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Chapter One: Badkground, preparation and reactivity of H-phosphinic add derivatives

1.1 H-phosphinic add derivatives, useful synthons of organophogphorus compounds

Interest in the preparation of organophoghomus compounds continues to expand in
respon® to the developing applications of phoghomus compoundsin synthesis, as well as an
undestanding of ther role in biological systems. Organic phoghomus compounds are important
in the prepaation of agriculturad chemicds, flameretardants, corrodgon inhibitors,
nanogructures, metal extractants, medicind molecules, olefinaion reagents, and ligands for
catalysis.* A paticular family of organophaphomus compounds(Scheme 1.1) is condituted by
phoghowus-containing acids[P(O)(OH)]. Some members of this family, induding H-phoghinic
acids and ther correspondng esters, are characterized by the presence of a phoghinylidene
[P(O)(H)] moiety tha works as a bridge between the P(V) and P(I11) forms via a tautomeric
equilibrium (Scheme 1.2).

Scheme 1.1 Acidsand esters in organophoghorus chemistry

; I _H
Hypophosphorous acid HO—P
H
R = salt Hypophosphite H
11
R =alkyl Alkyl Phosphinate RO-P{
H

or alkyl hypophosphite

R=H H-phosphinic acid 9,H
R = Alkyl H-phosphinate RO P\R
L O
Phosphinic acid or n_Ry
Disubstituted phosphinic acid HO_P\R
2
R=H Phosphorous acid
_OR
R = Alkyl H-Phosphonate or H—P_
Dialkyl phosphite OR
- . . O
R:=H Phosphonic acid i _OR;
Ry = Alkyl Phosphonate R_P\ORl
Phosphate (I?/ORl
R=R;=R,=H Phosphoric acid RO P\ORz



Scheme 1.2 Phogphinylidene moiety (P(=0O)H)

o) Bondenergies (kcal/mol)
- _oo/
H-P{_ ~ HO—-P_ H@ P =176 O|S| H =111
P(V) "ic” P(Ill) "-ous" ONP =95 CNP =70
H3PO; K ~10%

(RO),P(O)(H) K ~10°

Ove the last few years, the Montchamp group has focused on H-phoghinic
(phogphonous acidsand derivatives R;P(O)(OR)(H), an undedeveloped class of compounds H-
phoghinic acid deivatives are valuable synthetic intermediates in preparing other more
common phoghotus fundiondities, induding phoghondes, phophinates, as well as primary
phophines and seconday phophine oxides, to name a few examples (Scheme 1.3).
Particularly, they are useful intermediates in the synthesis of disubdituted phoghinic acids
These compoundscan mimic tetrahedral trangtion states in enzyme-catalysed reactionsand have
been extengvely studied to achieve phamaceutical activity throughthe potent inhibition of these
enzymes.® Representative examples of biologically active phoghinic acids are shown in Scheme
1.4. Additiondly, phoghinic acids are used to replace labile phogphae groupswith a non
hydrolysable equivalent, and to probe deprotonaion states in enzyme and receptors,” although
this has only been exploited recently because of the lack of methodobgies to prepare highly
fundiondized phophinic acids Replacement of carboxylate moieties in biological compounds
can lead as well to an improved activity or selectivity for a particular receptor.® Phoghinic acid
peptides where one peptide bond is substituted by a nonthydrolyzable phoghinae moiety
represents a very convenient mimic of a subdrate in the transtion state for Zn-
metalloproteinases and aspartic acid proteinases.” Findly, H-phophinic acids can also fundion
as pro-drugs of biologically-active phophonaes (i.e. bisphophonaes),® through in vivo

oxidation*® or as synthetic precursors via chemical oxidaion?



Scheme 1.3 Trandormationsof H-pho$hinic acid derivatives

Scheme 1.4 Examples of biologically-active phoghinic acids

O CO.H
270
I CO,H

®
H,N P
FI’ 2 W|\CH3
N OH CO,H OH
N™ AN N 2 COZH
L2 e
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Iz

Pseudopeptide Prodrug Glutamine Synthetase Inhibitor

Potent Inhibitor of Folypoly-y-glutamate Synthetase a-Aminobutyric Acid-Based Herbicide

@

O O ; I I
I —_
Ph(CHy)s P I\ N N S Ao
OYO (0]
Et J/\ COzNa Analogs of Farnesyl Pyrophosphate
Monopril Farnesyltransferase and

Inhibitor of angiotensin-converting enzyme Squalene Synthase Inhibitor
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1.2 Preparation of H-phogphinic add derivatives

1.2.1 Preparation of the precursors alkyl phogphinaes

Hypophoghite esters (alkyl phogphinaes, ROP(O)H,) are impartant precursors of H-
phoghinic acid deivatives and are the most reactive of the phophomus esters. These
compoundsare sendtive to moisture, air, and heat (dispropottionaion). Severa methodshave
been described for the preparation of akyl phogphinaes, but only a few are commonly
employed.®® Kabachnik reported the preparation of methyl and ethyl phoghinaes by
esterification of hypophoghomus acid (HsPO,) with diazodkanes.!* Fitch described their
preparation by esterification of crystalline HsPO, with orthoformates (Eq 1.1),* which requires
the use of hazardous crystalline HsPO, and side produds are usudly observed.* Nifant(av
discovered the direct esterification of HsPO, with alcohols unde azeotropic water removd (Eq
1.2),** where theemal decompostion competes with produd formation, lowering the reaction
yield. Alkyl phogphinaes of certain acohols have also been prepared by transesterification

reactionswith MeOP(O)H..

O 0]
(RO);CH n_H ROH n_H
H3PO; ———— RO-F (Eg. 1.1) H3PO, - RO-P_ (Eq. 1.2)
4iCtort H azeotropic water H
R = Me, Et removal R = i-Pr, Bu

C6H6, PhCH3 or C6H12

Montchamp reported recently the three mos genera methodsfor the preparation of alkyl
phophinaes. Hypophoghite amine salts react with alcohols in presence of pivaloyl chloride as
activating agent (Eq 1.3) yielding akyl phoghinaes in good yields'®*" and HsPO, and its
anilinium or ammonium sats are esterified with alkoxyslanes (Eq 1.4).® Additiondly, he
demondrated the effectiveness of PhOP(O)H,, prepared by the akoxyslane method, in
transesterification reactionswith alcohols (Eq 1.5). This reaction proceedsin excellent yields in

several solvents, and unlike in other prepaative methods the resulting akyl phoghinaes are
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themally stable. When methyl phogphinae was prepared by esterification with alkoxydlanes, it
only decomposd dightly after heating it for 20 h a 80;C; whereas the same compound,
prepared by the Fitch method (usng orthoformates) decomposed totally after 1 h at the same
temperature. In addition, stock solutionsof alkylphogphinates can be stored at roomtemperature

unde N, for over amonth, with less than 10% decompostion.

O
«\—4 (1.1 eq)
® © OH Cl

1l
PhNH; O-P{ + ROH Ro—lg(H (Eq. 1.3)
H Pyr (1.25 eq) H
(1 eq) (15ed)  chen, it R = Alk
o, RLSi(OR)..x O H
MO-P, RO—P (Eq. 1.4)
H solvent, heat H
M = H, PhNHg, NH, R = Me, Et, i-Pr, Bu, Allyl, Ph, Bn
1 _H ('? H
PhO—bB ROH RO-P( (Eq. 1.5)
H solvent, heat H

R = Alk

1.2.2 Free-radical hydrophophinylation reactionsof alkenes and alkynes

The addition of phogphotuscentered radicals to olefins is well doaumented.'® In 1955
Williams and Hamilton reported for the first time the addition of agueous H3PO, to olefins
initiated by organic peroxides, at high temperatures (Eq. 1.6),”° where the reaction yields could
be increased by usng hazardouscrystalline HsPO,.% In parallel work, hydrophoghinylation of
olefins with salts of H3PO, (MOP(O)H,) in an autodave at 120-150;C was aso reported.? As a

result, mixtures of H-phoghinic acidsand disubdituted phoghinic acidswere obtained.

. (0] 0]
de I R ] R
PN peroxi o~ b~ (Eq. 1.6)
50%aq HsPO, + R water/dioxane HO P\/\ + HO P\H
67 - 175°C R
11-30h

Different ratios of products
30 - 70%yield



Nifant@v and coworkers improved this reaction, which has become a preparative method
for H-phohinic acids? In these reactions HsPO, or sodium or potassium hypophaphite salts
were added to akenes (Eq. 1.7) and alkynes (Eg. 1.8) in presence of peroxides and minea or
organic acids The use of acid catalysts enables lowering the temperature of the reaction by

hdping the breakdown of the peroxideinitiators.

. (@] (@]
H,S0O,, peroxide I ~_R I R
NaH,PO, ‘H,0 + R : HO-P. + P Eq. 1.7
aram2 "z R water/dioxane N HO P\H (Bq. 1.7)
75 - 85°C R
6-7h Mixtures of products, 85 - 95%yield
HPO H*, peroxide H.0 P/\"R + R (Eq. 1.8)
3702+ R—= dioxane 2v2 HZOZP/Y a- =
85 - 135°C PO2H,
11-30h major (40-50%) minor (25% max)

Karanewsky discovered tha even AIBN could be used in refluxing EtOH,? providing a
major practical breakthrough but the conditions remained strongly acidic and therefore
incompaible with fundiondized molecules. Montchamp has recently reported more efficient
approaches for the free-radical addition of hypophoghorous compounds to unsaturated
subdrates (Scheme 1.5). Using Et;B/O, as initiators, addition of H3PO,, its sdts (AHP and
NaOP(O)H,), or even akyl phoghinaes to alkenes occurs at room temperature, in an open
flask.® AIBN-initisted radical hydrophophinylations of alkenes and akynes with alkyl
phogphinates proceeds effectively at 80;C.%° In addition, room temperature radica addition of
NaOP(O)H, to termind akynes produes the previoudy unknown 1-alkyl-1,1-bis-H-
phogphinaes,®?” which are nove precursors of the biologically important 1,1-bisphogphondes.®
This new radical-based methodobgy has aready been used by various research groups For
example, in the preparation of # #-difluoro-H-phosphinic acids,?® as well as in the synthesis of
an intermediate of an inhibitor of Folypoly-"-Glutamate Synthetase. This last compound was
obtained by addition of NaOP(O)H; to vinylglycine, reaction that failed with other approaches.®
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Scheme 1.5 Freeradical reactionsof hypophophomuscompounds

R3
R = H, Na, PhNHj, %\Rz 0
R
NH,*, Bu, alkyl BB, g H s
: L ———»  RO- P 37 - 96%
MeOH or CH3CN or Dioxane (rt, air) 2 yield
Ry
O (I? H
RO-P(" R=Na EtB, "R NaO—P’
H : : > YR 42-87%
MeOH or MeOH/dioxane (rt, air) NaO—P yield
I|\H
R = Et, Bu AIBN (0.1+0.1eq), Rlx//’\Rz Oy Ry
CHLCN (reflux) g RO—P\K 51 80%

1.2.3 Metd-catalyzed hydrophoghinylation

In thelast decade, several examples of the addition of phoghomushydrogen bondsacross
unsturated subgrates, which are catalyzed by transition metal-complexes have been reported
Among organophophorus compounds hypophophomus derivatives are paticularly strong
redudng agents. In fact, the prepaative useful trander hydrogendion of akenes, akynes,
adehydes, ketones, and aryl hdides, is well known to take place with H3sPO, or its sodium and
amine sdlts, unde the influence of virtudly all transtion-metals.* This process is bdieved to
occur via ingertion of the metal into a P-H bondwith subsequent formation of a metal hydride

which isthecatalytically active reduang agent (Eq. 1.9).

0 0 S
H PdO)L, R
RO-F, © i H HopdLH SN2 HW)\ (Eq. 1.9)
RO-P!
“H PdLH 0

R = H, Alkyl, RNH ~ MO-P:

In paticular, Tanaka reported a catalytic hydrophogphotylation of akenes, akynes and
alenes with H-phophonaes, usng pdladium- and rhodium-based catalysts (Scheme 1.6).3' The
mechanism of the reaction is based on the insertion of Pd and Rh into the P-H bond of H-

phoghondes, which is not a surprising trandormation consdering the body of literature
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regading trander hydrogenaion on hypophophormus acid derivatives. Alkynes reacted well
with variousH-phoghondes, but alkenes and allenes only reacted satisfactorily with pinacol H-
phoghonde, which is a significant limitation because of the harsh conditions needed for the
cleavage of pinacol phogphonae esters.*

Scheme 1.6 Hydrophophonyktion of alkenes, alkynes and alenes

(0]
I, OR 3 mol% PdMe,(Ph,Me), , o _ . o
R—= + H—PR R__P(OR); (high regioselectivity)
OR THF, reflux, 15-20 h W
R = Me, Et
~ 41-95% yield
O
"o 3-5 mol% PdMe,[Ph,P(CH,),PPh,], 'Fl ~ ve_ B°
R~ + H— P\ : /\/ 2 \r \O
le) Dioxane, 100°C, 15-48 h o R'
~ 83-100% yield R' = Ph, >95%

(0] (0]

n.o . P

R—== + H— p\ 1-2 mol% RhCI(PPh3); R'/\/R
(@] Toluene, reflux, 2-6 h (@)
~ 46-97% vyield

O

[P . 9 O || o

By S C§ . H— P\/ 3-5 mol% Pdl\:lez(dppf) n- BUW \ ‘n Bu
0 Dioxane, 100°C, 2-18h ~ 98%yield o) trac

(E12) = 928

However, Montchamp and coworkers published the only examples of meta-catalyzed
hydrophophinylation of hypophophomus derivatives with unsturated subdrates.*’ Initialy,
they developad a remarkably general Pd-catalyzed addition of HsPO,, AHP and akyl
phophinaes to akenes and alkynes under homogeneous catalytic conditions This reaction
yields H-phogphinic acid derivatives in high yields and does not require strict anhydrous

conditions(Eq. 1.10).%

2
Pd,dbag / 2xantphos R
) odbag 0
2‘ ! - Y% Se 1
ro-p-H . RE_R (0.2 - 2mol%) RO—E\)\/R Eq.1.10)
2eq) H (1 eq) CH4CN or THF or Tol (reflux) H
eq o 4% vi
R = H, AHP, Alk DMF (85°C) 61 - 84% yield



Themechanism for this reaction indicates that the appropriate selection of ligandsaround
the Pd harnesses the reactivity of the podulated phoghinyl pdladium intermediate before its
decompostion to pdladium dihydride species, steering in this way the reaction towards addition
ingead of trander hydrogenaion (Scheme 1.7). Pd.dba/xantphosemerged as the most useful
catalytic system, where loadingsas low as 0.02 mol% Pd provide goodconvasions*

Scheme 1.7 Pogulated mechanistic pathways in the Pd-catalyzed hydrophoghinylation reaction

TRANSFER HYDROGENATION

o H pllaling O
"o | c=cC 11 _Nu H H
RO-Pi—PdL, ——— RO-P{ = + ‘io(

Pd(O)L,
5% = T | .
RO—P\H HYDROPHOSPHINYLATION
1 PA(O)L,, H OR H OR
\ Sl P=0 reductive P=0
\ RO- {:';\Pdl- aH c=¢ ' elimination ¢~
R = Alk, H, PhNH5 : dr, —ERl G
2b hydropalladation " -PdOL, (¢
I "H
phosphinylpalladation“ HC\H 6a 3
Q
RO~ - Pd(O)L
6b H/P_ﬁ POy
H—PdL,/©

An environmentally benign variant of this process was later developed usng a water-
tolerant, recyclable polymer-suppoted catalyst (Eq. 1.11).>* The ligand can even be employed

with Pd/C to furnish a doubly-heerogeneousreusable catalyst.

~

1) RN

Ro
Q—Pth 1 mol% catalyst o) R
. aq. HPO, CH4CN, reflux, 2-4 h HO—IS\)\/ Ro (Eq. 1.11)
2) recover catalyst
PPh 3) reuse catalystin nextrun 42 - 96% yield
Catalyst i § 2 (no additional Pd) 1 -5 cycles



More recently, the Montchanp group discoveed a nickel-catalyzed
hydrophoghinylation of internd and termind alkynes with alkyl phogphinates (Eq. 1.12), which

correspondsto pat of the work that will be disclosed in this dissertation (Chagpter Two, Section

22)%
Qv o f
- i 5- Y 2
RO—P. N Rl_— R? NiCl, (0.5 - 4 mol%) RO—IS ~ _R (Eq. 1.12)
H CHCN, reflux h
(2 eq) (1eaq)

40 - 100% yield
R = Me, Et, i-Pr, Bu

1.2.4 Nudeophilic addition and subdgitution reactionsof silyl phoghontes

Boyd and Regan reported for the first time the use of (TMSO),PH (BTSP) as a synthon
for the preparation of H-phophinic acids* where BTSP was prepared in situ from phogphinate
salts of amines and an excess of TMSCI/Et3N (0% to rt) or HMDS (1104). Isolation and use of
BTSP was avoided dueto its extreme pyrophoic naure.®" H-phoghinic acidswere prepared by
theaddition of #,$-unsaturated esters or highly reactive alkyl hdides (Scheme 1.8).

Scheme 1.8 Synthesis of H-phoghinic acidsfrom silyl phogphonies

. (0] (0]
activated RX R_EQOH and/or R—B(OH

H R
T TMS,NH, heat | TMSO,. RCHO OH
MO_P\H or PH| ——— )\
Me,SiCl, i-Pr,NEt LTMSO R™ "POzH,

M = NH,, Et;NH BTSP
(pyrophoric) EWG._~

EWG \/\ P02H2

Practical applications of this methodobgy have been reported,® which show often

several problems in terms of reactivity (Eq. 1.13)* and selectivity towards formation of
monosibdituted phogphinic acids. Elevated temperatures (>110%) and large excesses of BTSP

are required in order to avoid theformation of symmetrically disubgituted phogphinates.
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CO,Me

HN-
CszN@—( (Eq. 1.13)
o)

110°c | TMSQ.. } Br

No reaction

P—H

NH,H,PO, + (TMS),NH
TMSO

1.2.5 Nudeophilic addition reactionsof hypophophomusderivatives
Hypophoghomuscompoundsadd to carbonyl compoundsand Michael acceptors.’® The
first reports for this trandormation conssted of the theemal hydrophoghinylation of aldehydes
with the highly ungable methyl phoghinae, generated in situ from anhydrous HsPO, and
methyl orthoformate.**** Shibuya reported recently an elegant asymmetric version of this
tranormation, catalyzed by Al-Li-BINOL complexes (Eq. 1.14).** No desymmetrization of the
phoghinae esters was observed, butindudion at the carbinol carbon was achieved in modeate

enantiomeric excesses.

Li
0] 0 HO O /
0 H ALB (20 mol%) I H O, .0
RO—p- + [=]¢ ALB = * /’AI\OD* Eg.1.14
Y R-)LH THF, - 40 °C, 18 h R-% OR Co (Eq.1.14)
(5 eq) (1 eq) ; H-0
37 - 81% vield _ - *
R = Ve, B y (R)-BINOL H—O>

R' = Ph, p-MeCgHy,, i-Pr, ee = 43 - 85%

R’ =Ph, p-MeCeH,, R’ = (R)--BUCH(NBNy), syn/anti = 94/6

I-Pr, (R)-i-BUCH(NBnN,)

Prepaation of #-amino-H-phogphinic acids condsts usualy of hedating anhydrous
hypophoghomus acid with a Schiff@ base and Mannich-type reactions of amines with
adenydes and anhydmoushypophoghomusacid.*® Harsh reaction conditions longreaction times
and side reactions are usudly involved.™® A more efficient method consst in the reaction of
hypophoghomus sdts, introdued by Montchamp,** with adehydes unde microwave

irradiation, which avoids the problems assodiated with handling anhydousHsPO, (Eq. 1.15).*
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n_H R 9 H
RNHz0—P *  R—_CHO MW P
H 0.5-2min RHN OH
R =Ph, Cy, (R)-(+)-1-Phenylethyl- ~ no-solvent 65 - 80% yield
R' = Aryl, alkyl

(Eq. 1.15)

Cristau and coworkers have used a dightly modified version of this methodobgy in the
synthesis of phophinodipeptide andogs (Eq. 1.16).* Othe examples of addition of alkyl

phogphinates to imines and triazines have been reported.**

H

CHPh, Ph,CHN O
n_H - MeOH, reflux 2 n_H
MeO-P ' + )N|\ K (Eq. 1.16)
H R H R OMe
R = Me, 81% yield
(1eq) (1.6 eq)

R = Ph, 89% yield

Maier discovered tha akyl phogphinaes react with acrylate derivatives unde basic
conditions (amines or akoxides).*® This reaction has been applied in the synthesis of P-

heterocycles,*® and in the synthesis of matrix metalloproteinases (MMP) inhibitors (Eq. 1.17).*’

NH

O 0 Ry
CO,Bn L BnO,C o,
N

“OEt o) R

MMP's inhibitor

1.2.6 Hydrolysis or acoholysis of dichlorophoghines

The only widdy available and inexpensive H-phogphinic acid is phenyl-H-phoghinic
acid PhP(O)(OH)H, which is prepared by the hydrolysis of PhPCl,,* a compounditself obtained
by the Friedd-Crafts reaction of benzene and PCl;. The addition of PhPCI; to some alcohols has
also been described to prepare H-phoghinae esters, but insgparable mixture of produds are
usudly obtained.”® Other RPCl, compoundsare available but they are expensive, very reactive
and hazardous making this process certainly not convenient and not atom-economca (Eg.

1.18).
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1) ROH Q,OR-
R—PZ (Eq. 1.18)
2) H,0, H* H

R—PCl,

1.2.7 Reaction of organometallic reagents with dialkoxychlorophophines

In 1960§ Kabachnik demondrated the selective replacement of the chlorine atom in
dialkoxychlorophogohines (RO),PCl by Grignad and organolithium reagents to generate the
phogphonies (RO).PR.>® However, this process can only be used when the precursor is stable
toward Grignad formation. Karanewsky applied this methodobgy in the preparation of ACE
inhibitors (Eq. 1.19).** He demongrated tha H-phoghinic acids can be obtsined in low yields
by acidic hydrolyss of (RO).,PR a room tempeature, followed by purfication of thar
corresponding sodium salts (Eg.1.19). Xu et al. used this approach in the prepaation of bis-

phogphinaes and bis-phogphine oxides.

R
0 0
EtO),PCI +
R-MgX (EtO), CI—PQOEt 1) H30 R—'F'(OH . Q\I\H)\X_B,OH (Eq. 1.19)
) OEt  2) NaOH H Ho.C O "R
R'(‘Z) nC-ZiU,CH CsH 3)Hz0"  (a) 33% yield ? X =CHg, O, NH
(b) -CH(CH3)CsH1, (b) 36% yield ACE inhibitors

1.2.8 Redudion of chlorophophondes

Another conaivable approach to H-phoghinaes would be the direct selective redudion
of phophonae diesters RP(O)(OR(,.** However, this tranformation has not been achieved.
Ingead, phophondes mug first be conveated into chlorophophonde RP(O)(OR)Cl by known
procedures,> following by redudion with sodium borohydiide® This overall tranformation is

very limited in terms of fundiond grouptolerance and is obvioudy cumbersome (Eg. 1.20).

Q o) o)
| ! PCI 1 \ 1
PR > _pOR' NaBH, o f-OR (Eq. 1.20)
OR'  golvent, 0-10°C Cl  Dioxane H
R = Ph, Me ~ 90% yield (reflux) 75 - 81% yie|d
R' = Et, i-Pr
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1.2.9 Direct akylation of akyl phoghinates

Gallaghea reported the akylation of isopropyl phoghinae usng akyl hdides and
sodium isopropoxide as base (Eq. 1.21).> Less hindeed akyl phogphinaes cannotbe alkylated
unde these conditionsbecause of rapid base-promoted decompostion of the anion formed upon

deprotonaion of unhindered alkyl phoghinaes.® This method has not foundwidespread use.

O 1 (@]
RX (1 eq) n_R1
Pro—p. " : - PIO—P( (Eq. 1.21)
-PrONa (1 eq, slow addition) H
(1 eq) THF / i-PrOH, rt
5 examples

RIX = Mel, allylBr, BnBr, n-Pentl, Br(CH,)4Br 50 - 90% yield

Montchamp recently established a butyl lithium-promoted alkylation of primary alkyl
phoghinaes with reactive electrophiles, such as as akyl iodides, and allylic/benzylic bromides

(Eq. 1.22).>" DBU in refluxing acetonitrile also promoted this direct alkylation reaction.

(e} 1 (@]
W H RIX (1 eq) n_RY
RO-P : RO—R( (Eq. 1.22)
H n-BuLi (1.2 eq) H
(1.5€0q) THF, - 78°C - rt 15 examples
R = Me, Et, Bu, Bn 39 - 82% yield
1.2.10 Ciba-Geigy methodology

CibaGeigy (currently NovatigSyngenta) introdued the use of masked
hypophoghorus acid synthons (7, 8, 9, in Scheme 1.9) for the preparation of #-,$-, and "-
amino-H-phophinic acids ***® These reagents possess a protected form of hydrogen connected
to phogphowus which solves certain limitations however thar use relies on a protection
deprotection strategy, which reduces the compdibility with fundiondized compoundssince an
acidic cleavage of the acetal is required. Some reactionsof these synthonsare shown in Scheme
1.9. Thefirst geneation uses 1,1-diethoxymethyl as protecting group (7a, 8a), which demands
vigorous acidic conditions for its removd (ag. HCl, 100;C).>**° The second generation of

reagents uses a dighty modified ketal protecting group (1,1-diethoxyethyl) (7b, 8b), which can
14



be cleaved unde milder conditions (excess TMSCI in CHCls, rt),* while reagents 9 hold a 1-
hydroxydkyl protecting group tha is stable to acid, but can be removed unde basic conditions
(ag. NH,OH or NaOH, 50-80; C).>¢

Scheme 1.9 Preparation of H-phogphinic acidsfrom CibaGeigy synthons

0
NaH, R2X RZ—B:aR

1 _OEt
anh. HyPO, — - C(OFs _ EtO%—P\ o~ 9 _OR
R EWG e
R!'=H 7a Na, EtOH EWG From:
CH; 7b 7a and 8a R=H
HMSDg’ heat or ‘ 0 after aq HCI, heat
TMSCIEtN, rt 2 _OR
° RX . R-P, 7b and 8b R=Et
after TMSCUEt;N, rt
9 OEt R2CH=0 2 OR
EtO——PZ. _RCH=0_
OR OSi(CHg)s >_
R'=H 8a ZOEWG || OR
CH; 8b
? ; EWG—/_ H
R
)vOMe O. 1 Nr\/W 1 9 _OR From:
anh. HyP0, ___OMe ||3\OR R R, H-PCNHR' | 92 and 9b R=H

HO g 9,0R after aq NaOH or
R= Me 9a ———"——» H-P{__ | NH,OH, heat
then i-Bu 9b initiator R

1.2.11 Cross-coupling reactionsof aryl, alkenyl, benzylic, and alylic electrophiles

Literature reveals few publications regading the cross-coupling of hypophoghorous
compounds Holt reported a single example of the cross-coupling between triethylammonium
hypophoghite with a steroid-derived dienyl triflate, but the generality of the reaction was not
established.>® Few years later, Schwabacher developed a pdladium-catalyzed cross-coupling of
aryl iodides with methyl- or tert-butyl-phogphinaes prepared in situ, usng Fitch® orthoformate
method (Eq. 1.23).°%%° However, this reaction requires strict anaerobic and anhydous
conditions andislimited to be used with very reactive aryl iodides dueto the competing transfer
hydrogenaion (Pathway B, Scheme 1.10), as well as to the rapid thermal decompostion of the

alkylphoghinates prepared by this method (see Section 1.2.1 from this Chapter).**%°
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1 eqg. N-methylmorpholine

or 1 eq. propylene oxide 9/OMe
MeOP(O)H, + Al Ar—P\H (Eq. 1.23)
5 mol% Pd(OAc), / 4PPh
(3 eq) (1 eq) 0 PAOAC/4PPhs
HC(OMe)3, CH5CN reflux examples

23 - 80% yield

Montchamp contributed in this area with the development of Pd-catalyzed cross-coupling
reactions of hypophoghite salts with aryl hdides, and akenyl bromides and triflates (Eg.
1.24).*+%" Careful ingpection of the possible mechanistic pathways indicated tha oxidative
addition of the metal into the C-X and P-H bonds are two competitive processes, and that the
ligand aroundthe metal controls the patition between them (Scheme 1.10). With Pd(OAc)./dppp
(2 mol% or less) as the catalyst, the competing redudion was highly decreased and even the
coupling of one activated aryl chloride was reported for the first time.** In the case of alkenyl

electrophiles, steric hindrance dueto Z-subditution required a ligand switch from dpppto dppf®

v R, Rs
P or —
R
O R]_ Rl X O
IoH (X = OTH, I, Br, CH,CI) (X=Br, OTf, I) f‘ i1_OH
PhNH;0—P{ | /ZFP\H (Eq. 1.24)
2 mol % Pd(OACc),, 2.2 mol% dppp (dppf) %

CH3CN or DMF or THF; 60-85 °C
(then H*) From ArX: 21 examples, 55 - 98% yield
From Alkenyl-X: 13 examples, 45 - 98% yield

Scheme 1.10 Cross-coupling vs. trander hydrogenation competing pathways

Reductive
. H P-alkylation HO_H ©  elimination QH
MO-P{ — = PH X" ——=—== MO-K
OH  ArPdL,X ArPdLi g OM Base Ar
P(IIn) — Pd(0)Ln
H Cross-Coupling - Pathway A
Mo—l'D\’ ]

Insertion

ArX
Bas% Pd(O)Ln
?  Ho QH
..,H MO- P O)Ln + B:iHX + MO-P; —=—> MO-F,
MO—P\ PdLnH “OH

ArH  Transfer Hydrogenation - Pathway B
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More recently, Montchamp and coworkers developeal a direct cross-coupling of akyl
phophinaes with a wide variety of aryl, heeroaryl, and akenyl, and even some alylic
electrophiles through the use of ther akoxyslane method (Eq. 1.25).°%% This work will be

disclosed in Chapter Three of this dissertation.

(RO),.,SIR',, - Base (0-3 eq) or

\ o)
RO)3SIiCH,CH,CH,NH, (1.2 € _OR
PhNH3OP(O)H, (RO)SICH,CHZCHANH, (1.2 eq) Ar(Het)(Alkenyl)(Ally)—P. ~ (Eq. 1.25)
12.36 ArX, HetX, Alkenyl-X, Ally-X (1 eq) H
' q 2 mol% Pd(OAc),/dppp (or dppf) 33 examples
R = Bu, Et, Me solvent. heat 24 - 100% yield

X =1, Br, OTf, CH,CI
Base = DABCO or Et3N

One more example on cross-coupling of hypagphoghorous compoundsis the Cu-
catalyzed reaction of ammonium hypoph@phite with iodobenzene, usng Cul and PPAPM

(pyrrolidine-2-phoghonic acid phenyl monoester) or Cul and proline or pipecolinic acid.

(Eq.1.26).%
(0] | Cul (10 mol%), Proline or pipecolinic acid (40 mol%) o)
NH,0-PC" + DMAP (2 eq), DMF (110°C), or Ho-PC" (Eq. 1.26)
H Cul (20 mol%), PPAPM (20 mol%) H
(11-15eq) (leq) DMAP (2.2 eq), DMF (110°C) 72 - 75% yield

In terms of cross-coupling reactionswith alylic electrophiles, some related work by Lu et
al. showed tha O,0-dialkyl phogphoretes (RO),P(O)(H) react with alylic acetates or carbondes
in the presence of bis(trimethylsilyl)acetamide (BSA) and nickel(0), Ni(cod), as a catayst (Eg.
1.27).% This approach is not practical dueto theformation of senstive P(I11) compound, as well

asto thefact tha thenickel catalyst is hard to manipulate.

(0] - o
ROZIFI’—H + Ry~ OX Ni(cod), (5 mol%) RO:II:I,/\/\F11 Ea. 127
¥ (1 eq) BSA (1 eq), THF (reflux) RO

R —(1E(taq|;u X = Ac, -C(O)OEt 22 - 90% vyield
= i R1 - H, Ph
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The only reparts on cross-coupling of hypoph@phomus acid derivatives with alylic
electrophies have been pubiished by the Montchamp group®® Of particular relevance is an
elegant and environmentally friendly cross-coupling reaction between H3PO, and allylic acohols

(Eq. 1.28),% which correspondsto thework to bediscussed in Chapter V from this dissertation.

Rs HsPO, Ry QoH
Ri._~__OH R NPy +H0 (Eq. 1.28)
R2R4 Rs Pd/xantphos (0.05 - 2 mol%) R2R4 Rs
DMF, 85 °C
20 examples

43 - 100% yield

1.3 Reactivity of H-phogphinic add derivatives

A wide range of methodobgies has been published concerning the utility of H-
phoghinaes as starting materias, unlike the case where these compoundsare the produds.
1.3.1 Cross-coupling reactions’

Some of the first reports on cross coupling reactions of H-phoghinae esters with aryl

hdides correspondto Xu et al., who discovered that aryl and alkenyl bromides cross-couple with

68a,c 68b,c

phenyl-H-phoghinae, and akyl-H-phophindes esters, in the presence of Pd-catalysts
and a base (Eqg. 1.29). Subsequently, these authors showed tha enantiomerically pure (S)- and
(R)-isopropyl methyl-H-phogphinaes undego these reactions with complete retention of
configuration®® More recently, a Cu-catalyzed version of this cross-coupling was discovered.®*
Schwabacher demondrated tha disubdituted methyl phoghinaes could be prepared from the
mono subdituted produd, isolated in crudeform and exposed to a different aryl iodide, base and
Pd(PPhs)..*° Montchanp has aso applied this Pd-catalyzed cross-coupling in tandem
hydrophoghinylation! cross-coupling reactions of akyl phoghinaes tha lead directly to

disubdituted aryl-alkenyl phophinate esters in good yields®
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o]
I, R
R,0—PF ArBr (1 eq), AlkenylBr (1 eq) RZO—B\ 1 (Eq. 1.29)
(1.1 eq) R 5 mol% Pd[P(PPh3)], or PdCl,(PPh3), Ar(Alkenyl)
Et3N (3.3 eq)

No-solvent or Toluene (90-120°C)

R1 = Ph, Me, Bu
R2 = Et, Bu

The usefulness of these methodobgies has been demondrated in several syntheic
applications asin the preparation of GABA andogs (Scheme 1.11),” design of haptensaimed at
produdng cataytic antibodies to hydrolyze heterocyclic amides,” and in the synthesis of
phogphinate linked bis-amino acidsfor incorporation into peptides. ™

Scheme 1.11 Overman@ route to unsaturated GABA andogs

. R R
NHBN o o P e g,H =P ome! 0= on
) y ! eO— I
RZSO3H :(ﬁ "R _ ﬁj 1 1) TMS(CH,),0C(0)Cl, Tol, rt (ﬁ
H,O SN Pd(PPhg), N | 2)(i) 48% HBr, ACOH, 95°C N
I 81% : DABCO, Toluene (85°C) i (i) Dowex 50 H* H
v___Ph___ . ______Ph_: R=Me, 71% yield
R=Me, 53% vyield R=Et, 74% yield

R=Et, 34% yield

A catalytic alylation reaction of ethyl phenyl- or ethyl methyl-H-phoghinaes via cross-

coupling with allylic acetates or carbonaes was aso reported by Lu, usng BSA/Ni(cod), (Eq.

1.30).52
o R3(Ry)
FOBH + Re OX Nicod), Gmol%) _ EIOSBAANg o (g, 130)
Ry R BSA (1 eq), THF (reflux) Ri
(1 eq) (1 eq) : 7-26h 6 examples
R, =Ph, Me X = Ac, -C(O)OEt 58 - 88% yield
R,, Rz = H, Ph

1.3.2 Meta -catalyzed hydrophoghinylation reactions

Since the metal-catalyzed hydrophoghinylation of unsaturated compound is triggered
by the oxidaive addition of the metal into the P-H bond (Scheme 1.7), this process can be
congdered a P-H bondactivation. There are only two reports in the literature where metals have

inserted into the P-H bond of H-phophinaes (Scheme 1.12)."®"* Tanaka showed tha the
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oxidative addition of the P-H bondto Pt (0) proceeds stereogecifically, and developed a highly
regioslective Pd-catalyzed stereospecific hydrophophinylation of (Rp)-menthyl phenyl-H-
phophinate with alkynes.” A similar procedure was developed by Han, where ethyl phenyl-H-
phophinate addsto terminad akynes in aregioselective manne, via Ni-catalysis.”

Scheme 1.12 Metal-catalyzed hydrophoghinylation reactionsof H-phogphinates

Tanaka o 5 mol% Me,Pd(PPhMe,), oR (IUR\/R
MenO.l =, p_— g 10 mol% Ph,P(O)OH MenO\II:I)/K/R MenO. J X
F’h/(RP) (1 eq) Toluene, 70iC, 4-16 h Ph 10 Ph 11

(1-21eq) R= H, alkyl, aryl, SiMe, 15 examples, §O - 96% yleld
R' = H, Ph (> 95% regioselectivity)
Han R
o] . o] O
EtO.l X _R
EtO. B 4+ R—=— Ni catalyst EtO: Ig /& < P AR >
Ph” Ph Ph
12 13
(1eq) (1 eq)

R = Ph, n-C4H,3 Condition A: 0.5 mol% Ni(PPh,Me),, 1 M EtOH, rt, 5 h - 87-95% (ratio;,/,3=5/95)
Condition B: 1 mol% Ni(cod),, 4 mol% PPhMe,,
2 mol% Ph,P(O)OH, 1 M THF, rt, 2 h - 89-93% (ratio;513=94/6)

1.3.3 Free-radical and microwave-assisted hydrophoghinylation reactions

Radical initiators such as benzoyl peroxide or AIBN are known for promoting the
addition of H-phasphinates to unsaturated substrates.”® There are afew reportsin theliterature of
this reaction but in general they are ingficient, and often require specialized radical initiators,
very harsh conditions and a large excess of one of the reagents.”® There is an exception that
correspondsto aryl-H-phogphinae alkyl esters, which do not only undego addition to olefinsin
presence of EtsB/air at room temperature, as described by Montchamp,?® but aso experience

AIBN-mediated stereogecific addition to alkenesin refluxing benzene (Eq. 1.31).”

Q ph s Qph R
I, 0, 1,
MenO—-P, . %\Rl AIBN (10 mol%) MenO—P. 3 (Eq. 1.31)
H Benzene or neat (80°C
(Rp)  (1eq) R2 (1-5eq) (80%C) (Rp) 4 R
16-40h 2

Ry = Al OR, SR, PR,,Si(OR)3, SNR3,  stereoretention
P(O)(OR),, P(O)R,, OAc, -(CH>),-
R2: H, '(CHz)n' R3 = H, Me

16 examples
27 - 97% yield
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More recently, Han described the air-indued anti-Markovnikov addition of reactive aryl-

H-phoghinates to alkenes, which requires elevated temperatures (Eq. 1.32).”

QH
Eto—P, o
or [Nt ea) N AN, R0 (Eq. 1.32)
DOPO= _ 7R neat (120-200°C) 27N b=
O-R-H (2 eq) 1-16h R,=Et,Rz=Ph R1
) or Rz, R3 = DOPO
O O (Leq) R, =Alk P(O)R, P(O)OR), 4 examples

72-97%

Stockland reported the addition of aryl-H-phosphinaes to activated alkenes using
microwave irradiation in the absence of solvent;”® which was later extended to a microwave-Rh-

assisted addition to ethynyl steroids (Eq. 1.33).”

OH D OR,

N Peg (Eq.1.33)
4

Me

(0]
i,H MW irradiation/1.3 - 3.1 mol% Rh
+ R30-P_

J R4 Neat or H,O, THF, ethyl lactate -
Ry Rs = Et, R, = Ph (10 - 60 min, 120 - 150°C) g 6examples
R;=0,0H,0OMe o Ry R,=DOPO Rh: (PhsP);RhCI, (Me,PhP);RhMe; 11 - 65% yield

1.3.4 Nudeophilic additionreactions
Pudovik reported for the first time the addition of H-phoghondes to aldenydes or
ketones, i.e. heating unde base-catalyzed conditions typically with alkoxides or tertiary

amines.® Y amashita,®*? and Hansen®®

used this approach to prepare, by addition-deoxygendion
processes, akyl(sec-akyl)phogphinaes, which are othewise difficult to obtain by Arbuzov-or
Michaelis-Becker reactionsof seconday alkyl hdides (Eq. 1.34).52%%> However, Hansen et all.

foundtha unde amine-catalysis, H-phoghinaes exclusvely undego addition to aldehydes and

reactive ketones, while acyclic ketones are unreactive, even unde forcing conditions®™®
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Conditions a OH Deoxygenation

@ O
RO Na(0.7 eq) / Benzene (rt)
P—H + ROH R4—> ROII%R Eq. 1.34
Ry Ra)Lth Conditions b / ! 2/ + (Ea )
(1eq) (Leq) EtsN (1 eq), neat, 100iC, or

LDA (1 eq), THF, -78iC to rt

Y okometsu, Shibuya and coworkers used Al-Li-BINOL (ALB, see Eq.1.14) complexes
to prepae ##0Odihydroxyphophinaes with low diastereoselectivities®?* Later on, they
successfully applied this methodobgy in the highly diastereoselective synthesis of $-amino-#-

hydroxyphophinaes, which are useful intermediates in the synthesis of phosphinyl peptides

(Eq.1.35.8
0]
NBn BO g~ ~ NBn,O n20 NH, O
: H" (1.5 eq) . pF : Z B~ CO M
S - AR 0 + oMe
R” >CHO R™ ™ R —>R (Eq. 1.35)
(S) or (R)-ALB o Et /\f OFEt /\l/
(1 eq) (20 mol%) ant/
THF, 0°C, 12 h syn anti BU|Id|r)g block for
R =Bn, i-Bu, Me From (S)-ALB, R=Bn, syn/anti=7/93, 63% yield PNOSPhiny! peptides

More recently, the same authors reported the utility of lithium phenoxide (PhOLI) as
catalyst for the hydrophophinylation of #-heeroaom-substuted aldenydes. The addition of
EtsN to the PhOLi-catalyzed hydrophophinylation of #-oxy aldehydes affords monopotected

syn-#,$-dihydroxyphoghinates in high diastereosel ectivity (Eq. 1.36).%*

OTBDPS o PhOLi (20 mol%) TBDPSO OI TBDPSO (0]
B + B0~ EtN (400 mol%) /7\/#)“1’/\/ . b7 (Eq. 1.36)
R >CHO H . R™ ™ Okt R/\( OEt
THF, -40°C, 12 h oH
(1eq) (1.5eq) syn H anti

syn/anti = 93/7, 66% yield

Conjugdae addition reactions of H-phoghinae akyl esters to acrylate esters and
acrylonitrile, usng catalytic amount of sodium akoxides was initialy reported by Pudovik.®®

Verkade used this reactionin the synthesis of 1-methoxy-1-oxophoghoiinan-4-one(Eq. 1.37).%
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0]

MeONa CO,Me .
o CO,M . o 2 -
MeO: g~ COMe ("7 T _@omo) o B MLAULLI Ejj (Eq. 1.37)

H MeOH, 5°C to rt N i)0.01 MHCI ~p
(1.1 eq) CO,Me oM

95% yield 41% yield

(1 eq)

Cristau and coworkers applied this reaction in the synthesis of phoghinodipeptide
andogs** They also developead a modified version of this process using a catalytic tert-butoxide
activation, and andyzed the influence of the amounts of alkoxide in the diastereoselectivity of
the reaction with ethyl methacrylate as subdrate (Eq. 1.38).% A series of potent inhibitors of
NAALADase (N-acetylated-#-linked acidic dipeptidase, EC 3.4.17.21) has aso been prepared
by NaH-catalyzed addition of H-phoghinaes to acrylates®” providing a new approach for the

treatment of neurodegenerative disorders and peiphera neuropahies.

0 £BUOK
EtO. I Me._ _CO,Et 5.0. Et0,C O
P 0Bn 4 T 2 (02-03eq) |, -OFt (Eq. 1. 38)
H THF Me CH,0Bn
(1eq) (1.1 eq) 0iCtort, 12h  ase = 0.20 eq, 69% yield, de=18%

Base = 0.25 eq, 20% yield, de=11%
Base = 0.30 eq, traces

Theaddition of H-phoghinates to imines (Kabachnik-Field typereaction) in the presence

of sodium ethoxide was also described by Pudovik during the sixties (Eq. 1.39).%°

0
RO. 1
“P-H Ph Ph H H H
+ /EN~©-N:< NaOEt cat, Ph—g—NH@—N—q—Ph (Eq. 1.39)
Me H H Ehto'? RO-Px R-OR
(2 eq) (1 eq) (heat)  chaceH, - O CeHyCH;
R=Et LPr 52 - 55% yield

=Et, I-

Phogphotyl andogs of glycine tha exhibit herbicidd and antitumor activity have been
prepared by thermal addition of H-phoghinic acid derivatives to triazines.*** Szab—studied the
thermal reaction of ethyl akyl- and ethyl phenyl-H-phoghinaes with imines, and observed a

small effect of the size of the subgituents on the C=N on the diastereosel ectivity of the reaction
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(Eq. 1.40).® Cristau has dso synthesized #-amino-alkyl hydroxymethylphoghinic acids by

thermal addition of H-phogphinaes to imines.®

o}
- EtO. 1
0 \ P NH@
BOL_ ., X / 50-60°C R .

R~ neat or solvent

—N =
(1eq) (1eq) H NT@ Solvent: \\\l(

. Tol or CH3;CN or THF
R =Et, Pr, i-Pr, Y =H, 2-Cl, 4-Cl for n=0 8 Ratio isomers: 64/36 to 40/60
Bu, Ph Y =H for n=1 18 - 94% yield

(Eq. 1.40)

Coward used catalytic amount of a Lewis acid (BFsEt;0) to synthesize fundiondized
trityl-protected #-aminophoghinaes, indudng the core of complex phoghinopetide
andogues of glutathionylspermidine® This methodobgy has been recently applied in the

synthesis of phophinopeptides againg Trypanosma cruz (Eq. 1.41).%

(1 eq) toluene, rt, 3 days
R = Me, Et, Bu...Heptyl
Tr= 'Cphs

Bno\(IF)L H TIN=CHz (1L1ed) gno § H,N 1 N (IF?“OH
R BF1ELO (1 eq) R P NHTE ==, 72 I\)LH >~ "R (Eq.1.41)
o
HO O
Inhibitors Trypanothione synthate (TryS)
Taran and coworkers recently discovered tha PBus efficiently catalyzes the #-P addition

of H-phoghinaes to alkynes bearing phophane oxide activating moieties. The reaction leadsto

2-aryl-1-vinyl-1,1-diphophane dioxide derivatives in goodyields (Eq. 1.42).%

o o R.D  TPh
R N Ph_T n-BuszP(20 mol% 1~ -
Dp———aAr + >P-H 3P ) Ry N okt (Eq. 1.42)
Rz EtO EtOH, reflux, 8 h |
(1 eq) (1.1 eq) Ar
R,=Ph, R,=OEt or R;=R,=OEt Z/E = 75/25 to 70/30

63 - 92% yield
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1.3.5 Arbuzov-kind reactionsof H-phoghinic acid derivatives

A classical approach for the synthesis of disubstituted phoghinaes is the Michaelis-
Arbuzv rearrangament, which involves the thermal reaction of a phophonte, R'P(OR%)(OR®)
with an alkyl hdide (Scheme 1.13).%? Recently, Lewis acids (5 mol% of TMSOTf or BFsOEt)
have shown to catalyze this rearrangement unde milder conditions where the migrating groups
are limited to primary or activated seconday akyl groups®

Scheme 1.13 Lewis acid catalyzed Michaelis-Arbuzov rearrangament of phogphontes

OR o
5 TMSOTT (5 mol%) Ph8_
Ph™" “OR CHCls, reflux, 18-96 h RO
R = Me, Et, ~CH(CH3)Ph 68 - 82% yield
R
Rz \ 3 W
—Si~OTf  >sj + J. ROL Ry sf_\ R,0. o
0) / N 770 o
P P< i © /P\ ) ) OR2
~" OR, R OR, [ R OR, [\ OTf iy
R3 R3 /

Stepwise slylation and akylation of H-phoghinaes (silyl-Arbuzov reaction) was

initially demongrated by Thottathil, usng reactive bromoacetates as electrophiles (Eq. 1.43).*

? O
1n_H _ DR
Ph(CH2)4—P: . 1)TMSC|, Eth (l 3 eq) Ph(CH2)4—P: TQ (Eq 1.43)
(1 eq) OR 2)R;X (1.1 eq) OR,
3)H,0 ) :
R1 =H, Et, t-Bu H2 28 - 99% yield

R,X = Br(CH,),CO,R, R = H, Et, Bz; n=1,2
or Ph(CH2)4|

Majewsky reported the formation of symmetrical disubgituted phoghinaes by reaction
of BTSP with highly reactive hdides (benzyl, alyl and #-carbonyl).*> Subsquently, Boyd and
Regan prepared both symmetrical and ungymmetrical disubgituted phosphinic acids using
reactive hdides.®** This methodobgy has been widdy applied in synthesis, such as in the

3ab

prepaation of "-aminopropy-H-phoghinic acids (GABA andogs, synthesis  of
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phophasugas’® and mono-, bi-, or spyrocyclic phophinic acid andogues of phophodiesters, >
in the prepaation of the commercia heart drug Monopil (fognopril Sodium) (Scheme 1.14),2h
and of pseudopetides tha inhibit the human cyclophiin hCyp-19° as well as in the synthesis
of MMP& inhibitors,*"*to name a few.
Scheme 1.14 Preparation of fosnopiil sodium
OR
ph*"OR CHCls, reflux, 18-96 h RO”
R = Me, Et, -CH(CH3)Ph 68 - 82% yield

TMSOTT (5 mol% Ph 9
(5 mol%) “P-R

R3 R3
3 | |
—Si-OTf gj+ J. RO.__R; Sgi N\ R,0O.!.R; o
o IJ\+/F|’ o o 5 R/B\OR
' P 0 P 1 2
R]_/P\ORZ Rl OR2 r Rl OR r _\Sl\_o.l_f Rs)
R3 R3 /

Another convenient procedure to access disubgituted phogphinic acid derivatives congsts
in the Michael addition of H-phoghinaes to 1,4-conjugaed systems involving slyl akyl
phophonte intermediates (Eq. 1.44).°%%*¢ This tranformation conditutes a key step in the
preparation of phophinic pseudopetides,® or phophinic synthons suitable for the solid-phase

preparation of inhibitors of variousmetalloproteases.'®

Rp=Alk T“’;ngp—ﬁ1 Michael Acceptor
R1\§_H HMDS or BSA or - . ZEWG R1\IO|\)H\
R,0" Et;N/TMSCI, o _ _ R0 ewg (Fa-144)
-ProNEYTMSCI TMSO.
Rp=Alk, H Ro=H|1pso- T H

Meldd et al. developed a solid-phase synthesis of phophinic peptides in which the
carbontphoghoius bond is formed on a polymer suppot during peptide synthesis (Scheme

1.15).** Numerous preparations of enzymatic inhibitors have used this transformation, i.e. the

102

syntheses of inhibitors of zinc metalopeptidases (andgesics)™ - and inhibitors of folypoly-"-

glutamate synthetase (antifolates).™
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Scheme 1.15 Solid-phese peptide synthesis (SPPS) in the preparation of a phoghinic peptide

9
BSA NP
SPPS Acryloylation g fu G R (1 €9)
O—OH—> GO—Peptlde—NHz E— O—O—Peptlde—N then NaOH

)

Ry O
HH H HH
——()—0-Peptide— N " © Uremoval of R _ O—o—Peptide—N p°
\f R i) SSPS \( *Peptide

The reaction of trimethylsilyloxy derivatives of H-phoghinaes with aldehydes and

ketones has also been reported (Eq. 1.45).5™°

o o iyHMDS (1.5-2 eq),
Me_ t, 90iC, 27 h Me.
Rl)J\ R,  got " e EtO” +R2 (Eq. 1.45)
] ii)CH3CN, Et;N'3HF (0.4 eq),
(1 eq) (1 eq) 40iC, 24 h 54 - 80% yleld

Ry, Ry = alkyl, aryl

1.3.6 Base-promoted akylation reactions
Many examples of base-promoted H-phoghinate akylation (Michaelis-Becker type

reactiong have appeared in theliterature, usng a variety of bases (Na, RONa, NaH, BuLi, LDA,

KHMDS) (Eq. 1.46).1035%:%

R 9 1B R 9
1~ ase 1~

P—= PR3 (Eq. 1.46)
RO 2) Ry-X RO

T
I

Base = Na, NaH, BuLi, LDA, KHMDS

In the seventies, Midow demondrated tha the NaH-promoted akylation of
enantiomerically pure menthyl phenyl-H-phoghinae with methyl and isopropyl iodides (50;C)
proceeds with predominant retention of configuration, but yields were not reported.'®®
Remarkable applications of this direct akylation reaction are found in the synthesis of

phogphinic acids analogsof GABA, usng NaH or n-BuLi as the base;**® and in the preparation

27



of 1,1-bisphophonae squdene synthase inhibitors.’®* However there did nat apper to be a
standad set of conditions nor a general study of this reaction, untl recently, when Montchamp
and coworkers developed a generad protocol for this trandormation, usng LIHMDS as the base
(Eq. 1.47).°* This reaction works successfully with seconday akyl iodides, and even with
primary akyl chlorides. Its effectiveness was demondrated in the synthesis of several GABA

andogsor ther precursors.

1) THF, -78;C, Vacuum Deoxygenation, 5 min

o) - 7. : 0
Ryl 2) LIHMDS/THF (1 eq), -78{C, N3, 15 min Rl\H—R (Eq. 1.47)
RO~ 3) RyX (1 eq), -78iC to rt RO™ 2
R, = EtO = _ = - =
1 co Oct, Allyl, Ph, R,oX = Alk-X (X CI,B_r, I, OTs), ArCH,-X (X=Cl, Br) 35 examples
C> F,CHCI, Epoxide/BF3 Et,O 40 - 98% yield
3

Farnesyl, Me, -(CH,)sBr

1.3.7 Oxidaion and oxidative esterification reactions

The preparation of phoghont acids through oxidaion of H-phoghinic acidsis a well-
known methodobgy (Eq. 1.48), which generally requires harsh conditionsand strong oxidaive
agents such as H-O, (30%, 80-90;C);'® Br,, 1, or Cl, in H,O/DMSO or in conc HI/HCI (20-
75iC);" % Hgd, or HgO in H,O (90-95;C);"*'” KMnOJ/KOH in H,O (50-250;C);'*®
H,SO4/HNO; (100-110;C);**® CCl4/EtsN/H,0 (35iC);*®*'* pyridinium chlorochromate/TSOH

in DMSO; ™ or Nal O, (50; C).1***™! This transformation is a subject of study in this dissertation

(Chapter VI).
0 I O
Oxid t
R1O:||:|’—H xidizing agen R1O;||:|’—OH (Eq. 1.48)
Rz Rz

H202, Br2, |2, C|2, NaIO4, KMnO4/KOH,

Ri=H, Ak
gCla, HySO4/HNO3, CCl4/EtsN/H,0
R2= Ar, Alk 2: 112 4 3 4/=13 2
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Thedirect oxidaion of sodium hypophoghite (NaOP(O)H,) with MeOH or BuOH in the
presence of pdladium at 50-80;C was described to produce sodium monodkylphaosphite

(NaO)(RO)P(O)H, at stationary hydrogen potential, butyieldswere notreported (Eq. 1.49).*2

O 0]

n_H PdClI, (5 mol% n_OR

NaO-P_ + ROH 2 ) NaO—F + H, (Eq. 1.49)
50-80iC H

(1eq) H (solvent)

H-phoghinae esters readily react with carbon tetrachloride and seconday amines, as

shown by Athetton et al.™® This trandormation has been used in the synthesis of

114

phoghonopetides (Eg. 1.50).

o R 0 o R
P A H Hcl\'l EtsN or 4-DMAP (2.3 eq) PR )\QBH R1
Bno” "N pct M2 OMe BnO” N~ P OMe (Eq. 1.50)
' ™oBn CCl, (0iC to rt, 0.05M) Lo
H (0] (1eq) Ry 24 h H o
R=Me, Ph (1€0) R, = H, Me, i-Pr 43 - 70% yield

Phosphondes (R'O)(R?0)P(O)R? can also be prepared by oxidation of H-phophinates
with CCl, in the presence of an acohol and triethylamine *** as demonarated in the synthesis of
phophonde peptide inhibitors of pepsn (Eq. 1.51)** or in tandem hydrophoghinylation-
oxidative esterification processes, as shown in Ref. 35, which correspondsto pat of the work

from this dissertation (Chapter Two).

Ph Ph Ph .
L('? ! OCH)py — 7D I%A (Eq. 1.51)
CbzHN™ "P~H HO CCly, -10iC, N, ~ CbzHN™ "P™ 7™ O(CHy)3sPy
(1eq) OMe O (19eq) 4+ molecularsieves OMe CH,Ph
72% yield

1.3.8 Displacement reactionswith organometallic reagents
H-phophinae esters undego displacement reactions with Grignad reagents to afford
seconday phogphine oxides.*'® Van Leeuwen used a variant of this processin the preparation of

phoghine ligands where an akyllithium reagent displaces the RO- group in H-phoghinates,
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followed by deprotonaion with n-BulLi, trapping of the anion with atosylate and redudion with

asilanereagent (Scheme 1.16).*"

Scheme 1.16 Synthesis of Phogphines by Displacement Reactionswith Organolithium Reagents

_______________________________________________

78 - 86% yield

o EtO— ! .
RO@ n-BulLi E RO _(eq) H eq @ + 1.n-BuLi/THF
' . 2.TosO-(CH,),-OTs
: (3 eq) Et,O “ : ( 2)2

R=H, Me, Et, t-Bu -20;iC to reflux

Hall et al. prepaed protected primary phoghine oxides (othewise unstable) by the
reaction of CibaGeigy synthons(7a and 7b in Scheme 1.9) with Grignad or organolithium

reagents, and fundiondized them into seconday or tertiary phophine oxides (Eq. 1.52).*

R
e A: R{MgX, Et,0, 10iC, 2h, then K,COs4 e o
(E10),C~ or <Et0)z§;5_H — RH;B_RZ (Eq. 1.52)
EtO1 eq) B: RyLi, THF, -40;C, then dil HCI 1 1

9 examples

R=H,Me R;=Me, t-Bu, n-Bu, C,gH37, Bn, Ar, CH,SiMe; 36 - 99% yield

1.3.9 Preparation of phogphonohioic acids

Phosphonohioic acids (R'R*P(S)OH) have been prepared by the reaction of sulfur (Sg)
with H-phophinate esters, in the presence of an amine (Eq. 1.53).***® Thereaction occurs with
retention of configuration a the P-chira center.''® Additiondly, the corresponding
phoghonohioic acidshave been resolved as thar salts, usng chira amines, i.e. quinine, bruane

or #-phenylethylamine 120

O S

Sg, Et3N, CH3CN, rt or R,0.n

RiOp_ B =8 3 1~p_0oH (Eq. 1.53)
R, NaOMe/MeOH 30-35;C R,
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1.3.10 Redudion to primary and seconday phogphines
The dispropottionaion of H-phogphinic acids at elevated temperatures is an useful route
for the synthesis of primary phoghines athoughthe reactions proceed in low yields with the

121

corresponding phoghontc acids as byproduds.™ One recent example of this process is the

dispropottionaion of endo-8-camphanyl-H-phogphinic acid (camPO,H;) unde heating at 240 C,

where the corresponding phophine (camPHy) was collected by distillation (Eq. 1.54).%

0 220 240°C
3 - 1_OH neat || OH (Eq. 1.54)
P\H distilled

Theae are a few reports on redudion of disubgituted phogphinic acids and ther
corresponding esters to seconday phogphines usng silane reagents (i.e. Ph,SiH,, PhSiH; or
SiHCl3)."® ClZment showed tha heterocyclic disubsituted phoghinic acids can be efficiently
reduced to seconday phoghines with PhSHs, after 2 h at 80-100;C, while the highly polar
bis(phoghinic acids) mug be conveated first into thar corresponding chlorides with thionyl or
oxayl chloride, and then reduced with LiAIH4 (Scheme 1.17).*%"

Scheme 1.17 Preparation of phophines throughredudion of disubgituted phophinic acids

Ry

,0 ; .
Rp\, PhSiH; (1 eq), 100;C J\:;P_H
OH neat, 2-12 h

R n ’ R n _ :

2 (1 eq) 2 60 - 70% yield

Ri R Ri R R, R,
SOCI, (excess) LiAlH4 (2.5 eq)
n n - n
CH,CI, _ —_ THF, rt, overnight
0=F~Ph Ph-F=0 0=F=ph Ph-F=0 H ™ Ph Ph™ 7 H

OH OH (1 eq) Cl Cl

46 - 54% yield
1.3.11 Halogenaion and redudive hadogenation reactions

Haogenophoghont acids (RP(O)(OH)X) are very undable, and are genegaly prepared
and reacted in situ by displacement of the hdogen atom with nudeophiles (Atherton-Todd

reaction.®3¥1> A few examples of fluorophophonic acids have been successfully isolated

31



and characterized® A deailed study of the synthesis, propeties and reactivity of
hdogenophophonic acid derivatives was published by Kolodiazhnyi and coworkers.**®> They
prepared chloro- and bromo-tert-butylphogphoric acids as well as thar amine sats and
trimethylsilyl esters, through oxidaion of tert-butylphoghinic acid derivatives with CCl, and
CBrCl; (Eq. 1.55).° These compoundsare precursors, through thermolysis, of the highly

ungable dioxophophorane species, which readily transform into trimers at room temperature.’®

A: CCly(2 eq)/EtsN(7.5 mol%), o 0, /o\P/,O
RO U Et,O, 0;iC to rt, then reflux, 2h, or RO By~ ~¢
tBu- 1 e gy P X T EBUTG 5 tBY (Eq.1.55)
(1eq) B:CBrCly(1.1eq), Et;O,rt, 4 h o \t B
Bu
R = H, SiMes Method A: X = Cl, R=SiMe3, 85%

Method B: X = Br, R=SiMe, 80%
X =Br, R=H, 75%

Theredudive hdogenaion of sodium H-phogphinate salts with PCl3; or SOCl,, ingead of
thar corresponding acids yieldsdichlorophogphinesin goodyields and facilitates thar isolation,
as described by Nifant@v (Eq. 1.56).%° H-phogphinae esters have also been convated into

dichlorophoghines by treatment with PCl3.**

0]
NaO._ i Benzene, 15;C to rt _Cl
o P~H + PCl = R—P (Eq. 1.56)
overnight cl
(1.4 eq) (1eq) 51 - 60% yield

R=Cy, Hex, i-Bu

1.4 Preparation of P-chiral phogphinates and H-phosphinates
1.4.1 Resolution of racemic mixtures ugng chiral auxiliaries in stoichiometric anounts

In spite of the advances regarding the preparation of phohinic acids derivatives,*3*’
R'R?P(O)(OR) and consdering the well established methodobgies for ther transformation to
phophines,*® achieving ther preparation in an enantiopure form continues to be attractive.**
Use of a chira auxiliary in stoichiometric amount is the mos common method to prepare P-

128b,130a

chira phophinaes.*®* Nuddman and Cram,”®*® Mislow and coworkers, and later
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Knowles demondrated tha ungymmetrically subdituted menthyl phoghinaes 14 can be
separated readily into their diasteroisomers by fractiond crystallization (Scheme 1.18). %

Scheme 1.18 Prepaation of P-chiral phogphinaes via chemica resolution with a chiral acohol

D (Rp-14
o 1) (-)-menthol/pyr MS\hQP\OMen
phpcl, MEOH prpome), ML PC_ g _(1ed) BLO ¥
v py ©OMe p Cl 2)fractional o
crystallization .pSpr14
(1eq) (hexanes) Plt]/le‘ OMen

Thereaction of phophinic acid chlorides with chiral acohols has been established as an

131,130e-f

important route to prepare P-chiral phophinae esters (Table 1.1) which can then undego

stereospecific displacement reactionswith Grignad reagents and/or redudion to produce chiral

organophoghotus ligands*®

For example, the reaction of o-anisylmagnesium bromide with the
phophinage 14 gives opticaly active (+)-(R)-o-anisylphenylmethylphoghine oxide (R-
PAMPO), which isused in the synthesis of (+)-PAMP, (-)-DIPAMPO and (-)-DIPAMP (Scheme
1.19).128d,132

Table 1.1 Reaction of phoghinic acid chlorides with chiral acohols

R D Rpd

R2/F>—(:| + RgOH R2/E—OFeg
R R, R,OH Base Pr?)ZtLil?:ts Ref.
Ph Me D-glucofuranose Et;N 90:10 131c
Ph Et D-glucofuranose Et;N 96:4 131c
Ph Me Diacetone-D-glucose Et;N 97:3 130e
Ph Bn D-glucofuranose Et;N 100:0 131a
Ph Me (19)-Borneol DMAP 4:1 130f
Ph Me (-)-Menthol DMAP 21 131d
Ph Me (-)-1sopinocampheol DMAP 11 130f
Ph Me (+)-1soborneol DMAP 74:26 130f

4-MeOCgH, Ph (-)-Menthol Et:N 4:1 130b,131b
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Scheme 1. 19 Preparation of P-chiral organophoghotusligands

M
0 O  OMe o d"Q () ppampo
. . \ P P"I/
Pp/ie‘P\OMen RMgX MS‘h‘P LDA Ph* "™\ ) }3h©
(SF’) R= 2'MGOC6H4 (RP) CUC|2 OMe
14 PAMPO|gicl,, HSIClg,
Et;N OMe  NBug

OMe (-)-DIPAMP
"R PRwPh

&
e \© (+)-PAMP prf u@ OMe

The asymmetric Arbuzov-reaction has also been investigated as an approach to P-chiral
phoghinaes. Juge et al. reported the mog successful development in this area, based on the
formation of an oxazaphopholdine from ephealrine (chira auxiliary), which undegoes an
Arbuzov reaction with alkyl hdides to form a mixture of phoghinamide diastereoisomers in a
ratio of 9:1. Subsequent separation by crystallization, followed by acid-catalyzed methanolysis
produces P-chiral disubdituted phogphinate esters (Scheme 1.20),128¢13%

Scheme 1.20 Synthesis of P-chiral phoghinates via asymmetric Michaelis-Arbuzov reaction

Ph I~_PhO 0
Ph-OH PhP(NEt,), o) Mel I MeOH 5
— JP-Ph R Ph . Ph P~om
N Me” N ‘m H Me e
Me™ "NHMe Me Me Vi€
Me 9 (Re)
100% de T ratio=—
° < IIPh9 > > 96% ee
P..
“\N'Me
M N
e” N Ph

P-Chiral H-phoghinae esters have been less studied and only a few successful
asymmetric syntheses (where the chirality resides at the P-atom) of these compoundsexist in the
literature. One representative example is the resolution (at the #-carbon) of 1-hydroxyethyl-H-
phoghinic acid with a chiral amine, which results in a par of enantiomers tha can be separated
by recrystallization. Subsequently esterification affords a 50:50 mixture of diastereoisomers

possessing two chiral centers (P-atom and #-carbon) (Scheme 1.21).%
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Scheme 1.21 Resolution of 1-hydroxyethyl-H-phosphinic acid and its esters

O
Houn  H

P—N (S)c(R)

0 1) BUOH Buo"  IYCHy 7P

MeOH ~ H.I_ .H  Benzene (reflux) 4 OH

HO~ OrCHs 2. Recrystallization Ho/(+)o|_|CH3 2) Column OH
(+) MeOH-CH3CN + Chromatography ~ BuO:.p_ M (S)c(S)p

‘ CH
H\E A‘\CH3> H  oH™ 73
HO (o) 1™
) JH

A more convenient approach would be the desymmetrization of tetrahedral prochiral
phophinaes [(RO)P(O)H,] through convesion into H-phogphinae esters RP(O)(OR)(H) via
different P-C bondforming reactions which is a subject of study in this dissertation (Chgpter
Seven). Moreove, the direct measurement of enantiomeric purity of H-phoghinaes usng a
column with a chiral stationary phase has thus far not been reported with any success.™** Some
attempts to resolve them by HPLC will be discussed in Chagpter Seven. Alternaive methodsto

69b,135

determine optical punty are the use of NMR chira shift reagents, or derivatization to

diastereoisomeric produds via stereopeific alkylation or cross-coupling 2293
1.4.2 Enzymatic kindic resolutions

Only a few examples of enzymatic kinetic resolutions of hydroxyphoghinaes have
appeared in theliterature. Initidly, Kielbasinski demondrated tha a lipase-catalyzed acetylation
of racemic P-chira hydroxymethylphoghinaes rac-15 unde kindic resolution conditions
proceeded stereoselectively to give enantiomerically enriched unreacted substrate 15 and produd
16, with enantiomeric excesses over 90% (Eq. 1.57).** The reaction was performed in organic

solvents, ionic liquids and supercritical carbondioxide
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O O

O I I
Ph_n Lipase P + P
SP—CH,0H + AcO™ X Ph' "ScH,0H R'S>CH,0Ac  (Eq. 1.57
R 2 PFL (Fluka) or R 2 PH 2 (Eq )
rac-15 AM (Amano) (R)-15 (S)-16

R = OMe, OEt, OiPr R =OMe, AM lipase: (R)-16 42% yield, 92% ee

(S)-17 44% yield, 86% ee

Shioji extended this enzymatic kinetic resolution to H-phoghinaes 17 containing two
stereogeanic centers, the phogphowus and the #-carbon (Eq. 1.58)™ while Yamagishi

accomplished the lipase-catalyzed hydrolysis of the acetate precursors of racemic " -hydroxy-H-

phogphinaes.*®
O OH O OH A O OAc O OH
AcO™ X I p—L,
0, F”{'Me + ph P Lpace EtO‘)PAK"Me + Féf:ap o (Eq. 1.58)
EtO Me : Ph H
(SP, 9)- 17 (Rp, R)-17 CAL (Chirazyme) or (Sp, 5)-18 (Rp, R)-17

AK (Amano)
CAL or AK: Conv. 50%

(Sp, S)-18, e.e. > 98%

(Rp, R)-17, e.e. > 98%

Recently, Raishd published an interesting enzymatic kindic resolution of P-chird
phophinaes usng an enantioxlective enzyme library condituted by the bacteria
phophotiesterase and 15 mutant enzymes. These enzymes catalyze the stereoslective
hydrolysis of racemic mixtures of phophinae esters. With a single active-site mutant G60A, one

enantiomer can bepreferred for up to 6 orders of magnitude(Eq. 1.59).**

? o T emomn 9 0
R—g—o©—< s R-P-OH + Ho©—< (Eq. 1.59)
2 Ph
R = Me, Et R =Me, Sp/Rp=1.7 x 10°
Et, Sp/Rp= 8.6 x 10°
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Chapter Two: Transition metal-catalyzed hydrophosphinylation reactions

2.1 Introduction

Recently, metal-catalyzed trandormations tha involve addition of phosphomus
compoundsalong carbon-carbon unsaturated linkages have emerged as the subject of intensve
research due not only to the wide availability of the starting materials, but also to the fact tha
they are highly atom economical (since no atom loss is observed) and efficient approaches for
the synthesis of organophophomus compounds® Although some of these reactions can be
carried out unde radical and base-catalyzed conditions and to a lesser extent usng acid-

140,78,79

catalysis and thermal activation with activated alkenes, significant improvements on the

selectivity and rate have been achieved through metal catalysis.?® In this area, the formation of
carbon-phophomusbondsby addition of P(111) reagents (hydrophophinaion) and P(V) reagents

(hydrophoghinylation and hydrophoghotylation) to various unsturated subdrates has been

140-142 143 31,32,144

studied as aviable route to phogphines, tertiary phoghine boranes,” phogphondes,

tertiary phophine oxides,'* phophinates,”*™ and H-phophinaes®™ > (Scheme 2.1).

Scheme 2.1 Metal-catalyzed additionsof phogphotuscompoundsto unsaturated subdrates

Ry,

Pd, Ni pdT La, Sm, Y,
R
Ry \ /Yb,;t, Ir, Pd, !

