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Synthesis and reactions of organometallic complexes featuring a doubly-linked 

dicyclopentadienyl ligand 

Maxim V. Ovchinnikov 

Major Professor: Robert J. Angelici 

Iowa State University 

This dissertation presents an overview of synthesis and chemical reactivity of a novel 

diruthenium complex {(//^CsHsMSiMeik }Ru2(CO)4 (1) and its derivatives. Complex Iff1', 

[ {(75-CsH3)2(SiMe2)2}Ru2(CO)4(t/-H)]+, with a protonated Ru-Ru bond, is deprotonated only 

very slowly (hours or days) by basic amines and phosphines although the proton in Iff1" is 

acidic thermodynamically. This remarkable kinetic inertness of the bridging proton allows 

primary and secondary amines to react with 1H* by attacking the CO ligand to give a 

formamide and the CO-substituted ruthenium complex ({^-CgHsMSiMeih}-

Ru2(NHRlR2)(CO)3. We have demonstrated that a CO ligand in the protonated complex 

{(^5-CsH3)2(SiMe2)2} Ru2(CO)4(//-H)]+ (lHT ") is the site of reaction with amines because of 

the high electrophilicity of the CO ligands and the low kinetic acidity of the bridging hydride 

- a unique combination of kinetic properties that are not found in the Fe and Os analogs. On 

the other hand, I", RS" and phosphines add at one of the Ru centers in 1IT\ resulting in 

cleavage of the Ru-H-Ru bond. The final type of addition to ltf" is that exhibited by MeO" 

and F, which results in cleavage of Si-C(cyclopentadienyl) bonds. Except for the reaction 

with F, all of these types of reactions depend on the presence of the proton on the Ru-Ru 

bond. The unprotonated (^-CsHshCS iMe2)2} Ru2(CO)4 (1) undergoes no reactions with these 

nucleophiles (except F) under the mild room-temperature conditions of these studies. The 
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protonated diruthenium alkene complexes [ {(^-CsHsMSiMeah} Ru2(CO)3(/72-CH2=CH-

R)(//-H)]+ react with a variety of nucleophiles to give hydrofunctionalized alkenes with 

predominantly Markovnikov regioselectivity. The dinuclear ruthenium complex {(^3-

CsHsMSiMeih} RuzCCO)^ (1) is a precursor for the synthesis of a variety of new dinuclear 

ruthenium complexes, in which the bridging (^-CsHgMSiMezh ligand controls the geometry 

of the final product. Thus, complex 1 reacts with diphenylacetylene to form a series of the 

unusual ruthenacarbocyclic complexes as major products. 
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GENERAL INTRODUCTION 

Dissertation Organization 

This dissertation contains six papers in the format required for journal publication, 

describing the research I have performed at Iowa State University. Preceding these papers is 

a literature review on bimetallic complexes with the doubly-linked cyclopentadiene ligand 

(f^-CsHs^SiMezh. In the literature review, as well as the papers, the literature citations, 

schemes, tables and figures pertain only to the chapters in which they appear. 

Introduction 

The study of bimetallic transition metal complexes in which the metal atoms are held in 

close proximity has been a topic of considerable interest. One of the rationales for the great 

interest in homo- and heterobimetallic organometallic complexes is the expectation that their 

chemical behavior both in stoichiometric and catalytic reactions may differ significantly from 

that of the analogous mononuclear complexes. A common assumption is that cooperative 

interactions between two metal centers might cause a significant increase or decrease in the 

reaction rates or lead to transformations which do not occur when monometallic complexes 

are involved. One of the most investigated classes of bimetallic complexes is that in which 

x. 

/ \ 
1 X = alkyl, alkenyl. ER2 etc. 



www.manaraa.com

2 

two cyclopentadienyl rings are directly connected by a single bond or by one or more 

saturated or unsaturated chains.1 

The purpose of this review is to summarize the presently available information relating 

to the synthesis and reactions of the bimetallic complexes featuring the doubly-linked 

cyclopentadiene ligand (^-CsHsMSiMez^. 

Synthesis and Properties of the Doubly-linked Dicyclopentadiene Ligand 

(CAMSiMezb 

The first reliable synthesis of (CsttOiCSiMeih (1) was reported in the early 1990s.2 

Compound 1 is conveniently prepared in 47-56% yield by the reaction of an ether solution of 

CsHsSiMezCl with BuLi (Scheme 1). The reaction involves initial formation of 

dimethylsilafulvene CsIi^SiMea, which then undergoes dimerization in a [6+6] fashion to 

give 1. In solution, two isomers (ciy-1 and trans-1) are present in an approximately 1:2 ratio, 

2BuLi 

tis-1 trans-1 3 

Scheme 1 
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but only the trans isomer crystallizes from solution. It is well known that cyclopentadienyl-

silanes show fluxional NMR behavior.3'4 Elementotropic (degenerate) and prototropic (non-

degenerate) shifts result in the interconversion of different isomers (Si-allyl and Si-vinyl). 

The energy barrier for the prototropic shift is in the range of24-168 J mol"1,4b suitable for 

studies using variable temperature NMR spectroscopy. Coalescence leads to broadening of 

several resonances at room temperature in the 'H and 13C NMR spectra. 

N(1a, 

M2a) 

Li(1 a) 

Si(la) 

Si(1 

Li(l) 

>1(21 

N(1 

Figure 1. ORTEP representation of [(^5-C5H3)2(SiMe2)2]Li2(TMEDA)2 (3). 

Depending on the reaction conditions, only one or both acidic hydrogen atoms of 1 

are removed to give the corresponding mono- and dianions 2 and 3. The X-ray structure 

analysis of 3 (Figure l)2b shows that the dianion has a flat skeleton in which the interplanar 

angle between the six-membered ring and both Cp planes is 172.9°. The anti arrangement of 

3 is expected from the electrostatic and steric repulsion of the Li ions. 
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Homodinuclear Complexes with Group 4 Metals 

The doubly-linked dicyclopentadienyl {(^-CgHs^SiMezb} (3) dianion is a rigid 

system that allows the coordination of two metal fragments that occupy cis or trans positions 

with respect to the faces of the rings, a quality that gives rise to the structural motifs A and B. 

| 1 M 
Z " 

-V 

.Si7 

fx 

transit 17-C5H3)2(SiMe2)2}fna2)2tu-0) 

5 

T7CU 

HzO 

a°Va 

zVf'CI 

trans 4 

Zsl.sK 

a^'i\c'?Va 
Ci XCI CI 

cis 4 

|H2O 

Mel®VTj/Me 

MeLi 

MeLi 

/ V'Me 
Me Me 

trans 7 

:sLs! 

Me \| Me 

cis 8 

civ'N xoz X""CI t CI 
6a 

JsLsi'< 

\ 

o o 

Ti Ti 

Tsl.sK 

\ 

cr7 '"<f \ '"ci 
o o 

6c 

Scheme 2 
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Royo and co-workers reported5 the isolation of the monocyclopentadienyl-type 

titanium complex {(^-CsHsMSiMezh}(TiCla); (4). Whereas the reaction of TiCU with the 

dithallium salt of 1 in toluene led to the selective formation of trans- {(^-CsH^CSiMezh} -

(TiCls)? (4) in 30 % yield, a similar reaction of the dilithium salt 1 in toluene (Scheme 2) 

always afforded a mixture having variable proportions of the cis-3 and trans-3 isomers, 

which can be separated by recrystallization from toluene. A similar behavior has been 

observed for the reaction of (^-CsMe^TiCl] with the dilithium salt of 1, which leads to a 

mixture of cis and trans mixed bent metallocenes {(^-CgHsMSiMez^X^-CsMe^TiClzh, 

whereas the related (^-CgH^TiCl] compound led only to the trans isomer.6 The complex 

frana- {(f^-CsHjMSiMezhKTiCWz (4) hydrolyzes immediately by the addition of H2O to 

THF solution to give frana- {(^-CsHaMSiMe:)?} (TiClzMf-O) (5) as a solid insoluble in all 

organic solvents, whereas hydrolysis ofcty-^^-CsHsMSiMezhXTiCWz (4) under different 

conditions led to the dinuclear ̂ -oxo complex cfs- {(%^-CsHg^SiMez);} (TiClzhCu-O) (6a) 

and two oxo complexes of the same stoichiometry [ {(f^-CsHsMSiMez):} (TiCl)2(w-0)](u-0)2 

(6b,c) as crystalline solids.7 Alkylation of cis- and fra/#- {(^-CsHsMSiMez^} (TiCl3)z (4) 

with MeMgCl or MeLi led respectively to the partially alkylated cis-{(tj5-

CsHsMSiMezh} (TiMezCl): (8) and the completely alkylated trans- {(/75-C5H3)2(SiMe2)2} -

(TiMe3)z (7) compounds. The crystal structure of the tetranuclear oxo complex [{(7s-

C5H3)2(SiMe2)2} (TiCl)z(u-0)](u-0)z (6b) was determined by X-ray diffraction studies. 
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Homodinuclear Complexes with Group 6 Metals 

The stereoselective synthesis of cis and trans isomers of [ {(t75-C5H3)2(SiMe2)2} -

{MO(CO)3(H)}2 (9) (eqs 1 and 2) has been reported.8 Both isomers of complex 9 react with 

CCU at room temperature to give complexes [{(775-C5H3)2(SiMe2)2} {MO(CO)3(C1)}2 (11). 

H • «G?"» Sr ™ 
Mo(CO)3 I 

oc^oH 

trans 9 

-Si 

u . _ ^rL 
woo, * W <2) 

OC oc 

cis 9 

'srSi\s^ 
90° 

A J. 

1 
OCT" j"\Q oc \o 

10 

as or trans 9 — | —,Mx
a-.,rn 

c ! \  co 

oc co 

Both isomers of complex 9 undergo thermal rearrangement in benzene solution leading to the 

monolinked complex 10.9 In contrast to molybdenum chemistry, the related tungsten 

complex [ {(75-CsH3)2(SiMe2)2} {W(CO)3(H)}2 (12) is always obtained as a mixture of cis 

and trans isomers from the reaction of W(CO)3(NCMe)3 and 1 and its dipotassium salt 3.10 

The reduction of the chloro derivatives 11 and 13 gives the dinuclear metal-metal bonded 

complexes 14 and 15 respectively (Scheme 3). The molybdenum complex 14 is also 

obtained in the reaction of the dihydride complex 9 with H202, which also gives rise to the 
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SI— 

.M.., 
sr 

M H//\!"CO 

OC'/\^H OC CO 
OC co 

tis9 M = Mo 
as 12 M = W 

H2O2 

OH 

OC co 
^H202 

OC1'/" 
OC bo 

16 M = Mo 

-Si tgT"y 

^^-Si^l 

»/ Voc CO 
OC co 

cts 11 M = Mo 
as13M=W 

Si>-Si 
MeMgCI \ 

OC—M M—CO 
OC*^ 1 lNCO 

CO CO 

14 M = Mo 
15 M = W 

Scheme 3 

monolinked complex 16. The formation of complex 16 was rationalized by Royo and co

workers as the result of the hydrolysis of one of the SiMe% bridges of the ring system by H%0 

from the H2O2 solution. 

Also, the Royo group has reported11 an oxidation of the chloro-tricarbonyl complexes 11 and 

13 with PCI5 to give paramagnetic cis and trans tetrachloro metal(V) {(^-CsH^CS iMe2)2} -

(MCLO2 (M = Mo, W) complexes, that react with primary amines to give paramagnetic 

dichloro-imido compounds {(75-C5H3)2(SiMe2>2} {MCl2(NR)}2 (M = Mo, W). The imido-

tungsten derivative can be further oxidized with PCI5 to the related tungsten(VT) trichloro-

imido {(75-C5H3)2(SiMe2)2}{WCl3(NR)}2 compounds. 

Recently, the same research group isolated and characterized12 the dinuclear nitrosyl 

dicarbonyl molybdenum complexes {(^5-C5H3)2(SiMe2)2}Mo2(CO)4(NO)2 (cis 17 and trans 

17; the cis isomer is shown in Scheme 4) from reactions of the corresponding tricarbonyl 
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-Si—<^5  ̂

^sr I 
I 1 Mo^-co 

CO «fto" 
L = CN'Bu. as 18 

L = PMe3, as 19 

-Si 

ocf/M°x Ôn'^c§° 
oc NO 

as 17 

Ul 
,Jv 

-Si 

^^-si^-| 

oe/Xo""^" 

L = CN'Bu, as 20 

L = PM@3. as 21 

PCI5 

^2 
I I M 

as 24 

-Si 

O-SF 

A ON"'>Il 

V NO 

L = CN'Bu. as 22 

|pCls 

Mo 

-Si 

Si 

L = CN'Bu. as 23 

Scheme 4 

hydride 9 or the anionic derivatives [{(^-CsHsMSiMezklMozCCCOs]2' with diazald. 

Complexes cis 17 and /razzs 17 react with different ligands in various molar ratios to give 

mono-, di-, and tetrasubstituted compounds 18-22. Oxidation of the isocyanide adduct 22 

with PCls takes place with partial loss of the ligand, leading to the formation of the 18-

electron dichloro-nitrosyl-isocyanide complex 23, whereas the oxidation of the carbonyl 

derivatives produced the 16-eIectron dichloro-nitrosyl compounds cis 24 and trans 24 with a 

total loss of carbon monoxide (Scheme 4). All of these compounds were analytically 

identified and structurally characterized by NMR spectroscopy. The molecular structure of 

some were studied by X-ray diffraction methods. 
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Homodinuclear Complexes with Late Transition Metal 

Relatively few synthesis of complexes of the (^-CsHsMSiMezh ligand with late 

transition metals have been reported. The thermal reaction of 1 and Fe(CO)s leads to the 

complex {(f^-CgHaMSiMezh} Fez(CO)4 (2Ô).2* Complex 27 was isolated from the reaction 

-xT /Fee—^Fe 
OCT IF ^CO 

O 
26 cis 27 cis 28 

of 1 and Coz(CO)g as a mixture of cis and trans isomers in a 2:1 ratio.28 Also, the synthesis 

of cis and trans metallocene complexes of type 28 (M = Fe, Ru; Cp' = C5H5, CsMes) have 

appeared in the literature.22*13 The macrocyclic heptamer complex [{(r^-CsHsMSiMezh}Fe]:? 

(29) was isolated from the reaction of FeCl2 and 3 in THF.13c The structure of 29 (Figure 2) 

Figure 2. ORTEP representation of [{(75-C5H3)z(SiMez)2}Fe]7 (29). 
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consists of seven ferrocene units linked by seven pairs of SiMez groups in such a way that an 

almost regular cycle is formed. 

Complexes with One Metal-coordinated Cyclopentadienyl Ring 

Use of the (^-CsHsMSiMeih ligand as a monoanion 2 has led to the isolation of 

several mixed dicyclopentadienyl titanium complexes.14 Complexes 30-36 of this type were 

isolated by the reaction represented in Scheme 5. The lH NMR spectra of all complexes 

show a common behavior; they exhibit four separate resonances arising from the four 

inequivalent methyl groups bonded to silicon, one singlet arising from the hydrogen on the 

cyclopentadiene sp3 carbon atom, and six multiplets arising from six inequivalent hydrogen 

TiCI4 

-Si— 

O-Si 

j,/ C,'V 

cm 

I Ti 
Cl' 
30 

ft J 
Cp-MC,^ 

M = Ti. Cp' = C5H5, 31: Cp' = CsMes, 32. 
M=Zr. Cp' = C5HS, 33. 

MeLi 

-Si-

M = Ti. Cp" = C5H5, 34; Cp' = CsMes. 35. 
M = Zr, Cp' = CSHS, 36. 

Scheme 5 
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atoms bonded to the cyclopentadiene and cyclopentadienyl rings between ô 5.50 and 3 7.70. 

Complexes 30-36 are potentially useful starting materials for the synthesis of heterobimetallc 

complexes. 
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CHAPTER 1. A KINETIC ALLY-INERT PROTON ON A METAL-

METAL BOND IN [{(i/5-C5H3)2(SiMe2)2}Ru2(CO)4(^-H)]+ THAT 

PROMOTES REACTIONS WITH AMINES 

A paper published in the Journal of the American Chemical Society1 

Maxim V. Ovchinnikov and Robert J. Angelici 

Abstract 

Complex lfT, [{(75-CsH3)2(SiMe2)2}Ru2(CO)4(^-H)]+, with a protonated Ru-Ru 

bond, was prepared as shown in the scheme. Although the proton in 1H* is acidic 

thermodynamically, it is deprotonated only very slowly (hours or days) by basic amines and 

phosphines. This remarkable kinetic inertness of the bridging proton allows amines to react 

with IFT by attacking the CO ligand to give a formamide and the CO-substituted product 2. 

Thus, protonation of the metal-metal bond in 1H* promotes reactions of the CO ligand that 

are not possible in the unprotonated 1. 

1 Reproduced with permission from Journal of the American Chemical Society 2000,122, 

6130-6131. Copyright 2000 American Chemical Society. 
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Introduction 

Unsaturated ligands in transition metal complexes can be activated to nucleophilic 

attack by creating a positive charge on the complex.1 Carbon monoxide ligands are activated 

to attack by amine nucleophiles when the positive charge on a complex is sufficiently high to 

give OO stretching force constants, kco, that are higher than 16.5 mdyn/Â (or v(CO) values 

higher than approximately 2000 cm"1).2 These reactions lead to carbamoyl complexes (eq 1), 

M—C*0* + 2 H2NR • M-C* + RNH3* (1) 
NHR 

and some reactions give formamides and ureas catalytically.3 One approach to making a 

complex more positive is to add a proton (KT) to the metal (eq 2). While numerous metal 

carbonyl complexes have been protonated,4 the CO ligands in these complexes either do not 

react with amines because their kco and v(CO) values are insufficiently high or the amine 

M(LWCO)y + H* H-M(LMCO)/ (2) 

bases simply deprotonate the metal to give the unreactive neutral complex M(L)x(CO)y. This 

rapid deprotonation occurs for a wide range of cationic metal hydride complexes H-

M(L)x(CO)y+.5,4b Neutral H-M(L)x(CO)y complexes often undergo deprotonation much more 

slowly,6 but their kco and v(CO) values are not sufficiently high to promote attack by amines. 

Di- and polynuclear metal complexes with M-H-M bridging hydrides also undergo rapid 

deprotonation with bases.7'8 In this communication we describe a cationic dinuclear complex 

[{(75-CsH3)2(SiMe2)2}Ru2(CO)4(//-H)]+ (lïT) whose high v(CO) values promote amine 

attack but is only slowly deprotonated by amines. The bridging dicyclopentadienyl (rj5-

CsH3)2(SiMe2)2 ligand9 with two SiMez groups linking the cyclopentadienyl rings is a key 
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contributor to the slow rate of deprotonation of 1IT1" thereby allowing nucleophilic attack on a 

CO ligand. 

Results and Discussion 

The reaction of (CsHtMSiMezh10 with Ru3(CO)n in the presence of the hydrogen 

acceptor 1-dodecene furnished {(775-C5H3)2(SiMe2)2}Ru2(CO)4 (1) in 72% yield, as an air-

and moisture-stable yellow solid (Scheme l).u The hydride-bridged dinuclear Ru complex12 

1H1" was formed in quantitative yield upon addition of 1 equiv of HBF4*OEt2 or CF3SO3D to 

a solution of complex 1 in CH2CI2 at room temperature. The Ru-H resonance in the 1H NMR 

spectrum occurs as a singlet at ô -19.92 ppm. The CO stretching frequencies for 1H+ are 

v 
,Si><Si 

COO Ru3(CO)i2. 

A OC^ I 
oc 

HBF4Et20 
-Ru> 

CO 
CO 

,Si>,Si: 

oc^H'T^CO 
OC CO 

1H* 

© 
© 

BF4 3HNRiR2 _ x 
Ru -IH2NR1R2IBF4 oc^ j 

O OC 
-HCNR1R2 

,Sî -Si. 

-Ru> 
| "CO 
NHR,R2 

Scheme 1 

approximately 67 cm-1 higher than those for 1 and fall within the range where amine attack 

on the CO groups is expected to occur.2 An X-ray diffraction study of 1H+BF4" reveals an 

eclipsed orientation of the terminal CO ligands on the two Ru atoms. The Ru-Ru distance is 

substantially longer in ltTlBF/ (3.1210(5) Â) than in 1 (2.8180(3) Â).13 
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Compound 1H4" is exceptionally stable with respect to deprotonation by strong 

organic bases such as EtaN, quinuclidine or pyridine. Less than 2% of the complex was 

deprotonated after 1 hour in CD3NO2 or CD3CN solution in the presence of 10 fold excesses 

of these amines. Moreover, the deuterated complex 1D+Tf0* in wet acetone solution (—10% 

H2O) did not undergo measurable H-D exchange after 5 days at 25 °C. In contrast to lfT% 

the unbridged and monobridged complexes (75-C5Hs)2Ru2(CO)4(//-H)+I4a  and {(rj5-

C5H4)2(SiMe2)}Ru2(CO)4Ct/-H)+14b were deprotonated instantly and quantitatively by bases 

such as pyridine or diethylamine. The acidity of 1H+BF4", estimated as pATa^ from studies of 

the equilibrium constant for the proton transfer reaction between 1 and HPPh3"TBF4" in 

CD3CN at 25 °C,1S is 6.5(±0.2) in CD3CN. This pK/^ value clearly indicates that the above-

noted amine bases will thermodynamically deprotonate 1H+BF4" easily. Although it is not 

obvious why the (^5-C5H3)2(SiMe2)2 bridging ligand causes the bridging proton to be so 

slowly removed, it may be due to a combination of the bulkiness of the dimethylsilyl linkers 

and the rigidity of the molecule. The donor ability of the (f^-CgHsMSiMeih ligand to the Ru 

atom is probably similar to that of the Cp ligand based on average v(CO) values16 for 

1H*BF4* (2051 cm"1) and Cp2Ru2(CO)4G"-H)+7a (2046 cm'1). 

Reactions of Iff1" with secondary amines (Me2NH, Et2NH, morpholine, pyrrolidine), 

primary amines (MeNH2, EtNH2, BnNH2) or ammonia furnished {(^5-CgH3)2(S iMe2)2} -

Ru2(CO)3(NHRR') (2) complexes and the corresponding formamides in a 1:1 ratio (Scheme 

1). Complexes of type 217 were isolated in 78-94% yield as air- and moisture-sensitive dark-
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red solids. The other Ru-containing product in these reactions was the deprotonated complex 

1 observed in 5-20% yields as a result of direct deprotonation of Iff1" by amine. The yields 

of 1 appear to depend on the steric properties of the amine as less bulky amines (e.g. NH3) 

give higher yields of 1. Also, the yields of 1 were lower when the deuterated 1D+Tf0* 

complex was used. Using a variety of amines, we determined that Iff1" reacts when the 

amine has a pATa value equal to or greater than 8.33 (morpholine)18 and a cone angle 0 that is 

equal to or less than 125° (diethylamine).19 Bulky amines (BnzNH, i-P^NH, Cy2NH) and 

weakly nucleophilic amines (aniline) failed to react with Iff1". 

On the basis of studies described below, the amine reactions are proposed to occur by 

the mechanism shown in Scheme 2. This involves initial nucleophilic attack by the amine on 

a coordinated CO to produce the cationic intermediate A, which is rapidly deprotonated to 

B.2*20 Reductive elimination of the formamide from B gives an unsaturated di-ruthenium 

intermediate that coordinates an amine to give 2. No intermediates were observed by FT-IR 
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or NMR spectroscopy during the course of the reaction. Experiments using the deuterium-

labeled lD+TfO~ gave formamide products (D(C=0)NRR') that are completely deuterated at 

the formyl position and no other. When ID TfO rather then lH^BF-f was used in the 

reaction, substantially less deprotonation to 1 was observed, as expected for a deuterium 

isotope effect 

Rates of the reaction oflD+TfO" ([lD+TfO~] = 8.34 * 10"3 to 11.12 x 10"3 M~l) with 

morpholine ([morpholine] = 8.56 x 10"' to 10.82 x 10-1 M"1) in nitromethane solvent to give 

{(75-C5H3)2(SiMe2)2}Ru2(CO)3{NH(CH2CH2)20} were followed by monitoring the 

disappearance of the v(CO) bands in the IR spectra or NMR signals of lD+TfO\ The 

reaction was shown to follow the second-order rate law, -d[lD+TfO~]/dz = Ar2[lD^TfO" 

][morpholine], where = (2.3 ± 0.5) x 10"3 M1 s"1 at 20 °C. This rate law is consistent with 

the first step in the mechanism (Scheme 2) being rate-determining. The subsequent 

deprotonation of the nitrogen in A is likely to be fast and the reductive elimination of the 

formamide from B must be rapid because there is no spectroscopic evidence for 

intermediates in the reaction. Such a facile reductive elimination is surprising because 

removal of the bridging IT1" by bases is so slow. Reductive eliminations involving a fi-H have 

only recently been characterized, e.g. in the formation of alkanes and arenes from PdiRzCw-

H)(dppm)2
+.21 

Conclusions 

In conclusion, we have discovered that protonation of the Ru-Ru bond in 1 gives a 

cationic complex (1FT) in which the bridging proton is removed only very slowly by bases 

even though the proton is thermodynamically acidic (p/fa^ = 6.5(±0.2)). The low kinetic 
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acidity of 1H+ allows it to react with alkyl amines, which attack a CO ligand that is activated 

to such an attack by the cationic nature of the complex. These amine reactions lead to the 

elimination of the //-H which becomes incorporated into the formamide product. 

Mechanistic studies support the pathway shown in Scheme 2. Further studies of reactions of 

ltiT with nucleophiles are in progress. 
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CHAPTER 2. AMINE ATTACK ON THE CARBONYL LIGANDS OF 

THE PROTONATED DICYCLOPENTADIENYL-BRIDGED 

DIRUTHENIUM COMPLEX [{(i/^CsHaMSiMezMRuzCCOkCw-EQf 

A paper published in Organometallics1 

Maxim V. Ovchinnikov, Ilia A. Guzei,2 and Robert J. Angelici 

Abstract 

Complexes [ {(^5-C5H3)2(SiMe2)2} Ru2(CO)4(^-H)]+ (llTBF**, lD+TfO"), with a 

protonated Ru-Ru bond, were prepared by protonation of {(f^-CgHjMS iMe2)2} Ru2(CO)4 (1) 

with HBF4'Et20 or CF3SO3D. The bridging proton in Iff*" is removed only very slowly by 

amine bases even though it is thermodynamically acidic (pÀa
AN= 6.5(±0.2)). This 

remarkable kinetic inertness of the bridging proton allows amines (NH3, NH2CH3, 

NH(CH3)2, morpholine, piperidine, pyrrolidine) to react with 1FT by attacking the CO ligand 

to give a formamide (HC(=0)NR2) and the CO-substituted product {075-C5H3)2(SiMe2)2}-

Ru2(CO)3(NHR2) (2). Thus, protonation of the metal-metal bond in 1H1" promotes reactions 

of the CO ligand that are not possible in the unprotonated 1. A proposed mechanism for 

these reactions is supported by kinetic studies of the reaction of lD+TfO" with morpholine in 

1 Reproduced with permission from Organometallics 2001, 20, 691. Copyright 2000 

American Chemical Society. 

