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(q5-Chlorodivinylborane) (q5-cyclopentadieny1)cobalt (1) readily undergoes the nucleophilic substitution 
at boron. Treatment of 1 with 2 equiv of an amine or an alcohol in the presence of base produces 
(q5-aminodivinylborane)(q5-cyclopentadienyl)cobalt and (q5-alkoxydivinylborane)(q5-cyclopentadienyl)cobalt 
complexes, respectively. Treatment of 1 with Grignard reagents gives alkyl- and aryl(q5-divinyl- 
borane) (q5-cyclopentadieny1)cobalt complexes. LiBH, reacts with 1 to produce (q6-divinylborane)(q5- 
cyclopentadieny1)cobalt in high yield. 

Introduction 
Boron-containing heterocycles have been extensively 

used as ligands in organotransition-metal ~hemistry;l-~ 
however, acyclic divinylboranes have received relatively 
little attention4* Organodivinylboranes would be ex- 
pected to serve as q5 ligands in transition-metal complexes 
analogous to the isoelectronic pentadienyl cation. The 'H 
NMR spectra of the four reported organodivinylborane 
transition-metal complexes indicate that the divinylborane 
serves as a q5 ligand in these complexes, implying a direct 
boron to transition-metal bonda4s6 There have been several 
reports of cyclic divinylborane derivatives, including two 
X-ray crystallographic studies which have confirmed the 
q5 nature of divinylborane l i gand~ .~ - l~  

Although several complexes of cyclic divinylborane have 
now been reported, they all contain either an alkyl or an 
aryl substituent at boron.'-13 Having recently developed 
a convenient high-yield route to ( q5-chlorodivinyl- 
borane)(q5-cyclopentadieny1)cobalt (1),5 it was of interest 
to examine its potential as a starting material to prepare 
a wide range of substituted divinylborane complexes. 

We report here the preparation and properties of a wide 
range of substituted divinylborane complexes. 

Results and Discussion 
Nucleophilic Substitution at Boron. Treatment of 

(q5-chlorodivinylborane)(q5-cyclopentadienyl)cobalt with 
alcohols or phenols leads to immediate decomposition of 
the organometallic complex. However, 1 readily undergoes 
nucleophilic substitution at  boron when treated with al- 
cohols or phenols in the presence of a stoichiometric 
amount of base. (q5-Phenoxydivinylborane) (q5-cyclo- 
pentadieny1)cobalt (2) and (q5-((3,5-dichlorobenzyl)oxy)- 
divinylborane)(q5-cyclopentadienyl)cobalt (3) are formed 
in high yield by treatment of 1 with phenol or 3,5-di- 
chlorobenzyl alcohol, respectively, in ether in the presence 
of pyridine (eq 1). 

1 + ROH ~ t p ~  py $60, + py.HCI ( 1 )  

69 
2 , R = P h  
3, R =CH2-3,5-C12C6H, 

In analogous manner complex 1 undergoes nucleophilic 
substitution at  boron upon treatment with 2 equiv of di- 

* Present address: Department of Chemistry, West Virginia 
University, Morgantown, WV 26506-6045. 

methylamine or aniline to give (q5-(dimethylamino)di- 
vinylborane)(q5-cyclopentadienyl)cobalt (4), and (q5- 
anilinodivinylborane) (q5-cyclopentadienyl)cobalt (5), re- 
spectively, in high yield (eq 2). 

1 + PNHRlR2 $-N<R1 (2) 
R2 

4 ,  R,=Rp=CHa 
5 ,  R l = = P h . R 2 = H  

Reaction of 1 with Grignard reagents allows the for- 
mation of a boron-carbon bond. For example, treatment 
of 1 with methylmagnesium iodide or phenylmagnesium 
bromide gives (q5-methyldivinylborane)(q5-cyclo- 
pentadieny1)cobalt (6) and (q5-phenyldivinylborane)(q5- 
cyclopentadieny1)cobalt (7), respectively, in high yield (eq 
3). 

