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ABSTRACT: We carried out a comprehensive study on the generality, scope, limitation and mechanism of the palladium-catalyzed
hydrophosphorylation of alkynes with P(O)-H compounds (i.e. H-phosphonates, H-phosphinates, secondary phosphine oxides, and
hypophosphinic acid). For H-phosphonates, Pd/dppp was the best catalyst. Both aromatic and aliphatic alkynes, with a variety of
functional groups, were applicable to produce the Markovnikov adducts in high yields with high regio-selectivity. Aromatic al-
kynes showed higher reactivity than aliphatic alkynes. Terminal alkynes reacted faster than internal alkynes. Sterically crowded H-
phosphonates disfavored the addition. For H-phosphinates and secondary phosphine oxides, Pd/dppe/Ph,P(O)OH was the catalyst
of choice, which led to highly regio-selective formation of the Markovnikov adducts. By using Pd(PPhs), as the catalyst, hypo-
phosphinic acid added to terminal alkynes to give the corresponding Markovnikov adducts. Phosphinic acids, phosphonic acid and
its monoester were not applicable to this palladium-catalyzed hydrophosphorylation. Mechanistic studies showed that, with a ter-
minal alkyne, (RO),P(O)H reacted, like a Bronsted acid, to selectively generate the a-alkenylpalladium intermediate via hydropal-
ladation. On the other hand, Ph(RO)P(O)H and Ph,P(O)H gave a mixture of o— and f- alkenylpalladium complexes. In the pres-
ence of Ph,P(O)OH, hydropalladation with this acid took place first to selectively generate the a-alkenylpalladium intermediate. A
subsequent ligand exchange with a P(O)H compound gave the phosphorylpalladium intermediate which produced the Markovnikov
adduct via reductive elimination. Related intermediates in the catalytic cycle were isolated and characterized.

INTRODUCTION an environment-benign phosphodtgyl6 cgimpound—based fire

Because of the unique biological activity, organo- retardant is of current concern.”*
phosphorus compounds containing a phosphoryl P(O) Scheme 1. Well-Employed C-P(O) Bond-Forming Reac-
group (phosphonates, phosphinates and phosphine ox- tions
ides) have great applications in medicinal and agricultur-

al chemistry.1 For example, {‘osfomycin is a clinically éP—Csprond
used antibiotics,™ glyphosate - ROVP . , 1
(HO),P(O)CH,NHCH,CO,H)®  and  glufosinate * RO Thear™ (ROLPOR + Rx (D

(MeP(0)(OH)CH,CH,CH(NH,)CO,H)™ are widely em-
ployed as herbicides. These organophosphoryl com- '
pounds are also widely used in organic synthesis.'®'™""?

For instance, phosphonates are extensively used in !
Horner-Wadsworth-Emmons reactions for the selective (RO)P(OH  + B
preparation of olefins,™* while phosphine oxides are '
good precursors to trivalent phosphines (including the
chiral ones such as BINAP), which play a pivotal role as
ligands in metal-catalyzed reactions.* In addition, they
also have wide applications in material chemistry.’ Be-
cause a P(O) group is able to ligate to a variety of metal

(RO),P(O)Ar
2 P(0)(OR),

Despite the importance of organophosphoryl com-
pounds, general and efficient methods for their prepara-
tion were rather limited.” Traditionally, the reaction of a
halide RX with a phosphite (RO);P at high temgeratures
(Michaelis-Arbuzov reaction) (Scheme 1, eq 1)” and the

ions and acids, phosphoryl compound-based metal ex-
tractants (especially those for U and Pu) are well
known.>***% Fire retardancy is another unique feature of
organophosphoryl compounds, and the development of

addition of a P(0)-H bond to an olefin’ were the well-
employed C-P(O) bond-forming reactions. However,
these reactions were usually only effective for the gener-
ation of a P-Csp’ bond. To solve this problem, the for-
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mation of a P-Csp” bond via metal-catalyzed coupling of
an alkenyl halide or ArX with a P(O)-H bond was then
developed.”'  However, the preparation of an
alkenylphosphoryl compound by this method was often
not practicable due to the difficult accessibility to
alkenyl halides.

Metal-catalyzed addition of an H-heteroatom bond to
a carbon-carbon unsaturated bond is one of the most
straightforward and atom-efficient ways for the construc-
tion of a carbon-heteroatom bond (Scheme 2).11 As rep-
resented by hydrosilylation and hydroboration reactions
catalyzed by metals, nowadays, these addition reactions
have tremendous applications in both laboratory and
industry (Scheme 2).
Scheme 2. Metal-Catalyzed Selective P(O)-H Addition to
Alkynes (Hydrophosphorylation)
Hydrophosphorylation JL
‘ atm [ ROIPO)

R— * [POOJH

R poy

[P(O)]-H = H-phosphonate, H-phosphinate, H-phosphine oxide

Hydrosilylation, hydroboration etc.

catM
Rz (z=si Betc)

Hydrogen phosphoryl compounds (H-phosphonate
(RO),P(O)H, H-phosphinate (RO)RP(O)H and H-
phosphine oxide R,P(O)H) are a class of unique com-
pounds. Firstly, a tautomerism exists between the P(V)
and P(IIl) forms [P(O)H = P(OH)]. Therefore, they can
ligate, like phosphines RsP, to transition metals.'> Sec-
ondly (and synthetically importantly), being different
from the dangerous H-phosphines R,PH and phosphine
halides R,PX, P(O)H compounds are rather air- and
moisture stable. They do not stink either. Thirdly, these
chemicals are readily available, i.e. they can be easily
prepared, or purchased since some (RO),P(O)H are in-
dustrially manufactured . Therefore, the metal-catalyzed
selective addition of P(O)-H compounds (hydrophos-
phorylation)"? is no doubt an ideal way for the prepara-
tion of alkenylphosphoryl compounds which are ex-
tremely useful'* but difficult to prepare by conventional
methods." However, different from their silicon and
borane counterparts, P(O)-H compounds can coordinate
to metals in their P(III) forms P(OH), and significantly
deactivate the catalyst.12 As a result, in a real sense, an
efficient metal-catalyzed addition of (RO),P(O)H to car-
bon-carbon unsaturated bonds under mild conditions was
only realized in 1996 by employing a rather uncommon
Me,Pd(PPh,Me), complex as the catalyst.'® Since then,
this field has grown rapidly and a variety of
alkenylphosphoryl compounds can now be prepared by
metal-mediated regio- and stereo-selective hydrophos-

phorylation reactions.”™"” Because of their novel applica-

tions, some compounds (vinylphosphonates
CH,=CHP(O)(OR),, for example) are manufactured on
industrial scale.'

Scheme 3. Different Reactivity and Selectivity with P(O)-H
Compounds

— cat Pd JL
RT= * POITH ——=r" g + Ry
1 2 3 3
P(O)-H compound catalyst major adduct
(RO),P(O)H Pd(0) 3
H-phosphonate Pd(0)/Ph,P(O)OH 3
(RO)R")P(O)H Pd(0)
H-phosphinate Pd(0)/Ph,P(O)OH
R,P(O)H Pd(0) 3
H-phosphine oxide Pd(0)/Ph,P(O)OH 3

However, despite more than 20 years passed since the
first palladium-catalyzed hydrophosphorylation,l6a a full
study on this reaction has not been conducted yet and a
lot of puzzles remain unelucidated.” For example, (1)
why does the palladium-catalyzed addition of hydrogen
phosphonates (RO),P(O)H produce predominantly the
Markovnikov adducts while (RO)PhP(O)H and
Ph,P(O)H give a mixture of Markovnikov and anti-
Markovnikov -adducts?”" (2) why can a trace amount of
Ph,P(O)OH produce the Markovnikov adducts with
higher selectivity (Scheme 3)?7%1% (3) How does the pal-
ladium complex work, i.e. hydropalladation (Pd-H addi-
tion) vs phosphorylpalladation (Pd-P(O)), and what are
the reactive intermediates involved in the catalytic cy-
cles? In addition, since the reaction was only briefly
communicated,'® information regarding generality, scope
and limitations, which is pivotal to synthetic chemists, is
not available.

Scheme 4. Palladium-Catalyzed Selective Hydrophosphor-
ylation of Alkynes with P(O)-H Compounds

: _ cat Pd
v R—=— +  [POJH —— RJ\[P(O)]
1

;Compounds 2:

E phosphonic acids and esters H-phosphine oxide
i (RO),P(O)H  (R'O)HO)P(O)H (HO)P(O)H  RR"P(O)H

R' = Me, Et, CH,CF3, i-Pr, Bn, Bz, Ph

phosphinic acid and esters hypophosphinic acid
. (ROR"P(OH (HO)R"P(OYH (HO)P(O)H, 5

To celebrate its 20" anniversary of discovery, as the
discoverer of the reaction, herein, we report a full study
on the palladium-catalyzed hydrophosphorylation of al-
kynes with P(O)-H compounds. The results not only
demonstrated the synthetic generality of the reaction
(Scheme 4) but also answered the mechanistic puzzles
associated with the reaction.”*”'
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RESULTS AND DISCUSSION

1. Palladium-Catalyzed Hydrophosphorylation of
Alkynes with H-phosphonates (RO),P(O)H.*

1.1. Efficiency of the Palladium Catalyst.

The early communication on the addition of
(RO),P(O)H to alkynes in the presence of a palladium
catalyst provided a new way for the preparation of
alkenylphosphonates under mild reaction conditions.'®
However, the reaction conditions used are less practical
since a rather special complex Me,Pd(PPh,Me), and too
much of the catalyst were used. Therefore, we decided to
optimize the reaction conditions.”

Effect of the Phosphine Ligand. We first conducted a
catalyst’s screening by employing electronically and ste-
rically different phosphines (Table 1). To minimize the
effect of other factors, all these reactions were carried
out by heating up an equimolar mixture of 1-octyne 1-1
with (MeO),P(O)H 2-1 in the presence of 0.5 mol%
PdMe,(PR3),.”

The efficiency of the catalysts strongly depends on the
phosphine ligands used. As shown in Table 1, a tiny
change of the structure of the phosphine could lead to a
dramatic change (up or down) of the yields of the prod-
ucts. Among the phosphines investigated, PPh,Me is the
best monodentate ligand while dppp and dppb are the
best bidentate ligands.

Thus, while PPh; (run 1) only gave 10% yield of the
products, PPh,Me could dramatically improve the cata-
lyst’s efficiency to produce 78% yield of the adducts
(run 2). However, surprisingly, a bulky alkyl group such
as i-Bu (run 3) or cyclohexyl (run 4), produced a trace
amount of the adducts. With PPhMe, and PEt;, the addi-
tion only sluggishly proceeded (runs 5 and 6). A similar
phenomenon was observed with bidentate phosphine
ligands (runs 7-24). Thus, dppe (run 7, Ph,P(CH,),PPh,)
did not produce the adducts, while Ph,P(CH,),PPh, (run
10, dppp, n = 3; run 20, dppb, n = 4) could give excel-
lent yields of the products with high regio-selectivity.
However, the yields of the adducts decreased as the
methylene chain of the bisphosphine ligand became
longer (runs 21 and 22). Other bidentate phosphines
such as dppf (run 23) and binap (run 24) could also pro-
duce the adducts. With dppp, the reaction could proceed
efficiently with 0.25 mol% catalyst (run 11), and even
0.1 mol% of the catalyst could also produce the adducts
in 77% yield after 20 h (run 12), and an almost quantita-
tive yield after 48 h (run 13).

