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Abstract

Some pentamethyicyclopentadieny} ruthenium(1I) diphosphine chloride complexes have been prepared by ligand exchange starting with
the parent triphenylphosphine derivatives and their reactivities compared with those of the corresponding cyclopentadienyl compounds. The
pentamethyl ligand causes a greater extent of asymmetric induction when the (R)-prophos and (R)-phenphos ligands are used as well asa
higher lability of the stereochemistry at the stereogenic ruthenium centre. A shift of about 200 mV in the oxidation potentia! is caused by the
substitution at the penta-hapto ligand. The order of basicity of the diphosphine ligands was also evaluated and was found to be consistent with
previous determinations. The crystal structure of (w*-CsMes)Ru{(S.S)-chiraphos }Cl shows a coordination around the ruthenium atom similar

to that found for the (n’*-CsH;)Ru{(S.5)-chiraphos }Cl complex.

© 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

In recent years we have prepared a series of cyclopenta-
dienyl (CsH;) complexes of ruthenium(II) containing chiral
diphosphines homologues of the 1,2-bis(diphenyl-
phosphine)ethane with C1 and C2 symmetry [ 1}. The ruthe-
nium centre is stereogenic for compounds of the former type
[2]; consequently they gave the opportunity to study the
stereochemistry of simple metallorganic reactions which are
fundamental steps in catalytic processes [ 1}. Compounds of
the latter type were used as templates for asymmetric stoi-
chiometric [3,4] and catalytic reactions [5].

Modification of the basicity at the metal atom in organo-
transition metal complexes can be a way to alter their reac-
tivity. In fact, it is well known that the reactivity at the metal
centre is influenced by the type of ancillary ligands. Strong
electron-donating ligands can increase the electron density at
the metal centre [6,7], thus favouring, for example, oxidative
addition reactions [8].

* Corresponding author. Tel.: +39-49-827 5198, fax: -+39-49-827 5161;
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The strong donor ligand pentamethylcyclopentadienyl
(CsMes) is able to stabilize metal complexes from both an
electronic and a steric point of view [9]. Angelici hasrecently
proposed a scale for the determination of the basicity of
organotransition metal cumplexes based on the enthalpies of
protonation with a strong acid such as CF;SO;H in a non-
coordinating solvent as 1.2-dichlorcethane [10]. He
observed an increase of basicity when diphosphines are used
instead of phosphines, when hydride complexes are com-
pared with halogeno derivatives, for which the order of basic-
ity decreases from chlorine to bromine to iodine, and when
CsMe; is substituted for CsHs. Moreover, Lindner, Vrieze
and co-workers showed that the cationic complexes [(n’-
CsH;)Ru(P” 0} (P-O0) ISbF, and [(n*-CsMes)Ru(P"0)-
(P-0) ]SbF, exhibit a very different reactivity toward CQ.
The latter complex coordinates CO instantaneously, while
the cyclopentadienyl compounds needs more then 12 h [11].

Recently various ruthenium( IT) complexes containing the
C;Me; ligand and phosphines or diphosphines have been
investigated [9,12-25]. In the present work we report on the
synthesis and characterisation of new complexes of the type
(n°-CsMes)Ru(L"L")CI in which L."L’ are chiral diphos-
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phines having C1 or C2 symmetry and on some acetonitrile
derivatives thereof. The crystal structure of (n*-CsMes)-
Ru{(S.,5)-Ph,PCH(CH;yCH(CH;)PPh, }Cl has been deter-
mined and compared with that of the corresponding cyclo-
pentadienyl derivative. The electrochemical behaviour of the
complexes has confirmed the order of basicity of the diphos-
phines already observed for the iridium complexes
[Ir(L"L).] * containing the same ligands [26].

2. Results and discussion

2.1. Synthesis and spectroscopic properties

The complexes of general formula (%’-C.Me;)-
Ru(L"L")Cl (L*L' =chiral diphosphines) were preparcd

et PPh, CeHs
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by substitution of the triphenylphosphine ligand from (n°-
CsMes)Ru{PPh;),Cl (Scheme 1) {9,27]. For preparative
purposes the exchange reactions were carried out by treating
the starting ruthenivm compound with the appropriate
diphosphine in a 1:1 molar ratio in boiling toluene for about
6 h. The expected complexes were obtained as microcrystal-
line orange compounds. They are soluble in toluene and dich-
loromethane and insoluble in n-hexane. The complexes were
purified by recrystallisation from dichloromethane/n-
hexane.

The formation of the chelate complexes was monitored by
*IP{'H} NMR spectroscopy at room temperature in toluene-
dy, as the solvent to possibly identify differences in reactivity
with respect to the parent cyclopentadienyl compound (n°-
C:Hs)Ru(PPh,).Cl [28].

The *'P{'H} NMR spectrum of the reaction mixture with
dppe registered after 5 min shows the presence of the chelate
complex at & 74.64 ppm, of free triphenylphosphine at &

—5.85 ppm and of unreacted dppe. Resonances between &
45.50 and 38.50 ppm as well as a doublet centred at &
~13.99 ppm are consistent with the formation of interme-
diates, in which dppe acts as a monodentate ligand (Scheme
1). The reactions with the C, diphosphines (8.8)-chiraphos
and (rac)-cypenphos (L =L') show a pattern similar to that
of dppe. Also for these ligands the chelate complexes form

Phof Cl ) Ca
Scheme 1.

within a few minutes. Small amounts of reaction intermedi-
ates with resonances in the range 8 40-50 ppm are also
visible.

For (R)-praphos, (rac)-renorphos and (R)-phenphos,
two diastereomers are expected to form owing to the stereo-
genicity of the ruthenium atom (Scheme 1, L#L’). After
5 min of reaction, the renorphos derivatives form in a dias-
tereomeric ratio of 85/15. This ratio does not change during
the progress of the reaction and is equal to that observed when
the reaction is carried out in boiling toluene. In contrast, the
two diastereomers are obtained in a 1:1 ratio for the (R)-
prophos ligand, instead of 95/5 observed in boiling toluene.
For both ligands, resonances due to reaction intermediates
are present at 8 40-50 ppm. A diastereomeric ratio of 75/25
is observed in the formation of the ( R)-phenphos derivatives.