1 + RMgX - - 
E 1 2 0  

8 .  R = Me 
7 .  R = Ph 

( 3 )  
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E 0  

s0.Q- 

sa.c- 

I 5a.Q- 

i 54.Q- 

52.c- 

Table I. Proton NMR Spectra of Complexes 2-8'- 
comDd H,d H.d H.d CsHs other aromatic 

f . . , . , I I . I  

2 3.56 (2 H) t (12.4) 2.80 (2 H) d (11.3) 0.92 (2 H) d (13.5) 4.30 (5 H) s 7.0-7.4 (5 H) m 
3 3.57 (2 H) t (10.5) 2.82 (2 H) d (12.0) 0.90 (2 H) d (13.5) 4.37 (5 h) s 5.47 (2 H) s (CH,) 6.52 (1 H) t (12.5) 

7.03 (2 H) d (12.5) 
4 3.96 (2 H) t (12.7) 2.90 (2 H) d (10.5) 0.90 (2 H) d (12.7) 4.45 (5 H) s 2.87 (6 H) s (CH,) 
5 3.30 (2 H) t (12.8) 2.85 (2 H) d (11.3) 1.04 (2 H) d (14.0) 4.18 (5 H) s 7.2-7.4 (5 H) m 

7 4.25 (2 H) t (12.0) 3.16 (2 H) d (12.0) 1.22 (2 H) d (14.3) 4.18 (5 H) s 7.45 (3 H) m 
8.23 (2 H) m 

8 1.18 (2 H) d (14.1) 

6 3.80 (2 H) t (12.8) 3.05 (2 H) d (11.6) 1.08 (2 H) d (12.0) 4.30 (5 H) s 1.19 (3 H) s (CH3) 

4.13 (2 H) d (135.6) 3.10 (2 H) d (11.3) 

' Determined in C6D6 solution. b 6 ,  relative to internal TMS. CAbbreviations: s, singlet; d, doublet; t, triplet; m, multiplet. J values (Hz) 
in parentheses. 

Complex 6 could also be prepared by photolysis of 
cyclopentadienyldicarbonylcobalt in the presence of me- 
thyldivinylborane which was prepared in situ from me- 
thylboron dibromide and dimethyldivinyltin in a manner 
analogous to that used to prepare 1 (eq 4h5 

Treatment of 1 with an excess of LiBH4 in ether gives, 
upon hydrolysis, (~5-divinylborane)(q5-cyclopentadienyl)- 
cobalt (8) in high yield (eq 5). Although hydride 8 was 

He0 

1 + L I B H ~  - E t 2 0  - A 1 2 0 9  p-. ( 5 )  

6 

found to be unreactive toward water or alcohols, it adds 
rapidly and cleanly to benzaldehyde to give (q5-benzyl- 
oxydivinylborane) ( s5-cyclopentadienyl)cobalt5 in high yield 
(eq 6) in a manner similar to anionic borohydrides. 

(6) 

co 

Spectra of Substituted Derivatives of 1. The proton 
NMR spectra of substituted (~5-divinylborane)cyclo- 
pentadienylcobalt complexes are summarized in Table I. 
The chemical shift of the cyclopentadienyl resonance in 
complexes 1-8 was observed as a sharp singlet in the range 
6 4.2-4.4 and was found to be relatively insensitive to the 
substituent a t  boron. The protons of the divinylborane 
unit give rise to a distinctive pattern indicative of a cross 
conjugated q5-divinylborane system that is somewhat 
analogous to what is observed for pentadienyl and buta- 
diene transition-metal complexes.'"16 The proton syn (HJ 
to boron is observed at high field 6 0.80-1.22 as a doublet, 
due to coupling to the proton on the carbon adjacent to 
boron (H,). The proton anti (Ha) to boron is observed as 
a doublet a t  6 2.8-3.2, coupled only to proton H,. The 
resonance of H, is observed at lower field than either Ha 
or H, and is observed as an apparent triplet, due to cou- 
pling with both Ha and H,. Although the resonances of 
the divinylborane protons vary markedly with varying 
substitution at boron, no clear relationship emerges be- 

(14) Fitch, J. W.; Herbold, H. E. Inorg. Chem. 1970, 9, 1926. 
(15) Maddox, M. L.; Stafford, L.; Kaesz, H. D. Adu. Organomet. Chem. 

(16) Mahler, J. E.; Pettit, R. J. Am. Chem. SOC. 1963, 85, 3955. 
1965, 3, 1. 

