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Chapter One: Background, Preparation and Reactivity of Organophosphorus Compounds

The preparation of organophosphorus compounds is of vital importance due to their many
applications in agriculture (herbicides and pesticides), pharmaceuticals, detergents, additives for
oilfield production, flame retardants, extractants for metals, chain transfer agents in polymer
synthesis, and ligands in organometallic catalysis." The preparation of all organophosphorus
compounds on a large scale involves the use of phosphorus-halogen reagents such as phosphorus
trichloride (PCls). Industrial processes involving PCls, which is derived from elemental
phosphorus P4, give off large amounts of hydrogen chloride (HCI), which is toxic to the
environment and causes corrosion problems.” Therefore, the study of alternative methods to
prepare organophosphorus compounds via P-C and P-O bond formation is not only important in
reducing hazardous waste products, but also in understanding how to increase efficiency of
reactions and obtain unique phosphorus-containing substrates that might not be obtainable with
established methods. The following dissertation will summarize the continued examination of
hypophosphorous acid, (HO)P(O)H,, as an alternative feedstock to prepare relevant
organophosphorus compounds.

Organophosphorus compounds (1a — 1h) are classified into a variety of different groups
as summarized in Chart 1.1. Various organophosphorus compounds are also identified by their
unique coordination number with the ¢ bond representing the number of direct bonds to the
phosphorus and A representing the valency or total number of bonds (¢ and = bonds). For
example, (HO)P(O)H, is described as o, A°. This dissertation will primarily focus on the

42> phosphorus compounds: H-phosphonates (le) and H-

preparation of the class of o
phosphinates (1f). These particular classes of compounds contain the phosphinylidene moiety

[P(O)H] through which they can tautomerize between the P(V) and P(I11) forms with the



Chart 1.1 Classification and Nomenclature of Selected Organophosphorus Compounds

R—P\ la
R>
.. ORy
RO—P_ 1b
OR,
o)
R—I|3|:R1 lc
R,
D or
RO—P] ° 1d
OR,
o)
_'Fl:ORl 1e
OR,
7 R
R—P. 1f
OR,
iR
R—P] 19
R>
OBH,
@l /Rl 1h
_P\
R>
9 or
HN—P Li
OR,
R\®/R2
P 1k
R1 R3

Phosphines

Phosphite

Phosphine Oxides

Phosphates

Phosphonates

Phosphinates

Phosphine Sulfides

Phosphine Boranes

Amidophosphinate

Phosphonium

R, R1, R2 = H, alkyl or aryl

R, R1, R, = H, alkyl or aryl

R, R1, Rz = alkyl or aryl

R, Rl, R2 =H
phosphoric acid
R, R1, Rz = alkyl or aryl

R, Rl, R2 =H

phosphorous acid

R =H; Ry, Ry, = alkyl, aryl
H-Phosphonate or dialkyl
phosphite

R, Rl, R2 =H
hypophosphorous acid

R, R1 = H; Ry =alkyl, aryl
alkyl hypophosphite or
alkyl phosphinate

R, R1, Rz = H, alkyl, aryl;
also —OR (H, alkyl, aryl)

R, R1, Rz = H, alkyl, aryl;
also —OR (H, alkyl, aryl)

R, Ry =H, alkyl or aryl

R,R1, Rz, Rz =
H, alkyl or aryl

equilibrium highly favoring the P(V) form (Scheme 1.1). The phosphinylidene tautomeric

equilibrium is an important thermodynamic and kinetic barrier to overcome in the development



of P-C and P-O forming reactions, and the initial study of this phenomenon will be discussed
further in Chapter 2.

To note, although the depiction of P=O bond is well established and considered
conventional in the field, the simple resonance representation (2) is a more useful one because of

the electronegativities of oxygen and phosphorus (Scheme 1.1).

Scheme 1.1 Tautomerization of Phosphinylidene Compounds

)
o}
n R ®l _R - - OR1 | HgpPO, K ~10-12
H—P_ H=P HO =P, (RO),P(O)(H) K ~10-6
OR; OR, R
P(V)-"ic" 2 3
P(Ill)-"ous"

1.1 Preparation of H-phosphinic Acid Compounds as Flexible Organophosphorus
Intermediates

The last few years has seen the continued development of H-phosphinic acid derivatives
as targeted intermediates primarily due to their versatility. They can be converted to a variety of
useful phosphorus-containing compounds such as phosphinates, phosphonates, phosphine
oxides, thiophosphonates and phosphoramidites (Scheme 1.2). As biological targets, mono- and
di-substituted phosphinic acid compounds are interesting isosteres of their carboxylic acid
analogs for the inhibition of enzymes because they can form similar tetrahedral transition state
geometries and hinder a normal reaction pathway.® Phosphinic acid compounds also make
hydrolytically and enzymatically stable replacements of phosphates like oligonucleotides for
anti-sense DNA and RNA molecules.* Chart 1.2 illustrates some interesting examples of

biologically active phosphinic acid compounds.



Scheme 1.2 Conversion of H-phosphinate substrates to other useful phosphorus functional

groups.

(0] /
[l _H

RO—P_
H
hypophosphorous
derivatives [ H
,C . R, I|_OR
Rl_P\ Rl_P\ Rl_P\ Rl_P\
Cl H H NR1R?2

Chart 1.2 Examples of phosphinic acid compounds used for biological applications.>*™*
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o 25 on
&Y A
HO\P v N poH . OH
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e

H H

S
o @) o
HaN \\W N/\P/\/\/\®/\/\/NH3
H o H N\

Phosphinate analog of glutathionyl spermidine (GSP)
Inhibitor of GSP synthase3



The H-phosphinic acid analog of GABA (CGP27492) displayed an order of magnitude increase
of biological activity as potent inhibitor of the GABAg receptor.®® The development and study of
Hepatitis C protease inhibitor GS-9256, currently in FDA stage 2B clinical trials, is another
example of a phosphinic acid bioisostere having similar activity as Ciluprevir, the carboxylate
lead compound.’® Sheng et al easily customized the phosphinate with different benzylic groups
to complete structural-activity relationship studies to ascertain that the ortho-difluorobenzyl
group provided the most potent inhibitor.)® Also of note are the easily customizable cyclic
polyaminophosphinates as lanthanide chelators for use as radiopharmaceuticals for tissue
selective MRI or PET imaging applications.”

As mentioned previously, phosphinates have many industrial applications. Chart 1.3
shows a few examples of phosphinates used for various purposes. Long chain alkyl phosphinates
prepared using radical methods make good anionic surfactants in detergent

Chart 1.3 Phosphinic acid compounds used in industrial applications.**™°

@]
NaO _II R
/P/\/
Hdetergent O
O
/ (0]
0 Pl I o)
Ilil _OH (|) H l|3 . HOI m
P
~"coH OH H™ >(\N o) "
0~ "OH 07 “OH Hc” SonH HO o
- phosphinoacrylate polymers aminoalkyphosphinate/
Carb?endﬁrcrgfs'on flamlg(r)ei(ijr dant cement additives polyacrylate polymers
scale inhibitor oilfield scale inhibitors
chemistry.> DOPO and its structural derivatives are high performing halogen free flame

retardants for epoxy resins which mechanistically work as a hydroxyl radical scavenger in the

gas phase and form thermally stable polymers at charring temperatures.*® Phosphinate containing
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monomers co-polymerized with polyacrylate or polymaleic acid are effective for many
applications such as water treatment sequestration agents to prevent the crystallization of mineral
scale (ie. CaCOs, BaSO,) under reduced temperature and pressure conditions** and also as
additives to control setting times for cement used to seal metal casings that line a newly drilled

oil well.*®

1.2 Synthesis of H-phosphinic Acid Compounds through the Formation of P-C Bonds
1.2.1 Preparation of Alkyl Hypophosphite Starting Materials

Alkyl phosphinates (also known as hypophosphite esters, (RO)P(O)H,) are important
intermediates in the preparation of H-phosphinic acid derivatives."*® Due to the extreme
reactivity of these compounds, they are highly sensitive to moisture, air oxidation and thermal
decomposition, and therefore only used in solution. Many methods have been developed to
prepare alkyl hypophosphites, but only a few are consistently utilized. The easiest procedures for

the preparation of alkyl phosphinates are the Dean-Stark esterification developed by Nifant’ev

Scheme 1.3 Various methods to prepare alkyl hypophosphites.

o)
Il _H
a) HO—P

N

H

D/S trap (-H,0), reflux
ROH 2

]
|| _H R'Si(OR)4 l H PivCl ® © |Il_H
b) MO — ——» RO _p/ <—thH3O—P\ +ROH €)
solvent, A pyridine H
CH4CN, rt
M = H, PhNH3, NH,
ROH ~solvent, A
(RO);CH\4°C tort
O
|| _H Il _H
c) PhO— P HO—P\ d)
H H



(Scheme 1.3a)"" and the alkoxysilane-mediated esterification developed by Montchamp (Scheme
1.3b)."®%% When a specific orthosilicate is not commercially available, phenyl hypophosphite,
initially prepared by using tetraphenoxysilane, can be transesterified in situ with a specific
alcohol (Scheme 1.3 c).?’ Methyl and ethyl hypophosphite esters may be prepared via the
esterification of anhydrous crystalline hyposphosphorous acid with the corresponding trialkyl
orthoformate (Scheme 1.3 d).?“% In addition to fact that excessively dried HsPO, can degrade to
dangerous phosphine gas, this protocol also forms P-alkylated by-products via a P(lll)
mechanism.?*#* Finally, Montchamp developed a modified Stawinski method® using pivaloyl
chloride as a condensing agent with anilinium hypophosphite, pyridine and an alcohol to form

20,26

the desired alkyl phosphinate (Scheme 1.3 e).

1.2.2 Nucleophilic Addition and Substitution Reactions of Silyl Phosphonites

The preparation and extensive use of bis(trimethylsiloxy)phosphine (BTSP) was reported
by several groups for synthesis of H-phosphinic acids. Although an efficient way to trap the
P(111) tautomer via silylation, BTSP is pyrophoric and it must be prepared and used in solution.
Scheme 1.4 shows the initial preparation of BTSP and subsequent reactions with alkyl halides,?’

29-31

imines,?® activated alkenes?®*! and aldehydes.*

Scheme 1.4 Preparation of H-phosphinic acids using BTSP.

activated R—X HO _I
MeOH or Hz0® ~PHR)
R
X Rz HNT 2
o Ry N
TMS,NH, A TMSO * * T weon
Mol : [ “p—H ] MeOH R, PO,H,
H MesSiCl, i-ProNEt | VSO EWG T X PO,
M =NH4 orH BTSP —F X X X EWG
SP. Hz0®
used in situ
(pyrophoric) OH
RC(O)H
H,0® R, PO,H,



1.2.3 Nucleophilic Addition Reactions of Hypophosphorous Compounds

Alkyl phosphinates can nucleophilically add to carbonyl-containing compounds
(aldehydes, ketones) or activated alkenes (Michael acceptors).’® Preparation of a-
aminophosphinic acids may be completed at reflux using the phospha-Mannich or Kabachnik-
Fields reaction typically with an aldehyde, an amine and hypophosphorous acid or one of its

33

salts.” A more efficient method was reported by Kaboudin using an alkylammonium

hypophospite salt with an aldehyde under microwave irradiation for up to 2 minutes (Eq. 1.1).%*

' (0]
o) MW R
© o f| u )iy .~ %g _OH
RNH3;O—P * 0.5 to 2 min y
H R H neat RHN (Eg. 1.1)
A, 180 W T

R = Ph, Cy, (R)-(+)-1-phenylethyl ' 65 - 80% vyield
R'= Aryl, Alkyl

Cristau published a series of papers detailing the synthesis of phosphinopeptides using alkyl

phosphinates and subsequently reacted with imines or hexahydrotriazines (Eq. 1.2).>*" To note,

21,22
d

an effort to optimize the yield of ethyl phosphinate prepared by the orthoformate metho was
also accomplished in this study.
~ Rt

0 0 R [ “ ™pR1 0

l_H _ HC(OR) - o hH NTORE o IR
HO —P > RO— > RO —

“H  tol/THF (1:1) “H MeOH or EtOH Yy A (Eq. 1.2)
5°C, 1h R = Et, 56 - 89% yield reflux
R = Me, Et R =Me, 95 - 99 % yield 79 - 89% yield

Finally, an asymmetric nucleophilic addition of methylphosphinate to aldehydes was developed
using a chiral aluminum-lithium BINOL (ALB) complex as a catalyst.® In the following studies

by Yokomatsu, a-aminoaldehydes were wused to prepare derivatives of R-amino-a-



hydroxyphosphinic acid diastereoselectively for potential applications as HIV protease inhibitors

(Eq. 1.3).34°

o)
[l _H
- NBn, O
NBn, EtO—P NBnz 2]
: R " "OEt R " OEt
R™ “CHO (S)- or (R)-ALB : (Eq. 1.3)
20 mol%) OH OH
a: R = CH,Ph (
b R=iB. THF, -40 °C syn anti

Bu
= @,
( O Le|> OO a: (R)-ALB, syn/anti = 87:13, 66% yield
ALB = C):A| <O (S)-ALB, syn/anti = 6:94, 56% vyield
0] @] ; :
b: (R)-ALB, syn/anti = 94:6, 54% vyield
O‘ OO (S)-ALB, syn/anti = 2:98, 71% yield

1.2.4 Hydrolysis or Alcoholysis of Chlorophosphines

Alkyl- or aryl-H-phosphinic acids such as PhP(O)(OH)H may be simply prepared from
the hydrolysis of their corresponding dichlorophosphine (RPCL,).** In a recent application to
prepare ligands for dinuclear Ni(Il) complexes, PhP(O)(OH)H was prepared by slow addition of
PhPCI, to cold degassed deionized water and stirred until a white precipitate formed.** The ethyl
ester, PhP(O)(OEt)H, was synthesized in a similar way with an ethanol and pyridine solution

added slowly to PhPCI, and allowed to sit without stirring for 24 hours (Eq. 1.4).*®

1) EtOH, pyr. o)
,C| toluene, rt, 24h II/OEt
Ph—P_ > Ph—P_
cl 2) NaHCO3 (ag. sat.) H (Eq. 1.4)
76% yield

1.2.5 Direct Alkylation of Alkyl Phosphinates
Gallagher et al. examined the alkylation of isopropyl phosphinate (i-PrOP(O)H;) with
alkyl halides and using sodium isoproxide as the base (Eq. 1.5).** Only more hindered secondary

alkyl phosphinate esters can be used under these conditions because they are less reactive



towards dealkylation from the strong base and forming a hypophosphite anion. For this reason,

more robust methodology needed to be developed to alkylate alkyl hyposphosphites.

i1 H R—X (1eq) IR
i-Pro—p’ >  i-Pro—P’ (Eq. 1.5)
“H i-PrONa (1 eq., slow addition) “H
THF/i-PrOH, rt

5 examples
RX = CHjl, CH,=CHCH,Br, BnBr, n-CsH14l, Br(CH,)Br 50 - 90% vyield

Montchamp and co-workers also developed an n-butyllithium-promoted alkylation procedure
between primary alkyl hypophospites and reactive electrophiles like alkyl iodides and
allyl/benzylic bromides (Eq. 1.6).*> Furthermore, the use of DBU as a base was also reported.
This method showed versatility between types of phosphorus compounds studied (phosphinates

and phosphonates) and less reactive alkyl halides (Eq. 1.7).%

H n-BuLi (1.2 eq.) I, R
RO—P~ + RyX(Leq) =~ > RO—P]
“H THF, -78 °C to rt H
R = Me, Et, Bu, Bn 15 exampl_es (Eq' 1'6)
R, = alkyl, allyl, benzyl 39 - 82% vyield
(0]
i H DBU (1.1 eq.) I1,R1
RO —P + RiX(1.1leq) > RO—P\
N solvent, -20 °C to rt H
: (Eq. 1.7)
12 examples
R = Me, Et, Bu, Bn, Men 53 - 83% yield

R, = alkyl, alkenyl, allyl, benzyl

1.2.6 Ciba-Geigy Methodology

Gallagher introduced the dialkoxymethylation of phosphinic and phosphonic acids using
trialkoxyorthoformate under acidic conditions.”®*** The chemists at the former Ciba-Geigy
corporation realized the opportunity to protect a P-H bond in H3PO, with a series of different

reagents (3, 4, 5, Scheme 1.5) whereby the P-H bond could be unmasked when needed in the
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next step of the synthetic sequence.®%*™2 An addition of a protection/deprotection step,

however, may not be ideal as the acidic condition to remove the acetal protecting group may not

be compatible with more complex compounds with acid labile groups.

Scheme 1.5 Reactions with Ciba-Geigy Reagents and conversion to H-phosphinates.

NaH, R2X (IDI/RZ
———> RO—P_
AR O
EWG ™ ™ EW
—— RO—IlZl\/\/ ©
Na, EtOH H From:
4aand 53, R=H
(0] after ag. HCI, A
R2X Il _R2
> RO—P, 4b and 5b, R = Et
after TMSCI/EtgN, rt
EWG” X

Eto O
R1C(OEt || _OEt
H3PO, (anh.) (OEDs EtO P
R1 H
Rl=H 4a
R1=CH; 4b
HMDS, A or
TMSCI, EtgN, rt
EtO OEt
EtO P\
Rl OS|(CH3)3
Rl=H ba
Rl = CH3 5b

OMe
7 or
H4PO, (anh.) OMe %F, -0
AN
HO H
R =Me 6a
theni-Bu 6b

-
v

o OH
R2CH=0 I
— > RO—P_ "R2
Rl
N
- 0
R1" ~" R1 II/\ From:
— 1 .
RO P\H NHR 6aand 6b, R =H
after ag. NaOH or
NH,OH, A
o] 4
R Il R1
= — > Ro—P]
initiator H

The first Ciba-Geigy reagents used 1,1-diethoxymethyl as the protecting group (4a and

5a, Scheme 1.4) but its removal requires treatment under very acidic conditions with aqueous

hydrochloric acid and heating at 100 °C which causes hydrolysis of phosphinate ester too.*’~*

The subsequent reagents developed were a ketal protecting group (1, 1-diethoxyethyl, 4b and 5b,

Scheme 1.5) which can be mildly cleaved using excess TMSCI in chloroform at room

temperature.” Baylis developed the 1-hydroxy-2,2-dimethyl protecting group that is stable in

11



acidic conditions, but may be removed with aqueous base like ammonium or sodium hydroxide

with slight heating (6, Scheme 1.4).*°

1.2.7 Borane-protected Phosphonites

Alkyl phosphinates may also be protected as complexes with borane (Eg. 1.8).%® Typical
preparation first involves reacting the hypophosphite with a chlorosilane and base, which
silylates the hydroxyl of the P(I1l) tautomer locking it in as the more reactive phosphonite. The

silyl intermediate is then reacted with BH3;*Me,S to form the stable borane complex.

o 1) TIPSCUVEtN (1.5/ 1.6 eq.) BH4
Il _H THF, 0°C tort, 15 h EtO _ |
EtO—P > SpH
H  2)BHs*Me,S (2 eq.) TIPSO (Eq. 1.8)
THFE 1, 5h 100% yield

These compounds have similar reactivities compared with H-phosphinates, and can be
efficiently alkylated under basic conditions, added as a nucleophile to carbonyls or undergo
radical addition to alkenes. Deprotection of the borane complex is accomplished by using a
strong acid such as HBF4*Et,0 or a large excess of amine base followed by acetic acid (Scheme
1.6).>* It was observed by Van der Eycken that simple refluxing in ethanol was enough to
deprotect the phosphine-borane,* and this strategy was utilized successfully by Montchamp and

Ortial to prepare bisphosphorus compounds containing a H-phosphinate.*®

Scheme 1.6 Deprotection of Phosphonite-Borane Complexes.

o) o)
EtO _II I o BH; o
P \/P:OEt 1) Et,NH, 53°C,12h RO \||:l F',/OEt EtOH MeO \IFl IFl/OEt
EtO - - - >
H 2) ACOH,40°C,1h  RO™ ™7 “ogp  reflux, 48h  MeO” 7y,
60% yield R = Et R =Me 94% yield
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1.2.8 Oxidation of Hydroxymethyl Phosphinates

Up until recently, the deprotection of (hydroxymethyl)phosphinate compounds to the
corresponding H-phosphinate was not fully realized.>” A neutral oxidative conversion was
investigated and it was determined that the Corey-Kim oxidation was the optimal method (Eq.
1.9).

A polymer-supported version of the reaction using a polystyrene attached 4-(methylthio)-

1-butanol was also studied briefly giving excellent results even after several successive runs.

Q 0
Rl_p\/\OH oxidation -~ Rl_||3|/|-|
OR 1) Me,S, NCS N
2) EtoN OR (Eq.1.9)
R= Et Bu
R1 = Ph, alkyl, 8 examples

allyl, alkenyl 63 - 97% yield

1.2.9 Cross-coupling Reactions of Various Csp?-X Containing Electrophiles

The cross-coupling reactions of hypophosphorous compounds is continuing to be
expanded rapidly in the literature. An example of cross-coupling between triethylammonium
hypophosphite with a steroid-derived dienyl triflate was reported by Holt;*® however, the
generality of the reaction was not examined.
d,21'22

Using methyl- or tert-butyl phosphinate prepared by Fitch’s orthoformate metho

Schwabacher and co-workers developed a palladium-catalyzed cross-coupling of aryl iodides

(Eq. 1.10).”
—N e} o
__/ or A o

0

[l Ar

MeO _lFl :H +  Arl (1eq) (1 eq) »  MeO—P “H (Eq. 1.10)
H
Pd(OAC) ,/PPhy (5 mol%) 5 examples
(3eq) (1 eq) HC(OMe)s, CH5CN, reflux 23 - 80% yield
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The Montchamp Group’s first contributions in this field involved the development of Pd-
catalyzed cross-coupling reactions between hypophosphite salts and aryl halides, and alkenyl
bromides and triflates (Scheme 1.7).%%®* Consideration of possible mechanistic pathways indicate
that the oxidative addition of the metal into the C-X and P-H bonds are two competitive
processes, and that the ligand around the metal controls the partitition between them. (Scheme

1.8).

Scheme 1.7 Palladium-catalyzed cross-coupling of anilinium hypophosphite with aryl and

alkenyl electrophiles.

X
TN
R
L
R R o)
(X =Br, |, OTf, CH,CI) A\ I|3|/0|\/|
Pd(PPh3), (2 mol%) — H
0
. o EtsN (3 eq.), solvent, 85 °C R1
© |l _H R2 R3 - 98% vi
PhNH;O0—P [ o 21 examples, 55 - 98% yield
H > < 0]
R1 X R2 Il _om
(X = Br, I, OTf) . >_< ~H
Pd(OAC),/dppp (2 mol%) R1 R3

EtaN (3 ea.), Cete, reflux 13 examples, 45 - 98% yield

Scheme 1.8 Cross-coupling and transfer hydrogenation pathways.

OH reductive (I)I oM
..R _ ®1 _H © _ elimination -
P/ P-alkylation ArPdLn—P | X =—m—m—m————————= Ar P\H
MO ~"'~ ., ArPdL,X oM Easgo
PN -Ln
o = L,PdO .
I_H n Cross-Coupling
MO_P\H ) i
insertion
ArX
P(V) PA(O)L, '

O @) 0
1 _H . [l H,0 || _OH
MO —P ~ L,PdO + B*HX + MO—P:——> MO—P
~ n ~
PdLH H

Transfer Hydrogenation
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The competitive reduction was found to decrease significantly when Pd(OAc)./dppp (2 mol% or
less) is used as the catalyst in place of Pd(PPhs),. Changing the ligand from dppp to dppf was
needed to accommodate the Z-substitution for alkenyl electrophiles, and the modification
afforded the product in good yield.”

Furthermore, Montchamp and co-workers developed a “one pot” cross-coupling of alkyl
phosphinates with a wide variety of aryl, heteroaryl, alkenyl and a few allylic electrophiles

through the use of their alkoxysilane esterification method (Eq. 1.11).°%%

® e} (RO)4.,SIR', , Base (3 eq.) 0
© |I_H (RO)3Si(CH5)3NH, (1.2 eq.) Il _OR
PhNH,O0—P_  + RIX SRl A > Rip~
H Pd(OACc),/dppp or dppf (2 mol%) “H (Eq. 1.11)
(1.2-3eqg) (1eq) solvent, A T
R1 = Ar, Arye, Alkenyl, Allyl
R =Me, Et, Bu 33 examples

X = Br, 1, OTf, CH,CI 3 example
Base = DABCO, Et;3N 24 -100% yield

Another example on cross-coupling of hypophosphorous compounds is the copper-
catalyzed reaction of ammonium hypophosphite with iodobenzene using Cul and pyrrolidine-1-

phosphonic acid phenyl monoester (PPAPM) as the ligand (Eq. 1.12).%*

Cul (20 mol%) 0
o PPAPM (20 mol%) 0 H Il _OH
® O |I_H DMAP (2.2 eq. Il _OH P. Eq.1.12
NH,O—P_ + Ph 22e4) o by _p- OPh (Eq )
H DMF, 110 °C, 36h “H
(1eq) (1eq.) 74% yield PPAPM

The only reports on cross-coupling of hypophosphorous acid derivatives with allylic
electrophiles have been published by the Montchamp group.®*®® Allylic chlorides and acetates
function as excellent leaving groups in the cross-coupling. Of particular relevance is an elegant
and environmentally friendly cross-coupling reaction between H3PO, and allylic alcohols (Eqg.

1.13).
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Functioning by first esterifying the alcohol to the phosphorus, the hydroxyl group can
then be eliminated as water and removed by molecular sieves or a Dean-Stark trap. The reaction
also works using a polystyrene supported catalyst 6, allowing recovery by filtration and recycling

of the palladium catalyst.®®

R3 R® O PPh
R P oH H,PO, - |F1/0H 2 (Eq. 1.13)
> = “H N o)
2 R4 RS Pd/xantphos » R4 RS g
R (0.02 - 2 mol%) R 6 PPh,
or Pd/6 (1 mol%)
20 examples
DMF, 85 °C 43 - 100%

Cross-coupling reactions of hypophosphorous acid derivatives with allylic electrophiles

yield allylic H-phosphinates (Scheme 1.9). Based on mechanistic studies, a general catalytic

Scheme 1.9 Palladium-catalyzed reactions of hypophophosphorous compounds with allenes,

dienes, and allylic electrophiles.

R3
R1 X Pd,dbag/Xantphos 3
1 = (0.5 - 2 mol%) R® 0 Oy
[o -
R2 R4 R® CH4CN, reflux or DMF, 85 C‘ R1 _ p\H
o 4 RS
2) (BuO),Si or PivCl/BUOH Rz R
11 examples
45 - 91% vyield
Pd,dbag/Xantphos oy O
1) >: — (1 mol%) _OH
O CH3CN, reflux or DMF, 85 °C
Il _H R? 3 w _P “H
MO —P _

2) acidic workup

3 examples
- 0, i
Rl Pd,dbag/Xantphos 52 -100% yield
e (1 mol%) R1 o
N X CH4CN, reflux or DMF, 85 °C M}; _OH
~
> H

n

3 examples
57 - 70% vyield

2) acidic workup
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system for the cross-coupling of hypophosphorous compounds with activated allylic
electrophilic (i.e. acetates, benzoates and carbonates) was elucidated, leading to the development
of an effective and practical synthesis of allylic H-phosphinic acids.®® The acid products can be
isolated in good yields by simple extractive workup, esterified in situ to the H-phosphinic ester,
or oxidized to the allylic phosphonates.

In a follow-up report, the direct benzylation of hypophosphorous acid was developed (Eq.
1.14).%” The benzylic alcohols are employed without prior activation (ie. as esters, carbonates, or
halides, etc.).

In cases when DMF acted as a poor solvent, tert-amyl alcohol (t-AmOH) was used. This
methodology is a good representation of a greener, PCls-free method to obtain benzylic H-

phosphinate building blocks.

1) HyPO, (2 eq.) D or
ArCH,OH > Ar Po (Eq. 1.14)
Pd,dbag/Xantphos (1 mol%) H
DMF, 110 °C or t-AmOH, reflux, D/S R =H, NH,, Bu
2) H* workup, conversion to NH, salt 16 examples
or esterification with (BuO) ,Si 32 - 93% yield

1.2.10 Addition of Grignard to Trialkyl Phosphite followed by Acid Hydrolysis

Volle, Virieux and Pirat recently completed a systematic study of the preparation of aryl-
H-phosphinates using reaction conditions originally developed and optimized by Sander and
Petnehazy, respectively (Eq. 1.15).% It involves the direct addition of triethyl phosphite with a
Grignard reagent, and hydrolysis in the second step to produce the desired compounds in high

yields and purities.

(0]
,OFEt ArMgBr (1.5 eq.) ,OFt HCI (aq.) ||, OFt
EtO —P » Ar—P > Ar—P\
“OEt THF, reflux, 5h “OEt rt H (Eq. 1.15)
11 examples
> 95% yield
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1.2.11 Free-radical Hydrophosphinylation Reactions of Alkenes and Alkynes

The addition of phosphorus-centered radicals to olefins is well documented in the
literature.®® Williams and Hamilton reported the addition of aqueous HsPO; to olefins initiated
by organic peroxides at high temperatures (Eq. 1.16),” where the reaction yields could be
increased by using hazardous crystalline HsPO,.”* In parallel work, hydrophosphinylation of
olefins with salts of HsPO, in an autoclave at 120-150 °C was also reported.”” As a result,

mixtures mono- and disubtituted of phosphinic acids were obtained.

HPO, + R A peroxide - R A~ “H +
0 water/dioxane
(50% aq.) il R (Eq. 1.16)

11 - 30h Mixture of products
30 - 70% vyield

Nifant’ev and coworkers contributed significantly to the development of radical addition
methodology using hypophosphorous acid.” Addition of HsPO, or sodium or potassium
hypophosphite salts to alkenes (Eq. 1.17) is performed in the presence of peroxides and mineral
or organic acids. The use of acid catalysts enables lowering the temperature of the reaction by
assisting the breakdown of the peroxide initiators. Karanewsky found that the use of AIBN in
refluxing ethanol provided the desired products;™ however, the conditions were harsh and

ultimately incompatible with acid-sensitive functional groups.

i R~
|l _OH \/\
H,SO,, peroxide P_ + P—OH
NaPOH, - H,0 + R™ Ny — > R “H
water/dioxane R

75 - 0
56 _8%] c Mixture of products (Eq. 1.17)
85 - 95% yield

Montchamp et al. developed more efficient approaches for the free-radical addition of

hypophosphorous compounds to unsaturated substrates (Scheme 1.10). Using Et3B as initiator
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under aerobic conditions, addition of H3PO,, its salts anilinium hypophosphite (AHP) and
NaOP(O)H; or even alkyl phosphinates to alkenes occurs at room temperature in a flask open to
air.” AIBN-initiated hydrophosphinylation of alkenes and alkynes with alkyl phosphinates also
proceeds effectively in refluxing acetonitrile.”® Furthermore, room temperature radical addition
of NaOP(O)H, to terminal alkynes produces the previously unknown 1-alkyl-1,1-bis-H-

phosphinates,”” which are novel precursors of the biological important 1,1-bisphosphonates.”

Scheme 1.10 Free radical reactions of hypophosphorous compounds.

R =H, Na, PhNH; = . ﬁ
NH 4+, alkyl EtsB, R1 R3 ~p YK 34 examples
- RZ

> H 37 - 96% yield
MeOH or CHLCN or dioxane, rt, air R
NaO ﬁ
al
O - ~
Il _H R =Na EtB, =——R H/P 15 examples
RO—P > %R 41 - 87% yield
H MeOH or MeOH/dioxane, rt, air H =P
(2.5-3€0q) NaO (|)|
Rl .-
= AIBN (0.1 +0.1eq),  ~& “R2
R =Et Bu ( a) i RO Il 15 examples
Hor \/\RZ 18 - 80% yield
Rl

1.2.12 Metal-catalyzed Hydrophosphinylation

Transition metal-catalyzed additions of P-H bonds across unsaturated substrates have
received significant focus in the recent literature, and it was Montchamp’s group that developed
the first hydrophosphinylation of hypophosphorous compounds with unsaturated substrates.>* A
remarkably broad Pd-catalyzed addition of HsPO,, AHP and alkyl phosphinates to alkenes and
alkynes under homogeneous catalytic conditions was studied yielding H-phosphinic acid
derivitives in high yields (Eq. 1.18).”° Of note, the reaction does not require strict anhydrous

conditions.
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Pd,dbas/Xantphos o)

rRo . (0.2 - 2 moloe) RO I
~ - -
P—H *+ R! > - 2
H™ \/\Rz CH4CN or Tol. or THF, reflux H ~7" 'R?
DMF, 85 °C (Eq. 1.18)

13 examples
50 - 88% vyield

A more thorough discussion about the proposed mechanism of metal-catalyzed
hydrophosphinylation will be discussed in Chapter 3; however, like the palladium-catalyzed
cross-coupling reactions, the competing transfer hydrogenation (Scheme 1.8) was also observed.
Although the Pd/xantphos catalyst system is used sparingly at low loading, costs of the
palladium metal and ligand are still significant. An environmentally and cost-effective variant of
hydrophosphinylation was developed using a water-tolerant, recyclable polystyrene supported
catalyst 6 (Eq. 1.19).% The ligand can also be used with Pd/C for a possible two-fold reusable
heterogeneous catalyst system. In a continuing effort to reduce cost of the catalyst system while
maintaining efficiency, nickel-catalyzed hydrophosphinylation reactions of alkenes and alkynes

were developed and will be the focus of Chapter 3.

Pd cat. 6 (1 mol%)

) Y CHACN, refiux, 2-4h  HO ]l -
HsPO, + R -~ > TN R2 (PL Ph,
(ag., conc.) R2 2)recover/reuse catalyst Q-N'N O Pd (Eq. 1.19)
(2 eq.) 1 - 5cycles R H 6 PPh
2
12 examples

42 - 96% yield

An extension of the Pd-catalyzed hydrophosphinylation work was conducted to
understand the regioselectivity for linear vs branched isomers of alkenyl-H-phosphinates based
on ligand and solvent selection (Scheme 1.11).%" It was observed that selectivities varied based
on the alkyne employed and the conditions for phosphinate synthesis but selectivities are
generally better than 5:1 and sometimes reach 98:2, with either the linear or branched isomer

dominating.®
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Scheme 1.11 Regioselectivity on addition of alkynes based on reaction conditions

H————R' H—————R’
(l)'HH (Leq) ROICI) (1eq) (|)|HH
_p~ eq. . _
RO —P %\H -< :p —H > RO—P] .
Pd,dbas (0.5 mol%) H Pd,dbaz (0.5 mol%) R
Rt dppf (1 mol%) (3 eq.) xantphos (1 mol%) H
Branched toluene, reflux CH3CN, reflux E-Linear

R = Et, R' = Hex _ R =Et, R" = Hex,
100% vyield, BL ratio = 16/1 R =Et Bu 99% yield, BL ratio = 1/10

R =Et, R' = cyclopropyl R=Et, R'=TMS
81% vyield, BL ratio > 98/2 96% vyield, BL ratio < 2/98

The asymmetric synthesis of H-phosphinates through the desymmetrization of
hyposphosphite esters, ROP(O)H,, was also investigated through an enantioselective version of
Pd-catalyzed hydrophosphinylation (Scheme 1.12)%° In a two-tiered study, both chiral
hypophosphites prepared by esterification methods of HsPO; using chiral alcohols (Scheme 1.3)
and chiral ligands were examined. Diastereomeric excess as determined by P NMR and
validated by chiral HPLC showed little desymmetrization of non-chiral phosphinates using chiral
ligands. Palladium-catalyzed hydrophosphinylation of (-)-8-phenylmenthol hypophosphophite

with 2-bromostyrene showed the most promising desymmetrization at 71% de.

Scheme 1.12 Desymmetrization of alkyl phosphinates via chiral auxillary or ligand

R o R o
. |F1/H (1 eq.) RO \lFl ’ (1eq.) 2 |F1/H
— | = AP > RN
* >R PdCl, (3 mol%) H Pd,dbag (2 mol%) * R?
, L* (3 mol%) (2 eq.) xantphos (2.2 mol%)

R = Et, R' = hexyl CH,CN, reflux
L* = (R,R)-Jacobsen toluene, reflux S R = (-)-PhMen, R’ = 2-BrPh
100% vyield, de = 13% 57% yield, de = 71%
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1.3 Reactivity of H-phosphinic Acid Derivatives

The following section briefly describes the second functionalization of H-phosphinates,
which is of great interest due to product stability and many applications in industry, medicine
and agriculture. When functionalizing or “activating” the second P-H bond, the decreased
reactivity must be considered especially with non-aromatic H-phosphinates. A selected non-
comprehensive review of methods for functionalization of H-phosphinates into disubsituted

products is given.

