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In acetonitrile, the 16-electron species Ru(C2Ph)2(CO)(PtBu2Me)2 (1) and Ru(CHCHPh)- 
(C2Ph)(C0)(PtBuzMe)2 (2) exist as  the corresponding 18-electron acetonitrile adducts. A 
single-crystal X-ray structure determination showed 1 t o  be square pyramidal with apical 
CO and the two acetylide ligands to be trans to each other. Crystal data (-90 "C): a = 
9.765(6) A, b = 15.786(10) A, c = 11.239(6) A, p = 99.87(3)" with 2 = 2 in space group P21. 
The complexes undergo overall two-electron oxidation at 0.28 and 0.10 V vs CpZFe/CpzFe+, 
respectively. In dichloromethane 1 and 2 underwent 2-electron oxidations at 0.20 and 0.15 
V. The lower oxidation potential of 2 compared to 1 is interpreted as an  effect of the more 
electron-donating vinyl ligand. The electrochemical and chemical oxidations result in the 
intramolecular elimination of [PhC212 from 1 and PhC2CHCHPh from 2. In acetonitrile, 
[Ru(CO)(NCMe)3(PtBu2Me)2](BF4)2 (3(BF4)2) is formed as the main Ru-containing product. 
The main organometallic product in dichloromethane appears to  exist as a Ru(CO)(L)2"+ (n 
= 1, 2) fragment, possibly stabilized by interaction with solvent and/or counterion BF4-. A 
mechanistic and kinetic investigation of the elimination reactions by derivative cyclic 
voltammetry (DCV) showed the reductive eliminations from 1 and 2 to be first-order in 1+ 
and 2'. The DVC analysis provided kinetic parameters for the reaction of 1+ in acetonitrile 
and dichloromethane and for the reaction of 2+ in MeCN. Oxidation of 1 in acetonitrile 
gave k(0 "C) = 0.74 s-l, AlP = 74.1(1.7) kJ/mol, and AS* = 5.9(5.4) J/(K mol) for the 
elimination from 1+, whereas the analysis in dichloromethane gave k(0 "C) = 0.93 s-l, AZF 
= 76.U3.3) kJ/mol, and AS* = 8.1U1.7) J/(K mol). For 2 in acetonitrile, k(0 "C) = 0.89 ss1, 
AlP = 61.9(5.4) kJ/mol, and AS* = -6.4(20.1) J/(K mol). 

Introduction 
Reductive elimination is a fundamental reaction 

frequently encountered in the product-forming step of 
catalytic and stoichiometric reactions in organic syn- 
thesis.l Stable organometallic complexes can be induced 
to undergo facile reductive elimination when subjected 
to oxidation. This is usually rationalized by the simple 
argument that an increase in the oxidation state 
increases the actual charge on the metal and hence 
makes reductive elimination more favorable.la How- 
ever, recent results have demonstrated that one-electron 
oxidations also have pronounced effects on M-H bond 
strengths. Thermochemical cycles have been used to 
probe the effect of one-electron oxidations on M-H bond 
strengths of Tp'M(C0)3H (Tp' = tris(pyrazoly1)borate; 
M = Cr, W, Molza and various CpCr(C0)2LH complexes 
(L = CO, PEt3, PPh3, P(OMe)3).2b This revealed that 
oxidation led to a weakening of the W-H and Mo-H 
bonds by a relatively constant 108-113 kJ/mol toward 
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Scheme 1 

CpPTi%:, -8-_ p<", + "Cp2Ti+" 

l : R = ' B u , R ' = H  
2: R = Me, R'= Me 
3: R = 'Pr, R' = Me 

-e- 
CpzMPhp - Ph-Ph + PhH + "Cp2Mc" 

M =Ti,  Zr 

deprotonation and 25-33 kJ/mol toward homolysis. 
Another example demonstrating the bond-weakening 
effect of a one-electron oxidation is provided by Burk et 
al.3a They found that reductive elimination occurred 
from the electron-poor, do, 16-electron complexes shown 
in Scheme 1. The oxidations have been proposed to  
occur by removal of an electron from one M-C bond, 
thus weakening the bond. 

Organometallic reactions such as ligand substitution, 
CO insertion, oxidative addition, and reductive elimina- 
tion have traditionally been described in terms of 164 
18-electron interconversions. One-electron oxidations 
have been used to generate 17- and 19-electron species 
from 18-electron precursors. Accumulated evidence has 
established that much of the behavior of odd-electron 
complexes may be described in terms of 17/19 inter- 
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 conversion^.^-^ Let us consider a reductive-elimination 
reaction from a 17-electron system. If the reductive 
elimination were to  proceed directly, a highly unsatur- 
ated 15-electron product would result. Prior ligand 
coordination to a 19-electron intermediate avoids the 
formation of such a highly unsaturated product. As- 
suming that product stability is reflected in the energy 
of the transition state for the reductive elimination, 
17-/19-electron interconversions certainly deserve to be 
considered for this reaction type. Kochi and co-workers8 
have suggested that initial solvent ligation takes place 
in the elimination of biaryls from 16-electron ArzNiLz 
complexes, initiated by 1-electron oxidation to generate 
the reactive 15-electron cation radicals (Scheme 2). In 
this case, the formation of a 13-electron product is 
averted by prior ligand coordination. 

Scheme 2 

Pedersen et al. 

-e- 
Ar,Ni(PEt,), - Ar,Ni(PEt,); 

fast Ar,Ni(PEt,),+ - Ar,Ni(PEt,),(S)+ 

ArzNi(PEt,)z(S)+ Ar-Ar 

We report here the results of a study of the behavior 
of the 16-electron complexes Ru(CzPh)z(CO)(PtBu2Me)2 
(1) and Ru(CHCHPh)(CzPh)(CO)(PtBuzMe)2 (2) upon 
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chemical and electrochemical oxidation. The use of the 
coordinating solvent acetonitrile and the virtually non- 
coordinating solvent dichloromethane in the oxidations 
opens up the possibility for probing the influence of the 
unsaturation of the metal center on the oxidatively 
induced reductive-elimination reaction. In addition, the 
possibility for the formation of two isomers of PhCz- 
CHCHPh from 2 can yield valuable information about 
the mechanism of the the elimination reaction. 

The reactions of both the bis(acety1ide) 1 and the vinyl 
acetylide 2 are of potential relevance to the coupling of 
acetylenes to diynes and enynes. Traditionally this has 
been done in copper-mediated  reaction^,^ since copper 
readily forms both acetylene n-complexes and acetylides. 
Recently rhodium or palladium reagents have been 
used.1° 

Results 
Synthesis, Characterization, and X-ray Struc- 

ture of Ru(C2Ph)2(CO)(PtBuzMe)2 (1). The bis- 
(acetylide) compound R U ( C ~ P ~ ) Z ( C O ) ( P ~ B ~ ~ M ~ ) Z  (1) can 
be synthesized in one pot from RuHC1(CO)(PtBu2Me)2, 
equimolar amounts of LiCzPh, and 4-5 equiv of PhCzH 
in hexane by the sequence of reactions shown in Scheme 
3. Each step of the reaction has been individually 
demonstrated.'l 

Scheme 3 
PhC,H 

RuHC1(CO)(PtBu,Me), - 
Ru(CHCHPh)C1(CO)(PtBu,Me), 

LiC,Ph 
Ru(CHCHPh)C1(C0)(PtBu2Me), - 

Ru(CHCHPh)(C,Ph)(CO)(PtBu,Me), 
PhC,H 

Ru(CHCHPh)(CZPh)(CO)(PtBuzMe), - 
Ru(C,Ph),(CO)(PtBu,Me), + PhHCCH, 

We reported earlier that lH, 13C, and 31P NMR data 
are consistent with CzV symmetry for this molecule (Ia, 
where the value of 8 is of course not established by such 
data) but could not rule out structure Ib, if the latter 
were still fluxional on the 13C NMR time scale at -80 
OC.ll We have now been able to grow crystals of 1, and 
a single-crystal X-ray structure determination (Figure 
1, Table 1) shows Ia to be the correct representation, 
with 6 = 169.0(15)". While poor crystal quality left the 

(9) (a) Cadiot, P.; Chodkiewicz, W. In Chemistry ofdcetylenes; Viehe, 
H .  G., Ed.; Marcel Dekker: New York, 1969, Chapter 9. (b) Brandsma, 
L. Preparative Acetylenic Chemistry; Elsevier: New York, 1988; p 220. 
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M.; Richards, T. A.; Weedon, B. C. L. J.  Chem. SOC. 1959, 933. 
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F.; Frediani, P.; Albinati, A. J .  Am. Chem. SOC. 1991, 113, 5453. (c) 
Wityak, J.; Chan, J. B. Synth. Commun. 1991,21, 977. (d) Kitamura, 
T.; Tanaka, T.; Taniguchi, H.; Stang, P. J. J.  Chem. SOC., Perkin Trans. 
1 1991,2892. (e) Wakatsuki, Y.; Yamazaki, H.; Kumegawa, N.; Johar, 
P. Bull. Chem. SOC. Jpn. 1993, 66, 987. (0 Akita, M.; Yasuda, H.; 
Nakamura, A. Bull. Chem. SOC. Jpn. 1984, 57, 480. (g) Trost, B. M.; 
Chan, C.; Ruther, G. J .  Am. Chem. SOC. 1987,109,3486. (h) Kovalev, 
I. P.; Yevdakov, K. V.; Strelenko, Y. A.; Vinogradov, M. G.; Nikishin, 
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J.; Ito, Y.; Minato, A. J.  Organomet. Chem. 1988, 346, C58. See also 
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and apical vinyl group.12 On the basis of this, we 
assume that 2 is also square pyramidal with a basal 

Ph 
I 

H, 4C-H 
C 

OChl,,, ,,,.,, I ..." ,,nipt~u2Me 

M e t e u q  Ru \c p h  

11 

Figure 1. Ball-and-stick drawing of the non-hydrogen 
atoms of Ru(CzPh)z(CO)(PtBuzMe)z. 

Table 1. Selected Bond Distances (A) and Angles (deg) for 
Ru(CZPh)z(CO)(P'BuzMe)z (1) 

Ru( 1)-C(4) 
Ru( 1)-C( 12) 
Ru( 1)-P(2) 
Ru( 1)-P(3) 

P(2)-Ru( 1)-P(3) 
P(2)-Ru( 1)-C(4) 
P(2)-Ru( 1 j-C(12) 
P(2)-Ru( 1)-C(20) 
P(3)-Ru( 1)-C(4) 
P(3)-Ru(l)-C( 12) 
P(3)-Ru( 1)-C(20) 
C(4)-Ru( 1)-C(12) 

2.16(3) 
2.08(4) 
2.399( 14) 
2.399( 15) 

176.3( 10) 
85.5(9) 
84.0(10) 
83.4( 17) 

97.2(10) 
100.1 ( 17) 
169.0( 15) 

9 3 3 9 )  

Ru( 1)-C(20) 
0(21)-C(20) 
C(4)-C(5) 
C(12)-C(13) 

C(4)-Ru( 1)-C(20) 
C( 12)-Ru( 1)-C(20) 
Ru( 1)-C(4)-C(5) 
C(4)-C(5)-C(6) 
Ru( 1)-C( 12)-C(13) 
C(12)-C(13)-C(14) 
Ru( l)-C(20)-0(2 1) 

2.05(8) 
1.22(7) 
1.18(5) 
1.2 l(6) 

85.0(21) 
90.4 

160.0(3) 
172.0(5) 
163.0(4) 
168.0(5) 
143.0(5) 

structure determination too inaccurate to merit detailed 
comparative discussion of bond lengths (e.g., the CO is 

0 c Ph 
C 
C 
I ,J- 

' ICPh OC-Ru'-CCPh 

la Ib 

poorly determined), the overall coordination polyhedron 
is unambiguously determined. An examination of pack- 
ing diagrams showed no evidence for significant inter- 
molecular contacts involving the open coordination site 
(i.e., trans to CO). 

