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-Nitrogen, and -Oxygen Bonds 

John F. Hartwig 

Abstract 

Chapters 1-3. The products and mechanisms of the thermal reactions of several 

complexes of the general structure (PMe3)4Ru(X)(Y) and (DMPM)2Ru(X)(Y) where X and Y are 

hydride, aryl, and benzyl groups, have been investigated. The mechanism of decomposition 

depends critically on the structure of the complex and the medium in which the thermolysis is 

earned out. The alkyl hydride complexes are do not read with alkane solvent, but undergo C-

H activation processes with aromatic solvents by several different mechanisms. Thermolysis 

of (PMe3)4Ru(Ph)(Me) or (PMe3)4Ru(Ph)2 leads to the ruthenium benzyne complex 

(PMe3)4Ru(n.2-C6H4) (1) by a mechanism which involves initial reversible dissociation of 

phosphine. In many ways its chemistry is analogous to that of early rather than late organo 

transition metal complexes. 

Chapters 4-7. The synthesis, structure, variable temperature NMR spectroscopy and 

reactivity of ruthenium complexes containing aryloxide or arylamide ligands are reported. These 

complexes undergo cleavage of a P-C bond in coordinated trimethylphosphine. insertion of CO 

and CO2 and hydrogenolysis. Mechanistic studies on these reactions are described. 

Chapters 8 and 9. The generation of a series of reactive ruthenium complexes of the 

general formula (PMe3)4Ru(R)(enolate) is reported. Most of these enolates have been shown to 

bind to the ruthenium center through the oxygen atom. Two ol the enolate complexes 8 and 9 

exist in equilibrium between the 0- and C-oound forms. The reactions of these compounds are 

reported, including reactions to form oxygen-containing metallacycles. The structure and 

reactivity of these ruthenium metallacycles is reported, including their thermal chemistry and 

reactivity toward protic acids, electrophiles. carbon monoxide, hydrogen and trimethylsilane. 
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Chapter 1 

Inter- and Intramolecular C-H Bond Forming and Cleavage Reactivity'of Two 

Different Types of Poly(trlmethylphosphlne)ruth«nlum Intermediates 
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Introduction 

Reductive elimination from alkylfhydrido) metal complexes to form C-H bonds has been 

shown to be an important step in several catalytic processes.1 Careful studies of this reaction 

have revealed different mechanisms for the process. 2 , 3 For example, studies with metals in the 

platinum triad have shown that reductive elimination can be induced by ligand dissociation as well 

as by ligand association. A saturated !r'" system with labile iigands was shown to undergo a 

reductive elimination reaction induced both thermally %'k and photochemically2^ by ligand 

dissociation. 

The microscopic reverse of this reaction, oxidative addition of C-H bonds, has also been 

looked at extensively in recent years in the hope of designing a system which will catalytically 

tunctionalize saturated hydrocarbons.* One approach to this problem involves oxidative addition 

of an alkane by the transition metal center followed by coordination of an unsaturated organic 

molecule, migratory insertion, and reductive elimination of the functionalized alkane. In fact, 

homogeneous catalytic systems that functionalize arenes (albeit with low turnover numbers) have 

been achieved both thermally and photochemically by this route. 5 

Several electron rich d 8 transition metal systems are now known which undergo d a -> d 6 

oxidative addition of hydrocarbon C-H bonds, leading to alkyl hydride complexes.2**"'''1'5 Many of 

these metal systems contain ancillary ligands that do not dissociate easily, and this has limited the 

ability of these complexes to open a coordination site and undergo insertion reactions into the 

alkyl or hydride ligand. Most recently, dihydhde and alkyl hydride complexes that activate 

hydrocarbons and contain potentially labile phosphines as the other ligands have been 

identified. 6 1"'*' i In these complexes, phosphine dissociation potentially provides a site of 

unsaturation for potential modification of the alkyl substituent. Examples include (DMPE)Fe(H)2 

(DMPE* dimethylphospinoethane). which oxidatively adds alkanes upon photochemical loss of 

H j , 6 d and (DMPE)Ru(aryl)(H) which has been shown to undergo exchange of the aryl group with 

arene solvent.6! However, a common problem with poiyphosphine systems has been the 

observation of inlra- ralher than intermolecular C-H oxidative addition react ions. 2 b " ' ' 6 a ' 7 
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Moreover, systems with chelating phosphines do not provide an open site as readily as a 

monodentate phosphines, and they make mechanistic studies difficult because the dissociation 

of one end of the phosphorus ligand is difficult to detect kinetically. The (PMe3)40s(R)(H) system 

(which possesses monodentate phosphine ligands) has been shown to cleanly insert into the C-

H bond of benzene, but intramolecular insertion into the C-H bond of the phosphine is 

competitive with insertion into the C-H bond of methane.2b 

We have studied the analogous ruthenium system (PMe3)4Ru(R)(H) in order to improve 

the understanding of factors that control inter- and intramolecular oxidative addition reactions in 

systems containing labile phosphine ligands. Kinetic and labelling studies provide evidence for 

the generation of two types of intermediates, one of which shows entirely intramolecular oxidative 

addition and the other exclusively intermolecular reactivity. Moreover, these studies indicate that 

reductive elimination of alkane from the alkyl hydride complexes proceeds by a simple one step 

mechanism, unusual for most d 6 and d s metal systems possessing labile ligands. 

Results 

Synthesis of tJtrakls(trlm*thylphosphlne)ruthenlum ilkyl hydride and 

deuterlde complexes. The benzyl hydride complex (PMe3)4Ru(CH2Ph)(H) (1) was 

synthesized as shown in equation 1. The known methyl chloride complex 2 8 was exposed to 3 

Hj (3 atm) 
cs^PMeiiRufMeKCI) — os^PMe&PjjtHXCO+CH, (1) 

2 BjO 3 
PhCHjMgCI 

• - c<s-<PMe3)4Ru(H)(CH2Ph) 
B& i 

atm hydrogen in ether to yield hydrido chloride 3 9 as the only compound observed by 3 1P{ 1H) 

NMR spectrometry. Attempts to isolate the hydrido chloride gave low yields; an insoluble light 

yellow precipitate was obtained upon removal of the ether solvent under vacuum. Therefore. 3 

was used in situ. Treatment with 1.1 equivalents of benzyl magnesium chloride, followed by 

crystallization from pentane gave 1 in 67 % yield. The 1 H NMR spectrum of the benzyl hydride 

complex displayed a doublet of doublet of triplets in the hydride region of the 1 H NMR spectrum 
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and an A2BC pattern in the 3 1 P( 'H} spectrum indicating a cis octahedral geometry. The benzyl 

deuteride was prepared in comparable yield by an analogous route, using 3 atm of deuterium in 

the first step. Neither the El nor FAB mass spectroscopy provided a molecular ion for the benzyl 

hydride complex, so the isotopic purity of the phenyl deuteride could not be determined by this 

method. However, a minimum isotopic purity could be determined by 1 H and 2 H NMR 

spectroscopy. The 2 H NMR spectrum of a 0.043 mmol benzene solution of 1-di showed only a 

signal corresponding to the deuteride resonance, and the 1 H NMR spectrum of a 0.029 mmol 

solution of 1-dj showed no signal for the hydride resonance. A 0.0014 mmol solution ol 1-do did 

show a detectable hydride resonance by 1 H NMR spectroscopy, providing a lower limit of 35% for 

the isotopic purity lor 1-d-|. 

The phenyl hydride complex (PMesURufPhKH) (5) was most conveniently prepared by 

room temperature addition of one equivalent of isopropanol to a pentane solution of the recently 

reported10 benzyne complex, (PMe3)4Ru(n.2-CgH4) (4) (equation 2). Concentration of the 

(2) 

• - cte-(PMe3)4Ru(H)(Ph) • M e ^ O 
5 

solution and cooling to -40 *C gave 5 in 48 % yield. The phenyl deuteride complex was 

synthesized by the addition of methanol-da to a benzene solution of the benzyne complex, and 

was crystallized from pentane to give 5-di in 43 % yield. Only a signal corresponding to the 

deuteride resonance was observed in the 2 H NMR spectrum, and no signal tor the hydride 

resonance was observed in the 1 H NMR spectrum, again indicating >9S% isotopic purity. The 

resonances in the phenyl region ot the 'H and 1 3 C{ 1 H( NMR spectra of 5 at room temperature 

were broad, but sharpened upon cooling to -40 °C, at which point rotation of the phenyl ring was 

slow on the 'H and ^Cf'H) NMR time scales. The hydride resonance in the 1 H NMR spectrum 

again appears as a doublet of doublet ol triplets pattern, and the room temperature 3 1 P( 1 H) NMR 

(PMej). 
u R u < G HOCHMe2 

(PMej) 4Ru! 
»Ph 
"OCHMe, 



spectrum displayed an A28C pattern indicating a cis geometry as was observed for the benzyl 

hydride complex 1. 

Thermolysis and Isotope Exchange Reactions. Thermolysis of the benzyl 

hydride complex in C60g solvent a> 35 *C for 5 h yielded toiuene and the cv-bmetalla'ed complex 

nu(CH2PMe2)(PMe3)3(H) (6) in 97 % yield (1H NMR spectroscopy) resulting .:<.m oxidative 

addition of the ligand C-H bond to the metal center (equation 3). This compound was reported by 

PMe2 , 
8S"C,4r / \ I 

cs-(PMe3)4Ru(H)(CHaFh) »- LjRu—CHj (97%) + jp%> (98%) (3) 
1 H K? 

6 

Werner as the product of the reduction of Ru(PMe3)4CI)awith Na/Hg.7" The 3 1P(fH) and 1H 

NMR spectra of the product obtained from the themtalysU of 1 were identical to those of an 

independently prepared sample of 6 prepared in 22% yield by the method of Werner. Tha 
3 1P[ 1H) NMR spectrum of the product snowed an ABCD pattern and a characteristic high field 

resonance at -29 ppm for the phospKne in the retaliated ring. No evidence for addition of 

solvent C-H bonds was observed it the thermolysis of 1. 

Thermolysis of the benzyl deuierids complex 1-di in cycloiiexane yis ided 6 in 97% yield, 

and exclusively tohjene-dt. as determined by comparison to an authentic sample prepared by the 

addition ol OjO to a solution of PhCHjMgBr. The 2 H NMR specrum of the reaction mixture 

showed no hydride signal, and GC'MS analysis of the volatile materials showed that the toluene 

consisted of only toluene-d). The reaction was run in cyclohexano so that the the aromatic and 

methyl regions of the toluene could be integrated in the 2 H NMR spectrum of the final reaction 

solution. The ratio r! the signal for the methyl group on the product toluene-di to the signal for 

the ortho position was 11:1. This small degree of derteration in the aryl .ing presumably occurred 

by reversible oxidative addition of the aryl C-H bond to the metal center, consistent with other 

ort/io-metallation reactions in this system1 0'1 1 ard others.12 

Thermolysis ol the phenyl hydride complex 5 in cyclohexane-dt2 at 13S °C for 8 h again 

yielded the cyclometallated complex 6 in 94 % ̂ eid by 1K NMR spectroscopy (equation 4). 
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140-C.8h / M e * 
C/s-(PMe3)4Ru(H)(Pn) — L3Ru — C H 2 ( 9 4 % ) +. R J (97%) (4) 

- « C S D 1 2 V . <& H 
6 

However, thermolysis of 5 in CeOe at 140 °C tor 8 h yielded the cyclometallated deuteride 

complex Ru(CH2PMe2)(PMe3)3(D) 6-di in 90 % yield by ^H NMR spectroscopy with deuterium 

incorporated into the hydride position (equation 5)- When this reaction was run in CgOg and 

135- C. 4 h / v e * 
eJKFMe&RufHNPh) »- L 3Ru—CH 2 + eS<PMed4Ru(D)(PrKW (5) 

monitored after 4 h at 135 "C, the ' H NMR spectrum showed an absence ol both the aromatic 

signals and the hydride signal of the residual starting material and an increase in the solvent 

benzene peak (equation 5). The 3 1 P ( 1 H ) NMR spectrum ol the residual starting material exhibited 

the A2BC part of an A2BCX pattern, where X-D. The 2 H NMR spectrum contained resonances 

corresponding to the aromatic and hydride hydrogens 0) 5 in a ratio of 5:1. con.-L'tent with 

complete exchange of deuterated benzene into 5. These data indicate that the rate of exchange 

between 5 and solvent benzene-ds is greater than the rate of reductive elimination to form 6. 

Deuterium incorporation was also observed in the phosphine ligands by 2 H NMR spectroscopy: 

the ratio of deuterium in the phosphine region to deuterium in the hydride position was roughly 

1:1. 

Thermolysis of phenyl deuteride complex 5 was conducted in toluene at 140° c. 

monitoring the reaction by 2 H NMR spectrometry over the course of 4 h, followed by 

determination of the istopic distribution in the benzene product by GOMS of the volatile materials, 

and determination ol the conversion of phenyl hydride lo tolyl hydride by addition of acid to the 

organometallic products. Monitoring the reaction by 2 H NMR spectra showed a decrease in the 

hydride (deuteride) signal, an increase in the benzene resonance, and the appearance of signals 
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for the phosphine region. However, the ratio of deuterium in the phosphine region to deuterium 

in the benzene product was small, between 1:4 and 1 :S throughout the thermolysis. The amount 

of benzene-do was found to be significantly greater than these values. The thermolysis was 

conducted twice, and the ratio of benzene-do "to benzene-di was found to be 1:0.86 and 1:0.67 

by GC/MS. 

The extent of conversion from phenyl deuteride to tolyl hydride could not be simply 

determined by 'H o r 3 1 P('H) NMR spectroscopy because of the similar NMR spectra of the 

starting complex 5 and the ring exchange products. Instead, the conversion was determined by 

treating a portion of the non-volatile products with methanesultonic acid in ether and determining 

the ratio of benzene to toluene by GC analysis. The ratio of phenyl to tolyl groups was found to 

bel :2.85 and 1:2.0S by this method for the two experiments. To confirm that all of the solvent 

toluene had been removed, a portion of the non-volatile materials which were not treated with acid 

' was analyzed by 1 H NMR spectroscopy in CgDj. The spectrum contained no toluene 

resonances, bu'. did contain a resonance at 52.40 and 52.37 corresponding to the methyl groups 

of the metal-bound tolyl groups, presumably meta- and para- substituted. 

Thermolysis of the known Ru(PMe3U(H)2 in benzene-d6 at 135 *C for 9.5 h yielded 

Ru(PMe3U(D)2 quantitatively by 1H and 2 H NMR spectroscopy (equation 6). The hydride 

135'C,*h 
cts<PMe3URu(H)z •- cte-tPMed.RufOk (6) 

resonance was absent in the1H NMR spectrum o! me reaction mixture after the thermolysis 

indicating at least 95% deuterium incorporation, and the deuteride signal was the only resonance 

observed in the 2 H NMR spectrum after the solvent was replaced with C6Hs. The El mass 

spectrum of the reaction product showed only a parent ion for Ru(PMea)4(D)2. No peak for 

Ru(PMe3)4(H)2 or Ru(PMe3h(D)(H) was observed, indicating complete deuteration of the 

hydride position. Neither H2 nor cyciometallated hydride, known to Be stable at this temperature, 

was observed by ' H NM R spectrometry. In tact, the dihydride complex remained unchanged in 
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alkane solvent up to 1S0 °C. Thermolysis of the dihydride in n-pentane-di2 did not yield a 

decrease in the hydride signal or an increase in the residual pentane resonances of the 1 H NMR 

spectrum. In addition, no deuteride resonances were observed in the 2 NMR spectrum of the 

thermolysis reaction when the deuterated solvent was removed under vacuum and replaced with 

undeuterated n-pentane. 

Kinetic studies. The thermolysis of 1 in benzene-dg was conducted at 80 "C in NMR 

tubes sealed under vacuum. The course of the reaction was monitored by removing the tubes, 

cooling them quickly and then obtaining 1 H NMR spectra at ambient temperature. The growth of 

the methyl group resonance of the toluene product and the disappearance of the methylene 

resonance of the starting ruthenium complex were integrated against a ferrocene internal 

standard and provided identical rates. For one set of experiments, the reaction was run in 0.0410 

M - 0.246 M solutions of trimethylphosphine in benzene-ds with a constant concentration of 

0 0410 M ruthenium complex. Linear lirst order plots were obtained for greater than three hall 

lives at all concentrations. No intermediates were detected. To confirm the first order behavior of 

the reductive elimination, the reaction was also run with an initial metal concentration of 0.0121 M. 

Within experimental error, the rate constants for all concentrations of phosphine and starting 

ruthenium complex were identical (Table 1). 

To check tor rapid dissociation of phosphine ligand. compound 1 was heated to 60 °C in 

the presence of 4.0 equivalents of PMe3-dg in benzene-ds for 12 h. The initial solution showed 

only PMe3-d9 in the free phosphine region ol the 3 1 P( 'H ) NMR spectrum (the isotope shift of 

0.26 ppm for each deuterium is large enough that all possible isotopes of PMe3-do to PMea-dg 

can be observed by 3 1 P ( 1 H ) NMR spectrometry). Less than 10 % conversion of 1 to 6 and 

toluene was observed after the 12 h of thermolysis. However, t h e 3 1 P { ' H | NMR spectrum 

showed a 0.86:1.0 mixture of free PMe3-dg and PMe3-drj. Although quantitative rate studies 

were not carried out on this substitution reaction, Ihese observations make it clear that the rate of 

phosphine dissociation is much faster than the rate ol reductive elimination. 



Table 1. Rate constants tor the thermolysis ol 1 
in the presence of added phosphine. 

k o b , i l Q . ' 1 ( s e c - ' ) MM ~ 

1.26 ±0.19 0.0410 

1.35 ±0.20 0.123 

1.22±0.18 0.246 

1.59 ±0 .24 0.492 

1.14±0.17 

1.38 ±0.21 

no added phosphine 
[11-0.0412 M 

no added phasphine, 
[1] » 0.0121 M 

Table 2. Rate constants (or the thermolysis ol S 
in the presence ol added phosphine. 

kcb, x 10-b (sec •') [L|(mM> 

2.93 ± 0.44 4.10 

2.26 ± 0 34 8.36 

3.06 i 0.46 13.1 

2.73 ± 0.41 27.9 

2.87 ± 0.43 86.3 
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A quantitative study of the rate of reductive elimination of benzene from phenyl hydride 5 at 135 

°C demonstrated that the rate was independent of phosphine concentration, as was the case for 

the reductive elimination of toluene from 1 at 80 "C. The thermolysis of 5 was conducted in 

cyc!ohexane-di2, a solvent which does not react with 5. The rate of the reaction was measuredat 

135° C by removing the samples and monitoring the disappearance of a phosphine resonance of 

starting material S by ambient temperature 1H NMR spectroscopy. The samples contained -

0.00820 M 5 and between 0.00410 M and 0.0869 M added phosphine. All reactions were 

monitored tor at least three half-lives and provided first order plots with correlation coefficients 

greater 'han 0.988. The rate constants were identical within experimental error at all phosphine 

concentrations, as shown in Table 2. 

Obtaining quantitative rate data in benzene solvent was complicated by the two 

competing processes, ring exchange forming 5-ds and reductive elimination forming S. We did, 

however, obtain the following qualitative information which is consistent with a phosphine 

independent rate for the reductive elimination process to form 6, and a phosphine dependent 

rate for the ring exchange process to lorm S-d6. 

Thermolysis of the phenyl hydride complex 5 in benzene-ds was conducted at 135 °C for 

12 h in two NMR tubes, side by side, one containing no additional phosphine and one containing 

2 equivalents of PMea {0.234 M solution). The amount of conversion of 5 to 6 after 12 h of 

thermolysis at 135 °C was nearly identical for the two samples: the one containing no added 

phosphine showed 55 % conversion, while the one containing 0.234 M PMe3 showed 56 % 

conversion by 3 1P( 1H) NMR spectroscopy. In contrast to the formation of 6 in either cyclohexane 

or benzene, the rate of ring exchange was strongly dependent on phosphine concentration. No 

signal in the hydride or phenyl region was observed in the 1 H NMR spectrum of the sample 

containing no added phosphine. indicating that complete exchange had occurred with solvent 

benzene. However, resonances in both regions were observed for the sample containing 0.234 

M phosphme. 
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In an attempt to assure ourselves that phosphine inhibition was due to shifting the 

preequilibrium involving phosphine dissociation, rather than scavenging of some unknown trace 

catalyst by the added ligand, we attempted to run the thermolysis of phenyl hydride 5 in benzene-

ds in the presence of a phosphine which would could trap such a species, but which would not be 

incorporated into 5. Unfortunately, even addition of the larger tri-n-butylphosphine (4 equiv) led 

to substantial substitution for trimethylphosphine. Similarly, addition of the poorer electron donor 

triphenylphosphine led to free trimethylphosphine and a different (as yet unidentified) material, 

perhaps formed by orthometallation of the ligand aryl substituents. These results clearly confirm 

that PMes dissociation occurs rapidly, and though we have not demonstrated absolutely that this 

step is required for the ring exchange process, our results remain strongly suggestive. 

Like the rate of H/O exchange of phenyl hydride complex 5 with benzene, the rate of H/D 

exchange of the dihydride complex with benzene-ds appeared to depend of the concentration of 

phosphine. The exchange with benzene-ds was run at 135 °C for 9.5 h in two NMR tubes, side by 

side, one with no added phosphine and one with 10 equivalents PMez (0.386 M). (As noted 

above, the dihydride is stable at these temperatures.) Again, a marked decrease in the rate of 

exchange was observed lor the tube containing added phosphine. The 1 H NMR spectrum of the 

sample with no added phosphine contained no hydride resonances, while the sample with added 

phosphine did contain a hydride resonance. 

Discussion 

Mechanism of (PMe3)4Ru(CH2Ph)(H) thermolysis. Three possible 

mechanisms for reactions induced by thermolysis of the benzyl hydride complex (illustrated for 

the corresponding deuteride 1-di) are shown in Scheme I. Pathway a involves reductive 

elimination directly from the coordinatively saturated 18-electron starting material. Both pathway b 

and pathway c are initiated by a rapid phosphine-dissociation preequilibrium. In the pathway b 

branch, oxidative addition of a ligand C-H bond to the ruthenium metal center is followed by 

reductive elimination to form toluene. Pathway c involves the same 5-coordinate ruthenium(ll) 
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unsaturated intermediate, but reductive elimination to form toluene precedes oxidative addition of 

the ligand C-H bond. 

The distribution of deuterium observed during the thermolysis of 1-J1 provides 

information that supports pathway a as the dominant route to 6. As shown in Scheme 1, pathway 

a would yield deuterium only in the methyl group of the toluene product with none in the final 

ruthenium complex. If reversible ortno-metallation were occurring competitively (for example, by 

competitive loss of L, generating 7a and then S) it would scramble deuterium into the phenyl ring 

of the benzyl group. Even if this ortno-metallation occurs, elimination by pathway a would yield 

exclusively toluene-di. In pathway c, reductive elimination occurs from the unsaturated species 

7a before any ligand oxidative addition occurs, and so this mechanism also predicts that 

deuterium would be observed only in the toluene. Pathway b gives rise to intermediate 9 which 

contains a hydride and a deuteride on the same 7- coordinate metal center as the benzyl group. 

From this intermediate, reductive elimination of either toluene-dt or toluene-do can occur, 

yielding products which contain deuterium both in the hydride position on the ruthenium and in 

the methyl group of the toluene. The lormation of only toluene-di and 6-do in the thermolysis of 

1-do eliminates pathway b. 

Our kinetic studies proved a means of distinguishing the two remaining mechanisms a 

and b, and are consistent only with pathway a. Pathway a predicts a simple first-order rate 

expression, assuming that the ratio of k2/k-2 is small. Consistent with this assumption, no free 

phosphine was observed .vhen monitoring this reaction by either ' H o r 3 1 P ( 1 H ) NMR 

spectrometry. Reaction by either pathway b or pathway c would be inhibited by added phosphine 

if k_2 is fast compared to k3 or k4, and would show a linear inverse dependence on phosphine 

concentration (Equation 7). At 60° C free labeled phosphine exchanges with coordinated 

<*& MOM) •• ! « * * (7, 

phosphine at a much faster rate than reductive elimination occurs, demonstrating that k.2 is 

indeed larger than ka or ki . Consequently, the identical rates at all concentrations of phosphine 
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rules out both pathways b and c. Thus, rapid dissociation of phosphine does not occur on the 

pathway to formation of 6. We conclude that reductive elimination occurs directly from the 

coordinatively saturated complex 1 to form me 16-electron intermediate (PMeaURu (10), which 

oxidatively adds the ligand C-H bond. 

Mechanism of (PMe3) 4Ru(Ph)(H) thermolysis. Mechanisms analogous to those 

shown in Scheme I for the benzyl deuteride complex are shown for Ihe phenyl deutende complex 

5 in Scheme 2. Again, trie three pathways are distinguishable using kinetic and labelling studies. 

In contrast to the behavior of 1 , the thermolysis of 5 follows two of the three pathways: reductive 

elimination of benzene proceeds via pathway a, and leads to intramolecular oxidative addition of 

the ligand C-H bond. In contrast, H/D exchange with aromatic solvent proceeds by pathway b as 

shown in Scheme 3. 

The mechanisms of the intramolecular C-H activation processes are snown in Scheme 2. 

Formation of 6 from 5 in cyclohexane occurred without any intermolecular ring exchange with 

solvent. In all solvents, exchange of phosphine occurred at temperatures much lower than either 

ring exchange or formation of £. Quantitative rate data in cyclohexane demonstrated that the rate 

of formation of 6 was independent of phosphine concentration, consistent with pathway a. 

The intermolecular C-H activation processes are shown in Scheme 3. In contrast to the 

behavior observed lor the reductive elimination reactions, the rate of H/O exchange of S with 

aromatic solvents was inhibited by added phosphine. Thus, this reaction most likely involves 

rapid initial dissociation of PMe3, leading to 7b. In fact, the intermolecular C-H activation of 

solvent benzene must occur by way ol a different intermediate from the (PMe3)Hu intermediate 

10 because our results with benzyl hydride complex 1 demonstrated that intermediate 10 reacts 

exclusively intramolecularly in arene solvents. 

Although pathways b and c are kinetically indistinguishable by our results, they do predict 

different results for the labelling experiments. If pathway b operates, the thermolysis of 5-di in 

toluene would result in the formation ol both benzene-do and benzene-di, whereas pathway c 

would lead to formation of only benjene-di. The observation of both benzene-di and benzene-
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do in roughly equal amounts after 67-74% conversion to tolyl hydride complexes in the exchange 

of 5-di with toluene rules out c as the exclusive pathway. 

Finally, the phosphine inhibition of H/D exchange of the dihydride complex 

(PMe3)Ru(H)2 with benzene solvent indicates that this process occurs by pathway b or c. As 

pictured in Scheme 4, pathway a would yield Hz and cyclometallatad product 6. Pathway c 

involves reductive elimination of dihydrogen from the five-coordinate intermediate followed by 

successive oxidative addition of benzene and dihydrogen. Although our results do not rule out 

pathway c, a simpler mechanism is pathway b, and it is analogous to the mechanism of H/D 

exchange with phenyl hydride S. This mechanism involves reversible oxidative addition of 

benzene to the five coordinate dihydride intermediate to form a trihydride intermediate which 

allows for exchange, and this seems to be the mast likely mechanism. 

SelectMtles. The propensity of the benzyl hydride, phenyl hydride, and dihydride 

complexes to undergo intramolecular or intermoiecular oxidative addition can be traced to their 

abilities to undergo reductive elimination. The activation energy required to eliminate tot'ene 

from the saturated complex 1 is lower than the total activation energy required to dissociate PMe^ 

and then add solvent or ligand to the resulting 5-coordinate Intermediate 7a, so C-H oxidative 

addition in 1 occurs via L4RU intermediate 10. In contrast, the barrier to reductive elimination from 

the phenyl hydride complex is higher than it is from the benzyl hydride complex. As a result, 

phosphine dissociation followed by oxidative addition to the corresponding 5-coordinate species 

7b is competitive with direct reductive elimination. Because the barrier to reductive elimination of 

dihydrogen is too high to observe, even up to 180 "C, only the S-coordinate intermediate 

L3Ru(H)2 is accessible in this case. 

The inter- vs. intramolecular selectivity in benzene solvent is markedly different for the 5-

coordinate Ru" and 4-coordinate Ru° species which are generated by the thermoiyses of these 

three compounds: the 4-coordinate URu (10) chooses only intramolecular reactivity, whereas 

the S-coordinate l_aRu(R)(H) selects only intermoiecular reactivity. Typically, systems are thought 

to be driven toward intramolecular reactivity when the metal center is sterically encumbered. We 
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propose that the intermediates with the higher coordination numbers in this study actually 

possess metal centers which are sterically less encumbered because they contain three rather 

than tour bulky trimethylphosphine ligands. 

Comparison of Reductive Elimination Mechanism to Other Systems. The 

reductive elimination reactions of d s metal systems that possess labile ligands are often 

accelerated by ligand dissociation. For example, elimination of maleic anhydride torn the lr{lll) 

complexes, lrfH)[o-CHCH2C(0)OC(0)](a-carborane)(CO)(PhCN)(PPh3)a and of carborane from 

lr(H)(CI)(a-carborane)(CO)(PPh3)22i has been shown to involve predissociation of ligand. 

Reductive elimination of ketone from a rhodium enolate hydride complex involves predissociation 

of phosphine iigand,2" and photolytic elimination of dihydrogen tram a series of Ir(lll) and Rh(hl) 

complexes involves initial photodisscciation oi ligand, followed by thermal elimination of H 2. 23 in 

addition, some C-C reductive elimination reactions are accelerated by ligand dissociation.23-3 In 

contrast, the rates of several C-H reductive elimination reactions are independent of free ligsnd 

concentration, because dissociation occurs more slow!, than reductive elimination.*- i For the 

ruthenium system discussed here, dissociation of phosphine was shown to occur more rapidly 

than reductive elimination, but !.'•<; elimination process occurred directly from the saturated 

URu(CH2Ph)(H) and LjRu(Ph)(H) species. Thus, this study presents an unusual case of a 

transition metal complex which undergoes rapid ligand dissociation, but which displays a 

preference for reductive elimination from the saturated 18 e' species over reductive elimination 

from unsaturated 16 e" species. 

Comparison to (PMeaUQsfCHjCMeaHH). Our results indicate that differences in 

the mechanisms for the ruthenium and osmium systems stem from the greater bond strengths13 

and more accessible M , v oxidation state'4 of the third row over the second row transition metals. 

The differences in bond strength are manifested in the faster rate of reductive elimination directly 

from the saturated aikyt hydride complex for the ruthenium system, and the different oxidation 

potentials result in a slower rate of oxidative addition by the rulhenium(ll) intermediate 

(PMe3)3Ru(R)(H! to form the ru!henium(l V} intermediate (PM^JsRujRJiR'JjHjj. Thus, thermolysis 
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of the ruthenium alkyl hydride complex results exclusively in formation of (PMe3URu (10 in 

Scheme 1), while the osmium system reacts predominantly by oxidative addition of benzene 

solvent to the (PMe3)30s"(R)(H) intermediate, forming the (PMe3)30s ,v(R)(Ph)(H)2. Aryl ring 

exchange by the ruthenium(phenyl)hydride complex 7 and H/O exchange by dihydride 8 occurs 

at 135-140 °C by way of R u w intermediates as compared to 80 °C tor the osmium system. 

Trie selectivities of the (PMe3UM and (PMe3hM(R)(H) intermediates are similar for the two 

systems. Although the reaction to form (PMe3MOs from thermolysis of alkyl hydride complexes is 

much slower than reaction by (PMe3)30s or (PMe3)30s(H)(H), the four coordinated osmium(O) 

intermediate has been generated by phosphine dissociation from (PMeaJsOs, and like the 

ruthenium intermediate, this complex reacts intramolecularly to form (PMe3)30s(CH?PMe2)(H). It 

has been difficult to obtain kinetic evidence that the osmium(ll) intermediate (PMe3)30s(R)(H) 

undergoes only intermolecular oxidative additions, since reaction by this intermediate must be 

distinguished from reaction by (PMe3bOs which also results from phosphine dissociation. 

However, the evidence that the intermediate (PMe3)Ru(Ph)(H) provides products resulting from 

only infermolecular C-H activation is clearcut: the rate of formation of (PMe3)3Ru(CHjPMe2)(H) is 

independent ot phosphine concentration. 

A final difference between these two group 16 metal systems is their propensity to react 

via the (PMe3)3M intermediate. Our labelling studies wilh (PMe3)4Ru(Ph)(D) indicate that the 

major intermolecular pathway involves (PMe3)3Ru(D)(Ph) and not (PMe3)3Ru. Flood and his 

coworkers have concluded from kinetic isotope experiments that the osmium system undergoes 

activation of methane, mesitylene, and tetramethylsilane by way of the (PMe3)30s intermediate, 

although ring exchange with benzene occurs via the (PMe3)30s(CH2CMe3)(H) intermediate. 

Although it is possible that the 14 electron, three-coordinate intermediate is important in the 

osmium system, we believe our labelling results rule out this intermediate as part of any major 

reaction pathway for the ruthenium system. 
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Experimental 

General. Unless otherwise noted, all manipulations were carried out under an inert 

atmosphere in a Vacuum Atmospheres 5S3-2 drybox with attached M6-40-1H Dritrain, or by using 

standard Scnlenk or vacuum line techniques. 
1 H NMR spectra were obtained on either the 300,400 or S00 MHz Fourier Transform 

spectrometers at the University ot California, Berkeley (UCS) NMR facility. The 300 MHz 

instrument was constructed By Mr. Rudi Nunlist and interfaced with a Nicolet 1280 computer. The 

400 and 500 MHz instruments were commercial Bruker AM series spectrometers. 1 H NMR 

spectra were recorded relative to residual protiated solvent. 1 3C( 1H) NMR spectra were obtained 

at either 75.4,100.S MHz or 125.7 MHz on the 300,400 or 500 MHz instruments, respectively 

and chemical shilts were recorded relative to the solvent resonance. Chemical shifts are reported 

in units of parts per million down!ield from tetrarrtethylsilane. 3 1 P[' Hi NMR spectra were obtained 

at either 121.6 or 162.1 MHz on the 300 or 400 MHz instruments, respectively and chemical shifts 

were recorded in units of parts per million downfield from 85% H3PO4. a H NMR spectra were 

recorded at 153.4 MHz on tne 500 MHz instrument and chemical shifts are reported in units of 

parts per million downfield from tetramethylsilane. 

IR spectra were obtained on a Perkin-Elmer Model 283 infrared spectrometer or on a Perkin-

Elmer Model 1550 or 1750 FT-IR spectrometer using potassium bromide solution cells (0.1 or 

0.025 mm path length) or potassium bromide ground pellets. Mass spectroscopic (MS) analyses 

were obtained at the UCB mass spectrometry facility on AEIMS-12 and Kratos MS-50 

spectrometers. GC/MS results were obtained with either with a gas ehromatograph in series with 

the Kratos MS-50 or using a Hewlett-Packard 5890A gas chromatograph in series with a Hewlett-

Packard 5970 Mass Selective Detector using a 30 m column (0.25 mm i.d., 0,25 m Him thickness), 

DB1701 from J&W Scientific. Elemental analyses were obtained from the UCS Microanalytical 

Laboratory. 

Sealed NMR tubes were prepared by fusing Wilmad 505-PP and S04-PP tubes to ground 

glass joints which were then attached to a vacuum line with Kontes stopcocks or alternatively, the 
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tubes were attached via Cajon adapters directly to Kontes vacuum stopcocks.15 High pressure 

valve NMR tubes refer to Wilmad Cat. S522-PV. Known volume bulb vacuum transfers were 

accomplished with an MKS Baratran attached to a high vacuum line. 

Unless otherwise specified, ail reagents (including Grignard reagents) were purchased 

from commercial suppliers and used without further purification. PMe3 (Strem) was dried over 

NaK or a Na mirror and vacuum transferred prior to use. Ferrocene (Aldrich) was sublimed prior to 

use. Methanesulfonic acid was dried by azeotroping with benzene using a Dean-Stark trap 

followed by vacuum distillation under argon. Pentane, hexane, and cyclohexane (UV grade, 

alkene free) were distilled from UAIH4 under nitrogen. Benzene, toluene, diethyl ether and 

tetrahydrofuran were distilled from sodium benzophenone ketyl under nitrogen. Isopropanol and 

methanol^ were dried over sodium and vacuum distilled. Deuterated solvents for use in NMR 

experiments were dried as their protiated analogues but were vacuum transferred from the drying 

agent. (PMe3)3Ru(ri2-CH2PMe2)(H) was prepared by the method of Werner, but was isolated by 

sublimation at 85° C. followed by crystallization from pentane at -40° C. 

(PMe3)4Ru(Me)(CI). We found the procedure provided here to be more convenient 

than the published procedure.16 In a 250 mL round bottom flask. 1.50g of (PMe3)4Ru(OAc)(CI)17 

was dissolved in 100 mL of toluene. To this stirred solution was added, at room temperature over 

3 min, 0 50 mL (0.33 equiv.) of AIMe3 as a 2.0 M solution in toluene. The solution was stirred for 

1 h at room temperature over which time a fine white powder formed. The volume of the solution 

was reduced to 5-10 mL under vacuum and filtered while still cold from solvent removal in order to 

remove ail aluminum salts. The resulting yellow solution was then layered with pentane to yield 

0.629 g (46% yield) of yellow blocks. The supernatant was then cooled to -40 "C to obtain an 

additional 0.246 g (18%) of product. 'H NMR (CgOs) 51.27 (t, 18H, N-5.8) 1.20 (d, 9H. N-5.4). 

0.91 (d. SH, N.7.6). 0.27 (m, 3H); 3 1 P [ 1 H ) NMR A 2BC. 5A.-5.65. 5B-1S.16. SC-16.09. 

J A B - 3 4 . 5 , J A C - 2 4 4 . J B C =13.3. Lit: 'H NMR (C SD 6) 51.27 (t. 18H, N»6) 1.19 (d. 9H, N-5). 0.90 

(d. 9H. N=.8). 0.29 (m, 3H); 3 1 P [ ' H ) NMR A 2BC 5A.-5.8, 5B-14.9. 8C-16.3 J A 8 - 3 4 . JAC=24 , 

JBC-18-
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Ru(PMe3)4(H)2 (7). Into a 250 mL round bottom flask was weighed 1.00 g (2.00 

mmol) of (PMea)4Ru(OAc)(CI).17 Ether (100 ml.) was added. To the stirred solution was added 

0.250 mL (1.00 mmol) of a 2.0 M solution ol lithium aluminum hydride in ether. The initial yellow 

solution became clear and contained a white precipitate after 15 rain. After allowing the reaction to 

stir tor an additional 1 h, the solvent was removed under reduced pressure, and the residue 

extracted with pentane (3 x 50 mL). The pentane was removed to yield 0.540 mg (66 % yield) of a 

white powder which 1 H and 3 ,P( 1H) NMR spectroscopy showed to be pure 7, as determined by 

comparison to literature data.16 'H NMR (C606) S1.37 (t, 18H, N.5.2) 1.24 (d, 18H, N-5.0), -9.71 

(m, 2H); 3 1 P('Hj NMR A 2 B 2 SA-0.12, SB—7.41. JAS-26.1. Lit: 1 H NMR lCeOe) 51.37 (t. 18H, 

N-5.i 1.27 (d, 18H, N«5), -10.1 (in, 2H): 31P{.'H} NMR A 2 B 2 SA-2.7, £8-4.8. JAB-26.4. 

Ru(PMe3)4(CH2Ph)(H) (1). A Fisher-Porter bottle was charged with 1.11 g (2.44 

mmol) of P.u(PMe3U(Me)(CI)8 in 10 ml tetrahydrofuran in the drybox, and then was filled with 100 

psi H 2. The solution was stirred lor 12 h at room temperature. The vessel was brought into the 

drybox, and 1.24 mL of 2.0 M PhCH2MgBr in THF was added to the reaction solution. This 

mixture was stirred for 5 h, after which lime the solution had turned clear and a white solid had 

precipitated. The solvent was removed under vacuum and the residue extracted with 50 mL, 25 

mL, and 25 mL portions ol pentane. The pentane extracts were combined and filtered, 

concentrated to -7 mL under vacuum and cooled to -40 °C to yield 0.681 g (55.0 %) analytically 

pure, white crystals. A second crop, also pure by ' H NMR spectroscopy yielded 0.152 mg white 

crystals (12.3 %). 1 H NMR (C 60 6) 5 7.90 (d, 7.S, 2H), 7.29 (t, 7.4,2H), 7.04 (t, 7.8,1H), 2.25 (m, 

2H), 1.21 (t. N-4.7, 18H), 1.15 (d, N-S.5. 9H), 1.05 (d, N-4.9, 9H), -9.49 (ddt, J-89.8. 29.7. 

22.1,1H): S'PpH) A2BC. SA- -1-40. 6s- "7.55,8c- -13.11, JAB- 2S.4, J A c - 26.4, J B C - 19.9: 
, 3 C S'HJ 8 158.45 (d, 6.7), 132.41 (s), 127.11 (s). 121.53 (S), 28.2S (d, 18.6), 24.74 (tt, 12.4, 

3.3), 22.79 (dq, 14.6, 2.7), 15.99 (did, 4S.9, 13.4, 6.4); IR: 1856 (M-H, s): MS (El) m/e 406 (M-

CH2Ph); Anal. Calcd. tor C19H44P4RU: C, 45.87; H, 8.91. Found: C, 45.70; H. 8.81. 

Ru(PMe3)4(CH2Ph)(D) (i-di). A procedure identical to that for the preparation ot 

Ru(PMe3)4(CH2Ph)(H) was (allowed except D 2 was subsfituted for H 2, and the reaction was run 
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with 255 mg Ru(PMe3)4(Me)(CI) to yield 116 mg (41.6 %) ol product in one crop. 1 NMR (CgD^) 5 

7.90 (d. 7.6. 2H), 7.29 (t. 7.4. 2H), 7.04 (t, 7.8. 1H), 2.25 (m, 2H). 1.21 (t. N.4.7, 18H), 1.15 (d. 

N-5.5, 9H), 1.05 (d, NM4.9, 9H); a H (1H) NMR 8-9.49 (dq, J-1S, 4); 3 1 P {1H} NMR A2BCX, 5 A » -

1.40. 6 S - -7.56. 5c- -13.11. J A 8 - 26.4, J A C - 26.4, J A X > 3.9, J B c - 19-9: JBX -0 , Jcx- 13.8. IR: 

1333 (M-D, s). 

Ru(PMe3)4(Ph)(H) (5). To a solution ol 300 mg (0.627 mmol) of Ru(PMe3)4(T|2-

C6H4) in 5 mL pentane was added 47.7 u l (0.627 mmol) isopropanol in 0.5 mL pentane at room 

temperature. After allowing the mixture to react for 1 h, the volume was reduced under vacuum to 

1 mL and cooled to -40 "C to yield 145 mg (48.2 %) white crystals. 'H NMR (THF-da, -55 °C) 5 7.75 

(m, 1H). 7.45 (m, 1H), 6.60 (m, 3H). 1.38 (d, N-5.4.9H), 1.35 (d, N.5.8,9H), 1.10 (t. N.5.2,18H), 

-9.50 (did. J-92.6,18.3, 18.3); 3 1 P (>H) NMR A2BC 8 A - -1.356, 8a- -10.59, Sc- -17.18, J A a -

24.5, J A c - 26.7. J B c - 18.9; 1 3 C ( 1H) NMR ("IHF-d8. -55 °C) 174.20 (m). 153.10 (s), 146.55 (d, 

8.8), 125.32 (s), 124.84 (s), 119.69 (s), 27.96 (d. 18.0), 24.67 (m), 23.59 (t, 12.2): IR 3060 (m). 

2981 (m). 2966 (m), 1859 (M-H, s). 1561 (m). 1424 (m), 1419 (m), 1295 (s), 1278 (m);940 (s); MS 

(El) m/e 406 (M-C6H6). 330 (M-C6H6-PMe3): Anal. Calcd. for C18H42P4RU: C, 44.71; H. 8.62. 

Found: C, 44.82; H, 8.83. 

Ru(PMe 3)4(Ph)(D) (5-di). To a solution of 100 mg (0.209 mmol) of Ru(PMe 3 ) 4 ( i i 2 -

C6H4) in 3 mL benzene was added 18 uL MeOH-ds in 0.5 mL pentane. After allowing the mixture 

to react for 1 h, the benzene was removed under vacuum, and the residue was crystallized from 

pentane at -40 °C to yield 43.6 mg (43.4 %) white crystals. 'H NMR (THF-da. -55 °C) 8 7.75 (m, 

1H). 7.45 (m, 1H), 6.C0 (m, 3H). 1.38 (d. N.5.4, 9H), 1.35 (d. N.5.8.9H). 1.10 (t. N-5.2, 18H); 2 H 

( 1H) NMR (THF. 20 °C) 8-9.58 (dq. J-14.3, 4.0); 3 1 P ('H) NMR 80 -1.356 (brt. J-25. 2P). -10.59 

(m). -17.1S (m): IR; 3036 (m), 2981 (m), 2966 (m), 1561 (s), 1424 (m). 1420 (m), 1337 (M-H. m). 

1295 (S), 1279 (s) 939 (S). 

Thermolysis of Ru(PMe3)4<CH2Ph)(D) In cyclohexans. The ruthenium 

complex (15.0 mg, 0.0302 mmol) was dissolved in cyclohexane (0.7 mL). and the solution was 

transferred to an NMR tube. The sample was degassed and sealed under vacuum. The NMR 



tubes were heated by submerging them completely in an oil Bath heated to 8S° C. 3 1 Pf' Hj NMR. 

spectroscopy showed quantitative conversion to 6, determined by companson with a sample of 6 

independently prepared as described in the general section. 2 H NMH spectroscopy showed an 

11:1 integrated ratio of the methyl peak to aryl peaks of the toluene product. The tube was then 

cracked open under vacuum and the volatile materials collected in a glass tube cooled in a liquid 

nitrogen bath. GC/MS analysis of the volatile materials showed the absence of toluene-do. Only 

toluene-di was detected, as determined by comparison of the mass spectrum of the toluene 

peak to that obtained lor a sample of toluene-di obtained by treating benzyl magnesium chloride 

with DaO (99.3% isotopic purity). 

Kinetic evaluation of tha thermolysis of Ru(PMe3)4(CH2Ph)(H) In CsOg. 

Into a 5X0 mL volumetric flask was weighed 102 mg (0.205 mmol) Ru(PMe3)4<CH2Ph)(H) and 28 

mg of ferrocene as an internal standard. C5D& was added to the flask, making a 0.0412 M 

solution. In a typical experiment, 0.700 mL of this solution was added by syringe to a thin walled, 

9' NMR tube. In an experiment to confirm the first order nature of the reaction, 4.2 mg (0.0084 

mmol) of ruthenium complex was weighed into an NMR tube. To this tube was added 0.7 mL of 

CsDs by syringe. Each tube was degassed, the appropriate amount of PMe3 was condensed into 

it. and the tube was flame sealed to give a length of 8.5". The tubes were heated at 80° C +/- 0. r 

C in a factory-calibrated Neslab Exocal Model 251 constant temperature bath filled with Dow 

Coming 200 silicone Fluid, and frozen rapidly in ice water after removal from the bath. All reactions 

were monitored to greater than 3 half-lives by ambient-temperature 1 H NMR spectrometry by 

integrailng the methylene protons of the benzyl group vs. the ferrocene internal standard. The 

spectra were taken with a single acquisition and double checked with a second acquisition after a 

delay of at least 10 T|. Formation of 6 was confirmed by comparing the 'H NMR spectrum with 

that of an independently prepared sample of 6 as described in the general section. Rate 

constants are given in Table 1; all kinetic plots displayed excellent linearity with correlation 

coefficients of 0.9S or better. 
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Exchange of PMB3-dg with Ru(PMe3)4(CH2Ph)(H). A sample of 11.0 mg 

(0.0221 mmol) Ru(PMe3)4(CH2Ph)(H) was dissolved in C^Dg and transferred to an NMR tube. 

The tube was degassed and 0.088S mmol PMe3-dg was added by vacuum transfer. The tube was 

sealed under vacuum and heated to 60 "C tor 12 h. 3 1P{'H) NMR spectrometry showed a ratio of 

1:0.8 for the peak at 61.44 (PMe3) and 64.05 (PMej-dg). 

Thermolysis of Ru(PMeaU(Pri)(H) In CgD6- The ruthenium complex (10.8, 

0.0224 mmol) was dissolved in 0.7 mL C6D6 and 2 mg of ferrocene was added as an internal 

standard The solution was transferred to an NMR tube which was degassed and sealed under 

vacuum. The tube was submerged completely in a 140" bath for 18 h, and 'H NMR spectroscopic 

analysis of the resulting solution showed formation of 6 in 90% yield. 

Thermolysis of Bu(PMe3)4(Ph)(H) In C6Ds with and without added PMs^. 

The ruthenium complex (22.6 mg, 0.0464 mmol) was dissolved in 1.5 mL CsOg and the solution 

was divided into two NMR tubes. One tube was degassed and sealed under vacuum, and the 

other was degassed and sealed under vacuum after the addition of 2 equivalents (0.0464 mmol) 

of PMe3. The tubes were heated at 135° C for 9.5 h. Conversions for the two samples were 

determined by 3 1P( 1H) NMR spectroscopy since the resonances are well separated. 

Approximate conversions of 55% for the sample with no added phosphine and 56% for the 

sample with 2 equivalents of phosphine were determined by comparing the total of all integrals for 

the two compounds. 1H NMR spectroscopy showed no hydride or aromatic resonances for the 

sample containing no additional PMe3. Only the phosphine resonances corresponding to 5 and 

6 were observed. A hydride resonance and aryl resonances were observed for the sample 

containing 2 ec;,valents of PMe3. 

Thermolysis of Ru(PMe3)4(Ph){H) In cyclohexane-d-ij. The ruthenium 

complex (11,0 mg, 0.0228 mmol) was dissolved in 0.7 mL cyclohexane and 2 mg of ferrocene was 

added as an internal standard. The solution was transferred to an NMR tube which was degassed 

and sealed under vacuum. The lube was submerged completely in a 135° bath for 18 h, and 1 H 
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NMR spectroscopic analysis ol the resulting solution showed formation of 4 in 94% yield and 

benzene in 97% yield 

Kinetic evaluation of the thermolysis of Ru(PM03).i(Ph)(H) In 

cyclohexana-di2. Into a 5.00 mL volumetric flask was weighed 19.8 mg (0.0410 mmol) 

Ru(PMe3)4(CH2Ph)(H) and 20 mgof mesitylene as an internal standard. Cyclohexane-d-12 was 

added to the flask, making a 8.20 mM solution. In a typical experiment, 0.700 mL of this solution 

was added by syringe to a thin walled, 9" NMR tube. The tube was degassed, the appropriate 

amount of PMe3 was condensed and the tube was flame sealed to give a length 0* 8.5". The 

tubes were heated at 80" C +/- 0.1" C in a factory-calibrated Neslab Exocal Model 251 constant 

temperature bath filled with Dow Corning 200 silicone Fluid, and frozen rapidly in ice water after 

removal from the bath. All reactions were monitored to greater than 3 haif-lives by ambient-

temperature ' H NMR spectrometry by integrating the resonance due to the mutually trans 

phosphines of S vs. the mesitylene internal standard. The spectra were taken with a single 

acquisition and double checked with a second acquisition after a delay of at least 10 T i . Rate 

constants are given in Table 2; all kinetic plots displayed excellent linearity with correlation 

coefficients of 0.98 or better. 

Thermolysis of Ru(PMe3)4(Ph)(D) In cyclohexane. The ruthenium complex 

(25.2 mg. 0.0517 mmal) was dissolved in 0.7 mt. cyclohexane. The solution was transferred to an 

NMR tube which was degassed and sealed undervacuum. The tube was submerged completely 

in a 140" bath lor 8 h, and 2H NMR spectroscopic analysis of the sample was conducted every 2h 

during the thermolysis. The spectra showed a decrease in the hydride resonance for 5 and an 

increase in the resonances for benzene at 7.11 ppm and for the PMes groups of 5 between 1.1 

and 1.4 ppm. The integrated ratio at the benzene and phosphine signals in the final reaction 

mixture was roughly 2:1; an accurate value for this ratio could not be obtained due to overlap of 

the PMej resonances with the cyclohexane solvent resonance. No signals were observed in the 

hydride region. 
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Thermolysis of Ru(PM83)4(Prt)(D) In toluene. The ruthenium complex (14.2-. 

15.6 mg, 0.0323 mmol) was dissolved in toluene (0.7 mL) and transferred to an NMH tube which 

was then freeze pump thawed through three cycles. The sample was heated for 4 h at 140° C, 

after which time the NMR tube was cracked open under vacuum. The volatile materials were 

collected in a glass tube cooled with liquid nitrogen and analyzed by GC/MS at 90 ev. Two spectra 

were taken for each experiment, and the ratios agreed within 1 -2 %. Using the m/e»78 and 79 

peaks the ratio of benzene-di to benzene-do was calculated to be 0.86:1 for one experiment and 

0.67:1 for the other. The remaining material was exposed to high vacuum for 4 h, dissolved in 1 

mL of hexamethyldisiloxane and exposed to high vacuum for 8 h to remove any residual solvent. 

The solid was dissolved in ether and >3 equivalents of methanesulfonic acid in ether was added. 

A white solid rapidly formed, and the resulting solution was filtered through a plug of celite and 

analyzed by gas chromatography to determine the ratio of toluene to benzene as 2.85:1 in one 

experiment and 2.05:1 in the other. 

Thermolysis of Ru(PMe3U(H)2 In C 6 D 6 with and without added 

phosphlne. The ruthenium complex (22.0 mg, 0.0543 mmol) was dissolved in 1.5 mL CeDg, 2 

mg of ferrocene was added, and the solution was divided into two NMR tubes. One tube was 

degassed and sealed under vacuum, and the oihjr tube was degassed and sealed under 

vacuum after the addition of 10 equivalents (0.272 mmol) of PMe3 to give a PMeg concentration 

of 0 36 M. The tubes were heated at 135° for 9.5 h. 1 H NMR spectroscopy showed a hydride 

signal for the sample containing 10 equivalents of PMe3, but no hydride signal for the sample 

containing no additional PMes. 
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Chapter 2 

Alkyl, Aryl, Hydrldo, and Acstata Complaxas of (DMPMfcRu [DMPM=6/s-
(dlmathylphosphlno)rnathana]: Raductlva Elimination and Oxidative Addition of 

C-H bonds. 
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Introduction 

Transition metal systems that undergo oxidative addition ol alkane C-H bonds are typically 

electron rich, and often have a d s or d 8 electron count.1 -2 Although most ol these complexes 

also contain cyclopentadienyl or cyclopentadienyl analogues as Iigands,1<i-k systems which 

catalytically functionalize hydrocarbons by oxidative addition reactions have possessed labile non-

Cp ligands.3 

Phosphine ligands are strong electron donors, and therefore metal-phosphine systems 

often undergo oxidative addition reactions.4 For this reason, transition metal complexes 

containing phosphines as the on!y dative ligands have been investigated for their activity in the 

oxidative addition of C-H bonds. 2 a" c ' s Indeed, this type of compound readily adds sp 3 C-H 

bonds. Often this C-H bonds is from a phosphine ligand, giving rise to products resulting from 

intra-rather than intermolecular C-H oxidative addition,515-! and in other cases, the C-H bond is from 

an alkyl or aryl group.5^' -6 

It has been known for over 25 years that (OMPE)2Ru(H)(naphthyl) (DMPE-b/s-dimethyl-

pnosphinoethane) thermally eliminates naphthalene and the resulting intermediate (presumably 

(DMPEJsRu or a solvate of this species) is capable of undergoing C-H oxidative addition 

processes.53-7 Although this ruthenium system forms a dinuclear species upon prolonged 

thermolysis or photolysis7*,8 the analogous iron system has been shown to add the C-H bonds 

of alkane solvent at low temperatures.22 The osmium complex Os(PMe3)4H)(CH2CMe3) leads to 

intermediates capable of reacting with methane, but intramolecular reaction with iigand C-H bonds 

is competitive with the intermolecular reaction pathway.5'-! 

We have investigated routes to the intermediate (DMPM)Ru (DMFM-bis-

dimethyiphosphinomethane) in the hope that the metal center would be electron rich enough to 

undergo oxidative addition of C-H bonds, and that the lour membered ring of the metai-ligand 

system would prevent intramolecular C-H additions. During the course of this work, Cole-Hamilton 

et al. reported the reduction of {OMPM^RufClJa with Na/Hg in benzene to form the product of 
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solvent C-H bond addition, (DMPM)Ru(HJ(Ph), which undergoes exchange with CgD6 and 

toluene solvent.9 We present here the synthesis of a variety of (DMPM)nRu(X)(Y) complexes, 

including the synthesis of diatkyl, dihydride, and alkyl hydride complexes, as well as two routes to 

generate the intermediate (DMPM)jRu. The dialkyl complexes are markedly more stable than the 

analogous (PMe3URu(R)(R') complexes with monodentate phosphine ligands, but the alkyl and 

aryl hydride products are much less stable than those of the URu, U-(PMe3U system. 1 0 

Results and Discussion 

Acetate complexes. The synthesis or DMPM substituted ruthenium acetate 

complexes is shown in Scheme 1. Exchange of a trialkylphosphine for coordinated 

triarylphosphines has been used 25 a route to trialkyl phosphine metal complexes;11 synthesis of 

trimethylphosphine ruthenium acetate compounds by the addition of excess PMe3 to. 

(PPh3)aRu(OAc)2 (1) has been described.12 We found the synthesis of (DMPM)2Ru(OAc)2 to be 

less straightforward than that of the PMe3-substituted compound. Addition of excess DMPM to 1 

in benzene solvent led to formation of the fris-substituted product (ti 1-0MPM)2(n a-

DMPM)Ru(OAc)2 (2). This complex was characterized by conventional spectroscopic techniques 

and microanalysis, and is analogous to the Ru(DMPM)3(CI)2 complex believed to be formed by the 

addition 0! excess DMPM to (PPh3)3Ru(CI)2. but not isolated in pure form or fully characterized.9 

Th " P{1 HJ NMR spectrum of 2 is shown in Figure 1, and indicates both n 1 - and ^-coordination 

modes for the DMPM ligands. Although the spectrum is second order, there are clearly three 

resonances of equal intensity. Two are characteristic of DMPM coordinated to ruthenium. 

However, the resonance at 5 -60 is close to the S -55 chemical shift of free DMPM; therefore one 

end of a DMPM ligand is not coordinated to the metal center. Moreover, the large coupling 

between two of the bouc:' phosphorus atoms indicates a trans orientation between them. The 

1 H NMR spectrum displays one resonance tor two equivalent acetate groups in addition to the 

DMPM resonances. Mass spectrometry showed a parent ion at m/e-569, consistent with loss of 
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acetate tram the monomer. The stereochemistry shown in Scheme 1 is consistent with all these 

data. 

Addition of two equivalents of DMPM to a suspension of the triphenylphosphine complex 

1 in hexane, followed by heating tar 4 h at 65 "C, farmed the dimeric species {%2, u.2-DMPM)a(tia, 

u,1 - D M P M ) 2 R U ( T I 1 - 0 A C ) 4 (3) shown in Scheme 1. Compound 3 was also fully characterized by 

conventional spectroscopic techniques and microanalysis. Again, the 3 1 P ( 1 H } NMR spectrum 

was second order (Figure 2). It displayed two resonances of equal intensity with large trans 

coupling, and chemical shifts similar to those of coordinated DMPM in 2. Two types of ligand 

methyl groups and one type of acetate resonance were observed in the 1 H NMR spectrum. Mass 

spectrometry showed a parent ion at 984, corresponding to the dimeric structure. 

Heating compound 3 in benzene solvent at 110 °C for 8 h led to cleavage of the dimer 

and formed the monomeric tes-DMPM, 6is-acetate complex {n.2-DMPM)2Ruf,QAc!2 (4). 

Compound 4 was characterized by conventional spectroscopic techniques and microanalysis. 

Four phosphine methyl groups were observed in the 1 H and 1 3 C { ' H ) NMR spectrum of 4, and two 

triplets were observed in the 3 1 P( 1H} NMR spectrum; the phosphorus atoms located Irans to the 

acetate substituents resonated downfield from the mutually trans phosphorus atoms. A monomer 

parent ion at m/e-492 was observed in the mass spectrum. 

Dlalkyt and Olhydrlde complexes. The substitution reactions with 4 to form alkyl 

and hydride compounds are shown in Scheme 2. Addition of 1/2 equivalent of UAIH4 at room 

temperature in ether led to clean formation of the dihydride eis-(DMPM)2Ru(,Hj2 5 in 63% isolated 

yield. Compound S was characterized by conventional spectroscopic techniques and 

microanalysis, and all data were consistent with a cis orientation of the hydride substituents. Two 

triplet resonances were observed in the 3 1 P{ 1 HJ NMR spectrum of S; the phosphorus atoms 

located trans to the hydride substituents resonated uplield from the mutually trans phosphorus 

atoms. Four ligand methyl resonances were observed in t h e ' H and 1 3 C ( 1 H) NMR spectra. One 

doublet of quartets hydride resonance at 5-8.24 was observed in the ' H NMR spectrum, and two 

hydride absorptions at 1750 c m - 1 and 1767 cm - 1 were observed in the IR spectrum. 
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Room temperature addition of 2/3 equivalent of MajAI in toluene led to formation of the 

dimethyl complex cis-(DMPM)2Ru(Me)2 (6) in 87% isolated yield. Two triplets were observed in 

the 3 1 P( 1 HS NMR spectrum of 6, demonstrating the eis-orientation of the methyl groups. The ' H 

,MMR spectrum displayed a resonance at 50.21 and the 1 3 C [ 1 H ) NMR spectrum contained a 

resonance at S-8,98 for the metal bound methyl group. The room temperature addition of 

Grignard reagents also led to alkyl substituted products, but in lower yields than those 

experienced with aluminum reagents. For example, addition of MeMgBr to 4 led to formation of 6 

in 52% yield after extraction with pentane. Similarly, addition of PhChtaMgBr led to formation of 

the fl/s-benzyl complex cfe-!DMPM!2Ru(CH2Ph)2 (7)in 22% yield. This compound was identilied 

by its 1 H , 3 1 P ( 1 H r , and 1 3 C( 'H) NMR spectra. Two equivalent V-bound benzyl groups were 

observed in the 1 H and 1 3C(, 1H} NMR spectrum, and two triplets were observed in the? 1 P{ 1 Hl 

NMR spectrum, with chemical shifts similar to those of the dimethyl complex 6, consistent with a 

cis geometry. 

As discovered during the preparation of of alkyl complexes, triaryl aluminum reagents 

gave higher isolated yields than Grignard reagents. Addition of PhMgBr led to formation of the 

diphenyl complex (DMPM)2Ru(Ph)j (8) in roughly 10% yield after extraction with pentane. 

However, addition ot PfyAI led to 8 in 48 % isolated yield. Compound 8 was characterized by ' H . 

3 1 P ( ' H ) , 1 3 S( 'H ) , and IR spectroscopy. Four ligand methyl groups were observed in the ' H NMR 

spectrum along with resonances for two equivalent t ] 1 -bound aryl groups. The resonance tor the 

jj3SO carbon ol Ihe equivalent aryl rings was observed at 8174, which showed the appropriate 

doublet ol quartets pattern, a large coupling due to the trans phosphorus atom and three smaller, 

indistinguishable cis couplings. 

The dialkyi and diaryl complexes were thermally stable, even at elevated ten :y atures. 

Thermolysis of CsD$ solutions ot 7 or 8 at 110 "C lor 8h ted to no decomposition of the dialkyi and 

diaryl complexes. Most notably the complexes were stable loward orthometallation reactions. No 

evidence (or the formation of toluene and (DMPM)2Ru<CH2C6H4) was observed while monitoring 

the thermolysis ol 7. No evidence for orthometallation of 8 to form benzene and 



(DMPM)2Ru(CsH4) or reductive elimination to form biphenyl and products from the intermediate 

(DMPMteRu (w'de infra) was observed. Similarly, dimethyl compound S was stable toward S atm of 

hydrogen tor 24 h at room temperature. 

Hydrldo methanesulfonate complex. Attempts to synthesize the mixed 

complexes (DMPM)2Ru(R)(OAc) (R.Me, H) by the addition of 1/3 equiv. of MeaAl or 1/4 equiv. 

UAIH4 to 4 led to intractable mixtures. However, addition of one equivalent of methanesulfonic 

acid to dihydride 5 cleanly precipitated the hydrido methanesulfonate complex irans-

(DMPM)2Ru(H)(OS02Me) (9) in 70% yield (Scheme 3). Compound 9 was characterized by 1 H , 
3 1 P('H), ^Cf 'H} NMR and IR spectroscopy, as well as microanalysis. The singlet resonance at 5-

25.S in the 3 1 P(1H} NMR spectrum and the pentet resonance at 5-20.5 in the 1 H NMR spectrum 

corresponding to the hydride substituent indicated a trans orientation of the hydride and 

methanesulfonate groups. It is possible that these two spectra result from rapid dissociation of 

the weakly coordinating methanesulfonate group, forming a fiveKoordinate cation which rapidly 

exchanges phosphine coordination sites. However, cooling a sample of 9 in THF-da to -80 °C led 

to no change in the 1 H o r 3 1 P(' H) NMR spectra, suggesting that a trans orientation of the hydride 

and methanesullonale groups is the lowest energy structure in solution. 

Alkyl and Aryl Hydride complexes. The formation and thermal stabilities ol the 

alkyl and aryl hydride complexes are shown in Scheme 4. Addition ol Me3AI to the hydrido 

methanesulfonate complex 9 ai room temperature in benzene led to formation methane and the 

phenyl hydride 10. Initial formation ol a methyl hydride complex, followed by reductive elimination 

of methane to form (DMPM)2Ru which oxidatively adds the solvent C-H bond, would account for 

the reaction products. Indeed, the l/ans-methyl hydride intermediate 12 was generated in 46 % 

NMR yield by addition of Mea AI at -78 °C to a toluene-da solution ol 9, and was identified by low 

temperature 1 H, 3 1 P( 'H) . and 1 3 C( 1 H) NMR spectroscopy. The 1 H and , 3 C( 1 H) NMR spectra 

demonstrated the presence of a hydride and metal-bound methyl group located trans to each 

other. The hydride substituent was identified by a pentet resonance at 5-8.14 in the 1 H NMR 

spectrum. The metal-bound methyl group was observed as a pentet resonance at 50.27 in the 1 H 



42 

Scheme 3 

Me. H 
Me2 | Me2 

^H HOS02Me ^ * P ^ ' " P \ . 

Mtf^pH 25'C.EW ECpE., 
I p OSOjMe 

Me, 

n 
Me,P.... I , 



43 

Scheme 4 

Me 2 

P 

M e 2 P — 

M e , P ' 
l ^ R u . . . 

C S H 6 

"»H hv, 2 d 

Me 2P 

Me 2 P* 

n Me 2 

P 

.Ph 
2Ru. 

- p 
Me 2 

Li CSDJCOJ 
45 °C 

Me 2 

10 
Me, 

C 6 H S / 
/•CH 4 

Me, 

1 — p 

Me 2 P. . ^ 

M e 2 P " ^ 1 ^ D 

.CD, 

Me 2 

11 

Me, 

^ p ^ i ^ p ^ 
Me, Me, 

Me 2 

xs. Me3AI / 
C D S C D 3 / . 7 0 . C 

/ Smin 

Me 2 

P> 

Me, 
CjHs 

45-C, 2h 
- CsDsCDj 

Ph 

Me 2 

OSOjMe 
9 

Me 2 n 
MHP^ | " H 

I I 
> P 

Me 2 

10 



NMR spectrum and at 5-25.11 in the 1 3 C ( 1 H( NM R spectrum. A singlet resonance at 5-22.4 was 

observed in the 3 1 P ( 1 H ) NMR spectrum, consistent with a trans orientation of the hydride and 

methyl groups. 

Allowing this sample to warm to 0 °C showed the formation of methane (identified by 1 H 

NMR spectroscopy) and provided 1 H and 3 1 P{ 1 HJ NMR spectra which were identical to those 

obtained from a toluene-da solution of phenyl hydride 10 after a h (vide infra). These data 

demonstrate that the methyl hydride complex 10 is unstable toward reductive elimination at room 

temperature, and forms the more stable aryl hydride complexes. Under these conditions, no cis 

iOMPM)Ru(Me)(H) (cis-12) was observed. However, previous studies have demonstrated the 

necessity of a cis orientation far reductive elimination. 1 3 Therefore, we propose that trans to cis 

isomerization is the rate determining step in the formation of phenyl hydride 10 from the trans 

meihyl hydride 12. We propose that isomerization of the trans complex to the cis isomer occurs 

by dissociation of one end of the DMPM iigand to form a five coordinate species, which 

undergoes rearrangement and recoofdination of the OMPM chelate to form the saturated cis-

complex. Mechanisms involving 5-coordinate imemediales have been proposed for trans to cis 

rearrangements.1* 

Irradiation ol a benzene-dg solution of dihydride 5 for 4 d led to formation of hydrogen 

(observed by ' H NMR spectroscopy) and the phenyl-ds deuteride complex 

(0MPM)jRu(C6Ds)(D)10-d6 in 43% yield by 1 H NMR spectroscopy. This procedure led to 

significant decompositiot. before complete reaction of 5 had occurred, ant" m* were not able to 

separate the phenyl hydnde product from dihydride starting material when the photolysis was run 

to lower conversion. Therefore, photolysis did not provide a method lor obtaining pure samples 

of 10. However, addition of trirnelhylaluminum to a solution of hydrido methanesulfonate (9) in 

benzene solvent, followed by crystallization from a benzene/pentane mixture provided 10 in 19% 

isolated yield, as material which was pure as determined by 3 1 P{ 1Hj NMR spectroscopy. We were 

able lo obtain 1 H , 1 3 C( 'HJ, and 3 1 P( 1 H) NMR spectral data on a sample of 10 prepared by this 

method, although we were not able to obtain analytically pure samples. 
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Solutions of 10 in benzene-d6 formed 10-dg afters h at room temperature and toluene-

da samples of 10 were converted to solutions for which the 3 1 P ( ' H } NMR spectra were nearly 

identical to those obtained in benzene-da solvent. Removal of the toluene solvent followed by 

2 H NMR spectral analysis in C6Hs showed three tolyl methyl groups at 82.35,82.31, and 81.98. 

Resonances in the aryl region (86.9 - S7.9J were also observed as well as hydride resonances 

centered at 5-7.75. These data indicated formation of a mixture of three tolyl hydride compounds 

(11 )by exchange with toluene-da solvent. The benzene formed by this exchange reaction was 

analyzed by GC/MS to determine its isotopic distribution. Comparison of the mass spectrum of 

the benzene byproduct to authentic samples of C&H6 and C6H5D (prepared by addition ol DjO to 

PhMgBr) indicated no enrichment of deuterium into this material. 

Two mechanisms for arene ring exchanges are displayed in Scheme 5. Path a involves a 

simple reductive elimination of benzene to form (DMPM)2Ru (12) and oxidative addition of 

solvent C-D bonds. Path b involves dissociation of one end of the DMPM ligand, followed by 

oxidative addition to form the ruthenium(IV) intermediate 13. Intermediate 13 contains a hydride 

and a deuteride. As a result, path b predicts formation of benzene-do and benzene-dt as the 

organic product. Arene ring exchange in the (PMe3knu(Ph)(H) 1 0 system and addition of 

benzene to (PMeaUOsfCh^CMeaXH)5'-' were both shown to occur by way of the unsaturated 

(PMe3)3M(H)(R). an intermediate analogous to 13. In bolh these cases, incorporation of 

deuterium from the solvent was observed in the organic byproduct. However, no deuterium 

enhancement was observed in the benzene byproduct of the (DMPM)2Ru(Ar)(H) system, 

supporting a simple reductive elimination and oxidative addition mechanism (path a). 

The instability of methyl hydride 12 demonstrates that the (DMPM)Ru(O) intermediate 

must be generated at low temperature in order 10 observe formation of alkane C-H activation 

products. Photolysis of dihydride 5 provides such a method.2a,d.g,h.j,i5 However, monitoring 

the irradiation of a pentane solution of 5 at -SO'C after 2 h and 8 h by low temperature 3 1 P( 'H ) 

NMR spectroscopy showed only decomposition ol 5 and no evidence for an alkyl hydride 

product. 
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Comparison of stabilities to (PMea) 4Ru(R)(R'), (PMe 3 ) 4 Ru(H)(R) , and 

(DMPE)2Ru(R){R , J. 

The dialkyl complexes si' this DMPM system are markedly more stable than the analogous 

compounds containing four TJ1 -PMe3 ligands rather than two n z-DMPM ligands. Addition of two 

equivalents of PhCHjMgBr to frans-(PMe3)4Ru(CI)2 at room temperature led to formation o( 

toluene and the cyclometallated complex (PMe3)4Ru(n2-CH2C6H4), suggesting that the bis-

benzyl complex is unstable to orthametallation even at room temperature. The cis-

(PMes)4Ru(Ph)2 complex is stable under argon, but thermally eliminates benzene to form 

(PMe3)4Ru(Ti2-C6H4) at 85 °C. In addition, reaction of os-<PMe3)4Ru(Me)2 with 1 atm of hydrogen 

at room temperature for 24 h led to clean formation of c/s-(PMe3)4Ru(H)2.1S The thermal stability 

of c/s-(DMPM)2Ru(CH2Ph)2 and os-(DMPM)2plu(Ph)2 and the stability of cis-(DMPM)2Ru(Me)2 

toward hydrogen suggests that this system, which contains n2-phosphine ligands, cannot 

undergo reactions that typically proceed by pathways involving phosphine dissociation. 1 7 

However, isomerization of the frans-methyl hydride to the os-isomer before reductive elimination 

suggests that dissociation of one end of the DMPM ligand occurs even at 0 °C, assuming 

dissociation of a hydride or methyl group does not occur. Therefore, the rate of recoordination 

must be faster than the rate of intramolecular C-H oxidative addition or imermolecular H2 addition 

to the resulting Ru(ll) intermediate. 

