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Summary 

The n-hexamethylbenzenehydridoruthenium(I1) complexes RuHCl(q-C,M%)L (L 
= PPh, (11) AsPh, (12) P(C,H,-p-F), (14) P(C,H,-p-Me), (15) P(C,H,-p-OMe), 
(16). P-t-BuPh,(l7), P-i-PrPh,(lS), P-i-Pr, (19) PCy, (20) and P-t-BuMe, (21)) have 
been made by heating [RuC1,(q-CgMeb)]2, the ligand and sodium carbonate in 
propan-2-01. The triarylphosphine complexes 11, 14 and 15 react with methyllithium 
to give aryl ortho-metallated hydridoruthenium(I1) complexes such as RuH(o- 
C,H,PPht)(q-C,Me,) (22) and 19 similarly gives the isopropyl cyclometallated 
complex RuH(CH,CHMeP-i-Pr,)(n-C,M%) (29) as a mixture of diastereomers. 
Reaction of 17 with methyllithium gives initially the t-butyl cyclometallated complex 
RuH(CH,CMe,PPh,)(n-ChMes) (25). which isomerizes by a first order process (k 

- 0.2 h-’ in C,D, or THF-d, at 50 “C) to the aryl ortho-metallated complex 
RuH(o-C,H,P-t-BuPh)(n-C,Me,) (26). The similarly generated isopropyl cyclome- 
tallated complex RuH(CH,CHMePPh,)(q-C6Me,) (27) has not been isolated in a 
pure state owing to rapid isomerization to RuH(~-C,H,P-~-P~P~)(T&,M~~) (28); 
both 27 and 28 exist as a pair of diastereomers. The formation of the cyclometallated 
complexes and the isomerizations are thought to involve intermediate 16-electron 
ruthenium(O) complexes Ru( q-C,M%)L. 

Introduction 

We reported briefly several years ago that when the n-hexamethylben- 
zeneruthenium(I1) complex RuCl,(q-C,Me,)(PPh,) ** is heated with propan-2-01 

* Dedicated to Prof. S. Otsuka. 
** Abbreviations: Me. methyl; i-Pr. isopropyl; Cy, cyclohexyl. 

0022-328X/84/%03.00 0 1984 Elsevier Sequoia S.A. 



190 

and aqueous sodium carbonate, one of the chloride ligands is replaced by hydride to 
give RuHCl(v-ChMe,)(PPh,) [l]. Compounds of this type represent possible pre- 
cursors to highly reactive, 16-electron ruthenium(O) fragments of general formula 
Ru( +Z6Me,)(PR,). Recently. the isolectronic rhodium(I) and iridium(I) species 
M( v-CsMe,)(PMe,) (M = Rh, Ir) have been generated by photomduced ehmination 
of dihydrogen from the dihydrides MH,( q-C5Me,)(PMe, ) and have been shown to 

oxidatively add the C-H bonds of alkanes and arenes [2-41. Similar behaviour has 
been found for the 16-electron fragment Ir( q-C,Me, )(CO) formed by photolysis of 
Ir(+Z5Me,)(CO), [5]. The complex RhH(Me)( q-C,Me,)(PMe,), made by hydride 
reduction of [RhMe( q-C5 Me,)(THF)(PMe, )]PF, at - 40°C, has also been shown to 
lose methane on reaction with C,D, to’ give RhD(C,D, )(7X5 Me, )( PMe, ). and 
presumably the highly reactive species Rh(q-C,Me, )(PMe, ) is an intermediate in 
this reaction [4]. During the course of our work. it was reported [6] that photolysis of 
either RuH,(q-C,H,)(P-i-Pr,) or RuH,(&,Me,)(PMe,) in aromatic solvents af- 
fords hydridoaryl complexes RuH(aryl)( T$~H~)(P-~-P~~) and RuH(aryl)( q- 
C,Me,)(PMe,). respectively. In cyclohexane. irradiation of RuH,( q-ChHh)(P-i-PrJ) 
does not give a hydridocyclohexyl derivative, rather the presumed intermediate 
Ru( T&,H,)(P-i-Pr,) undergoes cyclometallation to give a hydrido ruthenium(II) 

complex RuH(CH,CHMeP-i-Pr,)( q-C,H,). In this paper we describe the synthesis 
of a series of monohydrido-v-hexamethylbenzene complexes RuHCl( +Z,Me,)- 
(ligand) and present evidence for the generation from them of the unsaturated 

fragments Ru( &,Me,)(ligand). 

Results and discussion 

Cleavage of the chloride bridges of [RuCl,( +ZhMe, )I, with various Group V 
donor ligands (L) gives monomeric compounds RuCl?( +ZhMec,)L (L = PPh, ( 1). 

AsPh, (21, SbPh, (3). P(C,H,-p-F), (4). P(C,H,-p-Me), (5), P(C,H,-p-OMe), (6). 
P-i-PrPh, (7). P-t-BuPh, (S), P-i-Pr, (9) and P-t-BuMe, (10)) as orange or red, 
air-stable solids. The preparation of the triisopropylphosphine and diphenyl-t- 
butylphosphine complexes requires a fourfold excess of ligand, whereas the other 
members of the series can be made satisfactorily by use of the stolchiometric 
quantity of ligand. The corresponding complexes containing tricyclohexylphosphine 
(PCy,) and di-t-butylphenylphosphine (P-t-Bu,Ph) could not be made from 
[RuCl,(&,Me,)], and the ligands. even when the latter were in large excess. 

