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Hypophosphorous compounds (MOP(Q)M = H, RsNH) effectively participate in metal-catalyzed

C—P bond-forming reactions with allenes, dienes, and activated allylic electrophiles under mild conditions.
The catalytic system Rdba/xantphos is crucial to avoid or minimize the competitive reductive transfer-
hydrogenation pathway available to hypophosphorous acid derivatives. Further investigation into the
allylation mechanism provided access to the anaklgtyic acetate-allylic phosphinatewhich then led

to the development of a Pd-catalyzed rearrangement of preformed allylic phosphinates esters and,
ultimately, to a catalytic dehydrative allylation of hypophosphorous acid with allylic alcohols. The reactions
disclosed herein constitute efficient synthetic approaches, not only to prepare tdHytiosphinic acids

but also their esters via one-pot tandem processes. In addition, the potehtiphalsphinates as useful
synthons for the preparation of other organophosphorus compounds is demonstrated.

Introduction preparation of phosphines, either by the direct functionalization

. f air- iti hosphi th h the int di f
Homogeneous catalysis has become a powerful methodologyO air-sensitive phosprines or throug © Intermediacy o

] phosphine oxides and phosphirizorane complexes. In
for constructing C-P bonds as _a.result of t.h.e advantagqs that contrast, given the thermal instability and/or possibility for
it represents in terms of reactivity, selectivity and functional

group tolerance.In fact, metal-catalyzed PH bond addition competitive transferhydrogenatiofireactions that characterize
and cross-coupling reactions have already been the subject Oﬂ)l/lfo'[\)lhosp;horcms con:plounth(M(?ij(O)l—tl'z M |= ';' F%l\ﬁh
some reviews and constitute areas of significant current » Na, etc.), the metal-catalyzed functionalization of these

interest due to the increasing number of applications and compounds_ as a preparqtively useful methodolqu to access
better understanding of the biological role of organophos- H-phosphinic acid derivatives has been less studied. Nonethe-

phorus compounds. Recent efforts have mainly been directed€SS; our group effectively overcame the reductive patfway
toward the development of catalytic methodologies for the and reported the first examples of Pd- and Ni-catalyzed addi-
tion reactions of hypophosphorous compounds to alkenes and

(1) (a) Engel, R.; Cohen, J. 8ynthesis of Carbon-Phosphorus Bands alkynes leading to highly versatilbl-phosphinate synthOﬁs-
2nd ed.; CRC Press: Boca Raton, FL, 2003. (b) Wicht, D. K.; Glueck, D. With regard to Pd-catalyzed cross-coupling reactions, Schwa-

S.In Catalytic Heterqfunctionalizatianogni, A., Gritzmacher, H., Eds.; bacher described the first examples of cross-coupling between
Wiley-VCH: Weinheim, 2001; Chapter 5 and references therein.

(2) Recent reviews on-€P bond formation: (a) Delacroix, O.; Gaumont, alkyl phosphinates _(AIkOP(O)j)i and aryl iodide$. How-
A.-C. Curr. Org. Chem2005 9, 1851. (b) Schwan, A. LChem. Soc. Re ever, it was not until recently that we reported more general

2004 33, 218. () Tanaka, MTop. Curr. Chem2004 232 25. (d) Alonso,  and convenient protocols for the coupling of hypophos-
F.; Beletskaya, I. P.; Yus, MChem. Re. 2004 104, 3079. (e) Baillie, C.; . .
Xiao, J.Curr. Org. Chem2003 7, 477. (f) Beletskaya, I. P.; Kazankova, phorous compounds with a wide range of aryl and alkenyl

M. A. Russ. J. Org. Chen2002 38, 1391. halides and triflates, as well as the first example of a Ni-

10.1021/jo702542a CCC: $40.75 © 2008 American Chemical Society
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catalyzed cross-coupling of an alkyl phosphinate with an allylic alkylation with allylic halides, subsequent studies led us to
halide (eq 1Y. Recently, Zhao reported a single example of a discover more efficient routes to prepare these compounds from
Cu-cross-coupling between iodobenzene and ammonium hy-readily available starting materials and, ultimately, allylic alcohol
pophosphité. feedstocks (eq 2P Herein, we not only unveil new reactivity
patterns of hypophosphorous compounds with allylic electro-
) philes and unsaturated substrates, but we also report on useful
Pd-catalytic methods to prepare allylitphosphinic acids and
H-phosphinate esters, such as hydrophosphinylation, allylation,
3 rearrangement, and tandem allylatiogsterification. The syn-
H thetic flexibility of H-phosphinates is also illustrated with the
70 - 88%isolated yield synthesis ofP-heterocycles.

PhNH30P(O)H,, (BuO),Si
NiCly(PPhg), (2.5 mol%) or NiCl, (4 mol%)
toluene, reflux

Ph/\/\CI

O oBu
Ph\/\/ED

Although the allylicH-phosphinates accessible through this
route could be more conveniently prepared by the base-promotedH1 R
=

OH H3PO,
(3) (a) Costa, E.; Pringle, P. G.; Smith, M. B.; Worboys, X.Chem. gzR* R°  Pd/xantphos (0.05 - 2 mol%) 2
Soc., Dalton Trans1997, 4277. (b) Costa, E.; Pringle, P. G.; Worboys, K. DMF, 85°C
Chem. Commurl998 49. (c) Wicht, D. K.; Kourkine, I. V.; Kovacik, I.;
Glueck, D. S.; Concolino, T. E.; Yap, G. P. A.; Incarvito, C. D.; Rheingold, R3 O0oH
A. L. Organometallics1999 18, 5381. (d) Trofimov, B. A.; Arbuzova, S. Rl ~ IE(H + HO

N.; Gusarova, N. KRuss. Chem. Re1999 68, 215. (e) Douglass, M. R;
Marks, T. JJ. Am Chem Soc 2000 122, 1824. (f) Douglass, M. R.; Stern,
C. L.; Marks, T. JJ. Am. Chem. So2001, 123 10221. (g) Douglass, M.
R.; Ogasawara, M.; Hong, S.; Metz, M. V.; Marks, T.Grganometallics
2002 32, 283. (h) Kawaoka, A. M.; Douglass, M. R.; Marks, T. J.
Organometallic2003 22, 4630. (i) Takaki, K.; Takeda, M.; Koshoji, G.;
Shishido, T.; Takehira, KTetrahedron Lett2001, 42, 6357. (j) Takaki,
K.; Komeyama, K.; Takehira, Kletrahedror?003 59, 10381. (k) Takaki,
K.; Koshoji, G.; Komeyama, K.; Takeda, M.; Shishido, T.; Kitani, A.;
Takehira, K.J. Org. Chem2003 68, 6554. (I) Komeyama, K.; Kawabata,
T.; Takehira, K.; Takaki, KJ. Org. Chem2005 70, 7260. (m) Komeyama,
K.; Kobayashi, D.; Yamamoto, Y.; Takehira, K.; Takaki, Ketrahedron
2006 62, 2511. (n) Kazankova, M.; Shulyupin, M. O.; Borisenko, A. A.;
Beletskaya, |. PRussian J. Org. Chen2002 38, 1479. (o) Shulyupin, M.
O.; Kazankova, M. A.; Beletskaya, I. FOrg. Lett. 2002 4, 761. (p)
Kazankova, M. A.; Efimova, |. V.; Kochetkov, A. N.; Afanas’ev, V. V.;
Beletskaya, I. P.; Dixneuf, P. F8ynlett2001, 497. (q) Shulyupin, M. O;
Trostyanskaya, |. G.; Kazanova, M. A.; Beletskaya, RBss. J. Org. Chem.
2006 42, 17. (r) Shulyupin, M. O.; Franco, G.; Beletskaya, I. P.; Leitner,
W. Adv. Synth. Catal2005 347, 667. (s) Jedme, F.; Monnier, F.; Lawicka,
H.; Dérien, S.; Dixneuf, P. HChem Commun2003 696. (t) Ohmiya, H.;
Yorimitsu, H.; Oshima, K.Angew. Chem., Int. E2005 44, 2368. (u)
Mimeau, D.; Gaumont, A.-CJ. Org. Chem2003 68, 7016. (v) Mimeau,
D.; Delacroix, O.; Gaumont, A.-GChem. Commur2003 2928. (w) Join,
B.; Delacroix, O.; Gaumont, A.-CSynlet2005 1881. (x) Join, B.; Mimeau,
D.; Delacroix, O.; Gaumont, A.-CChem. Commun2006 3249. (y)
Shulyupin, M. O.; Francio, G.; Beletskaya, |. P.; Leitner, ®dv. Synth.
Catal. 2005 347, 667. (z) Goulioukina, N. S.; Dolgina, T. M.; Beletskaya,

rzR* R®

20 examples
43 - 100% isolated yield

Results and Discussion

Reactivity of Allenes and Dienes in the Pd-Catalyzed
Hydrophosphinylation Reaction. Our work began with an
investigation of the reactivity of hypophosphorous acig-(H
PO,—1a) and its anilinium salt (PhNEODP(O)H—1b) in the
Pd-catalyzed addition to allenes and dienes (Tables 1 and 2).
Pd.dbay/xantphos (1 mol %) was selected as the catalytic system
based on our previous work with alkenes and alkyiiékhe
reaction solvent proved also important: acetonitrile and DMF
gave the best results in reactions performed witR®, while
DMF was required with amine salts of hypophosphorous acid.
Isolation of the products consisted of a simple acidic extractive
workup. Allenes were synthesized in moderate yields by
homologation of acetylen&sor by Pd-catalyzed hydrogenolysis
of alk-2-ynyl carbonates with ammonium form&end then
reacted in the Pd-catalyzed hydrophosphinylation reaction. As
P Henry, J.C.. Lavergne, D.: Ratovelomanana-Vidal, V.; Geheb indicated in Table 1, a 3,3-disubstituted allene (entry 1) and
Tetrahedron: .Asi/ymmet@OOJ,y 12 319. (aa) Goulioukina, N. S Dolgiﬁa, the_ aromat_'c monosu_bSt't_Uted PheUY'a"e"e (entry 2) reaCted
T. M.; Bondarenko, G. N.; Beletskaya, I. P.; Henry, J.-C.; Lavergne, D.; regioselectively and with higg-selectivity (~98:2 E/Z) to give

