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Abstract

An overview of the application of radicals in organic synthesis and methods of

generating them is provided. Moreover a summary of "tin-free" radical precursors and the use of

iminyl radicals in organic synthesis are included.

Then follows an investigation into the potential of dioxime oxalates to serve as iminyl

radical precursors. The latter species can undergo a 5-exo cyclisation onto suitably unsaturated

groups.

Firstly, a concise synthetic route to these dioxime oxalates has been established. The

synthetic route requires the formation of a y,8-unsaturated ketone that is converted into the

corresponding oxime. Treatment of oxalyl chloride with two equivalents of oxime leads to the

formation ofdioxime oxalates. Dioxime oxalates were found to be unstable compounds that

would decompose thermally and/or by hydrolysis.

Secondly, iminyl radicals and some 5-exo cyclised radicals have been examined by EPR

spectroscopy. It has been shown that dioxime oxalates with a phenyl or methyl group in the

1-position and also containing different y,8-unsaturated groups can produce iminyl radicals

through photolytic scission of theirN-0 bonds.

Thirdly, preparative photochemical experiments using photosensitisers to prepare

dihydropyrroles via iminyl radicals have been investigated. One dihydropyrrole has been formed

by using toluene or cyclohexane as hydrogen donor at 85°C.

vi



Chapter 1

Introduction
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1.1 Free radicals in synthesis

There is a need to discover and develop new "clean" methodology in organic

synthesis. The benefits of this should include the formation ofby-products in minimum

amounts and the use of toxic metals or protecting groups in scarce amounts. Such

methodology would allow more efficient syntheses ofnatural products and other target

compounds such as pharmaceutical products, where toxic metals particularly need to be

avoided. Also, if this methodology could be employed in "one-pot" syntheses it would reduce

the amounts ofsolvents required and shorten work-up procedures.

These benefits can be sought in radical synthetic strategies1 which offer numerous

advantages2 such as: neutral radicals have no ion pairing so they are less susceptible to

solvation effects, and are effective for forming quaternary carbons. Moreover, mild

conditions are generally used without bases or acids, and radicals are typically unreactive

towards; OH, NH2 and CO2H groups so minimal functional group protection/-deprotection is

required,2 thus shortening the procedures. Also the mechanisms and kinetics are well

understood so that radical reaction products can be predicted e.g. in cascade reactions

(scheme l).3
O

PhSe H

H

O
Scheme 1
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The benefits of radicals in cyclisations and in cascade reactions have led to radical

synthetic strategies becoming useful in the total synthesis of natural products.4'5 For example

in Murphy's synthesis of (+/-)-Vindoline 5 he incorporated a tandem radical cyclisation of

radicals 2 to 4 which were produced from the iodoaryl azide 1 using tris(trimethylsilyl)silane

(scheme 2).6 Also of interest is the synthesis of (-)-Ilimaquinone 9 which incorporates a

sequential radical decarboxylation and quinone addition methodology that produces quinone

8 from reaction of thiohydroxamic acid 6 with benzoquinone 7. Functionalisation of 8 to

Ilimaquinone 9 is achieved by exploring the electronic effects of the residual thiopyridyl

group (scheme 3).7
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1.2 Organotin compounds and alternatives

Many free radical processes use organotin compounds in order to generate the radical

intermediates. The pathway of the generic tributyltin hydride (TBTH) mediated reaction is

below (scheme 4).
X-jSnH

The addition of TBTH slowly to the reaction mixture in the presence ofAIBN or

under UV radiation generates the tributyltin radical 10, which then attacks the weak carbon-

halogcn bond of the alkyl halide 11 and produces the organotin halide byproduct and the alkyl

radical 12 which can then attack an unsaturated group such as an alkene 13. The resulting

radical 14 is then reduced by TBTH forming the desired product and more tributyltin radicals.

The result is that a weak tin-hydrogen bond and a weak carbon-halogen bond are broken and

stronger carbon-hydrogen and tin-halogen bonds are formed.

The unfortunate situation is that there are many problems associated with triorganotin

compounds such as the toxicity and difficulty in the separation of triorganotin residues, which

have thus far prevented the application of free radicals in the synthesis ofpharmaceuticals
8 10 •

and formulations intended for human consumption. " Radical chemists have developed
11 19

alternative tin compounds such as the water-soluble tin hydride 15 and hydroxide 16

6



(scheme 5), which allow reductions and cyclisations to be carried out in aqueous solutions.

Also the polarity of 15 facilitates product isolation.11 Furthermore the more favourable

fluorous tin reagents such as (C6Fi3CH2CH2)3SnH, developed by Curran and co-workers, may

be used in supercritical carbon dioxide, an environmentally friendly solvent. The advantages

here are in the separation process, as the tin reagents are insoluble in water and normal
11

organic solvents and allow separation of the products.

Although such novel tin reagents may have benefits, the toxicity of tin remains a

problem and this has led to research into silicon and germanium hydrides.

A major alternative to TBTH is the non-toxic tris(trimethylsilyl)silane (TTMSS)14'15

which has a Si-H bond strength 5 kcal mol"1 stronger than the Sn-H bond in TBTH and this

means TTMSS produces fewer by-products of direct reduction. Also the reagent can be added

in a stoichiometric amount in the initial reaction mixture instead of the high-dilution, slow

addition associated with organotin hydrides. The reported hypothesis is that the relatively low

bond strength of the Si-H bond is due to the bonding interaction between (3-silicon d orbitals

and the semioccupied p orbital on the central silicon atom in the corresponding silyl radical.14

An example of the use of TTMSS in radical synthesis is in scheme 6 where the thiol

ester 17 was treated with TTMSS, which then underwent an intramolecular homolytic

substitution reaction at sulfur to form dihydrobenzothiophene with the displacement of acyl

radical 18. This radical then underwent 6-exo ring closure to yield cyclic ketone 19 after

hydrogen transfer from TTMSS.10

\
co2k

15 Scheme 5 16

7



Scheme 6

A further set ofalternatives to TBTH are based on germanium and include

tributylgermanium hydride, which has a relatively strong Ge-H bond and due to this fact,

direct reduction to give unwanted byproducts is not usually significant.1 '17 Recently work by

Bowman and co-workers has shown that tributylgermanium hydride has several practical

advantages over TBTH, e.g. low toxicity, good stability and much easier workup of reactions.

Suitable reaction substrates include iodides, bromides, selenides. The types of radicals that

can be generated by this mediator include alkyl, vinyl and aryl radicals, which can take part in

reductions and cyclisations.9

In contrast, the rate of abstraction ofhydrogen from tris(trimethylsilyl)germane

(MeaSifiGeH by alkyl radicals was found to be faster than tributyltin hydride, which limits

this reagent's use.18 Associated problems with these germanium hydrides and (Me3Si)3SiH

are their cost and difficulty in handling, particularly as TTMSS needs to be used under argon.

With these problems in mind it has been a focus to create new "metal free" radical

precursors such as the work conducted by Murphy and co-workers on the development of

"green" cost effective alternatives to tributylfjp hydrides.19"21 These include

8



tetrathiafulvalenes which allow oxidative termination of the radical process and phosphorus

compounds, particularly those used in a water medium (hypophosphorous acid, usually with

an inorganic base) and in organic media (iV-ethylpiperidinium hypophosphite, EPHP) which
99

provide reductive termination. The advantages of these reagents are that they avoid the

toxicity ofTBTH, they are more economical and the water solubility of hypophosphite salt

derived by-products allows the efficient purification of reaction products.19

These latter two reagents have been used to effect the formation of carbon-carbon

bonds, particularly radical cyclisations onto alkene sub-units of aryl iodide and alkyl bromide

substrates.20 Compound 20 was treated with hypophosphorous acid and heated at reflux in the

presence of sodium hydrogen carbonate and AIBN as initiator. The water soluble, 5-exo
90

cyclised product 21 was isolated in good yield from an aqueous work up (scheme 7).

The use ofhypophosphite salts in organic media was also investigated through the

treatment of compound 22 with 1-ethylpiperidine hypophosphite (EPHP) in refluxing
• 90

benzene followed by an aqueous work-up to yield the cyclised product 23 (scheme 8).

C02H

20 Scheme 7 21

R
22 Scheme 8 23

9



1.3 Nitrogen heterocycles

iV-Heterocyclic compounds are important as structural units ofmany natural products

and biologically active compounds. For example in the porphyrin ring system 23, caffeine 24

and Tagamet 25, an anti-ulcer drug (scheme 9).

It is therefore fortunate that the advantages of radical synthetic strategies can be

exploited in radical cyclisations to form heterocycles as well as carbocycles. Carbon centred

radicals can undergo intramolecular addition reactions with unsaturated groups such as

alkenes. These radical cyclisation reactions have advantages such as predictability and, in

general, intramolecular addition is faster than intermolecular addition. The general scheme

for conducting a selective radical cyclisation is summarised below (scheme 10).

24 25

23

Scheme 9

A B

selective

C-

Initial
radical

competitive
radical
reduction

competitive
radical
reduction

H
A B

Scheme 10
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Intramolecular radical cyclisations can proceed with high regioselectivity and often
• • • 1"%

high stereoselectivity, they are commonly used to prepare 5-membered rings. The exo

cyclisation is usually faster than the endo and it is a kinetically controlled reaction. For

example the 5-hexenyl radical undergoes a 5-exo cyclisation much faster than a 6-endo,

giving the former product in majority, showing very high regioselectivity (scheme 11). This

is supported by Baldwin's rules of cyclisation, which state that a 5-exo cyclisation is a

favoured process whereas 6-endo is not24 The formation ofun-cyclised, reduced by-products

is accordingly less of a problem.

For radical 26 with a methyl group in the 1-position or 3-position the ds-isomer 27 is

preferred and the /ram-isomer 28 is preferred when it is at any other position.
23

k„ = 2.5 x 105 S"1 \"exo

5-exo
98%

6-endo
2 %

26

kexo= 1x10^ s-1

Scheme 11

\ /

CIS

27

trans

28

Free radical cyclisations can be used to carry out enantioselective syntheses of

biologically active compounds. For instance Livinghouse and co-workers prepared the

iV-heterocycle (-)-Trachelanthamidine 31, involving atom-transfer cyclisation of the

iodoacetamide 29 to give the y-iodolactam 30, which can then be converted into

(-)-Trachelanthamidine 31.25 The radical cyclisation was carried out in the presence of

(Bu3Sn)2 and iodoethane in benzene under a sunlamp (scheme 12).

11



o

a) CF3C02H
b) (CICH2C0)20, R3N
c) Nal, MeCN

30 : 1

30
58 %

a) Cs02CEt
b) LiAIH4

80 %

31

Scheme 12

29

(Bu3Sn)2, 0.55eq
Etl, 3.5eq
hv

Triethylborane and oxygen in benzene, have been used as the initiator for radical

cyclisations as an alternative to TBTH. This can be seen from work by Ishibashi et al. in their

syntheses of 4-(iodomethyl)pyrrolidin-2-ones 35.26 The atom transfer cyclisation of the

2-iodo-A/-(prop-2-enyl)acetamides 32 was initiated by an ethyl radical generated from

triethylborane and oxygen which gives the carbamoylmethyl radical 33. This then undergoes

cyclisation to yield carbon-centred radical 34, which may abstract an iodine atom from

12



another molecule of starting amide 32 to yield the cyclised product 35 and regenerate the

radical 33 (scheme 13).

R<

26

O^N
Et-

r"

O^N'

Et,B rl

R1 R1

c6h6
reflux

O^N'

32 33
34

R<

R1

Scheme 13

O^N'
R

35

Murphy and co-workers have recently reported the radical synthesis of indolones 37

from iodoarenes 36 in water mediated by diethylphosphine oxide (DEPO) and V-501 water-

soluble initiator (scheme 14).22 The reported advantages of this reagent include the fact it

only requires the presence of substrate, water and initiator; it also afforded an extremely easy

workup and high yields ofproduct.

N^°

36

DEPO, HnO

V-201

Scheme 14

97%

37
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1.4 Nitrogen centred radicals

Although carbon centred radicals have received much attention, more recently

nitrogen centred radicals are becoming of interest, particularly as they incorporate a nitrogen

atom in the cyclisation step and thus have potential for the synthesis ofpyrrolidines, alkaloids

and other A-heterocycles.27

Particular species of interest include aminyl, amidyl and iminyl radicals. Neutral
• • • 91

aminyl radicals tend to be nucleophilic species with low reactivity. However, through

protonation, complexing with a metal or by attaching an electon-withdrawing substituent the

aminyl radical may be made more reactive and electrophilic.28 The rate ofabstraction of

hydrogen from TBTH by an alkyl radical is faster than for an aminyl radical, i.e. ftH(alkyl) is 3

x 106 M"1 s"1 and &H(aminyl) is 8 x 104 M"1 s"1.27 The mechanism for cyclisation of a

complexed or protonated aminyl radical derived from an /V-chloroamine is below (scheme

15).28 Formation ofmetal complexed or protonated aminyl radicals can be achieved by
• • • 9R

treating yV-chloroamines with sulphuric acid or CuCl-CuCb in a water acetic acid mixture.

Scheme 15

14



Scheme 16 shows an example of a tandem radical cyclisation involving carbon-

centred radical 38 and aminyl radical 39 intermediates to form a perhydroindoline 40.29 The

cyclisation of the carbon-centred radical onto the imine group generates an aminyl radical 39

which undergoes a 5-exo cyclisation onto the alkene giving the desired product.

Pr

40 Scheme 16

The photolysis ofBarton esters is also another useful source ofaminyl radicals

(schemes 17 and 18).30 For instance the Barton ester 41 undergoes homolysis at the N-C and

N-0 bonds to give the aminyl radical 42 which undergoes a 5-exo cyclisation to give carbon-

centred radical 43 which also undergoes a 5-exo cyclisation to give carbon-centred radical 44

and reacts with Barton ester 41 to give an isomeric mixture ofpyrrolizidines 45 in 90% yield

(scheme 18).

15



Scheme 17



The use ofBarton esters to generate amidyl radicals has also been investigated by

Newcomb and co-workers (scheme 19).31 The amidyl radical 47 was generated by photolysis

of the Barton ester 46 and this then underwent a 5-exo cyclisation to give the carbon centred

radical 48 which reacted with Barton ester 46 to give the product 49 in 70% yield. Other

means to generate amidyl radicals involve homolysis of the N-X bond in TV-substituted

amides in which the X group includes halogen, nitroso, hydrazine groups.

17
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1.5 Iminvl radicals

Initial work carried out by Forrester et al. reported several methods ofgenerating

iminyl radicals. For instance by oxidising imino-oxyacetic acids with persulfate in aqueous

acetonitrile and this was catalyzed by silver ions and lead tetra-acetate in boiling benzene. It

was reported that an iminyl radical 50 has the unpaired electron occupying a 2p orbital

orthogonal to the C=N n system and where R = H, there is a strong hyperconjugative

interaction in the planar structure as shown in scheme 20. Reactions noted of iminyls are

fragmentation to nitriles 51 and alkyl radicals, reduction to imines 52 and dimerization to

azines 53 (scheme 20).32

0
1

R

R

R = H

®C-H = 80G

50

R

/->
R

>

R

R

^=N»
R

H-

R^__

N

NH

R

R

R

N

N

52

R

R

53

51

Scheme 20

Forrester et al.32 have also reported the generation of an iminyl radical 55 through

photolysis of a dioxime oxalate 54 from benzophenone in benzene (scheme 21). This formed

the oxime; presumably through N-O bond cleavage giving the iminoxyl radical 56. The azine

19



58 was formed through dimerization of the iminyl 55. An imine 59 was formed via

H-abstraction by the iminyl radical which hydrolysed to benzophenone upon isolation.

O Ph

PlK .Nk ^

O X N' Ph

hv PIk ^ H-source ph n
O OH

C6H6
Ph O _q0_ Ph 56 Ph'2

54 -CO Ph^N.
Ph 55

14%

PlK .0 ph^NH
Ph

H-source

r -u /=N Ph+ \ / 21%
Ph Ph N:

Vh
Ph

13% 59 58

Scheme 21

It has been reported by Newcomb and co-workers that iminyl radicals undergo

5-exo-cyclisations about one order ofmagnitude slower than a saturated carbon centred

radical and the rate ofhydrogen abstraction is also slower (scheme 22).27

Ph
k25= 2.2 x 106 S"1 Ph

Ph

Ph

k25 = 5 x 107 S"1

Scheme 22

Since the work ofForrester there has been much activity in the area of iminyl radical

generation and applications for them, most significantly by Zard and co-workers.33 For

instance, the addition of tributylstannane, containing a small amount ofAIBN, to various

20



sulphenylimines 60 causes the formation and cylisation of iminyl radicals and subsequent

hydrogen abstraction yielded pyrroline derivatives 61 (scheme 23).

ArSNH- Bu3Sn.

SAr
Cf

60

ArSNH2 =

R

H-

SNH,

-Bu3Sn

61

Scheme 23 R

A further method devised by Zard et al.33 not using stannane chemistry involves the

use ofnickel/acetic acid as a mild reducing system that can cleave oxime esters 62 to give the

iminyl radical. The iminyl radical can then be captured by an internal alkene followed by

termination of the reaction by hydrogen abstraction from isopropanol, yielding cyclised

product 63 (scheme 24).

(CH3)CCOO
Ni/AcOH

2-propanol

Scheme 24

82%

63

An interesting reaction of iminyls reported by Leardini et al.34 was the generation of

O-(phenylsulfonyl) and O-(phenylsulfanyl) substituted phenyliminyl radicals 65, which

underwent 1,5-cyclisation onto the sulfur atom with release of a phenyl radical and formation

ofbenzothiazoles 66. Also the process was not initiated with tributyltin methodology, but via

thermal decomposition of t-butyliminoxyperacetates 64 which lose carbon dioxide and

21



formaldehyde to give the iminyl radical. The mechanism is believed to be an intramolecular

homolytic substitution (SHi reaction) at the sulfur atom by the iminyl radical, (scheme 25).

,Y>
Heat

-co,

OBu'

64 -ch2o

66
18-25%

Ph

Ph'

PhBr

y = s
R = H, Me, Ph

Br

Scheme 25

Weinreb et a/.35'36 have reported that iV-sulfonylimines are formed from oximes

through a sulfinate ester intermediate 67 which upon warming undergoes homolysis to form

an iminyl/sulfonyl radical 'caged' pair 68. This 'cage' pair then undergoes recombination to

give the vV-sulfonylimine 69 (scheme 26). They then showed that a 5-exo cyclisation of the

iminyl onto an alkene group could be performed by treatment ofan oxime in dichloromethane

with 2,6-dimethylbenzenesulfinyl chloride, a radical trap and Hunig's base at -50 °C to RT.

The use of a bulky sulfinyl chloride effectively slowed radical recombination to allow

cyclisation to occur (scheme 27).

22
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R" S02R

69

NOH DlEA
RSOCI

DCM
223K to RT
radical trap

xf
DlEA = A/,A/-isopropylethylamine

Scheme 27

Interestingly, Meyer et al.37 have reported iminyl radical methodology in which no

difficulties in separating tin residues from the reaction mixture were experienced and that

there was no slow addition of tributyltin hydride required. They treated

Af-benzotriazolylimines with tributyltin hydride in benzene containing a catalytic amount of

AIBN which generates vV-(tributyIstanny1)benzotriazole and an iminyl radical that can

undergo cyclisation (or fragmentation) followed by reduction of the iminyl by tributyltin

hydride which allows propagation of the chain.

