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Summry; Reactlon of 2-substltuted l-buten-3-ynes 
(CH2==CR-) with catecholborane In the presence 
of a palladium catalyst bearing a monodente phosphine 
ligand such as PPh3 or PPh&,F,) proceeded in a l,4- 
fashion to give (3-substituted 1 ,2-butadienyl)-l,3,2- 

tion of the allenylboranes with benzaldehyde gave the 
corresponding homopropargyi alcohols. 

Recently, much attention has been paid to catalytic 
hydroboration of unsaturated compounds for its great 
potential in organic synthesis.l+ We have previously 
reported the asymmetric hydroboration of styrenes2 and 
1,3-dienes3 catalyzed by rhodium-phosphine complexes, 
which proceeds with unusual regioselectivity and with high 
enantioaeldvity. Here we report the palladium-catalyzed 
hydroboration of 1,3-enynes giving allenylboranes selec- 
tively and the effects of phosphine ligands on the selec- 
tivity in this reaction. 

Suzuki and co-workers have briefly described‘ the for- 
mation of an allenylborane in the reaction of 2-methyl-l- 
buten-3-yne (la) with catecholborane in the presence of 
Pd(PPh3),. We examined the palladium-catalyzed hy- 
droboration of la (Scheme I), focusing our attention on 
the selectivity forming the allenylborane. Table I sum- 
marizes the results obtained for the reaction in the pres- 
ence of several phosphine-palladium catalysts. Reaction 

benZodbXabordes (cH3(R)c-@=cH(Bo&H4)). RmC- 

(1) (a) MHnnig, D.; Nbth, H. Angew. Chem., Znt. Ed. Engl. 1985,24, 
878. (a) h, D. A,; Fu, G. C.; Hoveyda, A H. J.  Am. Chem. Soc. 1988, 
110,6917. (c) Evans, D. A.; Fu, G. C. J. Org. Chem. 1990,66,2280. (d) 
Evans, D. A,; Hoveyda, A. H. J. Org. Chem. 1990,55,5190. (e) Evans, 
D. A.; Fu, G. C.  J.  Org. Chem. lW0,66,5678. (0 Burgees, K.; Ohlmeyer, 
M. J. J. Org. Chem. 1988,53, 5178. (B) Burg-, K.; Ohlmeyer, M. J. 
Tetrahedron Lett. 1989,30,396. (h) Burg-, K.; Ohlmeyer, M. J. Tet- 
rahedron Lett. 1989,30,5857. (i) Burg-, K.; Caesidy, J.; Ohlmeyer, M. 
J. J. Org. Chem. 1991,56,1020. (j) Burgess, K.; Ohlmeyer, M. J. J. Org. 
Chem. 1991,56,1027. (k) Burg-, K.; van der Donk, W. A.; Kook, A. 
M. J. Org. Chem. 1991,56,2949. (1) Burg-, K.; van der Donk, W. A.; 
Ohlmeyer, M. J. Tetrahedron: Asymmetry 1991,2,613. (m) Burg-, 
K.; O b e y e r ,  M. J. Chem. Rev. 1991, 91, 1179. (n) Brown, J. M.; 
Lloyd-Jones, G. C. Tetrahedron: Asymmetry 1990,2,869. (0) Zhang, 
J.; Lou, B.; Guo, G.; Dai, L. J.  Org. Chem. 1991,56,1670. (p) Sato, M.; 
Miyaura, N.; Suzuki, A. Tetrahedron Lett. 1990,31, 231. 

(2) (a) Hayeahi, T.; Mataumoto, Y.; Ito, Y. Tetrahedron: Asymmetry 
1991,2,601. (b) Hayashi, T.; Mataumoto, Y.; Ito, Y. J. Am. Chem. SOC. 
1989,111,3426. 

(3) Mataumoto, Y.; Hayashi, T. Tetrahedron Lett. 1991, 32, 3387. 
(4) Satoh, U; Nomoto, Y.; Miyaura, N.; Suzuki, A. Tetrahedron Lett. 

