This article was downloaded by: [University of Arizona]

On: 13 January 2013, At: 02:00

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Phosphorus, Sulfur, and Silicon
and the Related Elements

—r- Publication details, including instructions for authors
—" and subscription information:
http://www.tandfonline.com/loi/gpss20

REDUCTIVE CLEAVAGE OF
THE HALOGEN-PHOSPHORUS,
OXYGEN-PHOSPHORUS AND
PHOSPHORUS-PHOSPHORUS
BONDS WITH ALKALI METALS

Jacek Nycz ® & Janusz Rachon 2

% Department of Organic Chemistry, Chemical
Faculty, Technical University of Gdarisk, 80-952,
Gdarisk;, Poland

Version of record first published: 04 Oct 2006.

— =

To cite this article: Jacek Nycz & Janusz Rachon (2000): REDUCTIVE CLEAVAGE OF
THE HALOGEN-PHOSPHORUS, OXYGEN-PHOSPHORUS AND PHOSPHORUS-PHOSPHORUS
BONDS WITH ALKALI METALS, Phosphorus, Sulfur, and Silicon and the Related
Elements, 161:1, 39-59

To link to this article: http://dx.doi.org/10.1080/10426500008042094

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to



http://www.tandfonline.com/loi/gpss20
http://dx.doi.org/10.1080/10426500008042094
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [University of Arizona] at 02:00 13 January 2013

date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.




Downloaded by [University of Arizona] at 02:00 13 January 2013

Phosphorus, Sulfur and Silicon, 2000, Vol. 161, pp. 39-59 © 2000 OPA (Overseas Publishers Association)
Reprints available directly from the pubiisher Amsterdam N.V. Published under license by
Photocopying permitted by license only the Gordon and Breach Publishers imprint.

Printed in Malaysia

REDUCTIVE CLEAVAGE
OF THE HALOGEN-PHOSPHORUS,
OXYGEN-PHOSPHORUS
AND PHOSPHORUS-PHOSPHORUS BONDS
WITH ALKALI METALS

JACEK NYCZ and JANUSZ RACHON"

Department of Organic Chemistry, Chemical Faculty, Technical University
of Gdarnisk, 80~952 Gdarisk; Poland

(Received September 14, 1999)

The reduction of phosphorus acid chlorides as well as hypophosphates, pyrophosphates and
mixed P(III)-P(V) anhydrides with alkali metals (Li, Na, K) in NH; liq. / THF solution and
potassium naphthalenide was investigated. It was found that this type of phosphorus com-
pounds easily undergo reduction: a) >P(O)Cl to >P(O)H; b) >P(O)P(O)< to >P(O)H;
¢) >P(0)-0-P(O)< to >P(O)OH and >P(O)H; d) >P(0)-0-P< to >P(0)Oand >P". The results
of our experiments strongly suggest that the mixed P(III)-P(V) anhydride is reduced by
potassium naphthalenide in THF with the cleavage of the P(III) — oxygen bond.

INTRODUCTION

The first application of the Wurtz-Fittig type synthesis for the P-P bond
formation was the coupling of PI; with mercury to diphosphorus tetraio-
dide as early as the end of the last century[”. This procedure was also suc-
cessfully used for the synthesis of several other biphosphines. The reaction
probably proceeds via an intermediate phosphorus-mercury compoundm.
Other metals such as lithium®!, sodium(*), potassium[4d'°] and magne-
siumB! jn organic solvents have been successfully used for the coupling of
the less reactive but more accessible phosphinous halogenides. N-substi-
tuted aminoorganochlorophosphines undergo also this reductive coupling,

* Corresponding author

39



Downloaded by [University of Arizona] at 02:00 13 January 2013

40 JACEK NYCZ and JANUSZ RACHON

producing anlinoorganobiphosphjne[6]. Recently P. Knochell”) was able to
demonstrate that the reaction of bis(diethylamino)chlorophosphine borane
complex with lithium naphtalenide affords the lithiated derivative which
undergoes nucleophilic substitution with primary and secondary alkyl hal-
ides.

This alkali metal coupling probably proceeds via the alkali metal phos-
phide intermediatet® 8], since biphosphines have been produced from the
second step of the above reaction (Scheme 1).

RP—X + 2M? — 5 Rp: M + M'X

Rz'F.’Z- M* + RoP—X ——> RoP—PR, + M'X

X:Cl, Br, 1

SCHEME 1

On the other hand it was presented that 1,3,1’,3’-tetraethyl-bis(2,2’-imi-
dazolidene), an electron-rich olefin, is a mild homogeneous reducing agent
which reduces the P-Cl bond in phosphinous chlorides to give compounds
with phosphorus-phosphorus bonds!®. Since the reduction of the hindered
phosphinous chiorides by this bis-imidazolidenes leads to phosphinyl radi-
cals!'%, it seems likely that the presented reactions also proceed via phos-
phinyl radicals, which dimerize to yield biphosphines.