Table 1. Hydrophosphorylation of 1-Octyne with
(MeO),P(O)H Catalyzed by PdMe,(PR;),"
n-CeHiz——= 0.5 mol% J\
11 PdMe;(PRs), RO pPO) + RTXAPON
(MeO)POH  _ Z?S;Hw 31 (a-adduct) 31" (p-adduct)
241 [P(O)] = P(O)(OMe), major product minor product
run  phosphine temp (°C)  time(h) % yield(o/ ﬁ)”
1 PPh; 80 20 10(82/18)
2 PPh,Me 80 20 78(91/9)
3 PPh,i-Bu 80 20 9(88/12)
4 PPh,Cy 80 20 7(87/13)
5 PPhMe, 80 20 5(94/6)
6 PEt; 80 20 none
7 dppe 80 20 none
8 Ph,P(CH,);PPh, 60 20 20(97/3)
9 Ph,P(CH,);PPh, 70 20 85(98/2)
10  Ph,P(CH,);PPh, 80 20 100(98/2)
11°  Ph,P(CH,);PPh, 80 20 98 (97/3)
12  Ph,P(CH,);PPh, 80 20 77 (97/3)
13 Ph,P(CH,);PPh, 80 48 97 (97/3)
14 Ph,P(CH,);PPh, 80 20 87(97/3)
15 Ph,P(CH,);PPh, 80 20 78(96/4)
16  PhyP(CH,);PPh, 100 3 100(97/3)
17¢  Ph,P(CH,);PPh, 100 5 100(97/3)
18" Ph,P(CH,);PPh, 100 5 47(97/3)
19" Ph,P(CH,);PPh, 120 2 100(96/4)
20  Ph,P(CH,),PPh, 80 20 95(94/6)
21  Ph,P(CH,)sPPh, 80 20 49(89/11)
22 PhyP(CH,),,PPh, 80 20 28(88/12)
23 dppf 80 20 73(95/5)
24  BINAP 80 20 36(95/5)

“All reactions were similarly conducted in a sealed tube using an
equimolar (MeO),P(O)H and 1-octyne (0.5 mmol) with or without
a solvent (toluene) in the presence of 0.5 mol% the palladium
catalyst. “Determined by 'H NMR. o/f3 = the ratio of the a-adduct
(the branched one) to the S-adduct (the linear one) (this notation
also applies to other tables and schemes in this article). “0.25
mol% Pd catalyst. 90.1 mol% Pd catalyst. °2.5 M toluene solution.

/0.8 M toluene solution. 0.1 mol% Pd catalyst. t0.05 mol% Pd

catalyst.

Effect of Temperature and Concentration. Although
the addition proceeded efficiently at 80 °C (Table 1, run
10), it progressed slowly at 60 °C and 70 °C (runs 8 and
9). When the reaction was conducted at elevated temper-
atures 100 °C (run 16) and 120 °C (run 19), the reaction
took place rapidly to produce the adduct in high yields
and selectivity. The reaction also proceeded in a toluene
solution (runs 14 and 15) to give good yields of the ad-
ducts.

Effect of Impurities (H,O and Ph,P(O)OH). During
the course of the study, we occasionally found that the
reaction could become considerably slow with carefully
dried, freshly distilled materials. Since commercially
supplied (MeO),P(O)H wusually contains water, we
thought it might be water that made such a difference.
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This is right. As shown in Table 2, hydrophosphorylation
of 1l-octyne with (MeO),P(O)H wusing either
PdMe,(PPh,Me), or PdMe,(dppp) as a catalyst was af-
fected by water very much. With PdMe,(PPh,Me),, in
the absence of water,”* the reaction gave 46% and 71%
yields of the adducts, respectively, after 5 h and 10 h
(runs 1 and 2). However, the addition of a small amount
of water accelerated the reaction. 3 mol% H,O (run 3)

Table 2. Effect of Water on the Hydrophosphorylation of
1-Octyne with (MeO),P(O)H Catalyzed by PdMe,(PR;),"

3 mol%

R = n-CeHia 31 (c-adduct)  3-1' (B-adduct)
(MeO)zP(O)H [PO)]= P(O)(OMe)2 major product minor product
21
run PR; mol% H,0  time (h) % yield (/)"
1 PPh,Me, no 5 46(87/13)
2 67 °C no 10 71(89/11)
3 3 6 88(94/6)
4 6 6 100(95/5)
5 12 1.5 100(96/4)
6 24 1.5 100(97/3)
7 36 5 38(98/2)
8 10 45(97/3)
9 dppp, no 0.5 62(95/5)
80 °C
10 3 0.5 84(95/5)
11 6 0.5 94(96/4)
12 12 0.5 95(96/4)
13 22 0.5 95(95/5)
14 33 0.5 97(96/4)
15¢ 3 0.5 75(96/4)

“All reactions were similarly conducted in a sealed tube using an
equimolar (MeO),P(O)H and 1-octyne (0.5 mmol) dissolved in
0.5 mL toluene in the presence of 3 mol% palladium catalyst.
®Determined by NMR. “3 mol% Ph,P(O)OH was used.

gave 88% yield of the adducts after 6 h, and 12 mol%
H,O (run 5) gave a quantitative yield of the adducts after
only 1.5 h! However, it was not that the more the water
the higher the yield, because with 36 mol% water (runs 7
and 8), only 45% yield of the adducts was obtained after
10 h. Therefore, a small amount of water accelerates the
reaction, but too much water retards the reaction. Water
also improves the regio-selectivity. This phenomenon
was also observed with PdMey(dppp) (runs 9 to 14).
Ph,P(O)OH could also accelerate the reaction (run 15).

A Large Scale Reaction. By using the optimized reac-
tion conditions, the hydrophosphorylation reaction could
be easily carried out in a relatively large scale. As
demonstrated in Scheme 5, the two starting materials
(200 mmol 1-octyne and 200 mmol (MeO),P(O)H) were
simply mixed together without purification,” and heated
at 100 °C in the presence of a tiny amount of palladium
catalyst (0.05 mol% ~ 0.5 mol%). The corresponding
adducts were obtained in high yields with high regio-

selectivity (97-98% selectivity) (SI). In addition to
PdMe,dppp, the commercially available catalyst precur-
sors Pdy(dba)s;/dppp and Pd(OAc),/dppp also worked
efficiently. Therefore, ca. 40 g of 3-1 could be readily
prepared (eq 4). Similarly, a mixture of phenylacetylene
and (MeO),P(O)H gave the  corresponding
alkenylphos?honate 3-2 in 91% isolated yield (eq 5)
(Caution!).?

Scheme 5. 200 mmol-Scale Reactions for an Aromatic and
an Aliphatic Alkynes

g ||
n-Ceftrs P(OMe), @

= + (MeO),P(O)H W n-CeH1s
11 241
200 mmol 200 mmol 3-1,40429
isolated by distallation (110-113 °C/5 mmHg)
(1) 0.1 mol% PdMe,dppp, 5 h, 98% yield
(2) 0.25 mol% Pd,(dba)3/0.5 mol% dppp, 15 h, 96% yield
(3) 0.05 mol% Pd(OAc),/0.15 mol% dppp, 24 h, 92% yield
0.25 mol% Pdy(dba);
— 4 (eopp(Op 28 mol%d J\ﬁ N
2 toluene, 100 mL Ph P(OMe), )
1-2 21 100°C, 5h

3-2, 38 g (91% yield)
isolated by distallation (84-87 °C/0.05 mmHg)

200 mmol 200 mmol

1.2. Reactivity of Alkynes.

Aliphatic Alkynes vs Aromatic Alkynes. To compare
the reactivity between an aliphatic and an aromatic al-
kyne, a competitive reaction between 1-octyne and phe-
nylacetylene was carried out (Scheme 6). A mixture of

Scheme 6. Reactivity of 1-Octyne vs Phenylacetylene

0.5 mol% Pdy(dba)s
1 mol% dppp

R— + (MeO),P(O)H
0,
11, R=n-CeHqz 2-1 0.5mL tqluene, 100 °C, 3 h P(O)(OMe),
1-2,R = Ph conversion of 2-1: 62% _
31/3-2=1:1.9 3-1,R=n-Cetlis
T 3-2, R=Ph

(MeO),P(O)H (0.5 mmol), 1-octyne (0.25 mmol) and
phenylacetylene (0.25 mmol) in toluene (0.5 mL) was
heated at 100 °C for 3 h in the presence of a palladium
catalyst. The a-adducts 3-1 and 3-2 were generated in a
ratio of 1:1.9. This result indicates that phenylacetylene
reacts faster (ca. twice) than 1-octyne.

Steric effect. As might be expected, a sterically bulky
alkyne might favor the formation of the f-adduct.”® This
is true. Although the above mentioned 1-octyne and
phenylacetylene selectively gave the a-adducts, under
similar conditions, the steric bulky 3,3-dimethyl-1-

butyne gave the adducts in 92% yield with a ratio o/ff =
86/14 (eq 6).

tBu—== 0.5 mol% Pd(dba)z, 1 mol% d +Bu
A © Pa(dba)a, 1 mote dpee " “poyome), ()
(Me0),P(O)H 2 M toluene solution,100 °C,18 ?_Bu/\/P(O)(OMG)z

92% vyield, o/f3= 86/14
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Electronic Effect. The electronic effect on the reactivity
was studied by conducting a competitive reaction of
phenylacetylenes with (MeO),P(O)H (acetylene 0.1
mmol each, (MeO),P(O)H 0.4 mmol, toluene 0.5 mL)
(Scheme 7). All gave the a~adduct selectively, and the
reactivity roughly follows an increasing order of H = Me
<OMe < CF3

Scheme 7. A Competitive Reaction of p-Substituted Phe-
nylacetylenes

(MeO),P(O)H 0.5 mol% Pd,(dba)s

+ 1 mol% dppp R@—(
R = P(0)(OMe),
ratio of products (R/proportion):

an equimolar mixture of alkynes  H/Me/OMe/CF 5 = 1.0/1.0/1.4/2.1
(R =H, Me, OMe and CF3) (ca.50% conversion of (MeO),P(O)H)

toluene, 100 °C, 1 h

1.3. Reactivity of H-phosphonates.
Although no big difference in regio-selectivity (all

gave the a-adduct predominantly), as shown in Table 3,
a strong steric effect was observed for (RO),P(O)H, i.e.

the bulkier the R, the lower the reactivity of (RO),P(O)H.

Competitive reactions of (RO),P(O)H, (R = Me, Et, n-
Bu, i-Pr) and 2-5 with 1-octyne showed that the reactivi-
ty of H-phosphonates followed a decreasing order of 2-
5 > (MeO),P(O)H > (EtO),P(O)H = (n-BuO),P(O)H >
(i-PrO),P(O)H. The difference of (RO),P(O)H in reac-
tivity can be simply attributed to the difference of their
bulkiness, i.e. the smallest 2-5,%” reacted the fastest, and
the most crowded (i-PrO),P(O)H reacted the slowest. In
fact, with a very bulky (AdO),P(O)H (Ad = 1-
adamantyl), no addition took place at all under similar
conditions.

