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Preparation of CHsCCo3(CO)8NCCH3. Bulk Electrolyeb. 
CH,CCO~(CO)~ (0.10 g, 0.35 "01) was electrolyzed in 30 cm3 of 
dry, degassed CH&N (0.1 mol dm-3 Bu4NC104) at -0.50 V until 
TLC and IR showed no increase in the amount of purple-gray 
product. Workup as described for the phenyl cluster derivative 
gave CH&CO~(CO)~NCCH~ as a gray solid (0.05 g, 0.11 mmol, 
31% yield). Attempts to crystallize CH3CCo3(CO)8NCCH3 from 
a concentrated CH3CN solution were unsuccessful, and the so- 
lution and solid both slowly reverted to CH3CCo3(CO)e at 0 "C 
(-50% over 12 h). Thii complex does not give rise to a molecular 
ion peak in its mass spectrum; the highest mass peak observed 
is at m / e  456 ([CH3CCo3(CO)g]+). Anal. Calcd for C12H6C03N: 
C, 30.73; H, 1.29; N, 2.98. Found C, 28.89; H, 2.15; N, 2.39. IR 
(CH3CN): v(C0) 2078 (w), 2030 (vs), 2010 (s), 1990 (sh) cm-'. 

Thermal Reaction. CH3CCo3(CO)g (0.14 g, 0.3 mmol) was 
refluxed in 25 cm3 of dry, degassed CH3CN for - 10 min. This 
appeared to m a x i "  the yield of the desired product, and further 
heating led to increasing amounts of an insoluble black material. 

Chromatography on silica gel plates eluted in hexane allowed 
recovery of CH3CCo3(C0)JWCH3 (0.06 g, 0.12 mmol,40% yield). 
In an attempt to improve the yield the reaction was stirred at  
60-75 OC for -2 h but no significant difference in yield of the 
desired product was achieved. 

mol 
dm-3 solution of CH3CCo3(CO)g in CH3CN. Monitoring of the 
reaction by TLC showed that the formation of the desired product 
was <30% and so this preparative route was not favored. 

Registry No. CH3CCo3(CO)g, 13682-04-7; (CH3)2C2C04(CO)l~, 

BPK Reaction. BPK was added dropwise to an - 

12564-37-3; (CH~)~CZCO~(CO)~,  12264-15-2; PhCCo3(CO)g, 
13682-03-6; Ph2CzC04(CO)lo, 11057-43-5; Ph2C2CO2(CO)6,14515- 
69-6; PhCCo&CO)sNCCH3,84896-16-2; CH~CCO~(CO)~NCCH~, 
101011-53-4; PhCCo3(CO),dppm, 101141-55-3; [PhCCo3- 
(CO)3]2dppe, 101141-59-7; PhCCo,(CO),dppe, 101011-54-5; 
[PhCC0~(C0)~tpme, 101011-556; PhCCo&CO),tpme, 101011-56-7; 
PhCC03(CO)&'Ph, 13681-99-7; PhCCo3(CO),(PPh& 101011-57-8. 
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Reduction of C P V X ~ ( P R ~ ) ~  (X = C1, R = Me, Et; X = Br, R = Et) with A1 or Zn in THF gives dimeric 
vanadium(I1) complexes [CpVX(PR,)],. Methylcyclopentadienyl compounds are accessible by the same 
method. Treating the dimers with an exceas of PR, gives CpVx(PF&J,, and treating the dimers with bidentate 
phosphines, CpVCl(DMPE) and CpVCl(DPPE) are obtained. All compounds are paramagnetic with, in 
principle, three unpaired electrons on the metal atom. 'H NMR spectra of the complexes show large 
downfield shifts of the cyclopentadienyl protons (range of 64-250 ppm). The phosphine ligands show smaller 
shifts, varying between -3.0 and 4.60 ppm for the dimers [CpVX(PR3)], and between -25.5 and -17.0 ppm 
for CpVCl(DMPE). The complexes are very reactive and their reactions with a variety of substrates, e.g., 
dioxygen, cyclohexene oxide, alkynes, and carbon monoxide, proceed easily. With a-olefins no reaction 
(hydrogenation, isomerization, or oligomerization) was observed. 

