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ChapterChapter 2 

RutheniumRuthenium Dihydrogen Complexes Containing 

WideWide Bite Angle Diphosphines 

Abstract t 

AA series of wide bite angle diphosphine ligands was used to prepare 

c«[MH2(diphosphine)2]]  complexes (1 a-f) by reaction of [Ru(cod)(cot)] (cod = cyclo-octa-

1,5-diene,, cot = cyclo-octa-l,3,5-triene) with two equivalents of the diphosphine under 

dihydrogenn pressure. The bite angle as well as the electronic properties of the ligands were 

varied.. Complexes 1 a-f can be protonated with HBF4 or CF3COOH to yield non-classical 

c«[MH(H2)(diphosphine)2]
++ complexes(2 a-f), which were characterized by variable 

temperaturee NMR and Ti measurements. These complexes show fast hydrogen atom 

exchangee between the r|2-H2 and the terminal hydride at all temperatures studied. They are 

thermallyy unstable towards dihydrogen loss yielding the cationic monohydride 

cz's[MH(diphosphine)2]
++ (3 a-f). Coordination of the y\2-H2 ligand is dominated by G-> d 

donationn and hence littl e effect of the electronic properties of the ligands on the H-H 

distancee is observed. 
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Introductio n n 

Inn the last decade, much experimental1 and theoretical2 research has been devoted to the 

chemistryy of dihydrogen complexes. Because the r|2-coordination of a dihydrogen 

moleculee to a transition metal results from a subtle balance between a donation from the 

H-HH bond and 7t-back bonding from the metal center, the electronic and steric properties of 

thee ancillary ligands have a dramatic influence on the structure and reactivity of the 

dihydrogenn ligand. Crabtree and co-workers3 have studied a series of rhenium 

polyhydridess [ReH7{P(C6H4-p-X)3}2] in which the electron-donating ability of the X 

substituentt was varied (X- CH3, H, F, Ch, OCH3). All complexes were shown to contain 

ann elongated rp-I-h ligand in which the H-H distance increased from 1.24 to 1.42 A on 

goingg from X=CF3 to X= OCH3. The lengthening on increasing the electron donating 

abilityy of the phosphine shows that for these complexes 7t-back bonding is the dominant 

processs involved in the stabilization of the rf-H2 ligand. On the other hand, Morris and co-

workers4'55 have carried out detailed studies on a series of compounds 1M(H2)H{PR2(CH2-

CH2)PR.2Ê22 and investigated the influence of the substituents R on the acidity of iron, 

rutheniumm and osmium complexes. They reported that on going from R=4-C6H4CF3 to 

R=4-C6H40CH33 the pKa of the corresponding dihydrogen complexes increased by more 

thann 7 units, but the H-H bond length did not change significantly except for the osmium 

complexes.. The increased acidity of the dihydrogen ligand in complexes containing 

electronn poor diphosphines reflects the fact that a-donation is dominant, in this case, over 

71-backk bonding and therefore the H-H distance is hardly affected. 

Whenn chelating diphosphines are used, their steric properties may also have a large 

influencee on the geometry of the complexes and thus the combination of steric and 

electronicc factors will determine the stability and reactivity of the dihydrogen ligand. 

Abb initio calculations by Morokuma and co-workers6 showed that when the bite angle of 

thee diphosphine is increased, the most favored geometry changes from octahedral 

complexess with the hydride trans to the dihydrogen molecule, to a very distorted cis-

complex.. For intermediate bite angles an equilibrium with the classical trihydride species 

iss observed. Caulton, Eisenstein and co-workers7 have carried out a detailed experimental 

andd theoretical study on Fe(H)2(r|2-H2)(PEtPh2)3, in which they showed the existence of a 

"ciss effect" between a r| -H2 ligand and the adjacent hydrides. A similar interaction also 
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occurss in RuH(H2)I(PCy3)2.8 This interaction opposes the effect of d-> a*  back donation 

andd is held responsible for the fast intramolecular hydride-dihydrogen exchange commonly 

observedd in cis complexes. Further theoretical investigations on the mechanism of this 

exchangee were carried out on cw[Fe(PR3)4H(H2)]
+ by Maseras et a!9 Saburi and co-

workerss have prepared a series of dihydrogen complexes [RuH(H2)(PP)2]PF6 (PP= dppe, 

dppp,, dppb, dppf, binap and diop), for which they observed fast intramolecular hydrogen 

atomm exchange in the complexes with the more flexible and wider bite angle diphosphines 

(dppb,, diop).1011 

Inn our research group, several diphosphines based on xanthene-like backbones have been 

developedd (so-called Xantphos-type ligands).12 The wide bite angles enforced by these 

ligandss in combination with the rigidity of the backbone impose geometrical constraints 

thatt have an important influence on the structure and catalytic activity of several Rh and Pd 

complexes.133 Recently, a number of Xantphos-type ligands in which the electronic 

propertiess of the phosphorus were varied without significant changes in the bite angle have 

beenn prepared.14 These ligands offer therefore the possibility to study the effect of wide 

bitee angles on the structure and reactivity of ruthenium dihydrogen complexes on the one 

hand,, and of the electronic properties of the ligands on the other. In a previous 

communication155 we have reported the synthesis of ruthenium(II) hydrido-dihydrogen 

complexess using Sixantphos (b) and Thixantphos (c) as chelating ligands (Fig. 2-1). In this 

paperr we present the synthesis and characterization of ruthenium dihydride complexes with 

differentt xantphos-type ligands, their reaction with acids to yield hydrido-dihydrogen 

complexess as well as the characterization of the monohydrides arising from the thermal 

losss of the dihydrogen ligand. The influence of the bite angle and the electronic properties 

off  the diphosphines on the hydrido-dihydrogen complexes will be discussed. 

Resultss and Discussion 

Synthesiss and characterization of ruthenium dihydrides. 

Rutheniumm dihydride bis(diphosphine) complexes c/5[RuH2(PP)2] (la-f) were prepared by 

hydrogenationn of Ru(cod)(cot) in presence of the diphosphine ligands using the method 

reportedd by Chaudret et al. '6 These dihydrides were convenient precursors for the synthesis 
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off  cationic hydrido-dihydrogen complexes. In our study, six diphosphine ligands having a 

widee bite angle were used (Fig.2-1, a-f). Ligands were prepared as reported by van 

Leeuwenn and co-workers.12'4 

Reactionn of Ru(cod)(cot) with two equivalents of the diphosphine under three bars of 

dihydrogenn gas in THF afforded the desired product as olive green or light brown solids in 

40-655 % yield. A temperature of 150 °C and long reaction time (16 hrs) are required to 

obtainn acceptable conversions. At a higher pressure of dihydrogen (10-20 bar), mainly 

colloidall  ruthenium is formed, even at room temperature. The products were characterized 

byy 'H and 31P NMR spectroscopy in C6D6. The proton and phosphorus NMR spectra of all 

complexess are very similar, with the exception of complex la carrying the Homoxantphos 

ligandd that will be discussed separately. 