The CO stretching frequency of 1,1933 cm-l, is higher 
than that observed for any RuHX(CO)(PtBuzMe)z spe- 
cies, including X = C2Ph.ll Since the donor power of H 
is less than that of CzPh, this led us to  suggest that 1 
did not have structure Ib (which is that preferred for 
all RuHX(CO)(PtBuzMe)z species except X = SiRs), but 
rather structure Ia. 

Synthesis, Characterization, and Structure of 
Ru(CHCHPh)(CzPh)(CO)(PtBuzlMe)2 (2). The execu- 
tion of only the first two reactions (equimolar amounts 
of RuHC1(CO)(PtBuzMe)z, LiCzPh, and PhCzH in hex- 
ane) in Scheme 3 yields Ru(CHCHP~)(CZP~)(CO)(PBU~- 
Me12 (2). The presence of the vinyl ligand is easily 
recognized by the characteristic resonances of the vinyl 
protons in the lH NMR spectrum (6 8.62 (d) and 6.72 
(d)). The magnitude of the 3&-H vinyl coupling con- 
stant (15 Hz) indicates their mutual trans stereochem- 
istry. 

We have established above that Ru(C2Ph)z(CO)(PtBuz- 
Me12 (1) conforms closely to square-pyramidal geometry. 
Similarly, it has been demonstrated that Os(CHCHPh)- 
Cl(CO)(PPr& is square pyramidal, but with a basal CO 

CO and apical vinyl group (11). This is supported by 
the low value of vco (1910 cm-l). It indicates a greater 
degree of back-bonding than what may be expected for 
an apical CO trans to an empty site (compare with vco 
= 1933 cm-l for 1). 

Coordination of Acetonitrile to 1 and 2. Both 
pyridine and nitriles (acetonitrile and acrylonitrile) are 
found to bind reversibly to RuHX(C0)Pz species.13 
When 4 equiv of acetonitrile was added to a red-orange 
solution of RuH(CzPh)(CO)(PtBuzMe)2 in benzene-d6, a 
yellow solution was obtained.14" The fading of color is 
consistent with a more ((saturated complex being 
formed from the 16-electron complex. The 31P NMR 
spectrum showed that the resonance for the phosphine 
changed from 53.2 to 56.5 ppm upon acetonitrile addi- 
tion. At the same time vco changed from 1906 to 1896 
cm-l and vcc from 2072 to 2083 cm-l. The increased 
back-bonding into the CO ligand verifies that aceto- 
nitrile indeed coordinates to the metal center. The Ru 
complexes 1 and 2 were suspected to show the same 
kind of behavior. Since we planned to use acetonitrile 
as the solvent in our investigation of the complexes, we 
were interested in finding out if the 16-electron nature 
of these complexes persisted when they were dissolved 
in acetonitrile. 

The dark red Ru-hydrocarbyl compounds 1 and 2 are 
only moderately soluble in neat acetonitrile. The bis- 
(acetylide) 1 gave a yellow solution from which a pale 
yellow solid precipitated spontaneously. Complex 2 
gave a red-orange solution from which red crystals were 
obtained. The solids from each solution were collected 
and dried in vacuo for 2-3 min. The dry compounds 
were dissolved in benzene-d6 and analyzed by lH NMR 
spectroscopy. The spectra showed resonances for coor- 
dinated acetonitrile at 6 0.62 and 0.59 for 1 and 2, 
respectively. These resonances moved downfield to 6 
0.69 (1) and 0.71 (2) upon addition of 10 pL of aceto- 
nitrile-d3 (free acetonitrile occurs at 6 0.73 when dis- 
solved in benzene-d6). The resonances a t  6 0.69 and 
0.71 are apparently average values for coordinated and 
uncoordinated acetonitrile. Thus, the experiments de- 
scribed above illustrate that acetonitrile indeed coordi- 
nates to  the Ru centers and that fast exchange occurs 
between coordinated and uncoordinated acetonitrile. 

Removal of the volatiles from acetonitrile solutions 
of 1 and 2 by pumping in vacuo for 12 h regenerated 
the 16-electron complexes free of coordinated aceto- 
nitrile (confirmed by 31P NMR and IR spectroscopy in 
benzene-ds). 

Addition of only 1 equiv of acetonitrile to a solution 
of 1 in benzene-d6 gave immediate color change of the 
solution together with changes in the IR and 31P NMR 

(12) Werner, H.; Esterulas, M. A. Otto, H. Organometallics 1986, 

(13)Poulton, J. T.; Sigalas, M. P.; Folting, K.; Streib, W. E.; 
5 ,  2295. 

Eisenstein, 0.; Caulton. K. G. Znorg. Chem. 1994, 33, 1476. 
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Table 2. Acetonitrile Coordination to 1 and 2 
~ 

neat benzene-& benzene-d6 + acetonitrile-d3' 

compd color 31P NMR (6, ppm) IR YCO, wc (cm-') color 3'P NMR (6, ppm) IR YCO, YCC (cm-l) 
1 dark red 47.7 1933,2074 yellow 45.3 1940,2081 
2 dark red 40.9 1910,2074 bright red 40.9, 45.0b 1910,C2074 

a The data are for addition of 1 eauiv of acetonitrile to 1 and 20-30 eauiv to 2. Only a small amount ( -5%) of this peak was present. A small 
shoulder (-5%) was detected at higher frequencies. 

Scheme 4 
0 
C 

L I ,.** 
Ru(C2Ph)2(CO)L2 PhC2-Ru-C,Ph 

T ' l  
" N  

C 
Me 

vs. 

Ph 

h e  

spectra. For complex 2, however, 20-30 equiv of 
acetonitrile was needed to  obtain detectable changes. 
The relevant spectroscopic data are summarized in 
Table 2. 

Evidently there appears to be a certain degree of 
acetonitrile binding to the Ru complexes in question. 
The bonding is, however, more favorable to 1. The vinyl 
ligand of complex 2 is more electron donating than an 
acetylide ligand. Thus, 2 might be expected to be less 
electron deficient than 1 and consequently less suscep- 
tible to acetonitrile coordination. Working against this 
in 1 is the strongly truns-labilizing ligand CO trans to 
the empty site. Note, however, that we cannot rule out 
a structural change of 1 (Scheme 4) upon acetonitrile 
coordination. As a consequence, coordination of aceto- 
nitrile trans to CO would be avoided. This could also 
explain why YCO increases from 1933 to 1940 cm-' 
instead of the decrease usually anticipated from the 
coordination of a donor ligand. 

On the basis of these results, we conclude that 1 and 
2 in acetonitrile exist as the corresponding 18-electron 
acetonitrile adducts. It has recently been reported that 
RuHC1(CO)(PiPr& binds a~etonitri1e.l~~ 

Thermal Stability of 1 and 2. Bergman and his 
group have previously investigated the thermal decom- 
position of CpCo(PPh3)RR'.l5 Facile reductive-elimina- 
tion reactions resulted for alkyl-acyl and alkyl-vinyl 
complexes, whereas alkyl-alkyl complexes yielded mostly 
products from pathways other than reductive elimina- 
tion. The elimination reactions occurred after initial 
phosphine dissociation from the 18-electron starting 
materials. These results were attributed t o  the ability 
of the alkyl-acyl and alkyl-vinyl systems to donate an 
additional electron pair to the metal in the transition 
state and make it a 16-electron species. 

In our previous work with Cp*Rh(PPh3)MeP we 
found that the ease of ethane elimination from Cp*Rh- 
(PPh3)Mez'+ strongly contrasted with the extremely slow 
thermal decomposition of the neutral complex to yield 
only unknown products. The rate enhancement toward 

(14) (a) Caulton, K. G.; Pedersen, A. Unpublished results. (b) 
Esteruelas, M. A,; Lahoz, F. J.; Lopez, A. M.; Ofiate, E.; Oro, L. A. 
Organometallics 1994, 13, 1669. 

(15) Evitt, E. R.; Bergman, R. G. J. Am. Chem. SOC. 1980,102, 7003. 
(16) Pedersen, A,; Tilset, M. Organometallics 1993, 12, 56. 

41-----1 

I . ~ . f i . ~ . ~ . ~  . J  
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 

E (V vs Fc) 
Figure 2. Cyclic voltammogram for the oxidation of 1 in 
acetonitrile (0.1 M BQNPF~) at a Pt-disk microelectrode 
(d = 0.6 mm) at 0 "C and the voltage sweep rate u = 1.0 
VIS. 

reductive elimination due to one-electron oxidation was 
estimated to be at least a factor of 3 x lo9. 

This motivated us to study the thermal behavior of 1 
and 2 in order to be able to make a comparison of the 
thermal and oxidative behavior of these 16-electron 
species. Heating of sealed NMR tubes containing solu- 
tions of 1 and 2 in benzene-d6 revealed that the 
complexes were stable at 62 "C for 24 h (by 'H NMR). 
When the heating was continued at 74 "C for another 
24 h, traces of free phosphine appeared in the 31P NMR 
spectra of the complexes. Prolonged heating at 84 "C 
yielded more phosphine. No other complexes were 
detected by lH NMR or 31P NMR spectroscopy. Even 
though the complexes are demonstrated to decompose 
slowly upon heating, there is no evidence for reductive 
elimination (i.e., there is no lH NMR evidence for 
formation of [PhC& (from 1) and PhCzCHCHPh (from 
2)). Note, however, that if thermal reductive elimina- 
tion is to occur from 1, a structural change to  yield a 
cis disposition of the organic moieties has to occur before 
the elimination can take place. 

Cyclic Voltammetry Investigation of 1 and 2. 
Cyclic voltammetry (CV) was used for the initial inves- 
tigation of the electrooxidation of 1 and 2. Two solvents, 
acetonitrile and dichloromethane, were chosen because 
of their different coordinating abilities. This will permit 
evaluation of the importance of the degree of unsatura- 
tion at Ru on the oxidatively induced elimination. 
(a) First Oxidation Step. Figure 2 shows a cyclic 

voltammogram for the oxidation of 1 in acetonitrile (0.1 
M BwNPF6, 0 "C, 0.6 mm diameter Pt-disk microelec- 
trode, sweep width 1 V, voltage sweep rate u = 1.0 VIS). 
Peak a corresponds to the oxidation of 1, whereas peak 
b represents the reduction of 1'+ back to 1. The forward 
and reverse peaks are not of the same intensity. This 
indicates that a follow-up reaction partially consumes 
lo+. The reversible oxidation potential of 1, taken to 
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Figure 3. Cyclic voltammogram for the oxidation of 2 in 
dichloromethane (0.2 M BuaPF6) at a Pt-disk microelec- 
trode (d = 0.6 mm) at 0 "C and the voltage sweep rate u = 
1.0 V I S .  

be the midpoint between the anodic and cathodic peaks, 
is 0.28 V vs the ferrocene/ferrocenium couple (Fc). Use 
of dichloromethane as solvent for the CV investigation 
of 1 gave a CV trace almost identical with the one 
already described for the investigation in acetonitrile, 
with a reversible oxidation potential of 0.20 V vs Fc. 
Admittedly, the difference between the oxidation po- 
tentials in the two solvents is not very large and it could 
be an effect of the great difference in polarity between 
the two solvents. Nevertheless, the opposite ordering 
of the oxidation potentials is expected, since an ad- 
ditional donor ligand is present when 1 is dissolved in 
acetonitrile. We have already speculated that 1 may 
undergo a structural change when it is dissolved in 
acetonitrile. The easier oxidation in dichloromethane 
can therefore be taken as another indication of such an 
isomerization. 