1.3.1 Nucleophilic Addition

Pudovik reported for the first time the addition of H-phosphonates to aldehydes or
ketones using heat and base-catalyzed conditions, typically with alkoxides or tertiary amines.®
Yamashita®® and Hansen®® applied this approach to H-phosphinates in order to prepare, via
addition-deoxygenation processes, alkyl or sec-alkyl phosphinates, which are otherwise difficult
to obtain by Arbuzov or Michaelis-Becker reactions of secondary alkyl halides (Scheme
1.13).2*4% However, Hansen et al. discovered under amine catalysis, H-phosphinates
exclusively undergo addition to aldehydes and reactive ketones, which acyclic ketones are

unreactive, even under forcing conditions.®

Scheme 1.13 Addition of H-phosphinates to carbonyl compounds followed by deoxygenation

Condition A
» 1.) P,l, (2 eq), CHCla, 1t
o o Condition A O OH  2)H,0 then O H
RO _|I Na (0.7 eq.), CgHe, 1t RO _II Rz 3) CH;N,, (1.8 eq) RO I R,
P—H + )J\ > P » =] k
’ Condition B R R. Condition B ’
R1 R2" R3 £iN (1 eq.), neat, 100 °C or ! ® 1.) DMAP (1.8 eq) Ry Rs
(1eq) (1eq.) LDA(1eq.), THF -78°Ctort CHZCN, 0°C

2.) methyl oxalyl chloride

3.) AIBN (0.25 eq),
Bu,SnH (1.5 eq)
PhCH3, 90°C, 5.5 h
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Conjugate addition reactions of H-phosphinate alkyl esters to acrylate esters and
acrylonitrile, using catalytic amounts of sodium alkoxides was initially reported by Pudovik.®

Verkade used this reaction in the synthesis of 1-methoxy-1-oxophosphorinan-4-one (Scheme

1.14).%

Scheme 1.14 Conjugate addition reaction of H-phosphinate with methyl acrylate

0]
(0]
MeO _ Il CO,Me M MeONa 0 CO,Me
\/P/\/ . CO,Me (20 mol%) llzl/\/ m»
H ————————> MeO— o’
| MeOH, 5 °C to rt N come DOOLMHC Pioy
(1 eq.) (1.1eq.) 0596 yield o~

Phosphoryl analogues of glycine that exhibit herbicidal and antitumor activity have been
prepared by thermal addition of H-phosphinates to triazines. Szabo studied the thermal reaction
of ethyl alkyl- and ethyl phenyl-H-phosphinates with imines, and observed a small effect of the
substituents on the C=N on the diastereoselectivity of the reaction (Eq. 1.20). Cristau has also
synthesized a-amino-alkyl hydroxymethylphosphinic acids by thermal addition of H-

phosphinates to imines.®®

. — EtO :P//O
H * X\
EtO Il R/ NH
P—H o+ 50-60°C _  —
JE— n -
R(l eq) N neat or solvent \ 2 n (Eq. 1.20)
' H solvent = Tol, CH3CN or THF /R’
R = Et, Pr, i-Pr R'=H, 2-ClI, 4-CI Ratio of isomers:
Bu, Ph forn=0 64/36 to 40/60
R'=Hforn=1 18 - 94% vyield
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1.3.2 Arbuzov-like Reactions of H-phosphinic Acid Derivatives
In a recent publication, Michalski demonstrated the synthesis of disubstituted
phosphinates using the Michaelis-Abruzov rearrangement, which involves the thermal reaction

of a phosphonite, R*P(ORY)(R®) with a catalytic amount of trimethylsilyl halide (Scheme 1.15).%°

Scheme 1.15 TMS-X-catalyzed Michaelis-Arbuzov rearrangement of phosphonites

OR; o
Fl) TMSX (20 mol%) - I RZ(ORZ)
(R,O)R,” "R, 80°,5-12h Ry —P “R,
R, = alkyl X=Bnl 20 examples
R,, Rz = alkyl, aryl, allyl 25 - 95% vyield
OR . X OSiMe OSiMe; -MesSiX O
| M | + ME3SiOR —— | :i_ — > @ o X0 |l
P P ~ RX —P—R ,.—-P—R
N ' " P R R
R’ R" R R R~ R \R" }Q

Stepwise silylation and alkylation of H-phosphinates (silyl-Arbuzov reaction) was initially

demonstrated by Thottathil using reactive bromocarboxylates as electrophiles (Eq. 1.21).%

(0]
(|)| OR 1) TMSCI, Et3N (1-3 eq.) llil/OR
- y -5 €.
P LN : o Ph™ > N "Ry (Eq. 1.21)
Ph H 2)R1X(1.1eq.) o
(1 eq.) 3) H,0 28 - 99% vyield
R = H’ Et, t-Bu Rlx = Br(CHz)nCOZR, R = H, Et, BZ, n= 1,2
or Ph(CH»),I

Majewski reported the formation of symmetrical disubstituted phosphinates by reaction
of BTSP with highly reactive halides (benzyl, allyl and a-carbonyl).** Subsequently, Boyd and
Regan prepared both symmetrical and unsymmetrical disubstituted phosphinic acids using
reactive halides.”” This methodology has been widely applied in synthesis, such as in the

preparation of y-aminopropyl-H-phosphinic acids (GABA analogs),®® synthesis of phosphorus-
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containing sugar derivatives®® and mono-, di-, and spirocyclic phosphinic acid analogues of
phosphodiesters in the preparation of the commercial heart drug monopril (fosinopril sodium),
and of pseudopeptides that inhibit the human cyclophilin hCyp-19,® as well as in the synthesis
of MMP inhibitors.** As a final example, Hansen has reported an efficient reaction involving the

use of trimethylsiloxy derivatives of H-phosphinates with aldehydes and ketones (Eq. 1.22).%

" ﬁ o 1) HMDS (1.5 - 2 eq.) " <|3| oH
e neat, 90 °C, 27h e
SP—H o+ k > P ——R? (Eq. 1.22)
EtO R1” TR2 2) CH4CN, Et3N 3HF(0.4 eq.) EtO R1

(leq) (1 eq.) 40 °C, 24h

R1, R2 = alkyl, aryl 54 - 80% yield

1.3.3 Based-catalyzed Alkylations

Several examples of base-promoted H-phosphinate alkylation (Michaelis-Becker type

reactions) have been reported, employing various bases (Na, RONa, NaH, BuLi, LDA, KHMDS)
(Eq. 1.23). 394

I 1) Base RO _
,P—R?2 (Eq. 1.23)

T

-

Y
o

1
R1 2) R2X R

R1 = alkyl. (EtO),C(CH3)- Base = Na, NaOR, NaH,
BuLi, LDA, KHMDS

R2X = Alk-X (X = Br, )

Montchamp et al. developed a general protocol for the direct alkylation of H-
phosphinates using LIHMDS as the base (Eq. 1.24).” The phosphorus nucleophile, base and
electrophile were used in equimolar amounts. The reaction works with alkyl halides, including
primary alkyl chlorides. The effectiveness of the reaction was demonstrated in the synthesis of

several GABA analogs or their precursors.
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o 1) LHMDS (1 eq.)

|l _OR deoxygenated THF, -78 °C ﬁ OR
RE=P - -PZ
H 2) R2X or epoxide/BF; OEt, (1 eq.) R? (Eq. 1.24)
RRl: EtI,kBIu 1, allyl R2X = alkyl-X (X = CI, Br, |, OTs), 32 examples
= aiyl, aryl, afyl ArCH,-X (X = Cl, Br), F,CHCI '
(Et0),C(CHa)- 2X( ). F2 40 - 98% yield

1.3.4 Oxidation reactions

The preparation of phosphonic acids through oxidation of H-phosphinic acids in a well-
known methodology (Eg. 1.25), which generally requires harsh conditions and strong oxidative
agents such as H,0, (30%, 80 — 90 °C);*® Br;, I, or Cl, in H,O/DMSO or in concentrated HI/HCI
(20 - 75 °C);*" HgCl, or HgO in H,0 (90 — 95 °C);*" KMnO4/KOH in H,O (50 — 250 °C);*®

H,SO4/HNO3 (100 — 110 °C);*® CCl4/EtsN/H,0 (35 °C); PCC/TsOH in DMSO;*® or NalO, (50

°C).1OO
O N O
RO _|I oxidation RO _II
P—H > ~P—OH (Eq. 1.25)
Rl Hzoz, Brz, |2, C|2, Na|O4, Rl
KMnO 4/KOH, HgCl,, H,SO4/HNO4
R =H, alkyl CCI4/Et3N/H,0
R1 = Ar, alkyl

Montchamp and coworkers developed a tandem palladium-catalyzed oxidation of H-
phosphinates to phosphonates in response to the lack of generality in the literature methods up to
that point (Eq. 1.26)."°" In a one-pot reaction, a single catalytic system accomplishes both
hydrophosphinylation and oxidation. This method is the first reported catalytic oxidations of H-

phosphinates in tandem with the formation of a P-C bond.

Cross-coupling (ArX)
Hydrophosphinylation

o allylation/benzylation 0 0
HO lFl ~H Pd/ligand (2 mol%) [l _OH air [l _OH
B > | R— e a . RTPS Eq. 1.26
H solvent, A, air or N, “H solvent, A OH (Eq. 1.26)
(2 eq.)
= 8 examples
R gk,)flba;ﬁig?" allyl 52 - 100% yield
solvent = DMF, t-AmOH, etc. no chromatography
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1.3.5 Halogenation Reactions

Halogenophosphonic acids RP(O)(OH)X are very unstable, and are generally prepared
and reacted in situ by displacement of the halogen atom with nucleophiles (Atherton-Todd
reactions). A few examples of fluorophosphonic acids have been successfully isolated and
characterized. The reductive halogenation of sodium H-phosphinate salts with PCl; or SOCI,,
instead of their isolation, as described by Nifant’ev (Eq. 1.27).%2 H-phosphinate esters have also

been converted to dichlorophosphines by treatment with PCI3.'%

CeHs

Cl
I _R 15°Ctort ,
NaO—P~  + PCly . » R—P_ (Eg. 1.27)
“H overnight Cl
(1.4 eq.) (1eq) 51 - 60% yield

Han developed a stereospecific coupling reaction between H-phosphinates and amines,

alcohols and thiols using the Atherton-Todd reaction (Eq. 1.28).*

As mentioned above, the
phosphinate chloride is first generated in solution before the addition of the electrophile, and the
synthesis of the desired substrates occurs in good yield. The developed reaction, although not

original in its concept, showed that the Atherton-Todd reaction continues to be robust.

i i
RI-PUH 4 gy COaNBta  pi-PoR2 (Eq. 1.28)
R2 rt E
R1, R2 = (-)-Men, (+)-Men, EH = R'R"NH, ROH, RSH 26 examples
Ph, t-Bu, CH,Ph 64 - 95% vyield

Finally, Han et al. developed a protocol to chlorinate and isolate optically active H-
phosphinate chlorides using stoichiometric CuCl, (Scheme 1.16).) The reaction is
stereospecific and a multiple types of nucleophiles from alkyl Grignard reagents, alkyl lithium,

alcohols, thiols and amines were tested in the reaction scope showing very good yields for all
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substrates prepared. The reactions with the nucleophiles caused an inversion of stereochemistry

at the phosphorus.

Scheme 1.16 Chlorination of H-phosphinate with stoichiometric CuCl, at room temperature

e @)

I CuCl,(2.1eq) B_c| CHaMgBr(Lleq) I
(_)Meno\vP_H > ( )Meno‘ i ’ o (-)MenO _P"'CH2Ph
i THFE PhH.C THF, -78 °C /

PhH,C 0°C tort, 10 mins = _
quantitative 91% yield

1.3.6 Cross-coupling Reactions

The first studies on cross-coupling reaction of H-phosphinate esters with aryl halides was

reported by Xu et al. By applying the classic Hirao conditions, it was discovered that aryl and

alkenyl bromides cross-couple with phenyl-H-phosphinate®®*’

esters?’108

and alkyl H-phosphinate

in the presence of Pd-catalysts and a base (Eq. 1.29). Xu also showed that

enantiomerically pure (S)- and (R)-isopropyl methyl-H-phosphinates undergo these reactions

with complete retention of the phosphorus stereocenter.'%°

(@] (0]
RO _ I ArBr (1 eq.) or Alkenyl-Br (1 eq. RO _II
“P—H (1 eq) yhrleq) P —Ar(Alkenyl) (Eq. 1.29)
R,” Pd[PPhs),] or PACI,(PPhs), (5 mol%) R,
Et3N (3.3 eq.) _
(1.1eq) neat or toluene, 90 - 120 °C R =Et, Bu

R, = Me, Bu, Ph

The generality of palladium-catalyzed cross-coupling of H-phosphinates with Cg,2-X and

related partners was established by Montchamp et al (Eq. 1.30).%*! The effect of the ligand and

additives on the catalyst system was investigated and the studies showed that xantphos/ethylene

glycol as well as dppf/1,2-dimethoxyethane along with diisopropylethylamine as the base proved
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useful for the synthesis of numerous P-C containing compounds. Gratifyingly, even unactivated

aryl chlorides worked well under the optimized reaction conditions.

X-Cgpz (L 0r1.5eq.)
Pd/xantphos (2 mol%)

1 OR i-ProNEt (1.3 eq.) (0]
R1-p~ toluene/EG (9:1), 110 °C > 1_||:l/OR
or ~ Ar/Het
(Leq) Pd/dppf (2 mol%) (Eq. 1.30)
R = alkyl I-szNFt (1.3 ?(;1-) 45 examples
~ propylene oxide 47 - 95% vyield
Rt =alkyl, Ar,Het,  pyvE/DME (9:1), 110 °C 0y
benzylic, etc.

1.3.7 Free-radical Reactions

Radical initiators such as benzoyl peroxide and AIBN are known for promoting the
addition of H-phosphinates to unsaturated substrates. There are a few reports in the literature of
this reaction, but in general it is inefficient and often requires specialized radical initiators, very
harsh conditions and a large excess of one of the reagents and initiator. Regan, however, was
able to utilize the radical reaction between methyl hexadecylphosphinate and 1-methyl-4-

methylenpiperidine to prepare phosphinate analogues of anti-tumor agents Perifosine (Eq.

1.31).1%2
N— C h
s ! '
:C N : N
o (1eq) o |
AN n  ABNGGed) T — E/H(')' 5 (Eq. 1.31)
15% MeOH or EtOH 15¢ s 5
OMe reflux, 3 days OMe ! 00 :
o . e e e e e e
3% yield possible

anti-tumor agent

Han described an air-induced anti-Markovnikov addition of aryl-H-phosphinates to

alkenes, which requires elevated temperatures (Eq. 1.32)."** This clearly shows that there is a
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large exception regarding increased reactivities of aryl-H-phosphinate alkyl esters that is

frequently used in methodology developed by Han, Tanaka and many others in the field.

0
l R1
O—P—H 0—P > (Eqg. 1.32)

Air/N,
+ /\Rl >
neat
OO e e~ (40
R! = alkyl, P(O)R,,

(1eq) P(O)(OEY),, 3 examples
86 -97% vyield

1.3.8 Metal-catalyzed Hydrophosphinylation Reactions

Montchamp reported the first hydrophosphinylation of alkyl-H-phosphinic acids with
alkenes and alkynes (Eq. 1.33)."% The inability to conduct this reaction under typical
hydrophosphinylation conditions required investigation into alternative methods. After extensive
experimentation, it was discovered that the use of ethylene glycol as a solvent or co-solvent

aided in the catalysis and afforded products in useful yields.

0] Pd catalyst 0
[l _OR .- 2 - 5mol%
RI-P_ + - R2 ( : > Rofllal\,/'\
toluene, reflux (R! = Ph) R? R?2 (Eq. 1.33)
R =H, Et, CH,CH,0H or ethylene glycol
R! = Ph, alkyl, Bn, H (solvent or additive), 110 °C 15 examples

44 - 99% vyield
no chromatography
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Chapter Two: P(V) to P(l11) Tautomerization of Phosphinylidene Compounds

2.1 Introduction

Tautomerization is an important class of chemical reaction involving the interconversion
of constitutional isomers.  Perhaps the best-known example is the hydrogen-transfer
(“prototropic”) keto-enol tautomerism. The phosphiniylidene P-OH moiety also displays

prototropic tautomerism (Eq. 2.1).

o
0 OH
IR, - 3 H®|/R1 - — .}ID/Rl
H_P - ~ *
\RZ R2 \RZ (Eq 21)
2a 2b 3

The phosphinylidene tautomeric equilibrium in Eq. 2.1 is generally dominated by the P(V) form
2a.">™® The P(I11) nucleophile 3 appears to be the reactive species in many phosphinylidene
reactions making the thermodynamics and kinetics of Eq. 2.1 critical to the applications of
phosphinylidene synthons mentioned in Chapter 1. Electron-donating substituents R'/R? stabilize
2a through the phosphonium 2b, and electron-withdrawing substituents destabilize 2a, with
phosphinous acid 3 becoming more dominant. A good example of this destabilization is when R*
= R? = CFsresulting in 3 being major.”*"**® Aryl H-phosphinates (R'=Ar, R*=0Alk or OAr) also
have increased reactivities to form higher proportions of P(I1l) in equilibrium with P(V) due to
resonance stabilization of the P(I11) lone pair.*****?° The P(I1I) form can also be stabilized by

121,122

coordination to transition metal complexes with molybdenum and ruthenium, via silylation

or Lewis acidic borane complexed to phosphonites.>®

The understanding of the tautomerization presented in Eq. 2.1 is essential for explaining
the reactivities of phosphinates, H-phosphinates, H-phosphonates, and phosphine oxides (Chart
1.1). This chapter will describe a combination of computational mechanistic studies and

experimental kinetics measurements to investigate this equilibrium in a general yet quantitative
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manner. This work summarizes and extends previous experimental and computational

investigations reviewed in detail below.

There have been several computational studies of how groups R' and R? affect the
thermodynamics of phosphinylidene tautomerization.'*% These studies display the trends as
discussed above with electron donor or acceptor groups either destabilizing or stabilizing the
P(111) form, respectively. Accurate calculations of tautomerization thermodynamics; however,
appear to require complex quantum chemical functions and long computation times to treat the

phosphorus hypervalency.*?’

Calculations have unambiguously demonstrated that the tautomerization in Eq. 2.1
requires catalysis. Accurate electronic structure calculations show that uncatalyzed
tautomerization of phosphine oxide (R'*=R?=H) proceeds through a strained three-membered ring
with a prohibitively high reaction barrier ~60 kcal mol™.'?!"128 gypstantially lower

124,125,129 -
n

tautomerization barriers are predicted when P(V) dimers exchange a pair of protons,
phosphine oxide complexes with transition metals®® or bicyclic guanidines which provides a
transfer of protons.**® Our initial studies, which will be discussed in more detail in the next

section, demonstrate that even single molecules of H,O can accelerate the tautomerization to

experimentally realistic rates.

Previous experimental data also suggest that phosphinylidene tautomerization is
important in reactivity. The reaction between dimethyl phosphite and chloroacetone was
proposed to proceed through base-catalyzed tautomerization.”®® Chiral BINOL-derived
phosphoric acid-catalyzed imine hydrophosphonylation was proposed to involve the catalyst’s

stabilization of the P(Ill) phosphite.'*?

Montchamp proposed that alkylation of alkyl
phosphinates and H-phosphinates involved base-catalyzed tautomerization or stabilization of
P(111) form.*>4°
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2.2 Results and Discussion

2.2.1 Tautomerization by Water

Figure 2.1 shows B3LYP/6-311++G(3df,3pd) Gibbs free energy surfaces and transition
state geometries for phosphine oxide (R'=R?=H) tautomerization in the presence of 0-2 water
molecules. Uncatalyzed tautomerization has a prohibitively high barrier, consistent with previous
work. A single water molecule can catalyze tautomerization by simultaneously accepting a
proton from phosphorus and donating one to oxygen, dramatically lowering the barrier from 58
to 36 kcal mol™. This is qualitatively similar to previous tautomerization mechanisms involving

124,125,129

phosphinylidene dimers or guanidines.** Continuum solvents do not capture this effect:

the uncatalyzed Gibbs free energy barrier increases to 61 kcal mol™ in continuum water.

70
60
50
40

30

AG (kcal mol?)

20
10

oL

-10

Figure 2.1 Calculated Gibbs free energy surfaces and transition state geometries for H3PO
tautomerization with zero, one, or two water molecules. Free energy surfaces include P(V)
reactant, transition state, and P(111) product complexed with water, and are referenced to isolated

P(V).
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A second water molecule enables a less strained transition state and further lowers the overall

barrier despite the entropic penalty to complexation.

2.2.2 Tautomerization and Deuteration

Deuteration of phosphinylidenes in D,O is directly correlated with tautomerization
because it must involve the formation of the P(Ill) tautomer to work. Figure 2.1 shows that
tautomerization catalyzed by 1-2 molecules of D,O will break a P-H bond and form a P-O-D
bond. P(Ill) phosphinylidenes formed by other methods (uncatalyzed tautomerization,
dimerization, etc) will readily exchange the P-O-H proton for deuterium. This is reasonable
because direct P(O)H to P(O)D conversion would be extremely energy demanding.
Thus deuteration rates provide a more-or-less direct measure of tautomerization for the formation
of P(111) isomer even though this is not directly observed. The experimental design is generalized
in Scheme 2.1 and is further detailed in the experimental section. Furthermore, the reaction may
be directly observed and quantified over time using *H coupled *'P NMR spectroscopy as
depicted in Figure 2.2. D,0 is used in excess (11 equiv) to ensure that the deuteration follows

pseudo first-order reaction kinetics to give the most accurate comparison between substrates.

Scheme 2.1 Deuteration of phosphinylidene compounds using an excess of D,0.

R " D,0 (11 eq) -
H_ll:l/ 1 /P_Rl /P_Rl ||/
~ = - HO  \ DO~ \ = D—P

R2 R2 CH3CN, rt RZ ~

The deuteration of a variety of phosphinylidene substrates with alkyl, hydroxyl and aryl
functional groups was studied and the decay of starting material quantified from the *'P NMR

spectra is plotted in Figures 2.3 and 2.4. Table 2.1 summarizes the data obtained from the plots.
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Figure 2.2 Proton coupled **P NMR spectra obtained during the deuteration of diethyl H-

phosphonate (1 M in CH3CN) using DO (11 equiv) at room temperature.

1.00
0.90 i (0] (\)\
90 ¢ HO\/H—H >C “P—H
0.80 | HO 0
s 070 (®) (+)
o ; o
: o}
_§0.60 ; Eo. | Oct- ||
T 050 | EtO EtO
O (4) ()
2040
g :
S o}
=030 MeO || Oct._lI
; P—H P—
0.20 F Meo” HO™
0.10 | () (®)
0-00 TR TN T NN TN S TN TN T RO SO ST S T ST S ST ST S ST ST S ST S T S S S o
0 5000 10000 15000 20000 25000 30000 B”O\IU,_H
/
time (s) BnO
(=)

Figure 2.3 Decay of phosphinylidene compounds (1M in CH3CN) during deuteration with D,O

(half-lives > 3 hours).
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0.80 Y
= EtO HO
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Figure 2.4 Decay of phosphinylidene compounds (1M in CH3CN) during deuteration with D,O

(half-lives ~1 hour or less).

Of the compounds studied, both NaH,PO, (entry 1) and Bu,P(O)H (entry 2) do not undergo any
observable deuteration under these conditions, even after several days. This might not be
surprising considering the electron-donating substituents in these compounds. Phosphorous acid
(H3POs, entry 3) has the longest half-life observed at around 37 h. In contrast, hypophosphorous
acid (HsPO,, entry 16) is over 2000 times (3-orders magnitude) faster for deuteration with a half-
life of only 64 s. The difference in reactivity between HzPO, and H3POj3 is well established.

Also, the 1% pK, of H3POs is lower than that of HsPO, (1.8 versus 2.0, respectively) meaning that
the phosphorus atom is less positively charged in phosphorous acid at pH 7. The replacement of
an —OH group with an n-octyl- group increases the rate of reaction by a factor of 9 (entry 8), but
even better is the substitution of a Ph-group directly attached to the phosphinylidene making the

rate of reaction 45 times faster (entry 11).
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Table 2.1 Pseudo first-order kinetics data for the decay of starting phosphinylidene after addition

of D,0.
entry R1 R2 ate 1 Lingarity Half -Life (s)
Constant (Ms™) (r)

1 H NaO - - not observed
2 Bu Bu - - not observed
3 OH OH 3.693 x 10°° 0.9955 134687 (37 h)
4 EtO EtO 7.758 x 10°® 0.9995 64929 (18 h)
5 (CH3),C(CH0); 9.220 x 107 0.9906 54666 (15 h)
6 EtO Oct 1.814x 107 0.9938 26689 (7.4 h)
7 (MeO),P(S)H 2.354 x 10° 0.9968 21019 (5.8 h)
8 OH Oct 3.259 x 10° 0.9807 14508 (4 h)
9 BnO BnO 4.028 x 10° 0.9975 12325 (3.4 h)
10 EtO Ph 1.146 x 10™ 0.9857 4030 (67 min)
11 OH Ph 1.609 x 10" 0.9913 2965 (49 min)
12 [(CH3)2(CO)]2 7.211x 10 0.9980 882 (15 min)
13 Ph Oct 1.001 x 107 0.9960 498 (8.3 min)
14 PhO PhO 1.336 x 10°° 0.9998 373 (6.2 min)
15 Ph Ph 3.159 x 10°® 0.9938 155 (2.6 min)
16 H OH 7.833x 107 0.9999 64
17 DOPQ"° 1.443 x 10 0.9999 35

*Dimethyl H-thiophosphonate. ® DOPO = 6H-Dibenzo[c,e][1,2A5]oxaphosphinine 6-oxide.

Thus, the special reactivity of aryl-substituted phosphinylidenes over alkyl-substituted ones is

clearly confirmed. Compounds with only alkyl or aryl group substituents further increase the rate

of reaction by an order of magnitude with the half-life of diphenylphosphine oxide (entry 15) at

only 2.6 minutes and octylphenylphosphine oxide is a little slower at 8.3 minutes (entry 13) as

expected given that the octyl group is electron donating and the phenyl group is electron

withdrawing.

Diethyl H-phosphonate (entry 4) had the slowest rate of reaction with a half-life of 18 h;

however the half-life decreased slightly to 15 h for the more strained cyclic neopentylene H-

phosphonate (entry 5). Dibenzyl H-phosphonate reacted faster (entry 9), while diphenyl H-
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phosphonate (entry 14) reacted the fastest. Again, this is expected based on electronic effects,
and is confirmed experimentally.?* Replacement of one ethoxy with a n-octyl group, decreases
the half-life by 2.4 times (entry 6), a replacement with a phenyl group (entry 10) further
increases the rate of deuteration (16 times over diethyl H-phosphonate). Dimethyl thio-H-
phosphonate (entry 7) shows an increase in the deuteration rate consistent with less stabilization
of the positive charge at phosphorus by the sulfur atom. Parsons also noted this increase in
reactivity and even reported DFT calculations (B3LYP/6-31G(d,p)) of theoretical bond
dissociation energies (BDE) for various phosphonates, phosphine oxides, thiophosphonates and
phosphine sulfides that showed a similar trend (Figure 2.5).1%

Pinacol-H-phosphonate (entry 12) showed comparable reactivity to many of the aromatic
phosphinylidene compounds with a half-live of 15 minutes, which is approximately 75 times
faster than (EtO),P(O)H (entry 4) and 200 times faster than phosphorous acid (entry 3). Han and

Tanaka specifically noted and studied the increased reactivity of the pinacol H-phosphinate in

the development of their palladium- catalyzed hydrophosphinylation of alkenes*** and their

Ph 1l Ph T Ph 1 i i
order of reactivity SP—H > SP—H > SP—H -~ EtO\II:l_H , EO \Ilil—H
Vs /
Ph EtO Ph Et0” Et0”

Figure 2.5 Calculated BDE’s of various hydrogen-phosphorus compounds.

rhodium-catalyzed hydrophosphinylation of terminal alkynes.** Although conjectural at this
point, relief of ring strain caused by steric hindrance between the four methyl groups appears to
be the driving factor for increased rate of deuteration. In comparison, the less strained neopentyl

phosphinate has a half-life closer to diethyl phosphite (entry 5).
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Computational studies of the H,O-catalyzed tautomerization of various phosphinylidenes

largely match the trends in experimental deuteration rates.**® Table 2.2 compares experimental

half-lives with calculated energies and barriers for P(V)->P(lll) tautomerization. To decrease

computational time, a simplified model, MeP(O)(OMe)H, was used for the calculations.

Table 2.2 Experimental deuteration half-life (s) and calculated uncatalyzed and H,O-catalyzed

tautomerization Gibbs free energies and barriers (kcal mol™) of various phosphinylidenes.

Uncatalyzed Water-catalyzed
R'.R? Half-life Barrier Energy Complexation Barrier Energy
Me, Me - 64.6 7.8 3.0 40.1 11.2
Ph, OH 2960 64.8 9.2 42.3
EtO,Oct 26689 64.1 10.2 3.7 42.9 12.1
BnO, BnO 12375
Oct, OH 14508 64.1 9.8 44.2
EtO,EtO 64929 64.6 10.2 4.7 43.9 10.5
Ph,Oct 498 63.3 7.2 3.6 40.1 9.5
PhO,PhO 373 62.8 8.7 55 41.0 7.5
Ph,Ph 155 63.4 6.8 4.3 40.2 7.2
H,ONa - 62.1 23.3 1.8 37.8 22.6
H,OH 64 64.0 7.0 4.9 41.1 6.4
DOPO 35 59.4 7.4 7.0 39.4 13.5
H,H - 58.5 -1.1 4.1 34.0 -04

For the most part, the calculated uncatalyzed and water-catalyzed tautomerization

barriers qualitatively agree with the experimental half-lives. Besides H3PO,, Ph- and PhO-

groups give relatively short deuteration half-lives and the lowest tautomerization barriers for the

series of alkyl- or arylated phosphinylidenes. Figure 2.6 graphically illustrate the good

correlation between the calculated barriers and the half-lives of the various phosphinylidene

compounds.
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Figure 2.6 Calculated catalyzed (by one molecule of water) barriers vs. experimental half-lives

2.2.3 Influence of Organic Catalysts on Tautomerization

As noted previously, Brgnsted acids and bases have been utilized to stabilize the P(1l1)
tautomer and thereby increase the reactivity of the phosphinylidene for the target reaction. In a
recent computational study, Wong et al. showed the stabilization of the P(lll) tautomer for
diphenylphosphine oxide using a chiral bicyclic guanidine catalyst as applied to an asymmetric

phospha-Michael reaction (Scheme 2.2). To note, the guanidine acts as both a Brgnsted acid and

Scheme 2.2 Tautomerization pathway as influenced by bicyclic guanidine catalyst. Gibbs free

energy values (233 K) reported in kcal mol™.

- 56.7 - N
e o]

H H
: / . : N0—p'=Ph
O—P =Ph \O :P'/‘Ph '/ph
46 Ph Ph 0.5
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base in this example.'*

In the same regards, a variety of different organic acids and bases were tested to
understand their influence on the rate P(V) to P(I1l) tautomerization with the deuteration of an

alkyl H-phosphinate or H-phosphonate as the model reaction (Scheme 2.3).

Scheme 2.3 Deuteration of tert-butyl octylphosphinate using an excess of D,O and 10 mol%

catalyst.

0 o]
tBuO _|| catalyst (10 mol%) tBuO _||
P—H + D,O(11eq) > _pP-—D

CH4CN, 1t Oct

Oct

For the catalyst studies, tert-butyl octylphosphinate was also chosen as the model compound due
to its desirable half-life of ~8 hours (no additive) reducing amount of instrument time needed.
The tert-butyl ester was chosen to protect the compound against de-alkylation that is typically
observed when using strong bases. Data collected from the *'P NMR Kkinetics experiments are
presented in Figure 2.7 and summarized in Table 2.3. Bicyclic 1,8-diazabicyclo[5.4.0Jundec-7-
ene (DBU) was one of the first catalysts tested and a highly accelerated rate of deuteration was
observed with the half-life calculated at only 32 seconds or 861 times faster than the control
experiment with no additive (entry 13). Tetramethylguanidine (TMG) showed a slower rate of
deuteration at 8.8 minutes, but this is still very fast when comparing the 39-fold increase in
reaction rate with the control (entry 12). Next, neutral thiosaccharin (TS) increased the rate of
reaction approximately 10 times over the control with half-life measured at 41 minutes (entry
11). As a basis of comparison, saccharin (SC) was also screened and the reaction was five times
less reactive than thiosaccharin at 4.1 hours (entry 3). More computational studies are needed,

though, to understand how the interraction between the thiosaccharin and the phosphinylidene
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Figure 2.7 Decay of tert-butyl octylphosphinate (1M in CH3CN) during deuteration with D,O

catalyzed by various organic compounds. No additive was used in the control experiment.

stabilizes the P(Il1) tautomer. The reaction rates between thiobenzoic acid (TBA, entry 10) and
benzoic acid (BA, entry 5) showed similar differences in reaction rates with the half-life of decay
1.1 hours for thiobenzoic acid and 3.3 hours for benzoic acid. Using ethylene glycol (EG)
resulted in a calculated half-life of 2.1 hours (entry 9), and an increase in reactivity of H-

phosphinates using ethylene glycol has already been noted in our previous work with palladium-
42



catalyzed cross coupling and hydrophosphinylation reactions (See Chapter 1, Egs. 1.30 and
1.33).1:11 Formic acid (FA), diphenylthiourea (DPTU) and L-proline (L-pro) all showed very
close rates of reactions with half-lives ranging from 2.7 to 3 hours or approximately 2.5 times

faster than the control experiment (entries 6-8).

Table 2.3 Kinetics data for decay of tert-butyl octylphosphinate after addition of D,O using

various catalysts.

entry Catalyst?® Constlz:':e(Ms'l) Linearity (r°) Half -Life (s) f;:?:)erb

1 none (control) 2.533x 107 0.9977 27922 (7.8 h) -

2 VL 4.268 x 10” 0.9896 16179 (4.5 h) 1.7
3 SC 4.678 x 10° 0.9990 14738 (4.1 h) 1.8
4 AA 5.266 x 10 0.9968 12771 (3.6 h) 2.1
5 BA 6.173 x 107 0.9891 12030 (3.3 h) 2.4
6 FA 6.418 x 10 0.9978 10789 (3.0 h) 2.5
7 DPTU 6.627 x 10 0.9979 10583 (2.9 h) 2.6
8 L-Pro 6.679 x 107 0.9946 9790 (2.7 h) 2.6
9 EG 9.168 x 10° 0.9980 7387 (2.1 h) 3.6
10 TBA 1.702 x 10™ 0.9958 3862 (1.1 h) 6.7
= s 2473 x 10 0.9885 2466 (41 9.8

min)

12 TMG 9.852 x 10 0.9575 525 (8.8 min) 39
13 DBU 2.182 x 10 0.9999 32 861

%L = §-valerolactam; SC = saccharin; AA = acetic acid; BA = benzoic acid; FA = formic acid;
DPTU= diphenylthiourea; L-pro = L-proline; EG = ethylene glycol; TBA = thiobenzoic acid; TS
= thiosaccharin; TMG = tetramethylguanidine; DBU = 1,8-diazabicyclo[5.4.0Jundec-7-ene. °
The rate factor is defined as rate constant (catalyst)/ rate constant (control).

Even simple acetic acid (AA) increased the rate of deuteration with a half-live of 3.6
hours (entry 4). Using é-valerolactam (VL) as an additive resulted in a half-life of 4.5 hours

(entry 2) similar to the result with saccharin, which is also a cyclic amide. The slight decrease in

reaction rate for saccharin suggests that a locked conformation using a fixed ring system and
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smaller ring size help the bonding between the additive and the phosphinylidene compound that
ultimately increases the efficiency of the P(V) to P(l111) tautomerization.

Preliminary DFT calculations for several of the catalysts have been completed by a
collaborator and are reported in Table 2.4. The logarithm of the half-life is also reported in the
table as an estimate of the barrier heights according to Arrhenius theory. The computations show
a good correlation between the half-life and energy barriers with two outliers: thiosaccharin and
tetramethylguanidine. In these cases, multiple mechanisms may be involved in the catalysis of
tautomerization due to the compounds’ dual acid/base functionality. The calculation for
thioformic acid (ThFA) reveal the lowest energy barrier and is included as basis of comparison
with other catalysts that have tautomeric forms such as thiosaccharin (HN-C=S to N-C-SH) and

thiobenzoic acid (HO-C=S to O=C-SH).

Table 2.4 Experimental deuteration half-life (s) in comparison to calculated energy barriers (kcal

mol-1) of various organic catalysts.

Catalyst® Half-life (s)  In (Half-Life) AE#(C)
H0 (control) 27922 10 39.6
VL 16179 9.7 23.7
SC 14738 9.6 21.7
BA 12030 9.4 215
FA 10789 9.3 20.8
TBA 3862 8.3 19.0
ThFA - - 17.9
TS 2466 7.8 215
TMG 525 6.3 29.1

8\/L = s-valerolactam; SC = saccharin; BA = benzoic acid; FA = formic acid; TBA = thiobenzoic
acid; ThFA = thioformic acid; TS = thiosaccharin; TMG = tetramethylguanidine.

Unfortunately, thioformic acid is a thermally unstable compound at room temperature™*’
and the acquisition of kinetic data could not be obtained experimentally for this additive.
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To determine if the trend of catalyst performance remains the same with a different
phosphinylidene substrate, deuteration of di-tert-butyl phosphite was investigated using the most
active catalysts studied with tert-butyl octylphosphinate (Table 2.4). In this set of experiments,
an excess of D,O was used but the catalyst amount was reduced to 5 mol% (Scheme 2.5). Figure
2.8 shows the plotted data of the experiments run and Table 2.6 summarizes the kinetics data.
The first observation was that the di-tert-butylphosphite has a faster rate of deuteration of a half-
life of 14 hours with no additive (Table 2.5, entry 1) compared with diethyl phosphite at 18 hours
(Table 2.1, entry 4). Because the tert-butyl group is more electron donating, a longer half-life
was expected. The steric strain relief to P(111) may contribute to the approximately 1.5 times
acceleration in the reaction, but this needs to be investigated further. Not surprisingly, DBU
provided the fastest rate of deuteration with a half-life of 64 s or approximately 700 times faster

than the control (entry 5).

Scheme 2.5 Deuteration of di-tert-butyl phosphite using an excess of D,O and 5 mol% catalyst.

0 0

tBuO _ | catalyst (5 mol%) tBuO _ ||

SP—H + D0 (11 eq) - SP—D
tBuO CH4CN, 1t tBuO

Tetramethylguanidine also catalyzed the rate of deuteration rapidly with a 2.7 minutes half-life.
Notably, the rate factor is much higher at 279 times increase in rate compared with tert-butyl
octylphosphinate (Table 2.3, entry 12), but that substrate also has a shorter baseline half-life with
no additive. Thiosaccharin was slower as a catalyst with only a 5.6 hour half-life (entry 3).
Although the increase in the rate of reaction does not appear to be substantial, this experiment
shows that thiosaccharin could be a good mild base to use in reactions that use phosphinates with

ester groups that react with strong bases such as DBU and tetramethylguanidine. The use of
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ethylene glycol did not increase the rate of reaction significantly with a half-life of only 12 hours

(entry 2).
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Figure 2.8 Decay of di-tert-butyl phosphite (1M in CH3CN) during deuteration with D,O

catalyzed by various organic compounds.

Table 2.5 Kinetics data for decay of Di tert-butyl phosphite after addition of D,O using various

catalysts.
Rate Linearit . Rate
entry Catalyst Constant (Ms™) ) y Half -Life (s) factor’

1 none (control) 1.052 x 10 0.9955 50485 (14 h) -
2 EG 1.203 x 10 0.9994 42028 (12 h) 1.1
3 TS 2.401 x 10™ 0.9954 20162 (5.6 h) 23
4 TMG 2.937 x 10 0.9914 163 (2.7 min) 279
5 DBU 7.511x10° 0.9903 64 714

®EG = ethylene glycol; TS = thiosaccharin; TMG = tetramethylguanidine; DBU = 1,8-
diazabicyclo[5.4.0Jundec-7-ene. "The rate factor is defined as rate constant (catalyst)/ rate

constant (control).
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Given the promising result with the initial phosphinate substrate (Table 2.4, entry 9), it is
speculated that the steric bulkiness of tert-butyl phosphite may also cause less efficient binding

to the catalyst.

2.2.4 Bonding of the Catalysts with the Phosphinylidene

Understanding the lowering of tautomer transition state energies between the
phosphinylidene compound and the catalyst is necessary to understand what makes the catalyst
efficient. Furthermore, hard/soft acid/base interactions between phosphinylidene tautomers and
catalyst are also important to consider. Figure 2.9 shows the binding motifs for top five catalysts
that increased the rate of deuteration significantly. DBU appears to stabilize the direct transfer of

proton from the phosphorus to oxygen being very basic.

SN
N N o O OtBu Oct

Figure 2.9 Binding motifs between tert-butyl octylphosphinate and several catalysts.

A computational model using the analogous base trimethylamine and structurally simplified
methyl methylphosphinate supports this hypothesis with the barrier energy lowered from 60 kcal
mol™ with no additive to 27 kcal mol™ with the base. With the use of D,O as a deuterating agent,
water also continues to act as a catalyst in the tautomerization reaction lowering the barrier to 33
kcal mol™, but it is unknown whether water works in coordination with the other catalysts. For
the remaining catalysts, each have protons that can bind to the P=0 bond and allow the hard or
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soft base in the molecule to bind to the proton transferring from the phosphorus to the oxygen.
Tetramethylguanidine is a strong Brensted base like DBU and its lone pair of electrons readily
facilitate a transfer of hydrogen from the phosphorus to the oxygen. Thiosaccharin also appears
to form a nice complex with the phosphinate, although two possible tautomer structures are
possible for the catalyst (Figure 2.10). In rationalizing the good performance as a catalyst, the
tautomeric binding structure appears to be the more plausible as the lone pair of electrons on the
amine would make it a harder base and more capable of stabilizing the transferring P-H
hydrogen. Similarly, thiobenzoic acid provides two binding motifs with the top structure (Figure
2.11) the most likely complex since that compound is more stable with the acidic hydrogen on
the sulfur versus the oxygen, and this is well documented.™*® Ethylene glycol appears to work as
a decent catalyst because its hydroxyl groups have dual functionality: One hydroxyl group binds
to the P=0 bond and the second hydroxyl H-group acts as a weak base to facilitate the P(V) to

P(111) tautomerization.
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e o) i
I ~oct - ,°
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H
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O O ﬂ
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Figure 2.10 Phosphinate binding to tautomeric structures of thiosaccharin and thiobenzoic acid.

A computational study was also completed through a collaboration to understand the hard/soft

acid and base interactions using H3PO and HsPS as simplified phosphinylidene models to give a
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better idea of the type of functionalities that make an optimal tautomerization catalyst. Table 2.6
summarizes the data for the energies of binding (AEy), reaction (AE,), barrier relative to the most
stable complex (AE*(C)), dissociated reactants (AE*(DR)) and the overall barrier (AE*(DR) =
AE*(C) - AEy) as obtained from gas-phase DFT calculations.