The synthesis and thermal stabilities of the aryl and aikyl hydride complexes 

(DMPE)2Ru(R)(H) have been investigated by several groups.ref S a - 7 S and we have investigated 

the thermal reactivity of (PMe3)4Ru(R)(H) complexes. The aryl hydride complexes of the DMPE 

system are stable at room temperature, but reductively eliminate between 45 °C and 85 °C. The 

alkyl and aryl hydride complexes of Ihe (PMe3hRu(R)(H) system are even more stable. For 

example, the methyl 1 8 and ethy l 1 9 hydride complexes have been shown to be stable at 65 °C, 

while the benzyl hydride complex reductively eliminates to fonn the (PMe3>4Ru intermediate over 

the course of 4 h at 85 'C. The phenyl hydride complex requires heating to 140 a C for 8 h before it 

eliminates benzene and lorms the (PMesURu intermediate. 
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The electronic properties of DMPE. DMPM, and PMeg must be similar since they are 

essentially trialkyl phophines. We therefore find it surprising that the DMPM complexes display 

dramatically different stabilities relative to the DMPE and PMe3 complexes, but offer two 

explanations for this observation. Steric arguments would predict that the trimethylphosphine 

system should have a lower bamer to formation of the four-coordinate L»Ru intermediate from the 

six-coordinate aikyl hydride LtRu(H)(R) starting material because the DMPM system possesses 

ligands that are pulled away from the alkyl groups. Therefore, a simple steric argument based on 

the size of the ligand systems in the alkyl hydrides is not adequate to explain the relative 

stabilities. Our first possible explanation is based on ground state energies, and postulates that 

the ability of the DMPM ligands to act as strong cr-donors may be reduced by the ring strain in the 

four-membered ring system necessary to form chelating monomeric complexes. The reduced 

electron density at the metal center may reduce the strength of the Ru-H and Ru-C bonds. A 

second explanation involves a possible difference in activation energy due to the reorganization 

neccessary to adopt the "sawhorse'-type geometry (shown for intermediate 12 in Scheme S) for 

C-H reductive eliminations of M U compounds.20 X-ray structural studies of several 

(PMes)4Ru(X)(Y) compounds have shown that the two mutually trans phosphine ligands are bent 

away from the other two phosphines and toward the two cis, o-bonded ligands, such that the 

trans P-Ru-P angle is between 160° and 1 6 5 ° . 1 6 ' 2 1 Therefore the trans phosphines in 

(PMeaURutRHH) must bend away from this geometry and increase steric interactions with the two 

cis-PMs3 ligands to reach the transition state. Perhaps the energy required to adopt this 

conformation is sufficient to account for the slower reductive elimination of the tetrakis-PMes 

system relative to its DMPM analogue. 

Experimental . 

General. Unless otherwise noted, all manipulations were carried out under an inert 

atmosphere in a Vacuum Atmospheres 553-2 drybox with attached MS-40-1H Dritrain, or by using 

standard Schlenk or vacuum line techniques. 
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1 H NMR spectra were obtained on either the 250,300.400 or 500 MHz Fourier 

Transform spectrometers at the University of California, Beikeley (UCB) NMR facility. The 250 and 

300 MHz instruments were constructed by Mr. Rudi Nunlist and interfaced with either a Nieolet 

1180 or 12S0 computer. The 400 and 500 MHz instruments were commercial Broker AM series 

spectrometers. 1 H NMR spectra were recorded relative to residual pratiated solvent. 1 3 C ( 1 H [ 

NMR spectra were obtained at either 75.4,100.6, or 125.7 MHz on trie 300,400 or 500 MHz 

instruments, respectively, and chemical shifts were recorded relative to the solvent resonance. 

2 H NMR spectra were recorded at 7S.4 MHz on the 500 MHz instrument, and chemical shifts were 

recorded relative to the solvent resonance. Chemical shifts are reported in units of parts per 

million downfield from letramethylsilane and all coupling constants are reported in Hz. 

IR spectra were obtained on a Nicolet 510 spectrometer equipped with a Nicolet 620 

processor using potassium bromide ground pellets, or solution cells as stated. Mass • 

spectroscopic (MS) analyses were obtained at the UC8 mass spectrometry facility on AEI MS-12 

and Kratos MS-50 mass spectrometers. Elemental analyses were obtained from the UCB 

Microanalytical Laboratory. 

To prepare sealed NMR tubes, the sample tube was attached via Cajon adapters directly 

to Kontes vacuum stopcocks. 2 2 Known volume bulb vacuum transfers were accomplished with 

an MKS Baratran attached to a high vacuum line. 

Unless otherwise specified, all reagents, including Grignard and trialkylaluminum 

reagents, were purchased from commercial suppliers and used without further purification. PMe3 

(Slrem) was dried over NaK or a Na mirror and vacuum transferred prior to use: DMPM (strem) was 

used as received CO was purchased Irom Matheson. (PPh3>2Ru(OAc)2 (1) was prepared by 

literature methods." 

Pentane and hexane (UV grade, alkene free) were distilled Irom UAIH4 under nitrogen. 

Benzene and toluene were distilled from sodium benzophenone ketyl under nitrogen. Ether and 

tetrahydrofuran were distilled from purple solutions of sodium/benzophenone ketyl. Deute^ted 
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solvents for use in NMR experiments were dried as their protiated analogues but were vacuum 

transferred from the drying agent. 

cis, frans(ti 1-DMPM)2(Ti 2-DMPM)Ru(OAc)2 (2). Ru(PPh3) 2(OAc) 2 (350 mg, 

0.471 mmol) was dissolved in 10 mL of toluene, and an excess of DMPM (300 mg, 2.24 mmol) in 2 

mL of toluene was added at room temperature. The bright orange suspension turned pale yellow 

upon mixing and became homogeneous. The solution was stirred at room temperature for an 

additional 2 h, after which time the solvent was removed under reduced pressure. The resulting 

ruthenium complex was very soluble in pentane, precluding simple separation from 

triphenylphosphine by washing with pentane. Compound 2 was isolated by chromatography in 

the drybox on alumina III, eluting with ether to remove the triphenylphosphine and then with THF 

to remove the ruthenium complex. The compound was then crystallized from pentane to yield 

88.0 mg (30 %) of 2 as yellow blocks. IR (C6D6) 2970, 2908, 1609, 1428, 1372. 1326, 1288, 

941, 904; MS (FAB, sulfolane) 569 (M-OAc)H*. 509 (M-20Ac)+; Anal. Calcd. for CigHaaOjPsRu: 

C, 46.06; H, 8.54. Found: C, 46.22: H, 8.76. 

( H 2 , ( I 2 - D M P M ) 2 ( T I 2 , n 1-DMPM) 2RU2{Ti 1-OAe)4 (3). Ru(FPh 3 ) 2 (OAc) 2 (118 g, 

1.59 mmol) was suspended in 10 mL of hexanes. DMPM (0.432,3.17 mmol) was added and the 

suspension was stirred for 4 h at 65 °C. over which time the orange suspension became a pale 

yellow<green solution containing a white solid. The reaction mixture was cooled to room 

temperature, the solid was filtered, and the free triphenylphosphine and DMPM was removed by 

washing three times with a total of 100 mL ol pentane to leave 639 mg (82 %) of 3 as a white 

powder. IR(K8r) 2994. 2968, 2907, 2888, 1589, 1387. 1335. 940, 924, 906; MS (FAB, 

sulfolane) 984 (Ml-r), 925 ((M-OAc)*); Anal. Calcd. for C 2 4H 5 6 0aPaRu 2 : C. 34.22; H, 6.97. 

Found: C, 34.40; H, 6.96. 

C/S-(r|2-OMPM)2Ru(OAc)2 (4). (T|2, u 2 -DMPM) 2 ( i l 2 . p.1-DMPM)2Ru(n1-OAc)4 (2) 

(639 mg, 0.651 mmol) was suspended in 50 mL of toluene, and the suspension was placed into a 

glass reaction vessel equipped with a Kontes vacuum adaptor. The vessel was degassed by two 

freeze, pump. Ihaw cycles and heated to 110 'C for 8 h under vacuum. Alter this time l',e solution 



had become homogeneous. The solvent was then removed under vacuum to provide 512 mg 

(80.1%) yield of 4 as a white powder, judged pure by 1 H and 3 1 P ( 1 H ] NMR spectroscopy. A 

portion of this material was crystalized for microanalysis by diffusing pentane into a toluene 

solution Of 4. IR(KSr) 2967, 2905,1532,1407,1370, 1320, 1230, 927; MS (E.I.) 492 (M+); Anal. 

Calcd. (or Ci2H2a04P4Ru: C, 34.22; H, 6.97. Found: C, 34.43; H, 7.00. 

e/s-{DMPM)2Ru(H)2 (600) as-{-n.2-DMPM)2Ru(OAc)2 (4) (0.578 g, 1.18 mmol) was 

suspended in 50 mL of ether. To Ihe stirred solution at room temperature was added 0.589 mL 

(0.539 mmol) of a 1.0 M solution of lithiumaluminumhydride in ether. The yellow solution became 

white, and was stirred for an additional 10 min. The ether was removed under reduced pressure 

and the residue was extracted with 100 mL of pentane. The pentane suspension was filtered and 

the solvent was removed to provide 303 mg (63%) of analytically pure pale yellow powder. IR(KBr) 

2959,2895; 1767, 1750, 1411, 1272, 922: MS (El) 374 (M*); Anal. Calcd. for C i 0 H i a P4Ru: C. 

32.00; H, 8.06. Found: C, 32.21; H, 8.14. 

C/s-(DMPM) 2Ru(Me) 2 (6). eis-(Ti2-DMPM)2Ru(OAc)2 (4) (1.14 g, 2.32 mmol) was 

dissolved in 75 mL of benzene. To the stirred solution at room temperature was added 0.773 mL 

(1.55 mmol) of a 2.0 M solution of Me3AI in toluene. The yellow solution became white, and it was 

stirred for an additional hour. The benzene was removed under reduced pressure and the 

residue was extracted with 100 mL of oentane. The pentane suspension was filtered and the 

solvent was removed to provide 818 mg (87%)of white powder judged pure by 1 H and 3 , P ( 1 H ) 

NMR spectroscopy. A portion of this material was crystallized from pentane at -40 *C for 

microanalysis. IR(KBr) 2955, 2900, 2892, 2861. 2813, 2774, 1409, 1236, 1272. 1074, 927, 

917, 913; Anal. Calcd. for CioH,8P 4Ru: C, 32.00: H. 8.06. Found: C, 32.21; H, 8.14. 

c/s-(DMPM)2Ru(CH2Ph)2 (7). c/s-(ii2-DMPM)2Ru(OAc)2 (314 mg, 0.640 mmol) was 

dissolved in 10 mL of THF. To the stirred solution at room temperature was added 0.704 mL (1.41 

mmol) of a 2.0 M solution of PHCHjMgBr in THF. The yellow solution became white, and it was 

stirred lor an additional 8 h. The THF was removed under reduced pressure and the residue was 

extracted with 100 mL of benzene. The benzene suspension was filtered and Ihe solvent was 
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removed to provide 78.2 mg (22%) of white powder in approximately 95% purity by 1 H , 3 1 P( 1 H), 

a n d 1 ^ t 1 H) NMR spectroscopy. Attempts to obtain analytically pure material by crystallization 

provided material which was of roughly the same purity as the crude material. MS(EI) 465 (M-

CH 2Ph)+. 

c/s-fDMPM) 2Ru(Ph)2 (8) c/i-{Ti2-DMPM)2Ru(OAc)2 (4) (250 mg, 0.520 mmol) was 

dissolved in 10 mL of toluene. To the stirred solution at room temperature was added 99.2 mg 

(0.382 mmol) of of Ph3AI as a solid. The solution remained yellow after stirring for 16 h, but 

3 1 P( 1 H} NMR spectroscopy of an aliquot showed no unreacted ofc-acetate 4. The toluene was 

removed under reduced pressure and the residue was extracted with 50 mL of E t 2 0 . The ether 

suspension was tillered and the solvent was removed from the filtrate to provide 86.4 mg of off 

white powder in approximately 95% purity by 1 H , 3 1 P1 1 H), and 1 3 C( 1 H) NMR spectroscopy. 

Attempts to obtain analytically pure material by crystallization provided material which was of 

roughly the same purity as the crude material. IR(KBr) 3033, 2979, 2956.2901,1561,1417, 

1288, 1274, 1080, 1011. 947, 921. 

rrans-(DMPM) 2Ru(H)(OS0 2Me) (9) c/s-(DMPM) 2Ru(H) 2 (5) (84.4 mg, 0.225 mmol) 

was dissolved in 40 mL of THF. To this stirred solution was added, all at once, 54j iL (0.225 mmol) 

of a 4.17 M solution of HOS0 2 Me in THF at room temperature. The hydrido methanesulfonate 

complex 9 was isolated by concentration of the solution to 5 mL, followed by addition of 50 mL of 

pentane which precipitated a white solide. This solid was coilected by filtration to provide 73.9 mg 

(70 %) ol white powder, iudged pure by 1 H , 3 , P ( ' H ) . and 1 3 C( 'H) NMR spectroscopy. 

Crystalline, analytically pure samples ol 9 were obtained from a preparation using 162 mg of 

starling ruthenium complex, and the crude powder was extracted with 100-150 mLof pentane, 

concentrated, and cooled to -40 q C to provide 30.0 mg (14.8%) ol white needles. IR(KSr) 2962, 

2900, 1890, 1420, 1293, 1278, 1207. 1086. 1059. 927; Anal. Calcd. for Ci t H 3 2 03P4RuS: C, 

28.14; H, 6.87. Found: C, 28.31 : H , 6.66. 

cMOMPM)jRu(Ph)(H) (10) To a solution of 82.6 mg (0.176 mmol) ol 9 in 7 mL ol 

C6Hg was added dropwise at room temperture 118 mL (2/3 equiv) of a 1.0 M solution ol 
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trimethylaluminum in toluene. The solution was stirred for 1 h, after which time an oily solid had 

farmed. The solution was decanted from this solid, and the solvent was reduced to 2 mL under 

reduced pressure. The resulting solution was filtered through a plug of celite and further 

concentrated io 0.5 m L Into this solution was vapor diffused 2 mL of pentane, and the resulting 

solution was cooled to -40"C. The vial continued to be exposed to pentane at -40 °C in a closed 

system for one week, over which time 14.8 mg (19%) of 10 crystallized as pale yellow needles. 

IR(KBr): .2898. 2918, 2958. 3031, 1791. 1559, 1417, 1274. 930, 919. 

/rans-(DMPM)2Ru(Me)(H) (11) frans-(DMPM) 2Ru(H)(OS02Me) (9) (24.2 mg, 

0.0516 mmol) and 3.1 mg of ferrocene as an internal standard were dissolved in 0.7 mL of 

toluene-da and placed into an NMR tube equipped with a teflon septum. The tube was cooled to -

78 °C and an excess of a 2.0 M solution of Me3AI (18.5 ui_, 0.111 mmol) was added by syringe. 

The tube was then placed in the NMR probe which had been cooled to -SOX. 1 H , 3 1 P ( 1 H ) , and 

1 3 C ( ' H ) NMR spectroscopy showed formation of 11 in 43% yield. The NMR probe was warmed to 

0 °C. under which conditions the methyl hydride began to eliminate methane and form 

(DMPM)2Ru(D)(C6D4C03) (12-da) as determined by comparison of this sample io one obtained 

by thermolysis ol a toluene-da solution of phenyl hydride 10. 

Exchange o l e7s-(DMPM) 2Ru(Pti)(H) (10) witn toluene-da. In 0.3 mL of 

toluene-da was dissolved 14.8 mg of os-(DMPM)2Ru(Ph)(H) (10). The sample was allowed to sit 

at room temperature for 24 h, after which time the volatile materials were collected by vacuum 

transfer. GC/MS analysis showed that the benzene byproduct contained no enrichment in 

CeHsD, as determined by comparison ol the mass spectrum to an authentic sample of C S H 6 and 

C6H5D (prepared by addition of D2O to PhMgBr). 2 H NMR spectroscopy showed resonances in 

the aromatic region (56.9 - 57.9:4 hydrogens) in the tolyl region (52.35. 82.31, and 51.98; 3 

hydrogens) and in the deuteride region (5-7.75; 1 hydrogen), indicating formation of a mixture of 

tolyl hydride compounds. The resonances in the tolyi region were not well enough resolved to 

obtain accurate ratios of the three isomers but the distribution was roughly 4:1:1. 
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Table 1 ' H NMR spectroscopic c ala. 
Compound S(ppm) multiplicity' JiHz) Integra assionment2 

(Ti'-DMPMJafn^-OMPM) 3.69 tt 10.6, 1.B 2 Me2P£H2PMe2 
Ru(OAc)23 (2) 1.98 s 4 MaaPfibfaPMea 

1.98 s 6 -OC(0)CH3 
1.57 d 7.4 12 MsaPCHaPMsa 
1.30 m 12 M22PCH2PM22 
0.93 d 3.5 12 M22PCH2PMSa 

(T)2, H 1 -DMPM)2 (T ]2 U.2-DMPM) 3.71 t 10.5 4 M62P£ti2PMe2 
RU2tC."3)43t3) 2.95 brs 4 Me 2P£H2PMe 2 

2.01 s 12 •OC(0)Chl3 
1.4S d 6.9 24 Me?PCH?PM°? 
1.31 1 3.7 24 ii!22PCH2PM=2 

(il2.0MPM52RuCOAc)23 (4) 2.91 tn 2 {Ue2PhCti&»B 
2.31 m 2 (Me2P)2CHaHB 

2.29 s 6 -OCIOJCtb 
1.7S t 3.5 6 M22PCH2PM22 
1.51 t 3.1 6 MS2PCH2PM»2 
1.16 d 10.2 6 MS2PCH2PM22 
0.83 d 8.3 6 M £ 2 P C H 2 P M S 2 

<n2-DMPM)2Ru<H)23 (5) 3.08 IB 2 (MejPfeCHaHa 
2.96 m 2 (Me2P)aCHAH8 

1.53 d 6.8 6 M22PCH2PU22 
1.46 t 2.7 6 MgoPCH?PMgr» 
1.36 d 5.4 6 M£2PCH2PM22 
1.23 d 1.2 6 MS2PCH2PMS2 

-8.24 dq 78,22 2 Ru-H 

(Ti2-DMPM)2Ru(Me)23(6) 3.02 m 2 (Me 2P)2CtiaHB 

2.73 m 2 (Me2P)2CH^HB 

1.25 d 3.8 6 M22PCH2PM22 
1.23 d 3.1 6 M£2PCHSPM22 
1.10 d 2.6 6 Mfi2PCH2PM22 
1.03 d 1.4 6 M22PCH2PM22 
0.21 m 6 Ru-Me 

(ti2-DMPM)2RuiCH2Ph)2* 7.20 d 7.7 4 CH2£l 
(7) 6.86 t 7.8 4 CH2EI 

6.60 I 7.3 2 CH2££l 
2.99 m 4 CH ?Ph 
2.38 m 2 (Me2P)2CHAHB 

2.05 m 2 (Me 2 P)2CH i H 8 

1.60 d 8.0 6 MS2PCH2Pt!£2 
1.55 d 5.8 6 MS2 pCH 2PM£2 
1.05 s 6 ^2PCH 2 PM22 
0.07 d 2.3 6 Mfi jPCHsPJ^ 



Table 1. com. 

(7l2-DMPM)2Ru(Ph)2

4(8) 7.21 m 4 Ru-Ph 
6.59 t 7.2 4 Ru-Ph 
6.52 t 7.0 2 Ru-Ph 
2.95 m 2 (Me aP) 2CHAH B 

2.62 m 2 (MejPJjCH^Ha 
1.61 d S 6 MaiPCH^PMa-; 
1.60 s 6 ldfi 2PCH 2PM22 
1.23 d 7 6 MeoPCI-bPMg? 
1.22 s 6 M?^PCHoPM°^ 

(Ti2-DMPM)2Ru(H)(OS02Me)4 3.40 m 2 (Me2P) 2 Ct^H B 

(9) 3.20 m 2 (Me 2P) 2CHAH B 

2.43 s 3 -OSO2MI 
1.55 5 12 M~>PCH??M°-> 
1.45 S 12 Me^PCHyPMe? 

-20.46 pent 20.7 1 Ru-H 
oS-(Tiz-DMPM)2Ru(Ptl)(H)3 8.03 t 5.9 2 Aromatic 

(10) 7.25 t 7.0 2 Aromatic 
7.14 d 6.0 1 Aromatic 
2.80 m 3 Me 2PCH2PMe 2 

2.69 m 1 Me 2 PCt! 2 PMe 2 

1.41 d 7.0 3 M22PCH2PM22 
1.26 m 6 M°?PCI-bPM?-) 
1.16 m 15 M^PCH ? PMe ? 

-7.72 dq 91.20 1 Ru-H 

(7)2-DMPM)2Ru(H)(Me)s (11) 3.06 m 2 ( M e 2 P ) 2 C t ^ H B 

3.01 m 2 (Me 2 P) 2 CH 4 Hg 
1.42 s 12 M'fPCHfPMsi 
1.26 s 12 M»?PCHiPM»j 
0.27 pent 5.8 3 Ru-Me 
-8.14 pent 20.1 1 flu-H 

'The multiplicities doublet and triplet, when referring to the DMPM ligands, are apparent splitting 
patterns and do not necessarily rellect true coupling. 
2The assignments cis andrrans refer to mutually cis and mutually trans PMe3 groups. 
3C 6D 6,25 °C; *THF-d8.25 "C; StoWa. -«0*C; 
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Table 2. 1 3 C ( 1 H I NMR spectroscopic data. 
Compound 5(ppm) multiolicitv1 J(Hz) assianment'i 

(il1-DMPM)2(7ii!.DMPM) 177.2 s -0£(0)Me 
Ru(OAc)2 (2) 3 50.39 It 22, 4.4 Me2PCU2PMe2 

33.70 ddq 31, 15, 4 Me2PfiH2PMe2 
24.10 s -OC(0)£H3 
17.16 dt 15.2 Me ?PCH ?PMp-, 
16.47 ddl 14, 11.4 M 8 2 P C H 2 p M 2 2 
15.37 Id 9 ,3 M22PCH2PMS2 

( i l 2 , ( I ' - O M P M ^ T I 2 , u.2-QMPM) 177.9S s -OC(0)£H3 
RU2(OAc)4

5 (3) 50.67 1 21.9 Me2P£H2PMe2 
32.35 s Me 2PCii2PMe2 
24.10 s -OC(0)CJ+3 
19.57 d 18.8 Mfi2PCH2PM22 
16.29 t 9.8 M£2PCH2PMS2 

(Tl2-DMPM)2Ru(OAc)2S (4) 176.44 t 3.2 -OC{0)Ch3 
51.73 m Me^PCHoPMg; 
24.37 s -OC(0)£il3 
20.32 t 8.8 Ma2 p CH 2 PM22 
19.40 m Me ? PCH ? PMg ; 

15.83 t 12.7 M£2PCH2PM2a 
12.85 t 10.3 US2PCH 2PU£2 

(Ti2-DMPM)2Ru(H)23(S) 56.90 dt 21, 10 Me2P£tl2PWe2 
28.09 t 6.7 M°r)PCH;PMe? 

26.88 t 10 M22PCH2PM22 
25.69 s t!22PCH 2PM22 
24.95 dt 14 ,7 MeyPCHoPMa, 

(Tl2-DMPM)2Ru(Me)23 (6) 21.56 m Me 2 PCHjPMe 2 

25.64 dd 6.7. 4.6 MS2 pCH 2PMS2 
22.57 m Me-iPCI-bPMe? 
16.01 m M22PCH2PM£2 
9.91 m MS2PCH2PM22 
•8.98 do, 63, 11 Ru-Me 

(ti2-DMPM)2Ru(CH2Ph)24 (7) 166.65 m CH2PJ3 
130.87 s CH 2Ph 
130.02 5 CH2PJl 
122.19 S CHjPh 
54.29 s Me 2PCH2PMe 2 

21.70 dm 53 CH ?Ph 
23.57 m M£2PCH 2PM2 2 

21.76 s M?-jPCH ?PM°; 
21.75 t 3.8 M°;PCH ?PMe? 
12.15 m M»?PCHjPMe? 
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Table 2. Cont. 

<T] 2-DMPM) 2Ru(Ph) 2

4 (8) 174.05 dq 57.7. 11.8 Ru-Ph 
147.03 s Ru-Ph 
124.30 s Ru-Ph 
119.50 s Ru-Ph 
43.49 tt 21.2, 12.1 t ^ P Q ^ P M e j 
24.07 d 8.4 M£aPCH2PMS2 
23.03 m Ml»?PCH?PM°-) 
16.as s Mg ?PCH ?PMa? 
11.63 t 6.5 M ^ P C H ? P M ° ? 

(T! 2-0MPM) 2Ru(H)(aSO 2Me) 4 57.49 m M82P£HaPMe2 
• (9) 41.85 . . s -OSO2M2 

26.48 t 8.6 Me?PCH3PM°n 
19.79 t 4.4 Ma2pCH2PJsl22 

OS-(Tl2-DMPM)2Ru(Ptl)(H)3 169.13 dm 56.6 Aromatic 
(10) 147.37 m Aromatic 

124.47 d 4.8 Aromatic 
119.23 s Aromatic 
54.33 td 13.6, 5.S M32PQH2PMe2 

52.52 td 20.9, 7.0 Me2P£d2PMe2 
27.02 m M ° I P C H 7 P M ° T 
24.68 dt 8.4. 4.3 Me?PCHaPMe? 

24.25 m y a p C H 2 P M 2 2 
23.93 d 4.2 M22PCH2P&I22 
21.47 ddd 6.5.11,11 MS2PCH2PM22 
20.29 m MS2PCH2PM22 
16.64 m M-^PChbPMe? 
16.25 m M? ?PCH ?PM?o 

(Ti 2-DMPM) 2Ru(H)(Me) s (11) 55.44 t 11 .7 ' Me 2P£!i2PMe2 
26.44 s M » I P C H ? P M ° T 
15.53 s M»^PCH;PMe ? 

-25.11 o 9.5 Ru-Me 
'The multiplicities doublet and triplet, when referring to the DMPM ligands, are apparent spliRing 

tattems and do not necessarily reflect Irue coupling. 
The assignments cis andtrans refer to mulually cis and mutually trans PMea groups. 

3C 6 D 6 , 25 °C; 4 THF-d a , 25 *C; Stol-da. -40 °C; 6 C 0 2 C L a 
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Table 3. 3 1 P( 1 H1 NMR soectroscooie data. 
Compound 6(pcm) multiolicitv1 J(HZ) integral 

( T O - D M P M M T ^ - D M P M ) 

Ru(OAc) 2

3 (2) 
9.1S 

•28.81 
-60.08 

m 
m 
m 

1 
1 
1 

(i\2. |l'-DMPM)2(r|2, U^OMPM) 
Ru(OAc) 4

3 (3) 
7.0 

•28.60 
m 
m 

4 
4 

(T)2-OMPM)2Ru(OAC)22 (4) •5.12 
-27.4S 

49.7 2 
2 

{n^DMPMJjRufHJa2 (5) •16.43 
-28.87 

46.5 2 
2 

(i^-DMPMteRufMe^ (6) -18.76 
•24.82 

39.8 2 
2 

{j\2.DMPM)2Hu(CHzPh)^ (7) -23.91 
•28.09 

37.5 2 
2 

(Ti2-DMPM)2Ru(Ph)23 (8) -23.53 
-30.29 

35.9 2 
2 

(DMPM) 2Ru(H)(OS02Me) a (9) -25.52 s 4 

os-(DMPM)2Ru(H)(Ph) (10)2 ABCO 5A—19.36 
JB-20.86 
oc-26.81 
5 0 - 3 5 . 2 0 Hi

! 
(T)2-DMPM)2Ru(H)(Me)4 (11) •22.39 s 4 

^The multiplicities (or c/s-(DMPM)2Ru(X)2 compounds are apparent splitting patterns. The true 
spin system lor these compounds is AA'BB', even though a pair of triplets was observed in each 
case. 
2 C 6 D6. 25 "C; 3THF-da, 25 °C; ^lol-dg, -40 °C; 
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Chapter 3 

Tha Structure, Synthesis and Chemistry of (PM«3)4Ru(n2-Benzyna). Reactions 

with Arenas, Alkenes, and Hetaroatom-contalnlng Organic Compounds. 

Synthesis and Structura of a Monomerlc Hydroxide Complex. 
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Introduction 

Many organic and main group organometallic reactive intermediates are stable when 

coordinated to transition metal fragments. The most extensively studied example is probably the 

transition metal carbene complex.1 Molecules posessing unstable double or triple bonds have 

been generated at transition metal centers and have been shown to be stabilized by this 

interaction: silena 2, disilene 3. ketene 4. benzyne and cycloalkyne 5- 6 transition metal complexes 

are a few examples. In most cases the complexes do not display reactivity similar to that of the free 

molecule. Yet, studies are beginning to indicate that ;hese complexes display enhanced 

reactivity over typical M-X bonds. One type of molecule for which the reactivity has been recently 

developed is the transition metal benzyne complex. 

Much of the study of the early metal benzyne complexes has involved addition and 

insertion reactions involving functionalized organic molecules. These overall transformations 

cleave a metal-carbon bond of the benzyne complex and form a new metal-nitrogen or metal-

oxygen bond in the product, processes which are typically favorable tor early metal complexes. In 

contrast, late transition metal benzyne and cycloalkyne complexes havs shown more limited 

reactivity. They undergo addition reactions with acidic reagents such as alcohols and ketones, 

but not with amines; they undergo insertion reactions with CO, CO2, and unsaturated 

hydrocarbons, but not with ketones, aldehydes, or ni tr i les. 6 b ' c The lack of reactivity of these 

complexes toward these reagents is consistent with the well established reactivity of late metal 

alkyl and aryl complexes.7 

We report the isolation of a benzyne complex of ruthenium which is generated by the 

same overall transformation used to form early transition metal benzyne complexes,6 ' '1 but by a 

mechanism typical of late transition metal compounds.7 The ruthenium complex displays reactivity 

more characteristic of early than late transition metal-carbon bonds; it readily undergoes addition 

reactions with weak acids and insertion reactions with aldehydes and nitriles, forming ruthenium-

oxygen or ruthenium-nitrogen bonds. Thus, this material provides an easily accessible and 



versatile starting material tor entry into the study of late transition metai heteratom-containing 

molecules. 3 

R e s u l t s 

Formation of 2, Crystal Structure, and Kinetic Analysis. Synthesis ol the 

ruthenium benzyne complex (PMe3)4Ru(Tia-C6H4) is shown in Scheme 1. Two methods were 

developed. Method B was more convenient lor preparative scale reactions of 1, while method A 

allowed for isolation ol the intermediate complex (PMe3URu(Me)(Ph). A typical preparative scale 

reaction involved addition of 2.2 equivalents of PhMgBr to 1.5 g of (PMe3)4Ru(CI)a in ether, 

followed by heating or the resulting solution at 85 °C for 8h. This provided samples of 1 in 55-

70% yield which were pure enough without crystallization for synthetic purposes. Complex 1 was 

isolated in analytically pure form by crystallization from pentane at -40° C. Alternatively, 1 could 

be prepared by the addition of PhMgBr to the known (PMe3).jRu(Me)(CI)1 1 a to provide 

(PMe3)iRu(Me)(Ph) (2) in 20% yield after crystallization. Thermolysis ol 2 in benzene-ds at 110 

•C for 12 h provided 1 in 95-100% yield by 1 H NMR spectroscopy. The Benzyne complex 1 is a 

white crystalline solid which is extremely air sensitive but can be stored in a drybox at room 

temperature for months without decomposition. The 1 H NMR spectrum ol 1 showed two broad 

resonances in the aromatic region at 57.2S and 57.31, while the 3 1 P ( 1 H ) NMR spectrum consisted 

of a second order A282 spectrum: this spectrum along with a simulation is shown in Figure 1. 

Slow cooling of a pentane solution of 1 provided crystals which were suitable for an X-ray 

diffraction study. The complex crystallized in space group P2t/n, and showed no unusually short 

intermolecular contacts. The structure was solved by Patterson methods and refined via standard 

least-squares and Fourier techniques. An ORTEP drawing of 1 is shown in Figure 2; acquisition 

parameters, intramolecular distances and intramolecular angles are provided in Tables 1-3. The 

coordination ol the ruthenium atom can be described as a trigonal-bipyramid or a distorted 

octahedron. The atoms P2, Pi, Ru. C1, and C2 all lie in a plane with deviations ol +/- 0.02 A. This 

plane forms an angle of less than 4° to the plane of the benzyne ligand. The angle P1 -RU-P3 is 

165' and is cent away from the other two phosphorus atoms. The 
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Figure 1. Experimental (top) and calculated (bottom) 3 1 P( 1 H) NMR spectra of 1. 
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Figure 2. ORTEP drawing o! 1 . 
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Table 1. Crystal and Data Collection Parameters.' 

1 9 15 
Temperature ("C) 25 -113 -89 
Empirical Formula RUP4C18H40 HuPiQCiaH42 RUP4NC25H45 
Formula Weight (amu) 4ai.S 499.5 534.6 
Crystal Size (mm) 0.20x0.25x0.50 0.25x0.29x0.30 0.15 X 0.15 x 0.2S 
Space Group P2 t /n P1 P2i2]2t 
a (A) 9.4492(10) 3.698(1) 9.722(3) 
b(A) 15.9489(17) 16.423(3) 14.191(6) 
C(A) 16.3007(19) 17.097(3) 20.462(6) 
of ) 90.0 80.858(13) SO.O 
3D 91.628(9) 84.741(12) 90.0 
y(°) 90.0 88.540 90.0 
V(A3) 2455.7(8) 2400.9(9)) 2823.0(0) 
Z 4 4 4 
dcalc (Scm-3) 1.30 1.38 1.38 
Peak: (cm"1) 8.8 9.1 7.8 
Rellections Measured +h, +k, ±l +h, +k, ±l +h, +k, +l 
Scan Width 6.8 - 0.65 + 0.35 tane 69 • 0.65 + 0.35 tane 68 « 1.20 + 0.35 tana 
Scan Speed (9, "/m) 6.70 6.70 6.70 
Setting Angles (29. ° ) b 24-28 24-28 24-28 

(a) Parameters common to all structures: Radiation: Mo Ka (X • 0.71073 A), except for 1c \ -
0.70930 A. Monochromator: highly-oriented graphite (29 » 12.2°). Detector: crystal scintillation 
counter, with PHA. 28 Range:'3-»45', except tor 1c 2->45 0 . Scan Type: 9-28. Background: 
Measured over 0.25(69) added to each end of the scan. Vertical Aperture - 3.0 mm. Horizontal 
Aperture » 2.0 +1.0 tan8 mm. Intensity Standards: Measured every hour of x-ray exposure time. 
Orientation: 3 reflections were checked after every 200 measurements. Crystal orientation was 
redetermined if any of the reflections were onset from their predicted positions by more than O.r. 
Reorientation was required twice for 1b and 7a, and once for S. (b) Unit cell parameters and their 
esd's were derived by a least-squares fit to the setting angles of the unresolved Mo Ka 
components of 24 reflections with the given 29 range. In this and all subsequent tables the esd's 
of all parameters are given in parentheses, right-justified to the least significant digit(s) of the 
reported value. 



Table 2. Intramolecular Distances lor 1. 
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ATOH 1 ATOM 3 DISTANCE 
RU Fl 2.354(1) 
RU F2 2.30311) 
RU F3 2.32811) 
RU F4 2.319(1) 
RU CI 2.072(2) 
RU C2 2.111(2) 
CI C2 1.355(3) 
CI C6 1.382(3) 
C2 C3 1.372(3) 
C3 C4 1.411(4) 
C4 C5 1.363(4) 
C5 C6 1.398(4) 

PI C7 1.854(3) 
PI C8 1.127(3) 
Fl C9 1.823(3) 
Pi CIO 1.840(3) 
F2 Cll 1.816(3) 
F2 C12 1.827(3) 
F3 CIS 1.820(3) 
F3 C14 1.82613) 
P3 C15 1.844(3) 
P4 C1G 1.131(3) 
P4 C17 1.13913) 
F4 CIS 1.134(3) 



Table 3. Wramokcutir Anglts lor 1. 

ATOM X ATOM 2 ATOM 3 AHGLS 
PI RU P2 98.01(2) 
Fl RU PJ 165.12(2) 
PI RU P4 92.11(2) 
P2 RU P3 95.11(2) 
P2 RU P4 103.35(2) 
P3 RU P4 91.57(2) 
PI RU CI 15.40(6) 
PI RU C2 83.33(6) 
P2 RU CI 101.79(6) 
P2 RU C2 139.53(6) 
P3 RU CI 15.09(6) 
P3 RU C2 12.15(6) 
PI RU CI 154.13(7) 
F4 RU C2 117.06(6) 
CI RU C2 37.78(1) 
RU CI C2 72.71(13) 
RU ei CS 164.9(2) 
RU C2 CI 69-52112) 
RU C2 C3 168.4(2) 
C2 CI C6 122.2(2) 
CI C2 C3 121.1(2) 
C2 C3 C4 116.9(3) 
C3 C4 CS 121.1(2) 
C4 CS C6 121.1(3) 
CI C6 CS 116.1(3) 
RU PI C7 123.90(11) 
RU PI CI 116.23110) 
RU PI CS 114.35(10) 
C7 PI CI 98.712) 
C7 PI C9 100.4(2) 
CI H C9 99.3(2) 
RU P2 CIO 113.68(11) 
RU F2 Cll 124.15111) 
RU P2 C12 118.73(11) 
CIO P2 Cll 99.6(2) 
CIO P2 C12 96.7(2) 
Cll P2 C12 99.1(2) 
RU P3 C13 116.59(10) 
RU P3 C14 115.35(9) 
RU P3 CIS 122.52(9) 
C13 P3 C14 98.44(14) 
C13 P3 CIS 93.93(13) 
C14 P3 CIS 101.03(13) 
RU P4 CIS 115.66(10) 
RU P4 C17 120.99(10) 
RU P4 Cll 120.64111) 
C16 P4 C17 99.11(14) 
CIS P4 Cll 99.02(14) 
C17 P4 Cll 96.912) 
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angles from the axial to the equatorial phosphorous atoms range from 91.6 • to 98.0 °, and the P-

Ru-P angle in the equatorial plane is 103.4°. The four Ru-P distances are unequal, though they 

fall into a pattern. The mutually trans phosphorus distances are longer than those trans to the 

benzyne ligand. The average Ru-P(i,3) distance is 2.341 ± 0.013 A and the average Ru-P(2,4) 

distance is 2.311 ± 0.004 A. The Ru-C distances are different in the solid state, Ru-C(1)»2.072{2) 

A and Ru-C(2).2.111(2) A, as are the P-Ru-C angles, P(2)-Ru-C(1)-139.53(6) • and P(4)-Ru-

C(2)-117.06(6)", although no asymmetry is observed in the solution spectroscopy. The source 

of this asymmetry does not seem to be due to sterric crowding since there are no short 

intramolecular contacts within the coordination sphere; we are inclined to view that the asymmetry 

is due to solid state effects and that these two bonds are not chemically different. These two Ru-

C bond distances are slightly shorter than the Ru-aryl bond in (PMe3MRu(Ti2-CH2C6H4).9 The 

average of the C-C bond distances in the benzyne ligand (1.3S5 ± 0.01 5 A) is close to that found 

tor tree benzene (1.392 by x-ray diffraction).10 as has been the case for the other structurally 

characterized benzyne complexes.5 Therefore the sturcture of 1 can be considered to be a Ru(ll) 

complex with two short metal-carbon a-bonds. 

The rate of formation of benzyne complex 1 from the methyl phenyl complex 2 was 

measured a n 10 "C in benzene. The reaction was followed by monitoring the disappearance of 

the phosphine resonance of 2 at 0.96 ppm in samples containing between 1.70 x 10"3 M and 

1 87 x 10' 2 M concentrations of phosphine. At all concentrations of phosphine, the reaction 

displayed clean first order kinetic behavior. The plot of a typical kinetic run (O.OOSS M PMej) is 

shown in Figure 3, and a plot of kaba " ' M P ) i s shown in Figure 4, clearly demonstrating an 

inverse dependence of rate on phosphine concentration. 

Addition of C-H, N-H, and O-H bonds. The reactions of 1 with C-H bonds are 

shown in Scheme 2. Thermolysis ol 1 in CgDr; provided the deuterated benzyne complex 

(PMe3)4FMl 2-C6D,j), indicating lhal Ihe formation of Ihe benzyne complex by method B 

(Scheme 1) is reversible. Complex 1-d 4 was identilied by the absence of aromatic resonances in 

the 1 H NMR spectrum of the reaction mixture and the presence of the benzyne resonances in the 
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Figure 3. Typical first oider plot QLJ - 3.97 mM) for th« formation of 1 from 2. 
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2 H NMR spectrum. The appearance of 3 1 P ( 1 H ) NMH spectrum of the deuterated complex was .. 

unchanged from the undeuterated sample. A simulation of the El mass spectrum of the final 

reaction mixture showed that the starting complex 1 had been converted to 80-90 % 1-d*. A 

more accurate simulation was made difficult by the large number of ruthenium isotopes. 

Thermolysis of 1 in toluene at 110 °C tor 2 d resulted in formation of the known orthometallated 

benzyl compound 3 1 1 in essentially quantitative yield by 3 1 P[ 1 HJ NMR spectroscopy. Complex 1 

was exticmely thermally stable in alkane solvents. Thermolysis in pentane at 145 °C for 8 h 

resulted in no detectable decomposition or reaction with solvent. 

Addition reactions of functionalized organic compounds to 1 are shown in Scheme 3. 

One equivalent of acetophenone reacted wlfh 1 at 45 °C tor 8h to form the orthometallated, O-

bound, enolate complex 4 in 4 5 ^ yield. This complex was also the product of the addition of 

acetone to 1, a reaction that will be reported in detail in a separate publication. Addition of 

acetophenone to 1-d4 yielded 4-do. as determined by integration of the 1 H NMR spectrum of 

the product (Scheme 4). Treatment of 1 wilh one equivalent of p-cresol in toluene, followed by 

heating to 45° C for 24 h, provided the previously reported orthometallated cresolate complex 

5 1 2 in 70% yield. This reaction was monitored after the addition of the p-cresol. p-Cresol was 

added to 1 at room temperature, and the reaction was quickly cooled to -78 °C. 1 H and 3 1 P ( 1 H ) 

NMR spectroscopy showed that all of the benzyne complex 1 had reacted to form a complex 

which was stable at this temperature. This intermediate was not isolated, but the 1 H and 3 1 P ( 1 H ) 

NMR spectra were consistent with a compound of structure (PMeaURufPhJlOCsl-UMe) (6). The 

formation of 5 from S required 24 n at 45 °C. 

The qualitative rates of reaction of benzyne complex 1 with p-cresol and of phosphine 

dissociation from 1 were evaluated. Four equivalents of PMe3-dg were added lo 1, and a 3 1 P ( 1 H } 

NMR spectrum was obtained after 10 min, 2h, and 24 h at 25 "C. After 10 min the ratio of free 

PMe3-dg to PMe3-do was 36:1, after 2h the ratio was roughly 2:1, and after 24 h it was 1:1. These 

results demonstrate that the reaction of p-cresol with 1 to form 6 occured much faster than 

phosphine dissociation. 
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Less acidic 0-H bonds such as those in isopropanol and water also formally add across 

the Ru-C bond in 1. Treatment of 1 with one equivalent of isopropanol led to the phenyl hydride 

complex 7 in 56% isolated yield. This reaction presumably proceeds by initial addition of the 

alcohol to 1, forming a phenyl isopropoxide intermediate 8, similar to the intermediate observed 

with the addition of p-cresol. Intermediate 8 then leads to 7 by p-hydrogen elimination. Reaction 

of 1 with water does not afford the possibility of 0-hydrogen elimination, and addition of one 

equivalent of water yielded the phenyl hydroxide complex 9 in 52% yield after crystallization from 

pentane. Solution spectroscopic analysis of this complex was complicated by broad aryl 

resonances due to hindered rotation of the phenyl group at room temperature. Therefore, 1 H 

and 1 3 C( 'H) N M R spectra were obtained at -40 °C. At this temperature rotation of the ring was 

slow, compared to the NMR time scale, and all aryl protons and carbon atoms were inequivalent. 

The hydroxide moiety was identified by a sharp resonance in the 1 H NMR spectrum at 5-4.47 and 

a sharp band in the solid state infrared spectrum (Nujol) at 3636 cm"1. Similar spectroscopic 

features are found in related iridium13 and platinum hydroxide14 complexes. The structural 

assignment was conlirmed by the 3 1 P{1H) NMR spectrum, which displayed an A2SC pattern with 

one cis phosphine resonating upfield and one resonating downfield from the mutually trans 

phosphines, indicating that one PMe3 is located trans to the aryl ring and the other is trans to the 

hydroxide. 

Due to the small number of structurally characterized monomeric hydroxide complexes an 

X-ray diffraction study was performed on a single crystal of 9. Suitable crystals were obtained by 

slow cooling of a pentane solution ol 9. The structure was solved by Patterson methods and 

refined via standard least-squares and Fourier techniques. The crystal contained two molecules 

in the asymmetric unit: an ORTEP drawing of one of the molecules is shown in Figure 5. 

Acquisition parameters are included in Table 1; intramolecular distances and angles are provided 

in Tables 4 and 5. The crystal contained discrete monomers. No hydrogen bonding was 

observed between the ruthenium complexes, and no water of solvation was observed, confirming 

that this synthesis is particularly useful since it provides hydroxide complexes which are free of 
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Figure 5 ORTEP drawing ol 9. The hydrogen atoms have been removed for clarity. 



Table 4. Intramolecular Distances lor 9. 
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ATOM 1 »TOM 2 DISTANCE 
RU1 PI 2.286(1) 
RU1 P2 2.354(1) 
RU1 P3 2.37911) 
RU1 P4 2.332(1) 
RU1 01 2.168(3) 
RU1 CI 2.159(5) 
CI C2 1.384(7) 
CI C6 1.426(7) 
C2 C3 1.412(7) 
C3 C4 1.380(8) 
C4 CS 1.414(8) 
CS C6 1.417(7) 
PI C7 1.844(6) 
PI C8 1.86115) 
PI C9 1.851(6) 
P2 CIO 1.151(6) 
F2 Cll 1.866(6) 
P2 C12 1.834(6) 
P3 C13 1.839(6) 
P3 C14 1.134(6) 
P3 CIS 1.145(7) 
P4 C1E 1.129(6) 
P4 en 1.833(5) 
n CIS 1.857(6) 



Table 5. Intramolecular Angles for 9. 

ATOK 1 ITOK 2 ATOM 3 ANCLE 

PI Mil P2 9 4 . 7 1 ( 5 ) 
PI HOI P3 1 0 3 . 1 2 ( 5 ) 
Fl KU1 P4 9 1 . 6 5 ( 5 ) 
PI 101 01 179.27(10) 
PI X01 CI 93.37(13) 
P2 M l P3 93.0115) 
P2 M l P4 94.10(5) 
P2 KOI 01 14.5819) 
P2 IU1 CI 171.58(13) 
P3 K'Jl P4 162.37(5) 
P3 KU1 01 76.07(10) 
PI KU1 CI 12.75(11) 
Pi 101 01 88.57(10) 
P4 I 111 CI 88.03(13) 
01 101 CI 17.34(15) 

IU1 CI C2 121.2(4) 
P.U1 CI C6 122.5(3) 
CI CI C6 116.0(4) 
c\ C2 C3 123.215) 
a C3 C4 120.5(5) 
a C4 C5 111.8(5) 
C4 CS « 119.1(5) 
CI c« CS 121.7(5) 

*U1 PI C7 117.99(11) 
KU1 PI CI 120.70(11) 
«U1 PI C9 120.12(19) 
C7 PI CI 96.89(25) 
C7 PI C9 99.1(3) 
C8 PI C» 96.24(25) 
RU1 P2 CIO 114.02(19) 
KU1 P2 Cl l 123.58(19) 
XU1 P2 C12 118.58(19) 
CIO P2 Cl l 97.9(3) 
CIO P2 C12 102.1(3) 
Cl l P2 C12 96.613) 
M l PI C13 116.53(20) 
KU1 PJ C14 114.79(20) 
KU1 PI C15 125.45(23) 
Cll P3 C14 97.8(3) 
CI) P3 C15 93.5(3) 
C14 PI C15 98.9(3) 
*U1 P4 CIS 111.85(191 
Kill P« C17 120.03(18) 
KU1 P4 Cl l 123.86(19) 
C16 P4 C17 101.14125) 
CH PJ CIS 9 i . 7 ( 3 ) 

cn F4 C1B 96.23(25) 
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hydrogen-bound water. The coordination at ruthenium is pseudooctahedral with the phenyl ring 

and hydroxide group occupying mutually cis sites. The hydrogen atom of the hydroxide moiety 

was not located. The ruthenium-oxygen distance is 2.188(3) A, slightly longer than the iridium-

oxygen distance ot 2.119(5) A in [(PMe3)4lr(H)(OH)]PFs;12 tne ruthenium aryl distance is 2.159(5) 

A, slightly longer than the (PMeakRu-aryl bonds contained in the metallacycles described in this 

work and in (PMe3)4Ru(7i2-CH2C6H4).8 The Ru(1)-P(1) bond length, the metal-phosphorus 

distance corresponding to the ligand located trans to the hydroxide substituent, is significantly 

shorter than the other ruthenium-phosphorus distances, consistent with a hydroxide ligand 

having a weak trans influence. The weaker trans inlluence of the hydroxide substituent in 

[(PMe3)4lr(H)(OH)l* relative to that of the hydride or phosphine ligands is also demonstrated by 

the metal-phosphorus distances, 2.259(2) A trans to the hydroxide, 2.369(2) A trans to the 

hydride, and 2.337 lor the mutually trans phosphines. 

Addition of aniline to the ruthenium benzyne complex 1 resulted in the formation of the 

orthometallated anilide complex 10 in 93% yield by 1 H NMR spectroscopy and 68% isolated yield. 

Complex 10 was identified by conventional spectroscopic techniques and microanalysis. The 1 H 

NMR spectium showed four aromatic resonances, and Ihe 1 3 C( 1 H) NMR spectrum contained a 

doublet ot doublet of quartets resonance, corresponding to a quaternary aryl carbon atom, 

indicating that metallation of the ring had occurred. The 3 1 P ( 1 H ] NMR spectrum displayed an 

A2BC pattern with one phosphine resonating upfield and one downfield of the mutually trans 

phosphines, similar to the spectrum observed for the phenyl hydroxide complex 9, and the 

infrared spectrum contained a stretch at 333S cm"1. 

In light of the results reported for H/D exchange reactions of arylamines with 

(PMe3kRu(D)2, which were shown to be catalyzed by trace amounts ot water. 1 5 we were 

concerned that the addition of aniline to 1 is also catalyzed by amounts of water. As noted above, 

water adds to 1 to torrr, phenyl hydroxide complex 9, and addition ot aniline to 9 may lead to a 

phenyl anilide intermediate 11, as is the case for another ruthenium hydroxide complex.1 6 

Intermediate 11 could form benzene and 10 by orthometallation as shown in Scheme 5. To 



probe this possibility, 1 equiv of aniline was added to phenyl hydroxide 9, followed by heating to 

110 °C lor Sh. No formation of 10 was detected. Rather the bridging hydroxide complexes 

resulting from thermolysis of phenyl hydroxide 9 in the absence of aniline were observed. 1 7 

Although these results suggest that orthometallated anilide 10 does not form directly from 9, 

water could be catalyzing this reaction by another mechanism. 

The reaction of aniline with 1 takes place at a temperature at which phosphine is rapidly 

exchanging, and therefore the reaction could proceed by coordination of the amine nitrogen 

atom to the ruthenium prior to N-H addition. Unfortunately, when monitori-^ the reaction at 95 °C 

lor 1.5 h in the presence of 5 equivalents of phosphine (0.16 M), thi) added phosphine appeared 

to prevent orthometallation of the aryl ring from occurring and led to several reaction products 

none of which were 10. These compounds contained resonances between 5 -35 and S - 4 0 1 8 in 

the 3 1 P ( ' H ) NMR spectrum, indicating that cyclometallation of one of the phosphine ligands had 

occurred to form a metallaphospha-cyclopropane ring (Scheme 5). However, heating this sample 

tor an additional 24 h at 110 °C led to clean formation (31% yield by 1 H NMR spectroscopy) of 10, 

indicating that these intermediates may be involved in the reactions run in the absence of added 

phosphine 

Insertion Reactions. The insertion chemistry we have observed with 1 is shown in 

Scheme 6. Addition of 5-10 equivalents of ethylene to a benzene solution of 1 followed by 

heating to 85 "C for 8 h resulted in formation of styrene (identified by 1 H NMR spectroscopy and 

GC retention time) and the O'S-ethylene complex 12. The organometallic product was 

independently synthesized by the addition of ethylene to the previously reported complex 

( P i v l e j ^ R u ^ H ^ 1 9 and was characterized by conventional spectroscopic techniques. The 

compound was most clearly identilied by its AjB pattern in the 3 1 P | ' H ) NMR spectrum and its two 

multiple! resonances at 81.41 and 81.80 in the 1 H NM R spectrum and the two doublet of triplet 

resonances in the 1 3 C ( 1 H | NMR spectrum at 821.14 and 823.47. The observation of two 

ethylene resonances in both the 1 H and ^Cj 'H) NMR spectra is consistent with a rigid structure A 

in Figure 6. containing two ethylene molecules oriented perpendicular to the axis containing the 
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two trans phosphines, and is inconsistent with structure B, containing two ethylene molecules 

coordinated parallel to the trans axis. 2 0 The reaction was run with 5 equivalents of ethylene-1,1-

d2, and a 1:1:1 ratio of the vinylic resonances of the styrene in the final reaction mixture was 

observed by integration of the 1 H and 2 H NMR spectra of the final reaction mixture. 

Insertion of a substituted alkyne would prevent B-hydrogen elimination from occurring. 

The reaction of one equivalent of di-p-tolylacetylene with 1 for 12 h at 85 °C gave rise to the single 

insertion product 13 in 56% isolated yield. The 1 H and 1 3 C( 1 H) NMR spectra indicated the 

presence of an ortfto- substituted aryl ring and two pari- substituted rings. The 3 1 P{ 1 HJ NMR 

spectrum consisted of an A2BC pattern with both mutually cis phosphine ligands resonating 

upfield Irom the mutually trans ones, indicating that they are located trans to two different metal-

carbon bonds. 

Addition of one equivalent of benzaldehyde to a benzene solution of 1 followed by 

heating lo 45 °C tor 8 h led to formation ot the single insertion product 14 in 93% yield by 1 H NMR 

spectroscopy and 32% isolated yield. This product was characterized by conventional 

spectroscopic techniques and microanalysis. The observation of one ortho-substituted aryl ring 

in the 'H and 1 3 C( 1 H} NMR spectra, a resonance at 65.45 in the 1 H NMR spectrum, and the 

absence of stretches between 1500 and 1800 cm*1 in the infrared spectrum indicated most 

clearly that 14 was the insertion product, the inequivalence of the mutually trans phosphines in 

the 3 1 P('H) NMR spectrum was also consistent with this assignment. A second order A5CD 

pattern was observed, with one of the cis phospnines resonating downfield and one upfied from 

the mutually trans phosphines, confirming the presence of one ruthenium-oxygen and on6 

njihenium-cartoon bond. The identity of this spin system was confirmed by simulation, which 

included a trans P-P coupling constant of 332 Hz. The calculated and experimental spectra are 

shown in Figure 7. 

In contrast to these observations, addilion of a 5-10 fold excess of pivaldehyde to 1 

resulted in no reaction upon healing lo 85 "C for 8h, and addition of acetaldehyde did not lead to 
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clean reaction. Addition of Benzophenone (a ketone without a-hydrogens) did not react with 1 

upon heating to 85 *C for 8 h. 

Reaction of 1 with one equivalent of benzonitrile did lead cleanly to the insertion product 

15 in quantitative yield by 1 H NMR spectroscopy and 46% isolated yield. The structure of 15 was 

inferred from solution NMR and solid state infrared spectroscopy and microanalysis. An infrared 

absorption band at 1436 cm"1 was observed, indicating that insertion had occurred to form a N-

metalloimine. Unlike the 3 1 P ( 1 H ) NMR spectrum of compound 14. the spectrum of 15 showed 

both of the cis phosphine resonances upfield from the resonances corresponding to the mutually 

trans phosphines, perhaps due the the inability of the metaltoimine to act as a it-donor since it is 

constrained in the metallacycle. 

Secause of this anomalous 3 1 P ( 1 H ) NMR spectrum, the structure of 15 was confirmed by 

X-ray crystallography. Compound 15 crystallized from pentane in space group P2\2\2\, with no 

close intermolecular contacts. The structure was solved by Patterson methods and refined via 

standard least-squares and Fourier techniques. An ORTEP drawing of 15 is shown in Figure 3: 

acquisition parameters are included in Table 1. and metric measure are provided in Tables 6 and 

7. The coordination at ruthenium is pseudooctahedral; the ruthenium-carbon bond distance is 

2.123 (13)A, in the range found in other ruthenium aryl compounds,3 and the metal-nitrogen 

bond length is 2.108 (13)A. The metal-phosphine distance trans to the nitrogen is significantly 

shorter than that trans to the aryl group, as is expected from conventional trans influences/ 

Addition of other nilriles did not lead to clean reactions. For example, fert-butylnitrile did 

not react with 1 at 85 °C for 12 h, and acetonhnle reacted with 1 under these conditions to yield 

several products. Several pathways for the reaction of acetonitnle are possible, including 

exchange of acetonitnle for phosphine ligands. addition of the activated C-H bond, and insertion 

of the C-N bond. No products were isolated from the reaction with acetonitrile, but 3 1 P ( ' H ) NMR 

spectroscopy of the crude reaction mixture showed one product with an A2B pattern and others 
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Tafil«S. (ntramoltcularOisUnctsforlS. Tab*7. Intramolecular Anglts for 15. 

ATOM 1 ATOM 2 DISTANCE ATOM 1 ATOM ; ATOM 3 ANGLE 
XU Fl 2.366(4) . Fl XU F2 164.32115) 
RU F2 1.323(4) Fl KU F3 98.21116) XU P3 !.373(4) Fl XU Fl 91.28116) RU F4 1.317(41 Fl XU N 87.714) 
xu N 1.101(13) Fl XU CI ai.B!4) RU CI 1.123(13) F2 XU F3 96.64(16) 

F2 XU F4 92.19(16) H C7 1.2612) F2 KU N 90.414) CI C2 .43(2) F2 KU CI 82.614) CI CS .3712) F3 KU F4 95.58(15) C2 C3 .4112! F3 XU N 73.413) C3 C4 .4112) F3 XU CI 156.7(4) 
C4 CS .45(2) F4 XU N 173.7141 C5 c6 : .4212) F4 RU CI 107.7(4) 
C6 C7 .4912) N KU CI 7a.415) 
C7 ca .49(2) 
CI C9 1 .3812) XU N C7 114.9110) ca C D 1 .44(2) XU CI C2 128.5111) C9 CIO ] .4112) KU CI C6 112.8(10) CIO C H I .47(2) CI CI CS 118.2114) Cll ci2 : .41(2) CI C2 C3 120.2(14) C12 C13 1 .50(2) C2 C3 C4 121.31141 C3 c« CS 119.01141 PI C14 ] .146(141 c« CS C6 117.31141 PI C15 ] .11(2) CI CS C5 • 123.91141 PI C16 I .13(2) CI CS C7 114. .1(15) F2 C17 J .13X13) CS cs C7 121.9(15) F2 CIS 1 .90(21 M C7 CS 119.2115) 72 C19 J .16(2) N C7 CI 120.11131 F3 C20 : .16121 CS C7 CI 120.0(14) F3 C2i : .11(2) C7 CI C9 123.2(15) F3 C22 ] .15(2) C7 CI Cll 114.4114) P4 C23 I .1612) C9 CI C13 121.5116) 
F4 C24 J .135115) c« C9 CIO i:0.6H6) 
n C2S : .9112) CI CIO Cll 120.1116) CIO Cll C12 117.2(161 Cll C12 C13 121.1(16) CI C13 C12 117.7(151 

KU Fl C14 115.715) 
XU Fl CIS 115.2(5) XU Fl CIS 126.116) C14 Fl CIS 93.217) 
C14 Fl CIS 97.8(7) CIS Fi C16 99.0IS) XU F2 Cll 115.814) XU F2 Cll 114.6151 XU F2 C19 125.2151 C17 F2 CIS 99.7171 en F2 C19 99.7171 Cll F2 C19 97.6 171 XU F3 C20 113.5161 XU F3 C21 114.315) XU F3 C22 125.9(6) C20 P3 C21 97.6(61 C20 P3 C22 102.7(C) C21 P3 C22 9a.6 17) XU P4 C23 117.1(5) XU P4 C24 120.015) XU F4 C2S 122.M6) C23 P4 C24 97.3(71 
C23 P4 C25 9E.6<t) 
C24 P4 C2S 96.117) 
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with AjBC patterns, suggesting that ligand substitution competed with C-H addition and C-N 

insertion pathways. 

In order to determine if phosphine dissociation played a role in the unusual aldehyde and 

nitrile insertion reactions, these reactions were run in the presence of added phosphine (5 

equivalents, 0.16 M). A marked inhibition of the reaction rate for the samples containing added 

phosphine was observed. The insertion of benzaldehyde was complete after 2.5 h at 45 "C for 

the sample containing no added phosphine, while the reaction had run to only 28% completion 

for the reaction run in a 0.16 M solution of PMe? in benzene-d6. Similarly, the nitrile insertion 

reaction was complete after 2.5 h at 55 °C for the sample containing no added phosphine, but had 

run to only 57% completion in a 0.16 M solution of PMe3 in CsDg. 

Discussion 

Mechanism of the Benzyne Formation Reaction. Two possible pathways for the 

generation of benzyne complex 1 from the methyl phenyl complex 2 are shown in Scheme 7. 

Pathway A in this scheme is a typical one for orthometallation or y-elimination reactions of late 

transition metal complexes, 2 1 and consists of phosphine dissociation to open a coordination site, 

followed by oxidative addition of the ortho C-H bond, reductive elimination of methane or 

benzene, and recoordination of phosphine. Pathway B is the route thought to be followed by 

early metal systems that form benzyne complexes, 6 ' - 1 ' 2 2 and presumably would not require 

phosphine loss; four-centered addition of [he ortho C-H bond across the metal-alkyl bond would 

lead directly to product. 

The rate laws lor these two mechanisms are provided in equations 1 and 2. We observed 

a linear inverse dependence of kgbs on phosphine concentration, consistent with the rate law 

corresponding to pathway A. Although C-H orthometallation reactions are fairly common. 2 is a 

rare example of a first metal system to form a benzyne complex by this route. The only other 

possible example is the rhenium benzyne complex recently prepared. 6 d- 8 This reaction is 

lavorable, despite generating the unusually reactive organometallic species (PMe3)4Hu(Ti2-C6H4) 
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because a strong C-H bond in the methane or benzene byproduct is formed along with 1. 

Benzyne or cycloalkyne complexes of other late transition metal systems (i.e in the nickel triad) 

have been formed by the reduction of a metal halide bound to an ortfio-halo aryl or a-halo vinyl 

g r o u p . 6 b ' c 

Mechanism of Addition Reactions. The exchange of the aryl ring in 1 with solvent 

benzene and the addition of toluene to 1 presumably occurs by the microscopic reverse of the 

benzyne formation reaction. More specifically, dissociation of phosphine followed by addition of 

the C-H bond of benzene regenerates diphenyl complex 3 which is the precursor to 1 by method 

A (Scheme 1). We have no experimental evidence to distinguish between the initial reaction of 1 

with a benzylic C-H bond of toluene, followed by orthometallation and initial reaction with the ortho 

position of the toluene followed by metallation at the benzylic methyl group. 

The result of the addition of acetophenone to Vd4 is consistent with initial addition of the 

C-H bond of acetophenone or the O-H bond of its enol form. The mechanism in Scheme 4 

accounts for the formation of protiated product. Addition of the a-CH bond of the ketone to 1 

results in the formation of the O-bound phenyl enolate intermediate. 2 3 Oxidative addition of the 

onho C-H bond followed by reductive elimination of benzene and recoordination of phosphine 

forms the protiated final product 4. 

In contrast to the aryl C-H addition reactions, the O-H addition reaction with p-cresol 

occurs without prior phosphine dissociation. Reaction of p-cresol with Ihe benzyne complex 

occurred faster than phosphine exchange in 1, ruling out the possibility (illustrated in Scheme 3) 

that the unsaturated intermediate resulting Irom phosphine dissociation undergoes oxidative 
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addition of the O-H bond in p-cresol or that the oxygen of the p-cresol forms a complex such as 

17 with the unsaturated metal center before addition of the O-H bond. Instead, we propose that 

reaction of the acidic O-H bond with the highly basic metal center occurs directly to form an 

intermediate 7-coordinate species 16. (Scheme 8) This then undergoes reductive elimination to 

form the phenyl cresolate intermediate 6, which can be observed by ' H and 3 1 P ( 1 H ) NMR 

spectroscopy. Finally, orthometallation of 6 and reductive elimination of benzene then leads to 5. 

Results from the reaction of (DMPE)jFe(H)2 (DMPE-1,2-6/s-dimethylphosphinoethane) with 

ethanol has shown that even aliphatic alcohols are acidic enough to protonate an U M 

(l»phosphine) metal center. The authors provide low temperature NMR spectroscopic evidence 

for the ionic species [(DMPE)2Fe(H)2(H)]OEt.24 

Although we have not obtained mechanistic data on the reaction of aniline with 1, it 

seems likely that this organic substrate is not acidic enough to react with 1 directly. Consistent 

with this notion, the H/D exchange reactions ot arylamines with (PMe3URu(D)2 at room 

temperature were shown to be catalyzed by water. 2 5 Although addition of aniline to phenyl 

hydroxide 9 did not lead to lormation of orthometallated anilide 10, an acid catalyst formed under 

the 110 *C reaction conditions could promote the addition of the aniline N-H bond. Alternatively, 

initial dissociation of phosphine, coordination of the aniline nitrogen atom to the metal center to 

form an intermediate such as 18 would enhances the acidity of the N-H proton as shown in 

Scheme 5, and the reaction of 1 with aniline does occur only at temperatures at which phosphine 

rapidly dissociates. Coordination of the aniline could promote either direct protonation of the 

metal-aryl bond, or protonation of the metal center followed by C-H reductive elimination from one 

side of the benzyne moiety to form the phenyl {anilide) intermediate 11 which gives rise to 10. 

Evidence for a similar mechanism was reported for rhe reaction of phenols with a coordinatively 

saturated octahedral dialkyl iron compound. 2 6 

Mechanism of the Reaction of 1 with Ethylene. Two likely pathways for reaction 

of 1 with ethylene are depicted in Scheme 9. Paihway A involves initial C-H oxidative addition of 

the C-H bond of ethylene, 2 7 while pathway 8 involves initial insertion of ethylene into the M-C 
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bond. 6 b ' c The oxidative addition step in pathway A would give rise to a primary isotope effect, 

and would favor formation of the 0, p-d2-styrene over formation of a, ortho-dz-styrene, in addition, 

the rate determining step in a mechanism involving reversible insertion of ethylene would involve 

cleavage of the p-C-H bond and, again, would give rise to a primary isotope effect. In contrast, 

irreversible insertion of ethylene via pathway B would involve cleavage of the C-C double bond in 

the rate determining step and would give rise to a secondary isotope effect. The observation of a 

1:1:1 integrated ratio of vinyl resoianees in the 'HNMR spectrum of the reaction mixture is 

consistent only with pathway B, involving irreversible insertion of ethylene. 

We have not investigated the mechanism of the other three insertion reactions in detail, 

but have obtained qualitative information which indicates that they proceed by initial coordination 

of the unsaturated substrate, followed by migration of the benzyne caibon to the electrophilic site 

of the coordinated molecule. This coordination and migration mechanism, which requires initial 

dissociation of phosphine, would lead to a dependence of rate on phosphine concentration if the 

phosphine reassociation step is competetive with the addiiton and migration processes (similar to 

the kinetic behavior for the benzyne formation reaction). Our observations are consistent with 

these predictions: each of the insertion reactions proceeds at a rate that is much slower than the 

rate of phosphine exchange with 1, and addition of one equivalent of phosphine to the reaction 

mixture markedly inhibits the rate of the reaction. Although a coordination and migration 

mechanism are usually invoked for the insertion reactions of carbon monoxide and ethylene into 

metal alkyl bonds.7 little mechanistic data is available to support this mechanism for other 

substrates such as aldehydes and nrtriles. 

Comparison of Reactivity to other Transition Matal-Carbon Bonds. 

Benzyne complex 1 displays reactivity which is markedly different from that which has previously 

been observed for late transition metal-carbon bonds. Addition and insertion reactions with late 

transition metal-carbon bonds that result in the formation of new M-0 or M-N bond are 

rare. , 2'19.28 Transformations such as the reaction of 1 with aniline, which converts a late 
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transition metal carbon o-bond to a late metal nitrogen bond of an aryl- or aikylamide substitueiit, 

have not previously been observed.5 9 

The insertion of benzaldehyde and benzonitrile are also noteworthy. Insertion reactions 

of aldehydes and ketones with M-C bonds have typically been limited to early transition metal alkyl 

complexes.3 0 Decarbonylation reactions with aldehydes, which proceed by initial addition of the 

aldehyde C-M bond, are more characteristic of the reactivity of late transition metal complexes.31 

Only recently has the insertion ol formaldehyde into a Pl-C bond been observed;3 2 prior to this, 

only insertions involving fluorinated ketones and aldehydes had been reported.3 3 The lack of 

insertion chemistry of aldehyde and ketones with late metal complexes has been attributed to the 

strong C - 0 bond strength and formation of a metal alkoxide which would be unstable relative to 

the starling metal alkyl. To our knowledge, the reaction of 1 with benzonitrile is the tirst nitrile 

insertion into a late transition metal alkyl or aryl bond. 

Experimental 

General. Unless otherwise noted, ail manipulations were carried out under an inert 

atmosphere in a Vacuum Atmospheres 553-2 drybox with attached M6-40-1H Dritrain, or by using 

standard Schlenk or vacuum line techniques. 1 H NMR spectra were obtained on either the 250, 

300.400 or 500 MHz Fourier Transform spectrometers at the University of California, Berkeley 

(UCB) NMR facility. The 250 and 300 MHz instruments were constructed by Mr. Rudi Nunlist and 

interfaced with either a Nicolet 1160 or 1280 computer. The 400 and 500 MHz instruments were 

commercial Bruker AM series spectrometers. ^H NMR spectra were recorded relative to residual 

protiated solvent. 1 3 C NMR spectra were obtained at either 75.4 or 100.6 MHz on the 300 or 500 

MHz instruments, respectively, and chemical shifts were recorded relative to the solvent 

resonance. Chemical shifts are reported in units ol parts per million downfield from 

tetramethylsilane and all coupling constants are reported >n Hz. IR spectra were obtained on a 

Perkin-Elmer Model 283 infrared spectrometer or on a Perkin-Elmer Model 1550 or 1750 FT-IR 

spectrometer using potassium bromide ground pellets. Mass spectroscopic (MS) analyses were 
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obtained at the UCB mass spectrometry facility on AEIMS-12 and Kratos MS-50 mass 

spectrometers. Elemental analyses were obtained from the UCB Microanalytieal Laboratory. 

Sealed NMR tubes were prepared by (using Wilmad 505-PP and 504-PP lubes to ground glass 

joints which were then anached to a vacuum fine v<ijh Kontes stopcocks or alternatively, the tui: es 

were attached vi? Cajon adapters directly to Kontes v c . >m stopcocks.34 Known volume bulb 

vacuum transfers were accomplished with an MKS Baratron attached to a high vacuum line. 

Unless otherwise specified, all 'eagents were purchased from commercial suppliers and used 

without further purification. PMe3 (Strjm) was dried over NaK or a Na mirror and vacuum 

transferred prior to use. Acetophenone and benzaldehyde were distilled under nitrogen prior to 

use. Sen-yonitrile was purchased from Alpha anc1 used as received. Aniline was dried over a 

small piece of sodium and distilled under argon. A benzene solution of p-cresol was azeotroped 

using a Dean-Stark trap, and the p-cresc' distilled under argon. Ethylene was purchased from 

Matheson. Ethylene-1,1-d2 was purchased from MSO Isotopes and was stated to be 99.6% 

isotopically pure. Deionized water was degassed by bubbling nitrogen through it for 15 min. 

PhMgBr and AIMe3 were purchased form Aldrich ano used as received. Pentane and hexane (UV 

grade, alksne free) were distilled from L1AIH4 under nitrogen. Benzene and toluene were distilled 

from sodium beuzopnenone ketyl under nitrogen. Oichloromethane was either distilled under N2 

or vacuum transferred from CaH2. Deuterated solvents for use in NMR experiments were dried as 

their protiated analogues but were vacuum transferred from the drying agent. 

(PMe3)4Ru(Me)(CI). We found the procedure provided here to be more convenient 

than the published procedure.35 In a 250 mL round bottom flask, i.50g of (PMe3kRu(OAc)(CI) 

was dissolved in 100 mLof toluene. To this stirred solution was added, at roor.i temperature over 

3 min, 0.50 mL. (0.33 equiv.) of AIMe3 as a 2.0 M solution in toluene. The solution was stirred for 

1 h at room temperature over which time a tine white powder formed. The volume of the solution 

was reduced to 5-10 mL and filtored. while still cold from solvent removal, in order to remove all 

aluminum salts. The resulting yellow solution was then layered with pentane to yield 0.629 g 
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(46%) yield of yellow blocks. The supernatant was then cooled to -40 'C to yield an additional 

0.246 g (18%) of product. 