Ratovelomanana-Vidal, V.; Génd.-P.Russ. J. Org. Chen2002 38, 600.
(ab) Allen, A., Jr.; Manke, D. R.; Lin, WTetrahedron Lett200Q 41, 151.
(ac) Han, L.-B.; Choi, N.; Tanaka, MOrganometallics1996 15, 3259.
(ad) Han, L.-B.; Hua, R.; Tanaka, Mingew. Chem., Int. EA.998 37, 94.
(ae) Han, L.-B.; Zhao, C.-Q.; Tanaka, NI. Org. Chem2001, 66, 5929.
(af) Han, L.-B.; Tanaka, MJ. Am. Chem. Sod996 118 1571. (ag) Han,
L.-B.; Mirzaei, F.; Zhao, C.-Q.; Tanaka, M. Am. Chem. So200Q 122,
5407. (ah) Zhao, C.-Q.; Han, L.-B.; Goto, M.; Tanaka, Mhgew. Chem.,

allylic-H-phosphinic acids in good yields. On the other hand,
the monosubstituted aliphatic cyclohexylallene reacted with low

(5) (a) Deprée, S.; Montchamp, J.-L1. Am. Chem. So2002 124, 9386.
(b) Deprée, S.; Montchamp, J.-LOrg. Lett.2004 6, 3805. (c) Ribiee, P.;
Bravo-Altamirano, K.; Antczak, M. I.; Hawkins, J. D.; Montchamp, J.-L.
J. Org. Chem2005 70, 4064.

Int. Ed. 2001, 40, 1929. (ai) Zhao, C.-Q.; Han, L.-B.; Tanaka, M.
Organometallics200Q 19, 4196. (aj) Reichwein, J. F.; Patel, M. C;
Pagenkopf, B. LOrg. Lett.2001, 3, 4303. (ak) Stockland, R. A., Jr.; Levine,

(6) (a) Lei, H.; Stoakes, M. S.; Schwabacher, A. Binthesisl992
1255. (b) Schwabacher, A. W.; Zhang, S.; Davy, &WAm. Chem. Soc.
1993 115 6995. (c) Lei, H.; Stoakes, M. S.; Herath, K. P. B.; Lee, J,;

A. M.; Giovine, M. T.; Guzei, I. A.; Cannistra, J. Qrganometallic2004
23, 647. (al) Allen, A., Jr.; Ma, L.; Lin, W.Tetrahedron Lett2002 43,
3707. (am) Van Rooy, S.; Cao, C.; Patrick, B. O.; Lam, A.; Lovéndrg.
Chim. Acta2006 359, 2918. (an) Niu, M.; Fu, H.; Jian, Y.; Zhao, €hem.
Commun2007, 272.

(4) Reviews: (a) Brieger, G.; Nestrick, T.Ghem. Re. 1974 74, 567.
(b) Johnstone, R. A. W.; Wilby, A. H.; Entwistle, A. Chem. Re. 1985
85, 129. Examples: (c) Johnstone, R. A. W.; Wilby, A. Hetrahedron
1981 37, 3667. (d) Sala, R.; Doria, G.; Passarotti, Tetrahedron Lett.

1984 25, 4565. (e) Boyer, S. K.; Bach, J.; McKenna, J.; Jagdmann, E., Jr.

J. Org. Chem1985 50, 3408. (f) Khai, B. T.; Arcelli, A.J. Org. Chem.
1989 54, 949. (g) Brigas, A. F.; Johnstone, R. A. Wetrahedron1992

Schwabacher, A. WJ. Org. Chem1994 59, 4206. (d) Schwabacher, A.
W.; Stefanescu, A. DTetrahedron Lett1996 37, 425.

(7) (a) Montchamp, J.-L.; Dumond, Y. R. Am. Chem. So€001, 123
510. (b) Dumond, Y. R.; Montchamp, J.-U. Organomet. Chen2002
653 252. (c) Huang, Z.; Bravo-Altamirano, K.; Montchamp, J.€.. R.
Chimie 2004 7, 763. (d) Bravo-Altamirano, K.; Huang, Z.; Montchamp,
J.-L. Tetrahedron2005 61, 6315.

(8) (a) Huang, C.; Tang, X.; Fu, H.; Jiang, Y.; Zhao, X.Org. Chem.
2006 71, 5020. (b) Rao, H.; Jin, Y.; Fu, H.; Jiang, Y.; Zhao, @hem-—
Eur. J.2006 12, 3636.

(9) Abrunhosa-Thomas, |.; Rilie, P.; Adcock, A. C.; Montchamp, J.-
L. Synthesi00§ 2, 325.

48, 7735. (h) Marques, C. A.; Selva, M.; Tundo, P.Chem. Soc., Perkin
Trans. 11993 529. (i) Coudray, L.; Abrunhosa-Thomas, I.; Montchamp,
J.-L. Tetrahedron Lett2007, 48, 6505. (j) See also: Grushin, V. V. Hydrido
Complexes of PalladiunChem. Re. 1996 96, 2011.

(10) Bravo-Altamirano, K.; Montchamp, J.-Qrg. Lett.2006 8, 4169.

(11) Scott, S.; Li, Y.; Nassim, B.; Robert Lopes, M.-T.; Tran, P. T;
Crabbe P.J. Chem. Soc., Perkin Trans.1P84 747.

(12) Tsuji, J.; Suguira, T.; Minami, ISynthesis987 603.
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TABLE 1. Pd-Catalyzed Hydrophosphinylation of Allene$

2 O
1; m: EhNH MO-(‘F)‘”H . R Pdodbas, xantphos (1 mol%) R2 ,!,/OH
=Fiis “H F“\ CH4CN, reflux or DMF, 85°C T2~ H

1 (1 equiv) then acidic workup
allene % vield®
i . yiel
entry 1 (equiv) - solvent product /2y
la 1a (2) (CHe CH,CN  HeOP 54
1b 1b(2) (CHy)s DMF 64
2a 1a(2) CHCN oo 100
2b 1b(2) Pho H hyp O 08
3 1b(2) Cy H DMF HOPOY  52(95/5)

a Reactions were conducted with concentratgB®. Solvents: reagent-
grade CHCN or dry DMF (0.2 M). Reaction times: -814 h. Details can
be found in the Experimental Sectiohlsolated yield after extractive
workup. ¢ E/Z ratios were determined biH NMR spectroscopy. Unless
otherwise notedE/Z > 98/2.

TABLE 2. Pd-Catalyzed Hydrophosphinylation of Diened

i\ R Q oH
1+ Pd,dbag, xantphos (1 mol%) /\ﬁ/\/ﬁ\/
(3 equiv) Teo.p CHaCN, reflux or DMF, 85°C n H
la:M=H R ;quiv) then acidic workup
1b: M = PhNH3
t 1 substrate solvent roduct %
ey P yield®
1 1 R= pMF 57
R Me R
N R= )\’H\Posz
2 1b DMF 59¢
Prenyl
HoO,P.
3 12 2 ooy MOPOUN 70

a8 Reactions were conducted with concentratgB®. Solvents: reagent-
grade CHCN or dry DMF (0.2 M). Reaction times: -814 h. Details can
be found in the Experimental Sectidhisolated yield after extractive
workup. € 1:1 mixture of isomers.

regio- and stereoselectivity withsRO,. However, this stereo-
selectivity was significantly improved with anilinium hypo-
phosphitelb (entry 3).

Bravo-Altamirano et al.

