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Abstract

Intermolecular hydrophosphination of alkynes withyPH was effectively catalyzed by Yb-imine complex [¥B¢PhCNPh)(hmpay], in
which the empirical rate law was describedvask [catalystf [alkyne] [phosphin€]. The active catalysts were proved to be ytterbium(ll)
mono- and diphosphido species generated in situ. Although trivalent phosphido complex [Y)b(fRpa)], gave the same results as the
divalent complexes, Yb metals of the both complexes seemed to keep their original oxidation state unchanged.RP¥heas$ubstituted by
Ph,P-SiMe, silylphosphination of aromatic internal alkynes took place to afford 1-trimethylsilyl-2-diphenylphosphinoalkenes in moderate
yields. Moreover, one-pot synthesis of 1-diphenylphosphino-1,3-butadienes from terminal alkynes,BHdhBl been achieved using
Y[N(SiMe3),]s catalyst through the alkyne dimerization and subsequent hydrophosphination.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction herein these results, particularly on the mechanistic aspect,
and some related reactions.
Recently, P—H bond activation by group 10 catalysts, fol-
lowed by alkyne insertion has attracted much attention as
the useful synthetic method afp-unsaturated phosphorous 2. Results and discussion
compounds because of their high regio- and stereoselectiv-
ity [1]. However, application of this procedure was limited When diphenylphosphine and equimolar amounts of
to pentavalent phosphorous compounds such as}RO)H 1-phenyl-1-propyne 2¢) were successively added to a
and PRP(O)H, and the reaction of trivalent phosphine was THF solution of 1 (5 mol%) at room temperature, 1-
generally unsuccessfidl]. Trivalentlanthanocenes were also  phenyl-2-diphenylphosphino-1-propensc) was quantita-
found to exhibit high catalyst activity in the intramolecular tively formed with aE/Z ratio of 80/20 within 5min. The
hydrophosphination of phosphino-alkynes and alkgBgs  product3c was isolated as phosphine oxide’ after oxi-
In the course of our study on the synthetic application of dation with HO,. Results on the hydrophosphination of
Yb(I)-imine complex [Yb{?Z-PhCNPh)(hmpay] (1) [4], various alkyne are summarized iffable 1 Both termi-
we found that intermolecular hydrophosphination of alkynes nal and internal alkynes gave the produtsnd4’ in good
with PlpPH was effectively catalyzed by[5]. We describe  yields under mild conditions. In the case of less reactive
aliphatic internal alkyne2e and2f, relatively drastic con-
* Corresponding author. Tel.: +81 82 424 7738; fax: +81 82 424 5494,  ditions were, however, necessary to complete the reaction
E-mail address: ktakaki@hiroshima-u.ac.jp (K. Takaki). (runs 5 and 6). The reaction of aromatic alky2bsd gave
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Table 1
Hydrophosphination of alkyneshwith diphenylphosphine
~N.

; 5 Ph Ph 1 (5 mol%)

R'———R? + PhyPH
THF, 1t
2 .
II) HQOQ

R! R? R’ P(O)Ph R' R?

D= TP Ty

H P(O)Ph, H R Phs(O)P H

E-3' Z-3' 4
Run Alkyne 3 4
Ry R Time Yield? (%) EIZ Yield? (%)

1 2a Ph Ph 5min 3a’ quant 100/0 -
2 2b Ph SiMg 4h 3b’ quant 100/0 4b’ 0
3 2¢ Ph Me 5min 3¢ quant 80/20 4c/ 0
4 2d Ph H 5min 3d’ quant 76/24 4d’ 0
5b 2e Pr Pr 61 3¢/ 95 0/100 -
6° 2f "Pen Me 6R 3f 61 0/100 4f4 28
70 2g ‘Bu H 3h 3g’ 62 0/100 4g' 10
8 2h THex H 5min 3h’ 52 27173 4h’ 48

a GCyield.

b 10 mol% of1 was used.
¢ 80°C in neat solution.
d Elz=21/79.

the productsd’ exclusively: a PP group was introduced  N(Ph)CHPh specie were found Eig. 1, I, ). In the31p
into the opposite side of the aryl substituents (runs 2—-4). A NMR spectra, signals other than those of the proddcts
mixture of3’ and4’ was formed from aliphatic alkynef—h were almost negligible, indicating that the phosphido species
in preference of the former. With respect to the stereochem- A was completely consumed in the final step of the reaction
istry, E-isomers were predominantly produced from aromatic (Fig. 1, J).
alkynes (runs 1-4), and in contragtadducts from aliphatic
alkynes (runs 5-8). This stereoselectivity was not affected
so much by the reaction conditions, except 2or and its o 4
time-dependence was not observed on monitorint-bgnd
13C NMR.