0 LR, Pd, Ni Ysp_y s 2 Ni,Ru,Co R_p\)‘\\/Rz
Z - --

Pd, Pt, Rh, Cu lpd, rp NPd. Rh
o Rl / o Rl
)\/RZ
A o)

For example, variousgroups have reported the trangtion metal -catalyzed addition of PH3
to activated alkenes,'** Marks and Tataki described hydrophophinaion processes with primary
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and seconday phoghines using organdanthanide complexes,**?*" while Beletskaya reported the
Pd- and Ni-catadytic addtion of diphenylphosphine to vinylarenes and severd internd and
externa alkynes*¥° Recently, Dixneuf (ruthenium) and Oshima (cobalt) described aso the

142q

addition of diphenylphosphine to akynes'*?” and propargyl acohds,**?® respectively. The Pd-
catalyzed addition of secondary phosphine-borane complexes to dkynes has aso been developed
and its asymmetric version provided low enantiomeric excesses of tertiary phosphines (up to
42%).1*® More reated to our research is the formation of carbonphosphorus bonds by addition
of P(V) compounds across carbon-carbon multiple bonds As described in Chapter | (Section
1.2.3, Scheme 1.6), Tanaka pioneered the development of metd-catayzed hydrophosphorylation

3132 and other authors have

reactions through addtion of H-phosphonaes to termind akynes,
extended the work with these substrates.*** However, with alkenes and dienes the scopeis highly
limited because pinacol-H-phosphonae is the only resctive substrate With respect to
hydrophosphinylation processes, efforts have been mainly focused on the addition of secondary

145,74

diphenyl phosphine oxide, where the P-H bond appears to be very reactive and thereaction
proceeds even at room temperature. Only two reports on hydrophosphinylation with a specid
kind of activated aryl-H-phosphinates to dkynes have appeared in the literature (Scheme
1.12).”™ |n fact, the P-H bond activation in H-phosphinates is a subject of study in this
dissertation (Chapter VI). Another interesting transformation is the hydrophosphinylation with
hy pophosphorous compounds, which possess two phosphorous-hydrogen bonds and are highly
prompted to undego trander hydrogenation reactions. Notably, Montchamp and coworkers

effectivedy overcame the reductive pahway (Scheme 1.6) and prepared a broad range of

syntheticaly versatile monosubstituted H-phosphinates using both homogeneous (Eq. 1.10)%3%
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and heterogeneouscatalytic condtions (Eq. 1.11).3* As for theunsaturated partners, termina and
some internd akenes, as wdl as internd and terminal akynes participate successfully in the
reaction with H3PO,, AHP and akyl phosphinates in the presence of low catayst loading of
Pd,dbay/xantphos (9,9-dimethyl-4,5-bis(diphenyl phosphinoxanthene) (1 mol% or less).*® For
termina akynes, a good regiosectivity for the linear vs the branched isomers of dkenyl-H-
phosphinates was reported (Scheme 2.2).* Nonethdess, it was still highly desirable to extend the
scope of this trandormation to other unsaturated patners, to improve the regiocontrol, and to
explore the mechanism. We addressed these issues in the present study and the results will be
disclosed in thefollowing section (Section 2.2).

Scheme 2.2 Regioslectivity on addition to termina akynes from Ref. 33

0 0 0
11X _Oct =2~0ct =0Cct I JJ\
BuO-P. X~ Buo—p. . BUO—P_ “Oct
Pd,dbas / 2xantphos H PdCI,(PPh3),2MeLi H
78% NMR yield (0.5 mol%) (0.5 mol%) 70% NMR yield

CH3CN (reflux) Toluene (reflux)

linear/branched = 5/1 Branched only

Additiondly, due to the fact that alkyl phosphinaes proved to react sluggishly with
internd alkynes usng Pd-catalysts, we turned our attention to Ni-catalysis and we discovered
tha NiCl, effectively catayses this hydrophosphinylation reactionin the absence of added ligand
(Scheme 2.3). The results of this project were published in 2005 as a full paper,® and will be
discussed in Section 2.3.

Scheme 2.3 Ni vs Pd catalysisin hydrophosphinylation of 4-octynewith alkyl phosphinates

Pr ! P !

I )\/Pr Pr—=——~Pr (1 eq) : 9/H Pr————="Pr (1e0) A Pri
BuO—K i BUO—P{ _ : BUuO—F( .
H Pd,dbas / 2xantphos ! NiCl, - No ligand H |

40% NMR yield (1-4 mol%) L (2eq) 1-4 mol% 100% NMR yield '

CH3CN (reflux) CH3CN (reflux)



2.2 Pd-catalyzed hydrophosphinylation of alkenes, alkynes, allenes and dienes
2.2.1 Scopeof thereaction

As discussed in the preceding section, hypophoghorouscompoundsundego addition to
akenes and alkynes in the presence of pdladium catalysts.®® To further investigate the scope of
the reaction and to improve the regiocontrol in the addition to termina alkynes, a series of
experiments were designed through screening of severa reaction parameters. The results are
summarized in thefollowing sections
2.2.1.1 Regioslectivity on alkynes

The regioselectivity for the addition to termind akynes was initially investigated by
means of controlling the size of the ester group in aryl phoghinates, however the results were
not promising. This is probably related to thefast hydrolysis and oxidation of the corresponding
aryl phophinaes unde the reaction conditions(Table 2.1). As of today, there are no successful
reports on the synthesis of these compounds. Since, we shifted our focus towards the screening
of catalytic systems in order to achieve this regiocontrol. We screened various ligands and
catalysts combinaions as well as different hypophoghorus acid derivatives (ROP(O)H,,
R=H, PhNHj3, alkyl) in thehydrophoghinylation of 1-decyne Theresultsare listed in Table 2.2.

Table 2.1 Pd-catalyzed hydrophoghinylation of termind akynes with aryl phogphinates

0 PivCl (2.2 eq) o) o)
— I I
PhNH, 0P + Aron _PYI@5ed) o pH =—Hex (ed)  po p " pex + ar0-p!
(3 eq) CHLCN (rt) H  Pd,dbag,xantphos W |
(2 eq) . (2 mol%), CHLCN
Aryl phosphinate (reflux) Hex
P NMR % Hydrophosphinylation
ArOH (NMR yield, %) 3P NMR yield, %
ROP(O)H, (Outcome of thereaction)
Ri Ry, Ry, Re= Me 14.7-t(60) No P-C bond formation
RZQOH R;=Rs;=t-Bu; R,= OMe 0 -
Ry R;=Rs= t-Bu; R,= H 14.4-t (100) No P-C bond formation

OH

0
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Table 2.2 Regiosalectivity study in the Pd-catalyzed hydrophoghinylation of 1-alkynes

O
MO—(IF?’(H + 2 0ct Pd/L(1-3 mol%) MO—'F'VH Oct + MO—B’H
H CHCN or Toluene or THF(reflux) W/ \l
(2-3 eq) (1 eq) or DMF (85°C) ®) L oct
Branched Linear
NMR Yield, %
Entry M Method® Solvent Catalyst RatioB/L (Isolated Yield,%)
Outcome
1 Et A Tol Pd,dba,,dppf 16/1 100 (100)
2 Bu B Tol Pd,dba,, DBFphos 14/1 63
3 Bu B Tol Pd,dba,, dppf 13/1 100°
4 Et B Tol Pd,dbag, dppf 16/1 100°
5 Et B Tol PdCl,dppfCH,Cl, 12/1 100°
6 Bu B Tol PdCl,dppfCH,Cl, 8/1 100°
7 Bu B Tol PdCl,(PPh,),2MeLi 4/1 72
8 Bu B Tol Pd,dba,, xantphos 3/1 97
9 Et B Tol PdCl,, xantphos 2.8/1 45
10 Bu B Tol PdCl,, xantphos 2.5/1 86
11 Bu B CH,CN  PdCl,(PPhs),2MelLi 2/1 100
12 Bu B CH,CN PdCl,(PPh,), 2/1 93
13 Et B Tol Pd,dba,, xantphos 1/0 10
14 Bu B DMF Pd,dba,, xantphos 1/0 4
15 Bu B THF PdCl,(PPh,),2MeLi 1/0 6
16 Et A CHLCN Pd,dba,, xantphos 1/10 99 (99)
17 Bu B CH,CN PdCl,, xantphos 1/7.2 100°
18 Bu B CH,CN  Pd,dbag, xantphos 1/3.8 100°
19 Bu B CH,CN Pd,dba,,DPEphos 1/2.3 100
20 Bu B CH,CN Pd,dba,, dppf 1/1.75 86
21 Bu B CH,CN Pd,dba,,DBFphos 1/1.5 80
22 PhNH, C CH,CN PdCl,, xantphos 4/1 54° (33)
23 H C DMF PdCl,, xantphos 3.2/1 100 (Messy)
24 H C DMF Pd,dba,, xantphos 2.5/1 100
25 H C CH,CN Pd,dba,, dppf 1/0 10
26 PhNH, C CH,CN Pd,dba,, xantphos 1/0 14°
27 H C Toluene Pd,dba,, dppf 1/0 100%(9)
28 H C Toluene  Pd,dba;, xantphos 2/1 100° (< 5)
29 H C CH,CN Pd,dba,, xantphos 1/1.7 19
30 H C CH,CN PdCl,, xantphos 1/1.4 17
31 PhNH, C DMF Pd,dba,, xantphos - Messy
32 PhNH, C DMF PdCl,, xantphos - Messy
33 H C DMF Pd,dba,, dppf - 0

& Method A: 3 eq AHP, 3 eq (RO);Si(CH,);NH,, 3 eq TFA, 1 eq alkyne, 1 mol% Pd/L. Method B: 3
eq Stock solution ROP(O)H, (0.5 M), 1 eq alkyne, 1-3 mol% Pd-L; Method C: 2 eq H;PO, or AHP, 1
eq alkyne, 1 mol% Pd/L; * Purification did not yield pure product (contamination with byproduct
(RO),P(O)H); ¢ Heterogeneous mixture.
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Aswe can observe in Table 2.2, when usng akylphoghinaes, we could achieve a good
regiocontrol for theformation of the branched isomer over thelinear (entries 1-6). The best result
was obtained usng a TFA sdlt of an aminoslicate as esterifying agent'® and Pd,dba/dpd as
catalyst in toluene (entry 1, branched/linear = 16/1), however we could not repeat the previous
result where the branched isomer was obtained exclusvely usng PdCl,(PPhs),MeLi (Scheme
2.2),® ingead we obtained aratio of 4/1, favoring the branched alkenyl-H-phophinate (entry 7).
Good control was also accomplished using Pd>dbay/xantphosin CH3CN (entry 16), where the
linear isomer was obtained in a ratio of 10/1 over the branched produd. In this case, the
regioselectivity was improved compared to the previousresults (linear/branched = 5/1, Scheme
2.2).® The results indicate tha the main parameter appears to be the solvent, and to a lesser
extent theligand. Additiondly, the use of aminoslicates (Method A) was cruda in theisolation
of pure produds as the slicate byproduds were diminated by a smple acidic workup, and the
other byprodud diethylphophite (EtO),P(O)H was removed in vacuo. Attempts to purnfy the
produds obtained from Method B by chromatography on silica gd were not successful dueto
the inability to sepaate the byproduds diakylphoghites from the akenyl-H-phogphinaes. In
shap contrast, the use of AHP or H3PO, did not furnish goodresults (entries 22-33). In gened,
the yields were low and/or the reactionswere not selective (various unidentified produds were
obtained). In tolueng the reactions were not homogeneous and high GalseONMR yields were
measured (entries 27-28), however theisolated yieldswere very low. In this case, the best result
was obtained in DMF with H3PO, (branched/linear = 2.5/1, entry 24), but unfortunaely the

regioselectivity was still not goodand further optimization appears to berequired.
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2.1.1.2 Extengon of the scopeand investigaion of thereactioningghts

To furthe extend the scope of the reaction, we investigated the influence of the
electronic, steric, and acidic character of various hypophophaous compoundsin the Pd-
catalyzed hydrophophinylation reaction with alkenes (Table 2.3).

Table 2.3 Reactivity of hypophophomuscompouwndsin the hydrophoghinylation with 1-octene

MOP(O)H, Pd,dba,,

MOP(O)H, Method for Ip. %P NMR Isolated
Entry M= MOP(O)H,* Solvent P NMR % xantp?os Yield, % Yield, %°
(% yield) (mol%)
i
1 @ A DMF 4.2 (100) 1 0 -
NH,
—\ +/ c
2 N@W A DMF -0.6 (100) 1 20 -
3 HN iy A DMF -2.2 (100) 1 12 -
4 PN A DMF -1.1 (100) 1 100° 19
5 +Bu-NH, A DMF -2.8 (100) 1 88° 40
6 Bu-NH, A DMF -1.4 (100) 1 0 -
7 @NH A DMF 4.3 (82) 1 77° 28
¥ 3
Ph + c
8 P> RiH; A DMF -1.8 (100) 1 13 -
9 Pr>—five, A DMF 5.7 (100) 1 137 98¢
10 NH, B DMF 0.7 1 29 -
11 Et,NH B DMF -0.6 1 4 .
+-
12 ( ﬁEEt B DMF -1.4 1 6 -
13 @—H B DMF 5.3 1 54 71"
" — A DMF 3.3 1 oo d -
menomidine B DMF 5.0 1 60°° 33
15 Na B DMF 3.3 1 29° -
° \ c 19.8 (19) 1 27 ;
16 N CH,CN
S D 20.6 (98) 2 100 -
C 20.1 (39) 1 6' -
N
17 et \ D CHLCN  50.8 (67) 1 60" -
E CH.CN - 1 100 100’
B 3
18 i E DMF ; 1 6 ]

@ Method A: 2 eq H;PO,, 2 eq amine, rt, 2 h, then 1 eq 1-octene and 1 mol% Pd/L, DMF (85;C), 12 h;
Method B: 2 eq pre-prepared ROP(O)H,, then alkene and Pd, as in Method A; Method C: 1 eq AHP, 1.5
eq MOH, 1.1 eq PivCl, 1.25 eq Pyr, rt, 2 h, then 2 eq alkene and 1 mol% Pd/L, reflux, 12 h; Method D: 1
eq H;PO,, 1 eq (PhO),Si, 2 eq MOH, reflux, 2 h, then 2 eq alkene and 1-2 mol% Pd/L, reflux, 12 h;
Method E: One pot, 3 eq. H,PO, or AHP, 2.1 eq (BuO),Si, 1 eq alkene and 1 mol% Pd/L, reflux, 12 h. ®
Isolated pure by acidic workup, unless otherwise noted. © Not homogeneous. ¢ 2 eq TFA were added. © 1
eq (cinchonidine), H,S0,3H,0 was used. ' The low yield is due to hydrolysis to the acid. ¢ 21% of oxidized
product (phosphonic acid). " Octyl phosphonic acid. ' Purification by chromatography on silica gel.
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In Table 2.3 (entries 1-15), we observe tha both the acid-base character and steric
hindrance of the amine in hypophoghormus acid salts influences the reaction. An aniline-like
subdrate (pKa 4.5, entry 1) did not participae successfully in thereaction, which could be dueto
the steric hindrance from the amino group in the ortho postion, contrary to anilinium
hypophoghite (AHP), which yields 93% of prodwct (Ref. 33). Salts of the more basic aniline 4-
DMAP (pKa 9.5, entry 2), and of akyl, alylic and benzylic primary amines (pKa 9-11) (entries
3-8) furnished low yields of produds and thar solubility was quite low in DMF, which is
reflected in thehighNMR yieldscompared to theisolated ones. However, the more basic tertiary
benzylic amine from entry 9 did undego the reaction in goodyield. Interestingly, the sterically
hindered t-BuNH,, (entry 5) reacted better tha Bu-NH,, (entry 6), which is somewha unexpected.
With ammonium hypophoghite or tertiary amines (entries 11 and 12) theyields of produd were
also very low. Findly, the hydrophoghinylation with salts of N-heterocycles (entries 13 and 14)
gave low to modeate yields of produds, but interestingly, with pyridinium hypogho$hite
(entry 13), the oxidized produd (octyl phoghaonic acid) was obtained ingead. This finding
served as a precedent for the development of an in situ oxidaion of H-phogphinic acids (Chapter
Six).

Looking towardsthe development of an asymmetric version of this process by meansof a
combination of chiral catalysts and hydrogen-bondng participaion, we examined the stability of
an akyl phoghinae bearing a primary amide (entry 17), however we ob%rved tha these
compoundswere not very stable and tended to hydrolyze into the corresponding acids unde the
reaction conditions (entry 16 vs 17). This finds precedents in the literature™® We also
confirmed tha the onepot tandem esterification-hydrophophinylation reaction occurs

uneventfully in CHsCN (entry 18).
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Related to this work, a series of control expeiments were tried on pinacol-H-
phophonae™® (introduced by Tanaka, see Scheme 1.6),**? usng our catalytic conditions
(Table 2.4). It should be noted tha this phoghonae is not a convenient synthon to access
phophont acids because its cleavage requires very harsh conditions™ Pursuant to the design of
a phoghonde synthon possessing a more labile protecting group, benzopinacol-H-phoghonde
was prepared,*’ and reacted unde the hydrophoghotylation conditionsreported by Pagenkopf
(Table 2.4).3'® Even though the results were not good, we devised later a highly efficient
methodobgy to prepare phogphonic acidsdirectly starting from H3PO, (Chagpter Six).

Table 2.4 Hydrophoghotylation of pinacol-H-phasphonaes®

R R
Rj:O\P/,O N Catalyst (1.25-5%) Rj:O‘P‘O
R—~g H R Solvent (reflux) R—7~qo R
R R
31
Entry (ROF)‘Zl(De(C?))(H) R’ (1 eq) Ca(t;ol )y st Solvent Y::::I,woz
1 Me (1) Oct Pd,dbaj/xantphos (2) CH,CN 19
2 Me (2) Oct Pd,dbaj/xantphos (2) Toluene 0
3 Me (2) Oct Pd,dbaj/xantphos (2) THF 47
4 Ph (1) Hex CI(PPh,),Rh (1.25)/dppb (5) Dioxane 54°

2 The reactions were run under N, between 14-42 h. ® Several peaks were observed in **P NMR, probably due to hydrolysis
and/or formation of the branched isomer.

Next, we investigaed and optimized the condtions to achieve the Pd-catalyzed
hydrophoghinylation unde microwave irradiation. As for the unsaturated subdrate, an internd
akyne was used (Table 2.5). The reaction was very fast and good yields of produd were
obtained, comparable to theresults achieved with nomal heating (Isolated yield = 90%).

Table 2.5 Pd-catalyzed hydrophoghinylation of 4-octynewith microwave heating®
Pr

HPO, + Pr———pr Pd,dbag/xantphos (2 mol%) Ho_i.))\/ Pr
N
(2 eq) (1 eq) CHACN H
o - . . %P NMR yield, %
Entry Temperature (°C) Power (W) Time (min) Pressure (psi) (Isolated yield, %)
1 100 35 5 22 97 (90)
2 100 35 2 20 92
3 125 65 5 63 83

#Concentrated acid was used.
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The influence of the electronic and steric character of various monodentate phoghine
ligands and the catalytic activity of a different source of Pd were briefly investigaed in the
hydrophoghinylation of 1-octene (Table 2.6). The use of monodeantate phosphines produced low
yields of the hydrophoghinylation produd, which decreased as expected, as a result of
increasing the numbe of electron-donding substituents on the aromatic ring. These low yields
can beexplained by afaster trander hydrogenaion than hydropdladaion pahway (Scheme 1.7).
As expected, the success of the bisphosphine xantphos (100% vyield of produd, Ref. 33) is
probably related to its tendency to be trans-chdating in Pd-complexes, which has been
demondrated experimentally by X-ray crystallography (P-Pd-P, bite angle=1507;).*® Xantphos
appears to dow down the redudive eliminaion of the phoghinyl-Pd-hydride complex into Pd-
dihydride (2b-2a, Scheme 1.6). Nonghdess, when usng PdCl, in the absence of ligand, in
refluxing toluene (entry 7), ahighyield of produd was obtained. Thislast result has implications
in the development of an asymmetric variant of this reaction usng chiral ligands(Chapter V11).

Table 2.6 Influence of theligand in the Pd-catalyzed hydrophoghinylation of 1-octenée®

Entry R%P((SJ;-I 2 Catalyst (%) Solvent 32::?’!,2
1 Bu (3) Pd,dba,, PPh; (1) CH,CN 27
2 Bu (3) Pd,dba;, Ph,P(2-OMeC¢H,) (1) CH,CN 27
3 Bu (3) Pd,dba;, P(2-OMeC¢H,); (1) CH,CN 22
4 Bu (3) Pd,dba,, P(4-OMeC¢H,); (1) CH,CN 15
5 Bu (3) Pd,dba;, PPh; (1) Toluene 0
6 Et (2) PdCl, (2) CH,CN 30
7 Et (2) PdCl, (2) Toluene 77

@ The reactions were run at reflux temperature of the corresponding solvent for 12 h under
N,. " 0.5 M Stock solutions of alkyl phosphinates were used.

We complemented this project with a general study of thereactivity of variouscyclic and
fundiondized alkenes, allenes, allenols, and 1,3-dienes as subdrates. Theresults are summarized

in thefollowing tables.
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Table 2.7. Reactivity of cyclic and fundiondized alkenes in the hydrophoghinylation reaction?

o) R> O, H
MO—Ig( H N Rl\%\ Pd,dbas, xantphos (1-2 mol%) MO—IlZI”H R,
H Ra CH4CN or Toluene, reflux R Ry
(2-3 eq) Rs (1eq) 1R,
Entry MOP(O)H, Substrate Solvent Product NMR yield, %
M (eq) (85jC)  (Outcome of the Reaction) (Isolated Yield, %)°

H@3) DMF o 100 (73)
1 mo-p!
o

Et(3) CH.CN (Mixture isomers, r=7.3/1) 45
H@3 Q Q 100 (98
2 ®) o~ CH,.CN 'V'O"B/\H/\ %)
Bu (3) 0 o 100 (100)
H (3) (Mixture of products) 44
3 CH,.CN
Bu (3) /\OJ< : (No product) -
o]
4 H (2) Ab CH.CN bﬂ:g“ 100 (100)
o]
5 H(2) A~ NHCbz CH,CN Hﬁ;s\/\/NHCbZ 100 (100)
o]
6 H(2) A~ NPt CH.CN Hg;g\/\/Npm 100 (83)
o]
\NHCbz HO. i
Z N °P. “NHCbz 100 (80) and
7 H (3) /\COZMe CH,CN H \/\CO y 100 (36)°
Me
8 H (2) ANy CH,CN Unidentified 41 (3)
Bu (3) 0 CH,CN (Mixture of products) -
H3) RO, £OMe R=H CH,CN (Mixture of products) 29
9 H (3) (Mixture of products) 42
<o
: R=MOM  CH,CN
Et (3) 0\(\"" N (No product) -
MeO’ OMe

10 H(2) LbA\ CH,CN (Mixture of products) 100

(mixture endo/exo)
(\?/OH

o CH,CN O/P\H 10
12 H(2) ’Aﬂ CH,CN (No product) -
/

11 H(2)

13 H (2) CH,CN (No product) -
F

14 H3) F\)va CH,CN (No product) -

F

O.__OMe

15 H (2) BnO OBn CH,CN (No product) -
OBn

16 H(2) ok CH,CN (No product) -

& Concentrated H,PO, and stock solutions of alkyl phosphinates were used. The reactions were run for 8-20 h under
N,. ® When using H,PO,, the products were isolated as acids by acidic workup, unless otherwise noted. When using
alkyl phosphinates, the products were purified by chromatography on silica gel. ° Isolated as butyl ester from in situ
esterification with (BuO),Si, followed by chromatography on silica gel.
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As obsrved in Table 2.7, an extengve study on the reactivity of variousalkenes in this
Pd-catalyzed hydrophoghinylation reaction was performed. The reaction is highly convenient,
as it does not require anhydmus or anaerobic conditions additiondly, when usng
hypophogphorous acid, the produds can be isolated by an agqueous workup (>95% purity).
Variouscyclodkenes were reacted unde the previoudy established conditions usng relatively
low catalyst loading of Pdxdbay/xantphos(as little as 0.02 mol%).*® The results indicate tha, in
genegd, the reaction is limited to termind akenes, where the insertion of the Pd occurs at the
least hindeed primary carbon atom. In addition to termind akenes, a disubgituted olefin
prepaed usng the Takai procedure'® (entry 1) paticipaed successfully in the reaction,
furnishing a mixture of isomers, in a similar ratio to the one obtained by our radical reaction
(7.3:1 vs 9:1-radical).” Furthermore, a very reactive cyclic internd alkene undegoes effectively
the phophinyl addition (entry 4) to afford exclusvely the exo-H-phoghinic acid in quantitative
yield. Gratifyingly, the vinyl pivalate from entry 2 is able to react with H3PO, and with an alkyl
phophinae in very high yields contrary to the vinyl ether (entry 3) or to hex-5-enopyranos™™
(entry 15). N-protected alylamines provide as well good yields of the correspondng H-
phoghinic acids (entries 5 and 6). The reaction was also applied in the synthesis of an
intermediate of the phoghinylated "-aminobuyric acid-based herbicide (phoghinothricin)
through hydrophoghinylation of #-vinyl glycineg which was prepaed according to the

procedure reported by Coward (entry 7).

Pursuant to the synthesis of an andog of 3-deoxy-D-
arabino-heptulosonic acid 7-phogphae (DAHP), we tried the reaction on an olefin derived from
quinic acid (entry 9), as described by Frog et al.,® however we did not get good results.
Vinylnorbomene (entry 10) paticipaed in the reaction but there was addition to both the cyclic

and vinylic double bonds Cycloodene (entry 11) reacts very duggishly, in the same way as

cyclohexene™® this can be due to a fast and reversible hydropdladation step (Scheme 1.7).
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Neithe #- and $-pinene (entries 12 and 13) nor an olefin possessing fluoro subgituents across
thedoublke bond(entry 14) paticipaed in thereaction.

Table 2.8. Reactivity of dienes in the hydrophoghinylation reaction?

9 H iR Pd,dbagz, xantphos (1-2 mol%) 9 H R
MO-P,  + Ralz X Re Chaadiasl MO -P{ S
H n CH3CN or Toluene, reflux RY Ra M
(2-3 eq) Rs —o. R3(1eq) or DMF, 85°C 2 Rs Rs
Product .
MOP(O)H, Solvent NMR yield, %
Entry M (eq) Substrate (85;C) (Outcomg of the (Isolated Yield, %)
Reaction)
R R
1 PhNH;, (3) A R =CH, DMF /l\/\g,OH 100 (56)
Isoprene H
R R o
2 PhNH,(3) 2~ R = Prenyl DMF Nﬁ:ﬁ'* 59 (59)°
Myrcene (Mixture isomers)
o}
H(3 CH,CN HO- 4 100 (70
, @3) P s Ob (70)
PhNH; (3) DMF (Mixture of products) 100 (72)
H(@3) CH,CN Ho D
P.
4 H™ Y 100 (100)°
PhNH, (3) )\W DMF Iv (100)
Me
5 H (3) Ph X NNF DMF (No product) -
6 H (3) N, CH,CN (No product) -

7 H(2) CH.CN (No product)

& Concentrated H,PO, was used. The reactions were run from 8-14 h under N,. The products were isolated by
acidic workup. ® 1:1 mixture of isomers. © The main isomer (64%) is shown on the table, however, two more
isomers (36%, 1/1 ratio) were obtained from addition to the internal alkyne.

Agan, to gain ingght into the scope of the reaction, several dienes were screened; some
representative results are shown in Table 2.8. In geneal, conjugae dienes, induding indene, do
not unde,go the hydrophophinylation reaction (entries 5-7), with the exception of isopreneor its
deivatives (entries 1 and 2) where a rearrangement takes place leading to the more stable alylic
H-phoghinic acid. Interestingly, in the case of 1,5-hexadiene (entry 3) the mono-H-phoghinic
acid produd is obtained, which results from selective addition to one of the doublke bonds but

there are no signs of formation of cyclization produd. This is also a good indication that the
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reaction goes via hydropdladaion and not through phohinylpdladaion®®*® Selective
addition to themore reactive internd alkyne occurs in the subdrate from entry 4.

Table 2.9 Reactivity of alenesin the hydrophophinylation reaction®

Q T Pd,dbag, xantphos (1-2 mol%) 9 H '
Mo-P.H 4 Reing SN Re 2% 7ATP - MO—PX XoRa
H n CH3CN or Toluene, reflux RY Ra T
(2-3 eq) Rs 0.0 R3(leq) or DMF, 85°C 2 Rs Rs

1 o,
MOP(O)H Solvent NMR yield, %, _Outcome
Entry M (eq) Substrate (85;C) Product of Reaction
q ' (Isolated Yield, %)
PhNH, (2) DMF HO O N 77 (64)
1 H (3) O/ DMF \/\O 63 (74)
H (2) CH,CN 56 (44)
PhNH, (2) DMF 100 (98)
2 H(2) ©/\ CH,CN HO. ,;w/© 100 (100)
Bu (3) Toluene 54 (30)°
PhNH, (2) DMF v\/@ 40, L (52)°
3 H (3) DMF H20-P 92, L/B = 2.3/1(100)°
H202P 60, mixture of three
H (3) CH,CN m -m
(B) isomers
H(2) on CH,CN 8
4 PhNH, (2) O/\ DMF o 0 100, mixture of products
P.
NH, (3) DMF H 100 (71)°
H (2) CH,CN 0
™S
5 PhNH, (2) / DMF Unidentified product 17
NH, (3) Me DMF 14

& Concentrated H,PO, was used. The reactions were run from 8-14 h under N,. The products were isolated by
acidic workup. ® The product with the reduced double bond was obtained. ¢ 90% of the linear isomer and 10% of
another isomer. ¢ 67% of linear/branched products and 33% of other two isomers. ® 80% of the product shown on
the table and 20% of three other products.

As exemplified by Table 2.9, various alenes were synthesized by homologaion of
acetylenes™ or by Pd-catalyzed hydrogenolysis of ak-2-ynyl carbonaes with ammonium
formate,™®® however low yields of produds were usudly obtained (around 20%), which was
probably dueto thefact that we did not reach an adequae reduced pressure during digtillation, or
to theineficiency of the synthetic methods Even thoughsome of them participaed selectively
in the reaction to afford the corresponding alylic-H-phoghinic acids (entries 1 and 2) in good
yields thdr use is acceptable only if there is not another available methodobgy to prepare the

target compound.The use of an alenol (entry 4) generally gave mixtures of produds, however
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when udng the strong redudant ammonium hypophoghite, the mgjor produd correspondsto the

oneob%rved in denydrative alylation reactions(Chapter V).

2.3 Ni-catalyzed hydrophosphinylation
2.3.1 NiCl,-catalyzed addition of alkyl phogphinaesto alkynes

From our studies on metal-catalyzed hydrophoghinylation processes with
hypophoghormus acid derivatives we discovered that NiCl, was an excellent catalyst for the
addition of akyl phophinaesto termind alkynes, and even more interesting, to internd alkynes
(EQ. 1.12, Chapter 1 and Scheme 2.3).* More natably, the reaction is very convenient from an
economnical point of view as it does not require the addition of any ligand, and relatively low
catalyst loading (as low as 0.5 mol%) furnishes the produds H-phoghinaes in modeaate to
excellent yields Presumably the akyl phoghinaes fundion not only as reduang agents
genegating in situ Ni(0), but they also form the active catalytic species throughcomplexation of
Ni(0). Indeed, a preactivation procedure with NiCl, and akyl phoghinaes suppots this
hypohesis (Section 2.3.3).* Overal, this process is a very efficient approach to akenyl-H-
phoghinaes, given the fact that the highly air-sendtive Ni(cod), is not necessary, that it does
not require strict anhydous condttions and tha all of the reagents can be manipulated in air.
Furthermore, the use of TFA salts of aminosilicates as esterifying agents™® allows theisolation of
pure produds in very high yields by a ssmple extractive workup, while a tandan esterification
hydrophophinylation process aso works uneventfully.*

As demondrated in Table 2.10, and congstent with our previous results on
hydrophophinylation*® PdCl, catalyzed the reaction sluggishly. Dramatically, when various
nickel chloride precataysts (entries 1-6), and even thdar hydrates were used (entry 2), the
addition took place readily to afford the H-phoghinae produdsin less than 3 h. It is also clear

tha the presence of water or air does not affect the catalyst@ activity (entries 13-15). On the
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other hand, alkynes are by far more reactive than both termind an internd alkenes unde the

present conditions®

Table 2.10 Reactivity of variousNi-catalystsin the addition of ethyl phoghinae to 4-octyne

o Pr

EOPOH, + pr— pr catalyst (3 mol%) Eto_gl)\/ br

(2 eq) (1 eq) CH;CN, reflux, 3h N
Entry Catalyst Additive NMR yield, %?

1 NiCl, None 100

2 NiCl,.6H,0 None 99

3 NiBr, None 97

4 Nil, None 99

5 NiCL,(PPh,), None 100

6 NiBr,(PPh,), None 100

7 Ni(acac), None 94

8 Ni(OAc),.H,0 None 47

9 NiCp, None 15

10 Ni powder None 11

11 Ni on SiO,/Al,O.° None 8

12 PdCl, None 11

13 NiCl, H,O (1 eq.) 100

14 NiCl, EtOH (3 eq.) 100

15 NiCl, 0,° 100

2 NMR vyields are determined by integration of all the resonances in the *P
NMR spectra. ° 65 wt.% Ni. © Open to air with a drierite trap.

Thus in the presence of catalytic amount of NiCl,, the reaction proceeds rapidly in
acetonitrile or toluene at reflux, however, acetonitrile was more generally used and often
provided the best results. As for the hypophoghotous compound (Table 2.11), various alkyl
phophinaes (AIKOP(O)H,), prepaed usng our slicate-based methodobgy (alkoxydlanes or
aminoslicates salts)*® can effectively undego the addition reaction, contrary to HsPO, or its
anilinum sat (AHP), which produe only low yidds of produds (< 20%). In order to optimize
thetime and facilitate the manipulation, stock solutionsof alkyl phogphinates can be used,*® and
an even more conveanient onepa process, where the akyl phoghinae is formed in situ,
furnishes the produd in goodyield (Table 2.11, entry 1d). Moreover, the use of aminoslicates
facilitates the purification, increasing also the isolated yields (Table 2.11, entries 2b, 6b, 7b, 11

and 12). Asilludrated in Table 2.11, a broad study was performed in which diverse internd and
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termind alkynes were reacted in the presence of alkyl phophinaes.® Gratifyingly, it was found
tha the hydrophoghinylation reaction is highly general and stereoecific for the formation of
E-adduds as a result of a syn addition. Usudly, poor regiocontrol is observed with
ung/mmetrical alkynes (1:1 - 3:1, from entries 6, 9-11), with a tendency to preferentially form
thelinear isomer ove the branched (entry 11), however, this trend seems to be inverted with the
presence of phenyl, alkene or alkoxy subdituents (entries 6, 9 and 10). Neverthdess, an
exception to the previous behavior occurs with alkynes bearing a termind bulky subdituent,
where the S-substituted alkenyl-H-phoghinae is obtained exclusvely (entries 5, 12 and 13). As
exemplified in entry 8, 2,4-hexadiyne did undego the hydrophophinylation reaction with good
regiocontrol. In the particular case of termind alkynes, our Pd-catalyzed version of this process
is supeior in terms of regiosalectivity (see Section 2.2.1.1).* Althoughalkenyl-H-phogphinaes
have also been prepared stereo- and regioecificaly through cross-coupling of alkenyl hdides
(see Section 3.2.2, Chapter 3),%® the present addition reaction represents an atom-economical
approach,™™* since alkynes are basic feedgocks, and hence more readily available.®* Notably, it
was foundthat acetylene gas can be employed as the subgrate (entry 4), but we were unable to
isolate the produd in goodpurty dueto thefact that low molecular weight vinyl-H-phogphinates
are highly water soluble and sengtive to hydrolysis. This fact was not surprising as we faced the
same problem during the development of our cross-coupling reaction (see Chapter 3).% Note that
with a propagyl chloride (entry 14), arearrangament via an aleneintermediate takes place, and
alenes are effective patners in this reaction (Eq. 2.1). Additiondly, with 2-ethynylpyridine

(entry 15), the produd from hydrophoghinylationfollowed by redudionis obtained.

o) o]
I_H 3 mol% NiCl, o EtO. i
EtO-P{, + EtO. ] P
H /\O CH5CN ,PV\VO T H m (Eq. 2.1)
H CH
(2 eq) (Leq) reflux, 16 h _ 3
59%NMR yield 19% NMR yield

29% isolated yield
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Table 2.11. Scopeof the NiCl,-catalyzed hydrophogphinylation of alkynes

0 . 1 RZ
H o, - NiCl, (2-3 mol%) 9  R? 4 9  R!
RO-PZ =
“H CH4CN, reflux RO—P\H RO—R(
(2eq) (1 eq)
. Reagent
Entry R’ R? R i€ for ROP(O)H, Product(s) Isolated
(h) ; Yield %
formation
la Me 38 (MeO),Si Pr 90
1b iPr 13 (-PrO),Si 91 o %
1c Pr Pr Bu 25 (BUO),Si RO—P\)H\/ 100
1d Bu 16° (BUO),Si® 90°
Pr
2a 7 Me,Si(OEt), J 75
2b Pr Pr Et 13 (Et0),Si(CH,):NH, EtO—P\)H\/ 100
Bu
3 Bu Bu Et 12 Me,Si(OE), Eo_ AN Bu 76°
N
H
4a Et (EtO)sSi(CH,)sNH, D d
4b H H Et,CHCH,  © (Et,CHCH,0),Si RO-R ™ e
o Me
5 £Bu Me Et 12 Me,Si(OEY), EtO—IF;\)\)< 77
H
. o Ph 40
6a Et 6 Me,Si(OEt), NG o
6b Ph H Et 5 (Et0).Si(CH,):NH, BO-RC, BN (11(_)%
7 45 Me,Si(OEt) ol 85
a . e,Si ) O I ph
7b Ph Ph Et 1.5  (Et0),Si(CH,).NH, EtO—P\)H\/ 93
Me
8 MeC&C  Me Et 3 Me,Si(OE), Q | 57
EtO—P. “=—Me
H
1-cyclo o@ 9 63
A i i + EtO-PR
9 hovomyl Et 12 Me,Si(OEt), 2N < L5:1)
H
o o 42/0
10 EtO H Et 18 Me,Si(OEt), N o
H H
o) o Hex 100
11 Hex H Et 13 (EtO),Si(CH,);NH, Eto,,!\/H\/HeX " Eto_;\)\ @
O' ™
12 ™S H Et 25  (EtO);Si(CH,)sNH, Eo-p. -TVS 75
H
13a Bu 13 o 64
i ! TMS
oo or ™S Et 20 Me,Si(OEt), EtO—IID\/HI\/ 26
(0]
14 Me,CCl  H Et 3 Me,Si(OEt), Eto_g\a/k 55"
H
o L]
15 2-Pyr H Bu 24 (BuO),Si BUO-B Sy 32

N

H

& All yields are isolated. Ratios in parentheses indicate regioselectivity determined on the crude reaction mixture. All
reactions were conducted in refluxing reagent grade CH,CN. Details can be found in the Experimental Section. ® One-
pot process, where esterification and hydrophosphinylation take place simultaneously (see text). © Conducted on a 50
mmol scale. ¢ 3*P NMR vyield = 43%, conducted at room temperature with heat activation (see Experimental Section). ©
%P NMR yield = 31%, conducted at room temperature with heat activation. ' ~85% pure.
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The reactivity of various propagylic electrophies (i.e. acetate, tosylate, phenyl ether)

was investigaed. Althoughthey did undego the addition in modeate to goodyields we did not

succeed in theisolation of the produds as a result of thar easy-hydrolyss, even when we used

our aminoslicate-methodobgy™® to avoid in this way the puiification over silica gd. On the

other hand, we also tested the hydrophoghotylation reaction on pinacol-H-phogphonde with

termind alkynes usang NiCl; as catalyst, however no addition took place unde these conditions

Over thelast few years usng microwave energy to heat and drive chemical reactions has

become very popubr. One of the main advantages of this techniqueis the dramatic redudion of

reaction times.>> We envisional tha our alkyne hydrophoghinylation could be performed with

microwave irradiation as the heating source. As revealed by the results (Table 2.12), the

microwave-assisted addition of alkyl phoghinates to alkynes sucessfully leads to alkenyl-H-

phoghinaes, but noimprovement in the regiosalectivity with termina akynes was observed.®

Table 2.12 Ni-Catalyzed hydrophophinylation of alkynes with microwave heating?

R R
O [e) 1 e} 2
n_H catalyst (3 mol%) n R T R
EtO_P\H + Rl%RZ CHACN. MW Et_P\)\/ 2 + Et_P\)V 1
3CN, H H
(2 eq) (1 eq)
. NMR yield, %
R, R, Catalyst (T':::‘e) T(eog)p P(()‘;lvv)e r (b:rs) Product(s) [Ratio isomers]
(Isolated yield, %)

Pr  Pr NiCl,.6H,0 5 100 20 0 100 (73)

Pr Pr NiCl, 5 100  25-30 1 100 (81)

Pr Pr NiCl, 5 125 25 2 0P 96

Pr Pr NiCl, 1 125 25 2 Eto_g\)\/F’r 93

Pr Pr NiCl, 10 125 30 2 H 92

Pr Pr NiCl, 1 150 40 5 85

Pr Pr NiCl, 10 80 15 0 43

Ph H NiCl, 5 80 15 0 ) 91 [2.8/1] (41)°

. P

Ph H NiCl, 1 100 20 0 0 N NG 97 [2.5/1]

Ph  H NiCl, 25 80 15 0o EOR EIOR 96 [3.2/1]

Ph H NiCl, 25 60 0 0 91 [2.8/1]
T™MS H NiCl, 10 80 15 0 0 T™S . 9/\/ms 72 [0/1] (41)
T™MS H NiCI, 5 100 40 05 EOR EO—R 65 [1.7/1]

Ph
. (@]
Ph  Ph NiCl, 5 100 25 0 Eto_;\)\/Ph 100 (83)
H

2See Experimental Section for details of the procedures. ® Branched only
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2.3.2 Tandan onepat akyne hydrophoghinylation-fundiondization reactions

The development of tandem or QlominoOprocesses is attracting a lot of attention in
synthetic chemistry as they represent a GGreen ChemistryO approach to more complex,
fundiondized molecules.>**** Consdering the versatility of H-phophinaes as synthonsfor the
preparation of a wide variety of organophasphomus compounds as discussed in the first chapter
of this dissertation (Section 1.3); we decided to look into the possibility of conduding these
trandormationsviain situ fundiondization of the H-phogphinates prepared by means of our Ni-
catalyzed hydrophoghinylation*> Moreover, upan avoidance of the puiification of the sendtive
H-phoghinaes, we could potentialy increase the overall synthetic yields Some of the results
are summarized in Table 2.13. As shown in entries 1 and 2, in situ oxiddion of alkenyl-H-
phogphinaes unde Atherton-Todd reaction conditions™***® leads to the corresponding
phophondes in modeate yields Anothe interesting trandormation is the oxidaion with

elemental sulfur (entry 3),**°

which allows the onepot preparation of phoghonohioic acids
which are an important source of P-chira organophoghorus compoundsvia resolution with
chiral amines (see Section 1.3.9).® Of greater interest, disubgituted phohinic acids are
prepared in acceptable yields through various tandem reactions such as cross-coupling (entry
4),%° base-promoted conjugae addition (entries 5 and 6),% and alkylation unde Arbuzmv-like
conditions involving silyl alkyl phogphonie intermediates (entries 7 and 8).** Findly, as
illudrated by the remarkable trandormation in entry 9, fundiondized tertiary phoghine oxides
can be generated in goodyields througha onepat, three-step carbonphogphorus bondforming
sequence, involving hydrophophinylation of an internd alkyne with the precatalyst NiCl,,*

116

displacement by a Grignad reagent,” and trapping of the resulting seconday phoghine oxide

anion with an electrophile. This straightforward approach to tertiary phogphine oxides could find

application in the synthesis of phoghines via known redudion methods*®
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Table 2.13 Tandam onepotakyne hydrophophinylation-fundiondization

R4
(0] . 0]
NiCl, (3 mol%) I R Reactlon R
Eto—'p'(“ + R—=——R, Eto—P\)\/ 2 EtO— P)\/ 2
H CH3CN, reflux, 3h H (see Table)
1
(2eq) (teq) Not isolated
Lo Temperature, Isolated
Entry R, R, Reaction Time Product Yield, %
Pr
o}
1 Pr Pr EtOH, CCl,, Et;N i, 12 h I T 48
N\
OEt
Me
o}
2 Me tBu EtOH, CCl,, Et;N t, 12 h Eto_g\)\k 57
OEt
s Pr
3 Pr Pr S, EtN i, 12 h Eo AN P 70
\,
OH
oj”\/
Phl, Et,N Eto—p” P
4 Pr Pr 2% CL,Pd(PPhy), reflux, 121 \® >8
o
5 Pr Pr Acrylonitrile, DBU i, 6 h Eto_'pi)\}\” 63
CN
Me
Benzyl acrylate, o |l
6 C&CMe Me DBU r, 6 h BnOzC\/\,'g,\ — e 32
OEt
r
o)
7 Pr Pr Allyl chloride, BSA reflux, 3 h EIO_BJ\/P’ 76
o Pr
8 Pr Pr Me,SO,, BSA m, 3h Eo AN P 62
Me
Pr
1) PhMgBr, THF reflux, 1.5 h Q sl pr
o Pr Pr 2) Mel, THF i, 1h PR 53

@ See Experimental Section for details of the procedures.

2.3.3 Mechanistic congderationsand kinetic experiments

The mechanism of this Ni-catalyzed addition reaction was not studied in detail, but it
probaly proceeds in the same way as the Pd-catalyzed version, through hydrometalation
followed by redudive eliminaion (See Chapter 1, Scheme 1.7).* This finds suppot in an
isotopic labding expeiment (Eq 2.2) where we observed incorporation of deuterium into the
doubke bond (via syn addition) in the reaction of deuterated ethyl phogphinae with an internd

alkyne (prepared by esterification of DsPO, with alkoxyslanes).*
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o 1) D,0 Q 3 Mol% NiCl 2D
2 n_D mol% Ni b~
HopH ————— EIO-P{J + Pr—=——Fpr z, EO P\%Pr (Eq. 2.2)

H 2) Me,Si(OEt), CH3CN
94%D (1eq) Pr
CHsCN reflux, 12 h 71% isolated yield
reflux, 2 h (2 eq)

80-90% D

On the other hand, some kinetic evaluaion experiments of this trandormation suppot the
in situ formation of the catalytically active Ni(0) species by redudion of the precatalyst NiCl,
with the starting hypophoghomus compounds (Scheme 2.4).** Our approach conssted of
performing a preactivation process where a mixture of the alkyl phoghinae and the alkyne was
heated for 15 min, accelerating in this way the catalyst formation. After this time, the solution
was cooled to room temperature, the alkyne was added, and the reaction was then continued at
room temperature. We observed, through monitoring by **P NMR (produd formation) and by
GC chromatography (consumption of the alkyne) tha thereaction was completed in 6 h (see also
Table 2.11, entry 4). This time is significantly shorter than wha we detected when the whole
process was doneat roomtemperature (20 h). In addition, we obtained a goodmatch between the
daa obtained from GC and from *P NMR, which validates the NMR yield measurements.

Scheme 2.4 Kinetics profile for the hydrophoghinylation of 4-octyne with EtOP(O)H,

120
100 -

80 - —=— starting material(reflux)

—0— product (reflux)

—a— starting material (r.t.)

—=— product (r.t.)

—e— starting material (preactivation)

401 —o— product (preactivation)

20 -

0.0 5.0 10.0 15.0 20.0
Time (h)

58



Chapter Three: Cross-coupling reaction of alkyl phosphinates with aryl, benzyl and

alkenyl electrophiles
3.1 Introduction

The use of organonetallic catayss for the execution of bond forming reactions in
chemistry has revolutionized organic synthesis. Metal-catalyzed cross-coupling reactions
conditute a populr and reliable carborEcarbon bond forming methoddogy®’ Recently,
pdladium, and to a lesser extent other metals, have demongrated thar utility for the creation of
carbon bondsto nitrogen, oxygen and sulfur.*® The success of these cross-coupiing reactions
dependsin great part on the selection of the adequate ligand aroundthe metal, which is generally
a phophine However, the formation of C-P bonds through metal-catalyzed cross-coupling
processes has not received widespread attention?** which is somewha contradictory because
synthesis of phoghine ligands via cross-coupling goes hand in hand with the development of
nove bondforming methodobgies.®” Pionesring work in this area was performed by the Hirao
group, who reported the pdladium catalyzed cross-coupling of aryl and vinyl bromides with
dialkyl phophites (RO),P(O)H.*° Recent efforts have been directed towards the preparation of
phophines, paticularly P-chiral ones, eitha by cross-coupling of phoghine oxides or
phoghine-borane complexes, which require an additiond redudion step, or by the direct
coupling of air-senstive primary or seconday phosphines.*® Since thework by Hirao et al., the
cross-coupling of phoghonic acid deivatives has been expanded and found important
applicationsin the synthesis of enzymatic inhibitors,'®* and in the fabrication of hydrolytically-
stable oligonudeotides.’®* Though not less interesting, the cross-coupling of phohinic acids
(see Chapter 1, Section 1.3.1 and references in therein) and in particular, of hypophoghorous
acid deivatives has been by far less studied (Chapter 1, Section 1.2.11), and few successful
cross-couplings with these compoundshave been reported due to ther thermal ingtability™
andlor possibility for competing transfer hydrogenaion (Scheme 1.10, Pathway B).*® In this
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context, Montchamp and coworkers reported a remarkably efficient Pd-catalyzed cross-coupling
of amine salts of hypophoghorusacid, patticulary anilinium and ammonium salts, with abroad
range of aryl and akenyl electrophies (Eq. 1.24).***' The produds of these reactions can be
isolated as H-pho$hinic acids after acidifying the reaction mixtures, or as the corresponding
esters after a separate esterification step, i.e. with alkoxyslanes'® or activating agents.*%48910%
Nonehdess, in some cases, it would be preferable to directly obtain the H-phoghinae esters,
minimizing in this way reaction time and manipulation. Thisis particularly important in the case
of highly water-soluble H-phoghinic acids or when udng substrates containing basic
fundiondities, i.e. nitrogen heterocycles, which after acidification of the reaction mixture may
undego protondion at the N-atom, forming water-soluble phoghinic acid intermediates that
require time-conauming ion-exchange purfication. Additiondly, previous studies in the

Montchamp groupindicate that the silicate-based esterification of the crudesalts of N-containing

heteroaryl-H-phoghinic acidsdoes notwork effectively (Eq. 3.1).%

Br

PhNH,0—P-

3UTIN

2 eq) H 2 mol% Pd(OAc)./dppp Tol, 0.3 M, reflux, 24 h ] N
Inneficient esterification

DMF, 85°C
25% 31P NMR vyield N

X
o) , o)
2 H @G\'u ®0) _ prH,0-b " Si(OBu) (2eq) 5 o b-H (Ea-3.1)
/\
=

As mentional in Section 1.2.11, Schwabache first reported the cross-coupling reaction
of aryl iodides with methyl and tert-butyl phosphinaes (Eq. 1.23).°*® Aside from the
compeing trander hydrogenaion, this reaction is extremely limited by the reactivity of the
electrophiles, due to the thermal decompostion of akylphogphinates prepared by the Fitch@
orthoformate method*®*? However, the Montchamp group recently established an efficient and
generad methodobgy for the synthesis of alkylphosphinaes (Eg. 1.4) via esterification of H3PO,

and some of its salts with alkoxydlanes. This reaction works efficiently in several solvents and it
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does not require strict anhydrous conditions Interestingly, alkyl phoghinaes prepared by this
method show an unprecedented thermal stability (Section 1.2.1).** Montchamp et al. aso
introdueed salts of commercialy-available aminoslicates as esterifying agents for
hypophoghorous and H-phophinic acid derivatives. These reagents offer an additiond
advantage in terms of purification of the products because the slicate-byproduds can be

removed by an acidic extractive workup (Eq. 3.2)."**%

X =TFA, HCI
o4 (R0)3Si” " "NHHX R = Me. Et O H
HO-P_ R'O—P: (Eq. 3.2)
R R = H; CH5CN, reflux, 2 h R
(1 eq)

R = Alk,Ar; Tol, reflux, 24 h

Taking into account the advantages and generality of the previoudy described cross-
coupling and esterification methodobgies developed by Montchamp, we consdered studying the
cross-coupling reactions of alkylphoghinaes with a variety of electrophiles, induding the less
reactive bromides and triflates, expecting tha they might have enoughtime to react prior to the
decompostion of thar precursors, akyl phoghinaes. Two papes have been published

regarding this reaction, a preliminary communication and a full paper (Eq. 3.3).%%

(RO)4.SIR', - Base (0-3 eq) or

0 ! 0
nH (RO)3SiCH,CH,CH,NH, (1.2 eq) 7 OR
PhNH3 O-P,  + ArX, HetX, Alkenyl-X Sttt Ar(Het)(Alkeny)—P.~ (Eq. 3.3)
H 2 mol% Pd(OAc),/d or dppf H

CH3CN or toluene or THF (reflux), R=Me,Et,Bu
or DMF (85;C)

Base = DABCO or EtzgN

X = 1, Br, OTf, CH,CI

3.2 Results and discussion
3.2.1 Reaction conditions

Our approach to this project started with the selection of ligandsand reaction conditions.
According to previous cross-coupling studies with hypophoghormus compounds™® Pd(OAc),
was generally used as the source of palladium, with mono and bisphogphines as ligands. The

initial screening of conditions congsted of peforming the akyl phogphinaes through the
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reaction of anilinium hypophoghite and a silicate, and then adding the electrophile, base, and
catalyst in situ. However, aryl iodides were the only electrophiles tha reacted successfully unde
these conditions usng anhydmousEtsN as the base and PdCl,(PPhg), as catalyst. Gratifyingly, it
was found later that less reactive electrophiles (bromides and triflates) did undego this cross-
coupling reaction in presence of DABCO [1,4-diazabicyclo[2.2.2]octang] as the base, usng
Pd(OAc), ligaed by dppp (1,3-bis(diphenylphogphino)propane). Neverthdess, more
experimental studies confirmed that the base was not responsble for the previousresults, butthe
water in the bach of DABCO we used. This suggests that a straightforward cross-coupling of
akyl phogphinates occurs only with aryl iodides (23-24), but with less reactive electrophiles the
process should be more complicated. It was likely tha in thelatter case the water hydrolyzed the
preformed akyl phoghinae 23 to the corresponding hypophoghite DABCO salt 20, which
could then undego cross-coupling to generate 21, followed by in situ esterification with the
akoxyslane yielding the produd 24 (Scheme 3.1).? These preliminary findings made us turn
our attention to the development of a more convenient, onepot process, where anilinium
hypophoghite, an alkoxydlane, a base, and the aryl electrophile were reacted in the presence of
catalytic amounts of Pd/ligand. Throughoptimization, it was foundtha thedirect cross-coupling
of akylphophinaes with aryl hdides furnishes a wide range of aryl-H-phogphinae esters in
moderate to goodyields after purification by chromatography over silicagd. We further studied
the mechanistic pahways and extended the scope of the reaction to heeroayl, akenyl and
benzylic electrophies.® In terms of ligands, dppp gave the best results with the magjority of
subdrates, and dppf (1,1Gbis(diphenylphohino)ferrocene) was preferred with sterically
hindaed alkenyl hdides (Z-subgituted) and with benzylic chlorides, while triphenylphogphine
[PACl,(PPhg),] worked well exclugvely with activated aryl iodides. Several solvents could be

employed, but acetonitrile often gave the best results. The base DABCO genealy improved the
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yields of produds compared to EtsN. Interestingly, we aso observed tha when using aryl
iodides as electrophiles, the base is not required because the akyl phoghinaes not only
scavenge the HI produed during the coupling step, but also reduce the Pd(11) back to Pd(0).%®
This also suppots the fact tha the P(111) form of the alkyl phogphinae should oxidaively add
pdladium, without deprotonaion of the phogphorus nucleophie, as previoudy proposd in the
cross-coupling reaction of anilinium hypophoghite salt (AHP) (Scheme 1.10).*

Scheme 3.1 Proposd mechanistic pathways in cross-coupling reactionsof alkyl phogphinaes

base'H3P02 ArX “ OH base
basf 0 Pd(0)

PhNH3 OP(O)H, H.O (RO SIR’ H,O
2 4n=Tnl | base .
19 base Aér2 P ) H, HX base
(R0)4.nSiRk %0)4 SRy

ROP(OH, — AX
23 Pd(0), base
N base

o O@ R 9/06 R

H— P ©) base— AX Ar—-P]~ @ base +HX

H Pd(0) H

25 26

3.2.2 Scopeof thereaction

Aromatic and heteroaromatic hdides were studied as cross-coupling patne's, usng the
onepot process (Table 3.1).°? A variety of commercially-available aryl iodides, bromides and
triflates paticipae in the reaction providing aryl-H-phoghindae esters in modeaate to good
yields (entries 1-9). lodobearzene (even in theabsence of base) (entryl), and iodoanisole (entry 4)
which is deactivated towards oxidaive addition, react successfully. 4-Nitroiodobeazene
undegoes cross-coupling, followed by redudion of the nitro group (entry 5). However, 4-
nitrobromobenzene produces only 24% of produd. Bromobenzene and aryl chlorides follow the

same trend and are unreactive unde the present conditions probably dueto a faster competing
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trander hydrogenaion pahway (Scheme 1.10). We also tried severa aryl chlorides with electron
withdrawing groupsi.e. trifluoromethyl, however no successful cross coupling was observed. In
the case of 4-bromoacetophenone mixtures of produds from addition to the carbonyl and cross-
coupling are obtained. Of greater interest, heterocyclic subdrates participate in the coupling
(entries 10-13) to afford the corresponding heteroaryl-H-phoghinde esters. In spite of the fact
that the heterocyclic hdides we tested did react in the cross-coupling with AHP (Eq. 1.24),** the
isolation of the produds was very complicated. Hence, the present methodobgy circumvents not
only trander hydrogenaion with akyl phoghinaes, but also purfication issues with N-
heteroaryl-H-phophinates, permitting access to previoudy inaccessible compounds

Next, we investigaed the use of aminoslicates as esterification patnes, in order to
increase the yields of produds by simplifying the purification process (Table 3.1, Method C).®?
H-Phogphinaes are sengtive to hydrolysis over silicagd. Thisis evidenced by the highee NMR
yields (**P NMR from the reaction mixtures) with respect to the isolated yields® Remarkably,
aminotrialkoxydlanes worked efficiently, and they did not only replace alkoxysilanes, but also
fundional as the base for the Pd-catalyzed cross-coupling reaction (Eq. 3.4). These reagents
have proved to be efficient only when theamino groupis protonaed, which requires the addition
of astrongacid (HCl or TFA).*®*% Notably, in this particular reaction the HX generated during
the coupling step does the work. With a simple acidic workup the slicate byproduds are
removed in the aqueous phase, while the H-phoghinaes along with some dialkyl phoghites
(RO),P(O)H remain in the organic phese. Thelatter can beremoved in vacuo (if methyl or ethyl)

and the corresponding produds are then isolated in more than 95% purity.®®

OH (RO)3SiCH,CH,CH,NH, (1.2 eq) ? or
PhNHy O-P. +  ArX oA Ar—P; (Eq. 3.4)
(1.2 eq) H (1 eq) 2 mol% Pd(OAc)./dppp H

R = Me, Et solvent, heat
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Table 3.1 Cross-coupling scopewith (hetero)aromatic electrophiles

Entry Electrophile H-Phosphinate Product R X Method? I§olatfd
Yield,” %
Bu I A 80
o Et [ A 77
1 Qx QE’;T Et | B® 61
Et I ce 72
Et Br B® 40'
Me Me
o)
2 @| @H,OR Bu . B® 83
“H
cl cl
o}
3 | GH,OR Bu - BC 63
“H
(0]
4 MeOQI MeOOE’:gR Bu - Be 78
0
5 OZNQI HZN@L‘(OR Bu - Be 53
H
o)
6 BOCNHQI BOCNH@B:aR Bu - B 82
X O Me Br ce 100
7 ICI),OR
PO, Bu oTf B¢ 80
. ‘OFL/OR Et - B® 69
Et - ce 74
o Bu - BY 51
9 NCOBr n-OR
NC@P\H Et - ce 92
/N 2 or
10 ! /N P Bu - B 64
N= N=
o)
11 @—l @,‘:‘;OR Bu - B 36
S H
Z Br (ljl,H
= P\ (¢)
12 | m OR Bu - B 65
N >
N
Br
13 X Q B Bo 78
/ \_Rh-OR u -
_N N= “H

@ Method A: 3 eq AHP, 3 eq (BuO),Si, 3 eq Et;N, 2 mol% Cl,Pd(PPh,),; Method B: 3 eq AHP, (RO),.SiR!,, 3 eq
DABCO, 2 mol% Pd(OAc),/dppp; Method C: 1.2 eq AHP, 1.2 eq (R0O),Si(CH,);NH,, 2 mol% Pd(OAc),/dppp. °
Unless otherwise noted, yields are for isolated product with satisfactory spectral data (>95% purity). © CH,CN,

reflux. ¢ No base. ® Toluene, reflux. F **P NMR yield. ¢ DMF, 85/C.
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Aminoslicates also permit aredudionin the amount of hypophophomusacid derivative
(from 3 eq to 1.2 eq), which could be a result of a more effective suppression of the compditive
redudive pahway or a better esterification. However, it is not convenient to use aminoslicates
with N-containing heterocycles, as the acidic workup would protonae them as well. As for the
Pd sources, Pd-C could replace Pd(OAC), (Eg. 3.5), which represents a cog-effective aternaive.

Thusthe aminoslicate method furnishes variousH-phogphinae estersin high yields®

PhNH;OP(O)H, + (EtO)sSi NH, (1.2 eq) Q'ﬁ(oa (Eq. 3.5)
2 mol% Pd-C/dppp H

(1.2 eq) (1 eq) CH3CN, reflux 86% NMR yield; 72% isolated yield

Attempted couplings to benzylic and heterobenzylic electrophies were problematic
initially unde the previoudy described conditionsfor aryl hdides. However, a ligand change
from dpppto dppf increased subgantialy the yields of produds (Table 3.2).% In this particular
case, theaminoslicate methodobgy did notimprove theresults, and nether did a changeof base
from DABCO to EtsN or i-ProNEt. In terms of scope benzylic chlorides provided moderate
yields of cross-coupling produds. With # #Qdichloro-o-xyleng, we could achieve the selective
fundiondization of oneof thetwo chlorine atoms, however no second C-P bondformation was
obsrved (cyclization) nather via cross-coupling nor unde Arbuzov-like conditions (usng
BSA). Benzylic bromides (benzyl bromide and #,#Gdibromo-o-xylene) did not undego the
coupling, presumably because of the faster transfer hydrogenaion, even though we did nat
observe the formation of the redudion produds (toluene and xylene) by GC andysis. One
possible reason for this finding is the formation of an ammonium salt upon reaction with the
base. Both 2- and 3-chloromethylpyridines couple to akyl phoghinaes, and they can be used
directly as ther commercially available hydrochlorides salts in the presence of an additiond
equivaent of base. With 3-chloromethylpyriding we observed the formation of a disubgituted

phophinae (*P NMR % 49 ppm singlet, ~20 %) in the crude reaction mixture; the reason for
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thisfact isundear at this moment. One concelvable explanaionis theincreased reactivity of the
first produd (monosubdituted aryl-H-phogphinate) with respect to the starting materia
(hypophoghoruscompound) dueto the @lirectingQyroup effect provided by the nitrogen atom
of the pyridine ring dueto a chdation-assisted metallation;'®> however we did not observe the
same result with the 2-isomer (entry 4). The low isolated yields with the benzylic pyridines are
probably related to the inaeased polarity and easy hydrolyss of the produds. 4-
Chloromethylpyridine did not react as expected; neither did benzylic chlorides bearing an alkene
in the para postion, which produed low yields of the cross-coupling produd (18%) and the
same amountof the product from addition of thealkyl phogphinate to thedouble bond®®

Table 3.2 Cross-coupling scopewith benzylic chlorides’

Isolated Yield, %

Entry Electrophile H-Phosphinate Product R Ligand (NMR yield, %)
ol Q or dppf 88 (100)
1 P\H Bu
dppp (21)
(0]
cl 1_OR
2 g g P<, Bu dppf 53 (65)
MeO MeO
X cl 9 OR
N .
3 | A Ha B P, Bu dppf 46 (60)
N
X Cl X I1_OR
P\
4 CN(.;CI | o H Bu dppf 24 (38)
(0]
5 cl pOR Bu dppf (100)

# The yields reported are for isolated compounds with satisfactory spectral data (~95% purity). The yield in
parentheses is determined by P NMR. Conditions: 3 eq AHP, 3 eq (RO),Si, DABCO 3 eq (4 eq for
hydrochlorides), 2 mol% Pd(OAc),/dppf, CH,CN, reflux.

Findly, thereactivity of alkenyl hdides and triflates in this reaction was also explored ®®
As listed in Tables 3.3 and 3.4, various akenyl electrophiles possessing different subditution
paterns paticipaed in the cross-coupling with alkyl phoghinaes. The choice of solvent also
proved to be crudal for determining the outcome of the reaction. The use of CH3CN at reflux

temperature (82;C) gave satisfactory results in mog cases, reaching up to 100% NMR vyield
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(95% isolated, entry 9, Table 3.3). However, THF at reflux (66 C) furnished highe yields with
some low molecular weight akenyl hdides (entries 3 and 4, Table 3.4), with #- and $-
bromogyrene, which are proneto competing thermal conjugae addition reactions and with a
conjugéaed ketone which can undergo addition of the alkyl phoghinate into the carbonyl moiety
(entry 7, Table 3.4). As mentionad before, dppfin general gave better results with Z-subdituted
akenes. Thereaction times were not optimized, however no significant difference in yieldswas
observed between 7 to 15 h. This reaction occurs with complete regio- and stereo-control. In an
aterndive synthesis of these compounds via metal- catalyzed hydrophoghinylation of alkynes
(see Section 1.2.3, Eq. 1.10 and 1.12),%* the regiosalective formation of the linear versus the
branched isomer is often more difficult to achieve (as discussed in Chagpter Two). However, in
certain cases, alkynes are more readily available than akenyl hdides. In fact, when we started
the screening, some commercially available alkenyl hdides were screened (entries 1-5, Table
3.4); even thoughthey participaed in the coupling, the high water solubility and fast hydrolysis
of the cross-coupling produds did not pemit thar isolation. One representative example is vinyl
bromide, which reacted smoothly with alkylphoghinaes (**P-NMR, ~80-90%), however vinyl-
H-phophinae was not isolated pure and its in situ fundiondization led to the more stable and
easily handled disubdituted phogphinaein low yield (entry 1, Table 3.3). Theolefin in entry 8'%°
from Table 3.4 contains bromine and fluorine subdituents in the 1-postion and gave a
significant amountof the produd from cross-coupling followed by redudion of thedoublke bond.
We then turned our attention to less polar alkenyl hdides (bromides and triflates) as cross-
coupling patne's. These are not commerciadly available and, althoughthear synthesis is quite

smple*’

we faced a lot of problems during ther purification as they can be easily isomerized
during digtillation (i.e. entry 5,'°”° Table 3.3 and entry 6, Table 3.4). These compounds

furnished modeate to goodyields of produds as shown in Table 3.3. In the case of the olefin
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from entry 6 in Table 3.3, containing an alylic ether moiety, cross-coupling and ssmultaneous
carbonroxygen bondcleavage takes place. Thereaction of a 1,1-dibromoolefin™®"® (entry 7, Table
3.3) proceeds stereoecificaly to yield subgitution of the bromine atom in the E-configuration.
Of greater interest, an intermediate in the synthesis of TPMPA (1,2,3,6-tetrahydropyridin-4-yl)-
methylphogphinic acid), which is a selective antagonist for GABAc receptors, was aso
synthesized in excellent yield (entry 8, Table 3.3).% The coresponding acid of this compound
was previoudy prepared via the AHP coupling, however the cross-coupling yield was lower
(64%) and its purification required a tediousion-exchange chromatography ®* In summary, we
have demondrated a facile and convenient C-P bond formation methodobgy. The reaction
requires low catalyst loading (2 mol%) and leads to vinylic-H-phoghinaes, which can find
applicationsto the synthesis of biologically-active compounds

Table 3.3 Cross-coupling scopewith alkenyl electrophiles (First Part)

Entry Electrophile H-Phosphinate Product R Solvent Method? IYsi::zti?
, /0
1 N\ g \_‘F‘, OR Et  CH.CN A 30
9
2 yBr >\—p:OR Bu THF B 79
PR pr M
3 ” OR Bu THF B 95
4 /k/% )\/%n OR Bu  CH.CN B 63
5 " OR Bu  CH.CN B 77

Pr H

Me ©O
/(jA />/*Bf )/JF‘,;OR Bu  CH.CN B 57
H
Hex Hex o
; \ﬁgr \\ﬁ‘p‘(gR Et  CH.CN A 48
Br

Br

(0]
8 »—ort >\—|‘D‘:OR Bu  CH.CN B 58
Bu

Bu H

0
9 BOCNC\}OTf BOCNC\},‘D‘QOR Bu  CH,CN B 95
H

& Method A: 2 eq AHP, 2 eq (RO),Si(CH,);NH,, 2 mol% Pd(OAc),/dppf [for entry 7, 3 eq AHP + 3 eq
(RO),;Si(CH,);NH,]; Method B: 3 eq AHP, 2.1 eq (BuO),Si, 1.0 eq Et;N, 2 mol% Pd(OAc),/dppp.

(]
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Table 3.4 Cross-coupling scopewith alkenyl electrophiles (Second Part)

Isolated
o i - o,
Entry  Electrophile HPg?jg:é?ate R Solvent Ligand Method® (NYI\;Ii:c;;i: d
%)°
Et CH,CN dppf A (80)°
Et CH,CN dppp A 44%(100)
o)
1 \\_Br \\_B:OR Bu THF dppf B (36)
H
Bu CH.CN dppp B 50°(56)
/\C/ CH,CN  dppp B 20 (90)
Et THF dppp B (29)
_OR Bu THF dppf B (40)
2 >:( VAR
Br Et CH,CN dppf A 0 (53)
Bu CH,CN dppf B ©)
O
_ 11_OR
3 /" (P\H Bu THF dppf B 18
Bu THF dppp B (24)
4 e Bu THFE  dppf B (42)
Y— .y
Br { Bu CH,CN dppf B (0)
Et CH,CN dppf A 0(46)
Br Bu CH,CN dppp B ©)
— Br
5 &/ ”;f'R Bu CH.CN dppf B (0)
Et CH,CN dppf A (43)
P Q or .
6 ol P, Bu CH,CN dppp B 40° (50)
Oct Oct /
Q ? o Bu THF dppf B (74)
7 Br “/OR
7/ H Bu CH.CN dppf B (0)
F R 11_OR
= "Br / " TH
8 Bu CH,CN dppp B (58)°
OMe OMe

& Method A: 2 - 3 eq AHP, 2 - 3 eq (RO),Si(CH,);NH,, 2 mol% Pd(OAc),/ligand; Method B: 3 eq AHP, 2.1 eq
(Bu0),Si, 1 - 3 eq Et;N, 2 mol% Pd(OAc),/ligand. ® Unless otherwise noted, NMR yields were low and/or isolation
of pure products was not successful. © 20% of disubstitution product was formed. ¢ Product was isolated with
80% purity. ® Product was pure.  37% of the product from addition to the carbonyl group was observed. ° 28% of
the product from reduction of the alkene was observed.

