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Ruthenium(iI) complexes of C,H,P[CH, - CH, - P(C Hy),], triphos, (C;H;), - P - CH, - CH, -

P(C,H,)+ CH, « CH, - P(C,H,) - CH, - CH, - P(C H;), tetraphos-1 and P[CH, + CH, - P(C.H,),],
tetraphos-2 are reported. The treatment of RuCl, (PPh, ), with triphos, tetraphos-2(tet-2), and tetraphos-1(tet-1),
in benzene solution resulted in the formatijon of the complexes RuCl, (triphos), RuCl, (PPh, )tet-2 and
[RuCl(tet-1)] Cl respectively. Ruthenium(IiI) chloride hydrate in dimethylformamide reacts with triphos, tet-1 and
tet-2 to yield the complexes RuCl, (CO)triphos, [RuCl, (CO), 1, L (L = tet-1 or tet-2), respectively. The reaction of
RuCl, (DMSO), with these ligands in benzene and methanol solution respectively gave the complexes RuCl,
(DMSO0), (triphos), [RuCI(DMSO)L]CI (L = tet-1 or tet-2). The complexes thus obtained undergo reaction with
carbon monoxide and hydrogen to yield the corresponding carbonyl and hydrido complexes. The complexes failed

to react with molecular oxygen.

INTRODUCTION

During the last fifteen years tertiary phosphines have
attained importance in coordination chemistry®,
because many of their metal complexes have been
shown to possess unusual chemical properties of
importance in such diverse areas as homogeneous
hydrogenation?, oxygen transfer®, and nitrogen
fixation*. The ligands C, Hs P[CH, * CH, -

P(C6 H5 )2] 2 triphos, (C6 HS )2P M CH2 * CH2 *
P(C¢Hs). CH; - CH; - P(C¢Hs) - CH, - CH, -
P(C4Hjs ), tetraphos-1 and P[CH, - CH, -

P(C¢Hs ), ] 5 tetraphos-2 were first prepared by King
and Kapoor® and their metal complexes with

several metal ions have been reported. The isomeric
ligands tet-1 and tet-2 contain, respectively the
linear P—P—P—P and tripod P—P; arrangements of
the donor phosphorous atoms. Iridium(I) and
rhodium(l) complexes of the tripod ligand
1,1,1,tris-(diphenylphosphinomethyl)ethane TDPME
have been reported by Siegel et al®. Venanzi and co-
workers’ studied several complexes of TDPME and
closely related ligands. Complexes of the tripod
tetradentate ligands [(CH;), As - CH, - CH; -

CH, ] 3 As were reported by Barclay and Barnard®
and by Benner and Meek”. Benner er al' ¥ investi-
gated the complexes of [CH3 As - CH,CH, ] 5P.
Khan and Martell' ! have reported recently the
iridium(I) and rhodium(I) complexes of triphos, tet-1
and tet-2. Since polytertiary phosphines improve

171

stereochemistries and reactivity patterns on the metal
ion that are not otherwise possible with monodentate
phosphines, a study of the octahedral d® complexes
of ruthenium(1I) were considered important for the
present studies. In the present paper we report the
synthesis of some new complexes formed by the
treatment of RuCl,(PPh; )3, RuCl33H,0 and

RuCl, (DMSO), with triphos, tet-1 and tet-2 and
reactions of the resulting complexes with carbon-
monoxide, hydrogen and oxygen.

EXPERIMENTAL

The ligands triphos, tetraphos-1 and tetraphos-2

were purchased from Pressure Chemical Corporation
Inc., ruthenium chloride was obtained from Alfa
Inorganics. The complexes RuCl, (PPh3); ! ? and
RuCl, (DMSO), ! 3 were synthesized by standard
procedures. Carbonmonoxide and hydrogen gas were
prepared and purified by standard procedure. Oxygen
was obtained commercially and purified. Micro-
analysis of the complexes was performed by
Australian Microanalytical Service CSIRO Canberra,
Australia. The infrared spectra were recorded on a
Beckman IR-12 spectrophotometer using Nujol Mulls
on polyethylene plates. The nmr spectra of the
solution of the samples in deuterated chloroform and
in deuterated dimethyl sulfoxide were recorded with a
a Varian A-60 spectrometer. Conductance data were
obtained in dimethyl acetamide (DMA) solution using
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a Systronics conductance bridge and a cell which had
been calibrated with 0.1 M aqueous potassium chloride
solution. All the preparations were carried out under
an oxygen free nitrogen atmosphere using Schlenk
tube techniques.