Introduction 
In  contrast to well-investigated low-valent titanium and 

chromium species, relatively little is known about vana- 
dium(I1) compounds. There are a few reports on the  re- 
duction of dinitrogen- and nitrogen-containing molecules 
by inorganic vanadium(I1) complexes.' Vanadium(I1) 
compounds also seem to be active in the reduction of ep- 
oxides2 and reductive coupling of allylic or benzylic hal- 
i d e ~ . ~  

Several metals can reduce vanadium(II1). Thus VX3- 
(THF)3 (X = C1, Br) in THF reacts with various metals 
(e.g., Al, Zn, Fe, Mn) to  form a dinuclear vanadium(I1) 
cation, [VzX3(THF)6]1+.4 

In this paper we report the preparation and reactivity 
of two series of well-defined vanadium(I1) compounds 
containing one cyclopentadienyl and one halide ligand per 
vanadium atom using cyclopentadienyl vanadium(II1) 
dihalide complexes CpVX,(PR3), as starting compounds.6 

(1) Olah, G. A.; Chao, Y. L.; Arvanaghi, M.; Prakash, G. K. S. Syn- 

(2) Hayashi, H.; Schwartz, J. Inorg. Chem. 1981,20, 3473-3481. 
(3) Ho, T.-L.; Olah, G. A. Synthesis 1977, 170-171. 
(4) Bouma, R. J.; Teuben, J. H.; Beukema, W. R.; Bansemer, R. L.; 

Huffman, J. C.; Caulton, K. G. Inorg. Chem. 1984,23, 2715-1718. 

thesis 1981, 476. 

Experimental Section 
General Remarks. All reactions were performed under pu- 

rified nitrogen using Schlenk and glovebox techniques. Solvents 
were distilled under nitrogen from sodium (toluene) or sodium- 
potassium melts (THF, ether, pentane) before use. C P V X ~ ( P R ~ ) ~  
and CP 'VX~(PR~)~ (Cp = q5-C5H5; Cp' = q5-C5H4Me; X = C1, Br; 
R = Me, Et), PMe3,6 PEk; and DMPE8 were prepared according 
to published procedures. Zinc powder (UCB), aluminium powder 
(Fluka), and DPPE (Strem) were used as purchased. 

IR spectra (Nujol/KBr) were recorded on a JASCO-IRA-2 
spectrophotometer. EPR spectra were recorded with a Varian 
E-4 EPR spectrometer. 'H NMR spectra were recorded by Dr. 
R. J. Bouma in toluene-d8 or benzene-& with a Nicolet NT 200 
spectrometer equipped with a Nicolet Model 1180 data system. 
Chemical shifts are given relative to MelSi (internal standard, 
6 0, downfield shifts paitive). Molecular weights were determined 
by cryoscopy in benzene. Melting points were determined by DTA 
(heating rate 2 OC/min). Gas chromatography was performed 

(5) Nieman, J.; Teuben, J. H.; Huffman, J. C.; Caulton, K. G. J. Or- 

(6) Markham, R. T.; Dietz, E. A,; Matin, D. R. Inorg. Synth. 1976,16, 

(7) Houben-Weyl, 'Methoden der Organischer Chemie"; Georg 

(8) Butter, S. A.; Chatt, J. Inorg. Synth. 1974, 15, 185-191. 

ganomet. Chem. 1983, 255, 193-204. 

153-155. 

Thieme Verlag; Stuttgart, 1963; Band XII/l. 

0276-7333 18612305-1149501.50/0 I ,  .~ , 0 1986 American Chemical Society 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

Ju
ly

 1
9,

 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

13
7a

01
3



1150 Organometallics, Vol. 5, No. 6, 1986 

with a Packard-Becker 428 GC instrument, using a 25 m x 0.24 
mm (i.d.1 glass capillary column coated with SE 30. Magnetic 
susceptibility measurements were performed on a Faraday-type 
system (Oxford Instruments) equipped with a Mettler ME21 
electronic vacuum micro balance. Elemental analyses were 
performed at  the Analytical Department of the Chemical Labo- 
ratories of the Groningen University. All data given are the 
average of at  least two independent determinations. 

Procedures. The procedures given below all use aluminium 
to reduce V(III) to V(I1). Zinc can also be used; however, removal 
of zinc halides appeared to be difficult, leading to considerably 
lower yields. 

Preparation of [CpVCI(PMe)]2 (1). A solution of 1.28 g (3.77 
mmol) of CpVC12(PMe& was stirred in 100 mL of THF under 
reflux with 3.0 g of aluminium powder for 48 h. The purple-blue 
solution gradually changed to clear blue. On stripping the THF, 
a dark red solid remained, which was washed with 100 mL of 
pentane to remove the last traces of free phosphine. Extraction 
with 150 mL of ether resulted in a dark red solution which on 
concentrating to 40 mL and slow cooling to -80 "C yielded 0.40 
g (0.88 mmol, 46%) of [CpVCl(PMeS)l2, mp 133 "C. Anal. Calcd 
for CBH1,C1PV: C, 42.22; H, 6.20; C1,15.58; V, 22.31. Found: C, 
42.24; H, 6.29; C1, 15.79; V, 22.06. 

Preparation of [Cp'VCI(PMe,)], (2). 2 was prepared in a 
way analogous to 1; yield 58%. Anal. Calcd for C9Hl&lPV C, 
44.74; H, 6.68; V, 21.09; mol wt, 483. Found: C, 44.69; H, 6.98; 
V, 20.83; mol wt, 490. 