3.2.3 Mechanistic studies

70



Ingired by the experimental results obtained in the alkyl phosphinae PBaryl hdide cross-
coupling reactions and in order to suppot the previous mechanistic hypotheses, a series of
control experiments were conduded The results are summarized in Table 3.5.% lodobezene
cross-couples efficiently with butyl phogphinae in the absence of base and water (entry 1) (23
24). Whereas, aless reactive eectrophie (2-bromongphthdene) does not undego thecouplingin
the presence of DABCO unde anhydmous condiions(entry 4), however the results are reversed
in the presence of water (entry 5) (23-20-21-22-24), where the ngpthyl-H-phogphinate ester is
obtained in 78% yield. We aso proved tha DABCO promotes the hydrolysis of butyl
phoghinae effectively to the DABCO sdt, even at room temperature if water is present (entry
9) (23-20), and it is not reversible (entry 10) (20-23). Furthermore, the correspondng DABCO
sat paticipaes successfully in the coupling with 2-bromonghthdene (entry 2) (20-21).
Additiondly, the alkoxydlane-based esterification of the isolated DABCO salt of an aryl-H-
phoghinae does not occur efficiently (entry 3) (21-24), which confirms the importance of the
HX geneated during the coupling step in the outcome of thereaction. In the absence of water, it
is conaeivable that dedkylation of the ester is taking place (entry 6) yielding quaernary
ammonium salts of hypophoghorusacid (23-25), which do not undego cross-coupling with 2-
bromonghthdene (entry 7) (25-26), and do not esterify with silicates (entry 8) (25-23). Indeed,
a trander hydrogendion reaction was confirmed by the deection of ngpohthdene by gas
chromatography in thereaction from entry 7. Theresulting aryl-H-phoghinae produd is by far
more stable with respect to hydrolysis than its precursor akyl phoghinae (entry 11) (24-21).
Overadll, the onepot tandan cross-coupling! esterification is optimal if the reactions are run
unde anhydmousconditions and it is also more convenient in terms of manipulation and reaction

time (entry 12) (19-20-21-22-24). This suggests tha the development of an asymmetric variant
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of thisreaction mightonly be possible with aryl iodides, since in the case of less reactive hdides,

al theintermediates are achiral.

Table 3.5 Control experimentsrelated to the mechanistic pathways in cross-coupling’

Entry Reaction Model 31P NMR vyield,%"
Phl (1 eq.), NO BASE o)
s-H Buo—p "
1 3 eq. BuO—P{ -~ 23' 24 100%
a H 2 mol % PACIy(PPha), H ’
toluene, reflux
2-Br-naphthalene (1 eq.), DABCO (3 eq.) T
DABCO-HO—PZ DABCO-HO—PZ '
2 O7PS 2 mol % Pd(OAC),, 2.2 mol% dppp 20" 21 100%
CH3CN, 85 °C
o} Si(OBu), o
3 DABCO-HO—PL " BuO—PZ 21" 24 11%
H toluene, reflux H
o y 2-Brnaphthalene (1 eq.), DABCO (3 eq.) o Ar
BuO—PZ BuO—PJ - no H-phosphinate
4 ! H 2 mol % Pd(OAC),, 2.2 mol% dppp H 23" 24 pesterr’
CH,CN, 85 °C
(P, H 2-Br-naphthalene (1 eq.), DABCO (3 eq.) (l)\ Ar 23' 21
5 H,O + BuO—PZ BuO—P{ 78%
H 2 mol % Pd(OAC),, 2.2 mol% dppp H 221 94
CH4CN, 85 °C
o o O B
1 H u
6 Buo—pC, — 2280 B0 5 basco 23" 25 65%
DMF, 85 °C H
(6] (e}
nH 2-Br-naphthalene (1 eq.), Et3N (3 eq.) BUNO I‘D"Ar |
BuyNO—PL usNO—=P< ' no cross-couplin
7 N H 2 mol % Pd(OAc),, 2.2 mol% dppp H 25" 26 productp g
DMF or CH3CN, 85 °C
0 Si(OBuU), S N
8 BuyNO—PZ BuO—PZ 25" 23 no esterification
H toluene, reflux H
(0]
I_H  DABCO, 0.5 H,0 O H ,
9 BuO—P{ DABCO'HO—P\H 23' 20 92%
CH4CN, RT
DABCO, Si(OBu n_H ,
10 PhNH, OP(O)H, O guo-pc! 20" 23 17%
CH4CN, 85 °C
O
n DABCO, 0.5 H,O Il _Ph ,
1 guo—p:TM T P T2 DABCOHO—PL 24" 21 15%
H toluene, reflux H
2-Br-naphthalene (1 eq.)
. 1\
12 PhNH3OP(O)H, + Si(OBu), DABCO (3 eq.) Blo-P 19 24 74%
2 mol % Pd(OAC),, 2.2 mol% dppp H

DMF, 85 °C

2 See Scheme 3.1. " NMR yields are determined by integrating all the signals in the spectrum.
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Chapter Four: Metal-catalyzed reactions of hypophosphorous add derivatives with allylic

electrophiles
4.1 Introduction

Palladium catalyzed alylic subditutionscongitute an efficient and highly chemo-, regio-,
and stereoselective methodobgy for condructing carbon-carbon bondsand carbon-heteroatom
bonds Ther synthetic utility has been soundly demondrated since it was introducd, more than
four decades ago1®® The catalytic cycle for these processes demands oxidétive addition of Pd(0)
gpeciesto alylic electrophies with in situ formation of ( -allylpdladium(I1) intermediates, which
then can react with nudeophiles at both termini of the alylic cation equivaent. As for the
nudeophiic partner, carbon, nitrogen, oxygen and sulfur species have been extensvely
investigaed while hdides, acetates, carbondes, phogphaes, carbamates, and some other related
derivatives from alylic alcohols are nomally used as electrophiles rathe the parent alylic
alcohols which are less proneto undego C-O bond cleavage unde these conditionsdueto the
poor ability of the hydroxyl group as living group.*® However, as a result of the more recent
quest for Green Chemistry, significant efforts are currently being devoted to the development of
alylation processes that use alylic alcohols directly. "

On the othe hand, despite the enormous biological and synthetic impact of
organophophotus compounds the development of novd metal catalyzed alylation processes
involving C-P bondformation has been dow and jug a few examples have been reported. Fiaud
demondrated tha lithium salts of thiophoghides react with allylic acetates uang Pd-catalysts,
butonly limited yieldswere obtained (Eq. 4.1),*™ while Lu et al. developed an allylation process
where O,0-dialkyl phogphondes, or ethyl phenyl- and ethyl methyl-H-phoghinaes cross-couple
with allylic acetates or carbondes in the presence of stoichiometric amounts of
bis(trimethylsilyl)acetamide (BSA) as silylating agent and usng the highly air-sensitive Ni(cod),

as a catalyst (Scheme 4.1, see also Eq. 1.27 and 1.30).%° This last approach is not convenient, as
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it is an nather atom-econonical process (produes molar amount of silicate byproduds), nor a
cog-effective trandormation. In addition, it requires the manipulation of air- and water-sendtive

compounds
OR % _Ph Ph

R = Bz, Ac THF, rt

Scheme 4.1 Mechanism for the Ni-catalyzed alylation of phophonaes with allylic electrophiles

O PPN
RO. 1l RO. i =TS
_P-H ——— __ _P—0SiMeg 4 = _~_-OAc
RO /’ RO NI OAc =
(@]
CH3;C=NSiMe; Me3SIOAC RO~

Given the broad scopeof our previoudy developed Pd-catalyzed cross-coupling reactions
of aryl, benzylic and adlylic electrophiles with hypophophomuscompounds and consdering the
critical need to develop new methodobgies particularly suited to access fundiondized
organophophorus compounds as well as the specia versatility of H-phoghinaes as synthons
(Scheme 1.3), we focused our research on the development of catalytic alylation reactions We
initiated our study with alylic hdides, where we discovered tha, depending on the catalytic
system and reaction conditions akyl phaosphinates could behave as formates, promoting the
hydrogenolysis of alylic electrophiles, or undego a cross-coupling reaction directly. Part of this
work was published in afull paper in 2005 Later, we developed a general approach for alylic-
H-phoghinic acids and H-phoghinae esters through a Pd-catayzed allylation of

hypophoghomusacid derivatives with variousallylic electrophiles.***?

4.2 Cross-coupling vs hydrogenolysis-hydrophosphinylation with allylic electrophiles
First, we attempted our cross-coupling reaction with smple allyl chloride or bromide as

subgrates unde our optimized conditionsfor the cross-coupling of aryl or alkenyl electrophies
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with hypophoghorous compounds However, no C-P bond formation was detected. Next, we
examined thereactivity of variousallylic hdides posessing longe carbonchans A summary of
the results is provided in Table 4.1.% Cinnamyl chloride was reacted with alkyl phophinates in
the presence of catalytic amounts of Pd(OAc), and dppf in acetonitrile generating C-P bond
formation. However, the produd of the reaction proved to be the corresponding cross-coupling
produd but with the reduced doubk-bond (entries 1a 1b). Through an assay of reaction
conditions it was foundtha the expected coupling produd, cinnanyl-H-phoghinic acid (entry
1c, 1d), was formed effectively usng alkyl phogphinates and NiCl, or NiClx(PPhg)2 in toluene
Geranyl chloride (entry 2) and 3-chloro-1-butene (entry 3) participaed in the reaction with the
Pd-catalyst furnishing the reduced produds in low to modeaate yields but they did not couple
usng Ni-catalysts. On the other hand, cinnamyl formate (entry 4) (prepared by formylation with
chloral)*” and cinnamyl carbonade (entry 5) fumished lower yields of the reduced produds
unde pdladium catalysis. In andogousexperiments usng propagylic chlorides as electrophilic
patnes, we did not observe a clean trandormation, i.e. entry 6, while H3PO, or AHP did not
undego the expected C-P bond formation. Stimulated by these preiminary findings gas
chromatography studies were performed, which led us to propos some mechanistic pahways
that might beinvolved in these transformations(Scheme 4.2).%% Our studies suggest that with the
Pd-catalyst, akyl phoghinaes are promoting the redudion of alylic electrophiles, particularly
of alylic chlorides, smilar to the well-established formate-promoted hydrogenolysis of these
subgrates (Eq. 4.2).2" To further probe our hypotheses, we performed an isotopic labeing
expeiment with EtOP(O)D, and cinnamyl chloride in the presence of Pd(OAc)./dppf (2%). In
this case, the *'P NMR from the crudereaction mixture showed four different produds resulting
from C-P bond formation; after workup only two produds were present, but unfortunaely we

did not succeed in thdr isolation.

75



Ry
\ghpd - > R1\/\ + R1\/\ + CO, (Eq. 4.2)
H (\('3 major minor
>90:10
0]

Table 4.1 Reactionsof alylic electrophiles with alkyl phoghinaes®

0 Rs3 R o
RO—II:;\/ H + Rl% X Catalyst R )ﬁ/\ II:I’/OR
1
H R Solvent (reflux) R \H
(3 eq) 2 (1eq) s
ROP(O)H, Allylic Catalyst NMR yield, %
Entry g substrate (mol%) Solvent Product (Isolated yield, %)
la Et 9 95 (62
Pd(OA;)Z, dppf CH,CN WP\sR (62)
1b Bu @ 100 (73)
Cinnamyl|-ClI )
1c Bu NiCl, (4) Q oBu 100 (70)°
Toluene ©M "
1d Bu NiCL(PPh,),(2.5) 100 (88)°
(o]
2 Bu Geranyl-Cl CH.,CN )\/\)\/\5\/03“ 86 (46)
H
o
3 Bu /\u( CH.CN OB 33
H
o Pd(OAc),, dppf o
4 Et NN ) CH,CN Wg;@ﬂ 33
o H
5 Et S~ g CH,CN 13
Cl ?,OBU c
6 Bu - CH,CN \(VP\H 100 (74)

2 See Experimental Section for details of the procedures. ° Isolated in 95% purity, contains 5% of the product with
the reduced double bond. © Isolated with 75% purity, contains 25% of two other isomers.

As illudrated in Scheme 4.2, the Pd-catalyzed reaction of cinnamyl chloride with butyl
phophinate (Table 4.1, entry 1b) was monitored by GC (consumption of reagents) and *'P NMR
(produd formation).%® After 35 min, we observed 87% convesion of the cinnamyl chloride (27)
to allylbenzene (30), and *'P NMR spectra indicated the presence of 13% of the produd 33,
however, no $-methylstyrene was detected (31), which rules out $-hydrogen eliminaion as the
major pahway. After 2.5 hous, a 33% yield of alylbenzene was deected, while produd 33
reaches a 65% NMR vyield. The reaction was continued and after 8 h, quantitative formation of

produd 33 was measured, while only traces of alylbenzene (30) and propylbenzene (32) were
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detected (1 and 2%, respectively). These results indicate that the reduced produd 33 is formed
uponhydrophoghinylation of 30 with theexcess of alkyl phophinate.

Scheme 4.2 Mechanistic pahways involved in metal-catalyzed reactions of akyl phogphinaes
and alylic electrophiles

-H .
RO—P\H — ro-R."
H
Pd(O)Ln R \ J Rl
R~ X — SR Y SR x©
Pd(Il) L Pd(D
27 X "O=P-0oR
@I
H 28a
it R R
" 1 [
RO_p: + /Ftan I -Hydrogen g i H
290D “Elimination M Yy —
| — | " o-or o
11 X
31 H ||3d
o) Rl = ‘D - HX \Oélla\OR
RO-P: + Pd(O)L, + | R ) o Y
. n 1\/\ -— H (||Dd 28b
X
30 K/.. OR “
29
Transfer e} e}
Hydrogenation |Hydrophosphinylation i, OR i OR
R R P< R P<
INTN . NV ST APy
I
32 F\"O—P\H , Pd(O)L,, 33 34

In contrast to the previoudy described pahway with Pd-catalysts, monitoring of the Ni-
catalyzed version of this reaction (Table 4.1, entry 1c¢ & 1d) showed that cinnamyl chloride (27)
disappears dowly over time, reaching completion after 4 h; while only traces of allylbenzene
(30) or propylbenzene (32) are present at any given time.®® One conceivable explanation for this
behavior is afaster redudive eliminaion (28/29 to 34) than redudive isomerization (29 to 30). In
agreement with our pogdulated mechanism, the reaction of some othe electrophies, induding
formates and carbondes, provided similar results, athoughthe yields of produds were lower
(Table 4.1, entries 2 to 5). These obsrvations showed great potential for establishing a new
generad methodobgy for C-P coupling using variousallylic electrophiles and hypophoghomus

acid derivatives, which will bediscussed in the next section.
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Moreover, ingired by the results obtained in the allylation reactions with akyl
phophinaes, we speculated tha two-step processes conssting of a hydrogenolysis
hydrophophinylation sequence might be possible if an appropiate combination of catalyst and
alylic electrophile (Scheme 4.3) were chosen.

Scheme 4.3 Possible tandem hydrogenolysis-hydrophoghinylation processes

R R
! Pd-catalyst 1 ! Pd-catalyst 2 R1 |O|,OR
R hydrogenolysis R hydrophosphinylation H
s reducing agent 3 ROP(O)H, Rs
catalystl: Cl,Pd(PPhs),, Pd,dbasz(Pd(acac),)/BusP R = H, PhNH3;, Alk

reducing agent: HCO,NH,, ROP(O)H,, HCO,H Et;N, PMHS  catalyst2: Pd,dbag/xantphos, Pd(OAc),/dppf

Our initial studies in this project congsted of investigaing the optimized conditionsfor
the hydrogenolysis of acetates with PhNH3;OP(O)H, (AHP) as redudng agent, usng some
common catalysts for this reaction!”® After some screening, we did not find the optimum
conditions On the othe hand, various mixtures of catalysts (catalystl/catalyst2, Scheme 4.3)
were tried in a Qlud catalysisOapproach to this tandem process. Surprisingly, when we used a
combination of PdCl,(PPhs),, Pd.dba and xantphosin the reactions of geranyl and cinnamyl
acetate with AHP in DMF (85;C), quantitative formation of the cross-coupling produds,
(geranyl- and cinnamyl H-phogphinic acids) was obsrved, ingdead of the expected reduced
produds (Eg. 4.3).%* Gas chromatography andyses revealed after jug 1 h, complete
disappearance of the acetate starting material, along with traces of the trander hydrogenaion
produd $-methylstyrene (4%) (31, Scheme 4.2), while *P NMR indicated formation of the
coupling produd (100%). Indeed, we later foundtha PdCl,(PPhg), was not necessary, and tha
as low as 0.2 mol% of Pd,dbay/xantphosefficiently catalyzes this cross-coupling*** We will
discuss the scopeand mechanism for this trandormation in more detail in the next section of this

chapter.
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1) PACly(PPhs), (1 mol%)

o R3 Pd,dbag, xantphos (2 mol%) R OoH
_H i P
PRHINO—RC_ + R%OAC DMF (85 | C) RlJ\ﬁP\ (Ea. 4.3)
R2 2) 2 M aqueous HCI R® :
(3 eq) (1 eq)

4.3 Cross-coupling of hypophosohorous add derivatives with allylic electrophiles

We first examined the reactivity of variousallylic acetates with anilinum hypophoghite
(2-3 eq) usng 2 mol% of our best catalytic system (Pd.dbay/xantpho9.'** The reactions were
carried out in DMF a 85;C unde a nitrogen atmosphee, however, no strict anhydrous or
oxyge-free conditions were required (Table 4.2). DMF proved to be the best solvent for this
reaction, while CH3CN and THF (at reflux) were also effective in some cases. The isolation of
the produds alylic-H-phoghinic acids was performed by a smple agueous acid workup.
Several aguepussolutionsof NaHSO,, H,SO, and HCI with different concentrations as well as
an acidic resin (amberlite) were tried for the workup. Even thoughthe best results were obtained
with 1! 2 M solutionsof HCI or NaHSO., we were unable to remove traces of aniline from the
reaction mixture. Thus we reasonal tha a hypghogphomus acid salt of a more basic amine
might subgantially improve the isolation of pure produds due to a more efficient acid-base
reaction. Indeed, triethylammmonium hypophoghite (2-3 eq) turned out to be the mog genera
starting material. Representative results for this cross-coupling reaction are summarized in Table
4.2. Ammonium hypophoghite (prepared from ammonium carbonae and HsPO,),*®* and the
commercialy available, but had to manipulate, highly hygroscopic, ethylpiperidinium
hypophoghite aso furnished the produds in goad yields (entries 3e and 3f). For our surprise,
H3PO, cross-couples with the very reactive electron-poor cinnanyl acetate efficiently in CH3CN,
in the absence of base (entry 2€), produang the correspondng cinnamyl-H-phoghinic acid in

excellent yields and in high punty. However, with aliphaic alylic acetates, addition of a base
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(EtsN, 0.1-1 eq) played a key role in the success of the reaction when this was conduded in
CH3CN. A representative example of this behavior is geranyl acetate (entry 3j vs 3k). According
to the pogulated mechanism in Scheme 4.4, this basic additive may serve to: (a) drive the
tautomeric equilibrium towards the P(I11) form of the hypophophorus compound(36-37), (b)
promote the rearrangement of the phogphinyl-Pd-intermediate (39-40), and/or (c) accelerate the
formation of the active catalyst throughredudion of Pd(l1) back to Pd(0). Of greater interest, we
discovered tha when DMF was used as a solvent, there was no need to add an extra base, i.e.
geaanyl acetate did react successfully (entry 3i). However, with another diphaic alylic acetate,
we observed the formation of the H-phogphinic acid produd in low yield in DMF in the absence
of base (entry 4e€), and this result was significantly improved when adding a catalytic amount of
EtsN (0.1 eq) (entry 4f). A plaugble explandion for this behavior is the slow formation of
catalytic amounts of dimethylamine from DMF upon acid catalysis (H3PO,) and hegting (85; C).
Further optimization of this particular variant of the reaction is required in order to establish a
paticular set of conditions Asfor theallylic electrophies, we focused mainly on acetates, but a
few examples of carbondes and benzoates were al so screened and they did undego the reaction
in goodyields When usng benzodes, in situ esterification of the acid produds was required for
thar isolation (entries 7-9). It should be noted tha a goodindication of a ( -alyl intermediate is
denoted by theformation of a primary H-phoghinic acid in the case of the subdrate fromentry 6
dueto the attack of the phophomus nudeophie at the least hindeed postion in the »*-complex.
We also noticed that 2-subdituted allylic acetates bearing electron withdrawing subgituents did
not participate effectively in this trandormation. A representative case of this behavior is the
reaction of 2-methdlyl acetate (entry 12), which yields 63% of the produd, versus 2-
(acetyloxy)methyl-2-propenenitrile (entry 13), which produas only 5% of the H-phoghinic

acid. The latter substrate was prepared by acetylation of the parent alcohol, itself synthesized
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through a condensation of (O,O-diethylcyanomethyl)phogphonde (prepared by Arbuzov

174

reaction) 175

with formaldehyde followed by base-promoted elimination of the phogphonae.
Unfortunaely, seconday allylic acetates reacted very duggishly or notat al. Tha is the case of
trans1,3-diphenyl-2-propen-1-yl acetate (entry 14), which did not couple with EtsNHOP(O)H,
and produced a low yield of the corresponding H-phogphinic acid with HzPO, (20%), while 2-
cyclohexenyl acetate (entry 15) yielded only 20% of the produd with thetriethylamine salt, and
no produc with H3PO,. In addition, given theimpact of glycosdes as a result of ther interesting

phamacologica propaties,*™

the reactivity of a peracetylated glycal (entry 16) in our cross-
coupling reaction was investigated, but it followed the same trend as other seconday acetates
and it did not paticipae in the coupling. On the other hand, termind or subgituted propagyl
acetates furnished mixtures of several produds resulting from C-P bondformation.

We also demonstrated the effectiveness of onepot tandem cross-coupling-esterification
processes for the generation of H-phoghinae esters (Table 4.2). The reactionsconsst of anin
stu esterification of alylic H-phogphinic acids or of ther correspondng amine salts with
akoxyslanes,*® or usng pivaloyl chloride as an activating agent in presence of an alcohol™®* As
shown in table 4.2, a wide range of H-phoghinaes were obtained in modeaate to goodyields
after isolation by column chromatography over slica gd. Of paticular relevance, there is no

need for a solvent changefrom DMF or CH3CN to tolueng, nor an inarease in the esterification

temperature to prepare the ester produds in acceptable yieldswhen usng orthoslicates.***
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Table 4.2 Scope for the cross-coupling and cross-coupling! esterification with allylic
electrophiles®

Coupling Esterification
RS O RS (RO)4Si (1.4 -3 eq) O R®
Ol Pd,dbas/xantphos (0.2 - 2%) n_H 485 :C or n_H
11_H 1 24bd3 _ 1 iC o - 1
MO-PI  + R pZ X MO-P. N R - RO-P. X R
H CH3CN, reflux or DMF 85 iC PivCl (5-6 eq),
(1.5-3 eq) R? (1 eq) R2 ROH (7.5-9eq), rt R2
X = OAc, OC(O)OR
Isolated Esterification Isolated
Entry MOP(O)H, M=(eq) SuPstrate Product Solvent  Yield (RO),Si or Yield
(R=H) . (R=AIK)
ROH-PivCI
% %
la Et,NH (2.5) S~ H DMF 62
1b Et,NH (2.5) OAc /\J’\OR DMF BuOH 57
2a PhNH; (3) DMF >100°
2b PhNHS, (3) o CH,CN (BuO),Si 91
2c PhNH; (2) o~ oac o D H CH,CN (BuO),Si 74
2d Et,NH (3) AP DMF 86
2e H (1.5-3) CH,CN 100
2f H(2) CH,CN (BuO),Si 67
29 D(2) CH,CN 95
3a PhNH,(2-3) DMF >100°
3b PhNH,(2) CH,CN >100°
3c PhNH; (3) DMF BuOH 70
3d Et,NH (2.5) DMF BuOH 58
3e NH, (2.5) oA o DMF 85
3f  Et-Piperidinum (3)  H{> ¢ )R DMF 63
3g Et;NH (3) 2 H H DMF 100
3h Et;NH (2) Geranyl-OAc 2 DMF 81
3i H (3) DMF 99
3j H (3) CH,CN 0
3k H (3)° CH,CN 100¢ (BuO),Si 58
3l PhNH; (3) CH,CN (BuO),Si 75
4a Et,NH (3) DMF 100
4b PhNH; (3) OAc o CH.CN EtOH 66°
4c PhNH; (3) HIN _ 5-OR " cH,cN (BUO),Si 62
ad PhNHs, (3) 3 H H THF 100
4e H (3) Farnesyl-OAc 8 DMF 45¢
4f H (3)' DMF 89¢
5a PhNH; (2) OAc o DMF >100°
5b PhNH; (2) H = 'F',:H CHCN >100°
5¢ Et;NH (3) 1 \(\/ OR DMF 8g"
5d PhNH; (3) Prenyl-OAc CH;CN (BuO),Si 88
6a PhNH, (2) OAc o CH,CN 78"
6b PhNH, (2) /\( P DMF  >100
6c Et;NH (2.5) OR DMF 58"
Q Q H d :
7 Et,NH (3) ph X0l okt Ph\/\/']b:OR DMF 94 (BuO),Si 54
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o}
8 PhNH, (3) SN ? S~ poH DMF 86¢

OCOEt “OR
(e}
%a Et,NH (2.5) YVOBZ - DMF BUOH 60
9b PhNH; (3) \(\/ OR  CH,CN (BUO),Si 91
10a Et,NH (2.5) o _OAc 0 DMF 93
NN
10b Et,NH (2.5) b DMmF BuOH 68
NN .
10c PhNH, (3) OR " CH,CN (BuO),Si 45
1la Et,NH (2.5) Q. DMF 69
11b Et;NH (2.5) ~ A~ OAc P b: DMF BnOH 51
11c Et,;NH (2.5) SN T0R DMF BUOH 57
12a Et,NH (3) 0 DMF 63
12b Et,NH (3) )’\/OAC )\/'FL;H DMF (BuO),Si 48
12¢ PhNH, (3) OR DMF (BuO),Si 58
CN CN 9H
13 Et,;NH (2.5 - DMF 0-5
:NH (2.5) A _OoAc PR
Ph
14a Et,NH (2.5) Ph X Ph o) DMF 0
14b H WO;V Ph/\)\BZSR CH,CN 20
OAc
15a Et;NH (2.5) H DMF 10
15b H (2) PoRr CH.CN 0
(e}
AcO.__O bR
\ H
16 PhNH, (3) Aco‘j/\‘j O "0ac DMF 0
OAc OAc

2 See Experimental Section for details of the procedures.  Aniline remains as impurity. ¢ 1 eq Et;N were added. ¢ NMR vyield. ©
Isolated as the allylic-H-phosphinic acid with the reduced double bonds at the positions 6 and 10. ' 0.1 eq Et;N were added. 9 16%
of farnesyl acetate remained as impurity. " 82-92% purity according to >*P NMR spectra.' 3 eq Et;N were added.

Furthermore, in the cross-coupling of D3PO, with cinnamyl acetate, no incorporation of
deuterium alongthe doubke bondwas ob<erved, which confirms, aongwith our GC studies, that
the reaction occurs via a direct-coupling pathway. In view of these results, our rationde for the
mechanism of this reaction is illusrated in Scheme 4.4.1%* Allylic acetate 35 reacts with Pd(0)
species, which are genegated in situ by redudion of the Pd(Il) to Pd(0), affording the (-
alylpdladium intermediate 38. Intermolecular nucleophilic subditution of the P(111) form of the

hypophoghorouscompound37 takes place at the (-alyl system to give intermediate 39, which
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undegoes rearrangement yielding intermediate 40 that redudively eliminaes Pd(0) to produce
theallylic-H-phoghinic acid 41

Scheme 4.4 Podulated mechanism for the cross-couping of alylic electrophies with
hypophoghomusacid derivatives

QH ' _OH!

RO-P. == RO-P_, |

36 gt

Allylic acetate P(V) 37 P(IlN)

Rs Rs Rs
Ry~ R Ry~
N e R Cone

R,  OAc / Ra Pd(11) Rz Pd

35 38 ¢ RO—P-0O-H

OAc ®|U
39 4
PA(O)L,,

% 9on v
R~ P\H R1\%\ 40
R, 41 Rz Pd

Allylic H-phosphinic acid RO_E:O

At the same time, some efforts were devoted towardsthe design of a one step preparation
of dlylic-H-phophinae esters with aryl and akenyl hdides as previoudy described (Chapter
3).%2% The results collected in Table 4.3 show tha in some cases the onepot transformation
worked, paticularly when adding HCO,NH, (1 eq). However, there is a marked tendency for the
formation of significant amount of produds bearing a reduced doubk bond, which makes the
isolation of the pure alylic H-phoghinates problematic. Furthermore, the esterification was not
complete, which reduced the yields consderably. The reactivity of benzyl acetate was also
examined, but we did not detect C-P bond formation. In addition, we andyzed the effect of
various additives on the outcome of the reaction, but we did nat improve our previous results.
Findly, we tried the reaction on preformed alkyl phophinaes (prepared with alkoxysilanes),*®
but we oberved the same tendency for theformation of reduced produds, and there is also abig

difference whether thealkyl phogphinaes are prepared from AHP or from H3PO; (Table 4.4).
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Table 4.3 Scope for the direct onepot cross-coupling of akyl phoghinaes with alylic

electrophiles®
\ (RO),Si (2.1 eq) , ,
9 H ; R Pd,dbags/xantphos (2 mol%) Q/H R Q/H R
PhNHgO0-P{  + RL__X — RO-P. R'+ RO-P R?
H Additive (1 eq) N
AHP R? (1eq) CH3CN or THF or Toluene (reflux) A R? B R?
3e .
(3 eq) X =0Ac, OC(O)OR Main Product
(RO),Si 3P NMR
Entry AHP Substrate Solvent Additive Product or Result (%) Isolated
(eq) Main Product Yield, %
R= (eq) A B
la Toluene - 9 OR 48 9
~ OAc Pl
1b (3 Bu(21) H Toluene HCO,NH, HINA H 80 0 52
1c 2 CH.CN HCO,NH, 2 89 11
2a CH.CN HCO,NH, 78 7
2b THF HCO,NH, 0 32 2
3 Bu (2.1 Ph™ " X"0op LH
2c @) (2.2) ° CHCN  zn powder PhaAPlor 89 11
2d CH,CN Et,N 50 0
3a & Buey 2 Toluene HCO,NH, oy 52 0
u . 1 u -
3b Ph/\/\OCOEt _ Ph\/\/P\OR 81 0 68
4a HCO,NH o 67 0
3 Bu (2.1 X Toluene 2 i-H
4b @) (1) OAe ; A ~Por 58 0 32
o)
OBz HCO,NH, n_H 97 3 61
5 ) Bu (2.1) = Toluene P3
Y\/ ) Y\/ OR 93 7 54b
o)
HCO,NH I
6 ©) Bu (2.1) @OAC Toluene 2 0 0

2 See Experimental Section for details of the procedures.

7% of reduced product B.

Table 4.4 Scopefor the cross-coupling of alkyl phogphinaes with alylic acetates and carbonaes

R3
O
n_H 1 Pd,dbag/xantphos (2%
ro-b R x zdbagantphos (25 RuRoyy
H 2 (1eq) Additive (1-3 eq)
(3eq) CH3CN or Toluene (reflux)
R=Et,Bu  X=0Ac, OC(O)OR
3P NMR
ROP(O)H, - Product or o Isolated
Entry (€q) Substrate Solvent Additive Main Product R:sult (AB) Yield, %
la Toluene - o 91 9 43°
1b Bu (3)* OAc Toluene ~ HCO,NH, (1) B-OR 87 11
H = H = “H
1c > CH,CN - A 78 22 42°
1d Bu (3)° CH.CN - 36 17
2a Bu (3) HCO,NH, (1) 72 10
2b “ Et,N (3) " 48
PR "0A CH,CN b-
2¢ Et (3)° ¢ : PLNEt (1) PhA~Por 13
2d NaOP(O)H, (1) 78 22
(0]
a 9 iI_H

3 Et (3) S olort CH,CN  HCO,NH, (1) \/\P\OR 0 78 45

2 Prepared from AHP and (BuO),Si. °

Contains 7-15% of reduced product B. ¢ Prepared from H;PO, and Me,Si(OEt), (Ref. 18).
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As noted in Chapter One (Section 1.3.7), the oxiddive esterification of H-phophinaes

unde Atherton conditions leads to phogphorates.*

We have demondrated its application in
tandem processes with H-phophinaes (Chapter 2).* Employing a similar approach we
prepared, as a proof of conaept, an alylic phasphonde (Eq. 4.4). In this paticular case the
produd from cross-coupling followed by redudion was obtained. Thereason for this behavior is
somewha undear, as we did not obsrve the same behavior when the esterification was
conduded with alkoxydlanes (Table 4.2, entry 4b vs 4¢). Consdering the well-established and
efficient methodobgies to prepare this class of compoundsby C-P bondformation usang alylic
hdides via the Arbuzov reaction with trialkylphosphites,'”” or through deprotonaion-akylation

178

of diakyl phoghites,”™ the present method is not very useful syntheicaly, however, it
demondrates the potentia of H-phoghinaes as precursors of othe organophoghomus

compounds

i) Pdodbas, xantphos (0.5 %)

o
n_H OA CH3CN (reflux) Wo
PhNH;0-P_ ' + H{NF ¢ SO (g2
H P

3 i) PivCl (5 eq), EtOH (7.5 eq) OEt
(2.5eq) Farnesyl-OAc i) CCl, (33 eq), EtOH (55 eq), 52% isolated yield
(1 eq) EtzN (11 eq)

We tried to prepare a biologically active H-aminophoghinic acid CGP 36742 (Scheme

45), which is a GABA-B antagonist tha is currently undegoing Phase Il clinica trials!™

However, we did not pursuethis project as theyidds of the intermediates were low compared to

theyieldsreported in theliterature for the synthesis of thetarget produd. Froest! et al.*

reported
the synthesis of CGP 36742 with 52% overall yield from the CibaGeigy reagent ethyl-
(diethoxymethyl)-phogphinate (7a, from Chapterl), while more recently the Montchamp group

obtained a45%yield starting from the commercially available sodium hypophoghite salt.**
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Scheme 4.5 Efforts towardsthe synthesis of a GABA-B antagonist

o PivCl (5 eq)
/\/\OAC + ELNHO (IF?”H Pdydbag, xantphos (0.5%) | X ~!_H BnOH (7.5 eq)
E “H DMF (85°C) “OHNEt, DMF (rt)
(1eq) (2.5 eq) 'in situ’

51% isolated yield

0 BSA (1 eq) O 0
NNEH 4 gy BSALD Dy m B
CH2C|2(rt) \OBn —~ 3
42 43 o
(1.2 eq)
(1.2 eq) 50% isolated yield CGP 36742

Overall yield = 25%
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Chapter Five: Pd-catalyzed dehydrative allylation of hypophogphorous add with allylic

alcohols
5.1 Introduction

Given the impact of metal-catalyzed alylation reactionsin organic synthesis thanks to
thar broad applicability and effectiveness, and consdeing the significant advances in

168 it has become crudal to introduce the

developing the asymmetric potentia in these reactions
GBGreen ChemistryOfactor™ into these transformations Activated esters or hdides, which are
prepared form the corresponding alylic alcohols, have geneally been used as substrates unde
basic condiionsas a result of the poorreactivity of ther alcohol precursors towards allylic C-O
bond cleavage by metal catalysts.®® Guided by the progpect of maximizing efficiency,
pdladium-catalytic alylic subditutionstha use a basic feeddock, alylic alcohols, have started
to emerge as viable processes for C-O, C-C, C-N, and C-S bond formation***"® Though
attractive, this type of allylic subditution is ow, and often requires the addition of catalytic or
stoichiometric amount of certain promoters such as PPhs-DEAD,® As,03' B,0;,'®
BF3'Et20,184 BEt3,185'169b'169i Etzzn,lﬁgb Mgmdpyr’l@g BPh3,186 SnC|2,187 TI(OI Pf)4,188'169h
CO,,™® and RCO,H, ™ which activate and/or transform the hydroxyl groupinto a better leaving
group. A more convenient, but highly challenging approach would be the direct reaction of

alylic acohols in the absence of addtives, since water is the only byprodud (Eqg. 5.1). This

process would conditute a truly ideal reaction for forming carboncarbon and carbon

heteroadoms bonds
R R
3 NuH 3
Rl\%><OH le'\‘u +  H,0 (Eq. 5.1)
R4 Rs Pd catalyst R4 Rs
R2 R2

As of today, jug a few examples of these atom-econonica and environmentally benign
reactions have been reported with nitrogen, carbon and oxygen nucleophies,*™ however, there

are no precedents for this trandormation with phosphomus nudeophies. Moreover, as mentioned
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in the previous chgpter of this dissertation, the lack of systematic efforts towards the
development of C-P bondforming methodsvia metal-catalyzed allylic subditution reactionsis
surprising®'™* Recently, Montchamp has demondrated tha hypophoghomous compounds
(ROP(O)H,) can paticipae effectively in metal-catalyzed reactions involving C-P bond
formation, and tha the competitive trander hydrogenaion (see Scheme 1.10, Chapter |) can be
subgantially minimized or even suppressed with an adequae catalytic system.'”>? The chdlenge
to overcome the redudive pahway in pdladium-catalyzed alylation reactions was initially
addressed by developing cross-coupling reactions between alylic hdides, acetates, benzoaes
and carbonaes with amine salts and esters of hypophoghomusacid (Chapter Four).*%* Even
thoughthe cross-coupling with activated allylic electrophiles was successful, it was still highly
desirable to achieve this process directly with alylic acohols. Consdering the andogy between
dlylic acetate 44 and alylic phogphinae 47/48, we envisoneal the possbility to develop a
catalytic dehydrative alylation process (Scheme 5.1). Since the pK, of HiPO, (1.3) is
significantly lower than the pK, of HOAc (4.76), a phogphinae must be better leaving group
than an acetate and should potentially be capable of oxidaively adding Pd into the C-O bond
upon coordinaion of the metal with the free electron par from the phoghomus atom in 49
produdng a common intermediate 50, which after redudive eliminaion generates an alylic-H-
phogphinic acid 51. This process would be direct if Fischer-like esterification generates the allyl
phoghinaein situ.

Gratifyingly, our hypothesis turned out to be correct and we developad a highly regio-
and E-selective pdladium-catalyzed dehydrative alylation of hypophoghorous acid (H3PO,)
with alylic alcoholsin the absence of anyaddtives, which was published as a communicationin
2006(Eq. 1.28).°° More recently, we were invited to subit a preparative synthesis of cinnamy!-

H-phogphinic acid (27 g) to Organic Syntheses (Eq. 5.2).*%°
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Scheme 5.1 Andogy alylic acetate versusallylic phogphinae

I_H OH
HO-P{ == HO-R:
Acetate P(V) P(I) H
H
O‘) ’_\
OAc Pd(O)L, R Pd R Pd ZhH Soac
N (IN—OAc 1

\R3

|I _OH
Rl Pd P\ \%><
Phosphinate
\%><O Ilzl’\H \%><O P\ Pd(o)l-n 9O R ﬁ/><(— OR/ 50 *Pd(O)L
R4

HZO\\ o R3
DH oL Rl\%kOH

HsPO, 0
Ph._~_ OH 0.2 mol% Pd(OAc),/xantphos ph\/\/P\OH + H0 (Eq. 5.2)
DMF, 85 °C

After our initial report, we have further investigaed the scope and mechanism of the
reaction and we employed this approach in the preparation of alylic-H-phogphinae esters via
tandam processes and in the synthesis of phogphaousheaerocycles. In the following sectionsof

this chgpter we will andyze the overall results and applicationsof this uniquealylic subgitution.

5.2 Results and discussion

Our initial approach to this project congsted of testing the hypothesized Pd-catalyzed
rearrangement of preformed allylic phogphinaes (Table 5.1). Various methodsto prepare these
compoundswere investigated. Althougha Dean-Stark esterification did not provide the expected
produds, our transesterification with phenyl phosphinae (itself prepared by the alkoxydlane
method)"** as well as our pivaloyl chloride methodobgy*!’ furnished the expected
compounds (entries 2a vs 2b & 2d), which upon addition of Pd-catalysts did undego the

rearrangement to allylic-H-phoghinic acids in modeaate to good yields The solvent of the
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reaction appeared to be critical and DMF was required for the success of the reaction, while
Pd,dba and xantphosshowed the best catalyst performance. This provided the prodf of conoept
expeiment for subequent investigaions

Table 5.1 Palladium-catalyzed rearrangament of alylic phogphinates

0]
n_H Pd,dbas/xantphos R
Rs MO-P fla D H “ -23mol%p) 3 Q oH
Ry OH H Ry 0-PZ Ry P
= . . = H 0 H
RR4 Rs  PivCl/Pyr or (PhO),Si RR4 Rs DMF, rt or 85 °C RR4 Rs
2
2 M = PhNHg, H 2
NMR
. Method to prepare . .
Allylic alcohol AllylOP(O)H, Cat, Temp, Additive yield, %
Entry (eq) AllylOP(O)H, Solvent % ppm (%) % °C (eq) (Isolated
yield, %)
la N on (Ph0),Si (1), H;PO, DMF 16.9 (91) 1 85 H,PO, (1) 2
1b @ (1), 85iC DMF 16.9 (91) 1 85 - 11
1c - : \ DMF 16.9 (100) 2 85 - 0
A~_OrSi
1d - - 4 ), DMF 16.9 (100) 2 85 H;PO, (2) 54
HsPO, (1), 85iC ELN (1)
1le - DMF 16.9 (100) 2 85 Et;N (0.25) 522
2a P N""oH(1s)  HiPO, (D), reflux h;):rﬁﬁ ©) ; ] ] ]
2b HyPO, (1), (PhO),Si 1 85 - 67
Ph™ " 0H SAN @ DMF 14.3 (76
2c @ (1), 85iC (76) 1 85orrt  HPO,(1) 100 (60)*
AHP (1), PivCl (1.1),
2d Ph™ " 0H (1 5) P(yr)(l.25), ft ) DMF 17.2 (100) 1 85 H,PO,(1) 98
OH :
HNF H3PO, (1), (PhO),Si ) .
3a ﬁ/\i \ 2 asic DME 15.1 (83) 2 85 78 (57)
3b MOH H.PO i 85 - 792
H = 3P0, (1), (PhO),Si
DMF 15.1 (77 2
3¢ 2 (2 (1), 85iC 0 rt - 78
HsPO, (1), (PhO),Si
4 P N"""0H (3) 3 (22()’)8& o )aSi DMF 15.9 (94) 1 85 - 56 (30)°
<:> AHP (1), PivCl (1.1),
OH
° (L5) Pyr (1.25), 1t DMF 14.2 (55) 1 85 HaPO, (1) 0
Phy\vph AHP/PIVCI/Pyr, 1t or
6 OH H3PO,/(PhO),Si, DMF (0) - - - -
(15 -2) 85iC
— | H3PO, (1), (PhO),Si ] ] ]
7 Ho_/_\_o?i (1), 85iC DMF ©
AHP (1), PivCl (1.1),
(15-2) Pyr (1.25). 1t 16.6 (53) 1 85 H,PO, (1) 0

1 See Experimental Section for details of the procedures. > NMR yields correspond to a mixture of allylic-H-phosphinic acids plus the
corresponding phenyl esters, which get hydrolyzed to the acid upon acidic workup. * Dean-Stark esterification. * Isolated as the butyl
esters after esterification with (BuO),Si in toluene. ° Isolated as the trans-hexen-2-yl (trans-hexen-2-yl) phosphinate ester.

As shown in entry 2, the use of an acid additive improves the yields of produds.
Remarkably, we foundthat the rearrangament occurs even at room temperature (entry 3c). Of
course, no rearrangament takes place in the absence of catalyst. This finding, along with the fact
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tha the rearrangement of alylic phoghinaes from primary acohols provides exclusvely
primary H-phoghinic acids excludes the known thema [2,3] sigmatropic rearranganent
pahway.”™ Convesdy, with alyl phophinae, prepaed from the commercialy available
tetraallylorthoslicate,®® or via transesterification with phenyl phogphinae’ only modeate
yields of rearranged produds can be obtaned when adding EtsN (entries 1c vs 1d-e).
Unfortunaely, nathe alylic phoghinaes from seconday alcohols (entries 5-6), nor a
symmetrical TBDMS (tert-butyldimethylsilyl) mono-protected allylic diol (entry 7) participaed
in thereaction unde any of the conditionsinvestigaied. Surprisingly, we were unable to prepare
the phogphinae ester from trans1,3-diphenyl-2-propen-1-ol (entry 6), which might be due to
steric hindrance and/or to an increased sengtivity towards hydrolysis at the benzylic postion.
Subsequently, we focused on the development of a direct alylic substitution reaction of
hypophoghomusacid with allylic alcohols. The rationde was the possible in situ formation of a
small conaentration of alylic phogphinae, which could be rearranged and drive the equilibrium
forward. During our initial studies regading the Pd-catalyzed rearrangament of alylic
phophinaes, we found tha Pd.dba/xantphos provided the best results, with N,N-
dimethylformamide (DMF) (85; C) as solvent.®® Thisimportant precedent led usto first examine
the reactivity of cinnamyl acohol with H3PO, unde different experimental conditions usng
variousPd sources, with xantphosas ligand in order to optimize and ssmplify the process, and to
find out some of its limitations(Table 5.2). Indeed, the use of quite low catalyst loading (as low
as 0.05 mol%, entry 4), conssting of Pd (Pd.dba, Pd(OAc), or PdCl,) with xantphosas aligand
gave satisfactory results, and DMF proved to be determinant for a successful alylation reaction
(entry 2). In addition, we found tha the reaction proceeds in goodyield even with equimolar
amount of H3PO, and cinnamyl acohol (entry 2d), and remarkably, the reaction works even at

room temperature (entry 3c) and is highly water and air tolerant (entries 3 & 4). It should be
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noted tha aliphdic allylic alcohols did not react at roomtemperature. Generally, we used 0.2 M
solutionsof dry DMF (over 4« molecular sieves),®® but we foundthat the reaction still worked
well when peformed with reagent grade DMF (entry 4), even when usng the commercial 50
wt%. agqueous H3PO, and unde very concentrated conditions (4 M) (entry 5). However, in
expeaiments condutced unde an air atmopheae, an excess of H3PO, appeared to increase
subdantially theyields (entry 3), presumably because H3PO; generated from oxidaion of H3zPO,,
acts as an antioxidant and prevents the convasion of the produd into the corresponding
phoghonic acid. Cinnanyl H-phogphinic acid was isolated in good purity (>95%) by a simple
acidic workup, and treatment with activated charcod was very effective to remove traces of
pdladium. We also scaled up thereaction to 27 g maintaining a high yield of produd cinnamyl-
H-phoghinic acid (92%) (entry 9). This process is completely reprodudble and proceeds with
0.2 mol% of catalyst (67 mg of Pd), which makes this synthesis a highly cog-effective approach
to this class of compounds'®® Moreover, 1 mol% of a polymer-suppoted ligand (0.18 mmol/g
polystyrene-suppoted nixantphog®® aso catalyzed the dehydrative alylation reaction and
allowed the recovery and reuse of the ligand in severa additiond runswithoutthe need to use
additiond Pd (entry 10). After five subsequent runs the combined yield of 92% was achieved.
The course of the alylic subditution was monitored by gas chromatography (allylic
acohol disappearance) and *'P NMR (produd formation), where we observed tha the reaction
reached completion in less than 2 hours a 85;C or a room temperature, while no signs of
redudive isomerization produds ($-methylstyrene or alylbenzene, Scheme 4.2) were detected,
even after long periods of hedating (14 h). Consstent with this result, an isotopic labeling
experiment with D3PO, and cinnamyl alcohol did not show any deuterium incorporation aong

theallylic fragment (entry 11).
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Table 5.2 Optimization of the Pd-catalyzed allylation of HsPO, with cinnamyl alcohot*

o] o]
i H Pd catal [, OH
HO-P_  + Ph_~~_ OH catalyst _
H

Solvent, Temperature

(1-3eq) (1 eq) Air or N,
Catalyst
H,PO, Solvent - . NMR yield, %
Entry aq. or Pd/ Ligand (dry or reagent C{c:\;ll]c. Ad(:m)ve ol;“l\rl T(e: r(n:;) ’ (isolated
conc. (eq) grade, RG) q 2 ! yield, %)
(mol% Pd)
1 conc. (3) Pd,dbas/xantphos (2) DMF (dry) 0.17 Et;N (1) N, 85 100 (100)?
2a Pd,dbas/xantphos (2) 0.17
conc. (3) 100 (100)
2b (0.5) 0.17
DMF (dry) 85
2c conc. (2) 05) 0.17 - N, 100 (98)
2d conc. (1) ' 0.2 97 (95)
2e conc. (2) (0.5) CH;CN (RG) 0.2 82 0
3a aq (1) g5 72
3b aqg. (2) Pd,dbas/xantphos (0.5) DMF (RG) 0.2 - air 100 (100)
3c ag. (2) rt 100 (100)
4a conc. (1.5) DMF (RG) air 85 85 (83)
Pd,dbas/xantphos (0.5) 0.2 -
4b conc. (1.5) DMF (dry) air 85 83 (83)
5 aq (2) Pd,dbas/xantphos (0.5) DMF (RG) 4 - air 85 100 (74)
6a Pd,dbas/xantphos (0.2) 100
6b 0.1) 100
conc (2) DMF (dry) 2 - N, 85
6c (0.05) 100 (99)
6d (0.04) 20
7a Pd,dba; (0.5)
conc (2) DMF (dry) 0.2 - N, 85 0
7b No catalyst
8a conc. (1.5) Pd(OAc),/xantphos (0.5) DMF (dry) 0.2 - N, 85 100 (96)
8b conc. (1.5) PdCl,/xantphos (0.5) DMF (dry) 0.2 - N, 85 98 (90)
8c conc. (1.5) 5%Pd-C/xantphos (1) DMF (dry) 0.2 - N, 85 208
ad conc. (1.5) Pd,dba,/dppf (0.5) DMF (dry) 0.2 - N, 85 0
8e conc. (1.5) Pd(OAc),/dppf (1) DMF (dry) 0.2 - N, 85 0
9 conc. (2) Pd,dbas/xantphos (0.2) DMF (RG) 0.5 - N, 85 100 (92)*
100
Pd,dba,/polymer- 100
10 conc. (2) supported nixantphos DMF (dry) 0.2 - N, 85 98 (92)°
) 95
90
11 D,;PO;, (2) Pd,dba,/xantphos (0.5) DMF (dry) 0.5 - N, 85 100 (100)°

1 See Experimental Section for details of the procedures. ? The isolated product contains traces of Et;N. * A mixture of two
unidentified products was obtained. * The experiment was done in a 27 g scale and the yield was reproducible. The product was
fully characterized and the high purity of the product was confirmed by elemental analysis and HPLC. ® Collected isolated yield of 5
runs. & Cinnamyl-H-phosphinic acid was isolated, with no incorporation of deuterium along the allylic moiety. This supports the
proposed mehanism.
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The Pd-catalyzed allylation reaction was successfully extended to other alylic acohols
possessing different subditution paterns and various fundiondities.®® We peformed a very
extengve study and theresults are summarized in Table 5.3. Thereactionswere nomally carried
outin dry DMF at 85jC unde N, and usng 0.5 mol% of Pd,dba/2xantphos In mog cases,
primary H-phogphinic acids were isolated in modeate to good yields after extractive workup,
and they could also be esterified in situ with alkoxydlanes to the corresponding phoghinae
esters, which were purified by standad chromatographic techniques using silicagd as stationay
phase. Since substrates that possess atermind double bondand seconday or tertiary alcoholsin
the allylic postion undego rearrangament to form a primary C-P bond, the reaction mug
proceed via ( -allylpdladium intermediates (entries 21-28). Interestingly, in the case of a mixture
of () and meso isomers of 1,5-hexadiene-3,4-diol (entry 28), the produd from mono-allylation
dehydration was obtained cleanly ingead of the symmetrical 1,5-bis-H-phoghinate. When usang
low molecular weight alylic alcohols (3-4 carbors), an in situ esterification with alkoxydlanes
to the correspondng H-phoghinae esters improves the yield significantly since extractive
isolation of the acid is indficient (entries 4 and 12). The reaction is highly E-selective (i.e.
entries 2 & 3 and 4), and the Z- or E- starting materials furnish amog exclusvely the E-isomers
of the alylic-H-phophinic acid produds. As can be seen in entry 8, the presence of an ester
fundiondity in the 3- postion of theallylic alcohd led directly to the saturated produd, whereas
the allylation failed when the ester was replaced by a bromine subgituent (entry 13). On the
other hand, some seconday allylic alcohols react successfully in this reaction (entries 31, 32 and
35), dthoughthey require more concentrated conditionsand dightly highea catalyst loading (2
mol%). Of paticular relevance is the reaction of 3-penten-2-ol (entry 35), which opens up the
possibility to develop an asymmetric version of this trandormation since a chiral carbon is

formed. We also observed tha 2-subdituted allylic acohols (entry 17) did not undego the
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alylation reaction, either when bearing electron donaing or electron withdrawing subdituents. A
different behavior was evidenced in the alylic acetate coupling work (Chapter Four), where
electron-rich, 2-subdgituted alylic acetates (i.e. methdlyl acetate) did participae in the reaction.
The reactivity of some Baylis-Hillman adduds'®? was also investigated (entry 18), but no C-P
bond formation was detected. Furthermore, in andogous expeiments phenols and benzylic
alcohols (entries 37 and 38) did not provide H-phogphinic acids while GC-monitoring of the
course of the reaction did not detect the formation of the corresponding trander hydrogendion
produds, indicating the lack of oxidaive addition. Additiondly, various propagyl acohols
(entries 39-41) undewent C-P bond forming reactions however no selectivity towards alylic
subditution was achieved. A widerangeof different produds was usudly formed, some of them
could be a result of a[2,3] sigmatropic rearrangement.** Findly acrolein (entry 42) produced a
mixture of alylic-H-phoghinae and 1,3-bis-alylic-H-phoghinae. Allylic H-phoghinic acids
have been prepaed previoudy from the reaction of an adlylic hdide with
bis(trimethysloxy)phogphine (TMS0),PH.3* However, this method requires wasteful silylation
and a hdide-containing electrophiles; in addition, it is difficult to minimize the formation of
symmetrically disubdituted produds.*® Another synthetic approach to allylic-H-phophinae

55,57

esters is a base-promoted direct alkylation of akyl phoghinaes, or a Michaelis-Becker

d

reaction of masked hypophoghomus synthons®® which requires additiond protection and

deprotection steps, limiting as well thenumber of compatible fundiondized compounds
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Table 5.3 Scopeof the Pd-catalyzed dehydrative alylation of HsPO,"

o, Rs 0.5 mol% Rs Oon 1(EUO)4Si Rs O opy
P -2 4 . - P
o 4 R X Pd,dbag/xantphos P, (175-3eq g %<P:H
H AR R DMF, 85 °C LR "Rs  DMF,85°C LR R
(1-5eq) (1eq) 2-8h 2 10-16h 2
X=0OH,C(O)H
Entr H,;PO, Alcohol Product or Yield, %” Yield, %°
v (eq) Outcome of the reaction (R=H) (R=Bu)
1a 1 95 -
1b 2 1) 100* -
1c 2 Ph ~_OH Ph II:‘,,H 1005 _
1d 25 ~F T 0R - 79
1le 3 - 08
2a 1 62
Pr. =~ OH
2b 25 e - 68
P b
N ~
3a 1 _ N COR 9 )
3b 25 ol \_on - 69
3c 3 - 08
4a 2 Me,,__~_ OH 2 H 50 y
4b 25 = Me _~_-Flor . 88
? H
5a 1 n=1 L 52 -
5b 25 Y\/ OR - 52
2 H
6a 1 _ P 100 -
n 2
7a 1 2 H 86 ;
7b 2 n=3 HMP\OR 94 -
7c 2.5 3 - 72
8a 2 EtO,C OH 2 H 68°7 -
8b o5 PN Et0,C~ P - 77
9%a 2.5 oH 1007® -
%b BnO~ NF 0., - 67
I
Bno” A" 0R
10 25 sno—" \_on 1007° -
_/:\_ TBDMSO ™ 9 H 7
1 25 TBDMSO OoH R 0 -
OH 9 OR 7,6,10 10
P - 1007 43
12 3 7 AP
O H
13 25 Br/\/\OH Br/\/\P<OR o’ -
Q
14 25 R0 AN pH o’ -
OR
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15a 1 Q H 68 -
15b 25 Ph__~ OH Ph__—~ P\OR _ 57
16b 25 _ - 58
OH ro PO
H
" s X X0 L fm % :
OH = 3¢ -
17¢ A X =CN OR o’ -
18 s X = 4-_CICGH4 o i
CO,Y Y =Et Yo O .
X _a X
19 25 ﬁ'_i_gﬁr 107 .
9 H 7,9
20 3 JJ\/ \)L/ S 29" .
HO OH HO “OR
21 2 X =CH, 78 -
X X o
X N n_H
22a 2 oH NCO,Et PSor 73 -
22b 25 - 61
23a 1 _ 82 -
23b 25 X=H - 68
24a 1 o 9312 -
24b 25 XX X = prenyl XJ\FB:H 100* -
24c 2.5 OH OR - 5012
25a 1 X = geranyl 9812 -
25b 25 = gerany - 90%
26a 2 _ 92 -
26b 25 X=Et ; 53
% A X/\/\('P)‘:H
OH OR
27a 2 _ 96 -
27b 25 X=4-FCeH, - 59
OH o
28 3 7 7 NN pH 08 -
OH OR
29 25 P Mixture of addition/allylation 1007 }
= products
30 3 = X Mixture of various unidentified } }
OH products
X X
31 3 X X=H X 5371 45%
Ay x
32 3 OH X =Me R O'P\;O 521 -
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OH
33 2 éf _Mlxture Mixture of addition/allylation 807 }
y isomers products

A

34 3 \@\KBU \Q\(B“ 77t -

= _H
11,13
35 3 ‘“/\( \G/P\OR 80 .
h

OH
OH
Ph___Ph ? H
36 3 b Ph A~ P 1574 -
OH \/\( OR
OH

37 2 “~OR 0 -

o
38 Hom %_@g@ o’ ]
OR

39 2 X=H - -
X Not selective
40 2 \— CH,OH X = CH,NEt, Mixtures of various unidentified - -
products*
41 2 X =Pr - -
42 5 /j pro w3 x b 56
Z>"S0R RO" > NTV0R i
= H 76% 24%

1 See Experimental Section for details of the procedures. Unless otherwise noted, reactions were conducted in dry DMF (0.2M) at
85;C, with 0.5 mol% of Pd/xantphos. 2 Isolated pure (>95%) after extractive workup, unless otherwise noted. ® Purified by
chromatography on silica gel. * Reaction was conducted in air, 50 wt.% aq. H;PO,, reagent grade DMF, 85;C. ® Reaction was
conducted in air, 50 wt% aq. H;PO,, reagent grade DMF at rt. ® Product is very polar and goes into the aqueous layer during workup.
" NMR yield. 8 Product gets oxidized into the phosphonic acid during the workup. ° Allylic-H-phosphinic acid is the major compound,
but there is another byproduct. *° 2 mol% Pd/xantphos. ** [2 M] DMF, 2 mol% Pd/xantphos. *? 1:1 mixture of isomers. ** Contains
10% of the product with the reduced double bond. ** Reactions were run at 85;C and at rt; substrates from entries 37 & 39 furnished
mixtures of products at both temperatures, while substrate from entry 38 did not react at rt and reacted with no selectivity at 85;C.

As aresult of our previousobservationsand corroborating our hypothesis (Scheme 5.1),
we have proposd a plausible catalytic cycle for this transformation (Scheme 5.2).%° Guided by
the fact tha an dlylic phogphinae can form through a Fischer-like esterification of HzPO, with
an alylic alcohol (47), and consdeing tha hypophoghomuscompoundsexist in a tautomeric
equilibrium between the P(V) and P(111) forms dueto the presence of a phogphinylidene moiety
(P(O)H), compound 48 can be geneaated. Coordinaion of a Pd(0) species to the three
coordinated phophomusatom and to the alkenein 48 might favor the oxidaive addition of Pd(0),
which results in theformation of species such as 52 and 53, which in turn undego rearrangement

(53-50) followed by redudive eliminaion (50-51), furnishing the C-P bondformation produd.
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Scheme 5.2 Pogdulated catalytic mechanism for the Pd-catalyzed alylation of H3PO, with alylic
alcohols

o T QH
i, H Ry~ O-F,
HO—P\H RO <R, H
H Rz “ 47
I -allyl-Pd
fa ..OH Ra " oW ’
Ry~ OH . _b R, _— O-P_  Oxidative R3
R, R TPy Tho R~k H Addition g Ry
4 - A
R i i R2 448 ) \\_/lﬁ}% 52
Rz’ \.P.,OH
Rs O on Pd(0)L, “ H
Ry~ P<
R R Reductive
R, * 5 Elimination

3R,
Rye
RZ:/
(o) s
Rs m.,OH Ry O oH Pd Pon
H

In order to accomplish the direct preparation of alylic H-phoghinae esters through
pdladium catalysis, we looked briefly into the reactivity of akyl phogphinaes with alylic
alcohols in the absence of base, but we did not obtain very promising results and redudion
produds were often detected (Table 5.4, entries 2-5). This is not surprising according to owr
pogsulated mechanism because we suggest tha the initial step is Fischer esterification of H3PO,
with the acohol. In the case of the one pot-process, it appears tha the compditive redudive
pahway occurs faster than the esterification (entry 1). With preformed alkyl phoghinaes
(entries 2-5), dightly better yields of produds were achieved, which is unexpected and might
imply tha kinetic control is govening the process by transesterification of butyl phogphinae
with the electron-deficient alylic acohol. However, this is nat very probable and a different
mechanism could be taking place. As for the phosphomus nudeophile, anilinium hypophoghite
(entry 6) did participae in the reaction; but the highly insoluble sodium hypophaephite (entry 7)

did not react unde any of the conditions investigated (Table 5.4). Phogphomus acid (HzPOs)
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(entry 8) and its esters [(RO),P(O)H] (entry 9) were also screened but no C-P bondformation
was observed which further suppots the importance of the equilibrium congant in the P(V) to
P(I11) tautomeric equilibrium (Table 5.4). For H3POs, the three-coordinae form P(OH)s has
proved to be themodynanicaly ungable (K#1x10"*° in aqueous solution),** which has been

1% No reported values for the exact equilibrium

corroborated by quantum-chemical calculations
condant of H3PO, exist in the literature. However, Montchamp has peformed a series of
theoretical calculationswith a wide rangeof hypghoghomnusand phogphomnuscompoundsthat
provide goodevidence tha the P(111) form in H3PO; is consderably more stable than in the case

of H3|:)C)3.196

Table 5.4 Reactivity of various hypophogphorous and phoghomus compoundsin the Pd-
catalyzed allylation*

________________ R 0.5 - 2 mol% Rs O R; O
r H (0] 3 : ° 3 oM 3 OM
| M= ﬁ&( |_P|hNH3| ! MO—H'R . R1%<OH Pd,dbag/xantphos R‘%XB:R R1\R><E:R
' ’ ! N\ i
| R=H, OH, OAl | H Ryt P Additive (eq) r4  Rs rRA4 Rs
ool ' (1.5 -3 eq) (1 eq) DMF, 85 °C or CH3CN, reflux 2 2
Product Byproduct
A B
Phosphorus . Additive/ *'P NMR Isolated
Entry Compound Allylic Solvent ~ catalyst Reagent Product or Result (%) Yield,
(eq) alcohol (mol%) (eq) Main Product A B %
H,PO BuO),Si 9
1 3(2) 2 Ph X0y DMF 05 ( (2))4 Ph\/\/B:gBu 19 0 -
o)
2 BUOP(O)H, (22 ph "o DMF 0.5 - phWB;H 73 0 60
OBu
3a DMF 0.5 - o 43 0 R
3b OH CH.CN 0.5 - - 70 25 -
BUOP(O)H, (22 HT1 Y AP
3c (O)H: (2) M DMF ; HM OBU 68 18 }
3d CH,CN - 87 13 -
0
4 Buo(g’g?)'*z Non CH,CN 2 - /\/F,;(';Bu 0 91 46
(o]
5 BUOP(O)H, S CH,CN 2 ; )v TOBU 100 0 80
(2) OH ~H
PhNH,OP(O)H, ? H .
6 ws) - Ph P, 100 0 100
PR DMF 0.5 .
/a NaOP©OH, oH No C-P bond o o )
7b 2) AHP formation
(0.05)
8 H;PO; N~ DMF 05 ) No C-P t_)ond 0 0 R
Ph OH
9 (EtO),P(O)H DMF formation

1 See Experimental Section for details of the procedures. 2 BuOP(O)H, was prepared from H;PO, and (BuO),Si. 2 Contains anliline.
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Variousapplicationsof some alylic-H-phogphinic acid derivatives prepared via atandem
alylation-esterification process were aso investigated. Initially, our efforts were focused on the
preparation of GCP 36742'" in a similar approach to the onewe described with allylic acetates
in the previouschgpter (Scheme 4.5). However our yieldswere consderably lower than what the
literature describes and we did not complete the synthesis (Scheme 5.3).3*1%

Scheme 5.3 Synthetic application of Pd-catalyzed allylation: CGP 36742 GABA-B antagonist

H3PO, (2.5 eq)

0 TMSCI (2.2 eq)
ﬂﬂ\/\OH Pd,dbag/xantphos (0.5 mol%) /\/\IQQH + NeN Et3N (2.2 eq)
DMF (85°C) CH Cl, (rt)
(1 eq) 58% yield (workup) (11 €9
0] 0] n
/\/\I':',/\/\\N __________ > /\/\II:;/\/\ NH
SOH s - ~o~ 8
38% vyield (workup) CGP 36742

Overall yield = 22%

We aso explored the use of our Pd-catalyzed allylation reaction in the synthesis of a
farnesyl pyrophophae andog 59 (Scheme 5.4).*" Unfortunaely, the formation of the second
carbontphoghowus bond via an Arbuzov reaction with a reactive eectrophie was not
accomplished (57- 58), nather unde the conditions reported by Coward by preforming the P(111)
intermediate at dightly elevated temperatures (refluxing CH,Cl,) prior to the addition of the
akyl hdide™ or by usng more forcing conditions as described by Fros et al (refluxing

mesitylene). ¥

Our approach conssted in reacting farnesyl phoghinic acid 57 (Table 5.3, entry
7b)*® with diethyl iodonmethanephophonde 56, itself prepared from the corresponding
hydroxymethylphogphonae 55,'% through reaction with iodine PPhs, and imidazole.’® This
result demondrates tha the BSA-mediated Sy2 displacement of unactivated alkyl iodides by H-

phoghinic acidsis not always efficient (Section 1.3.5, Chgpter One), and tha the development
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of new efficient methodobgies for this second carbon-phogphomusbondformationis essentia for

the synthesis of fundiondized organophohomuscompounds

Scheme 5.4 Efforts towards the synthesis of a farnesyl pyrophoghae andog via Pd-catalyzed

dlylation
H/<\(\>/OH
3
DMF | HzPO,
(85°C) | cat. Pd,dbag/xantphos
I,, PPh
O 21 3 O (@)
EtO\lg/\oH imidazole EO\"/\ " OH BS M/\"/\" JOR
EtO’ CH,Cl,  EtO CH,Cl, or
55 (0°C tort) Mesitylene

R = Et, 58 (No reaction)

fl
(reflux) R =H, 59 (Target Compound)

Findly, we focused on the prepaation of phoghorus heterocycles throughring closang
metathesis (RCM) using the second generation Grubbscatalyst (Scheme 5.5).%° Thereactivity of
theallylic H-phophinae 60 (Table 5.1, entry 4) was briefly investigated, but we did not observe

formation of thecyclic produd (Eg. 5.3).

MesN NMes
O H 2 mol% Grubbs cat. 2nd Generation Cl \R(u
Pro~ P N0 Ny No reaction  ¢” U™\ (Eq. 5.3)
CH,Cl, (reflux) or DMF (60 °C) PCy, Ph
60 Grubbs catalyst

2nd. Generation

On the othe hand, H-phoghinaes 61 and 64, prepaed by tandem dlylation
esterification reactionswere conveted into the corresponding phoghonde 62 and disubdituted
phophinae 65, respectively, via Atherton-Todd oxidaion** and Arbuzv-kind nudeophiic
subgitution % Compounds62 and 65 were subjected to RCM to give P-heterocyclic produds
63 and 66, in good yields (Scheme 5.5). The cyclic butyl alylphogphonae 63 is a new
compound,however its methyl ester counierpart has been previoudy prepared throughreaction
of diphenyl phoghotyl chloride with alylmagnesum bromide, followed by selective
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displacement of oneof the phenoxy groupswith lithium allyloxide, which is hard to achieve and
the diallyl side produd is always present.'*? The overal yield in tha case was 9.8% from the
phogphayl chloride while in our present approach the yield is 37% starting from H3PO..
Mioskowski and coworkers previoudy prepared the benzyloxy and the hydroxy andogs of the
butoxy phogpholene oxide 66 following an RCM strategy.'®*° Ther approach for the
condruction of both C-P bonds conssted of nudeophilic subdgitution reactions by syl
phogphonte (BTSP) of alylic hdides (Section 1.2.4, Chapter One). While they report 27%
oveall yield for the benzyloxy addud from ammonium hypophoghite usng 2.5-3 mol% of the
First Generation Grubbs Catalyst or 6-8 mol% of Schrock molybdenum catalyst,** and 62%
yield for the hydroxy andog usng 5 mol% of the Nolan catalyst bearing an imidazol-2-ylidene
ligand (IMes),'** we achieved 50% overall yield from hypophogphomusacid with 2 mol% of the
Second Generation GrubbsCatalyst.

Scheme 5.5 Pd-catalyzed dehydrative allylation en route to P-heterocycles

Cyclic Allylphosphonate

1) H3PO, (3 eq) 0.5 mol% Pd/xantphos PI/OBU
WOH DMF, 85 OC, 8h Pr\/\/ P\H
2) (BuO),Si (3 eq), DMF, 85 °C, 12 h 61
98%yield
0O O. OBu
/\/OH (2eq) Pro Ig/OB“ 2 mol% Grubbs cat. 2nd Generation Pl
- NN ~o0 > O
CCl,-EtaN (2 eq) CH,Cl, (reflux) “
CH3CN (rt) 62 H )
45% vyield | 84% yield 63
Cyclic Allylphosphinate
1) H3PO, (3 eq) 0.5 mol% Pd/xantphos (P./OBu
D 0 Ph P
Ph._~_OH MF, 85 °C, 2 h P
2) (BuO),Si (3 eq), DMF, 85 °C, 12 h 64
) (BuO),S1 (3 eq). DMF, ’ 98% yield
o o 0, ,OBu
>~ (3eq) r,OBu 2 mol% Grubbs cat. 2nd Generation P
» Ph A~ _P > { )
BSA(1.2 eq) 65 CH,Cl, (reflux) —
CHACN (reflux) 2%yl 62% yield 66
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Ingired by the results obtained in the Pd-catalyzed dehydrative alylation of
hypophoghorousacid with alylic alcohols, a brief study was performed in which the reactivity
of various pdladium and nickel catalysts for the rearrangament of phenyl phophinae into
phenyl-H-phoghinic acid was investigaed. Since DMF had proved to be required for the
rearrangement of allylic phogphinaes (Table 5.1) in the absence of base, we focused initially on
optimizing the preparation of phenyl phogphinae in this solvent, however we did not achieve
goodyields of the produd (Eqg. 5.4). Hence, we paformed the reactionsin acetonitrile (Table
5.5), but we did not observe any C-P bondformation (**P NMR andysis). This is not surprising
because phenyl acetates (andogs of phenyl phaosphinaes) do not undego oxidaive addition.
Moreover, we did not observe geneaation of benzene (GC andysis) as a result of phenol
deoxygenaion. This is aso an unknown trandormation, which would be plaugble if trander
hydrogenaion takes place. Much work remains to be donein this direction, but a fundanental

reactivity patern and a potential indugrial reaction weresa uncvered.

o 0
/H [ II/H
Ho- (PhO),Si (1 eq) PhO—P, (Eq. 5.4)
H DMF, 85°C H
(1eq) 2 hours 31p NMR vyield = 23%

Table 5.5 Reactivity of variouscatalysts in the rearrangament of phenyl phohinae

o H (PhO),Si (1 eq) oH Catalyst (2 mol%) D oH
HO—F( 4 PhO—F( y Ph—R,
H CH3CN, reflux H CH3CN, reflux
(l eq) 2 hours 31P NMR yleld = 100% in situ

Entry Catalyst NMR yield, %
1 Pd(OAc),/dppp
2 NiCl,(dppp),
3 Pd,dbaj/xantphos No C-P bond

. formation

4 NiCl,(PPh,),
5 Pd(PPh,),
6 Pd(OAc),/dppf
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Chapter Six: P-H bond activation in H-phosphinic add derivatives
6.1 Introduction

The quest for synthetic efficiency has ganed particular importance over the last few
years and promises to unvel nove atom-economical transformations™ Metal-catalyzed C-H
bondfundiondization processes, particularly those which lead to theformation of a C-C bondin
a single step through replacement of a hydrogen atom have started to emerge and represent an
important chdlenge not only in targe-oriented organic synthesis, but aso in the design of
complex molecules that contain variousfundiondities and C-H bonds where selectivity issues
are even more chdlenging!®® Variousapproaches to C-H bond activation have been unmvered,
such as intramolecular carbene and nitrene insertion, particularly with dirodhum catalysts,
coordinaion-directed metallation via formation of metalacycles, and intermolecular
fundiondization processes where the catalysts selectively target CxctivatedO C-H bonds
(adjacent to heterogoms or to an aromatic ring), or an isolated akyl group (remote
fundiondization) relying on C-H bondstrength and/or steric factors.'® Althoughthe main focus
in this area has been assodated with carboncarbon bond formation, various reports have also
addressed the generation of other linkages, such as carbonroxygen, carbon-nitrogen, carbon
boron, and carbon-hd ogen.*** Metal-catalyzed P-H bondactivation stands in close andogy to C-
H bondfundiondization. It is indeed, an emerging field tha has shown some potential in the
synthesis of various phoghines (free and protected), phogphondes, phogphinaes, and more
recently H-phophinaes.?*'*° This latter transformation has been previoudy discussed in this
dissertation (Chapter Two and Section 4.2 from Chapter Four).**%® As demongrated by our P-
H bond activation studies with hypophoghomous compoundsand akenes, alkynes, dienes, and
alenes, we genaally did not observe the formation of symmetrically disubdituted phoghinaes,

which is an indication of the highe reactivity of the P-H bondin hypophoghomouscompounds
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versus the onein H-phosphinates.®*> Notably, an exception to this behavior was detected in a
nickel-catalyzed intramolecular reaction (Scheme 6.1), which may proceed through the
intermediate 68, followed by in situ P-H bond activation to generate 69. The presence of a ( -
unsaturated cyclic precursor 68 appears to be necessary because we had not observed formation
of asecond C-P bond,nather unde intermolecular conditions nor with H-phoghinates bearing
saturated alkyl chans It is also important to point out tha, even thoughwe have proposd tha
our Ni-catalyzed hydrophophinylation (67-68) operates via P-H bond activation (Chapter 2),*
we cannotrule outa carbonickel ation'®? pathway at this point.