The electrochemical oxidation of 2 in acetonitrile was 
also a partially reversible process at voltage sweep rate 
u = 1 VIS. In dichloromethane (0.2 M BuNPFs), 
however, the reaction was close to  reversible. This is 
depicted in Figure 3. The reversible oxidation potentials 
were found to be 0.10 and 0.15 V vs Fc in acetonitrile 
and dichloromethane, respectively. Note that the oxi- 
dation of 2 is easier to accomplish than the oxidation of 
1. This is probably because the vinyl ligand in 2 donates 
more electron density to the metal center than the 
acetylide ligand in 1. While the difference of 0.05 V 
between the oxidation potentials of 2 in the two solvents 
is small, the difference is in the expected direction, 
assuming that acetonitrile coordination increases the 
electron density of 2. 
(b) Second Oxidation Step. We infer from the 

partial chemical reversibility of the oxidation of 1 and 
2 that their cation radicals are rather stable (half-life 
of a few seconds). An increased sweep width (from 1 to 
1.6 V) in the cyclic voltammetry experiment of 1 in 
acetonitrile showed (Figure 4) that the radical cation, 
lo+, underwent oxidation to yield 12+ (peak c) .  In 
addition to  confirming that lo+ is indeed relatively 
stable, it also provides information about the electron 
density of the metal. The occurrence of a second 
oxidation was least surprising when acetonitrile was 
used as solvent, since we have shown that acetonitrile 
is coordinated to the metal center, thus increasing the 
electron count of the metal. However, the dication was 
also generated in dichloromethane, and the irreversible 

I .h 
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Figure 4. Cyclic voltammograms for the oxidation of 1 in 
acetonitrile (0.1 M BuDPFs) at a Pt-disk microelectrode 
(d = 0.6 mm) at 0 "C. Trace A (lower trace) shows the 
process at the voltage sweep rate u = 1.0 VIS, whereas trace 
B (upper trace) shows it at the voltage sweep rate u = 0.2 
V I S .  

peak potentials for oxidation of lo+ were found to be 
practically identical in the two solvents (1.12 and 1.10 
V vs Fc in acetonitrile and dichloromethane, respec- 
tively). If we assume that acetonitrile indeed increases 
the electron count on Ru, something else must play this 
role when dichloromethane is used as solvent. The 
identity of such a species is unknown but could be 
weakly bound counterion BF4-,17a di~hloromethane,l~~-~ 
or traces of adventitious water. 

The difference between the first and the second 
oxidations of 1 (i.e. peaks a and c), in both acetonitrile 
and dichloromethane, is 0.8-0.9 V. If the kinetic 
potential shifts of irreversible reactions18 are taken into 
account, the difference is probably even larger. In any 
case, the potential difference is in accord with previous 
results, where the oxidation potentials for the oxidation 
of 17-electron radicals to 16-electron cations were found 
to be 0.8-1.2 V more positive than those for the 
oxidation of the corresponding 18-electron anions to 
radicah2 

As already mentioned, Figure 4 depicts CV traces for 
the oxidation of 1 in acetonitrile with sweep widths of 
1.6 V. Peak a corresponds to the partially reversible 
oxidation of 1 (as in Figure 2), whereas peak c is the 
irreversible oxidation of 1*+ t o  12+. As evidenced by the 
irreversibility of this second oxidation, the dication is 
unstable and reacts quickly. In the system described 
above, slower sweep rates will increase the extent of 
decay of 1'+ on the experimental time scale. Conse- 
quently, the intensity of peak c relative to a should 
decrease with decreasing sweep rate. This is illustrated 
by the two traces in Figure 4. Trace A depicts the 

(17)(a) Beck, W.; Siinkel, K. Chem. Rew. 1988, 88, 1405. (b) 
Kulawiec, R. J.: Crabtree, R. H. Coord. Chem. Reu. 1990, 99, 89. (c) 
Fernandez, J. M.; Gladysz, J. A. OrganometaElics 1989, 8, 207. (d) 
Colsman, M. R.; Newbound, T. D.; Marshal, L. J.; Noirot, M. D.; Miller, 
M. M.; Wulfsberg, G. P.; Frye, J. S.; Anderson, 0. P.; Strauss, S. H. J .  
Am,  Chem. SOC. 1990, 112, 2349. (e) Song, L.; Trogler, W. C. J .  Am. 
Chem. SOC. 1992, 114, 3355. (0 Darensbourg, M.; Borman, C. Inorg. 
Chem. 1976,15,3121. (g )  Darensbourg, M. Y. Prog. Inorg. Chem. 1985, 
33,221. (h) Kochi, J. R; Bockman, T. M. Adu. Organomet. Chem. 1991, 
33, 51. (i) Lippmann, E.; Kramer, R.: Beck, W. J .  Organomet. Chem. 
1994,466, 16?. 
(18) (a) Ahlberg, E.: Parker, V. D. J .  Electroanal. Chem., Interfacial 

Electrochem. 1981.121, 13. (b) Parker, V. D. Acta Chem. Scand., Ser. 
B 1984, B38, 165. '(c) Parker, V. D. EEectroanal. Chem. 1986, 14, 1. 
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Ru = Ru(CO)(NCMe)(PtBuzMe)z in MeCN 
Ru = Ru(CO)(PtBuzMe)2 in CHzClz 

C = CzPh for 1 
C = CzPh and CHCHPh for 2 

AcFc+ = acetylferrocenium. 

process at u = 1.0 VIS, whereas trace B is for u = 0.2 
VIS. By comparison of the voltammograms, it is evident 
that the relative intensity of peak c is significantly 
diminished. In an attempt to establish the identity of 
the species undergoing reduction at peak d, the scan 
was reversed a t  0.8 V, i.e. just before oxidation to the 
dication takes place. Peak d did not appear at any 
sweep rate (0.2-10.0 V/s), nor did it gain intensity when 
the dicationic complex [Ru(CO)(CNMe)3(PtBuzMe)zl- 
(PF6)Z (3(PF6)2; vide infra) was added to the solution. 
Thus, peak d arises not from the decomposition of 1'+ 
but from 12+, and it is not due to the dicationic complex 
3 (3 did not show electroactivity from -1.6 to f1 .8  V vs 
Fc). 

Increasing the sweep width from 1 to 2 V in the cyclic 
voltammetry investigation of 2 in acetonitrile also gave 
a second oxidation peak. The oxidation potential was 
determined to be 1.10 V vs Fc. In contrast to what was 
observed for l*+, the oxidation of 2'+ was partially 
reversible. A broad, ill-defined wave at ca. 1 V vs Fc 
was seen when the sweep width was increased from 1 
to 2 V in dichloromethane solvent. 

(c) Summary of Cyclic Voltammetric Processes. 
On the basis of the discussion above, a schematic 
overview over all of the processes is shown in Scheme 
5. The processes giving rise to peaks a-d (Figure 4) 
are marked with the corresponding letters in parenthe- 
ses. Steps involving acetonitrile do not, of course, occur 
in dichloromethane. The oxidation of "Ru+" is not 
observed as a separate peak because it (most likely afier 
acetonitrile co~rdination)'~ presumably undergoes oxi- 
dation at the potential where 1 (2) is oxidized. The 
chemical oxidation of 1 and 2 (vide infra) follows path 
A. The oxidizing agent used (acetylferrocenium tet- 
rafluoroborate, or rAcFclBF4, 0.248 V vs Fc) is not 
powerful enough to act as an effective oxidant toward 
1+ and 2+ to produce 12+ and 22+, respectively. 

Constant-Current Coulometry of 1 and 2. Con- 
stant-current coulometry experiments, in which the 
substrate consumption was monitored by derivative 
cyclic voltammetry (DCV), were used to find the amount 
of charge (faraday/mol) needed for complete substrate 
consumption under electrochemical conditions. 

(19) It has been previously shown that the oxidizing potential of a 
cation radical M "  is lowered by -1.3 V upon acetonitrile coordina- 
tion: Skagestad, V.; Tilset, M. Organometallics 1991, 10,  2110. 

Constant-current coulometry experiments (aceto- 
nitrile, 0.05 M Me4N(BF4)) required the passage of 2.0 
faraday/mol of charge for complete consumption of 1 and 
2. This is indicative of an overall two-electron process 
on this time scale (5-10 min). Analysis of the resulting 
solutions by 31P NMR spectroscopy showed formation 
of [Ru(CO)(NCMe)3(PtBuzMe)z1(BF4)2 (3(BF4)2). The 
following paragraphs will show that 3 is also the main 
metal-containing product for the chemical two-electron 
oxidations of 1 and 2 in acetonitrile. 

Chemical oxidations of 1 and 2 were found to consume 
2 equiv of AcFc+ in acetonitrile and dichloromethane 
(vide infra). Constant-current coulometry experiments 
with dichloromethane (0.2 M BuN(PF6)) as solvent only 
consumed 1.5 and 1.3 faraday/mol for complete oxida- 
tion of 1 and 2, respectively. The source of the discrep- 
ancy between the coulometric experiments and the 
homogeneous experiments is believed to be that the 
reaction of the cation radicals l*+ and 2'+ under the 
experimental conditions for the coulometric experiments 
generates products that are electroinactive. 

Homogeneous Outer-Sphere Oxidation of 1 in 
Acetonitrile and in Dichloromethane. Oxidation of 
1 in acetonitrile was first attempted with 2 equiv of (Cpz- 
Fe)(PFs) (note that CpZFe/CpzFe+ (Fc) is used as refer- 
ence (0 V) in the CV experiments). This reaction turned 
out to be rather slow; full consumption of the oxidant 
occurred only after 4-5 h and yielded a mixture of 
several products (by 31P NMR). To increase the speed 
of the oxidation, the more potent oxidant acetylferro- 
cenium tetrafluoroborate (AcFc(BF4)) was employed. 
This gave immediate consumption of the oxidant and a 
cleaner reaction. The main phosphorus-containing 
product (42.4 ppm by 31P NMR spectroscopy) was 75- 
80% of the total yield of products. There were also four 
other weak signals. I t  was also established (by 'H 
NMR) that the order of addition influenced the relative 
yield of main products and byproducts. Relatively slow 
addition of ruthenium complex (20 mg) in acetonitrile 
(-25 mL) to 2 equiv of AcFc(BF4) (in 5 mL of aceto- 
nitrile) gave only the main product and traces of one 
byproduct (-955) by inspection of 31P NMR spectra. 

Titration of an acetonitrile solution of AcFc(BF4) with 
the bidacetylide) 1 confirmed that 2 equiv of oxidant 
was required to consume 1 equiv of 1. 

After oxidation, a typical lH NMR spectrum showed 
a cluster of peaks in the area 7.3-7.8 ppm and two 
virtual triplets at 6 1.40 and 1.60 ppm PBu and Me) in 
addition to peaks for acetylferrocene. The resonances 
at 1.40 and 1.60 ppm arise from an organometallic 
product, which was identified as [Ru(CO)(NCMe)3- 
(PtBuzMe)zl(BF4)2 (3(BF4)2). The phosphine resonance 
for 3 is identical (42.4 ppm) with the resonance for the 
main product detected above with 31P NMR. The yield 
of 3 was found to be 75% (lH NMR) when hexameth- 
ylbenzene was added as internal standard for product 
quantification. The independent synthesis and identi- 
fication of this dication are described in the following 
section. Extraction (EtzO) of the dried residue from 
oxidation, followed by IH NMR analysis of the ether 
extract, established that the peaks in the phenyl region 
originated from an ether-soluble product. Comparison 
to an authentic sample of [PhC212 (lH and 13C NMR and 
mass spectrometry) proved that this diyne was formed 
in the reaction (72%). In addition, there was no 



Reductive Elimination from Ru Complexes 

evidence for formation of PhCzH (detection limit 3%), a 
product expected if homolytic cleavage of the Ru- 
acetylide bond were followed by cage escape and H atom 
abstraction. 

The oxidation of 1 with AcFc+ in dichloromethane 
solvent was also found to be a two-electron process. The 
best conditions for the oxidation were again addition of 
bis(acety1ide) to AcFc+, but less solvent (3-5 mL) was 
used, due to  better solubility of the substrate in dichlo- 
romethane. Again [PhC212 was identified as the only 
organic product (47% yield). 