The additions to phenylacetylene and 1-octyne (repre-
sentatives for terminal aromatic alkynes and terminal
aliphatic alkynes, respectively) were summarized in Ta-
ble 4. As to (RO),P(O)H (where R = Me, Et, n-Bu, Bn
and Ph) and the five-membered cyclic 2-5, all could be
used as the substrates to produce the corresponding o-
adducts selectively in high yields.

Table 3. A Competitive Reaction of H-phosphonates: Yield
of 3 vs Time.”

n-CeHiz3—— cat Pd/dppp

(RO)zZ(J(rD)H touene, o°c oS , [PO)

RO =MeO(2-1) EtO(2-2) n-BuO(2-4) i-PrO(2-3)  2-5

2h  34% 7% 7% trace 100%
4 88% 32% 32% trace j:O\P/:O
10h  100%  72% 72% 15% 2?5 "

*Reaction conditions: 0.5 mmol 1-octyne, an equimolar mixture of
(RO),P(O)H (0.1 mmol for each P(O)-H compound), 0.5 mol%

Pd,(dba);, 1 mol% dppp, 0.5 mL toluene-dg, 80 °C. NMR yields
based on (RO),P(O)H.

Table 4. Palladium-Catalyzed Addition of H-phosphonates
to Phenylacetylene and 1-Octyne’

cat Pd/dppp

R—= + (RO),P(O)H
toluene, 100 °C 3 P(O)OR),
run  alkynes P(O)-H product yield (a/p)
1 ph—=—= (MeO),P(O)H 32 90% (97/3)
(EtO),P(OH 3-3  80% (96:4)
3 (n-BuO),P(O)H 34  94% (96:4)
4b (CF3CH,0),P(O)H 3-5  85% (94:6)
5 2-5 36  96% (96:4)
(BnO),P(OH 3.7 70% (99:1)
7¢ (i-PrO),P(O)H 3-8 30% (95/5)
8 1-Octyne (MeO),P(O)H 31 91% (95:5)
9 (EtO),P(O)H 39 90% (96:4)
10 (n-BuO),P(O)H 310  92% (96:4)
110 (CF3CH0),P(O)H 311 87% (90:10)
12 (i-PrO),P(O)H 312 90% (96:4)
13 25 313 95% (95:5)
14 (PhO),P(O)H 314 89% (95:5)

“Reaction conditions: 0.5 mmol H-phosphonate, 0.5 mmol alkyne,
0.5 mol% Pd,(dba);, 1 mol% dppp, 0.5 mL toluene, 100 °C, over-
night. *Pd(PPhs), was used as the catalyst. 1 mmol phenylacety-
lene was added and 50% yield of 5 was produced.

As mentioned above, the bulky (i-PrO),P(O)H is an
exception (vide infra), which only gave 30% yield of 3-8
with phenylacetylene (run 7). However, interestingly,
with 1-octyne, it could produce the corresponding adduct
3-12 in a high yield (run 12). Careful analysis of the
products with phenylacetylene (run 7) revealed that, in
addition to the mono-addition product 3-8, a butadiene 5
was generated in 50% yield (run 7). Although the exact
pathway for the formation of 5 was not clear, a stepwise
path, firstly the generation of an enyne 4 by a head-to-
tail dimerization of phenylacetylene,”® followed by the
addition of (i-PrO),P(O)H to this enyne might account
for its formation (eq 7). In support of this hypothesis, a
separate reaction using enyne 4 did produce 5 regio-
selectively (eq 8).

Ph
" H
ph—= _catPd Ph%( (FPrO)P(O)H w @
dimerization . ph catPd Ph5 P(O)(OPr-i)y

0.5 mol%Pdy(dba);  Ph

Ph—=—-A + (ipro),pOH | MO% dpPP__ MH ®)
Ph

4 toluene, 100 °C oOVOP
overnight Ph (O)(OPr-i)
5, 30% yield

Scheme 8. Hydrophosphorylation vs Dimerization
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5 <P(OH Ph%/( = p—= _POH_

Ph dimerization |
4 Pd

Therefore, there are two competitive reactions: the
dimerization of phenylacetylene and the addition of
P(O)H to phenylacetylene (Scheme 8). With the bulky (i-
PrO),P(O)H, the addition of (i-PrO),P(O)H to phenyla-
cetylene was slow and a considerable amount of phe-
nylacetylene dimerized to generate 4 which eventually
produced 5. The addition of (i-PrO),P(O)H with 1-
octyne could produce the corresponding
alkenylphosphonate in a good yield because the dimeri-
zation of 1-octyne is slow compared to that of phenyla-
cetylene.”

Scheme 9. Palladium-Catalyzed Hydrophosphorylation of
1-Octyne with (CF;CH,0),P(O)H

n-Coftrs™= e "'CeH13_(
+ 1 M toluene P(O)(OCHzCFs)Q

(CF3CH,0),P(O)H  100°C, 15 h 311

cat 2%Pd(OAc), / 3%dppp (or 1%Pd,(dba)s / 1%dppp), trace.

cat 1%Pd,(dba)z / 2% PPh,Me (1%Pd,(dba); / 6% PPh,Me), trace.
cat 1%Pda(dba)s / 3% PPhs, 26% yield (/= 80/20).

cat 1%Pd(dba)s / 6% PPhs, 53% yield (/= 90/10).

cat 1%Pda(dba)s / 8% PPhs, 79% yield (o= 89/11).

cat 1 % Pd(PPha),, 87% vield (a/f= 90/10).

In addition to the above-mentioned steric effect, the
electronic factor also significantly affects the addition.
(CF;CH,0),P(O)H 2-6, is such an example (for discus-
sions, see sections 6.2 and 6.3). As shown in Scheme 9,
(CF;CH,0),P(O)H did not efficiently produce the ad-
ducts using the Pd/dppp catalyst. Another catalyst
Pd/PPh,Me that is effective for the hydrophosphoryla-
tion (Table 1) did not work either. Interestingly, by using
Pd(PPh;),, (CF;CH,0),P(O)H reacted with both phe-
nylacetylene and 1-octyne to produce the corresponding
adducts in 85% and 87% yields, respectively (Table 4,
runs 4 and 11).

1.4. Reactions with Diynes.

Diynes also react similarly to give the adducts. How-
ever, interestingly, they can generate different kinds of
products with different length of the (CH,), linkage (Ta-

ble 5). For example, hepta-1,6-diyne reacted with
(MeO),P(O)H smoothly to afford, not the expected addi-

tion product, but a six-membered cyclic 3-15 in 95%
yield (run 1). With octa-1,7-diyne, the normal addition
product 3-16 was produced in 80% yields and a seven-
membered cyclic product 6 was generated in 15% yield
(run 2). With nona-1,8-diyne, however, the normal hy-
drophosphorylation proceeded smoothly to give the addi-
tion product 3-17 in 91% yield and the expected eight-
membered cyclic product was not detected (run 3). De-
ca-1,9-diyne reacted similarly to produce the correspond-
ing addition product 3-18 in 93% yield (run 4). With
deca-1,5-diyne, a mono-addition product 3-19 was ob-
tained in 83% yield, and no cyclic phosphonates were
detected (run 5).%

Table 5. Palladium-Catalyzed Hydrophosphorylation of
Diynes with (MeQ),P(O)H"

P(0)(OMe),
(MeQ):P(O)H 0.5 mol% Pd,(dba)s/dppe
+ products

diynes toluene, 100 °C, overnight 5 6
run alkynes product yield (a/8)°

R
\ # P(0)(OMe),
n
@ 3-15, 95%(-/-)

1 n=3R=H
2 n=4R=H (MeO)Z(O)PMP(O)(OMe)z 3-16, 80%(91:9)

3 n=5R=H (MeO)z(O)PMP(O)(OMe)z 3-17, 91%(96:4)

4 n=6,R=H (MeO)z(O)PMP(O)(OMe)Z 3-18, 93%(92:8)

5¢ n=2 R=nBu ”'B”\\MJL 3-19, 83%(95:5)
2 P(0)(OMe),

“Reaction conditions: 0.5 mmol (MeO),P(O)H, 0.25 mmol al-
kynes, 0.5 mol% Pd,(dba);, 1 mol% dppp, 0.5 mL toluene, 100 °C,
overnight. “Isolated yield. “15% yield of the cyclized product 6
was produced. “0.25 mmol (MeO),P(O)H was used.

1.5. Scope and Limitations of the Palladium-
Catalyzed Hydrophosphorylation of Alkynes with H-
Phosphonates.
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1

2 Table 6. Palladium-Catalyzed Hydrophosphorylation of Alkynes with Hydrogen Phosphoryl Compounds”

3

4

5 H-phosphonates: o) O

s 0 QJ W T D)
P(0)(OMe), P(O)(OMe),

7 ox POXONe), o o P(O)(OMe),

8 3-20, R = 4-Me, 93% (95/5) 3-35, 89% (92/8) 3-36, 91% (93/7) 3-37, 75% (96/4)° 3-38, 75% (96/4)

2

9 3-21, R = 4-t-Bu, 92% (97/3)

10 3-22, R = 4-OMe, 93% (97/3) R C @_( A\

1 3-23, R = 3-OMe, 90% (96/4) Q F P(O)(OMe) S P(O)(OMe),
P(O)(OMe), @e 2

3-24, R = 2-OMe, 91% (94/6)

12 .
e 3-25, R = 4-OPh, 82% (99/1) : jg 2 2 (H)M9:°/9°23°’( 1;3)/3) 341, 87% (96/4) 3-42, 89% (95/5)
3-26, R = 4-NHj, 70% (99/1) o
14 3-27, R = 4-Ph, 93% (97/3)
15 3-28, R = 4-F, 90% (95/5) %—( NC/_\—( C|/_\—(
16 3-29, R = 4-Cl, 90% (95/5) P(0)(OMe) P(0)(OMe), P(0)(OMe),
17 3-30, R = 3-Cl, 89% (92/8) P(0)(OMe),
8 331, R = 2.C1. 86% (94/6) 3-43, 92% (93/7) 3-44, 92% (86/14) 3-45, 93% (93/7) 3-46, 85% (92/8)
-32 = 4- 0, -_|
ey T N bl
20 -33, R =4-PhCO, 82% P(0)(OCMe)
334, R = 4-NO,, 90% (93/7) P(O)(OMe), P(O)(OMe), z
21 3-47, 82% (95/5) 3-48, 92% (93/7) 3-49, 85% (99/1) 3-50, 91% (99/1)°
;g Ph n-Pr. EtO(0 (Et0),(O)P,
P(O)(OMe),
24 Messi” phj/) n-Prj n- 05H114/2 n-ceHﬂA/?
25 P(0)(OMe), P(0)(OMe), P(0)(OMe), P(0)(OMe),
26 3-51, 78% (-/-) 3-52, 97% (-/-) 3-53, 89%(-/-) 3-54, 94% (91/9)° 3-55, 94% (95/5)°
27 o o)
28 EtO 3-59 (p-), 93% (97/3)
gg ot on_? ph—? P(O)(OMe); 3-60 (m-), 90% (96/4)
P(0)(OMe), P(0)(OMe), P(0)(OMe), P(O)(OMe), 3-61 (0-), 88% (95/5)
g; 3-56, 95% (95/5)° 3-57, 96% (91/9)° 3-58, 95% (60/40)°
33 H-phosphinates: H-secondary phosphine oxides:
gg e oy oENPh ﬁ(O)(OEt)Ph " P(0)(OE)Ph W 74P = POPh: 9T% (77)
P] 3. o
36 3-62, 92% (97/3) 3-63, 76% ()’ 3-64, 95% (94/6) [F13-75, [P] = P(O)(CqH4OMe-p),, 85% (95/5)

