nitrate (76), and the alcohol, N-phthaloylthreonine methyl

ester (73), in respective yields of 427o and 20"/o. Based on these results, it was

decided to slightly modify the reaction conditions employed, in an attempt to

optimise reaction efficiency. The reactions of the N-phthaloyl-OÊ-nitroamino

acid methyl esters (76) and (78) with tributyltin hydride were therefore each

carried out as a four hour reflux in benzene, under an inert atmosphere of

nitrogen, with an initial nitrate concentration of -700 rng/ml, and a tributyltin

hydride concentration of -1.5 M. Initiation of the reactions was effected through

irradiation of the solutions with an ultraviolet lamp, and also through the

addition of a catalytic amount of AIBN.

Reaction of N-phthaloyl-OÞ-nitroserine methyl ester (78) under these

conditiotrs/parameters produced a crude reaction mixture containing

predominantly the unreacted nitrate (78) and the alcohol, N-phthaloylserine

methyl ester (75), in respective yields of 44% and 577o. Based on recovered

starting material, the corrected yield for the alcohol (75) is97%. As with earlier

reactions, product identifications were based on a combination of spectroscopic

and chromatographic techniques. Reaction of N-phthaloyl-OÞ-nitrothreonine

methyl ester (76) under these rnodified conditions/parameters proceeded to give

N -phthaloylthreonine methyl ester (73), in a yield of 897o, and

N-phthaloylglycine methyl ester (22a) in a yield of 6o/o. Identification of the

glycine derivative (22a) was based on the appearance of a singlet at õ 4.46 ppm in
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the 1H n.m.r. spectrum, and was subsequently supported tl'rrough 1H n.m.r.

spectroscopy spiking experiments, and through analysis of the crude reaction

mixture by thin layer chromatography. The mechanisms for the formation of

N-phthaloylserine methyl ester (75) from N-phthalciyl-OÊ-nitroserine methyl

ester (78) aia direct hydrogen abstraction by the alkoxy radical (707), and the

formation of N-phthaloylthreonine methyl ester (73) aiø hydrogen abstraction

and N-phthaloylglycine methyl ester (zZa) oiø B-scission of the alkoxy radical

(108) formed from N-phthaloyl-OÊ-nitrothreonine methyl ester (76), are

analogous with the formation of the corresponding products (60), (62) and (10a)

respectively from the reactions of the N-benzoyl derivatives (64) and (66), as

outlined earlier.

A preliminary experiment with threo-N-phthaloyl-OÞ-nitro-B-phenylserine

methyl ester (77) was also performed, employing a four hour reflux in benzene

with initiation through use of AIBN, with similar reaction conditions as

employed for the N-phthaloyl derivatíves (76) and (78). This produced a crude

reaction mixture containing predominantly the unreacted nitrate (77), wítln

neither the alcohol, threo-N-phthaloyl-B-phenylserine methyl ester (74) (the

expected product of direct hydrogen abstraction by the alkoxy radical (109)), or the

expected B-scission product, N-phthaloylglycine methyl ester (22a), being detected

by lH n.m.r. spectroscopy or through use of thin layer chromatography. Due to

the expected low reactivity of this substrate towards B-scission, and the overall

low observed rates of B-scission for the nitrates (76) and (78), it was decided not to

pursue the investigation of this substrate (77).

CO zCHg

NPhth

(10e)

oQ

Ph
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The results of the reflux photolysis experiments for N-phthaloyl-OÊ-nitroserine

methyl ester (78) and N-phthaloyl-OÊ-nitrothreonine methyl ester (76) with

tributyltin hydride are shown in Table 3 (page 65), with all yields shown being

corrected yields based on recovered starting material. - The p-scission/hydrogen

abstraction ratios for these substrates, based on the results shown in Table 3, are

shown in Table 4 (also page 65).

Upon comparison of these results with those obtained for the corresponding

N-benzoyl derivative.s (64), (66) and (67) (as shown in Table 1), it can be seen that

the alkoxy radicals produced from the N-benzoyl derivatives undergo p-scission

at much greater rates. This difference in reactivities is consistent with

previously reported work, and can be attributed directly to the reduced

stabilisation afforded by the phthalimido substituent relative to the benzamido

substituent on the stability of the respective cr-centrecl radicals produced by the

B-scission process, which are N-phthaloytglycine methyl ester radical (110) and

N-benzoylglycine methyl ester radical (11a) respectively. Whereas

N-benzoylglycine methyl ester radical (11a) is resonance stabilised by the

delocalisation of the unpaired spin density by the benzamido substituent, the

resonance stabilisation provided by the phthalimido subsitutent in the

corresponding N-phthaloyl radical (110) is substantially lower. This is due to the

fact that the lone pair of electrons on the nitrogen in the phthalimido

substituent is less available for participation in resonance delocalisation due to

the presence of two electron withdrawing carbonyl groups, as opposed to one in

the benzamido groupÍz

H

o

(110)

PhthN
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The destabilising effect of the phthalimido substituent on the formation of

cr-amino acid radicals has also been demonstrated in the work of Easton ,¡ ,¡.60,65

For example, in the photochemically initiated reaction65 of N-benzoylvaiine

methyl ester (23a) with three equivalents of N-bromosuccinimide in carbon

tetrachloride at reflux under nitrogen, the dibromovaline derivative (23c) is

formed in high yield. In contrast to this, a similar reaction60 of

N-phthaloylvaline methyl ester (111) yields the B-brominated derivative (111b).

This difference in regioselectivity has been attributed to the reduced stabilisation

afforded by the phthalimido substituent towards the formation of a-amino acid

radicals. Later work by Easton et a1,63 showed that in a competitive experiment

using an equimolar mixture of N-phthaloyl-B-alanine methyl ester (112) and

N-benzoyl-p-alanine methyl ester (102) with N-bromosuccinimide in carbon

tetrachloride, the N-benzoyl derivative (102) reacted to the exclusion of the

N-phthaloyl derivative (772) within the limits of detection by 1H n.m.r.

spectroscopy. In this case, the N-benzoyl derivative (102) reactecl initially to

produce the radical (103), with subsequent bromine incorporation followed by

the elimination of hydrogen bromide, bromine addition and then hydrogen

bromide elimination to give the dehydro-B-alanine derivatives (104) and (105).

From this experiment, as well as the individual reactions of the substrates (172)

and (102) with N-bromosuccinimide over two hours, the ratio of reaction rates

was conservatively estimated at 1 : 70, i.e. the presence of the phthalimido

substituent (as opposed to the benzamido substituent) at the cr-centre was found

to decrease the rate of radical forrnation by at least a factor of ten. A similar

result was also obtained63 ir, u comparison of the relative rate of formation of the

cr-centred radicals (1la) and (110) forrned from N-benzoylglycine methyl ester

(10a) and N-phthaloylglycine rnethyl ester (ZZa¡ (respectively) as previously

discussed in the Introduction of this thesis.
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co2cH3
PhthN

PhthN co2cH3

(lrra) R = H
(111b) R = Br

(772)

Based on these previously reporied examples, the greater rate of p-scission

observed here .f or the alkoxy radical (93) produced f rom

N-benzoyl-OÊ-nitroserine methyl ester (6+¡ .o^Oared to that for the alkoxy

radical (97) produced from the corresponding phthalimido-substituted

derivative (78) is consistent with current theory in this area. Similarly, the lower

rate of p -scission for the alkoxy radical (99) produced from

N-phthaloyl-OÊ-nitrothreonine methyl ester (76) relative to that for the alkoxy

radical (95) formed from the corresponding benzamido-substituted derivative

(eÐ can also be attributed to the effect of the phthalimido substituent

disfavouring radical formation at the cr-centre, and is also consistent with

previously published work.6o,65

R
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Table 1: Results of irradiation reactions of the nitrates (64) - (62¡, (85) and (91)

with tributyltin hydride, with results taken from 2 h irradiation reactions.