O' ' 

PAr, , 

aa Homoxantphos 

bb Sixantphos 

cc Thixantphos-OCHj 

dd Thixantphos-Cfb 

ee Thixantphos 

ff  Thixantphos-CF? 

X X 

CH2 2 -CH2 2 

Si(CH3)2 2 

S S 

S S 

S S 

S S 

R R 

II I 

II I 

CH3 3 

CH3 3 

CH3 3 

CH3 3 

Ar r 

Ph h 

Ph h 

C-6H4OCH3 3 

C61I4CH3 3 

Ph h 

C6H4CF3 3 

Pn(°)a a 

102.00 b 

106.2 2 

106.9 9 

106.7 7 

106.4 4 

109.3 3 

Figuree 2-1. Xantphos-type ligands used.3 Natural bite angles taken from reference 14. b From 

referencee 12b. 

Thee high field region of the 'H NMR spectrum of lb-f shows a pseudo doublet of triplets 

att around 5=-8 ppm. This signal corresponds to the X2 part of an AA'MM'X 2 spin system 

wheree AA'MM ' are the four phosphorus atoms. The shape of this signal indicates a cis 

arrangementt of the diphosphines and it has been observed for c«[RuH2(dppe)2]
17 and 

c«[RuH2(dppf)2].
5 5 

Forr complexes lb-f, two clearly distinct singlets are observed for the methyl groups of the 

ligandd backbone (Fig. 2-1). Additionally, the spectra of compounds bearing ligands c and d 

showw three different signals for the methyl groups, between 5= 3.2 and 5= 3.4 ppm for the 

anisyll  substituent and between 5= 1.8 and 5= 2.1 ppm for the tolyl substituent. 

Thee 'P{'H}  NMR spectra of all complexes are virtually identical and show an A2X2 spin 

systemm the chemical shifts of which are between 5= 30 and 6= 38 ppm. The P-P coupling 
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constantss are close to 18 Hz, in agreement with a cis geometry having two magnetically 

inequivalentt phosphorus atoms, those trans to one another (PA) and those trans to the 

hydridee ligand (Px), (see scheme 2-1). 

Thee dihydride complex la with the more flexible Homoxantphos ligand shows a different 

spectroscopicc behavior. As expected, all four ethylenic protons of the backbone are 

inequivalent,, giving rise to a more complicated pattern consisting of two broad triplets (5= 

3.11 and 3.4 ppm) and two broad doublets (S= 2.30 and 2.88 ppm). The signal for the two 

hydridess is very similar to that observed for complexes lb-f. 

Thee 31P{'H}  spectrum of la consists of only one singlet at 5= 40.7 ppm. As the shape of 

thee hydride signal in the 'H NMR spectrum excludes a structure with four equivalent or 

rapidlyy exchanging phosphorus atoms, we carried out variable temperature experiments but 

noo change was observed in the ]H or 31P NMR spectra on cooling to 193 K. This suggests 

thatt the A and X signals display fortuitously the same chemical shift. 

Hydfido-dihydrogenn complexes. 

Protonationn of the dihydride complexes la-fusing HBF4.OEt2 or CF3COOH at 183 K led 

too the formation of hydrido-dihydrogen complexes (2a-f). Complexes la-f were dissolved 

inn CD2CI2 in an NMR tube and the solution was frozen in liquid N2. After addition of the 

acid,, the tube was shaken to melt the solvent and immediately introduced into the NMR 

probee pre-cooled at 193 K. Proton and phosphorus spectra, as well as relaxation times Tj 

weree recorded at 193 K and then at 20 K intervals up to 298 K. Both 'H and ]P spectra 

showedd the disappearance of the signals from the precursor dihydride and signals of a new 

productt were observed. The high field region of the H spectrum shows a broad signal at 

5== -6.5 ppm, while the 31P{ lH}  spectrum exhibits an A2B2 pattern between 5= 20 and 8= 

255 ppm with P-P coupling constants around 24 Hz. The average minimum relaxation time 

Timinn of the three hydrogen nuclei was observed between 203 and 243 K and in all cases 

wass found to be shorter than 25 ms (for Ti data for all complexes see Table 2-1). This short 

relaxationn time is characteristic of the short H-H distance found in dihydrogen ligands; we 

thereforee assign the new species to a hydrido-dihydrogen complex c/5[Ru(H)(H2)(PP)2]+. 

Thee hydride and dihydrogen ligands are in fast exchange and no decoalescence is observed 

evenn at 193 K. 
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HH r 

,P*-.,P*-. I ,..-vH H*/CD2CI2 p,„ | X 
(( ^  i > . I Ru"  H 

i vv p_y 

1a-ff  2a-f 3a-f 

Schemee 2-1. Protonation of neutral dihydrides to give dihydrogen complexes, and loss of 

dihydrogen. . 

Withh exception of complex l e carrying the Thixantphos ligand, upon protonation of la-f a 

secondd species is formed simultaneously with the dihydrogen complexes 2a-f. This species 

displayss a sharp and symmetric multiplet centered at 5= -4 ppm in the proton NMR 

spectrumm and an ABMX pattern in the 3 I P { ' H }  spectrum. This species was identified15 as 

thee monohydride resulting from H2 loss from the dihydrogen complexes (3a-f) and it wil l 

bee discussed further in the next section. As the temperature is slowly raised, the signals for 

thee monohydrides 3a-f increase in intensity at the expense of the signals for the hydrido-

dihydrogenn species; at 263 K only the signals for [RuH(diphosphine)2]
+ are present. The 

dihydrogenn complexes 2b-2e can be prepared by protonation of lb- l e using either 

HBF4.OEt2orr CF3COOH. Protonation of l a or If using HBF4.OEt2 leads to the immediate 

formationn of the respective monohydride complexes 3a and 3f. Complex 2a 

(Homoxantphos)) could be formed by protonation of l a with one equivalent of CF3COOH. 

Nevertheless,, three or more equivalents of TFA were required for quantitative protonation 

off  complex If containing the Thix-CF3 ligand. In a separate experiment, I f was protonated 

withh a 1:1 mixture of CF3COOH and HBF4.0Et2, giving rise to the same hydrido-

dihydrogenn complex obtained by using pure trifluoroacetic acid. We propose that for these 

twoo complexes the CF3COO" counterion provides additional stabilization of the T| -H2 

ligandd via hydrogen bonding. It is remarkable that the two ligands in the extremes of the 

scale,, that is, the one with the smallest bite angle (Homoxantphos) and the one with the 

widestt bite angle and the strongest Jt-acceptor (Thixantphos-CF3) exhibit this special 

behavior. . 

