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Abstract 

Radical Ring Expansions of Benzocyclic Carbonyl Compounds 

Introduction 

The thesis gives an account of the application of two methodologies, "Side Chain 

Incorporation" and "Cleavage of the Zero Bridge in Bicycles," to the ring expansion, by one, 

three, and four carbons, of five-, six-, and seven-membered ring benzocyclic carbonyl 

compounds. 

Ring Expansion by Side Chain Incorporation 

Suitable starting materials were prepared by C -alkylation, with straight-chain a,ro

dihalides, of /3-keto esters. Treatment of the resultant halides with tributylstannane affords 

primary alkyl radicals, which can cyclise onto the ketone carbonyl. Regiospecific /3-scission 

of the resultant tertiary alkoxyl radical affords a stabilised tertiary alkyl radical, which is 

reduced to give a ring-expanded product. Reduction of the primary alkyl radical to afford a 

non-ring-expanded product is a competitive, and sometimes predominant, process. 

One-carbon ring expansion of benzocarbocyclic five-, six-, and seven-rnembered ring 

~-keto esters was generally successful; multi-carbon ring expansion failed. Three-carbon 

ring expansion of the ~-keto ester derived from 2,3-dihydro-3-oxobenzo[b]furan was 

successful; four-carbon ring expansion failed. 

The one-carbon ring expansion of 3-methyl-l-phenyloxindole by brornomethylation 

and treatment of the resultant bromide with tributylstannane also succeeded. This ring 

expansion proceeded via cyclisation of the alkyl radical onto the fused benzene ring, rather 

than onto the lactam carbonyl. 

Ring Expansion by Cleavage of the Zero Bridge in Bicycles 

Samarium (II) iodide-mediated Barbier cyclisation of the above haloalkyl ketones 

afforded a bridgehead tertiary bicyclic alcohol. Treatment of the alcohol with iodobenzene 

diacetate afforded the hypoiodite. Photolysis of the hypoiodite afforded the alkoxyl radical, 

which gave ~-scission to a ring-expanded product as above. 

Three-carbon ring expansion of 2-tetralone was successful; I-tetralone afforded an 

intractable mixture of iodoketones, arising from the non-regiospecific ~-scission of the 

intermediate alkoxyl radical. 

Nitrate esters were investigated as a precursor of alkoxyl radicals. Attempts at forming 

the nitrate ester of tertiary bicyclic alcohols failed, owing to preferential dehydration. 
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Miscellaneous 

Attempts at the ring-opening of I-decalone and camphor by samarium (0) iodide

mediated ketyl formation failed; ring-opening of a more complex ketone succeeded. Various 

nitro compounds were reduced with tributylstannane. 
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1. Introduction 

1.1 Benzo-fused Compounds as Drugs 

Many benzo-fused compounds have pharmacological activityl-3 and are used 

clinically. Benzodiazepines have been extensively reviewed 1 and are well known as 

tranquillisers, e.g. demoxepam (1). Tricyclic antidepressants include fantridone (2) and 

pirandamine (3). Anti-inflammatory benzo-fused drugs include piroxicam (4), used in the 

oral treatment of osteo- and rheumatoid arthritis, and sulindac (5). 

(2) 

(4) 
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MeSO 
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(3) 
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Other known pharmacologically active compounds include examples of diuretics and 

analgaesics, but cardiovascular drugs make up the bulk of the rest. Diltiazem hydrochloride 

(6) is a calcium entry blocker used in the oral therapy of angina, endralazine (7) is a 



peripheral vasodilator, aprindine (8) is an anti-arythmic agent, and nadolol (9) is a 13-
adrenoceptor blocker used in the treatment of hypertension. 
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The synthetic routes to these benwheterocycles tend to involve formation of the benw

fused heterocyclic ring by intramolecular cyclisation of monosubstituted or 0 -disubstituted 

arenes, e.g. the synthesis of clonazepam (Scheme 14). Thermodynamic considerations (e.g. 

entropy) become increasingly unfavourable as the size of the heterocyclic ring is increased 

from 6-membered rings upwards, so that reaction yields tend to decrease rapidly towards 

zero. Even in the case of 7 -membered rings cyclisation can be problematic: in the formation 

of chlordiazepoxide (LIDRIUM) a one-atom ring expansion of a 6-membered ring (a 

quinazoline 3-oxide) to a 7-membered ring (a benzodiazepine) has been used to circumvent 

such problems (Scheme 21b). 
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Scheme 1 At = 2·CI.CsH. 
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Thus the synthetic concept of ring expansion appears to present a feasible route to 

novel medium-ring benzo-fused compounds. The Boots Company has an interest in 

screening such compounds for pharmacological activity_ The aim of this research is to 

produce such compounds via novel ring expansion methodologies_ 

1.2 Strategies for Ring Expansion 

Ring expansions in organic chemistry have recently been extensively reviewed.5 They 

can be represented as belonging to three fundamental types: cleavage of the zero bridge in 

bicycles (Type I); side chain incorporation (Type 2); and pericyclic reactions (Type 3). The 

three types are represented generally in Scheme 3. 

In Type I ring expansion, the shortest bridge in a bicyclic starting material (10), viz_ 

that between the two bridgehead atoms (the "zero bridge"), is broken to give a larger-ring 

monocycle (11). 

In Type 2 ring expansion, the ring in a monocyclic starting material (12) is substituted 

by a side chain at a ring atom carrying a suitable group. During the expansion process the 

side chain is incorporated into the ring via an intermediate (13) similar to the bicyclic 

starting material of Type I ring expansions (10), which undergoes zero bridge cleavage to a 

ring-expanded product (14) in the same way. 

In Type 3 ring expansion, two side chains are placed in the same monocyclic starting 

material (15) at an appropriate distance to each other. The starting material (15) undergoes 

an electrocyclic or sigmatropic rearrangement to a ring-expanded product (17)_ The 

transition state (16) for this one-step reaction is clearly similar to the starting material for 

Type I expansion (10)_ 

Thus cleavage of the zero bridge in bicycles (Type I) is the fundamental route to ring 

expansion. 
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TYPE 1 CD ~ 0 
(10) (11) 

TYPE 2 ~ Q) 0 ~ ~ 

(12) (13) (14) 

c{ 
# 

TYPE 3 0 ~ .. 

(15) (16) (17) 

Scheme 3: The Three Fundamenla1 Types of Ring Expansion 

The use of free radicals (uncharged, often transient, species containing one or more 

unpaired electrons) as intennediates for ring expansion offers several advantages over the 

use of charged species, often combining favourable reactivity with chemo- and regio

specificity, thus tolerating a high level offunctionality in starting materials.6.7 

Radicals are neutral species. Therefore protection of alcohol and amine functions is 

often unnecessary, epimerisation of sensitive centres (e.g. enolisable protons) tends not to 

occur and reactions do not need to be dry. Compared to ionic species, aggregation 

phenomena (e.g. solvation, co-ordination of counterions) are unimportant or non-existent 

Thus reaction at hindered sites is possible and the polarity of other functions in the molecule 

may be unimportant 

Alkoxyl radicals (R3CQ.) are common species, transient in nature and readily 

generated. Thus ring expansion of benzoheterocycles via transient alkoxyl radicals may 

offer a mild convenient route to novel compounds of pharmaceutical interest. The nature of 

the chemistry of alkoxyl radicals precludes ring expansions of Type 3, so only those of 

Types 1 and 2 will be considered. 
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1.3 Strategies for Ring Expansion via Transient Alkoxyl Radicals 

The two fundamental types of ring expansion via transient alkoxyl radicals are 

Cleavage of Zero Bridge in Bicycles (Type I) and Side Chain Incorporation (Type 2) 

(Scheme 4). Common starting materials. viz. ketone (18). can be envisaged for both routes. 

The electron-withdrawing and radical-stabilising group. Z. facilitates synthesis of ketone 

(18) by alkylation. often (for synthetic convenience) with an a,ro-dihalide (Scheme 5). and 

should ensure that /3-scission of the transient alkoxyl radical (20) is regioselective. or even 

regiospecific. It also obviates dialkylation. 
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Type 2 has the obvious advantage of being one-step rather than three-step, like Type I. 

However Type 2 allows the possibility of fonnation of a product (25) stemming from 

reduction without ring expansion (Scheme 6). The rate of cyclisation of alkyl radical (19) to 

afford alkoxyl radical (20) relative to the rate at which alkyl radical (19) abstracts a 

hydrogen atom from a suitable hydride source to afford product (25) is of crucial 

importance, and will be discussed in detail (section 1.4). 

er: (H·) 
cG-H • 

Z Z 

(19) (25) 

Sdlgme:§ 

Several examples of both types of ring expansion have appeared in the literature, 

mostly published after this study began. These examples, few of which involve benzo-fused 

compounds, are surveyed in the following two sections (1.4 and 1.5) and the practical and 

mechanistic aspects of each type are discussed. The specific aim of the research is to apply 

these two types of ring expansion to the synthesis of novel ring-expanded benzoheterocycles 

from readily available starting materials. 

1.4 Ring Expansion by Side Chain Incorporation 
The general mechanism mechanism for the radical chain reduction of ketone (18) by a 

group-14 organometallic hydride (MH) with initiator (ln2) is easily represented.()'8 (Scheme 

7). The polymer-bound stannane9 and 1,I,I,2,3,3,3-heptamethyltrisilane10 

{(Me:3SihSi(Me)H) obviate the tedious purification needed to remove organostannane 

residues from the crude product - a major practical advantage. Triphenylstannane may be 

generated slowly in situ by the action of sodium cyanoborohydride on 

triphenylchlorostannane (Scheme 8).11 

o 
PhaSnCII NaBH3CN/ 
BU'ooeu', n -CsHttOH 

• 

SchemeS 

6 

o 

6:! + 

61% 15% 
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Z kx Z 

(18) (19) 

cC 
MH M· 

cG-H 
~ 1. 

i<H STEP 4 
Z Z 

(19) (25) 

()o 

cC kc ~ Scheme? • - STEPS 

In2 a (BU'O)2' (PhC02)2, 
Z Z 

(CO:!Bu'l:!, 
(19) (31) 

Ma:p(CN)-N=N-CMeiCN) 

M = (MeaSi)~iMa, BU:!Ga, 
Ph2SnH,Ph3Sn,Bu~nH, ()o 0 

BuaSn, POl YMER-8nBu2 

~ ~ • STEPS • 
X a I, Br, Cl, OC(S)Ma, 

OC(S)Ph, OC(S)lm, Z Z 

OC(S)OPh, OC(S)SPh, 
(31) (21) 

OC(O)CO~, OC(O)CI, 
OC(O)SaPh, NC, NCS, 

NCSa, N~, SH, SaPh, 
0 MH M· 0 

C(O)ON~ ) ~ \. 1. ~ STEP? 
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Radical-generating group-14 organometallic hydrides other than those shown are either 

incompatible with the substrate or are generated in situ by incompatible reagents. 

Tris(trimethylsilyl)silane, although toxicologically and ecologically more attractive than 

stannanes, hydrosilylates ketones (Scheme 9)12 and is therefore unsuitable for radical 

reactions involving ketones. 

AIBNlMePh 
• 

90% 

$cbeme9 

In situ generation of organomercuric hydrides (26) is not only toxicologically and 

ecologically unattractive, but also involves use of Grignard reagents and sodium borohydride 

(Scheme 10). 

RX 
Mg 

• RMgX 
HgX2 NaBH. fast 

-.:......:;.- RHgX • RHgH • R· + Hg + H· 

(26) 

Scheme 10 X = Cl, Br, I 

Much is known about each step in the mechanism (Scheme 7). Initiators (ln2) are 

chosen to have the correct philicity for the group-14 organometallic hydride (MH, Step 2). 

Although radicals are neutral species, they may be electrophilic or nucleophilic. The nature 

of the philicity is determined by the nature of the radical centre (the atom bearing the unpaired 

electron) and by the nature of the groups attached to it For exatnple, the radical derived from 

thermolysis or photolysis of azobisisobutyronitrile (AffiN, Scheme 11), one of the most 

common initiators for radical chain reductions with group-14 organometallic hydrides, viz. 

·C(CN)Me2, is electrophilic (by virtue of the electron-withdrawing cyano group) and 

Me CN 
,I N 

...... C .... ~ ........... Me 
Me N C-Me \ 

CN 

AIBN 

BU:JSnH + • C(CN)Me2 

... or hu .. 2 • C(CN)~ + N2 

----1._ BU:JSn· + HC(CN)Me2 

Scheme 11 
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e.g. the tribytyltin radical (Bu3Sn.) is nucleophilic (by virtue of the electron-donating butyl 

groups). Consequently initiation Step 2 is thennodynamically favourable for AIBN and 

tributylstannane. 

The correct choice of initiator is also detennined by the operating temperature of the 

reaction (commonly, though not inevitably, the boiling point of the solvent). Thus the half

life for the decomposition of the initiator is an important consideration (For AIBN the half

life is ca. 1 h at 80°C and less than 6 min. at 110°C). Addition of the initiator as one portion 

(e.g. by pre-rnixing of the initiator, hydride and substrate in the reaction vessel) can give rise 

to a flood of radicals which can combine and disproportionate counterproductively, so 

depressing the yield of reaction. Slow addition over a period of time is more effective. 

The choice of solvent is limited, theoretically, by the capacity of alkyl radicals to react 

with halogenated and aromatic solvents. 

The chosen operating temperature must be one at which the solvent is liquid and at 

which the initiator has an appropriate half-life. 

For chain reactions, the thennodynamics of the reaction are determined principally by 

the propagation steps (Scheme 7, Steps 3 to 7). One of the driving forces for the reduction is 

provided by the formation of strong carbon-hydrogen (J bonds (in products (22) and (25» 

and strong metal-heteroatom (J bonds (in MX) at the expense of fission of weak carbon

heteroatom (J bonds [in starting material (18») and weak metal-hydrogen (J bonds (in MH). 

For radical chain reactions, the product of each propagation step is another radical. In 

the first propagation step (Scheme 7, Step 3), the metal-centred radical, M·, a soft 

nucleophile, abstracts the soft heteroatom or heteroatom-bearing group, X, from the 

substrate (18) to give an alkyl radical (19), which is nucleophilic by virtue of the inductive 

effect of the alkyl group on the carbon radical centre. The alkyl radical (19) may suffer one 

of two fates: direct reduction (Scheme 7, Step 4) or rearrangement followed by reduction 

(Scheme 7, Steps 5, 6, 7). This capacity for rearrangement of radicals in the propagation 

step is a direct consequence of the chain nature of the mechanism. 

For direct reduction (an SH 2 reaction) of the alkyl radical (19) (Scheme 7, Step 4) the 

alkyl radical abstracts the hydrogen atom from the group-14 organometallic hydride, MH, to 

perpetuate the chain. The step is formally reversible: the direction of the reaction is controlled 

by the relative bond strengths and the rate by its exothermicity. However, on the timescale of 

the reaction the step is not irreversible. 

For rearrangement followed by reduction (Scheme 7, Steps 5, 6, 7), the nucleophilic 

alkyl radical (19) adds intramolecularly in an exo manner to the ketone carbonyl group to 

give an alkoxyl radical (20) (Scheme 7, Step 5). Addition of alkyl radicals onto carbonyl 

groups has been recognised only comparatively recently13,14: for aldehydes, it is thenna

dynamically competitive with exo cyclisation of the 5-hexenyl and 6-heptenyl radicals 

(Scheme 12). The kinetics of the reaction have been investigated (Scheme 13).14 If 
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fannation of the alkyl radical (27) is slow. i.e. when rate constant kx is small (e.g. for X = 

Cl). addition of the metal-centred radical (M.) to the carbonyl may occur preferentially 

(Scheme 14). 

O~ _B_u_3Sn_Hl_:S_I_~N_'_P_h-o:~ 
OH 

~o ~ + 

1 :3 

~~ _B_u_3Sn_Hl_~_I_~NI_P_h ..... H.~ 
OH 

~o ~ not 

O~ 
BlJ:ISn • B~SnI 

\. J. ~ c. ~. :::;.. ~ 
B~Sn • 

. 
O~ 

~.) ~. :::;.. ~ 
BlJ:ISnH B~. ~ 
\ l. 

~O ~O 

Scheme 12 

The addition of radicals to multiple bonds is reversible. the position of equilibrium 

being controlled by the relative bond strengths and radical stabilities. In the case of addition 

to a carbonyl group the process involves destruction of a carbon-oxygen It bond, which is 

almost as strong as a carbon-carbon 0' bond. Consequently the process is not thenno

dynamically favoured and the equilibrium lies in favour of the alkyl radical (19). A corollary 

of this is that regioselective j3-scission of alkoxyl radical (20) to give a Z-stabilised tertiary 

alkyl radical (21) (Scheme 7. Step 6) is thermodynamically favoured. 

10 



X--Y~O 

BIJ:3Sn - Bu:!SnX 

\. ) . 
kx 

'Y~O 

(27) 

• 

BU:!SnH BU3SnH 

Bu3Sn - BuaSn' 

H--Y~O 

ScheIDe13 

kcyclisationl s-l 
8.7 x 1()5 

k (i-scissionl s-l 
4.7 x 108 

1.0 x 1()6 1.1 x 107 

X kxl M-IS-I 

I 4.3 x 109 

a 7.0x 103 

OH 

6 

RC(H)=O + BU:JGe- RC(H)-OGeBu3 

SchomA 14 

The remarks penaining to the chain transfer shown in Step 4 also apply to the chain 

transfer shown in Step 7 (Most carbon substituents attached to the radical centre have little 

effect on the rate constant for hydrogen abstraction). 

The fonnation of the strong metal-heteroatom (M-X) bond and the destruction of the 

weak metal-hydrogen (M-H) bonds by rapid hydrogen abstraction by alkyl radicals (19) and 

(21) lead to constant exothermic regeneration of the chain-carrying radical, M-, and hence to 

long chain lengths in the propagation sequence. Propagation steps 3, 4 and 7 involve 

reaction of a radical with a neutral molecule. Consequently the concentration of alkyl and 

II 



chain-carrying radicals (M.) is low, minimising the opportunity for chain termination by 

combination or disproportionation (Scheme 15). 

Termination by combination: 2M· - M:! 
2 RCHpiz· - RCH:!CH:!CH2CH2R 

Termination by disproportionation: 2 RCH2CH2· - RCH2CH:J + RCH=CH2 

Scheme 15 

The product distribution, i.e. the relative yields of ketones (22) and (25), may be 

controlled in two ways, viz. variation of the group-14 organometallic hydride (MH) and of 

its concentration [MH]. The partition of alkyl radical (19) is determined by the relative rate 

of cyclisation (kc) vs. the relative rate of hydrogen abstraction (kH [MH]). 

Minimising the concentration [MH], e.g. by use of high dilution, by use of polymer

bound hydrides, or by addition of hydride (MH) by syringe pump, favours the formation of 

products of ring-expansion (22) over products of direct reduction (25). However there is a 

lower limit to the hydride concentration [MH], below which the rates of propagation steps 3, 

4 and 7 become so low that the chain collapses, i.e. termination occurs before propagation. 

Thus there exists a "window" in the concentration of group-14 organometallic hydride 

[MH], within which ring expansion is successful. 

When syringe pumps are used and the rate constant for abstraction of the X-group 

from the substrate (18), kx, is low, the group-14 organometallic hydride concentration 

[MH] may become higher than expected before chain propagation becomes viable. Often 

iodides (18, X = I) are the substrate of choice, since for them kx approaches the diffusion

controlled limit. 

The rate constant for direct reduction of the alkyl radical (19), kH, decreases as the 

magnitude of the (M-H) bond strength, and thus the enthalpy of activation, increases. The 

magnitude ofkH decreases in the order: Ph2SnH2 > Ph3SnH > BU2SnH2 > BU3SnH > 
BU3GeH > (Me3SihSi(Me)H. Unfortunately using a group-14 organometallic hydride with 

a lower kH value may bring no increase in the proportion of ring-expanded product (22) 

since a higher group-14 organometallic hydride concentration [MH] may be required, lest the 

propagation steps should become so slow that the chain fails. 

There are a growing number of examples of use of the Side Chain Incorporation 

approach (Scheme 4, Type 2) for ring expansions. The simplest such example is the ring 

expansion of the ~-keto esters (28) (Scheme 16).15 In certain cases, non-ring-expanded 

reduction products (29) are obtained in addition to ring-expanded products (30). As 

expected yields of product (29) are suppressed by use of a syringe pump. 

12 



° Cc 
1. NaHlHMPAlTHF 

C02R 2. X(CH2)mX 

• 
BU3SnHI AIBNI PhH 

• 

(28,67-79 %) (29,12-38 %) 

+ 

Scheme 16 n = I, 2,3; m = 1,3, 4;R =Me, Et; X=Br,1 (30,29-75 %) 

In the absence of a ~-ester group, e.g. in ketone (31), ring expansion does not occur, 

indicating clearly that a radical-stabilising group (Z, Scheme 7) is necessary for the 

expansion of cenain ring systems (Scheme 17).16 

o 0 

Br BU3SnHI AIBNI PhH 
• 

(31 ) 

Scheme 17 

The pendant side chains may be selenides (32) (Scheme 18) or bromobenzenes (33) 

(Scheme 19)_17 In the latter case a product of ring contraction (34) is isolated in addition to 

the expected products of ring-expansion (35) and of direct reduction (36). 

o 

BU3SnHI AIBNI PhH Cl
H,sePh 

C02Me • 

(CH2)n 70-90 % 

(32) 

Scbeme18 n=l,3,4 

The method has been applied to the ring expansion of large ring carbocycles. 11 One

carbon ring expansions proceed in a straightforward manner (Scheme 20) but complications 

arise in the case of three-carbon ring expansions (Scheme 21). In the latter case, the presence 
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Br 

BU3SnHi AIBN! PhH + 
• 

(33) (36,58%) (35, 21 %) 

I Scheme 19) 
+ 

(34,15%) 

BU3Sn· BU3SnBr BU3SnH BU3Sn· 

\. ). 
1,5 H-

\ ) abstraction 

(33) • • (36) 

(36) 
"~'"" 1 

Bu~n· ! 11 

BU3SnH BU3Sn • 

(35) • \ ) \ ). (34) 
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of a ~ster group favours ring contraction over ring expansion. The likely mechanism is 

thought to involve a 1,5-hydrogen shift (Cf the reduction of cyclohexanone (33) to 

cyclopentanone (34». Removal of the ester group gives the expected ring expansion to 

muscone (37). Significantly, in this case, the product distribution indicates that kH[Bu3SnH] 

> kc· 

° 

Scheme 20 n = 8 (79 %), 10 (50 %), 11 (67 %) 

BU3SnHI 
AIBN/PhH 

120/0 

63% 

Scbeme21 

31 % 

(37) 14% 

The method has also been applied to the ring expansion of spiroannulated 

cyclobutanones (Scheme 22).18 

The method has been applied to the ring expansion of heterocycles (Scheme 23).19 

Evidently the ketone may be successfully replaced with an imine group. It may also be 

replaced by an exocyclic methylene group (Scheme 24).20 

Cl (CH2)ml 

& 0 BU3SnHI AIBNI PhH 
58-95% 

• 

Scheme 22 n = 1, 2, 4; m = 3, 4 

IS 



o 
~CH2sePh 

l .. )~C02Me 
X 

o CH2SePh 

tj-C02Me 

S 

° 

BU3SnHI AIBNI PhH 
71 % 

BU3SnHI AIBNI PhH 

BU3SnHI AIBNI PhH 
64% 

• 

• 

.. 

1. BU3SnHI AIBNI PhH 
2. silica 

44% .. 

Et02C

Q
O 

NCH2Ph 

Scheme 23 

A/H,[Co] 
HS(CH2)4SH1 
EtOHlDMF 

~C02Et .. 

Scheme 2S [Co] = Co(M82!Jlyme)py 

o 
~CH3 

l .. )~C02Me 
X 

8% 
0% 

30% 

The method has been applied as a model for the non-light-catalysed vitamin B 12 

methylmalonyl isomerase reaction (Scheme 25)21 and as a model for the light-catalysed 

methylmalonyl coenzyme A mutase vitamin B 12 reaction (Scheme 26).22 In both cases the 
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leaving group is a cobaloxime species, but in the latter case the absence of a source of 

hydrogen causes the last mechanistic step to be one of oxidation rather than one of reduction. 

BU3SnHI AIBNI MePh 
• 

§ H 

B~SnCI 

.. • • • 

§ H E H § H 
R 

BU3SnHI AIBNI MePh 

Ph 
71 % 

Br 
.. 

Scheme 24 R = H. Me 

0 0 

C;:2[Co] h" Q, .. H[Co] + 

j[~[. ~ 1 
0 ·0 0 

Cj:2 • CJ-R .. Q, -- -
Scheme 26 [Co] = Co(Me29lyme)py; R = Ph. C02Et 
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The D-ring expansion of 4-androsten-ll[3-01-3,17-dione has been reported (Scheme 

27).23 The alkyl radical is fonned by abstraction of a hydrogen atom from the bridgehead 

methyl group by an alkoxyl radical generated by photolysis of the 11[3-nitrite. Once again the 

absence of a suitable source of hydrogen causes the last mechanistic step to be oxidative. 

o 0 
hul MePh • H· 

• • -
Scbeme27 

One-carbon ring expansions feature in more complex rearrangements (Schemes 28,24 

29,25 30,26 and 3127): they outnumber examples of multi -carbon ring expansions due to (a) 

the favourable entropy for fonnation of cyclopropanoxyl radical (41) and (b) the loss of ring 

strain associated with its ring opening by [3-scission (Scheme 32). 

OC(S)OPh 
BU3Sn· BU3SnOC(S)OPh 

o 
\.) 

• o .::;.;:::::=::::!'~ o 

I BU3SnHI AIBNI PhH 

+ 63% ~t 

• • 
o 

Scbeme28 
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0 0 

~ (j:> • • 
BU3SnHI - BU3Sn· 
AIBN/PhH 

18% 

l~ l'~· 
(55' ~snBU3 

.J It 

dS~' dS"~ t6~ o· I o I 
• • - • • 

Scheme 29 

0 0 

Cf> BU3SnHi AIBNI MePh 
• 

R 

K~~"' 
BU3Snl 

t '"~". 
BU3SnH 

o· 0 

cl> <J>-• - • 

R R R 

s!;b~lII~ ~Q R = H (14 %). Me (20 %) 
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(38)18% 

(38) 

BU3Sno 

BU3SnH 

BU3SnSePh 

° 
B~Sno BU3SnH 't< (39) ,\. J 0yO 

Scheme 31 

20 

(39) 16% 

° +;:) 
-1-0 

• 

• 

(40) 43% 

(40) 

BU3Sno ~ 

BU3SnH ~ 

• 

-1-0 

.1 



Two-carbon ring expansion by this route fails because 4-exo cyc1isation to 

cyc1obutanoxyl radical (42) is not competitive with hydrogen transfer.8 

-• 

(41) 

1t 

M· MH 

.\. ) 

x· 
(42) 

Scheme 32 

Self-catalysed ring expansions requiring only catalytic tributylstannane and AIBN have 

been reported.28,29 The method has been applied to cyc1ohexanones (Schemes 33, 3428). 

The low value of [Bu3SnH] completely suppresses formation of unwanted reduction 

products [Cl reduction of ketone (31), Scheme 17], provided Y p H (IfY = H, 1,6-H 

abstraction proceeds prior to reduction, radical geometry pennitting). The EIZ relationship in 

the precursor [(43) or (47)] dictates the alkene geometry of the ring-expanded product 

[(44), (46), (48) or (50)]. 
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0 

a,~' cat. BU3SnHf 
AIBNfPhH 

SnBu3 

(43) 

o 

(47) 

SnBu3 

SePh cat. BU3SnHf 
AIBNfPhH 

0 

~ V-D 
+ 

D 

(44) 75% 

0 

V-Me 

(46) 85 % 

V_DO~+ 
D 

(48) 21 % 

o 
V=MeW-

(50) 89 % 

Scheme 33 

22 

0 

D 

(45) 10% 

o 
D 

(49)58% 



SU3Sn • SU3Sni ;iLo ~L (43) '" ) 
• -• 

SU3Sn V SU3Sn V 

I V=D 
~-scission 

H-abstraction - BU3Sn' 

;;J (45) 
- SU3Sn ' 

(44, V = D) • "'0 
(46, V = Me) 

Su3Sn 

SUsSn' SU3SnSePh 0 O· 

'" ) ik. tfe Vi -(47) • • 
SnSu3 

I V=D 
~-scission 

H-abstraction - SU3Sn ' 

0 

(49) 
- SU3Sn ' 02fe (48, V a D) • 

(50, V = Me) 

Scheme 34 

The scope of the method has been investigated further. 29 It is successful when the side 

chain is a terminal alkyne or secondary alkyl halide, rather than a primary alkyl halide or 

phenylselenide (Scheme 35). It fails when the side chain is a halo-alkene, giving products of 

reduction-without-expansion only. The method has been extended to cycloheptanones, 

where ring expansion is generally less successful than with the analogous cyclohexanones 

(Scheme 36). The method fails when applied to cyclopentanones, which are less reactive 

towards nucleophilic radical attack due to increased hindrance and the eclipsing interactions 

about the carbonyl group that occur on addition. The method also fails when applied to 6-

membered ring lac tones (Scheme 37). 
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o Br 

.• ' (CH
2
)-;:"-6 ·" .... I cat. BU3SnHI 

AIBNI PhH 

SnBu3 

o . 

lt~ 
SnBu3 

o 

,N·"...... ./'-.. ~ I x'-Z ~ ~ 
SnBu3 

o 

cze 
.,\' ......... ~ ...,1 

X " ~ ---

SnBu3 

• 

n=1 62% 
n=2 78% 

SnBu3 

cat. BU3SnHI 
AIBN/PhH 

• 

R=H 55% 
R=Me 40% 

Scheme 35 

cat. BU3SnHI AIBNI PhH 
• 

BU3SnHi AIBNI PhH 
• 

Scheme3? 

24 

+ 

pTSAlTHF 

o 

30% 
9% 

• 

95% 
89% 

X~ 
X = CH2 (83 %), CHP (90 %) 

o 

x!t~ 
SnBu3 

X = CH2 (95 %), CHP (85 %) 



. ..' (CH2)n ..... 1 0:
0 R •• ,..... -'" 

cat. BU3SnHI 
AIBN/PhH 

SnBu3 
• 

R=H n=l 33% 
R= H n=2 60% 
R=Me n=2 70% 

0:0 ~ •••• ,~ cat. BU3SnHI 0° Me".... 
I AIBNlPhH 
Br • 

SnBu3 

0:0 ~~ •• ,~ BU3SnHi 

I AIBNI PhH 
Br ....:.::=:...:..:.::.:.. .... -

SnBu3 

1 BU3SnHi 
AIBNlPhH • 

52% 

75% 

80% 

Scheme 36 

+ 

33% 
20% 

0% 

° 

17% 

Thus it may be seen that there are a growing number of examples of Ring Expansion 

via Side Chain Incorporation (fype 2). As will be shown in the next section the same cannot 

be said of Ring Expansion via Cleavage of the Zero Bridge in Bicycles (Type 1). 
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1.5 Ring Expansion by Cleavage of the Zero Bridge in Tertiary Bicyclic 

Alcohols 

Ring expansion by cleavage of the zero bridge of a tertiary bicyclic alcohol (fype I) is 

a process involving two fundamental steps, viz. fonnation of the tertiary bridgehead bicyclic 

alcohol (23) and ring opening of the derived alkoxyl radical (24) (Scheme 38). 

OH 

cG-x BARBIER CYCUSATION 

~ .. 
z z 

(18) (Zl) 

-rw·) REGIOSPECIFIC 
O· ~-SCISSION OF FISSION OF 

Q.WBOND 

~ 
ALKOXYL RADICAL 

Scheme 38 
X= I, Br 

• 

Z 

(20) 

Z = electron-withdrawingl 
radical-stabilising group 

W = radical leaving group 
6.g. Br, I, NO, OH, SiMea, 
Pb(OAc)a, SAr, NO:! 

"ESTER" 
FORMATION 

+ (H.) 
REDUCTION IF 
H-OONOR 
PRESENT 

0 - (H·) 

~ 
OXIDATION 

Z 

(21) 

(24) GROUP 

TRANSFER 

(20) 

• 

• 

OW 

~ 
Z 

(24) 

0 

~ 
Z 

(22) 

0 

C? 
Z 

(51) 

o 

~W 
Z 

(52) 

The fIrst step (exemplifIed in Section 1.5.1), formation of the tertiary bridgehead 

bicyclic alcohol (23), can be achieved by Barbier cyclisation of ketone (18). However 

[n_1.0] and [n.2.0]bicyclo-alkanols are accessible by carbenoid cyclopropanation and 2+2 

photoinduced cycloaddition respectively. 

The next step(s) (exemplifIed in Section 1.5_2) involve(s) ring opening of alcohol 

(23) via alkoxyl radical (20) to give the ring-expanded ketone [(22), (51) or (52)]. This 

process has been used to facilitate ring expansion by 2, 3 and 4 carbons. The alcohol (23) is 
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"esterified" to give a suitable precursor (24) to the aJkoxyl radical (20): there are 

surprisingly few known methods for this process. The weakness of the oxygen-heteroatom 

(0-W) bond facilitates its homolysis to form alkoxyl radical (20), which can suffer one of 

three fates, depending on reaction conditions: reduction back to alcohol (23), if a suitable 

hydrogen-donor is present (For an example of hydrogen abstraction, see Scheme 2723); 

addition to a nucleophilic alkene (aJkoxyl radicals are strongly electrophilic); or ~-scission in 

one of three different directions. For successful ring expansion, the alkoxyl radical (20) 

undergoes regiospecific ~-scission to the Z-stabilised radical (21): the stabilisation 

thermodynamically biases the direction of ~-scission. Regioselectivity in the absence of a Z

group has been studied (See later).16 As discussed earlier, the driving force for the ~

scission is the formation of the ketone double bond, and the reverse reaction is unfavourable. 

If a hydrogen-donor, e.g. tributylstannane (BU3SnH), is present: the radical (2l) is reduced 

to ketone (22). Otherwise it is oxidised to enone (51), or intercepted by the "ester" (24) to 

give a product of group transfer (52). 

As a whole, remarkably few examples of ring expansion by this method have been 

reported in the literature, although, as will be shown, examples of the application of each of 

the two fundamental steps are more common. 

l.5.1 Formation of the Tertiary Bicyclic Alcohol 

As has been implied, the formation of the tertiary bridgehead bicyclic alcohol (23) is 

generally via Barbier cyclisation of ketone (18). 

(a) Grignard-Mediated Barbier Cyclisation 

U se of standard reagents to mediate such reactions can be problematic. Formation of, 

and use of, the derived Grignard (18, X = MgBr or MgI) present several problems. Firstly 

the Z-group must be inert: this precludes the use of ~-keto esters. Secondly formation of the 

Grignard may be sluggish, leading to low yields and/or incomplete conversion.30 Reactive 

magnesium can be prepared by in situ reduction of magnesium halides by potassium 

(leading to a finely divided black powder), by sonication of magnesium turnings (which may 

disperse surface-bound water from the surface of the metal), by vigorous stirring under an 

inert atmosphere (the mechanically unstable magnesium turnings fragment to give 

microcrystalline particles with large oxide-free surface area), or by evaporative sublimation 

of high purity metal in vacuo with condensation into a solvent slurry at -196°C. 

Alternatively transmetallation with magnesium anthracene can be employed. In general, the 

use of Grignard reagents has been found to be notably unsuccessful, resulting in the 

formation of intractable mixtures or the recovery of the starting material. 
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(b) Photo-induced Barbier Cyclisati~n 

An alternative approach involves cyclisation of ketyls, produced by photochemically 

induced single electron transfer (SEn, onto a terminal alkene side-chain (Scheme 39).31 

Conclusive proof of the intermediacy of the ketyl is afforded by the partial reduction of the 

cyclopropyl ketone (53) (Scheme 40). The ketyl is produced by SET from excited-state 

HMPA to ground-state ketone, or by SET from ground-state triethylamine to excited-state 

ketone.6 

0 

6> 
(53) 

l"" 
O· 

c> 

1. Et3N! CH3CN or HMPN "" H~ 
___ 2_. H_2_O _________ • (~H2)m 

50-81 % (CH2)n 

In> 
SET .... 

ketone triplet 

Scheme 39 Z = H, C02Me; m, n = " 2 

0 OH 
1. Et3N1 MeCN! hu Q. QZ;~ 2. H2O -

48% 

0-

Q 
0- 0-

("\ c> • Q.L~" 
Et3N Et3N ... 

CH3CN 

~he!ll~ ~O 
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(c) Samarium (11) Iodide-Mediated Barbier Cyclisations 

The most recent, and by far the most synthetically useful Barbier cyclisation method 

involves the use of samarium (Il) iodide,32 which is quantitatively generated in situ from 

metallic samarium (Scheme 41 )33,34 giving a characteristic blue-green solution in 1HF. 

Anhydrous conditions and an inert atmosphere are required. 

CH212 or ICH~H2V THF 
Srn • Srn!:! 

r.t 

Scheme 41 

Samarium is one of the most abundant of the lanthanides.35 The metal and its salts are 

not known to be toxic. The salts have a pronounced ionic character and samarium has a large 

ionic radius.36 Co-ordination numbers are high: the salts are oxophilic Lewis acids. 

In spite of samarium (11) iodide being amongst the strongest reducing agents soluble in 

organic media (Esm3+/Sm2+ = - 1.55 V),37 its reactions are mild and selective34 e.g. esters, 

arnides, nitriles, alkenes and arenes are virtually inen under typical reaction conditions.38 

The order of halide reactivity is: iodide> bromide> chloride.34 

For Barbier cyclisations, 2 equivalents of samarium (10 iodide are required. Formation 

of cyclopentanols [e.g. (56)] from 1-(3-halogenopropyl)ketones [e.g. (55)] is generally 

successful but formation of cyclohexanols from 1-(4-halogenobutyl)ketones [e.g. (57)] is 

less predictably so (Schemes 4238 and 4339). Synthesis of cyclobutanols by this method has 

yet to be thoroughly investigated, but in one reponed attempt32 the desired product could not 

be realised. In the formation of teniary bicylic alcohols (54), use of iron (Ill) catalysts, 

especially tris(dibenzoylmethanato )iron (ill), favours formation of cis ring junctions. 

_
_______ H0Q?

CH

2)m Smli cat. Fe(CHBz2l3 

THFI r.t. (CHVn 
6O-n% 

(54) 

Scheme42 n= 1.2.3;m=1.2 

The catalytic activity of iron (Ill) salts, the ease with which samarium (Il) is oxidised 

to samarium (ill) and the fact that two equivalents of samarium (Il) iodide are required for 

complete reaction in Barbier cyclisations tend to suggest a mechanism involving two single 

electron transfers [one from each of the two samarium (Il) species] to the substrate. Scheme 

4437 shows tentative mechanistic pathways: the exact stoichiometry, solvation and degree of 

association are not known. Dissociative SET to the halogen, X, could lead to an alkyl radical 
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(19) which could undergo a second electron transfer to give an organosamarium species 

(59), which could undergo a pseudo-Grignard intramolecular cyc1isation to give the alkoxide 

(60) (See Discussion). Alternatively SET to the ketone, giving rise to a ketyl (61), could be 

followed by dissociative SET to the halogen, X, giving rise to a diradical (62) capable of 

collapsing to alko'xide (60). 

The Lewis acidity of samarium species and the apparent preference of the samarium 

(m species for forming cyclopentanols over cyclohexanols suggests that it is co-ordinated to 

the oxygen of the carbonyl! ketyl, and to the halogen atom, X. 

(55) 

(57) 

SmliTHF 
• 

-78'C to r.t. 
75% 

SmliTHF 
• 

-78'C to r.t. 
600/0 

Scheme 43 

(55) 

(58) 

Use of deuterium-labelling as a mechanistic probe leads to ambiguous results. 

Deuterium incorporation in the D20-quenched Barbier cyclisation of 2-(2-iodoethyl)cyclo

heptanone (Scheme 4533) tends to confirm the intermediacy of organosamarium species, but 

this is contradicted by the absence of deuteration when simple halides are reduced (Scheme 

4637). In the latter case, solvent adducts are known to form (suggesting that alkyl radicals, 

R., are intermediates), but, surprisingly, Wurtz coupling dimers, RR, do not usually form 

(except in the reduction of benzylic or allylic halides where they are the predominant 

product). 

0 1. Sml:!" cat. 0 OD 

Fe(CHBz2l:J! c9 ll-IF 
+ + S.M. 

• 
- 78'C to - 20'C 0 

2.020 20% 

Scheme 45 
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fast 
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Evidence for the intermediacy of ketyl radical anions is afforded by the formation of 

pinacol dimers by the action of samarium (lI) iodide on ketones in the absence of a proton 
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source (Scheme 47)32 and by the partial reduction of the cyclopropyl ketone (63) (Scheme 

48).40 

Sml,lTHF 
• 

95% 

Sml,lTHF 
• 

88% 

Sml,lTHF 
PhCH~ • PhCHPilI'h 

83% 

Scheme 46 

o 
)l 

n·CsH'3 Me 

1. Sml,lTHF 
• 

HO Me 
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n.CsH,3· ...... A_ 
Me OH 

Scbeme47 

o 0 
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------.~ 
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• ~
:sm3' ~:sm3' 

. 
".... . ...•• , (' '\ ".... . ...•• , 

Q Q. 
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Thus samarium (n) iodide reduces ketones, bromides and iodides as well as mediating 

Barbier cyclisations. Evidence suggests that the mechanism is substrate-dependent. 33 

However it is clear that for the attempted cyclisation of iodide (58) organosamarium 

intermediates are not involved, and that the initial SET is onto the ketyl, not the iodide. 

In summary, it may be said that the use of samarium (n) iodide is the method of choice 

for effecting Barbier cyclisations to cyclopentanols (and, less predictably, to cyclohexanols). 

Although the mechanism is poorly understood and substrate-dependent, the method is highly 

selective (often diastereoselective) and high-yielding. 

(d) Miscellaneous Methods 

[n.l.O]Bicyclo-alkanols (Scheme 4941 ) and their trimethylsilyl enol ethers (Scheme 

5(42) are accessible by carbenoid cyclopropanation. In the former case alkylation and 

consequent in situ Barbier cyclisation is, of course, also a reasonable mechanism. 

° 

06 

DMF 
OCtO Me3SiCV Et3N1 

2. CH21:!" Srn I:!" THF 
57% 

Scbeme49 

• 

OC)
oSiMe3 

~ I ""= 
~ 

Scheme 50 

[n.2.0]Bicyclo-alkanols can be obtained via (2+2) photoinduced cycloaddition 

(Schemes 5143 and 5244). 

OH 

~ VV 
CHz=CHCNI 
ButOHI iPrOHI hu 

• 
36% 

Scheme 51 
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H Me 

Scheme 52 

Thus there are efficient methods for the synthesis of bridgehead bicyclic 

cyclopropanols, cyclobutanols, cyclopentanols (and cyclohexanols). Ring opening of these 

alcohols via J3-scission of the derived alkoxyl radicals affords ring expansion by one, two, 

three (and four) carbons respectively. 

1.5.2 Ring Opening of the Tertiary Bicyclic Alcohol 

(a) Proven Methods 
The driving force force for the ~-scission of tertiary alkoxyl radicals (20) is the 

formation of a strong ketone C=O bond. The direction of ~-scission in simple tertiary 

bicyclic alcohols depends on the relative stability of the resultant alkyl radica1.45 

Regioselectivity of ~-scission of 9-decalinoxyl radicals (64) has been investigated. 16 When 

the hypobromite (65), formed by exposure of 9-decalinol (66) to bromine, is heated or 

irradiated with a suitable light source, a mixture of bromoketones (67) and (68) is obtained 

(Scheme 53). 

As demonstrated by the results shown below, within the limits of experimental error, 

the product distribution is independent of whether cis- or trans- 9-decalinol is used 

[implying that stereoelectronic effects are unimportant in determining regioselectivity of J3-

scission of 9-decalinoxyl radicals (64)], and of the nature of the metal sail 

The results also show that bromoketone (67) is the predominant product at low 

temperature, and that bromoketone (68) is the predominant product at high temperature. The 

temperature-dependence of the product distribution is readily rationalised (Scheme 54). The 

alkoxyl radical (64) can undergo fast, reversible ~-scission to afford secondary alkyl radical 

(69), which affords bromoketone (67) by group transfer. The alkoxyl radical (64) can also 

undergo slow, irreversible (under the conditions of the reaction) ~-scission to afford primary 

alkyl radical (70), which affords bromoketone (68) by bromine-transfer. The temperature

dependence of the product disoibution is a consequence of competition between the trapping 

of radicals (69) and (70) and their interconversion via alkoxyl radical (64). 
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A similar temperature-dependence is obseIVed in photolysis of the nitrite ester of 9-

decalinol (71) (Scheme 55). The product distribution is more complex owing to dimerisation 

of the nitroso products. 9-Decalinol (66) is produced as a result of hydrogen-transfer from 

the solvent to the alkoxyl radical (64). As might be expected. nitroso compound (72) 

predominates at low temperature. whereas nitroso compound (74) predominates at higher 

temperatures. 

cb 
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No ring expansion is observed in the metal-analysed homolysis of tertiary alkyl 

hydroperoxide (75) (Scheme 56)_ This is implies that the trapping reactions of alkyl radical 

(70), viz_ hydrogen-abstraction from the solvent to afford ketone (76), and copper (I) 

oxidation to afford enone (77), are faster than cyclisation to alkoxyl radical (64)_ It is also 

implicit that the latter is faster than the former_ 

There are a number of examples in the literature of regiospecific ring opening of 

bridgehead tertiary bicyclic alcohols (23)_ The ring opening of 3jl-acetoxy-cholestan-513-o1 

and its 5a-isomer (Scheme 57) proceeds via homolysis of a lead (N) isomer [24, W = 

Pb(OAchl-46 The reagent employed, lead (IV) acetate, has the obvious disadvantage of a 

lack of selectivity_ A similar reaction occurs when hypoiodites (24, W = I) are photolysed 

(Scheme 58)_47 
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Alkoxyl radicals (20) can undergo ~scission to give a benzylic radical (Schemes 5948 

and 6()49), but the course of the reaction is not always simple. The hypoiodite method has 

been applied to benzoheterocycles (Scheme 6144,50). 
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The classical application of the use of hypoiodites to ring opening, and indeed of Type 

1 ring expansion via transient alkoxyl radicals, is the synthesis of exaltone (78, R = H) and 

(±)-muscone (78, R = Me) from the commercially available cyclodecanone (Scheme 6251). 