1989,30, 3789. 
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Scheme I 

/ -  W/L(2mol%) Me’ 

Table I. Hydroboration of l-Buten-3-yner 1 with 
Catecholborane Catalyzed by Palladium-PhosDhine ComDlexeso 

entry 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 

substrate 
(R) 

l a  (Me) 
l a  (Me) 
la (Me) 
la (Me) 
la (Me) iPdj)l.5PP”h3 0.5 63 t~ j16 )o  
la (Me) [Pd]/lPPh, 0.5 22 92/a/o 
la (Me) [Pd] 5 0 
la (Me) [PdI/dppe 2 39 O / O / l o o  
la (Me) P d l  / d m b  2 61 0/0/100 
l a  (Me) 
l a  (Me) 
l b  (n-C6HIl) 

Id (SiMeJ 
IC (t-Bu) 

~~~~ ~ 

time yield’ 
catalystb (h) (%I 2/3/dd 

Pd(PPh3)C 0.5 75 60/34/6 
[Pd] /5PPh3 0.5 86 38/37/25 
[Pd]/4PPh3 0.5 75 4115316 

0.5 70 6213810 IPdl12PPht 

i P d j ) d i f  0.5 89 0)O)lOO 
[Pd]/2PPh,(C$d 0.5 73 83/17/0 
[Pd]/PPPhz(C$d 0.5 74 88/12/0 
[Pd]/2PPh,(C$s) 2.5 89 83/4/13 
[Pd]/2PPh,(CBF,) 0.5 46 f 

Carried out in chloroform at  25 OC with 1.2-1.5 equiv of catechol- 
borane in the presence of 2 mol % of catalyst prepared from Pd2- 
(dba)&HC13 and a phosphine ligand. [Pd] = 1/zPdl(dba)8.CHCls. 

Determined by ‘H NMR spectra. a 1 
mol % . ’The ratio was not determined. 

of la with 1.3 equiv of catecholborane in chloroform in the 
presence of 2 mol % of the palladium catalyst, generated 
in situ by mixing Pd2(dba)&HCl3 and triphenylphosphine 
(5 equiv per Pd), was completed in 30 min at 25 OC. The 
products, which were isolated by bulb-to-bulb distillation 
in 86% yield, consisted of allenylborane 2a, (2)-dienyl- 
borane 3a, and (E)-dienylborane 4a in a ratio of 3837:26 
(entry 2). Allenylborane 2a is the product formed by 

Isolated yield by distillation. 

(8 1992 American Chemical Society 
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in the presence of 2 mol % of the PPh2(C6F6)-Pd (P/Pd 
= 2/11 catalyst to give the corresponding allenylboranes 
2b-d with high selectivity (entries 12-14 in Table I). The 
1,4-hydroboration forming allenylboranes was observed 
only for the reaction of the l,&enynes that are substituted 
at the 2-position. Enynes substituted at the 1-position, 
such as l-phenyl-l-buten-3-yne, underwent selective 1,2- 
addition to the triple bond forming (El-dienylboranes even 
with the PPh2(Ca5)-Pd catalyst. Alkyl substitution at 
the &position inhibited the catalytic hydroboration. 

Allenylboranes 2 were found to be useful as propargy- 
lating reagents for  aldehyde^.^ Thus, a mixture of alle- 
nylborane 2a and dienylborane 3a, obtained by the cata- 
lytic hydroboration (entry 11 in Table I), was allowed to 
react with benzaldehyde in chloroform at -78 OC to give 
homopropargyl alcohol 7a in 63% yield. The reaction of 
allenylborane 2b with benzaldehyde gave a mixture of 8yn- 
and anti-homopropargyl alcohols 7b (38%) in a ratio of 
1:l. 

Experimental Section 
General Information. 'H NMR spectra were measured with 

a JEOL JNM-EX-90 (90-MHz) or JNM-GX-270 (270-MHz) 
spectrometer. Catecholborane which is commercially available 
(Aldrich) was distilled under reduced preesure (bp 76-77 "C/100 
mmHg) before use. Triphenylphosphine, dppe, dppb, dppf, and 