Uponn protonation of complex lb , carrying the Sixantphos ligand, three different products 

aree observed by 'H and 'P NMR. In particular, the high field region of the 'H NMR shows 

onee sharp multiplet centered at 5= -5.6 ppm and two broad signals at 5= -6.6 ppm (minor) 

andd 8= -6.9 ppm (major). As discussed in a previous communication,15 the two broad 

signalss are assigned to isomeric dihydrogen complexes CK[RU(H) (H2) (PP)2 ] + (2b/b') in a 
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1:44 ratio, the third signal corresponds to the monohydride 3b. Increasing the temperature 

resultss in a decrease in the intensity of 2b/b' and an increase of the signal for 3b, which is 

thee only species present at 213 K. In order to investigate the nature of these isomers, the 

possiblee geometries of the [(diphosphine)2Ru(H)(H2)]
+ were studied using molecular 

mechanics.. We found that two relative orientations of the diphosphines are possible, which 

wil ll  give rise to two types of complexes (Figure 2-2). Although complexes of type A have 

favorablee K-stacking interactions, this geometry is hindered by the methyl groups of the 

backbonee in the Thixantphos-type ligands, and only complexes of type B are observed for 

thee latter ligands. 

Typee A Type B 

Figuree 2-2. Possible isomers for cis[MH(H2)(Sixantphos)2]+ (2b) 

Attemptss to regenerate the dihydrogen complex from the cationic monohydride were made 

usingg complex 3c with the Thix-OMe ligand. Once the signals for 2c were no longer 

observablee by NMR (263 K), the tube was cooled to 193 K and H2 was bubbled through 

thee solution during five minutes, after which the NMR spectrum was recorded at the later 

temperature.. Surprisingly, both the 'H and the 31P spectra were identical to those recorded 

att 263 K, indicating that the loss of H2 is irreversible. Further attempts were made using a 

high-pressuree NMR tube. The tube was charged with pure 3c, 1.5 mL of CD2C12 were 
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addedd and the tube was pressurized to 5 bar of H2. The reaction was followed by !H and 

PP VT NMR for 16 hours, but no reaction was observed at 233 K. 

Thee low thermal stability of the dihydrogen complexes 2 may be explained by insufficient 

d—»aa back donation required to stabilize the r|2-H2 ligand. INDO/1 calculations15 show 

thatt the wide bite angle of the ligands induces a distortion from the octahedral geometry 

thatt can lead to poor orbital overlap. Most of the known [MH(H2)(PP)2]+ complexes with 

chelatingg diphosphines have a strong preference for the trans geornetry.10'11J7JS"19'20'21-22-23 

Theoreticall  studies have shown that for M=Ru, the trans geometry corresponds to the 

globall  energy minimum of the system and the dihydrogen ligand prefers to coordinate 

transtrans to a ligand of high trans influence (hydride, in this case).2b'6 If the steric bulk of the 

diphosphinee is increased, as for dppf and dcpe (bis(dicyclohexylphosphino)ethane), the 

classicall  trihydride becomes the preferred isomer. Gusev et a!24 observed that while 

[Ru(H)(H2)(PMe3)4]++ only exists as the cis isomer, the analogous complex with the more 

bulkyy phosphine PEt3 coexists in equilibrium with its trihydride isomer. In some cases, the 

constraintss imposed by the ancillary ligands force the hydride and dihydrogen ligands to 

adoptt a cis conformation, for example in the complexes with tetradentate ligands 

[{P(CH2CH2PR2)3}M(H)(H 2)].
25266 This is also the case for complexes 2a-f, in which the 

widee bite angle and the rigidity of the Xantphos-type ligands prevents their coordination 

transtrans to one another. These complexes may find additional stabilization via the attractive 

"cis"cis effect" between the dihydrogen and the hydride ligands as proposed by Caulton and 

Eisenstein.. Ab Initio calculations for cw[Fe(PH3)4H(H2)]+ by Maseras et al also showed a 

preferencee of the dihydrogen ligand to align itself parallel to the terminal hydride so that 

theyy can interact with one another; this interaction is thought to be of electrostatic nature.27 

Ass already mentioned, the dihydrogen ligand and the terminal hydride are in rapid 

exchangee as indicated by the broad signal observed in the 'H NMR spectrum. Many 

theoreticall  studies have been devoted to the investigation of the nature of this type of 

intramolecularr atom exchange. Up to date, the most favored mechanism is the single-step 

transferr of a hydrogen atom between the two ligands (open direct transfer), which has a 

veryy low energy barrier and requires minimum rearrangement of the phosphine ligands. 

Fastt scrambling of the r|2-H2 and the hydride ligands is commonly observed for ruthenium 

complexess with chelating diphosphines (both cis and trans), although most trans 

complexess show coalescence of the hydride and dihydrogen resonances at higher 

temperaturess only.4'10-17'20'21-22'23-28-29'30'3' 
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*HH N M R Tt measurements and H- H distances. 

AA common method to characterize TI2-H2 complexes is the measurement of the minimum 

relaxationn time of the dihydrogen ligand.2 U8'32 It is generally assumed that dipole-dipole 

relaxationn (RDD) is the main relaxation mechanism in dihydrogen complexes. In this case, 

thee relaxation rate is inversely proportional to the sixth power of the internuclear distance 

(r)) (equation 2-1). Because in dihydrogen complexes the two hydrogen atoms are close to 

onee another, the relaxation is faster than in classical polyhydride complexes. Thus, r) -H2 

complexess have short Timm. 

11 _0,3yVf rc 4TC ] Equation 2-1 
DDDD~T~THDD}HDD} r>  j l + ̂ V 1 + toVl 

Ti(DD)) = longitudinal relaxation time (s), y= gyromagnetic ratio of the proton, 

TCC = rotational correlation time (s-rad"1), GJF= Larmor frequency (rads"1) 

Severall  authors have pointed out that the protons of the ancillary ligands and other nuclei 

makee a significant contribution to the observed relaxation rate of the dihydrogen 

ligand.32'33'344 Halpern et al?A described a method to calculate the contribution of the rest of 

thee molecule to the dipolar relaxation of the n,2-H2 moiety. For complexes of the general 

formulaa MH(H2)L4 the contribution of the rest of the molecule can be estimated by 

measuringg the relaxation rate of the terminal hydride in the corresponding MHL4 complex, 

whichh does not contain a dihydrogen ligand (at the same temperature, solvent and magnetic 

fieldfield strength). In this case, the overall relaxation rate of the dihydrogen ligand is: 

RHHH = RDD + R2obs Equation 2-2 

RHHH is the observed relaxation rate of the dihydrogen ligand only and R obs is the observed 

relaxationn rate of the classical hydride in MHL4. 

Forr fluxional molecules in which the dihydrogen ligand and the classical hydride give raise 

too only one signal in the 'H NMR spectrum and thus RHH cannot be directly measured, 

equationn 2-3 can be used to calculate the relaxation rate of the r\ -H2 moiety. 

ITIRHHH = {(m+nJR'obs - nR2
obs}  Equation 2-3 
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wheree R'obs is the observed relaxation rate of all the hydrides in MH(H2)L4, m is the 

numberr of non-classical hydrides and n is the number of terminal hydrides. 

Combiningg equations 2-2 and 2-3, the relaxation rate due to the dipole-dipole interaction is 

givenn by equation 2-4. 

