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Abstract—Reaction of various dienes with phosphites or related phosphorus hydrides, under free radical cyclisation conditions,
affords cyclic organophosphorus adducts. This quick, mild and technically clean approach affords 5- and 6-ring carbocycles and
heterocycles in good to excellent yield. © 2002 Elsevier Science Ltd. All rights reserved.

The use of free-radical cyclisation reactions has been
extensively investigated in recent years and by far the
most common method of initiation involves the use of
tributyltin hydride.1 Cyclisation is usually achieved by
reaction of tributyltin hydride with unsaturated
organohalide precursors, although cyclisation of dienes
or enynes to form cyclic products bearing versatile
stannane or vinyl stannane functional groups is also
known.2 Recently, the problems associated with the
toxicity and difficulty of removing tin-containing by-
products has led to the development of alternative
non-metal hydrides for radical generation.3 Recent
examples include cyclohexadienes,4 silylated
cyclohexadienes5 and hypophosphorous acid (and its
salts)6 although the use of tributyltin hydride still dom-
inates.7 As part of a programme to develop alternative
and more versatile free-radical initiators we have
recently investigated the use of phosphites in organic
synthesis. This work has shown that reaction of CCl4
with an alkene or diene in the presence of diethyl
phosphite [(EtO)2P(O)H] produces polychlorinated
products in good yields.8 These reactions involve the
formation of an intermediate phosphonyl radical
[(EtO)2P(O)�] which abstracts a chlorine atom from
CCl4 to form the �CCl3 radical. This radical then adds
to the alkene or diene. An important side reaction was
also observed and organophosphorus by-products were
isolated from some of these reactions. These by-prod-
ucts were formed from direct addition of the phospho-

nyl radical to the alkene or diene9 as illustrated by the
reaction of diallyl ether 1 with diethyl phosphite and
AIBN to give tetrahydrofuran 2 in 80% yield (Scheme
1).10,11 This efficient carbon�carbon bond forming reac-
tion suggested that the addition of phosphonyl radicals
to dienes could provide a mild and general approach to
cyclic organophosphonates, so offering an attractive
alternative to the Arbusov (Michaelis–Arbuzov)
reaction.12

Our initial studies investigated the formation of carbo-
cycles by reaction of 1,6-dienes 3 and 5 with diethyl
phosphite (5 equiv.) and AIBN (0.3 equiv.) in refluxing
cyclohexane (Table 1, entries 1 and 2). This afforded
the desired cyclopentanes 4 and 6 in excellent 87%
yields as inseparable mixtures of cis-:trans-diastereoiso-
mers.13 In both cases only the five-membered ring prod-
ucts were isolated14 and the predominant formation of
the cis-diastereoisomers is consistent with chair-like
(Beckwith–Houk) transition states. A variety of alterna-
tive dienes were also reacted with diethyl phosphite (5
equiv.) under the same reaction conditions (entries 3–8).
Hence, reaction of benzamide 7 with diethyl phosphite
gave pyrrolidine 8 in 73% yield when using AIBN as
the initiator, or 75% yield when using Et3B/O2

15 at
room temperature (entry 3). Bicyclic oxygen and nitro-
gen heterocycles could also be prepared as illustrated

Scheme 1.
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Table 1.

a Diastereoisomer ratio determined from the 1H NMR spectrum.
b The diastereoisomer ratio could not be determined from the 1H NMR spectrum due, for example, to the presence of amide conformers which

complicated the spectrum.
c Reaction initiated by Et3B/O2 (rt) rather than AIBN (80°C) in cyclohexane

by the formation of 10 and 12 in 56 and 66% yield from
dienes 9 and 11, respectively (entries 4 and 5). It should
be noted that the cyclisation of 9 and 11 involves
reaction of diethyl phosphite with intermediate sec-
ondary (rather than primary) carbon-centred radicals. A
similar reaction was also observed to give pyrrolidine
14 from diene 13 in 68% yield (entry 6). Following
successful cyclisations involving intermediate primary

and secondary carbon-centred radicals, our attention
turned to the reaction of diethyl phosphite with tertiary
carbon-centred radicals. Hence, reaction of prenyl
derivatives 15 and 16 with diethyl phosphite gave the
desired cyclic products in modest yields of 40 and 35%,
respectively (entry 7). The lower yields of 17 and 18 can
be explained by the greater stability of tertiary carbon-
centred radicals, which results in lower rates of hydro-
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gen-atom transfer from diethyl phosphite.16 This
method of cyclisation can also be extended to the
formation of six-membered rings as shown by the for-
mation of cyclohexane 20 from 1,7-diene 19 (entry 8).