2-methyl-1-buten-3-ye were obtained from commercial sources 
(Aldrich). Pd2(dba)3.CHC136 and PPh2(CeF5)' were prepared 
according to the reported procedures. Chloroform was dried by 
passing through aluminum oxide under nitrogen before use. 
Benzaldehyde was freshly distilled before use. 

Preparation of l&Enynes. 1,3-Enynes lb-d were prepared 
by palladium-catalyzed coupliq? of (trimethylsily1)acetylene with 
alkenyl triflates (for lb,c) or bromide (for ld) followed by de- 
silylation? A typical procedure is given for the preparation of 
2-pentyl-l-buten-3-yne (lb). To a mixture of 29 mg (0.042 "01) 
of PdC12(PPh3)2, 41 mg (0.22 "01) of copper(1) iodide, and 9.88 
g (40.1 mmol) of hept-1-en-2-yl trifluoromethanesulfonate10 in 
50 mL of diethylamine was added dropwise 3.97 g (40.4 mmol) 
of (trimethylsily1)acetylene. The mixture was stirred at room 
temperature overnight and was extracted with pentane. The 
pentane extract was washed three times with water and once with 
brine, and dried over MgSO,. Pentane was removed and the 
residue was distilled (bulb-to-bulb, bath temperature 120 OC/N 
mmHg) to give 6.94 g (89% yield) of 2-penty1-4-(trimethyl- 
silyl)-l-buten-3-yne. To a solution of 9.2 g (158 mmol) of po- 
tassium fluoride and 314 mg (5.6 mmol) of potassium hydroxide 
in 65 mL of methanol was added dropwise 6.94 g (35.7 "01) of 
the %pentyl-4-(trimethylsilyl)-l-buten-3-ye obtained above. The 
mixture was stirred for 1.5 h and was extracted with pentane after 
addition of water. The pentane layer was washed with brine, dried 
over MgSO,, and carefully concentrated by evaporator. Bulb- 
to-bulb distillation of the residue gave 4.34 g (100% yield) of lb" 
as a colorlees oil. l b  'H NMR (CDCl,/TMS) 6 0.90 (t, J = 6.8 
Hz, 3 H), 1.20-1.40 (m, 4 H), 1.54 (quint, J = 7.5 Hz, 2 H), 2.15 
(t, J = 7.5 Hz, 2 H), 2.87 (8, 1 H), 5.29 (d, J = 1.3 Hz, 1 H), 5.41 
(d, J = 1.3 Hz, 1 H). 2-tert-Butyl-l-buten-3-yne1' (IC): 'H NMR 

H), 5.38 (d, J = 1 Hz, 1 H). 2-(Trimethyleilyl)-l-buten-3-ye (ld): 
'H NMR (CDCl,/TMS) 6 4 - 0 3  (s, 9 H), 3.18 (t, J = 1 Hz, 1 H), 
5.78 (dd, J = 3 and 1 Hz, 1 H), 6.19 (dd, J = 3 and 1 Hz, 1 H). 

General Procedure for the Palladium-Catalyzed Hydro- 
boration of l,j-Enynes with Catecholborane. All reactions 

(CDCl,/TMS) 6 1.14 ( ~ $ 9  H), 2.90 (8, 1 H), 5.30 (d, J = 1 Hz, 1 

Scheme I1 
R 

R 

6 '  
4 

1,a-addition of catecholborane to 1,3-enyne la, and die- 
nylboranea 3a and 4a are those formed by 1,a-addition on 
the triple bond. 

It was found that the product distribution in catalytic 
hydroboration of la was dependent on the molar ratio of 
phosphine ligand to palladium as well as on the structure 
of phosphine ligand. Thus, the reaction of la in the 
prmnce of 2 equiv of triphenylphosphine per palladium 
gave the hydroboration products in 70% yield, consisting 
of 2a, 3a, and 4a in a ratio of 62:38:0 (entry 41, and that 
in the presence of 1 equiv of triphenylphosphine gave 22% 
yield of the products 2a and 3a in a ratio of 928 (entry 
6). As the ratio of triphenylphosphine to palladium de- 