First to note is the difference in overall barrier energies AE*(DR) between HsPO and
H3PS (28.2 vs. 24.9 kcal mol™) are in agreement with the kinetics results presented in Table 2.2
for analogous compounds (EtO),P(O)H and (MeO),P(S)H and the calculated BDE’s in Figure
2.5. The calculations are completed for the P(V) tautomer-catalyst interaction of HsPO which has
a soft acid (P-H) and hard base (P=0). In comparing the catalyst with soft base and hard acid
compound HC(=S)OH (entry 4) has the lowest calculated AE*(DR) at 4.4 kcal mol™. For HsPS
that contains a soft acid (P-H) and soft base (P=S), but hard acid/hard base HCOOH (entry 9) has

the lowest calculated AE*(DR) at 9.7 kcal mol™.

Table 2.6 Calculated catalyst-P(V) Energies (kcal mol-1).

Molecule | entry Catalyst AE, | AE* | AE* | AE; | Acidity/Basicity®
(©) | (OR)
1 None - 62.3 - -0.3 -
2 H,O -6.2 | 345 | 28.2 -0.1 -
HsPO 3 HCOOH -12.8 | 175 4.7 2.9 HA/HB
4  |HC(=S)OH | -103 | 147 | 44 | 32 HA/SB
5 |HC(=0)SH | -73 | 146 | 73 | 07 SA/HB
6 HCSSH -6.6 | 12.9 6.3 0.6 SA/SB
7 None - 47.0 - -3.7 -
8 H,O -45 | 293 | 249 -1.7 -
HaPS 9 HCOOH -8.2 | 17.9 9.7 -0.4 HA/HB
10 |HC(=S)OH | -49 | 169 | 120 | -16 HA/SB
11 HC(=0)SH -5.0 16.7 | 11.7 -1.0 SA/HB
12 HCSSH -40 | 159 | 119 -2.0 SA/SB

2 HA = hard acid: HB = hard base: SA = soft acid: SB = soft base
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To note, the calculations do not necessarily follow the trends that are expect with H3sPO the
energy barrier height would follow: HC(=0)SH > HCOOH ~ HCSSH > HC(=S)OH. For H3PS,
the expected energy barrier height would follow: HCOOH > HC(=0)SH ~ HC(=S)OH >

HCSSH.

2.3 Conclusion

The present chapter was used to highlight the synergistic computational and experimental
studies used to understand P(V) to P(Ill) tautomerizaton. Gratifyingly, the computational energy
barrier data mostly followed the same trend as the half-lives acquired by **P NMR. In the first
part, the data unequivocally demonstrated special and accelerated reactivities for
phosphonylidenes containing phenyl groups and strained sterically bulky rings. The second half
of this chapter was used to demonstrate how computational chemistry, in collaboration with an
expert in the field, may be used to help understand and develop efficient tautomerization
catalysts via calculating the transition state energies of phosphinylidene-catalyst complexes.
Strong bases such as DBU and tetramethylguanidine provide the most accelerated reactions, but
cannot be used broadly with phosphorus compounds with base-labile groups. The computational
studies showed that neutral thiosaccharin and related thioamide compounds are promising as
mild tautomerization catalysts because of their favorable acid/base interactions with the
phosphorus tautomers. Expanded experimental and computational investigations are needed to
understand how ethylene glycol works as a decent catalyst. Based on the initial calculations,
analogues of ethylene glycol containing a longer spacing alkyl chain and a Lewis base should
work well. The study of chiral additives for asymmetric catalysis of phosphinylidenes is also of

interest.
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Chapter Three: Nickel-catalyzed Hydrophosphinylation of Alkenes

3.1 Introduction

As summarized in Chapter 1, extensive studies of palladium-catalyzed
hydrophosphinylation of unsaturated hydrocarbons with hypophosphorous acid derivatives were
completed.”®® Although the methodology developed was very efficient and used catalyst
loading < 2 mol%, a catalyst system using cheaper nickel salts was desired. In 2005, an
inexpensive and straightforward nickel chloride-catalyzed addition of phosphinates to terminal
and internal alkynes was reported (Eq. 3.1).* In this reaction ROP(O)H, plays several roles: a)
reagent, b) reducing agent to activate the nickel pre-catalyst, ¢) ligand to stabilize the Ni(0)

catalyst, and d) as a drying agent when NiCl,-hydrate or moisture is present.*

R1

0] — 2
Rt——R 0]
n.H I R2
RO-P, : RO—PJ\/ (Eqg. 3.1)
H NiCl, (2-4 mol%) H
R = Alk CH3CN, reflux i |
1- examples
R =H,C 64 - 100 %

Unfortunately, hydrophosphinylation of alkenes under similar conditions was not very successful
('P-NMR yield < 70%) and not competitive with the palladium-catalyzed version
developed.”**® Often in nickel catalysis, Ni(cod), is the precursor, but it is an expensive
(Ni(cod), =$8761/mol; PdCl,=$5267/mol based on current costs from Sigma-Aldrich) and a
highly air-sensitive species requiring a glove box and related stringent inert atmosphere
techniques. On the other hand, nickel chloride (anhydrous salt, $80/mol, Sigma-Aldrich) is
cheaper than palladium salts and its complexes by two orders of magnitude. The following
chapter will summarize the progress with nickel-catalyzed hydrophosphinylation and the
successful addition of phosphinates to unactivated alkenes catalyzed by nickel chloride, in the

presence of an external phosphine ligand.
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3.2 Results and Discussion
3.2.1 Reaction Optimization

For the study of NiCl,-catalyzed hydrophosphinylation of alkenes, the model substrate
chosen for an unactivated olefin was 1-octene. Ethyl phosphinate was prepared via our
alkoxysilane method and used as a 0.5 M stock solution.'® Various conditions and catalysts were
investigated as shown in Table 3.1. As previously reported,*® NiCl, alone does not work well

with 1-octene (entry 1), but under similar conditions CI,Ni(PPhs), is more successful (entry 5),

Table 3.1 Nickel catalysis in the hydrophosphinylation of 1-octene with EtOP(O)H,,

1n_H
EtO-P_  (2eq)
H

/\Hex Hex \/\E.OEI
catalyst H
solvent, T
Entry  Solvent, T Catalyst *'P-NMR yield %"
1 PhCH, rt NiCl; (3 mol %) 25
2 CHsCN, reflux CIuNi(PPhs), (4 mol %) 30
3 THF, reflux CIaNi(PPh3); (5 mol %) 47
4 PhCHs, reflux CIaNi(PPh3); (4 mol %) 45
5 PhCH, rt CIaNi(PPhs), (4 mol %) 65
0 PhCHs, gFi)ch::z(gso ol (;//?) ot
PhCH, rt Ni(PPhs)s (3 mol %) 0
8 PhCH, reflux CluNi(dppp) (4 mol %) 20
9 PhCH, rt ClNi(dppp) (4 mol %) 69
10 PhCH, rt Cl,Ni(dppe) (5 mol %) 96
1 PhCH,, 1t deiggz(gsmn?é@) o
12 PhCH, rt NiCl; (3 mol %) 93

dppe (5 mol %)
2 NMR vyields are determined by integration of all the resonances in the *'P NMR spectra.
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whereas heating in various solvents gives poorer results (entries 2-4). Addition of
triphenylphosphine to NiCl, gives roughly similar results (entry 6), but the use of preformed
Ni(PPh3), does not give any addition product (entry 7). As before, the reaction at room
temperature is superior (entry 9 versus 8), but dppp (1, 3-bis(diphenylphosphino)propane) does
not result in a very significant improvement over PPh;. On the other hand, dppe gives much
improved results (entries 10-12). Analysis of the reaction mixtures by gas chromatography
usually indicated the complete disappearance of 1-octene with concomitant formation of octane
and octene isomers as by-products, especially pronounced at higher temperatures.

Expectedly, this indicated that transfer hydrogenation®*%

is one of the significant
competing pathways. Because alkynes are more reactive than alkenes, competing pathways in
hydrophosphinylation are less of a problem, and plain NiCly is successful.*** The results in Table
1 also allowed for a few working hypotheses: a) toluene is a good solvent and room temperature
is a requirement to maximize the yields; b) the presence of a ligand has a significant influence on
alkene hydrophosphinylation, and dppe appears to be the best choice. Fortunately, dppe is also
the cheapest of the bidentate phosphine ligand family ($1036/mol, Strem). Furthermore, based
on our prior work with alkynes and the identification of a preactivation process,*** we knew that
the reaction of NiCl, with an alkyl phosphinate, either at room temperature or with heating,
results in the formation of a nickel(0) species corresponding to Ni[(RO)P(OH)H]s (**P-NMR
d ~170 ppm (d, Jp.q = 341 Hz)) in the absence of other ligands. This is not surprising since the
reduction of nickel salts with phosphinates is the basis of the electroless plating process
(Kanigen® process), which is responsible for the major industrial consumption of
phosphinates.9**°

For this reason, a different experimental protocol was investigated in which the nickel

catalyst precursor is first pre-reacted with the phosphinate at room temperature for 2 hours,
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before the addition of 1-octene, with or without dppe as an external ligand. Results are
summarized in Table 3.2. This protocol results in clear improvements over the conditions of
Table 3.1 (entries 1-9), but follows up on the excellent results in Table 3.1 (entries 10-12).

Even NiCl, gives an almost 3-fold increase, though it remains a moderate yield (Table
3.2, entry 2). Preactivation of NiCl, at room temperature for 2 hours before the addition of dppe
was ideal (entry 1) and the process gives comparable results when preformed CI,Ni(dppe) is used

(entry 4).

Table 3.2 Optimization of the hydrophosphinylation of 1-octene with EtOP(O)H, through

preactivation.

1. EtOP(O)H, 2. dppe (3.3 mol %)

NiCl, (2 eq) 0.5h, t Hex \/\('P?‘OEt
3 mol % tenﬁgecz:rgtire 3. 1-octene, rt, 24 h ‘H
time

entry time temp *P NMR Yield (%)
1 2h It 100
2 2h t 61
¥ 2h t 57
4° 2h It 98
5 8h rt 87
6 30 min rt 59
! 2h 85 °C 24
8 10 min reflux 89

® NMR yields are determined by integration of all the resonances in the P NMR spectra. "
Without dppe. ¢ Under air. ¢ CI,Ni(dppe) was used.
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Not surprisingly, when oxygen is present, the yield drops significantly as nickel (0) is air
sensitive (entry 3). Longer preactivation at room temperature resulted in a small drop in yield

(entry 5), but a larger one at the shorter 30 min time interval (entry 6).

Consistent with Ni(0) decomposition, this was worse when heating was applied (entry 7),

however a short period of heating gave good results (entry 8).

To obtain a comparison of reactivities, other nickel catalysts and ligands were tested but

failed to give better results (Table 3.3).

Table 3.3 Hydrophosphinylation of 1-octene with EtOP(O)H; through preactivation of various

nickel halide catalysts and ligands.

1. preactivation step
reduction of Ni(ll) to Ni(0)
EtOP(O)H, (2 equiv)
NiX, PhCHs, 1t, 2 h _ (IF?)/OEt
(3 mol %) 2.ligand, rt, 0.5 h T Hex T “H
3 Hex Xy s I, 240

*'PNMR Yield
entry catalyst® (%)°
1 CI3Ni(PPhs), 17
2 NiCl, + PPh; (6.6 mol%) 66
3 NiCl, + PPh3 (12 mol %) 39
4 NiCl,+6H,0 + dppe 72
5 NiBr, + dppe 75
6 Nil, + dppe 57
7 Ni on SiO./Al,O3° + dppe NR
8 Cl2Ni(dppp) 87
9 NiCl, + dppp 85
10 Cl,Ni(dppf) 48
11 NiCl, + dppf 42

2 3.3 mol % of ligand used if not already pre-complexed with NiCl,. ° 65 wt % Ni. ¢ NMR vyields
are determined by integration of all resonances in the P NMR spectra.
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3.2.2 Mechanistic Considerations

Scheme 3.1 shows possible mechanistic pathways for the reduction of the nickel(ll)
precursor into catalytically active Ni(0). Some alcohol (ROH) is typically present as a result of
phosphinate synthesis.'® The formation of H-phosphonates is always observed in the process. It
should be noted that the hydrophosphonylation of alkenes that could result from their presence is
not observed, even though various hydrophosphonylation processes have been described in the

literature.>**°2 After intial addition of the phosphinate to the Ni(Il) species, an abstraction of

Scheme 3.1 Mechanistic pathways in the formation of nickel(0) from nickel(ll) species using

alkyl phosphinates.

©
_ HO® ¢
ey "N, Cl, — P -NiL,CI

/\

HOP NiL,-Cl <= P NiL,-Cl << P NiL,-Cl

HO ® Cl@
P NiL,,

reductive reductive reductive
elimination elimination elimination
O H . _5-OH (l)l_H _
HO - P +Ni(O)L, RO-P_ +Ni(O)L, RO-P  *Ni(OL,
Cl >
Cl
ROH ROH ROH
- HCI - HCI - HCI
o OH D u
Ho—p " RO-P, <~ RO-P
OR OR OR
overall:
I I .H
RO —P\'H + NiCl,L,, R(H)OH RO-P + Ni(O)L,,

H -2HC OR(H)

chlorine may occur either as and alkyl chloride (RCI) or hydrochloric acid (HCI). As mentioned

in Chapter 2, metals stabilize the formation of the P(l1l) tautomer, and as mentioned previously
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this is sometimes observed via downfield shift of the phosphinite in the 3P NMR spectra.
Because of this P(Ill) tautomerization, three different reductive elimination pathways of Ni(0)
are possible that result in the formation of a P-Cl bond with either the P(V) phosphinate or P(l11)
phosphinate. The P-CI compounds readily react with the excess alcohol in solution to form the
H-phosphonate. The formed HCI then can re-oxidize the Ni(0) back to Ni(ll) and the reaction
cycle starts over.

Only alkyl phosphinates (ROP(O)H,) gave good results in this reaction, as was the case
with alkynes. Hypophosphorous acid or its salts did not provide any significant yield of
hydrophosphinylation (results not shown). This might be due to either increased transfer

hydrogenation or less efficient formation of a nickel(0) species, the former being most likely.**?

A plausible mechanism for the nickel-catalyzed hydrophosphinylation reaction is shown in

Scheme 3.2.

Scheme 3.2 Possible mechanism for the nickel-catalyzed hydrophosphinylation reaction.

o 7 i, NiLn

0 oH *+.OH . O-H
RO-P _ —= RO-P, s RO-P
" H H
P(V) P(l11) l
O H ;
n, | bHelm _NiLH nNiL, H
RO —P-H=iL, RO—P P
| OH H
ROH oo
hydrogen acceptor A c—cC
-Ni(O)L,,
H__R, H
o of i
Il OR o ”*N”-nl
RO-P " +AH, RO-P~ <—— RO-P
H H  -NiQO)L, H

Complexation of nickel(0) to the P(111) phosphinate tautomer gives an intermediate which

can either decompose to a complexed dihydride leading to transfer hydrogenation, *°* or a

monohydride that can add to unsaturated hydrocarbons. Although an experiment using a radical
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quencher was not completed, the lack of reactivity with internal alkenes such as cyclohexene rule
out a free radical-based mechanism. The role of the ancillary ligand (for example dppe) would be
to stabilize the Ni(0) species and prevent/slow down the formation of the dihydride through £-
hydrogen elimination leading to transfer hydrogenation. Furthermore, phosphines are better at
stabilizing the Ni(0) as they are better ligands than phosphinites. When alkynes are employed, a

faster reaction rate allows hydrophosphinylation to take place under “ligandless” conditions.

3.2.3 Scope of the Optimized Reaction

With the above results in hand, a study of reaction scope was the logical next step. Thus,
various terminal alkenes and a terminal alkyne were explored as hydrophosphinylation
substrates. Scheme 3.3 summarizes the results. Ethyl phosphinate was prepared using
(diethoxy)dimethylsilane, and butyl phosphinate either through the analogous alkoxysilane
method, or the Dean-Stark esterification of HsPO,, as reported previously.'® Reactions following
the conditions of Table 2 (entry 1) were then applied. Consistently high NMR vyields were
observed, however, isolated yields varied significantly, due in large part to the hydrolytic
sensitivity of H-phosphinate esters and substrate polarity during chromatographic purification on
silica gel.**® In general, the isolated yields were better for the more non-polar substrates as they
have less affinity for to get adsorbed onto the acidic silica gel. Nonetheless, the present nickel-
catalyzed alkene hydrophosphinylation reaction generally proceeded satisfactorily in yields often
similar to our previously reported palladium-catalyzed methodology.”® For example,

hydrophosphinylation of 1-octene (4) was conducted on a 20-g scale, and the product was
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Scheme 3.3 ? Preliminary scope of the nickel-catalyzed hydrophosphinylation reaction.

(RO),SiMe, RSN o For R:
H4PO ROP(OH; ——————R! 1.OR '
72 toluene, reflux (2eq) NCla (3 mol%) ~p ‘H a=Et
2h dppe (3.3 mol%) b =Bu
PhCHs, 1t, 24 h
/\
Hex /\)C\OZEt
7
20 g scale COE = o
|
no chromatography!  g5. 109 (64) 6a 100 (61) 7a: 100 (45) 8a: 74 (61)
4b: 84 (63) 5h: 84 (87) 6b: 68 (44) (monosubstitution)  8b: 67 (45)
okt N_ ot H o og Q OFt
P e Py u
Z " 0okt I ~ bl MO/Y N\OEI
(@)
13a: 88 (28
9b: 87 (85) 10a: 100 (66) 11a: 100 (33) 12b: 85 (71) 14b- 100( (3)6)
10b: 77 (43) 11b: 75 (48)
HO
S 0
iMe;
=
14a: 88 (53) 15a: 100 (48) 17a: 87 (50)
14b: 74 (42) 15b: 88 (57) 16a: 100 (79) 17b: 97 (44) 18a: 90 (53)
Z =
B OAc — Hex
A CFu | o _
=
19a: NR 20a: 24 (nd) 21a: 42 (nd) 22a: 53 (nd) 23a: 100 (95)
after 48 hours 2:1(L:B)
O
=
Y % 0 OH
oj W A (:/|/
24a: NR 25a: NR 26a: 38% (nd) 27a: NR

2 3p NMR vyield (isolated yield); NR = no reaction; n.d. = not determined; L:B = linear to
branched.

obtained in 79 % yield, without any chromatography. This was achieved by partitioning the
product between acetonitrile and several washes of hexanes to remove the non-polar silicate. The
only internal alkene to work with this methodology was norbornylene (5), but this substrate

contains a strained ring system making the alkene more reactive.

Several substrates reacted poorly (<40% NMR vyield) or not at all such as allyl chloride

and allyl alcohol (26), which have more than site of reactivity and can also form z-allyl
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complexes with nickel. 1H,1H,2H-Perfluoro-1-octene (19) is less reactive due to electronegative
perfluorinated alkyl chain pulling electron density away from the alkene. Vinyl compounds such
as styrene (20), 2-vinyl-1,3-dioxolane (24), and methylenecyclohexane (27) are also not reactive,
although o-bromostyrene (21) shows some product formation at 42% NMR vyield. Significant
differences between Pd- and Ni-catalyzed reactions of phosphinates have been noticed

previously.®®

Later on it was discovered that the nickel catalyst also lowers the isolated yield through
oxidation of the H-phosphinate product into the corresponding phosphonate monoester
R'P(O)(OR)(OH). At this point, it was found that an extractive work-up using
dimethylglyoxime (C4HgN.O,, a known nickel complexant) prior to purification helped

improved the isolated yield.

3.2.4 Nickel-catalyzed Hydrophosphinylation followed by Hydrolysis

Because of the remaining occasional discrepancies between NMR yields and isolated
yields in Scheme 3.3, a different protocol was investigated next for the synthesis of more stable
H-phosphinic acids. The idea was to prepare H-phosphinic acids through saponification of the
crude hydrophosphinylation mixture, and purification through simple acidification/extraction
therefore avoiding all chromatography and associated hydrolysis of the H-phosphinate esters.

The results of this study are summarized in Table 3.4.

As predicted, this process not only allows for increased isolated yields but it also avoids
chromatographic purification altogether. Based on the conditions shown in Table 3.4, our nickel-
catalyzed hydrophosphinylation/hydrolysis sequence was investigated with 4-phenyl-1-butene as

the substrate (Eqg. 3.2).

60



Table 3.4 Nickel-catalyzed hydrophosphinylation/hydrolysis.

1. NaOH
BuOP(O)H, (2 M, 4eq)
(2 eq) PhCH3

Rl’\ (DIS)

reflux, 14-16 h, Rl\/\(IP?‘OH

NiCl, (3 mol %) 2.H* H,0 H
dppe (3.3 mol %)
PhCHg, 1t, 24 h
. Isolated yield
Compound  Alkene 1P NMR vyield
P y (no chromatography)
28 ZHex (90 %) 82 % (7 g scale)
29 Z0ct (93 %) 70 %
30 Eb (100 %) 87 %
31 NNF (100 %) 81 %
9 o C
Ph/\/\/T \)J\N/p
c0._0__0O
Y CO,Na
Et monopril
1. NiCl,, 3 mol %
10 min A, Toluene o
2. dppe, 3.3 mol % T
BuOH 30 min, rt =} -OH
aq HsPO, Ph” NN\ ~H
PhCH;4 3. 4-phenyl-1-butene 32
2 eq D/S 22 h, rt o
reflux, 2 h 4.NaOH (2M, 4eq) . 87% overall
quantitative reflux, 16h isolated yield after extraction

Monopril (fosinopril) is a (pro)drug used in the treatment of

95% NMR yield

25 g scale

No chromatography

(Eq. 3.2)

congestive heart failure

(angiotensin converting enzyme (ACE) inhibitor).">*** Its current synthesis involves the AIBN-

initiated free radical hydrophosphinylation of 4-phenyl-1-butene with HsPO,, but a few percent

of a regioisomeric impurity (formation of the branched isomer) complicate the manufacture.*

With the nickel-catalyzed reaction, excellent yield of product was obtained with little or no

formation of regioisomer (< 0.5 % as determined by *'P-NMR) on a relatively large laboratory
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scale, and again without any chromatography. The bench-stable product (32) eventually formed
crystals upon standing over time, and the first recorded X-ray structure of the compound was

solved (Figure 3.1).

Figure 3.1 X-ray structure of 4-(phenylbutyl)-H-phosphinic acid (32).

3.2.5 Tandem Reactions

Based on the same idea, the direct conversion of crude H-phosphinate esters into other
important organophosphorus compounds was examined next since the crude mixtures contained
high yields of product. Scheme 3.4 summarizes these results. The standard nickel-catalyzed
hydrophosphinylation for 1-octene (4a) and 4-phenyl-1-butene (17a) was completed and both
crude products showed >90% NMR yields. Oxidative thiolation of both substrates occurred
readily with elemental sulfur at room temperature under base conditions to produce the expected
phosphothioic acid products in 52% isolated yield for compound 33 and 59% isolated yield for
compound 34 after two steps. Tandem complexation with borane was completed on ethyl
phenylbutyl-H-phosphinate (17a) using previous established procedure® to produce compound
35 in 48% isolated yield after two steps. Another one-pot process of interest is the cross-coupling

of the intermediate H-phosphinate (Eq. 3.3). Various literature conditions related to the cross-
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coupling of H-phosphinate with aryl halides have been reported.**** However, in Eq. 3.3, Hirao

cross-coupling conditions previously expanded by our group were employed since reactive

iodobenzene was the coupling partner.*3%*%°

Scheme 3.4% Nickel-catalyzed hydrophosphinylation/complexation sequence.

o
EtOP(O)H, (2 eq) - OEt
, : RSPy
NiCl, (3 mol %),
dppe (3.3 mol %)
PhCH3, 1t, 24 h  100%, R! = Hex (4a)

90%, R! =(CH,),Ph (17a)

231p_NMR yield (isolated yield).

1. EtOP(O)H, (2 eq)
NiCl, (3 mol %),
dppe (3.3 mol %)
PhCHg, 1t, 24 h

)

Sg (3 €q)

EtsN (3 eq)

e,

rt, 12- P:
R17>""0OH

33 76% (52%), R! = Hex
34 84% (59%), R! = (CH,),Ph

Hex
2.Phl (1 eq)

Pd(OACc),/dppf (1 mol%)
DIPEA (1.3 eq)
CH3CN, reflux, 18 h

Ph OBH,
1. TIPSCI (3 eq) ~Np -OFt
EtsN (3.2 eq) ® OTIPS

CH,;CN
0°Ctort,24h

2. BH3-Me23 (4 eq)
rt, 5h

35 81% (48%)

2 ox:
Hex ~ > “Ph

83% (71%) (Eq. 3.3)

Additionally, the present nickel-catalyzed hydrophosphinylation of alkenes can be

employed instead of our palladium version in order to prepare various compounds more cheaply.

Scheme 3.5 shows three such examples and their application to the synthesis of P-

heterocycles.” Hydrophosphinylation of 5-bromo-1-pentene gives the desired addition product

(15a) contaminated with (EtO),P(O)H, which was removed in vacuo. Addition of THF and
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LiHMDS® to the resulting crude mixture formed the corresponding 1-ethoxyphosphorinane 1-
oxide heterocycle (36) in good isolated yield. Addition of ethyl phosphinate to allyl carbamate
followed by acid hydrolysis gives the intermediate H-phosphinic acid in excellent yield (actually

%8 Heterocyclization using the

higher than with the palladium-catalyzed methodology).
Kabachnick-Fields protocol™®**° gave the corresponding P,N-heterocycle (37) uneventfully, as
we reported previously.™®® Finally, hydrophosphinylation of the terminal alkene of methyl (E)-3-

methyl-2,6-heptadienoate,'® followed by cyclization through conjugate addition delivered the

substituted phosphorinanic ester (38) as a mixture of diastereoisomers

Scheme 3.5 Nickel-catalyzed hydrophosphinylation applied to the preparation of P-heterocycles.

EtOP(O)H, LIHMDS o

1
Br (2 eq) (1 eq) O ,U
(y NiCl, (3 mol %) THF
X dppe (3.3 mol %) -78°Ctort
PhCHg4, 1t, 24 h 18 h 36

o i .
(95% NMR yield 74% isolated yield

remove diethyl phosphite overall
no isolation)
1. EtOP(O)H,
- (2eq)
NiCl, (3 mol %) o

| H dppe (3.3 mol %) I
RN ogt  PRCHa M 24h  ppcpo HO-j\

Ph N

H

\ﬂ/ 2. HCI (12 M) BuOH
o reflux, 12 h Dean-Stark
. ) reflux, 14 h
(82% isolated yield) 37

56% isolated yield
after 2nd step

o)
EtOP(O)H, tBUOK P _OEt
(2 eq) (1 eq)
—— CO,Et
Z " CO,Et  NiCl, (3 mol %) THF

dppe (3.3mol %) O0°Ctort

38
PhCH3, 1t 24h ¥h  S7eisolated yield
(66% isolated yield) after 2nd step
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3.2.6 Nickel-catalyzed Desymmetrization of ROP(O)H,

The potential for the desymmetrization of ROP(O)H, using a chiral phosphine ligand was

briefly investigated (Table 3.5).

Although a number of other chiral ligands were screened, results were unsatisfactory

because the P-C bond-forming step gave low or no yield.

As expected, dppe-like ligands provided good reactivity (entries 1 and 2). One Josiphos-
type ligand displayed good reactivity (entry 4) while others simply did not give any

hydrophosphinylation. Correlation of enantiomeric excesses (ee) were determined by derivitizing

Table 3.5 Desymmetrization of EtOP(O)H, through hydrophosphinylation using a chiral ligand.

1. NiCl, (3 mol %)
EtOP(O)H, PhCH3, rt, 2h > Hex N OEt (S)-PhCH(Me)NH2
(2 eq) 2.ligand, rt, 0.5 h *Po CCly, 1t
3. Hex "X 1, 24 h

Hex I 0 oEt
\/\ Me

X

H  Ph

Entry  ligand® 3Ip_NMR vyield %° de %°

1 (R, R)-DIPAMP 90 12

2 (S, S)-Chiraphos 89 18

3 (S, S)-Ph-BPE 69 16

4 JosiPhos-(R)-(S)-PDF-Pxyl, 96 17

5 JosiPhos-(R)-(S)-PPFPCy, 0 }

6 (S, S)-DIOP 0 -

3.3 mol %. ° NMR yields are determined by integration of all the resonances in the *!P NMR
spectra. © ee determination was conducted as in ref 28 using (S)-methyl-benzylamine and CCl,.

F oo 0% 0 a P 9 0
b YLD L A XY DY sl
@ @ U os0 JIW0 JERTOR0

(R, R)-DIPAMP (S, S)-Chiraphos (S, S)-Ph-BPE Josiphos-(R)-(S)-PPFPCy, Josiphos-(R)-(S)-PDF-Pxyl, (S, S)-DIOP
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the crude H-phosphinates with (S)-(-)-methylbenzylamine and CCl, using the Atherton-Todd
reaction. The diasteriomers can then be differentiated by *'P NMR to calculate the de’s (de = ee).
This method was validated by chiral HPLC analysis, and the de values obtained by *'P NMR

were accurate.?

Desymmetrization via preparation of chiral alkyl phosphinates was also quickly

examined.

Because the alkylsiloxane reagents for (-)-menthol and (-)-8-phenylmenthol are not
commercially available, these were synthesized using the corresponding alcohols and

dichlorosilane.

Furthermore, the bulkiness of the alkyl group severely restricted the ability of the
phosphinate to preactivate and reduce NiCl; on its own. Scheme 3.6 summarizes the reaction of
(-)-menthyl phosphinate (39) with 1-octene using pre-complexed NiCl,(dppp) and activated zinc
powder as a reducing agent to generate the active Ni catalyst. Although the reactivity was

moderate, the desymmetrization was inefficient.

Scheme 3.6* Desymmetrization of Phosphorus using (-)-Menthol as Chiral Auxillary.

Hex X
R*O),SiMe 1 eq)P O
HsPO, (R0),SiMe, R*OP(O)H2 S N_(d( ;])(4 o /\/B/OR*
PhCH, reflux, 2 h oNi(dppp mol% N
: (2 eq) Zn (2 equiv) Hex H

PhCHg, 1t, 48 h
39: 63% (41%) R* = (-)-menthyl
de. =37%
40: 21% (nd) R* = (-)-8-phenylmenthyl
de. =72%

® NMR vyields are determined by integration of all the resonances in the *'P NMR spectra.
b Extra equivalent of 1-octene used in reaction with (-)-8-phenylmenthyl phosphinate (40).
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The bulkier 8-phenylmenthol phosphinate (40) was reacted under similar conditions and the d.e.
was competitive with the previously reported asymmetric palladium-catalyzed

hydrophosphinylation.”® However, reactivity was significantly lower.

3.2.7 Relative Reactivities between Alkenes and Alkynes

Finally, a competition study of nickel-catalyzed hydrophosphinylation at room
temperature for 24 hours was conducted to understand the reactivities of the optimized reaction
between alkenes and alkynes (Scheme 3.7). The formation of phosphinate products was
equivalent between the reaction with 1-octene and 1-octyne. Not surprisingly, the reaction with

4-octyne was slower with a 5:1 ratio of alkene to alkyne products.

Scheme 3.7 ® Hydrophosphinylation Competition Studies with 1-octene and 1- and 4-octyne.

=——Hex 0 oF (o) OEt (uF?),OEt
(1 eq) p - OFt p ! y >
P + H
~_-P-« + Hex O T AEN
Hex X Hex H : Hex
le
EIOP(O)H, (1eq) 95% 64% 36%
(4 eq) NiCl, (3 mol %), Pr———~"Pr 0)
Treirsey | wen
) I >
3 Hex N “H *oPr /\( H
Pr
100% 20%

® NMR vyields are determined by integration of all the resonances in the *'P NMR spectra.

3.3 Conclusion

The following chapter describes the successful development of nickel-catalyzed
hydrophosphinylation of unactivated alkenes, which was not fully realized in the initial studies

with alkynes. Furthermore, this new methodology provides a cheap alternative to palladium-
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catalyzed hydrophosphinylation that was previously developed. The reaction was optimized by
first reducing the nickel chloride with alkyl phosphinate and further stabilizing it with the cheap
bisphosphine ligand, dppe. Experimental observations like the concurrent formation of dialkyl
phosphites appear to affirm the reaction mechanisms proposed. The optimized reaction was
functional group tolerant for a variety of different alkenes and can be utilized in tandem with a
variety of different P-H bond manipulations like cross-coupling with aryl halides or
intramolecular cyclizations.

Large scale synthesis of alkyl-H-phosphinates may be achieved with this method, and has
become standard for preparing intermediates for further development of P-C and P-O bond-
forming methodology. Continued work is required for a robust asymmetric version of nickel-

catalyzed hydrophosphinylation.
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Chapter Four: Manganese-catalyzed Addition of H-Phosphinates to Alkenes and Alkynes
4.1 Introduction

Manganese-promoted free-radical reactions have become a staple of organic synthesis.*®!
Besides their low toxicity, manganese compounds are inexpensive over a broad range of
oxidation states (anhydrous MnCl,, 98% = $4.3/mol; anhydrous Mn(OAc),, 98% is $76/mol;
based on current costing from Alfa Aesar). Ishii and coworkers pioneered the reactions of H-
phosphonate diesters for elegant P-C bond formation using catalytic manganese(ll) acetate under

aerobic conditions, but only a few isolated yields were determined (Eq. 4.1)."%?

(0] 0]
R+ RO ‘||=|>—H Mn(OACc), (5 mol%) RO tlg/\/Rl
RO’ 90°C,1h RO (Eq. 4.1)
air (1 atm)
(3 eq) neat 9 examples

32-82% GLC yield
Best isolated yield = 81%
for R = Bu; R = Hex

Building on Ishii’s work, Zhang reported the manganese(l11)-mediated phosphonation of o, -
unsaturated arylketones to prepare alkenylphosphonates (Eq. 4.2). Using stoichiometric
manganese(l11) acetate, isolated yields for the conjugated alkene substrates tried ranged from 37
to 87% with the least reactive compounds containing an ethyl ester group (X = (C=0)OEt).*** To

note, the reaction is regioselective for only the (E)-alkenylphosphonate.

o) RO .1

X RO _1i Mn(OACc)3.H,0 (3 eq) P X

| . 'P-H RO™ )|
RO 60° C, 1 h, AcOH

o 2e 20 examples Al (Eq. 4.2)

X = (C=O)R’ or NO, (2 eq) 7-87% isolated yiel only (E)-isomer
R'= Ar. NHR". OEt 37-87% isolated yield y (E)-i

R = Me or Et

The direct arylation of H-phosphonate diesters has been investigated intensely.'®* Ishii

also reported the phosphonation of arenes using a catalytic Mn(OAc),/Co(OAc),/O;, redox
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system with 80 to 90% GLC yield of several arenes studied. No isolated yields were reported, so
the true efficiency of the system is unknown (Eq. 4.3).'** Zhang also applied the same
stoichiometric Mn(OAc)s system used with the alkenyl arylketones to the arylation of substituted
arenes (Eq. 4.4)."%° Decent yields for aryl substrates with a variety of electron-donating and
withdrawing groups were obtained, although many of these products were mixtures of

regioisomers.

Mn(OAc), (5 mol%)

o)
=\, RO.L . Co(OAq); (1 moi%) RO\E @
Y . . ~“n1
RI_Z RO 45°C, 5 h, EtCO,H or ACOH RO \_7R

(Eq. 4.3)
(3 eq) 0O, (0.5 atm)/N, (0.5 atm) 7 examples
80-90% GLC yield
No isolated yields.
R1 o R1
(|\ B0 Mn(OAc)3.H,0 (3 eq) ’\_g.oa
|// T EtO 60° C, 5-7 h, AcOH 2/\/ "OEt (Eq. 4.4)
R? R

(3 eq) 21 examples
58-95% isolated yield

For what is known, similar manganese-catalyzed additions of alkenes, alkynes and arenes
with H-phosphinates have not been studied previously.

Continuing the interest in H-phosphinate reactivity in both free radical and metal-
catalyzed processes,? exploration of the reactions with H-phosphinates using manganese acetate
(11 or 1) and various unsaturated partners was initiated. This chapter summarizes the findings.
The reaction of H-phosphinates with alkenes and alkynes to form disubstituted phosphinates is in
general a difficult process even under free radical conditions, especially with alkyl H-
phosphinate esters.**% Since the current methodologies from this laboratory can provide many

different H-phosphinates,? it was determined that Ishii’s reaction should be studied on these
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substrates. In the Ishii process,™ (RO).P(O)H is used under neat conditions and in excess (3

equivalents),'®’

which is quite wasteful although those compounds are inexpensive. For a
practical reaction, decreasing this to stoichiometric (or as nearly stoichiometric as possible)
conditions would be much more desirable, especially if more valuable H-phosphinates

R'P(O)(OR)H are to be employed.

4.2 Results and Discussion
4.2.1 Optimization of the Reaction Conditions

This investigation started by looking at relatively challenging octyl-H-phosphinate esters
OctP(O)(OR)H as the model compounds. Table 1 shows the results. Under oxidative
conditions, it is clear that a competitive pathway leading to OctP(O)(OR)OH will be operating
(responsible for most of the lost mass). Ishii’s conditions used an excess of the (RO),P(O)H
reagent because of this oxidative side reaction.'®® On the other hand, using an excess of
alkene/alkyne will increase oligomerization especially under neat conditions. Moderate to high
isolated yields were obtained under a variety of conditions, including neat or in solution.

Reaction of the ethyl ester produced the disubstituted product in 71% yield (entry 1).
However, the same reaction at room temperature did not give any product after 48 h. Similarly,
no product formed in the absence of catalyst. With the butyl ester, various manganese catalysts
could be employed, but generally larger amounts of 1-octene gave slightly better results (for
example: entry 4 versus 2). Reactions in solution using C¢Hi, or DMSO also furnished
reasonably good results (entries 6, 8-9), but ethanol and acetic acid (entry 7) produced no
desired product. The 1.2:1 molar ratio of reagents under neat conditions produced slightly better
results. Interestingly, the Jacobsen (R, R)-salen catalyst could be employed provided sodium

acetate is added, presumably to form the catalytically active Mn(I11) species in situ (entry 10).
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Using an excess of H-phosphinate gave a higher yield than using an excess of 1-octene (entries
10b versus 10a). Because reagents ratios closer to one are preferable, reactions with a slight
excess of H-phosphinate (1.2 equivalents) were conducted (entries 11-16). A switch to the
cyclohexyl ester of octylphosphinate reduces the amount of dealkylating side reactions that are

commonly observed using these substrates (lability of alkyl esters are 1° >2° >3°).

Table 4.1 Reaction conditions for manganese-catalyzed additon to alkenes.?

manganese catalyst

H solvent, heat, air oct”
. Isolated

Entry R. Equiv Manganese Solvent Yield
(equiv)  1l-octene catalyst %)
1 Et (1) 2.5 Mn(OACc), neat 71
2 Bu (1) 1 Mn(OACc), neat 52
3 Bu (1) 15 Mn(02C8H15)2 0 neat 64
4 Bu (1) 2.5 Mn(OAC), neat 81
5 Bu (1) 2.5 Mn(OAC)3°2H,0 neat 85
6 Bu (1) 2.5 Mn(OAC), CeH1o 74
7 Bu (1) 2.5 Mn(OAcC); AcOH nr
8 Bu (1) 2.5 Mn(OAc), DMSO 71
9 Bu (1) 2.5 Mn(02C8H15)2 0 DMSO 78

(R,R)- Jacobsen

10a Bu (1) 2.5 NaOAc (20 neat 60
10b Bu (2) 1 mol%) 83
11 Et (1.2) 1 Mn(OACc), neat 77
12 Bu (12) 1 Mn(02C8H15)2 neat 75
13 Bu (1.2) 1 Mn(OACc), neat 89
14 Cy (1.2) 1 Mn(OAcC), DMSO 97°¢
15 Cy(1.2) 1 MnO, neat 39
16a Cy (1.2) 1 Mn on Si° neat 71
16b Cy (1.2) 1 Mn on Si®* neat 42

a.) All reactions were conducted in air at 100 °C, except in cyclohexane (reflux). All reaction
times were 3 h, except for DMSO (18 h). In general, octene dimerization was less than 5%,
so simple extraction gave the products >95% pure. b.) Manganese(ll) 2-ethylhexanoate. c.)
Only 42 % isolated yield after 3 h. d.) Manganese(ll) ethyl/butyl phosphonate Silica, 25
mol% used based on loading. e.) Catalyst recycled from entry 16a.
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Results were generally comparable (slightly lower or higher) to other stoichiometries
under neat conditions but clearly superior in DMSO with the cyclohexyl ester (entry 14).