Synthesis of Complexes

The synthesis of complexes /—23 of Table I involved
the addition of a 0.01 M solution of RuCl,(PPh,);
in dry benzene to a 0.01 M solution of triphos, tet-1
and tet-2 respectively. The resulting solution was then
refluxed for about six hours. The solutions were
concentrated to a small volume under vacuum, a
smiall amount of acetone added and the products
precipitated with petroleum ether. The complexes,
Ru(l, (triphos) RuCl, (PPh; )(tet-2) and [RuCl(tet-1)]Cl
thus obtained were washed with ether and dried.
Complexes 4- 6 were synthesized by a general
procedure which involved the addition of 0.01 mol of
ruthenium chloride hydrate to about 50 ml of
dimethyl formamide (DMF). To this was added
0.01 mol of triphos, 0.01 mol of tet-1 and 0.01 mol
of tet-2 respectively and the resulting solution
refluxed for about six hours. The solution turned
light brown in the case of triphos and yellowish
brown in the case of tet-1 and tet-2. The solutions
were cooled to room temperature and the excess of
DMF removed with the help of a rotary vacuum
evaporator at 1 mm and 80°C. Addition of anhydrous
methanol precipitated the complexes RuCl, (CO)
(triphos), [RuCl, (CO), ], (tet-1) and [RuCl,(CO), ],
(tet-2) as brown, buff and yellowish brown products,
respectively. The complexes were collected by
filtration, washed with ether, and dried.

Complexes 7—9 were prepared by adding
0.005 mol of RuCl,(DMSO), in 50 mi benzene
methanol (1;1) to 0.01 mol of triphos, tet-1, and
tet-2, respectively and refluxing the solution for
about six hours. The initial color changed from
orange to yellow in the case of triphos and from
dark yellow to light yellow in case of tet-1 and tet-2.
The solutions were evaporated to a small volume
under vacuum, dissolved in acetone and the products
precipitated with ether. The products RuCl, (DMSO),
(triphos), [RuCl{DMSO)L] Cl (L = tet-1 or tet-2) were
collected by filtration, washed with ether and dried.

Carbonylation of Complexes

About 0.010 mol of the complexes /-4, 7-9 were
dissolved in dry chloroform and a stream of carbon
monoxide was passed through the solution till there
was no further color change. Addition of petroleum
ether precipitated the products which were filtered
and dried. Complex / on carbonylation gave
[RuCI(CO)(triphos)] Cl. Carbonylation of 2 and

& did not yield any carbonylated products. Com-
plexes 3, 7 and 9 however afforded the products /7,
12 and 13, respectively.

Hydrogenation of Complexes

Molecular hydrogen was bubbled through a 0.010 M
chloroform solution of the complexes /-3, 7-9 for
about thirty hours. Complexes 2 and 9 did not react
with molecular hydrogen. Complexes /, 3, 7 and §
however yielded the monohydrides 14, 15, 16 and 17
respectively.

TABLE I
Analytical data for reaction products with carbonmonoxide and molecular hydrogen of Ru(Il) complexes of polydentate
- phosphines
Analysis %
c H Cl