creased, the total yield of the one-to-one hydroboration 
adducts, 2a, 3a, and 4a, decreased while the selectivity 
forming 2a increased (entries 24).  No one-to-one adducts 
were produced in the absence of phosphine ligands (entry 
7). The highest yield of allenylborane 2a was obtained by 
the use of 1.6 equiv of triphenylphosphine per palladium 
(entry 6). The product distribution was also dependent 
on the phosphine ligands. Bidentate phosphine ligands, 
1,2-bis(diphenylphosphino)ethane (dppe), 1,4-bis(di- 
pheny1phosphino)butane (dppb), and 1,l'-bis(dipheny1- 
phosphin0)ferrocene (dppf), catalyzed the 1,a-addition to 
the triple bond in l,&enyne to give (E)-dienylborane 4a 
exclusively (entries 8-10). The yield of the one-to-one 
adducts and the selectivity forming denylborane 2a were 
improved by the use of PPh2(C$6). Allenylborane 2a of 
83% isomeric purity was isolated in 73% yield in the re- 
action with 2 equiv of PPh&pd per palladium (entry 11). 

To eummarize the results obtained above, 1,3-Q-die- 
nylborane 4 is formed in the presence of a chelating bis- 
(phosphine) ligand or a large excess of monodentate 
phosphine ligand per palladium, while the use of a small 
amount (1-2 equiv per palladium) of a monodentate 
phosphine ligand gives allenylborane 2 preferentially. It 
is reasonable to propose that the coordination number of 
the phosphine ligand controls the selectivity forming al- 
lenylborane 2 or 1,3-(E)-dienylborane 4 (Scheme II). The 
key intermediate giving 2 is a palladium complex 5 bearing 
one molecule of a monodentate phosphine ligand and 
l,&enyne ligand in a bidentate coordination manner, which 
undergoes the l,4-addition of the hydrob~rane.~ The 
intermediate 6, which is coordinated with two phosphorus 
a tom and can provide only one coordination site for the 
enyne, catalyzes the 1,2-addition on the triple bond to 
produce 1,3-(E)-dienylborane 4. 

Hydroboration of 1-buten-3-ynea lb-d, substituted with 
n-pentyl (lb), tert-butyl (IC), and trimethylsilyl (la), with 
catecholborane in chloroform readily proceeded at 25 OC 

(6) The formation of allenylborane 2 is always accompanied by (2)- 
dienylborane 3. The latter ie thought to be ale0 formed via the inter- 
mediate 6, though the mechaniam for the formation remains to be clar- 
ified. 

(6) Ukai, T.; Kawazura, H.; Ishii, Y. J. Organomet. Chem. 1974,65, 

(7) Dua, S. S.; Edmondson, R. C.; Gilman, H. J. Organomet. Chem. 

(8) For example, see: Kende, A. S.; Smith, C. A. J.  Org. Chem. 1988, 

(9) (a) Stang, P. J.; Ladika, M. Synthesis 1981,29. (b) Kraihanzel, C. 
(10) Stang, P. J.; Hanack, M.; Subramanian, L. R. Synthesis 1982,85. 
(11) Kleijn, H.; Tigchelaar, M.; Meijer, J.; Vermeer, P. J.  R. Neth. 

263. 

1970,24, 703. 

53, 2655. 

S.; Poist, J. E. J. Organomet. Chem. 1967,8, 239. 

Chem. SOC. 1981,100, 337. 
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were carried out under a nitrogen atmosphere. Reaction con- 
ditions and results are summarized in Table I. Hydroboration 
of 2-methyl-l-buten-3-yne (la) with catecholborane in the preaence 