SCHEME 1. Tandem
Hydrogenolysis—Hydrophosphinylation Process
1 1

R R
Rg\/j\/ X Pd-catalyst 1 H%

R3 3

Pd-catalyst 2

, T E,OR
R\)\/ “H
R3

R =H, PhNH3, Alk

hydrogenolysis
reducing agent

hydrophosphinylation
ROP(O)H,

reducing agent: HCO,NH,, HCO,H EtzN, ROP(O)H,
catalyst 1: Cl,Pd(PPhjg),, Pdxdbas(Pd(acac),)/BugP
catalyst 2: Pd,dbas/xantphos, Pd(OAc),/dppf

is very limited compared to that &f-phosphinate$® However,

even though some allenes and dienes selectively participate in
the hydrophosphinylation reaction to afford allylizphosphinic
acids, the use of this methodology is rather limited and
inconvenient from a practical point of view (limited availability

of starting materials and/or poor selectivity). Nonetheless, the
atom-economy offered by addition reactions is attractive and
makes some of these transformations viable approaches to
certain intermediates, such as isoprene-derived 3-methylbuten-
2-ylphosphinic acid (Table 2, entry 1).

Pd-Catalyzed Allylation and Tandem Allylation—Esteri-
fication of Hypophosphorous Compounds with Activated
Allylic Electrophiles. Even though the efficiency of metal-
catalyzed allylic substitutions in constructing carb@arbon
and carbor-heteroatom bonds has been soundly demonsttated,
at the time we started our investigations, there were only two
reports that described the use of this technique in the formation
of C—P bonds (our group recently published another example;
see eq 2). Fiaud developed the reaction of thiophosphides with
allylic acetates using Pd catalydtsyhile Lu et al. showed that
dialkyl phosphites, diphenylphosphine oxide, and phenyl- or
methyl-H-phosphinate esters react with allylic acetates or
carbonates in presence of stoichiometric amounts of BSA (bis-
(trimethylsilyl)acetamide) and the highly air-sensitive Ni(cod)
as catalyst® Nevertheless, preliminary data from our group
regarding the metal-catalyzed allylation of AIkOP(Q)with
allylic chlorides (eq 1 suggested the feasibility for a process
of this kind to take place with non-halogenated and more widely
available allylic alcohols derivatives, such as acetates or
carbonates. Initially, we found that in presence of a Pd catalyst
(Pd(OACcY/dppf), AIkOP(O)H could react like formates, with
hydrogenolysis of allylic chlorides to yield alkenes. The alkene
could then undergo hydrophosphinylati®hThen, we surmised

Several commercial dienes and enynes were also tested irthat the optimum catalyst combination could lead to a tandem
the hydrophosphinylation reaction, and the results are sum-hydrogenolysis-hydrophosphinylation reaction of acetates with
marized in Table 2. In general, conjugated dienes (i.e., 1,3- hypophosphorous compounds (Scheme 1). Surprisingly, when
pentadiene) did not undergo addition with hypophosphorous using a mixture of PdG(PPH). (for reduction) and Pgibay/
compounds. However, isoprene or its derivatives (Table 2, xantphos (for hydrophosphinylation) in the reaction of cinnamyl
entries 1 and 2) proved to be an exception to this behavior; this acetate with anilinium hypophosphitih in DMF (85 °C), a
is probably due to the fact that rearrangement can take place,

leading to the more stable allylid-phosphinic acid. Interest-
ingly, with a nonconjugated diene (entry 3), the mdo-

phosphinic acid can be formed as a result from the selectiv

(13) Reichwein, J. F.; Pagenkopf, B. I.. Org. Chem2003 68, 1459.
(14) (a) Tsuji, JTransition Metal Reagents and Catalystgiley: New

e York, 2000. (b) Tsuji, JPalladium Reagents and Catalysiohn Wiley &

Sons: Chichester 1995. (c) Trost, B. M.; Lee, CQatalytic Asymmetric

add[tion of PO, to one of the terminal dquble bond_s, but no SynthesisOjima, I., Ed.; Wiley-VCH: New York, 2000. (d) Davis, J. A.
cyclization product was detected, supporting reversible hydro- in Comprehensie Organometallic Chemistry;IAbel, E. W., Stone, F. G.
palladation (and not phosphinylpalladation) as we originally A., Wilkinson, G., Eds.; Pergamon Press: Oxford, 1995; Vol. 9, p 291. (e)

proposed. Enynes selectively reacted at the alkyne functionality;

Godleski, S. A. IComprehensge Organic Synthesidrost, B. M., Fleming,
I., Eds.; Pergamon Press: New York, 1991; Vol. 3, p 585. (f) Trost, B. M;

however, no significant regio- or stereoselectivity was observed, van vranken, D. L.Chem. Re. 1996 96, 395.

which resulted in intractable mixtures of isomers.

Related to the present research is the hydrophosphonylatio

of allenes with pinacoH-phosphonate reported by Tanaka;

(15) Fiaud, J. CJ. Chem. Soc., Chem. Commu®83 1055.

n (16) (a) Lu, X.; Zhu, J.; Huang, J.; Tao, X.Mol. Catal. 1987, 41, 235.

(b) Lu, X.; Zhu, J.J. Organomet. Chen1.986 304, 239. (c) Lu, X.; Tao,
X.; Zhu, J.; Sun, X.; Xu, JSynthesid989 848. (d) Lu, X.; Zhu, JSynthesis

however, the synthetic flexibility of pinacol phosphonate esters 1986 563.

2294 J. Org. Chem.Vol. 73, No. 6, 2008
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TABLE 3. Pd-Catalyzed Allylation and Tandem Allylation—Esterification with Activated Allylic Electrophiles 2

Allylation Esterification
R® R® O om(BuO),Si (1.4-2.1 equi R® O
14 RWX Pddbag/xantphos (0.5-2 mol%) g1 p E\/OM( uO)s |8(5°C or equiv) RWF’\/OBU
4 s CHZCN, reflux or DMF 85°C i pst PivClI (5-6 equiv), 4 psH
reR" R ° rReRY R BuOH (7.5-9 equivy, ~ RZR R
2 (1 equiv) X = OAc, OC(O)OR 3 1t 4
5 % yield esterification % yield
entry (equiv) substrate 2 solvent product 3 (RO),Si or 4
4 (R=H)° ROH-PivCl (R=Bu)
iH
1 1d (2.5) N"0Ac DMF A ~"0r 62 BuOH 57
3ada
2 1b (3) \/\OCOQEt DMF 4a - (BuO),Si 52
3a 1d (3) DMF L.H 86 - -
3b 1a (2) P opc  CH;CN  PPsoA~Pop 100 (BuO),Si 67
3c 1b(3) CH;CN 3b,4b - (BuO),Si 91
4 1d(3) P >"oco,et DMF 4b - (Bu0),Si 54
o
i H
5 1d (2.5) ~A~OAc DMF \/}/4 “OR 69 BuOH 57
c,dc
o)
6a 1d(25) g ~_OAc DMF P 93 BuOH 68
6b 1b (3) 2 CH;CN /m OR - (BuO),Si 45

2,
7 14Q) I _one DMF )\/koﬁ 63 (BuO)Si 48

3ede
8a  1d(3) _~_OAc  DMF 88 - -
8b  1b(3) R CH;CN B ) (BuO),Si 88
Z “~OR
% Q@S ~~ 0 DM Y\;fAf ; BuOH 60
9%  1b(3) CH;CN - (BuO)Si 91
102 1d(3) DMF 100 BuOH 65
10b  1c(2.5) DMF o 85 - -
R . T (T S
T
- ul
102 1b(3) CH;CN ; (BuO),Si 75
QH
1la  1d(3) HMOAC DMF  f~odFon 100 - -
b 1b(3) ! cren AL - (BuO),Si 62

aSee the Experimental Section for details of the procedlrea. HsPQ,. 1b: PhNHOP(O)H. 1c. NH,OP(O)H. 1d: EtsNHOP(O)H. le
N-ethylpiperidinium hypophosphité.Isolated after extractive workuf.Isolated after chromatography purificatichl equiv of EtN was added.

nearly quantitative formation of the allylation product (cinnamyl improve the isolation of products due to more efficient proto-
H-phosphinic acid) was observed, instead of the expectednation during the workup. As can be seen in Table 3,
reduced product. triethylammonium hypophosphitid turned out to be the most
Gas chromatography analyses further proved this direct generally useful starting material, although ammonium hypo-
coupling and revealed complete disappearance of the acetat@hosphite 1c and the commercially available, but highly
starting material after just 1 h, along with traces of the transfer hygroscopic and low-melting\-ethylpiperidinium hypophos-
hydrogenation produgt-methylstyrene (4%). We soon found phite 1e also furnished the products in good yieldsP@, 1a
that PdC}(PPh). was in fact unnecessary and that as low as effectively cross-coupled only with the reactive electron-poor
0.5 mol % of Pddbay/xantphos efficiently catalyzes this cross- cinnamyl acetate in C#N in the absence of base (Table 3,
coupling. entry 3b). However, with an aliphatic allylic acetate (entry 11e),
To determine the scope of the reaction, various allylic acetatesla did not react efficiently, and the addition of a base was
were reacted with anilinium hypophosphité; however, the needed for the reaction to be successful through in situ formation
isolation of pure allylicH-phosphinic acids3 by extractive of 1d.
workup required prolonged stirring with AmberlitetHesin and The effectiveness of one-pot tandem cross-coupltegjeri-
residual aniline was still difficult to remove completely. Thus, fication processes for the direct synthesislgbhosphinate butyl
we thought that the hypophosphite salt of a more basic amine esters4 was also demonstrated (Table 3). The reaction consists
(ammonium hypophosphite NBP(O)H, 1c, and triethylam- of an in situ esterification of the allyliel-phosphinic acids or
monium hypophosphite EIHOP(O)H, 1d) could substantially their corresponding amine salts with tetrabutoxysitAneusing