Preparation of [CpVC1(PEt3)l2 (3). A solution of 30.0 g (67.0 
mmol) of CpVCl,(PEt& was stirred with 20.0 g of aluminium in 
lo00 mL of THF for 24 h at room temperature. The color of the 
solution gradually changed from blue to purple red. The solvent 
was removed under vacuum and the crude product continuously 
extracted with 200 mL of pentane. The extract was slowly cooled 
to -40 "C to give after filtration 13.3 g (24.7 mmol) of 3. Re- 
crystallization from ether gave analytically pure 3: yield 74%; 
mp 140 OC. Anal. Calcd for Cl1H2&1PV: C, 49.00; H, 7.48 C1, 
13.15; V, 18.89; mol wt, 539. Found: C, 48.86; H, 7.58; C1, 13.31; 
V, 18.82; mol wt, 550. 

Preparation of [Cp'VCl(PEt,)], (4). 4 was prepared anal- 
ogous to 3: yield 47%; mp 121 "C. Anal. Calcd for Cl2HZClPV 
C, 50.51; H, 7.82; V, 17.96. Found: C, 50.51; H, 8.17; V, 17.74. 

Preparation of [CpVBr(PEt,)], (5). 5 was prepared anal- 
ogous to 3: yield 48%; mp 131 "C. Anal. Calcd for CllH&rPV 
C, 42.06; H, 6.42; Br, 25.44; V, 16.22. Found: C, 42.17; H, 6.47; 
Br, 25.50; V, 16.31. 

Preparation of CpVCI(PMe3)2 (6). To a solution of 480 mg 
(0.88 mmol) of 3 in 20 mL of pentane was added 0.50 mL (7.3 
mmol) of PMe3 dropwise at  room temperature. A clear blue 
product precipitated. The colorless liquid was removed and 
analyzed for PEh (GC, 1.3 "01). After careful recrystallization 
from 5 mL of toluene and several washings with pentane, 210 mg 
(0.69 mmol) of blue 6 was isolated; yield 39%. Anal. Calcd for 
Cl1H2&1P2V C, 43.51; H, 7.63; C1, 11.68; V, 16.78. Found: C, 
43.77; H, 7.71; C1, 11.45; V, 16.48. 

Preparation of CpVCI(DMPE) (7). To a solution of 1.20 
g (2.22 mmol) of [CpVCl(PEb)J2 in 100 mL of toluene stirred at 
-40 "C was added an excess of DMPE (1.5 mL, 8.9 mmol). On 
slowly warming to room temperature, the color changed from 
purple-red to green. After being stirred at room temperature for 
2 h, the solution was filtered and concentrated to 15 mL. Slowly 
cooling to -80 "C gave green crystals. The mother liquor was 
separated and analyzed for PEt3 (GC, 4.4 mmol). The crystals 
were washed twice with pentane, and 0.81 g (2.67 mmol) of 7 was 
obtained. The compound was recrystallized from toluene to give 
the pure product, yield 60%. Anal. Calcd for CllHz1ClP2V: C, 
43.80; H, 7.02; C1, 11.75; V, 16.89. Found: C, 44.00; H, 7.15; C1, 
11.82; V, 16.68. 

Preparation of CpVCl(DPPE) (8). To a solution of 380 mg 
(0.71 mmol) of [CpVCl(PEt,)], in 15 mL of toluene was added 
an excess of 560 mg (1.41 mmol) of DPPE at -40 "C. On slowly 
warming to room temperature a greenish brown solution formed. 
After being stirred for 16 h at room temperature, the solution was 
filtered and concentrated to 5 mL and 50 mL of pentane was 
added dropwise in 30 min. A brown product precipitated. Re- 
crystallization from toluene yielded 510 mg (0.92 mmol) of 
green-brown 8. GC analysis gave 1.15 mmol of free PEt3; yield 

Nieman and Teuben 

66%. Anal. Calcd for C31H&lP2V: C1,6.45; V, 9.26. Found: 
C1, 6.54; V, 8.78. 

Reactions of [CpVCI(PEt3)]2 (2) with 02. Dry oxygen (0.1 
mmol) was admitted to a solution of 48.0 mg (0.089 mmol) of 3 
in 8 mL of pentane. Immediately an intensely colored purple 
solution was obtained. The formation of the O2 complex was 
followed by visible spectroscopy. A decrease of the peaks of 3 
at A, = 230 (6- 180 mol-' L cm-') and A, = 530 nm (ema 230 
mol-' L cm-') was observed, and an increase of a new strong peak 
at A- = 548 nm with t, finally increasing to 1100 mol-' L cm-' 
was observed. All attempts to isolate the purple product were 
unsuccessful. GC analysis of the solvent showed no free PEt,, 
and analysis of the solvent in reactions with O2 in the presence 
of ethylene, cyclohexene, or 1-hexene did not show any reactivity 
toward the alkenes. 