The reaction of the >P(O)C] compounds (dialkylphosphoric acid chlo-
rides, phosphonic acid chlorides, phosphinic acid chlorides) with alkali
metals is much more complex and the data presented in the literature are
often incompatible. M. Baudler!!!! reported that the treatment of dialkyl
chlorophosphate with sodium in an inert solvent such as xylene, toluene,
or ether, at room temperature followed by gentle warming, results in a
mixture of products consisting, in the main, of hypophosphoric acid esters
together with considerable amounts of pyrophosphoric acid esters. It is
interesting enough that the reaction of sodium dialkylphosphite with chlo-
rides of dialkylphosphoric acids produces: tetraalkylhypophosphates,



Downloaded by [University of Arizona] at 02:00 13 January 2013

REDUCTION OF X-P, O-P, AND P-P BONDS 41

tetraalkylpyrophosphates and mixed P(III)-O-P(V) anhydrides in low
yield!!2].

L. Horne isolated, in a poor yield, tertraphenylbiphosphine dioxide
from the reaction mixture of diphenylphosphinyl chloride and Li/Hg. On
the other hand, in the reaction of diphenylphosphinyl chloride with sodium
in toluene he observed the formation of sodium diphenylphosphinite or
diphenylphosphide depending on the amount of sodium used in this reac-
tion!13¢]. N. Inamoto and coworkers!!#! carried out several experiments
using diphenylphosphinic acid chloride and alkali metals and metal salts in
THF. He reported for example, that the reaction of diphenylphosphinic
acid chloride with lithium in THF at 150°C gave 29% of diphenylphos-
phine oxide, 3% of tetraphenylbiphosphine dioxide, and a trace amount of
1,4-bis(diphenylphosphino)butane-1,4-dioxide.

The reductive cleavage of P-C as well as P-O bonds is a subject of cur-
rent interest! ') from the theoretical as well as the synthetic point of view.
The presented evidence indicates that cleavage of aryl phosphates with
electron donors may occur either by one-electron or two-electron path-
ways. Thus, high concentrations and greater reducing power of the elec-
tron donor favor production of arene (C-O cleavage product) while low
concentrations and/or lower reducing power of the electron donor favor
production of phenol (P-O cleavage) from aryl phosphates. Moreover it
was demonstrated that the reductive cleavage reaction of functionalised
triphenylphosphines depends strongly on the nature of the functionality
and on the reducing agent.

In contrast to that, the reductive cleavage of the P-Cl bond in the com-
pounds of the >P(O)CI type, particularly under homogenous conditions,
was not the subject of systematic studies. In connection with our interest in
the reactivity of the acids of trivalent phosphorus we took up the studies of
the reaction between >P(O)Cl type compounds and electron donors (alkali
metals, alkali metals in liquid ammonia, naphthalene anion radical).

In our experiments we observed that the treatment of chlorophosphates
in THF with one equivalent of potassium metal (with or without the cata-
lysts: naphthalene, 4,4’-ditertbutylbiphenyl ) as well as potassium naphtha-
lenide resulted in a complex mixture of products. On the basis of 3Ip NMR
analysis we identified in this reaction mixture (comparison of the chemical
shifts with authentic samples): chlorophosphates 1, pyrophosphites 2,
phosphorous phosphoric anhydrides 3, pyrophosphates 4, H-phosphonates
5, and phosphates 6 and 7 (Scheme 2).

r[ 13b]
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SCHEME 2

From the theoretical point of view the >P(O)Cl electrophile can accept
an electron to form an anion radical, which should collapse into a phos-
phonyl radical and a chlorine anion. The phosphonyl radical, as a very
reactive species, may, according to the substituents on the phosphorus and
the reaction conditions: a) dimerize; b) subsequently accept an electron,
being reduced to an >P-O" anion; c) undergo further fragmentation,
(Scheme 3).

At this point it is worth to add that the reagents of the electrophilic,
nucleophilic as well as radical character can exist in such a reaction mix-
ture. Additionally P. Tordo!!®} was able to demonstrate that diarylphospho-
nyl radical can be reduced into diarylphosphinite anion by the
electron-rich olefin.
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In this paper we would like to present the preliminary results of our
experiments.
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RESULTS AND DISCUSSION

For our study we chose: dialkylchlorophosphates, 2-chloro-5,5-dime-
thyl-2-0x0-2A°-1,3,2-dioxaphosphinane, diphenylphosphinic acid chlo-
ride, t-butylphenylphosphinic = acid chloride and isopropyl
phenylchlorophosphonate as a phosphorus electrophilic reagents.

In order to compare the reactivity of the various >P(0)X (X =Cl, Br) 8
compounds we have performed the reactions under standardized condi-
tions with alkali metal/NH; / THF solution at —78°C. One equv. of the
>P(0)CI type compound was added into the blue solution of two equv. of
alkali metals (Li, Na, K) dissolved in the mixture of liquid NHj:
THF = 1:1. The blue color of the solution disappears in a few minutes after
the addition of the last drop of phosphorus electrophile. The reaction was
quenched by NH,Cl, and after the removal of the solvents the products
were isolated by radial chromatography (or distilled). These reactions
were carried out under argon. The results of this set of experiments are
presented in Scheme 4 and Table I.

