J. Am. Chem. So@000,122, 54075408 5407
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Tsukuba, Ibaraki 305-8565, Japan  .,ngitions. Besides palladium complexes, Ni(RP{6% yield,
Receied February 7, 2000 10 mol % catalyst) and RhCI(PBh (49% yield) were also
moderately active under similar conditions. However, P{€H
Transition metal-catalyzed addition reactions of heteroatom CH,)(PPh), was nearly inactive.
compounds across unsaturated carbon linkages are emerging Preliminary screening of palladium catalysts revealed that
rapidly as one of the most powerful tools for constructing carbon  the procedure using PR(CH,),PPh complexes in 1,4-dioxane
heteroatom bonds.However, methodologies for phosphorus also worked efficiently. For instance, heating an equimolar
compounds are still limite’: Organophosphonates RP(O)(OR mixture of laand 1-octene at 100C in the presence of PdMe
a useful class of compounds in synthetic applications and bio- [PhbP(CH;)sPPh] (5 mol %) in dioxane afforded a 93% GC yield
logical activity, are traditionally prepared via the classic Arbuzov of 2a (reaction time= 15 h)? Table 1 summarizes the catalytic
reaction of P(OR; with organic halides RX with the concomitant  reactions run mostly by this procedure, which can be readily
elimination of an equivalent quantity of R? A more attractive, applied to both aliphatic and aromatic alkenes. Thus, ethene and
versatile, and clean alternative of high atom economy for their propene gave near quantitative yields of the adducts. The addition
preparation would be the addition of HP(O)(QRto alkenes to 3,3-dimethyl-1-butene, a bulky alkene, also worked well, ending
catalyzed by metal complexéDespite extensive screening of up with the selective terminal attachment of phosphorus to the
catalysts, such reactions have never been realized, although thelouble bond. In contrast, styrene formed a mixture of regioisomers
corresponding Pd-catalyzed hydrophosphorylation of alkynes takes(ci-adductf-adduct = 45/55, 95% total yield). However, the
place efficiently*> Very surprisingly, however, whea five- selectivity for theo-isomer could be markedly improved to 95%
membered cyclic hydrogen phosphonate, 4,4,5,5-tetramethyl-1,3,2.when PdMg(PPhCy), was used as the catalyst. Acyclic internal
dioxaphospholane 2-oxidd #),® was employed as the reactant, alkenes were nearly inert under similar conditions. However,
metal-catalyzed additions to alkenes proceeded smoothly to afford2-norbornene reacted as efficiently as terminal alkenes. Less
the adducts in high yields (eq 1). Herein are preliminarily strained cyclopentene reacted somewhat slowly and the reactivity
disclosed the synthetic and mechanistic aspects of this unprec-of cyclohexene was even lower.

edented phenomenadn. The hydrophosphorylation is best explained by Scheme 1,
which involves (i) oxidative addition of the HP bond, (ii)
cat. 0 addition of the H-Pd bond of3 (hydropalladation) to an alkene
nCeHir ™\ + 1a Pd n—CeH13/\/P\\O (1) molecule, and (iii) reductive elimination of addutfrom 4. The

following observations substantiate these elemental steps. First,
the oxidative addition olawith Pd(PCy), readily proceeded at
room temperature to generada as the sole product in 15 min
(eq 2). Phosphonatkb behaved similarly, but more slowly; the

2a

A mixture of 1a (1 mmol) and 1-octene (1 mmol) in toluene
(2 mL), when heated in the presencecitd-PdMe(PPhMe), (5

mol %) at 110°C for 3 h, developed a pale yellow solution, in a FCys PhCH=CH, o

which adducfawas found by gas chromatography to be formed Pd(PCys), —°> H-Pd-P(O)(OR), 'F"(OR')Z 2
in 63% yield® Surprisingly similar treatments using noncyclic e ,';Cy 6080 °C pp~<

and six-membered cyclic hydrogen phosphonatesf did not A 3 . 15+4h one

form corresponding adducts at all. The reaction of 1-octene with g:; (1)55'2'”;53020 %o gzt 88‘7/: (a/f = 82/18)
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Table 1. Hydrophosphorylation of Alkenés
entry  alkene adduct % yield®
Q0.
1¢ == \/P\o,(CMe2)2 quant.
I ,O\
2¢ S /\/P\O/(CMez)z quant.
3 Gty XX E'/O\(CMe) quant.
6H13 n-Cetig™ > (CMe2)2 - Tgg)
I ,O\
4 B tBu/\/P\ ,(CMe2)2  quant.