Although Mn(OAc), is a relatively inexpensive catalyst itself, activated manganese
oxide (MnO,, $ 3.86/mol, Sigma-Aldrich) was tried as a catalyst, but only gave an isolated yield
of 39% (entry 15). With possibilities to recycle and reuse the catalyst, manganese(ll) ethyl/butyl
phosphonate coated on silica gel was attempted. The reaction produced a lower isolated yield at
71% (entry 16a), and using a recycled catalyst gave only a 42% isolated yield (entry 16Db).

A competition experiment was completed between ethyl octylphosphinate and
(EtO),P(O)H (1.2 equiv) using the conditions presented in Table 1 entry 11. A 2.8:1
phosphinate/phosphonate product ratio was obtained, showing that ethyl octylphosphinate is
more reactive. Similarly, diethyl H-phosphonate (1.2 equiv) alone gave only a 42% isolated yield
of diethyl octylphosphonate, reinforcing the idea that excess reagent (3 equiv) is necessary in
Ishii’s hydrophosphonylation reaction.'®? Finally, when entry 14 was repeated in the absence of

1-octene, cyclohexyl octylphosphonate monoester was obtained in 82% isolated yield.

4.2.2 Scope of the Optimized Reaction

Once the conditions had been optimized, the scope with various H-phosphinate/alkene
combinations was further investigated (Table 4.2). Isolated yields ranged from 46 to 90% with
alkenes. With cyclooctene some variations in yields were observed depending on the ester
chosen (entry 1). The methodology was primarily developed with the reaction vessel opened
directly to the air. It was later realized that the use of a drying tube may increase the yield of the

reaction by reducing the amount of moisture entering the system.
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Table 4.2 Scope of the manganese-catalyzed hydrophosphinylation reaction.?

] O R3
Mn(OAc), (5 mol%)
|| 2 2 11
RO\.P—H + R RO\PA(—

3 .
Rl R 100 °C, air RI g2
. Time Isolated
Entry H-phosphinate R alkene solvent () product yield (%)
la Et 3 o 65
1b Bu cyclooctene none 3 Rojﬁ«@ 58
1c Cy 18 Oct 53
1d Cy 18 92°
2 c inyl pival 18 o i 61°
y  vinyl pivalate out” \/\OJ\K
(0]
3 o Et ~NHCOEt  none 3 Eto‘/lg—\_/NHCOZEt 55
1] Oct
EO;P_H CO,Et O EO,C
4 ¢ Bu Ao None 3 B;O;pvcoza 72
2 Cl
(0]
5 C cyclohexene none 18 Cyo-p 73
oo el
(0]
6 C B none 18 CyO~p 54
y ~ oct” _\—/_\Br
(0]
N CyO~p
7 Cy Z Ph none 18 om’PUPh 46
8a Q ocy none 2 ocy 52
8b o~ Cy l-octene  pygo 18 e S 89
9 EtO H\/\/ B\,OCy C 1- DM 24 EtO H\/\/ H:OCy 4
N7 H y octene SO g oct 8
O (0]
(6] (0]
10 Meno-p_n Men 1-octene none 16 MenO~p_ocr 79
PH (5% de) PRI (95% de)
(0] (0]
11 aco_pOMe" Men 1-octene DMSO 16 Aco__pOMen 55
W (97% de) oot (94% de)
(@] o
12 HO~pB_yy H 1-octene DMSO 24 HO~B_oct 87
PH’ P’
(@] (@]
13 HO~p H 1-octene DMSO 24 HO~p_oct 90
Oct Oct
o, oiPr 0, OH
~ . 1-octene ~
H oct d
14 /\/\)\p/OiPr I-Pr (3 equiv) neat 18 /\/\)\PEOH 69
3 H d “oct
0 1-hexyne Jlexy 1 ocy
CyO-3_ ]
o o’ Y (05equivy e 18 0005/ ou 51
O, _,OiPr O\\P,OiPr
~H . 1-hexyne
16 /\/\)\/p;OiPr i-Pr (1 equiv) DMSO 18 \/\/\<pj/m 40
o H o “oiPr
(@] o
17 B0 g~ p, Et 1-octene none FOp~Fpp NR
H Oct
o O
18 ph3c_}|:;:(|3H Et 1-octene none 18 ph3c_5;8CHt <10

?Product purity > 95%; ° With drying tube.; ¢ Mixture of branched and linear isomers (1.4: 1
L:B); ¢ After hydrolysis (conc. ag. HCI, toluene, reflux, 18 h).
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Indeed this was the case and the isolated yield increased to 92% for the cyclohexyl ester
(entry 1d). Other alkenes reacted successfully with various cyclohexyl H-phosphinate esters
(entries 2-9) typically in yields around 50%.

Several vinyl substrates were tried, but only vinyl pivalate produced the product in a
decent isolated yield of 61% (entry 2).

188 reacted with excellent

Interestingly, P-stereogenic menthyl H- phosphinates
stereoselectivity to produce the corresponding disubstituted products (entries 9 and 10). Entry 10
constitutes the first example of hydrophosphinylation with P-stereogenic H-phosphinate that is

not substituted with an aryl group.'®

As discussed previously in Chapter 2, aryl substituted H-
phosphinates have special reactivity.'***® In fact, the reaction of menthyl phenyl-H-phosphinate
with 1-octene using our EtsB/air system’ instead of Mn(OAc), gave the product in entry 9 in
73% isolated yield and 95% de.

The reaction is not limited to H-phosphinate esters as acids also react successfully (entries
12-13). A 1,1-bis-H-phosphinate’” ester could be employed (entry 14) and the corresponding
acid was obtained after hydrolysis to both simplify the purification and the *!P NMR spectra.
The reaction with 1-hexyne was briefly investigated (entries 15-16). With an excess of H-
phosphinate the corresponding 1,2-bis-phosphinate was obtained in 51% isolated yield (entry
15). In entry 16, heterocyclization was also achieved using a 1,1-bisphosphinate and 1-hexyne.
Ethyl cinnamyl phosphinate (entry 17) and trityl phosphinic acid (entry 18) were highly
unreactive with this methodology. Both of these compounds can form highly stable radicals, and

this may have deleterious effects on the manganese to form a phosphinate radical by abstraction

of the P-H bond.
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4.2.3 Manganese-promoted Arylations

We then turned our attention to Mn(lll)-promoted reactions based on various literature
precedents with H-phosphonates.'® The direct intermolecular arylation of cyclohexyl octyl-H-
phosphinate ester with benzene gave the corresponsing cyclohexyl octyl-phenylphosphinate in
37% yield (Eq 4.5). Whereas the yield is mediocre, it is comparable to the 48 % yield that was
reported with benzene (1 equiv), (EtO),P(O)H (2 equiv), AgNO3 (20 mol%), and Na,S,0g (5

equiv).'®

benzene (10 equiv)
Mn(OAC)42H,0 (2 equiv)

O . O
AcONa (2 equiv cyo. !
Cyo-f§ (2 equiv) y /PQ
’ Oct

Oct AcOH, reflux, air

37% isolated yield (Eq. 4.5)

On the other hand, H-phosphinates offer possibilities for heterocyclization via
intramolecular arylation, which was briefly investigated and the results are shown in Scheme 4.1.
3-Phenylpropyl-H-phosphinate esters were cyclized using 2 equivalents of Mn(OAc)s/AcONa.
The ethyl ester (41a) gave a lower yield (49%) presumably because some cleavage takes place in
acetic acid compared with the more resistant cyclohexyl ester (41b, 67%).

The reaction was not limited to H-phosphinates as shown by the successful cyclization of
a related secondary phosphine oxide (42, 59%) and an H-phosphonate diester (43, 64%).
Similarly, phenethyl phenyl-H-phosphinate ester (44a) was cyclized in excellent yield (78%).
After this run, the manganese was recovered and converted back to Mn(OAc); using KMnO,.*"
A subsequent reaction with the regenerated Mn(OAc); gave the same product (44b) in 84%
yield.

Clearly, this heterocyclization method is competitive with alternative approaches such as

metal-catalyzed cross-coupling since the starting materials are readily available and the cost
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remains low. It should be noted that attempts at using manganese(ll) or (I11) catalytically were
unsuccessful. However, in the process of developing an improved and more cost effective
catalyst system (Mn(OAc)s;.2H,O is $1103/mol, Sigma-Aldrich), it was discovered that

Mn(OAc); (5 mol %)/MnO; (2 equiv) in combination proved to be comparable to stoichiometric

Mn(I11) (Eq. 4.6).

Scheme 4.1 Mn(OAc)s-promoted heterocyclization via intramolecular radical arylation.

o Mn(OAC)42H,0 (2 equiv)
oh Ig_OR AcONa (2 equiv) @j
~TH ACOH, 70 °C, N, 0P or

R = Et, 41a (49%)
R = Cy, 41b (67%)

Mn(OACc)42H,50 (2 equiv)
i _Ph AcONa (2 equiv)

ACOH, 100 °C, N, o *ph
42 (59 %)
o Mn(OACc)42H,0 (2_ equiv)
oh IS'R AcONa (2 equiv) o
07 H AcOH, 100 °C, N, o PR
R = Ph, OCH,CH,Ph R = OCH,CH,Ph, 43 (64%)

recycling of manganese C R =Ph, 44a (78%)
via reoxidation with KMnO4 R = Ph, 44b (84%)

Notably, MnO; alone gave low conversion, and it was also observed that sodium acetate
(NaOAc) was needed or the reaction resulted in lower yields. An additional example of the

MnO,-promoted reaction is shown in Eq. 4.7 for an alkyne-arene annulation.*

Mn(OACc), (5 mol %)

MnO, (2 equiv)
o ocy _ AcONa (2 equiv) @j (Eq. 4.6)
Ph P’
Ty ACOH, 70 °C, N, o -ocy
65 % isolated yield

41b
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Pr———=~FPr
(1 equiv)
Mn(OAc), (5 mol %) @)

(np?.osu MnO, (3 equiv) P -OBuU
©/\H ACOH, 70 °C, N, Ny
(2 equiv) 50 % isolated yield Pr (Eq_ 4,7)

45

Other intramolecular reactions were attempted using 4-pentynyl esters of benzyl- and
phenylphosphinate to form possible three-membered heterocyclic compounds (Scheme 4.2).
Only MnO, was used as the catalyst in glacial acetic acid, and as mentioned previously the
conversion of starting material is low. Using Baldwin’s rules for ring closure of alkynes,'’ it
was expected that the exo-dig five- and six-membered cyclic geminal alkenes, respectively,
would form as an intermediate and subsequently arylate to obtain the desired products (46a and
47a). Surprisingly, it was observed by *H NMR that the seven-membered heterocycle (46b and

47b) formed for both phosphinate esters studied and thus preventing any further cyclization to

occur.

Scheme 4.2 Manganese-mediated cyclization of pentynyl arylphosphinates

O 9 o .0
pO MnO, (2 eq) | S P P
H AcOH, 70 °C, N, 18 h N N
48 % isolated yield 46a 46b
not formed
o MnO,, (2 eq) 9,0 ('?'O
QB O 272 P P
“H AcOH, 70 °C, N, 18 h = N
36 % isolated yield A47a 47b
not formed
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4.2.4 Manganese-promoted Addition/Halogenation Reactions

The preparation of  -halogenated phosphinates was inspired by reactions developed with
the related carbon analogs P-keto esters. Manganese-promoted addition of B-keto esters to
alkenes and subsequent chlorination using lithium chloride (LiCl) was first reported by
Vinogradov and Nikishin.*”**"* Snider et al. utilized similar conditions to prepare salicylate
derivatives by chlorination of the a-carbon on compound 48 which concomitantly cyclizes to
form the dichloride compound 49 and some elimination product 50 (Scheme 4.3).}">'"® The
addition of extra LiCl and heating over a 24 hour period provides the salicylate 51 via E,C

elimination in 70% isolated yield.'"

Scheme 4.3 Intromolecular Oxidative Additon and Chlorination of an alkenyl -keto ester.

(0] (o) OH
CO,Me Mn(OAc); (4 eq) CO,Me CO,Me
2 LiCl (10 eq) o COMe | ici 6 eq)
CH, AcOH, 25° C * 100° C, 24 h
Cl cl
48 49 50 51

Li et al. recently described the phosphonofluorination of alkenes using AgNO3 as the

catalyst and SelectFluor as the fluorinating agent (Eq. 4.8).*” This method places the halogen in

AgNO3 (20 mol%)

F O Me,N
R2_R® g0 R SelectFluor (2 eq) RS p -OFt 2 7 Eq. 4.8
ﬂ/ + .P-H R2 ‘OEt 1) ( g. 4. )
) EtO CH,Cl,/H,0/HOAC (1:2:1) |
R i T

40°C,12 ~48h

35 examples no reaction
0-92% isolated yield

the pB-carbon position from the phosphonate. All isolated yields were moderate with >44%

isolated yield for most alkenes except pent-4-en-1-yl-4-(dimethylamino)benzoate. As previously
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mentioned during the discussion about the arylation reaction, AgNO3 also works via a radical
method but is expensive. Therefore, Mn(OAc). should be just as effective as a catalyst for this
particular reaction as well.

An optimization study of the halogenation reaction was conducted and the initial
experiment was completed catalytically as presented in Eq. 4.9. No desired product was isolated
with these conditions. A switch to 2 equivalents of Mn(OAc)s under nitrogen atmosphere
showed a 20% product conversion as measured by *'P NMR after a Na,S,04 work-up to remove
the paramagnetic and NMR silent catalyst. Switching to the catalytic Mn(OAc), and
MnO,/NaOAc oxidant/additive system as utilized for inter- and intramolecular arylation
reactions presented in equations 4.6 and 4.7 showed further increase in product formation.

Therefore, a larger optimization study was conducted and summarized in Table 4.3.

ZSHex (2 eq)

o LiCl (2 eq)
Cyo.5 Mn(OAc), (5 mol%.) Cyo\ﬁ?/\(Hex
Oct DMSO, 70° C, 20h Oct” & (Eq. 4.9)
(1eq) dry air
No Reaction

Starting with ethyl-octyl-H-phosphinate as the model substrate and using an excess of 1-
octene and 5 equivalents of LiCl produced desired product in 30% isolated yield (entry 1).
Switching to the cyclohexyl ester, increasing the amount of 1-octene and completing the addition
of the H-phosphinate slowly over 2 hours also did not increase the amount of product formed
(entry 2).

Overnight reactions with 2 and 5 equivalents of 1-octene produced the same amount of

product (entries 3 and 4).
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Table 4.3 Optimization of the Manganese-promoted Addition/Halogenation Reaction.

o Mn(OAc), o
RO :H_H v P+ Ui MnO; (3 eq) . RO "F;/\(R'
Oct ACOH, 70° C, N, time Oct” N
(1 eq)
. . ) . Isolated
Entry R time Equiv Mn(OAC): Eq_uw Equiv Yield %
1 Et 18 1-octene 5 LiCl 3 30
2 5
2 Cy 2°+2 1l-octene 5 LiCl 3 (29)
5 5
3 Cy 18 1-octene 5 LiCl 3 52
5 5
4 Cy 18 1-octene 5 LiCl 3 52
2 5
5 Cy 18 1-octene 5 LiCl - 72
5 3
6 Cy 18 1-octene 5 LiCl - (58)
2 3
7 Cy 18 styrene 5 LiCl - 67
2 3
8 Cy 18  1-octene 5 LiCl - (16)
2 5
9 Cy 18 1-octene 5 LiCl - (70)
2 5
1-octene LiCl i 36 (70
10 Cy 18 3 5 A5 (70)
11 Cy 24 1-0(:5tene 10 L|5CI i 90
12 Cy 24 styr5ene 10 L|5CI - 67 (89)
13 Ccy 24 1'0‘:5“9”8 10 '-'53r i (78)
24 tBu-allyl . -
14 Cy carbamate 10 L'5C| (> 95%)
5
15 Cy 24 1-0(:5tene 10 LE:I - ND
16 Bu 24 0T 10 e : 42

2 Percent conversion of the product determined by *P NMR analysis after work-up with ag.
Na,S;04. NMR cannot be used to monitor the reaction due to the paramagnetic nature of
manganese.

® Addition of phosphinate was completed slowly over the reaction time.
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The removal of the sodium acetate as an additive increased the yield significantly to 72%
isolated (entry 5), although trying to further lower the amount of 1-octene reduced the
conversion to the product (entry 6). Under the same conditions as entry 6, the H-phosphinate was
added slowly over the entire reaction period, but the amount of product isolated was low (entry
8). Ultimately, increasing the amount of Mn(OAc), to 10 mol% and LIiCl to 5 equivalents
showed the most optimized conditions at 90% isolated yield (entry 11). Even styrene, which is
non-reactive in the nickel-catalyzed hydrophosphinylation (see Chapter 3), reacted in moderate
yield under conditions employing LiCl as an additive (entries 7 and 12). Using other lithium
halide salts (LiBr, Lil) both resulted in lower yields (entries 13 and 15), which is consistent with

the reactivities of halogen radicals (Cl > Br > 1).

4.3 Mechanistic Considerations
A mechanism of manganese-catalyzed or promoted addition of alkenes, alkynes or aryl
compounds can only be speculative at this time and is summarized in Scheme 4.4. Given the

1570178 it s plausible that the oxophilic

mechanisms postulated by Snider for p -keto esters,
manganese also promotes the formation of the phosphinylidene radical by the binding of Mn(lll)
to the oxygen.

P(V) to P(I11) tautomerization could occur either prior or after the formation of the Mn-O
bond, although as studied in Chapter 2 acetic acid acts as a catalyst for phosphinylidene
tautomerization.

Formation of P-C bond with alkene, alkyne or an aryl compound should occur rapidly.

The exact mechanism for the regeneration of manganese(lll), the active catalyst, is also not

completely understood, but MnQO;, is postulated to do that.
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Scheme 4.4 Possible Mechanism for the Manganese-promoted P-C bond Formation.

Mn(OAc),
< O, (air or MnO,)
AcOO©
o HO "ngl\n(OAc)z
RL_Ti _ o Ri_l. MnOAc); p
P H<~—— P RL-P:
R2 R AcOH \
R2
Ohe %
O@ O,Mn(OAc)2
! 1
R1-P-H =—= RL.p-H - Mn(OAc),
®g2 X
o2 00 Yo
R1 R 1 / ;
P-R RL-p- ~—> RL-p:
®F|22 R = aryl ‘R2 A
alkene R
alkyne

4.4 Conclusion

In conclusion, the present methodology provides an inexpensive way to prepare
disubstituted phosphinates in moderate to good yields. Furthermore, manganese-promoted
reactions can also be used to achieve direct arylation, or heterocyclization. Since the manganese
can be recycled through KMnQO, oxidation as demonstrated in one example, the process should
be practically useful. Perhaps more importantly, a new set of conditions employing
Mn(OACc)./MnO, was established and ultimately used in an expanded study of manganese-
promoted arylation.® To note, the Mn(OAc)/MnO; is much cheaper than the related
silver(l)/K2S,0g system. This chapter also described the initial studies for manganese-promoted
alkene addition/chlorination reactions. Further optimization reactions are currently being
conducted to reduce the amount of alkene and LiCl used, and a reaction scope with a few

applications will be the subject of a future publication.
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Chapter 5: Metal-catalyzed Oxidation of Alkyl Phosphinates to Form Phosphonates

5.1 Nickel-catalyzed Oxidation of Hypophosphite Esters to H-Phosphonates

5.1.1 Introduction

H-Phosphonate diesters (RO),P(O)H and phosphorous acid (R = H) constitute a major

class of intermediates used in fine and industrial organophosphorus chemistry. They are

currently prepared from the alcoholysis of PCl; (Scheme 5.1). Both the base (such as Et;N) and

chlorine can be recycled, but the process requires extensive manipulations and electric power.

Scheme 5.1 Preparation of H-Phosphonate Esters.

a) Base-Promoted Process

ROH (2 equiv) RO \?,
PCl, > /P —H + 3 base*HCI
base (3 equiv) RO
thenH,0 & |

0.25P, 3 NaOH l
electrolysis C

15Cl, —= 3 NaCl (+ 3 H,0)

~ 3 MW/t of Cl,

b) Base-Free Process

ROH (3 equiv)  "° o
PCl; > /P—H +RCIl + 2 HCI
RO
must be removed
to avoid the
formation of H3PO4
H-,0 (3 equiv) HO \(IDI
PCl3 > /P—H + 2HCI
HO
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The exception is phenol, which does not require any base because PhCI cannot form. Herein, we
describe the catalytic oxidative phosphorylation reaction of various alcohols with H3PO, to form
H-phosphonate diesters in a simple, yet chlorine-free and base-free process (Eg. 5.1). Also, this

methodology formally constitutes a water splitting mechanism.

catalyst RO\(R
HsPO, + 2ROH > _P—H +H; +H;0 (Eq. 5.1)

A RO

Our laboratory previously reported two catalytic phosphorus-oxygen bond
formations.’®**® For example, with HsPO, (1.5 equiv) and an alcohol (1 equiv) using either
Pd/C or Ni/Al,05/SiO; as catalysts, we were able to prepare H-phosphonate monoesters (Eg.

5.2).2°% These compounds are normally prepared from PCls or a reagent derived from it.***

Pd/C or Ni on Al,03/SiO,

0
i H (5 moi%) 0 or
HO —P + ROH > HO-P’
H PhCH or CH4CN, 85 °C, N, 'H (Eq.5.2)
(1.5 eq) (1 eq) R'=H, NH,
12 examples

37 - 97% yield

The work exploited the well known transfer hydrogenation pathway'*°

to prepare
organophosphorus compounds via catalytic P-O bond formation. Until this work, what happens
to the hypophosphite in transfer hydrogenation was largely overlooked since the organic product
was desired.'*® However, Dorfman and Aleshkova reported in 1998 a seminal study of the
oxidation of sodium hypophosphite by alcohols using palladium or nickel catalysts, although no
product was actually isolated.’® The reaction produces ROP(O)(ONa)H and an equivalent

amount of hydrogen.'® The authors proposed a radical pathway, and a mechanism that involves

the formation of the P(111) tautomer, (NaO)(OH)PH.
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However, dialkyl H-phosphonates are much more important industrially than the
monoesters because dialkyl phosphonates are ubiquitous. Perhaps the best illustration is for the
synthesis of N-phosphonomethyl glycine, the active component of the herbicide glyphosate.
Industrial preparations of glyphosate rely either on PCls or its derivatives: phosphorous acid, or

183,184

dialkyl H-phosphonates.

5.2 Results and Discussion
Alkyl phosphinates ROP(O)H; can be prepared in several ways from HPA.**%" The

1826 or the Dean-Stark method for

most general and inexpensive methods use alkoxysilanes,
higher boiling alcohols.” It occurred to us that alkyl phosphinates might be converted into
symmetrical H-phosphonate diesters as long as excess alcohol ROH is available. Therefore,

conditions that maximize transfer hydrogenation when both ROP(O)H, and excess ROH are

combined could follow the mechanism shown in Scheme 5.2.

Scheme 5.2 Proposed mechanism for the metal-catalyzed formation of H-phosphonate diesters.

.o (@]
[l _H B ~OH  M(O)L, n_ML,—H
rRo—p~ === RO P\H —— > RrRo-P[
H oxidative H
addition
R =H, Alk, PhNH3*, Na*, etc. ;
T
1l e ML.H
RO —P +—> ML, <~ Ro—P~ "
! b-H “0-H
l elimination
H
(@]
I @) ROH
ML, + I . —> RO ||:)|/OR +M(O)L,
| RO—P. -H, H
H
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Ligandless metals are expected to catalyze the transfer hydrogenation process through
facile p-hydrogen elimination. Also, because of their strong reducing properties, alkyl
phosphinates are able to reduce metal salts easily.******> Scheme 5.3 summarizes the conditions

that were investigated.

Scheme 5.3 Reaction Conditions Employed for the Synthesis of H-Phosphonate Diesters.

BuOH (n eq)
PhCH4, D/IS
reflux, 2 h BuoO \ﬁ catalyst BuO \9
H3PO, > /P—H E—— /P—H
or (EtO),SiMe, (2 eq) H reflux BuO

or (Et0),Si (1 eq) time

PhCHgreflux, 2 h

Table 5.1 shows the result of various experiments. First, a solution of EtOP(O)H, was
treated with nickel chloride. Entries 1 and 2 show the influence of the amount of catalyst in the
transformation. In order to avoid any additional silicate reagent, we next focused on BuOP(O)H,

18185 since an excess alcohol could be used as the source of

prepared by the Dean-Stark reaction,
the second ester group. The decomposition of ROP(O)H, is well known*® but entry 3 shows
that this uncatalyzed process is inefficient as a synthetic procedure. Addition of NiCl, results in
a clean reaction with near quantitative formation of (BuO),P(O)H at 95% NMR yield. Entry 5
shows that the reaction is fast and that even inexpensive nickel chloride hexahydrate is an
excellent catalyst.

Not surprisingly, other nickel(ll) halides reacted satisfactorily (entries 6 and 7). On the
other hand, nickel(ll) acetate, acetylacetonate, and nickel powder gave poorer results. Because

153

nickel on silica had given good results in the synthesis of H-phosphonate monoesters™* it was

investigated next. This catalyst was clearly less efficient than NiCl, (entries 4 and 5) but
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increasing the reaction time gave clean reactions and high conversions (entry 15). It should be
noted that adding the catalyst from the start of the reaction before esterification is unsatisfactory
(entry 13). Using n-butanol as solvent instead of toluene also gave excellent results (entry 14
versus 15). This might be useful if BuOH is recycled in an industrial process. In spite of lower
activity, one advantage of Ni/SiO, over NiCl, is that it can be recycled (entry 16). Finally,
palladium (entries 17-19) and copper catalysts (20-22) were investigated but did not offer better

results.

Table 5.1 Conditions Optimization.

ROH Catalyst Time JLP'N'\({IR
Entry RO o) GRS olog) ) e

1° Et 0 NiCl, 1.5 3 36
2° Et 0 NiCl, 3 3 95
3 Bu 2.5 none 0 18 17
4 Bu 3 NiCl, 3 3 95
5 Bu 2.5 NiCl,¢6H,0 3 3 95
6 Bu 2.5 NiBr; 3 3 99
7 Bu 2.5 Nil, 3 3 95
8 Bu 2.5 Ni(OAC): 3 3 51
9 Bu 2.5 Ni(acac);, 3 3 67
10 Bu 2.5 Ni powder 3 3 27
11>° Et 0 Ni/SiO;, 3 16 53
12 Bu 2.5 Ni/SiO, 3 3 55
13¢ Bu 2.5 Ni/SiO; 5 30 77

14 Bu solvent Ni/SiO; 5 18 100 (84)

15 Bu 3 Ni/SiO, 5 18 100 (90)

16° Bu 3 Ni/SiO, 5 18 100 (75)
17 Bu 2.5 Pd/C 2 3 65

18 Bu 3 Pd/C 5 16 72 (71)
19 Bu 2.5 PdCl, 3 3 78
20 Bu 2.5 CuCl 3 3 16
21 Bu 2.5 CuCl; 3 3 26
22 Bu 2.5 Cu powder 3 3 17

*NMR yields are determined by integration of all resonances in the *P-NMR spectra. For
isolation, see experimental details. ® Prepared by the alkoxysilane method. ¢ An extra equivalent
of (EtO),SiMe, was added in the second step. ¢ Catalyst added at the start (before esterification).
¢ The catalyst from entry 14 was recycled and used for this experiment on a 25 mmol scale.
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After the above investigation, the conclusion was that NiCl, was a superior catalyst to

convert ROP(O)H; into (RO),P(O)H, but because Ni/SiO, is solid that can be filtered off and

recycled, it provides a greener process. Next we turned our attention to the scope of the reaction

under conditions similar to those in Scheme 5.3. The results are shown in Table 5.2. For low

boiling alcohols like ethanol, which cannot be conveniently used in azeotropic esterification, the

alkoxysilane method was used. Diethyl H-phosphonate could be made in good yield (entry 1).

For diisopropyl H-phosphonate, the intermediate phosphinate was prepared using a Soxhlet

extractor with 3 A MS to remove water, and substituting cyclohexane for toluene to give the

product in excellent yield (entry 2).

Table 5.2 Scope of the Reaction.?

Entry R Catalyst *'P-NMR yield %
(isolated yield)!
1°7° Et Ni/SiO, 92 (75)
2' iPr Ni/SiO, 100 (87)
3 iBu Ni/SiO; 100 (84)
4° nPent Ni/SiO, 100 (55)
5 Cy Ni/SiO; 100 (75)
6 Bn Ni/SiO, 68 (64)
7 PhCH,CH; Ni/SiO, 100 (81)
8 (-)-Menthyl Ni/SiO; 100 (49)
9 Fenchyl Ni/SiO, 100 (82)
10 Cl3CCH;, Ni/SiO; 81 (26)
11 1-Adamantyl NiCl, 68 (60)
12" H Ni/SiO; 100 (84)
13" Na Ni/SiO; 14/
14™ Na Ni/SiO; 53
15% 3-butynyl none 83 (51)
16" CICH,CH. none 100 (68)
17" Ph none 74' (63)

# Unless otherwise noted, the reactions were conducted with ROH (3 eq), 5 mol-% of catalyst,
for 18 h. "NMR yields are determined by integration of all resonances in the **P-NMR spectra.
For isolation, see experimental details. “Prepared by the alkoxysilane method. %40 h. ®Anhydrous
ethanol (3 eq) was added in the second step. ‘Cyclohexane was the solvent. 987 h. "Water is the
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solvent. 'The balance is NaH,PO.,. '2 h. “The H-phosphonate diester was obtained in the absence
of catalyst during the esterification step. ' The remainder was PhOP(O)(OH)H.

Overall, a wide range of primary and secondary alcohols could be transformed into the
corresponding H-phosphonate diester (entries 3-10), and chromatographic purification is
completely avoided for the examples using alcohols with boiling points over 130 °C. These
alcohols can be removed under reduced pressure and slightly elevated temperatures using
Kugelrohr distillation. In some cases isolation is difficult by distillation because the product
forms an azeotrope with the alcohol.

One example is with the H-phosphonate prepared from (-)-menthol (entry 8). The product
prepared from trichloroethanol is difficult to separate from the de-chlorinated products formed
during the reaction because they have similar boiling points and polarities (entry 10).
Adamantan-1-ol did react in moderate yield (entry 11) thus supporting the intermediacy of a
highly reactive “phosphinidene oxide” (Scheme 5.2).*% Other tertiary alcohols are problematic
because of competing elimination in the esterification step. In the preparation of phosphorous
acid (HsPOs3), since H3PO, is a 50 wt.-% solution in water, which is the desired nucleophile,
heating the solution to reflux in the presence of catalyst gives an excellent yield of product.
Oxidation of H3PO; using Ni/Al,O3 provided slightly lower results with an isolated yield of 71
% (Table 5.2, entry 12 showed an 84% isolated yield). In a control experiment without any
catalyst, the formation of H3PO3; was slow. The industrial potential of converting HsPO; to
H3POj3 yet been fully realized. The case of sodium hypophosphite is interesting because unlike
with H3PO,, over-oxidation to sodium dihydrogen phosphate is the dominant pathway in our
hands (entry 13). Shortening the reaction time improves the yield significantly (entry 14), but
almost 50% of phosphate is still formed.

Surprisingly, 3-butyn-1-ol, 2-chloroethanol, and phenol (entries 15-17, respectively) were

mostly or completely converted into the H-phosphonate diester during the Dean-Stark
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esterification step without catalyst. Whereas a detailed explanation can only be speculative at
this time, it must rely on a variation in the tautomeric equilibria of ROP(O)H; as a function of
the R group, and the reactivity of the P(l1l) tautomer. Also, this result shows that oxygen may
play a role.

Our laboratory is actively trying to understand these effects both experimentally and
computationally, and the results of these initial studies were presented in Chapter 2.1 A
plausible mechanism for the uncatalyzed process is proposed in Scheme 5.4.

As before (Scheme 3.2) tautomerization of alkyl phosphinate I into P(111)-11 occurs but
now oxidative addition can take place with the alcohol to form pentacoordinate I11. Intermediate
111 can isomerize via Berry pseudorotation to ultimately form dialkoxyphosphine 1V which can
be oxidized by air into the H-phosphonate diester V. There is significant support for this
mechanism.  Gallagher and Honegger have proposed a virtually identical one in the

transesterification of alkylphosphinates.’®’ Stec et al. have characterized by *H-NMR a species

Scheme 5.4 Plausible mechanism for the uncatalyzed formation of H-phosphonate diesters.

O HO ROH HO
I _H \ I _H
RO —P ~—— P-H ==—= H—P_
\ / I OR
H RO RO
| I [
Q]
-H,0
D n ROH Don [O RO,
RO —P —> RO—-P~ —~<—— P—H
‘o -HR0 s . /
OH 2 OR (air) RO
Vi \% \%

whose structure is related to 111."%® Several dialkoxyphosphines IV have been synthesized and
some are so easily oxidized in the pure state that the reaction is pyrophoric.'®® Finally, in some
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Dean-Stark esterifications, the presence of signals corresponding to small amounts of 1V can
sometimes be detected. However, an equally plausible alternative mechanism is the oxidation of
11 followed by esterification of the H-phosphonate monoester (vide infra).

Because H3;PO; can be oxidized easily into H3PO3 an alternative approach to bypass PCls;
is to make it directly. As mentioned earlier, glyphosate, which uses about 50% of the PCls
supply annually, can be manufactured using H3POs. In terms of H-phosphonate diesters, we
briefly investigated the Dean-Stark esterification of H3PO3. This kind of reaction has been
described previously.*®® In our process, the intermediate HsPO3 does not need to be isolated since
it is formed in quantitative yield (see Table 5.2, entry 12).

Although the conversion of HsPO, into HsPOjs is known,** our method is mild even if
the subsequent conversion of H3POs; into (RO),P(O)H is limited, often only giving instead the

monoester or a mixture of monoester and diester (Scheme 5.5).'%

Scheme 5.5 One-pot conversion of H3PO, into (RO),P(O)H via H3POs.

0
(é\“rﬁi&/z) PhCH3, D/S \OR
=70
reflux, 18 h reflux, 18 h
R = Bu: 89 %( 86 %)
o R = PhCH,CH,: 100 % (48 %)
0 _H R = CICH,CH,: 100 % (98 %)
HO —P R = Men: 48 % (37 %)
\
OH
\ ROH (4 eq) 9 H
eq
> RO—P~
PhCH3, DIS \
reflux, 18 h OH

R = Men: 52 % (45%)
R = Bn: 100 % 3P-NMR (nd)

Isolated yields given in parentheses. ND = not determined.
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Nonetheless, 2-chloroethanol was an excellent

substrate suggesting that the

transformation Il to VI in Scheme 5.4 might be an explanation for the uncatalyzed process

observed in Table 5.2, entry 16.

The ease of oxidation of CICH,CH,OP(O)H; would be due to a higher availability of its

P(111) tautomer. The Dean-Stark esterification of H3PO3; with phenol is very slow (3 days) and

gives a mixture like dialkyl H-phosphinate and the mono-ester PhOP(O)(OH)H. This suggests

that ROP(O)(OH)H might be an intermediate.

5.3 Application to the Synthesis of Glyphosate

The development of a PCls-free synthesis of H-phosphonates using nickel catalysis was

applied to the preparation of glyphosate (Scheme 5.6).2%* The overall reaction design takes

industrial logistics into consideration, where both intermediates are reacted and left as crudes in

Scheme 5.6 Synthesis of Glyphosate using a PCls-free Method.

ROH
Ni/SiO, (5 mol%) H_ 1l

>  TP-OR
s

reflux, 16-18 h RO

© ®
/—C02 HNRj,

0 ®
CO2 HNR',

HO/\N

"Reactor 1"
ROH (3 eq)
PhCHj, reflux,
Q] DIS, 2h Ho
e P-OH or > P P-OR
R'XSi(OR) 4.4
PhCHg, reflux, 2 h
"Reactor 2" Reactor 1 + Reactor 2
/—COoH R'sN (3 eq)
HN + CH,0
\—Co,H MeOH, reflux, 2 h
(1.5 eq) (2.3 eq)

1. 1M HCI (extraction)

A

O

HO ‘|l:l /\N /\COZH

HO ~ H 2. H,0, (30 wt. %)
H,SO, (conc.)

85°C, 4-6 h

10% isolated
(first crop of crystals)

reflux, 2 h
o 0 ®
RO \Il:l o~ /—C02 pnry,

I
RO OO
\—co, HNR'3

> 95% NMR
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solution. After the condensation reaction between the H-phosphonate and N-

hydroxylmethyldiacetate,'*

the crude mixture is filtered to remove the catalyst and then
acidified using an aqueous HCI work-up.

Oxidative cleavage of the imine occurs using hydrogen peroxide under acidic conditions
as well as simultaneous hydrolysis of the phosphonate ester.*** Glyphosate precipitates out of

solution as a white powder upon cooling and a 10% isolated yield was obtained for the first crop

of crystals. There were no attempts to obtain a second batch of crystals.

5.4 Copper-catalyzed Oxidation of Alkyl H-Phosphinates
5.4.1 Introduction

The metal-catalyzed oxidation of alkyl H-phosphinates, ROP(O)(R’)H, with alcohols was
also briefly explored. Currently, there are no methods to directly functionalize an alkyl
phosphinate P-H bond with an alcohol to form a phosphonate diester.

Because our laboratory has developed several methods to prepare H-phosphinates, this
process would be competitive. Presently, the Atherton-Todd reaction’® remains the most
efficient way to prepare mixed alkyl phosphonate esters, but it is not very efficient with alcohols.
Reactions with non-aromatic alcohols are typically less efficient than with amines (Alternatively,
aryl-H-phosphinates also react more efficiently with all alcohols).*®® Eq. 5.3 depicts an olefin

metathesis intermediate prepared via the Atherton-Todd reaction in moderate yield.*®

OH O
. z j -OBu (Eq. 5.3)
Il _OBu 2e . . 9.
P: ( CI) -~ /:// o /\/
/:f H CCl,, NEt; (2 eq) Pr
Pr CHLCN, rt, 12 h 45% isolated
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Alkyl phosphonates can also be prepared via palladium-catalyzed hydrophosphinylation of
alkenes with alkyl-H-phosphonates.”

The work of Okamoto et al. describing the preparation of mixed trialkyl phosphates was
used as a point of reference, where the phosphorylation of alcohols occurred neat under
copper(ll) chloride-catalyzed oxidative addition (Eq. 5.4).°" Based on the results of this
example, we considered the following in method optimization: a) preparation of mixed
phosphonate esters in solution to set-up optimal conditions for cyclization in a later step; b) use
air as the external oxidant instead of pure Oy; c) determine if the oxidation reaction occurs at

lower catalyst loading.

o]
RO S CuCl, (10 mol%) ro 5
_P-H + ROH > >P-OR’
RO 0, 50°C, 5h -POR
(1.3 eq) (Eq. 5.4)
12 examples
3-95% GLC yield

52 - 87% isolated yields
(only 4 examples)

5.5 Results and Discussion

The model substrates for the reaction optimization studies were either the ethyl- or butyl
octyl-H-phosphinate most conveniently prepared from the octyl-H-phosphinic acid by either
Dean-Stark or alkoxysilane esterification methods.'’®*® Table 5.3 summarizes the most
significant results from the reaction condition studies. Earlier iterations of the reaction used
ethanol as a reagent as well solvent. Right away, it was observed that slight heating was
necessary (entry 1) and a larger amount of catalyst from 3 to 5 mol% was also needed (entries 2

and 3).
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Decreasing at 81% isolated (entry 4). Entries 5-9 show that using lower equivalents of

ethanol in solution with various solvents reduced the reaction efficiency significantly.