3 3 
RRDDDD =—{R ohs — R'oiu) Equation 2-4 

Withh these considerations, equation 2-1 can be used to calculate the H-H distance from 

T]mmm data. Since the relaxation rate can be affected by rotation of the rp-H2 ligand, the 

speedd of rotation should also be considered in the calculation of r„„  l b : i ?0 in the limit of 

fastt rotation co*"rc« 1. Thus, after substitution of the numerical terms the H-H distance is 

givenn by equation 2-5: 

r.r.mm = 4.611 * J ^ ^ Equation 2-5 
\B(MHz) \B(MHz) 

Onn the other hand, if the rotation of the dihydrogen ligand is slow, a>Vc» 1 and the H-H 

distancee can be calculated from equation 2-6: 

rrHHHH = 5.816*§ >11J— Equation 2-6 

Equationss 2-5 and 2-6 were used to calculate a range of H-H distances in the dihydrogen 

complexess 2a-f (Table 2-1). The low thermal stability of these complexes limited the range 

off  temperatures in which Ti could be measured and thus we cannot be sure of having found 

thee "true minimum". Therefore, the calculated distances are only the upper limit of the H-

HH distance in the T|2-H2 ligand. 

Assumingg a fast motion regime, distances shorter than 0.95 A were calculated, which is in 

agreementt with complexes carrying an unstretched dihydrogen ligand. The differences in 

thee Timjn values and therefore in the calculated H-H distances fall within the limits of 

experimentall  error of the T| measurements. In spite of this, it is worth discussing the trends 

inn the results presented in Table 2-1. 
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Ligand d 

a a 

b b 

c c 

d d 

e e 

f f 

M V V 

102.00 d 

106.2 2 

106.9 9 

106.7 7 

106.4 4 

109.3 3 

aa Hammet 

Parameter r 

--

--

-0.27 7 

-0.17 7 

0.0 0 

0.54 4 

II  lmin 

(ms) ) 

18 8 

24 4 

25 5 

29 9 

19 9 

27 7 

Temp p 

min. . 

233 3 

203 3 

243 3 

233 3 

243 3 

233 3 

.of f 

(K) ) 

T .MH " " 

(ms) ) 

166 6 

622 2 

274 4 

318 8 

242 2 

296 6 

d(H-H)) (A)c 

fastt rot. 

0.87 7 

0.90 0 

0.92 2 

0.94 4 

0.87 7 

0.93 3 

sloww rot. 

1.10 0 

1.14 4 

1.15 5 

1.18 8 

1.10 0 

1.17 7 

Tablee 2-1. ^ data for dihydrogen complexes 2. All spectra were measured in CD2C12 at 300 MHz. 
aa Natural bite angles taken from reference 14. b Ti of the correspondent monohydride at the 

temperaturee of the minimum.c H-H distance considering fast and slow rotation of the r|2-H2 ligand. 
dd From reference 12b. 

Thee variation in the calculated distances of the ri2-H2 ligand cannot be correlated easily 

withh the electronic properties or the bite angle of the diphosphine. We anticipated that an 

electronn rich ligand such as Thix-OMe would enhance the back bonding and hence 

increasee the thermal stability of complexes 2 with respect to H2 loss. At the same time a 

decreasee in the H-H distance was to be expected on going from Thix-OMe to Thix-CF3 

(ligandss c to f) due to the decreased d->a*  back donation into the ri2-H2 ligand. Maseras et 

al.al. have suggested that for an octahedral complex the coordination of the dihydrogen wil l 

mainlyy be affected by the trans ligand,27 so the influence of the phosphine should be larger 

inn cis complexes in which the phosphorus atom is trans to the n -H2. The effect of the trans 

ligandd on the bond length of the coordinated dihydrogen was observed by Chin et al. in 

[Ru(dppe)2(H2)X]++ where the calculated distance changed from 0.88 A for X=H to 0.92 A 

forr X=C1.5 Albertin et al. observed a similar lenghtening in [Ru{PPh(OEt)2}(H 2)X]+ for 

X== H, Br and I. Nevertheless, they did not observe a change in the H-H distance for the 

osmiumm analogues when X was a halogenide or a thiolate.35 Majumdar et al. reported 

recentlyy a series of dicationic dihydrogen compounds [Ru(H2)(RCN)(dppe)2]
2+ for which 

thee spectroscopical and chemical properties are hardly influenced by the steric and 

electronicc properties of the trans nitrile.36 These examples show that many factors 

influencee the bonding of the dihydrogen molecule and therefore the influence of the 

ancillaryy ligands is difficult to predict. 
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Forr complexes 2a-f, the small differences in the H-H distances can be explained if we 

considerr that c ^d donation dominates the coordination of the ri2-H2. As discussed above, 

thee wide bite angles of the ligands impose a distorted geometry in which rc-back bonding 

becomess much less important. Similar results were reported by Morris and co-workers4"5 

whoo found that variation of the electronic properties of the diphosphine influences the 

acidityy of the coordinated dihydrogen but does not affect the H-H distance significantly 

(seee introduction). Mathew et al. reported that protonation of /ra/7s-[(dppe)2RuHLf (L= 

P(OMe)3,, P(OEt)3, P(0'Pr)3) with HBF4 lead to dihydrogen complexes in which one of the 

ORR moieties of the phosphite was replaced by a fluorine in order to reduce the cone angle 

off  the ligand. When this substitution becomes more difficult as in the analogous 

complexess with L= PMe3 or PMe2Ph, protonation leads to dihydrogen complexes that do 

nott contain the trans phosphorus ligand. These results show once again that when ancillary 

ligandss with important steric demands are used, the steric factors can have a prevailing 

influencee over the electronic ones. 

Cationicc Monohydrides [RuH(diphosphine)2] +. 

Inn order to characterize the products resulting from H2 loss from the hydrido-dihydrogen 

complexess 2a-f, monohydrides 3a-f were independently synthesized. These compounds 

weree prepared by protonation of the dihydrides with an excess of HBF4.OEt2 at low 

temperaturee (203 K) followed by slow warming to room temperature. When protonation 

wass performed at room temperature, a considerable amount of a second compound was 

formed.. This new species exhibits two triplets at 6= 60 and 8= 25.5 ppm in the 3 1P { ' H | 

NMRR spectrum and no signals in the hydride region of the 'H NMR spectrum, it was 

thereforee assigned to the dicationic complex [Ru(diphosphine)2]
2+. 

Ass mentioned previously, the high field region of the 'H NMR spectra of compounds 3a-f 

exhibitss a symmetric multiplet composed of sixteen lines. The minimum relaxation time of 

thiss signal is longer than 150 ms, pointing clearly to a classical hydride. This resonance 

correspondss to a hydride coupling with the four non-equivalent phosphorus atoms in 3a-f. 

Thee vacant site is probably occupied by an ether molecule (stemming from the acid) or by 

thee counterion. 

Simulationn of the hydride region for 3c gave a good agreement between the experimental 

andd calculated spectra (Fig. 2-3). The 31P{'H}  spectra of complexes 3 show an ABMX 
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splittingg pattern in which the AB system corresponds to the two mutually trans phosphorus 

atoms,, Px is the phosphorus trans to the hydride and PM is the remaining phosphorus atom 

(schemee 2-1). Broad band 'H-coupled 31P spectra allowed us to assign the highest field 

signall  to Px with a P,ra„,-H coupling constant of 80 Hz. Simulation of the phosphorus 

spectraa confirmed these assignments. 

i | .. i . . | . . n |  I  I  I

Figuree 2-3. High field region of the 'H NMR of 3C. Upper trace, experimental spectrum; lower 

trace,, simulated spectrum. 