The purple compound transfers at  room temperature into a 
dark green product of very limited solubility. IR spectra show 
Cp (3100 (m), 1020 (81, and 800 (vs) cm-') and PEt3 (1040 (s), 770 
(e), cm-') ligands. A very strong v(V=O) is present at 950 cm-'. 
The EPR spectrum (toluene, room temperature) shows a well- 
resolved 16-line signal at g = 1.970 due to interaction of the 
electron with one vanadium (61V, I = a = 68.7 G) and one 
phosphorus (31P, I = '/,, a = 23.3 G) nucleus. 

In a separate experiment a solution of 44.5 mg (0.083 mmol) 
of 3 in 3.05 g of benzene was reacted with 0.18 mmol of O2 at 6 
OC. After reaction the freezing point of the solution was deter- 
mined. No change in the freezing point of the solution after 
oxygen admission was observed. 

Reaction of [CpVCI(PEt3)12 (2) with Cyclohexene Oxide. 
To a solution of 418 mg (0.78 mmol) of 3, in 20 mL of ether at 
0 "C, was added 72.1 mg (0.74 mmol) of cyclohexene oxide 
dropwise in 10 min. The purple solution obtained was stirred 
for 1.5 h at 0 "C. The final solution was analyzed by GC. 
Quantitative conversion of cyclohexene oxide to cyclohexene was 
found. 

Reaction of [CpVC1(PEts)l2 (3) with Alkynes. With 
Ethyne. To 20 mL of toluene, saturated with ethyne (1 bar) at 
-30 "C was added 3 (430 mg, 0.80 mmol). The solution slowly 
turned brown. On warming to 0 "C a black precipitate of poly- 
acetylene slowly formed. After 24 h the ethyne uptake had 
stopped and 32 mmol of ethyne had been consumed (automatic 
gas buret). All volatile products were collected in a cold trap (-196 
"C) and analyzed by GC; 1.2 mmol of benzene and 0.6 mmol of 
PEt3 were found. No attempt was made to identify the or- 
ganometallic residue. 

With Propyne. The reaction with propyne was performed 
under analogous conditions as described for ethyne. Only 5.9 mol 
of propyne/mol of dimer was consumed after 24 h. GC analysis 
of the solvent showed 0.6 mol of PEt3/mol of dimer, in addition 
to the trimerization products 1,3,5-trimethylbenzene (0.45 mol), 
1,2,4-trimethylbenzene (1.68 mol), and 1,2,4-trimethylbenzene 
(0.10 mol). 

Reaction of [CpVC1(PEt3)l2 (3) with CO. A solution of 590 
mg (1.09 mmol) of 3 in 75 mL of pentane was exposed to CO (1 
bar) at room temperature for 16 h. A brown solution formed. On 
cooling to -80 "C some low melting (CO "c) green crystals sep- 
arated, together with orange-red crystals of CpV(CO),-,,(PEt3), 
(n = 0,l) .  We failed to isolate and identify the green compound, 
which was thermally unstable. Chromatography on Florisil using 
pentane and ether gave 0.04 mmol of CpV(CO), and 0.87 mmol 
of CpV(CO),PEt,. The green product decomposed on the column 
and was not eluted. The uptake of CO was measured quantita- 
tively with an automatic gas buret on a solutions of 0.15 mmol 
of 3 in 19 mL of toluene. An uptake of 0.42-0.45 mmol of CO 
was found, in accordance with the yield of CpV(CO)4-n (PEt,),. 
No free PEt, was detected by GC. 

Results and Discussion 
Monomeric vanadium(II1) complexes CpVC12(PR3)2, 

CP 'VC~,(PR~)~ (R = Me, Et), and CpVBr2(PEt3)25 are ex- 
cellent starting materials for new dimeric purple-red va- 
nadium(II) compounds [CpVX(PR3)], (I, X = C1, R = Me; 
3, X = C1, R = Et; 5, X = Br, R = Et) and [Cp'VX(PR,)], 
(2, X = C1, R = Me; 4, X = C1, R = Et), which were isolated 
as paramagnetic, crystalline and  extremely air-sensitive 
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Mono- and Dimeric Phosphine Complexes of CpVX, 

compounds. The reduction takes place with metals like 
Na, Mg, Zn, and Al but is most convenient for Zn and A1 
since an excess of metal does not lead to further reduction. 
For strongly reducing metals (e.g., Na or Mg) further re- 
duction beyond the vanadium(II) stage occurs readily. The 
products of these reductions were not identified. With 
stoichiometric amounts of Na/Hg, however, acceptable 
yields of 1-5 can be obtained. From the point of con- 
venience the aluminium reduction method is to be pre- 
ferred. The reduction of the triethylphosphine complexes 
with Zn or Al is complete within 24 h at room temperature, 
whereas the trimethylphosphine complexes react very 
slowly. In this case the reduction with Al or Zn has to be 
carried out in refluxing THF to obtain acceptable yields 
within 24 h. Reduction with 1 equiv of Na/Hg is more 
convenient here. 