Table 5.3 Conditions Optimization for the copper-catalyzed oxidation of alkyl-H-phosphinates.

|C|) OR catalyst 9 _.OR
Oct—P + RIOH »  Oct—P
“H air, T, time OR!
solvent (0.2 M)
R =H, Ak R = Alk
entry R R'OH catalyst amount solvent T time isolated yield %
(eq) (mol %) (9] (h (% conversion)®
1 Et- Et- (30) CuCl 3 EtOH 25 18 - (49)
2 Et- Et- (30) CuCl 3 EtOH 50 18 - (22)
3 Et- Et- (30) CuCl 5 EtOH 50 18 81
4 Et- Et- (86) CuCl 5 EtOH 65 18 81
5 Et- Et- (5) CuCl 5 PhCH, 70 18 NR
6 Et- Et- (10) CuCl 5 PhCH, 65 18 43
7 Et- Et- (10) CuCl 5 DMF: 65 18 40
PhCH,
(1:1 viv)

8 Et- Et- (10) CuCl 5 DMF 65 18 44
9 Et- Et- (10) CuCl 5 THF 65 18 <10
10 Bu- Bu- (55) CuCl 5 BuOH 55 - 65 18 -(27)
11 Bu- Et- (10) CuCl 5 EtOH 55 - 65 18 67
12 Bu- Bu- (10) CuCl 5 DMF 65 18 50
13 Bu- Bu- (5) CuCl 5 THF 65 18 76
14 Bu- Bu- (10) CuCl 5 CH,CN 65 18 - (15)
15 Et- Et- (1.2) CuCl, 5 neat 65 16 NR
16  Et-  Et-(10) CuCl, 5 DMF 65 12 <10
17 Et- Et- (15) CuCl, 5 DMF 65 16 - (33)
18 Et- Et- (86) CuCl, 5 EtOH 55 14 60
19 Et- Et- (86) Pd/C 2 EtOH 65 16 <10
20 Et- Et- (86) Pd/C + CuCl, 2+2 EtOH 65 16 - (100)
21 Et- Et- (86) CuBr 5 EtOH 65 16 - (12)
22 Et- Et- (86) Cul 5 EtOH 65 16 - (32)
23 Et- Et- (86) CuAc, 5 EtOH 65 16 - (27)
24 Et- Et- (86) CuSO,*H,0 5 EtOH 65 16 - (49)
25 Et- Et- (86) NiCl, 5 EtOH 65 16 NR

2 Percent conversion of the product determined by *P NMR analysis and completed after
extractive work-up due to the paramagnetic interference with copper.
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A switch to the butyl ester was completed to reduce the dealkylating side reaction that
can be observed using the H-phosphinate.

The preparation of the dibutyl phosphonate in neat butanol had low conversion due to the
moisture in the solvent (entry 10).

Other than ethanol that is available anhydrous, the alcohols are not distilled prior to use.

The synthesis of the mixed Bu-, Et- ester in anhydrous ethanol was accomplished in
moderate yield (entry 11).

Studies of solution conditions with various solvents showed that THF was a promising
choice with 76% isolated yield of product and only 5 equivalents of butanol (entries 12-14).

However, this is not consistent with the result with using ethyl octyl-H-phosphinate
perhaps due to the volatility of the ethanol (entry 9).

¥7 overall,

A reaction using CuCl; and conditions similar to Okamoto’s failed (entry 15).
results using CuCl, were much poorer (entries 16-18) with the best comparable result at 60%
isolated yield in ethanol as solvent (entry 18). A possible explanation for the lower yield of
desired product is that copper(ll) chloride is more reactive and can increase the rate of metal-
catalyzed tautomerization to form more air-sensitive P(I11) species.

Entries 19 to 25 summarize experiments completed using other metals and copper salts as
catalysts, but the overall percent conversion to desired product was very low.

The only exception was entry 20 with a combination of Pd/C and CuCl; giving a clean
conversion to product after extractive work-up. Not surprisingly, NiCl, does not work as a
catalyst for oxidation with alcohols (entry 25).

This result is further supported by our studies with nickel-catalyzed
hydrophosphinylation, where the formation of dialkyl esters are not observed even when using

alkyl phosphinate solutions that contain an excess of alcohol.*®
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5.6 Conclusion

There are numerous literature methods to prepare H-phosphonate diesters, including
transesterification.®® However, the present methodology is the only one that does not rely on
PCl; at any point and is atom economical by providing the valuable H, instead of HCI. The
developed reaction is greener than the alternative because it only uses H3PO,, an alcohol, and
nickel on silica gel as a catalyst, which be reused and no by-products are formed. Nickel
chloride is a superior catalyst for this transformation, but it cannot be reused. The present
reaction thus provides an important link between hypophosphorous chemistry, a phosphorus
feedstock that is not fully exploited, and key intermediates that are normally prepared through
PCls. Thus, it is another tool in the growing methodological toolbox for a phosphorus economy
based on hypophosphites. Also the reaction via ROP(O)H, appears much more general than the
direct esterification of phosphorous acid. Our process provides alternative access to an important
class of industrial intermediates. The -elucidation and prediction of subtle effects in
phosphinylidene P(O)H chemistry are currently being investigated.

Initial studies were completed for the oxidative addition of alcohols to alkyl-H-
phosphinates with promising results using 5 mol% copper(l) chloride, in ethanol as the solvent,
and bubbling air into the reactor.

The results show that alkyl-H-phosphinates are less reactive than alkyl hyposphosphites
or dialkyl phosphonates as substrates for catalytic addition of alcohol to form the diester
phosphonate.

More optimization studies need to be completed to make the reaction more general by

using near equal molar amounts of alcohol and preferably in a solvent system.
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Experimental Section

Reagents and Solvents. All starting materials were purchased from commercial sources and

used as received. The solvents were distilled under N, and dried according to standard
procedures (Toluene and Acetonitrile from CaH,; THF from Na/benzophenone ketyl; N, N-

diisopropylethylamine was distilled from CaH, and stored over 4A molecular sieves).

Purification. Flash chromatography experiments were carried out on Silica Gel premium Rf
grade (40-75 pum). Ethyl acetate/hexane mixtures were used as the eluent for chromatographic
purifications. TLC analyses were performed on sheets precoated with silica gel 60Fs,.
Compound detection was achieved by exposure to UV light (254 nm), by immersion in iodine
coated on silica gel or anisaldehyde stain (by volume: 93% ethanol, 3.5 % H,SO,4, 1% AcOH and

2.5% anisaldehyde) followed by heating at 150°C.

NMR Data. The 'H, **C and *P NMR spectra were recorded on a 300 MHz or 400 MHz
spectrometer.

Chemical shifts for *H NMR are given in ppm relative to internal tetramethylsilane (d = 0
ppm), using CDCl; as solvent. Chemical shifts for **C NMR are given in ppm relative to CDCl5
(d=77.0 ppm).

Chemical shifts for *'P NMR spectra are given relative to external 85% phosphoric acid
(d =0 ppm).

Abbreviations used for signal patterns are as follows: s, singlet; d, doublet; t, triplet; g,

quadruplet; m, multiplet.
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P NMR Yield Measurements. The NMR yields are determined by integration of all the

resonances in the 3P spectra, an approach which is valid if no phosphorus-containing gas (i.e.
PH3) evolves, or if the precipitate in a heterogeneous mixture does not contain phosphorus. The
yields determined by NMR are generally accurate within ~10% of the value indicated, and are
reproducible. Isolated yields are sometimes significantly lower in the case of H-phosphinate
esters because these are polar compounds and hydrolytically labile. This does not reflect an
inaccuracy in the NMR vyield, but instead the fact that H-phosphinates can be difficult to purify.

Validation of NMR yields was conducted in J. Org. Chem. 2005, 70, 4064.

High resolution mass spectra (HRMS).

HRMS were obtained either by direct probe (EI/CI) and analyzed by magnetic sector, or by

electrospray using a TOF analyzer.

Preparation of AIKOP(O)H, Stock Solution using Alkoxysilanes. The preparation of these

compounds was conducted as described in the literature.™™ In a typical procedure, a solution of
the pre-concentrated hypophosphorous acid (125 mmol), alkoxysilane (125 mmol for (RO)4Si, or
250 mmol for (RO),SiMe;, in reagent grade toluene (to 0.5 M concentration) is refluxed for 2 h
under N,. After cooling to room temperature, the solution was bottled, sealed with a septum and
the headspace was flushed with N, The solution was used for the subsequent

hydrophosphinylation reactions directly without further purification.

Formation of AIkOP(O)H, with Alcohol using Azeotropic Removal of Water. Augmented

procedure previously reported in the literature.** A flask containing pre-concentrated HsPO; (75

mmol) and alcohol (375 mmol) in reagent grade toluene (0.5 M) was equipped with a Dean-Stark
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trap prefilled with toluene and fitted with a condenser. The solution was refluxed under N, for 3
h and then cooled to room temperature. The solution was bottled, sealed with a septum and the
headspace was flushed with N,. The solution was used for the subsequent hydrophosphinylation

reactions directly without further purification.

Chapter Two-

Procedure for the Collection of Kinetic Data via *!P NMR for Structure Influence Studies.
Phosphosphinylidene compounds were diluted to 1 M using freshly distilled CH;CN in a 4-dram
glass vial (Note: Store solutions in the freezer when not in use). By 1 mL syringe, 0.5 mL of
phosphinylidene solution (0.5 mmol) was added to a dry NMR tube and capped until needed.
D,O (99.99 atom %, no internal reference, 0.1 mL, 5.5 mmol, 11 equiv) was added by
autopipette, recapped, and the tube was inverted one time to mix the solution. The time from the
addition of D0 to start of the data collection was noted. Data was collected at room temperature
using four transients over regular time intervals as pre-determined by running a test sample,
which was also used as a reference sample to lock, tune and shim the spectrometer before each
run. The NMR Kinetic experiments were completed in duplicate for each phosphinylidene

sample.

Procedure for the Collection of Kinetic Data via **P NMR for Catalyst Studies. Tert-butyl
octyl-H-phosphinate was diluted to 1.25 M using freshly distilled CH3CN in a 4-dram glass vial
(Note: Store solutions in the freezer when not in use). By 1 mL syringe, 0.4 mL of H-
phosphinate solution (0.5 mmol) was added to a dry NMR tube and capped until needed. A 0.5
M stock solution of catalyst was prepared in a small glass vial using distilled CH3CN, and 0.1

mL (0.05 mmol, 5 mol%) of this solution was added by syringe to the NMR tube. D,O (99.99
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atom %, no internal reference, 0.1 mL, 5.5 mmol, 11 equiv) was added by autopipette, recapped,
and the tube was inverted one time to mix the solution. The time from the addition of D,O to
start of the data collection was noted. Data was collected at room temperature using four
transients over regular time intervals as pre-determined by running a test sample, which was also
used as a reference sample to lock, tune and shim the spectrometer before each run. The NMR

kinetic experiments were completed in duplicate for each catalyst tested.

Preparation of Phosphinylidene Compounds for Structure Influence Kinetic Studies.

Diethyl phosphite, diphenyl phosphite, dibenzyl phosphite, phenylphosphinic acid, DOPO and
sodium hypophosphite were all used as purchased without further purification.
Hypophosphorous and phosphorous acids were acquired as 50 wt.-% solutions in water and pre-
concentrated in vacuo at rt for 15 minutes before use. All other phosphinylidene compounds used

for the kinetics studies were synthesized according to literature procedures.

Dibutyl phosphine oxide (Table 2, entry 2). Prepared from diethyl phosphite according to
literature procedure.® Yield, 3.44 g (70%). *H NMR (400 MHz, CDCls) & 6.81 (d, J = 446 Hz,
1H), 1.81 (m, 4H), 1.63 (m, 4H), 0.968 (t, J = 7.4 Hz, 6H); *'P NMR (162 MHz, CDCls): & 34.9

(dm, J = 455 Hz).

5,5-Dimethyl-1,3,2-dioxaphosphinane-2-oxide (Table 2, entry 5).”° After column
chromatography on silica gel (80:20 Hexanes: EtOAc to 100% EtOAC), white solid, 3.53 g
(47%). *H NMR (400 MHz, CDCl5) § 6.92 (d, J = 676 Hz, 1H), 4.06 (m, 4H), 1.26 (s, 3H), 0.942

(s, 3H); *'P NMR (162 MHz, CDCls): 6 3.02 (dm, J = 671 Hz).
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Ethyl Octylphosphinate (Table 2, entry 6). Prepared from octylphosphinic acid according to
literature procedure.’® After column chromatography on silica gel (80:20 Hexanes: EtOAc to
100% EtOAC), clear oil, 2.76 g (67%). *H NMR (400 MHz, CDCls) & 7.09 (d, J = 526 Hz, 1H),
4.17 (m, 2H), 1.74 (m, 2H), 1.58 (m, 2H), 1.42-1.28 (m, 13H), 0.88 (t, J = 6.96 Hz, 3H); *'P

NMR (162 MHz, CDCls): § 39.1 (dm, J = 526 Hz).

Dimethyl thiophosphonate (Table 2, entry 7). Prepared according to literature procedure.”®*
Yield, 1.90 g (30%). 'H NMR (400 MHz, CDCls) & 7.36(d, J = 600 Hz), 3.86 (m, 6H, J = 15

Hz); *P NMR (162 MHz, CDCl5): § 75.2 (dm, J = 590 Hz).

Octylphosphinic acid (Table 2, entry 8). Prepared according to literature procedure,'®® Yield,
15.6 g (70%). "H NMR (400 MHz, CDCls) § 12.4 (br, 1H), 7.11 (d, J = 541 Hz), 1.77 (m, 2H),
1.61 (m, 2H), 1.41 (m, 2H), 1.29 (m, 8H), 0.92 (t, J = 7.09 Hz); *P NMR (162 MHz, CDCls): &

34.8 (d, J = 536 Hz).

Ethyl phenylphosphinate (Table 2, entry 10). Prepared from phenylphosphinic acid according
to literature procedure.” Yield, 2.72 g (80%). *H NMR (400 MHz, CDCls) & 7.61 (d, J = 563 Hz,
1H), 7.80 (m, 2H), 7.62 (m, 1H), 7.55 (m, 2H), 4.18 (m, 2H), 1.40 (t, J = 6.80 Hz, 3H); *'P NMR

(162 MHz, CDCI5): § 24.6 (d, J = 563 Hz).

4,455-Tetramethyl-1,3,2-dioxaphospholane-2-oxide (Table 2, entry). Prepared from diethyl
phosphite according to literature procedure.?® Yield, 2.93 g (17%). *H NMR (400 MHz, CDCl5)
§7.22 (d, J = 708 Hz, 1H), 1.48 (s, 6H), 1.38 (s, 6H); *'P NMR (162 MHz, CDCl5): § 16.7 (d, J =

708 Hz).
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Octyl phenylphosphine oxide (Table 2, entry 12). Prepared according to literature
procedure.?® Yield, 1.43 g (30%). *H NMR (400 MHz, CDCls) & 7.72 (m, 2H), 7.54 (m, 3H),
7.50 (d, J = 463 Hz, 1H), 2.01 (m, 2H), 1.61 (m, 2H), 1.42 (m, 2H), 1.26 (t, J = 7.08 Hz, 3H); *C
NMR (101 MHz, CDCls) & 132.4, 131.2 (d, J = 95.6 Hz), 129.9 (d, Jpcc = 11.1 Hz), 128.9 (d, J
pcc = 13.1 Hz), 31.7. 30.7, 30.6 (d, J = 20.1 Hz), 29.5 (d, Jpc = 99.6 Hz), 29.0, 22.6, 21.5 (d,

Jpcce = 4.02 Hz), 14.1; *'P NMR (162 MHz, CDCls): 6 21.4 (d, J = 481 Hz).

Diphenylphosphine oxide (Table 2, entry 14). Prepared from chlorodiphenylphosphine
according to literature procedure.?® Yield, 4.49 g (89%). *H NMR (400 MHz, CDCls) & 8.09 (d,
J = 480 Hz, 1H), 7.73 (m, 4H), 7.58 (m, 2H), 7.51 (m, 4H); *'P NMR (162 MHz, CDCls): § 21.4

(d, J = 481 Hz).

Preparation of Phosphinylidene Compounds and Organic Catalysts for Kinetic Studies.

Tert-butyl octylphosphinate. The synthesis of tert-butyl hypophosphite solution is based on a
procedure by Schwabacher et al.”* Aqueous HsPO., (50 wt.-%, 6.6 g, 50 mmol, 2 equiv) was
weighed into a 250-mL round bottom flask, and concentrated in vacuo at rt for 15 min. Trimethyl
orthoformate (16.4 mL, 150 mmol, 3 equiv) and t-BuOH (19.1 mL, 200 mmol, 4 equiv) was
weighed into the flask, and stirred at rt under N, for 3 h. Triethylamine (3.2 mL) was added to
stop the reaction with trimethyl orthoformate, and the solution was concentrated in vacuo for 10
minutes to remove the volatiles. Two cycles of t-BuOH addition (4 equiv), stirring for 2Hours,
followed by concentration was completed. Distilled CH3CN (100 mL) was added and the
solution was filtered over filter paper. 1-Octene (25 mmol, 1 equiv) and AIBN (0.82 g, 5 mmol,

0.2 equiv) was added to the solution and refluxed under N, for 6Hours. After the intial reflux
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period, another aliquot of AIBN was added and refluxed overnight. The crude solution was
concentrated and column chromatography on silica gel (80:20 Hexanes: EtOAc to 100% EtOAC)
was completed to produce 2.75 g (47%) of clear oil. *H NMR (400 MHz, CDCls) § 7.22 (d, J =
520 Hz, 1H), 1.72 (m, 2H), 1.51 (m, 11H), 1.35 (m, 2H), 0.89 (t, J = 7.05 Hz, 3H); *C NMR
(101 MHz, CDCl3) & 81.8 (d, Jroc = 9.1 Hz), 31.8, 30.4 (d, Jrocc = 16.1 Hz), 30.1 (d, J = 5.03
Hz), 29.5 (d, Jpc = 97.6 Hz), 29.0 (d, J = 8.04 Hz), 22.6, 21.0 (d, J = 3.02 Hz), 14.1; P NMR

(162 MHz, CDCls): § 29.3 (dm, J = 520 Hz).
Di-tert-butyl phosphite. Prepared from PCls, according to literature procedure.®® Yield, 25.7 g
(58%). 'H NMR (400 MHz, CDCl3) 6 6.94 (d, J = 681 Hz, 1H), 1.51 (s, 18H); *P NMR (162

MHz, CDCly): & -3.17 (d, J = 680 Hz).

Thiosaccharin. Prepared from saccharin according to literature procedure.?®® Yield, 7.93 g

(40%). *H NMR (300 MHz, CDCl5) § 9.11 (br, 1H), 8.21 (d, J = 11.1 Hz, 1H), 7.81 (m, 3H).

Chapter Three-Section 3.2

General Procedure for the preparation of Alkyl H-phosphinates using NiCl,/dppe (Tables
3.2, 3.3 and Scheme 3.3). In an oven-dried 25 ml round-bottomed flask, NiCl, (0.075 mmol, 3
mol %) was suspended in 10 ml of a ROP(O)H; solution in toluene (0.5 M, 5 mmol, 2 equiv).
The mixture was stirred at rt for 2H and dppe (0.0825 mmol, 3.3 mol %) was added. After 30
min, the alkene (2.5 mmol, 1 equiv) was added and the mixture was stirred at rt for 24 h. The
solution was then washed with water (10 ml x 2), sat. NaHCO3 (10 ml) and brine (10 ml). Drying

over MgSQO, followed by rapid column chromatography on silica gel using ethyl acetate/hexanes
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mixtures afforded the corresponding H-phosphinate. The H-phosphinate compounds should be

stored in dichloromethane solution (at least 0.5 M) at 0 °C until ready to use.

Ethyl octylphosphinate (Scheme 3.3, 4a).” Colorless oil, 20.6 g (79%). *H NMR (300 MHz,
CDCl3) § 7.01 (d, J = 526 Hz, 1H), 4.15-3.95 (m, 2H), 1.69 (m, 2H), 1.64 (m, 2H), 1.28 (t, J =
7.0 Hz, 3H), 1.19 (m, 10 H), 0.80 (t, J = 6.2 Hz, 3H); *'P NMR (121 MHz, CDCls,) 6 40.1 (d, Jpy

=526 Hz).

Butyl octylphosphinate (Scheme 3.3, 4b).” Colorless oil, 0.369 g (63%). ‘*H NMR (300 MHz,
CDCl3) § 7.08 (d, J = 527 Hz, 1H), 4.17-3.93 (m, 2H), 1.82-1.27 (m, 18 H), 0.95 (t, J = 7.3 Hz,

3H), 0.88 (t, J = 6.7 Hz, 3H); *'P NMR (121 MHz, CDCls,) 6 40.8 (d, Jpns = 526 Hz).

Ethyl norbornylphosphinate (Scheme 3.3, 5a).” Colorless oil, 0.301 g (64%). *H NMR (300
MHz, CDCl3) 6 6.95 & 6.88 (d, 2R & 2S isomers, J = 521 Hz, 1H), 4.21-3.02 (m, 2H), 2.60 (dd,
J=36.6 Hz & J = 8.2 Hz, 1H); 2.38 (s, 1H), 1.92-1.22 (m, 9 H), 1.36 (t, J = 7.0 Hz, 3H); P

NMR (121 MHz, CDCls,) 6 44.2 & 42.4 (d, 2R & 25 isomers, Jpy = 521 Hz).

Butyl norbornylphosphinate (Scheme 3.3, 5b). Colorless oil, 0.470 g (87%). *H NMR (300
MHz, CDCls;) ¢ 6.93 & 6.87 (d, 2R & 2S isomers, J = 522 & 521 Hz, 1H), 4.16-3.92 (m, 2H),
2.60 (dd, J = 34.9 Hz & J = 8.9 Hz, 1H); 2.38 (s, 1H), 1.88-1.21 (m, 13H), 0.95 (t, J = 7.3 Hz,
3H); *C NMR (75.5 MHz, CDCl3) 6 66.0 (d, CHa, Jeoc = 7.7 Hz), 40.4 (d, CH, Jpc = 95 Hz),
37.2 (CHy), 37.1 (d, CH, Jpcce = 10.1 Hz), 36.1 (d, CH, Jpcc = 9.2 Hz), 32.5 (d, CH3, Jpocc = 5.8

HZ), 314 (d, CH2, Jpcc =174 HZ), 30.1 (d, CHz, JPCCC =21.7 HZ), 286, 18.8 (CHZ), 13.6 (CHg);
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¥'p NMR (121 MHz, CDCls) 6 44.7 & 43.0 (d, 2R & 2S isomers, Jpy = 520 & 521 Hz); HRMS

(EI") m/z calcd. for C11H» 0P ([M]) 216.1279, found 216.1276.

Ethyl 4-(diethylmaleonate)propylphosphinate (Scheme 3.3, 6a). Colorless oil, 0.449 g (61%).
'H NMR (300 MHz, CDCls) 6 7.12 (d, J = 530 Hz, 1H), 4.20 (q, J = 7.0 Hz, 4H), 4.09 (m, 2H),
3.34 (t, J = 7.3 Hz, 1H), 1.99 (m, 2H), 1.81 (m, 2H), 1.65 (m, 2H), 1.36 (t, J = 7.0 Hz, 3H), 1.27
(t, J = 7.0 Hz, 6H); *C NMR (75.5 MHz, CDCls,) § 168.9, 168.8 (C), 62.4, 61.3 (3 CH,), 51.3
(CH), 29.2 (d, CHy, Jpcc = 17.0 Hz), 28.5 (d, CHa, Jpc = 96.2 Hz), 18.7 (CH,), 16.2, 14.0, 13.9
(CHs); *'P NMR (121 MHz, CDCls) & 38.3 (d, Jpn = 530 Hz); HRMS (methane chem ion) m/z

calcd. for C12H2406P ([M + H]Y) 295.1311, found 295.1308.

Butyl 4-(diethylmaleonate)propylphosphinate (Scheme 3.3, 6b). Colorless oil, 0.355 g (44%).
'H NMR (300 MHz, CDCls) 6 7.09 (d, J = 530 Hz, 1H), 4.20 (q, J = 7.3 Hz, 4H), 4.15-3.96 (m,
2H), 3.34 (t, J = 7.3 Hz, 1H), 2.00 (m, 2H), 1.84-1.63 (m, 6H), 1.42 (m, 2H), 1.28 (t, J = 7.0 Hz,
3H), 0.95 (t, J = 7.0 Hz, 6H); *C NMR (75.5 MHz, CDCls) 6 169.1 (2 C), 66.4 (d, CH>, Jpoc =
6.9 Hz), 61.6 (2 CH,), 51.5 (CH), 32.4 (d, CHy, Jrocc = 6.0 Hz), 29.4 (d, CHy, Jpcc = 17.0 Hz),
28.5 (d, CH,, Jpc = 94.1 Hz), 18.9 (2 CH,), 14.1, 13.6 (3 CHa); *'P NMR (121 MHz, CDCls) §
38.8 (d, Jpy = 530 Hz); HRMS (ammonia chem ion) m/z calcd. for Ci4H2306P (M + HJ)

323.1624, found 323.1620.

Ethyl hex-5-enyl-1-phosphinate (Scheme 3.3, 7a).”® Colorless oil, 0.198 g (45%). *H NMR
(300 MHz, CDCl3) 6 7.62 (d, J = 540 Hz, 1H), 5.40 (m, 2H), 5.05-4.95 (m, 1H), 4.26-4.03 (m,
2H), 2.07 (m, 2H), 1.81-1.51 (m, 6H), 1.456 (t, J = 6 Hz, 3H); P NMR (121 MHz, CDCls) ¢

39.8 (d, JPH =525 HZ).
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Ethyl (5-oxohexyl)phosphinate (Scheme 3.3, 8a). Colorless oil, 0.293 g (61%). *H NMR (300
MHz, CDCls) 6 7.11 (d, J = 529 Hz, 1H), 4.09 (m, 2H), 3.83 (m, 2H), 2.48 (t, J = 3 Hz, 2H),
2.15 (s, 3H), 1.83-1.59 (m, 4H), 1.36 (t, J = 7 Hz, 3H); *C NMR (75.5 MHz, CDCls) J 207.8
(C), 62.1 (d, CHy, Jpoc = 6.5 Hz), 42.5 (CH,), 29.6 (CHs), 28.1 (d, CHa, Jpc= 93 Hz), 23.9 (d,
CHa, Jpce = 16 Hz), 19.9 (d, CHy, Jpccc = 2.7 Hz), 15.9 (d, CHs Jpocc = 6.04 Hz); 3P NMR (121
MHz, CDCl3) ¢ 39.2 (d, Jpn = 528 Hz). HRMS (EI*) m/z calcd. for CgH1703P ([M]) 192.0915,

found 192.0922.

Butyl (5-oxohexyl)phosphinate (Scheme 3.3, 8b). Yellow oil, 0.248 g (45%). *H NMR (300
MHz, CDCl3) 6 7.10 (d, J = 529 Hz, 1H), 4.07 (m, 2H), 2.48 (t, J = 3 Hz, 2H), 2.16 (s, 3H), 1.73
(m, 8 H), 1.43 (m, 2H), 0.95 (t, J = 7 Hz, 3H); *C NMR (75.5 MHz, CDCls) § 208.1 (C), 66.1
(d, CHz, Jpoc = 7.09 Hz), 42.7 (CH,), 32.2 (d, CH,, Jrocc = 6.1 Hz), 29.8 (CH3), 28.3 (d, CHy,
Jpc = 95 Hz), 24.1 (d, CHa, Jpce = 16 Hz), 20.1 (d, CHa, Jpcce = 2.7 Hz), 18.6 (CHy), 13.3 (CHs3)
3'p NMR (121 MHz, CDCls) ¢ 39.6 (d, Jpn = 529 Hz). HRMS (EI*) calcd. for C1oH2:03P ([M])

220.1228, found 220.1224.

Diethyl 3-(butoxy-H-phosphinoyl)propylphosphonate (Scheme 3.3, 9b). Yellow oil, 0.638 g
(85%). *H NMR (300 MHz, CDCl3) 6 7.12 (d, J = 531 Hz, 1H), 4.15-4.09 (m, 6H), 1.92 (m, 6H),
1.70 (m, 2H), 1.46 (m, 2H), 1.33 (t, J = 7.5 Hz, 6H), 0.95 (t, J = 7.2 Hz, 3H); **C NMR (75.5
MHz, CDCl3) 6 66.3 (d, CH2, Jroc = 6.9 Hz), 61.7 (d, 2 CHy, Jpoc = 6.5 Hz), 32.3 (d, CH2, Jrocc
= 6.04 Hz), 29.2 (dd, CH2, Jpgyc = 93 Hz & Jp(oyacee = 14.7 Hz), 26.2 (dd, CHy, Jpoenzc = 141
Hz & Jpycee = 15.1 Hz), 18.8 (CHy), 16.4 (d, 2 CH3, Jrocc = 6.04 Hz), 14.6 (d, CHy, Jpcc = 2.04

Hz), 13.6 (CHs) *'P NMR (121 MHz, CDCls) 6 37.3 (dd, Jpy = 532 Hz & “Jpp = 4.0 Hz), 30.1
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(*Jpp= 4.0 Hz). HRMS (methane chem ion) calcd. for C11H270sP, ([M + H]") 301.1334, found

301.1340.

Ethyl 3-(N-ethylcarbamoyl)propylphosphinate (Scheme 3.3, 10a). Colorless oil, 0.368 ¢
(66%). "H NMR (300 MHz, CDCl3) 6 7.13 (d, J = 533 Hz, 1H), 4.99 (m, 1H), 4.26-4.01 (m, 4H),
3.28 (m, 2H), 1.83 (m, 4H), 1.37 (t, J = 7.0 Hz, 3H), 1.24 (t, J = 7.0 Hz, 3H); **C NMR (75.5
MHz, CDCls) 6 156.9 (C), 62.6 (d, CH2, Jpoc = 6.8 Hz), 60.7 (CHy), 40.9 (d, CH2, Jpccc = 16.9
Hz), 26.0 (d, CHy, Jpc = 94.6 Hz) 21.5 (CH,), 16.3 (d, CHa, Jrocc = 6.3 Hz), 14.7 (CH3); *'P
NMR (121 MHz, CDCl3) ¢ 38.9 (d, Jpy = 534 Hz); HRMS (methane chem ion) calcd. for

CsH1sNO4P ([M + H]*) 224.1017, found 224.1014.

Butyl 3-(N-ethylcarbamoyl)propylphosphinate (Scheme 3.3, 10b). Colorless oil, 0.270 ¢
(43%). *H NMR (300 MHz, CDCl3) 6 7.11 (d, J = 533 Hz, 1H), 5.60 (m, 1H), 4.10 (q, J = 6.2
Hz, 2H), 4.02 (m, 2H), 3.26 (m, 2H), 1.82 (m, 4H), 1.69 (m, 2H), 1.42 (m, 2H), 1.24 (t, J = 7.0
Hz, 3H), 0.95 (t, 3H, J = 7.3 Hz); *C NMR (75.5 MHz, CDCl;) d 157.1 (C), 66.4 (d, CH2, Jeoc
= 6.8 Hz), 60.8 (CH,), 41.0 (d, CH2, Jpcce = 15.9 Hz), 32.5 (d, CHa, Jroce = 6.3 Hz), 26.1 (d,
CH,, Jpc = 94.6 Hz), 21.7, 18.9 (CH,), 14.8, 13.7 (CHs); *'P NMR (121 MHz, CDCls) d 39.7 (d,
Jpn = 533 Hz); HRMS (methane chem ion) calcd. for C1gH23NO4P ([M + H]") 252.1365 , found

252.1362.

Ethyl 3-(N-tert-butylcarbamoyl)propylphosphinate (Scheme 3.3, 11a).” Colorless oil, 0.210
g (33%). *H NMR (300 MHz, CDCls) 6 7.11 (d, J = 534 Hz, 1H), 4.78 (br, 1H), 4.26-4.01 (m,
2H), 3.23 (m, 2H), 1.83 (m, 4H), 1.42, (s, 9 H), 1.37 (t, J = 7.0 Hz, 3H); *'P NMR (121 MHz,

CDC|3) 039.0 (d, JPH =532 HZ).
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Butyl 3-(N-tert-butylcarbamoyl)propylphosphinate (Scheme 3.3, 11b).”® Colorless oil, 0.335
g (43%). *H NMR (300 MHz, CDCls) ¢ 7.18 (d, J = 555 Hz, 1H), 4.18-3.95 (m, 2H), 3.21 (m,
2H), 1.85 (m, 4H), 1.70-1.59 (m, 8 H), 1.45, (s, 9 H), 0.95 (t, J = 7.0 Hz, 3H); *P NMR (121

MHz, CDC|3) 039.4 (d, JpH = 528 HZ).

Isobutyl 4-(butoxy-H-phosphinoyl)butanoate (Scheme 3.3, 12b). Colorless oil, 0.469 g (71%).
'H NMR (300 MHz, CDCls) 6 7.11 (d, J = 531 Hz, 1H), 4.12 (m, 2H), 3.87 (d, J = 6.90 Hz, 2H),
2.46 (t, J = 7.2 Hz, 2H), 1.92 (m, 4H), 1.69 (m, 2H), 1.41 (m, 2H), 0.93 (d, J = 6.7 Hz, 6H) **C
NMR (75.5 MHz, CDCls) 6 171.5 (C), 69.7 (CHy), 65.3 (d, CHa, Jpoc = 7.2 Hz), 33.3 (d, CHy,
Jecce = 15.5 Hz), 31.4 (d, CHy, Jpoce = 6.04 Hz), 26.9 (d, CHa, Jec = 93.9 Hz), 26.6 (CH), 18.0
(2 CHs), 17.7 (CHy), 15.4 (d, CH2, Jpcc = 2.26 Hz), 12.6 (CHs); *'P NMR (121 MHz, CDCls) 6
39.0 (d, Jpy = 531 Hz) HRMS (ammonia chem ion) calcd. for C1oH2604P ([M + H]") 265.1569,

found 265.1566.

Ethyl 4,4-diethoxybutylphosphinate (Scheme 3.3, 13a). Yellow oil, 0.167 g (28%). 'H NMR
(300 MHz, CDCl3) 6 7.10 (d, J = 528 Hz, 1H), 4.48 (t, J = 4.7 Hz, 1H), , 4.20-4.09 (m, 2H), 3.64
(m, 2H), 3.49 (m, 2H), 1.71 (m, 6H), 1.37 (t, J = 7.0 Hz, 3H), 1.21 (t, J = 7.0 Hz, 6H); **C NMR
(75.5 MHz, CDCl3) ¢ 102.5 (CH), 62.5 (d, CHa, Jeoc = 6.9 Hz), 61.1 (2 CH,), 34.4 (d, CHy,
Jrcee = 15.3 Hz), 28.7 (d, CHa, Jpc = 93.6 Hz), 16.4 (d, CH,, Jecc = 2.9 Hz), 15.5 (3 CH3); *P
NMR (121 MHz, CDCls) 6 39.5 (d, Jp1 = 528 Hz); HRMS (EI*) calcd. for C1H2304P (M - H]")

237.1256, found 237.1257.

Butyl 4,4-diethoxybutylphosphinate (Scheme 3.3, 13b). Yellow oil, 0.240 g (36%). *H NMR

(300 MHz, CDCl3) ¢ 7.08 (d, 526 Hz, 1H), 4.47 (m, 1H), 4.05 (m, 2H), 3.65-3.39 (m, 4H), 1.83-

110



1.34 (m, 8 H), 1.20 (t, J = 7.0 Hz, 2H) 0.93 (m, 9 H); *C NMR (75.5 MHz, CDCls) ¢ 102.5
(CH), 66.3 (d, CHy, Jroc = 5.13 Hz), 65.7 (CH5), 34.0 (d, CHy, Jpcce = 11.4 Hz), 32.4 (d, CHy,
Jrocc = 4.60 Hz), 28.8 (d, CHy, Jpc =93.9 Hz), 18.8 (CHy), 16.3 (CH,), 15.3(CHs), 13.6 (CH3);
3P NMR (121 MHz, CDCls) 6 40.0 (d, Jpy = 525 Hz); HRMS (EI") calcd. for C1,H,704P ([M -

H]") 265.1624, found 265.1621.

Ethyl 4-bromobutylphosphinate (Scheme 3.3, 14a)."*® Colorless oil, 0.303 g (53%). ‘H NMR
(300 MHz, CDCls) 6 7.13 (d, J = 530 Hz, 1H), 4.24-4.04 (m, 2H), 3.43 (t, J = 6.5 Hz, 2H), 1.99
(m, 2H), 1.80 (m, 4H), 1.38 (t, J = 7.0 Hz, 3H); *'P NMR (121 MHz, CDCls) & 38.8 (d, Jpy = 532

Hz).

Butyl 4-bromobutylphosphinate (Scheme 3.3, 14b). Colorless oil, 0.270 g (42%). *H NMR
(300 MHz, CDCl3) 6 7.12 (d, J = 530 Hz, 1H), 4.19-3.95 (m, 2H), 3.42 (t, J = 6.5 Hz, 2H), 2.00-
1.60 (m, 8 H), 1.41 (m, 2H), 0.95 (t, J = 7.3 Hz, 3H); *C NMR (75.5 MHz, CDCls) § 66.4 (d,
CHa, Jroc = 6.8 Hz), 33.0 (d, CH2, Jpcce = 15.5 Hz), 32.8 (CHy), 32.5 (d, CHa, Jrocc = 5.8 Hz),
27.9 (d, CH,, Jpc = 93.2 Hz), 19.6, 18.9 (CH,), 13.7 (CHs); *'P NMR (121 MHz, CDCls) § 39.1
(d, Jpu = 529 Hz); HRMS (methane chem ion) calcd. for CgH19BrO.P ([M + H]") 257.0306,

found 257.0305.

Ethyl 5-bromopentylphosphinate (Scheme 3.3, 15a).”° Colorless oil, 0.292 g (43%). ‘*H NMR
(300 MHz, CDCls) 6 7.14 (d, J = 528 Hz, 1H), 4.26-4.01 (m, 2H), 3.42 (t, J = 6.5 Hz, 2H), 1.93-
1.75 (m, 4H), 1.72-1.53 (m, 4H), 1.37 (t, J = 7.0 Hz, 3H): *'P NMR (121 MHz, CDCls) 5 39.9 (d,

Jpn =522 HZ).
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Butyl 5-bromopentylphosphinate (Scheme 3.3, 15b).” Colorless oil, 0.386 g (57%). *H NMR
(300 MHz, CDCl3) ¢ 7.14 (d, J = 525 Hz, 1H), 4.20-3.95 (m, 2H), 3.42 (t, J = 6.5 Hz, 2H), 1.93-

1.53 (m, 12H), 1.37 (t, J = 7.0 Hz, 3H): *}P NMR (121 MHz, CDCls) 6 39.9 (d, Jpn = 522 Hz).

Ethyl 2-(trimethylsilyl)ethylphosphinate (Scheme 3.3, 16a). Colorless oil, 0.383 g (79%). *H
NMR (300 MHz, CDCls) 6 7.02 (d, J = 526 Hz, 1H), 4.23-4.04 (m, 2H), 1.68 (m, 2H), 1.37 (t, J
= 7.0 Hz, 3H), 0.71 (m, 2H), 0.00 (s, 9 H); **C NMR (75.5 MHz, CDCls) 6 64.4 (d, CH,, Jpoc =
6.9 Hz), 25.0 (d, CHy, Jpc = 91.6 Hz), 18.5 (d, CH3, Jeoce = 5.8 Hz), 8.3 (d, CHa, Jpcc = 6.9 Hz),
0.00 (3 CHs); **P NMR (121 MHz, CDCls) § 43.5 (d, Jpy = 525 Hz); HRMS (ammonia chem

ion) calcd. for C7H2002PSi ([M + H]") 195.0970, found 195.0603.