In the cases examined the displacement reactions at room
temperature go to completion in about 20 h. They are thus
much faster than for the parent cyclopentadienyl compounds;
in the latter case, for instance, more than 1 month is needed
for the prophos ligand [28]. As for the cyclopentadienyl
complex [28], the displacement occurs stepwise through the
formation of stereoisomeric intermediates, in which the
diphosphines act as a monodentate ligand (Scheme | ). How-
ever, the relative stability of the intermediate appears d:ffer-
ent. In fact, in the exchange reaction with the chiraphos ligand
no intermediate was identified for the parent cyclopentadienyl
complex, implying a more rapid chelate closing with respect
to the rate of the first substitution. The different reactivity
could be ascribed to an enhanced basicity on the metal centre
when C;Me; ligand is substituted for CsHs, thus favouring
dissociation of a triphenylphosphine. However, steric factors
are expected to act in the same direction.

The diastereomeric ratio for the (R)-prophos complexes
formed at room temperature (1:1) does not correspond to the
thermodynamic equilibrium. In fact, after heating the equi-
molar mixture at 343 K for 24 h in chlorobenzene, the
diastereomeric ratio becomes 95/5 [29]. In contrast, epi-
merisation does not take place in toluene. Probably a lack of
enantiosite selection in the displacement reaction of the two
enantiotopic triphenylphosphine molecu+:s and of regiose-
lectivity in the coordination of the bidentate ligand in a mon-
odentate fashion are responsibie for the 1:1 ratio at room
temperature. The 95/5 ratio observed at higher temperature
might therefore arise from a relatively Inong-lived 16-electron
intermediate under those conditions [30]. Either regioselec-
tivity or long life of the unsaturated intermediate Lould be
responsible for the diastereoselectivity observed in the for-
mation of the norphos complexes. The AG® values for the
equilibrium between the two epimers at the metal are about
1.2 kecal mol ™! for (%*-CsMes)Ru{(R* R*)-renorphos}Cl
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complex, about 2 kcal mol ™' for (n>-CsMes)Ru{(R )-pro-
phos }Cl and about 0.8 kcal mol ~! for (q°-CsMes)Ru{(R)-
phenphos}Cl. For these ligands the thermodynamically
favoured diastereomer is that having the larger difference in
the chemical shifts for the two phosphorus atoms in the
3P{'H} NMR spectrum. This situation most probably cor-
responds to the ul-diastereomer [ 1,31]. Furthermore, at least
for the last two ligands, the extent of asymmetric induction
at the metal is higher than for the compounds containing the
unsubstituted cyclopentadienyl ligand {29].

The complexes show a dynamic process in solution in the
temperature range 178-300 K when analysed by 'P{'H}
NMR in CD,Cl.. At 178 K the process is frozen cut giving
rise to a well-defined singlet for (*-C;Mes)Ru(dppe)Cland
AX (or AB) spectrum for all the other complexes. When the
temperature is raised, the "'P{'"H} NMR spectra show a
broadening of the resonances for all the complexes. The (R)-
prophos and ( rac)-renorphos derivatives show a diastereo-
mer popuiation corresponding to that also observed in
C,D;sCD;, at room temperature. In fact, we have checked that
the prophos-containing diastereomers do not undergo epi-
merisation under these conditions. However, the use of the
mixed CDCl,/CD,Cl, caused complete epimerisation in less
than 24 h.

The coalescence temperature is close to 300 K and the
activation energies for the dynamic process are about 12—
13 kcal mol~'. The most probable explanation for ihe
observed behaviour is to assume some ion separation involv-
ing the chlorine ligand (Eq. (1)) which, however, is not
large enough to cause epimerisation at the metal.

(0"-CsMe s )Ru(L*L')Ci—[(%’-CsMe s )Ru(L*L) ] *
+Cl-

In fact, slowing down of the A-8 equilibiration of the chelate
ring or of the rotation of the C;Me; ligand are inconsistent
with the observed solvent effect and appear less probable
[32,331.

The compounds (n’-CsMes)Ru(L"L)Cl (L"L=dppe,
(rac)-cypenphos, (S,5)-chiraphos and (R)-prophos) react
rapidly in methanol with acetonitrile in the presence of
NH,PF, as the halogen scavenger to afford quantitatively the
corresponding acetonitrile derivatives {1].

(n*-CsMe)Ru(L'L')Cl+NH ,PF,+CH,CN-
[(n*-CsMes)Ru(L L) (CH,CN)IPF,

The complexes are formed as yellow microcrystalline com-
pounds, soluble in dichloromethane. Their *'P{'H} NMR
spectra in CD,Cl, are temperature independent. This behav-
iour supports the above interpretation that the fluxional
behaviour operating for the chloro derivatives in dichloro-
methane solution is due to a rapid dissociation-association
process of the chlorine anion.

In contrast to the parent cyclopentadienyl compounds the
reaction with acetonitrile (Eq. (2)) does not seem to be
stereospecific [ 1]. Starting with the ( R)-prophos complexes

n

(2)

in a 54/46 or in a 95/5 diastereomeric ratio the acetonitrile
derivatives are formed with ratios of 66/34 and 87/13,
respectively. However, on allowing the solution to stand,
epimerisation at the metal takes place and a thermodynamic
ratio close to 95/5 is obtained. The (rac)-renorphos-con-
taining compounds give rise to the two possible acetonitrile
diastereomers in a 48/52 molar ratio. This relatively facile
epimerisation probably results from the higher basicity at the
metal caused by the pentamethyl ligand. This basicity should
contribute to a stabilisation of the electronically unsaturated
intermediate deriving from nitrile dissociation.