2 Iowa State University, Molecular Structure Laboratory. 
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nitromethane at 20.0 °C, as well as by deuterium labeling experiments. The molecular 

structure of {(f^-CsHaMSiMezh} RuzCCO^CNHzCHg) (2f), as determined by an X-ray 

diffraction investigation, is also presented. 

Introduction 

Metal-promoted nucleophilic attack on unsaturated ligands is a reaction common to a 

number of transition metal complexes and constitutes a transformation of synthetic 

importance.1 Amines and alkoxides attack the carbon of carbon monoxide ligands in 

transition metal complexes if the positive charge on the complexes is sufficiently high to give 

C=0 stretching force constants, kco, that are higher than 16.5 mdyn/Â (or v(CO) values 

higher than approximately 2000 cm"1).2 A common example of such a reaction is the 

formation of carbamoyl complexes (eq 1). Reactions of metal carbonyl complexes 

M-C-O* + 2H2NR • M—cf" + RNH3" (1) 
NHR 

with amines are also known to give formamides,3 carbamates,4 and ureas,5 either 

stoichiometrically or catalytically. 

One of the simplest approaches to making a complex more positive is to add a proton 

(H*) to the metal center.6 However, most protonated metal carbonyl complexes either do not 

react with amines because their kco and v(CO) values are insufficiently high or the amine 

bases simply deprotonate the metal to give the unreactive neutral metal complex. We 

recently communicated7 the synthesis of the cationic dinuclear complex [{(77s-

CsH3)2(SiMe2)2} Ru2(CO)4(//-H)]+ (1H"1) whose carbon monoxide ligands are activated to 

attack by amine nucleophiles because of the positive charge on the complex, which is 
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sufficiently high to give v(CO) values higher than 2000 cm"1.2 At the same time, complex 

1H*" is only slowly deprotonated by amines despite its high thermodynamic acidity.7 

Treatment of 1IT1" with 3 equiv of nucleophilic amines resulted in the formation of {(//5-

C5H3)2(SiMe2)2}Ru2(CO)3(^1-NHR,R2) (2) and the corresponding formamide in a 1:1 ratio 

(eq 2). This paper provides details of the earlier study7 and new results th# offer some 

understanding of the mechanism and scope of this reaction. 

>Lk: "i® >Uif 
X 7-

OCT I H | CO -[H2NR1R2]BF4o(r' | |^C0 
OC CO O OC NHR,R2 

1H*BF«" -HCNR1R2 2 

Experimental Section 

General Procedures. All reactions were performed under an argofi atmosphere in 

reagent grade solvents, using standard Schlenk or dry-box techniques.8 Hexanes, methylene 

chloride and diethyl ether were purified by the Grubbs method9 prior to use- All other 

solvents were purified by published methods.10 Gaseous amines were dried by passing them 

through a BaO column. Liquid amines were distilled from Na under an Ar atmosphere. 

Chemicals were purchased from commercial sources or prepared by literature methods, as 

referenced below. Alumina (neutral, activity I, Aldrich) was degassed und£r vacuum for 12 

h and treated with 7.5 % of water. 'H and 13C NMR spectra were recorded on a Bruker 

DRX-400 spectrometer. Solution infrared spectra were recorded on a NicoM-560 

spectrometer using NaCl cells with 0.1 mm spacers. Elemental analyses were performed on a 

Perkin Elmer 2400 series IICHNS/O analyzer. 
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Synthesis of [{(J75-C5H3)2(SiMe2)2}Ru2(C0)4(^-D)]+CF3S03" (IDTfO]. By 

reacting CF3SO3D (8 (iL, 90.4 jimol) (Aldrich) with 1 (50 mg, 89.8 gmol) in CH2CI2 (30 

mL), lD+TfO" was prepared using the same method as in the preparation of llfBF/. 

Complex lD+TfO~ was found to be spectroscopically ([H, 13C NMR, FT-IR) identical to 

1H+BF4™ except for the near absence11 of the g-H resonance at-19.92 ppm.7 Anal. Calcd for 

Ci9Hi8BDF307Ru2SSi2: C, 32.29; H, 2.71; S, 4.54. Found: C, 32.18; H, 2.65; S, 4.48. 

Synthesis of {(Tf-CsEbMSiEtzMRu^CO^ (3). A solution of Ru3(CO)i2 (200.0 mg, 

312.8 jjmol), (CsH4)2(SiEt2)212 (143 mg, 475.7 fimol) and methylisobutylketone (1.0 mL, 

10.0 mmol) in heptane (100 mL) was heated to reflux for 30 hours. The mixture was cooled 

to ambient temperature and chromatographed on an alumina column (1x20 cm) first using 

hexanes as the eluent and then a 1:5 (v/v) mixture of CH2CI2 and hexanes which eluted a 

yellow band containing 3 (170 mg, 58 %). 'H NMR (400 MHz, CDC13): 50.73 (m, 4 H, 

Si(Ctf2CH3)), 0.91 (m, 4 H, Si(C/f2CH3)), 0.97 (m, 6 H, Si(CH2C#3)), 1.10 (m, 6 H, 

Si(CH2C#3)), 5.39 (d, J=2.2 Hz, 4 H, Cp-#), 5.79 (t, J=2.2 Hz, 2 H, Cp-#). 13C NMR (100 

MHz, CDCI3): S5.21, 8.20, 8.23, 9.94 (Et); 87.81, 92.21, 96.04 (Cp); 204.58 (CO). IR 

(hexanes): v(CO) (cm"1) 2025 (vs), 1967 (vs). Anal. Calcd for C22H2^O4Ru2Si2: C, 43.12; H, 

4.28. Found: C, 43.09; H, 4.21. 

Synthesis of [{(T^-Cs^MSiEtzMR^^OMji-EQJ+BF/ (3H+BF4"). A solution of 3 

(100.0 mg, 161.2 pimol) in CH2CI2 (20 ml) was treated with HBF4 Et20 (24.0 jxL, 174.1 

(imol) at room temperature. A yellow precipitate of 3H+BF4" was obtained in nearly 

quantitative yield (111.0 mg, 100%) by diluting the reaction solution with a 10-fold excess of 

ether (200 mL). !H NMR (400 MHz, CD3N02): £-19.76 (s, 1 H, Ru-#-Ru), 0.95-1.30 (m, 
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20 H, Si(Œf2Œf3)), 6.13 (t, J=2.2 Hz, 2 H, Cp-#), 6.19 (d, .7=2.2 Hz, 4 H, Cp-#). ,3C NMR 

(100 MHz, CD3NO2): £5.73, 8.05, 8.24, 9.50 (Et); 90.13, 97.41, 100.48 (Cp); 196.81, 196.86 

(CO). IR (CH2CI2): v(CO) (cm'1) 2077 (vs), 2050 (w), 2027 (s). Anal. Calcd for 

C22H27BF4O4RU2S12: C, 37.72; H, 3.88. Found: C, 37.65; H, 3.95. 

Reactions of IH BF4" and ID TfO with Amines. In a typical experiment, amine 

(3-5 equiv) was added to a mixture of 1H+BF4" (or lD+TfO") (-10 mg) and triphenylmethane 

(~3 mg, internal standard) in deuterated benzene (1 mL) in an NMR tube (gaseous amines 

were bubbled through the suspension for 5 min; then a stream of dry argon was bubbled 

through the solution in order to remove the excess amine). During the addition of amine, the 

reaction mixture immediately changed color from colorless to wine-red. The 1H+BF4~ or 

lD+TfO" reacted completely, and yields of the formamides were determined by means of lH 

NMR spectroscopy. Yields of the formamides13 and characterizations of 2a-f are given 

below. 

Reactions of 1H+BF4 and ID+TfO with NH3. 72%, (84%).14 {(ri5-

C5H3)2(SiMe2)2}Ru2(CO)3(NH3) (2a): !H NMR (400 MHz, CgDg): £0.29 (s, 6 H, Si(C#3)), 

0.36 (s, 6 H, Si(C#3)), 3.54 (bs, 3 H, N#*), 4.67 (d, J=2.0 Hz, 2 H), 4.78 (t, .7=2.0 Hz, 1 H), 

5.10 (d, .7=2.4 Hz, 2 H), 5.73 (t, J= 2.4 Hz, 1 H). IR (hexanes): u(CO) (cm"1) 1974 (vs), 1903 

(vs), 1879 (m). 

Reactions of IH BF4 and ID TfO with NH2CH3. 84%, 88%. Isolation and 

characterization of {(r|5-C5H3)2(SiMe2)2}Ru2(CO)3(NH2CH3) (2b) were reported earlier.7 

Crystals of 2b suitable for X-ray diffraction analysis were obtained by slow cooling of a 

saturated solution of 2b in hexanes to —20°C. 
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Reactions of 1H+BF4 and ID+TfO with NH(CH3)2. 85%, 90%. {0I5-

C5H3)2(SIME2)2}RU2(CO)3(NH(CH3)2) (2C): lH NMR (400 MHz, CGDG): £0.28 (s, 6 H, 

Si(CTF3)), 0.34 (s, 6 H, Si(C/F3)), 1.53 (m, 6 H, (CTF3)2NH), 1.99 (bs, 1 H, (CH3)2Ntf), 4.42 

(d, 7=2.0 Hz, 2 H), 4.79 (t, 7=2.0 Hz, 1 H), 5.03 (d, 7=2.4 Hz, 2 H), 5.69 (t, 7=2.4 Hz, 1 H). 

IR (hexanes): U(CO) (cm-1) 1975 (vs), 1907 (vs), 1882 (m). 

Reactions of 1H+BF/ and ID+TfO with NH(CH2CH2)20. 89%, 91%. {(r]5-

C5H3)2(SiMe2)2}Ru2(C0)3{NH(CH2CH2)20} (2d): 'H NMR (400 MHz, C6D6): £0.31 (s, 6 

H, Si(Œf3)), 0.39 (s, 6 H, Si(Ctf3)), 2.95 (m, 2 H, {0(CH2C//2)2NH}), 3.33 (m, 2 H, 

{0(CH2Œf2)2NH}), 3.66 (m, 4 H, {0(Œf2CH2)2NH}), 3.71 (bs, 1 H, (NH)), 4.48 (d, 7=2.0 

Hz, 2 H), 4.81 (t, 7=2.0 Hz, 1 H), 5.11 (d, 7=2.4 Hz, 2 H), 5.77 (t, 7=2.4 Hz, 1 H). IR 

(hexanes): u(CO) (cm-1) 1981 (vs), 1909 (vs), 1889 (m). 

Reactions of 1KTBF4 and ID+TfO with NH(CH2CH2)2CH2. 82%, 88%. {(r|5-

C5H3)2(SiMe2)2}Ru2(CO)3{NH(CH2CH2)2CH2} (2e): *H NMR (400 MHz, CgDg): £0.26 (s, 

6 H, Si(CH3)), 0.43 (s, 6 H, Si(C#3)), 1.76 (m, 2 H, {C#2(CH2CH2)2NH}), 2.21 (m, 4 H, 

{CH2(œ2CH2)2NH}), 3.01 (m, 4 H, {CH2(CH2Ctf2)2NH}), 3.20 (bs, 1 H, (NH)), 4.40 (d, 

7=2.1 Hz, 2 H), 4.73 (t, 7=2.1 Hz, 1 H), 5.01 (d, 7=2.4 Hz, 2 H), 5.55 (t, 7=2.4 Hz, 1 H). IR 

(hexanes): u(CO) (cm-1) 1976 (vs), 1909 (vs), 1879 (m). 

Reactions of 1H+BF4 and ID TfO with NH(CH2CH2)2. 77%, 84%. {(T^-

C5H3)2(SiMe2)2}Ru2(CO)3{NH(CH2CH2)2} (2f): 'H NMR (400 MHz, CgDg): £0.19 (s, 6 H, 

Si(C/f3)), 0.32 (s, 6 H, Si(C//3)), 1.66 (m, 4 H, (C#CH2)2NH), 2.15 (m, 4 H, 

(CH2C/f2)2NH), 2.99 (bs, 1 H, (NH)), 4.35 (d, 7=2.0 Hz, 2 H), 4.78 (t, 7=2.0 Hz, 1 H), 5.08 
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(d, 7=2.4 Hz, 2 H), 5.73 (t, 7=2.4 Hz, 1 H). IR (hexanes): u(CO) (cm"1) 1973 (vs), 1907 (vs), 

1887 (m). 

Reaction between 1H BF4 and PhNHXi+. A suspension of lHrBF4™ (156 mg, 0.24 

mmol) in diethyl ether (50 mL) was treated with a freshly prepared ether (10 mL) solution of 

PhNH"Li+15 (0.26 mmol) at —78°C. The mixture was gradually warmed to room temperature 

and filtered through a short pad of Celite. Removing the solvent under reduced pressure gave 

an oily brown residue, which was found to be a mixture of 1 and formanilide (49% yield) by 

lH NMR spectroscopy. The reaction with lD+TfO~ was conducted in a similar fashion (61% 

yield of formanilide). 

Synthesis of [{(Tis-C5H3)2(SiMe2)2}Ru2(CO)3{NH(CH2CH2)2}(n-H)]+BF4-

(2IUBF4~). A suspension of yellow 1H+BF4" (50.0 mg, 77.6 fimol) in hexanes (25 mL) was 

treated with neat pyrrolidine (32 (iL, 0.4 mmol). The color of the reaction mixture 

immediately changed to wine-red. Solvent was removed in vacuum, and the red residue was 

recrystallized from hexanes (10 mL) at —25 °C to give 41 mg (85%) of 2f as dark-red, air-

and moisture-sensitive crystals. A solution of 2f (25 mg, 41.7 pmol) in CH2CI2 (10 mL) 

treated with HBF4 OEt2 (6 |xL, 43.5 fimol) immediately gave a bright red solution, which was 

diluted with diethyl ether (50 mL) to give 2fH+BF4* (28 mg, 98%) as a red crystalline 

precipitate. lH NMR (400 MHz, CD2C12): £-19.18 (s, 1 H, Ru-tf-Ru), 0.38 (s, 3 H, 

Si(Œf3)), 0.47 (s, 3 H, Si(C//3)), 0.51 (s, 3 H, Si(Œf3)), 0.53 (s, 3 H, Si(C/f3)), 1.71 (m, 2 H, 

(CH2)), 1.86 (m, 2 H, ((%)), 2.33 (m, 2 H, (CH2)), 3.19 (m, 1 H, (CH2)), 3.34 (m, 1 H, 

(CH2)% 4.96 (bs, 1 H, NH), 5.17 (m, 1 H, Cp), 5.64 (m, 1 H, Cp), 5.71 (m, 1 H, Cp), 5.87 (m, 

2 H, Cp), 6.01 (m, 1 H, Cp). IR (CH2C12): u(CO) (cm1) 2050 (vs), 2002 (s), 1954 (m). 



www.manaraa.com

30 

Anal. Calcd for CziHzsBF^OsRuzSiz: C, 36.68; H, 4.10; N, 2.04. Found: C, 36.42; H, 3.80; 

N, 2.06. 

Kinetic Studies of the Reaction (eq 2) of lD*TfO" with Morpholine. In a typical 

NMR experiment, lD+TfO" (3-6 mg) and triphenylmethane (~3 mg, internal standard) were 

dissolved in dry CD3NO2 (1 mL) under an argon atmosphere in an NMR tube. The tube was 

placed in the NMR spectrometer and the probe temperature was set at 20.0±0.5 °C. The 

temperature of the solution was allowed to equilibrate for at least 30 min. The tube was 

taken out, an amount of neat morpholine to give a 7.72x10"2 M to 9.40xl0"2 M solution was 

injected into the NMR tube, and the tube was returned to the NMR spectrometer. In a typical 

IR experiment, lD*TfO" (30-50 mg) was dissolved in dry CH3NO2 (10 mL) under an argon 

atmosphere in a Schlenk flask equipped with a constant-temperature water jacket. The jacket 

was connected to a constant-temperature water circulator, and the temperature of the solution 

was allowed to equilibrate for at least 30 min. Then, an amount of neat morpholine to give a 

4.10x10"' M to 15.1x10"' M solution was added. Samples were periodically withdrawn from 

the flask and their IR spectra were obtained in a constant-temperature IR cell. 

The reactions were monitored by the disappearance of the 2075 cm"1 u(CO) band in 

the IR spectra or the 6.11 and 6.17 ppm bands in the 'H NMR spectra of lD+TfO". Rate 

constants were calculated from the 10-60 spectra taken during the first two (second-order 

conditions) or three (pseudo-first-order conditions) half-lives of the reaction. Rate data, 

which were obtained by the IR method under pseudo-first-order conditions, where a ~ 100-

fold excess of morpholine was utilized, were fit to the equation16 Rate=À^>bs[lD+TfO"] to 

obtain the pseudo-first-order rate constants k&s (s1). Second order rate constants ki (M1 s"1) 
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were calculated using the expression *2=Â^bs/[morphoIine]av, where [morpholine]av is the 

average of the [morpholine] at the beginning and the end of the reaction. 

Rate data, which were obtained by the NMR method, when [morpholine]o was less 

than 30 times larger than [ID^TfO"], were fit to a second-order equation16 by plotting 

ln([morpholine],/[lD+TfO"]f) vs t. The second-order rate constants k2 (NT' s-1) were 

determined from the slope of the best fit straight line. 

X-ray Crystallography of {(^-CsHaMSiMezMR^CObfNHzCIW (2b). A red 

crystal with approximate dimensions 0.40 x 0.18 x 0.06 mm3 was selected under oil under 

ambient conditions and attached to the tip of a glass capillary. The crystal was mounted in a 

stream of cold nitrogen at 173(2) K and centered in the X-ray beam by using a video camera. 

The crystal evaluation and data collection were performed on a Bruker CCD-1000 

diffractometer with Mo KQ (X = 0.71073 À) radiation and a diffractometer to crystal distance 

of 5.08 cm. The initial cell constants were obtained from three series of co scans at different 

starting angles. Each series consisted of 20 frames collected at intervals of 0.3° in a 6° range 

about to with an exposure time of 10 seconds per frame. A total of 47 reflections was 

obtained. The reflections were successfully indexed by an automated indexing routine in the 

SMART program. The final cell constants were calculated from a set of4927 strong 

reflections from the actual data collection. The data were collected by using the hemisphere 

data collection routine. Reciprocal space was surveyed to the extent of 1.9 hemisphere to a 

resolution of 0.80 À. A total of 10630 data were harvested by collecting three sets of frames 

with 0.3° scans in <o with an exposure time of 60 sec per frame. These highly redundant 

datasets were corrected for Lorentz and polarization effects. The absorption correction was 

based on fitting a function to the empirical transmission surface as sampled by multiple 
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equivalent measurements.17 Systematic absences in the diffraction data were consistent with 

the space groups PI and PL18 The ^"-statistics strongly suggested the centrosymmetric 

space group PI that yielded chemically reasonable and computationally stable results of 

refinement. A successful solution by the direct method provided most non-hydrogen atoms 

from the E-map. The remaining non-hydrogen atoms were located in an alternating series of 

least-squares cycles and difference Fourier maps. All non-hydrogen atoms except for N(l), 

N(2), C(7), and C(19) were refined with anisotropic displacement coefficients. All hydrogen 

atoms were included in the structure factor calculation at idealized positions and were 

allowed to ride on the neighboring atoms with relative isotropic displacement coefficients. 

There is occupational disorder present in the structure. One coordination site of each Ru 

atom is 50% occupied by a CO ligand and 50% occupied by a MeNHz ligand. The 

disordered groups were refined with idealized geometries. There is also half a molecule of 

solvate hexane per molecule of complex present in the asymmetric unit. The final least-

squares refinement of 289 parameters against 4878 data resulted in residuals R (based on F2 

for I 2a) and w/? (based on F1 for all data) of0.0464 and 0.1107, respectively. 

Results and Discussion 

Synthesis and Protonation of {(i^-CgHaMSiMezMR^CO), (1). The reaction of 

(CsH4)2(SiMe2)219 with Ru3(CO)i2 in the presence of the hydrogen acceptor (1-dodecene or 

methylisobutylketone) furnished {(Ti5-C5H3)2(SiMe2)2}Ru2(CO)4 (1) in 72% yield, as an air-

and moisture-stable yellow solid. When the reaction was carried out in the absence of a 
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hydrogen acceptor, a considerable amount of Ru4(CO) i2(g-H)4
20 (15-25 % based on Ru 

equiv) was formed and lower yields of 1 were obtained. 

The hydride-bridged dinuclear Ru complex [{Cn5-C5H3)2(SiMe2)2}Ru2(CO)4(n-H)]+ 

(lH^) was prepared in quantitative yield upon addition of 1 equiv ofHSF^OEt? or CF3SO3D 

to a CH2CI2 solution of complex 1 at room temperature. The Ru-H resonance in the 1H NMR 

spectrum occurs as a singlet at 8 -19.92 ppm. The CO stretching frequencies for 1FT are 

approximately 67 cm-1 higher than those for 1 and fall within the range where amine attack 

on the CO groups is expected to occur.2 Complex ltT" is kinetically inert with respect to 

deprotonation by organic bases such as Me3N. Less than 2% of the complex was 

deprotonated after 1 hour in CD3NO2 or CD3CN solution in the presence of 10 fold excesses 

of Me3N (pKa(H20)=10.35) or pyridine (pK*(H20)=5.25). In contrast, the unbridged21" and 

monobridged216 analogs of Iff*", (TI5-C5H5)2RU2(CO)4(H-H)+ and {(q5-C5H4)2(SiMe2)} -

Ru2(CO)4(g-H)+, undergo fast and quantitative deprotonation by bases such as pyridine or 

diethylamine. In order to understand whether the slow rate of deprotonation of 1H+BF4" was 

caused by kinetic or thermodynamic factors, we estimated the pK&** value (6.5(±0.2) in 

CD3CN) for 1H+BF4" from studies of the equilibrium constant for the proton transfer reaction 

between 1 and HPPh3+BF4" in CD3CN at 25 °C.7 The pKa^ value for complex 1H+BF4" 

clearly indicates that the above-noted amine bases22 will thermodynamically deprotonate 

1H+BF4" easily. Although it is not obvious why lHT1" undergoes slow deprotonation, it is 

perhaps a combination of the bulkiness of the dimethylsilyl linkers and the rigidity of the 

dicyclopentadienyl bridging ligand. 

Reaction of [{0i5-CsH3)2(SiMe2)2}Ru2(CO)4(n-H)]+BF4~ (lKrBF4~) with Amines. 

Complex lEf reacts with 3 equiv of nucleophilic amines (NH3, NH2CH3, NH(CH3)2, 
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morpholine, piperidine, pyrrolidine) at ambient temperature to the yield complexes {(rj5-

CsH3)2(SiMe2)2 }Ru2(CO)3(NHRi R2) (2) and the corresponding formamides in a 1:1 ratio (eq 

2). The only other Ru-containing product was the deprotonated complex {(r|5-

CsH3)2(SiMe2)2}Ru2(CO)4 (1). The yields of formamides, established for most cases by *H 

NMR spectroscopy, vary from 72% for the reaction of ammonia with ltf" to 91% for 

morpholine with 1D+. The only other product of these reactions was 1 which was observed 

in 5-20% yields. The least bulky amine (ammonia) gave the lowest yield of formamide due 

to the faster rate of direct deprotonation of 1H* by amine to give complex {(r|5-

C5H3)2(SiMe2)2}Ru2(CO)4 (1). Also, yields of the formamides were generally higher when 

the deuterated 1D+ complex was used, since 1D+ presumably undergoes slower deprotonation 

compared to 1£T because of the deuterium isotope effect. Unfortunately, we were unable to 

measure the magnitude of the deuterium isotope effect for proton transfer from lH* because 

we did not find a base that will deprotonate 1IT1" without side reactions23 at rates sufficiently 

fast for kinetic studies. Experiments using the deuterium-labeled lD+TfO~ and amines 

(NHMe2, morpholine) gave formamide products (D(C=0)NRR') that are >95% deuterated at 

the formyl position and no other. Bulky nucleophilic amines (Bn2NH, i-Pr2NH, Cy2NH) and 

weakly nucleophilic amines (aniline) failed to react with 1H4" under the same reaction 

conditions. 

Second-order rate constants (£2) for the reaction (eq 2) of morpholine24 with lD+TfO" 

were determined from rate studies conducted under pseudo-first-order conditions (~ 100-fold 

excess of amine; [lD+TfO"] = 8.50xl0"3-8.95xl0"3 M, [morpholine] = 4.10x10"'-15.10x10"' 

M, by the IR method) or second order conditions (<30-fold excess of amine; [1D+Tft>"] = 

9.09x1 0"3-9.89X10"3 M, [morpholine] = 7.72xl0"2-9.40xl0"2 M, by the 'H NMR method) in 
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nitromethane at 20 °C. The reactions were followed by monitoring the disappearance of the 

v(CO) bands in the IR spectra or the 'H NMR signals of lD+TfO\ The rate constants k2 

(Table SI) were obtained either indirectly from the equation *2=^bbs/[niorpholine]av or 

directly from a linear plot, ln([morpholine]z/[lD+TfO"]r) vs f, for a second order reaction. A 

plot (Figure 4) of kobS vs [morpholinejo gave a straight line with a near-zero intercept. Thus, 

the reaction follows the second-order rate law, -d[lD+TfD"]/d/=^2[lD+TfO"][morpholine], 

where Ar=(2.2±0.5)xl0*3 M"V. Although the rate constant k2 includes the rate of 

deprotonation of lD+TfO" by morpholine, the contribution of this concurrent reaction ( 5%) 

to the overall rate is smaller than the experimental error in the kinetic studies. 

This rate law is consistent with the mechanism proposed in Figure 1. Initial 

nucleophilic attack by the amine on a coordinated CO produces the cationic intermediate A. 

Subsequent deprotonation of the nitrogen in A is likely to be fast, and reductive elimination 

of the formamide from B must be rapid because there is no spectroscopic evidence (*H NMR 

or IR) for intermediates in the reaction. Such a facile reductive elimination from B is 

surprising because removal of the bridging H* in 1H* by bases is so slow. Reductive 

elimination of the formamide from B gives an unsaturated di-ruthenium intermediate that 

coordinates an amine to give 2. The observed first order dependence on amine concentration 

and the absence of measurable quantities of intermediates means that the first step, 

nucleophilic attack on a CO ligand, is rate-determining. 

Since the bulkiness of the dimethylsilyl linkers in the (i^-CsHsMSiMezh ligand is a 

possible reason for the unusually low kinetic acidity of ltT, it is conceivable that a more 

bulky linker would make the proton even less kinetically acidic and presumably increase 

yields of the formamide products in reactions of 1H* with amines. We therefore synthesized 



www.manaraa.com

36 

the more bulky tetraethyl analog of ltT, [ {(Ti5-C5H3)2(SiEt2)2} Ru2(CO)4(n-H)]+ (3FT), which 

was successfully characterized by elemental analysis and IH, 13C NMR and IR 

spectroscopies. However, the reactions of amines (NH3, NH2Me, NHMe2, morpholine) with 

complex 3HT1" gave essentially the same yields of formamides and 3 (the result of direct 

deprotonation of 3H^ by amine) as those for the reactions of Iff1". 