The IR spectra of the complexes (Table 1) in the solid state show the two 
v(Ru-Cl) bands in the region 260-300 cm-’ expected for a piano-stool structure. 
The triphenylphosphine complex has been prepared independently by Werner and 
Kletzin [7], who have also made the corresponding diphenylmethylphosphme and 
trimethylphosphine compounds. The ‘H NMR spectra of complexes l-7 and 10 
(Table 1) show a singlet due to the methyl protons of hexamethylbenzene in addition 
to the resonances arising from the Group V donor ligand, and the “P{ ‘H} NMR 
spectra of the tertiary phosphine complexes 1, 4, 5,6, 7 and 9 show just the expected 
singlet. In the case of the P-t-BuPh, complex (8), the ‘H NMR spectrum in CD&l, 
shows a resonance at 6 1.99 ppm due to [RuCl,( _rl-C,Me, )I? of about 20% of the 
intensity of the singlet at 6 1.53 ppm due to the complex. in the “P( ‘H) NMR 
spectrum recorded in CDCl, there is a small singlet at 6 17.9 ppm assignable to free 
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Cl- IO> 

fL = PPn, Ilf, AsPh3 12) , SbPh, 13) , 

fYC&g-F?, (4)) W&-p-Me)3 (5) z 

PC&p-OMelJ (61 t P-i-PrPh, (71 t 

P-t-BuPh, (8) I P-k-IV3 (91, P-t-BuMe2 (101 1 

P-t-BuPh, (lit, 8 17.3 ppm [8]) in addition to the main singlet at S 24,O ppm due to 
the complex. The ‘IP{ ‘H} NMR spectrum of 9 in CDCI, has three singlets at S 37.0, 

28.6 and 20.7 ppm in an approximate ratio of 2/2/l, the last of which is due to free 
P-i-Pr, (lit. S 19.4 ppm, solvent not specified 191). Additiun uf this ligand causes a 
slight increase in the relative intensity of the peak at S 28.5 ppm. In contrast, the 
‘jP{ ‘H) NMR spectrum of the benzene complex RuC1Z(?1-C,H,)(P-i-Pr3) in CDCI, 
shows only the expected singlet at 6 40.3 ppm [lOI. Although the nature of the 
species present in solutions of 9 has not been studied further, the results suggest that 

RuCl z ( v-C,Me6 )L complexes containing bulky tertiary phosphines are sterically 
crowded, thus accounting for uur failure to make the corresponding PCy, and 
P-t-Bu, Ph complexes, 

When RuCl 2( q-C,Me, )(PPh, ) is heated with sodium carbonate dissolved in 

aqueous propan-2-o& the yellow hydrido complex RuHCl( q-C,M% )( PPh 3) (11) 
precipitates in ca. 35% yield. A better yield fca, 60%) is obtained by heating a 
mixture of [RuCl 1 ( +Zh Me, )] z, an approximately threefald excess of triphenylphos- 
phine and anhydrous Na,CO, in anhydrous propan-Sol. This method also works 
well for triphenylarsine, triphenytstibine and ~ri-~-~~oruphe~ylphosphine and for 
bulky tertiary phosphines having a cone angle greater than that of PPh, (145 0 )_ In 
this way the complexes RuH~l~~-C~M~)L (L = AsPh, (12), SbPh, (X3), P(C,H,-JJ- 
F), (14), P-t-BuPh, (17), P-i-PrPh, (1Q P-i-Pr, (19) and PCy, (20)) were formed as 
yellow or orange crystalline solids in yields of K-70%&. Attempts to prepare the 
analogous hydride containing P-t-Bu,Ph were unsuccessful. When present in large 

excess, tri-p-tolylphosphine and tri-;Fs-anisylphosphine readily displace coordinated 
hexamethylbenzene, SQ the hydride complexes of these figands are best made either 
from RuCl 2( r-C,Me,)L or from [RuCl r(q-C,Me6)] z and four mols af ligand per 
md of dimer, Complex RuHClf y-C,Me, )(P(C,H,-p-OMe)3 } (16) proved difficult 
to purify and the 31P “H) NMR spectrum showed the presence of impurities, ( 
including RuCI,( +ZaMeb )f P~C~H~-~-~Me)~ >_ The complex RuHCl~~-~~M~)~P- 
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(L = 

(11-21) 

PPh, (11 ) , AsPh, (121, SbPh3 (13)) 

P(C6H,-p-F), (14), P(C6H,-p-Me& (15), 

P(C,H,-p-OMe), (16)) P-t-BuPh, (17) , 

P-I-PrPh, (181, P-I-Pr, (191, PCy, (20) , 

P-t-BuMe? (21) ) 

t-BuMe,) (21) was prepared satisfactorily by heating RuCl?( +ZsMe,)(P-t-BuMe,) 
(10) with Na,CO,/propan-2-01. 