A radical mechanism was completely excluded in the
present system by some comparative study using AIBN ini- o
tiator; for example3 was formed as a single regioisomer in

lower yield with Z-selectivity irrespective of aromatic and Q

aliphatic alkynes. In order to study the reaction process, A

a stoichiometric reaction of 1-phenyl-1-propyrie)( with ittt et N eSS
50 140 130 120 110 40 0 -40

PhpPH was monitored by*C and®'P NMR (Fig. 1). A dark 160 1
red suspension of was immediately changed to a bright
red homogeneous solution on addition of the phosphine (2
equiv.). The signals of [6] and PhPH completely disap-
peared int3C NMR and those assignable to free or coordi-
nated amine, BICHNHPh §), were clearly observedr{g. 1,

G, O). Moreover, four additional new peaks, although small, Fee
could be found at 119.2, 127.5, 130.9 and 150.5 ppm, which
might be assignable to [Yb]-PPlspeciesA (Fig. 1, G, A). Z3c

In the 3P NMR spectra, the signal of PRH at—40.1 ppm o

T T T

changed to 1.24 on the treatmefig. 1, H, A). When 2 160 150 140 130 120 110 40 0 -40
equiv. of2¢c was added to the mixture, tH€C NMR spec-
tra became somewhat complicated, but the produatvas

definitely identified Eig. 1, I). Surprisingly, the phosphido A and denote the signals assignable to HMPA, the ansirg/b]-PPh
speciesA disappeared and new signals assignable to [Yb]- A and [Yb]-N(Ph)CHPh B, respectively.

Fig. 1. 13C and®!P NMR spectra of the reaction dfwith PlpPH (2 equiv.)
in THF-ds (G andH), followed by addition o2¢ (2 equiv.) { and]). ®, O,
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Ph,PH R——~R?+ 5 and/or PACHNHPhH 6).
i)1 (1 equiv) Ph Me
1 [Yb]-PPh, [Yb]—N(Ph)CHPh, 2¢ + PhyPD M» = + Pho,CDNHPh  (2)
A B i) H20 D PPh,
R R2
Ph,CHNHPh S=¢ 3c-d; 97% (D: quant) 5-C-d; 64% (D: 68%)
H PPh,
5 3
iyTHF, 1, 2 h
Scheme 1. 2¢c + 6b + Ph,ND ———  3c-d; @3)
i) HyO

70% (D: 90%)

Based on the NMR study, the stoichiometric hydrophos-
phination can be envisioned as depictedsitheme 1That Kinetic studies were carried out using 1-phenyl-2-
is, the phosphidd, an active species of this reaction, would trimethylsilylacetyleneZb) and the Yb-imine catalydt As
be generated from the imine compl&and PhPH, which a result, the empirical rate law can be described a%
is followed by addition to the alkyne and protonation with [catalystf [alkyne]' [phosphine] at least under standard
the liberated aminé& to leave the producBec and amido conditions, indicating that the compléshould be changed
B. Thus, we tried to isolate the phosphido intermedi@te  to some dimeric Yb species in the mixture.
Treatment of hmpa-free imine complékwith 2 equiv. of A possible reaction mechanism is propose&aheme 2
Ph,PH gave diphosphido complex [Yb(PBE(thf)4] (6a), At first, the imine complexl is protonated stepwisely
in 84% isolated yield[7]. Ligand substitution oféa by with the phosphine to vyield the diphosphide via
hmpa afforded [Yb(PR), (hmpa}] (6b), which showed Yb(amido)(phosphido) specids; here, the two intermedi-
13C and3P NMR spectra analogous to those observed in ates would exist as dimers. Addition 6fto alkyne, a rate-
the trace reaction described above, of course. The com-determining step, affords tige(diphenylphosphino)alkenyl-
plex 6b exhibited a good catalyst activity in the hydrophos- Yb specied, which is immediately protonated with pPH
phination, giving rise to similar results as with the imine to give the producB and the diphosphidé. As proved by
complex1 on the whole, though the ratio &f-isomers3 the labeling study with BND, this major reaction should be
slightly increased and the reaction became somewhat sloweraccompanied with a bypath in which product formation and
Interestingly, the diphosphido complék could deliver the regeneration 0b is achieved by protonation with the liber-
two PhpP groups to alkynes as shown in Eq. (1), which ated amind instead of PhPH, followed by amido-phosphido