Takai et al.3i have reported the generation of iminyl radicals 71 as intermediates when

treating O-acetyloximes 70 with chromium(II) chloride and catalytic nickel(II) chloride

giving an iV-chromium imine 72 which can isomerise to a chromioenamine 73 and then react

with an aldehyde to give species 74. Reduction of this species or treatment with sodium

fluoride gave an aminoalcohol 75 or p-hydroxyketone 76 respectively, (scheme 28).

23



N
jOAc

CrCI,

fast

N- CrCk

fast

70 71 72

NH OCr RCHO
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N
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Scheme 28

Further work into generation and applications of iminyl radicals has been conducted

on O-acetyl and O-aryl oximes by Narasaka and co-workers.39^2 They reported the thermal

formation ofquinoline derivatives 78 and 1,2,3,4-tetrahydroquinoline derivatives from

0-2,4-dinitrophenyloximes 77 (scheme 29).42

02N.

R1 R2 N
,o

NQ i) NaH, 323K, 1,4-dioxane2 ii) AcOH, then DDQ, reflux

R1 R2

Scheme 29 78

24



They also reported the formation of pyrrole derivatives 80 by thermal and

photochemical methods (schemes 30 to 32).40'41 The starting Oaryloximes 79 and

O-acetyloximes 81 are derived from y,5-unsaturated ketones.

NO,

0„
"N

02N'

79

Ph

NaH, phenol
1,4-cyclohexadiene

1,4-dioxane

Scheme 31

AcO

81

hv

1,4-cyclohexadiene

MeCN - CF3C02H
RT, 36h

Scheme 32

A kinetic study on the free radical properties ofO-phenyl oxime ethers by Walton et

al43 showed that they can undergo N-O bond fission thermolytically, to yield an iminyl

radical and a phenoxyl radical. For aryl (9-phenyl oxime ethers the iminyl radical formed

abstracts a hydrogen atom from a hydrogen donor in the presence of /-butylbenzene.

Ifonly /-butylbenzene is present, the phenoxyl radicals are believed to dimerize

through C-C and C-0 coupling at the ortho andpara positions (scheme 33). This then gives

oligomers which are better hydrogen atom donors than phenol, these then allow H-

abstraction by the iminyl radical to give the imine.

25



+ others

OH OH OH

Scheme 33

Work by Scanlan in the Walton group at St Andrews has shown that an oxime oxalate

amide 82 releases an iminyl radical 83 and a carbamoyl radical 84 on photolysis with a

photosensitizer (scheme 34).44'45 The carbamoyl radical then undergoes a 5-exo cyclisation

followed by hydrogen abstraction to give the y-lactam 85 and the imine which is formed by

reduction of the iminyl radical and is hydrolysed on workup to benzaldehyde. This method is

a clean route to iminyl and carbamoyl radicals without using TBTH, another "tin-free route"

to carbamoyl radicals has been developed by Grainger et al. using dithiocarbamates 46

26
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OH,
Phu

hv

MAP

PIk /cNH

Scheme 34

,Ph

■r
o

84

+ Ph\^N* 83

5-exo

toluene

85

By analogy, this research suggested that dioxime oxalates,

R2C=N0C(0)C(0)0N=CR.2, might serve as efficient sources of iminyl radicals and

dissociate photolytically to give two iminyl radicals in a "clean" process with only carbon

dioxide as by-product.
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1.6 Dioxime Oxalates (O. O '-oxalvldioximes)

The first reported synthesis of a dioxime oxalate was by Brown et al. who prepared

dioxime oxalate derivative 87 from oxalyl chloride and perfluorobutyramidoxime 86 in dry

diethyl ether (scheme 35).47

NH~ O

„ //N0H (C0C|)2 /N^^C3F72
7 3—\ F7Cf N O ^ 3 7

NH2 Et20 O NH2273K 75 %
86 87

Scheme 35 + 2 HCI

The work conducted by Jochims et al.4S reported the preparation ofsix dioxime oxalates in

very high yield. The treatment ofoxalyl chloride with two equivalents ofan oxime led to the

efficient formation of O, O '-oxalyldioximes via the intermediate

O-(chlorooxalyl) oxime at low temperatures in dry diethyl ether. Jochims reported that the

intermediate O-(chlorooxayl) oximes tended to be unstable, moisture sensitive compounds

that disproportionate to the diester and oxalyl chloride while standing at RT.48

There are no synthetic applications for these compounds reported to the best ofour

knowledge. However, a previous unpublished investigation into the photochemical properties

of several dioxime oxalates by the Walton group49'50 suggested that dioxime oxalates could

act as sources of iminyl radicals with carbon dioxide as co-product. For instance, acetone

dioxime oxalate upon photolysis generated an iminyl radical detected by EPR spectroscopy.

As illustrated in scheme 36, it was proposed that dioxime oxalates 90 prepared from

suitably designed y,5-unsaturated ketones 88 (via intermediate oximes 89) upon homolysis

could undergo 5-exo cyclisations via the intermediate iminyl radical 91 to form

iV-heterocycles 92. This process might be achieved by photolysis in a suitable hydrogen donor

such as toluene and in the presence ofMAP (4-methoxyacetophenone) as photosensitizer.
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Initial work yielded the corresponding 7V-heterocycles.49'50

• 2-allycyclohexanone gave 2-methyl-3,3a,4,5,6,7-hexahydro-2H-indole

• 5-phenylpent-4-enal gave 2-benzyl-3,4-dihydro-(2H)pyrrole

• cyclohex-2-enylacetone gave 2-methyl-3a,4,5,6,7,7a-hexahydro-3H-indole

R1, R2 = H, alkyl, Ph
v

Scheme 36
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1.7 Aims and objectives

To discover and exploit "clean" synthetic strategies for preparing yV-heterocycles 92

from y,5-unsaturated ketones 88 so that toxic metals are not needed and by-products are

minimised.

To build on and expand preliminary work in this area by establishing a good synthetic

route to dioxime oxalates 90 and characterise them fully.

To explore the homolytic dissociation of dioxime oxalates with different functional

groups adjacent to nitrogen. To establish the main dissociation modes (scheme 37).

R

Scheme 37 + 2C0

To examine the radical chemistry of dioxime oxalates containing y,8-unsaturated

groups such as alkene and alkyne.

To investigate the cyclisations of the derived iminyl radicals by end product analysis

and EPR spectroscopic methods. Hence to establish the scope and limitations of this route to

dihydropyrrole derivatives.
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Chapter 2

Preparation of

Dioxime Oxalates



1.0 Results and Discussion

Dioxime oxalates with different groups adjacent to nitrogen and containing different

terminal y,8-unsaturated groups have been prepared as shown below in scheme 1. The

synthetic route requires the formation of a y,8-unsaturated ketone that is converted into the

corresponding oxime. Treatment of oxalyl chloride with two equivalents of oxime leads to

the formation of dioxime oxalates. This reaction proceeds through the oxime oxalyl chloride

but this was not isolated.

O

R
r2 +

Base

O

o

(coci)2

nh2oh.hci
Base

noh

noh

R1 O

R
Nk >k /Ck

2__/ Ck Y N=
O R1

R1 = Me, Ph, H
R2 = c02Et, H, Me, Ph
x = ci, Br
Y = H, Ph

Y Scheme 1
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1.1 y.8-Unsaturated carbonvl compounds

Several synthetic routes can be employed to prepare y,5-unsaturated ketones from the

range ofpericyclic, radical and ionic reaction types. The most commonly used method in the

present work is the treatment of a ketone with potassium /-butoxide in ether or /-butanol and

subsequent alkylation with allyl bromide, cinnamyl chloride or propargyl bromide.51 A

similar method was also used which involves the treatment of P-ketoesters with weaker bases

such as sodium hydroxide or potassium carbonate in water or ethanol respectively, to give a

more stabilised enolate anion followed by treatment with allyl bromide.52

A further route is to form the enamine ofa ketone by treating it with pyrrolidine and

separating the water using a Dean-Stark apparatus, followed by treatment with allyl bromide

and aqueous hydrolysis to give the desired y,8-unsaturated ketone.53

The photolysis of cyclopentanone derivatives can give y,5-unsaturated ketones

through presumably a fragmentation reaction followed by 1,5-hydrogen abstraction and

hydrogen atom loss.54

A method which was not used here due to the success ofother methods; is the Claisen

rearrangement which has been applied to the synthesis ofy,S-unsaturated ketones and

aldehydes. The acetal of a ketone or aldehyde is first prepared followed by heating the acetal

in acidic conditions with an allylic alcohol, which facilitates the Claisen rearrangement,

producing the

y,8-unsaturated ketone or aldehyde.55

In order to follow the synthetic route in scheme 1 it was necessary to prepare the

y,S-unsaturated ketones and their oximes. Initially a range of these compounds were chosen

based upon the literature in the area of iminyl radical cyclisations. However there were many

problems in carrying out the efficient generation of the enolate anion and subsequent

a-alkylation using an alkylating agent such as allyl bromide. For example in the alkylation of
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pinacolone with allyl bromide, it was clear from the protonNMR spectrum that a small

amount ofdiallylated compound was formed with a dominance of starting ketone.

The first ketone to be targeted was l-phenylpent-4-en-l-one 2, because the

dihydropyrrole structure derived from this ketone had been previously prepared and this was

viewed as a good starting point for the dioxime oxalate synthetic strategy. However the initial

preparations using acetophenone and allyl bromide in various bases did not give this

compound, only the starting materials and polyalkylated product were detected by proton

NMR (schemes 2 to 5). Acetophenone 1 was treated with potassium hydroxide in aliquat 336

and with subsequent slow addition ofallyl bromide (scheme 2).56

KOH
O

1

Aliquat 336
RT

Scheme 2

In a further attempt to synthesize l-phenylpent-4-en-l-one 2 acetophenone 1 was treated

with sodium hydride and triethylborane in dry THF with the subsequent slow addition ofallyl

bromide. This was unsuccessful and mainly gave starting materials as determined by proton

NMR analysis (scheme 3).57

NaH

O

1

THF
RT

Scheme 3
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A method by Mousseron et al. involving the treatment of a ketone with potassium

t-butoxide and allyl bromide or cinnamyl chloride in ether, was used to successfully prepare

ketones 3, 4, 5 and 6 (Table l).58 However, this method did not work in the alkylation of

acetophenone to prepare 1-phenylpent-4-en-1-one 2 (scheme 4).

O
KOBu

R

RJ

O

Et20
RT

KOBu

R'
Et20
RT

R1 = (CH2)n.Ph
R2 = H,(CH2)„,Ph

Scheme 3

It was realised that the enolate anion ofacetophenone was not sufficiently stabilised

to react as required with allyl bromide, so an ester group was thought to be a useful

stabilising group. Hence, the treatment of ethyl benzoylacetate 7 with potassium carbonate

and allyl bromide in ethanol to give the allykylated P-keto-ester and subsequent

decarboxylation gave l-phenylpent-4-en-l-one 2 (scheme 5).52'59'60 A similar procedure was

attempted to prepare hex-5-yn-2-one from ethyl acetoacetate and propargyl bromide but this

did not succeed. However, hex-5-en-2-one was obtained commercially and so no further

synthesis was pursued for hex-5-yn-2-one.

O
k2co3

Nal

C02Et EtOH
7 rt

i) koh/h2o
ii) H2S04 heat O

C02Et

Scheme 5

-co,
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Table 1 shows the y,8-unsaturated ketones and yields, resulting from alkylation of ketones 1,

8, 9,10 with allyl bromide and/or propargyl bromide

Starting ketone y,5-unsaturated ketone y,5-unsaturated ketone resulting

resulting from reaction with from reaction with propargyl

allyl bromide and yield (%)c bromide and yield (%)c

0
||

O None

1
51% 2 b

8
0 0

75% Ph
3

Ph
60% 4

0
||

O 0

Ph"% 9
Ph 74% Ph 5

Ph^Y^^%-
17% Ph cD a

AA10
None None

"Reactions in Et20 with KOBu1

bReaction in EtOH with K2CO3

cyields as mol% isolated compound

In order to investigate the synthesis of bi- and tri-cyclic heterocycles, cyclic ketones

such as 2-allylcyclohexanone 11 (scheme 6) and 2-allylcyclopentanone 12 (scheme 7) were

targeted. Preparation of 2-allylcyclopentanone 12 was attempted by formation of the

pyrrolidine enamine of cyclopentanone 13 catalysed by /?-toluenesul fonic acid. Then
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the addition ofallyl bromide in acetonitrile and heating the mixture at reflux, and subsequent

aqueous hydrolysis. Proton NMR showed that his did not form 2-allylcyclopentanone 12 but

an unknown product mixture.53'61

0 KOBu' 0

Et20
RT

53%

Scheme 6
11

p-toluenesuifonic acid
pyrrolidine ^

X -

toluene

reflux 3 h
CH3CN
reflux 13 h

Scheme 7 13
h2o 355 K 12

However, it was possible to alkylate 2-oxo-cyclopentanecarboxylic acid ethyl ester 14

with allyl bromide to prepare l-allyl-2-oxo-cyclopentanecarboxylic acid ethyl ester 15 but

subsequent decarboxylation did not yield 2-allylcyclopentanone 12 but gave 15 (scheme 8).62

C02Et

NaOH, H20
,Br

RT, 6h
C02Et

H2S04,

x-
h2o

1214 15 62%
Scheme 8

y,8-Unsaturated ketones with structural properties to encourage radical cyclisation

were sought after. It was thought that the presence of two methyl groups at the 3-position

would aid cyclisation through the Thorpe-Ingold effect.63 Hence ketones 16 to 20 were

targeted (table 2). Moreover, the presence of a stabilising group or groups at the alkene

terminus would produce a much more stabilised radical following the 5-exo cyclisation,

making cyclisation more feasible. For example 6-methylhept-5-en-2-one 16 contains two
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methyl groups at the alkene terminus which would give a relatively stable tertiary radical

upon a 5-exo cyclisation. For instance 2,2-dimethyl-l-phenylpent-5-en-l-one 17 was

prepared by treating isobutyrophenone 21 in /-butanol with potassium /-butoxide and allyl

bromide and heating the mixture at reflux (scheme 9).51

KOBu1

O

Ph

21

f-BuOH

Reflux, 4.5h
17

Scheme 9

Table 1 shows the ketones targeted with properties to encourage radical cyclisation

Starting ketone y,5-unsaturated ketone

% yield b'c

y,S-unsaturated ketone

% yield b'c

N/A N/A

16

O

Ph

21 68% 17 26% 18

O

Ph

21 19

Unable to prepare

C02Et

Unable to prepare

a

6-Methylhept-5-en-2-one was obtained commercially
b Reactions in /-butanol with KOBu'

c Yields as mol% isolated compound
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Previous work in the Walton group on dioxime oxalates showed that the dioxime oxalate

from 5-phenylpent-4-enal gave a cyclised radical product.49'50 The radical formed upon

cyclisation was a stabilised benzyl radical, which made cyclisation more favourable. Hence it

was thought that dioxime oxalates derived from similar aldehydes could give similar results.

Aldehydes were targeted containing an ester or nitrile group at the alkene terminus, as these

would produce a relatively stabilised secondary radical upon cyclisation of the iminyl radical

(scheme 10).54'64 Where R is CC^Et, the aldehyde 22 was obtained as a mixture ofE/Z

isomers with some staring p-ketoester that was inseparable from the aldehyde. The

separation of22 from this mixture was not possible via vigreux distillation or via preparation

of the oxime derivatives, hence no preparation of the aldehyde where R = CN was pursued.

O

Toluene
4h, RT

hv O

R = CN, C02Et
22

Scheme 10
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1.2 Preparation ofoximes

Oximes were prepared through treatment of the y,8-unsaturated ketones with

hydroxylamine hydrochloride in the presence of base in 24% to 94% yield, as shown in table

3 and scheme ll.65"71 Two geometrical isomers of oximes are possible, E and Z. The proton

NMR ofoxime 23 showed the ratio ofE to Z isomers to be 7.5 : 1 and the difference was

determined by the chemical shifts value of the 2-position methylene group in the two isomers

as below in scheme 12.

It was particularly clear to distinguish these compounds from the ketones and dioxime

oxalates due to the observation of the C=N stretch around 1640cm"1 and O-H stretch around

3250cm"1 in the IR spectra. Oximes are relatively stable species due to the delocalisation of

the oxygen lone pair and the imine double bond, this decreases the 5+ charge of the carbon

atom of the imine double bond and makes it less susceptible to nucleophilic attack (Scheme

NH2OH.HCI
NOHO Base

EtOH or H20
RT or reflux

R'= Ph, CH3
R2= H, Ph
R3 = Ph, H,(CH3)2(CH2)n scheme 11
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IR (cm-1)
3258 (0-H),
1676 (C=N)

23 6 2.7 2H

Scheme 12

Table 3 shows the oximes prepared through treatment of ketones with hydroxylamine

hydrochloride and base8

NOH

55%
23

NOH

Ph

47%
24

NOH NOH

26
30%

NOH

Ph
Ph

27
19%

NOH

94%

28

0O2Et

52%

29

NOH

74%
30

NOH

31
41%

NOH NOH

24% 33
78%

32

aYields as mol% isolated compound
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1.3 Preparation ofdioxime oxalates

Dioxime oxalates have been prepared with suitably positioned y,5-alkene, alkyne and

aromatic ring substrates as shown in table 4. These were prepared using a method by Jochims

et al.48 (scheme 13). In most cases the intermediate oxime oxalyl chlorides were not isolated

but reacted directly with a second molar equivalent of oxime.

NOH

R1,R2 = H, alkyl Ph

(COCI)2

Et20

NOH

Scheme 13
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1.4 Properties ofdioxime oxalates

They tend to be moisture sensitive oils with typically a purple, pink or red colouration

which can be removed occasionally by flash chromatography with alumina and ethyl acetate:

hexane (1:9) as eluent. They do decompose in moisture in the atmosphere and more readily at

RT to give a mixture ofoxime and ketone precursors. However it was possible to recrystallise

dioxime oxalate 34 and obtain an X-ray crystal structure on it as in figure 1. It was found for

an oxime oxalate amide 35 (scheme 14) that the N-O and C-0 bond lengths are 1.453A45 and

1.343A respectively. Typical N-0 bond lengths in oximes are between 1.38 to 1.43 A.73 For

the dioxime oxalate 34 the N-0 and C-0 bond lengths are 1.442A and 1.361A, the longer N-

O bond suggests it may be weaker than in an oxime and as such will more readily undergo

homolytic cleavage.

The X-ray crystal structure shows the E configuration for the dioxime oxalate 34 and

is presumably the most stable configuration. Moreover, the precursor oxime was found to be

a mixture ofE: Z isomers (7.5 : 1) and this may explain why the E isomer was favoured in

the dioxime oxalate.

Fig 1 X-ray structure ofdioxime oxalate 34
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C02Me

Dioxime oxalates typically have 2 carbonyl stretching bands between 1760 and

1790 cm"1. The lower band is probably a Fermi Resonance74 band which is due to an overtone

from a band approximately 880 cm"1 as this overtone occurs at twice the wavenumber of the

normal band. A soft mass spectrometry technique such as Electrospray was needed to ensure

the molecular ion stability of the dioxime oxalates. The carbon NMR spectra tended to show

several isomers for most dioxime oxalates prepared. However this is not significant for

subsequent radical reactions because all the isomers should give the same iminyl radicals

upon UV irradiation.
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Table 4 shows the dioxime oxalates prepared with their isolated yields (%)
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2.0 Experimental

Hex-5-en-2-one, deoxybenzoin and phenylacetone were purchased from Lancaster

and 6-methylhept-5-en-2-one was purchased from Aldrich. Dioxime oxalates were prepared

using a dry nitrogen atmosphere. It was not possible to obtain the M+ ions or accurate masses

for novel compounds 38, 39, 40, and 43 due to their instability prior to or during the mass

spectrometry process.