(PM93)4Ru(r|2-C6H4) (i) . in a typical preparative scale reaction, a 250 mL flask 

equipped with a side arm was charged with 1.50 g (3.15 mmol) of Ru(PMe3>4(CI)23S and 100 mL 

of ether and a magnetic stir bar. To a Schlenk tube was added 2.31 mL (2.2 equiv., 6.93 mmol} of 

PhMgBr as a 3.0 M solution in ether and 5 mL of additional ether. Both vessels were brought out 

of the drycox, carefully degassed, and charged with argon. It is essential that all solutions be 

nitrogen free because Ru(PMe3)4Ph)2 forms a complex with nitrogen. The Grignard reagent was 

added by cannula to the ether slurry of Ru(PMe3U(CI)2 at room temperature over a 5-10 minute 

period. The solution was then stirred under argon for -3 h at room temperature, until no orange, 

solid Ru(PMe3)4(Cl)2 remained. The resulting solution, including magnesium salts, was 

transferred by cannula to a glass reaction vessel 'used to a Kontes vacuum adaptor. The vessel 

was partially degassed. The vessel was then closed and heated to 85 °C for 8h. The solution 

turned a dark brown color upon heating: the reaction was complete when the solution became 

light brown in color while at 65 °C. Alter this time, the solvent was removed under reduced 

pressure, and the residue extracted three times with a total of 150 mL of pentane, stirring for 5 min 

after each addition of pentane. Removal of the pentane solvent provided a pale-yellow or white 

solid in 55-70% yield which is pure enough (-35%) for synthetic purposes. Crystallization from 

pentane provided analytically pure samples of 1 in 35-50% yield. IR (Nujol) 2055 (m), 1974 (m), 

1931 (m), 1886 (s). 1819. 27.1 (m). 1788 (m), 1767 (m), 1705 (m). 1570 (s). 1523 (m). 1412 (s). 

1402 (s), 1316 (s), 1295 (s), 1277 (s), 1188 (m), 1140 (m), 1115(m), 1070 (m), 1023 (s), 1000 

(m). 932 (s). 885 (s), 780 (m), 70S (s). 674 (s), 660 (s). 610 (s); MS (El) m/e 482(M*); Anal. Calcd. 

for C1SH40P4RU: C, 44.90%: H, 8.37%. Found: C, 45.17"/.; H. 8.38%. 

X-ray crystal structure determination of 1 

Mounting Procedure. Clear colorless columnar air-sensitive crystals of 1 were 

obtained by slow crystallization trom pentane at -so 'C. End fragments cleaved Irom some of 

these crystals were mounted in thin-wall quartz capillaries in an inert-atmosphere glove box, and 
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then flame sealed. Preliminary precession photographs indicated monoclinic Laue symmetry and 

yielded approximate cell dimensions. 

The crystal used for data collection was transferred to the Enfaf-Nonius CAO-4 

diltractometer and centered i - the beam. Automatic peak search and indexing procedures 

yielded a monoclinic reduced primitive cell. The final cell parameters and specific data collection 

parameters for this data set are given in Table 1. 

Structure Determination. The 3S71 raw intensity data were converted to structure 

factor amplitudes and their esd's by correction for scan speed, background and lorontz and 

posarization effects. Inspectior. cf the intensity standards revealed a gradual reduction in 

intensity with a sudden jump of about 8% superimposed on it between the 7th and 8th hours of 

data collection. The data were corrected for this variation. Inspection of the azimuthaPscan data 

showed a variation lmin"max M + M % 'or the average curve. No correction for absorption was 

applied. Inspection of the systematic absences indicated uniquely space group P2i/n. Removal 

of systematically absent and redundant data left 3202 unique data in the final data set.' The 

structure was solved by Patterson methods and refined via standard least-squares and Fourier 

techniques. In a difference Fourier map calculated following the refinement of all non-hydrogen 

atoms with anisotropic thermal parameters, peaks were found corresponding to the positions of 

most of the hydrogen atoms. Hydrogen atoms were assigned idealized locations and values of 

B,so approximately 1.3 (1.2 for bezyne hydrogens) times the B 8 q v of the atoms to which they 

were attached, the? were included in structure factor calculations, but not refined. Before the 

final cycles of refinement, eight reflections which appeared to be affected by multiple diffraction 

were removed from the data set. 

The final residuals for 208 variables refined against the 2761 accepted data for which F 2 > 

3a(F 2) were R » 2.11 %, wR =. 2.99% and GOF » 1.542. The R value for all 3194 accepted data 

was 3.40 %. 

The quantity minimized by the least squares program was Iw{|Fol-|F c|) 2 where w is the 

weight ol a given observation. The p-lactor. used to reduce the weight of intense reflections, was 
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set to 0.03 throughout the refinement. The analytical forms of the scattering factor tables for the 

neutral atoms were used and all scattering factors were corrected for both the real and imaginary 

components of anomalous dispersion. 

Inspection of the residuals ordered in ranges of sinS/J, [Fg|. and parity and value of the 

individual indexes showed no unusual features or trends. The largest peak in the final difference 

Fourier map had an electron density of 0.36 e"/A3. Both were located near the ruthenium atom. 

There was no indication of secondary extinction in the high-intensity low-angle data. 

Positional parameters, thermal parameters of the non-hydrogen atoms, anisotropic 

thermal parameters, and the positions and thermal parameters of the hydrogen atoms are available 

as supplementary material. 

(PMe3)4Ru(n.2-CsH4) ( l -d*) . Unlabeled benzyne complex 1 was dissolved in 1.7 

m l of CoDs in a S" NMR tube. The sample was degassed and the tube sealed. The sample was 

heated at 110 °C for 3 d in order to provide complete conversion to 1-d 4. No decomposition 

products were observed by ' H o r 3 1 P ( ' H } NMR spectroscopy under these conditions. The tube 

was then opened, the solvent removed, and the residue crystallized from pentane at -40 "C to 

provide 3S.S mg (54% yield) of 1-d 4. MS (El) m/e 486 (M*). 

Ru(PMe3>4(Ph)(M») (2). A round bottom flask was charged in the drybox with 0.708 g 

(1.55 mmol)of Ru(PMe3)a(CI)(Me) and 100 ml. of ether. While stirring this solution, 0.518 mUola 

3.0 M solution of PhMgBr was added at room temperature over 5 min. The solution was stirred for 

an additional 3 h at room temperature. At this time the solvent was removed under reduced 

pressure, and the residue was extracted with pentane (3 x 50 ml_). The solution was 

concentrated to a volume of 5-10 mt_, and cooled to -40 'C. The material recovered from this 

crystallization was then recrystallized to yield 153 mg (19.9%) of white crystals of 2 which were 

anatylically pure and suitable for kinetic studies. IR (KBr) 3121 (m). 3101 (m), 3052 (s), 3038 (m), 

3025 (S), 2969 (s), 2910 (s). 2471 (w). 2363 (w), 2343 (w). 1967 (w), 1925 (w), 1859 (w). 1637 (w), 

1551 (s), 1462 (S), 1429 (w), 1296 (s), 1273 (S), 1237 (w), 1190 (s), 1178 (w). 1058 (w), 1010 (m). 



964 (s). 934 (s), 849 (s), 735 (s). 699 (s). 670 (m). SS6 (S), 629 (m), 492 (w); MS (El) m/e 482 (M-

CH4+); Anal. Calcd.for C19H44P4RU: C. 45.87%; H, 8.91%. Found: C, 45.99%; H, 9.05%. 

Kinetic evaluation ol the thermolysis of Ru(PMe 3 ) 4 (Ph)(Me) in CeDs. Into a 

5.00 mL volumetric flask was weighed 35.6 mg (0.0716 mmol) Ru(PMe3H(Ph)(Me) and 28 mg of 

ferrocene as an internal standard. CsD6 was added to the flask, making a 0.0143 M solution. In a 

typical experiment, 0.700 mL of this solution was added by syringe to a thin walled, 9" NMR tube. 

The tube was degassed, the appropriate amount of PMez was added by vacuum transfer and the 

tube was flame sealed to give a length of 8.5". The tubes were heated at 110 "C in a factory-

calibrated Neslab Exocal Model 251 constant temperature bath filled with Dow Corning 200 

silicone Fluid, and frozen rapidly in ice water after removal from the bath. All reactions were 

monitored to greater than 3 half-lives by ambient-temperature 1 H NMR spectrometry by 

integrating the PMeg resonance of the starting material at 0.99 vs. the ferrocene internal standard. 

The spectra were taken with a single acquisition and double checked with a second acquisition 

after a delay of at least 10 Ti . All kinetic plots displayed excellent linearity with correlation 

coefficients of 0.98^r better. A plot of kobs vs. 1[L] is shown in Figure 4 and displays a correlation 

coefficient of 0.99.-j 

Ru(PM«3)4(T| !.OC(CH2)CsH4) (4). Into a glass reaction vessel fused to a Kontes 

vacuum adaptor was weighed 31.6 mg (0.0656 mmol) of 1. Benzene (5 mL) was added, and to 

the resulting solution was added 7.9 mg (1 equiv) of acetophenone. The vessel was heated to 45 

°C lor Bh, after which time the initial clear solution had turned yellow. The solvent was then 

removed and the product was crystallized from a pentane/toluene (10:1) solvent mixture to yield 

13.6 mg (39.5%) of yellow product. An alternative preparation of this compound from the reaction 

of acetone and 1, along with a determination of its structure by X-ray diffraction, will be reported in 

a separate publication.37 IR (KBr) 3103 (m), 3050 (s), 3043 (s). 3028 (m), 2969 (s), 2903 (s). 1977 

(w). 1934 (w), 1624 (w), 1569 (s). 1548 (m). 1431 (s). 1395 (s), 1338 (s), 1316 (s). 1298 (s), 1279 

(s). 1262 (s), 1238 (m), 1122(s), 1021 (m), 990 (s). 338 (s), 854 (s). 841 (s). 784 9s). 736 (S). 712 

(S). 700 (s), 662 (s). 647 9(s). 634 (m), 498 (m); MS (FAB) m/e 525 (MH*). 



106 

Ru(PMa3)4<n2-OC6H3Me) (S). Into a small vial with a stir bar was placed 20.4 mg of 

1, 7 mg of ferrocene and 1.0 mL of CsDe- Th'S solution was divided into two equal portions. One 

sample was placed into an NMR tube. To the other sample was added 2.3 mg (1 equrv.) of p-

cresol in 0.4 mL of CsDs while stirring. The solution, which immediately turned from clear to 

orange/ysllow. was quickly transferred to an NMR tube. 1 H and 3 1 P{ 1 H) NMR spectra obtained 

within 10 min after the addition showed that all of 1 had reacted, and that it had been converted to 

at least two intermediates. The NMR tube was then brought into the drybox, equipped with a 

vacuum adaptor, and sealed. Heating the tube for 24 h at 45 °C provide conversion of the 

intermediates to Ru(PMe3H(ii2-OC6H3Me) in 70% yield by 1 H NMR spectroscopy, as determined 

by comparison of integrated ratios of the PMe3 resonances in the starting material and product to 

the ferrocene internal standard. 

Low temperaturt observation ol Ru(PMt3)4(Ph)(OCgH 4Me) (6). In the 

drybox. 15.1 mg of 1 was dissoved in 0.7 mL of toluene-da in an NMR tube equipped with a 

vacuum adaptor. To this stirred solution was added 3.4 mg (1 equiv) of p-cresol in 0.2 mL toluene. 

Immediately after addition the sample was brought out of the drybox and cooled in a -78 °C bath. 

The tube was sealed and placed into the probe of the NMR spectrometer which had been pre­

ceded to -60 "C. 3 t P ( ' H ) and 1 H NMR spectra were taken at this temperature and indicated clean 

conversion to the phenyl cresolate intermediate. 

Ru(PMe3)4(Ph)(H) (7). To a solution of 300 mg (0.627 mmol) of Ru(PMe 3 ) 4 ( i l 2 -

C6H4) in 5 mL pentane was added 47.7 ui. (0.627 mmol) isopropanol in 0.5 mL pentane at room 

temperature. After allowing the mixture to react for 1 h, the volume was reduced under vacuum to 

1 mL and cooled to -40 °C to yield 145 mg (48.2 %) whfte crystals. IR 3060 (m). 2981 (r.-.i, 2966 

(m), 1859 (M-H. s). 1561 (m). 1424 (m). 1419 (m), 1295 (s). 1278 (m): 940 (s); MS (El) m/e 406 (M-

C6H 6). 330 (M-C 6H 6-PMe 3); Anal. Calcd. for C18H42P4RU: C. 44.71; H. 8.62. Found: C, 44.82; 

H. 8.83. 
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Ru(PMe3)4(Ph)(OH) (9). In the drybox, 78.6 mg ot 1 and 1 mL of benzene was 

added to a glass vessel fused to a Kontes vacuum adaptor. The vessel was brought out of the 

drybox and 3.0 ui. (1 equiv.) of water was added by syringe to the vessel on a Schlenk line. The 

solution was allowed to react for 8 h at room temperature, after which time the solvent was 

removed and the residue extracted with 25 mL of pentane. The clear solution was concentrated 

to 5-10 mL and cooled to -40 °C to provide 43.6 mg (54 %) of product. IR (Nujol) 3636 (w), 1974 

(w), 1933 (w). 1853 (w). 1562 (s), 1553 (m), 1523 (m), 1436 (s), 1423 (s), 1297 (s), 1279 (s), 1241 

(m), 1180 (m), 1147 (m), 1060 (m). 1014 (s). 942 (s), 855 (s), 795 is), 731 (s). 709 (s). 662 (s). 634 

(m); MS (FAB) m/e 482 (MH-H2O*), 406 (M-OH2-PMe3+); Anal. Calcd.for C18H42OP4RU: C, 

43.28; H. 8.48. Found: C, 43.02; H, 8.39. 

Bu(PMe 3) 4(r| : !-NHC6H4) (10). Into a vial was placed 80.2 mg (0.167 mmol) of 1, 

17.06 mg (1.1 equiv) of aniline and 2 mL of benzene. The solution was then placed in a 9" NMR 

tube which was degassed and sealed. The sample was heated to 110 "C for S h. Upon cooling, 

56.4 mg (33.2%) of 3 had crystallized from the reaction solution and all of the starting material had 

been consumed as determined by 3 1 P( 'H} NMR spectroscopy. The material that crystallized from 

solution was pure by 1 H NMR spectroscopy, but a portion of this sample was crystallized from 

ether for microanalysis. IR (KBr) 3337 (w) 30l9(m), 2989 (m), 2969 (m), 2906 (s). 1594 (m), 1560 

(m), 1534 (m), 1435 (s), 1425 (s). 1297 (m). 1281 (m), 1266 (m). 942 (s), 705 (s). 665 (s); Anal 

Calcd. for CiaH 4 1NP4Ru: C, 43.55: H, 8.32; N. 2.82. Found: C, 43.35; 8.15; N, 2.82. 

Addition of Aniline to 9. Into an NMR tube was placed a CgDg solution containing 

10.2 mg of 9. To this solution was added 1 equiv. of aniline. The tube was degassed and sealed. 

Heating of the sample to 110 "C for 2 h led to formation of bridging hydroxide complexes which 

are formed from 9 in the absence of aniline.16 No formation of 10 was detected. 

Ru(PMfi3)3(C2H4)2 (12). A 100 mL round bottom flask was charged with 505 mg 

(1.06 mmol) ol Ru(PMe3U(CI)2 and 25 mL of ether. To this suspension was added 2.2 equiv of 

C2HsMgCI as a 1.5 M solution in ether. The reaction was stirred at room temperature until the all 
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orange Ru(PMe3U(CI)2 had reacted and the suspension was a milky white (2-3 h). At this time the 

ether was removed under vacuum and the residue was extracted with pentane (3 x 20 mL). The 

volume of the extract was reduced to 5 mL and placed in a glass vessel fused to a Kontes vacuum 

adaptor. Ethylene (2.1 equiv) was condensed into the vessel, and the resulting solution was 

heated for 24 h at 85 °C. At this point the volume of the solution was reduced under vacuum to 2 

mL and filtered through a plug of celrte. Reducing the volume to 1 mL and cooling to -40 "C 

provided 244 mg (59.7 %) yield of clear blocks. IR(KSr) 3027 (m) 2964 (m). 2903 (m), 2896 (m), 

1424 (m), 1298(m). 1293 (m). 1279 (s), 1132 (s). 941 (s). 845 (m), 711 (m).l 699 (m). 660 (s). 

Reaction of ethylene with 1. Into an NMR tube was placed 6.9 mg (0.0143 mmol) 

ol 1 and 0.7 mL of benzene-dg. The sample was degassed and 10 equiv. of ethylene were 

added by vacuum transfer. The tube was sealed and heated to 85 °C for 1.5 d. at which point the 

1 H NMR spectrum of the final reaction mixture showed the formation of styrene (confirmed by 

GC/MS) in 70% yield. The 1 H and 3 1 P ( 1 H) NMR spectra showed the formation of 

(PMe3)3Ru(C2H4)2 in 68% yield by comparison with the independently prepared sample. 

Reaction of ethylene-l,l-d2 with 1. Into an NMR tube was placed 8.0 mg (0.0143 

mmol) of 1 and 0.7 mL of benzene-dg. The sample was degassed and 7 equivalents of ethylene-

1,1 -d2 were added by vacuum transfer. The tube was sealed and heated to 85 °C for 16 h. The 

1 H NMR spectrum of the final reaction mixture showed a 1:1:1 ratio of the vinylic resonances (to 

within the roughly 10% error of integration), indicating a 1:1 ratio of the two isomers, p\ p-d2" 

styrene and o, 2-d2-styrene. The experiment was conducted a second time following a similar 

procedure, except the reaction was run in benzene-do and the final reaction mixture was analyzed 

by 2 H NMR spectroscopy. Again, within the accuracy of the integration (roughly 10%). a 1:1:1 

ratio of vinylic resonances was observed. 

Ru(PM83)4(r|2.C(p-tolyl)C(p-tolyl)C6H4) (13). Into a glass reaction vessel fused 

to a Konies vacuum adaptorwas placed 121 mg (0.252 mmol) of 1 and 5 mL toluene. To this 

solution was added 5 equivalents of di-p-toiylacetylene. The reaction vessel was panially 

degassed by one freeze-pump-thaw cycle and heated lo 85 °C for 24 h. After this time the 
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solution was concentrated under vacuum and filtered. Layering of the solution with pentane and 

cooling to -40 °C provided 79.4 mg (46 %) o( product which was pure by 1H NMR spectroscopy. 

This material was recrystallized Irom toluene/pentane vapor diffusion for microanalysis. IR(KBr) 

2972 (m), 2911 (s). 1437 (m),1434 (m), 1420 (m), 1298 (m), 965 (m), 942 (s), SS5 (m). 728 (m). 

701 (m), 662 (m); Anal. Calcd. For C34Hs4P*Ru: C, 59.38; H, 7.91. Found: C, 59.28: H, 8.04. 

Ru(PMe3)4(^ 2-OC(H)(Ph)CeH 4) (14). Into a giass reaction vessel fused to a 

Kontes vacuum adaptor was placed 80.0 mg of 1, along with the minimum amount of pentane (-2 

mL) necessary to dissolved the material. To this solution was added 17.6 mg (1 equiv) of 

benzaldehyde at room temperature. The vessel was then heated to 45 °C for 1.5 d, during which 

period the solution turned dark brown. (When the reaction was run in tetrahydrofuran the reaaion 

solution turned green.) Upon cooling to room temperature the product crystallized from the 

reaction solution as green blocks (31.8 mg, 32.6%). MS (FAB) m/e 589 (MH*): IR (KBr) 3078 (m), 

3044 (m), 3025 (m), 2970 (S) 2906 (S),.2815 (m), 2708 (m), 2661 (m), 2504 (m), 1597 (m), 1578 

(m), 1566 (m), 1542 9m). 1505 (m). 1490 (m), 1431 (m). 1397 (m), 1351 (s), 1298 (s), 1279 (s). 

1233 (m), 1059 (s), 1042 (m). 1027 (m). 1017 (m), 964 (s). 941 (s). 854 9s), 763 (m), 736 9s), 702 

(s), 664 (s), 629 (m); Anal. Calcd. for C2sH460P4Ru: C. 51.10: H, 7.89. Found: C, 50.97; H, 

7.95. 

Ru(PMe3) 4(ii 2-NC(Pri)C6H4) (15). Into a glass reaction vessel fused to a Kontes 

vacuum adaptor was placed 158 mg (0.328 mmol) of 1 and 8 mL benzene. To this solution was 

added 5 equiv of benzonitrile. The reaction vessel was partially degass ?d by one freeze-pump-

thaw cycle and heated to 85 "C for 24 h. After this time the solvent was removed under reduced 

pressure. The residue was extracted with toluene, and the extracts were tillered, concentrated 

under vacuum, and crystallized by layering the toluene solution with pentane and cooling to -40 

°C to provide 88.6 mg (46 %) yellow blocks suitable for microanalysis and X-ray crystal structure 

analysis. 

X-ray crystal structure determination of complexes 9 and 15. 
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The procedure used in the determination of the structure of 1 was employed with the 

following modifications: 

(a) Mounting Procedure: Orange, air-sensitive crystals of 15 were obtained by layering a 

toluene solution of 15 with pentane. Clear, air sensitive crystals of 9 were obtained by cooling a 

pentane solution of 9. End fragments cleaved from some of these crystals were mounted in a 

viscous oil. The final cell parameters and specific data collection parameters for the data set for 9 

and 15 are given in Table 1. 

(b) Structure Determination: For 9,2135 raw intensity data were collected and for 15, 

6274 were collected. These data were converted to structure factor amplitudes and their esd's by 

correction lor scan speed, background and Lorentz and polarization effects. Inspection of the 

azimuthal scan data showed a variation \mW^max • * ' - 1 % for the average curve. No correction for 

absorption was applied. Inspection of the systematic absences indicated space group P1 for 9 

and P2</n lor t5. Removal of systematically absent and redundant data left 6274 unique data in 

the final data set for 9 and 2113 for 15. 

Each structure was solved by Patterson methods and refined via standard least-squares 

and Fourier techniques. The final refinement included anisotropic refinement of the ruthenium 

and phosphorus atoms and isotropic refinement of the carbon and nitrogen atoms. Hydrogen 

atoms were not included if: the refinement. 

The final residuals for the 243 variables for 9 were refined against the 5021 accepted data 

for which F 2 > 3o(F2) were R - 5.8%, wR » 9.2% and GOF « 3.B6. The R value for all 3194 

accepted data was 7.2%. The final residuals for the 150 variables for 15 were refined against the 

1462 accepted data tor 15 for which F 2 > 3o(F2) were R • 6.4%, wR > 6.9% and GOF » 1.93. The 

R value tor all 3194 accepted data was 11.0%. 

Positional parameters, thermal parameters of the non-hydrogen atoms, and anisotropic 

thermal parameters are available as supplementary material. 

Phosphlne Inhibition studies for the reaction of 1 with benzaldehyde and 

benzonitrlle. Into a vial was weighed 40.6 mg ot 1 and 10 mg of ferrocene as an internal 
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standard. Benzene-d6 (3 mL) was added and the solution was divided into two equal portions. To 

one of the samples was added 5 equiv of benzaldehyde and to the other, 5 equiv of benzonitrile. 

Each of these samples was then further divided into two equal portions and placed into NMR 

tubes to make a total of four samples. Each NMR tube was degassed by three freeze-pump-thaw 

cycles. To one sample containing benzaldehyde and to another containing benzonitrile was 

added 5 equiv of PMe3 by vacuum transfer before all of the tubes were sealed. 1H and 3 1 PI 1 H) 

NMR spectra of the solutions were obtained before heating. The two samples containing 

benzaideyde were heated to 45 °C tor 2.5 h. and the two containing benzonitrile were heated to 

55 °C for 2.5 h. Conversions and yields were determined by comparing 1 H and 3 1 P(1H} NMR 

spectra to those obtained before heating. The experiment was conducted twice with similar 

phosphine inhibition observed during both runs. . 

Phosphlna exchange studies for 1. Into an NMR tube was placed 0.7 mL of a 

CeDs solution containing 12.4 mg of 1. The tube was degassed and 4 equiv of PMe3-dg was 

condensed into the sample. The approximate amounts of phosphine exchange at 5 min, 2 h, and 

24 h were determined by integrating the 3 1 P(1H} NMR signals'orfree PMea-dgand PMe3-dc-. 

The ratios were found to be 36:1 after 10 min, 2:1 after 2 h, and 1:1 after 24 h. 



Tabt« 8. 1 H NMR Sfleelmseopic Oata' 

dfsom) multiplicity J(Hz| Integral assicnment 
|(PM«3UHu(n2^H4) (1) h 

(PM«3)*Bu(nz-CS04) (1-d4)b 

(PM«3)4P.U(Me)(Ph) (2)» 

(PMe3)4Hu(n2-OC(CH2)CsH4) (4)= 

(PMi3)4Ru(n2-CX:6H3M«) (5)>> 

(PMt3)4Ru('JCgH4Me)(Ph) (6)d 

(PMe3).;Ru(H)(Ph) (7)» 

0.78 1 4.4 IS feans-PMej 
1.26 d 2.6 18 C/S-PMC3 
7.26 tx.s 2 Aromatic 
7.31 Br. I 2 

0.78 t 4.4 ia trans-PMei 
1.28 d 2.S 18 e«-PM«3 

•0.033 dq 7.7, 3.5 3 Ru-Me 
0.96 t 5.2 18 irans-PMej 
1.04 d 5.0 9 cis-PMea 
1.22 d 4.7 9 
7.13 m 1 Aromatic 
7.19 m 2 
7.88 br.s 2 

1.02 1 6.0 18 trans-PMes 
1.42 d 6.9 9 os-PMe3 
1.45 d 6.0 9 
3.39 d ' 1.2 1 CC(Ct!a)CsH4 
3.95 fr.j 1 
6.61 tq 7.3. 1.0 1 OClCHdCsJit 
6.63 t 7.1 1 
7.11 dt 7.6. 1.6 1 
7.46 m 1 

1.00 d 7.4 9 cis PMea 
1.09 d 6.0 9 
1.15 1 5.8 18 trans PMej 
2.53 i 3 p-Me 
6.06 d 7.6 1 Aromatic 
6.96 d 7.2 1 
7.30 br.j 1 

o.aa 1 2.5 18 trans-PMt^ 
0.90 d 6.8 9 cis-PMe^ 
i.oa d 5.6 9 
2.49 s 3 p-Me 
6.67 d 8 2 2 p-cresalate 
722 d 8.3 2 
7.31 m 2 phenyl 
7.45 1 7.0 1 
787 br.j 1 
8.73 br.d 7.2 1 

-9.50 ddt 92.6. 18.3. 18.3 1 Ru-H 
1.10 t 2.6 ia trans-PMez 
1.35 d 5.6 9 eis-PMej 
1.38 d 5.4 9 
6 60 m 3 A/ornatic 
7.45 m 1 
7.75 m 1 
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(PMe3!4nu(0H)(Ph) (9)' -4.47 in 1 Ru-QH 
1,06 1 5.S 13 mns-PMei 
1.37 a 7.3 S eis-PHtj 
1.40 d 6.0 9 
6.70 m 3 Aromatic 
7.S3 t S.7 1 
7.97 d 7.1 1 

{PMt3)4fMi1Z-NHC6H4S (10)" 0,98 d 5.7 9 ets-PMe3 
1.06 d 6.7 9 
1.13 t 2.5 18 trans.Pue3 
5.8S d 7.4 1 Aromatic 
6.55 t 6.C 1 
7,12 t 7.3 1 
7.33 br,j 1 

(PMt3)3Ru(C2H4)2(12)b 0.66 t 2.3 IS trans-PMe3 
1.25 d 6.1 9 e's-PMes 
1.41 m 4 . C i H 4 

1.80 in 4 

{PMe3)4Ru(!i2^:(p-lqiyt!C!p-telyi)CsH4)li3)l!l<lM 
1.25 

d 4.9 
4.S 

9 Cis-PU*3 

l ! l7 * t Z.7 18 Mra-PMe3 
2.14 • 3 p-Ua 
2.18 ( 3 
8.91 d 7.6 2 p-tolyl 
7.03 d 7.9 2 
7.10 d 7.8 2 
7.30 d 7.9 a 7.20 m 3 C 6 H 4 

S.07 tf.S 1 

(PMt3!«Ru(!l2-OC(H)(PhjC«H4) (14)" 1.03 dd 4.8, 0.5 9 PMe 3 

1.27 d 4.9 9 
1.38 d 5.7 9 
1.45 d 6.8 9 
5.45 1 3.7 C(H(Ph)CsH4 

622 d 7.4 Am malic 
6.46 t 7.4 
S.53 Id 7.3. 0.7 
7.01 it 7.1. 1.3 
7.12 l 7.S 2 
722 dd 6.3. 1.4 2 
7-48 Id 5.0, 1.4 1 
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0.92 t 2.8 18 trans-PMes (PMe3)4Bu(ijiNC(Ph)C6H4) (15)° 0.92 t 2.8 18 trans-PMes 
1.48 d 5.4 9 OJ-PM«j 
1.54 d 5.8 9 
8.70 m 2 Aromatic 
7.01 dt 7.1. 1.9 1 
7.11 I 7.3 1 
7.22 1 5.8 2 
7.44 d 8.9 2 
7.70 br.t s 1 

• The multiplicities d and t, when applied to the PMej resonances, refer to apparent splitting patterns. 
Accordingly, the values reported lor J do not reflect true coupling constants. B CgD*. 20* C. c THF-da. 
20*-C. * PhMesJi. -€0* C. • THF-di. -55* C. 'THF-flj, -45* C. 



Table 9. ^ ( ' H J NMH Spectroscopic Data.* 

Comoound Sfqemt 1*11801'*:!!̂  J(H8l assianmefit 
(PMt3)*Ru(n2-C6H4) (1)° 21.32 n 13.1. 3.S tratx-PMej 

27.64 m o's-PMes 
125.09 t 2.4 Aromatic 
126.12 d 4.8 
142.07 dq 52.9.7 

(PMe3)*Ru(MeKPh) (2) b •2.S4 dtd 55.5.13.2. 7.9 Ru-Ma 
20.27 > t 12.4 (rans*PMt3 
23.73 d 17.0 c/s-PMej 
24 39 d 19.9 

III
I s 

s 
s 
s 

Aromatic 

147.59 d 15.8 
173.50 dq 75.8. 10 

(rMcqUBuC^-OCCCHzSCsHil (4)* 19.40 Id 12.5. 2.6 frans-PMej 
22.28 dl 17.0. 1.7 cra-PMes 
25.23 dm 23.5 
72.90 s C(£H2)CSH4 
120.sa d 1.3 C(CH2)C5H4 

121.61 d 1.4 and 
125.23 
141.27 

m 
m 

Aromatic 

152.88 d 3.1 
175.60 dm 7.7 
177.71 dCj 6S.0, 8.2 

i> •«e3)4Ru(ii2-OC6H3Me) (5)e 13.65 Id 13.5. 3.0 [rans-PMes 
22.44 dt 18.1. 2.S CiS-PMea 
25.32 dq 25.0, 3.4 
21.88 s p-M» 
10555 
120.44 
122.00 
137.80 

s 
% 
s ( 

Aromatic 

142.69 
132.41 

dtd 
$ 

G5.16. S 

(PMe3)4Hu(HKPh) m* 23.59 1 12.2 trans-PMei 
24.87 m OPMe3 
27.96 d 18 
119.69 s Aromatic 
t24.B4 s 
125.32 s 
146.55 d 8.8 
153.10 j 
174.20 m 
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(PMe3Unu(0H)lPH) (9)« 

(PM«3)«Hu(ll2-NHC8H4l (10}» 

IPMeaiaRuiCzHJaiia)15 

(PMe3)<Ru(H2-C(p-lolyl)C(p-lolvl)C6H4)(13)b 

ta.ss Id 12.5.2 frWII-PMe3 
22.02 d 17.4 cis-PMea 
25.54 d 24 
120.51 s Aromatic 
ia*.7o s 
125.15 s 
139.83 s 
145.77 d 8.0 
171.55 dtd 74.2, 16.1. 10.0 

19.57 1m 11.8 trans-PM«3 
23.35 A 16.9, 2.2 cis-PMe3 
25 31 tfni 21.4 
105.28 m Aromatic 
111.12 dl 5.4, 1.8 
122.71 J 
136.38 m 
143.46 dtd 64.2. 15.7. 7.5 
i7a.ao q ',. I 

14.69 td 11.4, 3.0 frans-PMe3 

23.03 dt 18.3 0'S.PU«3 
21.14 dt 10.8. 4.2 C 2 H 4 

23.47 dt 8.0. 2.4 

21.24 R 12.9. 3.S Jrans-PMes 
24.90 dq 16.0. 2.1 0>PMe3 
25.71 dq 15.2. 2.8 
21.18 p-M« 
21.28 
121.63 Aromatic 
121.73 and 
122.73 vinyi 
127.88 
128.41 
129.48 
131.28 
133.03 
130.98 
143.01 
143.16 
149.54 
156. 34 
16331 6.6 
17«.40 dm SS.5 
184.43 dm 57.5 
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19.17 ddd 16.3, 7.0, 2.7 PMe 3 
[PMe3)«Bu(ntOC(H)(Ph)C6H4J (14)" 19.17 ddd 16.3, 7.0, 2.7 PMe 3 

1988 ddd 16.8. 7.2. 2.9 
21.60 dt 16.8, 1.4 
25.25 dt 23.4, 1.5 
30.12 d 8.5 0£(HKPh]C6H<) 
120.48 
122.84 
123.73 
125.61 
127.86 
129.64 
139 32 
152.86 
161.22 

J 
s 
3 
8 
s 
s 
s 
I 
s 

Aromatic 

176.13 dm 68.8 

(PMeaURufn^NdPrtjCeH*} (is)" 19.95 1 14.0 frans-PMej 
22.34 d 17.9 ds-PMej 
25.92 d 15.7 
120.20 * Aromatic 
123.20 s and 
124.85 
125.84 
127.84 
128.34 

t 
s 
s 
s 

imine 

142.84 1 2.0 
146.37 d 9.1 
155.20 
175.46 

d 
m 

12.6 

187 30 * » 67.8. g.S 
4 The multiplicities d and t, when applied to trie PMe3 resonances, refer to apparent splitting patterns. 
Accordingly, the values repoited lor J do not reflect true coupling constants. * CjDs. 20* C. c THF-da, 
W-C. * THF-dj, -SS' C. • THF-da. -45' C. 
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TaBlelO. ^P^HJNMR Spectroscopic Oata. 

Comoound Soin System dfccml JIMZI 
JAa-315 "PMe3)4Su(n2-C6H4) ( I ) " A 2 8 2 6A.-6.B4 

63--S.15 

JIMZI 
JAa-315 

(PM.3)»Ru(M«)(Ph) Up A2BC 6A—2.76 
6B-9.99 

6C—14.82 

JAB-25.S 
JAC-23.7 
J B C - 1 4 0 

[PMesURu^-OClCHjJCsHJ (4)« A 2BC 8A-0.69 
63--13.71 
6C-6.8S 

JAB-2S.3 
JAC-32.2 
JSC-14.3 

(PMejUHuOlZ-OCeHaMe) (5)° A2BC 6A.-2.73 
6B-15.7S 
6C-9.31 

II? 

(PMealtRulOCaH^MeHPn) (6)d A2ac 6A-4.Q7 
68-9.03 
6C-13.3 

I 

(PMe3)<Ru(H)(Ph) (7]« A2BC 5A.-1.32 
5B--10.59 
6C-17.18 

JA9-245 
JAC-2S.7 
Jac - i89 

(PMe3)4Ru(OH)lPli) (9)' A2ac 6A.-3.34 
53-3.97 

SC.-11.60 

JAB-31 .2 
JAC-2S.2 
JBC-16.5 

(PM«3)4Ru(Tl2-WHC6H4) (10)" A2ac 6A--4.01 
63-6.SS 

5C-10.89 

JA9-32.7 
J A C " 2 3 9 
Jac-'7.s 

(PMe3hRulC2H4)2(12) l> A2a 5A.1 80 
6B-0.94 

JAa-25.1 

(PMt3)»Ru(n2-C(p-lolyl)C(p-lolyl)C6H<)(13)l> A 2 BC SA.-aai 
68.-19 23 
5C-21.9S 

JAa'-3Q7 
JAC-23 1 
J3C-9 2 

(PMealiRuln^OCiHKPniCsHJ (14)» ASCO 6A-475 
8B-3.46 
6C--4.73 

6D.-14.37 

J A B - 2 9 0 
JJC-30S 
JAO-1' 9 

Jac -332.1 
JBO-295 
JCO-23.3 

(PMe3)4Ru(n2-NC(Pr\)C6H«) {15)° A 2BC 6A.5S3 
63.-11.57 
6C-13 67 

J A B - 2 9 ' « 
J A C - 2 3 0 
J9C-9 1 

D C 6 D 6 , 20* C. = T>iF-Ca. 20'-C.« PN.IMJJ. -€0" C. • THF-dj. -55' C. ' ThF<:a. -«S" C. 
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I n t r o d u c t i o n 

Phosphines are among the most common iigands in coordination and organometallic 

chemistry, and metal phosphine complexes are often used as homogeneous catalysts 1. They are 

important because of their strong electron donating properties2, and in most cases they are inert 

toward reactions other than addition of their C-H bonds 3. However, it has been noted that the 

cleavage of the P-C bond is a possible decomposition route for some catalysts containing aryl 

phosphine ligands: products resulting from the cleavage of the P-C bond in aryl phosphine 

ligands have been isolated4. In contrast, evidence for cleavage of the P-C bond in 

trialkylphosphine compounds has been reported in only a few cases 5. To our knowledge, no 

product has been isolated in which a coordinated trialkylphosphine has been structurally changed 

as a result of P-C bond cleavage. We report such a reaction, in which a trimethylphosphine Bgand 

ol {PMe3)4Ru(OAr)2 is transformed under mild thermolysis conditions into an orthometallated 

dirnethylarylphosphinite ligand, the resuN of P-C bond cleavage. 

Results and Discussion 

The aryloxide compound (PMe3)4Ru(OAr)j (1) was prepared by the addition of two 

equivalents of p-cresol (p-methytphenoi) to (PMestaf u(Me)2S in toluene to form 1 in 63% 

isolated yield, as shown in Scheme I. An AA'88' pattern in the aryi region of the 1 H NMH spectrum 

ol 1 indicates n,' coordination of the two equivalent p-cresolate substituents, and an A2B2 pattern 

i n the 3 1 P( 1 H) NMR spectrum indicates that the complex adopts a eis geometry. . 

Addition ol one equivalent of p-cresol to (PMe3)4Ru(Me)2 yielded.roughly 50% of 1 and 

50% of starting material. However, use of (PMe3bRu(T|2-CH2PMe2)(Me) allowed the selective 

addition of one equivalent of p-cresol to the ruthenium center (Scheme I). This cyclometallated 

precursor was synthesized in 40% isolated yield by the thermolysis of (PMe3)4Ru(Me)2 in hexane 

followed by sublimation. Addition of one equivalent of p-cresol lo !PMe3)3Ru(n2-CH2PMe2)(Me! 

at room temperature followed iy heating to 85 °C for 3 h did not provide the simple addition 

product, but yielded methane (identified by 1 H NMR spectroscopy) and the orthometallated 

cresolate complex (PMeahRulr^-OCsHsMe) (2) in 56% isolated yield. The observation of three 
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aryl resonances in t h e 1 H NMR spectrum ol 2 in a 1:1:1 ratio, as well as an A2BC pattern in its 

3 1 P( 1 H) NMR spectrum, indicated orthometallation ol the aryl ring had occurred. 

Thermolysis of 1 in benzene for 8 h at BS • C or 70 h at 65 °C also produced methane 

(identified by 1 H NMR spectroscopy) and complex 3, the product of P-C bond cleavage, in 

quantitative yield by 1 H NMR spectroscopy and 34% isolated yield, as shown in Scheme II. The 

3 1 P( 1 H} NMR spectrum of 3 contained two resonances in the chemical shift range associated 

with PMe3 groups coordinated to ruthenium7 and a deshielded resonance at 172 ppm. The latter 

resonance is in the range found for coordinated phosphite ligands 8. The 3 1 P ( 1 H } NMR spectrum 

is an example of an A2BX spin system. The two equivalent phosphorus nuclei appear as a 

doublet of doublets centered at 5-1.69 with J A B - 2 4 - 3 H Z and J A X " 3 7 . 2 HZ. The other PMea 

resonance appears as a doublet of triplets centered at 5-19.2 with J A B - 2 4 . 3 H Z and JBX»9 .0 HZ. 

The X nucleus appears as a doublet of triplets at 5172.3. The coupling constants are consistent 

with a geometry in which equivalent phosphines PA are trans to each other and are cis to Pg and 

Px- The 1 H NMR spectrum shows a phosphine methyl group ratio of 18:9:6, indicating that one of 

the phosphines assigned to P» contains only two methyl substituents. The ' H NMR spectrum 

requires the presence ol two types of p-cresolate ligands, one of which shows an AA'BB' pattern 

for the ring protons, similar to that found in 1. The other cresolate shows an ABC pattern for the 

ring protons similar to those found in 2. consistent with ring metallation in the onYic-position. Two 

isomers, A and B. shown in Figure 1 are consistent with the spectroscopic observations, and we 

could not distinguish between them spectroscopically, though both contain coordinated dimethyl 

phosphinite ligands of two different types. A few coordinated dialkylphosphinites have been 

described and their 3 1 P ( 1 H ) NMR chemical shifts are in the range 0(5140 to 160 9. 

X-ray crystallography shows that A is the correct structure. Compound 3 crystallized from 

a toiuene/pentane solution at -40" C. The structure was solved by Patterson methods and 

refined via standard least squares and Fourier techniques. The space group is P2i/n with two 

cryslallographically independent but chemically identical molecules in the asymmetric unit. The 

structure contained no abnormally short intermolecular distances. An ORTEP diagram of one ol 
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the two molecules is shown in Figure 2. Intramolecular bond distances and angles for this 

molecule are given In Tables 1 and 2, crystal and data collection parameters an: given in Table 3. 

The geometry of the complex is based upon six coordinate Ru(ll) with two mutually trans PMes 

ligands, a PMej trans to the metallated aryl ring of the phosphinite ligand. and an n,1-cresolate 

ligand trans to the phosphorus of the phosphinite ligand. 

The Ru-P(2,4) distances of 2.357(2) A and 2.366(2) A are in the range found in related 

alkylphosphine derivatives ot Ru(ll) in six coordination7''0. The lengths of the mutually trans 

phosphine-njthenium bonds range from 2.2 to 2.4 A. The Ru-P(3) distance of 2.381(2) A is in the 

region found tor Ru-P [cs. 2.32 A) trans to a carbon ligand7"- s, 3. The Ru-P(1) bond length of 

2.199(2) A is the shortest Ru-P distance in the structure. Since values for metal-

dialkylphosphinite bonds are not known, we must use other comparisons to see if this value is 

unusual, that is, if M-P(OR)x(R)3-x distances are typically shorter than those for M-PRs. In 

structurally similar d 6 compounds. (CO)sCr-P(OPh)3 and (CO)Cr-PPh31'. 

BrMn(CO)3(P(OMe)2Ph)2

12 and BrMn(CO)(PPh3)13, and in (rans-[(PhO)3P][Ph3PlCr(CO)414, the 

metal-phosphite or -phosphonile bond lengths are shorter than the metal-phosphine bond 

lengths by 0.1 to 0.16 A. The difference is usually rationalized in terms of the stronger it-

accepting character of the phosphite and phosphonite ligands. Thus, the shorter distance for the 

ruthenium-dimethylphosphinite bond seems to agree with previous resufts. The it-accepting 

nature of the Me2P(OAr) ligand and the it-donating ability of the aryloxide ligand which is located 

trans to it may lead to the shorter Ru-P(3) distance. 

The P-C cleavage product 3 was also obtained by the addition of p-cresol to the 

ortnometallated cresolate complex 2 followed by heating under the same conditions as the 

thermolys's of 1. Moreover, when the thermolysis of 1 or 2 and cresol was stopped before 

completion (i 6 h at 55 °C), a mixture of starting complex 1. orthometailated cresolate complex 2. 

and P-C cleaved product 3 was observed as shown in Scheme II. From these data it cannot be 

determined if 1 or 2 gives rise to the ~-C cleavage reaction, since these two complexes 

interconvert at a rate which is laster than the formation ol 3. Addition ol phenol, rather than p-
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Figure 2. QRTE? Oujria of Co=pl«x 3. Tji« hydrogen acoaa art otaittad for c lar i ty . 
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Table 1 

Crystallographie Daea for Complex 3 

Empirical foraula: »u Fa Oj Cn E<« 

AlCrystal Parameters « ! • !3»C C»,!>1 

a • 11.8875(111 Jl Space Croup: F2./a 

a • 36.000(4) A roraula weight • SOI.6 M U 

= - 14.1207(11} A Z • t 

a • 90.0 • d(calc) - 1.33 g c»-> 

f • 50.42X8) • 

* - »o.o • ji(eale) - 7.4 ea" 

V - 6042.7(H) A 1 

Size: 0.10x0.20x0.39 IB 

B) Data Keasuraaent raraaeters C<] 

•.adietioo : Ho Ko (X - 0.71073 A) 

Ifooochroaator : Highly-oriented graphite (29 - 12.2) 

Detector : Crystal icintillatlon counter, aita PEA. 

Reflections aeasured : + I, + X, *hU 

29 range: 3 -> 45 deg Seaa Type: *-2» 

Scan nidth: 49 • 0.(0 * 0.60 tan* 

Sean speed: 0.72 -> 4.70 {», deg/ain) 

Background: Keasured over 0.25'(iS) added to each ead ot the scan. 

Vert, aperture • 3.0 aa Horii. aperture - 2.0 • 1.6 tanfl as 

Ho. o£ reflections collected: 8048 

Ho. of unique reflections: 7(42 
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Table 2 

IncramolecuLar Distances 

ATOM 1 ATOH 2 DISTANCE 

RU1 PI 2.199(2) 
RU1 F2 2.357(2) 
RU1 F3 2.331(2) 
RU1 F4 2.366(1) 
RU1 01 2.161(4) 
RU1 C9 2.092(8) 

PI C15 1.811(7) 
PI C16 1.861(7) 
PI 02 1.667(4) 
P2 C17 1.857(7) 
P2 C18 1.863(7) 
P2 C19 1.856(7) 
P3 C20 1.851(8) 
P3 C21 1.836(7) 
F3 C22 1.839(7) 
P4 C23 1.865(6) 
P4 C24 1.825(6) 
P4 C25 1.859(6) 

01 CI 1.327(10) 
CI C2 1.419(13) 
CI ce 1.439(10) 
C2 C3 1.401(19) 
C3 C4 1.389(15) 
C4 CS 1.373(13) 
C4 C7 1.576(16) 
C5 C6 1.384(12) 

02 CS 1.371(11) 
C8 C9 1.426(12) 
C8 C13 1.421(9) 
C9 CIO 1.376(12) 
CIO Cll 1.435(10) 
Cll C12 1.421(18) 
Cll C14 1.527(12) 
C12 C13 1.380(13) 
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Table 3 

Incramolecular Angles 
ATOM 1 ATOM 2 ATOM 3 ANGLE 

9 2 . 6 7 1 7 ) 
9 7 . 9 1 ( 6 ) 
9 2 . 0 9 ( 6 ) 

1 6 7 . 0 0 1 1 1 ) 
8 1 . 6 ( 7 ) 
9 3 . 3 4 ( 6 ) 

1 6 2 . 5 9 ( 6 ) 
8 3 . 9 8 ( 1 1 ) 
8 3 . 6 1 ( 1 6 ) 

1 0 2 . 5 8 ( 6 ) 
9 4 . 8 3 ( 1 1 ) 

1 7 6 . 8 8 ( 1 7 ) 
8 7 . 6 5 ( 1 1 ) 
8 0 . 5 3 ( 1 6 ) 
8 5 . 5 ( 3 ) 

1 0 6 . 6 2 ( 1 6 ) 
1 2 5 . 7 ( 3 ) 
1 2 2 . 8 1 ( 2 3 ) 
1 1 5 . 9 0 ( 2 3 ) 
1 2 2 . 7 ( 3 ) 
1 1 3 . 5 2 ( 2 2 ) 
1 1 7 . 2 ( 3 ) 
1 2 3 . 4 7 ( 2 5 ) 
1 1 6 . 4 ( 3 ) 
1 2 3 . 4 6 ( 2 3 ) 
1 1 3 . 2 7 ( 2 2 ) 
1 1 8 . 5 9 ( 2 4 ) 

9 9 . 2 ( 3 ) 
1 0 0 . 9 ( 3 ) 

9 7 . 0 ( 3 ) 
9 9 . 1 ( 3 1 

1 0 0 . 2 ( 3 ) 
1 0 2 . 0 ( 4 ) 

9 7 . 3 ( 4 ) 
1 0 0 . 4 ( 4 ) 

9 7 . 7 ( 3 ) 
1 0 0 . 5 ( 3 ) 

9 7 . 6 ( 3 ) 
9 9 . 3 1 3 ) 

PI RU1 P2 
PI RU1 P3 
PI RU1 P4 
PI RU1 Ol 
PI RU1 C9 
P2 RU1 P3 
P2 RU1 P4 
P2 RU1 Ol 
P2 RU1 C9 
P3 RU1 P4 
P3 RU1 Ol 
P3 RU1 C9 
P4 RU1 Ol 
P4 RU1 C9 
Ol RU1 C9 

RU1 PI 02 
RU1 PI C15 
RU1 PI C16 
RU1 P2 C17 
RU1 P2 CIS 
RU1 P2 C19 
RU1 P3 C20 
RU1 P3 C21 
RU1 P3 C22 
1U1 P4 C23 
RU1 P4 C24 
RU1 P4 C25 
C15 PI 02 
C16 PI 02 
C15 PI C16 
C17 P2 CIS 
C17 P2 C19 
C18 P2 C19 
C20 P3 C21 
C20 P3 C22 
C21 P3 C22 
C23 P4 C24 
C2J P4 C25 
C24 P4 C2S 
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cresol, to 2 yielded a mixture of P-C cleaved products due presumably to rapid scrambling of the 

aryloxide ligands, and provided no insight :nto this problem. 

Careful monitoring of the reaction by 1 H NMH spectroscopy provided evidence that it is 

the bi's-cresolate complex 1 that gives rise to the P-C cleaved product. The appearance of 

product was followed at 65 • C tor 2.5 halt lives using three different NMR tubes: one containing 

only 1, one containing equivalent concentrations of 3 and p-cresol, and one containing the 

equilibrium concentrations of all three reactants. Identical linear first order plots for disappearance 

of total metal complex vs. time were obtained in all three cases (koo, » 8.7x10"6 sec' 1) tor the data 

points collected after an initial period during which time equilibrium was established (5 h). The 

data collected over this time were not accurate enough to extract rate constants for the approach 

to equilibrium, but it was clear that the sample containing only 1 reacted at a faster initial rate than 

the equilibrium mixture, while the sample containing 2 and p-cresol reacted more slowly than the 

equilibrium mixture and showed an initial induction period as displayed in Figure 3. In all three 

cases, the formation of 3 was strongly inhibited By the addition of PMe3 to the reaction solution. 

No product was observed after 3 d for the tubes containing added PMea, while reaction was 

complete tor the samples containing no added PMe3. However, the equilibrium was established 

at roughly the same rate for the tubes containing added phosphine as for those containing no 

added phosphine. Although we have no direct mechanistic information about the fundamental 

phosphorus-carbon bond cleavage step, we suggest that dissociation of phosphine precedes 

oxidative addition of the P-C bond (Scheme 111), as has been proposed 4 for the decomposition of 

aryl phosphine ligands. Migration of the aryloxide ligand to the phosphido substituent of the 

intermediate formed by this process followed by onhometaliation would form 3. 
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bis-Cnsolat« 

Orthamelallated Cresalate 

time ( lee ) 

Figure 3. A comparison of the rate of formation of 3 from samples containing only in's-cresolate 
complex 1 , onhometallated cresolate complex 2 and the equilibrium mixture of the two. 
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E x p e r i m e n t a l . 

General. Unless otherwise noted, all manipulations were carried out under an inert 

atmosphere in a Vacuum Atmospheres 553-2 drybox with attached M6-40-1H Dritrain, or by using 

standard Schlenk sr vacuum line techniques. 

1 H NMH spectra were obtained on either the 250, 300,400 or S00 MHz Fourier Transform 

spectrometers at the University of California, Berkeley (UCS) NMR facility. The 250 and 300 MHz 

instruments were cons:oicted by Mr. Rudi Nunlist and interfaced with either a Nicole! 1180 or 

1280 computer. The 400 and 500 MHz instruments were commercial Brufcer AM series 

spectrometers. 1 H NMR spectra ware recorded relative to residual protiated solvent. 1 3 C NMR 

spectra were obtained at either 75.4 or 100.6 MHz on the 300 or 500 MHz instruments, 

respectively, and chemical shifts were recorded relative to the solvent resonance. Chemical shifts 

are reported in units of parts per million downfield from tetramethylsilane and all coupling 

constants are reported in Hz. 

IR spectra were obtained on a Perkin-Elmer Model 283 infrared spectrometer or on a Perkin-

Elmer Model 1550 or 1750 FT-IR spectrometer using potassium bromide ground pellets. Mass 

spectroscopic (MS) analyses were obtained at the UCS mass spectrometry facility on AEI MS-12 

and Kratos MS-50 mass spectrometers. Elemental analyses were obtained from the UCB 

Microanalytical Laboratory. 

Sealed NMR tubes were prepared by fusing Wilmad 505-PP and 504-PP tubes to ground 

glass joints which were then attached to a vacuum line with Kontes stopcocks or alternatively, the 

tubes were attached via Cajon adapters directly to Kontes vacuum stopcocks 1 5. Known volume 

bulb vacuum transfers were accomplished with an MKS Baratron attached to a high vacuum line. 

Unless otherwise specified, all reagents were purchased from commercial suppliers and 

used without further purification. PMe3 (Strem) was dried over NaK or a Na mirror and vacuum 

transferred prior to use. Ferrocene (Aldrich) was sublimed prior to use. p-Cresol was dried by 

relluiing a solution in benzene using a Dean-Slark trap followed by distillation under argon. 
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Pentane and hexane (UV grade, aikene free) were distilled from UAIH4 under nitrogen. 

Benzene, toluene, and tetrahydrofuran were distilled from sodium benzophenone fcetyl under 

nitrogen. Dichloromethane was either distilled under N2 or vacuum transferred from CaH2. 

Deuterated solvents for use in NMB experiments were dried 3s their protiated analogues but were 

vacuum transferred from the drying agent. 

Ru(T?-CH2PMe2}(Me)(PMe3)3- Ru(PMea)4(Me)25 (1.12 g, 2.57 mmol) was dissolved in 

100 mL of hexane in a closed glass vessel of 11 volume lo accommodate the methane produced 

by Ihe reaction. The solution was degassed and heated to 150" C for 20 h. over which time the 

solution turned dari< brown. The solvent was removed and the residue was sublimed (85 • C, 10" 3 

torr) to yield 435 mg (40.3 %) of a slightly pink solid. MS (El): 420 (M*), 405 (M-Me+), 344 (M-

PMe3*): Anal. Calcd. for C i3H 3 8 P 4 Ru: C, 37.22; H. 9.13. Found: C, 37.19; H, 9.32. 

(PMe3l4Ru(OCeH4Me)2 (1)- To a stirring solution of (PMe3)4Ru(Me)2 (82.4 mg, 0.189 

mmol) in 10 mL of toluene, 2.2 equiv. of p-methylphenol (49.2 mg) in 1 mL of toluene was added 

by pipette at room temperature in the dry box. Evolution of gas was observed over a period 2 h 

and the solution turned orange. After a period of 8 h, blocks of 1 crystallized from the reaction 

solution. The supernatant was decanted and then layered with 5 mL pentane and cooled to -40 ° 

C for 8 h to yield 53.2 mg (56.8 %) of 1 as yellow blocks. For microanalysis and kinetic studies, a 

portion of this material was recrystallized by vapor diffusion of pentane into a solution ol 1 in 

toluene. IH (KBr) 3064 (m), 3042 (m). 3001 (m), 2974 (s), 2909 (s), 2854 (m), 1602 (s), 1547 (m), 

1504(s), 1494(s), 1327(s), 1303(s). 1294(s). 1277(s). 1161 (m),971 (s),942(s); Anal. Calcd. 

for C 2 8 H S Q O Z P 4 R U : C. 50.40; H, 8.13. Found: C, 50.55; H, 8.17. 

(PMe3)4Ru(qz-OCeH3Me) (2). To a stirred solution of (PMe3)4Ru(T|2-PMe2CH2)(Me) 

(421 mg, 1.00 mmol) in toluene (15 mL), one equiv of p-methylphenol (108 mg) in 1 mL toluene 

was added dropwise by pipette at room temperature. The clear solution turned yellow/orange 

upon addition ol Ihe phenol. The solution was then transferred to a sealed glass reaction vessel, 

degassed and healed to 85" C for 3 h. After this lime Ihe reaction was allowed 10 cool to room 

temperalure at which point pale yellow blocks ol 2 crystallized tram Ihe reaction mixture. The 
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supernatant was decanted and then layered with S mL pentane followed by cooling to -40" C to 

provide 322 mg of 2 (61 % total yield) as yellow blocks. IR: 3029 (m), 2968 (m), 2902 (s), 28S2 

(m), 1439 (s). 1426 (m), 1297 (m). 1280 (m), 1250 (m), 1231 (m), 1219 (m), 1190 (m). 970 (m), 

941 (s). 857 (m), 712 (m), 665 (m), 542 (m); Anal. Calo. for C19H42OP4RU: C, 44.61; H, 8.28. 

Found: C, 44.80; H. 8.41. 

(PM?3J3 (ri2-PMe20CgH2<Ru(OCsH4Me) (3) A solution of 120 mg (0.194 mmol) 1 in 

toluene (70 ml) was heated for 8 h a 100 • C in an evacuated, sealed glass vessel. No significant 

color change occurred in the initial yellow solution. After this time the solvent was removed under 

reduced pressure. The resulting solid was dissolved in a minimum amount of toluene (1.5 ml), 

and vapor diffusion of pentane into the toluene solution at room temperature for 24 h yielded 

40.8 mg (34.0 %) of 3 as yellow blocks. IB: 2996. (m), 2988 (m). 2969 (m), 2958 (m), 2907 (m), 

1601 (m), 1409 (S), 1498 (s), 1441 (m), 1323 (s), 1303 (m), 1293 (m), 1282 (m), 1180 (m), 946 (s), 

935 (s). 933 (s), 858 (s), 816 (s), 716 (s): Anal. Calcd. for C j s H ^ C ^ R u : C, 49.67; H, 7.67. 

Found: C, 49.87; H, 7.43. 

Crystal and Molecular Structure Determination of 3. Pale, clear yellow plate-like crystals of 

the compound were obtained by slow cooling to -30" C from pentaneAoluene. Fragments 

cleaved from some of these crystals were mounted on glass fibers using poiycyanoacrylate 

cement. The X-ray structure determination was earned out by Dr. F.J. Hollander of the UC 

Berkeley X-ray Diffraction Facility (CHEXRAY). Preliminary precession photographs indicated 

monoclinic Laue symmetry and yielded approximate cell dimensions. 

The crystal used lor data collection was then transf?. n^d to our Enraf-Nonius C AD-t 

diffTactometer16 and centered in the beam. Automatic peak search and indexing procedures 

yielded the monoclinic reduced primitive cell. The final cell parameters and specific data collection 

parameters for this data set are given in Table 3. Due to some errors on set-up, the data collection 

parameters were not deal, and a significant number of data suffered from overlap of neighboring 

data. 
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The 8048 raw intensity data were converted to structure factor amplitudes and their estfs 

by correction for scan speed, background and Lorentz and polarization effects. Inspection of the 

Intensity standards revealed a variation of +/-1.5% of the original intensity.. No correction for 

crystal decomposition was necessary. Inspection of the azimuthal scan data showed a variation 

Imir/I m»x-0.91 for the average curve. An empirical correction based on the observed variation 

was applied to ihe data ( T m a x - 1 . 0 . T m i „«0.9l ) . Removal of systematically absent data left 7877 

unique data in the final data set. Further rejection of a rough cone of data which showed 

themselves to be severely aftected by overlap left a final total of 7642 acceptable data. 

The structure was solved by Patterson methods and refined via standard least squares 

and Fourier techniques. Following refinement of all atoms with anisotropic thermal parameters, 

data suffering from extreme overlap were removed from Ihe data set as noted above. However, it 

Is certain that other data surfer likewise, but were simply not obvious. In a final difference Fourier 

map peaks were found corresponding to the positions of only a few of the expected hydrogen 

atoms. No hydrogens were included in the calculation of structure factors for the last cycles of 

least squares. 

The final residuals for 557 var'^oles refined against the 5406 data for which F 2 > 3o(F 2) 

were R - 5.93%. wf l . 7.75%. and GOF • 3.00. The R value for all 1392 data points was 13.2%. 

The quantity minimized by the least squares program was 2w(|F 0 |- |F c |) 2 where w is the 

weight of intense reflections, was set to 0.03 throughout the refinement. The analytical forms of 

the scattering factor tables for the neutral atoms were used and all scattering (actors were 

corrected tor both the real and imaginary components of anomalous dispersion. 

Inspection of the residuals ordered in ranges of sin(9)/l, |F 0 I , and parity and value of the 

individual indexes showed no features or trends not previously noted. The largest peak in the 

final difference Fourier map had an electron density ol 0.76 e"/A3 and the lowest excursion 

-0.61e7A 3. There was no indication ol secondary extinction in the high-intensity low angle data. 

Kinelc analysis. Two stock solutions were prepared. Into a 3 mL volumetric flask was 

weighed 14 7 mg (0.Q287 mmol) ol 3 and 3.1 mg (0.0237) of p-cresol, lollowed by addition of 
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toluene-ds to give a 0.00957 M solution of both reagents. Into a 2 mL volumetric flask was 

weighed 11.9 mg of 1 (0.0193 mmol) followed by addition of toluene to give a 0.00964 M 

solution. To one 9" NMR tube was added 0.70 mL of the solution ol 1. to another tube was 

added 0.70 mL of the solution of 1 and p-methylphenol, and to a third tube was added 0.40 mL of 

the solution of 1 and 0.30 mL of the solution of 3 and p-cresol. To each tube was added 2-3 mg 

ferrocene as an internal standard. Each tube was freeze pump thawed through three f^sles and 

sealed to give a tubes of equal length. The tubes were haated at 65 ° C in a factory-calibrated 

Neslab Exocal Model 251 constant temperature bath filled with Dow Corning 200 silicone fluid, 

and cooled in a room temperature water bath after removal from the 65° C bath. All three reactions 

were monitored to 2.S half-lives by ambient-temperature ^H NMR spectrometry by integrating the 

methyl protons of the p-methylphenol group vs. the ferrocene internal standard. An infinity point 

was obtained experimentally by heating the three tubes to 85 for 8 h and obtaining 1 H NMR 

spectra after this time. All spectra were taken with a single acquisition and double checked with a 

second acquisition after a delay of at least 10 TY All three kinetic plots displayed excellent 

linearity with correlation coefficients of 0.985 or better, and the yield of each reaction was greater 

than 98 %. 

Dependence ct reaction on PMe3 concentration. Four NMR tubes were prepared. Two 

were prepared exactly as the tubes described in the kinetic analysis section containing only 1, 

except that 10 equivalents (0.0675 mmol) PMej was added to one of these tubes to give a 

concentration of 0.0964 M PMe$. Two other tubes were prepared in the same manner except the 

solution of 3 and p-cresol was used instead of the solution of 1. The tubes were heated to 65" C 

for 3 d and monitored periodically by 'H and 3 1 P NMfl spectrometry. Tha addition of PMea had no 

effect on the rate at which equilibrium was established. However no product was observed after 3 

d at for the tubes containing added PMe3. while reaction was complete for the samples containing 

no additional PMea. 
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Table 4. 1 H N M R Spectroscopic Data 

Compound d (com) multiplicity J (Hz) Intearal assianment 
(PMe3)3Ru(ii2-CH2PMe2)Me -0.41 dddd 7.7. 7.7. 

7.5.3.6 
3 Me 

-0.58 m 1 CH2PMe 2 

-0.24 m 1 
1.10 d 5.3 9 PMe 3 

1.21 dd 7.9,3.3 9 
1.24 dd 7.0, 1.8, 9 
1.18 dd 9.0, 5.3 3 CH2PMS2 
1.28 dd 3.9, 2.4 3 

(PMe3)4Ru(OC6H4Me)2 (1) 0.96 d 7.7 18 cis PMe3 
1.14 N» 6.2 19 trans PMe3 
2.40 s 6 p-Me 
7.04 d 8.4 4 Aromatic 
7.22 d 8.4 4 

(PMe3)4Ru(n2-OC6H3Me) (2) 1.00 d 7.4 9 cis PMej 
1.09 d 6.0 9 
1.15 N 5.8 18 trans PMe^ 

' 2.58 • s 3 p-Me 
6.06 d 7.6 1 Aromatic 
6.96 d 7.2 1 
7.30 br.s 1 

(PMe3)3(n2-PMe20C6H3)Ru- 0.92 N 6.2 18 trans PMe3 
(OC6H4Me) (3) 1.06 d 5.5 9 cis PMe3 

1.29 d 6.4 6 MS2POAr 
2.42 s 3 p-Me 
2.43 s 3 
6.89 d 7.4 2 OC6d4Me 
7.04 d 7.8 2 
6.67 dd 6.4,2 1 AiOPMe2 
7.04 dd 7.8, 2 1 
8.10 br.s 1 

1 The value of N refers to the separation between the two outermost lines. See Harris. R.K.; 
Hayier, R.G. Can. J. Chem. 1964, 42, 2282. Ham's, R.K. Can. J. Crtem.1964, 42, 2275. 



145 

Table 5. " C f 1 H} NMR Spectroscopic Data. 

Compound 5 (com) multiDlicitv0 J (Hz) assicnment 
(PMfl3)3Ru(Ti2-PMsaCH2)Me 24.73 dd 18.0, 7.5 PMe3 

24.37 d 15.4 
22.10 dq 20.1, 2.6 
15.36 Id 9.3. 3.5 PMfiaPCH 2 

5.78 dd 7.7. 6.6 
•1.27 dq 54.1. 11.7 Me 

-10.57 m PMe2P£H 2 

(PMe3)4Ru(OCgH4Me)2 (1) 18.65 t 12.6 trans PMe3 
22.57 m cis PMe3 
20.75 s p-Me 

118.36 
120.66 

s 
s 

Aromatic 

129.68 
169.41 

s 
s 

(PMe3)4Ru(n 2-OC6H 3Me) (2) 18.65 td 13.5. 3.0 frans PMe3 
22.44 dt 18.1. 2.6 as PMe3 
25.32 dq 25.0, 3.4 
21.83 s p-Me 
105.55 
120.44 
122.00 
137.80 

s 
s 
s 
s 

Aromatic 

142.69 
182.41 

dtd 
s 

65. 16, 6 

(PMe3)3(ii a-PMe20C6H3)Ru- 18.40 t 13.4 PMe3 and 
(CC6H 4Me) (3) 23.89 d 18.1 M22POAr 

27.39 d 30 
20.72 
21.49 

s 
s 

p-Me 

112.86 dd 13,0.6 Aromatic groups 
120.79 
123.51 
126.73 

s 
s 
t 2 

131.48 
132.41 
140.61 

dd 
s 
s 

4.2 

162.72 dq 43. 12 
165 80 dq 11.1. 2.2 
172.81 d 1.8 

b The symbols d and t, when applied to the PMe3 resonances are observed patterns, not true 
multiplicity patterns. Accordingly, the values reported as coupling constants tor these 
resonances are the separation Gerween lines and do not necessarily rellect the true coupling 
constants. 
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Table 6. 3 1 P ( 1 H ) NMH Spectroscopic Data. 

Compound Spin System d (pom) J (Hz) 
(PMe3)3Ru(ii2-PMe2CH2)Me ABCD SA.5.76 

SB-0.64 
5C-7 .61 

5D»-37.93 

ill! 
(PMe3)4Ru(OC6H4Me)2 (1) A 2 B 2 SA.14.89 

SB. -0.98 
JAB-31.8 

(PMe3)4Ru(T)2-OC6H3Me) (2) A 2 BC 5A.-2.73 
5B.15.78 
5C-9.31 

JA8-34 
JAC-24 
JBC-17 

(PMe3)3(12-PMe20C6H3)Ru(OC6H4Me) (3) A2BC SA. -1.69 
SS- -19.24 
SX. 172.29 

JAX-37.2 
JAB-243 
JBX- 9 0 
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Chapter 5 

Insertion Reactions of CO and CO2 with Ruthenium Benzyl, Arylamldo, and 
Aryloxide Complexes: A Comparison of the Reactivity of Ruthenium-Carbon, 

Ruthenium-Nitrogen, and Ruthenium-Oxygen Bonds. 
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Introduction 

Transition metal-carbon, -oxygen, and -nitrogen bonds are involved in many 

homogeneous and heterogeneous catalytic processes.1 Although late transition metal-carbon 

bonds have been carefully studied for many years, examples of late transition metal-oxygen and -

nitrogen linkages have only recently been actively investigated.2 It has been thought that late 

transition metal alkoxide and amide complexes would be unstable due to matching a soft metal 

system with a traditionally hard ligand.3 Yet, several monomeric alkoxide and amide complexes 

have now been isolated in 16 electron square planar complexes. 4 as well as 18 electron 

octahedral and pseudooctahedral geometries.5 

Reactions such as reductive elimination and migratory insertion, which are well 

understood with metal-carbon bonds, have been observed with only a tew systems 

containing late transition metal-oxygen and -nitrogen b o n d s . 4 b - h ' 5 a , s ' 7 Insertion of carbon 

monoxide, carbon dioxide, and alkenes into transition metal alkyl bonds have attracted the 

most attention, and recently the insertion of these substituents into late transition metal 

alkoxide and amide linkages has been observed. Examples of insertion reactions involving 

platinum alkoxide and amide linkages exist, 9 ' 7 as do insertions into both 16-electron and 18-

electron iridium and rhodium alkoxide bonds. 4 1 1 " ' ' 5 a Some kinetic 6 3 ' 6 I and labelling6s data 

have been obtained for these reactions, and complexes which may model reaction 

intermediates have been isolated or observed.4 1 ' 7 Nevertheless, the little information that is 

available on these reactions has not led to a clear mechanistic picture. Some authors have 

proposed ionic mechanisms, while others have proposed concerted o n e s . 5 3 ' c In our 

laboratories we observed what may be a model for an intermediate in CO2 insertion reactions, 

the direct product of the addilion of ferr-butylisocyanale to an azairidacylobutane.8 

In addition to these mechanistic questions, the factors that control selectivity of 

unsaturated organic compounds toward insertion into the metal-carbon, - nitrogen, and -

oxygen bonds are not well understood. The mismatch of a soft late transition metal center 

and a hard amide or alkoxide substiluent has led 10 the expectation that late metal heteroatom 
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bonds shojld react preferentially over metal-carbon bonds. This has been the result with 

some systems,6 3'*>• '• * ' but another system shows preferential M-C over M-0 insertion of 

carbon monox ide . * ' " c Often the question of whether the products obtained are kinetically 

or thermodynamically controlled has been ignored. One problem in understanding the 

migratory aptitudes of these substituents has been the lack of metal-ligand systems in which a 

series o! compounds containing metal-carbon, -oxygen, and -nitrogen bonds can be directly 

and systematically compared. 

We report here the reactions of a series of compounds containing ruthenium-carbon, 

ruthenium-oxygen, and luthenium-nitrogen bonds to the same L»Ru (L»PMe3) fragment. 

Their insertion reactions with carbon monoxide and carbon dioxide are selective for the metal-

carbon bond in some cases and the metal-heteroatom bond in other cases. We have been 

able to obtain mechanistic data for the insertion reactions of CO2. including the observation of 

probable reaction intermediates-

Resu l t s 

The synthesis of the orthometallated benzyl compound. L 4 R U ( T | 2 - C H 2 C $ H 4 ) 

(L-PMe3) (1) (Scheme I) was reported by Wilkinson in 1984.9 We have described the 

analogous orthometallated aryloxide complex l_tRu(OC6H3Me) (2) (Scheme I I ) 1 0 and have 

reported the preparation of the orthometallated arylamide complex LtRu(NHG6H4) (3) 

(Scheme I I I ) " and LtRu(NHCriH3CMe3) (4) in communication form. s d For the purpose of 

reference, the ' H , 3 1 P ( 1 H | , and '•'Cf.'H) NMR spectral data for compounds 1-3 are included 

in Tables 1-3. In this paper we describe the insertion reactions of these three compounds 

with CO and CO2. 

Insert ion Reactions of the Orthometallated Benzyl Complex, L ^ R u f n 2 -

CH2C5H4). The products of reaction of the known orthometallated benzyl complex 1 with 

CO and CO2 are shown in Scheme I. The reaction ol 1 with 2 aim of carbon monoxide in 

benzene led to formation of S, the result of insertion into the metal aryl bond and substitution 
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T a b i d . 1 H N M R Spectroscopic Data* 

Comoound dfooml multiolicitv J (Ha Intwral assianmantD 

(PMe3]4Ru(Ti2-CH2C6H4) ( I ) 9 0.93 d 5 9 o'5-PMe3 
1.17 d 5 9 
1.03 1 3 13 trans-PMe$ 
1.35 m 2 CH2 
6.61 d 7 1 Aromatic 
7.11 • I 7 1 
7.20 t 7 1 
7.52 d 7 1 

(PM»3)3(CO]Ru(il 2-CH2C6H4C(0))(5)' 1.14 t 3.1 13 frans-PMes 
1.49 d 6.7 9 cis-PMe3 
2.65 td 7.6. 4.4 2 C H 2 

S.S4 Id 13.6. 0.7 1 Aromatic 
7.04 Id 7.4, 1.3 1 
7.09 d 7.8 1 
7.35 d 7.5 1 

(PMe3) 4Ru(q2-OC(0)C 6H4CHz) {if 0.31 d 7.4 9 cis-PMes 
1.10 d 5.9 9 
0.97 1 2.7 18 r/,ans-PMe3 
2.44 m 2 C H 2 

7.15 tn 1 Aromatic 
7.20 t 72 ; 1 
7.43 d 7.3 1 
a.84 d 7.6 1 

(PM83) 3Ru(n 4-OC(0]C6H4CH2) (7)* 0 35 d 6.1 9 PMes 
1.13 d 9.7 9 
1.14 d 6.a 9 
1.59 m 1 CH 2 

2.43 m 1 
6.as 1 6.8 1 Aromatic 
7.00 m 2 
a.43 m 1 

lPMt 3 ) < Ru(n 2 -OC6H3M») (2) 1 1.00 d 7.4 9 as PWes 
1.09 d 6.0 9 
1.15 N 5 0 19 trans PMe3 
2 5 3 s 3 p-Ue 
6 06 d 7.6 1 Aromatic 
6 95 
7.30 

d 
br.s 

7.2 1 
1 

|PMe3)3lCO)flu(n 2-CC 6H3(M«)C(0))(«)' 1 0.97 < 5 2 18 rrans-.'Mes 
1.17 d 7.7 9 cs-PMej 
2.23 s 3 Me 
7.13 d 9 2 1 Aromatic 
7 27 
7.74 

d 
br.5 

9.3 1 
1 
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T i b i a l . 'HNMP, Spectroscopic Data (com.) 