The stoichiometry of the reductions is represented in 
eq 1. The metal halide, MX,, has the role of forcing the 
nCpVXZ(PRJ2 + M --* 

MX, + 1/zn[C~VX(PR3)12 + '/2nPR3 (1) 

M = Zn, n = 2; M = Al, n = 3) 

reaction to the dimeric vanadium(I1) complexes through 
complexation of the liberated phosphines (formation of 
ZnXz(PR3)2 and AlX3(PR3) was established). For M = Zn 
the stoichiometry is such that all  of the phosphine liberated 
during the reduction can be complexed by the zinc halide. 
For M = A1 considerable amounts of free phosphine re- 
main in solution, thus complicating the synthesis of the 
dimeric complexes by participating in an equilibrium (eq 
2). For R = Et, the equilibrium is a t  the left-hand side 

[CpVX(PR,)], + 2PR3 + ~ C P V X ( P R ~ ) ~  (2) 
as can be concluded from the purple-red color of the so- 
lutions. For R = Me the equilibrium is a t  the right and 
the clear blue color of the reaction mixture is in accordance 
with this. The dimeric species 1-5 can be obtained from 
solutions containing an excess of phosphine by slow 
evaporation under vacuum. 

Monomeric complexes CpVCl(PMe3)z (6), CpVCl- 
(DMPE) (7), and CpVCl(DPPE) (8) are made by treating 
3 with excess of PMe, or the appropriate diphosphine. 
Formation of a monomeric complex CpVC1(PEt3)2 from 
3 in solution can be concluded from the characteristic blue 
color following addition of extra PEb. Attempts to isolate 
the compound failed due to the preferred crystallization 
of 3. Addition of PMe3 to 3 in toluene also produces a deep 
blue color due to the formation of 6. Evaporation of the 
toluene resulted in the removal of the very volatile PMe, 
leading to the isolation of 3. Addition of a large excess of 
PMe3 to a pentane solution of 3 gave precipitation of 
analytically pure 6. The solubility of 6 in pentane and 
benzene is quite low. It dissolves in THF, but all attempts 
to crystallize 6 from this solvent failed, and only the dimer 
1 could be isolated. 

Bidentate phosphines (DMPE and DPPE) react readily 
with 3 to give 7 and 8. These complexes are thermally 
stable and can be recrystallized from toluene. Their sol- 
ubility in common organic solvents is quite low, and mo- 
lecular weight determinations by cryoscopy in benzene 
failed. The monomeric character is indicated by the mass 
spectrum and magnetic properties of 7. The highest m/e 
value is 300, corresponding with the molecular ion minus 
H, (M - H)+. Magnetic susceptibility measurements 
(Table I) a t  various temperatures (10-300 K) show that 
7 is a magnetically dilute compound following the Curie- 
Weiss law (10-300 K, 0 = +7.7 K) with peff = 3.80 pB 
(calculated spin only for d3 = 3.87 pB). 

Organometallics, Vol. 5, No. 6, 1986 1151 

Table I. Magnetic Susceptibilities" of CpVCl(DMPE) (7) at 
Various Temperatures 

T, K 1 0 3 ~ ~ ~ ~ ~  cgsu T, K 103~,,,~, cgsu 
9.5 110.0 99.5 16.5 

15.0 84.3 138.7 12.1 
23.2 62.1 179.7 9.55 
23.7 59.1 220.1 7.90 
39.0 38.2 258.6 6.79 
65.9 24.0 295.6 5.99 

" Corrected for diamagnetism (xdia = 0.20 X 10" cgsu). 

,v n V  

Figure 1. Molecular structure of [CpVCl(PEt3)], (3). 

360 200 100 0 -100 PPM 

Figure 2. 'H NMR spectrum of CpVCl(DMPE) in toluene-d8 
at 20 O C .  Solvent peaks are omitted. 

The dimeric nature of compounds 1-5 follows from 
molecular weight determinations for 2 and 3. The effective 
magnetic moments a t  room temperature are much lower 
(ca. 3.0 pB for 1) than expected for d3 systems, and on 
cooling they show antiferromagnetic behavior. A detailed 
study of the molecular structure and the magnetic prop- 
erties of the dimers is in progress. Preliminary results of 
an X-ray diffraction study on 3 show bridging halide lig- 
ands and a cisoid (2) arrangement of Cp and phosphine 
ligands. The VzClz ring is puckered (Figure l).9 

The dimers 1-5 are thermally very stable. The melting 
points of the triethylphosphine complexes are substantially 
higher than those of the monomeric vanadium(II1) parent 
compounds C P V X ~ ( P E ~ , ) ~ . ~  Differential thermal analysis 
showed no decomposition effects up to 250 "C. 