Weakly nucleophilic amines, such as aniline, with pKa(H20) values lower than ~8 

failed to react with Iff1". In contrast to aniline, the corresponding lithium anilide PhNH~Li+ 

readily reacted with Iff1" and 1D+ to give formanilide (H(C=0)NHPh) in 49% and 61% 

isolated yields, respectively. As observed in reactions of the alkyl amines with ID , the 

formanilide product (D(C=0)NHPh) from the reaction of 1D+ with PhNH~Li+ was found by 

'H NMR studies to be almost completely (>95%) deuterated at the formyl position and no 

other. Complex 1, rather than 2, was observed as the only identifiable ruthenium-containing 

product of the reaction of PhNHXi+ with both Iff1" and 1D+. The formation of 1 clearly also 

requires the formation of other Ru products which were not identified. The direct 

deprotonation of Iff1" by PhNH"Li+ also may lead to complex 1. 

Characterization of complexes {(Ti5-C5H3)2(SiMe2)2}Ru2(CO)3(NHR1 R2) (2). The 

cyclopentadienyl hydrogens of the (r^-CsH3)Ru(CO)(NHR^R2) fragment in 2 are observed as 

a well-resolved doublet and triplet, shifted approximately 0.7 ppm upfield from the 

cyclopentadienyl hydrogens of the (T|5-C;H3)Ru(CO)2 part of the molecule. It is worth 

noting that at room temperature the !ff NMR spectra of the 2 complexes show only four 

signals in the cyclopentadienyl region instead of the expected six and only two singlets for 

the Si(CH3)2 groups instead of four, required by the structure of the molecules. The 13C 

NMR spectrum of 2b exhibits only two signals for the CO ligands and six signals in 
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fluxional, variable temperature NMR studies of {(T^-CsHaMSiMe2)2} Ru2(CO)3(NH2CH3) 

(2b) in CD3NO2 at temperatures down to -25°C did not reveal any broadening or splitting of 

the cyclopentadienyl resonances. 

However, it is known25 that Cp2Ru2(CO)4 is fluxional even at low temperatures which 

suggests that 2 is fluxional according to the mechanism in Figure 2 which involves the 

pairwise exchange of two carbonyl ligands between the two metal atoms via a bridging 

carbonyl intermediate. This mechanism requires the movement of the NHR1R2 ligand from 

one side of the molecule to the other, but not from one Ru to the other; this motion accounts 

for the relatively simple !H and 13C NMR spectra of the (T|5-CsH3)2(SiMe2)2 ligand. If CO 

groups on opposite sides of the Ru-Ru bond are involved in forming the carbonyl-bridged 

intermediate, only two of the three CO groups can participate in the exchange process, which 

accounts for the observation of two I3CO signals. The IR spectra in the v(CO) region for all 

complexes of type 2 exhibit a medium band in the 1890 cm"1 region and two strong bands in 

the 1910 cm"1 and 1980 cm"1 regions, which are typical for group 8 Cp2M2(CO)sL complexes 

without bridging CO ligards.26 

The structure of 2b (Figure 3), established by X-ray crystallography, shows the 

presence of occupational disorder. One coordination site of each Ru atom is 50% occupied 

by a CO (C(19), 0(4)) ligand and 50% by a NH2Me ligand. The Ru-Ru distance in 2b 

(2.8955(6) Â) is longer than that in 1 (2.8180(3) A).27 The C(6)-Ru( 1 )-Ru(2)-C( 18) torsion 

angle (1.0") confirms the eclipsed orientation of the CO ligands. Both Ru atoms of complex 

2b have pseudo-octahedral geometry, with angles of approximately 90° between adjacent 



www.manaraa.com

38 

carbonyls, methylamine and the Ru-Ru bond (Figure 3). As one would expect, the Cp-Cp 

fold angle28 (125.9°) is larger than in 1 (120.5(7) °) because of the longer Ru-Ru distance. 

The lability of the amine ligand in complex 2 was established by observing the 

substitution of this ligand (NH3, NHaMe, NHMe2) by CO in a hexanes solution of complex 2 

under a flow of CO gas (1 atm) at ambient temperature (f1/2=40-75 min) to give {(r|5-

C5H3)2(SiMc2)2} Ru2(CO)4 (1). As expected, the bulky NHMe2 ligand was the most labile 

(^1/2=40 min) as compared with the less bulky NH3 and NH2Me. Complexes 2 are extremely 

air-sensitive and undergo slow decomposition in solution under inert atmosphere to give 1 as 

the only identifiable product. 

Protonation of {(T^-CsHaMSiMejMRuzCCOfefNH^^CHzfc} (2f). The Ru-Ru 

bond in 2f is protonated with 1 equiv of acid (HBF4-OEt2) to give the air-stable cationic 

complex [ {Cn5-C5H3)2(SiMe2)2 } Ru2(CO)3 {NH(CH2CH2)2}(n-H)]+BF4- (2f^BF4 ). The 

cyclopentadienyl hydrogens in 2fH+BF4~, appearing in the 1H NMR spectrum as five sets of 

well-resolved multiplets, are shifted approximately 0.4 ppm downfield compared to the 

cyclopentadienyl hydrogens of 2f due to the positive charge on the molecule. In contrast to 

2f, the complicated resonances in the cyclopentadienyl region of 2£H+, as well as the four 

separate methyl resonances of the dimethylsilyl groups, indicate the absence of fluxional 

behavior of the type observed for 2 (Figure 2). The Ru-H-Ru resonance in the *H NMR 

spectrum occurs as a singlet at -19.18 ppm. The presence of the strongly donating 

pyrrolidine ligand in 2fH+BF4-, as one would expect, lowers the carbonyl stretching 

frequencies in 2fH+BF4" (2050, 2002, 1954 cm"1) as compared to those in lHrBF4' (2077, 

2050, 2027 cm"1), thereby deactivating the remaining CO ligands in 2fH+BF4" to nucleophilic 

attack by alkyl amines, which confirms the usefulness of u(CO) values for determining the 
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reactivity of CO groups with amines. Bulky alkyl amines (NMeg) deprotonate ZfflTBF^ 

(f I/2~30 min) slowly, although much faster than the deprotonation of 1FT, whereas less bulky 

amines (NH3) deprotonate 2fH+BF4~ quickly, (f 1/2» 1.5 min). 

Conclusions 

We have prepared a cationic complex [ {(r| 5-C5H3)2(SiMe2)2} Ru2(CO)4(g-H)]+ (1H1) 

in which the bridging proton is removed only very slowly by amine bases even though it is 

thermodynamically acidic (pKa
AN=6.5(±0.2)). Although it is not obvious why complex Iff1" 

is kinetically stable with respect to deprotonation, it may be due to a combination of the 

bulkiness of the dimethylsilyl linkers and the rigidity of the dicyclopentadienyl bridging 

ligand. The low kinetic acidity and the positive charge in 1ET allows its CO ligands to 

undergo attack by alkyl amines. To our knowledge, this is the only system in which 

protonation of metal centers in a complex activates CO ligands to nucleophilic attack. The 

amine reactions lead to the elimination of the g-H ligand which becomes incorporated into 

the formamide product, as shown in Figure 1. The facile reductive elimination in the 

product-forming step is surprising because removal of the bridging H* by bases is so slow.29 

Weakly nucleophilic amines {e.g., aniline) with pK@(H20) values lower than —8.OO30 and 

bulky amines with cone angles (0) larger than 125° (e.g., Bn2NH, i-Pr2NH, Cy2NH)31 do not 

react with ltT. Although aniline does not react with lHT1", its amide (RNH~) does react to 

give the formanilide. 
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Table 1. Crystal Data and Structure Refinement for 2b. 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 

Z 

Density (calculated) 

Absorption coefficient 

F(000) 

Crystal size 

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 26.37° 

Absorption correction 

Max. and min. transmission 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on F2 

Final R indices [I>2sigma(I)] 

R indices (all data) 

Largest diff. peak and hole 

C2iH3oN03Ru2Si2 

602.78 
173(2)K 

0.71073 Â 

Triclinic 
pi 

a = 8.8046(5) À 

b = 8.9523(5) À 

c = 16.6067(9) À 

<x= 89.721(1)° 

p= 88.199(1)° 

y = 66.777(1)° 

1202.27(12) A3 

2 

1.665 Mg/m3 

1.377 mm-' 

606 
0.40 x 0.18 x 0.06 mm3 

2.45 to 26.37°. 
-10<=h<=10, -11 <=k<= 11, 0<=1<=20 

10630 

4878 [R(int) = 0.0349] 

99.0 % 

Empirical with SADABS 

0.9219 and 0.6089 

Full-matrix least-squares on F2 

4878 / 6/289 
1.008 

R1 = 0.0464, wR2 = 0.1107 

R1 = 0.0662, wR2 = 0.1189 

1.563 and -0.958 e.A*3 
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Figure 3. Thermal ellipsoid drawing of {(^5-C5H3)2(Me2Si)2}Ru2(CO)3(NH2CH3) (2b) 

showing the labeling scheme at 50% probability ellipsoids; hydrogens are omitted for clarity. 

Selected bond distances (Â) and angles (deg) are as follows: Ru(l)-Ru(2), 2.8955(6); Ru(l)-

N(l), 2.148(9); N(l)-C(8), 1.4691(10); Ru(l)-Cp(centroid), 1.887; Ru(2)-Cp(centroid), 

1.889; ZC(8)-N(l)-Ru(l), 112.5(7); ZC(18)-Ru(2)-C(19), 99.4(4); ZC(6)-Ru(l)-N(l), 

85.3(3); ZRu( 1 )-Ru(2)-C( 18), 88.50(17); ZC(6)-Ru(l)-Ru(2), 90.94(18); ZC(6)-Ru(l)-

Ru(2)-C(18), 1.0; ZC(6)-Ru(l)-Ru(2)-C(19), 98.4; ZCp-Cp fold angle, 125.9. 
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20.0 °C. 
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Table SI. Rate constants for the reaction (eq 2) of ID^TfO with morpholine in 

nitromethane at 20 °C 

103 [lD+TfO"], 102 [morpholine], 104*obs, 103 k z ,  

M M s'1 

9.09 7.72 - 1.81 

9.89 9.40 - 2.56 

8.95 41 8.14 1.98 

8.67 86 20.4 2.37 

8.50 94 22.9 2.44 

8.55 108 25.4 2.35 

8.89 151 37.1 2.46 
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CHAPTER 3. REACTIONS OF THE DEVUCLEAR RUTHENIUM 

COMPLEX {(75-C5H3)2(SiMe2)2}Ru2(CO)4 FEATURING A DOUBLY-

LINKED DICYCLOPENTADIENYL LIGANDf 

A paper to be submitted to the Organometallics1 

Maxim V. Ovchinnikov, Ilia A. Guzei, Moon-Gun Choi and Robert J. Angelici 

Abstract 

Complex {(i/5-C5H3)2(SiMe2)2}Ru2(CO)4 (1), which features the doubly-linked 

dicyclopentadienyl ligand (^5-CsH4)2(SiMe2)2, reacts with phosphines (PMe3, PCy3, PPh3) to 

give {(^5-C5H3)2(SiMe2)2}Ru2(CO)(u-CO)2(PR3) (2a-c), with halogens X2 (X = Cl, Br, I) to 

give Ru-Ru cleaved products {(^5-C5H3)2(SiMe2)2} Ru2(CO)4(X)2 (3a-c), with X2 and AgTfO 

to give complexes [{(^5-C5H3)2(SiMe2)2}Ru2(CO)4(t/-X)]+TfO" (X = Cl, Br, I; 4a-c), and 

with SnCl2 to give {(^-CsH^CSiMeah} Ru2(CO)4(a-SnCl2) (5) resulting from the insertion 

of SnCl2 into the Ru-Ru bond. Reduction of 1 with Na/Hg generates [{O75-

C5H3)2(SiMe2)2}Ru2(CO)4]2" (6), which reacts with (^5-C5H5)2TiCl2 to give {O75-

C5H3)2(SiMe2)2}Ru2(CO)4{//-Ti(^5-C5H5)2} (7). Ultraviolet photolysis of 1 with 

* Dedicated to Professor Jiabi Chen, a good friend and colleague, on the occasion of his 60th 

birthday. 

1 Reproduced with permission from Organometallics, to be submitted for publication. 

Unpublished work copyright 2000 American Chemical Society. 



www.manaraa.com

51 

diphenylacetylene and phenylacetylene yields a series of five dinuclear Ru complexes (8-13) 

containing one or two bridging acetylene units. The rigidity of the doubly-linked (rj5-

CsHsMSiMezh ligand substantially influences the reactivity and structures of the complexes. 

Molecular structures of 1, 2a, 3c, 5,9,10 and 12 as determined by X-ray diffraction studies 

are also presented. 

Introduction 

The doubly-linked bis(cyclopentadienyl) ligands (^5-CsH3)(Linker)2 (Linker = CH, 

CH2, CH2CH2, SiMez, GeMe2, etc.) have been extensively explored as frameworks for 

dinuclear metal complexes that are resistant to fragmentation and have two metal centers in 

close proximity.1 The latter feature is especially attractive for studying cooperative effects 

between two reactive 

metal sites since free rotation cannot occur around the Cp-(Linker)2-Cp linker unit. Most of 

the known (^5-CsH3)2(SiMe2)2-bridged bimetallic complexes contain group 42 or 63 metals. 

To the best of our knowledge only one example of a non-metallocene complex ({(rj5-

C5H3)2(SiMe2)2}Fe2(CO)4) is known for group 8 metals,43 and little chemistry of this 

compound has been reported. 

We recently reported5 the synthesis (Scheme 1) of the cationic dinuclear complex 

[ {(^5-CsH3)2(SiMe2)2} Ru2(CO)4(u-H)]+ (ltT) whose carbon monoxide ligands are activated 

to attack by amine nucleophiles because of the positive charge on the complex and the slow 
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rate of deprotonation of the bridging hydride by the amines. 

In order to develop a general understanding of the effect of the doubly-linked (rj5-

CsHsMSiMezh ligand on the reactivity of {(/^-CsHsMSiMeih} Ruz(CO)4 (1), we have 

explored the reactions of 1 with phosphines, halogens, SnCb, Na/Hg, phenylacetylene and 

diphenylacetylene to give a variety of new complexes. These reactions also demonstrate the 

robustness of the bridging system which remains unchanged throughout the transformations. 

)sf 

à 
A 

HBF4Et20 

'CO 

-SixSi: 

ocvRÏ""Hv'RÏ'""CO 
OC CO . 

1H* 

© 
0 BF/ 3HNRiR2 \ 

Ru 
-tH2NR1R2]aF4 Qçf j 

O OC 
-HCNR1R2 

,si^si: 

"R|^CO 
NHR,R2 

Scheme 1 

Results and Discussion 

Crystal Structure of {(i75-C$H3)2(SiMe2)2}Ruz(CO)4 (1). The starting complex 1, 

whose synthesis (Scheme 1) was recently published,5 has a structure (Figure 1, Table 1) that 

contains a pair of ruthenium atoms linked by a metal-metal bond and a bridging {rj5-

C5H3)2(SiMe2)2 ligand, with four terminal carbonyls bound in a symmetrical and staggered 

array (ZC(7)-Ru( 1 )-Ru( 1 A)-C(6A) = 32.3°). The staggered character of the molecule is also 

reflected by a significant twist around the Ru(l)-Ru(lA) axis (ZCp(centroid)-Ru( 1 )-Ru( 1 A)-
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Cp(centroid) = 24.2°). The bend of the (%5-CsH3)2(SiMe2)2 ligand, defined as the fold angle 

between the planes of the Cp rings, is relatively large (122.86°), suggesting that the normally 

planar (^5-C;H3)2(SiMe2)2 moiety (e.g. in fra/is- {^-CsKhMSiMeak} Li2(TMED A)2)4b is 

somewhat strained leading to the expectation of a longer than normal Ru-Ru single bond 

distance. This hypothesis is based on X-ray structural data for (?/5,;75-FuIvalene)Ru2(CO)4,6 

where fulvalene is ^.^-CsFLrCsH*, in which the Ru-Ru distance (2.821(1) Â) is 

significantly greater than that in the corresponding non-linked complex Cp2Ru2(u-CO)2(CO)2 

(2.735(2) Â).7 Avoidance of nonbonding contacts between the carbonyl ligands and 

alleviation of strain by decreasing the (//5,^-Fulvalene) bend were cited to account for these 

lengthened bonds. In part, similar arguments may be applied to 1. Thus, the Ru-Ru distance 

in 1 (2.8180(3) Â) is longer than that observed in Cp2Ru2(CO)2C"-CO)2 (2.735(2) Â). This 

difference is partially due to the preference of the carbonyl ligands in 1 for an all-terminal 

arrangement that favors a longer Ru-Ru distance which also relieves the strain in the folded 

(^5-CsH3)2(SiMe2)2 ligand. Avoidance of nonbonding contacts between the carbonyl ligands 

is probably also responsible for elongation of the Ru-Ru bond and for the staggered 

conformation of the CO ligands in 1. It is worth noting that (^5,7/5-Fulvalene)Ru2(CO)4 

adopts an eclipsed conformation of the CO ligands, presumably, because the twist around the 

Ru-Ru axis would lead to an energetically unfavorable further elongation of the Ru-Ru bond 

and/or to an increase in the non-planarity of the (^5,75-Fulvalene) ligand. The Ru-Ru 

separation in 1 is also greater than that reported for the bis(cyclopentadienyl)methane 

complex (^5,^5-CsH4CH2CsH4)Ru2(CO)4 (2.766 (1) Â),8 perhaps a more appropriate 

comparison because it contains exclusively terminal carbonyl ligands and exhibits a 
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staggered arrangement of carbonyl ligands. 

Substitution of a CO in 1 by Phosphines. Complex 1 reacts at 200 °C with 

phosphines PR3 (R = Me, Cy, Ph) to give monosubstituted complexes of the type {O75-

C5H3)2(SiMe2)2}Ru2(CO)(t/-CO)2(PR3) (2a-c) (Scheme 2). No disubstituted products were 

observed. Also, it is worth noting that the same reaction did not give the clean formation of 

2a under UV photolysis conditions. The IR spectra of the compounds 2a-c exhibit v(CO) 

JsLs: 

«ÀrAr-
%2 

OC 

„Ru Ru... 
OC  ̂ j j ''CO 
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Scheme 2 

bands at 1934-1872 cm"1 and 1805-1778 cm"1 which are consistent with the presence of 

terminal and bridging CO ligands. The additional electron density provided by the PR3 

ligands is presumably responsible for the CO-bridged structure of 2a-c as compared with the 

unbridged structure of 1. The molecular structure of 2a determined by X-ray diffraction 

(Figure 2, Table 1) shows an almost symmetrical disposition of the bridging CO ligands, 

which are responsible for the shorter Ru(l)-Ru(2) distance (2.6579(2) Â) compared to that 

observed in 1 (2.8180(3) À), and, surprisingly, to that observed in Cp2Ru2(CO)(u-
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CO)2(PMe3> (2.722(2) À).9 The shorter Ru(l)-Ru(2) distance in 2a may also be favored by 

the doubly-linked (^5-C$H3)2(SiMe2)2 ligand which adopts a smaller ZCp-Cp fold angle 

(119.0°), compared to that (122.86°) in complex 1, which relieves unfavorable steric 

interactions between the bridging CO ligands and the equatorial SiMe2 methyl groups. This 

argument is also supported by the smaller dihedral angle between the Ru(l)-C(7)-

Ru(2) and Ru(l)-C(8)-Ru(2) planes (130.5°), compared to that found in Cp2Ru2(CO)(u-

CO)2(PMe3) (155.5°). The Ru(2)-C(7) and Ru(2)-C(8) distances (1.992(2) Â, 1.998(2) À) 

are shorter than the Ru(l)-C(7) and Ru(l)-C(8) distances (2.104(2) À, 2.088(2) Â) as 

expected for the more electron-rich Ru(2) center. There is no twist around Ru-Ru bond as 

indicated by torsion angles ZCp(centroid)-Ru( 1 )-Ru(2)-Cp(centroid) (0.1°) and ZC(6)-

Ru(l)-Ru(2)-P (0.5°). 

Reactions of {(i/5-CsH3)2(SiMe2)2}Ru2(CO)4 (1) with Halogens. Synthesis of {(iy5-

C5H3)2(SiMe2)2}Ru2(CO)4CX)2 (3a-c) and [{(i/5-C5H3)2(SiMe2)2}Ru2(CO)4(«-X)]+TfO- (4a-

c). It is well-known10 that the dimeric Cp'2M2(CO)4 (M = Fe, Ru, Os) complexes react with 

halogens (X2) to give metal (H) halide carbonyl complexes Cp'M(CO)2X. Similarly, 

complex 1 reacts with X2 (X = Cl, Br, I) in CH2C12 at room temperature to give complexes 

3a-c (Scheme 2) (71-85% yield), which were isolated as yellow air-stable solids. Their IR 

spectra in hexanes solutions show the expected two strong v(CO) absorptions in the ranges 

2052-2060 cm"1 and 2000-2006 cm"1. Their lH NMR spectra at room temperature show a 

doublet and a triplet in the range S 5.21-5.49 ppm for the protons of each cyclopentadienyl 

ring, consistent with an ABB' spin system. This pattern remains unchanged at low 

temperature (-50 °C). An X-ray structural determination of 3c shows (Figure 3, Table 1) that 
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the asymmetric unit contains three different molecules. In each of these molecules the Ru 

atoms exhibit a three-legged piano-stool geometry. The most interesting feature of the 

structure is the almost flat conformation of the (^-CgHsMSiMe^ ligand (ZCp-Cp fold 

angle = 175.9°), which is consistent with the long Ru-Ru nonbonding distance (4.9762 A). 

The cyclopentadienyl rings of the bridging ligand are slightly twisted with respect to each 

other, which is evident in the torsion angle ZCp(centroid)-Ru(l)-Ru(2)-Cp(centroid) (5.3°). 

This twist may reflect steric repulsions between the cissoid Ru(CO)zX units. 

The halide-bridged cationic complexes {Cp2Ru2(CO)4(//-X)}+ can be isolated from 

aromatic solvents as intermediates from reactions of Cp2Ru2(CO)4 and halogens (X2) in the 

presence of large counterions.11 Although we did not observe similar intermediates in the 

reactions of 1 with halogens, the corresponding cationic, halide-bridged complexes [{(//5-

CsH3)2(SiMe2)2} Ru2(CO)4(u-X)]+TfD" (4a-c) were readily accessible as air-stable solids (65-

82% yield) by the reaction of complex 1 and X2 (X = Cl, Br, I) in the presence of a large 

excess of AgTfO at room temperature. It is worth mentioning that, in contrast to the 

corresponding mono-linked ([{(^5-C5H4)2(SiMe2)}Ru2(CO)4(//-X)]+)12 and non-linked 

({Cp2Ru2(CO)40/-X)}+)10 Ru complexes, compounds 4a-c do not react with an excess of 

AgTfO further in acetonitrile to give dicationic complexes [{(77s-

CsH3)2(SiMe2)2}Ru2(CO)4(MeCN)2]+2; this indicates an unusual stability of the bridging 

halide in the complexes with the doubly-linked 075-C5H3)2(SiMe2)2 ligand. The *H NMR 

spectra of 4a-c show a doublet and a triplet (AB2 spin system) for the equivalent 

cyclopentadienyl rings and two singlets for the methyl groups in the SiMe2 groups of the 

ligand, as expected for a symmetrical structure. 
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Insertion of SnClz into the Ru-Ru Bond in 1. Stannous chloride (SnClz) has been 

reported13 to react with CpzMz(CO)4 (M = Fe, Ru) complexes to give products 

Cp2M2(CO)4(u-SnCl2) in which the Sn inserts into the M-M bond. When 1 and SnCl2 are 

refluxed in THF for 30 h, {(^-CsHs^SiMezh} Ru2(CO)4(u-SnCI2) (5) is obtained in 74% 

yield as an air-stable yellow crystalline solid. The !H NMR spectrum of 5 shows a doublet 

and a triplet at <5 5.58, 5.64 ppm for the protons in the equivalent cyclopentadienyl rings and 

two singlets for the different CH3 protons in the SiMe2 groups. The IR spectrum exhibits 

three strong v(CO) bands in the 1986-2038 cm"1 region. A single crystal X-ray structural 

determination (Figure 4, Table 1) of 5 shows that three different molecules are present in the 

asymmetric unit. In all three molecules, each Ru has a three-legged piano-stool structure. 

The Ru-Sn bond distances are almost identical in all three molecules (2.6034(4)-2.6066(4) 

Â). The presence of the bridging SnCl2 ligand leads to a Ru-Ru distance of4.625 Â, much 

longer than that (2.8180(3) Â) in complex 1 but shorter than that (4.9762 À) in 3c. The long 

Ru-Ru distance in 5 leads to a Cp-Cp fold angle that is significantly larger (171.1°) than that 

(122.86°) in complex 1, but smaller than that (175.9°) in 3c. The twist around the Ru-Ru 

axis is minimal, which is reflected in the small ZCp(centroid)-Ru( 1 )-Ru(2)-Cp(centroid) 

torsion angle (3.1°). 

Generation of [{(%^-CsH3)z(SiMez)z}Ruz(CO)4]2 (6) and Synthesis {(17s-

CsH3)z(SiMez)z}Ruz(CO)4{//-Ti(j/5-C5Hs)z} (7). It is known10 that the dimeric 

Cp'2Ruz(CO)4 complexes react with Na amalgam to give anionic complexes Cp'Ru(CO)2\ 

which can react with various electrophiles (Mel, MegSnCI, etc.). The related anionic 

complex [{(^5-C5H3)2(SiMe2)2}Ru2(CO)4]2" (6) was generated in situ from the reaction of 1 
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with Na/Hg but was too reactive to be isolated. However, 6 reacts with 1 equiv of (rj5-

C5H5)2TiCl2 at room temperature in THF to give {(?5-CsH3)2(SiMe2)2} Ru2(CO)4 [u-Ti(%5-

CgHs)2} (7) (Scheme 3; 53%), which was isolated as extremely moisture-sensitive pale-

yellow crystals. The v(CO) bands of 7 at 1938, 1876 cm"1 are shifted to lower energy from 

the corresponding bands (2025, 1967 cm"1) of 1, as expected for complexes of this type, 

\ I i/ \l 1/ 

Ru R-u™ Na/H9 . R\G 

OC  ̂ | | CO OC  ̂ | |̂ CO 
OC CO OC CO 

I 
;Si-

-sj- I 

OC - ' 

Scheme 3 

for example (^5-CsH5)2Ru2(CO)4 {//-Zr(^5-CsH5)2}.14 The two Ti-Cp groups are equivalent in 

the *H NMR spectrum. Unfortunately, we were unable to obtain X-ray quality crystals of 

(7). 

