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Carbon radicals (C•) potentially react with trialkyl phosphites
via the free-radical Arbuzov process depicted in eq 1.1 However,

unless the SOMO of the radical has significants character (σ
radicals) and can bond, therefore, relatively strongly to phosphorus
on formation of the phosphoranyl radical intermediate (1),
generation of1 (eq 1a) is highly reversible and gives phosphonate
2 only if a very rapidâ scission process (eq 1b) is available
(formation of PhCH2• rather than Me•). Thus, (MeO)3P fails to
react withπ radicals, e.g., methyl and primary alkyls, to give
phosphonate2.1

By contrast, phenyl radical2 (sp2-hybridized SOMO) and the
pyramidal, bicyclo[1.1.1]pent-1-yl radical,1 both σ species, do
react according to eq 1, presumably because of the strong C-P
bond formed in1. Furthermore, the phosphoranyl radical formed
on phenyl radical reaction with (MeO)3P (1, C ) Ph) is a
delocalized ligand-π species with the odd electron in aπ* orbital
on phenyl3 and, therefore, possibly of intrinsically increased
stability.

We report herein the high-yield trapping of vinyl radicals (4,
8, and9) by (MeO)3P (eq 1a) to form vinylphosphonate dimethyl
esters (5 and10). Radical4, for example, is formed readily by
the well-known4 5-exo-dig-cyclization of the 5-hexynyl radical
3 (kC ) 2.5× 104 s-1),5 generated under standard thermal AIBN/
Bu3SnH conditions6 from its precursor bromide. Intermediate3,
as a primary alkyl radical, will be unreactive1 toward (MeO)3P.
Since vinyl radicals are normally nonlinear (bent) species7 with
SOMO hybridizations approximating sp2, radical4, as might be
predicted,8 evidently reacts rapidly andirreVersiblywith (MeO)3P1

in a reaction similar to that of its close analogue, the phenyl
radical.1,2 Vinyl phosphoranyl radicals, e.g. [CH2dCHP(OR)3]•,
like their phenyl counterparts, are ligand-π radicals.9

The significance of these results stems from: (1) the concept
of increasing the reactivity of a carbon-centered radical toward a
trialkyl phosphite by allowing it to undergo a well-studied, prior
rearrangement; (2) the broad synthetic usefulness of vinylphos-
phonates, formed here in high yields, as set forth in a recent review

article;10 and, (3) the current interest in phosphonates as biologi-
cally active molecules.11

Table 1 givesisolated yieldsof 5 for the cases R) H, Me,
isoPr,tert-Bu, and Ph from reactions run under identical condi-
tions (0.08 M alkyne, 1.0 M Bu3SnH, 12 M (MeO)3P) to total
consumption of precursor bromide.6 Except for the inclusion of
an excess of (MeO)3P, these conditions are typical of those used
for cyclization of 6-bromohexynes to generate alkenes (6).6 A
rate constant (kH) for abstraction of hydrogen from Bu3SnH by a
vinyl radical is not available.12a However, a reliable estimate of
kH for abstraction by phenyl radical at 80°C has been given (kH

) 1 × 109 M-1 s-1).12b Therefore, the ability of 12 M (MeO)3P
to trap efficiently intermediate vinyl radical4 in the presence of
1 M Bu3SnH means thatkP for 4 f 5a is of the order 108-109

M-1 s-1. The same reaction of phenyl radical with (MeO)3P has
kP ) 3.5 × 108 at 25°C.2,13 A close similarity in rate constants
for reactions of phenyl and vinyl radicals with (MeO)3P is not
unexpected, considering their structural analogy asσ radicals and
the effects of structure on reactivity set forth earlier.1

The reduction in yields of5, noted for R) isoPr and Ph, is
accompanied by 10-15% yields of6 (GC/MS). This suggests
that kP is reduced relative tokH in these cases. When R) tert-
Bu, no phosphonate is generated. Instead large amounts of6 (R
) tert-Bu) are formed (GC/MS). Evidence for the linear,π radical
nature of vinyl radicalsR-substituted with atert-butyl group has
been presented.7b Such a radical with ap-hybridized SOMO (4,
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R ) tert-butyl) is intrinsically unreactive toward (MeO)3P.1

Regardless of whether vinyl radical4 is linear or bent, attack by
(MeO)3P in this case will be greatly hindered sterically by the
t-Bu group.