Instrumentation and general techniques

1. NMR spectroscopy

'H NMR spectra were obtained at 300MHz and 13C NMR spectra were obtained at

75MHz on a Brukar B-ACS60 Avance. Both 'H and 13C NMR spectra were obtained from

solutions ofCDCI3 unless otherwise stated and J values are given in Hz. All spectra were

referenced to internal tetramethylsilane and the chemical shifts for all NMR spectra are

expressed in parts per million.

2. IR spectroscopy

The IR spectra were obtained on a Perkin Elmer FT-IR Paragon 1000 spectrometer.

Solids were run as nujol mulls and liquids as thin films on NaCl plates.

3. Mass Spectrometry

Mass spectra and accurate mass measurements were obtained on a VG platform

spectrometer by Mrs. Caroline Horsburgh. Unless otherwise stated the spectra were obtained

using electron impact at 70eV. Chemical ionisation spectra were obtained using isobutene as

the ionsising gas and Electrospray spectra were obtained using sodium.
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4. ESR spectroscopy

ESR spectra were obtained with a Brukar EMX 10/12 spectrometer operating at 9.5GHz

with 100 kHz modulation

5. X-ray Crystallography

Data were collected on a Brukar SMART difffactometer with graphite monochromated

MoKa radiation (A, = 0.71073 A). The structures were solved by Dr A. M. Z. Slawin and by

direct methods and refined using full-matrix least squares methods. Atomic coordinates and

bond lengths and angles are listed in the Appendix and the structures are shown in the results

and discussion.

6. GC/MS

GC/MS analyses were run on a VG platform spectrometer coupled to a Hewlett Packard

HP 5890 chromatograph fitted with a 25 m HP 17 capillary column (50% phenyl methyl

silicone) operated by Mrs. Caroline Horsburgh.

7. Thin-layer chromatography

Thin-layer chromatography was performed using 0.2mm layers of silica on aluminium

sheets (Merck, Silica Gel 6OF254). The components were observed under ultraviolet light

and/or stained with ninhydrin.

8. Melting points

All melting points were carried out on a Gallenkamp melting point apparatus. All melting

points are uncorrected.
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9. Column chromatography

For column chromatography Fisher silica gel and Fisher neutral alumina were used.

10. Dry solvents

Diethyl ether was dried over sodium, DCM and isopropanol were dried using molecular

sieves (4A). Other organic solvents were used as received.

11. Drying and evaporation of organic solutions

Organic solutions were dried by standing over anhydrous magnesium sulphate and

evaporated under reduced pressure on a rotary evaporator.

12. UV Photolysis

Ultra violet radiation was carried out in quartz apparatus using a 400W medium pressure

Hg lamp.

Attempted synthesis of l-phenylpent-4-en-l-one

In the absence of solvent, acetophenone (37.5 g, 312 mmol) was stirred for lh with

finely ground potassium hydroxide (17.5 g, 312 mmol) and aliquat 336 (11.1 cm3, 31.2

mmol), then allyl bromide (75.5 g, 624 mmol) was added. The mixture was then stirred for a

further 3h at RT. The reaction mixture was washed with water and the organic materials were

taken up in diethyl ether and dried with MgSC>4. Removal of solvent gave the crude product,

which was distilled on a Kugelrohr at 100°C and 0.4mmHg to give a majority of

acetophenone and diallylated product with traces of aliquat 336 as indicated by 'H NMR

analysis.
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Attempted synthesis of l-phenylpent-4-en-l-one

At room temperature acetophenone (37.5 g, 312 mmol) was added dropwise over lh

to a stirred solution of potassium t-butoxide (35.0 g, 312 mmol) in dry diethyl ether (150

cm3) under nitrogen atmosphere. Then allyl bromide (37.8 g, 312 mmol) was added dropwise

over lh and the mixture was stirred for a further 30 min, then water was added dropwise,

then portionwise until the mixture went clear. The organics were taken up in diethyl ether and

worked up as before. The crude orange product was distilled at 42 - 44°C and 0.4mmHg to

give a majority of acetophenone and diallylated product as indicated by 'H NMR analysis.

Attempted synthesis of l-phenylpent-4-en-l-one

Acetophenone (1.0 g, 8.33 mmol) was added dropwise to a stirred solution of sodium

hydride (0.4 g, 8.74 mmol) in dry THF (1.0 g, 10.39 mmol), under a nitrogen atmosphere,

containing triethylborane (lg, 10.39 mmol), and stirred for lh at RT. Then allyl bromide

(1.5 g, 12.49 mmol) was added after lh and the reaction mixture was stirred overnight.

Aqueous sodium hydroxide solution (12 mmol, 4 cm ) was added dropwise to the reaction

mixture with cooling in an ice bath until no more gas evolved, then a solution of hydrogen
T

#

peroxide (30%, 35 mmol, 4 cm ) was added cautiously dropwise over 20 min. Further stirring

at RT allowed completion of the reaction. The mixture was poured into ice-water (25 cm3) in

a separating funnel, the aqueous layer was extracted with ether and the combined ether

extracts were washed with water and dried. Diethyl ether was removed to yield crude product

which was distilled at 42 - 44°C and 0.4mmHg to give a majority of acetophenone and

diallylated product by *H NMR analysis.
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HC

l-Phenyl-4-penten-l-one 2

Ethyl benzoylacetate (36.6 g, 190 mmol) was distilled at 171°C and 0.4mmHg and

the colourless liquid was added to a solution ofpotassium carbonate (26.26 g, 190 mmol) and

sodium iodide (4.0 g, 26.69 mmol) in ethanol (600 cm3). After stirring for lh at RT, allyl

bromide (22.99 g, 190 mmol) was added dropwise and the solution was stirred for a further

48h at RT. Ethanol was removed by distillation and the resulting p-keto-ester was extracted

into ether solution. The solvent was removed to give the crude p-keto-ester which was

distilled at 114°C and 0.4mmHg to give a colourless liquid (33.02 g, 75%). The pure ester

was heated at reflux for 2h in potassium hydroxide solution (35.85 g, 4.5mol/dm"3) and then

50% sulfuric acid (143.2 cm3) was added slowly and the solution was heated at reflux for a

further hour. After cooling the product was extracted into ether, washed with sodium

carbonate solution and dried with MgSO,*. The crude ketone was distilled on a Kugelrohr at

160°C and 0.4mmHg to give the title ketone as a colourless liquid (14.8 g, 51%); !H NMR,

5h 7.9 - 8.0 (2H, m), 7.5 - 7.6 (1H, m), 7.4 - 7.5 (2H, m), 5.8 - 6.0 (1H, m), 5.0 - 5.1 (2H,

m), 3.08 (2H, t,J7.2), 2.5 (2H, m); IR, Umax/cm"1 3065w (Ar C-H), 2964w (sp3 C-EI), 2913w

(sp2 C-H), 1690s (C=0), 1640w (C=C), 1597m (Ar C=C)

l-PhenyIpent-4-en-l-one oxime66 23

To a stirred solution ofpotassium hydroxide (3.65 g, 8.8 cm3 water) were added

hydroxylamine hydrochloride (4.53 g, 65.19 mmol) and l-phenylpent-4-en-l-one

(3.48 g, 21.73 mmol) and the solution was heated at 50°C for 20h. After cooling the crude

product was extracted into DCM and dried with MgSC>4, removal of the solvent gave the

crude oxime which was distilled on a Kugelrohr at 180°C and 0.4mmHg to give a colourless

oil (2.09 g, 55%, lit.,66 91%) The mixture ofE : Z isomers was 7.5 : 1 as determined by *H

NMR; 'H NMR, 5H 7.57 - 7.62 (2H, m), 7.35 - 7.45 (3H, m), 5.8 - 6.0 (1H, m), 4.95 - 5.1
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(2H, m), 2.9 (2H, m, E), 2.7 (2H, m, Z), 2.2 - 2.4 (2H, m); IR aw /cm-1 3258m (0-H),

3032w (Ar-H), 2967m (sp3 C-H), 1676s (C=N), 1560w (C=C), 1542w (Ar OC)

l-Phenylpent-4-en-l-one dioxime oxalate 34

One third of 23 (0.65 g, 3.7 mmol) in ether (4 cm3) was added dropwise to a cold

(-40°C) solution of oxalyl chloride (0.99 g, 7.76 mmol) in ether (40 cm3) and stirred for lh at

-20°C. The remaining solution of 23 (1.29 g, 7.4 mmol) in ether (8 cm ) was added dropwise

to the cold reaction mixture (-40°C) which was stirred for 20 min at this temperature and 1 h

at RT. Evaporation of the solvent gave the crude product as a purple oil which was purified

by flash chromatography using alumina and petroleum ether : ethyl acetate (9:1) as eluent to

give colourless solid which was recrystallised from DCM at 253K to give colourless prisms

(0.90 g, 40 %) containing several isomers; NMR, 8h 7.6 - 7.8 (4H, m), 7.35 - 7.5 (6H, m),

5.7 - 5.9 (2H, m), 4.9 - 5.1 (4H, m), 3.1 (4H, t, J 7.7), 2.35 - 2.4 (4H, m); 13C NMR, 5C

169.7 (C), 136.4 (CH, major isomer), 136.2 (CH, minor isomer), 133.1 (C, major isomer),

132.6 (C, minor isomer), 127.5 — 132.0 (12CH), 117.0 (CH, minor isomer), 116.6 (CH, minor

isomer), 30.4 -31.1 (CH2), 28.2-28.7 (CH2); IR, omax /cm"1 3080w (Ar C-H), 2978w (sp3C-

H), 2924w (sp2 C-H) 1791s (C=0), 1766s (C=0), 1641w (C=C), 1600 (Ar C=C); m/z (ES)

427 (MNa+)

Phenylacetone oxime76 24

Sodium acetate (3.67 g, 44.8 mmol) was added to a stirred solution ofphenylacetone

(3.0 g, 22.4 mmol) in ethanol (80 cm3) and hydroxylamine hydrochloride (3.11 g, 44.8

mmol). The mixture was stirred for 4h at RT and then filtered. The ethanol was removed by

distillation and the organics were taken up in DCM and then filtered. The solvent was then

evaporated to dryness to give the crude oxime as a light yellow oil which was purified by
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Kugelrohr bulb to bulb distillation at 113°C and 0.4mmHg to give the product as a colourless

oil (1.46 g, 47%); The product was obtained as a mixture of2 isomers in a ratio 2.5 : 1 as

determined by proton NMR; 'H NMR, 8h 9.28 (1H, br s), 7.2 - 7.4 (5H, m), 3.76 (2H, s,

minor isomer), 3.51 (2H, s, major isomer), 1.82 (3H, s), 1.81 (3H, s)

Phenylacetone dioxime oxalate 40

One third of24 (0.48 g, 3.29 mmol) in ether (5 cm3) was added dropwise to a cold

(-40°C) solution ofoxalyl chloride (0.63 g, 4.93 mmol) in ether (40 cm3) and stirred for lh at

-20°C. The remaining solution of the 24 (0.96 g, 6.57 mmol) in ether (10 cm3) was added

dropwise to the cold reaction mixture (-40°C) and stirred for a further 20 min at this

temperature and lh at RT. Removal ofsolvent gave product as a colourless oil and as a

mixture of three isomers as detected by I3C NMR (1.70 g, 98%); 'fl NMR, 5h 7.2 - 7.4 (10H,

m), 3.8 (2H, m), 3.62 (2H, m), 1.9 (6H, m); 13C NMR, 8C 168.4 (C), 135.0 (C), 127.7 - 129.0

(CH), 42.0 (CH2,1 isomer), 41.9 (CH2, 1 isomer), 37.6 (CH2, 1 isomer), 20.3 (CH3), 16.1

(CH3), 16.0 (CH3); IR, rw/cm'1 3031m, 2977w, 2927w, 1787s (C=0), 1760s (CO), 1646m

(ON), 1602m (Ar CO); m/z (%) (ES), 375 (MNa+, 30), 258 (100); (C20H20N2O4Na) requires

MNa+ 375.1321, found 375.1328)

3-Phenylhex-5-en-2-one56 3

Phenylacetone (4.0 g, 30 mmol) was added dropwise over lh to a stirred solution of

potassium /-butoxide (3.3 g, 30 mmol) in dry diethyl ether (50 cm3) under nitrogen

atmosphere at RT. Then allyl bromide (3.6 g, 30 mmol) was added dropwise over lh and the

mixture was stirred for a further 30 min, then water was added, dropwise then portionwise

until the mixture went clear. The organic materials were taken up in diethyl ether, washed

with water and dried over MgS04. Removal of solvent gave crude product, which was
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distilled on a Kugelrohr at 150°C and 0.4mmHg to give a colourless liquid (3.89g, 75%); 'H

NMR, 5h 7.2 -7.4 (5H, m), 5.6 - 5.75 (1H, m), 4.9 - 5.1 (2H, m), 3.70 (1H, t, J7.4), 2.8 (1H,

dt, J 1.3, 7.4), 2.43 (1H, dt, J 1.3, 7.4), 2.05 (3H, s); IR iw/cm"1 3061w (Ar C-H), 3028w

(sp3 C-H), 2916w (sp2 C-H), 1705s (C=0), 1641m (C=C), 1599w (Ar C=C)

3-Phenylhex-5-en-2-one oxime 25

Sodium acetate (1.6 g, 19 mmol) was added to a stirred solution of3 (3.0 g 17 mmol)

in ethanol (60 cm3) and hydroxylamine hydrochloride (1.3 g, 19 mmol). The mixture was

stirred for 3h at RT, slow addition ofwater followed until the mixture went clear. Ethanol

was removed by distillation and the organics were taken up in DCM. The combined extracts

were then evaporated to dryness to give the crude oxime, which was distilled on a Kugelrohr

at 155°C and 0.4mmHg to give a colourless liquid (2.44g, 75%); *H NMR, 5h 7.2 - 7.35 (5H,

m), 5.7 - 5.8 (1H, m), 4.9 - 5.2 (2H, m), 3.57 (1H, t, J7.7), 2.5 - 2.80 (2H, m), 1.76 (3H, s)

,3C NMR, 5C 159.8 (C), 140.6 (C), 136.5 (CH), 136.0 (CH), 129.0 (CH), 128.5 (CH), 127.4

(CH), 127.2 (CH), 117.0 (2CH2), 52.0 (CH), 36.6 (CH, major isomer), 34.6 (CH, minor

isomer), 16.6 (CH3, minor isomer), 13.0 (CH3, major isomer); IR, n^x /cm"1 3288m (O-H),

3078w (Ar C-H), 1657w (C=N), 1642m (C=C), 1600w (Ar C=C); m/z (CI) (%) 190 (M+)

(100), 172 (15), 148 (20), (C,2Hi6NO) requires MH+ 190.1232, found 190.1235)

3-Phenylhex-5-en-2-one dioxime oxalate 41

One third of 25 (0.33 g, 1.73 mmol) in ether (3 cm3) was added dropwise to a cold

(-40°C) solution ofoxalyl chloride (0.33 g, 2.6 mmol) in ether (16 cm3) and stirred for 1h at

-20°C. The remaining solution of25 (0.67 g, 3.5 mmol) in ether (6 cm3) was added dropwise

to the cold reaction mixture (-40°C) which was stirred for 20 min at this temperature and lh

at RT. Evaporation of the solvent gave the crude purple oil which was purified by flash
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chromatography using alumina and eluting with petroleum ether : ethyl acetate (9:1) to give

the product as a colourless viscous liquid (0.65 g, 58%) containing a mixture of two isomers

as determined by 13C NMR; *H NMR, 6H 7.2 - 7.4 (10H, m), 5.6 - 5.8 (2H, m), 5.0 - 5.2 (4H,

m), 3.8 (2H, t, J 1.1), 2.6 - 2.8 (4H, m), 1.9 (6H, s); 13C NMR, 5C 171.1 (C), 160.7 (C), 138.3

(C), 135.5 (CH, minor isomer), 135.3 (CH, major isomer), 129.5 (CH, major isomer), 129.3

(CH, minor isomer), 128.5 (CH, major isomer), 128.3 (CH, minor isomer), 128.2 (CH), 128.0

(CH), 117.92, CH major isomer), 117.7 (CH, minor isomer), 51.7 (CH), 35.9 (CH2), 15.1

(CH3); IR, Umax/cm"1 3066w (Ar C-H), 2980w (sp3), 2926w (sp2), 1786s (CO), 1643m

(C=N), 1601w (CO); m/z (%) (EI) 216 (M+- 216, 34%), 172 (M+- 260, 16%)

3-Phenylhex-5-yn-2-one56 4

Phenylacetone (3 g, 22.4 mmol) was added dropwise over lh to a stirred solution of

potassium /-butoxide (2.5 g, 22.4 mmol) in dry diethyl ether (50 cm3) under nitrogen

atmosphere at RT. Then propargyl bromide (3.33 g, 22.4 mmol) was added dropwise over lh

and the mixture was stirred for a further 30 min, then water was added, dropwise then

portionwise until the mixture went clear. The organic materials were taken up in diethyl ether

and worked up as before. The crude product was distilled on a Kugelrohr at 140 °C and

0.4mmHg to give a colourless liquid (2.31g, 60%); 'H NMR, 6H 7.2 - 7.4 (5H, m), 3.85 (1H,

t, J7.4) 2.9 (1H, dd, J2.6, 7.4), 2.55 (1H, dd, J2.6,1A), 2.10 (3H, s); IR, Umax/cm'13289s

(sp1 C-H), 3062w (Ar C-H), 3028w (sp3 C-H), 1705s (C=0), 1599w (Ar CO)

3-Phenylhex-5-yn-2-one oxime 26

Sodium acetate (5.15 g, 62.74 mmol) was added to a stirred solution of 4 (3.6 g, 20.91

mmol) in ethanol (90 cm3) and hydroxylamine hydrochloride (4.36 g, 62.74 mmol). The

mixture was stirred for 5h at RT and then filtered. The ethanol was removed by distillation
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and the organics were taken up in DCM. The combined extracts were then evaporated to

dryness to give the crude oxime, which was recrystallised from EtOAc/hexane to give

colourless prisms (1.19g, 30%) mp 117- 118°C (lit.,77 118- 119°C); *HNMR, 8h 7.1-7.3

(5H, m, Ar-H), 3.68 (1H, t, J7.5Hz), 2.89 (1H, ddd, J2.6, 7.3, 16.7), 2.63 (1H, ddd, J2.6,

7.3,16.7), 1.95 (1H, t,J 2.7), 1.75 (3H, s); 13C NMR, 6C 158.7 (C), 139.8 (C), 129.0 (CH),

128.4 (CH), 127.8 (CH), 82.7 (C), 70.2 (CH), 51.2 (CH), 22.8 (CH2), 13.6 (CH3); IR, tw

/cm13257s (sp1 C-H), 1672m (C=N), 1599w (Ar C=C); m/z (%) (CI), 188 (MH+, 100), 172

(48), 129 (95); (Ci2H14NO) requiresMFf 188.1075, found 188.1082)