Reaction of {(i/5-CsH3)2(SiMe2)2}Ru2(CO)4 (1) with diphenylacetylene. Synthesis 

of {(i75-C5H3)2(SiMe2)2}Ru2(CO)2(A'-CO){i71:i71-^2-C(Ph)C(Ph)} (8), {(iy5-CsH3)2(SiMe2)2}-

Ru2(CO){j/2:j/V2-C(Ph)C(Ph)C(Ph)C(Ph)} (9) and {(^-CsHsMSiMeîMR^COMiy2:!/4-

//2-C(=0)C(Ph)C(Ph)C(Ph)C(Ph)} (10). Ultraviolet irradiation of a benzene solution 

containing 1 and 4 equivalents of diphenylacetylene for 25 h produces the bimetallic Ru 

complexes 8, 9 and 10 (Scheme 4), which were successfully separated by chromatography. 
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There was no evidence for the formation of a {(^-CgHs^CSiMez^-based 

diruthenacyclopentenone analogous to 11, which is obtained upon photolysis of 

12 13 

Scheme 4 

Cp2Ru2(CO)4 in the presence of alkynes (e.g. mono- and diphenylacetylene).15 

Complex 8, which was obtained as dark-red, air-sensitive crystals, was identified by 

characteristic patterns in its 1H NMR and IR spectra, which are similar to those of the known 

analogous complexes {(75-C5H4)2(CMe2)}Ru2(CO)2(u-CO){71:71-^2-C(Ph)C(Ph)} and {(rj5-

C5H4)2}Ru2(CO)2(u-CO){^1:/7I
1U2-C(Ph)C(Ph)}.16 In the lH NMR spectrum, the presence of 

three signals in the cyclopentadienyl region and four signals corresponding to the Si(CHs)2 

methyl groups are consistent with the proposed structure of 8. Its IR spectrum (v(CO): 1983, 

1935 and 1753 cm"1) indicates the presence of both terminal and bridging CO ligands. 

R 

11 
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Complex 9 is an air-stable orange crystalline solid that is soluble in benzene and 

CH2CI2 and moderately soluble in non-polar solvents (hexanes). The IR spectrum of 9 in 

hexanes shows only one sharp v(CO) band at 1969 cm"1 which corresponds to the terminal 

CO ligand coordinated to one of the Ru atoms. The 'H NMR spectrum of 9 exhibits 

resonances for the inequivalent Cp rings (each displays a unique ABB' splitting pattern) and 

two signals for the Si(CH])2 methyl groups at S -0.62 and 0.36. The Ô -0.62 signal is 

approximately 0.7 ppm upfield from the typical Si(CH])2 region and indicates a pronounced 

shielding of the equatorial methyl groups by the nearby phenyl rings. The X-ray structure of 

9 (Figure 5, Table 1), which is discussed in more detail below, confirms a close non-bonding 

interaction (3.435 Â) between the SiMe2 equatorial methyl groups and the ^-systems of 

phenyl groups 2 and 5. 

The variable-temperature 'H NMR spectrum of 9 in CD2CI2 in the aromatic region is 

shown in Figure 6. At -50 °C, the spectrum consists of ten (<? 6.42, 6.58, 6.65, 6.77, 6.83, 

6.88, 7.03, 7.09, 7.12, 7.62) well-resolved resonances of equal intensity. As the temperature 

is increased to -20 °C, four of the ten resonances (S 6.58, 6.77, 7.09, 7.62) coalesce to a 

single broad resonance, which is almost indistinguishable from the base line. At +25 °C a 
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new broad signal is observed at Ô 7.25 ppm and the signal at ô 6.88 ppm gains intensity and 

broadens, while the other five resonances at ô 7.12, 7.03, 6.83, 6.65 and 6.42 remain virtually 

unchanged. We can assign the latter set of five resonances to the equivalent phenyl rings 2 

and 5 adjacent to the Ru atoms, which are not fluxional with respect to rotation around the 

C(2 or 5)-phenyI bond in the -50 to +25 °C temperature range. An 'H-'H COSY experiment 

demonstrates the mutual coupling of these 5 signals, and an NOE experiment indicates the 

presence of a weak through-space interaction between the equatorial SiMea methyl groups 

and phenyl rings 2 and 5. Broad resonances at ô 7.25 and 6.88 ppm (+25 °C) are assigned to 

the ortho and meta protons of the equivalent phenyl groups 3 and 4, indicating fluxionality at 

room temperature on the NMR time scale. The simplest explanation for the temperature-

dependent appearance of phenyl groups 3 and 4 in the rH NMR spectra is the lack of free 

rotation around the C(3 or 4)-phenyl bond at -50 °C, when five signals are observed. As the 

temperature is increased to +25 °C, this rotational motion becomes semi-restricted. Further 

sharpening of resonances at ô 7.25 and 6.88 ppm in the NMR spectra was observed at 

temperatures up to +50 °C. 

In the molecular structure of 9 (Figure 5, Table 1), there is an approximate (non-

crystallographic) mirror plane containing Ru(l), Ru(2) and the centroids of the two Cp rings. 

The Ru(l)-Ru(2) distance is 2.6221(6) Â, corresponding to a single Ru-Ru bond. The two 

ruthenium atoms are bridged by a {^2:7/4-//2-C(Ph)C(Ph)C(Ph)C(Ph)} fragment, the ends of 

which are a-bonded to Ru(l), forming a metallacyclopentadiene ring. The Ru(l)-C(2) and 

Ru(l)-C(5) distances of 2.100(4) and 2.096(4) Â are consistent with Ru-C single bonds, as 

are the Ru(2)-C(2) and Ru(2)-C(5) lengths of 2.133(5) and 2.130(4) Â. The Ru(l)-C(2)-
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C(3)-C(4)-C(5) ring may be viewed as being abound to Ru(2), but this bonding does not 

resu l t  i n  the  geomet ry  obse rved  fo r  o the r  re la ted  d inuc lea r  complexes ,  such  as  ( r f -

MeCCMe)W2(OPr')5(u2-OPri)(^2:^4-//2-C4Me4), which contain planar rings.17 Instead, the 

Ru(l)-C(2)-C(3)-C(4)-C(5) ring is puckered, with Ru(l) lying 0.41 À out of the least-squares 

plane defined by carbon atoms C(2)-C(5) and away from Ru(2). The angle between the 

C(2)-C(3)-C(4)-C(5) and Ru(l)-C(2)-C(5) planes is 166.78°. The mean plane of the C(2)-

C(3)-C(4)-C(5) fragment is nearly parallel (ZCp(centroid)-Ru(2)-

Ruthenacyclopentadiene(Ru(l), C(2)-C(5))(centroid) = 172.17°) to the plane of the 

cyclopentadienyl ring bound to Ru(2), giving Ru(2) a pseudo-metallocene coordination 

environment. The phenyl groups C(31)-C(36) and C(41)-C(46) are almost orthogonal to the 

C(2)-C(3)-C(4)-C(5) plane (76.4° and 80.6°), while the phenyl groups C(21)-C(26) and 

C(51)-C(56) have tilt angles of 50.7° and 51.5° due to close through-space interactions with 

the equatorial methyl groups of the SiMe2 linkers. Structural features of 9 are similar to 

those of other dinuclear ruthenacyclopentadiene complexes (/^-CsMes^hR^^2^4-^-

C4H4)(7Z5-C5Me5)18, (^5-C5Me5)(CO)Ru{772:74-//2-C(Tol)CHC(Tol)CH}Co(CO)219 and [(^5-

C5Me5)(MeCN)Ru(v2:'74-A2-C4H2Ph2)Ru(75-C5Me5)3(CF3S03).20 

Spectroscopic and structural features of {(^5-C5H3)2(SiMe2)2}Ru2(CO){72:774-//2-

C(=0)C(Ph)C(Ph)C(Ph)C(Ph)} (10) are similar to those of complex 9. Compound 10 differs 

from 9 only by the insertion of a CO group into a Ru(l)-C(2 or 5) bond of 9. This leads to 

the lack of the mirror plane, that was present in complex 9. As a result of the lower 

symmetry, the 'H NMR spectrum of 10 exhibits resonances for the inequivalent Cp rings 

(each displays a unique ABC splitting pattern) and four signals for the Si(CH3)2 methyl 
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groups at ô-1.00, 0.31,0.36 and 0.57. The upfield signal indicates shielding of an equatorial 

methyl group by a nearby phenyl ring. The X-ray structure of 10 (Figure 7, Table 1) 

supports this close non-bonding interaction (3.476 À) between the equatorial methyl C(10) 

and the plane of phenyl ring C(51)-C(56). The if binding mode of the 

ruthenacyclohexadienone fragment to Ru(2) is supported by a long C(l)-C(2) bond (1.482(6) 

À) compared to the C-C bonds in the delocalized C(2)-C(3)-C(4)-C(5) (1.444(5), 1.431(5), 

1.431(5) À) 7r-system and a non-bonding Ru(l)-C(l) distance (2.796 Â). The conformation 

of the ruthenacyclohexadienone Ru( 1 )-C( 1 )-C(2)-C(3 )-C(4)-C(5) ring (Figure 8) cannot be 

described simply because of significant out-of-plane deviations of each atom; the smallest 

dihedral angle in the Ru(l)-C(l)-C(2)-C(3)-C(4)-C(5) ring is ZC(2)-C(3)-C(4)-C(5) (10.3°). 

The IR spectrum of 10 in hexanes shows one sharp CO band at 1973 cm"1 which corresponds 

to the terminal CO ligand coordinated to Ru(l) and a weak broad band at 1601 cm"1 which 

may be assigned to the acyl CO group in the ruthenacyclohexadienone fragment. 

Reaction of {(i^-CsHjMSiMez^Ruz^O), (1) with Phenylacetylene. Synthesis of 

{(j/5-C$H3)2(SiMe2)2}Ru2(CO)2(u-CO)0/-C=CHPh) (12) and {(j/5-

C$H3)2(SiMe2)2}Ru2(CO){i72:i74-/«2-C(H)C(Ph)C(H)C(Ph)} (mixture of isomers) (13). 

Ultraviolet irradiation of a solution containing 1 and 4 equivalents of phenylacetylene 

(Scheme 4) in benzene solvent yields a mixture of products, which were identified as 

complexes 12 and 13 on the basis of spectral evidence. In contrast, ultraviolet irradiation of 

Cp2Ru2(CO)4 and phenylacetylene gives exclusively a complex of type 11 (R, R = H, Ph), 

which undergoes thermal (110 °C, toluene) rearrangement to the bridging vinylidene 

complex Cp2Ru2(CO)2(u-CO)(u-C=CHPh).21 The structure of 12 (Figure 9, Table 1) was 
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conclusively established by an X-ray crystallographic analysis. The bridging /z-C=CHPh 

vinylidene ligand is planar (ZRu( 1 )-C( 18)-C( 19)-C(20) = 0.2°) and bound almost 

symmetrically to both Ru atoms (Ru(l)-C(18) = 2.049(6) À; Ru(2)-C(18) = 2.028(7) À). As 

in complex 2a, the Ru(l)-Ru(2) distance (2.6551(7) À) is shorter compared to that (2.696(1) 

Â) in the non-linked analog, complex CpzRu2(CO)2C«-CO)(u-C=CH2).zl The Cp-Cp fold 

angle (118.5°) is smaller compared to the same parameter (122.86°) for 1. In fact the 

structures of 12 and 2a, especially the geometries around the Ru atoms, are very similar. 

In the 'H NMR spectrum of 12, the cyclopentadienyl hydrogens occur as six sets of 

well-resolved multiplets; in addition there are four singlet methyl resonances for the SiMe2 

groups, which are consistent with the symmetry of the solid-state molecule and indicate the 

absence of rotation around the C(18)-C(19) bond of the vinylidene ligand. In the IR 

spectrum of 12, bands for both terminal (2008, 1982 cm"1) and bridging (1819 cm"1) carbonyl 

absorptions are evident. 

We were unable to obtain X-ray quality crystals of 13 due in part to the fact that this 

compound is formed as a mixture of three geometrical isomers. However, the patterns in the 

*H NMR and IR spectra are very similar to those of complex 9, which suggests that 13 has 

the structure shown in Scheme 4. Attempts to isolate individual isomers of 13 by means of 

column chromatography were unsuccessful. 
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Conclusions 

In summary, the dinuclear ruthenium complex {(^-CsHsMSiMezMRuzCCO)# (1) is a 

precursor for the synthesis of a variety of new dinuclear ruthenium complexes, in which the 

bridging (^-CsHs^SiMez): ligand controls the geometry of the final product. This 

influence is particularly pronounced in the reactions of 1 and phenylacetylenes which give 

(Scheme 4) the unexpected complexes {(^-CsHjMSiMezh}Ru2(CO) {tj2:r}4-fi2-

C(Ph)C(Ph)C(Ph)C(Ph) } (9), {(^-CsHsMSiMezM Ru2(CO) {rj2:rj4-fi2-

C(=0)C(Ph)C(Ph)C(Ph)C(Ph)} (10) and {(/75-C5H3)2(SiMe2)2}Ru2(CO){>7V-,"2-

C(H)C(Ph)C(H)C(Ph)} (13) as major products. It is apparent that the (^-CsHsMSiMei): 

ligand stabilizes these unique structural motifs, which were not reported for non-linked or 

mono-linked dicyclopentadienyl Ru complexes. The steric properties and rigidity of the 

bridging (^5-C5H3)2(SiMc2)2 ligand are presumably also responsible for the unusual inertness 

of the X" ligand in the complexes [ {(^-CgHsMSiMezh} Ru2(CO)4(u-X)]^TfO" (X = Cl, Br, I; 

4a-c) upon reaction with AgTfO. We have also demonstrated the robustness of the (r/5-

C5H3)2(SiMe2)2 ligand which remains unchanged in reactions of {(^-CsHsMSiMezh}-

Ru2(CO)4 (1) with phosphines, halogens, SnCl2, Na/Hg to give a variety of new dinuclear 

doubly-linked ruthenium (H) complexes. 

Experimental Part 

General Procedures. All reactions were performed under an argon atmosphere in 

reagent grade solvents, using standard Schlenk or dry-box techniques.22 Hexanes, methylene 
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chloride and diethyl ether were purified by the Grubbs method prior to use.23 All other 

solvents were purified by published methods.24 Chemicals were purchased from Aldrich 

Chemical Co., unless otherwise mentioned, or prepared by literature methods, as referenced 

below. Alumina (neutral, activity I, Aldrich) was degassed under vacuum for 12 h and 

treated with Ar-saturated water (7.5 % w/w). 'H and 13C NMR spectra were recorded on a 

Bruker DRX-400 spectrometer using deuterated solvents as internal references. Solution 

infrared spectra were recorded on a Nicolet-560 spectrometer using NaCl cells with 0.1 mm 

spacers. Elemental analyses were performed on a Perkin Elmer 2400 series II CHNS/O 

analyzer. 

All photochemical reactions were carried out in 60 or 300 mL quartz Schlenk 

photolysis tubes fitted with a coldfinger condenser (which is immersed in the reaction 

solution) and using a Hanovia 450 W medium pressure Hg lamp with a quartz jacket as the 

ultraviolet light source. The temperature of each reaction was controlled using an Isotemp 

1013P refrigerated circulating bath (Fisher Scientific) with the circulating hoses connected to 

the coldfinger. 

Synthesis of {0/5-CsH3)2(SiMe2)2}Ru2(CO)3(PMe3) (2a). To a solution of 1 (30 mg; 

0.05 mmol) in THF (1 mL) in a NMR tube was added PMes (15 //L; 0.15 mmol). The 

mixture was degassed, sealed under vacuum, heated to 200°C for 20 h, and cooled to room 

temperature; and the volatiles were removed under vacuum. The resulting orange residue 

was redissolved in THF (3 mL), and the solution was filtered through a short pad (3 cm) of 

alumina. Subsequent addition of hexanes (5 mL) and cooling (-20 °C) afforded crystalline 

2a (23 mg, 58%) as orange blades. !H NMR (400 MHz, C<sD6): ô 0.14 (s, 6 H, Si(C%)), 0.42 
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(s, 6 H, Si(C//3)), 1.58 (d, 9 H, .7=9.5 Hz, P-Ctf3), 4.48 (m, 2 H, Cp-H), 5.12 (m, 2 H, Cp-H), 

5.23 (m, 1 H, Cp-iï), 5.38 (m, 1 H, Cp-H). 13C NMR (100 MHz, CgDe): â 1.03 (CH3), 5.97 

(CH3), 24.3 (d,J=37.2 Hz, P-CH3), 64.59, 85.76, 87.98, 91.76, 95.78, 101.27 (Cp), 202.45, 

213.56 (CO). IR (hexanes): v(CO) (cm"1) 1926 (vs), 1889 (m), 1782 (m). Anal. Calcd for 

C2oH2703PRu2Si2: C, 39.72; H, 4.50. Found: C, 39.38; H, 4.13. 

Synthesis of {(i75-C5H3)2(SiMe2)2}Ru2(CO)3(PCy3) (2b). A solution of 1 (30 mg, 

0.050 mmol) in THF (1 mL) was reacted with PCy3 (48 mg, 0.17 mmol) at 200°C for 36 h, as 

in the preparation of 2a. Two crystallizations of the resulting orange oil from THF-hexanes 

gave 2b (29 mg, 74%) as orange prisms. !H NMR (400 MHz, C<sD6): Ô 0.15 (s, 6 H, 

Si(C/f3)), 0.33 (s, 6 H, Si(C/f3)X 1-03 (m, 18 H, P-Cy), 1.58 (m, 15 H, P-Cy), 4.39 (m, 2 H, 

Cp-H), 5.01 (m, 2 H, Cp-H), 5.12 (m, 1 H, Cp-H), 5.23 (m, 1 H, Cp-H). 13C NMR (100 

MHz, CeDe): ô 0.93 (CH3), 4.56 (CH3), 20.21, 23.67, 31.56, 31.39, 32.67, 35.67,41.02 (P-

Cy), 64.32, 82.45, 83.88, 90.54, 93.23, 99.37 (Cp), 201.78, 213.01 (CO). IR (hexanes): 

v(CO) (cm*1) 1916 (vs), 1872 (m), 1778 (m). 

Synthesis of {(i/5-C5H3>2(SiMe2)2}Ru2(CO)3(PPh3) (2c). A solution of 1 (30 mg, 

0.050 mmol) in THF (1 mL) was reacted with PPh3 (60 mg, 0.23 mmol) at 200°C for 80 h, as 

in the preparation of 2a. Two crystallizations of the resulting orange oil from THF-hexanes 

gave 2c (25 mg, 67%) as orange crystals. *H NMR (400 MHz, CÔD6): S 0.14 (s, 6 H, 

Si(CH3)), 0.38 (s, 6 H, Si(C/f3)), 4.89 (m, 2 H, Cp-H), 5.24 (m, 2 H, Cp-H), 5.38 (m, 1 H, 

Cp-H), 5.62 (m, 1 H, Cp-H), 7.04 (m, 15 H, Ph). IR (hexanes): v(CO) (cm'1) 1934 (vs), 1889 

(m), 1805 (m). 

Synthesis of {075-C5H3)2(SiMe2)2}Ru2(CO)4(Cl)2 (3a). A solution of CI2, prepared 
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by passing gaseous chlorine through CH2CI2 (30 mL) for ~ 1 min, was added drop wise to a 

solution of complex 1 (120 mg, 0.22 mmol) in CH2CI2 (60 mL). The reaction was monitored 

by IR spectroscopy and stopped when complex 1 was used up completely. The resulting 

solution was then concentrated at reduced pressure to ~5 mL, and hexanes (20 mL) was 

added to give complex 3a (102 mg, 72%) as a yellow solid. lH NMR (400 MHz, CDCI3): ô 

0.24 (s, 6 H, Si(C#,)), 0.59 (s, 6 H, Si(Ctf3)), 5.34 (d, J=2.6 Hz, 4 H, Cp-H), 5.49 (t, J= 2.6 

Hz, 2 H, Cp-H). IR (hexanes): v(CO) (cm'1) 2060 (vs), 2006 (vs). Anal. Calcd for 

C1 $H 18Cl204Ru2Si2: C, 34.45; H, 2.89. Found: C, 34.87; H, 2.81. 

Synthesis of {(75-C5H3)2(SiMe2)2}Ru2(CO)4(Br)2 (3b). By reacting Br2 (-5% 

solution in CH2C12) with complex 1 (120 mg, 0.22 mmol) in CH2C12 (60 mL), 3b (141 mg, 

85%; yellow solid) was prepared using the same method as in the preparation of 3a. 'H NMR 

(400 MHz, CDCI3): Ô 0.21 (s, 6 H, Si(Ctf3)), 0.60 (s, 6 H, Si(Ctf3)), 5.21 (d, /= 2.6 Hz, 4 H, 

Cp-H), 5.42 (t, J-2.6 Hz, 2 H, Cp-H). IR (hexanes): v(CO) (cm1) 2058 (vs), 2004 (vs). 

Synthesis of {(ï75-CsH3)2(SiMe2)2}Ru2(CO)4(I)2 (3c). By reacting I2 (~5% solution 

in CH2C12) with complex 1 (120 mg, 0.22 mmol) in CH2C12 (60 mL), 3c (132 mg, 71%; 

yellow solid) was prepared using the same method as in the preparation of 3a. *H NMR (400 

MHz, CDCI3): ô 0.27 (s, 6 H, Si(C//3)), 0.56 (s, 6 H, Si(C//3)), 5.32 (d, J-2.6 Hz, 4 H, Cp-

H), 5.45 (t, J=2.6 Hz, 2 H, Cp-H). IR (hexanes): v(CO) (cm1) 2052 (vs), 2000 (vs). 

Synthesis of [{(iys-C5H3)2(SiMe2)2}Ru2(CO)4(jM-Cl)l+TfO" (4a). A yellow solution 

of 1 (175 mg, 0.31 mmol) and AgOTf (89 mg, 0.35 mmol) in CH2C12 (30 mL) was titrated 

with a solution of chlorine in CH2C12, prepared as described in the synthesis of 3a. The 

reaction was followed by IR until the starting complex 1 disappeared. The resulting red-
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brown suspension was filtered through a short pad of Celite, and the filtrate was layered with 

EtzO (100 mL) to precipitate (4a) as bright-orange cubic crystals (199 mg, 85%). !H NMR 

(400 MHz, CD2C12): ô 0.65 (s, 6 H, Si(C%)), 0.69 (s, 6 H, Si(C/f3)), 5.08 (t, J=2.0 Hz, 2 H, 

Cp-H), 5.93 (d, J=2.0 Hz, 4 H, Cp-H). I3C NMR (100 MHz, CD2C12): S -3.57 (CH3), 0.02 

(CH3), 79.89, 94.76, 106.27 (Cp), 194.17,204.95 (CO). IR(CH2C12): v(CO) (cm ') 2077 

(vs), 2069 (m), 2029 (s). Anal. Calcd for CI9Hi807ClF3Ru2SSi2: C, 30.79; H, 2.45. Found: 

C, 30.68; H, 2.43. 

Synthesis of [{(j/5-C5H3)2(SiMe2)2}Ru2(CO)40/-Br)l+TfO- (4b). By reacting Br2 

(~5% solution in CH2CI2) with complex 1 (175 mg, 0.31 mmol) and AgOTf (89 mg, 0.35 

mmol) in CH2Cl2 (30 mL), 4b (141 mg, 51%; orange solid) was prepared using the same 

method as in the preparation of 4a. *H NMR (400 MHz, CD2C12): S 0.60 (s, 6 H, Si(C/f3)), 

0.68 (s, 6 H, Si(Ctf3)), 5.11 (t, .7=2.0 Hz, 2 H, Cp-H), 5.91 (d, .7=2.0 Hz, 4 H, Cp-H). IR 

(CH2C12): v(CO) (cm ') 2074 (vs), 2065 (m), 2026 (s). 

Synthesis of [{(i/5-C5H3)2(SiMe2)2}Ru2(CO)4(i/-I)]+TfO" (4c). By reacting I2 (~5% 

solution in CH2CI2) with complex 1 (175 mg, 0.31 mmol) and AgOTf (89 mg, 0.35 mmol) in 

CH2C12 (30 mL), 4c (191 mg, 78%; orange solid) was prepared using the same method as in 

the preparation of 4a. 'H NMR (400 MHz, CD2C12): S 0.59 (s, 6 H, Si(C/f3)), 0.66 (s, 6 H, 

Si(C/f3)), 5.13 (t, 7=2.0 Hz, 2 H, Cp-H), 5.89 (d, .7=2.0 Hz, 4 H, Cp-H). IR (CH2C12): v(CO) 

(cm ') 2072 (vs), 2061 (m), 2025 (s). 

Synthesis of CK-{(i/5-C5H3)2(SiMe2)2}(CO)40/-SnCl2) (5). A solution of 1 (200.0 

mg, 0.31 mmol) and SnCh (300 mg. 1.0 mmol) in THF (100 mL) was heated to reflux for 30 

hours. The mixture was cooled to ambient temperature and chromatographed on an alumina 
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column (20 * 1 cm) first using hexanes as the eluent and then a 1:5 (v/v) mixture of CH2CI2 

and hexanes which eluted a yellow band containing 5 (193 mg, 74 %). *H NMR (400 MHz, 

CDCI3): ô 0.36 (s, 6 H, Si(C/f3)), 0.58 (s, 6 H, Si(Ctf3)), 5.58 (d, >=2.6 Hz, 4 H, Cp-H), 5.64 

(t, 2.6 Hz, 2 H, Cp-H). 13C NMR (100 MHz, CDC13): ô -0.52 (CH3), 0.73 (CH3), 88.09, 

94.97, 95.26 (Cp), 196.95 (CO). IR (hexanes): v(CO) (cm"1) 2038 (s), 2023 (s), 1986 (vs), 

1954 (w). Anal. Calcd for C^H^Cl^O^Ru^Sn: C, 28.97; H, 2.43. Found: C, 28.95; H, 

2.52. 

Generation of [{0/5-C5H3MSiMe2)2}Ru2(CO)4]2" (6) and Synthesis of {(i/5-

CsH3)2(SiMe2)2}Ru2(CO)4{a-Ti(75-C5H5)2} (7). A solution of 1 (100.0 mg, 0.18 mmol) in 

THF (50 mL) was added to Na/Hg (50 mg/2 mL) and THF (20 mL). After the mixture was 

stirred for 20 h at ambient temperature, the resulting yellow-green solution contained mainly 

[{075-C5H3)2(SiMe2)2}Ru2(CO)4]2" (6), as indicated by IR bands at 1928 (vs) and 1808 (vs) 

cm" 1 .  The  so lu t ion  was  cannu la t ed  f rom the  ama lgam laye r  and  added  to  a  so lu t ion  o f  { r f -

CsH^TiC^ (37 mg, 0.15 mmol) in THF (30 mL). The resulting solution was stirred for 1 h; 

volatiles were removed under reduced pressure and the residue was recrystallized from 

hexanes (20 mL) to give 7 as pale-yellow crystals (83 mg, 53 %). lH NMR (400 MHz, 

CDCI3): ô 0.41 (s, 6 H, Si(Ctf3)), 0.61 (s, 6 H, Si(Ctf3)), 4.89 (br s, 10 H, Cp-H), 5.21 (m, 4 

H, Cp-H), 5.42 (m, 2 H, Cp-H). IR (hexanes): v(CO) (cm*1) 1938 (vs), 1876 (vs). 