Note: All yields shown are corrected yields, based on recovered starting material.

Not

Detected
100(gt)

co2cH3
ozN

78 10
NHCOPh

ozN (8s)

/J72

Ph
NHCOPh

(67)o2

4822

NHCOPh
(66)o2No

88
Not

Detected
o2No

NHCOPh
CO2CH3 (65)

7751

NHCOPh
(64)orN
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< 1:100(e1)

co2cH?
orN

NHCOPh
(Bs)ozN

6:7

Ph
NI{COPh

(62¡orN

CH.

2:7

NHCOPh
o2No (66)

>1 00:1o2No
NHCOPh
CO2CH3 (65)

1:3

NHCOPh
(e+¡ozN

Results and Discussion

Table 2: Relative rates of B-scission to hyclrogen abstraction for the nitrates (6a) -

(62¡,195¡ anci (91) upotl reaction r,r¡ith tributyltin hydride.
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Table 3: Results of irradiation reactions of the nitrates (78) ancl (76) with

tributyltin hydride, r,r¡ith results taken from 4 h reflux reactions conducted under

ultraviolet light.

Table 4: Relative rates of B-scissior-r to hycìrogen abstraction for the nitrates (78)

and (76) upon reaction rvith tributyltin hyclride.

NPhth
(76)ozN 89 6

NPhth
o2N (78)

97
Not

Detected

NPhth
(76) 1:15

NPhth
(78)orN

< L:100
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Conclusion

A comparison of the relative rates of B-scission of the alkoxy radicals produced

from the reactions of the N-benzoyl-OÞ-nitro methyl ester derivatives of serine

(64), a-methylserine (65), threonine (66), B-phenylserine (67); the N-phthaloyl-

OÞ-nitro methyl ester derivatives of serine (78), threönine (76), þ-phenylserine

(77); and the nitrates of 2-benzamidoethanol (85), 3-benzamidopropanol (86) and

B-hydroxypropionic acid methyl ester (9t) with tributyltin hydride (under

conditions of photolysis) have shown that the rate of B-scission is dependent

uPon a number of factors, including steric effects on the alkoxy radical, the

degree of stabilisatioh afforded by the ejected carbonyl group, and the stabitity of

the radical produced aiø B-scission.

An increase in substitution at the amino acid B-position (i.e. production of the

alkoxy radicals (95) or (96) frorn N-benzoyl-OÞ-nitrothreonine methyl ester (66)

and N-benzoyl-OÞ-nitro-B-phenylserine methyl ester (67) respectively as opposed

to the production of the alkoxy radical (93) from N-benzoyl-OÊ-nitroserine

methyl ester) has produced an increase in the relative rate of p-scission by factors

of > 6. This difference has been attributed to both an accompanying increase in

the amount of steric strain released during B-scission, as well as a lowering of the

energy of the transition state due to the interaction of the methyl/phenyl group

with the incipient carbonyl group. In a comparison of the relative rates of

B-scission of the alkoxy radicals (95) and (96) produced from N-benzoyl-OP-

nitrothreonine methyl ester (66) and N-benzoyt-OÞ-nitro-p-phenylserine methyl

ester (62¡ ¡stt.ctively, it has been found that the latter undergoes B-scission at an

enhanced rate (by a factor of -3), due to the greater release of steric strain during

the p-scission process, and also due to a significant lowering of the energy of the

transition state in the case of the B-phenylserine derivative (96) through the

production of benzaldehyde (due to the conjugation of the incipient carbonyl

group with the aromatic ring).

An increase in substitution at the amino acid cr-position (i.¿. the production of
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N-benzoylglycine methyl ester radical (10a) as distinct to N-benzoylalanine

methyl ester radical (10b)) has been shown to enhance (by a factor of -300) the

process of B-scission, a result which contradicts previously reported results

which have shown glycinyl radicals to form more ea-sily and to be more stable

than alaninyl radicals. It is proposed that this observed anomaly is due to the

differences in ease of formation of the two radicals, and is related directly to steric

effects during the B-scission process. The rate of p-scission for the alkoxy radical

(94) produced from the g-methylserine derivative (65) is enhanced due to the

greater steric assistánce during the B-scission process, as the incipient radical

centre is tertiary, as opposed to the incipient radical centre in the case of the

serine derivative, which is secondary.

A study of the comparative effects of the benzamido group versus the

phthalimido group at the incipient radical centre on the rate of p-scission for the

alkoxy radicals (93) and (95) produced from N-benzoyl-Oß-nitroserine methyl

ester (64) and N-benzoyl-Ol-nitrothreonine methyl ester (66) with the alkoxy

radicals (102) and (108) produced from the corresponding N-phthaloyl-O0-nitro

methyl ester derivatives (78) and (76), has shown that the presence of the

phthalimido group relative to the benzamido group causes a substantial

reduction in the rate of p-scission, due to the reduced stabilisation afforded by the

phthalimido substituent. This result is consistent with previously reported

work in the area of effect of benzamido and phthalimido substituents on radical

stability.

Finally, it has been shown that the process of p-scission is enhanced by the

Presence of both the methoxycarbonyl and benzamido substituents at the

incipient radical centre. This result was to be expected, as both substituents can

provide stabilisation of the radicals procluced aia the process of B-scission, the

former by electron donation and the latter by electron withdrawal. Based on the

proposal that the transition state for B-scission is highly polar with a ô+ charge at
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the radical centre, it is proposed that the methoxycarbonyl substituent

contributes to the polar effect, r,r'hile the electron donating resonance effect of the

benzamido substituent provides stabilisation of the õ+ charge. In a comparison

of the effects of the methoxycarbonyl and benzamido substituents, it has been

found that the stabilisation affordecl by the benzamido substituent on the

electron deficient radical centre is significantly greater than that afforded by the

methoxycarbonyl substituent.

Future work in this area coulcl be directed torvards the investigation of similar

processes in pepticles and/or proteins. If successful, through the use of

appropriate protecting groups it may be possible to control the regioselectivity of

derivatisation in proteins and peptides. Aclditionally, given the numerous

methods that have been reportecl for the synthesis of atnino acids through the

elaboration of glycine residues, the rnethocl of glycinyl radical formation

clescribed in this thesis has the potential Lo be used extensively in synthetic

chemistry. It is also probable tl-rat bhe liker,r'ise fortnation of alaninyl radicals will

receive application in synthetic v¡ork.

In summary, the results of the r,r,ork clescribecl in this thesis have contributed to

the understancling of the factors affecting the production and stability of cr-amino

acid radicals, and have also providecl a convenient method of formation of

glycinyl and alaninyl radicals.
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GENERAL ASPECTS

Analytical thin layer chromatography was perforrned using Merck

Kieselgel 60 F25a silica on aluminium backed plates. Detection was aia either

visualisation with U.V. Iight or tllrough development with a solution of

phosphomolybdic acid in ethanol.

Preparative column chromatography was carried out as either squat

column chromatographySS or positive pressure flash chromatographyS9 using

Merck Kieselgel 60 (230-400 mesh ASTM).