Table 11. Carbon and Boron NMR Spectra of Selected 
($-Diviny1borane)cyclopentadienylcobalt Complexesa* 

compd C6H6 @-carbon 1lB 
1 82.0 56.9 29.5 
2 82.2 55.0 29.5 
4 81.7 51.9 30.0 
5 82.2 53.7 30.0 
6 82.0 58.8 30.6 
7 82.4 59.6 25.3 
8 81.9 60.4 21.2 d (116)d 

a Determined in C6Ds solution. ppm relative to internal TMS. 
See footnotes c and d in Table I. ppm downfield from BF3.0Et2. 

Figure 1. Plot of the 13C chemical shift of C, of substituted 
($'-divinylborane) (~5-cyclopentadienyl)cobalt complexes vs uR. 

tween the resonances of H1, €&, and I-& and the substituent 
a t  boron. 

Although the 13C resonances of C, in the complexed 
divinylborane ligands were not observed, due to quadru- 
polar broadening by both boron (llB, I = 3/2,  80%; ,OB, 
I = 3,20%) and cobalt ( I  = 7/2, loo%), the resonances of 
C, in these ligands were readily observed. The carbon 
chemical shifts of C, of a series of v5-divinylborane com- 
plexes are given in Table 11. The importance of the in- 
teraction of a lone pair on an atom bonded to boron is 
well-known and for boron-nitrogen compounds is espe- 
cially important.l7-lg It appears from the data in Table 
I1 that there is a correlation between the 13C chemical shift 
of C, in these complexes and the a-electron-donating 
ability of the substituent at boron; that this is the case is 
confirmed by Figure 1 which is a plot of the 13C chemical 
shift of C, in the divinylborane unit in these complexes 
vs uR, the resonance parameter of the substituent.20 

(17) Muetterties, E. L., Ed. The Chemistry of Boron and Its Com- 

(18) Finch, A.; Leach, J. B.; Morris, J. M. Organomet. Chem. Reu. 
pounds; Wiley: New York, 1967. 

1969, 4,  Al .  

Chemistry 42; American Chemical Society: Washington, DC, 1964. 
(19) Niedenzu, K., Ed. Boron-Nitrogen Chemistry; Advances in 
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Carbon NMR shifts have been found t o  be a good indi- 
cation of the  a-electron density on carbon atoms of similar 
hybridization and substitution.21 Although the  13C reso- 
nances of C, vary over a relatively narrow range, these data 
suggest that resonance hybrid B is at least a minor con- 

Mintz 

co co 

A B 

tributor t o  the  bonding description of divinylborane com- 
plexes, as increasing the  a-electron-donating ability of the 
substi tuent at boron leads to  the  expected increase in 
a-electron density at C, as reflected in the 13C NMR shifts. 
The llB NMR data are more complicated due to a com- 
bination of (r and a effects, and n o  simple correlation was 
found. 

T h e  IlB NMR spectra of selected (q5-diviny1borane)- 
cyclopentadienylcobalt complexes are listed in Table I1 
along with the  IlB resonance of the  free ligand in the  cases 
in which the free ligand is known. The boron chemical 
shifts of these complexes fall into a very narrow range and 
are indicative of a5-divinylborane transition-metal com- 

Conclusion 
( q5-Chlorodivinylborane) (~5-cyclopentadienyl)cobalt 

readily undergoes nucleophilic substitution at boron and  
serves as a convenient starting material for the preparation 
of boron-substituted divinylborane cyclopentadienylcobalt 
complexes. Although the divinylborane ligand serves as 
an $-four-electron donor in transition-metal complexes, 
nucleophilic substitution at boron is an important re- 
activity pattern analogous to what is found in tricoordinate 
borane. Resonance structure B is at least a minor con- 
tributor to the bonding description of divinylborane com- 
plexes, and a-electron donation by substituents at boron 
is reflected by the 13C NMR shifts of C,. 

Experimental Section 
All operations were carried out under a nitrogen atmosphere 

by means of Schlenk techniques. The nitrogen was dried with 
HzSO4 and Pz05, and trace oxygen was removed with BASF 
catalyst. Hexane and pentane were dried over Na/K alloy and 
freshly distilled under nitrogen. Diethyl ether was dried with 
activated alumina and distilled under nitrogen from sodium- 
benzophenone. 