(PMa3)4fu (n 2-OC6H 3(Me)C(0)O) (9) c 

(PMe3)4Ru(l\2-NHC6H4» (3) 

(PMe3)3(CO)Ru(n2-NHC6H4C(O)H10|<i 

(PMe3l4Ru(n 2-OC(0)NHC6H 4| (11)= 

lPM«3)4Ru(ll 2-NHC6H4C(O]0) 113)« 

1.24 t 3.1 18 frans-PMes 
1.37 d 2.14 9 C&-PM63 
1.39 d 2.31 9 
2.11 5 3 Me 
6.42 d S.3 1 Aromatic 
6.76 dd 6.2. 2.5 1 
7.71 d 2.4 1 

0.98 d 5.7 9 c/s-PMe3 
1.06 d 6.7 9 
1.13 t 2.3 18 rrans-PMea 
1 28 or, s 1 NH 
5.84 d 7.4 1 Aromatic 
6.65 " 1 6.S 1 
7.11 1 7.3 1 
7.33 br,s 1 

0.93 i 3.3 18 rrans PMeg 
1.23 d S.1 9 cis PMe3 
3.12 or.s 1 NH 
6.37 m 1 " Aromatic 
6.64 dd 21.4, 8.3 1 
7.07 m 1 
7.B1 1 7.6 1 

0.93 d 6.6 9 C1S-PM83 
1.07 d 5.3 9 
0.94 I 2.9 18 trans-PMe3 
6.43 d 7.7 1 Arumatic 
6.76 t 7.0 1 
6.9S t 7.2 1 
7.25 m 1 
7.46 b r . i 1 NH 

1.2S t 2.9 18 frans-PMe3 
1.33 d 7.6 9 cis-PMei 
1.40 d 7.6 9 
2.35 br.s 1 NH 
5 85 t 7 1 Aromatic 
6.21 d 8 1 
6.6S 1 7 1 
7 7 7 d 8 1 
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Tat>1* T. ' H NMR Spectroscopic Data (cont.) 
(PMe3}4Ru(tl s-C(0)C£H 3NH2) (17) 1.06 t 2.7 18 Wnj -PMej 

1.43 d 7.3 9 CLS-PUS3 
1.46 d 6.0 9 
S.S3 • S NH 
6.11 d 1 7.6 Are malic 
6.72 t 1 7.4 
6.82 m 1 

1 The symbols d and t, when applied to the PMeg resonances art observed patterns, not true multiplicity 
patterns. Accordingly, trie values reported as coupling constants ror tfiest resonances are the separation 
between lines and do not necessarily reflect the true coupling constants. 

& The assignments of as and trans for the PMfrj ligancs refers to the mutually cis and mutually trans PMej 
sites. 

^ D ^ f e . 25 "C; d C 6 D 6 , 25 *C; •C 6H 5MB-d|, -10* C; fTHF-d f l, 25 -C 
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Comoound fifooml multiclicity 1 JIH21 assianmenl° 
(PMt 3URu(il a-CH JC6H4) (1)° -3.S dq 51 , S C H 2 

19.7 It 13 .4 frans'PM83 
24.5 dm 14 cis-PMei 
26.1 dm 12 
120.2 
122.9 
124.1 
138.0 

3 
s 
s % 

Aromatic 

sPMjj i j icoiRmi^-CHjcei -ucioins) 1 ia.93 Id 15.3 Irans-PM^z 
21.56 d 22.1 0>PMe3 
21.06 dl 48.3. 10.1 C H 2 

117.94 
123.56 
129.44 

3 
S 
3 

Aromatic 

130.00 d 6.9 
153.75 
162.04 

d 

• 
2.3 

206.1 S 
274.50 

m 
m 

M-CO 

lPM«:j)4P.u(T|J-OC(0]C6H.tCH2) [Sf 16.03 dq 53.7. 9.2 CH 2 • 
19.18 t 12.21 fra/is-PM83 
21.98 d 17.4 eis-PMej 
23.43 d 26.3 

III
III

 

s 
3 
s 
3 
3 
3 

Aromalic 

171.08 3 OC(0| 

(PMl3)3Hu(n4-OC(0]CsH4CH2) (7)« 19.70 d 26.3 PMej 
20.45 a 21.2 
21 25 d 3 7 8 
37 30 d 25.3 C H 2 

102.47 
113.09 
121.05 
13037 
132.14 
13729 
169 54 

4.3 Aromatic 

OC(O) 
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Tabla 2 " C i ' H ) NUR Spectroscopic Oaa (com.) 

(PM«3)4F?u(ii2-OC6H3Me) (2)' 

(PMe3>3(CO)Ru(n2-OCsH3(M«)C(0)(«)d 

(PMe 3) 4Ru(il2-OC6H3(Me)C[0)0) (9) c 

(PMt 3) 4nu(Ti 2-NHC8Hj) (3)= 

16.65 td 13.5. 3.0 trans PMe3 
22.44 d l 18.1. 2.6 CIS PM63 
25.32 dq 25.0, 3.4 
21.66 s p-M« 

105.55 s Aromatic 
120.44 t 
122.00 s 
137.80 s 
142.69 did ' 65 .16 ,6 
182.41 5 

17.16 t 14.5 trans PMe3 
20.50 d 30.0 cis PMe3 
20.43 s Me 

118.53 t Aromatic 
120.07 s 
120.32 s 
133.44 s 
139.34 5 
177.90 S 
202.6a s • M-00 
265.38 111 

17.52 t 12.7 trans-PMej 
21.09 d 30.3 cis-PMez 
21.37 d 27.40 
20.53 s Ms 

119.59 J Aromatic 
121.38 J 
123.64 d 4.6 
132.18 s 
133.79 s 
168.86 3 
170.61 S OC(O) 

19.57 tl 12.9. 1.8 trans-PMe2 
23.37 dt 16.6,2.2 cis-PMej 
25.32 dm 20.0 
105.28 m Aromatic 
111.09 m 
122.76 5 
136.36 m 
142.97 did 64.3. 15 9. 7 5 
178.84 d 4.0 
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Table 2. 1 3 q ' H ) N M R Spearoscopic Data (com.) 

(PMeateiCOIRulnZ-NHCsl^ClOMIIO)'' 17.93 ; 14.7 trans-PMej 
20.57 d 27.6 CiS-PMe3 

109.20 s Aromatic 
115.50 
120.94 
131.97 
134.02 
169.11 

d 
3 
3 
> 
s 

4.6 

202.77 
205.39 

m 
m 

M-CO 

(PMe3) tRu(ii 2-OC(0)NHC6H4) ( 1 l ) c 19.17 td 13.0, 1.8 trans PMea 
21 .S3 d 18.3 CIS PM33 
24.48 d 25.8 

113.49 
118.27 
122.11 

( 
s 
3 

Am malic ~ 

145.95 
148.18 

d 
3 

0.9 

150.27 dm 73.6 
157.57 s OC(O) 

(PMeaURuln^NHCeHiCIOlO) (14)= 18.05 I 12.9 irans-PMe3 
21.09 d 25.0 eis-PMes 
22.00 d 27.4 

107.63 
115.43 

3 
3 

Aromatic III! 

d 
3 
3 
3 
3 

5.1 

lPMe 3)4Ru(n 2-OC(0)C6HaNH2) (15)= ia.63 Id 13.2.2.4 trans-PMe^ 
22.29 dt 20 3. 1.6 C/S-PM83 
24.99 dtd 25.9, 4.0, 1.8 
109.19 3 Aromatic 
124 56 d 2.7 
129.00 dd 3.7. 1.7 
129.64 
148.86 

dd 
3 

4.4, 1.6 

181.76 did 70.8, 14 9. 7.9 
183 50 d 10 0 OCIOI 

'The symbols d and t, when applied lo the PMea resonances are observed patterns, noi true multiplicity 
patterns. Accordingly, the values reported as coupling constants lor these resonances are the separation 
between lines and do not necessarily relied the true coupling constants. 

b The assignments ol cis and trans (or the PMe3 ligands relera la the mutually cis and mutually trans PMe3 
sites. 

•=002012; dC6D6; , C 6 H 5 M e - d 8 . -1QC;'THF-da 
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Comoound Soin System d fooml J (Hz) 
(PMejiiRuln-'-CHzCeH.) (1)° A 2 BC 6A--5.6 

SB-10.4 
SC-10.7 HI

 

(PMe 3) 3(CO)Ru(n 2-CH2C6H4C(0)) (S) d AiB SA.-4.01 
58.-15.49 

JAB-27.0 

(PMe3)4Ru(n2-OC(0)C6H4CH2) ffifi A 2 BC SA.-1.34 
88 .14 12 
6C.-14.00 

J A S - 3 5 . 5 
J A C - 2 4 . 6 
JBC'15.1 

(PMe3l3Ru(ti*-OC(0!C 6H 4CH2) (7)= ABC SA.24.30 
SB-17.34 
SC--10.S1 i 

<PMe3URu(n z-OC6H3(Me» (2)>> A 2 BC 8A.-2.73 
68.15.78 
SC-9.31 m 

(PMe3}3(CO)Ru(n2-OCSH3(M.)C(0) («) ' AjB 5A-2 .57 
SB- 7.54 

<!AB^3°.B 

(PMe3)4Ru(tl2-OC6H3(Me)C(0)0) (9)" A 2 8 C 5A.1.14 
5B.11.35 
5C-14.3S 

J A B - 1 7 
JAC-17 
J B C - 1 7 

(PMe3) 4Ru(n 2-NHC6Hi) (3) b A2BC SA.-4.01 
58.6.5S 

6C-10.89 

JAB-32.7 
JAC-23.9 
JBC-17S 

(PMe3)»Ru(il 2-' 5NHC5H4) ( 3 - ' 5 N ) H A 2 BC 5A..4.01 
6B.6.42 

SC.-10.89 

J A B - 3 2 . 6 
J A C - 2 4 . 1 
J8C-176 
JSX-30.7 

(PMe3l3tCO)Ru!i\2-NHC6H4C(O))(10)1' A 2 B 6A.-1 35 
SB> -4.79 

JAB-314 

(PMe3)iRu(i\ 2-OC(0)NHC6H 4) (11)" A2BC SA-2.81 
5B-10.39 
5 C - 1 4 S 0 

JA3-34 1 
JAC-24 5 
JBC-14 9 
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TaMt3. 3 ,P('H)NMR Spectroscopic Data (oont) 

(PM«3)«Flu(Tl2-NHC6H4C(O]0) (14)« 

(PMe3)4Hu(H!-NHC6H4C(0)0) [15) 

"CDICIJ: 6C6D6:cCsHsMe-cs.-10C;«THF-da 

AjBC 

A28C 

5A-14.11 
«B.I.SO 
SC.14.11 

6A-2.27 
68.9.23 

8C-14.57 

J A B - 2 9 1 
JAC-33.2 
JBC-28 .6 

JAB-34.8 
JAC-25 .2 



160 

Scheme 
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of carbon monoxide for a phosphine ligand. Both the 'H and 1 3 C( 1 H) NMR spectrum showed 

a doublet of triplets pattern lor the benzylic CH2 group, due to coupling to one trans and three 

cis phosphorus nuclei, similar to that observed for starting complex " The large 3 1 P - 1 3 C 

coupling constant (J-48.8) indicated that a phosphine was located trans to the CHg. Since 

the other phosphines are located trans to each other (A2B pattern in the 3 1 P(1 H) NMR 

spectrum), the coordinated CO must be located trans to the inserted CO.The aryl carbon atom 

which was metal bound in the starting material and exhibited a doublet of quartets pattern in 

the 1 3 C{ 1 H) NMR spectrum due to 3 1 P - 1 3 C coupling, was observed as a singlet in the 

product. 

Reaction of 1 with one equivalent of carbon dioxide in benzene led predominantly 

(90-95%) to formation of 6, the product of insertion into the metal aryl bond. Isolation of this 

product in crystalline form was achieved by cooling a solution of 6 which contained excess 

trimethylphosphine. The structure of 6 was assigned on the basis o f 1 H , 3 1 P( 1 H ) , 1 3 C( 1 H) 

NMR spectral analysis in a sealed tube containing two equivalents of added phosphine. It was 

necessary to conduct solution spectroscopic analysis in the presence of added PMe3 

because of the lability of the phosphine ligands (vide infra). Elemental and mass spectral 

analysis for 6 were unsatisfactory, presumably due to this istability. 

The 3 1 P(1H( NMR chemical shifts of the phosphine ligands reflect the nature of the 

substituent which is located trans to i t . 1 2 and this property is particularly useful in identifying 

URu(X)(Y) compounds. Many complexes with the formula, os-(PMe3URu(X)(Y) X. Y.alkyl or 

hydride, have been synthesized,5* ' ' • 1 3 a n d t h e 3 , P ( l H ) NMR spectrum ol all of these 

complexes show chemical shilts for the phosphine ligands trans to the alkyl or hydride which 

are uplieid from the chemical shift of the two mutually trans phosphines. When X or Y 

correspond to rt-donors such as chlor ide 9 ' ' ' or acetate.' * the chemical shift of the 

phosphine ligand trans to it is observed downfield from the chemical shift of the mutually trans 

phosphines. These trends in chemical shitt are due to the high trans influence of the alkyl 

group and the low trans-inliuence ol ihe halide substituent relative to the phosphine 
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l igand. 1 2 The 1 3 C; 1 H) NMR spectrum contained a resonance at 171.06 ppm, corresponding 

to the carbonyl carbon, and showed a doublet of quartets pattern lor the methylene carbon. 

The 3 1 P( 1 H} NMR spectrum ot 6 displayed an A2BC pattern with Pg resonating 

uptieid and Pc resonating downtield from PA, indicating that a reaction had occurred to form a 

ruthenium-oxygen bond. The 1 H NMR spectrum of 6 displayed a multiplet corresponding to 

the benzylic CHj group at 82.65 ppm, compared to 81.35 in the starting complex, consistent 

with protons located in the ct-position to a carbonyl group in the product. 

When the reaction was conducted for 2 d at 65" C in n-pentane instead of an arene 

solvent, a single product 7, containing Ihree rather than four phosphine ligands, crystallized 

from solution. This compound was observed as the minor product in the reaction of 1 with 

CO2 in arene solvent, and was observed in all solutions of S without added phosphine. as the 

product ot ligand dissociation. 

Determination of the structure of 7 by spectroscopic means was complicated due to 

its lluctional nature (vide infra), so an X-ray structure analysis was obtained to determine the 

bonding mode. The complex crystallized in space group P2i/n; an ORTEP drawing of the 

molecule is given in Figure 1. There are no unusually short inter-molecular contacts. Data 

collection parameters are given in Table 4, and metric measures of the molecule in Tables 5 

and 6. 

The Ru-P3 distance is longer than the other two by a significant amount. The organic 

ligand is bonded such that the Ru-01 and Ru-C1 contacts are short, apparently normal metal-

X b o n d s . 5 d - 9 ' , s while the contacts to C2 and C3 are much longer than the Ru-01 and -C1 

distances, but in the range which would be regarded as bonding. If the arene is considered 

Unbound, then the complex is an 18 electron, octahedral complex with PMea groups 

occupying three sites and the organic ligand occupying the three other sites. The bond 

distances in the ligand show a significant shortening of bonds C4-C5 and C6-C7, compared to 

the other aryl bond distances, including Ihe coordinated aryl bond, C2-C3. The C-0 bond 

distances are typical lor a carboxylate group. The C1-C2 bond is long for a C=C bond and 
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Fljuri 1. ORTEP drawing of 7. Th« methyl groups of chc PMe3 ligand hav« h«en 
omlcccd for c l a r i t y . 



1 6 4 

Table 4. Crystal and Data Parameters for 7 

Empirical f o r s u l a : Ru Pa Oa CIT Bia 

AKrysta l Faraseters at T • 2S°C 

a • 9.0279(13) A Space Croup: P I 

b > 9.1509(131 A Fortula «eight > 463.4 aeu 

c > 14.53001211 A I • 2 

a « 79.753(12) « d(calc) • 1.44 J c=-> 

0 • 13.115(12) o 

1 • 64.915(11) • ii(cale) - 9.5 c=-' 

V - 106S.5131 A* 

S ize : 0 .20x0 .20x0 .20 i s 

Bl Data Measurement Paraseters 

Radiation : Mo Ka (X - 0.71073 A) 

Kcnoehrocator : Bighly-oriented graphite (24 • 12.2) 

Detector : Crysta l s c i n t i l l a t i o n counter, with FHA. 

Ref lec t ions l e i s u r e d : • H, • / - * , */-L 

29 range: 3 -> 45 deg S O B Type: 9-29 

Scan v i d t h : ae • 0.55 * 0.35 tans 

Scan speed: 0 .66 -> 6.70 (9, deg/ein) 

Background: Measured over 0.25"(49) added to each end ot the scan. 

Vert, aperture • 3 .0 BE Horii. aperture - 2.0 • 1 .0 tan» c s 

No. ot r e f l e c t i o n s c o l l e c t e d : 2796 

No. of unique r e f l e c t i o n s : 2196 



Table 5. Intramolecular Distances tor 7 

ATOM 1 •ATOM 2 DISTW.'CE 
RU PI 2.262(1) 
RU F2 2.245(1) 
RU P3 2.340(1) 
SU 01 2.170(1) 
RU CI 2.17112) 
RU C2 2.319(2) 
RU C3 2.411(2) 
RU ce 2.698121 

CI C2 1.449(3) 
C2 C3 1.436(2) 
C2 C7 1.42613) 
C3 C4 1.412(3) 
C4 C5 1.356(3) 
C5 C6 1.403(3) 
C6 C7 1.355(3) 
C3 CS 1.500(3) 
C8 01 1.28812) 
C8 02 1.23012) 
PI C9 1.828(2) 
PI CIO 1.831(2) 
PI Cll 1.813(2) 
F2 C12 1.812(2) 
P2 C13 1.824(2) 
P2 C14 1.62912) 
P3 C15 1.823(2) 
P3 C16 1.83112) 
P3 C17 1.826(2) 
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Table 6. Intramolecular Angles tor 7 

ATOM 1 ATOM 2 ATOM 3 ANGLE 

01 RU PI 173.26(41 
92.65(4) 
86.11(4) 
78.47(61 
98.85(51 
92.72(5) 
161.45(5) 
93.66(2) 
95.32(2) 
98.2BI2) 

7 6 . 8 1 ( 1 0 ) 
9 9 . 4 2 ( 1 0 ) 

1 2 0 . 7 4 1 1 6 ) 
1 2 2 . 1 5 ( 1 6 ) 
1 1 6 . 9 7 1 1 6 ) 
1 1 8 . 1 4 1 1 7 ) 
1 2 0 . 7 9 ( 1 6 ) 
1 1 9 . 6 8 ( 1 6 ) 
1 2 2 . 6 0 ( 1 8 ) 
1 1 9 . 6 4 ( 1 9 ) 
1 1 9 . 8 8 ( 1 8 ) 
1 2 2 . 6 5 ( 1 7 ) 
1 1 3 . 6 3 ( 1 5 ) 
1 2 0 . 1 0 ( 2 0 ) 
1 2 6 . 2 3 ( 1 9 ) 

1 1 4 . 4 9 ( 7 ) 
1 1 7 . 8 9 1 7 ) 
1 2 1 . 4 3 ( 6 ) 
1 0 1 . 5 5 1 1 0 ) 
1 0 0 . 0 1 ( 1 0 ) 

9 8 . 0 0 1 9 ) 

1 0 9 . 7 3 ( 8 ) 
1 2 4 . 2 6 ( 7 ) 
1 1 7 . 3 8 ( 7 ) 
1 0 0 . 5 8 ( 1 0 ) 
1 0 1 . 2 6 ( 1 0 ) 
1 0 0 . 2 4 ( 1 1 ) 

1 1 3 . 0 0 1 8 ) 
1 1 5 . 6 4 1 8 ) 
1 2 4 . 8 2 ( 7 ) 
1 0 0 . 4 4 1 1 1 ) 

9 9 . 7 2 1 1 2 ) 
9 9 . 4 7 ( 1 1 ) 

01 RU P2 
01 RU P3 
01 RU CI 
CI RU PI 
CI RU P2 
CI RU P3 
PI XU P2 
PI RU P3 
P2 RU P3 

RU CI C2 
RU 01 ca CI C2 C3 
CI C2 C7 
C3 C2 C7 
C2 C3 C4 
C2 C3 C8 
C4 C3 C8 
C3 C4 CS 
C4 C5 C6 
C5 C6 C7 
C2 C7 C6 
01 CS C3 
02 ca C3 
01 C8 02 

RU PI C9 
RU PI CIO 
RU PI Cll 
C9 PI CIO 
C9 PI Cll 
CIO PI Cll 

RU P2 C12 
RU P2 C13 
RU P2 C14 
C12 P2 C13 
C12 P2 C14 
C13 P2 C14 

RU P3 C15 
RU P3 C16 
RU P3 C17 
C15 P3 C16 
C15 P3 C17 
C16 P3 en 
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indicates mostly single-bond character, Although n,3-benzyl groups have been observed, 1 6 

they have not been reported in such a ring system. 

The NMR spectra of 7 are temperature dependent. The 1 H (Figure 2a, THF-da 

solvent) and 3 1 P( 1H) NMR spectra of 7 at 30" C display broad resonances. At -10 °C, the 1 H 

(shown in Figure 2b), 1 3 C( 1 H} , and 3 1 P( 1 H) NMR spectra sharpened and were consistent with 

the solid state structure. However, further cooling to -50° C caused only the 

trimethylphosphine resonance at 60.77 in the 1 H NMR spectrum to broaden (Figure 2c). The 

3 1 P ( 1 H } NMR spectrum does not show such pronounced differences presumably due to the 

larger chemical shirt difference and slower time scale; the resonances in the room 

temperature spectrum are slightly broadened, and sharpen upon cooling to -10° C, but do not 

show any temperature dependence between--10° C and -80° C. It appears from the 1 H NMR 

spectra that at least two different fluxional processes are occurring. Unfortunately rt is not 

possible to determine if either of these processes involves phosphine dissociation, since 

addition of labelled phosphine leads to formation of the telrakis phosphine complex 6. 

Moreover, limitations on the temperature range of the variable temperature NMR experiments 

prevented observation of the rapid and slow exchange regimes for either process, so we do 

not lully understand the structural changes that cause these variable spectra. 

Insert ion Reactions of the Orthometal lated Ruthenium Cresolate 

Complex L 4Ru(ri !-OC6H3Me). The insertion reactions of the orthomelallated cresolate 

complex 2 are shown in Scheme II. The reaction of l_4Ru(ri2-OC6H3Me) 2 with 2 atm of 

carbon monoxide at 85 °C for 8 h formed compound 8 in 51 % isolated yield, resulting Irom 

insertion of carbon monoxide into the metal carbon bond and substitutibn of carbon 

monoxide lor the phosphine ligand Irans to the inserted carbon monoxide. There was no 

evidence for any other products when the reaction was monitored in a sealed NMR tube. 

The 1 3 C( 'H) NMR spectrum of the starling material 2 contained an aryl resonance 

which was observed as a doublet ol doublet of triplets pattern at 5142.7 for the metal-bound 

carbon. 1 0 The product 8 contained only singlets in the aryl region, indicating that the Ru-C 
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Scheme II 
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linkage, not the Ru-0 linkage had been broken. The 1 3 C{ 1 H) NMR resonance corresponding 

to the inserted carbon monoxide (5265-33) was observed as a multiple!, indicating that this 

carbon was bound to ruthenium, but small P-C coupling constants were observed, indicating 

that the inserted carbon monoxide was bound trans to the coordinated carbon monoxide, not 

trans to a phosphine. The chemical shifts in the 3 1 P( 1 H| spectrum were also consistent with 

this assignment. The spectrum ol 3 displayed an A28 pattern, with Pg resonating downfield 

from PA, consistent with PB being coordinated trans to the ruthenium-oxygen bond. 

Reaction ol 2 with 1 equivalent ol carbon dioxide at 85 °C in a closed vessel led to 

formation of compound 9, again resulting from reaction with the metal carbon bond. Crystals 

of the product 9 formed from the reaction solution in 58 % yield, and they were characterized 

by conventional spectroscopic techniques and combustion analysis. The aryl region of the 

, 3 C ( 1 H ) NMR spectrum ol the product showed only singlet and doublet (8123.84 ppm, 

Jpc-4.6 Hz) resonances, indicating that the metal bound aryl carbon in starting material 2 

(observed at 5142.7 as a doublet ol doublet ot triplets pattern) was no longer bound to 

ruthenium. The 3 , P ( 1 H ) NMR spectrum ol 9 further supported this assignment. It consisted 

of an A2BC pattern; SB and SC were both observed downfield from SA, indicating that PB and 

Pc are coordinated trans to ruthenium-oxygen bonds. 

The rate of the insertion reaction showed a marked dependence on phosphine 

concentration. The reaction of CO2 (5 equiv.) with 2 was conducted in two NMR tubes, side 

by side, one tube containing no additional phosphine and one tube containing 3 equivalents 

ol added phosphine (0.029 M). Monitoring the reactions at 85" C showed that the hall life for 

the sample containing no added phosphine was on the order of 45 min, while that for the 

sample containing three eqivalents of phosphine was roughly 18 h. 

Insertion Reactions ol Orthometallated Ruthenium Anlllde Complex 

L4Ru(n.J-NHC6H4). Insertion reactions ol Ihe orthometallated anilide complex 

(PMe3)aRu(ri2-NHC6H4) 3 are shown in Scheme III. Reaction ol 3 with 2 atm carbon 

monoxide at 85 °C in benzene led to Ihe formation ol compound 10. the product ol insertion 
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into Ihe ruthenium carbon bond, and substitution of CO tor the phosphine trans to the metal-

nitrogen bond. The product was isolated by crystallization from pentane at -40 °C in 60 % 

yield. The 1 3 C { 1 H ( NMR spectrum showed all aryl resonances as singles or doublets (J<5 

Hz), indicating that insertion had occurred into the metal-aryl bond. The 3 1 P { 1 H f NMR 

spectrum, an AjB pattern with SB resonating upfield from SA, indicated that PB was trans to 

the inserted CO. Therefore, unlike the product of CO with 2, the best it-acceptor CO is 

located trans to the better rc-donor in 10, the nitrogen of the ruthenium ani l ide. 1 7 

In contrast to reactions of 1 and 2. the reaction of complex 3 with one equivalent of 

carbon dioxide for 20 min at 25 °C yielded 11, the product of a formal insertion into the metal 

nitrogen bond. The white product crystallized from the reaction solution in 57 % yield, and was 

characterized by conventional spectroscopic techniques. Compound 11 was insoluble in 

aromatic hydrocarbon and ether solvents, and decomposed in methylene chloride over Ihe 

period of days, precluding the isolation of crystals suitable for elemental analysis. The 1 3 C { 1 H) 

NMR spectrum of the product showed an aryl resonance at 5150.3 with a large 3 1 P - 1 3 C coupling 

constant (J-73.6). similar to that observed for the metal-bound aryl resonance in the starting 

material 3 at 8 143.0 ppm. Moreover, the 3 1 P{ 1 H) NMR spectrum of the product consisted of an 

A2BC pattern wilh Pg resonating upfield and Po resonating downfield from P^, indicating that in 

this case a ruthenium carbon band was retained in the product. 

When this reaction was monitored at low temperature by NMR spectroscopy, a 

complex but well resolved set ol spectra was observed which indicated the presence of 

several of reaction intermediates. The reaction of 5 eqiv of CO2 with compound 3 in toluene-

da was monitored in the spectrometer probe initially at 0° C, and two intermediates, attnbuted 

to 12a and 12b, were observed. The resonances in the 3 1 P ( 1 H ) NMR spectrum observed 

alter 5 min at 0° C, displayed A2BC patterns in the 3 1 P( 1 H) NMR spectrum with SB resonating 

downfield and SC resonating uplield from SA. indicating one ruthenium-oxygen or ruthenium-

nitrogen bond and one ruthenium-carbon bond in the structure. Two broad singlets 
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corresponding to OH and NH linkages (vide infra) were observed at 14.3 and 11.9 ppm in the 

' H NMR spectrum under these conditions. 

The reaction was monitored by 1 H NMR spectroscopy at 10° intervals between 0 and -

80° C. At these temperatures a broad doublet resonance was observed at 1.38 ppm at 0 °C 

which split into two resonances at -30 °C and separated into five different resonances at -60° C 

(Figure 3). In addition, the two resonances observed between 9 and 15 ppm separated into 

five sirgiet resonances upon cooling to -80° C, consistent with at least five intermediates with 

either NH or OH protons. A stacked plot of the spectra obtained between 0° C and -60° C for 

the 69 to 515 region is shown in spectra b-h of Figure 4. These five intermediates displayed 

nearly superimposable 3 1P|'H) NMR spectra indicating similar connectivity at ruthenium. The 

'•^C; 1 H} NMR spectrum of the reaction of 3 with 1 3 C 0 2 was also consistent with the existence 

of live intermediates at this temperature. Five 1 3 C 0 2 resonances were observed between 

157 and 165 ppm (Figure 5a). Upon warming the sample to 30° C for 0.5 h, all five resonances 

in the 1 3 C( 1 H) NMR and 'H NMR spectra disappeared and were replaced by only the signals 

corresponding to the resonances of product 11. indicating that this set of five intermediates 

gives rise lo the single product. No reaction was detected between the final insertion product 

11 and 5 equivalents ol CO2 at room temperature or below. 

Information concerning the connectivity of these intermediates was obtained by th 

use of , 5 N labelled starting material. Synthesis of 1 5 N labelled 3 was performed in the same 

manner as the synthesis ol the unlabeled compound, by the addition ol 1 5 N labelled aniline to 

the ruthenium benzyne complex (PMeoURudiZ-CgHd) (Equation 1.). The 3 l P | 1 H | NMR 

spectrum ol the labelled material displayed the A2BC part of an AaBCX spectrum, (X- 1 5 N). 

with a trans 3 1 P - 1 5 N coupling ol 30.7 Hz but unresolved cis 3 1 P - 1 5 N couplings. 

The reaction of 3- 1 5 N with 5 equivalents of CO2 was monitored it at -80 "C, tallowing 

a similar procedure used during the reaction of 3 with CO2 Again, five intermediates were 

observed, as demonstrated by the appearance ot chemical shirts in the 1 H NMR spectrum 

identical 10 those observed in the reaction of 3 with 5 equivalents of CO2 at -80 J C (spectrum 
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(a) ol Figure 4). However, the pattern of the two farthest upfield resonances in the 9 to 15 

ppm range now appeared as doublets, due to coupling with 1 S N ( J N H » 1 9 Hz for both) , 1 8 thus 

assigning these resonances to N-H protons. The three lurthest downfield resonances 

remained singlets in the 1 5 N labelled case, consistent with assignment as O-H protons. The 

reaction of 3 - 1 5 N with 1 3 C 0 2 was performed under identical conditions, and live resonances 

in the 1 3 C( 1 H[ NMR spectrum were observed at-80 °C, all of which showed coupling to 1 S N , 

with JCN ranging from 18 to 19 Hz (Figure 5 ) , 1 8 confirming the N-CO2 connectivity. 

We do not h?ve a definite structural proposal for all five interconverting reaction 

Intermediates, but based on the spectroscopic data, we propose that they fall into two 

categories of structures, 12a and 12b (Scheme III), which are tautomers. The 1 5 N labelling 

experiment clearly demonstrates that all live intermediates contain an N-C02 linkage, while 

three of the intermediates contain OH linkages and two contain NH linkages. The chemical 

shifts of the 3 1 P ( ' H ) NMR spectra of these intermediates indicate that the metal-aryl bond 

remains intact in all five. Therefore, we are left with the connectivity shown in structures 12a 

and 12b. Ihe existence of rotamers or aggregates of these isomers would explain the 

observation more than two intermediates. 

To determine qualitatively whether the rate of phosphine dissociation in 3 was 

competitive with the rate ol the insertion reaction, the addition of ten equivalents of CO2 to 3 

was conducted at 0° C and 20° C in the presence of 4 eq of PMe3-d9. Over the course of 2h 

at 20° C, both the reaction to form 11 and the exchange of labelled free phosphine with 

unlabeled coordinated phosphine occurred. 1 9 However, at 0° C, the tormation ol 

intermediates 12a and 12D as well as their conversion to the final product 11 occurred 

without any exchange of the tree deuterated phosphine with coordinated undeuterated 

pnosphme Thus, insertion of CO2 must occur without dissociation of the PMe3 ligands, 

consistent with direct attack ol CO2 at the nitrogen atom to lorm 12a and 12b. 

We independently s/nihesized the opposite insertion product in the amide case, i.e. 

the lormal insertion product of CO2 into the metal-carbon bond. (PMe^liRuIn 2-



0C(0)CsH4NH) 13, (Scheme IV) with the objective of determining whether the 

thermodynamic insertion product is 11 or 13, by observing rearrangement of one to the 

other. Addition of anthranilic acid (2-aminobenzoic acid) to the previously reported 

compound (PMe3)4Ru(T|2-CH2PMe2)(PMe3;3 (14) followed by heating to 85 ' C lor8 h led to 

13, which crystallized from the reaction mixture in 73% yield. Alternatively, this complex was 

prepared in 76% isolated yield by room temperature addition of the dianion of anthranilic acid 

to the acetate chloride complex (PMesURufOAcKCI) in THF. The aryl region of the , 3 C ( ' H ] 

NMR spectrum of this product contained no resonances with large 3 i p . i 3c couplings, 

indicating that the aryl ring is not bound to the metal center, and the 3 , P ( 1 H ) NMR spectrum 

displayed an A2BC pattern with PB and Pro resonating downfield from PA, consistent with 

these two phosphorus atoms being located trans to ruthenium-oxygen'and ruthenium-

nitrogen bonds, respectively. 

Both 11 and 13, containing six membered metallacycles, were stable at the 

conditions under which the conversion of 3 to 11 occurs. Even at higher temperatures, no 

interconversion ol 11 and 13 is observed. Instead both complexes were cleanly converted 

to products resulting from ring contraction. Heating the direct insertion product 11 to 120 °C 

for 2 h formed the carboxamide complex (PMe3)4Ru(N(Ph)C(0)0) (15) as shown in Scheme 

V. Compound 15 has been independently prepared by the addition of phenylisocyanate to 

the oxametallacyclobutane (PMe3)4Ru(OC(Me)(Ph)CH2) during the course of another study 

and was tully characterized.2 0 The carbonate complex (PMea^RujCOa) (16) 2 0 was the major 

product when a THF-da solution of 11 was heated under these conditions in the presence of 

added water. 

Rearrangement of 13 required prolonged heating at these temperatures. 

Thermolysis of THF solutions ol 13 at 125 °C lor 3 d led to formation of a 5.7 * 0.6 :1 mixture 

ol tftf O. and C bound anthrainlate. (PMeo),sRu(r|2-OC(0)C6H3NH2) 17 and starting material 

13 (96% total yield. ' H NMR spectroscopy, Cp2Fe internal standard), as shown in Scheme VI. 

Neither the direct insertion product 11. nor its thermolysis product, carboxamide 15 was 
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observed during the course of the reaction. Compound 17 could not be isolated in pure 

form; roughly the same ratio of 13 and 17was obtained after crystallization. However, the 

connectivity of.this compound could be determined by ' H , 3 1 P( 1H], and 1 3 C{ 'H } , NMR, as 

well as infrared spectroscopy of the mixture since the data of pure 13 had been obtained. 

The 3 1 P( 1 H) NMR spectrum displayed an A2BC pattern, with one resonance upfield and one 

resonance downfield of the mutually trans phosphine, indicating one Ru-X, X»D or N and one 

Ru-C bond. An NH2 resonance was observed in the 1 H NMR spectrum at 85.88, and 

integrated to twice the intensity of each of the three aryl resonances observed between 

86.11 and 86.82. Consistent with these data, the 1 3 C ( 1 H ) NMR spectnjrn displayed three 

quarternary resonances and three C-H resonances in the aromatic region, as determined by a 

DEPT pulse sequence. The inlrared spectrum contained a strong absorption at 1584 c m - 1 

cc-oiponding to the carboxylate carbonyl, similar to the frequency of analogous absorptions 

ol 6 and 9. Two sharp N-H bands were observed at 3384 and 3281 cm" 1 . 

Complete conversion of 13 to 17 was never observed, and it was not straightforward 

to determine if the 5.7:1 distribution of isomers was an equilibrium ratio. Obtaining samples of 

13 and 17 which contained significantly more 17 than the 5.7:1 mixture would have allowed 

us to clearly demonstrate that this is an equilibrium distrihution by observing increasing 

amounts of 13. Unfortunately, all samples we obtained by oystalliztion contained between 

3.7:1 and 5.7:1 ratios of the 17 to 13. However, results of kinetic studies on the conversion 

of 13 to 17 provide evidence that the 5.7:1 mixture is an equilibrium ratio. A first order plot of 

the disappearance of 13 showed significant curvature after 2 halt-lives for each of several 

runs, whereas first order plots for approach to equilibrium showed good linearity. The kinetic 

experiments were conducted with three concentrations of added phosphine. The rate 

constants decreased slightly with increasing phosphine concentration (see experimental 

section for phosphine concentrations and rate constants), although our data do not clearly 

demonstrate the role of added phosphine in this rearrangement. In addition, the crystallized 

sample of 13 and 17 obtained as a 1:3.7 ratio was heated to 120 °C lor 24 h. and ' H NMR 
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spectroscopy again showed a 1:5.6 ratio of the two compounds, providing convincing 

evidence that this ratio reflects an equilibrium distribution and that it does not result from 

decomposition of a trace catalyst. 

We attempted to synthesize the insertion products opposite to those observed with 

CO2 anci 1 ami 2. Addition of phenylacetic acid to 12 led to formation of 

(PMe3)4Ru(Me)(OC(0)CH2Ph) (equation 2). However, this complex remained stable for 2 d at 

135 "C; no formation of methane and the desired orthometallated product was obser/ed. The 

addition of KOC(0)OCsH4Me to (PMe3)4Ru(Me)CI led to decarboxylation before 

orthometallaticn and formed (PMe3)4flu(Me)(OC6H4Me)21 (equation 3). 

Discussion 

Mechanism. Many mechanistic studies have been conducted concerning the 

insertion of CO into metal-carbon bonds. 2 2 These investigations have demonstrated that 

such reactions normally proceed by initial coordination of the small organic molecule followed 

by migration of the alkyl or aryl substituent. Our observations on the CO insertion reactions of 

1.2. and 3 are consistent with this mechanism. Although these are coordinatively saturated, 

18 electron complexes, an open coordination site is readily available by dissociation of 

phosphine, as demonstrated by the complete exchange of coordinated with uncoordinated 

phosphine over two hours at room temperature with compound 3. 

Less mechanistic information is available concerning insertion reactions of C O ; . 2 3 ' 2 " 

Studies on the reactions of anionic transition metal alkyl complexes with CO2 have shown 

insertion rates which are taster than that cf ligand dissociation, precluding a mechanism 

involving coordination of t h j CO2 and migration of the alkyl group. Yet. mechanistic 

information on CO2 deinsertion reactions from formate complexes to form the metal hydride 

and free CO2 provide evidence that these processes involve coordinated CO2 on the 

reaction pathway 2 S 
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A coordination and migration mechanism for the insertion of CO2 into 2 is shown in Scheme 

VII. The rate expression for a direct insertion mechanism which would not require phosphine 

dissociation is shown in equation 4.The marked decrease in rate observed for samples 

containing added phosphine is inconsistent with this rate law. Rather, it is consistent with 

equation 5, derived for the mechanism in Scheme VII involving a reversible dissociation of 

phosphine preceeding the rate determining step of the reaction. This suggests that 

coordination of CO2 to form intermediate 18. followed by migration of the aryl group, leads to 

the final product. 

In contrast to the insertion and deinsertion of CO2 intc the metal-aryi _onds, the 

reaction of 3 with CO2 must occur without phosphine dissociation, and low temperature NMR 

studies suggest that it is intermediates 12a and 12b which are first formed by direct reaction 

of CO2 at the nitrogen atom; these species then rearrange to the final product 11. Thus the 

formal insertion of CO2 into the metal-nitrogen bond in the orthomotallated anilide complex 9 

proceeds by a pathway different from the coordination/migration mechanism which appears to 

operate for the metal-carbon bond insertion reactions. 

Selectlvltles. The migratory aptitudes of various alkyl groups toward coordinated CO 

have been well studied, 2 6 and in general benzyl groups undergo migratory insertion reactions 

slower than aryl groups. Much less studied is a comparison of the relative rates of the migration of 

alkoxide and amide groups versus aryl and alkyl groups. The tetrakis (phosphine) ruthenium 

system provides a unique spectrum of substituems on the metal center that can be used 10 

address this question. In addition to the reactions ol the four-membered metallacycles reported in 

this paper, we have recently generated another four membered metallacycle, an 

oxaruthenacyclobutane complex. Upon addition of carbon monoxide, this complex undergoes 

insertion of CO into the metal-carbon bond rather than the metal-oxygen bond . 2 7 Thus, in all the 

(PMe3URu(X)(Y) compounds that we have examined, the metal-oxygen and metal-nitrogen 

bonds are remarkably inert toward insertion of carbon monoxide; in all cases, migration of the alkyl 

or aryl substituent is faster than migration of the heteroatom containing substituent. 
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In contrast, carbon dioxide shows different reactivity toward aryloxide and amide 

substituents. CO2 reacts with the metal-carbon bond in the cyclometallated cresolate 2, and with 

the metal-nitrogen bond in cyclometallated anilide 3. Our experiments suggest that insertion of 

CO2 into the metal-carbon bonds proceeds by initial coordination to the metal centei. followed by 

migration of the aryl subst'ituent, and reaction with 9 proceeds by direct attack of the anilide 

nitrogen atom on CO2. It appears that the relatively high nucleophilicity of the anilide nitrogen 

atom relative to the aryloxide oxygen atom accounts for the mechanistic and selectivity 

differences with these two compounds. 

Rearrangements. Several of the six membered heteromstallacycles prepared in this 

study rearrange thermally to isomers containing smaller ring systems. Compound 6 dissociates 

phosphine to form the tris phosphine complex 7, which crystallizes from the reaction solution 

when run in alkane solvent. When the reaction was run in arene solvents, the ratio of 6 to 7 was 

roughly 9:1. implying that the formation of 6 in alkane solvents is driven by the insolubility of 7. 

We believe that the rearrangements of 11 and 13. each containing 6-membered rings, 

are driven by the thermodynamic stability of 4- and S-membered ring systems in the products. Our 

qualitative kinetic results have demonstrated that the rearrangement of 13 is not catalyzed by 

water. Instead, we propose that the reaction proceeds by a mechanism such as the one shown in 

Scheme VIII. Dissociation of the arylamide portion of the melallacyde provides a site of 

unsaturation. Rotation of the resulting V-bound organic ligand allows the proper geometry to 

add the aromatic C-H bond, and proton transfer forms the final rearrangement product. Because it 

appears that compounds 13 and 17 are in equilibrium, each step in Scheme VIII must be 

reversible. Therefore, it the proton transfer from the metal center to the uncoordinated nitrogen 

atom occurs directly, the reverse process (transfer of the N-H proton to the metal center) must also 

occur directly. It seems likely that trace acid catalysts may facilitate these steps, although water 

does not appear to he acidic enough to affect the reaction rates. 

The conversion of 11 to 13 may also involve proton transfer processes. Although 

prolonolyisis of the metal aryl bond by Ihe amide N-H would form 13. such a direct reaction seems 
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unlikely since the amide N-H bond and the ruthenium-aryl bond are located on opposite sides of 

the ring. Proton transfer by an acid catalyst formed under the 120 a C reaction conditions may 

assist this transformation. 

Expe r imen ta l 

General. Unless otherwise noted, all manipulations were carried out under an inert 

atmosphere in a Vacuum Atmospheres 553-2 drybox with attached M6-40-1H Dritrain, or by using 

standard Schlenk or vacuum line techniques. 

1 H NMR spectra were obtained on either the 250,300.400 or 500 MHz Fourier 

Transform spectrometers at the University of California, Berkeley (UC8) NMR facility. The 250 and 

300 MHz instruments were constructed by Mr. Rudi Nunlist and interfaced with either a Nicolet 

1180 or 1280 computer. The 400 and 500 MHz instruments were commercial Bruker AM series 

spectrometers. 1 H NMR spectra were recorded relative to residual protiated solvent. 1 3 C NMR 

spectra were obtained at either 75.4 or 100.6 MHz on the 300 or 500 MHz instruments, 

respectively, and chemical shilts we~e 'ecorded relative to the solveni resonance. Chemical shifts 

are reported in units of parts per million downlield from tetramethylsilane and all coupling 

constants are reported in Hz. 

IR spectra were obtained on a Perkin-Elmer Model 283 infrared spectrometer or on a 

Perkin-Elmer Model 1550 or 1750 FT-IR spectrometer using potassium bromide ground pellets. 

Mass spectroscopic (MS) analyses were obtained at the UCS mass spectrometry facility on AEI 

MS-12 and Kratos MS-50 mass spectrometers. Elemental analyses were obtained from the UC8 

Microanalytical Laboratory. 

Sealed NMR tubes were prepared by fusing Wilmad 505-PP and 504-PP tubes to ground 

glass joints which were then attached to a vacuum line with Kontes stopcocks or alternatively, the 

tubes were attached via Cajon adapters directly to Kontes vacuum stopcocks. 2^ Known volume 

bulb vacuum transfers were accomplished with an MKS Baratron attached to a high vacuum line. 

Unless otherwise specified, all reagents were purchased from commercial suppliers and 

used without further purification. PMe3 (Strem) was dried over NaK or a Na mirror and vacuum 
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transferred prior to use. CO and CO2 (bone dry) were purchased from Matheson. Anthranilic acid 

was dried by azeotroping with benzene using a Dean-Stark trap, and then purified by sublimation. 

Pentane and hexane (UV grade, alkene free) were distilled Irom L1AIH4 under nitrogen.. 

Benzene and toluene were distilled from sodium benzophenone ketyl under nitrogen. 

Dichloromethane was either distilled under N2 or vacuum transferred from CaH2- Oeuterated 

solvents for use in NMR experiments were dried as their protiated analogues but were vacuum 

transferred from the drying agent. 

R U ( P M 6 3 ) 3 ( C O ) ( T I 2 - C H 2 C 6 H 4 C ( 0 ) ) (5). To a glass reaction vessel fused to a 

Kontes vacuum adaptor was added 82.8 mg (0.167 mmol) of Ru(PMe3)4(Ti2-CH2C6H4) ( I ) 1 1 in 12 

mL of toluene. The vessel was degassed by two or three freeze-pump-thawing cycles and 450 

torr ol CO was added wifh the vessel submerged in liquid nitrogen. This procedure results in 

addition of -2 atm CO at 25° C. The vessel was healed to 85° C for 20 min, over which time the 

solution turned from clear to yellow. The toluene was removed and the residue was crystallized 

from pentane at -JO" C to yield 59.4 mg (74.8%) of product. IR: 2982 (m). 2969 (m), 2907 (m), 

1910 (s). 1594 (m), 1556 (s), 1528 (m). 942 (s): MS (El): 476 (M*). 448 (M-CO+); Anal. Calcd. for 

CiaH3302PaRu: C, 45.47; H, 7.00; Found: C. 45.62: H. 7.06. 

Ru(PMe3)4(r| J-OC(0)C6H4CH2) (6). Into a glass reaction vessel lused to a Kontes 

vacuum adaptor was placed 250 mg (0.505 mmol) of Ru(PMB3)4(ri2-CH2C6H4) ( I ) ' 1 in 20 mL of 

benzene. The vessel was degassed by two or three freeze-pump-thawing cycles, and CO2 (1,5 

eq. 0.25 mmol) was added by vacuum transfer. The vessel was heated to 35° C lor 16 h. After this 

time the benzene was removed under reduced pressure. Toluene (- 2 mL) and PMes (0 2 mL) 

were added and the vessel was heated to 85° C to dissolve the compound and convert any of 7 

present to 6. Upon cooling to -40° C lor 12 h. and then -80° C for 24 h, white crystals of 6 formed. 

These crystals were collected to yield 128 mg (47 0%) of product. When the crystals were 

dissolved in toluene, the solution rapidly turned yellow, indicating some conversion ol 6 to 7 had 

occurred. All solution spectra of 6 were therefore taken in the presence ol 2 eq of PfUe3 Due to 

the lability ol the phosphine ligand. satisfactory mass spectral and microanalytical analyses were 
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not obtained. IR (KBr): 2970 (m). 2910 (m), 1599 (s), 1582 (s), 1551 (s). 1425 (m),1353 (m). 1300 

(m), 1279 (m), 942 (s). 

Ru(PMe3)3(T| 4-OC(0)C5H4CH2) (7). To a glass reaction vessel (used to a Kontes 

vacuum adaptorwas added 88.0 mg (0.178 mmol) Ru(PMe3)4(1 2-C H2 c6 H4) (1 ) 1 1 in a 7 mL ol 

pentane. The vessel was degassed by two or three treeze-pump-thawing cycles, and CO2 (1.5 

eq. 0.267 mmol) was added by vacuum transfer. The vessel was heated to 85° C for 3 d. The 

clear solution turned yellow, and over the course of the 3 d, yellow crystals formed. Tiie crystals 

were collected to yield 79.0 mg (96.0%)of analytically pure 7. IR (KBr): 2965 (m), 2907 (m), 2851 

(m), 1625 (s), 1604 (m), 1428 (m), 1323 (m) 1299 (m). 1279 (m), 9S7 (m). 941 (s); MS (FAB. 

sulfolane) 465 (MH+), 389 (MH-PMea+); Anal. Calcd. forCi7H330 2 P 3 Ru: C, 44.06; H. 7.18. 

Found: C, 44.22; H, 7.27. 

Crystal and Molecular Structure Determination of 7. The X-ray structure 

determination was carried out by Dr. F.J. Hollander of the UC Berkeley X-ray Diffraction Facility 

(CHEXRAY). Clear yellow plate-like crystals of the compound were obtained from the pentane 

reaction mixture. Some of these crystals were mounted on glass fibers using polycyanoacrylate 

cement. They were then coated wilh epoxy to retard air oxidation. Preliminary precession 

photographs indicated triclinic Laue symmetry and yielded approximate cell dimensions. 

The crystal used lor data collection was then transferred to our Enraf-Nonius C AD-4 

diflractometer^S and centered in the beam. Automatic peak search and indexing procedures 

yielded a Iriclinic reduced primitive cell. -The final cell parameters and specific data collection 

parameters lor this data set are given in Table 4. 

The 2796 unique raw intensity data were converted to structure factor amplitudes and 

Iheir esd's by correction lor scan speed, background and Lorentz and polarization effects. 

Inspection of the Azimulhal scan data showed a variation lm,n>^max =0.95 lor Ihe average curve. 

An empincal correction based on Ihe observed variation was applied 10 the dala. The choice ol the 

cenlric space group Pi was confirmed by Ihe successful solution and refinement o( Ihe structure. 
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The structure was solved by Patterson methods and refined via standard least squares 

and Fourier techniques. A difference Fourier map was calculated following the refinement of all 

non-hydrogen atoms with anisotropic !hermal hydrogen atoms. Hydrogen atoms were assigned 

idealized locations and values of Biso approximately 1.2 times the Bgqv ° ' the atoms to which they 

were attached. They were included in structure factor calculations, but not refined. 

The final residuals for 209 variables refined against the 2637 data for which F 2 > 3c(F 2) 

were R -1.77%, wR - 3.19%, and GOF.-. 1.84. The R value for all 1392 data points was 2.11%. 

In the final cycles of refinement a secondary extinction parameter was included (maximum 

conection : 7% of f ) -

The quantity minimized by the least squares program was Iw(|F 0 |- |F e |) 2- where w is the 

weight of intense reflections, was set to P.03 throughout the refinement. The p-factor. used to 

reduce the weight of intense reflections, was set to 0.03 throughout the refinement. The 

analytical forms of the scattering factor tables for the neutral atoms were used and all scattering 

factors were corrected for both the real and imaginary components of anomalous dispersion. 

Inspection of the residuals ordered in ranges of sin(8)/X, |F 0 | . and parity and value of the 

individual indexes showed no unusual features or trends. The largest peak in the final difference 

Fourier map had an electron density of 0.24e'/A3 and the lowest excursion -0.21 e"/A3. 

Crystal and data collection parameters, intramolecular distances and intramolecular angles 

are given in Tables 4-6. Tables of positional parameters, anisotropic thermal parameters, root-

mean-square amplitudes of anisotropic displacement, torsion angles and least squares planes are 

available as supplementary material. 

Ru(PMe3)3(CO)(n s-OC6H3(Me)C{0)) (8). To a glass reaction vessel fused to a 

Kontes vacuum adaptor was added 100 mg (0.196 mmol) of Ru(PMe3)4(n2-OC6Ha(Me)) ( 2 ) 1 2 in 

20 mL of toluene. The vessel was degassed by freeze-pump-thawing through either two or three 

cycles and 4S0 torr of CO was added with the vessel submerged in liquid nitrogen. This 

procedure results in addition of -2 atm CO at 25= C. The vessel was then heated to 85' C for 8 h, 

over which time the solution turned darker yellow. The toluene was removed and the residue was 



195 

crystallized from a toluene/pentane (1:1) solution at -40" C to yield 54.1 mg (51.3%) ol prodL X IR: 

2968 (m), 2911 (m), 1947 (s), 1605 (s), 1551 (s), 1475 (s), 1284 (s), 947 (s); MS (El): 492 (M+), 

464 (M-CO+), 436 (M-2CO+); Anal. Calcd. lor CiaH 330aP3Ru: C, 43.99; H, 6.77; Found: C, 

43.60; H, 6.75. 

Ru(PMa3)4(r) s-OCsH3{Me)C(0)0) (9). To a glass reaction vessel fused to a 

Kontes vacuum adaptor was added 100 mg (0.196 mrnol) of Ru(PMe3)4(i]2-OC6H3(Me)) ( 2 ) 1 2 in 5 

mL of toluene (not all of the ruthenium complex dissolved in this amount of solvent) The vessel 

was degassed by freeze-pump-thawing through either two or three cycles, and CO2 (1.5 equiv. 

0.29 mmol) by vacuum transfer. The vessel was then heated to 85° C for 8h over which time 

period the solution turned clear. Upon cooling, white analytically pure crystals formed and these 

crystals were collected to yield 62.5 mg (57.5%) ol product. IR: 2972 (m), 2911 (m), 1614 (s), 

1567 (s), 1479 (s), 1410 (s). 1329 (s), 944 (s); MS (FAB, p-nitrobenzyl alcohol): 557 (MH+), 481 

(MH-PMe3*) Anal. Calcd. forC2oH4203P4Ru: C, 43.24; H, 7.62. Found: C. 42.92; H, 7.41. 

Reaction of 3 with CO2 In the presence ol added phosphine. In a small vial 

was weighed 10.0 mg (0.0196 mmol) of 3, which was then dissolved in 1.2 mL ol CgDg. An equal 

amount ol the solution was added to two NMR tubes. One of these tubes was degassed by three 

freeze-pump-thaw cycles, 5 equiv (0.0489 mmol) of COj was added by vacuum transfer, and the 

tube was sealed. The other tube was degassed, and 5 equiv ol CO2 was added, tallowed by 3 

equiv. (0.0294 mmol) ot PMe3 to give a concentration ol 0.049 M. The samples were heated at 

85° C, and monitored by 1 H NMR spectroscopy at 0.5, 2, and 18 h. The half lite for the reaction 

with no added phosphine was roughly 0.5 h, while that for the sample containing added 

phosphine was on the order of 18 h. 

Ru(PMe3)3(CO)(r| 2-NHC 6H3(Me)C(0)) (10). To a glass reaction vessel fused to a 

Kontes vacuum adaptor was added 80.6 mg (0.163 mmol) ol Ru(PM63U(ri2-NHC6H4) (3 ) 5 d in 5 

mL ol toluene. The vessel was degassed by freeze-pump-thawing, and CO (2 aim) was added by 

exposing the vessel, submerged in liquid nitrogen, to 450 lorrof CO. The vessel was then 

heated to 85* C lor 16 h, over which time the initial yellow solution turned orange. The solvent 
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was removed under reduced pressure, and the residue was crystallized from a pentane/toluene 

(10:1) solvent mixture at -40° C to yield 46.2 (59.7%) yield of orange crystals. IR (KBr): 3323 (m), 

1922 (s). 1S99(s)1582(s). 1538 (s)1479(s). 1463 (s): MS (El): 477 (M*), 449 (M-CO*). 421 (M-

2CO+): Anal. Calcd. forCi7H 3 2 N02P3Ru: C. 42.35: H, 6.77; N, 2.94. Found: C, 42.56: H, 6.72; 

N, 2.96. 

Ru(PM03)4(ii a-0C(O)NMCsH4) (11). Into a glass reaction vessel fused to a Kontes 

vacuum adaptor was added 32.0 mg (0.165 mmol) Ru(PMe3)4(n.2-NHC6H4) ( 3 ) 5 d in a minimum 

amount of toluene (-3 mL). The vessel was degassed by freeze-pump-thawing. and CO2 (1.5 eq. 

0.25 mmol) was added by vacuum transfer. The yellow solution rapidly turned clear and over the 

course of 4 h clear needles of 11 formed. The vessei was then cooled to -40° C for 12 h to yield 

50.5 mg (56.6%) of product. IR (KBr): 3293 (m). 3187 (m). 2972 (m). 2910 (m). 1639 (s). 1575 

(m), 1559 (m). 1490 (m) 1407 (m), 1368 (s), 1300 (m), 1279 (m), 944 (s). 

B U ( P M 9 3 ) 4 ( T I 2 - 1 5 N H C 6 H 4 ) (3 -N 1 ' ) . Into a vial was placed 82.6 mg (0.172 mmol) of . 

1.17.1 m g ( l . l equiv) of aniline- 1 5N and 2 mL of benzene. The solution was then placed in a 9" 

NMH tube which was degassed and sealed. The sample was heated to 110 °C for 8 h. Upon 

cooling, 58.2 mg (68.3%) of 3 - 1 5 N had crystallized from the reaction solution and ail of the 

smarting material had been consumed as determined by 3 , P ( 1 H ) NMfl spectroscopy The material 

which had crystallized from solution was pure by ' H NMR spectroscopy. IR (KBr) 3329 (w). 2968 

(m), 2907 (m) 1591 (m), 1559 (m). 1433 (s), 1303 (m), 1282 (s), 943 (s). 

Variable Temperature Study on the reaction of 3 and 3 - 1 5 N with CO j . The 

ruthenium complex Ru(PMe3)4(Ti2-NHC6H4) (3 ) 5 d or Ru(PMe3)40l 2- 1 5NHC 6H 4) ( 3 - 1 S N ) (15.5 

mg, 0.0313 mmol) was dissolved in 0.7 mL of toluene-da. and transferred to a 9" medium walled 

NM R tube. The sample was freeze-pump-thawed through two cycles and 5 equiv (0.156 mmol) of 

CO2 was added by vacuum transfer. The tube was sealed to give a final length of 8". The sample 

was lhawed at -78° C and was placed in the NMR probe, which had been pre-cooled to at least -30° 

C After acquiring the data lor the temperature range 0 to -80° C, the sample was warmed lo BO­

SS0 C and the conversion of 12a and 12b to product 11 was observed over the course of 0.5h. 



197 

Thermolysis of 11 . A sample o l 11 (2.4 mg. 0.Q044 mmol). prepared as described 

above, was dissolved in tetrahydrofuran-ds in an NMR lube equipped with a vacuum adaptor, and 

1 mg of mesitylene wa s added as an internal standard. The sample was degassed, sealed, and 

healed to 120°C1or2h. 'Hand 3 1 ? ' 1 * - ! ) NMR spectrometry shuwed that 15 was the only product 

formed. 

(PMe3)4Ru(-n 2-NHC6H4C(0)0) (13). (a) Addition of anthranilic acid to 

(PMe3)2Ru(n.2-CH2PMe2)(Me) (14). To a smrll vial was added 78.2 mg ot (PMealaRufji2-

CH2PMe2)(Me) (14) and 2 mL of benzene. To this solution was added 38.4 mg (1.5 equivjof 

anthranilic acid (2-aminobenzoic acid) as a solid. The suspension was stirred for 2h, after which 

lime 11-1 NMR spectroscopy showed that a metal-bound methyl ;roup remained. The solution was 

then placed into a 9" NMR tube, which was equipped with a vacuum adaptor, degassed and 

seated. The sample was heated to 63° C for 3 h. over -/vhich time 74.6 mg (74%) of orarge//eliow 

crystals precipitated from the reaction solution. A portion of the recovered materia! was 

recrystallized by vapor diffusion ot ether into a tetrahydrofuran solution of 13. IR (KBr) 2364 (w), 

2992 (m). 2972 (m), 2910 (m). 1599 (s), 1560 (S), 1521 (m). 1519 (m), 1473 (S). 1453 (s), 1365 

(m). 1355 (m). 1262 (s), 941 (s). T 31 (m), 717 (m). 700 (m), 666 (m); Anal. Calcd. for 

Ci9H4,NOP 4Ru: C. 42.22; H, 7.65; N, 2.59. Found: C. 42.27: H. 7.73: N. 2.50. 

(b) To a solution of 356 mg (0.713 mmol) of (PMea)4Ru(0Ac)(CI) in 10 mL of 

letrahydroturan was added 232 mg (1.5 equiv) of the potassi'im sail of the dianion of anthranilic 

acid. KjOC(0)C6H4NH, prepared by addition of KH to anthranilic acid in tetrahydrofuran and 

isolated Dy filtration. The solution was stirred for 24 h. After roughly 0.5 h the initial pale yellow 

slurry turned a darker orange/yellow and after an additional 0.5 h it lumed back to a paler ye .ow. 

Both ihe anthrarilir. acid salt and the ruthenium anthranilate product are only sparingly soluble in 

THF. The tetrahydrofuran solvent was removed under reduced pressure, and the residue was 

extracted with CH2CI2 and filtered through a plug of celite Removal of CH2CI2 under rejuced 

pressure provided 292 mg (76%) of procuct which was pure enough (-95%) lor preparation of 

the thermolysis product 17. 
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(PMe3)4Ru(r| 2-OC{0)C6H3NH2) (17). (a) Preparative Scale: Into a glass reaction 

vessel equipped with a Kontes vacuum adaptor was placed a suspension of 252 mg (0.467 mmol) 

of anthranilate 13 in 15 mL of tetrahydrofuran. The vessel was frozen in liquid nitrogen and 

exposed to vacuum before thermolysis at 135 "C for 16 h. At this temperature, the solution is 

initially yellow and homogeneous. The product is also yellow, but is very soluble in THF. The 

solution volume was reduced to 1 mL in vacuo, layered with ether, and cooled to -40 °C to provide 

64.6 mg (25.6%) of a mixture of 13 anil 17 as yellow crystals. 1 H , 3 1 P ( 1 H ) . and 1 3 C( 1 H} NMR 

spedroscopy of this recovered material showed only O- and N-baund anthranilate starting material 

and the O- and C-bound product in a 13.7 ratio. Thermolysis of 2.1 mg of this crystallized material 

in 0.6 mL of THF-da at 125 °C for 24 h provided a 5.6:1 ratio of 17 to 13. IH (K8r) 3384 (m). 3231 

(w), 2971 (m), 2906 (S). 1584 (s), 1556 (s). 1523 (s), 1430 (m), 1344 (m). 1299 (m), 1279 (m), 970 

(m), 942 (s). 

(b) Thermolysis with internal standard: Into an NMR tube was placed 0.7 mL of a THF-da 

solution of 10.6 mg (0.0196 mmol) of 13 and 4 mg of ferrocene as an internal standard. The tube 

was degassed and sealed. An 1 H NMR spectrum was obtained before thermolysis. The NMR 

tube was submerged in an oil bath heated to 115s C, and NMR spectra taken periodically over the 

course of three days showed that 13 was converted to a 5.7±6.0:1 ratio of 11:13 in 96% overall 

yield. 

Approach to Equil ibrium Kinetics for 13 and 17. Into a 5.00 mL volumetric flask 

was weighed 18.5 mg (0.0343 mmol) of anthranilate 13 and 4.5 mg of mesitylene as internal 

standard. Tetrahydrofuran-dg was added to the flask to make 3.00 mL of solution which was 7.5 

mM concentration ol mesitylene. A stirbar was added and the solution was stirred for 8 h. Not all 

of 13 dissolved, so a typical experiment involved addition of 0.700 mL of the supernatant of this 

solution by syringe to a thin walled. 9" NMR tube to provide homogeneous samples of 13 and 

mesitylene. The lube was degassed, PMe3 was added by vacuum transfer to provide 0.026, 

0.099 and 0.143 M solutions, and the tube was llame sealed to give a length of 8.5". The 

concentration of 13 and added phosphine was delermined by integrating versus the known 
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concentration of mesitylene internal standard. The tubes were heated at 125 °C in a faciory-

caiibratsd Neslab Exocal Model 251 constant temperature bath filled with Dow Coming 200 

silicone Fluid. All reactions were monitored by ambient-temperature 1 H NMH spectrometry by 

integrating mutually trans PMe3 resonance of the starting material versus the mesitylene internal 

standard. The spectra were taken with a single acquisition and double checked with a second 

acquisition after a delay of at least 10 T j . All first order kinetic plots displayed excellent linearity 

over the first two half lives with correlation coefficients of 0.99 at better. Howevef. after 2 to 2 1/2 

halllives the first order plot deviated from linearity, and the reaction stopped in all three cases at 

85% conversion. However, when the data were plotted as a first order approach to equilibrium 

(using the 5.7:1 ratio as the infinity point) good linearity (r-aO.98) was observed for each run. The 

rates obtained for the three concentrations of phosphine (2.7 * 0.3 x 10* 5 tor 0.02S M, 1.1 ± 0.1 x 

10" s for 0.099 M, and 1.2 ±0.1 x 10" 5 for 0.143 M) did not indicate a strong dependence of 

reaction rate on phosphine concentration. 
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Chapter 6 

Synthesis and Chemistry of Ruthenium Hydride Aryloxides and Arylamldes. An 
Investigation ol Structure, N-H and O-H Elimination Processes, Proton-

Catalyzed Exchange Reactions, and Relative Ru-X Bond Strengths. 
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Introduction. 

Processes such as reductive elimination and oxidative addition, although well studied for 

the formation and cleavage of C-H bonds at transition metal centers.1 remain relatively unexplored 

for the formation and cleavage of N-H and O-H bonds. In fact, few monomeric complexes have 

been prepared which contain both a metal hydride and an n1-metal-OR or metal-NHR (FUalkyl or 

aryl) linkage. Examples of such compounds in the late transition metal series include 

Cp-lr(PPh3)(H)(OEt),2 ;rans-(PR3)2Pt(H)(XAr) where X - 0 and NH.3 (PEta)Pd(H)(OPh),4 and 

[(PMe3)4lr(H)(OMe)]PF6.s Early metal examples include CpaHf(H)(XR) where X«NH and 0 , s and 

Cp^ThiHSiOR!. 7 

Most of the late transition metal examples have been prepared by the metathetical 

replacement of a late transition metal-halide or -pseudohalide by an atkalai metal-amide or -

aikoxide. Although the preparation of aryloxide complexes has been achieved by the reaction of 

phenols or substituted phenols with late metal complexes,8 few hydrido alkoxides or amides have 

been achieved by this r o u t e . 3 3 - 5 The formation of transition metal amides by addition of the N-H 

bond of alkyl or aryl amines is less common than reactions with the lairty acidic O-H bond ot 

phenols or alcohols. Reaction ol amines to provide monomeric late transition metal alkyl or aryl 

amides has been reported in only a few cases. 9 Rather, addition of these uractivated N-H bonds 

has been reported with trinuclear osmium compounds, with a monomeric iridium complex to form 

products with bridging amides, and with an iridium complex containing a chelated amine.1 ° 

A study ol ligand-induced O-H reductive elimination of ethanol from the ethoxy hydride 

Cp*lr|PPh3)(OEl)(H)z was reported from this laboratory. This work has recently been extended to 

include the N-H reductive elimination of aniline from Cp"lrjPPh3!{NHPh)(H).'' Only a lew other 

cases of N-H and O-H reduclive elimination reactions have been observed, all of them ligand 

induced. 3 1 5 ' 4 - 1 2 

We have investigated the reactions ol an electron-rich ruthenium system with N-H and O-

H bonds in the hope lhat such a metal system would lavor oxidative addition ol these bonds as it 

does lor the oxidative addition ol C-H bonds. Formation ol the hydrido aryloxide and arylamide 
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complexes by these processes has allowed a comparison of the stability of these compounds with 

the analogous hydrido benzyl complex. 1 3 In addition, the reversible addition of hydrogen to 

these compounds has provided both mechanistic information and relative thermodynamic 

stabilities of the M-O, M-N, and M-H linkages in these compounds. Finally, substitution of the poor 

a-donating and strong it-accepting ligand CO for one of the a-donating phosphine ligands has 

allowed us to determine the solid state structure and the solution state reactivity changes that 

occur when the electron density at the metal center is reduced. 

Results 

{PMe3)4Ru(H)<NHPh). Tile synthesis of compounds (PMe 3) 4Ru(H)(NHPh) (1) and 

(PMe3)4Ru(H)(OC6H4-p-Me) (2) is summarized in Scheme 1. Addition of aniline to the ethylene 

complex ( 3 ) ' 4 followed by heating to 135 "C for 24h led to clean formation of the hydrido anilide 

complex 1 in 66% isolated yield. Addition to the cyclometallated hydride 

(PMe3)3Ru(CH2PMe2)(H> ( 4 ) 1 5 followed by heating to 110 °C for 24h led to 1 in 93% yield by ' H 

NMR spectroscopy. These reaction conditions reliably led to formation of 1. but during some 

preparations tram ethylene complex 3, the reaction rate was markedly faster: heating to 110 °C for 

3-12 h often gave complete conversion. Compound 1 was characterized by ' H , 3 1 P ( ' H ( , 

1 3 C ( ' H), and IR spectroscopy, as well as microanalysis and X-ray diffraction (vide infra). The A2BC 

pattern in the 3 1 P ( ' H ) NMR spectrum indicated a cis configuration of the o-bound ligands. The 

other possible geometry, a trans relationship between the hydride and anilide substituents, would 

result in a singlet-resonance in the 3 1 P ( 1 H ) NMR spectrum. The doublet of quartets hydride 

resonance (one large trans coupling and three nearly identical cis couplings) at 8-7.69 confirms 

this assignment. The Ru-H linkage was confirmed by an infrared absorption at 1845 cmA. The N-

H proton was observed at 81.71 in the 1 H NMR spectrum and at 3370 c m - 1 in the infrared 

spectrum. The aryl region of the 1 H NMH spectrum contained five inequivalent resonances 

between 56.43 and 57.38, and the , 3 C ( , H ) NMR spectrum displayed five inequivalent C-H 

resonances between 8107.39 and 8129.83 and one quaternary resonance at 8161.83. These 
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signals fall in the region ol normal, uncompleted aryl rings: the inequivalence of the two sides of 

the ring indicate that it is not rotating on the NMR time scale. 

The addition of aniline was conducted with and without added PMe3. No rate inhibition 

was observed for the sample with added phopshine. Rather, qualitative studies showed that 

samples containing added PMea reacted 10-20% faster than for those with no added phosphine. 

In addition, the reaction of rigorousiy d'ried [vide intra) p-chloraaniliri was run in the presence and 

absence of added water. The sample containing added water reacted at two to three times the 

rate as the sample containing no added water. 

The dideuterated analogue of 1 was prepared in 38% yield by the addition of 0.25 

equivalents of lithiumaluminumdeuteride to a THF solution of the complex (PMe3)4Ru(OAc)(CI), 

followed by addition of the deuterated lithiumanilide, LiNDPh. No hydride or anilide resonance 

was observed in the 1 H NMR spectrum for a 0.06 M sample, indicating at least 95% isotopic purity. 

The deuteride resonance was observed at 5-7.67, and the anilide deuterium was observed at 

81.66 in the 2 H NMR spectrum; no other resonances were observed. An infrared absorption 

band at 2497 cnr ' was assigned to the N-D stretch, and a shoulder at 1326 corresponded to the 

Ru-0 siretch. 

Thermolysis of the labelled compound at 125 °C for 4 h led to scrambling of the deuterium 

into the phosphine and aryl groups, (determined by 2 H NMR spectroscopy) preventing useful 

mechanistic results from deuterium labelling experiments. When N.N-d2-aniline was added to 

cyclometallated hydride 4 at 110 °C (the conditions used for formation of 1) and the fate of the 

deuterium label was determined by 2 H NMR spectroscopy, signals were observed not only in the 

hydride and anilide N-H position, but in the aromatic and phosphine regions as well. Reversible 

cyclometallation of the anilide substituent would account for incorporation of deuterium into these 

positions, and orthometaliation of the anilide substituent would account for the presence of aryl 

resonances. 

(PMe3)4flu(H)(OC6H4-p-Me). Addition of one equivalent of p-cresol to the ethylene 

complex 3 at room temperature led to rapid formation of ethylene and (PMe3)4Ru(H)(OCsH4-p-
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Me) (2) in 64% isolated yield. Addition of p^resol to the eyclometallated hydride 4 also occurred 

rapidly at room temperature and provided (1) in 62% isolated yield. Again, 3 proved to be the 

more convenient starting material. Compound 2 was characterized by 1 H , 3 1 P ( 1 H } , 1 3 C{ 1 H) , and 

IR spectroscopy, as well as microanalysis. As observed for compound 2, (he 3 1 P ( 1 H ) NMR 

spectrum displayed an A2BC pattern, and the ' H NMB spectrum contained a doublet of quartets 

pattern for the hydride resonance, indicating a sis orientation of the hydride and aryloxide ligands. 