If the hypoiodite is generated with iodobenzene diacetate, rather than mercuric oxide, 

tungsten lamps may be used in place of high pressure mercury lamps (Scheme 6326). This 

obviates the need for non·standard glassware. 
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The ring opening of (X-alkoxyl hydroperoxides to afford lactones is a conceptually 

similar reaction: the fonnation of an ester carbonyl group is even more thermodynamically 

favourable than formation of a ketone carbonyl group. In the synthesis of (±)-recifeiolide 

(79) (Scheme 6452) the relatively unstable secondary alkyl radical (80) is oxidatively 

intercepted by copper (I1). 
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Trimethylsilyl ethers (24, W = SiMe3) afford ring-expanded products when treated 

with iron (Ill) chloride or copper (ll) chloride (Scheme 6542). Neither hydroperoxides nor 

trimethylsilyl ethers give group transfer products (52): neither give chain reactions. 

1 ~:Y 83% 

Cl 

o 7 \ C(}=o _.---
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Scheme 65 
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VV 
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As may be seen, hypoiodites are the most common means of generating alkoxyl 

radicals from bridgehead tertiary bicyclic alcohols (23). Other feasible, but untried methods 

are outlined below. 
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(b) Other Possible Methods 

Nitrate esters (24, W = N~) are conceivable as precursors to alkoxyl radicals (20). 

Alkoxyl radicals may be generated from nitrate esters by ttibutylstannane (Schemes 6()53 and . 

6753) or by photolysis.53 The mechanisms of reactions between nitro groups and 

ttibutylstannane are discussed further in the Appendix at the end of the thesis. 
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BU3Sn' BU3SnN02 
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02NO ·0 oy , ! BU3SnHI 
)(0 AIBN/PhH 

0 
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)(0 )(0 / BUaSn' BU3SnH oy 0 0 

.\ ) 

Scheme 66 

There are remarkably few methods available for the preparation of nitrate esters.54 

Esters of primary and secondary alcohols can be prepared using mixtures of nittic acid and, 

e.g. acetic anhydride55 (Scheme 6853); esters of tertiary alcohols are not stable under the 

conditions. 

(82) • (81) 

97% 

Scheme 68 
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N-Nitrocollidinium tetrafluoroborate effects nitrations of primary, secondary and 

tertiary alcohols under essentially neutral conditions (Scheme 6956). N-Nitropyridinium 

tetrafluoroborate and nitronium tetrafluoroborate itself also effect nitrations, but are less mild 

reagents. 54 

CI:D OH 

Me 

"'--<: ~--"O,"; 
Me 

I MeCN/O'C 

41 % 

Scheme 69 

• 

O-Alkyl benzenesulphenates (24, W = SPh) are also conceivable as a precursor to 

alkoxyl radicals (20). 0-Alkyl benzenesulphenates are readily prepared from the 

corresponding lithium alkoxide57 or from the alcohol.58 O-Alkyl p-nitrobenzenesulphenates 

are more thermally stable. Benzenesulphenates afford alkoxyl radicals upon treatment with 

tributylstannane (Scheme 7057), or upon photolysis (Scheme 7158). 

Neither nitrate esters (24, W = N02), nor alkyl benzenesulphenates (24, W = SPh), 

of tertiary bridgehead bicyclic alcohols have been prepared. Consequently, neither "ester" 

has been used as a precursor to the derived alkoxyl radicals (20). 
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Conclusion 

From the above literature survey. it is evident that there is excellent precedence for the 

research which is discussed in the next section. 
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2. Discussion 

2.1 Introduction 

As stated in the conclusion to the Introduction to this thesis (section 1), there is 

excellent precedence for the ring expansion of benzocyclic ketones, via Side·Chain 

Incorporation and via Cleavage of the Zero Bridge in Bicycles. The commercially-available 

benzocyc1ic ketones 2-tetralone (83), I-tell·alone (84), l-indanone (85) and 2-indanone 

(86) were chosen as substrates, upon which to develop the ring expansion methods. It is 

apparent that the ability to alkyl ate such ketones is a prerequisite to ring expansion by either 

method (See section 1.3, especially schemes 4 and 5). 

(83) (84) (85) 

Ring-Expanded 
Products 

Alkylation with ---=..,.,-::---------, 
Side-Chain RING 
precursor EXPANSION 

BY SIDE-CHAIN 
INCORPORATION 

X 
- (Xo) 

• 

(89) 

0:>=0 
(86) 

oJo 
(91) 

~-Scission 

(88) RING 

! Barbier EXPANSION ~ 
Cyclisation BY ZERO - (W·) ______ --. 

BRIDGE 

ro CLEAVAGE ro~ I Z OW z=:::::~eIC. 
~ I OH "Esterification" X = I, Br, SePh elc. 
,.... ------. W = Br, I, N02 ele. 

(92) (93) 

Scheme 72 shows the synthetic strategy for the ring expansion of 2-tetralone (83). A 

derivative (87) is monoalkylated, with a side-chain precursor, to afford the tetralone (88), 

which is a suitable substrate for ring expansion by both methods (see section 1.3). For ring 
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expansion by Side-Chain Incorporation, the derived primary alkyl radical (89) cyclises onto 

the ketone moeity to afford the aikoxyl radical (90), which should undergo regiospecific 13-
scission to the benzylic radical (91). This radical should then afford ring-expanded products. 

For ring expansion by Cleavage of the Zero Bridge in Bicycles, Barbier cyclisation of 

derivative (88) should afford bridgehead bicyclic alcohol (92), whose derivative (93) 

should afford the aikoxyl radical (90), which should afford ring-expanded products via the 

radical (91). A similar strategy can be envisaged for benzocyclic ketones (84), (85) and 

(86). 

The synthesis of compounds analagous to structure (88) by alkylation of the 

benzocyclic ketones (83), (84), (85) and (86), or suitably functionalised derivatives 

thereof, was not a trivial task. Alkylation via the enamines, enolates and trimethylsilyl enol 

ethers of the ketones was generally unsuccessful (Section 2.2). Alkylation of 2-tetralone 

(83), via enamines and via enolates, with reactive electrophiles, is widely reported as being 

successful. However, the success of such methods of alkylation does not extrapolate to the 

use ofless reactive electrophiles, contrary to suggestions in the literature. 59 Other workers 

have observed similar failures.60 Fortunately, the alkylation of the derived J3-keto esters 

(e.g. 87, Z = C(hEt) was invariably successful and furnished compounds whose ring 

expansion was attempted, with varying degrees of success (Section 2.3 and 2.4). 

Having established the methods, the ring expansion of benzoheterocycles was 

investigated. Ring expansion by Side-Chain Incorporation was applied to benzofurans 

(Section 2.5) with some success. The synthesis of six-membered-ring benzoheterocycles 

proved problematic (Section 2.6). The ring expansion of oxindoles was achieved, but not 

by the expected route (Section 2.7). Attempts to generate nitrate esters of tertiary alcohols as 

suitable precursors to aikoxyl radicals failed (Section 2.8). 

2.2 Attempted Alkylation of Benzocyclic Ketones 
The attempted alkylations (and acylations) listed in the following subsection failed 

(unless otherwise stated), giving either recovery of starting materials or mixtures of 

intractable products. Had the alkylations been successful, some of the products would have 

been elaborated to substrates suitable for ring expansion [e.g. (88)]. Most of the alkylating 

agents used are commercially available [e.g. X(CH2}oX (X = Br, I; n = I, 3, 4)], except 1-

bromo-3-(t-butyldimethylsilyloxy}propane61 (94), I-iodo-3-(t -butyldimethylsilyloxy}

propane61 (95), l-iod0-4-(t-butyldimethylsilyloxy)butane61,62 (96) (Scheme 73), and 1-

bromo-3-benzeneselenylpropane63 (97) (Scheme 74). The bromide (97) was synthesised by 

bromination of l-benzeneselenyl-propan-3-o1 (98), which was obtained by treatment of the 

commercially-available 3-bromopropan-I-01 with sodium benzeneselenide, a potent SN 2 

nucleophile.64 This last species can be generated in situ by reduction of the commercially

available diphenyl diselenide (Scheme 75) with soclium (with sonication,63 with photolysis 
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in liquid ammonia,65 or at reflux66), with hydride,67 or with borohydride.68 The last method 

was found to be the most convenient, even though the benzeneselenide is produced as the 

borane complex, which is reported to be less reactive. 

![~ 
N 
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GISiMe2Bu'l 

DMF 

Br~OH • Br~OSiMe2Bu' 
Nail MeGOEt 

Q 
64% (94) 

GISiMe2BuV Nail MeGN 

46% 

I~OSiMe2Bu' 

(96) 

Scheme 73 
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NBSI 
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PhSe~OH ' PhSe~Br 

6% 
MeGNI 

(98) QOG (97) 

16% 
Scheme 74 

THFI sonication 

or THFI HMPN I'> 

PhSeSePh + 2Na 2PhSe~+ 

or NH3 (1)1 hu 

THF/I'> 
PhSeSePh + 2MH • 2PhSe-M+ + H2 

EtOHI r.t. 
PhSeSePh + 2NaBH4 • 2PhSe(BH3)~a+ + H2 

MePh/1'> 
PhSeSePh + 2Et4WBH4-

Scheme 75 M = Na, K 

2.2.1 Alkylation via Enamines 

A number of alkylations of the pyrrolidine enamines of 2-tetralone59 (83) and its 

derivatives are known (Schemes 76,59,69,70 77,71,72 and 7873,74). 
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The enamines (99), (100), (101) and (lOl1~ere prepared by the literature 

procedures59,75 (Scheme 79) and various alkylations were attempted with them. The 

methylation of 1,2-dihydro-3-pyrrolidinylnaphthalene59 (99) was successfully repeated, 

giving l-methyl-2-tetralone (103) (34 %) on hydrolysis. However alkylations attempted 

under the following conditions failed: 

Enamine Conditions 

(99) 1. 0 -bromobenzyl bromide! MePh/ ~ 2. HCl (aq., di!.)/ Il. 

1. PhSCH2CV P -dioxan/ ~ 2. Ha (aq., dil.)/ Il. 

1. I(CH2)40SiMC2But/ p -dioxan/ Il; 2. HCl (aq., dil.)/ Il. 

1. BrCH2C~Et/ MePh/ ~ 2. Ha (aq., dil.)/ Il. 

N -methyloxazolidine! Me3SiCV MeCN/ r.t (polymerises). 

N -methyloxazolidine! Me3SiCV CH2CI2l-11O°C (POlymerises). 

1. AC20/ P -dioxan/ Il; 2. Ha (aq., di!.)/ Il. 

1. a~Et/ MePh/ Il; 2. Ha (aq., dil.)/ Il. 

(100) 1. AcCV Et3N/ MePh/ Il; 2. HCl (aq., di!.)/ Il. 

1. AcCV p -dioxan/ Et3N/ Il; 2. Ha (aq., dil.)/ Il. 

1. Cl(CHv3CQCV Et3N/ MePh/ ~ 2. HCl (aq., dil.)/ Il. 

(101) 1. a~Et/MePh/ Il; 2. HCl (aq., dil.)/ Il. 

(102) 1. MeIl p -dioxan/ Il; 2. HCl (aq., dil.)/ Il. 

1. Br(CH2hOSiMC2Bul/ p -dioxan/ Il; 2. HCl (aq., di!.)/ Il. 

1. BrCH2C~Et/ EtOH/ Il; 2. Ha (aq., dil.)/ Il. 

Following a general lack of success the method was abandoned in favour of 

alkylations via the enolate. In conclusion, it appears that alkylation via the enamine is 

successful, genera1ly, only when the electrophile is small and/or particularly reactive. Hence 

it seems likely that approach of the electrophile to the enamine is sterica1ly hindered. The 

stability of the enamines (due to conjugation with the arene moeity) may also be a problem. 

2.2.2 Alkylation via Enolates 

A number of examples of a1kylations of 2-tetralone (83), and its derivatives, via the 

enolate have been reported (Schemes 8076 and 8177), suggesting this route as a means of 

circumventing the difficulties presented by the enamine method of alkylation. Several of 

these a1kylations afford 1,1-dia1kylated products in addition to, or in preference to, the 

expected monoa1kylated product: presumably this arises due to equilibration of the respective 

enolates via proton-transfer.76a 

~:k~ ftJi<-1Jj. lOO ~ ..0(;UuIll(jjW {i§2.) ~ iIUf-'f:
I-ULt/jllvc W~ 'tvL0ff~ dvvVVlw~ fi4 ~ 
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Alkylations of 2-tetralone (83) under the following conditions were attempted without 

success: 

1. NaH/ HMPA/ THF; 2. Br(CH2)3Br/ 1'1. 

1. NaH/ DMF/ THF; 2. Br(CH2bBr/ 1'1. 

1. NaH (2 equivalents)/THF; 2. Br(CH2)30H/I'1. 

1. NaH/ THF; 2. Br(CH2hOSiMe2But/ 1'1. 

1. LDA/ C6H 14/ THF/ _78°C; 2. ICH2CJ. 

1. LDA/ C6H14/ THF/ -78°C; 2. BusI. 

1. LDA/ C6H 14/ THF/ -78°C; 2. MeI. 

Alkylations of I-tetralone (84) were attempted under the following conditions without 

success: 

1. NaH/ THF; 2. ClC02Et/ 1'1. 

1. NaH/ THF; 2. Br(CH2)3CI/ 1'1. 

There are several examples of alkylation of I-alkyl-2-tetralones and I-alkyl-2-benzo

suberones in the literature (Schemes 8271 ,78 and 8360,73,79), suggesting such monoalkyl 

compounds are more readily alkylated than the parent 2-tetralones and 2-benzosuberones. 

Alkylation of l-methyl-2-tetralone59 (103) under the following conditions was 

attempted without success: 

1. NaH/ DMF; 2. CI(CH2bBr/ r.t.. 

1. LDA/ C6H14/ THF/ _78°C; 2. Cl(CH2bBr. 

1. LDA/ C6H14/ THF/ -78°C; 2.I(CH2)40SiMe2But. 
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The only alkylations successfully achieved were methylation of 2-tetralone (83) and of 

I-methyl-2-tetralone (103) (Scheme 84): the former afforded a mixture of I-methyl-2-

tetralone (103)59 and 1, I-dimethyl-2-tetralone (104).77b All other examples of attempted 

alkylations of these substrates failed. Following a general lack of success the method was 

abandoned, in favour of alkylations via the trimethylsiJyl enol ether. 
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2.2.3 Alkylation via the Trimethylsilyl Enol Ether 

~O 
~ 

(104) 

Trimethylsilyl enol et hers [e.g. (105)]. which are readily accessible from ketones [e.g. 

(106)], have been used successfully for a variety of alkylations.SO In particular, they can be 

alkylated with chloromethyl phenyl sulfide, with Lewis acid catalysis, to afford a-phenyl

thiomethyl ketonesS1 [e.g. (107)] (Scheme 85), which are potential substrates for one

carbon ring expansion (Scheme 86). 

0 Et3NI OSiMe3 0 

6 Me3SiCII 6 PhSCH2CV 

C/'SPh 
DMF '>:: TiCI,1 CH2CI2 , 

• 
92% 65% 

(106) (105) (107) 

Scheme 85 

1,2-Dihydro-3-trimethylsilyloxynaphthalene42 (108) was prepared from 2-tetralone 

(83) by the literature procedureS2 (Scheme 87), which depends on the trapping of an enolate 
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(the thennodynamic enolate in this case) with chloronirnethylsilane. Alkylation of enol ether 

(108) under the following conditions failed, affording only the tetralone (83) on work-up: 

PhSCH2CV ZnBr2f CH2CI2f r.t. 

PhSCH2CV TiC4I CH2CI2f -38°C. 

o 

~SPh 
(107) 

° 6 . \ ) 

Scheme 86 

roo _~_~_3~_~_~_ea_S_i-<CV~ ~OSiMe3 
36"10 VV 

~ ~~ 

Schem@87 

Again, the method proved unsuccessful, and, following a general lack of success, the 

method was abandoned, in favour of an indirect method of alkylation. It seems likely that 

approach of the electrophile to the enol ether is sterically hindered. The stability of the enol 

ether (due to conjugation with the arene moeity) may also be a problem. 

2.2.4 Alkylation via an Indirect Route 

An indirect method for the preparation of I-methyl-2-tetralone (103) from l-tetralone 

(84), by the bimolecular Barbier (or Grignard) reaction, dehydration, epoxidation, and 

subsequent rearrangement, has been reported (Scheme 88).60,72 The sequence of reactions 

was partially repeated to afford alkene (109), Attempted epoxidation of the crude alkene 

(109) using urea-hydrogen peroxide83 gave an intractable mixture of products. 

With the success of the alkylation of J3-keto esters (section 2.3), this method of 

alkylation, and the other methods of alkylation [via enamines (section 2.2.1), via enolates 

(section 2.2.2), and via silyl enol ethers (section 2.2.3)], were not investigated further. 

With considerable further investigation, it is probable that any or all of these methods of 

alkylation could be made to work. 
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2.3 Ring Expansions of 8enzocyclic ~.Keto Esters by Side-Chain 

Incorporation 

In general, J3-keto esters are easier to alkylate than the parent ketones_ The literature15 

suggests that such alkylations are facile_ When compared to the successful alkylations of the 

derived J3-keto esters, the reasons for the failure of the alkylations of 2-tetralone (83), 1-

tetralone (84), and 2-indanone (86) become even less clear, because the enolates of the 

derived J3-keto esters are even more stable (due to a greater degree of conjugation) and even 

more sterically hindered (due to the bulk of the ester moeity)_ 

The J3-keto esters were prepared from the parent ketones by treatment with sodium 

hydride or sodium ethoxide in diethyl carbonate_ Treatment of the sodium hydride-generated 

enolates with ethyl chloroformate failed to afford the derived J3-keto esters,84 as did treat

ment of the enamines with ethyl chloroformate and subsequent acid hydrolysis_ 85 

The enolates of the J3-keto esters were generated by sodium hydride in THF in the 

presence of HMP A or DMPU. The latter co-solvents are believed to enhance the basicity of 

the hydride ion by complexing with the sodium counterion, thus suppressing ion-pairing 

effects_ Quenching of the resultant enolates with an excess (typically five-fold for a,ro

dibromides, and two-fold for the more reactive a,ro-di-iodides) of a,ro-dihalogenoalkanes 

afforded a-(ro-halogenoalkyl)-J3-keto esters (Cf- 88, Z = C(hEt)_ Products of dialkylation 

(at both ends of the a,ro-dihalide) were completely suppressed (on the basis of TLC and 

NMR spectroscopy) by the statistical effect No evidence for the formation of 0 -alkylation 

products was obtained-

The alkylation products were treated with tributylstannane under various conditions 

and the results are discussed below_ 
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(a) One-Carbon Ring Expansion of 2-Tetralones 

Commercially available 2-tetralone (83) was transformed. by a literature 

procedure,85.86 into its fully enolised J3-keto ester, ethyl 2-tetralone-l-carboxylate (111), 

which was a1kylated with dibromomethane to afford ethyll-bromomethyl-2-tetralone-l

carboxylate (112). Treatment of the ketone (112) with tributylstannane, which was added 

slowly by syringe pump ([tributylstannane] = 0.4 mM), and AmN in refluxing toluene 

afforded ethyI5,6,8,9-tetrahydrobenzocyclohepten-7-one-5-carboxylate (113) as the only 

product (Scheme 89). The tributylstannane residues were removed by repetitive chromato

graphy (typically three times). This purification procedure was lIdopted for all subsequent 

ring expansions (unless otherwise stated). 

~O NaHI CO(OEt)~ 
VV 65% 

CO~t 

00'<:::::: 
OH 

_
____ ~_ wEt02C CH2Bor t. NaHl HMPNTHF 

2.CH2Br2 

~ I • ~ I 
~ 33% ~ 

(83) 

BU3SnHI AIBNI MePh 

[BU3SnH] = 0.4 mM 
51 % 

• 

(113) 

(111) (112) 

C02Et 

o 

Scheme 89 

The mechanism of the reaction is probably straightforward (Scheme 90). The tributyl

stannyl radical abstracts the bromine from ketone (112) to afford a nucleophilic primary 

alkyl rlldical (114), which cyclises onto the ketone carbonyl to form the alkoxy1 radical 

(115). This undergoes regiospecific j3-scission to the benzylic radical (116). This radical, 

which is also stabilised by the ester function, abstracts a hydrogen from tributylstannane, to 

form the benzosuberone (113), and so perpetuates the chain. 

The 'H and 13C NMR spectra of the ring-expanded product are also consistent with 

the structure of benzosuberone (117), which could arise by ring expansion via cyclisation 

of the alkyl radical (114) onto the fused arene moeity (See section 2.7 for a precedent). 

Estimated 'H NMR spectroscopic shifts shown in Scheme 90 were calculated using 

Shoolery's rules.87 1-D nOe difference spectroscopy showed that structure (113) was 

correct, rather than structure (117). Irradiation at Otr = 4.17 (corresponding to the resonance 

of the methine hydrogen) caused nOe enhancement of the intensities of the resonances at OH 

= 7.43 to OH = 7.19 (corresponding to the arene hydrogens). Since nOe is active through 

space over a short range, it follows that the methine group and at least one of the aromatic 
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hydrogens must be close together in space. Of the two structures, (113) and (117), only 

structure (113) satisfies this condition. Thus the alkyl radical (114) does not cyclise onto 

the arene moeity. 

G
Scale -2.53 

r--,Seale - 3.93 

( ~C02Et BusSn • BuaSnH 

~. ,\) 
~o 

(117) 

(112) 

Shoolery·. rule.: 

Scale - 0.23 + ~li 

Sub.tltuent 4S 

arena 1.8 

skyl 0.5 (113) 

ketone 1.6 

(114) (115) 

t1 
BuaSn' BuaSnH CO~t 

L 
0 

(116) 

Scheme 90 

Other feasible mechanistic pathways do not appear to occur (Scheme 91). The alkyl 

radical (114) does not dimerise, presumably due to steric hindrance. Since no direct 

reduction product (118) is formed, it follows that l,5-hydrogen abstraction does not occur 

(also, presumably, on steric grounds). It also follows (a) that the relative rate of reduction of 

the alkyl radical (114), kH(114)[Bu3SnH], is much slower than the relative rate of 

cyclisation, kcyc(114), [and hence that kH(114) «kcyc(114)], and (b) that the alkoxyl 

radical (115) undergoes j3-scission back to the alkyl radical (114) at a rate much slower than 

the rate at which it undergoes j3-scission to the benzylic radical (116). j3-Scission to the 

relatively unstable primary alkyl radicals (119), which is less stable than the benzylic radical 

(116), is also relatively slow, and, if it does occur, must be reversible. However, such 

thermodynamically unfavourable j3-scissions are known to occur [See section 1.5.2(a)]. 

The absence of any product of reduction without ring expansion (118) bears testimony to 
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the power of the relatively stable benzylic radical, together with the ester moeity, to direct the 

\3-scission: the unpaired electron is delocalised over an extended 1t system 

Et02C CH3 BU3Sn. BU3SnH 

(X~? 
Et02C WO .\ ) 

d)-OH 
::::,... 1 • 

(118) (120) 

~Bu3sn. BU3SnH 
kH (114) 

BU3SnH 

. OCto. C02Et 

05° kcydl14) 

::::,...1 - ::::,...1 
• • fast 

slow 
~-scission 

0 

(114) 
~-scission 

(115) (116) 

slow I\-scission 

00 ~: 
(119) 

(121 ) 

Scheme 91 

Alkoxyl radicals are strongly electrophilic and tributylstannane is strongly nucleophilic 

(See section 1.4), suggesting that the rate of formation of the cyclopropanol (120) by 

hydrogen-transfer should be fast. The absence of any cyclopropanol product (120) suggests 

that the rate of \3-scission of the alkoxyl radical (115) to the benzylic radical (116) is an 

even faster process. The alkyl radical (114) does not appear to cyclise onto the ester 

carbonyl, since the product of subsequent P-scission and reduction (121) is not isolated. 

Presumably, the ester carbonyl is less susceptible to nucleophilic attack than the ketone 

57 



carbonyl because of overlap of one of the spJ orbitals of the EtO oxygen with the ester 

carbonyllt orbital, rendering the ester carbonyl less electropositive. 

In subsequent ring expansions by Side Chain Incorporation, the only side reaction 

observed is reduction of the intennediate alkyl radicals prior to their cyclisation onto the 

ketone carbonyl group. 

(b) One·Carbon Ring Expansion of I·Tetralones and Homologues 

The method of alkylation followed by treatment with tributylstannane using a syringe 

pump was applied to the benzocyclic ~keto esters (122) [ethyll-indanone-2-carboxylate88 

(122a), ethyll-tetralone-2-carboxylate88,89 (122b), and ethyl6,7,8,9-benzocyclohepten-5-

one-6-carboxylate90 (122c)] which were synthesised from the corresponding a-aryl ketones 

(84), (85) and (123) by treatment with sodium hydride, or with sodium ethoxide, in diethyl 

carbonate (Scheme 92). 

~ V-/ 
(85) X.CH_ 
(84) X • (CH.>2 
(123) X - (CH2l3 

NaHl CO(OEt12 
• 

OH 

~ -CO_Et V-l--

(1228)57% 
(1Z1h) 44 % 
(1221::)58% 

BU3SnHl AIBNI MePh or (CH21a roe 
-------..... I + 

::::,.. X CO_Et 

X - (CH.>. (BlJaSnH]. O.B mM 
X - (CH.>. [BuaSnH]. 4.0 mM' 
X - (CHm [BuaSnH]- 4.2 mM 

(125b) 39 % 

(125b)10% 

(125c) 21 % 

1. NaHI HMPA ° 
orDMPU/TIiF (Ql 
2. CH,Br2 ~ CH,Br 

----- ~ I X CO_Et 

° 

(1243) 0% 
(124b) 39 % 
(1240)37% 

~lH3 
WLxl-CO,Et 

(126b) 20% 

(12tib) 9 % 

(126c) 32 % 

Scheme 92 § _ syringe pump not used 

Interestingly, the extent of enolisation of the ketones (122) depends on the size of the 

benzo-fused ring. As determined by the ratios of the integrations of the ketone and enol 
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forms in the IH NMR spectra, ketones (122b) and (122c) are ca. 67 % enolised in chloro

form-d, whereas the ketone (122a) exists almost entirely unenolised. It is also noteworthy 

that alkylation of the ketone (122a) with dibromomethane, and with di-iodomethane, failed. 

The ketone (122a) exhibited an interesting feature in its NMR spectrum. The 13C_IH corre

lation, i3C and IH spectra revealed the following infonnation: 

Ring Position Oc OH 
2 53.3 3.73-3.68 (m, 1 H) 

3 30.3 3.59-3.49 (m, 1 H) and 3.41-3.30 (m, 1 H) 

Thus it is apparent that one of the diastereotopic hydrogens of the methylene group ~ 

to the ester group resonates at a higher range of values of OH than the other. The resonance at 

the higher range of OH values can be assigned to the hydrogen which is cis to the ester 

group, viz. Ha, since it lies within the deshielding cone of the ester carbonyl. Conversely, 

the resonance at the lower range of OH values can be assigned to the hydrogen which is trans 

to the ester group, viz. HI!. since it does not lie within the deshielding cone of the ester 

carbonyl group. As may be seen from the data quoted in section 3, this observation applies 

to ~-keto esters of the same general form (127, R = H, alkyl). 

(127) 

The effect of the concentration on the product distribution, and of varying the purifica

tion method, was investigated with regard to the ring expansion of ethyl 2-bromomethyl-l

tetralone-2-carboxylate (124b). Treatment with tributylstannane and a catalytic amount of 

AIBN in refluxing toluene gave two products: ethyl 6,7 ,8,9-tetrahydrobenzocyclohepten-5-

one-7-carboxylate91 (12Sb) and ethyI2-methyl-l-tetralone-2-carboxylate89 (126b), which 

was also prepared by independent synthesis92 (Scheme 93). 

o 

cO 
(84) 

1. NaOEV EtOH! CO(OEt)2 
2.Mel 

• 
240/0 

Scheme 93 
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Under conventional conditions [immediate complete addition of the tributylstannane 

(4.0 mM) with pre-column purification 7]. the ring-expanded reduction product (12Sb) and 

the non-expanded reduction product (126b) were obtained in approximately equal yields (10 

% and 9 % respectively). The purification (Scheme 94) consists of washing a dichloro

methane solution of the crude product with aqueous potassium fluoride (to remove tributyl

bromostannane residues as the fluoride. which has some ionic character). drying and 

removal of solvent, washing of an acetonitrile solution of the crude with, e. g., hexanes (this 

depends on the products being more polar than the stannane residues) and removal of 

solvent. As an optional first step. an, ethereal solution of the CfIId.e may be titrated with an 

ethereal iodine solution (to convert hexabutyldistannane residues into tributyliodostannane). 

BuaSnSnIb.! + ~ --_0- 2 fluaSnl 

BuaSnX + F --_0- Bu:!SrF + )( 

Scheme 94 X _ Br. I 

Slow addition of tributylstannane over a number of hours. lowering its concentration 

(0.8 mM). and omission of the pre-column work-up gave more ring-expanded product 

(12Sb) (39 %) than non-expanded product (l26b) (20 %). Thus use of the syringe pump 

(which lowers [BU3SnH]) enhances the relative yield of the ring-expanded product (See 

section L4). It is also apparent that use of the purification procedure. to obviate repetitive 

chromatography. can be counterproductive in that it can severely depress reaction yields. 

Thus repetitive chromatography is the method of choice for the removal of stannane 

residues. 

In the electroreductive ring expansion91 of the tetralone (124b) (which proceeds via 

two consecutive SETs to form an anion. rather than a radical). the ring-expanded product 

(l2Sb) is produced to the exclusion of the non-expanded reduction product (l26b): thus. 

for one-carbon ring expansion by Side-Chain Incorporation. electroreduction is a superior 

method to the use of tributylstannane. 

o o 
4 

3::r 5 

I 8 
2 ~ 1 109 

C02Et C02Et 

1 

(12Se) 

The structure of the ketone (l2Se) was elucidated by 13C-IH correlation spectro

scopy, which showed that the IH resonance of each methylene group in the eight-membered 

ring is split into two one-hydrogen multiplets. Models show that the likely conformation of 
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the molecule (with the carbons of the <x-aryl ketone group coplanar) is such that one 

hydrogen of each methy lene group is likely to be deshielded. to some extent, by the 

conjugated 7t-system. 

(124) (1:lS) {126} 

~.scission ~cycl1 28) • 
o 0 ~ 00 

~ B~: ... 3\-,n ... o _B,LJ_

3s

_

nH 

~ ,~-SCiSS~ ~ C0
2
Et 

UX~C02Et U X;lC02Et ~xJ-
{125} {130};/ (129) 

~-scission 

BUaSno BUaSnH 

rY) ~O ----,,-, \ ~) ~o dO 

~x C02Et ~X)(C02Et 
(131 ) 

The mechanism of the ring expansion of the <x-aryl ketones (124) (Scheme 95) is 

probably similar to that of the ring expansion of tetralone (112) (Scheme 90). The tributyl

stannyl radical abstracts a bromine from the ketone (124) to afford the alkyl radicals (128), 

which can cyclise onto the ketone carbonyl moeity to afford the alkoxyl radicals (129). 13-
Scission to the tertiary alkyl radical (130) and subsequent reduction affords the ring

expanded ketones (125). However, the structural rigidity of. and the thennodynamic 

stability of, the <x-aryl ketone system in the alkyl radical (128) contribute to a high activation 

energy for, and hence to a low relative rate [kcyc(I28)] of, cyclisation. The relative rate of 

cyciisation, kcyc(128), is comparable with kH(I28)[Bu3SnH]. the the relative rate of 

reduction. This probably accounts for the formation of the ketones (126). The effect of 
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adding the tributylstannane by syringe pump is to lower [BU3SnH], and hence to lower the 

relative rate of reduction of the alkyl radical (128), so depressing the relative yield of the 

non-ring-expanded ketones (126). However, even at low [BU3SnH], a proportion of the 

radicals (128) are still reduced rather than cyclised. Hence it follows that kH<I28) is much 

greater than kcyc(I28). Although the process by which the alkoxyl radicals (129) undergo 

I3-scission to the tertiary alkyl radicals (130) does not involve formation of a benzylically

stabilised radical, it does involve re-formation of the carbonyl bond of an a-aryl ketone 

system. The cyclopropanones (131) were not isolated, suggesting that I3-scission of the 

alkoxyl radicals (129) leading to the aryl radicals (which are particularly high energy 

species) doesn't occur. The ketones (132) were not isolated, suggesting that the alkyl 

radicals (128) do not cyclise onto the ester carbonyl moeity [Cl the alkyl radicals (114)]. 

From the product distributions of the three successful one-carbon ring expansions, it is 

possible to make inferences about the relative magnitude of the associated rate constants. It is 

obvious that the parameters for the ring expansion of the ketones (124) are independent of 

ring size. Hence: 

It has already been argued that kcyc(114) » kH(114). If it is assumed that, to a first 

approximation, the relative rates of reduc!ion of the alkyl radicals are independent of the 

nature of the substrate, i.e. that kH(I28b) = kH(I28c) = kH(114), it follows that: 

kif (114) » kcyc(128b) = kcyc(128c) 

This is consistent with the reactivity of the respective ketone carbonyl groups. 

As may be seen, one-carbon ring expansions by Side-Chain Incorporation proceed in a 

satisfactory manner. Accordingly analogous ring expansions by more than one carbon were 

investigated. 

(c) Multi·Carbon Ring Expansions of I·Tetralones 

Since the one-carbon ring expansion of l-tetraIone was successful, three- and four

carbon ring expansions were investigated. The associated transition states for cyclisation of 

the alkyl radicals (133) to the alkoxyl radicals (134) are 5- and 6-membered respectively, 

and hence the reaction would appear to be favourable. Had both of these ring expansions 

been successful, fIve-carbon ring expansion (via a 7-membered transition state) and two

carbon ring expansion (via a 4-membered transition state) would have been investigated: on 

the basis of literature precedent,I5 the latter ring expansion would not be expected to succeed 

(see section 1.4). Side-chains containing heteroatoms would also have been investigated. 
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EthyI2-(3-bromopropyl)-I-tetralone-2-carboxylate (135a) and ethyI2-(4-bromobutyl) 

-1-tetralone-2-carboxylate (135b) were prepared from the ~-keto ester (122b) by standard 

means (Scheme 96). In the synthesis of the tetralone (135a), ethyl 2-allyl-I-tetralone-2-

carboxylate (136) was also obtained, as a result of dehydrobromination by excess base. Its 

identity was confirmed by independent synthesis, using a one-pot synthesis modified from 

the literature92 (Scheme 97). 

o 

roCOE 
I. NaH/HMPAI 

2 I lHF 

: I 2. Br(CH2)nBr • 

(12211) 

o 

BI1;UIlidfi} 
(135a) 

(135b) 

(l35b) 
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Scheme 96 § = syringe pump not used 
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2. I(CH2 l3CI 

32% 
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The electron impact mass spectrum of the tetralone (135a) is illustrative of the 

fragmentation patterns typically observed in the mass spectra of ethyll-tetralone-2-

carboxylate (122b) and its 2-alkyl derivatives (Scheme 98). The retro -Diels-Alder reaction 

is quite general. The same reaction could also occur by a stepwise mechanism. McLafferty 

rearrangement only occurs when the alkyl side-chain contains two or more carbon atoms. 

Loss of C02Et and EtO groups is also common. 
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Attempted ring expansions with multi-carbon side-chains failed. under a variety of 

conditions. affording only products of reduction without ring expansion_ 89 It was postulated 

that intramolecular hydrogen abstraction93 may account for the failure of multi-carbon ring 

expansion and this was investigated with a deuterium-labelling experiment (Scheme 99). 
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Conceivable rearrangements of the alkyl radical (133b) include l,7-hydrogen 

abstraction to afford the benzylic radical (138), and, less probably, l,S-hydrogen 

abstraction to afford the radical (139). Subsequent deuterium-transfer would afford the 

tetralones (140) and (141) respectively. Reduction of the tetralone (135b), using the 

syringe pump to add d-tributylstannane ([d-tributylstannane] ca. 3 mM), gave only one 

product, ethyI2-(4-d-butyl)-1-tetralone-2-carboxylate (142), which was conclusively 

identified by comparison of its l3C and 1 H NMR spectra with those of the non-deuterated 

product (137b). The 1 H NMR spectrum of the non-deuterated product (137b) exhibited a 

three-proton triplet (J = 6.9 Hz) at OH = 0.91, corresponding to the methyl group in the butyl 

side-chain; the IH NMR spectrum of the deuterated product (142) exhibited a two-proton 

multiplet at IiH = 0.93 to IiH = 0.89. The off-resonance l3C NMR spectrum of the non

deuterated product (137b) exhibited a methyl resonance at lie = 13.9, corresponding to the 
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methyl group in the butyl side-chain; the off-resonance l3C NMR spectrum of the deuterated 

product (142) exhibited a triplet at lie = 13.9 (JC-D = 45 Hz). AB other resonances in the 

NMR spectra were identical. The IR spectrum of the deuterated product (142) exhibits a C

D stretch (umax 2160 cm-I) and its E.I. mass spectrum confirms monodeuteration: M+ 

275.1589 (C17H2IDO:3 requires 275.1632). It is clear that no intramolecular hydrogen

abstraction occurs, since the tetralone (142) arises from deuterium-transfer to the alkyl 

radical (133b). 

Scheme 100 8,n= 3;b,n ... 4 

The results can be rationalised simply as before (Scheme 100). The relative rate of 

reduction of the alkyl radical (133), kH(133)[Bu3SnH]. is obviously much faster than the 

relative rate of cyclisation to the alkoxyl radical (134), kcyc(133). regardless of the value of 

[BU3SnH], i.e. kH(133) » kcyc(133). 

It is instructive to compare the fate. as inferred from the respective product 

distributions, of the tetralone-derived alkyl radicals (128b), (133a) and (133b). All three 

alkyl radicals are reduced to non-expanded products [(126b), (137a) and (137b) 

respectively]; only the radical (128b) rearranges to a ring-expanded radical, viz. (130b). 

Once again, assuming that the rate of reduction of alkyl radicals is substrate-independent, i.e. 

that kH(128b) = kH(133). it follows that kcyc(128b) » kcyc(133). Thus. it seems likely 

that kcyc(133) is sO low that the alkoxyl radicals (134) are not formed. It seems likely that 

cyclisation of the alkyl radicals (133) to form the alkoxyl radicals (134) is less entropically 

favourable than cyclisation of the alkyl radicals (128b) to form the alkoxyl radicals (129b), 

owing to the greater flexibility of the longer pendant side-chain. 

The recovered starting material (135) probably resulted from chain failure owing to 

lack of hydride and/or lack of initiator. 

66 



(d) Multi-Carbon Ring Expansions of 1- and 2-Indanones 

It seems unlikely that the failure of the ring expansion is a function of size of the 

ketone ring, since treatment of ethyI2-(3-iodopropyl)-1-indanone-2-carboxylate (143) with 

tributylstannane ([Bu3SnH] ca. 2.1 mM) using a syringe pump afforded the non-ring

expanded ethyI2-propyl-1-indanone-2-carboxylate (144) as the only product (Scheme 101). 

Presumably the ring expansion failed because of the unfavourable entropy associated with 

formation of the intermediate alkoxyl radical. The ketone (143) was synthesised from the ~

keto ester (122a) by alkylation with 1,3-di-iodopropane. 

0 1. NaH! 0 BU3SnH! 0 

DMPU! o:)zCH
2la

l AIBN! o:)zCH
2)2

CH
3 ~C02Et TIiF ::::-.. I C02Et 

(CHV6 
::::-.. I CO,Et • 

::::-.. 2.I(CH2hl [Bu3SnH] 

36% a2.1 mM 
(122a) (143) 68% (144) 

Scheme 101 

When the same procedure was applied to ethyl1-(3-iodopropyl)-2-indanone-l

carboxylate (145), decomposition to an intractable mixture resulted. The indanone (145) 

was obtained by alkylation of ethyI2-indanone-1-carboxylate94 (146) with 1,3-di-iodo

propane. The indanone (146), which is fully enolised, was obtained by Dieckrnann 

condensation of diethyl phenylenediacetate94 (147), which was obtained by diesterification 

of the commercially available phenyienediacetic acid (Scheme 102). 

1. NaHI DMPU! THF 
2.I(CH2lal 

• 
37 % 

EtOH! c. H,sO • 
• 

81 % 

~CO,Et NaOEV MeP~ 
~C02Et 47% 

(147) 

Scheme 102 

(e) Multi-Carbon Ring Expansion of 2-Tetralones 

Ring expansion of ethyll-(4-bromobutyl)-2-tetralone-l-carboxylate (148), which was 

prepared from ethyI2-tetra1one-l-carboxylate (111) by alkylation with 1,4-dibromobutane, 
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using a syringe pump ([Bu3SnH] ca. 13 mM), gave an intractable mixture of products 

(Scheme 103). 

0500 

1. NaHlHMPN 
lHF 

2. Br(CH2).Br 
I".;:: 

• :::,.. 20% 

(111) 

029" :::,..1 
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AIBNI 

• 
(CH2h 
[Bu3SnH] 
= 13mM (150)23% 0 

+ 

L-_____________ ~_:N_B~_I_D_M_P_U_I_TH_F ______________ ~._ ~::c~ 
9% VV 

(149) 16 % 

Bu3Sn' Bu3SnH . \ ) -• 

o (150) 

Scheme 103 

nc showed the absence of starting material. The tributylstannane residues were 

removed, by means of dry flash chromatography (twice) and preparative nc, to give a 

product, which exhibited one spot only by TI..C (when eluted with a variety of solvent 

systems). The IR spectrum indicated the presence of a ketone, and possibly, ester groups 

[Umax(neat) 1731 cm- i ]. The NMR spectra indicated the presence of ethyll-butyl-2-

tetralone-l-carboxylate (149), which was also prepared independently by alkylation of the 

tetralone (111), and of a further compound bearing the -COzEt group and a methine group 

(OH ca. 3.65, and lie = 54.2). GC and GC-MS analysis confirmed that one of the mixture's 

components was the tetralone (149) (mlz = 218,60 %, M - CH2=CHCH2CH3). The other, 

more polar, major product had the same molecular mass (mlz = 274, M+, 20 %) and was 

assumed to be ethyl 5,6,7 ,8,9,1O,11,12-octahydro-7 -oxobenzocyclodecene-12-carboxylate 

(150). The GC yields were determined by assuming that both products gave equal 

responses to the flame ionisation detector. 
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Clearly the ring expansion is successful, but the products do not differ sufficiently in 

polarity to be separated using nonnal chromatographic methods (Preparative HPLC would 

probably be suitable). Presumably the mechanism of the ring expansion is analogous to that 

of the ring expansion of the tetralone (112): presumably the non-ring-expanded reduction 

product (149) arises because the unfavourable entropy associated with formation of the 

intermediate alkoxyl radical depresses keyc [ef the ring expansion of the tetralone (112)]. 

(f) Conclusions 

Obviously, for the Side-Chain Incorporation methodology (using tributylstannane) to 

be successful, it is critically important that the starting ketone [e.g. (IS), Scheme 5] is 

thermally stable. Ring expansions of benzocyclic ketones are less successful than ring 

expansions of the analogous monocyclic ketones.15 

It is manifest that multi-carbon ring expansion by the Side-Chain Incorporation 

methodology is often less successful than one-carbon ring expansion by the same route. This 

observation has a precedent in the literature11,29 and can be rationalised in terms of the ring 

size of the transition state leading from the associated primary alkyl radical to the associated 

alkoxyl radical, and the rate of this process (which leads to ring expansion). The latter 

parameter is a function of activation energy (and hence is also a function of activation 

entropy). The activation entropy for the formation of alkoxyl radicals associated with multi

carbon ring expansions is less favourable than the activation entropy for the formation of 

alkoxyl radicals associated with one-carbon ring expansions. Consequently the rate of the 

former reaction becomes similar to, or less than, the rate of reduction of the associated 

primary alkyl radical. 

It is also manifest that ring expansions of 2-tetralones tend to be more successful than 

ring expansions of l-tetralones (and homologues). Once again, the explanation lies in the 

rate of, and hence the activation energy for, the cyclisation of the associated primary alkyl 

radicals [(114) and (12Sb) respectively, for one-carbon ring expansions] to the associated 

alkoxyl radicals [(115) and (129b) respectively]. For l-tetralones (and homologues) this 

process involves the destruction of a conjugated a-aryl ketone system, leading to a high 

activation energy relative to that of 2-tetralones, and hence to a relatively slow rate (which is 

of a similar order of magnitude to the rate of reduction of the associated primary alkyl 

radicals). 

Multi-carbon ring expansion of l-tetralones (and homologues) fails completely. Multi

carbon ring expansion of 2-tetralones (and homologues) affords an intractable mixture of 

products: because of this severe practical disadvantage the methodology was not further 

investigated. The Cleavage of the Zero Bridge in Bicycles methodology was investigated as a 

means of circumventing this last limitation. 
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2.4 Ring Expansion of BenzocycIic (3-Keto Esters by Cleavage of the Zero 

Bridge in Bicycles 

(a) Ring Expansion of 2-Tetralone 

The method requires a bridgehead bicyclic alcohol: it was developed on ethyl 

2,3,3a,4,5,9b-hexahydro-3a-hydroxy-(IH)-benz[e]indene-9b-carboxylate (151), which 

should be available from Barbier cyclisation of ethyl 1-(3-iodopropyl)-2-tetralone-1-

carboxylate (152) (Scheme 104). The stability of the benzylic radical (153) should direct (3-

scission of the alkoxyl radical (154), derived from the alcohol (151), to give ring-expanded 

products. 