The IR spectra of the hydrido complexes show a band of medium intensity in the 
range 1920-1980 cm-’ due to v(Ru-H) and a band at ca. 300 cm-’ assignable to 
v(Ru-Cl) (Table 2). The value of v(Ru-H) for the PCy, complex is exceptionally 
high (2010 cm-‘). In the ‘H NMR spectra of the tertiary phosphine complexes 
(Table 2) the hydride resonance appears as a doublet [ ‘J( PH) ca. 50 Hz] m the range 
6 -7 to - 10 ppm; in the triphenylarsine and triphenylstibine complexes the 
hydride resonance is a singlet as expected. Since the metal atom in RuHCl(.rl-C,M%)L 
is a chiral centre, the P-CH, groups in 21 (L = P-t-BuMe,) and the isopropylmethyl 
groups in 18 (L = P-i-PrPh,) and 19 (L = P-i-Pr,) should be diastereotopic. In 
agreement, the P-CH, resonances of 21 are a pair of doublets and the isopro- 
pylmethyl resonances of 18 and 19 appear as two equally intense doublets of 
doublets owing to coupling with the methine proton and with “P. The “P{ ‘H} 
NMR spectra of the tertiary phosphine complexes RuHCl(&Me,)L show a singlet 
which is generally ca. 30 ppm to higher field than that of the corresponding 
RuCl,(@,Me,)L complexes, though in the case of L = P-t-BuMe, the shift is only 

8 ppm- 
Reaction of 11 with methyllithium gives. after methanolysis, a yellow-green, 

crystalline compound of empirical formula Ru(n-C,Me,)(PPh,) (22) in ca. 50% 
yield. The mass spectrum shows a monomer parent-ion peak and the IR spectrum 
exhibits bands characteristic of o&o-metallated triphenylphosphine [ll-131 at 1550, 
1410 and 720 cm-‘, in addition to a band at 1940 cm- ’ due to v(Ru-H). The ‘H 
NMR spectrum shows a singlet due to &Me, and a doublet hydride resonance at 6 
-7.58 ppm (‘J(PH) 41 Hz), the chemical shift being to lower field and the 
magnitude of the P-H coupling being less than in the starting hydride 11. The 
singlet in the 3’P ‘H} NMR spectrum of 22 is at 6 - 8.4 ppm, ca. 65 ppm to higher { 
field than for 11; this upfield shift is characteristic of four-membered rings contain- 
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ing phosphorus [14]. These data are in accord with the ortho-metallated structure 

RuH( o-C,H,PPh,)( g-C,Mee) for 22. 
The complexes RuHC~(T&,M%){P(C,H,-p-F),} (14) and RuHCl(&,Me,)- 

{ P(C,H,-p-Me),} (15) also react with methyllithium to give the analogous cyclome- 
tallated complexes 23 and 24. The 19F NMR spectrum of 23 shows three resonances 
arising from the fluorine atom in the o&o-metallated ring and the fluorine atoms in 
the diastereotopic non-metallated rings. The ‘H NMR spectrum of 24 shows two 
p-tolyl methyl resonances in a 2/l ratio, probably due to the accidentally isochro- 
nous methyl protons in the non-metallated rings and those in the ortho-metallated 
ring respectively. 

Complex 22 is also formed on reaction of 11 with phenillithium or with a large 

excess of Red-Al, Na[AlH2(0CH,CH,0Me),], at room temperature. The reactions 
of 11 with MeLi or PhLi probably give initially hydrido(methyl) or hydrido(phenyl) 
complexes of ruthenium(Il), RuHR(&,Meb)(PPh3) (R = Me, Ph), although these 
could not be detected even when the reactions were carried out at - 78OC. They 
must readily lose methane or benzene to give the highly reactive ruthenium(O) 
species Ru(T&,M~~)(PP~~), which rapidly isomerizes by intramolecular attack on 
the C-H bonds of the triphenylphosphine ligand (Scheme 1). This idea is supported 

SCHEME 1. Formation of orrho-metallated complexes (Ar = C,H,-p-Y; Y = H (22), F (23). Me (24)). 

MeLi, PhL, 

or Red-Al 
c 

by the observation that 22 is also formed by NaBH, reduction of the methyl- 
ruthenium(I1) complex RuMe(O,CCF,)(q-CbMe,)(PPh,) [7]. However another 
species is also formed in this reaction which is being studied further. 

The reaction of RuHCl(&,M%)(PPh,) (11) with methyllithium can be com- 

pared with the corresponding reaction of RuHCl(PPh,), [13]. In the latter case, a 
yellow compound believed to be the hydrido(methyl) complex RuH(Me)(PPh,),- 
(Et20)* can be isolated at O’C, but this readily eliminates methane in THF to give I I 
the ortho-metallated complex RuH( o-C,H,PPh,)(PPh3)(THF),. 

It is also noteworthy that the iridium(I) fragment Ir(q-C,Me,)(PPh,), when 

generated by photolysis of IrH?(q-C,Me,)(PPh,) in benzene, gives approximately 1 
equal amounts of IrH(o-C,H,PPh,)(&Me,) and IrH(Ph)(q-C,Me,)(PPh,) [2]. 
The latter must be less prone than ‘the analogous Ru(+Z,Me+) compound to 
undergo reductive elimination to give the cyclometallated product. 