The IR spectra of the complexes are all quite similar and 
show the expected Cp (Cp') and phosphine  absorption^.^ 
For diagnostic purposes two characteristic features are 
mentioned here. The first is the very strong out of plane 
vibration, 6,(CH), of the Cp ligand between 770 and 785 
cm-l, in the range expected for 15e vanadium cyclo- 
pentadienyl compounds.1° The other is an intense CH, 
rocking mode of the phosphine ligands, which is found at  
about 950 cm-' for PMe3 and around 1040 cm-' for PEt3 
complexes. 

(9) Nieman, J.; Teuben, J. H.; Hulsbergen, F. B.; De Graaf, R. A. G.; 
Reedijk, J., to be submitted for publication. 

(10) For a 16-electron V(II1) compound, the strong band of the C-H 
oop deformation of an $-Cp group is normally found in the range 790-810 
cm-I (cf. 805 cm-' in CPVX~(PE~&~). For a 17-electron V(IV) compound 
this band is above 820 cm-I (cf. 824 cm-' in CpVCl, and 822 cm-' in 
CP2VClp). 
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Table 11. *H NMR Spectral Data" (a) of [CpVC1(PEtl)l2 (3), [Cp'VC1(PEt8)l2 (4, and CpVCl(DMPE) (7) 
compd isomer CP CP' Me(Cp') a-H(PEtJ B-H(PEt,) Me(DMPE) CH,(DMPE) 

3 Z 64 -1.94 2.18 
E 133 -4.9 4.60 

4 Z 75 14.0 -1.74 2.23 
E 140 26.1 -3.0 4.48 

7 250 2.5 7.9 
-25.5 17.0 

OAt 20 "C in benzene-d, (7 in toluene-d,); isotropic shifts relative to Me$i (6 0, downfield shifta positive). 

\ '  
/P--Iy'CI 

S 

ICpVCl IPEIJI, 
75% 

ICPvcI(PE1~l2 
20t 

Figure 3. Proposed structure of CpVCl(DMPE) (7). 

'H NMR spectra of the dimeric, formally 30-electron 
(i-e., 15 e/vanadium) species 3 and 4 and of the monomeric, 
15e compound 7 were recorded, and the data are given in 
Table 11. The isotropic shift of the Cp protons of 7 (6 250) 
seems n o d  for a divalent cyclopentadienyl vanadium(I1) 
complex (cf. Cp2V, 6 315'l). The DMPE resonances are 
shifted less dramatically. Both methyl and methylene 
resonances are split into two signals with a 1:l ratio. The 
methyl groups are a t  +2.5 and -25.5 ppm and the meth- 
ylene protons at  +17.0 and +17.9 ppm (Figure 2). This 
magnetic inequivalence is consistent with a DMPE ligand 
in a more or less fixed position (Figure 3), such that the 
protons are divided in two groups: half the protons are 
on the Cp side and the other half on the C1 side of the 
molecule, like has been found in the related compound 
CpVMe(DMPE).12 Twisting of the DMPE vanadium ring 
is possible without changing Cp and C1 side positions of 
the protons. If the ring were completely rigid, four reso- 
nances for the methyl and also for the methylene protons 
would be expected. The fact that only two resonances are 
seen does not permit conclusions with respect to fluxion- 
ality of the DMPE-vanadium ring system. It is possible 
that the chemical shifts of the various protons are so little 
different that overlap of the rather broad signals (width 
at  half-height is ca. 300 Hz) in effect results in one peak. 
A higher temperatures (105 "C) the signals show the ex- 
pected Curie shifts toward diamagnetic positions but the 
two separate methyl (e.g., methylene) resonances still re- 
main. It is clear that there is no low-energy p r o "  leading 
to equivalent methyl (and methylene) groups of the DMPE 
ligand, e.g., dissociation of one of the phosphine groups 
and rotation. 