3-76, [P] = P(O)(CoHsCFa-p)2, 88% (94/6)
3-77, [P] = P(O)Ph(octyl-n), 90% (96/4)

37 0
58 0 o
H(O)(OEt)Ph P(O)(OEt)Ph =~ _\_(

39 But  P(O)OEtPh ! 378, [P] = P(O)Ph(Bu-1), trace (--)
20 3-65, 95% (95/5) 3-66, 91% (97/3) 3-67, 93% (93/7) | 379, [P] = PO)C.HaPhlp, 92% (67/3)
41 ! 3-80, [P] = P(O)(octyl-n),, 80% (96/4)
P(O)(OEt)Ph !
42 Meysi” X" (O/OF :(_/_\_(P(O)(OEt)PhQ_(P :
(O)(OEH)Ph !
43 . P(O)(OEt)IZ’h \ 5 n-ceHw—( 3-81, [P] = P(O)Ph,, 86% (95/5)
42 3-68, 63% (-/-) 3-69, 85% (93/7) 3-70, 99% (96/4) : [P13.82, [P] = P(O)Ph(octyl-n), 87% (94/6)
Ph !
45 |
)\ < > ( ! Ph Ph
46 W . PhA/g LN Y
S - | . 0
P P(O)(OEt)Ph P(O)(OPr-i)Ph POYOEPh | o=¢@$=o 383, 87% (94/6)
48 3-71, 77% (96/4) 3-72, 90% (96/4) 3-73, 99% (-/-) | Ph Ph
49 ............................................................................ o e emdmmmmee o2

Hypophosphmlc acid:9

o Ph\)L C\/\J\? C'\/\)LQ /\)LQ i ™s_~J
51 n- 06H13 l?_H If’—H t-BUCOz If’—H E’_H \/\E_H
OH OH

52 OH OH OH

53 3-84, 93% (97/3) 3-85, 83% (95/5) 3-86, 81% (95/5) 3-87, 92% (96/4) 3-88,78% (95/5) 3-89, 77% (95/5) 3-90, 65% (95/5)
54

55 “Reaction conditions: For H-phosphonates: 0.5 mmol H-phosphonate, 0.5 mmol alkynes, 0.5 mol% Pd,(dba);, 1 mol% dppp, 0.5 mL tolu-
56 ene, 100 °C, 4 h~overnight; For H-phosphinates and H-phosphine oxides: 0.5 mmol H-phosphonate, 0.5 mmol alkynes, 1 mol% Pd,(dba);,
57 2 mol% dppe, 4 mol% Ph,P(O)OH, 0.5 mL toluene, 100 °C, overnight. For hypophosphinic acid: 10 mmol alkynes, 10 mmol H;PO,, 2
58

59
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mol% Pd(PPhs),, 10 mL THF, room temperature, overnight. %1 mol% Pdy(dba)s;, 2 mol% dppp, 0.5 mL dioanxe. 2 mol% Pd(OAc),, 3
mol% dppp, 0.5 mL dioxane. ¢ 3 equiv (MeO),P(O)H (1.5 mmol) was used. With 1 equiv (MeO),P(O)H, the yield is ca. 51% due to
polymerization of the alkyne. ¢ Ratio of the two regio-isomers. /1 atm acetylene gas. SNMR spectroscopically pure mixture of an H-
alkenylphosphinate with its reduced form in a ratio shown in the parentheses.

To further disclose the scope and limitations of this pal-
ladium-catalyzed hydrophosphorylation reaction, the
reactions of a wide range of alkynes and hydrogen phos-
phonates (RO),P(O)H were conducted (Table 6). A vari-
ety of alkynes, i.e, aromatic and aliphatic, terminal and
internal, electron-rich and electron-poor, all were readily
hydrophosphorylated to produce the corresponding
alkenylphosphonates in high yields with high chemo-
and stereo-selectivity. The reaction features wide toler-
ance to a broad range of functional groups (i.e. the labile
carbonyl, cyano, hydroxyl, halogens, free amine, anhy-
dride and even NO, groups). Alkenylphosphonates of
ferrocene and thiophene derivatives could also be pre-
pared in high yields.

Scheme 10. Regio-Selectivity of the Pd-Catalyzed Addition
of (RO),P(O)H to Alkynes Follows the Markovnikov's
Rule

EDG— — J\

—_— — X P(O)(OR
EDG” “P(O)OR), EWG EWG™ X~ (0)(OR)2

P(O)(OR
EWG— EDG—»EWG«( (O)OR TMS—= —TMs~ P(O)(OR),
EDG

EDG = an elecron donating group; EWG = an elecron withdrawing group

As judged from the trans-adducts with internal al-
kynes, this metal-catalyzed addition of a P(O)-H bond to
the triple bond took place via syn addition to give the
trans-adducts. As to the regio-selectivity, the addition
well follows the Markovnikov's rule to give the corre-
sponding adducts selectively (Scheme 10). Therefore, a
terminal alkyne with an electron donating group (EDG)
produces the branched adduct while that with an elec-
tron withdrawing group (EWG) produces the linear one.
For an internal alkyne having one electron-donating
group and one electron-withdrawing group, the phos-
phoryl group selectively bonds to the same carbon with
the EDG. For trimethylsilylacetylene, the phosphoryl
igr(})&lp selectively bonds to the terminal carbon selective-
y.

——9 N N X
= (,35 XX_NBu, X__oc(o)Et \(\
OH

Figure 1. Alkynes not applicable to the reaction.

However, limitations do exist with alkynes (Figure 1).
For example, 1-(ethynylsulfonyl)-4-methylbenzene did
not produce the corresponding adduct because of the
decomposition of the substrate under the present condi-

tions. A few propargyl alkynes as shown in Figure 1
could not be hydrophosphorylated either.

2. Palladium-Catalyzed Hydrophosphorylation of
Alkynes with H-Phosphinates R’(RO)P(O)H.’’

H-phosphinates (RO)R’P(O)H can also add to al-
kynes catalyzed by a palladium catalyst. However, inter-
estingly, the best catalyst for their addition is different
from that of H-phosphonates, despite the structure's sim-
ilarity. In order to elucidate the regio- and stereo-
selectivity of the addition of hydrogen phosphinates to
alkynes, as a model reaction, we first investigated the
addition of Ph(EtO)P(O)H 2-7 to 1-octyne (Table 7).
None of the palladium catalysts tested was able to afford
the corresponding adducts in satisfactory yields and se-
lectivity. Thus, the common Pd(PPhs), only gave a trace
amount of the product. Me,Pd(PPhs),, Me,Pd(PPh,Me),
and Me,Pd(PPhMe,), could produce the adduct 3-62 in
moderate yields. However, the selectivity was not satis-
factory. Palladium complexes with a more basic phos-
phine PEt; and PMe; did not catalyze the addition satis-
factorily. Remarkably, when a combination of
Me,Pd(PPhMe), and Ph,P(O)OH was employed, an
excellent yield of the a-adduct 3-62 was obtained with a
high regio-selectivity. A combination of 1 mol%
Pd,(dba);, 2 mol% dppe and 4 mol% Ph,P(O)OH, could
also give a good result (run 8).

As shown in Table 6, the reaction with Ph(EtO)P(O)H
has a wide generality, and the Markovnikov adduct was
generated selectively. Thus, with the exception of trime-
thylsilylacetylene which gave the S-trans adduct 3-68
selectively, both aliphatic and aromatic terminal alkynes
tested all reacted efficiently, affording the a-adducts
selectively. In addition, a variety of functionalities such
as chloro (3-65), cyano (3-64), ester (3-67), silyl (3-68),
alkenyl (3-66), and thienyl (3-71) groups were well tol-
erant. Two P(O) groups were also easily introduced into
nona-1,8-diyne (3-69). Though prolonged heating was
needed compared with terminal alkynes, an internal al-
kyne like tolane could also be successfully hydrophos-
phorylated, producing the corresponding trans-adduct
selectively (3-73). Acetylene gas was also hydrophos-
phorylated to give the corresponding vinylphosphinate
3-63 in 76% yield.
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Table 7. Pd-Mediated Addition of Ph(EtO)P(O)H to 1-
Octyne’

n-C6H13 P(O)(OEt)Ph
3-62 (x-adduct)

n-CeH1a~cp o) 0EPA
3-62' (#-adduct)

1-Octyne cat 5 mol%
+

Ph(EtO)P(O)H 70°C,Sh

run catalyst yield (a/ ﬂ)b

1 Pd(PPhs), trace

2 Me,Pd(PPhs), 50% (66/34)
3 Me,Pd(PPh,Me), 52% (69/31)
4 Me,Pd(PPhMe,), 71% (72/28)
5 Me,Pd(PEts3), trace

6 Me,Pd(PMe3), trace

7 Me,Pd(PPhMe,), 10% Ph,PO,H  100% (96/4)

SC sz(dba)3+dppe, 4% thPOzH
g¢  Pdy(dba)s+dppp, 4% Ph,PO,H

90% (96/4)
71% (94/6)

“Condition: 0.5 mmol 1-octyne, 0.5 mmol Ph(EtO)P(O)H, 5
mol% catalyst and 0.5 mL toluene, 70 °C, 5 h. “The yield and
ratio were based on *'P NMR spectra. 1 mol% Pd,(dba); (Pd/P =
1/2), 100 °C, overnight.

3. Palladium-Catalyzed Hydrophosphorylation of
Alkynes with Secondary Phosphine Oxide
R RP(O)H.**

Table 8. The Addition of Ph,P(O)H to Phenylacetylene

Catalyzed by Palladium®
PhJJ\ P(O)Ph,

cat Pdy(dba)s/PhoPOsH  3.74 (a-adduct)

0 ight Ph
Ph,P(O)H toluene, 100 °C, overnight \/\P(O)th
3-74' (B-adduct)

Ph——=

run ligand yield (a/p)
1 dppe 91% (97:3)
2 dppp 66% (91:9)
3 dppb 54% (93:7)
4 dppm 46% (95:5)
5 PhsP 48% (95:5)
6 Ph,PMe 56% (96:4)
7 PhPMe, 62% (99:1)
8 dppf 36% (95:5)

“Condition: 0.5 mmol phenylacetylene, 0.5 mmol diphe-
nylphosphine oxide, 1 mol% Pd,(dab);, ligand (Pd/P = 1:2), 4
mol% Ph,P(O)OH and 0.5 mL toluene were mixed, 100 °C, over-
night.