3-PhenyIhex-5-yn-2-one dioxime oxalate 38

One third of26 (0.24 g, 1.28 mmol) in ether (2 cm3) was added dropwise to a cold (-

40°C) solution ofoxalyl chloride (0.24 g, 1.93 mmol) in ether (16 cm3) and stirred for lh at

-20°C. The remaining solution of26 (0.48 g, 2.85 mmol) in ether (4 cm3) was added dropwise

to the cold reaction mixture (-40°C) and stirred for a further 20 min at this temperature and lh

at RT. Removal of solvent gave product as a light red oil (0.8 g, 96 %); *H NMR, 5h 7.25 -

7.4 (10H, m), 3.87 (2H, t, J 1.1), 2.1 - 3.0 (4H, m), 1.97 (2H, t, J2.6), 1.95 (6H, s); 13C

NMR, 8C 169.8 (C), 137.5 (C), 129.5 (CH), 128.61 (CH), 128.4 (CH), 81.3 (C), 71.01 (CH),

51.5 (CH), 22.3 (CH2), 15.9 (CH3); IR, Tw/crn13297s (sp1 C-H), 3024w (Ar C-H), 2920w

(sp3 C-H), 2119w, 1786s (C=0), 1641m (C=N), 1599w (Ar C=C); m/z (%) (CI) 214 (MH+ -

215, 5%), 129 (MH+ - 300, 100%)

Deoxybenzoin oxime78 27

Deoxybenzoin (5.89 g, 30 mmol) and hydroxylamine hydrochloride (5.56 g,

80 mmol) were added to a stirred solution ofpotassium hydroxide (14 g, 250 mmol) in

ethanol (50 cm3) and water (20 cm3). The mixture was heated at reflux for lh and then
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filtered. The ethanol was removed by distillation and the organics were taken up in DCM and

then filtered. The solvent was evaporated to dryness to give the crude oxime as a colourless

solid which was recrystallised from EtOAc/hexane to give colourless crystals (1.2 g, 19%)

mp 97 - 98°C, (lit.,78 99°C); 'H NMR, 5h 7.6 (2H, m), 7.2 - 7.4 (3H, m), 4.22 (2H, s)

Deoxybenzoin dioxime oxalate 39

One third of27 (0.25 g, 1.18 mmol) in ether (2 cm3) was added dropwise to a cold

(~40°C) solution ofoxalyl chloride (0.23 g, 1.78 mmol) in ether (16 cm3) and stirred for lh at

-20°C. The remaining solution of27 (0.5 g, 2.37 mmol) in ether (4 cm3) was added dropwise

to the cold reaction mixture (-40°C) and stirred for a further 20 min at this temperature and lh

at RT. Removal of solvent gave the product as a cream oil (0.76 g, 90 %); 'H NMR, 8h 7.7 -

7.8 (4H, m), 7.18 - 7.44 (16H, m), 4.3 (4H, s); 13C NMR, 8C 168.0 (C), 160.6 (C), 134.6 (C),

132.9 (C), 132 (CH), 127.4 - 129.6 (8H, CH), 35.2 (CH); IR, tw/cm"11785s (OO), 1684

(ON), 1600W (Ar OC)

2-AHylcyclohexanone79

Cyclohexanone (9.4 g, 100 mmol) was added dropwise over lh to a stirred solution of

potassium /-butoxide (11.2 g, 100 mmol) in dry diethyl ether (80 cm3) under nitrogen

atmosphere at RT. Then allyl bromide (12.1 g, 100 mmol) was added dropwise over lh and

the mixture was stirred for a further 30 min, then water was added, dropwise then portionwise

until the mixture went clear. The organic materials were taken up in diethyl ether and

standard aqueous work up was performed. The crude product was distilled on a Kugelrohr at

125°C and 15mmHg to give a colourless liquid (7.22g, 53%) (lit.,58 95%); 'H NMR, 8h 5.7 -

5.9 (1H, m), 4.95 - 5.05 (2H, m), 2.55 (1H, m), 2.25 - 2.45 (2H, m), 1.6 - 2.2 (8H, m); IR,

Umax /cm"11700s (OO), 1631m (OC);
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2-AIlylcyclohexanone oxime80 28

Sodium acetate (1.0 g, 11.9 mmol) was added to a stirred solution of

2-aIlylcyclohexanone (1.5 g, 10.85 mmol) in ethanol (20 cm3) and hydroxylamine

hydrochloride (0.8 g, 11 mmol). The mixture was stirred for 3h at RT, slow addition ofwater

followed until mixture went clear, ethanol was removed by distillation and the organics were

taken up in DCM and worked up as before. The solvent was then evaporated to dryness to

give the crude oxime, which was distilled on a Kugclrohr at 150°C and 0.4mmHg to give a

colourless liquid (1.57g, 94%); !H NMR, 6H 5.65 - 5.85 (1H, m), 4.95 - 5.05 (2H, m), 2.55

(1H, m), 2.1 - 2.4 (4H, m), 1.3-1.6 (6H, m)

2-Allylcyclohexanone dioxime oxalate 44

One third of28 (0.34 g, 2 mmol) in ether (3 cm3) was added dropwise to a cold

(-40°C) solution ofoxalyl chloride (0.43 g, 3.36 mmol) in ether (16 cm3) and stirred for Ih at

-20°C. Remaining solution of28 (0.7 g, 4 mmol) in ether (6 cm3) is added dropwise to the

cold reaction mixture (-40°C) and stirred for a further 20 min at this temperature and Ih at

RT. Evaporation of solvent gave the crude product as a red oil which was purified by flash

chromatography using alumina and eluting with petroleum ether: ethyl acetate (9:1) as eluent

to give a clear viscous liquid (0.73g, 60%) containing a multiple number of isomers as

detected by ,3C NMR; 'H NMR, SH 5.6 - 5.9 (2H, m), 5.0 - 5.1 (4H, m), 1.4 - 2.5 (22H, m);

13C NMR, 6c 174.2 (C), 133.4 - 136.1(CH), 117.2 - 119.0 (CH2), 42.5 (CH), 39.6-40.0

(CH2), 35.4 - 36.4 (CH2), 35.7 (CH), 32.1 - 32.6 (CH2), 28.7 - 29.8 (CH2), 26.2 - 26.9

(CH2), 25.5 - 25.9 (CH2), 23.3 - 24.4 (CH2); IR, iw/cnf11783s (C=0), 1760s (C=0),

1639m (C=C); m/z (%) (ES), 383 (MNa+, 100), 262 (25); (C20H28N2O4Na) requires MNa+

383.1947, found 383.1938);
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Attempted synthesis of2-allyIcyclopentanone

Cyclopentanone (5.04 g, 59.91 mmol) was heated with pyrrolidine (6.4 g,

89.99 mmol) in toluene (20 cm3) and /?-toluenesulphonic acid (cat.) at reflux, using a Dean

and Stark apparatus to separate the water. The remaining toluene was removed and the

enamine was heated to reflux in acetonitrile (48 cm3) and allyl bromide (7.26 g, 60 mmol).

The solvent was removed by distillation and the mixture was heated with water for 30min.

The resulting mixture was extracted into ether and a usual aqueous workup was performed to

give an unidentified mixture by proton NMR.

l-AllyI-2-oxocycIohexanone carboxylic acid ethyl ester81 15

Sodium hydroxide solution (4.31 g, 18 cm3) was added cautiously to a stirred solution

of cyclopentanonecarboxylic acid ethyl ester (14.38 g, 92 mmol) and allyl bromide (12.23 g,

101 mmol) in ethanol (36 cm3) and stirred for 6h at RT. The ethanol was removed by

distillation and crude product was extracted into ether and worked up as before and distilled

on a Kugelrohr at 170°C and 0.4mmHg to give a colourless liquid (11.08 g, 62%); 'H NMR,

8h 5.6 - 5.75 (1H, m), 5.1 (2H, m), 4.15 (1H, q, J 7.2), 2.72 - 2.81 (1H, ddt, J 1.0, 7.2, 13.8),

1.9-2.4 (6H, m) 1.35 (3H, t, J 7.2); IRtw/cm'1 2982s (sp3 C-H), 2909w (sp2 C-H), 1750s

(CO), 1724s (CO), 1641m (C=C)

tf»7

l-Allyl-2-oxocyclohexanone carboxylic acid ethyl ester oxime 29

To a solution of l-allyl-2-oxocyclohexanone carboxylic acid ethyl ester (2.32 g, 11.18

mmol) in pyridine (5 cm3) and ethanol (6 cm3) was added hydroxylamine hydrochloride (1.64

g, 22.36 mmol) at 273 K. The mixture was stirred overnight at RT, the solvents were removed

under vacuo and the crude product was extracted into ether and washed with hydrochloric

acid (5%) and then dried with MgSC>4. Removal of solvent gave the oxime as a colourless oil
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(1.23 g, 52 %) mp 53 - 54°C; 'H NMR, 8h 5.7 - 5.8 (1H, m), 5.0 - 5.1 (2H, m), 4.1 - 4.25

(2H, m), 2.3 - 2.8 (5H, m), 1.7 - 1.9 (3H, m), 1.2 - 1.3 (3H, t, J 7.2)

l-Allyl-2-oxocyclohexanone carboxylic acid ethyl ester dioxime oxalate 43

One third of29 (0.21 g, 0.99 mmol) in ether (3 cm ) was added dropwise to a cold

(-40°C) solution ofoxalyl chloride (0.19 g, 1.48 mmol) in ether (16 cm3) and stirred for lh at

-20°C. The remaining solution of29 (0.42 g, 1.97 mmol) in ether (6 cm3) was added dropwise

to the cold reaction mixture (-40°C) and stirred for a further 20 min at this temperature and lh

at RT. Removal of solvent gave product as a colourless oil (0.68 g, 96%) and a mixture of

isomers as detected by carbon NMR; 'H NMR, 8h 5.6 - 5.9 (2H, m), 5.1 - 5.2 (4H, m), 4.2

(4H, q, J 1.2), 2.58-2.85 (8H, m), 2.3 - 2.4 (2H, m), 1.82 - 1.88 (6H, m), 1.27 (6H, t, J 7.2);

13C NMR, 8C 177.9 (C), 172.0 (C), 133.4 (CH, minor isomer), 133.0 (CH, major isomer),

120.0 (CH2, major isomer), 119.9 (CH2, minor isomer), 62.3 (CH2, major isomer), 62.2 (CH2,

minor isomer), 58.2 (C), 39.7 (CH2), 35.4 (CH2), 30.7 (CH2, major isomer), 30.4 (CH2, minor

isomer), 22.0 (CH2), 14.5 (CH3); IR, tw/cm'1 3076w (sp3 C-H), 2978s (sp2 C-H), 1797s

(C=0), 1767s (C=0), 1731s (OO), 1654w(C=N), 1641w(C=C)

Hex-5-en-2-one oxime68 30

Hydroxylamine hydrochloride (14.9 g, 214 mmol) and sodium acetate (17.6 g,

214 mmol) were added to a stirred solution of hex-5-en-2-one (7.0 g, 71.3 mmol) in water

(100 cm3) and ethanol (5 cm3) and the reaction mixture was heated at reflux for 46h. The

mixture was then extracted into DCM and the combined organic layers were washed with

saturated aqueous sodium hydrogen carbonate and dried over MgSC>4. Removal of the solvent

gave the crude oxime which was distilled on a Kugelrohr at 125°C and 0.4mmHg to give a
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colourless liquid (5.97g, 74%, lit.,68 84%); *H NMR, 8H 5.7-5.9 (1H, m), 4.95 - 5.1 (2H, m),

2.3 (4H, m), 1.89 (3H, s); IR, iw/crn"13247s (0-H), 2921m (sp3 C-H), 1647w (C=C)

Hex-5-en-2-one dioxime oxalate 42

One third of30 (0.2 g, 1.77 mmol) in ether (3 cm3) was added dropwise to a cold

(-40°C) solution ofoxalyl chloride (0.34 g, 2.65 mmol) in ether (16 cm3) and stirred for lh at

-20°C. The remaining solution of30 (0.4 g, 3.54 mmol) in ether (6 cm3) is added dropwise to

the cold reaction mixture (-40°C) and stirred for a further 20 min at this temperature and lh at

RT. Evaporation of solvent gives the crude product which was purified by flash

chromatography using alumina and ethyl acetate: hexane (1:9) as eluent to give a colourless

liquid (0.86g, 65%) containing a mixture of several isomers as detected by carbon NMR; 'H

NMR, 5h 5.8 (2H, m), 4.95 - 5.1 (4H, m), 2.45 (4H, s), 2.35 (4H, s), 2.1 (6H, s); 13C NMR,

6c 168.7 (C, major isomer), 136.6 (CH, major isomer), 136.3 (CH, minor isomer), 116.7 (CH,

minor isomer), 116.5 (CH, major isomer), 35.3 (CH2, major isomer), 35.2 (CH2, minor

isomer), 30.7 (CH2, minor isomer), 30.3 (CH2, major isomer), 20.4 (CH3, minor isomer), 16.3

(CH3, major isomer), IR, Umax/cm"1 2968w, 2921m (sp3 C-H), 1784s (C-O), 1761s (C=0),

1642w (C=C); m/z (%) (CI), 281 (MH+, 12%), 140 (38), 96 (100); (C,4H2iN204) requires

MET 281.1501, found 281.1512)

2,2-Dimethy1-1 -phenylpent-4-en-1 -one51 17

A mixture of isobutyrophenone (20 g, 136 mmol), allyl bromide (17.6 g, 144 mmol)

and potassium /-butoxide (16.83 g, 150 mmol) in /-butyl alcohol (200 cm3) was heated at

reflux for 2.5h under a nitrogen atmosphere. Afterwards /-butanol was removed by distillation

and the crude mixture was extracted into ether and a usual aqueous work-up was performed.

The crude product contained some isobutyrophenone, so the mixture was heated at reflux for
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2h farther with allyl bromide (4 cm3) and potassium r-butoxide (6 g) in /-butyl alcohol (50

cm3). After cooling the crude product was extracted as before and then distilled on a

Kugelrohr at 131°C and 0.4mmHg to give the title ketone as a colourless oil (17.25 g, 68%,

lit.,51 82%); *H NMR, 8H 7.3 - 7.8 (5H, m), 5.7 - 5.8 (1H, m), 5.0 - 5.1 (2H, m), 2.5 (2H, dt,

J 1.3, 7.4), 1.32 (6H,s)

2,2-I)imethyl-l-phenylpent-4-en-l-one oxime 31

A mixture of 17 (2.5 g, 13.3 mmol), hydroxylamine hydrochloride (1.85 g, 26.6

mmol) and sodium acetate (2.2 g, 26.6 mmol) in ethanol (100 cm3) was heated at reflux for

4h. Afterwards the solution was filtered and the ethanol was removed by distillation and the

crude product was extracted into DCM. The solution was then filtered and the removal of

solvent gave the crude product which was recrystallised from EtOAc/hexane giving

colourless needles (1.13 g, 42%) mp 127 - 129°C (lit.,82 126°C); 'H NMR, 5H 7.35 - 7.50

(3H, m), 7.1 - 7.15 (2H, dt, J 1.5, 7.9), 5.8 - 6.0 (1H, m), 5.0 - 5.2 (2H, m), 2.25 (2H, dt, J

1.0, 7.2), 1.12 (6H, s); 13C NMR, 8C 166.0 (C), 135.0 (CH), 133.8 (C), 128.5 (CH), 128.4

(CH), 128.1 (CH), 118.2 (CH2), 44.7 (CH2), 40.6 (C), 26.2 (CH3); m/z (%) (ES), 204 (30)

(MH+, 30%); (C!3H18NO requires MH+ 204.1388, found 204.1386)

2,2-Dimethyl-l-phenylpent-4-en-l-one dioxime oxalate 36

One third of31 (0.37 g, 1.87 mmol) in ether (3 cm3) was added dropwise to a cold

(-40°C) solution ofoxalyl chloride (0.36 g, 2.8 mmol) in ether (24 cm3) and stirred for 1 hour

at -20°C. The remaining solution of the oxime (0.75 g, 3.73 mmol) in ether (6 cm3) was added

dropwise to the cold reaction mixture (-40°C) and stirred for a further 20 min at this

temperature and lh at RT. Evaporation of the solvent gave the product as colourless solid and

a mixture of 2 isomers (1.27 g, 98 %) mp 72 °C; *H NMR, 5H 7.5 (6H, m), 7.0 - 7.1 (4H, m),
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5.8-5.9 (2H, m), 5.0-5.2 (4H, m), 2.3 (4H, m), 1.2 (12H, s); 13C NMR, 6C 177.3 (C), 160.1

(C), 134.1 - 126.6 (8CH), 131.7 (C), 119.2 (CH2), 119 (CH2), 44.5 (CH2 minor isomer), 44.4

(CH2 major isomer), 42.5 (CH2 major isomer), 42.0 (CH2 minor isomer), 26.0 (CH3); IR, omax

/cm"1 3077m (Ar C-H), 2976m (sp3C-H), 2926w (sp2 C-H), 1779s (OO), 1654w (C=C),

1638m (C=N), 1600w (Ar C=C); m/z (%) (ES), 483.2253 (MNa+, 100%); (C28H32N204Na

requires MNa+ 483.2260, found 483.2253)

2,2-Dimethyl-l ,5-diphenylpent-4-en-l -one 19

A mixture of isobutyrophenone (10 g, 68 mmol), cinnamyl chloride

(14.41 g, 94.5 mmol) and potassium /-butoxide (10.6 g, 94.5 mmol) in /-butyl alcohol (100
-2

cm ) was refluxed for 2.5h. After cooling the solvent was removed by distillation and the

organics were taken up in ether and washed with water, dried over MgS04 and then the

solvent was removed under vacuo. The crude product was passed through a flash column

(silica, hexane) and then the solvent was removed under vacuo to give an orange oil with

some isobutyrophenone remaining. The mixture was then heated at reflux for 2h further with

cinnamyl chloride (2 g) and potassium /-butoxide (3 g) in /-butyl alcohol (100 cm3). The

crude product was extracted and purified as before to give an orange oil which contained

minor traces of cinnamyl chloride (4.63 g, 26%); *H NMR, 8h 7.64 - 7.68 (2H, m), 7.14 -

7.46 (8H, m), 6.30 - 6.36 (1H, dt, J 1.3, 15.8), 6.05 - 6.17 (1H, dt, J7.4, 15.1), 2.6 (2H, dd, J

1.3,5.9), 1.36 (6H, s); 13CNMR, 5C 209.2 (C), 139.6 (C), 137.8(C), 126.3 - 133.7 (10CH)

48.6 (C), 44.6 (CH2), 26.4 (CH3); IR, ow/cm"1 3060w (Ar C-H), 3029w (Ar C-H), 2970m

(sp3C-H), 2914w (sp2 C-H), 1675s (C=0), 1591w (Ar C=C); m/z (%) (ES), 287 (MNa+,

100%); (Ci9H2oONa requires MNa+ 287.1412, found 287.1422)
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2,2-Dimethyl-l,5-diphenylpent-4-en-l-one oxime 32

A mixture of 19 (2.20 g, 8.32 mmol), hydroxylamine hydrochloride (1.15 g, 16.64

mmol) and sodium acetate (1.36 g, 16.64 mmol) in ethanol (70 cm3) was heated at reflux for

4h. Afterwards the solution was filtered and the ethanol was removed by distillation and the

crude product was extracted into DCM and then filtered. Removal of solvent gave the crude

product which was recrystallised from EtOAc/hexane giving colourless needles (0.55 g,