The oxidation in dichloromethane resulted in a com- 
plex organometallic product mixture. A main product 
together with several byproducts were detected by 31P 
and lH NMR. In addition, it was evident from the IR 
spectrum that two main products were present. Two 
overlapping CO stretches were observed. One of them 
may arise from an NMR-silent (paramagnetic) com- 
pound. The yield of the NMR-detectable product and 
byproducts varied from experiment to experiment. 
Quantification of a typical experiment showed 53% yield 
of the main product. The spectroscopic data in dichlo- 
romethane (31P, 13C, and lH NMR and IR) indicate that 
the product is a cationic complex containing a CO ligand 
and two phosphine ligands per Ru center. The lH NMR 
spectrum showed a doublet for tBu and a doublet of 
doublets for the methyl. Thus, it has a very different 
coupling pattern compared to the product formed in 
acetonitrile. However, when the solvent was removed 
from a typical reaction mixture and the residue dis- 
solved in acetonitrile-d3, 31P NMR spectroscopy showed 
the resulting mixture to  consist mostly of complex 3. 
The 1H{31P} NMR spectrum of a dichloromethane 
solution consisting mostly of the main product from the 
oxidation in dichloromethane gave a broad singlet for 
tBu and a broad peak for the methyl group. The peak 
width of the 31P NMR signal was measured to be 6 Hz. 
This is broader than expected (2-3 Hz) but not ex- 
tremely broad. The conclusion is that a fluoride ligand 
is not coordinated to Ru. This statement is supported 
by the 19F NMR spectrum of the product mixture, which 
showed no resonance for a F-ligand (in the range of f 5 0  
t o  -450 ppm). The 19F NMR spectrum did not show 
the normal signal for the counterion BF4- but rather a 
very broad peak in the vicinity (i.e., within -0.5 ppm) 
of the normal resonance for BFc. Lowering of the 
temperature to -90 "C did not bring any change of the 
19F NMR spectrum. We propose a weak coordination 
of the BF4- counterion to the product from the dichlo- 
romethane 0xidati0n.l~" In addition, stabilization of the 
product by adventitious traces of water or dichlo- 
romethane cannot be ruled out. 

Characterization of [Ru(CO) (NCMe),(PtBu&le)21- 
(BF4)2 (3(BF4)2). The dicationic acetonitrile adduct 3 
was identified by 'H, 13C, and 31P NMR and IR data.20 
The IR spectrum showed a YCO stretching frequency of 
2010 cm-l. Compared to the values of 1933 and 1910 
cm-' for 1 and 2, respectively, this indicates that the 
back-bonding to CO is greatly diminished in complex 
3, as expected for a dicationic complex. The 'H NMR 
spectrum of 3(BF4)2 in CD3N02 showed one virtual 
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triplet for PtBu and one for PMe, indicating trans 
phosphine groups. The spectrum also revealed two 
resonances in a 1:2 ratio for coordinated acetonitrile. 
Therefore, the bis(acetonitri1e) adduct 3 was assigned 
the structure 111. 

(20) Several attempts to independent by synthesize [Ru(CO)(NCMe)3- 

(21) It was impossible to obtain an acceptable elemental analysis 
(PtBuzMe)zl(BF& (3(BFh) were unsuccessful. 

due to inseparable impurities formed in the oxidation reaction. 

The sterically demanding phosphine groups in 1 and 
2 interfere with the binding of potential ligands as 
acetonitrile, pyridine, and H2.13 In addition, the CO 
ligand is generally viewed as a ligand with a strong 
trans effect. Thus, the acetonitrile ligand trans to CO 
is expected to be rather labile. This was confirmed 
when 3(BF4)2 was dissolved in acetonitrile-&. The 
acetonitrile resonance of only one of the acetonitrile 
ligands disappeared within l12 h due to exchange with 
CD3CN. The remaining two MeCN ligands undergo no 
detectable exchange with neat CD3CN over the course 
of 2 days at 25 "C. 

Investigation of the Molecularity of the Reduc- 
tive Elimination from 1. We sought to  establish 
whether the C-C bond-forming reaction which produces 
the diyne was of intramolecular or intermolecular 
nature. An intermolecular reaction could be viable for 
several reasons. First, acetylide is known to frequently 
serve as a bridging ligand (IV).22 There is thus a 

. CR 
C@\ 

M' M 

IV 

plausible way for an intermolecular mechanism to 
begin. The possibility of a intermolecular reaction is 
even more likely, considering that the acetylide ligands 
in 1 are mutually trans, a sterochemistry unsuitable for 
prompt unimolecular reductive elimination. However, 
it is not necessarily true that the oxidized species, lo+, 
has a trans geometry. 

For this purpose, we employed Ru[C2@-tolyl)l2(CO)(Pt- 
BusMe)~ as an alternative to an isotopically substituted 
derivative of 1. It was first established that oxidation 
(AcFc(BF4)) of Ru[C~(p-tolyl)l~(CO)(PtBu~Me)~ in aceto- 
nitrile produced [@-tolyl)C2]2, which shows an electron- 
impact mass spectrum parent ion at mle 230. In the 
crossover experiment, a mixture of equimolar amounts 
of 1 and Ru[C~@-tolyl)12(CO)(PtBu2Me)2 was oxidized in 
acetonitrile. Mass spectral analysis of the ether-soluble 
material resulting from the oxidation showed m le 230 
for [(p-tolyl)C212 and mle 202 for [PhC212 but no signal 
above the base line a t  mle 216 for the crossover diyne 
@-tolyl)CzCaPh. The C-C bond formation, therefore, 

(22) (a) Fornies, J.; Lalinde, E.; Martinez, F.; Moreno, M. T.; Welch, 
A. J. J .  Organomet. Chem. 1993,455, 271. (b) Yam, V. W.-W.; Chan, 
L.-P.; Lai, T.-F. J. Chem. SOC., Dalton Trans. 1993, 2075. ( c )  Espinet, 
J.; Fornies, F.; Martinez, F.; Sot&, M.; Lalinde, E.; Moreno, M. T.; Ruiz, 
A.; Welch, A. J. J .  Organomet. Chem. 1991, 403, 253. (d) Akita, M.; 
Terada, M.; Moro-oka, Y. Organometallics 1991, 10, 2961. (e) Froom, 
S. F. T.; Green, M.; Mercer, R. J.; Nagle, K. R.; Orpen, A. G.; Rodrigues, 
A. J.  Chem. SOC., Dalton Trans. 1991, 3171. 
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takes place intramolecularly (Scheme 6). 

Scheme 6 

Ru(C2Ph),(CO)(PtBu2Me), + 
-2e- 

Ru[C2(p-to1y1)1,(C0)(PtBu2Me), - 
PhCECC=CPh + [(p-t0lyl)C2]2 

The same series of experiments were repeated, but 
this time with dichloromethane as solvent. Again mass 
spectrometric analysis showed that the reaction was 
intramolecular. 

Homogeneous Outer-Sphere Oxidation of 2 in 
Acetonitrile and in Dichloromethane. The oxida- 
tion of 2 in acetonitrile and dichloromethane showed 
great similarities with the oxidation of 1. The two- 
electron oxidation (AcFc(BF4)) of 2 in acetonitrile and 
dichloromethane also resulted in elimination of the 
organic moieties (Scheme 7). In acetonitrile, [Ru(CO)- 

Scheme 7 
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Ph -C=C -C, 
C- Ph 

Ru(C*Phh(CO)(@Bu,Meh A + \H + "Ru" 
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Ph-CC-C, 
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(NCMe)3(PtBu~Me)2l(BF4)2 (3(BF4)2, 75%) was formed, 
whereas the mixture of metal-containing products in 
dichloromethane was the same as the product mixture 
from the oxidation of 1 in dichloromethane. The main 
product was found in 42% yield. 

Ether extraction of the dried residues from the 
oxidations yielded the E and Z isomers (9:l) of the enyne 
PhC2CHCHPh. The yield of enyne was 70% in aceto- 
nitrile and 46% in dichloromethane. Both solvents gave 
the same isomeric ratio (EIZ = 9/11. The identities of 
the enyne and the separate isomers were established 
by comparison with literature lH and 13C NMR data.23 
The (E)-enyne was also identified by comparison with 
a compound formed in an independent synthesis.24 

Investigation of the Formation of (E)- and (2)- 
PhCHCHC2Ph. It is already established that the 
reductive elimination of [PhC& from Ru(CCPh)z(CO)- 
(PtBu2Me)z (1) is an intramolecular reaction. We wanted 
to confirm that (E)- and (Z)-PhC&HCHPh also were 
formed intramolecularly. An  intermolecular reaction 
was expected to yield [PhC212 and [PhCHCHb in addi- 
tion to PhC2CHCHPh. The organic components from 
the oxidation of 2 were analyzed by capillary gas 
chromatography (GC). Examination of the GC traces 
revealed that 2.5-3.0% of [PhC& was formed in either 
solvent. At least some of this could originate from 1 as 
an impurity in our sample of 2. There was no evidence 
for formation of PhC2H, the product expected if ho- 
molytic cleavage of the Ru-acetylide bond were followed 
by cage escape. 
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a AcFc+ = acetylferrocenium. 

(23) (a) Jun, C.-H.; Lu, Z.; Crabtree, R. H. Tetrahedron Lett. 1992, 
33, 7119. (b) Echavarren, A. M.; Lopez, J.; Santos, A.; Montoya, J .  J .  
Organomet. Chem. 1991,414, 393. (c) Dahlenburg, L.; Frosin, K.-M.; 
Kerstan, S.; Werner, D. J.  Organomet. Chem. 1991, 407, 115. 

(24)Kern, R. J. Chem. Commun. 1968, 706. 

We have sought to establish whether the formation 
of enyne double-bond geometric isomers is inherent to  
the mechanism of the oxidatively induced reductive 
elimination reaction or whether it is a consequence of 
isomerization of free enyne product by a component of 
the reaction mixture subsequent to C-C bond forma- 
tion. 

To test for the possible isomerization of (E)-PhCz- 
CHCHPh by unconsumed oxidant, AcFc(BF4) and (E)- 
PhC2CHCHPh were dissolved in dichloromethane-d2. 
Even after 24 h no isomerization of the enyne was 
observed. The same was found when (E)-enyne was 
added to a solution of products from the oxidation of 
Ru(CHCHPh)(CzPh)(CO)(PtBuzMe)z (2) in dichloro- 
methane. Thus, neither unconsumed oxidant nor the 
organometallic products from the oxidation in dichlo- 
romethane were found to effect isomerization (Scheme 
8).25 

From the CV experiments it is known that the cation 
radical 2'+ has a half-life of several seconds. Hence, 
there is time for an isomerization of the vinyl ligand to 
occur, giving small amounts of 2'+ with cis disposition 
about the double bond of the vinyl ligand. From this 
isomerized cation radical, isomerized 2 could be obtained 
upon oxidation of unconsumed 2 by 2'+. This was 
investigated by treatment of solutions of 2 (acetonitrile 
and dichloromethane) with 0.4 equiv of AcFc+. Analysis 
of the extracts from the dried residues of the reaction 
showed no change of the unconsumed 2. There were 
no new 'H NMR resonances in the vinyl region and no 
changes in the 31P NMR spectra. Thus, the vinyl 
stereochemistry in 2 is unchanged under the reaction 
conditions. 

Kinetics of the Reductive Elimination from 1*+ 
and 2'+. When conventional CV is employed as a tool 
for the investigation of electrode processes or of the 
reactions of electrogenerated species, the double-layer 
charging current causes a distortion of the base line. 
This poses a problem for kinetic applications of CV, 
especially a t  high voltage sweep rates and/or low 
substrate concentration, where the charging current 
may be dominant. The use of derivative cyclic voltam- 
metry'* (DCV) circumvents this problem. 