(152) 

Regiospedic 
p-Scission 

• 

Cyclisation ,.,. 
Barbier 09t02C 

-----<.- ~ I' OH_ 

(153) 

(151) 

Ring-Expanded 
Products 

Scheme 104 

(154) 

Alkylation of the (3-keto ester (111) with 1,3-di-iodopropane gave the iodide (152), 

which, on treatment with a dilute TIIF solution (0.1 M) of samarium (11) iodide at _78°C,39 

gave the alcohol (151), as a 1: 1 mixture of E and Z isomers (Scheme 105). 

roO" 1. NaH/ HMPAlTHF cc?' 1. Sml,tTHF 
2.I(CH2hl 2. H2O 

:::,...1 :::,...1 • 
40% 52% 

(111) (152) (151) 

Phl(OAc),t 1,1 (CH2ls' hu 
• 

45% 

(155) o 

Scheme 105 
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The comjxlUnd's IR spectrum exhibited a broad, intense band at 3542 cm-i 

corresponding to the alcohol O-H stretch, and a narrow, intense band at 1723 cm-i 

corresponding to the ester carbonyl stretch (a lower value than would be expected). The iH 

NMR spectrum exhibited an exchangeable one-hydrogen broadened singlet at OH = 2.80 to 

OH = 2.40, corresponding to the alcohol -OH group, together with two overlapping quartets, 

of equal intensity, with equal coupling constants (J = 7.1 Hz), at OH = 4.14, corresponding 

to the ester -C~CH2CH3 groups of the E and Z isomers. The l3C NMR spectrum exhibited 

a quaternary carbon at Oc = 81.1, corresponding to R3COH, and no ketonic carbonyl group. 

The electron-impact mass spectum showed a molecular ion at mlz = 260, and peaks 

consistent with the loss of water and the C<hEt moei ty. 

(Cf*' __ -_1· __ (Cf*'"' ,,~~' 
(159) ELECTRON 

• 

j 

Sm:!+ SINGLE 
ELECTRON 

Sm2+ TRANSFER 

TRANSFER 

Pseudo-Grignard 
Mechanism 

(151) 

(160) 

j 

&9~'m. 
(158) 

SINGLE ELECTRON TRANSFER 
TO FORM KElT'L 

Diradlcal 
Mechanism COLLAPSE OF I 

DIRADICAL 

r 
Srn2+ Sm:!+ Et02C (CH,),I' - ) 

\ ) 6(j.o.sm3+ 
--'''-'''''-<.- I • 

SINGLE ~ DISSOCIATION 
ELECTRON OF RADICAL 
TRANSFER ANION 

. 
Et02C (CH2)2CH2 

roo. sm3+ 

~ I . 
~ 

(157) 

Scbeme 106 

The mechanism of the formation of the alcohol (151) is believed to involve two 

consecutive SETs [Scheme 106, see also section I.S.I(c)]. As already stated, there is 

evidence (e.g. deuterium incorporation on quenching of reaction mixtures with D20)33 to 
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suggest that samarium (II) iodide-mediated Barbier reactions proceed via organosarnarium 

(IIn species. Recent research95 has optimised reaction conditions and suggestS that such 

"pseudo-Grignard" mechanistic pathways occur in prefetence to "Diradical" mechanistic 

pathways. Both can be rationalised in tetmS of the requirement for two equivalents of 

samarium (II) iodide: the principal difference between the two pathways lies in the sites at 

which the two consecutive SETs from samarium (ll) iodide to the substrate [e.g. (152)] 

occur. In the "Diradical" mechanism SET to the ketone moeity forms a ketyl (156). 

Sequential dissociative SET to the halogen moeity forms an alkyl radical-ketyl system (157), 

which collapses via a five-membered transition state to form the alkoxide (158). In the 

"pseudo-Grignard" mechanism, dissociative SET to the halogen moeity forms a primary 

alkyl radical (159), which is rapidly reduced, by a second equivalent of samarium (II) 

iodide, to form an organosamarium (III) species (160). This species attacks the ketone 

moeity in a Grignard-like manner, via a seven-membered transition state, to form the 

alkoxide (158). In both cases, aqueous work-up affords the cyclised alcohol (151). 

((~) 
1. Sm1iHMPNTHF 05' 2.E2 

69-72% ~ 0 

(161) (162) 

~sml2 

Sml3 

0:5 (Xo) fast Sml2 ~I 
• ~ 0 • ~ 0 

SET 

Scheme 101 E = I, PhS, PhSe 

Evidence for the operation of the ''pseudo-Grignard'' mechanism in the case of the 

bimolecular Barbiet reaction is afforded by the capacity of the iodide (161) to form a 

solution-stable cyclised reagent, when treated with two equivalents of samarium (ll) iodide. 

The cyclised organosamarium (un reagent reacts with a series of electrophiles, E2, which 

are not stable to samarium (II) iodide (Scheme 107),95 to afford the species (162). 

Irradiation of the alcohol (151) in the presence of iodine and iodobenzene diacetate in 

cyclohexane,26 followed by irradiation of the crude product in the presence of tributyl

stannane in cyclohexane, gave ethyl 7,8,9,1O-tetrahydro-9-oxo-(lH)-benzocyclononene-5-

carboxylate (155) (50 %). The purpose of the latter step was to reduce any iodine moeity in 

the product. However, inspection of the 13C and IH NMR spectra of the crude product 

showed that the styrene (155) was obtained directly, and hence that the second step was 
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unnecessary. Irradiation of the alcohol (151) in the presence of icxline and icxlobenzene 

diacetate in cyclohexane gave the styrene (155) (45 %). 

The characterisation of the styrene (155) is worthy of comment. The E.I. mass 

spectrum showed fragmentation peaks consistent with both of the diastereoisomers E- and Z

(155), viz. mlz = 213 (18 %, M - EtO), 212 (100, M - EtOH), 185 (31, M - C~Et). The 

IR spectrum exhibited stretches at 1711 cm-i (u~-unsaturated ester C=O), 1705 cm-i 

(shoulder, ketone C=O), and 1640 cm-i (styrene C=C). Evidently carbons 1,2,3,4, 4a, 5, 

6, 7, 12, 12a and 5-C~Et must be coplanar, suggesting, on the basis of models, that the 

molecule exists in one ofthe two conformations shown below .. 

The fully coupled resonance of the ester carbonyl (5-C<hEt) in the 100 MHz \3C 

NMR spectrum (lie = 166.3) does not show any large couplings (All apparent coupling 

constants for this resonance are ca. 3 Hz). This suggests that the 3JH-C coupling constant 

across the C=C double bond between 5-C~Et and 6-H is small, which, in turn, suggests 

that 5-C~Et and the styrene hydrogen (6-H) are cis with respect to each other, i.e. that E

(155) was obtained experimentally. 

Estimated shllts87 for 6-H 

525 
cis -CO:!R 1.01 
trans ·Ar -0.07 

H gem-R 0.69 

liHi 6.88 
o 0 

E - (155) 

CO,!:! 525 
eis-Ar 0.36 
trans.CQ2R 0.46 
gem-R 0.69 

Z - (155) 
o 

0 liHi 6.76 

The value of OH at which olefinic hydrogens resonate can be estimated, by the 

application of a set of rules,87 from the namre of the substiments attached to the C=C bond. 

This value can be dependent on the geometry of the double bond. As shown above, the 

values calculated for the resonance of the olefinic hydrogen (6-H) of the styrene (155) are 

not markedly different for the E- and Z-isomers. The olefinic hydrogen actually resonates at 

OH = 7.13 to OH = 7.08, a markedly higher value than that calculated (The assignment of the 

olefinic hydrogen, 6-H, is discussed below). iH_iH Correlation spectroscopy (at 250 MHz) 

showed strong coupling between the one-hydrogen multiplet at OH = 2.38 to OH = 2.28 and 
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at least one of the two hydrogens resonating between OH = 7.13 to OH = 7.02. Hence the 

one-hydrogen multiplet resonating between OH = 2.38 and OH = 2.28 probably corresponds 

to one of the allylic methylene hydrogens (7-H), and one of the hydrogens resonating 

between OH = 7.13 and OH = 7.02 is probably olefmic, i.e. one of the latter hydrogens is 

probably the styrene hydrogen (6-H). Clearly the other hydrogen in this two-hydrogen 

multiplet is one of the arene hydrogens (I-H, 2-H, 3-H, or 4-H). In the 400 MHz IH NMR 

spectrum, this signal is split into two one-hydrogen multiplets: one at OH = 7.13 to OH = 
7.06; the other at OH = 7.04 to OH = 7.02. 

nOe Difference spectroscopy was used to assign the geometry of the C=C bond, and 

hence to determine which of the two diastereoisomers, E- and Z-(155), was obtained 

experimentally. Irradiation at OH = 7.03 caused enhancement of the intensity of the three

hydrogen arene multiplet at OH = 7.31 to OH = 7.19, and enhancement of the intensities of 

the two-hydrogen quartet at OH = 4.14 and of the three-hydrogen triplet at OH = 1.21 (the 

resonances associated with the 5-C(hEt moeity). Consequently the resonance at OH = 7.04 

to OH = 7.02 probably corresponds to an arene hydrogen (4-H). Irradiation at OH = 7.06 

(corresponding to the styrene hydrogen, 6-H) caused enhancement of the intensities of all of 

the resonances between OH = 5 and OH = O. Since nOe is a short-range through-space 

effect,87 it follows that the styrene hydrogen (6-H) is close to the 5-C(hEt moeity and all of 

the ring methylene groups. Of the two diastereoisomers, E- and Z-(155), only Z-(155) 

meets this condition. 

The model of the styrene E-(155) shows that one of the hydrogens of the benzylic 

methylene group (ll-H) would buttress one of the hydrogens of the allylic methylene group 

(7-H). However, irradiation at OH = 2.95 (corresponding to the resonance of one of the 

benzylic methylene hydrogens, ll-H) shows no nOe enhancement of the intensity of either 

of the one-hydrogen resonances at OH = 2.38 to OH = 2.28, and at OH = 2.16 to OH = 2.02 

(corresponding to the resonances of the allylic methylene hydrogens, 7-H). Similarly, 

irradiation at OH = 2.11 and at OH = 2.32 (corresponding to the resonances of each of the 

allylic methylene hydrogens, 7-H) shows no enhancement of the one-hydrogen resonance at 

OH = 2.98 to OH = 2.92 (corresponding to the resonance of one of the benzylic methylene 

hydrogens). Since nOe is a short-range through-space effect,87 it follows that Il-H and 7-H 

are not very close together in space. This is consistent with a Z C=C double bond and 

inconsistent with an E C=C double bond. 

The mechanism of the ring opening of the alcohol (151) is not entirely clear (Scheme 

108). It seems likely that the iodobenzene diacetate, a hypervalent iodine species, mediates 

the formation of the alkoxyl radical (154): the literature gives no indication of the mechan

istic pathway for this process.26 The alkoxyl radical (154) species may be generated by 

photolysis of the hypoiodite (163), which would be expected to cause homolytic cleavage of 

the weak oxygen-iodine bond. Alternatively, photolysis of iodobenzene diacetate may afford 
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phenyl radicals by homolytic cleavage of the carbon-iodine bond: this radical could then 

afford the alkoxyl radical (154) by abstracting the alcoholic hydrogen from the alcohol 

(151). f3-Scission of the alkoxyl radical (154) gives the benzylic radical (153), which is 

also stabilised by the inductive effect of a primary alkyl group, and by delocalisation of the 

unpaired electron over the ester group and over the arene 1t electron system. The benzylic 

radical (153) is oxidised to the styrene (155) by loss of a hydrogen atom, the driving force 

for this last step probably being the extended conjugation of the phenacrylate system. The 

alternative f3-scissions lead to the less stable primary alkyl radicals (164) and (165), which 

are stabilised solely by the inductive effect of a primary alkyl group. The absence of any 

derived products suggests that these f3-scissions do not occur. 

(151) 

Phl(OAC)~\ 
I~ (CH2)sI 

hu 
COzE! 

o 
(155) 

(164) 

(163) 

Phl(OAc)2 

- OI(OAC)2l 

PhH Ph-

:-"J 

Scheme lOB 

(165) 

(154) 

I 

(153) 

When ethyl1-(4-iodobutyl)-2-tetralone-1-carboxylate (166), which was prepared 

from the bromide (148) by the Finkelstein reaction, was treated with samarium (11) iodide 

under the same conditions as the iodide (152), the result was an intractable mixture of 

decomposition products (Scheme 109). This suggests that Lewis acid bonding of the 

samarium (Ill) "Grignard" requires a seven-membered ring transition state rather than an 

75 



eight-membered ring transition state: models of the seven- and eight-membered ring 

transition states show no obvious reason for these contrasting results. In general, the 

literature suggests that the samarium (11) iodide-mediated cyclisation of 2-(3-halogenopropyl) 

ketones to cyclopentanols and the analogous cyclisation of 2-(4-halogenobutyl) ketones to 

cyclohexanols should be equally successful.32,38 However there are reports of the failure of 

the latter class of reaction, where the former class succeeds39 [See section 1.5.1 (c), 

especially Scheme 43]. 

Et02C (CHv.Br 

~O NaVMeCOEt 

~ 94% 

(148) 

Scheme 109 

~~.I 

~ 
(166) 

Attempts to form the Grignard reagent30.96 of the bromide (148) also gave an 

intractable mixture of products. The same result occurred when the iodide (145) was treated 

with samarium (11) iodide: this result is less readily rationalised. 

w" 
BU3SnH! roD 1. NaHl DMPUl1HF roDe 7 0 
AIBN! (CH2)" 2. Prl .. • 

~I [Bu3SnH) 20% ~I 
a5.8mM 

(152) (167) (111) 

SQb~m~ llQ 

To compare the two routes to ring expansion via transient alkoxyl radicals, the iodide 

(152) was treated with tributylstannane, using a syringe pump ([BU3SnH] = 5.8 mM), to 

afford, in low yield, an impure sample of ethyl I-propyl-2-tetralone-l-carboxylate (167), 

which was also prepared independently by alkylation of the ~keto ester (111) (Scheme 

110). In a replicate ring expansion experiment, NMR spectroscopic, GC-MS and HPLC 

analysis of the crude product showed the presence of the tetralone (167) (21 %) as the only 

product. Clearly pyrolysis is a major problem. The reason for this lack of thermal stability is 

unclear. 

C02Et 

Ht Pt02! EtOH or EtOAc 

X ... 
o o 

(155) Scbeme 11l 
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The hydrogenation of the styrene (155) failed using 10 % palladium on charcoal in 

ethyl acetate (H2 at I atm or 45 p.s.i.) or in ethanol (H2 at I atm) (Scheme 111). 

(b) Ring Expansion of I-Tetralones 

When the alcohol's structure is such that it lacks the potential to afford benzylically 

stabilised radicals after ~-scission of the derived alkoxyl radical, the reaction takes a different 

course. The nature of this course is dependent on the conditions under which the hypoiodite 

is generated (Scheme 112). Samarium (ll) iodide mediated cyclisation of ethyI2-(3-iodo

propyl)-I-tetralone-2-carboxylate (168), which was obtained by alkylation of the j>-keto 

ester (122b)88,89 with 1,3-di-iodopropane, afforded ethyl 2,3,3a,4,5,9b-hexahydro-9b

hydroxy-(3H)-benz[e]indene-3a-carboxylate (169) as a 1:1 mixture of E and Z isomers, 

with spectra similar to that of its isomer (151). 
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(170) 

Irradiation of the alcohol (169) in the presence of iodine and mercuric oxide47-51 

afforded ethyl 2,3a,4,5-tetrahydro-(3H)-benz[e]indene-3a-carboxylate (170), which was 

also obtained when the alcohol (169) was dehydrated by p-toluenesulfonic acid in refiuxing 

toluene. Dearly mercury oxide-mediated hypoiodite formation is not competitive with 

thermal dehydration. Irradiation of the alcohol (169) in the presence of iodobenzene 

diacetate and iodine26 afforded an intractable mixture, which was analysed qualitatively by 

GC-MS. The mixture was found to contain the iodide (168) {mlz = 217 [60 %, M

CH2CH2CH2I], 118 [lOO, M - CH2=c(C<hEt)CH2CH2CH2I], 185 (35, M - C<hEt»)' the 

styrene (170) [mlz = 242 (35 %, M+), 169 (lOO, M - C<hEt)], and a seconq,.more.Illi%LA 

iodide [mlz = 386 (10 %, M+), mlz = 185 (70, M - I - C<hEt)], to which w~eO tffe:.::J 
I\. 

77 



structure (171), that of ethyl 7-iodo-5,6,7 ,8,9, lO-hexahydro-ll-oxo-(IIH)-benzocyclo

nonene-7 -carboxylate. 

0 . 

ro"~ hu, - I- ll-scission ~ C02Et 
C02Et .. C02Et .. 

::,...1 

(1TJ) (172) (133a) 

! Il-scission 
K (173) 

(172) 

0 
(172) (173) w"" ~ ) ~ C02Et 

~ C02Et 
C02Et 

::,...1 

(171) (174) (168) 

S!<b~[IJ~ lla 

The fonnation of the two iodides (171) and (168) can be rationalised by assuming 

that l3-scission of alkoxyl radical (172), which arises from photolysis of hypoiodite (173), 

is not regiospecific (Scheme 113). This is not especially surprising, since neither of the 

resultant alkyl radicals, (174) and (133a), have the degree of stabilisation associated with 

benzylic radicals [although the radical (174) is stabilised by two alkyl moeities and an ester 

group compared to the single alkyl group stabilising radical (133a)]. The iodides (168) and 

(171) are produced by iodine-transfer from the hypoiodite (173) to the alkyl radicals (174) 

and (133a). 

(170) 

The styrene (170) showed a molecular ion at mlz = 242 in its E.I. mass spectrum, 

and a peak at 1688 cm-1 in its IR spectrum corresponding to a styrene C=C bond within a 

five-membered ring. An olefinic -CH- group was apparent from the compound's NMR 

spectra (BH = 6.25, Bc = 124.7). The IH NMR spectrum exhibited two distinct one

hydrogen resonances: one at BH = 1.96 to BH = 1.88, and one at BH = 1.74 to BH = 1.63. By 
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building models, it is apparent that Ha is significantly closer to the centre of the deshielding 

cone of the styrene C=C bond than Hb is. Thus Ha is likely to resonate at a higher range of 

values of OH than HI>-

(c) Conclusions 

Three-carbon ring expansion of benzocarbocycles by Cleavage of the Zero Bridge in 

Bicycles is moderately successful The success of the method hinges on the ability to form a 

bridgehead bicyclic alcohol (23) by Barbier cyclisation (See section 1.3). This appears to be 

less favourable for four-carbon ring expansions than for three-carbon ring expansions. The 

process appears to be affected severely by the ring-size of the starting ketone (18). If the 

structure of the alkoxyl radical (20) derived from the bridgehead bicyclic alcohol is not such 

that l3-scission is likely to be regiospecific, an intractable mixture of products may result 

The potential for the use of this radical ring expansion methodology has been 

demonstrated. Further studies are required to determine fully the scope of the method. 

2.5 Ring Expansion of 2,3-Dihydro-3-oxobenzo[blfurans 

The Boots Company is particularly interested in benzoheterocycles with a heterocyclic 

ring containing six atoms or more. The feasibility of applying the ring expansion method

ologies, which were developed on carbocyclic ketones, to the 2,3-dihydro-3-oxobenzo[b]

furan (175) system was investigated as a representative example of a class of benzohetero

cycles. 

(175) 

MethyI3-hydroxybenzo[b]furan-2-carboxylate97 (176) was prepared by a Dieck

mann-type cyclisation of methyl2-methoxycarbonylphenoxyacetate (177), which was 

prepared from the commercially available methyl salicylate. Methyl 3-hydroxybenzo[b]furan-

2-carboxylate (176), which can be regarded as a completely enolised l3-keto ester, was 

alkylated with 1,3-di-iodopropane and with 1,4-di-iodobutane (Scheme 114). In addition to 

the desired products of C-alkylation, viz. methyI2-(3-iodopropyl)-2,3-dihydro-3-oxobenzo

[b]furan-2-carboxylate (178a) and methyI2-(4-iodobutyl)-2,3-dihydro-3-oxobenzo[b]furan 

. -2-carboxylate (178b) respectively, products of O-alkylation, viz. methyI3-(3-iodopropyl

oxy)benzo[b]furan-2-carboxylate (179a) and methyl 3-(4-iodobutyloxy)benzo-[b]furan-2-

carboxylate (179b) respectively, were obtained. Surprisingly, when a protic solvent, viz. 

methanol, is used, O-alkylation products are still obtained, albeit with depressed relative 
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yield. Presumably this results from the competing effects of the aromatic stabilisation of the 

benw[b]furan system (highly enolised J>-keto esters favour O-a1kylation98) and the co

ordination by hydrogen-bonding of the protic solvent to the enolate oxygen together with the 

use of soft alkylating agents. viz. iodides (both of which favour C-alkylation98). Fortunately 

the products are separable by chromatography [albeit with poor recovery in the case of the 

products (178b) and (179b) because of similar polarity. and hence similar Rfvalues]. 

~I (JC
C02Me 

:::,... OH 

o 
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2.I(CH2)n l o:)L(CH2)n l 

I C02Me + 
:::,... 0 

(178a) n Q 3 
(178b) n Q 4 

Base Solvent 

NaHlHMPA lHF 
NaOMe MeOH 
NaOMe MeOH 

n 

3 
3 
4 

(1193)n =3 
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Attempts at producing suitable starting materials for the one-carbon ring expansion of 

the benw[b]furan (176) were unsuccessful. Alkylation of the benzo[b]furan (176) with the 

following reagents all failed. resulting in the fonnation of intractable mixtures: (i) sodium 

hydride and dibromomethane in THF; (ii) sodium hydride and di-iodomethane in TIIF and 

HMPA; (iii) LDA and di-iodomethane in THF; (iv) sodium methoxide. chloromethyl phenyl 

sulfide and sodium iodide in methanol. 

The Side Chain Incorporation methodology was applied to the ketones (178) with a 

degree of success (Scheme 115). When the ketones (178a) and (17Sb) were treated with 

tributylstannane (1.3 equivalents) and AIBN (0.1 equivalents) in refluxing cyclohexane 

under identical conditions. viz. addition of the reagents by syringe pump ([tributylstannane] 

ca. 2 mM). the outcome of the reactions was markedly different. The ketone (178a) gave 

two reduction products: one product ring-expanded by three carbons. methyl 3.4.5.6-tetra

hydro-6-oxo-(2H )-benzoxocin-2-carboxylate (ISO). and one non-ring-expanded product. 

methyl 2-propyl-2.3-dihydro-3-oxobenzo[b]furan-2-carboxylate (ISla). The ketone 
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(178b) gave only one, non-ring-expanded product, methyI2-butyl-2,3-dihydro-3-oxo

benzo[b]furan-2-carboxylate (181b). Thus extension of the side chain by one carbon, from 

three carbons to four, apparently prevents ring expansion. 

(178a) 

(17llb) 

BUaSnHI AIBN! (CH2la 

[BuaSnH] = 2 mM 

BU3SnHI AIBNI (CH2)6 

[BUaSnH] = 2 mM 

(l81a) 20 % 

(l81b) 77 % 

Scheme 115 

The IH NMR spectrum of the ring-expanded ketone (180) showed a remarkable 

splitting of the resonance of the methylene group a to the ketone carbonyl (i.e. 5-H) into two 

one-hydrogen resonances. This was revealed by 13C-IH correlation spectroscopy, which 

showed that the carbon resonating at lie = 41.4 bears two hydrogens, one of which 

resonates at OH = 3.58 to OH = 3.47, and the other of which resonates at OH = 2.85 to OH = 
2.76. This splitting can be rationalised in terms of the conformation of the oxecane ring in 

solution. From the IR spectrum, it is evident that the arene moeity and the ketone carbonyl 

are coplanar as expected [Umax(C=O) = 1669 cm-I]. Models suggest that the remainder of the 

ring assumes a chair-like conformation. In that event, Ha lies within the deshielding cone of 

the ketone carbonyl, and hence resonates at a higher value of OH than that of lIb (which does 

not lie within the cone). 

H 

o 

(180) 

The probable mechanism of the successful three-carbon ring expansion is shown 

below (Scheme 116). The primary alkyl radical (182) cyclises onto the a-aryl ketone 
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carbonyl group to afford the alkoxyl radical (183) which undergoes j3-scission to give the 

tertiary alkyl radical (184). The alkyl radical (184) is stabilised by a heteroatom and an ester 

group, both of which are CL to the radical centre. It undergoes a hydrogen-transfer reaction 

with tributylstannane to perpetuate the chain, forming the ketone (180). The primary alkyl 

radical (182) can also undergo a hydrogen-transfer reaction with tributylstannane to afford 

the ketone (181a). It is noteworthy that the ring expansion of the carbocyclic analogue, the 

ketone (143), failed (Scheme 101, see section 2.3). Thus it seems that the presence of the 

CL-heteroatom in the radical (184) is critical to the success of this type of ring expansion, 

either to help stabilise the final radical in the mechanistic sequence, or to change the 

conformation of the ring. The reasons for the failure of the attempted ring expansion of 

ketone (178b) are unclear, even when models are used. 

(178a) (182) (1818) 

o o 
BU3SnH BUaSn' 

\ ) . 

(183) (184) (1111) 

Scheme 116 

Application of the Zero Bridge Cleavage Methodology to the ketones (178) failed. 

Treatment of the ketone (178a) with a THF solution of samarium (11) iodide at -78°C 

produced, surprisingly, an intractable mixture of decomposition products. 

2.6 Preparation of Other Benzoheterocycles Suitable for Ring Expansion 

Plans for the expansion of a range of other benzoheterocyclic ketones were unsuccess

ful, due to difficulties associated with synthesis of suitable starting materials. The synthesis 

of heterocyclic analogues of the j3-keto ester (122b) for further elaboration was investigated, 

without any success. 
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An attempt to prepare the chromanone (185) via the chromenone (186) was 

unsuccessful (Scheme 117). The first step of a literature synthesis99 of the latter, the 

preparation of 4-oxo-4H-chromene-3-carbaldehyde (187) from 2-hydroxyacetophenone, 

was successfully repeated. Oxidation of the aldehyde (187) to the carboxylic acid (188) 

failed, yielding an intractable mixture. Attempted catalytic hydrogenation of an authentic 

sample (kindly supplied by the Boots Co. PLC) of the chromenone (186) gave an intractable 

mixture of products. There are few examples of such hydrogenations in the literature. 100 

Similarly, preparation of ethyl4-oxothiochroman-3-carboxylate (189) was unsuccess

ful (Scheme 118). EthyI4-oxo-4H-thiochromene-3-carboxylate (190) was prepared from 

thiophenol,lOI and afforded an intractable mixture of products when reduction with sodium 

borohydride was attempted. Preparation of the thiochromanone (189) by ethoxycarbonyl

ation of thiochromanone itself also failed. 

PhSH 

j 
1. EIOCH..c(C02EI)21 

NaHSO. 
2. polyphosphoric acid 

13% 

o 

roCO.E1 NaBH./MeOH 

I I X' ::::,... 
S 

(190) 

Scheme 118 
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Ethyl 1,2,3,4-tetrahydro-l-methyl-4-oxoquinoline-3-carboxylate (191) was prepared 

by borohydride reduction of its 1,4-dihydro analogue (192), albeit in poor yield (Scheme 

119). High pressure hydrogenation [60 p.s.i.; platinum (IV) oxide] of the quinolone (191) 

afforded a crude product with a similar ne and fluorescine-like colouration to the crude 

product of the borohydride reduction. The crude product was not purified. The quinoline 

(191) is probably re-oxidised to the quinoline (192), presumably by triplet oxygen (This 

would rationalise the low yield). Attempted ethoxycarbonylation of ethyll,2,3,4-tetrahydro

I-methyl-4-oxoquinoline (193), which was prepared from ethyll,2,3,4-tetrahydro-4-oxo

quinoline by N-methylation, failed. 

o 

Me 

(194) 

o 

~C02Et 
U)J 

Me 

(192) 
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3% 
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Scheme 119 
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The attempted one-pot synthesis of the quinolinone (194) (a suitable precursor for 

photochemical cyclisation to a bridgehead bicyclic alcohol31) by ethoxycarbonylation and 

subsequent in situ alkylation of the quinolone (193) resulted in recovery of the starting 

material. The attempted preparation of cyclopropanol (195) by carbenoid-mediated cyclo-
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propanation of the enolate41 of the quinolinone (193) also afforded recovered starting 

material as the only product (Scheme 120). 

Evidently the heteroatom modifies the chemistry of the benw-fused ring, so that 

reactions which are standard fOt carbocyclic analogues fail. This area of investigation was 

abandoned although further effort would probably have permitted successful synthesis of the 

required precursors. 

2.7 Ring Expansion of Oxindoles by Side Chain Incorporation 

The feasibility of ring expansions of benw-fused lactarns by side chain incorporation 

was investigated. The general method would not be predicted to work because of the energy 

barrier to cyclisation onto the stable lactarn carbonyl group: this arises due to the delocal

isation of the lactarn nitrogen atom's lone pair of electrons onto the carbonyl. However, in 

the case of l-phenyloxindole (196), the lactarn nitrogen atom's lone pair of electrons is 

delocaIised onto the aromatic moieties as well as onto the lactarn carbonyl, possibly affording 

the latter some ketonic character. 

I-Phenyloxindole (196) was synthesised by acylation of diphenylamine with bromo

acetyl chloride, to afford N ,N-diphenylbromoacetamide (197), and subsequent Friedel

Crafts cyclisation mediated by aluminium (1Il) chloride.I02 Attempted ethoxycarbonylation, 

by standard means, failed (Scheme 121). 

BrCH2COCV MePhl 
• 

65% 

(197) 

NaHI CO(OEt)2 

X • 

Scheme 121 

0-
• 

AIC1aI36 % 
~O 
~N~ 

Ph 

(196) 

To circumvent this obstacle, 3-methyl-I-phenyloxindole (198) was synthesised by an 

analogous literature procedure,102 via N ,N-diphenyl-2-chloropropionamide (199), and 

bromomethylated.102,103 Treatment of 3-bromomethyl-3-methyl-I-phenyloxindole (200) in 

refluxing toluene with tributylstannane (2.2 equiv in two portions), using a syringe pump 

([tributylstannane] = 1.7 mM), gave a ring-expanded product, 3,4-dihydro-3-methyl-l

phenylquinolin-2(1H)-one (201), and a product of direct reduction, 3,3-dimethyl-l-phenyl

oxindole (202) (Scheme 122). 
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Scheme 122 

The quinolinone (201) has the assigned structure rather than that of its isomer (203), 

although the IH (according to Shoolery's rules87) and l3C spectra are consistent with both 

structures, i.e. there are resonances consistent with a lactam carbonyl, two benzene moeities 

and the -CH2CHMe- moeity. The absence of any nOe interaction between the methyl group 

and the aromatic hydrogens in the compound's IH NMR spectrum precludes structure 

(203), since nOe is operative through space over a short range. This was confirmed by I-D 
nOe difference spectroscopy. Irradiation at OH = 1.33 [corresponding to the three-hydrogen 

resonance of the methyl group (-CH2CHMe-)] showed no nOe enhancement of the intensity 

of the one-hydrogen resonance at OH = 3.02 to OH = 3.09. Consequently this latter signal 

must correspond to the methylene group hydrogen which is trans to the methyl group 

(-CH2CHMe- ), rather than the methine hydrogen (-CH2CHMe-). Irradiation at OH = 3.06 

caused nOe enhancement of the intensity of the one-hydrogen resonance in the aromatic 

region at OH = 7.19 to OH = 7.26. Therefore, the methylene group and one of the aromatic 

hydrogens must be close together in space. Of the two structures, (201) and (203), only 

(201) meets this condition. 

The formation of the two products (201) and (202) is readily rationalised (Scheme 

123). The initially-formed methyl radical (204) leads directly to the direct reduction product 
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(202) by SH 2 reduction. In forming the ring-expanded product, this radical cyclises onto 

the phenyl ring in preference to the lactam carbonyl [which implies that the latter is not 

sufficiently polarised (o+c=d">-) to be attacked by the nucleophilic methyl radical]. The 

resultant cyclopropyl radical (205) is stabilised by the a-nitrogen atom and the a-N -phenyl 

group. Opening of the cyclopropyl radical (205) by l3-scission affords the tertiary alkyl 

radical (206), which abstracts a hydrogen from tributylstannane to give the quinolinone 

(201). Similar ring expansions, starting from more complex substrates, have been 

reported104 (Scheme 124). 
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0:>=0 o:x (JC( ~ N ~ N 0 ~ N 0 
Ph Ph Ph 

(l!O2) (201) (3]6) 

ll!<b!!w!! 1 za 

As may be expected, ring-strain causes the wavenumber associated with the carbonyl 

stretch of the 5-membered-ring lactams (200) and (202) to be higher than the wavenumber 

associated with the carbonyl stretch of the 6-membered-ring lactam (201): 

Lactam 

(200) 

(202) 

(201) 

u(c=O)! cm-1 

1720 

1722 

1676 
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2.8 Formation of the Nitrate Ester of Fused Tertiary Bicyclic Alcohols 

As shown in the Introduction to this thesis [Section 1.5.2 (b)], alkoxyl radicals are 

readily generated from nitrate esters using tributylstannane (Scheme 125).53 Accordingly the 

nitrate esters of tertiary alcohols (24, W = N(h) would be useful intennediates for ring 

expansion by Cleavage of the Zero Bridge in Bicycles. There are no examples of this 

process in the literature and few methods for generating the esters.53-56,105 Therefore the 

fonnation of nitrate esters of fused tertiary bicyclic alcohols (24, W = NOV was attempted. 

~ + Bu,Sn- - Rc)' + Bu,SnONO 
RC>- + Bu,SnH - ROH + Bu,Sn-

Scheme 125 

Ethyl I-hydroxy[ 4.3.0]bicyclononane-5-carboxylate106 (207) was synthesised from 

ethyll-(3-iodopropyl)-2-oxocyclohexanecarboxylate15 (208) by samarium (II) iodide

mediated Barbier cyclisation. When the samarium (IT) iodide was added to the iodide (208) 

using a syringe pump, no alcohol (207) was fonned and the starting material was 

recovered. This suggests that alkoxyl radicals are not intermediates in the cyclisation. The 

iodide (208) was synthesised from ethyl 1-(3-bromopropyl)-2-oxocyclohexane

carboxylate15 (209) by a Finkelstein reaction, or from the commercially available ethyl 2-

oxocyclohexanecarboxylate by alkylation with 1,3-di-iodopropane (Scheme 126). Treatment 

of the alcohol (207) with a potentially explosive nitrating mixture of fuming nitric acid and 

acetic anhydride55 [which affords nitronium acetate (AcONOV as the nitrating species] gave 

a product of dehydration, viz. the alkene (210), in preference to the nitrate ester (211). 

As a model for the tetraione-derived alcohol (169), l-rnethyl-l-tetralol (110) was 

prepared by treatment of I-tetralone (84) with methylmagnesium brornide60 (Scheme 127). 

Treatment of the tetraiol (110) with N-nitrocollidinium tetrafluoroborate afforded a product 
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of dehydration, viz.l,2-dihydro-4-methylnaphthalene (109),60 rather than the expected 

nitrate ester (212). This is surprising, since the reagent, which is conveniently prepared in 

situ from nittonium tetrafluoroborate and collidine, is used for the preparation of nitrate 

esters from various tertiary alcohols [See Section 1.5.2 (b)].56 The results suggest that 

dehydration of a tertiary alcohol is often faster than its nitration. 
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Attempts to use N-nitrosaccharin54 (213) as a nitrating agent failed (Scheme 128). 

I-Adamantanol (214) was chosen as the substrate, on which to develop the method: this 

tertiary alcohol is incapable of dehydrating, since the structure cannot suslain the require-
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ment for coplanarity imposed by the sp2 hybridisation of olefmic carbons. Reaction under 

the following conditions gave the starting material (214) as the only product (as shown by 

TLC, and NMR and IR spectra): 

, 
N -nitrosaccharin (213)1 NaH/ MeCNI THFI O°C to r.t.; 

N -nitrosaccharin (213)1 NaH/ DMFI r.t.; 

N -nitrosaccharin (213)1 NaH/ THF/6. 

In no case was the nitrate ester (215)56 [u(RON(h) 1621 cm-1l obtained. 

OH 0 IfJ' 0 

iJ O=;NN0
2 X· O=;NH + ~ s' + :::,... s' O2 O2 

(214) (213) (215) 

Sl<barna l2!! 

Nitronium tetrafluoroborate and N-nitrocollidinium tetrafluoroborate are too reactive 

for the formation of the nitrate esters of tetralols; N-nitrosaccharin is not reactive enough. 

After a general lack of success, this line of work was abandoned. 

There are two conceivable mechanisms for the reduction of nitrate esters, and of nitro 

compounds, by tributylstannane. Investigations into the mechanism of this process are 

reported in Appendix 2. 
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General 

All solvents were dried and distilled before use: ethanol from magnesium; dibromo

methane, dichloromethane, cycIohexane and acetonitrile from phosphorus pentoxide; DMF, 

acetonitrile and diethyl carbonate from calcium hydride; toluene and di-iso-propylarnine from 

sodium hydride; p-dioxan from sodium; 1HF from lithium aluminium hydride, sodium 

amalgam or sodium/ benzophenone ketyl; petrol, diethyl ether, and ethyl acetate from calcium 

chloride. 

Starting materials were obtained predominantly from Aldrich Chemical Co. Ltd. or 

from Lancaster Synthesis Ltd., and recrystallised or distilled, if appropriate. 1,2,3,4-Tetra

hydro-4-oxoquinoline, 1 ,4-dihydro-I-methyl-4-oxoquinoline-3-carboxylate and 4b,5,6,7,8, 

8a,9,10-octahydro-2,4-dimethoxy-9-oxophenanthrene (216) were obtained from The Boots 

Co. PLC. Pyrrolidine, morpholine and triethylamine were distilled from potassium 

hydroxide. Di-iodomethane was distilled from copper wire. Di-iodoethane was taken up in 

diethyl ether, washed with saturated aqueous sodium thiosulfate, dried over magnesium 

sulfate and evaporated to dryness. Sodium iodide was dried at 150°C overnight. Other 

reagents were used as obtained commercially. 

Tungsten 'white light' fluorescence lamps (2 x 150 W) (mercury blended) were used 

for irradiation studies, unless otherwise stated. 

HPLC analyses (reverse phase) were carried out on a 25 cm Shandon column packed 

with 5 ~ Hypersil ODS, with a Pye Unicam 4015 pump set at 1.0 cm3 min- I and a Pye Uni

cam 4020 UV detector set at 230 nm or 254 nm (as appropriate). Unless otherwise stated, 

the eluent was water-acetonitrile (50:50 v/v). TLC was performed on aluminium plates 

coated with Merck silica gel60F254 (unless otherwise stated). Compounds were visualised 

by UV light. 

Temperatures quoted for Kugelrohr distillations are those of the heating bath. 

IR spectra were obtained using a Pye Unicam PU9516 spectrometer and a Nicolet 205 

Ff-IR spectrometer. Elemental analyses, 360 MHz NMR spectra, and mass spectra were 

provided by the Boots Company PLC. 400 MHz and nOe difference spectra were provided 

by the SERC High Field NMR Service at the University of Warwick. 250 MHz NMR 

spectra were obtained using a Bruker AC250 spectrometer. d-Chloroform was used as the 

NMR solvent (unless otherwise stated) with tetramethylsilane as internal standard. 60 MHz 

NMR spectra were obtained using a Varian EM360A spectrometer. GC-MS spectra were 

provided by the SERC Mass Spectrometry Service at University College, Swansea. 

For a number of compounds, especially those which are oils and/ or alkyl halides, the 

data for elemental analyses were unsatisfactory. These unsatisfactory data are not quoted. 

However, the spectroscopic data obtained from other techniques permitted unambiguous 

characterisation of the compounds in question. 
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Preparation of I-bromo-3-(t -butyldimethylsilyloxy)propane (94)61 

Br~OH 

rc, 
N 
H 

CISiMe2Bu', 

DMF 
• 

, 3 

Br~OSiMe2Bu' 
(94) 

3-Bromo-I-propanol (6.0 g, 43 mmol) was added under an atmosphere of nitrogen to a 

stirred solution of t -butyldimethylchlorosilane (7.9 g, 52 mmol) and imidazole (7.9 g, 116 

mmol) in DMF (40 cm3). After 63 h the solution was poured into water (100 cm3) and 

extracted with petrol (b.p. 40-60 0C) (8 x lOO cm3). The combined extract was washed with 

saturated ammonium chloride solution (120 cm3), saturated sodium bicarbonate solution 

(lOO cm3), water (2 x 100 cm3) and brine (100 cm3). The solution was dried over 

magnesium sulfate and the solvent was removed in vacuo to give a colourless liquid. 

Distillation gave l-bromo-3-(t -butyldimethylsilyloxy)propane (94) as a colourless liquid 

(5.9 g, 23 mmol, 54 %), b.p. 35-44°C (0.8 mm Hg), Rrlsilica, petrol (b.p. 4O-600C): ethyl 

acetate (3: 1)] 0.67. 

U max (neat) 2956, 2856 (C-H), and 1470 cm-1 

OH (250 MHz) 3.74 (2 H, t, J = 5.7 Hz, 3-H), 3.51 (2 H, t, J = 6.4 Hz, I-H), 2.03 (2 H, 

qu, J = 6.1 Hz, 2-H), 0.90 (9 H, s, 3-0SiBu I), and 0.03 (6 H, s, 3-0SiMe2). 

Oc (62.5 MHz) 60.3 (3-C), 35.5 (2-C), 30.5 (I-C), 25.8 (3-0SiQCH3h), -3.1 (3-

OSiMe2), and -5.5 (SiC(CH3h). 

The spectroscopic data correspond to those reported. 61 Repetition on a smaller scale, 

using 3-bromo-l-propanol (5.0 g, 36 mmol) gave I-bromo-3-(t -butyldimethylsilyloxy)

propane (94) (2.1 g, 8.4 mmol, 23 %). Repetition on a larger scale using 3-bromo-l

propanol (18.8 g, 135 mmol), and omitting to wash the petroleum extract, gave l-bromo-3-

(t-butyldimethylsilyloxy)propane (94) (21.8 g, 86 mmol, 64 %). 

Preparation of 3-(1 -butyldimethylsilyloxy)-l-iodopropane (95)61 

NaVMeCOEt 
Br~OSiMe2Bu' ---_ 

(94) 
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I-Bromo-3-(t-butyldimethylsilyloxy)propane (94) (2.8 g, 11 mmol) and sodium iodide (1.8 

g, 12 mmol) in butanone were heated at reflux for 5 h and allowed to cool. The solution was 

filtered and washed with aqueous sodium sulfite and brine. The solution was dried over 

magnesium sulfate and the solvent was removed in vacuo to give 3-(t-butyldimethylsilyl

oxy)-I-iodopropane (95) as a yellow liquid (2.2 g, 7.2 mmol, 66 %), Rr£silica, petrol (b.p. 

40-60°C): ethyl acetate (3:1)] 0.69. 

'\)max (neat) 2948 (C-H) and 1468 cm-1 

OH (250 MHz) 3.67 (2 H,t, J = 5.7 Hz, 3-H), 3.28 (2 H, J = 6.7 Hz, I-H), 1.99 (2 H, qu, 

J = 6.2 Hz, 2-H), 0.90 (9 H, s, 3-0SiBul ), and 0.02 (6 H, s, 3-0SiMe2). 

OC (62.5 MHz) 62.3 (3-C), 36.2 (2-C), 25.9 (3-0SiC(CH3h), 3.6 (l-C), -2.9 (3-0SiMe2), 

and -5.3 (3-0SiC(CH3h). 

The spectroscopic data correspond to those reported.61 

Preparation of l-iodo-4-(t-butyldimethylsilyloxy)butane (96)61,62 

Q ClSiMe"Bu', NaV MeCN 
• 

1 3 
~OSiMe2But 

I 2 4 

(96) 

THF (4.0 cm3, 3.5 g, 49 mmol) was added under an atmosphere of nitrogen to a stirred 

solution of t-butyldimethylchlorosilane (3.0 g, 20 mmol) and sodium iodide (5.8 g, 39 

mmol) in acetonitrile (55 cm3). After 23 h, the solution was poured into water (60 cm3) and 

extracted with petrol (b.p. 4O-600 C) (4 x 100 cm3). The combined extracts were washed 

with saturated sodium bicarbonate (50 cm3) and brine (50 cm3). The solution was dried over 

magnesium sulfate and the solvent was removed in vacuo to give l-iod0-4-(t-butyldimethyl

silyloxy)butane (96) as an orange oil (2.9 g, 9.2 mmol, 46 %). 

'\)max (neat) 3342, 2952,2856 (C-H), and 1471 cm-1 

OH (60 MHz) 3.60 (2 H,t, J = 5.7 Hz, 4-H), 3.20 (2 H, J = 7 Hz, I-H), 3.20-1.50 (4 H, m, 

2-H and 3-H), 0.9 (9 H, s, 4-0SiBul ), and 0.05 (6 H, s, 4-0SiMe2). 

The spectroscopic data correspond to those reported.61.62 
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Preparation of I-benzeneselenyl-3-propanol (98)63.68 

PhSe(BH3)-Na+' 

EtOH! r.t. 1 3 
Br~OH ----..... ,- PhSe~OH 

(98) 

Sodium borohydride (2.7 g. 72 mmol) was added under an atmosphere of nitrogen to a 

stirred solution of diphenyl diselenide (9.9 g, 32 mmol) in absolute ethanol (500 cm3). After 

20 min, 3-bromo-1-propanol (5.8 cm3, 8.9 g, 64 mmol) was added. After 16 h the solution 

was concentrated to half its original volume and hydrochloric acid (2 M, 80 cm3) was added. 

The solution was extracted with petrol (b.p. 4O-600 C) (8 x 100 cm3). The combined extracts 

were washed with hydrochloric acid (2 M, 80 cm3), saturated sodium bicarbonate solution 

(200 cm3), water (200 cm3), and brine (200 cm3). The solution was dried over magnesium 

sulfate and the solvent was removed in vacuo to give a yellow oil. Dry flash chromatography 

on silica gel with petrol (b.p. 40-60°C): ethyl acetate (4:1) as eluent gave 1-benzeneselenyl-

3-propanol (98) (Ll g, 4.9 mmol, 8 %), RC 0.20. 