When RuHCl(q-C,M%)(P-t-BuPh,) (17) is allowed to react with methyllithium 

at - 78’C and the mixture is worked up as soon as possible, a white hydrido 
complex is isolated in ca. 60% yield. Analytical and spectroscopic data (Table 3) I I 
show that this compound is RuH(CH,CMe,PPh,)(+,Meh) (25) in which the 
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t-butyl methyl group has been metallated. There are no bands in the IR spectrum 
attributable to orrho-metallated arylphosphines, although there is a Y(Ru-H) band at 
1960 cm- ‘. The hydride resonance in the ‘H NMR spectrum appears as a doublet of 
doublets at S -8.82 ppm owing to coupling with one of the methylene protons as 
well as with phosphorus (‘J(PH) 46 Hz, 3J(HH) ca. 3 Hz). The remaining t-butyl- 
methyl groups are diastereotopic, as expected, appearing as a pair of doublets at 6 
1.35 ppm ()J(PH) 14.2 Hz) and S 1.33 ppm (3J(PH) 15.6 Hz). The diastereotopic 
methylene protons form a complex pattern which simplifies to an AB quartet when 
decoupled from both 3’P and Ru-H (see Table 3 for chemical shifts and coupling 

constants). In the { 13C ‘H} NMR spectrum (Table 4) there are four resonances 
arising from the tertiary carbon atom, the methylene carbon atom and the dia- 
stereotopic methyl carbon atoms, in addition to the usual aromatic and 
hexamethylbenzene carbon signals; with the exception of one of the methyl carbon 

atoms, all 13C nuclei associated with the chelate ring are coupled to 3’P. The 
“P{ ‘H} NMR spectrum consists of a singlet which is shifted 44 ppm upfield of that 
due to 17 consistent with the presence of a four-membered ring. 

If 17 is treated with methyllithium and the reaction mixture is subsequently 
heated to 70°C for 4 h, a dark brown solution is formed from which. after 

methanolysis, a yellow o&o-metallated aryl hydrido complex RuH(o-C,H,P-t- 
BuPh)( n-C,Meb) (26), isomeric with 25, is isolated in ca. 40% yield. The IR spectrum 
shows a v(Ru-H) band at 1955 cm-’ and bands typical of an o&o-metallated 
phenyl group at 1555, 1413 and 728 cm-‘. The ‘H NMR spectrum of 26 shows just 
a doublet at 6 1.23 ppm (3J(PH) 14.2 Hz) for the t-butyl protons and a doublet 
hydride resonance at S - 8.0 ppm ( 2J(PH) 40 Hz). The singlet in the 3’P{ ‘H} NMR 
spectrum is ca. 57 ppm upfield of that in 17, suggesting that 26, like 25, contains a 
four-membered ring. 

If the reaction between 17 and methyllithium is carried out at room temperature, 

a mixture of 25 and 26 is formed, but if the solution is allowed to stand at room 
temperature for several days the hydride resonance of 25 disappears and that of 26 
increases. The isomerization (Scheme 2) is conveniently monitored by following the 
decay of the peak at S 26.3 ppm due to 25 and the appearance of the peak at 6 13.1 
ppm due to 26 in the 3’P ‘H} NMR spectrum. In both C,D, and THF-d, at 50’ C a { 
second product characterized by a 3’P NMR singlet at S 7.9 ppm is formed as 25 

TABLE 4 

13C NMR DATA FOR CYCLOMETALLATED COMPLEXES” 

Complex S(C,M%) (ppm) &C&f%) 

[ *WC)1 (Hz) @pm) 
Other [ J(PC)Hz] (Assignment) h 

22 96.8(2.9) 17.0 

23 97.4(O) 16.9 
24 96.5(2.9) 17.1 22.7(O)(C,H,-p-Me), 21.2(O)(C,H,-p-Me) 
25 94.8(O) 17.0 54.6(35.2)(CMe,), 30.9(2.9), 30.7(O)(CMe,), 

11.4(42.5)(CH,) 
27 96.3(2.9) 17.0 28.0(5.9)(CMes) 

?a 96.3(O) 17.0 28.9(22.0)(CHMe,), 20.8(4.4), 18.9(O)(CHMe,) 
29a/29b 93.2(O), 93.0(O) 17.8, 17.7 17-46(CHMe,. CH,) 

u Measured in C,D,. ’ Aryl carbon resonances appeared m the regton 6 120 ppm. 
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SCHEME 2. lsomerization of t-butyl cyclometallated complex to dlasteromeric aryl wrhn-metallated 

complexes. 

3 

(25) (260) (26b) 

disappears, its concentration being about 10% that of the main product. In 26 both 
ruthenium and phosphorus are chiral centres. so that a pair of diastereomers 26a and 
26b can exist. We suggest that the major isomer (S(P) 73.1 ppm) has structure 26a in 
which the phenyl group on phosphorus points towards the C,Meh ring and that the 
minor isomer (S(P) 7.9 ppm) has structure 26b in which the more bulky t-butyl 
group points towards the C,Meb ring. The minor isomer is evidently removed during 
the preparative work-up and we have not attempted to isolate it. 

time (h) 

0 5 IO 15 
0 I I 

A = disappearance of 25 

B = appearance of 26a 

0 = appearance of 26b 

2- 

-In[A]/[Ao] for A 

_,“l[Ao]-[8]I for , . 