DCV has been established as a powerful tool for the 
investigation of the mechanism and kinetics of organic 
and organometallic electrode reactions.26 The param- 
eter of interest €or the discussion to follow is uc, defined 

(25) Since the ratios of isomers formed in the oxidation reactions 
were identical, we assume that what is valid in dichloromethane also 
is valid in acetonitrile. Hence, the experiments were not repeated in 
acetonitrile. 

(26) For some recent examples of the use of DCV in organic and 
organometallic chemistry, see: (a) Parker, V. D.; Tilset, M. J.  Am. 
Chem. Soc. 1986,108, 6371. (b) Reitsteen, B.; Norrsell, F.; Parker, V. 
D. J.  Am. Chem. SOC. 1989,111, 8463. (c) Parker, V. D.; Reitsteen, B.; 
Tilset, M. J .  Phys.-Org. Chem. 1989,2, 580. (d) Reitsteen, B.; Parker, 
V. D. J.  Am. Chem. SOC. 1990,112, 4968. (e) Parker, V. D.; Chao, Y.; 
Reitsteen, B. J.  Am. Chem. SOC. 1991, 113, 2336. (0 Reitsteen, B.; 
Parker, V. D. J .  Am. Chem. Soc. 1991, 113, 6954. (g) Tilset, M. In 
Energetics of Organometallic Species; SimBes, J. A. M., Ed.; Kluwer 
Academic: Dordrecht, The Netherlands, 1992; p 109. 
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Figure 5. Reaction-order plot of log u0.6 vs log C based on 
DCV analysis of the oxidation of 1 (0) and 2 (0) in 
acetonitrile (0.1 M Bu4NPF6) at a Pt-disk microelectrode 
(d  = 0.6 mm) at 0 "C and the voltage sweep rate u = 1.0 
VIS. 

as the voltage sweep rate which for fxed experimental 
conditions causes the cathodic (I,,,) to anodic (Ip,+) 
derivative peak current ratio (R'I) to be equal to c. The 
value of the method is readily appreciated if one 
consider the case of c = 0.5. Here, the time lag between 
the detection of the oxidation peak and the reduction 
peak correlates with the half-life of the electrode- 
generated intermediate. For different experimental 
conditions, u may be fine-tuned to determine U0.5. The 
parameter U0.5 provides valuable kinetic information, 
since it is directly proportional to  the rate constant for 
the chemical reaction consuming the primary CV prod- 
uct.18 Provided that the separation between the scan 
reversal potential (Esw) and the reversible electrode 
potential for the compound studied in a series of 
experiments is maintained at a constant value, DCV 
may be used in reaction-order analysesz8 to establish 
the rate law for the follow-up reaction. 

DCV reaction-order analyses were carried out on the 
radical cation formed in the oxidation of bis(acety1ide) 
1 and the vinyl complex 2 in acetonitrile and dichlo- 
romethane. The substrate concentrations in each ex- 
perimental series were varied in the range 1-4 mM. 
The reaction-order plot in Figure 5 depicts log U0.6 vs 
log C for both substrates. The slopes of the correlation 
lines are close to zero (0.01 for 1 and 0.03 for 2); thus, 
the reactions of 1*+ and 2'+ in acetonitrile are first order 
in [lo+] and [%+I, respectively. This is consistent with 
our determinations from crossover experiments. A 
reaction-order analysis of 1 in dichloromethane showed 
that the reaction was also first order in lo+ in this 
solvent. As was already established, the oxidation of 2 
in dichloromethane is close to  reversible. It allowed the 
measurement of a single rate constant, assuming a first- 
order reaction of 2'+, but made measurements of reac- 
tion order and temperature effects in dichloromethane 
impractical because voltage sweep rates under some 
conditions were too slow for accurate measurements to 
be attainable. 

The rate of reaction of Cp*Ru(CO)(PPh3)CH3*+ has 
previously been demonstrated to be strongly solvent 
de~endent.~'  The rate enhancement upon changing the 

(27) Tilset, M.; Aase, T. In Natural Gas Conuersion; Holmen, A., 

(28) In u,&" is proportional to  the rate constant.ls 
Jens, K.-J., Kolboe, S., Eds.; Elsevier: Amsterdam, 1991; p 197. 
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Figure 6. Observed rate constant vs the acetonitrile 
concentration (% vlv) for the chemical reaction of %+ in 
acetonitrileldichloromethane (0.1 M BuaPF6) mixtures. 
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Figure 7. Arrhenius type plotz8 of ln(vo.dT) vs 10001T for 
the reaction of 1'+ (1.0 mM) in acetonitrile (0.1 M BQNPF~) 
at a Pt-disk microelectrode (d = 0.6 mm). 

solvent from dichloromethane to acetonitrile was esti- 
mated to be at least a factor of 2000. The reaction-order 
analysis of 1 in acetonitrile and dichloromethane, 
however, showed that the U0.6 values were almost 
identical in the two solvents. The occurrence of possible 
rate enhancement for the reaction of 2'+ in acetonitrile 
was also checked. The result is depicted in Figure 6. 
Addition of acetonitrile certainly has an effect, but it 
can by no means be compared to what is observed for 
the decomposition of Cp*Ru(CO)(PPh3)CH3'+. 

Organometallic compounds of weakly coordinating 
anions, e.g., BF4-, PFs-, and hF6- ,  have been the object 
of many studies in recent years.17 Hence, these coun- 
terions cannot always be considered to be "innocent". 
Close ion pairing has been reported to affect the kinetics 
of halide-induced disproportionation reactions of the 17- 
electron cations M(C0)3(PCy3)z0+ (M = Fe, Ru, Os) in 
dich10romethane.l'~ The possible intervention of the 
counterion PF6- was investigated for complex 2. The 
electrolyte concentration was varied between 0.05 and 
0.3 M in dichloromethane. This gave no significant 
change in the reaction rate (Le., uo.6) of 2'+. 

Variable-temperature measurements of U0.6 for the 
processes in acetonitrile, yielded the Arrhenius type 
plots in Figures 7 (1) and 8 (2). The experiment was 
repeated for 1 in dichloromethane. This gave a curve 
almost identical with that for 1 in acetonitrile. Linear 
regression based on the data from three independent 
runs (for 1 and 2 in acetonitrile and for 1 in dichlo- 
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Figure 8. Arrhenius type plot of ln(uo.dT) vs 1000/T for 
the reaction o f 2 +  (1.0 mM) in acetonitrile (0.1 M Bu4NPF6) 
at a Pt-disk microelectrode (d = 0.6 mm). 

Table 3. Kinetic Data for 1 and 2 
compd E, (!d/mol) A@ (kJ/mol) A 9  (J/(K mol)) k(O "C) (s-') 

la 78.5(3.3) 76.1(3.3) g.l(l1.7) 0.93 
lb 76.4(1.3) 74.1(1.7) 5.9(5.4) 0.74 
2b 62.1(4.5) 61.9(5.4) -6.4(20.1) 0.89 

"In dichloromethane (0.2 M Bu4N(PF6)). acetonitrile (0.1 M 
BW(PF6)). 

romethane) yielded activation energies for the subse- 
quent chemical reactions. These data are given in Table 
2. 

The information at hand from DCV, coulometry, and 
observed products is in agreement with an ECE mecha- 
nism in which the chemical reaction is a first-order 
elimination of [PhC212 and PhCzCHCHPh from 1'+ and 
2'+, respectively (path A in Scheme 5) .  The experimen- 
tal U0.6 values may be compared with theoretical data 
for this mechanism obtained by digital simulation for a 
first-order ECE mechanism with rate law ( r )  given as r 
= -k[l'+I. The resulting rate constants and activation 
parameters are given in Table 3. 

We have seen that samples of 1 and 2 in benzene-d6 
decompose very slowly at 74 "C to yield PtBu2Me as the 
only detectable product (5% after 24 h). By extrapola- 
tion to 74 "C, the rates of reaction of 1'+ and 2'+ are 
326 and 63 s-l, respectively. Thus, the rate enhance- 
ment due to the one-electron oxidations amounts to at 
least a factor of 3 x los! 

Discussion of Electrolyte Effects on the Kinetics 
of the Reductive-Elimination Reactions of 1 and 
2. We have concluded that 1 and 2 most likely exist as 
the corresponding 18-electron acetonitrile adducts when 
dissolved in acetonitrile. Hence, when the experiments 
are done in the two solvents acetonitrile and dichlo- 
romethane, different species are investigated ( UNCMe) 
and 2(NCMe) vs 1 and 2). It was therefore rather 
surprising to discover that the oxidation potentials, the 
rate constants for the subsequent chemical reactions, 
and the kinetic parameters were little affected by the 
solvent. The similarities can of course be coincidental, 
but traces of water, weak coordination of dichlo- 
romethane, or coordination of the counterion BF4- could 
enhance the reactions in dichloromethane and at least 
in part conceal actual differences. 

Variation of the electrolyte concentration in dichlo- 
romethane did not significantly influence the rate of 
reaction of 2*+. This might imply no assistance of BF4- 
in the reductive elimination. However, the concentra- 

\ 
solvent cage 

1: R = R = q P h  
2: R = G P h ,  R = C H C H P h  

tion of BFd- is immense (even a t  the lowest LBF4-1 
studied here) compared to the concentration of sub- 
strate. Thus, there can already be saturation of BF4- 
coordination even a t  an electrolyte concentration of 0.05 
M. Close ion pairing between l*+/Ru(CO)(PtBuzMe)z'+ 
and BFI- can also occur. This would give reductive 
elimination from strongly ion-paired species in dichlo- 
romethane and thus prevent the formation of a formally 
13-electron species, Ru(CO)(PtBuzMe)z'+. The observed 
lack of dependence of the reaction rate on the concen- 
tration probably implies that the BF4- counterion does 
not actively assist the reductive-elimination reaction. 
Similar arguments pertain to the small solvent effect 
on the kinetic parameters. 

Discussion of the Mechanism of Oxidatively 
Induced Reductive Elimination from 1 and 2. 
Thermal intramolecular reductive-elimination processes 
are usually believed to be concerted reactions. This is 
not necessarily a valid assumption when the reactions 
are oxidatively induced. A seemingly concerted reduc- 
tive elimination can occur stepwise with homolytic 
cleavage of one bond followed by radical abstraction 
within the solvent cage. The groups of F u k ~ z u m i ~ ~  and 
Ward3b have previously discussed similar situations. In 
their oxidations of cis-(bpy)zCoRz (R = Ph, Et, Me, 
PhCHz) and CpzMRz (M = Ti, Zr; R = Ph), respectively, 
they observed product distributions that could only be 
explained by the radical reaction pathway outlined 
above. 

For a concerted reaction to occur, the ligands to be 
eliminated must be cis to each other. Homolytic cleav- 
age, on the other hand, can give reductive-elimination 
reactions also with trans ligands. For a concerted 
elimination to occur from I*+, an isomerization must 
preceed the elimination step. Thus, we cannot rule out 
a concerted reaction for reductive elimination of [PhCzIz 
from the bis(acety1ide). 

PhCzH, which is expected to be formed from 1 and 2 
if radicals are formed by homolytic cleavage and escape 
from the solvent cage, was not observed. Still, the total 
absence of this product cannot be taken as evidence for 
a concerted reaction. As described above, efficient 
intracage reaction can preclude formation of phenyl- 
acetylene. Assuming that 1+ is isomerized, the steps 
depicted in Scheme 9 describe the two possibilities. 

A similar situation has previously been discussed for 
the oxidatively induced reductive elimination from 
Cp*Rh(PPh3)Me2.16 In acetonitrile it was shown to yield 
ethane with no trace of methane. The negative activa- 
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about the C=C bond while simultaneously increasing 
the valence-electron count at the metal; this represents 
a new and unusual type of 17-/19-electron interconver- 
sion. 