24 %) mp 141 - 142 °C; lU NMR, 5H7.16 to 7.44 (10H, m), 6.4 (1H, d, J 15.7), 6.25 (1H, dt,

Jl.l, 15.7), 2.39 (2H, dd, J 1.0, 7.0), 1.18 (6H, s); 13C NMR, 5C 166.2 (C), 138.0 (C), 133.8

(C), 133.3 (CH), 128.9 (CH), 128.5 (2CH), 128.1 (CH), 127.5 (CH), 126.9 (CH), 126.5 (CH),

44.0 (CH2), 41.2 (C), 26.4 (CH3); m/z (%) (ES), 302 (MNa+, 10%); (Ci9H21NONa requires

MNa+ 302.1521, found 302.1529)

2,2-Dimethyl-l,5-dipheiiylpent-4-en-l-one dioxime oxalate 37

One third of32 (0.15 g, 0.55 mmol) in dry DCM (3 cm3) was added dropwise to a

cold (-40°C) solution ofoxalyl chloride (0.10 g, 0.83 mmol) in dry DCM (24 cm3) and stirred

for lh at -20°C. The remaining solution of32 (0.31 g, 1.1 mmol) in DCM (6 cm3) was added

dropwise to the cold reaction mixture (-40°C) and stirred for a further 20 min at this

temperature and lh at RT. Evaporation of the solvent gave the product as a yellow oil (0.48 g,

95%); 'H NMR, SH 7.2 - 7.46 (16H, m), 7.07 - 7.11 (4H, m), 6.45 (2H, d, J 6.4), 6.26 (2H,

dt, J 7.2,15.9), 2.49 (4H, dd, J 1.0, 7.2), 1.28 (12H, s); 13C NMR, 6C 177.5 (C), 160.2 (C),

137.6 (C), 134.3 (CH), 131.7 (C), 129.5 - 125.5 (CH), 43.7 (CH2), 43.0 (C), 26.1 (CH3); IR,

"max/cm"1 3060w (Ar C-H), 3030w (Ar C-H), 2975m (sp3C-H), 2930w (sp2 C-H), 1777s

(C=0), 1685w (C=N), 1576w (Ar C=C); m/z (%) (ES), 635 (MNa+, 15%), 302 (100), 280

(30); (C4oH4oN204Na requires MNa+ 635.2886, found 635.2874)
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6-Methylhept-5-en-2-one oxime83 33

6-Methylhept-5-en-2-one (5.5 g, 44 mmol) was added to a stirred solution of

hydroxylamine hydrochloride (9.17 g, 132 mmol) and sodium hydroxide solution (7.39 g, 18
■y

cm ) and heated at reflux for 2h. After cooling the product was extracted into DCM and a

usual aqueous workup was performed. The crude light brown oil was distilled on a Kugelrohr

at 110°C and 0.4mmHg to give a colourless liquid (4.84 g, 78%); 'H NMR, 5h 5.1 (1H, m),

2.2 (4H, m), 1.9 (3H, s), 1.7 (3H, s), 1.6 (3H, s); IR, umax/crn1 3218s (O-H), 2923s (sp3C-H),

2922w (sp2C-H), 1664s (C=N);

6-Methylhept-5-en-2-one dioxime oxalate 45

One third of 33 (0.5 g, 3.54 mmol) in ether (5 cm3) was added dropwise to a cold

(-40°C) solution ofoxalyl chloride (0.67 g, 5.31 mmol) in ether (40 cm3) and stirred for lh at

-20°C. The remaining solution of33 (1.0 g, 7.08 mmol) in ether (10 cm3) was added dropwise

to the cold reaction mixture (-40°C) and stirred for a further 20 min at this temperature and lh

at RT. Removal of the solvent gave the product as a light yellow oil (1.78 g, 99%); which

contained a mixture of several isomers as detected by carbon NMR. 'H NMR, 5h 5.1 (2H, m),

2.2 - 2.5 (8H, m), 2.1 (6H, m), 1.65 (6H, s), 1.7 (6H, s); 13C NMR, 6C 169.1(C), 134.2 (C),

133.7 (C), 122.3 (CH), 122.2 (CH), 122.1 (CH), 121.9 (CH), 36.0 (CH2), 35.9 (CH2), 31.5

(2*CH2), 26.0 (CH3), 25.0 (CH2), 24.8 (CH2), 24.7 (CH2), 20.5 (CH3), 20.4 (CH3), 18.1

(CH3), 18.0 (CH3), 16.3 (CH3), 16.2 (CH3); IR, u^/cm"1 2970w (sp3C-H), 2922w (sp2 C-H)

1787s (CO), 1763s (C=0), 1648w (C=N); m/z (%) (ES), 359 (MNa+, 100%);

(Ci8H28N204Na) requires MNa+ 359.1947, found 359.1941)
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l,2-Diphenylpent-4-en-l-one56 5

At room temperature deoxybenzoin (6 g, 30.6 mmol) was added to a stirred solution

of potassium /-butoxide (3.4 g, 30.6 mmol) in dry diethyl ether (100 cm3) under nitrogen

atmosphere. Then allyl bromide (3.7 g, 30.6 mmol) was added dropwise over lh and the

mixture was stirred for a further 30 min, then water was added, dropwise then portionwise

until the mixture went clear. The organic materials were taken up in diethyl ether and worked

up as before. The crude product was distilled on a Kugelrohr at 160 - 165°C and 0.4mmHg

to give a liquid that formed a cream solid after standing at RT for several hours (5.33g, 74%);

'H NMR, 5h 7.85 - 7.95 (2H, m), 7.5 - 7.1 (8H, m), 5.6 - 5.8 (1H, m), 4.85 - 5.0 (2H, m),

4.5 (1H, t, J7.4), 2.8 - 2.95 (1H, m,) 2.4 - 2.6 (1H, m); IR, iWcm"1 3063w (Ar C-H),

2973w (sp3 C-H), 1683s (C=0), 1640m (C=C), 1596m (Ar C=C);

l,2-DiphenyIpent-4-yn-l-one56 6

At room temperature deoxybenzoin (3.0 g, 15.3 mmol) was added to a stirred solution

of potassium t-butoxide (1.7 g, 15.3 mmol) in dry diethyl ether (60cm3) under nitrogen

atmosphere. Then propargyl bromide (2.3g, 15.3mmol) was added dropwise over lh and the

mixture was stirred for a further 30 mins, then water was added dropwise, then portionwise,

until the mixture went clear. The organic materials were taken up in diethyl ether and worked

up as before. Recrystallisation of the light green solid with ethanol gave a colourless solid

(0.6g, 17%) mp 71 - 72 °C (lit.,84 68 °C); 'H NMR, 5H 7.85 - 7.95 (2H, m), 7.1 - 7.5 (8H,

m), 4.5 (1H, t, J7A), 2.8 - 2.95 (1H, m,) 2.4 - 2.6 (1H, m) 1.93 (1H, t, J, 2.6)

6-Oxo-hex-2-enoic acid ethyl ester 22

A solution of ethyl cyclopentanone-2-carboxylate (12.64 g, 80.93 mmol) in toluene

(400 cm ) and was photolysed at RT for 6h. Removal of solvent gave crude product mixture
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that was distilled on a Kugelrohr at 140°C and 0.4mmHg to give a colourless liquid mixture

of starting material and product as a mixture ofE and Z isomers (10.07 g, 80%); 'H NMR, 8h

9.8 (1H, t, J 1.2), 6.95 (1H, dt, J6.6, 15.9, E), 6.25 (1H, dt, J 1.1, Z) 5.85 (1H, dt, J 1.6, 15.6,

E), 5.83 (1H, dt, J 1.6, 11.5, Z), 4.1-4.2 (2H, q,/7.4), 2.5 - 2.7 (4H, m), 1.9 (3H, t, J 7.2)

Attempted synthesis of 6-oxo-hex-2-enoic acid ethyl ester oxime

A solution of22 (1 g, 6.41 mmol), hydroxylamine hydrochloride (0.89 g, 12.82

mmol) and sodium acetate (1.02 g, 12.42 mmol) were stirred in ethanol (40 cm3) for 4h at

RT. After this time the solvent was removed under vacuo and the mixture was taken up into

ether, washed with water and dried with NaSCU. Removal of solvent gave an unidentifiable

mixture by proton NMR.

Attempted synthesis of 2,2-dimethylhept-6-en-3-one

At room temperature 10 (9.0 g, 90 mmol) was added dropwise over lh to a stirred

solution ofpotassium /-butoxide (10.1 g, 90 mmol) in dry diethyl ether (40 cm3) under

nitrogen atmosphere. Then allyl bromide (10.89 g, 90 mmol) was added dropwise over lh

and the mixture was stirred for a further 30 min, then water was added dropwise, then

portionwise, until the mixture went clear. The organic materials were taken up in diethyl

ether and worked up as before. The crude orange product was distilled on a Kugelrohr at

150°C and 0.4mmHg to give a majority ofmonoallylated and diallylated products as

indicated by 'H NMR analysis.

Attempted synthesis of2,2-dimethyl-l-phenylpent-4-yn-2-one 19

Propargyl bromide (8.92 g, 60 mmol) was added slowly to a solution of

isobutyrophenone (8.0 g, 54 mmol), sodium iodide (1.0 g, 6.67 mmol) and potassium
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/-butoxide (9.98 g, 80 mmol) in /-butyl alcohol (80 cm3). The solution was heated at reflux for

2.5h and was worked up as 20. Removal of solvent gave a dark oil which contained

unidentified products and unreacted isobutyrophenone by 'H NMR analysis.

Attempted synthesis of 2,2-dimethyl-6-oxo-6-phenylhex-5-enoic acid ethyl ester 20

Ethyl 4-bromocrotonate (5 g, 25.9 mmol) was distilled on a Kugelrohr at 100°C and

0.4mmHg, prior to addition to a solution of isobutyrophenone (3.49 g, 23.55 mmol), and

potassium /-butoxide (2.92 g, 25.9 mmol) in /-butyl alcohol (40 cm3). The solution was

heated at reflux for 2.5h, after cooling the solvent was removed by distillation and the

organics were taken up into ether and washed repeatedly with water, followed by drying ether

layer over MgS04. Removal of solvent gave a dark oil which contained unidentified products

by lH NMR analysis.
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Chapter 3

EPR Spectroscopic

Study of

Dioxime Oxalates



1.0 Introduction

1.1 EPR spectroscopy

Electron paramagnetic resonance spectroscopy is a highly sensitive technique

that is able to detect radical concentrations of 10"8 M. Description of the technique and
• 85 87

interpretation of the spectra is available in several texts and reviews.

The radicals under study are generated by UV photolysis of a radical precursorwithin

the cavity of the spectrometer. At X-band the frequency is fixed at around 9.5GHz while the

magnetic induction is varied. At resonance the unpaired electron in the radicals SOMO will

undergo transitions between spin states. The difference in energy of these spin states is given

by the equation below:88

AE = T// = gfibB

fj.b is the Bohr magneton (= eh/47ime, where e ad me are the charge and mass of the electron

and h is Planck's constant)

B is the magnetic induction

g is the g-factor (dimensionless proportionality constant)

Through studying an unknown radical and analysing any observed hyperfine splitting

constants and g-factor values, the structure and type of radical can be elucidated.

The g-factor of an unpaired electron differs in value from that of the free electron, depending

on the environment and this can give an indication of the radical being observed.88

The hyperfine splitting constant3 is measured from the distances between important

lines observed in spectra.88 These result from the interaction of the unpaired electron with

neighbouring magnetic nuclei ('H, 13C, 14N, 170). The interaction of the unpaired electron
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with n equivalent hydrogens gives n + 1 lines and with a nucleus of spin / gives (2/+1) lines.

Coupling with P-hydrogens is frequently as great if not greater than that with a-hydrogens.88
3 lmT is equal to lOGauss

From analysis of the g-factors and hfs of radicals generated from individual

precursors, the main reactive intermediates can often be identified and characterised. By

varying the temperature, transformations of the initial radicals, such as cyclisations can

occasionally be delineated. By monitoring the structure and reactions of the key radicals in

this way, valuable mechanistic information can be gained and put to use in improving

synthetic methodology.
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2.0 Results and Discussion

Following the successful preparation of several dioxime oxalates, it was decided to

investigate their photochemical properties using EPR spectroscopy.

EPR spectroscopy was used to detect and determine the structures of the possible

unsaturated iminyl and/or iminoxyl radicals formed by scission of the N-0 bond (route a) and

scission of the O-C(O) bond (route b) respectively ofdioxime oxalates. Carbon-centred

radicals resulting from 5-exo cyclisations of unsaturated iminyl radicals may also be

observable.

Samples of individual dioxime oxalates (10-20 mg) were prepared in

/-butylbenzene (0.2 cm3) with one molar equivalent of4-methoxyacetophenone (MAP), the

sample was then degassed for 20 minutes by bubbling nitrogen, before being irradiated by

unfiltered light from a 500W super pressure mercury lamp in the resonant cavity of the EPR

spectrometer. The spectra were recorded at various temperatures with 100kHz modulation

using a Bruker EMX 10/12 instrument operating at 9.5GHz.
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1.1 EPR spectroscopy of dioxime oxalates with a phenyl group in 1-position

The photodissociation of several dioxime oxalates containing phenyl substituents

were examined. The iminyl radicals 2, together with the corresponding carbon-centred

radicals 3, resulting from 5-exo cyclisation of the iminyl radical have been observed from the

photodissociation of two dioxime oxalates with a phenyl group in the 1-position.

Figure 1 shows the spectrum obtained on photolysis of the dioxime oxalate 1 in the

presence ofMAP at 220K. The main feature is clearly a nitrogen centred radical observed as

a 1:1:1 triplet with an a(N) value of 10.1G which is typical of an iminyl radical 2. Then when

the temperature was raised to 250K a second radical species was observed which is shown in

figure 2. The EPR parameters were a(N) = 3.65, a(2H) = 21.9, a(lH) = 28.2G and g = 2.0065

as shown by simulation (figure 2).

a(N) = 10.1G1

2 a(N) = 3.65G
a(1H) = 28.1G
a(2H) = 21.9G
g= 2.0065Scheme 2 Ph
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Fig 2. 9 .51 GHz spectrum obtained on photolysis of a solution of 1 and MAP in

t-butylbenzene at 250K (above) and simulation of radical species 3 (below).
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Fig 1. 9 .51GHz spectrum obtained on photolysis of a solution of 1 and MAP in

7-butylbenzene at 220K
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The 21.9G hfs observed are typical ofa-hydrogens of carbon-centred radicals and this

together with the g-factor, shows this to be a carbon-centred radical.89"91 We attribute this to

the 2-azacycIopentylmethyl radical 3 formed by 5-exo cyclisation of iminyl radical 2.92

Over the temperature range 205K to 260K the hyperfine splitting values for the

hydrogen beta to the carbon-centred radical 3 varied as shown in graph 1. There are two

possible limiting conformations of radical 3 as shown below (scheme 3). In way of

comparison the ethyl radical 6, where there is free rotation of the methyl group, has a

P-hfs(3H) value of26.9G at 93K, which varies little with temperature as is also shown in

graph l.93'94

If the p-hydrogen atom is in the conformation 5, it would lie in the nodal plane of the

p-orbital containing the unpaired electron. This would give poor overlap and consequently

give a low value of tf(Hp) at low temperatures, which would increase in value as the

temperature is raised. However this is not observed, instead the a(Hp) value is higher than that

of the ethyl radical and decreases in value as the temperature is raised. This implies that the

P-hydrogen prefers conformation 4. Here there is good overlap between the p-orbital and the

hydrogen Is orbital and there is more restricted rotation, which as the temperature increases

becomes less restricted and the a(Hp) value consequently decreases.

The cyclopentylmethyl radical differs from radical 3 as the a(lH) value increases with

temperature towards the value of the a(3H) of the ethyl radical 6. The cyclopentylmethyl

radical prefers a conformation analogous to 5. The difference between the preferred

conformations ofcyclopentylmethyl and aza-analogue 3 are not surprising because small

structural changes are known from the literature to cause similar shifts in conformational

equilibria.95
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The change in beta hyperfine splitting values with temperature
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Graph 1. shows how the value of the hfs of the hydrogen beta to the carbon-centred radical 3

(blue) varies with temperature compared to ethyl radical 6 (pink) and cyclopentylmethyl

radical (orange).
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These spectra showed that the main dissociation mode of dioxime oxalates was by

N-0 bond scission (route a, scheme 1). The cyclisation of the unsaturated iminyl radical was

in the 5-exo mode rather than the disfavoured 6-endo, which is what is observed with

5-hexenyl type radicals.96'97 The ring closure was rapid because the radical 3 was observed at

temperatures greater than or equal to 205K. Moreover the preferred conformation of 2-

azacyclopentylmethyl radical 3 was conformation 4.

The EPR spectra obtained from the photolysis of2,2-dimethyl-l-phenylpent-4-en-l-

one dioxime oxalate 7 gave the iminyl radical 8 (scheme 4), observed as a 1:1:1 triplet with

a(N) = 10.0G at 230K (figure 3). The observation of an iminoxyl radical with parameters

a(N) = 31.24G over the temperature range 21OK to 260K coincided with the observation of

the cyclised radical 9 (figure 4). The simulation of the spectrum of the cyclised radical was

achieved with parameters ofa(N) = 3.4G, a(lH) = 29.2G, a(2H) - 21.9G at 230K (figure 4).

The presence of the iminoxyl radical is probably due to oxime impurity.

It is clear that there is a close similarity in the EPR parameters of the carbon-centred

radicals 3 and 9; this is expected as the two methyl groups are distant from the radical centre

in 9. The fact that such similar spectra were observed helps to confirm our conclusion that

they were due to the cyclised species.
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Scheme 4

a(N) = 3.4G
a(1H) = 29.2G
a(2H) = 21.9G

N

Ph
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Fig 3. 9 .51GHz spectrum obtained on photolysis of a solution of 7 and MAP in

/-butylbenzene at 23OK
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Fig 4. 9.51 GHz spectrum obtained on photolysis of a solution of 7 and MAP in

t-butylbenzene at 230K and the simulation of radical 9. The three major peaks are due to an

iminoxyl radical, probably from an oxime impurity.

Figure 5 shows the spectrum obtained on photolysis of the dioxime oxalate 10 in the

presence ofMAP at 250K. The iminyl radical 11 was observed with an a(N) value of 10.1G.

However the cyclohexadienyl radical 12 resulting from the 5-exo cyclisation of the iminyl

onto the aromatic ring (scheme 5) was not observed over the temperature range 220K to

320K.
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Fig 5. 9.51GHz spectrum obtained on photolysis of a solution of 10 and MAP in

/-butylbenzene at 250K.
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The EPR spectra obtained from the photolysis of

2,2-dimethyl-1,5-diphenylpent-4-en-1 -one dioxime oxalate 13 showed only a broad central

feature over 200 - 260K. The fact no iminyl radical 14 was observed is probably due to the

irninyl radical cyclisation occurring too rapidly for it to be detected. The resulting benzyl

radical 15 would be a set of 72 fine lines that are typically very difficult to detect and this

explains why it was not observed here (scheme 5).

Ph

hv

MAP ??

N

Ph

Ph

14

??