Scheme 6.1 Preparation of a disubdituted cyclic phogphinae via Ni-catalysis

o]
I H = i . . R——= (0]
PhNHg0—P2H + R—=—— on PivCl (1.1 eq), Pyr (1.25eq) R—=—\ opH

H R=HEt CH4CN (1) . i
(1 eq) (1.5 eq)
NiCl, (3 mol%) \\P’H \‘P/\/\/OH
CHACN (refl (L>:—R ? —R 31p NMR yield=100%
MSps. (El) [M+H,0]"e/z 206
68 69

M

As aresult of our interest regarding the application of H-phogphinaesin the synthesis of
biologically active molecules, we recognized thelack of efficient and general methodobgies tha
address the fundiondization of H-phogphinaes (Chepter |, Section 1.3). In fact, Scheme 5.4 and
Eqg. 5.3 from the previouschapter illudrate two representative examples of reactivity limitations
of H-phophinaes towards Arbuzov-like and ring-cloang metathesis (RCM) reactions Another
example of this fact is the base-promoted akylation, which untl recently lacked standad
(Section 1.3.6) conditions™™ P-H Bond activation processes, especially those which can fulfill
the GBreen ChemistryOrequirements, such as atom- and step-econony, are therefore needed. As
stated previoudy in this dissertation (Chapter One Section 1.3.2), Tan&ka and Han have
disclosd the only two reports tha demondrate the ability of the P-H bond in phenyl-H-
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phophinates esters to undego activation with Pd and Ni catalysts (Scheme 1.12).”*"* However,
these subgrates bear a P-H bondtha is especially activated towards fundiondization, probably
as a result of the presence of adjacent (-bondsin the aromatic ring, which can facilitate
metallation. Indeed, we also observed the formation of significant amount of a disubdituted
phoghinic acid when reacting phenyl phaosphinic acid with an akene, in the presence of
Pd/xantphosunde anhydiousand anaerobic conditions which probably rules outa possible free-

radical pahway (Eq. 6.1).

o 0
_OH Pd,dbas/xantphos (2 mol% I_OH
Ph—P{" + Z Hex zdbag/xantphos (2 mol%) Ph=P_~ (Eq.6.1)
H DMF 4, (110iC), N, Hex
(1 eq) (2 eq) 31p NMR vyield = 42%

Anothe approach to fundiondization of P-H bondsin H-phophinates relies on the use
of high-energy species and radical initiators (Chapter |, Section 1.3.3).° However, the
syntheses of disubstituted phoghinates, which require mild radical and neutral conditionsusing
common initiators are very limited. In fact, only the GuctivatedOaryl-H-phoghinae esters react
successfully with catalytic amount of AIBN as initiator at the refluxing temperature of benzene

(Eq. 1.31)"° as well as unde therma (in the presence of air) (Eq. 1.32)""

and microwave hesting
(Eq. 1.33)"®" usng high temperatures (120-200; 0.

Consdering tha the P-H bond in H-phophinates is weaker and more polarizable than a
C-H bond, and tha the presence of a phoghinylidene moiety (P(O)H) provides it with a
paticular flexibility in terms of reactivity (P-111 vs P-V tautomers), we rationdized tha its
fundiondization via meta-catalyzed P-H bond activation should be feasible with appropiate
catalyst selection. We pursued three different approaches. chdation-assisted metallation with

ionic sats of hypophoghomus acid bearing noncovdently bondel (- or n-electron donding

species, a Pd-catalyzed dehydrative allylation of H-phogphinic acids with alylic alcohols, an
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extengon of our previoudy developel alylation of hypophophorousacid (Chapter Five), and a
highly convenient synthesis of phogphont acids via Pd-catalyzed tandem P-C bondformation b
oxidation processes. This work has not been published and mog of the results are preliminary.

We will discuss the outcome of our research in thefollowing sections

6.2 Coordination-directed metallation en route to disubstituted phosphinic adds

Pursuant to the design of a P-H bondfundiondization process in H-phophinic acids a
highly chdlenging, but conaeivable approach to achieve this trandormation would be the Pd-
catalyzed smultaneous hydrophophinylation of alkenes (Approach A, Scheme 6.2), or the
sequential process (Approach B), starting with nitrogen-containing salts of hypophoghorous
acid 70 (Scheme 6.2). The proposd strategy for directing the metal complex into the vicinity of
the P-H bond of an H-phoghinae 72 (or hypghophite, 70) invdves the use of n- or (-
chdating groupsin the cationic species, in order to minimize manipulation and smplify the
process because H-phoghinae esters tha contain the donordirecting group covdently attached
196

to theester alkyl chan have proved to bevery undable.

Scheme 6.2 P-H bond activation strategies towards the synthesis of disubgituted phoghinic

acids
Approach A o R3
i) 2 R, Catalyst 1 HO—P/
iH* —
H (0] H R
®, I/ 71 3
M= ~N-R; MO-P R
Rz 70 H R o ? i
Ye Z Ry @,'\IT_' %)_I':',/\/Rg i) Z R, Catalyst2 ~ HO-P.
Catalyst 1 @2 “H iH* \R
4
Approach B : 72 &

In the absence of chdating amine salts, Pd has shown to effectively insert into the P-H

bond of hypophoghorous acid, produang a phasphinyl pdladium intermediate, which in turn
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undegoes addition into a doublke bond (Chepter |, Scheme 1.7); however the reaction aways
stopsat the H-phoghinic acid, and no significant amounts of the disubgituted phoghinic acid
have been observed unde any of the conditions investigated (less than 5%).%*** Even though
our efforts were mainly focused on the direct preparation of symmetricaly disubdituted
phoghinaes 71 (Approach A, Scheme 6.2), it would be more interesting to attain a stepwise
fundiondization (Approach B, Scheme 6.2), which would lead to non-symmetrical disubdituted
phogphinic acids 73. As we can obsrve in Table 6.1, we did na achieve the formation of the
expected disubgituted phogphinae produds. Initialy, we conduded the reactionsin anhydrous
DMF (dried over 4« molecular sieves) a 85;C or 110;C, unde nitrogen. With certain amines
(entries 1a39), thefirst C-P bondformation was effective, but we observed a marked tendency
towards an in situ trandormation of the H-phoghinaes into H-phoghondes, while no second
C-P bond formation was detected. For example, when usng 2,2Gbipyridine (entry 3a), we
isolated octyl phoghont acid in 60%yield after an acidic workup. This oxidaion had not been
observed previoudy usng acetonitrile as solvent, in the absence of amines. In fact, this particular
finding created precedent for the subsequent development of tandem processes for the synthesis
of phoghont acids (Section 6.4). Other hypopha@phite salts reacted very ingficiently to afford
eithe low yieldsof H-phoghinaes or H-phogphonaes, or mixtures of both produds (entries 4-6
and 7a99). In the case of 8-aminoqunoline (entry 1), a two-step C-P bond formation process
was intended using a mixture of Wilkinon® catalyst with 1,4-bis(diphenylpho$hino)butane
([(CgHs)3P]sRhCl/dppb) however, we obtained ingead the oxidized produd. Consdering our
previousresults, we then performed the reactionsudng anhydiousDMF (vacuum-distilled over
CaH,) with or withoutpowdered molecular sieves as a water-scavengea (entries 2b, 3b-c, 7b-c to
9b-c). Unfortunaely, we did nat form our target compounds and low yields of monosubdituted

phophinae salts or of the corresponding oxidized produds were obtained.
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Table 6.1 Efforts towards the synthesis of disubdituted phoghinic acids via coordinaion-
directed metallation usngionic sats of hypophoghorousacid

Ry R, ~ O ZHex (1-3 eq)

R (0] R (6]
! @ I1 @ 1" _QOct 1
CN\R H3;PO, (1 eq) ®II\IH O_H(: Pd,dbas/xantphos (mol%) ®NH O—P:RC Rh cat./L ®l|\lH %)_B:Oct
2 B — ' L > ' R
Y: tD(')VIgh (?2 Additive: 3+ powdered sieves (52 (mol%) Ra
rt, 0. . . R = . .
(1 eq) (1 eq) (0.125 g/1 mmol HzPO,), ArR=H 100iC B R = Oct
DMF, 85 - 110jC, 13-54 h B: R =0Oct
C:R=0OH
_ . DMF Product
Diamine or  p\ione,  Catalyst, Temp, AdditiVEOr 44 gjeves (NMR yield, %) Product
Entry Amine- . Rh cat/L o (Isolated
eq mol% iC o or Distilled - o/ra
alcohol (mol%) from CaH,) A B c yield, %)
\ (PhsP);RNCI
1 N 2 4 85 (1.25) / Sieves (68)° 0 70 -
NH, dppb® (5)
2a — 2 4 85 - Sieves 0 0 58 0
HoN NH, . .
2b 3 2 110 Sieves Distilled 0 0 23 -
3a N 1 - Sieves 9 0 69 C (60)
3b RS 3 2 110 Sieves Distilled 39 0 40 0°
N N
3c 3 - Distilled 8 0 0 -
X
4 | 2 4 85 - Sieves 28 0 0 -
N~ NH,
X
5 | AN, 2 4 85 - Sieves 0 0 0 -
NH,
6 ©: 2 4 85 - Sieves 25 0 0 -
NH,
7a 1 - Sieves 0 0 12
7b o~ NH2 3 2 110 Sieves Distilled 0 0 0 -
7c 3 - Distilled 0 0 49
8a 1 - Sieves 0 0 9 -
HO\/\/NHZ 2 110
8b 3 Sieves Distilled 18 0 25 o°
9a 1 - Sieves 9 0 14 -
9b </ ;:2 \> 3 2 110 Sieves Distilled 22 0 43¢ -
9 =N NT 3 - Distilled 0 0 0 -

2 |solated as the acid after acidic workup. ® H-phosphinic acid was formed before adding the Rh catalyst. ¢ Isolation by acidic workup
did not yield any phosphorus-containing product in the organic phase. ¢ A mixture of linear and branched isomers was obtained.

6.3 Preparation of disubstituted phogphinic adds via Pd-catalyzed allylation of H-
phosphinic adds

The Pd-catalyzed dehydrative dlylation of H3PO, (Chapter Five) represents a
mechanistically novd platform for the development of innovaive catalytic C-P bond forming

reactions Guided by the progpect of developing an efficient synthesis of disubgituted phoghinic
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acids the Pd-catalyzed dehydrative alylation of H-phoghinic acids was investigaed. The
hypothesized mechanism for this trandormation is based on our previous studies with
hypophoghoruscompounds(Scheme 5.2), and it is shown on Scheme 6.3

Scheme 6.3 Pogulated mechanism for the Pd-catalyzed dehydrative allylation of H-phogphinic
acids

Rs oy Rs  QH Rs  ..OH
Rl\%><OH +  HO-F{ leo—a . Rl\K$<o—P\R
R, R R -H,0 R, "Rs R Ry "Rs
Ry R = Alk, Ar Ro Ra 76

74 75 -
Oxidative
Addition || ~4(OLn

R, O R 0 R '/\
R A o e R C pdan—o "
l%< \R B — lj/>< ( ) N _— lw/>< ( ) ] N
R Rs Reductive R, "Rs H : Ry "Rs R
2

R» 4 Elimination R,

79 78 w

Our strategy for the development of this reaction involved a paalel approach (Scheme
6.4): (a) rearrangement of H-phoghinae allylic esters (75 B 79) (Approach A), smilarly to the
work previoudy developed with alylic phoghinates (See Table 5.1, Chapter Five), and (b) a
direct catalytic alylic subditution of H-phogphinic acids with alylic acohols (74 B 79)
(Approach B). Even though according to the proposd mechanism for this trandormation
(Scheme 6.3), these reactions might not opeate via a true P-H bond activation pahway, they
could fundanentally provide, not only an efficient and atom-economcal approach for the
synthesis of variousfunaiondized disubgituted phogphinates, but also a better understanding of
therole of thetautomeric equilibrium (P-111 to P-V) in hypophophomusand H-phogphinic acids
derivatives in the mechanism of the reaction. Ultimately, this process could be applied to the

synthesis of othe phoghomus-containing compourds, such as phogphonic acids (RP(O)(OH),).
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Scheme 6.4 Pd-catalyzed allylation strategies en route to disubgituted phoghinic acids

Approach A Rs Oy

leo_g\/ Pd,dbas/xantphos (2 mol%)
R
R R Solvent (T, jC
R 5 (T,iC) Rs (|?,OH
R = Alk, Ar Ry = P.
75 ' 1 ~
Approach B . ﬁ/R“><R5R
O 3 R
OH 0 2
H—Ig\’ N RlWOH Pd,dbas/xantphos (2 mol%) 79
R Ry Rsg Solvent (T, jC)
74 R=AKk Ar 2 -H,0

As previoudy described (Chapter 1, Section 1.3.5), Arbuzov-like rearrangaments of
phogphonies R'P(OR?)(OR?),%% stepwise silylation-alkylation of H-phophinates,*>** as well
as the BSA/Ni(cod), catalytic allylation reported by Lu (Eq. 1.30) are known methodobgies to
access disubdgituted phasphinaes. Nonghdess, al of them have limitationsin terms of reactivity
and selectivity, and they require either akyl hdides and very harsh conditions or the use of
stoichiometric amounts (or excesses) of silylating reagents and activated allylic electrophiles.
The use of alylic acohols, particularly in the absence of additives is especialy attractive since
theonly byprodud is water.

With regard to the former strategy (Scheme 6.4, Approach A), H-phoghinae alylic
esters 75 were reacted in the presence of a Pd catalyst (Pd>dba/xantphog in order to test the
ability of these compoundsto oxiddively add Pd, generating intermediates 77, that mightin turn
undego rearrangament, followed by redudive eiminaion, furnishing the expected produds 79.
Hence, H-phogphinae allylic esters 75 were prepared in modeate to goodyields (60-73%) usng
awater soluble carbodiimide activating agent (1-ethyl-3-(3Gdimethylaminopropyl)carbodimide,
hydrochloride, EDC),***!%® or via Dean-Stark esterification (~50%).2%*'* As demongrated in
Table 6.2, the Pd-catalyzed rearrangement of allylic esters was very ineficient in the absence of
certain acidic additives (entries 1 & 2) and, not surprisingly, ester cleavage and/or oxidaion were

competitive pahways, which led to H-phoghinic acids phophondae monodlyl esters and
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phoghonic acids Anhydmousand anaerobic conditionswere intended in order to minimize these
side reactions Therole of different additives was investigated (entries 2 & 3). However, as of
today, the exact role of these species still remainsundear. Acidic resinsappeared to congderably
increase the yields of produds (entries 3c & 3g), which could be related to the fact that acidic
conditions catalyze the tautomeric equilibrium of the H-phoghinae esters towards the P(111)
form (75 B 76) and/or to a tandem hydrolysis-allylic subgitution process. Notably, when using
BSA, which was expected to form the P(111) phoghonie, we obtained the rearranged produd in
gquantitative yield (entry 3j). Conddeing tha a slylating agent was not necessary for the
rearrangement of hypophoghite allylic esters (Table 5.1), a feasible explanaion for this fact is
tha the three-coordinative species from hypophoghorous compoundsis more readily formed
than the one from H-phogphinic acid derivatives. These results further confirm tha the P(111)
tautomer is essential for the oxiddive addition step, and ultimately for a successful alylic
subdtitution. Aiming to prepare a GABA andog (GCP 36742)'" we tried the reaction on the
alylic ester from entry 4, and we obtained thetarget produd in low yield, dongwith theisomer
resulting from [2,3] sigmatropic rearrangement.?® Additiondly, we looked uponthereactivity of
other organophophomus compoundsin this trandormation. (E)-Cinnamic phoghinite (entry 5),

did not efficiently undego the Pd-catalyzed, or the thermal rearrangement,®®

while a cyclic
alylic H-phophonde (itself synthesized via dicyclohexylcarbodimide (DCC) mediated
esterification),'*’ also failed to generate the desired C-P bond (entry 6). Findly, as aresult of our
previousfailure in thedirect alylation of H3PO3; (Table 5.4, entry 8), some efforts were directed
towards synthesizing H-phophonae monoaly! ester via Dean-Stark esterification”® or through
transesterification of diphenyl-H-phogphondae with an allylic acohol, followed by

amminolysis,®” however, we did not succeed in preparing the expected compounds Even if the

rearrangament of H-phogphinate alylic esters 75 was not successful in the absence of BSA, we
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could not discard the possibility of a successful direct dehydrative alylation of H-phoghinic

acids since al the components in the reaction mixture can definitely play a key role in the

outcome of the reaction, especially because atiny amountof the presumably reactive species 76,

might be able to drive the equlibrium toward the C-P bondformation produd 79.

Table 6.2 Reactivity screening of alylic deivatives of H-phophinaes, H-phoghonaes and

phogphinites in the Pd-catalyzed rearrangement®

R3 OH R3 X Rz Oy O O0oH
n, ., 9 I, I, I,
Rl%<O—P\ R1%<O_P\Y Pd,dbas/xantphos (2 mol%) Rlﬁ/><P\y . 4 . (
R Rg Y Ry “Rs Additive (amount) Rs Ph Ph
Rz Ra DMF (85C) R B c
74, it Y=AIk, Ar 77, if Y=AIk, Ar X=OH, Ar 79, Z=H, Ar
Y=Ph, OR Y=Alk, Ar, OR if Y=Alk orAr& X=0H R=0H,H
Expected . DMF Products Isol
Substrate Additive Cat. p 4A Sieves NMR Yield, %" L
Entry Product Lo Yield
(SM) (amount) Y/N (A) Distilled- sm " B c %
CaH, (Z,R=)
1a o ‘lg,H Qo Sieves 0 o ® g) H) 6o -
TN B AR
1b Ph N Z e 57 0 13 16 -
2a |oI H - O on _ 24 10 (H’lgH) 23 -
Ph\/\/O—P\Ph ACOH Y Ph \/\/#\Ph Sieves ]
2b 0 8 0 80
(0.2 eq)
PhP(O)(OH)(H) (H, OH) |
3a (1 eq) 0 0 1300, 10
3b H3PO, 82 0 76¢ 16¢ -
(1eq)
Amberlite (H")
3¢ (~50 mg/1 mmol) 0 2 4 44 .
Camphorsulfonic
3d Acid (0.2 eq) y 3 3 41 53 -
TFA
> Ph._~__O IS'H (0.2 eq) oh DOH  Distilled o ¥ 2 )
YT . P~
3 Ph TSOHH,0 Ph o 238 40 3B -
(1eq)
Dowex (H")
39 (~50 mg/1 mmol) 0 C= 0 sl .
BF,Et,0
3h (0.15 eq) 0 0 14 0 -
. Yb(OTf),
3i (0.1 eq) 0 5 0 0 -
. BSA 10 .
3 (1.2 eq) 0 0 0 0 100
00~ BSA @~
4 H=p! Y HO-P{ | \hob Distilled 0 28 0 14 -
“\__NHCbz (1.2eq) "5 NHCbz
5 P I Ao S PP Disted 21 g PRH)
O e sieves Ph. P istille y -
Ph (250 mg/Immol) el 66
Q o QO OoH
6 { Y BSA Y § K Distlled 37" 0 0 0 -
o H (1eq) o

2 See Experimental Section for details of the procedures. ® Phosphonate monoallyl esters (oxidation of the SM) were often present in
the crude mixtures. ¢ 14% of the product from thermal [2,3] sigmatropic rearrangement. ¢ **P NMR based on 2 eq. of phosphorus. ©
Isolated after acidic workup. f 19% of the product from thermal rearrangement and 39% of the oxidized SM were also formed. ¢ 5%
of the products from thermal rearrangement were formed. " Silylated P(lll) form of the H-phosphonate.
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Indeed, when we reacted equimolar amounts of the commercially available phenyl-H-
phoghinic acid and cinnamyl acohol with 2 mol% of Pd.dba/2xantphos as catalyst in
modeately dry DMF (4« molecular sieves) unde Nj, cinnanyl phenyl phoghinic acid was
obtained in 57% yield according to *'P NMR, along with the oxidized starting material, phenyl
phoghonic acid (43%) (entry 2a Table 6.3). A series of control experiments were then
conduded in orde to better undestand the process (Table 6.3). Expecting to rule out a thermal
rearrangement, an experiment was carried out in the absence of catalyst to produe exclusvely
unreacted starting H-phoghinic acid (entry 18). When pure phenyl-H-phogphinic acid is heated
in modeately anhydiousDMF, it dowly oxidizes into the corresponding phoghonc acid (entry
1b). On the other hand, we did not look at the effect of othe pdladium catalysts or a the
influence of the catalyst loading. Since, a deailed screening remains to be peformed. The
reaction proved to be highly dependent uponthe dryness of the solvent (entries 2a-c) and to a
lesser extent on the temperature (entries 2a2b and 3b/3¢). It proceeds more dowly (10-20 h)
than the corresponding allylation of HsPO, (Chegpter V). As for the stoichiometry, an excess of
H-phoghinic acid increases significantly theyield of produd (entries 2d-€), however the use of
these conditionsis only acceptable in the case of inexpengve and easily available H-phoghinic
acids In addition, it complicates the isolation of pure produd, making necessary, eithe a
cumbersome ion-exchange purification, or an extra esterification step followed by a silica gel
chromatography. Consdering tha water tendsto accelerate therate of the competitive oxidaion
pahway, powdered molecular sieves were added to the reactionsin order to scavengethe water
released (one equivalent) during the Fischer esterification step (entry 3). As a result, the yields
were notably increased (entries 3ac). When an equimolar amount of BSA was added, theyield
droppal markedly (entry 3¢); convasdy, a mixture of BSA and powdered Seves was very

effective (entry 3d). It should be noted that 2 equivalents of BSA are required to form the P(111)
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form of an H-phophinic acid and tha therole of the silylating agent in this case is not yet well

undestood, but perhgpsit is only opeaating as adrying agent.

Table 6.3 Optimization of the Pd-catalyzed allylation of phenyl phoghinic acid with cinnanyl

alcohof
Pd,dbas/xantphos (2 mol%
('?’OH zidilsiiives Izar?i')t(]nt) o) Ph E/OR ('?/OH
H—P + Ph__~~__OH = \ —P
“Ph NN Solvent (T, {C) ~FTN"pn “ph
(1-3eq) (1-2eq) 10-20h R=H, Ak A
o NMR Yield, %°
Entry w5 Alcohol Solvent Additivel  Additive2 Cat. Temp. > :f‘i‘;'lzte;
( ';h (eq) (Grade)® (amount) (eq) YN (iC) AR=) B (A R_’H)d
eq » =
la 1 1 DMF N 0¢
1b 1 - (4+ Sieves) i i Y 8 0(H) 47¢ }
2a 1 1 4 DS'\i/(I:/es) - - 85 57 (H) 43 -
DMF
2b 1 1 (Reagent - - Y 110 72 (H) 28 -
Grade)
2c 1 1 ( Anr?y '\ngous) Y 85 81f (H) 6° 56
2d 15 1 DME 100 (H) 21 >100¢
2e 2 1 . - - Y 85 100 (H) 40 -
(4+ Sieves)
2f 1 2 77 (H) 23 -
3¢ sieves
3a (0.125 g/ - Y 85 92 (H) 8 58
mmol acid)
(0.25 g/
3b 1 1 DMF mmol acid) ) Y 85 86 (H) 14 )
3c (Anhydrous) ng?f;(l)f’gc%) ; Y 110 82(H) 19 ;
3d rrg(:nj(;?gc%) BSA (1.2) Y 110 95 (H) 5 69
3e - BSA(L.0) Y 110 22 (H) 6° -
Toluene h h h
42 (Anhydrous) ) ) 85 (H)
4b (Anrw:ous) - - Y refux  "(H) h h
CH.CN .
4c 1 1 ( Anhyijrous) - - Y reflux 0 (H) 27 -
4d '(eA’; ﬁ;’;{lﬁs’; ; ; Y  reflux  100(H) 2 98
3¢ sieves
de 4 Ns'\iAeF\J/es) (0.125 g/ - Y 85 96 (H) 4 95
mmol acid)
3¢ sieves .
(PhO),Si 70 (H) )
5a (0.125g/ S Y 85 21 (Ph) 6
DME mmol acid) (€015 67 ()
1 1 t0),Si
5b (Anhydrous) - ©0.7) Y 85 13(E1) 20 -
) (iPrO),Si 73 (H) )
5¢ (1) Y 110 ¢ ey 9

2 See Experimental Section for details of the procedures. ® Anhydrous solvents were distilled from Na or CaH,, as indicated in the
Experimental Section. ¢ Does not include unreactive phenyl phosphinic acid and/or other byproducts. ¢ Isolation consisted of an
acidic workup. Unless otherwise noted, the purity of the products was "95% according to 3P NMR spectra in CDCIl;, however
DMSO should be used for a more accurate value, because phenyl phosphonic acid is not very soluble in CDCI;. ¢ The rest was
unreactive phenyl phosphinic acid. * Similar yield was obtained when conducting the reaction with deoxygenated solvent. 9 Not pure,
contains 10% of starting material and 13% of phenyl phosphonic acid. " NMR yield could not be determined because the reaction
was not homogeneous and after acidification, an inseparable mixture of the product, unreactive alcohol and phenyl phosphonic acid
was obtained. ' 15 h at 85;C + 2 h at 110;C.
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We also examined the allylation usng varioussolvents, but the poor solubility of theacid
in tolueneand THF trandates to an unreliable NMR yield deerminaion (entries 4ab), and NMR
andysis of the isolated mixture further confirmed the ineficiency of these reactions Worth
notingistha tert-amyl alcohol proved to bethe best solvent overal (entry 4d). Findly, intending
to directly prepare a disubdituted phogphinae ester, addition of alkoxydlanes was explored, but
thein situ esterification with these reagents was not effective (entry 5).

Next, we decided to evaluae the Pd-catalyzed allylic subditution with a few
combinaionsof alylic alcohols and H-phophinic acids®**®® A summary of the results is shown
on Table 6.4. In the process of optimizing the reaction (Table 6.3), we observed a considerable
increase in yieldsunde anhydmousconditions, reason why the alylic alcohols and solvents were
geneaadly dried before use (Experimental Section). The same trend was evidenced in this study
(entries 6a/6b and 7a7b), however, we did not achieve quantitative convasions of the H-
phogphinic acidsinto the corresponding disubgituted acids (except for the compoundfrom entry
1), which did not allow theisolation of pure produds by an extractive workup. Few attempts to
purify the produds were pusued. Initially, we failed in the purnfication of alyl pheyl
phogphinic acid (entry 2b) by radial chromatography usng a glue-bondeal silica gd plate, (stable
for very polar solvents). Gratifyingly, we were able to isolate its farnesyl counerpat via
standad chromatography on silica gd (entry 3b), due to its lower polarity. A few othe
experiments were aso attempted by changing the solvent, butit was observed tha DMF and tert-
amyl alcohol were supeaior. On the other hand, various reactions did not proceed as expected
(entries 5 and 9-11) and further optimization is required to make of this trandormation a useful
methodobgy. In summary, the abovepresented catalytic dehydrative allylation reaction employs
the least expendve and more widdy available alylic precursors, and therefore, it could

potentially become a highly convenient approach to disubgituted phoghinic acids
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Table 6.4 Scope of the Pd-catalyzed dehydrative alylation of H-phogphinic acids with allylic
alcohols®

O on Rs Pd,dbag/xantphos (2 mol%) Rs Oy
I, R~ OH Additive (amount) L
H_P\ “+ Rl = P\
R R2R4 Rs Solvent (T, iC) Y R5R
- R
(1 eq) (1-2 eq) 10-24h 2
(e} - NMR Isol.
) OH
Entry  H-P Alcohol Solven! Addrive Tea Product Yield  Yield,
R (R=) (eq), n= (Grade) (amount) (iC) % b
3¢ sieves
la (2,;1/'?'1:) (0.150 g/mmol 110 e} oH 95 69
acid), BSA (L.2 e >
Ph P~ Of tert-amylOH 9 ( K Ph\/\/#\Ph
1b (€ (an%’) - 102 100 98
NMP
1c (4 Sieves) - 85 96 95
DMF 3¢ sieves
2a (anh) (012 g/mmol acid) 110 45 -
A~ OH DMF Q oH .
2b Ph (15D2) (anh) BSA (1 eq) 110 /\/,B\Ph 56 82
tert-amylOH 3¢ sieves d }
2c (anh) (012 g/mmol acid)  ° 61
DMF or
3a dioxane or llcﬁ)- o 2-21° -
H,<\K\>/OH n-BUOH (anh) HMB\’S’T
3b Ph n tert-amylOH - 102 A 70¢ 62ef
(1), n=2 (anh) -2
tert-butanol n= .
3c 83 62 -
(anh)
4 Ph (1), n=3 ter [-(:,HK)IOH ; 102 n=3 46 -
DMF 3¢ sieves Q OH
S - -
5 Ph ANNNOH (anh) (012 g/mmol acid) 90 /@2\%\/;5\ o, 18
DMF
6a Oct Ph ~_OH (4+ Sieves) . 85 Q oH 34 )
- (1) DMF 3+ sieves 100 Ph AP out 78
(anh) (0.12 g/mmol acid)
DMF —Pn
a Ph A~ Ph A~ OH (4+ Sieves) . 85 HO*E/_/i 9 R
7b 1) DMF 3¢ sieves 85 \ 60
(anh) (0.04 g/mmol acid) Ph
Fo Ph o~ _OH DMF i _OH
HIYN - ~Ci -
8 W CinOH (1) (4« Sieves) 8 WY [ e 24
DMF 3¢ sieves NHCbz
%a o O (anh) (012 g/mmol acid) 110 HO_‘.FD;/—F 16 )
9% @ tert-(zrnnr)]/)IOH } 102 N 2g¢
DMF NPht
10a 110 12
phin ™ O (anh) - HO—E/_/_ -
2 -
10b 1) tert(zrnnr)]/)IOH 102 x_\w 2
- Pr 39
1 e Ph ~_OH tert-amylOH 102 Ho_g)\/lﬂr )
pr or (1) (anh) BHT (0.1 eq) th 25
Ph _~_OH DMF O oH
12 Ab/% CinOH (1) (4« Sieves) - 85 LEZP(C 5 -
n

2 See Experimental Section for details of the procedures. ® Unless otherwise noted, isolation consists of an acidic workup. ¢ 88%
purity (12% phosphinic acid). Purification by radial chromatography on a glue-bonded silica gel plate (EtOAc/MeOH) was not
successful. ¢ Reaction time=64 h. ¢ Mixture of isomers. f Purified by column chromatography on silica gel (Hex/EtOAc-EtOAc/MeOH).
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Findly, a brief study on the known PhoghoCope rearrangement of alyl-vinyl
phogphinic acid salts was performed (Scheme 6.5) in order to suppot the presumed intermediacy
of a monomeric metaphophonde (82) and to rule out the possible diradical pahway.”® An
akenyl-H-phogphinic acid (80) was prepared by means of our Pd-catayzed
hydrophoghinylation reaction® and subsquently esterified with cinnamyl alcoholusng EDC as
coupling reagent to provide 81 in excellent yield. Treatment of H-phoghinae ester 81 with
catalytic Pd/xantphosin DMF led to rearrangement and formation of a disubdituted phoghinic
acid 82, which was used in the next reaction without further purnfication. Acid-base reaction of
82 with NaOH, followed by heating in water at high temperatures (190t5; C), did not furnish the
expected produd 84. Ingead, the phogphinae sat (starting material) was recovered, along with
the oxidized alkenyl phoghonic acid sodium salt.

Scheme 6.5 Efforts towardsthe development of a Phogpho-Coperearranganent

OH
HO-P
H3PO, (2 e Pr
Pr— pr 3P0, (2 eq) | ¢ pr Ny gy _EDCHCI(11eq) /_f Pr
Pd,dba/xantphos THF, rt
(1 eq) (2 mol%) go H” Pr (1 eq) 99% isoleted vield Pr
CH3CN, reflux (1 eq) o isolated yie R eq)
90% isolated yield _® _
O®
Pd,dbas/xantphos (2 mol%) |. O oH Na S 6} 90 Na
BSA(1.2 eq) /_/’ Pr 1)NaOH, THF/H,0 (rt) O-P{ pr| . _HO-R_ p
3A sieves (0.30mg/mmol acid) I 2) H,0 [0.3 M] |
DMFann, 85°C Pr 190+5°C, 48 h Pr = Pr
98% crude yield (82% purity) 82 No Phospho-Cope Ph Ph
Rearrangement B 83 N 84

(No product)

6.4 Preparation of phogphonic addsviatandem C-P bond formation Boxidation reactions
Based on our preiminay observations regarding the in situ oxidaion of H-phogphinic

acidsinto phoghont acids during our studies on P-H bondfundiondization (Sections6.2 and

6.3), we became interested in the development of a prepaatively ussful methodobgy for the

direct preparation of phogphont acids which notonly exhibit interesting biological activities as

120



phogphae andogs but are aso important synthetic intermediates.*® Despite the broad
applicationsof phogphonit acids RP(O)(OH),, no efficient, step- and atom-economcal methods
are available for ther preparation. Arbuzv*%%*% and Michaelis-Becker reactions®™® as well as
free radical-*® and microwave-"""® mediated addition to unsturated linkages, and the more
recently developed metal-catalyzed cross-coupling?’ and hydrophoghorylation® reaction of
diakyl phoghites conditute some of the present C-P bond forming methodobgies for the
prepaation of phophonde esters. However, al of them require an additiond ester deprotection
step in order to access phosphont acids which typically congsts of treatment with trimethylsilyl
bromide (TMSBr),?** or acid hydmlysis a high temperatures.®® This latter approach is very
limited as it implies compaibility of the fundiondized compoundstowards strongly acidic
conditions On the other hand, as previoudy described in the First Chapter of this dissertation
(Section 1.3.7, Egq. 1.48), the oxidaion of H-phoghinic acids represents another viable
aternative to access phosphonc acids However the harsh and strong oxidaive conditions tha
have been so far reported to achieve this transformation are major disadvantages.**>103e105-111 |y
addition to the lack of mild oxidative conditions of H-phoghinic acids few effective methods
were available, untl recently, for the synthesis of H-phoghinic acids (See Chapter 1, Section
1.2).1"%2 However, remarkable progress has been made mainly by the Montchamp group
regading the preparation of these compounds via radical additions and metal-catalyzed

2533344L6L86 Of particular relevance to the subject area are the Pd-catalyzed addition of

reactions
hypophoghomusacid across unsturated carbon linkages,**** and the Pd-catalyzed dehydrative
alylic subgitution of hypophophomusacid with alylic alcohols,® which are both unique and
highly-atom efficient and versatile trandormations Pursuant to the design of adirect synthesis of

phoghonic acids through the intermediacy of H-phoghinic acids we explored and optimized

reaction condtions for a target tandan C-P bord formation B oxidaion process. Initialy, we
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explored the reaction of 1-octene with HsPO, under the influence of catalytic amounts of 2,20
bipyridine (0.1 eq), Pd.dba and xantphos(2 mol%) in DMF (110;C) unde an air atmosphee,
where we observed a smooth convasion of the in situ formed octyl phoghinic acid into its
corresponding phoghonc acid (entry 1a Table 6.5). However, we discovered later tha the
amine was not necessary (entry 1b, Table 6.5). In order to jugify the addition of the pdladium,
and to investigae the influence of the solvent, temperature, air and water in the outcome of the
reaction, a broad rangeof control experiments was performed (Table 6.5).

Table 6.5 Optimization of the tandan hydrophoghinylation B oxidaion reaction of 1-octene
with H3PO,?

) . O 0]
i He o~ Pd/ligand (mol%) i, OH | Solvent (T, &) i, OH
HO_P\ = Hex L /\/ P\ . /\/ P\
H Solvent (T,%&) Hex H Air or N, Hex OH
(1-2eq) (1 eq) Bipy (eq), Air or N, A B
H,;PO, . . P-C bond formation Oxidation 3P NMR vyield,” %
Entry ag/conc, Bipy Pdligand Air/N,, Time(h), Air/N,, Time, ——— Is_olatedc
(eq) (eq) (mol%) Solvent, Temp (°C) Solvent, Tem A B Yield, %
q , p , P (Target)
Pd,dbas/xantphos One step
la  conc. (1) 01 @ Air, 24 h, DMF, 110%€ 0 82 &
Pd,dbas/xantphos One step
b conc. (1) @ Air, 24 h, DMF, 110%€ 0 4 &
Pd,dbas/xantphos One step }
e conc. (1) o @ Air, 24 h, DMF, 851G 34 53
Pd,dbas/xantphos One step }
1d conc. (1) @ N,, 24 h, DMF, 85%C 62 29
Pd,dbas/xantphos One step }
e conc. (1) @) Air, 24 h, DMF, 1t 67 0
Pd,dbas/xantphos One pot }
2a conc. (1) @) Air, 24 h, DMF (anh.),® 110%, drying trap® 12 ”
Pd,dbas/xantphos One step }
2o conc. (1) o @ N,, 24 h, DMF (anh.), 110G 82 10
One step
2c conc. (1.5) ) Air, 24 h, DMF, 110%¢ 6 0 ;
One step
2d  aq.(19) ) Air, 30 h, DMF, 110%¢ 22 10 )
3a  conc. (L5) szdbaf“(g‘)amphos 0 100 96
Pd,dbas/xantphos
3b conc. (2) o @ One step 0 100 100
i 1,
3¢ conc. (1.5) szdbazg/i_)a;ntphos Air, 20 h, DMF, 110% 79 26 )
Pd,dbas/xantphos
3d conc. (1.5) (0.05) 100 0 -
Pd,dbas/xantphos One pot }
4 conc. (1.5) o @) Air, 24 h, DMF, 851¢ 86 34
Pd,dbas/xantphos One step }
4b conc. (1.5) (0.5) Air, 24 h, DMF, 855 o o
Pd,dbas/xantphos ) Air, 24 h, DMF,
5a conc. (1) 0 @) N,, 12 h, DMF, 85% 110%G 0 89 87
Pd,dbas/xantphos ) Air, 24 h, DMF,
5b conc. (2) ©) N,, 12 h, DMF, 85% 110%G 0 100 100
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Pd,dbas/xantphos

6a ag. (1) @ 0 81

6b  aq.(L5) szdbaf“(g‘)amphos 0 100 84
Pd,dbas/xantphos One step

6c aq. (2) 0 @ Air, 22 h, DMF, 110%G 0 100 100

6d aq. (2) szdba3(/i<)antphos 20 80
Pd,dbas/xantphos

6e ag. (2) (0.5) 50 50
Pd,dbas/polymer

7a conc. (1) supp. nixantphos One step 0 71 82!

0 @ .
Air, 24 h, DMF, 110%¢

0P ) ) )

7b aq. (2) 5%Pd C(/2x)antphos 2 o5
Pd,dbas/xantphos One step

ga  conc.(1) 0 &) Ar, 24 h, CH,CN, 823 46 34
Pd,dbas/xantphos One step

8b ag. (1) @) N,, 24 h, CH,CN, 823 70 1
Pd,dbas/xantphos One step

9a aq. (1) @ N, 24 h, DMF, 1105 45 st
Pd,dbas/xantphos One step

9 aq. (1) 0 @ N,, 24 h, No solvent, 110:€ 54 21
Pd,dbas/xantphos One step

9c aq. (1) @) N,, 24 h, DMF [10 M], 1105 64 0

# Unless otherwise noted, reactions were conducted in reagent grade, undried solvents [0.5 M], according to the conditions indicated
in the table. ® NMR does not consider common byproducts, such as H;PO; and H;PO,. ¢ Isolation consists of an extractive workup,
and products are obtained in >95% purity. ¢ DMF was distilled from CaH, under reduced pressure. © Drierite (CaSO,) trap was used
to avoid moisture. F 91% purity.

As shown in Table 6.5, we focused mainly on the development of a onestep tandem
process. Thereactionswere initially conduded with freshly concentrated H3PO, (entry 1) in the
presence of 2 mol% of Pd,dba/2xantphos usng undiied DMF (reagent grade) as solvent, unde
an air amosphee. The highe tempeatures tha can be attained when usng this solvent proved
to be necessary for an efficient oxidaion step. Replacement of DMF by CH3CN significantly
decreases theyield of produd, which suppots the need of highe temperatures for the oxidation
process (entry 8). As expected, the C-P bord-forming step proceeds very indficiently with
anhydmousH3PO; in the absence of Pd catalyst (entry 2¢), whereas aqueousH3;PO, undegoes the
hydrophophinylationin low yields (entry 2d). This suggests the mediation of free-radicalsin the
latter case.””* On the other hand, when the reaction is performed with anhydrousDMF unde a
nitrogen atmosphee, H-phoghinic acid is the main produd (entry 2b). The presence of oxygen
reverses this and leads mainly to the phoghont acid (entry 23). A few othe experiments were

attempted by modifying the stoichiometry and catalyst loading (entry 3), and we foundtha 1.5 B
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2 eq of H3PO, and 2 mol% of Pd-catalyst provide excellent yields of oxidized produd (entries
3ab), however a decrease in the amountof catalyst markedly reduces the amountof phogphoncc
acid, while H-phoghinic acid becomes the dominant produd. This further suppots the key role
of the Pd catalyst in the oxidaion step. The same trend was observed when conduding the
reaction at lower temperature in DMF (entry 4). We surmised tha an increase in yield should be
achieved by doing the process stepwise, indead of smultaneoudy, tha is, preforming the H-
phogphinic acid unde the reported optimized conditions® followed by in situ oxidaion
according to our aboveoutlined results (entries 1 D 4). Entry 5 indeed confirms our hypohesis,
paticularly in the case of using equimolar amounts of H3PO, and 1-octene (entry 5a8). Next, we
replaced the concentrated hypophaphorous acid with the commercially available agqueous
solution (50 wt%) (entries 6-9) to further smplify the process. According to entry 6, and in
agreement with our previous results, at least 2 mol% of Pd-catalyst with 2 eq of H3PO, are
needed for a successful synthesis of octyl phoghonic acid. It should be noted tha the use of
aqueousversus concentrated H3PO, did not show a significant impact on theyields contrary to
the presence of air versusnitrogen in thereaction (entry 2avs. 2b and 2avs. 6d). Use of Pd.dba
with a polymer suppoted ligand furnished the produd in goodyield, but in lower purnty (entry
738). Additiondly, the concentration of the reactants also plays a key role (entry 9), and0.5to 1
M appearsto beoptimum.

One more set of control experiments was carried out, where we studied the oxidation of
isolated H-phoghinic acids (either commercially available, or prepared form Pd-catalyzed
hydrophoghinylation and allylation reactions with HsPO,).3334% |n the absence of air, water
and catalyst, no oxidation takes place, even when heating at 110;C (entries 1 and 7). However,
when running thereactionswith undiied DMF, under air at 110jC, the oxidized phenyl and octyl

phoghonic acids are formed quantitatively (entries 3ab). Nonghdess, farnesyl- and geranyl-H-
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phogphinic acids do not undego the expected oxidaion, even after long periods of hesating;
ingead they decompose dowly to H3PO3; and H3PO, (entries 3c-d). On the other hand, phenyl
phoghinic acid slowly oxidizes unde anhydrousand anaerobic conditionsin the presence of Pd-
catalysts (entry 4), in contrast to the results obtained in the absence of added catalyst (entry 1).
This fact, aong with the quantitative oxidaion evidenced when conduding the reaction with
catalytic amount of Pd or Ni unde air (entry 5) and with mild heeting (85;C), corrobaate the
paticipaion of the pdladiumin theoxidaionreaction (entry 5 vs. entry 2).

Table 6.6 Control experiments for the oxidaion of H-phosphinic acid$

(@] O
HO—IS/H Catalyst (mol%) HO lg,OH
N > NN
Solvent (T, %) R
A Air or N, B
O oH ) $Ip NMR vyield, %
Entr H—P, Catalyst Solvent, Ait/N Time ’ Isolated
v R (mol%) Temp (°C) 2 (h) A B Yield, %°
(R=) (Target)

la Oct DMF/sieves N 1 90 0

. , .
1b Ph (85) 100 0
2a Oct i DMF/reagent Air 19 36 64 -
2b Ph grade (85) 75 25 -
3a Oct 0 100 -

19
3b Ph } DMF/reagent Air 0 100 -
3c Ger grade (110) 37 40 -
50
3d Far 43 36 -
Pd,dbas/xantphos DMF/sieves
4 Ph @) (85) N, 14 53 47 -
> Oct HhPec DMFireagent ;. 14 0 100 %
5b Ni/silica-alumina (4) ~ 9rade (85) 83
CH;CN/reagent .

6 Ph - grade (82) Air 24 90 10 -
7a Oct CH4CN (anh.)

. (82) .
N N DMF (anh) N, 24 100 0

(110)

2 Reactions were conducted in the corresponding solvent [0.5 M]. ® H-phosphinic acids were prepared by Pd-catalyzed
hydrophosphinylation (Ref. 33-34), or via Pd-catalyzed dehydrative allylation from H;PO, (Ref. 66). An exception is phenyl
phosphinic acid, which is commercially available. °Isolation by extractive workup.
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Next, we investigaed the scopeof tanden C-P bond formation B oxidaion reactionswith
different subdrates, such as akenes, internd akynes, allyl alcohols and aryl hdides (Table 6.7).
In generd, the stepwise process (Method B) with coneentrated H3PO, provided better yields of
produds than the simultaneous version (Method A). In accordance with the literature334%
Pd.dba/xantphos (2 mol%) worked efficiently as a cataytic system for hydrophoghinylation
and allylation reactions (entries 1-9), while Pd(OAc)./dppp (2 mol%) with EtsN as base (3 eq)
proved successful in cross-coupling (entries 10-12). The produds were nomrmally isolated in
moderate to goodyields by an aqueous extractive workup and, if required, recrystallization was
performed. However, very polar N-containing phoghont acids are soluble in water, so ion
exchange chromatography was required for ther isolation (entries 8 and 9). Even thoughthe
mechanism of this trandormation is not completely clear at thistime, it could proceed either, via
a direct P-H bond activation where the Pd inserts into the P-H bond of the H-phosphinic acid

(Gnne spheae mechanism®,**

or, mog probably, through an indirect process where the metal
complex first activates molecular oxygen present in the solution forming a highly reactive
species (as a radical), tha in turn reacts with the H-phohinic acid.*® Furthe work will be

required to ddineate the mechanism and to investigae the scope of the reaction. However, this

trandormation conditutes a promising and novd access to phoghoni acids
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Table 6.7 Synthesis of phoghont acidsvia tandan C-P bondformation Doxidaion reactions

O oH
Ry P
I OH
R H o Alkene, or alkyne, or o
)Rl\/ E/OH DMF { el } allylic alcohol (1 eq) , o_'g\,H ArX(1 eq), EtoN (3 eq) [ _Q/OH} DMF Ar—g”OH
q ) “H | Pdydbag/xantphos (2 mol%) H Pd(OAc)./d 2 mol% h ; N
R; OH (110%€, air ) DMF (854, N,) or DMF (DMI)ZZ(BZZE(Nz) i Homeean o
1104, ai 2e '
Rs 9/0H (110%e, air) (2 eq)
Rl%yP\OH
Ry
Isolated
Base 1'Step 2" Step  Yield, %°
b ’
Entry Substrate Method Catalyst (€q) Product Time (h)  Time (h) (NMR
Yield,%)
la o~ A Pd,dbay/xantphos i QoH One step, 20 h 100
1b Hex B (2 mol%) Ot o 12 24 100
2a A - One step, 50 h 81
Pd,dbag/xantphos IOI OH
2b B (2 mol%) - P 12 64 97
OH
o}
) OH
3 P X A szd(bza;’]’é?;:)ph"s - Phwf ' \’OH One step, 50 h 95
(0]
Pd,dba,/xantphos 1, OH
4 P N"on B “ 2 mol% )p - ph/v'p\OH 12 22 89

o)
) OH
OH Pd,dba,/xantphos 4 LA
H 7 2 3 - N
s {PY e P Ao 2w
o)
5 " A~ OH B Pd,dbag/xantphos } = B<OH 15 55 (92)°
[ (2 mol%) H OH

Pd,dbas/xantph pr ('?’OH
o ay/xantphos
7 Pr———~Fr B z @ ﬁnol%) - I o 12 50 91
Pr
0
Pd,dbas/xantphos i OH
NHCbz 2N dg _ / ¢
8 A B (2 molo) CszNWP\OH 12 50 86
0
Pd,dbas/xantphos 1,OH
9 X NPht B 2 A ?n’él%)p PhtN\/\'p\OH 12 20 (81)
Cl o
PA(OAC)/dppp  EtN cl i, OH
2 3 P. h
10 @ B (2 mol%s) B eq) O/ “OH 15 22 82
[
OMe
Pd(OAc),/d Et;N RoH
C)./dppp t3 P h
11 B 2 molo) (3 eq) OH 15 22 55
MeO
Br
CO,H
Pd(OAc),/d Et;N oM
C)./dppp t3 AN h
12 B 2 molo) (3 eq) OH 15 42 52
HO,C
Br

2 See Experimental Section for details of the procedures. ® Method A: One step; 2 eq. 50% aqueous H;PO,, hydrophosphinylation-
oxidation, DMF, 110%, air. Method B: Two steps, 2 eq. concentrated H;PO,. 1% Step: P-C bond formation = DMF, 85%, N,; 2"
Step: Oxidation = DMF, 110%, air. © Unless otherwise noted, isolation consists of an extractive workup. ¢ Isolated in 87% purity. ©
3P NMR spectrum shows an extra signal (8%) of the product from reduction of the allylic double bond. f Purified by ion-exchange
chromatography. 9 A large amount of product stayed in the column, purification was not successful. " Purified by recrystallization.
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Chapter Seven: Preparation of P-chiral H-phogphinates via desymmetrization of

alkylphogphinates

The mos common methodsto prepare P-chira organophoghomus compoundsconsist of
resolution of racemates or asymmetric synthesis, which require a stoichiometric amount of a
chiral auxiliary.®®®*** These previous approaches leave a lot to be desired in terms of cos-
effectiveness and atom-econony. Recently, a few catalytic enantioselective methodobgies for
the synthesis of tertiary P-stereogenic phoghines and phoghine-boranes have been designed,

212

which suppot the feasibility of this approach (Eq. 7.1).”* Glueck and Helmchen have prepared

bulky P-chirogenic tertiary phoghines via asymmetric cross-coupling reactionsusng pdladium

and platinum complexes, %'

while Tode et al. synthesized tertiary phoghine ligands via
ruthenium catalysis.***® With seconday phoghine boranes complexes, the Gaumont group has
reported its preliminary results on Pd-catalyzed cross-coupling and hydrophasphinaion

reactions achieving enantiomeric excesses up to 45% and 42%, respectively.??9

Y Y
R _p ArX or AlkX or Alkyne . 3 (Eq. 7.)
1 H —— S T q. 7.
R, Chiral Catalyst (Pd,/L", PtL", Ru/L") R, ArAlkAkeny)
(racemic) Ry, R, = Alk, Ar (enantioenriched)

Y = electron pair or BH;

On theother hand, as of today, no successful catalytic syntheses of seconday phoghines
(or ther complexes) have been attained. Recently, Lebd and coworkers, aming to desymmetrize
primary phophine boranes complexes, explored an alkylation unde phase-trander catayss,

which was not successful (Eq. 7.2).%%"

Catalyst:
i Cat:I/I;sI'; E?:ﬁg'w ) i
_P. 2 ~P< Eq.7.2
Pht H Toluene, 25°C Py H (Fa.7.2)
ee =17%
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In this regard, it is important to highlight that extremely few successful studies, which
involve desymmetrization on tetrahedral species have been reported. An exception is the

enantioxlective deprotondion of prochiral dimethylphogphine boranes with (-)-sparteine

213

akyllithium complex tha was developead by Evans (Eq. 7.3),”” and subsequently extended by

214

Livinghoug.”™ More recently, Kann showed tha a chira switch could be used to access the

other enantiomer of the phoghine borane by udng (-)-cytisine derivatives indead of (-)-

spateine?®
BH, i) s-BuLi/(-)-sparteine, Et,0, BH; OH
! -78°C to -20°C '
vPe P (Eqg. 7.3)
Ar " Ar
Mg Me ii) Ph,CO Mé  ppD
Ar = Ph,o0-anysil, o-tolyl, 1-naphtyl ee=79-87%

81 - 88% yield

In fact, the first project tha was assigned to me when | started my dodoral research
congsted of desymmetrizing a prochiral phasphine tunggen complex 85, which was prepared
according to the procedure described by Mathey.?*® Initial focus was on the deprotonaion with
stoichiometric amount of sparteingn-BuLi,?® however we did not succeed (ee<12%) (Eq.

7.4),% butasimilar failure was |ater reported by Imamoto on a phogphine borane complex.?!’

W(CO)s 1) nBuLi, () ELO W(CO)s
! n-BulLi, (-)-sparteine, Et !
Ph-P~ : 2 Ph~—Pgq (Eq. 7.4)
H 2) Etl H
85 (prochiral) ee <12%

At the same time, a study was peformed to achieve the desymmetrization of the primary
phoghine tungden complex 85 via cross-coupling. Initially, a screening of conditions was
performed in order to optimize the non-chiral reaction since the cross-coupling with this type of
compoundsis unknown. Even thoughthe coupling seemed to occur as expected with aryl iodides
according to **P NMR (later confirmed by mass spectra), we did not find opimum conditionsto

isolate the produds (EqQ. 7.5).
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W(CO W(CO
llj( )s Phl, EtsN, 5 mol% Pd(OAc),/BINAP(rac.) FI’( )s .79
~P< Ph-P~ q.7.
Phy T H THF (reflux) H Ph
85 NMR yield = 77%

MSqps. (El) [M[*e/z 510

As previoudy indicated in this dissertation (Chapter I, Section 1.4), P-stereogenic H-
phophinaes are commonly prepaed by means of classical resolution processes (involving
recrystallization), where the chiral unit is incorporated in ther structure.’®*'2%12 |n addition,
Shioji*¥ and Yamagishi'® have accomplished the enzymatic kinetic resolution (with lipases) of
racemic !-hydroxy-H-phophinaes via acetylation, or through hydrolysis of thdr acetate
precursors. However, no catalytic asymmetric approach has been reported so far to access these
compounds This fact led us to explore two different research avenues: (a) asymmetric variants

of our Pd-catalyzed reactions®®%

which involves the development and validaion of a novd
NMR assay, and (b) a chira auxiliary approach, which congstsin the desymmetrization of chiral
and prochiral akyl phoghinaes by means of various C-P bondforming methodobgies
developed in the Montchamp group 232272
7.1 Pd-catalyzed C-P bond formation reactionsusing chiral catalysts
7.1.1 Pd-catalyzed hydrophoghinylation

Guided by the prospect of developing asymmetric catalytic approaches to P-chiral H-
phophinaes, our Pd-catalyzed hydrophoghinylation®® was explored usng chira ligands
Various akyl phoghinaes were prepared via esterification of hypophoghorous acid with
akoxyslanes® or by transsterification of phenyl phophinae (itself prepared by the

akoxyslane method),*"*?

and subsequently reacted with an akene in presence of Pd-catalysts
(Table 7.1). However, we faced an additiond problem related to the failure of the direct
measurement of the enantiomeric purity (ee) of H-phophinaes by HPLC. Thisandysis has also

been reported as unaiccessful by other groups™* In orde to overcome this difficulty; we
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initially performed hydrophoghinylation reactionswith hypophoghite esters passessing a chiral
carbon at the ester alkyl group (racemate or enantiomericaly pure) (entries 1 and 2). The best
result in terms of yield and enantiomeric excess was attained with menthyl phoghinae and
(S9-DIOP (52% yield, 22% de entry 1f), however the enantioselectivity was ill very low.
Another more convenient approach developed by Montchamp®® conssts of a *'P NMR assay by
means of oxidation of H-phophinaes with a seconday chiral amine and carbon tetrachloride
(Atherton-Todd reaction).**® Gratifyingy, we validated this assay by HPLC resolution during
our research on cross-coupling (Section 7.1.2).%®® This critical achievement opened up the
possibility to peform a successful chira catalyst screening, tha could ultimately lead to the
development of an asymmetric reaction. A brief screening was performed (entries 3-10). In fact,
some of the experiments were carried out with nonchiral ligandsin order to determine thar
reactivity in the reaction (entries 5-7). Much remains to be done on this topic, and the results
presented here are only preiminary. So far, the best result was appaently achieved with
Jacoben(@ ligand (100%yield, <20% ee, entry 3a), nonghdess the control experiment with an
achira phogphine catadyst (PdClx(dppfyMeLi) provided the produd with a nonzero
enantiomeric excess (7% ee, entry 9). More importantly, we discovered tha PdCl, catalyzes the
hydrophophinylation of alkenes in 77%yield in toluene (entry 10). Therefore, thisimplies tha
in order to achieve a highly enantioselective process, this racemic pahway mug be suppressed
completely. Anothe important finding was discovered when compaing the reactivity of a
preformed Pd-Jacobsen chiral complex (86),%® (0% yield, entry 3c) to the reactivity of the
presumably in situ formed complex (100% yield, 13% ee, when mixing PdCl, and Jacobsn@
ligand, entry 38). Thus we cannotaways rely onthein situ formation of the chiral complex, and
the first result might be at least patially due to the intervention of a nonchiral pdladium

Species.
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Table 7.1 Screening of ligandsfor the Pd-catalyzed asymmetric hydrophoghinylation

RO g,H PN PdCl,/Ligand (mol%) (|P?,0R (8)-(-)-a-Methylbenzylamine i, OR H
- = N, T TTTTToIITooommooommoes - P< Me
“H Hex Solvent, Temperature Hex” " “H CCly(rt) Hex” >~ '}lk
(2eq) (1eq) ee, yield de = ee de H Ph
(e}
i H Catalyst .
RO-F’ . Catalyst, Temp NMR vyield, o/\b
Entry “H PdCl, / nganad or mol% Pd Solvent (iC) % ee or de (%)
R= Complex
la xantphos 1 85 100 18
1b (5,5)-DACH- Naphtyl 1 a5 o i
Trost Ligand
1 85 52 0
1c (R)-BINAP 2 110 78 8
5 110 53 14
1d (S)-BINAP 5 110 31 4
1 85 15 38
le (S,5)-BDPP 2 110 6 4
5 110 0 -
(-)-Menthol 1 Toluene 85 52 27
1f (S,5)-DIOP 2 110 62 19
5 110 46 27
1 85 0 -
1g (R,R)-Jacobsen 2 110 58 0
5 110 85 3
SL-JO01-1 0 -
SL-J002-1 0 -
1h SL-J003-1 1 85 0 -
SL-JO05-1 31 10
SL-WO001-1 0 -
2a xantphos 2 85 100 5
2 67 4
2b (R)-BINAP s o4 3
2 94 5
2c o (S)-BINAP
_ )\/ 5 Toluene 0 4
2d (S,5)-BDPP 2 110 19 14
86 2
2e (S,5)-DIOP 2 9 1
55 2
2f (R,R)-Jacobsen 9 4
3a (R,R)-Jacobsen 3 100 13¢
(R,R)-Jacobsen Toluene 110
3b Et (1Pd/2Ligand) 2 28 w
3¢ Pd (R,R)-Jacobsen 2 Toluene 110 0 -
(86) CH,CN 82 20 9

4a R Toluene 110 13 4
Et =N 2

4b @ Ph,P CH.CN 82 24 17
PPh,

CH,CN 82 47 -
° Et SALEN 2 Toluene 110 81 -
6 Et Phthalocyanine 2 CH,CN 82 42 B
Toluene 110 97 -
7 Et Meso- 5 CH,CN 82 50 -
tetraphenylporphine Toluene 110 89 -
8 Et (R)-BINOL 2 Toluene 110 89 9
9 Et PdCl,(dppf) MeLi 2 Toluene 110 100 7
) Toluene 110 77 -

10 Et PdCl, (no ligand) 2 CH,CN 82 30

# Unless otherwise specified, the chiral catalyst was prepared in situ by mixing equimolar amounts of PdCl, and the corresponding
ligand (1/1). ° In entries 1 and 2, the ee(de) was measured directly by 3*P NMR of the crude mixture. In the other entries, the NMR
assay was performed to determine the eels. © HPLC resolution with a chiral (S,S)-WHELK-01 column/UV detector was not
successful.
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7.1.2 Pd-catalyzed cross-coupling of alkylphoghinaes with aryl hdides

The desymmetrization of prochiral phoghinaes via Pd-catalyzed cross-coupling®®® was
also briefly investigated with various aryl iodides and bromides. It should be noted tha the
propoed mechanistic pahway for this reaction (Chapter Three, Scheme 3.1) questions the
possibility of developing an asymmetric version with aryl electrophles other than iodides.
Presumably, aryl iodides are the only electrophies tha undego a direct cross-coupling with
alkyl phoghinates, while bromides and triflates cross-couple with salts of the base yielding an
H-phophinae sat, which is subsquently esterified in situ®® This suggests tha al the
intermediates involved in the coupling step (where the chiral catalyst should participae) are
achiral salts. Noneghdess, we pursued our study using an aminoslicate, as both esterifying agent
and base, in the presence of Pd-catalysts and udng acetonitrile as solvent. PdCl,; or Pd(OAC);
were generally used as Pd-sources, with (R)-BINAP as ligand. Othe Joshiphosand Walphos
type ligands were also screened with no success. In genea, we obsrved extremely low
enantiomeric excesses (<16% ee), which were determined by our *'P NMR assay.***?* The best
results were achieved with 1-bromo and 1-iodonghthdene as wel as with 2-

methyliodobenzene, which furnished the produd with 16% ee (Scheme 7.1).

Scheme 7.1 Preliminay results for the development of an asymmetric Pd-catalyzed cross-
coupling of alkyl phogphinates

n H H>N Si(OEt); 1.2 e I, n, H
PhHsNO—-P_  + Ar-X —= Ok 1209 Jeop | —» SN aclz?gilg tv(\a/gr%
Pd(OAC),, (R)-BINAP (2 mol%) H * Ar p
1.2 eq ee
CH3CN (reflux) Prochiral

Phosphinate
3P NMR Assay:

° A-X=  BI) |
? v Q Me
H H ccl O OEt
Et0—F( H,N H  cCly o0 e .
*Ar room temperature * N o
de H 16% de 16% de
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At the time there remained the question of whether the P NMR assay was reliable, the
validaion of the NMR assay by HPL C resolution with a chiral column was absolutely required.
Through screening of variouschiral stationay phases, it was foundthat (S9-WHELK-01 from
Regis Technologies, based on 1-(3,5-dinitrobenzamido)-1,2,3 4-tetrahydrophenanthrene (Scheme
7.2), acting as a (Belectron acceptor/( Belectron donor phease, worked successfully in the
resolution of ethyl phenylphoghinae contrary to various carbohydiate-base chiral columns
such as CHIRALPAK-AD-Daicel.

Scheme 7.2 Chiral stationay phase from (SS-WHELK-01, Regis Technologies

<— Tetrahydrophenanthrene ! -system

_H =<— H-bond donor

N
(0] NO
' >sil o :
HsC CH i ida |
3 3 Dinitrobenzamide ! -system

NO,
1-(3,5-Dinitrobenzamido)-1,2,3,4,-tetrahydrophenanthrene

Next, we developad an HPLC (and LC/MS) method for the resolution of ethyl (1-
naphthyl) phogphinae, prepared from the cross-coupling of 1-bromonghthdene usng both
racemic and (R)-BINAP (Scheme 7.1). Gratifyingly, a good match was obtained between both
measurements (racemic BINAP: 2.3% ee (NMR assay) vs. 1.9% ee (HPLC); (R)-BINAP: 15% ee
(NMR assay) vs. 16% ee (HPLC)), thusvalidaing our NMR assay (Scheme 7.1, de=ee). This
represents an important step toward our ultimate god of developing asymmetric catalytic
synthesis of H-phoghinaes. Worth noting is tha, in order to achieve the desymmetrization of
akyl phogphinaes [(RO)P(O)H, BP-V) and (RO)P(OH)(H) BP-111], the enantioddermining step
should involve the distinction between enantiotopic groupsat the sp® P-center (P-OR vs. P=O b
P-V tautomer or P-OR vs. P-OH D P-Il1 tautomer). All populr asymmetric trangtion metal-

catalyzed reactionsinvolve the addition to planar systems, %%
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7.2 Desymmetrization of chiral and prochiral alkyl phoghinate esters

Althoughthe use of chiral catalysts in C-P bondforming processes is theoretically the
mog effective approach to P-stereogenic H-phophinaes, thisfield is currently in itsinfancy and
our attempts to unravel this largdy unsolved problem have not been successful (Section 7.1).
Therefore, a more traditiond chiral auxiliary approach was pursued, aiming at undestanding the
basis of tranderring asymmetric information from a remote subgituent in akyl phogphinae
subgrates (Scheme 7.3). It should be noted that this also conditutes a novd and highly
chdlenging approach to access P-chiral tetrahedral compoundsas mog of the chira auxiliaries
for asymmetric catalysis have been designed specifically for facia differentiation. Here, the
situaion is quite different because we are dealing with tetrahedral subdrates, and the minimum
requirement for a successful desymmetrization conssts in blocking one quadrant, ingead of a
plane

Scheme 7.3 Chiral auxiliary approaches towards desymmetrization of alkyl phogphinaes

Method A: M=PhNH;
PivCl, Pyr, CH3CN, rt, 2 h

0] O
||,H _ : ||,H
R*OH + MOP(O)H, Method B: M=H R*O—P_ C-P bond formatlon= R*O_E\ i
_ (Ph0),Si, CH3CN, reflux, 2 h g6 N g7 *
R* = chiral group
(racemic or Method C: M=H Alkyl Diatereoisomers
enantioenriched) Dean-Stark, Cyclohexanes Phosphinate 'de’ measured by 3'P NMR

(chiral or prochiral)

A study regarding the desymmetrization of chird akyl phoghinaes via different C-P
bond forming reactions was undetaken in orde to access P-stererogenic H-phoghinaes
(Scheme 7.2). Specificdly, phophinae esters 86 were prepared by different esterification
methods using chiral alcohols: (a) pivaoyl chloridemediated esterification (Method A),0%%
(b) transesterification with phenyl phoghinate (itself prepared in situ by reaction of
tetraphenylortoslicate with hypophoghomus acid) (Method B)***"#>2 and (c) Dean-Stark

esterification with hypophophomusacid.** After *'P NMR andysis indicated the generation of
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an alkyl phogphinae ester 86, a C-P bondforming reaction was peformed in situ to furnish the
expected H-phophinae ester 87, as a mixture of diasterecisomers.}’*****"% Two main
advantages of this process are tha: (a) the diastereoisomeric excesses (de) can be degermined
directly by *'P NMR of the crudereaction mixtures, and (b) racemic alcohols can also be used
and thdr effectiveness can be evaluaed as well by P NMR. This is particularly important
because use of stoichiometric amounts of chiral alcohols is often not cost-effective. In this way,
we were able to smplify the process significantly, and evaluae a wide range of chiral alcohols.
At the same time, identification of key structural features of the mos successful auxiliaries
guided us towards the synthesis and evaluaion of severa chira acohols. Moreover, some
searches were suppoted by molecular-modding (through conformationd searches).!® In
gened, thetransesterification with PhOP(O)H- and the pivaloyl chloride methodobgy proved to
be the mog effective in terms of yields of phoghinae esters. Even more interesting, they were
complementary as some subdrates tha react quite ineficiently with the slicate-based
methodobgy, do react successfully usng the acyl chloride-activating agent. Dean-Stark
esterification was by far less convenient in terms of yields and solvents.** However, base-
promoted alkylations’ and free radical- mediated reaction$>? worked exclusvely with alkyl
phophinaes prepared by this process. It isimportant to highlight tha, in addition to an efficient
esterification, goodyields of H-phoghinate produds and high diasteromeric excesses (de) are
required for a successful asymmetric synthesis of H-phogphinaes. The results will be disclosed

in thefollowing sections®®

7.2.1 Pd-catalyzed hydrophophinylation reaction
Inpired by some preliminay results from the Montchamp group regading the
desymmetrization of alkyl phophinates,*® we developel a preliminary study, focusng on Pd-

catalyzed hydrophophinylation® and cross-coupling reactions®® Our results suggest tha the
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Pd-catalyzed addition to alkenes provides the best results in general (de and yields). Emphasis
was placed on screening various chira and prochiral phoghinae esters in this catalytic
trandormation. Thechira auxiliaries were either commercially available, or synthesized through
known procedures (references are indicated on thetable), and used in stoichiometric amounts for
the preparation of akyl phoghinaes, which in turn undego addition to an akene in the presence
of Pd>dbay/2xantphos(2 mol%). Theresults are summarized in Table 7.2.

Table 7.2 Desymmetrization of alkyl phoghinaes via Pd-catalyzed hydrophoghinylation®

Esterification
Method A or B O H Z R (1eq) QH
R*OH + MOP(O)H, R*O—P( > RO—R A
R* = chiral group M = PhNH3, H H Pd,dbag/xantphos (2 mol%) * R
(racemic or 2eq Solvent (Temperature) de
enantioenriched)
Synthetic Ref., e (o Isolated
Entr R*OH or E:;Z::f:‘(‘)‘r’" RO—P, Alkene Solvent  Yield, %°  de,®
v (or RyR;NH) Commercially Refb . H (Temp, jC) (NMR %
Available (CA) . Yield, % Yield,%)
1 % CA A 77 1-octene CH;CN (82) (100) 20
OH
OH
2 ‘ CA A 66 1-octene CH;CN (82) (100) 34
A 0 - - - -
3 220
OH B 68 1-octene CH;CN (82) (18) 5
OH
4 @Ph 221 A 100 1-octene CH;CN (82) (30) 41
Ph
A 93 1-octene CH;CN (82) (100) 24
5 222
OH B 95 2-Br-styrene CH3CN (rt) (94) 26
Ph
6 O’ CA B 100 1-decyne CH;CN (82) (100) 0
“"OH
OH
7 o CA A 61 1-decyne CH;CN (82) (8) e
o
AcO, H OH
8 ~—-Ph CA A 0 - - - -
PH_ Ph
Ph_ H ,NHMe
9 o CA B 0 - - - .
H OHMe
b M NHAC A 92 1-octene CH,CN (82) (0) s
10 HO:))\ME 223 0 .