TABLE I Reduction of the >P(O)X type compounds with alkali metals in liquid ammonia

Isolated Yield %
Run R! R? X M RatioM/>PO)X

8 9
1 t-Bu Ph a Li 2 70
2 t-Bu Ph Cl Na 1 58 37
3 t-Bu Ph Cl Na 2 70
4 t-Bu Ph Br Na 2 96
5 t-Bu Ph c K 2 80
6 EtO EtO Cl Na 2 72
7 iPrO iPr0  Cl Na 2 84
8  OCH,C(CH3),CH,0 Cl Na 2 80

As one can see from the data collected in Table I all the used >P(0O)X
electrophiles were reduced with two equiv. of alkali metal into secondary
phosphine oxide and dialkyl phosphite respectively. We do not find in the
reaction mixture compounds with P-P bond (hypophosphonates or biphos-
phine dioxide). Potassium gives a somewhat higher yield of the reduction
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R M° H RJ
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Vd Vel
R NHa ! THF R

SCHEME 4

product than lithium and sodium (Table I, run 5 vs. 1 and 3), also in case of
t-butylphenylphosphinic acid bromide we obtained the highest yield of the
reduction product (Table I, run 4). The treatment of 1 equv. of t-butylphe-
nylphosphinic acid chloride with 1 equiv. of sodium in NH3;/THF pro-
duced a low yield of phosphine oxide 9 (R'= t-Bu, R%= Ph), from this
reaction mixture we isolated t-butylphenylphosphine oxide (37%) and
starting material (58%). The starting material recovery from this reaction
mixture strongly suggests, that the phosphonyl radical undergoes much
faster a one electron reduction process (producing >P-O" anion) than the
>P(0O)Cl electrophile.

We also performed reduction experiments with potassium naphthalenide
in THF. In the standard procedure we added into the THF solution of
potassium naphthalenide at —78°C the >P(O)CI electrophile. The blue
color of the solution disappears in one hour after the addition of the last
drop of the phosphorus electrophile. The reaction was quenched at —78°C
by KHSOy solution ( or by methyl iodide in excess), and after the removal
of the solvents the products were isolated by radial chromatography. These
reactions were carried out under argon. The results of this set of experi-
ments are presented in Scheme 5 and Table II.

As one can see from the data collected in Table II all the used >P(O)Cl
electrophiles were reduced with two equiv. of potassium naphthalenide
into secondary phosphine oxide, phenylphosphinite and dialkyl phosphite
respectively. We do not find in the reaction mixture compounds with a P-P
bond (hypophosphates or biphosphine dioxides). The treatment of 1 equv.
of t-butylphenylphosphinic acid chloride with 1 equiv. of potassium
naphtalenide (Table II, run 1) produced a low yield of phosphine oxide 9
(R!= t-Bu, R%= Ph), from this reaction mixture we isolated t-butylphenyl-
phosphine oxide (44%) and starting material (45%). The starting material
recovery from the reaction mixture of t-butylphenylphosphinic acid chlo-
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9
SCHEME 5

ride and potassium naphthalenide (in the ratio 1:1) strongly suggests, that
also under these conditions the phosphinyl radical undergoes a much faster
one electron reduction process (producing >P-O anion) than the >P(O)Cl
electrophile.

TABLE II Reduction of the >P(O)Cl type compounds with potassium naphthalenide

Isolated Yield %
Run R R Ratio Nph / >P(O)C!
1 2
1 1-Bu Ph 1 45 44
2 t-Bu Ph 2 4 88
3 Ph Ph 2 62
4 iPro Ph 2 93
5 Et0 EtO 2 94
6 iPrO iPrO 2 59
7 OCH,C(CH;),CH,0 2 68
82 PhO PhO 62°

a. Isolated after quenching by CHjl as a dipheny! methylphosphonate; futhermore from this
reaction mixture 10% of triphenylphosphate was isolated.
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The confrontation of the data collected in Table I and II shows that the
reduction procedure of the >P(O)Cl electrophiles by potassium naphthale-
nide in THF is superior to the alkali metal / liquid ammonia procedure. In
case of potassium naphthalenide as a reduction agent we got better yields
of the isolated >P(O)H products, furthermore, produced in such a way, the
>P-O" type anion solution can be used for other reactions (for instance
Michaelis — Becker reaction).

Because in our first set of experiments (Scheme 2) we observed in the
reaction mixture: pyrophosphonates 4, pyrophosphites 2 as well as the
phosphorous phosphoric anhydrides 3; in the present work, reduction has
been extended to this class of compounds.

When 1,2-dit-butyl-1,2-diphenyldiphosphane 1,2-dioxide 10 was treated
with two equiv. of sodium in NH; liq / THF at —78°C, after subsequent
protonation, t-butylphenylphosphine oxide 11 was isolated in 93% yield
(Scheme 6).

o0 NH3 1iq H' Ph ?l)
PRl EPh Lo =% —— 2 "pH
tBu”  tBu THF tBu “

10

93%
SCHEME 6

We also found that t-butylphenylphosphinic anhydride 12 easily under-
goes reduction with lithium in NHj5 liq / THF as well as potassium naph-
thalenide in THF to produce after subsequent protonation,
t-butylphenylphosphine oxide 11 and t-butylphenylphosphinic acid 13 or
after the methylation t-butylmethylphenylphospine oxide 14 and methyl
t-butylphenylphosphinate 18 respectively in quantitative yield (Scheme 7).

