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Addition of diethyl thiophosphite to terminal alkenes, in the presence of a radical initiator, followed by deprotonation of the phosphonothioate
and reaction with a ketone, offers a concise one-pot approach to substituted alkenes. This novel method, which can incorporate alkylation or
acylation steps, can be applied to the stereoselective formation of sterically hindered tri- and tetrasubstituted alkenes.

The use of phosphorus hydrides as alternative reagents tdExamples of addition of phosphinesjiphenylphosphine

tributyltin hydride, for application in radical transformations,
has attracted significant attention in recent yéafor

oxide (PhP(O)H)® hypophosphite$, diethyl phosphite
((EtO)P(O)H)& and diethyl thiophosphite ((EtgB(S)HY to

example, phosphorus hydrides, including hypophosphorousa range of alkenes are known.

acid (and its salts),diethylphosphine oxid&,and diethyl

Research within our own group has recently utilized the

phosphite!, have been used to reduce organohalides andradical addition of dialkyl phosphites and thiophosphites in
xanthates. These reactions involve the formation of inter-

mediate phosphorus-centered radicals, which are also known (4) (a) Barton, D. H. R.. Jang, D. O. Jaszberenyi, J.COrg. Chem.
to add to alkenes to form organophosphorus adducts.1993 58 6838-6842. (b) Barks, J. M.; Gilbert, B. C.; Parsons, A. F.;
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the synthesis of a range of cyclic and acyclic organophos-
phonates and phosphonothioates under mild condifions.
Reactions involving diethyl thiophosphite were shown to be
particularly efficient, presumably because of the weakeP
bond in the thiophosphite. Following the efficient formation

For comparison, the corresponding phosphoriateas
prepared by reacting diethyl phosphite (10 equiv) with
1-octene (1 equiv) and triethylborane ¢ 0.3 equiv) in
cyclohexane at rt. A quantitative yield &fwas obtained,
although it should be noted that 10 equiv of diethyl phosphite

of organophosphorus adducts, our attention has now turnedwas used, whereas only 3 equiv of diethyl thiophosphite was

to the elaboration of these products to afford alkenes in
Horner—Wadsworth—Emmons (HWE)-type reactidh@f
particular interest is the development of a novel and flexible
one-pot method for preparing alkenes.

Our initial studies concentrated on the preparation and
reaction ofO,O-diethyl octylphosphonothioatd) as shown
in Scheme 1. This was prepared in quantitative yield by

Scheme 1. Synthesis of Di- and Trisubstituted Alkenga—f

R
SBuLi, THF
06H13/\/ P(X)(OEt), CeHis Z R
78 °C —r.t,,
1,X=8 con 2af
3,X=0

(@ R=R' = Ph, 80%; (b) R = Me, R' = Cy;Hpg, 69% (F-Z-=2.4:1);
() R =R = (CHy)s, 88%; (d) R = Me, R' = Ph, 81% (F-.Z- = 6:1);
(e) R=R' = Et, 53%> (f) R = Ph, R' = H, 33% (only £-)

a2ewas formed in 40% yield when using LDA as the base.

reaction of diethyl thiophosphite (3 equiv) with 1-octene (1
equiv) and triethylborane (5 0.3 equiv) in cyclohexane at
rt. Nonstabilized phosphonates (without an anion stabilizing
groupa- to phosphorus) are rarely used in HWE reactténs

but an isolated report by Corey has shown that nonstabilized

required for the quantitative formation df. On HWE
reaction of phosphonat® with benzophenone, under the
same conditions as for phosphonothidhté,1-diphenylnon-
1-ene2awas isolated in 56% yield. This compares with an
80% yield from phosphonothioate which supports the view
that phosphonothioates are not only formed more efficiently
than phosphonates in radical additions but are also converted
into alkenes in higher yields in HWE-type reactidfs.

The formation of 1,1-diphenylnon-1-en2a was then
attempted in one pot by a consecutive reaction of 1-octene
with diethyl thiophosphite and AIBN (in THF at reflux)
followed bysBuLi and benzophenone (at78 °C to rt). This
resulted in an excellent 88% vyield of the desired alkBae
after column chromatography. A similar one-pot transforma-
tion using diethyl phosphite (1.2 equiv) in place of diethyl
thiophosphite gav@a in <5% vyield.