OMe
11 Q)VOH CA A 100 l-octene  CH,CN (82) (10) 13
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OH A 59 (28) e
12 CA 1-octene CH4CN (82)
B 100 (100) (36)°
OH
A 86
1-octene and CH;CN
13 _OEt 224 3 ) .
E\OEt B 100 2-Br-styrene (82 and rt)
OH oF
OFEt Toluene
14 O/\/,F.”OE‘ 225 B 77 1-octene (110) (15) -
[e)
15 %&m CA A 91 1-octene CH,CN (82) (0) -
SO,NR,
X
4
Sy CA
0" "N L h - - - -
16 ' 226 (Lithiation) B 0
Bn
OH
17 HNT Y CA 227 0 - - - -
[e)
C)j )
M
18 i © 228 AandB 0 - - - -
<
HO, ,CO,Me
19 HO" Yo 229 Aand B (o}l - - - -
OA'OMe
MeO -
20 . 196 Aand B (o}l - - - -
HO" Y~ O
O._A\''OMe
MeO *
Meoo,f :OMe
21 HO" Yo 229, 196 Aand B (o}l - - - -
O)/K'OMe
MeO ~
22 d CA B 100 1-octene CH4CN (82) (100) 18
~ “OH
/-\
23a A 100 1-octene CH4CN (82) 100 66
3 (100)
23b 94 2-Br-styrene CH4CN (rt) (2;) 71
23c 230 100 styrene CH,CN (rt) (100)« e
23d 7~ "OH B 100 2-Br-styrene THF (66) 0) -
23e P> 100 2Brstyrene  ouene ) -
(110)
= 71%
23f 85 /ﬁ< CHCN (82) (©8) 46
24 231 B 60 1-octene CH4CN (82) (traces) -
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N
(&)
o
I

231 B 0 - - - -
93
26a 1-octene CH4CN (82) 55
| (100)
OH 232 B 100
26b Ph™ T™Me 2-Br-styrene CH3CN (rt) (43) 59
Me
OH 66
P -
27 iPr 232 B 100 l-octene  CH,CN (82) (108) 48
-Pr
ode
28 ! 232 B 64 l-octene  CH,CN (82) (90) 26
ode
29 ‘ 232 B 65 l-octene  CH,CN (82) (76) 5
HO
A 67 l-octene  CH,CN (82) (64) 18
30 .. 233
O B 59 l-octene  CHLCN (82) (59) 7
31 233 66 l-octene  CH,CN (82) (66)

J*
I
w
=
[

2 See Experimental Section for details of the procedures. ® Unless otherwise indicated, the esterification methods were A (PivCl), or
B (Si(OPh),) [Ref. 10, 17-18, 52]. © Isolation consisted in extractive workup followed by chromatography on silica gel. ¢ de was
determined considering the difference in heights and/or integrals in the 3P NMR spectra. ¢ de was undetermined.  The ester group
gets hydrolyzed into the acid. ¢ Mixture of cis and trans isomers, as in the starting material (83yas/17:s) " Oxazolidinone is
commercially available. Lithiation was performed as specified in Ref. 226. ' Reference 227 reports the synthesis of the
corresponding phosphinamide, which we could not reproduce under any circumstance. ! MeOP(O)H, is formed in the esterification
step. ¥ Mixture of various isomers. ' Simplified non-chiral version of (-)-8-phenylmenthol (entry 23)

As we can observe in Table 7.2, from the wide range of alcohds (and amines) tha was
screened in this process, jus a few of them have been demondrated to promote the
desymmetrization in modeate diastereomeric excesses (maximum de=70%, entries 23, 26 and
27), paticulary those which possess a 2-subdituted cyclohexanol in thar structure. Initially, we
discovered tha 8-(-)-phenylmenthol”® fumished significantly enantioenriched H-phophinates
(de=66%, entry 238 when reacting with 1-octene at the reflux temperature of acetonitrile. This

value was dighty increased when conducting the hydrophoghinylation at room temperature
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(de=71%, entry 23b) Guided by the previous discovery, we turned our attention to ngphthyl
andogsof 8-(-)-phenylmenthol (entries 23 and 24), which did not provide satisfactory results. In
addition, these compoundswere prepared by multi-step and low yielding syntheses. > This fact
represents an important limitation and we did not pursue our origind plan of screening various
andogswith aryl group substituents different than phenyl and ngphthyl. Of greater interest, we
discovered tha some racemic 2-subdituted cyclohexanols gave similar results as (8)-(-)-
phenylmenthol (entries 26 and 27). The magor advantage of these auxiliaries is tha they were
prepared in goodyields by a single epoxide-opening step,*? which facilitated further screening.
Of course, area application would invdve resolution or the racemates. On the othe hand, we
were unéable to access hypophoghomus amides (R,NP(O)H,) (entries 16 and 17), which are
unknown compounds One single pgper reports the synthesis of these species, however we were
unable to reproduc tha work.”?’ Even thoughthe 71% diastereomeric excess is still low, it
suppots the feasibility of desymmetrizing tetrahedral species to give access to the highly

desirable P-chiral organophoghomuscompounds

7.2.2 Othe C-P bondformation methodobgies

We continued our study by exploring the application of this strategy in other C-P bond
forming reactionsof akyl phogphinaes tha have been previoudy developed in our group, such
as free-radicad®? and conjugae addition reactions®® base-promoted alkylation>” and metal-
catalyzed cross-coupling®#®®* As demondrated in Table 7.3, the desymmetrization of tetrahedral
phophinae esters is quite general, and athoughadditiond progress is required, the results are
promising. The collective daa suggest that the Pd-catalyzed hydrophoghinylation reaction is
probably the best modd to study this process. Moreover, the use of a smplified non-chiral

version of (8-(-)-phenylmenthol) (entry 4),** has been a key step in the development of a
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complete series of experiments, thus generalizing the scope of the present desymmetrization

approach.

Table 7.3 Desymmetrization of alkyl phoghinates via variousC-P bondforming reactions'

C-P bond-forming reaction

Esterification H H
1
R*OH + MOP(O)H, Method A, Bor C R*O—IID: Substrate R*O—IIZI(
* 1
R* = chiral group M = PhNHa, H H Solvent (Temperature) R
(racemic or 2eq de
enantioenriched)
o Isolated
. o~ nH P-C bond- Sustrate, X oc d
Entry R*OH ESte"f'h RO—R forming Solvent Product Yield, % de,
Method H . T c (NMR %
Yield, % reaction (Temp, i C) Yield,%)
Phl,
1 % A 77 Pd-cat. cross- CH,CN 88) 11
coupling _p_
ow @) 0-¢-n
Ph
OH : 4-octyne,
2 Ph A 100 Ni-cat. CH,CN No product ©) ;
addition
Ph (82)
Phl,
3a Pd'c%aj' fross” CH.CN dogﬁ (% 1
A 100 Ping 82) : “ph
Ph >
: o~
3b ConJL_Jgate Z “CN ©) }
addition CH3CN (rt) o
n H
7 ©OH Conjugate ZCN T O°R
3¢ 7 addition CH4CN (rt) Ph T (20) 30
Ph T B 100° & N
Et;B-mediated 1-octene f
3d addition CH.CN (1) é\ o (14) -
: 1-octene i H
- < No-R
3e C 83 Etﬁ drgﬁgﬁted cyclohexane- : Soct (38) -
CH4CN (rt) PR
Addition to <:>:O oH
It ',
-P
4a OH carbonyl ch (37) 53
Ph Me CH3CN (rt) Ph eMe HO
Me
. oy
4b Conjugate ZCN o_b’ 69 38
dditi 74
A 100 addition CH.CN (rt) or e 2 (74)
e CcN
Ni-cat. 4-octyne,
4c addition CH.C (82) No product ©) -
Br
4d Pd-cat. cross- No product (0) -
coupling
CH,CN (82)
. 1-octene 9
4e C 90 Etﬁ;jrg;%?e‘j cyclohexane- (‘:5?3) 33
CHLCN (rt) ot
AIBN- 1-octene “Oct
4f mediated cyclohexane- ~ Ph"y, Me (49) 42
addition CH4CN (82)
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49

4h

4i

OAc
- /

CH,CN (82)

Mel, THF-
cyclohexane
Base- (-78-0;C)
promoted Mel, sparteine
alkylation THF-
cyclohexane
(-78-0iC)

O—Pm\ (25) f
Ph MeMe

53

o (100) 21

Ph MeMe (72)° 11

2 See Experimental Section for details of the procedures. ® Unless otherwise indicated, the esterification methods were A (PivCl), B
(Si(OPh),) or C (Dean-Stark) [Ref. 10, 14, 17-18, 52]. ¢ Isolation consisted in extractive workup followed by chromatography on silica
gel. ¢ de was determined by the difference in heights and/or integrals in the 3P NMR spectra. © Esterification in toluene provides also
quantitative ester formation.  Determination of de was inaccurate. ¢ Not clean conversion, reaction mixture or isolated product
contains the expected products and additional unidentified compounds.
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Experimental Section

Reagents and Solvents. Aqueoushypophoghorousacid (50 wt.%), was purchased from Aldrich

and used as recelved. Coneentrated hypophoghorous acid (H3sPO,) was obtained by rotary
evaporation (0.5 mmHg) of the 50 wt.% agqueous solution at room temperature for 20-30 min
before reaction. Stock solutions(0.5 M) of concentrated H3PO; in reagent grade acetonitrile were
aso prepaed and used for three months with out any decompostion of the acid.
Triethylammonium hypophoghite was prepared according to the method described by Stawinski
et al,*® ammonium hypophoghite was prepaed as described by Fros et al,®® anilinum

'3 and alkyl phophinates'®>** were also prepared as previoudy described, from

hypophoghit
commercialy available alkoxydlanes unless otherwise indicated. Stock solutions(0.5M) of alkyl
phophinaes were also prepared from concentrated hypophophorousacid and an alkoxysilane,
and stored unde N, for over amonth (less than 10% decompostion).® Tetraphenylorthoslicate
(PhO)4Si was synthesized according to the procedure described by Maatesta®* Unless
otherwise stated, HPL C or reagent grade solvents were used. The activation of molecular sieves
congsted in flaming them unde vacuum (0.5 mmHg) duing 20-30 min. When common
anhydmous reagents and/or solvents were employed, they were prepared as follows. EtsN,
pyridine, diisopropylethylamine, diisopropylamine and tert-amyl alcohol were distilled unde N,
from CaH; and stored unde N, over activated 4+ or 3+ (alcohol) molecular sieves. n-Butanol
and tert-butanol were digtilled unde N, from sodium and either used immediately or stored
unde N, over activated 3« molecular sieves. Anhydrous allyl alcohol was obtained by
digtillation from K,COs; and stored undeg N, over activated 3 molecular sieves. Other
anhydrous alcohols were stored unde N, over activated 3» molecular sieves. Tetrahydrofuran

(THF) was digtilled unde N, from sodium benzophenone ketyl, and used immediately.

Anhydmous acetonitrile, toluene benzene and dichloromethane were distilled unde N from
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CaH,, and used immediately. DMF and NMP were stored ove activated 3* molecular sieves,
unde N,. Strictly anhydious DMF was distilled unde reduced pressure from CaH, (45-50;C)
and stored unde N over activated 4+ molecular sieves. Catalysts and ligands were commonly
purchased from Aldrich, Strem Chemicals or Solvias AG. Polystyrene-suppoted nixantphos was
prepared according to the procedure described by Montchamp et al,* with a loading of 0.18

mmol/g.

Microwave Chemistry. Chemical reactions tha required heating unde microwave were carried

outwith a Biotage Initiator. Reaction mixtures were placed in Biotage™ microwave vials and the
reactionswere heated, while stirring according to the conditionsestablished in the computer for

each run, i.e. temperature, time and power. The cooling process was accelerated with air.

Purification. Radia chromatography was carried out with a Harrison Assodates Chromatotron,
usng 1, 2, or 4 mm layers of silicagd 60 PF.s, containing gypsum or silica gd - glue plates.
Silica gd (200-300 mesh) was used for flash chromatography. Ethyl acetate/hexanes’MeOH
mixtures were used as the eluent for chromatographic purifications TLC plates were visudized
by UV, then immersed in p-anisaldehydestain (by volume: 93% ethanol, 3.5% sulfuric acid, 1%
acetic acid, and 2.5% anisaldenyde followed by heating. lon-exhangechromatography was done
a low tempeature (0-5;C) employing Bio-Rad AG-1-X8 anion exchange resin, and udng as
eluent agueous solutions (0.05E2 M) of triethylammonium bicarbonae buffer (EtsNH"HCOs =
TEAB). Fractions containing phoghowus were identified by a (Gotal Phoghomus Content

AssayQ as described in the methodspublished by Avila and Ames.?®

NMR Data. ‘*H NMR spectra were recorded on a Varian Mercury 300-MHz spectrometer.
Chemical shifts for '"H NMR spectra are reported (in pats per million) relative to internd

tetramethylsilane (Me;Si, " = 0.00 ppm) with CDCl; as solvent. *C NMR spectra were recorded
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a 75 MHz. Chemical shifts for **C NMR spectra are reported (in pats per million) relative to
CDCls (" = 770 ppm). *'P NMR spectra were recorded at 121 MHz andlor at 36 MHz, and
chemical shifts reported (in parts pe million) relative to externd 85% phoghotic acid " = 0.0
ppm). The NMR yields are determined by integration of al the resonances in the 3P NMR
spectra, an approach tha is valid if no phogphowuscontaining gas (i.e. PH3) evolves, or if the
precipitate in a heerogeneous mixture does not contain phoghomus The yields deermined by
NMR are geneaally accurate within ~10% of the value indicated, and are reproduable. Some
experiments with internd standards and gas chromatography also confirmed the validity of the
method}” and a careful validaion of NMR yield was verified for the hydrophophinylation of 4-
octyne with ethyl phogphinae (EtOP(O)H,) usng known amounts of authentic samples and then
integrating the spectra (see Suppoting Information from Ref. 35). Isolated yields are sometimes
significantly lower because H-phoghinae esters are highly polar compoundsand hydrolytically
labile.

Gas_Chromatography (GC). Gas chromatographic andyses were conduded on a gas

chromatograph equipped with capillary GC and FID detection, and with mesityleneas an internd
standard. Thecolumn was a 30 m HP5 (crosslinked 5% PH ME siloxane) capillary column (0.25
pum, phase ratio 320, 1D 0.32 mm). Conditions oven 60;C, initia time: 1 min, ratel: 5;C/min,
find temperaturel: 160;C, find time 1: 0 min, then rate2: 25;C/min, find temperature2: 280; C,
find time 2: 20 min. Inlet 200 C, detector 280; C, split mode with constant make-up. For GC
andysis, 3 dropsof sample are diluted in 1 mL of diethyl ether. The solution is washed with 1
mL of 2 M NaOH, and 1 $L of the organic solutionisinjected in the GC. For each sampling, the

areas of thedifferent pesks are normalized with the area of the mesitylene pesk.

High Resolution Mass Spectrometry and Elemental Analysis. Mass spectrometry was

provided by the Washington University Mass Spectrometry Resource, an NIH Research
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Resource (Grant No. PA1RR00954) or by the Mass Spectrometry Facility of the University of

South Carolina Elemental andyses were doneat Atlantic Microlab, Inc., Norcross, GA.

High Performance Liguid Chromatography (HPLC) or LC/MS. Andysis by Reverse Phase

lon-Pairing HPL C was donewith an Agilent Zorbax™ Eclipse XDB-C8 column (4.6 x 150 mm,
5 um) with aguad column (Agilent Zorbax™ ODS, 4.6 x 125 mm, 5um), usng as mobile phase
a Buffer (5mM hexadecyltrimethylammonium bromide, 50mM ammonium acetate, and 2%
MeOH. pH 4.85, adjusted with acetic acid).?*® Chiral HPLC resolutionswere donewith a (SS)
Whdk-01 Column (250%4.6 mm, 5 um) from Regis Technologies, which was accompanied
with a guad column (Agilent Zorbax™ ODS, 4.6 x 125 mm, 5um), usng hexanes/isopropanol
mixtures as the mobile phase, and the andyses and purty of the produds were verified by

LC/MS.

Chapter Two - Section 2.2

Representative Procedure for Table 2.2 - Method A. Entry 1: To a mixture of concentrated
H3PO, (0.396 g, 6 mmol, 3 eq) and 3-aminopropyltriethoxyslane (1.33 g, 6 mmol, 3 eq) in
toluene (12 mL) were added 1-decyne (0.36 mL, 0.28 g, 2 mmol, 1 eq) and trifluoroacetic acid
(0.460mL, 0.68 g, 6 mmol, 3 eq), after stirring for 5 min at rt, Pd,dba (0.0092g 0.01 mmol, 1
mol% Pd) and dppf (0.112 g, 0.02 mmol) were added and the reaction mixture was heated at
reflux for 12 h. At this point the reaction is not homogeneous because the silicates get
polymerized forming sticky ge's at the bottom of the flask. After cooling to rt, **P NMR of the
reaction mixture revealed the formation of the produds at 289 ppm (branched isomer) and 24.2
ppm (linear isomer) in aratio of 16/1. The mixture was then diluted with EtOAc and washed
successively with 2 M aqueous HCI (1 x). The agueous phase was extracted with EtOAc (2 x)

and the combined organic fractions were washed with brine Drying over MgS0O, and
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concentration unde reduced pressure afforded the produds along with 10-20% of diethyl
phoghite (EtO),P(O)H, which was eliminated under reduced pressure (0.1 mmHg, 40;C, 12 h).
Thepure produd was then obtained as a mixture of isomersin theform of lightyellow oil (0.464
g, 10099.

Ethyl (1-hexyl-vinyl) phosphinate (major isomer, 94%) (Table 2.2, entry 1).* 'H NMR:
(CDCls, 300MHz) 6 7.13(d, Jup = 549Hz, 1 H), 5.95(d, Jup = 5 Hz, 1H), 5.91 (d, Jup = 71 Hz,
1H), 4.03-4.24 (m, 2H), 2.18-2.38 (m, 2H), 1.45-1.63 (m, 2H), 1.38(td, J = 6 Hz, J = 2 Hz, 3H),
1.17-1.4 (m, 6H), 0.89 (t, J = 7 Hz, 3H); *C NMR (CDCls, 7545 MHz) 6 1418 (d, Jc = 118
Hz), 1289 (d, Jecc = 14 HZ), 623 (d, Jroc = 6 Hz), 319, 30.7 (d, Jrcce = 12 Hz), 294 (d, Jrccec
=7 Hz), 280 (d, Jeccoce = 5 HZ), 228, 164 (d, Jrocc = 7 Hz), 142; *'P NMR (CDCl3, 12147
MHZz) 6 3062 (dm, Jpy = 553H2z). Ethyl (transod-1-enyl) phogphinate (minorisomer, 6%).
Ethyl (trans-oct-1-enyl) phosphinate (major isomer, 88%) (Table 2.2, entry 16).>*** 'H
NMR: (CDCls, 300MHz) 6 7.18(d, Jup = 549Hz, 1 H), 6.81 (ddt, J=24Hz, J=17Hz, J=7
Hz, 1H), 5.79(dd, J = 24 Hz, J = 17 Hz, 1H), 4.3-4.24 (m, 2H), 2.19-2.33 (m, 2H), 1.4-1.55 (m,
2H), 1.38 (t, J = 6 Hz, 3H), 1.18-1.4 (m, 6H), 0.89 (t, J = 7 Hz, 3H); *C NMR (CDCls, 7545
MHZ) 8 1553 (d, Jecc = 5 HZ), 1197 (d, Jec = 131 Hz), 619 (d, Jroc = 6 Hz), 344 (d, Jpccc =
20 Hz), 320, 294 (d, Jeccece = 8 Hz), 27.8, 22.8, 164 (d, Jrocc = 7 HZ), 14.3; 3'P NMR
(CDCl3, 12147 MHz) 6 25.81 (dm, Jpy = 554 Hz). Ethyl (1-hexyl-vinyl) phoghinae (minor

isomer, 12%).

Representative Procedure for Table 2.3 - Method B. Entry 13: Pyridinium hypophoghite
was first prepaed by mixing equimolar amourts of 50 wt% agueous H3zPO, and pyridine
followed by stirring for 1 h at rt, and evaporation and drying overnight unde reduced pressure

(0.1 mmHg). Then, a mixture of pyridinium hypophoghite (0.29 g, 2 mmol, 2 eq), 1-octene
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(0.16 mL, 0.112g, 1 mmol, 1 eq), Pddba (0.0046 g, 0.005 mmol, 1 mol% Pd) and xantphos
(0.0064 ¢, 0.011 mmol) was heated at 85;C unde N, for 12 h. The resulting mixture was then
concentrated unde high vacuum and the resdue was diluted with EtOAc and washed
successively with 2 M aqueous HCI (1 x). The agueous phase was extracted with EtOAc (2 x)

and the combined organic fractionswere washed with brine Drying and concentration afforded
theprodud asalightyellow solid (0.138g, 71%).

Octyl phosphonic add (Table 2.3, entry 13).* m.p. = 70-72;C, *H NMR (CDCls, 300MHz) "

1042 (bs 2H), 1.5-1.85 (m, 4H), 1.16-1.47 (m, 10H), 0.88 (t, J = 7 Hz, 3H); **C NMR (CDCl5,

7545MHz) " 319,307,305, 29.1, 259 (d, Jec = 144HzZ), 227, 223,14.1; *P NMR (CDCls,

12147 MH2) " 37.81(5); MS (EI*) for CgH1sOsP, [M+H]* mVz 195.

Representative Procedure for Table 23 - Method E. Entry 18 To a sugpenson of
concentrated H3PO, (0.396 g, 6 mmol), (BuO),S (1.35 g, 4.2 mmol) and 1-octene (0.32 mL,
0.224 g, 2 mmol) in CH3CN (12 mL) were added Pd,dba (0.0092g, 0.01 mmol, 1 mol% Pd) and
xantphos(0.0127g, 0.022 mmol). Thereaction mixture was then refluxed for 12 h. After cooling
to rt, *P NMR andysis showed the produd at 41.3 ppm The mixture was diluted with EtOAc
and washed with HCl (2 M) (1 x). Theresulting agueousphase was extracted with EtOAc (3 x)
and the combined organic fractions were washed with saturated agq. NaHCOs (1 x) and brine
Drying, concentration, and purification by column chromatography on silicagd (hexanes/EtOACc
3:1, v/v, EtOACc) furnished the produd as a colorless oil (0.468g, 100%).

Butyl octyl phosphinate (Table 2.3, entry 18).%2*'% 4 NMR (CDCls, 300 MHz) " 7.03 (dt,
Jup= 526Hz, J =2 Hz, 1H), 3.98and 4.11 (tdd, Jup=7 Hz, J = 10 Hz, J = 8 Hz, 2H), 1.2-1.82
(m, 18 H), 0.94 (t, J = 7 Hz, 3H), 0.85(t, J = 7 Hz, 3 H); *C NMR (CDCl3, 7545 MHz) " 659

(d, Jroc = 7 H2), 326 (d, Jrcc = 6 H2), 322, 316, 3056 (d, Jroc = 16 HZ), 2856 (d, Jrc = 93 H2),
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224,206, 205, 186, 139, 134; 3P NMR (CDCls, 12147 MHZ) " 4029 (d, Jpy = 526 Hz).

HRMS (EI") calcd. for CioHa7OoP, ([M]*) 2351827, found2351829

Representative Procedure for Table 2.5. Entry 1: A mixture of a 0.5 M CH3CN solution of
H3PO, (4 mL, 2 mmol, 2 eq) and 4-octyne (0.15mL, 0.110¢g, 1 mmol, 1 eq) was placed in a 2-5
mL Biotage" microwave via and the reaction was heated for 5 min (100;C), while stirring.
After cooling to rt, **P NMR andysis of the reaction mixture revealed the formation of the
produd at 29.9 ppm (97%). The mixture was diluted with EtOAc and washed with 1 M aqueous
NaHSO,. The aqueous layer was then extracted twice with EtOAc and the combined organic
fractionswere was washed with brine Drying and concentration afforded the pure produd as a
lightyellow oil (0.158g, 90%);

(1-Propyl-pent-1-enyl) phosphinic add (Table 25, Entry 1). *H NMR (CDCls, 300 MHz) "
121 (bs 1 H), 7.14 (d, Jup = 548Hz, 1 H), 6.35(dt, J = 27Hz, J=7 Hz, 1 H), 2.06-2.38 (m, 4
H), 1.34-1.64 (m, 4 H), 0.94 (t, J = 7 Hz, 6 H); *}P NMR (CDCls, 12147 MHz) " 32.77 (dm, J =

548Hz).

General Procedurefor Tables2.7,2.8 and 2.9.

The unsaturated subdrate (2 mmol, 1 eq) was added at room temperature to a mixture of the
hypophoghorouscompound(4- 6 mmol, 2-3 eq of H3PO,, AHP or AIkKOP(O)H,) in CH3CN, or
toluene, or DMF (10-12 mL). The pdladium source and the ligand (2 mol% relative to the
unsaturated subdrate) were added and the reaction was heated to reflux (CH3CN or Toluene) or
to 85;C (DMF) unde N, from 8-20 h. *P-NMR yields were determined on a sample of the
crudereaction mixture. When the reactionswere successful and unless otherwise noted, the H-
phogphinic acidswere isolated in goodpurity (>95%) by an acidic workup, however when usng

AHP an extra acidification was needed to remove the excess of anilineg which conssted in
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gtirring a solution of the produd with amberlite resin (H*) at room temperature, followed by
filtration and concentration. On the other hand, H-phophinae esters required an agueous
workup followed by purificationonsilicagd.

Representative Procedure for Hydrophosphinylation with HsPO, - Table 2.7. Entry 1: Toa
solution of concentrated H3PO, (0.396 g, 6 mmol) in CH3CN (10 mL) was addel 4-tert-
butylmethylenecyclohexane (0.300 g, 2 mmol), followed by Pd,dba (0.0092 g, 0.01 mmol, 1
mol% Pd) and xantphos(0.0120g, 0.02 mmol), at room temperature. The resulting mixture was
heated at reflux unde N, during 14 h. After cooling to room temperature, *'P NMR analysis
showed the produds at 39.1 and 41 ppm The mixture was then diluted with EtOAc and washed
successively with 2 M aqueousHCI. The agueousphase was extracted twice with EtOAc and the
combined organic fractions were washed with brine Drying over MgSO, and concentration
afforded the mixture of isomers as an oil (0.334g, 73%).
(4-(1,1-dimethylethyl)cyclohexyl)methyl phosphinic add (mixture trangcis, 7.7/1) (Table
2.7, entry 1). Major isomer: *H NMR (CDCls, 300 MHz) " 1095 (bs 1H), 7.19 (d, Jup = 541
Hz, 1H), 1.591.98 (m, 6H), 0.91D1.12 (m, 4H), 0.83 (s, 9H); *C NMR (CDCl3, 7545 MHz) "
477,371 (d, Jec = 93 Hz), 370, 35.1 (d, Jecc = 10 Hz), 326, 322, 277, 273, 229, 215; 3P
NMR (CDCls, 12147 MHz) " 3794 (dm, Jpu = 543 Hz); Minor isomer: 3P NMR (CDCls,
12147 MHz) " 39.69 (dm, Jpy = 540Hz).

Propanoic add, 2,2-dimethyl-2-(hydroxyphosphinyl) ethyl ester (Table 2.7, entry 2). *H
NMR (CDCls, 300MHz) " 1089 (bs 1H), 7.22(d, Jup= 561Hz, 1H), 4.36 (dt, J=17Hz, J=7
Hz, 2H), 2.17 (dtd, J= 16 Hz, J= 7 Hz, J= 2 Hz, 2H), 1.20 (s, 9H); *C NMR (CDCls, 7545
MHz) " 1783, 580, 389, 297 (d, Joc = 94 HZ), 273 (30); *'P NMR (CDCls, 12147 MHz) "

4029 (d, JPH =526 HZ).
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Representative Procedure for Hydrophosphinylation with (AIkO)P(O)H, - Table 2.7. Entry
2: Toa0.5M solution of BUOP(O)H, in CH3CN (12 mL, 6 mmol, 3 eq) was added vinyl pivaate
(0.30 mL, 0.256 g, 2 mmol, 1 eq), Pd.dba (0.0092 g, 0.01 mmol, 1 mol% Pd) and xantphos
(0.0120g, 0.02 mmol). The solution was heated at reflux unde N, for 9 h. After cooling to rt,
the mixture was diluted with EtOAc and washed with 2 M agqueous HCl (1 x), followed by
extraction of the aqueous phase with EtOAc (2 x). Then, the organic fractions were combined
and washed with saturated aqueous NaHCO;3; and brine. Drying and conaentration furnished the
crude compound, which was purified by radid chromatography (2 mm thickness,
hexanesEtOAC 3:1, v/v, EtOACc). Theprodud was obtained as a clear oil (0.500g, 100%).
Propanoic add, 2,2-dimethyl-2-(butoxyphosphinyl) ethyl ester (Table 2.7, entry 2). *H
NMR (CDCls, 300MHz) " 7.22 (dt, Jup= 544 Hz, J= 2 Hz, 1H), 436 (dt, J= 17 Hz, J= 7 Hz,
2H), 414 and 4.05 (tdd, Jyp= 7 Hz, J= 8 Hz, J= 2 Hz, 2H), 2.12D2.26 (m, 2H), 1.70 (quint., J
= 7 Hz, 2H), 1.42 (sext. J= 8 Hz, 2H), 1.21 (s, 9H), 0.95 (t, J = 7 Hz, 3H); *C NMR (CDCl5,
7545MHz) " 1783, 666 (d, Jooc = 7 HZ), 57.8 (d, Jrcc= 2 Hz), 38.8, 324 (d, Jpoc = 6 HZ), 29.1
(d, Joc = 94 HZ), 272 (30), 188, 13.7; **P NMR (CDCls, 12147 MHz) " 3416 (dsept., Jpy =
544Hz, J= 8 Hz).

Bicyclo[2.2.1]hept-2-yl-phophinic add (Table 2.7, entry 4). *H NMR (CDCls, 300 MHz) "
1218 (bs 1H), 6.90 (d, Jup = 536 Hz, 1H), 2.59(d, J = 10 Hz, 1H), 2.37 (s, 1H), 2.06 (d, J =5
Hz, 1H), 1.4091.89 (m, 5H), 1.1251.37 (m, 3H); *C NMR (CDCls, 7545MHz) " 408 (d, Jec
=96 Hz), 37.3,37.1, 364 (d, Jrcc = 4 Hz), 317 (d, Jpccc = 17 HZ), 302 (d, Jpcc = 4 HZ), 288;
3P NMR (CDCl3, 12147 MHZ) " 4254 (dm, Jpus = 536 Hz).
3-(Benzyloxycarbonylamino)propyl phosphinic add (Table 2.7, entry 5). *H NMR (CDCls,
300MHz) " 7.07 (d, Jup = 548 Hz, 1H), 7.34 (m, 5H), 4.92D5.20 (m, 3H), 3.1253.23 (M, 2H),

1.6591.89(m, 4H); *'P NMR (CDCl3, 12147 MHz) " 3784 (dm, Jpy = 548H2).
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[3-(1,3-dihydr o-1,3-dioxo-2H-isoindol-2-yl)propyl]-phosphinic add (Table 2.7, entry 6). *H
NMR (CDCl3, 300 MHz) " 7.10 (d, Jup = 548Hz, 1H), 7.80D7.97 (m, 2H), 7.59D7.80 (m, 2H),
3.78(t, J= 6 Hz, 2H), 1.88D2.18 (m, 2H), 1.60D1.88 (m, 2H): **P NMR (CDCl3, 12147 MHz)
" 3745 (dm, Jay = 548H2).

(8)-2-Benzyloxycarbonylamino-4-hydr oxyphogphinoyl-butyric add methyl ester (Table 2.7,
entry 7). 'H NMR (CDCls, 300MHz) " 7.04 (d, Jup = 555Hz, 1H), 7.33 (m, 5H), 5.91 (bs
1H), 5.10 (s, 2H), 4.40 (m, 1H), 3.73 (s, 3H), 2.13 (m, 1H), 1.80 B 2.0 (m, 3H); °C NMR
(CDCls, 7545 MHz) " 1722, 1564, 1364, 1290, 1287, 1286, 67.6, 542 (d, Jpccc = 16 Hz),
531,257 (d, Jec = 93 Hz), 24.3; *'P NMR (CDCl3, 12147 MHz) " 35,5 (dm, Jpy = 555Hz).
Representative Procedure for Tandem HydrophosphinylationEEsterification - Table 2.7.
Entry 7: To A solution of concentrated H3PO, (0.356g, 5.4 mmol, 3 eq) in CH3CN (9 mL) were
added N-Cbz-vinyl glycine-O-methyl ester (0.427 g, 1.8 mmol, 1 eq), Pd.dba (0.0165¢g, 0.018
mmol, 2 mol% Pd) and xantphos(0.0231 g, 0.040 mmol). The resulting mixture was heated at
reflux for 14 h. The reaction was then conaentrated in vacuo and the resdue was sugpenddd in
toluene (12 mL) and (BuO),Si (1.73 g, 5.4 mmol, 3 eq) was added at room temperature. The
reaction was returned to reflux temperature and heated for 20 h. After cooling to room
temperature, *'P NMR andysis of the reaction crude showed the produd as a mixture of isomers
at 3797 and 3833 ppm (100%). The mixture was diluted with EtOAc and washed with 2 M
aqueousHCI. Theaqueouslayer was extracted with EtOAc (2 x). The organic layer was washed
with saturated agqueous NaHCO; and then brine Drying ove MgS0O, concentration and
purification by column chromatography over silica gd (hexanesEtOAc 2:1, v/v, EtOAC) to give
thedesired produd (0.235g, 36%).
(S)-2-Benzyloxycarbonylamino-4-butoxyphosphinoyl-butyric add methyl ester (mixture of

isomers, 50/50) (Table 2.7, entry 7). *H NMR (CDCls, 300MHz) " 7.09(d, Jup = 538 Hz, 1H),
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7.36 (M, 5H), 5.61 (d, J = 2 Hz, 1H), 5.12 (s, 2H), 443 (m, 1H), 3.92D4.18 (m, 2H), 3.77 (S
3H), 1.74- 256 (m, 4 H), 1.68 (quint, J = 7 Hz, 2H), 1.39 (sext. J = 8 Hz, 2H), 0.94(t, J = 7 Hz,

3H); *'P NMR (CDCl3, 12147 MHZ) " 38.15and 38.09 (dm, Jmy = 538Hz).

Representative Procedure for Hydrophosphinylation with PhNH3OP(O)H, - Table 2.8.
Entry 1: To a solution of anilinum hypophoghite (0.955 g, 6 mmol, 3 eq) in DMF (10 mL),
isoprene (0.20 mL, 0.136 g, 2 mmol, 1 eq), Pd.dba (0.0092 g, 0.01 mmol, 1 mol% Pd) and
xantphos(0.0120g, 0.02 mmol) were added in tha order. The resulting mixture was heated at
85iC in an oil bath during 10 h. After this time, *P NMR andysis indicated the presence of the
produd at 258 ppm The crude reaction mixture was concentrated by rotary evaporation (40-
45;C, 0.5 mmHg) for 30 min, and then it was diluted with EtOAc and washed with 2 M aqueous
HCI. Theorganic layer was extracted twice with EtOAc and the combined organic fractionswere
washed with brine, then dried over MgSO,, filtered, and concentrated. The resulting oil was
dissolved in CH,Cl, or EtOAc and three-four tipsof spaula of acidic amberlite resin were added.
The sugpendon was stirred for 4-6 h at room temperature, followed by suction filtration on a
BYdne funné and concentrationto give 0.149g of the produd as a clear oil (56%).
(3-Methyl-buten-2-yl) phosphinic add (Table 2.8, entry 1).** 'H NMR (CDCls, 300 MHz)
61091 (bs 1H), 6.94 (d, Jup = 550 Hz, 1H), 5.13(qq, J = 7 Hz, J = 2 Hz, 1H), 2.57 (dd, Jup =
19 Hz, J = 8 Hz, 2H), 1.77 (d, J = 6 Hz, 3H), 1.66 (d, J = 4 Hz, 3H); **C NMR (CDCls, 7545
MHz) 6 1384 (d, Jpccc = 14 Hz), 1106 (d, Jpcc = 9 HZ), 301 (d, Jpc = 92 Hz), 258 (d, Jpcccc =
3 Hz), 182 (d, Jrccee = 3 HZ); *'P NMR (CDCl3, 12147 MHz) & 35.86 (dm, Jay = 550 H2);
HRMS (EI*) caled. for CsH11OP, ([M]7) 1340497 found1340494

Geranyl phosphinic add (E/Z, 50/50) (Table 2.8, entry 2).* *H NMR (CDCls, 300 MHz)

81010 (bs 1 H), 6.93(d, Jup = 552 Hz, 1 H), 5.02 D5.21 (m, 2 H), 2.58 (dd, Jup = 19Hz, J=8
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Hz, 2 H), 2.06 (d, J = 4 Hz, 4 H), 1.76 and 1.65[(d, J = 5 Hz) and (d, J = 4 Hz), 3H], 1.68(s, 3
H), 1.60 (s, 3 H); *C NMR (CDCls, 7545MHz) 61422 (d, Jecce = 14 Hz), 1421 (d, Jpccc = 14
Hz), 1324, 1320, 1239, 1238, 1113 (d, Jrcc = 9 Hz), 1106 (d, Jrcc = 9 Hz), 399 (d, Jpccee =
3 Hz), 323 (d, Jrccee = 3 Hz), 302 (d, Jre = 92 Hz), 301 (d, Jec = 92 HZ), 267 (d, Jpcccce= 4
Hz), 265 (d, Jecccce= 3 Hz), 259 (2 C), 23.7 (d, Jeccee = 3 Hz), 17.9,178, 16.7 (d, Jecccc= 3
Hz); *'P NMR (CDCls, 12147 MHz) 6 36.42 (dm, Jpy = 552 Hz), 36.17 (dm, Jey = 552 HZ);
HRMS (EI") calcd. for C1oH190,:P, ((M]*) 2021123, found2021127

Hexen-5-yl phosphinic add (Table 2.8, entry 3).* 'H NMR (CDCls, 300 MHz) 6 11.38(bs
1H), 7.10 (d, Jup = 544 Hz, 1H), 5.27 D5.86 (m, 1 H), 4.91D5.08 (m, 2H), 2.01D2.20 (m, 2H),
1.42 ©1.86 (m, 6H); *C NMR (CDCls, 7545 MHz) 61382, 1153, 334, 29.7 (d, Jeccc = 16
Hz), 29.1 (d, Jec = 94 HZ), 203; P NMR (CDCl3, 12147 MHz) 6 38.96 (dm, Jpuy = 544 HZ).
(1-Propylidene-2-methyl-propen-2-yl) phosphinic acd (Table 2.8, entry 4). Major isomer
(64%): *H NMR (CDCl3, 300MHz) 8 11.96 (bs 1H), 7.12(d, Jup = 565Hz, 1H), 6.39 (dt, Jup =
25Hz, J=7 Hz, 1H), 5.17 (s, 1H), 4.83(s, 1H), 2.25(qd, J = 7 Hz, J = 3 Hz, 2H), 1.92(s, 3H),
1.04(t, J = 8 Hz, 3H); *C NMR (CDCls, 7545MHz) 8 147 4 (d, Jpcc = 12 Hz), 1384 (d, Jpcc =
10 Hz), 1357 (d, Jrc = 128 Hz), 1172 (d, Jrccc = 8 Hz), 240, 23.0 (d, Jrccc = 18 HZ), 136 (d,
Jrccee = 5 HZ); *P NMR (CDCls, 12147 MHZ) 6 2784 (dd, Jpy = 515 Hz, J = 20 HZ). Minor
isomer: (1-ethyl-3-methyl-butadien-1,3-yl) phoshinic acid (18%): *'P NMR (CDCls, 12147
MHZz) 6 2657 (dm, Jpy = 522Hz) and another isomer (18%) 25.11 (dm, Jpy = 517 Hz).
(2-Cyclohexyl-ethen-2-yl) phosphinic add (Table 2.9, entry 1).°° 'H NMR (CDCls, 300
MHz) & 1096 (bs 1H), 6.93 (d, Jup = 552 Hz, 1H), 5.07 (q, J = 7 Hz, 1H), 259 (dd, Jup = 19
Hz, J = 8 Hz, 2H), 2.08 D221 (m, 4H), 1.47 D 1.62 (m, 6H); *C NMR (CDCls, 7545 MHz)
61469 (d, Jpcce = 14 Hz), 1070 (d, Jrcc = 9 Hz), 374 (d, Jrccce = 3 Hz), 294 (d, Jec = 92 Hz),

293 (d, Jeccce = 3 H2), 287 (d, Jecccce = 3 Hz), 280 (d, Jecccee = 2 Hz), 268; *'P NMR
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(CDCls, 12147 MHZ) 6 3593 (ddd, Jmy = 552 Hz, J = 35Hz, J = 2 Hz); HRMS (EI") calcd. for
CeH1s0:P, ([M]") 1740810 found1740807.

Cinnamyl phosphinic add (Table 2.9, entry 2, seeaso Table 5.2, entry 9).°%* m.p. = 85;C;
'H NMR (CDCls, 300MHz) § 1126 (bs 1H), 7.1597.43 (m, 5H), 7.01 (d, Jup = 558 Hz, 1H),
6.51 (dd,J = 16 Hz, J = 5 Hz, 1H), 6.03D96.19 (m, 1H), 2.75 (dd, Jup = 19 Hz, J = 7 Hz, 2H);
3C NMR (CDCls, 7545MHz) 6 1367 (d, Jrccce= 4 Hz), 1362 (d, Jpcce = 14 Hz), 1288 (2C),
1281, 1266 (d, Jeccece = 2 Hz, 20), 1170 (d, Jecc = 10 Hz), 349 (d, Jec = 90 Hz); 'P NMR
(CDCls, 12147 MHz) ¢ 3532 (dm, Jm = 558 Hz); HRMS (EI") caled. for CoH110:P, ([M]%)
1820495,found1820497.

(3-Cyclohexyl-propen-2-yl) phosphinic acd (Table 2.9, entry 3). Major isomer (90%): *H
NMR (CDCl3, 300MHz) 6 8.39 (bs 1H), 6.96 (d, Jup = 554 Hz, 1H), 551D5.66 (m, 1H), 5.21
D5.37(m, 1H), 2.55(dd, Jup = 19 Hz, J = 8 Hz, 2H), 1.57 D1.84 (m, 5H), 0.99D1.36 (m, 5H).
(2-Cyclohexyl-ethen-2-yl-vinyl) phosphinic add (Table 2.9, entry 4). Major isomer (80%):
'H NMR (CDCl3, 300MHz) 6 1199 (bs 1H), 7.08 (d, Jup = 562 Hz, 1H), 6.06 (d, J = 24 Hz,
1H), 5.72 (d, Jup = 6 Hz, 1H), 5.75 (d, Jup = 47 Hz, 1H), 2.10 - 2.32 (m, 4H), 1.40D1.78 (m,
8H); *C NMR (CDCls, 7545 MHz) 6 1488 (d, Jrccce = 11 HZ), 1395 (d, Jpc = 122HZ), 1289
(d, Jecce = 12 Hz), 1149 (d, Jecc = 11 Hz), 377,299, 287, 283, 267 (2C); **P NMR (CDCls5,

12147 MHZ) 6 2634 (dm, Jpy = 562H2).

Chapter 2, Section 2.3%®

Preparation of a Stock Solution of AIKOP(O)H». Thiswas conduded as described in reference
18. In a typical procedure, a solution (or sugpenson) of concentrated H3zPO, (100 mmol),
akoxysdlane (70 mmol for (RO)4Si, or 200 mmol for (RO),SIMe,) in the appropriate volume of
solvent (CHsCN, toluene or THF) to create a 0.5 M solution, is refluxed for 2 h unde a N
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amogphee. After cooling to roomtemperature, the stock solution was kept at room temperature

unde Na,. Lessthan 10% decompostion was detected after 2 months

Experimental Proceduresfor Table2.11

General Procedure for the Hydrophosphinylation of Alkynes with a Stock Solution of
AlkOP(O)H,. To a mixture of the akyne (2.5 mmol) and the catalyst (0.05-0.075 mmol, 2-3
mol% relative to the alkyne) was added a solution of EtOP(O)H, (5 mmol) in CH3CN (10 mL,
0.5 M) at room temperature. The mixture was stirred at reflux until completion of the reaction
(NMR monitoring on a sample of the crude reaction mixture). The mixture was then
concentrated in vacuo. The resdue was diluted with EtOAc and washed with 1 M aqueous
NaHSO,, then brine Drying on MgS0, and concentration afforded the crude compound,which
was purified by radial chromatography (hexanes, 100% v/v to EtOAc, 100% v/v). The produd
was genealy obtained asalightyellow oil.

Representative Procedure with an Alternate Work-up: Preparation of Ethyl (1-propyl-
pent-1-enyl) phosphinate (Table 2.11, entry 2a). To a solution of EtOP(O)H, (0.5 M, 10mL, 5
mmol) in CH3CN (prepared from (EtO),SiMe, as described above was added 4-octyne (0.37
mL, 2.5 mmol) and nickel chloride (0.01 g, 0.075mmol, 3 mol%), at roomtemperature (rt). The
solution was refluxed unde N for 7 h. After cooling to rt, P NMR andysis showed the produd
at 31.8 ppm The mixture was then diluted with EtOAc and washed with dilute aqueousHCI, the
resulting aqueous phase was extracted with EtOAc (3 x). The combined organic fractionswere
washed with saturated aqueousNaHCO;3 (1 X) and brine  Drying and concentration afforded the
crude compound, which was purified by radid chromatography (2 mm thickness,

hexanesEtOAC 3:1, v/v, EtOAC). The produd was obtained as a colorless oil (0.510g, 1009j.
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General Procedure for the Hydrophosphinylation of Alkynes by Heat Activation. To the
catalyst (0.05-0.075mmol, 2-3 mol % relative to the alkyne) was added a solution of EtOP(O)H,
(5 mmol) in CH3CN (10 mL, 0.5M) at roomtemperature. The mixture was heated for 15mn (10
min to reach reflux and 5 min at reflux) then allowed to cool back to room temperature for 15
min. This orangered homogeneous mixture was addeal to the alkyne (2.5 mmol) and stirred at
room temperature until completion of the reaction (NMR monitoring on a sample of the crude
reaction mixture). The mixture was then concentrated in vacuo. The resdue was diluted with
EtOAc and washed with 1 M aqueousNaHSO,, then brine Drying on MgSO, and concentration
afforded the crudecompound which was purified by radial chromatography (hexanes, 100%v/v

to EtOAc, 100%V/v).

Representative Procedure for the OnePot Hydrophoshinylation with Anilinum
Hypophosphite: Preparation of Butyl (1-propyl-pent-1-enyl) phoghinate (Table 2.11, entry
1d). To asugpenson of PhNH30OP(O)H, (0.800g, 5 mmol), (BuO),Si (1.122g, 3.5 mmol) and 4-
octyne (0.37 mL, 2.5 mmol) in CH3CN (10 mL) was added NiCl; (0.01 g, 0.075mmoal, 3 mol%).
The reaction mixture was then refluxed for 16 h. After cooling to room temperature, **P NMR
andysis showed the produd at 312 ppm (100%. The mixture was diluted with EtOAc and
washed successively with diluted HCI (1 x). The aqueousphase was extracted with EtOAc (3 x)
and the combined organic fractions were washed with saturated agqueous NaHCO; (1 x) and
brine Drying, concentration, and purfication by radial chromatography (2 mm thickness,

hexanesEtOAC 3:1, v/v, EtOAC) afforded the product as a colorless oil (0.521g, 90%).

Representative Procedure with Aminoslicate/TFA: Preparation of Ethyl (trans-2-
trimethylsilyl-vinyl) phogphinate (Table 2.11, entry 12). To a solution of conaentrated HsPO,

(5 mmol) in HPLC grade CH3CN (10 mL), was added 3-aminopropyltriethoxyslane (1.107 g, 5

157



mmol), trimethylsilylacetylene (0.35 mL, 2.5 mmol), trifluoroacetic acid (0.39 mL, 5 mmol) and
nickel chloride (0.01 g, 0.075 mmol, 3 mol%), at room temperature. The solution was refluxed
unde N for 2.5 h. After cooling to room temperature, **P NMR andysis showed the produd at
253 ppm (98%). The mixture was then diluted with EtOAc and washed successively with
diluted aqueous HCI (1 x). The agueous phase was then extracted with EtOAc (3 x) and the
combined organic fractions were washed with saturated aqueous NaHCO; (1 x) and brine

Drying and concentration afforded the produd as acolorless oil (0.350g, 75%).

Methyl (1-propyl-pent-1-enyl) phosphinate (Table 2.11, entry 1a). *H NMR (CDCls) " 6.96
(d, J=545Hz, 1 H), 6.38(dt, J = 26 Hz, J= 7 Hz, 1 H), 3.67(d, J= 12 Hz, 3 H), 2.0-2.26 (m, 4
H), 1.41(q,J =7 Hz, 4 H), 0.87 (t, J= 7 Hz, 6 H); ®°C NMR (CDCl3) " 1464 (d, Jecc = 14 H2),
1305 (d, Jec = 123Hz), 51.1 (d, Jpoc = 7 Hz), 29.4 (d, Jpcc = 18 Hz), 27.3 (d, Jpccc= 12 Hz),
209, 208, 131, 128; *'P NMR (CDCls) " 354 (dm, J = 545 Hz). HRMS (El) calcd. for
CoH160,P (M™) 1901123,found1901116

iso-Propyl (1-propyl-pent-1-enyl) phosphinate (Table 2.11, entry 1b). *H NMR (CDCls) "
7.04(d, J=540Hz, 1 H), 6.35(dt, J = 27 Hz, J = 6 Hz, 1 H), 4.454.7 (m, 1 H), 2.0-2.25(m, 4
H), 1.34-1.53(m, 4 H), 1.07-1.34 (m, 6 H), 0.7-1.0 (t, J = 7 Hz, 6 H); *C NMR (CDCl3) " 1466
(d, Jecc = 14 Hz), 1322 (d, Jpc = 125H2), 70.7 (d, Jpoc = 7 HZ), 305 (d, Jpcc = 19 HZ), 284 (d,
Jrcec = 12 HZ), 242 (d, Jroce = 4 Hz), 235 (d, Jroce = 4 HZ), 225 (d, Jpccc = 2 Hz), 219 (d,
Jrccee = 1 HZ), 141, 139; 3P NMR (CDCl3) " 300 (dm, J = 539 Hz). HRMS (El) calcd. for
C11H2:0.P (M*) 2181436 found2181440.

Butyl (1-propyl-pent-1-enyl) phosphinate (Table 2.11, entries 1c & 1d).** *H NMR (CDCls)
" 6.98(d, J=542Hz, 1 H), 6.37 (dt, J = 33Hz, J= 7 Hz, 1 H), 3.88-4.0 (m, 2 H), 2.0-2.2 (m, 4
H), 1.55-1.63 (m, 2 H), 1.3-1.45 (m, 6 H), 0.87 (t, J = 7 Hz, 9 H); *C NMR (CDCl5) " 1471 (d,

Jrcc = 14 Hz), 13119 (d, Jrc = 124 H2), 657 (d, Jroc = 7 HZ), 3256 (d, Jrocc = 7 HZ), 305 (d,
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Jecc = 18 Hz), 284 (d, Jrccc = 12 HZ), 226, 21.9, 189, 142, 139, 137; *'P NMR (CDCls) "
334 (dm, J=543Hz). HRMS (El) calcd. for CoHs0,P (M) 2321592 found232159Q

Ethyl (1-propyl-pent-1-enyl) phosphinate (Table 2.11, entries 2a & 2b). *H NMR (CDCls) "
6.99 (d, J = 542 Hz, 1 H), 6.36 (dt, J = 26 Hz, J = 6 Hz, 1 H), 3.89-4.1 (m, 2 H), 2.0-2.27 (m, 4
H), 1.3-1.52(m, 4 H), 1.12-1.3 (m, 3 H), 0.72-1.0 (m, 6 H); *C NMR (CDCl3) " 1469 (d, Jpcc =
14 Hz), 1316 (d, Jec = 124Hz), 61.7 (d, Jroc = 7 HZ), 303 (d, Jpcc = 18 Hz), 28.1 (d, Jpcce= 12
Hz), 224, 217,161 (d, Jrocc = 3 Hz), 139, 136; *'P NMR (CDCls) " 322 (dm, J = 543 Hz).
HRMS (EI) calcd. for CigH2:0P (M*) 2041279,found2041275

Ethyl (1-butyl-hex-1-enyl) phosphinate (Table 2.11, entry 3). *H NMR (CDCls) " 7.0 (d, Jp+
=545Hz), 6.36 (dt, J = 264 Hz, J = 7.0 Hz, 1 H), 3.95-4.1 (m, 2 H), 2.05-2.25 (m, 4 H), 1.2-1.4
(m, 11 H),0.84 (t, J = 7.0 Hz, 3 H); *C NMR (CDCls) " 14686 (d, Jecc = 14 HZ), 1307 (d, Jpc =
124 Hz), 61.3 (d, Jroc = 7 Hz), 30.7 (d, Jpccce = 2 Hz), 30.0 (d, Jecce = 2 HZ), 274 (d, Jpcce =
18 Hz), 253 (d, Jrcc = 12 Hz), 220, 217, 156 (d, Jrocc = 6Hz), 131, 13.1; **P NMR (CDCl3,
MeySi) " 3305 (d, Jpw = 545H2). MS (EI"): mVz 232 ([M]"); HRMS (EI"): calcd. for Ci2Has0,P
2321592,found2321594.

Ethyl vinylphosphinate (Table 2.11, entry 4a).**%*’ Hydrophophinylation of acetylene
Acetylene is producd by a dow addition of water over calcium carbide (40g, 0.62 mol) in a
system previoudy flushed with No. A sulfuric acid trap followed by a drierite trap dries the
resulting gas. Acetyleneis bubbled gently for 2h at room temperature througha solution of pre-
activated catalyst (0.01 g, 0.075 mmol, 1.5 mol%) and ROP(O)H, (0.5 M, 10 mL, 5 mmol) in
CH3CN, produced eithe from the appropriate alkoxydlane or the aminoslicate. The whole
system is then flushed agan with No. *H NMR (CDCls) 6 7.27 (d, J = 558 Hz, 1 H), 6.1-6.4 (m,

3H), 4.0-4.2 (m, 2H), 1.41 (t, J= 7 Hz, 3H); **C NMR (CDCl3) 6 136.4 (d, Jpcc = 4 HZ), 1287
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(d, Jpc = 125 Hz), 621 (d, Jroc = 7 Hz), 163 (d, Jrocc = 6 Hz); *'P NMR (CDCls) 6 25.06 (d,
Jen = 558 Hz).

2-Ethyl-butyl vinylphosphinate (Table 2.11, entry 4b). *H NMR (CDCls) 6 7.19 (d, J = 558
Hz, 1 H), 6.1-6.5 (m, 3H), 3.9-4.1 (m, 2 H), 1.451.6 (m, 1 H), 1.3-1.45(m, 4 H), 091 (t, J= 7
Hz, 6 H); *C NMR (CDCls) 6 1363 (d, Jecc = 4 Hz), 1288 (d, Jpc = 125Hz), 67.7 (d, Jpoc = 6
Hz), 417 (d, Jrocc = 7 HZ), 2238, 10.9; *'P NMR (CDCls) 6 25.78(d, Ja = 558 Hz).

Ethyl (1,3,3-trimethyl-but-1-enyl) phosphinate (Table 2.11, entry 5). *H NMR (CDCl3) &
6.94 (d, Jpy = 546 Hz, 1 H), 6.38 (dm, J = 299 Hz, 1 H), 4.0-4.2 (m, 2 H), 1.92 (dd, J = 1.5 Hz,
Jrcc = 161 Hz, 3H), 1.36(t, J = 7.0 Hz, 3H), 1.18 (s, 9 H); *C NMR (CDCls) 8 1552 (d, Jecc
= 12 Hz), 1253 (d, Jrc = 125Hz), 620 (d, Jroc = 6 Hz), 34.8 (d, Jrccc = 20 Hz), 301, 165 (d,
Jroce = 6 HZ), 118 (d, Jecc = 13 Hz); **P NMR (CDCls) 8 35.79 (d, Jpu = 546 Hz). MS (EI™):
m/z 190 ([M]*); HRMS (EI*): calcd. for CoH190,P 1901123,found1901118

Ethyl (zrans-styryl) phosphinate (Table 2.11, entries 6a & 6b).*** *H NMR (CDCls) " 7.27
(d, J=561Hz, 1 H), 7.2-755 (m, 5 H), 6.2-6.4 (M, 2 H), 4.0-4.2 (m, 2 H), 1.33(t, J=7 Hz, 3
H); 3C NMR (CDCl3) " 1499 (d, Jeccc = 7 Hz), 1346 (d, Jecc = 21 Hz), 1308, 1291 (2 ©),
1281 (2 C), 1165 (d, Jec = 133 Hz), 622 (d, Jroc = 6 Hz), 166 (d, Jrocc = 6 HZ); P NMR
(CDCl3) " 257 (dm, J = 561 Hz), *'P NMR (CDCls) " 284. HRMS (EI) calcd. for CyoH130,P
(M*) 1960653 found196.0650.

Ethyl (1-phenyl-vinyl) phosphinate (Table 2.11, entries 6a & 6b).”* H NMR (CDCl3) "
7.33-75(m, 5H), 7.32(d, J = 564Hz, 1 H), 6.24 (d, J = 47 Hz, 1 H), 6.18(d, J = 24 Hz, 1 H),
4.0-4.1(m, 2 H), 1.28(t, J= 7 Hz, 3 H); *C NMR (CDCl3) " 1417 (d, Jrc = 119Hz), 1354 (d,
Jrce = 13 HZ), 1305 (d, Jrec = 13 Hz), 1290 (2 C), 1286, 1273 (d, Jecce = 6 Hz, 2 C), 625 (d,
Jroc = 7 Hz), 164 (d, Jroce = 6 Hz); 3'P NMR (CDCls) " 284 (dm, J = 564 Hz). HRMS (EI)
caled. for CioH130,P (M*) 1960653, found196 0650.
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Ethyl (1,2-diphenyl-vinyl) phosphinate (Table 2.11, entries 7a & 7b). *H NMR (CDCls) "
752(d, J=25Hz, 1 H), 7.29-7.44 (m, 3H), 7.19(d, J = 562 Hz, 1 H), 7.0-7.3 (m, 7 H), 4.1 (m,
2 H), 1.28(t, J = 7 Hz, 3 H); *C NMR (CDCl3) " 1434 (d, Jecc = 13 Hz), 1344 (d, Jecc = 6
Hz), 1342 (d, Jpcce = 4 Hz), 1321 (d, Jpc = 123 Hz), 1306 (2 C), 1297, 1295, 1294, 1293,
1292, 1286 (2 C), 1285, 625 (d, Jroc = 7 HZ), 165 (d, Jrocc = 6 Hz); **P NMR (CDCl5) " 29.1
(dm, J = 562Hz). HRMS (El) calcd. for CisH170.P (M*) 2720966 found2720964.

Ethyl (1-ethylidene-but-2-ynyl) phosphinate (Table 2.11, entry 8). *H NMR (CDCl3) " 6.94
(d, Iy = 577Hz, 1 H), 6.85 (dg, J = 199 Hz, J = 6.7 Hz, 1 H), 4.03(dqg,J = 9.1 Hz, J = 7.0 Hz,
2 H), 1.98(d, J=5.0Hz, 3H), 1.95(dd, J= 7.0 Hz, J= 29 Hz, 3 H), 1.29(t, J = 7.0 Hz, 3 H);
13C NMR (CDCl3) " 1512 (d, Jecc = 10 Hz), 117.9 (d, Jec = 134 HZ), 96,5 (d, Jecce = 8 H2),
719 (d, Jrcc = 14 Hz), 62.1 (d, Jpoc = 7 Hz), 174 (d, Jpcce = 15HZ), 165 (d, Jroce = 6 HZ), 4.8
(d, Jeccee = 3 Hz); 3P NMR (CDCls) " 24141 (d, Jay = 577 Hz). MS (EI): mVz 172 ((M]H);
HRMS (EI"): caled. for CgH130:P 1720653,found 1720651

Ethyl (2-cyclohex-1-enyl-vinyl) phosphinate (Table 2.11, entry 9). (linear isomer): *H NMR
(CDCl3) 6 7.25(d, J = 555Hz, 1 H), 7.08 (dd, J = 173 Hz, J = 235 Hz, 1 H), 6.18 (sbr, 1 H),
5.64(dd,J =173 Hz, J= 216 Hz, 1 H), 4.054.2 (m, 2 H), 2.1-2.3 (M, 4 H), 15-1.75 (m, 4 H),
1.37(t, J=7.0Hz, 3H); ®C NMR (CDCls) § 1517 (d, Jpcc = 7 HZ), 1391, 1352 (d, Jecce = 22
Hz), 1131 (d, Jec = 137 Hz), 619 (d, Jroc = 6 Hz), 37.1 (d, Jrccee = 3 Hz), 266, 241, 22.2,
16.7 (d, Jpocc = 7 Hz); *'P NMR (CDCls) 6 27.60(d, Jpy = 555H2).

Ethyl (1-cyclohex-1-enyl-vinyl) phosphinates (Table 2.11, entry 9). (branched isomer): *H
NMR (CDCl3) 6 7.28(d, Jpy = 550Hz, 1 H), 6.37 (sbr, 1 H), 5.91(d, J =504 Hz, 1 H), 5.86(d,
J=269Hz, 1H),4.0542(m, 2 H), 2.1-2.25(m, 4 H), 1.55-1.75 (m, 4 H), 1.38(t, J= 70 Hz, 3

H); *C NMR (CDCls) 6 1420 (d, Jpc = 118Hz), 1322 (d, Jpcce = 10 Hz), 1308 (d, Jeccce = 7
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Hz), 1247 (d, Jecc = 15 Hz), 624 (d, Jroc = 6 HZ), 26.2 (d, Jecce = 7 Hz), 26.7,226, 220,165
(d, Jroce = 6 HZ); **P NMR (CDCl3) 6 3228(d, Joy = 558 Hz).

Ethyl (1-ethoxy-vinyl) phosphinate (Table 2.11, entry 10). *H NMR (CDCl3) 6 7.01 (dd, J =
581Hz, J= 1.2 Hz, 1 H), 5.15(dd,J = 132 Hz, J = 3.2 Hz, 1 H), 4.91 (ddd,J = 35 Hz, J = 3.2
Hz, J= 1.2 Hz, 1 H), 4.1-42 (m, 2 H), 3.86(q, J = 7.0 Hz, 2 H), 1.351.40 (m, 6 H); *C NMR
(CDCl3) 6 1553 (d, Jpc = 160Hz), 98.2 (d, Jpce = 25 Hz), 644 (d, Jroc = 9 HZ), 62.3 (d, Jpcoc =
6 Hz), 163 (d, Jrocc = 6 Hz), 14.2; *'P NMR (CDCls) 6 1923 (d, Jp = 581H2).

Ethyl (¢rans-oct-1-enyl) phosphinate (Table 2.11, entry 11). (major isomer, 68%). ‘H NMR
(CDCls) 6 7.17 (d, J = 555Hz, 1 H), 6.7-6.9 (m, 1 H), 5.78 (m, 1 H), 40-4.2 (m, 2 H), 2.15-2.3
(m, 2H), 1.2-1.55(m, 8 H), 1.37(t, J= 7 Hz, 3H), 0.88(d, J = 7 Hz, 3 H); *C NMR (CDCl5) §
1551 (d, Jecc = 5 HZ), 1197 (d, Jec = 131 Hz), 618 (d, Jroc = 6 Hz), 34.3 (d, Jecc = 20 Hz),
316,287,277,226,164 (d, Jrocc = 6 Hz), 14.1; **P NMR (CDCl3) 6 2556 (dm, J = 547 Hz).
Minor isomer: Ethyl (1-hexyl-vinyl) phogphinae (21%): *'P NMR (CDCl3) 6 30.3 (dm, J = 553
Hz).

Ethyl (trans-2-trimethylsilyl-vinyl) phosphinate (Table 2.11, entry 12). *H NMR (CDCls) &
7.02(d, J=558Hz, 1 H), 7.13(dd,J = 37 Hz, J = 21 Hz, 1 H), 6.29 (ddd,J = 32 Hz, J = 21 Hz,
J=15Hz 1H),4.01(g,d=7Hz, 2H), 1.24(t, J= 7 Hz, 3H), 0.02(s, 9 H); *C NMR (CDCl3)
61600 (d, Jrcc = 3 HZ), 1362 (d, Jec = 119HZ), 64.7 (d, Jpoc = 7 HZ), 184 (d, Jpocc = 6 2), 0.0
(s, 3C); *'P NMR (CDCl3) 6270 (dt, J = 558 Hz, J = 32 Hz).

Ethyl (1-butyl-2-trimethylsilyl-vinyl) phosphinate (Table 2.11, entry 13a) *H NMR (CDCls)
66.94(d,J=544Hz, 1 H), 6.46 (d, J = 46 Hz, 1 H), 3.9-4.1 (m, 2 H), 2.2-2.4 (m, 2 H), 1.2-1.5
(m, 4 H), 1.22 (t, J = 7.0 Hz, 3 H), 0.80 (t, J = 7 Hz, 3 H), 0.07(s, 9 H); *C NMR (CDCls) 6
14986 (d, Jec = 95Hz), 1468 (d, Jecc = 3 Hz), 623 (d, Jpoc = 7 Hz), 326, 31.7 (d, Jrcc = 15 Hz),

233,167 (d, Jrocc = 6 Hz), 14.2,0.0; *'P NMR (CDCls) 6 40.16 (d, Jo = 544 Hz).
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Ethyl (1-propyl-2-trimethylsilyl-vinyl) phoshinate (Table 2.11, entry 13b). 'H NMR
(CDCls) 6 7.08(d, J = 544Hz, 1 H), 6.61 (d, J = 387 Hz, 1 H), 4.0-4.2 (m, 2 H), 2.25-2.5 (m, 2
H), 1.5-1.65 (m, 2 H), 1.37 (t, J= 7.0 Hz, 3H), 0.96 (t, J = 7.3 Hz, 3H), 0.19 (s, 9 H); *C NMR
(CDCls) 6 1503 (d, Jec = 110Hz), 1473 (d, Jecc = 5 Hz), 62.7 (d, Jpoc = 7 HZ), 34.3 (d, Jpcc =
16 Hz), 24.1, 17.0(d, Jroce = 6 Hz), 14.9, 0.4; *'PNMR (CDCls) 6 3352 (d, Ja = 543H2).

Ethyl (3-methyl-but-2-enyl) phosphinate (Table 2.11, entry 14). *H NMR (CDCl3) " 6.95 (d,
J=538Hz, 1H), 5.11(q, J = 7 Hz, 1H), 4.0-4.25(m, 2H), 2.45-2.65 (m, 2H), 1.77(d, J = 6 Hz,
3H), 1.67(d, J = 4Hz, 3H), 1.36 (t, J = 7Hz, 3H); *C NMR (CDCls) " 1384 (d, Jeccc = 14 Hz),
1105 (d, Jrcc = 9 HZ), 625 (d, Jroc = 7 Hz), 300 (d, Jrc = 92 HZ), 259 (d, Jpccee = 4 Hz), 182
(d, Jeccee = 3 Hz), 164 (d, Jroce = 6 HZ); 3P NMR (CDCls) " 402 (d, J = 538Hz); HRMS (EI)
caled. for C7H150,P (M*) 1620810,found1620802.

Butyl (2-pyridin-2-yl-ethyl) phosphinate (Table 2.11, entry 15). *H NMR (CDCl) " 8.54 (d,
J=47Hz 1H), 762 (td,J=7.6 Hz, J= 1.7 Hz, 1 H), 7.20(d, J = 7.9 Hz, 1 H), 7.18(d, Jprs =
538Hz, 1 H), 7.15(dd, J = 4.7 Hz, J = 7.6 Hz, 1 H), 3.9-4.2 (m, 2 H), 3.05-3.2 (m, 2 H),2.2-2.35
(m, 2 H), 1.6-1.75 (m, 2 H), 1.3-1.5 (m, 2 H), 0.94 (t, J = 7.3 Hz, 3 H); **C NMR (CDCl5) "
1598, 1496, 1368, 1231, 1219, 66.4 (d, Jroc = 7 Hz), 326 (d, Jpcc = 6 Hz), 294 (d, Jrocc = 2
Hz), 282 (d, Jec = 94 HZz), 190, 1338; *'P NMR (CDCls) " 3936 (d, Jsy = 538 Hz). HRMS

(ES+): cdcd. for C11H1oNOP (M+) 2281153 fourd 2281146

Ethyl (3-cyclohexyl-propen-2-yl) phosphinate (Eq. 2.1) (linear isomer). *H NMR (CDCls) &
6.94 (dt, Jpy = 540Hz, J = 2.0 Hz, 1 H), 5.50-5.65(m, 1 H), 5.20-5.35(m, 1 H), 4-4.25(m, 2 H),
257 (ddm J=190Hz,J=74Hz 2H),19-205(m, 1 H), 1.6-1.75(m,5H), 1.36(t,J=7.0

Hz, 3 H), 1.0-1.35 (m, 5 H); *C NMR (CDCls) 6 1439 (d, Jpcc = 14 Hz), 1142 (d, Jpccc = 9
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Hz), 626 (d, Jpoc = 7 Hz), 411 (d, Jecccc = 3 Hz), 337 (d, Jec = 91 Hz), 330, 26.3, 26.1, 165
(d, Jroce = 6 HZ); **P NMR (CDCl3) 6 39.10 (dm, Jpy = 539 H2).

Ethyl (2-cyclohexyl-1-methyl-vinyl) phosphinate (Eq. 2.1) (branched isomer). *H NMR
(CDCl3) " 7.00(d, Jpny = 544Hz, 1H), 6.28 (ddd J=26.1Hz, J=94Hz, J=15Hz 1H), 40
42 (m,2H), 23-245(m, 1 H), 1.81(dd, J=150Hz, J=15Hz 3H), 1.6-1.8 (m, 5H), 1.36(t,

J=7.0Hz, 3H),11-1.4 (m,5H); 31PNMR (CDCl3, M&sSi) " 3344 (dm, Jpy = 554 Hz).

Tandem Reactions (Table 2.13).

Diethyl (1-propyl-pent-1-enyl) phosphonate (Table 2.13, entry 1).>* To 4-octyne (0.275g,
2.50 mmol) and NiCl; (9.7 mg, 0.076 mmol, 3.0 mol%) was added 10 mL (5 mmol) of
EtOP(O)H; (0.5 M solution in CH3CN) at room temperature. The solution was stirred at reflux
overnight To thereaction mixture was added CCl, (8 mL, 12.7g, 83 mmol), ethand (8 mL, 6.3
g, 137 mmol), and triethylamine (4 mL, 2.9g, 29nmol) at room temperature. The resulting
mixture was stirred at room temperature for 6 h. The solution was quenched with 1 M NaHSO,
and extracted with EtOAc The organic layer was washed with bring dried over MgSO, and
concentrated to afford the crude compound. Purification over silica gd (hexanes, 100% v/v to
EtOAc, 100%vV/v) produced the expected compound (299 mg, 48%) as an oil. *H NMR (CDCl5)
" 6.48(dt, J=24Hz, J=7Hz, 1 H), 3.97(q, J = 7 Hz, 4 H), 2.05-2.18 (m, 4 H), 1.25-1.40 (m, 4
H), 1.24(t, J= 7 Hz, 6 H), 0.86 (dt, J =3 Hz, J = 7 Hz, 6 H); *C NMR (CDCl3) " 1476 (Jpcc =
10 Hz), 1294 (Jec = 175H2), 615 (Jroc = 6 HZ), 30.7 (Jrccc = 19 HZ), 296 (Jpcc = 11 Hz), 226
(Jrcece = 2 Hz), 221 (Jpcce = 2 Hz), 165 (Jpoce = 7 Hz), 143, 140; *'P NMR (CDCl3) " 2347.
MS (EI") m/z248(M*); HRMS (EI") calcd. for C1oH.505P 2481541, found2481534

Diethyl (1,3,3-trimethyl-but-1-enyl) phosphonate (Table 2.13, entry 2). To 4,4-dimethyl-2-
pentyne (0.240g, 2.50 mmol) and NiCl; (9.8 mg, 0.076 mmol, 3.0 mol %) was added 10 mL (5

mmol) of EtOP(O)H; (0.5 M solution in CH3CN) at room temperature. The solution was stirred
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at reflux for 24 h. To thereaction mixture was added CCl4 (8 mL, 127g, 83 mmol), ethanol (8
mL, 6.3 g, 137 mmol), and triethylamine (4 mL, 2.9g, 29mmol) a room temperature. The
resulting mixture was stirred at room temperature for 12 h. The solution was quenched with 1M
NaHSO, and extracted with ethyl acetate. The organic layer was washed with brine, dried over
MgSO, and concentrated to afford the crude compound. Purification over silica gd (hexanes,
100%v/v to EtOAc, 100%v/v) produced the expected compound(354 mg, 57%) as an oil. *H
NMR (CDCl3) " 654 (ddd,J = 27 Hz, J = 1.47 Hz, J = 0.59 Hz, 1 H), 3.9-4.1 (m, 4 H), 1.88
(ddd,J = 158 Hz, J= 1.47Hz, J = 0.59 Hz, 3H), 1.28(t, J = 7 Hz, 6 H), 1.14(s, 9 H); *C NMR
(CDCl3) " 1558 (d, Jpcc = 4 Hz), 1232 (d, Jpoc = 175Hz), 617 (d, Jroc = 6 HZ), 34.5 (d, Jpccc
= 21 Hz),802, 165 (d, Jrocc = 6Hz), 135 (d, Jecc = 10 HZ); 3P NMR (CDCl3) " 2444. MS
(EI"): mz234(M™); HRMS (EI") calcd. for C11H2303P 2341585 found234.1380.