Addition of Ph,P(O)H 2-8 to terminal alkynes cata-
lyzed by Mede(PPhMe)z/thPﬂO)OH selectively af-
forded the Markovnikov adducts.'**** In order to gener-
alize this reaction, a screening on the catalyst was car-
ried out (Table 8). The addition proceeded smoothly to
give the corresponding Markovnikov adduct using dppe
as the ligand (run 1).

The results compiled in Table 6 showed that, in gen-
eral, H-phosphine oxides could add to the alkynes
chemo- and regio-selectively. With 1,4-
bis(phenylphosphoryl)benzene, the corresponding ad-
duct 3-83 was obtained in 87% yield. 1-Octyne also
gave the alkenylphosphoryl oxides in high yields selec-
tively (3-81, 3-82). However, a bulky tert-
butylphenylphosphine oxide only gave a trace amount of
the adduct (3-78).

4. Palladium-Catalyzed Hydrophosphorylation of
Alkynes with Hypophosphinic Acid HzP(O)(OH).z'4

The addition of hypophosphinic acid 2-9 to alkynes
could also take place in the presence of a proper palladi-
um catalyst. As shown in Table 9, Pd(OAc), was re-
duced to the metallic palladium black and no addition
products were detected (run 1). No addition took place
either with Pd,(dba); or Pd(PCys), (runs 2-3). Interest-
ingly, however, the addition took place when
Me,Pd(PPh;), was used as the catalyst, and 75% yield of
3-84 was generated after 24 h (runs 4-6). A small
amount of 9 (3-84/9 > 95/5) via the reduction of 3-84
with H;PO, was also detected.” Surprisingly, a similar
addition did not occur with other palladium complexes
(runs 7-9). Phosphine ligands PPh,R (R = Me, cyclo-
hexanyl) were also effective for this reaction (runs 10-
13). As to the bidentate ligand dppp, which is effective
for the addition of (MeO),P(O)H as described above,
only gave a low yield of the product (run 14). On the
other hand, dppf gave a quantitative yield of the adduct
(run 21). Interestingly, an excess amount of 1-octyne
slowed down the reaction (run 22), and only a low yield
of the adduct was obtained with a dried H3;PO, (run 23).
The common Pd(PPh;), or a combination of Pd(OAc),
(or Pdy(dba);) with PPh; also well catalyzed this addi-
tion (runs 24-31). With 2 mol% Pd(PPhs),, 95% yield of
the adduct could be obtained (run 33).
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Table 9. The Addition of Hypophosphinic Acid to 1-Octyne
Catalyzed by Palladium

30% HsPO, 5 mol% cat 0 o)
2 mmol - . P—H ||:| -
nCeHyy—= THF8ML,25°C n-CeHlrg OH | n-Cefhrs OH
1 mmol 3-84 9

run cat time NMR yield (3-84/9)
1 Pd(OAc), 3h none

2 Pd,(dba); 3h none

3 Pd(PCys), 24 h none

4 Me,Pd(PPhs), 3h 3%

5 6h 41%

6 24h 75% (92/8)
7 Me,Pd[P(0-Me-CgHy)ol, 24 h none

8 Me,Pd[P(1-naphthyl),], 24 h none

9 Me,Pd(binap), 24h none

10 Me,Pd(PPh,Me), 3h 39%

11 7h 50%

12 24h 69% (94/6)
13 Me,Pd(PPh,Cy), 24h 55% (95/5)
14  MeyPd(PhyP(CH)3PPhy) 24 h <10%

15 Me,Pd(Ph,P(CH,)4PPhy) 3 h 3%

16 24h 80% (90/10)
17 MeyPd(Ph,P(CH,)sPPhy) 3 h 47%

18 24h 95% (94/6)
19 Me,Pd(dppf) 3h 64%

20 7h 95%

21 24h 100% (99/1)
222 Me,Pd(dppf) 3h 18%

230 Me,Pd(dppf) 24h 60% (98/2)
24° Pd(PPh,), 3h 48%

25¢ 6h 61%

26° 20h 91% (94/6)
27 Pd(OAc)./4 PPhy 3h 47%

28 6h 66%

29 24h 95% (95/5)
30 Pd,(dba)/4 PPh; 3h 36%

31 24h 83% (94/6)
329 Pd(PPhj), 3h 51%

33¢6d 18 h 95% (97/3)

“Molar ratio: alkyne/P(O)H = 2.5/1. *Dry H;PO,. “Molar ratio:
alkyne/P(O)H = 1/1. “2 mol% Pd catalyst, IM solution.

The results compiled in Table 6 showed that the addi-
tion of hypophosphinic acid to alkynes was a general
reaction. Under the conditions of run 33, both aromatic
and aliphatic alkynes could be hydrophosphorylated by
hypophosphinic acid, producing the corresponding H-
alkenylphosphinic acids in good yields with high regio-
selectivity.

As described in SI, a very pure H-alkenylphosphinic
acid is difficult to isolate by conventional SiO,-column
chromatography techniques because of the presence of
the P(O)(OH) unit. However, as shown in Scheme 11,
because of the high efficiency of the reaction, NMR

spectroscopically pure H-alkenylphosphinic acid could
be generated easily.

Scheme 11. Hydrophosphorylation of Phenylacetylene with
H,P(0O)(OH) at 10 mmol Scale and Its Purification

HsPO, 2 mol% Pd(PPh3), ¢
10 mmol (30% in water) water
+ 10 mL THF, 25°C 1 M KOH (15 mL) solution
Ph—= overnight washed with
10 mmol EtOAc (30 mL)
Q
P-H
4 M HCI (5 mL), extracted with PH  OH
EtOAc (30 mL X 2) 3-89

77% yield (1.365 g, ca. 95% purity)

5. Hydrogen Phosphoryl Compounds not Applicable
to the Reaction.

As described above, in addition to the esters of H-
phosphonates, H-phosphinates, and secondary phos-
phine oxides, hypophosphinic acid could be used as the
hydrogen phosphoryl compounds in the palladium-
catalyzed addition of P(O)-H bonds to alkynes to pro-
duce the corresponding alkenylphsophorus compounds
efficiently. However, a hydrogen phosphoryl compound
bearing a free OH group (with the exception of H;PO,),
i.e. phosphonic acid and phosphinic acids, could not be
used in the reaction and no addition products were pro-
duced under similar conditions. (Figure 2. See 6.7 for
discussions).

Applicable : Not applicable
9 9 i I I
RO-P-H R-P-H 1 RO-P-H HO-P-H
OR R 1 OH OH

phosphonic acid and it's mono-esters
R-P-H HO-P—H R-P-H

OR H OH
H-phosphinates hypophosphinic acid | pophosphinic acids

Figure 2. Hydrogen Phosphoryl Compounds Applicable and not
Applicable to the Pd-Catalyzed Hydrophosphorylation of Al-
kynes.

6. Mechanistic Insights.

6.1. Reactions Associated with Me,Pd(PR;), in the
Catalytic Reactions.

As reported earlier, a dimethylpalladium complex cis-
Mede(PthMe)223 was initially used as a catalyst for
the addition of (MeO),P(O)H to alkynes.'® However,
details about how this divalent Pd(II) complex catalyzed
the addition were not known. To clarify the mechanism,
several stoichiometric reactions were conducted. cis-
Me,Pd(PPh,Me), 10-1 (117.6 mg, 0.219 mmol) and
(MeO),P(O)H 2-1 (0.482 mmol) were dissolved in tolu-
ene (1.5 mL) at room temperature to give a transparent
solution (Scheme 12). White solids gradually precipitat-
ed out from the solution which was determined to be the
trans-[(MeO),P(0)],Pd(PPh,Me), 12-1 (129 mg, 81%
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isolated  yield).”®  Although a pure  mono-
methylpalladium complex 11-1 was not isolated, as de-
scribed below, the formation of complex 12-1 was con-
sidered to take place through a stepwise protonolysis of
ClS-MCde(PthMC)z with (MGO)QP(O)H

Scheme 12. Reactions of Dimethylpalladium Complexes
with P(O)-H Compounds

P(O)(OMe, P(O)(OMe),
“("" (MeQ),P(O)H | (O)XOMe), (MeO),P(O)H \
L—Pd—Me — LfP‘de ——— L—Fd—L
I‘. Me P(O)(OMe),
10-1, L = PPh,Me 11-1, L = PPh,Me 12-1, L = PPh;Me
10-2, L = PEts 11-2, L = PEt, 12-2, L = PEty

By using a more stable cis-Me,Pd(PEt;), 10-2,23 the
stepwise protonolysis process could be confirmed clearly.
Thus, at room temperature, (MeO),P(O)H (0.267 mmol)
was added to the solution of cis-Me,Pd(PEt;), (0.089
mmol) in C¢Dg (0.5 mL). Gas evolution was observed
immediately. A new signal assigned to 11-2 emerged at &
93.9 (P(0), ¢, Jpp = 50.0 Hz, 1P) and & 21.0 (Et;P, d, Jpp
=50.0 Hz, 2P) in *'P NMR spectroscopy. As estimated
from *'P NMR spectroscopy, the ratio of 11-2 vs cis-
Me,Pd(PEt;), was 58/42 and 10/90 after 1.5 h and 3.5 h,
respectively. The mono-methylpalladium complex 11-2
was rather stable under the current conditions, i.e. no
thermal decomposition of 11-2 to MeP(O)(OMe), was
observed, and further protonolysis of 11-2 with
(MeO),P(O)H to form 12-2 (P(O), 81.0 ppm) was also
negligible. However, further protonolysis of 11-2 with
(MeO),P(O)H did take place at a slightly elevated tem-
perature. Thus, heating the solution at 60 °C for 3.5 h
resulted in a complete disappearance of 11-2 and a quan-
titative formation of 12-2 (95% isolated yield).

A separate experiment confirmed that the addition of
free PEt; did not retard the protonolysis. However, inter-
estingly, the two configuration isomers of Me,Pd(PEt;),
showed different reactivity towards (MeO),P(O)H, i.e
trans-Me,Pd(PEt;), was more reactive than the cis-
Me,Pd(PEt;), complex. For example, monitoring the
reaction of Me,Pd(PEt;), (cis/trans = 37/63, 33 mg,
0.089 mmol) with (MeO),P(O)H (3 equiv) in C¢Dg (0.5
mL) by *'P NMR spectroscopy showed that the trans-
Me,Pd(PEt;), complex completely disappeared within 1
h and ca. 15% of cis-Me,Pd(PEt;), remained.”’

More interestingly, the above reaction was considera-
bly accelerated by a trace amount of water. Thus, two
reactions of cis-Me,Pd(PEt;), (0.0693 mmol) with
(MeO),P(O)H (2.2 equiv) in C¢Dg (0.4 mL) were carried
out at room temperature, one had additional H,O (1.0
pL) and the other had not. The reaction of cis-
Me,Pd(PEt;), with water was completely consumed to
give the corresponding palladium complexes, while 36%
of cis-Me,Pd(PEt;), remained without additional water
after 80 minutes. This was consistent with the result in
the catalytic reaction that a trace amount of water accel-

erated the Me,Pd(PPhyMe),-catalyzed addition of
(MeO),P(O)H to l-octyne (see section 1.1. Effect of
impurities).