We also were interested in the behavior of the mixed anhydride namely
bis[(t-butylphenyl)phosphino]phosphinic anhydride 16 toward potassium
naphthalenide. From the theoretical point of view a radical anion derived
from this mixed anhydride 16 can undergo dissociative cleavage in two
possible ways (Scheme 8) to form: >P-O radical 17 and >P-O" anion 18
(pathway a) or phosphinic acid anion 19 and phosphino radical 20 (path-
way b). Both phosphorus radicals can be reduced in the reaction mixture
into suitable (appropriate) phosphinite 21 or phosphide 22 anions respec-
tively.
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To distinguish between these two possibilities we treated bis[(t-butyl-
phenylphosphino]phosphinic anhydride 16 with two eqiv of potassium
naphthalenide in THF, then into this reaction mixture sulfur and methyl
iodide was added subsequently. From this reaction mixture we isolated:
methyl t-butylphenylphosphinate 23 and S-methyl t-butylphenyldithio-
phosphinate 24 (Scheme 9).

N Ph phf i
Il_Ph
P P/ a,b,c P + _ o~
Bu” S0 Mgy @By “O—H CHsS P g,
16 23 24
a K /(Ij ;b 8g ;¢ CHsl
SCHEME 9

If in this reaction bis[(t-butylphenyl)phosphino]phosphinic anhydride
were cleaved according to the pathway a we should isolate from the reac-
tion mixture S-methyl t-butylphenylthiophosphinate; on the other hand if
the cleavage follows the pathway b we should observe in the reaction mix-
ture two esters namely: methyl t-butylphenylphosphinate and S-methyl
tertbutylphenyldithiophosphinate.

In a separate experiment we treated t-butylphenylchlorophosphine with
potassium naphthalenide and into this reaction mixture, sulfur and methyl
iodide was added subsequently. We isolated from this reaction mixture
S-methyl t-butylphenyldithiophosphinate (Scheme 10).

-+
Ph C()—| K Ss CHsl Ph\ﬁ
SP—Cl ————> — % "P—SCH,
tBu THF tBu 2

SCHEME 10

The results of this experiment shows that potassium t-butylphenylphos-
phide adds sulfur in THF to yield potassium t-butylphenylthiophosphinate.
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By considering all the above pieces of evidence one can find that
bis[(t-butylphenyl)phosphino]phosphinic anhydride is reduced by potas-
sium naphthalenide with the cleavage of P(III) - oxygen bond (Scheme 8,
pathway b).

EXPERIMENTAL

Dialkyl phosphites were purchased from Aldrich and distilled before use.
Tetrahydrofuran and toluene were dried with sodium-potassium alloy. Iso-
propanol was dried with calcium hydride. Melting points were uncor-
rected. 3'P NMR and 'H NMR spectra were recorded with a Varian
apparatus at 60, 200 or 500 MHz.

Potassium naphthalenide was prepared from K and naphthalene in dry
THF under argon and protection from oxygen before its use.

Reactions of chlorophosphates with potassium in THF

Into the suspension of potassium sand (0.390 g, 10 mmol) in 25 mL of THF
10 mMol of chlorophosphate (diphenylchlorophosphate, 2-chloro-5,5-dime-
thyl-(1,3,2)-dioxaphosphinane 2-oxide) in 5 mL of THF were added. The
reaction mixture was stirred at room temperature overnight.

The above experiment was repeated in the presence of 1 and 10 mmol of
naphthalene and 4,4’-di-t-butylbiphenyl. Progress of the reaction was fol-
lowed by 31p NMR. The results are presented in Scheme 2.

The reference compounds 1 — 7, which have been used for the identifica-
tion of some of the reaction products, were produced as follows. Diphenyl
chlorophosphate 1a was produced from POCl; and phenol!!7], 3P NMR
(CDCl3) 8 =-5.4 ppm)];

2-chloro-5,5-dimethyl-(1,3,2)-dioxaphosphinane 2-oxide 1b, was pro-
duced from POCl; and 2,2-dimethyl-1,3-propandioll'®], [3'P NMR
(CDCl3) 8=—-4.15 ppm); tetraphenyl pyrophosphite 2al'®], [*Ip NMR
(THF / C¢Dg) 6 = 124.9 ppm];