Entry Compound Color C F C F C F
10 [RuCl(CO)(triphos)]Cl Greenish yellow 57.20 57.90 4.80 4.95 9.60 8.85
11 [RuCl(CO)(tet-1)] Cl Light yellow 59.30 60.00 4.82 4.73 8.16 7.65
12 RuCl, (DMSO)(CO)(triphos) Yeliow 51.23 50.87 4.71 4.90 8.74 7.90
13 [Ru,Cl,(DMSO0), (CO), (tet-2)] Cl, Light yellow 46.88 46.75 4.30 4.24 11.32 10.85
14 Ru(H)Cl(triphos) Green 60.81 59.78 5.06 5.20 5.21 4.96
15 Ru(H)Ci(tet-1) Yellow 62.44 61.89 5.32 5.40 4.33 3.76
16 Ru(H)CI(DMSO), (triphos) Yellow 53.32 52.97 5.56 5.70 4.23 3.67
17 Ru(H)CI(DMSO)(tet-1) Yellow 59.67 58.88 5.53 5.45 3.95 3.58

C = calculated, ¥ = found.
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TABLE IV
Proton nmr spectra* of Ru(lI) complexes of polytertiary phosphines

Methyl protons/

Phenyl protons Methylene protons methylene protons
1 RuCl, (triphos) 3.35(m), 3.50(s) 9.00(m)
2 RuCl, (PPh, )(tet-2) 3.50(t) 8.25(s), 8.80(m)
3 [RuCl(tet-1)]Cl 3.50(m) 8.30(s)
4 [RuCl(DMSO)(tet-1)]| Cl 2.90(m) 6.80(s), 7.40(d), 7.50(q), 7.80(s)
5 [RuCl(DMSO)(tet-2)}Cl 2.60(m), 3.00(m) 6.40(s), 7.25(d), 7.80(s)

key: d = doublet; s = singlet; t = triplet; m = multiplet; q = quartet;* 7 values.

Oxygenation of Complexes

Molecular oxygen was passed through a 0.01 M
chloroform solution of the complexes 1, 7—9 for
about forty eight hours. The infrared spectra recorded
after passing oxygen were identical with parent
complexes, indicating that oxygen has failed to react
with these complexes.

RESULTS

Table 111 presents the infrared spectra of the nine
complexes and their reaction products with carbon-
monoxide and hydrogen. Assignment of the carbonyl
(C—0) stretch and metal-hydride frequencies were
based on comparison with known spectra of related
compounds® @:b), The proton magnetic resonance
spectra of I, 3, 8 and 9 are presented in Table IV.
Insolubility of the other complexes in common
organic solvents prevented the measurement of their
nmr spectra.

Carbonylation of Complexes

The complex RuCl, (triphos) on carbonylation forms
[RuCl{CO)(triphos)] Cl. The monocarbonyls

RuCl, (DMSO)(CO)(triphos) and [RuCl(CO)

(tet-1)] Cl were confirmed by the appearance of
peaks around 1950 cm ™! and 1940 ¢cm™!,
respectively. The complex [RuCl(DMSO)(tet-2)] Cl
yielded a carbonyl of the type [Ru,Cl, (DMSO),
(CO); (tet-2)] Cl; containing both bridged and non-
bridged carbonyls. In the case of RuCl, (PPhs )(tet-2)
and [RuCl{DMSO)Xtet-1)] Cl complexes the infrared
spectra after carbonylation were identical with the
spectra of the parent complex in the 1920—2100
cm ! range, indicating that no carbonylation had
taken place.

Hydrogenation of Complexes

Hydrogenation of the complexes 1, 3, 7 and & in
chloroform resulted in the formation of the mono-
hydrides (entries 14 to 17). The hydrides were found
to be quite stable. In case of RuCl, (PPh; )(tet-2) and
[RuCl{DMSO)X(tet-2)] Cl however there is no hydride
formation.

DISCUSSION

The displacement of the coordinated unidentate
phosphine ligands from RuCl, (PPhs); by the poly-
tertiary phosphines triphos, tet-1 and tet-2 afforded
the most convenient method for the synthesis of
polytertiary phosphine complexes of ruthenium(II).
Conductivity measurements indicate that complexes
3, 8 and 9 are 1:1 electrolyte (conductance in DMA
>40 ohm™, cm?, equiv™') and complex 5 is a non-
electrolyte. The other complexes show appreciable
conductivities (1523 ohm ™!, cm?, equiv™!),
probably due to solvolysis by dimethyl acetamide. In
an attempted preparation of a ruthenium(Il) complex
of triphos by the interaction of ruthenium(lII)
chloride and triphos, King ez a/5(@:0) had obtained a
chloro-bridged dimer of the composition

