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Various reactions of the title compounds have been studied, with determinations of products, stoichiometry, and kinetics 
in aqueous methanol. Hydridorhodoxime, HRh(dmgH)2P(C6H5)3, has pK, = 9.5. A study of the forward and reverse 
rates of neutralization reveals three pathways corresponding to reactions of the rhodium(1) anion with H30t, HzO, and 
Tham buffer. Hydridorhodoxime is further protonated at the oxime oxygens in acidic solution and decomposes under these 
conditions to hydrogen and the dimeric Rh(I1) derivative [Rh(dmgH)2P(C6H5)3]2, Both title compounds react with organic 
halides, the base in an SN2 reaction to form alkyl and aralkyl organorhodoximes and the acid by hydrogen transfer forming 
the hydrocarbon. The rate constants ( k ,  M-’ s-I) in the former reactions are 1.66 X lo4 (benzyl bromide), 1.04 X lo3 
(benzyl chloride), 9.6 X 10 (1-phenylethyl chloride), and 5.2 X lo-’ (n-butyl bromide); the respective values for hydri- 
dorhodoxime are 9.6 X lo2, 5.4 X 10, and 1.8 X 10 M-’ s-l (with n-butyl bromide not determined, owing to interference 
from decomposition). Various competition kinetic experiments were also performed to confirm the processes being studied. 
Reaction mechanisms are presented to account for the results obtained. 

Introduction 
The study of the catalytic properties of transition-metal- 

hydride complexes is a field of growing interest’-5 in which 
there is a continuing need for quantitative data on the mode 
of M-H bond breaking and on the mechanism of hydrogen- 
transfer reactions. W e  set out to explore a number of quan- 
titative issues relating to bis(dimethylg1yoximato) complexes. 
Considering the cobalt complexes (so-called “cobaloximes”),6 
one recognizes that HCo(dmgH)2B and c ~ ( d m g H ) ~ B -  are 
related as conjugate acid and base.’ Hydridocobaloximes is, 
however, unstable toward hydrogen evolution: 

2 H c 0 ( d m g H ) ~ B  = Hz + 2C0(dmgH)~B (1) 
This reaction is of interest in its own right9 but interferes with 
a quantitative study of some of the chemistry underlying these 
compounds, such as the acid-base neutralization reactions and 
the role of the hydrido complex as a hydrogen-transfer reagent. 

On the other hand there are several reports of the relatively 
higher kinetic stability of the rhodium-hydrogen bond as 
compared to the cobalt-hydrogen It  has also been 

(a) Humphries, A. P.; Kaesz, H. D. Prog. Inorg. Chem. 1979,25, 145 
and references therein. (b)  James, B. R. “Homogeneous 
Hydrogenation”; Wiley-Interscience: New York, 1973. 
(a) Lame, R. M.; Rinker, R. G.; Ford, P. C. J .  Am. Chem. SOC. 1977, 
99, 252. (b) Cheng, C. H.; Hendriksen, D. E.: Eisenberg, R. J .  Am. 
Chem. SOC. 1977, 99, 2791. 
Yoshida, T.; Thorn, D. L.; Okano, T.; Ibers, J. A,; Otsuka, S. J .  Am.  
Chem. SOC. 1979, 101, 4212 and references therein. 
Cornish, A. J.; Lappert, M .  F.; Filataovs, G. L.; Nile, T. A. J .  Orga- 
nomet. Chem. 1979, 172, 153.  
Clark, H.  C.; Billard, C.; Wong, C. S. J .  Organomet. Chem. 1979, 173, 
341. 
Schrauzer, G. N. Acc. Chem. Res. 1968, 1 ,  97. 
The complex Co(dmgH),B- is clearly a derivative of univalent cobalt. 
Accepted conventions designate HCo(dmgH)*B as a derivative of co- 
balt(II1) and (formally) the H- ion, much like the analogues CICo- 
(dmgH)*B and CH3Co(dmgH)2B. 
Schrauzer, G. N.; Holland, R. J. J .  Am. Chem. SOC. 1971, 93, 1505. 
Chao, T. H.; Espenson, J .  H.  J .  Am.  Chem. Sac. 1978, 100, 129. 
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experimentally demonstrated that hydridorhodoximes such as 
HRh(dmgH)2P(C6H5)3 have catalytic properties in hydro- 
genation and hydrosilylation  reaction^.'^,'^ Thus we have now 
investigated the formation and decomposition reactions of 
HRh(dmgH)2P(C6H5)3. In addition the reactions of alkyl 
halides with hydridorhodoxime and comparisons with the 
already reportedI4 alkylation reactions of the conjugate base, 
Rh(dmgH)2P(C6H5)3-, are of considerable interest. We  have 
hence studied the reactions of benzyl chloride and bromide, 
a-phenylethyl chloride, and n-butyl bromide with Rh- 
(dmgH)2P(C6H5)3- and HRh(dmgH)2P(C6H5)3 in aqueous 
methanolic (1: l )  medium. Comparisons of the relative re- 
activities and the nature of products formed in these reactions 
have been made. 

Experimental Section 
Materials. Doubly distilled benzyl chloride, n-butyl bromide, 

4-bromobenzyl bromide and 4-bromotoluene were used. Chloro- 
(triphenylphosphino)bis(dimethylglyoximato)rhodium(III), CIRh- 
(dmgH),P(C6H5),, was prepared by standard methods;I5 its purity 
was established by satisfactory elemental analyses and by the ‘H NMR 
spectrum. Anal. Calcd: C, 49.50; H, 4.63; N, 8.88. Found: C, 49.55; 
H, 4.62; N, 8.78. 

(Triphenylphosphino)bis(dimethylglyoximato)rh~ium(III) hydride, 
HRh(dmgH)2P(C6H5)3, was prepared by an adaptation of a published 
procedure.16 Since it was found that rigorously oxygen-free conditions 

(10) Powell, A. J. Platinum Met. Rev. 1967, 11, 5 8 .  
(11) (a) Thomas, K.; Osborn, J. A,; Powell, A. R.; Wilkinson, G. J .  Chem. 

Soc. A 1968, 1801. (b) Endicott, J. F.; Wong, C. L.; Inoue, T.; Na- 
tarajan, P. Inorg. Chem. 1978, 18, 450. 

(12) Ragachev, B. G.; Khidekel, M. L. Bull. Acad. Sci. USSR, Diu. Chem. 
Sci. (Engl. Transl.) 1967, 127. 