All solvents were distilled before use. Purification and drying of solvents

and reagents were performed using standard laboratory procedures.g0

Unless specified otherwise, all organic extracts were dried over anhydrous

sodium sulphate.

Melting points were measured on a Kofler hot stage melting point

apparatus under a Reichert microscope and are uncorrected.

Microanalyses were carried out by the Chemistry Department at the

University of Otago, Dunedin, New Zealand.

Accurate lnass determinations were carried out by The Chernistry

Departrnent at the University of Melbourne, Victoria, Australia, using a JEOL

AX505H mass spectrometer.

1H Nuclear magnetic resonance spectra were recorded on either a Varian

Gemini (200 MHz) or a Bruker ACP-300 (300 MHz) spectrometer as dilute

solutions in deuterochloroform (CDCla) (unless specified otherrvise) using

tetramethylsilane (ô 0.00 ppm) as the internal reference. Chernical shifts are

quoted as ô in parts per rnillion downfield from the internal standard. The

multiplicities of the resonances are given as s, singlet; bs, broad singlet; d,

doublet; bd, broad doubleq dd, doublet of doublets; dt, doublet of triplets; tt,

triplet of triplets; clq, doublet of quartets; rn, multiplet; bm, broad multiplet.

Coupling constants (/) are given in Hertz (Hz).
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13C Nuclear magnetic resonance spectra were recorded on either a Varian

Gemini (50 MHz) or a Bruker ACP-300 (75.5 }¡4.F{z) spectrometer as dilute

solutions in deuterochloroform (CDCI¡) (unless specified otherwise) using

tetramethylsilane (õ 0.00 ppm) or chloroform (t, E 77.0 ppm) as the internal

reference. Chemical shifts are quoted as ô in parts per million.

Electron impact mass spectra were recorded on eitirer a AEI MS-3010 or a

Vacuum Generators ZAB 2HF spectrometer.

Infrared spectra were recorded on a Hitadni 270-30 infrared spectrometer

and data processor. Samples were prepared either as nujol mulls or neat liquids,

between NaCl plates. The absorption frequencies are given in cm-l.

Serine (52), o-methylserine (53) and threonine (54) were purchased as

racemates from Sigma Chemicals. All derivatives of these compounds are

assumed to be racemic.

p-Phenylserine (55) was purchased from Aldrich Chemicals as the D,L

threo isomer, and in subsequent derivatisations no interconversion or loss of

diastereomeric integrity has been shown to have occurred.

Autl-rentic samples of N -benzoylglycine rnethyl ester (10a),

N-benzoylalanine methyl ester (10b) and N-phthaloylglycine methyl ester (22a)

were available from the research of Burgess.S3
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WORK DISCUSSED IN RESULTS AND DISCUSSION - PART 1.

N-Benzoylserine methyl ester (60)

Serine (52) (9.62 g, 97.5 rnmol) was adcled to dry methanol (120 ml) which had

been pre-treated with thionyl chloride (10 ml, 737.7 mmol), and the resultant

solution was allowed to stir at rooln temperature under nitrogen for a period of

3.5 h. Removal of the solvent under reduced pressure afforded serine methyl

ester hydrochloride (56) (14.1 9,90.4 mmol, 99Vo) as a white gum-like solid.

To a solution of this'serine methyl ester hydrochloride (56) (13.3 g, 85.3 mmol) in

water (200 ml) cooled to 0oC, sodium bicarbonate (22.7 g, 263.7 mmol) and

benzoyl chloride (13 ml, 777.7 rnrnol) were added in succession. The reaction

mixture was stirred at room temperature under nitrogen for a period of 4 h, and

the resulting clear solution extracted with ethyl acetate (2 x 200 ml). Evaporation

of the combined dried extracts under reduced pressure afforded tlne title

corupound (60) as a colourless viscous oil (16.5 g,74.0 mmol, 877o), which was

used in subsequent reactions without purification (Found; M+' , ntf z 223.0846,

C11H13NO4 requires mf z 223.0845). 1H n.m.r. (300 MHz) õ 3.22, s,3H; 4.00, dd,

177.4,3.6H47H.;4.06,dd,177.4,3.6H47F{;4.84,dt,1 7.3,3.6H47}I;7.00,,bd,17.3

Hz, 7}J; 7.34 - 7.52, m, 3]H; 7.80, d, I 7.3 ÍIz, 2lH. 13C n.m.r. (50 MHz) õ 52.51, 55.00,

62.69, 727.08, 728.48, 737.73, 133.30, 767.78, 777.02. Mass spectrum; mlz 223

(M+', 767o),206 (M-OH., 17o/o), 192 (M-CH3C-, 73o/o), 164 (M-CO2CH3, 73"/o), 160

(70ok), 146 (M-C 6H5,74o/o), 722 (727o), 106 (74ok),105 (C6H5CO, 700"/o),77 (CeHs,

43%),50 (76%).

N-Benzoyl-OF-nitroserine methyl ester (64)

To a solution of N-benzoylserine nethyl ester (60) (3.8 g,77.0 mmol) in acetic

anhydride (15 rnl) at OoC was added a freshly prepared sólution of nitric acid

(3 ml) in acetic anhydride (5 rnl), The resulting clear solution was stirred at OoC
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for t h and then poured into cold saturated sodium bicarbonate solution

(100 ml). Extraction of this solution with diethyl ether (2 x 80 ml) followed by

drying and evaporation under reduced pressure afforded ar-r oil which was

redissolved in dichloromethane (50 rnl) and washed successively with saturated

sodium bicarbonate solution (2 x 50 ml) and water (50 ml), to remove traces of

nitric acid. Concentration of the dried organic extract under reduced pressure

gave a yellow oil which solidified upon standing. Recrystalisation of this solid

from toluene gave the title compound (64) as white crystals (3.62 g, 13.5 mmol,

85%), m.p.94 - 95oc,'(Found: C, 49.42; H, 4.40; N, 10.21. C11H12N2O6 requires C,

49.26; H, 4.57; N, 10.44). 1H n.m.r. (300 \4Hz) õ 3.84, s,3lH; 4.91, dd, I 3.5,77.3 Tfz,

7IJ; 4.98, dd, ] 3.5, 77.3 Hz, 1H; 5.15, dt, I 7.0, 3.5 Hz, 7F{; 6.93, d, J 7.0 Hz, 7F{;

7.26-7.56,m,3H:;7.83, d,l6.9Hz,ZlH. 13C n.m.r. (75.5 MHz) ô 51.01, 53.42,77.37,

727.76,728.76,732.30,732.93,767.78,768.95. Mass spectrum; rnlz 269 (M+H+,

36%), 268 (M+' , 57o), 224 (747o), 707 (237o),206 (M-NOI, 837o), 192 (M-CHzNO3,

57o), 747 (73%), 746 (82Vo), 778 (40ok), 704 (700Vo), 90 (487o), 76 (19V"), 50 (9ok).

N-B enzoyl-cr-methylserine rn e thyl este r (61, )

a-Methylserine (53) (0.97 9,8.74 mrnol) was added to dry methanol (30 ml) which

had been pre-treated with thionyl chloride (0.9 ml, 8.14 mmol). The resultant

solution was stirred uncler nitrogen at roorn temperature for a period of 6 h.

Removal of the solvent under reduced pressure afforded a-methylserine methyl

ester hydrochloride (57) (1.30 g, 7.71 mmol,94.7o/o) as a solid gum-like substance.