(1-Propyl-pent-1-enyl)-phogphonothioic add 0-ethyl ester (Table 2.13 entry 3). To 4-
octyne (0.281 g, 2.55 mmol) and NiCl, (10.0 mg, 0.077 mmol, 3 mol %) was added 10 mL (5
mmol) of EtOP(O)H; (0.5 M solution in CH3CN) at room temperature. The solution was stirred
a reflux overnight To the reaction mixture were added at room temperature sulfur (0.24g, 7.5
mmol) and triethylamine (0.762g 7.53 mmol), and the resulting mixture was stirred at room
temperature overnight The solution was extracted with hexane the acetonitrile layer was
patitioned beween 1 M HCl and EtOAc. The organic layer was dried over MgS0O, and
concentrated to afford the crude compound. Purification over silica gd (hexanes, 100% v/v to
hexanes/EtOAc, 90/10% v/v) producd the expected compound (424 mg, 70%) as a brown oil.
'H NMR (CDCl3) " 6.66 (dt, J = 27.5 Hz, J = 7.2 Hz, 1 H), 6.4-6.65 (bs 1 H), 4.054.2 (m, 2H),
22524 (m, 2H), 2.1-2.25(m, 2 H), 1.4-1.6 (m, 4 H), 1.33(t, J = 7.0 Hz, 3 H), 0.95(dt, J = 2.3
Hz, J = 7.3 Hz, 6 H); *C NMR (CDCls) " &146.(d, Jpcc = 138 Hz), 1341 (d, Jec = 141 H2),

623 (d, Jroc = 6 HZ), 309 (d, Jrcce = 20 H2), 295 (d, Jrec = 12 HZ), 231,222, 163 (d, Jroce =
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8 Hz), 145, 14.2; *P NMR (CDCls) " 8569. MS (EI"): m/z 236 (M*); HRMS (EI"): calcd. for
Ci10H210,PS 2361000,found2360992.

Ethyl phenyl-(1-propyl-pent-1-enyl) phoghinate (Table 2.13, entry 4). To 4-octyne (0.282
g, 2.56 mmol) and NiCl, (9.8 mg, 0.076 mmol, 3.0 mol %) was added 10 mL (5 mmol) of
EtOP(O)H; (0.5 M solution in CH3CN) at room temperature. The solution was stirred at reflux
for 3 h. To the reaction mixture was added ioddbenzene (1.5 g, 7.51 mmol), Cl,Pd(PPhs), (35
mg, 0.05 mmol, 1.9 mol%), and triethylamine (1.52 g, 15.1 mmol) at room temperature. The
resulting mixture was stirred at reflux overnight The solution was concentrated, partitioned
between 1 M NaHSO, and ethyl acetate. The organic layer was washed with brine, dried over
MgSO, and concentrated to afford the crude compound. Purification over silica gd (hexanes,
100%v/v to EtOAc, 100%v/v) produced the expected compound(419 mg, 58%) as an oil. *H
NMR (CDCl3) " 7.64 (ddd,J =117 Hz, J=15Hz, J=0.6 Hz, 2 H), 7.29-7.45(m, 3 H), 6.39
(dt, 3 = 2228 Hz, J = 7.33 Hz, 1 H), 3.91 (ddq,J = 224 Hz, J = 101 Hz, J = 7.04 Hz, 2 H),
1.96-2.10 (m, 4 H), 1.251.40 (m, 2 H), 1.22 (t, J = 7.2 Hz, 3 H), 1.0-1.2 (m, 2 H), 0.79 (t, J =
7.33Hz, 3H), 0.70(t, J= 7.33Hz, 3H); *C NMR (CDCl3) " &148 (Jpcc = 10HZ), 1319 (Jpc =
1275 Hz), 1315 (Jrccce = 3 HZ), 1313 (Jpec = 10 Hz), 1310 (Jpe = 131 HZ), 1280 (Jpcec = 12
HZ), 602 (Jroc = 6 Hz), 30.3 (Jpcce = 17 Hz), 289 (Jrcc = 12 HZ), 225 (Jpcce = 2 Hz), 216
(Jrccce = 1 Hz), 161 (Jroce = 7 Hz), 139, 135; *'P NMR (CDCl3) " 35.89. MS (EI*): m/z 280
(M™); HRMS (EI): calcd. for Ci6H250,P 2801592 found2801588

Ethyl (2-cyano-ethyl)-(1-propyl-ent-1-enyl) phosphinate (Table 2.13 entry 5). To 4-octyne
(0.2824g, 2.56 mmol) and NiCl; (9.8 mg, 0.076 mmol, 2.9 mol %) was added 10 mL (5 mmol) of
EtOP(O)H; (0.5 M solution in CH3CN) at room temperature. The solution was stirred at reflux
for 3 h. To thereaction mixture was added acrylonitrile (0.403g 7.6 mmol) and DBU (1.1g, 7.36

mmol) at room temperature. The resulting mixture was stirred at room temperature for 6 h. The
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solution was quenched with 1 M NaHSO, and extracted with ethyl acetate. The organic layer
was washed with bring dried over MgS0O, and conaentrated to afford the crude compound.
Purification over slica gd (hexanes, 100% v/v to EtOAc, 100% v/v) producd the expected
compound (415 mg, 63%) as an oil. *H NMR (CDCls) " 6.58 (dt, J = 2140 Hz, J = 7.33 Hz, 1
H), 3.954.16 (m, 1 H), 3.823.96 (m, 1 H), 2.56-2.70 (M, 6 H), 1.35-1.60 (m, 6 H), 1.32(t, J =
7.33Hz, 3 H), 0.98(t, J = 7.04 Hz, 3 H), 0.95(t, J = 7.33 Hz, 3 H); *C NMR (CDCls) " &148.
(Jrcc = 9 Hz), 1307 (Jpc = 118HZ), 1190 (Jpcce = 17 Hz), 60.7 (Jroc = 6 Hz), 311 (Jpccc = 16
Hz), 295 (Jrcc = 12 Hz), 245 (Jpc = 97 H2), 232 (Jrccce = 2 Hz), 22.1 (Jpcce = 2 Hz), 167
(Jrocc = 6 HZ), 145, 141, 108 (Jecc = 2 HZ); 3P NMR (CDCls) " 4325. MS (EI*): mz 257
(M*); HRMS (EI™): calcd. for CisHa4NO,P 2571545, found2571547

Benzyl 3-[ethoxy-(1-ethylidene-but-2-ynyl)-phosphinoyl] propionate (Table 2.13, entry 6).
To 2,4-hexadiyne (0.199 g, 2.55 mmol) and NiCl; (7.0 mg, 0.054 mmol, 2.1 mol %) was added
10 mL (5 mmol) of EtOP(O)H, (0.5 M solution in CH3CN) at room temperature. The solution
was dtirred at reflux overnight To the reaction mixture was added benzyl acrylate (1.22g,7.5
mmol) and DBU (1.12g, 7.36 mmol) at room temperature. The resulting mixture was stirred at
room temperature for 6 h. The solution was quenched with 1 M NaHSO, and extracted with
ethyl acetate. The organic layer was washed with brine dried over MgS0, and conaentrated to
afford the crudecompound.Purification over silicagd (hexanes, 100%v/v to EtOAc, 100%vV/v)
produced the expected compound(271mg, 32%) as an oil. *H NMR (CDCls) " 7.3-7.4 (br, 5 H),
6.9-7.1 (m, 1 H), 5.13 (s, 2 H), 3.854.2 (m, 2 H), 2.55-2.8 (m, 2 H), 2.1-2.3 (m, 2 H), 1.95-2.05
(m, 6 H), 1.30(t, J = 7.0 Hz, 3H); ®*C NMR (CDCls) " &172.(d, Jeccc = 19 Hz), 1521 (d, Jecc
=8Hz), 1357,128.6, 1283, 1282, 117.3(d, Jec = 128Hz), 955 (d, Jrccc = 8 Hz), 73.1 (d, Jpcc

=13 HZ), 666, 60.7 (d, Jpoc =7 HZ), 267 (d, 'JPCC =2 HZ), 225 (d, Jpc =106 HZ), 173 (d, 'JPCCC
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= 14 HZ), 164 (d, Jrocc = 7 Hz), 4.7 (d, Jeccce = 2 Hz); 3*P NMR (CDCls) " 4141. MS (EI):
m/z 334(M*); HRMS (EI"): calcd. for C1gH2304P 3341334,found3341340.

Ethyl allyl-(1-propyl-pent-1-enyl) phogphinate (Table 2.13, entry 7). To 4-octyne (0.281 g,
2.55 mmol) and NiCl, (10.1 mg, 0.078 mmol, 3 mol %) was added 10 mL (5 mmol) of
EtOP(O)H; (0.5 M solution in CH3CN) at room temperature. The solution was stirred at reflux
for 3 h. To thereaction mixture was added at roomtemperature BSA (1.46g 7.2 mmol) and after
5 min of stirring alyl chloride (0.582g,7.61 mmol) was added. The mixture was stirred at reflux
for 3 h. Thereaction mixture was then cooled down, quenched by saturated NaHCO3, extracted
with EtOAc and the combined organic phases washed with brine Drying over MgSO, and
concentration afforded the crude compound.Purification over silica gd (hexanes, 100% v/v to
EtOAc, 100%vV/v) produced the expected compound (475mg, 76%) as an oil. *H NMR (CDCl5)
" 6.48 (dt, J=21.1Hz, J=7.3Hz, 1 H), 5.7-5.85(m, 1 H), 5.1-5.22 (m, 2 H), 3.854.2 (m, 2 H),
25-2.75(m, 2H), 2.1-2.25(m, 4 H), 1.35-1.55(m, 4 H), 1.30(t, J= 7.0 Hz, 3H), 0.95(t, J=7.3
Hz, 3 H), 0.93(t, J = 7.3 Hz, 3 H); *C NMR (CDCls) " &147.(d, Jecc = 9 HZ), 1307 (d, Jec =
116Hz), 1273 (d, Jecc = 9 Hz), 1195 (d, Jpccc = 13 Hz), 59.9 (d, Jroc = 6 HZ), 34.0 (d, Jpc = 94
Hz), 30.1 (d, Jeccc = 13 Hz), 29.1 (d, Jpcc = 12 Hz), 224 (d, Jpcccc = 1 Hz), 216 (d, Jpccc =1
Hz), 168 (d, Jrocc = 7 Hz), 139, 135; *P NMR (CDCls) " 4518. MS (El*): m/z 244 (M™);
HRMS (EI™): calcd. for Ci3H2s0,P 2441592 fourd 2441587,

Ethyl methyl-(1-propyl-pent-1-enyl) phosghinate (Table 2.13, entry 8). To 4-octyne (0.279
g, 2.5 mmol) and NiCl, (9.9 mg, 0.076 mmol, 3 mol %) was added 10 mL (5 mmol) of
EtOP(O)H; (0.5 M solution in CH3CN) at room temperature. The solution was stirred at reflux
overnight To the reaction mixture was added at room temperature BSA (1.46g, 7.2 mmol) and,
after 5 min of stirring, dimethyl sulfate (0.633g,5.02 mmol). To the mixture was stirred at room

temperature for 2 h. The reaction mixture was then quenched by saturated NaHCO3, extracted
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with EtOAc and the combined organic phases washed with brine Drying over MgSO, and
concentration afforded the crude compound. Purification over silica gd (hexanes, 100% v/v to
EtOAc, 100% v/v) produced the expected compound (343 mg, 62%) as a light yellow oil. *H
NMR (CDCl3) " 655 (dt, J = 214 Hz, J = 7.3 Hz, 1 H), 3.8-4.05 (m, 2 H), 2.1-2.25 (m, 4 H),
1.49(d, J =138 Hz, 3H), 1.35-1.55(m, 4 H), 1.30 (t, J= 7.0 Hz, 3H), 0.96 (t, J = 7.3 Hz, 3 H),
0.94 (t, J = 7.3 Hz, 3 H); ®*C NMR (CDCl3) " &148.(d, Jpcc = 9 Hz), 1325 (d, Joc = 118 HZ),
599 (d, Jroc = 6 Hz), 30.9 (d, Jpccc = 16 Hz), 295 (d, Jpcc = 12 Hz), 230 (d, Jpcccc = 1 H2),
222 (d, Jecce = 1 HZ), 145, 145 (d, Jec = 99 HZ), 14.1; 3P NMR (CDCls) " 45.77. MS (EI*):
m/'z218(M*); HRMS (EI*): calcd. for CriH230,P 2181436, found2181438.

M ethyl-phenyl-(1-propyl-pent-1-enyl) phoghine oxide (Table 2.13, entry 9). To 4-octyne
(0.2799, 2.5 mmol) and NiCl; (9.9 mg, 0.076 mmol, 3 mol %) was added 10 mL (5 mmol) of
EtOP(O)H; (0.5 M solution in CH3CN) at room temperature. The solution was stirred at reflux
overnight The mixture was then concentrated in high vacuo. The resduewas diluted with 5 mL
of dry THF. To themixture a 0jC was added 7.5 mL (7.5 mmol) of phenylmagnesium bromide
(1 M solutionin THF). The mixture was warmed to room temperature and then stirred at reflux
for 1.5 h. After addition of methyl iodideat 0jC (1.08 g, 7.61 mmol), the mixture was warmed to
roomtemperature and stirred for 2 h. The reaction mixture was then quenched with 10 mL of 1
M HCI, extracted with EtOAc and the combined organic phases were washed with 1 M sodium
thiosulfate, and then brine Drying over MgSO, and concentration afforded the crudecompound.
Purification over slica gd (hexanes, 100% v/v to EtOAc, 100% v/v) producd the expected
compound (334 mg, 53%) as alight yellow oil. *H NMR (CDCls) " 7.65-7.8 (m, 2 H), 7.4-7.55
(m, 3 H), 6.41 (dt, J = 211 Hz, J= 7.3 Hz, 1 H), 2.0-2.25(m, 4 H), 1.8 (d, J = 129 Hz, 3 H),
1.42-1.46 (m, 2 H), 1.20-1.35 (m, 2 H), 0.95 (t, J = 7.3 Hz, 3 H), 0.82(t, J = 7.3 Hz, 3 H); *C

NMR (CDCls) * &148.(d, Jrcc = 9 H2), 1344 (d, Jrc = 94 HZ), 1339 (d, Jrc = 98 HZ), 1314 (d,
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Jrccee = 3 Hz), 1304 (d, Jrec = 10 Hz), 1285 (d, Jpcec = 12 Hz), 30.8 (d, Jrece = 15 Hz), 295
(d, Jpcc = 12 HZ), 231,221, 149 (d, Jpc = 72 HZ), 143, 139; *'P NMR (CDCls) " 3374.MS

(EI"): Mz 250(M*); HRMS (EI*): calcd. for CisHs0P 2501487 found2501488.

Preparation of EtOP(O)D,. Aqueoushypophoghorousacid (50 wt.%, 13.2g, 100 mmol) was
concentrated on a rotary evaporator at room temperature for 30 min then the remaining water
(around2 wt.%) was coevaporated with toluene Deuterated water (9 mL) is addad to theresidue
and the solution is stirred at room temperature for 10 min then concentrated. This cycle is
repeated 4 more times. DsPO,, monitored by *'P NMR, is obtained 97% pure at the end of the 5"
cycle. To this compoundis added dimethyldiethoxyslane (29.7g, 198 mmol) and 165mL of dry
CH3CN. The solution is refluxed for 2 h unde N to afford a solution of 0.5 M of D,P(O)OEt,
94% pure (6% of DHP(O)OEt). DsPO, *'P NMR (CHsCN) " 1146 (quintet, Jop = 87 H2).

D,P(O)OEt; *P NMR (CHsCN) " (quintet of triplet, Jpo = 86 Hz, Jrocr = 10 Hz).

Hydrophosphinylation with EtOP(O)D,. Deuterated ethyl (1-propyl-pent-1-enyl)
phosphinate (Eqg. 2.2). General procedure for hydrophoghinylation is used on 4-octyne (279
mg, 2.53 mmol) udng a stock solution of (EtO)P(O)D,. After 3 h at reflux, the mixture is
concentrated and directly purnfied by radia chromatography (EtOAc/Hexanes, 5050 % v/v to
EtOAc, 100%vV/v) to afford the expected compound(370mg, 71% %D > 80%). Measurements
for deuterium incorporation were conduded by integration of the *H NMR spectra Mass
spectrometric determination is problematic because the exchange of P(O)(OEt)D to P(O)(OEt)H
in the produd mug be complete. 'H NMR (CDCls) * 7.07 (d, J = 543Hz, 1 H), 4.0-4.2 (m, 2 H),
21523 (m, 4 H), 1.4-1.6 (m, 4 H), 1.37 (t, J= 7.0 Hz, 3H), 0.95(t, J = 7.3 Hz, 6 H).*C NMR

(CDCl3) " 1470 (dt, Jecc = 13 Hz, Jcp = 35H2z), 1319 (d, Jec = 123Hz), 619 (d, Jroc = 7 H2),
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306 (d, Jrcce = 18 HZ), 285 (d, Jpcc = 12 HZ), 22.7 (d, Jrcce = 2 HZ), 221 (d, Jrcce = 2 HZ),

165 (d, Jrocc = 6 Hz), 143, 14.1. *PNMR (CDCls) " 32.78 (d, J = 542 Hz).

Chapter Three®

Table 3.1, Method B.*® Entry 1: A solution of anilinium hypophoghite (0.952 g, 6 mmol) and
tetrabutoxydlane (1.933 g, 6 mmol) in CH3CN (12 mL) was refluxed for 2 h, unde N,. After
cooling to rt, iodobezene (0.25 mL, 2 mmol), anhydmous EtsN (0.30 mL, 2 mmol), and
Cl,Pd(PPh3), (0.025 g, 0.04 mmol), were added successively. The reaction mixture was then
refluxed for 5 h. At tha point, the black mixture was concentrated unde reduced pressure, and
the resdue patitionad between EtOAc and aqueous KHSO,. The organic layer was washed
successively with saturated aqueousNaHCO; (1 x), and brine (1 x). Drying, concentration, and
purification by radia chromatography (4 mm thickness, hexane, EtOAc/hexane 1:1, viv, EtOAC)
afforded butyl phenylphoghinae (0.300g, 80%).

Table 3.1, Method B. Entry 12: To a solution of 3-bromoquinoline (0.425g, 2 mmol), (BuO),S
(1.923g, 6 mmol) in DMF (12 ml), were added anilinium hypophoghite (0.955¢g, 6 mmol), 1,4-
diazabicyclo[2.2.2]octane (0.676 g, 6 mmol), Pd(OAc), (0.009 g, 0.04 mmol), 1,3-
bis(diphenylphogphino)propane (0.018 g, 0.044 mmol). The resulting mixture was heated at
85; C for 2 h. Thereaction mixture was concentrated in vacuo, the residuewas treated with brine
(15 ml) and extracted with ethyl acetate (3 x 20 ml). The combined organic layers were dried
over NaSO,, filtered, and concentrated. Purification by flash chromatography (hexane EtOAcC
7:3, viv, EtOAC) afforded butyl quinolin-3-yl phoghinae (0.3229g, 65%yield).

Table 3.1, Method C. Entry 8: To a sugpenson of anilinumhypophoghite (0.382g, 2.4 mmol)
and 3-aminopropyltriethoxydlane (0.531 g. 24 mmol) in CH3CN (12 ml), was addel 2-

bromonghthdene (0414 g, 2 mmol), Pd(OAc), (0009 g, 0.040 mmol), and 1,3-
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bis(diphenylphogphino)propane (0.0182 g, 0.044 mmol). The reaction mixture was heated at
reflux for 18 h. After cooling to rt, *P NMR anaysis showed the produd at 25.8 ppm (90%).
The mixture was then diluted with EtOAc and washed successively with ag. HCl (1 M). Theag.
phase was extracted with EtOAc (3 x) and the combined organic fractions were washed with
saturated ag. NaHCOg3 (1 x) and brine Drying over MgSO, and concentration afforded ethyl 2-

nagphthylphogphinate (0.387 g, 88%).

Table3.2%

Entry 1. To a solution of benzyl chloride (0.253 g, 2 mmol), (BuO)4Si (1.923 g, 6 mmal) in
CHsCN (12 ml), were added anilinium hypophophite (0955 g, 6 mmol), 14
diazabicyclo[2.2.2]Joctane (0.676 g, 6 mmol), Pd(OAc), (0.009 g, 0.04 mmol), 1,10
bis(diphenylphogphino)errocene (0.0266 g, 0.048 mmol). The resulting mixture was heated at
reflux for 1 h. Thereaction mixture was conaentrated in vacuo, the resduewas treated with HCI
(1 M, 15 ml) and extracted with ethyl acetate (3 x 20 ml). The combined organic layers were
dried over N&SO, filtered, and concentrated. Purification by flash chromatography
(hexaneg/EtOAC 7:3, viv, EtOAC) afforded butyl benzylphogphinate. (0.357g, 78%)

Note: for entries 3 & 4, the difference in workup was that brine was used ingead of 1 M HCI
above For entry 4, 10 mmol AHP was used ingead of 6 mmol.

Table 3.3%

Method A. Preparation of Ethyl (vinyl-2-cyanoethyl) phosphinate (entry 1). A mixture of
anilinum hypophoghite (0.955g, 6 mmol), in CH3CN (12 ml) was placed in a pressure tube 3-
Aminopropyltriethoxyslane (1.328 g, 6 mmol), vinyl bromide (1 M in CH3CN, 3 mL, 3 mmol),
Pd(OACc), (0.0135 g, 0.06 mmol), and 1,1Gbis(diphenylphoghino)ferrocene (0.0400 g, 0.072
mmol) were then added in tha order. The mixture was heated at 85 C for 6 h. After coolingtort,

1,8-diazabicyclo[5.4.0Jundes-7-ene (0.90 mL, 6 mmol) and acrylonitrile (0.40 mL, 6 mmol)
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were addel in the same reaction tubeand the reaction was stirred overnight unde nitrogen. After
this time, P NMR andysis showed the produd at 383 ppm (72%). The mixture was then
diluted with EtOAc and washed successively with ag. HCI (1 M). The ag. phase was then
extracted with EtOAc (3 x) and the combined organic fractionswere washed with saturated ag.
NaHCO; (1 x) and brine Drying, concentration, and purification by radia chromatography (2
mm thickness, EtOAc to MeOH) afforded theproduct as adak yellow oil (0.156g, 30%).
Preparation of Ethyl (1-bromo-oct-1-enyl) phosphinate (entry 7). To a mixture of anilinum
hypophoghite (0.955 g, 6 mmol) and 3-aminopropyltriethoxyslane (1.328 g. 6 mmol) in
CH3CN (12 ml), was addad 1,1-dibromo-octene (0.540 g, 2 mmol), Pd(OAc), (0.009 g, 0.040
mmol), and 1,1Gvis(diphenylphogphino)ferrocene (0.0270g, 0.048 mmol). The resulting mixture
was heated at reflux for 7 h. The mixture was then diluted with EtOAc and washed successively
with ag. HCI (1 M). The ag. phase was extracted with EtOAc (3 x) and the combined organic
fractions were washed with saturated ag. NaHCO; (1 x) and brine Drying, concentration, and
purification by radial chromatography (2 mm thickness, hexanesEtOAc 5:1, v/v, EtOAc)
afforded theprodud asalightyellow oil (0.272g,48%).

Method B. Entry 9: A mixture of anilinum hypophoghite (0.955 g, 6 mmol) and (BuO),S
(1.346 g, 4.2 mmol) in CH3CN (12 mL) was heeted to reflux for 2 h unde nitrogen and then
cooled to rt. To the resulting mixture was added tert-butyl-1,2,3,6-tetrahydro-4-
[(trifluoromethyl)sulfonyloxy]-pyridine-1-carboxylate (0.663 g, 2.0 mmol), anhydmrous EtsN
(0.28 mL, 2.0 mmol), Pd(OAc), (0.009 g, 0.04 mmol) and 1,3-bis(diphenylphoghino)propane
(0.0182¢, 0.044 mmol). Thereaction was then refluxed unde nitrogen for 8 h. After cooling to
rt, *P NMR andysis showed the produd at 260 ppm (100%). The mixture was diluted with
EtOAc and washed with ag. NaHSO, (1 M). Theresulting ag. phase was extracted with EtOAc

(3 x) and the combined organic layers were washed with saturated ag. NaHCOs (1 x) and brine

173



Drying over MgS0, and conaentration afforded the crude compound, which was purified by
radial chromatography (2 mm thickness, hexanesEtOAc 3:1, v/v, EtOAc). The produd was

obtained asayellow oil (0.576g, 95%).

Butyl phenylphosphinate (Table 3.1, entry 1). *H NMR (CDCls) " 7.81(d, J = 7 Hz, 1 H),
776 (J=7Hz 1H),758(d,J =562Hz, 1 H), 7.557.6 (m, 1 H), 7.45755(m, 2 H), 3.954.15
(m, 2H), 1.6-1.8 (m, 2 H), 1.35-1.5 (m, 2 H), 0.92(t, J = 7 Hz, 3 H); *C NMR (CDCl3) " 1324
(d, Jrccee = 3 Hz), 1303 (d, Jrece = 12 Hz), 1294 (d, Jpe = 132 Hz), 1281 (d, Jpcc = 14 Hz),
65.1 (d, Jpoc = 7 HZ), 31.8 (Jrocc = 6 Hz), 182, 129; 3P NMR (CDCl3) " 253 (dm, Jes = 563
Hz).

Ethyl phenylphosphinate (Table 3.1, entry 1). *H NMR (CDCl3) " 7.81(d, J = 14 Hz, 1 H),
7.79(d, J=14Hz, 1 H), 7.60(d, J = 563Hz, 1 H), 7.55-7.60 (m, 1 H), 7.50-7.55 (m, 1 H), 4.15
4.20 (m, 2 H), 1.39(t, J = 7 Hz, 3 H); *C NMR (CDCls) " 1331 (d, Jeccce= 3 Hz), 1309 (d,
Jrcce= 12 Hz), 1300 (d, Jpc = 132 Hz), 1288 (d, Jrec = 14 Hz), 620 (d, Jroc = 6 HZ), 164 (d,
Jroce= 6 Hz); *P NMR (CDCls) " 25.7 (dm, Jo.y = 562 Hz).

Butyl (o-tolyl) phosphinate (Table 3.1, entry 2). *H NMR (CDCls) " 7.82(dd, J= 16,7 Hz, 1
H), 7.64 (d, J = 555Hz, 1 H), 7.40-7.50 (m, 1 H), 7.25-7.35 (m, 2 H), 4.05-4.15 (m, 2 H), 2,57
(s, 3 H), 1.651.80 (m, 2 H), 1.35-1.50 (m, 2 H), 0.93 (t, J = 7Hz, 3 H); *C NMR (CDCl5) "
1411 (d, Jpcc= 11 Hz), 1329 (d, Jrccce= 7 Hz), 1319 (d, Jrcce= 13 Hz), 1311 (d, Jpccc= 12
Hz), 1281 (d, Jec = 131 Hz), 1258 (d, Jpcc = 14 HZ), 658 (d, Jroc = 7 Hz), 324 (d, Jpocc = 7
Hz), 199 (d, Jeccc = 7 Hz), 188, 136; *'P NMR (CDCl3) " 269 (dm, Jeyy = 555 Hz); HRMS
(FAB) calcd. for C11H170:P, (M+Li)* 2191126 found 2191122

Butyl (3-chlorophenyl) phosphinate (Table 3.1, entry 3). *H NMR (CDCls) " 7.77(d, J = 14
Hz, 1 H), 7.65-7.70 (m, 1 H), 7.58 (d, J = 570Hz, 1 H), 7.55-7.60 (m, 1 H), 7.45-7.50 (m, 1 H),

405415 (m, 2 H), 1.70-1.75 (m, 2 H), 1.40-1.50 (m, 2 H), 0.94 (t, J = 7 Hz, 3 H); *C NMR
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(CDCl3) " 1352 (d, Jeccc= 18 Hz), 1332 (d, Jrcccc= 3 Hz), 1322 (d, Jec = 130 Hz), 1309 (d,
Jrcc = 13 Hz), 1303 (d, Jpece= 15 Hz), 1290 (d, Jrec = 11 HZ), 66.7 (d, Jroc = 7 Hz), 324 (d,
Jroce = 6 Hz), 188, 136; *'P NMR (CDCls) " 235 (dm, J= 570Hz); HRMS (FAB) calcd. for
CioH14ClIO,P, (M+Li)* 239058Q found2390586.

Butyl (4-methoxyphenyl) phosphinate (Table 3.1, entry 4). *H NMR (CDCls) " 7.70-7.75 (m,
2 H), 755(d, J = 561Hz, 1 H), 7.00-7.05 (m, 2 H), 405-4.10 (m, 2 H), 3.85 (s, 3H), 1.65-1.75
(m, 2 H), 1.40-1.45 (m, 2 H), 0.93 (t, J = 7 Hz, 3 H); *C NMR (CDCls) " 1634 (d, Jecccc= 3
Hz), 1330 (d, Jrcc = 13 Hz), 1211 (d, Jpc = 139 Hz), 1143 (d, Jeccc= 15 Hz), 654 (d, Jroc = 7
Hz), 554, 325 (d, Jrocc = 6 HZ), 188, 136; *PNMR (CDCl3) " 259 (dm, J= 561 Hz); HRMS
(FAB) calcd. for C1H170sP, (M+Li)* 2351075,found 2351084

Butyl (4-aminophenyl) phosphinate (Table 3.1, entry 5). *H NMR (CDCls) 6 7.55(dd, J =
13Hz, J =8Hz, 2 H), 7.51(d, J = 559Hz, 1 H), 6.73(dd,J = 9 Hz, J= 3 Hz, 2 H), 3.99D4.1
(m, 4 H), 1.67D1.72(m, 2 H), 1.38D1.46 (m, 2 H), 0.93 (t, J = 7 Hz, 3 H); *C NMR (CDCls)
6 1513 (d, Jecccee = 3 Hz), 1331 (d, Jeec = 13 Hz, 2C), 1174 (d, Jec = 142 Hz), 1145 (d,
Jrcce = 15Hz, 20), 65.4 (d, Jroc = 6 HZ), 32.7 (d. Jroce = 7 Hz), 190, 138; 3P NMR (CDCls) 6
271 (dm, J=559Hz).

Butyl [(4-tert-butoxycarbonylamino)phenyl] phosphinate (Table 3.1, entry 6). H NMR
(CDCls) " 7.86 (s, 1 H), 7.70-7.75 (m, 2 H), 7.60-7.65 (m, 2 H), 7.56 (d, J = 564 Hz), 4.05-4.10
(m, 2 H), 1.65-1.75(m, 2 H), 1.50 (s, 9 H), 1.35-1.45 (m, 2 H), 0.92 (t, J = 7 Hz, 3H); *C NMR
(CDCls) " 1526, 1436 (d, Jrccee= 3 Hz), 1322 (d, Jrec = 13 HZ), 123(d, Jec = 138Hz), 1180
(d, Jeccc= 14 HZ), 80.9, 655 (d, Jroc = 7 HZ), 324 (d, Jpocc= 6 Hz), 28.3, 18.8, 136; P NMR
(CDCl3) " 261 (dm, J = 565 Hz); HRMS (FAB) calcd. for CisHuNO4P, (M+Li)* 3201603,

found320161Q
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Butyl (1-naphthyl) phosphinate (Table 3.1, entry 7). *H NMR (CDCls) " 8.43(d,J=8Hz, 1
H), 8.11(dd, J=7, 1Hz, 1 H), 8.05(dd, J= 7, 4 Hz, 1 H), 7.91 (d, J = 563Hz, 1 H), 7.90(d, J=8
Hz, 1 H), 7.50-7.65 (m, 3 H), 4.05-4.20 (m, 2 H), 1.60-1.75 (m, 2 H), 1.30-1.45 (m, 2 H), 0.87 (t,
J=7Hz 3 H); ®*CNMR (CDCl3) " 1341 (d, Jrcccc= 3 Hz), 1336 (d, Jrcc= 10 Hz), 1327 (d,
Jecc = 13 Hz), 1325, 1292 (d, Jeccc = 2 Hz), 128.0, 1269, 1262 (d, Jec = 129 HZ), 1250 (d,
Jrccee = 1 HZ), 1248 (d, Jpcee = 11 Hz); 3P NMR (CDCl3) " 271 (dm, J = 563 Hz); HRMS
(FAB) calcd. for Ci4H170,P, (M+Li)* 2551126,found 2551138

Ethyl (2-naphthyl) phosphinate (Table 3.1, entry 8). *H NMR (CDCls) " 8.40(d, J = 16 Hz, 1
H), 7.95-8.00 (m, 2 H), 7.90 (d, J = 9 Hz, 1 H), 7.72(d, J = 564 Hz, 1 H), 7.657.80 (m, 1 H),
7.60-7.65 (m, 2 H); 4.154.25 (m, 2 H), 141 (t, J = 7 Hz, 3 H); *C NMR (CDCl3) " 1356 (d,
Jrccae = 3 Hz), 1337 (d, Jrece= 12 Hz), 1326 (d, Jrec= 15 Hz), 1291 (d, Jrcce= 3 Hz), 1289,
1288, 1282, 127.1 (d, Jrc = 132Hz), 1274, 1254 (d, Jrcc= 12 Hz), 62.3 (d, Jroc = 6 HZ), 167
(d, Jrocc= 6 HZ); *PNMR (CDCl5) " 25.8 (dm, J = 565Hz).

Butyl (4-cyanophenyl) phosphinate (Table 3.1, entry 9). *H NMR (CDCl3) " 7.90-8.00 (m, 2
H), 7.80-7.90 (m, 2 H), 7.65(d, J = 574Hz, 1 H), 4.10-4.20 (m, 2 H), 1.70-1.80 (m, 2 H), 1.40-
150 (m, 2 H), 0.95 (t, J = 7 Hz, 3 H); *C NMR (CDCl3) " 1350 (d, Jec = 129 Hz), 1323 (d,
Jrcce= 14 Hz), 1316 (d, Jrec = 12 Hz), 1177, 1167 (d, Jpccce= 3 Hz), 66.5 (d, Jroc = 7 Hz),
324 (d, Jrocc = 6 HZz), 187, 135; *'P NMR (CDCls) " 225 (dm, J = 574 Hz); HRMS (FAB)
calcd. for CraH1NOLP, (M+Li)" 2300922,found2300917.

Butyl (3-pyridinyl) phosphinate (Table 3.1, entry 10). *H NMR (CDCls) " 8.98 (dm, J = 7
Hz, 1 H), 8.85(m, 1 H), 8.10-8.20 (m, 1 H), 7.45-7.50 (m, 1 H), 7.69(d, J = 573Hz, 1 H), 4.15
4.20(m, 2 H), 1.70-1.80 (m, 2 H), 1.40-1.50 (m, 2 H), 0.96 (t, J = 7 Hz, 3 H); **C NMR (CDCls)

" 1537 (d, Jrcene = 2 H2), 1518 (d, Jecc = 14 HZ), 1390 (d, Jrec = 10 HZ), 1262 (d, Jec = 131
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Hz), 1237 (d, Jecce= 10 Hz), 66.4 (d, Jroc = 7 HZ), 324 (d, Jpocc= 7 HZ), 188, 136; *)PNMR
(CDCls) " 220 (dm, J = 573Hz).

Butyl (2-thienyl) phohinate (Table 3.1, entry 11). *H NMR (CDCl3) " 7.75-7.80 (m, 1 H),
7.70-7.75(m, 1 H), 7.72(d, J = 593Hz, 1 H), 7.25-7.30 (m, 1 H), 4.10-4.20 (m, 2 H), 1.70-1.80
(m, 2 H), 1.40-1.50 (m, 2 H), 0.95 (t, J = 8 Hz, 3 H); *C NMR (CDCls) " 1367 (d, Jpcc = 13
Hz), 1345 (d, Jresc = 6 HZ), 1302 (d, Jpc = 145Hz), 1285 (d, Jrccc= 16 HZ), 658 (d, Jroc = 6
Hz), 324 (d, Jeocc = 7 Hz), 188, 136; *P NMR (CDCls) " 163 (dm, J = 593 Hz); HRMS
(FAB) calcd. for CgH130,PS, (M+Li)" 2110534,found2110531

Butyl (3-quinolinyl) phosphinate (Table 3.1, entry 12). *H NMR (CDCls) " 9.15(dd, J =5, 2
Hz, 1 H), 8.71(d, J=15Hz, 1 H), 8.19(d, J= 9 Hz, 1 H), 7.95(d, J = 8 Hz, 1 H), 7.85-7.90 (m,
1H), 7.82(d,J = 573Hz, 1 H), 7.65-7.70 (m, 1 H), 4.15-4.25(m, 2 H), 1.75-1.85(m, 2 H), 1.40-
1.55(m, 2 H), 0.96 (t, J = 7 Hz, 3H); *C NMR (CDCls) " 1497, 1496, 1421 (d, Jecc= 10 HZ),
1323, 1296, 1288, 1279, 1267 (d, Jecc = 12 Hz), 1230 (d, Jrc = 131 Hz), 664 (d, Jpoc = 7
Hz), 325 (d, Jrocc = 6 Hz), 188, 136; 3P NMR (CDCl3) " 259 (dm, J = 561 Hz); HRMS
(FAB) calcd. for C1sH1sNOoP, (M+Li)* 2561079,found2561072

Butyl (4-isoquinolinyl) phosphinate (Table 3.1, entry 13). *H NMR (CDCl3) " 9.44 (d, J = 2
Hz, 1 H), 8.98(d, J= 11 Hz, 1 H), 8.46(d, J = 9 Hz, 1 H), 8.09 (d, J= 8 Hz, 1 H), 7.98(d, J =
570Hz, 1 H), 7.857.90 (m, 1 H), 7.70-7.80 (m, 1 H), 4.15-4.25 (m, 2 H), 1.70-1.80 (m, 2 H),
1.40-1.50 (m, 2 H), 0.92 (t, J = 7 Hz, 3 H); *C NMR (CDCls) " 1577 (d, Jecene = 9 HZ), 1478
(d, Jecc = 16 HZ), 1348 (d, Jrcc= 9 Hz), 1323, 1288, 1283, 1280 (d, Jeccc= 8 Hz), 1242 (d,
Jrcce= 6 Hz), 1199 (d, Jec = 121 Hz), 66.3 (d, Jpoc = 6 Hz), 324 (d, Jrocc = 6 Hz), 188, 135;
3P NMR nb(CDCls) " 243 (dm, J = 570 Hz); HRMS (FAB) calcd. for Ci13H1sNOsP, (M+Li)*

2561079,found2561086.
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Butyl benzylphosphinate (Table 3.2, entry 1).* *H NMR (CDCl3) " 7.20-7.35(m, 5 H), 7.03
(d, J = 544Hz, 1 H), 3.90-4.10 (m, 2 H), 3.19(d, J = 18 Hz, 2 H), 1.55-1.65 (m, 2 H), 1.25-1.40
(m, 2 H), 0.89 (t, J = 7 Hz, 3 H); 3C NMR (CDCls) " 1299, 1298 (d, Jeccc= 7 Hz), 1289 (d,
Jrccoe = 3 Hz), 1277 (d, Jrcccce= 4 Hz), 664 (d, Jroc = 7 Hz), 370 (d, Jrc = 89 HZ), 323 (d,
Jrocc = 6 Hz ), 187, 135; *'P NMR (CDCl3) " 37.9 (dm, J= 545Hz); HRMS (FAB) cacd. for
CuH170:P, (M+Li)* 2191126 found2191125

Butyl (4-methoxybenzyl) phosphinate (Table 3.2, entry 2). *H NMR (CDCls) é 7.15(dd, J =
9Hz, J=3Hz, 2H),7.0(d,J = 542Hz, 1 H), 6.87(d, J = 8 Hz, 2 H), 3.9 D4.15(m, 2H), 3.8
(s, 3H),3.14(d,J=18Hz, 2 H), 1.58D1.68(m, 2 H), 1.28D1.42(m, 2 H), 091 (t, J=7Hz, 3
H); ® C NMR (CDCls) 6 1590 (d, Jrcccee= 4 Hz), 1310 (d, Jpcce = 6 Hz, 2C), 1218 (d, Jpcc =
8 Hz), 1146 (d, Jeccee = 3 Hz, 2C), 66.7 (d, Jroc = 7 Hz), 555, 362 (d, Jec = 90 Hz), 326 (d,
Jroce = 6 Hz), 189, 138; *'P NMR (CDCl3) 6 40.2 (dm, J = 542 Hz); HRMS (EI*) calcd. for
C12H100sP, (M)* 2421072, found2421069.

Butyl (pyridin-3-yl-methyl) phosphinate (Table 3.2, entry 3). *H NMR (CDCl3) " 8.50-8.55
(m, 2 H), 7.60-7.65 (m, 1 H), 7.25-7.35(m, 1 H), 7.12(d, J = 548 Hz, 1 H), 4.00-4.15 (m, 2 H),
3.20(d, J = 18 Hz, 2 H), 1.60-1.70 (m, 2 H), 1.30-1.40 (m, 2 H), 0.92 (t, J = 7 Hz, 3 H); °C
NMR (CDCI3) " 1506 (d, Jeccc = 7 Hz), 1487 (d, Jrccone = 4 Hz), 1373 (d, Jpccc = 6 Hz),
1261 (d, Jrcc= 7 Hz), 1237, 668 (d, Jpoc = 7 Hz), 342 (d, Jrc = 89 HZ), 323 (d, Jrocc = 6 Hz),
187, 135; *'P NMR (CDCl3) " 351, (dm, J = 547 Hz); HRMS (FAB) calcd. for CioH16NOP,
(M+Li)* 2201079, found2201131.

Butyl (pyridin-2-yl-methyl) phosphinate (Table 3.2, entry 4). *H NMR (CDCl3) " 7.20-7.25
(m, 2 H), 7.19(d, J = 548Hz, 1 H), 6.75-6.85 (m, 1 H), 6.69 (d, J = 8 Hz, 1 H), 4.05-4.20 (m, 2
H), 3.57 (dm, J = 10 Hz, 2 H), 1.65-1.75 (m, 2 H), 1.35-1.45 (m, 2 H), 0.95(t, J = 7 Hz, 3 H);

3C NMR (CDCl3) " 1471 (d, Jecc = 9 Hz), 1297, 1192, 1137, 1135, 67.1 (d, Jroc = 7 H2),
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4238 (d, Jrc = 105Hz), 326 (d, Jrocc = 6 Hz), 190, 1338; *P NMR (CDCl3) " 333 (dm, J = 548
Hz).

Ethyl (vinyl-2-cyanoethyl) phosphinate (Table 3.3, entry 1). *H NMR (CDCl3) 6 6.03D6.5
(m, 3H), 3.96 D4.16 (M, 2 H), 2.6 2.71 (M, 2 H), 20 D22 (m, 2 H), 1.35(t, J = 7 Hz, 3 H);
13C NMR (CDCl3) 6 1384, 1279 (d, Jec = 121 Hz), 11886, 614 (d, Jeoc = 6 Hz), 299, 252 (d,
Jec = 101 Hz), 167 (d, Jrocc = 6 HZ); P NMR (CDCls) 6 383 (s); HRMS (ES") calcd. for
C/H1NO,P, (M+H)* 1720527 found1720529.

Butyl (1-phenyl-vinyl) phosphinate (Table 3.3, entry 2).* *H NMR (CDCls) 6 7.35(d, J =
563Hz, 1 H), 7.48- 7.52(m, 2 H), 7.35D7.38 (m, 3H), 6.27(d, J= 46 Hz, 1 H), 6.21(d, J= 25
Hz, 1 H), 401D94.08(m, 2H), 1.6 D1.66(m, 2 H), 1.3D1.58(m, 2 H), 0.88(t, J = 7 Hz, 3 H);
13C NMR (CDCl3) 6 1417 (d, Jpc = 119Hz), 135.2 (d, Jpcc = 12 HZ), 1301 (d, Jpcc = 13 HZ),
1287 (3C), 127.0 (d, Jrccc = 6 Hz, 2C), 659 (d, Jroc = 7 HZ), 323 (d, Jrocc = 6 Hz), 187, 13 5;
3P NMR (CDCl3) 6 287 (dqgt, J = 563 Hz, J = 25Hz, J = 8 Hz); HRMS (EI*) calcd. for
Ci2H170:P, (M)* 2240966,found2240967.

Butyl (trans-styryl) phosphinate (Table 3.3, entry 3).2* *H NMR (CDCls) § 7.33(d, J = 560
Hz, 1 H), 7.3D7.58(m, 5H), 6.4 (d, J= 18 Hz, 1 H), 6.37(d, J = 22 Hz, 1 H), 406 D4.15(m, 2
H), 1.67D1.75(m, 2 H), 1.4 D1.48(m, 2 H), 0.95(t, J = 7 Hz, 3H); *C NMR (CDCl3) 6 1497
(d, Jrccc = 7 Hz), 1345 (d, Jeee = 21 Hz), 1306, 1290 (2C), 127.9 (2C), 1163 (d, Jec = 133
Hz), 65.7 (d, Jroc = 6 Hz), 325 (d, Jrocc = 6 Hz), 1838, 136; *'P NMR (CDCls) 6 258 (dtt, J =
560 Hz, J = 23 Hz, J = 8 Hz); HRMS (EI") calcd. for CiH1;O0.P, (M)* 2240966, found
2240963.

Butyl [1-(3-methyl-butyl)vinyl] phosphinate (Table 3.3, entry 4). *H NMR (CDCls) 6 7.1 (d,
J=547Hz, 1 H), 594 (d, J = 25Hz, 1 H), 5.84(d, J = 49 Hz, 1 H), 3.95D4.1 (m, 2 H), 22D

235(m, 2H), 1.5D1.7 (m, 3H), 1.3551.44 (m, 4 H), 0.8590.95 (m, 9 H); *C NMR (CDCl5)
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6 1425 (d, Jrc = 118 Hz), 1285 (d, Jecc = 14 Hz), 66.1 (d, Jpoc = 7 HZ), 37.2 (d, Jrcc = 5 H2),
327 (d, J pocc = 6 Hz), 28.7 (d, Jecce = 12 HZ), 279, 22.6, 225, 190, 138; *'P NMR (CDCl3) &
316 (dm, J=547Hz).

Butyl (1-propyl-pent-1-enyl) phosphinate (Table 3.3, entry 5). *H NMR (CDCl3) 6 6.98(d, J
=542Hz, 1 H), 6.37'@t, J= 33Hz, J=7 Hz, 1 H), 3.88D4.0 (m, 2 H), 20 D2.2 (m, 4 H), 1.55
D1.63(m, 2H), 1.3D1.45(m, 6 H), 0.87 (t, J=7 Hz, 9 H); *C NMR (CDCls) 6 1471 (d, Jpcc
= 14 Hz), 1319 (d, Jrc = 124 HZ), 65.7 (d, Jroc = 7 Hz), 326 (d, Jrocc = 7 Hz), 305 (d, Jpcc =
18Hz), 284 (d, Jpccc = 12 Hz), 226,219, 189, 14.2,139, 137; *P NMR (CDCl3) 6 335 (dm,
J =542Hz); HRMS (EI") calcd. for Ci2H250,P, (M)* 2321592, found2321590.

Butyl (1-methyl-vinyl) phosphinate (Table 3.3, entry 6). *H NMR (CDCls) § 7.09(d, J = 549
Hz, 1 H), 5.7996.0 (m, 2 H), 3.97D4.14(m, 2 H), 1.96 (d, J = 14 Hz, 3 H), 1.62D1.75(m, 2
H), 1.35D15 (m, 2 H), 0.95(t, J= 7 Hz, 3 H); *C NMR (CDCl3) 6 1298 (d, Jecc = 14 Hz),
66.0 (d, Jroc = 13 HZ), 327 (d, Jrocc = 6 HZ), 19.0, 17.1 (d, Jrocce = 13 Hz), 138; 'P NMR
(CDCl3) 6305 (dm, J = 549 Hz).

Ethyl (1-bromo-oct-1-enyl) phosphinate (Table 3.3, entry 7). *H NMR (CDCls) 66.97(d, J =
601Hz, 1 H), 7.16 7.3 (m, 1 H), 407D4.2 (m, 2H), 2.37(qd,J = 7Hz, J=3Hz, 2 H), 141D
156 (m, 2 H), 1.39(t, J = 7 Hz, 3 H), 1.23D1.35 (m, 6 H), 0.89 (t, J = 7 Hz, 3H); > C NMR
(CDCl3) 8 1509 (d, Jrec = 13HZ), 1149 (d, Jec = 136 Hz), 624 (d, Jroc = 7 HZ), 32.1 (d, Jrcce
=11Hz), 317,291, 27.6,22.7,16 5 (d, Jrocc = 7 Hz), 14.3; **P NMR (CDCls) 6 20.9 (ddd, J =
602 Hz, J = 14 Hz, J = 9 Hz); HRMS (ES") calcd. for CioH20BrO.P, (M+H)" 2830463 found
2830456.

Butyl (1-butyl-vinyl) phosphinate (Table 3.3, entry 8). *H NMR (CDCls) 6 7.13(d, J = 547
Hz, 1 H), 5.97(d, J= 25Hz, 1 H), 5.86 (d, J = 44Hz, 1 H), 40D4.16 (m, 2 H), 2.1592.3 (m, 2

H), 1.1 ©2.06 (m, 8 H), 0.9D0.97 (m, 6 H); *C NMR (CDCls) 6 1420 (d, Joc = 118Hz), 1285
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(d, Jrcc = 13 H2), 65.8 (d, Jroc = 7 Hz), 324 (d, Jrocc = 6 H2), 304 (d, Jrec = 12 Hz), 300 (d,
Jrcce = 5 Hz), 223, 188, 138, 136; P NMR (CDCls) 6 309 (dm, J = 547 Hz); HRMS (ES")
caled. for CioHz2 0P, (M+H)" 2051357, found205.1360.

Butyl (1-carboxylic add-tert-butyl ester-1,2,3,6-tetrahydro-pyridin-4-yl) phosphinate
(Table 3.3, entry 9). *H NMR (CDCl3) 6 7.07 (d, J = 552Hz, 1H), 6.62- 6.75(m, 1 H), 40 D
413(m, 4 H), 345036 (m, 2 H), 22D2.4 (m, 2H), 1.64-1.74(m, 2 H), 147 (s, 9 H), 1.36 D
1.48(m, 2 H), 0.95(t, J= 7 Hz, 3H); *C NMR (CDCl3) 6 1547, 1398 (d, Jecc = 11 Hz), 1298
(d, Jrc = 56 Hz), 80.4, 662 (d, Jroc = 7 Hz), 437 (br), 39.4 (br), 3256 (d, Jrocc = 6 Hz), 286
(30), 235 (d, Jecc = 10 Hz), 189, 138; *P NMR (CDCls) 6 2599, 266 (dm, J = 552 Hz);

HRMS (EI") calcd. for CuaHasNO4P, (M)* 303159, found3031601

Chapter 4, Section 4.2%

Representative Procedure for Table 4.1 - Palladium Catalysis. Entry 1b: A mixture of
anilinum hypophoghite (0.955 g, 6 mmol, 3 eq) and (BuO)4Si (1.346 g, 4.2 mmol, 2.1 eq) in
CH3CN (12 mL) was hested to reflux for 2 h unde nitrogen. After cooling to roomtemperature,
cinnamyl chloride (0.280mL, 0.305g, 2.0 mmol), Pd(OAc), (0.009 g, 0.04 mmol, 2 mol% Pd),
and 1,3-bis(diphenylphoghino)ferrocene (0.0244 g, 0.044 mmol) were added to the reaction
flask and the mixture was heated at reflux under nitrogen for 10 h. At this time, *'P NMR
andysis of the reaction mixture showed the produd at 39.7 ppm (95%). The mixture was then
diluted with EtOAc and washed with ag. NaHSO,4 (1 M). The resulting aqueous phase was
extracted with EtOAc (3 x) and the combined organic fractions were washed with saturated
agqueous NaHCO;3; (1 x) and brine Drying, concentration, and purfication by radid
chromatography (2 mm thickness, hexanesEtOAc 5:1, v/v, EtOAc), aforded butyl (3-phenyl-

propyl) phoghinae (0.351g, 73%) asalightyellow oil.
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Representative Procedure for Table 4.1 - Nickel Catalysis. Entry 1d: A mixture of anilinum
hypophoghite (0.955g, 6 mmol, 3 eq) and (BuO),Si (1.3469, 4.2 mmol, 2.1 eq) in CH3CN (12
mL) was heated to reflux for 2 h unde nitrogen. After cooling to room temperature, cinnamyl
chloride (0.280 mL, 0.305 g, 2.0 mmol) and bis(triphenylphogphingnickel (1) chloride (0.0327
g, 0.050 mmol, 2.5 mol% Ni) were added to the reaction flask and the mixture was heated at
reflux unde nitrogen, for 8 h. After thistime, *'P NMR analysis of the reaction mixture showed
theprodud at 37.1 ppm (100%9. Thereaction mixture was diluted with EtOAc and washed with
1 M agueous NaHSO,. The resulting aqueous phase was extracted with EtOAc (3 x) and the
combined organic fractions were washed with saturated aqueous NaHCOs; (1 x) and brine
Drying, concentration, and purfication by radia chromatography (2 mm thickness,
hexanesEtOAC 5:1, v/v, EtOAc) afforded the produd (0.419 g, 88%) as a mixture of butyl
cinnanyl phoghinae (95%) and butyl (3-phenyl-propyl) phoghinae (5%).

Ethyl (3-phenyl-propyl) phosphinate (Table 4.1, entry 1a).%® *H NMR (CDCls) 6 7.06 (d, Jup
=530Hz, 1 H), 7.15D7.31(m, 5H), 3.98D4.23(m, 2 H), 2.71(t, J= 7 Hz, 2 H), 1.7282.0 (m,
4H),1.34(t, J=7Hz 3H); ®*CNMR (CDCl3) § 1409, 12874 (4 C), 1265, 626 (d, Jpoc = 7
Hz), 365 (d, Jpcc = 16 Hz), 28.3 (d, Jpc = 94 HZ), 226 (d, Jpccc = 3 Hz), 165 (d, Jpocc= 6 H2);
3P NMR (CDCl3) 639.7 (dm, Jpy = 530H2).

Butyl (3-phenyl-propyl) phosphinate (Table 4.1, entry 1b).® *H NMR (CDCls) 6 7.0 (d, Jup
=528Hz, 1 H), 7.15D7.31(m, 5H), 3.9 D4.15(m, 2 H), 2.72(t, J = 7 Hz, 2H), 157 D2.0 (m,
6 H), 1.26 ©1.46 (m, 2 H), 093 (t, J = 7 Hz, 3 H); ** C NMR (CDCls) 6§ 1409, 1287 (4 C),
1265, 66.3 (d, Jpoc = 7 HZ), 364 (d, Jpcc = 16 HZz), 325 (d, Jpocc = 6 Hz), 28.3 (d, Joc = 94 H2),
226 (d, Jeccc = 3 Hz), 19.0, 138; 3P NMR (CDCl3) 8 39.9 (dm, Je = 528 Hz); HRMS (EIY)

calcd. for C]_3H2102P, (M)+ 2401279,f0und2401275
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Butyl cinnamyl phosphinate (Table 4.1, entries 1¢-1d).>"%%® 'H NMR (CDCl3) 6 7.06 (dt,
Jup = 543Hz, J = 2 Hz, 1 H), 7.23D7.38(m, 5H), 655 (dd, J = 16 Hz, J = 6 Hz, 1 H), 6.06
6.17 (m, 1 H), 403 and 4.13 (tdd, J = 10 Hz, Jup = 7 Hz, J = 8 Hz, 2 H), 2.82(dd, Jup = 19 Hz, J
=8Hz 2H), 1.65D1.74(m, 2 H), 1.42 (sext., J= 8 Hz, 2H), 0.94 (t, J= 7 Hz, 3H); ®*CNMR
(CDCl3) 6 1366 (d, Jeccee = 4 H2), 1361 (d, Jrccc = 14 HZ), 1287 (2 C), 1280, 1264 (2 C),
1169 (d, Jecc= 10 Hz), 66,5 (d, Jroc = 7 Hz), 347 (d, Jec = 90 HZ), 326 (d, Jrocc = 6 Hz), 189,
138; 3P NMR (CDCls) 6 3594 (dt, Jpy = 543Hz, J = 7 Hz); HRMS (EI*) calcd. for Ci3H1904P,
(M)*2381123,found2381126

Butyl (3,7-dimethyl-oden-6-yl) phosphinate (Table 4.1, entry 2).° Mixture of stereoisomers:
'H NMR (CDCl3) 6 7.1 (d, Jup = 528 Hz, 2 H), 5.08 (t, J = 7 Hz, 2 H), 3.94D4.17(m, 4 H),
1.91D2.08(m, 4 H), 1.1 D1.84(m, 34H), 0.860.97 (m, 12 H); **C NMR (CDCls) 6 1317 (2
C), 1246 (2 C), 66.3 (d, Jrooc= 7 Hz, 2 C), 366 (2 C), 331 (d, Jecc = 16 Hz, 2 C), 326 (d, Jrocc
=6Hz,2C),27.5(2C), 265 (d, Jc= 94 Hz, 2 C), 259 (2 C), 255 (2 C), 19.1, 19,0, 189 (2 C),
178 (2 C), 138 (2 C); **P NMR (CDCls) 6 41.35 and 41.33 (dm, Jey = 528 Hz); HRMS (EIY)
caled. for CiaH200,P, (M)* 2601905,found2601904.

Butyl (3-methyl-buten-2-yl) phosphinate (Table 4.1, entry 6).>” Main produd (75% purity).
'H NMR (CDCl3) 6 7.04(d, Jup = 537Hz, 1 H), 5.07- 5.16 (m, 1 H), 4.01 and 4.10 (tdd, Jup = 7
Hz, J=11Hz, J=8Hz 2 H), 255D2.66 (m, 2H), 1.77(d, J = 7 Hz, 3H), 1.59D1.72 (m, 5 H),
1.40 (sext., J = 8 Hz, 2 H), 0.95 (t, J = 7 Hz, 3 H); > C NMR (CDCls3) 6 1383 (d, Jpcce = 14
HZ), 1107 (d, Jecc = 14 Hz), 664 (d, Jroc = 8 Hz), 32.7 (d, Jrocc = 6 Hz), 298 (d, Jec = 92 HZ),
260 (d, Jeccce = 4 Hz), 187,181 (d, Jeccec = 4 Hz), 1338; *'P NMR (CDCls) 6 3824 (d, Jpy =
537 Hz). Minorisomers. 3P NMR (CDCl3) 6 3996 (d, Jp = 532Hz, 17%), 27.17 (d, Jpy = 532

Hz, 8%).
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Chapter 4, Section 4.3

General Procedure for the Preparation of Allylic H-Phohinic Acids (Table 4.2). To a
solution of the hypoph@phoruscompound(3 - 6 mmol, 1.5 - 3 eq) in DMF or CH3CN (10 mL)
(See Notes) was added the allylic electrophile (2 mmol, 1 eq), followed by Pd,dba (0.0046 -
0.0184 g, 0.005- 2 mmol, 0.5 - 2 mol% Pd) and xantphos(0.0064 - 0.0256 g, 0.011 - 0.044
mmol) at roomtemperature. The mixture was heated at 85% in the case of DMF, or at reflux for
CH3CN. Although reaction times for the cross-coupling were not optimized, no significant
differences in yields were observed according to P NMR anadysis when heating the reactions
from 2 to 15 h (Produd: %20 - 30 ppm, dm). Before doing the workup, DMF was evaporated
from the solution by heating in vacuo (0.5 mmHg, 45%, 30 min) and the resduewas dissolved
in EtOAc; while in the case of an acetonitrile mixture, dilution with EtOAc was performed
directly. Theworkup congsted in washing the EtOAc solution with aqueousHCI or NaHSO, (1 -
2 M). The aqueous layer was extracted with EtOAc (2 x) and the combined organic fractions
were washed with brine (1 x), dried over MgS0O,, and concentrated to afford the produd. If usng
triethylammonium hypophoghite, the purity of the produd could beimproved by redissolving it
in EtOAc or CH,Cl, and dtirred with acidic amberlite resin (3-4 tips of scoopul) a room
temperature for 4 - 6 h to remove traces of amine. The produds were obtained with more than
95% purity.

Notes. H3PO, and D3PO were purchased from Aldrich as 50 wt% solutionsin H,O and D,O
respectively, and concentrated by rotary evaporation (5 mmHg, 40;C) for 30 min and used
immediately. When employing CH3;CN as solvent, a stock solution of concentrated H3PO, (0.5
M) could also be used. EtsNHOP(O)H.,** NHOP(O)H2,%* PhNHsOP(O)H, (AHP)®*' were
prepared according to literature procedures;, while ethylpiperidinium hypophoghite was

purchased from Aldrich. DMF was dried and stored over 4« molecular sieves before use.
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CH3sCN (reagent grade) was used exclugvely with AHP or with acids due to solubility and
reactivity issues (see Table 4.2).

General Procedure for the Preparation of Allylic-H-Phosphinates (Table 4.2). The same
procedure described above for the cross-coupling of a hypophaphomus acid derivative (4 - 6
mmol, 2 - 3 eq) with an allylic acetate (2 mmol, 1 eq) was followed, but after completion of the
cross-coupling process (according to 3P NMR), the reaction mixture was cooled to room
temperature, and two optiond esterification methods were followed: (a) In situ addition of
(RO)S (28 - 6 mmol, 1.4 - 3 eq, 0.7 - 1.0 eq per 1 eq. MOP(O)H,) and heating at reflux
(CH3CN) or at 85;C (DMF) for 16-24 h. Better yieldswere generally obtained when using 1 eq
akoxysdlane pe 1 eg MOP(O)H.. (b) In situ addition of ROH (7.5 - 9 eq) and pivaloyl chloride
(5 - 6 eq) and stirring at roomtemperature for 4 to 6 h. The reaction was monitored by *'P NMR.
Once completed, the workup was donedepending uponthe solvent of the reaction, as explained
above DMF required previous concentration and then dilution with EtOAc, while an CH3;CN
mixture was diluted directly with EtOAc. The organic EtOAc solution was subsquently washed
with 2 M aqueous HCl. The agueouslayer was extracted with EtOAc (2 x) and the combined
organic phase was washed with saturated aqueous NaHCO3; and brine Drying over MgSOy,
concentration and purification by radial chromatography (2 to 4 mm thickness, hexanesEtOAc
7/1, viv, EtOAC) or by column onsilicagd afforded the pure allylic-H-phophinate ester.
Representative Procedure for the Cross-Coupling with R3PO, (R=H or D): Preparation of
Cinnamyl phosphinic add (Table4.2, entries2eand 2 g). Freshly concentrated acid (0.264 ¢,
4 mmol of H3PO,, or 0.276 g, 4 mmol of D3PO,) was dissolved in CH3;CN (10 mL) and
cinnanyl acetate (0.352 g, 0.33 mL, 2 mmol), Pd.dba (0.0046 g, 0.005 mmol) and xantphos
(0.0064g, 0.011mmol), were added at roomtemperature. Thereaction was heated (85; C) unde

N, for 15 h. After this time, P NMR revealed the formation of the produd at 332 ppm (d)
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when starting from H3PO, or at 355 ppm (t) from D3PO,. The latter multiplicity results from
deuterium exchangein the phophinylidene moiety (P(=0O)D). Theresulting solution was diluted
with EtOAc and washed once with aqueous NaHSO, (2 M). The agueous layer was separated
and extracted with EtOAc (2 x), and then the organic fractionswere combined and washed with
brine (1 x). Drying and conaentration gave the pure produd cinnamyl phoghinic acid in 100%
yield (0.3649). No produd from deuterium incorporation alongthedoublke bondis observed.
Representative Procedure for the Cross-Coupling with a Hypophosphorous Acid Salt:
Preparation of E-Geranyl phosphinic add (Table 4.2, entry 3g). To a solution of
EtsNHOP(O)H, (1.0 g, 2 mmol, 3 eq) in DMF (10 mL, 0.2 M) was added trans-geranyl acetate
(043 mL, 0.393 g, 2 mmol, 1 eq) followed by Pd,dba (0.0046 g, 0.005 mmol) and xantphos
(0.0064 g, 0.011 mmol), at room temperature. The reaction mixture was heated at 85 jC unde
N, for 2 h. After cooling to room temperature, **P NMR andysis showed the produd at 237
ppm (dm, 100%). The mixture was concentrated unde high vacuumto removethe DMF and the
residduewas diluted with EtOAc, and washed successively with 2 M aqueousNaHSO4 (1 x). The
agueousphase was extracted with EtOAc (2 x) and the combined organic fractionswere washed
with brine dried, and concentrated. The residue was dissolved in EtOAc (10 mL) and a small
amount of amberlite resin was added (4 tips of scoopub). The resulting sugpenson was stirred
for 5 h, followed by suction filtration to furnish the pure produd as a light yellow oil (0.404 g,
100%).

Representative Procedure for the One-Pot, Two-Steps Cross-Coupling-Esterification using
(RO)4Si: Preparation of Butyl (3-methyl-buten-2-yl) phosphinate (Table 4.2, entry 9b). Toa
sugpension of PhNH3OP(O)H, (0.955 g, 6 mmol) in CH3CN (10 mL) were added 3-methyl-2-
butenyl benzoae (0.38 mL, 0.385 g, 2 mmol), Pd,dba (0.0184 g, 0.02 mmol) and xantphos

(0.0254 g, 0.044 mmol). The mixture was heated at reflux for 8 h. To the reaction mixture was
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adda (BuO)4Si (1.40 g, 4.2 mmol) at room tempeature. The mixture was returned to reflux
temperature for 16 h. After this time, **P NMR andysis showed the produd at 389 ppm The
resulting mixture was diluted with EtOAc and washed with 2 M aqueous HCI (1 x). Theaqueous
phase was extracted with two portions of EtOAc and the combined organic layer was washed
with saturated aqueous NaHCO3; and brine Drying, concentration and purification by radial
chromatography (4 mm thickness, hexanesEtOAc 7/1, viv, EtOAc) afforded the produd as a
clear oil (0.3469, 91%yield).

Representative Procedure for the One-Pot, Two-Steps Cross-Coupling-Esterification using
PivCI/ROH: Preparation of Butyl (frans-hexen-2-yl) phosphinate (Table 4.2, entry 10b). A
25 mL round bottom flask was charged with EtsNOP(O)H, (0.835 g, 5 mol) and DMF (125
mL). trans2-Hexenyl acetate (0.32 mL, 0.284 g, 2 mmol), Pd.dba (0.0046g, 0.005 mmol) and
xantphos (0.0064 g, 0.011 mmol) were added undea nitrogen and the resulting mixture was
heated at 85;C for 6 h. **P NMR andysis of the crudemixture revealed quantitative formation of
the produd at 25 ppm The reaction was cooled to room temperature and then BuOH (1.4 mL,
1.11 g, 15 mmol) and pivaloy! chloride (1.3 mL, 1.206 g, 10 mmol) were added and the reaction
was stirred at roomtemperature for 6 h. Thereaction was diluted with EtOAc and then extracted
from 2 M aqueousNaHSO,. The aqueouslayer was separated and washed with EtOAc (2 x). The
combined organic fractionswere washed with saturated aqueousNaHCO3; and brine Theorganic
layer was dried over MgSO,, filtered and concentrated to afford the crude produd, which was
purified by column chromatography on silica gd (hexanes’EtOAc 3/1, v/v, EtOAC) to give the

produd asaclear oil (0.2779, 68% yield).

Allyl phosphinic add (Table 4.2, entry 1a).%***' (96% puiity) *H NMR (CDCls, 300 MHz)
5 1241 (bs 1 H), 6.99(d, Jup = 559Hz, 1 H), 5.77 (dddd,J = 27 Hz, J=13Hz, J=11Hz,J =

3 Hz 1 H), 51985.32(m, 2 H), 2.65 (dd, Jyp = 20 Hz, J = 7 Hz, 2H); **C NMR (CDCl;, 7545
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MHz) 8 1260 (d, Jpcc = 9 HZ), 1216 (d, Jecee = 14 Hz), 354 (d, Jec = 91 Hz); 3'P NMR
(CDCls, 12147 MHz) 63590 (dm, Jpy = 559H2).

Butyl allyl phosphinate (Table 4.2, entry 1b).2**"% 4 NMR (CDCls, 300MHz) § 7.00 (dt,
Jup = 543Hz, J = 2 Hz, 1 H), 5.68D5.82 (m, 1 H), 5.2095.31 (m, 2 H), 4.03 and 4.13 (dtd, J =
10Hz, J = 9 Hz, Jup = 7 Hz, 2 H), 2.66 (ddd, Jup = 19 Hz, J= 8 Hz, J= 2 Hz, 2 H), 1.64D1.74
(m, 2 H), 1.42 (sext., J = 8 Hz, 2 H), 0.95 (t, J = 8 Hz, 3 H); *C NMR (CDCls, 7545 MH?z)
61259 (d, Jrcc = 9 Hz), 1215 (d, Jrccc = 14 Hz), 665 (d, Jroc = 8 Hz), 35.0 (d, Jrc = 90 Hz),
3256 (d, Jrocc = 6 Hz), 189, 138; *'P NMR (CDCl3, 12147 MHZ) 8 37.79 (dm, Jpy = 543 H2);
HRMS (EI*) caled. for C/H1s04P, ([M]1) 1630888 found1630883

Cinnamyl phosphinic add (Table 4.2, entries 2d-e, 2g, see also Table 5.2, entry 9).°%° m.p.
=84-85;C; 'H NMR (CDCls, 300MHz) § 1126 (bs 1 H), 7.15897.43(m, 5 H), 7.01(d, Jup =
558Hz, 1 H), 6,51 (dd, J= 16 Hz, J =5 Hz, 1 H), 6.03D6.19 (m, 1 H), 2.75 (dd, Jup = 19 Hz, J
=7 Hz, 2 H); *C NMR (CDCls, 7545 MHz) 8 1367 (d, Jpccee = 4 HZ), 1362 (d, Jpcec = 14
Hz), 1288 (20), 1281, 1266 (d, Jrcccce = 2 Hz, 20), 1170 (d, Jpec = 10 Hz), 34.9 (d, Jpc = 90
Hz); 3P NMR (CDCls, 12147 MHz) 6 35.32 (dm, Jpy = 558 Hz); HRMS (EI*) calcd. for
CoH110:P, ([M]") 1820495 found1820497.

Butyl cinnamyl phosphinate (Table 4.2, entries 2b-c, 2f & 7).>"%% See above (Table 4.1,
entries1c-d).