explained the complete consumption Af in the NMR exchange ofC (left wing). Combined with the fact that the
reaction: phosphine was completely consumed after the reaction and
R R2 Rl R? th_at thg reaction with the diphosphidds slower than that
R—— R® +6b — > — + — ) with 1, it should be reasonable to consider the addition reac-
THF, rt  H PPh, PhyP H tion of the monophosphidd to alkyne as depicted in the right
2a 2h wing. Thus, the reaction & and protonation of the resulting
(8 equiv)  (1equiv) 3a: 1.82equiv. 4a: 0 intermediatéE with PhpPH or, alternatively, with the amirfe
3h: 1.08equiv  4h: 0.76 equiv would produce the producsstogether with diamido species

) F as the final form of the catalyst.
The reaction of 1-phenyl-1-propyn@c) with PipPD in

the presence of stoichiometric amount$ dbllowed by HO
quenching, afforded deuteratdd-d, in 97% vyield together

- ) )<Yb hmpa)s
with the amine&s-C-d; (Eqg. (2)). On the other hand, the reac- Ph 4
tion with PipPH and quenching with D resulted in the 112 (P-IYbl-P}, N-[Yb]—N
formation of non-deuteratedc and the amin&-N-d;. The
same results were obtained in the catalytic reaction with the R1 \R k }/
imine complexl and the diphosphidéb. Similarly, the reac- =
tion of 2¢ with 6b in the presence of BND, a model reaction H PPh2
in the second step iBcheme lgave alkenylphosphingc- 1/2 {N-[Yb]-P}, 2

d1 (Eqg. (3)). In the reaction without proton source as shown .
in Eq. (1), olefinic proton of the produ& was proved to
be derived from another molecule of terminal alkyne and/or /% X\K
PPh moiety of the product. These results implied that if

the reaction proceeds through addition of [Yb]-BRhto P [Yb] N- [Yb]

the alkyne, the resulting-(diphenylphosphino)alkenyl-Yb D E
intermediate should not be a resting species in the catalytic P=PPh, N =N(Ph)CHPh,

reaction nor a long-lived species in the stoichiometric reac-

tion. Instead, it was immediately protonated withoPH Scheme 2.
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Valence state of the Yb species was investigated for terminal alkynes and aliphatic alkynes (runs 7-9). The
using the divalent and trivalent phosphido complexes products8 were never obtained by the reaction with AIBN

[Yb(PPh)2 or 3thmpa)] (7a andb), which were generated
in situ from [Yb(btsay} or 3(hmpa),], [btsa = N(SiMe),], and
2 or 3 equiv. of PBPH. The two catalyst3a andb gave

or HMPA and by thermal reaction withodt and 6b that
afforded small amounts &f(~30% yield). The stereochem-
istry of 3 was similar to the results of hydrophosphination

nearly the same results with respect to the yield and stereo-with PhpPH in Table 1 whereas that d was variable. The

chemistry of the productd. 3P NMR spectra offa andb
showed a different signal at 1.37 ard.5.51 ppm in THF-
dg, respectively. When less than 2 equiv. of alkyaewas
added separately to the complexes, signals assignalsle to
andZ-3a were observed at 9.75 ard.85 ppm, respectively,
together with those dfa andb whose chemical shifts were
not changed. Therila and b disappeared on addition of
excesa. Accordingly, the divalent and trivalent Yb met-

present silylphosphination was also applicable to isoprene,
giving rise to the expected produ2tin high yield, particu-
larly with 6b (Eq. (4)):

)\/ )1 (10 mol%) or 6b (3 mol%)
Z + PhyP-SiMes;
THF, 1t, 36 h or 60 h

i) HoOy

als are likely to keep their valence state unchanged duringMesSiM@\ o +)\/\ o +)w o
P(O)Ph; P(O)Phs P(O)Phs

the reaction.