The isotropic shifts of the cyclopentadienyl protons in 
the dimeric complexes 3 and 4 (6 140-64) are considerably 
smaller than for the monomeric cyclopentadienyl vana- 
dium(I1) compounds (Figure 4). This smaller shift is a 
consequence of antiferromagnetic exchange interactions 
between spins of two vanadium atoms in the dimeric 
complexes. The spectra of 3 and 4 indicate a t  room tem- 
perature the presence of two paramagnetic s e e s  in about 
1:2 ratio. A t  higher temperature (ca. 70 "C) the corre- 
sponding resonances coalesce. Due to the complicated 
dependence of the isotropic shifts and line widths on 
temperature a quantitative analysis was not attempted. 
A plausible explanation of the observed phenomena is the 
presence of isomers rather than a monomer-dimer equi- 
librium. Against the latter is the fact that molecular weight 
determinations in benzene are too close to the value ex- 

(11) K8hler, F. H. J. Organomet. Chem. 1976,110, 235-246. 
(12) Hessen, B.; Teuben, J. H.; Lemmen, T. H.; Huffman, J. C.; 

Caulton, K. G. Organometallics 1985, 4 ,  946-948. 

Figure 4. 'H NMR spectrum of [CpVCl(PEb)] (3) at 20 and 75 
O C  in benzene-d6, showing phosphine resonances (S = solvent). 

Scheme I 

2 E 

pected for exclusively dimeric species in solution. More- 
over, both species show an increase in absolute isotropic 
shift when the temperature is raised. This is exactly what 
is expected for antiferromagnetically coupled species, thus 
supporting the idea that both species are dimers. The most 
likely explanation is the presence of 2 and E isomers 
(Scheme I). Since the crystal structure of [CpVC1(PEk)l2 
(3)9 show that the 2 isomer is present in the solid state, 
we assume it also to be the most abundant in solution. 
Another argument in favor of this assignment is that an- 
tiferromagnetic coupling is expected to be larger on geo- 
metrical grounds for the 2 isomer with its puckered V2Clz 
ring than for the E isomer where a centrosymmetric ge- 
ometry (Le., planar) of the V2C12 ring is likely. This dif- 
ference in antiferromagnetic coupling will lead to a larger 
paramagnetism for the E isomer and consequently to larger 
isotropic shifts, and this is what is observed for the less 
abundant species. The merging of the various resonances 
at  high temperature indicates that the interconversion of 
the 2 and E isomers is rather slow on the NMR time scale. 
A more quantitative study of the kinetics and mechanism 
of this equilibrium is in progress. 

Chemical Properties. As indicated in eq 2 dimeric 
complexes [CpVX(PR,)], (1-5) react with phosphines to 
give monomeric complexes CPVX(PR,)~. Attempts to 
isolate these failed due to preferential crystallization of the 
dimers. Bidentate phosphines (e.g., DMPE, DPPE) give 
easy and complete displacement of the original P%. These 
results show that the phosphine ligands are quite labile 
and that the halogen bridges are easily opened. 

All Complexes are extremely air sensitive. Attempts have 
been made to study this by controlled oxidation and 
identification of the products. A solution of 3 in benzene 
at  room temperature immediately turns intensely purple 
on slow admission of dioxygen. A very rapid further re- 
action was observed, if slightly more than 1 mol of 02/mol 
of dimer was added. Within seconds the intensely purple 
solution turned dark green. A dark green product is also 
formed on slow decomposition of the purple complex at  
room temperature. Cryoscopy in benzene shows that the 
purple O2 complex is still dimeric. Its IR spectrum shows 
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Mono- and Dimeric Phosphine Complexes of CpVX, 

Scheme I1 
CPVICO), ,-------...-...------, ,-.----.-------a 

,# 
0. 

i 
CpVC121PEt312 &- [CpVCI(PEt31]Z CpVlCOIS(PEt3) 

"CpVCI~lPEt !l I" 3 
no v(V=O) bands. The strong 6,JCH) band of the Cp 
group is shifted to 808 cm-', indicating formation of a 
V(II1) compound.1° These observations suggest that a 
peroxo-bridged compound is formed. The presence of a 
v ( 0 - 0 )  band in the range of 790-930 cm-l l3 could not be 
established unequivocally due to the presence of several 
bands in this range. 

The green decomposition product shows a very strong 
v ( V 4 )  band at  950 cm-'. On the basis of the stoichiom- 
etry of the reaction and the IR and EPR spectra (vide 
supra) we formulate this product as an oxo vanadium 
compound, CpV(0)C1.PEt3. 

No IR evidence was found for the formation of phos- 
phorus-oxygen bonds, Le., formation of free Et3P=0 or 
E h P 4  c~mplexes.'~ Also in NMR spectra no Et,P=O 
was observed. NMR spectra and GC show that no PEt, 
is liberated, and we conclude that the phosphine remains 
coordinated. 