(~5-Chlorodivinylborane)cyclopentadienylcobalt (1) was pre- 
pared as previously de~cr ibed .~  

Silica gel and alumina were prepared for use by heating ov- 
ernight at  300 "C followed by cooling under high vacuum. The 
alumina was then deactivated with 7% (by weight) nitrogen- 
saturated water. The silica gel and alumina were stored under 
nitrogen until use. 

Proton NMR spectra were recorded on a JEOL-C6O HL 
spectrometer. Carbon and boron NMR spectra were recorded 

(20) Hansch, H.; Leo, A. Substituent Constants for  Correlation 
Analysis in Chemistry and Biology; Wiley: New York, 1979. 

(21) Olah, G. A.; Westerman, R. W.; Nishimura, J. A. J. Am. Chem. 
SOC. 1974,96,3548. Olah, G .  A.; Westerman, P. W.; Forsyth, D. A. J. Am. 
Chem. SOC. 1975,97,3419. Lauterhur, P. C. J. Am. Chem. SOC. 1961,83, 
1838. Lalancette, H. E. A.; Benson, R. E. J. Am. Chem. SOC. 1965,87, 
1941. Olah, G. A,; Bollinger, J. M.; White, A. M. J. Am. Chem. SOC. 1969, 
91,3667. Olah, G. A.; Mateesch, G. R. J. Am. Chem. SOC. 1970,92,1430. 
Spiesecke, H.; Schneider, W. G. Tetrahedron Lett. 1961, 468. 

(22) Noth, H.; Wrackmeyer, B. In NMR Basic Principles and Prog- 
ress, Diehl, P., Fluck, E., Kosfeld, R., Eds.; Springer-Verlag: Berlin, 1987; 
Vol. 14. 

on a JEOL-JNM PS 100 spectrometer. Melting points were 
determined in sealed tubes under nitrogen and are uncorrected. 
Microanalyses were performed by Alfred Bernhardt Analytical 
Laboratory. 

(q5-Phenoxydivinylborane)cyclopentadienylcobalt (2). 
Pyridine (0.71 mL, 0.88 mmol) was added rapidly to a stirred 
solution of (q5-chlorodivinylborane)cyclopentadienylcobalt (0.1977 
g, 0.88 mmol) in 10 mL of ether. To the resulting mixture was 
immediately added phenol (0.0830 g, 0.88 mmol) in 5 mL of ether 
dropwise, with the precipitation of pyridine-hydrochloride. The 
reaction mixture was stirred at room temperature for 1 h and then 
diluted with 10 mL of hexane. The resulting reaction mixture 
was filtered. The filtrate was concentrated under vacuum to 10 
mL. The resulting solution was cooled to -78 "C to produce, upon 
filtration and drying under high vacuum, (v5-phenoxydivinyl- 
borane)cyclopentadienylcobak 0.1802 g (76%); mp 68.5-69.5 "C. 

Anal. Calcd for C15H16BCoO: C, 64.11; H, 5.38. Found: C, 
63.99; H, 5.38. 

(q5- (  (3,5-Dichlorobenzyl)oxy)divinylborane)cyclo- 
pentadienylcobalt (3). A solution of 3,5-dichlorobenzyl alcohol 
(0.4987 g, 2.82 mmol) and pyridine (0.227 ml, 2.82 mmol) in 6 mL 
of ether was added dropwise to a stirred solution of (q5-chloro- 
diviny1borane)cyclopentadienylcobalt (0.630 g, 2.82 mmol) in 30 
mL of ether at room temperature. Immediate precipitation of 
pyridine-hydrochloride occurred. After it had been stirred for 
5 min, the mixture was filtered through a 5 X 1 cm plug of alumina 
(7% HzO) and the resulting clear solution was concentrated under 
vacuum to a volume of 5 mL. Hexane (2 mL) was added and the 
resulting solution cooled slowly to -78 "C. Filtration gave 0.8249 
g (80%) of (~5-((3,5-dichlorobenzyl)oxy)divinylborane)cyclo- 
pentadienylcobalt, mp 132 "C. 

Anal. Calcd for C16H16BC12C00: C, 52.66; H, 4.42. Found: 
C, 52.70; H, 4.51. 