(E)-Geranyl phosphinic add (Table 4.2, entries 3ei).®®* 'H NMR (CDCls, 300 MHz)
6 1139 (bs 1 H), 6.94 (dt, Jup = 552Hz, J= 2 Hz, 1 H), 5.0 5.21 (m, 2 H), 2.60 (dd, Jup = 19
Hz, J=8Hz 2 H), 20D2.18(m, 4 H), 1.68 (s, 3H), 1.66 (d, J = 4 Hz, 3H), 1.60 (s, 3 H); *C
NMR (CDCls, 7545MHz) 1423 (d, Jecce = 14 Hz), 1320, 1240, 1106 (d, Jecc = 9 Hz), 399

(d, Jrccec = 3 HZ), 302 (d, Jpc = 92 HZ), 267 (d, Jrccocc =4 HZ), 25.9, 17.9, 16.7 (d, Jrccec = 3
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Hz); P NMR (CDCls, 12147 MHz) 6 37.10 (dm, Jm = 552 Hz); HRMS (EI*) cacd. for
CioH1002P, ([M]%) 2021123,found2021122

Butyl (E)-geranyl phosphinate (Table 4.2, entries 3c-d, 3k-1).>" *H NMR (CDCls, 300 MHz)
8 6.92(ddd Jyp = 537Hz, J= 3 Hz, J= 2 Hz, 1 H), 5.04 ©5.19 (m, 2 H), 4.0 and 4.09 (dtd, J =
10Hz, J=8Hz, Jup= 7 Hz, 2 H), 249D2.68 (m, 2 H), 2.08 (s, 3H), 1.62D1.71(m, 9 H), 1.60
(s, 3H), 1.41 (sext., J = 7 Hz, 2 H), 0.94 (t, J = 7 Hz, 3 H); 3C NMR (CDCl3, 7545 MHz)
81422 (d, Jecce = 14 Hz), 1319, 1239, 1105 (d, Jecc = 9 Hz), 664 (d, Jroc = 7 Hz), 398 (d,
Jrccee = 3 Hz), 326 (d, Jroce = 6 Hz), 296 (d, Jrc = 92 Hz), 266 (d, Jrcceae = 4 Hz), 259,
189, 17.9, 16.7 (d, Jeccec = 3 Hz), 138; 3P NMR (CDCls, 12147 MHZ) 8 3847 (dm, Jpy = 537
Hz); HRMS (EI*) calcd. for CiuH20.P, ([M]1) 2581749,found2581747.

(E, E)-Farnesyl phohinic add (Table 4.2, entries 4a and 4d).* *H NMR (CDCls, 300
MHz) 6 1092 (bs 1 H), 6.94 (d, Jup = 548Hz, 1 H), 5.0 D5.22 (m, 3 H), 2.59 (dd, Jup = 19 Hz,
J=7Hz 2H),193D2.16(m, 9 H), 1.63D1.73(m, 6 H), 157 D1.63 (m, 5 H); °C NMR
(CDCls, 7545 MHz) 61420 (d, Jeccc = 14 Hz), 1354, 1313, 1243, 1237, 1104 (d, Jocc = 9
HZ), 398 (d, Jrccce = 3 Hz), 397, 302 (d, Jrc = 92 HZ), 267, 264 (d, Jrccace = 4 Hz), 257,
177,166 (d, Jeccee = 3 HZ), 16.0; **P NMR (CDCls, 12147 MHZ) 6 36.72 (dm, Jpy = 548 HZ);
HRMS (EI*) caled. for CisH7OoP, ((M]1) 2701754, found2701749

Ethyl ((E)-3,7,11-trimethyl-dodecen-2-yl) phoshinate (Table 4.2, entry 4b). 'H NMR
(CDCls, 300 MHz) §6.97 (dt, Jup = 542 Hz, J = 2 Hz, 1 H), 506 ©5.23 (m, 1 H), 401 D4.27
(m, 2 H), 2.63(dd, Jup = 19Hz, J= 7 Hz, 2 H), 2.0152.18 (m, 3 H), 1.48D1.82 (m, 23 H), 1.37
(t, J =7 Hz, 3 H); *C NMR (CDCl3, 7545 MHz) 6 1417 (d, Jpccc = 14 HZ), 1111 (d, Jpcc = 9
Hz), 746, 710, 626 (d, Jooc = 7 HZ), 46.1, 44.2, 436 (d, Jrccccee= 2 Hz), 39.7 (d, Jrcccce= 3

Hz), 326 (d, Jecccc= 9 Hz), 299, 29.7 (d, Jec = 92 Hz), 22.8 (d, Jrocc = 3 Hz), 206, 166, 165
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(d, Jeccee = 3 Hz), 16.0; *'P NMR (CDCls, 12147 MHz) 6 3731 (dm, Jpy = 542 Hz); MS (EIY)
for C17Has0.P, [M+H]" m/z303

Butyl (E, E)-farnesyl phoghinate (Table 4.2, entry 4c).>” 'H NMR (CDCls, 300 MHz)
8 6.93(d, Jup = 539Hz, 1 H), 5.03D5.19 (m, 3 H), 3.91D4.18 (m, 2 H), 252D2.71 (m, 2 H),
1.9392.18(m, 9 H), 1.63D1.75(m, 10H), 159 (s, 3H), 1.41 (sext., J= 7 Hz, 2 H), 0.92(t, J =
7 Hz, 3 H); *3C NMR (CDCls, 75.45 MHz) 61422 (d, Jeccc = 14 Hz), 1355, 1314, 1244,
1237, 1105 (d, Jpcc = 9 Hz), 666 (d, Jroc = 7 Hz), 39.9, 398 326 (d, Jrocc = 6 Hz), 2956 (d,
Jrc = 92 Hz), 269, 26.6 (d, Jrcccec= 4 Hz), 259,189, 178, 167 (d, Jecccc = 3 HZ), 16.1, 137;
3P NMR (CDCl3, 12147 MHZ) 8 38.39 (dm, Jpy = 539 Hz); HRMS (EI*) calcd. for CioH3s0,P,
([M]") 3262375 found326.2374.

(3-Methyl-buten-2-yl) phosohinic add (Table 4.2, entries 5a-c). [5a& 5b contain the produd
along with 20 wt.%. of aniline 5c was isolated as the main pesk in P NMR (82%)]. Main
produd: *H NMR (CDCls, 300MHz) 6 1091 (bs 1 H), 6.94 (d, Jup = 550Hz, 1 H), 5.13(qq, J
=7Hz, J=2Hz, 1H), 257(dd,Jup = 19Hz, J=8 Hz, 2 H), 1.77(d,J = 6 Hz, 3H), 1.66 (d, J =
4 Hz, 3 H); ®°C NMR (CDCl3, 7545 MHz) 6 1384 (d, Jeccc = 14 Hz), 1106 (d, Jecc = 9 H2),
301 (d, Jec = 92 HZ), 258 (d, Jpccce = 3 Hz), 182 (d, Jpccce = 3 Hz); **P NMR (CDCls, 12147
MHz) 6 35.86 (dm, Jp = 550Hz).

Butyl (3-methyl-buten-2-yl) phosphinate (Table 4.2, entry 5d, 9a-b).” 'H NMR (CDCls)
8 7.04(d, Jup = 538Hz, 1 H), 5.07- 5.16 (m, 1 H), 4.01and 4.10(dtd, J = 11 Hz, J= 8 Hz, Jyp =
7 Hz, 2 H), 2559266 (m, 2 H), 1.77(d, J = 7 Hz, 3H), 1.5991.72 (m, 5 H), 1.40 (sext., J = 8
Hz, 2 H), 0.95(t, J= 7 Hz, 3H); ®C NMR (CDCls) 6 1383 (d, Jeccc = 14 Hz), 1107 (d, Jpcc =
14 Hz), 664 (d, Jroc = 8 HZ), 32.7 (d, Jrocc = 6 Hz), 298 (d, Jec = 92 HZ), 260 (d, Jrccee = 4
Hz), 187, 181 (d, Jeccce = 4 Hz), 138; *'P NMR (CDCls) 6 3801 (d, Jm = 538 HZ). HRMS

(EI") caled. for CoH190-P, ([M]*) 1901123,found1901127.
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(trans-Buten-2-yl) phosphinic add (Table 4.2, entry 6a-c, 11a)*® Purity (%): 6a(88%), 6b
(90%), 6¢ (83%), 11a(100%). (*H NMR (CDCls, 300 MHZz) 6 1213 (bs 1 H), 6.95 (d, Jup =
553Hz, 1 H), 5.64 (dt, J = 15Hz, J = 6 Hz, 1 H), 5.38 (dq, J = 15 Hz, J = 6 Hz, 1 H), 2.56 (dd,
Jup=19Hz, J=7Hz 2 H), 1.72 (td, J = 6 Hz, 3H); *C NMR (CDCls, 7545 MHz) 6 1321 (d,
Jrcce = 14 Hz), 117.9 (d, Jeec = 9 HZ), 331 (d, Jec = 92 Hz), 182 (d, Jeccce = 3 Hz); P NMR
(CDCls, 12147 MHZ) 6 37.78 (dm, Jpy = 553 Hz); HRMS (EI*) calcd. for CsHoOP, ([M]%)
1200340,found1200339.

(trans-Hexen-2-yl) phosphinic add (Table 4.2, entry 10a)*®® H NMR (CDCls, 300 MHzZ)
6 1115(bs 1 H), 6.94 (d, Jup = 554 Hz, 1 H), 5.64 (dt, J = 22 Hz, J = 8 Hz, 1 H), 5.35(dt, J =
22Hz, J=8Hz, 1 H), 257 (dd, Jup = 19Hz, J= 7 Hz, 2 H), 2.03(t, J = 6 Hz, 2 H), 1.39 (sext., J
=7 Hz, 2 H), 0.89 (t, J = 7 Hz, 3 H); *C NMR (CDCls, 7545MHz) 6 1376 (d, Jpccc = 14 Hz),
1168 (d, Jrcc = 9 H2), 34.7 (d, Jrccee = 3 Hz), 34.0 (d, Jpc = 91 Hz), 22.3 (d, Jpcccce = 4 H2),
136; *'P NMR (CDCls, 12147 MHz) 6 3715 (dm, Jmy = 554 Hz); HRMS (EI*) cacd. for
CoH130:P, (M]*) 1480653 found1480657.

Butyl (zrans-hexen-2-yl) phosphinate (Table 4.2, entry 10b-c). *H NMR (CDCls, 300 MHz)
8 6.95(dt, Jyp = 540Hz, J = 2 Hz, 1 H), 5.63(dt, J = 22 Hz, J = 7 Hz, 1 H), 5.33(dt, J = 22 Hz,
J=7Hz 1H),40and4.12(dtd, J= 11 Hz, J = 8 Hz, Jup = 7 Hz, 2 H), 259 (dd, Jup = 19 Hz, J
=7 Hz, 2 H), 2.03(t, J= 7 Hz, 2 H), 1.68 (quint., J = 7 Hz, 2 H), 1.3 D15 (m, 4 H), 0.94(t, J =
7 Hz, 3 H), 0.90(t, J = 7 Hz, 3 H); *C NMR (CDCls, 7545 MHz) 6 1378 (d, Jecce = 14 HZ),
116.7 (d, Jecc = 9 Hz), 664 (d, Jpoc = 7 H2), 349 (d, Jrccce = 3 Hz), 335 (d, Jc = 91 Hz), 326
(d, Jrocc = 6 Hz), 224 (d, Jeccece = 4 HZ), 189, 138, 137; P NMR (CDCls, 12147 MHz) §
39.14 (dt, Jpy = 540 Hz, J = 5 Hz); HRMS (EI*) calcd. for CioH20,P, ([M]*) 2041279 found

2041281.
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Benzyl (trans-buten-2-yl) phosphinate (Table 4.2, entry 11b, Molecule 42). (92% purity); *H
NMR (CDCls, 300MHz) & 6.96 (dt, Jyp = 545Hz, J = 2 Hz, 1 H), 7.18 ©7.42 (m, 5 H), 5.62
(dt, J=15Hz, J= 6 Hz, 1 H), 5.33(dt, J= 15Hz,J = 7 Hz, 1 H), 5.02 and 5.11 (ABXsyst, Jag =
12 Hz, Jax = 10Hz, Jax = 9 Hz, 2 H), 256 (dd, Jup = 18 Hz, J = 7 Hz, 2 H), 1.69 (tq, J= 7 Hz, J
=1 Hz, 3H); ®C NMR (CDCls, 75.45MHz) 6 135.9 (d, Jrocc = 6 Hz), 1328 (d, Jpcce = 14 HZ),
1289, 1285, 1283, 1271, 1175 (d, Jecc = 9 Hz), 678 (d, Jpoc = 7 Hz), 335 (d, Jrc = 91 HZ),
184 (d, Jeccee = 3 Hz); 3P NMR (CDCls, 12147 MHz) 6 39.0 (dm, Jay = 545 Hz). Minor
compound(8%): transbuten-2-yl phophinic acid: **P NMR (CDCls, 12147 MHz) 6 37.33 (dm,
Jen = 540H2).

Butyl (trans-buten-2-yl) phosphinate (Table 4.2, entry 11¢. H NMR (CDCls, 300 MHz)
8 6.88(dd, Jup = 541Hz, 1 H), 557 (dt, J=11Hz, J=7 Hz, 1 H), 529 (dq,J = 11 Hz, J= 7
Hz, 1 H), 3.85D4.23(m, 2 H), 2.50 (dd, Jup = 19 Hz, J = 7 Hz, 2 H), 1.54D1.72(m, 5 H), 1.34
(sext., J =7 Hz, 2 H), 0.87 (t, J = 7 Hz, 3 H); *C NMR (CDCls, 7545MHz) 6 1375 (d, Jecce =
14 Hz), 1229 (d, Jpcc = 9 Hz), 714 (d, Jroc = 7 HZ), 386 (d, Jrc = 92 HZ), 376 (d, Jrocc = 6
Hz), 240, 234 (d, Jeccee = 3 HZ), 188; 3P NMR (CDCls, 12147 MHz) § 38.79 (dq, Jen = 541
Hz, J = 6 Hz); HRMS (EI*) calcd. for CgH170.P, ([M]") 1760966,found1760967.
(2-Methyl-allyl) phosphinic add (Table 4.2, entry 12a)® 'H NMR (CDCls, 300 MHz)
6 11.45(bs 1 H), 7.05 (d, Jup = 559 Hz, 1 H), 5.0 (d, J = 5 Hz, 1 H), 4.88(d, J = 5 Hz, 1 H),
5.1995.32(m, 2 H), 261 (d, Jup = 20 Hz, 2H), 1.87 (s, 3 H); *C NMR (CDCls, 7545 MHz) §
1348 (d, Jecc = 9 Hz), 1164 (d, Jpccc = 12 Hz), 39.3 (d, Jrc = 90 Hz), 24.2; *'P NMR (CDCl3,
12147 MHz) 63768 (dm, Jpy = 559Hz).

Butyl (2-methyl-allyl) phosphinate (Table 4.2, entry 12b-c). *H NMR (CDCls, 300 MHz)
8 7.05 (dt, Jup = 543Hz, J= 2 Hz, 1 H), 5.0 (dt, J= 6 Hz, J= 2 Hz, 1 H), 487 (d, J= 6 Hz, 1

H), 4.03 and 4.13 (dtd, J = 10 Hz, J = 8 Hz, Jup = 7 Hz, 2 H), 2.63(dd, Jup = 19Hz, J= 1 Hz, 1
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H), 2.61 (ddd,Jup = 20Hz, J= 8 Hz, J= 2 Hz, J= 1 Hz, 1 H), 1.87(dd,J = 3Hz, J= 1 Hz, 3 H),
1.70 (quint., J = 7 Hz, 2 H), 1.42 (sext., J = 7 Hz, 2 H), 0.95 (t, J = 7 Hz, 3 H); *C NMR
(CDCls, 7545 MHz) 61349 (d, Jecc = 9 Hz), 1162 (d, Jrccc = 12 Hz), 665 (d, Jroc = 7 H2),
387 (d, Jpc = 89 Hz), 326 (d, Jrocc = 6 Hz), 242 (d, Jroccc = 3 Hz), 189, 138; 3P NMR

(CDCls, 12147 MHz) 83923 (dm, Jey = 543H2).

General Procedure for the One-Pot Cross-Coupling of Alkyl Phogphinates with Allylic
Electrophiles (Table 4.3). A 25 mL round bottomed flask was charged unde air with
PhNH3;OP(O)H, (6 mmol, 3 eq), reagent grade solvent (10-12 mL) and the alkoxydlane (4.2
mmol, 2.1 eq). Thereaction flask was placed unde N, and the allylic electrophie was added via
syringe (2 mmol, 1 eq), followed by the additive (2 mmol, 1 eq) and the catalysts
Pd.dba/2xantphos(2 mol% with respect to the allylic subdrate). Theflask was then fitted with a
condenser and the reactionswere hested at reflux temperature of the corresponding solvent for
10 to 16 h. The reactions were monitored by *'P NMR andysis of the crude reaction mixture.
After cooling to room temperature, *'P NMR revealed the formation of the produd in the range
of 30-40 ppm as a doubkt. The reaction mixture was diluted with EtOAc and washed once with
agqueous NaHSO, (2 M). The agquenuslayer was extracted with EtOAc (3 x) and the combined
organic fractions were washed with saturated aqueous NaHCO; (1 x) and then brine (1 x).
Drying over MgS0,, concentration and purification by column or by radial chromatography on
slicagd afforded the pure produds.

Representative Procedure for the One-Pot Cross-Coupling Reaction of Alkyl Phogphinates:
Preparation of Butyl (E)-geranyl phosphinate (Table 4.3, entry 1b). To a sugpension of
anilinum hypophoghite (0.955 g, 6 mmol, 3 eq) and tetrabutoxyslane (1.346 g, 4.2 mmol, 2.1
eq) in toluene (12 ml) were addal transgeranyl acetate (0.43 mL, 0.393 g, 2 mmol, 1 eq) and

ammonium formate (0.126 g, 2 mmol, 1 eq) followed by Pd,dba (0.0184g, 0.02 mmol, 2 mol%
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Pd) and xantphos(0.02549, 0.044 mmol) at roomtemperature. The mixture was heated at reflux
for 10 h. After cooling to room temperature, **P NMR andysis showed the produd at 389 ppm
(80%). The mixture was diluted with EtOAc and washed successively with 2 M aqueous
NaHSO, (1 x). The aqueous phase was extracted with EtOAc (3 x) and the combined organic
fractions were washed with saturated agueous NaHCO; and brine Drying, concentration and
purification by radial chromatography (4 mm thickness, hexanes’EtOAc 9/1, v/v, EtOAc)
afforded thepure produd as a clear yellow oil (0.269 g, 52%Yyield).

Butyl (E)-geranyl phosphinate (Table 4.3, entry 1b).>” See above (Table 4.2, entries 3c-d,
3k-1).

Butyl cinnamyl phosphinate (Table 4.3, entry 3b).>"%3% See above (Table 4.1, entries 1c-d).
Butyl allyl phosphinate (Table 4.3, entry 4b).?**>"% See above (Table 4.2, entry 1b).

Butyl (3-methyl-buten-2-yl) phosphinate (Table 4.3, entry 5).>" See above (Table 4.2, entry
5d, 9ab).

Representative Procedure for Table 4.4: Preparation of Ethyl propyl phosphinate (Table
4.4, entry 3).%* An Ace Glass' pressure tubefitted with a rubbe septum was charged with a
sugpension of anilinum hypophoghite (0.955 g, 6 mmol, 3 eq) and tetraethoxyslane (0.94 mL,
0.875 g, 4.2 mmol, 2.1 eq) in reagent grade CH3CN (12 mL) and was heated at reflux
temperature unde N2 for 2 h and then alowed to warm to room temperature. Allyl carbonae
(prepared from allyl alcohol and ethyl chloroformate usng EtsN as base, 0.260g, 2 mmol, 1 eq),
ammonium formate (0.126 g, 2 mmol, 1 eq), Pd.dba (0.0184 g, 0.02 mmol, 1 mol% Pd) and
xantphos(0.0254 g, 0.044 mmol) were added in that order while stirring. The tube was tightly
closed/sealed with the corresponding PTFE plug and heated at reflux for 8 h. 3P NMR andysis
indicated 78% conveasion to the produd (40.9 ppm, doubkt). Theresulting mixture was diluted

with EtOAc and washed with 2 M aqueousNaHSO;, (1 x). The aqueouslayer was extracted with
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EtOAc (3 x) and the combined organic layer was washed with saturated aqueous NaHCO3 and
brine Concentration and purification by column chromatography on silica gd (hexanes/EtOAc,
2/1 vlv to EtOAc, 100%v/v) gave the produd in 45% yield (0.122 g). *H NMR (CDCls, 300
MHz) 6 7.09 (dt, Jup = 527Hz, J= 2 Hz, 1 H), 4.09 and 4.18 (dtd, J = 10Hz, J= 9 Hz, Jup =7
Hz, 2 H), 1.58D1.83(m, 4 H), 1.37(t, J= 7 Hz, 3H), 1.05(t, J = 7 Hz, 3 H); *C NMR (CDCls,
7545MHz) & 625 (d, Jroc = 8 HZ), 30.7 (d, Jec = 94 Hz), 163 (d, Jrcc = 6 Hz), 15.1 (d, Jpcce
= 16 Hz), 14.5 (d, Jrocc = 3 Hz); 3P NMR (CDCls, 12147 MHz) 6 40.06 (dt, Jp = 527 Hz, J =
14 Hz).

Preparation of Diethyl ((E)-3,7,11-trimethyl-dodecen-2-yl) phosphonate (Eq. 44). To a
sugpension of PhNH3;OP(O)H, (1.591 g, 10 mmol, 2.5 eq) in CH3CN (20 mL) were addal trans
transfarnesyl acetate (1.2 mL, 1.0589g, 4 mmol, 1 eq), Pd.dba (0.0092¢g, 0.01 mmol, 0.5 mol%
Pd) and xantphos(0.0127g, 0.022 mmol) at roomtemperature. The solution was heated at reflux
with goodstirring for 6 h. After coolingto roomtemperature, pivaloyl chloride (2.5mL, 2.412g,
20 mmol) and ethanol (200 proadf) (1.8 mL, 1.38 g, 30 mmol) were added at room temperature
and the reaction was stirred for 6 h unde N». After this time, anhydrousCCl, (127 mL, 20.7 g,
132 mmol), ethanol (200 proof) (128 mL, 10.135 g, 220 mmol), and triethylamine (6.1 mL,
4452 g, 44 mmol) were added at rt and the resulting mixture was stirred under N, for 6 more
hours. The reaction was quenched with 1 M NaHSO, and extracted with EtOAc. The aqueous
phase was separated and extracted with two additiond portions of EtOAc and the combined
organic layer was washed with brine dried over MgSO, and concentrated to afford the crude
compound.Purification over silica gd (hexanes, 100% v/v to EtOAc, 100% v/v) furnished the
pure phophonae as an oil (0.720g, 52%yield). *H NMR (CDCls, 300MHz) §5.1595.27 (m, 1
H), 4.10 (quint.,, J = 6 Hz, 4 H), 2.58(dd, Jup = 22Hz, J=8 Hz, 2 H), 2.0192.13(m, 3H), 1.48

D1.82(m, 23 H), 1.32(t, J = 7 Hz, 6 H); *C NMR (CDCls, 7545 MHz) 6 1399 (d, Jeccc = 15
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Hz), 1132 (d, Jpcc = 11 Hz), 747,711, 620 (d, Jpoc = 7 Hz, 2 C), 462, 442, 437, 397 (d,
Jrccace = 3 HzZ), 327 (d, Jpecce = 9 Hz), 299, 265 (d, Jec = 140HZ), 228 (d, Jrocc = 3 Hz, 2
C), 20.7, 167, 16.3 (d, Jeccec = 3 Hz), 16.0; **P NMR (CDCls, 12147 MHZz) 62971

Preparation of Benzyl (2-cyanoethyl)buten-2-yl phosphinate (Scheme 4.4, Molecule 43).
Note: Details for the preparation and characterization of the starting materia benzyl (trans
buten-2-yl) phophinate (Table 4.2, entry 11b,Molecule 42) are mentioned above Procedure: An
oven-dried 50 mL round botomed flask was placed unde nitrogen atmosphee and was
subsequently charged with a solution of 42 (0.504g, 2.4 mmol, 1.2 eq) in anhydousCH,Cl, (10
mL) at roomtemperature. BSA (0.407g, 0.49 mL, 2 mmol, 1 eq) and acrylonitrile (0.127 g, 0.16
mL, 2.4 mmol, 1.2 eq) were added via syringe and the solution was stirred at room temperature
overnight. The reaction was quenched by stirring vigoroudy with 2 M HCI (5 mL) for 15 min.
The resulting mixture was diluted with CHCl, and washed with 2 M HCI (2 x) and H20 (1 x).
The organic layer was dried over MgS0O,, filtered and concentrated. The resulting oil was
purified by column chromatography on silicagd (hexanes/EtOAc 1/1, v/v to EtOAc/MeOH 95/5
vIV) to give 0.526 g of 43 (50% yield). *H NMR (CDCls, 300MHz) § 7.28D7.48(m, 5 H), 5.53
5.7 (m, 1 H), 52555.43(m, 1 H), 5.07(d, J =9 Hz, 1 H), 5.06 (d, J = 9 Hz, 1 H), 243D2.73
(m, 4 H), 2.05 (dt, Jup = 11 Hz, J = 8 Hz, 2 H), 1.70 (t, J = 6 Hz, 3 H); *C NMR (CDCls, 7545
MHZ) 81362 (d, Jrocc = 5 Hz), 1325 (d, Jrcce = 13 Hz), 1290 (2 C), 1284 (2 C), 1189 (d,
Jrcc = 9 H2), 66.8 (d, Jroc = 6 Hz), 338 (d, Jrc = 90 HZ), 236 (d, Jec = 91 Hz), 184, 106 (d,

Jrccoe = 3 Hz); 3P NMR (CDCl3, 12147 MHz) §52.23.

Chapter 5, Section 5.2

General Procedure for the Pd-catalyzed Rearrangement of Allylic Phosphinates (Table

5.1). To a DMF (dried over 4+ molecular sieves) solution of an allylic phoghinae (0.2 M, 1
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eq), itself prepared by esterification with (Allyl-0)4Si,*® or via transesterification with phenyl
phophinae ((PhO),Si/ROH), or usng an activating agent (PivClI/ROH), was added an additive
(0- 2 eq), followed by Pd,dba (1 B2 mol% Pd) and xantphos(1.1 eq with respect to Pd) at room
temperature. Thereaction mixture was either heated at 85;C, or stirred at roomtemperature for 4
to 12 h unde nitrogen. For low boiling point alylic acohols the reaction was run in a pressure
tube At this time, **P NMR monitoring of the crude reaction mixture showed the formation of
therearranged produd (20-32 ppm doubkt). DMF was eliminaed by rotary evaporation (45;C,
0.5 mmHg) and the residue was diluted with EtOAc and washed with 2 M aqueousHCI. The
agueouslayer was subsequently extracted with EtOAc (2 x) and the combine organic layer was
washed with brine dried over MgSO, and evaporated. The residuewas suspended in 10 mL of
reagent grade toluene and (RO)4S (1 eq) was added at room temperature. The heterogeneous
mixture was hegted at reflux temperature for 12 to 16 h and then diluted with EtOAc and washed
with 2 M aqueousHCI (1 x). The aqueouslayer was extracted with two additiond portions of
EtOAc and the organic layer was washed with saturated NaHCOs (1 x) and brine (1 x). Drying
over MgS0O,, concentration, and purification by chromatography on silica gd (hexanesEtOAC)
gavethepure dlylic-H-phoghinae esters.

(PhO),SI/ROH Method: A mixture of concentrated HsPO, (1 eq), (Ph0)sSi** (1 eq) and an
alylic alcohol (1 to 2 eq) in dry DMF (0.2 M) was heated at 85jC unde Ny, while stirring for 2
h. 3P NMR of the crudereaction mixture revealed the formation of the alylic phasphinate ester
intherangeof 12- 20 ppm as atriplet. The product was used immediately as the DMF solution.
PivCI/ROH Method: To a 0.2 M solution of PhNH3OP(O)H, (1 eq) in dry DMF was addeal
pyridine (1.25 eq), an dlylic adcohol (1.5 eq) and pivaloyl chloride (1.1 eq) unde a N,
aimosphee at room temperature. The solution is stirred for 1.5 to 2 h and used in situ as the

DMF solution.
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Representative Procedure for the Rearrangement of Allylic Phosphinates. Preparation of
Butyl cinnamyl phosphinate (Table 5.1, entry 2¢).®° To a solution of concentrated HsPO,
(0.132g, 2 mmol, 1 eq) in dry DMF (10 mL) was added (PhO),Si* (0.800g, 2 mmol, 1 eq) and
cinnamyl alcohol (0.514 mL, 4 mmol, 2 eq). Theresulting solution was heated at 85jC for 2 h.
After cooling to roomtemperature, **P NMR andysis showed the cinnamyl hypophoghite ester
at 1432 ppm (76%). To the reaction mixture was added Pd>dba (0.0092g, 0.01 mmol, 1 mol%
Pd) and xantphos(0.0115¢g, 0.02 mmol). The resulting mixture was heated at 85jC for 2 h or
stirred for 4 h at roomtemperature. The solution was then concentrated in vacuo and theresidue
was diluted with EtOAc and washed with 2 M aqueous HCI (1 x). The agueous phase was
extracted with EtOAc (2 x) and the combined organic fractions were washed with brine dried
over MgS0, and concentrated. The resdue was dissolved in toluene (10 mL), followed by
addition of (BuO),Si (0.641g, 2 mmol). Theresulting mixture was stirred at reflux for 12 h, then
diluted with EtOAc and washed with brine Drying, concentration and purification by radial
chromatography (4 mm thickness, hexanes/EtOAc 5:1, v/v, EtOAc), afforded the produd, butyl
cinnanyl phoghinaeas ayellow oil (0.286 g, 60%).

Butyl cinnamyl phosphinate (Table 5.1, entry 2c).>"%*% See above(Table 4.1, entries 1¢-1d).
Butyl (E)-geranyl phosphinate (Table 5.1, entry 3a).>’ See above(Table 4.2, entries 3c-d, 3k-
).

trans-Hexen-2-y| (trans-hexen-2-yl) phosphinate (Table 5.1, entry 4). *H NMR (CDCls, 300
MHz) 6 6.97 (dq, Jup = 543Hz, J = 2 Hz, 1 H), 5.76 ©5.90 (m, 1 H), 5.53D5.73(m, 2 H), 5.26
D5.43(m, 1 H), 4.42D4.63(m, 2 H), 2.60(dd, Jup = 19Hz, J=7 Hz, 2 H), 2.03(2 x t, J = 7 Hz,
4 H), 142 (2 x sext., J=T7Hz, 4 H), 091 (td, J = 5 Hz, 3 H), 0.89 (td, J = 7 Hz, 3H); *'P NMR

(CDCl3, 12147 MHz) 6 3845 (dm Jpy = 543 H2).
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General Procedure for the Optimization of the Pd-Catalyzed Allylation of H3PO, with
Cinnamyl Alcohol (Table 5.2). Concentrated or 50 wt.% aqueous H3PO, or D3PO; (1 - 3 eq)
and an alylic alcohol (1 eq), were dissolved in the appropriate amountof dry (over 4 molecular
sieves) or reagent grade DMF to achieve the desired concentration (0.17 - 4 M). The pdladium
catalyst, theligand (0.05 - 2.0 mol% relative to the dlylic alcohol) and the additive (0 - 1 eq of
EtsN) were addead unde air, at room temperature. The reaction was heated at 85 jC or kept at
room temperature, either opened into air (usng a septum with a needle), or unde N, while
stirring vigoroudy for 1.5 to 16 h. The advance of the reaction was monitored by *P NMR on a
sample of the crudereaction mixture (6 = 25-30 ppm; from H3PO,, doubkt; from D3PO,, triplet).
The resulting solution is allowed to cool to room temperature and concentrated by rotary
evaporation (45 - 50;C, 0.5 mmHg). Theresiduewas diluted with EtOAc and then two different
procedures were followed: (a) the EtOAc mixture was stirred with activated charcod (20-30
mg/1 mmol of allylic alcohol) at rt for 30 min, filtered with suction usng a BYdne funné
througha celite pad, and then worked up, or (b) the workup was donedirectly. The extractive
workup was doneby washing the EtOAc layer with 2 M aqueousHCI. The aqueouslayer was
then extracted with EtOAc (2 x) and the combined organic layers were washed with brine (1 x).
Drying on MgS0, and concentration afforded the produd cinnamyl phogphinic acid in more than
95% purity. The additiond treatment with activated charcod (b) was paticularly useful in large-
scale processes, to eliminae traces of Pd.

Representative Procedure for the Synthesis of Cinnamyl-H-phosphinic add (or Cinnamyl
phosphinic add) (Table 5.2, entry 9).%'% A 1-L, roundbottomed flask (Note 1) equipped with
a magndic stirring bar is charged unde air, with a solution of concentrated hypophoghorous
acid (19.80 g, 300 mmol, 2 eq) (Notes 2, 3) in N,N-dimethylformamide (100 mL) (Note 4), and

more of N,N-dimethylformamide (200 mL) is poured into the flask via a graduaed cylinde.
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Mesitylene (209 mL, 18.03 g, 150mmol, 1 eq) (Note 5) and cinnamyl alcohol (19.70mL, 20.13
g, 150mmol, 1 eq) (Note 6) are added via syringe(Note 7). Theflask isthen fitted with arubbe
septum and placed on a magnéic stir plate. After stirring for 5 min, Pd(OAc), (0.0674 g, 0.300
mmol, 0.002 equiv) (Note 8), and 9,9-dimethyl-4,5-bis(diphenylphoghino)xanthene (0.1904 g,
0.330 mmol, 0.0022 eq) (Note 9) are added by temporarily removing the septum. Materid
adhaing to the sides of thereaction flask is rinsed into the reaction mixture with 5 mL of N,N-
dimethylformamide, resulting in a clear brown solution. Stirring is maintained and the reaction
flask is equipped with a Claisen adapter fitted with a reflux condenser with nitrogen inlet, and a
thermocouple temperature probeadgpter. Unde a nitrogen aimopheae, the system is placed in a
heating mantle filled with sand (Note 10) and the thermocouple is inserted throughthe adapter.
Thesolutionis heated at 85;C (internd temperature) for 7 h (Notes 11, 12). Heating and stirring
are then interrupted, and theresulting solution is alowed to cool to roomtemperature (Notes 13,
14). After removing the nitrogen inlet and the water condenser, the reaction mixture is
tranderred to a 1-L, round bottomed flask (Note 15) and concentrated for 1 h by rotary
evaporation (50;C, 0.5 mmHg). The resdueis diluted with ethyl acetate (150 mL) and treated
with activated charcod (3.0 g) (Note 16). The resulting heterogeneous mixture is stirred for 30
min and filtered in vacuo througha Celite” pad (Note 17) in a BYcne funnd. The Cdlite is
carefully washed with three 100 mL portions of ethyl acetate (Note 18) and the combined
washingsare tranderred to a 1-L separatory funnd. The organic layer is washed with aqueous
HCI (2 M, 250mL) (Note 19) and the aqueousphase is separated and extracted with two 125mL
portions of ethyl acetate. The combined organic layers are washed with 200 mL of saturated
NaCl solution, retreated with charcod (1.0 g) and MgS0, (20 g) (Notes 20, 21), filtered through
asecond Celite pad in aBYdiner funné (Notes 17, 22), and concentrated unde reduced pressure

(40iC, 0.5 mmHg). The resulting pde yellow solid (around 26 g, 95% yield) (Note 23) is
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dissolved in 100 mL of hot dichloromethane (35-38;C), and about 160 mL of hexane (38jC) is
adde untl alight yellow homogeneoussolutionis obtained. The solutionis cooled at -15;C for
2 h and the resulting white crystals (224 g) are collected by suction filtration on a BYdne
funnd, and washed with ice-cold hexane (100 mL). The filtrate is concentrated unde reduce
pressure and theresidueis dissolved in 20 mL of dichloromethane (35jC), and 30 mL of hexane
(385iC). The solution is cooled at -15;C overnight and a second crop of crystals is collected by
suction filtration, and washed with ice-cold hexane (20 mL). The two crops of crystals are
combined and dried overnight a 0.1 mmHg to provide 25.1 g of cinnanyl-H-phoghinic acid
(92%) as white crystals (Note 24).

Notes:

1. Thesuccess of thereaction does not depend, nether on having previoudy dried the glassware,
nor on adding thereagents unde a nitrogen aamophee.

2. Aqueoushypophoghorousacid (50 wt.%) was purchased from Aldrich Chemical Company,
Inc. and concentrated before reaction, according to the following procedure. A 250-mL round
bottomed flask is charged with 396 g of 50% agueous hypophaphorus acid. The acid is
concentrated for 30 min by rotary evaporation (40;C, 0.5 mmHg) and then diluted with N,N-
dimethylformamide (80 mL) (see Note 3). Theresulting solution is poured into the 1-L reaction
flask. The flask was then rinsed with two 10 mL portions of N,N-dimethylformamide, which
were aso poured into the reaction flask. Over-drying H3zPO, may result in the formation of a
yellow solid of high phoghomus content.

3. H3PO is used in excess (2 eq) in orde to prevent in Situ oxidation of the produds into
phoghonic acids

4. Reagent grade N,N-dimethylformamide ((998%) was purchased from Aldrich Chemica

Company, Inc. and used as received.
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5. Mesitylene (standad for GC, (99.8%) was purchased from Flukaand used as received. This
reagent does notinterfere with thereaction; it works only asinternd standad for GC-monitoring
of thereaction progress and can be omitted.

6.Cinnamyl acohol (98%) was purchased from Aldrich Chemical Company, Inc. and used with
outfurther purnfication.

7. Dueto the low melting point of cinnanyl alcohol (30-33;C), the reagent was immersed in a
water bath at 45jC for 30 min before use to facilitate its addition via syringe A preheated (45
50jC) 20 mL glass syringe fitted with a short needle (50 mm) was used in order to avoid
solidification of thereagent during the addition.

8. Palladium (11) acetate, min. 98% (99.9+%-Pd) was purchased from Strem Chemicals, Inc. and
used as received.

9. 9,9-Dimethyl-4,5-bis(diphenylphoghino)xanthene (Xantphog (97%) was purchased from
Aldrich Chemical Company, Inc. and used as received.

10. The surface of the solution was bdow the sand level and goodstirring was maintained along
the process.

11. A JKEM Scientific, Inc. tempeature controller modd 150 with a Teflon-coaed
thermocouple was used with the heating mantle. The theemocouple was placed indde the
solution (1-2 inches) and the temperature was set to 85;C. Thereaction time was measured once
theinternd temperature of the solution was stabilized at 85+3;C, which took about20-30 min.
12. Thereaction was terminated when TLC andysisindicated tha all the cinanmyl alcohol was
conaumed. TLC was conduded using Merck slica gd 60 F-254 plates (elution with
hexanes/ethyl acetate, 7:1; visudization by UV, and by immersion in anisaldehyde stain (by
volume: 93% ethanol, 3.5% sulfuric acid, 1% acetic acid, and 2.5% anisaldenydg followed by

heating; R cinnamyl alcohol = 0.27, blue spot on anisaldehyde The progress of the reaction was
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aso monitored by gas chromatography. GC andysis was performed on a HP5890 Gas
Chromatograph equipped with a HP5 capillary column (30-m x 0.32-mm x 0.25-um) and FID
detector, unde the following conditions inlet temp 200;C, oven temp 60;C, 1 min; rampl
5iC/min; find templ: 160;C, find timel: 0 min; then ramp2: 25;C/min; find temp2: 280;C,
find time2: 20 min; detector 280jC, split modewith congant make-up. For GC andysis, 3-drops
of sample was diluted in 1 mL of diethyl ether. The solution was washed with 1 mL of saturated
NaHCO; solution and 1-pL of the organic solution was injected in the GC; tg = 18.72 min
(cinnamyl alcohol), tr = 8.69 min (mesitylene).

13. Thesand bah was removed and replaced by awater bah.

14.1 mL of thereaction mixture at room temperature was placed in an NMR tubefor andysis.
P NMR (12147 MHz, DMF) %28.35 ppm~ 118% (dt, Jup = 529Hz, J = 19 Hz, Produd), 4.70
ppm~ 48%(t, Jup = 526 Hz, H3PO,), 3.02 ~ 34% (d, Jup = 641Hz, H3POs). The*'P NMR yields
were determined by integration of all theresonancesin the *P NMR spectra

15.The1-L reactionflask was rinsed with ethyl acetate (20 mL ).

16. Activated charcod (purum p.a.) was purchased from Fluka and used as received to adsorb
pdladium.

17. Celite 545" was purchased from Fischer Scientific Co. A slurry mixture of 40 g of celitein
ethyl acetate (about50 mL) were placed in a BYdner funné (7 cm diameter, 10-15 ).

18. A milky sugpenson was obtained with some dark gd-like precipitate.

19. An emulsion with some black precipitate is formed at theinterphase, which can be broken by
usngasgtirring rod. Some black precipitate goes into the organic phese.

20. Magnesium sulfate (anhydrous (97%) was purchased from Aldrich Chemica Company, Inc.
21. The mixture was stirred with activated charcoa (see Note 15) for 15 min, then MgSO,4 was

addel and stirring was continued for another 15 min.
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22.TheCdlite pad was washed with two 50 mL portionsof ethyl acetate.

23. Cinnamyl-H-phogphinic acid was pure according to the melting point (84-85;C), and NMR
andysis (*'P, *H, 13C). It was recrystallized to remove any trace of Pd.

24. The produd is stable and can be stored for severa monthsat rt. Full characterization of the
produd was as follows: m.p.= 85iC; *H NMR (300 MHz,CDCls) % 2.77 (dd, Jup = 193 Hz, J =
7.0 Hz, 2H), 6.0256.18 (m, 1H), 6.53(dd, J = 158 Hz, J = 5.3 Hz, 1H), 7.04(d, Jup = 5582 Hz,
1H), 7.18 ©7.42 (m, 5H), 1045 (bs 1H); *C NMR (7545 MHz, CDCls) % 347 (d, Jpc = 910
Hz, CH), 1170 (d, Jpcc = 101 Hz, CH), 1266 (2xCH), 1281 (CH), 1288 (2xCH), 1363 (d,
Jrcce = 147 Hz, CH), 1367 (d, Jeccec = 4.0 Hz, C); 'P NMR (12147 MHz, CDCls) % 3532
(dm, Jpy = 5577 Hz); IR (thin film, KBr), cm™: 2621and 1688 (P-O-H); 2422,2292and 2181
(P-H); and 1241 (P=0); UV (EtOH, C)8uM) *ma = 274 nm; HRMS (EI) m/z Calcd for
CoH110,P: 182.0495 Found:1820497.And. Cacd. for CoH110,P: C, 59.34; H, 6.09. Found:C,
59.04; H, 6.02 Andysis by Reverse Phase lon-Pairing HPLC:?*® Produd tg 1.425min. Agilent
Zorbax™ Eclipse XDB-C8 column (4.6 x 150 mm, 5um) with aguad column (Agilent Zorbax™
ODS, 4.6 x 125 mm, 5um), 1 mL/min flow (isocratic), uang as mobile phase a Buffer (5 mM
hexadecyltrimethylammonium bromide, 50 mM ammonium acetate, and 2% MeOH. pH 4.85,
adjuged with acetic acid). Injection volume: 5 pl, C) 0.24 mg/1 mL (EtOH).

Representative Procedure for the Pd-Catalyzed Allylation of H3PO, using
Pd,dbas/Polystyrene-Supported Nixantphos* Preparation of Cinnamyl phosphinic add
(Table 5.2, entry 10).°° Multi-run reaction: To a solution of concentrated HsPO, (0.264 g, 4
mmol) in dry DMF (10 mL) was added cinnamyl alcohol (0.274 g, 2 mmoal), Pd>dba (0.0092g,
0.01 mmol) and polystyrene-suppotted nixantphos$* (0.18 mmol/g, 0.111 g, 0.02 mmol). The
reaction mixture was heated at 85 {C undea N, for 4 h. The mixture was suction-filtered in order
to separate theresin from thefiltrate. The resin was washed with DMF and kept apart to be used

204



in the next run withoutfurther precautions Thefiltrates were collected and stored in a stoppeed
flask. The procedure above was repeated four more times. The resin was filtered, washed and
reused each time for the next run. At the end of the sequence, al thefiltrates were combined and
concentrated unde high vacuum The residue was diluted with EtOAc and washed with 2 M
agueous HCI (1x). The agueous phase was extracted twice with EtOAc and the combined
organic fractions were washed with brine After drying over MgS0O, and concentration, the
produd was obtained as a white solid (1.67 g, 92% ove 5 rung. For full characterization of the

produd, see above(Table 5.2, entry 9).%61%

General Procedure for the Pd-Catalyzed Allylation of HsPO, (Table 5.3). Unless otherwise
noted, the reactionswere conduded in dry DMF (ove activated 4 molecular sieves) at 85iC,
with 0.5 mol% of catalyst, according to the following procedure: To a solution of concentrated
H3PO, (0.132-0.396 g, 2-6 mmol, 1-3 eq) in anhydrous DMF (10 mL) was added the alcohol
subdrate (2 mmol, 1 eq), followed by Pd,dba (0.0046 g, 0.005 mmol, 0.5% Pd) and xantphos
(0.0063 g, 0.011 mmol, 1.1 eq relative to the amount of Pd) at room temperature, unde air.
[Note: In general the reactions were performed unde 0.2 M concentration, however allyl
alcohol required 2 mol% of Pd/ligandand secondary alcohols required 2 M concentration (1 mL
DMF) and 2 mol% of Pd/ligand Pd.dba; (0.0184g, 0.02 mmol) and xantphos(0.02549, 0.044
mmol)]. Thereaction was heated at 85;C unde a N, atmopheaefor 1.5 to 12 h, untl completion
(*'P NMR monitoring on a sample of the crude reaction mixture). If successful, the reaction
mixture was concentrated by rotary evaporation (45;C, 0.5 mmHg) for 30 min. Theresiduewas
diluted with EtOAc, treated with activated charcoal (30 mg/1 mmol of alylic acohol) at rt for
20-30 min, suctionfiltered through a celite pad, and washed with 2 M agueous HCl. The
agueous layer was extracted with EtOAc (2 x) and the combined organic layers were washed

with brine Drying over MgSO, and concentration gave the produd in more than 95% purity.
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Representative Procedure for the Pd-Catalyzed Allylation of H3PO,: Preparation of (E, E)-

Farnesyl phosphinic add (Table 5.3, entry 7b).* To asolution of concentrated HsPO, (0.264
g, 4 mmol, 2 eq) in dry DMF (10 mL) was added transtrans-farnesol (0.51 mL, 0.445¢g, 2

mmol, 1 eq) followed by Pd,dba (0.00469g, 0.005 mmol, 0.5 mol% Pd) and xantphos(0.0063g,

0.011 mmol), at room temperature. The reaction was heated at 85;C under N, for 8 h. After

cooling to room temperature, *'P NMR andysis showed the produd at 264 ppm (100%9. The
mixture was conaentrated unde high vacuum Theresiduewas diluted with EtOAc, treated with

activated charcod for 20 min, filtered through a celite pad, and washed successively with 2 M

aqueous HCI. The agqueous phase was extracted with EtOAc (2 x) and the combined organic

phase was washed with bring dried, and concentrated to give 0.508 g of the pure produd as a
lightyellow oil (94%).

General Procedure for the Tandem Pd-Catalyzed Allylation-Esterification (Table 5.3).

Unless otherwise indicated, 0.5 mol% of Pd/xantphoswas used. (Note: Allyl alcohol required 2

mol% of Pd/ligand. To a solution of concentrated H3PO, (0.330-0.396g, 5-6 mmol, 2.5-3 eq) in

dry DMF (10 mL) was added the alylic acohol (2 mmol, 1 eq), Pd>dba (0.0046g, 0.005mmol,

0.5% Pd) and xantphos(0.0063g, 0.011 mmol, 0.55 mol%) at room temperature. The resulting

solution was heated at 85;C, while stirring vigoroudy, unde N, for 1.5 to 12 h. After cooling to

room temperature, P NMR showed the produd in the range of 25-34 ppm (3*P-'H couded,

doubkt). (BuO),Si (1.603-1.923 g, 5-6 mmol, 1 eq relative to the amount of H3PO,) was added

a rt, and the mixture was heated again at 85;C for 8 to 16 h unde N,. **P NMR andysis showed

thesignd fromtheesterified produd shifted downfield with respect to thesignd fromtheacid (%
= 34-40 ppm). Thereaction mixture was diluted with EtOAc and washed with 2 M aqueousHCI.

The aqueous phase was subsequently extracted with two portions of EtOAc and the combined

organic fractionswere washed with saturated aqueousNaHCO3; and then with brine The crude
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produd was purified by chromatography (radia or column) on silica gd, usng hexanesEtOAc

mixtures as mobile phase.

Representative Procedure for the Tandem AllylationBEEsterification Reaction: Preparation
of Butyl allyl phosphinate (Table 5.3, entry 12).22°"% A solution of concentrated H3PO,
(0.396g, 6 mmol, 3 eq) in anhydiousDMF (10 mL) was placed in an Ace Glass’™ pressure tube
fitted with arubbe septum under a N, atmospheae. Allyl acohol (0.14 mL, 0.116g, 2 mmol, 1
eq) was added via syringe followed by Pd,dba (0.01849g, 0.02 mmol, 2 mol% Pd) and xantphos
(0.0254 g, 0.044 mmol). The tube was tighty closed with the corresponding PTFE plug and
heated at reflux for 3 h in an oil bah at 85 jC. The reaction was allowed to cool to room
temperature, the tube was carefully opened and the PTFE plug was replaced by a septum.
(BuO)sS (2.1 mL, 1.923 g, 6 mmol, 3 eq) was addel through the septum unde N, and the
resulting mixture was heated at 85;C for 14 h, when*'P NMR andysis revealed the formation of
the esterified produd at 37.2 ppm(63%). The solution was diluted with EtOAc and washed with
2 M agueousHCI (1 x). The aqueous phase was extracted with EtOAc (2 x) and the combined
organic fractionswere washed with saturated agqueousNaHCO3 and brine Drying over MgSOy,
concentration and purification by column chromatography over silica gd (hexanesEtOAc 1:1,

v/v, EtOAC) afforded 0.1409 of the produd as a colorless oil (43%).

Cinnamy!l phosphinic add (Table5.3, entries 1a-c).%!® See above(Table 5.2, entry 9).

Butyl cinnamyl phosphinate (Table 5.3, entries 1d-e).°"%*%® See above(Table 4.1, entries 1c-
1d).

(trans-Hexen-2-yl) phosphinic add (Table 5.3, entries 2a and 3a).% See above (Table 4.2,
entry 10a)

Butyl (zrans-hexen-2-yl) phosphinate (Table 5.3, entries 2b, 3b and 3c). See above (Table
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4.2, entry 10b-c).

(trans-Buten-2-yl) phosphinic add (Table 5.3, entry 4a).%®° See above(Table 4.2, entry 114).
Butyl (srans-buten-2-yl) phosphinate (Table 5.3, entry 4b). See above(Table 4.2, entry 110.
(3-Methyl-buten-2-yl) phosphinic add (Table 5.3, entries 5a and 23a)*® See above (Table
2.8, entry 1).

Butyl (3-methyl-buten-2-yl) phosphinate (Table 5.3, entries 5b and 23b).%>’ See above(Table
4.2, entries5d, 9a-b).

(E)-Geranyl phosphinic add (Table5.3, entry 6a).% See above (Table 4.2, entries 3e-i).
Butyl (E)-geranyl phosphinate (Table 5.3, entry 6b).>’ (Table 4.2, entries 3c-d, 3k-I).

(E, E)-Farnesyl phosphinic add (Table 5.3, entries 7a-b).%® See above (Table 4.2, entries 4a
and 4d).

Butyl (E, E)-farnesyl phosphinate (Table 5.3, entry 7¢c).>” See above(Table 4.2, entry 40).
Butyl [(2E)-4-(phenylmethoxy)-buten-2-yl] phosphinate (Table 5.3, entry 9b). 'H NMR
(CDCl3, 300MH2) 6 7.22! 7.40(m, 5 H), 7.00 (dt, Jup = 543Hz, J = 2 Hz, 1 H), 5.79(ddd, J =
15Hz, J=5Hz J=6Hz 1 H), 568 (ddd,J = 15Hz, J=7 Hz, J = 6 Hz, 1 H), 451 (s, 2 H),
4.03(t, J=10Hz, 2 H), 3.93D4.19(m, 2 H), 2.66 (dd, Jup = 19 Hz, J = 7 Hz, 2 H), 1.69 (quint.,
J = 7Hz 2H), 142 (sext., J= 7 Hz, 2 H), 0.94 (t, J = 7 Hz, 3 H); *C NMR (CDCls, 75.45
MHz) 61370, 1322 (d, Jrece = 14 Hz), 1274 (2 C), 1267 (2 C), 1266, 1194 (d, Jecc = 9 H2),
712,690 (d, Jeccce = 3 HZ), 653 (d, Jroc = 7 H2), 323 (d, Jre = 91 HZ), 314 (d, Jrocc = 6 H2),
177, 12.6; *'P NMR (CDCl3, 12147 MHz) 6 3799 (dm, Jpy = 543 Hz); HRMS (CI) calcd. for
CisH203P, ([M+H]") 2831463 found2831456.

Butyl allyl phosphinate (Table 5.3, entry 12).23°"%¢ See ahove(Table 4.2, entry 1b).
(2-Methyl-3-phenyl-propen-2-yl) phosphinic add (Table 5.3, entry 15a)® m.p.=62iC; 'H

NMR (CDCls, 300MHz) 6 1115(bs 1 H), 7.16D7.36 (m, 5 H), 7.11 (d, Jup = 558 Hz, 1 H),
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6.39(d, J=6 Hz, 1 H), 2.73(d, Jup = 19 Hz, 2 H), 1.98 (dd, J = 4 Hz, J = 2 Hz, 3 H); ®*C NMR
(CDCls, 7545MHz) 8 137.3 (d, Jrccee = 4 Hz), 1304 (d, Jrec = 12 Hz), 1289 (d, Jecccce= 3
Hz, 2 C), 1281, 1276 (d, Jeccc = 11 Hz), 1266 (2 C), 416 (d, Jrc = 89 Hz), 196 (d, Jrccc = 3
Hz); P NMR (CDCls, 12147 MHz) 6 37.87 (dm, Jm = 558 Hz); HRMS (EI*) cacd. for
CioH1302P, ([M]*) 1960653,found 1960654

Butyl (2-methyl-3-phenyl-propen-2-yl) phosphinate (Table 5.3, entry 15b). 'H NMR
(CDCls, 300MHz) 6 7.1257.39(m, 5H), 7.12(dd, Jup = 543Hz, J= 2 Hz, 1 H), 6.40(d,J=6
Hz, 1 H), 4.15and 4.05 (tdd,J = 12Hz, J= 8 Hz, Jup = 4 Hz, 2 H), 2.76 (dd, Jyp= 19Hz, J= 6
Hz, 2 H), 2.0 (dd,J =4 Hz, J= 1 Hz, 3 H), 1.70 (quint., J = 7 Hz, 2 H), 1.42 (sext., J = 7 Hz, 2
H), 0.94 (t, J = 7 Hz, 3 H); *C NMR (CDCls, 7545 MHz) 6 1374 (d, Jeccec = 4 HZ), 1306 (d,
Jrce = 12 HzZ), 1290 (d, Jreccee= 3 Hz, 2 C), 1284, 127.9 (d, Jecce = 10 HZ), 1269 (2 C), 66.6
(d, Jroc = 7 Hz), 41.3 (d, Jrc = 89 Hz), 326 (d, Jrocc = 6 Hz), 198 (d, Jrccc = 3 Hz), 190, 13 8;
3P NMR (CDCl3, 121.47 MHZ) 8 38.73 (dm, Jpy = 543 Hz); HRMS (EI*) calcd. for Ci4H210,P,
(IM]*) 2521279 found2521277.

6,6-Dimethyl bicyclo(3.1.1)hept-2-ene-2-(methyl phosphinic aad) (Myrtenyl phosphinic
add) (Table 5.3, entry 168.° *H NMR (CDCls, 300 MHz) 6 1161 (bs 1 H), 6.96 (d, Jup =
553Hz, 1 H), 5400552 (m, 1 H), 257 (d, Jup = 19 Hz, 2 H), 2.34D2.44 (m, 1 H), 2.20D2.34
(m, 2 H), 216 (t, J = 6 Hz, 1 H), 206 2.13 (m, 2 H), 1.28 (s, 3 H), 0.87 (s, 3 H); *C NMR
(CDCls, 7545MHz) 61369 (d, Jecc = 10 HZ), 122.9 (d, Jrccc = 14 Hz), 46.7 (d, Jrccc = 3 H2),
402,385 (d, Jec = 91 H2), 382 (d, Jrccee = 3 HZ), 316 (d, Jpecee = 3 Hz), 315 (d, Jrccec = 4
Hz), 262, 212; 3P NMR (CDCls, 12147 MHZ) 6 3659 (dm, Jp = 553Hz); HRMS (EI*) calcd.
for CoH170,P, ([M]*) 2000966,found2000964

6,6-Dimethyl bicyclo(3.1.1)hept-2-ene-2-(methyl-butoxyphogphinoyl) (Myrtenyl phosphinic
add) (Table 5.3, entry 16b). Mixture of diastereoisomers (50/50); *H NMR (CDCls, 300 MHz)
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8 6.97(dq, Jup = 539Hz, J =2 Hz, 1 H), 5.47 (m, 1 H), 3.98D4.11(tdd,J =8 Hz, J=4 Hz, J =
2 Hz, 2 H), 246 D2.73(m, 2 H), 2.34D2.46 (m, 2 H), 2.21D2.34(m, 2 H), 205D2.20 (m, 2
H), 1.68(qd,J = 6 Hz, J = 3 Hz, 2 H), 1.42 (sext., J = 7 Hz, 2 H), 1.29(s, 3 H), 0.94(td, J= 7
Hz, J=1Hz, 3 H), 0.87(d, J = 3 Hz, 3 H); *C NMR (CDCls, 7545 MHz) 6 1370 (d, Jecc = 11
HZz), 1369 (d, Jrcc = 10 HZ), 1232 (d, Jpcce = 14 Hz), 1231 (d, Jpcce = 14 Hz), 66.3 (d, Jroc =
7 Hz), 661 (d, Jroc = 7 Hz), 471,470, 46,9, 468, 404 (2 C), 383 (d, Jrcccc= 2 Hz, 2 C), 381
(d, Jpc = 90 Hz), 380 (d, Jec = 90 Hz), 326 (d, Jpocc = 6 Hz, 2 C), 318 (d, Jeccec= 3 Hz), 317
(d, Jeccee= 3 Hz), 263 (2 C), 214 (d, Jrcccec= 4 Hz, 2 C), 189 (d, Jroccc = 2 Hz, 2 C), 138 (2
C); *'P NMR (CDCl3, 12147 MHz) 6 38.70 (dq, Jp = 539Hz, J = 9 Hz) and 38.14 (dq, Jp =
539Hz, J= 9 Hz); HRMS (EI*) calcd. for Ci4H250,P, ([M]") 2561592,found2561589
(2-Cyclohexyl-ethen-2-yl) phosphinic add (Table 5.3, entry 21)*® 'H NMR (CDCls, 300
MHz) 6 1096 (bs 1H), 6.93 (d, Jup = 552 Hz, 1H), 5.07 (q, J = 7 Hz, 1H), 2.59 (dd, Jup = 19
Hz, J = 8 Hz, 2H), 2.08 D221 (m, 4H), 1.47 D1.62 (m, 6H); *C NMR (CDCls, 7545 MHz)
61469 (d, Jrcce = 14 Hz), 1070 (d, Jrec = 9 HZ), 374 (d, Jrccec = 3 Hz), 294 (d, Jrc = 92 H2),
293 (d, Jpcece = 3 Hz), 287 (d, Jeccece = 3 Hz), 280 (d, Jecccee = 2 Hz), 268; P NMR
(CDCl3, 12147 MHZ) 6 3593 (ddd, Jm = 552 Hz, J = 35 Hz, J = 2 Hz); HRMS (EI*) calcd. for
CoH150,P, ((M]*) 174081Q found1740809.
2-[(N-Ethyloxycarbonyl-4-piperidinyl)-ethen-2-yl] phosphinic add (Table 5.3, entry 22a).%°
'H NMR (CDCl3, 300 MHz) 6 1143 (bs 1 H), 6.97 (d, Jup = 550 Hz, 1 H), 5.18 ©5.30 (m, 1
H), 4.14(q, J = 7 Hz, 2 H), 3.38D3.55(m, 4 H), 2.63 (dd, Jyp = 19 Hz, J = 8 Hz, 2 H), 213D
2.31(m, 4H), 1.27 (t, J =7 Hz, 3 H); *C NMR (CDCl3, 7545MHz) § 1557, 1419 (d, Jecce =
14 Hz), 1102 (d, Jecc = 9 Hz), 617, 45,6, 44.7,36.1, 29.4 (d, Jpc = 91 HZ), 288, 149; *PNMR
(CDCl3, 12147 MHz) 6 3527 (dm, Jpy = 550 Hz); HRMS (EI*) calcd. for CioHisNO4P, ([M]*)

2470973,found247.0981.
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Butyl [2-(N-Ethyloxycarbonyl-4-piperidinyl)-ethen-2-yl] phosphinate (Table 5.3, entry
22b). 'H NMR (CDCl3, 300MHz) 8 6.97 (d, Jup = 540Hz, 1H), 5.24(q, J = 7 Hz, 1H), 4.15(q,
J=7Hz 2H), 3.94D4.20 (m, 2H), 3.38D3.56 (M, 4 H), 2.66 (dd, Jup = 18 Hz, J = 8 Hz, 2H),
2.18D2.30(m, 4 H), 1.68(q, J =7 Hz, 2 H), 1.41 (sext., J= 7 Hz, 2 H), 1.27 (t, J = 7 Hz, 3H),
0.94 (t, J = 7 Hz, 3H); **C NMR (CDCls, 7545MHz) 6 1556, 1417 (d, Jpccc = 14 Hz), 1102
(d, Jrcc = 9 H2), 66.7 (d, Jpoc = 7 Hz), 616, 45.6 (d, Jecccce= 3 Hz), 447, 360, 326 (d, Jrocc
= 6 Hz), 288 (d, Jec = 92 Hz), 287, 189, 14.9, 138; *P NMR (CDCls, 12147 MHz) § 3724
(dm, Jpn = 540 Hz); HRMS (EI*) caled. for CiHa6NO4P, ([M]) 3031599,found3031591
Geranyl phosphinic add (E/Z, 50/50) (Table 5.3, entries 24ab).*® See above (Table 2.8,
entry 2).

Butyl geranyl phosphinate (E/Z, 5050) (Table 5.3, entry 24¢. Mixture of diastereoisomers
(from crude 50/50, after column: 54/46); *H NMR (CDCls, 300 MHz) 6 6.93 (ddd, Jup = 537
Hz, J=3Hz, J= 2 Hz, 2 H), 5.03D5.18(m, 2 H), 4.10and 4.0 (dtd, J= 10Hz, J= 9 Hz, Jyp =7
Hz, 2 H), 2.48D2.73(m, 2 H), 2.03D2.13(m, 4 H), 1.73(dd, Jup = 24 Hz, J = 6 Hz, 2 H), 1.63
D1.74 (m, 3H), 1.68(s, 3H), 1.60(s, 3 H), 1.41 (sext., J = 8 Hz, 2 H), 0.94 (t, J = 7 Hz, 3 H);
13C NMR (CDCl3, 7545 MHz) 61421 (d, Jecce = 14 HzZ), 1324, 1320, 1239, 1238, 1113 (d,
Jrce = 9 HZ), 1105 (d, Jrec = 9 H2), 66.4 (d, Jroc = 7 HZ), 39.9 (d, Jrccec = 3 Hz), 326 (d, Jroce
=6Hz), 323 (d,, Jrccce= 3 Hz), 296 (d, Jec = 92 Hz), 295 (d, Jec = 92 HZ), 26.6 (d, Jrcccee=
4 Hz), 265 (d, Jrcccee= 3 Hz), 259, 237 (d, Jeccec= 3 Hz), 189, 17.9, 167 (d, Jrccce = 3 H2),
138; P NMR (CDCls, 12147 MHz) 6 3869 and 3844 (dm, Je = 537 Hz); HRMS (EI*) calcd.
for CaH270.P, ([M]") 2581749,found2581744

Farnesyl phosphinic add (E/Z 5050, E/Z) (Table 5.3, entry 25a)%® *H NMR (CDCls, 300
MHZ) 6 1129 (bs 1 H), 6.94(d, Jup = 550Hz, 1 H), 5.03D5.21 (m, 3 H), 2.59 (dd, Jup = 19 Hz,
J=7Hz 2H),192D218(m, 9 H), 1.56 B1.83 (m, 11 H); *C NMR (CDCl;, 7545 MHz)
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61423 (d, Jpccc = 14 Hz, 2 C), 1422 (d, Jeccc = 14 Hz, 2 C), 1361, 1360, 1358, 1356, 1318,
1317, 1316, 1315, 1247, 1246, 1245, 1244,123.9 (2 C), 1237 (2 C), 1114 (d, Jecc = 9 H2),
1113 (d, Jrcc = 9 HZ), 1107 (d, Jpcc = 7 Hz), 110.6 (d, Jecc = 8 HZ), 402 (d, Jrccce = 3 Hz, 2
C), 399 (2 C), 325 (d, Jrcccc = 3 H2), 323 (d, Jeccec = 3 Hz), 322,321, 30.3 (d, Jpc = 92 Hz,
2C), 302 (d, Jrc = 92Hz, 2 C), 270, 26.9, 268 (2 C), 26.7 (d, Jrcccec = 4 Hz), 265 (d, Jrcccae
= 3 Hz), 264 (d, Jrcccce = 3 Hz), 263 (d, Jecccec = 3 Hz), 260 (2 C), 259 (2 C), 238 (d,
Jrccoc =3 Hz, 2C), 236 (2C), 179,178, 16.8 (d, Jrccee = 3 Hz), 167 (d, Jrccee = 3 Hz), 162
(4 C); **P NMR (CDCl3, 12147 MHZz) 63579 (dm, Jm = 548 Hz); HRMS (El+) calcd. for
CisH27O:P, (IM]1) 2701754,found2701749.

Butyl farnesyl phosphinate (E/Z, 5050, E/Z) (Table 5.3, entry 25b). Mixture of
diastereoisomers (from crude 50/50, after column: 62/38); *H NMR (CDCls, 300MHz) & 6.93
(d, Jup = 539 Hz, 1 H), 5.03D5.20 (m, 3 H), 3.91D4.19(m, 2 H), 251D2.72 (m, 2 H), 1.92BD
217 (m, 9H), 1.69D1.77 (m, 10H), 1.69(s, 3 H), 1.41 (sext., J=7Hz, 2 H), 094 (2x t,J=7
Hz, 3 H); *C NMR (CDCl3, 7545 MHz) 6 1422 (d, Jeccc = 14 Hz), 1361, 1360, 1358, 1357,
13186, 1246, 1244, 1238, 1236, 1112 (d, Jecc = 9 HZ), 1106 (d, Jrcc = 9 Hz), 664 (d, Jroc =
7 Hz), 402, 399, 32.7 (d, Jrocc = 6 Hz), 322 (d, Jroce = 6 Hz), 297 (d, Jec = 92 HZ), 296 (d,
Jrc = 92 HZ), 26.9, 26.8, 266, 26.4, 262, 25.9, 238, 236,189, 17.9, 167, 16.3, 138; *'PNMR
(CDCls, 12147 MHz) 6 3843 and 3828 (dm, Jpy = 539Hz); HRMS (EI*) calcd. for CioHas04P,
(IM]*) 3262375 found3262373.

(trans-Penten-2-yl) phosphinic add (Table 5.3, entry 26a)*® H NMR (CDCls, 300 MHz)
6 1085(bs 1 H), 6.95(d, Jup = 555Hz, 1 H), 5.69 (dt, J = 21 Hz, J = 6 Hz, 1 H), 5.35(dt, J =
21Hz, J=7Hz, 1H),257(dd,Jup = 19Hz, J =7 Hz, 2 H), 2.07(q, J= 7 Hz, 2 H), 0.99(t, J =
7 Hz, 3 H); *C NMR (CDCls, 7545 MHz) 61394 (d, Jrcce = 14 HZ), 1155 (d, Jrcc = 9 Hz),
340 (d, Jpc = 92 Hz), 25.8 (d, Jeccce = 3 HZ), 134 (d, Jpcceee = 3 Hz); 3P NMR (CDCls,

212



12147 MHz) 6 3753 (dm, Jsy = 555 Hz); HRMS (EI*) calcd. for CsH1 0P, ([M]Y) 1340497,
found1340495

Butyl (frans-penten-2-yl) phosphinate (Table 5.3, entry 26a) *H NMR (CDCls, 300 MHz)
8 6.96(d, Jup = 540Hz, 1 H), 5.69 (dt, J = 21 Hz, J = 6 Hz, 1 H), 5.35(dt, J = 22 Hz, J = 7 Hz,
1 H), 412and 4.0 (td, J =11 Hz, J =8 Hz, 2 H), 2.59 (dd, Jup = 19Hz, J= 7 Hz, 2 H), 2.08(q, J
=7 Hz, 2 H), 1.69 (quint., J= 7 Hz, 2 H), 1.42 (sext., J = 7 Hz, 2 H), 1.0 (t, J = 7 Hz, 3H), 0.95
(t, J =7 Hz, 3 H); *C NMR (CDCl3, 7545 MHz) 6 1394 (d, Jeccc = 14 HZ), 1157 (d, Jpcc = 9
Hz), 66.3 (d, Jroc = 7 Hz), 335 (d, Jec = 91 Hz), 32.5 (d, Jrocc = 6 Hz), 259, 18.9,13.7, 135 (d,
Jrccoce = 3 HzZ); 3P NMR (CDCls, 12147 MHz) 6 39.04 (dt, Jpy = 540Hz, J = 6 Hz); HRMS
(EI") caled. for CoH1gO:P, ([M]1) 1901123 found1901128.

[3-(4-Fluoro-phenyl)-propen-2-yl] phosphinic add (Table 5.3, entry 273.* m.p. = 99 b
101;C; *H NMR (CDCl3, 300MHz) 61258 (&'bg H), 7.30(dd, J = 8 Hz, J =5 Hz, 2 H), 7.01
(d, Jup = 559 Hz, 1 H), 6.98 (t, J = 9 Hz, 2 H), 648 (dd,J = 16 Hz, J = 5 Hz, 1 H), 590 D6.12
(m, 1 H), 2.74(dd, Jup = 19 Hz, J = 7 Hz, 2 H); ®*C NMR (CDCl3, 7545MHz) § 1626 (d, Jec =
247 Hz), 1350 (d, Jpccc = 14 HZ), 1329, 1281 (d, Jrccc = 8 Hz, 2 C), 1166 (d, Jrcc = 9 H2),
115.7 (d, Jrcc = 22 Hz, 2 C), 346 (d, Jec = 90 HZ); **P NMR (CDCl3, 12147 MHz) 6 3691 (dm,
Jp = 559Hz); HRMS (EI*) caled. for CoH1oFO,P, ([M]*) 2000408,found2000402

Butyl [3-(4-Fluoro-phenyl)-propen-2-yl] phosphinate (Table 5.3, entry 27b). 'H NMR
(CDCl3, 300MHz) ¢ 7.33(dd, J=8Hz, J=6 Hz, 2 H), 7.06 (dt, Jup = 543Hz, J = 2 Hz, 1 H),
7.0(t,J=9Hz 2H),652(dd,J=16Hz, J=6 Hz, 1 H), 6.02(ddd,J = 16 Hz, J=15Hz, J=8
Hz, 1 H), 415an 4.03 (tdd, J = 10Hz, J = 8 Hz, Jup = 7 Hz, 2 H), 2.80(dd, Jyp = 19Hz, J=8
Hz, 2 H), 1.70(q, J = 7 Hz, 2 H), 1.42 (sext., J = 8 Hz, 2 H), 0.94 (t, J = 7 Hz, 3 H); *C NMR
(CDCl3, 7545 MHz) 81626 (d, Jec = 247 Hz), 1349 (d, Jecce = 14 HZ), 1329 (dd, Jrccee = 4

HZ, 'JFCCCC =3 HZ), 1280 (dd, JFCCC =8 HZ, JPCCCCC: 2 HZ, 2 C), 1167 (dd, 'JPCC =10 HZ,
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Jrecccce= 2 Hz), 1157 (d, Jrec = 22 Hz, 2 C), 667 (d, Jroc = 7 HZ), 342 (d, Jec = 91 HZ), 326
(d, Jrocc = 6 Hz), 190, 138; 3P NMR (CDCls, 12147 MHz) 6 3694 (dm, Jpy = 543 Hz);
HRMS (EI*) calcd. for CiaHigFOLP, ((M]1) 2561028, found2561027

(2E),5-Hexadienyl phosphinic add (Table 5.3, entry 28). *H NMR (CDCls, 300 MHz)
61249 (bs 1 H), 7.10(d, Jup = 546 Hz, 1 H), 5.9896.40 (M, 2 H), 5.61D5.78 (m, 1 H), 5.13
(d,J=17Hz, 1 H),5.02(d,, J=10Hz, 1 H), 2.39(dd, Jup = 14Hz, J= 7 Hz, 2 H), 1.76 D1.95
(m, 2 H); *C NMR (CDCls, 7545 MHz) 61367, 1324 (d, Jeccc = 16 HZ), 1323, 1164, 288
(d, Jc = 94 HZ), 239 (d, Jeccee = 2 HZ); *'P NMR (CDCls, 12147 MHz) 6 3659 (dm, Jpy =
546 Hz).