Ethyl 4-phenylbutylphosphinate (Scheme 3.3, 17a)."® Yellow oil, 0.283 g (50%). '*H NMR
(300 MHz, CDCls) 6 7.30-7.14 (m, 5 H), 7.07 (d, J = 527 Hz, 1H), 4.20-3.98 (m, 2H), 2.63 (t,
2H, J = 7.3 Hz), 1.79-1.60 (m, 6H), 1.34 (t, J = 7.0 Hz, 3H); P NMR (121 MHz, CDCls) ¢ 39.6

(d, JpH = 527 HZ).

Butyl 4-phenylbutylphosphinate (Scheme 3.3, 17b).*® Yellow oil, 0.280 g (44%). ‘*H NMR
(300 MHz, CDCl3) 6 7.37-7.18 (m, 5 H), 7.14 (d, J = 527 Hz, 1H), 4.19-4.01 (m, 2H), 2.67 (t, J
= 7.0 Hz, 2H), 1.89-1.65 (m, 8 H), 1.43 (m, 2H), 0.97 (t, J = 7.3 Hz, 3H); *!P NMR (121 MHz,

CDC|3) 040.2 (d, Jpy = 530 HZ).

Ethyl 3-(2-hydroxyphenyl)propylphosphinate (Scheme 3.3, 18a). Light brown oil, 0.302 g
(53%). *H NMR (300 MHz, CDCls) 6 7.39 (m, 1H), 7.12 (d, J = 535 Hz, 1H), 7.06 (m, 2H), 6.84

(m, 2H), 4.20-4.07 (m, 2H), 2.78 (t, J = 6.7 Hz, 2H), 2.05-1.74 (m, 4H), 1.36 (t, J = 7.0 Hz, 3H);
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3¢ NMR (75.5 MHz, CDCls3) d 155.3 (C), 130.4, 127.7 (CH), 127.1 (C), 119.8, 115.8 (CH), 63.0
(d, CHz, Jpoc =6.9 HZ), 30.7 (d, CHz, Jpcc =15.3 HZ), 27.9 (d, CHz, Jpc =95.3 HZ), 21.3 (d,
CH,, Jpcee = 2.3 Hz), 16.4 (d, CH3, Jroce = 6.0 Hz); *'P NMR (121 MHz, CDCls) J 41.5 (d, Jpy

= 534 Hz): HRMS (EI") calcd. for C11H1703P ([M]*) 228.0915, found 228.0916.

Ethyl (cis/trans)-1-octenylphosphinate (Scheme 3.3, 23a).2*® Mixture of isomers, yellow oil,
0.485 g. 'H NMR (300 MHz, CDCl) & 7.03 (d, J = 549 Hz, 1H), 6.81-6.60 (m, 1H), 6.15-5.69
(M, 1H), 4.08-3.98 (M, 2H), 2.23-2.12 (m, 2H), 1.55-1.35 (m, 2H), 1.35-1.10 (m, 8 H), 0.80 (d, J

=7 Hz, 3H); *'P NMR (121 MHz, CDCls)  29.5 (dm, J = 559 Hz); & 24.7 (dm, J = 559 Hz).

Representative Procedure for the Hydophosphinylation of Alkenes followed by Hydrolysis
(Table 4 and Equation 2). In an oven-dried 25-mL round-bottom flask, anhydrous NiCl, (0.075
mmol, 3 mol %) is suspended in 10 ml of a BUOP(O)H; solution in toluene (0.5 M, 5 mmol, 2
equiv). The mixture is heated for 10 min until the nickel starts to dissolve and the reaction
mixture is cooled to room temperature (~15 minutes). Dppe (0.0825 mmol, 3.3 mol %) is added
and after 30 min of stirring, the alkene (2.5 mmol, 1 equiv) is added and the mixture is stirred at
room temperature for 24 h. Upon completion of the first reaction, aqueous sodium hydroxide
solution (2 mL, 10 mmol, 4 equiv) is poured into the flask and refluxed for 12-14 h. The reaction
mixture is first extracted with 10 mL of toluene, acidified with 10 mL of saturated NaHSO,
solution (pH < 2), then extracted with 10 mL of ethyl acetate three times. The organic layer was

dried over MgSO, and concentrated by rotary evaporation.
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Octylphosphinic acid (Table 3.4, 28).” Yellow oil, 5.699 g (82%). *H NMR (300 MHz, CDCls)
6 11.55 (br, 1H), 7.11 (d, J = 541 Hz, 1H), 1.78 (m, 2H), 1.61 (m, 2H), 1.29 (m, 10 H), 0.90 (t, J

= 4.4 Hz, 3H); *'P NMR (121 MHz, CDCls) 6 37.8 (d, Jpy = 540 Hz).

Decylphosphinic acid (Table 3.4, 29).” Yellow oil, 0.361 g (70%). *H NMR (300 MHz, CDCl5)
6 8.81 (br, 1H), 7.05 (d, J = 537 Hz, 1H), 1.90-1.05 (m, 18 H), 0.88 (t, J = 6 Hz, 3H); *P NMR

(121MHz, CDCl3) & 38.1 (d, Jens = 540 Hz).

Norbornylphosphinic acid (Table 3.4, 30). Yellow oil, 0.348 g (87%). *H NMR (300 MHz,
CDCls) § 10.59 (br s, 1H), 6.95 (d, J = 536 Hz, 1H), 2.63 (m, 1H), 2.40 (m, 1H), 1.83-1.23 (m, 9
H); *C NMR (75.5MHz, CDCls) 6 40.4 (d, CH, Jpc = 97 Hz), 37.4 (CH,), 37.2, 36.3 (CH), 31.6
(d, CHa, Jpcc = 16 Hz), 30.2, 28.7 (CH,); *'P NMR (121 MHz, CDCls) & 40.8 (d, Jp = 531 Hz).

HRMS (EI") calcd. for C;H130,P ([M]") 160.0653, found 160.0654.

Hex-5-enyl-1-phosphinic acid (Table 3.4, 31).” Yellow oil, 0.301 g (81%). 'H NMR (300
MHz, CDCl3) 6 9.93 (br, 1H), 7.12 (d, J = 530 Hz, 1H), 5.60-5.20 (m, 3H), 2.07 (m, 2H), 1.65

(m, 6H): *'P NMR (121 MHz, CDCls) 6 41.3 (d, Jp4 = 530 Hz).

(4-phenylbutyl)phosphinic acid (Equation 3.2, 32).” Yellow oil, 21.554 g (87%). *H NMR

(300 MHz, CDCls) 6 10.35 (br, 1H), 7.08 (d, J = 540 Hz, 1H), 7.25 (m, 5 H), 2.64 (t, J = 7 Hz,

2H), 1.75 (m, 6H); 3P NMR (121 MHz, CDCls) 6 38.0 (d, Jpns = 540 Hz).
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Crystal Data and Data Collection Summary for Compound 32 (Figure 3.1).

Identification code
Chemical formula
Formula weight
Temperature
Wavelength

Crystal size

Crystal system
Space group

Unit cell dimensions

Volume

A

Density (calculated)
Absorption coefficient

F(000)

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Coverage of independent reflections
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices

all data

Largest diff. peak and hole

ys016

C1oH150,P

198.19

100(2) K

0.71073 A

0.080 x 0.120 x 0.430 mm
monoclinic

Clcl

a=5.5085(3) A o =90°
B =102.626(2)°
c=7.3148(4) A y=90°

b = 26.3826(14) A

1037.34(10) A3

4

1.269 g/cm3

0.231 mm-1

424

3.09 t0 29.73°

-7<=h<=7, -36<=k<=36, -10<=I<=10
21516

2936 [R(int) = 0.0211]

99.7%

Full-matrix least-squares on F2
2936/2/125

1.091

2894 data; 1>20(1)

R1 =0.0238, wR2 = 0.0606
0.271 and -0.165 eA-3

R1=0.0232, wR2 = 0.0601

R.M.S. deviation from mean 0.043 eA-3

Bond lengths (A) for Compound 32.
P1-02 1.4909(12) P1-01 1.5497(13)
P1-C1 1.7805(16) P1-H2 1.28(3)
O1-H1 0.86(3) C1l-C2 1.532(2)
Cl1-H1B 0.99 C1-H1A 0.99
C2-C3 1.528(2) C2-H2A 0.99
C2-H2B 0.99 C3-C4 1.524(2)
C3-H3B 0.99 C3-H3A 0.99
C4-C5 1.511(2) C4-H4A 0.99
C4-H4B 0.99 C5-C10 1.394(2)
C5-C6 1.399(2) Ce6-C7 1.393(2)
C6-H6 0.95 C7-C8 1.389(2)
C7-H7 0.95 C8-C9 1.388(2)
C8-H8 0.95 C9-C10 1.390(2)
C9-H9 0.95 C10-H10 0.95
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Bond angles (°) for Compound 32.

02-P1-01  114.48(8) 02-P1-C1  114.85(7)
01-P1-C1  105.36(8) 02-P1-H2  109.9(10)
O1-P1-H2  105.3(11) C1-P1-H2  106.2(11)
P1-O1-H1  111.4(19) C2-C1-P1  114.68(11)
C2-C1-H1B 108.6 P1-C1-H1B 108.6
C2-C1-H1A 1086 P1-C1-H1A 108.6
H1B-C1-H1A 107.6 C3-C2-C1  111.24(12)
C3-C2-H2A 109.4 C1-C2-H2A 109.4
C3-C2-H2B  109.4 C1-C2-H2B 109.4
H2A-C2-H2B 108.0 C4-C3-C2  111.87(13)
C4-C3-H3B  109.2 C2-C3-H3B 109.2
C4-C3-H3A 109.2 C2-C3-H3A 109.2
H3B-C3-H3A 107.9 C5-C4-C3  115.71(13)
C5-C4-H4A 108.4 C3-C4-H4A 108.4
C5-C4-H4B  108.4 C3-C4-H4B 108.4
H4A-C4-H4B 107.4 C10-C5-C6  117.94(14)
C10-C5-C4  120.01(14) C6-C5-C4  122.05(14)
C7-C6-C5  120.71(14) C7-C6-H6 1196
C5-C6-H6 1196 C8-C7-C6  120.61(15)
C8-C7-H7 1197 C6-C7-H7  119.7
C9-C8-C7  119.13(14) C9-C8-H8  120.4
C7-C8-H8  120.4 C8-C9-C10  120.22(14)
C8-C9-H9  119.9 C10-C9-H9 119.9
C9-C10-C5  121.39(14) C9-C10-H10 119.3

C5-C10-H10 119.3

Representative Example of Hydrophosphinylation followed by Cross-Coupling (Equation
3.3). Nickel-catalyzed hydrophosphinylation was conducted as described in the procedure for
Scheme 3 using 1-octene as the alkene (2.5 mmol, 1 equiv). The crude reaction mixture was
washed once with deionized water and concentrated under vacuum at 50° C to remove the
residual diethyl phosphite. To a solution of crude ethyl octylphosphinate (2.5 mmol, 1.0 equiv.)
in freshly distilled acetonitrile (10 mL), was added an iodobenzene (2.5 mmol, 1.0 equiv.), N, N-
diisopropylethylamine (5.2 mmol, 1.3 equiv.), Pd(OAc), (0.025 mmol, 1 mol %) and dppf (0.028
mmol, 1.1 mol %) at room temperature. The solution was heated for 24 h at reflux in acetonitrile,
under nitrogen. After cooling to room temperature, the crude mixture was concentrated in vacuo

and the residue was partitioned between de-ionized water and ethyl acetate, followed by
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extraction of the agueous phase with EtOAc (3x). The organic fractions were combined and
washed with brine (1x). Drying and concentration furnished the crude compound, which was
purified by column chromatography using ethyl acetate/hexane mixtures to obtain 0.501 g (71%)
of compound 24 as a brown oil. *H NMR (300 MHz, CDCls) 6 7.78 (m, 2H), 7.49 (m, 3H), 4.13-
3.85 (dm, 2H), 1.84 (m, 2H), 1.70 -1.22 (m, 15 H), 0.85 (t, J = 6.1 Hz, 3H); *'P NMR (121 MHz,

CDCly) 6 44.9 (3).

Representative Procedure for the Hydrophosphinylation of Alkenes followed by formation
of Phosphonothioic Acid O-Ethyl Ester (Scheme 3.4).  Nickel-catalyzed
hydrophosphinylation of alkenes was conducted as described in the procedure for Scheme 3. The
crude reaction mixture was washed once with deionized water and concentrated under vacuum at
50° C to remove the residual diethyl phosphite. The crude reaction mixture was dissolved in 10
mL of freshly distilled acetonitrile. To this solution was added sulfur (0.24 g, 7.5 mmol, 3 equiv)
and triethylamine (0.762 g, 7.53 mmol, 3 equiv) at room temperature. The resulting mixture was
stirred at room temperature overnight. The solution was extracted with hexane, and the
acetonitrile layer was partitioned between 1 M HCI and ethyl acetate. The organic layer was
dried over MgSO, and concentrated to afford the crude compound. Purification over silica gel

(hexanes to hexanes/EtOAc, 90/10 v/v) produced the expected compounds as brown oils.

O-ethyl O-hydrogen octylphosphonothioate (Scheme 3.4, 33). Brown oil, 0.309 g (52%). *H
NMR (300 MHz, CDCls) 6 418 (m, 2H), 2.01 (m, 2H), 1.66 (m, 2H), 1.36-1.27 (m, 14H), 0.88 (t,
J = 6.6 Hz, 3H); *C NMR (75.5 MHz, CDCls) 6 61.9 (CH,), 34.6 (d, CHy, Jpc = 109 Hz), 31.7,
30.4, 30.3, 30.1, 29.0, 22.6 (CH,), 16.1 (d, CH3, Jrocc = 7.3 Hz), 14.0 (CHs); *'P NMR (121

MHz, CDCls) ¢ 94.6 (s); HRMS (EI™) calcd. for C1oH230,PS ([M]") 238.1156, found 238.1152.

117



O-ethyl O-hydrogen (4-phenylbutyl)phosphonothioate (Scheme 3.4, 34). Brown oil, 0.381 g
(59%). *H NMR (300 MHz, CDCls) ¢ 7.31-7.14 (m, 5 H), 4.22-4.09 (m, 2H), 2.65 (m, 2H), 2.06
(m, 2H), 1.74 (m, 4H), 1.31 (t, J = 10 Hz, 3H); *C NMR (75.5 MHz, CDCls) § 140.9 (C), 127.3,
124.8 (5 CH), 60.8, 34.3, 32.7, 31.1, 21.4 (CH,), 15.1 (CH3); *'P NMR (121 MHz, CDCls) 6 94.3

(s); HRMS (EI") calcd. for C1oH160,PO,S ([M]*) 258.0843, found 258.0839.

Ethoxy(triisopropylsilyloxy)phenylbutylphosphine-borane (Scheme 3.4, 35).%3
Triisopropylchlorosilane (1.5 mL, 7 mmol, 1.4 equiv) was placed into a oven-dried round bottom
flask and cooled to 0° C, under N2. EtsN (1 mL, 7.5 mmol, 1.5 equiv) was then added dropwise
and the reaction mixture was stirred for approximately 10 min at 0 °C. In a separate oven-dried
round bottom flask, a solution of crude ethyl 4-phenylbutylphosphinate (5 mmol, 1 equiv) in
freshly distilled CH3CN (10 mL) was cooled to 0 °C, under N,. The mixture of TIPSCI/EtsN was
slowly added to the H-phosphinate solution via syringe and the reaction mixture maintained at 0°
C for 10-15 min, at which time the reaction was allowed to warm up to room temperature and
stirred for 14 h under nitrogen. The reaction mixture was treated with BHs-Me,S (2.0 M in THF,
5 mL, 10 mmol, 2 equiv) by dropwise addition at room temperature. After 5 h, the reaction
mixture was concentrated under reduced pressure, and the residue partitioned between de-ionized
H,0 and EtOAc. The aqueous layer was extracted with EtOAc (3x) and the combined organic
layers washed with brine (1x), dried over MgSQ,, and concentrated in vacuo to afford the crude
compound. Purification by column chromatography over silica gel (hexanes—toluene, 100:0 to
90:10, v/v) afforded 0.476 g (48%) of the desired product as a colorless oil. *H NMR (300 MHz,
CDCl3) 6 7.06 (d, J = 529 Hz, 1H), 7.3-7.1 (m, 5 H), 4.25-3.95 (m, 2H), 2.63 (t, J = 7 Hz, 2H),
1.90-1.55 (m, 6H), 1.34 (t, J = 7 Hz, 3H), 1.06 (m, 21H); *C NMR (75.5 MHz, CDCl5) § 141.9,

128.6, 126.1 (5 CH, 1 C), 62.5 (d, CHa, Jeoc = 7 Hz), 35.6 (CHy), 32.4 (d, CHa, Jecce = 15 Hz),
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28.9 (d, CHy, Jpc = 94 Hz), 20.6 (CHy), 16.6 (6 CHs), 16.5 (d, CH3, Jpocc = 6 Hz), 11.6 (3 CH)
$1p NMR (121 MHz, CDCls) 6 134.7 (g, Jps = 48 Hz); HRMS (EI") calcd. for Ca:H4:BO,PSi

(IM]*) 396.2785, found 396.2788.

1-Ethoxy-phosphinane-1-oxide  (Scheme 3.5, 36).2® Compound 15a, Ethyl 5-
bromopentylphosphinate (5 mmol, 1 equiv), was prepared by the standard
hydrodrophosphinylation procedure. The crude product was partioned between de-ionized water
and ethyl acetate to remove the formed diethyl phosphite. The dried and concentrated product
was diluted with anhydrous THF (25 mL) under nitrogen. The flask was placed at -78 °C and
deoxygenated under vacuum for 5 min. The reaction flask was back-filled with nitrogen, and
LHMDS (1.0 M in THF, 5 mL, 5 mmol, 1 equiv) was added at -78 °C. After 10 min, the
temperature of the solution was slowly allowed to warm to rt. After 3 h at rt, the reaction mixture
was quenched with NH,Cl/brine, extracted with ethyl acetate (3x), dried over anhydrous MgSQ,,
and concentrated in vacuo. The resulting oil was purified by column chromatography on silica
gel using mixtures of EtOAc/hexanes to afford 0.603g (74%) of a yellow oil. *H NMR (300
MHz, CDCls) 6 4.06 (m, 2H), 2.03-1.63 (m, 10 H), 1.37 (t, J =6.9 Hz, 3H); *'P NMR (121 MHz,

CDCls) 6 50.08 ().

3-Hydroxy-2-phenyl-1,3-azaphosphorinane-3-oxide (Scheme 3.5, 37)."*® Compound 10a,
Ethyl 3-(N-ethylcarbamoyl)propylphosphinate (10 mmol), was prepared by the standard
hydrophosphinylation procedure. Upon completion, the reaction mixture was concentrated in
vacuo to remove the toluene, and hydrochloric acid (12 N, 50 mL) was added to the flask. After
16 h of reflux, the mixture was concentrated under high vacuum. The residue was diluted with

water and washed with ethyl acetate (3 x 20 mL). Concentration of the aqueous layer afforded
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1.830 g (82%) of 3-aminopropyl-H-phosphinic acid hydrochloride as a yellow oil. Immediately
following, the H-phosphinic acid was diluted in n-butanol (0.2 M) and 1 equiv of the
benzaldehyde was added. The mixture was refluxed for 16 h. After cooling, the precipitate was
filtered and washed with n-butanol and then with diethyl ether and dried under high vacuum to
obtain 0.970 g (56%) of the expected compound as a white solid. *H NMR (300 MHz, D-0) §
7.31 (m, 5 H), 421 (d, J = 6.6 Hz, 1H), 3.42 (d, Jgem = 13 Hz, 1H equatorial), 3.05 (m, 1H,

axial), 2.20-2.06 (m, 2H), 1.74 (m, 2H); 3P NMR (121 MHz, D,0) § 23.4 (m).

Ethyl 2-(1-ethoxy-2-methyl-1-oxidophosphinanyl)acetate (Scheme 3.5, 38). An ethyl H-
phosphinate was prepared from ethyl 3-methylhepta-2,6-dienoate using the standard nickel
hydrophoshinylation procedure. Ethyl 7-(ethoxy-H-phosphinoyl)-3-methyl-2-heptenoate was
obtained as a yellow oil in 66% isolated yield. To a solution of H-phosphinate in THF (0.08 M,
0.76 mmol) at 0° C, was added potassium tert-butoxide (0.76 mmol, 1 equiv). The solution was
stirred for 1 h at 0° C and rt for 16 h. The reaction mixture was neutralized with 1 N HCI and
extracted with ethyl acetate (3x 10 mL). Initial analysis of the product showed significant
cleavage of the ester group. The compound was diluted in dichloromethane and treated with
ethanol (1.16 mmol, 1.5 equiv), EDC (1.16 mmol, 1.5 equiv) and DMAP (0.076 mmol, 10
mol%). After 2 h of stirring at rt, the solution was extracted with saturated NaHSO, (1x 10 mL),
1 N NaHCO3; (1 x10 mL), and brine (1x 10 mL). After drying with MgSO, and concentrating in
vacuo, 0.116 g (57%) of a brown oil was obtained. *H NMR (300 MHz, CDCls) 6 4.19-4.08 (m,
4H); 2.65 (M, 2H); 2.05-1.43 (m, 8 H); 1.35-1.25 (m, 9 H); *C NMR (75.5 MHz, CDCl3) 6 171.1
(C), 60.6 (d, CH>, Jpoc = 8.68 Hz), 37.5 (C), 36.6 (d, CH,, Jec = 88 Hz), 35.3, 30.9 (CH,), 24.1

(d, CHZ’ Jpccc = 3.40 HZ), 231, 21.2 (CHg), 18.9 (CHg), 16.9 (d, CH3, Jpocc = 5.36 HZ), 14.1
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(CHs); *'P NMR (121 MHz, CDCls) & 53.3 (m); HRMS (EI") calcd. for Ci,H2304P ([M])

262.1334, found 262.1334.

Chapter 4-Section 4.2

General Procedure for Manganese-catalyzed Addition of Alkenes or Alkynes to H-
phosphinates: To a selected H-phosphinate (1.2 mmol, 1.2 equiv) either neat or in DMSO (0.2
M, 5 mL) was added an alkene (1 mmol, 1 equiv) and Mn(OAc), (9 mg, 0.05 mmol, 5 mol %).
The reaction mixture was stirred for 20 h at 100 °C with the condenser open to the air. Ethyl
acetate (~ 20 mL) and an aqueous solution of Na,S,0,4 at 0.5 M in brine (~40 mL) were added,
partitioned and the two layers were separated. The organic layer was washed with saturated
NaHCOs/brine (~ 40 mL) and the aqueous layer was extracted twice with ethyl acetate. The
combined organic layer was dried over MgSO, filtered and concentrated under vacuum to afford
the product. Generally, the compound was > 95% pure; however, column chromatography was

used if further purification of the product was needed.

Ethyl dioctylphosphinate (Table 4.1, entry 1). Product was prepared using the representative
procedure and ethyl octyl-H-phosphinate® to obtain a light brown oil (226 mg, 71%). *H NMR
(300 MHz, CDCls,): & 4.18-3.97 (m, 2H), 1.78-1.43 (m, 8 H), 1.42-1.19 (m, 23H), 0.89 (t, J = 6.6
Hz, 6H); *C NMR (75.5 MHz, CDCls,): 6 59.7 (d, Jroc = 6.6 Hz), 30.8 (d, Jpcc = 1.9 Hz, 2C),
30.7 (2 C), 29.0 (2 C), 28.9 (2 C), 27.9 (d, Jpc = 89.6 Hz, 2C), 22.5 (2 C), 21.8 (d, Jpccc = 3.9
Hz, 2 C), 16.6 (d, Jrocc = 5.5 Hz), 13.9 (2 C); *'P NMR (121 MHz, CDCls,): § 57.8 (s); HRMS

(El+) m/z calcd for CigH3s0,P ([M]+) 318.2688, found 318.2686.
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Butyl dioctylphosphinate (Table 4.1, entry 13).*" The product was prepared using the

representative procedure with butyl octyl-H-phosphinate®

to obtain a light brown oil (308 mg,
89%). 'H NMR (300 MHz, CDCls): & 3.96 (m, 2H), 1.78-1.47 (m, 10 H), 1.45-1.18 (m, 22H),

0.96-0.79 (tx 2, J = 7.2 Hz, 9 H); *'P NMR (121 MHz, CDCls,): 5 57.6.

Cyclohexyl dioctylphosphinate (Table 1, entry 14). The product was prepared using

representative procedure with cyclohexyl octyl-H-phosphinate.**°

After purification, the product
was obtained as colorless oil (362 mg, 97%). *H NMR (300 MHz, CDCls,): & 4.19-4.07 (m, 1H),
1.70-1.61 (2H), 1.54-1.19 (m, 12H), 1.18-0.97 (m, 24H), 0.64 (t, J = 6.7 Hz, 6H); *C NMR (75.5
MHz, CDCly): & 72.8 (d, Jpoc = 6.8 Hz), 34.0 (2 C), 31.6 (2 C), 30.6 (d, Jpcc = 15.0 Hz, 2C),
28.8 (2 C), 28.8 (2C), 28,5 (d, Jpc =90.0 Hz, 2 C), 25.0, 23.5 (2 C), 22.4 (2 C), 21.7 (d, Jpccc =
3.8 Hz, 2 C), 13.8 (2 C); *'P NMR (121 MHz, CDCls,): & 56.4 (s); HRMS (El+) m/z calcd for

CooH4s0,P ([M]+) 372.3157, found 372.3160.

Ethyl cyclooctyl(octyl)phosphinate (Table 4.2, entry 1a). The product was prepared using

representative procedure with ethyl octyl-H-phosphinate®

to obtain a light brown oil (206 mg,
65%). "H NMR (300 MHz, CDCl3,): & 4.18-3.95 (m, 2H), 2.09-1.42 (m, 18 H), 1.41-1.18 (m,
14H), 0.88 (t, J = 6 Hz, 3H); **C NMR (75.5 MHz, CDCls,): 5 60.0 (d, Jpoc = 6.6 Hz), 36.2 (d,
Joc = 87.6 Hz), 31.7, 31.0 (d, Jpcc = 14.3 Hz), 29.0 (d, Jpcce = 2.2 Hz, 2 C), 26.7, 26.4 (d, Jpcc =
13.3 Hz), 26.0 (2 C), 25.9 (2 C), 25.6, 25.5 (d, Jpc = 90.0 Hz), 22.6, 21.7 (d, Jpcce = 3.9 Hz),
16.7 (d, Jpocc = 5.0 Hz), 14.0; *P NMR (121 MHz, CDCls,): & 61.7 (s); HRMS (El+) m/z calcd

for C1gH370,P ([M]+) 316.2531, found 316.2533.
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Butyl cyclooctyl(octyl)phosphinate (Table 4.2, entry 1b). The product was prepared using the

representative procedure with butyl octyl-H-phosphinate®

to obtain a light brown oil (200 mg,
58%). *H NMR (400 MHz, CDCl5): & 4.01-3.96 (m, 2H), 1.99 (m, 2H), 1.83 (m, 2H), 1.72-1.45
(m, 15 H), 1.38 (m, 4H), 1.29 (m, 10 H), 0.97-0.90 (t x 2, J = 7.2 Hz, 6H); *C NMR (101 MHz,
CDCls): 6 63.8 (d, Jpoc = 7.0 Hz), 36.2 (d, Jpc = 87.5 Hz), 32.9 (d, Jpcce = 6.0 Hz), 31.7, 31.0 (d,
Joce = 15.1 Hz), 29.0 (d, Jpcce = 3.0 Hz), 26.7, 26.5 (d, Jpcc = 13.1 Hz), 26.0 (2 C), 25.9 (2 C),
25.7, 25.5 (d, Jpc = 87.5 Hz), 22.6, 21.7 (d, Jpccc = 4.0 Hz), 18.8, 14.0, 13.6; *'P NMR (162
MHz, CDCl3,): 6 61.4 (s); HRMS (El+) m/z calcd for CyHs1OP ([M]+) 344.2844, found

344.2848.

Cyclohexyl cyclooctyl(octyl)phosphinate (Table 4.2, entry 1c). The product was prepared

using the representative procedure with cyclohexyl octyl-H-phosphinate.!*

After purification,
the product was obtained as light brown oil (196 mg, 53%). *H NMR (400 MHz, CDCls):  4.39
(m, 1H), 2.15-1.85 (m, 5 H), 1.80-1.41 (m, 18 H), 1.39-1.21 (m, 16H), 0.9 (t, J = 6.80 Hz); *C
NMR (101 MHz, CDCly): & 72.8 (d, Jroc = 7.0 Hz), 36.7 (d, Jpc = 88.5 Hz), 34.2 (d, Jrocc = 3.0
Hz), 34.1 (d, Jpocc = 4.0 Hz), 31.7, 31.0 (d, Jpcc = 14.1 Hz), 29.0 (d, Jpcce = 3.0 Hz), 26.8, 26.5
(d, Jpce = 14.1 Hz), 26.2 (d, Jpceee = 1.0 Hz), 26.2 (d, Jpc = 86.5 Hz), 26.1 (2 C), 25.9 (2 C), 25.6
(d, Jrccec = 1.0 Hz), 25.2, 23.6, 22.6 (2 C), 21.8 (d, Jpcec = 5.0 Hz), 14.0; *'P NMR (162 MHz,

CDCls): 6 60.6 (s); HRMS (EI+) m/z calcd for C2H430,P ([M]+) 370.3001, found 370.3003.

Ethyl (3-(ethoxy(octyl)phosphoryl)propyl)carbamate (Table 4.2, entry 2). The product was

18 to obtain a brown

prepared using the representative procedure with ethyl octyl-H-phosphinate
oil (184 mg, 55%). *H NMR (400 MHz, CDCls,): & 5.30 (m, 1H), 4.03 (m, 4H), 4.23 (m, 2H),

1.89-1.58 (m, 6H), 1.55 (m, 2H), 1.45-1.19 (m, 16H), 0.86 (t, J = 7.0 Hz); *C NMR (101 MHz,
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CDCls,): 8 156.8, 60.7, 60.1 (d, Jpoc = 7.0 Hz), 41.3 (d, Jon = 15.1 Hz), 31.8 (2 C), 30.9 (d, Jpcc
=15.1 Hz), 29.0 (2 C), 28.2 (d, Jpc = 89.6 Hz), 25.3 (d, Jpc = 90.6 Hz), 22.5 (2 C), 21.6 (d, Jpccc
= 5.0 Hz), 16.7 (d, Jpocc = 5.0 Hz), 14.6, 14.1; *'P NMR (162 MHz, CDCls,): & 57.3 (s); HRMS

(EI+) m/z calcd for C16H3sNO4P ([M]+) 335.2225, found 335.2222.

Diethyl 2-(3-(butoxy(octyl)phosphoryl)propyl)malonate (Table 4.2, entry 3). The product

185 to obtain a

was prepared using the representative procedure with butyl octyl-H-phosphinate
light brown oil (313 mg, 72%). *H NMR (400 MHz, CDCls,): & 4.18 (g, J = 6.8 Hz, 4H), 3.95 (q,
J = 6.8 Hz, 2H), 3.33 (t, J = 7.6 Hz, 1H), 1.97 (q, J = 7.6 Hz, 2H), 1.78-1.50 (m, 9 H), 1.46-1.21
(m, 19 H), 0.96-0.82 (t x 2, J = 7.6 Hz, 6H) ; *C NMR (101 MHz, CDCls,): § 169.1 (2 C), 63.8
(d, Jroc = 7.0 Hz), 61.4 (2 C), 51.6, 32.8 (d, Jecce = 5.0 Hz), 31.8, 30.9 (d, Jpcc = 15.1 Hz), 29.8
(d, Jpcc = 16.1 Hz), 29.0 (2 C), 28.0 (d, Jpc = 90.6 Hz), 27.9 (d, Jpc = 89.6 Hz), 22.6, 21.9 (d,
Jpcee = 5.0 Hz), 20.0 (d, Jpoce = 4.0 Hz), 18.8, 14.1 (3 C), 13.7; *'P NMR (162 MHz, CDCl5): &

56.4 (s); HRMS (El+) m/z calcd for C52Ha306P ([M]+) 434.2797, found 434.2795.

Cyclohexyl cyclohexyl(octyl)phosphinate (Table 4.2, entry 4). The product was prepared

using the representative procedure with cyclohexyl octyl-H-phosphinate.!*

After purification,
the product was obtained as light brown oil (250 mg, 73%). *H NMR (400 MHz, CDCls,): & 4.39
(m, 1H), 1.92 (m, 4H), 1.84 (m, 2H), 1.74 (m, 3H), 1.72-1.45 (m, 8 H), 1.42-1.20 (m, 18 H), 0.90
(t, J = 7.0 Hz, 3H); °C NMR (101 MHz, CDCls,): & 72.9 (d, Jpoc = 6.0 Hz), 37.9 (d, Jpc = 91.6
Hz), 34.2 (d, Jpocc = 9.1 Hz, 2 C), 31.8 (2 C), 31.1 (d, J = 14.1 Hz), 29.0 (2 C), 26.4 (d, Jpc =
90.0 Hz), 26.3 (d, Jecc = 14.1 Hz), 25.9, 25.3 (d, Jecc = 14.1 Hz), 25.2, 23.7 (2 C), 22.6 (2 C),
21.7, 14.0; P NMR (162 MHz, CDCls,): & 57.5 (s); HRMS (El+) m/z calcd for CyoH3e0,P

(IM]+) 342.2688, found 342.2687.
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Cyclohexyl (5-bromopentyl)(octyl)phosphinate (Table 4.2, entry 5). The product was
prepared using the representative procedure with cyclohexyl octyl-H-phosphinate.*® After
purification, the product was obtained as light brown oil (220 mg, 54%). *H NMR (400 MHz,
CDCl3,): & 4.37 (m, 1H), 3.43 (t, J = 6.4 Hz, 2H), 1.90 (m, 4H), 1.81-1.45 (m, 16H), 1.43-1.20
(m 17 H), 0.89 (t, J = 5.2 Hz, 3H); *C NMR (101 MHz, CDCls,): § 73.3 (d, Jroc = 6.0 Hz), 34.3
(d, Jpocc = 4.0 Hz), 34.2 (d, Jrocc = 4.0 Hz), 33.4, 32.3, 31.7, 30.9 (d, Jpcc = 15.1 Hz), 29.3 (d,
Jrcc = 10.0 Hz), 29.0 (2 C), 28.9 (d, Jec = 89.6 Hz), 25.2, 23.8 (2 C), 28.6 (d, Jpc = 95.6 Hz),
22.6, 21.7 (d, Jpcce = 4.0 Hz), 21.6 (d, Jpcce = 4.0 Hz), 14.1; 3P NMR (162 MHz, CDCls,): &

56.0 (s); HRMS (EI+) m/z calcd for C19H3sBrO,P ([M]+) 408.1793, found 408.1790.

Cyclohexyl (4-phenylbutyl)octylphosphinate (Table 4.2, entries 6 and 7). In a flask equipped
with a Dean-Stark trap was introduced 4-phenylbutylphosphinic acid (0.99 g, 5 mmol, 1 equiv),
cyclohexanol (1.06 ml, 10 mmol, 2 equiv) and toluene (10 ml). After 16 h at reflux under N, the
reaction was cooled down to rt and the solvent was evaporated under vacuum. The residue
obtained was solubilized in DMSO (25 mL). 1-octene (0.78 mL, 5 mmol, 1 equiv) and
Mn(OAc); (43 mg, 0.25 mmol, 5 mol %) were added and the reaction mixture was stirred for
24H at 100 °C under air. Ethyl acetate and an aqueous solution of Na,S,0,4 at 0.5 M were added
and the two layers were separated. The organic layer was washed with brine, dried over MgSQsy,
filtered and concentrated under vacuum. The crude obtained was purified by column
chromatography (hexane/ethyl acetate 8:2 to 6:4) to afford the product as colorless oil (1.05 g,
53%). *H NMR (400 MHz, CDCls,): § 7.22-7.29 (m, 2H), 7.13-7.19 (m, 3H), 4.28-4.41 (m, 1H),
2.63 (t, J = 7.3 Hz, 2H), 1.80-1.93 (m, 2H), 1.40-1.76 (m, 15 H), 1.18-1.39 (m, 13H), 0.88 (t, J =
6.7 Hz, 3H); *C NMR (101 MHz, CDCls,): & 141.9, 128.4 (2 C), 128.3 (2 C), 125.8, 73.3 (d,

Jpoc =6.9 HZ), 354, 34.2 (d, Jpocc =31 HZ), 34.2 (d, Jpocc =3.0 HZ), 32.6 (d, \]PCC =151 HZ),
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31.8, 30.9 (d, Jpcc = 15.0 Hz), 29.0 (2 C), 28.8 (d, Jpc = 90.1 Hz), 28.6 (d, Jpc = 93.6 Hz), 25.2,
23.7 (2 C), 22.6, 22.0 (d, Jpccc = 4.1 Hz), 21.6 (d, Jpcce = 4.0 Hz), 14.1; 3P NMR (162 MHz,

CDCls,): 6 56.5 (s); HRMS (EI+) m/z calcd for C24H4102P ([M]+) 392.2844, found 392.2838.

Cyclohexyl (3-ethylcarbamate)octylphosphinate (Table 4.2, entry 8). To a solution of
cyclohexyl (3-ethylcarbamate)-H-phosphinate (400 mg, 1.52 mmol, 1 equiv) in DMSO (5mL)
was added 1-octene (0.24 mL, 1.52 mmol, 1 equiv) and Mn(OAc); (13 mg, 0.076 mmol, 5 mol
%). The reaction mixture was stirred for 24 h at 100 °C under air. Ethyl acetate and an aqueous
solution of Na;S;0,4 at 0.5 M were added and the two layers were separated. The organic layer
was washed with brine, dried over MgSQ,, filtered and concentrated under vacuum. The crude
obtained was purified by column chromatography (hexane/ethyl acetate 2:8 to 0:10 + 10% of
acetone) to afford the product as colorless oil (282 mg, 48%). *H NMR (400 MHz, CDCls): &
5.88-6.00 (m, 1H), 4.30-4.45 (m, 1H), 4.09 (g, J = 6.9 Hz, 2H), 3.15-3.32 (m, 2H), 1.63-1.95 (m,
9 H), 1.43-1.61 (m, 5 H), 1.18-1.42 (m, 12H), 1.23 (t, J = 6.7 Hz, 3H), 0.88 (t, J = 6.7 Hz, 3H);
3C NMR (101 MHz, CDCls,): & = 156.8, 73.3 (d, Jpoc = 6.8 Hz), 60.4, 41.2 (d, Jpcce = 14.9 Hz),
34.0 (d, Jroce = 2.9 Hz), 34.0 (d, Jrocc = 2.8 Hz), 31.6, 30.7 (d, Jecc = 15.3 Hz), 28.9, 28.9, 28.7
(d, Jpc = 90.5 Hz), 25.8 (d, Jpc = 90.9 Hz), 25.0, 23.6 (2 C), 22.5 (2 C), 21.9 (d, Jpccc = 3.8 Hz),
14.5, 13.9; *P NMR (162 MHz, CDCls,): 8 56.4 (s); HRMS (El+) m/z calcd for CaoHaoNO4P

([M]+) 389.2695, found 389.2702.

(Rp)-Menthyl octylphenylphosphinate (Table 4.2, entry 9). In a round bottom flask was
introduced (Rp)-menthyl phenyl-H-phosphinate (280 mg, 1 mmol, 1 equiv) 1-octene (0.39 mL,
2.5 mmol, 2.5 equiv) and Mn(OAc); (9 mg, 0.05 mmol, 5 mol%). The reaction mixture was

stirred for 16 h at 100 °C under air. Ethyl acetate and an aqueous solution of Na,S,0,4 at 0.5 M

126



were added and the two layers were separated. The organic layer was washed with brine, dried
over MgSOd4, filtered and concentrated under vacuum. The crude obtained was purified by
column chromatography (hexane/ethyl acetate 9:1 to 8:2) to afford the product as yellow oil (309
mg, 79%, de = 95%). 'H NMR (300 MHz, CDCls,): & 7.73-7.84 (m, 2H), 7.41-7.56 (m, 3H),
4.22-4.35 (m, 1H), 2.25 (dquin, J = 2.4 and 7.0 Hz, 1H), 1.48-1.98 (m, 5 H), 1.13-1.48 (m, 14H),
0.70-1.10 (m, 3H), 0.96 (d, J = 7.1 Hz, 3H), 0.88 (d, J = 7.0 Hz, 3H), 0.86 (t, J = 6.8 Hz, 3H),
0.74 (d, J =6.5 Hz, 3H); P NMR (121 MHz, CDCls,): & 42.4 (s); [a]p? = -27.40 (c 1.00,

CHCly).