Complexes 12-1 and 12-2 are rather thermally stable
since no decomposition was observed after heating their
benzene solution at 80 °C for 5 h. Interestingly, however,
they readily reacted with phenylacetylene (1 equiv) at
room temperature via ligand exchange to liberate
(MeO),P(O)H (Scheme 13). This reaction seems re-
versible since the four chemicals were present in the
mixture even after 24 h and no further formation of 13
was observed when the ratio of 12/13 reached ca. 1/1.
Upon heating the mixture (50-67 °C), however, all these
chemicals disappeared and a new complex 14-1 was
formed quantitatively. With PEt;, however, no corre-
sponding olefin-coordinated complex could be detected
under the current conditions.

No further reaction of complex 14-1 with an addition-
al (MeO),P(O)H (10 equiv) was observed at 67 °C.
However, as phenylacetylene (10 equiv) was subse-
quently added, the addition of (MeO),P(O)H to phe-
nylacetylene took place to produce the adduct 3-2 in
88% yield after 3 h. As confirmed by NMR spectroscopy,
complex 14-1 was also clearly observed in the mixture
after the reaction.

Scheme 13. The Role of Bisphosphorylpalladium Com-
plexes in the Hydrophosphorylation

(MeO),P(O)H
+
P(0)(OMe), L Ph  P(0)(OMe),
| Ph—= —
L—Pd—L & — 1 — |
| 2s0c  Ph= PdTPOIOMe); 50°C, 4h (MeO),(OF pqL,
P(O)(OMe), L 67°C,3h
12-1, L = PPh,Me 1341, L= PPh,Me 1441, L = PPh,Me
12-2, L = PEt; 13-2, L = PEt3 no reaction with L = PEt;
Ph—= (10 equiv.)
(MeO),P(O)H (10 equiv.) J\
—————— Ph” “P(O)OMe),
67°C, 3h 32

88% yield (92% selectivity)

These results suggested that dimethylpalladium com-
plex 10-1 only served as a catalyst precursor, which
should change to zero-valent Pd(0) species through
therm-decomposition of 10-1 ** and/or a series of reac-
tions as described above. These zero-valent Pd(0) acted
as the catalyst for the hydrophosphorylation reaction.

6.2. The Reaction of (RO),P(O)H with Pd(PEt;), and
Phenylacetylene: H-Pd Addition vs P(O)-Pd Addition
& the Acetylene Path vs the H-Pd Path.

Oxidative addition of (RO),P(O)H to Pd(PEt;), could
generate the corresponding Pd-H species (Scheme 14).
However, the Pd-H complex is rather unstable and de-
composes easily at room temperature. For example, ad-
dition of (MeO),P(O)H (0.2 mmol) to Pd(PEt;), (0.1
mmol) in C¢Dg (0.5 mL) at room temperature could pro-
duce Pd-H in ca. 60% yield with a trace amount of the
further reaction product P(O)-Pd-P(O) 12-2 in 15 min.
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However, this Pd-H complex was not stable and further
reacted with (MeO),P(O)H to give the bisphosphor-
ylpalladium complex 12-2 in 55% yield after 2 h. The
more reactive five-membered P(O)-H compound pro-
duced the bisphosphorylpalladium complex predomi-
nantly and only a trace amount of Pd-H species could be
detected from the reaction.

Scheme 14. The Reactions of P(O)-H Compounds with
Pd(0) Complex

Pd(PEts)4 PEty PEts

+ oD 25 o¢ HPd-P(0)(OR); —— (R0),(0)P-Pd-P(0)(OR),
(RORP(O)H CePe 257°C gy H PEt,
15 12

(MeO),P(O)H 15min  60% (15-1)  trace (12-2)

o 2h  45%(15-1)  55% (12-2)

x O,\P(O)H 15min  trace (15-2)  >95% (12-3)
When (EtO),P(O)H (0.05 mmol) was added to a mix-
ture of Pd(PEt;),4 (0.05 mmol) and phenylacetylene (0.05
mmol) in Cg¢Dg, the color of the solution fgradually
turned from yellow to colorless. After 1 h, 'H NMR
showed that, while most of (EtO),P(O)H remained unre-
acted, the free phenylacetylene almost disappeared be-
cause of its coordination to Pd(PEt;);. Only a trace
amount of Pd-H was detected (eq 9). Gradually, two
characteristic vinyl proton signals at 6.50 ppm (d, J p.y =
30.4 Hz), 5.17 ppm (d, J p.y = 15.2 Hz), and two new
phosphorus signals at 88.67 ppm (t, P(O), J pp = 51.5
Hz), 13.99 (d, PEt;, J pp = 51.5 Hz) appeared, which, as
described later, were due to a Vi-
nyl(phosphoryl)palladium complex 16-2.%° The starting
materials disappeared after 30 h. Removal of the vola-
tiles in vacuo gave 16-2 as a colorless oil (Table 10, run

2).
Pd(PEts)4
+ — PEty

‘ . Ph _PEt,
H-Pd-P(0)(OEt), _Pd
! EtsP

Pd. \
05 h EtsP PEt; PEt3 P(0)(OEt),
predominantly trace 16-2

P
(EtORP(O)H ™ 55 00 [
+

Ph——=

©)

The above experiment in eq 9 revealed two facts re-
garding the reactivity and the selectivity of the palladium
complexes: (1) formally, hydropalladation (H-Pd addi-
tion to the alkyne), rather than phosphorylpalladation
(P(O)-Pd addition to the alkyne) took place, (2) hy-
dropalladation took place predominantly with Pd moiety
bond to the internal carbon of phenylacetylene.

As shown in Table 10, the reaction of phenylacetylene
(0.05 mmol), H-phosphonate (0.05 mmol) and Pd(PEt;)4
(0.05 mmol) in C4Dg (0.5 mL) at room temperature was
followed by NMR. Both steric and electronic factors of
the substituent RO significantly affected this reaction: a
H-phosphonate with an electron-withdrawing group re-
acts faster, while that with a steric bulky substituent re-
acts slower. For example, with (CF;CH,0),P(O)H, the
reaction almost completed within 4 hours (run 3). On the

other hand, with (i-PrO),P(O)H, the reaction required
more than 4 days (run 4).

Table 10. Generation of Alkenylpalladiums from Phenyla-
cetylene, Pd(PEt;), and H-phosphonates

hydropalladation %
Ph—== + Pd(PEts); + (RO),P(O)H L roPaNa0ation  Ph—X _pEt,
CeDe, 25 °C EtSP/Pq
11 2 16 P(O)(©OR)2
run P(O)-H product, yield/time
1 2-1, (MeO),P(O)H 16-1, 50%/4 h, 95%/20 h
2 2-2, (EtO),P(O)H 16-2, 15%/4 h, 70%/20 h, 93%/30 h
3 2-6, (CF3CH20)2.P(O)H  16-3, 92%/4 h
4 2-3, (i-PrO),P(O)H 16-4, 6%/4 h, 26%/20 h, 67%/4 days

These reactions with (RO),P(O)H very much resem-
bled that of carboxylic acids, that proceeds via the al-
kyne path (path a) rather than the hydride path (path b),
to give the palladium complex with Pd attached to the
internal carbon of the alkyne.*” We assume that
(RO),P(O)H might similarly react via the alkyne path
(patgl0 a) to produce the palladium complex (Scheme
15).

Scheme 15. Hydropalladation Paths of Alkynes with H-
phosphonates.

path a: the alkyne path
P,

Ph—== ©)y
Pd(0) N

— ||co {Ph

! —_— Ph)L

Pd(0) H—Pd—P(O) hy

= 16
/
P(O)H || X Phﬁ

H-Pd-P(O) ————12-3
P(O)H
path b: the H-Pd path

Pd—P(0)

co = coordination; ox = oxidative addition; hy = hydropalladation; P(O)H = (EtO),P(O)H

6.3. Reductive Elimination of Alkenyl(phosphoryl)-
palladium Complexes.

Complexes 16 are the first successfully isolated, struc-
turally unambiguously determined
(alkenyl)(phosphoryl)palladium complexes from the
hydropalladation of alkynes. As described below, their
isolation provides important clues to the catalytic cycle.

As shown in Table 11, although stable at room tem-
perature, reductive elimination of complex 16-2 did take
place at an elevated temperature (100 °C, 6 h), to gener-
ate the corresponding alkenylphosphonate that was iso-
lated as an olefin-Pd(0) complex 17-2.

Compared with the hydropalladation reactions of al-
kynes (see 6.2), where a significant steric effect was ob-
served, the steric influence seems small with the reduc-
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tive elimination since MeO and i-PrO all gave similar
results (runs 1 and 4). However, a big electronic effect
was observed.”" Thus, with CF;CH,0, the reductive
elimination was slow compared to other RO groups (run
3).

Table 11. Reductive Elimination of Alkenyl(phosphory-
I)palladium Complexes.”

Ph% _PEt, reduct/ve elimination
d”

EP” ooyor), O O 10°C R0, PEts
16 17
run RO time isolated yield
1 MeO 6h 171, 71%
2 EtO 6h 17-2, 78%
3 CF4CH,0 (6)15h  17-3, (49) 80%
4 i-PrO 6h 17-4, 72%

“Reaction conditions: 0.05 mmol complex 16 in 0.5 mL dry and
degassed C¢Dg was heated at 100 °C until the starting material
was consumed, the reaction process was monitored by 'H/A'P
NMR spectroscopies.

These results showed that the reductive elimination
was slower and more difficult than the hydropalladation.
Therefore, it is assumed that the reductive elimination
step perhaps should be the rate-determining step in the
palladium-catalyzed hydrophosphorylations.”*'

6.4. Reactions with Hydrogen Phosphinate
Ph(EtO)P(O)H and H-phosphine Oxide Ph,P(O)H.

Very interestingly, the reaction is highly structure-
sensitive with a P(O)-H compound, and the three com-
pounds, ie. H-phosphonates (RO),P(O)H, H-
phosphinates Ph(RO)P(O)H and H-phosphine oxide
Ph,P(O)H, showed quite different behaviors under simi-
lar conditions.