3. Electrochemistry

We have investigated the electrochemical behaviour of the
aforementioned ruthenium complexes (and of the analogous
complexes containing 1,1’-ferrocenylbis( diphenyiphos-
phine) ) te test the effects on the redox properties of the metal
centre when systematic changes in the ligands, i.e. CsH; ver-
sus CsMe; and phosphorus ligands, are introduced. For all
ruthenium complexes reported here the voltammetric profile
at the platinum electrode in 1.2-dichloroethane/0.2 M [n-
Bu;N]ClO, is that anticipated for a one-electron, fully revers-
ible oxidation by most of the criteria of stationary electrode
polarography [34], i.e. the ratio of the cathodic to the anodic
peak currents, i,°/i.*, is unity over the range of the experi-
mental (20-200 mV s~ ') cyclic scan rate, and the peak-to-
peak separation, AE,, and the peak width, E,—E,., are
invariably 59 and 57 mV, respectively. The cyclic voltam-
mograms of the two complexes containing the ferrocenyldi-
phosphine (dppf) exhibit a second, ferrocene-centred,
oxidation process with a potential value considerably more
anodic than that displayed by the uncoordinated ligand [35].
Sizable anodic shifts of the redox potential of the ferrocene/
ferrocinium couple upon phosphination of the C;H; rings and
complexation of the resulting dppf ligand as well as variations
among the different known coordination modes of the ligands
have already been observed in these and other laboratories
[36,37]. Notably, these ferrocene redox couples, at variance
with the relevant ruthenium-based onmes, are centred at
approximately the same E, , in either the two neutral com-
plexes (0.430 (C;H;) and 0.41S (CsMe;) V) or the two
cationic derivatives (0.815 (CsH;) and 0.825 (C;Mes) V),
thus revealing that the ruthenium~dppf bonding is not signif-
icantly affected by the substitution of Me for Hin the auxiliary
cyclopentadienyl ligand. The uncomplicated one-electron
charge transfer reaction associated with suihenium is con-
firmed by the course of controlled potential coulometry
experiments. Thus, exhaustive electrolyses carried out at
potentials past the anodic peak result in the removal of 1 mol
of electrons per mole of depolarizer to give stable solutions
with voltammetric reduction profiles almost complementary
to the oxidation pattern of the precursor.

Figs. 1 and 2 show representative cyclic voltammograms
of the ruthenium(TI) complexes containing the dppf and the
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Table 1
Electrochemical and *'P NMR * for some ¢ dienyl ruthenium complexes
Complex Cp’ =7’-CsH; Cp'=1"C:Me;

E,» (mV) 8 (ppm) Ad(ppm)  Ey,(mV)  &(ppm) Aé (ppm)
(0"-Cp’)Ru{PPh).Cl 105 39.04 44.69 -90 404~ 46.11
(%,*-Cp")Ru(dppe)Cl =15 8043 93.68 -190 i4.93 87.88
(%"-Cp')Ru{(R)-prophos }CI * ~40 84.35 83.61 -220 79.85 7911
{(0-Cp’ )Ru{(S.,5)-chiraphos }CI —-60 85.38 96.14 —245 80.39 91.15
(n*-Cp’)Ru(dppf)Cl 60 46.04 5344 -125 41.60 59.00
[{n’-Cp")Ru(dppf) (CH,CN) ]PF, 345 45.83 63.23 275 44.43 51.83

“ Ad1s the downfield shift of the *'P{'H} NMR resonance of the phosphorus ligand upon coordination at the metal centre (cf. Ref. [39]).
" Only the values of 8 and A8 that correspond to the P atom showing the larger difference are reported.

=02 [s1o]

Fig. 1. Cyclic voltammogram for oxidation of 2.1 mmoldm™* (¢’
CsHs)Ru(dppf)Cl m DCE 0.2moldm~* TBAP, at 25°C (scan rate
200mVs ). P are referred to ferrocenium/ ferrocene couple: £,
0.420 V vs. ag. SCE.

N\
Fig. 2. Cyclic vol for oxidation of 1.5 mmoldm™* (q'-
C:Me)Ru((S. &)—chlmphos}Cl |n DCE, 0.2 moldm~* TBAP, at 25°C
(scan rate 200mV s~ '), P Is are referred to fer ium/ferrocene

couple: E,,,=0.420 V vs. aq. SCE.

(8,8)-chiraphos diphosphires, and Table | summarizes half-
wave potentials, E|,,, as the mean value of the potentials for
anodic and cathodic peak currents.

From the figures of Table | it appears that substitution of
CsMe; for CsH; shifts E| - cathodically by about 200 mV. It
is noteworthy that substitution of Me for H in ferrocene shifts
E\;» by ca. 50 mV [38]. Moreover, the sequence of E,/,
values upon changing the phosphorus ligand (the residual
part and environment being kept constant) is in accordance
with the expected donating abilities of the ligands. For
instance, the difficulty of oxidation should in-rease (and
does) in the order dppe > prophos > chiraphos, which is con-
sistent with the trend of increasing ease to reduce already
observed for [ Ir(diphosphine),] * system [26].

Although we are aware that *'P chemical shifts are noto-
riously difficult to rationalize [39]. as electrochemical data
do provide a useful insight into the relative basicity of phos-
phine ligands, we speculated on a relationship between E, ,,
and *'P{'H} NMR data for the two series of isostructural and
isoelectronic ruthenium complexes. In Fig. 3 E, ;, values are
plotted versus A8 (Table 1). A satisfactory linearity with
approximately identical slope for C;Hs and CsMe; deriva-
tives is obtained. It appears that the ease of oxidation of the
ruthenium centre, which is influenced by the basicity of the
phosphine, runs parallel to the downfield shift of the *'P{'H}
NMR signal of the ligand over a wide range of values.

4. Crystal structure of (n*-C;Me)Ru{(S,S)-
chiraphes}Cl1 (1)

The crystal structure of (m*-CsMe;)Ru{(S.5)-chira-
phos }Cl (1) consists of a packing of discrete molecules sep-
arated by normal contacts. Fig. 4 reports an ORTEP drawing
of the molecule in its absolute (S,5) configuration. Relevant
bond parameters are reported in Table 2. The coordination
around the Ru atom may be regarded as octahedral, with one
face of the octahedron occupied by the chlorine and the
diphosphine ligands and the opposite one by the permethy-
lated cyclopentadieny! ligand, similar to that found in the
(n°-CsHs)Ru{(S.5)-chiraphos }C1 (2) species which has a
similar geometry [40].