(Rp)-Menthyl (acetylmethyl)-H-phosphinate (Table 4.2, entry 10). To a solution of (Rp)-
menthyl hydroxymethyl-H-phosphinate (703 mg, 3 mmol, 1 equiv) in dichloromethane (15 mL)
at 0 °C under N, was added pyridine (0.30 mL, 3.75 mmol, 1.25 equiv) and acetic anhydride
(0.34 mL, 3.6 mmol, 1.2 equiv). The ice-bath was removed and the reaction mixture was stirred
for 16 h at rt. The solvent was removed under vacuum and the residue obtained was solubilized
in ethyl acetate. The organic layer was washed with NaHCOj3 and brine, dried over MgSQy,
filtered and concentrated under vacuum to afford the product as a white solid (829 mg, 100%,
95% de). *H NMR (400 MHz, CDCls): & 7.14 (dt, J = 1.8 and 567 Hz, 1H), 4.09-4.21 (m, 2H),
3.94-4.05 (m, 1H), 2.01-2.08 (m, 1H), 1.95 (s, 3H), 1.83-1.92 (m, 1H), 1.47-1.55 (m, 2H), 1.20-
1.36 (m, 2H), 1.10 (g, J = 11.1 Hz, 1H), 0.79-0.92 (m, 1H), 0.60-0.79 (m, 1H), 0.76 (d, J = 7.1
Hz, 3H), 0.75 (d, J = 6.4 Hz, 3H), 0.63 (d, J = 7.0 Hz, 3H); *C NMR (101 MHz, CDCls,): &
170.0 (d, Jrcoc = 6.5 Hz), 79.6 (d, Jpoc = 7.8 Hz), 60.0 (d, Jpc = 113 Hz), 48.4 (d, Jrocc = 6.1
Hz), 43.2, 33.6, 31.4, 25.5, 22.8, 21.7, 20.7, 20.1, 15.6; *'P NMR (162 MHz, CDCls,): & 26.8
(dm, J = 567 Hz); HRMS (CI+, methane) m/z calcd for Ci13H2504P ([M+H]+) 277.1569, found

277.1566; [0]p®° = -34.90 (c 1.04, CHCl5).
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Octyl phenylphosphinic acid (Table 4.2, entry 11)."°'* To a solution of phenylphosphinic
acid (142 mg, 1 mmol, 1 equiv) in DMSO (5mL) was added 1-octene (0.16 mL, 1 mmol, 1
equiv) and Mn(OAc), (9 mg, 0.05 mmol, 5 mol%). The reaction mixture was stirred for 24 h at
100 °C under air. Ethyl acetate and an aqueous solution of Na,S;0, at 0.5 M were added and the
two layers were separated. The organic layer was washed with brine, dried over MgSOQsy, filtered
and concentrated under vacuum to afford the product as colorless oil (221 mg, 87%). ‘H NMR
(400 MHz, CDCls): 8 12.53 (s, 1H), 7.62-7.88 (m, 2H), 7.31-7.50 (m, 3H), 1.70-1.93 (2H), 1.37-

1.55 (m, 2H), 1.10-1.32 (m, 10H), 0.85 (t, J = 6.7 Hz, 3H); *'P NMR (162 MHz, CDCls): & 44.1

(9).

Dioctylphosphinic acid (Table 4.2, entry 12)."*%!¥ Tq a solution of octylphosphinic acid (214
mg, 1.2 mmol, 1.2 equiv) in DMSO (5mL) was added 1-octene (0.16 mL, 1 mmol, 1 equiv) and
Mn(OAc), (9 mg, 0.05 mmol, 5 mol%). The reaction mixture was stirred for 24 h at 100 °C
under air. Ethyl acetate and an aqueous solution of Na,S;0, at 0.5 M were added and the two
layers were separated. The organic layer was washed with brine, dried over MgSOQ, filtered and
concentrated under vacuum to afford the product as colorless oil (261 mg, 90%). *H NMR (400
MHz, CDCls): & 10.1 (bs, 1H), 1.81-1.60 (m, 7 H), 1.19-1.54 (m, 12H), 1.50-1.21 (m, 21H), 0.88

(t, J = 7.2 Hz, 6H). 3P NMR (162 MHz, CDCls): § 59.5 (s).

Hexane-1, 1-diylbis(octylphosphinic acid) (Table 4.2, entry 13). The reaction was completed
using diisopropyl hexyl-1,1-bis-H-phosphinate prepared according to the literature.> The
subsequent reaction was completed as described in the representative procedure followed by
hydrolysis using concentration HCI at reflux for 18 h. After the standard work-up as described,

the product was obtained as a clear oil (300 mg, 69%). *H NMR (400 MHz, CDCls): § 2.20-1.45
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(m, 11H), 1.43-1.19 (m, 23H), 0.9 (t, J = 7.0 Hz, 9 H); *C NMR (101 MHz, CDCl5): & 40.2 (t,
Jocp = 72.4 Hz), 31.9 (3 C), 31.4 (d, Jpc = 88.5 Hz, 2 C), 31.0 (2 C), 29.7, 29.4 (4 C), 24.2, 22.7
(2 C), 22.4,21.4 (2 C) 14.1 (2 C), 14.0; **P NMR (162 MHz, CDCls): & 53.4 (s); HRMS (ESI+)

m/z calcd for Cy,H4304P, ([M+H]+) 439.3106, found 439.3097.

Dicyclohexyl octane-1,2-diylbis(octylphosphinate) (Table 4.2, entry 14). The product was
prepared via the representative procedure using two equivalents of cyclohexyl octyl-H-
phosphinate® to 1-octyne. After purification, the product was obtained as light brown oil (322
mg, 51%). *H NMR (400 MHz, CDCls): § 4.41 (m, 2H), 2.20-2.05 (m, 2H), 1.93 (m, 4H), 1,84-
1.65 (m, 10 H), 1.63-1.45 (m, 12H), 1.42-1.19 (m, 33H), 0.92 (t, J = 7.0 Hz, 9 H); *C NMR (101
MHz, CDCl3): & 73.6 (m, 2 C), 34.2 (4 C), 34.1, 32.5 (ddd, Jpc, Pcc = 41.0, 16.5, 4.0 Hz), 31.8 (2
C), 31.6, 31.0 (d, Jpcc = 15 Hz, 2 C), 29.6, 29.0 (5 C), 27.4 (d, Jpc = 85.6 Hz), 27.2 (d, Jpc = 86.3
Hz, 2 C), 25.2 (2 C), 23.7 (3 C), 22.6 (4 C), 21.8 (d, Jpccc = 4.0 Hz, 2 C), 14.1 (3 C); *'P NMR
(162 MHz, CDCls): & 58.4 (dd, J = 45.4 Hz, 4.9Hz), 58.0 (dd, J = 48.6 Hz, 14.6 Hz), 55.0 (J =
47.0 Hz, 17.8 Hz), 54.5 (dd, J = 48.6, Hz 13.0 Hz); HRMS (El+) m/z calcd for CagH7,04P,

([M]+) 630.4906, found 630.4912.

4-butyl-1, 3-diisopropoxy-2-pentyl-1,3-diphospholane 1,3-dioxide (Table 4.2, entry 15). The
reaction was completed using diisopropyl hexyl-1,1-bis-H-phosphinate prepared according to the
literature.” The subsequent reaction was completed as described in the representative procedure
to obtain the product as clear oil (152 mg, 40%). *H NMR (400 MHz, CDCls): & 4.85-4.61 (m,
2H), 2.36-2.15 (m, 1H), 2.14-1.97 (m, 1H), 1.96 (m, 2H), 1.73-1.47 (m, 3H), 1.45-1.19 (m, 24H),
0.89 (t, J = 7.0 Hz, 6H); *C NMR (101 MHz, CDCls): & 72.3-70.0 (d, Jeoc = 7.0 Hz, 2 C), 38.2

(d, Jec = 90.2 Hz), 37.3 (d, Joc = 91.7 Hz), 33.8, 32.0-31.5 (d, Jrcc = 17.7 Hz), 30.1-38.9 (d,
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Jocce = 4.0 Hz), 27.0 (ddd, Jpc, pec = 57.0, 18.0, 6.0 Hz), 24.7-23.6 (m, 4 C), 23.1-22.3 (m, 4 C),
14.1, 13.9; *'P NMR (162 MHz, CDCls): § 64.9 (d, J = 79.0 Hz), 63.6 (d, J = 72.0 Hz), 58.9 (d, J
= 91.0 Hz), 58.3 (d, J = 76.0 Hz), 58.0 (d, J = 90.0 Hz), 57.2 (d, J = 92.0 Hz), 54.7 (d, J = 74.0
Hz), 53.6 (d, J = 92.0 Hz), 52.7 (d, J = 93.0 Hz), 52.4 (d, J =74.0 Hz), 52.2 (d, J = 69.0 Hz), 50.0
(d, J = 75.0 Hz), 48.7 (d, J = 58.0 Hz), 46.6 (d, J = 63.0 Hz), 46.1 (d, J =87.0 Hz), 45.7 (d, J

=83.0 Hz); HRMS (ESI+) m/z calcd for C1gH3304P, ([M+H]+) 381.2323, found 381.2292.

General Procedure for Mn(OAc)s-promoted Arylation of H-phosphinates: To a solution of
cyclohexyl octyl-H-phosphinate (260 mg, 1 mmol, 1 equiv) in a mixture of acetic acid and
benzene (2.5 mL: 2.5 mL) was added Mn(OAc)s3.2H,0 (536 mg, 2 mmol, 2 equiv) and sodium
acetate (164 mg, 2 mmol, 2 equiv). The suspension was stirred for 24 h at 100°C under N,. 100
mL of ethyl acetate was added and the suspension was filtered to remove the manganese. The
organic layer was washed with aqueous solutions of Na,S,04 0.5M, NaHCO3 and brine, dried
over MgSO., filtered and concentrated under vacuum. The crude obtained was purified by
column chromatography (hexane/ethyl acetate 9:1 to 6:4).

Cyclohexyl (phenyl)octylphosphinate (Equation 4.2).1%°

After using the general procedure for
the Mn(OAc)s-promoted arylation of H-phosphinates, the product was obtained as yellow oil
(124 mg, 37%). *H NMR (300 MHz, CDCls): & 7.73-7.84 (m, 2H), 7.40-7.58 (m, 3H), 4.18-4.32

(m, 1H), 1.12-2.08 (m, 24H), 0.86 (t, J = 6.7 Hz, 3H); 3P NMR (121 MHz, CDCls): & 43.1 (s).

1-ethyloxy-1,2,3,4-tetrahydro-1-phosphinoline-1-oxide (Scheme 4.1, 41a).%®® To a solution of
ethyl-3-phenylpropyl-H-phosphinate (212 mg, 1 mmol, 1 equiv) in acetic acid (5 mL) was added

Mn(OACc)3.2H,0 (536 mg, 2 mmol, 2 equiv) and sodium acetate (164 mg, 2 mmol, 2 equiv). The
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suspension was stirred for 24 h at 100 °C under N,. 100 mL of ethyl acetate was added and the
suspension was filtered to remove the manganese. The organic layer was washed with aqueous
solutions of Na,S,04 0.5 M, NaHCO3 and brine, dried over MgSQy, filtered and concentrated
under vacuum. The crude obtained was purified by column chromatography (ethyl
acetate/acetone 100:0 to 95:5) to afford the product as colorless oil (102 mg, 49%). 'H NMR
(400 MHz, CDCls): & 7.81-7.91 (m, 1H), 7.39-7.46 (m, 1H), 7.30-7.38 (m, 1H), 7.16-7.25 (m,
1H), 3.95-4.25 (m, 2H), 2.85-2.93 (m, 2H), 2.00-2.29 (m, 4H), 1.30 (t, J = 7.0 Hz, 3H); 3P NMR

(162 MHz, CDCl5): 5 37.1 ().

Cyclohexyl-3-phenylpropyl-H-phosphinate (starting material Scheme 4.1 and Equation
4.3). A flask containing HzPO; (50% aqueous, 1.32 g, 20 mmol, 2 equiv) and cyclohexanol (4 g,
40 mmol, 4 equiv) in toluene (40 mL) was equipped with a Dean-Stark trap pre-filled with
toluene and fitted with a condenser. The solution was refluxed under N for 4 h. After cooling to
room temperature, NiCl, (39 mg, 0.3 mmol, 3 mol %) was added and the mixture was stirred
overnight and dppe (120 mg, 0.3 mmol, 3 mol %) was added. After 30 min, allylbenzene (1.18 g,
10 mmol, 1 equiv) was added and the reaction mixture was stirred 48 h. The solution was
washed with saturated NaHCO; and brine. Drying over MgSO, followed by column
chromatography (hexane/ethyl acetate 9:1 to 5:5) afford the desired product as a colorless oil
(1.03 g, 39%). The H-phosphinate should be stored in CH,CI; solution at 0 °C until ready to use.
'"H NMR (400 MHz, CDCls): & 7.35-7.29 (m, 2H), 7.26-7.22 (m, 1H), 7.22-7.17 (m, 2H), 7.15
(d, J =526 Hz, 1H), 4.42-4.31 (m, 1H), 2.75 (t, J = 7.5 Hz, 2H), 2.03-1.88 (m, 4H), 1.83-1.72 (m,
4H), 1.62-1.46 (m, 3H), 1.42-1.21 (m, 3H); *C NMR (101 MHz, CDCls): & 140.6, 128.3 (2 C),
128.3 (2 C), 126.0, 75.5 (d, Jpoc = 6.8 Hz), 36.1 (d, Jpcc = 15.7 Hz), 33.8 (d, Jrocc = 3.7 Hz),

32.9 (d, Jpocc =3.7 HZ), 28.2 (d, Jpc =043 HZ), 250, 234 (d, Jpoccc =35 HZ, 2 C), 224 (d,
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Jpcce = 2.4 Hz): **P NMR (162 MHz, CDCls): § 35.3 (d, J = 526 Hz); HRMS (El+) m/z calcd for

Ci15H230,P ([M]+) 266.1436, found 266.1440.

1-cyclohexyloxy-1,2,3,4-tetrahydro-1-phosphinoline-1-oxide (Scheme 4.1, 41b). To a solution
of Cyclohexyl-3-phenylpropyl-H-phosphinate (266 mg, 1 mmol, 1 equiv) in acetic acid (5 mL)
was added Mn(OAc)s.2H,0 (536 mg, 2 mmol, 2 equiv) and sodium acetate (164 mg, 2 mmol, 2
equiv). The suspension was stirred for 24 h at 100 °C under N,. 100 mL of ethyl acetate was
added and the suspension was filtered to remove the manganese. The organic layer was washed
with aqueous solutions of Na,S,04 0.5 M, NaHCO3 and brine, dried over MgSQs,, filtered and
concentrated under vacuum. The crude obtained was purified by column chromatography (ethyl
acetate/acetone 100:0 to 95:5) to afford the product as colorless oil (177 mg, 67%). 'H NMR
(400 MHz, CDCls): & 7.80-7.89 (m, 1H), 7.36-7.42 (m, 1H), 7.27-7.34 (m, 1H), 7.13-7.19 (m,
1H), 4.40-4.52 (m, 1H), 2.78-2.93 (m, 2H), 2.01-2.25 (m, 4H), 1.91-2.00 (m, 1H), 1.62-1.79 (m,
3H), 1.14-1.61 (m, 6H); *C NMR (101 MHz, CDCls): & 143.8 (d, Jpcc = 9.6 Hz), 131.7 (d,
Jpccee = 2.2 Hz), 129.8 (d, Jecce = 5.2 Hz), 129.2 (d, Jpc = 121 Hz), 129.0 (d, Jpcc = 11.3 Hz),
126.4 (d, Jpcec = 11.2 Hz), 74.1 (d, Jpoc = 6.7 Hz), 34.3 (d, Jrocc = 3.0 Hz), 33.8 (d, Jpocc = 3.6
Hz), 31.2 (d, Jecc = 8.8 Hz), 26.6 (d, Jpc = 93.1 Hz), 25.1, 23.7, 23.6, 21.3 (d, Jpcce = 5.1 Hz);
p NMR (162 MHz, CDCls): & 36.1 (s); HRMS (El+) m/z calcd for CisHo1O.P ([M]+)

264.1279, found 264.1281.

1-phenyl-2,3,4-trihydrophosphinoline-1-oxide (Scheme 4.1, 42).*® To a solution of (3-
phenylpropyl)phenyl-H-phosphine oxide (244.3 mg, 1 mmol, 1 equiv) in acetic acid (5 mL) was
added Mn(OAc)3.2H,0 (536 mg, 2 mmol, 2 equiv) and sodium acetate (164 mg, 2 mmol, 2

equiv). The suspension was stirred for 24 h at 100 °C under N,. 100 mL of ethyl acetate was
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added and the suspension was filtered to remove the manganese. The organic layer was washed
with aqueous solutions of Na,S,04 0.5 M, NaHCO3 and brine, dried over MgSOQs,, filtered and
concentrated under vacuum. The crude obtained was purified by column chromatography
(hexane/ethyl acetate 5:5 to 0:10 + 20% acetone) to afford the product as colorless oil (142 mg,
59%). *H NMR (400 MHz, CDCls): & 7.56-7.66 (m, 3H), 7.38-7.52 (m, 4H), 7.22-7.31 (m, 2H),

2.89-3.11 (m, 2H), 2.00-2.44 (m, 4H); 3P NMR (121 MHz, CDCls): & 25.6 (s).

1-(2-phenylethyl)-3,4-tetrahydro-1-phosphonoline-1-oxide (Scheme 4.1, 43). To a solution of
di(2-phenylpropyl)phosphite® (290.3 mg, 1 mmol, 1 equiv) in acetic acid (5 mL) was added
Mn(OACc)3.2H,0 (536 mg, 2 mmol, 2 equiv) and sodium acetate (164 mg, 2 mmol, 2 equiv). The
suspension was stirred for 24 h at 100 °C under N,. 100 mL of ethyl acetate was added and the
suspension was filtered to remove the manganese. The organic layer was washed with aqueous
solutions of Na,S,04 0.5 M, NaHCO3; and brine, dried over MgSQ,, filtered and concentrated
under vacuum. The crude obtained was purified by column chromatography (hexane/ethyl
acetate 5:5 to 0:10 + 20% acetone) to afford the product as colorless oil (184 mg, 64%). 'H NMR
(300 MHz, CDCls): & 7.60-7.69 (m, 1H), 7.37-7.45 (m, 1H), 7.12-7.32 (m, 7 H), 4.22-4.41 (m,
4H), 2.80-3.07 (m, 2H), 2.96 (t, J = 7.0 Hz, 3H); *C NMR (75.5 MHz, CDCls): & 141.7 (d, Jpcc
= 7.4 Hz), 137.3, 132.4 (d, Jpccce = 2.4 Hz), 130.7 (d, Jpccc = 8.3 Hz), 129.0 (2 C), 128.5 (2 C),
128.4 (d, Jpccc = 13.0 Hz), 127.2 (d, Jpcc = 14.7 Hz), 126.6, 124.9 (d, Jpc = 175 Hz), 131.4 (d,
Jrcce = 10.7 Hz, 2 C), 66.9 (d, Jpoc = 6.0 Hz), 66.3 (d, Jeoc = 6.5 Hz), 36.9 (d, Jpocc = 6.4 Hz),
31.0 (d, Jrocc = 7.2 Hz); P NMR (121 MHz, CDCls): § 13.7 (s); HRMS (El+) m/z calcd for

C16H1703P ([M]+) 288.0915, found 288.0914.
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2-phenylethyl phenyl-H-phosphinate (Scheme 4.1). In a flask equipped with a Dean-Stark trap
was introduced phenylphosphinic acid (3.55 g, 25 mmol, 1 equiv), cyclohexanol (6.11 ml, 50
mmol, 2 equiv) and toluene (50 ml). After 16 h at reflux under N, the reaction was cooled down
to rt and the solvent was concentrated under vacuum. The residue obtained was dissolved in
EtOAc and washed with NaHCO3 and brine, dried over MgSQO,, filtered and concentrated under
vacuum. The crude obtained was purified by column chromatography (hexane/ethyl acetate 9:1
to 5:5) to afford the product as a colorless oil (5.25 g, 85%). *H NMR (300 MHz, CDCls): &
7.55-7.73 (m, 3H), 7.51 (d, J = 566 Hz, 1H), 7.44-7.53 (m, 2H), 7.18-7.36 (m, 5 H), 4.19-4.39
(m, 2H), 3.04 (t, J = 6.7 Hz, 2H); *C NMR (75.5 MHz, CDCls): § 137.0, 133.0 (d, Jpccce = 2.8
Hz), 130.8 (d, Jpccc = 12.2 Hz, 2 C), 129.6 (d, Jpc = 131 Hz), 129.0 (2 C), 128.7 (d, Jpcc = 13.8
Hz, 2 C), 128.5 (2 C), 126.7, 66.1 (d, Jeoc = 6.6 Hz), 36.9 (d, Jrocc = 6.7 Hz); *'P NMR (121
MHz, CDCls): 6 25.2 (d, J = 566 Hz); HRMS (Cl+, methane) m/z calcd for C14H150,P ([M+H]+)

247.0888, found 247.0895.

1-phenyl-2-oxy-3, 4-dihydro-1-phosphinoline-1-oxide (Scheme 4.1, 44b).*® To a solution of
2-phenylethyl phenyl-H-phosphinate (246 mg, 1 mmol, 1 equiv) in acetic acid (5 mL) was added
Mn(OACc)3.2H,0 (536 mg, 2 mmol, 2 equiv) and sodium acetate (164 mg, 2 mmol, 2 equiv). The
suspension was stirred for 24 h at 100 °C under N,. 100 mL of ethyl acetate was added and the
suspension was filtered to remove the manganese. The organic layer was washed with aqueous
solutions of Na,S,04 0.5 M, NaHCOj3; and brine, dried over MgSQy, filtered and concentrated
under vacuum. The crude obtained was purified by column chromatography (hexane/ethyl
acetate 8:2 to 5:5) to afford the product as colorless oil (204 mg, 84%). 'H NMR (400 MHz,

CDCly): § 7.64-7.72 (m, 2H), 7.48-7.57 (m, 1H), 7.35-7.41 (m, 1H), 7.26-7.34 (m, 3H), 7.11-
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7.21 (m, 2H), 4.51-4.62 (m, 1H), 4.31-4.43 (m, 1H), 3.14-3.27 (m, 1H), 2.81-2.91 (m, 1H); 3P

NMR (162 MHz, CDCls): § 25.3 (s).

General Procedure for Mn(OAc),/MnO,-promoted Intramolecular Arylation of H-
phosphinates: To a solution of cyclohexyl-3-phenylpropyl-H-phosphinate (133 mg, 0.5 mmol, 1
equiv) in acetic acid (2.5 mL) was added Mn(OAc), (4.3 mg, 0.025 mmol, 5 mol %), MnO,
(85% activated, 102 mg, 1 mmol, 2 equiv) and sodium acetate (82 mg, 1 mmol, 2 equiv). The
suspension was stirred for 12 h at 70 °C under N,. Ethyl acetate (40 mL) and 0.1 M aqueous
solution of Na,S,0, saturated with NaCl (20 mL) was added. The mixture was stirred for 5 min
and the suspension was filtered over Celite®. The organic layer was washed with aqueous
solutions of Na,S,O4 0.1M saturated with NaCl, saturated NaHCO; and brine, dried over
MgSQy, filtered and concentrated under vacuum. The crude obtained was purified by column
chromatography (hexane/ethyl acetate 9:1 to 6:4) to afford the product as colorless oil (86 mg,

65%).

1-cyclohexyloxy-1,2,3,4-tetrahydro-1-phosphinoline-1-oxide (Equation 4.6). After using the
general procedure for the Mn(OAc),/MnO,-promoted arylation of H-phosphinates, the product

was obtained as colorless oil (86 mg, 65%). This compound was fully characterized previously.

2-butoxy-1,2-dihydro-3,4-dipropyl-2-isophosphinoline-2-oxide (Equation 4.7, 45): To a
solution of benzyl-H-phosphinic acid butyl ester®” (212 mg, 1 mmol, 2 equiv) and 4-octyne (55
mg, 0.5 mmol, 1 equiv) in acetic acid (2.5 mL) was added Mn(OAc), (4.3 mg, 0.025 mmol, 5
mol %), MnO, (85% activated, 154 mg, 1.5 mmol, 3 equiv). The suspension was stirred for 6 h

at 70 °C under N,. Ethyl acetate (40 mL) and 0.1 M aqueous solution of Na,S,0, (saturated with
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NaCl, 20 mL) was added. The mixture was stirred for 5 min and the suspension was filtered over
Celite®. The organic layer was washed with aqueous solutions of Na;S,04 0.1 M, NaHCO; and
brine, dried over MgSQ,, filtered and concentrated under vacuum. The crude obtained was
purified by column chromatography (hexane/ethyl acetate 7:3 to 3:7) to afford the product as
colorless oil (80 mg, 50%). *H NMR (400 MHz, CDCls): & 7.44 (d, J = 7.9 Hz, 1H), 7.31-7.25
(m, 1H), 7.22-7.13 (m, 2H), 3.89 (q, J = 7.3 Hz, 2H), 3.27-3.04 (m, 2H), 2.75-2.54 (m, 3H),
2.53-2.39 (m, 1H), 1.65-1.43 (m, 6H), 1.20 (sext, J = 7.5 Hz, 2H), 1.03 (t, J = 7.3 Hz, 3H), 0.97
(t, J = 7.4 Hz, 3H), 0.81 (t, J = 7.4 Hz, 3H); *C NMR (101 MHz, CDCls): § 150.6 (d, Jpccc = 7.7
Hz), 133.9 (d, Jpcc = 17.3 Hz), 131.1 (d, Jpccc = 8.0 Hz), 130.7 (d, Jpcc = 11.1 Hz), 129.2 (d, Jpc
=120 Hz), 127.9, 127.4 (d, Jpccee = 1.7 Hz), 126.4 (d, Jpceee = 2.4 Hz), 74.1 (d, Jpoc = 6.7 Hz),
34.3 (d, Jrocc = 3.0 Hz), 33.8 (d, Jpocc = 3.6 Hz), 31.2 (d, Jpcc = 8.8 Hz), 26.6 (d, Jpc = 93.1 Hz),
25.1, 23.7, 23.6, 21.3 (d, Jpcce = 5.1 Hz); 3P NMR (162 MHz, CDCls): & 33.9 (s); HRMS (El+)

m/z calcd for CisH210,P ([M]+) 264.1279, found 264.1281.

Chapter 4- Section 4.2.4

Representative Example for the Manganese-promoted Chlorination Reaction (Table 4.3,
entry 11): Cyclohexyl octyl-H-phosphinate (260 mg, 1 mmol, 1 equiv) was weighed into a 25-
mL round bottom flask along with Mn(OAc), (17.3 mg, 10 mol%), MnO; (85% activated, 261
mg, 3 mmol, 3 equiv), LiCl (212 mg, 5 mmol, 5 equiv), and 1-octene (561 mg, 5 mmol, 5 equiv).
Glacial acetic acid (5 mL, 0.2 M) was added and the reaction was stirred for 24 h under N, at 70
°C. The reaction mixture was cooled and the acetic acid was removed by rotary evaporator under
high vacuum. Ethyl acetate (30 mL) and 0.1 M aqueous solution of Na,S,0, (saturated with

NaCl, 20 mL) was added. The mixture was stirred for 5 min and the suspension was filtered over
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Celite®. The organic layer was washed with aqueous solutions of Na;S,04 0.1 M, NaHCO; and
brine, dried over MgSO,, filtered and concentrated under vacuum resulting in 366 mg (90%) of
yellow oil. *H NMR (400 MHz, CDCls): § 4.42 (m, 1H), 3.68-3.52 (m, 1H), 2.43-2.14 (m, 2H),
2.00-1.85 (m, 6H), 1.84-1.67 (m, 8 H); 1.47-1.10 (m, 20 H), 1.03-0.81 (m, 6H); *C NMR (101
MHz, CDCls): & 74.0 (d, Jroc = 20.5 Hz), 61.2, 56.8 (d, Jpcc = 9.6 Hz), 48.3, 39.8, 34.6 (d, Jpc =
88.5 Hz), 31.7 (d, Jroce = 12.1 Hz), 29.1, 28.6, 26.2 (d, Jpcc = 12.1 Hz), 25.8, 25.2, 23.1 (d, Jpc =
105.7 Hz), 22.5, 14.1; *'P NMR (162 MHz, CDCls): § 52.7 (s), 51.8 (s); HRMS (methane chem

ion) m/z calcd for C,5H4ClO4P ([M-H]") 405.2689, found 405.2680.

Chapter 5-Section 5.2

General Procedure for the Nickel-Catalyzed Transformation of HPA into (RO).P(O)H:
(Table 5.1, entry 14). Aqueous HsPO, (50 wt.-%, 25 mmol) was concentrated in vacuo for 15
min at r.t. [Note: this step can be omitted as long as the esterification time is monitored].
Butanol (3 equiv, 75 mmol) followed by toluene (reagent grade, 50 mL) was added to the flask,
and a Dean-Stark trap filled with excess toluene was fitted on the flask. The reaction was heated
to reflux for 2 h under nitrogen atmosphere. The solution was cooled and the yield of
BuOP(O)H; was quantitative as determined by **P-NMR. The Dean-Stark trap was removed, and
Ni/SiO; (64 wt.-%, 5 mol-%) was added to the BuOP(O)H; solution. The solution was refluxed
under nitrogen for 18 h. After cooling down, the reaction was filtered through Celite® and rinsed
with ethyl acetate (20 mL). The organic layer was washed with brine (50 mL), and the aqueous
layer was further extracted with ethyl acetate (3 x 15 mL). The combined organic layers was
dried over MgSO, and concentrated in vacuo to afford dibutyl H-phosphonate as a light yellow
liquid in 4.37 g (90 % isolated yield). *H NMR (300 MHz, CDCls) & 6.83 (d, J4p= 691.9 Hz,

1H, H-P); 4.09 (q, *J = 7.46 Hz, 4H, CH,); 1.70 (p, 3J= 6.68 Hz, 2H, CH,); 1.43 (p, *J = 7.25 Hz,
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2H, CH,); 0.96 (t, *J = 5.33 Hz, 6H, CH3) P NMR (121 MHz, CDCls) & 7.82 (dp, “Jpn = 693.23

Hz; *Jpoc = 9.72 Hz) #0#H

Purification of H-Phosphonate Diesters in Table 5.2, entry 5-11, 17. Dialkyl Phosphites
prepared from alcohols with boiling points > 140° C were purified to remove excess starting
material using a Kugelrohr distillation apparatus under high vacuum with heating. Depending on
the alcohol, distillation times varied from 3 to 6 hours with the progress of the purification

monitored by *H NMR.

Diethyl Phosphite (Table 5.2, entry 1).?° Aqueous HsPO, (50 wt.-%, 25 mmol) was
concentrated in vacuo for 30 min at r.t. Octyltriethoxysilane (1 equiv, 25 mmol) and toluene
(reagent grade, 50 mL) were added, and the reaction was heated to reflux for 3 h. After
completion, the solution was cooled to r.t. and Ni/SiO;, (64 wt.-%, 5 mol-%) and anhydrous
ethanol (3 equiv, 75 mmol) were added. The reaction was heated to reflux and allowed to react
under nitrogen for 40 h. After cooling down, the reaction was filtered through Celite® and was
rinsed with ethyl acetate (20 mL). The organic layer was concentrated and subsequently
dissolved in CH3;CN (HPLC grade, 50 mL). The CH3;CN layer was partitioned with hexanes (4 x
15 mL), and concentrated in vacuo to obtain a discolored liquid in 2.59 g (75 % isolated yield).
'H NMR (400 MHz, CDCls) 5 6.82 (d, *Jup = 692.8 Hz, 1H); 4.16 (p, °J = 7.20 Hz, 4H); 1.37 (t,

6.80 Hz, 6H) 3P NMR (162 MHz, CDCls) § 7.77 (dm, “Jpy = 692 Hz).

Di-isopropyl Phosphite (Table 5.2, entry 2).2°**2 Aqueous H3sPO, (50 wt.-%, 62.5 mmol) was
concentrated in vacuo for 30 min at r.t. Isopropanol (7 equiv, 438 mmol) and cyclohexane (92

mL) were added and a soxhlet extractor was placed on the reaction flask with 3A molecular
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sieves placed inside the extraction thimble. The solution was refluxed for a total of 18 h with the
molecular sieves replaced after 4 and 8 hours. Ni/SiO; (64 wt.-%, 5 mol%) was added to the
iIPrOP(O)H; solution (25 mmol, 50 mL) and heated to reflux for 18 h under nitrogen. The cooled
solution was filtered through Celite® and concentrated in vacuo to obtain a clear liquid in 4.15 g
(87 % isolated yield). *H NMR (400 MHz, CDCls) & 6.85 (d, “J4p = 687.60 Hz, 1H); 4.74 (m,
2H); 1.36 (d, *J = 8.40 Hz, 12H) *'P NMR (162 MHz, CDCls) & 4.45 (dt, *Jpy = 686.75 Hz; *Jpoc

=8.10 Hz).

Di-isobutyl Phosphite (Table 5.2, entry 3).2**?2 Light yellow liquid, 4.08 g (84%). ‘H NMR
(300 MHz, CDCl3) & 6.83 (d, “Jyp = 692.7 Hz, 1H), 3.88-3.82 (m, 4H), 1.97 (m, 1H), 0.97 (d, 6H,

] = 6.9 Hz); *'P NMR (121 MHz, CDCl3) & 7.99 (d, *Jpn = 693 Hz, 3Jpoc = 7.76 Hz).

Dineopentyl Phosphite (Table 5.2, entry 4).*? Light yellow liquid, 3.06 g (55%). *H NMR
(400 MHz, CDCls) 5 6.85 (d, “up = 693.6 Hz, 1H); 3.77-3.73 (p, ] = 6.8 Hz, 4H), 0.98 (s, 18 H);

%'p NMR (162 MHz, CDCls) & 8.38 (d, “Jpn = 695 Hz, *Jpoc = 8.10 Hz).

Dicyclohexyl Phosphite (Table 5.2, entry 5).?? Clear liquid, 6.16 g (75%). 'H NMR (400
MHz, CDCls) & 6.89 (d, “J4p= 688.4 Hz, 1H), 4.46-4.44 (m, 2H), 1.96-1.93 (m, 4H), 1.78-1.74
(m, 4H), 1.58-1.53 (m, 6H), 1.37-1.1.30 (m, 6H); 3P NMR (162 MHz, CDCls) & 4.46 (d, *Jpn =

688 Hz).

Dibenzyl Phosphite (Table 5.2, entry 6).* Light yellow liquid, 4.20 g (64%). *H NMR (400
MHz, CDCls) § 7.39-7.37 (m, 10 H, ArCH), 6.97 (d, *Jup = 706.8 Hz, 1H, H-P), 5.08 (m, 4H,

CH.); *'P NMR (162 MHz, CDCls) & 7.74 (dp, *Jpr = 706 Hz, *Jpoc = 9.3 Hz).
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Bis(2-phenethyl) Phosphite (Table 5.2, entry 7).2* Light yellow liquid, 7.26 g (81%). *H NMR
(400 MHz, CDCls) § 7.33-7.23 (m, 10 H), 6.66 (d, “J4p = 700.8 Hz, 1H), 4.24-4.20 (m, 4H); *'P

NMR (162 MHz, CDCls) & 7.65 (dp, Jpn = 700 Hz, Jpoc = 8.10 Hz).

Dimenthyl Phosphite (Table 5.2, entry 8)."> Clear liquid, 4.39 g (49%). *H NMR (400 MHz,
CDCls) & 6.91 (d, “J4p = 686.8 Hz, 1H), 4.28-4.18 (m, 2H), 2.20-2.16 (m, 2H), 2.15-2.04 (2 x
m, 2H), 1.69, 1.65 (2 x s-br), 1.47-1.44 (m, 2H), 1.26-1.16 (m, 2H), 1.07-0.96 (m, 4H), 0.92 (2 x
d, 31 =1.32 Hz, % = 1.68 Hz, 12H), 0.89-0.84 (m, 2H), 0.82 (d, *J = 1.68 Hz, 3H), 0.79 (d, 3H, J

=1.68 Hz); *'P NMR (162 MHz, CDCls) & 5.45 (dt, *Jpp = 686.8 Hz, *Jpoc = 8.73 Hz).

Difenchyl Phosphite (Table 5.2, entry 9). Light brown liquid, 7.27 g (82%). *H NMR (400
MHz, CDCls) & 6.89 (d, "Jup = 686.4 Hz, 1H), 4.06-3.98 (m, 2H), 1.74-1.70 (m, 6H), 1.56-1.53
(m, 2H), 1.49-1.44 (m, 2H), 1.23-1.20 (m, 2H), 1.14 (d, *J = 8.6 Hz, 6H), 1.09 (m, 8 H), 0.96 (s,
3H), 0.94 (s, 3H); *C NMR (101 MHz, CDCls) & 89.3 (d, 2Jcop = 7.3 Hz), 49.1, 40.9, 39.5, 29.8,
25.8, 21.4, 19.3; *'P NMR (162 MHz, CDCls) & 8.12 (dt, “Jpy = 688.4 Hz, *Jpoc = 10.6 Hz);

HRMS (ESI) calcd. for CaoHas03P ([M + H]*) 355.2402, found 355.2489.

Bis(2,2,2-trichloroethyl) Phosphite (Table 5.2, entry 10).%° Light yellow liquid, 2.24 g (25%).
'H NMR (400 MHz, CDCls,) & 7.22 (d, YJup = 746 Hz, 1H), 4.75-4.66 (m, 4H): P NMR (162

MHz, CDCls) & 7.23 (dp, “Jpn = 753 Hz, 3Jpoc = 8.75 Hz).

Diadamanty! Phosphite (Table 5.2, entry 11). White solid, 5.61 g (64%). *H NMR (400 MHz,
CDCl3) & 7.04 (d, YJup = 680 Hz, 1H), 2.18 (m, 6H), 2.10 (m, 12H), 1.63 (m, 12H); *C NMR

(101 MHz, CDCls) & 82.3 (d, 2Jcop = 7.62 Hz), 44.0 (d, *Jccop = 4.51 Hz), 35.7, 31.0; *'P NMR
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(162 MHz, CDC|3) 0 -4.06 (d, 1\]PH: 680 HZ); HRMS (ES') calcd. for C20H3103P ([M + H]+)

351.2089, found 351.2104.

Phosphorous acid (Table 5.2, entry 12).22"2'® Clear liquid, 1.72 g (84%). *H NMR (400 MHz,

CDCl3) § 6.72 (d, *Jup = 663.2 Hz, 1H); *'P NMR (162 MHz, CDCls)  4.37 (d, Jpr; = 664 Hz).

Dibutynyl Phosphite (Table 5.2, entry 15). Clear liquid, 2.37 g (51%). *H NMR (400 MHz,
CDCls) § 6.95 (d, “Jup= 711 Hz, 1H), 4.28-4.17 (m, 4H), 2.65-2.61 (td, 3] = 6.68 Hz, *J = 2.64
Hz), 2.07 (t, *J = 2.64 Hz); *C NMR (101 MHz, CDCls) & 79.3, 70.7, 63.5 (d, “Jcop = 6.01 Hz),
20.9 (d, *Jccor = 6.26 Hz) 3P NMR (162 MHz, CDCls) & 7.74 (dp, *Jpn = 712 Hz, *Jpoc = 9.72

Hz); HRMS (ESI) calcd. for CgH1105P ([M + H]*), 187.0524, found 187.0570.