The Ru-H infrared absorption was observed at 1336 cm" 1 . In contrast to the anilide substituent in 

1, the two sides of the aryl ring in the cresolate substituent of 2 were equivalent by 1 H and 

1 3 C ( ' H ! NMR spectroscopy (an AA'BB' pattern of the aiyl region of the 1 H NMR spectrum, and two 

CH resonances in the aryl region of the 1 3 C( 1 H) NMR spectrum). Therefore, the aryl ring of 1 is 

either located in the plane of the two mutually trans phosphine ligands and the oxygen atom of 

the aryloxide substituent, or it is freely rotating on the NMR time scale. X-ray diffraction shows that 

the ring is located in the plane of the hydride, ruthenium, and oxygen atoms in the solid state (vide 

intra), suggesting that the two sides of the ring are inequivalent in the lowest energy conformation 

in solution, but are rapidly exchanging on the NMR time scale. 

(PMe3) 3(CO)Ru(H)(OC6H4-p-Me) Addition of carbon monoxide (2 aim) to 

compound 2 at 65 °C tor 8 h led to formation of the CO ligand substitution product 

iPMe3)3(CO)Ru(H)jOCsH4-p-Me) (5), in which the poor o-donor and strong it-acceptor C O 1 6 is 

located trans to the aryloxide substituent (.Equation 1). Compound 5 was characterized by 1 H , 

3 1P{ 1HS, 1 3 C! 'H ) , IR spectroscopy, microanalysis, and X-ray diffraction {vide infra). Again. 3 1 P( 'H ) 

and ' H NMR spectroscopy demonstrated the stereochemistry. A doublet of triplets resonance 

with a large trans H-P coupling constant on the order of that observed for 2 (117.8 Hz versus 

102.8 for 2) was observed at 6-5.92 for the hydride substiiuent, indicating that a phosphine ligand 

is located trans to it. Moreover, an A28 pattern in t h e 3 1 P('H) NMR spectrum with P3 resonating 

upfield from PA is consistent with Pn being located trans to a substituent with a stronger trans 

influence than phosphine. 1 7 
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X-ray Structural Analyses. A suitable single crystal of 1 was obtained by allowing a 

refluxing hexane solution to cool slowly to room temperature. The compound crystallized in 

space group P1 bar with two independent molecules in the asymmetric unit. Crystal and data 

collection parameters are provided in Table 1: intramolecular bond distances and angles are 

displayed in Tables 2and3. AnORTEP drawing of the moleuj.'e is shown in Figure 1. 

Compound 2 crystallized in space group P2t/n with 2 crystallographically independent molecules 

in the asymmetric unit by cooling a solution of 1 in pentane to -40 °C. An ORTEP drawing of the 

molecule is provided in Figure 2. Crystal and data collection parameters are included in Table 1; 

intramolecular distances and angles are provided in Tables 4 and 5. A suitable single crystal of 5 

(space group Cmca) was obtained by slow cooling of a toluene/pentane (1:100) solution to -40 °C. 

An ORTEP drawing of the molecule is shown in Figure 3. Crystal and data collection parameters 

are included In Table 1; intramolecular bond distances and angles are displayed in Tables 6 and 7. 

The structures were solved by Patterson methods and refined by least squares and Fourier 

techniques. 

All three smjctures are distorted octahedra, with a hydride ligand occupying the vacant 

site of molecules 1 and 5; the hydrides wore not located on the Patterson map lor these two 

compounds. To simplify the discussion, the distances and angles tor one of the two independent 

molecules of 1 and 2 will be used; the two molecules are chemically equivalent in both cases. 

The Ru-N bond length in 1 is 2.160(6)A, and the aryl ring is located in the plane of the ruthenium, 

hydride, and nitrogen atoms, consistent with the inequivalence of the two sides of the aryl ring in 

the 'H and ^Cl'H) NMH spectra. The Ru-0 bond length of 2 is 2.1S2(3)A. Although a slightly 

shorter M-0 distance may be expected, simply based on the smaller ionic radius of oxygen versus 

nitrogen, the difference in these two bond lengths is not statistically significant. Similarly, the O-C 

bond length in the aryloxide subslituent of 2 (1.308(7)) is slightly shorter man the N-C bond 

lenglh (1.340(9)) in 1. As observed tor 1, the aryl ring is located in the plane of the hydride, 

ruthenium, and oxygen atoms. As noted in the previous section, the ring must be freely rotating 
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1 2 s 
Temperature (°C) -90 25 °C -89 
Empirical Formula RuP*M.CiaH43 RUP4OC19H44 RUP3O2C17H3S 
Formula Weight (amu) 498.5 513.3 465.5 
Crystal Size (mm) 0.20 x 0.21 X0.3S 0.20x 0.25 X0.50 0.10 x 0.20 x 0.25 
Space Group P1 bar P2i /n Cmca 
a (A) 12.364(4} 13.539(2) 13.300(2) 
b (A) 13.951(6) 13.7*1(2) 14.088(3) 
c 'A) 15.062C5) 29.302(2) 24.960(3) 
on 103.79(3) 90.0 90.0 
P(°) 96.10(2) 102.50(2) 90.0 
Y(°) 90.02(3) 90.0 90.0 
V(A3) 2507.9(3) 5310.2(3) 4676.9(3) 
z 4 8 8 
d c a i c (gc-;r 3) 1.32 1.28 1 . J 2 

Pcalc (cm' 1) 8.7 8.8 8.7 
Rellections Measured •h , +k, ±1 +h,+k,±l +h. +k, +1 
Scan Width 4 8 - 0 . 7 0 + 0.35 !an8 AS - 0.70 + 0.35 tane 49 » 0.80 + 0.35 tc 
Scan Speed (8, °/m) 6.70 6.70 6.70 
Setting Angles (29, ° ) b 24-28 24-28 22-26 

(a) Paraneters common to all structures: Radiation: Mo Ka IX « 0.71073 A), except for 1c X -
0.70930 A. Monochramator: highly-oriented graphite (28 -12.2") . Detector: crystal scintillation 
counter, with PHA. 28 Range: "!->45°, except lor t c 2->45*. Scan Type: 8-28. Background: 
Measured over 0.25(48) added lo each end o! the scan. Vertical Aperture » 3.0 mm. Horizontal 
Aperture - 2 . 0 + 1.0 tan9 mm. Intensity Standards: Measured every hour of x-ray exposure lime. 
Orientation: 3 reflections were checked after every 200 measurements. Crystal orientation was 
redetermined if any ot the reflections were offset from their predicted positions by more than 0.1°. 
Reorientation was required twice lor l b and 7a, and once for 8. (b) Unit cell parameters and their 
esd's were derived by a least-squares fit to the setting angles of the unresolved Mo Ko 
components ot 24 reflections with the given 28 range. In this and all subsequent tables the esd's 
ol all parameters are given in parentheses, right-justified to the least significant digrt(s) of the 
reported value. 
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Figure 1. ORTEP drawing ol 1. The ruihenium-bound hydrogen was nol tocaled. 



Table 2. Selected intramolecular bond distances tor 1. 
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ATOM : I ATOM 2 DISTANCE 
RU1 PI 2.266(21 
RU1 P2 2.363(21 
RU1 P3 2.325(2) 
RU1 P4 2.331(2) 
KU1 Nl 2.160(61 
RU2 PS 2.35412) 
RU2 P6 2.272(2) 
RU2 P7 2.31312! 
RU2 P2 2.3<j(2) 
RU2 N2 2.H3<6) 
Nl Ci 1.340(9) 
CI C2 1.475(10) 
CI ce 1.475110) 
C2 C3 1.324(10) 
C3 c« 1.417111) 
C4 C5 1.376(10) 
C5 C6 1.403(10) 
N2 C21 1.355(81 
C21 C22 1.431(10) 
C21 C26 1.438(9) 
C22 C23 1.353110) 
C23 C24 1.392(11) 
C24 C25 1.482111) 
C25 C26 1.326(10) 
PI C7 1.83819) 
PI C8 1.85818) 
PI C9 1.845(8) 
P2 CIO 1.86118) 
P2 Cll 1.856(6) 
P2 C12 1.877(8) 
P3 C13 1.858(9) 
P3 C14 1.844(9) 
P3 CIS 1.831(8) 
Pi C16 1.84519) 
P4 cn 1.844(8) 
P4 C18 1.80418) 
PS • C27 1.861(8) 
PS C28 1.844(81 
PS C29 1.858(8) 
P6 C30 1.875(9) 
P$ C31 1.665(91 
P6 C32 1.834(9) 
P7 C33 1.85319) 
PI C34 1.85118) 
P7 C3S 1.BtllEI 
P8 C36 1.83419) 
PB C37 1.825(9) 
PS C38 1 .1111!! 



Table 3. Selected intramolecular bond angles tor 1. 214 
ATOM 1 ATOM 2 ATOM 3 ANCLE 
PI RU1 P2 98.37(7) 
PI RU1 P3 94.24(7) 
PI RU1 P4 95.87(7) 
Fl RU1 Nl 172.09(15 
F2 RU1 P3 96.18(7) 
P2 RU1 P4 97.88(7) 
F2 RU1 HI 88.72(15 
P3 RU1 F4 161.27(8) 
F3 RU1 Nl 81.44(16 
P4 RU1 Ml 86.57(16 
P5 RU2 P6 97.93(7) 
P5 RU2 P7 99.0917) 
PS RU2 PS 94.52(7) 
P5 RU2 N2 90.69116 
P6 RU2 P7 95.38(8) 
PS RU2 pe 95.11(8) 
P6 RU2 H2 170.93(16 
F7 RU2 F8 161.48(8) 
P7 RU2 H2 85.97(16 
P8 RU2 N2 81.34(16! 
RU1 HI CI 134.1(5) 
RU2 N2 C21 135.6(5) 
Nl CI C2 125.4(6) 
Ml CI C6 119.4(6) 
C2 CI ce 115.1(6) 
CI '-2 C3 118.5(7) 
C2 C3 C4 128.1(7) 
C3 C4 C5 114.1(7) 
C4 C5 C6 123.9(7) 
CI C6 C5 120.017) 
N2 C21 C22 122.4(6) 
N2 C21 C26 123.7(6) 
C22 C21 C26 113.916) 
C21 C22 C23 122.617) 
C22 C23 C24 123.518) 
C23 C24 C25 115.0(7) 
C24 C25 C26 120.5(7) 
C21 C26 C25 124.4(7) 



figure 2. OHTEP drawing of 2. Tha ruthenium bound hydrogen was located but no! refined. 
Most ot the other hydrogen atoms were also localed bul have beun omilted lor clarity. 



Table 4. Selected intramolecular bond distances for 2. 

ATOM 1 ATOM 2 DISTANCE 
RUI PI 2.22912) 
RU1 P2 _ 2.32712) 
RUt P3 2.32912) 
RU1 P4 2.364(2) 
RUI 01 2. 152(3) 
RUI HI l.734(I) 
PI C8 1.803(8) 
PI C9 1.831(10) 
PI C10 1.791(a) 
P2 Cll 1.828(7) 
P2 C12 1.802(7)• 
PZ C13 1.841(7) 
P3 C14 1.825(8) 
P3 CIS 1.781(8) 
P3 C16 1.811(10) 
P* C17 1.820(8) 
P4 cis 1.833(9) 
P4 C19 1.79418) 
01 CI 1.308(7) 
CI C2 1.413(7) 
CI cs 1.399(7) 
C2 C3 1.375(8) 
C3 C4 1.364(7) 
C4 cs 1.384(7) 
C4 c? 1.524(9) 
CS C6 1.387(8) 
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Table S. Selected intramolecular bond angles for 2. 

ATOM 1 ATOM 2 ATOM 3 ANGLE 
PI RUl P2 94.43IS) 
PI RUl P3 96.16(6) 
PI RUl P4 99.49(7) 
Pi RUl 01 176.96U1I 
PI RUl HI 76.31(6) 
PZ RUl P3 168.9717) 
92 RUl P4 96.97(6) 
P2 RUl 01 " 83.47(10) 
P2 RUl HI 82,4414) 
P3 RUl P4 36.76(7) 
P3 RUl 01 65.21(13) 
P3 RUl HI 84.62(5) 
P4 RUl 01 83.01(10) 
P4 RUl HI 175.63(5) 
01 RUl HI 101.15(9) 
RUl PI ca 117.2(3) 
RU1 PI C3 .119.4(3) 
RUl PI elit­ 121.4(3) 
CS PI es 96.8(4) 
C8 PI Cl? 99.2(4) 
C9 PI Cl* 3S.0(S) 
RUl P2 Cll 114.46(22> 
RUl P2 C12 115.18(22) 
RUl P2 C13 125.15(22) 
Cll P2 C12 99.4(4) 
Cll P2 C13 9a.9(3) 
C12 P2 C13 99.6(3) 
RUl P3 ei* 125.5(3) 
RUl P3 CIS 114.4(3) 
RUl P3 ' as 115.0(3) 
C14 P3 C15 98.2(4) 
C14 P3 CIS 100.2(4) 
CIS P3 CIS 99.2(6) 
RUl P4 C17 121.05(23) 
RUl P4 eia 120.50(25) 
RUl P4 C19 115.2(3) 
CI? P4 CIS 96.7(4) 
C17 P4 C19 98.8(4) 
CIS P4 C19 100.3(5) 
RUl 01 Cl 133.3(3) 
01 Cl cz 118.6(4) 
01 Cl C6 125.4(4) 
cz Cl cs 116.015) 
Cl C2 C3 121.2(5) 
C2 C3 C4 122.9(4) 
C3 C4 C5 116.5(5) 
C3 C4 C7 122.7(4) 
C5 C4 C7 128.8(5) 
C4 C5 C6 122.5(5) 
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Figure 3 ORTEP drawing ol 5 The ruthaniunvbound hydrogen was not located. 
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Table 5. Selected intramolecular bond distances tor 8 Table 7. Selected intramoiecuiar bond angles tor 8. 

ATOM 1 ATOM 2 DISTANCE ATOM 1 ATOM 2 ATOM 3 AIICLE 

AU P I 2 .334!2I PI KU P I 163 . 60 (9 ) 
RU P2 2.398131 n RU P2 96 .4S IS ) 
KU 0 1 2 .108(61 n RU 0 1 1 5 . 6 0 ( 5 ) 
RU C t 1 . 7 i 3 t l O ) n KU C8 9 4 . 5 2 ( 6 ! 

12 KU 0 1 • 4 . 2 1 ( 1 7 ) 
C8 0 2 1.201(111 P2 RU ce 9 4 . 8 ( 3 ) 
Ol CI 1.333(101 01 RU C8 1 1 9 . 0 ( 4 ) 
CI C2 1.429(121 
CI C6 1.409(131 RU CS 02 1 1 7 . 9 I S ) 
C2 C3 1.387(131 AU 0 1 CI 1 3 2 . 9 ( 5 ) 
C3 C4 1.399(121 01 CI C2 1 1 7 . 1 ( 7 ] 
a C5 1.3611131 01 CI C6 1 2 4 . S i t ) 
C4 C7 1 .621( IS 1 C2 CI C6 111.4181 
C5 C6 1 .310(13) CI C2 C3 119.318) 

C2 C3 C4 121.819) 
P I C l l l . t E O U l C3 C4 CS 1 1 8 . S I 9 ) 
n C12 1 .822(1) C3 C4 C7 119.119) 
PI C13 1 .821(7) cs C4 C7 122.4 19) 
P2 C9 1.853111) c< CS C6 1 2 1 . 7 ( 9 ) 
P2 CIO 1 .839(3) CI C6 CS 1 2 1 . 4 ( 9 ) 

KU P I C l l 1 1 7 . 9 ( 3 ) 
*U P I C12 1 1 5 . 3 ( 3 ) 
*U H C13 1 1 4 . 1 ( 3 ) 
C l l P I C12 1 0 4 . 0 ( 3 ) 
C l l P I C13 101 .313) 
C12 P I CIS 102.0131 
XI) P2 C9 1 1 4 . 1 ( 4 ) 
KU P2 CIO 1 1 7 . 7 0 ( 2 4 ) 
C9 P2 CIO 1 0 2 . 1 ( 3 ) 
CIO P2 CIO 1 0 0 . 6 ( 5 ) 
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on the NMR time scale if this structure also corresponds to the lowest energy configuration in 

solution. 

The Ru-P distances of both structures reflect the weaker trans influence properties of the 

aryloxide and arylamide ligands relative to those of the hydride or phosphine l igands. 2 0 The Ru-P 

distance tor the phosphine located trans to the aryloxide in 2 is 2.229(2) A and the distance for 

the phosphine located trans to the arylamide in 1 is 2.268(2)A. The Ru-P distances for the 

mutually trans phosphine ligands range from 2.327(2) A to 2.343(2)A for the two structures, and 

the two Ru-P distances trans to the hydride substituents are 2.364(2) A for 2 and 2.363(2)A for 1. 

The shorter distances for the phosphines located trans to the p-cresolate and trans to the anilide 

are consistent with the weaker trans influence of heteroatom containing substituents as 

compared to phosphine and hydride ligands. 1 5 The Ru-O-C angle in 2 is 133.3(3)° and the Ru-N-

C angle is 134.1 (5)" for 1, indicating that this angle is not particularly sensitive to the difference in 

it-donating abilities of the aryloxide and aryl amide ligands. 

In contrast to the similarity of 1 and 2, CO substituted compound 5 has a Ru-O bond 

length of 2.108(6), which is significantly shorter than that in 2. The O-C(aryl) bond distance in the 

aryloxide ligand of 5 (1.333( 10) A) is not significantly longer than that of 2,1.308(7), and the Ru-

O-C bond angle of 132.9(5)° is also similar to that in 2.133.3(3)°. The difference in Ru-0 bond 

distances in 1 and 5 may be attributed to the propensity of the arylcxide ligand in 5 to donate it-

electron density into the ^-accepting'CO ligand trans to it. 

A similar trend in bond lengths was observed for the Pt(ll)-chloride distances in a series of 

square planar complexes. X-Ray structural analyses have been performed lor compounds with 

the general formula LLPICI2, where L is a phosphine and L' is a it-accepting ligand such as CO or 

an isocyanide. When L is triethylphosphine and I ' is CO, the Pt-CI bond distance trans to PEt3 

was longer (2.368(3) A) than trans to CO (2.296(4) A ) . ' 8 When L is PEt2Ph and L' is 

elnylisocyanide, the Pt-CI bond distance trans to Ihe phosphine was longer (2.390(8) A) than 

trans to the isocyanate (2 314(10) A ) . 1 9 The Pt-CI distance trans to Ihe phosphine in 

(PEta)(PhNC)PtCl2 was 2 333(12) A . 2 0 Therefore, whether the dilference in bond lengths 



among these platinum and ruthenium compounds is largely caused by changes in the it-

accepting or o-donating properties of the dative ligands, the bonding of the aryloxide ligands in 

the ruthenium complexes in this study mimics the bonding in simple Pt(ll) complexes. 

Variable temperature NMR Spectra. The room temperature NMR spectra of 1 and 

2 indicate that the donating properties of the heteroatom can have a significant effect on the 

barrier to rotation of the aryl ring, and variable temperature NMR experiments indicate that the 

ancillary ligands have a measurable effect on the double bond character of the aryloxide O-C 

linkage. The O-C(aryl) linkage in the all phosphine complex 2 appears to contain slightly more 

double bond character than the CO substituted product S, as determined from the lower barrier to 

rotation in 5. A stacked plot of the aryl region of the 1 H NMR spectrum of 2 in the temperature 

range -9 °C to -88 °C is shown in Figure 4. At -88 °C, four inequivalent resonances are observed, 

indicating that rotation of the ring is slow on the NMR time scale. The same reg'on in the ' H NMR 

spectra of the CO substitution product 5 between -79 °C and -105 °C is shown in Figure S. Even 

at -105 °C. only one ol the aryl resonances of 5 has broadened, and it has not begun to separate 

into two inequivalent resonances, indicating values of AG lor the barrier to rotation which are lower 

than observed lor 2. 1 H NMR spectroscopy of the sterically similar benzyl hydride complex 1 5 

showed no change in the aryl region, even at -105 °C, indicating that the slow rotation ol the ring 

in complex 1 at room temperature and complex 2 at -88 °C is a result of electronic rather than steric 

factors. We did not expect the substitution of CO to cause a significant perturbation in the steric 

interactions of the cresolate substituent, since the substitution occurs trans to it. Indeed, the X-

ray diffraction study shows that the M-O-C angle for 2 and 5 are almost identical. Although 

differences in o-donaling properties appears to have a larger effect on Ihe M-0 bond lengths in 2 

and 5, the difference in it-accepting ability of the ligand trans to the cresolate does have a 

measurable effect on the rotational barriers of these two compounds, presumably due to 

differences in it-donation of the oxygen lone pair. 
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H/D exchange reactions with (PMea)4Ru(H)2 (6). Addition of 20 equivalents of 

N,N-d£-aniline to the dihydride (PMeaURufHJj 2 1 (6) at 25 °C lor 1 h led to H/D exchange, forming 

the dideuteride (PMe3)4Ru(D)2- This assignment was based on the absence of hydride signals in 

the 1 H NMR spectrum, the presence of the corresponding resonances in the 2 H NMR spectrum, 

and the additional coupling in the 3 1 P( 1 H) NMR spectrum. To ensure that the exchange occurred 

only between the hydride substituents and the NH protons of aniline, the dideuteride 

(PMe3>4Ru(D)2 was treated with 20 equivalents of protiated aniline, leading to formation of the 

dihydride and incorporation of deuterium into the N-H bonds of the aniline, as determined by the 

presence of only an N-D signal in the 2 H NMR spectrum of this mixture. Similarly, addition of N,N-

d2-aniline to the cyclometallated hydride complex 4 at room temperature led to incorporation of 

deuterium into the hydride position. 

When attempting to qualitatively determine the basicity of the metal center, the 

importance of trace amounts of water became evident (Scheme 2). When dideuteride 6-d2 was 

treated with 20 equivalents of cyclopentadiene (pKa-16). 2 2 2 H NMR spectroscopy showed no 

detectable resonance for the diene after 4 h; only a resonance for the hydride of starling material 

5-d 2 was observed. Similarly, no exchange with the sterically more accessible but less acidic C-H 

bond of rerr-butylacetylene (pKa- -22) 2 3 was observed after 5 h: dideuteride 6-d2 was treated 

with 20 equivalents of (ert-butylacetylene at room temperature and 2 H NMR spectroscopy 

showed no propargyl C-D resonance. In contrast, the O-H proton of fart-butyl alcohol (pKa-16) 

exchanged with 6-d2- After 10 min at room temperature, solutions of 6-d2 and 20 equivalents of 

fert-butyl alcohol showed only signals in the 2 H NMR spectrum corresponding to the O-D 

substituent of the organic reagent. 

Exchange with diphenylamine (pKa-22) was slower than exchange with N-methylaniline 

or aniline, and led to roughly 50% exchange after 20 to 30 min at room temperature. However, 

when 6-d2 was treated with 20 equivalents of diphenylamine, which had been dried by benzene 

azeotropic distillation using a Dean-Stark trap and isolated by sublimation, no exchange was 

observed after 2 h at room temperature We attempted to stop Ihe H/D exchange with the parent 
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aniline by exhaustive drying with vacuum distillation from sodium or CaH2, or by azeotropic 

distillation with benene. However, exchange of the aniline N-H with the ruthenium deuteride still 

occurred over the course of 10 min. To insure that exchange in the case of aniline was a result of 

the difficulty in obtaining dry arylamine which is a liquid, and not due to a steric difference between 

aniline and diphenylamine, p-chloroaniline, which is a solid, was dried using the same method 

employed for diphenylamine. Indeed, no exchange was observed by 2 H NMR after 0.5 h at room 

temperature, and addition of 0.1 uL cf water to this sample led to complete exchange after 15 min. 

These results demonstrate that this metal center is capable of rapid uncatalyzed exchange with 

alcohol O-H bonds, but exchange with less acidic N-H bonds at loom temperature requires 

catalysis by trace amounts of water. 

A qualitative comparison of the H/D exchange rate and the phosphine dissociation rate 

was performed to determine whether exchange also requires the formation of an intermediate 

resulting from phosphine dissociation. Dihydride 6 was treated with 4 equivalents of Pfvtes-dg at 

25 "C. 3 1 P( 1H) NMR spectra were obtained after 1 h and 24 h at room temperature, and in both 

cases only resonances for 6-d2 and free PMes-dg were observed. No free PMe3-do was formed, 

indicating that phosphine dissociation was significantly slower than H/D exchange. 

Another possible intermediate in both the formation of 1 from 3 and in the H/D exchange 

reactions is (PMeaUflu (7). If the exchange occurs by way of this intermediate. D2 must be 

incorporated into 6 at the same or faster rate than the acidic substrates. However, exchange with 

O2 was much slower than it was with the amines or alcohols. Addition of 19 aim (>2000 equiv.) of 

Dj to the dihydride complex was conducted at 25 °C for 24 h. After this time, only partial 

incorporation of deuterium into the hydride position had occurred. A deuteride signal was 

observed in the 2 H NMR spectrum, but a hydride signal was also observed in the 'H NMR 

spectrum. 

To probe the intermediacy of 6 in the formation ol 1. benzyl hydride compound 

(PMe3)4Ru(CH2Ph)(H) (8) was heated to 75 °C lor 2 h in the presence of one equivalent of aniline 

at the concentrations used to synthesize 1. We iuve reported previously that intermediate 7 is 
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generated by thermally induced reductive elimination of (PMesURufCHjPhJIH) (8), and forms 4 

by addition of a ligand C-H bond . 2 2 These thermolysis conditions provided roughly 45% 

conversion of 8 to cyclometallated hydride 4. Only small amounts (ca. 5%) of anilide hydride were 

observed. Heating for an additional 16 h led to complete disappearance of 7 and formation of a 

3:1 ratio of 4 and hydrido anilide 1, undoubtedly formed from 4. 

CO Induced Reductive Elimination. Addition of carbon monoxide to 1, followed 

by heating to 85 °C for 8 h, led to reductive elimination of aniline in 94% yield by 1 H NMR 

spectroscopy, as shown in Scheme 3. Addition of CO to 2, followed by heating to 135 "C for 5 d, 

led to formation of p-cresol in 98% yield by 1 H NMR spectroscopy (Scheme 3). The 

organometallic product was (PMe3)2Ru(CO)3 (10) in both cases and was formed in 79% yield for 

elimination of aniline and 89% yield for elimination of p-cresol. Compound 9 was independently 

prepared by successive photolysis and thermolysis of Ru3(CO)i2 and PMe3 during the course of 

a separate study. 2 4 and was characterized by ' H , 1 3 C( 1 H) , 3 1 P( 1 HJ NMR, and IR spectroscopy. 

The NMR data are provided in Tables 8-10. The stoichiometry was confirmed by observing a 

quartet in the 3 , P ( 1 H ) NMR spectrum of the complex containing 1 3 C O . Monitoring the reductive 

elimination reaction of 2 showed that the reaction first formed CO substituted product 5. but a bis-

CO substituted complex (PMe3)2(CO)2Ru(H)(OCsH4-p-Me) (9) was not observed. 

Ani l ide and Cresolate Exchange Reactions. Addition of 3 equivalents of p-

cresol to the anilide hydride complex 1 at 25 °C led to complete reaction of this' compound in less 

than 20 mm to form the cresolate hydride 2. One equivalent of free aniline was observed, along 

with 2 equivalents ol free p-cresol (Scheme 4). 
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Scheme 4 

n 10min 



D i s c u s s i o n . 

Anil ine addit ion reactions. Several possible mechanisms for the H/D exchange 

reactions are shown in Scheme 5. One mechanism, pathway a, involves reversible addition of a 

proton to the metal center, leading to a cationic metal complex. The structure of the cation is 

written as Ru(IV), though it may exist as a RU(II)-(TI 2-H2) compound since several related ruthenium 

hydrogen complexes are known. 2 5 Pathway b postulates H2 reductive elimination to form the 

URu intermediate, which oxidatively adds N,N-d2-aniline to form the anilide deuteride 1-d2, and 

reacts with the extruded hydrogen to reform the H/D scrambled product. Two other mechanisms 

involve initial dissociation ot phosphine. In pathway c, the anilide nitrogen atom coordinates to the 

resulting vacant coordination site, enhancing the acidity of the aniline N-H bond (analogous to the 

enhanced acidity of coordinated water in aqua ions 2 6). In pathway d, the unsaturated 

intermediate undergoes N-H oxidative addition to form a trihydride intermediate. 

Our results are consistent only with the proton transfer pathway a. The rate of H/D 

exchange is significantly taster than the rate ot phosphine dissociation from dihydride 6, ruling out 

the possibility of reaction by pathways c and d. Pathway b is ruled out by the failure of Dg to 

incorporate into the dihydride 6 on the lime scale of the H/D exchange with aniline. Our results 

with a range of weak acids demonstrates that the metal center is not basic enough to exchange 

wilh weak carbon acids such as fart-butyl acetylene and cyclopentadiene, but is basic enough to 

exchange rapidly with tert-butanol. Moreover, our ability to significantly slow the H/D exchange 

process of arylamines by obtaining rigorously dry samples of solid amines indicates that exchange 

with these substr j tes occurs by a water catalyzed process. Based on our observations with tert-

butanol we propose that the catalysis operates by reversible protonation ol the metal center wilh 

water, and H/D exchange between water and aniline to the incorporate deuterium into the anilide 

N-H position. 

Mechanisms similar to those tor the H/D exchange can be invoked lor the formation of 

anilide hydride 1 from cyc!ometalla!3d hydride 4 The lick of phosphine inhibition (despite rapid 

phosphine dissocialion at these temperatures) indicates that reaction does not occur by pathways 
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involving phosphine dissociation. Our results do not rigorously rule out reaction by way of 

intermediate (PMe3>4Ru (7) to form 1 by direct oxidative addition of the aniline N-H bond. 

Independent generation of 7 from benzyl hydride 8 demonstrated that intramolecular C-H 

oxidative addition with this intermediate is faster than reaction with aniline, disfavoring formation of 

1 by oxidative addition of the aniline N-H bond to intermediate 7. However, our data do not 

rigorously rule out the possibility that intermediate 7 is formed reversibly from cyclometallated 

hydride 4 and eventually reacts with aniline to form the thermodynamic product 1. 

The results of the H/D exchange study suggest that trace amounts of water are likely to be 

important if a mechanism for formation of 1 from 4 involves proton transfer processes. The lack of 

a dramatic rate increase for reaction of rigorously dried p-chloroaniiine with 4 in the presence of 

added water, suggest that water catalyzed proton transfer is not as important in the formation of 4 

as it is in the H/D exchange. This may reflect a rate determining step which does not involve 

proton transfer. Consistent with this hypothesis, addition of aniline-d2 to 4 led to H/D exchange 

with the hydride substituent at 25 °C, a much lower temperature than required for formation of 1. 

We tentatively propose that this N-H addition reaction proceeds by a proton transfer mechanism, 

in analogy to the H/D exchange processes and the cresol addition reaction, although we have no 

clearcut means to rule out N-H oxidative addition to the (PMesURu intermediate 7 . 2 7 We hope 

that future studies with this compound and others will help clarity the role proton transfer 

process'es play in N-H addition reactions to transition metal centers. 

Addit ion of p-eresol. We have reported that addition of p-cresol to the benzyne 

complex (PMe3)4Ru(n.2-C6H,j) occurs taster than phosphine dissociation, implying direct 

protonation of the electron rich metal center by this acidic substrate, followed by C-H reductive 

elimination to form the observed phenyl aryloxide intermediate (PMe3)4Ru(Ph)(OC6H4-p-Me).28 

Addition of p-cresol to either 3 or 4 also occurs rapidly i t room temperature (< 5 mir,;. jggesting 

that proionation by the cresol occurs to lorm cationic intermediate 11 (Scheme 5), followed by 

reductive elimination lo lorm the ethyl cresolate (PMe3)4Ru(Et)(OCsH4-p-Me) (12) and (5-

hydragen elimination to lorm the product 2. Prolonalion ol 4 followed by C-H reductive 
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elimination and ion-pair collapse would form 2 directly. Moreover, the reaction of 

(PMe3)4Ru(C2H4) with p-cresol cannot occur via the Ru° intermediate 7 because ethylene 

dissociation is much slower than the cresol addition. The addition of one equivalent of ethylene-

d4 to 3 was monitored over the course of I2h at 25° C. After this time no resonance for free 

ethylene was observed in the 1 H NMR spectrum, and the chemical shift of bound ethylene did not 

change, indicating that dissociation of ethylene from 3 does not occur on this time scale. 2 9 Reld 

has reported the addition of alcohols to the iron dihydride (DMPE)2Fe(H)2 to form a cationic 

complex containing Ihree metal-bound hydrogen atoms. 3 0 an intermediate analogous to tne one 

involved in the protonation of 3. 

CO-lnduced Reductive Elimination. Reductive elimination of aniline from 1 is 

markedly faster than elimination of p-cresol from 2. However, we were not able to observe or 

isolate the o/s-CO adduct (PMe3)2(CO)2Ru(H)(OC6H4-p-Me), the precursor to the O-H elimination 

reaction, and so the marked difference in rates for the reductive elimination of aniline from 1 and 

p-cresol from 2 may reflect conditions necessary for a second CO substitution reaction rather than 

a difference in rates of the two reductive elimination processes. 

However, it is evident that substitution ol Ihe poor o-donor and strong it-acceptor CO for 

the strong o-donor PMe3, at least kinetically, favors reductive elimination over the all PMe3 

substituted compound. In addition the organometallic product {PMe3)2Ru(CO)s is formed 

irreversibly, suggesting that an electron rich metal center is crucial to the thermodynamic stability 

of anilide and cresolate hydride compounds 1 and 2. 

Qualitative Thermodynamic Results. This ruthenium system constitutes a rare 

example of a series of compounds which undergo C-H, N-H, and O-H reductive elimination 

reactions. No evidence for direct reductive elimination from 1 or 2 was obtained: only upon 

addition of CO or H2 was elimination of aniline or pcresol observed. As reported earlier, 

thermolysis of the benzyl hydride complex (PM63)4Ru(H)(CH2Ph) (8) at 85 °C for 4 h leads directly 

to reductive elimination ol loluene and formation of the {PMe3URuQ intermediate 7 which 

undergoes activation of ligand C-H bonds and forms cyclomelallated hydride 4. As illustrated in 
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Scheme 7, these results demonstrate a dramatic contrast between the thermodynamic stabilities 

of benzyl hydride 8 and heteroatom substituted compounds 1 and 2. Compounds 1 and 2 are 

formed by the addition of cresol and aniline to 4, the product of reductive elimination from 8. 

Because the benzyl C-H bond of toluene (88.0 ±1 kcal/mol) is comparable to the strength of the 

O-H bond of cresol (86.5 ± 2 kcal/mol for phenol) and the N-H bond of aniline (88.0 ± 2 kcal/mol), 

the Ru-0 and Ru-N linkages in 1 and 2 must be stronger than the Ru-C linkage in 8 . 3 1 Moreover, 

because dihydrogen has be^n shown to react with 1 and 2 to form the dihydride 6 and either 

aniline or p-cresol,32 the Ru-H bond must be at least 16 kcal stronger (the difference between the 

corresponding H-H and N-H bonds) than either the Ru-N or Ru-0 bonds. Similarly, the reaction of 

p-cresol with the anilide hydride 1 to form free aniline and the cresolate hydride 2 shows that the 

Ru-0 linkage is strange' than the Ru-N bond for these two compounds. The following trend in 

bond strength then results: U(H)Ru-H» Li(H)Ru-OAr> L4(H)Ru-NHPh> U(H)Ru-CH 2Ph. 
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Table 8 1 H NMH spectroscopic data 
«(ppm) multiplicity' J (HZ) Integration assignment0 

(PMe3)4Ru(H)(C5C5Hl-p-M«) [1)= 7.18 d 8.6 2 Aromatic 
7.14 8.5 2 
S.37 t 3 
1.18 t 2.8 I S frans-PMe3 

1.U a 5.5 9 CiS- PMS3 
0.98 d 7.S 9 
-7.65 dq 102.8. 27.5 1 P.U-H 

(PMe 3) 4Bu(H)(NHC 6H s) (2)= 6.43 1 6.6 1 Aromatic 
6.59 d 8.0 1 
7.20 I 7.5 1 
7.35 m 2 
1.71 d 7.3 1 NH 
1.81 1 2.6 18 frans-PMes 

• 1.03 d 6.8 9 as -PMe3 
0.96 d 4.9 9 
•7.69 dq 85 0, 26.4 1 Ru-H 

(PMe3)3(CO)HutH)(OC6H»-p4<t) (5)= 7.16 d 8.3 2 Aromatic 
7.03 d 8.3 2 
2.36 • 3 p u t 
1.16 t 2.6 16 (rans-PMes 
'•.08 d 6.4 8 os-PMej 
-5.92 di 117.6. 26.5 1 Ru-H 

ICOl3Bu(PMe3b c(S) 1.20 1 3.7 PMej 
•The mulipiiciiies reported tor the PMej resonancts an aparent spittings and do not necessarily reflect true 
coupling consiarris. ^Tta assignments, ers-PMe3 ind jjns-PM«3 refer to mutually cis and mutuary traas PWej 
figands- ^ e D s . a o ' C 



Table 9. 1 3 C f T m NMR spectroscopic Data. 
£(ppm) multiplicity1 • J(Hj) assignment0 

(PMe3)«P.U(H)(OC6H«-p-Me) (1) c 20.55 a 15.4 Cis-PMe3 
27.22 d 23.4 
22.89 Id 12.8. 3.8 ftans-PMes 
20.93 t p-Me 

111
 

> 
S 
i 

Aromatic 

169.13 d 4.5 

(PUe3)4Ru(H)(NHC6H5) (2)= 21.52 dm 14.2 cis-PMei 
27.44 dm 24.1 
23.27 Id 12.9, 4.0 trans-PMei 
107.39 
114.64 

B • Aromatic 

117.78 
125.91 
129.45 
161.83 

d • 
B 
t 

4.1 

3.2 

(PMe3l3(CO)Ru(HKOC6H4-p-Me) iS)c 17.84 d 18 C/S-PMe3 
20.45 td 14.6. 3.0 f/ans-PMe3 

. 20.83 B p-Me m 6 
B 
B 

10.3 Aromatic 

168.40 d 4 .9 
204.78 Id 14.2. 8.6 CO 

(CO)3Bu(PMe3)<: [9) 22.69 t 16.3 PMe3 
210.93 I 16.5 CO 

'The muHipiiCfties reported lor ins PMe3 resonances are aparent splittings and do not necessarily reflect I rue 
coupling constants. ^The assignments, crs-PMes and Vans-PMez rater to mutually cis and mutually Irans PMes 
tigands. H^Dg. 20 "C. 
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Table 10. 3 1 P( 1 H) NMR spectroscopic data (C6D 6.20 "C) 

(PMe3URu(H)(OC6H4-p-Me) (1) 
spin system 

A 2BC 
i(ppm) 

S A - 1 - 5 4 
S B - H - 9 2 
8c»-1262 

J(Hz) 
J A B » 3 2 - 5 
J A C - 2 7 . 1 
JBC-1S.9 

(PMe3)4Ru(H)(NHC6H5) (2) A 2BC SA-0-9B 
«B=-14.5S 
6c*5.14 

JAB=26.4 
JAc=3o.a 
JBC-19-0 

(PMe3)3(CO)Ru(H)(OC6H4-p-Me) (7) A 2 B SA'0.23 
C B « - 1 5 . 7 / 

J A 8 = 2 S 1 

(COhRu(PMe3) (8) A3 2.20 
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E x p e r i m e n t a l 

General. Unless otherwise noted, all manipulations were carried out under an Inert 

atmosphere in a Vacuum Atmospheres 553-2 drybox with attached MS-40-1 H Dritrain, or by using 

standard Schlenk or vacuum line techniques. 

1 H NMR S( -tra were obtained on either the 250,300. 400 or 500 MHz Fourier 

Transform spectrometers at the University ot California, Berkeley (UCB) NMR facility. The 250 and 

300 MHz instruments were constructed by Mr. Rudi Nunlist and interfaced with either a Nicolet 

1180 or 1280 computer. The 400 and 500 MHz instruments were commercial Bruker AM series 

spectrometers. 1 H NMR spectra were recorded relative to residual protiated solvent. 1 3 C NMR 

spectra were obtained at either 7S.4 or 100.6 MHz on the 300 or 500 MHz instruments, 

respectively, and chemical shirts were recorded relative to the solvent resonance. 2 H NMR 

spectra were recorded at 76.4 MHz on the 500 MHz instrument, and chemical shirts were 

recorded relative to the solvent resonance. Chemical shirts are reported in units of parts per 

million dowrilield from tetramethylsilane and all coupling constants are reported in Hz. 

IR spectra were obtained on a Nicoiet 510 spectrometer equipped with a Nicolet 520 

processor using potassium bromide ground pellets, Nujol mull, or solution cells as stated. Mass 

spectroscopic (MS) analyses were obtained at the UCB mass spectrometry facility on AEI MS-12 

and Kratos MS-50 mass spectrometers. Elemental analyses were obtained from the UCB 

Microanalytical Laboratory. 

To prepare sealed NMR tubes, the sample tube was attached via Cajon adapters directly 

to Kontes vacuum stopcocks. 3 3 Known volume bulb vacuum transfers were accomplished with 

an MKS Baratron attached to a high vacuum line. 

Unless otherwise specified, all reagents were purchased from commercial suppliers and 

used without further purification. PMe3 (Slrem) was dried over NaK or a Na mirror and vacuum 

transferred prior to use. CO was purchased from Matheson. p-Cresol was dried by azeolroping 

with benzene using a Dean-Stark trap, followed by vacuum distillation. Dry diphenylamine and p-

chloroaniline were obtained by refluxing a beniene solution using a Dean-Stark trap, and 
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subliming at 60 °C. Aniline was either vacuum distilled from sodium or calcium hydride, or was 

refluxed in benzene using a Dean-Stark trap and then vacuum distilled. Dry cyclopentadiene was 

obtained by heating cyciopertadiene dlmer to 170 °C over CaH2, and the monomer was collected 

by distillation. (ert-Butylacetylene was stared under vacuum over P2O5, and was used by vacuum 

transfer. (PMe3)3Ru(H)(CH2PMe2{4) was prepared by the method ot Werner, 1 6 

(PMe3)4Ru(C2Hj) was prepared by the addition of EtMgBrto (PMe3URu(CI)2. l s and • 

(PMe3)4Ru(OAc)(CI) was prepared by the method of Anderson and Mainz. 3 4 

Pentane and hexane (UV grade, alkene tree) were distilled from L1AIH4 under nitrogen. 

Benzene and toluene were distilled from sodium benzophenone ketyl under nitrogen. Ether and 

fetrahydrofuran were distilled from purple solutions of sodium/benzophenone ketyl. Deuterated 

solvents for use in NMR experiments were dried as their protiated analogues but were, vacuum 

transferred from the drying agent 

( P M a 3 ) 4 R u ( H ) ( N H C 6 H 5 ) (1). (a) Addition of aniline to ( P M e 3 ) 4 R u ( C 2 H 4 ) . 

The ruthenium complex (PMesURufCahU) (3) (350 mg. 0.804 mmol) was dissolved in a minimum 

amount of hexane (10 mL). It was important to wr this reaction in alkane solvent; thermolysis of 3 

in benzene led to formation of predominantly (PMes)4Ru(H)(Ph). To this solution was added 1.5 

equiv (116 mg) of aniline. The solution was transferred to a glass reaction vessel fused to a 

Kontes vacuum adaptor, and partially degassed by exposing to vacuum for 2-3 seconds. The 

vessel was heated to 135 °C for 24 h, over which time the clear solution turned yellow. Upon 

cooling to room temperature. 266 mg (66.3 %) of product, which was judged to be pure by 1 H 

NMR spectroscopy, crystallized from the reaction mixture as pale yellow blocks. A portion ol the 

material was recrystallized lor microanalysis and an X-ray diffraction study by allowing a reftuxing 

solution of 1 in hexane to cool slowly to room temperature. IR (KBr) 3370 (w), 2967 (s). 2906 (s), 

184S (s), 1588 (S). 1484 (s). 1463 (m), 1426 (m). 1338 (s). 1297 (m). 1276 (m), 942 (s); Anal. 

Calc'd. lor C,aH43NP 4Ru; C. 43.37: H, 3.69; N. 2.81. Found: C. 43.18: H. 8.73; N, 2.6S. 

(b) Addit ion of anil ine to (,PMe 353Ru(CH 2PMe 2 !(H) (4). The ruthenium 

complex (PMe3).jRu(H)(CH2PMe2) (12.6 mg, 0 0311 mmol) was dissolved in 0.7mLot CgDg and 
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2 ui. ot mesSytene as an internal standard was added. A 1 H NMR spectrum was obtained on the 

sample. To the solution was then added 2.9 uL (1.0 equiv) of aniline. The NMR tube was 

attached to a Kontes vacuum adaptor, degassed by two freeze, pump, thaw cycles and sealed. 

The sample was heated to 110 °C for 24 h, after which time 1H NMR spectroscopy showed 

formation of 1 in 93% yield as determined by comparison to the spectrum before heating. 

Addition of aniline to 4 In the presence of PMej. Ruthenium complex 

(PMe3URu(H)(CH2PMe2) (4) (14.6 mg, 0.03S9 mmol) was dissolved in 1.2 mL of CsDe and 2u,L 

of mesitylene as n internal standard was added. To the solution was then added 16.8 u l (5.0 

equiv.) of aniline. The sample was divided into two NMR tubes. One NMR tube was attached to a 

Kontes vacuum adaptor, degassed by two freeze, pump, thaw cycles and sealed. To the other 

tube was added 4.0 equiv (0.24 M) of PMes before sealing by the same method. The reaction 

was monitored at 1 h intervals at 110 °C for 4 h, and showed that the rates for the sample 

containing PMe3 was ca 10-20 % faster than the sample containing no PM63. Integration versus 

the mesitylene internal standard showed yields for the two samples which were within 10 %. 

Addition of p-chloroanlllne to 4 in the presence of H 2 0. Ruthenium complex 

(PMe3)4Ru(H)(CH2PMe2) (4) (11.9 mg, 0.0294 mmol) was dissolved in 1.2 mL of CeDg. To the 

solution was then added 38 mg (10 equiv.) of p-chlcroaniline. The sample was divided into two 

NMR tubes. One NMR tube was attached to a Kontes vacuum adaptor, degassed by two Ireeze, 

pump, thaw cycles and sealed. To the other tube was added 0.1 ui. of H2O (0.0Q6 mmol, 0.4 

equiv, 0 009 M) before sealing by the same method. The reaction was monitored at 1 h intervals 

at 85 °C lor 4 h, and showed that the rates for the sample containing H2O was about twice that lor 

the sample containing no PMej. 

(PMe3)4Ru(D)(NDC6Hs) (1-d2). To a stirred solution of (PMesURufOAcJJCI) (202 

mg, 0.404 mmoij in 8 mL of THF was added 1/4 equiv (4.2 mg) of lithium aluminum deuteride as a 

slurry in THF. The resulting pale yellow, cloudy solution was filtered, and to the resulting clear 

yellow solution was added 1.5 equiv ol LiNDPh, generated by addition ol n-BuLi (379 |iL, 1.5 M in 

hexanes] to an ether (2 mL) solution of 02NPh (57.6 mg). The pale yellow color became darker 
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upon addition of the lithium anilide. After stirring for 2 h the solution was filtered, and the solvent 

removed from the filtrate under reduced pressure. The resulting yellow solid was extracted with 

toluene. The toluene solution was reduced in volume to 1-2 mL, layered with hexanes, and 

cooled to -40 °C to provide 76.2 mg (38%) of 1-d2 which was pure by 1 H and 3 1 P { 1 H ] NMR 

spectroscopy, showed no hydride or N-H resonance in the 1 H NMR spectrum, and only a hydride 

and N-H resonance in the 2 H NMR spectrum. S H NMR: 81.66 (br,s), -7.67 (m): IR (KBr) 2967 (s), 

2906 (s), 2497 (w, N-D). 1588 (s). 1484 (s). 1463 (m), 1426 (m). 1340 (s). 1326 (shoulder, Ru-D), 

1298 (m), 1276 (m), 949 (s). 

(PM83) 4 Ru(H) (OC 6 H 4 - p -Me) (2). (a) Addit ion of cresol to 

(PMe3)4Ru(C2H4). The uthenium complex (PMe3)iRu(C2H4) (702 mg, 1.61 mmol) was 

dissolved in a minimum amount of pentane (15 mL). To this solution was added at room 

temperature one equiv (174 mg) of p-cresol in 3 mL of pentane. The clear solution turned yellow, 

and gas evolution (presumably ethylene) was observed. Over the course of 12 ii, 527 mg (63.7 

%) of product, which was pure by ' H NMR spectroscopy crystallized from the reaction mixture as 

pale yellow blocks. A portion of this material was recrystallized for microanalysis by vapor diffusing 

pentane into a solution of 2 in toluene. IR (KBr) 2968 (s). 2908 (s), 1836 (s), 1600 (s). 1501 (s). 

1498 (s), 1425 (m). 1323 (s)1310 (s). 1301 (s), 1290 (s). 1281 (s). 1156 (m). 943 (s); Anal. Calc'd. 

for Ci9H440P 4 Ru:C, 44.44; H, 8.63. Found: C. 44.56: H, 8.53. 

(b) Addit ion of p-cresol to (PMaj)aRu(CH2PMe2)(H) (4). Ruthenium complex 

(PMe3)3Ru(CH2PMe2)(H) (98.8 mg, 0.244 mmol) was dissolved in 5 mL of toluene. One equiv 

(26.3 mg) of p-cresol in 0.5 mL of toluene was added at room temperature. The clear solution 

turned yellow. Removal of toluene under vacuum, followed by crystallization from pentane at -40 

°C provided 77.6 mg (62.0 %) of 2 which was judged pure by ' H NMR spectroscopy. 

(PMe3)j(CO)Ru(H)(OC6H4-p-Me) (S). To a 125 mL glass reaction vessel lused to a 

Kontes vacuum adapter was added 15 mL of a CoHg solution of 252 mg (0.491 mmol) of 

(PMe3)4Ru(H)(OCoH4-p-Me) (2). The entire reaction vessel was cooled in liquid nitrogen and 430 

ton- of CO (calculated to be 2 aim at 20 °C) was added. The vacuum adaptor was closed and the 
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vessel was warmed to room temperature. The reaction was then heated to 85 °C for 12h, after 

which time the volatile materials were removed under vacuum, leaving a pale yellow residue. This 

residue was crystallized from pentanetoluene (100:1) at -40 °C to yield 77.2 mg (33.8 %) of 

analytically pure white product containing crystals suitable for an X-ray diffraction study. IR (KBr) 

2981 (m), 2971 (m). 2911(m), 2901 (m), 1906 (s). 1852 (m), 1600 (m), 1501 (s), 1429 (m), 1423 

(m), 1312(S). 1301 (S),943(s); Anal. Calc'd. forCi7H3s02P3Ru:C,43.87; H, 7.58. Found: C. 

43.59; H. 7.56. 

(PMe 3 ) 4 Ru(D)2 (6-d 2). To a solution of (PMe3)4Ru(OAc)(CI) (302 mg, 0.605 mmol) 

in 10 mL of ether was added at room temperature, 16 mg of UAID4 (0.60 equiv) as a solid. The 

suspension was stirred for 1 h after which time the initial pale yellow solution became clear; a white 

solid precipitate was also observed. The solvent was removed under reduced pressure, and the 

resulting white solid was extracted 3 times with a total of 25 mL of pentane. The pentane solution 

was concentrated to 1 -2 mL and cooled to -40 °C to provide 79.1 mg (32%) of 6-d2 which was 

pure by 'H and 3 1 P ( 1 H ) NMR spectroscopy. 2 H NMR S-9.75 (m); 3 1 P ( 1 H } NMR 5-0.19 (tm, J=26.2 

Hz. 2P), 5-8.07(tt, 26.2, 5.8, 2P): IR (KBr) 1309 cm" 1 (Ru-D). 

H/D exchange react ions: 

Addi t ion of N,N-dj-Anll lne to (PMe3) 4 Ru(CH2PMe 2 ) (H) (4). To a solution of 

4 (15.6 mg) in 0.7 mL of CeHe was added 68 nL (20 equiv) of N,N-d2-aniline. After 1 h, the 

solution was transferred to an NMR tube. 2 H NMR spectroscopy showed that complete exchange 

had occurred. A ratio of the deuteride resonance of 4 to the N-D resonance of aniline was 

roughly 1:40. 

Addit ion of N,N-d 2-Anll lne to (PMe 3 )4Ru(H) 2 (6). A solution of 21 mg of 

(PMe3URu(H)2 (6) in 0.6 mL of CsH6 was added to 96 mg (20 equiv) of N,N-d2-aniline. The 

resulting solution was placed in an NMR tube, and 2 H NMR spectroscopy showed a resonance for 

the dideuteride (6-d2). and for the N-D ol aniline in a ratio of roughly 1:20. A similar procedure, 

except using CsD6 solvent was used lor monitoring the reaction by 1 H NMR spectroscopy. After 

1 h at room temperature, no hydride resonance was observed for starting materia! 6. 
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Addit ion of anil ine to (PM83)4Ru(D)2 (6-d2). A solution of 16.8 mg of 

(PMe3)4Ru(D)2 (6-d2) in 0.6 mL of CgHg was added to 76 mg (20 equiv) of aniline. The resulting 

solution was placed in an NMR tube, and 2 H NMR spectroscopy after 6 h showed only a 

resonance for the N-D of aniline. 

Addit ion of p-chloroanll lne ta (PMe 3)4Ru(D)2 (6-dj). A solution of 15.2 mg of 

(PMe3URu(D)2 (6-d2) in 0.6 mL of C6Hg was added to 95 mg (20 equiv) of p-chloroaniline. The 

resulting solution was placed into an NMR tube equipped with a rubber septum, and 2 H NMR 

spectroscopy after 30 min showed only a hydride resonance. After this time, 0.10 ui . (u. 15 equiv) 

of H2O was added by syringe. The reaction was monitored at 5 min intervals by 2 H NMR 

spectroscopy and showed only an N-H resonance after 15 min. 

Addit ion of wet dlphenylamlne to (PMesURufDh (6-d2). A solution of 14.8 

mg of (PMe3URu(D)2 (6-62) in 0.6 mL of CgD6 was added to 122 mg (20 equiv) of 

diphenylamine. The resulting solution was placed into an NMR tube, and 1 H NMR spectroscopy 

after 5 min showed that little exchange had occurred. After 20--30 min, 1 H NMR spectroscopy 

showed roughly 50% exchange as determined by integration of the hydride resonance in the 1 H 

NMR spectrum relative to the phosphine resonances. After 24 h at room temperature the CsDs 

solvent was removed under reduced pressure and replaced with CsHs. The benzene solution 

was then placed into an NMR tube, and 2 H NMR spectroscopy showed only a resonance for the 

N-H proton of the amine. 

Addit ion of dry dlphenylamlne to (PMe;j)4Ru(D)2 (6-d2). To a solution of 10.2 

mg of 6-d2 in CsHg was added 84.3 mg (20 equiv.) of dry diphenylamine. The reaction was 

monitored by 2 H NMR spectroscopy, and after 2 h at room temperature, no NH resonance was 

observed, indicating that exchange did not occur. 

Addit ion of Cyclopentadlene to (PMe3)4Ru(D)2 (6-d2). A solution of 15.2 mg 

of (PMe3)4Ru(D)2 (6-d2) in 0.6 mL of C5H6 was added to 49 mg (20 equiv) of cyclopentadiene 

monomer. The resulting solution was placed in an NMR lube, and 2 H NMR spectroscopy after 6 h 

showed only the deuteride resonance of 6-d2i no resonances were observed lor the 
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eyclopentadiene. A similar procedure, except using CeD6 solvent was used for monitoring the 

reaction by 1 H NMR spectroscopy. After 6 h at room temperature, no hydride resonance was 

observed for starting material 6-d2-

Addition ol fert-butylacetylene to (PMe3)4Ru(D)2 (6-ds). A solution of 15.2 

mg of (PMe3)4Ru(D)a (6-dz) in O.S mL of C6Hswas placed into an NMR tube. The sample was 

degassed by two freeze-pump-thaw cycles. To it was added 20 equiv of fert-butylacetylene by 

vacuum trans;- -. The resulting solution was placed into an NMR tube, and 2 H NMR spectroscopy 

after 6 h showed only the deuteride resonance of 6-dj; no propargyl C-D resonance was 

observed. 

Addition of D2 to (PMe3)4Ru(H)j (6) Into a Fischer-Porter bottle was placed a 

solution of 8.2 mg of 6 in 4 mL of CeH6. The solution was exposed to 19 atm of H2 (ca. 2000 

equiv) for 24 h. After this time the solution was concentrated to 0.6 mL and placed into an NMR 

tube for analysis by 2 H NMR spectroscopy. Only a resonance for the deuteride position of 6 was 

observed. The solvent was then removed under reduced pressure and replaced with CsO^ for 1H 

NMR spectroscopic analysis. A hydride resonance for 6 was observed in addition to the two 

phosphine signals. 

Addition of PMe3-dg to 6-d2. A solution of 8.8 mg of 6-d2 in CgDg was placed into 

an NMR tube equipped with a Kontes vacuum adaptor. The sample was degassed by two freeze-

pump-thaw cycles, and to the sample was added 4 equivalents of PMe3-dg. The 3 1Pj 1H} NMR 

spectra obtained alter 1 h and 24 h showed only resonances for 6-d2 and PMe3-dg. No free 

PMe3-do was observed. 

Addition of p-cresol to 1. To a solution of 6.4 mg of anilide hydride 1 in 0.6 mL of 

CgDg was added 4 mg of fxresol. The solution was placed into an NMR tube and 1H NMR 

spectroscopy showed the presence of only one equivalent of Iree aniline, two equivalents ol p-

cresol. and one equivalent of cresolate hydride 2. 
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CO Induced Reductive Elimination ot aniline from (PMe 3 ) 4Ru(H) (NHC 6 H 5 ) 

(1). To a 9" NMR tube was added a solution of 10.2 mg (0.205 rnmol) of 1 and 2 u l of mesitylene 

as an internal standard in 0.7 mL CgD6. A 1 H NMR spectrum of the initial solution was obtained. 

The NMR tube was then attached to a Kontes vacuum adaptor and the sample was degassed by 

two freezs, pump, thaw cycles. The tube was cooled in liquid nitrogen and exposed to 440 torr ol 

CO. The tube was sealed at the level of the liquid nitrogen to provide a tube of 8.5" length. The 

sample was heated to 85 °C for 24 h, and 'H NMR spectroscopy showed a 94% yield of aniline 

(identified by comparison to an authentic sample) and 79% yield Of (CO)3Ru(PMe3)2 (10) 

(identified by comparison to an independently prepared sample 2 7), as determined by comparison 

to the initial solution. . 

CO Induced Reductive Elimination of p-cresol from (PMe3)4Ru(H)(OC6Hj-

p-Me) (2). To a 9" NMR tube was added a solution ot 10.2 mg (0.205 mmol) of 2 and 2 jiL of 

mesitylene as an internal standard in 0.7 mL CeDe- A 1 H NMR spectrum of was obtained on the 

initial solution. The NMR tube was then attached to a Kontes vacuum adaptor and the sample was 

degassed by two freeze, pump, thaw cycles. The tube was cooled in liquid nitrogen and was 

exposed lo 440 torr ol CO. The tube was sealed at the level of the liquid nitrogen to provide a 

tube of 8.S" length. The sample was heated to 85 "C for 24 h, and 1 H NMR spectroscopy showed 

98% yield of p- cresol (identified by comparison to an authentic sample) and 89% yield of 

(CO)3Ru(PMea)2 (10) (identitied by comparison to an indenpendentty prepared sample 2 7), as 

determined by comparison to the initial solution. 

X-ray crystal structure determination o l complexes 1,2 and S. 

(a) Mounting Procedure: Pale yellow, air-sensitive crystals of 1 were obtained by allowing 

a relluxing solution of 1 in hexanes to cool lo room temperature. Clear, air sensitive crystals of 2 

were obtained by slowly cooling a pentane solution of 2 to -40 °C. Clear, air sensitive crystals of S 

were obtained by cooling a toluene/pentane (1:100) solution to -40 °C. End fragments cleaved 

from some ol these crystals were mounted in a viscous oil. and then placed in the X-ray beam. 
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The linal cell parameters and specific data collection parameters for the data set lor 1,2 and 5 are 

given in Table 1. 

(b) Structure Determination: For 1, 6540 raw intensity data were collected; for 2,7384 

were collected, and lor 5,1732 were collected. These data were converted to structure tactor 

amplitudes and their esd's by correction for scan speed, background and Lorentz and polarization 

effects. Inspection of the azimuthal scan data showed a variation Imin^ma* - + M % for the average 

curve. No correction for absorption was applied for compounds 1 and 5, but was applied for 2. 

Inspection of the systematic absences indicated space group P1 (or 1 and P2)/n for 2, and Cmca 

for 5. Removal of systematically absent and redundant data left 6540 unique data in the final data 

set for 1, 6686 lor 2 and 1608 for 5. 

Each structure was solved by Patterson methods and refined via standard least-squares 

and Fourier techniques. The linal refinement for 1 and 5 included anisotropic refinement of the 

ruthenium and phosphorus atoms and isotropic refinement of the carbon and nitrogen atoms. 

Hydrogen atoms were not included in the refinement. The final refinement (or 2 included 

isotropic refinement of all non-hydrogen atoms. 

The linal residuals for the 243 variables for 1 were refined against the 4632 accepted data 

for which F 2 > 3o(F2) were R - 8.0%, wR = 10.8% and GOF - 4.19. The R value for all 6540 

accepted data was 10.6%. The linal residuals for the 451 variables for 2 were refined against the 

4589 accepted data lor 2 lor which F 2 > 3c(F 2) were R - 4.1 %, wR - 6.3% and GOF > 2.76. The 

R value lor all 6686 accepted data was 10.7%. The linal residuals (or the 71 variables lor 5 were 

refined against the 1094 accepted data lor S for which F 2 > 3cr(F2) were R - 5.1%, wR = 6.7% and 

GOF - 2.47. The R value for all 1608 accepted data was 10.7%. 

The positional parameters, thermal parameters of the non-hydrogen atoms, and 

anisotropic thermal parameters for compounds 1, 2. and b are available as supplementary 

material. 
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Introduction. 

The addition of dihydrogen to transition-metal alkyl complexes has been extensively 

studied' because it is involved in homogeneous and heterogeneous catalytic processes such as 

hydrogenation of alkenes, termination of ethylene polymerization, and hydroformylatic T 2 In 

contrast, studies involving the reaction of H2 with transition metal-oxygen and -nitrogen bonds are 

rare,3 and little mechanistic information is available on this process, even though it has been 

proposed as a primary step in several catalytic processes.2'4 We report the reaction of 

dihydrogen with ruthenium-cresolate and -anilide complexes eii-(PMe3)4Ru(H)(XAr), (1: X.NH, 

Ar»Ph; 2: X*0, Ar-p-tol) to form aniline and p-cresol, respectively, along with the ruthenium 

dihydride c/s-(PMe3)4Ru(H)2 (3). Mechanistic studies have revealed that reaction of the 

cresolate occurs by an autocatalytic mechanism in which a product, p-cresol, catalyzes 

dissociation of the cresolate ligand, while hydrogenolysis of the anilide complex appears to occur 

predominantly by initial loss of phosphine rather than aniline or anilide ion. 

Results and Discussion. 

Tne ruthenium hydrido anilide (1) and creiolate (2) complexes were prepared by the 

route shown in Scheme 1. s Treatmer. „ l compound 1 with 2 atm of dihydrogen led to fomiation 

of (PMe3)4Ru(H)2 (3) and Iree aniline, both in quantitative yield by 1 H NMR spectroscopy. 

Analysis of the reaction of H2 with 2 was not as straightforward. The 3 1 P{1 H] NMR spectrum of 

the product IT ixture at room temperature was identical to that of dihydride 3, and the 

trimethylphosphine groups in the 1 H NMR spectrum of the product resonated at the same 

chemical shift as those of dihydride 3. However, the hydride signal was broad at room 

temperature. Variable temperature NMR analysis of the reaction mixture revealed the occurrence 

of exchange processes (Figure 1) which were identical 10 those observed for a solution of 

independently prepared dihydride containing one equivalent ol p-cresol and 2 atm of dihydrogen 

(Figure 2) In adailion, the temperature dependent behavior of the 3 ,P( 1H) NMR spectator the 

hydrogenation reaction and independently prepared sample of 3 and p-cresol were identical as 

shown in Figures 3 and 4. We therefore conclude that the overall reaction proceeds analogously 
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to the hydrogenolysis of 1, and the mixture ol dihydride 3 and p-cresol undergoes an interaction 

in which hydrogen atoms are rapidly exchanged between the phenol and ruthenium center. The 

lack of significant chemical shift changes relative to those of pure dihydride 3 indicate that this is 

the predominant species in the mixture. No temperature dependent behavior of mixtures 

containing dihydride 3 with Hz alone was observed between 30 °C and -90 °C. 

Careful monitoring of the reaction between dihydrogen and cresolate 2 demonstrated 

that the rate reproducibly /ncreasedwith time, as shown in Scheme 1 for an experiment at 28 °C. 

Suspecting that this behavior was due to autocatalysis, we repeated the reaction with small 

quantities (<1 equiv) of p-cresol added to samples ol 2. Addition of H j in this ease led to 

complete reaction in less than 5 min (data also illustrated in Scheme 1). Similar experiments 

carried out with dihydride 3 (but no p-cresol) added initially to the hydrogenolysis mixture 

provided no such acceleration. We therefore conclude that the organic product p-cresol 

catalyzes the hydrogenolysis. 

Addition of labelled and unlabeled phosphine provided further mechanistic information. 

Treatment of cresolate 2 with PMe3-dg showed that the rate of phosphine exchange was 

significantly slower than hydrogenolysis; only small amounts (<5%) ol labelled phosphine were 

incorporated into 2 alter the 2 h necessary lor complete reaction with hydrogen. In the absence 

of p-cresol, adding PMe3 to the reaction solution inhibited the rate of disappearance of starting 

material. In the presence ol added PMe3 and p-cresol, all of the starting material again reacted 

within 5 min. However, under these conditions the added phosphine diverted the course ol 

reaction from hydrogenolysis product 3 to the formation ol a new material. This compound was 

identified as the salt 4 (see Scheme 1) on the basis of spectroscopic features similar lo those of 

the salt [(PMe3)5Ru(H)]PFe (5). The 3 1 P( 1H) NMR spectrum of 4 in CgDs displayed a PMea 

region identical lo that of 5 in CD2O2 solvent6 (all resonances identical to within ±0.05 ppm). 

Because of the insolubility ol SinCgOg, 1 HNMR spectra (and 3 , P ( 1 H ) NMR spectra) were 

compared by 
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Fgure 1. Variable temperature 'H NMR spectra for the solution resulting from the addition ot 
hydrogen to 1. 
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Figure 2. Variable temperature 1 H NMR spectra lor dihydride 3 and one equiv of p-cresol at 
concentrations similar to those resulting from hydrogenolysis of 1. 
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Figure 3 Variable temperalure 3 , P( 1 H) NMR spectra lor the solution resulting from the addition ol 
hydrogen to 1. 
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Figure 4. Variable temperature 3 , P ( 1 H | NMFt spectra for dihydride 3 and one equiv ot p-cresol at 
concentrations similar to those resulting from hydrogenolysis ol 1. The resonance marked with an 
asterisk corresponds lo (PMe3)4Ru(H)(CI) impurity. 
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generating complex 4 in CD2CI2 by the addition of one equiv of p-cresol and four equiv of PMe3 

to 2 in the absence of hydrogen. A 1 H NMR spectrum identical (±0.02 ppm) to that of S was 

observed. Compound 4 was also prepared by the addition of potassium cresolate and cresol to 

the PF6 salt S in a CDzClj/THF-dg solvent system. 

Two possible mechanisms for these hydrogenolysis reactions, one involving a 

conventional phosphine dissociation and H2 oxidative addition pathway, 1 0 and the other 

proceeding by proton catalysis, are shown in Scheme 1. Our data demonstrate that the 

hydrogenolysis of 2 proceeds principally by mechanism b. The autocatalytic kinetic behavior and 

the dramatic rate increase upon deliberate addition of p-cresol demonstrates that the reaction of 

this molecule with dihydrogen is catalyzed by the phenol. In addition, diversion of the product to 

cationic species 4 when the reaction is run in the presence of added phosphine provides strong 

evidence for intermediate 6. 

It is not yet clear how the small amounts of p-cresol needed to catalyze the 

hydrogenolysis of 2 are formed during the induction period observed for this reaction. However, 

inhibition of the disappearance of starting material in the presence of added PMes (but no added 

p-cresol), supports generation of a small amount of p-cresol by path a, which operates slowly in 

th'S case as indicated by the slow rate of phosphine exchange for this system: only catalytic 

quantities of p-cresol are required 10 make the process proceed at a significant rate. 

The weaker acidity of iniline would lead one to expect that autocatalytic pathway b is less 

likely to operate in the hydrogenolysis of aniiide 1. In fact, addition of aniline to this reaction led to 

only mild rate increases (2-3 times faster), and first order plots displayed increasing values for k^tjS 

during only the Ihird half-lffe of this reaction. Preliminary phosphine inhibition experiments are 

consistent with hydrogenation of 1 by path a during the first two half-lives, though we are 

concerned that Irace amounts of a hydrogen-bonding species such as water may catalyze the 

hydrogenation of 1. 

It is ironic that the reaction of metal-carbon bonds with H2 has also been shown to be 

autocatalytic in certain cases.7 but in such systems the compound responsible for autocatalysis is 
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the metal hydride rather than the organic product of the hydrogenolysis reaction. The results 

reported here emphasize that the polarity of metal-heteroatom bonds can make accessible a 

range of mechanisms for M-X bond cleavage substantially wider than those available to reactions 

in which M-C and M-H bonds are broken. We believe that future mechanistic investigations will 

show that reactions of such systems are especially susceptible to catalysis by weak acids such as 

alcohols and water. 



Table 1, ^HNMR spectroscopic data. 
8 (ppm) muttiolicity1 J (Hz) Int assionment0 

(PMe3)4Ru(H)(NHC6Hs) (1) a 6.43 t 6.8 1 Aromal: 
6.59 d 8.0 1 
7.20 t 7.5 1 
7.3S m 2 
1.71 d 7.3 1 NH 
1.81 t 2.6 18 trans-PMes 
1.03 d 6.8 9 ds -PMe 3 

0.96 d 4.9 9 
-7.69 dq 99. 26 1 Ru-H 

(PMe3)4Ru(H)(OC6H4-p-Me) (2)» 7.18 d 8.6 2 Aromatic 
7.14 8.5 2 
2.37 s 3 p-Me 
1.18 t 2.8 18 frans-PMe3 

1.14 d 5.5 9 os-PMe 3 

0.98 d 7.5 9 
-7.65 dq 102, 27 1 Ru-H 

[(PMe3)SRu(H)] 8.69 brs 1 OH 
[OC6H4P-MeHOC6H4-p-Me] (4) b 6.80 d 8.0 4 Aromatic 

6.63 d 8.1 4 Aromatic 
2.16 s 6 .P-Me 
1.S2 brs 36 PMe 3 

1.36 d 5.7 9 PMe 3 

-11.42 d quint 74,25 1 Ru-H 

!(PMe3)5Ru(H)l[PF6] (S) b 1.54 brs 36 PMe 3 

1.38 d 5.6 9 PMe 3 

-11.39 d cuint 73. 24 1 Ru-H 
'The multiplicities d and t reler to apparent splitting patterns. Accordingly the values reported lor 
J do not necessarily reflect true coupling constants, B The assignment (rans-PMe3 refers to the 
two mutually trans PMe 3 ligands. The other two PMe 3 groups are assigned as o's-PMe3. cC6Da. 
21 °C. dC02Cl2,21 "C. 



Table 2. 1 3 C f 1 H | NMR spectroscopic Data 
8 (ppm) mult 3 J (Hz) assianment0 

(PMe3)4Ru(H)(NHC6H5) (1)= 21.52 dm 14.2 e/s-PMe3 
27.44 dm 24.1 
23.27 Id 12.9, 4.0 frans-PMe3 
107.39 
114.64 

s 
s 

Aromatic 

117.73 
12B.91 
129.45 
161.83 

d 
s 
s 
t 

4.1 

3.2 

(PMe3)4Ru(H)(OC6H4-p-Me) (2) e 20.55 d 15.4 c/s-PMe3 
27.22 d 23.4 
22.89 td 12.3, 3.8 trans-PMS3 
20.93 s p-Me 

113.26 
120.34 
129.77 

s 
s 
s 

Aromatic 

169.13 d 4.5 

[(PMe3)sRu(H)l[PFs|(5)<* 26.66 m PMe3 
26.04 d 

quint 
19.8, 2.0 PMS3 

'The multiplicities d and t refer to apparent splitting patterns. Accordingly the values reported for 
J do not necessarily reflect true coupling constants, kThe assignment trans-PMe3 refers to the 
two mutually trans PMea ligands. The other two PMea groups are assigned as cis-PMs^. cC6De, 
21 °C. dCD2CI 2 .21 °C. 

Table 3. 3 'Pf 'HI NMR SDeciroscooicdata . 
61'ccm) scin svstem 61'ccm) J(Hz) 

(PMe3)4Ru(H)(NHC6H5) (1) a A2BC 6 A = - 0 . 9 8 
5 B = - 1 4 . 5 5 
Sc»S.14 

JAB=2S.4 
J A C = 3 0 8 
JBC=19-0 

(PWe3)4Ru(H)(OC6H4-p-Me) |2) a A 2 BC SA=1.54 
8 B = 1 4 . 9 2 
8c=-12.62 

J A B » 3 2 . 5 
JAC-271 
JBC-1S.9 

[(PMe 3) 5Ru(H)] 
[OCsHiP-Me-HOC6H4-c-Me] (4)" 

A4B S A - 9 . 4 7 
5 B - 2 2 . 8 S 

J A B - 2 8 1 

[(PMeslsRulHlKPFsl6 A^BMXj 
(X- 1 9 F) 

5 A - ! > . 5 2 
S B = - 2 2 . 9 2 
5M-143.85 

JA8-263 
J A M - 0 
JBM-0 
J A X - 0 

Jsx-o 
JMX=710 I 

"CeDs^ l 'C. °CD 2 CI 2 . 21 "C. 
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E x p e r i m e n t a l 

General. Unless otherwise noted, all manipulations were carried out under an 

inert atmosphere in a Vacuum Atmospheres 553-2 drybox with attached M6-40-1H Dritrain, or by 

using standard Schlenk or vacuum line techniques. 