To a solution of this material (57) (1.30 9,7.77 mmol) with benzoyl chloride

(0.85 ml, 7.30 rnmol) in a mixture of ethyl acetate (20 ml) and water (10 ml) was

added sodium bicarbonate (1.68 9,20 mmol) portion wise. The reaction mixture

was stirred at room temperature for 4 h, and the resulting clear solution

extracted with ethyl acetate (2 x 50 ml). Evaporation of the combined dried

extracts under reduced pressure afforded a clear viscous oil, which was purified
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by squat chromatography to give tlne title corupound (61) as a clear viscous oil

(960 mg, 4.05 mmol, 50%) which was used in subsequent reactions without

purification. 1H n.m.r. (300 MHz) ô 1.d6, s, 3H; 3.83, s, 3IFI; 3.93, d, I 77.4 Hz, llH;

4.22,d,177.4H2,7IH;7.18,bs,1lH;7.42-7.56,m,3H;7.8A,d,18.2H2,2H. 13Cn.m.r.

(50 MHz) õ 20.74, 53.18, 62.48, 66.60, 727.07, 728.67, 737.93, 734.05, 767.54, 773.92.

Mass spectrum; ntf z 238 (M+H+, 8o/o), 220 (,l.l-Oll,, 7o/o), 279 (75%), 207 (237o),206

(M-CHgO,26Vo),178 (M-COzCHz, 337o), 775 (15Vo), 160 (M-C 6H5, 747o),722 (360/o),

105 (CeHsCO, 31o/o), 704 (94Vo), 707 (267"), 78 (737o),77 (C6H5, 700%),76 (9Vo), 57

(35%),42 (43%).

N-Benzoyl-O9-nitro-u-methylserine rnethyl ester (65)

To a solution of N-benzoyl-cr-methylserine methyl ester (61) (0.940 g, 3.97 mrnol)

in acetic anhydride (i5 ml) at OoC was acided nitric acid (0.25 ml, 3.90 mmol) to

give a yellow solution. This solution rryas stirrecl at OoC for 3 h anci then poured

into 50 ml of 0.5 M sodiurn carbonate solution, which was extracted with ethyl

acetate (2 x 50 ml). The cornbined organic extracts were washed successively with

0.5 M sodium carbonate solution (2 x 50 rnl) and water (100 ml), dried, and

concentrated under reduced pressure to give a yellow oil. Purification of this oil

by flash chromatography (75:25 hexane/ethyl acetate) yielded the title compound

(65) as yellow crystals (388 rng, 1.38 mmol,35%). 1H n.m.r. (300 MHz) õ 7.76, s,

3IJ;3.87, s,3H; 4.97, d, 177.7H2,7H.;5.35, d, 177.7 Hz,7F{;6.94,bs,7F{;7.44 -7.54,

m, 3H; 7.78, d, | 7.9 Hz,2lH.. 13C n.m.r. (75.5 l.4lHz) õ 20.62, 53.52,58.76,72.73,

726.99,728.69,732.07,733.67,766.96,777.89".'Drnax 3268,7752,7632,7536,7494,7366,

1330, 7282, 7254, 7734, 982, 867. Further elution gave N-benzoyl-O9-acetyl-

a-rnethylserine methyl ester (69) as a yellow powder (0.274 g,0.767 mmol, 797o),

m.p. 72 - 74"C (Founcl M+H+; mlz 280.1,172, C1aH1sNO5 reqüires 280.1185), 1¡1

n.m.r. (300 MHz) E 1.72, s, 3H; 2.03, s,3H; 3.81, s, 3H; 4.50, d, J tt.ZHz,7F{; 4.80, d,

177.2H2,7lH;7.47 -7.55, m,3lH;7.87, d, 17,9H4ZlH. 13C n.m.r. (50 MHz) ô 20.58,
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27 .26, 53.77 , 60.66, 66.45, 727 .59 , 729 .7g, 732.30 , 734.96 , 767 .22, 777 .2g, 773.37 . Mass

spectrum; mlz 280 (M+H+, 46To), 220,(M-CzHsOz, 79o/o),206 (M-C¡HsOz, 47o), 760

(M-C5H11Og, 79To),105 (CeHsCO, 700o/o),77 (C5H5, L7%). 'Dmax 3256, 1748,7632,

1 538, 7 49 4, 737 g, 7334, 7292, 7259, 7234, 7\34, 7042, 7 79.

*Low 
signal to noise ratio.

N-Benzoylthreonine methyl ester (62)

Threoirine (54) (3.1 g, ?6.0 mmol) was aclded to dry methanol (50 ml) which had

been pre-treated with thionyl chloricle (3 rnl, 41.1 mmol). The resultant solution

was then allowed to stir under nitrogen at roorn temperature overnight.

Removal of the solvent under reduced pressure afforded threonine methyl ester

hydrochloride (58) (4.27 g,25.0 mmol,96o/o) as a opaque gum-like material.

To a solution of this rnaterial (58) (4.21 g, 25.0 rnmol) and benzoyl chloride

(3.4 ml, 29.2 mmol) in ethyl acetate (60 ml) were added sodium bicarbonate (6.8 g,

80.9 mmol) and water (20 ml) in succession. The resulting mixture was stirred at

room temperature for 3,5 h, and the resulting clear solution extracted with ethyl

acetate (2 x 50 ml). Evaporation of tìre cornbined dried extracts under reduced

Pressure gave a white solid, which was recrystallised from benzene to yield the

title compound (eÐ as a white crystalline solid (5.68 g, 24.0 mmol, 96vo),

m.p. 174 - 777oC. (Founcl M+H+, rulz 238.7064, CrzH15NO4 requires mlz

238.7079). 1H n.m.r. (300 MHz) õ7.29, d, J6.4Hz,3lH;2.60,bs,lH;3.80, s,3]H;4.47,

dq, | 2.4, 6.4 Hz,7F{; 4.84, dd, I 2.4, 8.8 Hz, 7lH; 6.99, bd, / 8.8 Hz, 7lH; 7.42 - 7.56, m,

3IJ;7.84-7.87, m,2H. 13C n.rn.r. (50 MHz) I ZO.OO, 52.62,57.69,68.27,727.20,

728.57,131.88, 733.65,168.00, 777.62. Mass spectrum; ntlz 238 (M+H+, 7007o),227

(24To),220 (M-OH,85o/o),206(M-CH30,4o/o),193 (M-CzHqO,18o/o),178 (M-COzClH3,

5o/o),767 (77Vo),160 (M-Cç.,H5,70o/"), 133 (6o/"),105 (C6H5CO,9o/"),704(7270),76

(20%).
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N-Benzoyl-OÞ-nitrothreonine rnethyl ester (66)

To a solution of N-benzoylthreonine rnethyl ester (62) (2.2 9,9,3 mmol) in acetic

anhydride (15 ml) at OoC was addecl a freshly prepa_red solution of nitric acid

(2 ml) in acetic anhydride (5 ml). This reaction rnixture was stirred at OoC for a

period of 2.5 h and poured into a saturated solution of soclium bicarbonate

(50 ml). Extraction of this solution witl-r diethyl ether (2 x 50 ml), follorved by

washing of the combined organic extracts with saturated sodium bicarbonate

solution (2 x 50 ml) and then concentration of the dried organic extracts under

reduced pressure yielded a yellow gum like solicl which was recrystallised from

ethyl acetate/hexane to give tb,e title compound (66) as white crystals (2.26 g,

7.9 mmol, 86%), m.p. 82 - 84"C, (Found: C, 51 .34; H,4.93; N, 9.85. C12H1aN2O5,

requires C,51.05; H,5.00; N, 9.93). 1H n.m.r. (300 MHz) ô t.+9, d,l 6.5H43IFr;3.82,

s, 3H; 5.21, dd, ] 2.6,8.8 Hz, 7F{; 5.73, dq., I 2.6, 6.5 Hz, 6.73, bd, I 8.8 Hz,7}{;