J. Org. ChemVol. 73, No. 6, 2008 2295
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SCHEME 2. Postulated Mechanism for the Cross-Coupling
of Allylic Acetates

QH OH

MO-R == MO-P{,

1P(V) 1' P(IIN)

3 3 3

R R R
R R* 1 R4 1 R*
RW R )
RS —> T ~RS—— RS OAc
R Oho /’ R® Pl R Pd
OAc MO—=P-0O-H
PA(O)L, o 6 ®}LU
Ha Q/OM H1 R4
RWP\ RS
reRe RE" 7 R 1
3 MO-P=0

H

pivaloyl chloride in presence ai-BuOH2® A wide range of

H-phosphinate esters were thus obtained in moderate to good

yields after isolation by column chromatography over silica gel.
When using tetrabutoxysilane, there was no need for prior

acidification, solvent change, or an increase in the temperature
to prepare the ester products in acceptable yields. This contrasts

with our previous study of the alkoxysilane-promoted esterifi-
cation of H-phosphinic acids, in which it was found that pure
salts do not esterify efficientl{/. Thus, the present methodology

allows access to a wide range of allyktphosphinic acids and/

or their corresponding esters with complete regio- and stereo-

control.
In terms of allylic electrophile®, we focused mainly on

Bravo-Altamirano et al.

TABLE 4. Direct One-Pot Allylation of Alkyl Phosphinates with
Allylic Electrophiles?
(BuO),Si (2.1 equiv)

R® O
o i OBu
b + o _Pdedbagxantphos (2mol%) 4 RW#\H
’ .y additive: NH,HCO, (1 equiv) R4 RS
(3 equiv) (1 equiv) toluene (reflux) R? 8
’ N 'PNMR o,
entry additive 4 YiEld%)' g
(equiv) pe
4 8
la N 0 58 0 40
XN
1b Ohe 1 a7 0 48
2a PN 0 2 0 -
b Ph OCO,Et 1 4b 31 0 68
3a 0Bz 0 93 7 54
3b Y\/ 1 o 97 3 61
a _~JOAc 0 48 9 -
HM 1 4g 8 0 52

a2 Reactions were conducted in refluxing reagent grade toluene fer 10
16 h under N. Details can be found in the Experimental SectibNields
were determined on the crude reaction mixtérsolated yield after
purification by silica gel chromatography!Contains 7% of reduced
product8.

toward the P(lll) form of the hypophosphorous compouhd
scavenge the AcOH released, and/or accelerate the formation
of the active catalyst through reduction of Pd(ll) back to Pd(0).

acetates since they are the more desirable starting materialsas expected, the cross-coupling offBD, with cinnamyl acetate
but a few examples of carbonates and benzoates (Table 3, entrieghows no deuterium incorporation in the carbon backbone, thus
2, 4, and 9) were also secured. When using benzoates (entryconfirming (along with our earlier GC studies) that the reaction

9), in situ esterification of the intermediate salt was required
for isolation. 2-Substituted allylic acetates bearing electron-
donating substituents did participate effectively in this trans-
formation (entry 7), contrary to the results obtained in the
allylation with allylic alcohols. Unfortunately, allylic acetates

occurs via a direct-coupling pathway.

We also evaluated a direct synthesis of allyligghosphinate
esters4 as previously described for the coupling with aryl/
alkenyl electrophiles. As can be seen in Table 4, in this case,
there is a marked tendency for the formation of significant

which are substituted at both the 1- and 3'p05iti0n3, such aSgmounts of byproductg bearing a reduced double bond, as

trans-1,3-diphenyl-2-propen-1-yl acetate and 2-cyclohexenyl
acetate, reacted very sluggishly or not at all.

The proposed mechanism for this transformation is shown
in Scheme 2. Allylic acetat2 reacts with the Pd catalyst, which
is generated in situ by reduction of the Pd(ll) complex to Pd-
(0), affording ther-allylpalladium intermediat®. Intermolecular
nucleophilic substitution of the P(lll) form of the hypophos-
phorous compound’ takes place at the-allyl system to give
intermediate6, which in turn reacts with an acetate anion
yielding intermediate/. Reductive elimination then produces
the allylic-H-phosphinic acid derivative3(M = H, RsNH) and
Pd(0). The fact that PO, 1adid not require added base when
the reaction was performed in DMF (Table 3, entry 11d vs 11e)
may be due to slow formation of a catalytic amount of
dimethylamine from DMF upon acid catalysis and heating (85

was observed with allylic halides. This also makes the isolation
of pure allylic H-phosphinates problematic. In addition, the
esterification often did not proceed to completion, considerably
reducing the yields. The additive HGRH, in toluene proved
to be particularly useful in improving yields and/or decreasing
the formation o8, but the reasons for this effect are unclear at
this time. Overall, the one-pot coupling/esterification synthesis
of H-phosphinate esters (Table 3) is considerably more robust
and efficient than this process, so the investigation was not
pursued further.

Pd-Catalyzed Rearrangement of Allylic Phosphinates
toward the Development of a Direct Pd-Catalyzed Allylation
of Hypophosphorous Acid with Allylic Alcohols. Based on
the mechanism shown in Scheme 2, and guided by the prospect
of maximizing efficiency, we then considered allylic alcohols

°C). According to the postulated mechanism in Scheme 2, this 9 as coupling partners. Considering the analogy between allylic

basic additive may serve to drive the tautomeric equilibrium

(17) Dumond, Y. R.; Baker, R. L.; Montchamp, J.-Qrg. Lett.200Q
2, 3341.

(18) Representative examples of esterificatiorlgfhosphinic acids with
activating agents: (a) RCOCl/alcohol: (a) Bravo-Altamirano, K.; Mont-
champ, J.-L.231st National Meeting of the American Chemical Society
Atlanta, March 26-31, 2006; Poster 313. (b) Qiao, L.; Nan, F.; Kunkel,
M.; Gallegos, A.; Powis, G.; Kozikowski, A. B. Med. Chem1998 41,
3303. Carbodiimides: (c) Karanewsky, D. S.; Badia, M.Tetrahedron
Lett. 1986 27, 1751.
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acetate? (Scheme 2) and allylic phosphinai® (Scheme 3),
the development of a catalytic dehydrative allylation process
became an intriguing possibility.

Considering that thek, of HsPO; (1.3) is significantly lower
than the K, of AcOH (4.76), a phosphinate must be better
leaving group than an acetate, and therefore, oxidative addition
must be possible. Scheme 3 shows how after oxidative addition
into the C-0O bond, intermediaté (which was also postulated
in Scheme 2) can ultimately be produced and then generate
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SCHEME 3. Capitalizing on the Analogy between Allylic Acetates and Allylic Phosphinates
o]
Rs o e |® S0k Ry O
R o-pH R O G S TOH
1\(?/ 05X ox add 1\%\ ﬂ 5 Ry PLL + PO,
R » Ry bl H_ .o
11 P(V) 12 @) OH
“ PAOIL, @) ‘ red. elim.
1_H
Rs HOZPS s Q R iy N 9 oH
R1\%\/OH ta Fﬂ\%\/O—P\’H W/:”\ — Rﬁ/\/Pd(")—P\H
H Ro ba(ly—P,
Ra o "0 R2 10 “OH o 7
13
“ Pd(0)L,,
Rs

11 P(Ill)

TABLE 5. Palladium-Catalyzed Rearrangement of Allylic
Phosphinates
Pd,dbag/xantphos
(1 -2 mol%)
DMF, rt or 85°C
additive

1laorib

Method A: (PhO),Si, DMF (85°C)
or Method B: PivCI/Pyr, DMF (rt)

3

atr 0 A/B® %yield  additive % NMR yield* (%
entry 10 10 (equiv) isolated yield) 3

la H;PO, (0-1) 11

N 302

Ib oH A9 EiN(©25) 52

2a A 76 none 67 (58)

20° P X™>Non A 76 H;PO, (1) 100 (72)

2 B 100 H;PO, (1) 98 (77)

OH
3 H(Y\Z AT none 78 (59)

aDetails of the procedures and esterification methods can be found in
the Experimental Sectioff.Esterification method used to prepat€:
method A, (PhQ)Si; method B, PivCI¢ Determined on the crude reaction
mixture. 4 Isolated as4 after esterification with (BuQpi and chromato-
graphic purification® Reactions conducted at rt.

allylic-H-phosphinic acic through reductive elimination. The
top pathway, throughil P(V), is exactly analogous to other
oxidative additions of allylic electrophiles with formation of
an ion pairl2, which can then forml3 through nucleophilic
attack of the phosphorus atom at palladium (path &tbrough
attack at ther-allyl terminus (path b). The bottom pathway,
through11 P(lll), could also be operative to produd8. As
long as Fisher esterification & with H;PO, 1a can produce
some amount of the allyl phosphinak®, the irreversible
reductive elimination{ to 3) or attack of ther-allyl (12to 3)
would drive the equilibrium. Indeed, we recently communicated
(eq 2) the successful implementation of this novel reacffon.