1 H NMR spectra were obtained on either the 250,300, 400 or 500 MHz Fourier 

Transform spectrometers at the University of California, Berkeley (UCS) NMR facility. The 250 and 

300 MHz instruments were constructed by Mr. Rudi Nunlist and interfaced with either a Nicolet 

1180 or 1280 computer. The 400 and 500 MHz instruments were commercial Bruker AM series 

spectrometers. 1 H NMR spectra were recorded relative to residual protiated solvent. 1 3 C NMR 

spectra were obtained at either 75.4 or 100.5 MHz on the 300 or 500 MHz instruments, 

respectively, and chemical shifts were recorded relative to the solvent resonance. Chemical shifts 

are reported in units of parts per million downfield from tetramethylsilane and all coupling 

constants are reported in Hz. 3 1 P I 1 H} NMR spectra were recorded at 7B.4 MHz on the 300 MHz 

instrument, and chemical shifts were recorded relative to H3PO4. , 3 F NMR spectra were recorded 

at 376.498 MHz in the 400 MHz instrument and chemical shifts were recorded relative to CFCI3. 

IR spectra were obtained on a Nicolet 510 spectrometer equipped with a Nicolet 520 

processor using potassium bromide ground pellets. Elemental analyses were obtained from the 

UCB Micraanaiylical Laboratory. 

To prepare sealed NMR tubes, the sample tube was attached via Cajon adapters directly 

to Kontes vacuum stopcocks.8 Known volume bulb vacuum transfers were accomplished with an 

MKS Baratr^n attached to a high vacuum line. 

Unless otherwise specified, all reagents were purchased from commercial suppliers and 

used without further purification. PMe3 (Strem) was dried over NaK or a Na mirror and vacuum 

transferred prior lo use. H j was purchased from Air Products and used as received. p-Cresol was 

dned by azeoiropmg with benzene using a Dean-Stark trap, followed by vacuum distillation. 

Aniline was dned over sodium and vacuum distilled. (PMe3)jrlu(H)2(3) was prepared as 

described earlier9 and (PMej^RufCHjPMesKH) was prepared by literature methods.6 
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Pentane and hexane (UV grade, alkane free) were distilled from UAIH4 under nitrogen. 

Benzene and toluene were distilled from sodium benzophenone ketyl under nitrogen. 

Methylene chloride was distilled from CaH2 under nitrogen. Ether and tetrahydrofuran were 

distilled from purple solutions of sodiunVbenzophenone ketyl. Deuterated solvents for use in 

NMR experiments were dried as their protiated analogues but were vacuum transferred from the 

drying agent. 

Hydrogenolysls of 1. Into a thin-walled NMR tube was placed a solution containing 

between 2.5 and 6 mg (0.0050-0.012 mmol) of 1 in O.S mL of CsDs- The tube was equipped with 

a Kontes vacuum adaptor, degased by two freeze, pump, thaw cycles, treated with 450 ton of H j 

while submerged in liquid nitrogen, and sealed. This procedure provides a sample containing 2.2 

atm of Hz at 25 °C. The reaction was monitored by 1 H NMR spectroscopy while shaking with an 

overhead stir motor. 

Kinetic Evaluation of Hydrogenolysls of 1. A stock solution was prepared 

containing 26.6 mg (0.0534 mmol) of 1 and 10 mg of mesitylene as an internal standard in 5.00 

mL of CeDg to provide a 0.011 M solution of 1. Samples for kinetic analysis were prepared in 9" 

thin walled NMR tubes containing 0.5 mL of the stock solution. The solutions were degassed by 

two freeze, pump, thaw cycles. Before sealing, appropriate amounts of PMe3 were added by 

vacuum Iransfer and the samples were exposed to 450 torr of H2 while submerged in liquid 

nitrogen. The tubes were shaken with an overhead stir motor at room temperature (22 °C -24 °C), 

and the rates were measured by integrating the disappearance of the PMe3 resonances relative 

to the internal standard. Linear first order plots were observed for the first two half-lives ( r 2 * 0.97), 

but increasing values for k ^ , were observed during the third naif-lite. A typical plot for the 

samples containing no PMe3 is shown in Figure 5, and the values fur kobs and [PMe3] are 

provided in Table 4. 

Hydrogenolysls of 2. Into a thin-walled NMR tube was placed a solution containing 

between 5 4 and 5.6 mg (0.011 mmol) of 1 and 1 mg a( mesitylene as an internal standard in 0.6 

mL ol C5D6 The tube was equipped with a Kcntes vacuum adaptor, degased by two freeze, 
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Figure 5. Typical first order plot for the reaction of t with hydrogen under conditions thai were 
pseudo first order in ruthenium complex. 

Table 4. Kinetic data tor the hydrogenolysis of 1. 

1/[l)(mmo|-i) kob ,x10 ' 5 (sec- ' ) 

411 1.9±0.3 

262 1.1±0.2 

222 0.93±0.14 

85.7 0 66±0.10 
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pump, thaw cycles, treated with 450 torr of H j while submerged in liquid nitrogen, and sealed. 

This procedure provides a sample containing 2.2 atm of Hz at 25 °C. The reaction was monitored 

by 1 H NMR spectroscopy either in the NMR spectrometer probe at 2S0C, or while shaking with an 

overhead stir motor at room temperature and obtaining NMR spectra at 0.5 to 1.0 h intervals. A 

plot ol ln[2] versus time for the reaction conducted in the spec'rometer probe is shown in 

Scheme 1 . 

Hydrogenolysls of 2 In the presence of added p-eresol. Into a thin-walled 

NMR tube was placed a solution containing 5.S mg (0.011 mmol) of 1 and 1 mg (0.01 mmol) of p-

cresol in O.S mL of C6D5. The tube was equipped with a Kontes vacuum adaptor, degased by two 

freeze, pump, thaw cycles, treated with 450 torr of H2 while submerged in liquid nitrogen, and 

sealed. This procedure provides a sample containing 2.2 atm of H2 at 25 °C. The reaction was 

monitored by 1 H NMR spectroscopy in the NMR spectrometer probe at 22°C. A plot of ln[2] 

versus time is shown in Scheme 1. 

Addi t ion of p-cresol, H 2 , and PMe3 to 2 In C0D6. Into a thin-walled NMR tube 

was placed a solution containing 5.5 mg (0.011 mmol) ol 2,1.5 mg (0.014 mmol) of p-eresol in 0.3 

mL ol C6De. The tube was equipped with a Kontes vacuum adaptor, degased by two freeze, 

pump, thaw cycles and, before sealing, 4 equiv ol PMej, and 450 torr of H2were added lo the 

sample while it was submerged in liquid nitrogen. A 1 H NMR spectrum obtained 5 min after 

warming to room temperature showed a spectrum containing cation 4, and after this time an oil 

was observed in the bottom of the sample. This j i l was dissolves by opening the sample and 

adding 0.1 mLo l CH2CI2- 3 1 P( 1 H) NMfl spectrometry of Ihe resulting sample showed cation 4 in 

a greater than 20:1 ratio with any other species. 

Addition of p-cresol and PMej to 2 In CD2O2. Into a thin-walled NMR tube was 

placed a solution containing 5.5 mg (0.011 mmol) of 2 and 1.5 mg (0.014 mg) ol c-cresol in 

CO2CI2 The lube was equipped with a Konies vacuum adaptor, degased by two lree;e. pump. 

T,aw cycles and, before sealing. 4 equiv of PMe3'.vas added by vacuum transfer. ' H and 3 , P[ 1 H) 
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NMR spectra obtained 5 min after warming to room temperature showed a spectrum containing 

resonances for only cation 4. 

Conversion of S to 4 and KPF$. In one vial was prepared 0.1 mL of a CO2CI2 

solution containing 10.6 mg (0.0167) of 5. In another vial was prepared 0.5 mL of a solution 

containing 2.S mg (0.0170 mg) of KOCgHa-p-Me and 2.1 mg (0.0194 mmol) of HOC6t-U-p-Me in a 

4:1 mixture of CD2CI2 and THF-d s . The two solutions were placed into an NMR tube and 

immediate formation of a white precipitate was observed. A ' H NMR spectrum of the resulting 

solution showed a similar pattern to those for 4 and 5. A 3 1 P j 1 H) NMR spectrum showed the 

appropriate ^48 pattern in the PMea region, while no resonances were observed in the PF5 

region. 

[!PMe3)5Ru(H))[PF6] (5) To a solution of 30.6 mg (0.198 mmol) of dihydride 3 in 3 

mL of THF-dg was added 32.3 mg (1.0 equiv) of NH4PFg, Immediate formation of gas was 

observed. The sample was then placed into a glass reaction vessel fused to a Kontes vacuum 

adeptor, and 4 equiv of PMea was added by vacuum transfer. Over the course of 8 h, 62.4 mg 

(50.3%) of pure 5 crystallized from the reaction solution as small white blocks. , 9 F ( 1 H ) (CDjC^, 

21 "C. relative to CFCI3! 573.32 (d. J.712 Hi). IR(K3r) 18S4 cnv1(Ru-H). 
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1. See for example: (a) Mayer, J.M.; Bercaw, J.B.; J. Am. Chem. Sac. 1982. 104,2157. (b) 

Cell. K.I.; Schwartz, J.; Williams, G.M. J. Am. Chem. Sec. 1982, 104,1346. (c) Reamey, 

R.H.; Whitesides, G.M. J. Am, Chem. Sac. 1984, IDS, 8 1 . 

2. Parshalt, G. Homogeneous Catalysis: Wiley-lnterscience: New York, 1980 

3. Cowan, R.L.: Trogler, W.C, J. Am. Chem. Sec. 1989, J11, 47S0. 

4. Koenig. K E. in Asymmetric Synthesis; Morrison, J.O.. Ed.: Academic: New York, 1985: Vol 

5, Chapter 3. 

5. Chapter 5. 
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6. Werner. H.; Werner, R. J. Organomet. Chem. 1981, 209, C60. A 1 H NMR spectrum ol this 

compound was reported. 1 H , 1 3 C{ 1 H} , 3 1 P [ ' H ) , 1 9 F[ 1 H) NMR, and infrared spectra! data are 

provided as supplementary material. 

7. Janowicz, A.H.: Bergman, R.G. J. Am. Chem. Soc. 1981, 103, 2438. 
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I n t r o d u c t i o n 

Until recently, the organometallic chemistry of late transition metal systems has focused on 

metal-carbon and -hydrogen bonds. Many routes to formation of metal alkyl, aryl, allyl. and hydride 

complexes have been investigated, and reactions such as |3-hydragen elimination, reductive 

elimination, and migratory insertion are well documented. The preparation and reactivity af 

compounds containing late transition metal-oxygen bands is less common. It has been proposed 

that combining a hard ligand with soft late metal center may lead to weak late metal-heteroatom 

linkages and result in reactive late metal-heteroatom bonds.1 

Several research groups have been interested in transition metal enolate complexes from 

the perspective of using the metal center as a potential site of asymmetry in the design of chiral 

catalysts lor aldol reactions. Indeed, transition metal mediated aldol reactions have been 

observed.2 and some systems undergo catalytic aldol reactions.3 Transition metal-enolate 

complexes also provide a unique system lor comparing the stnjcture and reactivity of late metal-

oxygen bonds to late metal-carbon bonds. Enolates have been shown to bind to metal centers in 

an V -mode through the oxygen atom 4 or methylene group,5 or in an i i 3-mode as an oxaallyl.6 

Typically, early transition metal enolates exist in the O-bound form, while late metal enolates are C-

bound. Only a lew cases 01 late transition metal O-bound enolates are known. 3 ' 4 i - k 

During the course of our studies with the URu metal system (L-PMes) we discovered the 

propensity of enolate substituents to bind to the ruthenium center through the oxygen atom 

rather than the methylene. 7 Initial studies indicated that this unusual bonding mode gives rise to 

unprecedented reactivity, and we decided to investigate the synthesis and reactivity ol a series of 

O-bound ruthenium enolates. We provide here a general method for the preparation of a series 

of O-bound ruthenium enolates and report their rich reactivity which includes processes such as 

reductive elimination, p-phenyl migration, (3-hydrcgen elimination, and cyclometallation to form 

oxametallacycles. Studies of the structure and reactivity of the resulting metallacycles is reported 

in the next chapter.8 
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Results. 

Synthesis of O-bound Enoiates. The general synthesis of the ruthenium enolate 

complexes is shown in equation 1. Addition of the potassium enoiates of a variety of ketones and 

L L 
L | R KOC(-Cff f f )R- L | , R CR' 2 

* R u * - *Ri> 'I 

L L 
l < | > O ^ R « 

(1) 

1 R=Ph 4a R=Ph. R=H, R=Me 
\ R = ^ e 5a R=Me. R=lv1e. R " = H 

5b R=Me, R'=H, R"=H 
5c R=Me, R'=H, R"=fert-Bu 
6a R=H, R'=H, R"=Me 

aldehydes at room temperature to ruthenium hydrido. alkyl, and aryl halide complexes led in most 

cases to the generation of O-bound enoiates. Exceptions are the addition of the potassium 

enolate of acetone and 4,4-dimethyl-2-pentanone (methyl neopentyl ketone) to 

(PMe3URu(Me)(CI) which provided equilibrium mixtures of both the O- and C-oound forms of 

erolates 8 and 9 (equation 2). The potassium counterion was important for these substitution 

L L L 
I--. I . - M e i r r v v r w i n I--. I . - M e C H - I--. I . - M a O 

\ < \ > C I l < | > > 0 ^ R L ^ | ^ C - ^ R (2) 
L L L H z 

2 8a R=Me 8b R=Me 
9a R=CH2CMe3 9b R=CH 2 CMe 3 
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reactions. Addition of the lithium enolate of acetone to the ruthenium phenyl chloride (1) ted to. 

no reaction, even in THF solvent or with the addition of the appropriate crown ether. The 

potassium enolates were isolated as solids in the drybox, and they were stored for up to a week in 

a -40 °C freezer. -

The compounds (PMe3URu(MeXOC(CMe2)Me) (5a) and (PMe3URu(H)(OC(CH2)Me) (6a) 

were isolated in pure form and were characterized by microanalysis, as well as 1 H , 3 1 P[ 1 H), and 
1 3 C { 1 H j NMR and infrared spectroscopy. The orthometaltated enolate 7 was prepared by addition 

of the potassium enolate of acetophenone to methyl chloride 2 9 as shown in Scheme 1 or by 

addition of acetophenone to the benzyne complex (PMe3)4Ru{Tt2-C6H4).10 This enolate was 

characterized by X-ray diffraction, as well as microanalysis, 'H , 3 1 P( 1 H). and 1 3C( 1H) NMR and 

infrared spectroscopy. The other O-bound ruthenium enolates in this study were not stable 

enough at room temperature to isolate, and so these were characterized by solution NMR 

spectroscopy. 

NMR spectroscopic data for the compounds prepared in thise study are included in Tables 

6-3. The ' H NMR spectrum of all the O-bound enolates contained two inequivalent resonances 

between S3.4 and 54.2 for the olefinic hydrogens. In addition, the 1 3 C{ 1 H) NMR spectra 

contained CH£ resonances (confirmed by OEPT pulse sequence) between 873 and 694, The 
3 1 P( 1 H) spectra of the hydrido, alkyl, and aryl ruthenium enolates all displayed A 28C 3 1 P( 1 H} NMR 

spectra with PB resonating downfield and Pc resonating upfieid of Pp.. The 3 1 P( 1 H) NMR 

chemical shift of each ligand reflects the trans influence of the ligand located trans to I t . 1 ' For 

example, the chemical shifts for the phosphines trans to alkoxide,12 amide, 3 ' 1 3 halide, and 

pseudohalides 8 ' u in this metal-ligand system lie substantially downfield from those of the 

mutually trans phosphines, and the chemical shifts ol the phosphines trans to hydride, 9 ' 1 5 

alky l 9 - ' 5 and a ry l 1 8 - 1 6 substituents lie uplield of the mutually trans phosphines. Therelore 
3 1 P( 1 H) NMR spectroscopy is a useful indicator of the Q- or C-bound form of these ruthenium 

enolaies. 
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The solid state structure of 7 confirmed the assignments of these O-bound enolates by solution 

NMR spectroscopy, and it provides the first X-ray structural information on a late metal O-bound 

enolate. Compound 7 crystallized in space group P1 bar with no abnormally short intermolecular 

contacts. An ORTEP drawing of the molecule is shown in Figure 1: crystal and data collection 

parameters are included in Table 1 and intramolecular distances and angles are provided in Tables 

2 and 3. The ruthenium atom in this complex is coordinated in an approximately octahedral 

fashion. The Ru-O distance is 2.120(1) A, similar to a Ru-0 distance in a monomelic cresolate 

complex (2.161(4) A ) 1 1 and in a monomelic phenyl hydroxide complex (2.145(4) A ) 1 2 of this 

metal-ligand system. The Ru-C bond length (2.100(1) A) is similar to that observed in the 

analogous orthometallated benzyl (2.118(3) A ) 1 7 and benzyne complexes (2.072(2), 2.111(2) 

A). 9 The V-aryl distance of (PMe3URu(Ph)(OH) (2.159(5) A ) 1 2 is slightly longer than those in the 

metallacycles. The surface defined by the organic ligand, P1 and P2 is planar to ±0.06 A. 

Detailed analysis of the ligand geometry, however, shows that there is a slight twist (3.0 (9)°) of the 

C-C(0)CH2 group around the C2-C7 bond. The two axial Ru-P bonds are the same length, but 

the phosphine trans to the oxygen is significantly shorter than the other three Ru-P distances, 

reflecting the usual trans influence series in these molecules and in others. 1 0 

The identity of the oxygen and CHj groups was based on the unequivocal location of the 

two hydrogens on C8 in the difference Fourier map, and is consistent with solution NMR data. 

The bond distances C7-0 and C7-C8 indicate that some delocalization may be occurring. 

However, the distances in the phenyl group are most likely due to systematic effects of thermal 

motion, rather than to any peculiar electronic effects. 

Synthesis of O- and C-Bound Enolates In Equil ibrium. Two enolate complexes 

were obtained as an equilibrium mixture of their O- and C-bound forms. The addition of the 

potassium enolate of acetone to (PMe3)4Ru(Me)(Cl)8 (2) in aromatic or ethereal solvents lad to Ba 

and 8b (Equation 2). These two compounds were always observed in the same 3:1 ratio in CsDg 

solvent at room temperature, suggesting that this is the equilibrium mixture. Indeed, the two 

isomers were shown to rapidly interconvert on the laboratory time scale {fide infra.). Therefore, 
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Table 1. Crystal and Data Collection Parameters." 
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7 1 0 
Temperature S°C) 2S •90 
Empirical Formula BUP4OC20H42 FIUP4OC2SH49 
Formula Weight (amu) 523.5 559.7 
Crystal Size (mm) 0.2Sx 0.2a x 0.30 0.2S x 0.30 x 0.50 
Space Group P I P2l/n 
3(A) 9.3452(9) 8.918(2) 
b(A) 9.7161(9) 37.441(9) 
e(A) 16.278(2) 9.304(9) 
on 97.511(10) 90.0 
00 117.000(8) 110.71(2) 
T O 90.576 90.0 
V(A3) 2301.5(6) 2905.7(26) 

z 2 4 
dcalc (gem"3) 1.34 1.43 
Mcalcfcm"1) 8.4 7.1 
Reflections Measured +h, ±k, i l +h, +k, ±1 
Scan Width d8 - 0.55 + 0.35 tanB A6 » 0.60 + 0.35 tane 
Scan Speed (6, °/m) 6.70 6.70 
Setting Angles (28, ° ) b 26-30 22-26 

(a) Parameters common to all structures: Radiation: Mo Ka (J. - 0.71073 
A), except for 1c X » 0.70930 A. Monochromator: highly-oriented 
graphite (28 "12.2"). Detector: crystal scintillation counter, with PHA. 28 
Range: 3->45'. except for 1c 2->45'\ Scan Type: 8-28. Background: 
Measured over 0.25(48) added to each end of the scan. Vertical 
Aperture - 3.0 mm. Horizontal Aperture* 2.0+ 1.0 tane mm. Intensity 
Standards: Measured every hour of x-ray exposure time. Orientation' •> 
reflections were checked after every 200 measurements. Crystal 
orientation was redetermined it any of the reflections were offset froi 
their predicted positions by more than 0.1", Reorientation was requir. 
twice lor 1b and 7a, and once for 8. (6) Unit cell parameters and their 
esd's were derived by a least-squares fit to the setting angles of the 
unresolved Mo Ka components of 24 reflections with the given 28 range, 
in this and all subsequent tables the esd's of all parameters are given in 
partnthesas, right-justified to the least significant digit(s) of the reported 
value. 



Table 2. Intramsleeuli," distances (or 7 

ATOM 1 ATOM 2 DISTANCE 
RU PI 2.275(1! 
RU P2 2.375(1) 
RU P3 2.357(1) 
RU F4 2.357(1) 
RU 0 2.120(1) 
RU CI 2.100(1) 
C7 C8 1.351(2) 
C7 0 1.331(2! 

. C2 C7 1.478(2) 
CI C2 1.419(2! 
CI C6 1.400(2) 
C2 C3 1.392(2) 
C3 C4 1.376(3) 
C4 C5 1.368(3) 
C5 C6 1.391(2! 
PI C9 1.843(2) 
PI CIO 1.836(2! 
PI Cll 1.839(2) 
P2 C12 1.813(2! 
P2 C13 1.833(2) 
P2 C14 1.835(2) 
P3 C15 1.820(2) 
P3 C16 1.822(2) 
P3 C17 1.811(2! 
P4 C18 1.82912) 
P4 C19 1.835(2! 
P4 C20 1.823(2) 
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TabU 3. Irwamoiscular Angles lor 7 

ATJH I ATOM 2 ATOM 3 AKOLE 

PI RU P2 97.17(1) 
PI RU P3 97.38(2) 
PI RU P4 94.71(1) 
12 RU P3 93.91(21 
P2 RU P4 93.83(1) 
P3 RU P4 1S4.77U, 
PI RU 0 174.59(3) 
P2 RU 0 88.09(3) 
P3 RU 0 83.47(3) 
P4 RU 0 83.64(31 
PI RU CI 95.80(4) 
P2 RU CI 167.03(4) 
P3 RU CI 84.30(4) 
P4 RU CI 85.30(11 
0 RU CI 78.95(51 

RU CI C2 112.88(11 
RU CI ce 130.91(12 
RU 0 C7 116.16(9) 
C2 CI C6 116.20(14. 
CI C2 C3 120.76(16: 
CI C2 C7 116.43113. 
C3 C2 C7 122.76(15; 
C2 C3 C4 120.93(17 
C3 C4 C5 119.68(16: 
C4 C5 CS 120.23117: 
CI C6 C5 122.19117: 
C2 CI Ci 123.94(16 
C2 C7 0 115.39113: 
0 C7 C8 120.67(16 
RU PI C9 117.9017) 
RU PI CIO 118.91(6) 
RU PI Cll 120.26(7) 
C9 PI CIO 98.97(9) 
C9 PI Cli 9a.84(10; 
CIO PI Cll 97.54(91 
RU P2 C12 111.78(71 
RU P2 C13 121.93(8) 
RU P2 C14 123.21(71 
C12 P2 C13 99.38(12 
C12 P2 C14 99.U(.'.i: 
Ci3 P2 C14 96.83111 
RU P3 C15 112.7716) 
RU P3 CIS 124.72U) 
RU P3 C17 113.4717) 
CIS P3 C16 99.42(13: 
C15 P3 C17 93.50(14! 
C16 P3 C17 93.44(12 
RU P4 cia 113.20(6) 
RU Pi C19 122.86(71 
RU P4 C20 117.65(61 
CIS P4 C19 99.98(9) 
CIS P4 C20 100.29(9) 
C19 P4 C20 99.18(9) 
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they were characterized as a 3:1 mixture by solution NMR and infrared spectroscopy, as well as 

microanalysis. The O-bound isomer 8a displayed spectroscopic features analogous to those of 

the other o-bound enolates. Resonances for three phosphine methyl groups in a ratio of i : l :1 

were observed in the 1 H NMR spectrum, along with two olefinic hydrogens at 83.50 and 53.96 

and an enolate methyl group at 82.06. A metal bound methyl group resonated at 50.40. 

The C-bound isomer 3b exhibited three phosphine methyl groups in a 2:1:1 ratio and an 

enolate methyl group at 52.00, along with a second metal bound methyl group at S-0.25. The 

1 3 C( 1 H) NMR spectrum indicated the presence of a Ru-C bond in this compound. A CHa 

resonance in the 1 3 C ! 1 H ) NMR spectrum was observed at 822.83, clearly out of the range of 

methylene resonances for O-bound enolates. In addition, the resonance appeared as a multiple! 

which displayed coupling to several phosphorus atoms, indicating that this carbon atom is bound 

to the ruthenium center. The 3 1 P ( 1 H ) NMR spectrum was also consistent with a mixture of O- and 

C-bound enolates In addition to the typical S 1 P [ 1 H ) NMR spectrum for the O-bound enolate 

complexes, the 3 1 P( 1 H) NMR spectrum of this mixture displayed an AjBC pattern in which both 

Ps and Pc resonated signilicantly ypfield of the phosphines located Irans to O-bound enolates in 

this system. The chemical shift of these phosphines was closer to tne region of PMea ligands 

trans to simple U R u alkyls. 

Edi t ion of the tert-butyl substituted analogue, KOC(CH2)CH2CMe3. to (PMe3)4Ru(Me)(Cl) 

(2) also led to formation of a mixture of O- and C-bound ruthenium enolates 9a and 9b. Two 

neopenyyl groups wera observed in the ' H and 1 3 C { 1 h , NMP, spectra, as well as two metal-bound 

methyl groups. The methylene resonances of the O-bound form were observed at 53.05 and 

53.78 in the 1 M NMR spectrum, and at 579.4S in the 1 3 C( 1 H) NMR spectrum. The CH2 portion of 

Ihe C-bound enolate resonated as a multiple! at 61.96 in the 1 H NMR spectrum and as a doublet 

of mulliptets (Jpc-42.2 Hz) in the 1 3 C! 'H ) NMR spectrum. The two patterns in the 3 1 P( 1 H) NMR 

spectrum were nearly identical to those of the acetone enolates 8a and 8b. 

In order 10 demonstrate thai tne ratio of ihese isomers resulted Irom rapid equilibration, it 

was necessary to obtain mixtures containing enhanced amounts of each isomer, and then show 
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that these both return to the equilibrium ratio. To do this in a simple way, a solution of these 

isomers was monitored by ' H a n d 3 1 P^H} NMR spectroscopy at different temperatures. AXS'C 

the observed ratio of 8a to 8b by 1 H NMR spectroscopy was 2.78, and at 60 °C it was 4.46. Both 

of these mixtures returned rapidly to a 3.50 ratio at 25 °C. At 5 °C equilibrium was established over 

the course of 10 to 15 min; non-equilibrium ratios were never observed above 40 °C. indicating 

that interconversion occurs rapidly on the laboratory time scale at these temperatures. 

A plot of InK versus 1/T for the equilibrium written in Scheme 2 is displayed in Figure 2, and 

indicates that AH (1.5±.2 kcal/mol) favors the C-bound form and AS (7.6*2.0) favors the O-bound 

form. The values for both of these parameters are small but significantly different from zero. The 

equilibrium ratios were reproducible to within 5-10%, and the slope of the InK versus 1/T plot for 

the equilibrium indicated in Scheme 2 is clearly negative. Since the dominant form of this complex 

at room temperature is O-bound, the value of AS must be positive, although the absolute value is 

small. We did not perform this experiment with the ferf-butyl substituted analogue S, but we 

presume that the ratio of isomers observed with this compound at room temperature is also a 

result of facile equilibration. 

A qualitative comparison of the rates of phosphine dissociation and approach to equilibrium 

was performed by adding 4 equiv of PMej-dg to a sample of the two isomers and monitoring the 

solution at 0 °C by 3 1 P [ 1 H ) NMR spectroscopy. Over the course of 5-10 minutes, complete 

exchange of the free, labelled phosphine and unlabeled, coordinated phosphine was observed, 

as determined by observing a 1:1 ratio of free PMe3-dg and free PMe3-do- Thus, the rate of 

phosphine dissociation is faster than the interconversion of 8a and 8b. 

Synthesis of an n,2-Enolate. A complex containing an oxaallyl (ri 3-bound enolate) 

ligand is a possible intermediate in this exchange process. We set out to isol te an ii3-enalate 

bound to the I jRu(R) metal center by using a large enolate substituent which would favor 

dissociation of phosphine. Indeed, addition of the potassium enolate of 3,3,5,5-

tetramethylcyclohexanone to the phenyl chloride 1 led to formation of a 1:1.4 ratio of a compound 

containing 4 phosphines to which we assign the simple O-bound structure shown in Scheme 3, 
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Figure 2. Plot o( InK vs. 1/T to obtain thermodynamic parameters tor the equilibrium shown in 
Scheme 2. 
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and a compound 10. containing 3 phosphines. The 3 1 P { 1 H } NMH spectrum of the LjRu complex 

was consistent with those of the other i | 1 -O-bound enolate complexas. Removal of toluene 

solvent under vacuum at 65 "C led to complete conversion to 10. This material possesses two 

mutually trans phosphines and one resonating in the region characteristic of phosphines located 

trans to other oxygen-containing substituents. However, several spectroscopic characteristics 

were inconsistent with an r|3-bindlng mode. First, only two enolate methyl groups and two 

methylenes were observed in the 1 H NMR spectrum, indicating that the two sides of the six 

membered ring are chemically equivalent. Either interconversion between binding to the two 

sides of the i j 3-bound enolate occurs rapidly on the NMR time scale, or the ligand is bound in a 

more symmetrical fashion. Second, the OH group of the enolate was observed at 5-1.25 in the 1 H 

NMR spectrum, far from the chemical shift region usual for vinyfic hydrogens. However, the 

1 3 C { 1 H} NMR chemical shift of the methine carbon was 876.97, similar to the vinylic resonances of 

the other enolates reported above. 

A single crystal suitable for an X-ray diffraction study was obtained by slow evaporation of a 

pentane solution of 10. The structure was solved by standard Patterson and least squares 

Techniques. An ORTEP drawing of the molecule is shown in Hgure 3. Crystal and data collection 

parameters are included in Table 1; intramolecular distances and angles are provided in Tables 4 

and 5. Consistent with the solution NMR data, the enolate is bound symmetrically, and an 

apparent 2gostic interaction exists between the metal center and the vinylic C-H bond. The 

hydrogen atom was not located or refined. Its assumed position is based on idealized sp 2 

geometry, but the existence of an agostic interaction is consistent with the 1 H and 1 3 C{ 1 H) NMR 

chemical shifts, indicating that this ^-binding mode exists in solution as well as in the solid state. 

The overall geometry is pseudooctahedral with the agostic C-H bond occupying one coordination 

site. As deduced from the 3 1 P ( 1 H ) NMR spectrum, two phosphines are bound trans to each other 

and the other is located trans to the oxygen atom of the enolate. The ring is distorted from 

planarity, as is expected for a six membered ring system; rapid inversion accounts for the 

equivalence of C23 and C24 as well as C25 and C26 in the ' H and 1 3 C( 1 H) NMR spectrum. The 
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®vZ3© 

Figure 3- ORTEP drawing ol 10. The position ol the viny^c hydrogen atom in the drawing is based 
on idealized sp 2 geometry. 
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Table 4. Intramolecular distances tor 10 

ATOM 1 ATOM 2 DISTANCE 

RU PI 2.349(1) 
RU P2 2.332(1) 
RU P3 2.251(1) 
RU 01 2.127(3) 
RU Cll 2.030(4) 

RU . .. C17 2.776(4) 
RU . . . CIS 2.766(4) 
RU HI 8 2.14 

01 C17 1.314(4) 
C17 C18 1.352(5) 
C17 C22 1.526(5) 
C18 C19 1.534(5) 
C19 C20 1.562(6) 
C19 C23 1.553(6) 
C19 C24 1.549(6) 
C20 C21 1.550(6) 
C21 C22 1.556(6) 
C21 C25 1.560(6) 
C21 C26 1.539(6) 

Cll C12 1.415(6) 
Cll C16 1.423(6) 
C12 C13 1.408(6) 
C13 C14 1.364(6) 
C14 C15 1.413(6) 
C15 C16 1.403(6) 
PI CI 1.855(5) 
PI C2 1.662(5) 
PI C3 1.844(5) 
P2 C4 1.849(5) 
P2 C5 1.824(5) 
F2 C6 1.834(4) 
P3 C7 1.856(4) 
P3 C8 1.855(4) 
P3 C9 1.848(4) 
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Table 5. Intramolecular Anjles lor 10 

XTOK 1 VTOK 2 ATOM 3 \nilt ATOK 1 ATOK % ATOH 3 ANGLE 

PI XU P2 170,55(4) XU n « 113.55(15! 
PI XU P3 93.07(4! XU ?i C2 119.70(15) 
PI XU 01 46.59(7) XO PI C3 117.46(15) 
PI XU Cll •8.47(11) CI PI C2 100.41(21). 
P2 XU P3 35.54(4) CI PI C3 100.UC20) 
P2 XV 01 S5.1K7) C2 PI C3 101.95(211 
P2 RU Cll IS.71(11) XI] P2 C4 117.65(15) 
P3 «u 01 167.78(7) RU P2 CS 111.63(15) 
P3 RU en 98.27(11) XU P2 C6 120.53(14) 
01 RU Cll 93.93(131 C4 P2 C5 101.49C21) 

C4 >2 C6 102.49(20) 
RU 01. en 105.08122) C5 P2 C6 100.05(20) 
01 en CIS 123.1(4) RU P3 C7 123.97(15) 
01 en C22 114.6(3! XU P3 CS 109.74114! 
CIS en C22 122.1(4) XI)- P3 C9 122.23(15) 
en CIS C19 125.9(4) C7 P3 CS 98.04(20) 
CIS C19 C20 105.6(3) C7 P3 C9 S7.»0(2O) 
C18 CI 9 C23 110.8(3) C8 »3 CS 100.19(20) 
CIS C19 C24 110.5(3) 
C20 C19 C23 106.4(3) 
C20 CI 9 C24 112.1(3) 
C23 C19 C24 107.4(4) 
C19 C20 C21 IIS.2(3) 
C20 C21 C22 10S.J13) 
C20 C21 C25 108.1(3) 
C20 C21 C26 113. S O ) 
C22 C21 C25 108.5(3) 
C22 C21 C26 109.8(3) 
C25 C21 C26 107.8(3) 
£11 C22 C21 112.0(3) 

RU Cll C12 123.0(3) 
XU Cll CIS 116.0(3) 
C12 Cll CIS 116.0M) 
Cil C12 C13 122.1(4) 
C12 C13 C14 121.1(4) 
C13 C14 C15 118.9(4) 
C14 C15 C16 120.7(4) 
Cll CIS CIS 121.3(4) 

file:///nilt
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Ru-0 distance (2.127(3) A) is similar to the Ru-0 distance (2.120(1) A) in the orthometallated 

enotate 7. The Ru-Cl7 and RU-C18 distances ol 2.776(4) and 2.766(4) indicate that the oletinic 

portion of the enolate is not directly bonded to the metal center. Consistent with an 

uncoordinated C-C double bond, the C17-C1S distance is not unusually tong (1.352(5) A), and is 

similar to the uncoordinated C-C double bond distance of 1.351(2) A in 7. 

Synthesis of Metallacyctas. The addition o! the potassium enolate of acetone to 

phenyl chloride (1) at room temperature lad to formation of the oxametalfacylooutane complex73 

<PMe3)4Ru(OC(Me)(Ph)CH2) (11a), as determined By 1 H, ^ ^ H ] and 3 1P( 1H) NMR 

spectroscopy at -40 'C (equation 3). The mom temperature 1 H NMR spectrum of this material 

L L 

* - ' * , U - P h KOC(CH2)Me L I . P h C H 2 

l < I > C I R 1 " . < 1 m i " l < i > Q ^ Me 
L L 
1 4a 

L 

L"'"'RI<C°2S (3) 
20°C,2h LT"" | M e 

L 
11a 

displayed broad resonances and the room temperature 3 ' P('H) NMR spectrum contained no 

observable resonances. We presume that rapid, reversible dissociation of phosphine is 

responsible for the spectroscopic changes between room temperature and -40 °C. Removal of 

solvent led to decomposition ol the ruthenium complex, thus preventing isolation of this material 

in pure form. 
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However, an isolable analogue ol 11a was obtained by the addition ot 2 equivalents of 

DMPE (1,2-6/s-dimelhytphosphinoelhane) to a benzene solution o l 11a. and confirms the 

structural assignment of Ihe PMea complex. This simple ligand substitution product 

(DMPE)2Ru(OC(Me)(Ph)CH2) (11b). was isolated after reacting lor 2 h at room temperature 

(equation 4). The chelating phosphine prevented the problem of phosphine dissociation 

I 
I .. O / DMPE 

Me RT.4h 

L 

11a 

H =>Me2 

M e 2 P „J 
M e 2 P ^ " I kx I Me 

3 M e 2 

11b 

experienced when attempting lo isolate metallacycle 1 l a . Therefore, it was possible to obtain 

pure samples of 11b, and this complex was characterized by solution NMR spectroscopy, solid 

slate infrared spectroscopy, and microanalysis. The material was obtained as a white, air sensitive 

solid which was crystalline, but tended to form thin plates, precluding an X-ray diffraction study. 

The compound was stored indefinitely at room temperature in the drybox without decomposition. 

The ' H and , 3 C( 'HJ NMR spectra ot 2 showed eight DMPM methyl groups, and the S'Pj'H) NMR 

spectrum displayed an ABCD pattern. The connectivity of Ihe metallacycle portion of the 

molecule was clear from 'H NMR and 1 3 C( 'H( NMR spectroscopy, with t 3 C ( ' H | NMR assignments 

based on speclra obtained with a D£PT pulse sequence. The methyl group was identified by a 

singlet resonance at 61.22 in the 'HNMR spectrum and one at 541.79 in the , 3 C ( ' H ] NMR 

spectrum. The appropriate resonances lor a static, terminal aryl group were observed in the 'H 

and 1 3 C( 1 H) NMR spectrum, and Ihe singlet resonance lor the ipso carbon indicated that it was no 

longer bound lo the metal center. Instead, the CH2 group was bound to rulhenium, as indicated 
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by the multiple! resonance at 50.62 in the 'H NMR spectrum and the doublet of multiplets (J»44.7 

Hz) atSi.50 in the 1 3C[ 1H} NMR spectrum. 

The metallacycle portion of 11a showed features in the 1 H and 3 1P( 1H} NMR spectrum 

similar to those of l ib. Data for these resonances in 11a are included in Tables 6 and 7, with the 

exception of the expected 15 line metai-bound CH2 resonance, which could not be ciearty 

distinguished from phosphine methyl and impurity resonances in the 1 H NMR spectrum. The 

phosphine methyl resonances could not be unambiguously distinguished from those of 

impurities; coupling of these methyl groups to four dilferent phosphorus atoms reduced the peak 

heights. However, the presence a metal-bound CH2 group was clear from a 1 3C{ 1Hj NMR 

spectrum obtained with a DEPT pulse sequence, and the presence of four phosphine ligands 

was clear from the ABCO pattern in the 3 1 P[1 H j NMR spectrum. A large trans coupling constant of 

363 Hz was obtained from a computer simulation of the spectrum.18 The inequivalence of the two 

trans phosphinas is consistent with the phenyl and methyl group bound to the |3-position, one on 

each side of the metallacycle. 

A likely intermediate in the conversion of 1 to oxametallacycle 11 is the product of simple 

substitution 4a, and we were able to directly observe 4a spectroscopically. Compound 4a was 

generated by addition of the potassium enolate of acetone to the phenyl chloride complex in 

THF-da solvent at room temperature for<1 min. 'H NMR spectroscopic analysis at -40 °C 

displayed oletinic resonances characteristic of an O-bound enolate. as well as a static, terminal aryl 

group. The 3 1 P('H} NMR spectrum displayed an AaBC pattern with chemical shifts similar to those 

of the other etiolate complexes described in the synthesis section. Allowing this solution to warm 

to 20 °C resulted in the conversion of 4a to 11 in a yield similar to those resulting from simple 

room temperature addition of the potassium enolate of acetone to 1 in arene solvents. 

A study was performed So determine the role phosphine dissociation plays during ihls 

rearrangement. A solution ol the phenyl enolate complex 4a was generated by the above 

procedure and was divided into two NMR tubes. The samples were frozen in liquid nitrogen and 

to one of them was added 5 equivalents ol tnmethylphosphine (0.12 M). The rate ol formation ol 
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metallacycle 8 was measured at 20 °C (or the sample containing no added phosphine, by 

monitoring the disappearance of starting material resonances in the 1 H NMR spectrum. A linear 

first order plot tor this reaction was obtained over greater than three half-lives and provided a rate 

constant of 4.55 x 10" 4 sec - 1. Thus, the half-life of this reaction was on the order of 25 min. In 

contrast, the half-life of the sample containing four equivalents of added phosphine was on the 

order of 9 h, though a pi ecise rate constant was not obtained for this sample. The rate of this 

phenyl migration step is, therefore, strongly dependent on the concentration of free PMe3. 

The room temperature addition of two equivalents of the potassium enolate of 4,4-dimethyl-

2-pentanone to (PMe3URu(OAc)(CI) (12 ) 1 3 led to formation of the oxametallacyclobutane 

(PMe3)4Ru(OC(-CHCMe3)CH2) (13) in 34% isolated yield, as shown in Scheme 4. This 

compound was characterized by microanalysis, solution NMR and solid state infrared 

spectroscopy. The ' H NMR spectrum displayed a multiplet CH2 resonance at St .36 and a vinylic 

C-H resonance at S3.75. Similarly the 1 3C{ 1HJ NMR spectrum contained a doublet of triplet of 

doublets CH2 resonance at 8-1.57, and a vinylic C-H resonance at 8102.64. The 3 1 P ( ' H ) NMR 

spectrum consisted of an A2BC pattern with one phosphine resonating upfield and one 

downlield of the mutually trans phosphines, consistent with one Ru-0 and one Ru-C linkage. 

Results from an X-ray diffraction study on this compound are reported in a companion paper which 

covers structure and reactivity of the ruthenacycles.8 

Addition of two equivalents ol the potassium enolate of acetone to (PMe3)4Ru(OAc)(CI) 

(12) led to formation of (PMe3URu(Ti2-(CH2)2CO) (14) and (PMe3)3Ru(Ti4-(CH2)2COi (15) in 

roughly equal quantities and in 45-55% total yield by 1 H NMR spectroscopy (Scheme 4 ) . 7 6 The 

n 4 complex 15 was isolated in 45-50% yield by sublimation, but we were not able to obtain 

synthetically useful quantities of 14 due to rapid phosphine dissociation. These two compounds 

were formed in similar yields by warding a benzene solution of the equilibrium mixture of O- and C-

bound tjnolates 8a and 8b to 65 °C tor 6 h. The methane byproduct was formed in 95% yield as 

determined by Toepler pump techniques. 



295 

Scheme 4 

H 

U,, | .OAc 1 3 

L 
12 \ 1 L ^ 

2 KO' 

L 

8a -CK, 
+ 

URutf" \ 

O 60°,6h 

14 

It 
A\ *L 

15 



296 

Clean samples cf meialtaeycle 14 were generated in solution for NMR spectroscopic 

characterization by the addition of excess PMe3 to a solution containing purified tris phosphine 

complex 15. At 10 *C in toluene solution, compound 14 displayed an A2B2 3 1 P ( 1 H } NMR 

spectrum. T h e 1 H NMR spectrum is simple, and contains only one pseudo-t/ipiet CH2 resonance 

in addition to the two phosphine methyl resonances. The symmetry required for these two 

spectra indicates that the ring is planar or is inverting rapidly on the NMR time scale at this 

temperature. The 1 3 C ( 1 H ) NMR spectrum contained a doublet of quartets for the metal bound 

C H j and a doublet tor the uncoordinated carbonyl group. This structural assignment was 

confirmed by an X-ray diffraction study on a Single crystal obtained by removing the reaction 

solvent at low temperature and cooling a pentane solution to -40 °C. A detailed descn'ption of the 

crystal structure of this metallacyele is provided in the following paper. 

Warming a solution of (PMe3)4Ru(Me)(OC(CH2)CMe3) (5c) to 65 "C for 8 h led to formation 

of the oxametallacyclobutene (PMe3URu(OC(CMe3)CH) (16) in 39% isolated yield, as displayed 

in Equation S. Evidence for metallation was obtained from the doublet of triplet of doublets C-H 

L 
Sc 16 

resonance in the 1 3 C( 1 H) NMR spectrum (confirmed by DEPT pulse sequence) at 690.86. as well 

as the doublet of doublet C-H resonance at 65.00. In addition, a methane resonance was 

observed by ' H NMR spectroscopy when the thermolysis was performed in a sealed NMR tube. 

These splitting patterns, resulting from coupling to the phosphine ligands. indicate that the CH 

group is bound to ihe netal center. The 3 , P( 1 H1 NMR spectrum displayed an AjBC pattern with 
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one phosphine resonating uplieW and one downfield ol the mutually trans phosphine, Indicating 

that one phosphine is located trans to a Ru-0 linkage, and one trans to a Ru-C linkage. 

Reductive- Elimination Reactions. Thermolysis of the hydrido enolate complex 6a 

led to no reaction up to 85 'C. At 110 *C, decomposition o' 6a occurred to form dihydride 

(PMe3)4Ru(H)2 in low yield, and no (conation of acetone was observed. However, addition of 2 

atm of CO followed by heating to 85 °C for 8 h led to formation of acetone in 79% yield by ' H NMR 

spectroscopy and (PMe3)2Ru(CO)3 in 62% yield, as shown in equation 6. 

L-..„ I .*••" CH2 CO, 2 atm °C. I O 
* R u * ii 2 ^ *'Ru-CO • II (?) 

L ^ l X ^ l v l e 85"C,8h OC*^| M e * Me 
L L 

6a 

p-Hydrogen Elimination Reactions. Addition of the potassium enolate of 

acetaldehyde to the phenyl chloride complex 1 (Scheme 5) led to formation of two isomeric 

complexes 17 and 18, each containing three phosphines. Warming these two compounds to 45 

*C for 4 h led to complete conversion to the major isomer, containing the CO >ocated trans to the 

ruthenium-bound methyl, (PMe3)3(CO)Ru(Me)(Ph) (17) in 95% overall yield by 1 H NMR 

spectroscopy and 23% isolated yield. This compound was characterized by microanalysis, 1 H , 

1 3 C( 1 H) . and 3 1 P ( 1 H ) NMR and infrared spectroscopy. Samples of compound 17 were prepared 

independently by the addition of one equivalent ol CO to a C6D6 solution ol (PMe3),tRu(Me)(Ph) 

at 65 °C, and the 1 H and 3 1 P( 1 H) NMR spectra were identical to those of the isolated material. 

The CO ligand ot 17 was identified by a quartet resonance in the 1 3 C( 'H ) NMR spectrum at 

8200.56 and an infrared band at 1898 cm" 1. A quartet methyl resonance i n the 1 HNMR spectrum 
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at 60.33 and a quartet methyl resonance in the 1 3 C( 1 H} NMR spectrum (confirmed by DEPT pulse 

sequence) at 5-6.55 indicated the presence of a ruthenium bound methyl group. Resonances for 

a terminal aryl group were also observed, although all five C-H resonances were inequivalem, 

indicating that rotation of the phenyl group was slow on the 1 H and 1 3 C ( 1 H ] NMR time scales. The 

geometry of the molecule was evident from the ipso carbon resonance (a doublet of triplets 

pattern, with a large Jpo of 73 Hz) and the A2B 3 1 P( 1 H) NMR spectrum. The large coupling in the 

ipso carbon resonance indicates that it is located trans to a phosphine, and the 3 1 P( 1 H) NMR 

spectrum indicates the presence of two equivalent phosphines. Thus, the phosphines must be 

located trans to each other and the CO ligand must be bound trans to the methyl group, 

consistent with the pseudoquartet splitting pattern for the resonances corresponding to this 

substituent. 

Warming (65 °C, th) a solution of (PMe3URu(Me)(OC(CH2)H) (5b), generated from methyl 

chloride 2 and the potassium enolate of acetaldehyde, led to an 80:14 ratio of methyl hydride 

(PMe3)4Ru(Me)(H) (17) and the CO substituted dimethyl complex (PMe 3)3(CO)Ru(Me) 2 (20), as 

shown in Scheme 6. The tcial yield of Ihese two compounds was 94% by 1 H NMR spectroscopy. 

The methyl hydride complex 19 has been previously prepared,9 and was also generated in our 

laboratory from the addition ol C3H7MgBr to the methyl chloride complex. The CO substituted 

dimethyl complex 20 was identified by ' H and 3 1 P( 1 H) NMR spectroscopy as well as independent 

synthesis. Two metal bound methyl groups were observed at 5-0.62 dnd 5-0.33 in the 1 H NMR 

spectrum. An A28 pattern in the 3 1 P('H) NMR spectrum with chemical shifts similar to those of the 

CO substituted phenyl methyl compound 18 indicated the presence of two mutually trans 

phosphines and one phosphine located trans to a methyl group. This compound was also 

generated by the addition ol one equivalent of CO to the dimethyl complex (PMe3>4Ru(Me)2. 

followed by heating to 45 "C lor 2 d. 

The stoichiometry of this reaction raised the possibility that ketene CHjCO might have been 

formed as a byproduct of p-hydrogen elimination in 5b. To test this hypothesis we generated a 

C6D5 solution of the methyl enolate complex 5b. in the presence of 20 equivalents (0.66M) ferf-
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butanol as a ketene t rap . 1 9 This hindered alcohol did not react with the starting ruthenium enolate 

at room temperature and did not significantly affect the total yield or ratio of the two thermolysis 

products. However, the formation of rert-butylaeetate was observed in similar yields (10-15%) for 

repeated experiments. Increasing the concentration of starting material to 0.1 M and fert-butanol 

to 2.1 M (20 equiv) with the hope of achieving a higher trapping rate, led to low yields of the 

organometailic product, perhaps due to reaction of the fert-butanol with the starting ruthenium 

enolate. The reaction was also run in the presence of cyclopentadiene as a ketene trap, but this 

reagent led to decomposition of methyl enolate 5b and formation of Cp-rathenium compounds. 

D i s c u s s i o n . 

Bonding mode. The usual binding mode for late transition metal enolate complexes is 

the n.1, C-bound form A shown in Figure 4 . 5 Recently, an extensive report of the synthesis and 

catalytic reactivity of rhodium O-bound enolates (B in Figure 4) was reported from our laboratory.3 

Two oiher late transition metal O-bound enolates have been reported, although the only 

spectroscopic data provided for these materials was a 1 H NMR spectrum in one case and an 

infrared spectrum in the o the r . 4 i ' k Examples ol isolated n 3-bound enolates are rare. 6 but they 

have often been invoked as intermediates. 2 0 

Our results indicate that the free energy difference between the O- and C-bound forms is 

small for this ruthenium system. The observation ot an equilibrium mixture of O- and C-bound 

enolates and the thermodynamic parameters obtained by variable temperature NMR 

spectroscopic studies provided values for AH and AS which were close to zero. The taster rate of 

phosphine dissociation, as compared to the rate of interconversion, shows that exchange by way 

of an n,3-oxallyl intermediate is possible, as shown in Scheme 2. II this Is the case, the low barrier 

to interconversion suggests that even the T|3-form is kinetically accessible from both of the n 1 -

forms, and therefore is within 25 or 30 kcal of the ground state structures. 

The n,2-binding mode of the enolate ol 3.3.5,5-tetramethylcyclohexanone, which 

incorporates an agostic metal/vinyl hydrogen interaction, reveals a novel form ot transition metal-

enolate binding. Once again, a mixture of two lorms (V and n 2 ; 1:1.4) were observed in the 
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Figure 4. Dociimented bonding modes for transition metal enolates. 
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crude reaction mixture. The T|2-enolate results from (presumably reversible) dissociation of 

phosphine from the V-complex, and indicates that the difference in free energy between the two 

forms is small. We attribute the unusual ri2-binding mode to the steric bulk of the enolate 

substituent. We believe that steric interaction with the phosphines causes ligand dissociation, 

but also prevents n3-coordination, which would bring the methyl groups on the ring prohibitively 

close to the phosphine methyi groups. 

Phenyl Migration. Three possible mechanisms for the formation of 

oxametallacylobutane 11a from phenyl enolate 4a are shown in Scheme 7. Path a involves 

migration of the phenyl group directly to the central carbon of the O-bound enolate 4a. Similarly, 

path c involves migration within an LiRu complex, but to the central carbon of the C-bound 

enolate 4b. Since the methyl (acetone) enolate complexes Sa and 8b rapidly interconvert on 

the laboratory timescaie the C-bound phenyl (acetone) enolate 4b may also be present although 

its concentration may be too small to detect. Path b proposes that 11a is formed from 22 in an 

irreversible step in which the phenyl group migrates to the central carbon of the unbound 

enolate. 

The rate expressions for pathways a and c are both first order in ruthenium complex and do 

not involve the concentration of free phosphine. Pathway a involves migration of the phenyl 

group directly to the O-bound isomer 4a, and would display simple first orde r kinetic behavior. 

Reaction by pathway c requires either no phosphine dissociation (if 4a and 4b interconvert 

directly) or both phosphine dissociation and recoordination before the rate determining step, 

either of which results in a rate expression which does not involve ligand concentration. The rate 

of reaction by pathway c would be dependent on phosphine concentration if the formation of 

21b Irom 22 is irreversible. However, irreversible conversion of 21a to 21b seems unlikely 

since phosphine dissociation with methyl(acetone)enolate compounds 8a and SB occurs faster 

than interconversion, and equilibration of these two 0- and C-bound isomers is complete after 15 

min, much laster than the 2 h necessary for conversion of enolate 4a to metallacycle 11. We 

therelore surmise that pathway b 
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involves both dissociation and reassociation of phosphine before the rate determining step, and 

as a result phosphine terms in the rate expression cancel each other out. However, pathway b 

involves only dissoaciation of phosphine before the rate determining step, and the rate 

expression for this pathway includes an inverse dependence of rate on phosphine concentration. 

Our observation of a marked inverse dependence of rate on phosphine concentration is 

inconsistent with pathways a and c, in which the rate determining step involves complexes 

containing four phosphines. Instead, our results are consistent with a rate determining step which 

involves a species resulting from phosphine dissociation. It is possible that phenyl migration 

occurs in coordinatively unsaturated intermediates 21a or 21b containing t| 1-bound enolates, 

but we favor migration to the Tj3-enolate of intermediate 22 for two reasons. First, it seems 

unlikely that migration to an TI1-enolate would require predissociation of phosphine. Second, the 

overall transformation of 4a to 11a can be viewsd as an insertion of a tethered olefin into the 

ruthenium-phenyl bond, and many previous studies have demonstrated that olefin insertions into 

late rnetal-alkyi bonds typically proceed by coordination of the olefin followed by migration of the 

alkyl group. 2 1 Coordination of the olefin of the enolate in intermediate 21 a before insertion 

lorms oxaallyl 22. 

Metallatlon Reactions. When the group located cis to the enolate is a methyl group 

rather than a phenyl ring, a variety of cyclometallation reactions occur tc produce oxametailacycles 

and methane. Metallation of aryl groups is a common process, 2 2 and metallation of alkyl groups by 

Y-elimmalion has been observed with this system and several related ones. 2 3 Studies with this 9 

and other late metal systems 2 1 b are consistent with cyclometallation reactions which proceed by 

way of phosphine dissociation, followed by intramolecular C-H oxidative addition. 

Therefore, the type of metallacycle formed by cyclometallation of these ruthenium enolates 

rellects the selectivity observed in other C-H oxidative addition processes. Formation of 

metallacycle 14 Irom Ihe equilibrium mixture of 8a and 8b (Scheme 4) shows that either the allylic 

C-H Bond of the O-bound enolate Ba or the C-H bond o to the carbonyl in the C-bound form 8b is 

lavored over addition of the vinylic C-H bond of 8a. Similarly, the formation of 7 (Scheme 1) from 
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the methyl enolate intermediate (PMe3kRu(Me)(OC(CH2)Ph) (5d) demonstrates that addition of 

the aryl C-H bond to form a 5-membered ring is favored over addition of the vinylic C-H bond to 

form a 4-membered ring. In contrast to these results, the vinylic C-H bond in complex 5c reacts 

preferentially over the sp 3 C-H bond of the ferf-butyl group (Equation 4). This selectivity forms a 

4-membered ring over the 5-membered ring which would result from addition of the sp 3 C-H 

bond, and it parallels previous results 2* which have demonstrated the greater reactivity of vinylic 

C-H bonds over alkyl C-H bonds in oxidative addition reactions. 

Reductive Elimination Reactions. C-H reductive eliminations are common in alkyl 

hydride complexes, 2 S including an octahedral d 6 rhodium complex containing a C-bound 

enolate and a hydride l igand. 2 6 Moreover, we have previously shown that reductive elimination of 

toluene from the benzyl hydride complex (PMe3).»Ru(H)(CH2Ph) occurs cleanly at 85°C. 1 4 

Therefore, it is interesting to note that C-H reductive elimination from Sa preceded by conversion 

of the O-bound enolate to its C-bound form does not occur at temperatures lower than those 

which lead to other decomposition pathways. 

Direct observation of H-X reductive eliminations (X» N, 0) are rare, 2 7 but when observed 

they have occurred upon addition of an external ligand. CO-induced H-X reductive elimination 

reactions, similar to that observed with the O-bound enolate 6a, have been observed to occur 

from l_4Ru(hydrido)aryloxide and -arylamide complexes. 2 8 However, in none of these cases 

does irreversible elimination occur directly from the tetrakisphosphine complex. Reductive 

elimination reactions are often tavored when electron density at the metal center is reduced, and 

so perhaps this is why elimination of acetone from 6a occurs only alter initial substitution of the 

poor detonating and strong it-accepting CO for a phospnine ligand. 

P-Hydrogen Elimination. Our results with the aldehyde enolates provide evidence that 

(3-hydrogen elimination processes occur with these enolate compounds, in contrast to the 

aldehyde enolates of titanium.*1 Warming a solution of the methyl enolate 5b yielded 

predominantly melhyl hydride 19 (Scheme 6). Simple p-hydrogen elimination would form the 

intermediate 23 with a coordinated ketene, and dissociation of ketene followed '.", .-: coordination 
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of phosphine would form the final product 19, as shown in Scheme 8. Although we have not 

obtained extensive evidence for the formation of free ketene during these reactions, our 

observation of the trapping product tert-butylacetate in 10-15% yieW when running the 

thermolysis of 5b in the presence of fert-butanol provide some evidence that either free or 

coordinated ketene is formed during the course of the reaction. 

. The CO-substituted dimethyl complex 20 was formed in lower yields by this thermolysis 

than was methyl hydride complex 20. However, the analogous CO-substututed methyl phenyl 

complex 17 was formed in nearly quantitative yield from the addition of the potassium enolate of 

acetaldehyde to phenyl chloride 1. A similar cleavage of the enolate of acetaldehyde was 

observed with cobalt to form a CO and methylene bridged dimer. 2 9 A probable mechanism for 

formation of 17 is shown in Scheme 9, and we attribute the formation of 20 to an analogous 

pathway. Although the phenyl enolate complex 4c was not observed, the generality of the 

enolate substitution reactions provides convincing evidence that this compound is the initial 

intermediate. As proposed for methyl enolate 5b. we suggest that p-hydrogen elimination forms 

phenyl hydride 24, containing a coordinated ketene. Insertion of the ketene C-C bond into the 

metal hydride bond forms acyl complex 22, and deinsertion of the acyl carbonyl forms 

compounds 17 and 18. 

B-hydrogen elimination reactions from alkyl and alkoxide complexes are common reaction 

pathways.-0 but elimination of an sp2-hybridized P-hydrogen is rare. Relevant examples include 

the deinsertion of CO2 from formate complexes.**1 Mechanistic studies of this B-elimination from 

alkyl groups has demonstrated the importance of an open coordination site on the meta l . 2 7 In 

addition, the mechanistic information available on the formation of hydrides from formate 

complexes has pointed to a mechanism which involves coordination of the deinserted CO2 to an 

open coordination s i te . 2 8 Therefore, we propose mechanisms lor the enolate B-hydrogen 

elimination reactions which involve a coordinated ketene that results from initial phosphine 

dissociation. 
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Table 6. 'HNMR spectroscopic data.1 

Compound S(ppm) mult a J(Hz) int assianment0 

as-(PMe 3)Ru(Ph)(CI) c. d 1.13 d 7.0 9 as-PMe 3 

(e/s-1) 1.14 t 3.0 18 trans-PMes 
1.25 d 5.6 9 os-PMe 3 

7.04 m Aromaticj 
7.58 m Aromatic! 

(rans-(PMe3)4Ru(Ph)(CI) «.<! 1.33 brs 36 PMe 3 

(f/ans-1) 7.04 m Aromatic! 
7.58 m Aromatic! 

(PMe3)4Ru(Me)(OC(CMe2)H)'i 0.20 m 3 Ru-Me 
(5a) 0.87 d 7.2 9 os-PMe 3 

1.14 I 2.8 18 rrans-PMe3 

1.17 d 5.6 9 ci"s-PMe3 

2.12 s 3 OCtCMfiaMeriH 
2.15 s 3 OCiOMeaMsblH 
6.73 brs 1 OC(CMe2)H 

(PMe3)4Ru(Me)(OC(CH2)H)d 0.16 m 3 Ru-Me 
(5b) 0.84 d 7.3 9 cis-PMe 3 

1.12 d 5.7 9 eis-PMe3 

1.15 t 2.7 18 trans-PMez 
3.90 m 1 OC(CHaHb)H 
4.25 dd 13.2, 2.0 1 OClCHaUblH 
7.25 dd 14.6. 4.8 1 OC'CH^H 

(PMe 3) 4Ru- -0.15 m 3 Ru-Me 
(Me)(OC(CH2)CMe3)9 0.98 s 9 OCfCI-teJCMej 

(5c) 1.23 d 7.3 9 e/s-PMe3 

1.39 t 2.7 18 (rans-PMe3 

1.45 d 5.6 9 CIS-PMB3 
3.41 d 1.2 1 OC(CHaH b)CMe 3 

3.58 brs 1 OC(CHaHb)CMe3 

(PMe3)4Ru(H)(OC(CH2)Me)d -7.74 dq 104. 17.4 1 Ru-H 
(6a) 1.01 d 7.3 9 c/s-PMe3 

1.13 d 5.5 9 c/s-PMe3 

1.37 t 2.9 18 trans-PUe 3 

2.07 s 3 OC(CH2)M£ 
3.91 d 2.9 1 OClCfcUHtJMe 
4.16 d 2.9 1 OCfCHafcfcJMe 

(PMe 3)4Ru(OC(CH 2)C 6H 4)g 1.02 1 6 18 trans-PMei 
(7) 1.42 d 6.9 9 o i - P M e 3 

1.45 d 6.0 9 os-PMe 3 

3.39 d 1.2 1 OC(CHaHb)C6H4 
3.95 brs 1 OC(CHaHb)C6H4 
6.61 iq 7.3, 1.0 1 OC(CH 2)C6ii) 
6.63 1 7.1 1 OC(CH2)C6tl4 
7.11 dt 7.6. 1 6 1 OC(CH 2)C6Ei 
7.46 m 1 OC(CH2)C6rJ4 
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(PMe3)4Ru(Me)(OC(CH2)Me)d 0.40 rn 3 Ru-Me 
(8a) 0.86 d 7.4 9 c/s-PMe3 

1.18 d 5.3 9 cis-PMes 
1.27 t 2.8 16 trans-PMes 
2.06 s 3 OC(CH2)&t£ 
3.50 d 2.2 1 OC(Cb!aHB)Me 
3.96 d 2.2 1 OCCCHatbJMc 

(PMe3)4RLi!MeKCH2C(0)Me!d •0.26 rn 3 Ru-Me 
(8b) 0.95 d 5.1 9 C/S-PM63 

0.96 d 5.1 9 CIS-PM83 
1.25 1 2.6 18 trsns-PUe2 
2.00 

not obs. 
s 3 CH 2C(0)M£ 

CHaC{0)Me 

(PMe3)4Ru- •0.33 dtd 8.4, 7.0, 4 3 Ru-Me 
(Me)(OC(CH2)CH2CMe3) •0.15 d id 7.9, 4.0, 3 3 Ru-Me 

and 0.88 d 7.3 C/S-PM63k 

(PMesMRu- 0.97 d 5.0 c/s-PMe3k 

(Me)(CH2C(0)CH2CMe3)*n 0.98 d 5.8 c/s-PMe3k 

(9a and 9b) 1.29 m Wrt-Bu, trans and cis -Pfcte3k 

1.96 m 2 CH2C(0)CH2CMe3 
2.06 s 2 CH2C<0!£UaCMe3 
2.15 s 2 OC(CH2)£H2CMe3 
3.05 dd 2.1, 1.1 1 CH 2C(0)Ct! aHbCMe3 
3.78 d 2.4 1 CH2C(0)CHaHbCMe3 

(PMe3)3Ru(Ph)- •1.25 s 1 (0(CCtlCMe2CH2CMe2CH2)) 
(0(CCHCMe2CH2CMe2CH2))' 0.99 d 7.2 9 C/S-PM63 

(10) 1.12 t 3.0 18 (rans-PMe3 
1.28 s 2 (0(CCHCMe2Cfcl2CMe2CH2)) 
1.46 s 6 (0(CCHCMe2CH2CM22CH2)) 
1.48 s 6 (0(CCHCM£2CH2CMe2CH2)) 
1.79 s 2 (0(CCHCMe2CH2CMe2CH2» 
6.56 m 3 Aromatic 
6.76 d 6.6 1 Aromatic 
7.65 d 7.6 1 Aromatic 

(PMe3)4Ru- 1.60 s 3 (OC(Mfi)(Pn)CH2) 
(OC(Mei(Ph!CH2) (Ha ) 3 - 1 7.06 m 2 (OC{Me)(Pt0CH2) 

7.15 dd 6.9, 7.2 1 (OC(Me)(Ph)CH2) 
7.30 d 7.2 1 (OC(Me)(Pt!)CH2) 
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Table 6. (cont'd) 

(DMPE)2Ru(OC(Me)(Ph)CH2) 0.29 d 5.8 3 Me-^PCI-bCHjPMe? 
(11b) 1 1.19 d 6.4 3 

1.26 d 7.9 3 
1.47 d 5.2 3 
1.50 d 7.1 3 
1.59 dd 6.9. 2.1 3 
1.70 d 6.8 3 
1.79 dd 6.7, 2.0 3 
1.22 s 3 (0C(MS)(Ph)CH2) 
0.62 m 2 (0C(Me)(Ph)£ti2) 

1.5-2.2 m 8 MeoPCH 2CH 2PMe? 
7.06 t 7.2 1 (0C(Me)(HDCH2) 
7.29 m 2 
7.42 d 7.2 1 
8.15 d 7.2 1 

(PMe3)4Ru- 0.83 d 7.1 9 c/s-PMe3 
(CH 2C(=CHCMe3)0) d 1.05 d 5.4 9 cis-PMe^ 

(13) 1.33 t 2.8 18 (rans-PMes 
1.36 m 2 (CH2C(=CHCMe3)0) 
1.61 s 9 (CH2C(=CHCMS3)0) 
3.75 s 1 (CH2C(=CHCMe3)0) 

(PMe 3) 4Ru((CH 2)2CO) i 1.05 d 5.4 18 " c/s-PMes 
(14) 1.13 t 2.4 18 trans-PMei 

1.54 t 7.9 4 (CU2)2CO 

(PMe3)4Ru(OCCMe3CH)d 0.97 d 7.3 9 cis-PMes 
(16) 1.12 d 5.5 9 c/s-DMes 

1.38 t 2.7 18 (rans-PMe3 
1.40 s 9 (OCCM23CH) 
5.00 dd 11.2. 4.1 1 (OCCMe3CH) 

(PMe3)3(CO)Ru(Ph)(Me)d 0.33 q 42.4 3 Ru-Me 
(17) 0.89 1 2.7 18 irans-PMes 

1.02 d 6.2 9 c/s-PMe3 
7.13 m 2 Aromatic 
7.23 m 1 Aromatic 
7.68 d 6.3 1 Aromatic 
8.21 br, s 1 Aromatic 

(PMe3)3(CO)Ru(Me)2d •0.62 dt 9.0. 8.4 3 Ru-Me 
(20) •0.38 td 7.7, 3.8 3 Ru-Me 

1.04 d 6.2 9 cis-PMes 
1.12 t 2.8 18 Mns-PMe3 



M 2 a 

a The assignments d and t, when applied to thd PMe3 resonances are observed patterns, not true 
multipicity patterns. Accordingly, the values reported as coupling constants tor these resonances 
are the separations between lines and do not necessarily reflect the true coupling constants. 
"The assignment Vans-PMe2 refers to mutually trans PMe3 ligands. The other phosphines are 
assigned as os-PMe3. ccis-and /rans-(PMea)4Flu(Ph(CI) was obtained as a 1:1.1 ratio of the cis 
and trans isomers. Overlap of the phenyl resonances of these two isomers prevented integration 
relative to the PMe3 resonances. °Cst>6.20 °C. 'This complex was generated in solution and 
used in situ. We were able to assign the methyl and phenyl groups of the metallacycle. The 
phosphine and methylene resonances could not be unambiguously distinguished from impurity 
resonances. 'THF-da. -40 °C. STHF-de, 20 °C. "Some of the resonances for the O- and C-bound 
isomers could not be distinguished because of the nearly 1:1 ratio of isomers. Assignments are 
indicated when unambiguous, 'toluene-da, 10 °C. 'Accurate integrals for the aromatic 
resonances were prevented by overlap of the signals for trans-1 and cis-t. kAccurate integrals 
were prevented by overlap of the PMes and fert-butyl groups for 9a and 9b. 'The 
stereochemistry at the metal eerier is cis unless stated otherwise. 
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Table 7. 1 3 Cj 'm NMH spectroscopic dam 
Compound 8(ppm) mul l 3 J(H4 assianment b 

(PMe3)4Ru(Me)(OC(CMe2)H)c -2.75 dq 59.2, 11.5 Ru-Me 
(5a) 18.27 td 22.0, 2.9 trans-PMes 

21.82 d 15.3 cis-PMe3 
• 23.90 dd 23.7, 1.9 c/s-PMe3 
16.47 s (OC(CMfiaMeb)H) 
21.69 s (OC(CMeaMfib)H) 
93.79 d 3.6 (OC(CMe2)H) 
149.94 d 4.3 (0£(CMe 2)H) 

(PM63)4Ru(Ma)(OC(CH2)H)<: 1.12 dq 58.7. 11.5 Ru-Me 
(5b) 18.39- td 12.1, 2.6 frans-PMe3 

21.62 dd 16.4, 2.0 c/s-PMe3 
23.77 d 25.1 c/s-PMe3 
78.39 d 3.5 (OC(£H2)H) 

162.13 d 4.9 (0£{CH 2)H) 

(PMe3)4Ru(H)(OC(CH2)Me)c 20.53 dt 17.5, 2.4 C/S-PMB3 
(6a) 27.27 dm 26.9 ci's-PMe3 

22.86 td 12.7. 4.0 fr-ans-PMe3 
25.79 d 4.4 (OC(CH2)Ms) 
77.30 s (OC(£H2)Me) 

168.99 d 4.7 (0£(CH 2)Me) 

(PMe3)4Ru(OC!CH2)C8H4) ( 19.40 td 12.6, 2.6 /rara-PMes 
(7) 22.28 dt 17.0. 1.7 cis-PMez 

25.23 dm 23.6 c/s-PMe3 
72.90 s (OC(CH2)C6H4) 

120.68 d 1.3 [(OC!CH2)C6H4) and 
122.61 
125.23 
141.27 

d 
m 
m 

1.4 Aromatic] 

152.86 d 3.1 
176.90 dm 7.7 
177.71 dq 65.0, 8.2 

(PMe3)4Ru(Me)(OC(CH£JMe)c -4.26 dq 60.9. 11.5 Ru-Me 
(8a) 19.05 t 8.0 trans-PMe^ 

22.74 d 15.8 eis-PMes 
13.50 d 26.1 c/s-PMe3 
27.63 d 3.7 (OC(CH2)M£) 
75.68 s (OC(£H2)Me) 
169.23 s (0£(CH 2)Me) 

(PMe3)4Ru(Me)(CH2C(0)Me)c -9.73 dq 56, 12 Ru-Me 
(8b) 20.88 t 11.9 trans-PMe3 

23.40 d 18.0 cis-PMe3 
24.17 d 15.4 ds-PMe^ 
22.83 m (£H 2C(0)Me) 
33.15 

nol OOS. 
S (CH 2C(0)M°) 

(CH^IOjMe) 
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(PMesURu- 19.33 td 12.3, 1.6 trans-PUes 
(Me)(OC(CH2)CH2CMe3) 20.91 It 12.1, 2.4 trans-PMe3 

and 23.33 d 20.7 CIS-PM83 
(PMe3)4Ru- 23.56 d 27.5 c/s-PMe3 

(Me)(CH 2C{0)CH 2CMe3) c ' 9 24.53 d 16 C/S-PMe3 
(9a and 9b! 24,57 d 16 cis-PMe3 

25.23 dm 42.2 (£H 2C(0)CH2CMe 3) 
31.16 s CH 2CM£a 
31.29 s CH2£Me2 
31.53 s C H ^ M e a 
31.58 s CH2CMSa 
54,27 s £H 2 CMe3 
58.27 s CH 2CMe3 
79.45 s (OC(£H2)CH2CMe3) 
172.07 s (OQ(CH 2)CH 2CMe 3) 
218.10 d 6.0 (CH2£(0)CH 2CMe 3) 

{PMesURu- 15.64 1 12.5 trans-PMez 
(0(CCHCMe2CH2CMe2CH2))8 22.50 d 23.0 «"S-PMe3 

(10) 31.27 s (O fCCHCM&CH^M^CH^) 
32.30 s (0(CCH£Me2CH2£Me2CH2)) 
33.13 s (0(CCH£Me 2CH2£Me 2CH 2)) 
35.13 s (CKCCHCM&CHaCM^Ct-y! 
47.67 s <0(CCHCMe2£H2CMe2£H2)) 
51.72 s (0(CCHCMe 2£H 2CMe 2GH 2)) 
7S.97 s CO(C£HCMe2CH2CMe2CH2)) 
119.29 
124.65 
125.97 
133.94 

s 
s 
s 
s 

Aromatic 

142.22 
162,51 

d 
m 

13,0 

164.98 s (0(£CHCMe 2CH 2CMe 2CH 2)) 

(PMe3S4Ru- 0.99 dm 49 !OC(Me!CPh)£H2) 
(OC(MB)(Ph)CH2)<J. • 40.88 5 (OC(M£)(Ph)CH2) 

(11a) 93.12 s (0£lMe)(Ph)CH 2) 
123.88 
125.46 
126.55 

s 
s 
s 

Aromatic 

126.86 
129.07 
164.41 

d 
s 
s 

19.2 
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Table 7. (conrd) 

(DMPE)2Ru(OC(Me)(Ph)CH2) 1.50 dm 44.7 (OC(Me)(Ph)£H2) 
(11b) c 12.32 dd 20.4, 3.9 M22PCH2CH2PM£2 

13.28 pen! 5.9 
14.02 d 17.6 
15.99 d 8.1 
17.38 
19.97 

d 
s 

15.5 

20.16 dd 20.9. 4.7 
23.13 d 16.6 
29.62 t 21.6 Me2P£fc!2£h!2PMe2 
30.72 dd 28.9. 13.7 
34.44 dd 26.4, 23.7 
35.22 dd 31.6, 19.3 
41.79 5 (OC(Mfi)(Ph)CH2) 
92.62 5 (O£(Me)(£0)CH2) 
123.98 
126.30 
126.84 
126.99 
127.10 
164.21 

S 
S 
s 
s 
s 
s 

(OC(Me)(Hi)CH2) 

(PMe 3URu- -1.57 did 51,37,5.1 (OC(=CHCMe3)£H2) 
(OC(=CHCMe3)CH2)c 18.54 id 12.0, 3.1 trans-PMej 

(13) 22.65 d 16.3 cis-PMes 
24.85 dd 24.9, 2.2 cis-PMes 
31.56 s (OC(=CH£Me3)CH2) 
32.88 s (OC(*CHCM£3)CH2) 
102.64 1 2.8 (OC(=£HCMe3)CH2) 
179.88 s (0£(=CHCMe 3)CH 2) 

(PMe3)4Ru((CH2)2CO)h 19.06 Id 12.4. 1.5 trans-PMe^ 
(14) 26.23 m c/'s-PMes 

29.13 dq 38 ,6 «£H2)2CO) 
184.00 d 3.0 ((CH2)2QO) 

(PMe3)4Ru(OC(CMe3)CH)c 19.27 id 13.1, 2.7 trans-PMez 
(16) 22.93 d 15.7 c/s-PMe3 

25.46 dd 25.1, 3.1 c/s-PMes 
29.29 s (OC(CM£3)CH) 
38.88 s (OC(£Me3)CH) 
90.86 dtd 64, 16. 6.0 (OC(CMe3)£H) 
174.37 1 5.6 (0£(CMe 3)CH) 
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Table 7. (cont'd) 

(PMe3)3(CO)Ru(Me)(Ph)= -6.55 q 11.5 Ru-Me 
(17) 18.27 t 14.0 (rans-PMea 

20.71 d 19.7 cfe-PMe3 
121.71 s Aromatic 
126.37 
126.48 

d 
s 

4.8 

138.59 
146.83 

d 
s 

2.1 

166.78 dt 72.7, 17.3 
200.56 q 10.2 Ru-CO 

a The assignments d and t, when applied to thd PMe3 resonances are observed patterns, not true 
multipicrty patterns. Accordingly, the values reported as coupling constants lor these resonances 
are the separations between lines and do not necessarily reflect the true coupling constants. 
b The assignment irans-PMes relers to mutually trans PMe3 ligands. The other phosphines are 
assigned as c;s-PMe3. "K^Ds, 20 °C. 'JThis complex was generated in solution and used in situ. 
We were able to assign the resonances of the metallacycte. The phosphine resonances could 
not be unambiguously distinguished from impurity resonances. "THF-dg, -40 "C. 'THF-da, 20 °C. 
9Some ol the resonances lor the O- and C-bound isomers could not be distinguished because ol 
the nearly 1:1 ratio ol isomers. Assignments are indicated when unambiguous. hloluene-dg. 10 
"C. 