Umax (neat) 3362, 2936 (C-H). 1577, and 1475 (arene C-C) cm- l 

OH (60 MHz) 7.30-7.15 (5H. m, 1-SePh), 3.90-3.30 (1 H. br s, D20 ex., 3-0H), 3.25 (2 

H, t, J = 8 Hz, 3-H), 2.80 (2 H, t, J = 8 Hz, I-H), and 1.95 (2 H, qu, J = 8 Hz, 2-H). 

The spectroscopic data correspond to those reported.63 

Preparation of I-bromo-3-benzeneselenylpropane (97)63 

NBS! 
Ph3P! 3 1 

PhSe~OH --_, PhSe~Br 
(98) MeCN! (97) 

O·C 

Triphenylphosphine (1.0 g, 3.8 mmo1) and N-bromosuccinimide (0.7 g, 3.9 mmo1) were 

added to 1-benzeneselenyl-3-propanol (98) (0.8 g, 3.8 mmol) in acetonitrile (5 cm3) and the 

mixture was stirred for 13 h, then stored in a freezer for 64 h. Flash chromatography (silica, 

dichloromethane) gave 1-bromo-3-benzeneselenylpropane (97) (0.2 g, 0.6 mmol, 16 %) as 

an orange oil, Rc 0.71. 

Umax (neat) 3070, 2920 (C-H), 1575, and 1475 cm-l 
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OH (60 MHz) 7.30-7.15 (5 H, m, 3-SePh), 3.25 (2 H, t, J = 8 Hz, I-H), 2.80 (2 H, t, J = 8 

Hz, 3-H), and 1.95 (2 H, qu, J = 8 Hz, 2-H). 

The spectroscopic data correspond to those reponed. 63 

Preparation of 1,2-dihydro-3-pyrroIidinylnaphthalene (99)59 

~o 

0v 
(83) 

2-Tetralone (83) (5.0 g. 34 mmol) and pyrrolidine (5 cm3, 4 g, 60 mmol) in toluene (lOO 

cm3) were heated at reflux with a Dean-Stark water separator under an atmosphere of 

nitrogen for 3.5 h. The solution was evaporated to dryness to give 1,2-<iihydro-3-

pyrrolidinylnaphthalene (99) practically pure as black-brown crystals (7.2 g, 35 mmol, lOO 

%). 

Umax (Nujol) 1730, 1610 (enamine C=C), and 1564 (arene C-C) cm-I 

OH (250 MHz) 7.03-6.97 (2 H, m, 8-H and 5-H), 6.85-6.78 (2 H, m, 6-H and 7-H), 5.12 

(I H, s, 4-H), 3.23 (4 H, t, J = 7.5 Hz, 3-CH2CH2N), 2.82 (2 H, t, J = 7.9 Hz, I-H), 

2.46 (2 H, t, J = 7.9 Hz, 2-H), and 1.94-1.88 (4 H, m, 3-CH2CH2N). 

Oc (62.5 MHz) 147.5 (3-C), 138.2 and 130.1 (8a-C and 4a-C), 126.5 (2 signals), 122.8, 

and 121.6 (8-C, 7-C, 6-C and 5-C), 93.2 (4-C), 47.3 (3-NCH2CH2), 28.6 and 26.3 (I-C 

and 2-C), and 25.1 (3-NCH2CH2). 

Recrystallisation was judged unnecessary. On a replicate run, the crude product was 

recrystallised from petrol (b.p. 4O-60°C) to give 1,2-dihydro-3-pyrrolidinylnaphthalene (99) 

(49 %) as brown needles, m.p. 82-83°C (lit.75 80-82°C), Rc [silica, petrol (b.p. 4O-60°C): 

ethyl acetate (2:1)] 0.46, with identicallH NMR spectrum. 
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Preparation of 1,2-dihydro-3-morphoIinonaphthalene (100)75 

(83) 

2-Tetralone (83) (5.5 g, 38 mmol) and morpholine (6.5 cm3, 6.5 g, 75 mmol) in toluene (50 

cm3) were heated at reflux with a Dean-Stark water separator under an atmosphere of 

nitrogen for 20 h. The solvent was removed in vacuo to give a brown oil. Recrystallisation 

from petrol (b.p. 40-6O°C) gave l,2-dihydro-3-morpholinonaphthalene (100) (7.0 g, 33 

mmol, 87 %) as brown needles, m.p. 51-56°C (lit.75 56-57°C), RC [silica, petrol (b.p. 40-

60°C): ethyl acetate (2:1)] 0.52. 

OH (60 MHz) 7.00 (4 H, s, 5-H, 6-H, 7-H, and 8-H), 5.45 (1 H, s, 4-H), 3.70 (4 H, t, J = 
5 Hz, 3-NCH2CH20), 2.95 (4 H, t, J = 5 Hz, 3-NCH2CH20), 2.70 (2 H, t, J = 8 Hz, 1-

H), and 2.30 (2 H, t, J = 8 Hz, 2-H). 

Repetition on a smaller scale, using 2-tetra1one (83) (1.9 g, 13 mmol), gave 1,2-

dihydro-3-morpholinonaphthalene (100) (1.3 g, 6.2 mmol, 49 %). 

Preparation of 1,2-dihydro-4-pyrroIidinylnaphthalene (101)75 

0 Q Q 
06 m 67

4
"=:3 H 

7 ~ I 2 • 
p-TSAI 

8 8a 1 MePh 

(84) (101) 

1-Tetra10ne (84) (3.0 g, 21 mmol), pyrrolidine (3 cm3, 3 g, 0.03 mol) and p-toluenesulfonic 

acid monohydrate (0.1 g, 0.7 mmol) in toluene (30 cm3) were heated at reflux with a Dean

Stark water separator under an atmosphere of nitrogen for 19 h. The solvent was removed in 

vacuo to give 1,2-dihydr0-4-pyrrolidinylnaphthalene (101) (4.1 g, 21 mmol, 100 %) as a 

brown oil. 
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OH (60 MHz) 7.50-7.00 (4 H, m, 5-H, 6-H, 7-H, and 8-H), 5.10 (I H, t, J = 5 Hz, 3-H), 

3.25-2.45 (6 H, m, 4-NCH2CH2 and I-H), and 2.45-1.75 (6 H, m, 4-NCH2CH2 and 2-

H). 

Preparation of 2-pyrrolidinyl-(1H)-indene (102) 

(0=0 Q 
H 

• 

4 3 0 5(D2.3a ~ N 
6 ~ I 2 • 

7a 1 
7 

MePh 

(86) (102) 

2-Indanone (86) (2.2 g, 16 mmol) and pyrrolidine (2.0 cm3, 1.7 g, 24 mmol) in toluene (40 

cm3) were heated at reflux with a Dean-Stark water separator under an atmosphere of 

nitrogen for 3 h. The solution was evaporated to dryness to give 2-pyrrolidinyl-(IH)-indene 

(102) practically pure as black crystals (3.0 g, 16 mmol, lOO %). 

U max (Nujol mull) 2920 (C-H), I~ (enamine C=C), and 1305 cm- l 

OH (60 MHz) 7.25 (4 H, m, 4-H, 5-H, 6-H, 7-H), 5.25 (I H, s, 3-H), 3.25 (6 H, t and s, J 

= 6 Hz, I-H and 2-NCH2CH2), and 2.00 (4 H, qu, J = Hz, 2-NCH2CH2). 

Recrystallisation was judged unnecessary. 

Preparation of I-methyl-2-tetralone (103)59 

Me 

~o 
0v 

1. MeV p-dioxanl aY 
_2._H_C_1 (_aq_ •• _d_il.....;) ~ 7 r t 1 2 0 

6 ;::". 3 
5 4a 4 

(100) (99) 

l,2-Dihydro-3-pyrrolidinylnaphthalene (99) (4.1 g, 20 mmol) and iodomethane (6cm3, 14 

g, 96 mrnol) in p-dioxan (10 cm3) were heated at reflux for 14.5 h. Hydrochloric acid (6 M; 

8 cm3) was added and reflux was continued for 5 h. Sulphuric acid (2 M; 20 cm3) was added 

and the solution was extracted with petrol (b.p. 4O-60°C) (4 x 50 cm3). The combined 

extracts were washed with saturated sodium thiosulfate solution (2 x 50 cm3) and water (5 x 

100 cm3). The solution was dried over magnesium suifate and the solvent was removed in 



vacuo to give a red-brown oil. Kugelrohr distillation gave I-methyl-2-tetralone (103) (1.1 g, 

6.8 mmol, 34 %) as a pale yellow liquid, b.p. 110°C (3.5 mm Hg) [lit. 59 138-142°C (20 

mm Hg)], RC [silica, petrol (b.p. 40-60°C): ethyl acetate (3:1)] 0.43. 

Umax (neat) 3064 (C-H), 1712 (C=O), 1486 (arene C-C), and 1452 cm-l 

OH (250 MHz) 7.38-6.88 (4 H, m, 5-H, 6-H, 7-H, and 8-H), 3.50 (1 H, q, J = 7.0 Hz, 1-

H), 3.13-2.96 (2 H, m, 4-H), 2.66-2.37 (2 H, m, 3-H), and 1.49 (3 H, d, J = 7.0 Hz, 1-

Me). 

OC (62.5 MHz) 212.2 (2-C), 138.0 and 136.9 (4a-C and 8a-C), 127.5, 127.1, 126.7, and 

126.1 (8-C, 7-C, 6-C, and 5-C), 47.5 (I-C), 37.2 (4-C), 28.1 (3-C), and 14.2 (I-Me). 

mlz (E.!.) 160.0960 (M+, 8 %, CllH120 requires 160.0888), and 118 (12, M -

CH2=C=O). 

Preparation of 1,I.dimethyl.2.tetralone (104) 

Me Me Me 
~ 1.LDAlTHF ~ W 0 _2_. M_e_I_.~:(i) 0 

(103) 
5

4a 
4 

(104) 

A hexane solution of n-butyllithium (1.7 M; 2.3 cm3, 3.9 mmol) was added to a solution of 

di-iso-propylamine (0.6 cm3, 0.4 g, 4 mmol) in TIfF (15 cm3) in an ice-bath under an 

atmosphere of nitrogen. After stirring for 15 min, the solution was cooled with a toluene

liquid nitrogen bath. I-Methyl-2-tetralone (103) (0.5 g, 3 mmol) was added and the solution 

was stirred with cooling for 25 min. Iodomethane (2.3 cm3, 5.2 g, 37 mmol) was added and 

the solution was allowed to warm to room temperature. Saturated sodium bicarbonate 

solution (10 cm3) was added and the solution was extracted with petrol (h.p. 4O-60°C) (4 x 

20 cm3). The combined extracts were washed with water (2 x 20 cm3), dried and the solvent 

was removed in vacuo to a brown oil. Kugelrohr distillation gave 1,I-dimethyl-2-tetralone 

(104) (0.2 g, 1.1 mmol, 36 %) as a colourless oil, h.p. 6O-70°C (0.1 mm Hg) [lit.16b 73-

77°C (0.1 mm Hg)], RC [silica, petrol (h.p. 4O-60°C): ethyl acetate (3: I)] 0.49. 

Umax (neat) 3030,2970 (C-H), 1710 (C=O), 1605, 1580, and 1485 (arene C-C) cm-l 
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OH (250 MHz) 7.36-7.15 (4 H, m, 5-H, 6-H, 7-H, and 8-H), 3.10 (2 H, t, J = 6.9 Hz, 4-

H), 2.68 (2 H, t, J = 6.9 Hz, 3-H), and 1.44 (6 H, s, I-Me). 

Oc (62.5 MHz) 214.7 (2-C), 143.5 and 135.1 (8a-C and 4a-C) , 12S.1, 127.1, 126.4, and 

126.1 (S-C, 7-C, 6-C, and 5-C), 47.7 (l-C), 37.2 (4-C), 2S.6 (3-C), and 26.9 (I-Me). 

mlz (E.I.) 174.105 (M+, 91 %, C12H140 requires 174.104), 132 (S4, M - CH2=C=O). 

Attempted preparation of I-methyl-2-tetralone (103) [I] 

(103) (104) 

2-Tetralone (83) (1.0 g, 6.9 mmol) was added under an atmosphere of nitrogen to a stirred 

suspension of sodium hydride (SO %; 0.2 g, 7 mmol) in HMPA (1.2 cm3, 1.2 g, 6.9 mmol) 

and THF (20 cm3). After 1 h, iodomethane (1.0 cm3, 2.3 g, 16 mmol) was added and the 

solution was heated at reflux for IS h. The solution was poured into diethyl ether and 

-washed with water, and saturated aqueous sodium thiosulfate. The sol\ltion wa.sdried over 

magnesium sulfate and the solvent was removed in vacuo to give a brown oil (0.9 g). The 

IH NMR spectrum showed a 4:1 mixture of 1,1-dimethyl-2-tetralone (104) and 1-methyl-2-

tetralone (103). 

Attempted preparation of I-methyl-2-tetralone (103) [2] 

(83) (103) (104) 

Iso-propanol (50 cm3) was added to sodium hydride (80 %; 0.5 g, 21 mmol) and allowed to 

dissolve. 2-Tetralone (83) (2.3 g, 16 mmol) was added and the solution was allowed to stir 

for 0.5 h. Iodomethane (7 cm3, 16 g, 112 mmol) was added and the solution was heated at 

reflux for 2 h and allowed to stir overnight. The solution was diluted with water and 

extracted with diethyl ether (4 x). The combined extracts were washed with sodium 

thiosulfate (3 x) and dried over magnesium sulfate. Removal of solvent in vacuo gave a 
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brown oil (2.5 g). The IH NMR spectrum showed a 2:3 mixture of 1,I-dime!hyl-2-tetralone 

(104) and I-me!hyl-2-tetralone (103). 

Preparation of 1,2-dihydro-3-(trimethylsilyloxy)naphthalene (108)82 

Trime!hylchlorosilane (11.5 cm3, 9.8 g, 91 mmol) was added dropwise at ooe under an 

atmosphere of nitrogen to a stirred solution of 2-tetralone (83) (8.6 g, 59 mmol) in trie!hyl

amine (12 cm3, 8.7 g, 86 mrnol). After stirring in a warm water ba!h for 30 min, sodium 

iodide (7.6 g, 51 mmol) in acetonitrile (70 cm3) was added. After stirring for 8 h, !he 

solution was poured into iced water (lOO cm3) and extracted with petrol (40-6O°C) (6 x 20 

cm3). The combined extracts were dried over magnesium sulfate and !he solvent was 

removed in vacuo to give a brown oil [6.8 g, ca. 31 rnmol, 35 %: 1,2-dihydro-3-(trime!hyl

silyloxy)naph!halene42 (108); ca. 15 % 2-tetralone (83) by IH NMR analysis], Rr (silica, 

dichlorome!hane) 0.71 [1,2-dihydro-3-(trime!hylsilyloxy)naph!halene (108)] and 0.33 [2-

tetralone (83)]. 

OH (60 MHz) 7.00 (4 H, s, 5-H, 6-H, 7-H, 8-H), 5.70 (1 H, s, 4-H) 3.50 [s, I-H: 2-

tetralone (83)], 2.90 (2 H, t, J = Hz, I-H), 2.25 (2 H, t, J = 7 Hz, 2-H), and 0.25 (9 H, s, 

3-0SiMe3). 

Repetition on a smaller scale using 2-tetralone (83) (3.7 g) gave a yellow liquid [2.7 g: 

ca. 40 % 1,2-dihydro-3-(trime!hylsilyloxy)naph!halene (108); ca. 20 % 2-tetralone (83) by 

IH NMR spectroscopic analysis). 

Preparation of 1,2-dihydro-4-methylnaphthalene (109)60 

0 MeMgBrl dO p-TSAI 

00 
8 as Et20 7 ~ 1 

PhMe 
6 ~ la ~3 

• 
6:::"" I 4 3 

• 
4a 7:::,... 8a 2 

5 8 1 

(84) (110) (109) 
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1-Tetralone (84) was slowly added, under an annosphere of nitrogen, to methylmagnesium 

bromide (3.0 M; 30 cm3) in diethyl ether. After heating at reflux for 3 h, the solution was 

washed with saturated aqueous ammonium chloride (3 x 15 cm3). The aqueous extracts were 

washed with diethyl ether (3 x 15 cm3) and the combined organic solutions were dried over 

magnesium sulfate. Removal of solvent in vacuo gave I-methyl-l-tetralol (UO) as a yellow 

solid. The crude alcohol (UO) (2.7 g) and p-toluenesulfonic acid (0.1 g) in toluene (50 cm3) 

were heated at reflux in a Dean-Stark water separator under an annosphere of nitrogen for 3 

h. The solution was washed with saturated sodium bicarbonate solution (2 x 40 cm3) and 

dried over magnesium sulfate. The solvent was removed in vacuo to give crude 1,2-dihydro-

4-methylnaphthalene (109) as a black oil (1.7 g, 12 mmol, 44 %). 

l-Methyl-l-tetralol (UO) 

OH (60 MHz) 7.80-7.00 (4 H, 5-H, 6-H, 7-H, and S-H), 3.00-2.55 (2 H, m, 2-H), 2.10-

1.75 (5 H, m, 3-H, 4-H, and I-OH), and 1.55 (3 H, s, I-Me). 

l,2-Dihydro-4-methylnaphthalene (109) 

OH (60 MHz) 7.25-7.00 (4 H, m, 5-H, 6-H, 7-H, and 8-H), 5.95-5.65 (1 H, m, 3-H), 

2.95-2.00 (4 H, m, I-H and 2-H), and 2.00 (3 H, s, 4-Me). 

Preparation of ethyl 2-tetralone-I-carboxylate (UI) [1] 

WO NaOEV CO(OEt)2. 

(83) 

4 
(111) 

Sodium (2.0 g, 87 mmol) was added to absolute ethanol (50 cm3) under an annosphere of 

nitrogen and allowed to dissolve. The solution was evaporated to dryness, and the resultant 

solid was taken up in diethyl carbonate (60 cm3). 2-Tetralone (83) (6.6 g, 45 mmol) was 

added under an annosphere of nitrogen and the solution was heated at reflux 24 h. The 

solution was allowed to cool and neutralised with hydrochloric acid (2 M). The solution was 

filtered, to remove a white solid and the phases were separated. The aqueous phase was 

repeatedly extracted with ethyl acetate and the combined extracts were dried over magnesium 

sulfate. Removal of solvent in vacuo gave a brown liquid. Dry flash chromatography on 

silica gel with petrol (b.p. 4O-60°C) as eluent gave ethyI2-tetralone-l-carboxylate (IU) 

(4.6 g, 21 mmol, 46 %) as a yellow liquid, Rf [petrol (b.p. 4O-60°C): ethyl acetate (l0:1)] 

0.50. 
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Found: C, 71.4; H, 6.55 %. C13Hl403 requires C, 71.5; H, 6.55 %. 

\lmax (neat) 3256 (C-H), 1740 (ester C=O), 1712 (ketone C=O), 1638, 1566, 1486, and 

1452 (arene C-C) cm-l 

OH (250 MHz) 13.43 (1 H, s, D20 ex., 2-0H), 7.72 (1 H, d, J = 7.8 Hz, 8-H), 7.23-7.00 

(3 H, m, 5-H, 6-H, and 7-H), 4.37 (2 H, q, J = 7.1 Hz, l-C02CH2CH3), 2.79 (2 H, t, J = 

7.0 Hz, 4-H), 2.50 (2 H, t, J = 7.1 Hz, 3-H), and 1.34 (3 H, t, J = 7.1 Hz, 1-

C02CH2CH3)· 

Bc (62.5 MHz) 178.4 (l-C), 172.1 (I-C02Et), 133.2 and 131.5 (8a-C and 4a-C), 127.2, 

126.4, 125.9, and 124.9 (8-C, 7-C, 6-C, and 5-C), 99.9 (2-C), 61.0 (l-C02CH2CH3), 

29.6 (4-C), 27.8 (3-C), and 14.3 (I-C02CH2CH3). 

mlz (E.I.) 218.0927 (M+, 29 %, C13Hl403 requires 218.0943), 173 (l6, M - EtO), 173 

(l6, M - EtO), and 172 (100, M - EtOH). 

Preparation of ethyl 2-tetralone-l-carboxylate (111) [2] 

o . W NaHlCO(OEt)~ 

C02Et 

~OH 
VU 

(83) (111) 

2-Tetralone (83) (5.0 g, 34 mmol) was added to a stirred suspension of sodium hydride (60 

%; 1.5 g, 38 mmo1) in diethyl carbonate (75 cm3) under an atmosphere of nitrogen. After 

effervescence had ceased, the solution was heated at reflux for 2 h. The resultant solid was 

dissolved in hydrochloric acid (2 M, 20 cm3) and the phases were separated. The aqueous 

phase was extracted with ethyl acetate (3 x 20 cm3). The combined organic solutions were 

dried over magnesium sulfate and the solvent was removed in vacuo to give a brown liquid. 

KugeJrohr distillation gave ethyl 2-tetralone-l-carboxylate (111) (4.8 g, 22 mmol, 65 %) as 

a yellow liquid, b.p. 140°C (2 mm Hg), Rr [petrol (b.p. 40-6O°C): ethyl acetate (9:1)] 0.40, 

with NMR spectra identical to the above. 

Repetition using 2-tetralone (83) (25.0 g, 171 mmol) gave ethyI2-tetralone-l

carboxylate (111) (21.5 g, 98.5 mmol, 58 %). Repetition using 2-tetralone (83) (5.0 g, 30 

mmol) gave ethyI2-tetralone-l-carboxylate (111) (6.2 g, 29 mmol, 83 %). Repetition using 
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2-tetralone (83) (10 g, 60 mmol) gave ethyI2-tetralone-l-carboxylate (111) (8.2 g, 38 

mmol, 55 %). 

Preparation of ethyl I-bromomethyl-2-tetralone-l-carboxylate (112) 

C02Et 

roOH 
1. NaHl HMPAlTHF 

17 ~ 2.CH2Br2 I • 
:::".. 

(111) 

Ethyl 2-tetra1one-l-carboxylate (111) (0.8 g, 3.7 mmol) was added to a stirred suspension 

of sodium hydride (80 %; 0.1 g, 4 mmol) and HMPA (0.8 cm3, 0.8 g, 5 mmol) in THF (7 

cm3) under an atmosphere of nitrogen. After stirring for 1.0 h, dibrornomethane (1.4 crn3, 

3.5 g, 20 mmol) was added and the solution was heated at reflux for 72 h. The mixture was 

taken up in diethyl ether (100 crn3) and washed with water (3 x 5 cm3), dried over potassium 

carbonate, and the solvent was removed in vacuo to give a yellow oil. Flash chromatography 

on silica gel, with petrol (b.p. 40-60°C): ethyl acetate (10:1) as eluent, gave ethyll-bromo

methyl-2-tetralone-I-carboxylate (112) (0.4 g, 1 mrnol, 33 %) as a yellow oil, RC 0.27. 

"\)max (neat) 3060,2976 (C-H), 1740 (ester C=O), 1718 (ketone C=O), 1600, and 1492 

(arene C-C) crn-1 

IlH (250 MHz) 7.45-7.23 (4 H, rn, 8-H, 7-H, 6-H and 5-H), 4.33 and 3.95 (2 H, 2 d, JAB 

= 10.2 Hz, l-ClhBr), 4.09 (2 H, q, J = 7.2 Hz, l-C02CH2CH3), 3.22-3.16 (2 H, rn, 4-

H), 3.03-2.91 and 2.79-2.68 (2 H, 2 m, 3-H), and 1.13 (3 H, t, J = 7.2 Hz, 1-

C02CH2CH3)· 

/le (62.5 MHz) 205.8 (2-C), 168.9 (I-C~Et), 137.2 and 134.5 (8a-C and 4a-C), 128.7, 

128.1,127.4, and 126.3 (8-C, 7-C, 6-C, and 5-C), 62.9 (I-C), 62.4 (I-C~CH2CH3), 

39.0 (l-CH2Br), 35.8 (4-C), 27.7 (3-C), and 13.7 (l-C02CH2CH3). 

mlz (B-1.) 312.0193 (M+, 2 %, C14H1S03Br requires 312.0185 and 310.0205), 231 (83, 

M - Br), 217 (35, M - CH2Br), 158 (12, M - Br - C~Et), and 157 (33, M - Br - HC02Et). 
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Ring expansion of ethyl I-bromomethyl-2-tetralone-l-carboxylate (112) 

CO,EI 

W
EI02C CH2Br 

?" 0 .=B:::>u3c::S:..::nH.::,.' :.:AI=BN:..::'..:.:M=eP,-,;h~ 
~ I • o 

(112) 

Tributylstannane (0.1 g, 0.4 mmol) in toluene (24 cm3) was ad4ed by syringe pump, under 

an atmosphere of nitrogen, to a refluxing solution of ethyll-bromomethyl-2-tetralone-l

carboxylate (112) (0.1 g, 0.3 mmol) in toluene (37 cm3) ([tributylstannane] ca. 0.4 mM). 

AmN (ca. 2 mg) in toluene (1 cm3) was added at 0, 10, and 28 h. The solution was heated 

at reflux for a further 9 h and stirred for 53 h. The solvent was removed in vacuo to give an 

orange oil. Dry flash chromatography, on silica gel with petrol (b.p. 4O-60°C): ethyl acetate 

as eluent, and preparative TLC, on silica gel with petrol (b.p. 4O-60°C): ethyl acetate (10: 1) 

as eluent, gave ethyI5,6,8,9-tetrahydrobenzocyclohepten-7-one-5-carboxylate (113) 

(0.031 g, 0.13 mmol, 51 %) as a yellow oil, Rc 0.17. 

Found: C, 71.6; H, 7.3 %. C14Hl603 requires C, 72.4; H, 6.9 %. 

'llmax (neat) 2956 (C-H), 1726 (ester and ketone C=O), 1696 (shoulder), and 1492 (arene C

C) cm- l 

BR (400 MHz) 7.26-7.19 (4 H, m, 4-H, 3-H, 2-H, and I-H), 4.15 (2 H, q, J = 7.1 Hz, 5-

C02CH2CH3), 4.01 (1 H, dd, J = 4.1 Hz, J = 7.4 Hz, 5-H), 3.13-3.02 (2 H, m, 6-H and 

8-H), 2.88-2.82 (1 H, m, 8-H), 2.76-2.69 (2 H, m, 6-H and 9-H), 2.58-2.51 (1 H, m, 9-

H), and 1.21 (3 H, t, J = 7.1 Hz, 5-C02CH2CH3). 

The assigned structure was confirmed by nOe difference spectroscopy. 

Bc (62.5 MHz) 208.9 (7-C), 172.73 (5-COzEt), 140.2 and 137.2 (4a-C and 9a-C), 130.1, 

129.8, 128.2, and 127.4 (4-C, 3-C, 2-C, and l-C), 61.5 (5-C02CH2CH3), 47.3 (5-C), 

45.3 (9-C), 44.3 (8-C), 29.8 (6-C), and 14.1 (5-COzCH2CH3). 

mlz (E.!.) 232.1137 (M+, 39 %, C14H1603 requires 232.1099),187 (24, M - EtO), 159 

(100, M - COzEt), 158 (29, M - HCOzEt), and 131 (35, M - COzEt - CO). 
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Preparation of ethyl l-indanone-2-carboxylate (122a) 

~ NaH/CO(OEt)2 0J----. 
(85) (1228) 

l-Indanone (85) (11 g, 83 mmol) was added to a stirred suspension of sodium hydride (60 

%; 3.7 g, 92 mmol) in diethyl carbonate (250 cm3) under an atmosphere of nitrogen. After 

effervescence had ceased, the solution was heated at reflux for 6 h. The solution was 

neutralised with dilute hydrochloric acid and the phases were separated. The aqueous phase 

was extracted with ethyl acetate (3 x 50 cm3). The combined organic solutions were dried 

over magnesium sulfate and the solvent was removed in vacuo. Kugelrohr.distillation gave 

ethyl1-indanone-2-carboxylate88 (122a) (9.8 g, 48 mmol, 57 %) as a yellow liquid, b.p. 

170°C (0.8 mm Hg) [lit.88 179-180°C (15 mm Hg)l, Rc [petrol (b.p. 4O-60°C): ethyl acetate 

(2: 1)1 0.40. 

Found: C, 71.3; H, 6.5 %. Cl2Hl203 requires C, 70.6; H, 5.9 %. 

1lmax (neat) 2961 (C-H), 1741 (ester C=O), 1717 (5-membered ring a-aryl ketone C=O), 

1681, 1654, 1626, 1592, 1573, 1465, and 1475 (arene C-C) cm-l 

OH (250 MHz) 7.68 (1 H, d, J = 7.2 Hz, 7-H), 7.63-7.30 (3 H, m, 6-H, 5-H and 4-H), 

4.24 (2 H, q, J = 6.3 Hz, 2-C02CH2CH3), 3.73-3.68 (1 H, m, 2-H), 3.59-3.49 and 3.41-

3.30 (2 H, 2 m, 3-H), and 1.30 (3 H, t, J = 7.1 Hz,2-C02CH2CH3). 

Bc (62.5 MHz) 199.5 (1-C), 169.9 (2-C02Et), 153.6 and 124.7 (7a-C and 3a-C), 135.4, 

127.8, 126.6, and 124.6 (7-C, 6-C, 5-C, and 4-C), 61.7 (2-C02CH2CH3), 53.3 (2-C), 

30.3 (3-C), 14.2 (2-C02C H2CH3). 

The l3-keto ester (122a) exists almost entirely in the ketonic form. The assigned 

structure was confIrmed by 13C_lH spectroscopy. 

mlz (E. I.) 204.0784 (38 %, M+, Cl2H1203 requires 204.0786), 131 (59, M - C02Et). 
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Preparation of ethyl I-tetralone-2-carboxylate (122b) [1] 

(84) 

o 

NaOEII CO(OEt)2 7mB 

Sal 1 2 CO
2 
Et 7 : 

----.....:..,·-6~ 3 ~ 6~ 
4a 

5 4 (123)) 5 

OH 

Sodium (5.5 g, 0.24 mol) was added to absolute ethanol (50 cm3) under an atmosphere of 

nitrogen and allowed to dissolve. Diethyl carbonate (125 cm3) and 1-tetralone (84) (17.3 g, . 

0.12 mol) were added under an atmosphere of nitrogen and the solution was heated at reflux 

for 46 h. The solution was allowed to cool and neutralised with hydrochloric acid (2 M). The 

phases were separated and the aqueous phase was repeatedly extracted with ethyl acetate. 

The combined extracts were washed with brine, dried over magnesium sulfate, and the 

solvent was removed in vacuo to give a brown liquid. Flash chromatography on silica gel, 

with petrol (b.p. 40-60°C): ethyl acetate (10: 1) as eluent, gave ethyl1-tetralone-2-

carboxylate88.89 (122b) (4.2 g, 0.019 mol, 16 %) as an orange liquid, RC 0.42. 

'Umax (neat) 3068, 2976 (C-H), 1738 (ester C=O), 1686 (a-aryl ketone C=O), 1634, 1568, 

and 1482 (arene C-C) cm-I 

OH (250 MHz) 12.49 (1 H, s, D20 ex., enol I-OH), 7.80 (1 H, d, J = 9.0 Hz, 8-H, 

ketone), 7.49 (1 H. d, J = 1.4 Hz, SoH, enol), 7.35-7.15 (3 H, m, 7-H, 6-H, and 5-H, 

ketone and enol), 4.28 (2 H, q, J = 7.1 Hz, 2-C02CH2CH3, ketone). 4.25 (2 H, q, J = 5.5 

Hz, 2-C02CH2CH3, enol), 3.04-2.53 (4 H, ID, 4-H and 3-H, ketone and enol), 1.34 (3 H, 

t, J = 5.5 Hz, 2-C02CH2CH3, enol), and 1.29 (3 H, t, J = 7.1 Hz, 2-C02CH2CH3, 

ketone). The ketone: enol ratio is 1 :2. 

Oc (62.5 MHz) 193.2 (1-C, ketone), 172.7 and 170.2 (2-C02Et, ketone and enol), 165.0 

(t-C. enol), 143.7 and 139.4 (8a-C, ketone and enol), 133.8 and 130.5 (8-C, ketone and 

enol). 131.8 and 130.0 (4a-C, ketone and enol), 128.8 and 127.6 (7-C. ketone and enol), 

127.4 and 126.8 (6-C, ketone and enol), 126.5 and 124.3 (5-C, ketone and enol). 97.0 (2-

C. enol), 61.2 and 60.5 (2-C02CH2CH3, ketone and enol), 54.6 (2-C, ketone), 27.7 and 

27.6 (4-C, ketone and enol), 26.4 and 20.5 (3-C, ketone and enol), and 14.3 and 14.2 (2-

C02CH2CH3, ketone and enol). 
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mlz (E.!.) 218.0945 (M+. 91 %. C13H1403 requires 218.0943). 173 (30. M - EtO). 172 

(89. M - EtOH). 145 (42. M - C02Et). 144 (100. M - HC~Et). 118 [67. M -

CH2=CH(C02Et)]. and 90 [38. M - CH2=C(C~Et)H - CO]. 

Repetition. using 1-tetralone (84) (19.0 g. 0.13 mol) gave ethyl 1-tetralone-2-

carboxylate (122b) (7.7 g. 0.035 mol. 27 %). 

Preparation of ethyl I-tetralone.2·carboxylate (122b) [2] 

o o OH 06 ',H"'O("',", 

(84) 

1-Tetra10ne (84) (9.4 g. 64 mmol) was added to a stirred suspension of sodium hydride (80 

%; 2.2 g. 75 mmol) in diethyl carbonate (50 cm3) under an atmosphere of nitrogen. After 

effervescence had ceased. the solution was heated at reflux for 2 h. The resultant solid was 

dissolved in hydrochloric acid (2 M) and the phases were separated. The aqueous phase was 

extracted with ethyl acetate (4 x). The combined organic solutions were dried over potassium 

carbonate and the solvent was removed in vacuo to give a brown liquid. Kugelrohr 

distillation gave ethyl1-tetralone-2-carboxylate88.89 (122b) (7.7 g. 35 mmol. 55 %) as a 

yellow liquid. b.p. 140°C (0.4 mm Hg) [lit88 183°C (15 mm Hg)]. RC [petrol (b.p. 40-

60°C): ethyl acetate (9:1)] 0.41. with NMR spectra identical to those reported above. 

Repetition using 1-tetralone (84) (10 g. 0.07 mol) gave ethy11-tetralone-2-carboxylate 

(122b) (11.8 g. 54 mmol. 79 %). 

Preparation of ethyl 6,7 ,8,9·tetrahydrobenzocyclohepten·5-one·6· 

carboxylate (122c)90 

o 

06 NaHI CO(OEt)2 
• 

(1Z1) (122c) 

1-Benwsuberone (123) (9.4 g. 59 mol) was added to a stirred suspension of sodium 

hydride (60 %; 2.6 g. 65 mmol) in diethyl carbonate (50 cm3) under an atmosphere of 

nitrogen. After effervescence had ceased. the solution was heated at reflux for 2.5 hand 
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allowed to stir overnight. The solution was washed with hydrochloric acid (2 M; 2 x) and the 

aqueous phase was extracted with ethyl acetate (3 x). The combined organic solutions were 

dried over magnesium sulfate and the solvent was removed in vacuo to give a pale yellow 

liquid. Distillation gave ethyl 6,7 ,8,9-tetrahydrobenzocyclohepten-5-one-6-carboxylate90 

(122c) (7.9 g, 34mmol, 58 %) as a yellow liquid, b.p. 125-130°C (0.8 mmHg) [lit.90 

125-134°C (1 mm Hg)], Rf [silica, petrol (b.p. 4O-60°C): ethyl acetate (9:1)] 0.54. 

Found: C, 72.7, H, 7.5 %. C!4H!603 requires C, 72.4; H, 6.9 %. 

'Umax (neat) 2940, 2860 (C-H), 1740 (ester C=O), 1680 (a-aryl ketone C=O), 1590, and 

1450 (arene C-C) cm'! 

OH (250 MHz) 12.70 (1 H, s, D20 ex., enol 5-0H), 7.75 (1 H, d, J = 7.6 Hz, 4-H, 

ketone), 7.63-7.60 (1 H, m, 4-H, enol), 7.42-7.14 (3 H, m, I-H, 2-H, and 3-H, ketone 

and enol), 4.28 (2 H, q, J = 7.1 Hz, 6-C02CH2CH3, ketone and enol), 2.96-2.92 (l H, m, 

6-H, ketone), 2.66-2.60 (2 H, m, 9-H, ketone and enol), 2.17-2.00 (4 H, m, 8-H and 7-H, 

ketone and enol), 1.34 (3 H, t, J = 7.2 Hz, 6-C~CH2CH3, enol), and 1.26 (3 H, t, J = 7.2 

Hz, 6-C~CH2CH3, ketone). The ketone: enol ratio is 1 :2. 

Bc (62.5 MHz) 200.6 (5-C, ketone), 173.0 and 170.3 (6-C(hEt, ketone and enol), 141.2 

and 138.1 (9a-C and 4a-C, enol), 141.1 and 132.4 (9a-C and 4a-C, ketone), 130.0, 128.9, 

127.1, and 126.3 (I-C, 2-C, 3-C, and 4-C, enol), 129.9, 129.1, 127.8, and 126.7 (l-C, 2-

C, 3-C, and 4-C, ketone), 100.4 (6-C, enol), 61.2 and 60.6 (6-C~CH2CH3, ketone and 

enol), 56.7 (6-C, ketone), 33.5 and 32.9 (9-C, enol and ketone), 31.8 and 25.4 (8-C, 

ketone and enol), 24.4 and 21.8 (7-C, ketone and enol), and 14.3 and 14.1 (6-

C~CH2CH3, ketone and enol). 

mlz (E.I.) 232.101 (M+, 81%, C!4li!603 requires 232.110),187 (22, M - EtO), 186 (lOO, 

M - EtOH), 158 (45, M - C~Et), 157 (20, M - HC~Et), and 129 (54, M - HC~Et

CO). 

Repetition on a smaller scale, using l-benzosuberone (123) (3.0 g, 19 mrnol), gave 

ethyI6,7,8,9-tetrahydrobenzocyclohepten-5-one-6-carboxylate (122c) (2.9 g, 13 mrnol, 67 

%). 
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Preparation of ethyl 2-bromomethyl-l-tetralone-2-carboxylate (124b) 

o o 
~ 1. NaHlHMPAlTHF W C02Et _2_. C_H..::2~Br..:.2 __ _ 

(1221» (124b) 

Ethyl 1-tetralone-2-carboxylate (122b) (3.4 g, 16 mmol) was added to a stirred suspension 

of sodium hydride (80 %; 0.6 g, 19 mmol) and HMPA (3.5 cm3, 3.6 g, 20 mmol) in THF 

(40 cm3) under an atmosphere of nitrogen. After stining for 1.0 h, dibromomethane (5.5 

cm3, 14 g, 78 mmol) was added and the solution was heated at reflux for 22 h. The mixture 

was taken up in diethyl ether (150 cm3) and washed with water (5 x 10 cm3), dried over 

potassium carbonate, and the solvent was removed in vacuo to give an orange oil. Flash 

chromatography on silica gel with petrol (b.p. 4O-60°C): ethyl acetate (15:1) as eluent gave 

ethyI2-bromomethyl-l-tetralone-2-carboxylate91 (l24b) (2.1 g, 6.9 mmol, 44 %) as a 

yellow oil, Rc 0.23. 

Umax (neat) 3064, 2980 (C-H), 1730 (ester C=O), 1688 (a-aryl ketone C=O), 1600, and 

1450 (arene C-C) cm-1 

OH (250 MHz) 8.04 (1 H, d, J = 7.8 Hz, 8-H), 7.49 (1 H, t, J = 7.4 Hz, 6-H), 7.44-7.20 

(2 H, m, 7-H and 5-H), 4.19 (2 H, q, J = 7.3 Hz, 2-C02CH2CH3), 3.93 and 3.88 (2 H, 2 

d, JAB = 10.4 Hz, 2-CH2Br), 3.18-2.92 (2 H, m, 4-H), 2.70-2.42 (2 H, m, 3-H), and 1.22 

(3 H, t, J = 8.6 Hz, 2-C02CH2CH3). 

Bc (62.5 MHz) 192.4 (1-C), 169.0 (2-C~Et), 143.2 and 131.3 (8a-C and 4a-C), 134.0, 

128.9, 128.0, and 126.9 (8-C, 7-C, 6-C, and 5-C), 62.0 (2-C~CH2CH3), 58.3 (2-C), 

34.5 (2-CH2Br), 30.2 (4-C), 25.4 (3-C), and 14.0 (2-C02CH2CH3). 

mlz (E.!.) 312.0315 and 310.0186 (M+, 31 and 29 % respectively, Cl4li1503Br requires 

312.0185 and 310.0205 respectively), 231 (76, M - Br), 217 (100, M - CH2Br), 158 (99, 

M - Br - C~Et), 157 (78, M - Br - HC~Et), 130 (29, M - Br - C~Et - CO), and 118 [61, 

M - CH2=C(C~Et)CH2Brl. 

Repetition on a smaller scale using ethyl 1-tetralone-2-carboxylate (122b) (0.7 g, 3 

mmol) gave ethyI2-bromomethyl-l-tetralone-2-carboxylate (l24b) (0.4 g, 1 mmol, 39 %). 
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Preparation of ethyl 6-brornornethyl-6,7,8,9-tetrahydrobenzocyclo-hepten-S

one-6-carboxylate (124c) 

o 0 

roC02Et 
l.NaH/HMPAlTHF Ct:}4a C0

2
Et 

., 3 ~ I 5 6 CH"B' I 2. CH2B'2 
~ ------. 2 ~ 7 

1 9a 9 ·s 

(1221:) (124c) 

. 
EthyI6,7,8,9-tetrahydrobenzocyclohepten-5-one-6-carboxylate (122c) (5.7 g, 25 mmol) 

was added to a stirred suspension of sodium hydride (60 %; 1.3 g, 34 mmol) and HMPA 

(6.0 cm3, 6.2 g, 34 mmol) in THF (20 cm3) under an atmosphere of nitrogen. After stirring 

for 1.0 h, dibromomethane (8.0 cm3, 20 g, 114 mmol) was added and the solution was 

heated at reflux for 4 h and allowed to stir overnight. The mixture was taken up in diethyl 

ether (100 cm3), washed with water (5 x 5 cm3), dried over potassium carbonate, and the 

solvent was removed in vacuo to give a yellow oil. Dry flash chromatography on silica gel 

with petrol (b.p. 40-60°C): ethyl acetate as eluent gave ethyI6-bromomethyl-6,7,8,9-tetra

hydrobenzocyclohepten-5-one-6-carboxylate (124c) (2.9 g, 9.0mmol, 37 %) as a 

colourless liquid, RC [silica, petrol (b.p. 40-60°C): ethyl acetate (9:1)] 0.21. 

'\)max (neat) 2940 (C-H), 1740 (ester C=O), 1680 (a.-aryl ketone C=O), 1600, and 1450 

(arene C-C) cm-! 

OH (250 MHz) 7.35 (1 H, d, J = 7.4 Hz, 4-H), 7.31 (1 H, t, J = 13.4 Hz, 2-H), 7.22 (1 H, 

t, J = 10.3 Hz, I-H), 7.14 (1 H, d, J = 7.4 Hz, 3-H), 4.07 (2 H, q, J = 7.1 Hz, 6-

C02CH2CH3), 3.89 and 3.81 (2 H, 2 d, JAB = 10.2 Hz, 6-CH2Br), 3.09-3.01 and 2.88-

2.80 (2 H, 2 rn, 9-H), 2.62-2.53 (1 H, m, 7-H), 2.04-1.85 (3 H, rn, 7-H and 8-H), and 

1.07 (3 H, t, J = 7.1 Hz, 6-C02CH2CH3). 

Oc (62.5 MHz) 202.6 (5-C), 169.5 (6-C~Et), 139.3 and 139.1 (4a-C and 9a-C), 131.5, 

129.3, 129.0, and 128.4 (4-C, 3-C, 2-C, and I-C), 63.0 (6-C), 61.8 (6-C~CH2CH3), 

37.2 (6-CH2Br), 33.2 (9-C), 32.3 (7-C), 23.8 (8-C), and 13.8 (6-C~CH2CH3). 

mlz (E.I.) 326.034 and 324.0321 (M+,8 and 10 % respectively, C!5H1703Br requires 

326.0341 and 324.0361 respectively), 245 (100, M - Br), 200 (17, M - Br - EtO), 199 (65, 

M - Br - EtOH), 172 (31, M - Br - C~Et), 171 (58, M - Br - HC~Et), and 144 (70, M

Br - C~Et - CO). 
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Repetition on a smaller scale, using ethyl 6,7,S,9-tetrahydrobenzocyclohepten-5-one-

6-carboxylate (122c) (2.S g, 12 mmol) gave ethyl 6-bromomethyl-6,7,S,9-tetrahydrobenzo

cyclohepten-5-one-6-carboxylate (124c) (3.0 g, 9.3 mmol, 77 %). 

Ring expansion of ethyl 2-bromomethyl-l-tetralone-2-carboxylate (124b) 

o o o 

roH2Br BU3SnHI AIBNI 
~ C02Et MePh 
:::,.... I ----.. C02Et 

(124b) (126b) 

(a) Syringe Pump Method 

Tributylstannane (0.2 g, 0.7 mmol) in toluene (10 cm3) was added by syringe pump over 50 

h ([tributylstannanel ca. 0.8 mM) under an atmosphere of nitrogen, to a refluxing solution of 

ethyI2-bromomethyl-l-tetralone-2-carboxylate (124b) (0.1 g, 0.3 mmol) in toluene (15 

cm3). AIBN (ca. 2 mg) in toluene (1 cm3) was added at 0, 18, 30, and 40 h. The solution 

was heated at reflux for a further 12 h, and then the solvent was removed in vacuo to give a 

yellow liquid. Flash chromatography and preparative TI...C on silica gel, with petrol (b.p. 40-
6Q0C): ethyl acetate (10:1) as eluent, gave ethyI6,7,8,9-tetrahydrobenzocyclohepten-5-one-

7-carboxylate9l (12Sb) (0.031 g,O.13 mmol, 39 %) as an orange oil, RfO.19. 