and PPh2(Cpd is illustrative of the general methods for all 
catalytic reactions dewxibed in this study. A mixture of 8.3 mg 
(0.008 "01) of Pd2(dba)&HCls and 11 mg (0.03 "01) of 
PPh&&FJ in 1 mL of chloroform was stirred at room tempexature 
until the solution changed from red-purple due to P&(dba)&HC& 
to yellow. To the catalyst solution was added successively at 25 
OC 53 mg (0.80 "01) of 2-methyl-l-buten-3-yne (la) and 126 
mg (1.0 "01) of catecholborane, and the mixture was stirred 
at the same temperature for 30 min. Solvent was evaporated and 
the residue was distilled (bulb-to-bulb, bath temperature 100 
OC/0.1 mmHg) to give 109 mg (73% yield) of the hydroboration 
product, which consisted of (3-methyl-1,2-butadienyl)-1,3,2- 
benzodioxaborole (20) and ((2))d-methyl- 1 ,&butadienylJ- 1,3,2- 
benzodioxaborole (3a) in a ratio of 8317. The ratio was deter- 
mined by the 'H NMR spectrum. 'H NMR (CDCla/TMS) data 
for the hydroboration products are as follows. (3-Methyl-1,2- 
butadienyl)-1,3,2-benzodioxaborole (2a): 6 1.79 (d, J = 3.4 Hz, 
6 H), 5.18 (heptet, J = 3.4 Hz, 1 H), 7.01-7.13 (m, 2 HI, 7.167.26 
(m, 2 H). 1 (Z)-3-Methyl-1,3-butadienyl)-l,3,2-benzodioxaborole 
(3a): 6 1.97 (a, 3 H), 5.17 (a, 1 H), 5.20 (e, 1 H), 5.71 (d, J = 14.7 
Hz, 1 H), 7.00 (d, J = 14.7 Hz, 1 H), 7.01-7.13 (m, 2 H), 7.167.26 
(m, 2 H) . Q-3-Methyl- 1,3-butadienyl)- 1,3,2-benzodioxaborole 
(4a): 6 1.94 (e, 3 H), 5.30 (8, 2 H), 5.87 (d, J = 18.1 Hz, 1 H), 
7.01-7.13 (m, 2 H), 7.167.26 (m, 2 H), 7.46 (d, J = 18.1 Hz, 1 
H). (3-Pentyl-l,~butadieny1)-1,3,2-benzodioxaborole (2b): 6 0.88 
(t, J = 7.2 Hz, 3 H), 1.20-1.60 (m, 6 H), 1.77 (d, J = 3.5 Hz, 3 
H), 2.00-2.10 (m, 2 H), 5.23 (sextet, J = 3.5 Hz, 1 H), 7.00-7.12 
(m, 2 H), 7.15-7.28 (m, 2 H). ((2)-3-Pentyl-l,3-butadienylJ- 
1,3,2-benzodioxaborole (3b): 6 0.88 (t, J = 7.2 Hz, 3 H), 1.20-1.60 
(m, 6 H), 2.28 (t, J = 5.7 Hz, 2 H), 5.08 (8, 1 HI, 5.20 (e, 1 HI, 
5.71 (d, J = 14.7 Hz, 1 H), 6.96 (d, J = 14.7 Hz, 1 H), 7.00-7.12 
(m, 2 H), 7.15-7.28 (m, 2 H). ((E)-3-Pentyl-1,3-butadienyl)- 
1,3$-benzodioxaborole (4b): 6 0.88 (t, J = 7.2 Hz, 3 H), 1.20-1.60 
(m, 6 H), 2.31 (t, J = 6.2 Hz, 2 H), 5.28 (8,  1 H), 5.32 (8, 1 H), 
5.93 (d, J = 18.5 Hz, 1 H), 7.00-7.12 (m, 2 H), 7.15-7.28 (m, 2 
H), 7.41 (d, J = 18.5 Hz, 1 H). (3-tert-Butyl-1,2-butadienyl)- 
1,3,2-benzodioxaborole (2c): 6 1.13 (s,9 H), 1.78 (d, J = 3.3 Hz, 
3 H), 5.22 (9, J = 3.3 Hz, 1 H), 7.01-7.13 (m, 2 H), 7.15-7.27 (m, 

6 1.16 (s,9 H), 4.93 (8,  1 H), 5.00 (8, 1 H), 5.74 (d, J = 14.1 Hz, 
1 H), 7.00 (d, J = 14.1 Hz, 1 H), 7.01-7.13 (m, 2 H), 7.15-7.27 (m, 
2 H). ((E)-3-tett-Butyl-1,3-butedienyl)-l ,3~~o~boro~ (44: 

of palladium catalyst ~ t d  in situ by mixing P&(dba)&HC13 

2 H). ((Z)-3-tert-Butyl-lgbutadienyl~l~~~o~bo~ (3~): 

6 1.16 (8, 9 H), 5.03 (e, 1 H), 5.35 (e, 1 H), 6.18 (d, J = 18.1 Hz, 
1 H), 7.01-7.13 (m, 2 H), 7.15-7.27 (m, 2 H), 7.52 (d, J = 18.1 Hz, 
1 H). (3-(Wiethylsilyl)-1,2-butadienyl)-1,3,2-benzodioxaborole 
(2d): 6 0.16 (8, 9 H), 1.79 (d, J = 3.3 Hz, 3 H), 4.81 (9, J = 3.3 
Hz, 1 H), 7.01-7.12 (m, 2 H), 7.15-7.29 (m, 2 H). Analytical data 