[RuCl, (triphos), ] »- In the present work, displace-
ment of triphenylphosphine from RuCl, (PPh;); by
triphos however yielded the monomeric complex /
in a very good yield (about 85%). Although a precise
structure can not be assigned for the complex 1, it
may possess an approximate square pyramidal
structure with phosphorous atoms in cis-cis-frans
configuration and trans halogens. A single infrared
M-—CI peak is expected for this configuration as is
observed in the complex. In the proposed structure
the two trans phosphorus atoms are equivalent but
different from the third phosphorus atom. This is
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supported by the nmr spectrum of the complex in
which there is a multiplet centered at 3.35 7 due to
the phenyl protons of the two equivalent phosphorus
atoms and a singlet at 3.50 7 due to the phenyl
protons of third phosphorus. The peak at 9.00 7 can
be attributed to the methylene protons of the ligand.

Monocarbonyl 10 is formed from complex / by
the displacement of one of the coordinated chloride.
The conductivity of the complex (55 ohm ™', cm?,
equiv™')in DMA suggests'® the complex to have the
formula [RuCl(COXtriphos)] Cl. The reaction with
molecular hydrogen proceeds similarly, yielding a
monohydrido complex /4. Complex I is novel in
that it is very stable towards molecular oxygen and
in this respect it behaves in a manner completely
different from RuCl,(PPhj;); which reacts with
molecular oxygen to give a number of products'®
The complex is thus a good candidate for a hydro-
genation catalyst.

In the infrared spectrum of complex 2, two peaks
corresponding to M—Cl stretch appeared at 250 and
270 ecm ™!, indicating that the halogens have a cis
configuration. The lower M—Cl frequencies of the
complex are expected because they are trans to phos-
phorus' 7. Tetraphos-2 must be coordinated as a
terdentate ligand, the remaining coordination posi-
tion on the metal ion being occupied by the
triphenylphosphine and the two cis chloride groups
as shown in Fig. 1. In complex 2, tetraphos-2 may
have a meridonal disposition of phosphorus atoms
with one unbound phosphorus atom. This complex
contains three types of coordinated phosphorus
atoms; phosphorus atoms with two C4 Hs groups, the
unbound phosphorus atom of tet-2 and the phos-
phorus atom of triphenylphosphine. The triplet at

2
\

FIGURE | RuCl, (PPh, )(tetraphos-2)

3.50 7 could be due to the overlap of peaks expected
from the pheny! protons of these phosphorus atoms.
The multiplet at 8.80 7 may be due to the methylene
protons of the coordinated phosphorus atoms and the
singlet at 8.25 due to the methylene protons of
uncoordinated phosphorus.

Complex 3 is a 1:1 electrolyte in DMA (Table I)
and could be formulated as [RuCl(tet-1)] Cl. Since
tet-1 is a linear molecule it may be possible for this
ligand to coordinate four positions in a trigonal
bipyramid leaving one axial position vacant for
chlorine or alternately, the four phosphorus atoms
may occupy cis-cis-cis-trans position on a square
pyramid. In both the cases chlorine is trans to
phosphorus which explains the observed Ru—Cl
frequency. The nmr spectrum, however, cannot
distinguish the two possibilities. The second possi-
bility appears to be more feasible, since this will
explain the addition of carbonyl group on the vacant
coordination position in the complex. This is further
supported by the fact that the monocarbonyl 11
(Table 1) is also a 1:1 electrolyte in DMA
(57 ohm™!, cm?, equiv™!). Reaction of complex 3
with molecular hydrogen gives a monohydrido com-
plex 15 which may have the same structure as the
carbonyl 11.