5,5,5,5'-tetramethyl-2,2"-oxy-bis-(1,3,2)-dioxaphosphinane 2b[2%], [31p
NMR (THF/C¢Dg) 6=110.2 ppmi; 5.5,5",5 -tetrame-
thyl-2,2"-oxy-bis-(1,3,2)-dioxaphosphinane 2-oxide 3b(!, 3P NMR
(CgHe/CgDg) 8, =109.5 ppm, Jpgp= 25 Hz, 8, =-17.14 ppm, Jpgp= 25
Hz]; tetraphenyl pyrophosphate 4al!”), [3!P NMR (CDCl;) 8 = —24,6 ppm];
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5,5,5',5’-tetramethyl-2,2"-0xy-bis-(1,3,2)-dioxaphosphinane 2,2’-dioxide
4bf22 3'p NMR (CDCl;) 8 =-20,7 ppm]; diphenylphosphite 5a [*'P
NMR (CDCl;) 8=0.88 ppm]; 5,5-dimethyl-1,3,2-dioxaphosphi-
nane-2-oxide 5b123], 3P NMR (CDCl,) & = 3.45 ppm]; triphenylphos-
phate 6 [>'P NMR (CDCl,) 8 =-16,9 ppm]; 7 [3'P NMR (THF/C¢D)
8=-79 ppm] was prepared from 2-chloro-5,5-dimethyl-(1,3,2)-dioxa-
phosphinane-2-oxide and 2,2-dimethyl-1,3-propanediol.

The reduction of >P(0)X (X = Cl, Br) compounds with NH; lig. / THF
alkali metals solution. General procedure

Alkali metal was added into the mixture composed from liquid ammonia
(25 mL) and THF (25 mL). The reaction mixture was stirred up to the
complete dissolution of metal, than cooled to -78°C and 5 mmol of the
chlorophosphorus compound (t-butylphenylphosphinic acid chloride, izo-
propyl phenylchlorophosphonate, diethyl chlorophosphate, diisopropyl
chlorophosphate, 2-chloro-5,5-dimethyl-(1,3,2)-dioxaphosphinane
2-oxide) in 5 mL of THF were added. The reaction mixture was stirred at
—78°C for 30 minutes, than 1.5 g of NH4Cl were added and the ammonia
was evaporated at 10 mm Hg. The residue was poured into the mixture of
toluene and KHSOy solution. The water layer was extracted with toluene
and the combined organic phase was dried over MgSQO,. The solvent was
removed in vacuum and the products were separated by radial chromatog-
raphy or distilled. The yields and conditions for the reactions carried out
are summarized in Table I.

Run 1

t-butylphenylphosphine oxide (eluated with chloroform: metanol = 50:1),
0.643g (3.5 mmol, 70%), 'H NMR (CDCl;) 8= 1.13 (d, 2)p.yy = 15 Hz,
t-Bu, 9H), 6.70 (d, Jp.y = 440 Hz, PH, 1H), 6.83-7.67 (m, aromat, SH);
31P NMR (CDCl3) & = 46.0 ppm.

Run 2

t-butylphenylphosphinic acid chloride, (eluated with chloroform), 1.255 g
(5.8 mmol, 58%), "H NMR (CDCl;) 8 = 1.15 (d, ZJp.y= 19 Hz, t-Bu, 9H),
7.10-7.77 (m, aromat, 5H), 3P NMR (CDCl;) & = 72.20 ppm.
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t-butylphenylphosphine ~ oxide,  (eluated  with  chloroform:
metanol = 50:1), 0.673 g (3.7 mmol, 37%), 'H NMR (CDCl;) 8 = 1.13 (d,
2JP_H= 15 Hz, t-Bu, 9H), 6.70 (d, Jp_y; = 440 Hz, PH, 1H), 6.83-7.67 (m,
aromat, 5H); 3'P NMR (CDCl5) 8 = 46.0 ppm.

Run 3

t-butylphenylphosphine oxide (eluated with chloroform: metanol = 50:1),
0.637g (3.5 mmol, 70%), 'H NMR (CDCl3) 8 = 1.13 (d, ZJp.y =15 Hz,
t-Bu, 9H), 6.70 (d, Jp.y = 440 Hz, PH, 1H), 6.83-7.67 (m, aromat, SH);
31p NMR (CDCl3) § = 46.0 ppm.

Run 4

t-butylphenylphosphine oxide (eluated with chloroform: metanol = 50:1),
0.883g (4.8 mmol, 96%), 'H NMR (CDCl3) 8= 1.13 (d, 2Jpy = 15 Hz,
t-Bu, 9H), 6.70 (d, Jp; = 440 Hz, PH, 1H), 6.83-7.67 (m, aromat, SH);
31p NMR (CDCly) § = 46.0 ppm.

Run 5

t-butylphenylphosphine oxide (eluated with chloroform: metanol = 50:1),
0.728g (4.0 mmol, 80%), 'H NMR (CDCl3) = 1.13 (d, 2Jp.y = 15 Hz,
t-Bu, 9H), 6.70 (d, Jp.y = 440 Hz, PH, 1H), 6.83-7.67 (m, aromat, SH);
31p NMR (CDCl,) & = 46.0 ppm.

Run 6

diethyl phosphite (kugelrohr bp. 87°C/20 mm Hg), 0.494g (3.6 mmol,
72%), "H NMR (CDCly) & = 1.27 (t, 2Jy.4= 7 Hz, *Jp.q =2 Hz, CH3, 6H),
3.9 (dg, .y = 7 Hz, *Jp.y= 2 Hz, CH,, 4H), 6.68 (d, Jp_y = 690 Hz, PH,
1H); >'P NMR (CDCl;) 8 = 8.39 ppm.