Reaction of {(i/5-C5H3)2(SiMe2)2}Ru2(CO)4 with diphenylacetylene. Synthesis of 

{(j/5-C5H3)2(SiMe2)2}Ru2(CO)2(u-CO){i/1:i7I-//2-C(Ph)C(Ph)}(8), {(^-CsHaMSiMezW-

Ru2(CO){i72:j/4-^2-C(Ph)C(Ph)C(Ph)C(Ph)} (9) and {(^-CsHaMSiMezMRi^COKi/2:?4-

//2-C(=0)C(Ph)C(Ph)C(Ph)C(Ph)} (10). The photolysis tube, equipped with a magnetic stir 
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bar, was charged with 1 (200 mg, 0.36 mmol) and diphenylacetylene (140 mg, 0.79 mmol). 

Benzene (120 mL) was added, and the reaction tube was then fit with the coldfinger (10 °C) 

and an oil bubbler. A slow flow of argon was maintained through the solution using a teflon 

cannula while it was irradiated with stirring for 25 h. During this time the solution turned 

from yellow to red. Solvent was removed under vacuum; the resulting orange-brown residue 

was dissolved in hexanes (10 mL) and chromatographed on an alumina column (20 * 3 cm) 

with hexanes/CH2CI2 (5:1) as the eluent. A yellow band was eluted and collected. Then, a 

pale-orange band was eluted with hexanes/CH2CI2 (1:1). Finally, a red-orange band was 

eluted with hexanes/CIfeCk (1:20). After vacuum removal of the solvents from the above 

three eluates, the residues were recrystallized from hexanes (eluates 1 and 3) or 

hexanes/CH2Cl2 (1:1) (eluate 2) at -20°C. From the first fraction, 123 mg (58%, based on 1) 

of orange crystalline 9 were obtained. [H NMR (400 MHz, CgDg): ô -0.62 (s, 6 H, Si(C%)), 

0.36 (s, 6 H, Si(ŒT3)), 4.89 (d, 7=2.0 Hz, 2 H, Cp-H), 5.00 (d, .7=2.0 Hz, 2 H, Cp-H), 5.52 (t, 

7=2.0 Hz, 1 H, Cp-H), 6.01 (t, 7=2.0 Hz, 1 H, Cp-H), 6.52 (t, 7=7.6 Hz, 2 H, Ph), 6.72 (t, 

7=7.6 Hz, 2 H, Ph), 6.82 (d, 7=7.6 Hz, 2 H, Ph), 6.87 (br s, 12 H, Ph), 7.09 (t, 7=7.6 Hz, 2 H, 

Ph), 7.31 (d, 7=7.6 Hz, 2 H, Ph), 7.46 (br s, 8 H, Ph). 13C NMR (100 MHz, CgDg): S -4.60 

(CH3), 8.13 (CH3), 82.49, 85.71, 90.39, 92.41, 93.71, 104.49 (Cp), 121.08, 126.01, 126.42, 

126.51, 126.62 (br), 127.79, 131.65, 132.98 (br), 135.05, 139.88, 152.26, 158.90 (Ph, C-Ph), 

208.54 (CO). IR (hexanes): v(CO) (cm"1) 1969 (vs). Anal. Calcd for 

C43H3gORu2Si2,1AC5Hi2: C, 63.17; H, 5.13. Found: C, 63.08; H, 5.16. From the second 

fraction, 27 mg (12%, based on 1) of orange crystalline 8 were obtained. 'H NMR (400 

MHz, CôDe): S 0.12 (s, 3 H, Si(C/f3)), 0.23 (s, 3 H, Si(C#)), 0.26 (s, 3 H, Si(Œf3)), 0.21 (s, 
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3 H, Si(Ctf3)), 4.41 (m, 2 H, Cp-H), 4.89 (m, 2 H, Cp-H), 5.23 (m, 2 H, Cp-/f), 6.56 (m, 4 H, 

Ph), 6.79 (m, 2 H, Ph), 6.91 (m, 4 H, Ph). IR (hexanes): v(CO) (cm*1) 1983 (vs), 1935 (m), 

1753 (m). From the third fraction, 41 mg (21%, based on 1) of red crystalline 10 were 

obtained. !H NMR (400 MHz, CDC13): ô-1.00 (s, 3 H, Si(C/f3)), 0.31 (s, 3 H, Si(C%)), 0.36 

(s, 3 H, Si(Œf3)), 0.57 (s, 3 H, Si(Œf3)), 4.80 (m, 1 H, Cp-H), 5.18 (m, 1 H, Cp-H), 5.43 (m, 

1 H, Cp-H), 5.89 (t, 7=2.2 Hz, 1 H, Cp-H), 6.02 (m, 1 H, Cp-H), 6.89 (t, 7=2.2 Hz, 1 H, Cp-

H), 6.40-7.15 (complex array of signals, 19 H, Ph), 7.86 (d, 7=8.4 Hz, 1 H, Ph). 13C NMR 

(100 MHz, CeDfi): ô -4.42, -1.22, 6.76, 8.27 (CH3), 63.21, 81.53, 86.78, 89.02, 89.06,93.87, 

96.93, 98.71, 98.78, 104.99 (Cp; 10 peaks), 110.19, 116.27, 117.20, 126.84, 125.90, 125.95, 

126.00, 126.08, 126.49, 126.70, 127.36, 127.72,131.33,131.54, 132.47, 134.25, 134.99, 

135.20, 139.88, 140.74, 141.95, 155.11, 175.58 (Ph, C-Ph; 23 out of 24 peaks), 203.10, 

211.40 (CO, C(=0)-Ph). ER (hexanes): v(CO) (cm1) 1973 (vs), 1601 (w). Anal. Calcd for 

C^gOzRuzSiz-KCHzClz: C, 59.42; H, 4.37. Found: C, 59.19; H, 4.59. 

Reaction of {(^-CsHaMSiMezMRuz^O), with phenylacetyiene. Synthesis of 

{(i/5-C5H3)2(SiMe2)2}Ru2(CO)3(«-C=CHPh) (12) and {(%*-

C5H3)2(SiMe2)2}Ru2(CO){i72:j74-J«2-C(H)C(Ph)C(H)C(Ph)} (mixture of isomers) (13). 

The photolysis tube, equipped with a magnetic stir bar, was charged with 1 (200 mg, 0.36 

mmol) and phenylacetyiene (160 mg, 1.23 mmol). Benzene (120 mL) was added, and the 

reaction tube was then fitted with the coldfinger (10 °C) and an oil bubbler. A slow flow of 

argon was maintained through the solution using a teflon cannula while it was irradiated with 

stirring for 30 h. During this time the solution turned from yellow to red. Solvent was 

removed under vacuum; the resulting orange-brown residue was redissolved in hexanes (10 
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mL) and chromatographed on an alumina column (20 * 3 cm) with hexanes/CHiClz (5:1) as 

the eluent. A yellow band was eluted and collected. Then, a pale-orange band was eluted 

with hexanes/CH2CI2 ( 1:5). After vacuum removal of the solvents from the above two 

eluates, the residues were recrystallized from hexanes at -20°C. From the first fraction, 17 

mg (8%, based on 1) of the orange oily solid 13 was obtained as a mixture of three isomers. 

The lH NMR (400 MHz, CeDe) spectrum displays a complicated pattern of signals due to the 

presence of three unique geometrical isomers (see Discussion). IR (hexanes): v(CO) (cm"1) 

1977 (w), 1968 (vs). From the second fraction, 107 mg (72%, based on 1) of yellow 

crystalline 12 were obtained. !H NMR (400 MHz, CD2CI2): S 0.40 (s, 3 H, Si(C%)), 0.49 (s, 

3 H, Si(Cff3)), 0.55 (s, 3 H, Si(Ctf3)), 0.68 (s, 3 H, Si(Ctf3)), 5.59 (m, 1 H, Cp-H), 5.61 (m, 1 

H, Cp-H), 5.70 (m, 1 H, Cp-H), 5.73 (m, 1 H, Cp-H), 6.23 (m, 1 H, Cp-H), 6.37 (m, 1 H, Cp-

H), 7.10 (m, 1 H, Ph), 7.30 (m, 2 H, Ph), 7.61 (s, 1 H, C=CPh-H), 7.62 (m, 2 H, Ph). 13C 

NMR (100 MHz, CD2CI2): ô -3.27 (CH3), -3.00 (CH3), 2.64 ( 2 Œ3), 91.81, 92.07, 93.03, 

94.21, 94.71, 95.50, 107.98, 108.03, 109.48, 110.125 (Cp), 125.44, 128.47, 138.68, 141.00 

(Ph), 201.02, 202.11,241.36 (CO), 247.42 (C=CPh-H). IR (hexanes): v(CO) (cm"1) 2008 

(vs), 1982 (m), 1819 (m). 

Crystallographic Structural Determination of 1. A yellow crystal of 1 with 

approximate dimensions 0.38 * 0.34 % 0.32 mm was selected under oil under ambient 

conditions and attached to the tip of a glass capillary. The crystal was mounted in a stream 

of cold nitrogen at 183(2) K and centered in the X-ray beam by using a video camera. The 

crystal evaluation and data collection were performed on a Bruker CCD-1000 diffractometer 

with Mo Ka (X = 0.71073 Â) radiation and diffractometer to crystal distance of 5.08 cm. The 
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initial cell constants were obtained from three series of to scans at different starting angles. 

Each series consisted of 20 frames collected at intervals of 0.3° in a 6° range about co with an 

exposure time of 10 seconds per frame. A total of 93 reflections was obtained. Reflections 

were successfully indexed by an automated indexing routine in the SMART program. The 

final cell constants were calculated from a set of5689 strong reflections from the actual data 

collection. The data were collected by using the hemisphere data collection routine. 

Reciprocal space was surveyed to the extent of 1.8 hemispheres to a resolution of 0.80 Â. A 

total of 8075 data were harvested by collecting three sets of frames with 0.3° scans in oo with 

an exposure time of 20 sec per frame. These highly redundant datasets were corrected for 

Lorentz and polarization effects. The absorption correction was based on fitting a function to 

the empirical transmission surface as sampled by multiple equivalent measurements.25 

Systematic absences in the diffraction data were consistent with space groups Cc and 

C2/c, but only the latter centrosymmetric space group C2/c yielded chemically reasonable 

and computationally stable results in refinement.26 A successful solution by direct methods 

provided most non-hydrogen atoms from the E-map. The remaining non-hydrogen atoms 

were located in an alternating series of least-squares cycles and difference Fourier maps. All 

non-hydrogen atoms were refined with anisotropic displacement coefficients. All hydrogen 

atoms were included in the structure factor calculation at idealized positions and were 

allowed to ride on the neighboring atoms with relative isotropic displacement coefficients. 

Each molecule occupies a crystallographic twofold axis. The final least-squares refinement 

of 120 parameters against 2063 data resulted in residuals R (based on F2 for I>2a) and wR 

(based on F2 for all data) of 0.0174 and 0.0457, respectively. The final difference Fourier 
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map was featureless. 

X-ray data for complexes 2a, 3c, 5,9,10 and 12 were obtained in a similar manner. 
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Table 1. Crystallographic Data for 1, 2a, 3c, 5,9,10 and 12. 

1 2a 
formula C18Hi804Ru2Si2 C20H27O3PRU2Si2-l/2C6Hl4 

fw 556.64 647.79 
crystal syst monoclinic monoclinic 
space group Cl/c PlxIc 
a, Â 15.1911(9) 10.3672(4) 
b, Â 10.1057(6) 17.6827(7) 
c,À 14.3573(9) 15.2779(6) 
a, deg 90 90 
A deg 113.475(1) 109.273(1) 
7, deg 90 90 
r,A3 2021.7(2) 2643.78(18) 
z 4 4 
crystal color, habit yellow block yellow block 
crystal size, mm 0.38 x 0.34 x 0.32 0.40 x 0.30 x 0.30 
Z) (calcd), g cm"3 1.829 1.627 
wavelength, À 0.71073 0.71073 
//(Mo, Ka), mm"1 1.632 1.315 
temp, K 293(2) 173(2) 
diffractometer Bruker CCD-1000 Bruker CCD-1000 
abs cor empirical empirical 
theta range 2.49 to 26.37° 1.82 to 26.37° 
no. of rflns collected 8075 22306 
no. of indep rflns 2063 [R(int) = 0.0181] 5374 [R(int) = 0.0208] 
R(F) CT>2o{I)), % R1 = 0.0174, wR2 = 0.0457 R1 = 0.0204, wR2 = 0.0532 

R indices (all data) R1 = 0.0197, wR2 = 0.0465 R1 = 0.0226, wR2 = 0.0541 
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Table 1. Continued. 

3c 
formula 
fw 
crystal syst 
space group 
a, A 
b, Â 
c, À 
a, deg 
P, deg 
7, deg 
r,A3 

Z 
crystal color, habit 
crystal size, mm 
D (calcd), g cm"3 

wavelength, À 
//(Mo, Ka), mm"1 

temp, K 
diffractometer 
abs cor 
theta range 
no. of rflns collected 
no. of indep rflns 
R(F) (l>2o{I)), % 
R indices (all data) 

C18Hi8l204Ru2Si2 

810.44 
monoclinic 
Pli 
9.0042(4) 
39.9004(16) 
10.1932(4) 
90 
91.4325(10) 
90 
3661.0(3) 
6 
yellow block 
0.40 x 0.35 x 0.30 
2.206 
0.71073 
3.886 
173(2) 
Bruker CCD-1000 
empirical 
1.02 to 26.37° 
30328 
14717 [R(int) = 0.0309] 
R1 = 0.0293, wR2 = 0.0570 
R1 = 0.0336, wR2 = 0.0615 

CigHigCl204Ru2Si2Sn 
746.23 
monoclinic 
P2\/c 
17.5165(10) 
17.0163(10) 
24.5775(14) 
90 
93.123(1) 
90 
7314.8(7) 
12 
yellow block 
0.45 x 0.40 x 0.40 
2.033 
0.71073 
2.578 
273(2) 
Bruker CCD-1000 
empirical 
1.16 to 28.28° 
64369 
17373 [R(int) = 0.0448] 
R1 = 0.0301, wR2 = 0.0463 
R1 = 0.0615, wR2 = 0.0499 
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Table 1. Continued. 

9 10 
formula C43H380Ru2Si2 C44H3gOzRU2Si2" V2CH2CI2 
fw 829.05 899.53 
crystal syst triclinic triclinic 
space group P\ P\ 
a, Â 12.5711(16) 8.6733(14) 
b, Â 12.7517(16) 12.709(2) 
c, Â 12.7791(16) 35.391(6) 
a, deg 99.449(2) 96.629(3) 
A deg 111.366(2) 96.898(3) 
y, deg 92.545(2) 93.476(3) 
r,A' 1869.7(4) 3835.9(11) 
z 2 4 
crystal color, habit orange plate dark red rod 
crystal size, mm 0.36x0.12x0.04 0.55x0.12x0.06 
D (calcd), g cm"3 1.473 1.558 
wavelength, Â 0.71073 0.71073 
//(Mo, Ka), mm"1 0.904 0.957 
temp, K 233(2) 293(2) 
diffractometer Bruker CCD-1000 Bruker CCD-1000 
abs cor empirical empirical 
theta range 1.74 to 23.00° 1.62 to 25.15° 
no. of rflns collected 11583 28494 
no. of indep rflns 5186 [R(int) = 0.0487] 13641 [R(int) = 0.0525] 
R(F) Çl>2o(I)), % R1 = 0.0433, wR2 = 0.0732 R1 = 0.0412, wR2 = 0.0668 
R indices (all data) R1 = 0.0718, wR2 = 0.0784 R1 = 0.0818, wR2 = 0.0743 
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Table 1. Continued. 

12 
formula C^H^O^Ru^Si^'CH^Cl^ 
fw 715.69 
crystal syst monoclinic 
space group P2\/c 

a, Â 18.8600(8) 
b, Â 9.6259(5) 
c, Â 15.3656(11) 
a, deg 90 
A deg 92.119(1) 
y, deg 90 
r,A3 2787.6(3) 
z 4 
crystal color, habit orange plate 
crystal size, mm 0.43 x 0.35 x 0.03 
Z) (calcd), g cm"3 1.705 
wavelength, Â 0.71073 
//(Mo, Ka), mm"1 1.387 
temp, K 173(2) 
diffractometer Bruker CCD-1000 
abs cor empirical 
theta range 2.38 to 25.00° 
no. of rflns collected 9719 
no. of indep rflns 4849 [R(int) = 0.0450] 
R(F) (I>2a(I)), % R1 = 0.0474, wR2 = 0.0930 
R indices (all data) R1 = 0.0849, wR2 = 0.0993 
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RulA 

Figure 1. Thermal ellipsoid drawing of {(^-CsHsMSiMezhlRi^CO)* (1) showing the 

labeling scheme and 30% probability ellipsoids; hydrogens are omitted for clarity. Selected 

bond distances (Â) and angles (deg) are as follows: Ru(l)-Ru(lA), 2.8180(3); Ru(l)-C(6), 

1.868(2); Ru(l)-C(7), 1.854(2); Ru(l)-Cp(centroid), 1.907; ZC(6)-Ru(l)-C(7), 87.45(9); 

ZRu( 1 A)-Ru( 1 )-C(6), 93.04(7); ZRu(lA)-Ru(l)-C(7), 85.15(6); ZCp(centroid)-Ru(l)-

Ru( 1 A)-Cp(centroid), 24.2; ZC(7)-Ru(l)-Ru(lA)-C(6A), 32.3; ZCp-Cp fold angle, 122.86. 
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Figure 2. Thermal ellipsoid drawing of {(^5-C5H3)2(SiMe2)2}Ru2(CO)(//-CO)2(PMe3) (2a) 

showing the labeling scheme and 30% probability ellipsoids; hydrogens are omitted for 

clarity. Selected bond distances (Â) and angles (deg) are as follows: Ru(l)-Ru(2), 2.6579(2); 

Ru(l)-C(6), 1.848(2); Ru(l)-C(7), 2.104(2); Ru(l)-C(8), 2.088(2); Ru(2)-C(7), 1.992(2); 

Ru(2)-C(8), 1.998(2); Ru(2)-P, 2.2770(6); Ru(l)-Cp(centroid), 1.936(2); Ru(2)-Cp(centroid), 

1.910; ZC(6)-Ru(l)-C(7), 86.45(9); ZC(6)-Ru(l)-C(8), 86.96(9); ZC(7)-Ru(l)-C(8), 

84.78(8); ZP-Ru(2)-C(7), 85.98(6); ZP-Ru(2)-C(8), 86.27(6); ZC(7)-Ru(2)-C(8), 90.20(8); 

ZRu( 1 )-Ru(2)-P, 111.833(17); ZRu(2)-Ru(l)-C(6), 110.21(7); ZCp(centroid)-Ru(l)-Ru(2)-

Cp(centroid), 0.1; ZC(6)-Ru(l)-Ru(2)-P, 0.5; ZCp-Cp fold angle, 119.0. 
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C(8) 

C<13) eta col ,C(3) 
C(S) CO2) Si(2) C(4) 

CO) 

iRu(l) 

1(1) ,C(16) 
1(2) COS) 0(2) 

,0(1) 
0(3) 

Figure 3. Thermal ellipsoid drawing of {(^-CsHaMSiMezhlRi^COMIk (3c) showing the 

labeling scheme and 30% probability ellipsoids; hydrogens are omitted for clarity. Selected 

bond distances (Â) and angles (deg) are as follows: Ru(l)-Ru(2), 4.9762; Ru(l)-I(l), 

2.7070(7); Ru(l)-C(15), 1.878(7); Ru(l)-C(16), 1.882(9); Ru(l)-Cp(centroid), 1.883; Ru(2)-

Cp(centroid), 1.872; ZI(l)-Ru(l)-C(15), 90.7(2); Z I(l)-Ru(l)-C(16), 85.7(4); ZC(16> 

Ru(l)-C(15), 88.2(3); ZCp(centroid)-Ru( 1 )-Ru(2)-Cp(centroid), 5.3; ZCp-Cp fold angle, 

175.9. 
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Figure 4. Thermal ellipsoid drawing of {(^-CsHskCSiMezMCCO^Gtz-SnClz) (5) showing 

the labeling scheme and 30% probability ellipsoids; hydrogens are omitted for clarity. 

Selected bond distances (À) and angles (deg) are as follows: Ru(l)-Ru(2), 4.625; Ru(l)-C(6), 

1.874(4); Ru(l)-C(7), 1.887(4); Ru(l)-Sn(l), 2.6066(4); Ru(2)-C(17), 1.875(4); Ru(2)-C(18), 

1.864(5); Ru(2)-Sn(l), 2.6034(4); Sn(l)-Cl(l), 2.4497(9); Sn(l)-Cl(2) 2.4465(9); Ru(l)-

Cp(centroid), 1.895; Ru(2)-Cp(centroid), 1.887; ZC(7)-Ru(l)-C(6), 92.68(17); ZC(6)-Ru(l)-

Sn(l), 87.02(12); ZC(7)-Ru(l)-Sn(l), 88.29(12); ZCl(l)-Sn(l)-Cl(2), 92.73(3); ZRu(l)-

Sn(l)-Ru(2), 125.162(13); ); ZRu(l)-Sn(l)-Cl(l), 109.24(3); ZCp(centroid)-Ru( 1 )-Ru(2)-

Cp(centroid), 3.1; ZCp-Cp fold angle, 171.1. 
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C(1S) 

C(10) 

C(18) 

C(21) 
C(6) 

Figure 5. Thermal elhpsoid drawing of {(^5-C5H3)2(SiMe2)2}Ru2(CO){^2:74-Jti2-

C(Ph)C(Ph)C(Ph)C(Ph)} (9) showing the labeling scheme and 30% probability ellipsoids; 

hydrogens are omitted for clarity. Selected bond distances (A) and angles (deg) are as 

follows: Ru(l)-Ru(2), 2.6221(6); Ru(l)-C(6), 1.845(6); Ru(l)-C(5), 2.096(4); Ru(l)-C(2), 

2.100(4); C(2)-C(3), 1.428(6); C(3)-C(4), 1.438(6); C(4)-C(5), 1.424(6); Ru(l)-Cp(centroid), 

1.936; Ru(2)-Cp(centroid), 1.829; Ru(2)-Ruthenacyclopentadiene(Ru(l), C(2)-

C(5))(centroid), 1.753; C(8)-Phenyl(C51-C56)(centroid), 3.435; ZC(6)-Ru(l)-C(5), 80.8(2); 

ZC(6)-Ru(l)-C(2), 79.9(2); ZC(5)-Ru(l)-C(2), 78.05(17); ZCp(centroid)-Ru(2)-

Ruthenacyclopentadiene(Ru(l), C(2)-C(5))(centroid), 172.17; ZCp-Cp fold angle, 118.83. 
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+ 50°C 

+ 25°C 

-50°C 

i • i ' i 1 i ' i ' i • i • i • i • i 
7.6 7.4 7.2 7.0 6.8 6.6 6.4 6.2 ppm 

Figure 6. Variable-temperature *H NMR spectrum in the aromatic region of 9 in CD2CI2 at 

400 MHz. 



www.manaraa.com

89 

Figure 7. Thermal ellipsoid drawing of {(^-CsHsMSiMezk} RuzCCO) {rj2:rj4-fi2-

C(=0)C(Ph)C(Ph)C(Ph)C(Ph)} (10) showing the labeling scheme and 30% probability 

ellipsoids; hydrogens are omitted for clarity. Selected bond distances (Â) and angles (deg) 

are as follows: Ru(l)-Ru(2), 2.7118(6); Ru(l)-C(6), 1.856(5); Ru(l)-C(5), 2.083(4); Ru(l)-

C(l), 2.029(4); C(l)-0(1), 1.219(5); C(l)-C(2), 1.482(6); C(2)-C(3), 1.444(5); C(3)-C(4), 

1.431(5); C(4)-C(5), 1.431(5); Ru(2)-C(l), 2.796; Ru(2)-C(2), 2.274(4); Ru(2)-C(3), 

2.211(4); Ru(2)-C(4), 2.226(4); Ru(2)-C(5), 2.110(4); Ru(l)-Cp(centroid), 1.967; Ru(2)-

Cp(centroid), 1.848; Ru(2)-Ruthenacyclopentadiene(Ru(l),C(2)-C(5))(centroid), 1.769; 

C( 10)-Pheny 1(C51 -C56)(centroid), 3.476; ZC(6)-Ru(l)-C(5), 78.47(17); ZC(6)-Ru(l)-C(l), 

78.54(17); ZC(5)-Ru(l)-C(l), 95.00(17); ZCp(centroid)-Ru(2)-

Ruthenacyclopentadiene(Ru(l),C(2)-C(5))(centroid), 174.27; ZCp-Cp fold angle, 123.53. 
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Ru (2) 

Ru(1) 
C(2) 

C(3) 
C(5) 

C(4) C(1) 
p( 1) 

Figure 8. Structure of the core of {(^5-C5H3)2(SiMe2)2>Ru2(CO){^2:^4-//2-

C(=0)C(Ph)C(Ph)C(Ph)C(Ph)} (10). 



www.manaraa.com

91 

C(13) 

C(24) 

Figure 9. Thermal ellipsoid drawing of {(^5-C5H3)2(SiMe2)2}Ru2(CO)2Cu-CO)C«-C=CHPh) 

(12) showing the labeling scheme and 30% probability ellipsoids; hydrogens are omitted for 

clarity. Selected bond distances (A) and angles (deg) are as follows: Ru(l)-Ru(2), 2.6551(7); 

Ru(l)-C(18), 2.049(6); Ru(2)-C(18), 2.028(7); C(18)-C(19), 1.312(8); C(19)-C(20), 

1.475(8); Ru(l)-C(17), 2.023(7); Ru(2)-C(17), 2.060(6);Ru(l)-Cp(centroid), 1.919; Ru(2)-

Cp(centroid), 1.918; ZC(6)-Ru(l)-C(17), 86.4(3); ZC(6)-Ru(l)-C(18), 83.8(2); ZC(18)-

Ru(l)-C(17), 87.9(2); ZC(16)-Ru(2)-C(17), 83.8(2); ZC(16)-Ru(2)-C(18), 86.5(3); ZC(18)-

Ru(2)-C(17), 87.4(2); ZRu(l)-Ru(2)-C(16), 108.76(18); ZRu(2)-Ru(l)-C(6), 108.78(19); 

ZRu( 1 )-C( 18)-Ru(2), 81.3(2); ZRu(l)-C(17)-Ru(2), 81.1(3); ZC(6)-Ru( 1 )-Ru(2)-C( 16), 0.2; 

ZCp(centroid)-Ru( 1 )-Ru(2)-Cp(centroid), 0.9; ZCp-Cp fold angle, 118.5. 
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CHAPTER 4. HYDROFUNCTIONALIZATION OF ALKENES 

PROMOTED BY DIRUTHENIUM COMPLEXES [{(j/5-

C5H3)2(SiMe2)2}Ru2(CO)3(i72-CH2=CH-R)(M-H)]+ FEATURING A 

KINETICALLY INERT PROTON ON A METAL-METAL BOND 

A paper to be submitted to the Journal of the American Chemical Society1 

Maxim V. Ovchinnikov, Eric LeBlanc, Ilia A. Guzei,* and Robert J. Angelici 

Introduction 

Metal-assisted nucleophilic attack on unsaturated ligands is a reaction of great 

synthetic importance and represents one of the most common and well-studied reactions in 

organometallic chemistry.1 For example, amines and alkoxides attack a carbon of 

coordinated alkenes in transition metal complexes if the metal is sufficiently electropositive 

to promote such an attack (eq l).2 One of the simplest approaches to making the metal in a 

complex more positive is to add 

@M—|f2 + Nu0 (1) 
CH2 

a proton (ET) to the metal center.3 However, most protonated metal complexes containing 

unsaturated ligands either do not react with nucleophiles because the metal is not sufficiently 

1 Reproduced with permission from the Journal of the American Chemical Society, to be 

submitted for publication. Unpublished work copyright 2000 American Chemical Society. 