For comparison, some of the dienes were reacted with
alternative phosphorus hydrides. Reaction of benza-
mide 7 with di-tert-butyl phosphite (5 equiv.) gave
phosphonate 21 in good yield, while excellent yields for
phosphine oxides 22 and 23 were observed on reaction
of 1,6-heptadiene 3 and benzamide 7 with 5 equiv. of
diphenylphosphine oxide [Ph2P(O)H]. Reaction with
diethyl thiophosphite [(EtO)2P(S)H, 1.1 or 5 equiv.] was
also successful and on heating with diene 3 or 7 and
AIBN (in boiling THF or cyclohexane) this resulted in
the efficient formation of thiophosphonates 24 and
25.17 Diethyl thiophosphite has been shown to be a
more effective hydrogen-atom donor than diethyl phos-
phite in other radical additions18 and this was confi-
rmed by the formation of thiophosphonate 26 in 75%
yield (as a 1:1 mixture of diastereoisomers) when using
only 1.5 equiv. rather than 5 equiv. of diethyl thiophos-
phite. The thiophosphite (5 equiv.) can also be used to
efficiently trap tertiary carbon-centred radicals as illus-
trated by the cyclisation of prenyl derivative 15 to give
thiophosphonate 27 in 70% yield (cf. 40% with diethyl
phosphite).

The phosphonate products derived from these radical
cyclisation reactions are useful synthetic intermediates
as shown in Scheme 2. Acid hydrolysis of phosphonates

2 and 21 can be used to prepare phosphonic acids 28
and 29, respectively, in excellent yield. �-Alkylation
reactions are also possible as illustrated by the benzyla-
tion of 4 to give 30 in 72% yield (as a mixture of
diastereoisomers using 1.7 equiv. of BuLi and benzyl
bromide) while reaction of 4 with butyllithium (1.7
equiv.) followed by allyl bromide (1.7 equiv.) gave 31 in
84% yield (as a mixture of isomers). These types of
reactions can also be carried out in one-pot. Hence
reaction of 1,6-heptadiene 3 with diphenylphosphine
oxide (1.1 equiv.) and AIBN in THF, followed by
addition of butyllithium (1.7 equiv.) and then benzyl
bromide (1.7 equiv.), gave cyclopentane 32 in 30%
overall yield (as a mixture of isomers).

This work has shown that radical cyclisation of 1,6- or
1,7-dienes using phosphorus hydrides affords a mild,
efficient and general approach to organophosphorus
derivatives. In comparison to tin hydrides, phosphorus
hydrides such as diethyl phosphite are inexpensive,
non-toxic and it is also much easier to change the
substituents on phosphorus. For example, alternative
phosphites including 33 can be easily prepared (from
L-menthol and PCl3)19 and reaction of 33 with benza-
mide 7 afforded the expected pyrrolidine phosphorus
adduct in 58% yield. Indeed, substitution is shown to
influence the reactivity of the phosphorus hydrides in
hydrogen-atom transfer reactions. Thus, diphenylphos-
phine oxide and diethyl thiophosphite are more effec-
tive hydrogen-atom donors than diethyl phosphite. This
was further evidenced by the reaction of hydrazone 34

Scheme 2.
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Scheme 3.

to give hydrazine 35 (in 66% yield) when using
diphenylphosphine oxide (5 equiv.), but this reaction
was unsuccessful when using diethyl phosphite (5
equiv.) (Scheme 3). The formation of organophospho-
rus adducts under such mild reaction conditions is of
particular note and this method offers a flexible
approach to these types of compounds, which have
been shown to undergo synthetically important hydrol-
ysis and �-alkylation reactions.
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B.; Göbel, T.; Dickhaut, J.; Thoma, G.; Kulicke, K. J.;
Trach, F. Org. React. 1996, 48, 301–856; (d) McCarroll,
A. J.; Walton, J. C. J. Chem. Soc., Perkin Trans. 1 2001,
3215–3229.