The Ru-Cl bond distance (2.447(2) A) in 1 is interme-
diate (but substantially equal to) between those in 2 and its
indenyl analogue (%’-C,H;)Ru{(S.S)-chiraphos}Ci (3),
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Fig. 3. Dependence of E|,» from Ad. Upper: (n‘-C;H_;)Ru(L'“ £)Cl com-
plexes. Lower: (n’-CsMes)Ru(L " L)l complexes.

Fig. 4. ORTEP view of the partial labelling scheme along the bisector of the
P-Ru-P angle. Therma ellipsoids are drawn at the 30% probability level.
Hydrogen atoms are omitted for sake of clarity.

2.453(2) and 2.441(2) A, respectively [40]. The two Ru—
P bond lengths (2.286(2) and 2.308(1) A), one slightly
shorter than the other, show the same behaviour as found
in 2 (2.270(2) and 2.297(1) A) and 3 (2.239(2) and
2312(1) A).

The permethylated cyclopentadienyl ligand (CsMes) is
coordinated to the Ru atom, and the Ru—C interactions range
from 2.198(2) to 2.258(2) A (av. 2.231). Such an average
Ru-C bond distance is larger than that in the related C;H;
derivative 2 (2.208 A) but smaller than that found in the
C,H, derivative 3 (2.254 A). According to the number of
ring substituents, the (expected) relative order of steric hin-
drance shouldbe C;H; < C,H, < CsMes, and the ‘anomalous’
behaviour of 3 is due to the presence of two ‘long’ Ru-C
interactions, i.e. to the common w’ -’ distortion of indeny!
derivatives which, even if sterically assisted, is normally
attributed to electronic factors.

Inspection of the Cp—Ru—P bond angles, which are much
larger in 1 (average, 133.3°) thanin 2 and 3 (averages, 129.1
and 128.8°, respectively), substantially confirms the above
analysis. However, the Cp—Ru-Cl bond angle displays the
opposite behaviour (116.5(5) versus 1206 and 1199 in 1,
2and 3, respectively), while the P-Ru-P and P-Ru-Cl angles
are substantially similar in the three derivatives.

The Ru-P-C;, —C.,, angles (addressing the fa :/edge
exposure), the P-Ru-P-C,, angles (describing the axial/
equatorial character of the phenyl groups} and other pertinent
dihedral angles (addressing the metallacycle conformation)
are reported in Table 2. The metallacycle has a 8 (absolute)
conformation since the avoidance of the two methyls for the
crowded axial positions binds the (§,5)/(R,R) chiranhos
absolute configuration to the 8/ A metallacycle conformation.
While the &/ A choice is determined by the equaiorial/axial
preference of the methyl groups, the observed flap confor-
mation can be accounted for by the pseudo octahedral coor-
diation about th.c Ko atun. indeed, an ideally skewed 3
conformation of the metallacycle would rzquire 2 C2 sym-
metric chiraphos conformation with a pseudo axial and a
pseudo equctorial phenyl ring (with complementary face/
edge exposure) on each phosphorus atom. However, the pres-
ence of the chloride ligand almost orthogonal to the P(1)-
Ru-P(2) plane makes the whole Pk,CH(Me)P(2) moiety
rotate around the P(2)-Rubond in order to alleviate the steric
strain. On the other hand, the chloride ligand bends towards
Pl (Cl-Ru-P1 81.74(5)°) and away from P2 (Cl-Re-P2
93.09(5)°) in order to avoid some short non-bonding inter-
action with one of the pheny! rings bound to P2 [CI...H226
2.540(6) A). The very same behaviour is present in 2 and 3
but, more importantly, is also common to the (-
CsHs)Ru(dppe)Cl species [41] (4) which, lacking the
methyl substituents on the metallacycle carbon atoms but
sharing with 1 (2 and 3) the pseudo octahedral coordination
at the Ru atom, confirms the above interpretation for the
observed flap conformation of the pentaatomic metallacycle.

Further insight into the sterecchemistry of 1,2-
bis(diphenylphosphino)ethane derivatives can be obtained
by comparing their structures with those of related derivatives
with unbridged diphosphines such as (m’-CsHs)Ru-
(PPhy),Cl [42] (5) and (n*-CsMes)Ru{P(p-CcH,-
CF;)3},Cl (6) [43]. In particular, the similarity of the Cl-
Ru-P1 and C1-Ru-P2 angles in these species clearly shows
that the asymmetric bondir.g mode of ch.rinein 1,2, 3and
4 is related to the presence of the metallacycle. In contrast,
the presence of the bridging diphosphine has little influence
on the stereochemical response upon the CsH;-CsMe; sub-
stitution since in both cases (2 versus 1 and § versus 6) the
Cp-Ru-P bond angles widen at the expense of the Cp-Ru~
Cl angle, i.e. the chlorine atom can fit in the pocket between
two methyls of the C;Me; ligand while the phosphines can-
not. However, while the P(1)-Ru-P(2) angle is similarin 1
and 2 (since it cannot be shrunk any more) it shrinks by
about 10° on moving from 5 to 6.

§. Experimental

5.1. Structure determination and refinements

A transparent orange crystal of dimensions
0.25X0.20%X0.17 mm was mounted on an Enraf-Nonius
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(rac)-1,2-Bis(diphenylphosphino)cyclopentane {cypen-
phos) [47], (25,35)-2,3-bis(diphenylphosphino)butane
(chiraphos) [48], (R)-1,2-bis(diphenyl-phosphino)propane
(prophos)  [49].  (R)-1-phenyl-1,2-bis(diphenylphos-
phino)ethane {phenphos) [50], (R.R)-2-exo-3-endo-bis-
(diphenylphosphino)bicyclo{2.2.1Jhep-tane  (renorphos)
{511, [(n"-CsMes)RuClL,], [27] and (%’-CsHs)Ru-
(L"L)C! [28] were prepared according to published
procedures.