Complexx 3a, carrying the Homoxantphos ligand, exhibits once again a different behavior. 

Att first glance, the hydride signal appears as a double quadruplet, as if the hydride were 

coupledd to three equivalent cis phosphorus and a trans one. However, the P NMR 

spectrumm indicates that all four phosphorus nuclei are inequivalent (ABMX system), so the 

apparentt double quadruplet must arise from very similar cis JpH coupling constants. Indeed, 

fromm selective phosphorus-decoupled 'H NMR experiments coupling constants of 29.2 Hz 

(JPAHH = JPBH) and 25.3 Hz (JPMH) were calculated. Two ABMX systems were observed in the 

31PP spectrum of 3a at 180 K in a ratio 1:0.56. When the temperature was slowly increased 

alll  the signals broaden and at 240 K broad signals for just one ABMX system can be 

observedd for which the chemical shift of each component is intermediate between the 

chemicall  shifts of the two systems observed at 180 K. Upon further warming the signals 

sharpenn and at 280 K all phosphorus couplings are resolved. When the sample is cooled to 

1800 K again, the signals for the two conformers are restored. This may indicate that, due to 

thee relative flexibilit y of Homoxantphos (compared with the other ligands used), a fast 

equilibriumm between two conformers of 3a exists on the NMR time scale, which is slow 

beloww 280K. 

35 5 



ChapterChapter 2 

Conclusions s 

Rutheniumm hydrido-dihydrogen complexes containing diphosphines with wide bite angles 

cann be obtained by protonation of the corresponding neutral dihydrides at low temperature. 

Thee estimated H-H distances point to the presence of an unstretched dihydrogen ligand. 

Complexess 2a-f are thermally unstable and lose H2 irreversibly above 233 K. The steric 

demandss of the diphosphines force the dihydrogen complexes to adopt a cis geometry, thus 

facilitatingg intramolecular hydrogen atom exchange. 

Thee wide bite angle of the Xantphos-type ligands causes poor orbital overlap between the 

metall  fragment and the dihydrogen ligand, leading to reduced 7i-back-bonding into the 

latterr ligand. This results in the low thermal stability of the dihydrogen complex and 

explainss why the H-H distance is relatively insensitive to the electronic properties of the 

diphosphines. . 

Wee have presented a case in which the steric demands of the ancillary ligands outweigh the 

electronicc factors in determining the properties of the coordinated r|2-H2 ligand. 

Experimentall  Section 

Alll  reactions were carried out under Ar using standard Schlenk techniques. Solvents were 

freshlyy distilled from convenient drying agents and degassed under argon prior to use. 

Ru(COD)(COT),39homoxantphos,12bb sixantphos,!2a thixantphos,12a thixantphos-/?-R,14 were 

preparedd according to reported procedures. RuCl3.xH20 was purchased from ChemPur. 

Highh pressure reactions were carried out in home-made stainless steel autoclaves fitted 

withh a glass liner. C6D6 was dried over sodium and CD2C12 was dried over CaH2. They 

weree vacuum transferred, degassed by three freeze-thaw cycles and stored over molecular 

sieves.. NMR spectra were recorded on a Bruker AMX 300 MHz spectrometer, while 

variablee temperature experiments and Tl measurements were performed on a Bruker DPX 

3000 or Bruker DRX 300 spectrometer. IR spectra were recorded on a Nicolet 510 FT-IR 

spectrometer. . 

Computationall  details 

Alll  calculations were performed using CAChe WorkSystem software40 on an Apple Power 

Macintoshh 950 equipped with two CAChe CXP coprocessors. The Molecular Mechanics 
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calculationss were performed using the MM2 force field.41 Block-diagonal Newton-

Raphsonn was used as optimization method. The Type A and Type B isomers of complex 

2bb [(sixantphos)2Ru(H)(H2)]
+ were modeled using augmented MM2, with a d2sp3 

hybridizedd (octahedral) Ru + atom, and Ru-P bond lengths fixed at 2.424 A. The P-Ru-P 

chelatee angles were fixed at 103°. The INDO/1 calculations were performed using the 

CAChee ZINDO-module. As input structure for the octahedral (PH3)(Ru2+)(H~) fragment an 

idealizedd structure was used with Ru-P bond lengths of 2.424 A. For the distorted 

fragment,, the P4RuH frame from the molecular mechanics calculations mentioned above 
+ + 

wass used and modified to [(PH3)4Ru(H)] . 

Preparationn of RuH2(homoxantphos)2 (la) 

2255 mg (0.71 mmol) of Ru(COD)(COT) and 802 mg (1.42 mmol) of homoxantphos were 

dissolvedd in 20 mL. of THF before transferring to an autoclave under argon. The 

autoclavee was flushed with H2, then pressurized to 3 bar and heated to 150 °C for 16 hours. 

Thee reaction mixture was transferred under H2 to a Schlenk vessel and the solvent was 

evaporatedd under vacuum. The resulting dark brown solid was washed with pentane (5 

mL)) and diethyl ether ( 2 x5 mL) at 0 °C and then dried in vacuum to afford the pure 

productt as an olive green powder. Yield : 520 mg (0.422 mmol), 59 %. 
!HH NMR (C6D6): 7.72 (m, 4H), 7.37 (m, 8H), 7.03-7.6.50 (ar, 32H), 6.46 (m, 4H), 6.30 (m, 

4H),, 3.22 (CH2, 4H), 2.86 (CH2, 2H), 2.30 (CH2, 2H), -8.22 (apparent dt, J=46 Hz, J=33 

Hz,, hydrides, 2H). 3 ,P{ 'H } NMR (C6D6): 41.07 ppm (s). ,3C{ ]H} NMR (C6D6): 161.50 

(C-O);; 155.97, 148.90, 141.05 (CP); 135.15, 128.53, 117.23 (C, ar), 141.00, 135.15, 

134.75,, 134.15, 132.36, 130.26, 128.62 - 126.52, 123.8, 122.3(CH, ar), 34.1, 30.9 (CH2). 

IRR (nujol): 2050 cm"1 (vRu.H). 

Anal.. Calc. for RUCKH^  ̂ : C 74.1 %, H 5.1 %. Found : C 73.8 %, H 5.4 % 

Preparationn of RuH2(sixantphos)2(lb) 

Thiss compound was prepared as described for la using 120 mg (0.381 mmol) of 

Ru(COD)(COT)) and 453 mg (0.761 mmol) of sixantphos. Yield: 200 mg (0.154 mmol), 49 

%% of light brown powder. 
!HH NMR (C6D6): 7.92 (m, 4H), 7.33 (apparent dd, 2H), 7.22-7.15 (ar, 6H), 6.99-6.85 (ar, 

200 H), 6.65-6.62 (ar, 12H), 6.46-6.40 (ar, 8H), 0.58 (s, 6H, SiCH3), 0.13 (s, 6H, SiCH3), 

-8.411 (pseudo dt, 2J= 34.0 Hz, 48.7 Hz, 2H, hydride). 
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^Pl'H JJ NMR: 38.1 (t, J= 18 Hz), 36.4 (t, 2J= 18 Hz).13C{'H}  NMR: 164.3, 162.6 (PCC-

O);; 138.3, 131.1, 125.0 (CP); 136.2, 134.1, 133.9, 133.0, 126.4, 122.8 (CH, ar); 123.2, 

121.00 (C-Si); 0.9 and -0.7 (Si-CH3). 