Below we report further details on our dehydrative allylation
as well as a full study of the one-pot synthesis of allylic
H-phosphinate esters using this approach. Our initial entry into

nate!® or using pivaloyl chloride as an activating agéht.
Compoundd.0were then reacted in situ with Pd/xantphos using
DMF as a solvent. RearrangementHephosphinic acid was
observed in moderate to good yields. With the simple allyl
phosphinate, only low vyields of rearranged product were
observed, even with exceds (Table 5, entry 1a). However,
addition of a small amount of BN (entry 1b) significantly
improved the yield. The rationale for introduction of an acidic
or basic additive was to catalyze the P(V) to P(lll) tautomeric
equilibrium in case the P(lll) formi1 leads to more efficient
oxidative addition and/or to facilitate the formation18 from

12 (Scheme 3). Both cinnamyl and geranyl allylic phosphinates
10 (entries 2a and 3) furnished the expected pro@uetthout
additive. As shown in entries 2b and 2c, the use of an acid
additive does improve the yields of products. Remarkably, the
rearrangement even occurs at room temperature (entries 2b and
3). Two facts rule out a thernval sigmatropic rearrangeméht
pathway: no reaction takes place in the absence of catalyst and
the rearrangement of allylic phosphinates from primary alcohols
provides exclusively primarki-phosphinic acids. Unfortunately,
allylic phosphinates derived from secondary allylic alcohols did
not participate in the reaction under any of the conditions
investigated.

Once these experiments established the feasibility of the
rearrangement, the environmentally friendly and atom-economi-
cal allylation reaction of BPO, with allylic alcohols could be
developed (eq 2)° Although the Fisher esterificatiod to 10
(Scheme 3) must be operative, we could not detect the presence
of 10 in the reaction mixture. The mechanism postulated in
Scheme 3 is consistent with both the rearrangement studies of

(19) Deprée, S.; Montchamp, J.-LJ. Organomet. Chen2002 643—
644, 154.

(20) (a) Bravo-Altamirano, K.; Montchamp, J.-L. Phosphinic Acid, Alkyl
EstersIn Encyclopedia of Reagents for Organic SynthésisROS), 2007.
(b) Montchamp, J.-LJ. Organomet. Chen2005 690, 2388. (c) Stawinski,
J.; Thelin, M.; Westman, E.; Zain, R. Org. Chem199Q 55, 3503.

(21) (a) Mark, V. InMechanisms of Molecular Migration3 hyagarajan,
B. S., Ed.; Interscience: New York, 1969; Vol. 2, pp 34B7. The

this project consisted of testing the hypothesized Pd-catalyzedrearrangement of propargyl phosphinates is also well-known: (b) lonin, B.

overall rearrangement frorO to 3, with preformed allylic
phosphinates (Table 5). Phosphinat8svere synthesized from
an allylic alcohol9, via transesterification of phenyl phosphi-

I.; Petrov, A. A.Phosphorus, Sulfur, Silicot99Q 49/5Q 243. (c) Belakhov,
V. V.; Yudelevich, V. I.; Komarov, E. V.; lonin, B. I.; Komarov, V. Y.;
Zakharov, V. |.; Lebedev, V. B.; Petrov, A. A. Gen. Chem. USSEF983
53, 1345.
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SCHEME 4. Pd-Catalyzed Dehydrative Allylation en Route toP-Heterocycles
A~ (3 equiv) Ph E’OBU
(a) 4b cal > P j\
BSA(1.2 equiv), CH3CN 14
(reflux), 82% yield
E,OBU
(b) 4d A~OH equiyy PRSP
CCl4-EtgN (2 equiv), 16

3

CH4CN (rt), 45% yield

TABLE 6. Tandem Pd-Catalyzed Allylation—Esterification of
H3PO, with Allylic Alcohols 2
i) 0.5 mol% Pd,dbas/xantphos

DMF, 85°C

1a + 9 4
(25-3equiv) (1equiv) i) (BuO),Si (2.5-3 equiv), DMF, 85°C
entry 9 4 % yield 4°
1 X-"oH 4a 43¢
2 Ph/\/\OH 4b 98
3 Me,, -~ OH de 88
4a R. . OH R=E-Pr 4d 68
T —zp 4d 98
Sa n=1 4f 52
5b HMOH n= 4g 64
5¢ " n=3 4h 72
o
6 5 H 57
Ph\/I\/OH N2
7 ij ) 58
Q OH Buo~h ©
X=Et
X o
g; > X=4- KN 23
OH FCgH, OBu
EtO.CN EtO,CN o
9 x X IF;,H 61
OH ~OBi
10a X=H o 68
10b X\%ﬁ\ X=prenyl XJ\MB;H 50
10c X=geranyl OBu 90
11 A A~OH (I:IJ H 67
Bno™ ™~ B0 A" 0my
o}
12 OOH @B«H 45¢¢
OBu

aReactions were conducted with concdP®;, in dry DMF (0.2 M).
Reaction times: allylation= 2—8 h, esterificationr= 10—16 h. See the
Experimental Section for details of the procedufdsolated yield after
silica gel chromatography.2 mol % of Pd/xantphos!1:1 mixture of
isomers.2 DMF (2 M).

preformed 10, the influence of additives, and the fact that
addition of water slows down the reaction.

We then investigated the application of the dehydrative
allylation to the synthesis of allyliel-phosphinate butyl esters
4 through a tandem allylatieresterification sequence (Table

6). As can be observed in Table 6, tetrabutoxysilane was use

as the esterifying ageft,and the products were isolated with

very good regio- and stereoselectivities after silica gel chro-
matography. Even some secondary 1,3-disubstituted allylic
alcohols reacted in moderate yield. The yields of butyl esters
are comparable to those achieved with the corresponding*cids.

2298 J. Org. Chem.Vol. 73, No. 6, 2008

O, ,OBu
2mol% 18 P M
CH,Cl, (reflux) \_/ MeSNYNMeS
62% vield 15 F{L]Clj
o\\P/OBu Cl‘ | Ph
2 mol% 18 ~o P(c-Hex)s
CH.Cly (reflux) ' 18
84% yield 17

Compared to the yields obtained through cross-coupling of
allylic acetates (Table 3), the dehydrative allylation-esterification
generally gives higher yields of the same products and proceeds
from the more readily available alcohol starting materials.
However, in the case of allj#-phosphinate (Table 3, entry 1
versus Table 6, entry 1) and methallphosphinate (Table
3, entry 7), the cross-coupling approach is superior. Methallyl
alcohol, like most 2-substituted allylic alcohols, does not react
satisfactorily in the dehydrative allylation reaction.

Finally, the preparation of phosphorus heterocycles through
ring-closing metathesis (RCM) from precursors prepared via
allylation was briefly investigated (Scheme?dH-Phosphinates
butyl esters4b and 4d (Table 6) were prepared by tandem
allylation—esterification reactions and then converted into the
corresponding disubstituted phosphinbdeand phosphonatks,
via Arbuzov-like allylatior#® and Athertor-Todd oxidatior?*
respectively. Next14 and 16 were subjected to RCM to give
P-heterocyclic productd5 and 17 in 50% and 37% overall
yields (from HPO,, 1a), respectively. Mioskowski and co-
workerg® previously prepared the benzyloxy and the hydroxy
analogues of the butoxy phospholene oxXi&én 27% and 62%
yields (from NHOP(O)H, 1¢) following a RCM strategy and
using a nucleophilic substitution of bis(trimethylsiloxy)phos-
phine (BTSP, (TMSQPH) with allylic halides for the €P
bond formation. The cyclic allylphosphonaf’ is a new
compound; however, its methyl ester counterpart has been
previously prepared in 9.8% vyield via reaction of diphenyl
phosphoryl chloride with allylmagnesium bromide, followed by
selective displacement of one of the phenoxy groups with
lithium allyloxide and RCIMg6

Conclusion

The Pd-catalyzed dehydrative allylation offD, with allylic
alcohols is the most general and convenient catalytic method
available to access allylie-phosphinic acids and their ester
derivatives, followed by the reaction of allylic acetates. These
methods are by far superior to previously known approaches,
such as the base-promoted allylation of alkyl phosphinates, the
Michaelis—Becker reaction of masked hypophosphorous syn-
thons, and the reaction of allylic halides with bis(trimethysi-
loxy)phosphine which not only involves wasteful silylation and
a halide-containing electrophile but tends to form symmetrically
disubstituted products. The hydrophosphinylation approach to

(22) McReynolds, M. D.; Dougherty, J. M.; Hanson, P.Ghem. Re.
2004 104 2239.
(23) (a) Boyd, E. A.; Regan, A. C.; James, Retrahedron Lett1994

d35, 4223. (b) Majewsky, PPhosphorus, Sulfur, Silicoh989 45, 151.

(24) (a) Sampson, N. S.; Bartlett, P. A.Org. Chem1988 53, 4500.
(b) Bartlett, P. A.; Giangiordano, M. Al. Org. Chem1996 61, 3433.