Ph

Ph hydro ph—( reductive L Ph . r
palladation elimination || ~Pd L+ [TPOL (10)
PdL palladation | 4
[ (@)\\ig o) [P(O)] [P(O)]
Ph(EtO)P(O)H
16-5(16-5") 17-5 17-5'

L = PEt3; [P(O)]H = Ph(EtO)P(O)H

H-phosphinate Ph(EtO)P(O)H 2-7 gradually reacted
at room temperature. However, being different from
(RO),P(O)H, a mixture of
alkenyl(phosphoryl)palladiums complexes 16-5 and 16-
5' were generated. In addition, these complexes were
not stable at room temperature which decomposed slow-
ly via reductive elimination to give a mixture of the cor-
responding olefin-palladium(0) complexes 17-5 and 17-
5' (eq 10). With a cyclic H-phosphinate 2-10, the
alkenyl(phosphoryl)palladiums 16-6 (16-6') (generated
in ca. 3:2 ratio) are stable (eq 11), and was successfully
isolated and characterized (Table 13).

o PEtg Ph
5% Ph P/d » ZPEtS
P-O 1)
+ CPd-
CeDor Tt -pLo 1
ol O Y50 "

2-10 16-6 16-6'

With Ph,P(O)H 2-8, the corresponding alkenylpalla-
diums quickly decomposed to 17-6 (17-6') at room tem-
perature. Thus, only a trace amount of 16-7 (16-7")
could be detected by NMR from the reaction where the
reductive elimination products 17-6 (17-6') (17-6/17-6’
= ca. 1:4) were generated predominantly (eq 12). When
Ph,P(O)H with a trace amount of Ph,P(O)OH (ca. 5
mol%) was used, a mixture of 17-6 (17-6'") with a ratio
0f 17-6/17-6 = ca. 11.5:1 was obtained (for the effect of
Ph,P(O)OH, see 6.6).

Ph——= reductive L Ph L
hydro- Ph /2 /
pdl, palladation L< elimination f—pd_ + l P (12)
=,
+ CeDg, r't. [P(O)] |_/ [P(O)] [P(0)]
Ph,P(O)H PlO)
L = PEt; 16-7(16-7"), trace 17-6 17-6'

[P(O)]H = Ph,P(O)H

Therefore, the reductive elimination of complexes 16
follows an increasing order of (RO),P(O) < (RO)PhP(O)
<Ph,P(O) (eq 13).

Ph% _PEt,  reductive elimination F’h‘(\P(j’PE"3

Et.p” \ Z41Z,P(0) PEts (13)
' PO)Z4Z,

16 17
Stability of 16: (RO),P(0) > (RO)PhP(Q) > Ph,P(0)

6.5. An Explanation for the Difference in Reactivity
between (RO),P(O)H, Ph(EtO)P(O)H and Ph,P(O)H.

Both electronic and steric factors affect the reactivity
of the P(O)-H compounds. Consequently, the observed
different behavior of the three kinds of P(O)-H com-
pounds ((RO),P(O)H, Ph(EtO)P(O)H and Ph,P(O)H)
reflect the results of the two factors. The formation of
the Markovnikov intermediate 16 is more electronically
favored, while the formation of the anti-Markovnikov
intermediate 16 is more sterically favored. Considering
that a carboxyl acid RCO,H can ?redominantly generate
the Markovnikov intermediate,” and the acidity of
P(O)H compounds follows a decreasing order of
(RO),P(O)H > Ph(EtO)P(O)H > Ph,P(O)H,* we as-
sume that, the more acidic (RO),P(O)H might react, like
RCO,H, to predominantly give 16, while steric factors
weighted more with the less acidic Ph(OEt)P(O)H and
Ph,P(O)H which, consequently, gave a mixture of 16
and 16’ (Scheme 16).
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Scheme 16. “Acidity” Formally Determines the regio-
Selectivity of the Hydropalladation
__ POMH R R
R—— - 5 + —
‘ "hydropalladation” Pd—P(0) Pd—P(0)

Markovnikov anti-Markovnikov
Electronically favored  Stereically favored

16 16"
(RCO,H)
(RO),P(O)H

Ph(EtO)P(O)H

more acidic
More favored
less favored

Ph,P(O)H

6.6. The Role of a Br¢nsted Acid.

The addition of a trace amount of phosphinic acid
Ph,P(O)OH could significantly enhance the reactivity
and reverse the regio-selectivity of the palladium-
catalyzed addition of Ph,P(O)H with a terminal alkyne."”
However, the role of Ph,P(O)OH was not understood.

6.6.1. Regio- and Stereo-selective Hydropalladition of
an Alkyne with Ph,P(O)OH.

Diphenylacetylene and phenylacetylene could be easi-
ly hydropalladated with the combination of carboxylic
acid and Pd(PEt;),.*" The reaction took place stereo-
selectively to produce the alkenylpalladium complexes
in high yields (Scheme 17). With an aliphatic alkyne 1-
octyne, the reaction also occurred to give the branched
palladium complex regio-selectively in a high yield.
Bronsted acids (acetic acid and Ph,P(O)OH as described
below) were more reactive than P(O)-H compounds in
the hydropalladation of alkyne.

With Ph,P(O)OH, a similar hydropalladation took
place. Thus, as demonstrated in Table 12, diphenylacety-
lene was quickly hydropalladated generating the corre-
sponding cis-alkenylpalladium complexes 18-4 at room
temperature in 96% yield (run 1). With phenylacetylene,
a Markovnikov-adduct alkenylpalladium complex 18-5
was readily generated regio-selectively (run 2). The
structure of 18-5 was unambiguously confirmed by the
X-ray analysis.”® Similarly, diphenylphosphoric acid
(PhO),P(O)OH also selectively gave the branched
alkenylpalladium 18-6 in 85% yield (run 3). In addition,
Ni(PEt;)4 was as reactive as Pd(PEt;), to afford the cor-
responding branched alkenylnickel complex 18-7 in
90% yield (run 4).

Scheme 17. Hydropalladation of Alkynes with the Combi-
nation of Pd(0) Complex and Carboxylic Acids

R' R
— PEt3
— '+ Pd(PEt + AcOH —————> /
R R (PEtg)4 25°C 2 h Pd,
] Etp” OAc
R =R'=Ph, 18-1, 90%;
R =Ph, R'=H, 18-2, 80%
R =n-CgH43, R'= H, 18-3, 92%

As to the reactivity of an alkyne, an aromatic alkyne is
more reactive than an aliphatic alkyne. For example, the
reaction of an equimolar mixture of phenylacetylene
(0.05 mmol) and 1-octyne (0.05 mmol) with Pd(PEt;),
(0.05 mmol) and acetic acid (0.1 mmol) in toluene-dg
(0.5 mL) at room temperature, completed within one
hour to generate 18-2 and 18-3 in the ratio of 5.5:1 (eq
14).

Table 12. Hydrometalation of Alkynes with a Combination
of M(PEt;), and P(O)(OH) Acid*

Ph
Ph—=——R+ M(PEt3); + Acid —————> \:< /F,Et3
25°C, 2h Pd,
EtsP7 X
1 18
run Ph—==—R  M(PEt3)4; acid isolated yield
Ph—==—Ph Pd(PEt3)s Ph,P(O)OH 18-4, 96%>
2 Ph—=—H Ph,P(O)OH 18-, 82% (X-ra
2 ) (X-ray)
3 (PhO),P(O)OH 18-6, 85%
4 Ni(PEt)s PhP(O)OH  18-7,90%

“Reaction conditions: 0.05 mmol alkynes, 0.05 mmol M(PEt;),,
0.05 mmol acid and 0.5 mL C¢D¢ were mixed in the glove box at
room temperature, 2 hours. The complex was isolated by recrys-
tallization from hexane-toluene at -30 °C (if solid). *The com-
plexes were colorless oil.

1-Octyne
+ AcOH Ph% PEt; n-C6H134( PEt
P = e ssoonr mefh PAT (1)
+ toluene, 25 °C,1 Et;P EtsP
PA(PEty)s OAc OAc
18-2 18-3
55 : 1

6.6.2. Rapid Ligand-Exchange.

At room temperature, these alkenylpalladium com-
plexes 18 react with P(O)-H compounds (H-
phosphonates, H-phosphinates and H-phosphine oxides)
quickly to give the corresponding
alkenyl(phosphoryl)palladium complexes 16 in high
yields via ligand-exchange reactions (Table 13). Thus,
0.05 mmol alkenylpalladium complex 18-1 and 0.05
mmol P(O)-H 2-5 were mixed in 0.5 mL C¢Dg at room
temperature, as indicated by NMR spectroscopies, the
starting materials 18-1 and 2-5 were consumed in 2
hours, while a new characteristic alkenyl proton signal at
6.59 ppm (d, J p.y = 18.0 Hz) and two new phosphorus
signals at 104.99 ppm (t, J pp = 52.3 Hz), 9.29 ppm (d, J
p-p = 52.3 Hz) were observed, indicative of the formation
of a new alkenyl(phosphoryl)palladium complex 16-9.
Removal of the volatiles in vacuo afforded 16-9 as a
white solid, which was recrystallized from toluene-
hexane at -30 °C to give single crystals suitable for X-
ray analysis (run 7). The ORTEP drawing of complex
16-9 was depicted in Figure 3, which unambiguously
reveals the trans geometry of the carbon-carbon double
bond as well as the trans geometry on Pd atom. The Pd
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atom in complex 16-9 adopts a square-planar coordina-
tion geometry, which is ligated by two PEt; in a trans
manner.

Table 13. Ligand Exchange Reactions.”

R _Ph R Ph
—( PEts —— = PEt
Z4Z,P(0)-H 3
/Pd/\ + 162 ( ) 25°C Pd/\ O
Et?”  OAc B’ PZiZ,
18 2 16
run alkenylpalladium Z24Z,P(0)-H isolated yield

1 R=H
18-2

2-1 (MeO),POH 16-1, 72%P°
2 2-2 (Et0),POH 16-2, 92%P:°
3 2-4 (CF3CH,0),POH  16-3, 90%?°
4 2-3 (i-PrO),POH 16-4, 75%P°

16-8, 80% (X-ray)?

6 16-6, 85% (X-ray)®
0 0
2-5 PH

18-1 o

7 R=Ph 16-9, 81% (X-ray)

“Reaction conditions: 0.05 mmol alkynes, 0.05 mmol M(PEt;),,
0.1 mmol HOAc and 0.5 mL C¢D¢ were mixed at room tempera-
ture for 20 h. Then, 0.05 mmol P(O)H compound was added. The
mixture was kept at room temperature until the P(O)H compound
was consumed. The complex was isolated by recrystallization
from hexane-toluene at -30 °C (when solid). “The complexes were
oil. “Toluene was used as solvent. “Those complexes contain
HOAc. “Recrystallization from hexane-toluene at room tempera-
ture.

Complex 18-2 could also react with H-phosphonate 2-
5 cefficiently to give the corresponding alkenyl-
(phosphoryl)palladium complexes 16-8 in 80% isolated
yields at room temperature (run 5). This ligand exchange
reaction was significantly retarded with sterically bulky
P(O)-H compounds (runs 1, 2, 3 and 4), i.e. the bulkier
the substrate, the slower the reaction. With diethyl phos-
phonate 2-2, the reaction required 9 h to give 92% yield
of the complex. However, with diisopropyl phosphonate
2-3, the reaction took several days (for details, see SI).
With H-phosphinate 2-10, the ligand exchange reaction
also proceeded smoothly to afford the corresponding
complex 16-6 in 85% isolated yield (run 6). The struc-
tures of complexes 16-6 and 16-8 were also unambigu-
ously determined by X-ray analysis (Figures 4 and 5). As
expected, complex 18-4 underwent similar ligand-
exchange reaction with P(O)-H compounds to quantita-
tively give the phosphorylpalladium complex (eq 15).