7.46 - 7.60, m, 3IH; 7.86, d, / 5.8 Hz,2lH. 13C n.m.r. (75.5 MHz) ô 15.85, 53.24, 54.62,

79.72, 727.22, 728.77, 732.37, 133.05, 167.72, 769.33. Mass spectrum; mlz 283

(M+H+, 577o), 220 (M-NO3, 77o/o),'193 (1Oo/o), 192 (M-CzH¿NOZ, 297o), 767

(M-C3H7NO¿, 9%), 706 (347o),105 (C¡,H5CO, 700o/o),77 (Cç,lH5, 67o/o). t)max 3308,

7740, 7650, 7632, 7534, 7462, 7282, 7244, 738, 722. The 1H n.m.r. spectrum of the

crude product showed peaks attributable to N-benzoyl-OÞ-acetylthreonine

methyl ester (70); ô 1.34, d, I 6.5 Hz, 3IH; 1.59, s, 3lH.; 3.76, s, 3H; 5.00, dcl, I 2.6,8.8 flz,

7I{; 5.52, dq,, I 2.6, 6.5 Hz, 7F{^; 6.49, bd, J 8.8 Hz, 7F{; 7.29 - 7.38, m, 3H; 7.64, d,

J 5.8H42H..

tfueo-N-Benzoyl-B-phenylserine methyl ester (63)

To a solution of threo-þ-phenylserine (55) (2.03 g, 77.2 mrnol) in cìry methanol

(25 rnl) was aclded 1.0 ml (13.7 mrnol) of thionyl chloride. The reaction mixture

was stirrecl at room temperature uncler nitrogen for 22 h and tìren concentrated
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under reduced pressure to give threo-þ-phenylserine methyl ester hydrochloride

(59) (2.56 g, 17.7 mmol, 99o/o) as a brown gum-like material.

To a solution of threo-þ-phenylserine methyl ester hydrochloride (59) (2.56 g,

11.1 mmol) in a mixture of water (20 ml) and etl-ryl acetate (30 ml), was added

benzoyl chloride (1.4 ml, 12.0 mmol). The resultant solution was stirred at room

temperature for 4 h and then was extracted with ethyl acetate (2 x 50 ml).

Concentration of the combined dried extracts under reduced pressure yielded

the title compound (09) as a yellow powcler (2.87 g, 9.60 mmol, 867o),

mp.92 - 94oC, which was used in subsequent reactions without purification.

1H n.m.r. (300 MHz) E 3]7, s, 3H; 5.08, dd, I 8.7,3.2H2,7lH;5.40, d,, J 3.2H2,7lH;

6.98, d, | 8.7 Hz,7F{;7.26 - 7.77, bm, 6H; 8.18 - 8.27, tn,4lH..

thr e o -N -Benzoyl- O Þ-n itro- B-p henyl se rine n'r e thyl es ter (67)

To a solution of threo-N-benzoyl-B-phenylserine methyl ester (63) (2.32 g,

7.93 mmol) in acetic anhydricle (30 ml) was added a freshly prepared solution of

nitric acid (3 ml) in acetic anhydride (5 ml) at OoC. The resulting clear solution

was stirred at this ternperature for 3.5 h and was then poured into saturated

sodium bicarbonate solution (100 ml) which was extracted with diethyl ether

(2 x.100 ml). The combined organic extracts were washed with saturated sodium

bicarbonate solution until the aqueous washings were neutral by pH paper.

Evaporation of the clried organic extract under reduced pressure yielded a yellow

oil which soliclified upon standing overnight. Recrystallisation of this solid

material from ethyl acetate/hexane gave the title compound (67) as pale yellow

crystals (7.56 g,4.53 mmol, 57o/o), m.p. 128 - 130"C (Found: C, 59.46; H, 4.35; N, 8.15.

C17H16N2O6 requires C, 59.28; H, 4.69; N, 8.14). lH n.rn.r. (300 MHz) õ 3.79, s, 3H;

5.42,dd,J9.0,4.0F{2,7lH;6.44,d,J4.0H47lH;6.87,bd,19.0H47Ir{;7.32-7.57,bm,

8IJ;7.69, m, 2H. 13C n.m.r. (50 lr4Hz) ô 53.25, SS.4I,8L.gl,126.17, 727.77,728.71,
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728.90, 729.50, 130.68, 732.75, 733.68, 767.75, 768.94. Mass spectrum; mlz 345

(M+H+, 27Vo),298 (M-NC,2, 8Vo),283 (36V"), 282 (M-ONOz, 700Vo),264 (2SVo),105

(CcHSCO, 67o), 704 (597o),76 (777o). Dmax 3372, 7746, 7648,7640, 7520, 7464,1292,

774,700.

N-Phthaloyt-OÊ-nitroserine rnethyl ester (78)

To a solution of N-phthaloylserine methyl ester83 (25) (580 rng, z.Z3 mmol) in

acetic anhydride (5 ml) coolecl to OoC there was added a freshly prepared solution

of nitric acid (0.20 ml) in acetic anhydride (5 ml). The resulting solution was

stirred at this temperature for 3.5 h and then poured into 100 ml of a saturated

solution of sodium bicarbonate which was extracted with ethyl acetate

(2 x 80 ml). The combined organic extracts were concentrated under reduced

Pressure to give a viscous yellow oil which was purified by flash

chromatography (70:30 hexane/ethyl acetate) to give the title compound (78) as

white crystals (360 mg, 1.22 mmol, 537o), m.p. 62 - 64"C. (Found M-NO3,

m12232.0599, CpF{loNO¿ requires ntlz 232.0609). lH n.m.r. (300 MHz) E 3.79, s,

3IJ; 4.60, dd, ] 9.9,77.7 Hz,7F{; 4.92, dd, J 4.3,77.7 Hz,1H; 5.18, dd,l 4.3,9.9 Hz,

7I{;7.76 - 7.97, m, 4Fi'. 13C n.m.r. (75.5 MlHz) ô 50.65, 52.98, 60.84, 723.66, 737.62,

734.32,767.78,770.42. Mass spectrum; mlz 294 (M+', 70o/o),293 (437o),292 (700%),

250 (7970),233 (37%),232 (M-NO3,96Vo),279 (23%),200 (17o/o), 190 (50Vo),787

(48%), 772 (260/o), 733 (75V"), 132 (CsH 4O2, 77o/o), 704 (CzIH^+O, 75o/o).

N-Phthaloylthreonine methyl ester (73)

To a solution of phthalic anhydride (4.45 g,30.0 mmol) in dry clioxane (40 ml)

was added 3.03 g (25.5 mmol) of threonine (54). The resultant solution was
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refluxed with stirring at 120oC for 5 h. Evaporation of the solvent under reduced

pressure gave N-phthaloylthreonine (77) as an orange gum-like residue.