IRR (nujol) : 2075 cm"1 (vRu.H). 

Preparationn of RuH2(thixantphos-0\k)2 (1c) 

Thiss compound was prepared as described for la using 181 mg (0.573 mmol) of 

Ru(COD)(COT)) and 820 mg {1.15 mmol) of thixantphos-OMe. The product was purified 

byy crystallization from toluene-hexane to obtain a light brown powder. Yield: 561 mg 

(0.3655 mmol), 64%. 

'HH NM R (C6D6): 7.96 ppm (m, 4H), 7.67 ppm (t, 3J= 8.37 Hz, 4 H), 7.49 ppm (br, 5H), 

7.055 ppm (m, ), 6.8 ppm (m, 7 H), 6.57 ppm (m, ) 6.34 ppm (m, ), 3.40 ppm, OCH3 (s, 12 

H,),, 3.33, 3.30 ppm, OCH3 (s, 12 H,), 2.03 ppm, CH3 (s, 6H), 1.61 ppm, CH3 (s, 6H), -8.34 

ppm,, hydrides (pseudo dt, 2J= 34.5 Hz, 48.9 Hz, 2H). 3,P{'H } NMR: 34.05 ppm (t, 

:J=18.55 Hz), 31.03 ppm (t, 18.1 Hz). ,3C{'H } NMR: 159.75, 159.30, 159.22, 158.32 ppm 

(COMe),, 153.96, 152.86 ppm (t, CP, JCP = 4 Hz); 137.2, 135.0, 134.91, 134.83, 133.9, 

133.30,, 132.82, 132.75, 128.73 (C, ar); 123.35, 122.70 (CS); 54.15, 53.82, 53.73 (CH3-0), 

20.56,, 19.94 (CH3). IR (nujol) : 2042 cm ' (vRu.H). 

Preparationn of RuH2(thixantphos-CH3)2 (Id ) 

Thiss compound was prepared as described for la using 121 mg (0.383 mmol) of 

Ru(COD)(COT)) and 500 mg (0.767 mmol) of Thixantphos-CH3. Yield: 388 mg (0.276 

mmol),, 72 % as a light brown powder. 

'HH NM R (C6D6): 6.91-6.46 (ar, 32 H), 5.64 (br, 2H), 2.07 (s, CH3 tolyl, 12 H), 2.00 (s, 

CH33 tolyl, 6 H), 1.89 (s, CH3 tolyl, 6 H), 1.83 (s, CH3, 6 H), 1.44 {  s, CH3 , 6 H), -8.43 

(pseudoo dt, J= 35.4 Hz, 48.5 Hz, hydrides, 2H). 3IP{ !H} NMR: 36.04 ppm (t, J=18.5 Hz), 

32.499 ppm (t, J=18.9 Hz). ,3C{'H }  NMR: 154.36, 153.32 (CO), 137.35, 137.21, 137.06, 

136.19,, 133.20 (Cquat.), 133.07, 129.33 (PCCH), 123.75, 123.03 (CS), 20.97, 21.04, 

21.15,21.211 (CH3). 

IRR (nujol) : 2058 cm"' (vRu.H). 
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Preparationn of RuH2(thixantphos)2 (le) 

Thiss compound was prepared as described for la using 250 mg (0.792 mmol) of 

Ru(COD)(COT)) and 949 mg (1.59 mmol) of thixantphos. Yield : 700 mg (0.540 mmol), 68 

%% as an olive green powder. 
]HH NMR (C6D6): 7.94 (m, 4H), 7.50 (apparent t, J=8.6 Hz, 4H), 7.34 (m, 4H), 7.03-6.50 

(ar,, 38H), 5.65 (br, 2H), 1.92 (s, 6H, CH3), 1.54 (s, 6H, CH3), -8.46 (apparent dt, J= 48.6, 

34.55 Hz, 2H, hydride). 31P{!H} NMR: 36.6 (t, 2J=19.0 Hz), 33.79 ppm (t, 17.6 Hz). 

"C^H}}  NMR: 154.33, 153.90 (C-O); 143.47, 141.03 (OCCP), 137.43, 134.19, 133.25 

(HCP),, 133.92, 133.56, 130.51(CP), 129.59, 129.12, 127.98, 127.44, 127.06 (CH, ar); 

123.96,, 123.22 (CS); 20.15 (CH3). 

IRR (nujol) = 2064 cm"1 (vRu.H). 

Anal.. Calc. for RUC76H62S2P4O2 : C 70.4 %, H 4.8 %. Found C 70.1 %, H 4.98 %. 

Preparationn of RuH2(thixantphos-CF3 )2 (If ) 

Thiss compound was prepared as described for la using 100 mg (0.317 mmol) of 

Ru(COD)(COT)) and 868 mg (0.634 mmol) of Thixantphos-CF3. Yield: 379 mg (0.206 

mmol),, 65 % as a light brown powder. 

'HH NMR (C6D6): 7.47 (m, 4H), 7.2 (d, J= 8.22 Hz, 4H), 7.1-6.7 (ar, 24 H), 6.38 (pseudo d, 

2H),, 6.19 (t, J=7.5 Hz, 4H), 5.61 (br, 2H), 1.82 (s, CH3, 6H), 1.45 (s, CH3, 6H), -9.05 

(pseudoo dt, J=33.8 Hz, J- 46.56 Hz, 2H). 3,P{'H } NMR: 28.85 ppm (t, 2J=17.4 Hz), 27.7 

ppmm (t, J= 18.95 Hz). ,3C{'H}  NMR : 153.3, 152.6 (C-O); 145.4, 145.3, 143.6, 140.0 (C-

P);; 134.9, 134.8, 134.1, 133.9, 133.0, 132.4 (PCCH); 131.66 (CCF3,
 2JCF = 32.18 Hz), 

130.8,, 130.6, 130.3, 130.1, 128.5, 128.4, 127.8 (Car), 130.2, 129.1, 129.1, 128.3, 127.5 

(CHar),, 124.5 (CF3, 'JCF= 272.3 Hz), 123.6, 122.4 (CS), 20.8, 19.8 (CH3). 

IRR (nujol) = 2062 cm"1 (vRu.H). 

Anal.. Calc. for RuC84H54S2P402F24 :C 54.82 %, H 2.96 %. Found : C 54.81 %, H 2.83 %. 