(13) (a) Shchepinov, S. A,; Khidekel, M. L.; Lagodzinskaya, G. V. Bull. 
Acad. Sci. USSR, Diu. Chem. Sci. (Engl. Transl.) 1968, 2061. (b) 
Shchepinov, S. A,; Sal’nikova, E. N.; Khidekel, M. L. Ibid. 1967, 2057. 

(14) Schrauzer, G. N.; Weber, J .  H .  J .  Am.  Chem. SOC. 1970, 92, 726. 
(15) Powell, P. J .  Chem. SOC. A 1969, 2418. 
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are essential for this preparation, all work was done under argon in 
a suitable experimental set up with a three-necked flask and a fil- 
ter-funnel assembly. A dispersion of finely powdered C1Rh- 
(dmgH)zP(C6H5)3 (315 mg) in water-methanol (1:9) mixture (15 
mL) was taken in a 50-mL three-necked round-bottomed flask. The 
slurry was stirred magnetically and cooled by an icesalt mixture while 
extensively purged with argon. Sodium borohydride (25 mg) was 
added in five equal portions over a 60-min period while the temperature 
was maintained below 5 OC. Within about 30 min after the addition 
of NaBH4 was complete, a bluish gray precipitate was obtained, which 
was filtered in an argon atmosphere and washed with ice-cold deaerated 
water. This product, which was contaminated with a reddish yellow 
impurity, was further washed with air-free methanol twice (10 mL 
each) and vacuum dried, yielding a bluish gray solid. Anal. Calcd 
for HRh(dmgH),P(C6H5),: C, 52.36; H, 5.07; N, 9.39. Found: C, 
51.75; H, 5.16; N, 8.98. The IR spectrum, taken on a Nujol mull 
made in an argon-filled glovebag, indicated the presence of the Rh-H 
stretching vibration at 1980 cm-I. 

Chloro( triphenylphosphino) bis(difluoro(dimethylg1yoximato) bo- 
ron)rhodium(III), ClRh(dmgBF2),P(C6H5),, was prepared by addition 
of boron trifluoride etherate (1 mL) to a suspension of CIRh- 
(dmgH),P(C6H5), (250 mg) in diethylene glycol monomethyl ether 
(10 mL). The mixture was stirred on a magnetic stirrer for 4 h at 
ca. 35 OC, during which the mixture became homogeneous. The 
addition of 8 volumes of ethyl ether to the filtered reaction mixture 
yielded a brownish green precipitate. This product was then dissolved 
in chloroform-acetone (8:l) mixture (27 mL), and ethyl ether (3 mL) 
was added. A minor amount of a precipitate was filtered. The cooled 
filtrate yielded crystals of a product which gave rise to a single spot 
on TLC (R, = 0.22) whereas the parent complex CIRh(dmgH),P- 
(C6H5), has Rl = 0.3 with a chloroform-ethyl ether (4:l) mixture 
as the developing medium 

Dimeric (triphenylphosphino) bis(dimethylglyoximato)rhodium(II), 
[Rh(dmgH)2P(C6HS)-3]2, was prepared from decomposition of hy- 
dridorhodoxime in hydrochloric acid. A solution of Rh(dmgH)?P- 
(C6H5)< (10 mL, 5 X lo-' M), obtained by the sodium borohydride 
reduction of C1Rh(dmgH)2P(C6H5)3 in 0.2 M sodium hydroxide in 
methanol under argon, was treated with a deaerated solution of 
hydrochloric acid (1 .I  mL, 2 M) and maintained at room temperature 
for 6 h. Addition of deaerated water (23 mL) gave rise to a red 
precipitate of the desired product, which was filtered and recrystallized 
twice from benzene under argon. The crystals obtained were then 
dried in vacuo and identified by NMR spectrum" and elemental 
analysis. Anal. Calcd for [Rh(dmgH),P(C6H5)3]2: C, 52.45; H, 
4.91; N,  9.41. Found: C, 52.35; H, 4.52; N,  9.34. 

Methanolic solutions of Rh(dmgH),P(C6H5),- were prepared in 
three ways: (a) reaction of the hydrido complex with 0.1 M sodium 
hydroxide, (b) controlled-potential reduction at a mercury electrode 
of alkaline solutions of C1Rh(dmgH),P(C6H5), at various voltages 
and alkali concentrations, (c) reduction of Rh(II1) or Rh(I1) complexes 
with sodium borohydride. The first method yielded impure solutions 
with varying amounts of a species, believed to be [Rh(dmgH),P- 
(C&)3]2, with an intense visible absorption spectrum. Electro- 
chemical reduction also gave largely the Rh(I1) dimer, and at more 
negative potentials only an insoluble black product was obtained, 
consistent with published reports.l* The starting complex for bo- 
rohydride reduction was either C1Rh(dmgH),P(C6H5), or [Rh- 
(dmgH)zP(C6H5)3]2, but the former gave a purer product. The 
reduction was successful only if a stoichiometric quantity of sodium 
borohydride was used; unlike the cobalt analogue, reduction with excess 
sodium borohydride was quite difficult. Solutions of Rh(dmgH),P- 
(C6HS),- were obtained by the reduction of C1Rh(dmgH)zP(C6Hs)3 
(36-60 mg) dissolved in 0.2 M NaOH in methanol (3-5 mL) by 
sodium borohydride (3-5 mg) in an argon atmosphere. These solutions 
were purified on an air-free and ice-cooled Sephadex LH 20 gel- 
filtration column (0.8 X 25 cm), which had been preequilibrated with 
0.2 M NaOH. Rhodium complexes were eluted from the gel with 
0.20 M NaOH in methanol usually in three chromatographic bands. 
The yellow (unreduced Rh(II1)) and red (believed to be Rh(I1) dimer) 
bands moved faster than the major purplish brown band (the desired 

(16) Ponov, V. B.; Khidekel, M. L.; Shchepinov, S .  A .  Bull. Acad. Sci. 
USSR, Diu. Chem. Sci. (Engl. Trans.) 1968, 2272. 

(17) Keller, H. J.; Seibold, K.  Z .  Naturforsch., E 1970, 25, 551. 
(18) Kljuev, M. V.; Khidekel, M. L.; Strelets, V.  V, Transition Met. Chem. 

(Weinheim, Ger.) 1978, 3, 380. 
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Figure 1. UV-visible spectra of Rhi(dmgH)2P(C6H5)3- in 0.1 M 
NaOH in methanol (- - -), HRh(dmgH),P(C6H5), in 0.03 M glycine 
buffer, pH 3.3 (-0-), and (inset) [Rh(dmgH)zP(C6H5)3]2 in methanol. 
The spectrum of hydridorhdoxime has to be considered approximate 
owing to the ready decomposition into strongly absorbing products. 