(25) (a) Bujard, M.; Gouverneur, V.; Mioskowski, @.Org. Chem1999
64, 2219. (b) Briot, A.; Bujard, M.; Gouverneur, V.; Nolan, S. P.;
Mioskowsky, C.Org. Lett.200Q 2, 1517.

(26) Zhang, H.; Tsukuhara, R.; Tigyi, G.; Prestwich, GJDOrg. Chem.
2006 71, 6061.
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allylic-H-phosphinates from allenes, conjugated dienes, and 3P NMR (CDC}, 121.47 MHz)d 35.86 (dm,Jpy = 550 Hz);
enynes is not viable because regio- and stereochemical comHRMS (EI*) m/z calcd for GH1,0.P ([M]*) 134.0497, found
plications arise, leading to mixture of products. The starting 134.0494.

materials are also much less accessible than allylic alcohols and Representative Procedures for the Allylation Reaction with

their derivatives. One possible exception exists in the case of Activated Allylic Electrophiles (Table 3). (a) Synthesis of 3b
isoprene P P from H 3PO, (Entry 3b). To a solution of freshly concentratda

With_the development of transition-metal-catalyzed rer_:lctions (8:23?3 g grg?r’n r?]||)_’lr12$nb§yl)(,18dr’lr)1;)(\6v%rg 4%dg,eg.8|0nsn ?nnxcl)gf::ﬁge
(Pd, Ni) of hypophosphorous compounds, a wide variety of yaniphos (0.0064 g, 0.011 mmol) at rt. The reaction was heated at
H-phosphinic acid and esters is now available. Allylic alcohols g5 °C under N for 15 h. At that time 3P NMR analysis revealed
and acetates join the ranks of aryl, alkenyl, and benzylic halides, quantitative formation of the producd (33.2 ppm). The solution
as well as alkenes and alkynes in the list of useful starting was diluted with EtOAc and washed Wi2 M aqgNaHSQ. The
materials for the syntheses Bfphosphinate compounds. aqueous layer was separated and extracted with EtOAc, and the
combined organic fractions were washed with brine. Drying and
concentration furnished the adt'®in quantitative yield as a light
yellow solid (0.364 g, 2 mmol).

Representative Procedure for the Hydrophosphinylation of (b) Synthesis of 3g from a Salt of HPO, (Entry 10a). To a
Allenes (Table 1, Entry 2a).To a solution of concda (obtained solution of triethylammonium hypophosphite (1.0 g, 6 mmol, 3
by rotary evaporation (0.5 mmHg) of the 50 wt % aqueous solution equiv) in DMF (10 mL) were addettans-geranyl acetate (0.43
at rt for 20-30 min before reaction) (0.264 g, 4 mmol) in gEN mL, 0.393 g, 2 mmol, 1 equiv), Bdba (0.0046 g, 0.005 mmol),
(10 mL) were added 1-phenylalléi€0.232 g, 2 mmol), Pdiba and xantphos (0.0064 g, 0.011 mmol) at rt. The reaction was heated
(0.0092 g, 0.01 mmol, 1 mol % Pd), and xantphos (0.0127 g, 0.022 at 85°C under N for 2 h. After the mixture was cooled to fP
mmol, 0.011 equiv) at rt. The resulting mixture was heated at the NMR analysis revealed quantitative formation of the allylation
reflux temperature of CKCN under N for 12 h. Reaction progress ~ product ¢ 23.7 ppm). The mixture was concentrated under high
was conveniently monitored P NMR analysis, although TLC ~ vacuum, and the residue was diluted with EtOAc, and washed with
or GC analysis using an internal standard are also viable alternatives2 M aq HCI. The aqueous phase was extracted with EtOAc, and
After the mixture was cooled to rB!P NMR analysis showed the combined organic fractions were washed with brine, dried over
guantitative formation of the expected produét 36 ppm) as a MgSO,, and concentrated. The residue was dissolved inGTH
doublet in the3!P—!H coupled spectrum. The mixture was diluted (10 mL), treated with Amberlite resin {4 tips of scoopula) at rt
with EtOAc and washed wit 2 M aqHCI. The aqueous phase for 12 h, and then suction-filtered to furnish 100% yield3gf°
was extracted with EtOAc and the combined organic fractions were (0.404 g, 2 mmol, 100% yield) as a light yellow oitH NMR
washed with brine. Drying over MgS@nd concentration afforded ~ (CDCls, 300 MHz) 6 11.39 (bs, 1H), 6.94 (dtlyp = 552 Hz,J=
cinnamylH-phosphinic acidBb® (0.364 g, 2 mmol, 100% yield) 2 Hz, 1H), 5.0— 5.21 (m, 2H), 2.60 (dd)p = 19 Hz,J = 8 Hz,
as a light yellow solid: mp 85C; IH NMR (300 MHz, CDC}) ¢ 2H), 2.0-2.18 (m, 4H), 1.68 (s, 3H), 1.66 (d,= 4 Hz, 3H), 1.60
10.45 (bs, 1H), 7.187.42 (m, 5H), 7.04 (dJup = 558 Hz, 1H), (s, 3H); 13C NMR (CDCh, 75.45 MHz)6 142.3 (d,Jpccc = 14
6.53 (dd,J = 15.8 Hz,J = 5.3 Hz, 1H), 6.02-6.18 (m, 1H), 2.77 Hz), 132.0, 124.0, 110.6 (dpcc = 9 Hz), 39.9 (d,Jpcccc = 3
(dd, Jyp = 19.3 Hz,J = 7.0 Hz, 2H);13C NMR (75.45 MHz, Hz), 30.2 (d,Jpc = 92 Hz), 26.7 (dJrcccecc= 4 HZ), 25.9, 17.9,
CDC|3) 0 136.7 (d1\]PCCCC= 4.0 Hz, C), 136.3 (d\]PCCCZ 14.7 16.7 (da\]PCCCC: 3 HZ), 31P NMR (CDC|3, 121.47 MHZ)@ 37.10
Hz, CH), 128.8 (2xCH), 128.1 (CH), 126.6 (2 CH), 117.0 (d, (dm, Jpy = 552 Hz); HRMS (Et) calcd for GoHis0:P ([M]*)
Jrcc = 10.1 Hz, CH), 34.7 (dJec = 91.0 Hz, CH); 3P NMR 202.1123, found 202.1122.
(121.47 MHz, CDCJ) 6 35.32 (dmJpy = 558 Hz); IR (thin film, (c) Synthesis of 4f via Tandem Allylation-Esterification
KBr), cm~1 2621 and 1688 (PO—H); 2422, 2292 and 2181 (P Using (ROXSI (Entry 9b). To a suspension of anilinium hypo-
H); and 1241 (P=0); UV (EtOH, C = 8 uM) Amax = 274 nm; phosphitelb (0.955 g, 6 mmol) in CHCN (10 mL) were added
HRMS (EI") m/z calcd for GH,,0,P 182.0495, found 182.0497.  prenyl benzoate (0.38 mL, 0.385 g, 2 mmol) @k (0.0184 g,
Anal. Calcd for GH1,O,P: C, 59.34; H, 6.09. Found: C, 59.04; 0.02 mmol), and xantphos (0.0254 g, 0.044 mmol). The mixture

Experimental Section

H, 6.02. was heated at reflux f8B h and then cooled to rt. To the reaction
Representative Procedure for the Hydrophosphinylation of mixture was added (Bu@Bi (1.40 g, 4.2 mmol), and the reaction
Dienes (Table 2, Entry 1).To a solution ofib (0.955 g, 6 mmol, was returned to reflux and kept at this temperature for 16 h. The

3 equiv) in DMF (10 mL) was added isoprene (0.20 mL, 0.136 g, resulting mixture was then diluted with EtOAc and washed with 2
2 mmol, 1 equiv), followed by Pdba (0.0092 g, 0.01 mmol, 1 M aq HCI. The aqueous phase was extracted with EtOAc, and the
mol % Pd) and xantphos (0.0127 g, 0.022 mmol, 0.011 equiv) at organic layer was washed with saturated aq Nakl@ad brine.

rt. The resulting mixture was heated at €5in an oil bath during Drying over MgSQ, concentration, and purification by radial
10 h.3P NMR analysis indicated the formation of the produktt (  chromatography (4 mm thickness, hexanes/EtOAc 7/1, v/v, EtOAC)
26 ppm) as a doublet in tH&P—1H-coupled spectrum, along with ~ afforded4f® as a clear oil (0.346 g, 1.82 mmol, 91% yield)
complete disappearance ab. The crude reaction mixture was NMR (CDCls) 6 7.04 (d,Jup = 538 Hz, 1H), 5.0#5.16 (m, 1H),
concentrated by rotary evaporation (40, 0.5 mmHg) for 30 min, 4.01 and 4.10 (dtd] = 11 Hz,J = 8 Hz, Jyp = 7 Hz, 2H), 2.55-

and the residue was diluted with EtOAc and washedh\®iM aq 2.66 (m, 2H), 1.77 (dJ = 7 Hz, 3H), 1.59-1.72 (m, 5H), 1.40
HCI. The organic layer was extracted with EtOAc, and the (sext,J= 8 Hz, 2H), 0.95 (tJ = 7 Hz, 3H);3C NMR (CDCk) o
combined organic fractions were washed with brine, dried over 138.3 (d,Jpccc = 14 Hz), 110.7 (dJpcc = 14 Hz), 66.4 (dJpoc
MgSQ,, filtered, and concentrated. The residue was dissolved in = 8 Hz), 32.7 (dJpocc= 6 Hz), 29.8 (d,Jpc = 92 Hz), 26.0 (d,
CH.Cl,, and Amberlite resin (45 tips of scoopula) was added. Jpcccc= 4 Hz), 18.7, 18.1 (dJpcccc = 4 Hz), 13.8;3P NMR
The resulting suspension was stirred for 12 h at rt and then suction-(CDCl3) 6 38.01 (d, Jey = 538 Hz); HRMS (ET) calcd for
filtered in a Bichner funnel and concentrated to gB®@° as a clear CoH190,P ([M]T) 190.1123, found 190.1127.