.Ph

Scheme 6 5-(Ph

15

The observation of these iminyl and carbon-centred radicals gives a good indication of

the potential for dioxime oxalates to serve as iminyl radical precursors and their success in

forming cyclised species. It was deemed appropriate to determine whether this would also be

the case with other dioxime oxalates containing different substituents at the C=N group.
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1.2 EPR spectroscopy of dioxime oxalates with a methyl group in the 1-position

Figures 6 and 7 show the spectra observed for the two dioxime oxalates 16 and 19

where the corresponding iminyl radicals (scheme 7 and 8) were each observed as a 1:1:1

triplets and each line of which was split by the adjacent methyl group into quartets in the

ratio 1:3:3:1. The parameters for the iminyl radical 17 are a(N) = 9.8G and <a(3H) = 1.3G and

for iminyl radical 20 a(N) = 9.8G and a(3H) = 1.2G. For both of these photolyses there were

no iminoxyl or cyclohexadienyl 18 radicals observed. As expected, the vinyl radical 21 could

not observed by EPR spectroscopy. Moreover, hex-5-yn-l-yl radicals only undergo 5-exo

cyclisations and they are slower than for the corresponding hex-5-en-l-yl radicals.23

o

o
MAP

hv 2

in* r

aAJ
17

16

H

Scheme 7
18
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Fig 6. 9.51GHz spectrum obtained on photolysis of a solution of 16 and MAP in

/-butylbenzene at 240K.

Ph

O

ft
o\ Trr {3

o

19

-Ph hv

MAP
Ph

L 20 -1

N—/'

Scheme 8 Ph 21

83



-30 j
-40 - ■ ■ ,

3350.0 3362.5 3375.0 33B7.5 3400.0 3412.5 3425.0 3437.5
[G]

Fig 7. 9.51 GHz spectrum obtained on photolysis of a solution of 19 and MAP in

/-butylbenzene at 250K.

The iminoxyl radicals 23, 25, 27 below were obtained when the corresponding

dioxime oxalates 22, 24, 26 were photolysed and observed by EPR spectroscopy. It is

possible that the iminoxyl radicals result from the C-0 bond homolysis of dioxime oxalates.

However it is believed that they are produced from residual oximes in the EPR sample

(schemes 10 to 12). This is based on the results obtained from dioxime oxalates 1, 7,10,16,

19 where the only difference in structure of the dioxime oxalate 19 to that of 24 is the alkene

group in place of an alkyne group. So it is unlikely such a change in structure would affect

the photochemical initiation reaction in such a major way. Also carbon dioxide is a more

favourable by-product resulting from N-0 bond homolysis, than carbon monoxide resulting

from C-0 bond homolysis. In most cases the dioxime oxalates were too sensitive for

thorough purification and this is why traces of oximes remained.

For dioxime oxalates 22, 24, 26 only the iminoxyl radicals 23,25 and 27 were

observed by EPR and it is believed as above that this is due to abstraction of the oxime
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hydrogen atom in residual amounts of oxime in the EPR sample, by other radicals, probably

MAP excited states (scheme 9).

R

N. MAP*
OH

R

R

N.
R ^O.

Scheme 9

Iminoxyl radicals are long-lived species so only trace quantities of oxime are needed.

The iminoxyl radical concentration builds up, in comparison to the transient iminyl radical

and soon dominates the ESR spectrum.

N-

hv

MAP ??
»-

Not observed

Scheme 10

23

a(N) = 30.7G
a(5H) = 1.5G
g = 2.0070

85



[*10A 3]
80

60

40

20

-20

^to

-60

3340 3360 3420 34403380 3400

[G]

Fig 8. 9 ,51GHz second derivative EPR spectrum obtained on photolysis of a solution of 22

and MAP in t-butylbenzene at 240K

Ph
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a(N) = 30.6G
a(4H) = 1.6G
g = 2.0067

MAP

Scheme 11
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Fig 9. 9.5GHz spectrum obtained on photolysis of a solution of24 and MAP in

1-butylbenzene at 23OK
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Scheme 12

27

a(N) = 30.0G
a(1H) = 2.6
a(1H) = 1.8G
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Fig 10. 9.51GHz spectrum obtained on photolysis of a solution of26 and MAP in

/-butylbenzene at 220K

The spectra obtained from the photolysis of2-allycyclohexanone dioxime oxalate

gave only weak ill-resolved mixtures
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Table 1 shows the parameters of the radical species observed and compares with literature

values

Radical species EPR parameters (a values in Gauss)

N- r

PhA/
A a(N)= 10.1G

T = 220K

N- rA a(N) = 10.0G
T = 23OK

N- A^

A/

•x
a(N) = 10.1G
T = 250K

N-

XPh^Ah 98

a(N)= 10.0G
g = 2.0033
T = 338K

Ni¬ A^
a(N) = 9.8G
a(3H) = 1.3G
T = 240K

ls!

J
.

F

a(N) = 9.8G
a(3H) = 1.2G
T = 250K

N-

A,
a(N) = 9.6G
a(6H) = 1.4G
g = 2.0029
T = 223K

N.

A 100

a(N) = 9.6G
a(2H) = 1.25G
a(3H)= 1.25G
T = 300K
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i
Ph

7

a(N) - 3.65G
a(lH) = 28.1G
a(2H) = 21.9G
T = 250K

g = 2.0065

5
Ph

■

As

a(N) = 3.4G
a(lH) = 29.2G
a(2H) = 21.9G
T = 230K

rs/ 101

a(2Ha) = 21.3G
a(4Hp) = 21.3G

T = 183K

0-
/

N

J\
F>h

a(N) = 30.6G
a(4H) = 1.6G
g = 2.0067
T = 23OK

0-
/

a(N) = 30.7G
a(5H) = 1.5G
g = 2.0070
T = 240K

/O-
N

a(N) = 30.0G
a(lH) = 2.6G
a(lH) = 1.8G)
T - 220k

(
/

N

A
>

\A 102

a(N) = 30.7G
a(2H)= 1.4G
a(3H) = 1.4G
T = 300K
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0-
/

N

PhAPh ^ 102,103

a(N) = 31.6G
a(2H, Ar H) = 1.4G
a(3H) = 1.4G
T = 300K

g = 2.0057

/O.
N

"J
\ / 102

a(N) = 32.2G
T = 300K
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3.0 Conclusions

It has been shown that dioxime oxalates with a phenyl or methyl group in the

1 -position and also containing different y,8-unsaturated groups can produce iminyl radicals

through photolytic scission of their N-0 bonds. Furthermore the detection of two carbon-

centred radicals resulting from 5-exo cyclisations of the iminyl radicals onto alkene groups

supports the theory that the photolysis ofdioxime oxalates can be used to prepare

dihydropyrrole derivatives.

Although iminoxyl radicals were detected in some cases the overall pattern of results

indicates these are formed by H-abstraction from traces ofoximes remaining in the dioxime

oxalates.

Cyclisation was observed for iminyl radicals 2 and 8 and the ring closed,

2-azacyclopentylmethyl radicals were found to prefer the eclipsed conformation 4.

The observation of radicals 2 and 8 at temperatures as low as 205K and 230K, respectively

shows that iminyl radical cyclisation is a potentially fast process.
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Chapter 4

Photochemical

Study of

Dioxime Oxalates



1.0 Results and discussion

The successful detection by EPR spectroscopy of iminyl radicals and carbon-centred

radicals resulting from 5-exo cyclisation, led us to investigate the application of the dioxime

oxalate route to iminyl radical cyclisation as a synthetic method to dihydropyrrole derivatives.

Assuming that in every case, one mole of a dioxime oxalate dissociates homolytically

at the N-0 bond to give two moles of iminyl radicals, there are several possible outcomes for

the iminyl radical; one is that it can abstract hydrogen before cyclisation has occurred to give

an imine. The second is that if the rate ofcyclisation is sufficiently fast then cyclisation

occurs to give either the 5-exo or 6-endo cyclised radical which can then abstract hydrogen

from solvent. It is also possible that the radical that results from abstraction of hydrogen from

the solvent, may couple with either another iminyl radical or the cyclised radical. Also the

iminyl radicals may dimerise to form azines (scheme 1).

Acetone was used as it was thought that it could act as both photosensitiser and

hydrogen donor, so that MAP might not be required and the process would allow easier

separation of the products.
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To establish the outcome ofphotochemical reactions of the dioxime oxalates

prepared, each was photolysed on a small scale in selected hydrogen donors (table 1) with

various molar equivalents ofMAP as photosensitiser and the product mixtures were analysed

by proton NMR and GC/MS. If successful the experiment was repeated on a larger scale, so

that isolation ofproducts could be attempted via column chromatography or any other

suitable means.

The hydrogen donors were chosen on the basis of their tendency to donate hydrogen

to radical species. Other factors were their boiling points, as it would be unfavourable for the

simpler dihydropyrroles to be removed along with the solvent after reaction completion.

Moreover, the solubility of the dioxime oxalate was considered in the various solvents

chosen.

A means ofjudging the tendency to donate hydrogen can be approximated by

checking the different C-H bond dissociation energies and accordingly there is a difference in

the stability of the radicals produced. Stronger C-H bond energies are an important factor in

reducing the rate of hydrogen donation (table 1). However, polar effects between the

abstracting radical and the hydrogen donor solvent also play an important role.

Table 1

Hydrogen Donor Bond dissociation energies (KJ/mol)104

1,4-Cyclohexadiene 305.4

Toluene 370.3

Diethyl ether 389.1

Acetone 401.2

Acetonitrile 401.7

2-Propanol 409.6

Cyclohexane 416.3
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Overall the analysis of the dioxime oxalate photolyses with MAP and acetone did not

show any azine derived products, nor was there any evidence of any 6-membered rings

resulting from 6-endo cyclisation of the iminyl radical. Except in a few cases, no oximes

were observed; this is in support of the theory that the iminoxyl radicals observed for three of

the dioxime oxalate photolyses were the result of hydrogen abstraction from residual oxime.

It is known that oximes can be hydrolysed back to their ketone precursors,72 however

this is usually done under acid conditions and with their being no acidic reagents in these

reactions, it is highly unlikely the ketone precursors detected by GC/MS and proton NMR

were the result ofhydrolysis of any oxime. The latter might potentially be formed by C-O

bond homo lysis of the dioxime oxalate and subsequent hydrogen abstraction. Instead it is

most likely the ketones were formed from the hydrolysis of imines resulting from premature

hydrogen abstraction by the iminyl radicals.

Imines tend to be unstable compounds and are easily hydrolysed without acid or base

catalysis to ketones; their stability is increased by the presence of an aryl group bonded to the

imine nitrogen or carbon (scheme 2).72'105
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1.1 Reactions of dioxime oxalates containing a phenyl group in their 1 -positions

The photolysis of dioxime oxalate 1 was carried out in ether, isopropanol and

1,4-cyclohexadiene using 1 equivalent ofMAP at RT (scheme 3). It was very difficult to

discern any products of the photochemical reactions by proton NMR, however GC/MS was

more helpful in determining what was occurring.

The photolysis was carried out in ether on a large scale and in

1,4-cyclohexadiene on a small scale. GC/MS showed a molecular ion ofm/z 159

corresponding to either the imine 2 or the dihydropyrrole product 3. It was not possible to

determine which from the proton NMR spectrum although none of the proton chemical shifts

that were expected for 3 were observed. An attempt to isolate products by column

chromatography, eluting with EtOAc/pet ether was made but no dihydropyrrole 3 was

detected. However, from this column it was possible to isolate and identify the alcohol 4

below, which is presumably formed from MAP, comparison of its retention time, mass

spectrum and proton NMR spectrum106 with other photolyses shows that it was produced in

several photochemical experiments. A possible mechanism to explain the formation is below

in scheme 4; the MAP excited state converts into the triplet state and abstracts hydrogen

twice.

The photolysis of dioxime oxalate 1 in isopropanol on a large scale and in toluene at

85°C did not reveal any discernable products either. This was puzzling due to the detection of

the iminyl radical and the carbon-centred radical in the EPR study (chapter 3).

1 Scheme 3
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It then seemed appropriate to attempt the cyclisation and isolation ofproducts from

the photolysis of dioxime oxalate 5 with 1 equivalent ofMAP in various hydrogen donors

(scheme 5). It was hoped that the presence of the bis-methyl groups would increase the rate

of 5-exo cyclisation by the Thorpe-Ingold effect.63 When the reaction was carried out in

isopropanol at RT for 6h, there was only imine 6 and ketone 7 in 56% and 19% yields

(NMR) respectively, which suggested that isopropanol was too good a hydrogen donor for

this system. Repeating this reaction on a larger scale for 8h at RT gave much poorer yields of

imine and ketone (18%, and 12%, NMR) and no evidence of cyclised product in the proton

NMR or GCMS.

hv
MAP

Hydrogen
donor

54.1 dp, J6.7, 8.4

5 2.11 dd, J 6.7, 12.5

8

or

Scheme 5
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The photolysis ofdioxime oxalate 5 in 1,4-cyclohexadiene for 6h at RT also gave the

imine in 58% yield (NMR), which suggested that it also was too good a hydrogen donor for

this system. This is due to the highly stabilised diallylic radical that is formed by hydrogen

abstraction. However there was an indication of a small peak in the GCMS, with a molecular

ion ofm/z 187 and a similar mass spectrum to the cyclised product 8 which was also obtained

below (table 2).

Fortunately it was possible to determine that toluene and cyclohexane were the best

solvents to use for this system. Photolyses ofdioxime oxalate 5 in toluene and cyclohexane at

85°C for 8h gave the cyclised product in 31% and 35% yields (NMR) respectively. The

dihydropyrrole was also detected by GCMS and the GC peak tR and mass spectrum was

readily distinguishable to that of the imine. Some characteristic peaks in the proton NMR for

8 are the doublet ofquintets at 5 4.10 for the ring hydrogen adjacent to the nitrogen, and the

double doublet at 6 2.10 for the two other ring hydrogens. The presence of the single ring

hydrogen at 8 4.10 shows that the 5-exo cyclised product was formed and not the disfavoured

6-endo.

The reaction in cyclohexane was a cleaner reaction without any reduced products such

as imine or ketone but 5 had poor solubility in cyclohexane. The reaction in toluene also gave

imine and ketone in 12% yield each and bibenzyl107 which is formed by coupling of two

benzyl radicals; in turn these are formed by hydrogen abstraction from toluene by the iminyl

and cyclised radicals. This result suggests that toluene was too good a hydrogen donor and it

had prematurely donated hydrogen to the iminyl radical prior to 5-exo cyclisation.
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Table 2 shows the yield of products formed through photolysis of dioxime oxalate 5

Hydrogen donor

(cm3)

Time

(h)

Temperature

(°C)

Dioxime

oxalate (mg)

MAP molar

equivalent

Products

(% yield, NMR)

Toluene (0.5) 8 85 24.5 1 Imine 6; (12)

Ketone 7; (12)

Cyclised 8; (31)

Bibenzyl; (15)

Cyclohexane

(2.0)

8 85 24.3 1 Cyclised 8; (35)

Isopropanol (5.0) 8 RT 211.3 1 Imine 6; (18)

Ketone 7; (12)

Isopropanol (2.0) 6 RT 38.9 1 Imine 6; (56)

Ketone 7; (19)

CHD (2.0) 6 RT 27.3 1 Imine 6; (58)

CHD is 1,4-cyclohexadiene

With the apparent success of the photolysis of dioxime oxalate 5 with elevated

temperature and using toluene and cyclohexane as hydrogen donors, it seemed appropriate to

investigate the photolysis of dioxime oxalate 9 under these conditions.

In this case the iminyl radical 10 would cyclise onto a phenyl-substituted alkene

group and produce a stabilised benzyl type radical (scheme 6). Thus the ring closure should

be favoured both by the Thorpe-Ingold effect from the 2,2-dimethyl substituents and the

thermodynamic stabilisation of the cyclised radical 11. It was possible for the cyclised radical

11 to either accept hydrogen or lose it, the latter case had been observed with another iminyl

radical cyclisation.49'50 The 'H NMR of the end product mixtures from the photolyses of 9 in

toluene and cyclohexene, did not show any discernable cyclised products.
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The cyclisation ofan iminyl radical onto an aromatic group was attempted through the

photolysis ofdioxime oxalate 14 in isopropanol, ether, toluene and cyclohexane.

Deoxybenzoin 15 was identified by GC/MS from the reaction mixture obtained from the

photolysis in ether. However, no cyclised product 16 was detected (scheme 7). The 'H NMR

of the end product mixtures from the photolyses of 14 in these hydrogen donors did not show

any discernable cyclised products.
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Scheme 7 16
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1.2 Reactions of dioxime oxalates with an alkyl group in 1-position

Photolysis reactions were then investigated for dioxime oxalates containing a

1-methyl substituent and for those containing a cyclic group.

It was difficult to identify products from the proton NMR spectra obtained for each

photolysis end product mixture, however GC/MS data showed in most cases the presence of

the y,5-unsaturated ketones from which the dioxime oxalates are derived. This was formed

presumably from the hydrolysis of the imine which in turn was formed by premature

hydrogen abstraction by the iminyl radical, this is supported by what Forrester and co¬

workers reported in their photolysis of benzophenone dioxime oxalate.32 Also the detection

of benzaldehyde in the product mixtures from the photolysis of oxime oxalate amides by

Scanlan in the Walton group suggests the formation of an imine that is hydrolysed upon

workup.45

The photolysis of dioxime oxalate 17 in isopropanol, ether and 1,4-cyclohexadiene

with 1 equivalent ofMAP at RT gave the imine 18 and ketone 19 in low yield with no trace

of the cyclised product either by GCMS or proton NMR. When this reaction was carried out

in acetonitrille the yield of ketone was 70% (NMR) with no trace of cyclised product or

imine (scheme 9, table 3). The 'H NMR of the end product mixtures from the photolyses of

17 in toluene and cyclohexene at 85°C did not show any discernable cyclised products.
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Table 3 shows the yield of products formed through photolysis of dioxime oxalate 17

Hydrogen
*3

donor (cm )

Time h Temperature

(°C)

Dioxime

oxalate

(mg)

MAP molar

equivalent

Products

(% yield, NMR)

Ether (2.0) 8 RT 24 1 Imine 18; (15)

Ketone 19; (12)

Acetonitrille

(2.0)

8 RT 22 1 Ketone 19; (70)

CHD (2.0) 8 RT 34 1 Imine 18; (14)

Ketone 19; (28)

Isopropanol

(2.0)

8 RT 20 1 Imine 18; (4)

Ketone 19; (15)

CHD is 1,4-cyclohexadiene
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The dioxime oxalates 20 and 24 were chosen so that the potential to prepare bicyclic

dihydropyrroles could be investigated. Dioxime oxalate 23 was chosen to see if the presence

of the terminal bis-methyls would aid in cyclisation over 21 due to the formation of a

stabilised tertiary radical and 25 was chosen to investigate the possibility of an iminyl radical

cyclising onto an aromatic ring via this route.

The outcomes from the photolysis reactions of dioxime oxalates 20 to 24 were far less

encouraging than for 17, as in most cases MAP or reduced MAP was all that could be

identified from each end-product analysis. Moreover, the proton NMR spectra were mostly

inconclusive and often no peaks except MAP or reduced MAP were present in the GC/MS.