Scheme 10 
Ph H 

11 

tion entropy of the reaction (-25.9 J/(K mol)) was taken 
as evidence for a concerted reaction with an ordered 
transition state. The activation entropies for 1 and 2, 
however, are not as informative. They were found to 
be 8.1 f 11.7 and 5.9 f 5.4 J/(K mol) for 1 in dichlo- 
romethane and acetonitrile, respectively, and -6.4 f 
20.1 J/(K mol) for 2 in acetonitrile. Not only are the 
activation entropies close to zero but the standard 
deviations are also rather large. Small activation 
entropies may result from partial cancellation of positive 
and negative contributions. In our experiments it is 
evident that solvation both of the cation radical and of 
the first-formed elimination product, together with the 
entropy of the transition state, will play a role. Thus, 
the exact mechanism of the coupling of the organic 
ligands in 1 and 2 may at the current level of under- 
standing be well described as either a concerted or a 
stepwise, in-cage reaction. 

The discussion above, and in particular the absence 
of PhCzH, demonstrates that there is no hard evidence 
for products resulting from radicals released from 
solvent cages. Thus, the 2-3% [PhC& detected in the 
product mixtures from the oxidation of 2 (acetonitrile 
and dichloromethane solvents) is probably not formed 
by attack of a "stray radical" on another molecule of 2. 
Therefore, we propose that this product is formed in a 
competing, inefficient bimolecular mechanism, perhaps 
involving a bridging acetylide ligand. 

Discussion of the Mechanism of Formation of 
(E)-  and (Z)-PhC&HCHPh. The discussion to follow 
is based on two established facts: (a) the enyne is not 
isomerized after generation and (b) the starting material 
2 retains its trans stereochemistry around the vinylic 
double bond. 

The oxidation of 2 yields a 9/1 ratio of (E)- and (2)- 
PhCzCHCHPh in acetonitrile and dichloromethane. If 
a concerted reductive elimination were to  take place, 
only (E)-PhC&HCHPh would be produced. However, 
the 9/1 ( E I Z )  product mixture can occur from a con- 
certed reaction with a minor (10%) competing homolytic 
cleavage reaction, yielding some (2)-enyne. Homolytic 
cleavage itself can also give the observed ratio of 
stereoisomers if the radical reacts so quickly that only 
a small part of the radicals lose their stereochemistry. 

Electrochemical methods have demonstrated that the 
cation radical has a half-life of several seconds. This is 
apparently sufficient for rearrangement via the pro- 
cesses shown in Scheme 10. Note especially than an 
y2-vinyl structure can lead to  loss of stereochemistry 

Experimental Section 

General Procedures. All manipulations involving orga- 
nometallic compounds were carried out with use of vacuum 
line, Schlenk, syringe, or drybox techniques. Hexane was 
dried and deoxygenated over sodium benzophenone, aceto- 
nitrile was distilled from PzOs, and acetonitrile-ds and dichlo- 
romethane-dz were distilled from CaHz, whereas benzene-& 
was distilled from Na and nitromethane-ds from CaC12. All 
solvents, PhCZH, and (p-toly1)CzH were subjected to three 
freeze-pump-thaw cycles at the vacuum line prior to  use. 
Acetonitrile and dichloromethane containing the supporting 
electrolyte were passed through a column of active neutral 
alumina prior to use to  remove water and protic impurities 
before electrochemical measurements. The electrolyte was 
freed of air by purging with purified argon, and all measure- 
ments and electrolyses were carried out under a blanket of 
solvent-saturated argon. 

Electrochemical measurements were performed with an 
EG&G-PAR Model 273 potentiostat/galvanostat driven by an 
external HP 3314 sweep generator. The output signals were 
fed to a Nicolet 310 digital oscilloscope and processed by an 
on-line personal computer. The working electrode was a Pt- 
disk electrode (d = 0.6 mm), the counter electrode was a Pt 
wire, and the Ag-wire reference electrode assemblyz9 was filled 
with acetonitrile/O.Ol M AgNOdO.1 M Bu4N(PFs). The refer- 
ence electrode was calibrated against CpzFe, which is used as 
the reference in this work. The positive-feedback iR compen- 
sation circuitry of the potentiostat was employed; the separa- 
tion between the anodic and cathodic peaks for the CpzFe 
oxidation was 59-61 mV in acetonitrile. 

Hydrocarbons were separated and quantified on a Varian 
3400 GC using a 25 m DB5 column. 

'H (referenced via residual solvent protons) and (refer- 
enced to  the solvent resonance) NMR and I9F (referenced to 
CFC13) NMR spectra were recorded on a Varian XL-300 
instrument. The symbol vt in 'H NMR spectra denotes virtual 
triplets arising from coupling to magnetically nonequivalent 
P nuclei. 31P{1H) (referenced to  85% HsP04) NMR was 
recorded on a a Varian XL-300 instrument or a Nicolet NT- 
360 spectrometer operating at 121 or 146 MHz, respectively. 
1H{31P} NMR spectra were obtained on a Nicolet NT-360 
spectrometer. Infrared spectra were recorded in benzene-&, 
acetonitrile-ds, or dichloromethane-dz (NaC1 cavity cell, 0.1 mm 
path length) on a Nicolet 510P FT-IR spectrometer with a 
precision of 0.3 cm-l. 

The compounds [ C P ~ F ~ I P F ~ , ~ ~ ~  [(y6-C~H4COMe)CpFelBF4 
(ACFC(BF~)),~O~ Ru(CzPh)z(CO)(PtBuzMe)Z1' (11, and (E)-PhCZ- 
CHCHPhZ4 were prepared according to  published procedures. 
All other compounds were used as received from commercial 
suppliers. 
Ru(CHCHPh)(CSh)(CO)(PtBuzMe)2 (2). This is a modi- 

fication of a previously published pr0cedure.l' Ru(H)(Cl)(CO)(Pt- 
BuzMe)z (400 mg, 0.82 mmol) was added to hexane (20 mL) 
and PhCzH (90 pL, 0.82 mmol) and stirred for 15-20 min. 
PhCzLi (178 mg, 1.64 mmol) was added. The resulting mixture 
was stirred for 6 h, filtered, and concentrated to approximately 
4 mL. The filtrate was stored at  -20 "C for 24 h, during which 
time the product crystallized as a dark red solid (365 mg, 68% 
yield). 'H NMR (300 MHz, benzene-c16): d 1.13 (vt, J = 5.9 
Hz, 18 H), 1.21 (vt, J = 5.9, 18 H), 1.52 (s, 6 H), 6.26 (d, J = 
13 Hz, 1 H), 6.9-7.7 (m, 10 H), 8.62 (d, J = 13 Hz, 1 H). 31P- 

(29) Moe, N. S. Anal. Chem. 1974, 46, 968. 
(30) (a) Lyatifov, I. R.; Solodovnikov, S. P.; Babin, V. N,; Materikova, 

R. B. 2. Naturforsch., B 1979,34B, 863. (b) Carthy, P.; Dove, M. F. A. 
J. Organomet. Chem. 1971,28, 125. 
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{'H} NMR (146 MHz, benzene-&): 6 40.9 (s). IR (benzene- 
d6): YCO 1910 cm-', vcc 2074 cm-'. 

X-ray Structure Determination of Ru(CPh)2(CO)- 
(PtBuJvle)2 (1). Because of the slow onset of a phase transi- 
tion at -167 "C, we undertook a study a t  -90 "C, where a 
systematic search of a limited hemisphere of reciprocal space 
yielded a set of reflections which exhibited monoclinic (2/m) 
diffraction symmetry. The only observed extinction was that 
of OkO for k = 2n + 1, leading to the choice of the possible 
space group P21 or P2'I m. The choice of the noncentrosym- 
metric space group P2' was based on the fact that the structure 
could be solved using P21 but not P21/m. Unit cell dimensions 
were determined by a least-squares fit of the setting angles 
for 62 carefully centered reflections having 2 values between 
20 and 34". Following the usual data reduction and averaging 
of equivalent data, a unique set of 2322 reflections was 
obtained. The R values for the averaging was 0.113 for 2293 
reflections observed more than once. Plots of the 4 standard 
reflections (-3,0,0, -3,3,3, 0,-6,0, 0,0,4) measured every 300 
reflections showed no significant trends. No correction for 
absorption was performed. The structure was solved using 
SHELXS-86. While the Ru and P atoms as well as the CO 
group and the two CzPh groups were readily located, the 
substituents on the phosphorus caused considerable difficulty. 
A relatively good model could be obtained but would not be 
refined in a satisfactory manner. The final least-squares 
refinement was carried out using anisotropic thermal param- 
eters on the Ru and P atoms and isotropic parameters on the 
remaining atoms. For the refinement, only 1193 reflections 
considered observed by the criterion F > 3.0dF) were used. 
For the disordered carbon atoms in the phosphine ligands, 
occupancies were refined initially and then fixed. The isotropic 
thermal parameters for all of the atoms are quite high, an 
indication that the data might have been collected close to the 
transition temperature or that the structure is very disordered. 
The largest peaks in the final difference map were 0.78 e/A3 
and revealed that smaller residuals were located in the area 
of the disordered carbon atoms. Because of some relatively 
large esd's (e.g., Ru-C20 = 2.05(8) A) and an unreasonable 
angle (Ru-C20-021 = 143(5)"), we furnish full structural 
details only in the supplementary material. A view of the 
molecule and some selected metric parameters are shown in 
Figure 1 and Table 1. 

Coordination of Acetonitrile to Ru(C2Ph)dCO)- 
(PtBuJvle)2 (1). Ru(C2Ph)2(CO)(PtBu2Me)2 (1; 20.0 mg, 0.03 
mmol) dissolved in benzene-& was added to an NMR tube. 
The 31P NMR spectrum of the compound showed a single 
resonance at  6 47.7. Acetonitrile (1.5 pL, 1 equiv) was added 
to the solution, whereupon the color immediately changed from 
dark red to bright yellow. The 31P{1H) NMR spectrum showed 
only one signal (at 6 45.3). Addition of excess acetonitrile (3 
x 15 pL) gave no change in either the shift of the peak or the 
color of the solution. The IR absorptions changed from vco 
1933 cm-I and vcc 2074 cm-I in neat benzene-& to  vco 1934 
cm-' and vcc 2082 cm-I in the benzene-&/acetonitrile solvent 
mixture. 

Ru(C2Ph)2(CO)(PtBu2Me)2 (20.0 mg, 0.031 mmol) was dis- 
solved in acetonitrile (2 mL). This gave a yellow solution, from 
which a pale yellow solid precipitated immediately. The solid 
was collected. A sample was analyzed by 31P{1H} NMR 
spectroscopy in benzene-&. It showed the same resonance as 
above, 6 45.3. The rest of the solid was dried in vacuo 
overnight. This yielded a red solid which was shown to  be 
Ru(C2Ph)2(CO)(PtBuzMe)2 (31P{1H} NMR, benzene-&). 

The solid that precipitated from acetonitrile solutions of 
R U ( C ~ P ~ ) ~ ( C O ) ( P ~ B U ~ M ~ ) ~  was dried 2-3 min in vacuo and 
analyzed by 'H NMR spectroscopy in benzene-&. A signal was 
present at  6 0.62 (in addition to the usual resonances for 1). 
Upon addition of 10 pL of acetonitrile-&, this peak moved to  
6 0.69. 