Next, we studied a reaction of alkynes with,PkSiMe
with a hope that i3-(diphenylphosphino)alkenyl-Yb species
D and E in Scheme 2would be quickly silylated with
the silylphosphine instead of the protonation with,PH,
catalytic silylphosphination of alkynes would be possible.
When 1-phenyl-1-propyn&¢) was treated with PiP—SiMe;
(1.5equiv.) in the presence of the imine compléx
(10 mol%) in THF, expected silylphosphination prod8ct
and hydrophosphination produdt were formed in 55 and
36% yields, respectively, with a 60% selectivity of the for-
mer (Table 2 run 5). Similar reaction with the diphosphido
complexéb gave8c with 83% selectivity (run 6). As can be
seen inTable 2 the silylphosphination took place over 50%
selectivity in the aromatic internal alkynes (runs 1-6) and,

9 10 1 (4)

with 1
with 6b

66%
82%

21%
1%

4°/O
3%

Lastly, we investigated a one-pot synthesis of 1-
diphenylphosphino-1,3-butadiene derivatives from 2 equiv.
of terminal alkynes and BRH (Eq. (5)). For the first step, it
has been reported that terminal alkynes are dimerized regio-
and stereoselectively to giv&-enyne compound$2 with
trivalent Y-amide catalyst [Y(btsg) and amine additives
[8]. Thus, subsequent treatment of the reaction mixture with
PhPH inthe presence of HMPA would produce the butadiene
derivativesl3 by the aid of some Y-amide species survived.
In fact, the coupling product8 were obtained in high yields,

in contrast, the selectivity and efficiency decreased seriouslywherein olefinic stereochemistry #2 was changed during

Table 2
Silylphosphination of alkynes with BR—SiMe
1 (10 mol%) or

R'—=——R? + PhyP-SiM;
2 6b (5 mol%)
R1 R2 R1 R2
— + S=¢
Me3Si PPh, H PPh,
8 3
Run Alkyne @) Condition$ 8 3 Selectivity of8 (%)
Yield® (%) EIZ° Yield® (%)
1 2a 1, neat, 0C, 28 h 8a 68 100/0 3a 12 85
2 6b,THF, rt, 17h 65 27 71
3 2b 1, neat, 90C, 27h 8b 59 25/75 3b 31 66
4 6b, neat, 90C, 36 h 55 7 89
5 2¢ 1, THF, rt, 45 min 8c 55 100/0 3c 36 60
6 6b, THF, rt, 1 h 81 17 83
7 2d 1, THF, 1t, 22h 8d 10 K 3d 37 21
8 2e 1, neat, 90C, 62h 8e 10 d 3e 18 36
9 2h 1, THF, rt, 30 min 8h 0 3h 14 0
a Silylphosphine2 = 1.5.
b GC yield.

¢ Relation between PBland SiMe.
d Stereochemistry was not determined.
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the hydrophosphination. such asrBuOK and RLi. When P$P-SiMeg was used
Y(btsa)z (5 mol%) instead of Pi;]PH, silylphosphinati_on of aromati_c internal
- 4-CICgH4NH; (5 mol%) y Ar alkynes gnd isoprene tgok place in r_noderate yields. Mqre—
2 A———H . 7 over, 1-diphenylphosphino-1,3-butadienes were synthesized
toluene, 100 °C, 16 h Ar from terminal alkynes and the phosphine in one-pot reac-
12 tion through dimerization of the alkynes and subsequent
i) PhoPH Ar hydrophosphination using Y (btsajatalyst.
HMPA (15 mol%), rt Ar >:/=/ )
1) A0 Pho(0)P References
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