Rh(1) product). The rhodium(1) solutions thus obtained were re- 
markably sensitive to oxygen and were of the concentration (- 3-50) 
X lo-, M, corresponding to yields of about 50-60%. In a few 
preparations an unidentified and much slower moving green product 
(less than 5% on the basis of total Rh) was also observed. Since 
chromatographic separation of Rh(1) from this green product was 
quite distinct, no efforts to characterize the green product were made. 
The separation procedure generally took 12-16 h, and the solutions 
of Rh(dmgH),P(C6H5)C were stable for a period of ca. 18 h when 
kept cooled at ca. 0 "C in an argon atmosphere. The UV-visible 
spectrum of this rhodium(1) complex, shown in Figure 1, has absorption 
maxima X 463 nm (e  1935 & 40 M-l cm-') and 550 (450 & 15), 
compared to that of Rh(dmgzH,).3H20, 458 (7060) and 575 (670). 
The latter c o m p o ~ n d ' ~  is not completely pure; considering the high 
absorption at 458 nm and the intense absorption of the rhodium(I1) 
dimer at this wavelength, traces of the latter may contaminate this 
compound. 

Solutions of HRh(dmgH),P(C6H5), for use in hnetic studies were 
prepared by neutralization of Rh(1) solutions (obtained by a chro- 
matographic separation) with either HCI or glycine buffer-HC1 
mixtures (0.01-0.025 M, to give a final pH of 2.0-3.3) or tris(hy- 
droxymethy1)aminomethane (Tham) buffer-HCI mixtures (to give 
a final pH of 7.0-8.5). In view of the poor stability of these solutions 
at room temperature, the solutions of the hydrido complex for hnetic 
studies were freshly made and maintained at 5 OC. Solutions aged 
for more than 30 min were not used for kinetic measurements. Ionic 
strength adjustments were made with sodium chloride, as perchlorate 
ions showed some tendency to be reduced by the rhodium(1) solutions. 

Analyses. The concentration of rhodium in Rh(1) solutions was 
estimated by standard methods,m which essentially consist of conversion 
to a rhodium(II1) diphenylcarbazone complex, with a molar ab- 
sorptivity of 6.1 X lo4 M-l cm-l at 565 nm. Routine analysis of Rh(1) 
concentrations was spectrophotometric at 463 nm (e  1.9 X lo3 M-I 
cm-I). A gc separation was used for 4-bromotoluene, a product of 
the reaction of hydridorhodoxime and 4-bromobenzyl bromide. So- 
lutions 10-4-10-3 M in 1:l H20-CH30H could be successfully sep- 
arated and detected by using an operating temperature of 210 "C 
on a Tenax column with an electron-capture detector. 
Results 

Reactions and Products. We first present information on 
the various reactions occurring and in later sections give a 
detailed study of the kinetics of selected reactions. The 
spectrum of Rh(dmgH)*P(C6H& in H20-CH30H (1: 1) was 

(19) Miller, J. D.; Oliver, F. D. J .  Chem. Soc., Dalton Trans. 1972, 2469. 
(20) Ayres, G. H.;  Johnson, F. L., Jr. Anal. Chim. Acta 1960, 23, 448. 
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analyzed as a function of p H  in the range 7-12. I t  was ob- 
served that the spectrum is independent of p H  in the range 
10-12; in the p H  region 7.0-9.5 (in Tham buffer), it is con- 
verted to a product having much smaller optical density a t  460 
nm. The latter product decomposed slowly with time to give 
a product having an intense absorption maximum at  457 nm. 
Further examination of the spectrum of Rh(1) solutions after 
being mixed with glycine buffer (in the p H  range 2.2-3.5) also 
pointed out that there were two distinctly separated kinetic 
processes, one with t l 1 2  ca.  0.5-5 s and another i l l 2  ca. 7-10 
min. The slower step was also associated with gas evolution 
and a substantial increase in optical density a t  460 nm. 
Formation of a hydridorhodoxime with a pK, of 9.5 is con- 
sistent with the present experimental evidence and with the 
assignment of Schrauzer et al.;14 its spectrum is also shown 
in Figure 1, The first kinetic step corresponds to the formation 
of hydridorhodoxime (eq 2) and the second step to its de- 
composition with the evolution of hydrogen (eq 3). 

Rh(dmgH)2P(C6H5)< + H30+ = 

2HRh(dmgH)2P(C6H5)3 = H2 + [Rh(dmgH)zP(C,Hs)312 
(3) 

The final spectrum at  the end of the second step depended 
on the p H  of the reaction mixture. The addition of water to 
such a reaction mixture resulted in a precipitate of the Rh(I1) 
dimer, but ion-exchange chromatography of the same reaction 
mixture on a Dowex 50W-X8 also indicated the presence of 
a n  air-stable cationic rhodium byproduct, possibly Rh( 111). 

Since eq 2 and 3 imply that a relatively unstable hydrido- 
rhodoxime is formed, the reactions of an aralkyl halide (benzyl 
chloride) and alkyl halide (n-butyl bromide) with unacidified 
and preacidified solutions of the complex Rh(dmgH)2P- 
(C6H& were investigated in 1: 1 H20-CH30H.  At 0.1 N 
NaOH,  where the predominant form is the rhodium(1) anion, 
a single stage reaction with a large decrease in absorbance at  
460 nm was observed with both benzyl chloride and n-butyl 
bromide, the former giving a product with an absorption 
spectrum (A,,, 390 nm) typical of organorhodoximes. 
Therefore the reaction a t  0.1 N N a O H  with benzyl chloride 
and n-butyl bromide (RX)  can be written as in eq 4.  
Rh(dmgH)2P(C6H5)3- + R X  = 

HRh(dmgH)2P(C6H5)3 + H 2 0  (2) 

RRh(dmgH)*P(C6H5), + X- (4) 

Hydridorhodoxime, on the other hand, reacts with benzyl 
chloride and n-butyl bromide to produce a mixture of the 
rhodium(I1) dimer and a rhodium(II1) complex. Toluene is 
detected in the former reaction, but practical difficulties 
prevented a quantitative assay. With 4-bromobenzyl bromide, 
however, 4-bromotoluene was found in 90% yield. Thus the 
sequence of reactions of hydridorhodoxime with aralkyl halides 
(and presumably alkyl halides) is 
HRh(dmgH)2P(C6H5)3 + R X  + H 2 0  - 

R H  + (H20)Rh(dmgH)2P(C6H5)3e (5a) 

(H20)Rh(dmgH)2P(C6H~)3+ + HRh(dmgH)zP(C6H,), - 
H30' + [Rh(dmgH)2P(C6H5)312 (5b) 

The  overall stoichiometry of reaction between hydridorhod- 
oxime and R X  to produce R H  will thus vary between 2: 1 and 
1:l depending on the relative rates of eq 5a,b and the identity 
of RX.  With a fast reacting R X  such as benzyl bromide or 
4-bromobenzyl bromide, eq 5a seems to be the dominant re- 
action to produce nearly 0.9 mol of RH/mol  of hydrido- 
rhodoxime used. With benzyl chloride as RX, typically 15% 
of the rhodium was converted to the rhodium(I1) dimer. 