N-Phthaloylthreonine (77) was added to clry methanol (50 ml), which had been

pre-treated with thionyl chloride (3.5 ml, 48.0 mmol), ancl stirred at room

temperature under nitrogen for 24 h. Evaporation of the methanol under

reduced pressure gave a brown oil which was purifiecl by squat chrornatography

on silica to give the title contpound (73) as an off white solid (2.60 g,9.89 mmol,

337o), rn.p.74 - 76oC. 1H n,m.r. (300 MHz) õ 7.22, d, J 6.6H2,3IH; 3.79, s,3IH; 4.65,

dq, J 4.3,6.6H47F{i 4.97, d, I 4.3H2,Llr{;7.78 - 7.94, m, 4FL 13C n.m.r. (50 MHz)

õ 20.20, 52.93, 59.1.7, 66.72, 723.93, 737.69, 734.60, 768.37, 768.72. Mass spectrum;

mlz 264 (M+H+, 27o),246 (M-OH, 2o/o),232 (M-OCH3,7o/o),279 (43V"),204

(M-COzCH3, 77o/o), 787 (7007o), 760 (79o/o), 132 (CsHa 02, 71o/o), 103 (61To), 76 (277o).

N-Phthaloyl-OÞ-nitrothreonine methyl ester (76)

To a solution of N-phthaloylthreonine methyl ester (73) (300 mg, 1.14 mmol) in

acetic anhydride (5 rnl) was added 0.1 rnl (1.56 mrnol) of nitric acid. The resulting

solution was stirred at 0"C for 2h, then poured into 50 ml of a saturated solution

of sodium bicarbonate, and the resulting mixture extracted with ethyl acetate

(2 x 50ml). The cornbined organic extracts were concentrated under reduced

pressure to give a yellow oil, which was purified by flash chromatography (75:25

hexane/ethyl acetate). The title compound (76) was isolated as light yellow

crystals (150 mg, 0.487 mmol, 43o/o), m.p.86 - 88'C, (Found M+H+, nt12309.07L0,

C13H13N2O7 requires mfz 309.0723). lH n.m.r. (200 }y'JHz) õ 1.59, d, ] 6.4 Hz, 3Ir{;

3.78, s,3H;5.01, d,, I 6.4H2,7iH;5.g9,\, I 6.4,*Hz, IH;7.79 - 7.96, m, 4H.

13C n.m.r. (50 MHz) ò 20.98, 52.68,58.23, 68.35,723.64,737.78,734.29,768.12,768.78.

Mass spectrum; ntf z 309 (M+H+ , 22o/o), 264 (30V") , 262 (M-NOz, 317o), 267 (87%),

246 (M-NO3,72o/u),279 (37o/o),278 (M-C2II4NO-j, 26"/o),790 (757"),787 (32o/u),763
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(7007o), 132 (CsHaO2, 2O7o), 730 (75Vo), 70a (CZH+O, 9o/o), 703 (26%), 76 (CelHa,, 22%).

'Dmax 7738, 7720, 7623, 7340, 7294, 7266, 7044, 734,774. Further elution gave the

elimination product, methyl-2-phthalirnidobut-2-enoate (79) as a yellow viscous

oil (50 rng,0.204 mmol, 18Vo), lH n.m.r. (300 MHz) ô 1.85, d,l7.7IHz,3lH;3.77,s,

3IJ;7.47, q., I 7.7 Hz,7]H;7.79 - 7.94, m,4lH. 13C n.m.r. (50 MHz) õ 74.44, 52.53,

723.37, 723.83,732.05,734.64,743.26,763.04, 766.58. Mass spectrum; mlz 245 (M+',

27o), 230 (M-CH3, 7o/o),274 (M-OCH3, 760/o),273 (867o), 186 (M-CO2CH3,207o), 732

(87%),704 (CzH4O,72o/o),703 (700%),76 (C6H4, 46Vo). Further elution gave

N-phthaloyl-OÞ-acetylthreonine methyl ester (80) as a white solid (110 mg,

0.361 mmol, 32%) m.p. 104 - 106"C, (Founcl: C, 59.25; H,5.02; N, 4.57. C15H15NO6

requires C,59.02;H,4.95; N,4.59). IFI n.m.r. (300 MHz) õ 1.43, d, J6.4Hz,3lH.;7.97,

s, 3H; 3.75, s,3H; 4.88, d, I 6.4 Hz, 7lr_I; 5.74, dq, I 6.4, 6.4 Hz, 7H; 7.75 - 7.92, m, 4H.

13C n.m.r. (50 MHz) õ 18.55, 20.93, 52.87, 55.22, 67.70, 723.77, 737.67,734.34, 766.79,

767.72,769.70. Mass spectrurn; mlz 306 (M+H+, 35%),262 (M-CH3CO, 757o),267

(65Vo), 246 (}r4-CF{3CO2, 22o/o), 218 (M-C +IHzOz, 77o/o), 132 (CsH 4O2, 127o), 704

(CzH+O, 100o/o), 7 6 (Ce\ü,, 22%).

threo-N-Phthaloyl-B-phenylserine methyl ester (74)

A mixture of threo-B-phenylserine (55) (2.07 g, 11.1 mmol) and phthalic

anhydride (2.03 g, 13.7 mrnol) in dioxane (30 rnl) was refluxed at 100oC for 4 h,

then concentrated under reduced pressure to give

threo-N-phthaloyl-B-pher-rylserine (72) (3.t2 g,10.2 mmol,92%) as a white solid.

threo-N-Phthaloyl-B-phenylserine (72) was then aclded to dry methanol (50 ml)

which had been pre-treated with thionyl chloride (1 ml, 13.7 mmol), and stirred

at room temperature under nitrogen for 24 h. The reaction mixture was then

filtered to remove insoluble material and concentrated under reducecl pressure

to give a white solicl which was recrystallised from ethyl acetate/hexane to give
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the title compound (74) as white crystals (3.06 g, 9.42 mmol, 92%), m.p.

776 - 778"C. (Found M+H+, mlz 326.7014, ClgHreNOs requires mlz 326.7028).

1H n.m.r. (200 MHz) ô 3.86, s, 3H; 5.74, d,, I 70.6 Hz, LlH;5.51, d, J 4.6 Hz,l]H; 5.77,

dd, I 4.6,70.6 Hz,LlH;7.76 - 7.36, m,SlH;7.68 -7.87, m, 4H. 13C n.m.r. (50 MHz)

ô 53.13, 59.37,72.47, 723.95, 725.05, 727.59, 729.47, 731..32, 734.49, 739.62, 767.97,

768.54. Mass spectrum; mlz 326 (M+H+, 53o/o), 309 (667o), 308 (M-OH,700Vo),276

(55"/o), 248 (M-C6H5, 70"/o),279 (667o0, 790 (72To), 787 (3070), 762 (777o),760 (737o),

132 (CgH¿O2,207o),704(CzHqO, 11o/o),703 (20o/o),76 (C6Ha,77Vo). Vmax 3440,1746,

7774, 7390, 7272, 7029, 736, 7 76.

thr e o -N -Phthalo yl- O Þ-nitro- B-p henyls erine me th yl ester (7 7)

To a solution of threo-N-phthaloyl-B-phenylserine methyl ester (74) (2.90 g,

8.92 mmol) in acetic anhydride (40 ml) at OoC was added nitric acid (0.65 ml,

70.74 mmol). The resulting yellow solution was stirred at this temperature for

3 h and was then poured into 100 ml of 1 M soclium carbonate solution.