Run7

diisopropyl phosphite (kugelrohr bp. 86°C/17 mm Hg), 0.701g (4.2 mmol,
84%), 'H NMR (CDCl5) 8 = 1.33 (d, 2}y = 7 Hz, CHs, 12H), 4.17-4.77
(m, CH, 2H), 6,46 (d, Jpy =656 Hz, PH, 1H); 3lp NMR (CDCly)
8 =5.47 ppm.
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Run 8

5,5-dimethyl-(1,3,2)-dioxaphosphinane 2-oxide (eluated with diethyl
ether), 0.606 g (4.0 mmol, 80%), 'H NMR (CDCl3) 8 =0.96 (s, CHs, 3H),
1.28 (s, CH;, 3H), 2.83-2.93 (m, CH,, 4H), 6.43 (d, Jp.y = 660 Hz, PH,
1H); 3'P NMR (CDCl5) 8 = 3.5 ppm.

The reduction of > P(0O)Cl compounds with potassium naphthalenide
in THF

General procedure

Into the fresh prepared potassium naphthalenide in 25 mL of THF at
—78°C, 5 mmol of chlorophosphorus compound (t-butylphenylphosphinic
acid chloride, isopropyl phenylchlorophosphonate, diethyl chlorophos-
phate, diisopropyl chlorophosphate, diphenyl chlorophosphate,
2-chloro-5,5-dimethyl-(1,3,2)-dioxaphosphinane-2-oxide) in 5 mL of THF
were added. The reaction mixture was stirred up to the disappearance of
the blue color (Table II runs 1-3, 30 min.; run 4-7, 60 min.; run 8§, 15 min.)
then partitioned (toluene: KHSO, solution = 60: 1). The aqueous layer
was extracted with toluene and the combined organic phase was dried
(MgS0,). The solvent was removed in vacuum and the products were sep-
arated by radial chromatography. Naphthalene was eluated with hexane,
the reduction products with CHCl;: MeOH = 50:1 (runs 1 — 3) or ether
(runs 4 — 8).

The yields and conditions for the reactions carried out are summarized in
Table II.

Run 1

naphthalen 1.293g (10 mmol, 92%), t-butylphenylphosphinic acid chloride
0.951 g (4.4 mmol, 44%), '"H NMR (CDCl3) § = 1.15 (d, Xp = 19 Hz,
t-Bu, 9H), 7.10-7.77 (m, aromat, SH); 3'P NMR (CDCl3) & = 72.20 ppm
t-butylphenylphosphine oxide 0.811g (4.5 mmol, 45 %), 'H NMR
(CDCly) 8 = 1.13 (d, Hp.3 = 15 Hz, t-Bu, 9H), 6.70 (d, Jp.3; = 440 Hz, PH,
1H), 6.83-7.67 (m, aromat, SH); >'P NMR (CDCl;) § = 46.0 ppm.

Run 2

naphthalen 1.293g (10 mmol, 92%}), t-butylphenylphosphinic acid chloride
0.037 g (0.2 mmol, 4%), 'H NMR (CDCl5) §=1.15 (d, 2JP_H= 19 Hz,
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t-Bu, 9H), 7.10-7.77 (m, aromat, SH); 31p NMR (CDCl3) 6 = 72.20 ppm,
t-butylphenylphosphine oxide 0.800g (4.4 mmol, 88%), 'H NMR
(CDCly) & = 1.13 (d, Jp.yq = 15 Hz, t-Bu, 9H), 6.70 (d, Jp_ = 440 Hz, PH,
1H), 6.83-7.67 (m, aromat, 5H); 3!P NMR (CDCl3) § = 46.0 ppm.

Run 3

naphthalen 1.214g (9.5 mmol, 86%), diphenylphosphine oxide 0.626 g
(3.1 mmol, 88%), 14 NMR (CDCly) 8 =6.57-7.57 (m, aromat, 10 H),
7.83 (d, Jp.yy = 480 Hz, PH, 1H); 3'P NMR (CDCl5) § = 22.6 ppm.

Run 4

naphthalen 1.258 g (9.8 mmol, 89%), isopropyl phenylphosphinate
0.852 g (4.6 mmol, 93%), 'H NMR (CDCl3) 8=1.20 (d, Jg.y=6Hz,
CH;, 3H), 1.27 (d, Jy.4 = 6 Hz, CH;, 3H), 4.17-4.70 (m, CH, 1 H), 6.87-
7.60 (m, aromat, 5 H), 7.16 (d, Jp.y = 559 Hz, PH, 1H); 31p NMR (CDCl5)
0 =123.3 ppm.

Run 5

naphthalen 1.249 g (9.8 mmol, 89%), diethylphosphite 0.639 g (4.7 mmol,
94%), 'H NMR (CDCl3) 8 = 1.27 (t, Jg.5= 7 Hz, *Jp. = 2 Hz, CHs, 6H),
3.9 (dq, 2.y = 7 Hz, *Jp gy = 2 Hz, CH,, 4H), 6.68 (d, Jpjq = 690 Hz, PH,
1H); 3'P NMR (CDCl;) & = 8.39 ppm.