* Current address: Department of Chemistry, University of Wisconsin, Madison, WI53706. 
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electropositive or the nucleophiles simply deprotonate the metal to give the unreactive 

neutral metal complex. We recently reported4 the synthesis of the cationic dinuclear complex 

[{(^5-C5H3)2(SiMe2)2}Ru2(CO)4(M-H)]+ (1H*) whose carbon monoxide ligands are activated 

to attack by amine nucleophiles (eq 2) because of the positive charge on the complex and the 

slow rate of 

>Ur 1® >LJif 
\ 7^ -J3 3HNR,Rz ^ 
Ru^ ^Ru. 0 4 toj Ru (2) 

OC" | H | CO -CH2NRiR2lBF40cr' | |̂ CO 
OC CO O OC NHR,R2 

-HCNR1R2 ^ 

deprotonation of the bridging hydride by the amines. In this communication we report the 

synthesis of protonated alkene complexes [{(^5-C5H3)2(SiMe2)2}Ru2(CO)3(^2-CH2=CH-R)(//-

H)]+ (2a-bH+) and the activation of the alkene ligand in these complexes to attack by amines 

and other nucleophiles to give the alkylated nucleophiles. This type of reaction with amine 

nucleophiles is a key step in the catalytic intermolecular hydroamination of alkenes, a 

process of great current interest and importance.5 

Results and Discussion 

The reaction of [{(^5-C5H3)2(SiMe2)2}Ru2(CO)4(//-H)]+ (1H*) with Me3N0-2H20 in 

the presence of the desired alkene forms complexes {(^5-C5H3)2(SiMe2)2}Ru2(CO)3(^2-

CH2=CH-R) (2a-b; R = H, Me) in 72 and 65% isolated yields, respectively, as air- and 

moisture-sensitive yellow solids (Scheme 1; see supporting information for experimental 

details). Addition of 1 equiv of CF3SO3H or CF3SO3D to solutions of complexes 2a-b in 

CH2CI2 at room temperature gives the hydride-bridged dinuclear Ru complexes 2a-bH+TfO~ 
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in quantitative yields. Complex ZbFTTfO exists as a mixture (2.3:1 ratio) of two isomers 

with Ru coordinated to different faces of the propylene ligand. The CO stretching 

frequencies of 2a-bH*TfO" are approximately 40 cm-1 higher than those of 2 and fall within 

the range where amine attack on coordinated alkenes is expected to occur.2 An X-ray 

diffraction study of 2aH+BF4* (Figure l)6 reveals an eclipsed orientation of the terminal CO 

and ethylene ligands on the two Ru atoms. The Ru-Ru distance in laH^BF/ (3.1306(6) À) is 

similar to that in complex lKrBF^ (3.1210(5) À).7 Complexes 2a-bH+TfO~ are slow to 

undergo deprotonation relative to reaction of the alkene with nucleophiles as the 

unprotonated complexes 2a-b are not detected among the products of reactions of 2a-

bH+TfO" with nucleophiles (vide infra). The deuterated complex 2aD+TfO~ in wet acetone-ds 

solution (~5% HzO) did not undergo measurable H-D exchange after 1 day at 25 °C. As for 

1H1",4 this low kinetic acidity is attributed to a combination of the bulkiness of the 

dimethylsilyl linkers in the (^-CgHsMSiMezh bridging ligand and the rigidity of the 

molecule. 

Reactions of 2a-bH+TfO" with amines (NH3, MeNHz, MezNH, morpholine, p-

CH3C6H4NH2) yield amine complexes {(^5-C5H3)2(SiMe2)2} Ru2(CO)3(NHRiR2) (NHR]R2 = 

NH3, MeNH2, Me2NH)8 (3) and the corresponding alkylated amines in a 1:1 ratio as 

determined by !H NMR spectroscopy (Table 1; entry 1; Scheme 2). The reactions of 

2bH+TfO" give Markovnikov addition products with >95% regioselectivity. In contrast to 

reactions of 1H+ (eq 2),4 even weakly nucleophilic amines (P-CH3C6H4NH2. pATa = 5.10)9 

react with 2aH+TfO\ Rates of reactions of 2aH+TfO" with morpholine are approximately 

102-103 times faster than those of complex 1HT1" (t\n = 45 min for 1H*. t\n < 1 sec for 
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2aH*TfO~);4 the reaction of 2alfTfO" with/J-CH3C6H4NH2 was found to be slowest (t\n = 35 

min, 25 °C, CDCI3) among the amines studied. The absence of the deprotonated complexes 

2a-b and formamides among the products in these reactions is consistent with relatively slow 

rates of deprotonation of 2a-bH+TfO" and faster rates of nucleophilic attack on the 

coordinated alkene than on CO.2 

The scope of this reaction is relatively broad: complexes 2a-bH+TfO" react with 

several representative nucleophiles (PMes, "OMe, "SMe) to give the hydrofunctionalized 

alkenes and, in most cases (Table 1; entries 2,4), readily identifiable Ru-containing 

products.10 Reactions of 2a-bH+TfO" with these nucleophiles occur rapidly {t\n. < 1 sec) to 

give organic products with high Markovnikov regioselectivities (except PMe3). Surprisingly, 

the reaction of complex 2bH+TfO~ gives a mixture of n-PrPMe3+ and i-PrPMe3+ in a 1.6:1 

ratio. 

Although a detailed mechanism for the reactions of 2a-bH+TfO" with nucleophiles is 

yet to be established, on the basis of experiments with deuterium-labeled complex 2aD+TfO~, 

we propose the mechanism shown in Scheme 2. It involves initial nucleophilic attack by the 

amine on the coordinated alkene to produce the cationic intermediate A, which is either 

deprotonated to B or undergoes reductive elimination of the alkylated ammonium salt to 

form an unsaturated di-ruthenium intermediate that coordinates an amine to give 3. 

Intermediate B could also undergo reductive elimination of the alkylated amine. This 

mechanism is consistent with the reaction of the deuterium-labeled 2aD+TfO* with 

m o r p h o l i n e  w h i c h  g i v e s  N - e t h y l m o r p h o l i n e  ( C H z D - C H z - t ^ C H z C H i h O )  t h a t  i s  - 9 3  ± 5 %  

deuterated at the methyl position and no other. No intermediates were observed by FT-IR or 



www.manaraa.com

96 

lH NMR spectroscopy during the course of the reactions. Reductive eliminations involving a 

fi-H have only recently been characterized11 in the formation of alkanes and arenes from 

Pd2R2("~H)(dppm)2+ and proposed in the formation of formamides in reaction (2).4 

Conclusions 

In conclusion, we have demonstrated that the alkene complexes 2a-bH^TfO", 

featuring a kinetically inert bridging proton on a metal-metal bond and a doubly-linked 

dicyclopentadienyl ligand, react with a variety of nucleophiles to give hydrofunctionalized 

alkenes with predominantly Markovnikov regioselectivity. Future studies will be directed 

toward hydroamination and other hydrofunctionalization reactions of alkenes that are 

catalyzed by 2a-bff*TfO and its derivatives. 

Experimental Part 

General Procedures. All reactions were performed under an argon atmosphere in 

reagent grade solvents, using standard Schlenk or dry-box techniques.12 Methylene chloride 

and diethyl ether were purified by the Grubbs method prior to use.13 All other solvents were 

purified by published methods.14 Chemicals were purchased from Aldrich Chemical Co., 

unless otherwise mentioned, or prepared by literature methods, as referenced below. 

Alumina (neutral, activity I, Aldrich) was degassed under vacuum for 12 h and treated with 

Ar-saturated water (7.5 % w/w). lH and 13C NMR spectra were recorded on a Bruker DRX-

400 spectrometer using deuterated solvents as internal references. Solution infrared spectra 

were recorded on a Nicolet-560 spectrometer using NaCl cells with 0.1 mm spacers. 
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Elemental analyses were performed on a Perkin Elmer 2400 series II CHNS/O analyzer. 

Unless stated otherwise, organic products were identified by comparison of their !H NMR 

spectra with authentic samples obtained from Aldrich Chemical Co. 

Synthesis of {(^-CsHaMSiMezMRt^COM^-CHz^H-R) (2a-b). In a typical 

procedure, a solution of lH^BF^ (100.0 mg, 0.16 mmol) in CH2CI2 (50 mL) was treated with 

a flow of gaseous ethylene for 1 min. Then solid MesNO 2H2O (18.0 mg, 0.17 mmol) was 

added, and the mixture was stirred for 10 min under an ethylene flow. After the solvent was 

removed under vacuum, the mixture was chromatographed on an alumina column (1 * 20 

cm) first with hexanes and then with a 1:5 (v/v) mixture of CH2CI2 and hexanes which eluted 

a yellow band containing 2a (72 mg, 84%). *H NMR (400 MHz, CDCI3): S 0.35 (s, 6 H, 

Si(Cif3)), 0.44 (s, 6 H, Si(Cif3)), 2.30 (s, 4 H, CH2=CH2), 4.88 (br s, 2 H, Cp-H), 5.48 (br s, 2 

H, Cp-H), 5.79 (br s, 2 H, Cp-H). 13C NMR (100 MHz, CDC13): S -2.72, 5.00 (CH3), 30.03 

(CH2=CH2), 87.32, 91.73, 93.18, 94.47, 95.72, 96.19 (Cp), 207.07 (CO). IR (hexanes): 

v(CO) (cm"1) 2000 (vs), 1950 (vs), 1923 (w). Complex 2b was prepared in the same manner 

and used for the synthesis of 2bH*TfO" without isolation and purification. 

Synthesis of [{(v5-C5H3)2(SLMe2)2}Ru2(CO)3(j/2-CH2=CH-R)C«-H or D)f (2a-bH+, 

28D4). A solution of 2a-b (0.10 mmol) in CH2C12 (10 ml) was treated with CFsSOsH, 

HBF4 OEtz or CF3SO3D (0.11 mmol) at room temperature. An orange air-stable precipitate 

of the corresponding product was obtained in nearly quantitative yield (>95%) by diluting the 

reaction solution with a 10-fold excess of diethyl ether (100 mL). 2aH+TfO": *H NMR (400 

MHz, CD2CI2): S -19.59 (s, 1 H, Ru-tf-Ru), 0.42 (s, 3 H, Si(Ctf3)), 0.56 (s, 3 H, Si(Ctf3)), 

0.58 (s, 3 H, Si(C%)), 0.62 (s, 3 H, Si(CH3)), 3.30 (m, 2 H, CH2=CH2), 3.41 (m, 2 H, 
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CH2=CH2), 4.96 (m, 1 H, Cp-H), 5.99 (m, 2 H, Cp-tf), 6.03 (m, 2 H, Cp-H), 6.08 (m, 1 H, 

Cp-H). I3C NMR (100 MHz, CD2C12): <5 -2.77, -2.54, 2.54, 4.28 (CH3), 45.05 (CH2=CH2), 

84.92, 88.14, 93.42,93.55, 95.28,98.19, 99.96, 101.43, 103.5, 104.42 (Cp), 195.28, 196.31, 

200.76 (CO). IR (CH2C12): V(CO) (cm"1) 2060 (s), 2017 (vs), 1990 (w). Anal. Calcd for 

Ç^oHzfsOgRuzSSiz: C, 33.99; H, 3.28. Found: C, 34.07; H, 3.20. 2bH+TfO": *H NMR (400 

MHz, CD2C12): (major isomer) ô -19.48 (s, 1 H, Ru-iï-Ru), 0.36 (s, 3 H, Si(C//3)), 0.55 (s, 3 

H, Si(Œf3)), 0.56 (s, 3 H, Si(Œf3)), 0.61 (s, 3 H, Si(ŒT3)), 1.86 (d, J= 6.0 Hz, 3 H, CHZ-

CH), 3.04 (d,J= 13.2 Hz, 1 H, CH=C#H), 3.53 (d ,J= 8.4 Hz, 1 H, CH=CH#), 4.76 (ddq, J 

= 13.2, 8.4, 6.0 Hz, 1 H, ŒT=CH2), 4.95 (br s, 1 H, Cp-H), 5.96 (m, 3 H, Cp-H), 6.07 (br s, 1 

H, Cp-H), 6.13 (br s, 1 H, Cp-H); (minor isomer) ô -20.54 (s, 1 H, Ru-/f-Ru), 0.44 (s, 3 H, 

Si(Œf3)), 0.55 (s, 3 H, Si(C/f3)), 0.57 (s, 3 H, Si(%)), 0.58 (s, 3 H, Si(Ci/3)), 1.81 (d, J= 

6.0 Hz, 3 H, Œf3-CH), 3.46 (d, J= 13.2 Hz, 1 H, CH=C#H), 3.64 (d, J= 8.0 Hz, 1 H, 

CH=CHH), 4.42 (ddq, J = 13.2, 8.0, 6.0 Hz, 1 H, CH=CH2), 5.27 (br s, 1 H, Cp-H), 5.67 (br 

s, 1 H, Cp-H), 5.91 (br s, 1 H, Cp-H), 5.95 (m, 2 H, Cp-H), 6.04 (br s, 1 H, Cp-H), 6.13 (br s, 

1 H, Cp-H). IR (CH2C12): V(CO) (cm"1) 2060 (s), 2015 (vs), 1986 (w). Anal. Calcd for 

C21H25F306Ru2SSi2: C, 34.99; H, 3.50. Found: C, 35.34; H, 3.54. 

Reactions of 2a-bH+TfO" and 2aD+TfO" with Amines. In a typical experiment, 

amine (2-3 equiv) was added to a solution of 2a-bH+TfO" (or 2aD+TfO") (~10 mg) and 

triphenylmethane (~3 mg, internal standard) in CDC13 (1 mL) in a Young-type NMR tube 

(gaseous amines were bubbled through the suspension for 5 min; then a stream of dry argon 

was bubbled through the solution in order to remove the excess amine). During the addition 

of amine, the reaction mixture changed color from yellow to wine-red. Complexes 2a-
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bH'TfO" or 2aD+TfO" reacted completely, and yields of the alkylated amines and complexes 

{(//5-C5H3)2(SiMe2)2}Ru2(CO)3(NHR1R2) (3) (NHRIR2 = NH3, MeNH2, Me2NH)15 were 

close to stoichiometric as determined by means of *H NMR spectroscopy. Complexes {O75-

CsH3)2(SiMe2)2} Ru2(CO)3(NHRIR2) (3) (NRiR2 = morpholine, /?-CH3C6H4NH2) undergo 

rapid decomposition in CDC13 solution. When the reactions with these amines are performed 

in the presence of CO or ethylene, complexes 1 or 2a are formed in stoichiometric amounts. 

Reactions of 2a-bH IfO with PMe3. In a typical experiment, PMe3 (2 equiv) was 

added to a solution of 2a-bH+TfO~ (—10 mg) and triphenylmethane (—3 mg, internal standard) 

in CD2CI2 (1 mL) in a Young-type NMR tube. During the addition of PMe3, the reaction 

mixture changed color from yellow to orange. Yields of the alkylated phosphonium salts 

RPMe3^ and complex {(^-C^H3)2(SiMe2)2} Ru2(CO)3(PMe3)16 were close to stoichiometric 

as determined by means of *H NMR spectroscopy. n-PrPMe3
+: *H NMR (400 MHz, 

CD2CI2): <5 1.13 (t, J= 7.2 Hz, 3 H, C/f3-CH2), 1.62 (m, 2 H, CH3-Ci/2), 1.88 (d, J= 14.0 Hz, 

9 H, C^-P), 2.14 (m, 2 H, CH2-P). i-PrPMe3
+: lH NMR (400 MHz, CD2C12): ô 1.28 (dd, J = 

7.2, 18.8 Hz, 6 H, C#3-CH), 1.84 (d, J= 12.4 Hz, 9 H, C%-P), 2.47 (m, 1 H, CH-P). 

Reactions of 2a-bH TfO with NaOMe. In a typical experiment, solid NaOMe (-5 

equiv) was added to a suspension of 2a-bH*TfO" (-10 mg) and triphenylmethane (~3 mg, 

internal standard) in CgDg (1 mL) in a Young-type NMR tube. The tube was placed in a 

ultrasonic bath and sonicated for 20 min. The reaction mixture changed color from colorless 

to brown. Yields of the methyl ethers MeOEt and MeO-i-Pr were close to stoichiometric as 

determined by 'H NMR spectroscopy. Ruthenium-containing products underwent rapid 

decomposition to form unidentifiable products. 
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Reactions of 2a-bHTfO~ with NaSMe. In a typical experiment, solid NaSMe (~5 

equiv) was added to a suspension of 2a-bH+TfO" (~I0 mg) and triphenylmethane (~3 mg, 

internal standard) in CgDg (1 mL) in a Young-type NMR tube. The tube was placed in an 

ultrasonic bath and sonicated for 40 min. The reaction mixture changed color from colorless 

to red. Complexes {(^5-C5H3)2(SiMe2)2}Ru2(CO)(u-CO)2(?7I-MeSEt) and {(rj5-

CsH3)2(SiMe2)2}Ru2(CO)(u-CO)2(?71-MeS-i-Pr) were the only products which were formed in 

82% and 67% yields respectively as determined by means of lH NMR spectroscopy, {(rj5-

C5H3)2(SiMe2)2}Ru2(CO)(u-CO)2(7l-MeSEt): lH NMR (400 MHz, OAs): S 0.17 (s, 6 H, 

Si(C#)), 0.51 (s, 6 H, Si(C/f3)), 1.28 (t, J= 7.5 Hz, 3 H, CH3-CH2), 1.41 (s, 3 H, C//3-S), 

1.55 (q, J= 7.5 Hz, 2 H, C#-S), 4.48 (br s, 2 H, Cp-H), 5.04 (m, 2 H, Cp-H), 5.17 (m, 1 H, 

Cp-fl), 5.34 (m, 1 H, Cp-H). IR (hexanes): v(CO) (cm ') 1981 (s), 1923 (vs), 1776 (w). 

{075-C5H3)2(SiMe2)2}Ru2(CO)(u-CO)2(/71 -MeS-i-Pr): *H NMR (400 MHz, CgDg): S 0.19 (s, 

6 H, Si(CH3)), 0.53 (s, 6 H, Si(CH3)), 1.35 (d, J= 6.6 Hz, 6 H, CH3-CH), 1.42 (br s, 3 H, 

CH3-S), 1.78 (m, 1 H, Cff-S), 4.46 (br s, 2 H, Cp-H), 5.10 (br s, 2 H, Cp-H), 5.14 (m, 1 H, 

Cp-H), 5.44 (br s, 1 H, Cp-H). IR (hexanes): v(CO) (cm-1) 1980 (s), 1923 (vs), 1774 (w). 
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© Me3N-0 
BF4. CH2=CH-R \ / 

*•" Ru Ru. 
-tMe3NH]BF4 OC< CO 

OC H2C'CH-R 

2a-toH*TfO" 

Scheme 1. Synthesis of complexes 2a-bH^TfO" (R = H (a), CH3 (b)). 
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Scheme 2. Proposed mechanism for the reaction of 2a-bD+TfO" with amines. 

CgHsMSiMezh ligands are omitted. 
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Table 1. Hydrofunctionalization of alkenes promoted by la-bH* (R = H (a), CH3 (b)). 

Nudeophite Ru-cont Product Organic 
Produces) (ratio) 

;SLSL 
NHR,R2 (CDCI3) 

(2 equiv.) 

PMEA (CD2CI2) 
(2 equiv.) 

NaOMe (CeD,) 
(1-5 equiv.) 

NaSMe (CeDe) 
(1-5 equiv.) 

oc"Rlf 
OC 

R"^co 
NHR,R2 

NHR1R2 

X, I I y 
,SixSk 

"\ Î 
Ru^^Ru. 

OC^ y "PMea 
o 

Decomp. products 

-x'T 
0 A 

H-^YR 

OMe 
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Figure 1. Thermal ellipsoid drawing, with 30% probability ellipsoids, [{(?/5-

C5H3)2(SiMe2)2}Ru2(CO)3(^2-CH2=CH2)(u-H)]+ in ZaEfBF^ showing the labeling scheme. 

Selected bond distances (À) and angles (deg) are as follows: Ru(l)-Ru(2), 3.1306(6); Ru(l)-

H(l)=Ru(2)-H(l), 1.743(1); Ru(l)-C(6), 1.901(7); Ru(l)-C(7), 1.899(7); Ru(2)-C(17), 

1.889(7); Ru(2)-C(18), 2.237(7); Ru(2)-C(19), 2.242(7); C(18)-C(19), 1.340(12); Ru(l)-

Cp(centroid), 1.872(3); Ru(2)-Cp(centroid), 1.868(3); ZRu(l)-H(l)-Ru(2), 128(1); ZRu(2)-

Ru(l)-C(6), 89.28(19); ZRu(2)-Ru(l)-C(7), 101.6(2); ZC(6)-Ru(l)-C(7), 91.2(3); ZRu(l)-

Ru(2)-C(17), 88.8(2); ZC(6)-Ru( 1 )-Ru(2)-C( 17), 5.5(3); ZC(7)-Ru(l)-Ru(2)-C( 17), 96.5(3); 

ZCp(centroid)-Ru( 1 )-Ru(2)-Cp(centroid), 3.16(17); ZCp-Cp fold angle (angle between the 

planes of the Cp rings), 131.3(3). 
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CHAPTER 5. METAL CONTROL OF THE REACTION SITE IN 

REACTIONS OF [{(i75-C5H3)2(SiMe2)2}M2(CO)40/-H)]+ (M = Fe, Ru, Os) 

WITH NUCLEOPHILIC AMINES 

A paper to be submitted to Angewandte Chemie, International English Edition 

Maxim V. Ovchinnikov, Xiaoping Wang, Arthur J. Schultz, and Robert J. Angelici 

Introduction 

Transition metal hydrides have attracted a considerable amount of attention because 

they are important components of many catalytic and stoichiometric reactions.1 The acidities 

of transition metal mono- and polyhydrides depend upon the electronic and steric properties 

of the complexes.2 It has also been noted3 that there may be significant differences in the 

thermodynamic acidities (equilibrium for proton transfer) and kinetic acidities (the rate of 

proton transfer) of transition metal hydrides. We recently reported4 the synthesis of the 

protonated dinuclear complex [{(^5-CsH3)2(SiMe2)2}Ru2(CO)4(u-H)]+ (lbH+BF4") whose 

_© SHNR'R2 

00 oc H io°° iLw 
1BH* -HCNR'R2 2 

carbon monoxide ligands are activated to attack by amine nucleophiles (eq 1) because of the 

positive charge on the complex and the slow rate of deprotonation of the bridging hydride by 

the amines. The unusually low kinetic acidity of lbH+BF4" was explained by the bulkiness of 

the dimethylsilyl linkers of the (^-€5X3)2(8iMe2)2 ligand and the rigidity of the molecule. 
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Herein we report a more detailed investigation of lbH^BF4" and its Fe and Os analogs which 

lead to a more complete understanding of the low kinetic acidity of lbH^BF4" as compared 

with its reactions with amines that lead to nucleophilic attack on its CO ligands (eq. 1). 

Results and Discussion 

An X-ray crystallographic study of complex lbH+BF4" suggested that the bridging 

hydride ligand is not in the plane defined by Ru(l), Ru(2) and the centroids of the two Cp 

rings.5 Because the location of the bridging hydride ligand between the Ru atoms, as 

deduced from X-ray data, has a large uncertainty, a neutron diffraction study of lbD+TfO" 

was undertaken.6,7'8 The neutron diffraction data clearly establish the "off-center" position 

of the bridging hydride which is reflected in the angle (112.3°) between the Cp(centroid)-

Ru( 1 )-Ru(2)-Cp(centroid) and Ru( 1 )-D( 1 )-Ru(2) planes. (Fig. 1). The "off-center" site of the 

hydride ligand is also supported by a long C(15)- -C(18) distance (4.089 Â) compared to the 

much shorter C(16)- -C(17) distance (3.031 Â). The bridging hydride ligand is located above 

(toward the SiMez group) the C( 15)-Ru( 1 )-Ru(2)-C( 18) plane as indicated by the angle 

(20.66°) between this plane and the Ru( 1 )-D( 1 )-Ru(2) plane. The "off-center" location may 

be controlled by the tendency of both Ru atoms to adopt a pseudo-octahedral geometry, with 

angles of approximately 90° between the adjacent carbonyls and the Ru-H-Ru bond, and at 

the same time achieve a relatively short Ru-Ru distance. The bridging hydride is fluxional in 

solution as inferred from the *H and 13C NMR spectra, which show, even at -50 °C, only two 

signals for the Si(CH^)z methyl groups in accord with the rapid movement of the bridging 

hydride ligand from one side to the other of the Ru-Ru vector. On the other hand, the solid-

state 13C NMR spectrum of lbH^BF4" exhibits four signals (ô 0.26 br, 2.73, 8.63) for the 
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Si(CH3)2 methyl groups and ten partially overlapped Cp resonances (ô 91.79-111.34 range), 

as expected for the solid state structure. 