Further applications of this novel one-pot approach to al-
kenes, via intermediate phosphonothioates, were then inves-
tigated. For example, reaction of 1-nonene with diethyl thio-
phosphite followed by deprotonation and reaction with 2-de-
canone gave 9-methyloctadec-9-edgifl an excellent yield
of 89% (as a 2.55:1 ratio of inseparable alkene isomers)
(Figure 1). This alkene has been isolated from the veld grape

phosphonothioates can be converted into alkenes by depro-

tonation (with"BuLi at —78 °C) and reaction with aldehydes
or ketones (at rt or abovéj.Under these conditions, we
found that phosphonothioalegave alkene&a—f in higher
yields when usingBuLi (rather than"BuLi)®® as the base,
and ketones gave higher yields of alkenes than aldehydes.
Interestingly, theE)-isomers of alkenegb, 2d, and2f were

formed selectively, and raising the temperature of the reaction

from —78 to 60°C did not significantly affect the yields or
change the ratio of isomers of the alkenes.
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Figure 1. 9-Methyloctadec-9-ene (4) is prepared from 1-nonene
in 89% yield.

plant (Cissus quadrangulariz), which is an indigenous
medicinal plant of Indi&>®

A similar reaction sequence, involving addition of diethyl
thiophosphite to 4-methyl-1-penter®,(followed by depro-
tonation and reaction wit®-benzyl pregnenolone (6), gave
the steroid derivative in 77% vyield (as a 4:1 mixture of
double-bond isomers) (Scheme 2). Subsequent hydrogenation
of 7 (using 10% Pd/C/Kat 10 atm) resulted in reduction of
the two C=C bonds and cleavage of the benzyl ether to
afford the naturally occurring steroid cholestanol (in 75%
yield).*® This one-pot approach offers a short and flexible
route to analogues of cholestanol, which are of interest be-
cause of their biological activities, e.g., high levels of choles-
tanol are associated with cerebrotendinous xanthomafosis.

(15) Gupta, M. M.; Verma, R. KPhytochemistry1991,30, 875—878.

(16) Fleury, B. G.; Pereira, M. G.; Da Silva, J. R. P.; Kaisin, M.; Teixeira,
V. L.; Kelecom, A.Phytochemistryi994,37, 1447—1449.

(17) Moghadasian, M. H.; Salen, G.; Frohlich, J. J.; Scudamore, C. H.
Arch. Neurol.2002,59, 527—529.

Org. Lett, Vol. 7, No. 8, 2005



Scheme 2. Consecutive Intermolecular Radical
Addition—HWE Reaction

Y

5

Sm il
(EtO),PSH, then Buli,

AIBN, heat,
THF

77% (Z—E-=4:1)

One-pot radical cyclization/intermolecular HWE reactions

are also possible (Scheme 3). For example, reaction of diallyl

ether (8) with diethyl thiophosphite and AIBN produced
phosphonothioat®, which was immediately deprotonated

and reacted with benzophenone to give trisubstituted alkene
10 (as an inseparable 3:1 mixture of cis/trans isomers,

Scheme 3. Consecutive Radical Cyclization—HWE Reactions

j f (EtO),P(S)H, THF (EtO)gP(S)/\U/
o]
8

AIBN, heat
O

9

SBuLi, RCOR,
-78°C —r.t.

bl
R
O

10, R = Ph (92%;

cis- : trans- = 3:1)

11, R = (CH,)5 (64%;
cis- : trans- = 1.65:1)

Ph?vlf—\,. -

12 (69%; E-cis- : E-
trans- : Z-cis- : Z-trans-
=128:53:23:1)

respectively) in an excellent 92% yield over the two steps.
A similar reaction using cyclohexanone gave the related
alkenell in 64% vyield. This approach can also be used to
prepare cyclopentane derivatives, and reaction of hepta-1,6-

diene with diethyl thiophosphite, followed by deprotonation
and addition of acetophenone, gave trisubstituted alkene
in 69% yield (as a mixture of four isomers). For tetrahy-
drofurans10 and 11 and cyclopentané&2, the cis diastere-

omers were the major products isolated as expected for

radical cyclization via a chairlike transition state.

To extend the methodology to the preparation of tetra-
substituted alkenes, the incorporation of an alkylation step
was investigated. The aim was to alkylate the intermediate
phosphonothioate prior to reaction with a ketone. As shown

in Scheme 4, radical addition of diethyl thiophosphite to
1-octene, followed by alkylation with methyl iodide and a

subsequent HWE reaction, afforded the tetrasubstituted

alkenesl3a,bin >50% yield (this equates ta 80% yield
Org. Lett., Vol. 7, No. 8, 2005