Extraction of this mixture with 2 x 50 ml ethyl acetate followed by drying and

concentration under recluced pressure yielcted a yellow oil which was purified by

flash chromatography on silica to give the title contpound Q7) (1.35 g,

3.65mmol,47%) as white solid, rn.p. 113 - 115'C. (Found M*', mlz 370.0877,

C1sH1aN2O7 requires mf z 370.0801). 1H n.m.r. (200 }r4F{z) ô 3.65, s, 3H; 5.30, d,

J 7.9 Hz, 7IH; 6.63, d, I 7.9 ÍJz, 7lH; 7 .29 - 7.49, m, SlH; 7.85 - 7.90, m, 4H. 13C n.m.r.

(75.5 li4Ilz) õ 53.27, 55.36,82.87,726.72, 727.07, 727.69, 128.77, 729.48,730.66,732,75,

733.64,767,70,1,68.97. Mass spectrum; ntlz 370 (M*', 73'/o),357 (6%),326 (87o),309

(27%), 308 (M-NO3, 700o/o), 276 (27o/o), 279 (23Vo), 787 (9Vo), 760 (4Vo), 732

(CAH¿Oz, 4%), 704 (CzHqO,3o/o), 703 (6"/o¡,76 (CSIH.+, 6"/o). Further elution gave

N-phthaloyl-p-phenylserine methyl ester (74) (7.45 g,4.46 mmol, 50Vo) as a clear

oil, with identical spectroscopic data to those reported above.
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2-B enzarnid oe thanol (83 )

To a solution of 2-aminoethanol (81) (2.02 g, 33.2 mmol) and benzoyl chloride

(3.4 ml, 29.2 mrrrol) in water (20 ml) and ethyl acetate (20 ml) was added 5.61 g

(66.8 mmol) of sodium bicarbonate portion wise. The resulting mixture was

stirred at room temperature for 4 h, and was then extracted with ethyl acetate

(2 x 50 ml). Concentration of the clried combined organic extracts under reduced

pressure yielded the title contpound ß3) (4.22 g, 25.6 rnmol, 77%) as a clear

viscous oil which soliclified upon standing to give a white solicl, m.p, 52 - 56oC,

which was used in subsequent reactions without purification (Found M+H+,

mlz 1.66.0863, CeHlzNOz requires rulz 766.0868). 1FI n.rn.r. (300 MHz) ô 3.37, bs,

7IJ; 3.59, t, ] 4.8 Hz,2F{;3.80, t, | 4.8 Hz, 2F{; 6.94, bs, 1H; 7.37 - 7.51, rn, 3H; 7.76, d,

18.3H2,ZlF.. 13C n.m.r. (50 MHz) õ 43.31, 62.00, 127.53,728.92,732.07,734.59,

769.37. Mass spectrum; mlz 766 (M+H+, 96%), 148 (M-OH, 700Vo), 134 (M-CH3O,

7%), 722 (757o), 105 (M-CzH6NO, 9970), 77 (M-C3H6NOz, 60"/o), 57 (397o).

O-Nitro-2-benzamidoethanol (85)

Nitric acicl (1.8 ml, 28.1 mrnol) was addecl to a solution of Z-benzamidoethanol

(83) (4.10 g, 24.8 mmol) in acetic anhydride (30 rnl) at 0oC. The resulting yellow

solution was stirred at OoC for 3.5 h and was then poured into 100 ml of saturated

sodium bicarbonate solution, which was extracted with ethyl acetate (2 x 80 ml).

Concentration of the combined dried organic extracts uncìer reduced pressure

yielded a yellow oil, which was purified firstly by squat chromatography and

then by recrystallisation from ethyl acetate/hexane to give |ne title contpound

(85) as a white powder (2.72 g, 10.6 mmol,437o), n-r.p. 177 - 779'C. 1¡1 n.m.r.

(300 MHz, d6-DMSO) ô 3.30, t, I 5.7 Hz, 2lH; 4.53, t, | 5.7 Hz, 2lH; 7.44 - 7.62, m, 3H;

8.10, d, | 7.9 Hz,2H. 13C n.rn.r. (50 MHz, d6-DMSO) ô 59.95 ,, 62.82, 727.74, 128.38,

729.49, 733.22, 765.56.
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p-Hydroxypropionic acid methyl ester (88) (Attempt L)

To a solution of B-hydroxypropionic acid* ßZ) (0.5 ml, 5.56 mmol) in

2-2 dimethoxy propane (200 ml) was added conce_ntrated hydrochloric acid

(10 ml), and the resulting solution stirred at room temperature for 20 h. The

resulting orange solution was concentrated under reduced pressure to give an

orange oil. This oil was poured into 100 ml of saturated sodium bicarbonate

solution and extracted with ethyl acetate (2 x 200 ml). The combined organic

extracts were washed with saturated bicarbonate solution (100 ml) and water

(100 ml) in succession. The combined dried extracts were then concentrated

under reduced pressure to give a black oil, from which no products could be

isolated.

*In 
the form of a 50% solution in water

B-Hydroxypropionic acid methyl ester (88) (Attempt 2)

A solution of B-propiolactone (89) (7.7 g, 15.3 mmol) and a catalytic amount of

p-toluenesulphonic acid in dry rnethanol (10 ml) was heated at reflux under

nitrogen for 4 h and then poured into 20 ml of 1 M sodium carbonate solution.

Extraction with dichloromethane (2 x 20 ml), drying, and removal of the solvent

under reduced pressure gave a clear oil, which was purified by flash

chromatography (75:25 hexane/ethyl acetate) to give the title compound (88) as a

clear oil (380 mg, 3.65 mmol, 24o/o). 1H n.m.r. (200 MHz) õ 2.59, t, I 5.6 Hz,2H;

2.86,bs, IIJ;3.72, s, 3H; 3.88, t, | 5.6H2,ZlH. 13C n.m.r. (50 MHz) ô 36.58, 57.77,

58.18, 773.23. l)max 2500-3700 (br),2952,2892,7738,7440,7366,7046. Further

elution gave 3-methoxypropionic acid methyl ester (90) as.a clear oil (220 mg,

1.86 mmol, 72%). 1H n.m.r. (300 MHz) E 2.54, t, I 6.3 Hz,ZIH; 3.37, s, 3F{;3.62, t,
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772.07.

Experimental

13C n.m.r. (50 MHz) õ 29.72, 34.86, 57.69,58.77, 67.99,

OÊ-Nitro-B-hydroxypropionic acid methyl ester (91)

To a solution of p-hydroxypropionic acid rnethyl ester (88) (330 mg,3.2 mmol) in

acetic anhydride (5 ml) at OoC there was added nitric acid (0.05 ml) to give a

yellow solution, which was subsequently stirred at OoC for 2 h. The reaction

mixture was then pourecl into 1 M socliurn carbonate solution (20 rnl), extracted

with 2 x 30 ml ethyl acetate, dried and concentrated under reduced pressure to

give a yellow oil, which was redissolved in dichloromethane (30 ml) and washed

successively with sodiurn carbonate solution until the aqueous washings were

neutral by pH paper. The organic extract was then driecl and concentrated under

reduced pressure to give a yellow viscous oil whicl-r was purified by flash

chrotnatography (75:25 hexane/ethyl acetate) to give the title compound (97) as a

light yellow coloured liquid (110 rng, 0.738 mmol, 23Vo). 1H n.m.r. (300 MHz)

õ 2.76, t, I 6.3 Hz, 2F{; 3.74, s, 3lH; 4.74, t, I 6.3 Hz, 2Ir{. Mass spectrum; mlz 749

(M*',93o/o),777(27o/o),97(42Vo),85(31o/o),84(24o/o),83(56Vo),77(57Vo),70(44Vo),69

(67Vo),67 (35Vo),56 (7007"),55 (42o/o),54 (85o/o),42 (97o/o). umax 2952,2934, 1746,

7644, 7440, 7372, 1 090, 1 018.

