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Abstract

A detailed study of aryl radical cyclisations usingN-ethylpiperidine hypophosphite shows that the reagent has
advantages over tributyltin hydride in radical generation and reaction. © 2000 Elsevier Science Ltd. All rights
reserved.

The advances made over the past 30 years in carbon–carbon bond formation mediated by free radical
chemistry using organotin reagents have been impressive. However, problems in separation of reaction
products from organotin contaminants and the toxicity of the tin reagents and by-products1,2 have
prevented their application to pharmaceutical manufacture. Recently many highly original alternative
reagents3,4 and processes for free radical chemistry have been described. Our own interests have focused
on tetrathiafulvalene,5 which allows for oxidative termination of the radical process, and, more recently,
on hypophosphorous acid and itsN-ethylpiperidine salt6 (EPHP) which provide reductive termination.
Barton et al.7 and Jang8 had used these phosphorus reagents for radical defunctionalisation reactions,
but not for C–C bond formation. Barton et al.7 describe rapid addition of phosphorus-centred radicals to
alkenes, and this may have deterred them from investigating C–C bond formation using these reagents.
However a number of recent studies demonstrate that this does not present a problem in cyclisation
of simple substrates.6,9 The low cost of the phosphorus reagents and their ease of separation from
reaction products heralds a new era where radical reactions forming C–C bonds are both economical
and convenient.

Reactions are usually performed with 10 equiv. of EPHP. The current paper uses fairly complex
substrates which are useful in synthesis of complex alkaloids: (i) to examine the effect of decreasing
the number of equivalents of EPHP; (ii) to present easily attacked terminal alkenes to the intermediate
phosphorus radicals to see if phosphorus radical addition to the alkenes prevails over the desired
cyclisation reactions; and (iii) to make direct comparisons with tributyltin hydride.

The first set of substrates,1, 3 and 5, afforded cyclisations onto an H-substituted cyclohexene
carbon. The cyclisations proceed very efficiently to form the expectedcis-fused hexahydrocarbazoles.
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Deprotection was observed when the TBS ether3 was subjected to the reaction. Blank experiments have
shown that this deprotection arises from the acidity of the EPHP, which is the monosalt of a dibasic acid.

Since each molecule of EPHP has two hydrogens which can be used in reduction, and since 10 equiv.
were used, this means that the reactions were conducted with a 20-fold excess of H-atom source — hence
the effect of using less reagent was explored with7. As shown below, decreasing from 10 equiv. to 5
equiv. led to a slight improvement in yield but a significant increase in reaction time,t, to complete
conversion. A further decrease to 3 equiv. slowed the reaction further still, and considerable amounts
of the product of elimination10 were observed after 24 h. Using just 1 equiv. afforded 31% of product
together with 64% of7 after 48 h, so the reaction was halted well before complete conversion. The
cyclisation of this substrate was also studied with tributyltin hydride, and intriguingly this showed a
lowered chemoselectivity, with substantial reduction of the aliphatic C–Cl bond being observed by the
time that conversion of7 was complete. Barton et al.7 had previously described the difference in reactivity
of phosphorus radicals towards carbon–halogen bonds, and the complete stability of the C–Cl bond under
these conditions offers clear synthetic opportunities which we are currently investigating.

The effect of increased steric crowding in the substrate was next studied using substrates12–14. The
more congested cyclohexene�-bond should slow the cyclisation reactions and give more opportunity
for reduction prior to cyclisation. These substrates also featured terminal alkenes, and so would provide
an alternative way for the yields of the desired cyclisation products to be decreased, through addition
of the intermediate phosphorus radicals to the alkene. In practice, the cyclisations proceeded well with
EPHP giving 71% and 68% of15and16, respectively. Substrate14was used to compare EPHP with the
organotin reagent, with a slightly higher yield being observed for the EPHP reaction. In contrast to the
case of7 above, the (neopentyl) chlorine atom in17 was not reduced by tributyltin hydride in this case,
presumably because of the greater steric crowding around that atom.
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The chemistry was then extended to the related oxygen series, which showed rather different results.
Initial cyclisation of18 gave poorer yields of cyclised product19 compared to the nitrogen series. [This
suggested a slower cyclisation10 for O- versusN- substrates]. However, a slower addition of EPHP and
AIBN by syringe-pump dramatically improved the yield to 80%.

When the cyclohexene double bond of the substrate bore an allyl group, the relative amount of reduced
uncyclised product increased as expected. Substrate21afforded 43% of cyclised product24, and 24% of
reduced product25. [This was slightly better than was found with tributyltin hydride.] Substituting the
cyclohexene double bond with either a chlorine atom or a sulfone group as in22 and23 did not lead to
increased yields of cyclised products.

In summary, this study shows that respectable yields of cyclised materials are isolated, even when the
substrates present terminal alkenes to the phosphorus reagent. So, adducts resulting from attack of the
EPHP radicals on the alkenes have not presented serious competition. Furthermore, whereas tributyltin
radicals reduce aryl iodide and alkyl chloride at apparently competitive rates, the phosphorus-centred
radicals show higher chemoselectivity, reducing only the iodide under the reaction conditions. Syringe-
pump addition of EPHP can improve the yields of slower cyclisation reactions.
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