Coordination of Acetonitrile to Ru(CHCHPh)(CSh)- 
(CO)(PtBuJvle)2 (2). An NMR tube was prepared containing 
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Ru(CHCHPh)(CzPh)(CO)(PtBuzMe)z (2; 20.0 mg, 0.03 mmol) 
dissolved in benzene-&. A 31P{1H} NMR spectrum showed the 
phosphine resonance at 6 42.4. Addition of acetonitrile (1.5 
pL, 1 equiv) gave no apparent color change and no change in 
the position of the phosphine resonance. Addition of excess 
acetonitrile (15 pL) resulted in the appearance of a weak 
resonance at  6 45.0. More acetonitrile (2 x 15 pL) was added 
upon which the small resonance gained somewhat in intensity 
(ca. 5% of the intensity of the main resonance) and the dark 
red color faded perceptibly. After addition of 47 pL of aceto- 
nitrile, the solution was red-orange. The IR (benzene-&) 
absorptions (VCO 1910 cm-I and vcc 2074 cm-') did not change 
when acetonitrile was added, but a small shoulder (ca. 5%) 
appeared at higher frequency on the CO peak. 
Ru(CHCHPh)(C2Ph)(CO)(PtBu2Me)2 (20.0 mg, 0.03 mmol) 

was dissolved in acetonitrile (2 mL). This gave a red-orange 
solution, from which a red solid precipitated immediately. The 
solid was dried in vacuo overnight. This yielded a red solid, 
which was shown to  be Ru(CHCHPh)(CzPh)(CO)(PtBu2Me)2 by 
31P{ 'H} NMR spectroscopy in benzene-ds. 

The solid that precipitated from acetonitrile solutions of 
Ru(CHCHPh)(CzPh)(CO)(PBuzMe)z was dried for only 2-3 
min in vacuo and analyzed by 'H NMR spectroscopy in 
benzene-d6. A signal was present at 6 0.59 (in addition to the 
usual resonances for 2). Upon addition of 10 p L  of acetonitrile- 
d3, the peak moved to 6 0.71. 

Thermal Reactions of 1 and 2. Ru(CzPh)z(CO)(PBu2Me)z 
(10.0 mg, 0.02 mmol) was dissolved in benzene-& and added 
to an NMR tube equipped with a ground-glass joint. The NMR 
tube was flame-sealed under vacuum, and a 'H NMR spectrum 
was acquired. A similar sample of Ru(CHCHPh)(CzPh)(CO)- 
(PtBu2Me)2 (10.0 mg, 0.02 mmol) in benzene-& was prepared. 
The samples were heated at  50 "C for 24 h. No change 
occurred in the NMR spectra of the samples. Further heating 
of the samples at  74 "C for 24 h generated traces (ca. 5%) of 
free PtBuzMe ('H NMR (300 MHz, benzene-&) 6 1.04 (d, J = 
10.5 Hz), 0.82 (d, J = 4.3)). Further heating (for 48 h) only 
yielded more of the phosphine. 31P NMR spectroscopy con- 
firmed that PtBuzMe was the only detectable product from the 
reactions (31P{1H} NMR (146 MHz, benzene-&) 6 11.8 ppm). 

General Procedure: Oxidation of 1 in Acetonitrile. In 
a typical experiment Ru(C2Ph)z(C0)(PtBuzMe)2 (1; 20.0 mg, 
0.03 mmol) was dissolved in acetonitrile (25 mL) and slowly 
added to  a solution of AcFc(BF4) (19.3 mg, 0.06 mmol) in 
acetonitrile (5 mL). The solvent was stripped off from the 
yellow solution, and the residue was dissolved in acetonitrile- 
d3 and analyzed by 'H and 31P{1H} NMR and IR spectroscopy. 
'H NMR (300 MHz, acetonitrile-&): 6 1.40 (vt, J = 7 Hz, 36 
H), 1.53 (vt, J = 3 Hz, 6 H), 6.9-7.2 (m), 7.3-7.7 (m). 31P- 
{'H} NMR (146 MHz, acetonitrile-d3): 6 40.5 (s), 42.4 (s), 60.1 
(s). IR (acetonitrile-&): vco 2010 cm-'. 

The solution from the NMR tube was added to ether (20 
mL) and filtered. The solid was dried under vacuum, dissolved 
in acetonitrile-&, and analyzed by 'H and 31P{1H} NMR 
spectroscopy. The solvent was stripped off from the filtrate, 
and the residue was dried and dissolved in acetonitrile-d3. 
Analysis by NMR spectroscopy gave the following. Residue: 
lH NMR (300 MHz, acetonitrile-d3) 6 1.40 (vt, J = 7 Hz, 36 
H), 1.53 (vt, J = 3 Hz, 6 H); 31P{1H} NMR (146 MHz, 
acetonitrile-&) 6 40.5 (s), 42.4 (s); IR (acetonitrile-&) vco 2010 
cm-'. Filtrate: 'H NMR (300 MHz, acetonitrile-&) 6 7.3-7.7 
(m, 10 H); 13C{'H} NMR (75 MHz, acetonitrile-&) 74.1, 82.4, 
122.1, 129.7, 130.7, 133.4; MS m/e  202. 

Oxidation of 2 in Acetonitrile. The oxidation was done 
as in the general procedure described above. Spectroscopic 
data before workup are as follows. 'H NMR (300 MHz, aceto- 
nitrile-&): 6 1.40 (vt, J = 7 Hz, 36 H), 1.53 (vt, J = 3 Hz, 6 
H), 6.0 (d, J = 12.1 Hz, 1 H), 6.57 (d, J = 16.5 Hz, 1 HI, 6.83 
(d, J = 12.1 Hz, 1 H), 7.36 (d, J = 16.5, 1 H), 7.2-8.0 (m, 10 
H). 31P{1H} NMR (146 MHz, acetonitrile-&): 6 42.4 (s). IR 
(acetonitrile-&.): vco 2010 cm-l. Spectroscopic data after 
workup are as follows. Residue: 'H NMR (300 MHz, aceto- 
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nitrile&) 6 1.40 (vt, J = 7 Hz, 36 H), 1.53 (vt, J = 3 Hz, 6 H); 
31P{1H} NMR (146 MHz, acetonitrile-&) 6 42.4 (s); IR (aceto- 
nitrile-&) vCo 2010 cm-l. Filtrate: 'H NMR (300 MHz, 
acetonitrile-&) 6 6.00 (d, J = 12.1 Hz, 1 H), 6.57 (d, J = 16.5 
Hz, 1 H) 6.83 (d, J = 12.1 Hz, 1 H), 7.36 (d, J = 16.5, 1 H), 
7.2-8.0 (m, 15 H); MS mle  204. 

General Procedure: Oxidation of 1 in Dichloro- 
methane. In a typical experiment, Ru(CzPh)z(CO)(PtBuzMe)z 
(1; 20.0 mg, 0.03 mmol) was dissolved in dichloromethane (5 
mL) and slowly added to  a solution of AcFc(BF4) (19.3 mg, 0.06 
mmol) in dichloromethane (2 mL). The solvent was stripped 
off from the purple solution; the residue was dissolved in 
dichloromethane-d2 and the solution analyzed by 'H and 31P- 
{'H} NMR spectroscopy. 'H NMR (300 MHz, dichloro- 
methane-&): 6 1.30 (d, J = 16.8 Hz, 36 H), 1.45 (dd, J = 13.4 
and 5.5 Hz, 6 H), 7.3-7.6 (m, 10 H). 31P{1H} NMR (146 MHz, 
dichloromethane-&I: 6 39.9 (s), 41.9 (SI, 72.8 (s), 73.9 (SI, 76.8 
(5). IR (dichloromethane-dz): YCO 1951 cm-l. 

The solution from the NMR tube was added to ether (20 
mL), and the resulting solid was filtered. The solid was dried 
under vacuum, dissolved in dichloromethane-dz, and analyzed 
by lH and 31P{1H} NMR spectroscopy. The solvent was 
stripped off from the filtrate, and the residue was dried and 
dissolved in dichloromethane-dz. Residue: 'H NMR (300 MHz, 
dichloromethane-d2) 6 1.49 (d, J = 16.8 Hz, 36 H), 1.85 (dd, J 
= 13.4 and 5.5 Hz, 6 H); 1H{31P} NMR (300 MHz, dichlo- 
romethane-d2) 6 1.30 (s, 36 H), 1.45 (br s, 6 H); 31P{1H} NMR 
(146 MHz, dichloromethane-d2) 6 39.9 (9); I9F NMR (55 MHz, 
dichloromethane-&) 6 -150.7 (br s); IR (dichloromethane-dz) 
YCO 1951 cm-l. Filtrate: lH NMR (300 MHz, dichloromethane- 
d2) 6 7.34-7.45 (m), 7.53-7.60 (m); I3C (75 MHz, dichlo- 
romethane-d2) 6 73.9,81.8,122.0,128.9,129.7,132.8; MS n l e  
202. 

Oxidation of 2 in Dichloromethane. The oxidation was 
done as in the general procedure described above. Spectro- 
scopic data before workup are as follows. 'H NMR (300 MHz, 
dichloromethane-d2) 6 1.30 (d, J = 16.8 Hz, 36 H), 1.45 (dd, J 
= 13.4 and 5.5 Hz, 6 H), 5.92 (d, J = 12.1 Hz, 1 H), 6.39 (d, J 
= 16.5 Hz, 1 H), 6.71 ( d , J =  12.1 Hz, 1 H), 7.15 (d, J =  16.5, 
1 H) 7.2-8.0; 31P{lH} NMR (146 MHz, dichloromethane-d2) 6 
39.9 (s); IR (dichloromethane-dz): YCO 1951 cm-'. Spectro- 
scopic data after workup are as follows. Residue: 'H NMR 
(300 MHz, dichloromethane-dz) 6 1.30 (d, J = 16.8 Hz, 36 H), 
1.45 (dd, J = 13.4 Hz, 6 HI; 31P{1H} NMR (146 MHz, 
dichloromethane-dz) 6 39.9 (9); IR (dichloromethane-dd: YCO 
1951 cm-'. Filtrate: 'H NMR (300 MHz, dichloromethane- 
d2) 6 5.92 (d, J = 12.1 Hz, 1 HI, 6.39 (d, J = 16.5 Hz, 1 H), 
6.71 (d, J = 12.1 Hz, 1 H), 7.15 (d, J =  16.5, 1 H), 7.2-8.0; MS 
mle 204. 

The residue from the oxidation of Ru(CHCHPhXCzPh)(CO)- 
( P B U ~ M ~ ) ~  in dichloromethane was dissolved in acetonitrile- 
d3.  The resulting mixture contained mostly the dicationic 
acetonitrile adduct [Ru(CO)(NCMe)3(PtBuzMe)zI(BF4)2 (ca. 80% 
by inspection of the 31P{1H} NMR spectrum). 
Ru[Cz(p-tolyl)l~(CO)(~Bu&le~~. Ru(H)(C1)(CO)(PtBu2- 

Me)2 (300.0 mg, 0.62 mmol) was added to hexane (35 mL) and 
(p-tolyl)C2H (0.3 mL, 4 equiv) and (p-tolyl)C2Li (96.0 mg, 0.79 
mmol). The resulting mixture was refluxed for 12 h, filtered, 
and concentrated to approximately 5 mL. This solution was 
filtered to remove an  insoluble byproduct. The filtrate was 
stored at  -20 "C for 24 h, and the product crystallized as a 
dark red solid (207 mg, 49%). 'H NMR (300 MHz, benzene- 

7.56 (d, 4 H); 3'P('H} NMR (360 MHz, benzene-de) 6 47.9 ( 8 ) ;  