5 PR XX Pl hT I‘<O>(CMe2)2 quant.?
O— (CMe2)2
N o B o S
Qo
1}
7 @ Q/ P<O>(CM92)2 87

378

O
7%

—(CMey),

@ Reaction conditions: an equimoldaand an alkene in 1,4-dioxane
(0.5-1 M), 3—5 mol % PdMe[Ph,P(CH,)4sPPh],, 100°C, 15 h. Unless
otherwise noted, only one adduct shown in the table was forf@&€
yield. The figure in parentheses is the isolated yield after column
chromatography on silica (hexanr®rOH= 10/1~ 2). ¢ Run under 5
atm of pressure of the alkentCatalyst: PdMgPPhCy).. Regiose-
lectivity of the a-adduct>95%.¢ 100% exa f After 44 h of heating.

9 After 48 h of heating.

(2 equiv) upon heating at 68C for 15 h and at 80C for an
additiona 4 h to give isomeric adductSa (88% yield based on
1a, o/ = 82/18). In contrast3b did not form the corresponding
adducts at all in a similar reaction with styrene. Third, the
extensive H-D exchange betweeBa-d and styrene strongly
supports involvement of hydropalladati&hThus, styrene (0.2
mmol) was added at room temperatur&ged, cleanly generated
in situ by the reaction of Pd(P@y (0.1 mmol) withla-d (0.1
mmol) in tolueneds. *H NMR spectroscopy revealed the forma-
tion of ca. 0.04 mmol oBain 2 h (eq 3). Upon further stirring,

P Vs
PhCH=CH,
Pd(PCys)s + j: P(O)D —= D— Pd \D
25°C, 16 h
1a-d PCy3
3a-d
PC H PCy
o | yao S P D | 0
///Pri—p —— = + H-Pd— ﬁ\ ®3)
D D | oo
PCys H A PCys
4a-d 3a

the quantity of3areached an equilibrium value (ca. 0.08 mmol)

(10) PP rather than PtH addition was proposed for the Pt-catalyzed
addition of PH to acrylonitrile. (a) Wicht, D. K.; Kourkine, 1. V.; Lew, B.
M.; Nthenge, J. M.; Glueck, D. SI. Am. Chem. S0d.997, 119 5039. (b)
Pringle, P. G.; Smith, M. BJ. Chem. Soc., Chem. Commu®89Q 1701.
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p(OR (Pd] R O)gPH
(iii)
R

dl\ 2 (R O)ZP -[Pd-H 3

Scheme 1

after 16 h. At the same time, deuterated styrenes were observed
(ca. 0.1 mmol in totalp/g-cigp-trans = 26/36/38). Note that
the deuterium incorporation ratio at thee and -carbons of
styrene is 26/74, which is in fairly good agreement with the
regioisomeric ratio oba (a/f3 = 82/18) observed in the foregoing
reaction of3awith styrene (eq 2). Although compleba has not
been unambiguously identifiett? NMR analysis of the mixture

of 3aand styrene displayed weak signals in 2280 ppm region,
assignable to Pd-bound P(O) speciegtin On the other hand,

no species arising from the addition of the P{®d bond to
styrene was detected. The-#D exchange experiment verifies
that the hydropalladation is a facile process and that the reductive
elimination of2 from 4 is slow as compared with the backward
reaction to3 via f-hydrogen elimination. This suggests, fourth,
that the reductive elimination step is rate-determining in the
catalysis. The high reactivity dfa as compared with the other
hydrogen phosphonates is associated most likely with the reduc-
tive elimination process. Indeed, heating a benzsnsslution

of transPdMe[P(O)(OR,](PEL), [6a, (OR), = pinacolato] at
70°C for 1 h resulted in the formation of MeP(O)(QRin 92%
NMR vyield, while its analoguesb (OR = OMe) remained
unchanged in a similar treatment. The origin of the accelerating
effect of the five-membered ring in the reductive elimination is
ambiguous at this stage. It may be tentatively assumed that a
trigonal bipyramidal transition stat&)(is involved, similarly to

A?LO
o—F"/O 4
Npg

C
the hydrolysis of phosphatésguring the course of reductive
elimination from4, which has the strained five-membered ring,
the ring oxygens occupy apical and equatorial positions with a
cyclic O—P—0 angle of 90, the strain-free apical/equatorial angle
for a dsg-hybridized hypervalent phosphorus.

In conclusion, Pd-catalyzed hydrophosphorylation of terminal
and some cyclic alkenes has been made possible by taking
advantage of the exceptionally high reactivity of a five-membered
cyclic hydrogen phosphonate. Further synthetic applications of
this finding and extensions to other heteroatom compounds are
now in progress.
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