Runé

naphthalen 1.350 g (10.5 mmol, 96%), diisopropylphosphite 0.494g (2.9
mmol, 59%), 'H NMR (CDCl3) 8= 1.33 (d, 2Jy.q =7 Hz, CH;, 12H),
4.17-4.77 (m, CH, 2H), 6,46 (d, Jp.u= 656 Hz, PH, 1H); 3'P NMR
(CDCl3) 8 = 5.47 ppm.

Run?7

naphthalen 1.350 g (10.5 mmol, 96%), 5,5-dimethyl-1,3,2-dioxaphosphi-
nane 2-oxide 0.502 g, (3.4 mmol, 68%), 'H NMR (CDCl3) §=0.96 (s,
CH3, 3H), 1.28 (s, CH3, 3H), 3.00 — 4.00 (m, CH,, CH,, 4 H), 6.43 (d,
Jp.g = 660 Hz, PH, 1H); *!P NMR (CDCl,) § = 3.5 ppm.
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Run 8

naphthalen 1.350 g (10.5 mmol, 96%), triphenylphosphate 0.164 (0.5
mmol, 10%), 'H NMR (CDCl3) 6=6.67 — 7.20 (m, 15H); *'P NMR
(CDCl3) 8 = —16.26 ppm diphenyl methylphosphonate 0.772 g (3.1 mmol,
62%), 'H NMR (CDCl,) 6 = 1.58 (d, Jp.g = 18 Hz, CH3, 3H), 6.33-7.10
(m, aromat, 10H); 3'P NMR (CDCls) § = 25.27 ppm.

Reduction of 1,2-di-t-butyl-1,2-diphenyldiphosphane 1,2-dioxide
with soedium in NHj liq / THF solution

Sodium (0.092 g, 4mMol) was dissolved in the mixture composed from
liquid ammonia (25 mL ) and THF (25 mL). This solution was cooled up
to -78°C and 1,2-di-t-butyl-1,2-diphenyldiphosphane 1,2-dioxide
(0.731 g, 2 mmol) in 9 mL of THF was added. The reaction mixture was
stirred at —78°C for 15 minutes, then 1,5g NH,Cl were added and poured
into the mixture of toluene and KHSO, solution. The aqueous layer was
extracted with toluene and the combined organic phase was dried over
MgS0O,. The solvent was removed in vacuum and the product was sepa-
rated by radial chromatography using CHCl;:MeOH = 50:1 as an eluent
system to yield 0.683 g (93%) of t-butylphenylphosphine oxide, '"H NMR
(CDCl3) 8 =1.13 (d, 2)p. = 15 Hz, t-Bu, 9H), 6.70 (d, Jp_; = 440 Hz, PH,
1H), 6.83-7.67 (m, aromat, 5 H); 3'P NMR (CDCl) & = 46.0 ppm.

Reduction of t-butylphenylphosphinic anhydride 12
with lithium in NH;liq. / THF solution

Lithium (0.041 g, 5.7 mmol) was dissolved in the mixture composed from
liquid ammonia (25 mL) and THF (25 mL). This solution was cooled up to
—78°C and t-butylphenylphosphinic anhydride (diastereoisomer mixture)
12 (1.072 g, 2.8 mmol) in 20 mL of THF was added. The blue color of the
solution changed into yellow in 30 minutes after the addition of the last
drop of anhydride, than the reaction mixture was quenched with NH,Cl
(1.5 g, 28 mmol). Ammonia was removed under reduced pressure and the
residue was poured in to the mixture of toluene and KHSOy, solution. The
aqueous layer was extracted with toluene and the combined organic phase
was dried over MgSQy. The solvent was removed in vacuum and the resi-
due was dissolved in toluene, then extracted with K,CO;solution. The
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aqueous layer was acidified with hydrochloric acid to yield 0.531g (96 %)
of t-butylphenylphosphinic acid, m.p. 157°C; 'H NMR (CDCl3) §=0.93
«, 2Jp_H = 15 Hz, t-But, 9 H), 6.93 — 7.57 (m, aromat, 5 H), 11.0 (s, OH, 1
H); >'P NMR (CDCl3) & = 52.0 ppm.

The toluene layer was dried over MgSO, and after removal of the sol-
vent, the residue was separated on radial chromatography (chloroform:
metanol = 50:1) to give 0.483 g (94%) of t-butylphenylphosphine oxide;
'H NMR (CDCl3) 86=1.13 (d, 2Jp_H =15Hz, t-Bu, 9 H), 6.70 (d,
Jp.jy = 440 Hz, PH, 1 H), 6.83-7.67 (m, aromat, 5 H); 3P NMR (CDCly)
8 =46.0 ppm.