3- 
l[Ao]I ’ 

t I I I I I I 

0 4 8 12 

time (h) 

/ 1 
Fig. 1. First order rate plot for the lsomerlzation of RuH(CH,CMe,PPh,)(+,Me,) (25) to RruH(o_ 
C,H,P-t-BuPh)(+Z,Mee) (diastereomerx mixture of 26a and 26b). 
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The disappearance of 25 follows first order behaviour (Fig. I), the rate constants 
at 50°C being equal within experimental error in C,D, and THF-d, (0.23 + 0.03 

h- ’ and 0.19 i- 0.04 h- ’ respectively). The rates of formation of the diastereomers of 
26 are also first order in complex, the rate constants being 0.17 + 0.03 h-’ (C,D,) 
and 0.13 + 0.01 h-’ (THF-d,) for 26a and 5.7 + 7.7.10-” h-’ (C,D,) and 6.6 + 
1.3.10-” h-’ (If-IF-d,) for 26b. 

The solid obtained from the reaction of RuHCI(q-C,M%)(P-i-PrPh,) (18) with 
methyllithium, even at low temperature, shows three hydride resonances in its ‘H 
NMR spectrum, a doublet at S - 8.03 ppm ( 2J(PH) 41 Hz), an approximate doublet 
of triplets at S -8.17 ppm (*J(PH) 45 Hz) and a doublet of doublets at S -8.90 
ppm (‘J(PH) 49 Hz, ‘J(HH) ca. 2 Hz). On heating the sample at 60 OC in toluene for 
4 h, the last two resonances disappear and they are therefore assigned to the 
diastereomers of the isopropyl cyclometailated product (27a and 27h). in this case, 

RU---CH H’ I” I 
Ph2P .--4,,, 

1 
H 

Me 

the chiral centres are at ruthenium and at the methine carbon atom. The presence of 
these two isomers is also evident from the presence of singlets at S 12.5 and 9.0 ppm 
in the 3’P{ ‘H} NMR spectrum. The IR spectrum of the product isolated after 
isomerization is complete has bands characteristic of Ru-H and of aryl cyclometal- 
lation. Its 31P{ ‘H} NMR spectrum shows two singlets at 6 4.2 and - 1.9 ppm, the 

i- 

i-Pr Ph 

(28~) (28b) 
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ratio of the peak heights being about 10/l. These are assigned to the diastereomers 
28a and 28b which arise from the chiral centres at ruthenium and phosphorus. 

Attempts to separate these diastereomers or to obtain 27a/27b free from 28a/28b 
have not been successful since, qualitatively. the isomerization of 27 to 28 occurs 
more rapidly than that of 25 to 26. The isopropyl methyl groups in 28a are 
diastereotopic and appear as a pair of doublets of doublets (Table 3); those of 28b 
could not be located. 

Cy~lometallation of a wide range of tertiary phosphjnes has been established for 
many metals [15]. However, there are relatively few examples of ~yclonletallatio~l at 
two different sites of a tertiary phosphine and isomerization from one to another 
does not seem to have been demonstrated. Vrieze et al. 1161 have reported that when 

WXC8H,4)21, GW, = cyclooctene) is heatedzith P-t-Buz-n-Pr in the presence 

of y-picoline, isomers of the type IrHCl~y-pic)(PC~ can be isolated in 55 and 20% 
yield in which the n-propyl and t-butyl groups respectively have been metallated. 
The corresponding reaction with P-t-Bu,-n-Bu gives predominantly t-butyl metal- 
lated product. Depending on reaction conditions, metallation of t-Bu,PC,H,-p-OMe 
by platinum(I1) can occur either at the methoxyl carbon atom or at oxygen, the 
methyl group being eliminated as methyl halide in the latter case 1171. There is also 

evidence for competitive cyclometaIlation from H-D exchange studies on coordi- 
nated tertiary phosphines, although the reported behaviour seems to be markedly 
dependent on both the figand and the metal. The complex Pt,Cl,(P-t-BuPh,), 
undergoes H-D exchange in CH,C0,D/D20 in both the or&o-positions of the 
phenyl groups and the t-butyl group, the former being ea. 50 times faster than the 
latter, whereas in the corresponding P-n-PrPh, and P-n-Pr,Ph complexes exchange 
occurs exclusively in the terminal methyl groups [IQ. In contrast, P-n-PrPhz under 
D, gas in the presence of RuHCl(PPh,), incorporates deuterium into the urtho-posi- 
tions of the aromatic rings and into the cy-, ,& and y-positions, the exchange at the 
methyl group being as rapid as ortho-exchange [ 191. 

Our results show that the primary C-H bonds of t-butyl and isopropyl groups in 
tertiary phosphines are metallated more rapidly by Ru(n-C,Me,) than are the 
corresponding aromatic C-H bonds, although the aryl cyclometalIated complexes 
are thermodynamically the more stable. The isomerization clearly requires that the 
metallation of the aliphatic C-H bonds is reversible and it must proceed via the 
16electron ruthenium(O) intermediate Ru(n-C,Me,)L (L = P-t-BuPh,. P-i-PrPh>). 