0il (0.153 g, 1.14 mmol, 57% yield)*H NMR (CDCl;, 300 MHz) (d) Synthesis of 4d via Tandem Allylation-Esterification

6 10.91 (bs, 1H), 6.94 (dlsp = 550 Hz, 1H), 5.13 (qgJ = 7 Hz, Using PivCI/ROH (Entry 6a). To a 25 mL round-bottom flask

J =2 Hz, 1H), 2.57 (ddJup = 19 Hz,J = 8 Hz, 2H), 1.77 (dJ charged with triethylammonium hypophosphitel (0.835 g, 5

= 6 Hz, 3H), 1.66 (dJ = 4 Hz, 3H);13C NMR (CDCk, 75.45 mmol) and DMF (10 mL) were addéthns-2-hexenyl acetate (0.32
MHz) 6 138.4 (d Jpccc= 14 Hz), 110.6 (dJpcc= 9 Hz), 30.1 (d, mL, 0.284 g, 2 mmol), Pgiba (0.0046 g, 0.005 mmol), and
Jpc = 92 Hz), 25.8 (dJpcccc= 3 Hz), 18.2 (dJpcccc= 3 Hz); xantphos (0.0064 g, 0.011 mmol) under nitrogen. The resulting
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mixture was heated at 8& for 6 h.31P NMR analysis of the crude
mixture indicated quantitative formation of the produt26 ppm).
After the mixture was cooled to rt, BuOH (1.4 mL, 1.11 g, 15
mmol) and pivaloyl chloride (1.3 mL, 1.206 g, 10 mmol) were
added, and the reaction was stirred oh under N, diluted with
EtOAc, and washed wit2 M agNaHSQ. The aqueous layer was
extracted with EtOAc, and the combined organic fractions were
washed with saturated aq NaHg@nd brine. The organic layer
was dried over MgS@ filtered, concentrated, and purified by
column chromatography on silica gel (hexanes/EtOAc 3/1, viv,
EtOAc) to afford4d as a clear oil (0.277 g, 1.36 mmol, 68%
yield): *H NMR (CDCl;, 300 MHz) ¢ 6.95 (dt,Jup = 540 Hz,J
= 2 Hz, 1H), 5.63 (dt) = 22 Hz,J = 7 Hz, 1H), 5.33 (dtJ) = 22
Hz,J = 7 Hz, 1H), 4.0 and 4.12 (dtd, = 11 Hz,J = 8 Hz, J4p
= 7 Hz, 2H), 2.59 (ddJup = 19 Hz,J = 7 Hz, 2H), 2.03 (tJ =
7 Hz, 2H), 1.68 (quint] = 7 Hz, 2H), 1.3-1.5 (m, 4H), 0.94 (i,
J =7 Hz, 3H), 0.90 (tJ = 7 Hz, 3H);13C NMR (CDCk, 75.45
MHz) ¢ 137.8 (dJpccc= 14 Hz), 116.7 (dJpcc= 9 Hz), 66.4 (d,
Jroc=7 HZ), 34.9 (d,]pcccc: 3 HZ), 33.5 (d,.]p(;: 91 HZ), 32.6
(d, Jpocc: 6 HZ), 22.4 (dv\]PCCCCC: 4 HZ), 18.9, 13.8, 1378;1P
NMR (CDCl;, 121.47 MHz)6 39.14 (dt,Jpy = 540 Hz,J =5
Hz); HRMS (EI') calcd for GoH210.P ([M]*) 204.1279, found
204.1281.

Representative Procedure for the Direct One-Pot Allylation
of Alkyl Phosphinates (Table 4, Entry 4b).To a suspension of
1b (0.955 g, 6 mmol) and (Bu@$i (1.346 g, 4.2 mmol) in toluene
(12 mL) were addedrans-geranyl acetate (0.43 mL, 0.393 g, 2
mmol) and NHHCO, (0.126 g, 2 mmol) followed by Rdba
(0.0184 g, 0.02 mmol) and xantphos (0.0254 g, 0.044 mmol) at rt.
The reaction was heated at reflux for 10 h. After the mixture was
cooled to rt3P NMR analysis showed the producta88.9 ppm.
The mixture was diluted with EtOAc and washed w2 M aq

Bravo-Altamirano et al.

EtOAc) afforded4b’2103s a clear yellow oil (0.276 g, 1.16 mmol,
58%): 'H NMR (CDCls) 6 7.06 (dt,Jup = 543 Hz,J = 2 Hz,
1H), 7.23-7.38 (m, 5H), 6.55 (ddJ = 16 Hz,J = 6 Hz, 1H),
6.06-6.17 (m, 1H), 4.03 and 4.13 (tdd,= 10 Hz,Jup = 7 Hz,J
= 8 Hz, 2H), 2.82 (ddJue = 19 Hz,J = 8 Hz, 2H), 1.65-1.74
(m, 2H), 1.42 (sext] = 8 Hz, 2H), 0.94 (tJ = 7 Hz, 3H);13 C
NMR (CDClg) 0 136.6 (d,Jpcccc: 4 HZ), 136.1 (erPCCC: 14
Hz), 128.7 (2C), 128.0, 126.4 (2C), 116.9 dcc= 10 Hz), 66.5
(d, IJpoc = 7 Hz), 34.7 (dJpc = 90 Hz), 32.6 (dJpocc = 6 Hz),
18.9, 13.8;3'P NMR (CDCE) ¢ 35.94 (dt,Jpy = 543 Hz,J = 7
Hz); HRMS (EI) calcd for GaH;60,P (M)t 238.1123, found
238.1126.

Representative Procedure for the Tandem Allylation-Es-
terification of H ;PO, with Allylic Alcohols (Table 6, Entry 1).
To a DMF (10 mL) solution of concdla (0.396 g, 6 mmol, 3 equiv)
in a pressure tube fitted with a rubber septum were added allyl
alcohol (0.14 mL, 0.116 g, 2 mmol, 1 equiv), b (0.0184 g,
0.02 mmol, 2 mol % Pd), and xantphos (0.0254 g, 0.044 mmol)
under N. The tube was tightly closed with the corresponding
threaded Teflon plug and heated ®h in an oilbath at 85°C and
then cooled to rt. The Teflon plug was replaced by a septum,
(BuO)Si (2.1 mL, 1.923 g, 6 mmol, 3 equiv) was added, and the
resulting mixture was heated at 86 for 14 h.31P NMR analysis
then revealed the formation daatd 37.2 ppm (63% NMR yield).
The solution was diluted with EtOAc and washediw M aq
HCI. The aqueous phase was extracted with EtOAc, and the
combined organic fractions were washed with saturated aqg NgHCO
and brine. Drying over MgS§) concentration, and purification by
flash column chromatography over silica gel (hexanes/EtOAc 1:1,
vlv, EtOAc) afforded4a®1%28as a colorless oil (0.140 g, 0.86 mmol,
43%): 'H NMR (CDCl;, 300 MHz)6 7.00 (dt,Jyp = 543 Hz,J =
2 Hz, 1H), 5.68-5.82 (m, 1H), 5.26-5.31 (m, 2H), 4.03 and 4.13

NaHSQ. The aqueous phase was extracted with EtOAc, and the (dtd,J = 10 Hz,J = 9 Hz, Jyp = 7 Hz, 2H), 2.66 (dddJup = 19

combined organic fractions were washed with saturated aqg NgHCO
and brine. Drying, concentration, and purification by radial chro-
matography (4 mm thickness, hexanes/EtOAc 9/1, viv, EtOAc)
afforded 4¢® as a clear yellow oil (0.269 g, 1.04 mmol, 52%
yield): 'H NMR (CDCl;, 300 MHz) ¢ 6.92 (ddd,Jyp = 537 Hz,
J=3Hz,J =2 Hz, 1H), 5.04-5.19 (m, 2H), 4.0 and 4.09 (dtd,
J=10Hz,J = 8 Hz, Jyp = 7 Hz, 2H), 2.49-2.68 (m, 2H), 2.08
(s, 3H), 1.62-1.71 (m, 9H), 1.60 (s, 3H), 1.41 (sext,= 7 Hz,
2H), 0.94 (t,J = 7 Hz, 3H); 3C NMR (CDCk, 75.45 MHz) 0
142.2 (d,Jpccc = 14 Hz), 131.9, 123.9, 110.5 (dpcc = 9 Hz),
66.4 (d,Jpoc: 7 HZ), 39.8 (dnJPCCCC: 3 HZ), 32.6 (d,Jpocc:
6 Hz), 29.6 (dJpc = 92 Hz), 26.6 (dJpccccc= 4 Hz), 25.9, 18.9,
17.9, 16.7 (dJpccec= 3 Hz), 13.83P NMR (CDCE, 121.47 MHz)
0 38.47 (dm,Jpy = 537 Hz); HRMS (Ef) calcd for G4H»;0,P
(IM] ") 258.1749, found 258.1747.