Complexes laH^BF/ and ICHTBF^, the Fe and Os analogs of lbH^BF^, were 

synthesized as shown in Scheme 1. The structures (X-ray crystallography) and spectroscopic 

(NMR, IR) characteristics (Table 1, Figure 2) of latTBF^ and 1CHTBF4" are very similar to 

those of lbH*BF4". The "off-center" location of the bridging hydride in laH+BF4" and 

lcH*BF4" is evident from the unsymmetrical positions of the CO ligands, similar to that 

observed in lblTBF^, although the hydride ligand was not located in the X-ray study of 

ICKTBF/- The location of the bridging hydride inside the rigid cavity created by the CO 

ligands and the Si(CH])2 groups (Figures 1,2) suggests that complexes la,cH+BF4' should 

also undergo deprotonation by basic amines very slowly; as a result, their CO ligands should 

be susceptible to nucleophilic attack. Surprisingly, compounds la)cH+BF4" react with amines 

(ammonia, MeNHz, Me^NH, Et3N, morpholine) to yield only the deprotonated complexes 

la,c. There was no evidence for nucleophilic attack on CO, such as formation of formamides 

or complexes of type 2 (Scheme 2), although Et3N deprotonates the la,cH^BF4 complexes 

slowly (tin ~ 21 h in CDCI3).9 

In order to understand why lbH^BF4" reacts with primary and secondary amines by 

attack at a CO ligand (eq 1) while laHT3F4~ and IcHTBFV undergo simple deprotonation 

with the same amines, it is necessary to consider both the relative rates of deprotonation (path 

1, Scheme 2) and nucleophilic attack on the CO ligands (path 2). The rate of deprotonation, 

i.e. the kinetic acidity, is similar for all three complexes la-ctTlBF^.10 On the other hand, 

the rate of nucleophilic attack on a CO ligand depends on the electrophilicity of the CO 

group. The relative electrophilicities of the CO ligands in la-cH+BF4" may be estimated 
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from their average v(CO) values.11 The higher v(CO) value for the Ru complex lbFTBF4~ 

(average v(CO) = 2051 cm"1) indicates that its CO ligands are more electrophilic than those 

in its Fe and Os analogs (average v(CO) = 2044,2038 cm"1 respectively, Table 1). Thus, it is 

reasonable that lblfTBF^ reacts with primary and secondary amines by nucleophilic attack 

on a CO ligand (path 2); only a small amount of deprotonation (path 1) occurs.4 On the other 

hand, the observation that lalf" and IcH"1" react with amines to give only deprotonation 

products (path 1) is consistent with a slower rate of amine attack on the CO ligand, as 

expected for these complexes with lower v(CO) values. Thus, it is the electronic activation 

of the CO ligands by Ru in IbH*" that leads to products resulting from nucleophilic attack on 

CO. 

Conclusions 

In conclusion, we have demonstrated that a CO ligand in the protonated complex 

{(^5-C5H3)2(SiMe2)2} Ru2(CO)4(a-H)]+ (lbH+BF4~) is the site of reaction with amines because 

of the high electrophilicity of the CO ligands and the low kinetic acidity of the bridging 

hydride — a unique combination of kinetic properties that are not found in the Fe and Os 

analogs. 

Experimental Section 

General procedures and syntheses of lbH+BF4" and lbD+TfO" are reported 

elsewhere.415 
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la: The synthesis of la was adapted and improved from the literature method.12 A 

mixture of Fe2(CO)9 (2.00 g, 5.49 mmol) and (CsH4)2(SiMe2)213 (0.71 g, 2.86 mmol) in 

toluene (100 mL) was heated to reflux for 32 hours. The resulting brown precipitate was 

removed by filtration, and the brownish green solution was reduced to dryness. The 

remaining dark solid was chromatographed on an alumina column (5 % 20 cm) first with 

hexanes and then with a 1:10 (v/v) mixture of CH2CI2 and hexanes which eluted an emerald-

green band containing la. Evaporation gave la as a brown solid (1.80 g, 70%). !H NMR 

(400 MHz, CeDe): <5 0.23 (s, 6 H, Si(CHi)), 0.41 (s, 6 H, Si(CH3)), 4.31 (t, 7=2.2 Hz, 2 H, 

Cp-H), 4.66 (d, J= 2.2 Hz, 4 H, Cp-H). I3C NMR (100 MHz, CgDg): <5-3.13 (CH3), 4.00 

(CH3), 82.84,92.61, 94.48 (Cp), the CO resonance was not observed. IR (hexanes): v(CO) 

(cm'1) 2015 (vs), 1961 (s). IR (solid on teflon film): v(CO) (cm1) 1982 (vs), 1942 (s), 1770 

(s). Anal. Calcd for C%gHig04Fe2Si2: C, 46.37; H, 3.89. Found: C, 46.25; H, 3.99. 

laH^BF^: A green solution of la (100 mg, 0.21 mmol) in CH2CI2 (20 mL) was 

treated with HBF^EtzO (28 /iL, 0.25 mmol) at room temperature. A dark purple precipitate 

of laH^BFj" was obtained in nearly quantitative yield (107 mg, 92%) by diluting the solution 

with a 10-fold excess of ether (200 mL). 'H NMR (400 MHz, CD2C12): ô -29.47 (s, 1 H, Fe-

H-Fe), 0.62 (s, 6 H, Si(CH3)), 0.75 (s, 6 H, Si(CH3)), 5.15 (t, J= 2.0 Hz, 2 H, Cp-H), 5.84 (d, 

J= 2.0 Hz, 4 H, Cp-H). 13C NMR(100 MHz, CD2CI2): 5-3.50 (CH3), 2.07 (CH3), 81.73, 

96.38, 98.27 (Cp), 210.04 (CO). Anal. Calcd for C^H^BF^O^Fe^: C, 39.02; H, 3.46. 

Found: C, 38.63; H, 3.20. 

le: A mixture of Os3(CO)i2 (1.00 g, 1.10 mmol), (CsH4)2(SiMe2)2 (179 mg, 0.73 

mmol) and methylisobutylketone (4 mL) in decane (100 mL) was heated at 150 °C for 72 

hours. The black solution was filtered, and chromatographed on an alumina column (5 % 20 
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cm) first with hexanes and then with a 1:10 (v/v) mixture of CH2CI2 and hexanes which 

eluted a pale yellow band containing lc (yellow solid; 187 mg, 35%). !H NMR (400 MHz, 

CD3NO2): S 0.31 (s,  6 H, Si(Ctfj)),  0.53 (s,  6 H, Si(CH3)), 5.73 (d, J = 2.0 Hz, 4 H, Cp-H), 

6.00 (t, J= 2.0 Hz, 2 H, Cp-H). IR (hexanes): v(CO) (cm"1) 2008 (vs), 1940 (s). 

lcITlBF-f: A yellow solution of lc (100 mg, 136 mmol) in CH2CI2 (20 mL) was 

treated with HBF4'Et20 (16 //L, 149 mmol) at room temperature. A yellow precipitate of 

lcH+BF4~ was obtained in nearly quantitative yield (112 mg, 95%) by diluting the solution 

with a 10-fold excess of ether (200 mL). !H NMR (400 MHz, CD3NO2): ô -20.80 (s, 1 H, 

Os-H-Os), 0.54 (s, 6 H, Si(Ctf3)), 0.67 (s, 6 H, Si(C/f3)), 6.23 (t,  /= 2.0 Hz, 2 H, Cp-H), 

6.34 (d, J = 2.0 Hz, 4 H, Cp-H). 13C NMR (100 MHz, CD3N02): ô -2.80 (CH3), 2.46 (CH3), 

85.92, 97.98, 99.19 (Cp), 175.09 (CO). Anal. Calcd for C^H^BF4O4Os2Si,CH2Cl2: C, 

25.14; H, 2.33. Found: C, 25.62; H, 2.38. 

References 

(1) (a) Kristjânsdôttir, S. S.; Norton, J. R. In Transition Metal Hydrides: Recent Advances 

in Theory and Experiments; Dedieu, A., Ed.; VCH: New York, 1991; Chapter 10. (b) 

Pearson, R. G. Chem. Rev. 1985, 85,41. (c) Martinho-Simôes, J. A.; Beauchamp, J. L. 

Chem. Rev. 1990, 90, 629. (d) Bullock, R. M. Comments Inorg. Chem. 1991,12, 1. 

(2) (a) Angelici, R. J. Acc. Chem. Res. 1995, 28, 52. (b) Edidin, R. T.; Sullivan, J. M.; 

Norton, J. R J. Am. Chem. Soc. 1987,109, 3945. (c) Moore, E. J.; Sullivan, J. M.; 

Norton, J. R. J. Am. Chem. Soc. 1986,108, 2257. (d) Jordan, R. F.; Norton, J. R. J. Am. 

Chem. Soc. 1982,104, 1255. 



www.manaraa.com

113 

(3) (a) Darensbourg, M. Y.; Ludvig, M. M. Inorg. Chem. 1986,25,2894. (b) Hanckel, J. 

M.; Darensbourg, M. Y. J. Am. Chem. Soc. 1983,105, 6979. (c) Kristjânsdôttir, S. S.; 

Moody, A E.; Weberg, R. T.; Norton, J. R. Organometallics 1988, 7, 1983. 

(4) (a) Ovchinnikov, M. V.; Angelici, R J. J. Am. Chem. Soc. 2000,122, 6130. (b) 

Ovchinnikov, M. V.; Guzei, I. A.; Angelici, R J. Organometallics 2001,20, 691. 

(5) Crystallographic data (excluding structure factors) for the structures in this paper have 

been deposited with the Cambridge Crystallographic Data Centre as supplementary 

publication no. CCDC-l 63489 (laHlBF/), CCDC-163488 (lbH+BF4~; X-Ray 

diffraction), CCDC-163102 (IbD^TfO ; neutron diffraction), CCDC-l6349O (lcH+BF4" 

). Copies of the data can be obtained, free of charge, on application to CCDC, 12 

Union Road, Cambridge CB2 1EZ, UK, (fax: +44 1223 336033 or e-mail: 

deposit@ccdc.cam.ac.uk). 

(6) Deuterated complex [{(^5-C5H3)2(SiMe2)2}Ru2(CO)4(£z-D)]+TfO" (lbD+TfO") was used 

in order to simplify the refinement of the neutron diffraction data. 

(7) Yellow block, 2.8 * 1.4 % 0.8 mm (V = 3.14 mm3), monoclinic Fl\!n, a = 11.750(2) Â, 

b = 15.488(3) A, c= 13.194(2) A, a = 90°, £ = 92.67(1)°, y = 90° V= 2416.7(7) À3, Z 

— 4, pcaicd = 1.945 g cm"3, 7=20 K, radiation: neutrons, X = 0.71 - 4.2 A. Neutron 

diffraction data were collected from a single crystal of lbD+TfO" at the Intense Pulsed 

Neutron Source (IPNS), Argonne National Laboratory. The IPNS single-crystal 

diffractometer (SCD) is a time-of-flight (TOF) instrument with a time- and position-

sensitive detector.14 A wavelength-dependent spherical absorption correction was 

applied with//(A) = 0.908 + 0.582 A cm"1. Symmetry related reflections were not 

mailto:deposit@ccdc.cam.ac.uk


www.manaraa.com

114 

averaged because of the wavelength dependence of extinction. A total of4209 

independent reflections were used in the structural refinement. The structure was 

refined with the program SHELXL97.15 In the final least-squares cycle, carbon, 

oxygen, fluorine and hydrogen atoms were refined with anisotropic temperature 

factors. The remaining heavy atoms were refined isotropically. Final /21 = 0.084, wR2 

= 0.156 (for observed data with I > 2o(I)). 

(8) For a recent review on neutron diffraction studies of transition metal hydrides, see: 

Bau, R,; Drabnis, M. H. Inorg. Chim. Acta 1997, 259, 27. 

(9) The acidities of la-cH+BF4™, estimated as pAa(HzO) values from studies of the 

equilibrium constants for proton transfer reactions between la-cH+BF4" and 2-

bromoaniline in CD3CN at 25 °C, are virtually the same (pA^(HzO) = 1.7(±0.9) 

(laH+BF4"), 1.0(±0.5)(lbH+BF4'), 1.1(±0.8) (lalTBF4~)). However, these pAra(H20) 

values represent only approximate thermodynamic acidities of la-cH*BF4" due to the 

long reaction times (several months) and the uncertainty about their completion. 

(10) All of the complexes la-cH+BF4" undergo complete deprotonation in DMSO-dg 

solution, where the DMSO-cfe is both the solvent and the base (pATa(H20) = -1.8); 

Perrin, D. D. Dissociation Constants of Organic Bases in Aqueous Solution; 

Butterworths: London, 1972), at approximately the same rate (tin ~ 7.5 h). 

(11) Angelici, R. J. Acc. Chem. Res. 1972, J, 335. 

(12) Siemeling, U.; Jutzi, P.: Neumann, B.; Stammler, H. G.; Hursthouse, M. B. 

Organometallics 1992,11, 1328. 

(13) Hiermeier, J.; Koehler, F. H.; Mueller, G. Organometallics 1991,10, 1787. 



www.manaraa.com

115 

(14) Schultz, A. J. Trans. Am. Cryst. Assoc. 1993,29,29. 

(15) SHELXL-97—A program for crystal structure refinement. Release 97-2. Sheldrick, G. 

M., Institut fur Anorganische Chemie der Universitât, Gôttingen, Germany, 1998. 



www.manaraa.com

116 

Table 1. Selected Properties of [ {(^-CjHgMSiMezh }M2(CO)4Gk-H)]+ la-cH*BF4" (M = Fe 

(a), Ru (b), Os (c)). 

laH+BF4" 

M-M.À 2.999 

M-H, Â 1.601,1.660 

C(16)- -C(17), Â 2.935 

lbtTBEd 1CH+BF4 

3.0933(3) 3.1210(5) 

1.728(5) 

3.031 2.982 

C(15)- -C(18), Â 3.695 4.089 4.118 

v(CO), cm'1 (CH2C12) 2069 (vs), 2039 (w), 2077 (vs), 2050 (w), 2067 (vs), 2036 (w), 

2025 (s) 2027 (s) 2011 (s) 

Average v(CO), cm"1 2044 2051 2038 
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C(9) 

Si(1) 
gi(2) 

C(6) C(1) 

0(2) 

C(8) C(11) 
C(3) 

RU(2) 

D(l) 0(16) 

0(18) 
0(15) 

0(2) 0(4) 

p(1) 

Figure 1. Molecular structure of lbD'TfO" as determined by neutron diffraction. Thermal 

ellipsoid drawing, with 50% probability ellipsoids, of [ {(^-CsHgMSiMezh} Ru2(CO)4(//-D)]+" 

in IbD^TfO showing the labeling scheme. Selected bond distances [Â] and angles [°] are as 

follows: Ru(l)-Ru(2), 3.103(3); Ru(l)-D(l), 1.741(4); Ru(2)-D(l), 1.768(5); Ru(l)-C(15), 

1.909(4); Ru(l)-C(16), 1.889(4); Ru(2)-C(17), 1.904(4); Ru(l)-C(18), 1.910(4); Ru(l)-

Cp(centroid), 1.880(2); Ru(2)-Cp(centroid), 1.877(3); ZRu(l)-D(l)-Ru(2), 124.3(3); 

ZC( 15)-Ru( 1 )-D( 1 ), 80.2(2); ZC(16)-Ru(l)-D(l), 96.4(2); ZC(15)-Ru(l)-C(16), 89.3(2); 

ZC( 17)-Ru(2)-D( 1), 100.4(2); ZC(18)-Ru(2)-D(l), 77.4(2); ZC(17)-Ru(2)-C(18), 91.0(2); 

ZC( 16)-Ru( 1 )-Ru(2)-C( 17), 0.25(19); ZC(15)-Ru(l)-Ru(2)-C(18), 2.75(19); ZCp(centroid)-

Ru( 1 )-Ru(2)-Cp(centroid), 1.3(2); ZCp-Cp fold angle (angle between the planes of the Cp 

rings), 131.1(1). 
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Figure 2. Overlay of the structures of laH^BFa , IbD^TfO , and IcH^BF^ illustrating the 

similarities in their molecular structures. 
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CC*D -sea. 
A\ oĉ  I I -̂CO 

OC CO 

1a-c 

i® 
HBF4 Et2Q ^ bf© 

/N/k. 
OC | H | ̂CO 

OC CO 

1a-cH+ 

Scheme 1. Synthesis of complexes la-c and la-cEFBF^ (M = Fe (a), Ru (b), Os (c)). 
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M M 
OC CO 

OC CO 
BR 1a-c 

NHR'R 
OC CO 

OC CO 

HCNR'R" M M 
OC NHR'R' 

OC CO 

2a-c 

Scheme 2 
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CHAPTER 6. REACTIONS OF THE PROTONATEDDINUCLEAR 

RUTHENIUM COMPLEX [{(^C5H3)2(SiMe2)2}Ru2(CO)4CM-H)]+ WITH 

NUCLEOPHILES 

A paper to be submitted to Inorganic Chemistry1 

Maxim V. Ovchinnikov, Arkady M. Ellern, Ilia A. Guzei, and Robert J. Angelici 

Introduction 

Nucleophilic attack on coordinated ligands is a reaction common to a number of 

transition metal complexes and constitutes a transformation of synthetic importance.1 One of 

the simplest approaches to making a complex more positive, and thus more susceptible to 

nucleophilic attack, is to add a proton (H*) to the metal center and/or the metal-metal bond.2 

However, most protonated metal complexes either do not undergo nucleophilic attack 

because they are not electrophilic enough or basic nucleophiles, which are usually also good 

bases, simply deprotonate the metal to give the unreactive neutral metal complex. We 

recently reported3 the synthesis of the cationic dinuclear complex [{(T/5-

C5H3)2(SiMe2)2} Ru2(CO)4(a-H)]+BF4" (1H+BF4") whose carbon monoxide ligands are 

activated to nucleophilic attack by amines (eq 1) because of the positive charge on the 

complex and the relatively slow rate of deprotonation of the bridging hydride by the amines. 

1 Reproduced with permission from Inorganic Chemisty, to be submitted for publication. 

Unpublished work copyright 2000 American Chemical Society. 
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In this paper we report different types of reactions of 1H*BF4 with nucleophiles (halide 

anions, nucleophilic phosphines, "OMe, "SMe) to give a variety of new complexes. While the 

reaction in eq (1) illustrates amine attack on a CO ligand of lKTBFt", the reactions in the 

present paper show that  other nucleophiles add to the Ru or to the Si  atom of the l inking (rf-

C5H3)2(SiMe2)2 ligand. 

>Lk "l® >Uif 
A 7*^ 0 3HNR,R^ 
Run 

4 Ru Ru. C) 
OC^ I H I CO -[H2NR1R2]BF4 | J CO 

OC CO ° OC NHR,RZ 
1H"BF4~ -HCNR1R2 

Results and Discussion 

Reactions of [{(^-CsHsMSiMezhlRuzCCOkCM-HM+BFV (1H+BF4 ) with Halide 

Anions (n-Bu,NX; X = F, CI, Br, I). Synthesis of (O/^CsHsMSiMeaMRuzCCO^CHXI) 

(3). Complex 1H^BF4 reacts with an excess of n-Bu4NF in THF to give the simple (jf-

C5H5)2Ru2(CO)4 (2)4 complex (Scheme 1) as the only Ru-containing product. The reaction is 

very fast and exothermic. Presumably, this reaction proceeds by initial F~ cleavage of the 

SiMe2 groups followed by fast deprotonation of the protonated intermediate complex [(T/5-

C5H5)2Ru2(CO)4(^-H)]+ by F~. Water, which is present in and cannot be removed from the 

commercial solution of n-Bu^NF in THF, serves as the proton source for this reaction. 

Formation of complex 2 is not surprising since F~ is a known reagent for the deprotection of 

silylated substrates;5 the deprotonated complex {(^5-CsH3)2(SiMe2)2}Ru2(CO)4 (1) also 

reacts rapidly with n-Bu4NF to give 2. 
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Si- Si 

oc^R|^H"R|^CO 
OC CO 

1H*BF4-

OC^'V'S» 
o n-Bu4NF 

n-8u4NI 

Scheme 1 

Reactions of 1H*BF4 with CV or Br" proceed to give the deprotonated complex 1 as 

the only product at extermely slow rates (tin > 24 h) at room temperature. On the other hand, 

reaction of lHFBRf with I gives within 24 h a 55% yield of {(^-CsHjMSiMezh}-

Ru2(CO)4(H)(I) (3) as a mildly air-sensitive solid (Scheme 1). The only other Ru-containing 

product is the deprotonated complex 1 (30%) resulting from the deprotonation of 1H+BF4~ by 

r. The IR spectrum of 3 in hexanes solutions shows the expected four strong v(CO) 

absorptions of equal intensities corresponding to the (rç5-CsH3)Ru(CO)2(I) (2050, 2004 cm"1) 

and (75-CsH3)Ru(CO)2(H) (2035, 1977 cm"1) portions of the molecule; these assignments are 

based on a comparison with v(CO) bands for CpRu(CO)2(I) (2048, 1997 cm"1)6 and 

CpRu(CO)2(H) (2023, 1958 cm"1).4 The LH NMR spectrum of 3 at room temperature shows 

two sets of doublets and triplets in the range ô 5.34-5.91 ppm for the protons of each 

cyclopentadienyl ring, consistent with two nonequivalent ABB'spin systems. The Ru-H 

resonance occurs as a singlet at ô —10.84 ppm. 

Reactions of [{(/-CsHsMSiMezMRi^CO^Oz-H)]^/ (1H+BF4 ) with 
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Phosphines (PEt3, PMePh2). Synthesis of [{(^-CsHjMSiMezMR^CCO^CEDCPItOf 

(4a,b). We reported3 that the pATa of lHTBFf could be determined by studying the proton 

transfer reaction between PPI13 and lH^BF^. Over the course of these studies we observed 

trace sideproducts that appeared to contain both and ^[-PPh3 ligands. Therefore we 

sought to investigate the reactivity of IH^BFT with more nucleophilic and less bulky 

phosphines. 

l _ 1© 

pp O-sr-1 © 
1H*BF4- • I /R"^COBF4 (2) "SfV ra 

Ra = MePh2 (a), Et3 (b) 4a,b 

When IH^BF* and PR3 (PMeg, PEtg, PMeaPh, PMePha) are allowed to react in acetonitrile 

(5-50 min for PMes, PEts; 2-6 h for PMe%Ph; 6-48 h for PMePhz), complexes [K75-

C5H3)2(SiMe2)2}Ru2(CO)4(H)(PR3)]+ (4a,b; R3 = MePh2 (a), Et3 (b)) are obtained in 95% 

yields as air-sensitive colorless crystalline solids (eq 2). Their IR spectra in CH3CN solution 

show the expected four strong v(CO) absorptions corresponding to the [(^5-

C5H3)Ru(CO)2(PR3)]+J and (^5-C5H3)Ru(CO)2(H) moieties. An X-ray structural 

determination of 4a shows (Figure 1, Table 1) that the asymmetric unit contains two different 

molecules. In each of these molecules the Ru atoms exhibit a three-legged piano-stool 

geometry. The most interesting feature of the structure is the almost flat conformation of the 

075-C5H3)2(SiMe2)2 ligand (ZCp-Cp fold angle = 170.09°), which is consistent with the long 

Ru-Ru nonbonding distance (4.662(9) À). The cyclopentadienyl rings of the bridging ligand 

are not twisted with respect to each other, which is evident in the torsion angle 

ZCp(centroid)-Ru(l)-Ru(2)-Cp(centroid) (0.7°). Such a small twist may reflect the lack of 
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steric repulsions between the cissoid Ru(CO)zH and Ru(CO)2(PMePh2) units. The absence 

of the deprotonated complex 1 product in eq (2) indicates that the cleavage reactions are 

faster than the rates of deprotonation of 1HBF4 by phosphines. It is worth mentioning that 

the reaction completion times were inconsistent from ran to run under identical experimental 

conditions and varied greatly for unknown reasons. Because of this, attempted kinetic 

studies of the reaction of with PMePha were unsuccessful. Presumably, these 

reactions are catalyzed by unidentified reaction sideproduct(s), which are not observed 

during the course of or at the end of the reaction. 

The observed cleavage (Scheme 1 and eq 2) of the protonated Ru-Ru bond in [{O75-

CsHsMSiMeah }Ru2(CO>4(//-H)]+ (1H+BF4") by I" and phosphines is a relatively rare type of 

reaction. To the best of our knowledge, only one other example of this type of cleavage has 

been reported (eq 3).8 It involves a hydride-bridged fulvalene di-tungsten complex which 

acetonitrile to give the cleavage product. There was no reaction of the following potential 

ligands with 1H*BF4" at room temperature within 24 hours: pyridine, MeCN, C2H4, 

phenylacetylene. 

Reactions of [{O^-CsHaMSiMezhlR^CCOkCw-H)]"^- (1H+BF4 ) with NaOMe 

and NaSMe. Synthesis of {//-j/^f/'-CCsHgSiM^OMeHCsiLOSiM^IRuiCCO^ (6) and {//-

j/5:j/1:j75-(CsH3C=0)(CsH4)(SiMe2)20}Ru2C«-SR)(C0)3 (8a,b; R = Me, Et). It is well-

known13 that electropositive transition metal complexes undergo nucleophilic attack by 

reacts with 

£2^ ^ I® % I® 
(CO)3W  ̂ ,W(CO)3 BF® MeCN> (COW W(CO)3 BF® (3) H 

H NCMe 
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alkoxide anions on coordinated alkene and CO ligands. In contrast, when complex and 

NaOMe are reacted in THF for 10 min, {(f^-CsHahSiMez} Ru?(CO)4 (5) is obtained as the 

only isolated product in 42% yield as an air-stable yellow crystalline solid (Scheme 2). 

Complex 5, which was previously reported,9 is readily identified by its IR spectrum (2005 

(vs), 1966 (vs), 1936 (m) and 1758 (m) cm"1) and the characteristic AA'BB' (ô 5.66-5.06 

ppm range) spin system in its 'H NMR spectrum. It is unclear how this reaction proceeds 

from a mechanistic point of view since the formation of each molecule of 5 requires 

1H*BF, 

MeOH 

MeOH 

Vs»" s°° 

R = Me (a). Et (b) 7a-b 

AlaOgZ 
H2O 

OC—/""—S CO 
OC R 

8a-b 

Scheme 2 
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two protons and the starting complex UEfBEf can provide only one proton. Assuming the 

yield of 5 would be higher if the reaction were conducted in a protic medium, we 

investigated the reaction of IHFBF4" with NaOMe in MeOH solvent. Surprisingly, a mixture 

of 1 and the monolinked complex {//-//^^-(CsHsSiMezOMeXCsfWSiMeziRuzCCO^ (6) was 

isolated in an approximately 1:2 ratio (Scheme 2). Complex 6, which is isolated in 58% 

yield as yellow, air-sensitive crystals, was identified by the characteristic patterns in its lH 

NMR and IR spectra. The IR spectrum of 6 in hexanes shows v(CO) absorptions at 2019 (vs), 

2008 (s),1971 (s), 1950 (s), 1940 (m), 1795 (m) cm"1 which corresponds to both terminal and 

bridging CO ligands. The !H NMR spectrum of 6 exhibits resonances for the inequivalent 

"C5H3" and "C5H4" Cp rings (each displays a unique ABC and ABCD splitting pattern) and 

four signals for the Si(CH^ methyl groups in the ô 0.26-0.47 range. The ô 3.56 singlet is 

assigned to the MeO group. Although a detailed mechanism for the reaction of IH^BF* with 

MeO" is undoubtedly complex, it presumably involves initial attack by the MeO" on a linking 

SiMei group followed by proton transfer to the Cp ring. 