Ph. Ph
Ph " et (MeO),P(O)H =" Pt
( Vel e —— Ve
_Pd, 25°C,1h _Pd, (15)
Et;”  OP(O)Phy Et;P”  P(O)XOMe),
18-4 16-1, quantitative

Figure 3. ORTEP Drawing of complex 16-9. Thermal ellipsoids
are drawn at 50% probability. H atoms and HOAc which was
attached to the P=O by hydrogen bond are omitted for clarity.
Selected bond lengths (A) and angles (deg): C7-C8 = 1.335(2),
C7-Pdl = 2.0768(15), C7-C15 = 1.483(2), P2-Pd1 = 2.3492(5),
P1-Pdl = 2.3287(2); C8-C7-Pd1 = 126.41(12), C7-Pd1-P2 =
89.37(5), P1-Pd1-P2 = 88.882(16), P2-Pd1-P3 = 165.533(17).

Figure 4. ORTEP Drawing of complex 16-6. Thermal ellipsoids
are drawn at 50% probability. H atoms are omitted for clarity.
Selected bond lengths (A) and angles (deg): C1-C2 = 1.336(2),
C2-Pd = 2.0965(15), C2-C3 = 1.482(2), P2-Pd = 2.3240(5), P1-
Pd = 2.3310(5); C1-C2-Pd = 118.72(12), C2-Pd-P2 = 90.23(4),
P1-Pd-P2 = 88.779(15), P2-Pd-P3 = 174.047(15), O1-P1-Pd =
121.63(5).

When Ph,P(O)H was used as the substrate, the corre-
sponding alkenylpalladium complex could not be isolat-
ed because of its rapid decomposition as described
above (eq 12). Thus, 18-2 reacted with diphe-
nylphosphine oxide 2-8 to produce, not the correspond-
ing alkenyl(phosphoryl)palladium complex 16-7, but the
reductive elimination product 17-6 at room temperature
in 80% isolated yield (eq 16, Figure 6).

PEty
o PES pnpo [ AL PER (—Pd-pet
P0rc Goport | Fdpopny|  PhRopR, O
EtsP e-e EtsP
18-2 16-7 176
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Figure 5. ORTEP Drawing of complex 16-8. Thermal ellipsoids
are drawn at 50% probability. H atoms and a HOAc attached to
the P=0 via hydrogen bond are omitted for clarity. Selected bond
lengths (A) and angles (deg): C1-C2 = 1.330(3), C2-C3
1.482(3), C2-Pd = 2.081(2), P2-Pd = 2.3362(7), P1-Pd
2.3337(7); C1-C2-Pd = 120.27(18), C2-Pd-P2 = 88.36(6), P1-Pd-
P2 =90.36(2), P2-Pd-P3 = 175.37(2).

Figure 6. ORTEP Drawing of complex 17-6. Thermal ellipsoids
are drawn at 50% probability. H atoms are omitted for clarity.
Selected bond lengths (A) and angles (deg): C1-C2 = 1.431(8),
C1-Pdl = 2.090(6), C2-Pdl = 2.162(6), P2-Pdl = 2.2807(17),
P1-Pd1 =2.3291(19), C2-C3 = 1.508(9), C2-P3 = 1.781(6), O-P3
= 1.491(4); C1-Pd1-C2 = 39.3(2), C1-C2-Pdl = 119.9(6), Cl1-
Pd1-P2 = 99.69(16), C2-Pd1-P1 = 111.03(16), P1-Pd1-P2 =
109.71(6), C3-C2-Pd = 109.1(4), C2-P3-O = 116.1(3).

These elementary reactions can reasonably explain
why in the presence of Ph,P(O)OH, the palladium-
catalyzed addition of Ph,P(O)H to alkynes selectively
produces the Markovnikov adducts,” i.e. first, hydropal-
ladation takes place selectively with Ph,P(O)OH to pro-
duce alkenylpalladium 18 which then reacts with
Ph,P(O)H via a rapid ligand-exchange reaction to give
the adduct 17 via an intermediate 16 (Scheme 18).

Scheme 18. The Role of Ph,P(O)OH.

Ph,P(O)OH
R—
+ hydropalladation R”~ “Pd—OP(O)Ph,
Pd(0) 18
ligand- Ph,P(O)H
exchange|
I Ph,P(O)OH
IPd(O)
R™ “P(O)Ph, reductive R™ "Pd—P(O)Ph,
17 elimination 16

6.7. P(O)-H Compounds Applicable to Palladium-
Catalyzed Hydrophosphorylation of Alkynes: P(O)-H
Activation vs O-H Activation.

As described above, with the exception of hypophos-
phinic acid H3PO,, substrates with a hydroxyl OH group
(P(O)OH) are not applicable to this palladium-catalyzed
hydrophosphorylations (Figure 2). In order to understand
this phenomenon, reactions of P(O)OH compounds with
Pt(PEt;); were investigated (Scheme 19).*

Scheme 19. Competitive Cleavage between P(O)-H Bond
and O-H Bond with a Pt (0) Complex

0o PEty 0 F”Et:cu)
1]
H-P-OH* PPEt), = |H-RUPEty |O-b—H| * HPP-OH (7,
H D6 PEts H =
25°C,1h -
153 15-3'
33% 67%
I PEt3 o] ﬁ’Et;o
FPrO-P—H + PPEta)s ——— |H-Pt-PEts| |0-P-OPri| * H-Pt—P-OPri (18)
OH CeDs | Py ! L OH
25°C,1 ht 3 H PELS
154 154
90% 10%
Q PEt; 0 PELD
Ph—R—H + PUPEt)s o 5™ |H-Pt-PEYy |O-P—Ph + H-Pt—P—Ph  (19)
OH l
25°c,1ht  PEt H PELOH
155 15.5'
100% none

As shown in Scheme 19, 0.05 mmol H;PO, (50% so-
lution in water) reacted with 0.05 mmol Pt(PEt;)4 in 0.5
mL benzene-ds quickly at room temperature to give a
mixture of Pt-H complexes 15-3 (via the activation of an
O-H bond) and 15-3’ (via the activation of P(O)-H bond)
with a ratio of ca. 0.5:1 (eq 17). Under similar condi-
tions, phosphoric acid (i-PrO)P(O)(OH)H reacted quick-
ly with Pt(PEt;)4 to give 15-4 via activation of an O-H
bond in ca. 90% yield, whereas the product 15-4’ via
activation of P(O)-H bond was generated in only ca.
10% yield (eq 18). When phosphoric acid
PhP(O)(OH)H was used, only 15-5 via protonation of
Pt(0) was detectable (eq 19).

The above results might indicate that except H;PO,,
the reactive P(O)-Pd-H species could not be easily
achieved with a P(O)(OH)H substrate, which may ex-
plain why the palladium-catalyzed addition of these
P(O)OH compounds to alkynes hardly take place. s

SUMMARY

In summary, the selective palladium-catalyzed addi-
tion of P(O)H compounds to alkynes (hydrophosphory-
lation) generating alkenylphosphoryl compounds was
studied in detail. Four kinds of P(O)H compounds, H-
phosphonate (RO),P(O)H, H-phosphinate R(RO)P(O)H,
secondary phosphine oxide R,P(O)H, and hypophos-
phinic acid H;PO,, can be used as the substrates for the
hydrophosphorylation reactions to produce the corre-
sponding Markovnikov adducts in high yields.
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Scheme 20. Preferred Catalyst for the Pd-Catalyzed Hy-
drophosphorylation of Alkynes

R= + [pOJH —2—0r RJ\[P(O)]
1 2 3
[P(O)I-H prefered catalyst
H-phosphonate (R'0),P(O)H Pd/dppp
H-phosphinate (R'O)R"P(O)H Pd/dppe/Ph,P(O)OH
H-phosphine oxide R'R"P(O)H Pd/dppe/Ph,P(O)OH
hypophosphinic acid (HO)P(O)H, Pd(PPh;),

The use of a right palladium catalyst is the key to a
successful hydrophospholyation, because the best cata-
lyst is different to each other for these P(O)H com-
pounds (Scheme 20). For H-phosphonate (RO),P(O)H,
Pd/dppp enables an efficient hydrophosphorylation. For
H-phosphinate R(RO)P(O)H and secondary phosphine
oxide R,P(O)H, Pd/dppe/Ph,P(O)OH is the right cata-
lyst. On the other hand, Pd(PPh;), is the catalyst for hy-
pophosphinic acid H;PO,.

By using this hydrophosphorylation, dozens of grams
of alkenylphosphonates can be readily prepared from
commercially available starting materials (Scheme 5),
showing that this hydrophosphorylation reaction is a
powerful practical way for the preparation of these valu-
able organophosphorus compounds.'*"

This palladium-catalyzed hydrophosphorylation does
have limitations. Firstly, it only produces the a-adduct
efficiently and selectively.” Secondly, except for HyPO,,
P(O)H compounds having a free OH group, i.e. phos-
phinic acids, phosphonic acid and its mono-esters (Fig-
ure 2) are not applicable. A few alkynes cannot be used
either (Figure 1).

Scheme 21. Mechanism for the Palladium-Catalyzed Addition of P(O)-H Compounds to Alkynes

H_ [PO)]

reductive elimination

H_POTH  po)
H>—< TN 3 (mixture)

R H

reductive elimination

/[P(O)]

H Pd

Y= Pd(0)

H 16 R

2 8

HOPPh2> ligand g,_ — LIP(0)] [P(O)]

exchange 5 H Pd H Pd
PO-H: 5 = =
PhyP(O)H E H R R W
PR(EOPOH ' g v 16 (mixture)

_ R H

= o T

H Pd._ % Pd

18  O-PPh,

hydropalladation

HO-PPh,
for H-phosphinates and

H-phosphine oxides with Ph,P(O)OH

Mechanistic studies allow us to draw an overall gen-
eral catalytic cycle for this palladium-catalyzed hydro-
phosphorylation (Scheme 21). For (RO),P(O)H, it reacts
like an Bronsted acid to produce the internal palladium
intermediate 16 via hydropalladation which then pro-
duces the Markovnikov adduct selectively. On the other
hand, for Ph(RO)P(O)H and Ph,P(O)H, they produce a
mixture of terminal and internal alkenylpalladium com-
plexes, and consequently give a mixture of the adducts.

hydropalladation

[P(O)]-H: Ph,P(O)H, Ph(EtO)P(O)H
for H-phosphinates and
H-phosphine oxides without Ph,P(O)OH

In the presence of Ph,P(O)OH, hydropalladation of al-
kynes with this acid takes place first to give an internal
alkenylpalladium. A ligand exchange of this complex
with a P(O)-H compound gives the internal phosphor-
ylpalladium intermediate which produces the Markovni-
kov adduct via reductive elimination.
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Since the P(O) group is generally called a phosphoryl group, we pre-
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Hydrophosphorylation of alkynes

R’ H
cat. Pd I
R=—=—R' + [PO)]H —— R [P(O)]

[P(O)]-H compounds:

(R'O),P(O)H (R'O)(HO)P(O)H (HO),P(O)H RR"P(O)H
R' = Me, Et, CH,CFs3, i-Pr, Bn, Bz, Ph

. A H-phosphine oxide
H-phosphonic acids and esters
(RO)R"P(O)H (HO)R"P(O)H (HO)P(O)H,
H-phosphinic acid and esters Hypophosphinic acid
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