Found: C, 72.7; H, 7.1 %. Cl4Hl603 requires C, 72.4; H, 6.9 %. 

"Umax (neat) 3056, 2980 (C-H), 1726 (ester C=O), 1676 (a-aryl ketone C=O), 1598, and 

1478 (arene C-C) cm-l 

OH (250 MHz) 7.71 (1 H, d, J = 6.3 Hz, 4-H), 7.42 (1 H, t, J = 3.7 Hz, 2-H), 7.30 (1 H, 

t, J = 7.6 Hz, I-H), 7.21 (1 H, d, J = 7.5 Hz, 3-H), 4.0S (2 H, q, J = 7.1 Hz, 7-

C02CH2CH3), 3.11-2.82 (5 H, m, 6-H, 7-H, and 9-H), 2.28-2.10 (2 H, m, 8-H), and 

1.21 (3 H, t, J = 7.1 Hz,7-C02CH2CH3). 

Oe (62.5 MHz) 202.7 (5-C), 174.72 (7-C02Et), 140.7 and 13S.1 (4a-C and 9a-C), 132.5, 

129.7, 128.7, and 126.9 (4-C, 3-C, 2-C, and l-C), 60.9 (7-C02CH2CH3), 42.8 (6-C), 

38.2 (7-C), 31.1 (9-C), 2S.5 (S-C), and 14.1 (7-C~CH2CH3). 

mlz (E.!.) 232.1075 (M+, 76 %, Cl4Hl603 requires 232.1099). 187 (24, M - EtO), 159 

(lOO, M - C02Et), 158 (29, M - HC02Et), and 131 (16, M - C02Et - CO). 
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•• 

The spectra corresponded to those reported.91 An additional product, ethyI2-methyl-l

tetralone-2-carboxylate89 (126b), (0.016 g, 0.069 mmol, 20 %) was obtained as an orange 

liquid, Rc 0.39, with identical NMR spectra to those reported below. 

(b) High Dilution Method 

Tributylstannane (0.3 g, 1.0 mmol) was added under an atmosphere of nitrogen to a solution 

of2-bromomethyl-l-tetralone-2-carboxylate (l24b) (0.2 g, 0.8 mmol) and AIDN (48 mg) 

in toluene (250 cm3) ([tributylstannane] ca. 4.0 mM). Mter reflllxing for 20 h, the solution 

was allowed to cool and the solvent was removed in vacuo to give an orange liquid. The 

liquid was taken up in dichloromethane (50 cm3), washed with saturated aqueous potassium 

fluoride solution (10 x 3 cm3), dried over potassium carbonate, and the solvent was removed 

in vacuo to give a yellow liquid. The liquid was taken up in acetonitrile (40 cm3), washed 

with hexane (4 x 7 cm3) and the solvent was removed in vacuo to give an orange oil. Flash 

chromatography and preparative 1LC, on silica gel with petrol (b.p. 4O-60°C): ethyl acetate 

(10:1) as eluent, gave ethyI6,7,8,9-tetrahydrobenzocyclohepten-5-one-7-carboxylate91 

(12Sb) (0.017 g, 0.073 mmol, 10 %) as an orange oil, RC 0.38, and ethyI2-methyl-l

tetralone-2-carboxylate89 (126b) (q.016 g, 0.069 mmol, 9 %) was obtained as an orange 

oil, RC 0.52. For both compounds, NMR spectra were identical to those reported above. 

Preparation of ethyl 2-methyl-l-tetralone-2-carboxylate (126b) 

o o 

cO 1. NaOElI EtOHI CO(OEI)2 
2. Mel 

• 

5 4 
(84) (1261» 

Sodium (0.7 g, 0.03 mol) was added to absolute ethanol (20 cm3) under an atmosphere of 

nitrogen and allowed to dissolve. The solvent was removed in vacuo to give a white solid, 

which was taken up in diethyl carbonate (20 cm3). 1-Tetralone (84) (0.9 g, 6 mmol) was 

added and the solution was heated at reflux for 2 h. Iodomethane (1.8 cm3, 4.1 g, 29 mmol) 

was added and the solution was stirred for 66 h. The solution was heated at reflux for 0.5 h, 

cooled and neutralised with acetic acid (2 M). The solvent was removed in vacuo, taken up 

in toluene (50 cm3) and filtered. The solvent was removed in vacuo to give a brown oil. 

Flash chromatography,on silica gel with petrol (b.p. 4O-60°C): ethyl acetate (9:1) as eluent, 

gave ethyl 2-methyl-l-tetralone-2-carboxylate89 (126b) (0.4 g, 2 mmol, 24 %) as a yellow 

oil, Rc 0.25. 
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Found: C, 72.0; H, 6.9 %. C!4H!603 requires C, 72.4; H, 6.9 %. 

Umax (neat) 3064, 2984 (C-H), 1732 (ester C=O), 1600, and 1456 (arene C-C) cm-! 

OH (250 MHz) 8.04 (1 H, d, J = 7.8 Hz, 8-H), 7.25-7.20 (3 H, m, 5-H, 6-H, and 7-H), 

4.14 (2 H, q, J = 7.1 Hz, 2-C02CH2CH3), 3.05-2.89 (2 H, m, 4-H), 2.66-2.56 and 2.11-

'1.99 (2 H, 2 m, 3-H), 1.50 (3 H, s, 2-CH3), and Li6 (3 H, t, J = 7.1 Hz,2-

C02CH2CH3)· 

Cc (62.5 MHz) 196.1 (1-C), 172.8 (2-CD2Et), 143.1 and 131.8 (8a-C and 4a-C), 133.4, 

128.7, 127.9, 126.7 (8-C, 7-C, 6-C, and 5-C), 61.2 (2-C02CH2CH3), 53.8 (2-C), 33.9 

(4-C), 26.0 (3-C), 20.5 (2-C H3), and 14.0 (2-CD2CH2CH3). 

mlz (B. I.) 232.1143 (M+, 41 %, C!4H!603 requires 232.1099), 217 (7, M - Me), 187 (4, 

M - EtO), 159 (40, M - C02Et), 158 (lOO, M - HCD2Et), 131 (24, M - C02Et - CO), 118 

[58, M - CH2=C(C02Et)Me], and 90 [41, M - CH2=C(CD2Et)Me - CO]. 

Ring expansion of ethyl 6-bromomethyl-6,7,8,9-tetrahydrobenzocyclo

hepten-S-one-6-carboxylate (124c) 

o 

roC02Et BU3SnHI AIBNI 

7 I CH,B' MePh , 

::::,.. 

(124c) 

o 

Ct:jC02Et 
4a 

37 I 5 6 7CH3 + 
2::::'" 

1 9a 9 8 

(126c) 

10 9 

(12Sc) 

C02Et 

Tributylstannane (0.8 g, 2.6 mmol) in toluene (25 cm3) was added by syringe pump over 5 

h ([tributylstannane] ca. 4.2 mM) under an atmosphere of nitrogen, to a refiuxing solution of 

ethyl 6-bromomethyl-6,7 ,8,9-tettahydrobenzocyc1ohepten-5-one-6-carboxylate (124c) (0.5 

g, 1.6 mmol) and AffiN (ca. 2 mg) in toluene (120 cm3). Reflux was continued for a further 

1.5 h. The solution was allowed to cool and the solvent was removed in vacuo. Dry flash 

chromatography (twice) on silica gel with petrol (b.p. 4O-60°C): ethyl acetate as eluent gave 

ethyI6-methyl-6,7,8,9-tetrahydrobenzocyclohepten-5-one-6-carboxylate (126c) (0.1 g,O.5 

mmol, 32 %) as an orange oil, RC [silica, petrol (b.p. 40-60°C): ethyl acetate (9:1)] 0.36, 

and ethyI7,8,9,1O-tetrahydro-5(6H)-benzocyclo-octenone-7-carboxylate (12Sc) (0.1 g,0.4 

mmol, 21 %) as an orange oil, RC [silica, petrol (b.p. 40-60°C): ethyl acetate (9:1)] 0.18. 
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EthyI6-methyl-6,7,8,9-tetrahydrobenzocyciohepten-5-one-6-carboxylate (126e) 

'Umax (neat) 3064, 2976, 2932, 2864 (C-H), 1736 (ester C=O), 1684 (a-aryl ketone C=O), 

1598, and 1448 (arene C-C) cm-1 

OH (250 MHz) 7.44 (1 H, dd, J = 7.4 Hz, J = 1.5 Hz, 4-H), 7.33 (1 H, dd, J = 7.4 Hz, J = 

1.6 Hz, 2-H), 7.25 (1 H, dt, Jd = 1.3 Hz, J, = 7.4 Hz, I-H), 7.12 (I H, dd, J = 7.4 Hz, J = 

0.8 Hz, 3-H), 4.05 (2 H, q, J = 7.1 Hz, 6-C02CH2CH3), 2.94-2.89 and 2.84-2.78 (2 H, 2 

m, 9-H), 2.37-2.30 (1 H, m, 7-H), 2.03-1.70 (3 H, m, 7-H and 8-H), 1.48 (3 H, s, 6-

CH3), and 1.07 (3 H, t, J = 7.1 Hz, 6-C~CH2CH3). 

Bc (62.5 MHz) 206.7 (5-C), 173.3 (6-C02Et), 140.2 and 138.4 (4a-C and 9a-C), 131.1, 

129.0, 128.8, and 126.4 (4-C, 3-C, 2-C, and I-C), 61.1 (6-C02CH2CH3), 57.9 (6-C), 

34.3 (9-C), 32.8 (8-C), 23.6 (7-C), 22.1 (6-CH3), and 13.8 (6-C02CH2CH3). 

mlz (E.!.) 246.1218 (M+, 83 %, ClSHlS03 requires 246.1256), 218 (21, M - CO), 201 

(22, M - EtO), 200 (66, M - EtOH), 173 (25, M - C~Et), 172 (36, M - HC~Et), and 145 

(lOO, M - C02Et - CO). 

Ethyl 7,8,9,1O-tetrahydro-5 (6H )-benzocycio-octenone-7 -carboxylate (l2Se) 

Found: C, 73.1; H, 7.2 %. ClSHlS03 requires C, 73.15; H, 7.4 %. 

'Umax (neat) 3056, 2976, 2932 (C-H), 1722 (ester C=O), 1664 (a-aryl ketone C=O), 1596, 

1476, and 1462 (arene C-C) cm-1 

OH (250 MHz) 7.79 (I H, dd, J = 7.7 Hz, J = 1.5 Hz, 4-H), 7.41 (1 H, dd, J = 7.4 Hz, J = 

6.1 Hz, 2-H), 7.30 (I H, dd, J = 6.1 Hz, J = 7.4 Hz, I-H), 7.18 (1 H, dd, J = 7.6 Hz, J = 

0.8 Hz, 3-H), 4.17 (2 H, q, J = 7.2 Hz, 7-C02CH2CH3), 3.48-3.37 (2 H, m, IO-H and 6-

H), 3.07-2.91 (3 H, m, IO-H, 7-H, and 6-H), 2.05-1.90 (1 H, m, 8-H), 1.83-1.76 (3 H, 

m, 9-H and 8-H), and 1.24 (3 H, t, J = 7.2 Hz, 7-C~CH2CH3). 

Bc (62.5 MHz) 203.6 (5-C), 174.1 (7-C02Et), 139.9 and 139.1 (4a-C and lOa-C), 132.3, 

131.3, 128.6, and 126.6 (4-C, 3-C, 2-C, and l-C), 60.9 (7-C02CH2CH3), 44.8 (6-C), 

40.8 (7-C), 34.3 (IO-C), 27.0 (9-C), 25.1 (8-C), and 14.2 (7-C~CH2CH3). 

The assignments were confirmed by 13C_IH correlation specttoscopy. 
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mlz (E.!.) 246.1247 (M+, 46 %, C15HlS03 requires 246.1256), 201 (IS, M - EtO), 200 

(22, M - EtOH), 173 (lOO, M - C~Et), 172 (13, M - HC~Et), and 145 (18, M - C~Et -

CO). 

Preparation of ethyl 2-(3-bromopropyl}-1-tetralone-2-carboxylate (135a) 

0 0 0 

ro~" 
1. NaH/HMPNTHF CH2CH2CH2Br 

~I 2. Br(CH2bBr 1 2 
C02Et 

2Et + 
~ 3 

(122b) (136) 

---Ethyll-tetralone-2-carboxylate (122b) (0.9 g, 4 mmol) was added to a stirred suspension of 

sodium hydride (80 %; 0.1 g,5 mmol) and HMPA (l cm3, 1 g, 6 mmol) in THF (40 cm3) 

under an atmosphere of nitrogen. After stirring for 1.0 h, 1,3-dibromopropane (2.0 cm3, 4.0 

g, 20 mmol) was added and the solution was heated at reflux for 22 h. The mixture was 

allowed to cool and taken up in diethyl ether (150 cm3) and washed with water (5 x 50 cm3), 

dried over potassium carbonate, and the solvent was removed in vacuo [at r.t. (20 mm Hg) 

and at 60°C (l mm Hg)] to give a yellow liquid. Flash chromatography, on silica gel with 

petrol (b.p. 40-6O°C): ethyl acetate (l5:1) as eluent, gave ethyI2-(3-bromopropyl)-I

tetralone-2-carboxylate (135a) (0.3 g, 0.8 mmol, 21%) as an orange oil, Rf0.30. 

Found: C, 56.6; H, 5.7 %. Cl6lil903Br requires C, 56.65; H, 5.65 %. 

Umax (neat) 3064, 2960 (C-H), 1730 (ester C=O), 1682 (a.-aryl ketone C=O), and 1450 

(arene C-C) cm-l 

OH (250 MHz) 8.04 (1 H, d, J = 7.8 Hz, 8-H), 7.49 (l H, t, J = 7.4 Hz, 6-H), 7.44-7.20 

(2 H, m, 7-H and 5-H), 4.15 (2 H, q, J = 7.1 Hz, 2-C02CH2CH3), 3.44 and 3.42 (2 H, 2 

d, JAB = 4.6 Hz, 2-CH2CH2CH2Br), 3.07-2.90 (2 H, m, 4-H), 2.62-2.53 (l H, m, 3-H), 

2.19-1.89 (5 H, m, 3-H and 2-CH2CH2CH2Br), and 1.17 (3 H, t, J = 8.6 Hz, 2-

C02CH2CH3)· 

Oc (62.5 MHz) 195.2 (l-C), 171.6 (2-CD2Et), 142.8 and 131.9 (8a-C and 4a-C), 1335, 

128.7,127.9, and 126.8 (8-C, 7-C, 6-C, and 5-C), 61.4 (2-C02CH2CH3), 57.0 (2-C), 

33.7 (2-CH2CH2CH2Br), 32.7 (2-CH2CH2CH2Br), 30.8 (4-C), 28.2 (2-CH2CH2CH2Br), 

25.8 (3-C), and 14.0 (2-CD2CH2CH3). 
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mlz (E. I.) 340.0555 and 338.0503 (M+, 12 %, aIld 13 %, C!6H!903Br requires 340.0498 

and 338.0518 respectively), 259 (70, M - Br), 218 (14, M - CH2=CHCH2Br), 217 (48, M

CH2CH2CH2Br), 186 (14, M - Br - C02Et), 185 (79, M - Br - C02Et), and 118 [100, M -

CH2=C(C02Et)CH2CH2CH2Brj. 

As a by-product, ethyI2-allyl-l-tetralone-2-carboxylate (136) (0.1 g, 0.5 mmol, 14 

%) was obtained as an orange oil, Rr 0.40, with identical ! H NMR spectroscopic data 10 

those reponed below. Repetition on a larger scale using ethyl l-tetraione-2-carboxylate 

(122b) (2.0 g, 9.2 mmol) gave ethyI2-(3-bromopropyl)-I-tetralone-2-carboxylate (135a) 

(0.8 g, 2 mmol, 27 %) and ethyI2-allyl-l-tetralone-2-carboxylate (136) (0.5 g, 2 mmol, 22 

%). 

Preparation of ethyl 2-allyl-l-tetralone-2-carboxylate (136) 

o 

ro 
(84) 

1. NaOEV EtOH! CO(OEt)2 
2.I(CH2bCI 

o 

Sodium (l.0 g, 45 mmol) was added to absolute ethanol (30 cm3) under an atmosphere of 

nitrogen and allowed to dissolve. The solvent was removed in vacuo to give a white solid, 

which was taken up in diethyl carbonate (40 cm3). I-Tetralone (84) (1.6 g, 11 mmol) was 

added under an atmosphere of nitrogen and the solution was heated at reflux for 2 h. 3-

Chloro-l-iodopropane (1.8 cm3, 3.4 g, 17 mmol) was added and the solution was heated at 

reflux for 2 h. The solution was stirred overnight and evaporated to dryness. The resultant 

solid was taken up in toluene, filtered and the solvent was removed in vacuo to give an 

orange liquid. Flash chromatography on silica gel with petrol (b.p. 4O-60°C): ethyl acetate 

(10: 1) as eluent, followed by Kugeirohr distillation, gave ethyl 2-allyl-l-tetralone-2-

carboxylate (136) (0.9 g, 4 mmol, 32 %) as a colourless liquid, RrO.27, b.p. 165°C (1.5 

mm Hg). 

'Umax (neat) 3027,2980 (C-H), 1722 (ester and a-aryl ketone C=O), 1636 (allyl C=C), 

1600, and 1476 (arene C-C) cm-! 

BH (250 MHz) 8.04 (I H, d, J = 8.1 Hz, 8-H), 7.44-7.19 (3 H, m, 5-H, 6-H, and 7-H), 

5.92-5.76 (1 H, m, 2-CH2CH=CH2), 5.17-5.02 (2 H, m, 2-CH2CH=CH2), 4.14 (2 H, q, 

J = 7.1 Hz, 2-C02CH2CH3 ), 3.08-2.88 (2 H, m, 4-H), 2.74-2.69 (2 H, m, 2-

119 



CH2CH=CH2), 2.58-2.48 and 2.19-2.08 (2 H, 2 m, 3-H), and 1.16 (3 H, t, J = 7.1 Hz,2-

C02CH2CH3)· 

Bc (62.5 MHz) 194.8 (1-C), 171.3 (2-CD2Et), 143.1 and 132.0 (8a-C and 4a-C), 133.5, 

128.8, 127.9, and 126.7 (8-C, 7-C, 6-C, and 5-C), 126.0 (2-CH2CH=CH2), 118.8 (2-

CH2CH=CH2), 61.2 (2-C02CH2CH3), 57.2 (2-C), 38.5 (2-CH2CH=CH2), 30.5 (4-C), 

25.8 (3-C), and 14.0 (2-C02CH2CH3). 

mlz (E.!.) 258.1331 (M+, 41 %, Cl(;HlS03 requires 258.1256). 217 (10, M

CH2CH=CH2), 213 (3, M - EtO), 185 (7, M - CD2Et), 184 (4, M - HCD2Et), 118 (12, M

CH2=C(CD2Et)CH2CH=CH2), and 90 (9, M - CH2=C(CD2Et)CH2CH=CH2 - CO). 

Preparation of ethyl 2-(4-bromobutyI)-1-tetralone-2-carboxylate (135b) 

o 

(1221» 

Ethyll-tetralone-2-carboxylate (122b) (0.8 g, 3.7 mmol) was added to a stirred suspension 

of sodium hydride (80 %; 0.1 g, 5 mmol) and HMP A (1.0 cm3, 1.0 g, 6 mmol) in THF (25 

cm3) under an atmosphere of nitrogen. After stirring for 1.0 h, 1,4-dibromobutane (3.0 cm3, 

5.4 g, 25 mmol) was added and the solution was heated at reflux for 16 h. The mixture was 

allowed to cool and taken up in diethyl ether (150 cm3) and washed with water (20 cm3), 

dried over potassium carbonate, and the solvent was removed in vacuo [at r.t. (20 mm Hg) 

and at 70°C (5 mm Hg)] to give an orange oil. Flash chromatography on silica gel with 

petrol (b.p. 40-60°C): ethyl acetate (10: 1) as eluent gave ethyI2-(4-bromobutyl)-1-tetralone-

2-carboxylate (135b) (0.5 g, 1.4 mmol, 35 %) as an orange oil, Rr 0.26. 

Found: C, 57.5; H, 5.7 %. C17H2l03Br requires C, 57.8; H, 6.0 %. 

Umax (neat) 3060, 2936 (C-H), 1728 (ester C=O), 1686 (a-aryl ketone C=O), 1600, and 

1452 (arene C-C) cm-l 

OH (250 MHz) 8.04 (lH, d, J = 7.8 Hz, 8-H), 7.47 (lH, t, J = 1.3 Hz, 6-H), 7.31-7.20 (2 

H, m, 7-H and 5-H), 4.15 (2 H, q, J = 7.1 Hz, 2-CD2CH2CH3), 3.42 (2 H, t, J = 6.7 Hz, 

2-CH2CH2CH2CH2Br), 3.09-2.94 (2 H, m, 4-H), 2.62-2.53 and 2.21-2.11 (2 H, 2 m, 3-
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H), 2.01-1.85 (4 H, m, 2-CH2CH2CH2CH2Br), 1.65-1.48 (2 H, m, 2-

CH2CH2CH2CH2Br), and 1.17 (3 H, t, J = 7.1 Hz, 2-C(hCH2CH3). 

Cc (62.5 MHz) 195.4 (1-C), 171.7 (2-C(hEt), 143.0 and 132.0 (8a-C and 4a-C), 133.4, 

128.7, 128.0, and 126.8 (8-C, 7-C, 6-C, and 5-C), 61.3 (2-C02CH2CH3), 57.4 (2-C), 

33.3, 33.0, and 32.9 (2-CH2CH2CH2CH2Br), 30.5 (4-C), 25.9 (3-C), 23.4 (2-

CH2CH2CH2CH2Br), and 14.1 (2-C02CH2CH3). 

mlz (E.!.) 354.0759 and 352.0658 (M+, 4 %, and 6 %, C17H2l03Br requires 354.0654 and 

352.0674 respectively), 273 (10, M - Br), 218 (lOO, M - CH2=CHCH2CH2Br), 217 (24, 

M - CH2CH2CH2CH2Br), 172 (14, M - Br - C02Et - CO), and 118 [67, M

CH2=C(C02Et)CH2CH2CH2CH2Brj. 

Attempted ring expansion of ethyl 2-(3-bromopropyl)-1-tetralone-2-

carboxylate (135a) 

o o 

7 C02Et BU3SnHi AIBNI MePh 7 7 OCf
CH2bBr 

~ I • 

(135a) 

Tributylstannane (0.6 g, 2.1 mmol) in toluene (50 cm3) was added by syringe pump, under 

an atmosphere of nitrogen, to a refluxing solution of ethyl 2-(3-bromopropyl)-I-tetralone-2-

carboxylate (135a) (0.5 g, 0.3 mmol) in toluene (250 cm3) over 50 h ([tributylstannanej ca. 

0.2 mM). AmN (ca. 2 mg) in toluene (1 cm3) was added at 0, 18,26, and 42 h. The 

solution was heated at reflux for a further 18 h, and then the solvent was removed in vacuo 

to give an orange liquid. Flash chromatogtaphy and preparative TLC, on silica gel with 

petrol (b.p. 4O-60°C): ethyl acetate (8:1) as eluent, gave ethyI2-propyl-l-tetralone-2-

carboxylate89 (l37a) (0.084 g, 0.32 mmol, 22 %) a yellow oil, Rf 0.36. 

Umax (neat) 3060, 2956, 2872 (C-H), 1730 (ester C=O), 1682 (a-aryl ketone C=O), 1600, 

and 1452 (arene C-C) cm-l 

liH (250 MHz) 8.04 (lH, d, J = 7.8 Hz, 8-H), 7.45-7.42 (lH, m, 6-H), 7.32-7.19 (2 H, 

m, 7-H and 5-H), 4.14 (2 H, q, J = 7.1 Hz, 2-C02CH2CH3), 3.05-2.92 (2 H, m, 4-H), 

2.59-2.54 and 2.19-2.09 (2 H, 2 m, 3-H), 1.97-1.84 (2 H, m, 2-CH2CH2CH3), 1.42-1.26 
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(2 H, m, 2-CH2CH2CH3), 1.16 (3 H, t, J = 7.1 Hz, 2-C02CH2CH3), and 0.95 (3 H, t, J = 

7.1 Hz, 2-CH2CH2CH3). 

Bc (62.5 MHz) 195.6 (l-C), 171.9 (2-C02Et), 143.1 and 132.1 (8a-C and 4a-C), 133.3, 

128.7,128.0, and 126.7 (8-C, 7-C, 6-C, and 5-C), 61.1 (2-C02CH2CH3), 57.6 (2-C), 

36.0 (2-CH2CH2CH3), 30.4 (4-C), 25.9 (3-C), 18.1 (2-CH2CH2CH3), 14.6 (2-

CH2CH2CH3), and 14.1 (2-C02CH2CH3). 

mlz (E.!.) 260.1442 (M+, 29 %, Cl(iHW03 requires 260.1412), 218 (14, M

CH2=CHCH3), 217 (48, M - CH2CH2CH3), 215 (27, M - EtO), 187 (M - C02Et), and 118 

[100, M - CH2=C(C02Et)CH2CH2CH3]. 

Ethyl 2-(3-bromopropyl)-1-tetralone-2-carboxylate (135a) (0.077 g,0.23 mmol, 15 

%), Rf 0.27,was also recovered. 

Attempted ring expansion of ethyl 2-(4-bromobutyl)-1-tetralone-2-

carboxylate (135b) 

o 

5 4 

(135b) (137b) 

(a) Syringe Pump Method 

Tributylstannane (0.3 g, 1 mmol) in toluene (50 cm3) was added by syringe pump, under an 

atmosphere of nitrogen, to a refluxing solution of ethyI2-(4-bromobutyl)-1-tetralone-2-

carboxylate (135b) (0.2 g, 0.7 mmol) in toluene (140 cm3) over 50 h ([tributylstannane] ca. 

0.2 mM). AIBN (ca. 2 mg) in toluene (l cm3) was added at 0, 10, 22, 32 and 45 h. The 

solution was heated at reflux for a futther 50 h, and then the solvent was removed in vacuo 

to give an orange liquid. Dry flash chromatography, on silica gel with petrol (b.p. 40-60°C): 

ethyl acetate as eluent, and preparative TLC, on silica gel with petrol (b.p. 4O-60°C): ethyl 

acetate (10:1) as eluent, gave ethyI2-butyl-l-tetralone-2-carboxylate89 (137b) (0.037 g, 

0.13 mmol,20 %) a yellow oil, RfO.35. 

Found: C, 74.1; H, 8.0 %. C17H2203 requires C, 74.4; H, 8.1 %. 
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Umax (neat) 2956, 2872 (C-H), 1726 (ester C=O), 1686 (a-aryl ketone C=O), 1600, and 

1452 (arene C-C) cm- i 

OH (250 MHz) 8.04 (IH, d, J = 7.9 Hz, 8-H), 7.48-7.42 (lH, m, 6-H), 7.33-7.06 (2 H, 

m, 7-H and 5-H), 4.14 (2 H, q, J = 7.1 Hz, 2-C02CH2CH3), 3.51-2.81 (2 H, m, 4-H), 

2.61-2.54 and 2.20-2.12 (2 H, 2 m, 3-H), 1.99-1.88 (2 H, 2-CH2CH2CH2CH3), 1.41-

1.26 (4 H, m, 2-CH2CH2CH2CH3), 1.16 (3 H, t, J = 7.1 Hz, 2-C~CH2CH3), and 0.91 

(3 H, t, J = 6.9 Hz, 2-CH2CH2CH2CH3). 

Bc (62.5 MHz) 195.7 (I-C), 171.9 (2-C02Et), 143.0 and 132.1 (8a-C and 4a-C), 133.3, 

128.6, 128.0, and 126.6 (8-C, 7-C, 6-C, and 5-C), 61.1 (2-C02CH2CH3), 57.5 (2-C), 

33.5 (2-CH2CH2CH2CH3), 30.3 (4-C), 26.8 and 23.1 (2-CH2CH2CH2CH3), 25.9 (3-C), 

14.0 (2-C02CH2CH3), and 13.9 (2-CH2CH2CH2CH3). 

mlz (E.I.) 274.1489 (M+,9 %, C17H2203 requires 274.1569),218 (100, M

CH2=CHCH2CH3), 217 (14, M - CH2CH2CH2CH3), 229 (4, M - EtO), 201 (22, M

C02Et), 118 [57, M - CH2=C(C02Et)CH2CH2CH2CH3], and 90 [24, M

CH2=C(C02Et)CH2CH2CH2CH3 - CO]. 

EthyI2-(4-bromobutyl)-I-tetralone-2-carboxylate (135b) (0.2 g, 0.5 mmol, 71 %), 

RC O.24,was also recovered. Repetition at [tributylstannane] ca. 0.6 mM gave ethyI2-butyl

I-tetralone-2-carboxylate (137b) (0.13 g, 0.47 mmol, 67 %). 

(b) Syringe Pump Metlwd using d-Tributylstannane 

o 

7 r 1 CO~t (ij
CH2)4D 

6::::"" I 2 

5 4a 4 

(135b) (142) 

d-Tributylstannane (1.0 g, 3.4 mmol) in cyC\ohexane (24 cm3) was added by syringe pump, 

under an atmosphere of nitrogen, to a refluxing solution of ethyl 2-( 4-bromobutyl)-I-
. .." 

tetralone-2-carboxylate (135b) (0.8 g, 2.4 mmol) In cyclohexane (45 cm3) over 24 h ([d-

tributylstannane] ca. 3 mM). AmN (ca. 2 mg) in toluene (l cm3) was added at 0,6 and 21 

h. The solution was heated at reflux for a further 8 h, and the solvent was removed in vacuo 

to give a yellow liquid (1.6 g). A portion (1.2 g) was subjected to dry flash chromatography 

(twice), on silica gel with petrol (b.p. 40-60°C): ethyl acetate as eluent, to give ethyl 2-(4- d-
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butyl)-1-tetralone-2-carboxylate (142) (0.2 g, 0.9 mmol, 36 %, 47 % corrected) as a 

yellow liquid, Rc [silica, petrol (b.p. 4O-600C): ethyl acetate (10:1)] 0.44. 

Found: C, 73.6; H, 7.9 %. C17H2lD03 requires C, 74.2; H, 8.4 %. 

Umax (neat) 2920, 2860 (C-H), 2160 (C-D), 1730 (ester C=O), 1690 (a-aryl ketone C=O), 

1600, and 1450 (arene C-C) cm-l 

OH (360 MHz) 8.04 (1H, dd, I = 7.9, I = 1.1 Hz, 8-H), 7.46 Cl H,dt, Id = 3.0 Hz, It = 

7.4 Hz, 6-H), 7.30 (I H, t, I = 9.2 Hz, 5-H), 7.21 (lH, d, I = 7.6 Hz, 7-H), 4.14 (2 H, q, 

I = 7.1 Hz, 2-C02CH2CH3), 3.06-3.03 and 2.94-2.89 (2 H, 2 m, 4-H), 2.59-2.53 and 

2.18-2.12 (2 H, 2 m, 3-H), 1.99-1.87 (2 H, rn, 2-CH2CH2CH2CH2D), 1.39-1.29 (4 H, 2-

CH2CH2CH2CH2D), 1.17 (3 H, t, I = 7.1 Hz, 2-C02CH2CH3), and 0.93-0.89 (2 H, rn, 

2-CH2CH2CH2CH2D). 

Oc (90 MHz) 195.6 (I-C), 171.9 (2-C02Et), 143.0 and 132.1 (8a-C and 4a-C), 133.3, 

128.6, 128.0, and 126.6 (8-C, 7-C, 6-C, 5-C), 61.1 (2-C02CH2CH3), 57.5 (2-C), 33.5 

(2-CH2CH2CH2CH2D), 30.3 (4-C), 26.8 and 23.1 (2-CH2CH2CH2CH2D), 25.9 (3-C), 

14.0 (2-C02CH2CH3), and 13.9 (t, IC-D ~ 45 MHz, 2-CH2CH2CH2CH2D). 

mlz (E.L) 275.1589 (M+, 15 %, C17H2lD03 requires 275.1632), 230 (3, M - EtO), 218 

(100, M - CH2=CHCH2CH2D), 217 (19, M - CH2CH2CH2CH2D), 202 (12, M - C02Et), 

and 118 [40, M - CH2=C(C02Et)CH2CH2CH2CH2D]. 

(c) High Dilution Method 

Tributylstannane (0.3 g, 1.0 mmol) was added, under'an atmosphere of nitrogen, to a 

solution of ethyl 2-(4-brornobutyl)-I-tetralone-2-carboxylate (135b) (0.2 g, 0.5 mmol) and 

AIBN (few mg) in toluene (60 crn3) ([tributylstannane] ca. 14 mM). After refluxing for 24 

h, the solution was allowed to cool and the solvent was removed in vacuo to give an orange 

oiL Dry flash chromatography, on silica gel with petrol (b.p. 40-rooC): ethyl acetate as 

eluent, and preparative nc, on silica gel with petrol (b.p. 40-60 0C): ethyl acetate (10: 1) as 

eluent, gave ethyI2-butyl-1-tetralone-2-carboxylate89 (137b) (0.1 g, 0.3 mmol, 55 %), Rc 

0.35, with spectra as reported above, and recovered ethyI2-(4-brornobutyl)-1-tetralone-2-

carboxylate (135b) (9 %), Rc 0.24. 
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Preparation of ethyl 2-(3-iodopropyl)-l-indanone-2-carboxylate (122a) 

o 

~CO~t 

(1223) 

7 0 
I.NaHlDMPU/THF ~7a (CH2),1 
2. I(CH2bl 6 I 1 

• 5~ 2 C02Et 
3a 3 

4 

(143) 

Ethyll-indanone-2-carboxylate (122a) (1.7 g, 8.3 mmol) was added to a stirred suspension 

of sodium hydride (60 %; 0.4 g, 9.1 mmol) andDMPU (2.0 cm"3, 2.1 g, 17 mmol) in THF 

(10 cm3) under an atmosphere of nitrogen. After stirring for 1.0 h, 1,3-di-iodopropane (2.0 

cm3, 5.2 g, 17 mmol) was added and the solution was heated at reflux for 8 h. The mixture 

was allowed to cool and taken up in diethyl ether (lOO cm3). The solution was washed with 

water (6 x 5 cm3) and dried over magnesium sulphate. The solvent was removed in vacuo 

[at r.t. (20 mm Hg) and at lOODC (4 mm Hg)]. Dry flash chromatography on silica gel with 

petrol (b.p. 4O-60DC): ethyl acetate as eluent gave ethyI2-(3-iodopropyl)-I-indanone-2-

carboxylate (143) (1.1 g, 3.0 mmol, 36 %) as an orange oil, Rc [petrol (b.p. 40-60DC): 

ethyl acetate (9:1)] 0.13. 

Found: C, 48.9; H, 4.7 %. ClSH17I03 requires C, 48.4; H, 4.6 %. 

Umax (neat) 2934 (C-H), 1747 (ester C=O), 1702 (5-membered ring a-aryl ketone C=O), 

1608, 1590, 1476, 1465, and 1445 (arene C-C) cm-l 

OH (250 MHz) 7.79 (1 H, d, J = 5.7 Hz, 7-H), 7.64 (1 H, dt, Jd = 1.2 Hz,1t = 7.4 Hz, 5-

H), 7.52-7.49 (I H, m, 4-H), 7.40 (1 H, dd, J = 0.8 Hz, J = 14.8 Hz, 6-H), 4.15 (2 H, q, 

J = 7.1 Hz, 2-C<hCH2CH3), 3.72 and 3.08 (2 H, 2 d, JAB = 17.4 Hz, 3-H), 3.15 (2 H, t, 

J = 6.6 Hz, 2-CH2CH2CH2I), 2.22-2.16 (1 H, m, 2-CH2CH2CH2I), 2.03-1.76 (3 H, m, 

2-CH2CH2CH2I), and 1.20 (3 H, t, J = 7.1 Hz,2-C02CH2CH3). 

Oc (62.5 MHz) 202.1 (l-C), 170.7 (2-C<hEt), 152.8 and 135.0 (7a-C and 3a-C), 135.5, 

127.8, 126.4, and 124.7 (7-C, 6-C, 5-C, 4-C), 61.7 (2-C02CH2CH3), 59.8 (2-C), 36.9 

(3-C), 35.6 (2-CH2CH2CH2I), 28.8 (2-CH2CH2CH2I), 14.0 (2-C<hCH2CH3), and 5.9 

(2-CH2CH2CH2I). 

mlz (E.I.) 245.1161 (I %, M - I, ClSH1703 requires 245.1178). 

mlz (C. I.) 373 (20 %, M+ H), and 245 (10, M - I). 
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Attempted ring expansion of ethyl 2-(3-iodopropyl)-I-indanone-2-

carboxylate (143) 

Tributylstannane (0.4 g, 1.3 mmol) and AIBN (29 mg, 0.18 mmol) in cyclohexane (20 cm3) 

was added by syri~ge pump, under an atmosphere of nitrogen, to a refluxing solution of 

ethyl 2-(3-iodopropyl)-I-indanone-2-carboxylate (143) (0.4 g, 1.0 mmol) in cyclohexane 

(150 cm3) ([tributylstannane] ca. 2.1 mM). The solution was heated at reflux for a further 1 

h and the solvent was removed in vacuo. Dry flash chromatography, on silica gel with petrol 

(h.p. 4O-60°C): ethyl acetate, and preparative TLC, on silica gel with petrol (b.p. 4O-60°C): 

ethyl acetate as eluent, gave ethyI2-propyl-l-indanone-2-carboxylate (144) (0.2 g, 0.7 

mmol,68 %) as a yellow oil, Rr[petrol (h.p. 4O-60°C): ethyl acetate (9:1)] 0.22. 

Found: C, 72.5; H, 7.3 %. ClSHl803 requires C, 73.15; H, 7.4 %. 

Umax (neat) 2962, 2934 (C-H), 1741 (ester C=O), 1716 (5-membered ring a-aryl ketone 

C=O), 1608, and 1465 (arene C-C) cm-l 

BH (250 MHz) 7.76 (I H, d, J = 7.6 Hz, 7-H), 7.62 (I H, dt, Jd = 1.1 Hz,1t = 7.4 Hz, 5-

H), 7.49 (I H, dt, Jt = 0.8 Hz, Jd = 7.6 Hz, 4-H), 7.38 (I H, dd, J = 0.7 Hz, J = 14.8 Hz, 

6-H), 4.16 (2 H, q, J = 7.2 Hz, 2-CChCH2CH3), 3.73 and 3.07 (2 H, 2 d, JAB = 17.4 Hz, 

3-H), 2.14-2.04 and 1.92-1.80 (2 H, 2 m, 2-CH2CH2CH3), 1.28-1.18 (2 H, m, 2-

CH2CH2CH3), 1.25 (3 H, t, J = 7.2 Hz, 2-CChCH2CH3), and 0.91 (3 H, t, J = 7.2 Hz, 2-

CH2CH2CH3)· 

Bc (62.5 MHz) 203.0 (l-C), 171.0 (2-C02Et), 153.0 (7a-C), 135.2 (3a-C), 135.1 (7-C), 

127.5 (6-C), 126.2 (S-C), 124.5 (4-C), 61.3 (2-CChCH2CH3), 60.7 (2-C), 36.9 (3-C), 

36.5 (2-CH2CH2CH3), 17.9 (2-CH2CH2CH3), 14.2 (2-C02CH2CH3), and 13.9 (2-

CH2CH2CH3)· 

mlz (E.I.) 246.1215 (12 %, M+, ClsHl803 requires 246.1256), 217 (11, M - Et), 204 

(lOO, M - CH=CH2CH3), 203 (6, M - CH2CH2CH3), 201 (10, M - EtO), 173 (33, M -

C02Et), and 172 (34, M - HCChEt). 
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Preparation of diethyl phenylenediacetate (147)94 

2 

3~CO.,E1 
~C02EI 

(147) 

Phenylenediacetic acid (6.0 g, 31 mmol) and concentrated sulphuric acid (5 drops) in ethanol 

(125 ml) were heated al reflux for 5 h. The solution was allowed to cool, poured into water 

(lOO ml), neutralised with dilute aqueous sodium hydroxide, and extracted with dichloro

methane (5 x 50 ml). The combined extracts were dried over magnesium sulphate and the 

solvent was removed in vacuo. Kugelrohr distillation gave diethyl phenylenediacetate (147) 

(5.4 g, 21.6 mmol, 70 %) as a colourless liquid, b.p. 130°C (0.3 mm Hg) [lit94 173-174°C 

(10 mm Hg)], Rf [petrol (b.p. 4O-60°C): ethyl acetate (9:2)] 0.38. 

Found: C, 67.35; H, 7.1 %. C!4H!S04 requires C, 67.2; H, 7.2 %. 

\lmax (neat) 2983 (C-H), 1743 (ester C=O), 1463, and 1455 (arene C-C) cm-! 

IiH (250 MHz) 7.24 (4 H, s, 2-H and 3-H), 4.13 (4 H, q, J = 7.1 Hz, 1-

CH2C02CH2CH3), 3.70 (4 H, s, l-CH2C02CH2CH3), and 1.24 (6 H, t, J = 7.1 Hz, 1-

CH2C02CH2CH3). 

/le (62.5 MHz) 171.3 (I-CH2C02CH2CH3), 133.3 (1-C), 130.8 (2-C), 127.6 (3-C), 60.9 

(I-CH2C02CH2CH3), 30.9 (I-CH2C02CH2CH3), and 14.2 (l-CH2C02CH2CH3). 

mlz (E.I.) 250.1208 (30 %, M+, Cl4li!S04 requires 250.1205), 205 (44, M - EtO), 204 

(lOO, M - EtOH), 177 (41, M - CQzEt), 176 (42, M - HC02Et), 158 (62, M - 2 EtOH), 132 

(12, M - EtO - C02Et), 131 (43, M - HC02Et - EtO), 130 (80, M - HCQzEt - EtOH). 

Repetition using phenylenediacetic acid (5.0 g, 25.7 mmol) gave diethyl phenylene

diacetate (147) (5.2 g, 20.9 mmol, 81 %). 
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Preparation of ethyl 2-indanone-l-carboxylate (146)94 

~CO,Et 
~C02Et 

(147) 

@-
7a ~2Et 

NaOEtI MePh 6 (/ ~ 2 
----. I OH 

5;::'" 3a 
4 3 

(146) 

Diethyl phenylenediacetate (147) (5.4 g, 21.6 mrnol) in toluene (lOO ml) was added to a 

stirred suspension of sodium hydride (60 %; 1.0 g, 25.9 mmol)1n ethanol (20 ml) and 

toluene (SO ml). The resultant white mass was heated at reflux for 5 h and allowed to stand 

over-night The solution was neutralised with dilute aqueous hydrochloric acid and the 

phases were separated. The aqueous phase was extracted with ethyl acetate (3 x). The 

combined extracts were dried over magnesium sulphate and the solution was evaporated to 

dryness. Recrystallisation from ethanol gave ethyl 2-indanone-l-carboxylate (146) (1.8 g, 

8.7 mrnol, 40 %), as a brown solid, m.p. 65-66°C, (lit.94 65°C), Rc [petrol (b.p. 4O-60°C): 

ethyl acetate (9: 1)] 0.32. 

Found: C, 70.75; H, 6.0 %. C12H1203 requires C, 70.6; H, 5.9 %. 

'\)max (neat) 2655 (C-H), 1656 (acrylate C=O), and 1595 (acrylate and arene C-C) cm-I 

OH (250 MHz) 11.20-10.90 (l H, br s, D20 ex., 2-0H), 7.57 (1 H, dd, J = 1.8 Hz, J = 6.7 

Hz, 7-H) 7.35-7.21 (2 H, m, 4-H and 5-H), 7.07 (I H, t, J = 7.3 Hz, 6-H), 4.39 (2 H, q, 

J = 7.3 Hz, l-CD2CH2CH3), 3.51 (2 H, s, 3-H), and 1.13 (3 H, t, J = 7.1 Hz, 1-

C02CH2CH3)· 

Bc (62.5 MHz) 181.0 (I-C02Et), 169.0 (I-C), 139.5 and 133.1 (7a-C and 3a-C), 126.9, 

123.6, 123.5, and 120.1 (7-C, 6-C, 5-C, and 4-C), 105.1 (2-C), 60.5 (I-CD2CH2CH3), 

37.5 (3-C), and 14.3 (l-CD2CH2CH3). 

mlz (E.I.) 204.0783 (31 %, M+, C12HI203 requires 204.0786), 159 (13, M - EtO), 158 

(lOO, M - EtOH), 131 (12, M - CD2Et), and 130 (38, M - HCD2Et). 

Repetition using diethyl phenylenediacetate (147) (5.2 g, 20.9 mrnol) gave ethyl 2-

indanone-l-carboxylate (146) (2.0 g, 9.7 mrnol, 40 %) (5.2 g, 20.9 mmol, 47 %). 
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Preparation of ethyl 1-(3-iodopropyJ)-2-indanone-l-carboxylate (145) 

C02Et Et02C (CH
2
\·1 

00- 1. NaHlOMPU/TIiF (f5; 13 

. ~ I ~ OH _2_. 1_(C_H.::.2ls.:..I_---<~ 6 7 7a 

........ 5~ I 2 ° 
3a 3 

4 

(146) (145) 

EthyI2-indanone-I-carboxylate (146) (1.7 g, 8.3 mmol) in THF (10 ml) was added to a 

stirred suspension of sodium hydride (60 %; 0.4 g, 9.1 mmol) and DMPU (1.5 cm3, 1.6 g, 

12 mmol) in TIIF (20 cm3) under an atmosphere of nitrogen. After stirring for 1.0 h, 1,3-di

iodopropane (2.0 cm3, 5.2 g, 17 mmol) was added and the solution was heated at reflux for 

5 h. The mixture was allowed to cool, taken up in diethyl ether (100 cm3) and washed with 

water (5 x 6 cm3). The solution was dried over magnesium sulphate, and the solvent was 

removed in vacuo [at r.t. (20 mm Hg) and at 100°C (4 mm Hg)]. Dry flash chromatography 

on silica gel with petrol (b.p. 4O-60°C): ethyl acetate as eluent gave ethyll-(3-iodopropyl)-

2-indanone-l-carboxylate (145) (1.1 g, 3.1 mmol, 37 %) as an orange oil, Rr [petrol (b.p. 