Dihydrogenn complexes 

Protonationn experiments were carried out in 5 mm. NMR tubes equipped with a septum 

allowingg for addition of reactants. In a typical experiment 15-20 mg of the dihydride (1) 

weree dissolved in 0.5 mL of CD2C12 and the tube was cooled to 193 K. 1 equivalent of 

CF3COOHH or HBF4.OEt2 was added using a microsyringe. The tube was shaken to allow 

mixturee of the reactants and immediately introduced into the probe at 193 K. H and P 
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spectraa as well as Ti measurements were done at this temperature and then at intervals of 

100 K up to 298 K. 

[RuH(H 2)(homoxantphos)2]CF 3COO(2a) ) 
]HH NMR (upfield region): -6.49 ppm, broad. 31P{'H}  NMR: 31.6 ppm (t, J= 24.6 Hz), 24.7 

ppmm (t). 

[RuH(H 2)(sixantphos)2]BF44 (2b) 

Majorr isomer. JH NM R (upfield region): -6.9 broad. 31P{JH} NMR: ABMX system 32.1 

(PM ,, JMA=26.1 HZ, JM B = 3 0 .3 HZ, JM X=39.9 HZ); 25.4 (PA, JAB= 256.0 Hz, JAX=20.0 HZ); 

8 . 8 ( PX , J B X = 2 4 . 2 H Z ) ; 5 . 3 ( PB ) . . 

Minorr isomer, ' H NM R (upfield region): -6.6 broad. 3IP{'H } NMR: 25.0 (t, J= 24.0 Hz), 

21.88 (t). 

[RuH(H 2)(thixantphos-OMe)2]BF44 (2c) 

'HH NMR (upfield region): -6.40, broad. 3IP{'H}  NMR: 34.6 (t, J= 20.1 Hz), 30.9 (t). 

[RuH(H 2)(thixantphos-CH33 )2]BF4 (2d) 

'HH NMR (upfield region): -6.65, broad. 31P{'H}  NMR: 34.6 (t, J= 20.1 Hz), 30.9 (t) 

[RuH(H 2)(thixantphos)2]BF44 (2e) 

'HH NMR (upfield region): -6.7 broad. 3,P{'H}  NMR: 21.7 (t, J= 23 Hz), 20.3 (t). 

[RuH(H 2)(thixantphos-CF3)2]CF3COO(2f) ) 
]] HH NMR (upfield region): -6.90, broad. 31P{'H}  NMR: 21.81 (t, J= 24.5 Hz), 18.62 (t). 

Monohydrid ee Complexes 

Duringg the synthesis of the monohydride complexes 3a-f we could not avoid the formation 

off  small amounts of the dicationic complex [Ru(diphosphine)2(S)2]
2+ (less than 5 % by 

NMR),, which precluded the obtention of microanalytical data. 
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Preparationn of |RuH(homoxantphos)2]BF4 (3a) 

1000 mg (0.081 mmol) of RuH2(homoxantphos)2 (la) were dissolved in 5 mL of CH2C12 

andd the solution was cooled to 193 K. 20.5 uL (0.081 mmol) of HBF4.OEt2 (54 %) were 

addedd and the reaction mixture was slowly warmed to room temperature. After 1.5 hrs. the 

solventt was evaporated under vacuum, the resulting dark brown solid was washed with 

pentanee (2 mL) and diethyl ether (2x2 mL) and dried in vacuum. Yield: 85 mg (0.065 

mmol)) 80 % 

'HH NMR (CD2C12): 8.05- 5.70 (Ar, 52H); 3.39-2.50 (CH2, m, 8H); -4.71 (hydride, m,l H, 

JHP,=27.66 Hz, JHPB= 27.6 Hz, JHPM= 27.6 Hz, JHPX= 80.7 Hz) 31P{]H}  NMR (CD2C12): 

ABMXX system, 63.65 (PM, JMA=28.1 HZ, JMB=27.1 HZ, JM X =16.9 HZ); 38.8 (PA, JAX=- 13.3 

Hz,, JAB=253.4 HZ); 34.4 (PB, JBX= - 22.9 Hz); 30.4 (Px).
 ,3C{ fH}  NMR (CD2C12): 160.7, 

160.6,157.6,, 156.3 (PCCO); 135.3 (PC); 134.9 (PC, JCP= 3.5 Hz); 140.0-124.0 (CH, 

Arom);; 132.4, 132.0, 130.1, 125.4, 124.7, 124.5 (Cquat); 33.7, 31.59, 31.17, 26.51 (CH2). 

Preparationn of |RuH(sixantphos)2]CF3COO (3b) 

Thiss compound was prepared as described for 3a using 100 mg (0.075 mmol) of lb and 

11.66 U.L (0.151 mmol) of CF3COOH. Yield: 77 mg (0.055 mmol), 73% as a light green 

solid. . 

'HH NMR (CD2C12): 8.51- 5.92 (Ar, 52H); 0.57 (s, CH3, 3H); 0.41 (s, CH3, 3H); -0.02 (s, 

CH3,, 3H); -0.030 (s, CH3, 3H); -5.52 (hydride, m,l H, JHPA=43.1 Hz, JHPB= 19.7 Hz, JHP„= 

32.99 Hz, JHP*= 76.2 Hz). 3,P{'H}  NMR (CD2C12): ABMX system, 54.0 (PM, JMA=40.1 Hz, 

JMB=24.44 Hz, JMX=21.8 Hz); 37.4 (PA, JAX= -15.8 Hz, JAB=254.8 Hz); 31.0 (Px, JBX= - 21.5 

Hz);; 37.6 (Px). "C^H}  NMR (CD2C12): 164.3, 162.6 (PCCO); 160.0 (q, CF3COO, JCF= 

36.33 Hz); 138.3, 131.1, 129.5, 125.0 (CP); 136.2-122.8 (CH, Ar); 123.2, 122.5, 121.0, 

120.88 (C-Si); 118.0 (CF3COO, JCF= 290.7 Hz); 0.5, -0.9 (Si-CH3). 

Preparationn of |RuH(thixantphos-OMe)2]CF3COO (3c) 

Thiss compound was prepared as described for 3a using 250 mg (0.163 mmol) of lc and 

12.66 uL (0.163 mmol) of CF3COOH. Yield: 228 mg (0.136 mmol), 85% as a dark yellow 

powder. . 
!HH NMR (Acetone-d6): 7.79- 5.62 (Ar, 40H); 3.92 (OCH3, s, 3H); 3.89 (OCH3, s, 3H); 

3.844 (OCH3, s, 3H); 3.72 (OCH3, s, 3H); 3.67 (OCH3, s, 3H); 3.64 (OCH3, s, 3H); 3.62 

(OCH3,, s, 3H), 2.33 (CH3, s, 3H), 2.17 (CH3, s, 3H); 2.08(CH3, s, 6H), -6.33 (hydride, m, 
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1H,, JHP,= -42 Hz, JHPH= 32 Hz, JHPM= 24 Hz, JHPX= 76 Hz). 31P{ !H} (Acetone-d6): ABMX 

system,, 50.05 (PM , JMA =36.5 Hz, JMB=26.3 Hz, JMx=21.2 Hz); 34.40 (PA, JAX=- 17.8 Hz, 

JAB=265 .66 Hz); 28.3 (Px, JBx=- 21.10 Hz); 28.1 (PB). , 3 C { ' H }  NMR (Acetone-d6): 161.98, 

161.77,, 161.57, 161.47, 161.03, 160.93 (C,OCH3); 159.77 (q, CF3COO, JCF= 36.3 Hz); 

151.53,, 150.37 (PCCO); 137.48, 137.11 (PCCO, JCP= 4 Hz); 135.38,135.25 (PCAr, JCP= 3 

Hz);; 134.85 -129.38 (CH, Arom); 117.1 (CF3COO, JC F= 290.7 Hz); 123.22, 122.52 (CS), 

114.72-113.522 (CH, Arom); 55.66, 55.46, 55.29, 55.01, 54.93, 54.54 (CH3-OAr), 20.56, 

20.32,20.05,, 19.73 (CH3). 