3-Benzamidopropanol (84)

Sodium bicarbonate (4.45 g, 53.0 mmol) rvas aclcled portion wise to a solution of

3-aminopropanol (82) (2 ñ1, 26.2 mmol) ancl benzoyl chloride (2.8 ml,

24.0 mmol) in ethyl acetate (30 rnl) and water (10 ml), to give a

non-heterogenous mixture rvhich was stirrecl at room temperature for 4 h. The

reaction mixture was then pourecì into water (30 rnl) and extracted with 2 x 50 ml
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of ethyl acetate. The combined dried organic extracts were concentrated under

reduced pressure to give the title compound (84) (3.70 g, 20.7 mmol, 79%) as a

clear viscous oil which was used in subsequent reactions without purification

(Found M+FI+, mlz 780.1,019, C16Hr¿NOz requires -mlz 780.7024). 1H n.m.r.

(300 MHz) ð 1.80, 
**, 

¡ ,.6, ã Hz,2:H; 3.63, td., I 5.6, 5.6 Hz,2]H; 3.73, t, I 5.6 Hz, 2.H;

6.87,bs,lIFr;7.40 -7.53,m,3H; 7.76 -7.79,m,2H. 13C n.m.r. (50 MHz) ô 31.86, 37.39,

59.90,726.98,728.49,737.48,1,34.22,1,68.62. Mass spectrum; rn/ z 780 (M+H+, 79Vo),

162 (M-OFI,277o),761, (107o), 148 (M-CH3O, 3%), 735 (737o),13a (M-CzHsO, 707o),

105 (M-CeH6NO, 7007o),77 (M-C¿,HcNOz, 647o),57 (347").

O-Nitro-3-benzamidopropanol (86)

To a solution of 3-benzamidopropanol (84) (9.20 g, 20.7 mmol) in acetic

anhydride (40 ml) at OoC was added nitric acid (1.4 ml, 21.8 mmol)" After stirring

at this temperature for 3 h the reaction mixture was poured into 1 M sodium

carbonate solution (50 ml) and extracted with 2 x 50 ml ethyl acetate.

Concentration of the combined dried extracts under reduced pressure yielded a

yellow oil which was purified by flash chromatography (75:25 hexane/ethyl

acetate) to give t]ne title compound (86) (3.08 g, 1,3.8 mmol, 66%) as a viscous

yellow oil (Found M+H+, mlz 225.0866, ClsHraNzO¿ requires mlz 225.0875). 1¡1

n.m.r. (200 V{Hz) õ 2.07,Ë, / o.s, !-.Írz,2:H;3.58, dt, I 6.5, 6.7 Hz,2:H; 4.56, t, I 6.5

Hz,2IJ; 6.57,bs,7lH;7,38 -7.58, m, 3H; 7.74 - 7.80, rn,ZlH. 13C n.m.r. (50 MHz)

E 27.03, 36.64, 77.24, 1,26.85, 728.48, 131.50, 734.75, 767.88. Mass spectrum; mlz 225

(M+H+, 4%), 778 (M-NOz, 46%), 762 (M-ONOz, 70Vo), 767 (757o), 105

(M-CeHzN 2O3, 1007o) , 77 (M-CaH7N2Oa).
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N-methylbenzamide (98)
9l,nz-

Sodium bicarbonate (4.8 g, 57.7 mmol) was added to a mixture of methylamine*

(2 ml, 23.2 mmol) and benzoyl chloride (2 ml, 17.2 mmol) in ethyl acetate (15 ml).

The resulting solution was stirred at room temperature for 4 h, poured into

water (30 ml), and extracted with ethyl acetate (2 x 30 ml). Concentration of the

combined dried organic extracts under r"Oî.,ïåOj::SJi5a a yellow oil

which solidified upon standing ,o tLT:r!* (98) as an off white

solid (2.78 g,20.6 mmol,8970), rn.p. 77 - 79"C^ 1H n.m.r. (200 MHz) E 299, d,l 4.8

Hz,3IJ; 6.75,bs, 7}i.;7.38 -7.51,, m, 3H; 7.76, d, | 9.2H2,2}{. 13C n.m.r. (50 MHz)

õ26.68,726.82, 728.35, 131.15, 734.50, 768.39. Mass spectrum; mlz 135 (M+',

7007o) , 105 (CzHs 0, 707o) , 77 (CeHs, 697o) , 51. (33%) .

* As a 4OVo solution in water
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WORK DISCUSSED IN RESULTS AND DISCUSSION - PART 2.

Plrotolysis of the nitrates rcq,6Ð, ß6, (67), (85) and (91) with tributyltin hydride:

Typical Experiment

A mixture of the nitrate (-50 rng, 0.2 mmol), tributyltin hydride (0.27 ml,

1.0 mmol) and ethylbenzene (internal stand.ard) (-20 mg, 0.2 mmol) in

d5,-benzene (0.3 ml) was placed into a quartz n.m.r. tube under argon, and then

irradiated with 300 nm U.V. light using a Rayonet photochemical reactor for 2 h.

The crude reaction mixture was then analysed directly using 1F{ n.m.r.

spectroscopy and thin layer chromatography.

Plrotolysis of the nitrates 176) and (78) with tributyltin hydride: Typical

Experiment

A mixture of the nitrate (-50 mg, 0.18 mmol), tributyltin hydride (0.2 ml, 0.75

mmol) and a catalytic amount of AIBN in benzene (0.5 ml) was placed into a

quartz tube under nitrogen, and then irradiated with U.V. light using a Rayonet

photochernical reactor equipped i,r'ith 12 RPR 3500 larnps for 4 l'r. The solvent

was then removed under reduced pressure and the residue dissolved in

acetonitrile (15 rnl), washed with hexane (5 x 20 ml) and concentrated under

reduced pressure. The residue obtained was then analysed using 1H n.m.r.

spectroscopy and thin layer chromatography.

Reflux photolysis of the nitrates (76) ancl (78) with tributyttin hydride: Typical

Experiment

A mixture of the nitrate (-50 mg, 0.18 n-rrnol), tributyltin hyciride (0.2 ml, 0.75

mmol) ancl a catalytic amount of AIBN in benzene (0.5 rnl) was refluxed at -80'C
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under nitrogen while irradiated with U.V. light using a25OW mercury lamp for

4 h. The solvent was then removed under reduced pressure and the residue

dissolved in acetonitrile (15 ml), washed with þexane (S x ZO ml) and

concentrated under reduced pressure. The residue obtained was then analysed

using 1H n.m.r. spectroscopy and thin layer chromatography.

Reaction of the nitrates (85) and (86) with tributyltin hydride under conditions of

dilution: Typical Experiment

A mixture of the nitrate (-50 mg, 0.25 rnmol), tributyltin hydride (0.25 ml,

0.95 mmol) and a catalytic amount of AiBN in benzene (10 ml) was refluxed at

-80oC under nitrogen for 4 h. The solvent was then removed under reduced

pressure and the residue dissolved in acetonitrile (15 ml), washed with hexane

(5 x 20 ml) and concentrated under reduced pressure. The residue obtained was

then analysed using 1H n,m.r. spectroscopy and thin layer chromatography.
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"Skywalker, Skywalker. And why do you
come to walk my sky? All your life have
you looked away....to the horizon, to the sky,
to the future."

-Yoda, 5th draft of The Empire Strikes Back