4O-60°C): ethyl acetate (9:1)] 0.23. 

'\)max (neat) 2979, 2906 (C-H), 1735 (ester C=O), 1725 (ketone C=O), 1477,1461, and 

1446 (arene C-C) cm-1 

OH (250 MHz) 7.37-7.17 (4 H, m, 7-H, 6-H, S-H and 4-H), 4.07 (2 H, q, J = 7.1 Hz, 

1-C02CH2CH3), 3.81 and 3.50 (2 H, 2 d, JAB = 22.7 Hz, 3-H), 3.10-3.02 (2 H, t, J = 6.6 

Hz, 1-CH2CH2CH2I), 2.34-2.24 (2 H, m, 1-CH2CH2CH2I), 1.57-1.49 (2 H, m, 1-

CH2CH2CH2I), and 1.13 (3 H, t, J = 7.1 Hz, 1-C02CH2CH3). 

Bc (62.5 MHz) 211.9 (2-C), 169.8 (1-C~Et), 140.1 and 137.1 (7a-C and 3a-C), 128.6, 

128.0, 125.0, and 123.9 (7-C, 6-C, 5-C, and 4-C), 64.4 (1-C), 61.7 (1-C02CH2CH3), 

43.3 (1-CH2CH2CH2I), 34.7 (3-C), 28.2 (1-CH2CH2CH2I), 14.1 (I-C02CH2CH3), and 

5.4 (1-CH2CH2CH2I). 

mlz (E.I.) 372.0239 (10 %, M+, C15H17I03 requires 372.0224), 245 (25, M -I), and 244 

(45, M - HI). 

Repetition using ethyI2-indanone-I-carboxylate (146) (2.0 g, 9.7 mmol) gave ethyl 1-

(3-iodopropyl)-2-indanone-1-carboxylate (145) (1.8 g, 4.9 mmol, 50 %). 
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Preparation of ethyl 1-(4-bromobutyI)-2-tetralone-l-carboxylate (148) 

05~ -~-: ~_~_C_H~_~_:_~_TH_F_ :(f9::" 
5 4 

(111) (148) 

Ethy12-tetralone-l-carboxylate (111) (1.0 g, 4.6 mmol) was added to a stirred suspension 

of sodium hydride (80%; 0.1 g, 5 mmo1) and HMPA (0.8 cm3, 0.8 g, 5.0 mmol) in TIIF 

(12 cm3) under an atmosphere of nitrogen. After stirring for 1.0 h, 1,4-dibromobutane (2.8 

cm3, 5.1 g, 23 mol) was added and the solution was heated at reflux for 20 h. After standing 

for 70 h, the mixture was taken up in diethyl ether (100 cm3), washed with water (3 x 5 

cm3), dried over potassium carbonate, and the solvent was removed in vacuo [at r.t (20 mm 

Hg) and at 90°C (6 mm Hg») to give an orange oil. Dry flash chromatography on silica gel 

with petrol (b.p. 4O-60°C): ethyl acetate as eluent gave ethyll-(4-bromobutyl)-2-tetralone-l

carboxylate (148) (0.4 g, 1 mmol, 22 %) as an orange oil, RC [silica, petrol (b.p. 4O-60°C): 

ethyl acetate (10:1)] 0.20. 

'Umax (neat) 3060, 2956 (C-H), 1728 (br, ester and ketone C=O), 1600, and 1492 (arene C

C)cm-1 

8H (250 MHz) 7.26-7.23 (l H, m, 8-H), 7.15-7.05 (3 H, m, 7-H, 6-H and 5-H), 4.35 (2 

H, q, J = 7.1 Hz, l-C(hCH2CH3), 3.96 and 3.46 (2 H, 2 d, J = 6.3 Hz, 1-

CH2CH2CH2CH2Br), 2.92 (2 H, t, J = 8.0 Hz, 4-H), 2.52 (2 H, t, J = 8.0 Hz, 3-H), 

2.05-1.96 (2 H, m, l-CH2CH2CH2CH2Br), 1.89-1.81 (2 H, m, l-CH2CH2CH2CH2Br), 

1.37 (3 H, t, J = 7.1 Hz, l-C(hCH2CH3), and 1.12 (2 H, t, J = 7.1 Hz, 1-

CH2CH2CH2CH2Br). 

I5c (62.5 MHz) 208.0 (2-C), 167.8 (l-C(hEt), 135.9 and 131.6 (Sa-C and 4a-C), 127.1, 

126.7, 125.6, and 123.3 (8-C, 7-C, 6-C, and 5-C), 62.7 (I-C), 60.7 (1-C02C H2CH3), 

35.4 (4-C), 33.4, 33.0, 32.S, and 23.7 (l-CH2CH2CH2CH2Br), 29.1 (3-C), and 14.4 (1-

C02CH2CH3)· 

mlz (C.l.) 355 and 353 (22 and 25 % respectively, M + H), 273 (10, M - Br), 219 (100, M 

+ H - CH2=C=O), and 21S (22, M - CH2=C=O). 
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mlz (E.!.) 218.0953 (45 %, M - CH2=CHCH2CH2Br, C13H1403 requires 218.0943), 217 

(5, M - CH2CH2CH2CH2Br), and 172 (100, M - Br - C02Et - CO). 

Repetition on a larger scale, using ethyl 2-tetralone-l-carboxylate (111) (3.0 g, 13.8 

mmol) gave ethyll-(4-bromobutyl)-2-tetralone-l-carboxylate (148) (1.0 g, 2.8 mmol, 20 

%). 

Preparation of ethyl I-butyl-2-tetralone-l-carboxylate (149) 

C02Et 

roOH 1. NaHlDMPUlTHF 
r I '0:::: 2. Bul • 

:::,... 

(111) 

4 
(149) 

EthyI2-tetralone-l-carboxylate (111) (2.0 g, 9.2 mmol) in THF (10 cm3) was added to a 

stirred suspension of sodium hydride (60 %; 0.4 g, 11 mmol) and DMPU (1.2 cm3, 2.1 g, 

11 mmol) in TIIF (20 cm3) under an atmosphere of argon. After stirring for 1.0 h, l-iode

butane (1.2 cm3, 1.9 g, 11 mmol) was added and the solution was heated at reflux for 3 h. 

After stirring at room temperature overnight, the mixture was poured into diethyl ether (IOO 

cm3), washed with water (IO x 4 cm3), washed with saturated aqueous sodium thiosulfate (2 

x 5 cm3) and dried over magnesium sulfate. The solvent was removed in vacuo [at r.t. (20 

mm Hg) and at 90°C (6 mm Hg)] to give an orange oil. Dry flash chromatography on silica 

gel with petrol (h.p. 4O-60°C): ethyl acetate as eluent gave ethyll-butyl-2-tetralone-l

carboxylate (149) (0.2 g, 0.9 mmol, 9 %) as a yellow oil, RC [silica, petrol (b.p. 4O-60°C): 

ethyl acetate (4:1)] 0.38. 

\)max (neat) 2959, 2929, 2873 (C-H), 1728 (ester and ketone C=O), and 1464 (arene C-C) 

cnr1 

OH (250 MHz) 7.26-7.19 (4 H, m, 8-H, 7-H, 6-H and 5-H), 4.08 (2 H, q, J = 7.1 Hz, 

l-C02CH2CH3), 3.13-2.87 (4 H, m, 4-H and I-CH2CH2CH2CH3), 2.65-2.25 (2 H, m, 

3-H), 2.20-2.10 (1 H, m, l-CH2CH2CH2CH3), 1.39-0.76 (3 H, m, l-CH2CH2CH2CH3), 

1.11 (3 H, t, J = 7.1 Hz, I-CD2CH2CH3), and 0.79 (3 H, t, J = 7.3 Hz, 1-

CH2CH2CH2CH3)· 

Oc (62.5 MHz) 208.0 (2-C), 171.2 (I-C02Et), 136.5, 136.4 (8a-C and 4a-C), 128.4, 

127.3, 126.7, and 125.5 (8-C, 7-C, 6-C, and 5-C), 62.9 (I-C), 61.6 (I-CD2CH2CH3), 
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39.4 (l-CH2CH2CH2CH3), 36.4 (4-C), 28.0 (3-C), 26.3 and 23.0 (1-CH2CH2CH2CH3), 

and l3.8 (2 signals, l-C<hCH2CH3 and 2-CH2CH2CH2CH3). 

The NMR assignments were confinned by lH-13C correlation specttoscopy. 

mlz (E.!.) 274.1565 (M+, l3 %, C17H2203 requires 274.1569), 218 (64, M

CH2=CHCH2CH3), 217 (54, M - CH2CH2CH2CH3), 201 (35, M - C<hEt), and 200 (13, 

M -HC02Et). 

Attempted ring expansion of ethyl 1-(4-bromobutyl)-2-tetralone-1-

carboxylate (148) 

'+ w~CH' 
(148) (149) 

Tributylstannane (0.7 g, 2.3 mmol) and AffiN (0.02 g, 0.1 mmol) in cyclohexane (20 cm3) 

was added by syringe pump, under an atmosphere of nittogen, to a refluxing solution of 

ethyll-(4-bromobutyl)-2-tetralone-l-carboxylate (148) (0.4 g, 1.1mmol) in cyclohexane 

(30 cm3) over 5 h ([tributylstannane] ca. l3 mM). The solution was heated at reflux for a 

funher 1 h, and then the solvent was removed in vacuo to give an orange liquid. Dry flash 

chromatography, on silica gel with petrol (b.p. 4O-60°C): ethyl acetate as eluent, and 

preparative TLC, on silica gel with petrol (b.p. 4O-60°C): ethyl acetate (l0:1) as eluent, gave 

a yellow oil, RrO.43. TLC using a variety of solvent systems showed one spot only, 

corresponding to ethyl I-butyl-2-tetralone-l-carboxylate (149). High field NMR indicated 

the absence of starting material and the presence of two or more products, one of which 

appeared to be ethyl I-butyl-2-tetralone-l-carboxylate (149), and the other of which was 

assumed to be ethyl 5,6,7,8,9,10,11, 12-octahydro-7 -oxobenzocyclodecene-12-carboxylate 

(150). The available NMR data for the latter product are shown below. 

'Ilmax (neat) 2957, 2935, 2873 (C-H), 1731 (ester and C=O), and 1451 (arene C-C) cm-l 

OH (250 MHz) 3.65 (1 H, m, 12-H). 

lie (62.5 MHz) 208.0 (7-C), 172.4 (12-C02Et), 61.2 (12-C<hCH2CH3), 54.2 (12-C), 

39.4,36.4, and 31.8 (5-C, 6-C and 8-C), and 14.3 (l2-C<hCH2CH3). 
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Gas chromatography on a Pye Unicam Series 104 Chromatograph at 258°C on a 3 % 

Apiezon L column, with nitrogen as the carrier gas (40 cm3 min- I) and flame ionisation 

detection, indicated two major components: ethyl I-butyl-2-tetralone-l-carboxylate (149) 

(0.2 mmol, 16 %), lR 1.8 min; and a second, more polar component likely to be ethyl 5,6,7, 

8,9,1O,11,12-octahydro-7-oxobenzocyclodecene-12-carboxylate (150) (0.3 mmol, 23 %), 

tR 2.9 min. GC-MS analysis suggested the presence of the following compounds: 

Compound 

Tetralone (149) 

Ketone (150) 19.0 

Interpreted spectroscopic peaks 

218 (60 %, M - CH2=CHCH2CH3), 172 (100, M - EtOH -

CH2=CHCH2CH3)· 

274 (20 %, M+), 228 (M - EtOH), 201 (50, M - C02Et), 

200 (60, M - HC~Et). 

Preparation of ethyl 1-(3-iodopropyI)-2-tetralone-1-carboxylate (152) 

(111) 

EthyI2-tetralone-l-carboxylate (111) (2.0 g, 9.1 mmol) in TIIF (10 cm3) was added to a 

stirred suspension of sodium hydride (60 %; 0.4 g, 10 mmol) and HMPA (2 cm3, 2 g, 11 

mmol) in TIIF (10 cm3) under an atmosphere of nitrogen. After stirring for 1.0 h, 1,3-di

iodopropane (2.0 cm3, 5.2 g, 17 mmol) was added. The solution was heated at reflux for 2 h 

and allowed to stir overnight. The mixture was taken up in diethyl ether (100 crn3) and 

washed with water (10 x 5 cm3), dried over potassium carbonate, and the solvent was 

removed in vacuo to give a brown oil. Dry flash chromatography on silica gel with petrol 

(b.p. 4O-60°C): ethyl acetate as eluent gave ethyll-(3-iodopropyl)-2-tetralone-l-carboxylate 

(152) (1.2 g, 3.2 mmol, 35 %) as a yellow oil, RC [silica, petrol (b.p. 4O-60°C): ethyl 

acetate (9: 1)] 0.40. 

Umax (neat) 3060, 2960 (C-H), 1738 (ester and ketone C=O), 1634, and 1488 (arene C-C) 

cm- I 

OH (250 MHz) 7.30-7.06 (4 H, m, 5-H, 6-H, 7-H, and SoH), 4.10 (2 H, q, J = 7.1 Hz, 1-

C02CH2CH3), 3.14-2.91 (4 H, m, 4-H and l-CH2CH2CH2I), 2.66-2.04 (2 H, rn, 3-H), 
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2.31-2.04 (2 H, m, l-CH2CH2CH2I), 1.52-1.29 (2 H, m, l-CH2CH2CH21), and 1.13 (3 

H, t, J = 7.1 Hz, l-C~CH2CH3). 

lie (62.5 MHz) 208.2 (2-C), 170.6 (l-C02Et), 136.2 and 135.5 (8a-C and 4a-C), 128.4, 

127.5, 127.3 and 126.6 (5-C, 6-C, 7-C and 8-C), 62.1 (l-C), 61.7 (I-C02CH2CH3), 39.0 

(l-CH2CH2CH2I), 37.0 (4-C), 28.4 (I-CH2CH2CH21), 27.8 (3-C), 13.7 (l

C~CH2CH3), and 5.5 (l-CH2CH2CH2I). 

m/z (E.I.) 386.0328 (M+, 3 %, Cl6H19031 requires 386.0381),·259 (20, M - I), 217 (28, M 

- CH2CH2CH2I), and 185 (M - I - HC02Et). 

Repetition on the same scale gave ethyll-(3-iodopropyl)-2-tetraIone-l-carboxylate 

(152) (1.2 g, 3.2 mmol, 35 %). Repetition on a larger scale using ethyI2-tetraIone-l

carboxylate (111) (6.2 g, 29 mmol) gave ethyll-(3-iodopropyl)-2-tetralone-l-carboxylate 

(152) (4.4 g, 11 mmol, 40 %). 

Preparation of ethyl 2,3,3a,4,5,9b-hexahydro-3a-hydroxy-(IH)-benz[e]

indene-9b-carboxylate (151) 

1. SmliTHF 
2. H20 W

Et02C (CH2hl 

~ 0 

~I . ---

(152) 

Ethyll-(3-iodopropyl)-2-tetralone-l-carboxylate (152) (2.6 g, 6.8 mmol) in THF (10 cm3) 

was added slowly to a stirred solution of samarium (11) iodide in THF (0.1 M; 150 cm3, 15 

mmol) under an atmosphere of argon at _60°C and the solution was allowed to warm to room 

temperature overnight. The solution was poured into saturated aqueous potassium carbonate 

(50 cm3). The phases were separated and the aqueous phase was extracted with diethyl ether 

(2 x 15 cm3). The combined organic phases were washed with saturated aqueous sodium 

thiosulfate (l0 cm3) and water (10 cm3). The solution was dried (magnesium sulfate) and the 

solvent was removed in vacuo to give an orange liquid. The procedure was repeated using 

ethyll-(3-iodopropyl)-2-tetralone-l-carboxylate (152) (1.7 g, 4.4 mmol) in THF (IO cm3) 

and samarium (11) iodide in THF (0.1 M; 98 cm3, 9.8 mmol), and the crude products were 

combined. Dry flash chromatography on silica gel with petrol (b.p. 4O-60°C): ethyl acetate 

as eluent gave ethyl 2,3 ,3a,4,5,9b-hexahydro-3a-hydroxy-(l H )-benz[ eJindene-9b

carboxylate (151) (1.5 g, 5.8 mmol, 52 %) as a brown oil, Rc [silica, petrol (b.p. 40-
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60°C): ethyl acetale (1:1)] 0.16. On cooling in a refrigerator for several weeks, the oil 

solidified 10 give lighl brown crystals, m.p. 42-47°C. 

Found C, 73.2 ; H, 7.8 %. C!6H2003 requires C, 73.8; H, 7.7 %. 

Umax (neal) 3542 (br, O-H), 2959 (C-H), 1723 (esler C=O), and 1451 (arene C-C) cm-! 

OH (250 MHz) 7.36-7.25 (1 H, m, 9-H), 7.19-7.06 (3 H, m, 6-H, 7-H, and 8-H), 4.14 (2 

H, 2 q, J = 7.1 Hz, 9b-C02CH2CH3, E and Z), 2.98-2.77 (2 H, m, 5-H), 2.80-2.40 (1 H, 

br s, D20 ex., 3a-0H), 2.33-2.28 (1 H, m, I-H), 2.11-1.76 (7 H, m, I-H, 2-H, 3-H and 4-

H), and 1.20 (3 H, I, J = 7.1 Hz, 9b-C02CH2CH3). 

Oe (62.5 MHz) 174.6 (9b-C02Et), 138.1 and 135.6 (5a-C and 9a-C), 128.7, 128.0, 126.6 

and 126.4 (6-C, 7-C, 8-C and 9-C), 81.1 (3a-C), 77.1 (9b-C), 61.0 (9b-C~CH2CH3), 

37.0 (2 signals), 31.7, and 27.6 (I-C, 3-C, 4-C and 5-C), 20.9 (2-C), and 14.1 (9b

C02CH2CH3)· 

mlz (E.!.) 260.1501 (2 %, M+, Cl6li2003 requires 260.1412), 243 (3, M - OH), 242 (15, 

M - H20), 170 (23, M - OH - C~EI), 169 (100, M - H20 ~ C~EI), and 168 (25, M - H20 

-HC~EI). 

Repetition on a larger scale using ethyl 1-(3-iodopropyl)-2-tetralone-l-carboxylate 

(152) (4.4 g, 11 mmol) and generating the samarium (Il) iodide from samarium (2.0 g, 14 

mmol) and di-iodomethane (3.3 g, 13 mmol) gave ethyI2,3,3a,4,5,9b-hexahydro-3a

hydroxy-(lH )-benz[e]indene-9b-carboxylate (151) (51 %). 

Ring opening of ethyl 2,3,3a,4,5,9b-hexahydro-3a-hydroxy-(lH)-benz

[e]indene-9b-carboxylate (151) [1] 

1. Phl(OAc)t It (CH2)sI hu 

2. BIJ3SnHl AIBNI (CH2)sI hu 
(151) 

Ethyl 2,3,3a,4,5,9b-hexahydro-3a-hydroxy-(IH}-benz[e]indene-9b-carboxylate (151) (0.3 

g, 1.0 mmol), iodobenzene diacetate (0.4 g, 1.1 mmol) and iodine (0.3 g, 1.0 mmol) in 

cyclohexane (100 cm3) were irradiated, under an atmosphere of argon for 2.5 h (until the IR 

spectrum of the crude product showed consumption of the alcohol). The solution was poured 
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into water (20 cm3) and the phases were separated. The aqueous phase was extracted with 

dichloromethane (3 x 30 cm3). The combined organic phases were washed with saturated 

aqueous sodium thiosulfate (20 cm3) and water, then dried over magnesium sulfate. 

Removal of solvent in vacuo gave an oil, which was taken up in cyclohexane (25 cm3). 

Tributylstannane (0.4 g, 1.5 mmol) and AmN (16 mg) were added and the solution was 

irradiated, under an atmosphere of argon for 1.5 h. Removal of solvent in vacuo gave an oil. 

Dry flash chromatography on silica gel with petrol (b.p. 4O-60°C): ethyl acetate as eluent 

and preparative nc on silica gel with petrol (h.p. 4O-60°C): ethyl acetate (2:1) as eluent 

gave ethyl 7,8,9,JO-tetrahydro-9-oxo-( 1 H)-benzocyclononene-5.-carboxylate (155) (0.1 g, 

0.5 mmol, 50 %) as an orange oil, RC 0.20. 

"\}max (neat) 2978, 2958, 2936, 2873 (C-H), 1711 (a!3-unsaturated ester C=O), 1706 

(shoulder, ketone C=O), 1640 (styrene C=C), and 1453 (arene C-C) cm-l 

BH (400 MHz) 7.31-7.19 (3 H, m, I-H, 2-H, and 3-H), 7.13-7.06 (1 H, m, 6-H), 7.04-

7.02 (1 H, m, 4-H), 4.14 (2 H, q, J = 7.1 Hz, 5-C02CH2CH3), 2.98-2.92 (1 H, m, II-H), 

2.71-2.42 (5 H, m, l1-H, lO-H and 8-H), 2.38-2.28 and 2.16-2.02 (2 H, 2 m, 7-H), and 

1.21 (3 H, t, J = 7.1 Hz,5-COzCH2CH3). 

The assigned structure was confirmed by lH_lH and nOe difference spectroscopy. 

Bc (62.5 MHz) 211.9 (9-C), 166.4 (5-C02Et), 142.4 (6-C), 140.2 (5-C), 134.6 and 134.0 

(4a-C and l1a-C), 129.5 (2 signals), 128.4 and 126.5 (I-C, 2-C, 3-C and 4-C), 60.9 (5-

C02CH2CH3), 43.7 and 42.6 (7-C and H-C), 29.4 and 23.9 (8-C and lO-C), and 14.2 (5-

C02CH2CH3)· 

mlz (E.I.) 213.0892 (M - EtO, 18 %, Cl4H130z requires 213.0915), 212 (lOO, M - EtOH), 

185 (31, M - COzEt), and 184 (14, M - HCOzEt). 

Repetition on a larger scale using ethyI2,3,3a,4,5,9b-hexahydro-3a-hydroxy-(1H)

benz[e]indene-9b-carboxylate (151) (0.6 g, 2.3 mmol) at twice the concentration gave ethyl 

7 ,8,9,lO-tetrahydro-9-oxo-(1H)-benzocyclononene-5-carboxylate (155) (0.1 g, 0.4 mmol, 

19 %). 
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Ring opening of ethyl 2,3,3a,4,5,9b-hexahydro-3a-hydroxy-(1H)-benz

[elindene-9b-carboxylate (151) [2] 

m OH 
.. ,,""',. '" '''''''' "" 

(151) 

C02Et 

(155) ° 
Ethyl 2,3,3a,4,S,9b-hexahydro-3a-hydroxy-(1H)-benz[e]indene-9b-carboxylate (151) (0.3 

g, 1.0 mmol), iodobenzene diacetate (0.4 g, 1.1 mmol) and iodine (0.3 g, 1.0 mmol) in 

cyclohexane (lOO cm3) were irradiated, under an atmosphere of argon, for 4 h. The solution 

was poured into saturated aqueous sodium thiosulfate (20 cm3) and the phases were 

separated. The aqueous phase was extracted with diethyl ether (3 x 30 cm3). The combined 

organic phases were dried over magnesium sulfate and the solvent was removed in vacuo 

gave an oil. The procedure was repeated twice using ethyI2,3,3a,4,S,9b-hexahydro-3a

hydroxy-(IH)-benz[e]indene-9b-carboxylate (151) (0.3 g, 1.0 mmol and 0.2 g, 0.9 mmol 

respectively) and the crude products were combined. Dry flash chromatography on silica gel 

with petrol (h.p. 40-60°C): ethyl acetate as eluent gave ethyl 7,8,9,IO-tetrahydro-9-oxo-(1 

H)-benzocyclononene-S-carboxylate (155) (0.3 g, 1.3 mmol, 4S %) as an orange oil, Rc 

[petrol (b.p. 40-60°C): ethyl acetate (2: I)] 0.20 with NMR spectroscopic data asreponed 

above. 

Preparation of ethyl 1-(4-iodobutyl)-2-tetralone-I-carboxylate (166) 

EI02C (CH2).1 

7~O 
6~3 

5 4 

(148) (166) 

Ethyll-(4-bromobutyl)-2-tetralone-I-carboxylate (148) (0.9 g, 2.7 mmol) and sodium 

iodide (0.4 g, 2.7 mmol) in butanone (SO cm3) were heated at reflux for S h and allowed to 

cool. The solution was filtered and washed with aqueous sodium sulphite and brine. The 

solution was dried over magnesium sulfate and the solvent was removed in vacuo to give 

ethyll-(4-iodobutyl)·2-tetralone-l-carboxylate (166) as a red liquid (1.0 g, 2.S mmol, 94 

%), Rr[silica, petrol (b.p. 40-60 CC): ethyl acetate (3:1)] 0.61. 
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'\)max (neat) 2988, 2977, 2938 (C-H), 1737 (ester C=O), 1728 (ketone C=O), 1646, and 

1600 (arene C-C) cm-! 

OH (250 MHz) 7.25-7.18 (4 H, m, 5-H, 6-H, 7-H, and 8-H), 4.39 (2 H, q, J = 7.1Hz, 1-

C02CH2CH3), 3:26-3.17 (2 H, m, l-CH2CH2CH2CH2I), 2.82 (2 H, t, J = 7.5 Hz, 4-H), 

2.53 (2 H, t, J = 7.5 Hz, 3-H), 1.97-1.91 (4 H, m, 1-CH2CH2CH2CH2D, 1.45 (3 H, t, J = 

7.1 Hz, 1-C02CH2CH3), and 1.23-1.09 (2 H, m, 1-CH2CH2CH2CH2I). 

Oe (62.5 MHz) 208.2 (2-C), 178.4 (l-C02Et), 133.2 and 128.5. (4a-C and 8a-C), 126.8, 

127.9, 125.8 and 124.9 (5-C, 6-C, 7-C and 8-C), 63.8 (I-C), 61.0 (I-C02CH2CH3), 39.3 

(1-CH2CH2CH2CH2D, 33.8 (4-C), 29.5 and 25.2 (1-CH2CH2CH2CH2D, 27.8 (3-C), 

14.3 (l-C02CH2CH3), and 4.9 (l-CH2CH2CH2CH2I). 

Attempted ring expansion of ethyl 1-(3-iodopropyl)-2-tetralone-l

carboxylate (152) 

Et02C (CH2),1 roe BU3SnHI AIBNI MePh • 

(152) 

Tributylstannane (1.1 g, 3.6 mmol) in toluene (20 cm3) was added by syringe pump, under 

an atmosphere of nitrogen, to a refluxing solution of ethyl1-(3-iodopropyl)-2-tetralone-1-

carboxylate (152) (0.7 g, 1.8 mmol) and AmN (ca. 2 mg) in toluene (120 cm3) over 5 h 

([tributylstannane] ca. 5.8 mM). A further portion of AmN (50 mg) was added, followed by 

syringe pump addition of a further portion of tributylstannane (1.1 g, 3.6 mmol) in toluene 

(20 cm3) over 5 h. The solution was allowed to reflux for a further 1 h, and then the solvent 

was removed in vacuo to give an orange liquid. Repetitive dry flash chromatography on 
silica gel with petrol (b.p. 40-60°C): ethyl acetate as eluent gave an impure sample of ethyl 1-

propyl-2-tetralone-1-carboxylate (167) (0.041 g,O.15 mmol,8 %) as a yellow oil, Rr 
[petrol (b.p. 40-60°C): ethyl acetate (9:1)] 0.36, with spectra as reponed below. 

The procedure was repeated under the same conditions. Analysis of the 13C and IH 

NMR spectra of the crude product indicated the presence of one ester only. HPLC analysis 

with methanol: water (70:30) as eluent, against a standard prepared as described below, 

indicated the presence of ethyll-propyl-2-tetralone-l-carboxylate (167) (21 %). The identity 

of the product was conf"Irmed by gas chromatography [on a Pye Unicam Series 104 
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Chromatograph at 218°C on a 3 % Apiewn L column, with nitrogen as the carrier gas (40 

cm3 min- I ) and flame ionisation detection] (lR 3.9 min.) and GC-MS analysis. 

Preparation of ethyl I-propyl-2-tetralone-l-carboxylate (167) 

cer
e02Et 1. NaHlDMPU/THF 

'/ OH 2. Prl , I -...::: • 
~ 

(111) 

EthyI2-tetralone-l-carboxylate (Ill) (3.0 g, 14 mmol) in TIfF (25 cm3) was added to a 

stirred suspension of sodium hydride (60 %; 0.6 g, 15 mmol) and DMPU (2.0 cm3, 2.1 g, 

17 mmol) in TIfF (8 cm3) under an atmosphere of nitrogen. After stirring for 1.0 h, l-iodo

propane (2.5 cm3, 4.4 g, 26 mmol) was added and the solution was heated at reflux for 7 h. 

After stirring at room temperature overnight, the mixture was poured into diethyl ether (100 

cm3), washed with water (5 x 6 cm3), and dried over magnesium sulfate. The solvent was 

removed in vacuo to give an orange oil. Dry flash chromatography on silica gel with petrol 

(b.p. 40-60°C): ethyl acetate as eluent gave ethyl 1-propyl-2-tetralone-l-carboxylate (167) 

(0.7 g, 2.8 mmol, 20 %) as a yellow oil, RC [silica, petrol (b.p. 4O-60°C): ethyl acetate (9:1)] 

0.23. 

Found: C, 73.2; H, 7.75 %. Cl6Ii2003 requires C, 73.8; H, 7.7 %. 

U max (neat) 3063, 2970, 2871 (C-H), 1735 (ester C=O), 1715 (ketone C=O), 1636, 1576, 

1490,1457, and 1442 (arene C-C) cm-l 

OH (250 MHz) 7.36-7.20 (4 H, m, 8-H, 7-H, 6-H and 5-H), 4.06 (2 H, q, J = 7.1 Hz, 

l-C02CH2CH3), 3.12-2.87 (4 H, m, 4-H and l-CH2CH2CH3), 2.67-2.52 (4 H, m, 3-H 

and l-CH2CH2CH3), 1.11 (3 H, t, J = 7.1 Hz, l-C~CH2CH3), and 0.82 (3 H, t, J = 7.3 

Hz, l-CH2CH2CH3). 

Oc (62.5 MHz) 209.0 (2-C), 171.2 (l-C02Et), 136.4 (8a-C), 128.4, 127.3, 127.2 and 

127.0 (5-C, 6-C, 7-C and 8-C), 119.3 (4a-C), 62.9 (l-C), 61.6 (l-C~CH2CH3), 39.3 (2 

signals, l-CH2CH2CH3 and 4-C), 28.0 (3-C), 17.6 (l-CH2CH2CH3), 14.4 and 14.1 (1-

C02CH2CH3 and l-CH2CH2CH3). 
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mlz (E.I.) 260.1455 (M+, 37 %, C!6fi2003 requires 260.1412), 218 (66, M -

CH2=CHCH3), 217 (90, M - CH2CH2CH3), 187 (90, M - COzEt), 143 (29, M - HC02Et

CH2CH2CH3)· 

Preparation of ethyl 2-(3-iodopropyI)-I-tetralone-2-carboxylate (168) 

o 

roC02Et 
'7

1 
~ 

(122b) 

1. NaHlHMPAlTIlF 
2.I(CH2bl 

• 

o 

Ethyll-tetralone-2-carboxylate (122b) (2.1 g, 9.4 mmol) in TIIF (7 cm3) was added to a 

stirred suspension of sodium hydride (60 %; 004 g, 11 mmol) and HMPA (2 cm3, 2 g, 11 

mmol) in TIIF (12 cm3) under an atmosphere of nitrogen. After stirring for 1.0 h, 1,3-di

iodopropane (2.0 cm3, 5.2 g, 17 mmol) was added and the solution was heated at reflux for 

2 h and allowed to stir overnight The mixture was taken up in diethyl ether (100 cm3), 

washed with water (5 x 5 cm3), and dried over potassium carbonate. The solvent was 

removed in vacuo to give a yellow oil. Dry flash chromatography on silica gel with petrol 

(b.p. 4O-60°C): ethyl acetate as eluent gave ethyI2-(3-iodopropyl)-1-tetralone-2-carboxylate 

(168) (1.2 g, 3.0 mmol, 32 %) as a yellow oil, RC [silica, petrol (b.p. 40-60°C): ethyl 

acetate (9:1)] 0.22. 

Umax (neat) 3064, 2976 (C-H), 1724 (ester C=O), 1682 (a-aryl ketone C=O), 1600 (arene 

C-C), and 1450 cm-! 

OH (250 MHz) 8.04 (1 H, dd, J = lA Hz, J = 7.8 Hz, 8-H), 7046 (1 H, dt, Jd = 6.0 Hz,1t 

= 7.5 Hz, 6-H), 7.34-7.20 (2 H, m, 7-H and 5-H), 4.15 (2 H, q, J = 7.1 Hz, 2-

C02CH2CH3), 3.21 and 3.18 (2 H, 2 q, JAB = 4.3 Hz, 2-CH2CH2CH2I), 3.03-2.95 (2 H, 

m, 4-H), 2.60-2.52 (1 H, m, 3-H), 2.18-1.96 (5 H, m, 3-H and 2-CH2CH2CH2I), and 

1.17 (3 H, t, J = 7.1 Hz, 2-COzCH2CH3). 

Oc (62.5 MHz) 195.3 (l-C), 172.0 (2-C02Et), 142.9 and 132.0 (8a-C and 4a-C), 133.5, 

128.7,128.0,126.8 (5-C, 6-C, 7-C and 8-C), 61.4 (2-C02CH2CH3), 57.0 (2-C), 35.0 (2-

CH2CH2CH2I), 30.9 (4-C), 29.0 (2-CH2CH2CH2I), 25.9 (3-C), 14.1 (2-COzCH2CH3), 

and 6.3 (2-CH2CH2CH2I). 
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mlz (E.!.) 386.0366 (M+, 3 %, C16H19031 requires 386.0381), 259 (9, M - I), 218 (28, M 

- CH2=CHCH2I), 217 (41, M - CH2CH2CH2I), 186 (16, M - I - C~Et), 185 (10, M -

HC02Et), and 118 [100, M - CH2=C(C~Et)CH2CH2CH2I]. 

Preparation of ethyl 2,3,3a,4,5,9b-hexahydro-9b-hydroxy-(3H)

benz[e]indene-3a-carboxylate (169) 

2 

1. Srnl:!" THF 
2. H20 

6 5 

(168) (169) 

To samarium powder (40 mesh; 1.2 g, 8.1 mmol), flame-dried and cooled under an 

atmosphere of argon, in THF (3 cm3) was added di-iodoethane (1.7 g, 6.0 mmol) in THF (3 

cm3). The solution was stirred at room temperature for 1 h and then cooled to -78°C. Ethyl 

2-(3-iodopropyl)-I-tetralone-2-carboxylate (168) (1.2 g, 3.0 mmol) in TIIF (5 cm3) was 

added slowly and the solution was allowed to warm to room temperature, with stirring, 

overnight The solution was poured into aqueous potassium carbonate (1 M; 100 cm3) and 

extracted with diethyl ether (5 x 50 cm3)._The combined extracts were dried o~er potassium 

carbonate and the solvent was removed in vacuo to give an orange liquid. Dry flash 

chromatography on silica gel with petrol (b.p. 40-60°C): ethyl acetate as eluent gave ethyl 

2,3 ,3a,4,5 ,9b-hexahydro-9b-hydroxy-( 3H )-benz[ e Jindene-3a-carboxylate (169) (0.2 g, 0.8 

mmol,28 %) as a yellow oil, Rf [silica, petrol (b.p. 40-60°C): ethyl acetate (1:1)] 0.70. 

llmax (neat) 3500 (br, O-H), 2948 (C-H), 1720 (ester C=O), and 1450 (arene C-C) cm-l 

OH (250 MHz) 7.66 (1 H, dd, J = 1.4 Hz, J = 7.7 Hz, 9-H), 7.22-7.03 (2 H, m, 7-H and 8-

H), 7.02 (1 H, d, J = 5.8 Hz, 6-H), 4.18 and 4.17 (2 H, 2 q, J = 7.1 Hz, 3a

C02CH2CH3, E and 2), 4.31-4.13 (1 H, br s, D20 ex., 9b-OH), 2.78-2.72 (2 H, m, 5-H), 

2.46-1.85 (8 H, m, I-H, 2-H, 3-H and 4-H), and 1.26 (3 H, t, J = 7.1 Hz, 3a

C02CH2CH3)· 

OC (62.5 MHz) 176.7 (3a-C02Et), 142.0 and 133.9 (5a-C and 9a-C), 127.9, 126.9, 126.8 

and 126.7 (6-C, 7-C, 8-C and 9-C), 82.0 (9b-C), 60.7 (3a-C~CH2CH3), 56.0 (3a-C), 

41.9,34.9, 31.9 and 27.0 (1~C, 3-C, 4-C and 5-C), 20.5 (2-C), and 14.2 (3a

C02CH2CH3)· 
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mlz (E.I.) 243.1321 (6 %, M - OH, Cl/,Hl902 requires 243.1385), 242 (31, M - H20), 218 

[4, M - (CH2h], and 169 (lOO, M - H20 - C02Et). 

Repetition on a similar scale using ethyI2-(3-iodopropyl)-I-tetralone-2-carboxylate 

(168) (1.3 g, 3.4 mmol) gave ethyl 2,3,3a,4,5,9b-hexahydro-9b-hydroxy-(3H)-benz[e]

indene-3a-carboxylate (169) (0.7 g, 2.8 mmol, 80 %). 

Attempted formation of, and photolysis of, the hypoiodite of ethyl 2,3, 

3a,4,5,9 b-hexahyd ro-9b- hydroxy -(3H) - benz[ e] in den e.r3a-ca r boxyla te (169) 

HgO/I2" MePhl hu 
C02Et • 

(169) 

6 5 

(170) 

2 

Ethyl 2,3,3a,4,5,9b-hexahydro-9b-hydroxy-(3H)-benz[ e ]indene-3a-carboxylate (169) (0.1 

g, 0.4 mmol), mercury (II) oxide (0.3 g, 1 mmol) and iodine (0.3 g, 1 mmol) in toluene (70 

cm3) were irradiated, under an atmosphere of nitrogen, in a Hanovia UVS 100 medium 

pressure lamp for 2 h. The solution was filtered through Fluka Hyflo Super Cel, which was 

washed with petrol (b.p. 4O-60°C) (130 cm3). The combined ftltrate and washings were 

washed with saturated aqueous sodium thiosulfate (4 x 25 cm3) and dried over magnesium 

sulfate. Removal of solvent in vacuo gave an oil. Preparative nc on silica gel with petrol 

(b.p. 40-60°C): ethyl acetate (9:1) as eluent gave ethyI2.3a.4,5-tetrahydro-(3H)-benz[eJ

indene-3a-carboxylate (170) (0.035 g, 0.14 mmol, 38 %) as an orange oil, Re 0.50. 

Umax (neat) 3052, 2948 (C-H), 1722 (ester C=O), 1688 (shoulder, 5-membered ring styrene 

C=C), and 1482 (arene C-C) cm-l 

OH (250 MHz) 7.59 (I H, dt, Id = 6.5 Hz, It = 2.6 Hz, 9-H), 7.16-7.05 (3 H, m, 6-H. 7-H 

and 8-H), 6.25 (I H, t, I = 2.6 Hz, I-H), 4.07 (2 H, q, I = 7.1 Hz, 3a-C02CH2CH3), 

. 2.82-2.80 (2 H, m, 5-H), 2.60-2.40 (4 H, m, 2-H and 4-H), 1.96-1.88 and 1.74-1.63 (2 

H, 2 m, 3-H), and 1.15 (3 H, t, I = 7.1 Hz, 3a-C02CH2CH3). 

OC (62.5 MHz) 176.0 (3a-C02Et), 141.1, 135.5 and 132.0 (5a-C, 9a-C and 9b-C), 128.9, 

127.1,125.9 and 125.1 (9-C, 8-C, 7-C and 6-C), 124.7 (I-C), 60.5 (3a-CQzCH2CH3), 

56.5 (3a-C), 38.3 and 33.4 (2-C and 5-C), 31.1 and 28.0 (3-C and 4-C), and 14.2 (3a

C02CH2CH3)· 
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mlz (E.I.) 242.1290 (16 %, M+, Cl()HlS02 requires 242.1307),170 (50, M - CH2=CH2-

CD2), 169 (100, M - CD2Et), and 168 (36, M - HCD2Et). 

Dehydration of ethyl 2,3,3a,4,5,9b-hexahydro-9b-hYdroxy-(3H)-benz

[e]indene-3a-carboxylate (169~ 

C02Et 
p-TSAlMePh 

• 

(169) 

6 5 

(170) 

2 

Ethyl 2,3,3a,4,5,9b-hexahydro-9b-hydroxy-(3H)-benz[e]indene-3a-carboxylate (169) (0.2 

g, 0.8 mmol) andp-toluenesulfonic acid (0.2 g) in toluene (40 ml) were heated at reflux 

using a Dean-Stark water separator for 6 h and allowed to cool. The solution was washed 

with saturated aqueous sodium bicarbonate and dried over magnesium sulfate. Removal of 

solvent gave a brown oil. Preparative nc on silica gel with petrol (b.p. 4O-60°C): ethyl 

acetate (9:1) as eluent gave ethy12,3a,4,5-tetrahydro-(3H)-benz[e]indene-3a-carboxylate 

(170) (0.05 g, 0.2 mmol, 27 %) as an orange oil, RC 0.50, with spectroscopic data identical 

. to those quoted above .. 

Formation of, and photolysis of, the hypoiodite of ethyl 2,3,3a,4,5,9b

hexahydro-9b-hydroxy-(3H)-benz[e]indene-3a-carboxylate (169) 

CO,Et • 

(169) 

CO,Et + 

(170) o 

7 C02Et roCH2lal 

+ ~ I 
(168) 

o 

Ethyl 2,3,3a,4,5,9b-hexahydro-9b-hydroxy-(1H)-benz[e]indene-3a-carboxylate (169) (0.3 

g, 1.0 mmol), iodobenzene diacetate (0.4 g, 1.1 mmol) and iodine (0.3 g, 1.0 mmol) in 

cyclohexane (100 6m3) were irradiated, under an atmosphere' of argon, for 4 h, when the IR 

spectrum of the crude product showed consumption of starting material. The solution was 

poured into saturated aqueous sodium thiosulfate (20 cm3) and the phases were separated. 
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The aqueous phase was extracted with diethyl ether (3 x 20 cm3). The combined organic 

phases were dried over magnesium sulfate and the solvent was removed in vacuo gave an 

oil. Dry flash chromatography (twice) on silica gel with petrol (b.p. 40-60°C): ethyl acetate 

as eluent, and preparative TLC on silica gel with petrol (b.p. 4O-60°C): ethyl acetate (4: 1) as 

eluent, gave a yellow oil (45 mg), Rc 0.72. The NMR spectra of the product showed the 

presence of more than one compound. GC-MS analysis suggested the presence of the 

following compounds: 

Compound 

Iodide (168) 

Styrene (170) 

Iodide (171) ~ 

Interpreted spectroscopic peaks 

258 (5 %, M - HD, 217 (60, M-

CH2CH2CH2I), 185 (35, M - C02Et), 118 

[lOO, M - CH2=C(C02Et)CH2CH2CH2I]. 

10.9 242 (35 %, M+), 169 (100, M - C~Et). 

15.1 386 (10 %, M+), 185 (70, M - I - C~Et). 

Preparation of methyl 2-methoxycarbonylphenoxyacetate (177)97 

((

C02Me 
71 
~ OH 

BrCH,co2Mel K2COal Me,CO 
• 

6 
5~C02Me 

4~o~C02Me 
(177) 

Methyl salicylate (16.8 g, 110 mmol), methyl bromoacetate (12.5 cm3, 20.2 g, 132 mmol), 

and potassium carbonate (50.4 g, 364 mmol) in acetone (200 cm3) were heated at reflux for 

5 h. The solution was fIltered. The solvent was removed in vacuo and poured into water 

(100 cm3). The aqueous solution was extracted with diethyl ether (4 x 100 cm3). The 

combined extracts were dried over magnesium sulfate and the solvent was removed in vacuo 

to give methyl2-methoxycarbonylphenoxyacetate (177) (25.1 g, 110 mmol, 100 %) 

practically pure as a pale yellow oil, RC [silica, toluene: glacial acetic acid (9:1)] 0.27. The 

compound was used without further purification. 

Found C, 58.55; H, 5.4 %. CllH120S requires C, 58.9; H, 5.4 %. 

Umax (neat) 3000,2960 (C-H), 1770, 1730 (ester C=O), 1600, 1580, 1500, and 1450 

(arene C-C) cm- l 

OH (250 MHz) 7.83 (1 H, dd, 1 = 1.8 Hz, 1 = 7.7 Hz, 6-H), 7.44 (1 H, dt, Id = 1.8 Hz, 11 

= 4.6 Hz, 4-H), 7.04 (1 H, dt, Id = 0.8 Hz, 11 = 7.6 Hz, 5-H), 6.88 (lH, d, 1 = 8.4 Hz, 3-
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H), 4.73 (2 H, s, 2-0ClhC02Me), 3.89 (3 H, s, l-C02Me), and 3.78 (3 H, s, 2-

OCH2C02Me). 

Oc (62.5 MHz) 169.1 (1-C02Me), 166.3 (2-0CH2C02Me), 157.4 (1-C), 133.5, 131.9, 

121.7, and 114.2 (6-C, 5-C, 4-C, and 3-C), 121.2 (2-C), 66.5 (2-0CH2C02Me), 52.3 (1-

C02Me), and 52.1 (2-0CH2C02Me). 

mlz (E.1.) 224.0692 (26 %, M+, CnH120S requires 224.0685),193 (17, M - MeO), 192 

(34, M - MeOH), and 165 (100, M - C02Me). 

Repetition on a larger scale using methyl salicylate (25.0 g, 164 mmol) gave methyl 2-

methoxycarbonylphenoxyacetate (177) (26.2 g, 117 mmol, 71 %). 