The addition of alkali to a solution of hydridorhodoxime in 
H20-CH30H (1:l)  in glycine buffer a t  pH 3.3-3.5 imme- 
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diately produced a change in absorption spectrum to that of 
the rhodium(1) anion, further identified by its ready reaction 
with benzyl chloride. The chief reaction occurring is thus 
HRh(dmgH)2P(C6H5)3 + OH- = 

Rh(dmgH)zP(C6Hs)3- + H20 (6) 
with side reactions which did not, however, interfere with a 
kinetic study of the reaction. The side reactions may be eq 
3 and perhaps a reaction of a Rh(II1) complex, derived from 
decomposition of hydridorhodoxime, with Rh(I),  to form 
[ Rh"] 2 .  

Kinetic Studies, Eq 2. Formation of hydridorhodoxime was 
monitored at  460 nm by using a Durrum stopped-flow spec- 
trophotometer under conditions of varying H,O:CH,OH ratios, 
[Rh], = (0.5-2) X M, 25.0 OC, and ionic strength 0.30 
M (NaC1). Effective [H'] control was obtained by neu- 
tralization of N a O H  contained in Rh(1) solutions with cal- 
culated amounts of acid (HCI) contained in suitable buffers. 
Tham buffer was used for [H+] = 1 X lO-'to 3.2 X M 
and [ThamIT = 0.01-0.03 M, glycine buffer for [H+]  = 1 X 

to 4 X M and [glycineIT = 0.01-0.025 M, and HC1 
for [H'] = 1 X to 1 X lo-' M. The p H  measured after 
such neutralization of N a O H  was reproducible within 0.15 
unit with Tham buffer and 0.05 unit with glycine buffer 
(except in the range of 3.5). At 460 nm and [H+] = 2 I 
M, a decrease in absorbance for reaction 2 was observed. At 
[He] = 2 X M, it was observed that the accompanying 
side reaction of eq 3, which has associated with it a large 
increase in absorbance a t  this wavelength, gave rise to inac- 
curate final absorbance readings. At 510 nm such compli- 
cations did not arise and pseudo-first-order plots were linear 
to a t  least 3.5 half-lives, with an  increase in absorbance for 
reaction 2 at  this wavelength. The  kinetic data are used to 
evaluate a pseudo-first-order rate constant for this process 
designated k2. An interesting reversal in the direction of 
absorbance change is seen at 460 nm (a phenomenon unrelated 
to the decomposition reaction of eq 3, which occurs much more 
slowly; see the next section). Thus at  [H'] 5 0.02 M, the 
absorbance decreases a t  460 nm with occurrence of reaction 
2, whereas it increases a t  510 nm. In all cases, however, the 
rate constants agreed at  both wavelengths irrespective of [He] 
and the direction of absorbance change. . W e  attribute the 
reversal in direction at  460 nm to an equilibrium rapidly es- 
tablished after reaction 2, resulting in a mixture of hydrido- 
rhodoxime and a protonated derivative, the order of molar 
absorptivities a t  460 nm being HRh(dmg2H3)P(C6H5),+ > 
Rh(dmgH)2P(C6H5)3- > HRh(dmgH)2P(C6H5)3. The  
equilibrium referred to, for which independent evidence is given 
in the next section, is 

HRh(dmgH)2P(C6H5)3 + H+ 2 
HRh(dmg2H,)P(C,H5),+ (7) 

The value of k2 varied with the concentration of Tham (but 
not glycine) buffer as shown in Table I and also with solvent 
composition ( H 2 0 : C H 3 0 H  ratio), which may be due either 
to the dependence of rate on the concentration of water or to 
changes in activity coefficients with solvent composition. At 
a fixed H 2 0 : C H 3 0 H  ratio, the variation of k2 is expressed by 
eq 8. A least-squares fit of data to eq 8 gave values k ,  = (2.3 

k2 = k, + kb[ThamIT + k,[H+I (8) 
f 1.1) x s8, kb = 6.0 f: 0.68 M-'s&, k, = 36 f 1.2 M-I 
s-' a t  25.0 "C and ionic strength 0.3 M (NaC1) in 1 : l  

Kinetic Studies, Eq 3. The kinetics of decomposition of 
hydridorhodoxime were monitored at either 410 or 460 nm 
[H+] = (0.1-20) X M, [ g l y ~ i n e ] ~  = 0.03 M, and [Rh], 
= (0.3-2) X M in 1:l H20-CH30H.  The first-order rate 

H20 /CH30H.  
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Table I. Kinetic Dataa for Reaction of Rh(dmgH),P(C,H,),- 
with Acids According to Eq 2 

k,/s-' 

102[buffer]/M [H+]/M obsd calcdb 

1.00 (T) 3.0 X 10.' 0.080 f 0.003 0.083 
1.00 (TI' 
1.60 (T)' 
2.25 (T) 
2.25 (T) 
2.25 (T) 
2.25 (T) 
3.00 (T) 
2.50 (G) 
2.50 (G)  
2.0 (G) 
. . .  
. . .  
. . .  
. . .  
. . .  
. . .  
. . .  
. . .  
2.25 (T)' 
2.25 (T)' 
2.25 (T)d 
2.25 (T)d 
2.25 (T)d 
1.0 (T)d 

7.1 X 10" 
3.1 X lo-' 
1.0 X 18-* 
2.0 x 10- 
3.1 X 10" 
8.3 X lo-' 
3.1 X 
4.5 x 10-3 
6.3 x 10-3 
1.0 x 10-2 
1.0 x 10-2 
3.0 X 
5.0 X lo-* 
5.0 X lo-' 
7.5 x 10- 
1.0 x lo-' 
5.0 X lo-* 
2.0 x 10-2 
1.0 x 