Reduction of t-butylphenylphosphinic anhydride 12 with potassium
naphthalenide in THF

Into the fresh prepared potassium naphthalenide (from 0.390 g of K and
1.41g of naphthalene) in 50 mL of THF and cooled up to — 78°C t-butyl-
phenylphosphinic anhydride 12 (diastereoisomers mixture) (1.892 g,
5.0 mmol) in 25 mL of THF was added. The reaction mixture was stirred
for 1.5 hours at —=78°C. Then methyl iodide (4 mL, 9.12 g, 64 mmol) was
added and the mixture was stirred for 2 days. The reaction mixture was
evaporated. The residue poured into the mixture of CH,Cl, and KHSO,
solution. The organic layer was dried over MgSO,, the solvent was
removed in vacuum and the products were separated by radial chromatog-
raphy. The following compounds were obtained:

naphtalene 1.275 g (90%) methyl tertbutylphenylphosphinate 0.974 g
(92%); 'H NMR (CDCl3) & =1.00 (d, 2JP_H = 15 Hz, t-Bu, 9H), 3.40 (d,
3Jp. = 10 Hz, CHj, 3H), 6.83-7.50 (m, aromat, 5 H); 3!P NMR (CDCl,)
0 =54.04 ppm t-butylphenylmethylphosphine oxide 0.951g (96%), 'H
NMR (CDCl;) 8=1.03 (d, Yjpy=14Hz, tBu, 9H), 1.58 (d,
2)p 41 = 11 Hz, CH3, 3H), 6.83-7.67 (m, aromat, 5 H); 3'P NMR (CDCl;)
8 =48.52 ppm.

Reduction of bis[(t-butylphenyl)phosphino]phosphinic anhydride 16
with potassium naphthalenide in THF

Into the fresh prepared potassium naphthalenide (from 0.890 g of K and
1.41g of naphthalene) in 25 mL of THF and cooled up to — 78°C
bis[(t-butylphenyl)phosphino]phosphinic ~ anhydride 16  (1.811g,
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5.0 mmol) in 25 mL of THF was added. The reaction mixture was stirred
for 2 hours at -78°C. A sample of the reaction mixture was taken off and
after addition of KHSOy, crown ether (18-Crown-6) and C¢Dg 31p NMR
spectra were recorded. The 31p NMR spectra of the crude reaction mixture
showed two major resonance lines responsible for two phosphorus prod-
ucts in this reaction: t-butylphenylphosphinic acid anion (8 = 36.36) and
t-butylphenylphosphine (8 = —4.9).

Next, sulfur (0.643 g, 20 mmol) in 25 mL of THF was added into the
reaction mixture and the cool bath was removed. The solution was stirred
for a further 14 hours, then methyl iodide (4 mL, 9.121 g, 64 mmol) was
added and the mixture was stirred for 2 hours. The reaction mixture was
evaporated. The residue was dissolved in toluene and extracted with
K,CO; solution. The aqueous layer was acidified with hydrochloric acid
to give 0.777g (3.93 mmol, 79 %) of t-butylphenylphosphinic acid. The
toluene layer was dried over MgSOy,, the solvent was removed in vacuum
and the products were separated by radial chromatography. The following
compounds were obtained:

naphtalene 1.318 g (94%);

S-methyl t-butylphenyldithiophosphinate 0.917 g (75 %), m.p. 72-75°C,
'H NMR (CDCL;) 8=1.13 (d, 2Jp_H= 17 Hz, t-Bu, 9 H), 2.03 (d,
3Jp.y = 12 Hz, CH3, 3 H), 6.80-7.93 (m, aromat, 5 H); >!P NMR (CDCl5)
8 =95.95 ppm methyl t-butylphenylphosphinate 0.052 g (5%), 'H NMR
(CDCl3) 8=1.00 (d, HJpy = 15 Hz, t-Bu, 9 H), 3.40 (d, 3Jp = 10 Hz,
CHj;, 3 H), 6.83-7.50 (m, aromat, 5 H); 31p NMR (CDCl3) 8 = 54.04 ppm.

Thionation of potassium t-butylphenylphosphide

Into the fresh prepared potassium naphthalenide (from 0.392 g of K and
1.411g of naphthalene) in 25 mL of THF and cooled up to — 78°C t-butyl-
phenylchlorophosphine (1.00 g, 5.0 mmol) was added. The reaction mix-
ture was stirred for 2 hours at —~78°C then suifur (0.482 g, 20 mmol) in
25 mL of THF was added, the cool bath was removed and the mixture
stirred for a further 14 hours. Next, methyl iodide (4 mL, 9.121 g,
64 mmol) was added and the mixture was stirred for 2 hours. The reaction
mixture was evaporated and the products were separated by radial chroma-
tography to give:
naphtalene (eluated with hexane) 1.210 g (9.4 mmol, 86%);
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methyl t-butyiphenyldithiophosphinate (eluated with hexane: chloro-
form =1:1) 0.754g (3.1 mmol, 62%), m.p. 72-75°C, 'H NMR (CDCl3) 8
=1.13 (d, 2J,;._H =17 Hz, t-Bu, 9 H), 2.03 (d, 3Jpy = 12 Hz, CH,, 3 H),
6.80-7.93 (m, aromat, 5 H); 3!P NMR (CDC3) & =95.95 ppm.
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