Preparation of methyl 3-hydroxybenzo[b]furan-2-carboxylate (176)97 

C02Me 

(177) (176) 

Methyl2-methoxycarbonylphenoxyacetate (177) (24.4 g, 109 mmol) was added, under an 

atmosphere of nitrogen, to a stirred suspension of sodium (2.5 g, 109 mmol) in toluene (120 

cm3). The solution was allowed to reflux for 3 h and allowed to stand overnight. The 

resultant semi-solid was evaporated to dryness and taken up in dilute hydrochloric acid (500 

cm3). The aqueous solution was extracted with toluene (5 x 100 cm3). The combined 

extracts were dried over magnesium sulfate and evaporated to dryness. Recrystaliisaion of 

the resultant solid from petrol (b.p. 60-80°C): ethyl acetate gave methyI3-hydroxybenzo[b]

furan-2-carboxylate (176) (7.7 g, 40 mmol, 37 %), as a yellow solid, m.p. 97-100°C (lit.97 

95-97°C), Rf [silica, petrol (b.p. 4O-60°C): ethyl acetate (1:1)] 0.51. 

Found C, 62.4; H, 4.2 %. ClOHg04 requires C, 62.5; H, 4.2 %. 

Umax (KBr disc) 3360 (br, O-H), 3080, 3040, 2960 (C-H), 1680 (arene ester C=O), 1610, 

1580, 1500, and 1450 (arene C-C) cm- l 

OH (250 MHz) 8.20-8.00 (1 H, br s, D20 ex., 3-0H), 7.76-7.68 (1 H, m, 4-H), 7.50-7.47 

(1 H, rn, 6-H), 7.33-7.27 (2 H, rn, 7-H and 5-H), and 4.01 (3 H, s, 2-C02Me). 
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Oc (62.5 MHz) 153.7 (2-C02Me), 139.2, 135.1, 132.8, and 113.5 (2-C, 3-C, 3a-C and 7a

C), 129.4, 123.2, 120.6, and 112.6 (7-C, 6-C, 5-C, and 4-C), and 52.1 (2-C(hMe). 

mlz (E.I.) 192.0405 (77 %, M+, ClOHg04 requires 192.0423), 161 (17, M - MeO), and 

160 (lOO, M - MeOH). 

Repetition on a similar scale using methyl2-methoxycarbonylphenoxyacetate (177) 

(26.2 g, 117 mmol) gave methyI3-hydroxybenzo[b]furan-2-carboxylate (176) (12.0 g, 

62.5 mmol, 54 %). 

Preparation of methyl 2-(3-iodopropyl)-2,3-dihydro-3-oxobenzo[b]furan-2-

carboxylate (178a) [1] 

OH 
1. NaHlHMPNTHF 5 4 

0 O(CH2lal 

OO-C02Me 
2. I(CH2bl .y 

C02Me + C02Me 

;::,... 0 
7 7 

(176) (178a) (179a) 

MethyI2-hydroxybenw[b]furan-2-carboxylate (176) (1.0 g, 5.2 mmol) was added to a 

stiITed suspension of sodium hydride (60 %; 0.2 g, 6 mmolfanrl IiMPA. (1 cm3, ig,6 

mmol) in THF (5 cm3) under an atmosphere of argon. After stirring for 1.0 h, 1,3-di-iodo

propane (2 cm3, 5 g, 17 mmol) was added and the solution was heated at reflux for 5 h, then 

allowed to stir overnight. The mixture was allowed to cool and taken up in diethyl ether (100 

cm3), washed with saturated sodium thiosulfate solution (3 x 10 cm3), washed with water (2 

x 10 cm3) and dried over potassium carbonate. The solvent was removed in vacuo [at r.t. 

(20 mm Hg) and at 80°C (3 mm Hg)] to give an orange liquid. Dry flash chromatography on 

silica gel with petrol (b.p. 4O-60°C): ethyl acetate as eluent gave methyI2-(3-iodopropyl)-

2,3-dihydro-3-oxobenzolblJuran-2-carboxylate (178a) (0.3 g, 1 mmol, 16 %) as a yellow 

liquid, Rr [petrol (b.p. 40-60°C): ethyl acetate (9:1)] 0.17, and methyI3-(3-iodopropyloxy)

benzoJuran-2-carboxylate (179a) (0.4 g, 1 mmol, 22 %) as a yellow solid, Rr [petrol (h.p. 

4O-60°C): ethyl acetate (9:1)] 0.25. Recrystallisation of the latter compound from petrol: 

diethyl ether gave flaky yellow prisms, m.p. 57-59°C. 

MethyI2-(3-iodopropyl)-2,3-dihydro-3-oxobenzolblJuran-2-carboxylate (178a) 

'Umax (neat) 2952 (C-H), 1754 (5-ring a-aryl ketone C=O and ester C=O), 1606, and 1474 

(arene C-C) cm-! 
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OH (250 MHz) 7.75-7.60 (2 H, m, 4-H and 6-H), 7.25-7.12 (2 H, m, 5-H and 7-H), 3.77 

(3 H, s, 2-C(hMe), 3.16 (2 H, t, J = 6.9 Hz, 2-CH2CH2CH2I), 2.50-2.38 and 2.23-2.11 

(2 H, 2 m, 2-CH2CH2CH2I), and 1.90 (2 H, qu, J = 6.9 Hz, 2-CH2CH2CH2I). 

Bc (62.5 MHz) 195.5 (3-C), 172.2 (2-C02Me), 166.0 and 119.3 (3a-C and 7a-C), 138.8, 

125.0, 122.9 and 113.6 (4-C, 5-C, 6-C and 7-C), 90.6 (2-C), 53.4 (2-C02Me), 34.9 (2-

CH2CH2CH2I), 27.3 (2-CH2CH2CH2I), and 4.7 (2-CH2CH2CH2I). 

mlz (E.l.) 359.9932 (100 %, M+, C13H13I04 requires 359.9860), and 233 (100, M - I). 

MethyI3-(3-iodopropyloxy)benzolblfuran-2-carboxylate (179a) 

Found C, 43.9; H, 3.6 %. C13H13I04 requires C, 43.4; H, 3.6 %. 

Umax (neat) 3060, 2948 (C-H), 1724 (ester C=O), 1594, and 1480 (arene C-C) cm-l 

OH (250 MHz) 7.80-7.73 (1 H, m, 4-H), 7.49-7.45 (2 H, m, 6-H and 5-H), 7.31-7.28 (1 

H, m, 7-H), 4.51 (2 H, t, J = 7.0 Hz, 3-0CH2CH2CH2I), 3.97 (3 H, s, 2-C(hMe), 3.30 

(2 H, t, J = 7.0 Hz, 3-0CH2CH2CH2I), and 2.28 (2 H, qu, J = 7.0 Hz, 3-

OCH2CH2CH2I). 

Bc (62.5 MHz) 159.6 (2-C(hMe), 153.2, 148.3, 131.5 and 122.3 (2-C, 3-C, 3a-C and 7a

C), 128.5, 123.3, 120.9 and 112.8 (4-C, 5-C, 6-C and 7-C), 73.6 (3-0CH2CH2CH2I), 

52.0 (2-C02Me), 33.5 (3-0CH2CH2CH2I), and 2.2 (3-0CH2CH2CH2I). 

mlz (E.!.) 359.9901 (68 %, M+, C13H13I04 requires 359.9860), and 233 (14, M - I). 

Preparation of methyl 2-(3-iodopropyI)-2,3-dihydro-3-oxobenzo[b)furan-2-
carboxylate (178a) [2) 

(175) 

1. NaOMeJ MeOH 
2.I(CH2bl 

MethyI2-hydroxybenzo[b)furan-2-carboxylate (176) (4.0 g, 21 mmol) was added to a 

stirred suspension of sodium hydride (60 %; 0.8 g, 22 mmol) in methanol (200 cm3) under 

an atmosphere of argon. After stirring at reflux for 1.0 h, 1,3-di-iodopropane (8 cm3, 21 g, 
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68 mmol) was added and the solution was heated at reflux for 5 h and allowed to stir 

overnight. The solvent was removed in vacuo [at r.t. (20 mm Hg) and at 70°C (2 mm Hg)] 

and the residue was taken up in diethyl ether (100 cm3), washed with saturated sodium 

thiosulfate solution (3 x 10 cm3), washed with water (2 x 10 cm3) and dried over 

magnesium sulfate. The solvent was removed in vacuo to give an orange liquid. Dry flash 

chromatography on silica gel with petrol (b.p. 40-60°C): ethyl acetate as eluent gave methyl 

2-(3-iodopropyl)-2,3-dihydro-3-oxobenzo[b]furan-2-ca:boxylate (178a) (1.5 g, 4.3 mmol, 

21 %) as a yellow liquid, Rr [petrol (b.p. 40-60°C): ethyl acetate (9:1)] 0.17, with NMR 

spectra as above, and methyl 3-(3-iodopropyloxy)benzo[b]furan-2-carboxylate ·(179a) (1.3 

g, 3.7 mmol, 18 %) as a yellow solid, Rr [petrol (b.p. 40-60°C): ethyl acetate (9:1)] 0.25, 

with NMR spectra as above. 

Preparation of methyl 2-(4-iodobutyl)-2,3-dihydro-3-oxobenzolb]furan-2-

carboxylate (178b) 

OH 0 
1. NaOMeI MeOH OO-C0

2
Me 

2.I(CH2).1 
C02Me + C02Me • 

~ 0 
7 7 

(176) (178b) (179b) 

MethyI2-hydroxybenzo[b]furan-2-carboxylate (176) (4.0 g, 21 mmol) in methanol (20 

cm3) was added to a stirred suspension of sodium hydride (60 %; 0.9 g, 23 mmol) in 

methanol (20 cm3) under an atmosphere of nitrogen. After stirring at reflux for 1.0 h, 1,4-

di-iodobutane (6 cm3, 14 g. 45 mmol) was added and the solution was heated at reflux for 6 

h. then allowed to stir overnight. The solution was concentrated in vacuo [at r.t. (20 mm Hg) 

and at 150°C (2 mm Hg)] and taken up in diethyl ether (lOO cm3). washed with saturated 

sodium thiosulfate solution (3 x 10 cm3). washed with water (6 x 5 cm3) and dried over 

magnesium sulfate. The solvent was removed in vacuo to give a red oil. Dry flash chromato

graphyon silica gel with petrol (b.p. 4O-60°C): ethyl acetate as eluent gave methyl 2-(4-

iodobutyl)-2.3-dihydro-3-oxobenzo[blJuran-2-carboxylate (178b) (0.5 g. lA mmol. 7 %) 

as a yellow liquid. Rr [petrol (b.p. 4O-60°C): ethyl acetate (9:1)] 0.15. and methyl 3-(4-

iodobutyloxy)-benzofblJuran-2-carboxylate (179b) (0.2 g. 0.8 mmol. 4 %) as a yellow 

solid. Rr [petrol (b.p. 40-60°C): ethyl acetate (9:1)] 0.23. 

MethyI2-(4-iodobutyl)-2,3-dihydro-3-oxobenzofblJuran-2-carboxylate (178b) 

umax (neat) 2955 (C-H). 1748 (ester C=O). 1724 (5-ring ketone C=O). 1621. 1477. and 

1442 (arene C-C) cm·) 
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OH (250 MHz) 7.68 (2 H, dt, Id = 1.5 Hz, 11 = 7.3 Hz, 4-H and 6-H), 7.22 (1 H, d, I = 0.9 

Hz, 5-H) 7.15 (1 H, dt, Jd = 0.8 Hz, It = 7.5 Hz, 7-H), 3.77 (3 H, s, 2-C02Me), 3.14 (2 

H, t, I = 7.0 Hz, 2-CH2CH2CH2CH2I), 2.38-2.29 and 2.14-2.02 (2 H, 2 rn, 2-

CH2CH2CH2CH2I), 1.85 (2 H, qu, I = 7.2 Hz, 2-CH2CH2CH2CH2I), and 1.47 (2 H, qu, 

I = 6.1 Hz, 2-CH2CH2CH2CH2I). 

Bc (62.5 MHz) 195.7 (3-C), 172.2 (2-C02Me), 166.1 and 119.4 (3a-C and 7a-C), 138.7, 

124.9, 122.7 and 113.5 (4-C, 5-C, 6-C and 7-C), 91.2 (2-C), 53.4 (2-C~Me), 33.0, 32.9 

and 24.2 (2-CH2CH2CH2CH2n, and 5.6 (2-CH2CH2CH2CH2I). 

mlz (E.I.) 247.0952 (25 %, M - I, CI4R1504 requires 247.0970), and 188 (12, M - 1-

C~Et). 

mlz (Cl) 375 (70 %, M+ H), and 247 (78 %, M - I). 

Methyl 3-( 4-iodobutyloxy )benzo[b ]furan-2 -carboxylate (179b) 

Found C, 45.6; H, 4.2 %. Cl4Hl5104 requires C, 44.9; H, 4.0 %. 

'\)max (neat) 2951 (C-H), 1716 (ester C=O), 1614, 1598, 1575, and 1480 (arene C-C) crn-1 

OH (250 MHz) 7.71 (1 H, t, I = 8.3, 4-H), 7.52-7.37 (2 H, rn, 5-H and 6-H), 7.31-7.25 (1 

H, rn, 7-H), 4.48 (2 H, t, J = 5.9 Hz, 3-0CH2CH2CH2CH2n, 3.97 (3 H, s, 2-C(hMe), 

3.30 (2 H, t, J = 6.7 Hz, 3-0CH2CH2CH2CH2I), and 2.01-1.86 (4 H, rn, 3-

OCH2CH2CH2CH2I ). 

Bc (62.5 MHz) 159.6 (2-C~Me), 153.1, 148.3, 131.9 and 122.3 (2-C, 3-C, 3a-C and 7a

C), 128.4, 123.1, 120.8, and 112.7 (4-C, 5-C, 6-C and 7-C), 73.1 (3-

OCH2CH2CH2CH2I), 51.9 (2-C02Me), 30.7 and 29.7 (3-0CH2CH2CH2CH2n, and 6.2 

(3-0CH2CH2CH2CH2n· 

mlz (Cl) 375 (19 %, M+ H), and 247 (35 %, M - I). 
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Ring Expansion of methyl 2-(3-iodopropyl)-2,3-dihydro-3-oxobenzo[b]

furan-2-carboxylate (178a) 

(178a) 

BU3SnHI 
AIBNI 

(1818) 

Tributylstannane (0.5 g, 1.6 mmol) and AmN (0.030 g, 0.2 mmol) in cyclohexane (20 cm3) 

was added by syringe pump, over 5 h, under an atmosphere of nitrogen, to a refluxing 

solution of methyI2-(3-iodopropyl)-2,3-dihydro-3-oxobenzo[b]furan-2-carboxylate (178a) 

(0.4 g, 1.2 mmol) in cyclohexane (150 cm3) ([tributylstannane] ca. 2.0 mM). The solution 

was allowed to reflux for a further 1 h, and then the solvent was removed in vacuo to give a 

yellow oil. Dry flash chromatography on silica gel with petrol (b.p. 4O-60°C): ethyl acetate 

as eluent gave methyI2-propyl-2,3-dihydro-3-oxobenzolblfuran-2-carboxylate (181a) 

(0.06 g, 0.2 mmol, 20 %) as a colourless liquid, RC [petrol (b. p. 40-60°C): ethyl acetate 

(9: 1)] 0.28, and methyl 3,4,5 ,6-tetrahydro-6-oxo-(2H )-I-benzoxocin-2 -carboxylate (180) 

(0.1 g, 0.6 mmol, 48 %) as a yellow liquid, RC [petrol (b.p. 40-60°C): ethyl acetate (9:1)] 

0.13. 

Methyl 3,4,5 ,6-tetrahydro-6-oxo-(2H )-I-benzoxocin-2 -carboxylate (180) 

Found C, 66.4; H, 6.1 %. C13H1404 requires C, 66.7; H, 6.0 %. 

'\lmax (neat) 3072, 2953, 2874 (C-H), 1739 (ester C=O), 1669 (a-aryl ketone C=O), 1598, 

1566,1475, and 1453 (arene C-C) cm-1 

OH (250 MHz) 7.94 (1 H, dt, Id = 7.4 Hz, 1t = 1.0 Hz, 7-H), 7.52 (1 H, dt, It = 7.6 Hz, Id 

= 1.7 Hz, 9-H), 7.23 (2 H, t, I = 7.5 Hz, 8-H and lO-H), 4.51 (1 H, dd, J = 3.6 Hz, J = 
5.8 Hz, 2-H), 3.84 (3 H, s, 2-C(hMe), 3.58-3.47 and 2.85-2.76 (2 H, 2 m, 5-H), and 

2.18-1.89 (4 H, m, 3-H and 4-H). 

Bc (62.5 MHz) 202.0 (6-C), 170.7 (2-C(hMe), 157.6 and 132.1 (lOa-C and 6a-C), 134.9, 

129.9, 125.0 and 124.1 (lO-C, 9-C, 8-C, and 7-C) 82.2 (2-C), 52.4 (2-CO:zMe), 41.4 (5-

C), and 27.6,22.2 (3-C and 4-C). 

The assigned structure was confirmed by IH-13C correlation spectroscopy. 
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mlz (E.!.) 234.0873 (68 %, M+, CI3H1404 requires 234.0892), 175 (38, M - C(hMe), and 

147 (44, M - C(hMe - CO). 

MethyI2-propyl-2,3-dihydro-3-oxobenzo[blJuran-2-carboxylate (181a) 

Umax (neat) 2964 (C-H), 1741 (ester C=O), 1714 (5-ring a.-aryl ketone C=O), 1612, 1476 

and 1463 (arene C-C) ern-I 

OH (250 MHz) 7.69-7.63 (2 H, m, 4-H and 6-H), 7.24 (1 H, t, I = 9.1 HZ,5-H), 7.13 (l 

H, dt, Id = 0.7 Hz, It = 7.4 Hz, 7-~), 3.77 (3 H, s, 2-C02,Me), 2.36-2.23 and 2.13-2.00 

(2 H, 2 m, 2-ClhCH2CH3), 1.32 (2 H, qu, I = 7.8 Hz, 2-CH2CH2CH3), and 0.92 (2 H, 

t, I = 7.3 Hz, 2-CH2CH2CH3). 

Oc (62.5 MHz) 195.0 (3-C), 173.0 (2-C02Me), 167.0 and 119.5 (3a-C and 7a-C), 138.4, 

124.8,122.4 and 113.4 (4-C, 5-C, 6-C and 7-C), 91.7 (2-C), 53.2 (2-C02Me), 36.2 (2-

CH2CH2CH3), 16.6 (2-CH2CH2CH3), and 13.8 (2-CH2CH2CH3). 

mlz (E.!.) 234.0853 (12 %, M+, C13H\404 requires 234.0892), 192 (100, M -

CH2=CHCH3), 175 (12, M - C(hMe), and 147 (8, M - C02Me - CO). 

Attempted ring expansion of methyl 2-(4-iodobutyl)-2,3-dihydro-3-oxo

benzo[b)furan-2-carboxylate (178b) 

o 4 0 

oY(CH
2)41 BU3SnH/AIBN/(CH2)6 5~3 (CHzl3CH3 I C02Me -~--......:........::::.,.- I 3 2 C0

2
Me 

:::,.... 0 6:::,.... 7a 0 
7 1 

(1711b) (181b) 

Tributylstannane (0.4 g, 1.2 mrnol) and AffiN (0.023 g, 0.1 mmol) in cyclohexane (20 cm3) 

was added by syringe pump, over 4 h, under an atmosphere of nitrogen, to a refluxing 

solution of methyI2-(4-iodobutyl)-2,3-dihydro-3-oxobenw[b)furan-2-carboxylate (178b) 

(0.4 g, 0.9 mmol) in cyclohexane (150 cm3) ([tributylstannane) ca. 2.0 mM). The solution 

was allowed to reflux for a further 1 h, and then the solvent was removed in vacuo to give a 

yellow oil. Dry flash chromatography on silica gel with petrol (b.p. 40-60°C): ethyl acetate 

as eluent gave methyI2-butyl-2,3-dihydro-3-oxobenzo[blJuran-2-carboxylate (181b) (0.2 

g, 0.7 mrnol, 77 %) as an orange liquid, Rc[petrol (b.p. 40-60°C): ethyl acetate (9:1») 0.17. 

Found C, 66.9; H, 6.7 %. C\4H1604 requires C, 67.7; H, 6.5 %. 
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Umax (neat) 2959, 2931 (C-H), 1734 (ester C=O and 5-ring a-aryl ketone C~O), 1617, 

1477, 1460, and 1438 (arene C-C) cm-l 

BH (250 MHz) 7.71-7.64 (2 H, m, 4-H and 6-H), 7.23 (1 H, dt, Jd ~ 0.8 Hz, 1t ~ 4.5 Hz, 

5-H), 7.13 (1 H, dt, Jd ~ 0.8 Hz, Jt ~ 7.5 Hz, 7-H), 3.77 (3 H, s, 2-C02Me), 2.35-2.26 

and 2.15-2.04 (2 H, 2 m, 2-CH2CH2CH2CH3), 1.37-1.23 (4 H, m, 2-CH2CH2CH2CH3), 

and 0.88 (2 H, t, J ~ 6.7 Hz, 2-CH2CH2CH2CH3). 

Bc (62.5 MHz) 196.1 (3-C), 172.4 (2-C02Me), 166.5 and 119.7 (3a-C and 7a-C), 138.6, 

124.9, 122.6 and 113.6 (4-C, 5-C, 6-C and 7-C), 91.8 (2-C), 53.3 (2-COzMe), 34.0, 252 

and 22.6 (2-CH2CH2CH2CH3), and 13.7 (2-CH2CH2CH2CH3). 

mlz (E.I.) 248.1048 (17 %, M+, Cl4Hl604 requires 248.1049), 216 (M - MeOH), 192 

(100, M - CH2~CHCH2CH3), 189 (12, M - CQzMe), and 161 (19, M - C02Me - CO). 

Preparation of 4-oxo-4H -chromene-3-carbaldehyde (187)99 

o o 

o V OH 

Phosphoryl chloride (19 cm3, 31 g, 204 mmol) was added dropwise with stirring to DMF 

(77 cm3, 73 g, 994 mmol) and the resultant mixture was stirred for 20 min. 2-Hydroxy

acetophenone (13.6 g, 100 mmol) was added dropwise (Temperature was maintained at 

below 5°C using an ice-bath throughout). The solution was allowed to warm to room 

temperature overnight. The resultant semi-solid was poured into ice-water (400 g) and stirred 

for 2 h_ The precipitated solid was collected by filtration, washed with water (2 x 50 cm3) 

and dried in vacuo to give a brown solid. Recrystallisation from ethyl acetate gave 4-oxo-

4H-chromene-3-carbaldehyde (187) (93 g, 53 mmol, 53 %) as brown needles, m.p. 146-

148°C (lit.99 149-151°C), Rr[silica, petrol (b.p. 40-60°C): ethyl acetate (9:1)] 0.07. 

Found C, 68.9; H, 3.4 %. ClOH603 requires C, 69.0; H, 3.5 %. 

Umax (KBr disc) 3440, 3080, 3060 (C-H), 2880 (aldehyde C-H), 1700 (aryl ketone C=O), 

1650 (a[3-unsaturated aldehyde/ketone C~C), 1610, 1560 (arene C-C), and 1460 cm-l 
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BH (90 MHz) 10.42 (1 H, s, 3-CHO), 8.55 (1 H, s, 2-H), 8.37-8.25 (1 H, m, 5-H), 7.88-

7.70 (1 H, m, 7-H), 7.6S-7.51 (1 H, m, 6-H), and 7.50-7.41 (1 H, m, 8-H). 

Repetition on a larger scale using 2-hydroxyacetophenone (27.3 g, 200 mmol) gave 4-

oxo-4H-chromene-3-carbaldehyde (187) (24.1 g, 139 mmol, 69 %). 

Preparation of ethyl 4-oxo-4H-thiochromene-3-carboxylate (191)101 

o 
1. EtOCH=C(C02Et)2" NaHSO. 
2. polyphosphoric acid 

PhSH ----------------~ 

Thiophenol (30.0 g, 272 mmol), diethyl ethoxymethylenemalonate (62.0 g, 2S7 mmol) and 

sodium hydrogensulfate (0.6 g, 16 mmol) were heated and stirred until no volatile products 

were observed to distil out of the mixture. Polyphosphoric acid (lOO cm3) was added and the 

mixture was heated at SO°C for 13 h. The viscous solution was poured into ice (500 cm3) 

and stirred until the tar dissolved. The solution was extracted with diethyl ether (6 x 100 

cm3). The combined extracts were washed with saturated sodium bicarbonate solution (2 x 

100 cm3), dried over magnesium sulfate and the solvent was removed in vacuo to give a 

brown viscous liquid. Trituration with petrol (b.p. 6O-S0°C) gave ethyI4-oxo-4H-thio

chromene-3-carboxylate (190) (S.4 g, 36 mmol, 13 %) as a grey solid, m.p. 65-67°C 

(lit. IOI 65-70°C), Rdsilica, petrol (b.p. 40-6O°C): ethyl acetate (1:1)] 0.33. 

Found C, 61.5; H, 4.3; S, 13.S %. C12HIO03S requires C, 61.5; H, 4.2; S, 13.7 %. 

'Umax (KBr disc) 30S0, 3040, 2960 (C-H), 1725 (ester C=O and aryl ketone C=O), 1620, 

1590, and 1520 (arene C-C) cm- i 

BH (360 MHz) S.70 (1 H, s, 2-H), 8.59 (1 H, dt, Jd = 7.3 Hz, 1t = 1.0 Hz, 5-H), 7.65-7.56 

(3 H, rn, 6-H, 7-H and SoH), 4.41 (2 H, q, J = 7.1 Hz, 3-C02CH2CH3), and 1.40 (3 H, t, 

J = 7.1 Hz, 3-C02CH2CH3). 

lie (90 MHz) 176.0 (4-C), 164.1 (3-C02Et), 145.2 (2-C), 135.1 (3-C), 133.2 and 127.1 

(Sa-C and 4a-C), 131.7, 129.4, 128.5, and 126.6 (5-C, 6-C, 7-C, and 8-C), 61.6 (3-

C02CH2CH3), and 14.2 (3-C02CH2CH3). 
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mlz (E.I.) 234.030 (20 %, M+, C12HlO03S requires 234.035), 189 (39, M - EtO), and 161 

(5, M - C<hEt). 

The preparation was repeated, but purification, by trituration or chromatography, 

proved to be impossible. 

Preparation of 1,2,3,4-tetrahydro-l-methyl-4-oxoquinoline (193) 

o 

~ L0lN) 
H 

1,2,3,4-Tetrahydro-4-oxoquinoline (31.1 g, 0.211 mol), iodomethane (50 cm3, 114 g, 0.80 

mol) and aqueous tetrabutylammonium hydroxide (40 %; 15 cm3) in TIIF (300 cm3) were 

heated at reflux for 44 h. Dilute aqueous potassium hydroxide (lOO cm3) was added and the 

solution was extracted with dichloromethane (5 x 150 cm3). The combined extracts were 

washed with water (3 x 60 cm3) and brine (60 cm3). The solution was dried over 

magnesium sulfate and the solvent was removed in vacuo to give a red sticky semi-solid 

Distillation gave 1,2,3,4-tetrahydro-l-methyl-4-oxoquinoline (193) (24.7 g, 0.153 mol, 73 

%) as a yellow liquid, b.p. 82-l20°C (0.2 mm Hg), Rr[alumina, petrol (b.p. 40-6O°C): 

ethyl acetate (3:1)] 0.51. 

'Umax (neat) 3548, 3064, 2956 (C-H), 1666 (aryl C=O), 1598, 1560, and 1494 (arene C-C) 

cm-I 

OH (250 MHz) 7.89 (1 H, dd, J = 1.7 Hz, J = 7.8 Hz, 5-H), 7.37 (I H, dt, Jd = 1.7 Hz, Jt 

= 7.8 Hz, 7-H), 6.75-6.55 (2 H, m, 8-H and 6-H), 3.42 (2 H, t, J = 7.0 Hz, 2-H), 2.94 (3 

H, s, I-Me), and 2.65 (2 H, t, J = 7.0 Hz, 3-H). 

lie (62.5 MHz) 193.0 (4-C), 152.5 and 120.9 (4a-C and 8a-C), 135.4, 127.9, 117.0, 113.2 

(5-C, 6-C, 7-C, and 8-C), 51.3 (2-C), 39.3 (I-Me), and 38.2 (3-C). 
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Preparation of ethyl 1,2,3,4-tetrahydro-l-methyl-4-oxoquinoline-3-

carboxylate (191) 

o 0 'roC02Et NaBHJ MeOH 71 1 0"(; 
~ . 

N 
Me 

(192) (191) 

Sodium borohydride (2.0 g, 54 mmol) was added in one portion to a stirred solution of 1,4-

dihydro-l-methyl-4-oxoquinoline-3-carboxylate (192) (11.0 g, 47.4 mmol) in methanol 

(250 cm3) at O°C. The solution was allowed to warm to room temperature with stirring over

night, and concentrated in vacuo. The residue was taken up in water (40 cm3) and extracted 

with diethyl ether (3 x 80 cm3) and ethyl acetate (5 x 80 cm3). The combined extracts were 

dried over magnesium sulfate and the solvent was removed in vacuo to give an orange oil. 

Dry flash chromatography on silica gel with petrol (b.p. 40-60°C): ethyl acetate as eluent, 

and recrystallisation from ethanol gave 1 ,2,3,4-tetrahydro-l-methyl-4-oxo-quinoline-3-

carboxylate (191) (0.3 g, 1.3 mmol, 3 %) as a yellow solid, m.p. 89-94°C, RC [silica, 

petrol (b.p. 40-6O°C): ethyl acetate (3: I)] 0.44. 

Found C, 66.6; H, 6.45; N, 6.0 %. C13HI5N03 requires C, 66.9; H, 6.5; N, 6.0 %. 

'Ilmax (KBr disc) 3080, 3040, 2980, 2920, 2860, 2820 (C-H), 1730 (ester C=O), 1660 (aryl 

ketone C=O), 1620, 1560, 1520, and 1460 (arene C-C) cm-I 

The compound re-oxidised back to 1,4-dihydro-I-methyl-4-oxoquinoline-3-

carboxylate (192) before NMR spectra could be obtained. 

mlz (E.!.) 233.102 (29 %, M+, C13HI5N03 requires 233.105), 204 (3, M - Et), 188 (6, M 

- EtO), and 160 (47, M - C02Et). 

Preparation of N,N-diphenylbromoacetamide (197)102 

BrCH2COCV MePh 
------. Ph2NCOCH2Br 

(197) 

Bromoacetyl chloride (12 cm3, 23 g, 145 mmo!) was added dropwise over 0.5 h to a stirred 

solution of diphenylamine (15.5 g, 91.8 mmol) in toluene (50 cm3). The resultant solution 
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was allowed to reflux for 18 h and evaporated to dryness to give a brown solid. 

Recrystallisation from acetone gaveN,N-diphenylbromoacetamide (197) (17.4 g, 60.0 

mmol, 65 %) as brown-tinted crystals, m.p. 109-112°C, Rc [silica, toluene:acetic acid (9:1)] 

0.38. 

Found C, 58.2; H, 4.4; N, 5.0 %. CI4H12NOBr requires C, 57.95; H, 4.2; N, 4.8 %. 

Urnax (KBr disc) 3060, 3000, 2840 (C-H), 1670 (amide C=O), 1600, 1490, 1450, and 1430 

(arene C-C) cm· I 

BH (250 MHz) 7.32 (10 H, br s, Ph2NCOCH2Br) and 3.85 (2 H, Ph2NCOCH2Br). 

Bc (62.5 MHz, CDCI3) 166.5 (Ph2NCOCH2Br), 142.1, 129.9, 128.6 and 126.7 

(Ph2NCOCH2Br), and 28.0 (Ph2NCOCH2Br). 

mlz (E.I.) 29U)()35 and 289.0094 (21 and 26 % respectively, M+, CI4H12NOBr requires 

291.0082 and 289.0102 respectively), 210 (2, M - Br), 196 (1, M - CH2Br), 168 (52, M

COCH2Br), and 77 (22, M - PhNCOCH2Br). 

Preparation of I-phenyJindoxindole (196)102 

(197) 

0- 4
3 3 

.5~O 
6~~" AIC~ 

7 7a Ph 

(196) 

N,N-Diphenylbromoacetamide (197) (16.5 g, 56.8 mmol) and anhydrous aluminium 

chloride (16.4 g, 123 mmol) in methylcyclohexane (100 cm3) were heated at reflux for 50 h 

and allowed to cool. The suspension was poured into crushed ice (500 cm3) and hydro

chloric acid (5 M; 50 cm3). Stirring, filtration and drying in vacuo gave a solid which was 

recrystallised from petrol (b.p. 6O-80°C) to give I-phenyloxindole (196) (4.3 g, 20 mmol, 

36 %) as pink-tinted crystals, m.p. 115-117°C (lit. I02 120-121°C), Rc[silica, petrol (b.p. 

4O-60°C): ethyl acetate (3: I)] 0.25. 

Found C, 79.7; H, 5.5; N, 6.7 %. CI4H11NO requires C, 80.4 ; H, 5.3; N, 6.7 %. 

Umax (KBr disc) 3060, 2960 (C-H), 1710 (5-ring lactam C=O), 1610, 1600, 1500, 1480, 

and 1460 (arene C-C) cm-I 
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OH (360 MHz, d6-DMSO) 7.59-7.41 (5 H, m, I-Ph), 7.35 (1 H, d, J = 7.1 Hz, 4-H), 7.21 

(1 H, t, J = 7.5 Hz, 6-H), 7.06 (1 H, t, J = 7.2 Hz, 5-H), 6.70 (I H, d, J = 7.8 Hz, 7-H), 

and 3.76 (2 H, s, 3-H). 

Bc (90 MHz, d6-DMSO) 173.8 (2-C), 144.8, l34.5, 129.5, 127.9, 127.5, 126.7, 124.8, 

124.7, 122.4, and 108.6 (I-Ph, 3a-C, 4-C, 5-C, 6-C, 7-C, and7a-C), and 35.4 (3-C). 

mlz (E.I.) 209.088 (50 %, M+, C14HllNO requires 209.084), and 181 (17, M - CO). 

Preparation of N,N-diphenyl-2-chloropropionarnide (199)102 

CICHMeCOCV MePh 
-----_. Ph2NCOCHMeCI 

(199) 

2-Chloropropionyl chloride (25 g, 197 mmol) was added dropwise over 0.5 h to a stirred 

solution of diphenylamine (25 g, 148 mmol) in toluene (140 cm3). The resultant solution 

was allowed to reflux for 24 h and evaporated to dryness to give a purple solid Trituration 

with petrol (h.p. 60-80°C) gave N,N-diphenyl-2-chloropropionamide (199) (35.3 g, l36 

mmol, 92 %) as pink crystals, m.p. 83-84°C (lit.102 90-93°C), Rr [silica, toluene: acetic 

acid (9: 1)] 0.39 .. 

Found C, 69.6; H, 5.5; N, 5.3; Cl, l3.5 % . C!SH!4NOCl requires C, 69.4; H, 5.4; N, 

5.4; Cl, l3.65 %. 

Umax (KBr disc) 3080, 3040, 2960 (C-H), 1680 (amide C=O), 1600, 1490 (arene C-C), 

and 1440 cm-! 

OH (250 MHz) 7.32 (10 H, br s, Ph2NCOCHCIMe), 4.47 (1 H, q, J = 6.6 Hz, 

Ph2NCOCHCIMe), and 1.67 (3 H, d, J = 6.6 Hz, Ph2NCOCHClMe). 

Bc (62.5 MHz, CDCI3) 169.5 (Ph2NC OCHCIMe), 129.9, 129.1, 128.5 and 126.3 

(Ph2NCOCHCIMe), 50.8 (Ph2NCOCHCIMe), and 21.1 (Ph2NCOCHClMe). 

mlz (E.!.) 261.0814 and 259.0812 (10 and 34 % respectively, M+, ClSH14NOCl requires 

261.0734 and 259.0764 respectively), 224 (2, M - Cl), 196 (21, M - CHCIMe), 168 (48, M 

- COCHCIMe), and 77 (27, M - PhNCOCHClMe). 
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Preparation of 3-methyl-l-phenylindoxindole (198) 102 

AICly 

0- o 

(199) (198) 

Anhydrous aluminium chloride (38.3 g, 287 mmol) was added portion-wise to a stirred 

solution of N,N-diphenyl-2-chloropropionamide (199) (35.0 g,135 mmol) in meIhylcyclo

hexane (100 cm3) and heated at reflux for 2 h. The cooled solution was poured into crushed 

ice (500 cm3) and hydrochloric acid (5 M; 50 cm3). Stirring, filtration and drying in vacuo 

gave a brown solid which was recrysta1lised from ethanol to give 3-meIhyl-l-phenyloxindole 

(198) (18.2 g, 82 mmol, 61 %) as a brown solid, m.p. 76-78°C (lit.l02 80-81°C), Rc 

[petrol (b.p. 40-6O°C): ethyl acetate (3:1)] 0.30. 

Found C, 80.3; H, 5.9; N, 6.15 %. CISH13NO requires C, 80.7 ; H, 5.9; N, 6.3 %. 

'Umax (KBr disc) 3340, 3060, 3000, 2940, 2920, 2840 (C-H), 1710 (5-ring lactam C=O), 

1620,1600, 1500, and 1460 (arene C-C) cm-I 

OH (360 MHz, d(;-DMSO) 7.52 (2 H, t, J = 5.4 Hz, I-Ph: meta-H), 7.41 (3 H, d, J = 7.7 

Hz, I-Ph: ortho-H and para-H), 7.28 (1 H, t, J = 8.5 Hz, 4-H), 7.19 (1 H, t, J = 7.6 Hz, 6-

H), 7.08 (1 H, t, J = 7.0 Hz, 5-H), 6.81"(1 H, d, J = 7.6 Hz, 7-H), 3.62 (1 H, q, J = 7.6 

Hz, 3-H), and 1.59 (3 H, d, J = 7.6 Hz, 3-Me). 

Oc (90 MHz, d(;-DMSO) 178.0 (2-C), 143.9 and 134.6 (3a-C and 7a-C), 130.5, 129.6, 

128.0, 127.8, 126.6, 123.8, 122.9, and 109.3 (1-Ph, 7-C, 6-C, 5-C, and 4-C), 40.8 (3-C), 

and 15.7 (3-Me). 

mlz (E.!.) 223.1016 (100 %, M+, CISH13NO requires 223.0997), and 195 (27, M - CO). 

Preparation of 3-bromomethyl-3-methyl-l-phenyloxindole (200) 

~o lJ-/= o 

Ph 7 

(198) (200) 
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3-Methyl-l-phenylindolinone (198) (8.1 g, 36 mmol) was added ponion-wise under an 

atmosphere of nitrogen to a stirred suspension of sodium hydride (60 %; 1.8 g, 45 mmol) in 

TIIF (60 cm3). After 0.5 h, the suspension was heated at reflux for 1 h and allowed to cool. 

Dibromomethane (13 cm3, 32 g, 185 mmol) was added and reflux was continued for 1.5 h. 

The solution was allowed to stir overnight and poured into water (25 cm3). The phases were 

separated and the aqueous phase was extracted with ethyl acetate (3 x 25 cm3). The 

combined organic phases were dried over magnesium sulfate and the solvent was removed in 

vacuo to give a brown solid. Recrystallisation from ethanol gave 3-broT7U)methyl-3-methyl

I-phenyloxindole (200) (4.9 g, 15 mmol, 42 %) as a brown so~id, m.p. 112-1l3°C, Rc 

[petrol (b.p. 40-60°C): ethyl acetate (3:1)] 0.40. 

Found C, 60.9; H, 4.55; N, 4.4; Br, 25.2 %. CI6li14NOBr requires C, 60.8 ; H, 4.5; N, 

4.4; Br, 25.3 %. 

U max (KBr disc) 3080, 3040, 2960, 2920, 2860 (C-H), 1720 (5-ring lactam C=O), 1610, 

1600; 1490, 1480, 1460, and 1440 (arene C-C) cm-I 

OH (250 MHz) 7.49 (2 H, t, J = 14.2 Hz, I-Ph: meta-H), 7.38 (3 H, t, J = 11.8 Hz, I-Ph: 

ortho-H and para-H), 7.34 (1 H, d, J = 7.3 Hz, 4-H), 7.22 (1 H, t, J = 7.6 Hz, 6-H), 7.13 

(1 H, t, J = 7.4 Hz, 5-H), 6.84 (1 H, d, J = 7.9 Hz, 7-H), 3.83 and 3.68 (2 H, 2 d, J = 
9.9 Hz, 3-CH2Br), and 1.60 (3 H, s, 3-Me). 

Bc (62.5 MHz) 177.0 (2-C), 144.0 and 135.0 (3a-C and 7a-C), 132.0, 129.6, 128.5, 

128.2, 126.7, 123.2, 123.0, and 109.5, (I-Ph, 7-C, 6-C, 5-C and 4-C), 49.2 (3-C), 37.4 

(3-CH2Br), and 22.4 (3-Me). 

mlz (E.I.) 317.0170 and 315.0212 (40 and 38 % respectively, M+, CI6li14NOBrrequires 

317.0239 and 315.0259), 236 (8, M - Br), and 222 (100, M - CH2Br). 

Ring expansion of 3-bromomethyl-3-methyl-l-phenyloxindole (200) 

~
r 

71 0 
:::,... N 

BU3SnHI AIBNI MePh 

Ph 

(200) 
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Tributylstannane (0.5 g, 1.8 mrnol) in toluene (20 cm3) was added by syringe pump, over 5 

h, under an atmosphere of nitrogen, to a refluxing solution of 3-bromomethyl-3-methyl-1-

phenyloxindole (200) (0.5 g, 1.6 mrnol) and AIBN (few mg) in toluene (200 cm3) 

([tributylstannane] ca. 1.7 mM). The solution was allowed to reflux for a further 1 h, and 

then stood overnight A further portion of tributylstannane (0.5 g, 1.8 mrnol) and AIBN 

(few mg) in toluene (20 cm3) was added by syringe pump over 5 h. The solvent was 

removed in vacuo to give a yellow oil. Dry flash chromatography on silica gel with petrol 

(b.p. 40-60°C): ethyl acetate as eluent gave two oils. Trituration of one of the oils with 

chloroform gave 3,3-dimethyl-I-phenyloxindole (202) (0.08 g,{l.33 mmol, 21 %) as a 

colourless solid, m.p. 70-75°C, Rr[petrol (b.p. 40-60°C): ethyl acetate (9:1)] 0.21, and 

trituration of the other oil with petrol (b.p. 40-60°C) gave 3,4-dihydro-3 -methyl-I-phenyl

quinolin-2( 1 H)-one (201) (0.12 g, 0.50 mrnol, 31 %) as a colourless solid, m.p. 89-93°C, 

Rr[petrol (b.p. 40-60°C): ethyl acetate (9:1)] 0.12. 

3,3-Dimethyl-I-phenyloxindole (202) 

u max (CDCI3) 3056, 2968, 2928 (C-H), 1722 (5-ring lactam C=O), 1610, and 1494 (arene 

C-C) cm-I 

OH (250 MHz) 7.51-7.48 (2 H, m, I-Ph: meta-H), 7.44-7.38 (3 H, rn, I-Ph: ortho-H and 

para-H), 7.26-7.09 (3 H, m, 4-H, 5-H, and 6-H), 6.86 (1 H, d, J = 0.9 Hz, 7-H), and 1.49 

(6 H, s, 3-Me). 

Bc (62.5 MHz) 181.0 (2-C), 142.5 and 135.6 (3a-C and 7a-C), 135.0, 129.6, 127.9, 127.6 

126.6, 123.0, 122.6, and 109.4 (7-C, 6-C, 5-C, 4-C and I-Ph ), 44.3 (3-C), and 24.8 (3-

Me). 

mlz (E.!.) 237.1163 (lOO %, M+, CI6HI5NO requires 237.1154), 222 (51, M - Me), and 

194 (37, M - Me - CO). 

3,4-Dihydro-3-methyl-I-phenylquinolin-2( IH)-one (201) 

Found C, 80.3; H, 6.9; N, 5.3 %. CI6HI5NO requires C, 81.0; H, 6.4; N, 5.9 %. 

Umax (CDCI3) 3060 (C-H), 1676 (6-ring lactarn C=O), 1602, 1492, and 1458 (arene C-C) 

crn- I 

OH (250 MHz) 7.52-7.39 (3 H, rn, I-Ph: meta- and para-H), 7.24-7.17 (3 H, 5-H and'I-Ph: 

ortho-H), 7.03-6.96 (2 H, 7-H and 6-H), 6.35-6.32 (1 H, 8-H), 3.13-2.99 (l H, rn, 4-H 
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trans to 3-Me), 2.93-2.75 (2 H, m, 3-H and 4-H cis to 3-Me), and 1.33 (3 H, d, 1 = 6.4 

Hz, no nOe with ArH, 3-Me). 

IiH (400 MHz) 7.49 (2 H, t, 1 = 7.6 Hz, I-Ph: meta-H), 7.40 (1 H, t, J = 7.6 Hz, I-Ph: 

para-H), 7.26-7.19 (3 H, 5-H and I-Ph: ortho-H), 7.03 (1 H, dt, Id = 1.5 Hz, 11 = 7.7 Hz, 

7-H), 6.97 (1 H, dd, J = 6.3 Hz, 1 = 7.3 Hz, 6-H), 6.33 (1 H, d, 1 = 7.9 Hz, 8-H), 3.09-

3.03 (1 H, m, 4-H trans to 3-Me), 2.91-2.79 (2 H, m, 3-H and 4-H cis to 3-Me), and 1.33 

(3 H, d, 1 = 6.5 Hz, 3-Me). 

The assigned structure was confmned by nOe difference spectroscopy. 

lie (62.5 MHz) 173.0 (2-C), 142.0 and 138.8 (8a-C and 4a-C), 129.9, 129.8, 129.0, 

128.0, 127.0, 125.2, 122.8, and 116.8 (8-C, 7-C, 6-C, 5-C and I-Ph), 35.9 and 33.5 (3-C 

and 4-C), and 15.5 (4-Me). 

mlz (E.!.) 237.1164 (100 %, M+, CI6li15NO requires 237.1154), 222 (6, M - Me), and 

209 (8, M - CO). 