1.0 x 10- 
3.1 X 

3.1 X 

1.0 x 10-7 

1.0 x 10-7 

0.082 f 0.002 
0.13 f 0.01 
0.157 f 0.003 
0.14 f 0.01 
0.150 f 0.003 
0.166 f 0.004 
0.200 f 0.004 

(0.149 jl 0.004)e 
0.295 f 0.01 
0.34 f 0.02 
0.34 f 0.01 
1.15 f 0.14 
1.64 f 0.07 
1.96 f 0.02 
2.96 f 0.05 
3.75 ?I 0.15 
1.71 ?: 0.06e,f 
0.86 f O.Ole,? 
0.102 f 0.005 
0.1 14 f 0.004 
0.208 f 0.002 
0.220 f 0.003 
0.198 I 0.004 
0.134 

0.083 
0.119 
0.158 
0.158 
0.158 
0.158 
0.203 
0.184 
0.250 
0.383 
0.383 
1.10 
1.82 
1.82 
2.72 
3.62 
1.82 
0.74 

a Conditions: 25.00 i: 0.03 "C, ionic strength 0.30 M (sodium 
chloride) in H,O-CH,OH (1 :1 by volume, except as noted) with 
[ R h l ~  = (0.84.0) X 
Tham (T), glycine (G) or no buffer present. 
according to eq 8 with parameters asgiven in the text. ' 1:1.57 
H,O-CH,OH. 1.57:l H20-CH,OH. e Not used in data analy- 
sis. Added P(C,H,),, 2.0 x loA3 M. 

Table 11. Kineticsa of Decomposition of 
Hydridorhodoxime According t o  Eq 3 

M, studied at 460 and 510 nm with 
Calculated k ,  

104k,/~-1 
lo4 [H+]/M obsd calcdb 

0.90 0.60 0.609 
5.00 1.95 1.56 

10.0 2.50 2.67 
16.0 3.75 3.95 
63.0 12.5 12.1 
89.0 15.6 15.5 

a Conditions: 25.00 f 0.03 OC, ionic stren th 0.30 M (sodium 
chloride) in H,O-CH,OH (1:l by volume). % Calculated k ,  
according to eq 9 with parameters as given in the text. 

plots were linear to 4-5 half-lives. The rate constants, k3, are 
given in Table 111. The dependence of k3 on [H+] is described 
by the rate law in eq 9. A nonlinear least-squares fit of k3 

(9) 

to eq 9 gave values of kd = (3.95 f 0.6) X s-l, K7 = 45 
f 25 M-I, and keK7 = 0.24 f 0.03 M-' s-l at 25.0 OC, and 
the ionic strength was 0.1 M (NaCl). This rate law can be 
easily rationalized as in the case of analogous cobalt(II1) 
systems by eq 10-12. Since the buffer dependence of k3 was 

HRh(dmgH)2P(C6H5)3 + H 2 0  - 
H 2  + HORh(dmgH)2P(C6H5)3 (10) 

HRh(dmg2H3)P(C6H5)3+ + H 2 0  - 
kd 

ke 

H 2  + H20Rh(dmgH)2P(C6H5)3+ (1 1)  

fast 
HRh(dmgH) 2P(C6H5) 3 + 

H20Rh(dmgH)2P(C6H5)3+ - 
[Rh(dmgH)2P(C6H5)312 + H30' ( l 2 )  
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Table 111. Kinetic Dataa for Reaction of Hydridorhodoxime with 
Organic Halides According t o  Eq 5 

lo2 [ RX]/M k,}s-' k ,  [ RX]-' /M-' s-' 

(a) C,H,CH,Cl 
0.60 0.30 i: 0.001 50.0 
1.10 0.61 f 0.001 55.5 
1.50 0.87 * 0.01 58.0 
2.20 1.08 f 0.04 49.1 
2.20 1.18 f 0.08 53.6 
3.00 1.78 f 0.05 59.3 

av 53.7 f 2.2 
(b) C,H,CH,Br 

0.250 2.45 f 0.25 980 
0.510 4.3 f 0.1 84 3 
0.760 7.5 f 0.1 987 

av 960f  30 

(c) C,H,CH(CH,)Cl 
0.125 0.021 16.8 
0.250 0.046 18.4 
0.625 0.123 19.7 

av 18.3 i. 1.5 
a Conditions: 25.00 f 0.03 "C; [H"] = 5 x M with 0.013 M 

total glycine buffer at ionic strength 0.30 M (sodium chloride) in 
H,O-CH30H (1 : 1 by volume). 

not analyzed, it is difficult to distinguish the reactant in eq 
10 as to whether it is H20,  as shown, or protonated glycine. 
However the kd term corresponds to the intercept in a plot of 
k3 against [H+] and at  [H+] 5 3 X lo4 M, and the proportion 
of protonated glycine (with an apparent dissociation constant 
of 2.34 X M in 1:l H20-CH30H)  was quite small under 
these acid conditions, suggesting water to be the more probable 
reactant in eq 10. 

Kinetic Studies, Eq 4, The alkylation reactions of the 
rhodoxime(1) anion and organic halides are well-characterized 
 reaction^.'^ The rates are described by the second-order ex- 
pression 

-d[Rh(dmgH)2P(C6H,)3-]/dt = 

and the reaction is believed to occur by an SN2 mechanism. 
The rate constants under the conditions of interest here (1:l 
H20-CH30H,  0.1 M OH- at 25.0 "C) are kf = 0.52 f 0.01 
M-I s-l (n-butyl bromide), (1.04 f 0.03) X l o3  (benzyl 
chloride), (1.66 f 0.08) X l o4  (benzyl bromide), and 96 f 
2 (a-phenylethyl chloride). 

Kinetic Studies, Eq 5. The reaction of hydridorhodoxime 
with benzyl chloride was monitored at 460 nm by using a large 
excess of the latter reagent, (0.6-3.0) X lo-* M. Other con- 
ditions were [Rh], = (0.7-1.5) X M, [glycineIT = 0.013 
M, [H+] = 3 X M, and ionic strength 0.1 M (NaCl)  a t  
25 OC in 1:l H 2 0 - C H 3 0 H .  Solutions of HRh(dmgH),P- 
(C6H5)3 were made up by the acidification of Rh(1) with 
glycine buffer-HC1 mixtures of appropriate concentrations. 
The decomposition of hydridorhodoxime was minimized by 
cooling of the stock solutions to -5 OC; the decomposition 
products, Rh(I1) dimer and Rh(II1) complexes, did not react 
with benzyl chloride on the time base of interest. The  rate 
plots were linear to 3-4 half-lives and the rate constants, k5, 
exhibited a first-order dependence on benzyl chloride con- 
centrations: 

kf[Rh(dmgH)2P(C6H5)3-] [RX] ( l 3 )  

k5 = kg[C6H~CH2C1] (14) 

A least-squares fit of the data in Table I11 to eq 14 gave k, 
= 53.7 f 2.2 M-1 s-1. 