Scheme 4. Consecutive Radical Addition—Alkylation—HWE
Reaction
(EtO),P(S)H, AIBN, THF, heat,
then SBuLi, Mel, —78 °C — r.t,,
then SBuLi, RCOR, —78 °C — r.t. R

ceHmﬁ/\R

13a, R = Ph, 51%°
13b, R = (CH,)s, 60%"

CeHig

aYields based on théH NMR spectra.

for each of the three steps in the sequence). Byprodiacts
(~24%) and2c (~5%) (formed by consecutive radical
addition/HWE reactions) were also isolated from these
reactions, although they could not be separated (using column
chromatography) from3aand13b, respectively. The yields
of 13aand13b are therefore based on tHd NMR spectra.
This methodology was used in a short synthesis of
2-cyclohexyl-eicosane (14), a natural product isolated from
the plantAeonium lindleyi(Scheme 5}8

Scheme 5. Short Synthesis of 2-Cyclohexyl-eicosarigl)
(i) (EtO),P(S)H, AIBN, THF, heat,
then SBulLi, Mel, =78 °C —r.t.
then SBuLi, cyclohexanone,
—78 °C — r.t. (47%)
CirHes ™ Ci7Has
14

(i) Hy, Pd/C,
petrol:EtOAC (1:1) (99%)

Combined radical addition/acylation reaction sequences are
also possible. This is illustrated by the formation of ester
15a(in 86% yield) in one-pot, by radical addition of diethyl
thiophosphite to 1-octene, followed by immediate acylation
adjacent to phosphorus using diethyl carbonate (1.5 equiv)
and LDA (3 equiv) as the base (Figure 2).

CO,Et
P(X)(OEt)
CeHy 3/\( 2 CeHis
COLEt CO,Et
15a X =8 16
15b X =0

Figure 2. Phosphorus adductsa,b and tetrasubstituted alkene

Stabilized phosphonothioatéba is converted into the
corresponding phosphonatibb in quantitative yield by
reaction withmCPBA. Phosphonatkbb could then react in
HWE reactions to afford alkenes as reported in the litera-

ture!® Alternatively, phosphonothioatesacan be deproto-

(18) Eglinton, G.; Hamilton, R. J.; Kelly, W. B.; Reed, RRAhytochem-
istry 1966,5, 1349—1352.
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nated and reacted with aldehydes or ketones to form alkenes|jij R NG

For example, reaction df5awith LDA (2 equiv), followed

Scheme 7. Consecutive Radical Addition—Acylation—HWE

by ethyl pyruvate (2 equiv) at78 °C to rt in THF, gave Reaction
(E)-alkenel6 in 87% yield. (EtO),P(S)H, AIBN, THF,

This methodology was applied to the synthesis #j-( he(agtginog’g;g°gygp_en Ph
diethyl sphaeroatel{) (Scheme 6). Diestdr7 was isolated TSN : Cethig

then LDA (2.0 equiv.), CO,Et
Scheme 6. Concise Synthesis oft{)-Diethyl Sphaeroatd7

(i) (EtO),P(S)H, AIBN, THF,
heat then LDA, —78 °C, then

(E10),CO, ~78 °C — r.t, (83%) GO-R approach to alkenes. In comparison to related metkidtiss
CoHy ™ CHys novel one-pot approach offers a more direct and efficient
(i) BuLi, CHzCOCO,EY, THF, COsR synthesis of variously substituted alkenes. Even sterically
—78°C >t (84%) 17R=H hindered tetrasubstituted alkenes are prepared in good yield

(ii) Hp, Pd/C, EtOAC (99%) from readily available terminal alkenes. We propose the name

“radion reaction” to describe these types of one-pot trans-
in an excellent overall yield of 69% from 1-nonene. Sphaeric formations, which involve an initial radical reaction followed

acid (18) has recently been isolated from the fermentation PY @ reaction involving ions:
broth of a fungus $phaeropsisp.) because of its positive
result in a brine shrimp toxicity ass&y. Acknowledgment. We thank GlaxoSmithKline and the
Although consecutive radical addition/a-acylation/HWE University of York for funding.
reactions using ethyl pyruvate were unsuccessful, one-pot
transformations of this type are possible as shown by the Supporting Information Available: Representative ex-
formation of the a,(-unsaturated estet9 (as a single perimental procedures together with spectroscopic data for
stereoisomer) in Scheme 7. To our knowledge, these are thecompoundsi, 2b, 10,13b, 15a,16, and17. This material is
first examples of ester-stabilized phosphonothioates undergo-available free of charge via the Internet at http://pubs.acs.org.
ing HWE—type reactions. OL050292E
This work has shown that combining thiophosphite radical
addition with HWE-type reactions offers a flexible synthetic
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