5.4 (n'-CsMes)Ru( PPh,).Cl

A suspension of 1.0g (3.25mmol) of [(m'-
CsMe:)RuCl,], was treated with 2.20 g “8.38 mmol) of
triphenylphosphine under stirring at reflux temperature for
5 h in 40 ml of anhydrous ethanol. The suspension was left
at room temperature for 12 h and the microcrystalline orange
compounds was filtered off, washed with n-hexane and dried
under vacuum. Recrystallisation was from dichloromethane/
n-hexane. The yield is 90%. 'H NMR(CD-CL): 7.46-7.12
(m, 30H, CHs): 1.01 (4 15H, Jyyy = 1.46, CsMe). ' PNMR
(CD-Cl,): 40.46(s). '"H NMR(C,DsCD;): 7.45-6.45 (m,
30H, CHs); 0.85 (t, i5H, Jyy=1.46 Hz, CsMes). Anal.
Found: C, 69.41: H, 5.82. Calc. for C,,H,;P-CIRu: C, 69.38;
H. 5.70%.

5.5. General procedure for the preparation of
(17°-CsMes)Ru (diphos)Cl complexes

(m°-CsMe;)Ru(PPh;),Cl (0.2 g,0.25 mmol) was reacted
at reflux temperature with an equimolecular amount of the
appropriate diphosphine in 30 ml of toluene for 5 h. The
solvent was then removed under reduced pressure and 20 ml
of n-hexane was added to the residue. The orange microcrys-
talline compounds were filtered off, washed with n-hexane
and dried in vacuo. Recrystallisation was from dichlorome-
thane/n-hexane. Yields are in the range 70--80%.

Elemental analyses and NMR parameters for the com-
plexes are as follows.

5.5.1. (17-CsMe < )Ru(dppe)C!

'H NMR (CD,Cl.): 7.66-7.20 (m, 20 H, C.H,); 2.58-
2.13 (m. 4H, CH,): 1.42 (s, 15H, CMe,). 'P{'H} NMR
(CDCL.): T=300 K: 75.52 ppm (s). T=178 K: 75.12 (s).
*C{'H} NMR (CD-Cl): 134.33-127.66 (m, C¢H.): 89.42
(s, CsMes): 28.58 (t, CH., Joc=21.99 Hz; 9.87 (5, C:Mes).
'"H NMR(C,D<CD;): 7.40-6.67 (m, 20H, CH:);2.35-2.20
(m,4H,CH.): 110 (t, I5H, CsMes, Joyy = 1.46 Hz). *'P{'H}
NMR: 74.64(s). Anal. Found: C, 64.17; H, 5.73. Calc. for
C.oHuwP.CIRu: C, 64.52; H, 5.86%.

5.5.2. (n'-CMes)Ru{(rac)-cypenphos)Cl

'H NMR (CD,Cl,): 7.90-7.31 (m, 20H, C.H,): 3.48-
1.71 (m. 8H, CH+CH.); 1.31 (s, 15H. C:Me;). *'P{'H}
NMR (CD,Cl,): (T=300K) 51.50(bs). T=176 K: 58.90
(d, Jpp=21.97 Hz): 44.84 (d, Jpp=21.97 Hz). “C{'H}

NMR (CD.Cl): 141.97-127.33 (m, C.Hs); 88.13 (s,
CsMe;); 40.56-22.56 (m, CH+CH.): 9.55 (s, CsMes). 'H
NMR (C.D:CD;): 7.87-6.97 (m, 20H, C,Hs); 3.40-2.20
(m, 8H, CH+CH,): 116 (t, 15H, C:Me;). Y'P{'"H} NMR
(CDsCD3): 5859 (d, Jppr=39.06 Hz); 43.05 (d,
Jop=39.06 Hz). "*C{'H) NMR (C,D:CD;): 133.27-124.16
{m, CcHs): 88.36 (5. CsMes): 9.55 (s, CsMes) . Anal. Found:
C, 66.57: H, 5.95. Calc. for CsH,P.CIRu: C, 66.15; H,
6.10%.

5.5.3. (’-CsMe;s)Ru{(S,5)-chiraphos)}C!

'H NMR (CD,Cl,): 7.89-7.36 (m, 20H, C.H:): 2.92-
192 (m, 2H. CH): 1.32 (s. 15 H, CsMes): 1.12 (bs, 6H,
CH;). *P{'H} NMR (CD,Cl,): T=300K, 72.76 (bs);
T=178K, 80.90(m); 69.39(m). 'H NMR (C,D,CD,):
7.91-6.68 (m, 20H, C.H.); 3.03-1.60 (m, 2H, CH): 1.11
(t. 15H, CiMes, Joy=146Hz); 0.74 (dd, 6H, CH,,
Jun=3.41 Hz: Jp =132 Hz). "P{'H} NMR (C,D:CD,):
80.39 (d. Jpp=26.85 Hz); 70.84 (d, 26.85 Hz). “C{'H}
NMR (C,D:CD;): 130.02-124.17 (m, C.H;); 89.50 (s,
CsMes): 43.82-38.96 (m, CH); 9.80 (s, CH;). Anal. Found:
C, 65.60; H, 6.20. Calc. for CH,:P-CIRu: C, 65.37; H,
6.21%.

5.5.4. (7°-CMes)Ru{(R)-prophos}Cl

'H NMR (CD-Cl,): 7.30-6.87 (m, 20H, C,H;): 3.15-
2.52 (m, 3H, CH+CH,): 1.26 (t, 15H, CsMes); 0.94 (bs,
3H, CH;). *'P{*H} NMR (CD,Cl,): T=300K, 84.6 (bs);
58.22 (bs). T=178 K: major diastereomer (95%): 83.46 (d,
Jep=29.21 Hz); 57.68 (d, Jpp=29.21 Hz); minor diaster-
eomer (5%): 73.34 (m); 63.88 (m). 'H NMR (C,D:CD;):
7.31-6.79 (m, 20H, C.Hs): 2.85-1.84 (m, 3H, CH+CH,):
1.16 (t, 15H, C;Mes, Joy=1.46 Hz); 0.62 (dd, 3H, CH,,
Jun =6.83 Hz, Jou =9.76 Hz). *'P{'H} NMR (C,DsCD;):
major diastereomer (95%): 83.96 (d. Jpp =29.29 Hz);57.62
(d, Jpp=29.29 Hz); minor diastereomer (5%): 75.92 (d,
Jop=19.53 Hz); 67.04 (d, Jpp=19.53 Hz). *C({'H} NMR
(CsD<CD;): 133.75-124.16 (m, C¢Hs): 89.18 (s, CsMes):
34.35 (m, CH+CH,): 9.80 (s, CsMes). Anal. Found: C,
65.82: H, 6.20. Calc. for C;,H,,PCIRu: C, 65.37: H. 6.21%.