Similar studies were carried out by using benzyl bromide 
(k = (9.6 f 0.3) X l o2  M-I s-I ) a nd a-phenylethyl chloride 
(k = 18.3 f 1.5 M-' s-l). Reaction with n-butyl bromide 
occurs too slowly for accurate measurement, and the bulk of 
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Figure 2. Plots of the observed pseudo-first-order rate constants for 
experiments involving competitive reactions of Rh(dmgH)2P(C6H5),- 
with HCI and C6H5CH2C1. The lines drawn are those calculated 
according to eq 15. Inset: The slower stage seen in the competition 
kinetics corresponds to the reaction of hydridorhodoxime and benzyl 
chloride; the line is the theoretical one according to eq 5 and 14. 

the reaction observed corresponds to decomposition of hy- 
dridorhodoxime according to eq 3. 

Competitive Kinetics, Reactions 2 and 4. When basic so- 
lutions of the rhodium(1) rhodoxime anion are mixed with HC1 
solutions of benzyl chloride, reaction with the former to pro- 
duce hydridorhodoxime or with the latter to produce ben- 
zylrhodoxime may occur. Such experiments will yield no new 
information, but the occurrence of competitive reactions will 
serve to confirm the nature of the individual processes. Indeed, 
reactions conducted in this manner do  give the expected be- 
havior. There is a rapid first stage which is expected to be 
reactions 2 and 4 together, followed by a slower step which 
is consistent with the  reaction of hydridorhodoxime formed 
in eq 2 reacting with benzyl chloride according to eq 5. The 
pseudo-first-order rate constants for the faster stage are plotted 
as  a function of [PhCH2C1] in Figure 2 which shows data a t  
0.010 M H+ and 0.050 M H'. The  lines shown in the figure 
a re  those drawn to correspond to the theoretical value ac- 
cording to relation 15 with use of values of k,, k,, and k,  from 

(15) 

the separate determinations. As shown from the data depicted 
in this figure, the observed rate constants do correspond within 
experimental error to the calculated values. 

When such competitive reactions were monitored at  510 nm, 
the first stage always corresponded to an  increase in absor- 
bance, consistent with the molar absorptivities in eq 2 and 4. 
A t  460 nm, however, the faster stage was represented by an 
absorbance decrease a t  0.01 M H+ but an increase at  0.05 M 
H+. This too is consistent with the opposite direction of ab- 
sorbance change associated with these reactions at  this 
wavelength, dependent upon the ratio of [H'] to [PhCH2CI]. 
As stated in the preceding paragraph and shown in Figure 2, 
the observed rate constants are internally consistent and 
wavelength independent. 

A detailed analysis of the second stage was not made, but 
the rates a re  expected to be those corresponding to the sum 
for the competing decomposition (eq 3) and hydride-transfer 
(eq 5 )  reactions: 

k = k, + k,[H'] + kg[C6H~CH2CI] 

k' = k, + k,[PhCH,Cl] (16) 

Figure 2 also shows the values of k ' ( a t  0.01 M H+) plotted 
against [PhCH,Cl], the line being the theoretical one according 
to eq 8 with use of the independently determined rate con- 
stants. 

Kinetic Studies, Eq 6. The kinetics of reaction of hydroxide 
ions with hydridorhodoxime were monitored at  460 nm where 
the rhodium(1) product has the higher molar absorptivity. The 
complex HRh(dmgH)2P(C6H,)3 was generated from the Rh(1) 

I I I I I 50 

0 2.5 50 7.5 100 12 5 
IO2 [OH-] /M 

Figure 3. A plot of k6 for the reaction of hydridorhodoxime with alkali 
vs. [OH-] showing the linear dependence as in eq 17. 

anion by addition of glycine buffer to p H  3.3-3.5. Subsequent 
addition of alkali gave rise to a kinetic step measurable by 
using the stopped-flow technique. Kinetic studies were carried 
out a t  25.0 OC in H 2 0 - C H 3 0 H  (1:l by volume), a t  ionic 
strength 0.30 M (sodium chloride) over a range of sodium 
hydroxide concentrations, 0.025-0.125 M. The  pseudo- 
first-order rate constant, k6, showed a direct dependence upon 
[OH-] (eq 17) as illustrated in Figure 3. Although the de- 

k6 = kh[OH-] (17) 

composition reactions of hydridorhodoxirne did not seem to 
influence the measured rates of reaction 6, the magnitude of 
the observed absorbance changes did decrease with the age 
of the solutions. A least-squares analysis gives k, = 374 f 
6 M-' s- ' ,  

Competitive Kinetics, Reactions 5 and 6. Only a few ex- 
periments were carried out on the reaction of hydridorhod- 
oxime with a mixture of sodium hydroxide and benzyl chloride, 
this being done under conditions where the rhodoxime(1) anion 
produced in eq 6 would then react very rapidly with benzyl 
chloride in the alkylation process shown in eq 4. The  exper- 
iments were designed to test that reaction of hydridorhodoxime 
with alkali does, indeed, produce the Rh' compound and is not 
some other neutralization process such as an  equilibrium in- 
volving oxime oxygens. Thus the experiments were performed 
at  460 nm, a wavelength a t  which the expected sequence of 
reactions (eq 6, followed rapidly by eq 4) will lead to a decrease 
in absorbance whereas reaction 4 or 5 would itself give in- 
creases. Indeed an absorbance decrease was observed, because 
the decrease associated with the sequence chosen by concen- 
tration adjustment to be dominant (eq 6, then eq 4) was only 
partially offset by the opposing change accompanying the 
direct reaction of hydridorhodoxime with benzyl chloride (eq 
5). The  rate constants observed under the usual conditions 
at  0.010 M OH- were 4.34 f 0.06 s-l (1.25 X M 
C6H5CH2C1) and 5.17 f 0.07 s-' (1.57 X M). These 
compare satisfactorily with predicted values calculated ac- 
cording to eq 18, which are 4.41 f 0.09 and 4.58 f 0.10 s-l, 
respectively. 