Complex 4 is similar in composition to complex
10 but differs in the fact that it is a non-electrolyte
in DMA. The structure of the complex may be
represented as in Fig. 2. In the IR spectrum of the
complex the chlorine trans to the carbonyl group
appears at 280 cm ™" and chlorine trans to phos-
phorus at 265 cm™'.'7

In both the binuclear complexes 5 and 6, the
carbonyl groups appear to be cis and the halogens
are trans. The difference in vPRu—Cl of the two com-
plexes may be attributed to the difference in nature
of bridging and stercochemical requirements of tet-1
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: AN

N

-
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c
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FIGURE 2 RuCl, (CO){(triphos)
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FIGURE4  [RuCl,(CO), | ,(tetraphos-2)

and tet-2 which may cause some environmental effect
in CI—Ru—Cl group in the two complexes. The
bridging of the RuCl,(CO), moiety by tet-1 and
tet-2 ligands in the binuclear species 5 and 6 is shown
in Fig. 3 and 4, respectively.

The complex RuCl, (DMSO), reacts with triphos,
tet-1 and tet-2, respectively, to yield complexes 7-9.
The IR spectra of these complexes show strong band
around 1090 cm ™!, indicative of S-bonded DMSO' #,
but no band around 900 cm ™! which could be
attributed to 0-bonded DMSO!®.

In complex 7 the coordinated halogens have cis
configuration as evident by the IR spectrum. On
carbonylation one of the coordinated DMSO is
displaced by the carbonyl group to give complex 12.
The hydrogenation of 7 proceeds through the dis-
placement of one of the coordinated chlorines to
yield a monohydride 16.

Complex 8 may have an octahedral structure with
all the phosphorus atoms of the ligand tet-1 in one
plane and a chlorine trans to DMSO group as shown
by its IR spectrum. The X-ray structure of some of
the octahedral Ir(1IT) complexes?® (t,g)® systems
have indicated that DMSQ is quite high in trans effect

¢\

& .
P

FIGURE §  RuCl, (DMSO), (triphos)

and it is even more than a tertiary phosphine. This
result is arrived at by comparing the bond distances
of trans chlorine-ligand in the complexes; mer-IrCl;
(Pme, ph)3(A)?!, and IrCl, (DMSO),-

Il
(0—CH(ph)—(CH,—C—ph) (B)*?. In case of complex
A where Cl is trans to phosphine Ir—Cl bond length is
2.36A, whereas it is 2.38A in complex B in which Cl
is trans to S-bonded DMSO. The high trans effect of
S-bonded DMSO is further supported by the recent
X-ray studies on complexes RuCl,(DMS0), %3 (C),
and [RuCl3(DMSO0);] [(NH,;me;)] '? (D). The
Ru—~Cl bond lengths in these two complexes, where
Cl is trans to S-bonded DMSO are 2.435A in C and
2.426 A (mean value) in D. These are significantly
longer than the complexes where chlorines are
mutually trans, e.g., 2.390A in RuCl;(N,—C, H, Me)-
(Pph; ),(Me, O). Hence the lower frequency of
Ru—Cl in 8 as compared to 9 can be accounted in
terms of a higher trans effect of a S-bonded DMSO
than phosphine. The phenyl protons of the tet-1 are
equivalent and appear as a multiplet centered at 2.907,

FIGURE 6 [RuCKDMSO)(tetraphos-1)}*
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FIGURE 7 {RuCI(DMSO)(tetraphos-2)}*
and methylene protons at 7.407. The methyl protons
of S-bonded DMSO appear at 6.80r. On hydrogena-
tion complex & yields a hydrido complex 17.

In complex 9 there are two sets of —PQ, groups
which appear in the nmr spectrum as multiplets
centered at 2.607 and 3.007, the methylene protons
of tet-2 appear at 7.257. The peaks due to the methyl
protons of S-bonded DMSO appear at 6.407. Complex
9 on carbonylation yielded a carbonyl of composition
[Ru, Cl;(CO); (DMSO0), (tet-2)] Cl,, which appears to
contain both bridging and nonbridging carbonyl!
groups. The bridging carbonyls appear at lower fre-
quency than nonbridging (Table I11).

Ruthenium(Il) complexes of polytertiary phos-
phine react with molecular hydrogen and as such are
possible catalysts in homogeneous hydrogenation
reactions. Investigation of catalytic properties of
metal complexes described in this paper are in
progress.
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