(q5-( Dimet hylamino)divinylborane)cyclopentadienyl- 
cobalt (4). Dimethylamine was bubbled slowly through a stirred 
solution of (~5-chlorodivinylborane)cyclopentadienylcobalt (0.4881 
g, 2.17 mmol) in 30 mL of ether. Dimethylamine-hydrochloride 
immediately started to precipitate. The addition of dimethyl- 
amine was continued for 15 min. The resulting mixture was 
fdtered and the solvent reduced under high vacuum. The resulting 
residue was extracted with a minimum amount of pentane and 
the resulting clear red solution cooled slowly to -78 "C to produce, 
upon filtration and drying under high vacuum, (q5-(dimethyl- 
amino)divinylborane)cyclopentadienylcobale 0.2717 g (54% ); mp 

Anal. Calcd for CllH17BCoN: C, 56.70; H, 7.36. Found: C, 
56.46; H, 7.49. 

(q5-Anilinodivinylborane)cyclopentadienylcobalt (5). 
Aniline (0.52 mL, 5.7 mmol) was added to a stirred solution of 
(q5-chlorodivinylborane)cyclopentadienylcobalt (0.6421 g, 2.87 
mmol) in 40 mL of ether. The resulting mixture was allowed to 
stir at room temperature for 2 h. The resulting solution was then 
filtered and the solvent removed from the resulting filtrate under 
high vacuum. The residue was recrystallized from hexane to give 
0.6939 g of red crystalline (~5-anilinodivinylborane)cyclo- 
pentadienylcobalt (86%), mp 65.5-67 "C. 

Anal. Calcd for C15H17BCoN: C, 64.10; H, 6.10. Found: C, 
63.82; H, 6.05. 

(q5-Methyldivinylborane)cyclopentadienylcobalt (6). 
Methylmagnesium iodide (3.6 mol) in 3.6 mL of ether was added 
slowly to a stirred solution of (q5-chlorodivinylborane)cyclo- 
pentadienylcobalt (0.5517 g, 2.46 "01) in 30 mL of ether at room 
temperature and then stirred at room temperature for 1 h. The 
resulting reaction mixture was cooled to 0 "C and then hydrolyzed 
by the slow addition of 1 g of alumina (7% HzO). After being 
allowed to warm to room temperature, the reaction mixture was 
filtered over alumina (7% HzO) (2 X 10 cm plug). The solvent 
was removed under high vacuum and the resulting residue ex- 
tracted with a minimum amount of pentane. The resulting 
pentane solution was cooled slowly to -78 "C to give, upon fil- 
tration and drying under high vacuum, 0.3144 g (63%) of (q5- 
methyldiviny1borane)cyclopentadienylcobalt. 

Anal. Calcd for C1&II4BCo: C, 58.89; H, 6.92. Found C, 58.64; 
H, 6.72. 

(q5-Phenyldivinylborane)cyclopentadienylcobalt (7). 
Phenylmagnesium bromide (2.6 mmol) in 1.5 mL of ether was 

82.5-83.5 "C. 
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added slowly to a stirred solution of (~5-chlorodivinylborane)- 
cyclopentadienylcobalt (0.4135 g, 1.84 mmol) in 20 mL of ether. 
The resulting mixture was stirred at  room temperature for 1 h. 
The resulting solution was filtered over a short plug of alumina 
(7% H,O) (2 x 3 cm). The solvent was removed from the filtrate 
under high vacuum. The residual oil was extracted with a min- 
imum amount of pentane and the resulting solution slowly cooled 
to -78 "C to give a red crystalline solid. The solvent was decanted, 
and the crystals melted as the sample was allowed to warm to 
room temperature under high vacuum to give (a5-phenyldi- 
vinylborane)cyclopentadienylcobalt, 0.4541 g (93%), as a red oil. 

Anal. Calcd for C15H16BCo: C, 67.72; H, 6.06. Found C, 67.21; 
H, 5.86. 