In an attempt to find further evidence for this intermediate, the reaction of 
RuHCl(~-CsMe,)(P-i-Pr,) (19) with methyllithium was examined. The yellow solid, 
isolated in 46% yield after recrystallization from n-hexane, has the empirical formula 
Ru( rl-CsMee)(P-i-Pr3) and shows a v(Ru--H) band at 1900 cm-. ’ in its JR spectrum. 
There are two hydride resonances in the ‘H NMR spectrum at S - 9.47 and - 9.91 
ppm, the former being a broad doublet (‘J(PH) 47 Hz), the latter a doublet of 
doublets (‘J(PH) 46 Hz, ‘J(HH) 2.5 Hz), and there are two singlets in a ratio of ca. 
2/l in the ‘iP{rH} NMR spectrum. These data are consistent with the presence of a i 
pair of diastereomeric cyclometallation products RuH{~H~CHMeP-i-Pr~)~~-C~M~~, 
2% and 29b. The ‘H NMR spectrum in the isopropyl region is very complex (Table 
3) because each diastereomer has inequivalent isopropyl groups and inequivaient 
methylene protons. As mentioned in the Introduction, the analogous q-benzene 
compound has recently been isolated by photolysis of RuH2( q-CfiH6 )(P-i-Pr,) in 
cyclohexane and is reported to react with benzene to give the hydridophenyl 
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H’RU’CH I I 
2 

i-Pr,P 

L- 

(29a) (29b) 

RuH(C,H,)(q-C,H,)(P-i-Pr,) [6]. In contrast, the q-hexamethylbenzene complex 29 
is inert towards aromatic solvents, as is evident from the fact that toluene can be 
used to extract it from the reaction of 19 with methyllithium. Ligands such as 
P-i-Pr,, PPh,, CO (1 atm) and C,H, (1 atm) also do not react with 29, presumably 
because steric strain is most effectively relieved by formation of the cyclometallated 
complex. 

All manipulations were carried out in an atmosphere of purified nitrogen or 
argon using conventional Schlenk and syringe techniques. Diethyl ether, THF and 

toluene were freshly distilled from sodium benzophenone ketyl, and propan-2-01 was 
distilled from calcium hydride before use. Tertiary phosphines were either prepared 
by standard methods or were used as received from commercial suppliers. Methyl- 
lithium was bought from Ega Chemie and was standardized before use [20]. The 
complex [RuCl,(s-C,Mee)], was prepared by a literature procedure [21]. 

The following instruments were used for spectroscopic measurements: ‘H NMR: 
Varian HA’lOO, Jeol FX 200, Bruker CXP 200; 31P{ ‘H} NMR: Bruker B-KR 322 S 
(24.29 MHz), Bruker CXP 200 (80.98 MHz); 13C NMR: Jeol FX 200 (50.10 MHz); 
19F NMR: Bruker CXP 200 (188.15 MHz); IR: Perkin-Elmer 683 (4000-200 
cm-‘), Hitachi FlS-3 (400-30 cm-‘); Mass spectra: VG Micromass 7070F (70 eV). 
Analyses and molecular weight determinations (Table 5) were carried out by the 
ANU Microanalytical Unit. 

Preparation of RuCl,(q-C,Me,)L (L = PPh, (I), AsPh, (2), SbPh, (3), P(C,H,-p-F), 
(4), P(C, H,-p-Me), (S), P(C, H,-p-OMe), (6), P-i-PrPh, (7), P-t-BuMe, (IO)) 

A mixture of [RuCl,(q-C,Meh)], (0.30 g, 0.45 mmol) and the ligand (ca. 1 mmol) 
was suspended in propan-2-01 (50 ml) and heated to reflux for 2 h. The solution was 
evaporated to dryness under reduced pressure and the residue was recrystallized 
from chloroform/n-hexane, or dichloromethane/diethyl ether in the case of 10, 
yielding red crystals of the product. Yields were 92% (l), 85% (2), 82% (3), 87% (4), 
92% (5), 94% (6), 88% (7) and 71% (10). 
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TABLE 5 

ANALYTICAL AND MOLECULAR WEIGHT DATA 

C0lTlpk,: 

C,,,H,,CI,AsRu (2) 

C,,H,,Cl,SbRu (3) 

C,,, H ,,,(‘1 z F3 PRu (4) 

C,,H,,CfZPRu (5) 

C,,HnCI,O,PRu (6) 

C,,,H,,CI,PRu (7) 

C,,H,,Cl>PRu (8) 

C,, H&l,PRu (9) 

C,,H,,C12PRu (10) 

C,oH&IPRu (11) 

C,,,H,,CIAsRu (12) 

C,,,H,,CISbRu (13) 

C,,,H,,CIF3PRu (14) 

C,,H,,CIPRu (15) 

C~,H.&IO,PRu (16) 

C,ZH,,CIPR~ (17) 

C,,H,,CIPRu (18) 

C,,H,,CIPRu (19) 

C,,H,,CIPRu (20) 

C,,H,,CIPRu (21) 

C,oH,,PRu (22) 

C,,H,,F,PRu (3) 

C,,H,,PRu (a) 

C,,H,,PRu (25) 

Cz,H,,PRu (26) 

Anal_vs~s (found (c&d.) (%)) 

C 

60 5 

(60.4) 

55.9 

(56 25) 

51.3 

(52.5) 

55.5 

(55.4) 

62.3 

(62.1) 

57.X 

(57 7) 
57 5 

(57.65) 

57.5 

(58 3) 
51.0 

(51 0) 
48 25 

(4X.0) 

63.25 

(64.1) 

59.1 

(59.5) 

54.9 

(55.2) 

58.2 

(58.5) 

66.4 

(65 6) 

60.15 

(60.8) 

61 45 

(62.0) 

60.9 

(61.4) 

55.0 

(54.8) 