5.5.5 (q°-CsMes)Ru{(R,R)-renorphos)Cl

'H NMR (CD,Cl,): 7.85-7.40 (m, 20H, C(Hs);: 2.80-
1.68 (m, 10H, CH +CH,): 1.36 (s, 15H, C:Me.). *'P{'H}
NMR (CD,Cl,): T=300K, 61.59 (bs): 38.84 (bs). T=
175K. major diastereomer (85%): 61.54 (d,
Jep=43.94 Hz); 39.17 (d, Jpp=43.94 Hz). Minor diaster-
eomer (15%): 5199 (d, Jp=4638Hz); 4818 (d,
Jep=146.38). “C{'H} NMR: 138.50-127.50 (m, CH,);
87.47 (s, CsMes): 42.47-23.86 (m, CH+CH.): 9.87 (s,
CsMe;). '"H NMR (C,D<CD,): 7.40-6.90 (m, 20H, CH;);
3.14-2.06 (m, 8H, CH+CH,); 1.20 (t, 15H, C;Me,,
Jeu=1.46 Hz). *'P{'"H} NMR (C;D,CD;): major diaster-
eomer (85%): 61.58 (d, Jep=43.94 Hz); 36.88 (d,
Jep=43.94 Hz). Minor diastereomer (15%): 53.17 (d,
Jop=46.38 Hz); 44.40 (d, Jpp=46.38 Hz). “C{'H} NMR
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(CeD<«CD;): 129.88-124.03 m, 65; 87.75 (s, CsMes);
40.87-20.86 (m, CH+CH,); 10.15 (s, CsMes). Anal.
Found: C, 66.35; H, 5.29. Calc. for C,,H,sP.CIRu: C, 66.78;
H, 5.16%

5.5.6. (77-CsMes)Ru{(R)-phenphos}CI

'H NMR (CD-CL.): 7.42-6.73 (m, 25 H, C,H;); 2.67-
2.50 (M, 3H, CH+CH.): 1.38, 1.30 (s, 15H, C:Mes).
FP{'H} NMR (CD,Cl,): T=300 K: 90.32(bs); 54.99(bs);
T=175K major diasterecomer (75%): 89.58 (d.
Jep=34.18 Hz); 54.31 (d. Jpp=234.18 Hz). Minor diaster-
eomer (25%): 79.82 (d, Jp=2929Hz): 6447 (d.
Jop=29.29 Hz). *C{'H} NMR (CD,Cl,): 138.07-126.19
(m, CHs): 88.94 (s, CsMe;): 45.17 (m, CH+CH,); 9.06
(s. CsMes). 'H NMR (C,D<CD,): 7.57-6.51 (m, 25H,
CoHs); 2.42-2.22 (m, 3H, CH+CH,); 1.14. 1.19 (i, I5H.
CiMes., Joy=1.50 Hz). “P{'H} NMR (C,D:CD,): major
diastereomer (75%): 89.82 (d, Jpp-=31.73 Hz): 54.75 (d,
Jop=31.73 Hz). Minor diastercomer (25%): 79.79 (d,
Jop=126.85 Hz): 70.06 (d. Jpp=26.85). Anal. Found: C,
67.15; H, 5.33. Calc. for C,,H,,P-CIRu: C, 67.61; H, 5.60%.

5.5.7. (°-CsMes)Ru{dppf)C!

'H NMR (CD-Cl,): 7.85-7.36 (m, 20H, C.H;): 5.07,
4.08, 4.05, 3.89 (s, 8H, CsH,); 101 (s, 15H, CsMes).
MP{'H)} NMR (CD,Cl:): 41.60(s). Anal. Found: C, 64.47;
H, 5.30. Calc. for C, H,;P.CiFeRu: C. 63.97: H. 5.24%.

5.5.8. (7°-CsHs)Ru(dppf)Cl

'"HNMR (CD-Cl,): 7.40-7.36 (m, 20H, CH;);5.10,-+.31
(s.8H,CsH,):4.12 (s,5H.C:H;). 'P{'"H} NMR (CD.Cl,):
46.04 (s). Anal. Found: C, 62.05; H. 4.51. Calc. for
C.yHa:P-CIRuFe: C, 61.96; H, 4.40%.

5.6. General procedure for the preparation of
[(77'-CsMe)Ru(diphos)(CH ,CN)|PF, complexes

0.1 g (ca. 0.15 mmol) of (n°-CsMes)Ru(L"L)Cl com-
plex was reacted with 1 ml of CH,CN in the presence of an
excess of NH,PF, as halogen scavenger in 20 ml of anhy-
drous methanol. The yellow-orange suspension was stirred
under nitrogen for 5 h until the colour of the suspension
changed to pale yellow. The solvent was removed under
reduced pressure and the residue treated with 10 mlof CH.Cl,
and filtered off. After adding 2C ml of n-hexane to the crude
compounds and stirring for several hours, the complexes were
filtered off, washed with n-hexane, dried in vacuo and recrys-
tallised by CH,Cl./n-hexane. The yields are in the range 70~
80%.

Elemental analysis and NMR parameters for the complexes
are as follows.

5.6.1. [{7-CsMe;s)Ru(dppe)(CH,CN)]PF,

'H NMR (CD,CL): 7.51-7.26 (m, 20H, C.H;); 243 (d,
4H, CH, Jey=16.1Hz); 153 (1, 3H, CHCN,
Jen=146Hz); 1.44 (t, 15H, C;Mes, Jpy=1.46Hz).

P{'H} NMR (CD,Cl,): 75.52 (s); ~144.48 (st, PF,,
Jue=T129 Hz). Anal. Found: C, 55.71; H, 593; N, 1.68.
Calc. for C.4H,.P;NF.Ru: C, 55.61; H, 5.16; N, 1.70%.