Preparation of ethyl 1-(3-bromopropyl)-2-oxocyclohexanecarboxylate (209)15 

o 0 

aCO,Et 1. NaH/HMPAlTHF ctrCB' 
_2_. B_'(_C_H_2la_B_' _ ...... _ 3 2 C0

2
Et 

4 5 6 

(209) 

Ethyl2-oxocyclohexanecarboxylate (10.0 g, 58.8 mmol) was added to a stirred suspension 

of sodium hydride (60 % dispersion; 2.5 g, 63 mmol) and HMPA (11 cm3, 11 g, 63 mmol) 

in TIIF (30 cm3) under an atmosphere of nitrogen. After stirring for 1.0 h, 1,3-dibromo

propane (30 cm3, 60 g, 296 mmol) was added and the solution was heated at reflux for 2 h 

and allowed to stir overnight. The mixture was allowed to cool and taken up in diethyl ether 

(100 cm3), washed with water (5 x 5 cm3), dried over potassium carbonate, and the solvent 

was removed in vacuo [at r.t (20 mm Hg) and at 70°C (1 mm Hg)] to give a yellow liquid. 

Dry flash chromatography on silica gel with petrol (b.p. 40-60°C): ethyl acetate as eluent 

gave ethyll-(3-bromopropyl)-2-oxocyclohexanecarboxylate (209) (5.6 g, 19 mmol, 33 %) 

as a yellow liquid, RC [petrol (b.p. 40-60°C): ethyl acetate (9:1)] 0.16. 

Umax (neat) 2940,2864 (C-H), 1738 (ester C=O and ketone C=O), and 1442 cm-1 
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IiH (250 MHz) 4.22 (2 H, q, J = 7.1 Hz, l-C02CH2CH3), 3.39 (2 H, t, J = 5.9 Hz, 1-

CH2CH2CH2Br), 2.51-2.43 (2 H, m, 3-H), 2.04-1.63 (l0 H, m, 4-H, 5-H, 6-H and 

l-CH2CH2CH2Br), and 1.28 (3 H, t, J = 7.1 Hz, l-C02CH2CH3). 

lie (62.5 MHz) 207.6 (2-C), 171.8 (l-C02Et), 61.4 (l-C02CH2CH3), 60.4 (l-C), 41.0 

(I-CH2CH2CH2Br), 36.3, 33.7, 33.5, 27.9, 27.6, and 22.6 (3-C, 4-C, S-C, 6-C and 

l-C H2CH2CH2Br), and 14.2 (I-C02CH2CH3). 

The spectroscopic data correspond to those published. 15 

Preparation or ethyl 1-(3-iodopropyl)-2-oxocyclohexanecarboxylate (208) [1] 

(208) 

Ethyll-(3-bromopropyl)-2-oxocyclohexanecarboxylate (209) (5.6 g, 19 mmol) and sodium 

iodide (2.9 g, 19 mmol) in butanone (lOO cm3) were heated at reflux for 6 h and allowed to 

cool. The solution was filtered and washed with aqueous sodium sulphite and brine. The 

solution was dried over ntagnesium sulfate and the solvent was removed in vacuo to give 

ethyl 1-(3-iodopropyl)-2-oxocycIohexanecarboxylateI5 (208) as a yellow liquid (3.7 g, II 

mmol, 56 %), Rc [silica, petrol (b.p. 40-60°C): ethyl acetate (3:1)] 0.50. 

Urnax (neat) 2940,2864 (C-H), 1718 (ester C=O and ketone C=O), and 1446 cm-I 

IiH (250 MHz) 4.22 (2 H, q, J = 7.1 Hz, I-C02CH2CH3), 3.16 (2 H, 2 d, JAB = 5.9 Hz, 1-

CH2CH2CH2I), 2.51-2.43 (2 H, m, 3-H), 2.04-1.63 (l0 H, m, l-CH2CH2CH2I, 4-H, 5-

H, and 6-H), and 1.28 (3 H, t, J = 7.1 Hz, l-C02CH2CH3). 

lie (62.5 MHz) 207.7 (2-C), 171.7 (l-C02Et), 61.3 (I-C02CH2CH3), 60.3 (l-C), 41.0, 

36.3, 35.7, 28.5, 27.5, and 27.5 (l-CH2CH2CH2I, 3-C, 4-C, 5-C, and 6-C), 14.2 (1-

C02CH2C H3), and 6.4 (l-CH2CH2CH2I). 

The spectroscopic data correspond to those published. 15 
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Preparation of ethyl 1-(3-iodopropyl)-2-oxocyclohexanecarboxylate (208) 

[2]15 

o 

0 CO Et 1. NaHlHMPAlTHF 
2 2.I(CH2bl 

• ~
01 I 

3 2 CO,!:t 

4 5 6 

(208) 

Ethy12-oxocyclohexanecarboxylate (6.5 g, 38 mmol) was addetl to a stirred suspension of 

sodium hydride (60 % dispersion; 1.7 g, 43 mmol) and HMP A (7 cm3, 7 g, 40 mmol) in 

TIIF (40 cm3) under an atmosphere of nitrogen. After stirring for 1.0 h, 1,3-di-iodopropane 

(7 cm3, 18 g, 61 mmol) was added and the solution was heated at reflux for 5 h and allowed 

to stir overnight. The mixture was allowed to cool and taken up in diethyl ether (100 crn3), 

washed with water (6 x 5 cm3), dried over potassium carbonate, and the solvent was 

removed in vacuo [at r.t. (20 mm Hg) and at 70°C (1 mm Hg)] to give a yellow liquid. Dry 

flash chromatography on silica gel with petrol (b.p. 4O-60°C): ethyl acetate as eluent gave 

ethyl 1-(3-iodopropyl)-2-oxocyclohexanecarboxylate (208) (6.0 g, 18 mmol, 46 %) as a 

yellow liquid, Rc [petrol (b.p. 4O-60°C): ethyl acetate (3:1)] 0.50. The spectroscopic data 

correspond to those published.I5 

Preparation of ethyl I-hydroxy[4.3.0]bicyclononane-S-carboxylate (207) 

~o I 1.Sml,lTHF Hr9

2 

3 4 

C0
2
Et 2. H,o 9 1 5 CO Et ______ ~._ 2 

8 6 

7 

(208) (207) 

To samarium powder (40 mesh; 3.0 g, 20 mmol), flamed and cooled under an atmosphere of 

argon, in THF (10 cm3) was added di-iodoethane (4.2 g, 15 mmol) in 1HF (20 cm3). The 

solution was stirred at room temperature for 1 h and then cooled to -78°C. Ethyl 1-(3-iodo

propyl)-2-oxocyclohexanecarboxylate (208) (2.5 g, 7.4 mmol) in TIIF (2 cm3) was added 

slowly and the solution was allowed to warm to room temperature, with stirring, overnight. 

The solution was poured into aqueous potassium carbonate (1 M; 100 cm3) and extracted 

with diethyl ether (5 x 30 cm3). The combined extracts were dried (potassium carbonate) and 

the solvent was removed in vacuo to give an orange liquid. Dry flash chromatography on 

silica gel with petrol (b.p. 40-60°C): ethyl acetate as eluent gave ethyll-hydroxy[4.3.0]bi-
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cyclononane-5-carboxylatei06 (207) (0.6 g, 3 mmol, 40 %) as a yellow liquid, RC [silica, 

petrol (b.p. 40-60°C): ethyl acetate (1:1)] 0.60. 

Found: C, 67.0; H, 9.0 %. C12H2003 requires C, 67.9; H, 9.5 %. 

\lmax (neat) 3496 (O-H), 2936 (C-H), 1702 (ester C=O), and 1464 cm- i 

OH (250 MHz) 4.19 and 4.18 (2 H, 2 q, J = 7.1 Hz, 5-CD2CH2CH3, E and 2),4.40-2.90 . 
(2 H, br s, D20 ex., I-OH), 2.34-2.19 (1 H, m, 2-H, 3-H, 4-~, 6-H, 7-H, 8-H, or 9-H), 

2.03-1.23 (13 H, m, 2-H, 3-H, 4-H, 6-H, 7-H, 8-H, and 9-H), 1.27 (3 H, t, J = 7.1 Hz, 

5-CD2CH2CH3)· 

Bc (62.5 MHz) 177.6 (5-C02Et), 81.4 (5-C), 60.5 (5-CD2CH2CH3), 56.0 (1-C), 34.6, 

34.2, 33.2, 23.9, 22.8, and 19.0 (2-C, 3-C, 4-C, 6-C, 7-C, 8-C, and 9-C), and 14.0 (5-

C02CH2CH3). 

mlz (E.!.) 212.1467 (M+, 20 %, C12H2003 requires 212.1412), 170 [lOO, M - (CH2h], 

167 (26, M - EtO), 166 (30, M - EtOH), 139 (M - C02Et), and 138 (37, M - HCD2Et). 

The spectroscopic data correspond to those published.106 Repetition on a smaller scale 

using ethyll-(3-iodopropyl)-2-oxocyclohexanecarboxylate (208) (1.0 g, 3.0 mmol) gave 

ethyll-hydroxy[4.3.0]bicyclononane-6-carboxylate (207) (0.4 g, 2 mmol, 64 %). 

Repetition on a larger scale using ethyl 1-(3-iodopropyl)-2-oxocyclohexanecarboxylate 

(208) (4.9 g, 14 mmol) gave ethyll-hydroxy[4.3.0]bicyclononane-6-carboxylate (207) 

(l.4 g, 6.8 mmol, 47 %). 

Attempted preparation of the nitrate ester of ethyl I-hydroxy[4.3.0]bi

cyclononane-S-carboxylate (207) [1] 

02Na;:) Ha;:) 
l)CO#-t-* l)C02Et &

3 

1 4 

9 ~ 5 CO#-t 
8 6 

7 

(211) (2117) (210) 

Fuming nitric acid (decolourised by urea; 0.2 cm3, 4.7 mmol) was added dropwise to 

stirred, cooled (ice-bath) acetic anhydride (1.0 cm3, 11 mmol). A portion of the solution (1.0 

cm3, 3.5 mmol based on nitric acid) was added to a stirred, cooled (ice-bath) solution of 
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ethyl 1-hydroxy[4.3.0]bicyclononane-5-carboxylate (207) (0.2 g, 1.0 mmol) in acetic 

anhydride (2 cm3). The resulting mixture was stirred for 10 min, then poured into saturated 

aqueous sodium bicarbonate. The solution was stirred for 0.5 h, then extracted with diethyl 

ether (5 x 20 cm3). The combined extracts were dried (sodium sulfate) and the solvent was 

removed in vacuo to give a yellow oil. Dry flash chromatography on silica gel with petrol 

(b.p. 40-60°C): ethyl acetate as eluent gave the alkene (210) (0.1 g, 0.5 mmol, 51 %) as a 

yellow oil, Rr [silica, petrol (b.p. 40-60°C): ethyl acetate (9: 1)] 0.53. 

Umax (neat) 3044, 2932 (C-H), 1724 (ester C=O), 1628 (C=C),.and 1446 cm- l 

SH (250 MHz) 5.45 (1 H, s, 2!9-H), 4.17 (2 H, 2 q, J = 7.4 Hz, 5-CChCH2CH3), 2.43-

2.24 (2 H, m), 1.82-1.18 (10 H, m), 1.22 (3 H, t, J = 7.4 Hz, 5-C02CH2CH3), and 0.88 

(2 H, t, J = 7.4 Hz). 

Se (62.5 MHz) 176.6 (5-C02Et), 144.3 (l-C), 124.0 (2/9-C), 60.3 (5-C02CH2CH3), 57.6 

(5-C), 38.2, 37.7, 30.4, 27.8, 27.2, and 24.1 (9/2-C, 8-C, 7-C, 6-C, 4-C, and 3-C), and 

14.0 (5-C02CH2CH3). 

Attempted preparation of the nitrate ester of ethyl I-hydroxy[4.3.0]bi

cyclononane-5-~arboxylate (207) [2] 

Fuming nitric acid (decolourised by urea; 0.2 cm3, 4.7 mmol) was added dropwise to 

stirred, cooled (ice-bath) acetic anhydride (1.0 cm3, 11 mmol). A portion of the solution (0.8 

cm3, 2.8 mmol based on nitric acid) was added to a stirred, cooled (sodiwn chloride ice

bath) solution of ethyl 1-hydroxy[ 4.3.0]bicyclononane-5-carboxylate (207) (0.2 g, 1.0 

mmol) in acetic anhydride (1 cm3). The resulting mixture was stirred for 6 min, then poured 

into saturated aqueous sodium bicarbonate. The solution was extracted with diethyl ether (5 

x 20 cm3). The combined extracts were dried (sodium sulfate) and the solvent was removed 

in vacuo to give a yellow oil. Dry flash chromatography on alumina gel with petrol (b.p. 40-

60°C): ethyl acetate as eluent gave recovered starting material (207) (0.1 g, 0.6 mmol, 31 

%) as a yellow oil, Rr [alumina, petrol (b.p. 40-60°C): ethyl acetate (9:1)] 0.40. 

Preparation of I-methyl-l-tetralol (110)60 

o 
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1-Tetralone (84) (8.5 g, 58 mmol) in THF (20 cm3) was added slowly at OOC under an 

atmosphere of nitrogen to a stirred solution of methylmagnesium bromide (3.0 M; 22 cm3, 

66 mmol) in diethyl ether. The solution was allowed to reflux for 3 h, then allowed to stir 

over the weekend. The solution was poured into saturated aqueous ammonium chloride and 

the phases were separated. The aqueous phase was extracted with diethyl ether (4 x 20 cm3) 

and the combined organic phases were dried over magnesium sulfate. Removal of solvent in 

vacuo gave a black solid which was recrystallised twice from petrol: ethyl acetate to give 1-

methyl-l-tetralol60 (110) (1.0 g, 6.0 mmol, 10 %) as a grey-brown powder, m.p. 88-89°C, 

Rr [silica, petrol (b.p. 40-60°C): ethyl acetate (9: I)] 0.12. 

Umax (CCL!) 3615 (br, O-H), 2976, 2871 (C-H), 1489, 1442 and 1458 (arene C-C) cm-1 

BR (250 MHz) 12.02 (1 H, s, 020 ex., I-OH), 7.54 (I H, d, J = 7.2 Hz, 8-H), 7.21-7.10 

(2 H, rn, 7-H and 6-H), 7.03 (1 H, d, J = 6.8 Hz, 5-H), 2.85-2.68 (2 H, m, 4-H), 1.98-

1.62 (4 H, m, 2-H and 3-H) and 1.52 (3 H, s, I-Me). 

Bc (62.5 MHz) 142.9 and 136.2 (8a-C and 4a-C), 128.8, 127.0, and 126.3 (2 signals) (5-

C, 6-C, 7-C, and 8-C), 70.5 (I-C), 39.7 (4-C), 30.7 (I-Me), 29.7 (2-C), and 20.4 (3-C). 

mlz (E.I.) 162.1044 (M+, 8 %, CllH140 requires 162.1045), 147 (lOO, M - Me), 144 (19, 

M -H20). 

Attempted preparation of the nitrate ester of 1.methyl.l·tetralol (211) 

Me 

Me-{ ~"':-N02 SF.' 
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.... , 8a 2 
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(109) (110) (211) 

2,4,6-collidine (1.0 g, 8.0 mmol) in acetonitrile (5 ml) was slowly added under an 

atmosphere of nitrogen at O°C to nitronium fluoroborate (1.0 g, 7.7 rnmol) in acetonitrile (3 

ml). The resultant cloudy yellow solution was stirred at O°C for 0.5 h and I-methyl-l-tetralol 

(110) (0.3 g, 1.8 mmol) in THF (8 ml) was slowly added. The resultant orange solution 

was allowed to warm to room temperature over 3 h, then poured into ice-water (50 ml) and 
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extracted with diethyl ether (4 x 50 ml). The combined extracts were dried over magnesium 

sulphate and the solvent was removed in vacuo to give an orange oil. Dry flash chromato

graphyon silica gel with petrol (b.p. 40-60°C): ethyl acetate as eluent gave l,2-dihydr0-4-

methylnaphthalene60 (109) (0.1 g, 0.7 mmol, 39 %) as an orange oil, RC [silica, petrol (b.p. 

4O-60°C): ethyl acetate (9:1)] 0.62. 

tlmax (neat) 3027, 2965, 2932, 2884, 2859, 2831 (C-H), 1675 (alkene C=C), 1589, 1488, 

1451, and 1439 (arene C-C) cm-1 

OH (250 MHz) 7.35-7.22 (4 H, m, 5-H, 6-H, 7-H and 8-H), 5.97-5.93 (1 H, m, 3-H), 

2.86 (2 H, t, J = 8.0 Hz, I-H), 2.39-2.30 (2 H, m, 2-H), and 2.17 (3 H, s, 4-Me). 

l5c (62.5 MHz) 136.3 and 132.2 (8a-C and 4a-C), 127.3, 126.7,126.3 and 125.4 (5-C, 6-

C, 7-C and 8-C), 107.8 (4-C), 28.3 (1-C), 23.2 (2-C), and 19.3 (4-Me). 

mlz (E.I.) 144.0911 (M+, 54 %, CllHl2 requires 144.0939). 

Samarium (11) iodide·mediated ring opening of 4b,5,6,7 ,S,Sa,9,10· 

octahydro·2,4.dimethoxy·9·oxophenanthrene (216) 

7 

MeO 

(216) 

+ 
1 

(217) 

Di-iodomethane (0.3 g, 1.3 mmol) in THF (5 cm3) was added, at room temperature under an 

atmosphere of nitrogen, to a stirred suspension of samarium (0.2 g, 1.4 mmol) in THF (5 

cm3). After stirring for I h, the solution was cooled to -78°C and 4b,5,6,7,8,8a,9,lO-octa

hydro-2,4-dimethoxy-9-oxophenanthrene (216) (0.3 g, 1.2 mmol) in THF (20 cm3) was 

slowly added. The solution was allowed to warm to room temperature overnight, then 

poured into saturated aqueous potassium carbonate (30 cm3) and extracted with diethyl ether 

(6 x 30 cm3). The combined extracts were dried over magnesium sulfate and the solvent was 

removed in vacuo to give a brown semi-solid Dry flash chromatography on silica gel with 

petrol (b.p. 40-60°C): ethyl acetate as eluent gave 4-butyl-5,7-dimethoxy-2-tetralone (217) 

(0.068 g, 0.26 mmol, 22 %) as a black solid, Rc [silica, petrol (b.p. 40-60°C): ethyl acetate 

(4: I)] 0.49, and 5,6,7,8,9,lO-hexahydro-2,4-dimethoxybenzocyclodecen-ll-01 (21S) 
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(0.037 g, 0.14 mmol, 12 %) as a purple solid, RC [silica, petrol (b.p. 4O-60°C): ethyl acetate 

(4: 1)] 0.22. NMR spectra of both products were obtained, but both compounds decomposed 

on attempted recrystallisation from petrol (b.p. 4O-60°C): ethyl acetate. 

4-butyl-5,7-dimethoxy-2-tetralone (217) 

OH (250 MHz) 6.90 (l H, d, J = 1.9 Hz, 8-H), 6.39 (l H, d, J = 1.9 Hz, 6-H), 3.89 and 

3.82 (5-0Me and 7-0Me), 3.95-3.76 (l H, m, 4-H), 3.56-3.36 (2 H, m, I-H), 2.82-2.75 

(2 H, 3-H), 1.77 (2 H, t, J = 3.1 Hz, 4-CH2CH2CH2CH3), 2.04-0.88 (4 H, m, 4-

CH2CH2CH2CH3), and 0.84 (3 H, t, J = 2.7 Hz, 4-CH2CH2CIi2CH3). 

Bc (62.5 MHz) 210.2 (2-C), 159.4, 158.3, 152.8, and 122.8 (8a-C, 7-C, 5-C, and 4a-C), 

137.3 and 135.5 (6-C and 8-C), 55.4, 55.3, and 55.1 (7-0Me, 5-0Me, and 4-C), 31.8 and 

30.3 O-C and 3-C), 25.9, 23.5, and 21.9 (4-CH2CH2CH2CH3), and 14.0 (4-

CH2CH2CH2CH3)· 

5,6,7,8 ,9,1O-hexahydro-2 ,4 -dimethoxybenzocyclodecen-ll-ol (218) 

OH (400 MHz) 6.81 (I H, s, I I-H), 6.51 (l H, d, J = 2.4 Hz, I-H), 6.32 (l H, d, J = 2.4 

Hz, 3-H), 4.85-4.77 (l H, br s, I I-OH), 3.86 and 3.84 (2-0Me and 4-0Me), 3.40 (2 H, 1, 

J = 6.0 Hz, 5-H), 2.72 (2 H, t, J = 6.0 Hz, IO-H), and 1.84-1.75 (8 H, m, 6-H, 7-H, 8-H, 

and 9-H). 

Bc (62.5 MHz) 159.3, 157.2, 136.4, 136.0, and 122.6 (2-C, 4-C, 4a-C, ll-C, and 12a-C), 

106.5,97.8, and 96.4 (I-C, 3-C, and 12-C), 55.1 and 55.0 (2-0Me and 4-0Me), 30.2 and 

29.6 (5-C and lO-C), 24.2, 23.6, 21.7, and 20.9 (6-C, 7-C, 8-C, and 9-C). 

Reduction of 2-chloro-2-nitropropane (231a) with tributylstannane 

BU3SnHI AIBNI PhHl hu 
M9~(N02)C1 • M92CH(NO:!) 

(231a) (232) 

2-Chloro-2-nitropropane (231a) (0.3 g, 2.5 mmol), tributylstannane (0.9 g, 3.0 mmol) and 

AIBN (0.07 g, 0.4 mmol) in benzene (15 cm3) in a Carius tube were deoxygenated with 

nitrogen and frozen. The tube was irradiated for 19 h, opened and the solution was made up 

to 25 cm3 in methanol. HPLC analysis against internal standards (prepared by previous 

researchers) showed the solution to contain 2-nitropropane (232) (47 %) and 2-chloro-2-

nitropropane (231a) (3 %). 
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Reduction of 2-bromo-2-nitropropane (23Ib) with tributylstannane 

(231 b) (232) 

2-Bromo-2-nitropropane (23lb) (OAg, 2.5 mmol), tributylstannane (0.9 g, 3.0 mmol) and 

AIBN (0.07 g, 0.4 mmol) in benzene (15 cm3) in a Carius tube were deoxygenated with 

nitrogen and frozen. The tube was irradiated for 9 h, opened and the solution was made up 

to 25 cm3 in methanol. HPLC analysis against internal standardS" (prepared by previous 

researchers) showed the solution to contain 2-nitropropane (232) (66 %). 

Reduction of I-rnethyl-I-nitroethyl phenyl sulfone (23Ic) with tributyl

stannane 

BUaSnHI AIBNI MeCNI hu 
Me2C(NO:!)S02Ph • Me2CH(NO,) 

(231c) (232) 

1-Methyl-1-nitroethyl phenyl sulfone (23Ic) (0.6 g, 2.5 mmol), tributylstannane (2.2 g, 7.5 

mmol) and AIBN (o.m g, 0.4 mrnol) in acetonitrile (25 cm3) in a Carius tube were 

deoxygenated with nitrogen and frozen. The tube was irradiated for 70 h, opened and the 

solution was made up to 25 cm3 in methanol. HPLC analysis against internal standards 

(prepared by previous researchers) showed the solution to contain 2-nitropropane (232) (32 

%) and 1-methyl-I-nitroethyl phenyl sulfone (23Ic) (IS %). 

Reduction of p-nitrobenzyl halides (233) with tributylstannane 

-0- BU3SnHI AIBNI MePh -0-
02N ~!J CH,x --------t.~ °2N ~ !J CH3 

(ZI3) (234) 

A solution of the p-nitrobenzyl halide (233) (2.4 mmol) and tributylstannane (1.5 g, 5.2 

mmol) in toluene (5 cm3) was stirred under a stream of nitrogen for 40 min. AlBN (0.1 g, 

0.6 mmol) in toluene (5 cm3) was added and the solution was irradiated or refluxed for the 

specified period of time. The solvent was removed in vacuo to give an oil, which was 

analysed directly either by 1 H NMR spectroscopy using p-dimethoxybenzene as an internal 

standard to measure yields of products, or by making up the solution to 25 cm3 with 

methanol and analysing by HPLC. The eluent for the HPLC analysis of the crude product of 
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the reduction of p-nitrobenzyl chloride (233a) was methanol-water (70:30 v/v). The results 

are tabulated below: 

Substrate 

(233) 

Conditions BU3SnH/ Yield of Substrate (233) 

equiv. (234)/ % recovered/ % 

(233a) hu, 3 h 

(233d) hu, 3 h 

(233c) hu, 3.5 h 

(233b) hu, I h 

hu,3 h 

hu,4 h 

6, 1 h 

6, 2 h 

hu, 1.5 h 

hu, 1.5 h, 

But2NO· (0.6 equiv) 

dark, 1.5 h 

dark, 1.5 h, 6 

hu, 1.5 h, P-(N02hC614 

(0.25 equiv) 

hu, 1.5 h, no AIBN 

hu, 1.5 h, no N2 

2.17 

2.09 

§ Yield of p-NOz-C614CH20H (235) 31 %. 

24 

32 

71. 
30 

60 

75 

47 

60 

45 

0 

0 

100 

0 

9 
O§ 

77 

55 

0 

51 

10 

0 

0 

0 

52 

33 

88 

0 

100 . 

15 

0 

Attempted reduction of 2-nitro-2-( 4-nitrophenyl)propane (236) with 

tributylstannane 

BU3SnHI AIBNI MePh 

02N-Q-CMe2N02 ---....;Xlf<-----i.~ 02N-Q-CHMe2 

(236) (237) 

A solution of 2-nitro-2-(p-nitrophenyl)propane (236) (0.5 g, 2.5 rnrnol) and tributyl

stannane (1.5 g, 5.2 rnrnol) in toluene (50 cm3) was stirred under a stream of nitrogen for 40 

min. AIBN (0.1 g, 0.6 rnrnol) in toluene (5 cm3) was added and the solution was refluxed 

for 47 h. The solvent was removed in vacuo to give an orange oil, which was made up to 25 
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cm3 with methanol. HPLC analysis against internal standards (prepared by previous 

researchers) against standards showed 2-nitro-2-(4-nitrophenyl)propane (236) (80 %). No 

p-nitrocumene (237) was detected. 

Reduction of 2-bromomethyl-l-methyl-S-nitroimidazole (240) with 

tributylstannane 

BU3SnHI AIBNI MePhI hu If~\ 
• 02~--<':"N7-CH3 

Me 

(240) (241) 

2-Bromomethyl-1-methyl-5-nitroimidazole (240) (1.4 g. 6.4 mmol). tributylstannane (3.0 

g. 13 mmol) and AIBN (0.1 g. 0.6 mmol) in toluene (60 cm3) were irradiated under an 

atmosphere of nitrogen for 5 h. The solution was evaporated to dryness and the resultant 

solid was taken up in dichloromethane. The solution was extracted with hydrochloric acid (2 

M) and the acid extract was washed with diethyl ether. The acidic extract was basified with 

sodium carbonate and extracted with dichloromethane. The extract was dried over 

magnesium sulfate and evaporated to dryness. Recrystaliisation from aqueous methanol gave 

1.2-dimethyl-5-nitroimidazole (241) (0.6 g. 4.3 mmol. 63 %) as colourless crystals. m.p. 
134-135°C (lit. 107 135-136°C). 

Umax 3121 (C-H). 1762. 1525. and 1463 (C=C and C=N) cm-1 

OH (60 MHz) 7.55 (l H. s. 4-H). 3.7 (3 H. s. I-Me). and 2.35 (3 H. s. 2-Me). 

The spectroscopic data were identical to those of the authentic material. 

Reduction of (S-nitro-2-furyJ)methyl nitrate (242) with tributylstannane 

MePhl 
hu 

(243) (244) 

(5-Nitro-2-furyl)methyl nitrate (242) (0.5 g. 2.5 mmol). tributylstannane (1.5 g. 5.2 mmol) 

and AIBN (0.1 g. 0.6 mmol) in toluene (30 cm3) were irradiated under an atmosphere of 

nitrogen for 3 h. p-Dimethoxybenzene (0.09 g. 0.6 mmol) was added and the solution was 

removed in vacuo to give a brown oil. NMR spectroscopic analysis of the crude product 
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against the internal standard by comparison of integrals, as shown, gave the following 

estimated yields: 

Compound NMR OH/ Estimated 

resonance ppm yield/ % 

p-dimethoxybenzene p-OCH3 3.6 

2-methyl-5-nitrofuran (244) 2-CH3 2.45 43 

2-hydroxymethyl-5-nitrofuran (243) 2-CH20H 4.6 54 

.-
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4. Appendix 1: Samarium (11) Iodide-Mediated Ring Expansion 

As discussed in the Introduction to this Thesis [See section 1.5.1(c). especially 

Schemes 4732 and 4840]. there is evidence. in particular the ring opening of a-cyc1opropyl 

ketones. to suggest that samarium (Il) iodide mediates the formation of ketyl radical-anions 

from ketones by SET and that such ketyls are capable of mediating the ring opening of 

bicyclic compounds. Thus samarium (IT) iodide should be capable of mediating the ring 

expansion of suitably functionalised ketones. e.g. 4b.5.6.7.8.9.1O-octahydro-2,4-

dimethoxy-9-oxophenanthrene (216) (Scheme 129). by Cleavage of the Zero Bridge in 

Bicycles. 

Sm1i THF 

+ 
Mea Mea Mea 

(216) (218}(12%) (217) (22%) 

Ksm
2

+ 

5m2+ 

QQ-
t HO

-

H2O 

\ J, 
Mea Mea Mea 

(219) (223) 

QQ. 
\ J, 

Mea Mea MeO 
(219) (220) (221) 

~H~ 
HO-

, • 
Mea MeO Mea 

(218) (222) 

Scheme 129 
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The ketone (216), a small amount of which was purchased from the Aldrich ABC 

Collection of Rare Chemicals by the Boots Co. PLC, was treated with samarium (11) iodide 

in 1HF to afford two unstable products, which were tentatively characterised, on the basis of 

high field l3C and IH NMR spectra, as 4-butyl-5,7-dimethoxy-2-tetralone (217) and 5,6,7, 

8,9, 1O-hexahydro-2,4-dimethoxybenzocyclodecen-ll-ol (218). 

The products (217) and (218) could arise by a sequence of SET, (3-scission, 

hydrogen-abstraction and protonation (Scheme 129). The ketyl (219), which is formed from 

the ketone (216) by SET, is aligned for ring-opening (and ring expansion), via (3-scission, 

to the enolate (220), which is also a benzylic radical. Hydrogen~Jransfer from the solvent 

should give the enolate (221), which would afford the cyclodecanone (222) on aqueous 

work-up. However the compound's high field NMR spectra appears to indicate that the 

ketone exists as the enol (218). This enolisation can be rationalised in terms of the resultant 

extension of conjugation. This is in stark contrast to the lack of enolisation exhibited by the 

ketones (83), (216), and (217). The alternative (3-scission of the ketyl (219), which would 

give ring-opening without ring expansion, would afford the enolate (223), which is also a 

primary alkyl radical. This species is far less thermodynamically stable than the benzylic 

radical (220). However, the reverse reaction, viz. the 6-exo cyclisation of the radical (223) 

to give the ketyl (219), would involve the attack of a nucleophilic alkyl moiety on the (3-

position of an enolate moiety, which is also nucleophilic. Hence the process is kinetically 

disfavoured. Subsequent hydrogen-abstraction and protonation would afford the tetra10ne 

(217). Thus the (3-scission of the ketyl (219) would appear to be non-regiospecific: 

evidently the transition energies for (3-scission to radicals (223) and (220) are of a similar 

order of magnitude. Such transition energies are determined, at least in part, by relief of 

steric strain, an imponderable effect. This is analogous to the non-regiospecific (3-scission of 

the alkoxyl radicals (64)16 [See section 1.5.2(b)] and (172) [See section 2.4(b)J. 

The products decomposed prior to further characterisation and insufficient starting 

material was available to repeat the experiment. Given time, further elaborate starting 

materials would have been prepared. 

In an effort to find a substrate with more stable products, the ring expansion of 1-

decalone (224) to cyclodecanone (225) via (3-scission of the ketyl was investigated (Scheme 

130). The alternative (3-scission, that which leads to a primary alkyl radical, would give 3-

butyJcyclohexanone. The reaction failed under the following conditions, giving recovered 

starting material (224) as the only product on aqueous work-up: 

Smh (1.1 equivalents)! THF/ _78°C to r.t.;39 

SmI2 (1.1 equivalents)/ THF/ r.t.; 

Smh (1.5 equivalents via syringe pump)! THF/ DMPUI r.t.40 
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0 0 0-

c6 
1. SmltTHF 

c:J 1-10- H~c:) 2. H20 

X • .\ ) 

(224) (225) o· 0 

0 O- cr-
Q 

cD • c6 c6 -• 

S~b~m!! 1 ilQ 

The ring-opening of camphor (226) via the ketyl (227) was also envisaged (Scheme 

131). Ring opening of the ketyl (227) should give a stable tertiary alkyl radical, thereby 

relieving strain in the [2.2.I]bicyc1oheptane ring system, and therefore should be a favour

able process. The samarium (IT) iodide-mediated formation of the ketyl of a similar species 

(228) offers a literature precedent \08 (Scheme 132). The reaction failed under the following 

conditions, giving recovered starting material as the only product on aqueous work-up: 

SmI2 (1.1 equivalents)! TIIF! O°C to r.t.;39 

Smh (1.1 equivalents)!TIIF! MeOH/O°C to r.t. 108 

• -
1. SmltTHF -eY0 

_2_. H_2X*-_ 

(226) 

QQ. 
0- \ ) • 

Scheme 131 

The recovery of starting material was not expected because, even if ring-opening 

failed, reduction to an alcohol was expected. A possibility exists that the samarium (m 
iodide was not fully formed and hence that the reaction was feasible, but did not take place. 
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However reactions were carried out under the nonna1 conditions and the expected colour 

change, viz. from blue to green or yellow, were observed. With shortage of time, and 

following a general lack of success, this line of work was abandoned. However, given 

further work, it promises a novel route to ring expansion that avoids the tedious purification 

procedures associated with tributylstannane-mediated reactions. 

Sml2 (2.1 equiv)/ 

~B' 
THF/ MeOH (2:1) 

C[l. ~OH 
-78'C -

" i 0 85% i 0 
Me Me Me 

(228) 

1· B,-lcsm2

+ 

Sm3+ errB
' 

MeOH MeO-

C{XB' 
Sm2+ Sm3+ cDf \ ) , \ J, 

i 0- 1 OH i OH 
Me Me Me 

S~b~m~ l:!Z 
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5. Appendix 2: Reduction of Substituted Nitro Compounds with Tributyl

stannane 

As stated in the Introduction [section 1.5.1(b)] and in the Discussion (section 2.8), 

there are at least two conceivable mechanisms for the radical reduction of nitro compounds. 

Both the Radical-Anion and the Nitroxide mechanisms (the two most likely mechanisms 109) 

are supported by experimental evidence which indicates a chain mechanism. Tributyl

stannane-mediated reduction of secondary and tertiary nitroalkanes yields the corresponding 

alkanes without providing any means of deciding which mechanism is operating. It was 

considered that the tributylstannane-mediated reduction of a-substituted nitro compounds, 

where the a-substituent is a good leaving group, might provide this mechanistic information. 

The Radical-Anion mechanism and the Nitroxide mechanism for the reduction of such 

compounds are shown below (Scheme 133). If the Radical-Anion mechanism operates, then 

dissociation of the radical-anion with loss of the a·substituent could occur. If the Nitroxide 

mechanism operates exclusively, then only loss of nitrite would be expected. 

The apparent dichotomy between the two mechanisms is possibly false. If the radical

anion exists as a close ion-pairllO (229) with the tributyltin cation, its structure is similar to 

that of one of the canonical forms (230) of the nitroxide. The structures (229) and (230) 

may be in equilibrium. In any event, they are so similar that they are probably indistinguish

able by EPR spectroscopy.l09-111 

&- &+ &- &+ 
0:-+ -/ ...... , + 

R2C(X)N SnBu3 

'0-

O-SnBu3 0-SnBu3 
+-/ •• / 

R2C(X)N -.--I.~ R2C(X)N , , 
0- ry 

(229) (230) 

In an effort to investigate which of the putative mechanisms is operative, benzene 

solutions of a number of 2-substituted 2-nitropropanes (231) were irradiated in the presence 

of AlBN and tributylstannane (1.2 equivalents) and the crude products were analysed by 

HPLC against standards made up from authentic materials prepared by previous researchers 

(Scheme 134). In all cases the only product obtained, other than starting material, was 2-

nitropropane (232). Thus the a-substituent is lost in preference to the nitro group, indicating 

that the Radical-Anion mechanism probably operates in at least some circumstances. The 

slowness of the reduction of the a-nitro sulfone (231c) compared to the halides (231a) and 

(231b) is indicative of the relative stabilities of the associated radical-anions.l ll SRNl 

studies have shown that the dissociation of the radical-anion of a-nitro sulfone (231c) is 

slow. 1 12 Therefore, if the nitroxide is a possible intermediate, loss of nitrite would be 

expected (Scheme 135): the resultant a-sulfonyl radical is stabilised. 
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Radical
Anion 
Mechanism 

Nitroxide 
Mechanism 

~X + BlJ:lSrH 

. 
~ + BU:JSnH 

o 
+11 

R2C(X)N + BUaSn• 

'0-
OSnBu3 1 

R2C(X)N 
\ o· . 

+ NO:!-

+ x-

---10- i¥HX + BlJ:lSno 

---10- R:PHNO:! + BlJ:lSno 

OSnBu3 
1 

---10- R2C(X)N 
\ o· 

R,GX + BuaSnQNO 

R.2CX + BuaSnH ---10- RPi>' + BlJ:lSno 

Scheme 133 

BUaSnHI AIBNI PhHI hu 
o Me2CH(N021 

(232) 

Scheme 134 H, X ~ Cl (47 %); b, X a Br (66 %); c, X = S02Ph (32 'to) 

S02Ph ';..< BUaSn• 

N02 

(231 c) 
S02Ph 

';..< 
NOSnBua 
I 

O· 

- BuaSn-O-N=O 

-------00_ rS02Ph 

Scheme 135 
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The relative rates of reaction, as inferred from the product yields, are in accordance 

with the rates of dissociation of the radical-anions derived from the nitropropanes (231) 

These rates increase with the nucleofugacity (leaving group ability) of the a-substituen!, X, 

i.e. with the stability of the derived anion, X-. Hence the rates increase in the order: PhSOz 

< Cl < Br. The relative rates of reduction of the nitroxides would be expected to be 

approximately equal, and hence independent of the nature of the a-substituent, X, provided 

the stability it afforded to the 2-propyl radical was similar. 

In order to further test the nature of the mechanism, a group of substituted nitro 

compounds in which the nitro group and the other potential nucle.ofuge are conjugatively 

separated, was investigated. The tributylstannane-mediated reduction of p-nitrobenzyl 

halides (233) was investigated (Scheme 136). Addition of the tributylstannyl radical to the 

nitro group should not lead to cleavage of the arene carbon-nitrogen bond, since a highly 

unstable arene (J radical would result. Therefore the nitroxide formation, if feasible, should 

be reversible and the Nitroxide mechanism is unlikely to be operative. However the radical

anions derived from p-nitrobenzyl halides (233) are known to undergo dissociation to p

nitrobenzyl radicals. Thus the Radical-Anion mechanism is likely is likely to be operative. 

The crude products of the reactions were analysed by HPLC against standards made up from 

authentic materials prepared by previous researchers, or by 1 H NMR spectroscopy with p

dimethoxybenzene as the internal standard. In all cases the only product obtained was p

nitrotoluene (234) (Scheme 137). In some cases, some starting material (233) was also 

detected. 

(233) 

Scheme 136 

BU3SnHI AIBNI MePh 
(233) -------_. (234) 

Scheme 137 a. X = Cl (24 %): b, X = Br (75 %); c, X = I (71 %): d, X = SCN (32 %) 

The mechanism of the reduction of p-nitrobenzyl bromide (233b) was investigated. 

The reduction was carried out several times under a standard set of conditions modified as 

shown in the table below. The reduction was inhibited using radical traps [di-t-butyl 
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nitroxide (But2NO·) and oxygenJ. In the oxygen inhibition reaction,p-nitrobenzyI alcohol 

(235) was fonned (Scheme 138), indicating trapping of the p-nitrobenzyI radical by triplet 

oxygen.! 13 The reaction was shown to be light-catalysed or thennally initiated. AIBN 

catalysed the reaction but was not essential. Strong electron acceptors (oxygen and p

dinitrobenzene) also inhibited the reaction suggesting that radical-anions are intennediates. 

However p-dinitrobenzene is also a good trap for tributylstannyl radicals,109a so that use of 

this inhibitor is not conclusive evidence for the intennediacy of radical-anions. 

Substrate Yield (234)1 % (233b) recoveredl % 
hu 0 33 

hu, But2NO· (0.6 equiv), dark 0 88 

t;., dark 100 0 

hU,p-(N02hCJL (0.25 equiv) 0 100 

hu, no AIBN 91 15 

hu, no N2 0 0 

. Scheme 138 

2-Nitro-2-(4-nitrophenyl)propane (236) was completely inert towards tributyl

stannane, even after prolonged heating, and no sign of p-nitrocumene (237) was observed 

(Scheme 139). This result suppons the reponed inermess to tributylstannane. I09b-c In 

contrast, the analogous p-cyano- and p-methoxycumenes are readily reduced. 109a-e 2-Nitro-

2-( 4-nitrophenyl)propane (236) does slowly undergo SRN1 reactions I 12,113 and the radical

anion (238) does dissociate. to the p-nitrocumyl radicals. 114 This suggests that the tributyl

stannyl radicals attack the aromatic nitro group to yield a nitroxide (239) in which the C-N 

bond is unlikely to break,109c and that the radical-anion (238) is not fonned. It is difficult to 

explain why similar auto-inhibitory behaviour is not observed in the tributyl-stannane

mediated reduction of the p-nitrobenzyl halides (233). 

The tributylstannane-mediated reduction of two aromatic heterocyclic analogues was 

also investigated. Such compounds are known to undergo SRN1 reactions, I IS i.e. they are 

able to undergo SET reduction to yield radical-anions which dissociate to yield stabilised 
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"benzylic" radicals. These radical-anions have also been identified by EPR spectroscopy and 

their dissociation has been observed at low temperature. 1l6 2-Bromomethyl-l-methyl-5-

nitroimidazole (240) was reduced to the 2-methyl derivative (241) (Scheme 140). The result 

provides further evidence for the operation of the Radical-Anion mechanism. 

Bu3SnH1 AIBNI MePh 

02N-o-CM92N02 ----;Xlft----<·~ 
(236) 

Scheme 139 

O,N-o-CHMe2 

(237) 

\\ BU3SnHI AIBNI MePhl hu \\ -1[N -1[N 
02N N./-CH,Br --------.... - 02N N7-CH3 

~ ~% ~ 

(240) (241) 

Scheme 140 

The tributylstannane-mediated reduction of (5-nitro-2-furyl)methyl nitrate (242) 

yielded !wo products in approximately equal yield: 2-hydroxymethyl-5-nitrofuran (243) and 

2-methyl-5-nitrofuran (244) (Scheme 141). The two products (243) and (244) probably 

arise by the operation of the Nitroxide and Radical-Anion mechanisms respectively (Scheme 

142). EPR spectroscopic1J6 and SRN I1J5 studies have shown that dissociation of the 

radical-anion proceeds rapidly and yields the 5-nitrofurfuryl radical. Hence if only the 

Radical-Anion mechanism is operative, the furan (244) would expected as the only product. 

If only the nitroxide is operative (See section 1.5.2(b), Schemes 6653 and 6753) the furan 

(243) would expected as the only product. Therefore the observation that both products are 

formed suggests that mechanisms are operating. The operation of the Radical-Anion 

mechanism could, if widespread, be a serious side-reaction in the use of nitrate esters (24, 

W = NO,) as precursors to aJkoxyl radicals (25). 
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BU3SnHl n AIBNI n +n 
02W·· .. '0/--CH'ON02 --.... - 02W-'0/--CH,oH 02N~0/--CH3 
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hu 

(243) (54%) 

Scheme 141 

[Nitroxide Mechanism) 

(244)(43%) 

n CHn 0 _B--=u3,-Sn-.; •• ~ 0 N n '0, ,.OSnBu3 0,N~0/-- .,....N 2 2 ~O?-V N 
I 

(242) O. 

l- BU3SnO·N..Q 

n 
02N~0/--CH,o. 

BU3Sn' BUaSnH 

n \) 
02N~0/--CH,oH • 

(243) 

[ Radical-Anion Mechanism) 

Schema 142 

The results, in particular the loss of the a-substituent from the a-substituted nitro 

compounds (231), favour the operation of the Radical-Anion mechanism over the Nitroxide 

mechanism for the reduction of such compounds. However the results can also be 

rationalised by an SH2 mechanism (Scheme 143), where nucleophilic tributylstannyl 

radicaJ93 abstracts the a-substituent, which is rendered electropositive by the inductively 

electron-withdrawing effect of the nitro group. The results can also be explained by 

competition between the Radical-Anion mechanism and the Nitroxide mechanism (Scheme 

144), provided the following conditions are met: (i) addition of the tributylstannyl radical to 

the nitro group is reversible; (ii) scission of the resultant nitroxide radical is slow; (iii) SET 

from the tributylstannyl radical to the a-substituted nitro compound is faster than formation 
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of the nitroxide. Presumably these conclusions can be extrapolated to the reduction of 

unsubstituted nitro compounds. 

0.-
Me,,. X 

Me;:.( 

(ZJ1) 

Me, X .... .,/ + 
Me",""" 

N02 

(231 ) 

I fast 

• SET 

N02 

----

[

Me, X ] 
Me~ BU3Sn+ 

N02 

BU3SnX 

) 
• 

Me r N02 

Me 

BU3SnH BU3Sn' 

\. ) 

Scheme 143 
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