IR (benzene-de) vco 1931 cm-', YCC 2077 cm-'. 
Oxidation of Ru[Cz(p-tolyl)l~(CO)(PtBuaMe)a in Aceto- 

nitrile and Dichloromethane. The oxidation of Ru[Cz@- 
tolyl)]2(CO)(PtBu2Me)2 in acetonitrile and dichloromethane was 
done as described in the general procedures for the oxidations 
of 1 and 2. In acetonitrile the dicationic acetonitrile adduct 
[Ru(CO)(NCMe)3(PtBuzMe)2](BF4)2 ('H and 31P{1H} NMR and 
IR spectroscopy) was formed together with an ether-soluble 

de): 6 1.32 (vt, 36 H), 1.79 (vt, 6H), 2.13 (s, 6 H), 7.10 (d, 4H), 
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product. Oxidation in dichloromethane gave a mixture of 
organometallic products that closely resembled the product 
mixtures obtained when Ru(C2Ph)z(CO)(PtBuzMe)2 and Ru- 
(CHCHPh)(C2Ph)(CO)(PtBu2Me)2 were oxidized in dichlo- 
romethane (by 'H and 31P NMR and IR spectroscopy). Ex- 
traction with ether as in the general procedure yielded an 
extract with the following spectroscopic data: 'H NMR (300 
MHz, benzene-&) 6 1.90 (s, 6 H), 6.5-7.4 (m, 10 H); MS mle 
230. 
[RU(CO)(NCM~)S(P~B~~M~)ZI(BF~)Z (3). Ru(C2Ph)dCO)- 

(PtBuzMe)z (20.0 mg, 0.03 mmol) was dissolved in acetonitrile 
(25 mL) and slowly added to a stirred solution of AcFc(BF4) 
(19.3 mg, 0.06 mmol) in acetonitrile (5 mL). This gave a yellow 
solution. The solution was concentrated to 2-3 mL and added 
to ether (20 mL). Filtration of the solution yielded a gray solid 
which was dissolved in acetonitrile and recrystallized by 
diffusion of ether vapor into the acetonitrile solution. 'H NMR 
(300 MHz, acetonitrile-&): 6 1.40 (vt, J = 7 Hz, 36 H), 1.53 
(vt, J = 3 Hz, 6 H), 2.49 (s, 6 H), 2.58 (s, 3 HI; this spectrum 
was taken within 7 min of warming a freshly prepared frozen 
(-196 "C) sample to  25 "C, to minimize exchange of MeCN 
trans to CO with bulk CD3CN. 'H NMR (300 MHz, nitro- 
methane-&): 6 1.49 (vt, J = 7 Hz, 36 H), 1.65 (vt, J = 3 Hz, 
6 H), 2.64 (s, 6 H), 2.71 (t, J = 1.1 Hz, 3 H). 31P{lH} NMR 
(121 MHz, acetonitrile-&): 6 42.4 (SI. W{'H} NMR (75 MHz, 
acetonitrile-&): 6 5.8, 30.0 (d), 37.7 (t), 131.0, 134.5, 201.4 
(t). IR (acetonitrile-dd: YCO 2010 cm-l. 

Investigation of the Molecularity of the Reductive 
Elimination from 1. A solution of Ru(C2Ph)2(C0)(PtBu2Me)z 
(20.0 mg, 0.03 mmol) and Ru[C~@-tolyl)l~(CO)(PBu~Me)~ (20.7 
mg, 0.03 mmol) in acetonitrile (50 mL) was slowly added to 
an acetonitrile solution (5 mL) of AcFc+(BF4-) (38.6 mg, 0.12 
mmol). The reaction mixture was concentrated to 1-2 mL, 
added to ether (30 mL), and filtered through Celite. 

A dark brown oil was obtained from the filtrate. The oil 
contained only [PhC2]2 and [(p-tolyl)C& by 'H NMR spectros- 
copy. Mass spectrometry showed parent ions at  mle 202 
([PhC~lz) and 230 ([@-tolyl)C& The crossover product, (p- 
tolyl)Cz-CzPh, was not obtained in either solvent. 

The experiment was repeated with dichloromethane as the 
solvent. This gave, as for the reaction in acetonitrile, only 
formation of [PhCzlz and [(p-tolyl)C& 

Identification of the Products from the Oxidation of 
2. A solution of Ru(CHCHPh)(CzPh)(CO)(PtBuzMe)2 (2) was 
oxidized with AcFc(BF4) as described in the general procedure 
for oxidation reactions. The reaction mixture was concentrated 
to 1-2 mL, added to ether (30 mL), and filtered through Celite. 

Dark brown oils were obtained from the filtrates of reactions 
in both acetonitrile and dichloromethane. The oils were 
dissolved in 0.5 mL of benzene and analyzed by capillary GLC. 
Authentic samples of [PhC2]2 and PhCzCHCHPh were used to 
determine the retention times. Oxidation of Ru(CHCHPh)- 
(C2Ph)(CO)(PtBuzMe)z in acetonitrile showed formation of 97% 
PhCzCHCHPh and 3% [PhC2]2. Oxidation of Ru(CHCHPh)(C2- 
Ph)(CO)(PtBu2Me)2 in dichloromethane showed formation of 
97.5% of PhCzCHCHPh and 2.5% of [PhC&. There was no 
evidence for formation of PhCzH. 
NMR Quantification of the Yield of the Organometal- 

lic Product from the Oxidation of 1. A solution of Ru(C2- 
Ph)z(CO)(PtBu2Me)z (1; 30.0 mg, 0.05 mmol) and hexameth- 
ylbenzene (HMB; 7.4 mg, 0.05 mmol) was dissolved in 
dichloromethane (3 mL). The solution was distributed equally 
into three different flasks. The solution from one flask was 
slowly added to a solution of AcFc(BF4) (9 mg, 0.03 mmol) in 
dichloromethane. The solvent was stripped off from the second 
flask at -20 "C; the residue was dissolved in acetonitrile (15 
mL) and this solution slowly added to  a solution of AcFc(BF4) 
(0.09 mg, 0.03 mmol) in acetonitrile (3 mL). The solvents from 
each flask were now stripped off at -20 "C. The residues were 
analyzed by 'H NMR spectroscopy. 

The yields of product from the reactions in acetonitrile and 
dichloromethane were established by comparison with the 
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internal standard (HMB). In acetonitrile, the yield of [Ru- 
(CO)(PtBuzMe)z(NCMe)3I(BF4)~ was found to be 72%. In 
dichloromethane, the yield of main product was 52%. 

Quantification of the Yield of the Organic and the 
Organometallic Product from the Oxidation of 2. (a) By 
NMR. The experiment was done as described above. In 
acetonitrile the yield of [Ru(CO)(NCMe)3(PtBuzMe)z](BF4)2 was 
75% and the yield of PhCzCHCHPh was 70%. In dichlo- 
romethane the yield of the main organometallic product was 
42%, whereas 46% PhCzCHCHPh was formed. 

(b) By GC. Ru(CHCHPh)(CzPh)(CO)(PtBuzMe)z (2; 20.0 
mg, 0.03 mmol) was oxidized with AcFc(BF4) (19.3 mg, 0.06 
mmol) in acetonitrile and in dichloromethane as described in 
the general procedures. After workup of the reaction mixtures, 
the solvents of the filtrates were evaporated in vacuo. The 
residues were dissolved in benzene (0.5 mL) and analyzed by 
capillary GLC. Solutions of PhCzCHCHPh (7.4 mg, 0.04 mmol; 
5.8 mg, 0.03 mmol; 3.7 mg, 0.02 mmol; 1.9 mg, 0.01 mmol) in 
benzene (0.5 mL) were also analyzed by GLC. This allowed 
determination of the yield of PhCzCHCHPh from the oxidation 
reactions. The amount of PhCzCHCHPh formed in the oxida- 
tion in acetonitri-le and dichloromethane was 59% and 40%, 
respectively. From the quantification of the yield of PhCz- 
CHCHPh in the oxidation of 2 by means of lH NMR spectros- 
copy, it is possible to estimate the loss during workup of the 
reaction mixtures to be ca. 10%. 

GC Quantification of the Yield of the Organic Product 
from the Oxidation of 1. Ru(CzPh)z(CO)(PtBuzMe)z (1; 20.0 
mg, 0.03 mmol) was oxidized with AcFc(BF4) (19.3 mg, 0.06 
mmol) in acetonitrile and in dichloromethane as described in 
the general procedures. After workup of the reaction mixtures, 
the solvents of the filtrates were evaporated in vacuo. The 
residues were dissolved in benzene (0.5 mL) and analyzed by 
capillary GLC. Solutions of [PhCzl~ (6.7 mg, 0.03 mmol; 4.6 
mg, 0.02 mmol; 3.1 mg, 0.015 mmol; 1.5 mg, 0.007 mmol) in 
benzene (0.5 mL) were also analyzed by GLC. This allowed 
determination of the yield of [PhCzl~ from the oxidation 
reactions. The amounts of [PhC~lz formed in the oxidations 
in acetonitrile and dichloromethane were 62% and 39%, 
respectively. From the quantification of the yield of PhCz- 
CHCHPh in the oxidation of 2 by means of both 'H NMR and 
GLC, it is possible to estimate the loss during workup of the 
reaction mixtures to be ca. 10%. 

Attempted E12 Isomerization of the -CHCHPh Ligand 
in 2 by AcFc(BF4). Ru(CHCHPh)(CzPh)(CO)(PtBuzMe)z (20.0 
mg, 0.03 mmol) was oxidized by AcFc(BF4) (3.8 mg, 0.022 
mmol, 0.4 equiv). Two reactions were performed, one in 
acetonitrile and one in dichloromethane. The oxidations and 
the workup were done as described before. In acetonitrile only 
resonances for [Ru(CO)(NCMe)dPtBuzMe)zI(BF4)~, (EI-PhCz- 
CHCHPh, and unconsumed Ru(CHCHPh)(CzPh)(CO)(PtBu2- 
Me)z were present in the 'H NMR spectrum, in addition to 
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the peaks for AcFc. No vinyl resonances of unknown origin 
were detected, nor did a 31P(1H} NMR spectrum show any new 
resonances. 

The same result was obtained when dichloromethane was 
used as solvent. 

Attempted E /Z Isomerization of (E)-PhCZCHCHPh by AcFc- 
(BF4). (E)-PhCzCHCHPh (10.0 mg, 0.005 mmol) and AcFc- 
(BF4) (4.2 mg, 0.013 mmol) were dissolved in dichloromethane- 
dz and added to  a NMR tube equipped with a ground-glass 
joint. The tube was sealed and a 'H NMR spectrum was 
recorded. No isomerization of (E)-PhCZCHCHPh to  (ZI-PhCz- 
CHCHPh occurred (IH NMR spectroscopy) over 36 h. 

Attempted Isomerization of (E)-PhC&HCHPh by Oxi- 
dation Products. (E)-PhCZCHCHPh (10.0 mg, 0.005 mmol) 
and the products from an oxidation of Ru(C,Ph)2(CO)(PtBuz- 
Me)z (1) in dichloromethane were dissolved in dichloromethane- 
dz, and this solution was added to a NMR tube equipped with 
a ground-glass joint. The tube was sealed, and a 'H NMR 
spectrum was recorded. No isomerization of (E)-PhCZCHCHPh 
to (Z)-PhCZCHCHPh occurred ('H NMR spectroscopy) over 36 
h. 

Constant-Current Coulometry. The constant-current 
electrolyses were performed in an H-shaped cell, the compart- 
ments of which were separated by a medium-frit glass junction. 
A platinum-gauze working electrode was used. Solutions of 1 
and 2 (1-2 mM) in 20 mL of acetonitrile with 0.05 M Me4N- 
(BF4) as the supporting electrolyte were electrolyzed with a 
constant current of 10 mA, while the consumption of substrate 
was monitored by DCV. Three separate measurements indi- 
cated the consumption of 2.0 f 0.1 faradaydmol of charge for 
both 1 and 2. In dichloromethane/0.2 M Bu4N(PFe), 1.3 and 
1.5 faradaydmol were consumed for 1 and 2, respectively. 

The solution obtained by electrolysis of 1 in acetonitrile was 
concentrated. A sample of the resulting mixture was analyzed 
by 31P{1H} NMR spectroscopy. This showed formation of 
[Ru(CO)(NCMe),(PtBuzMe)z1(BF4)2 as the major product (ca 
90% of total signal intensity). The same was found for the 
constant-current electrolysis of 2 in acetonitrile. 
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