The strong oxygen affinity of vanadium is also demon- 
strated by the absence of oxygen transfer to organic sub- 
strates like olefins or to metals like zinc. These results 
indicate that the dimers might be active in the reverse 
reaction, Le., deoxygenation of oxygen-containing organic 
substrates. Indeed, 3 reads with cyclohexene oxide under 
deoxygenation and formation of cyclohexene. The reaction 
is quite fast (half-time ca. 10 min) and stoichiometric, one 
mole of cyclohexene oxide reacts per mole of 3. This 
suggests the formation of a p-oxo-bridged vanadium com- 
plex as also has been observed for V(acac), reactions,'6 but 
we could not identify the oxidation product(s). Complexes 
1-5 show little reactivity toward olefins. As an example, 
no isomerization or oligomerization was observed when 3 
was refluxed in 1-hexene. Under hydrogen, neither isom- 
erization nor hydrogenation was observed and 3 was re- 
covered unchanged. Functionalized olefins like 2-vinyl- 
pyridine or fumaric acid did not react. 

[CpVCl(PE&)], (3) does react with small alkynes under 
formation of trimerization product and polymers. In re- 
action with ethyne (1 bar) in toluene a t  0 "C black poly- 
acetylene (34 mol of ethylene/dimer) precipitated in 24 
h. Benzene (4.5 mol of ethyne/dimer) was also formed, 
but no cyclooctatetraene was detected. 

The reaction with propyne is slower. After 1 day only 
5.9 mol of propyne/dimer were converted into oligomers; 
2.23 mol was found as the trimerization products 1,3,5- 
trimethylbenzene (0.45 mol), 1,2,4trimethylbenzene (1.68 
mol), and 1,2,3-trimethylbenzene (0.10 mol). In both re- 
actions a substantial amount of PEt, is liberated. This 
suggests that the elimination of a phosphine ligand is a key 
step in these reactions. 

The small amount of 1,2,3-trimethylbenzene shows that 
the trimerization reaction should be considered neither as 

(13) Vaska, L. Acc. Chem. Res. 1976, 9, 175-183. 
(14) Maslowsky, E. "Vibrational Spectra of Organometallic 

Compounds"; Wiley: New York, London, Sydney, and Toronto, 1977. 
(15) Berry, M.; Davies, S. G.; Green, M. L. H. J.  Chem. Soc., Chem. 

Commun. 1978,99-100. 
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a process in which three alkynes combine in one move16 
nor as an insertion of alkyne into a vanadacyclopentadiene 
ring,17 since these two reaction types can only account for 
1,2,4- and 1,3,5-trisubstituted benzenes. A possible for- 
mation of the 1,2,3-trisubstituted benzenes from mono- 
substituted ethynes was suggested by Maitlisl8 in alkyne 
oligomerization by palladium complexes. 

[CpVCl(PEt,)], (3) gives a fast reaction with carbon 
monoxide at room temperature in toluene solution. At 22 
"C the half-time of the reaction was about 15 min and a 
total uptake of up to 3 mol of CO/dimer was measured. 
'H NMR spectra of the resulting reaction mixtures in 
benzene-& show the presence of diamagnetic CpV(CO),- 
(PEt,), but also of a paramagnetic product. During 
chromatography on Florisil the paramagnetic product 
decomposed. Two bands were collected after elution, and 
the compounds were identified by NMR as CpV(CO), and 
CpV(CO),(PEt,). These two compounds account for the 
total CO consumption, indicating that the paramagnetic 
product does not contain CO. 

The formation of V(1) complexes in the reaction of 3 
with CO is probably accompanied by the formation of a 
V(II1) species. This can explain why in the zinc or alu- 
minium reduction of CpVC12(PEt3), under CO, CpV- 
(C0),(PEt3) is formed in excellent yield.6 NMR experi- 
ments in THF-d8 indicate the formation of up to 95% of 
CpV(CO),(PEh) in the zinc reduction reaction and 90% 
in the aluminium reaction, within 1 day at  ambient con- 
ditions. No formation of CpV(CO), was observed. 

Normally, zinc or aluminium reduction of V(II1) only 
leads to V(I1) species. CpVCl,(PEt& itself does not react 
with CO under the moderate conditions applied. Probably 
step 1 of the reaction is formation of [CpVC1(PEt,)l2; 
subsequent reaction (2) with CO gives CpV(CO),(PEt,) 
and a V(II1) species, which is reduced, (3), to [CpVCl- 
(PEh)], and again reacts with CO etc. as shown in Scheme 
11. The formation of CpV(CO),, (4), is only a minor side 
reaction. 

The resulta show that CpVC1,(PEtJ2 or [CpVC1(PE&)l2 
are excellent starting materials for the preparation of 
CpV(CO),(PEt,) in high yield at  ambient conditions. 

The study of the vanadium complexes [CpVCl(PR,)],, 
CPVC~(PR,)~, and CpVCl(dmpe) is continued at  the mo- 
ment with attempts to substitute the chlorine ligand by 
an alkyl, aryl, or allyl group. So far, reactions of 
CpVCl(DMPE) (7) have led to CpVR(DMPE) (R = Me, 
Ph),', the first examples of vanadium(I1) carbyls. 
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