A single crystal X-ray structural determination (Figure 2, Table 1)10 of 6 shows that 

the Ru-Ru distance in 6 (2.7049(3) Â) is the same as that (2.7042(4) Â) in complex 5. In fact 

both structures are almost identical in terms of the corresponding bond distances and angles. 

There is only a small twist around the Ru-Ru axis; this is reflected in the small 

ZCp(centroid)-Ru(l)-Ru(2)-Cp(centroid) torsion angle (8.0°). 

Complex lH^BF^ reacts with NaSMe in MeOH to give the same products as those 

obtained from the reactions of 1H*BF4 with NaOMe in MeOH: a mixture of complexes 1 

(33%) and 6 (51%) in approximately the same 1:2 ratio. This observation suggests that MeO" 
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acts as the nucleophile in both reactions. However, the reaction between lH^BF^ and 

NaSMe in THF leads to {(^-CsHsMSiMeih}Ru2(CO)4(H)(SMe) (7a). Spectroscopic 

features of 7a are similar to those of complex 3. The *H NMR spectrum of 7a exhibits 

resonances for the inequivalent Cp rings (each displays a unique AB2 splitting pattern), two 

signals for the Si(CH3)2 methyl groups at ô 0.33 and 0.59, and a characteristic upfield signal 

for the hydride ligand at ô-10.66. The IR spectrum of 7a in hexanes solutions shows the 

expected four strong v(CO) absorptions of equal intensities corresponding to the (rj5-

C5H3)Ru(CO)2(SMe) (2044, 1995 cm"1) and (v5-C5H3)Ru(CO)2(H) (2035, 1977 cm"1) 

moieties. Attempts to isolate pure 7a were unsuccessful due in part to the fact that this 

compound undergoes structural rearrangement on contact with neutral and basic alumina or 

silica during routine column chromatography to give complex 8a. Complex 7b undergoes 

the same transformation. 

The structure of 8a (Figure 3, Table 1) was conclusively established by an X-ray 

crystallographic analysis. The two ruthenium atoms are bridged by the //-SMe group and by 

the {n-rf'.rj ' :t75-(C5H3C=0) (C5H4) (S iMe2)20} ligand, which binds in a rf fashion to Ru(l) 

and to Ru(2). The Ru(l)-S(l) and Ru(2)-S(l) distances are slightly different (2.3809(6) 

and 2.3450(6) Â); the //-SMe ligand exhibits a trigonal-pyramidal geometry about the sulfur 

(pseudo-sp3 hybridization). This geometry is indicated by the sum of the angles around the S 

atom (325.8°), which is considerably smaller than the 360° expected for an sp2-hybridized 

sulfur. Both Ru atoms exhibit a three-legged piano-stool geometry with approximately 

90°(±5°) angles between the non-cyclopentadienyl ligands. 

The IR spectrum of 8a in hexanes shows v(CO) absorptions at 2038 (vs), 1992 (vs), 
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1934 (m) cm"1, which corresponds to the three terminal CO ligands, and at 1591 (w) cm"1, 

which is assigned to the acyl CO group. The lH NMR spectrum of 8a exhibits seven 

resonances for the inequivalent Cp rings (they display unique ABC and ABCD splitting 

patterns), four signals for the Si(CH3)2 methyl groups in the ô 0.35-0.42 range, and a signal at 

ô 2.41 which corresponds to the //-SMe group. 

The observed conversion of 7 to 8 is a complicated transformation for which a 

mechanism is not obvious. Presumably, water on the alumina surface serves as the source of 

the oxygen atom for the construction of the SiMe2OSiMe2 link. 

Conclusions 

The dinuclear ruthenium complex [ {0/3-C5H3)2(SiMe2)2} Ru2(CO)40/-H)]+BF4" 

(1H+BF4") is activated to react with nucleophiles as a result of the bridging proton, which is 

kinetically slow to be deprotonated by bases/nucleophiles. As shown previously (eq 1), 

amines react with 1H*BF4" by attacking a CO ligand. On the other hand, I", RS" and 

phosphines add (Schemes 1, 2; eq 2) at one of the Ru centers, resulting in cleavage of the Ru-

H-Ru bond. The final type of addition to 1H+BF4" is that exhibited by MeO" and F, which 

results in cleavage of Si-C(cyclopentadienyl) bonds to give 6 and (z/5-C5H5)2Ru2(CO)4. 

Except for the reaction with F, all of these types of reactions depend on the presence of the 

proton on the Ru-Ru bond (Scheme 1). The unprotonated (^5-CsH3)2(SiMe2)2 }Ru2(CO)4 (1) 

undergoes no reactions with these nucleophiles (except F) under the mild room-temperature 

conditions of these studies. 
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Experimental Part 

General Procedures. All reactions were performed under an argon atmosphere in 

reagent grade solvents, using standard Schlenk or dry-box techniques.11 Hexanes, methylene 

chloride and diethyl ether were purified by the Grubbs method prior to use.12 All other 

solvents were purified by published methods.13 Chemicals were purchased from Aldrich 

Chemical Co., unless otherwise mentioned, or prepared by literature methods, as referenced 

below. Alumina (neutral, activity I, Aldrich) was degassed under vacuum for 12 h and 

treated with Ar-saturated water (7.5 % w/w). rH and 13C NMR spectra were recorded on a 

Bruker DRX-400 spectrometer using deuterated solvents as internal references. Solution 

infrared spectra were recorded on a Nicolet-560 spectrometer using NaCI cells with 0.1 mm 

spacers. Elemental analyses were performed on a Perkin Elmer 2400 series H CHNS/O 

analyzer. 

Reaction of Iff1" with n-BinNF. A suspension of lfflBEj" (10.0 mg, 15.5 //mol) in 

THF (50 mL) was treated with a solution of n-BmNF in THF (0.2 mL, 1.0 M). The resulting 

orange solution contained mainly (^-C^H^)2Ru2(CG)4 (2), as indicated by IR bands at 2005 

(vs), 1966 (vs), 1936 (m) and 1758 (m) cm"1, which are characteristic of 2.4 

Reaction of Iff4" with n-BiLjNI. Synthesis of {(i/5-C5H3)2(SiMe2)2}Ru2(CO)4(H)(I) 

(3). A solution of 1H+BFT (50.0 mg, 77.5 //mol) and n-BmNI (300 mg, 0.8 mmol) in CH2CI2 

(30 mL) was stirred for 24 hours. Solvent was removed under vacuum; the resulting yellow 

residue was redissolved in hexanes/CH2Cl2 (10:1) (5 mL) and chromatographed on an 

alumina column (20 x 1 cm) with hexanes/CT^Ch (10:1) as the eluent. A yellow band was 

eluted and collected. Then, a dark-yellow band was eluted with hexanes/CH2Cl2 (4:1). From 
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the first fraction, 13 mg (30%, based on 1H+BF4~) of 1 were obtained. From the second 

fraction, 29 mg (55%, based on 1H*BF4") of pale yellow crystalline 3 were obtained. lH 

NMR (400 MHz, CDC13): ô -10.84 (s, 1 H, Ru-#), 0.36 (s, 6 H, Si(Ctf3)), 0.57 (s, 6 H, 

Si(C#3)), 5.34 (d, J = 2.4 Hz, 2 H, Cp), 5.55 (d, J = 2.4 Hz, 2 H, Cp), 5.77 (t, J = 2.4 Hz, 1 

H, Cp), 5.91 (t, J = 2.4 Hz, 1 H, Cp). IR (hexanes): v(CO) (cm"1) 2050 (vs), 2035 (vs), 2004 

(vs), 1977 (vs). Anal. Calcd for CigHiglCWuzSii'^CHzClz: C, 30.56; H, 2.77. Found: C, 

30.95; H, 2.74. 

Synthesis of [{(7S-C5H3)2(SiMe2)2}Ru2(CO)4(H)(?MePh2)]BF4 (4a). A yellow 

solution of 1H+BF4" (120 mg, 0.19 mmol) and PMePh2 (39 y.L, 0.20 mmol) in CH3CN (50 

mL) was stirred for 6-20 h at ambient temperature. The reaction was followed by IR until the 

starting complex 1H+BF4" disappeared. The resulting pale yellow solution was filtered 

through a short pad of Celite, and the filtrate was layered with Et2Q (200 mL) to precipitate 

(4a) as colorless crystals (149 mg, 95%). lH NMR (400 MHz, CD3CN): ô -10.34 (s, 1 H, 

Ru-H), 0.39 (s, 6 H, Si(Ctf3)), 0.60 (s, 6 H, Si(Cff3)), 2.44 (d, J = 10.8 Hz, 3 H, PC#3), 5.70 

(m, 5 H, Cp-#), 5.89 (t, 7=2.4 Hz, 1 H, Cp-#), 5.56 (m, 10 H, PPh2). 31P{ NMR (162 

MHz, CD3CN): ô 30.68 (s, PMePh2). IR (CH3CN): v(CO) (cm1) 2058 (vs), 2025 (vs), 2009 

(vs), 1961 (vs). Anal. Calcd for C3iH32BF404PRu2Si2CH3CN: C, 44.75; H, 3.98. Found: C, 

44.59; H, 3.93. Crystals of 4a suitable for X-ray diffraction analysis were obtained by slow 

cooling of a saturated solution of 4a in Et2OZCH2Cl2/MeCN (10:2:1) to -20°C. 

Synthesis of [{(iys-C5H3)2(SiMe2)2}Ru2(CO)4(H)(PEt3)]BF4 (4b). By reacting PEt3 

(19//L, 0.17 mmol) with complex 1H^BF4 (100 mg, 0.16 mmol) in CH3CN (30 mL), 4b 

(112 mg, 95%; colorless solid) was prepared and isolated using the same methods as for the 
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preparation of 4a. lH NMR (400 MHz, CD3CN): S -10.77 (s, 1 H, Ru-#), 0.39 (s, 6 H, 

Si(C#3)), 0.59 (s, 6 H, Si(C#3)), 1-13 (dt, J = 7.2, 20.8 Hz, 9 H, PCH2C#3), 2.07 (dq, J = 7.2, 

9.6 Hz, 6 H, PC#2CH3), 5.69 (d, / = 2.4 Hz, 2 H, Cp-#), 5.76 (d, J = 2.4 Hz, 2 H, Cp-#), 

5.90 (t, J = 2.4 Hz, 1 H, Cp-#), 6.00 (m, 1 H, Cp-#). 31P{ !H} NMR (162 MHz, CD3CN): 5 

47.52 (s, PEt3). IR (CH3CN): v(CO) (cm-1) 2052 (vs), 2024 (vs), 2001 (vs), 1961 (vs). 

Reaction of IEFBF4" with NaOMe. Method 1. Solid NaOMe (10.0 mg, 185 //mol) 

was added to a suspension of 1H*BF4 (50.0 mg, 77.6 //mol) in THF (50 mL), and the 

mixture was stirred for 10 min. The resulting orange solution contained mainly {(jf-

CgEWzSiMez}Ru2(CO)4 (5), as indicated by IR bands at 2005 (vs), 1966 (vs), 1936 (m) and 

1758 (m) cm"1. After the solvent was removed under vacuum, the mixture was 

chromatographed on an alumina column (20 x 1 cm) first with hexanes and then with 

hexanes/CHzClz (5:1) which eluted a yellow band containing 5 (17 mg, 42%). Its IR and 

1NMR spectra are the same as those previously reported9 for this compound. 

Method 2. Synthesis of {^-i75:j/s-(C5H3SiMe20Me)(CsH4)SiMe2}Ru2(C0)4 (6). 

Solid NaOMe (10.0 mg, 185 //mol) was added to a solution of 1H+BF4" (50.0 mg, 77.6 //mol) 

in MeOH (50 mL), and the mixture was stirred for 10 min. Solvent was removed under 

vacuum; the resulting yellow residue was dissolved in hexanes (2 mL) and chromatographed 

on an alumina column (20 x 1 cm) with hexanes/CHiClz (10:1) as the eluent. A yellow band 

was eluted and collected. Then, a second yellow band was eluted with hexanes/CH2CI2 (5:1). 

From the first fraction, 12 mg (27%, based on 1H+BF4") of 1 were obtained. From the second 

fraction,  26 mg (58%, based on 1BTBF4") of pale yellow crystall ine {[x-rf:rf-

(C5H3SiMe2OMe)(C5H4)SiMe2}Ru2(CO)4 (6) were obtained. !H NMR (400 MHz, CDC13): ô 
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0.26 (s, 3 H, Si(C#3)), 0.43 (s, 3 H, Si(C#3)), 0.46 (s, 3 H, Si(C#3)), 0.47 (s, 3 H, Si(C#3)), 

3.56 (s, 3 H, OC#3), 5.22 (m, 1 H, Cp-#), 5.37 (m, 1 H, Cp-#), 5.60 (m, 1 H, Cp-#), 5.63 

(m, 1 H, Cp-#), 5.71 (m, 1 H, Cp-#), 5.77 (m, 1 H, Cp-#), 5.82 (m, 1 H, Cp-#). I3C NMR 

(100 MHz, CDC13): ô -2.55, -2.06,0.02,0.17 (CH3), 49.71 (OCH3), 84.72, 88.45, 89.13, 

90.73, 91.18, 93.69, 95.99 100.59, 101.49, 104.31 (Cp), 216.36 (CO). IR (hexanes): v(CO) 

(cm'1) 2019 (vs), 2008 (s),1971 (s), 1950 (s), 1940 (m), 1795 (m). Anal. Calcd for 

CigHaaOsPRuiSiz: C, 36.83; H, 3.58. Found: C, 36.98; H, 4.01. Crystals of 6 suitable for X-

ray diffraction analysis were obtained by slow cooling of a saturated solution of 6 in 

hexanes/CH2Cl2 (10:1) to -20°C. 

Reaction of IHBF4 with NaSMe. Method 1. Solid NaSMe (12.0 mg, 169 //mol) 

was added to a solution of 1H+BF4~ (50.0 mg, 77.6 //mol) in MeOH (50 mL), and the mixture 

was stirred for 10 min. The resulting orange solution contained mainly 

(CgHsSiMeiOMeXCglLOSiMez} Ru%(CO)4 (6) (see above) and 1. After the solvent was 

removed under vacuum, the resulting yellow residue was dissolved in hexanes (2 mL) and 

chromatographed on an alumina column (20 x 1 cm) with hexanes/CHzCli (10:1) as the 

eluent. A yellow band, containing 1 (14 mg, 33%, based on 1H+BF4~), was eluted and 

collected. Then, a second yellow band containing 6 (23 mg, 51%, based on 1H+BF4~) was 

eluted with hexanes/CHaCla (5:1). 

Method 2. Synthesis of {/i/-iy5:i/1:i75-(C5H3C=0)(C5H4)(SiMe2)20}Ru2(>/-

SMe)(CO)3 (8a). Solid NaSMe (12.0 mg, 169 //mol) was added to a suspension of 1H+BF4~ 

(50.0 mg, 77.6 //mol) in THF (50 mL), and the mixture was stirred for 30 min. The resulting 

orange solution contained some 1 but mainly {(^-CsHsMSiMezh} Ruz(CO)4(H)(SMe) (7a), 
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as indicated by the IR (v(CO) 2044 (vs), 2035 (vs), 1995 (vs), 1977 (vs) cm"1) and lH NMR 

spectra (400 MHz, CDC13, ô -10.66 (s, 1 H, Ru-#), 0.33 (s, 6 H, Si(C#3)), 0.59 (s, 6 H, 

Si(C#3)), 2.03 (s, 3 H, SC#3), 5.47 (d, /= 2.4 Hz, 2 H, Cp), 5.55 (m, 2 H, Cp), 5.97 (t, / = 

2.4 Hz, 1 H, Cp), 5.99 (t, J = 2.4 Hz, 1 H, Cp)). After the solvent was removed under 

vacuum, the resulting orange-brown residue was dissolved in hexanes/CHzCl: (5:1) (2 mL) 

and chromatographed on an alumina column (20 x 1 cm) with hexanes/CH2Cl2 (10:1) as the 

eluent. A yellow band was eluted and collected. Then, an orange band was eluted with 

CHaCli/MeOH (5:1). From the first fraction, 9 mg (21%, based on lH^BF^) of 1 were 

obtained. From the orange fraction, 30 mg (62%, based on IH^BF^O of orange crystalline 

{//-75:^1:/75-(C5H3C=0)(C5H4)(SiMe2)20}Ru2(u-SMe)(C0)3 (8a) were obtained. *H NMR 

(400 MHz, CDC13): ô 0.35 (s, 3 H, Si(C#3)), 0.35 (s, 3 H, Si(C#3)), 0.42 (s, 6 H, Si(C#3)), 

2.41 (s, 3 H, SC#3), 4.83 (m, 1 H, Cp-#), 4.86 (m, 1 H, Cp-#), 4.88 (m, 1 H, Cp-#), 4.95 

(m, 2 H, Cp-#), 5.18 (m, 1 H, Cp-#), 5.80 (t, J = 2.0 Hz, 1 H, Cp-#). 13C NMR (100 MHz, 

CDCI3): ô 1.20, 1.84, 1.88, 3.54 (CH3), 32.92 (SCH3), 78.23, 80.17, 82.22, 84.23, 84.43, 

84.69, 85.38,101.71, 105.27 (Cp; 9 out of 10 peaks), 191.65, 197.72, 207.84 (CO), 254.72 

(Cp-C=0). IR (hexanes): v(CO) (cm1) 2038 (vs), 1992 (vs), 1934 (m), 1591 (w). Anal. 

Calcd for C^H22O^Ru2SSi2: C, 36.76; H, 3.57. Found: C, 36.95; H, 3.71. Crystals of 8a 

suitable for X-ray diffraction analysis were obtained by slow cooling of a saturated solution 

of 8a in hexanes to —20°C. 

Synthesis of {^-i/5:j/1:V
5-(C5H3C=0)(C5H4)(SiMe2)20}Ru2(A/-SEt)(C0)3 (8b). By 

reacting NaSEt (14 mg, 0.17 mmol) with complex IH+BF4 (50 mg, 77.6 //mol), 8b (27 mg, 

54%; orange solid) was prepared and isolated using the same method as in the preparation of 
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8a. lH NMR (400 MHz, CDC13): S 0.35 (s, 3 H, Si(Ctf3)), 0.36 (s, 3 H, Si(Œf3)), 0.42 (s, 3 

H, Si(Ctf3)), 0.43 (s, 3 H, Si(C#3)), 1.09 (t, 7= 7.2 Hz, 3 H, SCH2Œf3), 2.63 (m, 2 H, 

SŒT2CH3), 4.85 (m, 1 H, Cp-H), 4.90 (m, 3 H, Cp -H), 5.01 (m, 1 H, Cp -H), 5.13 (m, 1 H, 

Cp -H), 5.77 (m, 1 H, Cp-H). DR (hexanes): v(CO) (cm"1) 2036 (vs), 1990 (vs), 1934 (m), 

1589 (w). 

General Procedure for X-ray Structure Determinations. Data were collected on a 

Bruker CCD-1000 diffractometer. The structures were solved using direct methods and 

standard difference map techniques, and refined by full matrix least-squares procedures using 

SHELXTL.14 All hydrogen atoms were placed in the structure factor calculation at idealized 

positions. Complete details of the crystallographic study of 4a, 6 and 8a (CIF) are available 

free of charge via the Internet at http://pubs.acs.org. 
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Table 1. Crystallographic Data for 4a, 6 and 8a. 

4a 6 

formula C31 H32BF404PRu2Si2 C 19H2205Ru2Si2 

•V2CH2CI2 

fw 887.13 588.69 

crystal syst monoclinic orthorhombic 

space group P2l Pbca 

a, Â 12.781(7) 16.7840(11) 

b, Â 21.254(11) 13.2842(8) 

c, Â 14.342(8) 19.9675(13) 

a, deg 90 90 

A deg 104.886(9) 90 

7, deg 90 90 

V,A3  3765(3) 4452.0(5) 

z 4 8 

crystal color, habit colorless prism orange prism 

crystal size, mm 0.40 x 0.20 x 0.20 0.30 x 0.30 x 0.20 

//(Mo, Ka), mm"1 1.032 1.491 

temp, K 298(2) 298(2) 

abs cor empirical empirical 

theta range 191 to 23.25° 2.37 to 26.37° 

no. of rflns collected 31150 24731 

no. of indep rflns 10786 [R(int) = 0.0694] 4556 [R(int) = 0.0289] 

R(F) (!>2oiD), % R1 = 0.0527, wR2 = 0.1227 R1 = 0.0230, wR2 = O.i 
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Table 1. Continued. 

8a 

formula C19H22O5R.U2S Si2 

fw 620.75 

crystal syst triclinic 

space group PI 

<z, À 10.5499(4) 

b, Â 14.3296(6) 

c, À 16.4601(7) 

a, deg 92.7868(10) 

P, deg 106.5317(10) 

7, deg 102.3499(10) 

2314.31(16) 

z 4 

crystal color, habit orange block 

crystal size, mm 0.40 x 0.30 x 0.30 

//(Mo, Ka), mm"1 1.526 

temp, K 173(2) 

abs cor empirical 

theta range 1.46 to 26.37° 

no. of rflns collected 20646 

no. of indep rflns 9379 [R(int) = 0.0161] 

R(F) (I>2oiI)), % R1 = 0.0201, wR2 = 0.0504 
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.en a) 

C(15) 

Figure 1. Thermal ellipsoid drawing of [ {(^-CsHsMSiMeah} Ru2(CO)4(H)(PMePh2)]+ (4a) 

showing the labeling scheme and 30% probability ellipsoids; hydrogens are omitted for 

clarity. Selected bond distances (Â) and angles (deg) are as follows: Ru(l)- -Ru(2), 4.662(9); 

Ru(l)-C(30), 1.813(16); Ru(l)-C(31), 1.861(13); Ru(2)-C(28), 1.882(12); Ru(2)-C(29), 

1.888(11); Ru(2)-P(l), 2.334(3); P(l)-C(15), 1.820(11); Ru(l)-Cp(centroid), 1.916(3); Ru(2)-

Cp(centroid), 1.903(3); ZC(30)-Ru(l)-C(31), 89.6(6); ZC(28)-Ru(2)-C(29), 90.9(5); 

ZC(28)-Ru(2)-P(l), 89.6(3); ZC(29)-Ru(2)-P(l), 88.3(4); ZCp(centroid)-Ru(l)-Ru(2)-

Cp(centroid), 0.7; ZCp-Cp fold angle, 170.09. 
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Figure 2. Thermal ellipsoid drawing of {//-^^-(CsHsSiMeiOMeXCsFLOSiMei} Ru2(CO)4 

(6) showing the labeling scheme and 30% probability ellipsoids; hydrogens are omitted for 

clarity. Selected bond distances (Â) and angles (deg) are as follows: Ru(l)-Ru(2), 2.7049(3); 

Ru(l)-C(19), 1.859(3); Ru(l)-C(17), 2.056(3); Ru(l)-C(18), 2.048(3); Ru(2)-C(16), 

1.858(3); Ru(2)-C(17), 2.029(3); Ru(2)-C(18), 2.060(3); Ru(l)-Cp(centroid), 1.981(3); 

Ru(2)-Cp(centroid), 1.977(3); ZC(19)-Ru(l)-C(17), 90.03(12); ZC(19)-Ru(l)-C(18), 

85.73(12); ZC(17)-Ru(l)-C(18), 92.34(10); ZRu(l)-Ru(2)-C(16), 105.55(8); ZRu(2)-Ru(l)-

C(19), 104.11(9); ZCp(centroid)-Ru(l)-Ru(2)-Cp(centroid), 8.0; ZC(16)-Ru(l)-Ru(2)-

C(16), 4.30(5); ZCp-Cp fold angle, 104.83. 
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Figure 3. Thermal ellipsoid drawing of {^-^^'^-(CsHgC^XCstttXSiMeahOIRuaGt/-

SMe)(CO)3 (8a) showing the labeling scheme and 30% probability ellipsoids; hydrogens are 

omitted for clarity. Selected bond distances (Â) and angles (deg) are as follows: Ru(l)- -

Ru(2), 3.898(3); Ru(l)-S(l), 2.3809(6); Ru(2)-S(l), 2.3450(6); C(19)-S(l), 1.813(3); Ru(l)-

C(7), 1.896(2); Ru(l)-C(6), 1.880(3); Ru(2)-C(17), 1.844(3); Ru(2)-C(18), 2.026(2); C(5)-

C(18), 1.521(3); C(18)-0(5), 1.232(3); Ru(l)-Cp(centroid), 1.919(6); Ru(2)-Cp(centroid), 

1.884(6); ZC(6)-Ru(l)-C(7), 90.79(11); ZC(6)-Ru(l)-S(l), 94.67(10); ZC(7)-Ru(l)-S(l), 

89.59(7); ZC(17)-Ru(2)-C(18), 86.52(10); ZC(17)-Ru(2)-S(l), 91.61(8); ZC(18)-Ru(2)-

S(l), 91.47(6); ZC(5)-C(18)-Ru(2), 122.74(14); ZO(5)-C(18)-Ru(2), 125.02(16); ZRu(l)-

S(l)-Ru(2), 111.13(2); ZRu(l)-S(l)-C(19), 107.89(11); ZRu(2)-S(l)-C(19), 106.75(10). 
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GENERAL CONLUSIONS 

Protonation of the Ru-Ru bond in {(^-CgHsMSiMeah} Ru2(CO)4 (1) gives a cationic 

complex [{(^5-C5H3)2(SiMe2)2}Ru2(CO)4(//-H)]+ (1ET) in which the bridging proton is 

removed only very slowly by bases even though the proton is thermodynamically acidic 

(pATa
AN=6.5(±0.2)). The low kinetic acidity of Iff1" allows it to react with alkyl amines, which 

attack a CO ligand that is activated to such an attack by the cationic nature of the complex. 

These amine reactions lead to the elimination of the p.-H which becomes incorporated into 

the formamide product. The proposed mechanism for this reaction is based on kinetic and 

isotope labeling studies. Although it is not obvious why the bridging proton is kinetically 

inert with respect to deprotonation, it may be due to a combination of the bulkiness and 

rigidity of the (^-CsHgMSiMeih ligand. Further studies of reactions of Iff1" with various 

nucleophiles revealed a general pattern for reactivity of Iff1". 

As an extension of this chemistry, we demonstrated that coordinated ethylene in 

protonated diruthenium complex [ {(^-CgHsMSiMezh} Ru2(CO)3(?72-CH2=CH2)(//-H)]+ 

(2aH+) undergoes nucleophilic attack by amines and phosphines to give corresponding 

ethylated organic products. Future studies will be directed toward hydroamination and other 

hydrofunctionalization reactions of alkenes that are catalyzed by 2aH+ and its derivatives. 
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