62.3 

(62 1) 
52.9 

(51.7) 

68.7 

(68.55) 

61.7 

(62.2) 

69.2 

(69.8) 

67.05 

(66.5) 

67 1 

(66.5) 

- 
H Cl 

55 

(5 5) 
5.3 

(5.15) 

4.7 

(4.X) 
4.x 

(4.6) 

6.85 

(6 1) 

5.6 

(5.7) 

61 

(6.2) 
64 

(6 5) 

PO 

(7.95) 

7.2 

(7.35) 

6.1 

(6 0) 

5.4 

(5.65) 

53 

(5.25) 

5.1 

(5.1) 

6.7 

(6.7) 
6.25 

(6 2) 
7.1 

(7.1) 
6.7 

(6.9) 
8.8 

(8.X) 
9.0 

(9.0) 
8.5 

(8.2) 
6.5 

(6 3) 

5.3 

(5.2) 
6.9 

(6.9) 
7.8 

(7.4) 
7.6 

(7.4) 

12 1 

(11 7) 

113 

(10.8) 

10.7 

(11 .O) 

10 1 

(10.1) 

12.4 

(12.45) 

12 3 

(12 3) 

I4 3 

(14.3) 

15.5 

(15.7) 

6.8 

(6 3) 
59 

(5 85) 
5.2 

(5.4) 

5.9 

(5.75) 

5.5 

(5.9) 

5.2 

(5.4) 
6.1 

(6.5) 

6.9 

(6 7) 
6.85 

(6.7) 
6.1 

(6.1) 
8.6 

(8.5) 

P 

55 

(5.2) 

12.3 (As) 

(II 7) 
I6 X (Sb) 

(17.X) 

49 

(4.X) 

47 

(4.9) 

4.X 

(4.5) 

54 

(5.5) 

5.5 

(5.4) 
6.35 

(6.3) ” 

6.9 

(6 X5) 

5.6 

(5 5) 
12.6 (As) 

(124) 
18.55 (Sb) 

(18 65) 

5.3 

(5.0) ’ 

56 

(5 1) 
4.X 

(4.75) 

5 65 

(5.7) 
61 

(5.9) 
7.7 

(7.4) 
5.6 

(5.3) 
7.65 

(7 2) 

6.2 

(5.9) 

6.0 

(5.3) ci 

56 

(5 5) 

59 

(6.1) 

5.9 

(6 1) 

Mel wt ” 

592 

(596) 
607 

(640) 

6X2 

(6X7) 
636 

(650) 

691 

(b3X) 

6X1 

(686) 
564 

(562) 

562 

616 

604 

652 

542 

528 

460 

580 

418 

526 

580 

568 

506 

506 
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TABLE 5 (contmued) 

Complex Analysis (found (c&d.) (S)) Mol. wt. a 

C H Cl P 

C,,H,,PRu (28) 66.1 7.3 6.2 492 

(66.0) (7.2) (6.3) 

C,,H,,PRu (29) 59.75 9.5 7.4 424 

(59.55) (9.3) (7.3) 

” Molecular weights for 1-6 determined by vapour pressure osmometry in CH,CI, at 30 OC. those for 10 

and 14-29 refer to the parent ion ( lo2 Ru~‘CI) observed in the 70 eV mass spectrum. Complexes 11 and 12 

did not show parent ions. ’ Ru: found, 20.4; calcd. 20.4%. ‘ F: found, 9.0; calcd. 9.25%. * F: found 9.2: 

calcd. 9.8%. 

Preparation of RuCll(g-C,Me,)(P-t-BuPh,) (8) 
A suspension of [RuCl 2( q-ChMeb)]2 in propan-2-01 (30 ml) was heated with a 

fourfold excess of P-t-BuPh, for 4 h. The solvent was removed under reduced 
pressure and the residue was recrystallized from chloroform/ether giving orange 

crystals of 8 in 56% yield. 

Preparatron of RuCl,(q-C, Me,)(P-i-Pr,) (9) 
This was prepared similarly to 8. The solution formed at the end of the reaction 

was allowed to cool and, after being filtered, it was set aside overnight in a freezer. 
The precipitate was filtered and washed with ether to give fine orange crystals of 9 in 

26% yield. 

Preparation of RuHCl(q-C,Me,)(PPh,) (11) 
A mixture of [RuCl,( n-C,Meb)], (0.61 g, 0.92 mmol), anhydrous sodium carbonate 

(0.55 g, 5.18 mmol) and triphenylphosphine (1.32 g, 5.03 mmol) was suspended in 
propan-2-01 (30 ml) and heated to reflux for 15 h. The yellow-brown solution was 
allowed to cool and was evaporated to dryness under reduced pressure. The residue 
was extracted with toluene (ca. 60 ml) and the solution was filtered. Evaporation 
under reduced pressure and addition of n-hexane gave 11 as a fine yellow, micro- 
crystalline powder (0.66 g, 1.17 mmol, 64%). 

Similarly prepared (yields in parentheses) were: RuHCl(q-C,M%)(AsPh,) (12) 

(71%), RuHC1(&,Mee)[P(C,H,-p-F),] (14) (68%). RuHCl(q-C,Meb)(P-t-BuPh,) 
(17) (60%) RuHCl(&Meb)(P-i-PrPhz) (18) (65%). RuHCl(q-C,M%)(P-i-Pr,) (19) 

(58%) and RuHCl(q-C,Me,)(PCy,) (20) (57%). 
The complex RuHCl(q-C,Meh)[P(C,H,-p-Me),l (15) was prepared in 46% yield 

similarly to 11 by use of only a 6% excess of tri-p-tolylphosphine over [RuCl 2( q- 
C,Mee)], in the reaction mixture. 