Table 8. 3 1 P1 1 H) NMR spectroscopic dala. 
Compound spin svslem S(ppm) J(Hz) 

os-(PMe3)4Ru(PhKCI) (cfe-1)a A 2 BC 8A.-8.08 JAB=-33 
8B.12.02 JAC-22 
8C-1S.60 JBC-25 

(/-ans-(PMe3)4Ru(Pli)(CI)(ira/7s-1)a A 4 -7.94 

(PMe3)4Ru(Me)(OC(CMe2)H) (5a) a A 2 BC SA—0.46 J A B - 3 2 . 4 
SB.14.55 J A c=26.2 
8C.-11.41 J B C - 1 6 . 1 

(PMe3)4Ru(Me)(OC(CH2)H) (Sb) a A2BC SA.0.26 J A B - 3 3 . 2 
5B-15.41 J A C - 2 6 . 1 
5C.-12.01 J B C . 1 6 . 6 

(PMe3)4Ru(Me)(OC(CH2)CMe3)(5c) ( i A 2 BC 8 A - 0 . 8 3 J A B = 3 0 . 6 
8B.9.37 J Ac«2S.O 
8C-8 .91 J B c=16.5 

(PMe3)4Ru(H)(OC(CH2)Me) (6a) a A 2BC 8A.2.12 J A 8 . 3 3 . 0 
8B.14.18 J A c=26.7 
SC-12.63 J B C - 1 6 . 4 

(PMe3)4Ru!OC(CH2)(C6H4) C7!d A 2 BC 8A.0.69 J A 8=25.3 
8B—13.71 J A C . 3 2 . 2 
SC6 .86 J B C . 1 4 . 3 

(PMe3)<Ru(Me)(OC(CH2)Me) (8a) a A 2 BC SA-Q.49 J A 8 = 3 4 , 7 
SB.16.89 J A c=24.1 
SC—13.20 J B C . 1 6 . 8 

(PMe3)4Ru(Me)(CH2C(0)Me) (6b) a A 2 8C SA—4.88 J A B . 3 0 1 
8B.-Q.73 J A C = 2 7 . 5 

SC.-1S.93 J B c=14.7 

(PMe3)4Ru(Me)(OC(CH2)CH2CMe3) (9a) a A 2BC SA.0.70 ' J A B-36 .2 
8B.16.94 J A C » 2 1 . 4 
SC-14.26 J B c=19.0 

(PMe3)4Ru(Me)(CH2C(0)CH2CMe3) (9b) a A 2BC SA—4.7S J A S = 2 9 9 
8B.-0.42 J A C = 2 7 7 

8C.-17.0S J B C = 1 4 . 5 

(PMe3!3Ru(0(CCHCMa2CH2CMe2CH2) A 2 B SA=0 82 J A a=32.6 
(10) B 58 = 13.54 

http://8B.12.02
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Table 8. (cont'd) 

(PMe3)4Ru(OC(Me)(Ph)CH2) (11)"' e ABCD 5A»11.36 
SB.0.46 
SC-2.02 

SD—12.12 III
!! 

(PMe3)4Ru(0<C-CHCMe3)CH2) (13) a A 2 BC SA.1.09 
SB-11.97 
SC—12.27 1 

(PMe3)4Ru((CH2)CO) (14)» A 2 B 2 SA-2.17 
SB-9.17 

J A S - 3 3 . 6 

(PMe3)4Ru(OCCMe3CH) (16) a A 2 BC 8A-3 .43 
SB-15.58 
SC—13.28 

J A B - 3 5 . 0 

J A C - 2 6 . 2 
J B O - 1 4 . 4 7 

(PMe3)3(CO)Ru(Me)(Ph) (17) a A 2 B 5A-4.07 
5B-13 .00 

J A B - 2 4 . 6 

(PMe3)3(CO)Ru(Me)2 (20)" A 2 B 5A-0.2S 
8B-12.S6 

JA8-24.0 

"C6D6.20 "C- BTHF-da. -40 °C. 'chemical shifts and coupling constants were obtained from • 
simulated spectrum. ^THF-dg. 20 °C. "toluene-ds, 10 °C. 
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E x p e r i m e n t a l . 

General. Unless otherwise noted, all manipulations were carried out under an inert 

atmosphere in a Vacuum Atmospheres SS3-2 drybox with attached M6-40-1H Drrtrain, or by using 

standard Schlenk or vacuum line techniques. 

1 H NMR spectra were obtained on either the 250.300,400 or 500 MHz Fourier Transform 

spectrometers at the University of California, Berkeley (UC8) NMR facility. The 250 and 30O MHz 

instruments were constructed by Mr. Rudi Nuntist and interfaced with either a Nicotet 1180 or 

1280 computer. The 400 and 500 MHz instruments were commercial Bruker AM series 

spectrometers. *H NMR spectra were recorded relative to residual protiated solvent. 1 3 C { 1 H [ 

NMR spectra were obtained at either 75.4,100.6, or 125,7 MHz on the 300,400, or 500 MHz 

instruments, respectively, and chemical shifts were recorded relative to the solvent resonance. 

3 1 p ( ' H) NMR spectra were obtained at either 120.8 or 161.9 MHz on the 300 or 400 instruments. 

1 H and , 3 C { 1 H ) NMR chemical shifts are reported in units of parts per million downfield from 

tetramethylsilane and 3 1 P('H[ NMR chemical shifts are reported in units of parts per million 

downfield from 87% H3PO4. All coupling constants are reported in Hz. 

IR spectra were obtained on a Perkin-Elmer Model 283 infrared spectrometer or on a Perkin-

Elmer Model 1550 or 1750 FT-IR spectrometer using potassium bromide ground pellets. Mass 

spectroscopic (MS) analyses were obtained at the UCB mass spectrometry facility on AEI MS-12 

and Kratos MS-50 mass spectrometers. Elemental analyses were obtained from the UC6 

Microanalytical Laboratory. 

Sealed NMR tubes were prepared by fusing Wilmad 505-PP and 504-PP tubes to ground 

glass joints which were then attached to a vacuum line with Kontes stopcocks. Alternatively, the 

tubes were attached via Cajon adapters directly to Kontes vacuum stopcocks. 3 2 Known volume 

bulb vacuum transfers were accomplished with an MKS Baratron attached to a high vacuum line. 

Unless otherwise specified, all reagents were purchased trorn commercial suppliers and 

used without lurther punlication. PMe3 (Strem) was dned over NaK or a Na mirror and vacuum 

transferred prior to use. Mesitylene was dried over sodiunvbenzophenone ketyl and distilled prior 



319 

to use. Acetophenone was dried by refluxing over CaH2, followed by distillation under nitrogen. 

Hydrogen was purchased from Air Products and was used as received. Acetone was dried with 

magnesium sulfate before refluxing over magnesium and isolating by vacuum distillation. Carbon 

monoxide and carbon dioxide were purchased from Matheson and used as received. 

Trimethylsilane was purchased from Petrarch and used as received. 4,4-dimethyl-2-pentanone 

and pinacolone were purchased from Aldrich and used as received. fart-Butylacetylacetone was 

prepared by the addition of the potassium enolate of 4,4-dimethyl-2-pentanone to rert-butylacetyl 

chloride. os-(PMe3)4Ru(Me)(Cl),8 cis-(PMe3URu(OAc)(Cl),13 and (PMe3)4Ru(Ti2-C6H4)10were 

prepared according to methods reported previously. 

Many ol the satisfactory microanalyses were obtained from sample that were pure by NMR, 

but recrystallized before submission. Due to the high solubility of these U R u complexes and the 

small amounts of material used, yields of recrystallized material were not informative. Yields are 

reported for crystallized samples which provided samples which were pure by NMR spectroscopy. 

Potassium enolates of ketones were formed by the addition of a pentane solution of the 

ketone to a stirred homogeneous solution of KN(SiMe3)2 in toluene/pentane 1:100. The 

precipitated enolate was isolated by filtration and stored in the drybox at -40 °C for up to one week. 

The potassium enolate of 2-methylpropanal was prepared by the addition of K C H j P h 3 3 to 

Me3SiOCH(»CMe2), which was prepared by standard methods. 3 4 The potassium enolate of 

acetaldehyde was formed by allowing a solution of KO-fert-Bu and n-BuLi in dry tetrahydrofuran to 

warm to room temperature. 3 5 The lithium-containing products were removed by washing with 

toluene and the potassium enolate was isolated by filtration and stored in the drybox at -40 "C for 

up to several weeks. 

Pentane and hexane (UV grade, alkene free) were distilled from UAIH4 under nitrogen. 

Benzene, toluene, and tetrahydrofuran were distilled Irom sodium benzophenone ketyl under 

nitrogen. Dichloromethane was either distilled under N2 or vacuum transferred from CaH2. 

Deuterated solvents for use in NMR experiments were dried as their predated analogues but were 

vacuum translerred from the drying agent. 
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els- and frans-;?Me3hRu(Ph)(CI) (1). To a solution of 100 mg (0.203 mmol) of 

(PMe3URu(T|2-C6H4) in 2 mL of ether was added 19.9 mg (1.00 equiv) of Me3NHCI as a solid. The 

slurry was stirred for 8 h over which time a yellow solid formed. After this time the solid product 

(pure 1 by ' H NMR spectroscopy) was filtered, and the resulting clear solution was cooled to -40 

°C to provide yellow blocks of analytically pure product. The solids were combined to yield £3.4 

mg (59%) of total product which was a mixture of the cis and trans isomers. Anal. Calc'd for 

CiaH4 2 CIP 4 Ru: C. 41.74: H, 7.95. Found: C. 41.46; H, 7.95. 

c/s-(PMe3)4Ru(Me)(OC(CMe 2)H) (5a). To a solution of 152 mg (0.334 mmol) of 

(PMe3)4Ru(Me)(CI) in 4 mL of benzene was added 48 mg (1.3 equiv) of KOC(CMe2)H as a solid. 

The slurry was stirred for 4 h at roam temperature, and then filtered through a medium fritted glass 

filter using celite filter aid. The solvent was removed from the clear yellow filtrate under reduced 

pressure, and the resulting solid was extracted three times with =i total of 10 mL of pentane. The 

solution volume was reduced to 3 mL in vacuo and cooled to-40 °C to provide 72.4 mg (44%) of 

analytically pure product. IR(KBr) 1620 (m): Anal. Cald'd forCi7H4 6 OP 4 Ru: C. 41.54; H, 9.43. 

Found: C, 41.61; H, 9.23. 

Generation and Spectroscopic Characterization of 

(PMe 3)4Ru(Me)(0C(CH2)H) (Sb). To a solution of 154 mg (0.335 mmol) of 

(PMe3)4Ru(Me)(CI) in 6 mL of benzene was added 54 mg (1.9 equiv) of KOC(CMe2)H as a solid. 

The slurry was stirred for 4 h at room temperature after which time an unlocked 3 1 P ( 1 H ) NMR of an 

aliquot showed clean conversion to 5b. The solution was filtered through a medium fritted glass 

filter using celite filter aid. The solvent was removed from the clear yellow/orange filtrate under 

reduced pressure, and the resulting orange solid was extracted three times with a total of 10 mL of 

pentane. The solution volume was reduced to 5 mL in vacuo and cooled to-40 °C to provide 16.4 

mg (11%) of powder which was roughly 95% pure by solution NMR. Attempts to obtain analytically 

pure material were unsuccessful due to partial conversion of 5b to methyl hydride 19. 

Generation and Spectroscopic Characterization of 

(PMe 3 )4Ru(Me)!OC(CH 2 )CMe 3 ) (5c). To a solution of 8.2 mg of (PMe3)4Ru(Me)(CI) in 0.6 
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mL of THF-da was added 7.5 mg (3.1 equiv) of KOC(CH2)CMe3 as a solid. The resulting solution 

was placed in an NMR tube and analyzed by 1 H and 3 1 P [ 1 H } NMR spectroscopy. It was not 

possible to isolate pure samples ol 5e due to formation of significant quantities of 16 after several 

hours at room temperature. Data on 5c are provided in Tables 6 and 8. 

(PMe3)4Ru(H)(OC(CH 2)Me) (6a). Into a 1 L glass reaction vessel fused to a Rentes 

vacuum adaptor was placed a magnetic stir bar and a solution of 350 mg (0.768 mmol) of 

(PMe3)4Ru(Me)(CI) in 10 mL of 06^6. The solution was frozen by immersing the entire vessel in 

liquid nitrogen, exposed to vacuum, and then treated with 400 torr of hydrogen. The vessel was 

closed and warmed to room temperature to provide -2 atm of hydrogen. The solution was stirred 

for 24 h after which time the reaction vessel was opened under argon. KOCCH2Me (162 mg, 2.2 

equiv) was added, and the slurry was stirred for an additional 6 h. An unlocked 3 1 P ( 1 H) NMR 

spectrum of an aliquot showed clean conversion to 6a. The solvent was removed under reduced 

pressure, and the resulting yellow residue was extracted three times with a a total of 20 mL of 

pentane. The volume was reduced to 5-6 mL and cooled to -40 °C to provide 176 mg (49%) of 

analytically pure product. IR(Nujol) 1850 (Ru-H). 1579 (C«C): Anal. Ca lc 'd . fo rC isH^C^RurC, 

38.87; H, 9.13. Found: C, 38.55: H, 8.99. 

Ru(PMe3!4(n2-OC(CH2)C6H4) (7). (a) preparitive scale. Into a glass reaction vessel 

fused to a Kontes vacuum adaptor was weighed 31.6 mg (0.0656 mmol) of (PMe3)4Ru(ii2-C6H4). 

Benzene (5 mL) was added, and to the resulting solution was added 7.9 mg (1 equiv) of 

acetophenone. The vessel wac-heated to 45 °C lor an, after which time the initial clear solution 

had turned yellow. The solvent was removed in vacua and the product was crystallized from a 

pentane/toluene (10:1) solvent mixture to yield 13.6 mg (39.5%) ot yellow product. IR (KBr) 3103 

(m), 3050 (S), 3043 (s). 3023 (m), 2969 (s). 2903 (s), 1977 (w), 1934 (w), 1624 (w), 1569 (s). 1548 

(m), 1431 (S), 1395 (s). 1338 (s), 1316 (s). 129S (s), 1279 (s). 1262 (s), 123S (m), 1122 (s), 1021 

(m), 990 (s), 938 (s), 854 (s), 841 (s). 784 9s), 736 (S), 712 (S). 700 (s), 662 (s). 647 9(s). 634 (m), 

498 (m), MS (FAB) m/e 525 (MH»). 
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<PM83)4Ru(M«)(0C(CH 2)Me) (8a and Sb). To a solution of 243 (0.533 mmol) mg of 

(PMe3URu(Me)(CI) in 4 mL of benzene was added 77 mg (1.5 equiv) of KOC(CHj)Me as a solid. 

The slurry was stirred for 4 h at room temperature atterwhich time an unlocked 3 1 Pl/H) NMR of an 

aliquot showed clean conversion to 8a and 8b. The aliquot was returned to the reaction mixture, 

and the solution was filtered through a medium fritted glass filter using celite fitter aid. The solvent 

was removed from the clear yellow filtrate under reduced pressure, and the resulting solid was 

extracted three times with a total of 10 mL of pentane. The solution volume was reduced to 3 mL 

and cooled to-40 °C to provide 94.2 mg (37%) of analytically pure enolate product as a mixture of 

O- and C-bound forms. IR(C6H6) 1611 (m). 1583 (s); Anal. Cald'd for C ^ H ^ O P A R U : C, 40.24; H, 

9.29. Found: C, 40.50: H, 9.14. 

Variable Temperature NMR spectroscopy of 8a and 8b. A solution of 24.6 mg of 

8a and 8b in 0.6 mL of THF-dg was placed into an NMR tube equipped with a Kontes vacuum 

adaptor. The sample was degassed by three freeze, pump, thaw cycles and sealed. Ratios of the 

two isomers were determined by integrating the metal-bound methyl groups. To insure that the 

equilibrium ratio was measured, spectra were obtained in three minute intervals at one 

temperature until the integrated spectra from one pulse acquisitions gave ratios within 10% of one 

another for three successive spectra. Equilibrium ratios were obtained over the temperature 

range from 5-60 °C. At 5 °C, equilibrium was established over a 15 min time period, and at 60 °C a 

non-equilibrium ratio was never observed, indicating that equilibrium was established in less than 

1 minute. The reversibility of the equilibrium was established by obtaining ratios on the same 

sample at each temperature twice; a second value was measured after initial values were obtained 

tor each tempe iture. A plot of In K versus 1/T is provided in figure 2. 

(PMe3)4RU(Me)(OC(CH2)CH 2CMe 3) (9a and 9b). To a solution of 150 rr.g (0.329 

mmol) of (PMe3URu(Me)(CI) in 4 mL ot benzene was added 59 mg (1.2 equiv) of 

KOC(CH2)CH2CMe3 as a solid. The resu.'i.; .g slurry was stirred for 4 h at room temperature after 

which time an unlocked 3 1 P I 1 H) NMR of an aliquot showed clean conversion to 9a and 9b. The 

aliquot was returned to the reaction mixture, and Ihe solution was filtered through a medium fritted 
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glass filter using celite filter aid. The solvent was removed from the clear yellow filtrate under 

reduced pressure, and the resulting solid was extracted three times with a total of 10 mL of 

pentane. The solution volume was reduced to 1.5 mL and cooled to-40 °C to provide 76.2 mg 

(43%) of analytically pure product as a mixture of O- and C-bound forms. IR(Nujol) 1610 (m), 1581 

(s): Anal. Cald'd for C2aH 5 2OP4Ru: C, 45.02; H, 9.82. Found: C, 44.71; H, 9.97. 

(PMe3)4Ru(Ph)(OC(CHC(Me 2 )CH 2 C(Me2)CH2) (10). To a solution of 126 mg 

(0.243 mmol) of (PMea)4Ru(Ph)(CI) in 5 mL of C6H 6 was added 180 mg (2.0 equiv) of 

K(OC(CHC(Me2)CH2C(Me2)CH2) as a solid. The solution was stirred for 6 h at room temperature, 

and an unlocked 3 1 P( 1H) NMR spectrum of an aliquot showed clean conversion to a product 

containing lour phosphines with an A28C spin system (8A—5.98, SB-5.86,8C»-14.24, JAB=37 , 

JAC»22 . J B C - 1 7 ) and 10 in a ratio of 1:1.4. The aliquot was returned to the reaction mixture: the 

solvent was removed under reduced pressure, and the yellow residue was redissolved in 20 mL 

ot toluene and placed into a 100 mL Schlenk flask. The toluene was removed over a 15 min 

period under reduced pressure while heating the llask at 65 "C. A 3 1 Pf1 H) NMR spectrum 

obtained on a small portion (5 mg) of the yellow residue showed complete conversion to the Iris-

phosphine complex 10. The remaining residue was extracted into ether and filtered to provide a 

clear yellow solution. The solution was reduced to 2*3 mL and cooled to -40 °C to provide 66.2 

mg (45%) of analytically pure yellow blocks suitable for X-ray structural analysis. IRfTHF) 1601: 

Anal. Calc'd. for C 2 5H490P4flu: C, 53.65; H, 8.33. Found: C, 53.42; 8.86. 

Generation and Spectroscopic Observation of (PM03)4Ru(OC(CH2)Me)(Ph) 

(4a). To a small vial containing 10.6 mg (0.110 mmol) of KOC(CH2)Me was added a solution of 

32.4 mg (0.0626 mmol) of 1 in 0.6 mL of THF-ds- The yellow solution ol 1 immediately turned 

orange, and was placed into an NMR tube equipped with a Kontes vacuum adaptor. The sample 

was quickly frozen in liquid nitrogen and sealed under vacuum. The tube was then placed into the 

NMR spectrometer probe at -40 °C. 1 H , S 1 P( 'H | , and 1 3 C( 'H) NMR spectroscopy showed clean 

convention to phenyl enolate 4a, and the data obtained are included in Tables 6-8. 
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Generation and spectroscopic Observation of (PM«3)4Ftu(OC(Me)(Ph)CH;>J 

(11a). To a solution of 24.6 mg (0.0475 mmol) as- and rrans-(PMe3)4Ru(Ph)(CI) in 0.6 mL of , 

THF-d8 was added an excess (9.4 mg, 0.0979 mmol) of KOC(CH2)Me as a solid at room 

temperature. The suspension was stirred for 2 h over which time the initial yellow solution turned 

a darker orange, with a fine precipitate. The reaction was then passed through a small plug of 

celite, and the resulting clear orange solution was placed into an NMR tube. The tube was 

equipped with a Kontes vacuum adaptor and sealed under vacuum. 1 H , 3 1 P ) 1 H), and ^ C l 1 H) 

NMR spectra were obtained at -40 "C. 

(DMPE)2Ru(OC(Me)(Ph)CH2) (11b). To a solution of 85.0 mg (0.164 mmol) of a 

mixture of cis and /rans-(PMe3URu(Ph)(CI) in 8 mL of CgHg was added an excess (40 mg, 0.417 

mmol) of KOC(CH2iMe as a solid at room temperature. The resulting yellow suspension was 

stirred for 2 h over which time it turned darker orange and a fine precipitate formed. The reaction 

mixture was then forced through a fritted glas filter with pressure (not vacuum). To the resulting 

clear orange filtrate was added dropwise at room temperature 2.5 equiv (61.6 mg) ol DMPE in 2 

mL of EtjO and the resulting solution cooled to -40 °C to yield 38.6 mg (43.9%) of white solid. 

This material was recrystallized from ether to provide 15.2 mg (17.3%) of analytically pure white 

crystals. IR(KBr) 2966(m), 2904(m), I596(m), 1495(m). 1421(m). 1292(m). 1275(m), 929(s); Anal. 

Calcd for C19H42OP4RU: C, 47.10; H, 7.91. Found: C. 46.81: H, 8.00. 

(PMe 3)4Ru(OC(=CHCM33)CH 2) (13). To a solution of (PMe3)4Ru(OAc)(CI) (465 mg 

0.930 mmol) in 15 mL of THF was added 311 mg (2.2 equiv) ol KOC(CH2)CH2CMe3 as a solid. 

After 10 min the solution turned a darker yellow color and an unlocked 3 1 P{1 H) NMR spectrum of 

an aliquot showed clean conversion to 13. The solvent was removed under reduced pressure 

and the yellow residue was extracted three limes with a total of 10 mL of pentane. The resulting 

slurry was vacumm tillered, and the filtrate was concentrated to 3-4 mL and cooled to -40 °C to 

provide 162 mg (34%) ol product which was pure by solution NMR spectroscopy. This material 

was recrystallized Irom pentane at -40 °C belore submitting tor microanalysis. IR(KBr) 1594: Anal. 

Calc'd tor CigH^OPjRu: C, 44.09: H, 9.35. Found: C. 43 79: H. 9 40. 
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(PMe3)3Ru((CH2)2CO) (15). (a) by thermolysis of (PMe3) 4Ru(Me)((OCCH 2Me). Into a 

glass reaclion vessel (used to a Kontes vacuum adaptor was placed a solution of 94.2 mg of 

(PMe3)4Ru(Me)((OCCH2Me) (8a, Sb) in 4 mL of C6H6. The solution was degassed using three 

freeze pump thaw cycles and heated to 65 °C for 24 h. The solvent was then removed under 

reduced pressure while warming the reaction vessel to 45 °C. The resulting solid was extracted 

three limes with a lotal of 10 mL o' pentane. The yellow solution was then concentrated to - 1 mL 

and cooled to -40 °C to provide 38.2 mg (42%) ol product which was pure by 1 H NMR 

spectroscopy. This material was recrystallized from pentane before submitting for microanalysis. 

IR(KBr) 1586; MS(FAB, sullolane) 387 (MH*). 330 (M-(CH2)2CO*J: Anal. Calc'd. for 

C12H31OP4RU: C, 37.40; H, 8.10. Found: C, 37.15; H, 8.13. 

Alternatively, 15 was be prepared without isolation of the enolate intermediate. A solution 

of the enolate was generated on a 500 mg scale by addition of excess (1.5-3 equiv) potassium 

enolate to (PMe3URu(Me)(Cl), using the procedure outlined in synthesis of isolated 

(PMe3URu(Me)(OC(CH2)Me) (8a, 8b). This solution was then filtered and placed into a glass 

reaction vessel fused to a Kontes vacuum adaptor and heated to 65 °C for 10 h. The product was 

isolated in 45-55 % yield either by isolation and crystallization from pentane as described earlier of 

by removal ol solvent under vacuum and sublimation at 65 "C. 

(b) by addition of KOCH 2Me to (PMe3URu(OAc)(CI). To a solution of 512 mg (0.335 mmol) 

of (PMe3)4Ru(OAc)(Cl) in 6 mL of toluene was added 216 mg (2.2 equiv) of KOC(CMe2)Me as a 

solid. The resulting slurry was stirred lor 4 h at room temperature. The solution was vacuum 

filtered through a medium fritted glass filter using celite filter aid. The clear yellow/orange filtrate 

was transferred to a 100 mL Schlenk flask and Ihe solvent was removed under reduced pressure 

while heating the flask to 65 °C. The resulting solid was transferred to a sublimation apparatus, 

and the product was isolated by sublimation at 65 °C over the course of 24 h to provide 186 mg 

(47%) ol product which was ca. 90-100% pure by solution NMR spectroscopy. 

(PMe3)4Ru((CH2)2CO) (14). (a) for X-ray diflraction: Synthetically useful quantities of 

this compound were not prepared due 10 its propensity 10 dissociate phosphine, but we were 
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fortunate enough to obtain a single crystal suitable for an X-ray diffraction study by the procedure 

described for the (ormation ol (PMe3)3Ru((CH2)2CO) (15), with the following modification of the 

isolation procedure. The benzene solution obtained from thermolysis of the mixture of 8a and 

8b was frozen at -40 °C, and the solvent was removed by lyopholization. The solid residue was 

extracted with 10 mL ol pentane ana the volume reduced to 2 mL at room temperature. Cooling 

to -40 °C provided several single crystals one of which was used lor an X-ray diffraction study. 

IR(KBf) 1544 cm" 1 (CO) . 

(b) tor solution spectroscopy: Into an NMR tube was placed 0.6 mL of a toluene-da solution 

containing 35 mg of crystallized Iris phcsphine complex 15. The tube was equipped with a 

Kontes vacuum adaptor and degassed by three treeze, pump, thaw cycles. PMes (4.0 equiv) was 

added to the sample by vacuum transfer, and 1 H , 3 1 P( 1 H) , and 1 3 C ( 1 H [ NMR spectroscopy at 10 

°C showed rapid formation of the tetrakis phosphine complex 14. 

(PMe 3) 4Ru(OC(CMe3)CH) (16). To a solution ol 150 mg (0.329 mmol) of 

(PMe3)4Ru(Me)(CI) in 10 mL of THF was added 68.2 mg (1 ,F equiv) of KOC(CH 2)CMe 3 as a solid. 

The solution was stirred for 4 h at room temperature. The resulting solution of 5c was then 

filtered and placed into a glass reaction vessel fused to a Kontes vacuum adaptor. The vessel was 

heated at 65 °C for S h. The solvent was removed under reduced pressure and the solid was 

crystallized from pentane at -40 °C to provide 64.3 mg of product which was pure by solution NMR 

spectroscopy. This material was recrystallized from pentane for microanalysis. IR(KBr) 159l(m); 

Anal. Calc'd forCiaH4 S OPiRu: C, 42.94; H. 9.34. Found: C, 43.25: H, 9.19. 

Reductive el iminat ion of acetone from (PMe3)4Ru(H){OC(CH 2 )Me) (6a). Into 

an NMR tube was placed 0.6 mL of a C$D$ solution containing 6.4 mg of 

(PMe3)4Ru(H)(OC(CH2)Me) and 2 mg of mesitylene as an internal standard. The tube was 

equipped with a Kontes vacuum adaptor. The sample was immersed in liquid nitrogen and 

exposed to vacuum, followed by 450 torr of CO. The tube was sealed at the top ol Ihe liquid 

nitrogen. This procedure provides a sample containing 2 atm of CO at 25 °C. A 1 H NMR spectrum 

was obtained of this initial mixlure. The solution was then heated at 85 °C lor 24 h, after which time 
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1 H NMR spectroscopy showed formation of acetone (79%) and (PMe3)2Ru(CO)3 in 62 % yield, as 

determined by comparison to the initial sample prepared independently in our laboratory during 

the course of a separate study. 3 6 

(PMe3)3(CO)Ru(Ph)(Me) (17). (a) On a preparative scale from (PMe3URu(Ph)(CI) and 

KO(CCH2)H. To a solution of 156 mg (0.301 mmol) ot (PMesURufPhXCI) in 6 mL of ether was 

added 55 mg (2.2 equiv) ol KOC(CH2)H as a solid. The solution was stirred at room temperature 

for 4 h, after which time the solid was removed by filtration. The resulting clear, pale yellow 

solution was concentrated to 1 -2 mL, layered with 10 mL hexanes, and cooled to -40 °C to provide 

30.7 mg (22.7%) of white crystals, judged pure by solution NMR spectroscopy. IR(THF) 1898 cm -

1 

(b) From (PM63)4Ru(Ph)(CI) and KO(CCH2)H to determine NMR yield. 15.2 mg (0.294 

mmol) of (PMes)4Ru(Ph)(CI) and 2 mg ot mesitylene as an internal standard were dissolved in 1.2 

mL THF-ds- The solution was divided equally into two NMR tubes. To one sample was added 1.8 

mg (1.5 equiv) of KOC(CH2)H. Atter 2 h at 45 "C, 1 H and 3 1 P{ 1H) NMR of the two samples showed 

a 95% yield of (PMe3)3(CO)Ru(Ph)(Me). 

(c) from (PMe3)4Ru(Me)(Ph) and CO. Into an NMR tube was placed a solution of 8.2 mg 

(0.017 mmol) of (PMe3)*Ru(Me)(Ph) in 0.6 mL of CeDs- The tube was equipped with a Kontes 

vacuum adaptor, and the sample was degassed by two freeze, pump, thaw cycles. One 

equivalent of CO was added to the sample, as determined by calculating the volume of the NMR 

tube and adding the appropriate pressure of CO while the NMR tube was immersed in liquid 

nitrogen (77 K). The lube was then sealed at the top of the liquid nitrogen. Heating the sample to 

65 °C for 24 h provided a sample whose 'H and 3 1 P{ 1 H) NMR spectra matched those for material 

isolated by procedure (a) above. 

Addit ion of KOC(CH 2)H to (PM03) 4Ru(Me)(CI) (2). Into an NMR tube was placed 

C 7 mL of a THF-da solution containing 8.4 mg (0 018 mmol) of (PMe3URu(Me)(CI) and 2 mg of 

mesitylene as an internal standard. A 1 H NMR spectrum was obtained to use in calculating an 

NMR yield after addition ol Ihe enolate. To this sample was added 4 mg (3 equiv) of KOC(CHj)H 
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as a solid. The NMR tube was equipped with a Kontes vacuum adaptor and sealed under vacuum. 

The sample was heated at 5S °C for In , after which time 1 H NMR spectroscopy showed formation 

of (PMe3)4Ru(Me)(H)9 in 80% yield and (PMe3)3(CO)Ru(Me)2 in 14% yield. The THF-d 8 solvent 

was then removed under reduced pressure and replaced with C6De for identification of the two 

products by comparison of their 1 H and 3 1 P I 1 HJ NMR spectra to those reported in CsD6 solvent 

and those obtained by independent synthesis of (PMe3h(CO)Ru(Me)2. Samples of 

(PMe3)4Ru(Me)(H) were also prepared in our laboratory by the addition of CH3CH2CH2MgBr to a 

THF solution of (PMe3)4Ru(Me)(CI), and the solution NMR spectroscopic data obtained from this 

preparation were consistent with literature values and those obtained by the above procedure. 

Add i t ion of KOC(CH 2 )H to (PMe 3)4Ru(Me)(CI) (2) In the presence of 

HOCMej. Into a small vial was placed 0.7 mL of a THF solution containing 9.1 mg (0.020 mmol) 

of (PMe3)4Ru(Me)(CI). To this sample was added 4.9 mg (3.0 equiv) of KOC(CH2)H as a solid. 

The slurry was stirred for 0.5 h after which time 1 H NMR of this mixture showed formation of 

(PMe3)4Ru(Me)(OC(CHj)H). The solvent was removed under reduced pressure and the resulting 

crude ruthenium enolate was dissolved in 0.7 mL of CgOg. The solid remaining in this mixture was 

removed by forcing the solution through a small plug of celite. The clear yellow/orange filtrate was 

then placed into an NMR tube and lo this sample was added 15 uL (20.0 equiv) of HOCMe3 to 

provide a 0.66 M solution of the alcohol. The NMR tube was then equipped with a Kontes 

vacuum adaptor, degassed by three freeze, pump, thaw cycles and sealed. The resulting sample 

was then heated to 65 °C for 1 h, and analysis by 1 H NMR spectroscopy showed that the two 

organometallic products were formed in roughly the same yield as in the absence of the alcohol. 

' H NMR spectroscopy also showed the presence of Me3COC(0)Me in 10-"" '/<. yield, as 

compared lo an 80% yield ol (PMe3)iRu(Me)(H). The sample was then opened and the solution 

was forced through a short column of silica, eluting with 1 -2 mL of ether to separate the melal 

containing products Irom the organic materials. Gas chromatographic analysis showed the 

presence of Me3COC&0)Me, as determined by coinjection with an authentic sample. 
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Independent generation of ( P M B 3 ) 3 ( C O ) R U ( M 8 ) 2 (20). Into an NMR tube was 

placed a solution of 7.4 mg (0.017 mmol) of (PMe3)4Ru(Me)2 in 0.6 mL of C6Dg. The tube was 

equipped with a Kontes vacuum adaptor, and the sample was degassed by two freeze, pump, 

thaw cycles. One equivalent of CO was added to the sample, as determined by calculating the 

volume of the NMR tube and adding the appropriate pressure of CO while the tube was immersed 

in liquid nitrogen (77 K), The tube was then sealed at the top o l the liquid nitrogen. Heating to 65 

°C for 48 h provided a sample whose 1 H and 3 1 P(1H) NMR spectra matched those of material 

formed by the addition ol KOC(CH2)H toJPMe3)4Ru(Me)(CI). 

X-ray Crystal Structure Determination of 7. 

(a) Isolation and Mounting: Crystals of the compound were obtained by slow 

crystallization from toluene/pentane (1:100) at -40 °C. Fragments cleaved from some of these 

crystals were mounted in thin-wall capillaries in the air. The capillaries were then flushed with dry 

nitrogen and flame-sealed. Preliminary precession photographs indicated Iriclinic Laue symmetry 

and yielded approximate cell dimensions. 

The crystal used for data collection was then transferred to our Enraf-Nonius CAO-4 

diffractometer and centered in the beam. Automatic peak search and indexing procedures 

yielded a triclinic reduced primitive cell. Inspection of the Niggli values revealed no conventional 

cell of higher symmetry. The final cell parameters and specific data collection parameters 

parameters for this data set are given in Table 1. 

(b) Structure Determination: The 3392 raw intensity data were converted to structure 

factor amplitudes and their esd's by correction for scan speed, background and Lorentz and 

polarization effects. No correction for crystal decomposition was necessary. Inspection of the 

azimuthal scan data showed a variation Imin^max =• i y » 'or the average curve. No correction for 

absorption was applied. The choice ol the centric space group was confirmed by the successful 

solution and relinement of the structure. 

The structure was solved by Patterson methods and refined via standard least-squares 

and Fourier techniques. In a difference Fourier map calculated following the refinement of all non-
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hydrogen atoms with anisotropic thermal parameters, peaks were found corresponding to the 

positions of most of uie hydrogen atoms. Hydrogen atoms were assigned idealized locations and 

values of B i s o approximately 1.25 times the Bjqv of the atoms to which they were attached. They 

were included in structure factor calculations, but not refined. Before the last cycles of 

refinement, 11 data which showed evidence of interference by multiple diffraction were removed 

from the data set. 

The final residuals for 236 variables refined against the 3174 accepted data for which 

F 2>3CT (F 2) were H - 1.80%, wR - 2.90% and GOF - 2.154. The R value for a" 3381 data was 

2.22%. In the final cycles of refinement a secondary extinction parameter was included (maximum 

correction: 9% on F) 

The quantity minimized by the least squares program was Iw(|F Q | - |F c | ) 2 . where w is the 

weight of a given observation. The p-factor, used to reduce the weight of intense reflections, was 

set 10 0.02 in the last cycles of refinement. The analytical forms of the scattering factor tables for 

the neutral atoms were used and all scattering factors were corrected for both the real and 

imaginary components of anomalous dispersion. 

Inspection ot the residuals ordered in ranges ol sine/*., |F 0 | , and parity and value of the 

individual indexes showed no unusual leatures or trends. The largest peak in the tinal difference 

Fourier map had an electron density of 0.24 e-l A 3 , and the lowest excursion -0.19 e-/A3. 

The positional and thermal parameters ot the non-hydrogen atoms are available as 

supplementary material. 

X-ray Crystal Structure Determination of 10. 

(a) Isolation and Mounting: Crystals of the compound were obtained by slow evaporation 

of a pentane solution and were mounted in a viscous oil. X-ray data were collected as for 7; the 

final cell parameters and specific data collection parameters are given in Table 1. 

(b) Structure Determination: The 3360 raw intensity data were converted to structure 

(actor amplitudes and Iheir esd's by correction for scan speed, background and Lorentz and 

polarizalion elfects. An empirical absorption correction based on azimuthal scan data 
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(T m a x - 1 .000 , Tmin-0.959) was applied. Inspection of the systematic absences indicated space 

group P2i/n. Removal of systematically absent and redundant data left 3771 unique data in the 

final data set. 

The structure was solved by Patterson methods and refined via standard least-squares 

and Fourier techniques. The final residuals for 141 variables refined against the 3230 data for 

which F2>3o (F 2) were R - 5.4%, wR - 8.4% and GOF - 3.83. The R value for all 2890 data was 

6.3%. 

The quantity minimized by the least squares program was Iw(JF 0 HF c | ) 2 , where w is the 

weight of a given observation. The p-lactor, used to reduce the weight of intense reflections, was 

set to O.Oo throughout the refinement. The analytical (onus of the scattering factor tables for the 

neutral atoms were used and all scattering factors were corrected for both the real and imaginary 

components of anomalous dispersion. 

The positional and thermal parameters of the non-hydrogen atoms are provided as 

supplementary material, as well as a listing of the values of F a and F c. 
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Chapter 9 

Structure and Reactions ol Oxametallacyelobutanes and 
Oxametallacyclobutenes of Ruthenium 
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I n t r oduc t i on 

Oxametallacyclobutanes have been invoked as intermediates in several reactions that 

have found widespread utility. For example, processes such as carbonyl methylenation reactions 

mediated by iransftion metal complexes, asymmetric epox'idation of allylic alcohols with titanium 

catalysts, are believed to involve oxametallacyclobutane intermediates.1 In addition, the 

intermediacy of cxametallacycles in the epoxidation of olefins by cytochrome P-450 catalysts has 

been a controversial topic,1 and the ability to prepare such metallacycles may help to address this 

issue. Several other reactions of potential utility, such as the rhodium catalyzed synthesis of £)-

lactams from aziridines2 and formation of a metallacyclic carbonate of platinum from epoxide and 

C O j 3 are also believed to proceed by way of oxa- and azametallacytobutanes. 

These results demonstrate that even isolable oxametallacyclobutanes should behave as 

reactive species. In fact, only a few examples of stable oxametallacydabutanes are known. Late 

transition metal examples include the preparation and reactivity of iridaaza- and iridaoxacylobutane 

complexes reported recently from our laboratories.4 the generation of an oxametallacylobutane of 

iridium by reaction of a coordinated olefin with molecular oxygen, 5 the formation of an analogous 

platinum complex from tetracyanooxirane (2,2,3,3-tetracyanooxacyclopropane).6 and the recent 

structural characterization of a rhodium oxametallacyclobutane.7 Early transition metal 

oxametallacyclobutanes8 include titanium and tantalum examples. An oxametallacyclobutane of 

platinum containing an oxygen atom in the ^-position has also been reported. 9. 

Even more rare are the analogous complexes containing a C*C bond, the 

oxametallacyclobutenes. The only isolated examples known so far were prepared by Vaughn and 

Hilihouse. by the addition of N2O to zirconocene acetylene and benzyne complexes: 1 0 the same 

complex was reported from our laboratories to form from addition of diphenyl acetylene to an 

oxozirconocene species. 1 1 

Both oxametallacyclofcutane and -butene complexes provide the opportunity to compare 

the reactivities of the metal-heteroatom and metal-carbon bonds. Metathesis with early metal 

complexes lornis alkene or alkyne and metal-oxo products, 1 3 while the iridaoxacyclabutane 
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complex reported from our laboratory forms ketone and metal-carbene upon photolysis.4 In 

addition, insertion reactions occur with the late transition metal heteroatom bonds in both iridium 

and platinum oxametallacyclobutanes, consistent with the expected reactivity based on the 

mismatch of a soft metal center and a hard alkoxide or amide substituent.1 2 

We have recently reported the unexpected insertion of CO and C O j with the metal-

carbon bond of a ruthenium oxametallacycle formed by orthometallation of a p-cresolate 

substituent. 1 3 We have also investigated the reactivities of oxametallacylobutane and 

oxamelallacylobutene complexes with the goal of understanding the factors that control the 

selectivities these compounds in metathesis, insertion, and epoxide-iorming reactions. Several 

unusual reactivity patterns have been observed, including C-C bond cleavage by an apparent p-

methyl elimination process, rapid C-0 bond cleavage to extrude alkene upon addition of protic 

acids and electrophiles, and insertions into the ruthenium-oxygen and ruthenium-carbon bonds. 

We reported preliminary reactivity with two of the metallacycles, 1 4 and subsequently set out to 

rationalize the initially observed reactivity patterns by synthesizing compounds with different 

connectivity in the ring and with different dative ligands. In this paper we report the results of 

these reactivity studies. Metallacycles used in this study were prepared from ruthenium enolats 

complexes, in most cases using methodology described in the accompanying paper. 

Resu l t s 

Most of the results described here focus on the oxaruthenacylobutane complex 

(PMe3URu(OC(Me)(Ph)CH5) (1), containing methyl and phenyl groups in the p-position of the 

ring. As described in the previous paper, rapid phosphine dissociation at room temperature 

precluded isolation of this complex in pure form. Therefore, complex 1 was characterized by 

solution spectroscopy. The most informative spectroscopic data included an ABCD pattern in the 

3 1 P | 1 H ) NMR spectrum, the metal bound CH2 resonance in the 1 3 C{ 1 H} NMR spectrum, and the 

resonances tor a terminal aryl group not bound to the ruthenium. Reactions with 1 were 

performed in situ following generation of the metallacyle by addition of the potassium enolate of 
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acetone to (PMea)4Ru(Ph)(CI) in hydrocarbon solutions, as described in the previous paper. The 

DMPE analogue of 1, (DMPE)2Ru(OC(Me)(Ph)CH2) (2), was stable enough to isolate as 

described in the previous paper and crystaline samples ol it were used for reactivity studies. 

Reactions ol {PM03)4Ru(OC(M8)(Ph)CH2) (1). Scheme 1 summarizes the 

thermal chemistry of compound 1. Warming a solution containing 1 in roughly 80-90% purity at 

45 "C for 8 h led to formation of methane and the cyclic enolate 3 in 5 1 % yield by 1 H NMR 

spectroscopy (Cp2Fe internal standard), and in 22% isolatea yield. This complex was first isolated 

as the product of addition of acetone to the ruthenium benzyne complex (PMe3URu(n.z-C6H,)),1s 

a transformation that forms one carbonorbon bond and cleaves another.1 6 This reaction occurs 

by way of compound 1 as described in the previous paper; it is also conveniently formed by 

addition of acetophenone to the ruthenium benzyne complex (PMe3)4Ru(n.2-C6H4).17 We 

believe an intermediate in the thermolysis of 1 may be the methyl enolate complex 

(PMe3)4Ru(Me)(OC(CHj)Ph) (4), resulting from p-methyl elimination. In order to determine it such 

an intermediate forms methane and 3, 4 was generated independently by treating the methyl 

chloride complex (PMe3kRu(Me)(CI) 1 8 with the potassium enolate of acetophenone. This 

procedure led to the formation ol methane and 2 in 57% yield by 1 H NMR spectroscopy, although 

orthometailation was faster man substitution, precluding direct observation of 4. 

Scheme 2 displays the reactions of 1 with hydrogen and CO. Addition of H a (2 aim) to a 

CrjDg solution of 1 cleanly formed the tertiary alcohol HOCMeoPh (85% by 1 H NMR spectroscopy) 

and the dihydride c/s-(PMe3)4Ru(H)2 ( 5 ) 1 8 ' 1 9 (88%). The 'H NMR spectroscopic identification of 

the alcohol was confirmed by matching the GC retention lime to that of an authentic sample. 

Addition of CO (2 atm) lo a solution of 1 at room temperature formed compound 6 in 51% 

isolated yield, the product of CO substitution at Ihe metal center and CO insertion into the metal 

carbon bond. This complex was characterized by solution NMR spectroscopy, solid state infrared 

spectroscopy, and microanalysis. Absorptions for coordinated CO was observed at 1907 cm'' 

and lor ihe inserted CO at 1614 cm' 1. The 1 3 C( 1 H) NMR spectrum displayed a resonance at 

268.3 lor Ihe inserted CO. and one at 201.4 lor Ihe coordinated carbonyl. The CHj resonance ol 
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6 was observed as a doublet at 874.7, indicating that it was located in the position a to a carbonyl 

group and that it was no longer bound to the metal center. The CH2 resonance for starting 

complex 1 was observed at much higher field (80.99) and showed coupling to four phosphines. 

The geometry of 6 was deduced from the 3 1 P( 1 H) NMR spectrum and the splitting pattern of the 

1 3 C ( 1 H | NMR resonance corresponding to the inserted CO. The 3 1 P ( 1 H ) NMR spectrum 

displayed an ABC pattern, with a large trans coupling constant of 321.1 Hz. In addition, the 

, 3 C ( 1 H} resonance for the inserted CO showed a 100.1 Hz coupling constant, indicating that it is 

located trans to a phosphine ligand and that the coordinated CO, a strong it-acceptor, is located 

trans to the potentially it-donating oxygen of the metallacycle. 

Addition of protic acids to 1 led to the extrusion of a-methylstyrene, as shown in Scheme 

3. The room temperature addition of p-cresol to a solution of 1 led to formation of a- . 

methylstyrene in 66% yield by 1 H NMR spectroscopy and 6/s-cresolate complex cis-

(PMe3)4Ru(OC6H4-p-Me) (7) in 74% yield. In order to maintain the proper stoichiometty, water 

must also be formed by this reaction, although it was not detected. Compound 7 was 

independently synthesized in 57% isolated yield by the addition of p-cresol to the dimethyl 

complex (PMe3>4Ru(Me)2 during the course of a separate study. 2 0 Even addition of the weak 

acid acetophenone, followed by warming to 45 °C, led to extrusion of a-methylstyrene (56%) and 

formation of the cyclic enolate 3 in 6 1 % yield by 1 H NMR spectroscopy. Presumably waterwas 

also a byproduct of this reaction. 

Addition of carbon electrophiles also led to the extrusion of a-methylstyrene, as shown in 

Scheme 4. Addition of carbon dioxide to a solution of 1 led to formation of a-methylstyrene in 

84% yield and the ruthenium carbonate (PMeaURufCOa) (8) in 83% yield by 1 H NMR 

spectroscopy. This complex was prepared in 87% isolated yield by the addition of potassium 

carbonate to frans-(PMe3)4Ru(CI)j.21 This compound was isolated as a white powder and was 

identified by 1 H . 3 1 P [ ' H ) , ^ C f ' H ) NMR, infrared and mass spectroscopy. An A2B2 pattern was 

observed in the 3 1 P { 1 H ) NMR spectrum, with the phosphines located trans to the carbonate 

ligand resonating downfield Irom the mutually trans phosphines. This trend in chemical shift is 
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consistent with other (PMe3>4Ru(X)(Y) complexes containing ruthenium-heteroatom bonds, 1 4 . 

15,19,20 a n c : reflects the weaker trans influence properties of the carbonate substituent, com­

pared to trimethylphosphine.2 2 The carbonate ligand was identified by a singlet resonance at 

5169.2 in the 1 3 C{ 1 H} NMR spectrum, and by an infrared absorption at 1578 c m - 1 . A parent peak 

at nVe « 467 in the FAB mass spectrum was consistent with the assignment of 8 as a monomer. 

Reaction of 1 with PhNCO, a compound isoelectronic with COj , is shown in Scheme S. 

Addition of this reagent to 1 led to rapid extrusion of a-methylstyrene and caused precipitation of 

an initial addition product (PMe3),tRu(Ti2-OC(NPh)0) (9). This compound stable in the solid state 

but rearranged to (PMe3)4Ru(T|2-OC(0)NPh) (10) in solution. Compound 9 was identified by 1 H , 

3 1 P ( 1 H } , and 1 3 C ( 1 H ) NMR and infrared spectroscopy of a portion of the crude precipitate which 

contained roughly 90% compound 9. The NMR spectra of 9 were temperature dependent. At 

room temperature an A282 pattern was observed in the 3 1 P{ 1 H] NMR spectrum, requiring rapid 

inversion at the nitrogen atom. However, at -80 °C this inversion was slow, as indicated by the 

AjBC pattern in the 3 1 P( 1H) NMR spectrum, with similar chemical shifts for Prj and Pc. The 

methyl groups ol the phosphine ligands were not resolved in the 1 H NMR spectrum at this 

temperature, but they were resolved in the 1 3 C ( 1 H ] NMR spectrum. The organic substituent was 

identilied by the absorption lor the C-N double bond at 1706 c m ' 1 in the infrared spectnjm, as 

well as by the resonance at 8171.7 in the 1 3 C( 1 H) NMR spectrum. 

Attempts to crystallize 9 from either tetrahydrofuran or methylene chloride led to 

formation of the more stable isomer, (PMe3)4Ru(n2-OC(0)NPh) (10). Simply dissolving 

compound 9 in methylene chloride and warming to 45 "C for 1 h led to clean formation of 10. This 

compound was isolated as a yellow/orange powder by diffusion of ether into the methylene 

chloride solution of 10, and it was characterized by microanalysis, as well as ' H , 3 1 P{ 1 H}, and 

1 3 C ( ' H ) NMR and infrared spectroscopy. The room temperature 3 1 P ( ' H ) NMR spectrum of 10 

displayed an A2BC pattern, with the phosphines located trans to the carboxamide ligand 

resonating downfield of the mutually trans phosphines. The carboxamide substiluent was 
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identified by the carbonyl carbon at 8167.7 in the 1 3 C f l H) NMR spectrum and by the infrared 

absorption band at 1595 cm" 1 . 

Addition of benzaldehyde to a CgDs solution of 1 fallowed by heating (o 45 °C led to 

extrusion of a-methylstyrene in 73% yield and provided the hydrido benzoate cis-

(PMe3)4Ru(H)(OC(0)Ph) (11) in 53% yield by 1 H NMR spectroscopy (Scheme S). Compound 11 

was prepared independently in 14% isolated yield by the addition of benzoic acid to the ethylene 

complex (PMe3)4Ru(C2H4),a 3 and was characterized by 1 H , 3 1 P { 1 H ) , and " C t ' H I NMR and 

infrared spectroscopy, as well as by microanalysis. The hydride substrtuent was identified by the 

doublet of quartets resonance (one large trans coupling and three indistinguishable cis 

couplings) at 5-8.21 in the 1 H NMR spectrum and the absorption band at 1826 c m - 1 in the infrared 

spectrum. The presence of the benzoate ligand was confirmed by an absorption at 1599 cm" 1 in 

the infrared spectrum, a carbonyl resonance in the 1 3 C [ 1 H ) NMR at 5172.19, and appropriate 

resonances for a terminal aryl group in the 1 H and ' ^ t 1 H) NMR spectrum. An AjBC pattern in the 

3 1 P( 1H} NMR spectrum established the cis stereochemistry of this complex. 

Addition of non-polarizable, unsaturated organic molecules led to no reaction. Addition 

of mefa-methyl-a-methylstyrene. styrene. isobutylene, dimethylacetylene, or diphenylacetylene 

to CeD6 solutions of 1 led to no change in its room temperature 1 H and 3 1 P(1H) NMR spucfra. 

Warming the solutions to 45 °C led to formation of 3 in roughly the same yield as the thermolysis 

conducted in the absence of the alkene or alkyne. 

Reactions of (DMPE)2Ru(OC(Me)(Ph)CH2) (2). A comparison of the reactivities 

of 1 and 2 should provide information on the role of phosphine dissociation in these reactions, 

since phosphine dissociation in 2 is less facile than in 1. The most dramatic difference between 

these two metallacycles was displayed in their thermal chemistry and reactivity toward CO. While 1 

forms methane and cyclometallated product 3 at 45 °C, heating C6Ds solutions of 2 to 140 °C tor 2 

d provided ' H and 3 1 P ( 1 H } NMR spectra which were indistinguishable from those of starting 

material. No formation of melhane. a-methylstyrene, or a-methylstyrene oxide was observed. 

Similarly, metailacyle 2 was stable toward reaction with carbon monoxide. When a solution of 2 
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was exposed to 2 atm of CO at 35 °C for 24 h, no evidence for ligand substitution or CO insertion 

was observed b y 1 H o r 3 1 P[ 1 H} NMB spectroscopy. 

Addition of 2 equivalents of p-cresol to crystalline samples of 2 in CeDs at room 

temperature led to rapid, quantitative formation of a-methylstyrene in addition to the DMPE 

substituted bis -cresolate complex (DMPE)zRu(OC6H4-p-Me)2 (12) in 74% yield by 1 H NMR 

spectroscopy (Scheme 7). Compound 12 was prepared independently in 32% yield by the 

addition of p-cresol to (DMPE)2Ru(Me)2. Yellow crystals of 12 formed from the reaction mixture, 

and these were characterized by microanalysis, as well as by 1 H , 3 1 P { 1 H ) ' a n d t 3 C{ 1 H) NMR and 

infrared spectroscopy. The cis -stereochemistry was indicated by a pair of triplets in the 3 1 P{ 1H) 

NMR spectrum and by the presence of four methyl groups in the 1 H and ^ C l ' H ) NMR spectra. 

The AA'BB' pattern in the aryl region of the 1 H NMR spectrum and the presence of two- CH and 

two quaternary resonances in the aryl region of the 1 3 C ( 1 H ) NMR spectrum demonstrated the t\ 1-

binding mode of the cresolate substituents. Because the preparation of starting dimethyl 

compound 12 was reported in 1963 without the aid of NMR spectroscopy, its 1 H , 3 1 P ( 1 H ) , and 

1 3 C( 1 H} NMR spectroscopic data are included in Tables 1-3. 

The reaction of melallacycle 2 with carbon dioxide in C6D6 at room temperature led to 

extrusion of a-methylstyrene (96%) and precipitation of the DMPE substituted ruthenium 

carbonate (DMPE)2Ru(C03) (13) (Scheme S). The carbonate complex was dissolved by adding 

CD2CI2 to the reaction solution containing an internal standard, and 1 H NMR spectroscopy of the 

homogeneous solution showed that 13 was formed in quantitative yield. This compound was 

prepared independently in 34% yield and spectroscopically characterized by adding an excess of 

OMPE to a methanol solution of tne PMe3-substituted carbonate 8. Compound 13 was isolated 

as a white powder; Us most revealing spectroscopic features were an IR absorption band at 1566 

cm' ' and a ^ C f ' H ) NMR resonance at 5167.5, corresponding to the carbonate substituent. The 

two DMPM ligands were identified by two triplet resonances in the 3 1 P( 'H ) NMR spectrum in the 

same chemical shilt region as the other DMPM complexes prepared in this study, and by the four 

methyl resonances observed in the 1 H and , 3 C ( ' H ) NMR spectra. 
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Reaction of 2 with one equivalent of benzaldehyde. followed by heating to 110 "C for 2 d 

led to formation of a-methylstyrene in quantitative yield and hydrido benzoate trans-

(DMPE)2Ru(H)(OC(0)Ph) (14) in 57% yield (Scheme 9). a transformation analogous to that 

observed upon addition of benzaldehyde to the PMe3 substituted metallacycle 1. However, the 

reaction with compound 2 required prolonged heating at elevated temperatures. Again the 

product was prepared independently, this time in 53% isolated yield by addition of 0.25 

equivalents of lithium aluminium hydride to the bis -benzoate complex 15. White, crystalline 

samples of compound 14 were obtained by crystallization from ether, and were characterized by 

microanalysis, as well as 1 H , 3 , P( 'H} , and 1 3 C ( 1 H | NMR and infrared spectroscopy. The hydride 

substituent was identified by the quintet 1 H NMR resonance at 5-22.47 and by the absorption at 

1907 cm - 1 in the infrared spectrum. The presence of the benzoate llgand was confirmed by the 

infrared absorption at 1601 cm - 1 , by the 1 3 C( 1 H) NMR resonance at 5170.42 and by the presence 

of the appropriate resonances for a terminal phenyl group in the 1 H and 1 3 C( 1 H) NMR spectra. 

The trans stereochemistry was indicated by the singlet resonance in the 3 1 P{1 H) NMR spectrum, 

the presence of two methyl groups in the 1 H and 1 3 C( 1 H) NMR spectra, and the quintet hydride 

resonance. The starting b/s-benzoate complex was prepared in 60-70% isolated yield upon 

addition of 2 equivalents of benzoic acid to either the naphthyl hydride complex cis-

(DMPE)2Ru(C,0H7)(H)2'» or the dimethyl complex os-(DMPE)Ru(Me)2.ss and was 

spectroscopically characterize-j. Data for this complex are included in Tables 1 -3. 

Because CeDs solutions of metallacycle 2 were unchanged upon heating to 

temperatures below 140 °C, compound 2 could be treated with alkenes and alkynes at higher 

temperatures than those employed with the PMea metallacycle 1. However, even heating 

samples of 2 to 135 °C for 24 h in the presence of mera-methyl-ci-methylstyrene, styrene, 

dimethylacetylene, or diphenyl acetylene did not lead to incorporation of these substrates into 

the metallacycle portun of the molecule. No change in the 1 H and 3 1 P ( 1 H | NMR spectra of these 

reaction mixtures was observed under these conditions. 
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Structure and Reactions of (PMe 3 ) 4 Ru(Ti4-OC(CHCMe3)Ch2) (19). We have 

not been able to crystallographically characterize a ruthenium oxametallacyclobutana containing 

two sp 3 hybridized carbons in the ring. However, this has been successful with the related sp 2 

carbon-containing system, (PMe3)4Ru(OC(CHCMe3)CHa) (15). This oxametailacyclobutane 

complex which has a the fert-butylmethylene substituent in the p-position, was prepared by the 

addition of two equivalents of the ootassium enolate of 4,4-dimethyl-2-pentanone to the acetate 

chloride complex (PMe3)4Ru(OAc)(CI). as described in the previous paper. Single crystals 

suitable for an X-ray diffraction study were obtained by cooling a pentane solution of 15 to -40 °C. 

The structure was solved by Patterson methods and refined by standard least squares and 

Fourier techniques. An ORTEP drawing of the molecule is shown in Figure 1. Crystal and data 

collection parameters are provided in Table 1; intramolecular distances and angles are provided in 

Tables 2 and 3. The compound crystallized in space group P2i/n, w*th no unusually short 

intermolecular distances. The molecule possesses a pseudoostahedal geometry, with the 

metallacycle occupying two cis sites. The metallacyle portion is flat; the dihedral angle in the ring 

is 1.9 °. The tort-butyl group lies far from the phosphine ligands. All non-bonding distances 

between the phosphine methyl groups and the ferr-butyl methyl groups are significantly longer 

ihan 4 A. The C2-0 bond length is 1.347(7) A, similar to the C-O bond length in enols, and the 

C2-C3 distance is 1.364(9) A, also similar to the C-C distances in enol tautomers and slighly 

longer than isolated C-C bonds. 2 6 The C1-C2 distance is 1.547(9) A, consistent with a localized 

carbon-carbon single b o n d . 2 6 The phosphine ligands occupy the remaining four sites of the 

octahedron, and the bond lengths are in the range found in ruthenium compounds of similar 

structure. 2 7 The Ru-P(1) distance trans to the oxygen is significantly shorter (2.250(2) A) than the 

Ru-P(2) distance trans to the methylene (2.345(2) A), or the Ru-P(3,4) distance of the mutually 

trans phosphines (2.341(2) and 2.335(2) A). 

Extrusion of (ert-butyl allene from 15 upon addition of protic reagents would be 

analogous lo the reactivities of metallacycies 1 and 2. However, addition of 2 equivalents of p-

cresol to a C(jD6 solution of 15 led to formation ol both the free ketone 4.4-dimethyt-2-pentanone 
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Figure V ORTEP drawing of 15 
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Table 1 . Crystal and Data Collection Parameters.3 

1 5 
Temperature (°C) •85 
Empirical Formula RUP4OC19H49 
Formula Weight (amu) 517.6 
Crystal Size (mm) 0.15X 0.13 X 0.55 
Space Group P2t/n 
a (As 9.785(3) 
b(A) 19.306(6) 
c(A) 14.715(6) 
on 90.0 
PC) 102.73(2) 
VC) 90.0 
V(A3) 2711.4(24) 
Z 4 
dealc igcnr 3 ! 1.27 
UeaMcm' 1) 6.1 
Reflections Measured +h, +k, ±l 
Scan Width £8 - 0.75 + 0.35 tanf 
Scan Speed (9, °/m) 6.70 
Setting Angles (29. ° ) D 24-28 

1 7 
-90 
RUP4OC15H42 
463.5 
0.20 x 0.30 x 0.60 
P2l/n 
9.337(2) 
15.615(3) 
15.536(1) 
30.0 
102.025(15) 
90.0 
2215.5(13) 
4 
1.43 
62.1 
+h, t it. ±l 
d8 - 0.85 + 0.3S tan9 
6.70 
24-28 

1 8 
-90 
RuPaOCi2H3i 
385.4 
0.12x0.26x0.27 
Pnma 
14.027(2) 
15.175(3) 
8.792(1) 
90.0 
90.0 
90.0 . 
1871.4(8) 
4 
1.88 
14.6 
+h, +k, +1 
a s . 1.20 + o.35tane 
6.70 
22-26 

(a) Parameters common to all structures: Radiation: Mo Ka (J. - 0.71073 A), except tor 1c X « 
0.70930 A. Monochromator: highly-oriented graphite (28 - 12.2°). Detector: crystal scintillation 
counter, with PHA. 28 Range: 3->45 s , except for 1c 2->45' . Scan Type: 9-28. Background: 
Measured over 0.25(A8) added to each end of the scan. Vertical Aperture - 3.0 mm. Horizontal 
Aperture » 2.0 + 1.0 tanS mm. Intensity Standards: Measured every hour of x-ray exposure time. 
Orientation: 3 reflections were checked after every 200 measurements. Crystal orientation was 
redetermined if any of the reflections were offset from their predicted positions by more than 0.1", 
Reorientation was required twice lor 1b and 7a, and once tor 8. (b) Unit cell parameters and their 
esd's were derived by a least-squares fit 10 the setting angles of the unresolved Mo Ka 
components of 24 reflections with the g :ven 29 range. In this and all subsequent tables the esd's 
of all parameters are given in parentheses, right-justified to the least significant digrt(s) of the 
reported value. 
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Table 2, Intramolecylar distances for IS. 

ATOM 1 ATOM 2 DISTANCE 
RU PI 2.250(2) 
RU P2 2.345(2) 
RU P3 2.341(2) 
RU P4 2.335(2! 
RU 0 2.146(4) 
RU CI 2.158(7) 
C2 0 1.347(7) 
C2 CI 1.547(9) 
C2 C3 1.364(9) 
C3 C4 1.526(9) 
C4 C5 1.523(12) 
C4 C6 1.524(11) 
C4 C? 1.561(10! 
PI C8 1.8490) 
PI C9 1.854(8) 
PI CIO 1.839C9) 
P2 Cll 1.8S9I9) 
P2 C12 1.838UQ) 
P2 ' CX3 1.354(9) 
P3 C17 1.891(11) 
P3 CIS 1.861(H) 
P3 C19 1.860(11) 
P4 C14 1.924(11) 
P4 CIS 1.834(10) 
P4 C16 1.864(10) 
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Table 3. Irnramoleculaf angles tor 15. 

ATOM 1 ATOM 2 ATOM 3 AI1GLE 

PI RU P2 94.59(7) 
PI RU P3 96.14(9) 
PI RU P4 101.79(7) 
PI RU 0 161.74(12) 
PI RU CI 94.96119) 
P2 RU P3 167.78(7) 
P2 RU P4 91.55(9) 
P2 RU 0 82.71(13) 
P2 RU CI 87.08(19) 
P3 RU P4 91.98(10) 
P3 RU 0 85.27(13) 
P3 RU CI 86.17(20) 
P4 RU 0 96.34(13) 
P4 RU CI 163.25(18) 
0 RU CI 66.92(21) 

RU 0 C2 94.6(4) 
RU CI C2 88.5(4! 
0 C2 CI 110.0(5) 
0 C2 C3 125.5(6) 
CI C2 C3 124.5(6) 
C2 C3 a 125.5(6) 
C3 C4 C5 110.7(7) 
C3 C4 C6 112.5(6) 
C3 C4 67- 107.0(6) 
C5 C4 C6 110.5(7! 
C5 C4 C7 108.9(7) 
C6 C4 C7 107.1(6) 

RU PI C8 121.9(3) 
RU PI C9 114.9(3) 
RU PI CIO 113.7(3) 
C8 PI C9 101.9(4) 
C8 PI CIO 97.9(4) 
C9 PI CIO 97.3(4) 
RU P2 Cll 1^2.6(3) 
RU P2 CI 2 118.8(3) 
RU P2 C13 113.4(3) 
Cll P2 C12 99.814) 
Cll P2 C13 99.8(4) 
C12 P2 C13 98.3(4) 
RU P3 C17 123.5(3) 
RU P3 CIS 117.8(4! 
RU P3 C19 111.8(3) 
C17 P3 CIS 99.0(5) 
C17 P3 C19 100.3(5) 
CIS P3 C19 101.0i5) 
RU P4 C14 122.6(3) 
RU P4 C15 122.1(3) 
RU P4 C16 111.4(31 
C14 ?4 CIS 95.415) 
C14 P4 C16 101.7(4) 
C15 P4 C16 99.7(4) 
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and the S/s-cresolate complex 7 in quantitative yield (Scheme 10). 1 H NMR spectroscopic 

identification of the organic product was confirmed by comparing the GC retention time with that of 

an authentic sample. 

Although 15 does not extrude alkene by a C-0 bond cleavage process analogous to that 

observed with 1 and 2, It does undergo a different type of ketone carbon-carbon bond cleavage. 

Addition of 4,4-dimethyl-2-pentanone followed by heating to n o °C tor 12 h led to formation of 

the di-ferf-butyl substituted acetylacetonate complex 16 in 77% yield by 1 H NMR spectroscopy. 

This product is again the result of a carbon-carbon bond formation and a subsequent carbon-

carton bond cleavage process. Compound 16 was more conveniently generated by the addition 

of 2 equivalents of the potassium enolate of 4,4-dimethyl-2-pentanone to the acetate chloride 

complex (PMe3)4Ru(OAc)(CI)19 which generated reactants 15 and free ketone <n situ. 

Alternatively, compound 16 was synthesized on a preparative scale by the addition of 2 

equivalents of 4,4-dimethyl-2-pentanone to (PMe3)4Ru(ii2-C6H4),1 s followed by heating to 110 

°C for 24 h. Yellow crystals of 16 were isolated from this reaction in 35% yield and were 

characterized by microanalysis as well as by 1 H , 3 1 P( 1 K) , and 1 3 C( 1 H) NMR and infrared 

spectroscopy. In addition, the organic ligand was identified by treating a solution of 16 with a 

slight excess of concentrated HCI to lorm free farf-butyl acetylacetone in quantitative yield by 1 H 

NMR spectroscopy. The free ketone was characterized by comparing its GC retention time and 1 H 

NMR spectrum with those of an authentic sample. The bound organic ligand was identified by the 

presence of two infrared bands at 1576 cm' 1 and 1561 cm' 1 , a methine ^H NMR resonance at 

S5.15, and two chemically equivalent neopentyl groups, each exhibiting an AS methylene pattern 

in the 1 H NMR spectrum. An A2B partem in the 3 1 P( 'H) NMR spectrum was consistent with the 

presence of equivalent neopentyl groups. The metal-bound methyl group was identified by a 

doublet of triplets resonance at 60.34 in the 1 H NMR spectrum, integrating to three protons, and a 

CH3 resonance (confirmed by a OEPT pulse sequence) with a similar splitting pattern in the 

1 3 C( 1 H) NMR spectrum at 54.83. 
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Structure and Reactions of (PM«a)4Ru((CH2jCO) (17). The compound 

(PMe3)4Ru(CH2C(0)) (17). a second metallacycle formed by metallation of a ruthenium enolate, 

has been prepared as described in the previous paper. Unlike its analogue, compound 1S, the 

acetone dianion complex 17 does not contain a ruthenium-oxygen bond; rather, the complex is 

bound through the two CH2 groups. A single crystal suitable for an X-ray diffraction study was 

obtained by cooling a pentane solution to -40 "C. The structure was solved by Patterson methods 

and refined by standard least squares and Fourier techniques. An ORTEP drawing of the 

molecule is shown in Figure 2. Crystal and data collection parameters are provided in Table 1; 

intramolecular distances and angles are provided in Tables 4 and S. The compound crystallized in 

space group P2i/n, with no unusually short intermolecular distances. Although both complexes 

contain an sp2-hybridized carbon at the Imposition of the ring, the solid state structure of 17 is 

markedly different from the planar (ert-buryl substituted analogue 15. Compound 17 contains 

two ruthenium-carbon linkages, and a large dihedral angle of 45.6(5)° for the metallacycle, 

although the Ru-0 distance remains long. The C(3)-0 distance is 1.261(3) A, significantly longer 

than the average C O bond length in eyclobutanones. while the C(1)-C(3) and C(2)-C(3) 

distances are 1.468(7) and 1.459(7) A respectively, significantly shorter than typical carbon-

carbon C(0)-C bonds in ketones, including the average of those in cyclohutanones, 1.529 A. 2 5 

The distances between the carbonyl oxygen atom of the organic substituent and the two nearest 

piiusphine methyl groups are 2.977(6) A and 3.133(7) A, much shorter than the closest 

interactions of the organic substituent ol 15 with IK J trimethylphosphine ligands. 