(18) k = kg[C6HSCH2C1] + k,[OH-] 

Discussion 
Under the different conditions examined, a number of in- 

dependent reactions were examined. A summary of the various 
reactions is given in Scheme I, in which the rate constants are 
symbolized in the same manner as in the preceding presen- 
tation of the results. In the paragraphs that follow, selected 
aspects of this chemistry will be discussed further. 

Several lines of evidence developed in this work show the 
interconvertibility of hydridorhodoxime and its conjugate base, 
the anionic rhodium(1) rhodoxime, by neutralization reaction 
involving H', HzO, and OH-. The kinetic studies of forward 
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Scheme I 
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and reverse reactions were carried out under very different pH 
conditions, however, and it is necessary to show how the 
different sets of results can be accounted for consistently. The 
kinetic data suggest that there are two parallel neutralization 
pathways: 

HRh(dmgH),P(C,H,), + OH- e 

HRh(dmgH)2P(C6H5)3 + H 2 0  $ 

Rh(dmgH)2P(C6H5)3- + H20 (19) 

Rh(dmgH)2P(C6H5)< + H 3 0 +  (20) 

The rate constants are identified as k19 = kh, kI9 = k,, and 
kzo = k,. The former pair led to a value of the equilibrium 
constant K19 = k19/k-19 = 1.6 X lo4 M-'; this value agrees 
adequately with a value K20 = 3 X lo4 M-' estimated from 
the pKa for hydridorhodoxime (pKa = pK20) and K,. On the 
basis of K20 = 10-9.5 and the value k-20 = 36 M-' s-I, the value 
of kzo should be 1.1 X s-l. The forward step of eq 20 
should thus be an unimportant component of the reactions of 
hydridorhodoxime a t  the high [OH-] concentrations used in 
these studies; the nearly zero intercept in Figure 3 is consistent 
with this formulation. It should be noted, of course, that the 
acid-base equilibrium at  rhodium is established very slowly 
compared to diffusion-controlled rates usually encountered at  
oxygen or nitrogen. The slowness of rate is consistent with 
findings on d e u t e r i o c o b a l ~ x i m e . ~ ~ ~ ~  

Hydridorhodoxime appears to be an acid of strength com- 
parable to that of the cobalt analogue8$ but much greater than 
that of related compounds such as HRh(er1)~0H+ (pKa = 
12),22 HRh(NH3)52+,10 or H C O ( C N ) ~ ~ -  (pKa = 20).23 In 
keeping with this, its rate of reaction (k19 = 3.7 X 10' M-' 
s-') is much higher than the corresponding process for HCo- 
(CN)53- (k = 9.7 X lo-* M-' s-'),~~ 

Whereas HRh(NH3)S  is known to be very stable against 
hydrogen evolution even in high acid concentrations,I0 the 
relative ease with which HRh(dmgH)2P(C6H5)3 decomposes 
to give hydrogen is striking. At the low rhodium concentra- 
tions employed, limited by the production of insoluble materials 
a t  higher concentrations, heterolytic pathways having a 
first-order dependence on the concentration of hydridorhod- 
oxime seemed to dominate in hydrogen evolution. Possibly 
the strong-field phosphine and dmgH- ligands contribute to 
the relative ease of hydrogen loss. The strongly acid-catalyzed 
pathway for H2 evolution suggests either a much higher rate 
of hydrogen from the protonated derivative as compared to 
the unprotonated (Le., k, for eq 11 >> kd for eq 10) or that 

(21) Naumberg, M.; Duong, K. N. V.; Gaudemer, A. J .  Organomer. Chem. 
1970, 25, 23 1. 

(22) Gillard, R. D.; Heaton, B. T.; Vaughan, D. H. J .  Chem. SOC. A 1970, 
3 126. 

(23) Lim, H. S.; Anson, F. C .  Inorg. Chem. 1971, 10, 103. 

19, No. 

+ H2 

the elementary reaction in place of eq 11 is really a hy- 
dride-transfer reaction such as 

HRh(dmgH)2P(C6H5)3 + H 3 0 +  - 
[ H ~ O R ~ ( ~ ~ ~ H ) ~ P ( C ~ H S ) ~ I +  -4- H2 (21) 

with kl l  = k,K, = 0.24 M-' s-l. The latter appears to be a 
reasonable but not unique formulation. The value of kzl is 
quite comparable to that found9 for the cobaloxime analogue, 
0.42 M-I s-l. A further analogy can be drawn in the two 
systems: protonation of oxime oxygens of hydridorhodoxime 
is characterized by the equilibrium constant K7 = 45 f 25 M-' 
in comparison to the value9 for hydridocobaloxime, 130 & 10 
M-1 . 

Either formulation requires a fast reaction follow to com- 
plete the net overall process. This is the reaction of hydri- 
dorhodoxime and rhodium(II1) as shown in eq 12. There is 
ample evidence for a fast reactionls between Rh(1) and Rh(II1) 
complexes, much like that between the cobalt analogues,24 and 
the reaction shown is also a very reasonable first reaction. 

The reactions of the rhodium(1) anion with alkyl and aralkyl 
halides occur by nucleophilic substitution. In contrast the 
nature of the reactions employing hydridorhodoxime is quite 
different; the products are those from hydride transfer, in- 
cluding toluene (from benzyl chloride) and 4-bromotoluene 
(from 4-bromobenzyl bromide), as shown in eq 5. Similar 
reactions of trialkyl metal hydrides such as tri-n-butyltin hy- 
dride, ( n - B ~ ) ~ s n H ,  have been reported.25 These probably 
occur by radical mechanisms, however, and the validity of any 
comparisons is questionable. It is useful to compare the rate 
constants determined here for the two rhodium systems. 

k/M-l C1 

RX H(Rh) ( R W  

C, H ,CH,Br 96 0 16600 
C,H,CH,CI 54 1040 
C,H,CH(CH,)Cl 18 96 

It is clear that  the rhodium(1) reagent shows greater dif- 
ferences in reactivity as the nature of the halide is varied and 
also greater steric requirements. This is not surprising con- 
sidering this nucleophile attacks directly a t  the a-carbon atom 
of RX. Hydridorhodoxime, on the other hand, is believed to 
function as a hydride donor, and while the reactivity order 
might be similar, a less severe change in rate is to be expected. 
It should also be noted that such a process or rate limiting step 
HRh(dmgH)2P(C6H5)3 + R X  - 

Rh11'(dmgH)2P(C6H5)3+ + R H  + X- (22) 

must then be followed by the fast reaction of eq 12 to complete 
the overall process. 