As noted earlier, carbon radicals normally react with (MeO)3P
only if the SOMO contains some degree of s-character.1,2 It is
perhaps surprising, therefore, that radical4 with R ) Ph giVes
reasonably high yields of5 (R ) Ph); because this result could
mean thatR-phenylvinyl radical4 is a bent, σ radical. The
implications of this finding deserve further consideration, aslinear
geometries have been ascribed toR-phenylvinyl radicals by
theory, stereochemical studies, and both ESR and muon spin
rotation spectroscopy.7a,b,d,e,g,lAn exception is recent stereochem-
ical evidence for bent geometries at 250°C.7e

Oxacyclopentane ring systems, with an attached exocyclic
phosphonomethylene functionality (10), also are formed in
excellent yields under the same thermal AIBN/Bu3SnH initiation
conditions.6 As depicted in mechanistic Scheme 1, both (E)- and
(Z)-isomers of phosphonates10 are potentially formed. In Table
2 it is seen that substituent R3 has little effect on theE/Z ratio
(case 1 vs cases 2 and 7). However, a single PhCH2OCH2 (case
6) or Ph (case 3) substituent at C-5 strongly perturbs the ratio.
Strikingly, dimethyl substitution (cases 4 and 5) leads exclusively
to E-10d within GC detection limits.

Potential kinetic control of theE/Z isomer ratio is depicted in
Scheme 1. Since for bent,R-alkyl vinyl radicals the rate of

inversion (8 h 9) is very rapid,14 the system could be under
Curtin-Hammett kinetic control. Steric considerations predict the
predominant formation of phosphonateE-10 when R1 and/or R2

are not hydrogen. However, strong evidence was obtained that
showsthe AIBN/Bu3SnH processes to be under thermodynamic
control. Thus, when tris(trimethylsilyl)silane, (TMS)3SiH, is used
in place of Bu3SnH as the hydrogen atom donor, cyclization of
radical 11 (eq 4) giVes exclusiVe formation of (Z)-10d (67%

isolated yield). Furthermore, subjection of a solution of (Z)-10d
to the standard, thermal AIBN/Bu3SnH conditions, using a
catalytic amount of Bu3SnH (see Supporting Information),
converts (Z)-10d totally to (E)-10d (eq 5), the same isomer which

is formedexclusiVely from the bromide precursor of8 under Bu3-
SnH/AIBN conditions (Table 2, case 4). The potential for
thermodynamic equilibration of alkenecis/trans-isomers by tin
radicals at higher temperatures has been well-established.15

Clearly, the very bulky (TMS)3SiH selectively transfers
hydrogen to the (Z)-isomer of vinyl radical intermediate12 to
avoid the easily envisioned steric repulsions encountered with
(E)-12. Tributylstannyl radicals catalyze the stereochemical
equilibration (E)-10h (Z)-10by adding reVersiblyto the carbon-
carbon double bond of10. By contrast, thermal (TMS)3SiH/AIBN
conditionsfailed to bring about eVen partial equilibration of (Z)-
10d with its (E)-isomer or indiVidual stereoisomers of other
Vinylphosphonate isomers of Table 2 with their E/Z counterparts,
except atVery extended reaction times.16

The above study provides a novel route to new vinylphospho-
nates. Such molecules are of broad interest as synthetic intermedi-
ates,10 and biologically active phosphonates are targets of current
research.11 The trapping by (MeO)3P of a vinyl radical, formed
on 5-exo-dig cyclization of a 5-hexynyl radical, nicely embellishes
the latter, very useful reaction.4 The potential application of the
above cyclization-trapping approach to the synthesis of unusual
nucleoside-based phosphonate analogues is in progress.
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Table 1. Effects of R on Formation of5

R H Me isoPr Ph tert-Bu
yield (%)a 77 88 70 65 0

a Isolated yield.

Scheme 1

Table 2. Effects of Substituents on Stereochemistry of10

case R1 R2 R3 product yield (%)a E/Zb

1 H H H 10a 84 51/49
2 H H EtO 10b 85 56/44
3 H H Ph 10c 93 48/52
4 Me Me EtO 10d 89 >99/1
5 Me Me Ph 10e 88 >99/1
6 PhCH2OCH2 H EtO 10f 76 82/18
7 Ph H EtO 10g 74 93/7

a Isolated yield.b Determined by31P NMR and GC from crude
product mixture.
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