Compound 17 underwent facile phosphine ligand dissociation to form the 

oxatrimethylenemethane complex 18. as shown in Scheme 11. Tris-phosphine compound 18 

was isolated by removing solvent and excess PMes at 25 °C under reduced pressure, fallowed by 

sublimation. The 1 H NMR spectrum displayed two methylene resonances but the , 3 C ( ' H ! NMR 

spectrum contained only one CH2 resonance, indicating that the two protons on each carbon are 

inequivalent. The 3 1 P( 1 H) NMR spectrum displayed an A2B pattern, consistent with loss of one 

PMe3 ligand from 17. 



Fcure 2. ORTEP drawing ol 17 



Table 4. Intramolecular distances lor 17. 

ATOM 1 ATOM 2 DISTANCE 

RU PI 2.30811) 
RU P2 2.324(1) 
RU P3 2.358(1) 
RU P4 2.352(li 
RU CI 2.217(4) 
RU C2 2.222(5) 

CI C3 1.468(7) 
C2 C3 1.459(7) 
C3 01 1.26116) 

PI C4 l.e38(5) 
PI C5 1.842(5) 
PI C6 1.827(5) 
P2 C7 1.835(5) 
P2 C8 1.836(5) 
P2 C9 1.837(5) 
P3 CIO 1.850(5) 
P3 Cll 1.814(5) 
P3 C12 1.814(6) 
P4 CI 3 1.838(5) 
P4 C14 1.839(5) 
P4 CIS 1.836(5) 
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Table 5. Intramolecular angles for 17. 

ATOM 1 ATOM 2 ATOM 3 kHOu£ 

PI RU P2 103.2314) 
PI RU P3 92.50(4) 
PI RU P4 91.72(4) 
PI RU CI 92.r'8(13] 
PI RU C2 158.11(141 
P2 RU P3 90.78(4) 
P2 RU P4 89.77(4) 
P2 RU CI 163.79(13] 
P2 RU C2 98.15(14] 
P3 RU P4 175.50(5, 
P3 RU CI 88.23(13] 
P3 RU C2 91.86(13] 
P4 RU CI 90.00(13] 
P4 RU C2 83.65(13] 
CI RU C2 65.72(18] 
RU CI C3 83.5(3) 
RU C2 C3 83.5(3) 
01 C3 CI 124.1(5) 
01 C3 C2 123.0(5) 
CI C3 C2 110.8(4) 
RU PI C4 115.36(18] 
RU PI C5 120.59(19] 
RU PI ce 121.36(17] 
C4 PI C5 95.6(3) 
C4 PI C6 101.74(24] 
CS PI C6 97.5(3) 
RU F2 C7 121.99(17] 
RU P2 C8 122.41(16] 
RU P2 C9 113.67(20] 
C7 P2 C8 95.93(25] 
C7 P2 C9 100.1(3) 
C8 P2 C9 98.0(3) 
RU P3 CIO 121.42(18: 
RU P3 Cll 118.50(18! 
RU P3 C12 115.16(19: 
CIO P3 Cll 97.82(24! 
CIO P3 C12 100.613) 
Cll P3 C12 95.413) 
RU P4 C13 117.94(18 
RU P4 C14 117.66(17: 
RU P4 C15 12?.70(19 
C13 P4 C14 98.26(24 
C13 P4 C15 97.4(3) 
C14 P4 C15 96.08(25 
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An X-ray diffraction study was conducted on a single crystal of 18, obtained by 

sublimation in a sealed tube over a period of two weeks at 55 °C. The structure was solved by 

Patterson methods and refined by standard least squares and Fourier techniques. An ORTEP 

drawing of the molecule is shown in Figure 3. Crystal and data collection parameters are provided 

in Table 1; intramolecular distances and angles are provided in Tables 6 and 7. The compound 

crystallized in space group P2j/n, with no unusually short intermolecular distances. The study 

was hampered by a poor data set, due to poor crystal quality or disorder between the methylene 

and oxygen positions in the organic ligand. As a result, the data were used principally to confirm 

the connectivity of 18, rather than to provide detailed information concerning the bonding mode. 

Nevertheless, certain overall features of the molecule remained unambiguous. The organic 

substituent and the three phosphine ligands adopt a staggered conformation, making the overall 

geometry pseudooctahedral. In addition, the oxatrimethylenemethane substituent is bound in an 

n'Mashion. The central carbon is located above the plane of the other three atoms, although the 

Ru-C(1) distance (1.99(2} A) remains significantly shorter than the two Ru-C(2) (2.27(1) A) 

distances and the Ru-0 distance (2.22(1) A). 

3 , P ( , H ) NMR spectroscopy of a toluene-da solution prepared from a crystalline sample of 

compound 17 and one equivalent of phosphine demonstrated that compounds 17 and 18 exist 

in equilibrium under these conditions. Figure 4 displays a stacked plot of the 3 1 P [ 1 H ) NMR 

spectra of such a solution between the temperatures SO °C and 60 °C. At temperatures below -

20 °C. only the complex containing lour phosphines (17) was observed, while at 60 °C, 18 was 

the predominant species. Although interconversion of 17 and 18 did not occur rapidly enough 

to average their distinctive 3 1 P ( , H ) NMR signals, equilibration of the two compounds was 

complete after less than 5 min even at -20 °C. 

Because of the instability of compound 17, only a few reactivity studies with this complex 

were attempted. For example, a solution of 17 and Iree acetone, generated in situ by addition of 

two equivalents ol the potassium enolate ol acetone to e/s-(PMe3).jRu(OAc)(Ci),19 led to clean 

lormation of (PMe3)4Ru(OC(Me)CHC(Me)CH) in 45% isolated yield after heating to 85 °C for 8 h 
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Feurea. OHTEP drawing of 18 
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Table 6. Intramolecular distances (or 18. 

ATCM 1 ATOM 2 DISTANCE 

RU PI 2.23714) 
R'J P2 2.236(3) 
RU 0 2.224(10) 
RU CI 1.935(19) 
RU C2 2.265(12) 

CI 0 1.325(17) 
CI C2 1.338(13) 
PI C3 1.790(24) 
PI C4 1.820(15) 
P2 C5 1.795(17) 
P2 cs 1.790(17) 
P2 C7 1.823(20) 
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Table 7. Intramolecular angles lor 18. 

ATOM 1 ATOM 2 ATOM 3 ANCLE 

PI RU P2 96.90(11) 
PI RU 0 157.6(3) 
PI RU CI 121.4(5) 
PI RU C2 100.1(3) 
P2 RU P2 93.62(16) 
P2 RU 0 97.68(19) 
P2 RU CI 119.0(3) 
P2 RU C2 156.3(3) 

0 CI C2 115.6(9) 
C2 CI C2 123.2(16) 

RU PI C3 120.8(8) 
RU PI C4 117.3(5) 
C3 PI C4 101.6(7) 
C4 PI C4 93.6(10) 
P.U P2 C5 111.1(6) 
RU F2 C6 124.9(6) 
P.'J P2 C7 115.8(6) 
C5 P2 CS 103.7(7) 
C5 P2 C7 101.0(8) 
C6 P2 C7 97.1(8) 



Figure<l. Vartableiemperafjre31P(1H]NMRspBclraol17 , » 18 + PM63. 
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(Scheme 12). The organic portion of 19 can be thought of as a coordinated dianion of the aldol 

condensation product. This complex was isolated from cold pentane as yellow crystals which 

were characterized by microanalysis, as well as 1 H , 3 1 P( 1 H) , and 1 3 C{ 1 H) NMR and infrared 

spectroscopy. In addition, the identity of the organic ligand was confirmed by treating 19 with two 

equivalents of acetic acid to form (PMe3)4Ru(OAc)2 and free mesityl oxide in 74% yield. This free 

aldol product was identified by comparison of its 1 H NMR spectrum and GC retention time to those 

of an authentic sample. The coordinated organic fragment was identified by a doublet of doublet 

of triplets pattern in the 1 H , and 1 3 C{ 1 H) NMR spectra corresponding to one metal bour j methine 

group, and a singlet resonance corresponding to the other. Two resonances for methyl groups 

not bound to ruthenium were also observed in t h e 1 H and 1 3 C ( 1 H ) NMR spectrum. All ^ C f ' H } 

NMR assignments were confirmed by using a DEPT pulse sequence. The A2BC pattern in the 

3 1 P ( ' H ) NMR spectrum, with PQ resonating upfield and Pc resonating downfield of PA, was 

consistent with the presence of one ruthenium-carbon and one ruthenium-oxygen bond. 

Reactions o l (PMe3)4Ru(n s-OC(ferf-Bu)CH) (20). Oxametallacylobutene 

complex 20 was obtained by extrusion of methane from the methyl enolate complex 

(PMe3URu(Me)(OC(CH2)CMe3) at 65 °C over the course of 8 h, as described in the previous 

paper. Initial reactivity studies with 20 were directed toward determining if addition of protic acids 

and electrophiles would result in the elimination of rert-butylacetylene, in analogy to the behavior 

of 1 and 2, or if the organic substituent would remain intact, as it did with complex 15. The 

reactions ol oxametallacyclobutene 20 with p-cresol and CO2 are shown in Scheme 13. 

Compound 20 was converted to Iree pinacolane (3.3-dimethyl-2-butanone) in quantitative yield 

by 1 H NMR spectroscopy and the Ws-cresolate complex 7 (91%) when treated with p-cresol. 

Again, the identification of the ketone was confirmed by comparison of GC retention times and 1 H 

NMR spectra with those of an authentic sample. 

Addition of one equivalent of CO2 to a benzene solution of 20 led rapidly to 

(PMe3)<tRu(n2-OC(0)OC(/ert-Bu)CH) (21), the product of insertion into the metal-oxygen bond. 

No evidence lor formation of (ert-butylacetylene was observed. Compound 21 was isolated from 
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the reaction mixture as clear crystals in 42% yield, and was characterized by 1 H , 3 1 P( 1H), and 

1 3 C ( 1 H ) NMR and infrared spectroscopy as well as microanalysis. The inserted CO2 moiety was 

identified by its 1 3 C{ 1 H} NMR resonance at 5156.S and an infrared absorption at 1533 cm"1. 

Conclusive evidence for the presence of a ruthenium-carbon bond in the product was provided 

by its 1 H NMR spectrum, which contained a doublet of triplets resonance for the methine proton at 

55.34, and by its 1 3 C ( 1 H} NMR spectrum, which contained a doublet of triplets, of doublets 

resonance at 5111.0 lor the methine carbon. An A2BC pattern in the 3 1 P( 1 H} NMR spectrum, with 

Pg resonating upfield and Pc resonating downfield of the mutually trans phosphines, was 

consistent with the presence of one ruthenium-carbon and one ruthenium-oxygen bond. 

Reactions of 20 with hydrogen and trimethylsilane are shown in Scheme 14. When a 

C6D6 solution of 20 was exposed to 2 aim of H2, formation of free pinacolone in 61 % yield by 1 H 

NMR spectroscopy and dihydnde 5 1 8 ' 1 9 (77%) was observed after 1 h. Similarly, addition of 

trimethylsilane, followed by heating at BS °C for 2 h, led to the silyl enc ^ r of pinacolone in 

43% yield as the organic product. In this case, the organometallic pre .as the previously 

reported phosphine-cyclometallated complex (PMe3)3Ru(CH2PMe2)(H) 1 8 i |. 2 8 in 40% yield. 1 H 

N.MR spectroscopic identification of both the Ketone and silyl enol ether was confirmed by 

matching GC retention times to those of authentic samples. 

A possible mechanism for this reaction is shown in Scheme 14. When a solution of 20 

and trimethylsilane was heated to 45 °C, an intermediate was observed by 1 H and 3 1 P( 1 H) NMR 

spectroscopy but not fully characterized. This intermediate may be the vinyl hydride co.nplex 22, 

since formation of cyclomelallated compound (PMe3)3Ru(CH2PMe2)(H) as the organometallic 

product is consistent with C-H reductive elimination Irom 17 to form the silyl enol ether and 

intermediate (PMesURu. This Ru(0) intermediate was shown to torm 1b cleanly in a separate 

study. 2 9 
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Discussion 

EHact of dative llgands on reactlvlty.(a) Thermal reactions. The propensity of 

PMe3-substituted oxametallacycle 1 to extrude methane and form 3 at 45 °C, compared to the 

stability of its DMPE-substituted analogue i. at 140 °C, is consistent with a pathway for this 

process that is based on the mechanism for the formation of 1 reported in the accompanyir; 

paper. A complete mechanism for the C-C cleavage process (including the preparation of 

mstallacycle 1) is shown in Scheme 15. This mechanism involves P-Me elimination to form 

(PMea)4Ru(Me)(OC(CH2): jh) (4), a process that is the reverse of the phenyl migration step to form 

1. Intermediate 4 simply forms methane and 3 by retaliation of the aryl ring.1s'30 The 

experiments rpported in Ihe previous paper in this issue demonstrate that the phenyl migration 

step proceeds by an initial, reversible dissociation of phosphine to form an n.3-bound enolate 

substituent. The phenyl group then migrates to the central carbon of this n.3-bound acetone 

enolate. We therefore propose an analogous p-methyl elimination process to form 4 by way of an 

n.3-bound acetophenone enolate. Our results with the DMPE analogues are consistent with this 

hypothesis since the DMPE intermediate that is analogous to 4 is less likely to undergo 

phosphine dissociation, resulting in the stability ot metallacycle 2. Ai..\ough we have not 

obtained any mechanistic data regarding the carbonyl-methyl C-C bond cleavage reaction of 4,4-

dimethyl-2-pentanone by 15, it is possible that p-methyl elimination Irom an »ametalbcylobutane 

complex or another oxametallacycle is involved in this reaction. Previous examples of p-methyl 

elimination reactions have been reported with electrophilic early transition metal and lanthanide 

complexes, 1 6 1 ,9 and a p-cyano elimination was reported to occur from a platinum 

oxametallacyclobutane.6 b 

Reactions with eiectrophiles and protic acids. The reactions of oxametallacycles 1 and 2 

with the protic acid p-cresol and the electrophile CO2 both occur at room temperature over several 

minules. Because dissociaiion ol phosphine would be expected to require higher temperatures 

lor the DMPE complex 2 than for the PMej complex 1, we conclude that reactions with these 

reagenls occurs directly at Ihe oxygen alom of the metallacycle, and do not involve 
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coordination to the metal center by either the organic substrate or the extruded alkene, ar shown 

in Scheme 16. The oxygen atom connected to the electron rich metal center is apparently basic 

enough to deprotonate p-cresol and nucleophilic enough to attack CO2. Formation of a formal 

positive charge at the metallacydic oxygen atom, followed by cleavage of the C-0 bond, extrudes 

alkene. This process is similar to the dehydration of tertiary alcohols catalyzed by protic and Lewis 

acids. 3 1 In contrast, the reaction of these two compounds with benzaldehyde under very 

different conditions may reflect the involvement of phosphine dissociation during this 

transformation. At 110 °C it is possible that dissociation of one end of the DMPE ligand may allow 

coordination of the aldehyde. However, no experiments that would address the requirements (or 

ligand dissociation in this res rtion were conducted with either complex . 

The failure of the oxametallacycles to incorporate alkenes or alkynes suggests that the 

reactions of these compounds do not occur by way of a ruthenium-oxo intermediate. Our results 

do not rigorously rule out reversible formation of a mthenium-oxo intermediate with alkene 

coordinated to the metal center, but it seems likely that the resulting coordinated a-methylstyrene 

would dissociate at 135 °C and lead to incorporation of another alkene or aikyne into the 

metallacycie. 

Effect of metallacycle on reactivity. In contrast to extrusion of alkene from 1 and 

2, metallacylobutane 17 and metallacyclobutene 20 extrude free ketone upon addition of protic 

acids. We propose that the aryl group of metallacycles 1 and 2 helps to stabilize the partial 

positive charge on the (3-carbon of the metallacyle that occurs after addition of the acid or 

electrophile, as shown in Scheme 16. Again, our explanation is analogous to the one used to 

explain the rate enhancement of ionization caused by phenyl substitution in benzyl alcohols. 3 0 

Effect of ring substitution on structure. The tart-butyl substituent in compound 

IS leads to a markedly different solid state structure relative to 17, as determined by an X-ray 

diffraction study. First, the enolate dianion in 17 is bound through two RU-CH2 linkages, while the 

organic portion of 15 is bound by one Ru-CH2 and one Ru-0 linkage. The substitution of a bulky 

group in the methylene position ol 17 appears to cause the lerr-butyl substituted cyclic enolate 
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15 to bind through one methylene and one oxygen atom rather than to bind through two 

methylene groups as was observed in 15. 

The two different binding modes apparently give rise to a second dramatic difference 

between the two structures: the dihedral angle of 15 is 1.9°, while that in 17 is 45.6°. The solid 

state structure demonstrates that the ferr-butyl substitution does not significantly affect the steric 

interactions of the metallacycle with the phophine ligands. In fact, the shortest distance between 

the ferr-butyl group in 15 and the nearst phosphine methyl is greater than 1 A longer than the 

shortest distance between the carbonyl oxygen atom of 17 and the nearest phosphine methyl 

group. The 3 1 P( 1 H) NMR spectroscopic data indicate that the solution structures are similar to 

those in the crystalline state. Ring inversion in 17 is slow on the NMR timescale at -70 °C, as 

indicated by the inequivalent trans phosphine resonances observed at this temperature, but 

inversion of the metallacycle in 15 is rapid at -90 °C, since the mutually trans phophines are 

equivalent at this temperature, consistent with a nearly flat ring system for 15 or one with a 

dramatically lower barrier to inversion in solution. 

It seems reasonable to attribute the difference in dihedral angles to electronic differences 

within the two rings rather than to steric or solid state effects. Theoretical studies have indicated 

that the large dihedral angles in platinum metallacyclobutan-3-ones are due to a significant 

contribution of the bonding description B shown in Figure 5, and our data are consistent with this 

proposal. 3 2 8 The C - 0 bond is significantly longer and the C(0)-C bonds are significantly shorter 

than those in simple organic ketones,2 6 including cyclobutanones. In addition the C - 0 bond in 

17 absorbs at 1544 cm"1 (data provided in companion paper), significantly lower in energy than 

organic ketones. In contrast, the metallacycle portion of 15 contains C-C and C-0 bond 

distances which are similar to those observed for the enol form of organic ketones: 2 S these 

indicate little interaction between the a-system of the ring and the ruthenium mefal center. 

There are lew other structural data relating to the conformation of metallacyclobutane 

rings. Although several structurally characterized metallacyclobutan-3-ones have been reported, 

all of these are bound to the melal center through the two enolale carbon atoms: compound 15 is 
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the only structurally characterized example of the alternative O- and C-bound isomer. 3 1 

Furthermore, structural data on titanocene complexes shows a trend opposite to that observed 

with these ruthenium complexes: X-ray s'ructural data tor titanacyclobutanes (two Ti-CHa linkages) 

show Hat metallacycles,3 3 while NMR spectroscopic data on titanaoxacyclobutanes analogous to 

compound 15 (one Ti-CHj linkage and one Ti-O linkage) indicate a puckered ring structure. 3 a In 

contrast, the structures of a plat inum 6 3 and a rhodium 7 oxametallacyclobutane display rings that 

are nearly Hat. In addition, the organic analogues display the same trend: cyclobutane is bent, 

while oxetane is planar in the gas phase. 3 4 

The overall structural features of the oxatrimethylenemethane complex 18 are similar to 

those observed with parent trimethylenemethane complexes. 3 5 Principally, the central carbon 

atom of the organic ligand is located significantly out of the plane of the other three atoms. This 

similarity contrasts with observations made on other recently reported heteroatom-substituted 

systems. In particular, an oxatrimethylenemethane complex of Re(CO)3 adopts a dimeric 

structure, 3 6 and a thiatrimethylenemethane complex of FefCOa) 3 7 shows an unsymetrically 

bound organic ligand, perhaps due to phenyl substitution at one carbon and /erf-butyl 

substitution at the other. A nearly planar oxatrimethylenemethane fragment was observed in a 

dimeric ruthenium complex. 3 8 The central carbon was only 0.07 A above the plane of the other 

three atoms. 

Insertion reactions wi th CO and CO2- Extensive mechanistic information 

indicates that insertion of CO into metal-alkyl bonds involves coordination of free carbon 

monoxide to the metal center, followed by migration of the alkyl group. 3 9 Therefore, it is not 

surprising that the DMPE substituted metallacycle 3 is inert toward insertion of CO into the metal-

carbon bond, while PMea substituted metallacycle 1 readily reads with CO to form insertion 

product 6. However, it is interesting to note that CO reacts with the Ru-C bond of 1 in preference 

lo the Ru-0 bond, and that metallacycle 2 is inert toward insertion of CO into the metal-oxygen 

bond. This demonstrates that migration of the methylene end 0! the metallacycle is laster than 

migration of Ihe alkoxide end. Moreover, a mechanism involving direct insertion of CO into the 
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metal-heteroatom bond or dissociation of an alkoxide anion followed by attack of a coordinated or 

free CO does not occur in this ruthenium system. Such a mechanism has been reported to occur 

with a square planar iridium system,4 0 but intramolecular migration to a coordinated ligand appears 

to occur with other systems.4 1 

In contrast to the alkene extrusion processes that occur upon addition of CO2 to 

oxametallacyclobutanes 1 and 2. as well as the propensity of 1 to undergo insertion of CO into 

the metal-carbon bond, addition of CO2 to oxametallacyclobutene 20 led to insertion into the 

ruthenium-oxygen bond. An extensive report of relative insertion rates of CO and COg with other 

compounds of the (PMe3)4Ru(X)(Y) system is provided in a separate study. 4 2 including the 

insertion of CO2 into the metal-carbon bond of (PMe3)4Ru(OC6H3Me) (23) shown in Equation 1. 

The results in that study suggested that selectivities were controlled by the 

nucleophilicity of the heteroatom of the metailacyde and electrophilicity of the organic substrate. 

In light ol these earlier results, we propose that the greater nucleophilicity of the enolate oxygen 

atom of 20 (compared to the aryloxide oxygen atom of 23] and the greater electrophilicity of CO2 

(compared to CO) allows for direct attack of CO2 by the oxygen atom of 20. Such a mechanism 

would account for the observed selectivities of compounds 1, 20, and 23 for CO and CO2. 
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Table 8. 1 H NMR spectroscopic data. 
Compound Sippm) multa 4Hz) ZjnT assianment6 

{PMe 3! 4Ru(OC(CH 2)C gH4) 1.02 t 3.0 tons-PMe3 

(3) d 1.4Z d 6.9 eis-PMe3 

1.45 d ' 6.0 cis-PMe3 

3.39 d 1.2 (OC(£UaHb)C6H4) 
3.95 br.s ( O C G H a t t K W t ) 
6.61 tq 7.3, 1.0 (OC(CH2)CfiUi) 
6.63 t 7.7 
7.11 dt 7.6, 1.6 
7.46 m 

(CO)(PMe3)Ru 0.87 d 7.3 PMe 3 

(OC(Me)(Ph)CH2C{0)i (6)» 1.02 d 6.1 
1.25 d . 7.2 
1.47 s (OC(Mfi)(Ph)CH2C(0)) 
2.9S d 15.5 (0C(Me)(Ph)£HaHbC(O)) 
3.09 dd 15.5. 4.0 (OCtMeKPhlCHaHbCtO)) 
7.12 t 7.2 (OC(Me){Pjj)CH2C(0)) 
7.29 t 7.6 
8.82 d 7.8 

Cfe-(PMe3)4Ru(OC$H4-p-Me)2 0.96 d 7.7 cis-PMe3 

<7)« 1.14 t 3.1 (ra;is-PMe3 

2.40 s (OC6K4.p.MJ)2 
7.04 d 8.4 (Q£^H4-p-Me)2 
7.22 d 8.3 

(PMe3)4Ru(C03) (6)' 1.40 t 3.3 f/ans-PMe3 

1.40 m cis-PMe3 

(PMe3)4Ru(OC(NPh)0) (9)9 1.37 m cis- and trans-PMe3 

6.55 1 7.7 <OC(NQDO) 
6.96 t 7.3 
7.22 d 7.5 

(PMe3)4Ru(OC(0)NPh) (10) h 1.2B t 2.8 frans-PMe3 

1.44 d 7.9 e;s-PMe3 

1.47 d 7.4 e«-PMe 3 

6.53 » 7.1 (OCSOlNEM 
7.03 1 7.7 
7.27 d 7.9 

ci's-(PMe3!4Ru(H)(OC(0)Ph) -8.21 dq 101, 25.7 Ru-H 
(11)» 1.00 d 7.4 c/s-PMe3 

1.28 d 5.4 c/s-PMe3 

1.32 brs trsns-PMe2 
7.21 t 6.8 (OC(O)Eil) 
7.30 1 7.5 
6.48 d 7.7 



Table 8. (cont'd) 

cisiOMPEfcRuiMetf •0.36 
0.95 
1.02 
1.04 
1.18 
0.87 
1.23 
1.38 

m 
d 
d 
s 
t 
m 
m 
m 

4.6 
5.9 

2.9 

6 
6 
6 
6 
6 
2 
2 
4 

Ru-Me 
MsaPO-teo-^PMe^ 

Me 2P£tl2£H2PMe2 

•0.36 
0.95 
1.02 
1.04 
1.18 
0.87 
1.23 
1.38 

m 
d 
d 
s 
t 
m 
m 
m 

4.6 
5.9 

2.9 

6 
6 
6 
6 
6 
2 
2 
4 

cis-(DMPE)2Ru. 
(OC 6m-p.Me)2(12) d 

1.24 
1.24 
1.37 
1.44 
1.68 
2.06 
6.50 
6.55 

s 
t 
t 
d 
m 
s 
d 
d 

3.7 
3.5 
9.3 

8.5 
8.5 

6 
6 
6 
6 
8 
6 
4 
4 

Me?PCH->CHoPMeo 

Me 2PEH££tl2.PMe 2 

(OCsH4-p-M£) 
(OCstU-P-Me) 

(DMPE) 2Ru(C03) (13) h 1.26 
1.28 
1.32 
1.44 

1.7-1.9 
1.9-2.05 

d 
d 
t 
t 
m 
m 

7.0 
4.1 
3.6 
2.3. 

6 
6 
6 
6 
4 
4 

M2 2 PCH 2 CH 2 PM22 

M e 2 P £ H 2 £ H £ P M e 2 

1.26 
1.28 
1.32 
1.44 

1.7-1.9 
1.9-2.05 

d 
d 
t 
t 
m 
m 

7.0 
4.1 
3.6 
2.3. 

6 
6 
6 
6 
4 
4 

:is.(0MPE)2Ru(OC{O)Ph)2

h 1.16 
1.35 
1.75 
1.84 

1.3-1 .S 
7.22 
7.83 

d 
d 
s 
s 
m 
m 
d 

8.4 
6.8 

7.4 

6 
6 
6 
6 
8 
3 
2 

Mg 7PCH ?CH ?PMec 

Me2P£H2Ct!2PMe2 
(OC(O)Efi) 

trans-(DMPE]2Ru-
(H)(OC(0)Pn)(14)» 

•22.47 
1.14 
1.36 
1.34 
1.97 
7.19 
7.29 
8.41 

quin 
s 
s 
m 
m 
1 
1 
d 

21.5 

7.2 
7.3 
7.2 

1 
12 
12 
4 
4 
1 
2 
2 

Ru-H 
U£2PCH 2CH 2PM£2 

tae2P£t!2£tl2PMe2 

•22.47 
1.14 
1.36 
1.34 
1.97 
7.19 
7.29 
8.41 

quin 
s 
s 
m 
m 
1 
1 
d 

21.5 

7.2 
7.3 
7.2 

1 
12 
12 
4 
4 
1 
2 
2 

(OC(O)EID 

(PMe 3) 3Ru-
(CH(C(0)CH2CMe3)2)(Me) 

(16 ) e 

0.34 
1.06 
1.16 
1.17 
1.97 
2.10 
5.15 

dt 
d 
d 
s 
d 
d 
s 

5.1. 3.4 
5.6 
6.9 

11.4 
11.4 

3 
9 

18 
18 
2 
2 
1 

Ru-Me 
PMe3 
PMea 

(CH(C(0)CH2£M£a)2) 
(CH(C(0)£H2 C M e 3'2) 
(CH(C(0)£hfeCMe3)2) 
(Ct"(C(0)CH2CMe3)2) 
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Table 8. (cont'd) 
(PMesURu- 0.98 d 7.0 9 Cfe-PMe3 

(OC(Me)CHC(MeJCH) (19)« 1.16 d 5.7 9 cis-PMes 
1.18 t 2.9 18 rrans-PMe3 
2.03 s 3 (OC(Ms)CHC(MeJCH) 
2.34 s 3 (OC(Mfi)CHC(Mg)CH) 
4.88 d 1.9 1 (OC(Me)£aC(Me)CH) 
G.22 dm 11.1 1 (OC(Me)CHC(Me)£a 

(PMe3)4Ru 0.79 d 7.5 9 c/s-PMe3 
(OC(0)OC(CMe3)CH) (21 ) d 1.04 d 5.8 9 c/s-PMe3 

1.06 t 1.9 18 (rans-PMe3 
1.44 s 9 (OC(0)OC(CMfi3)CH) 
5.34 dt 7.1, 2.6 1 (OC(0)OC(CMei)£H) 

a The multiplicities triplet and doublet, when applied to the PMe3 and DMF'E resonances, are 
apparent splitting patterns. Accordingly, the values reported for J do not necessarily reflea true 
coupling constants; (or example, the tabulated coupling constant in a triplet is the separation 
between the central line and the outer lines. bThe assignment Irans-PMej refers to the mutually 
trans phosphine ligands; the other two phophines are assigned as c/s-PMes. THF-dg, -40 °C. 
d THF-d 8 . 20 ° C •C 6 D 6 ,20 ' 'C. 'Methanol-d*. 20°C. SCD2CI2, -62 °C. hCDsCl2,20 "C. 
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Compound S{ppm) mull 1 J(HZ) assignment6 

tPMe3)4BiJ(OC(CH2)C$H4) 19.40 Id 12.6, 2.6 rrans-PMe3 
(3 ) d 22.28 dt 17.0, 1.7 eis-PMe3 

25.23 dm 23.6 cis-PMes 
72.90 s (OC(CU2)C6H4) 

120.68 d 1-3. (OC(CH2)£sfcU) 
122.61 
125.23 
141.27 

d 
m 
m 

1.4 

152.86 d 3.1 
176.60 dm 7.7 (OC(CH2)C6H4) 
177.71 dq 65.0. 8.2 (OClCHjJCstk) 

(CO)(PMe3)Ru- 17.76 dl 23 ,4 PMe 3 

(OC(Me)(Ph)CH2C(0)) (6)» 18.14 dt 15,3 
18.20 dt 4 ,4 
38.03 s <OC(M£)(Ph)CH2C(0)) 
74.65 d 20.0 (OC(Me)(Ph)GH2C(0)) 
76.82 d 5.8 (OG(Me)(Ph)CH2C(0)) 

124.24 
126.62 
127.52 
157.65 

s 
5 
& 
s 

(OC(Me)(ED)CH2C(0)) 

201.36 m Ru-CO 
268.31 dm 100.1 (OC<Me)(Pn)CH2£(0)) 

cis-(PMe3)4Ru(OC6H4-p-Me)2 18.56 1 12.6 (rans-PMe3 

(7 ) d 22.57 m os-PMe 3 

20.75 s (OC 6 H 4 .p. i !£) 2 

118.36 
120.66 
129.68 
169.41 

s 
s 
s 
«i 

<0£5!±;-p-Me)2 

(PMe 3)4Ru(C03) (8)' 16.98 1 13 frans-PMe3 

22.48 m c/S-PMe3 

169.22 s Ru-C0 3 

(PMe3)4Ru(OC(NPh)0) (9)0 15.88 t 13.1 Wns-PMe 3 

21.18 d 23.3 c/s-PMe3 

21.43 n 26.2 c/s-PMe3 

116.34 
122.55 
127.66 
152.69 

s 
s 
s 
s 

(OC(NEh)O) 

171.66 s (OC(NPh)O) 



Table 9. (cont'd)-
(PMe3),jRu(OC(0)NPh) (10) h 18.31 1 13.1 trans-PMe3 

22.21 dt 26.1, 2.0 cis-PUe3 
2S.57 dq 26.4. 2.1 c/s-PMe3 

116.26 
122.53 
127.82 

V
I 

V
) 

(OC(O)NPJj) 

157.85 d 3.9 
167.65 s (QC(O)NPh) 

c/s-(PMe3)4Ru(H)(OC(0)Ph) 22.77 dd 25.3 C/S-PMS3 
(11 ) • 26.27 dq 27,3 c/s-PMe3 

23.12 Id 14,3 frans-PMe3 
127.67 
129.19 
130.21 
139.87 

s 
s 
s 
s 

(OC(O)EH) 

172.19 s (0£(OJPh) 

c/s-(DMPE)2Ru(Me)2# •8.03 dq 63.3, 11.6 Ru-Me 
9.02 1 1.8 U£2PCH 2CH 2PMa2 
15.46 dd 10.6. 7.0 
19.20 pent 4.5 
22.71 dd 8.9, 5.6 
29.20 m Me2P£tl2£b2PMe"2 
33.57 m 

c/s-(DMPE)2Ru- 11.91 I 12.1 M22PCH 2CH2PM£2 
(OC6H4-p-Me)2(12)<i 15.56 t 12.0 

16.25 dd 15.2. 12.3 
20.26 dd 14.4, 11.6 
20.89 s (OC 6H 4-p-M£) 
29.99 m Me=PCH 2CI-bPMe ? 

32.17 m ~ 119.07 5 (OCgMi-p-Me) 
121.56 S (OCgfcS-p-Me) 
129.01 s (OC5h4.-p.Me) 
172.66 t 2.8 (QCfitU-p-Me) 

(DMPE)2Hu(C03) (13) h 8.39 t 12.0 M£2PCH 2CH 2PM£2 
16.04 t 12.0 
16.35 t 12.0 
18 77 t 13.6 
26.37 m Me 2PCtl2ad2PMe2 
33.25 m 
167.46 s RU-CO3 

http://OC5h4.-p.Me


able 9. (cont'd) 
e;s-(DMPE)2Ru(OC(0)Phj2

r i 13.26 t 13.9 M22PCH2CH2PMS2 
15.74 t 12.6 
17.79 
18.84 

t 
t 

13.5 
15.1 

27.45 m Me2P£H2£ti2PMe2 
33.39 m 
127.62 
129.30 
129.55 
139.26 

s 
s 
s 
s 

(OC(O)ED) 

17204 s (0£(0)Ph) 

(rans-{DMPE)2Ru- 15.64 pent 5.2 M ^ P C H ? C H ^ P M R ? 

(H)(OC(0)Ph) (14)« 22.49 pent 7.0 
31.24 pent Me2P£H2CH2PMe^> 

127.55 
128.82 
129.92 
139.97 

s 
s 
s 
s 

(OC(O)PH) 

170.42 s (OC(O)Ph) 

(PM63)3Ru 4.63 dt 81.2, 11.6 Ru-Me 
(CH(C(0)CH2CMe3)2)(Me) 19.01 d 13.9 PMe.i 

(16)« 
19.93 1 12.5 PMe3 
30.93 $ (CH(C(0)CH2CM£3)2) 
32.06 s (CH(C(0)CH2£Me3)2) 
56.53 3 (CH(C(0)£H2CMe3)2) 
103.04 S <£H(C(0)CH2CMe3)2) 
128.90 s (CH(£(0)CH2CMe3)2) 

(PMe3)4Ru 18.66 t 9.4 f/ans-PM33 
(OC(Me)CHC(Me)CH) (19)« 21.52 d 15.1 cis-PMez 

23.45 d 24.1 cis-PMez 
26.30 s (OC(fc!£)CHClMfi)CH) 
30.50 s (OC(M£)CHC(M£)CH) 
98.C1 s (OC(Me)£fctC(Me)CH) 
138.18 dtd 64, 16.10 (OC(Me)CHC(Me)CtD 
1 5 6 * 1 s (OQ(Me)CH£(toe)CH) 

not observed (02(Me)CHC(Me)CH) 
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18.11 Id 13.1. 2.0 trans-PUe3 
21.12 d 17.2 c/i-PMea 
22.58 dd 27.0. 2.2 cis-PMea 
29.53 s (OC(0)OC(CM83)CH) 
38.20 d 6.0 (OC(0)OC(£Me3)CH) 
110.98 did 60,18, 8.6 (OC(OJOC(CMe3)£hD 
151.82 d 2.8 (OC(O)0C(CMe3)CH) 
156.58 t 5.3 (OC(0)OC(CMe3)CH) 

'The multiplicities triplet and doublet, when applied to the PMe3 and DMPE resonances, are 
apparent splitting patterns. Accordingly Ihe values reported lor J do not necessarily reflect true 
coupling constants. ''The assignment trans-PUej refers to Ihe mutually trans phosphine ligands: 
the other two phophines are assigned as cis-PMej. eTHF-d5, -40 'C. *THF-da, 20 "C. *CeOe,20 
"C. 'Methanol-d4.20°C. SCD2CI2. -62 *C. hCD2Cl2.20 °C. 

Table 9. (cont'd) 
(PMea^Ru 

(OC{0)OC(CMe3)CH) (21)d 
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Table 10. 1 3 P( 1 H) NMR spectroscopic data. 

Compound spin system1 S(ppm) J(H2) 
(PMe3)4Ru(OC(CH2)C6H4) (3) a A 2 BC SA-0.69 

SB-13.71 
SC-6.86 

JAB-25.3 
J A C - 3 2 . 2 
JfiC-14.3 

(CO)(PMe3)Ru(OC(Me)(Prl)CH2C^O))(6)• ABC SA-0.76 
SB.8.70 

6C11.26 

J A B » 2 S . 9 
J A C - 2 6 - 3 

JBC-321.1 

C!S-(PMe3)4Ru(OC6H4-p-i.'e)2» A 2 B 2 SA-14.69 
SB-0.93 

J A B - 3 1 . 8 

(PMe3)4Ru(C03) (8)' A 2 B 2 6A-23.08 
SB.4.75 

J A B » 3 0 . 7 

(PMe3)4Ru(OC(NPh)0) (9)9 A 2BC 8A-1.98 
SB-18.96 
5C-19.81 

J A B - 3 1 - 1 
J A C " 3 2 - 8 
JflC-32.3 

(PMe3)4Ru(OC(0)NPh) (10)h A2BC 5A.0.04 
6B-5.66 
SC-8.99 

JA8"30.6 
J A C - 3 0 . 6 
JBC=29.8 

c/s-(PMe3)4Ru(H)(OC(0)Ph) (11)« A 2BC SA-0.52 
SB-6.74 

SC-13.72 III 
c/s-(DMPE)2Ru(Me)2' AA'BB- SA.45.31 

6B»32.69 
«lAB.AB'-19-1 

c/s-(DMPE)2Ru(OC6H4-p-Me)2 (12) d AA'BB' SA-52.2B 
6B-36.60 

JAB.AB--17.3 

(OMPE) 2Ru(C0 3) (13) h AA'BB' 5A. 57.45 
8B.54.B6 

JAB. AB-20 .6 

c/s-(DMPE)2Hu(OC(0)Ph)2h AA'BB' SA.53.99 
8B-37.44 

JAB.AB-244 

cVans-(DMPE)2Ru(H)(OC(0)Ph) (11)* A4 SA.4^.90 

(PMe3)3Ru(CH(C(0)CH2CMe3)2)(Me)(16)« A 2 B SA-2S.43 
SB.-a.51 

JAB=16.2 
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Table 10. (cont'd) 

(PMe3URu(OC(Me]CHC(Me)CH) (19)» A2BC fiA-0.35 JAB-35.3 
SB-11.85 JAC»21.8 
8C—15.13 JBC=13.7 

!PMe3S4Bu(OCEO)OC(CMe3!CH) (21}d A2BC SA-0.77 JAB-36.8 
SB-16.49 JAC-23.4 
gC—13.21 JBC-17.9 

a The true spin system tor the oi-(DMPE)2Ru(X)2 compounds in this study is AA'BB'. However. 
all spectra ol these compounds were observed simply as a pair of triplets. 
bTHF-ds, -40 °C. 'values for S and J were determined by spectral simulation. *THF-da. 20 °C. 
•CeDs^O-C. 'Methanol-d). 20"C. 8C020I2.-62',C. ^D^Cfe. 20 °C. 
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Experimental 

General. Unless otherwise noted, all manipulations were carried out under an inert 

atmosphere in a Vacuum Atmospheres 553-2 drybox with attached M6-40-1H Dritrain, or by using 

standard Schlenk or vacuum line techniques. Information on methods for solvent purification and 

for obtaining spectroscopic data is provided in the companion paper. 

Unless otherwise specified, all reagents were purchased from commercial suppliers and 

used without further purification. PMe3 {Strem) was dried over NaK or a Na mirror and vacuum 

transferred prior to use. DMPE (1,2-6/s-dimethylphosphinoethane) (Strem) was used as 

received. Ferrocene (Aldrich) was sublimed, and mesitylene was dried over 

sodiunvbenzophenone ketyl and distilled prior to use. p-Cresol was dried by refluxing a solution 

in benzene using a Dean-Stark trap followed by distillation under argon. Acetaphenone and 

benzaldehyde were dried by refluxing over CaH2, followed by distillation under nitrogen. 

Hydrogen, carbon monoxide and carbon dioxide were purchased from Matheson and used as 

received. Trimethylsilane was purchased from Petrarch and used as received. 4,4-dimethyl-2-

pentanone and pinacolone were purchased from Aldrich and used as received, left-

Butylacetylacetone was prepared by the addition of the potassium enolate of 4,4-dimethyl-2-

pentanone to fert-butylacetyl chloride. MeaSiOCtCHgJCMes was prepared by standard 

methods. 4 3 Alkali enolates were prepared as described in the companion paper as was the 

mixture of os-and frans-(PMe3)4Ru(Pri)(CI). (PMe 3 ) 4 Ru(i i 2 -C 6 H4), 1 s c/s-(PMe3)4Ru(OAc)(CI),1 9 

and frans-(PMe3)4Ru(Cf)2z1 were prepared as published previously. 

Pentane and hexane (UV grade, alkene free) were distilled Irom UAIH4 under nitrogen. 

Benzene, toluene, and tetrahydrofuran were distilled from sodium benzophenone ketyl under 

nitrogen. Dichloromethane was either distilled under N2 or vacuum transferred from CaH2-

Deuterated solvents for use in NMR experiments were dried as their protiated analogues but were 

vacuum transferred from the drying agent. 

(PMe3>4Ru(OC(CH2)C6H4) (3). (a) By thermolysis of 1 : In 2.4 niL of C 6D6 was 

dissolved 25 0 mg (0.0433 mmol) of cis- and <rans-(PMe3URu(Ph)(CI) and 5 mg of ferrocene as an 
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internal standard. Into an NMR tube was placed 0.6 mL ol this solution for determination of the 

relative concentrations of cis- and frans-(PMe3)4Ru(Ph)(CI) and the internal standard. To the 

remaining solution was added 10.4 mg (3.0 equiv.) of KOC(CH2)Me. The resulting suspension 

was stirred for 2 h, over which time the yellow color turned da.1<er orange. The solid was removed ' 

by forcing the suspension through a small plug of celite. The resulting solution containing 1 was 

equally divided into three separate NMR tubes, one for use in this preparation, a second for pan 

(c) below and a third for use in the preparation of 7 from 1. The first tube was equipped with a 

vacuum stopcock, degassed by three freeze, pump, thaw cycles, and sealed under vacuum. The 

sample was then heated to 45 "C for 8h. 1 H and 3 1 P( 1 H) NMR of the final reaction solution 

showed formation of 3 in 5 1 % yield, as determined by comparison to the initial sample. 

(b) By addition of KOC(CH2)Ph to (PMe3)4Ru(Me)(CI). In 1.4 mL ol C6D6 was dissolved 

18.B mg (0.0413 rnmol) ol (PMes)4Ru(Me)(CI) and 1.4 mL of ferrocene as an internal standard. 

Half ol this solution was placed into an NMR tube and to the remaining solution was added 5 mg 

(1.5 equiv.) of KOCfCHjJPh as a solid. The resulting suspension was stirred tor 5 min at room 

temperature and then placed into a second NMR tube. The 1 H NMR spectrum of this solution 

showed the presencs ot 3 and starting material. No 4 was observed. The solution was allowed to 

stand at room temperature for 24 h, after which time the 1 H NMR spectrum showed the presence 

ot methane and the formation of 3 in 98% yield, by comparison with the sample of cis- and trans-

(PMea)4Ru(Ph)(CI) and ferrocene internal standard. 

(c) By addition of acetophenone to 1: To the second sample of 1, generated a-

described in part a, was added 2.4 uL (1.2 equiv.) ot acetophenone. The lube was equipped with 

a vacuum stopcock, degassed by three freeze, pump, thaw cycles, and sealed under vacuum. 

The sample was then heated to 45 °C for 8h. ' H and 3 1 P(1 H) NMR of the tinal reaction solution 

showed formation ol a-methylstyrene (53%) and 3 (61%) . 1 5 as determined by comparison to the 

initial sample. 

Hydrogenolysls of 1. In 1.2 mL ot CsDg was dissolved 15.0 mg ol cis- and trans-

(PMe3)4Ru(Ph)(Cl) and 2 mg ol lerrocene as an internal standard. Into one NMR lube was placed 
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half of the reaction solution and to the remaining solution was added 1.5 mg (1.0 equiv) of 

KOC(CH2)Me as a solid. The reaction was stirred for 4 h, after which time the orange solution was 

filtered through a small plug of celite and the filtrate was placed into a 9" NMR tube equipped with 

a Kontes vacuum adaptor. The sample was degassed by three freeze, pump, thaw cycles, 

submerged in liquid nitrogen, and exposed to 450 torr of Hj . The tube was sealed at the top of 

the liquid nitrogen to give a final length of 3.5", and a pressure of approximately 2 aim at 25 °C. 

After 2 h at 25 °C, the orange solution became pale yellow, and 1 H and 3 1 P ( 1 H} NMR 

spectroscopy showed formation of the dihydride 5 in 88% yield and the alcohol HOC(Me)2Ph in 

84% yield, by comparison to the sample of cis- and (rans-(PMe3)4Ru(Ph)(CI) and ferrocene 

internal standard. The sample was then opened, the solution passed through a short column of 

silica to remove the ruthenium complex. After elution with 1 mL of ether, gas chromatographic 

analysis of the eluent showed the 2-phenyl-2-propanol as the major peak after those of the 

solvent, as determined by comparison of the retention time to an authentic sample and 

coinjection of the eluent and a solution of the authentic sample. 

(PMe 3 )3(CO)Ru(OC(Me)(Ph)CH 2 C(0)) (6). To a suspension of 150 mg of as-

and lrans-(PMe3)4Ru(Ph)(CI) in 14 mL of n-pentane was added at room temperature 83.5 mg (3.0 

equiv) of KOC(CH2)Me as a solid. The suspension was stirred for 4 h, and after this time the solid 

was removed by filtration with pressure through a plug of celite. The resulting clear orange filtrate 

was transferred to a 250 mL glass reaction vessel equipped with a Kontes vacuum adaptor. The 

vessel was submerged in liquid nitrogen and exposed to vacuum followed by 450 torr of CO. 

Upon thawing, the yellow solution became clear. The volume was reduced to -6 mL and cooled 

to -40°C to provide 76.0 mg (50.1%) of white needles. IR (KBr) 1907 (s), 1614 (s); MS (FAB, 

sulfolane) 520 (M*); Anal. Calcd. for C20H37O3P3RU: C, 46.23%; H, 7.18%. Found: C, 46.00%; 

H, 7.38%. 

Reaction of 1 with p-cresol. A solution of 5 mg (4 equiv) of p-cresol in 0.3 mL ol 

C6D6 was prepared. To the third sample of 1, prepared as described in the section on the 

formation of 3 by thermolysis of 1 was treated wilh the solution of of p-cresol dropwise until the 
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dark orange solution turned yellow (approx 0.2 mL ot the solution). 1H and 3 1 PI 1 H) NMR of the . 

resulting solution showed formation of a-methylstyrene in 86% yield and 7 2 0 in 74% yield, by 

comparison tc the sample of as- and funs-(PMe3URu(Ph)(CI) and ferrocene internal standard. 

(PMes)4Ru(C03) (8). (a) From 1. In 1.8 mL of C60s was dissolved 14.4 mg (0.0278 

mmol) of cis- and frans-(PMe3)4Ru(Ph)(CI) and 3 mg of ferrocene as an internal standard. Into an 

NMR tube was placed 0.6 mL of this solution for an integration of starting material versus the 

internal standard. To the remaining solution was added 3.S mg (1.3 equiv.) of KOC(CH2)Me. The 

resulting suspension was stirred for 2 h, over which time the yellow color turned darker orange. 

The resulting solution containing 1 was divided equally into two NMR tubes. One of the tubes 

was equipped with a vacuum stopcock, and degassed by three freeze, pump, thaw cycles. To 

this sample was added 0.0556 mmol of COj by vacuum transfer. Upon thawing, the orange 

solution turned clear and white crystals formed from the reaction solution. 1 H NMR spectroscopy 

of this solution showed the presence of a-methylstyrene in 84% yield. The tube was then 

opened and CD2CI2 (0.2 mL) was added to dissolve the ruthenium complex. 1 H and 3 1 P ( 1 H ) 

NMR spectroscopy showed the formation of 8 in 83% yield, by comparison the the sample of cis-

and rrans-(PMe3)4Ru(Ph)(CI) and ferrocene internal standard. 

(b) Preparative scale. Into a 50 mL round bottom flask equipped with a Kontes vacuum 

adaptor was placed, in air, 300 mg (0.630 mmol) of frans-(PMe3)4Ru(CI)2 and 150 mg (1.09 mmol) 

ot K2CO3. To these two solids was added 10 mL of methanol by vacuum transfer. The resulting 

solution was carefully degassed by three freeze, pump, thaw, cycles and then heated at 50 °C for 

1.5 h with stirring. During this time, the initial orange solution turned pale yellow. The solvent was 

removed under reduced pressure and the resulting solid was extracted with CM2CI2- Removal ol 

the CH2CI2 solvent provided 255 mg (85%) of white solid, which was pure by 3 1 P( 1 H ) NMR 

spectroscopy. This material was lurther purilied by dissolving the material in CH2CI2 and layering 

the resulting solution with Et20 to provide 10.6 mg (3.5%) ol white powder, used for infrared and 

mass spectral analysis. IR(KBr): 1578 (s); MS (FAS, 1,2 nilrobenzyl alcohol matrix) 467 (MH+). 423 

((M-C02)H-), 407 ((M-C03)H»), 391 ((M-PMe3)H*). 



Synthesis of (PMe3)4Ru(0C(0)NPh) (10) via (?M«3)4Ru(0C(NPh)0! (9). 

In 10 ml. of n-pentana was suspended 301 mg of as- and (rans-(PMe3)4Ru(Ph)(CI) and 120 mg 

(1.98 equiv.) of KOC(CH2)Me. The reaction was stirred for 4 h at room temperature, after which 

time the orange suspension was filtered wfth pressure. To the resulting clear orange solution was 

added 9S.0 mg PhNCO (1.93 equiv) as a solution in 1 mL of n-pentane. Upon addition of the 

isocyanate, a pale yellow solid precipitated from solution. This solid was filtered, washed twice 

with 1 .S mL of n-pentane, and dried under vacuum to provide 194 mg (63%) yield of 9 which was 

roughly 90% pure by 1H and 3 1 P(1 H) NMR spectroscopy. This material was dissolved in 7 mL oi 

CH2CI2 and heated to 45 °C tor 1 h to convert 9 to its isomer 10. The solution was concentrated 

to 1 mL under reduced pressure and layered with 4 mL of pentane. After 12 h at room 

temperature, 52.6 mg (27.1%) of analytically pure yellow powderwas collected. IR(KBr) 2912 (m), 

1595 (s), 1577 (m), 1567 (m), 1550 (m), 1492 (m). 1482 (m). 1329 (s),-1314 (m), I304 (m) 1282 

(m0,1233 (m). 944 (s); Anal. Calcd for C19H41NO2P4RU: C, 42.22; H, 7.65; N, 2.59. Pound: C. 

42.45; H. 7.67; N, 2.49. 

(PMe3),,Ru(H)(OC(0)Ph) (11). (a) From 1. In 1.2 mL of C6D6 was dissolved 10.8 

mg (0.0209 mmol) of els- and frans-(PMe3)4Ru(Ph)(CI) and 2 mg of ferrocene as an internal 

standard. Half of this solution was transferred 10 an NMR tube, and to the remaining solution was 

added 3 mg (1.5 equiv.) of KOC(CH2)Me as a solid. The reaction was stirred for 2 h, after which 

time the solid materials were removed by filtration through a small plug of celite. Benzaldehyde 

(2.1 u l , 1.0 equiv) was added dropwise at room lemperalure as a solution in 0.3 mL of CgOg. The 

resulting yellow solution was placed into an NMR tube, equipped with a Kontes vacuum adaptor 

and sealed under vacuum. The sample was then heated to 45 "C for 24 h, after which time1H and 
3 1 P(1H) NMR spectroscocy showed formation ol 11 in 53 % yield and ct-methylstyrene in 76% 

yield. 

(b) Preparative scale. In a glass reaction vessel equipped with a Kontes vacuum adaptor 

was placed a solution of 374 mg (PMeaURufCjHa) in 10 mL of C6H6- To this slined solution was 

added 105 mg (1.0 equiv) of benzoic acid in 2 mL of CeHg. The vessel was then closed and 
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heated to 45 °C for 24 h, after which time the solvent was removed under reduced pressure and 

the residue was extracted with 10 mL of pentane. Concentration of the solution and cooling to -

40°C provided 64.3 mg (14%) of analytically pure white needles. IR(KBr): 1826 (s), 1599 (s); Anal. 

Calc'd. for C19H42O2P4RU: C, 43.26; H, 8.02. Found: C, 43.12; H, 8.10. 

(DMPE)2Ru(OC6H4-p-Me)2 (12). (a) From 2. In 0.6 mL of C6D6 was dissolved 7.1 

mg (0.0133 mmol) of 2 and 2 mg of mesitylene as an internal standard. A 1 H NMR spectrum of 

this solution was obtained. To this solution was then added 2.9 mg (2.0 equiv.) of p^cresol as a 

solid. A second ' H NMR and 3 1 P { 1 H } NMR spectrum showed formation of a-methylstyrene in 

quantitative yield and 12 in 74% yield. 

(b) Preparative Scale. In 5 mL of toiuene was dissolved 325 mg (0.754 mmol) of cis-

(OMPE)jRu(Me)2- To the stirred solution was added, dropwise at room temperature, 179 mg (2.2 

equiv.) of p-cresol in 1 mL of toluene. During this addition, the initial clear solution turned yellow, 

and gas evolution was observed. The solution was layered with 3 mL of pentane. and after 12 h, 

146 mg (32%) of 12, judged pure by ' H and 3 1 P [ 1 H ) NMR spectroscopy, was isolated. This 

material was recrystallized for microanalysis by vapor diffusion of pentane into a solution of 12 in 

toluene. IR(KBr) 299S(w), 2972 (m). 2906 (s), 2955 (w), 1601 (m), 1500 (s). 1497 (s). 1420 (m), 

1304 (s), 1159 (m). 1099 (m). 929 (s): Anal. Calc'd for C26H46O2P4RU: C, 50.72; H, 7.S3. Found: 

C, 50.26; H, 7.52. 

(DMPE)2Ru(C03>2 (13). (a) From 2. In 0.6 mL of CsDs was dissolved 7.1 mg 

(0.0133 mmol) of 2 and 2 mg of mesitylene as an internal standard. A ' H NMR spectrum of this 

solution was obtained. The NMR tube was then equipped with a Kontes vacuum adaptor. To the 

sample was added 2.0 equiv. of CO2 by vacuum transfer. Upon thawing, 13 crystallized from Ihe 

reaclion mixture. A second 1 H NMR spectrum showed formation of ct-melhylstyrene in S6% yield. 

The tube was then opened and CD2CI2 (-0.2 mL) was added to Ihe solulion to dissolve 13. 'H 

ana 3 1 P{ 1 H) NMR spectroscopy of Ihe resulting solulion showed formation ol 13 in quantitative 

yield. 
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(b) Preparative scale. Into a glass reaction vessel equipped with a Kontes vacuum adaptor 

was placed 250 mg (0.538 mmol) of 8,15 mL of tetrahydrofuran, and 242 mg (3.0 equiv) of 

DMPE. The reaction vessel was frozen with liquid nitrogen, exposed to vacuum, and heated to 

85 °C tor 24 h. After this time the 3 1 P { 1 H } NMfl spectrum of an aliquot showed complete 

conversion of 8 to 13. The solvent was removed under reduced pressure and the resulting solid 

was washed with hexanes to provide 83.0 mg (33.5%) of white powder, which was roughly 95% 

pure. Attempts to obtain analytically pure material by crystallization were noi successful. IR(KBr) 

1566(s). 

(DMPE)2Ru(H)(OC(0)Ph) (14). From 2. In 1.2 mL of C6Ds was dissolved 12.6 mg 

(0.0237 mmol) of 2 and 2 mg of mesitylene as an internal standard. Half of this solution was 

placed into an NMR tube, and to the remaining solution was added 1.3 uL (1.1 equiv.) of 

benzaldehyde. The reaction was then placed into an NMR tube equipped with a Kontes vacuum 

adaptor and degassed by Ihree freeze, pump, thaw cycles. The sample was then heated at 110 

°C for 2 d, and ' H NMR spectroscopy showed formation of a-methylstyrene in quantitative yield 

and 14 in 57% yield. 

(b) Preparative scale. In 4 mL of hexanes was dissolved 78.4 mg of os-(DMPE)2Ru(Me)2. 

To this solution was added 44.4 mg (2 equiv.) ol benzoic acid. The reaction was stirred for 24 h at 

room temperature, over which time the product L.jRu(OC(0)PH)2 precipitated from the reaction as 

a while solid. This solid was isolated by filtration and washed twice with 2 mL of pentane to provide 

83.5 mg (71.4%) of product which was pure enough (-90%) for preparation ot 14. The ois-

benzoate (0.130 mmol) was dissolved in 7 mL of tetrahydrofuran. To the stirred solution was 

added dropwise at room temperature 32.5 uL (0.0325 mmol) of a 1.0 M solution ol lithium 

aluminum hydride in Et20. The resulting solution was stirred tors h, after which time the solvent 

was removed under reduced pressure, and the residue was extracted three times with a total of 

25 mL of Et20. The solution volume was reduced to -5 mL in vacuo and cooled to -40°C lo 

provide 67.9 mg (53.4%) of analytically pure while needles. IR(KBr) 2964 (m), 2921 (m), 2899 (s), 
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1907 (m), 1601 (s), 1566 (s), 1552 (m), 1419 (m), 1396 (m), 1360 (s), 1291 (m), 1275 (m), 937 (s) 

929 (s) cm" 1 ; Anal CalC'd tor CigH3a02P4Ru: C, 43.60; H, 7.32. Found: C, 43.32; H, 7.23. 

React ions of (PMe3)4Ru(OC(CHCMe3)CH 2 ) (15): 

with p-cresol. Into an NMR tube was placed a solution of 6.3 mg ol 15, 2 mg of 

mesitylene as an internal standard, and 0.6 mL of CgDe. A 1 H NMR spectrum of this initial solution 

was obtained. To this sample was then added 3.2 mg of p-cresol as a solid. 1 H NMR 

spectroscopy showed quantitative formation ot both 7 and 4,4-dimethyl-2-pentanone, as 

determined by comparison to the initial spectrum. 

with 4,4-dlmethyl-2-pentanane to form (PMe 3 )3Ru(CH(C(0 )CH2CMe3) 2 ) -

(Me) (16). From 15. In 0.6 mL of CeD6 was dissolved 12.6 mg (0.0252 mmol) of 15 and 2 mg 

of mesitylene as an internal standard. To this solution was added 2.9 mg (1.0 equiv.) of 4.4-

dimethyl-2-pentanone, and the reaction was transferred to an NMR tube equipped with a Kontes 

vacuum adaptor. The sample was degassed by three freeze, pump, thaw cycles and sealed. A 1 H 

NMR spectrum ol this initial solution was obtained. The reaction was then heated to 110 °C tor 24 

h, alter which time, 1 H and 3 1 P ( 1 H ) NMR spectroscopy showed formation of 16 in 77% yield. 

(b) Preparative scale. Into a glass reaction vessel equipped with a Kontes vacuum adaptor 

was placed a solution of 146 mg (0.304 mmol) of (PMe3)4Ru(Ti2-C5H4) and 76.1 mg (2.2 equiv.) ol 

4,4-dimethyl-2-pentanone in 7 mL of CeHg. The solution was heated for 24 h at 110 °C. over 

which time the initial clear solution turned yellow. The solvent was removed under reduced 

pressure and the residue extracted into 10 mL of n-pentane. The pentane solution was filtered 

through a small plug ol celite. concentrated to -2 mL and cooled to -40 "C to provide 59.0 mg 

(35%) of yellow blocks, judged pure by 1 H , 3 1 P( 1 H) and 1 3 C( 1 H) NMR spectroscopy. This material 

was then recrvstallized from pentane for microanalysis. IR(KBr) 2966 (s), 2944(s), 2906 (s), 2861 

(m), 1576 (s). 1561 (w). 1514 (s). 146a (m). 1452 (m), 1446 (m), 1434 (m), 1428 (m),m 1408 (m), 

1363 (m), 1293 (m). 1273 (s). 966 (s). 939 (s) cm ' 1 ; Anal. Calc'd for C21H35O2P4RU: C. 49.72; H, 

9 61. Found: C. 49.46. H. 9 64 
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Addition of HCI to 16. Into an NMR tube equipped with a rubber septum was placed 

a solution of 5.6 mg of 16 and 2 ir j of mesitylene as an internal standard in 0.6 mL of CgDe. A 'H 

NMR spectrum of this solution was obtained. To this solution was then added 3 ui. of 37% HCI in 

water, and immediate formation of a solid occurred. 1 H NMR spectroscopy showed formation of 

tert-butylacetylacetone in quantitative yield, as determined by comparison to the initial spectrum. 

The sample was then filtered to remove the insoluble ruthenium complex. Gas chromatographic 

analysis performed on the resulting clear filtrate showed the presence of re/T-butylacetylacetone. 

as determined by comparison of the retention time to an authentic sample, as well as coinjection 

of the reaction solution with the authentic sample. 

(PMe3) 4Ru(0C(Ma)CHC(Me)CH) (19). A suspension of (PMe3)4Ru(OAc)(CI) (127 

mg, 0.254 mmol) and KOC(CH2)Me (53.7 mg, 2.2 equiv) in 7 mL of ether was stirred for 2 h at 

room temperature. After this time, the solution was transferred to a glass reaction vessel 

equipped with a Kontes vacuum adaptor. The solution was frozen in liquid nitrogen and exposed 

to vacuum. The vessel was closed and then heated to 85 °C for 8 h. After this time, the solvent 

was removed and the residue was extracted into 10 mL of pentane. The resulting slurry was 

tillered through a small plug of celite, concentrated to - 2 mL and cooled to -40 °C io provide 57.7 

mg (45%) of yellow crystals of roughly 95% purity by 'H, 3 1 ( 1 HJ NMR ^ C l 1 H) NMR spectroscopy. 

This material was recrystallized from pentane to provide an analytically pure sample of 19. IR(KBr) 

2987 (m), 2968 (S), 2967 (s), 2907 (s), 2829 (m), 1581 (S), 1528 (m), 1437 (m), 1419 (m). 1414 

(m), 1394 (s), 1295 (s), 13272 (s), 1187 (s), 947 (s); Anal. Calctt for C18H44OP4RU: C, 43.11: H. 

8 84 Found: C. 43.22: H, 8.90. 

Addition of HOAc to 19. Into an NMR tube equipped with a Kontes vacuum adaptor 

was placed a solution of 8.6 mg ot 19 and 2 mg of mesitylene in 0.6 mL of CsDe- A 1 H NMR 

spectrum of this solution was obtained to determine the relative concentrations of starting material 

and internal standard. Acetic acid (2.0 uL, 2.0 equiv.) was then added to the sample. The 

solution was frozen in liquid nitrogen and exposed to vacuum. The tube was sealed and the 

sample was heated at 85 "C tor 2 h. after which time 1 H and 3 1 P{' H) NMR spectroscopy showed 
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formation of (PMe3)4Ru(OAc)2 in quantitative yield and mesityl oxide in 74% yield. The sample 

tube was then opened and the solution was passed through a short column of silica to remove the 

ruthenium complex, eluting with 1 m l of ether. Gas chromatographic analysis of the eluent 

snowed the presence of CH3C(0)CH»CMe2, as determined by comparison of the retention time 

to an authentic sample as well as coinjection of the eluent and an authentic sample. 

Reactions of (PMs3)4Ru(OC(CM*3)CH) (20): 

with p-cresol. Into an NMR tube was placed a solution of 7.2 mg of 20 and 2 mg of 

mesityleno as an internal standard in 0.6 mL oi CsDs- A 'H NMR spectrum of this initial solution 

was obtained. To this sample was then added 3.5 mg of p-cresol as a solid. 1HNMR 

spectroscopy showed formation ol 7 in 91% yield and pinacolone (3,3-dimethyI-2-butanone) in 

quantitative yield, as determined by comparison to the initial spectrum.. 

with CO2 to form (PMe3)4Ru(OC(0)OC(CMS3)CH) (21), Into a medium walled 

NMR tube was placed a solution of 41.2 mg (0.0319 mmoi) of 20 in 0.4 mL of THF-da The tube 

was equipped with a Kontes vacuum adaptor and degassed by three freeze, pu.np, thaw cycles. 

To the solution was added 0.0819 mmol of CO2 by vacuum transfer. The tube was sealed and the 

initial yellow solution turned a paler yellow color upon thawing. 1 H, 1 3C( 1H|, and 3 1P('H) NMR 

spectroscopy showed clean conversion to 21. Upon standing tor 12 h, 18.9 mg (42%) of pure 

21 as white blocks formed from the reaction solution. This material was recrystallized for 

microanalysis by diffusing pentane into a THF solution of 21. IR(KBrS: 2972 (m), 2SS6 (m), 2944 

(S), 2910 (m), 1633 (s), 1430 (m), 132S (m), 1313 (m), 1297 (m). 1279 <m), 1042 (s), 944 (s): Anal. 

Calc'd. tor Ci9H4$03P4nu: C, 41.70; H, 8.47. Found: C, 41.32; H, 8.44. 

with Hj. m 1.8 mL of CgOg was dissolved 18.3 mg of 20 and 4 mg cf mesitylene as an 

internal standard. The solution was divided into three equal portions; one portion was placed into 

an NMR tube to determine the relative concentrations of starting material and the internal 

standard. The second portion was placed into an NMR tube equipped with a Kontes vacuum 

adaptor. The latter sample was degassed by two freeze pump thaw cycles, immersed in liquid 

nitrogen, and exposed to 450 torr ol H2. The tube was sealed at the level ot the liquid nitrogen 
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and heated to 45 °C for 8 h to provide the dihydride 5 in 77% yield and pinacolone in 6 1 % yield, 

as determined by comparison of the 1 H NMR spectrum to that of the initial solution. The sample 

was ther. opened and the solution was passed through a short column of silica to remove the 

ruthenium complex, eluting with 1 mi. at ether. Gas chromatographic analysis of the eluent 

showed the presence of pinacolone, as determined by comparison of the retention time to an 

authentic sample and coinjection of the eluent and the authentic sample. 

with trlmethylsllane. The third portion of 20, prepared as described in the reaction of 

20 with H 2 , was placed in an NMR tube, and to this tube was added 0.0121 mmol ',1.0 equiv.) of 

t-imethylsilane by vacuum transfer. The sample was then heated to 85 °C for 2 h, after which time 

'H and 3 1 P{1 H( NMR spectroscopy stowed formation of (PMe3)3Ru(CH2PMe2)(H) in 40% yield 

and Me3SiOC(CH2)CMe3 In 43% yield as determined by comparison to the initial solution 

described in the additior of Hz to 20. The sample tube was then opened and the solution was 

passed through a short column of silica to remove the ruthenium complex, eluting with 1 mL of 

ether. Gas chromatographic analysis of the eluent showed the presence of Me3SiOC(CH2)CMe3, 

as determined by comparison of the retention time to an authentic sample, as well as coinjection 

of the eluent and a solution of the authentic sample. 

X-ray Crystal Structure Determination of 17. 

(a) Isolation and Mounting: Crystals of the compound were obtained by slow 

crystallization from pentane at -40 °C. Fragments cleaved Irom some of these crystals were 

mounted in thin-wall capillaries in an inen-atmosphere glove box and then the capillaries were 

flame sealed. 

The crystal used for data collection was then transferred to our Enraf-Nonius CAO-4 

ditfractometer and centered in the beam. It was cooled to -90 "C by a nitrogen flow low-

temperature apparatus which had been previously calibrated by a thermocouple placed at the 

sample position. Automatic peak search and indexing procedures yielded a monoclinic reduced 

primitive cell. Inspection ol the Niggli values revealed no conventional cell of higher symmetry. 
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The final cell parameters and specific data collection parameters for this data set are given in Table 

1. 

(b) Structure Determination: The 3227 raw intensity data were converted to structure 

factor amplitudes and their escTs by correction for scan speed, background and Lorerra and 

polarization effects, inspection of the intensity standards revealed a reduction of 7% of the 

original intensity. The data were corrected for this decay. Inspection of the azimutrtal scan data 

showed a variation imyim3X • 0.94 for the average curve. An empirical correction based on the 

observed variation was applied to the data. Inspection of the systematic absences indicated 

uniquely the space group PZVn. Removal of systematically absent and ?edundant data left 2890 

unique data in the final data set. 

The structure was solved by Patterson methods and refined via standard least-squares 

and Fourier techniques. Hydrogen atoms were assigned idealized locations and values of Biso 

approximately 1.15 times the B, q v of the atoms to which they were attached. They were included 

in structure factor calculations, but not refined. 

The final residuals for 190 variables refined against the 2430 data for which Fa»3a (Fa) 

were R - 3.89%, wfl • S.11% and GOF - 2.23. The Ft value for all 2890 data was 5.60%. ' 

The quantity minimized by the least squares program was S»{lF0|-|Fc])2, where w is the 

weight of a given observation. The p-faetor. used to reduce the weight of intense reflections, was 

set to 0.03 throughout the refinement. The analytical forms of the scattering factor tables for the 

neutral atoms were imaginary components of anomalous dispersion. 

Inspection of the residuals ordered in ranges of sinB/X, |F 0 l, and parity and value of tht» 

individual indexes showed no unusual features or trends. The largest peak in the final difference 

Fourier map had an electron density of 0.77 e-/ A3, and me lowest excursion -0.69 e-/A3. Both 

were located near the Fiu atom. There was no indication of secondary extinction In the high-

intensity low-angle data. 

The positional and thermal parameters of the non-hydrogen atoms were provided as 

supplementary material with the preliminary report of this compound44 along wim anisotropic 
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thermal parameters and the positions and thermal parameters of the hydrogen atoms, as well as a 

listing of the values of F 0 and Fe. 

X-ray Crystal Structural Determination of 15. 

(a) Isolation and Mounting: Crystals of the compound were obtained by cooling slowly a 

pentane solution of 15, and ware mounted in a viseious oil. X-ray data were collected as for 17: 

the final cell parameters and specific data collection parameters are given in Table i . 

(b) Structure Determination: The 3675 raw intensity data were converted to structure 

factor amplitudes and their esd's by correction for scan speed, background and Lorentz and 

polarization effects. An empirical absorption correction was applied to the data. Inspection of the 

systematic absences indicated space group Pnma. Removal of systematically absent and 

redundant data left 3542 unique data in the final data set. 

The structure was salved by Patterson methods and refined via standard least-squares 

and Fourier techniques. The final residuals for 126 variables refined against the 2497 data tor 

which Fj>3o (F2) were R«6.3%, wR-7,9% and GOF-2.85. The R value for all 3542 data was 

9.4%. 

The quantity minimized by the least squares program was £w(|F0|-|Fd)2. where w is the 

weight of a given observation. The p-factor, used to reduce the weight of intense reflections, was 

set to 0.03 throughout the refinement. The analytical forms of the scattering factor tables for the 

neutral atoms were used and all scattering factors were corrected for both the real and imaginary 

components of anomalous dispersion. 

The positional and Ihermal parameters of the non-hydrogen atoms, anisotropic 

displacements in angstroms, and tables of least squares planes are provided as supplementary 

material. 

X-ray Crystal Structural Determination of 18. 

(a) isolation and Mounting: Crystals of the compound were obtained by sublimation of 18 

m a sealed tube at 55" C tor 2 weeks, and were mounted as described for 15. X-ray data were 
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collected as lor 17; the final cell parameters and specific data collection parameters are given in 

Table 1. 

(b) Structure Determination: The 1441 raw intensity data were converted to structure 

factor amplitudes and their escTs by correction for scan speed, background and Lorentz and 

polarization effects. An empirical absorption correction was applied to the data. Inspection of the 

systematic absences indicated space group Pnma. Removal of systematically absent and 

redundant data left 1276 unique data in the final data set. 

The structure was solved by Patterson methods and refined via standard least-squares 

and Fourier techniques. The final residuals for 51 variables refined against the 820 data for which 

F 2>3c (F 2) were R - 7.8%, wR . 9.2% and GOF - 3.07. The R value for all 2890 data was 12.5%. 

The quantity minimized by the least squares program was Ew(|F 0 HF c l ) 2 . where w is the 

weight of a given observation. The p-factor, used to reduce the weight of intense reflections, was 

set to 0.03 throughout the refinement. The analytical forms of the scattering factor tables for the 

neutral atoms were used and all scattering factors were corrected for both the real and imaginary 

components of anomalous dispersion. 

The positional and thermal parameters of the non-hydrogen atoms, as well as a listing of 

the values ol F 0 and F c were provided as supplementary material with the preliminary report of this 

compound.'* 
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