3.6.2. [(77-CMes)Ru{(rac)-cypenphos {CH ,CN)]PF,

'H NMR (CD,Cl,): 7.70-7.21 (m, 20H, CHs); 2.81-
175 (m, 10H, CH+CH.); 202 (1, 3H, CH.CN,
Joy=146Hz): 1.38 (t. 15H, C;Mes, Joy=146Hz).
YP{'H} NMR (CD,Cl.): 45.56 (s) (d, Jpp=36.62 Hz):
3256 (d. Jp=36.62Hz); 1580 (st. PF,
Jep=712.9 Hz). Anal. Found: 56.71; H, 5.33; N, 1.60. Calc.
for C, H,.,P,NF.Ru: C, 57.01; H, 5.38: N, 1.63%.

5.6.3. [(7'-C:Mes)Rui(S,S)-chiraphos }(CH ,CN)]PF,

'H NMR (CD.Cl,): 7.56-7.36 (m, 20H, C.H); 2.62-
2.11 (m, 2H, CH); 1.59 (1, 3H, CH,CN, Jp,;=1.46 Hz);
1.37 (1, 15H, CMe;, Jpy=1.46 Hz): 1.17 (dd, 3H, CH;,
Juy=1025Hz, Jyy=341Hz); 1.00 (dd, 3H, CH;,
Jouy=11.7U Hz, J;u=6.43 Hz). Mp{'H} NMR (CD.Cl,:
82.51 (d, Jep=34.18 Hz); 75.31 (d. Jpp=34.18 Hz);
—143.45 (st, PF,. Jpr=708.0 Hz). Anal. Found: C, 56.81;
H, 5.28: N. 1.61. Calc. for C,H,P;:NF.Ru: C, 56.60; H,
5.46; N, 1.65%.

5.6.4. [(9'-C:Mes)Ru{(R)-prophos }(CH,CN)JPF,

'HNMR (CD,Cl,): 7.53-7.27 (m, 20H, C H): 1.96-182
(m. 3H, CH+CH.): 1.68 (t, 3H, CH,CN, Jp,;=146 Hz).
1.38 (t, 15H, C;Mes, Jpy=1.46 Hz); 1.10 (dd, 3H, CH,,
Jou=11.23 Hz. J4u=6.34 Hz). "'P{'"H} NMR (CD,Cl.):
major diastereomer (95%): 83.80 (d, Jpp =29.29 Hz); 58.28
(d. Jop=29.29 Hz). Minor diastereomer (5%): 88.40 (d,
Jop=19.53 Hz): 74.68 (d, Jpo=19.53 Hz). — 14445 (st
PF,. Jee=712.9 Hz). Anal. Found: C, 56.35; H. 5.12, N,
1.76. Calc. for C;,H,P;NFRu; C, 56.11; H,5.31; N, 1.68%.

5.6.5. [(CsMe;)Ru(dppf(CH.CN)]PF,

'H NMR (CD.Cl,): 7.46 (m, 20H, CH;): 4.26, 4.14 (s,
8H, C.H,); 2.81 (1. Jpy = 1.46 Hz, 3H, CH,CN); 1.05 (¢,
Jow= 146 Hz, 15H, C;Me;s). *'P{'"H} NMR (CD,CL):
4443 (s). Anal. Found: C, 56.42; H, 463. Calc. for
C,H,.P:FNFeRu: C. 56.56: H., 4.75%.

5.6.6. [{CsHs)Ru(dppf} CH,CN)]PF,

'H NMR(CD-Cl.): 7.46-7.25 (m, 20H, C H;): 443,
4.41, 4.31 (s, 8H, C:H,); 4.37 (s, SH, C:H;): 2.24 (¢,
Jou= 146 Hz, 3H, CH,CN). *'P{'H} NMR (CD.Cl,):
45.83 (s). Anal. Found: C, 54.03; H. 4.08. Calc. for
C, H;P;FNFeRu: C, 54.32; H, 4.00%.

6. Supplementary material
Supporting information includes a list of final atomic coor-

dinates, anisotropic displacement parameters and bond dis-
tances and angles (5 pages).



72 F. Morandini et al. / Inorganica Chimica Acta 282 (1598) 163-172

Acknowledgements

We thank Mr A. Ravazzolo ( CNR, Padua, [taly) for skilful
techrical assistance and Mr F. Bangerter (ETH, Zurich) for
NMR spectra.

References

{1} G. Consigiio. F. Morandini, Chem. Rev. 87 (1987) 761-768.

[2} D.Seebach, V. Prelog. Angew. Chem. 94 ( 1982) 696; Angew. Chem..
Int. Ed. Engl. 21 (1982) 654.

P.T. Beli, P.C. Cagle. D. Vichard, J.A. Gladysz, Organometailics 15
(1996) 4695.

[4] (a) W.D. Schenk, J. Frisch. W. Adam, F. Prechtl, Angew. Chem. 106
(1994} 1699; Angew. Chem., Int. Ed. Engl. 33 (1994) 1609: (b)
W.D. Schenk, M. Diirr, Chem. Eur. J. 3 (1997) 713,

:5] J.W.Faller. C.J. Smant, Tetrahedron Leut. 30 (1989) 1189.

[6] H. Wemer, Angew. Chem. 95 (1983) 932; Angew. Chem., Int, Ed.
Engl. 22 (1983) 927.

[7] T.D. Tilley. R.H. Grubbs. LE. Bercaw, Organometallics 3 (1984)
274,

[8] A.L. Casalnuovo. J.C. Calabrese, D.J. Milstein. J. Am. Chem. Soc.
110 (1988) 6738.

[9] M. Sato, M. Asai, J. Organometal. Chem. 508 (1996) 121, and Refs.
therein.

{10] R.J. Angelici, Acc. Chem. Res. 28 (1995) 51.

{11] E.Lindner. M. Haustein. H.A. Mayer. H. Kilhbauch, K. Vrieze, B. de

Klerk-Engels, Inorg. Chim. Acta 215 (1994) 165.

1. de Tos Rios, J. Tenorio, J. Padilla, M.C. Puerta, P. Valerga, J. Chem.