Preparationn of RuH(thixantphos-CH3 )2CF 300 (3d) 

Thiss compound was prepared as described for 3a using 100 mg (0.071 mmol) of Id and 17 

|iLL (0.213 mmol) of CF3COOH. Yield: 80 mg (0.052 mmol), 74% as a light brown solid. 

*HH NM R (CD2CI2): 7.75-6.22 (ar, 34 H), 5.92 (m, 2H), 6.75 (m, 2H), 6.60 (m, 2H), 2.56, 

2.49,, 2.45, 2.44, 2.41, 2.35, 2.32, 2.27 (s, CH3 tolyl, 24H total), 2.20, 2.13, 2.08,2.06 (s, 

CH3,, 12H total); -6.39 (m, hydride, 1H, JHP,= 22.65 Hz, JHPB= -48.4 Hz, JHP„= 35.5 Hz, 

JHPX== 79.0 Hz). 3 lP{'H}  NMR (CD2C12): ABMX system, 50.73 (PM, JMA=24.8 Hz, 

JMB=17 .44 HZ, JM X=18 .3 Hz); 35.86 (PA, JAX= -48.4 Hz, JAB=256.2 Hz); 29.76 (PB, JBx=-

29.22 Hz); 28.59 (Px). "Cl 'H } NMR (CD2C12): 160.65 (q, CF3COO, JCF= 36.3 Hz); 157.5, 

154.36,, 153.32, 151.50 (PCCO); 137.8 (PC, JCP= 5.3 Hz); 137.4 (PC, JCP= 3.2 Hz); 137.1 

(PC,, JCP= 3.8 Hz); 137.35, 137.21, 137.06, 136.19, 133.20 (Cquat.), 133.07-129.33 (CH, 

Arom);; 123.75, 123.03 (CS), 117.1 (CF3COO, JCF= 290.7 Hz); 21.41, 21.35, 21.24, 21.18, 

21.09,, 20.87, 20.78, 20.69, 20.55 (CH3). 

Preparationn of [RuH<thixantphos)2]CF3COO (3e) 

Thiss compound was prepared as described for 3a using 150 mg (0.115 mmol) of l e and 18 

HLL (0.231 mmol) of CF3COOH. Yield: 109 mg (0.076 mmol). 67 % as a light green solid. 

'HH NM R (acetone-d6): 7.81 (t, J=8.2 Hz, ar), 7.68 (m, ar), 7.54 (q, J= 5.6 Hz, ar), 7.46 (s, 

ar),, 7.30 (t, J=7.2 Hz), 7.2-7.08 (m, ar), 7.08-7.00 (m, ar), 6.95 (t, J=8.7 Hz, ar), 6.91-6.83 

(m,, ar), 6.79-6.70 (m, ar), 5.88 (d, J=8.7 Hz), 5.82 (d, J=6.5 Hz). 2.33 (s,CH3, 3H); 2.20 

(s,CH3,, 3H); 2.05(s,CH3, 3H); 1.49 (s,CH3, 3H) ; -6.14 (m,lH, hydride, JHPA=- 43.37 Hz, 

JHPB== 32.25 Hz, JHPN,= 20.42 Hz, JHPX= 76.1 Hz). 31P{'H } NMR (acetone-d6): ABMX 

system,, 57.19 (PM , JMA = 36.5 Hz, JMB= 26.1, Hz, JMX = 19.4 Hz); 42.5 (PA, JAB = 258.3 Hz, 

JAX == 15.2 Hz); 35.0 (PB, JBX= 20.3 Hz); 33.5 (Px).
 ,3C{'H }  NMR (CD2C12, 125.7 MHz): 

160.555 (q, CF3COO, JCF= 36.3 Hz); 157.78 (d, PCCO, JCp=17.3 Hz ); 154.5 78 (d, PCCO, 
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JCP== 12.7 Hz ); 151.9 (d, PCCO, JCP=4.1 Hz ); 150.678 (d, PCCO, JCp=8.9 Hz ); 137.8 (PC, 

JCP== 5.5 Hz); 137.6(PC, JCp= 4.2 Hz); 137.3(PC, JCp= 3.8 Hz); 137.2(PC, JCp= 6.8 Hz); 

135.4(PC,, JCP= 7.6 Hz); 133 -128 (CH, Arom); 131.2, 130.5, 129.4, 128.5, 128.4, 128.2 

(Cquat),, 123.6, 123.5, 122.9, 122.8 (CS); 116.9 (CF3COO, JCF= 290.7 Hz); 21.4, 21.2, 20.9, 

20.66 (CH3). 

Preparationn of [RuH(thixantphos-CF3)2]CF3COO (3f) 

Thiss compound was prepared as described for 3a using 160 mg (0.087 mmol) of If and 

13.55 nL (0.174 mmol) of CF3COOH. Yield: 124 mg (0.064 mmol), 73 % as a light brown 

powder. . 

*HH NMR (CD2CI2): 8.04-6.36 (m, Ar, 37H), 5.59 (m, Ar, 2H), 5.84(m, Ar, 'H) 2.46 

(s,CH3,, 3H); 2.25 (s,CH3, 3H); 2.13 (s,CH3, 6H); -6.36 (m, hydride, 1H, JHPA= -43.6 Hz, 

JHPB== 32.5 Hz, JHPH= 20.2 Hz, JHPX= 75.8 Hz). ^Pf'H}  NMR (CD2C12): ABMX system, 

52.33 (PM, JMA = 26.3 Hz, JMB= 36.8 Hz, JMX= 39.9 Hz); 36.3 (PAj JAB = 325.6 Hz, JAx= -

48.55 Hz); 29.25 (Px, JBX= -22.8 Hz); 28.75 (PB,)- 13C{'H}  NMR (CD2C12): 160.55 (q, 

CF3COO,, JCF= 36.3 Hz); 157.87, 154.5 78, 153.3, 152.6; 151.9 (PCCO); 145.4, 145.3, 

143.6,, 140.0 (CP); 134.9- 127.5 (CH, Ar); 131.0, 130.6, 130.1, 128.5, 128.4, 127.8 (Cquat), 

125.7-124.55 (CF3, 'JCF= 272.3 Hz); 123.6, 122.4 (CS), 118.5 (CF3COO, 1JCF= 290.3 Hz); 

21.2,20.8,, 19.8 (CH3). 
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