For dioxime oxalate 20 the GC/MS showed a fairly broad peak that contained a

mixture ofMH+ ions corresponding to what is believed to be the ketone 26 and imine 27 or

possibly the cyclised product 28. Despite the fact that the reaction was carried out in the

conditions that favoured the formation of cylised product 8, there was no observed cyclised

product 28 by proton NMR.

hv

MAP

Hydrogen donor

Scheme 10
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It is believed that inconsistencies in the analysis of the photolysis reactions are caused

at least in part, by the instability of the dioxime oxalates. This has meant that they have had

to be prepared repeatedly without any regular purification step, followed by immediate use

(before the onset of decomposition) for each set of photochemical reactions performed. The

high molecular weight and tendency to decompose at RT meant that distillation was not

possible; recrystallisation from DCM was possible when one preparation of 1 formed a

colourless solid, but in most cases viscous oils were formed. Column chromatography was

attempted for a few cases and they partly hydrolysed during purification leading to reduced

purity rather than increased.

For the photolysis of dioxime oxalate 21, hex-5-en-2-one 29 and its oxime 30 were

observed by GC/MS when the photolysis reaction was performed in isopropanol at RT, the

oxime was probably formed by partial hydrolysis of the dioxime oxalate prior to reaction as

this dioxime oxalate was particularly unstable (scheme 11). This is consistent with the

photolyses of 5, 9 where the imines and ketones were found. However, when the photolysis

of 21 was performed in ether and toluene only MAP was identified and in acetone no

products were identified.

scneme 11

For the photolyses of 22 there were no identifiable compounds detected except for

MAP and 4 in CHD and similarly for 23.

O
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Table 4 Dioxime oxalates photolysed with MAP

Dioxime Oxalate Dioxime Oxalate

\

Q=%-V°-N={)
) 0
\ 20

/O
o
/z

V=Nk _/VPhPh^f 0 ]f N=\\ 0

V 22

\

\ ° \
V=Nk JL // O

\ 0

(
/ 23

^ C02Et 0 r^\

\ 1 o Et02C

24

° P\
c%V'»=<
Ph o

25

For the photolysis of dioxime oxalate 25 in isopropanol only MAP was identified and

in ether, phenylacetone was detected and MAP. This confirmed that the iminyl radical was

formed and was reduced to the imine followed by hydrolysis to phenylacetone 2 and this is

further evidence to show that ether is a good hydrogen donor solvent for this system. The 'H

NMR of the end product mixtures from the photolyses of 25 in these solvents and in toluene

and cyclohexane did not show any discernable cyclised products.(scheme 12).
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2.0 Conclusions

It has been found that dioxime oxalates can be used as a clean source of iminyl

radicals with carbon dioxide as by-product giving the derived imine in the presence of a good

hydrogen donor such as isopropanol or cyclised product in the presence ofa poor hydrogen

donor such as cyclohexane or toluene. This is in contrast to the BDE values in table 1 as

isopropanol has a higher BDE C-H value than for toluene, which suggests that isopropanol is

a poorer hydrogen donor which was not found in this system.

The method is regioselective in forming the 5-exo cyclised product in favour of the

6-endo cyclised product.

In several cases it was found that the hydrogen donors used, i.e. 1,4-cyclohexadiene,

acetonitrile, isopropanol and ether allowed hydrogen abstraction prior to cyclisation giving

the imine product. However, donors such as toluene and cyclohexane were found to be poor

and donate hydrogen after cyclisation at higher temperatures.

It is postulated that higher concentrations of dioxime oxalates helped to afford

premature hydrogen donation

Phenyl and bis-methyl substituents at the terminus of the alkene group did not seem

advantageous for cyclisation

Cyclisations onto aromatic and alkyne groups were not observed even at the higher

temperatures in toluene and cyclohexane.
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3.0 Experimental

All photolyses were undertaken in a quartz reaction vessel or quartz tube and using a

400W medium pressure Hg lamp. After completion of the photolysis the solvent was

removed in vacuo and the product mixture was analysed by GC/MS and proton NMR. In

several cases product separation was attempted by column chromatography.

Photolysis of l-phenylpent-4-en-l-one dioxime oxalate 1

Method A:

1 (0.52 g, 1.29 mmol) and MAP (1 eq) were dissolved in ether (450 cm3) and the

mixture was photolysed for 5h at RT. Identified 4 'H NMR, 5h 7.30 (2H, d, J 8.5), 6.83 (2H,

d, 7 8.7), 4.86 (1H, q, J6.4), 3.8 (3H, s), 1.48 (3H, d, J6.6); GC/MS m/z (%) peak no. 716 4,

152 (2), 134(1001. peak no. 751 MAP 150(30), 135 (1001. peak no. 772 2. 159(100), 104

(80). An attempt was made to isolate these components via column chromatography using

silica and eluting with EtOAc/pet ether, (5% EtOAc to pure EtOAc) but no dihydropyrrole

structure could be identified from the 'H NMR.

A repeat of the reaction where the photolysis was for 8h at RT gave the same

components as before. An acid/base extraction was attempted using hydrochloric acid (5%)

and sodium hydroxide solution (2M) as it was thought that either the dihydropyrrole or the

imine could be protonated and the hydrochloride salt could be isolated and reprotonated to

give the free compound again. However these compounds were not detected by 'H NMR.

Method B:

1 (34 mg, 0.084 mmol) and MAP (1 eq) were dissolved in 1,4-cyclohexadiene (2 cm3)

and the mixture was photolysed for 5h at RT. Identified 4 *H NMR, 5H 7.30 (2H, d, J 8.5),

6.83 (2H, d, J8.7), 4.86 (1H, q, J6.4), 3.8 (3H, s), 1.48 (3H, d, J6.6); GC/MS m/z (%) peak
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no. 716 4, 152 (2), 134 (100), peak no. 751 MAP, 150 (50), 135 (1001. peak no. 771 2. 159

(80), 104(100)

Method C:

1 (494 mg, 1.22 mmol) and MAP (1 eq) were dissolved in isopropanol (400 cm ) and

the mixture was photolysed for 8h at RT. No cyclised products were observed by *H NMR.

Method D:

1 (233.2 mg, 0.58 mmol) and MAP (1 eq) were dissolved in toluene (5 cm3) and the

mixture was photolysed for 8h at 85°C. No cyclised products were observed by 'H NMR.

Photolysis of2,2-dimethyH-phenylpent-4-en-l-one dioxime oxalate 5

Method A:

5 (24.3 mg, 0.053 mmol) and MAP (1 eq) were dissolved in cyclohexane (2 cm3) and

the mixture was photolysed for 8h at 85°C. Identified 3,4-dihydro-2,4,4-trimethyl-5-phenyl-

2H-pyrrole 8, *H NMR, 5H 7.64 - 7.7 (2H, m), 7.14 - 7.4 (3H, m), 4.10 (1H, dp, J6.7, 8.4),

2.11 (2H, dd, J6.7, 12.5), 1.39 (3H, d,J6.9), 1.35 (6H, s); 13C NMR, 5C 129.8(C), 128.5

(CH), 128.3 (CH), 63.7 (CH), 50.4 (C), 27.9 (CH3), 27.1 (CH2), 26.3 (CH3), 22.6 (CH3);

GC/MS m/z (%) peak no. 813 8, 187 (100), 131 (60), 84 (80); (ES) MS m/z (%) 188 (100),

(MH+, 70%), (Ci3HigN requires MH+ 188.1439, found 188.1432)

Method B:

5 (24.5 mg, 0.053 mmol) and MAP (1 eq) were dissolved in toluene (0.5 cm3) and the

mixture was photolysed for 8h at 85°C. Identified 8, !H NMR, 5H 7.64 - 7.7 (2H, m), 7.14 -

7.4 (3H, m), 4.10 (1H, dp, J6.7, 8.4), 2.11 (2H, dd,/6.7, 12.5), 1.39 (3H, d,J6.9), 1.35 (6H,
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s); GC/MS m/z (%) peak no. 814 8, 187 (90), 131 (60), 84 (80), peak no. 800 7, 188 (4), 105

(100), peak no. 753 MAP, 150 (50), 135 (100), peak no. 883 bibenzyl107, 182 (60), 91 (100),

Method C:

5 (268 mg, 0.58 mmol) and MAP (1 eq) were dissolved in toluene (5 cm3) and the

mixture was photolysed for 6h at 85°C. An attempt was made to isolate components via

column chromatography eluting with 10% EtOAc/pet ether on silica which gave a mixture of

the dihydropyrrole and MAP. This isolated mixture was then attempted to be separated on

longer column using 5% EtOAc/pet ether which gave a trace amount of 8. Repeat attempts of

the photolysis gave no indication of 8 in the crude reaction mixture by proton NMR.

Method D:

5 (27.3 mg, 0.06 mmol) and MAP (1 eq) were dissolved in 1,4-cyclohexadiene (2

cm3) and the mixture was photolysed for 6h at RT. GC/MS peak no. 814 8, 187 (80), 131

(60), 84 (100), peak no, 717 4, 152 (10), 134 (100), peak no. 752 MAP, 150 (20) 135 (100)

Method E:

5 (38.9 mg, 0.084 mmol) and MAP (1 eq) were dissolved in isopropanol (2 cm3) and

the mixture was photolysed for 6h at RT. Identified imine 6, *H NMR, 5h 7.20 - 7.4 (5H, m),

5.8 - 5.92 (1H, m), 5.0 - 5.16 (2H, m), 2.24 (2H, dt, J 1.3, 7.2), 1.34 (6H, s); GC/MS m/z (%)

peak no. 811 2. 187 (20), 131 (100). peak no. 753 MAP. 150 (30) 135 (100). peak no, 811 7.

188 (70), 104(100)
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Method F:

5 (484 mg, 1.05 mmol) and MAP (1 eq) were dissolved in isopropanol (400 cm3) and

the mixture was photolysed for 8h at RT. Identified 6, *H NMR, 7.20 - 7.4 (5H, m), 5.8 -

5.92 (1H, m), 5.0-5.16 (2H, m), 2.24 (2H, dt, J 1.3, 7.2), 1.34 (6H, s);

Method G:

5 (26.1 mg, 0.057 mmol) and MAP (1 eq) were dissolved in ether (2 cm3) and the

mixture was photolysed for 6h at RT. Identified 6, 'H NMR, 7.20 - 7.4 (5H, m), 5.8 - 5.92

(1H, m), 5.0 - 5.16 (2H, m), 2.24 (2H, dt, J 1.3, 7.2), 1.34 (6H, s); GC/MS m/z (%) peak no.

810 6. 187 (16), 172 (20), 157 (4), 131 (100). neak no. 815 8. 187 (80), 172(10), 131 (90),

neak no. 801 7, 188 (4), 172 (80), 104 (100), peak no. 753 MAP, 150 (70) 135 (100),

Photolysis of 2,2-dimethyl-l,5-diphenylpent-4-en-l-one dioxime oxalate 9

Method A:

9 (22.0 mg, 0.036 mmol) and MAP (1 eq) were dissolved in cyclohexane (2 cm3) and

the mixture was photolysed for 7h at 85 C. No discernable cyclised products were observed

by 'H NMR.

Method B:

9 (26.5 mg, 0.043 mmol) and MAP (1 eq) were dissolved in toluene (1 cm3) and the

mixture was photolysed for 7h at 85 C. No discernable cyclised products were observed by

'H NMR.

113



Photolysis of deoxybenzoin dioxime oxalate 14

Method A:

14 (36 mg, 0.076 mmol) and (1 eq) were dissolved in ether (2 cm3) and the mixture

was photolysed for 8h at RT. GC/MS m/z (%) peak no. 753 MAP, 150 (70) 135 (100), peak

no. 1030 15, 196 (5), 105 (100), 77 (60)

Method B:

14 (23.1 mg, 0.048 mmol) and (1 eq) were dissolved in toluene (1 cm3) and the

mixture was photolysed for 6h at 85 °C. No cyclised products were observed by *H NMR.

Method C:

14 (27,2 mg, 0.057 mmol) and (1 eq) were dissolved in cyclohexane (2 cm ) and the

mixture was photolysed for 6h at 85 °C. No cyclised products were observed by 'H NMR.

Photolysis of 3-phenylhex-5-yn-2-one dioxime oxalate 17

Method A:

17 (26.1 mg, 0.061 mmol) and MAP (1 eq) were dissolved in ether (2 cm3) and the

mixture was photolysed for 8h at RT. GC/MS m/z (%) peak no. 752 MAP, 150 (40), 135

(100), peak no, 731 18, 171 (15), 157 (30), 128 (100)

Method B

17 (20 mg, 0.047 mmol) and MAP (1 eq) were dissolved in isopropanol (2 cm3) and

the mixture was photolysed for 8h at RT. GC/MS m/z (%) peak no. 752 MAP, 150 (30) 135

(100), peak no. 731 18, 171 (20), 157 (30), 128 (100)
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Method C:

17 (33.6 mg, 0.078 mmol) and MAP (1 eq) were dissolved in 1,4-cyclohexadiene (2

cm3) the mixture was photolysed for 8h at RT. GC/MS m/z (%) peak no. 754 MAP. 150 (30)

135 (100), peak no. 733 18, 171 (15), 157 (40), 128 (100)

Method D:

17 (22.2 mg, 0.046 mmol) and MAP (1 eq) were dissolved in acetonitrile (2 cm3) and

the mixture was photolysed for 6h at RT. GC/MS m/z (%) peak no. 752 MAP 150 (80) 135

(100). peak no. 731 18. 171 (20), 157(40), 128 (100). peak no, 905 oxime. 187 (20), 170

(80), 129(100)

Method E:

17 (33.9 mg, 0.079 mmol) and MAP (1 eq) were dissolved in cyclohexane (2 cm )

and the mixture was photolysed for 6h at 85°C. No discernable cyclised products were

observed by *H NMR.

Method F:

17 (24.2 mg, 0.056 mmol) and MAP (1 eq) were dissolved in toluene (0.5 cm3) and
the mixture was photolysed for 6h at 85°C. No discernable cyclised products were observed

by *H NMR.

Photolysis of 2-allylcyclohexanone dioxime oxalate 20

Method A:

20 (31.1 mg, 0.086 mmol) was dissolved in acetone (2 cm3) and the mixture was

photolysed for 4h at RT. GC/MS (CI) m/z (%) tR 5.75 26, 139 (90),
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Method B:

20 (24 mg, 0.067 mmol) and MAP (1 eq) were dissolved in ether (2 cm3) and the

mixture was photolysed for 4h at RT. GC/MS (CI) m/z (%) tR 5.74 26, 139 (100), tR 7.76

MAP, 151 (100)

Method C:

20 (22.3 mg, 0.062 mmol) and MAP (1 eq) were dissolved in toluene (2 cm3) and the

mixture was photolysed for 4h at 85°C. GC/MS (CI) m/z (%) tR 5.72 27, 138 (30), tR 5.74 26,

139 (60), tR 7.74 MAP, 151 (100)

Method D:

"1

20 (34 mg, 0.094 mmol) and MAP (2 eq) were dissolved in isopropanol (2 cm ) and

the mixture was photolysed for 4h at 85°C. GC/MS (CI) m/z (%) tR 5.76 27, 138 (20), tR 7.73

MAP, 151 (100)

Photolysis of hex-5-en-2-one dioxime oxalate 21

Method A:

21 (61 mg, 0.21 mmol) and MAP (1 eq) were dissolved in toluene (3 cm ) and the

mixture was photolysed for 4h at RT. No discernable cyclised products were observed by 'H

NMR.

Method B:

21 (27.7 mg, 0.099 mmol) and MAP (3 eq) were dissolved in ether (2 cm3) and the

mixture was photolysed for 4h at RT. GC/MS m/z (%) peak no.752 MAP, 150 (80), 135

(100)
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Method C:

21 (28.4 mg, 0.1 mmol) was dissolved in acetone (2 cm3) and the mixture was

photolysed for 4h at RT. No discernable cyclised products were observed by 'H NMR.

Method D:

21 (35.6 mg, 0.123 mmol) and MAP (2 eq) were dissolved in isopropanol (2 cm3) and
the mixture was photolysed for 4h at RT. GC/MS m/z (%) peak no. 397 29, 98 (25), 54 (100),

peak no. 404 30. 113 120). 98 (85), 96(100)

Photolysis of 3-phenylhex-5-en-2-one dioxime oxalate 22

Method A:

22 (24.3 mg, 0.056 mmol) and MAP (24 mg) were dissolved in toluene (2 cm") and

the mixture was photolysed for 4h at RT. GC/MS m/z (%) peak no. 752 MAP, 150 (90), 135

(100)

Method B:

22 (40 mg, 0.092 mmol) was dissolved in acetone (2 cm3) and the mixture was

photolysed for 4h. No discernable cyclised products were observed by 'H NMR.

Method C:

22 (28.4 mg, 0.066 mmol) and MAP (3 eq) were dissolved in ether (2 cm ) and the

mixture was photolysed for 4h at RT. GC/MS m/z (%) peak no.753 MAP, 150 (30), 135

(100)
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Method D:

22 (31.1 mg, 0.072) and MAP (3 eq) were dissolved in isopropanol (2 cm3) and the
mixture was photolysed for 4h at RT. GC/MS m/z (%) peak no. 884 oxime, 189 (20), 172

(45), 130(100). peak no.753 MAP. 150 (75), 135 (100)

Photolysis of 6-methylhept-5-en-2-one dioxime oxalate 23

Method A:

23 (43 mg, 0.128 mmol) and MAP (1 eq) were dissolved in ether (2 cm ) and the

mixture was photolysed for 6h at RT. GC/MS m/z (%) peak no. 753 MAP, 150 (38), 135

(100)

Method B:

23 (29.4 mg, 0.087 mmol) and MAP (1 eq) were dissolved in isopropanol (2 cm3) and

the mixture was photolysed for 6h at RT. Identified product 4 *H NMR, 8h 7.30 (2H, d, J

8.5), 6.83 (2H, d, J8.7), 4.86 (1H, q, J6.4), 3.8 (3H, s), 1.48 (3H, d, J6.6); GC/MS m/z (%)

peak no. 720 4, 152 (2), 134 (100), peak no. 754 MAP, 150 (30), 135 (100)

Method C:

(39.9 mg, 0.12 mmol) and MAP (1 eq) were dissolved in 1,4-cyclohexadiene (2 cm3)

and the mixture was photolysed for 6h at RT. Identified 4 'H NMR, 8h 7.30 (2H, d, J 8.5),

6.83 (2H, d, J8.7), 4.86 (1H, q,J6.4), 3.8 (3H, s), 1.48 (3H, d, J6.6); GC/MS m/z (%) peak

no. 719 4. 152(10), 134 (100). 119 (80). peak no. 754 MAP. 150 (50), 135 (100),
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Photolysis of l-allylcyclopentanonecarboxylic acid ethyl ester dioxime oxalate 24

Method A:

24 (27.7 mg, 0.058 mmol) and MAP (1 eq) were dissolved in ether (2 cm3) and the

mixture was photolysed for 8h at RT. Identified product 4, !H NMR, 8h 7.30 (2H, d, J 8.5),

6.83 (2H, d, J 8.7), 4.86 (1H, q, J6.4), 3.8 (3H, s), 1.48 (3H, d, J6.6); GC/MS m/z (%) peak

no. 718 4. 152 (20), 137 (100). peak no. 753 MAP. 150(30), 135 (100)

Method B:

24 (33.4 mg, 0.07 mmol) and MAP (1 eq) were dissolved in isopropanol (2 cm3) and

the mixture was photolysed for 8h. Identified product 4, 'H NMR, 8h 7.30 (2H, d, J 8.5), 6.83

(2H, d, J 8.7), 4.86 (1H, q, J6.4), 3.8 (3H, s), 1.48 (3H, d, J6.6); GC/MS m/z (%) peak no,

752 MAP, 150 (50), 135 (100)

Method C:

24 (44.8 mg, 0.094 mmol) and MAP (1 eq) were dissolved in 1,4-cyclohexadiene (2

cm3) and the mixture was photolysed for 8h at RT. Identified product 4 'H NMR, Sh 7.30

(2H, d,J8.5), 6.83 (2H, d, J8.7), 4.86 (1H, q, J6.4), 3.8 (3H, s), 1.48 (3H, d, J6.6) GC/MS

m/z (%) peak no, 720 4, 152 (10), 134 (100), peak no. 755 MAP, 150 (30), 135 (100)

Method D:

24 (39.5 mg, 0.083 mmol) and MAP (1 eq) were dissolved in acetonitrille (2 cm3) and

the mixture was photolysed for 8h at RT. GC/MS m/z (%) peak no. 753 MAP, 150 (90), 136

(100)
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Photolysis of phenylacetone dioxime oxalate 25

Method A:

i • • ^
25 (24 mg, 0.068 mmol) and MAP (1 eq) were dissolved in isopropanol (2 cm ) and

the mixture was photolysed for 8h at RT. GC/MS m/z (%) peak no. 753. MAP, 150 (30), 135

(100)

Method B:

25 (23 mg, 0.065 mmol) and MAP (1 eq) were dissolved in ether (2 cm3) and the

mixture was photolysed for 8h at RT. GC/MS m/z (%) peak no. 558 31, 134 (40), 91 (100),

peak no. 753 MAP, 150 (70), 135 (135)

Method C:

25 (30 mg, 0.085 mmol) and MAP (1 eq) were dissolved in toluene (1 cm3) and the

mixture was photolysed for 8h at 85 °C. No discernable cyclised products were observed by

'HNMR.