(~5-Divinylborane)cyclopentadienylcobalt (8). To a stirred 
solution of (~5-chlorodivinylborane)cyclopentadienylcobalt (0.8084 
g, 3.60 mmol) in 50 mL of ether at 0 OC was added slowly solid 
LiBH4 (0.2010 g, 9.26 mmol). The resulting mixture was allowed 
to warm to room temperature, followed by continued stirring for 

2 h. The reaction mixture was diluted with 50 mL of hexane and 
fdtered over a column of silica gel (2 x 5 cm). The silica gel column 
was washed with 20 mL of hexane and the combined ether-hexane 
solution concentrated under vacuum to -20 mL. The resulting 
solution was cooled slowly to -78 "C to give, upon filtration and 
drying under high vacuum, 0.4361 g of (~5-divinylborane)cyclo- 
pentadienylcobalt. The mother liquor was further concentrated 
to 5 mL to produce a second crop of product, 0.1318 g, to give 
a combined yield of 0.5679 g (70%); mp 83 OC. 

Anal. Calcd for C&I12BCo: C, 56.71; H, 6.37. Found: C, 56.84; 
H, 6.48. 
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Synthesis of the Phosphorus-Carbon Double Bond by Reaction 
between Pentacarbonylchromium or -tungsten Complexes of 

Phosphinidenes and Carbenes. Application to the Synthesis of 
the 1,2-Dihydrophosphete Ring 

Ngoc Hoa Tran Huy, Louis Ricard, and Fraqois Mathey" 

Laboratoire de Chimie du Phosphore et des M6taux de Transition, DCPH, Ecole Pol'echnique, 
9 I128 Palaiseau Cedex, France 

Received December 21, 1987 

The condensation of a carbene complex R1R2C=M(CO)S with a transient terminal phosphinidene complex 
[RP=M(CO),] (M = Cr, W) primarily yields a phosphaalkene complex, R1R2C=P(R)+M(CO)6, which, 
in some cases, dimerizes. This method has been applied to the synthesis of Ph,C=P(Ph)-W(CO), which 
is stable as a monomer. When a vinylcarbene complex such as PhCH=CH-C(OEt)=Cr(CO), is reacted 
with (phenylphosphinidene)pentacarbonyltungstn, the transient phosphabutadiene complex thus obtained 
instantly undergoes a [2 + 21 cyclization to  give a (1,2-dihydrophosphete(P-W))pentacarbonyltungste~ 
complex. The X-ray crystal structure analysis of this complex [C22H1706PW, fw 592.20; space group P1 
(No. 2) with a = 10.519 (1) A, b = 10.887 (1) A, c = 11.134 (1) A, a = 112.78 (2)O, fi  = 98.15 (2)O, y = 97.13 
(2)O; V = 1141.18 (68) A3; 2 = 2; d(ca1cd) = 1.723 g cm-3 confirms the presence of the four-membered 

into the corresponding P-oxide without breaking the ring. 
ring with a very long P-C sp3-intracyclic bond [1.902 (5) h 1. I t  proved possible to  convert this complex 

Recently we have shown on a preliminary example' that  
i t  is possible t o  couple a phosphinidene and  a carbene to  
get a P=C double bond via the  reaction of a transient 
terminal phosphinidene complex with a carbene complex. 
In view of the synthetic potential of this new approach to  
phosphaalkenes, we decided to  explore a little bit  further 
this reaction in order to  check some points of its postulated 
mechanism, to extend its  scope, and  t o  show on a precise 
example what kind of applications can be built around it. 

Results and Discussion 

In  our preliminary experiment,' we allowed the  7- 
phosphanorbornadiene complex 1 to react with the carbene 
complex 2 (eq 1). T h e  final product was the  1,2-diphos- 

(1) Tran Huy, N. H.; Mathey, F. Organometallics 1987, 9, 207. 

0276-7333/88/2307-1791$01.50/0 

(OC),W, /Ph 
P 

C02Me Ph, CuCI. toluene + /c=w(co)5 B o  ,c * 
(high concn) 

Me 2 
1 

y h  y h  
I I  

C02Me EtO-c-c-OEt I 1  ( 1 )  

1 1  
Ph-P-P-Ph 

M e  C 0 2  Me 

(OC ),W W(CO), 
3 

phetane complex 3. The postulated mechanism is depicted 
in eq 2. In  this mechanism, the  copper(1) chloride only 
plays the  role of a catalyst which promotes the  decompo- 
sition of t he  phosphinidene precursor l2 b u t  does not  in- 
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