for the products are as follows. Anal. Calcd for CllHllBOz [2a 
(a mixture of homers, 2a, 3a, and 4a)l: C, 71.03; H, 5.96. Found 
C, 70.78; H, 5.90. Anal. Calcd for C15H1.$OP [2b (a mixture of 
isomers, 2b, 3b, and 4b)l: C, 74.41; H, 7.91. Found C, 74.11; 
H, 7.95. For allenylboranea 2c and 2d, correct analyses could not 
be obtained due to the difficulty in purification. 

Reaction of Allenylboranee with Benzaldehyde. The re- 
action mixture, which results from the catalytic hydroboration 
of la  (0.8 mmol) in chloroform described above and includes 
allenylborane 2a, was used for the reaction with benzaldehyde 
without isolation of 2a. The chloroform solution was cooled with 
a dry ice/acetone bath, and 119 mg (1.1 "01) of benzaldehyde 
was added. The mixture was allowed to warm to room temper- 
ature under stirring. Water was added, and the mixture was 
extracted with ether. The organic layer was dried over MgSO, 
and waa mncentxated in vacuo. The &due waa chromatographed 
on silica gel (hexane/ether = 10/1) to give 88 mg (0.51 "01) 
of homopropargyl alcohol 7a in 63% yield 'H NMR (CDC13/ 
TMS) 6 1.10 (8, 3 H), 1.27 (s,3 H), 2.24 (e, 1 H), 2.42 (bs, 1 H), 
4.49 (8, 1 H), 7.2-7.5 (m, 5 H). Regction of the chloroform solution 
containing allenylborane 2b, which was obtained from 79 mg (0.64 
"01) of lb, with benzaldehyde in a similar manner gave 56 mg 
(0.24 "01) of 7b as a 1:l mixture of syn and anti isomers in 38% 
yield lH NMR (CDCIJTMS) for diastereomer A 6 0.87 (t, J = 
7.1 Hz, 3 H), 1.1-1.7 (m, 8 H), 1.23 (e, 3 H), 2.25 (a, 1 H), 2.34 
(d, J = 4.0 Hz, 1 H), 4.56 (d, J = 4.0 Hz, 1 H), 7.2-7.5 (m, 5 H); 
lH NMR (CDCl,/TMS) for diastereomer B 6 0.90 (t, J = 7.1 Hz, 
3 H), 1.04 (e, 3 H), 1.1-1.7 (m, 8 H), 2.29 (8, 1 H), 2.46 (d, J = 
3.7 Hz, 1 H), 4.55 (d, J = 3.7 Hz, 1 H), 7.2-7.5 (m, 5 H). Anal. 
Calcd for C1$IPO C, 83.43; H, 9.63. Found C, 83.21; H, 9.66. 
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Summa~~: Nonakis(phenyl isocyank!e)diiron was prepar- 
ed by sodium amalgam reduction of either c&- or 
irans-[FeI&NPh),], The new complex was character- 
ired s p e ~ o s c o p ~ ~ ~  a d  by singlecrystal xqaY anab- 
sis. Crystal data: monoclinic, space group P2,ln, B = 

92.90 (2)O, 1/ = 5402 (3) A3, Z = 4, 

carbonyl analogs. Moreover, they offer the possibility of 
controlling the electronic and steric requirementa of the 
complex bY changing the SUb&Uent.a On the i m n  atom 
of the isocyanide ligands. A few examples of homoleptic 
isocyanide metal(0) dimers are known,' but only for the 
alkyl isocyanide derivatives [Fe2(CNEt)*12 and [Co2- 12.692 (5) A, b = 27.086 (8) A, c = 15.735 (3) A, 6 = ( C N B U ~ ) ~ ] ~  has an X-ray structural determination been = 0.032. 

(1) Yamamoto, Y. Coord. Chem. Rev. 1980,32,193. 
(2) Baseett, J. M.; Barker, G. K.; Green, M.; Howard, J. A. K.; Stone, Homoleptic metal isocyanide complexes form an im- 

portant group of specie8 that d o w  a comparison with their F. C. A.; Wolsey, W. C. J. Chem. Soc., Dalton Trans. 1981, 219. 
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