Method D:

25 (26.5 mg, 0.075 mmol) and MAP (1 eq) were dissolved in cyclohexane (2 cm3)
and the mixture was photolysed for 8h at 85 °C. No discernable cyclised products were

observed by 'H NMR.
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Conclusions and future work

1.1 Conclusions

Dioxime oxalates have been prepared relatively easily from y,5-unsaturated ketones

containing, alkene, aryl and alkyne substituents and aryl or alkyl groups adjacent to the

carbonyl group.

It has been discovered that dioxime oxalates are unstable and degrade rapidly on

exposure to the atmosphere or on heating making them difficult to work with.

Purification was problematic as most hydrolysed during column chromatography.

Only one preparation of34 (chapter 2) allowed recrystallisation giving pure material that

allowed X-ray crystal data to be obtained.

It was found that the N-0 bond length in dioxime oxalates is longer than in oximes

but shorter than in oxime oxalate amides.

Photolysis ofdioxime oxalates with MAP gave N-0 bond fission with either aryl or

alkyl groups adjacent to the C=N group, iminyl radicals were detected by EPR spectroscopy

and in two cases the cyclised radicals were also detected.

With isopropanol, ether, acetonitrile and 1,4-cyclohexadiene hydrogen donation was

rapid by the iminyl radicals and accordingly imine formation dominated.

With cyclohexane and toluene, hydrogen donation was less efficient and in one case

cyclised product was observed.

The following are some of the reasons for the lack ofproducts resulting from iminyl

radical cyclisation. One reason is that the iminyl radicals observed during EPR spectroscopic

experiments generated in /-butylbenzene which is a very poor hydrogen donor whereas in

other solvents hydrogen abstraction was more rapid.
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Secondly the iminyl and cyclised radicals were spectroscopically observed for a short

duration at low temperatures, whereas the photolyses were conducted at RT and above for

several hours under which conditions the dioxime oxalates are much less stable.

Thirdly the presence of impurities such as oximes which donate hydrogen readily, to

give stabilised iminoxyl radicals which could hinder the desired radical processes.
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1.2 Future work

It would be advantageous to generate radicals from the dioxime oxalates thermally, so

that UV light and MAP are no longer required and provide more convenient methodology in

both preparation and separation ofproducts.

In the case of the photochemical methodology, other photosensitisers could be used

such as benzil and pyrene as alternatives to MAP and may improve reaction conditions and

ease in separation ofphotosensitiser from other products.

The methodology has the potential to provide access to several other nitrogen

heterocycles such as benzopyrazoles 1, pyrrolizidines108-109 2 and fused heterocycles 3

(schemes 1 to 3) via the proposed methodology below. Many biologically active compounds

contain the pyrazole structure for instance; Viagra. Moreover, alkaloids containing

pyrrolizidine structural units are receiving attention.110'111
Ph

i)NH2OH.HCI/base H
\

NH ii)(COCI)2
i i i)UV/MAP/toluene

N
/

R

AcOH

PhNO

Scheme 1 R 1 R
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Table 1. Crystal data and structure refinement for 34 (chapter 2)

Identification code

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Index ranges

Reflections collected

Independent reflections
Completeness to theta = 25.35°
Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F3
Final R indices [I>2sigma(I)j
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

34

C24 H24 N2 04

404.45

93(2)K
0.71073 A
Monoclinic

P2(l)/c
a= 14.615(5) A a = 90°.
b = 5.870(2) A p = 98.635(8)°
c = 24.059(9) A y = 90°.
2040.8(12) A3
4

1.316 Mg/m3
0.090 mm"1
856

0.1000 x 0.0300 x 0.0200 mm3
1.71 to 25.35°.

-17<=h<=13, -7<=k<=5, -28<=1<=26
11288

3647 [R(int) = 0.1118]
97.8 %

Multiscan

1.0000 and 0.4651

Full-matrix least-squares on F3
3647 / 0 / 273

1.098

R1 =0.1510, wR2 = 0.3908
R1 =0.2271, wR2 = 0.4364

0.010(4)
0.697 and -0.427 e.A"3
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Table 2. Atomic coordinates ( x 10^) and U(eq) for 34 (chapter 2)

Atom X y z U(eq)

0(1) 4623(4) 3183(11) 9435(2) 35(2)

C(l) 5025(5) 4756(16) 9693(3) 29(2)

0(2) 5602(3) 6281(10) 9498(2) 29(1)

N(3) 5663(4) 5871(12) 8913(3) 31(2)
C(4) 5989(5) 7615(14) 8703(3) 27(2)

0(5) 6233(5) 9851(15) 8989(3) 29(2)

0(6) 7292(6) 10147(17) 9052(4) 40(2)

0(7) 7798(5) 8394(17) 9434(4) 39(2)

0(8) 8354(6) 6784(19) 9257(4) 46(3)
0(9) 6117(5) 7351(13) 8102(3) 20(2)
C(10) 6544(5) 5360(14) 7927(3) 28(2)

0(11) 6640(5) 5156(14) 7369(3) 26(2)
0(12) 6361(5) 6792(15) 6974(3) 27(2)

0(13) 5957(5) 8788(16) 7153(3) 31(2)
0(14) 5842(5) 9061(14) 7716(4) 29(2)

0(21) 10283(4) 6885(11) 5563(2) 37(2)
0(21) 9961(5) 5301(15) 5310(3) 26(2)
0(22) 9456(3) 3591(10) 5500(2) 30(1)
N(23) 9363(4) 3889(13) 6087(3) 30(2)
0(24) 8950(5) 2161(14) 6260(3) 24(2)
0(25) 8579(6) 88(16) 5921(4) 35(2)
C(26) 7534(5) 79(15) 5801(3) 29(2)
C(27) 7132(6) 2091(17) 5465(4) 39(2)
C(28) 6546(6) 3483(16) 5624(4) 36(2)
C(29) 8844(5) 2290(13) 6863(3) 24(2)
C(30) 9129(5) 4161(14) 7191(3) 25(2)
0(31) 9094(5) 4190(14) 7771(3) 27(2)
C(32) 8749(5) 2311(14) 8023(3) 26(2)
C(33) 8440(5) 456(14) 7705(3) 26(2)
0(34) 8486(5) 416(15) 7136(3) 29(2)
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Table 3. Bond lengths [A] for 34 (chapter 2)

0(1)-C(1)
C(l)-0(2)
C(l)-C(l)#l
0(2)-N(3)
N(3)-C(4)
C(4)-C(9)
C(4)-C(5)
C(5)-C(6)
C(5)-H(5A)
C(5)-H(5B)
C(6)-C(7)
C(6)-H(6A)
C(6)-H(6B)
C(7)-C(8)
C(7)-H(7A)
C(8)-H(8A)
C(8)-H(8B)
C(9)-C(14)
C(9)-C(10)
C(10)-C(ll)
C(10)-H(10A)
C(11)-C(12)
C(11)-H(11A)
C(12)-C(13)
C(12)-H(12A)
C(13)-C(14)
C(13)-H(13A)
C(14)-H(14A)
0(21)-C(21)
C(21)-0(22)
C(21)-C(21)#2
0(22)-N(23)
N(23)-C(24)
C(24)-C(29)
C(24)-C(25)
C(25)-C(26)

1.214(10)
1.361(10)
1.518(16)
1.442(9)
1.267(10)
1.493(11)
1.500(12)
1.543(11)
0.9900

0.9900

1.497(13)
0.9900

0.9900

1.355(14)
0.9500

0.9500

0.9500

1.385(11)
1.419(11)
1.376(11)
0.9500

1.368(12)
0.9500

1.408(12)
0.9500

1.400(12)
0.9500

0.9500

1.171(10)
1.365(10)
1.554(17)
1.450(9)
1.282(10)
1.484(11)
1.519(11)
1.511(11)
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C(25)-H(25A) 0.9900

C(25)-H(25B) 0.9900

C(26)-C(27) 1.501(12)
C(26)-H(26A) 0.9900

C(26)-H(26B) 0.9900

C(27)-C(28) 1.283(13)
C(27)-H(27A) 0.9500

C(28)-H(28A) 0.9500

C(28)-H(28B) 0.9500

C(29)-C(30) 1.379(11)
C(29)-C(34) 1.422(12)
C(30)-C(31) 1.404(11)
C(30)-H(30A) 0.9500

C(31)-C(32) 1.389(11)
C(31)-H(31A) 0.9500

C(32)-C(33) 1.368(12)
C(32)-H(32A) 0.9500

C(33)-C(34) 1.381(11)
C(33)-H(33A) 0.9500

C(34)-H(34A) 0.9500
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Table 4. Bond angles (°) for 34 (chapter 2)
Atoms Angle (°)

0(l)-C(l)-0(2) 127.0(7)
0(1)-C(1)-C(1)#1 123.4(9)
0(2)-C(l)-C(l)#l 109.6(9)
C(l)-0(2)-N(3) 111.0(6)
C(4)-N(3)-0(2) 109.7(7)
N(3)-C(4)-C(9) 114.4(7)
N(3)-C(4)-C(5) 127.0(8)
C(9)-C(4)-C(5) 118.6(7)
C(4)-C(5)-C(6) 108.0(7)
C(4)-C(5)-H(5A) 110.1

C(6)-C(5)-H(5A) 110.1

C(4)-C(5)-H(5B) 110.1

C(6)-C(5)-H(5B) 110.1

H(5A)-C(5)-H(5B) 108.4

C(7)-C(6)-C(5) 112.2(7)
C(7)-C(6)-H(6A) 109.2

C(5)-C(6)-H(6A) 109.2

C(7)-C(6)-H(6B) 109.2

C(5)-C(6)-H(6B) 109.2

H(6A)-C(6)-H(6B) 107.9

C(8)-C(7)-C(6) 123.4(9)
C(8)-C(7)-H(7A) 118.3

C(6)-C(7)-H(7A) 118.3

C(7)-C(8)-H(8A) 120.0

C(7)-C(8)-H(8B) 120.0

H(8A)-C(8)-H(8B) 120.0

C(14)-C(9)-C(10) 119.6(7)
C(14)-C(9)-C(4) 120.5(7)
C(10)-C(9)-C(4) 119.8(7)
C(ll)-C(10)-C(9) 118.4(8)
C( 11 )-C( 10)-H( 1 OA) 120.8

C(9)-C( 10)-H( 1 OA) 120.8

C(12)-C(ll)-C(10) 123.5(8)
C(12)-C(11)-H(11A) 118.2

C( 10)-C( 11 )-H(11A) 118.2
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C(11 )-C(12)-C( 13)
C( 11 )-C(12)-H( 12A)
C( 13)-C( 12)-H( 12A)
C(14)-C(13)-C(12)
C(14)-C(13)-H( 13A)
C(12)-C( 13)-H( 13A)
C(9)-C(14)-C(13)
C(9)-C( 14)-H( 14A)
C( 13)-C(14)-H(14A)
0(21 )-C(21 )-0(22)
0(21 )-C(21 )-C(21 )#2
0(22)-C(21 )-C(21 )#2
C(21)-0(22)-N(23)
C(24)-N(23)-0(22)
N(23)-C(24)-C(29)
N(23)-C(24)-C(25)
C(29)-C(24)-C(25)
C(26)-C(25)-C(24)
C(26)-C(25)-H(25A)
C(24)-C(25)-H(25A)
C(26)-C(25)-H(25B)
C(24)-C(25 )-H(25B)
H(25A)-C(25)-H(25B)
C(27)-C(26)-C(25)
C(27)-C(26)-H(26A)
C(25)-C(26)-H(26A)
C(27)-C(26)-H(26B)
C(25)-C(26)-H(26B)
H(26A)-C(26)-H(26B)
C(28)-C(27)-C(26)
C(28)-C(27)-H(27A)
C(26)-C(27)-H(27A)
C(27)-C(28)-H(28A)
C(27)-C(28)-H(28B)
H(28A)-C(28)-H(28B)
C(30)-C(29)-C(34)
C(30)-C(29)-C(24)
C(34)-C(29)-C(24)

117.9(7)
121.1

121.1

120.5(8)
119.8

119.8

120.1(8)
119.9

120.0

127.2(8)
126.8(9)
106.0(9)
111.8(6)

109.8(7)
113.6(7)
127.4(8)
119.0(7)
112.0(7)
109.2

109.2

109.2

109.2*

107.9

113.8(7)
108.8

108.8

108.8

108.8

107.7

124.4(9)
117.8

117.8

120.0

120.0

120.0

116.9(7)
122.2(7)
120.8(7)

142



C(29)-C(30)-C(31) 121.6(8)
C(29)-C(30)-H(30A) 119.2

C(31)-C(30)-H(30A) 119.2

C(32)-C(31 )-C(30) 119.6(8)
C(32)-C(31 )-H(31A) 120.2

C(30)-C(31 )-H(31A) 120.2

C(33)-C(32)-C(31) 119.9(8)
C(33)-C(32)-H(32A) 120.0

C(31)-C(32)-H(32A) 120.0

C(32)-C(33)-C(34) 120.4(8)
C(32)-C(33)-H(33A) 119.8

C(34)-C(33)-H(33A) 119.8

C(33)-C(34)-C(29) 121.4(8)
C(33)-C(34)-H(34A) 119.3

C(29)-C(34)-H(34A) 119.3

Symmetry transformations used to generate equivalent atoms:
# 1 -x+1 ,-y+1 ,-z+2 #2 -x+2,-y+1 ,-z+1
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Table 5. Hydrogen coordinates ( x 10^) and isotropic displacement parameters (A^x 10 3)
for 34 (chapter 2)

x y z U(eq)

H(5A) 6029 9869 9363 35

H(5B) 5920 11113 8762 35

H(6A) 7490 10034 8677 48

H(6B) 7460 11683 9204 48

H(7A) 7725 8410 9820 47

H(8A) 8439 6730 8874 55

H(8B) 8658 5711 9517 55

H(10A) 6759 4195 8189 34

H(11A) 6914 3807 7251 31

H(12A) 6438 6587 6593 32

H(13A) 5761 9958 6889 37

H(14A) 5576 10420 7834 35

H(25A) 8830 69 5561 42

H(25B) 8794 -1310 6132 42

H(26A) 7327 -1332 5594 35

H(26B) 7287 52 6163 35

H(27A) 7325 2352 5110 47

H(28A) 6339 3272 5976 43

H(28B) 6320 4724 5389 43

H(30A) 9356 5462 7020 30

H(31A) 9304 5487 7989 32

H(32A) 8728 2315 8416 31

H(33A) 8193 -814 7877 31

H(34A) 8272 -892 6923 35
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Table 6. Torsion angles [°] for 34 (chapter 2)

0( 1 )-C( 1 )-0(2)-N(3) 2.4(11)
C( 1 )# 1 -C( 1 )-0(2)-N(3) -179.7(7)
C( 1 )-0(2)-N(3)-C(4) 162.7(7)
0(2)-N(3)-C(4)-C(9) 177.8(6)

0(2)-N(3)-C(4)-C(5) -3.4(11)
N(3)-C(4)-C(5)-C(6) 113.1(9)
C(9)-C(4)-C(5)-C(6) -68.1(9)
C(4)-C(5)-C(6)-C(7) -64.7(10)
C(5)-C(6)-C(7)-C(8) 114.7(10)
N(3)-C(4)-C(9)-C(14) 135.0(8)
C(5)-C(4)-C(9)-C( 14) -43.9(10)
N(3)-C(4)-C(9)-C(10) -46.5(10)
C(5)-C(4)-C(9)-C(10) 134.6(8)
C(14)-C(9)-C(10)-C(l 1) -2.4(11)
C(4)-C(9)-C(10)-C(l 1) 179.1(7)
C(9)-C(10)-C(ll)-C(12) 1.3(11)
C(10)-C( 11 )-C( 12)-C( 13) 0.1(11)
C(ll)-C(12)-C(13)-C(14) -0.4(10)
C(10)-C(9)-C( 14)-C( 13) 2.2(11)
C(4)-C(9)-C( 14)-C( 13) -179.4(7)
C(12)-C(13)-C( 14)-C(9) -0.7(11)
0(21 )-C(21 )-0(22)-N(23) -1.4(11)
C(21 )#2-C(21 )-0(22)-N(23) 177.5(6)
C(21 )-0(22)-N(23)-C(24) -174.8(6)
0(22)-N(23)-C(24)-C(29) 178.5(6)
0(22)-N(23)-C(24)-C(25) -1.3(10)
N(23)-C(24)-C(25)-C(26) -107.7(9)
C(29)-C(24)-C(25)-C(26) 72.4(9)
C(24)-C(25)-C(26)-C(27) 60.9(10)
C(25)-C(26)-C(27)-C(28) -123.3(10)
N(23)-C(24)-C(29)-C(30) 2.9(10)
C(25)-C(24)-C(29)-C(30) -177.3(7)
N(23)-C(24)-C(29)-C(34) -173.7(7)
C(25)-C(24)-C(29)-C(34) 6.2(10)
C(34)-C(29)-C(30)-C(31) 1.9(11)
C(24)-C(29)-C(30)-C(31) -174.8(7)
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C(29)-C(30)-C(31 )-C(32) -1.1(10)
C(30)-C(31 )-C(32)-C(33) -0.6(10)
C(31 )-C(32)-C(33)-C(34) 1.3(11)
C(32)-C(33)-C(34)-C(29) -0.5(11)
C(30)-C(29)-C(34)-C(33) -1.1(11)
C(24)-C(29)-C(34)-C(33) 175.7(7)

Symmetry transformations used to generate equivalent atoms:
#1 -x+l,-y+l,-z+2 #2-x+2,-y+l,-z+l



300MHz 'H NMR spectrum of2,2-dimethyl-l,5-diphenylpent-4-en-l-one dioxime oxalate 37

(chapter 2)
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75MHz 13C NMR spectrum of2,2-dimethyl-l,5-diphenylpent-4-en-l-one dioxime oxalate 37

(chapter 2)
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