The complex RuHCl(&Me,)(SbPh,) (13) was prepared in 59% yield similarly 
to 11 but with a heating time of only 3 h. Prolonged heating caused the product to 
decompose. 

Preparation of RuHCI(T& Me,)(P-t-BuMe,) (21) 

A suspension of RuCl,(q-C,M%)(P-t-BUM%) (10) (2.62 g, 5.79 mmol) and 
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anhydrous sodium carbonate (2.03 g, 19.1 mmol) in propan-2-01 (50 ml) was heated 
to reflux for 15 h. The yellow solution was allowed to cool and was evaporated to 
dryness under reduced pressure. The residue was extracted with toluene, filtered. and 
the solution was reduced in volume. Addition of n-hexane gave large. deep brown 
crystals of 21 (1.80 g, 4.30 mmol, 74%). 

Preparation of RuHCl(q-C,Me,)(P(C,H,-p-OMe),] (16) 
This was carried out similarly to that of 21, the suspension betng heated to reflux 

for 60 h. After removal of solvent, the residue was suspended in toluene, and the 
solutton was filtered through Filter-Aid. The filtrate was evaporated under reduced 
pressure and n-hexane was added to give fine yellow crystals of 16 in 21% yield. 

Preparatron of kuH(o-C,H,iPh,)(v-C,Me,) (22) 

A suspension of RuHCl( q-C,Me, )(PPh, ) (11) (0.53 g, 0.94 mmol) in toluene (10 
ml) was cooled to - 78OC and treated dropwise with a 1.45 M solution of 
methyllithium in ether (1.7 ml, 2.5 mmol). The solution was allowed to stir at room 
temperature for 2 h. The yellow-brown solution was again cooled to - 78’C and 
methanol (2 ml) was added dropwise. The thick slurry was allowed to warm to room 
temperature and the resulting pale yellow solution was evaporated to dryness under 
reduced pressure. The residue was recrystallized from toluene/n-hexane to give fine, 
yellow-green crystals of 22 (0.28 g, 0.54 mmol, 58%). An analytical sample was 
obtained by recrystallization from THF/n-hexane. I I 

Similarly prepared (yields in parentheses) were: RuH( 0-C,H,-p-F)P(C,H,-p- 

F),(&,Me,) (23) (45%) RuH( o-C,H,-p-Me)P(C,H,-p-Me),( q-C,Me,) (24) (67%) 

and RuH(CH2CHMe)P(i-Pr),( n-C6Me,) (diastereomeric mixture of 29a and 29b) 
(46%) the last being recrystallized from n-hexane at - 78 o C. 

I I 
Preparation of R-P-t-BuPh)(q-C, Me,) (26) and RuH(o-C, H,P-i-PrPh)(q- 

C, Me, ! (28) 
These were prepared similarly to 22 from 17 and 18 respectively except that after 

the methyllithium had been added the solutions were allowed to come to room 
temperature and then heated at 60-70°C for 4 h. The products were isolated in the 
usual way from the resulting dark brown to black solutions. The yields of 26 and 28 
were 41% and 38% respectively. 

Preparation of kuH(CH,CMe,lbPhJ)(q-C6 Me,) (25) 
A suspension of RuHCl ( n-C6Mee)(P-t-BuPh* ) (17) (0.32 g. 0.59 mmol) in ether 

(10 ml) was cooled to - 78OC and treated dropwise with a 1.60 M solution of 
methyllithium (1.0 ml, 1.6 mmol). The yellow suspension was stirred in an ice-bath 
for 3 h, then cooled to - 78’C again and treated dropwise with methanol (1 ml). 
The suspension was evaporated to dryness under reduced pressure while being 
maintained at ice-bath temperature. The residue was extracted with cold toluene and 
the extract was evaporated to dryness under reduced pressure at ice-bath tempera- 
ture. The pale yellow solid residue was recrystallized from THF/n-hexane by 
cooling to -78°C to give 25 as an off-white powder (0.17 g. 0.33 mmol, 55%). 
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I I 
Isomerization of RuH(CH,CMe2PPhJ(q-C,Me,) (25) to R-P-t-BuPh)(q- 

C, Me,) (26) 
A solution containing 25 (70-100 mg) in C,D, or THF-d, (2.6 ml) in a 10 mm 

NMR tube was sealed in vacua. Its SO.98 MHz “P{ ‘H} NMR spectrum was 
recorded at 50’ C, spectra being accumulated for 30 min with a pulse repetition rate 
of 1.0 s, an acquisition time of 0.82 s and a spectral width of 5000 Hz. Integrals of 
peak areas were used to determine the relative amounts of the three species 25, 26a 
and 26b present. Rate constants were determined from a least squares fit, the errors 
quoted being 90% confidence limits [22]. 

There was no observable NOE difference between the “P resonances of 25 and 
26a/26b in C,D, at 50°C. The difference in T,‘s would result in a 3% error in the 
measurement of peak areas under the experimental conditions. 
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