Soc., Dalton Trans. (1996) 377.

{13} E.Lindner, S. Pautz. M. Haustein, J. Organometal. Chem. 509 { 1996)
215.

{14] R.T. Hembre. J.5. McQueen. V.W. Day. J. Am. Chem. Soc. 118
(1996) 798.

[15] K.Mauthner, X. Mereiter, R. Schmid, K. Kirchner. Inorg. Chim. Acta
236 (1995) 95.

[16} I de los Rios, M 1. Tenorio, M.C. Puerta, P. Valerga, J. Chem. Soc..
Chem. Comm. (1995) 1757.

[17] C.S.Yi, N. Liu, Organometallics 14 (1995) 2616.

[18] E. Lindner. M. Haustein, H.A. Mayer, K. Gierling, R. Fawzi, M.
Steimann, Organometallics 14 (1995) 2246.

[19] E. Dombrowski, W.A. Schenk, Angew. Chem. 107 (1995) 1098:
Angew. Chem., Int. Ed. Engl. 34 (1995) 1008,

[20] R. Le Lagadec, E. Roman, L. Toupet, U. Miiller, P.H. Dixneuf,
Organometallics 13 (1994) 5030.

[21] J. Yin, J. Klosin. K.A. Abboud, W.M. Jones. J. Am. Chem. Soc. 117
(1995) 3298,

[22] S.K. Grumbine. D.A. Straus, T.D. Tilley, Polyhedron 14 (1995) 127.

[23] T.1. Johnson, K. Folting, W.E. Streib, J.D. Martir, J.C. Huffman, S.A.
Jackson. O. Eisenstein, G. Caulton. Inorg. Chem. 34 (1995) 488.

[3

Xl

[24] W.T. Klooster, T.F Koetzle, G. Jia, T.P. Fong, R.H. Moris, A. Albi-

nati, J. Am. Chem. Soc. 116 (1994) 7677.

B. Moreno, S. Sabo-Etienne, F. Dahan, B. Chaudret, J. Organometal.

Chem. 498 (1995) 139.

{261 F. Morandini. G. Pilloni. G. Consiglio. A. Mezzetti, Organometallics
14 (1995) 3418.

[27] N. Oshima, H. Suzuki, Y. Moro-Oka, Chem. Lett. 21 (1984) 1161.

(28] G. Consiglio, F. Morandini, F. Bangerter, Inorg. Chem. 21 (1982)
455,

1291 F. Morandini, G. Consiglio, B. Straub. G. Ciani, A. Sironi, J. Ckem.
Soc., Dalton Trans. 21 (1983) 2293.

[30} P. Hofmann, Arigew. Chem. 89 (1977) 551: Angew. Chem., Int. Ed.
Engl. 16 (1977) 536.

[31] J.H. Nelson, Coord. Chem. Rev. 139 (1995) 245.

[32] K. Okita, H. Kurosawa, T. Hirao, L. Ikeda, J. Organometal. Chem. 470

(1994) 179.

R. Mynott, H. Lehmkuh!, E.M. Kreuzer, E. Joussen, Angew. Chem.

102 (1990) 314; Angew. Chem.. Int. Ed. Engi. 29 {1990) 289.

{34] R.S. Nicholson, I. Shain, Anal. Chem. 36 (1964) 706.

{351 G. Pilloni, B. Longato, B. Corain, J. Organometal. Chem. 420 (1991)
57.

{36] K.S. Gan. T.S.A. Hor. in A. Togni. T. Hayashi (eds.). Ferrocenes.
rHomogeneous Catalysis, Organic Synthesis, Materials Science, VCH,
Weinheim, 1995, Ch. 1. and Refs. therein.

{37] P.Zanello, in A. Togni, T. Hayashi { eds.), Ferrocenes. Homogeneous
Catalysis. Organic Synthesis. Materials Science, VCH, Weinheim,
1995, Ch. 7. and Refs. therein.

[38] T.M.Miller,J.A. Kazi, M.S. Wrighton. Inorg. Chem. 28 ( 1989) 2347,

[39] F.E. Garrou, Chem. Rev. 81 (1981) 229.

[40] F.Morandini, G. Consiglio, A. Sironi, M. Moret, J. Organomet, Chem.
370 (1989) 305.

[41] (a) S. Suravajjala, L.P. Porter, Acta Crystallogr., Sect. C 49 (1952)
1456 (b) W.H. Pearson, J.E. Shade, J.E. Brown, T.E. Bitterwolf,
Acta Crystallogr., Sect. C 52 (1996) 1106.

{42] M.I Bruce, F.S. Wong, B.W. Skelto, A.H. White, J. Chem. Soc.,
Dalton Trans. (1981) 1398.

[43] S.A. Serron, L. Luo, C. Li, M.E. Cuculiu, E.D. Stevens, S.P. Nolan,
Organometallics 14 (1995) 5290.

[44] A.C.T. North, D.C. Phillips, F.S. Mathews, Acta Crystallogr.. Sect. A
24 (1968) 351.

145] G.M. Sheldrick, SHELXL-93: program for structure refinement, Uni-
versity of Gittingen, Germany, 1994.

[46] International Tables for Crystallography. Vol. C, Kluwer, Dotdrecht,
The Netherlands, 1992. Tables 4.2.6.8 and 6.1.1.4.

{471 D.L. Alten, V.C. Gibsen, M.L.H. Green, J.F. Skinner, J. Bashkin, P.D.
Grebenik, J. Chena. Soc., Chem. Commun. (1983) 895.

[48] M.D. Fryzuk, B. Bosnich, J. Am. Chem. Soc. 99 (1977) 6262.

{49} M.D. Fryzuk, B. Bosnich, J. Am. Chem. Soc. 100 ( 1978) 5491.
{50] (a) R.B. King. C.D. Hoff, L. Marko’, J. Org. Chem. 44 (1979) 1729;
(b) J.M. Brown, B.A. Murrer, Tetrahedron Lett. (1979) 4859.

[51] E.P. Kyba, RE. Davis, PN. Juri, K.R. Shirley, Inorg. Chem. 20
(1981) 3616.

[25

[33