(24) Kaufmann, E. J.; Espenson, J H. J Am. Chem. Soc 1977, 99, 7051. 
(25) Kuivila, H. F. Ado. Organornet. Chem 1964, I ,  47. 
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Another mechanism consistent with the experimental data 
for the reaction of hydridorhodoxime and organic halides 
involves radical intermediates. Such a possibility is shown by 
reactions 23-26. 

HRh(dmgH)2P(C6H5)3  + RX - 
R H  + Rh11(dmgH)2P(C6H5)3 + X. (23) 

2Rh1*(dmgHhP(C6Hs)3 - [Rh1'(dmgH)2P(C6H5)312 (24) 

Rh"(dmgH),P(C6HS), + X- - XRh(dmgH)2P(C6H5)3 
(25) 

HRh(dmgH)2P(C6H5)3  + X. - 
H+ + Rh"(dmgH),P(C6H5), + X- (26) 

According to this proposal eq 23 is rate-limiting; the mo- 
nomeric rhodium(I1) complex would have a lifetime similar 
to a t  least the Rh(NH3)42+ complex.26 The contrasting fea- 
tures of hydridorhodoxime compared to hydridocobaloxime 
are  that both cobalt complexes, (Co')- and H(Co), are re- 
ported8 to form alkylcobaloximes at  comparable rates in protic 

(26) Lilie, J.; Simic, M. G.; Endicott, J. F. Inorg. Chem. 1975, 14, 2129. 

19, 1852-1858 

media (but not in organic solvents; further comments have been 
given27). Hydridorhodoxime, therefore, exhibits more simi- 
larities in this regard with HCO(CN)~ which reduces alkyl 
halides to alkanes2* and epoxides to alcohols.29 The reactivity 
order exhibited by reagents such as Co(CN),- and ( n - B ~ ) ~ s n H  
which react by free-radical mechanisms with R X  is tertiary 
> secondary > primary. The limited data on hydridorhod- 
oximes, however, are more in keeping with a nucleophilic type 
mechanism where sterical factors have a larger role than in 
a free-radical process. 
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A combination of electron paramagnetic resonance and X-ray diffraction methods has been employed to obtain quantitative 
information about the structural and bonding characteristics associated with acetylene derivatives of vanadocene, (os- 
C5H5)2V(C2R2). The outcome of an X-ray diffraction analysis of the dimethyldicarboxyacetylene adduct has revealed 
that the symmetrical attachment of the acetylene is accompanied by (1) an appreciable canting of the two cyclopentadienyl 
rings, (2) an ca. 0.08 A increase in the multiple carbon-carbon distance, and (3) a displacement of the methylcarboxylate 
substituents such that the C-C-R bond angles have been reduced from 180' (free acetylene) to 143.5' (average). The 
metallacyclopropene structure (CzL-mm2) of the central VC2 moiety can be described as an isosceles triangle with two equivalent 
V-C bonds of 2.09 A (average) and a multiple carbon-carbon bond distance of 1.276 (3) A. These structural changes 
associated with the coordinated acetylene reflect its transformation toward the geometry of a cis olefin. Solution and frozen-glass 
EPR measurements have provided an opportunity to determine the metal-orbital character of the unpaired electron. From 
computer simulation of the frozen-glass spectrum of ($-C5H5)2V(C2(C02CHg)2), the values of the principal components 
of the g and T tensors are g, = 2.0130, gy = 1.9815, g, = 2.0020, T, = ( - ) 5 8 . 5  G, Ty = (-)77.0 G, and T,  = (-)2.0 G.  
On the basis of the same ligand field model applied to d1 (q5-C5H5),VL2 complexes (with the smallest hyperfine component, 
Tz, directed normal to the plane which bisects the L-V-L bond angle), the anisotropy in the 5'V hyperfine interaction similarly 
arises from an admixture of 3d,2 and 3d+i character in the HOMO of a l  symmetry for the acetylene complexes. The 
larger ratio of mixing coefficients, ~ (d ,2 )~ /b (d~2_~2)~ ,  of -0.9952/0.1002 = 99/1 compared to that for (05-C5H4CH3)2VC12 
of 20/1 is consistent with the appreciably smaller C-V-C bond angle (35.58 (8)') and reflects a smaller contribution from 
the d,2-9 AO. A qualitative molecular orbital description, which is consistent with the structural and EPR data, is discussed 
for ($-C5H5)2V(C2R2) complexes. 

Introduction 
The interaction of unsaturated molecules such as olefins and 

acetylenes with transition metals plays a crucial role in a wide 
variety of chemical processes including polymerization, isom- 
erization, hydrogenation, hydroformylation, and cyclization.'J 
Olefin and acetylene derivatives a re  known for bis(cyc1o- 
pentadienyl) transition-metal complexes of V,536 and Mo7 

(1) Ittel, S. D.; Ibers, J.  A. Ado. Orgunomet. Chem. 1976, 14, 33, and 
references cited therein. 

(2) Otsuka, S.; Nakamura, A. Adc. Orgunomet. Chem. 1976, 14, 245. 
(3) Atwood, J. L.; Hunter, W .  E.; Alt, H.; Rausch, M. D. J .  Am.  Chem. 

Soc. 1976, 98, 2454. 

and have been suggested as models for reactive intermediates 
in several of these reactions. In Particular, Tsumara and 
Hagihara' have reported that vanadocene catalytically Po- 
lymerizes acetylene at  80 "C and 250-300 Psi. Under milder 
conditions, however, acetylene derivatives of vanadocene, 

(4) Fachinetti, G.; Floriani, C.; Marchetti, F.; Mellini, M. J .  Chem. Soc., 
Dalton Trans. 1978, 1398. 

( 5 )  Tsumara, R.; Hagihara, N. Bull. Chem. SOC. Jpn. 1965, 38, 861. 
(6) de Liefde Meijer, H. J.; Jellinek, F. Inorg. Chim. Acta 1970, 4, 651. 
(7) (a) Thomas, J. L. J .  Am.  Chem. Soc. 1973, 95, 1838. (b) Thomas, J. 

L. Inorg. Chem. 1978, 17 ,  1507. 
(8) Tsumara, R.; Hagihara, N. Bull. Chem. Soc. Jpn.  1964, 37, 1889. 
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