Bis(2-chloroethyl) Phosphite (Table 5.2, entry 16).*** Clear liquid, 5.17 g (68%). ‘*H NMR
(400 MHz, CDCls) 6 7.02 (d, 1J4p = 720.8 Hz, 1H), 4.40-4.33 (m, 4H), 3.76-3.71 (t, %1 = 8.4 Hz,

4H); 3'P NMR (162 MHz, CDCl5) § 8.18 (dp, “Jpn = 720 Hz, 3Jpoc = 8.9 Hz).

Diphenyl Phosphite (Table 5.2, entry 17).%%%® Light yellow liquid, 3.69 g (63%). ‘H NMR
(400 MHz, CDCls) & 7.41-7.22 (m, 10H), 7.34 (d, *Jup = 728.4 Hz, 1H); 3P NMR (162 MHz,

CDCls) 6 0.34 (d, *Jp1 = 733 Hz).

Preparation of dibutyl H-phosphonate from phosphorous acid (Scheme 5.5). Ni/SiO, (64
wt.-%, 5 mol-%) was added to a round-bottom flask containing aqueous HsPO, (50 wt.-%, 25
mmol), and the mixture was heated to reflux for 18 h under nitrogen. [Note: if the reaction is

conducted open to air, the reaction time is lowered to 6H.] Once cooled, *P- NMR analysis
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showed that the formation of phosphorous acid was complete. The solution was filtered through
Celite® and rinsed with several aliquots of deionized water (~ 20 mL total). The acid was
concentrated, and butanol (4 equiv, 100 mmol) and toluene (reagent grade, 50 mL) were added.
A Dean-Stark trap pre-filled with toluene was place on the reaction vessel and the solution was
heated to reflux for 18 h under nitrogen. After cooling, the solution was extracted with brine (50
mL), dried over MgSO, and concentrated in vacuo to afford a light yellow liquid in 4.18 g (86

%) isolated yield.

Chapter 5- Section 5.6

Representative Example for Copper -catalyzed Oxidation of Alkyl H-Phosphinates (Table
5.3, entry 4). Ethyl octyl-H-phosphinate (413 mg, 2 mmol, 1 equiv) was weighed into a 25-mL
round bottom flask and 10 mL of anhydrous ethanol (86 equiv) was added. Next, copper(l)
chloride (9.9 mg, 0.1 mmol, 5 mol-%) was added to the solution. After the flask was fitted with a
condenser, the reaction was stirred for 16 h at 65 °C with dry air bubbling (using a long needle
going down the condenser) into the solution. After cooling, the solution was concentrated to
remove the ethanol. The crude product was dissolved in ethyl acetate (15 mL) and the organic
layer was washed with aqueous NaHCO;3; (15 mL), followed by brine (15 mL), dried with
MgSO, and concentrated in vacuo to afford 406 mg (81%) of clear oil. *"H NMR (300 MHz,
CDCls) & 4.09 (m, 4H), 1.80-1.58 (m, 4H), 1.45-1.19 (m, 16H), 0.88 (t, J = 6.6 Hz, 3H); *'P

NMR (121 MHz, CDCls) & 33.8 (s).

142



1)

)
©)

(4)

()

(6)

(7)
(8)

(9)

(10)

11)

(12)

(13)

(14)

REFERENCES

(a) Hartley, F. R. The Chemistry of Organophosphorus Compounds; Vol. 4.; Wiley: New
York, 1996. (b) Quin, L. D. A Guide to Organophosphorus Chemistry , Wiley, New York,
2000. (c) Flett, D. S. J. Organomet. Chem. 2005, 690, 2426-2438. (d) Savignac P., lorga,
B. Modern Phosphonate Chemistry, CRC Press, Boca Raton, 2003. (e) Corbridge, D. E.
C. Phosphorus: An Outline of Its Chem-istry, Biochemistry and Uses, 5th ed., Elsevier:
Amsterdam, 1995. (f) Industrial Inorganic Chemistry, Bichel K. H.; Moretto, H.-H.;
Woditsch, P.; 2nd Ed, Wiley VCH, New York, 2000, pp. 65-101 (ISBN 3527298495). (g)
Kirk-Othmer Encyclopedia of Chemical Technology, 4th ed.; Wiley: New York, 1999;
\ol. 18.

Montchamp, J.-L. Acc. Chem. Res. 2014, 47, 77-87.

Oza, S. L.; Chen, S.; Wyllie, S.; Coward, J. K.; Fairlamb, A. H. FEBS J. 2008, 275, 5408—
5421.

Gautier, A.; Lopin, C.; Garipova, G.; Dubert, O.; Kalinina, I.; Salcedo, C.; Balieu, S.;
Glatigny, S.; Valnot, J.-Y.; Gouhier, G.; Piettre, S. Molecules 2005, 10, 1048-1073.

Froestl, W.; Mickel, S. J.; Hall, R. G.; von Sprecher, G.; Strub, D.; Baumann, P. A.;
Brugger, F.; Gentsch, C.; Jaekel, J. J. Med. Chem. 1995, 38, 3297-3312.

Froestl, W.; Mickel, S. J.; von Sprecher, G.; Diel, P. J.; Hall, R. G.; Maier, L.; Strub, D.;
Melillo, V.; Baumann, P. A. J. Med. Chem. 1995, 38, 3313-3331.

Mucha, A.; Kafarski, P.; Berlicki, £.. J. Med. Chem. 2011, 54, 5955-5980.

P. Kourounakis, a.; G. Katselou, M.; N. Matralis, a.; M. Ladopoulou, E.; Bavavea, E.
Curr. Med. Chem. 2011, 18, 4418-4439.

Yamamoto, |.; Carland, J. E.; Locock, K.; Gavande, N.; Absalom, N.;: Hanrahan, J. R.;
Allan, R. D.; Johnston, G. A. R.; Chebib, M. ACS Chem. Neurosci. 2012, 3, 293-301.

Sheng, X. C.; Casarez, A.; Cai, R.; Clarke, M. O.; Chen, X.; Cho, A.; Delaney, W. E.;
Doerffler, E.; Ji, M.; Mertzman, M.; Pakdaman, R.; Pyun, H.-J.; Rowe, T.; Wu, Q.; Xu, J.;
Kim, C. U. Bioorg. Med. Chem. Lett. 2012, 22, 1394-1396.

Berlicki, L.; Obojska, A.; Forlani, G.; Kafarski, P. J. Med. Chem. 2005, 48, 6340-6349.
Herranz, C. J. Am. Oil Chem. Soc. 1987, 64, 1038-1039.

Rakotomalala, M.; Wagner, S.; Doring, M. Materials. 2010, 3, 4300-4327.

Kelland, M. A. Production Chemicals for the Oil and Gas Industry; 2nd ed.; Boca Raton,
2014.

143



(15) Brothers, L. E. High Temperature Set Retarded Cement Compositions and Methods. US
5484478 A, 1996.

(16) Bravo-Altamirano, K.; Montchamp, J.-L. e-EROS. Reagents. Org. Synth. 2007.
(17) Nifant’ev, E. E.; Levitan, L. P. Zh. Obshch. Khim. 1965, 35, 758.

(18) Deprele, S.; Montchamp, J. J. Organomet. Chem. 2002, 643-644, 154-163.
(19) Dumond, Y.; Baker, R.; Montchamp, J. Org. Lett. 2000, 2, 3341-3344.

(20) Bravo-Altamirano, K.; Coudray, L.; Deal, E. L.; Montchamp, J.-L. Org. Biomol. Chem.
2010, 8, 5541-5551.

(21) Fitch, S. J. J. Am. Chem. Soc. 1964, 86, 61-64.

(22) Schwabacher, A. W.; Stefanescu, A. D. Tetrahedron Lett. 1996, 37, 425-428.

(23) Gallagher, M. J.; Honegger, H. Tetrahedron Lett. 1977, 18, 2987-2990.

(24) Gallagher, M.; Honegger, H. Aust. J. Chem. 1980, 33, 287.

(25) Stawinski, J.; Thelin, M.; Westman, E.; Zain, R. J. Org. Chem. 1990, 55, 3503-3506.
(26) Montchamp, J.-L. J. Organomet. Chem. 2005, 690, 2388-2406.

(27) Boyd, E. A.; Regan, A. C.; James, K. Tetrahedron Lett. 1994, 35, 4223-4226.

(28) Olszewski, T.; Boduszek, B. Synthesis. 2010, 2011, 437-442.

(29) Andrew Boyd, E.; Corless, M.; James, K.; Regan, A. C. Tetrahedron Lett. 1990, 31,
2933-2936.

(30) Boyd, E. A.; Regan, A. C.; James, K. Tetrahedron Lett. 1992, 33, 813-816.
(31) Matziari, M.; Yiotakis, A. Org. Lett. 2005, 7, 4049-4052.

(32) Prishchenko, A. A.; Livantsov, M. V; Novikova, O. P.; Livantsova, L. I.; Petrosyan, V. S.
Heteroat. Chem. 2008, 19, 352—-359.

(33) Hamilton, R.; Walker, B.; Walker, B. J. Tetrahedron Lett. 1995, 36, 4451-4454.
(34) Kaboudin, B.; As-habei, N. Tetrahedron Lett. 2003, 44, 4243-4245.

(35) Cristau, H.-J.; Coulombeau, A.; Genevois-Borella, A.; Pirat, J.-L. Tetrahedron Lett. 2001,
42, 4491-4494.

144



(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)
(49)
(50)
(51)
(52)

(53)

(54)

Cristau, H.-J.; Coulombeau, A.; Genevois-Borella, A.; Sanchez, F.; Pirat, J.-L. J.
Organomet. Chem. 2002, 643-644, 381-391.

Pirat, J.-L.; Coulombeau, A.; Genevois-Borella, A.; Cristau, H.-J. Phosphorus, Sulfur
Silicon Relat. Elem. 2002, 177, 1793-1796.

Yamagishi, T.; Yokomatsu, T.; Suemune, K.; Shibuya, S. Tetrahedron. 1999, 55, 12125—
12136.

Yamagishi, T.; Suemune, K.; Yokomatsu, T.; Shibuya, S. Tetrahedron Lett. 2001, 42,
5033-5036.

Yamagishi, T.; Suemune, K.; Yokomatsu, T.; Shibuya, S. Tetrahedron. 2002, 58, 2577-
2583.

Crofts, P. C.; Parker, D. M. J. Chem. Soc. C. 1970, 332.

Yakhvarov, D.; Trofimova, E.; Sinyashin, O.; Kataeva, O.; Budnikova, Y.; Lonnecke, P.;
Hey-Hawkins, E.; Petr, A.; Krupskaya, Y.; Kataev, V.; Klingeler, R.; Buchner, B. Inorg.
Chem. 2011, 50, 4553-4558.

Kuo, L. Y.; Glazier, S. K. Inorg. Chem. 2012, 51, 328-335.

Gallagher, M. J.; Ranasinghe, M. G.; Jenkins, I. D. Phosphorus, Sulfur Silicon Relat.
Elem. 1996, 115, 255-259.

Abrunhosa-Thomas, I.; Ribiére, P.; Adcock, A. C.; Montchamp, J.-L. Synthesis. 2006,
325-331.

Gavara, L.; Petit, C.; Montchamp, J.-L. Tetrahedron Lett. 2012, 53, 5000-5003.

Dingwall, J. G.; Ehrenfreund, J.; Hall, R. G.; Jack, J. Phosphorus, Sulfur Relat. Elem.
1987, 30, 571-574.

Dingwall, J. G.; Ehrenfreund, J.; Hall, R. G. Tetrahedron. 1989, 45, 3787-3808.
McCleery, P. P.; Tuck, B. J. Chem. Soc. Perkin Trans. 1 1989, 13109.

Baylis, E. K. Tetrahedron Lett. 1995, 36, 9389-9392.

Baylis, E. K. Tetrahedron Lett. 1995, 36, 9385-9388.

Bennett, S. N. L.; Hall, R. G. J. Chem. Soc. Perkin Trans. 1 1995, 1145.

Belabassi, Y.; Antczak, M. I.; Tellez, J.; Montchamp, J.-L. Tetrahedron. 2008, 64, 9181—
9190.

Bisseret, P.; Eustache, J. Tetrahedron Lett. 2001, 42, 8451-8453.
145



(55)

(56)
(57)
(58)
(59)
(60)
(61)
(62)
(63)
(64)
(65)

(66)

(67)

(68)

(69)
(70)
(71)

(72)

(73)

(74)

(75)

Van Overschelde, M.; Vervecken, E.; Modha, S. G.; Cogen, S.; Van der Eycken, E.; Van
der Eycken, J. Tetrahedron. 2009, 65, 6410-6415.

Ortial, S.; Thompson, D. a; Montchamp, J.-L. J. Org. Chem. 2010, 75, 8166-8179.
Berger, O.; Gavara, L.; Montchamp, J.-L. Org. Lett. 2012, 14, 3404-3407.

Holt, D. A.; Erb, J. M. Tetrahedron Lett. 1989, 30, 5393-5396.

Lei, H.; Stoakes, M. S.; Schwabacher, A. W. Synthesis. 1992, 1992, 1255-1260.
Montchamp, J.-L.; Dumond, Y. R. J. Am. Chem. Soc. 2001, 123, 510-511.

Dumond, Y. R.; Montchamp, J.-L. J. Organomet. Chem. 2002, 653, 252-260.

Huang, Z.; Bravo-Altamirano, K.; Montchamp, J.-L. C. R. Chim. 2004, 7, 763-768.
Bravo-Altamirano, K.; Huang, Z.; Montchamp, J.-L. Tetrahedron. 2005, 61, 6315-6329.
Rao, H.; Jin, Y.; Fu, H.; Jiang, Y.; Zhao, Y. Chem. Eur. J. 2006, 12, 3636—-3646.
Bravo-Altamirano, K.; Montchamp, J.-L. Org. Lett. 2006, 8, 4169-4171.

Bravo-Altamirano, K.; Abrunhosa-Thomas, I.; Montchamp, J.-L. J. Org. Chem. 2008, 73,
2292-2301.

Coudray, L.; Montchamp, J.-L. Eur. J. Org. Chem. 2008, 2008, 4101-4103.

Volle, J.-N.; Filippini, D.; Midrier, C.; Sobecki, M.; Drag, M.; Virieux, D.; Pirat, J.-L.
Synthesis. 2011, 2011, 2490-2494.

Leca, D.; Fensterbank, L.; Lac6te, E.; Malacria, M. Chem. Soc. Rev. 2005, 34, 858—-865.
Williams, R. H.; Hamilton, L. A. J. Am. Chem. Soc. 1955, 77, 3411-3412.
Okamoto, Y.; Sakurai, H. J. Chem. Soc. Japan 1965, 68, 2080.

Petrov, K. A.; Lysenko, T. N.; Libman, B. Y.; Pozdnev, V. V. Chemistry of
Organophosphorus Compounds; Nauka: Moscow, 1967.

Nifant’ev, E. E.; Magdeeva, R. K.; Shchepet’eva, N. P. J. Gen. Chem. USSR 1980, 50,
1416.

Karanewsky, D. S.; Badia, M. C.; Cushman, D. W.; DeForrest, J. M.; Dejneka, T.; Loots,
M. J.; Perri, M. G.; Petrillo, E. W.; Powell, J. R. J. Med. Chem. 1988, 31, 204-212.

Depréle, S.; Montchamp, J.-L. J. Org. Chem. 2001, 66, 6745-6755.

146



(76)

(77)

(78)
(79)
(80)

(81)

(82)

(83)

(84)
(85)
(86)
(87)
(88)

(89)

(90)
(91)
(92)
(93)

(94)

(95)

Antczak, M.; Montchamp, J.-L. Synthesis. 2006, 2006, 3080-3084.

Gouault-Bironneau, S.; Depreéle, S.; Sutor, A.; Montchamp, J.-L. Org. Lett. 2005, 7, 5909-
5912.

Rodan, G. A. Annu. Rev. Pharmacol. Toxicol. 1998, 38, 375-388.
Depréle, S.; Montchamp, J.-L. J. Am. Chem. Soc. 2002, 124, 9386-9387.
Depréle, S.; Montchamp, J.-L. Org. Lett. 2004, 6, 3805-3808.

Belabassi, Y.; Bravo-Altamirano, K.; Montchamp, J.-L. J. Organomet. Chem. 2011, 696,
106-111.

Pudovik, A. N.; Konovalova, I. V. Synthesis. 1979, 1979, 81-96.

Yamashita, M.; Tsunekawa, K.; Sugiura, M.; Oshikawa, T.; Inokawa, S. Synthesis. 1985,
896-897.

Hansen, H. I. Synthesis. 1999, 1999, 1925-1930.

Bhattacharya, A. K.; Thyagarajan, G. Chem. Rev. 1981, 81, 415-430.

Pudovik, A. N.; Pudovik, M. A. Zh. Obshch. Khim. 1966, 36, 1467-1472.
Wrdblewski, A. E.; Verkade, J. G. J. Am. Chem. Soc. 1996, 118, 10168-10174.
Cristau, H.-J.; Hervé, A.; Virieux, D. Tetrahedron. 2004, 60, 877-884.

Dabkowski, W.; Ozarek, A.; Olejniczak, S.; Cypryk, M.; Chojnowski, J.; Michalski, J.
Chem. Eur. J. 2009, 15, 1747-1756.

Thottathil, J. K.; Przybyla, C. A.; Moniot, J. L. Tetrahedron Lett. 1984, 25, 4737-4740.
Majewski, P. Phosphorus, Sulfur Silicon Relat. Elem. 1989, 45, 151-154.

Gallagher, M. J.; Ranasinghe, M. G.; Jenkins, I. D. J. Org. Chem. 1996, 61, 436-437.
Demange, L.; Dugave, C. Tetrahedron Lett. 2001, 42, 6295-6297.

Caldwell, C. G.; Sahoo, S. P.; Polo, S. A.; Eversole, R. R.; Lanza, T. J.; Mills, S. G.;
Niedzwiecki, L. M.; I1zquierdo-Martin, M.; Chang, B. C.; Harrison, R. K.; Kuo, D. W.;
Lin, T.-Y.; Stein, R. L.; Durette, P. L.; Hagmann, W. K. Bioorg. Med. Chem. Lett. 1996,
6, 323-328.

Abrunhosa-Thomas, I.; Sellers, C. E.; Montchamp, J.-L. J. Org. Chem. 2007, 72, 2851~
2856.

147



(96) Nifant’ev, E. E.; Shchepet’eva, N. P.; Magdeeva, R. K. Zh. Obshch. Khim. 1979, 49,
1905.

(97) Baylis, E. K.; Campbell, C. D.; Dingwall, J. G. J. Chem. Soc. Perkin Trans. 1 1984, 2845.
(98) Michaelis, P. Justus. Liebig. Ann. Chem. 1896, 293, 265.
(99) Seth, M.; Mathur, A.; Banerji, K. K. Bull. Chem. Soc. Jpn. 1990, 63, 3640-3643.

(100) Vitharana, D.; France, J. E.; Scarpetti, D.; Bonneville, G. W.; Majer, P.; Tsukamoto, T.
Tetrahedron: Asymmetry. 2002, 13, 1609-1614.

(101) Bravo-Altamirano, K.; Montchamp, J.-L. Tetrahedron Lett. 2007, 48, 5755-5759.
(102) Nifant’ev, E. E.; Koroteev, M. P. Zh. Obshch. Khim. 1967, 37, 1366.
(103) Pudovik, M. A.; Terent’ eva, S. A.; Pudovik, A. N. Zh. Obshch. Khim. 1981, 51, 518.

(104) Wang, G.; Shen, R.; Xu, Q.; Goto, M.; Zhao, Y.; Han, L.-B. J. Org. Chem. 2010, 75,
3890-3892.

(105) Zhou, Y.; Wang, G.; Saga, Y.; Shen, R.; Goto, M.; Zhao, Y.; Han, L.-B. J. Org. Chem.
2010, 75, 7924-7927.

(106) Xu, Y.; Li, Z.; Xia, J.; Guo, H.; Huang, Y. Synthesis. 1983, 1983, 377-378.
(107) Xu, Y.; Li, Z. Synthesis. 1986, 1986, 240—242.

(108) Xu, Y.; Zhang, J. Synthesis. 1984, 1984, 778-780.

(109) Xu, Y.; Zhang, J. J. Chem. Soc. Chem. Commun. 1986, 1606.

(110) Berger, O.; Petit, C.; Deal, E. L.; Montchamp, J.-L. Adv. Synth. Catal. 2013, 355, 1361-
1373.

(111) Deal, E. L.; Petit, C.; Montchamp, J.-L. Org. Lett. 2011, 13, 3270-3273.

(112) Markoulides, M. S.; Regan, A. C. Org. Biomol. Chem. 2013, 11, 119-129.

(113) Hirai, T.; Han, L.-B. Org. Lett. 2007, 9, 53-55.

(114) Petit, C.; Fécourt, F.; Montchamp, J.-L. Adv. Synth. Catal. 2011, 353, 1883-1888.
(115) Guthrie, J. P. Can. J. Chem. 1979, 57, 236-239.

(116) Hammond, P. R. J. Chem. Soc. 1962, 1365.

148



(117) Giriffiths, J. E.; Burg, A. B. J. Am. Chem. Soc. 1960, 82, 1507-1508.

(118) Hoge, B.; Neufeind, S.; Hettel, S.; Wiebe, W.; Thosen, C. J. Organomet. Chem. 2005,
690, 2382-2387.

(119) Han, L.-B.; Zhao, C.-Q.; Onozawa, S.; Goto, M.; Tanaka, M. J. Am. Chem. Soc. 2002,
124, 3842-3843.

(120) Han, L.-B.; Zhang, C.; Yazawa, H.; Shimada, S. J. Am. Chem. Soc. 2004, 126, 5080—
5081.

(121) Kraihanzel, C. S.; Bartish, C. M. J. Am. Chem. Soc. 1972, 94, 3572-3575.

(122) Manca, G.; Caporali, M.; lenco, A.; Peruzzini, M.; Mealli, C. J. Organomet. Chem. 2014,
760, 177-185.

(123) Chesnut, D. B. Heteroat. Chem. 2000, 11, 73-80.

(124) Babin, Y. V.; Prisyazhnyuk, A. V.; Ustynyuk, Y. A. Russ. J. Phys. Chem. A 2008, 82, 94—
100.

(125) Prisyazhnyuk, A. V.; Babin, Y. V. J. Struct. Chem. 2005, 46, 164-167.
(126) Babin, Y. V.; Ustynyuk, Y. A. Russ. J. Phys. Chem. A 2007, 81, 1810-1819.

(127) Wesolowski, S. S.; Brinkmann, N. R.; Valeev, E. F.; Schaefer, H. F.; Repasky, M. P.;
Jorgensen, W. L. J. Chem. Phys. 2002, 116, 112.

(128) Boatz, J. A.; Schmidt, M. W.; Gordon, M. S. J. Phys. Chem. 1987, 91, 1743-1749.

(129) Mamaev, V. M.; Prisyajnuk, A. V.; Laikov, D. N.; Logutenko, L. S.; Babin, Y. V.
Mendeleev Commun. 1999, 9, 240-241.

(130) Cho, B.; Tan, C.-H.; Wong, M. W. Org. Biomol. Chem. 2011, 9, 4550-4557.
(131) Springs, B.; Haake, P. J. Org. Chem. 1977, 42, 472-474.
(132) Akiyama, T.; Morita, H.; Itoh, J.; Fuchibe, K. Org. Lett. 2005, 7, 2583-2585.

(133) Jessop, C. M.; Parsons, A. F.; Routledge, A.; Irvine, D. J. Eur. J. Org. Chem. 2006, 2006,
1547-1554.

(134) Han, L.-B.; Mirzael, F.; Zhao, C.-Q.; Tanaka, M. J. Am. Chem. Soc. 2000, 122, 5407-
5408.

(135) Zhao, C.; Han, L.; Goto, M.; Tanaka, M. Angew. Chem., Int. Ed. 2001, 40, 1929-1932.

149



(136) Janesko, B. .; Fisher, H. C.; Bridle, M.; Monchamp, J.-L. Manuscript in preparation.
2014.

(137) Gattow, G.; Engler, R. Angew. Chem., Int. Ed. 1971, 10, 415-416.

(138) Cremlyn, R. J. An Introduction to Organosulfur Chemistry; 1st ed.; John Wiley & Sons
LTD: West Sussex, 1996; p. 262.

(139) Ribiere, P.; Bravo-Altamirano, K.; Antczak, M. I.; Hawkins, J. D.; Montchamp, J. J. Org.
Chem. 2005, 70, 4064-4072.

(140) Brieger, G.; Nestrick, T. J. Chem. Rev. 1974, 74, 567-580.

(141) Johnstone, R. A. W.; Wilby, A. H.; Entwistle, I. D. Chem. Rev. 1985, 85, 129-170.

(142) Boyer, S. K.; Bach, J.; McKenna, J.; Jagdmann, E. J. Org. Chem. 1985, 50, 3408-3411.

(143) Johnstone, R. A. W.; Wilby, A. H. Tetrahedron. 1981, 37, 3667-3670.

(144) Sala, R.; Doria, G.; Passarotti, C. Tetrahedron Lett. 1984, 25, 4565-4568.

(145) Brigas, A. F.; Johnstone, R. A. W. Tetrahedron. 1992, 48, 7735-7746.

(146) Marques, C. A.; Selva, M.; Tundo, P. J. Chem. Soc. Perkin Trans. 1 1993, 529.

(147) Grushin, V. V. Chem. Rev. 1996, 96, 2011-2034.

(148) Arcelli, A. J. Org. Chem. 1989, 54, 949-953.

(149) Niederprum, H. Angew. Chem., Int. Ed. 1975, 14, 614-620.

(150) Makarov, V. F.; Prusov, Y. V.; Lebedeva, I. O. Russ. J. Appl. Chem. 2005, 78, 82-84.

(151) Tanaka, M. Recent Progress in Transition Metal-Catalyzed Addition Reactions of H-P(O)
Compounds with Unsaturated Carbon Linkages; Ananikov, V. P.; Tanaka, M., Eds.;
Topics in Organometallic Chemistry; Springer Berlin Heidelberg: Berlin, Heidelberg,

2013; Vol. 43, pp. 167-202.

(152) Ananikov, V. P.; Khemchyan, L. L.; Beletskaya, I. P.; Starikova, Z. A. Adv. Synth. Catal.
2010, 352, 2979-2992.

(153) Coudray, L.; Abrunhosa-Thomas, I.; Montchamp, J.-L. Tetrahedron Lett. 2007, 48, 6505~
6508.

(154) Anderson, N. G.; Coradetti, M. L.; Cronin, J. A.; Davies, M. L.; Gardineer, M. B.; Kotnis,
A.S.; Lust, D. A.; Palaniswamy, V. A. Org. Process Res. Dev. 1997, 1, 315-319.

150



(155) Anderson, N. G.; Ciaramella, B. M.; Feldman, A. F.; Lust, D. A.; Moniot, J. L.; Moran,
L.; Polomski, R. E.; Wang, S. S. Y. Org. Process Res. Dev. 1997, 1, 211-216.

(156) Belabassi, Y.; Alzghari, S.; Montchamp, J.-L. J. Organomet. Chem. 2008, 693, 3171—
3178.

(157) Berger, O.; Montchamp, J.-L. Beilstein J. Org. Chem. 2014, 10, 732-740.
(158) Queffelec, C.; Ribiére, P.; Montchamp, J. J. Org. Chem. 2008, 73, 8987-8991.
(159) Cheng, X.; Goddard, R.; Buth, G.; List, B. Angew. Chem., Int. Ed. 2008, 47, 5079-5081.

(160) Freiria, M.; Whitehead, A. J.; Tocher, D. A.; Motherwell, W. B. Tetrahedron. 2004, 60,
2673-2692.

(161) Mondal, M.; Bora, U. RSC Adv. 2013, 3, 18716.

(162) Tayama, O.; Nakano, A.; lwahama, T.; Sakaguchi, S.; Ishii, Y. J. Org. Chem. 2004, 69,
5494-5496.

(163) Pan, X.-Q.; Zou, J.-P.; Zhang, G.-L.; Zhang, W. Chem. Commun. 2010, 46, 1721-1723.
(164) Kagayama, T.; Nakano, A.; Sakaguchi, S.; Ishii, Y. Org. Lett. 2006, 8, 407-409.

(165) Xu, W.; Zou, J.-P.; Zhang, W. Tetrahedron Lett. 2010, 51, 2639-2643.

(166) Han, L.-B.; Zhao, C.-Q. J. Org. Chem. 2005, 70, 10121-10123.

(167) Tayama, O.; Nakano, A.; Iwahama, T.; Sakaguchi, S.; Ishii, Y. J. Org. Chem. 2004, 69,
5494-5496.

(168) Berger, O.; Montchamp, J.-L. Angew. Chem., Int. Ed. 2013, 52, 11377-11380.
(169) Effenberger, F.; Kottmann, H. Tetrahedron. 1985, 41, 4171-4182.

(170) Heiba, E.-A. 1.; Dessau, R. M.; Koehl, W. J. J. Am. Chem. Soc. 1969, 91, 138-145.
(171) Chen, Y.-R.; Duan, W.-L. J. Am. Chem. Soc. 2013, 135, 16754-16757.

(172) Gilmore, K.; Alabugin, I. V. Chem. Rev. 2011, 111, 6513-6556.

(173) Vinogradov, M. G.; Dolinko, V. I.; Nikishin, G. I. Izv. Akad. Nauk SSSR, Seriya Khim.
1984, 2065-2068.

(174) Vinogradov, M. G.; Dolinko, V. I.; Nikishin, G. I. Izv. Akad. Nauk SSSR, Seriya Khim.
1984, 375-383.

151



(175) Snider, B. B.; Patricia, J. J.; Kates, S. A. J. Org. Chem. 1988, 53, 2137-2143.
(176) Snider, B. B. .; Patricia, J. J. J. Org. Chem. 1989, 54, 38-46.

(177) Snider, B. B. Chem. Rev. 1996, 96, 339-364.

(178) Snider, B. B. Tetrahedron. 2009, 65, 10735-10744.

(179) Zhang, C.; Li, Z.; Zhu, L.; Yu, L.; Wang, Z.; Li, C. J. Am. Chem. Soc. 2013, 135, 14082—
14085.

(180) Berger, O.; Montchamp, J.-L. Chem. Eur. J. 2014, 20, 12385-12388.

(181) Boyd, D. R. J. Chem. Soc. Trans. 1901, 79, 1221.

(182) Dorfman, Y. A.; Aleshkova, M. M. Kinet. Catal. 1998, 39, 852—858.

(183) Montchamp, J.-L. Phosphorus, Sulfur Silicon Relat. Elem. 2013, 188, 66—75.

(184) Franz, J. E.; Mao, M. K.; Sikorski, J. A. Glyphosate: A Unique Global Herbicide;
American Chemical Society: Washington, D.C., 1997; p. 678.

(185) Ortial, S.; Fisher, H. C.; Montchamp, J.-L. J. Org. Chem. 2013, 78, 6599-6608.

(186) Fookes, C. J. R.; Gallagher, M. J.; Honegger, H. J. Chem. Soc. Chem. Commun. 1978,
324.

(187) Gallagher, M. J.; Honegger, H. J. Chem. Soc. Chem. Commun. 1978, 54.

(188) Stec, W.; Uznanski, B.; Houalla, D.; Wolf, R. C.R. Seances I’Academie des Sci. Ser. C
Sci. Chim. 1975, 281, 727-730.

(189) Lutsenko, I. F.; Proskumina, M. V.; Borishenko, A. A. Dokl. Akad. Nauk SSSR 1970, 193,
828.

(190) Cherbuliez, E.; Hunkeler, F.; Weber, G.; Rabinowitz, J. Helv. Chim. Acta 1964, 47, 1647-
1653.

(191) Engel, R. C. R. Hebd. Seances Acad. Sci. 1890, 110, 786-787.

(192) Montchamp, J.-L.; Fisher, H. C. Synthesis of H-Phosphonate Intermediates and Their Use
in Preparing Herbicide Glyphosate. US Pat. Appl. 61/808942, 2014.

(193) Ehrat, R. Process for the Preparation of N-Phosphonomethyl Glycine. US427065, 1980.

152



(194) Pelyva, J.; Lendvali, L.; Balint, S.; Koionics, C.; Laszlo, S.; Karacsonyi, B.; Benczik, J.;
Kayos, C.; Silye, S. Process For Preparing N-Phosphonomethyl-Glycine. US4983764,
1991.

(195) Le Corre, S. S.; Berchel, M.; Couthon-Gourveés, H.; Haelters, J.-P.; Jaffrés, P.-A. Beilstein
J. Org. Chem. 2014, 10, 1166-1196.

(196) Sampson, N. S.; Bartlett, P. A. J. Org. Chem. 1988, 53, 4500-4503.

(197) Okamoto, Y.; Kusano, T.; Takamuku, S. Bull. Chem. Soc. Jpn. 1988, 61, 3359-3361.

(198) Petrov, K. A.; Gol’tsova, R. G. Russ. Chem. Rev. 1966, 35, 622-631.

(199) Busacca, C. A.; Lorenz, J. C.; Grinberg, N.; Haddad, N.; Hrapchak, M.; Latli, B.; Lee, H.;
Sabila, P.; Saha, A.; Sarvestani, M.; Shen, S.; Varsolona, R.; Wei, X.; Senanayake, C. H.
Org. Lett. 2005, 7, 4277-4280.

(200) Maffei, M.; Buono, G. Tetrahedron. 2003, 59, 8821-8825.

(201) McKenna, C. E. Improved Preparations of Thiophosphites and Thiophosphonates.
PCT/US00/11940, 2000.

(202) Gatrone, R. C.; Kaplan, L.; Philip Horwitz, E. Solvent Extr. lon Exch. 1987, 5, 1075-
1116.

(203) Shioji, K.; Matsumoto, A.; Takao, M.; Kurauchi, Y.; Shigetomi, T.; Yokomori, Y.;
Okuma, K. Bull. Chem. Soc. Jpn. 2007, 80, 743-746.

(204) Zheng, B.; Fox, R. J.; Sugiyama, M.; Fritz, A.; Eastgate, M. D. Org. Process Res. Dev.
2014, 18, 636-642.

(205) Meadow, J. R.; Cavagnol, J. C. J. Org. Chem. 1951, 16, 1582-1587.
(206) Wetzel, R. B.; Kenyon, G. L. J. Am. Chem. Soc. 1974, 96, 5189-5198.
(207) Silver, H. B. J. Chem. Soc. C. 1967, 1326.

(208) Rowley, L.; Swan, J. Aust. J. Chem. 1974, 27, 801.

(209) Yuanyao, X.; Jing, Z. Tetrahedron Lett. 1985, 26, 4771-4774.

(210) Chen, M.-H.; Chen, Z.; Song, B.-A.; Bhadury, P. S.; Yang, S.; Cai, X.-J.; Hu, D.-Y.; Xue,
W.; Zeng, S. J. Agric. Food Chem. 2009, 57, 1383-1388.

(211) Fakhraian, H.; Mirzaei, A. Org. Process Res. Dev. 2004, 8, 401-404.

(212) Santschi, N.; Togni, A. J. Org. Chem. 2011, 76, 4189-4193.

153



(213) Perruchon, J.; Ortmann, R.; Schlitzer, M. Synthesis. 2007, 2007, 3553-3557.

(214) Voronov, V. K.; Borovik, M. A.; Ushakov, I. A.; Ivanova, N. I.; Malakhova, L. V. Russ.
Chem. Bull. 2009, 58, 1516-1520.

(215) Batczewski, P.; Szadowiak, A.; Bodzioch, A.; Biatas, T.; Wieczorek, W. M.; Szyrej, M. J.
Organomet. Chem. 2007, 692, 997-10009.

(216) Kers, A.; Kers, I.; Stawinski, J.; Sobkowski, M.; Kraszewski, A. Synthesis. 1995, 1995,
427-430.

(217) Platova, E. V.; Batyeva, E. S.; Kursheva, L. I.; Sinyashin, O. G. Heteroat. Chem. 2008,
19, 517-519.

(218) Schuster, M.; Kreuer, K.; Steininger, H.; Maier, J. Solid State lonics 2008, 179, 523-528.
(219) Moedritzer, K. J. Inorg. Nucl. Chem. 1961, 22, 19-21.

(220) Al-Deyab, S. S.; EI-Newehy, M. H. Molecules 2010, 15, 1425-1432.

154



VITA

Henry Craig Fisher, JR was born on February 7, 1980 in Shreveport, Louisiana, USA.
He is the son of Henry Craig Fisher, SR and Yi Hae Suk. He was raised in Dickinson, Texas,
a small suburb outside of Houston, Texas. He received his Bachelors of Arts degree in
Chemistry from Baylor University in May 2003, and received his Master of Science degree
in Chemistry in December 2005 from the same university.

In March 2006, he started a 3.5 year stint as a research chemist at Champion
Technologies, an oilfield service company, in Houston, Texas working in new product
Research and Development. In 2009, he contributed to the filing of one patent on a new
product he helped develop and gave an international talk on his work at the International
Oilfield Chemistry Symposium in Geilo, Norway.

In January 2010, he joined the chemistry Ph.D. program at Texas Christian University
in Fort Worth, Texas. While working on his doctorate, he worked as a Graduate Teaching
Assistant for four semesters. He won 1% place for the best graduate research poster in
chemistry at the Michael and Sally McCracken Annual Student Research Symposium in
2013. He currently has a total of four peer-reviewed publications, two conference

proceedings and two patent applications.



ABSTRACT
CARBON-PHOSPHORUS and OXYGEN-PHOSPHORUS BOND FORMATION
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COMPOUNDS
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Dissertation Advisor: Jean-Luc Montchamp, Professor
The work in this dissertation deals with the continued development of new
methodologies for P-C and P-O bond formation using alternative methods that avoid the use
of PCls. A review of the relevant literature that proceeds this work is presented in Chapter 1.
Chapter 2 describes the study of the P(111) to P(V) tautomerization of phosphinylidene
compounds and the structural influences that effect the thermodynamic and kinetic properties
to favor the more reactive P(lIl) species. A collaboration using both computational and
experimental methods, show that electron withdrawing groups such as phenyl stabilize the
tautomerization of phosphinylidene compounds. The second part of this work highlights the
influence of various catalysts on P(lll) to P(V) tautomerization. Using computational
chemistry as a screening tool, a variety of organic acids and bases were tested. The
calculations and experimental results are in good agreement.
Chapter 3 describes the work to develop the nickel-catalzyed hydrophosphinylation of
unactivated alkenes, an extension of the work started with the nickel-catalyzed
hydrophosphosphinylation of alkynes. The results show that nickel chloride is pre-activated

to an active Ni(0) species and can be stabilized by the inexpensive bisphosphine ligand,



ethylbis(diphenylphosphine), dppe. The reaction occurs at room temperature and works on a
variety of different alkene substrates. Other manipulations used in tandem with the initial
nickel hydrophosphinylation are highlighted, and show the reaction to be a versatile tool for
making alkyl-H-phosphinate derivatives as precursors for further use.

Chapter 4 details the development of manganese-promoted intermolecular and
intramolecular additions of alkenes, alkynes and aryl compounds with H-phosphinates is
described. The system utilizing catalytic Mn(OAc), either neat or in DMSO, is successful for
a variety of different alkenes and two alkyne substrates. A more efficient and cost-effective
system was recently developed for H-phosphinate arylations using catalytic Mn(OAc), and
MnQO; as an oxidant, and further applied to alkene phosphonochlorination with LiCI.

In Chapter 5, nickel-catalyzed oxidation of alkyl hypophosphites is utilized to prepare
ubiquitous alkyl-H-phosphonates starting from hypophosphorous acid and avoiding the use
of PCls. The reaction can be considered a form of water splitting. The studies show that after
the intitial esterification step, NiCl, or Ni/SiO; is enough to oxidize the first P-H bond to
form the desired phosphonate. The reaction has been applied to the synthesis of the global

herbicide glyphosate.