2. See for example: (a) Hanessian, S.; Reinhold, U.;
Ninkovic, S. Tetrahedron Lett. 1996, 37, 8967–8970; (b)
Hanessian, S.; Ninkovic, S.; Reinhold, U. Tetrahedron
Lett. 1996, 37, 8971–8974; (c) Parsons, A. F.; Williams,
D. A. J. Tetrahedron 1998, 54, 13405–13420.

3. (a) Baguley, P. A.; Walton, J. C. Angew. Chem., Int. Ed.
1998, 37, 3072–3082; (b) Gilbert, B. C.; Parsons, A. F. J.
Chem. Soc., Perkin Trans. 2 2002, 367–387; (c) Studer,
A.; Amrein, S. Synthesis 2002, 835–849.

4. (a) Binmore, G.; Cardellini, L.; Walton, J. C. J. Chem.
Soc., Perkin Trans. 2 1997, 757–762; (b) Jackson, L. V.;
Walton, J. C. Chem. Commun. 2000, 2327–2328.

5. Studer, A.; Amrein, S. Angew. Chem., Int. Ed. 2000, 39,
3080–3082.

6. (a) Graham, S. R.; Murphy, J. A.; Coates, D. Tetra-
hedron Lett. 1999, 40, 2415–2416; (b) Martin, C. G.;
Murphy, J. A.; Smith, C. R. Tetrahedron Lett. 2000, 41,
1833–1836; (c) Graham, S. R.; Murphy, J. A.; Kennedy,
A. R. J. Chem. Soc., Perkin Trans. 1 1999, 3071–3073; (d)
Kita, Y.; Nambu, H.; Ramesh, N. G.; Anilkumar, G.;
Matsugi, M. Org. Lett. 2001, 3, 1157–1160; (e) Yorim-
itsu, H.; Shinokubo, H.; Oshima, K. Bull. Chem. Soc.
Jpn. 2001, 74, 225–235; (f) Yorimitsu, H.; Shinokubo, H.;
Oshima, K. Chem. Lett. 2000, 104–105; (g) Reding, M.
T.; Fukuyama, T. Org. Lett. 1999, 1, 973–976.

7. Parsons, A. F. Chem. Br. 2002, 42–44.
8. (a) Barks, J. M.; Gilbert, B. C.; Parsons, A. F.; Upean-

dran, B. Tetrahedron Lett. 2001, 42, 3137–3140; (b)

Barks, J. M.; Gilbert, B. C.; Parsons, A. F.; Upeandran,
B. Synlett 2001, 1719–1722.

9. For addition of phosphorus-centred radicals to alkenes,
see for example: (a) Piettre, S. R. Tetrahedron Lett. 1996,
37, 2233–2236; (b) Sluggett, G. W.; McGarry, P. F.;
Koptyug, I. V.; Turro, N. J. J. Am. Chem. Soc. 1996, 118,
7367–7372; (c) Piettre, S. R. Tetrahedron Lett. 1996, 37,
4707–4710; (d) Kenney, R. L.; Fisher, G. S. J. Org.
Chem. 1974, 39, 682–686; (e) Callot, H. J.; Benezra, C.
Can. J. Chem. 1971, 49, 500–504; (f) Busfield, W. K.;
Grice, I. D.; Jenkins, I. D. Aust. J. Chem. 1995, 48,
625–634; (g) Lopin, C.; Gautier, A.; Gouhier, G.; Piettre,
S. R. Tetrahedron Lett. 2000, 41, 10195–10200; (h)
Dubert, O.; Gautier, A.; Condamine, E.; Piettre, S. R.
Org. Lett. 2002, 4, 359–362; (i) Lopin, C.; Gautier, A.;
Gouhier, G.; Piettre, S. R. Tetrahedron Lett. 2000, 41,
10195–10200; (j) Nifant’ev, É. E.; Magdeeva, R. K.;
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