Representative Procedure for the Pd-Catalyzed Rearrange-
ment of Allylic Phosphinates (Table 5, Entry 2a).To a solution
of concdla (0.132 g, 2 mmol, 1 equiv) in dry DMF (10 mL) were
added (PhQJsi#7 (0.800 g, 2 mmol, 1 equiv) and cinnamyl alcohol
(0.514 mL, 4 mmol, 2 equiv). The reaction was heated at®5
for 2 h. After the mixture was cooled to P NMR analysis
showed the cinnamyl hypophosphite est&®)(at 6 14.32 ppm
(76%). To the reaction mixture were addedditul; (0.0092 g, 0.01
mmol, 1 mol % Pd) and xantphos (0.0127 g, 0.022 mmol), and the
resulting mixture was heated at 86 for 2 h orstirred at rt for 4
h to yield crude3b. The reaction was concentrated in vacuo, and
the residue was diluted with EtOAc and washedwatM agHCI.

Hz,J = 8 Hz,J = 2 Hz, 2H), 1.64— 1.74 (m, 2H), 1.42 (sext]

= 8 Hz, 2H), 0.95 (tJ = 8 Hz, 3H);3C NMR (CDCk, 75.45
MHZ) 0125.9 (d,JpCC: 9 HZ), 121.5 (d)]PCCC: 14 HZ), 66.5 (d,
Jroc=8 HZ), 35.0 (d,.]p(:: 90 HZ), 32.6 (d,]pocc: 6 HZ), 18.9,
13.8; 3P NMR (CDCk, 121.47 MHz)6 37.79 (dm,Jpy = 543

Hz); HRMS (EHI*) calcd for GH150,P ([M]*) 163.0888, found
163.0883.

Synthesis of P-Heterocycles via Pd-Catalyzed Dehydrative
Allylation (Scheme 4). (a) 1-Butoxy-3-phospholene 1-Oxide (15).
To a solution of concda (0.594 g, 9 mmol, 3 equiv) in dry DMF
(15 mL) were added cinnamyl alcohol (0.39 mL, 0.403 g, 3 mmol),
Pd.dba; (0.0069 g, 0.0075 mmol), and xantphos (0.0095 g, 0.0165
mmol) at rt. The reaction was heated at“®under N for 1.5 h.
After the mixture was cooled to rt, (Bugdi (3.2 mL, 2.88 g, 9
mmol, 3 equiv) was added, and the reaction mixture was heated at
85 °C for 12 h. The mixture was diluted with EtOAc and washed
with 2 M aqHCI. The aqueous phase was extracted with EtOAc,
and the combined organic fractions were washed with saturated aq
NaHCGQ; and brine. Drying over MgS§) concentration, and
purification by column chromatography over silica gel (hexanes/
EtOAc 1:1, v/v, EtOAc) afforded 0.700 g (2.94 mmol)4, which
was dissolved in anhyd GEN (15 mL) and placed under,hh a
pressure tube fitted with a rubber septum. To the resulting solution
were added BSA (0.87 mL, 0.72 g, 3.53 mmol) and allyl chloride
(0.72 mL, 0.675 g, 8.82 mmol). The reaction tube was closed with
a Teflon plug and heated at 8& for 8 h. After the mixture was
cooled to rt,3P NMR analysis revealed the formation b4 (6

The aqueous phase was extracted with EtOAc, and the combined49.9 ppm, 82% NMR yield). The reaction was quenched with

organic fractions were washed with brine, dried over MgSd

saturated NaHC@ and extracted with EtOAc. The combined

concentrated. The residue was suspended in toluene (10 mL), ancbrganic phases were washed w2 M aq HCI andbrine, dried

(BuO)Si (0.641 g, 2 mmol, 1 equiv) was added at rt. The reaction
was heated at reflux for 12 h, diluted with EtOAc, and washed
with brine. Drying over MgS@ concentration, and purification by

radial chromatography (4 mm thickness, hexanes/EtOAc 5:1, v/v,

(27) Malatesta, LGazz. Chim. Ital1948 78, 747.
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over MgSQ, and concentrated to give the crude product, which
was dissolved in anhyd Ggl, (150 mL), and [1,3-bis(2,4,6-
trimethylphenyl)-2-imidazolidinylidene]dichloro(phenylmethylene)-

(28) Kabachnik, M. I.; Chang, J.-Y.; Tsvetkov, E. N.Gen. Chem. USSR
1962 32, 3351.
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(tricyclohexylphosphine)rutheniud8 (0.0409 g, 0.0482 mmol) was  mL, 0.342 g, 5.88 mmol), and £ (0.82 mL, 0.595 g, 5.88 mmol,
added under Nat rt. The mixture was heated at reflux for 12 h 2 equiv) at rt under N The reaction was stirred for 12 h at #P

and then allowed to cool to rt and treated with activated charcoal NMR analysis revealed the formation &6 (6 = 29.4 ppm, 45%
(0.250 g). The resulting suspension was stirred for 12 h ar rt, NMR yield). The reaction mixture was diluted with EtOAc and
suction-filtered through a Celite pad in a"&wer funnel, and washed wih 2 M agHCI. The aqueous layer was extracted with
concentrated in vacuo. Purification by flash chromatography over EtOAc, and the combined organic layers were washed with
silica gel (EtOAc, EtOAc/MeOH 90:10, v/v) affordetE?® as a saturated aq NaHC{and brine, dried over MgSQand concen-
clear yellow oil (0.261 g, 1.5 mmol, 50% overall yield)4 NMR trated. The crud&6 was dissolved in anhyd GE&l, (130 mL) and
(CDClg, 300 MHz)6 5.98 (d,J = 34 Hz, 2H), 3.98-4.14 (m, 2H), treated with18 (0.0225 g, 0.0264 mmol, 2 mol %). The reaction

2.38-2.50 (m, 4H), 1.66-1.74 (m, 2H), 1.41 (sexi] = 8 Hz, 2H), was heated at reflux for 14 h undes.Mfter the mixture was cooled
0.94 (t,J =7 Hz, 3H);13C NMR (CDCk, 75.45 MHz)0 127.2 (d, to rt, activated charcoal (0.130 g) was added, and the suspension
Jpcc= 16 Hz, 2C), 64.9 (dJpoc= 7 Hz), 32.8 (dJpocc= 6 Hz), was stirred for 12 h at rt. The mixture was then filtered through a
29.3 (d,Jpc = 91 Hz, 2C), 19.0, 13.83'P NMR (CDC}, 121.47 Celite pad in a Bahner funnel and concentrated in vacuo to afford
MHz) 6 75.83. the crude product, which was purified by silica gel column

(b) (3,6-Dihydro-2-butoxy-2-oxide)-H-1,2-oxaphosphorin (17). chromatography (Hex/EtOAc 5:1, v/v, EtOAC) to give 0.211 g (1.11
To a solution of concda (0.594 g, 9 mmol) in dry DMF (15 mL) mmol, 37% overall yield) ofL7: *H NMR (CDCl;, 300 MHz) 6
were addedis-2-hexenyl alcohol (0.36 mL, 0.300 g, 3 mmol),.Pd 5.63-5.89 (m, 2H), 4.76-4.93 (m, 2H), 4.044.23 (m, 2H), 2.36
dbag (0.0069 g, 0.0075 mmol), and xantphos (0.0095 g, 0.0165 2.69 (m, 2H), 1.66-1.77 (m, 2H), 1.341.52 (m, 2H), 0.94 (1) =
mmol) at rt. The reaction was heated at°@under N for 8 h and 7 Hz, 3H);C NMR (CDCk, 75.45 MHz)6 125.4 (d,Jpcc = 17
then allowed to warm to rt. (Bu@®i (3.2 mL, 2.88 g, 9 mmol) Hz), 120.7 (d,Jpocc = 10 Hz), 69.1 (dJpoc = 8 Hz), 65.5 (d,
was added, and the reaction was heated &3Bfor another 12 h Jroc = 7 Hz), 32.7 (d,Jpocc = 6 Hz), 22.5 (d,Jpc = 134 Hz),
under N. The reaction was diluted with EtOAc and washed with  18.9, 13.8;3'P NMR (CDCE, 121.47 MHz)d 20.75.

2 M aqg HCI. The aqueous layer was extracted with EtOAc, and
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