Butyl (cylohexen-2-yl) phosphinate (Table 5.3, entry 31)%® Mixture of diastereoisomers,
(50/50); *H NMR (CDCl3, 300MHz) 8 6.87 (d, Jup = 529Hz, 1 H), 5.9396.07 (m, 1 H), 5.57B
5.79 (m, 1 H), 3.95D4.21 (m, 2 H), 2.59(d, Jup = 25 Hz, 1 H), 1.1192.12 (m, 10 H), 0.95(t, J
= 7 Hz, 3 H); C NMR (CDCls, 7545 MHz) 6 1326 (d, Jpcce = 13 Hz), 1325 (d, Jecee = 12
Hz), 1198 (d, Jrcc = 7 Hz), 1196 (d, Jecc = 6 HZ), 665 (d, Jpoc = 7 HZ), 664 (d, Jpoc = 8 Hz),
365 (d, Jec = 94 Hz), 364 (d, Jec = 94 Hz), 3256 (d, Jrocc = 6 Hz, 2C), 24.8 (d, Jecc = 4 H2),
247 (d, Jpcc = 4 Hz), 214, 21.3, 20.7 (d, Jpcce = 9 HZ), 2056 (d, Jpccc = 9 Hz), 190 (2 C), 138
(2 C); *'P NMR (CDCls, 12147 MHz) 6 427 (dm, Jay = 529 HZ), 419 (dm, Jpy = 529 H2);
HRMS (EI*) caled. for CioH100:P, ((M]1) 2021123, found2021118
3,5,5-Trimethyl-cyclohexen-2-yl phosphinic add (Table 5.3, entry 32).%° 'H NMR (CDCls,
300MHz) & 1224 (bs 1 H), 6.76 (dd, Jup = 544 Hz, J = 3 Hz, 1 H), 540(d, J = 10 Hz, 1 H),
244D270(m, 1H), 1.7991.92 (m, 1 H), 1.69(s, 3 H), 1.52D1.66 (m, 1 H), 1.23D1.41 (m, 2
H), 1.01 (s, 3H), 0.85(s, 3 H); *C NMR (CDCls, 7545 MHZz) 6§ 1374 (d, Jpccc = 14 HZ), 1111

(d, Jecc = 5 H2), 427 (d, Jrcc = 3 Hz), 345 (d, Jec = 98 Hz), 321, 304, 280 (d, Jrccc = 13 H2),
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238, 232 (d, Jeccc = 2 HZ); 3P NMR (CDCls, 12147 MHz) 6 4282 (dm, Jpy = 544 Hz);
HRMS (EI*) caled. for CoH170,P, ([M]") 1880966 found1880968

((E)-1-Methyl-buten-2-yl) phosphinic add (Table 5.3, entry 35).°° H NMR (CDCls, 300
MHz) 6 119 (bs 1 H), 6.81(d, Jup = 547Hz, 1 H), 5.64 (ddd J=22Hz, J=11Hz, J=6Hz 1
H), 5.38 (dddd,J = 22 Hz, J = 8 Hz, J = 6 Hz, J = 2 Hz, 1 H), 252 (dq, Jup = 25Hz, J= 8 Hz, 1
H), 1.72(dd,J = 7 Hz, J = 6 Hz, 3H), 1.26 (dd, Jup = 19 Hz, J = 7 Hz, 3 H); *C NMR (CDCls,
7545 MHZz) 61299 (d, Jrccc = 13 Hz), 1254 (d, Jecc = 7 HZ), 37.7 (d, Jc = 92 Hz), 184 (d,
Jrccoe = 3 Hz), 1154 (d, Jeee = 3 Hz); 3P NMR (CDCls, 12147 MHz) 6 4256 (dm, Jpn = 547

Hz): HRMS (EI*) calcd. for CsHuO,P, ([M]*) 1340497,found1340499

General Procedure for the Reactivity Screening in Pd-Catalyzed Allylation (Table5.4). To
a mixture of the organophoghomus compound(3 6 mmol, 1.5 B3 eq) in reagent grade CH3;CN
or dry DMF (10 mL) was addel the alylic alcohol (2 mmol, 1 eq) and the additive, if required
(EtsN-5 mol% or (BuO),Si, 1 eq relative to the amount of H3PO,). (Note: Butyl phoghinate
(BuOP(O)H2) wasused asa 0.5 M solutionin the corresponding solvent and an excess of solvent
wasadde, if required, to obtain theappropriate coneentration [0.17 0.2 M]). The system was
placed unde nitrogen and Pd>dba (0.5 B2 mol% Pd) and xantphos(1.1 eq with respect to the
amount of Pd) were addad at room temperature. The resulting mixture was heated at 85;C
(DMF) or at reflux temperature (CHsCN) unde N, with vigorous stirring for 8 to 16 h. 3'P
NMR andysis of the crudereaction mixture was used to monitor the progress of thereaction. If
successful, the crude mixture was concentrated by rotary evaporation (0.5 mmHg, 45;C) and the
resdue was diluted with EtOAc and washed with 2 M aqueous NaHSO, or HCI. The aqueous
layer was subsequently extracted with EtOAc (2 x). The organic fractions were combined and

washed with brine (1 x). Drying over MgS0O, and concentration furnished the crudeprodud. If it
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isan acid, traces of aniline can beremoved by stirring a solution of the compoundwith amberlite
resin (H"), followed by filtration and evaporation. If the produd is an ester, purification by
chromatography on silicagd (Hex/EtOAc, EtOAC) isrequired to isolate the pure compound.
Butyl cinnamyl phosphinate (Table 5.4, entry 2).>"%*% See above(Table 4.1, entries 1¢-1d).
Butyl propyl phosphinate (Table 5.4, entry 4). *H NMR (CDCls, 300MHz) § 7.09 (dt, Jup =
527Hz, J=2Hz, 1 H), 3.93P4.2 (m, 2 H), 1.55D1.85(m, 6 H), 1.34D1.50 (m, 2 H), 1.06 (td,
J=7Hz, J=2Hz 3H),0.80D1.0 (m, 2 H), 0.95(t, J=7 Hz, J = 3Hz, 3 H); *C NMR (CDCl3,
7545MHz) 6 66.1 (d, Jpoc = 7 Hz), 324 (d, Jpocc = 6 HZ), 30.7 (d, Jec = 94 HZ), 188, 152 (d,
Jrccc = 16 HZ), 145, 136; **P NMR (CDCl3, 12147 MHz) 6 40.36 (dt, Jpy = 527 Hz, J = 7 H2).
Butyl (3-methyl-buten-2-yl) phosphinate (Table 5.4, entry 5).>" See above (Table 4.2, entry
5d, 9ab).

Cinnamy!l phosphinic add (Table 5.4, entry 6).°% See above(Table 5.2, entry 9).

Synthetic Application of the Pd-catalyzed Allylation: Preparation of (2-Cyanoethyl)buten-
2-yl phosphinate (Scheme 5.3). Allylation: To a solution of conaentrated HsPO, (1.39 g, 21
mmol, 3 eq) in dry DMF (35 mL) was addeal crotyl alcohol (mixture of isomers) (0.60 mL, 0.505
g, 7 mmol), Pd.dba (0.0160g, 0.0175mmol, 0.5 mol% Pd) and xantphos(0.0222 g, 0.0385
mmol). The resulting solution is heated at 85;C unde nitrogen for 16 h. The reaction was then
concentrated unde reduced pressure (0.5 mmHg, 45;C) for 30 min. Theresdueis diluted with
EtOAc and washed with 2 M agqueous HCI and then extracted with EtOAc (2 x). The combined
organic layer is washed with brine, dried over MgSO, and concentrated to afford 0.485g of the
pure (transbuten-2-yl) phophinic acid (58%). For spectral daa, see above (Table 4.2, entry 6a

c, 119.%° Conjugae Addition: To a solution of (transbuten-2-yl) phoghinic acid (0.485 g, 4

mmol, 1 eq) in anhydrous CH,Cl, (25 mL) were added TMSCI (1.2 mL, 0.969 g, 8.92 mmol,

2.23 eq), EtsN (1.24 mL, 0.903 g, 8.92 mmol, 2.23 eq) and acrylonitrile (0.29 mL, 0.233g, 44
216



mmol, 1.1 eq) at roomtemperature unde N,. Thesolutionis stirred at rt for 14 h and then diluted
with CH.Cl, and washed with brine (1 x). Theaqueouslayer is extracted with EtOAc (3 x). The
organic layer is dried over MgSO,, filtered, and concentrated to give the produd (0.263g, 38%
yield, 93% purity). *H NMR (CDCls, 300MHz) 6 1227 (m, 1 H), 5.5595.80 (m, 1 H), 532D
553(m, 1 H), 25192.76 (m, 4 H), 2.05(dt, Jup = 13Hz, J=7 Hz, 2H), 1.72(t, J = 6 Hz, 3 H);
3C NMR (CDCl3, 75.45 MHZ) 61319 (d, Jecce = 13 Hz), 11907 (d, Jpcc = 9 HZ), 339 (d, Jec

=93 Hz), 236 (d, Jec = 93Hz), 182, 10.5; *PNMR (CDCl3, 12147 MHz) 6 49.88,

Pd-catalyzed dehydrative allylation en route to P-heter ocycles (Scheme 5.5)

Preparation of (3,6-Dihydro-2-butoxy-2-oxide)-2H-1,2-oxaphosphorin (Molecule 63). To a
solution of conaentrated H3PO, (0.594 g, 9 mmol, 3 eq) in dry DMF (15 mL) was added cis-2-
hexenyl alcohol (0.36 mL, 0.300g, 3 mmol, 1 eq) followed by Pd,dba (0.0069g, 0.0075mmol,
0.5 mol% Pd) and xantphos (0.0095 g, 0.0165 mmol, 0.55 mol%), a room temperature. The
reaction was heated at 85;C unde N, for 8 h and then alowed to warm to room temperature.
(BuO)4Si (3.2 mL, 2.88g, 9 mmol, 3 eq) was added and the reaction was heated agan at 85;C
for anather 12 h, unde N,. The reaction was diluted with EtOAc and washed with 2 M agqueous
HCl (1 x). The aquepus layer was extracted with EtOAc (2 x). The combined organic phases
were washed with saturated aqueous NaHCO; and brine dried over MgSO,, filtered and
concentrated. The cruderesiduewas purified by silica gd chromatography (hexanes/EtOAcC 1:1,
viv, EtOAC) to give 0.600of E-isomer, 61 (98%). To a solution of 61 (0.600g, 2.94 mmol, 1 eq)
in anhydousCH3CN (16 mL) was added at room temperature anhydrous CCl, (0.57 mL, 0.905
g, 5.88mmol, 2 eq), alyl acohol (0.40mL, 0.342g, 5.88 mmol, 2 eq) and EtsN (0.82 mL, 0.595
g, 5.88 mmol, 2 eq) unde N,. Thereaction was stirred for 12 h at rt. P NMR andysis revealed

the formation of the phogphonde 62 (6 = 294 ppm (s), 45%). The reaction was diluted with
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EtOAc and washed with 2 M aqueous HCI. The aqueouslayer was extracted with EtOAc (3 x),
and the combined organic layers were washed with saturated aqueous NaHCO3; and brine dried
over MgS0,, and concentrated. To a solution of the crude produd 62 (1.32 mmol) in anhydrous
CH,Cl, (130 mL) was added the 2" Generation Grubbs catalyst (0.0225 g, 0.0264 mmol, 2
mol%) and the reaction was heated at reflux temperature for 14 h, unde a nitrogen atmophee.
After cooling to room temperature, activated charcod (0.130 g) was added, and the sugpenson
was dtirred for 4 h. The mixture was then filtered througha celite pad in a BYdine funné, and
concentrated in vacuo to afford the crude produd 63, which was purfied by slica gd
chromatography (Hex/EtOAc 5:1, v/v, EtOAC) to give 0.211g of 63 (1.11 mmol, 37% overall
yield). *H NMR (CDCls, 300MHz) 6 5.63D5.89 (m, 2 H), 4.70D4.93(m, 2 H), 4.04D4.23(m,
2 H), 236D52.69(m, 2 H), 1.60D1.77 (m, 2H), 1.34D1.52(m, 2 H), 0.94 (t, J = 7 Hz, 3H); *'P
NMR (CDCls, 12147 MHz) §22.35.

21 To a solution of

Preparation of 1-Butoxy-3-phospholene-1-oxide (Molecule 66).
concentrated H3PO, (0.594 g, 9 mmol, 3 eq) in dry DMF (4 « molecular sieves) (15 mL) was
adde cinnamyl acohol (0.39mL, 0.403g, 3 mmal, 1 eq) followed by Pd,dba (0.006 g, 0.0075
mmol, 0.5 mol% Pd) and xantphos(0.0095g, 0.0165 mmol, 0.55 mol%), at room temperature.
Theresulting solution was heated at 85;C unde N, for 1.5 h. After cooling to roomtemperature,
(BuO)4S (3.2 mL, 2.88g, 9 mmol, 3 eq) was added and the resulting mixture was heated at 85;C
for 12 h, unde N,. The mixture was then diluted with EtOAc and washed with 2 M aqueous HCI
(1 x). The aqueous phase was extracted with EtOAc (2 x) and the combined organic fractions
were washed with saturated aqueousNaHCO3; and brine Drying over MgSO,, concentration and
purification by column chromatography over silica gd (hexanesdEtOAc 1:1, v/v, EtOAcC)

afforded 0.7009 of 64 (butyl cinnamyl-H-phophinae) as alightyellow oil (98%). A solution of

64 (0.700g 2.94 mmol, 1 eq) in anhydrous CH3CN (15 mL) was placed in an Ace Glass’
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pressure tubefitted with arubbe septum, unde N,. To theresulting solution was added at room
temperature BSA (0.87 mL, 0.72 g, 3.53 mmol, 1.2 eq) and alyl chloride (0.72 mL, 0.675g,
8.82 mmol, 3 eq). Thereaction tubewas tightly closed with the PTFE plug and heated at 85;C
with stirring during 8 h. After cooling to room temperature, *P NMR andysis revedled the
presence of the produd at 49.9 ppm (82%). The reaction mixture was then quenched with
saturated NaHCO; and extracted with EtOAc (3 x). The combined organic phases were washed
with 2 M agueous HCI (1 x) and then with brine (1 x). Drying over MgSO, and concentration
gave the crude produd 65 (2.41 mmol), which was dissolved in anhydrous CH,Cl, (150 mL),
followed by addition of 2" Generation Grubbscatalyst (0.0409g, 0.0482mmol, 2 mol%) unde
N2. The mixture was heated at reflux temperature for 12 h unde N». Thereaction was allowed to
cool to room temperature and activated charcod (0.250 g) was added. The resulting sugpenson
was gtirred for 4 h at rt, suction-filtered throuch a celite pad in a BYdwne funnd, and then
concentrated in vacuo. Purification by flash chromatography over slica gd (EtOAc,
EtOAc/MeOH 90:10, v/v) afforded 66 as a clear oil (0.261g, 1.5 mmol, 50% overall yield). *H
NMR (CDCls, 300MHZz) §5.98(d, J = 34 Hz, 2 H), 3.98D4.14 (m, 2 H), 2.38D2.50 (M, 4 H),
1.60D1.74(m, 2 H), 1.41 (sext., J= 8 Hz, 2 H), 0.94 (t, J = 7 Hz, 3 H); *C NMR (CDCls, 7545
MHz) 1272 (d, Jpcc = 16 Hz, 2 C), 649 (d, Jpoc = 7 Hz), 328 (d, Jrocc = 6 HZz), 29.3 (d, Jpc =

91Hz, 2C), 190, 138; **PNMR (CDCl3, 12147 MHz) 6 7583

General Procedure for the Catalyst Screening in the Pd-Catalyzed Rearrangement of
Phenyl Phosphinate (Table 5.5). To a solution of concentrated H3zPO, (0.132g, 2 mmol, 1 eq)
in reagent grade CH3CN (8 mL) was added (PhO),Si?** (0.800g, 2 mmol, 1 eq) and the reaction
was heated at reflux temperature for 2 h under Np,'” and then alowed to cool to room

temperature. *'P NMR andysis of the crude mixture showed the signd corresponding to the
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produd phenyl phoghinae (6 = 140 (t), 100%. The catalyst (2 mol%) was added and the
reaction was heated to reflux temperature for 12 h, while stirring vigoroudy. The reaction was
monitored by *P NMR (produd formation) and by GC (transfer hydrogenaion produd

geneation: benzene). (Note: Mesitylenewas used asinternal standard for GC analyses).

Chapter 6, Section 6.1

Synthesis of 2-(1-buten-4-ol)-3-methylene-1-oxa-2-phosphacyclopentane-2-oxide (Scheme
6.1) Molecule 69,R = H: To amixture of anilinium hypophoghite (0.398g, 2.5 mmol, 1 eq) in
reagent grade CH3CN (10 mL) were addad pyridine (0.25 mL, 0.247 g, 3.13 mmol, 1.25 eq), 3-
butyn-1-ol (0.28 mL, 0.263 g, 3.75 mmol, 1.5 eq) and pivaloyl chloride (0.34 mL, 0.332g, 2.75
mmol, 1.1 eq) unde N, and the mixture was stirred at room temperature for 3 h. 3!P NMR
andysis reveaed the formation of the hypophoghite ester at %= 162 ppm (tt)-100% NiCl,
(0.01049, 0.075mmol, 0.03 eq) were added at room temperature and the solution was heated at
reflux temperature for 15 h. **P NMR of the crudemixture showed a single peak at 39.3 ppm(9).
The reaction was diluted with EtOAc and washed with 2 M NaHSO,. The aqueous layer was
sepaated and extracted twice with EtOAc. The organic fractions were combined and
subsquently washed with saturated NaHCO3; and then brine Drying over MgS0O,, evaporation
and purfication by radiad chromatography (2 mm thickness, hexanedEtOAc 2:1, vlv,
EtOAc/MeOH 9:1) afforded 0.0509 of the produd 69 (R=H) as a colorless oil (11%). (Note: the
low yield is probably due to the easy hydrolyss of the produd into the corresponding
disubdituted phophinic add during the purification). *H NMR (CDCls, 300MHz) § 5.93D6.32
(m, 2 H), 554 D5.86 (m, 2 H), 4.33(m, 2 H), 3.65 (t, J = 7 Hz, 2 H), 245D3.07 (m, 4 H); *'P

NMR (CDCls, 3644 MHz) 8 4125: MS (EI*) for CgH1303P, [M+H,0]" miz 206.
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Chapter 6, Section 6.2

General Procedure for Table 6.2. A stodk solution of conaentrated HsPO; (3.30 g, 50 mmol)
in anhydrousDMF (100 mL, dried over 4« Sieves or distilled from CaH,) was prepared unde
N2, and used immediately (or within a week) as described next. To a 0.5 M solution of H3PO; in
DMF (4 mL, 2 mmol, 1 eq) was addal the diamine or amine-alcohol (2 mmoal, 1 eq) and the
reaction is stirred unde N, for 0.5 h a room temperature. Then, the akene (2-6 mmol, 1-3 eq)
and the additive (3« powdeed sieves) (0.125 g/mmol H3PO,) were added to the reaction,
followed by Pd,dba (0.01840.0368 g, 0.02-0.04 mmol, 2-4 mol% Pd) and xantphos(0.0254
0.0508 g, 0.044-0.088 mmol, 1.1 eq with respect to the amount of Pd), and the mixture was
heated at 85-110;C for 13-54 h unde N,. *'P NMR andysis was used to monitor the course of
thereaction. In the particular case of entry 1, after heating for 13 h, a second catalyst was added
in situ (PhsP)sRhCl/dppb (1.5 mol%) and dppb (5 mol%) and heating was continued for 16 h
more. Isolation of the produds congsted in an extractive workup, as described next. Thereaction
was concentrated by rotary evaporation (45 C, 0.5 mmHg), followed by dilution with EtOAc and
washing with 2 M aqueous HCI. The organic layer was extracted with EtOAc (2 x) and the
combined organic fractions were washed with bring dried over MgSO., filtered, and
conaentrated. In order to eliminae traces of amine, a CH,Cl, solution of the crudeoil was stirred
with amberlite resin (3-4 tips of scoopub) for 4-6 h at room temperature, followed by suction
filtration onaBYdne funnd and concentration.

Octyl phosphonic adid (Table 6.1, entry 3a).** See above(Table 2.3, entry 13).
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Chapter 6, Section 6.3

General Procedure for the Preparation of H-Phoghinate Allylic Esters from H-Phosphinic
adds (Table 6.2 and Scheme 6.5): a) Using EDCHCI (Substrates from Entries 2-4 and
Molecule 81). A mixture of H-phoghinic acid (1 eq) and alylic alcohol (1 eq) and EDCHCI
(1.1 eg) in anhydrousTHF (0.33 M) were stirred unde N, at roomtemperature for 4 to 8 h. The
solution is diluted in EtOAc and washed with saturated aqueous NaHCO; (1 x). The aqueous
layer was separated and extracted with two additiond portionsof EtOAc. The combined organic
fractionswere washed with 2 M aqueousHCI (1 x) and then with brine (1 x) to afford the crude
produd. Depending on the purity of the compourd (*H NMR), either the produd is used without
further purification, or it is purified by silicagd chromatography (Hex/EtOAc 2:1, viv, EtOAC).
b) By Dean-Stark Esterification (Substrate from entry 1). A mixture of H-pho$phinic acid (1
€q), alylic acohol (5 eq) and a drop of H,SO, in reagent grade cyclohexane (0.25 M relative to
theacid) is heated at reflux temperature usng a Dean-Stark trap (prefilled with cyclohexane) for
4872 h, according to the progress of the reaction (by 3P NMR andysis). The reaction was
concentrated and the residue was diluted with CH,Cl, and washed with saturated aqueous
NaHCOs;. The aqueous layer is extracted with CH.Cl, (2 x) and then the combined organic
fractions are washed with brine and concentrated unde reduced pressure to furnish the crude
produd. According to the purnty of the compound, it is used directly or purfied by
chromatography on silicagd.

Procedure for the Preparation of Cinnamyl diphenylphosphinite (Table 6.2, Substrate
entry 5). Notisolated, it was used in situ. See Reference 205.

Procedurefor the Preparation of 1,4-But-2-en-diol phosphonate (Table 6.2, Substrate entry

6). See Reference 147.
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General Procedure for the Pd-Catalyzed Rearrangement (Table 6.2). To a solution of the
organophophorus compound (2 mmol, 1 eq) in DMF (4 mL) was added the corresponding
additive, followed by Pd>dba (0.0184g, 0.02 mmol, 2 mol% Pd) and xantphos(0.0254g, 0.044
mmol). The reaction was heated at 85;C for 12-24 h. Reaction progress was monitored by *P
NMR. Theresulting solution was concentrated by rotary evaporation (45;C, 0.5 mmHg) and the
resdue was diluted with EtOAc and washed with aqueous HCI (1 x). The aqueous layer was
extracted with EtOAc (2 x) and then the combined organic fractionswere washed with brine (2
X). The organic layer was dried over MgSO, and concentrated to give thecrudeprodud.

Representative Procedure for the Pd-Catalyzed Rearrangement (Table 6.2): Synthess of
Cinnamyl phenyl phosphinic aad (Table 6.2, Product entry 3j). To a solution of cinnanyl
phenyl phophinae (0.516 g, 2 mmol, 1 eq) in anhydrous DMF (4 mL) was added BSA (0.59
mL, 0.488 g, 24 mmol, 1.2 eq), followed by Pd.dba (0.0184 g, 0.02 mmol, 2 mol% Pd) and
xantphos(0.0254g, 0.044 mmol). Theresulting solution was heated at 85; C for 13 h. DMF was
evaporated and the residue was diluted with EtOAc and washed with 2 M aqueous HCI. The
aqueous layer was extracted with EtOAc (2 x) and the organic layer was washed with brine.
Drying and concentration furnished 0.516 g of the phoghinic acid produd as clear yellow

crystals (100% >95% purity).

Allyl phenyl phosphinate (Table 6.2, Substrate entry 1).?* 'H NMR (CDCls, 300 MHz)
8 7.75D7.92(m, 2 H), 7.70 (dm, Jup = 565Hz, 1 H), 7.45D7.70 (m, 3 H), 598 (m, 1 H), 5.38
(d,J=37Hz 1H), 533(d, J=29Hz, 1 H), 449D4.70 (m, 2 H); *P NMR (CDCl3, 12147
MH2z) 62617 (dm, Jpy = 565H2).

Cinnamy! phenyl phosphinate (Table 6.2, Substrate entries 2 and 3). *H NMR (CDCls, 300

MHz) 6 7.77D7.80(m, 2 H), 7.68 (dm, Jup =565 Hz, 1 H), 747D7.67 (m, 3H), 7.22D7.45
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(m, 5H), 6.69(d, J =16 Hz, 1 H), 6.31(dt, J = 16 Hz, J = 7 Hz, 1 H), 464D4.83(m, 2 H); *'P
NMR (CDCl3, 12147 MHz) 6 26.15 (dm, Jp = 565 Hz).

(2(E/Z)-Butenyl) 3-(benzyloxycarbonylamino)propyl phosphinate (Table 6.2, Substrate
entry 4). *H NMR (CDCls, 300MHz) " 7.23D7.45(m, 6 H), 7.11 (d, J4p = 530Hz, 1 H), 5.73
D5.91(m, 1 H), 552D5.73(m, 1 H), 5.09 (s, 2 H), 438D4.59(m, 2 H), 3.17D3.36 (m, 2 H),
1.7091.91 (m, 4 H), 1.73(m, 7 Hz, 3 H); *P NMR (CDCl3, 12147 MHZ) " 3811 (dm, Jpy =
530Hz).

1,4-But-2-en-diol phosphonate (Table 6.2, Substrate entry 6).2° *H NMR (CDCls, 300 MH?z)
" 6.99(dd, Jup=707Hz, J=4Hz 1H), 559D6.08 (m, 2 H), 4.76 (dt, J=48Hz, J= 16 Hz, 4
H); P NMR (CDCls, 12147 MHZ) " 14,53 (dt, Joy = 707 Hz, J = 17 Hz).

Cinnamy! phenyl phosphinic add (Table 6.2, Product entry 3j). *H NMR (CDCls, 300 MHz)
8 1174(bs 1 H), 761D7.82(m, 2 H), 691 D754 (m, 8 H), 6.23(dd,J =16 Hz, J=5Hz 1
H), 5.9196.12 (m, 1 H), 2.80 (dd, Jup = 16 Hz, J = 7 Hz, 2 H); *C NMR (CDCls, 7545 MHz)
8 1360 (d, Jpccce = 3 Hz), 1337 (d, Jpece = 13 Hz), 1309, 1304 (d, Jec = 133 Hz), 1303 (d,
Jrcc = 10Hz, 2 C), 127.4 (2 C), 1272 (d, Jrccc = 13Hz, 2 C), 1263,1252 (2 C), 117.9(d, Jpcc

=10Hz), 349 (d, Jec = 95H2); **P NMR (CDCls, 12147 MHz) 6 40.99(s).

General Procedure for the Pd-Catalyzed Allylation of H-Phogphinic Acids with Allylic
Alcohols (Table 6.4). (Notes: (8 All reactions were conduded in oven- or flame-dried
glassware, unde nitrogen or argon. (b) Starting materials H-phophinic acids were synthesized
via Pd-catalyzed hydrophoghinylation or dehydrative alylation of H3PO, (Ref. 33 and 66), with
the exception of phenyl phoghinic acid, which is commercialy available. (c) Allylic alcohols
and solvents were generally dried before use according to the procedures indicated at the

beginning of this section). To a solution of H-phoghinic acid (2 mmol, 1 eq) in the
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corresponding solvent (4 mL) was addad the alylic acohol (1-2 eq), Pd.dba (0.0184 g, 0.02
mmol, 2 mol% Pd), xantphos (0.0254 g, 0.044 mmol), and the additive, unde a nitrogen or
argonatmoheae. Theresulting mixture was heated at the corresponding temperature for 10-20
h. *'P NMR monitoring of the crudemixture indicated the presence of the produd as a singlet (&:
2550 ppm). The reaction was concentrated by rotary evaporation (45;C, 0.5 mmHg) and the
resdue was diluted with EtOAc and washed with 2 M aqueous HCl. The agqueous phase was
sepaated and extracted with two additiond portions of EtOAc and the combined organic
fractionswere washed with brine dried over MgS0, and concentrated. The purity of the crude
produd was determined by NMR andysis, and if less than 95% furthe purnfication was
required. Silicagd chromatography proved to be efficient in the purification of some subdrates.
Representative Procedure for the Pd-Catalyzed Allylation of H-Phosphinic Acids with
Allylic Alcohols (Table 6.4): Preparation of Geranyl phenyl phoshinic add (mixture of
E/Z isomers) (entry 3b). To a solution of phenyl phoghinic acid (0.284 g, 2 mmol, 1 eq) in
anhydmoustert-amyl acohol (4 mL) was added anhydroustrans3,7-dimethyl-2,6-octadien-1-ol,
followed by Pd,dba (0.0184 g, 0.02 mmol, 2 mol% Pd), and xantphos(0.0254g, 0.044 mmol).
The resulting solution was heated at reflux temperature (102;C) for 24 h unde N. P NMR
andysis detected the presence of the produd as a mixture of isomers (6: 385 and 38.3 ppm
singlets, 70%). DMF was evaporated unde reduced pressure and the resulting residue was
diluted with EtOAc and washed with 2 M aqueousHCI. The aqueous phase was extracted with
EtOAC (2 x) and the combined organic fractionswere washed with brine Drying, congentration
and purification by flash chromatography over slica gd (hexanesEtOAc 1/1, viv, EtOAc,
EtOAc/MeOH 9/1, viv) gave 0.345g of the phophinic acid (62%).

Cinnamyl phenyl phosphinic add (Table 6.4, entries 1a-c). See above (Table 6.2, Product
entry 3j).

225



Geranyl phenyl phosphinic add (mixture of E/Z isomers) (Table 6.4, entry 3b). *H NMR
(CDCl3, 300MHz) 6 1020 (bs 1 H), 7.71(dd, J = 11 Hz, J= 7 Hz, 2 H), 7.27 D753 (m, 3 H),
4995.19(m, 2 H), 2.60 (dd, Jyp = 19 Hz, J = 8 Hz, 2 H), 1.5092.05(m, 10H), 1.29(d, J =3
Hz, 3 H); *C NMR (CDCls, 7545 MHz) 6 1404 (2xd, Jeccc = 14 Hz, 2 C), 1321 (2 C), 1320
(2xd, Jrc = 132 Hz, 2 C), 1317 (d, Jecc = 12 Hz, 4 C), 1282 (d, Jeccc = 14 Hz, 4 C), 1243 (2
C), 1242 (2 C), 1131 (2xd, Jrcc = 9 Hz, 2 C), 39.9, 319, 314 (d, Jec = 78 HZ), 303 (d, Jpc = 59
Hz), 299,267, 25.9, 236, 17.9, 16 1; *P NMR (CDCls, 12147 MHz) 6 4296 and 4282 (s).
Scheme 6.5.

(1-Propyl-pent-1-enyl) phosphinic add (Scheme 6.5, Molecule 80).*® See above (Table 2.5,
Entry 1).

Cinnamy! (1-propyl-pent-1-enyl) phoghinate (Scheme 6.5, Molecule 81). 'H NMR
(CDCl3) " 7.15(d, Jup = 546 Hz, 1 H), 7.15D7.45 (m, 5 H), 6.18 ©6.75 (m, 3H), 469 (t, J=8
Hz, 2 H), 2.02-2.33(m, 4 H), 1.2991.62 (m, 4 H), 0.94 (t, J = 7 Hz, 6 H); *'P NMR (CDCl5) "
31.72 (dm, Jpy = 546 HZ).

Cinnamyl (1-propyl-pent-1-enyl) phosphinic add (Scheme 6.5, Molecule 82). (82% purity)
'H NMR (CDCl3) " 1069 (bs 1 H), 7.0 D7.43 (m, 5 H), 5.96 D6.55 (m, 3 H), 2.72(dd, J = 18
Hz, J=7Hz, 2 H), 1.91D2.32(m, 4 H), 1.18D1.61 (m, 4 H), 0.68D91.02 (m, 6 H); *'P NMR

(CDCl3) " 45.72(9).

Chapter 6, Section 6.4

General Proceduresfor the Tandem C-P Bond Formation BOxidation (Table 6.7).

Method A: To a solution of 50% wt. agqueous H3zPO, (0.528 g, 4 mmol, 2 eq) in reagent grade
DMF (4 ml) was addal the alkene (2 mmol, 1 eq), followed by Pd.dba (0.0184g, 0.020 mmol)
and xantphos(0.0254g, 0.044 mmol), at room temperature. Theresulting solution was heated at
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11G,C, unde air (usng a septum with a needle), until completion of the reaction (total oxidaion
of the intermediate H-phoghinic). Reaction progress was monitored by *P NMR andysis of a
sample of the crude reaction mixture. The reaction was then concentrated unde reduced
pressure. The resdue was diluted with EtOAc and washed with 2 M aqueous HCI (1 x). The
agueouslayer was separated and extracted with two additiond portionsof EtOAc. The combined
organic layer was washed with brine (1 x), dried over MgSO,, and concentrated to give the
produd (phoghonc acid) in more than 95% purity.

Method B:

B-1) Substrate: Alkene, alkyne, allyl alcohol

Aqueoushypophophomusacid (50% wt.) was concentrated by rotary evaporation (0.5 mmHg,
40; C) for 20-30 min before reaction. Conaentrated H3PO, (0.264 g, 4 mmol, 2 eq) was dissolved
in reagent grade DMF (4 ml) and the subdrate (2 mmol, 1 eq), followed by Pd.dba (0.0184 g,
0.020 mmol) and xantphos (0.0254 g, 0.044 mmol) were added at room tempeature. The
solution was heated at 85;C unde N, for 12 h. At tha time, 3P NMR of the crude mixture
showed the formation of the intermediate H-phogphinic acid (doubkt, between 20-40 ppm) and
complete disappearance of the starting material (H3PO,). The reaction was then opened to air
(capping the reaction flask with a septum fitted with a needle) and heated at 110;C, until
completion (total oxidaion of the intermediate H-pho$phinic acid into phosphonic acid), which
was checked by *P NMR andysis of the crudereaction mixture. DMF was evaporated from the
reaction (0.5 mmHg, 45;C) and the resdue was diluted with EtOAc and washed with 2 M
aqueous HCI. The agqueous phase was extracted with EtOAc (2 x) and the combined organic
fractions were washed with brine (1 x). Drying over MgSO,4 and conaentration furnished the

produd in more than 95% purity.
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B-2) Substrate: Aryl halide

To a solution of concentrated H3PO, (0.264 g, 4 mmol, 2 eq) in reagent grade DMF (4 ml) were
addea thearyl hdide (2 mmol, 1 eq) and triethylamine (0.607 g, 0.84 ml, 6 mmol, 3 eq) followed
by Pd(OAc), (0.009g, 0.040 mmol) and dppp(0.0182 g, 0.044 mmol) at roomtemperature. The
solution was heated at 85;C under N, for 15 h. At tha point, **P NMR of the reaction mixture
revedled the formation of the intermediate H-phogohinae salt of triethylamine (% 0-20 ppm,
doubkt). The reaction was then heated unde air at 110;C (closng the reaction flask with a
septum fitted with a needle in order to release the pressure), until complete oxidaion of the
intermediate H-phogphinate salt, which was checked by *P NMR andysis of the reaction
mixture. The solvent was evaporated from the reaction mixture and the residuewas diluted with
EtOAc and washed with 2 M aqueous HCI (1 x). Theagueouslayer was extracted with EtOAc (2
X) and the combined organic fractions were washed with brine After drying over MgO,,
conaentration, and recrystallization from dichloromethane-hexanes, the produd aryl phogphontc
acid was obtained in more than 95% purity.

Representative Proceduresfor the Tandem C-P Bond Formation BOxidation (Table 6.7).
Method A: Preparation of Octyl phogphonic acid® (Table 6.7, entry 1a). To a solution of
agqueousH3PO, (0.528 g, 4 mmol, 2 eq) in reagent grade DMF (4 ml) was added 1-octene (0.225
g, 0.32 ml, 2 mmol, 1 eq), followed by Pd.dba (0.0184 g, 0.020 mmol, 2 mol% Pd) and
xantphos (0.0254 g, 0.044 mmol, 2 mol%), at room temperature. The reaction was heated at
11G,C, unde air for 20 h or until complete oxidation of the intermediate octyl phogphinic acid,
which was performed by **P NMR monitoring of a sample of the reaction mixture. The reaction
is consdered to be complete after total disappearance of a signd at 31.8 ppm (doubkt), and
appearance of a new pesk at 29.7 ppm (singlet), corresponding to octyl phoghonc acid. The

mixture was then concentrated unde reduced pressure. Theresiduewas diluted with EtOAc and
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washed successively with 2 M agueousHCI (1 x). The aqueousphase was extracted with EtOAc
(2 x) and the combined organic fractions were washed with brine Drying and concentration
afforded 0.338g of the pure produd as alight yellow solid (10099.

Method B-1: Preparation of Cinnamyl phosphonic add®’ (Table 6.7, entry 4).
Coneentrated H3PO, (0.264 g, 4 mmol, 2 eq) was dissolved in reagent grade DMF (4 ml) and
cinnanyl alcohol (0.268 g, 0.260 mL, 2 mmol, 1 eq), followed by Pd,dba (0.0184 g, 0.020
mmol) and xantphos (0.0254 g, 0.044 mmol) were added at room temperature. The resulting
solution was heated at 85;C unde N, for 12 h. At tha time, *'P NMR andysis from thereaction
mixture showed the formation of cinnamyl-H-phasphinic acid at 26 ppm (doublkt). The mixture
was then opened to air and heated at 110;C for 22 h, until complete disappearance of the peak at
26 ppm (doubkt) and appearance of a new peak at 22 ppm (singlet). The reaction was
concentrated unde reduced pressure and the residue was diluted with EtOAc, and washed with 2
M aqueous HCI (1 x). The aqueous phease was extracted with EtOAc (2 x) and the combined
organic layer was washed with brine Drying and conaentration afforded 0.325 g of the produd
asawhite solid (82%).

Method B-2: Preparation of 4-Methoxy-phenyl phosphonic acd?® (Table 6.7, entry 11). To
a 0.5 M solution of concentrated H3PO, (0.264 g, 4 mmol, 2 eq) in reagent grade DMF (4 ml)
were addad 4-bromoanisole (0.374 g, 0.250mL, 2 mmol, 1 eq) and triethylamine (0.607 g, 0.84
ml, 6 mmol, 3 eq), followed by Pd(OAc), (0.009 g, 0.040 mmol) and dppp (0.0182 g, 0.044
mmol) at room temperature. The resulting mixture was heated at 85;C unde N, for 15 h, and
then the reaction was opened to air (usng a septum with a needle) and heated at 110 C for 22 h.
At tha moment, the intermediate H-phoghinae salt had been completely oxidized into the
corresponding phoghonde salt of triethylamine The reaction was concentrated unde high

vacuum and the residuewas diluted with EtOAc and washed with 2 M aqueousHCI (1 x). The
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agueousphase was extracted with EtOAc (2 x) and the combined organic fractionswere washed
with brine After drying over MgSO,, concentration, and recrystallization from dichloromethane-

hexanes, the produd aryl phoghont acid was obtained as a white solid (0.207 g, 55%).

Octyl phosphonic add (Table 6.7, entry 1).% See above(Table 2.3, entry 13).
Bicyclo[2.2.1]hept-2-yl-phosphonic add*? (Table 6.7, entry 2). The produd was obtained in
more than 95% purity as a light yellow solid after an aqueousacidic workup. m.p. = 173-175C
(lit. 174175 C); *H NMR (DMSO-ds, 300MHz) & 9.04(bs 2 H), 2.38(d, J =8 Hz, 1 H), 2.14
D2.25(m, 1H), 1.28D01.72 (m, 6 H), 0.98D1.26 (M, 3 H); *C NMR (DM SO-ds, 7545 MHz) 6
393 (d, Jec = 96 HZ), 382, 369, 364 (d, Jrec = 4 Hz), 323 (d, Jece = 5 HZ), 3185 (d, Jrcce =
18 Hz), 289; *'P NMR (DMSO-ds, 12147 MHz) 8 31.73 (s); MS (EI*) for C;H1305P, [M+H]*
miz177.

4-Phenyl-butyl phosphonic add®®

(Table 6.7, entry 3). The produd was obtained in more
than 95% purity as a light yellow solid after an aqueous acidic workup. m.p. = 90-92;C (lit.
93;C); *H NMR (CDCl3, 300MHz) 6 113 (bs 2 H), 6.85D7.4 (m, 5 H), 248D2.64 (m, 2 H),
152 D1.86 (m, 6 H); *C NMR (CDCls, 7545 MHz) § 1424, 1287 (4 C), 1261, 358, 327,
261 (d, Jrc = 149 Hz), 224; P NMR (CDCls, 12147 MHz) 6 3684 (s); MS (EI*) for
CioH1503P, [M+H]* mVz 215

Cinnamyl phosphonic add®’ (Table 6.7, entry 4). m.p. = 162164 C; *H NMR (DMSO-dk,
300MHz) 6 85 s 2 H), 7.9D7.5(m, 4 H), 6.46 (dd,J =16 Hz, J= 4 Hz, 1 H), 6.22(dd, J =
16 Hz, J = 8 Hz, 1 H), 2.64 (dd, Jup = 22 Hz, J = 7 Hz, 2 H); *C NMR (DMSO-ds, 7545 MHz)
8 1377 (d, Jrccec = 3 Hz), 1333 (d, Jrcce = 14 Hz), 1293 (2 C), 1279, 1265 (2 C), 1225 (d,

Jrcc = 11 Hz), 336 (d, Jpc = 134HZ); *'P NMR (DMSO-ds, 12147 MHz) 6 24.62 (s); MS (EI*)

for CgH1105P, [M+H]+ m/z 199.
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(1-Propyl-pent-1-enyl) phosphonic add®* (Table 6.7, entry 7). The produd was obtained in
more than 95% puiity as a yellow oil after an aqueous acidic workup. *H NMR (CDCl3, 300
MHz) 6 1107 (bs 2 H), 6.49 (dt, J=25Hz, J=7 Hz, 1 H), 1.992.4 (m, 4H), 1.15D1.65 (m,
4 H),0.7D1.1 (m, 6 H); *C NMR (CDCls, 7545MHz) § 1443 (d, Jecc = 9 Hz), 129(dd, Jpc =
188 Hz, J = 90 Hz), 294 (d, Jrcc = 19 HZ), 282 (d, Jrcce = 12 HZ), 215, 209, 131, 129; 3'p
NMR (CDCls, 12147 MHz) 6 2588 (s); MS (EI*) for CgH1703P, [M+H]" m/z 193.

Preparation of 3-(Benzyloxycarbonylamino)propyl phosphonic add®? (Table 6.7, entry 8).
To a0.5 M solution of concentrated H3PO, (0.264 g, 4 mmol, 2 eq) in DMF (4 ml) was added
benzyl N-(benzyloxycarbonylallylamine® (0.382g, 2 mmol, 1 eq), followed by Pd,dba; (0.0184
g, 0.020 mmol) and xantphos(0.0254 g, 0.044 mmol), at room temperature. The solution was
heated at 85;C unde N for 12 h. At tha point, *P NMR of the reaction mixture showed a pesk
at 31 ppm (doubkt) correspondng to the intermediate H-phogphinic acid. The reaction was
opened to air and heated at 11GC for 50 h. The reaction was conentrated unde reduced
pressure and the resduewas diluted with water and washed with EtOAc (1 x). Theorganic phese
was extracted with H,O (2 x) and the combined aqueousfractionswere washed with EtOAc (1
X), conentrated, and neutralized to pH 7.0 with agueous NaOH. The crudewas loaded at 5;C
(temperature indde the room) on a pad of Bio-Rad AG-1-X8 anion exchange resin (30 mL)
which had been pre-washed with 2 M triethylammonium bicarbonade buffer (EtsNH"HCO3;™ =
TEAB, 150mL), distilled water (150mL) and then equilibrated with 0.05M TEAB. Thecolumn
was then eluted with alinear gradient (150mL + 150 mL, 0.05-0.25 M) of TEAB, followed by a
find washing with 2M TEAB (300 mL). Fractions containing phoghomus were identified by a
(otal Phogphotus Content AssayOdescribed in the methods published by Avila and Ames.?*®
The early phoghowus-postive fractions contained H3PO; and/or H3PO,, and were discarded;
while the later phophorus-postive fractions were collected and concentrated to dryness. The
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resulting residue was dissolved in water, and passed down a short column of Dowex 50 (H").
The eluant was concentrated in vacuo to afford the produd as colorless crystals (0.470g, 86%).
m.p. = 98-10G;C (lit. 98-102C); 'H NMR (D,0, 300MHz) § 7.07 (s, 5 H), 477 (s, 2 H), 2.8 D
30 (m, 2 H), 1.35D1.65 (m, 4 H); 3P NMR (D0, 12147 MHz) 6 3183 (s); MS (EI*) for
C11H1sNOsP, [M+H]* m/z 274.

3-Chloro-phenyl phosphonic add®* (Table 6.7, entry 10). The produd was obtained as a
brown solid in more than 95% punty after an aqueous acidic workup, followed by
recrystallization from dichloromethane-hexanes. m.p. = 102104 C; *H NMR (DMSO-dg, 300
MHz) § 7.78 9.0 (bs 2 H), 7.0 D7.7 (m, 4 H); *C NMR (DMSO-ds, 7545 MHz) 6 1374 (d,
Jec = 178Hz), 1338 (d, Jecce = 18 Hz), 1315, 131.0 (d, Jeccc = 14 Hz), 1307 (d, Jpcc = 9 HZ),
1297 (d, Jecc = 7 Hz); **P NMR (DMSO-ds, 12147 MHz) 6 1506 (s); MS (EI*) for CsHsClOsP,
[M+H]* mz 192.

4-Methoxy-phenyl phosphonic add*® (Table 6.7, entry 11). m.p. = 177178 C (lit. 179, C);
'H NMR (DM SO-ds, 300MHz) 6 7.58 (dd, J = 12 Hz, J = 8 Hz, 2 H), 6.98 (dd, J = 8 Hz, J = 2
Hz, 2 H), 6.23 (bs 2 H), 3.8 (s, 3 H); *C NMR (DMSO-ds, 7545MHz) 6 1619 (d, Jpccec = 3
Hz), 1331 (d, Jeccc = 11 Hz, 2 C), 1262 (d, Jec = 188Hz), 1142 (d, Jecc = 15 Hz, 2 C), 559;
3P NMR (DMSO-ds, 12147 MHz) 6 1506 (s); MS (EI*) for C;HsO4P, [M+H]* m/z 189
4-(Carboxyphenyl) phosphonic add®® (Table 6.7, entry 12). The produd was obtained as a
white solid in more than 95% puity after an agqueous acidic workup, followed by
recrystallization from dichloromethane m.p. >300;C (lit. >300;C); *H NMR (DM SO-ds, 300
MHz) 6 6.9D8.5 (m, 7 H); *C NMR (DMSO-ds, 7545MHz) 6 1676, 1393 (d, Jec = 179H2),
1334, 1314 (d, Jecce = 10 Hz, 2 C), 1296 (d, Jecc = 14 Hz, 2 C); 3P NMR (DM SO-dg, 12147

MHz) 8 13.12(S); MS (EI") for C;HOsP, [M+H]* mVz 203.

232



Chapter Seven, Section 7.1.1

Palladium(l ) [NV,N’-Bis(3,5-di-tert-butylsalicylidene)-(R,R)-1,2-cyclohexanediamineg]
M olecule 86 %% Prepared from PdCl»/EtsN according to the procedure described in Ref. 218b.
IH NMR (CDCl3, 300MH2z) & 7.71 (s, 2 H), 7.43 (s, 2 H), 698 (d, J = 2 Hz, 2 H), 3.41 (bs 2

H), 2.59 (bs 2 H), 1.89 (bs 2 H), 1.10D1.75 (m, 40 H).

Chapter Seven, Section 7.1.2

Validation of NMR Assay

(a) Synthesis of Ethyl (1-naphthyl) phosphinate (Scheme 7.1). To a sugpenson of anilinum
hypophoghite (0.382 g, 2.4 mmol, 1.2 eq) and 3-aminopmopyltriethoxyslane (0.531 g. 2.4
mmol, 1.2 eq) in CH3CN (12 ml), was added 1-bromongphthdene (0.28 mL, 0.414 g, 2 mmol),
Pd(OAc), (0.009 g, 0.040 mmol, 2 mol% Pd), and BINAP (racemic) or (R)-BINAP (0.0288¢,
0.044 mmol). The reaction mixture was heated at reflux temperature for 8 h. After cooling to rt,
3p NMR andysis showed the produd at ~28 ppm (100% doubkt). The mixture was then
diluted with EtOAc and washed successively with ag. HCl (2 M). The ag. phase was extracted
with EtOAc (3 x) and the combined organic fractions were washed with saturated aqueous
NaHCO;3 (1 x) and brine. Drying over MgSO, and concentration afforded pure ethyl (1-ngphthyl)
phophinae (0.431g, 98% yield).

Ethyl (1-naphthyl) phosphinate (Scheme 7.1). *H NMR (CDCls, 300 MHz) " 843 (d, J =8
Hz, 1 H), 8.09(dd, J=7, 1Hz, 1 H), 8.07(d, J= 7 Hz, 1 H), 7.94(d, J = 563Hz, 1 H), 7.93(d, J =
8 Hz, 1 H), 7.75D7.89 (m, 1 H), 7.48-7.69 (M, 2 H), 4.054.29 (m, 2 H), 1.37 (t, J= 7 Hz, 3 H);
3P NMR (CDCl3, 12147 MHZ) " 26.76 (dm, J= 563 Hz).

(b) NMR Assay: Derivatization with (5)-(-)-(ax)-Methylbenzylamine/CCls. To a mixture of

the crudeethyl (1-ngphthyl) phogphinae (~20 mg) in CCl4 ((~1 mL) in an NMR tube was added
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an excesss of (9-(-)-(#)-methylbenzylamine at room temperature. The solutionis stirred for 2-4
h at room temperature, and then *'P NMR analysis is performed on the resulting crude mixture.
From (R)-BINAP: *'P NMR (CDCls, 12147 MHz) " 2094 (s, 609%, heght 1557); 2053 (s,
39.1%, height 114.8); epeights = 15%

HPLC Andysis: Produdl tg 37.919 min (Area=18.1365 units); Produd?2 tr 46.663 min (Area=
13.1633units); (SS-Whdk-01 Column (250 %4.6 mm, 5 um) from Regis Technologies, which
was accompanied with aguad column (Agilent Zorbax™ ODS, 4.6 x 125 mm, 5um), 1 mL/min
flow (isocratic) at r.t., uang as mobile phase a mixture hexanes/isopropanol, 7/3, v/v; ee = 16%
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From BINAP (racemic): *'P NMR (CDCls, 12147 MHZ) " 21507 (s, heght 1045); 21413(s,
haght 1100); egpeights) = 2.3%.

HPLC Andysis: Produdl tg 29.482 min (Area=20.1500 units); Produd2 tg 35995 min (Area=
20.0855untits); (SS-Whdk-01 Column (250 %4.6 mm, 5 um) from Regis Technologies, which
was accompanied with aguad column (Agilent Zorbax™ ODS, 4.6 x 125 mm, 5um), 1 mL/min
flow (isocratic) at r.t., usng as mobile phase a mixture hexanes/isopropanol, 7/3, v/iv; ee = 1.6%.
LC/MS: Time range (LC): 30.1-382 min, MS (EI") for CpH130.P, [M]" m/z 2201;

[NaphR(O)(OH)(H)+H]* mVz 193;[NaphROH)(H)+H]* mz 175: [Naph-+H]* 1291.
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Chapter Seven, Section 7.2.

General Procedures for the Desymmetrization of Chiral and Prochiral Alkyl Phogphinate
Estersvia Various C-P Bond Forming Reactions

(a) Preparation of Alkyl Phophinates

Method A: Pivaloyl Chloride-Mediated Esterification.’®***" (Note: Generally used in metal-
catalyzed reactiong. To a sugpenson of anilinum hypophoghite (0.318 g, 2 mmol, 2 eq) in
reagent grade CH3CN (12 B 15 mL), was addad pyridine (0.20 mL, 0.198 g, 2.5 mmol, 2.5 eq)
the corresponding acohol (3 mmol, 3 eq) and pivaoyl chloride (0.27 mL, 0.265g, 2.2 mmol, 2.2
eq) at room tempeature unde N,. The resulting solution is stirred at room temperature for 2
hours. If successful, **P NMR monitoring of the reaction mixture shows the appearance of the
expected alkyl phogphinate in therangeof 7 B20 ppm The solutionis used in situ for the next
reaction.

Method B: Transesterification with Phenyl Phosphinate’*!8%2 (Note: Mog effective
methodin general, applicable in metal-catalyzed processes and nudeophilic addition reactions).
To asolution of freshly conaentrated H3PO, (0.132 g, 2 mmol, 2 eq) in reagent grade CH3CN (12
- 15mL), was added (Ph0),Si* (0.800g, 2 mmol, 2 eq) and the corresponding alcohol (4 mmol,
4 eq). Theresulting sugpenson is heated at reflux temperature for 2 hours unde Ny. 3P NMR

andysisis used to monitor the progress of thereaction. The appearance of a peak in therangeof
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7- 20 pppm with the adequae multiplicity [t(x), x=s, d, t, etc.] indicates a successful formation
of akyl phophinae. The sugpensionis cooled to roomtemperature and used in situ for the next
reaction. Alternaively, a stock solution can be prepared and used within a period no longe than
aweek.

Method C: Dean-Stark Esterification. (Note: Applicable in base-promoted alkylation and
free radical-mediated addition reactions Generally prepared as stock solution and used
immediately or within a week. It requires storing unde N,). A mixture of H3PO, (1 eq), the
corresponding alcohol (1.5 B2 eq) and a drop of H,SO, in reagent grade cyclohexane (0.40 M
relative to the amount of acid) is heated at reflux temperature uang a Dean-Stark trap (prefilled
with cyclohexane) for 12 to 20 h, according to the progress of the reaction (by P NMR

andysis).

General Proceduresfor the C-P Bond Forming Reactions (Tables 7.2 & 7.3)

Pd-Catalyzed Hydrophosphinylation.*® To a solution of alkyl phogphinae (2 mmol, 2 eqg) in
CH3CN was added an alkene (1 mmol, 1 eq), Pd>dba (0.0092g, 0.01 mmol, 2 mol% Pd) and
xantphos(0.0127g, 0.022 mmol) at room temperature. The solution was heated at reflux (7-14
h), or stirred at room temperature (30-60 h) under nitrogen. After cooling to r.t., P NMR
andysis was used to deemine the diastereomeric excess (de) achieved. The workup of the
reaction was peaformed as follows. the mixture was diluted with EtOAc and washed with 2 M
aqueousHCI (1 x), followed by extraction of the aqueousphase with EtOAc (2 x). The organic
fractions were combined and washed with saturated aqueous NaHCO;3 (1 x) and brine (1 x).
Drying and concentration furnished the crudecompound,which was purfied by radial or column
chromatography usng mixtures Hex/EtOAcC.

62,63

Pd-Catalyzed Cross-Coupling. To a solution of akyl phoghinae (2 mmol, 3 eq) in

CH3CN was addad an aryl hdide (0.7 mmol, 1 eq), EtsN (0.28 mL, 0.202 g, 2 mmol, 3 eq),
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Pd(OAc), (0.0032 g, 0.014 mmol, 2 mol% Pd) and dppp (0.0064 g, 0.0154 mmol) at room
temperature. The solution was heated at reflux temperature (7 h), under nitrogen. *'P NMR
andysis andlor workup were peaformed as indicated above for the Pd-catalyzed
hydrophophinylation reaction.

Ni-Catalyzed Hydrophosphinylation.*® To a solution of akyl phogphinae (2 mmol, 2 eq) in
CH3CN was addead an internd alkyne (1 mmol, 1 eq) and NiCl, (0.0052g, 0.04 mmol) at room
temperature. The solution was heated at reflux temperature (12 h), unde nitrogen. *'P NMR
andysis andlor workup were peaformed as indicated above for the Pd-catalyzed
hydrophophinylation reaction.

Nucleophilic Addition Reactions.® To a solution of akyl phophinae (2 mmol, 1.2 eq) in
CH3CN was added a carbonyl-containing of an «a,f-unsaturated compound (1.7 mmol, 1.0 eq),
followed by the corresponding base, either iProNEt (0.24 mL, 0.220g, 1.7 mmol, 1 eq) or TMG
(0.22mL, 0.196g, 1.7 mmoal, 1 eq) and the reactionswere stirred at room temperature for 2 to 4
h. *'P NMR andysis and/or workup were peformed as indicated above for the Pd-catalyzed
hydrophophinylation reaction.

EtsB- and AIBN-Mediated Radical Addition.*®* A 0.4 M solution of alkyl phogphinate (5
mL, 2 mmol, 3 eq) in cyclohexanes (Dean-Stark esterification) was diluted with reagent grade
CH3CN (5 mL), and an akeneor akyne (0.7 mmoal, 1 eq), followed by the corresponding radical
initiator. (@) AIBN (0.2 eq) followed by heating at reflux temperature for 15 h, before another
addition of AIBN (0.3 eq) and hesating for anothe 15 h unde N; or (b) EtsB (0.7 mmol, 1 eq)
followed by stirring at room temperature for 18-24 h unde air. **P NMR andysis, evaporation
and/or workup were performed as indicated above for the Pd-catalyzed hydrophophinylation

reaction.
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Base-Promoted Alkylation.”” A 0.4 M solution of alkyl phohinate (5 mL, 2 mmol, 1.5 eq) in
cyclohexanes (Dean-Stark esterification) was diluted with anhydrous THF (5 mL), and an akyl
iodide (1.33 mmol, 1 eq), followed by n-BuLi (1.6 M in hexanes, 1.1 mL, 1.73 mmol, 1.3 eq) or
a solution of n-BuLi/(-)-sparteine (1/1, previoudy stirred at -78;C for 15 min) were added at -
78iC unde N,. After addition of BuLi, the reaction was dowly alowed to reach room
temperature (1.5 h). 3P NMR andysis, and/or workup (quenching with 20% aqueous NaHSO,,),
followed by extraction with EtOAc and purification were performed, as described abovefor the

Pd-catalyzed hydrophoghinylation reaction.

Chapter Seven, Section 7.2.1

Representative Procedure for the Desymmetrization of Alkyl Phosphinates via Pd-
Catalyzed Hydrophosphinylation.  Preparation of (1R,2S,5R)-5-Methyl-2-(1-methyl-1-
phenylethyl)cyclohexyl (2-(2-bromo-phenyl)-ethyl) phoghinate (Table 7.2, entry 23b). Toa
solution of concentrated H3PO, (0.132 g, 2 mmol, 2 eg) in CH3CN (15 mL) were addel
(Ph0),Si* (0.800 g, 2 mmol, 2 eq) and (-)-8-phenylmenthol”® (0.930 g, 4 mmol, 4 eq). The
reaction was heated at reflux temperature for 2 hours unde N, and then cooled down to room
temperature. 2-Bromogyrene (0.13 mL, 0.183g, 1 mmol, 1 eq), Pd.dba (0.0092g, 0.01 mmol)
and xantphos (0.0127 g, 0.022 mmol) were added at room temperature in tha order, and the
reaction was stirred at room temperature for 50 h. The diastereomeric excess from the crude
mixture was 67% according to the integrals from the P NMR spectra. The reaction was diluted
with EtOAc and washed with 2 M aqueous HCI (1 x). The agqueous layer was extracted with
EtOAc (2 x) and the combined organic fractions were washed with saturated aqueous NaHCO3
(1 x) and then brine (1 x). Drying over MgSO,, filtration and conaentration gave the crude

compound. Purification by radial chromatography (2 mm thickness, hexanes/EtOAc 5:1, viv,
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EtOAc) furnished 0.264 g of the produd as a clear oil (57%Yyield). 3P NMR showed the produd

asamixture of diastereoisomers (R-/Sp) with ade= 70%

(1R,25,5R)-5-Methyl-2-(1-methyl-1-phenylethyl)cyclohexyl octylphosphinate (Table 7.2,
entry 23a) Mixture of isomers (R/S). *H NMR (CDCls, 300 MHz) " 7.22 D 7.41 (m, 8 H),
7.07D7.17 (m, 2 H), 7.02(d, Jup = 519Hz, 1 H), 6.64 (d, Jup = 528 Hz, 1 H), 435545 (m, 1
H), 412D4.3 (m, 1 H), 1.97 D23 (m, 4 H), 1.581.81 (m, 4 H), 1.0 D1.57 (m, 44 H), 0.78 B
1.0 (m, 16 H); *C NMR (CDCls, 7545 MHz) " 1525, 1519, 1281 (2 C), 1280 (2 C), 1257 (2
C), 1255 (2 C), 1253, 1251, 790 and 784 (2xd, Jeoc = 7 Hz, 2 C), 51.7 and 516 (2xd, Jrocc =
6 Hz, 2 C), 448, 418, 39.9, 398, 34.6, 319, 317 (d, Jecc = 11 HZ), 315, 305 (d, Jeccc = 16
Hz), 299, 30.2 (d, Jecce = 15 Hz), 29.3 (d, Joc = 94 HZ), 29.2, 28.3, 282 (d, Jec = 96 HZ), 26.6,
249,246,228,220,219,210, 204, 143; *P NMR (CDCls, 12147 MHz) " 39.36 (dd, Jps =
528Hz, J = 11 Hz, 205%), 3355 (dm, J py = 519Hz, 795%); HRMS (Cl) calcd. for CasHaO-P
(M+H)* 3932922 found3932916.

(1R,25,5R)-5-Methyl-2-(1-methyl-1-phenylethyl)cyclohexyl (2-(2-bromo-phenyl)-ethyl)
phosphinate (Table 7.2, entry 23b). Mixture of isomers (R/Ss). *H NMR (CDCls, 300 MHz)
" 707 (ddd,Jup = 527Hz, J = 2 Hz, J = 1 Hz, 1 H), 7.02D7.56 (m, 18 H), 6.80 (dt, Jup = 537
Hz, J= 2 Hz, 1 H), 438D4.53(m, 1 H), 41994.32(m, 1 H), 3.45D3.61(m, 2 H), 25152.85
(m, 2H), 2.0 B2.15 (m, 4 H), 0.81 B 1.89 (m, 34 H); *C NMR (CDCl;, 7545 MHz) " 1517,
1396, 1332, 1304, 1286 (d, Jrccc = 14 HZ), 1281 (2 C), 1278, 1260, 1258 (2 C), 1252, 774
(d, Jpoc = 8 Hz), 518 (d, Jrocc = 7 Hz), 455, 419, 400, 34.6, 315, 280, 27.9 (d, Jrc = 95 H2),
267,250, 220;*PNMR (CDCls, 12147 MHz) " 3691 (dm, Jm = 537 Hz, 155%), 31.09 (dm,
Jy = 527 Hz, 855%); HRMS (APCI) calcd. for BrCaHs0,P (M+H)* 4631401, found

4631412.
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(1R,2S,5R)-5-M ethyl-2-(1-methyl-1-phenylethyl)cyclohexyl (3,3,-dimethyl-butyl)
phosphinate (Table 7.2, entry 23f). Mixture of isomers (R/Sp). *H NMR (CDCls, 300 MHz) "
7.22D7.41(m, 8 H), 7.07D7.17 (m, 2 H), 7.02(d, Jup = 519Hz, 1 H), 6.64 (d, Jup = 528 Hz, 1
H), 435D4.5 (m, 1 H), 412D4.3 (m, 1 H), 1.9792.3 (m, 4 H), 1.581.81(m, 4 H), 1.0 D157
(m, 44 H), 0.78 1.0 (m, 16 H); *'P NMR (CDCls, 12147 MHz) " 39.36 (dd, Jmy = 528Hz, J =
11 Hz, 20.5%), 3355 (dm, J gy = 519 Hz, 795%).

2-(1-Methyl-1-phenylethyl)cyclohexyl odylphosphinate (Table 7.2, entry 26a). Mixture of
isomers (Re/S). *H NMR (CDCls, 300MHz) " 7.22D7.43 (m, 8 H), 7.07 D 7.19 (m, 2 H), 7.0
(d, Jup = 524 Hz, 1 H), 6.76 (d, Jup = 530 Hz, 1 H), 4.30D4.47 (m, 1 H), 4.07 D4.28 (m, 1 H),
1.9992.19 (m, 4 H), 1.59D1.82 (m, 6 H), 0.98D1.50 (m, 48 H), 0.89 (t, J = 7 Hz, 6 H); 3'P
NMR (CDCls, 12147 MHz) " 3923 (dm, Je = 530 Hz, 28.4%), 3341 (dd, Jpy = 524Hz, J= 6
Hz, 71.6%).

2-[1,1-Dimethyl-1-(3,5-diiso-pr opylphenylmethyl)]cyclohexyl octylphosphinate (Table 7.2,
entry 27). Mixture of isomers (R/Sp); 78%purity. P NMR (CDCls, 12147 MHz) " 4143 (dd,
Jpn =524 Hz, 195%), 3591 (dm, J py = 523 Hz, 59.0%). Minor unidentified produds: 26.1 (dm,

10.1%), 22.7 (dm, 11.3%).

Chapter Seven, Section 7.2.2

(1R,25,5R)-5-Methyl-2-(1-methyl-1-phenylethyl)cyclohexyl phenylphosphinate (Table 7.3,
entry 3a). Mixture of isomers (R/S). *H NMR (CDCls, 300MHz) " 7.63 (d, Jup = 551 Hz, 1
H), 7.26 (d, Jup = 564 Hz, 1 H), 6.93D7.61(m, 20 H), 4.44D4.62 (m, 2 H), 1.022.32 (m, 28
H), 0.78 ©0.96 (m, 6 H); *C NMR (CDCls, 7545 MHz) " 1518, 1516, 1339 and 1320 (2xd,
Jpc = 119Hz, 2 C), 1328 (m, 2 C), 1309 and 1306 (2xd, Jrcc = 12Hz, 2 C), 1292 (2 C), 1287

and 1286 (2xd, Jeccc = 14 Hz, 4 C), 1282 (2 C), 1279 (2 C), 1257, 1256, 1254 (2 C), 1244,
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1202, 789 and 78.3 (2xd, Jroc = 7 Hz, 2 C), 523 and 52.1 (2xd, Jrocc = 6 Hz, 2 C), 448, 426,
403,402, 346,317,283,279 (2 C), 274,271,269, 26.1, 258, 220, 219; P NMR (CDCl3,
12147 MHz) " 2417 (dm, Jpu = 564 Hz, 446%), 19.34 (dm, Jmy = 551 Hz, 554%); HRMS (CI)
calcd. for CoHaOoP (M+H)* 357.1983,found357.1979.
2-(1-Methyl-1-phenylethyl)cyclohexyl (2-cyanoethyl) phogphinate (Table 7.3, entry 4b).
Mixture of isomers (Re/Sp). *H NMR (CDCls, 300MHz) " 7.25D7.41 (m, 8 H), 7.14D7.24 (m,
2 H), 7.10(ddd, Jup = 539Hz, J = 4 Hz, J = 1 Hz, 1 H), 6.83(dd, Jup = 553Hz, J = 1 Hz, 1 H),
434D4.48 (m, 1 H), 413D4.29 (m, 1 H), 2.07D2.38 (m, 8 H), 1.69D2.02 (m, 6 H), .08
1.64 (m, 24 H); 3P NMR (CDCls, 12147 MHz) " 31.32 (dm, Jsy = 553 Hz, 34.3%), 250 (dm,
Jp = 539 Hz, 65.7%).

2-(1-Methyl-1-phenylethyl)cyclohexyl octylphosphinate (Table 7.3, entry 4¢). Mixture of
isomers (R/Sp). **P NMR (CDCls, 12147 MHz) " 3923 (dm, Jer = 530 Hz, 49.9%), 3341 (dd,
Jpn = 524 Hz, J = 6 Hz, 254%). Two othea unidentified produds. " 44.79 (dm, Jey = 379 Hz,
159%), 32.13 (dm, Jpy = 556 Hz, 8.9%).

2-(1-Methyl-1-phenylethyl)cyclohexyl methylphogphinate (Table 7.3, entry 4h). Mixture of
isomers (Ro/Sp). *H NMR (CDCls, 300MHz) " 7.22D7.38(m, 8 H), 7.16 (dq, Jup = 532Hz, J =
2 Hz, 1 H), 707D7.17 (m, 2 H), 6.89 (dg, Jup = 537 Hz, J = 2 Hz, 1 H), 4.30D4.44 (m, 1 H),
407D4.23(m, 1 H), 208D2.32(m, 4 H), 1.62D1.87 (m, 6 H), 1.32D159 (m, 8 H), 1.18 D
1.30 (m, 10 H), 0.96 1.06 (m, 8 H); *'P NMR (CDCl3, 12147 MHz) " 3451 (ddd, Jpy = 537

Hz, J=15Hz, J=10Hz, 60.4%), 2755 (ddd Jp = 532Hz, J = 16 Hz, J= 7 Hz, 39.6%).
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ABSTRACT

NEW METHODOLOGIES FOR THE PREPARATION OF ORGANOPHOSPHORUS
COMPOUNDS VIA CARBON-PHOSPHORUS BOND FORMATION

by Karla Bravo-Altamirano, Ph.D., 2007
Depatment of Chemistry
Texas Chrigtian University
Dissertation Advisor: Jean-Luc Montchamp, Assodate Professor

Thework developdl in this dissertation consists in the development of new methodobgies for the
preparation of H-phophinic acid derivatives and thar P-chiral counerparts. Special emphasisis
given to the role of H-phophinaes as ussful synthonsfor organophoghorus compoundsvia
tandem processes. A review of the mod relevant literature in terms of the preparation
methodobgies and reactivity of H-phoghinic acid derivatives is provided in Chapter I. The
following chepter describes the addition of hypophoghomus compounds to unsaturated
subdrates in presence of metal-cataysts. The mechanism, regioselectivity on akynes, and
reactivity of subgituted alkenes, alenes, alenols, and 1,3-dienes as subdrates in a pdladium-
catalyzed hydrophoghinylation was investigaed. A novd akyne hydrophosphinylation
catalyzed by nickd chloride or its hydrate in the absence of added ligand was discovered and
exploited in the synthess of variousimportant organophosphorus compounds. The third chapter

details a tanden esterification ! cross-coupling reaction of alkyl phoghinaes with aryl,

heteroaryl, akenyl, and benzylic hdides and triflates. Thus the reaction of the electrophiic
subdrate with a hypophophomusacid salt, in the presence of a silicate, a base and the pdladium
catalyst provided directly a wide variety of H-phoghinaes, which were not accessible
previoudy. In the following chapter, trangtion metal-catalyzed reactions of hypophoghomus
compoundswith alylic electrophiles are disclosed. Allylic acetates, benzoaes and carbondes

undego an effective cross-coupling in the presence of pdladium catalysts where pure H-



phoghinic acids can be isolated by a smple acidic work-up or esterified in situ to the
correspondng H-phoghinae esters. Chgpter V describes a pdladium-catalyzed dehydrative
alylation of hypophoghomusacid with alylic alcohols, in the absence of additives. The next
chepter focuses on P-H bond activation of H-phoghinaes through catalytic alylation and
oxidaion strategies, which lead to disubgituted phoghinic acid and phoghonc acids
respectively. In the last chgpter, desymmetrization strategies to access P-chira H-phophinaes
are reported. Two different avenues are explored: the use of chiral ligandsin pdladium-catalyzed
reactions and the use of chiral auxiliaries by means of esterification of hypophosphorous acid

with chird dcohds, whee 8-phenylmenthd provides, in a pdladium-catayzed

hydrophosphinylation reaction, our best result with around70% diastereomeric excess.



